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Enhancing Global Cooperation for Space
Environment Modeling and Data

T. G. Onsager

Deputy Program Manager, NOAA Space Weather Program
NOAA Space Weather Prediction Center
Terry.Onsager@noaa.gov

Outline

Space Weather Customer Growth

» Highest Priority Service Areas " NOAA

National Weather Service

« Focus on Prediction — Future Plans o8 el rmueie ooy

- FHEARE

* International Collaboration on
Space Weather Applications

This document is provided by JAXA.
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Space Weather Prediction Center

Mission: To deliver space weather products and services that
meet the evolving needs of the nation

Government and Commercial
Space Weather Operations

4
Department of Commerce
National Oceanic and Atmospheric Administration
National Weather Service
Space Weather Prediction Center

4

— International Space Weather Research and Operations Partners [«

Space is Critical to the World’s

Economy and Securit

» Space Systems
» We increasingly depend on our space infrastructure
 World satellite industry revenues in 2007: >$100 billion

*Aviation
* Polar route use — from no flights in 1998 to ~8,000 flights
in 2008 — space weather is a major concern
» The Next Generation Air Transportation System will
depend on GPS

* GPS
» Single biggest source of error is space weather
« Strong growth in applications — surveying, drilling,
precision agriculture, navigation, aviation

“m

* Electric Utilities
« Potential for significant disruption of service with $Billion
consequences

This document is provided by JAXA.
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,.- Constant Growth in Customer Demand

SWPC Product Subscription Registrations
2005 - 2008

nnnnn

/
el Every Month:
e
M/’”M e 400,000 Unique Customers
L 50,000,000 File Transfers

S
[ ]

e 120 Countries Represenied
67,500,000 Hits
0.3 TBytes of Data Downloaded

‘Sunspot Number

Total Number of Products Issued per Year

Space Weather Product Categories

Product timeliness:

» Long lead-time forecasts (1 to > 3 days)

» Short-term warnings (notice of imminent storm)
 Alerts and Specifications (current conditions)

Space Weather Category:

« X-ray flares

» Solar energetic particle events
« Geomagnetic storms

* lonospheric disturbances

« Radiation belt enhancements
* Neutral density disturbances

This document is provided by JAXA.
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e Solar Flares
- When will an active region erupt, and what will the

consequences be?

BIEE AR B JAXA-SP-08-018

» Solar Energetic Particles and Radiation Belts
- If an active region erupts, will energetic particles arrive?

 Geomagnetic Activity
- When and where will large magnetic field disturbances

occur?

* lonospheric Disturbances
- When and where will electron density variations occur?

TR

]

(5

P

SR T

e -
'\'-,._ -

- b g-Term Forecast
(1- >3 days)

Short-Term Forecasts
and Warnings (<1 day)

Status of Current Space Weather Products

Nowcasts and Alerts

Flare M-flare and X-flare X-ray Flux — Global
Products Probabilities and Regional
Energetic Proton and Electron Proton and Electron Proton and Electron
Particle Radiation Radiation Radiation — Global
Products Probabilities Probabilities and Regional
Geomag . Geomagnetic Storm Geomagnetic

Activity Geog:?g;sitl'ﬁi;torm Probabilities — Activity — Global and
Products Global and Regional Regional
lono and lonospheric

Atmo Disturbances —

Products Global and Regional

This document is provided by JAXA.
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"3 g*;.. Prediction of Solar Disturbances

B
& g

Predict the onset and strength of large geomagnetic storms:
e 3 —4 days in advance

Enlil — Dusan Odstrcil

Ecliptic Plane LAT = —0.00°
1o “weo?! oo N9D  LON = ¢

* Predict background
solar wind

* Predict propagation of
Coronal Mass Ejections

* Requires accurate
measurement of solar
photospheric magnetic
field

POLAR/TOP VIEW ECLIPTIC/SIDE VIEW

Magnetosphere, lonosphere,
Atmosphere Disturbance Prediction

 Predict the response of the
magnetosphere 3 to 4 days
in advance

* Focus on 3 — 4 day
prediction for large events
(CMEs)

 Focus on ~1-hour
prediction using solar wind
measurements

|

 Provide regional forecasts
| |
| |

5
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* GPS Receiver

JPL

DoD Customers
and Operations

and Operations

Civilian Customers

4

4

DoD

NOAA SWPC

Space Weather Prediction Tcstbcdﬂ- application of

A

Community
Coordinated
Modeling

A

Center

Facilitates the

research models
in operations

— International Space Weather Research N
L. Targeted Center for Multi-University
Living Core Integrated
. Space Weather . Research
With a Star Space Science  Space Weather e

NASA Research Research Modelin Initiatives

NSF/AF/ONR/NOAA NSF g AF/ONR
6
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* International Space Environment Service
— 12 Regional Warning Centers around the Globe
— In discussion with World Meteorological Organization

Brazil (INPE): =" W LULD\‘IM;;EE}, e South Korea:

Pl e (T P k
- Soon to be a member~_~ = A GaRsady = - Applied for
EDULBE : ;BHUSfSEL-J‘ F" NG UES "-'M membership
South Africa (IMT): / | | GRSV \

- Now a member l' 1 i : /
NN b // e

ISES REGIONAL WARNING CENTRES

i
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World Meteorological Organization (WMO)

60t Session of the WMO Executive
Council in Geneva, June 2008:

“..the Council fully endorsed the
principle of WMO activities in support
of international coordination in Space
Weather.”

THE POTENTIAL ROLE OF WMO
IN SPACE WEATHE

WMO Members with Space Weather
within National Meteorology Services:
Australia, China, Finland, Russia, U.S.

Space Weather in the United Nations

Space Weather is a matter of importance for several agencies in
the United Nations:

International Civil Aviation Organization (ICAO)
International Telecommunications Union (ITU)
International Maritime Organization (IMO)

UN Committee on Peaceful Use of Outer Space (COPUQS)

This document is provided by JAXA.
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o FH O SEFHyFI A
o ERAIEDM %
o PEXEDIRH

o NEEMEDHE
o [E[R /15 DHEHE
o RIE~DELE

Need for International Collaboration

» Space is a critical component of our economic and
security infrastructure

* QOur global assets are all impacted by the same
space weather disturbances

« We all need the same information about space

« Space is too vast and complex for any single
nation to continuously monitor or predict

This document is provided by JAXA.
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Research Collaborations are Strong

 International Satellite Programs
» Space- and Ground-based Data Sharing

« Solar-Terrestrial Theory and Modeling

However:

* Research activities are transient — Economic and Security
needs continue and expand

* Focus is not on commercial and government needs

geomagnetic storm./substorm|

JAXA and NOAA
Geosynchronous Satellites

DRTS GOES-12
ETS-VII GOES-11
T. Goka

Shibata and Kamide, 2007

10

This document is provided by JAXA.
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Elements of a Focused Activity

» Determine international needs for space weather information
- Global and Regional

* |dentify the current and planned data sources
* Quantify the current level of space weather models

» Develop a plan for coordinated space weather research and
observations

Focus on applications

Summary

» Space is growing in importance for our economy and our
security

 International cooperation is essential, and collaborative
networks have been established

» Active research is occurring; however, there are significant
gaps in our capabilities

« Japan’s new Space Law could enable new partnerships

 International collaboration on space weather applications
is needed — with a coordinated plan among the agencies

11

This document is provided by JAXA.
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An Overview of Recent
ESA Activities in
Space Environments & Effects

A Glover?, E.J. Daly, D. Rodgers, S. Clucas?, P. Nieminen, G. Santin?,
H. Evans?, A Hilgers, G. Drolshagen

Space Environments and Effects Section

European Space Agency
ESTEC, Noordwijk, The Netherlands

a: also: Rhea System, Belgium

http://space-env.esa.int

Outline

Mission Trends
Radiation Effects
Tools and Environment Models

Space Weather & Space Situational
Awareness

Outlook & Conclusions

This document is provided by JAXA.



By UARY U A GEEmCE

Mission Trends:
What do we want to do?

Where do we want to go?

, ——

Astrophysics Missions S INTEGRAL@/

Y, X-ray, UV, Infra-Red, sub-mm missions, WG
past and future :
- o Jd

Each special measurement technique

responds to the radiation environment in a 53 e
different way S T &7\

Problems include — g
e “pbackground” K | e T )( pparcos
e detector damage \\, P
past missions: often in orbit: LISA
through the radiation belts
next generation of major missions take
place at L2:
e JWST (IR), Herschel (Far-IR), Planck (sub-

mm), GAIA (visible) and XEUS/IXO (X-ray)
minimization of radiation exposure is an
important mission design driver
“fundamental physics” missions to detect
gravitational waves and to test relativity
theory are planned.:

e Sensitive measurement systems
susceptible to radiation induced

interferences. " - SPICA

E.g LISA mission to detect gravitational
radiation: triangular formation of |“f“‘R°d Space Tel;“"i'e for Cosmolagy and Astrophysics

spacecraft separated by 5x10° km EUCLID
- sensing elements free of disturbances ﬁ‘nnmmg the geumeny u{ the dark Universe: g

—1/
to a level of 1.8 nm Hz PLATD

Nexi-generafion Planef Finder

This document is provided by JAXA.
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Solar Systems Science &
Exploration Missions

Missions to other planets need to

take account of local environments

- Jupiter & Saturn have unique

gne;gnetospheres & strong radiation
elts;

Venus, Mars: no magnetosphere;
Mercury: weak magnetosphere;

But:

locations at distances from the Sun
different to the Earth’s means that
they potentially experience a
different environment

- concern that solar particle
events could be significantly
stronger at Mercury (~0.3AU from
Sun) than at Earth;

operations on surfaces of planets
(Mars, Moon) need to take account
of the modifying effects of the
atmosphere and surface material on : 0b 'Saniple Return Mission
the primary radiation. TANDEM / 1ssm
Mission to Titan and Saturn system

£ CROSS-SCALE

Slnvestigoting Multi-Scale Coupling in Spoce Plosmas

Commercial, Applications and
Earth Observation Missions

Telecommunications spacecraft in GEO:
e environment dominated by energetic e- of the outer radiation belt;
e High lifetime dose
Low altitude constellations (e.g. Globalstar at 1400km)
e Mixed environment
e High lifetime dose
Earth observation and Earth science:
e “sun-synchronous” polar orbit ~600-900 km altitude
e mixed environment is encountered.
Navigation systems
e medium altitude, highly inclined, circular orbits.
e GPS and European Galileo at ~25000km and ~55° incl.
e Through heart of the radiation belts.
Trends have radiation implications:
e Increased complexity of on-board systems;
spacecraft size in GEO;
procurement costs;
minimization of operations;
more on-board processing;
long-term reliability;

extensive use of commercial off-the-shelf components (COTS):
o less radiation hardened or poorly characterized

This document is provided by JAXA.
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Manned Missions

Manned missions have their own special radiation issues.
Radiation exposure on long duration missions is one of the main
mission design drivers
e design of habitats should minimize doses from Cosmic Rays
e special measures to warn and protect from solar particle events
will also be necessary

Electronic and other systems supporting manned missions also have
to have high reliability & radiation hardness.

Radiation Effects

This document is provided by JAXA.
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Radiation Effects

Environment Effects

Cosmic Rays Upsets in electronics;
Long-term hazards to crew;
Interference with sensors:

Solar Energetic Particle Radiation damage of various kinds;
Events Upsets in electronics;
Serious prompt hazards to crew;
Massive interference with sensors;

Radiation Belts Radiation damage of various kinds;
Upsets in space electronics;
Hazards to astronauts;
Considerable interference with sensors;
Electrostatic charging and discharges

Dose and non-ionizing damage

lonizing dose is the traditional concern for spacecraft electronics

e in GEO missions dose dominated by the electrons of the outer radiation
belt + bremsstralung generated in spacecraft material

e doses at GPS/Galileo orbits are higher than GEO
- so total dose hardness assurance is a major task

Environment:

AE-8 and AP-8 models have long been the standard radiation belt
models for electrons and protons

New models such as IGE 2006 (previously POLE) (GEO) and TPM-1
(inner belt) have appeared

AE-8 is a model of long-term average electron fluxes.

AE-8 is generally thought to over-predict the long-term average
environment at GEO

Models such as FLUMIC or CRRESELE provide extremes;

I‘Physics-based modeling also potentially powerful
" = the Salammbé code and others are being developed to simulate

radiation belt dynamics.

This document is provided by JAXA.
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Internal Electrostatic Charging

Energetic electrons of outer belt build up PROBA/TC3
charges on insulators o ' ' ' '
- electrostatic discharge. ,

Many anomalies attributed to this
phenomenon;

outer belt extremely dynamic - long term
AE-8 model is not suitable;

Particles injected into belt following
geomagnetic storms & subsequently
energized, transported and lost ,

quasi-regular enhancements of the belts I W —
corresponding to storms triggered by 2ws 205
encounters between the Earth’s
magnetosphere & solar wind “interaction
regions” - rotate with the Sun in 27 days

Worst case or activity-dependent models
FLUMIC or CRRESELE more appropriate
for analyzing internal charging.

L & & &
(53] s1emunog

04 s

from Evans et al., COSPAR 2006,
published Adv. Space Res. (2008).

environment  shield

To compute the build up of electric fields
in the material — particle transport
methods coupled with circuit analysis to
represent build up of electrons and
leakage = DICTAT program

http://www.spenvis.oma.be

Single Event Effects

The CREME codes were developed to model both the environment (proton, ion) and the
interaction process, allowing prediction of upset rates.

The cosmic ray environment is quite well known and modeled.
For solar particle events CREME-96 adopts October 1989 as a worst case event, with

» W«

“worst week” “worst day” and peak flux parts.

e But: it is not necessarily the worst case & can be exceeded, there is no information
on the probability of such conditions

SEE rate calculation: CREME uses a simple procedure. For heavy ions, distribution of
path lengths | through a rectangular parallelepiped sensitive volume is combined with
the LET, L, of ions to determine the number of ions in the environment able to deposit a
charge (Q =L x | ) greater than the critical charge.

Testing is used to derive the “critical charge” and

the parallelepiped dimensions.

For both proton and heavy ion predictions, good quality test data
are required

assumptions underlying CREME are progressively more questionable (shape, LET).

Developments include systems for direct simulation of particle interactions, couple with
device simulators (e.g. Vanderbilt's RADSAFE project)

Drawbacks: analysis timescales and complexity increase, need geometry of sensitive
nodes

new CREME models in prospect

This document is provided by JAXA.
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Environment Models &
Effects Tools

Solar Energetic Particle
Models

e JPL-91 and ESP fluence models are suited ,
for risk assessment of long term exposures e

Problems:

e Data set completeness;

e Assumptions;

e Choice of confidence level;
o

Application to time-dependent effects (SEE,
background)

Helioradial variations:
is it 1/R2?

