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'/ A Few Famous Satellite Failures &

® Anik E-1 and E-2 (1994) — deep dielectric electron charging during severe
geomagnetic storm led to communications disruptions lasting for days

* Tempo-2 and PAS-6 (1997) — sustained arcs from geomagnetic substorm
ESDs caused complete Loss of Mission (LOM)

e ADEOS-2 (2003) — micrometeoroid strike (?) during auroral charging event
led to sustained arcing and caused complete LOM

e Galaxy 15 (2010) — ESD caused electronics problem coming out of eclipse
during severe geomagnetic substorm, recovered after 8 months adrift

e DMSP-15 (2011) — computer upset after large total internal dose from X-
class flare X-rays

e Echostar 129 (2011) — temporary (24 hr) pointing/positioning loss after
huge peak in GOES >2 MeV (“killer”) electrons

e SkyTerra-1 operated by LightSquared (March 7, 2012) — knocked out for 3
weeks due to SEU caused by energetic protons & CME

e Other March 2012 anomalies — Venus Express, HughesNet-Spaceway 3

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution 7 I RL ’ 3
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«¢» Basic Types of Spacecraft Charging't..:j'_,,_,

e Surface Charging
e Caused by particles of 10 eV —100 keV
e Usually what is referred to as Spacecraft Charging
e By and large, particles do not bury themselves so deeply they can’t
escape in minutes to hours
* Flux dependent, on electron fluxes at energies > 9 keV
e Depends on surface and bulk conductivity of materials

e Deep Dielectric Charging
e Caused by particles of 200 keV and above
e Also referred to as Bulk Charging, or Internal Charging
e By and large, particles bury themselves deeply enough that it takes days
or weeks to escape
e Fluence dependent
e Depends on bulk conductivity of materials

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution » I RL ; 4
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GEO Spacecraft Surface Charging

e Spacecraft charge because the net fluxes of electrons and ions to the surface
are not the same

Why not? Because F = Nvq, and in a plasma, the electrons and ions are
of about equal density and in approximate thermal equilibrium, where
E.=E =(3/2) kT

Yam,v2="%m, v?

Thus, v, = v, (m,/m,)/2

Even for hydrogen, (m./m,)¥? ~ 43

Thus, electrons impinge on uncharged surfaces > 43 times as fast as ions

e Spacecraft surfaces charge until their potentials repel electrons and the
resultant electron and ion currents to surfaces become equal

The Current Balance Equation!

e As arule of thumb — In eclipse, spacecraft charge negatively to potentials
about equal to the temperature of the plasma, T.

A Y
\'”/ The Current Balance Equation

GEO plasmas typically have T ~5000 eV, but in geomagnetic substorms T
can reach ~ 80,000 eV

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution 7 I RL ’ 5

In equilibrium, there can be no net charge flux to a spacecraft

Current Balance Equation:

Electron Flux (F.) - Backscattered Electrons (F,.) - Secondary Electron

Emission (F,,) — Photoemission (F,.) = fn (¢) = lon Flux (F;),

where ¢ is the local potential

Equilibrium is established on an electron repulsion timescale, which is
less than a microsecond. Thereafter, the Current Balance Equation
holds

The Current Balance Equation holds for an entire spacecraft (yielding
the so-called Absolute or Frame Potential) and for individual dielectric
surfaces (yielding the so-called Differential Potentials)Usually,
backscattered electrons are considered to be part of the secondary
electron emission flux, and secondary electrons produced by ions

striking the surface are ignored
DISTRIBUTION STATEMENT A - Unclassified, Unlimited Distribution A F RL . 6
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GEO Surface Charging —
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e Secondary electron yield for many material surfaces can be greater than
unity for a range of incident electron energies
e For electron energies between the 15t and 2" crossover points, each
incident electron decreases the spacecraft negative charge
e For MgF, anti-reflection coated solar cell coverglasses, 8max ~ 6, and
2nd crossover is about 9 keV — hence F (E>9 keV) increases charge -
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution AFRL X 7

\ / GEO Surface Charging -
\qg'/ Photoemission

* The Photoelectric Effect — Cause of Photoemission
* Because of the photoelectric effect, incident photons with energies greater than
the electron work function (usually UV) will liberate an electron from the surface
* For one-sun UV illumination, many material surfaces have photoemission of
about 2x10° amps/m? = 2 nanoamps/cm?
*  For many GEO plasmas, this is more than the electron flux to an uncharged
surface
* Thus, sunlit spacecraft surfaces lose much of their charge

* Differential Charging
* There is no photoemission when satellites are in eclipse (part of each orbit when
the sun is near the equator)
* When satellites emerge from eclipse, suddenly those surfaces in sunlight can lose
much of their charge
* Differential charging can occur between surfaces in sunlight and in shade
* Most charging-related problems occur in a few hours after a satellite leaves
eclipse

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A ' RL ’ 8
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\\ / Surface Charging — Important _
\azo/ Surface Materials Quantities @

* Secondary Electron Emission Characteristics - electron and
ion bombardment
* Maximum §, incident energy of maximum 6
* Photoemission
* Bulk resistivity (Q-m)
 Surface resistivity (Q/0, “ohms per square”)
* Thickness
* Density
e Atomic weight
* Dielectric constant
* Breakdown strength (V/mil)

\N Kk
AFERIL
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution = -¥ 9
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\/ GEO Surface Charging - Simulations E 2

™ * The US default standard is
e £ Nascap-2k (NASA-Air Force
Spacecraft Charging Analysis
Program)

* Uses Boundary Element
Method (Green’s functions)
to determine potentials on
spacecraft surfaces, particle
tracking to change surface
potentials

* Models full magnetic field
effects

*Due to EAR/ITAR
restrictions, not available to
non-US citizens

ner
FAq =
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GEO Surface Charging - Simulations m

pr

* The JAXA default
standard is MUSCAT
(Multi-Use Spacecraft
Charging Analysis Tool)
* Fully 3D particle code
* Can be applied to

spacecraft in LEO, PEO and

GEO.

* Its algorithm is a
combination of PIC and
particle tracking.

* Commercially available
* Other codes exist (ie
SPIS, Coulomb-2)
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GEO Surface Charging - Effects
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® ESD (Electrostatic Discharge)

insulator, and the space plasma join

® [Impacts on systems
o
upsets, EMI

® Sustained Arcs

® Impacts on systems

etc.

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

If differential charging leads to large electric fields between adjacent surfaces
(E ~ 100 volts/mil or V = 400 volts), a discharge can take place
Discharges the full capacitance of spacecraft surfaces relative to each other

Discharges are most frequent at so-called “triple points” where a conductor, an

Discharges can also be breakdowns of insulated surfaces (dielectric breakdown)

Solar cell damage, surface (thermal control) damage, contamination, computer

ESD can evolve into a sustained arc (solar-powered) between solar array strings when
adjacent cells are at different power system-imposed voltages

Complete permanent loss of power, structural degradation, loss of attitude control,

This document is provided by JAXA.
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< GEO Surface Charging - Mitigation

* Keep Differential Charging to a Minimum

® Coat all exterior surfaces with conducting materials, ground all surfaces to a
common ground point

* If possible, use frame charging mitigation (ie plasma contactor or ELF type)
* Allow no floating conductors

* |f solar arrays not conductively coated, keep secondary electron emission from
coverslides high

* Keep ESD currents out of sensitive circuits
* Put all electronics inside a Faraday cage
® Use grounded shields on all wiring

* Prevent Sustained Arcs on Solar Arrays

® Use string wiring that prevents adjacent cells from having > 40 V potential
difference (parallel strings, leapfrog wiring, or another solution)

® Use diodes to prevent other circuits from contributing to arc current

* Keep string (and solar cell) currents below about 1 A
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A F nL X 1 3
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e+  LEO Surface Charging — Introduction

* Near the equator in Low Earth Orbit (LEO) the plasma densities are high
(10%-10%/cm?) and plasma temperatures are low (0.1-0.25 eV)

® Equilibrium “floating potential” is low (< 1V, typically)
* Atomic oxygen is predominant ion species, so (m,/m_)¥? =171

* In LEO, the spacecraft orbital velocity (~7.5x10% m/sec) is greater than the ion
thermal speed but less than the electron thermal speed (see next slide)

® So-called mesothermal condition
® Creates plasma wake behind spacecraft
® |ons are too slow to fill in the wake

® Electrons are repelled from wake by slight negative space charge (a few
volts)

® Charging in LEO is caused by exposed power system voltages, and current
collection from plasma as modified by local potentials

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A nl— ; 14
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Wake in LEO

®
Qr
* Spacecraft in LEO are moving
supersonically with respect to the ions
— There is a wake left behind, where
PLASMA ions cannot enter

SPACECRAFT

* The wake is devoid of electrons, as well
as ions

— Tiny excess of electrons inside wake
repels all other electrons

— Wake is electrically almost exactly
neutral

* lons are collected as a supersonic
PLASMA stream on the front face

* Electrons are collected isotropically
outside the wake

AFRL
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution 1 5
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o LEO Charging — Wakes and Sheaths

* Wakes are very deep
* |on and electron densities down by factor of ~ 10*
®* Means currents (both types) only collected on ram side of spacecraft
® Electron collection takes place approximately isotropically on ram side

Ael =% Atot
® lon collection takes place almost totally directed onto ram side
e A =A
on

ram projection

® Only local plasma can interact with spacecraft

® For uncharged bodies, “plasma sheath” only extends out to about one Debye
Length Ap = (kT/4rne?)¥/2 = 743 (T/n)Y/2 cm, where n is electron number
density (cm3), and T is the electron temperature (eV, 1 eV = 11000 Kelvin)

® Electric fields are screened out at distances beyond the sheath

* Foran=10° (daytime LEO) and T = 0.2 eV (daytime LEO), A, = 0.5 cm

* Atnight (n=10% T=0.1), A; =7 cm

® For charged bodies, the sheath extent becomes progressively larger, but
usually smaller than a spacecraft

* Means that for ion collection, A,,,, is ~ constant, regardless of potential

AFRL
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution '] 6
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/ LEO Charging — Solar Array Voltages and W
» Current Balance -

0‘//,

* With Exposed Differential Voltages and a Large Area, the Solar
Array Usually Becomes the Major Electron and lon Collector
* Most solar arrays are grounded on the negative end — spacecraft then
becomes an ion collector

* Because electron fluxes are much greater than ion fluxes, most of solar
array will be negative w/rt the surrounding plasma (ion collecting) to
balance electron collection on the small positive end

* Ramion flux F,=nvq, |, = A nvq

* Isotropic thermal electron flux F, = 2.68x10? n T¥2 (with T in eV),
l, = A, [2.68x102 n T/?]

* Settingl, =1, (A/A,)=222TY2;forT=0.2eV, (A/A,) =10

* Rule of thumb - LEO solar arrays “float” about 90% of the string
voltage negative of the plasma

* “Floating potential” is potential of spacecraft body at the negative
end of the solar array

AFRL,

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution
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N7 LEO Charging - Simulations @

‘:’ e -4,\:‘._:._ -~

*  NASCAP-2k and MUSCAT
— Do sophisticated wake calculations
— Fully 3-D
— Include all known physics, including potential barriers shown below

B (82 Vew Wglensis teb
Profiem | Eavirosmeet | Appled Potentials  Charping  Space Poteatialy Paricies | Scrigt  Ressits  Reseits 20

o REAOBOOBDOEE@

Cursor Tooks Dwect Bommeat & Rotstoe

AFRLE, |,
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\ / LEO Charging -
\"/ ISS Rapid Charging Events

* Rapid Charging Events (RCEs)
— Only occur when plasma densities are low
— Take only a few seconds to develop

— Due to rapid turn-on of arrays after eclipse — capacitive coupling makes dielectric
surfaces take on potential of underlying solar cells

— May lead to charging which is a large fraction of the total string voltage

FPP (V)

0 640 1280 1920 2859 RiL. 3839

t=0 Seec 10 sec Voltage Sample ¥ Diee 29 sec 30 sec ® )
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A ' RL - 1 9

\/ LEO Equatorial Surface Charging - B~
s Effects and Mitigation S

e Effects

— Damage to thermal control coatings — dielectric
breakdowns

— On ISS, life-threatening ESD on astronaut EVA
— Solar array damage
— Atomic Oxygen can change charging
* Mitigation
— Coat all surfaces with dielectrics that can withstand the
solar array string voltage
— Encapsulate conductors on arrays
— Use low string voltages on solar arrays (<70 V)
— Turn-on array voltages slowly (a few minutes)

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A ' RL ’ 20
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\‘”/ Deep Dielectric Charging — Resistivities
L 4

Electrons of > 200keV can penetrate thermal control blankets,
electrons of > 2 MeV and protons of > 10 MeV can penetrate
into Faraday cages of spacecraft electronics and bury
themselves in dielectrics

Many spacecraft dielectrics have a charge “bleedoff” time t of
about 10 hours:
T=€gyKp

Here, tis the 1/e time constant, g, is the permittivity of free space,

the material dielectric constant is k, and the bulk resistivity is p.

* Under cold conditions, bleedoff time can reach days, weeks, months

or years (as for James Webb Space Telescope)

When internal electric field exceeds breakdown strength of
material, an internal arc occurs

* Caveat - breakdown strengths are not linear with thickness! ‘
AFRL,

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

Most published resistivities are the result of ASTM test procedures,
and are not valid for high resistivities

Proper resistivity measurements use the charge storage method
and must be done in a vacuum

Bulk resistivities are affected by temperature, electric field, and
captured radiation dose in a material (radiation induced
conductivity, RIC)

Testing for the James Webb Space Telescope at low LN2
temperatures at MSFC has shown that even after 10 years of
exposure to the radiation environment at L2, arcs can still occur
due to deep dielectric charging in cabling

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution
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o Deep Dielectric Charging — Effects

* For materials with density > water (1 g/cm3), range is
inversely proportional to density. Use proper tables for
your material (NIST website-estar and pstar)

* Most spacecraft place sensitive electronics inside a Faraday
cage compliant with NASA TP-2361 (1 mm of Al or Mg or
equivalent)

* Breakdowns in cables or dielectric materials can release all
of the energy stored in their capacitance.

* Breakdowns can lead to computer latchups, bit-flips in
control or communications electronics, permanent damage
to integrated circuits, etc.

AFRL, .

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution
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N\ Deep Dielectric Charging — Depth vs
s Energy — electron example

WATER, LIQUID

electrons
? T LERELRELL T LR L] LERL | T LR R | n:
F 1
10°1-
E
..‘:_E 0':'_
_5_- 10
i‘?- 100 mil y
=2
10” / =
1 mil —
]

- § 4 4 4lay gir gt yry
107 - -
- y 10° 10' 10° 10

Enctgy (MeV)

- CSDA Range

AFRL,

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

This document is provided by JAXA.



120 B LRy A R 13

Deep Dielectric Charging — Depth vs

(/I
\

Qr Energy — proton example
WATER, LIQUID
o protons
TR RS L) | IR SRR AL ELERLLLL

Range ([:/t‘lll:)

A AL IRV
0 2 4

-2 2
10 10 10 10
Encrgy (MeV)
- CSDA Range
n = [
DISTRIBUTION STATEMENT A - Unclassified, Unlimited Distribution nL p' 25

\ 7 _.
\/ How to Design to Prevent Space Weather g\
g Charging-Related Anomalies N

e Harden all vital electronics and place in well-shielded Faraday
cage

* Coat all surfaces with grounded conductors

* No ungrounded or unshielded wires or conducting areas
(Galaxy 15 failure mechanism, NASA TP-2361)

e Design for more secondary electron emission and less
photoemission (per Shu Lai, 2011, “Spacecraft Charging”)

* Design and test arrays to prevent ESDs and sustained arcs
(Tempo-2 failure mechanism, NASA-STD-4005, NASA-
HDBK-4006, ISO 11221)

* Design spacecraft to prevent deep dielectric discharges (Anik-1
and 2 failure mechanism, NASA-HDBK-4002A)

* Fly charge monitors and charging mitigation systems

AFRL:
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution ; 26
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Building Spacecraft Immune
to Arcing

Steps in Developing Spacecraft that are
Reliable in the Space Environment

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

AFRL,

SENSOR

DEVELOPMENT

SENSOR

CALIBRATION

GROUND AND IN-

SPACE ENV
MEASUREMENTS

SPACE FLIGHT
INTERACTIONS
EXPERIMENTS

L
SPACE INTERACTIONS
ENVIRONMENT
MODELS MODELS
N J LABORATORY
ANOMALY
ENVIRONMENT DESIGN
STANDARDS STANDARDS
\_ J
e PREFLIGHT TEST
SPACECRAFT TESTING
DESIGN STANDARDS

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

This document is provided by JAXA.



12l [FH R LR A R e 15

\/
\‘,'/ Technology Transfer Flowchart
) 4

Environment
Standards

Design Standards

Test Standards

Surface Materials Interior Design
Specs Specs

Solar Array Specs

Contract Requirements

Survivable
Spacecraft Design

Preflight Testing

-
=
AFRL,
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\ 2
\.g»/ Standards

* National and International Design Standards

— JAXA JERG-2-211A - Design Standard, Spacecraft Charging and Discharging
ECSS-E-ST-20-06C — Space engineering, Spacecraft charging
US MIL-STD-1809 - Space Environment for USAF Space Vehicles

NASA TP-2361 — Design Guidelines for Assessing and Controlling Spacecraft Charging
Effects

NASA-HDBK-4002A — Mitigating In-Space Charging Effects—A Guideline
NASA-STD-4005 — Low Earth Orbit Spacecraft Charging Design Standard
NASA-HDBK-4006 — Low Earth Orbit Spacecraft Charging Design Handbook

ANSI/AIAA S-115 — Low Earth Orbit Spacecraft Charging Design Standard Requirement
and Associated Handbook

two ISO Standards in process:

* ISO WD19923 - Space Systems - Spacecraft charging potential estimation in the
worst case environments

* 1SO N1100 - Space Systems — Spacecraft Charging — Earth Orbit
* International Testing Standard

— IS0 11221 - Space systems — Space solar panels — Spacecraft charging induced
electrostatic discharge test methods

-
=
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution 30
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CHARGING - NEWS
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\/ US Air Force Interested in Measuring
<«%»  Space Environment Around AF Spacecraft

e Space Situational Awareness

— If an anomaly occurs, we must be able to
immediately tell whether it was the result of the
natural environment (ie spacecraft arcing) or a
hostile action

— Monitor(s) on board spacecraft to measure space
environment are the most straight-forward way of
telling this

— Monitors have previously flown on LANL satellites,
some INTELSATs, SES and research satellites

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution A I RL 32
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LEO Flight Experiments on Arc Thresholds
and High Voltage Arrays

17

Primary Arc (PA) Inception Voltage (V)

x On-Orbit (PASCAL) + On-Orbit PASPPlus  © NASA

PASCAL on ISS: Threshold ~ 75 V, Triple Junction, cold
PASP-Plus: Threshold ~ 75V, Silicon, cold

Horyu-Il in LEO: Threshold ~ 200V, Triple Junction, sun
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Time, min
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What is the GEO
“Driver” for

Differential

Charging?