Very little data
Reliance on physical models

This document is provided by JAXA.
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Develop new engineering models and tools to address future needs:
U enable automatic model and tool update

U establish community consensus (international workshop was organised
regarding the user requirements at Univ. Southampton, Feb. 2007).

take advantage of new data and recent advances in understanding the
generation mechanism (new scientific results).

move beyond a model generating only mission integrated fluence statistics for a
given confidence level by including

U peak flux statistics,
Q durations of high flux periods and

QO outputs suitable for SEU rate and radiation background calculations so that
past events and future scenarios can be simulated.

improve existing physics-based shock-acceleration models to predict the
expected event-time profiles at non-Earth locations (near-Sun, Mercury, Venus,
Mars,...) with a view to obtaining a new model of helio-radial dependence of
events: SOLPENCO2

To allow community access to the models via a webserver

Belgian Institute for Space Aeronomy, Belgium
K.U.Leuven, Belgium

QinetiQ, U.K.

University of Barcelona, Spain LEUVEN
University of Southampton, U.K.

Wy e T

Univarsiy
q il Epurd e pimm

L
| %

For more information see;
http://www.oma.be/SEPEM/ )

& . g

DEERENR] 1 R BTN
|'r R
| 1
B

DcH

This document is provided by JAXA.
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Basic Processes for Calculation of
Dose and Flux

Mission
Specification Radiation

(orbi; and its —I Comput.e .charged -partlclzle.ﬂuxes Environment
evolution) (posmopal and/or mission Models
S 1nte§rated)

Spectra

Radiation
Transport
Results

Simple-geometry W Geometry and
(“1-D”) radiation shielding materials
computation specification

Bl
Dose-depth
Geometry and

; curve
materials
specification

Explicit treatment of radiation penetration
=Monte-Carlo (individual particle simuln.)

T . del Basic
race rays in geom. mode physics data
=> shielding distribution | ——— on radiation

and dose at a point Dose at a point ~——

interactions

Flux at a point

One dimensional simulations

e Can be useful in many circumstances, for example simulating
radiation damage to solar cells, and shielding studies

e Mulassis code based on Geant4 is one such example

MULASSIS

Dosimetry with simple shielding models

0

= Features

~ e SPENVIS Predefined physics lists

: 1D Layered geometry via scripting
Dose and Fluence analysis after
shielding
Macroscopic NIEL for
semiconductor degradation
analysis
Interfaced to the Space
Environment spectra inside the
Web-based SPENVIS framework

Ongoing extension to include
Equivalent Dose
— Typical tissue materials and
standard geometry models (e.g.
ICRU-sphere) are being added

//www.spenvis.oma.be

L]
-
Differential flux (lcm2/siMeV)

http

analysis tools - DESIRE / Dosimetry - @esa

Koln, 17 June 2005

This document is provided by JAXA.
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GEANT4 in ESA

ESA has been a member of the GEANT4 Collaboration since 1998, and
a formal Signatory of the GEANT4 Collaboration Agreement since end of
2005

GEANT4 and its auxiliary space tools are used extensively for ESA
mission support in various application domains (Science, Exploration,
Telecom, Navigation, component and environment analyses...)

ESA internal manpower is rather limited for direct GEANT4 kernel
developments

Instead, most of the R&D is carried out via collaborations and contracts
with European Academia and Industry: BIRA (B), DH Consultancy (B),
CSR (B), Univ. Bern (CH), SpacelT (CH), Univ. Geneve (CH),
eta_max(D), Univ. Cologne (D), Univ. Kiel (D), INTA (E), IN2P3 (F),
ONERA (F), TRAD (F), HIP (FIN), INFN (I), Alenia Spazio (I), KTH
Stockholm (S), LIP (P), QinetiQ (UK), Imperial College (UK), Univ.
Southampton (UK), CERN,...

GEANT4 Space Users’ Workshops are an important venue for exchange
of ideas and information on the latest developments in the space domain
worldwide (51" workshop took place Feb '08, Univ Tokyo)

GEANT4 Space Users Homepage: http://geant4.esa.int/

| GRAS
Geant4 Radiation
1 Analysis for Space

= JWST

—  Bkg rate during quiet time

m  Detector / Component effects ang solar ever?tsq

— Dose, Fluence, NIEL,
activation... for support to
engineering and scientific

design

counts/{cm2 s)

HHHHHN |“ ‘ ®  Human dosimetry
— Dose Equivalent, Equivalent

=
o BF /
w0 7 //
Dose,... for ESA exploration ol
it At 5 4 -3 [} 1 3 3 4 5
initiative Logi0(EMeY)

‘H = Ready-To-Use tool - Herschl
— Different analyses types 7 BACS photoconducior
without re-compilation PACS ph

m 3D geometry

— GDML format, or existing C++
class, ...

m  Full Geant4 physics

HHHHW H ‘ I 8 . I i
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G4SESS - G4 Extension of Space Env. Support System

DR (Data Retrieving module) G4SESS Objectives

Gets SW and Orbital data from Extend SESS to include Radiation Effects:
Mission Control Center, NORAD TID, NIEL, Particle fluxes

TLE, from SESS SW database, Propagate Real Time SW through S/C
NOAA/SWPC geometry: CAD geometry

Test Geant4 and GRAS as near real time
- tools: Validate simulated effects with on-
DFP (Data Formatting and board data

Processing)

Processes SW and Orbital data, ;
Parsing and formatting of data, T [Orbtal Parameters pe—s-

Outputs particle spectra at S/C
location

#- Particle Spectrum

REM (Radiation Effects Module)

Estimates radiation effects on S/C
, Propagates particle through S/C \ -
(Geant4), Characterization of S/C « i ;"_‘a";‘;EEET‘“: _
in radiation response, Outputs TID, LT
Eq. 10MeVp and particle fluxes on

— Data Retriever Module
selected parts

Some Recent, Ongoing and Planned
G4 Related R&D Activities

The activity Mars Radiation Environment Models (MarsREM) by QinetiQ with LIP, BIRA
and SpacelT, recently concluded (October 2008):
s Geant4-based active magnetic shield analyses
Nuclear interaction physics model developments (interface to DPMJET)

Geant4-based tools for scientific and engineering studies of radiation environment of Mars and its
moons

The activity Rapid Reverse Monte Carlo and lon Physics for Dose and SEE (RRMC)
started in 2008 (QinetiQ, TRAD, SpacelT, CERN)
Reverse MC capabilities will be implemented in Geant4 kernel itself
= lon EM physics upgrade (ICRU73 and design improvements)

. Geant4 (GRAS+RMC) integration in space industry tool (FASTRAD) for rapid Dose/SEE
calculation

The activity Jupiter Radiation Environments and Effects Models started in 2008
(QinetiQ, ONERA, DH Consulting)
s This project includes a Genetic Algorithm-based shielding optimiser development utilising Geant4

This document is provided by JAXA.
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Continued...

The activity Radiation Effects on Deep Sub-Micron Technologies recently started:
New tool, framework for detailed analysis of radiation effects to micro-electronics
Integration of: TCAD - Geant4 - SPICE

The activity Energetic Electron Shielding, Charging and Radiation Effects is in
advanced phases of preparation
Electron-related developments in Geant4 and engineering tools

The activity Physics Models for Biological Effects of Radiation Shielding and
Effects is in preparation and should be published in the 15t quarter of 2009

The activity Radiation Effects on Sensors and Technologies for ESA Space
Science Cosmic Vision 2015-2025 is in preparation and should be published in the 1st
quarter of 2009

Detailed X-ray reflection models for the International X-ray Observatory (IXO)
(COSINE)

Grazing-angle Fresnel and Multi-layer reflection, detailed surfaces (normal perturbations,
interferograms)

SPIS (Spacecraft Plasma Inte
oftware)

3-D Code for Spacecraft Plasma
interactions

Open source Gnu Public Licence
Java code is platform independent
Unstructured mesh

PIC/Hybrid code

Easily modified and extended
Uses freely available 3-party

software for meshing (GMSH) and |

display of output (Cassandra)
Jython menu-driven user interface

Currently undergoing development to
improve simulation of charging and
discharging in GEO

Swarm spacecraft meshed with GMSH

lon densify (/m3)
2.40e+12

5.996+11

lon density displayed with Cassandra

This document is provided by JAXA.
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Lisa Pathfinder

* dedicated technology demonstrator for the
joint ESA/NASA Laser Interferometer Space
Antenna (LISA) mission

» The scientific objective of the LISA Pathfinder
mission consists then of the first in-flight test
of gravitational wave detection metrology.

» Contamination from the FEEP thrusters
may be of concern to solar arrays, optical
instruments and radiators

» Study assessed surface contamination
from FEEP operation

* Direct impingement and contamination
from charge-exchange ions was
considered

* Modelled with SPIS

*Looked at

*Cs and In FEEPs

*best (hominal) and worst case scenarios
*Multiple charge states simulated
*Neutrals considered as fraction of ionised flux
*Charge-exchange between ions and neutrals

| Bestcase | = Worstcase |
lons: 99% lons: 70%
84% - Cs* 84% - Cs*
12% - Cs?* 12% - Cs**
4% - Cs** 4% - Cs**

1% neutrals 30% neutrals
No droplets No droplets

Cesium cases

This document is provided by JAXA.
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Charge-exchange contamination rates for Cs FEEPs

Log 10 CEX deposition rate (Angstrom/hour)
-5.72 -3.83

70% worst case

ition rate (A

99% best case

M Ms SPACECRAFT / MISSION

The Magnetospheric Multiscale (MMS)
mission is a solar-terrestrial probe mission
comprising four identically instrumented
spacecraft that will use Earth's
magnetosphere as a laboratory to study the
microphysics of magnetic reconnection

MMS will be launched in October 2014 with
a nominal mission duration of 2 years

ASPOC are used to reduced positive s/c

potential Phase 1 gan
End

How do the ASPOCs affect the electric field
sensors?

SPIS simulation performed including

e PIC source ions, photoelectrons, ambient 6pm¥y _GSE Cornates
ions and electrons MMS orbit

e 56m thin wire booms

This document is provided by JAXA.
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M Ms SUN ANGLE EFFECT ON PLUMES

Potential (V)
6.25

0.00 3.12 9.37 12.5

Potential (V)
6.25 9.37 12.5

Change in plume potential
due to changing sun-angle
can be seen

Space Weather & Space
Situational Awareness

This document is provided by JAXA.
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European Space Weather Timeline

ESA initiative started in 1996
First European Space Weather Applications Workshop in 1998

Parallel feasability studies to look at scope and requirements
for a European space weather programme 1999-2001

Space Weather Working Team formed in 2001
2003-2006 Space Weather Applications Pilot Project

2008 SSA programme proposal with element of space weather
drafting

In parallel the scientific community has grown as a result of
COST Action 724, now succeded by ES0803 and SOTERIA EC
FP7 research project

2004 saw the first European Space Weather Week jointly
organised with the COST community

The Space Weather
Applications Pilot Project

e Sample the market for space weather services

e Development of a range of individual pilot
services (SDAs) built on user requirements plus
a supporting network structure and portal.

e ~SMEuro investment (2MEuro from ESA/GSP)
e Questions: users?, valuable services?, need for

specific space elements?, value of coordinated
approach?, organisational requirements...?

This document is provided by JAXA.
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Service Demonstration: SWENET

20 External Data Data Plotting

lonospheric Providers & Analysis
Effects: 12 SDAs

Products: ~40 NOAA/SWPC Latest Data

ftp mirror & indices
Ground

Effects: 12 SDAs

Products: ~30 Data archive from User defined alerts

Project start (‘05)
Index quality

S/c & A/c statistics

Effects: 6 SDAs
Products:~10

Space Weather European NETwork
http://esa-spaceweather.net/swenet

Space Situational Awareness
Preparatory Programme Proposal

e Survey and tracking of space objects (debris,
spacecraft);

e Also includes awareness of space environment
and so has been scoped to include:
e Space weather
e Near earth objects

e Programme proposal has been discussed over
last 6 months with potential participants.

e Accepted by ESA Council at Ministerial level on
©25-26 November 2008.

This document is provided by JAXA.
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SW in SSA

e A Space Weather service component of the SSA would
essentially address user need through the provision of:

e reliable and timely information on the main space
environment disturbances on the Sun, in the solar wind, in
the radiation belts, in the magnetosphere and the ionosphere.

mid and long-term trends of the changes of the space
radiation, plasma and electromagnetic environment.

reliable local spacecraft (and launcher) radiation, plasma and
electromagnetic environment data for historical re-
construction, nowcast and forecast of hazardous conditions.

timely and reliable ionospheric disturbances nowcast and
forecast

e prediction of thermospheric density for spacecraft drag
calculation.

e timely and reliable ionospheric density profile nowcast and
forecast.

e Spin-off applications also address needs of affected ground-
based users.

SW Services Structure
e Monitor | N _““ TN
o the Sun ey il S .

) [ Py
solar wind ‘ *
radiation belts »

magnetosphere ‘}l S
ionosphere ’ i
surface B field =

e End-to-end (tailored) services

e reliable local spacecraft /launcher/manned space flight radiation, plasma &
electromagnetic data for re-construction, nowcast & forecast of hazardous
conditions

o timely and reliable ionospheric disturbances nowcast) and forecast
important to Galileo signal and service quality

o thermospheric density for spacecraft drag calculation

o specific services to SSA survey and tracking element

This document is provided by JAXA.
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SSA current baseline

3 year period :
e 4 elements:

e 1 (core) : data policy, governance, global architecture,
delivery of a set of precursor services.

e 2 (space weather and NEO): consolidation of
requirements, architectural design, federation of assets,
service developments

e 3 (Bread boarding of essential radar components)
e 4 (Pilot data centres)

Outlook for Space Weather
at ESA in 2009

New (preparatory) programme expected to start in early 2009

Space Weather covered by Elements 1, 2 and 4:
e Federate resources
Prototype services
Design studies
Supporting R&D planned
Ongoing R&D
e SWENET portal and network operating on maintenance basis
e SEISOP space weather support system for operations
e Space Weather Warning for Space Systems study

PicoSatellite (CubeSat network) study will include an element of space
weather
Coordination with the scientific community through the framework of the
SWWT

This document is provided by JAXA.
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Space Environment Standards

e The European Cooperation for Space
Standardization ECSS

ECSS E-10-04 (ECSS E-ST-10-04C) Space Environment
finalised and published in 2008

E-ST-20-06C Spacecraft Plasma Interactions Published
E-ST-10-12C methods for calc. rad. effects being finalised
Q-ST-60-(RHA) in preparation

e Published standards available via www.ecss.nl

Conclusions

Radiation belt models AE-8 and AP-8 need replacement (time variations, error
removal, statistics)

Solar energetic particle models need to be more suitable for wider applications; the
SEPEM R&D study is working towards flexible, data driven models

Missions to Mercury and close to Sun: scaling of solar particle events needs
confirmation (e as 1/R2?) - lack of data; reliance on physics models

Need to understand fully uncertainties and “margins” being built into the total dose
(and other) evaluations for space systems;

In addition, given the growing concern for radiation effects on technologies of
commercial and applications missions, the need to provide appropriate radiation
monitoring on spacecraft is being recognized.

New activities in the area of space weather will start in 2009, building on work to
assess the feasibility of a European space weather programme. This will be
complemented by ongoing R&D activities

Space Environments and effects section will continue to support ESA’s missions in this
area, leading to related R&D activities

For more information: http://space-env.esa.int

This document is provided by JAXA.
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Statistical analysis for GEO plasma environment prediction using real-time
magnetosphere simulation and observation
M. S. Nakamura, T. Sakata, H. Shimazua, H. Shinagawa, S. Fujita, T. Tanaka
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Reviews of Recent Studies and Related Talks on Space
Environment Effects
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La SEINE

Spacecraft Charging Studies in Japan

I_.a SEINE

Mengu Cho

Laboratory of Spacecraft Environment Interaction Engineering
Kyushu Institute of Technology
cho@ele.kyutech.ac.jp

http://laseine.ele.kyutech.ac.jp http://laplace.ele.kyutech.ac.ip
December 18, 2008, Tsukuba
Space Environment Symposium

Failure of ADEOS-II

Paddle Drive
Mechanism

By Damage to hafgs
it jacket due to tlyss
: N debris impact

H\\

! Ungrounded MLI was charged
due to aurora particles.
Insulation jacket was charged
and an arc occurred

Wtellite, Midori-IT (ADEOSII)

Dec.14, 2002: Launched to 800km PEO on December 14, 2002
Oct. 24, 2003: Complete loss due to power drop to 1kW from 6kW

37
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Charging of power harness bundle by aurora
Arc propagated to 104 wire harnesses and destroyed all of them

~ Failure of ADEOS-II &2~

Paddle Drive
Mechanism

\‘ 140 IsD b 10 200 z;u 20 230 240 250
J | il | | wl

| | 4
i bgaidady b . «..\i..nhn'n\mm.l Sl

Charging of power harness bundle by aurora
Arc propagated to 104 wire harnesses and destroyed all of them
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Lessons learned from ADEOS-II failure ‘0’

1. Severe charging possible in aurora zone
* Reexamine PEO satellite designs
2. Charging hazard should be identified in design phases
* Need of a charging analysis tool
* Need of experts
3. No floating metal
*  Charging design guideline
Importance of pre-launch ground test
Importance of cable insulation
Importance of thermal analysis

NS e

Avoid single-point-of-failure
» Two solar paddles for any spacecraft
8.  Promotion of basic spacecraft environment interaction researches
*  Charging mitigation, insulation, cable, debris, material, etc.

@

Spacecraft Charging Activities in Japan since ADEOS-II  rasene

Development of MUSCAT

Material characterization campaign

ESD tests

ISO standardization of solar panel ESD tests

Charging design guideline

On-orbit measurement

Development of charging mitigation methods

39
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Development of Multi-Utility
Spacecraft Charging Analysis Tool
(MUSCAT)

La SEINE

Next Generation S/C Charging Analysis Tools

U.S.A: NASCAP-2K
(NASA Charging Analyzer Program 2000)

:> Subject of export restrictions

Europe : SPIS

(Spacecraft Plasma Interaction Software)

:> Open source

Need simulation experience

Japan : MUSCAT (KIT & JAXA)

(Multi-Utility Spacecraft Charging
Analysis Tool)

:> Completed Ver.1 (March, 2007)

40
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@

Development of MUSCAT Lasarv

« MUSCAT (Multi-Utility Spacecraft Charging Analysis Tool)
— Developed at KIT with JAXA from December 2004 to March 2007
* Employed 4 full-time post-docs
— Spacecraft charging of LEO, PEO, GEO satellites

— First version release in spring 2007

g

Development strategy &2

La SEINE
1.  Multi-Utility Use — LEO, PEO, GEO
User-friendly —> Graphical User Interface (GUI)
—> Client-Server model
3. High-speed —> Parallelization and tuning
4.  Accuracy —> Code Validation
5. Parametric runs —> Robust computation function
6. Traceability —> Support by a commercial company

MUSCAT

41
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Development framework ot
General overview JAXA
Code development KIT
D : KIT
Validation experiment
ISAS/JAXA
: JAXA
Space environmental parameters
NICT
L : : GES
Validation by large scale simulation (Kyoto Univ., NIPR)

How MUSCAT Work? (procedures) "3

Client local PC

material properties . m

Input file system
(folder, data set)

3D satellite model i
: Transfer
space environment
Integrated GUI Tool
“Vineyard”

Data Visualization

Numerical server

Work folder
Numerical output

Simulation monitoring
Script files

Parametric runs

This document is provided by JAXA.
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3D Satellite Modeling ol

Tool (HUSC

Help
Converter Transfer Run

-] Lattice:
__I Result rot axis 2 ]
i) Satellite anele[d]] 45

|| c¥muscat 20060413 1\ ColorSetup | Modeler | Erviranment | Parameter | Lattice!
@ muscat 20060413 mus
Bl ] Transfer

| Enviranment =
[ Surface Info. 3D Wiew H-Yoplane )| Y-E plane H-Z plane Default Material Aluminum Chanee All
] Parameter rRotation
‘rot by vector awis
i 0

Log:
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Geometry Conversion to
Rectangular Elements

La SEINE

= Display
[#] Grid  [#] Contour L Foom Ih J[ Zoom Out J[ Rotate ][ ove ][ Wiew Info ]
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511 General 3D geometry
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Lis Rectangular grid
o (for the MUSCAT solver)

Visualization of Numerical Data (1) =
3D Surface Property

= Display |- |||:|||X|
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Simulation results e oA
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La SEINE

3D spacecraft charging simulation

Accuracy depends on
1. Material charging property data
» Secondary electron, photo-electron, conductivity, etc
2. Environment data
« Plasma density, temperature
3. Satellite geometry
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Material properties measurement =

* Secondary electron emission ("Delta Max" and
"E-Max")

* Photoelectron emission

* Bulk resistivity

 Surface resistivity

« JAXA campaign (2005~)
— For BOL and EOL material

» KIT campaign(2008~)
— For EOL material

JAXA campaign framework ol

Material property | The range of primary energy | Place
Secondary electron | Acceleration voltage High Energy
emission (SEE) - 600V-5kV Accelerator Research
Organization (KEK)
Acceleration voltage Musashi Institute of
: 200V-1kV Technology
Photoelectron Wavelength Musashi Institute of
emission (PE) 110 to 400 nm Technology
Bulk resistivity, Saitama University
Surface resistivity
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JAXA campaign framework

1 Electran

La SEINE

electron multiplier diffraction Bun
\ grating
/ (0—360VI ToririF BIE)
sample v GND v
V. - - -
. O mirror N
slit Hole picos EEE V.
) Blanking |1 L]
Unit
lens |mirror 4 4 L= i : ZIET[—-—
slit ik o —
Akin unction
o Blth?t ¥ Generator
lens Controller |
A) deuterium —— DsSO
HV ramp —
e { |
: A-axic-sta
potentiometer ( xaffﬁz.,ng)’
Controller

Photo-electron measurement (@ Musashi Institute ~ Secondary-electron measurement (@ KEK
of Technology

From K. Nitta, JAXA

KIT campaign @

« Material charging properties
— Secondary electron coefficient
— Photoelectron coefficient
— Bulk Conductivity
— Surface

» For degraded (UV, AO, thermal cycles) materials

Thermal AO Secondary and
photo electrons
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What do we do in satellite design in Japan? =

» Before launch, we have to check
— Does the satellite charge to the arc threshold?
* Computer simulation
— Ifyes
* Ground test

— Make sure that the satellite operates even
with arcs

Electrostatic discharge test

24',_

ﬂl—h
/ 216

WINDS

/

Prepare flight-representative coupon made of same material and same
production process

— Real satellite uses thousands to several tens of thousands solar cells

48
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Electrostatic discharge test ., 4

ALOS
WINDS

* Prepare test coupons for each satellite

Electrostatic discharge test o 8

Energetic electron beam
surface potential probe

coupon XY stage
* Reproduce the same environment as in orbit

— Vacuum
— Plasma

49
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Records of Electrostatic Discharge Test at KIT

La SEINE

Midori-2(2003)
Failure investigation

Tbuki(2008)

http://www.spacechina.com/cpyjs_wxyhtq_Details.sh
tml?recno=48130

©ISRO

http://www.ssloral.com/html/satexp/telstar.html

India(ISRO) USA(SS/L) Chinese(CAST)

[ o
"
BUAXA ‘

GCOM(2010)
Testing of satellites from all over the world

What do we mvestigate?

e Primary arc
— Degradation due to repeated primary arcs

— Estimate the power degradation at EOL
« Number of ESD events from charging analysis
* Primary arc inception threshold
» Degradation probability per primary arc

» Secondary arc
— Power circuit string failure

* Occasionally

— Other components such as cable, connector and diode boards,
etc.
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Need of international standard “’

 Series of satellite anomalies due to ESD on solar array
and power systems

 Different ground ESD test methods/conditions in each
country

* Internationalization of commercial satellites demands
standardization of ground test methods

Launch provider

Satellite manufacturer Service provider

Component maker Insurance company

ttp://arianespace.com

http:”WWW'dIShtvsate'me'qﬁ[{)://ww.kanagawa-nissan.co.jp/ucarlﬂow.html

They can be all different countries. What if something goes wrong in space?

9th Spacecraft Charging Technology Conferencer.sm

* 124 participants, April, 2005
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Resolution passed at 9th SCTC £°>

Experts on spacecraft ESD ground test who participated in the
round table discussion on ESD test at 9th SCTC have agreed

— to fully cooperate and make best efforts as experts to draft an
ISO standard on solar array ESD ground test by 10th SCTC
and establish the standard within 3 years

— to try to resolve disputes over the test methods by 10th
SCTC

9th SCTC
April, 6, 2005

NEDO-grant research @

« ISO Standardization of Electrostatic Discharge (ESD) Test of
Satellite Solar Array

— Sponsored by NEDO (New Energy and Industrial Technology
Development Organization) International Joint Research Project

— Subsidiary of Ministry of Economy, Trade and Industry
— 3year project from October 2005 ~ September 2008

— Participation of KIT, JAXA, Sharp, Mitsubishi Electric, NEC-
Toshiba Space, ONERA, CNES, Alcatel-Alenia Space, Astrium,
NASA, OAI
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@

International round-robin experiment Lasin

 Identical test coupons to 3 research institutions

« Resolve difference in physical understanding
KIT(Japan) ONERA (France) NASA/GRC(US)

ISO Standardization of Electrostatic Discharge (ESD) Test 0fc°>
Satelhte Solar Array La s

3rd workshop at Cleveland in September 2007 4th workshop at Tokyo in January 2008
—Currently registering as DIS (Draft International Standard) 11221
—Promoting ISO-based procedures in China and India
Expect to have ISO-11221 in 2009
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Charging Design Guideline ©

Japanese charging design guideline
— Similar to NASA TP-2361, ECSS-E20-06
Started in 2005

— Participants from JAXA, industry and universities
To be published as JERG-2-211 soon

Take the data ourselves if it 1s unknown

— Solar array secondary arc criteria

— Material conductivity

Japanese spacecraft charging design guideline *"

L.a SEINE

TJ cell TJ cell TJ cell TJ cell
gap:1.0mm gap:1.0mm

- - 3

| CERE | [
a8 . mAZ { #
. | q

o 4 M

| ¥

3 4 H

- 1 B

Define TSA and PSA thresholds for various solar array designs
Sponsored work by JAXA 54
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Design guideline >

La SEINE

Triple-junction 1.0mm gap

Gap voltage, String current, I, A

Ve V
St’ 0.5 1.0 1.5 2.0

sty

30 econd > up to 4.

50

70

90

110

rea | nsa ) [wsa] [ESEN

Safety for Vst<30V or Ist<1.0A

On-orbit measurement 2>

L.a SEINE

LPT1, i.Pfgz

LPT: Light Particle Telescope From H. Matsumoto
HIT: Heavy lon Telescope
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On-orbit measurement

La SEINE

Jason-2 satellite, launched on June 20, 2008
¥ a

LP-S
From T. Obara

@

Charging mitigation et

All the surface 1s insulator

All the surface 1s (semi-) conductive

Discharge inception at safer place (lightning rod)
Emit charges from spacecraft (electron emitter)

= » b=
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ESD Mechanism in GEO Satellite ~ <&

~a SEINE

: ith E o uring Sul
i  Potental —

Insulator Potential becomes more positive

%

Space Plasma Potential

|
/ + i Substorm \
-0 !
o |
8 i
=
=

Coverglass®
Differential Voltage AV

Spacecraft @
Time ] /

Danger: Inverted Potential Gradient (Threshold:400V)

ESD mitigation via electronemission s

Substorm \

Coverglass @,

Potential\

'Spacecraft @

© K ! Time | : /

o Secgldar)é elecgtrone g \
g s /
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Unique Features of Device S

Passive Device
The device has the role of both the charging monitor and the
electron emitter.

No Electrical Power
Light weight

Space-Grade Materials are used
All materials constituting the device are flight proven already.

Attach Everywhere !
No cable. The device is attached with flight-proven conductive
adhesive.

Robust

Strong against air exposure and contamination.

ELectron-emitting Film for Spacecraft CHARging Mitigation

(ELF’S CHARM)

@

_IELF prototype

SEM 250x

Triple junction
Copper

=

RTV S692

\/

To paddle/spacecraft structure
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@

Installation

Each piece is
> 2cmx2cm
<0.1g

2 50pA

Maximum incoming electron current
=400m? x 10pA/m? =4mA

100 ELFs are enough
Total weight < 10gram

Laboratory experiment

PC
Electron gun

Ionization gauge |=== 7 T— s
¥ = —
k probe . ... ——— =

PC

Vacuum Chamber

PC
Current probe
2-5.4x10+ Pa High voltage probe
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Laboratory Experiment .