— Nascap runs say
it is the total

electron flux at
E> 9 keV

— Threshold for
frame charging
similar to
“critical electron
temperatures”
of Dr. Shu Lai

Voits

l‘ﬁ‘iiu“”

»9 =V

2E

#foneac

Nascap simulations
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* Sustained Arcing Events in 1997-2002 showed two preferred

states —

* In sunlight for at least three hours, or

* Within a few minutes of going into or coming out of

eclipse

* Lab Testing in a low flux GEO environment on eclipse exit
shows arcing on every exit at 220 V differential bias

e Lab Testing in a LEO environment shows —
* Arc threshold of 70 V differential bias!

e Arcrate depends on UV flux over ten minutes prior to

differential bias

* ltis likely that these arcs were from a grounded cell to an
adjacent cell and coverglass at positive potentials. Not the
typical arc from a negative cell to its more positive coverglass

\0'/ 1997-2002 Sustained Arcing Events .§

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution

AFRL, .

Red - Satellite 1
Grey - Satellite 2

IR Eclipse
Eclipse

uv

b | Days after equinox |
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\
\./ 1997-2002 Sustained Arcing Events —
et Possible Scenario o

Eclipse
B == Ve rapidy

Grounded Cell Most Positive Cell \
=
0 Volts IR Eclipse Over

Grounded Cell Most Positive Cell (+100 V)
Full Sunlight - equilibrium I +100V
ght - eq / B 0 Volts

== === FERE e
electron flux. Differential

B +100V low flux
OVolts B

0<V<100V

PN

AFRL,
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\ /’1997 2002 Sustained Arcing Events —g X
e GEO Lab Testing P

—
+

Skae

| 1]

Elapsed Tume (min)
— 220V
— VUV
— A

* Alow density plasma was created in the Jumbo chamber of the AFRL Spacecraft Charging and
Instrument Calibration Lab (SCICL) with a very low flux electron gun at 20 keV
* AVUV source of about 1.4 suns at the sample was used to try to discharge the coverglasses
after a 220 V run (probably useless on positive coverglasses)
* The power supply to provide the differential voltage was floated, so the cells would take on
their respective potentials regardless of the frame floating potential
* Noarcs occurred at AV < 220 V — but every time 220 V was turned on the sample arced, as
well as many times when UV was switched on #;
AFRL; .

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution
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\ / 1997-2002 Sustained Arcing Events —
Qr

o)

LEO Lab Testing N

Murriber of Ascs pir Slate changs (balh pasdli)

Al off Lights on Bieas on All on
Current State

* A high density, low temperature plasma was created in the Jumbo chamber of SCICL with a
hollow cathode source (J. Williams)

* Asinthe GEO test, a VUV source of about 1.4 suns at the sample was used, but now the times
of VUV and bias were randomly selected

* The power supply to provide the differential voltage was floated, so the cells would take on
their respective potentials regardless of the frame floating potential

* No arcs occurred at AV < 70 V — but arc rate at 70 V depended on prior state of VUV

illumination ‘; 1
DISTRIBUTION STATEMENT A - Unclassified, Unlimited Distribution A FnL , 39

Arc Site
Segment2  Segment 1
Segment 3
Segment 4 )
Segment 5 ®
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Plasma Propagation Speed

Peak Current =—

4

3 constant speeds

Tracking separate peaks in current shows:

Three or more plasma components with ~ constant speeds

Peak in current at a given distance is not indicative of plasma speed of any
component (below, peak current doubles back!)

Possible species (from relative speeds) may be aluminum, carbon, and a
Kapton fragment

Simultaneous
Peaks

Normalized Current

Lit]

a8 53 58 63 TE

Time (pus)

AFRL,

b :%E i;f -A:;ll

L
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Plasma Propagation Speed

A PHOR

Simultaneous onset and end of arc current at all distances from arc-site shows
that conditions at arc-site determine arc plasma collection everywhere
Abruptness of end of arc current (< 10 nanoseconds) precludes plasma
propagation explanations (such as “fast electrons”)

-
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A y . . . T
\# Arcing-Contamination as Source of |

L *
% 1 1 N
* GPS Satellite Power Degradation ™
* GPS satellites undergo unexplained power degradation in excess of that from
radiation of perhaps 1.5% per year
* Likely source is contamination on solar arrays — flight sensor shows contamination
* Elimination of probable contamination source did not help
* Engineering solution to preserve EOL power was oversizing arrays by 25%
Normalized GPS Solar Acray Dala vs. Predicts
A FA onomi st (SWVN 20¢)
A Fonaorth g (BN 1321)
* Roeoettan
= WA romraioed precar w aadzonal 1% low ove
L — i mwbz'hl‘-
v e .- R NI DSt e SO0RAN 1% 108 Sa 10
%%“ Saha | oot Doty
Ad
rull ) w SN
B e o e o i Yo o St P et A S — - — - — - — - |
0 S e |
0s
H “ e L} "Q 1 . e L] x
Tive on Orbit (years) #j\
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GPS Arcing as Source of Power
Degradation

\ 72
N7
«Qr

uy,
gt

* GPS satellites have USNDS detectors — nuclear detonation monitors
* Many undispersed signals point to arcing on-board spacecraft
* 3 days data from 2014 shown below

Counts vs GPST
Counts/he — 3-Ap
—2Apr
—ZW
4] S 10 15 0 5
GPST he
AFRLS
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\/ GPS Arcing as Source of Power
N Degradation

* AE9/AP9 environment of 10-30 keV electrons highly correlated with USNDS event
rate —indicative of surface arcing
* Time delay (2.67 hrs) consistent with resistivity of glass — solar arrays?

1.00E+08

#/cm3sec -
—F > 9 keV
4 = Avg Norm Rate

2 L
3
//—1\_/
1.00E+07

56771 56771.208 56771.417 56771.625 S56771.833

Julian Day

7.5E+11 -
6.5E+11
S5.5E+11 -

4.5E+11 -

[ e Electron density on CG
#/cm?® 35£+11 [ Avg Norm Rate
2.5E+411 7\/% ] F
1.5E+11 Et L i T
56771 56771.208 56771.417 56771.625 56771.833

Julian Day

AFRL, .
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\/ GPS Arcing as Source of Power
Nt Degradation

e Apparent arc threshold of ~ 2000 V
* Number of “arcs” consistent with contamination rates

* Observing campaign in progress to see if arcs can be seen by
ground-based optical and radio telescopes

* If confirmed, arc mitigation may involve higher conductivity
coverglasses, may allow 20% smaller solar arrays with no
more spurious USNDS signals

AFRL,

DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution
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\/
N7 Conclusions

* Spacecraft Charging can lead to arcing and arc-related damage, contamination, EMI
* Charging may be on the surface (< 100 keV electrons) or deeper in dielectrics
(> 200 keV electrons)
* In all cases, surface charging is determined by the Current Balance Equation
* Photoemission and secondary electron emission may produce differential charging
* Many electrical properties of surface materials are important in charging calculations.
Best models are full 3-D
* Surface charging is mainly dependent on fluxes of electrons above E = 9 keV
* Arcing is due to high electric fields from differential charging
* Primary arcs may sometimes lead to sustained arcs, with disastrous results
* Mitigation techniques are those that reduce electric fields at potential arc-sites
* Arc voltage thresholds in GEO are greater than those in LEO
* Arcs (and sustained arcs) in GEO typically occur within a few hours of midnight, on
the morning side of the orbit
* Prior states of UV illumination can change arc rates and thresholds
* Array voltages between cells can lower arc voltage thresholds
* Plasma propagation speed variations may reflect different arc-plasma components
* GPS satellite power degradation may be due to arc-caused contamination

L 4
DISTRIBUTION STATEMENT A — Unclassified, Unlimited Distribution 47

This document is provided by JAXA.



H12[E [FHBRELS VAR DT L R S 25

s
Mﬁg A v LHC L O ]JI'r.:I;q-';.-'.Jr..‘_-_ = _;.:-?J Kyushu Institute of Technology November 12, 2015

10t Anniversary Lecture Series (‘)
Laboratory of Spacecraft Environment Interaction Engineering

Kyushu Institute of Technology La SEINE

An Overview of the Dynamic Interplay between
the Space Environment & Spacecraft Materials

JR Dennison

Materials Physics Group
Physics Department
Utah State University

Logan, Utah USA

Slide 2

Yellowstone, NP

Tetons, NP

Ares Arches, NP

Grand Canyon, NP
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Support & Collaborations

NASA SEE Program

JWST (GSFC/MSFC)

Solar Probe Mission (JHU/APL)
Rad. Belt Space Probe (JHU/APL)
Solar Sails (JPL)

AFRL

Boeing

Box Elder Innovations

Ball Aerospace

Orbital

LAM

USU Blood Fellowship

USU PDRF Fellowships
AFRL/NRC Fellowship

NASA Grad Res. Fellowships

USU MPG  :
Webpage [s]

mwl F - Kyushu Institute of Technology November 12, 2015
Spacecraft Charging

B The sun gives off
high energy charged
particles.

These particles
interact with the
Earth’s atmosphere
and magnetic field in
interesting ways.

High energy particles
imbed charge into
spacecraft surfaces.

Space environments affect spacecraft and their performance.
How do we quantify these effects and mitigate degradation?

This document is provided by JAXA.
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mw‘ 1’.“:-1["?’__“% Kyushu Institute of Technology November 12, 2015
The Space Environment
Dynamics of the space environment | Typical Space Electron Flux Spectra [Larsen].
and satellite motl_on Iea_d to dynamic “Low Energy” “Hot” Bi_- .
spacecraft charging (min to decades) __Maxwellian

L

L

 Solar Flares, CME, Solar Cycle
* Orbital eclipse, Rotational eclipse

Solar wind and Earth’s magneto-sphere structure.

i

Flux M’s L]
%
L

w
0’ 1wt w* 1w 1;’ "'
Energy (V)
- Solar Electro-magnetic Spectrum.
LILTRA-NIOLET NFRARED
o o
{ 109
Incident fluxes of: l "
* Electrons, e- :
* lons, I* li/
3 H-Lyman o
* Photons, y J'UJ y .
° ParticleS, m ""M H N T 2 H LI S

B ey iy s
USU Materials Physics Group
Facilities & Capabilities

Conductivity
Electroscatic Discharge
Induced Arcing

Pulsed Electroacoustics

Electron Induced Emission
lon Induced Emission
Photon Induced Emission:
Cathodoluminescence

Radiation Damage
Environmental Simulations
Sample Characterization

& Preparation

Environment —~ Materials <« Materials <« Spacecraft
Conditions Conditions Properties Charging

This document is provided by JAXA.



FHMUZENF T B TSR ARG B JAXA-SP-15-012

mm FPSTES - s Kyushu Institute of Technology November 12, 2015

Some Unsohmted Adwce for Students
(and an outline for the talk)

* Define the problem
* Develop useful skills
* Advanced knowledge
* Experimental skills
* Modeling skills to tie these together
* Breadth to recognize important trends

* Keep your eyes open!

Let me share four examples

m‘ﬂ?ﬁ mw EEXYS -.:.1. - E Kyushu Institute of Technology November 12, 2015

Primary Motivation For Our Research—Spacecraft Charging

NASA'’s concern for spacecraft charging is caused by plasma environment
electron, ion, and photon-induced currents.
Charging can cause performance degradation or complete failure.

Majority of all spacecraft failures
and anomalies due to the space
environment result from plasma-
induced charging

» Single event interrupts of electronics
» Arching

» Sputtering

* Enhanced contamination

» Shifts in spacecraft potentials

e Current losses

This document is provided by JAXA.



W120E [FHBREES AR A R SO 29

|r- Tl

Mﬁu{ “FISIE :":w Kyushu Institute of Technology November 12, 2015 Slide 10

Where Materlals Testlng Fits into the Solution

Spacecraft Potential Materials
Charge Accumulation Models Properties
* Electron yields .
« lon yields Dyna f the
- Photoyields envir nt and sﬁﬁ’hte moﬂ

lead t ynamlc spacecraft

Charge Transport L gh,arglng Pl E -
- Conductivity s % e
*RIC L
- Dielectric Constant
«ESD g

As functions of materials
species, flux, and energy.

Satellite Moving Space Plasma
through Space Environment

Complex dynamic interplay between space
environment, satellite motion, and materials properties

UtahState .
UNIVERSITY Slide 11

SEE Handbook or NASCAP predicts on-
orbit spacecraft charging in GEO and
LEO environments

UtahState E === | —
UNIVERSITY m N e me e e

et NOEE0oO000
Materials S e Ci OocecQnieo
M R R o lioes [Toke 5] P Rogcs Eresimint [Fed D 5] Srasgeg Tims 22 [0

Research NASCAP et -

= 7]
Upgrades Lol e
vl ol e rra i ] [TH]
S SEEm
P F omemins imoew
P FesCumd®_ Abed  awed
e
3 3 : : =
-2K Typical SEE Handbook Simulation |
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Slide 12

UtahState b
UNIVERSITY | i |

What do you need to know about the materials properties?

STATIC Charging codes
such as NASCAP-2K
SPENVIS, or MUSCAT and

NUMIT2 or DICTAT require:

Charge Accumulation
* Electron yields

* lon yields

* Photoyields

* Luminescence

Charge Transport
» Conductivity
* RIC

* Permittivity
* Electrostatic breakdown
* Penetration range

ABSOLUTE values as
functions of materials
species, flux, fluence, and
energy.

UtahState |5,
UNIVERSITY | i

Parameter Value
[1] Relative dielectric constant; €, (Input as 1 for conductors) 1,NA
[2] Dielectric film thickness; d 0m, NA

[3] Bulk conductivity; o, (Input as -1 for conductors)

-1;(4.26 +0.04) - 10" ohm™m™*

[4] Effective mean atomic number <Z>

50.9+0.5

[5] Maximum SE yield for electron impact; 8,

1.47+0.01

[6] Primary electron energy for & ax; Emax

(0.569 +0.07) keV

[7] First coefficient for bi-exponential range law, b; 1A, NA

[8] First power for bi-exponential range law, n; 1.39£0.02

[9] Second coefficient for bi-exponential range law, b, 0A

[10] Second power for bi-exponential range law, n, 0

[11] SE yield due to proton impact EH(lkeV) 0.3364 + 0.0003
[12] Incident proton energy for SHWEX; EH,"EX (1238 +30) keV

[13] Photoelectron yield, normally incident sunlight, jyn,

(3.64+0.4)-10° Am”

[14] Surface resistivity; ps (Input as -1 for non-conductors)

-1 ohms-square™, NA

[15] Maximum potential before discharge to space; Vax

10000V, NA

[16] Maximum surface potential difference before dielectric breakdown discharge;

Vounch

2000V, NA

[17] Coefficient of radiation-induced conductivity, o,; k

0 ohms'1-m‘1, NA

[18] Power of radiation-induced conductivity, o,; A

0, NA

Kyushu Institute of Technology November 12, 2015

R

i

Slide 13

Curtesy of NASA JPL
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Spacecraft Materials and Uses

SUSpECTS Material Samples List

This large communication
satellite incorporates materials
which are contained in SUSpECS.

Graphite Composite
Au/Mylar
Kapton

| v fa pepincig | |

L2130 30 3L 2k gb e
AL AL

|

AR TAr

o Lia |
PR guter o

Black Kapton
Aquadag

Al

White Paint
ITO
RTV
FR4

Coverglass

Curtesy of JAXA

#1 Non-static Spacecraft Materials Properties
#2 Non-static Spacecraft Charging Models

These result from the complex dynamic interplay between space
environment, satellite motion, and materials properties

Specific focus of this talk is the change in materials
properties as a function of:

* Time (Aging), t

* Temperature, T

» Accumulated Energy (Dose), D
- Dose Rate, D

» Accumulated Charge, AQ or AV
» Charge Profiles, Q(z)

- Charge Rate (Current), O

» Conductivity Profiles, o(z)

This document is provided by JAXA.
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Case Study One

The Poster Child for Space
Environment Effects

It is important that students bring a certain ragamuffin barefoot irreverence to
their studies; they are not here to worship what is known, but to question it.

—Jacob Bronowski, The Ascent of Man

Mﬁﬁ = mwi °} FO=TE 3 Jr'—-".:-'w Kyushu Institute of Technology November 12, 2015 Slide 17

Deployed
March 2008
STS-123

Retrieved
August 2009
STS-127

: =
2= 3 e e

The International Space Station with SUSpECS
just left of center on the Columbus module.

This document is provided by JAXA.
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Slide 18

MISSE 6 exposed to the space environment. The SUSpECS double stack
can be seen in the bottom center of the lower case. The picture was taken
on the fifth EVA, just after deployment.

popiariipic il O] ]JJ.F-’;""-'F”T-'_' - "w Kyushu Institute of Technology November 12, 2015 Slide 19

Evolution of Contamination and Oxidation

N

Before After Before After
Kapton, HN Ag

& |

Before After Before After
Ag coated Mylar with micrometeoroid impact

Black Kapton

This document is provided by JAXA.
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Evolution of Materials Properties

Ag coated Mylar

+ Atomic Oxygen removes Ag
* UV Yellows clear PET
* Micrometeoroid impact

+ Continued aging

Dynamic changes in materials
properties are clearly evident.

How will changes affect
performance?

How will changes affect other
materials properties?

UtahState .
UNIVERSITY Slide 21

UV Exposure

Electron Flux Exposure Hypervelocity Impact

This document is provided by JAXA.
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Case Study Two

A Grand Tour of Space
Environments and Their Effects

Know the physics of your problem

“We anticipate significant thermal and charging issues.”

J. Sample

UtahS W o
URIWE Fr-an'E :"-"'l'f JArLiHerL D ]Jr-l."'"'l'-"-' Gs == -:':W—' Kyushu Institute of Technology November 12, 2015 Slide 23

A Puzzle from Solar Probe Plus: Temperature and Dose Effects

WideTemperature Range
<100 K to >1800 K

=
( “'"> Wide Dose Rate Range
; <o Five orders of magnitude
variation!
"%
TaRy i
“h j: 85 R il AL
L] (AR =

Wide Orbital Range
Earth to Jupiter Flyby

Pode-lo-pole Myby: Soulh 1o Kok

Solar Flyby to 4 R, bi T
Charging Study by Donegan, Geiance cparasons bagin a .

Sample, Dennison and Hoffmann

This document is provided by JAXA.
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A Very Wide Range of Environmental Conditions

o 11
; 10" -
E B T
2 W _
@ 4 1 .
e L =
a 1= =
10" - &
W
4 3 o
% 10 D
=
E b | =
10 @
2 5
T @,
& @ &
S " ' -2 —
_g 4 —#— Charged Particle Density (m ) 3+
@ e = O
G —— Solar Intensity (number of Suns) a;
';:U s ~m- lon Velacity (km/s) o B
—#— Electon Temperature (eV) a
v
i e T | @ e, il
0.001 0.01 01 1 10

Distance from Sun (AU)

Wide Orbital Range  wideTemperature Range Wide Dose Rate Range
Earth to Jupiter Flyby <100 K to >1800 K Five orders of magnitude
Solar Flyby to 4 R, variation!