.. Reference (-5kV)
3 p)

, .
Coupon measured

. * ¥
]i W ShN
tg > \,
A
Reference (0 V)

Laboratory experiment

L.a SEINE

150
E 100
=
2
= 50 b
=
o
%
= 0
53]

-50

0 10 20 30 40 50 60 70

Time [min]

Stable emission of as long as 4 hours confirmed
Electron emission as high as 700pA confirmed
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Future directions

» Improving satellite reliability via
continuing efforts on

U= L ey v | o | =T = | =

* Material property database i

» Environmental database WINDS

— Spacecraft charging simulation via
further update on MUSCAT

* Incorporation of user feedback

* Integration with other environmental
simulation tools such as radiation, debris
impact, contamination, etc

ASTRO-G

GCOM

. ~_Future directions g.)
* Improving satellite reliability via continuing efforts on

La SEINE
— ESD ground test
» Revising ISO standard and charging design guideline based on basic researches on
— Flashover current
— Effects of solar array impedance
— Environmental exposure effects such as thermal cycle, radiation, etc
— Statistical treatment of the test result

» ESD tests on other components such as paddle drive motor, cable harness, connectors,
diode board, etc

» ESD tests on new technologies such as thin-film cells, monolithic diode, etc

Wiz vt P L
2 Al = P 0

¥ [ v -
v ; cl 2,
power harness U D

Large solar panel test for

- connector

From Mashidori et al. % Risk of sustained arc ground wire
61

flashover current measurement
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Future directions £

La SEINE

« Improving satellite reliability via continuing efforts on

— International collaboration through ESD test ISO standardization
projects
* Proposal of on-orbit ESD measurement

— Measurement of flashover current
» How big and how long is the current waveform?

— Measurement of solar cell [-V curve
» Hard evidence of solar cell degradation due to primary arc

— Need to find a GEO (or PEO) satellite to carry instruments

— International collaboration is the key to the success of the project

— Development of charging mitigation device
* On-orbit validation of the new charging mitigation methods such as
— Electron emitting film
— Semi-conductive coating

Future directions £

La SEINE

* Promotion of fundamental studies
— Interdisciplinary studies
 Link to space weather
Solar activity ‘ near-spacecraft environment ‘ spacecraft charging

™ e Lo < Aol -, :
http://edu.jaxa.jp/materialDB/detail.php?material_id=71276 http://www.npr.org/templates/storystory.php?storyld=6907833
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Future directions £

La SEINE

 Promotion of fundamental studies

— Experimental simulation
» Multi-energy-spectrum charging test facility
» Synergetic effects due to electrons of different energies

Medium energy(30~100keV) electrfn High energy (>100keV)
elegtron

Slow

(<30keV)
leXtrtn l
Insulator\ \

Medium electron gun

Slow electron

ISR S TR Reduced

L Deep dielectric éhargiqgf resistance
(RIC)

Solar cell
(metal)

v .

10~1000 u
Self-shield

Vacuum chamber Slow electron gun

Scattered

e clectron

Circuit board

Future directions 2>

L.a SEINE
* Promotion of fundamental studies
— Experimental simulation
* Multi-energy-spectrum charging test facility
» Synergetic effects due to electrons of different energies
measurement apparatus of
deep dielectric charging :
(PWP method) schematic
= e-beam
ﬂ Sample AMP
HV DC = .
- :[?H 1 et | J:,_,Slgnal
Pulse _/17%!77_'21\
—> T~ | |
PVDF /E[ Glass Electrode
(4pm) Backimg Al Electrode
Material

From Y. Tanaka, Musashi Inst. Tech.
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Future directions £

 Promotion of fundamental studies

La SEINE

— Why and how does the environmental exposure change the

charging property?

Space debris

Plasma

Outgass uv
,i Xray __.

Contamlnat|on

B

Thermal cycle Radlat|0n

Future directions £

Promotion of fundamental studies

La SEINE

— How does the charged satellite alter the near-spacecraft

environment?

MUSCAT

Near-spacecraft environment

=)

-

?

— Simulation of dust charging

64

Spcecraft charging
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Future directions £

La SEINE

* Promotion of fundamental studies

— On-orbit measurement via a dedicated small satellite
» Knows every detail of satellite geometry and materials
» Small enough (<50cm) to do

— Full-scale laboratory simulation

— Full-scale computer simulation
« Carry sensors to measure

— Ionospheric plasma density and temperature

— Spacecraft chassis potential

— High-energy particles

— Radiation dose

— Magnetic field

— Surface potential

— Internal charging

— Discharge event

@

La SEINE

Thank you
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Problems and Recent Trends on Material Degradation Studies in a Real and
Simulated Space Environment

Masahito TAGAWA", Kumiko YOKOTA"

YKobe university, Kobe, Japan

Space environment is a potential factor to affect the charging/discharging phenomena of spacecraft systems.
However, no special attention has been paid for property changes of spacecraft materials during space exposure form
the viewpoint of charging. Today, a circumstance on space environmental effect studies is changing due to the
retirement of space shuttle. The space environmental effect on the solar cell materials will be evaluated in the new
circumstances without using a space shuttle; sample return mission will be difficult to conduct. This situation is not
only for solar cell materials, but also for other materials tests including thermal control materials. This paper
describes the recent trend of space environmental effect studies on general materials both for flight and
ground-based studies, which is prepared for the retirement of space shuttle. It should be stressed that the more
precise ground-based exposure experiment technique has to be established for deep understanding of the space

environmental effect on materials, especially for photovoltaic solar array systems.

Key Words: Space Environmental Effect, Material, Degradation, Atomic Oxygen, Charging, Photovoltaic Solar Array

1. Introduction

There exist many environmental factors in space such
as microgravity, thermal cycling, plasma, ultraviolet,
radiation, neutral gas, contamination and space debris [1].
Many of the important components of spacecraft (manned
and unmanned) are attached in the unpressurized section and
they might encounter such serious space environments.
Some of the systems which are attached in the outmost
surface of spacecraft, for example thermal blanket, solar cells,
antennas, mechanical components including lubricant and
various sensors, are affected directly by the space
environments. Since polymer damages by atomic oxygen
in low earth orbit is so pronounced, space environmental
effect on materials has been focused on polymeric materials
used for thermal control purposes [1-3]. However, it has
not been fully recognized that the space environmental effect
on material is also important for solar cells which sometimes
has greater area than thermal control materials covering a
satellite body.

A photovoltaic solar panel is a complicated system, thus
various environmental factors could affect the performance
of materials used in the photovoltaic solar panel system
(Figure 1). In order to investigate the entire effect of space
environment on the photovoltaic solar array system, an
accurate space environment has to be simulated in a
ground-test facility. It is, however, current technology level
cannot fully simulate space environments. For example,
spectra of ultraviolet, which could affect the surface
properties of solid materials, cannot be simulated in ground
tests. Radiation environment is also impossible to simulate
on ground accurately. Atomic oxygen, one of the major
environmental factors in low earth orbit (LEO), is also one of

66

the most difficult factors to be simulated in a ground-based
facility. It should be stressed that the simulated space
environment in a ground-based facility is somewhat different
with real space environment. Degradation (or property
changes) of photovoltaic solar array materials in the ground
tests has to be investigated under these limitations.

On the other hand, material exposure experiment in orbit
(flight test) faces serious problems by the retirement of space
shuttle.  The retrieval of exposed samples cannot be
achieved beyond 2011. Use of Soyuz spacecraft is the only
choice to retrieve the exposed sample, but its capability is

Solar cell: SiO,, coating
(ITO, AR), Si, GaAs, InP

[ B

Substrate: CFRP, Kapton, Al

Pivot, hinge: lubricants

Fig. 1. Materials used in a typical photovoltaic solar panel. Many
materials are subjected to exposure to space environment compared
with passive thermal control systems. Complicated phenomena
could be activated in solar panel systems. Mars Global Surveyor
image is courtesy by NASA.
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PG Port SAW (4B)
August 4, 2001

Fig. 2. Photograph of the breakage of Kapton blanket at the P6
Port Solar Array Wing of ISS. The photograph was taken on
August 4, 2001.

quite limited. = The methods to evaluate the sample
properties without retrieval have to be established.

In this paper, importance, current technological problems
and trends in space environmental effect studies are reported.

2. Example of the Material-related Problems in LEO
Space Environment

When materials are exposed to real space environment for
long period, degradation of material could be happen.
Some of the examples are introduced in this section. Note
that all of the photographs in this section are under NASA
credit.

One of the examples is a breakage of Kapton blanket at
the P6 Port Solar Array Wing of ISS.  The photograph taken
on August 4, 2001 is shown in Figure 2. As clearly
indicated in Fig. 2, polyimide (Kapton-H), which is widely
used as a thermal blanket, was broken after one year of
exposure in LEO space environment. It has been well
known that the Kapton is eroded by the atomic oxygen attack
in LEO. In order to protect Kapton from the atomic oxygen,
thin aluminum coating was attached to the both sides of the
material in this case. However, atomic oxygen penetrates
through pinholes and microcracks of the aluminum
protective layer and undercutting of Kapton occurred [2].

Not only the ISS, but also the other satellites have faced
different material problems. Two photographs in Figure 3
show the thermal blanket of Hubble Space Telescope (HST)
taken at 3.6 and 6.8 years after orbit [3]. It is clear that the
large crack is obvious after 6.8 years in orbit. This crack
was patched by EVA in the HST 2nd Servicing Mission
(SM2), but another cracks were found at the same position in
the HST SM3 (after 9.7 years in orbit). These cracks in
FEP Teflon thermal blanket are believed due to the radiation
(soft X-ray)-related degradation, since the cracks were
obvious only in the solar-facing side [4]. It was also
reported that these FEP degradation could be related to solar
flare event [5]. It is, thus, addressed that the space weather
data is also important for the material degradation in space
systems.

From some examples shown in this section, it is
obvious that we have not solved the space environmental

67

af 5 LA

Fig. 3. Photograph of the breakage of FEP Teflon outside the
Hubble Space Telescope.

effect problems on materials, especially for long-term
missions. Further research is necessary to achieve low-risk
space missions from the viewpoint of material sciences.

3. Problems in Flight Experiment

In order to evaluate the survivability of materials in
space environment, flight experiments have been conducted.
In the most flight experiments conducted in the past, the
retrieval of the exposed samples to Earth has been made by
the Space Shuttle. However, Space Shuttle is scheduled to
retire in 2010. After 2011, sample retrieval from the orbit
has to be carried out by Soyuz. The capacity of Soyuz is
limited and only small pallet can be retrieved.
exposure pallet should be designed to fit the capacity of
Soyuz. However, due to the dimensional limitations, the
complicated equipment cannot be attached on the pallet.
This restricts the freedom of the experimental design.

A now transportation system cannot be expected in
2011, a material exposure experiment has to be conducted
without retrieving the samples. Measurements of material
properties are carried out during the exposure and the data
should be downlinked by telemetry. Mass of the materials,
especially for film materials, could be measured by quartz
crystal microbalance. Such an “active” experiment has
already been partially performed in the MISSE-6 (Figure 4)
and MEDET (Figure 5) missions. Although next

New

JEM/SEED mission in Japan (Figure 6) is a fully “passive”
experiment, which requires sample retrieval, the next
materials exposure test should be based on an active
experiment without retrieving the sample.

Such active

Fig. 4.  Materials International Space Station Experiments
(MISSE-6) pallet.
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Fig. 5.
right) accommodated on the European Technology Exposure Facility
(EuTEF, left).

Material Exposure and Degradation Experiment (MEDET,

experiment can be flown not only on ISS, but also on small
satellites in various orbit. Real-time flight data from
various space environments (various altitudes, inclination
angle, elliptical orbit, etc) will be obtained through such
active experiments. Even though “active” experiment
requires a complicated system to acquire the data, it will
provide much more valuable scientific data on material
sciences in extreme environments. Theses data are also
referred to the ground-based experiments.

4. Ground-based Research
4.1. Current Problems

Space environmental effect on materials has also been
investigated through ground-based researches. Absolute
pressure and temperature in space can be simulated in the
ground-based test. However, other environmental factors
are difficult to simulate in ground-based studies accurately.
The inconsistency of the result of ground-based test with that
of flight test is due mainly to the differences in experimental
conditions between space and ground. Present technology
of the ground-based space environmental simulation is not
enough to predict the material response in real space
environment quantitatively. Some examples of the
experimental conditions which are difficult to simulate in
ground-based experiments are described below:

L Outside Earth's Atmosphere
= (Area Under Curve = 0.1371 W cnr2)

Sea Level In Very Clear Atmosphere
(Area Under Curve = 0.1111 W cnr2)

Black Body at T = 5762 K

Irradiance (Wecm —2 o um-1)
=)
S
1

02 04 06 08 10 12 14 16 18 20 22 24 26
Wavelength (um)

Fig. 7. UV/VIS/IR spectrum of the sun [1].
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Fig. 6.
and Space Environment Exposure Device JEM-MPAC/SEED)

Japanese Experiment Module — Micro-particles Capturer

a. Ultraviolet spectrum and intensity

It is well known that he UV/VIS/IR spectrum of the sun
can be expressed by the emission from the black body at
5,762 K as shown in Figure 7. This is due to the fact that
the surface temperature of the sun is 6,000 K. In order to
simulate the emission spectrum in VIS/IR region, Xe lamp is
used. However, UV intensity of Xe lamp, which influence
more on materials, is not enough, mercury lamp is used as a
UV source for material degradation studies. The
high-pressure and low-pressure mercury lamps emit line
spectra at 365, 185 and 245 nm. Deuterium lamp, which
has continuous spectrum between 120 and 400 nm, also is
used for the same purpose. However, Deuterium lamp has
major peaks near 120 and 160 nm. The emission spectra of
these lamps are not identical to those from the sun. Because
degradation of materials by ultraviolet is based on the
photochemical reactions, photon energy (or wavelength) is a
primary factor to determine the reaction pathway. However,
solar spectrum in UV region cannot be duplicated in
laboratory.  Selection of lamps in material tests is still in
discussion.

b. Energy spectrum and intensity of radiation

Simulation of radiation environment is even more
difficult. ~ Energy distribution cannot be simulated in
laboratory, so that only limited experiment (energy and
species) can be made in laboratory.

c. Impact velocity of atomic oxygen

Material degradation due to the reactions with
hyperthermal impact with atomic oxygen, which is the major
composition of the upper atmosphere of Earth, is another
great concern in the space environmental effect studies.
The impact velocity of atomic oxygen with spacecraft
materials is 8 km/s which is an orbital velocity of spacecraft.
The impingement energy of atomic oxygen at 8 km/s
corresponds to 5 eV, which is similar to the interatomic
bonding energies of polymeric materials. Acceleration of
electrically neutral atomic oxygen up to 8 km/s in laboratory
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Fig. 8. An example of laser detonation atomic oxygen beam
facility (Kobe University).

is mandatory for simulating the chemical reactions in space.
For this purpose, laser detonation atomic oxygen beam
source (Figure 8) has been used [6]. This type of atomic
oxygen simulator can accelerate atomic oxygen up to 8 km/s,
however, velocity distribution is larger than that in LEO. If
there were a strong energy dependence on material
degradation, it would be problematic to evaluate the
survivability in LEO with this system. Not only velocity
distribution, there exist many other problems in atomic
oxygen simulation such as flux measurement, flux deviation,
electron excited states, extreme ultraviolet (EUV) as a
byproduct and so on.

d. Synergistic effects

When more than two of these environmental factors
influence the degradation of material, simultaneously, the
synergistic effect may accelerate (or decelerate) the erosion
phenomena (Figure 9) [7, 8]. Note that samples are
subjected to strong extreme ultraviolet (EUV) radiation when
atomic oxygen tests were performed. It has been believed
that some of the materials, especially fluorinated polymers,
are sensitive to EUV from laser plasma [9]. The
spectroscopic analysis of EUV from the laser-sustained
oxygen plasma is under investigation [10]. However,
standard testing method on synergistic effect has not yet been
established. Quantitative evaluation on synergistic effect is
in future challenge.

4.2. Future Direction of ground-based research

In order to increase the accuracy of predictions on space
environmental effect of materials, differences in
experimental conditions between space and ground should be
considered quantitatively. It should be applied to the
reference materials first. For example, temperature, angular
and impact energy dependences on the atomic
oxygen-induced etching of polyimide should be made clear.
These erosion properties are necessary to evaluate the atomic
oxygen fluence both in space and in ground-based
simulations accurately. The same data set also is required
to calculate the erosion depth of any material with computer
code. Well-controlled ground-based experiments can only
provide such basic properties of atomic oxygen erosion
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Fig. 9. A quantitative analysis of synergistic effects of atomic
oxygen and 172 nm VUV on polyimide (black circle) and
polyethylene (white circle). [7]. It is obvious that polyimide
is not affected by VUV exposure, but the erosion rate of
polyethylene is sensitive to simultaneous VUV exposure.

phenomenon [11, 12]. This is true for the other
environmental factors as well. Fundamental understanding
of material response in each factor is the first step to mitigate
the material erosion problems in space.

4.3. Ground-based research on space environmental
effect for photovoltaic solar array

A photovoltaic solar array system is a complicated system
compared with thermal control film. It may be affected by
space ways. Thus, a
ground-simulation study of space environmental effect on
photovoltaic solar array system becomes important.
Material exposure test would be performed in order to clarify
the response of each material used in photovoltaic solar array
system. Not only the material test, but also a system test
has to be carried out with a solar cell coupon. A system test
is a realistic test, thus it is strongly affected by the test
environment. For example, atomic oxygen ground test,
which is carried out by the laser detonation facility, uses
intense atomic oxygen beam pulses on behalf of the
continuous atomic oxygen flow. Figure 10(a) shows a
relative intensity of argon beam formed by the laser
detonation source. (Similar spectrum is observed when
atomic oxygen beam is formed.) It was operated by the
repetition rate of 1 Hz. A strong beam pulse is observed at
the flight time of 0 and 1000 ms. Figure 10(b) shows the
close-up view near flight time 0. EUV from the laser
plasma (See section 4.1d) is obvious at the flight time of 0 ps.
A beam signal is observed at the flight time near 500 ps.
As shown in Figure 10(b), FWHM of beam pulse is only 200
ps. This type of source can simulate the atomic oxygen flux
(number of atomic oxygen per unit area arrived within 1
second) in LEO at a sample position, but all of atomic
oxygen reaches within 200us. At this moment, a pressure
near the sample surface reaches over 10° Torr. The
instantaneous pressure near the sample surface in the
ground-based test is much higher than that in space. The
pressure difference is usually ignored in the material test, but

environment in  various
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Fig. 9. An example of time of flight spectra of a hyperthermal
Ar beam formed by a laser detonation source. (a): overall
spectrum, and (b): high-resolution close-up spectrum at flight
time near 0. EUV and atomic beam signals are observed at the
flight time 0 and 500 ps, respectively.

it sometimes affects the environmental simulation results
[13]. Since the instantaneous pressure increase affects the
discharging characteristics, the accuracy of such system tests
would not be high enough to simulate the real environment.
The difference of test conditions between real space and
should be recognized when
ground-based simulation test is conducted.

simulated environment

5. Conclusions

The importance, current problems and trends in space
environmental effect studies on material are addressed. In
order to endorse the material properties requested in a whole
mission life, ground-based studies are quite important.
present ground-based simulation technology
cannot perform the accurate assessment of the material
degradation in space.  The evaluation of the space
environmental effect on photovoltaic solar array system,
which is a complicated system, has to be evaluated with
understanding the differences in real- and simulated-space
environments.  Development of accurate ground-based
simulation techniques is highly desired for achieving
low-risk missions in various space environments.

However,
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1. Introduction

Ion beam emission/neutralization is one of the
most fundamental problems in spacecraft plasma
interactions and electric propulsion. It is well
known that, in order to transmit a current
exceeding the space charge limit from spacecraft
to the ambient, the beam must be adequately
neutralized or the transmission would be blocked
by virtual anode formation in the beam' and
spacecraft charging. Hence, the operation of an
electric thruster or any other large current ion
emitting source from spacecraft requires a
neutralizer to neutralize the ion beam. In such
systems, the ions are typically emitted as a cold
beam while the electrons are typically emitted as
stationary thermal electrons from the neutralizer.
The emission is such that v >>Vyem>>Vvy;, where
Vie» Vbeam» Vi are the electron thermal velocity,
beam drifting velocity, and ion thermal velocity,
respectively, and the electron current emitted
equals the ion current emitted. One notes that the
plasma emitted is strongly non-neutral near the
source regardless of the neutralizer location or the
emitting surface area. Even for a hypothetical
situation where the electrons and ions were
emitted from exactly the same location and same
surface area, the initial beam would still be
strongly non-neutral due to the difference in
electron and ion emitting velocity.

The ion beam neutralization process not only is
an interesting physics problem but also has
important practical implications. For instance,
such knowledge is important in the neutralization
clusters. It is

design for electric thruster

obviously also of critical importance in any
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modeling studies involving plasma emission.
Ion beam neutralization is one of the first
problems studied during electric propulsion
development. Although ion beam neutralization is
readily  achieved in  experiments, the
understanding of the underlying physical process
remains at a rather primitive level. No theoretical
or simulation models have convincingly
explained the detailed neutralization mechanism.
Earlier theoretical and simulations models have
considered the neutralization of infinitively large
uniform ion beam”®. More recent models have
considered a more realistic setting for finite size
ion beam emission’”. These previous studies
suggest that wave-particle interaction and plasma
instability may be the driving neutralization
mechanism. However, no conclusions have been
reached. Part of the reason for the lack of a good
understanding of the neutralization process is
because  particle  simulation of  beam
neutralization is an extremely challenge problem
due to computational constraints. This is because,
in order to simulate the physics correctly, such
simulations must be carried out using the realistic
ion to electron mass ratio so the correct
mesothermal velocity order for ions and electrons,
Vie>>Vhean™>Vyi can be maintained. Additionally
one must also use a very large simulation domain
in order to minimize the effects of the simulation
domain boundary.

This paper presents a fully kinetic simulation of
ion beam neutralization and plasma beam
propagation. The focus is on the physics of
the

propagation of the mesothermal plasma. Section

electron-ion  coupling and resulting
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Figure 1: Simulation setup

2 presents the simulation model. Section 3
discusses the simulation result. Section 4 contains

a summary and conclusions.

2. Simulation Model

The ion beam neutralization process involves the
following aspects: initial mixing of electrons and
ions, electron-ion coupling, and beam
propagation. The initial electron-ion mixing, to a
large extent, is determined by device design and
hence, the mixing process varies for different
systems. In this paper, we will focus on the
electron-ion coupling and beam propagation
aspects.

The problem is studied using full particle PIC
simulation. In this model, both the electrons and
ions are modeled as macro-particles. The particle
dynamics, space charge, and electric field are
solved self-consistently.  In order to reduce the
computation, the 3-D PIC code is applied to a
2-D configuration. The simulation setup is shown
in Figure 1.

We consider that the electrons and ions are
emitted from the same surface area but with
different velocity distribution functions. At every
time step, Macro-particles representing the ions
are emitted into the simulation domain as a
those

drifting Maxwellian distribution and
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representing the electrons as a stationary
Maxwellian distribution. In order to maintain the
realistic relative velocity ratio between the beam
velocity, and electron and ion thermal velocities
in the simulation, the simulations are performed
using a realistic mass ratio of mi/me=1836.
Comparing to Vi, Vpeam and vy are Vpeam =0.1 Ve
and v4 = 0.0023 v, respectively. These relative
values are similar to typical ion thruster
parameters.

The emitted electron and ion currents are kept the
same. For a cold beam ions and thermal electrons,
the electron and ion current density at the
emitting surface are Jo,=Neo< Vi > and J;c=NioVoeam,
respectively, where ne0 and ni0 denote the
electron and ion density outside the emitting
surface, respectively. For the v, and Vpem
considered here, n.,, ~ 0.2n;,. Hence, if the
electrons and ions were uncoupled, such an
emission would lead to a very non-neutral beam,
as illustrated in Figure 2.

In the simulation, the cell size equals the Debye
length calculated using nj, and the electron
termperature Te at the emitting surface. We
consider a spacecraft with size 50X50. The beam
emission width is Rt=20. The simulation domain
is taken to be 600X400, or 30R1X20Ry. The
potential at spacecraft body is fixed and while the
potential at domain boundary is floating. The
number of macro-particles near the emitting
source is ~850/cell for each population and the
total number of marco-particles used at end of run
is typically around 7 million. Simulations were
run using a time step resolution of dtw,.~0.1,
where dt and o,. denote the time step and the

electron plasma frequency, respectively.

3. Results and Discussions
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Typical simulation results are presented in Figs. 3

through 8. Fig.3 shows potential contour at y

400

twpe=1600 (tw,=37.3 where o, denotes the ion

plasma frequency ). Fig.4 shows electron and ion o

positions, electron density contour, ion density =200

contour, and total charge density contour at

tope=1600 (tw,=37.3). These results show that,

100

L 1
(%O 300 400 500 600
x

while the beam is strongly non-neutral near the

emitting source, the electron-ion coupling occurs ' ) ) )
Figure 3: Simulation results: potential

immediately at the downstream of the emitting _
contour at t w pe=1600 (t w pi=37.3)

source and a quasi-neutral plasma beam quickly

forms. The thermal electrons follow the motion of )
. ) beam at the downstream of the beam exit surface
the cold beam ions, and the electron density )
. o is only a few Te.
closely matches the ion density inside the beam. ) ) )
) . o To investigate the process of electron and ion
For this particular case, the potential inside the ] ] )
coupling, Figs. 5 through 7 show the time

evolution of the phase plots, potential profiles,

a

200 and electron and ion density profiles along the
- beam direction. In these plots, we compare the

snapshots taken at t®,.=40 (t,=0.93) with that at
tope=1600  (tw,=37.3). The initial electron

200

2 expansion along the beam direction follows the

same physical process studied in 1-D expansion

of a mesothermal plasma into vacuum. It is well

understood that such expansion establishes an

1|
500

E il e
300 350 400 450
X

ion-acoustic like beam front propagation. As the
b electron thermal velocity is much larger than the

ion beam velocity, the region behind the beam

front will have a slightly positive potential with
respect to the ambient. Hence, the region between

the beam source and the beam front gradually

traps the electrons. It is the interaction between

S the trapped electrons and the potential well that
leads to electron-ion coupling and beam

neutralization. Further frequency and wave

Figure 2: Illustration of a hypothetical number spectrum analysis (not shown here) also

non-neutral beam generated by the show that no beam plasma instabilities were

emission of cold beam ions and thermal present. We also performed the linear dispersion

electrons. a) electron (blue) and ion (red) analysis using the plasma parameters such as the

positions; b) total charge density electron and ion velocities and densities observed

contour. in the potential well. However, the obtained
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Figure 4: Simulation results: a) electron
(blue) and ion (red) positions. b) electron
density contour; ¢) ion density contour; d)
total charge density contour at tope=1600

(twpi=37.3) .
growth rate of the beam instability is too small to
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Figure 5: Phase plots for electrons (blue)
and ions (red). a) tope=40 (towpi=0.93) b)
tope=1600 (topi=37.3)

grow. Therefore, in the current case, we find that
ion beam neutralization is not through plasma
micro-instability, as previous studies suggested.
As the beam front propagates forward, the
electrons and ions develop a similar density
profile along the beam direction, as shown in Fig.
8.

Once the quasi-neutral beam is established, an
expansion wave is generated outside the beam
(Fig. 4c and 4d). The expansion in the transverse
direction is similar to that associated with the
self-similar expansion of a mesothermal plasma
into vacuum.

4. Summary and Conclusions

In summary, we have developed a full particle
PIC simulation model to simulate the ion beam
neutralization process. We find that beam

neutralization and propagation are two closely
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Figure 6: Potential profiles along the beam
direction a) twpe=40 (topi=0.93) b)
twpe=1600 (topi=37.3)

coupled processes. The initial expansion of
thermal electrons over cold beam ions establishes
ion-accoustic-like beam front propagation.
Subsequently, the emitted electrons are trapped in
the region between the forward propagating beam
front and the emitting source. Electron-ion
coupling is achieved through the interactions
between the trapped electrons and the potential
well along the beam direction. Beam
neutralization is not through plasma instabilities
as previous studies suggested. Self-similar
expansion of ion acoustic waves similar to that
associated with plasma expansion into vacuum
also occurs in the transverse direction outside the
beam. Because of electron trapping in the beam
direction and the interactions between the trapped

electrons and the electric field, the electron

a
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Figure 7: Total charge density profile along
the center axis a) tope=40 (t w pi=0.93) b) t w
pe=1600 (t » pi=37.3)
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Figure 8: Ion density profile (a) and electron
density profile (b) along the center axis at tw

pe=1600 (t » pi=37.3)
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distribution is highly non-Maxwellian along the
beam direction. Hence, the commonly used
Boltzmann assumption for electron density in
spacecraft plasma interaction models in general is
not valid for interactions concerning plasma beam

emission.
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1. Introduction

The discharge occurring in solar array panel
has been a serious problem plaguing the
space photovoltaic community [1]. This
termed ESD (electrostatic
discharge) and causes the reduction of

discharge is

spacecraft power. Figure.l shows the cross
sectional view of solar cell.