UtahStat W
UM IWVE RH]TE :"'_‘-'l'f JA L RIcrL [ ]Jr-’,"'"?-c' JOs o -:.:w: Kyushu Institute of Technology November 12, 2015 Slide 25

Temperature Effects on Materials Properties

Strong T Dependence for Examples:

Insulators
IR and X-Ray Observatories

JWST, WISE, WMAP, Spitzer,

Charge Transport
Herscel, IRAS, MSX, ISO, COBE,

» Conductivity

«RIC Planck
* Dielectric Constant
«ESD Outer Planetary Mission

Galileo, Juno, JEO/JGO. Cassini,
Pioneer, Voyager,

Inner Planetary Mission
SPM, Ulysses, Magellan, Mariner

This document is provided by JAXA.
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Radiation Effects

Large Dosage (>102 Rad)

Medium Dosage (>107 Rad)

R ki cmi)

Low Dose Rate (>10° Rad/s)

“ Earth is for Wimps ” H. Garrett

Exa Rl Tiorls Moy tausESigAmaan

medrash SRS at SRR RIC)
T B gdf r i :
C?gégg' ?{sbﬁgﬁgﬁ]&g égﬁ,a‘fg? 9reation T

Mechanical and Optical Materials Damage B = b ] 30
Incident Charge (nC)

Total Yield (electronfele

UtahStat I o o
UM IWVE FI:HI'I'E :al'f'l*"”-! FRICHIL D] ]JIF-’,"'"?-‘_"[T-"-' = ma Kyushu Institute of Technology November 12, 2015 Slide 27

Combined Temperature and Dose Effects

Dark Conductivity vs T RICvs T

o 3 v

e i
'E hm- ',. : g Iulr.M
a 1=]0 4
& E 1 M._, »‘.A—"*d::.
E‘ ™ oo - e
E 1t E i ."."r'
nﬁ" 110" I h -'IH#I-'
1 g i —r S
Tempevabae (F)
= Low Dope Rate
e WMediam Dose Rate
w-= High Doz Raie
Dark Conductivity _E/ Dielectric Constant
O-DC(T):O-ODCe ol gr(T):€RT+Ag(T—298K)
RIC o« A(T) Electrostatic Breakdown
— _ RT - T-298 K
ORric (T) - kRIC (T)D EESD(T) = EESD e %esp( )
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Charging Results: Temperature and Dose Effects

Modeling found a
peak in charging at
~0.3to 2 AU

; .qu'l'l T |||-||I'I'|_I_|-I'I'I'I'I'I'|_I_I'I'I'I'I'I'l' T """'l T .,.....|l|l| T _”"“l

E 100 - gle=02 1 =

"‘g - w'e=0.6

=]

O s 4 sof -

o]

=

@

g o =l 0 [ =

o PEERETTT TS A R B T BRI MEEETTI EEE T R TTIT BRI
107 107 107 10° 10" 1g? 107% 10" 10° 10"

Distance from Sun (AU) Distance from Sun (AU}
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T L] L T Trrey L] T L ryTyy m
“]e : ] ]
= 0'F gt General Trends
§ g \ ik 1500 g
é LN = : — Total X
-8 s .
‘"'-'m E DS £ Dose rate decreases as ~r?
R {1000 § T decreases as ~e”
F 0°E § o,.decreases as ~e"T
E e ~ -~ k= bc
E ‘“w e * . 50 Ogc decreases as ~ e''T
= o —
10 5 ‘e and decreases as ~r?
10" ~— -
102 L wuil | P mrl SE0T o
0.01 04 1 10
Distance from Sun (AL)

A fascinating trade-off

* Charging increases from increased dose rate at closer orbits
» Charge dissipation from T-dependant conductivity increases
faster at closer orbits
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Case Study Three

Electron Transport Measurements
and Spacecraft Charging

Unexpected consequences from unexpected sources

Slide 31

m%ﬁ = mw “FIN)E T (i == Kyushu Institute of Technology November 12, 2015

Spacecraft Interactions with Space Plasma Environment

Spacecraft adopt potentials in response to
interaction with the plasma environment.

* Incident fluxes and electron emission govern
amount of charge accumulation

* Resistivity governs:
» Where charge will accumulate
* How charge will redistribute across spacecraft

» Time scale for charge transport and dissipation

« Conservation of charge implies: Incident and Emitted Currents that Result in
Spacecraft Charging

Qnet = {ancident - QEmitted }

This document is provided by JAXA.
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Orbit Time and Charge Decay Time

Treating thin film insulator as
simple capacitor, charge decay
time proportional to resistivity.

T = pEE,
1 hr 2 pego ~4+107¢ Q-cm
1 day -2 peeo ~1+10'8 Q-cm

1yr > peco ~4102° Q-cm

10 yr 2 p*co ~4+102' Q-cm

Typical orbits from 1 to 24 hours.

I H L O] rrﬁi‘{ﬂ!: ‘"m Kyushu Institute of Technology November 12, 2015 Slide 33
Critical Time Scales and Resistivites
<---Electrometer----|-----CV |-----CSM---->

110’ T T T T T T Range of

Charge Storage Method

1-10% -

PROBLEM .

o b Iday 1 min 2 peg, ~1°10"° Q-cm
Rl MARGINAL 1 hr > peeo ~4+1016 Q-cm
g 110" | 1[Ar
%1 o L | 1day - peg, ~1+10"8 Q-cm
s SAFE

100 |~ 1 1yr-> peg, ~4:102° Q-cm
0k 4 10 yr > peg, ~4+102' Q-cm
1 | | | | | |

: 500 yr - peco ~1¢1023 Q-cm
1102 110" 100" 110 100" 1.0 110" 1.10%

resistivity (ohm-cm)

Decay time vs. resistivity base on simple capacitor model.
T=pP & &g
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Constant Voltage Conductivity

* Time evolution of conductivity
<10 s to>10%s

» £200 aA resolution

*>5-1022 Q-cm

*~100 K<T< 375 K

UMNIWE n::an'E November 12, 2015 Slide 35

Constant Voltage Chamber o ' ' J ' ' X
configurations inject a -m'l-// Polarization
continuous charge via a ——
biased surface electrode with : "
no electron beam injection H 3
8 e
1w
ll:":l I
®l 1 10 we =00 e’ et pe®
Time [s]
b - T T T T T T
’ Diffusion
Wt — / NI
T Pre-Transit
SR Dark Current
g =10 1
ol
o o =
ppn :
1 18 [ 1] L= I.lll'I I-IIJIi I= ]'31' 1= ll.'lu 1= 10
Time [s]
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Conductlwtv vs Time

Dark Current\éc\ — Polarleat}on/ Diffusion

[ 4 Sac) oac(v) 4 Opol Spol o+ Ogiffusion 1y ]
o(t)=opc GDC one o

opC \ GDC ,,\ GDC
Pre-Transit * Post-Transit™ RIC RIC Rise \Persistent RIC

e Dark current or drift conduction—Defect density, N7, and E,~1.08 eV

e Diffusion-like and dispersive conductivity—Energy width of trap distribution, a
e Radiation induced conductivity—Shallow trap density and &gt

e Polarization—Rearrangement of bound charge, €,’¢, and T,,;

e AC conduction—Dielectric response, €, (v)€,

ST 2 g :.ﬁ Kyushu Institute of Technology November 12, 2015 Slide 37
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Conductivity vs Time
[ Dark Curren\c\ — Polarleat}on/ Diffusion !

| opey GAC(V) P01 epol 4 Zdiffusion Sdiffusion t-l It

o(t)=opc SDC e ope
Ggispersive -(1-0) G'?ransit -(1+a) GORIC( — J(t—t )) 2 —ql
=={i +—==1 +—==(1—e ‘triC on 1+(t—t¢t T
opC opC opC ( ( of f )/ RIC)

\

® opc=q.n.u. dark current or drift conduction—very long time scale equilibrium conductivity.
1
* oxc(V) =2 [(fr V) — €))e, W]

frequency-dependant AC conduction—dielectric response to a periodic applied electric field
-t

* 0,,(t) = [(E,. —€ee,/ tpo,] e™! long time exponentially decaying conduction due to polarization

Pre-Transit Post-Tr;& RIC RIC Rise \ Persistent RIC

® o-diffusion(t) = o'diffusion t !
diffusion-like conductivity from gradient of space charge spatial distribution.

0ispersive - £ 17D ; (for t < Tyransit)
® Ogispersive(t) E{ ispersive ranst broadening of spatial

atransit(t) = 0-::)ransit ’ t-(1+a) ) (fOl' t> Ttransit)
distribution of space charge through coupling with energy distribution of trap states.
. . ol e -1
o Oric(t; D, Thic, Thic) = opac (D) (1 — e Tric/(t to")) (1 + (t - toff)/ leuc)
radiation induced conductivity term resulting from energy deposition within the material.

Refer to (Wintle, 1983), (Dennison et al., 2009), and (Sim, 2012)
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CRRES IDM Pulse and Environmental

Data

A. Robb Frederickson & Donald H. Brautigam
* Characterize electron flux data

* Model charge profile from dose rate and

stopping power

* Calculate internal electric field

* Model transport with measured resistivity

* Predict pulsing rate and amplitude with only
environment data, materials parameters, and

Maxwell equations !!!

Dark Conductivity

Radiation-Induced
Conductivity

typical =5x10-18 (Q-m) -

typical = 0.3x 1018 (Q-m) -1

. Electric Field, Vim
m
&5

Pulse Rate,

3 3

o
3

#10-hr

1| .

K]

|y

At Front

| =<

)

Improved Samp

£
improved “improved” 3 D.Es00 At Rear— |
5x10-1? (Q-m) -1 same as typical é WMA
best guess best guess S'E*msm B &0
1.7x10-'° (Q-m) -1 same as typical
X107 (@-m) a orbit Number

Kyushu Institute of Technology November 12, 2015 Slide 39

Charging and Discharging

HahState
UNIVERSITY

* Uses pulsed non-
penetrating electron beam
injection with no bias
electrode injection.

 Fits to exclude AC,
polarization, transit and
RIC conduction.

Instrumentation Charging

Suaan ¥ ollags [N

* Yields NT, Ed’ o, Eg1

lapaed Plargig Time {1}

0
Odiffusion

GOA .
G(t)=0 {1+ t_1+[ dlsperswe] t_(l_a)}
o (50
Charging

e ) R

Y]

Discharge

€&

(D=

—
B ¥ oltage (¥}

t()'0 . O-giffusion 1 0.gispersive -(1-0)
{1+(—80€r) [1+—% (E1)+ —EEE (1)

Discharge
V(t) = VO e_w'(t)/eofr

~ Vo [1 _ (Go t) {1+ [Ggiffusion] t.1+ [Ggispersive] t-(l-q)}]
€Eo€r Oo Oo
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| Disorder introduces localized states in the gap

— } SINGLE - SPREAD OF
POTENTIAL ¢ POTENTIALS

Slide 40

Delocalized in

Localized in real
real space — space
. ‘ (a) (b)
= W
E —
> CONDUCTION UPPER 3}~
- < - _BAND-EDGE- - = MOBHATY- = R
Position r EFFECT EDGE i
. OF Position
DISORDER r
Localized in ey
momentum space VALENCE LOWER Delocalized in
BAND EDGE MOBILITY momentum space
EDGE
= =
k=)
=

Momentum q "

A quantum mechanical model of the spatial

revlidal Momentum q
and energy distribution of the electron states

Kyushu Institute of Technology November 12, 2015
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Tunneling Between Traps—and Mott Anderson Transitions

{a}
T B>U
B=W AN

MOTT
=n(E)

o I W o '

—
te) &

Figure 5.13 One-electron tight-binding picture for the Andersen transition, When

Fgure 5.12 Schematic pictore for the Mot transition. When the electron band
the width W of the disorder exceads the overlap bandwidth B, disorder-induced localiz-
tinn takes place.

width 8 is decreased (by increased arsm-atom separation) sufficiently to be smaller than
the intrasite electron-electron energy U, correlation-induced localization takes place.

Anderson transition between extended Bloch Mott transition between extended Bloch
states and localized states caused by

states and localized states caused by
variations in well depth affects tunneling

variations in well spacing which affects
between states. tunneling between states.

R. Zallen, The Physics of Amorphous Solids, (John Wiley and Sons, Inc. 1983).

Nobel Prize 1977 to Sir Nevill Mott and P.W. Anderson, Electronic Structure of Disordered Systems
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Used with:

» Constant Voltage
Cond.

*RIC

» SEE/BSE

» Cathodoluminescence
* Arcing

« Surface Voltage Probe

Closed Cycle He Cryostat '

*+ 35 K< T<350 K
+ 0.5 K for weeks
* Multiple sample configuration

Badiutisn Soarces wnadvsis ompenents ;
% Electron (un b U Wi TR Rieflectivity Spectrometers I Miuhtilayer Theommad basulaon
Bample Mol . COCTY Vidkoo Casmsors (40-900 mmi} 5 Cryepen Vacwsm | ondthacagh
B Sample Prdestal 1 IiGaaAs Viedeo Catracn (300 | 100 i) I Floctracal Vacusm Foodibeough
€ Sample B aShy Vi Casmwern (1 (00050080 am) | Samplle ool aticmal Vacrinm Foodihrigh
e (0 SLECCT Comera (00500 mm) " Turbwmsedoosilar Mech. Visoium Pagy
: Sampi o 1" Fibsw{ptic Dincrvte Dvtwcion. W Ben Vacwsm Pamp
:- h._-tmm 1 CollectionCptics X lom Comvectnon Canges - Pressmy
G JnsitnFarsdey Oop ' Besiduial Gas Asabyper - Cas Spocies
:{h-u-l-ln-num—u-' ll?umm
1 Eadianton Shickd Electron (s Costreller

Uplbosropr

Iu?‘i_lsta!? b0 ey & 1G5 * ST — Kyushu Institute of Technology November 12, 2015 Slide 43

ndct|V|ty at High Fields
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Fesp Breakdown: Dual (Shallow and Deep) Defect Model

salds - " Fegp=20£2 MV/m at RT
Yields: " Fpep=27+2 MV/m at 157 K
Ratlo of Defect g 30 Fesp=19.020.6 MV/m at RT and 142 K (irradiated)

< .
energy to Trap 67h : “Complete”  Breakdown o o e o
density, AG /Ny € 1 -~2axthisfield ! '

- 2 - = = r
Separate these § '
with T O Based on first
dependence P ESEsolia
AG,,=0.97 eV !
N=1-10"7 cm-3 E
O e ——

0

Breakdown field measurements: Voltage (V)
&g &, 2
N, def AGdef = OT : (F ESD)

Endurance time measurements:

AG, (F.T 2 o
t, (F,T)= [Lj exp AGy (1) csch Fes
2k T knT 2ksT Naer(F,T)

Kyushu Institute of Technology November 12, 2015 Slide 45

RIC chamber uses a
combination of charge
injected by a biased
surface electrode with
simultaneous injection by
a pulsed penetrating
electron.

R fushim-cm)

14w Abemisum batermedise B Pty
N e x o —

19 e A, e Charnbss oy

Sample stack cross section
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Modified Joblonski diagram

« VB electrons excited into CB Bt

by the high energy incident
electron radiation.

* They relax into shallow trap
(ST) states, then thermalize into
lower available long-lived ST.

» Three paths are possible:

Epr

High
(i) relaxation to deep traps (DT), Energy
with  concomitant photon  °©
emiSSion; ! Non-radiative processes
(i) radiation induced conductivity ! or o" ' racombination
(RIC), with thermal re- ' :
excitation into the CB; or | % r -89eV

(iii) non-radiative transitions or e
h* recombination into VB
holes.

Valence Band

tate 1hcpiar

UNIVERSITY |

RIC T-Dependence —

mm USU Data Set 1

aa USU Data Set 2

§
Shallow Trap DOS Profile | =
Exponential DOS Below E_ ::;
o

Effective Fermi Level
E °ff = 24 meV

E|
-

Uniform Trap Density

PS conduction
electrons [ S —

holes

= empty traps

0=
—
—-—
p-ug
—
——
——
—
——

-

= filled traps

radiation
filled traps

AT
O pic(Ts D) =kp;c(T)-D @
A(T) —1 A(T)_>TCT+TC T
kT 32 x w N4 |1
Db s {2 ()
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RIC Sets a Limit for Conductivity Measurements

Particle shower ; High energy cosmic rays
' ; i\ interacting with the upper
atmosphere  decay into
Muons that are present at the
surface. Due to interactions
with the atmosphere, they
have a decay rate that is
proportional to the altitude.
With this correlation we were
able to determine counts per
minute on the order of
~1/hour in Logan Utah
(altitude 1370 m). Fig. 2 also
shows and angle
dependence though the
muon’s decay.

G
aril el

1" AT Py

1r-—f'Ef o .
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Case Study Four

Electron Induced Arcing and
Unexpected Consequences

“JR, could you come downstairs to the lab for a minute?”
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Case Four: JWST—EIectron-Induced Arcing

JWST

Very Low Temperature

Virtually all insulators go to
infinite resistance—perfect charge
integrators

Long Mission Lifetime (10-20 yr)
No repairs
Very long integration times

Large Sunshield

Large areas

Constant eclipse with no
photoemission

HahState #- CHAr

——

Large Open Structure
Large fluxes
Minimal shielding

Variation in Flux
Large solar activity variations
In and out of magnetotail

Complex, Sensitive Hardware
Large sensitive optics
Complex, cold electronics

Kyushu Institute of Technology November 12, 2015 Slide 52

Diversity of Emlssmn Phenomena in Time Domain

Ball Black Kapton ~ 22keV 110 or 4100 uW/cm? - =
Runs 131 and 131A 135K 5 or 188 nA/cm? 1
Surface Glow e

Relatively low intensity
Always present over full
surface when e-beam on
May decay slowly with
time

Edge Glow

Similar to Surface Glow,
but present only at
sample edge

“Flare”

2-20x glow intensity
Abrupt onset

2-10 min decay time

1 2
--

Arc

Relatively very high
intensity

10-1000X glow intensity
Very rapid<1usto1s

1R - | |
i:. /L//,__L—A—
3_. Sustained Arc \

.. Glow | Flare

- Electrometer

[ = o I —
Tome [s] S R
lArC CCD Video Camera — E:E"

) (400 nm to 900 nm) = %?"‘m |

Sustained

Glow

*I|  InGaAs Video Camera — g
¥ (900 nm to 1700 nm) - indiake’ B, Dol
]

Sustained

; 1 Glow |
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Photon Emission Measurements

SO WA A
Fifls s

Fes— N —

Luminescence/Arc/Flare Test Configuration

* Absolute spectral radiance

* ~200 nm to ~5000 nm

* 4 cameras (CCD, iiCCD, InGaAs, InSb)

* Discreet detectors filters

*» 2 Spectrometers (~200 nm to ~1900 nm)

 e-at ~1 pAlcm?2 to ~10uA/cm? & ~20 eV to 30 keV
* 35 K< T< 350 K

* Multiple sample configurations to ~10x10cm

Mﬁu{ PLRILLE 2 MEFETES #= "w Kyushu Institute of Technology November 12, 2015 Slide 54

Cathodoluminescence—Deep and Shallow Trap DOS

Cathodoluminescence intensity (o emitted power)

L, Ups Epy T, ) o 2LE ([ ~Cesr 15D [1 — g Cest/aD]} | |

D+Dsqr & =

Intersystemn Crossings
M\Na hv=gcg-g5r
Dose rate (o adsorbed power)
£pr '

Dy, E,) = Epleli=ncEel o [1/L] ; R(E) <L

TePm [1/R(Ep)] 5 R(Ep) > L | v
"
— :
Non-radiative processes |
J,: incident current density T: temperature e 4
E,: incident beam energy  A: photon wavelength fe * 3 -
.. electron charge p.,: mass density valence Band

ggt: shallow trap energy R(E,): penetration range
D..: saturation dose rate  L: Sample thickness
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Cathodolumlnescence—Eh and Range Dependence
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Incident Beam D(,E,) = EJ Jp[1-n(ED] « { [1/L] ; R(E,) <L
Energy br=b QePm [1/R(E,)] ; R(E) > L
T, Nonpenetrating Radiation {R(E,) <L}:
o B00m10 - " InA . . . .
B ® 1om all incident power absorbed in coating
o€ wo e _100na and intensity and dose rate are linear
5 with incident power density
S oo :
g w . Penetrating Radiation {R(E,) > L}:
o ol ; ; r f absorbed power reduced by factor of
a 5 10 15 20 25
Energy [keV] L/R(Ey).
Nonpenetratmg Low E,, Thick Penetrating: High E,, Thin
v i?r:c v T 1
. : ; ' Can map
. R(E,)
: 3 with
: : inflection
: * points

" -I-"l-"l-
JArLHHE L DR Jri'n ek
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Cathodolumlnesence—Jh and Dose Dependence
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Cathodoluminescence intensity (o emitted power)

L,(Jy, Ep, T, 2) ._-.; {[E-Esﬁfkﬂr}] [1 - e-[ssﬂ"ka?"}]]

sat

Dose rate (o adsorbed power)

DUy, Ey) = x[[ [1/L]

s R(Ep) <L

QePm 1/R(Ep)] ; R(Ep) > L

k- ® Shev . - — ﬂ.mr

E e - o d/ Measure of

"5 {,,f” Saturate charge required
- g to fill traps.