/ Interconnector

Coverglass
Adbhesive

Solar cell
Adhesive
Insulation sheet

String gap Substrate

Cathode output
Satellite Load

Anode output
Fig. 1 Cross section view of solar cell string

When
geomagnetic substorm (and the associated

a spacecraft encounters a
flow of high energy electrons), the coverglass
attached to the solar cell assumes a higher
potential than the spacecraft chassis due to

the difference in the coefficients of secondary
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electron emission between the two. An
electric field is created at the triple junction,
which the
dielectric and plasma. The triple junction

is boundary of conductor,
exists at the edge of an interconnector and a
cell. This charging situation is named as
beam inverted gradient. In this charging
situation, electrons are emitted from the triple
junction. The electric field is enhanced by
collisions of the emitted electrons with the
side of the coverglass. At the same time,
outgassing from the coverglass is accelerated.
ESD occurs when the electric field exceeds a
threshold value and the electrons ionize the
outgassed neutrals. This type discharge is
called as a primary arc (PA). PA creates an
arc spot and causes the cell degradation [2].
Of late, the power reduction by PA has been
found to be significant and its estimation has
been recommended for improving the solar
array design. When PA occurs between string
gaps, a secondary arc or sustained arc (SA) is
induced. The arc plasma of PA can
electrically connect solar cell strings. The
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current generated by solar cells flows into the
plasma. The arc plasma is heated and causes
the thermal damage to the insulator layer of a
Secondary arc causes
permanent power loss. The definition of SA

polyimide sheet.
is shown in Fig. 2. The category of SA is
defined from the comparison with the end of
PA pulse width. The end of PA is defined as
the time at which the waveform falls to less
than 10% of the maximum current peak
(Ipeak). For temporal difference between the
end of SA and that of PA shorter than 2 ps,
SA is termed as non sustained arc (NSA).
When the duration of SA is longer by 2 us
than the duration of PA, SA is categorized as
sustained arc (TSA). If the
duration of TSA is sufficiently long, the

temporary

underlying polyimide sheet loses insulation
resistance and TSA shifts to PSA. This stage
is a complete short circuit and the power
generated by the solar array is not supplied to
satellite loads. In the worst case, the satellite
loses a function
altogether.[3][4].
Recently, these ESD accidents have been

or stops working

recognized as problems to be avoided by
taking precautionary measures. A ground test
for ESD is therefore, of prime importance
before a satellite launch. Japan, France and
US independently established standards for
ESD ground [5][6][7]- the
of international  space
development, these standards are being
integrated into ISO standard [8]. However,
it is difficult to carry out the ESD test
because it needs the facilities such as, high

test From

viewpoint an

vacuum chamber, electron beam gun and
plasma source etc. Kyushu Institute of
Technology (KIT) is offering the ESD test in
KIT for other research institutes because KIT
has specialized facilities for the ESD test and
has know-how through a lot of charging and
arcing experiments for Japanese satellites so
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far. We accepted requests made by ISRO
(India Space Research Organization) and
CAST (China Academy Space Technology)
and conducted ESD tests for their solar array
panels. This paper describes experimental
results of ISRO and CAST in KIT. These
tests were conducted with test circuits and
procedures which are suggested by KIT in
the establishment of the ISO standard. In

ly-d- ...........
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Fig. 2 Definition of SA

addition to experimental results, we explain
the detail of test procedures.
2. Test procedures and circuits

ESD tests in this paper consist of three parts.
For all tests, an electron beam environment,
simulating geosynchronous earth orbit (GEO),

Shutter open
(Experiment start)

was assumed.
1) Threshold test

Bias on

I
X

Video start
Shutter close

|

Surface potential
(Trek)

[

Beam irradiation
for I ~5 min

Fig. 3 Test procedure of threshold
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Figure 3 and 4 show the procedure of
threshold test and test circuit, respectively.
The surface potential is measured by a
noncontact potential probe. The surface
potential value immediately before PA is
used as the threshold. The obtained threshold
is used in the estimation of the total discharge
number by MUSCAT simulation [9][10].

B

“Fst

Cp3 =

Fig. 4 Test circuit of threshold

2) Cell degradation test

Cell degradation test evaluates the resistance
of solar cell for PA. Figure 4 and 5 show the
procedure of cell degradation test and circuit,

1
- Shutter open e
(Experiment start)
| I

| 10 arcs
1
1
Beam output !

Measurement of
dark VI

Fig. 5 Test procedure of cell degradation

Cexl

Fig. 6 Test circuit of cell degradation

respectively. PA in this test is the flashover
current in which a total amount of charge
stored on all the coverglasses in the actual
solar array of larger size is released. Lext and
Rext in Fig. 5 control the waveform to match
with the expected flashover current. Cell
degradation is checked by a measurement of
dark VI. A total discharge number is
approximately 100.

3) Sustained arc test

Sustained arc test verifies occurrences of
TSA and PSA. The circuit of sustained arc
test is shown in Fig. 7. The top-side circuit
and power supplies simulate the power
generation of satellite. We developed the
power supply using current regulated diodes
(CRD) because V1 of constant current power
source needs to have rapid response and low
internal capacitance. The condition of string
voltage (Vst) and string current (Ist) adopted
is nominal. After the nominal condition, Vst
and Ist are increased.

Hot-ixzvf’l]lrrem CP2 Hot-out current

Panel-GND |

V1:CRD power supply
V2:SAS current

Iv,, 4 ( I’ej

Fig. 7 Test circuit of sustained arc

3. Experimental results
3.1 ISRO results

The threshold test and sustained arc test were
conducted for ISRO coupons. Figure 8 shows
tested coupons. 2 types solar cell, Triple
junction cell (TJ) A and TJ B, are used. Three
coupons, TJ A, TJ B and TJ with RTV, were
tested. In two coupons, string gap was exposed.

79
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Gaps of TJ with RTV were filled with room

temperature Vulcanizer Adhesive. Thickness of

coverglass is 100 pm for all cases. Gap lengths
were 0.8, 2.0 and 4.0 mm in TJ A. Gap
lengths of TJ B were 3.0 and 5.0 mm.
Threshold tests were conducted for TJ A and
TJ with RTV. Electron beam energy and
current were 8§ — 9 keV and 100 pA,
respectively.

Figure 8 shows the differential potential
distributions of TJ A and TJ with RTV
immediately before PA. Threshold values
were 1.7 kV and 3.0 kV, respectively.

Table 1 shows threshold values of SA for
TJ A and TJ B. Cext = 5 nF was used. TSA

Table 1 Threshold value of SA for TJ A and TJ
with RTV

TSA threshold PSA threshold
String String String String
voltage, V | current, A | voltage, V | current, A
E 0.8 50 0.5 50 2.0
= 2.0 90 0.5 90 1.5
B )30 90 0.5 90 2.0
= |40 90 1.0 90 2.0
S |50 90 0.5 90 2.5
Gap 0.8mm Gap 2.0mm Gap 3.0mm
4 Gap 4.0mm Gap 5.0mm
% 10 ' 4 :
¢
~=
% ®
& 1000
=
>
A |
.ok g
= 100
] ®
g
5 10 e ¢ »
- H
2
6 v
7p!
=1 .
0 0. 1 1.5 2 235
String current, A

Fig. 9 TSA duration of TJ A and TJ B

Table 2 Threshold value of SA for TJ with RTV

String
aolfige. ¥ 70 | 100 | 150 | 200
< 0.5 PA|PA[ - | -
=) 1 REI
aE 15 - | - [PA ] -
8% [ - - [
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occurred for a long gap length over 2.0 mm
and occurrence of TSA depends on the string
voltage. TSA threshold can be defined as Vst
=50 V for 0.5 mm and Vst = 90V for over
2.0 mm. As a result, increasing of a gap
length is not an easy option to prevent the
occurrence of SA. Occurrence of PSA
strongly depends on Ist rather than Vst. PSA
can occur for over Ist = 1.5 A. Figure 9
shows TSA durations of TJ A (0.5, 2.0 and
4.0 mm) and TJ B (3.0 and 5.0 mm). TSA
duration increased rapidly with increasing of
Ist. For gap length 4.0 and 5.0 mm,
increasing of TSA duration below Ist=1.5 A
was slower than other short gap length.
However, the TSA duration in Ist = 2.0 A
was the same as that of gap length 0.8 mm.
These results show that the extension of gap
length is not an effective method to prevent
from TSA and PSA in the solar array panel

exposed gaps.
Table 2 shows a threshold value of TJ with
RTV. The threshold value increased

compared with TJ A and TJ B. We confirmed
that occurrence of SA was not observed in a
nominal condition. However, PSA occurred
for the high string voltage as Vst = 200 V.
PSA image is shown in Fig. 10. The position
of PSA was in a gap between strings. PSA
can occur when a part of gap was not
covered.

Fig. 10 PSA image of TJ with RTV
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3.2 CAST results

For CAST coupons, the threshold test, cell
degradation test and sustained arc test was
conducted. Figure 9 shows the test coupon of
CAST. This coupon has 3 strings and 5
silicon solar cells are connected with the
used for the
threshold test and cell degradation test and

series. One coupon was
two coupons were used for the sustained arc
test. Gap length is 0.8 mm and gaps were not
filled with RVT.

Figure 11 shows a differential potential
distribution before PA. Electron beam
condition, energy and current, were 5 keV
and 50 pA. The distribution was uniform and
the value on the surface of coverglass was
1.7 kV. However, the potential of arc
position was low because arcs occurred at
bus bars. As a result, the threshold value was
estimated as about 1 kV.

Fig. 11 CAST coupon

0 T
002 = B
004 = 4
0.06 =
0.08 = 1
Y [em] 01 8
0.12 & ¥
0.14 = -

0.16 = b

0.18 = -
' 1 i 1
02 0.15 (1N} 0.05 0

X [em]

B C T

0.0 L5 3.0
Differential potential [kV]

Fig. 12 Differential potential distribution

A flashover current was calculated from the

WS LR Y L) R

result of the threshold test. In this calculation,
we assumed that the solar array panel of 4 m
width. For
characteristics of the waveform, the pulse
width is 360 ps and the peak current is 12 A.
A total amount of charge is 2.4 mC. We
and Rext
calculation waveform with experimental one

in length and 2 m in

chose Cext, Lext to match
in particular the pulse width and peak current.
A typical experimental waveform is shown in
Fig. 13. Cell degradation test was conducted
by using this waveform. For a total discharge

20 Cext =480nF, Rext = 170Q, Lext = 11mH

—_ =
o v o W
z

! N,
i

r/‘ L‘\H“‘m
f’l 1‘1‘11_‘1_‘—11-.
0 100 ) 200 300 400
Time, pus

Blow-off
current, A

1
wn

Fig. 13 Typical waveform for cell degradation
test in nominal condition

50 Cext = 100nF

40 |
= < 30 f
T /
% S 20 |
= 510 L E
A5, M \

-10

-50 0 50 101
Time, ps

Fig. 14 Typical waveform for cell degradation
test in severe condition

0.1 L| —*—Before Stl /f
—=— After Stl

< 001 f/
~
§ 0.001 /
5 0.0001 -

10° p

10° +T

Voltage, V

Fig. 15 VI characteristic before and after test
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number of 100 PAs, cell degradation was not
observed in all strings. We additionally
performed a severe condition test to verify
the resistance of solar cell. Figure 14 shows a
waveform in the severe condition. We did not
use Rext and Lext for increasing of peak
current. Cext was 100 nF. A peak current
reached about 50 A. A VI characteristic
shown in Fig. 15 did not change for 20 arcs.
Sustained arc test was performed in two
steps. In the first step, occurrence of SA was
verified for a flashover current. TSA duration
was measured in the second step. Table 3
the threshold wvalue of SA for
flashover current. Parameter of Cext and
Rext and Lext is also shown. For Vst = 100
V and Ist = 0.7 A, TSA not was observed
though NSA was observed. TSA was not
observed for Vst = 50V and Ist = 1.4 A,
however, PSA occurred for Vst = 50 V and
Ist = 2.1 A. Table 4 shows the threshold
value of SA under Cext = 5nF. Vst was fixed
at 100 V, and Ist was only increased. This

shows

test was performed for 2 gaps, St 1-2 and St
2-3. For gap St 1-2, PSA did not occur for Ist
= 2.1 A. PSA occurred for Ist =2.1 A in gap
St 2-3. We considered that microscopic
condition of gap St 1-2 affected occurrence
of PSA. However, of
microscope pictures, a remarkable difference
was not identified. TSA duration of Table 4
is shown in Fig. 16. TSA duration of St 2-3
in Ist = 2.1 A reaches about 1 ms. From the

in observation

viewpoint of a safety design, the condition of
Ist = 2.1 A is regarded as dangerous though
PSA did not occur.

4. Conclusions

KIT conducted international ESD ground
tests as a part of ISO standardization
campaign. The coupons of ISRO and CAST
were tested in KIT facilities. We obtained
results as follows,

1) ISRO results
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Threshold values of PA inception were 1.7
kV for TJ A and 3.0 kV for TJ with RTV.
For SA thresholds, TSA occurred in Vst
=50V, Ist = 0.5 A for normal TJ, and PSA
occurred in Vst =50V, Ist =2.0 A.

Table 3 Threshold value of SA

Condition

Parameter

Arc PSA

Vs, V Ist, A | Cext,nF | Rext, Q Lext, mH
50 0.7 5 0 0 101 No
50 0.7 480 170 11.5 67 No
50 0.7 480 170 E1.S 96 No
100 0.7 480 170 11.5 34 No
50 1.4 480 170 11.5 31 No

50 2.1 480 170 115 6
Table 4 Threshold value of SA
'Concmon Arc | TSA | PsA
Vst,V | Ist, A
100 0.7 44 25 No
Gapt1 | 100 | 14 | 42 | 34 | No
(St1-2) 100 1.9 30 30 No
100 2:1 42 31 No
Gap 2 100 1.4 38 34 No
(St2-3) 100 2l 4 1 Yes
S o su2 = s
0
| 10
~~
2 10
2
=
2
= 1000
N X p
=i
g 100
8 b
=
=< 10
<
p]
— 1
0 0.7 1.4 2.1 2.8

String current, A
Fig. 16 TSA duration of gap St 1-2 and St 2-3
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Charge Accumulation Characteristics in Proton Beam Irradiated Polymers

Seiya Numata, Shingo Maruta, Hiroaki Miyake,

Yasuhiro Tanaka, Tatsuo Takada (Musashi Institute of Technology)

ABSTRACT

The purpose of our research work is to develop a compact bulk charge measurement system and to measure the charge

distribution under proton-beam irradiated dielectric materials used for spacecraft. Spacecrafts sometimes have a serious

damage due to the electrostatic discharge accident. It is said that the charge accumulation in dielectric materials irradiated by

high energy particles in space environment causes the discharge accident. However, there remain many unknown factor about

a charge accumulation in dielectric materials by irradiation of charged particle. Therefore, we need to measure the charge

distribution in the bulk of dielectric materials. We have had many experiences to measure the charge distribution in dielectric

materials under electron-beam irradiation. However, there are few measurement results of the proton-beam irradiated samples

and we have to carry out a proton-beam irradiation in specially arranged equipment for proton beam irradiation. Therefore, we

have been developing a compact bulk charge measurement apparatus for applying to several measurement environments in

various irradiation chamber.

Key words: Spacecraft, Dielectric material, Proton-beam, Charge distribution, PEA method, PI
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Measurement of surface and volume resistivity of UV-irradiated or EB-irradiated insulator materials for satellites
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This paper investigates surface and volume resistivity of UV-irradiated or EB-irradiated insulator materials used for the artificial
satellites. Measurements were carried out under vacuum conditions. The measured materials are a glass which is used for the
cover glass of solar panel and a polyimide film which is used for the thermal control material on the satellite. It was confirmed
that the surface resistivity and volume resistivity had no difference regardless of UV or EB irradiation. But the chemical surface
state of UV-irradiated polyimide film was changed according to irradiance level. The change in surface state of UV-irradiated

polyimide film was bigger than EB-irradiated one.
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Measurement of distribution of photoemission current for some kinds of Insulators
Hirokazu Ito , Satoshi Namai , Yasushi Yamano, Shinichi Kobayashi (Saitama University) , Kumi Nitta (JAXA)

Various materials such as the thermal control film ,Paint-type coating materials, some kinds of insulators are
used for aritfical satellites. This report describes results of distributions of the photoemission current for
them excited by ultraviolet-light

The used film samples were two kinds of germanium coating materials. The painting samples were two kinds of white
paint materials (inorganic conductive) which are used for the surface of antenna part in artificial satellite
Insulator samples are four materials (PTFE, Alumina, laminate board and soda glass). In addition, two composite
samples which are composed of the metal and the insulator are prepared for the measurement of photoemission. The
one is an insulator chip pasted on the metal board and the other is a metal chip pasted on an insulator board
The following measurement results were obtained. The photoemission current value of the Au sample around the
insulator become smaller than that of metal samples. The distribution of photoemission current of the insulator
on the metal influence around the insulator as well as other insulator samples. The photoemission current value
of the metal chip on the insulator board is remarkably small as well as that of insulator material.

F—U— I MUVHE FIRGE. G TR, TR

Keywords: Electron emission microscope, Photoelectron emission, electron current
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Fig.2 Exponential decay model of surface potential
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Table 1 Specifications of vacuum chamber

BEEFrUN
HNE mm 400
FE mm 480
FEXH Pa 107
HMMBRT—D
RemE C 300
EHEE C 150
AT—VERE mm 150
FHEHE mm 200

2.4 BETH

Table 2 IZHAS A A L —T v 7 W B Ak %
R
Table 2 Specifications of electron gun
HafRIHE, KV DC50
MfE 22, Pa 10°
Mf~~—% > 78, C 230
WS 2L keV, Max 50
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HIEK S A7 JZBNT, bo b bEARIRT KX — ATNIKRED O OJRWHEHIFIZ DT
LHEEOHFTRLXF—THDH, ZNHOZRAX—0, FHFELZ L BRN 6, fix e
ECHiEkZ 2 hr— L LTWD, KimsCTlE, KEBEMOER, WEE, FEoEo v
Ea—21T\0, B8 (> 100 4F) 1272 2 MEREHAIRIC K ER. & Oftho A RER
NEFERA ENL BWEEL TWEDDRFTOm L a1 5,

2. KBEBITEZETIXRW

M 1ixAH (B2 38) ORKRHORSHETH L (SIDC), AEIOFERS (/) 234
AHNTEHIR CTH D MER B DD, DWICIKINEERE 2 4 IR E > TV DE 1D X S IR %
%o HIEREIRD L LIRN KB ER & BRSO 2 DIXHETH LN, KEEED T R LX
—ZEMIZEHT 5 Z L13E & A ERARRIZIEV, KBEES. H DT TST (Total Solar
Irradiance) & A7 7 7 > « RV~ OIEHNCH TED, KEBEOEDREEZERTHZ &
FARECTH D, HHT (200 841 1 H¥T) @ MERMER] 24U, ZOffEIX 5770K
THY ., ZAUTKIET 2 KGEEIT 1.36 ki/m* & 72> T %,

B 21, 2D 30, WANWARNTHIR, WANWAZREHIIZS 2 o THIE L7z TSI (Total
Solar Irradiance) T®H 5D, 7= LN, TNENOEEIIE LS (Ko—F Fodhi) %
SR L TS0, MxtENKRE S B> TS Z ENATEND, 1360 W/m’ 225 1375 W/m?
WCETHMAL TS, ZZTHERDIL, ZOREDE, $74bb 10 - 15 W/m? L-ULiX
[EBITRLRV] bDRO)N, Thé bMEROEMSE2#Eim T 2B ERTE R0V ER
DNENS ZEThHD, £ T, WERQEEFNREZIT> THT,

KEEH. 5T TSI (Total Solar Irradiance), % C Z 43U, AT 77 « AL
V= COERNC R Y . KO IR & RIGE. KIG-HERM R > T, K3 Dk D
ICETZEnHkD, 22 CRIBEIE, AT L ACOBRTH D28, ZHIZR 3 DAY L.
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HNTA—H—CBENREEEANL CAHADLIETHDH, TOME, M4ITRLIZLIIC
FEENIEE 1K OB kicxt L, KBEES. AV TSI (Total Solar Irradiance). 1% 1 W/m?
ThoEWH, EFIZ ToNT V) BERRICR>TND Z &R bhd,

TSI (Total Solar Irradiance) 1 W/m* @ 1 KFGEMICOEBIZXF L CHIERO B XIRIT
0. 1K EEd 25 Z LRI SN TWD D, 2o 1:1:0.1 W) BIfRIE, FEFICE

ARTWEETH %,
TIEARHMEITZ E B K 2I2RY i s LTH o & DS LU TST (Total Solar
Irradiance) DEIZW 7D THA 9D, T< & ZORBEIZOWT, T—1 RN

AR & 47z Butler et al., 2008), Z 4L, NASA AT LT, &AM OHANE A NIST
(National Institute of Standards and Technology, Gaithersburg, Maryland) (ZEFEF Y .
ENENOMEEIIEE Y, FHEROREH, WEHRAL WEGHEBRER EICONT
WIERICiHEmZ L2 L0 Th D, 2RI LD & BUED - & bEHHDKRS TST 13 1362 W/nm®
Z (=1.95 cal/cm® min KEEEE) THHEWVI,

3. HERKUEZ R 5 DIX
LU, Bl OWFFE#E R (Lean and Rind, 2008) Zf{HICE LD, fiofzT —X &> M
1889-2006 FIZ47=2 11 KJEMZ B /3—7 2% H 447 — % T, the University of East
Anglia Climate Research Unit (CRU) CHEEEEIN-HLDOTH S, S5IZEATRLTVD,
Iz 7V —>THRLULIEI—T1X, Lean and Rind 25, RO 4 >OLEEEHv, X6 D
Xz O TRIEMNT CRBL L 72 HIER O KR Th 5.

ENSO
volcanic aerosols

solar irradiance

2 NI

anthropogenic forcing

¥, FNENOEE L MEKIREOMICITMAFORER N H Y | s LT 6 D—%F
TR LI (BALIEH) 2o TWD, W, WILIZZNENE 1R, 5 2 kIR Rk
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—ZITRRENSZ WD TH A I,
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TV, 7%/ TW5, ZRENO TEBE] PRFRE L BICRESEDoTWNH 2 EN
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DL, FFEEATH D, FEELT, MEOMEDNRDP DD Z ENPLNT, HEREEDV
PREEET NEBR L], FEmik) 2R T 5 2 LOfRS 2RI L T,

4. £

(1) TACKEOAZNERE) 1K — ACKEBER 1 W — ACEHXE) 0.1 K]
EWVS THERNL =D D D,

(2) Empirical models capture 76% of the variance in the CRU surface temperature:
as much as 0. 2K from ENSO, 0.3K from Volcanic eruptions, and 0. 1K from solar cycle

(3) The rate of these influences does change in terms of space and time.

BEE . AKWRZHERT, B ALY, ZLDOZL2HXTIIZE 572 Jack Eddy (2

N LET,

eee e€s

Solar Influences Data Analysis Center (SIDC)
http: sidc.oma.be sunspot-index-graphics sidc graphics.php

J. J. Butler, B. C. Johnson, J. P. Rice, E. L. Shirley, and R. A. Barnes, Sources of
differences in on-orbit total solar irradiance measurements and description of a
proposed laboratory intercomparison, J -Res -Nat L hst .Sand.Tedmo L, 113 187-203,
2008.

Lean, J. L., and D. H. Rind, How natural and anthropogenic influences alter global and
regional surface temperatures: 1889 to 2006, Geoplys. Res. Lett, 33 L18701,
doi:10.1029 2008GL 034864, 2008.
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C =0 T'(4mRs*/41R?) = 0 T* (Rs/R)?

where

O Stefan-Boltzmann constant = 5.67 x 107° (J/m? sec K*)

T: Effective temperature of the Sun (~5770 K)
Rs: Sun’s radius (~6.96 x 10% m)
R: Sun-Earth distance (~1.495 x 10"" m)

X 3

AC (W/m?) =4 o TP AT (Rs/R)?
=9.42 x 107 AT (K)

THEHLE. TH1ELITAE. $917vMNm?
AEEHMN LMD

X 4
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1.0F Global Surface Temperoture
— CRU observations
0.5 — model 1889-2006: r=0.87
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WWII
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Anomaly (K)
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X 5

Tr(f) = co + ce E (t- Ate) + oy V(£ - At)
+cs S (f- Afs) + ca A (I - Afa)

where

Tr: monthly mean temperature anomalies

E: ENSO

V: volcanic aerosols
S: solarirradiance
A: anthropogenic forcing

At:=4 Aty =86, Ats=1, Aty=120

X 6
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Period ENSO \ S Anthr.

1889-2006 0.0015 —0.0009 0.007 0.050

1905-2005 0.0028 —0.0029 0.007 0.059

1955-2005 0.0150 0.001 0.002 0.136

1979-2005 —0.007 0.018 —0.004 0.199
7
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YA TV 23 DB/NE YA T IV 24 DRBRIZDOUVNT

On the minimum of solar cycle 23 and the maximum of solar cycle 24

H B (FHEEHese)

Shinichi Watari (National Institute of Info. and Com. Tech.)

Abstract
Forecast of amplitude of a new cycle is important for space weather. Because many
intense space storms tend to occur in the cycle with a large maximum sunspot number.
These intense storms cause failure of manmade technical systems. We report the result
of statistical analysis of occurrence of no—sunspot days around solar minimum and
forecast of maximum sunspot number of Cycle 24 using the occurrence of no—sunspot

days.

1. LI

ANTHEREANHPESTZ VAT MIEE LG X5 L) T HREOLH) 2 [Tl KK
THIEFATND, F1IE MECX 7T ADOKE7 LT OFERFEAL L FFHE KGR
o (X1 b)) KRR R SR OFRFE AR &P Btk (1 F), g
BELOEMBEAR L EVHRAE (M1 F) 270y PLEZLOTHD, M1LITRLEZE
NS, KIGTREIAMmVIEE L K7 V7 M L F— R 38, MBS EL 7 & T )
PEAETOHENRELS ROBEMBH Y, TNOICKLEEOREGHINT 5, ZD72D),
KGIEEN YA 7V ORE S TRT L L3, FHRRUSBIT DMERED —> L7 > T
WD,

HABIIKGE# 2R TOLE OO T v 7 ATHY, BKICBIT B80T 0) A
INVDOKRBHEENDORKESIOBRR LD T LD, FRARFIEIZEID T A 7L 24 OFRD72
SNTWAD[1], L2 b, THMEIZ 10 < 505 200 1< ETRELHNLTEY
A 7N ORKGIEBTHNCEA L TiX, 4%, SOICHMHRELED TS UERH D Z L5y
N5,

2. T—=ZIZoNT

AL F —FE KL H (SIDC-team, World Data Center for the Sunspot Index, Royal
Observatory of Belgium) X D#MEIN T2 ESH DO HME (Jan. 1849-Nov. 2008) . £
PiE, HNEHME, 13 72 ABERESEZ VT, i hMlicBs W TERAOBIHI SV EE L
T A T NVDILH EH YRR O RS E OB IOV THREEHEIT 21T > 72,
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B 2 13 R A (BX) & RBAOBHI SR I IFERMO B (TR) 27"y
FLIZHDTHD, 2R LIz Lo iT, KREIEENY A 7 v ot M ECli, BA0#
HENRDSTFERO BEREIM L, 2O BT A VT VEHIZEBH L TWDH Z ERbnd,
D Z ZEY A 7 Vi EDO A 7 v & i U TR NIHEIC 3B 1T 5 BA OBl S
VMERTO BB Do 7o 2 Eivbnnd,

B A 7 23 T ORSGINE A b O BARED B ICBLULGR O TV D A3, 2008 4F 7 A >
5 8 AT TREOBH SRV A58 — 4 Hife < 72 & RIGTEE) OG22 R AE A iy T
W5, £ 1IE 1849 FLIED 1 HFEM D 5 HERADBII SN o7z BEO KR EWFEDIEET
TI0FHFETERLELDTHD, YA 7L 23 OR/NZHT-5 2008 FE X B S OBM S
RIno T AMNE L, DRVIEEIN/ NS W ERDND, Fio, £ 201F 1849 LI, E#kE L
TERADBR SN2 DT BEOREVEMIZI0FBETERLELDOTHD, ZOXRIZ
FE, BECITERSAN 10 »r A< bW L TRl SN2 b H o= 2 v
%o Flo, HBIETIEYA 71 22 Of NN Basdfe LT 42 3 BB S Wik &
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H5E FHERY VR Y A EEGR CE