8 £

g 5 . ~10 Gy/s for

g = I-:/ Unsaturated _ ———— SiO, coatings.

'ﬁ‘l L -

@0 a0 "
Beam Current [nA/cm”]
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C'éthodolumlnescence Emission Spectra

Photon Emission Spectra
Peak Wavelength

— WO

Counts
i
—
<<

Multiple peaks in spectra
correspond to multiple
DOS distributions

Peak positions €= Center of
DOS
Peak amplitude €= N,
Peak width €= DOS width

High
Energy

! Non-radiative processes .
i or & h* recombination

z -89eV
Valence Band

Slide 60

For dynamic materials
issues in spacecraft
charging:

» Synthesis of results
from different studies
and techniques

* Development of
overarching theoretical
models

allow extension of
measurements made
over limited ranges of
environmental
parameters to make
predictions for broader
ranges encountered in
space.

3 B

! Non-radiative processes
i or & h* recombination

--8.9 eV
Valence Band
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Does Cosmic Background Radiation Explain “Flares”

“Flare”

2-20x glow intensity
Abrupt onset
2-10 min decay time

‘ Y

L

a

Sustained Arc \f \
Glow Electrometer Flare
1

Time 5]

UtahState 5o
UNIVERSITY [-:

Rl gy oy -
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The Next Case: Multilayer/Nanocomposite Effects???

Length Scale

* Nanoscale structure of materials
* Electron penetration depth

* SE escape depth

BT R &= BEE a0 2
b wps 1= 1...--.. [T i

AR

C-fiber composite with
thin ~1-10 pm resin
surface layer

Black Kapton™
(C-loaded PI)

Time Scales

* Deposition times
* Dissipation times
* Mission duration

e

Dielectric layer

Conductor

Thin ~100 nm disordered
SiO2 dielectric coating
on metallic reflector
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« Complex satellites require:

« Complex materials configurations
* More power

* Smaller, more sensitive devices

* More demanding environments

* More sophisticated modeling with
dynamic materials properties

* There are numerous clear examples where accurate dynamic charging
models require accurate dynamic materials properties

« It is not sufficient to use static (BOL or EOL) materials properties

 Enivronment/Materials Modification feedback mechanisms can cause
many new and unexpected problems

» Understanding of the microscale structure and transport mechanisms
are required to model dynamic materials properties for dynamic
spacecraft charging models

HahState
UNIVERSITY

A Tr auntin_q Task .

To address:

Myriad spacecraft materials

New, evolving materials

Many materials properties

Wide range of environmental conditions
Evolving materials properties

I -1|F-‘-_""‘E-:' [ e _
FFINSTES &= = J:-?' Kyushu Institute of Technology November 12, 2015 Slide 64

Feedback, with changes in materials properties affecting changes of environment

Requires:

* Conscious awareness of dynamic nature of materials properties can
be used with available modeling tools to foresee and mitigate many
potential spacecraft charging problems

* For dynamic materials issues in spacecraft charging, as with most
materials physics problems, synthesis of results from different
studies and techniques, and development of overarching theoretical
models allow extension of measurements made over limited ranges
of environmental parameters to make predictions for broader ranges
encountered in space.

» Solid State models based on defect DOS provide synergism
between methods for more extensive and accurate materials
properties.

This document is provided by JAXA.
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A Materials Physis Approach to the Problem

Measurements with many Interrelated through a
methods

Complete set of dynamic transport equations
] = gqene(z,)pF(z,t) + qudan(Z't)

Dark
Conductivi

a
EF(Z: t) = qentot/EOEr

Inor (2,t)

a 9%ne(z.t)
at 7#2;[ne(zlt)F(th)]7qEDT = Ngy —

Aor M (2, ON4or (2, 6) + Apr Mo (D[N, (2) — 1, (2, 0)]

dnp(z.t)

dt = Nex — Qer Mo (z, )1 (2, 8)

% = N, (z,t)[N:(z,&) —n(z,¢t)] —
a.. N,exp [7 %] n.(z, ¢, t)
written it terms of
Extended .
States spatial and energy
/  Motryiden distribution of
Disordered electron trap states

Localized _

States

N -___;;
Extended
States

UMNIWE FI:HI'I'E #"}l'f'lﬂri FRCHIL O] ]JJFJ;"'TF“-T-'_' - "m Kyushu Institute of Technology November 12, 2015 Slide 66

Some Unsolictd Advice for Students
(and a summary of the talk)

* Define the problem
* Develop useful skills
* Advanced knowledge
* Experimental skills
* Modeling skills to tie these together
* Breadth to recognize important trends

* Keep your eyes open!

Good luck (and have fun!)

This document is provided by JAXA.



g1l TFH BB VAR DD L SRR U 57

Insfitute of I
Space Systems

Modeling the Space Debris Environment - New Results

Dr.-Ing. Carsten Wiedemann, Prof. Dr.-Ing. Enrico Stoll
Institute of Space Systems, TU Braunschweig, Hermann-Blenk-Str. 23,
38108 Braunschweig, Germany

Overview

Introduction

Space Debris
¢ Space debris sources
® Object distribution

New Simulations
¢ Centimeter population
® Decimeter population

Deliberate Fragmentations
® FengYun-1C

® USA-193
® Descent behavior
Summary
Technische
Universitit | Carsten Wiedemann| Space Debris | Seite 2
Institute uf!
Space Systems

This document is provided by JAXA.
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The Space Debris Team in Braunschweig

1
ﬁ_‘r

i

Carsten Christopher Jonas
Wiedemann Kebschull Radtke

Marcel Andre
Becker Horstmann

MASTER 2003 PROOF <003

»'s Technische

) Kl Universitit | Carsten Wiedemann| Space Debris | Seite 3
IR Institute of
Space Syslems

Fragmentations

Is space debris a problem ?

Generation of space debris

= Most significant contribution:
Explosion fragments

= 234 explosions of satellites and
rocket bodies

= Common reason: unintentional
self-ignition of residual fuel

High velocity impacts on satellite surfaces

= High relative velocities of about 10 km/s

» Twelve times the energy of dynamite

= Centimeter object: energy of a hand grenade

»'s Technische
Universitit | Carsten Wiedemann| Space Debris | Seite 4
Braunschweig Institute of

Space Systems

This document is provided by JAXA.
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Solid Rocket Motor Slag

59

New contributions to the space debris environment

Solid Rocket Motor Slag Solid rocket motor g

= 1,965 orbital transfer maneuvers

= Most maneuvers occurred at
altitudes between 200 — 800 km
and at 36,000 km

= Composition: mainly aluminum

oxide

= Size of slag particles: up to 6 cm

¢ Universitit

e
1';;'1 %t_ Technische

#

MacH

“% Braunschweig

Slag particles

| Carsten Wiedemann| Space Debris | Seite 5

Liquid Metal Droplets

RORSAT: Nuclear reactors in space

Institute af!
Space Systems

Reactor core ejection

Buk reactor ‘

NaK droplets

It is assumed that the release of reactor coolant is an uncontrolled, unintentional by-product
of the core ejection process. A total of 16 core ejections events have taken place.

Technische

Universitit

| Carsten Wiedemann| Space Debris | Seite 6

Institute uf!
Space Systems

This document is provided by JAXA.



60 FHIML 22T TEBR TR AR JAXA-SP-15-012

ESA’s Space Debris Model MASTER

Meteoroid and Space Debris Terrestrial Environment Reference Model (MASTER)

Prime: Institute of Space Systems, Technische Universitat Braunschweig

"a's Technische

! Universitit | Carsten Wiedemann| Space Debris | Seite 7
< Braunschweig Institute of IF
Space Systems

Spatial Density (> 1 cm)
Spatial density of debris larger than one centimeter according to
MASTER-2009

- e g e

:

:

LI

!

Spatial Object Density [Objectaton’]
:
!

£
K. |
gfisi

%
%
Il

!
f

At [lam] it [lm|
2005 2009
[ chnische
niversitit | Carsten Wiedemann| Space Debris | Seite 8
Braunschweig Institute of JF
Space Swmms:
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Fragments: New Simulations

esa

MASTERZ°92

The latest version of the model refers to the year 2009.
Since the year 2009, further fragmentations have occurred.
It is necessary to continuously update the population.

The individual additional events are simulated.

(The followings two slides refer exclusively to the fragments. Other
contributions to space debris are not considered here.)

& Technische

¢ Universitit
< Braunschweig

61

| Carsten Wiedemann| Space Debris | Seite 9

New Simulation: Spatial Density (> 1 cm)

Se-07

ESA MASTER-2009 Model
2D spatial density distribution vé. 5.D. Altitude
Fragmeants Fopulaticn > 1 cm

— Be-07

.5 Te=07

4e=-07

Spatial Density [1/

1

Ee=07

5&-07

3e-07
2e=07 F
1e<07

[ i, ]

- el : . -

L]

200 400 600 BOO 1000 1200 1400 1600 1800 2000
Altitude [km]

——— MASTER-2009 (2013) Bew Simulation 2013

Institute of
Space Systems

Wiedemann, C., Flegel, S., Kebschull, C., Additional orbital fragmentation

events, 65th International Astronautical Congress 2014 (IAC 2014),

r.

September 29 - October 3, 2014, Toronto, Canada, paper IAC-14.A6.P.57.

Spatial density of orbital fragments larger than one centimeter on LEO at January
2013, comparing the BAU scenario of MASTER-2009 with new simulations.

Technische

Universitit
Braunschweig

| Carsten Wiedemann| Space Debris | Seite 10

Institute of
Space Systems

This document is provided by JAXA.
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New Simulation: Spatial Density (> 10 cm)

ESA MASTER-2009 Modael
2D spatial density distribution we. 5.D. Altitude
Fragments Population > 10 cm

f f

Y
Y

=
(-]

$

2e-08 | T ]

Spatial Density [1/km’]

le-08 | o Ty el

F et T

o Pl L i i L i M
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Altitude [km])

e
I

Wiedemann, C., Flegel, S., Kebschull, C., Additional orbital fragmentation

events, 65th International Astronautical Congress 2014 (IAC 2014),
September 29 - October 3, 2014, Toronto, Canada, paper IAC-14.A6.P.57.

——— MASTER-1009% (2013) - Hew Simulation 2013

Spatial density of orbital fragments larger than ten centimeters on LEO at January
2013, comparing the BAU scenario of MASTER-2009 with new simulations.

|as Technische

g ! Universitit | Carsten Wiedemann| Space Debris | Seite 11
2RY Braunschweig Institute of
Space Systems

Deliberate Fragmentations

In the history of spaceflight several satellites were destroyed intentionally
on Earth orbits.

The released debris contribute significantly to the space debris
environment.

In the recent past, there occurred two orbital fragmentation events, which
attracted special attention. These were the destructions of

+ the Chinese satellite FengYun-1C and
+ the American satellite USA-193.

Both fragmentations can be described in a very similar manner. They
differ considerably concerning the orbital lifetime of the generated debris.

(The following slides consider all contributions to the space debris
environment.)

| Carsten Wiedemann| Space Debris | Seite 12
Institute of
Space Systems

This document is provided by JAXA.

Technische




Hi2lE MFHBRELS R DY b G U 63

Fragmentation Events

. lFengYun1C | USA-193 |
25730 29651

1999-025A 2006-057A

10. May 1999 14. December 2006
LM-4B Delta Il — 7920-10
Taiyuan Vandenberg SLC-2W
IEE N 958 kg 1820 kg

11. January 2007 21.February 2008
s A 0.0004 0.0021
I ©9.17° 58.5°

863.5 km 249.7 km

869.3 km 277.5 km
Ascending Node

14.06096 16.02002

102.1125 min 89.637 min

s Technische

Universitit | Carsten Wiedemann| Space Debris | Seite 13
R % Braunschweig Institute of
VecH
Space Systems

FengYun-1C: Centimeter Population (1)

2D spatial density distribution vs. S.0D. Altitude
Feng¥un-1C Fragments = 1 cm
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The spatial density of objects larger than 1 cm in Earth orbits. Comparison of the
background population with the debris cloud of the satellite FengYun-1C
(simulation).

Technische

niversitit | Carsten Wiedemann| Space Debris | Seite 14
Braunschweig Institute of
Space Systems
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FengYun-1C: Centimeter Population (2)

2D spatial density distribution vs. 5.0, Altitude

Objects > 1 cm
1.4e-06 . ' . . . . . . -
ec3
,E 1.2e-06 b ;;Z
=  1e-06 | g :m;’
Z  ge-o07 | - £ty
d5&8
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E=="71 Total after FengYun-1C g’g‘ §§
Total after one year FengYun-1C EEEN

Total before Fengfun=-1C

The spatial density of objects larger than 1 cm in Earth orbits. Comparison of the
background population with the debris cloud of the satellite FengYun-1C
(simulation).

"; Universitit | Carsten Wiedemann| Space Debris | Seite 15
. < Braunschweig Institute of
Space Systems

FengYun-1C: Decimeter Population (1)

2D spatial density distribution vs, 5.0, Altitude
FengYun-1C Fragments > 10 cm
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The spatial density of objects larger than 10 cm on Earth orbits. Comparison of
the background population with the debris cloud of the satellite FengYun-1C
(simulation).

Technische

Universitit | Carsten Wiedemann| Space Debris | Seite 16
Braunschweig Institute of
Space Systems
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FengYun-1C: Decimeter Population (2)

2D spatial density distribution vs. 5.0. Altitude
Objects > 10 cm
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The spatial density of objects larger than 10 cm in Earth orbits. Comparison of
the background population with the debris cloud of the satellite FengYun-1C
(simulation).
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22.-24. September 2015, paper DLRK 2015-370033.
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FengYun-1C: Descent Behavior (1)

Feng="un 1C object decay
(BU epoch January 11th, 2007)
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Descent behavior of the debris of the satellite FengYun-1C in different size
classes (simulation).

Technische

Universitit | Carsten Wiedemann| Space Debris | Seite 18
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FengYun-1C: Descent Behavior (2)

Feng-Yun 1C object decay
(BU epoch January 11th, 2007)
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Weltraummiillumgebung, Deutscher Luft- und Raumfahrtkongress, Rostock,

Auswirkung vorsatzlich herbeigefiihrter Fragmentationsereignisse auf die
22.-24. September 2015, paper DLRK 2015-370033.

Wiedemann, C., Horstmann, A., Kebschull, C., Flegel, S., Stoll, E., Die

2015

Relative descent behavior of the debris of the satellite FengYun-1C in different

size classes (simulation).

Technische

Universitit | Carsten Wiedemann| Space Debris | Seite 19

< Braunschweig

USA-193

2D spatial densi

distribution vs. 5.D. Altitude

USA-183 debris

Institute of I
Space Systems
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Weltraummiillumgebung, Deutscher Luft- und Raumfahrtkongress, Rostock,

Auswirkung vorsatzlich herbeigefiihrter Fragmentationsereignisse auf die
22.-24. September 2015, paper DLRK 2015-370033.

Wiedemann, C., Horstmann, A., Kebschull, C., Flegel, S., Stoll, E., Die

The spatial density of objects in different size classes on Earth orbits. Comparison
of the background population with the debris cloud of the satellite USA-193 at the

time of fragmentation (simulation).

Technische
| Carsten Wiedemann| Space Debris | Seite 20

Universitit
Braunschweig

Institute of I
Space Systems
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USA-193: Decimeter Population (1)

2D spatial density distribution vs. 5.0, Alfitude
USA-193 Fragments = 10 cm
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The spatial density of objects larger than 10 cm on Earth orbits. Comparison of
the background population with the debris cloud of the satellite USA-193
(simulation).
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USA-193: Decimeter Population (2)

2D spatial density distribution vs. 5.0. Altitude
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The spatial density of objects larger than 10 cm on Earth orbits. Comparison of
the background population with the debris cloud of the satellite USA-193
(simulation).
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USA-193: Decimeter Population (2)

USA-193 Decay of objects
(BU epoch February 21st, 2008)
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Descent behavior of the debris of the satellite USA-193 in different size classes

(simulation).

& Technische

' Universitit | Carsten Wiedemann| Space Debris | Seite 23

< Braunschweig

Summary

New Simulations

Institute nfl
Space Systems

The number of released debris in the decimeter and centimeter range is

higher compared to MASTER-2009.

FengYun-1C & USA-193

According to the analysis carried out here, it can be concluded that the
FengYun-1C event has contributed significantly to the very critical 10
cm population in the 860 km altitude. The fragmentation of USA-193,
cannot provide a long-term contribution to space debris environment.

The results published here are of a preliminary nature, since they have

not yet been validated.

Technische
| Carsten Wiedemann| Space Debris | Seite 24

Universitit
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SPACE CENTRE
Self-Assembly in Orbit — The AAReST

(Autonomous Assembly of a Reconfigurable Space Telescope)
Mission
Prof. Craig Underwood

Surrey Space Centre,
University of Surrey, Guildford, UK

JPL

CEI"ZECh c.underwood@surrey.ac.uk, sergiop@caltech.edu
www.surrey.ac.uk/SSC, www.sstl.co.uk

& UNIVERSITY OF

s SURREY SURREY

4
SURREY

SPACE CENTRE

The Vision ‘&!gNUNEW

» Mirror dia. of current and planned
space telescopes limited by constraints
of a single launch

— Hubble (1990): @ 2.4 m
- JWST (2018): @6.5m
— HDST (2030+): @ 11.7 m

« New paradigms needed for @ 30 m+
segmented primary:

— Autonomous assembly in orbit
— Active ultralight mirror segments

» Active mirrors relax tolerances for
assembly and manufacturing, correct
thermal distortions

« Modular, robust, low-cost architecture

This document is provided by JAXA.



70 FHIML 22T TEBR TR AR JAXA-SP-15-012

SSéCEr\Z%R\E/ The Vision % umvt»:&snvor

Autonomous ’

Assembly of
Large Aperture
Space Telescopes
Using Multiple
Deformable
Mirror
Elements...

SURREY AAReST History 5 SRS

Mission proposed by Prof. Sergio Pellegrino
(CalTech) & Prof. Craig Underwood (Surrey) |,

2008 November. Large Space Apertures KISS workshop
2010 June: Ae105

- Initial mission design, mission requirement definition
2011 June: Ae105

- Spacecraft configuration revision: prime focus design

Docking testbed commissioning

2012 Jum Ael105

- Composite boom design and experiments

- Reconfiguration and docking experiments
2012 September: Mission Concept Review
2012 October: Division of responsibilities

- Surey: Reconfiguration and docking

— Caltech: Deformable mirror and telescope payload
2013 June: Ae105

—  Detailed camera design

- Thermal modeling
2013 September: Preliminary Design Review
2014 June: Ae105

2010

COMMISSIoNing
2014 September: Detailed Design Review
2015 June: Ae105

- Engineering modeis/prototypes of boom, camera
= Mirror thermal charactenzation

- Software and algorithms prototyping and testing
2015 September: Critical Design Review of Payload

This document is provided by JAXA.
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/ SPACE CENTRE

Mission Concept ¥ SURREY

e AAReST Mission Technology Objectives:

- Demonstrate all key aspects of autonomous assembly and
reconfiguration of a space telescope based on multiple mirror
elements.

- Demonstrate the capability of providing high-quality images
using a multi-mirror telescope. oF
SURREY

SPACE CENTRE

3 SURREY

.]
Caltech [ i

A 40kg Composite Microsat
to Demonstrate a New
Generation of Reconfigurable
Space Telescope

Technology....
AAReST: Launch Configuration
>4 . - &/
S&ﬁR\EY Mission Concept & SIRREY

e Flow-Down to Spacecraft Technology Objectives
(Mission Related):

- Must involve multiple spacecraft elements (CoreSat + 2
MirrorSats).

- All spacecraft elements must be self-supporting and
“intelligent” and must cooperate to provide systems
autonomy - this implies they must be each capable of
independent free-flight and have an ISL capability.

- Spacecraft elements must be agile and manoeuvrable and be
able to separate and re-connect in different configurations -
this implies an effective AOCS, and RDV&D capability.

R

AAReST: In-Orbit Reconfiguration - Compact to Wide Mode Imaging Configuration

This document is provided by JAXA.



72 FHIML 22T TEBR TR AR JAXA-SP-15-012
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SPACE CENTRE

Mission Concept ¥ SURREY

e Flow-Down to Spacecraft Technology Objectives
(Payload Related):

- All Spacecraft elements must lock together rigidly and
precisely and provide a stable platform for imaging - this
implies a precision docking adapter and precision ADCS.

- MirrorSat must support Deformable Mirror Payload (DMP) in
terms of mechanical, power (+5V, 1A max.) and telemetry/
telecommand data (USB 2.0) interfaces

- CoreSat must support Reference Mirror Payload (RMP) in
terms of mechanical, power (+5V, 1A max.) and telemetry/
telecommand data (USB 2.0) interfaces

- CoreSat must support Boom/Camera Package in terms of
mechanical, power (+5V, 1A max.), and telemetry/
telecommand and image data (I12C) interfaces.

- B

AAReST: Boom and Camera Package Deployed

MirrorSat

nal View)

&
SURREY

SPACE CENTRE

Mission Concept ¥ SURREY

Gt

e AAReST Mission Elements:

Reference Mirror
Payloads (RMPs)
(CalTech)

Mission Support
(JPL)

Camera Package

Deformable Mirror (CalTech)

Payloads (DMPs) . .
(CalTech)

Composite Boom

EM Rendezvous & (CalTech)

Docking Systems

(Surrey) Boom Mounting

& Deployment
Mechanism
(CalTech)

ecision ADCS
(Surrey/Stellanbosh)

d : CoreSat
MirrorSats Propulsion Units (Surrey)

(Surrey) (Surrey)

This document is provided by JAXA.



g1l TFH BB VAR DD L SRR U 73

SURREY tgi) Mission Concept SIRREY

e Spacecraft and Mission Concept

- Launched as a single “"microsat” into LEO

— Comprises a "“Fixed Core NanoSat” + 2 separable “"MirrorSats”
Total Mass (incl. attach fitting) < 40kg (est. at ~32kqg)
Envelope at launch (inc. att. fit.) within 40cm x 40cm x 60cm
Autonomously reconfigures to achieve mission science goals.

SPACE CENTRE

SURREY Eg@ Mission Concept g

e Spacecraft and Mission Concept
- Science Mission Phase 1: (Minimum Mission Objective)
e Deploys boom/Camera Package to form space telescope
e Images stars, Moon and Earth with Reference Mirrors (c. 0.3° FoV)
e Demonstrates precision (0.1°, 3c) 3-axis control
- Science Mission Phase 2: (Key Science Objective 1)

e Images with combined Deformable and Reference Mirrors in
“compact mode”
e Demonstrates deformable mirror (DMP) technology and phase

control.
O Rigid mirror

O Deformable mirror

Top View

Compact Configuration Imaging Mode

This document is provided by JAXA.
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Spacecraft and Mission Concept
- Science Mission Phase 3: (Key Science Objective 2)
e Autonomously deploys and re-acquires “MirrorSat” (manoeuvres
within c. 10cm-20cm distance)
e Demonstrates electromagnetic docking technology
e Demonstrates ability to re-focus and image in compact mode
- Science Mission Phase 4: (Key Science Objective 3)
e Autonomously deploys MirrorSat(s) and re-configures to “wide
mode” (manoeuvres within ¢. 30cm-50cm distance)
e Demonstrates Lidar/camera RDV sensors and butane propulsion

e Demonstrates ability to re-focus and image in wide mode

O Rigid mirror

. Deformable mirror

Wide Configuration Imaging Mode

‘ﬁ LINUIVERSITY OF

Mission Concept

Spacecraft and Mission Concept
- Mission Phase 5: (Extended Mission Objective)
e Use AAReST as an In-Orbit RDV Test-Bed - similar to SNAP-1
e Deploys MirrorSat(s) into a relative orbit beyond 10m distance)

e Demonstrates ISL/differential GPS/ optical relative navigation
How we see shightly eccentric orbit from o

e For safety, ISL must operate out to 1km
nelghbouring circular orbit.

;':”F' . SMA Derived
iring from On-Board

. .
SMA | 1stFiring,, :
g p (km) S iRl Seds GPS Data
| el
4 |I |H %
| W

Tsinghua-1 Ii' \ .
| g Y " "
rara b II . i |
|
| ] '
#eFa b | ; o
SNAP-1 |
) e -
w f o
1 =&

RDV
= 7

xr) = (4 =3cosan)x (%, / m)sinnt + 2y, (1 ~cosarhn
W)= G (simnt = mi) + y, + (28, / n)=1 +cosnr) + 5, (4sinnr/ n - )

Lo ma ey

Day Number Since 1st January 2000
This document is provided by JAXA.
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Optical Instrument Concept

Prime focus telescope
Deformable Mirror (DM) @ 0.1 m x2 465 nm 615 nm bandpass
Reference Mirror (RM) @ 0.1 m x2 1.2 m focal length

Camera

M1 focal length: 1.163 m
@ 0.405 m aperture

(narrow), /D = 2.87 - Field of View : 0.34°

Qj(v?igg)(,) E‘Dag‘;’_‘;‘;e . Optical bandwidth: 465-615 nm (540 nm center)

= RRE\5 ﬂ Payload Design bg’“‘gﬁ'{ﬁ‘

Telescope Alignment and Control

« Automatically correct for deployment errors, manufacturing errors and thermal
disturbances with active calibration in-flight

* Actuators: » Sensors:
— 3rigid body motion (RBM) actuators per segment - Image plane camera
— 41 piezoelectric actuators per deformable mirror — Shack-Hartmann Wavefront Sensors (SHWS)

Feedback from image plane controls segment tip/tilt/piston

Feedback from wavefront sensors controls deformable mirror figure

This document is provided by JAXA.
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Payload Design 3 SRR

Payload Block Diagram

Shack Imaging
Hartrmann Sensor

I
Teimoope Camera
v Culn‘huller .
- - Eng. - - "-.,__
ZigBee .~~~ :4 Cam. x L
s ] \
P - ZigBee:’ ‘.‘ZigBee
e J usB| [PWR '
el v ¥
Deformable Reference Reference
\ Mirror , Mirror ; Mirror
42
i Picomotor Ficomotor
0 Diriver Diriver
USB| PWR USB| PWR USB| ‘PWR
MirrorSat CoreSat MirrorSat
5/_\ v i umva&srrv or
SURREY Payload Design H &

CalTech Developed Deformable Mirror Technology
* Alternating layers ot electrodes and active material
* 90 (fine pattern) + 16 (coarse pattern) channels
* Mirror <5 grams (0.6 kg/m”2)

‘______—-— Mounting PCB

Fine electrodes Piezoelectric

membrane layers

Coarse electrodes

Ground

10 ¢m Si wafer -

Reflective coating (underside)

This document is provided by JAXA.
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CalTech Developed Deformable Mirror Technology

GSFC Caltech

*Schott D263 sheet ~ t
S

Simulation

4
SURREY

SPACE CENTRE

Payload Design

*Fused silica mandrel

*Heat in clean furnace
*Glass slumps to
shape of mandrel

0 VO e s S 50 B 50 W
o 2 S e e N S, N o
i Ve e e U St O

Measured Measured Simulation

1.18 um RMS 1.40 ym RMS | 0.95 um RMS 0.97 um RMS
1
E i E @3
3
0.74 um RMS 0.66 ym RMS | 0.51 um RMS 0.42 ym RMS
1
0
-1
-2
0.30 im RMS 0.25 umRMS | 016umRMS  0.16 im RMS
4
/ - ”\ i
i . i%}é ."«
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Spacecraft Bus — Design Approach
- Low-cost approach based on CubeSat technology

- Heritage from Surrey’s SNAP-1 NanoSat Programme (2000)
(particularly butane propulsion and pitch MW/magnetic ADCS)

- Incremental hardware, software and rendezvous/docking
concepts developed through Surrey’s STRaND-1, STRaND-2,
and QB50/InflateSail and AISAT1-Nano missions currently
under development for launch in 2016.

AISAT1-Nano CAD

STRaND-1 (2013)

SNAP-1 (2000)

This document is provided by JAXA.
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Spacecraft Bus - Design Approach
- Maximise use of COTS technology (e.g. Leverage CubeSats).
- Modular approach
- Maximise commonality with other SSC CubeSat programmes.

- Spacecraft bus is treated as a "CoreSat” based on two 6U +
one 3U ISIS CubesSat structures mechanically joined, plus
two detachable free-flying “"MirrorSats”, each based on a 3U
ISIS CubeSat structure.

MirrorSats

CoreSat

DDR Configuration Sept. 2014

4
SURREY

SPACE CENTRE

Spacecraft Design & QRREY

MirrorSat Requirements

- Must support the Deformable Mirror Payload (DMP)
mechanically and electrically via a 5V 1A supply (2W
continuous operational power) and TTC via a USB 2.0 interface

- Must be able to operate independently of other units

- Must be able to communicate with the CoreSat out to 1km
max. (via Wi-Fi ISL)

- Must be able to undock, rendezvous and re-dock multiple
times

- Must have 3-axis control and 6 DOF propulsion capability

- Must provide low/zero power magnetic latch
to hold in position on CoreSat in orbit

- Must be able to safely enter the CoreSat

>
Docking Port’s acceptance cone: 0(
» 20-50cm distance (mag. capture); ‘
» +45°full cone angle; < 5 cm offset ’
» <=%10° relative RPY error; a ’

» < 1 cm/s closing velocity at 30cm;
» < +£2° relative RPY error at first contact.

This document is provided by JAXA.
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Spacecraft Design 3 SRR

MirrorSat System Layout
Payload (DMP)

Top Propulsion Unit
Propellant Tank

Top Docking System

Softkinetic DS325 LIDAR/Camera
(will be mounted horizontally)

2 x Raspberry Pi
(new units fit on single board)

Bottom Docking System

ADCS - QB50

EPS - Gomspace

Prop. Sys. Driver (not shown

Bottom Propulsion Unit

Spacecraft Design & QRREY

4
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SPACE CENTRE

MirrorSat Propulsion System

- Propulsion unit consists of nine 1W micro-resistojet thrusters
to provide ~6DOF (+Z thruster not flown on AAReST due to
mirror payload).

- New, smaller resistojet design to fit nine thrusters into 3U
CubeSat (traditional resistojets are too large)

- Liquefied Butane propellant stored at 2 bar and expelled in
gaseous phase at 0.5 to 1 bar via pressure controlled plenum.

- Butane has good density, specific impulse and no toxic or
carcinogenic qualities

T FillDrain Valve

Propulsion Tray A

Propellant tank
and plenum

Propulsion Tray B

This document is provided by JAXA.
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Propellant System with Front Housings Removed

Propellant Tank
Kulite Pressure Transducer

Plenum

Internal 10
micron filter
disc

Swagelok NPT
tube connectors

Gas Outlet Tubi IEP Series Lee Swagelok NPT Module

asUlERERIIS Valve tube connector housing

ssﬁR\e\*’ " Spacecraft Design QBB EY
SPACE CENTRE Ay p g ‘\b SURREY

Thruster Mounting Configuration
- Thrusters mounted in propulsion trays on
upper and lower end of ISIS structure

- Thrusters placed off centre to provide torque
around the Flyer’s central axis with a
reciprocal configuration in the corresponding
tray y4 Thrustez

- Reciprocal thrusters fired together to
provide lateral translation

- +Z axis thruster not flown due to mirror
mounting

A

Thrust trays machined from single piece
of stock aluminium for extra rigidity

Valve mounts built-in to structure

This document is provided by JAXA.
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MirrorSat Propulsion Capability

- 5 -10 mN thrust range at ~ 80s Isp.

- Propulsion system provides 10m/s AV - 6 m/s for AV
manoeuvres, 4 m/s for attitude control and contingency

- Minimum valve opening time = 2ms (500 Hz); Minimum
Impulse bit = 10-20 uNs.

- System mass estimated at 880 grams (800 grams dry mass)
80g butane.

- Resistojets have a high degree of reliability, low system
complexity and can be operated as a cold gas system in the
event of heater failure.

SNAP-1 System for Comparison

Propellant 32.6 g butane
Total impulse 22.3 Ns
Thrust range 25to 100 mN
Module mass 455 grams

AV imparted 2.1m/s (actual)

sURREY (& S ft Desi by QBB
SPACE CENTRE il pacecra eSIg n b SURREY

MirrorSat Propulsion Tests e R R
- Heating tests performed in vacuum on a | ' A : :
test piece yielded a thruster temperature
of 140°C with 1 watt input power

190
7] -
0o

- A
- Expelled gas temperature initially i ol
assumed to be in the region of 100 °C ;
leading a chosen nozzle expansion ratio .|
(A./A,) of 100 to provide a specific
impulse of 80 seconds while still
maintaining a small nozzle size

Isentropic flow relations used
to predict optimum throat
geometry for nominal plenum
pressure of 0.5 bar

Nozzle throat diameter of
0.2mm and exit diameter of
2mm

This document is provided by JAXA.
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MirrorSat Propulsion Update 2015
- All system components built and tested — Propulsion tank, plenum
chamber, (single) thruster/heater and valves.

- Two-part aluminium propellant tank welded successfully.
- Butane filling very straight-forward from standard COTS cartridges.

- Multiple cycle operation demonstrated in the SSC Daedalus vacuum
chamber. Valve operation at <5V — low power in latched mode.

- Gas temperature slightly lower than in initial tests — but thrust is good
(3 and 10 mN dependent on plenum pressure)

- Testing was from 0 - 3 Watts in 0.5 W steps at 3 plenum pressures (0.5
bar, 1 bar and 1.5 bar) — 8 measurements at each point — 168 in total.

- » -

.
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MirrorSat ADCS
- New compact (450g) Integrated ADCS System being developed for
QB50 by Prof. Steyn (Stellenbosch) and Lourens Visagie (Surrey).

- Comprises:
+ CMOS Camera Digital Sun Sensor
+ CMOS Camera Digital Earth Sensor
+ 3-Axis Magnetoresistive Magnhetometer
+ 3-Axis Magnetorquer (2 Rods + 1 Coil)
+ Pitch-Axis Small Momentum Wheel
* GPS Receiver
+ EKF and B-dot control software built-in
+ ~10° pointing stability (in sunlight)

This document is provided by JAXA.
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QB50 ADCS
e 33X PC104 boards PC104 stack Extemal components
- CubeComputer
- CubeSense processing board
— CubeControl

e Peripheral components

- Fully integrated ADCS has
momentum wheel, sun- and
nadir cameras, GPS receiver
and magnetorquers contained
in stack

- External GPS antenna,
magnetometer and coarse
sun sensor photodiodes

e In qualification (testing)

e 15 ADCS Units delivered to te
EU’s QB50 Project

e Flight heritage on STRaND-1

4
SURREY

SPACE CENTRE
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CoreSat Requirements
- Must be able to point accurately (< 0.1° 3¢ error all axes)

- Must be stable in attitude (< 0.02°/s for 600s) during
payload operations.

— Must be able to slew at >3°/s for RDV manoeuvres.

- Must be able to mechanically support 2 Reference Mirror
Payloads (RMPs) and to supply them with 2W power at 5V.

- Must provide up to 5W at 5V power and I2C comms. to the
“camera” (image data transfer only) and support boom.

- Must provide up to 5W at 5V power to both docked MirrorSats

— Must be able to communicate with the MirrorSats via Wi-Fi and
to the ground via a VHF U/L (1.2 kbps) & UHF D/L (9.6 kbps)

- Must be able to operate with Sun >20° off optical (Z) axis.

- Must be able to independently sense MirrorSats
during RDV/docking

- Must provide hold-downs for MirrorSats, camera
and boom during launch.