F 1. BAPBU S0y TR H 3L
(1849 FFELIEDT — I L B)
- . ﬁ%ﬁbi%ﬁ@}ﬂ Ehieinotz .
M A% (B/4)

1 1913 311 14
2 1901 287 13
3 1878 280 11
4 1856 261 10
5 1902 257 13
6 1912 254 14
7 1954 241 18
8 1933 240 16
9 2008 238 . 23

(1-11 AT —4#)
10 1855 234 9
F 2. EHE L TRADBH I N B
(1849 FELIBE DT — X2 L B)
. seh e L C RS ?iéﬂiﬁu X .
nixmno-B% (A)

1 1913/04/08 92 14
2 1901/03/11 69 13
3 1879/02/16 54 12
4 1855/08/14 49 9
5 1902/03/17 49 13
6 1878/04/04 47 11
7 1878/09/14 45 11
8 1902/01/16 45 13
9 1912/01/21 43 14
10 1996/09/13 42 22
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4. YA 724 DBRIZHONT

X 3 \Zh/hoORTOD 1 FERNICESSBH SN o B EHY A 7 v (K3 kE) BX
O A 7 VOBROELE (K34 ), /O 1 AFMOREPBIE S o7
BELBYA I NVONE ER VIR (K3AET) BLOWY A 7LD H EA D KR (X3
FF) 27y bLizbOThHD,

B 7> & 48N T ERADBLI SR Do T BE & R A 7 )V ORBRR O B S oMIca o
MBS, BANBH SN2 B ERDOY A 7 VDS ERVIZIEOMHERH 5 Z L2
b, M3 EBIOR3IAETOF—ZITR/N_FIECIV 7 4 v T 4 T H2ITo>TK
s E LIRS,

(KDY A 7 VO KOESE) = 183.38 - 0.35X
(R MBI 2 B OBRI S e hyo 72 A0 (1)

(RYA 7 LD E3 0 R =2. 505 + 0. 00886 X
(M NMZEB T D BAOEN e~ 7- B (2)

A 7V 23 OR/NOFEIE, BIIEDRE S TIIIRD S 720 A, 2007 4F 12 A 725 2008 4
11 AETOMTRAOBI SN2 7- %251 HZ2X (1) ~RATHE, $1 7024
DORBERO BRI DTRNE L LT I6 03555, ZOEIL, YA 71 23 DARK D B RE120. 8
Fo/h&Ewicis, £z, X (2) XA 7024 OSEH ERD T 4. 74 (2013 FFD 727
TH) T,

5. ¥&8

10 A G0N BHRAIZEASBITHEM L SoH 528, KRE L TEOEMIZP-< W &L
LD THD, VA 7N 23 O/NIZHTZDH 2008 T EDOT —H L3 5 & BAD
Bl SN2 o T AN L, MR VIFBORWFE L 72> T D,

o N CERA OB S e 0o T BEL L IROBK OB S ORICAOMHBER H 5 =
&L M NIHE CRADBN SN ol B ERDOY A 7 VDS E B Y ORIZIEDH
BRdHZ ea L, A 724 OFREToTe, EORER, A 70 24 DRRKIL 2013
HEORNIZ AL TRIN, MRIZBT 2R8I A 7023 L0/ EDI D & DRGSR
DE BT,

2 3T

1 S. Watari, Forecasting solar cycle 24 using the relationship between cycle length and
maximum sunspot number, Space Weather, doi:10.1029/2008SW000397, 2008.
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STEREO & ACE D KGR ZEHDHBE—FHRXIFH/RADIEH—
Correlation between Solar Wind Variations Observed at STEREO and at ACE
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'National Institute of Information and Communications Technology
’Tokai University
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Numerical Analysis for measurement of photoelectron current in the magnetospheric plasma
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Abstract
A three-dimensional electrostatic full Particle-In-Cell code has been developed to analyze spacecraft-plasma interactions

quantitatively. We adopted the code to evaluate the correlation between the floating potential of a spacecraft and the

photoelectron current in the magnetospheric plasma environment by comparing the computation results and the

observation ones by the GEOTAIL spacecraft. The numerical model of the velocity distribution function of the

photoelectron was proposed to consider the correlation and the space charge effect of the photoelectron around a

spacecraft was also discussed.
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Experimental Study on Space Tether by a Sounding Rocket/Small Satellite

Hironori A. Fujii'?

Kohji Tanaka®
1) Kanagawa Institute of Technology, Atsugi, Kanagawa, 2) Nihon University, 3) Tokyo
Metropolitan University, 4) ISAS/JAXA

, Toshihiro Mizuno"”, Takeo Watanabe®, Hironori Sahara® and

Abstract:
technology

This talk introduces

including a rocket experiment deploying
electro—dynamic tether with 300m length, YES II (Young Engineer
Satellite II) with 31. 7km tether, and a small satellite equipped with
30km tether. These space tether experiments will provide new methods
to study space environment. Future of space tether technology is also
Jovian tour, electro—dynamic re—boost,
electro—dynamic tether de—orbit of satellite.

some projects for space tether
sounding

introduced as “ free—lunch”

Key words, Space Tether, Electro—dynamic Tether, Sounding Rocket, Small Satellite, YES II
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Fig. 1 Brief History of Tether Technology
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Fig. 7 Nonlinear Alfven Wave
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Fig. 8 Engineering Mission
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Fig.13 ED Tethers for Jupiter Tour
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Measurement of temperature after collision of microparticles with a solid state material

1T.Miyachi, IM.Fujii, 1O.Okudaira, 2S.Takechi, ZA.Kurozumi, 2S.Morinaga, 2Y.Kawachi,
2Y.Shinohara, 3H.Shibata, 4M.Kobayashi, H.Ohashi, °H.Matsumoto, 7T.Iwai, 8K.Nogami

'Waseda Univ., ’Osaka City Univ., 3Kyoto Univ., *Nihon Medical School, 5Tokyo Univ. Marine
Sci.& Tech., 6JAXA, "Univ. Tokyo, 8Dokkyo Med. Univ.

When a solid state dust/debri detector is used in the future, reliable procedures for analyzing its
behavior must be established. The temperature during collision is considered as one of the primary
parameters for calibration purpose. However, there have been few studies that have dealt with the

temperature during collision.

It is a current interest in establishing a calibration method for a dust detector, one of which is a
piezoelectric PZT dust detector onboard the MMO craft. Nevertheless, no reliable theories exist that

can explain the PZT signal as a function of velocity.

This note serves to promote calibration technique based on the Planck radiation, by adding some

supplements to a report [1].

The amount of energy U per unit volume radiated at equilibrium with frequency v per unit
frequency interval by assuming a blackbody at temperature T is known.

U=8nhvc [1/(e*1)], (1)

with x = h v/ kT, where c, h and k are the light velocity, Planck constant, and Boltzmann constant,
respectively.

Then the number of photons of h v emitted from the blackbody is proportional to a factor f

f= (kT/he)® [x* /(e*-1)], )

The temperature during collision was exceedingly studied by measuring the absolute number of
photons. But there remained a lot of factors that influence on the experimental result; solid angle
calculation, reflection of light, fluctuation of the gain control system, emissitivy of the radiator and

other sources of errors and ambiguities

In order to overcome these difficulties/uncertainties, this report is discussed a method that the
temperature can be determined as a function of velocity v. It is proposed that the relationship

between T and v can be determined using a photomultiplier as an intermediate standard. This method
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needs at least one point where the temperature and velocity values are simultaneously determined.
Hereafter this point is called the standard point, at which the temperature and velocity are designated
as Ty and vy, respectively. Once the standard point is found, the relation between T and v is

established with a relative manner.

The amplitude of the photomultiplier output signal t (T) at T is estimated
T (T) o [ f*gdx, 3)
where f(x) is represented in eq.(2), and g is the spectral response characteristic function of the

photomultiplier.

On the other hand, the amplitude of the photomultiplier output « (v) at a velocity v is

experimentally measured. As a result the relation is valid;

t(T) /7t (To)= a(v)/a(vy). 4
30
i < +
|name ||symbol code .20 .-"A\\ (a) =
[Ri0s1  Ju oom | = A\ S 5[ B
v, 1 i = /7
|R821 b 200S FA0 - g 1
il \ 5 3 i,
IR647 v 400K 0 j £ ! \ - = 0 10 20 30 40
0 200 400 600 200 temperature[ 1000°K
|R1463 \ad 500U wavelength[nm] l { |
Table 1. Four types of Fig.1(a). Spectral response  Fig.1(b). Relative
photomultipliers. Product characteristic functions are plotted: u, amplitudes using the

name (left), symbolic name b, v, and w are solid-thick dot-thin, solid-thick line. T, is
(middle) and curve code solid-thin, and dot-thick lines, estimated ~18,000 K by
(right) are listed. respectively. extrapolation.

Four types of photomultipliers (products of Hamamatsu Photonics) were used as listed in Table I.
They are designated as u, b, v, and w for convenience. The function g was measured for each

photomultiplier as shown in Fig.1(a).

The u-photomultiplier acts as a threshold detector, because of its narrow window for the wavelength.
It works linear over the wide range of temperature. The calculated values are plotted as a function of
T in Fig.1(b). By extrapolating these points, it is estimated to be ~18,000 K at zero amplitude.
Accordingly, the temperature at the standard point is Ty ~ 18,000 K.
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pat PM
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1

Fig.2. Concept of arrangement. Fig.3. Assembly of photomultipliers.

The five photomultipliers were arranged as conceptually shown in Fig.2. They were assembled as in
Fig.3. They were directed toward a PZT element placed at a distance of 60 mm. Two v-type
photomultipliers were used; one (v;) was used to measure the flashes and the other (v;) was used as a
monitor. All the photomultipliers were biased such that the amplitudes of the output signal were less

than 150 mv in order to avoid a possible deviation from linearity.

The PZT element of dimensions of 40 x 40 x 1 mm® was coated with a layer of silver electrode that

was several u m thick.

mass vs velocity

100 50 T ™
T I - .*L, -
— 10 |
E 1 < ¢ o ¥ =
=150
(] 50 100 150 200
0.1 L L time (ps)
0 20 40 60
velocity [km/s]

Fig.4. Distribution for the mass and velocity. Fig.5. Spike-like form signal.

The hypervelocity particles comprising Ni and Fe particles were supplied by the Van de Graaff
accelerator at the Max-Planck-Institut fiir Kernphysik. The velocity and mass of each particle were
measured by scanning the signals induced in an electrostatic electrode [2]. The distribution for the
mass vs velocity is plotted in Fig.4. The particles were located within a circle of ~ 10 mm in

diameter at the PZT element [3].
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The amplitudes of the output signals of u, b, v;, and w were directly measured with a digital scope S;.
The amplitudes from the PZT element were measured by another scope S, to confirm the occurrence

of collision. The v,-signal was monitored on S; as a time reference. The maximum overall margin of

error was estimated to be 30 %.

Only samples that a spike-like form (Fig.5) is recognized are picked up. The width of the spike-like
signal is as short as 10~20 ns. The spike-like form is reduced to, for example, the form of v; in
Figs.6(a) and (b). There are many small signals after the sharp peak, which are considered as flashes

of recombination of plasma particles appearing over several tens ps.

It was very rare that five photomultipliers fired almost free from the influence of secondary dust. It

was very often to have events that v;-, v,-, and w-signals coexisted, but b- and/or u-signals missed.
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Fig.6. Fig.7. Effect of the screening on the wave form.
. . The details are explained in the text.
(a) Signal forms belonging to category I.

(b) Signal forms belonging to category II.
(c) Distribution of the amplitude for
the v1- photomultiplier.
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The signal form was varied not only among the photomultipliers but also from event to event.
Figures 6(a) and (b) shows the typical signal forms observed in the u- and v;- photomultipliers.
There are some cases in which the signal form appears normal [(a) tagged as category I]. There are
various forms that appear irregular [(b) category II]. Such variations are indicative of the wide

distribution of the amplitudes [(c) for the v,-photomultiplier].

Figures 6(a) and (b) are rewritten in Fig.7. Figure 7 (top) shows that the u-photomultiplier signal is
almost normal and follows the vi-signal with a time offset of ~ 9ns. In contrast, Fig.7 (bottom)

illustrates that the v;-signal is significantly sharp and the u-signal almost disappears at an advanced

point in the signal path.

The characteristic behaviors in Fig.6 or Fig.7 can be explained as follows: When a hypervelocity
microparticle strikes the PZT element, many secondary particles that screen the photomultipliers

from the element are produced. The irregular forms are considered to be a consequence of this screen
effect.

The signal forms in Fig.7 (top) belong to category I, while those in Fig.7 (bottom) belong to category

II. Similar distributions in Fig.6 (c) were observed in other photomultipliers.
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Fig.8. Amplitudes of the u-photomultiplier output Fig.9. Velocity vs temperatutre, t
signal. The measured points are extrapolated by (T)/ t (To)= a(v)/a(vy).
the solid line. Ty is found to be ~ 18,000K. The standard point by the

u-photomultiplier is shown by (0).
The solid line is a guide for the eye.

Therefore, the amplitude « (v) /« (vo) should be measured using only samples of category 1. By
extrapolating these points to zero amplitude using the u-photomultiplier, the threshold velocity vy

was estimated to be ~19 km/s as shown in Fig.8. This value corresponds to Ty of ~18,000K.

165

This document is provided by JAXA.



FH ML T B S ARG B JAXA-SP-08-018

By applying the same procedure to the signal forms from the b-photomultiplier, these quantities are
found to be ~11,000 K and ~11 km/s. By using the relation t (T)/t (Tp) = « (V) /a (vo), they are
found to be ~12,000 K and ~10 km/s, respectively, for the v;-photomultiplier.

The relationship © (T) /<t (To) = « (V) /a(vo) is two-dimensionally plotted in Fig.9 The
temperature-velocity relationship appears slightly concave-up in shape. Here the relationship may be
approximated to be linear in the velocity range from 10 to 40 km/s. Thus, the conversion rate was
estimated to be ~900 K/km/s. This conversion rate was much higher than that reported earlier [4,5].
This conversion rate is to be reevaluated by considering the influence of secondary particles

generated during collision.

In summary, the proposed method is useful for measuring the temperature immediately after
collision of hypervelocity microparticles with solid materials. The conversion rate ~900 K/km/s was
obtained with an error of 30% in the range of 10 — 40 km/s. This value was found to be much higher

than that reported earlier. This was considered as the screening effect due to secondary particles.
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