- Must provide launcher interface (TBD)

This document is provided by JAXA.
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CoreSat Structure

- Structure rendering showing two 6U structures (+Y and -Y)
separated by a single 3U structure (MirrorSats not shown)

+Z

RMP Interface

+X - 2 +Y

.:-'
SURREY

SPACE CENTRE

" UNIVERSITY OF
¥ SURREY
CoreSat System Layout

(-X/+X facet view)

This document is provided by JAXA.
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|-

CoreSat ADCS

- Uses Compact Integrated ADCS system (as per MirrorSats),
but replaces the single small pitch MW with four Surrey RWs
(4-RWA) with dampers for increased control authority/low
jitter control

- Pointing (< 0.1° error all axes), stability (< 0.02°/s for 600s)

- Slew-Rate (>3°/s about Z (telescope) axis for RDV
manoeuvres)

- Each wheel has the following specification:
« 30 mMNms @ 5600 rpm
« 2 mNm nominal torque
* 50mm x 50mm x 40mm volume, 185¢g
* 3.4V - 6.0V operation (maximum 8V)
« 1.5 W power consumption at maximum torque
* 0.4W - 0.1W in normal operation

- For high precision pointing/stability we use the

CubeStar camera + STIM210 multi-axis IMU g5

4
SURREY

SPACE CENTRE

Spacecraft Design ¥ SURREY

CoreSat System Layout Update 2015
- No changes have been made to the CoreSat since DDR 2014

- However, we have studied substituting a platform derived from
the SSTL-50 bus for the CubeSat Technology-Based CoreSat:

— The MirrorSats would be retained - with minor changes to
internal layout to accommodate the docking system for this

new configuration.
- The payload layout is unchanged.

Schematic Concept Configuration Only

This document is provided by JAXA.
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CoreSat ADCS Update 2015

- No changes to DDR 2014 - however, the use of the SSTL-50
derived platform for the CoreSat would give very much
improved pointing control and much greater data downlink
capability (10’s Mbps) - thus this is the preferred option.

-— . . -

SL:J“E;FQE\P

SATELLITE TECHNOLOGY LTD

Generic SSTL-50 Platform
and Specifications

Payload Instrument Mass Up to 45 kg

Payload Volume Width 530 mm, Depth 430 mm, Height 400 mm
Payload Orbit Average Power | Typically 35 W

Payload Peak Power Typically 85 W

Payload Data Bus

Gigabit per second to on-board storage or high speed downlink.

Attitude Control Earth referenced or inertial; stability: 18 arc-seconds/second;
knowledge: 10 arc-seconds; control 0.07 degrees

Typical Orbit Low-Earth Orbit — Sun-Synchronous

Platform Lifetime 5 to 7 years

Total Mass 50 kg typical — up to 75 kg

&
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EM Docking System Concept
- SSC Electro-Magnetic Kelvin Clamp Docking System (EMKCDS)

— Comprises four PWM controlled, H-bridge-driven, dual polarity
electro-magnets, each of over 900 A-turns
- These are coupled to three “probe and drogue” (60° cone and
45° cup) type mechanical docking ports

- Kinematic constraint is established using the Kelvin Clamp
principle (3 spheres into 3 V-grooves arranged at 120°)

This document is provided by JAXA.
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EM Docking System Prototype
- Prototype Docking Port hardware designed and built:

4
SURREY

SPACE CENTRE

EM Docking System Prototype
- Prototype Docking Port hardware designhed and built:

N IR S NS

This document is provided by JAXA.
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. MirrorSat Spacecraft Bus & &REEy

EM Docking System Prototype
- Prototype Docking Port hardware designed and built:

4
SURREY
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EM Docking System Testing
- CalTech and SSC initial Air-Bearing Table experiments show:
» Capture distance is between 20-30cm for two pairs

« Automatic self-alignment works, but choice of polarities is
important to avoid miss-alignment/false-capture.

» Attractive force is highly non-linear!

- Capture and alignment experiments show:

« Within 30 cm offset*, 45 degree cone**
+ Tolerate +/- 30 degree roll/pitch/yaw
+ Reasonable Relative Velocity

« Within 15 cm offset, 45 degree cone
» Tolerate +/- 20 degree roll/pitch/yaw
+ Reasonable Relative Velocity

« Within 5cm offset, 45 degree cone
+ Tolerate +/- 10 degree roll/pitch/yaw
+ Reasonable Relative Velocity

*Radius from centre of one face to centre of ‘docking plane’; **Half angle

This document is provided by JAXA.
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EM Docking System Simulation
- FEM of magnetic flux linking confirmed experimental findings:

[
~\“' ~\V/ss
W= N\

NS

p—
o

"/ 5
NSNS

= N
711\

» Force is highly non-lin_ear if the _ 0.2 (min} 6.7 131 < 006
electro-magnets are simply energised. o5 1.62 0.324 <0.17

1.0 0.564 0.113 < D42

. 2.0 0.181 0.036 < 1.05

* PWM control is used to vary the current 50 0.036 0.0072 <3.73
to compensate for the distance effect. 12 Dee  hban. SO

20 1.140 mN 0.000228 < 41.9

. 25 0.569 mM 0.000114 < 66.2

. * _‘Useful force beyond 30cm separation. a0 Cideod DOGIOEY  tas

.,;."
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EM Docking System Update 2015

(MSc Project)

- A simple 2D simulation was set up using the Vizimag software
to help visualise the characteristics of the solenoids placed at
various distances, polarity configurations and angular offsets.

EM Docking Systems at 10cm Separation — Attract and Repel Modes
Note — when alternating polarities are used on each spacecraft (left panel) — the
attractive/repulsive forces are smaller than if the same polarities are used
(middle and right panels)

This document is provided by JAXA.
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EM Docking System Update 2015
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SURREY ﬂ RDV/Docking & SIS

EM Docking System Update 2015

- A new two-part drogue has been developed, which aids
manufacture and assembly.

— A built in neodymium permanent magnet (6mm dia., 1mm
thick) provides the latching action to hold the spacecraft
together when the electro-magnets are turned off.

- We found the drogue must be non-ferrous, otherwise the probe
“feels” no pull-in force. We used aluminium.

- The Kelvin-Clamp V-grooves would be spark etched for flight.

- The probe, solenoid core and magnetic field extenders are all
now pure iron (not Supra50 alloy).

Latching Permanent Magnet

This document is provided by JAXA.
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EM Docking System Update 2015

- A new solenoid controller was designed utilizing
the DRV8432 stepper motor driver chip from +V
Texas Instruments .

- This was built to CubeSat PC104 interface \ .3
standard and comprised a pulse-width modulated | v |
H-bridge driver circuit, controlled via a R-Pi over a 2| 4
Wi-Fi link (emulating the AAReST MirrorSat ISL).

- The Docking Port also provides power transfer GND
between spacecraft, as shown below:

5y

=l =3 El_ll_._l—l
3310118

|: .

4
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EM Docking System Update 2015
— Re-designed Docking Ports and 2D Air Bearing Test Rig

This document is provided by JAXA.
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EM Docking System Update 2015
— 2D air bearing table tests were conducted for:
— Forces (measured by force meter and weight offset)
— Acceptance angles (confirmed previous results)

— Viability of the permanent magnets (~350 mN latching
force corresponding to 40% PWM duty cycle to un-dock).

— Flux meter and force meter confirmed PWM linearity.

4

EM Docking System Update 2015

— Videos: 50cm Docking; 20cm Docking; Repel and Hold
at Distance

Docking from 20cm

Repel and Hold

This document is provided by JAXA.
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EM Docking System Update 2015
Summary (MSc):
— Re-designed docking cone or ‘drogue’
— Designed H-bridge driver circuit on CubeSat standard PCB
— Implemented PWM control using Raspberry Pi over Wi-Fi
— Assembled test models on air-bearing table
— Demonstrated docking while taking key measurements
— Verified performance of H-bridge circuit
— Measured attraction and separation forces
— Measured acceptance angles, average tolerances
— Verified performance of latch magnets
Remaining Work (PhD) and 2016 MSc:
— Link Docking System control to Docking Sensor system and
develop dynamic control strategy.
— Verify performance on 2D air bearing table (3DoF) and
develop “2V2 D” test rig (2 translations, 2 rotations).
— Complete 6 DoF simulator and address geomagnetic field
torque and magnetic field extender contact issues.

4

RDV & Docking Sensor

- Much experimentation has been made at SSC using the
Microsoft KINECT™ and Softkinetic DS325 LIDAR/Camera
system to monitor and control the rendezvous/docking process
to the point of automatic capture.

- These project a NIR speckle pattern via a laser diode which is
picked up by a NIR sensitive camera for depth processing
using PrimeSense SoC technology (60 fps).

- They also carry a full colour (VGA) camera for machine vision
(MV).

RDV/DOCklng b umva&sn'vor

Cober —Metro
Cow vage - Crrore
«

" g Zw‘“’ﬂﬂ 4y
° °
|

E I tg
m“ ._n—.
—— .
-~
"

I [ = LIDAR NIR Projected
— Speckle Pattern

This document is provided by JAXA.
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RDV & Docking Sensor

- Combined with SSC MV pose estimation software and unique
visual “glyph” identifiers (or LEDs) — we can identify and find
the pose of the MirrorSat to the order of a few degrees, and its
range typically to better than 1% of the distance to the target.

SPACE CENTRE

suzrey & RDV/Docking Va7

COTS RPi-B
4 GB SD-Card
WiFi Dongle

+ OpenNI2DS325 driver used initially but
tests showed it to be inaccurate.

» Driver was reverse engineered and new
algorithms were developed to convert raw
sensor data into depth measurements
leading to much more accurate results.

L 1 M L |
] 3 W0 0 0 WM 100w W
ampored Daatanc s (mm)

This document is provided by JAXA.
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RDV & Docking Sensor Update 2015

- A new short range sensor based on a 640 x 480 pixel (VGA)
Camera and near-IR LED pattern (similar to those used for QR
codes) was developed. Power consumption was <1W.

- The detection and pose/range algorithms ran on a commercial
R-Pi processor. Typical update rates were ~1Hz.

- Translational and rotational errors were evaluated. Rotation
error was typically within ~5° — with a maximum error of ~10°,

Comwre |

ﬁr‘:\ 4:*) (i, & o

\u2 Joo

<&

RDV/Docking Xb SIRREY

)

00— —_—0
Coavew 3 '.‘qrvv)
B__5 — ORI

Axis Range In- Root Mean Maximum Standard Confidence
terval (m) Square Er- | Error Deviation (%)
ror(mm) (mm) (mm)
Z Axis 0-0.30 3.106 1.949 4,166 100
0.30-0.80 5.787 11.265 3.687 100
0.80-1.15 20.958 39.843 13.250 100
X Axis 0-0.30 1.9 0.2794 0.684 83
0.30-0.80 1.7 2.851 0.585 91
0.80-1.15 0.95 1.466 0.288 100
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RDV & Docking Sensor Update 2015

- A computer simulation of the sensor performance, coupled with
a dynamic model of the motion of the MirrorSat was set up.

- After 30s of simulated run time, the Kalman Filter was seen to
be effectively removing the sensor noise from both position
and velocity estimates.

Remaining Work (PhD) & 2016 MSc:
- Address solar blinding issue
(via narrow pass-band filter
high-intensity LEDs).
- Combine with Docking System.
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SURREY RDV/Docking % SR

SPACE CENTRE

RDV&D Computer

- RPi Compute (industrial grade) released
with SO-DIMM connector.

- BCM2835 Processor (400-800 MHz)
- 512 MB NAND RAM 46 GPIO (than 21)

2 RPi Computes on PC/104 Board

T

12 14 Dranglung ()

Q' 0k W L4l wpapem dgndeey |y Daingliag

IR

U

4
SURREY

SPACE CENTRE

RDV&D Computer Update 2015
- BCM2835 Processor (400-800 MHz)

- 512 MB NAND RAM 46 GPIO (than 21) > + 4 GB NAND Flash.
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SURREY RDV/Docking £ SR

SPACE CENTRE A\

RDV&D Computer Update 2015
- External MSP430 as:

e Watchdog on RPi-Computes & Switch Power via UART / ADC.

SURREY Development $ i s

/ SPACE CENTRE

Future Developments - Beyond AAReST
2020 2025

- - -

Large telescopes in GEO i g
Large telescopes in LEO (1m pers m‘f:w”' e ‘Hyper-scopes” of many large
_ telescopes workis

W st o e o v e

On-Orbit Assembly of Spacecraft

Y
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4

Conclusions %gﬁﬁ*ﬁgf

The AAReST project demonstrates how nano-satellite
technology can be used to provide confidence building
demonstrations of advanced space concepts.

The mission will demonstrate autonomous rendezvous and
docking, reconfiguration and the ability to operate a multi-
mirror telescope in space.

This joint effort has brought together students and
researchers from CalTech and the University of Surrey to
pool their expertise and is a good model for international
collaboration in space.

Since DDR in 2014, SSC has made progress on three key
technologies for AAReST - the multi-thruster propulsion
system, the RDV & Docking System and the dual R-Pi
processor board. All systems have shown good success.

Work is in progress via 2 Surrey PhDs (ADCS and RDV&D)
- and MSc projects.
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Activity Report of Center for Nano-Satellite Testing (CeNT) for five years
Hirokazu Masui and Mengu Cho

Key Words: Nano Satellite, Environmental Testing,

Abstract
This paper reports activity of Center for Nano-satellite Testing (CeNT). The establishment of CeNT was included in a part
of “Hodoyoshi project” promoted by Prof. Nakasuka in Tokyo University. When CeNT was established, testing machines
as vibration, shock, thermal vacuum chambers and thermo static chambers were introduced and adjusted. CeNT provided
comprehensive environmental testing to especially Japanese university and company. CeNT has started support of testing

and training for foreign university and company recently. This paper also reviews CeNT’s history and past usage status.
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Temperature range -15°Cto+50°C

Number of cycles 2 or more

Operational soak duration 1 hour or longer

Thermal dwell

1 hour or longer

Tolerance limit 3°C

Temperature ramp rate -5 °C/min or slower

3
Chamber pressure 1.0x10 Pa or lower
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Thermost | Thermost | Thermal
Thermal | Thermal ati ati ot
Year Vibration | Shock | vacuum | vacuum ¢ ¢ property Outgas | EMC
(small) (large) chamber | chamber | measure
(small) (large) ment
2010 2 4
2011 7 6 2
2012 14 4 4 1 1
2013 28 5 4 3 1 5 1
2014 16 4 3 1 1 4
Total 65 14 19 11 1 3 5 10 1
Table 3 [ENSh, K%, T L OEM
Japanese Japanese Foreign Foreign
Year University Company University Company Total
2011 8 5 13
2012 15 14 29
2013 24 18 1 43
2014 16 10 3 29
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Smokeless Powder(N'Y-500)

100g

Size of Diaphragm 1 (SUS304)

¢75mm x 1.5mm

Size of Diaphragm 2 (SUS304)

¢SOmm x 1.5mm

Size and Mass of Piston (Polyethylene)

¢25mm x 60mm and 23.0g

Pressure of He-Gas

0.74MPa

Size and Mass of Projectile (Aluminum)

¢S mmx 20mm and 1.0g

Size of Front Wall (A2024-T3)

200mm x 200mm x 8mm

Size of Rear Wall (A2024-T3)

200mm x 200mm x 3mm

Distance Between Front and Rear Wall
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Whipple Bumper

Spacing: S (cm)

Projectile < >

diameter: d (cm)
density: p b (g/cc)
mass: M (g) ‘

velocity: V (km)

angle from normal: 9( deg )

norm. vel :V, (km/s) Bumper Rear wall

V =V cos 6 Thickness: tb(cm) Thickness: tW (cm)

n

density: p /cc
y b (g/ec) yield strength: o (ksi )
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Ballistic Limit Curve
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Ellipsoidal Projectiles

Material: Al2024-
T4

Sphere Prolate Ellipsoid Oblate Ellipsoid
f=1.0 f=2.0 f=0.5
a=b=c=7.00mm a=b=5.56mm a=b=8.84mm
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Fig. Shape of Current Sabot and Ellipsoidal Projectile
( a=5.560mm, c=11.778mm)

Aspect Ratio : 2.12
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Experimental Results

E : Yaw | Projective Impact ,
xperiment Aspe?t Angle: Area: Velocity:
No. Ratio: f Wdeg] | PA[mm>] Vp[kﬂjn/ sec
KTS | 237 1.0 : 154 2.16
03 | 257 67.5 183 2.18
094 2.0 35.0 137 2.11
LTS | 096 30.0 128 2.01
04 |097 0.5 22.5 232 2.07
098 67.5 147 2.13
Target: AlI6061-T6 Plate, 2mm in Thickness -

Velocity Distribution

Sphere (PA=154) f=2.0 (PA=183) f=2.0 (PA=128)
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NASA Orbital Quarterly News
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Figure 1. Locabon of P4 PVYR damage Frgure 2. Cloge-up of exit damage

Recent Impact Damage Observed on International Space Station
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Fagure 3. Damage on apposie side of panel Figure 4. Back of 155 Solar Array 34, panel 58.
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Disconnected bypass diode
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Figure 5. 155 Solar Aray 34 damege (froni of panel 58) Figure T. Another burned anea in 155 Solar Aray 34 (panel 43)
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@

ETS-VIII Lastive

Development of a solar array for ETS-VIII

Engineering Test Satellite VIII (ETS-VIII)
e Launch in 2006

e Geosynchronous Orbit(GEO)

e 110V at 2.64A electric power generation
e Silicone solar cell

Purpose of the ground tests
Determine the design of coupon preventing the sustained arcs

X EAER 20015~

@

Solar array coupons Lastne
N bass bar.

(== \
G B R '
& We used 3 coupons.

Inter connector e N\
TOmm Thick couponx2

| S ; (Casel~3)
[35 mm ‘ |

mm— 1 |, Thin couponx1

.
RTV
=L \_(Cased) /

P bass bar 5 %3 Si cell with

IBF: InteIgBrFe;ted Bypass Functic
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Experimental facility Lastne

Experimental circuit La sene
Substrate I
R
B
. o 10 MQ
2.64A —
\
Voltagg> % 400 nF
probe 3kV
1 L L
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EILOER) — &R ‘123

RTV, B string
—— . "
Cell Leak

)

o3

\.‘ \
G string

Q

Current leaking point was identified by IR-OBIRCH analysis

IR-OBIRCH (Optical Beam Induced Resistance Change)

Silver was found on the trace of arc by EDX
EDX : Energy Dispersive X-ray Spectroscopy 8

This document is provided by JAXA.



Fi1zlml MFHEREE S R U Y A sk SR 151

wILEE uIsm

R Y

| —
N

Coverglassiiiid

Flight design of coupon for ETS VIII Laseine

* No sustained arcs during 30 hours (about 500 arcs)

Interconnector

/

CFRP substrate (100pm)
Aluminum honeycomb substrate (2.5cm)

(100 m)Adhesive (50pm)

RTV (70~100pm)
Kapton (50pm)

o~ Intersting 820 The amount of RTV should be minimum

To keep insulation between both
inter-string gaps and
string-substrate

10
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Wideband InterNetworking engineering test and
Demonstration Satellite (WINDS)

e Launch in 2008

* Geosynchronous Orbit(GEO)

e Electric power generation: 5.2 kW (50V at 0.6A)
e Multi-junction solar cell

11

@

Test procedure Lastre

Measure the threshold of potential difference AV, for arcing

!

Calculate the charge
stored in the coverglass Calculate the time (t;;) on
1 IG condition over AV, . and

Perform ESD tests using 3 estimate thenumber of arcs

coupons for 20 hours 1
lSelect one coupon
Perform ESD tests using the selected coupon for the t,; totally

!

Determine the flight design

12
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Experimental facility Lastne
Electron beam gun (max30kV)

X-Y stage controller

Vacuum chamber: 0.6m in diameter and 0.9m in length up to 3x107 Torr

Equipment: Electron beam gun, Trek probe, Plasma source, Video analysis
system, XY stage, Baking system, UV source

13

£2-

Experimental circuit La sene
Frame N Current

probe

CP_RB 7%
R .

A_ \Lb CP_total

Yo
B A__,

U

/l\_ CP_G

G U

(\L Voltage
g probe — :
CP_frame V4l Pbias

14
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Effect of bus bar coating Lasaive

* No sustained arcs
 No difference at arc positions

Select coupon 3 as a flight model

: 1

65 hour test
(60 hours from NASCAP calculation)

Case Position Nuc lave, A g, A Qayve, mC  Qgg, mC
10 Bus bar 78 122 36 1.23 0.08

10 IC 71 128 34 1.24 0.09
11 Bus bar 43 91 37 0.79 0.05
11 IC 66 8 24 075 0.04 N
Degraded cells La st
Coupon 2 3 cells were degraded

Cell No.3
7' ON [1°D

IR-OBIRCH method

16
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@

Cell degradation La senwe

Coupon 3 Arc sit

Cell edge arc can destroy the cell ;

@

Conclusions Dy

To suppress the inter-string sustained arc, the gap between
strings is grouted with RTV

To suppress the string-substrate sustained arc, the RTYV layer
between the cells and the Kapton sheet is specified as 100 zm and
the RTYV layer leaks out at the cell gap in the direction of series
connection

There is no coating of bus bar with RTV

To avoid trigger arcs at the cell edges, we give the best effort to
fill in the voids of RTV by additional RTV

18
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WINDS$T 6 £ (F
2008.2.23

La SEINE

19
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BRI @

21

FHBEREFHE L % — 4

20044E128 5R3I
BIREBICTHZ 5/ /Y HEfT DR

Laboratory of Spacecraft Environmental Interaction Engineering

L.a SEINE .
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e Multi-Utility Spacecraft Charging Analysis Tool

« GEO,PEO,LEO

23

ISO-11221 "Space systems -- Space solar panels “’

La SEINE

Spacecraft charging induced electrostatic discharge
test methods"

e Measure discharge threshold voltage

e Estimate the number of discharge with charging analysis
program

* C(Calculate external capacitance in test circuit

e Perform ESD test on test coupon with desired number of
discharge

e Confirm there is no sustained arc and no degradation of
solar cell

* Estimate power degradation due to cell degradation
e Decide design of solar array circuit
e Reflect test result in spacecraft system design

24
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Primary £50

e [ u‘n

{nformative 6.1 6)

L 4
Secordary arc
charactenstcs
avndatie? v
Socovvdvy me Powat

Yeos dogradason

tost (3 2)

25

Figure 2: Logic flow of ESD tests

AENE

Velocity ~ 104 m/s
Radius 3m

Distance
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5 B b

F.beam (~P2

D, D
N\
- o i/
v ( CV
source
CC
source
C1=C3= 27nF
C2= 26nF Cen VP2
cP4; | B|las v
Blow-off current voltage bias
C..= 0.3nF = 5

No. 27

gap:0.6mm gap:1.0mm
gap:2.0mm RTY grouting RTY grouting
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1000

100

Secondary arc duration, ps
[
@)

F12lE [FHBREE S ART Y AR R SUE

TSA duration

.- —6—TJO.5 110V |
— -TJO.8 90V
- -TJ1.0 110V
---TJ20 110V |
--eo--TJ2.0 300V
—a--Si0.5 70V

1.5 2
Current, A

* TSA duration depends on current value
e The duration of 1ms corresponds to PSA threshold

2.5

161

La SEINE

29

La SEINE

TJ 05mm
I, A
Vo V
0.5 1.0 1.5 2.0
30 No secondary arc up to 4A
50 3
. A A
4 (] 4
70
0.6A A 3A
90
(] A A
()
110
. H A A H A

NSA

30
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TUI 0.8“?{;9 A La SEINE
Ve V
0.5 1.0 1.5 2.0
30 No secondary arc up to 4A
50 47
B 174

209
70 -

TN
90 41us 4384us

(124)  (1.8A)

179 7408
110 - &

(1.2A)

(1.8A)

31

TJ 1.0mm La SEINE
I, A
Vi V
0.5 1.0 1.5 2.0

30 No secondary arc up to 4A
50 12us 1126pus | 4433pus
70 25us 1225us Z
90 Tus 415us

0.9A)  (13A)
110 42us 943us

32
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TJd 2.0mm Lasene

I, A
Ve V | | |
0.5 1.0 1.5 2.0

50

70

110 ) 400 900
200 - - o

()
300 . A A 4 A

Si 0.5mm La SEINE
I, A
Vo V
0.5 1.0 1.5 2.0
30
50
70 33 098
. H A A A
90
110 :
) 6 A A A

NSA
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VI map

£2-

La SEINE

TJ ()4.5~1.0mm T.! 2.0mm
< 3} | < 3F |
5 2f ] g5 2f
I = F
© L SRR |
00 20 40 60 80 100 00 50 100 150 200 250 300
Voltage, V Voltage, V
4 T T T T T
Si 0.5mm; | ] Safe
5 2| | Caution
5 [~
&)
P Danger
00 20 40 60 80 100 Prohibition ;;

Voltage, V

£2-

GOSAT
Item Characteristics
Launch vehicle H-TIA
Launch 2009.1.23
Launch site Tanegashima Space Center
Orbit 666km Sun—synchronous
inclination angle 98 degree
13:00 local time (3 day cycle)
Weight 1,750kg at launch
Generated More than 3.77kW (EOL)
electric power
Lifetime 5 years
Deployed 3.7m(H) x 13.7m(W) x 2.0m(D)
dimension
36
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Charging mode Lastive
_
North  Jpnlse SAP | plasma | @y, | Baictec Condition

- ] & cell ram N 0 Plasma IG
@& e || g

N > B Beam IG
_‘ | Jee back | wake

cell Ji — OorN| <@g, Beam NG

3 Féd . back

DVQ
SAP | plasma . Condition
South ﬂsat ﬂdlelec

N > B Beam IG

jphc+jse | - je cell wake

> -y OorN| g, | BeamnG
. I Jse
Je‘ ]

_ back ram N 0 Plasma IG

= 37

£2-

Test procedure Lo stive

Check coupon
Threshold :V,, A Threshold voltage:
Threshold measurement V,,

Flashover current :
Coxtr Lexy Re

extr =extr xt

Qualification test

Number of arc: N Sustained arc?

ion?
Check coupon Cell degradation”

Final answer?
38
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Experimental circuit: plasma IG EOL La sene
CP1 D
N 2
b 0 T [Ph )
) c o 3
7N —— S‘_L 2 ¢ | 7
— -ﬁ—{” %‘ ____VZ
V1 <> ¢, o | \ T SR Tt R oy
CP3 source
CC L-%; (SAS)
Source ®
(CRD) N
MY,
< Cps V,=-800V
I R.=100k Q
R, b
50V 0.5A R, § b g? G ~480nF
C1=C3=4OHF Lexi é = = ext_4Q
C,=20nF C, i CP4 L..=100 4 H .

BHREE u'sm

e Large solar cell
— need ground ESD testing before launch

« [SO11221
— Confirm no sustained arc
— Measure cell degradation

40
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Test procedure La seine

ISO11221

Threshold measurement "ll;hreshold voltage :
th

Flashover current :
C,, L., R,

exr

exr

\ 4

Sustained arc? Qualification test

Cell degradation?

41

Circuit ‘.>

IOSV La SEINE

;_‘: J_I‘__I_
lacps o

BCI TV!

1.2A TRATS 1
1 1 mv
| SAS . 1¥Pcp7 30V | . To ;
et ryvea
— : ) C.1,C2,C3,C4:2.158F
— - : 1| L-f.mlft2 R:‘sa‘mn .
s i
P T I
W T )
R L Tl
cplﬁb mg Con)
cdcdcacal 2 100k T L
% V. =1100V il i P i
( e I - =
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Secondary arc in wide gap “’

L.a SEINE
VI_0001
-
-
Z P
5 —CP2
&) —CP3
P4
{ i’(
0 1000 2000 3000 4000
Time, ps
VI_0001 = I
12 = e |r..: I o
e
- '_H.h
“ |°'§qu .Rbi Il I‘.
- 1 R fy
s - i {3 TMET
=
=
&) | C 1,01 CHCd L ispF
_ : L famil R 34061
| o - z L [
L S.
-500 0 300 1000 1500 2000 ; “‘g |tm -
Time, ps cdcdcd; o “'I Ix‘L
7 1 172 T i 43
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B B 'Jm

* ELF: Electron Emitting Film

Fluoropolymer(Ins Triple junction
ulator)

3cm

45

£

Charging mitigation principle s
+ | Substorm : Coverglass
: i-: (ELF insulator)
| e tom—fe e - ———
|
= : i
E : : Spacecraft
£ : AV : (ELF conductor)
]
i : _ Time
©
L%
Electric field
A0V
Solar cell
Spacecraft—t— () ) () CJ 46

This document is provided by JAXA.



170 FHIML 22T TEBR TR AR JAXA-SP-15-012

@

HORYU 2 e seine

. A N A
B ERELESCM##

¥4 X : 3cmx3cm
i3

47

In-orbit demonstration g‘)

State of high-energy electron K

B3 Aurora strength
= = * '‘Electron energy

@ Position

orbit

Eclipse/day
boundary

action time: 20min
start timel14:00:00 JST
end timel4:20:00 JST

48

This document is provided by JAXA.



Surface potential, V

FADICIEi - I INE = e 171
In-orbit demonstration

Test results

La SEINE

L — 10
2000
1500 L
1000 |

500

vl Juaimd uomsig

=500 PR P S SE——— | i oy
14:05:00 14:06:00 140700 14:08:00 14:09:00 14:10:00
Time (J5T)

Emission of 6pA Electron energy was very high

ELF operation in orbit was confirmed! 45

Film coupon Lastne

ANNNNNNNNNN
ANNNNNNNNRY

ANNNNNNNNNY|
ANNNNNNNNNY!

7
7
?
]

RNNNNRNNRNY

Film thickness: 12.5um

This document is provided by JAXA.



172 FHIML 22T TEBR TR AR JAXA-SP-15-012

Overview of HORYU-IIand
High Voltage Mission

La SEINE

High Voltage Technology Demonstration Satellite HORY U-II

/ High Risk Mission \

Solar arrays for generating

high voltag
Horyu2
680km Sun-synchronous orbit
Nano-satellites are thus more F L : A
suitable to higher risk missions \Solar arrays for mitigating/
to ESD
51
o1
Mode 3: TJ array arcing test mode La sene
‘ ~a- Generation voltage |
@ h'm;xnmmcl s Potential
" N § or . i1} P L, SFET 8 300 )
o P g | 9T ae L
; o 1 o o o
= * - 8 35
ﬁ : Bl 0 5 =
2 15 frmmm b o O 1100 & 3
é | A.-.‘, o a0 o : < s
— e < 0 an =
IO - :ﬁll.-.l- m’m -1 - O -
ann 2
= =
S A A A A ' A i .lw
.10 0 10 20 30 40 S50 60
Time, min
52
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Grouting

La SEINE

String gap

RTYV silicone adhesive
Solar array panel coupon

Effect of aging on Discharge Tolerance
of Grouted Solar Array Panels is unclear

Proton + Electron + Thermal cycling

53

Visual examination result <‘>

La SEINE

:Crack

Photo of test coupon after simulated

. x 1M 100pm
space environment test

Microscope picture of crack 4

Cracks were founded at the 9 points in total. o
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Width of crack

L.a SEIKE

ab

Visual examination result (2/2)
| Before| |After]
Ly

L.a SEIRE

String gap o
._L‘ RTYV adhesive Grown voids
-

Covergl

Aluminum honeveomb substrate
Growth of voids were found
at the interfaces between Cover glass and RTV-adhesive.

Aluminum honeycomb substrate

56
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Sustained arc mitigation method La st

Cut arc current by capacitor and inductor

57

£

With mitigation method La st

T v v T - ﬁrc
14 -’ current
121 Mitigation | = - -
2 (11 I_ | ]
=

Chwment., .
o

' > >
/I I i i

.! Cit

| ™

|

i

w/o mitigation ]| :
. 1 C"') Ls l
,* : Rarc

1 A A 1 i 1 L 1 J
y JOey i B0 e S GO0 TOND RO
Tune, s
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WD19923 Spacecraft charging potential estimation‘l‘>
in the worst case environments o

e Background

— No criteria to estimate worst case of spacecraft charging
in each space environment

— Worst charging potential should be tested in ESD ground
testing (ISO-11221)

e Main purpose
— Provide space plasma environments for worst case
differential potential simulation

— Provide how to estimate worst potential difference with
simulation code

59

£2-

Model: NASCAP-2k La Stive

Al

Solar Cells

60
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Model: MUSCAT Py

6l

ZREFEH Lot

Schematic of TEEY System
Electron Gun
Deflection Coil_Y_.¢ Pulse(30us)
= | =
Convergence Lens
: Signal Generator
. Focus Lens
: y
Collector ; ﬂscmrm!;le il
Collector Current
‘%ample Amplifier
Sample Current [—
i Pumping f (Amplifier)
System

62
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of Electron Irradiated Polyimide Film
2.2
ﬂ o
E 2.0 .-
>~ 18t
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.g 16}
E 1.4 :,-
= b2}
= L
S 10}
— =
£ os} —— Virgin
E 0.6 b — Electron Irradiation, 1 year
S i Electron Irradiation, 5 years
ﬁ e § Electron Irradiation, 15 years
02— R A R
100 1000
Primary Electron Energy / eV
FEEFETA
Schematic of PEY System
e e
e e R
Copper Shroud
I,..-"" Z
CR g Electron Collecto/| 1 Shutter
+15V Bias — —1* N &
7 UV Sensor:
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RFITMP -y & §F§ = B W SN R S ——
& /
Oscilloscope ERirens
7 I_I W
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Kapton La SEINE

Factors

Ultraviolet

Atomic Oxygen

Electron 3 — .

Proton — — f

4 Increase ¥ Decrease — Unchanged

65

66
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In order to operate a satellite in sub-low earth orbit (sub-LEO), it is required to design an optimum

ion engine to compensate the drag of the upper atmosphere.
is one of promising candidates for such an ion engine.

The air breathing ion engine (ABIE)
However, the optimum design rule has not

been established. Because ground experiments are difficult for ABIE, numerical simulation is a

useful approach for the development.

In this study, in order to establish a useful guideline for

designing ABIE, we perform particle simulations to examine plasma discharge in the ABE chamber
by using the electromagnetic spacecraft environment simulator (EMSES), particularly focused on
electron acceleration process via electron cyclotron resonance.
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Kapton 35 1.27E-04 1.00E-16 5 21
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Teflon 20 127€-04 1.00E-16 7 30
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03 0244 230 4.00E-05 -1 2698 2699
0350 0455 140 5.00E-06 -1 1201 1600
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SCATHAMullen2 S.00E+05 | 00 | 1Le60ETDE | 25600 | 1.10E+HD: | 400 (1.70E+0G | 24700
ECES-E-ST-10-04C | 2.00E+05 | 400 | 1.20E+06 | 27500 (6.00E+05 | 200 |1.30E+06 | 28000
(RCATHA 1978)
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Table4 HFgMDY I 2 L —¥ g vfak BVl
Distribution Type |Environment Name |Max Chg |Min Chg |Frame(BEK) | Max—Min |Max—Frame | Min—Frame
AT HA-Mulle i -17933| -a30128]  -ze®ss| 12196 9062 ~3134
SCATHA-Muller2 —14254] —24163|  —21436] 9909 7182 2727
Double Maxwellen |roos-g-sT7-10-040 | -8810| _-15194] _ -13005] 6384 4195 2189
MIL-STD~1809 -a732] 8783 -7001 4051 2269 ~1782]
NASA Worst-Case —9521] -15594] 14961 6073 5440 633
: ATS-6 —57503] 67265 _ -66188] 09762 8685 1077
e TV R -19904] -34991] __ -31780] 15087 11876 ~3211
[Galaxy 15 —11326] 12468 —12301 1142 975 ~167
20000 V] %EE'EE
15000
10000 ) = B Max-Min
5000 "" fm =
: Il NS 0 Max-Frame
n . LS5 ] - m-- 167 o
5000 Q& %"q - ﬂlﬂd 2189 .\Qg, uut J-l-‘" ‘;5_\ # .;: B Min-Frame
*:Q} A - p.” : %\" A
=" " o [} oF .y oF
S & F & &
& & ' =5
Figure.8 HI2OMHMEE
Table.5 HEBDY I 21— a V4ER B fir:[V]
Distribution Type |Environment Name |Max Chg [Min Chg |Frame(BK) |Max—Min |Max-Frame |Min-Frame |
SCAT HA-Mullent -15434|  -30401 -20426] 14967 4992 -9975
 [SCATHA-Mullen2 T12259]  -24429]  -16262] 12170 4003 8167
Doubls Maxwelllan (o cs—e-57-10-01C 1330 -5878 24| __ 7208 1354 5854
MIL-STD-1809 -4343]  -8891 —6004] 4548 1751 2797
INASA Worst-Case -6480] -13738 -7544] 7258 1064 -6194
" . |ATS-6 -23375| -45647 -26182 22272 2807 -1 9465
Single Maxwellan [ Nk —14865] -30120] __ -17032] 15255 2167 13088
[Galaxy 15 ~688] 1958 1050 __ 1270 362 ~908
25000 [V
2000M)
h2b6
15000 12170 = i
10000 7208 . 258 Bl Max-Min
454
5000 W 354 1751 061 167 12705, B8 Max-Frame
0l . =] 2] . =5 . = - -_.
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v o e .@9 il o QGJ *'ct‘ =
10000 > e ] &7 6 & &
-15000 * Coni g o & 4 o
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‘/i;V~~‘/a VRERE S & ICRE

7T A BREDNANAT T 21T o 72, 723,
3T DIEMEE LD T T, MEIZL > TY
— A NIRDEBZZOND DT EEFRE

AL & M 2R ENM D% (Max Chg —
Frame) OEHEETETHH DT, Z DTk
BIEZ FE T2 _MEA AT T LT,
Figure.10 IZZ DOfE R A ~d, HETIE
Single-Maxweillian ® LAN-KIT 75, H /&
T X Double-Maxwellian @& SCATHA-
Mullenl 23 ZIENY — A FNREE & 725
7. BT LA T DIRENENZEN 2 By
THE &IN5 Double-Maxwellian M 578 1
%439 > Single-Maxweillian £ 9 B3
(WS THDLEEAERTH L, HER,
HE L 42 SCATHA-Mullenl 7237 — A h
IREREE L IR DR AR,

4.5 il RLHR
Va2 lb—a rEBTIMLED D, R
ZH L L THEINL TS NASCAP-2k,
MUSCAT ¥ X SPIS @ Round-Robin
Simulation DfER%Z F LD -RKEZHE D,

Nighttime
Environment Name  Rank Distribution Type
LANL-KIT 1 Single-Maxwellian
SCATHA-Mullen1 2 Double-Maxwellian
ATS-6 3 Single-Maxwellian
SCATHA-Mullen2 4 Double-Maxwellian

NASA Worst-Case 5 Single-Maxwellian

ECSS-E-ST-10-04C 6 Double-Maxwellian

MIL-STD-1809 7 Double-Maxwellian

Galaxy 15 8 Single-Maxwellian

Environment Name

209

NASCAP-2k D& R% Table.6 ([Z/RT,
EAL & EAEIREAM O (Max
Chg—Frame) DOAEHEEI LRI E 5T
D—ZANMNIhbHEEXDE, BT
Double-Maxwellian @ SCATHA-Mullen1
73, HF2TlX Single-Maxweillian @ NASA
Worst-Case 2Tl ERERE L o> T
W5, L72>L., Double-Maxwellian O 7x(Z
HERHITX, HEE, B E 12 SCATHA-
Mullenl 2 FeBfEE LR ERE L 72> TV
Do Fio, kR EN & fARZK B D
7% (Max Chg—Min Chg) D IFElEET /3
BIZLSoTU—ANMIRDEZEXDEH
fz, BHRE HIC ATS-6 2 TelfEdE T i KER
HEhoTWWah,

MUSCAT DO#ER % Table.7 (2737,
2% [ BB & T BRAR RN O 2 (Max Chg
—Frame) OTEHEEESFHEICE >TY —
A NI DEZEZDE, AR, BRREBIZ
Double-Maxwellian @ SCATHA-Mullen1
MTEHEEE R R L 72> T D,

SPIS DOfER% Table.8 [Z/RT, fximaR

BAL L EMAREMDOZE (Max Chg—
Frame) DOTEPEELPIHEIZE > TT—R

Daytime

Rank Distribution Type

SCATHA-Mulleni 1 Double-Maxwellian
SCATHA-Mullen2 2 Double-Maxwellian
ATS-6 3 Single-Maxwellian
LANL-KIT 4 Single-Maxwellian
MIL-STD-1809 5 Double-Maxwellian
ECSS-E-ST-10-04C 6 Double-Maxwellian

NASA

Galaxy 15 8

Worst-Case 7 Single-Maxwellian

Single-Maxwellian

Figure 10 e EEI- & 2FE T T X v RISlE(

This document is provided by JAXA.



210 FHIML 22T TEBR TR AR JAXA-SP-15-012

MZZen &&E x5 L, HEET Double
Maxwellian ® ECSS-E-ST-10-04C 75, H
HE Tl Single-Maxweillian @ LANL-KIT
AEHERE R RBREE & 72> T\ D,

4.6 £&O
AR TIIEEHE DN BRI —FE T
137208 @ D Round-Robin Simulation (2
Wb Twvd AFRL £ 5 VICBLI7Z IR

OFfERI €T /v (SPIS E5 V) Tk
WERE TS A BEDY I 2l — g
VEITol, YIal—a VRERNDTE
MESEEZ R M L, # kg R 7T A~ B

Table.6 NASCAP-2k @ Round-Robin Simulation*[1] Z{-[V]
<{BBE> Max Chg [Min Chg |Frame Max=Min__|Max—Frame |Min—Frame
SCAT HA=Mulle n -6752| -11980| -10850 5228 4198 =1030
SCAT HA=Mulle n? -6010| =-11160 -9736 5150 3726 -1424
ECSS-E-ST-10-04C -6050] -11430 -3521 5380 3471 =180
MIL=STD-1809 =-3393 5312 =55089 2919 2116 =803
MNASA Worst-Case -5687| -13230 -5153 7543 3466 =4077
ATS-6 =9733| -18310] -13220 8577 3487 =5090
Galaxy1 5 -17410] -17820]| -17590 M0 180 =230
{HE> Max Chg |Min Chg |Frame Max—Min__|Max—Frame |Min—Frame
SCATHA-Mulle ni -5236] -11870 —5468 6634 3232 -3402
SCATHA-Mullen? 4077 -10940 —6573 6863 2496 —4367
ECSS-E-ST-10-04C -3512| -10870 -5640 7358 2128 —5230|
MIL-STD-1809 -1407 —5728 —2267 4321 860 —3461
NASA Worst-Case -1518 -D286 -2415 7768 8§97 -6871
ATS5-6 =3617] -13%10 —5779 10293 2162 =H1 51
Galaxyl 5 9.56 —802 2.751 81156 6.808| -804.751

Table.7 MUSCAT @ Round-Robin Simulation*[1]  Efir:[V]
<HFE> Max Chg |Min Chg |Frame Max—Min |Max—Frame |Min—Frame

SCATHA=Mulle nl =102000{ =107000| -105000 5000 3000 =2000
SCATHA=Mullen2 -107000( -112000| —110000 5000 3000 =2000
ECSS-E-ST-10-04C =67100| -70000| -68600 2500 1500 =1400
INAS A Worst-Case -42900| -43700] -43300 800 400 —400
ATS-6 -6§3200| -63800| -63500 600 300 =300
LANL=KIT =71800] -=72900] -=72300 1100 500 =600
<HEE> Max Chg |Min Chg _|Frame Max—Min__|Max—Frame |Min-Frame
SCAT HA=Mullenl -350| -41500] -16100 41150 15750] -25400
SCATHA-Mullen2 =60| -34000] -10300 33940 10240] =-23700
BCSS-E-ST-10-04C -160] -28800 =7450 28640 7290] -213%50
MAS A Worst-Case =40| -14600 =1820 14560 1780] =12780
ATS-6 =70| -=19400 —3400 19330 3330] -16000
LANL=-KIT -290| -38800] -15000 38510 14710] -23800
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Table.8 SPIS @ Round-Robin Simulation*[1] &fr:[V]

<g> Max ChglFrame)|Min Chg__[Max—Min
SCAT HA-Mullent -25935| -26800.1 8651
SCATHA-Mullen? —24943|  -26396 1453
ECSS-E-ST-10-04C -24581 7| —264394| 18577
NASA Worst—Case -142665| 146708 404 4
ATS—6 -20401 7| —218245| 14228
LANL=KIT -32521 1] —340812| 157041
{HE> Max Chg  |Min Chgl Frame )|Max—Min
SCATHA-Mullent -1 45567 -178122] 32555
SCATHA-Mullen? -12057 2 -142657| 22085
ECSS-E-ST-10-04C | 104165 -118734] 14569
NASA Worst-Case | —2294 53 -2766| 47147
ATS—6 -575013 -6557.49] 80736
LANL—KIT -1 5694 1 -200854| 43813

BEONWEMAT T 21T 572 & Z A, Double BE IR

Maxwellian TiX Hfz, HR & b (1 [1]Kazuhiro Toyoda and Dale

SCATHA-Mullen1 7287V —XZ K C, Single
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X ATS-6 3T —A b W HFEREHT-,
Round-Robin Simulation T (X Double
Maxwellian |Z H [z, H & £ 12 SCATHA-
Mullenl 2MFIET — A F THH LD TH
DY 2 b— g URERS R E 72
-7z, Single Maxwellian (22T,
NASCAP-2k (24X 2 LANL-KIT DX =
L—3 g URERMDBE RSN TWARNWAR,
ATS-6 X° LANL-KIT 28U — X ks L 72 545
BN ERN ol

SH%DOTE

SPIS T AFRL &5 V&5 &8, &k
BB T A EBED Y I 2L — g
> %17V, Round-Robin Simulation % 5&
REED LT, HEREHEORESZ
A~ BRSO E B OERICEBR L 720,

C.Ferguson,

Round-Robin Simulation

for GEO Worst-Case Environment for

Spacecr-aft Charging | ,

Spacecraft

Charging Technologies Conference 2014
- 171 Paper

(215t AL 22 T2 PR R,

RHEEYE], 2014,

http://sma.jaxa.jp/TechDoc/Docs/JAXA-

JERG-2-211A.pdf

[3] SPIS 5.1 User Manual

[4]Feng Weiquan and LIU Yenan,

[Simulation for Worst Case Spacecraft

Charging Environment |, ([“FH#H &
BN FAR U 2B 2 EBREE L) EHER Y
—7 va vy TREELER), 2014
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Study on discharge characteristics of the ESD protection material
and the effect of protection element

REEZA L Bz, Bl —

Takayoshi Ohtsu', Hideyuki Doyama, and Kouichi Sagisaka®

HE TSR M AR L, (BR) Ak 7 2
National Institute of Technology?!, Yuka Denshi Co., Litd 3
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[4 3.1 CF1

(C1:5.00V/div, €2:2.00V/div, €3 500mV/div)

3.2 CNF
(C1:1.00V/div, C2:500mV/div, C3 100mV/div)
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Radiated electromagnetic wave
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Discharge voltage
* Ceramic—1
¥ Ceramic—2

Ceramic—3
ZSUS
OCNT-1
OCNT=2

CNT-3
OCF-1
OCF-2
ACNF-1

CNF-2

g

8

Discharge voltage vl
=)

I
1.E+00

1E+03 1E+06 1E+D9
Surface resistance[ Q]

1E+12

X 4.4 MEOFREEPLE HEEBEOREK L
T DR O i

4.4 XV, CFOXRmEHUEL 1E+8 D& D
(CF-2) DMR#EE T L RIEREDOHREND D &
EZbNb, o, HEEET I v 7 AR,
CNF OFHEHHUED 1E+5 D > (CNF-1) R0
EME T I w7 A (Ceramic—1. Ceramic-2) .
CF OFEEHUELS 1E+5 DB D (CF-1) D%hH
IIRER T LD RN NS N ERbIN5E,
S BT, ONT | IPRFEHR T 1. 5~3 (FDORR1B B
LT EMbnb,

TR XY MEORNE L LRERE DR R
RS SHE L2 ENHRTE, 20 L5 IR
FTFOME LT D 2 LT, FrERERM
BEONRIT, RER T2 LML LRI
kDL hhoTz,

5. &
FFE XU B Z RIS T, PRaEHR T ORI
ZATVIRD Z & 38 %73 Lipolz,
() [ CREEEZFOME TS, MEE -
B, B ERIIRR D 2 ERbirolz,
Frlo, BEMARY B —ARx— MIEOEE
W7 47— LT =R FT ) Fa—7
AW b O, HEEE, MEERL /)

S, FEo, EEEEBES, EH0E b
INS VY, FTo, S ERBBIRE b/ ST
Lo,

Q) REZETOE L DOLLEZITV, B
WML O EEL L, RER T2 LT
HEHMEA KD X 9 1cle o7, R, CF
DOFHEHBHUE Y 1E+8 Db D (CF-2) M%
HETFLRISHREONEN DD Z LD
Mol

BN

1) H.Tian and J.K.Lee: IEEE Trans. Magn.,
Vol.31, No.5, 2624, 1995.

3) Takayoshi Ohtsu, Hitoshi Yoshida and
Noriaki Hatanaka: EOS/ESD Sympo-
sium Proceedings, EOS-23, 173, 2001.

4) Takehiko Hamaguchi, Takayuki Ichihara
and Takayoshi Ohtsu: EOS/ESD Sympo-
sium Proceedings, EOS-24, 119, 2002.

5) A. Wallash and M. Honda: EOS/ESD
Proceedings, EOS-19,pp.382-385.1997.

6) M. Honda and Y. Nakamura: EOS/ESD
Proceedings, EOS-9, pp.96-103. 1987.

7) Takayoshi Ohtsu,”Study on ESD/EMI
Phenomena for Magnetic Reproducing
Head”, IEEJ Trans.FM, Vol.130 , Nob,
473-478 (2010)

8) Takayoshi Ohtsu,”Study on ESD Pheno-
mena of Magnetic Head by 1ns Pulse
ESD”, APEMC, Beijing, China (2010)

9) C. Duvvury, “Paradigm Shift in ESD
Qualification”Reliability Physics Sympo-
sium, Phoenix, AZ,27April - 1 May 2008.

10) White Paper 3: System Level ESD. Part
I: Common Misconceptions and Recom-
mended Basic Approaches, Industry
Council on ESD Target Levels,Dec 2010.

A
AT D — HB IR 8 R T B2
% —(STARC) & D LRI TH %,

This document is provided by JAXA.



12l [FH R LR A R e 219

Measurement of ESD threshold voltage of coverglass (CMG100AR)

Nguyen Duc Minh, Arifur R. Khan, Kazuhiro Toyoda, and Mengu Cho.

Abstract — Coverglass (CMG100AR) is widely
used to protect the solar cell from harsh space
environment. Due to surface charging, it acts
as a platform where electrostatic discharge
(ESD) can occur. In order to know the ESD
threshold, coverglass is exposed to electron
beam, measured the temporal surface
potential rise until the discharge. ESD
current waveform and discharge images are
also recorded. ESD threshold voltage is
statistically measured by Weibull distribution.

Index Terms — Solar cell coverglass, current
density, vacuum chamber, space environment,
surface potential distribution, electron beam,
Atomic Oxygen.

I. INTRODUCTION

The surface damage and performance
degradation of high voltage solar arrays caused
by arcing or electrostatic discharge (ESD) has
been studied widely [1],[2],[3],[4]. This arcing
occurs at the triple junction when coated solar
cells of various power ratings are exposed to
elements of the space environment, such as: high
energy vacuum UV radiation, Atomic Oxygen
(AO), plasma, temperature extremes, etc. This
ESD is the result from potential differences
between the surface of a spacecraft and solar cell.
Sometimes, ESD at high threshold voltage can
damage the solar cell’s efficiency and can even
cause cell-to-cell short-circuit through the string
gap. This can lead to stop supplying power to the
necessary component and can even cause the
satellite failure [5],[6],[7].[8].

Currently, solar cells are coated with
coverglass to provide protection from the harsh
radiation environment, such as: UV, collisional

impacts from space debris and micrometeoroids,
ionizing radiation, and the presence of Atomic
Oxygen, etc. To improve on performance in light
transmission, the coverglass is coated with an
antireflection agent, such as MgF2 which can
reduce the net sunlight reflected from the solar
cell. However, the performance of the coverglass
may be changed with time as it is continuously
exposed to elements of the space environment,
such as: Atomic Oxygen, UV, electron/proton
ionizing irradiation, etc. To know the effect of
Atomic Oxygen on solar cell coverglass, this
experiment measure the threshold voltage of
ESD on coverglass produced by Qioptiq Ltd. In
this paper, a characterization of ESD threshold
voltage on virgin has been attempted by using
electron beam to expose the coverglass sample
and measure the temporal surface potential rise
until the discharge.

II. EXPERIMENTAL SETUP
1.I. Sample preparation.

Cerium doped CMGI00-AR coverglass
produced by Qioptiq Ltd. has been selected. The
specification of CMG100-AR coverglasses is
listed in Table 1. It is widely used in the most
major satellite programs for both civilian and
military applications.

Table 1. Specification of Sample

Sample CMG100-AR solar cell coverglass
Manufacture Qioptiq Space Technology, UK

Front surface 110 nm thickMgF> coating

Substrate 100 pm thick CMG

Doping Cerium doped

Substrate density ~ 2.554 g/cm®

Min. 83.5%, 350 - 400 nm, 95%, 400 — 450 nm
Transmission 97.0%, 450- 900 nm, 96.5%, 900 — 1800 nm
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This experiment used 4 CMGI100-AR
coverglass samples to measure the threshold
voltage of ESD and the schematic of the sample
configuration is shown in the Figure 1. All
samples were connect with SPEC555 wires by
using dolite (silver glue) on the back side and put
above one acrylic plate. The current density was
also measured by using a 20mm x 20 mm copper
plate which was fixed adjacent to the samples.

Cover Glass . .
sample
Silver glue
SPEC335 0
Copper plate

Figure 1. Schematic of sample arrangement on
substrate. Left: Front view, Right: Top view.

1.II. Vacuum chamber and measurement circuit

Four samples were placed inside the GEO
vacuum chamber directly under the electron
beam irradiation path. A thin Aluminum foil was
attached under the electron beam gun to reduce
the electron beam current density. The
measurement of copper plate to make sure that
the current density of electron beam around 7.5
uA/m? incident on the sample. One vacuum
motor driven shutter was also placed below the
electron gun and Aluminum foil in order to stop
irradiation immediately prior to the surface
potential scan by a non-contact potentiometer
probe (TREK). A camera was set outside the
vacuum chamber and focused on the samples in
order to take the discharge image run by a Quick
Look LabVIEW program. By using the base
image and discharge image were taken by this
camera, the location of the discharge can be
known. To measure the current due to discharge

on each sample, current probes from Cp-2 to Cp-
5 (shown in Fig.2) were installed outside the
chamber and Cp-1 was used to measure the
blow-off current pass to the external capacitor
with a capacitance of 300pF. During the
experiment the samples was biased to -4kV by a
high voltage DC source. A high voltage probe
(attenuation, 1000:1) was used to monitor the
voltage drop of the samples due to discharge. All
the current probe signals and high voltage probe
signal were fed to a 8-channel Oscilloscope. The
pressure inside the chamber was set up around 3
x 10 Pa and electron beam energy was fixed
approximately 5keV. All data of current probes
and high voltage probe was recorded by a
LabVIEW program. Schematic arrangement of
the samples placed in the vacuum chamber with
electrical circuitry is shown in Figure2. 2D
surface potential distributions before and
immediately after the ESD were measured by a
non-contact potentiometer (TREK) controlled
by a LabVIEW program. From the beginning,
time was recorded.

Figure 2. Schematic of samples placed on the
vacuum chamber and related circuit is shown.

III. EXPERIMENTAL RESULTS

Surface potential of the sample was measured
by a non-contact voltammeter before and after
using electron beam to irradiate the sample.
Figure 3 shows the 2D surface potential
distribution after the sample has been biased

This document is provided by JAXA.
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(left) and charged by electron beam irradiation
(right). In Figure 3, the left picture shows the
potential distribution after the sample has been
biased by a -4kV, whereas the right picture
shows the increase of surface potential after 60
seconds electron beam irradiation. Figure 4 also
shows the surface potential before and after the
discharge occur. All samples have been
highlighted by a black square outline in Figure 3,
4.

.- ik e

Figure 3. 2D surface potential distribution after

biasing to -4kV and before the electron beam
exposure (left). The right side shows the
potential distribution after 60 seconds using
electron beam irradiation.

Figure 4. 2D surface potential distribution
before and after discharge occur. Left: Before
discharge, Right: After discharge.

Current from Cp-1 acted as a trigger to the
camera to take the discharge image on the
sample. In Figure 5, the left figure illustrates the
base picture of all samples inside vacuum
chamber and the right panel shows the locations
of ESD which is taken by camera triggered by
discharge.

When a discharge on any sample occurred, the
surface potential of the sample was reduced to
nearly biased voltage and current passing
through four SPECS555 wires to the external

Figure 5. Base picture and ESD picture taken by
camera.

capacitor would be measured by four current
probes (Cp-2 to Cp-5). In figure 6, the left image
shows the current waveforms of fours probes
(Cp-2 to Cp-5) recorded simultaneously. The
highest waveform (blue line) indicates the ESD
occurred on the sample 1. The right panel shows
the ESD image captured by the camera.
Similarly, when a discharge occurred on the
sample 4 (black line), the discharge current
waveform and voltage waveform (from high
voltage probe) were detected and recorded,
shown in Figure 7.

.
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Current [4]
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Time[us]

Figure 6. Discharge current waveforms (left)
due to discharge on the thermal exposed sample.
Corresponding ESD image captured by camera,
inside red circle, is also shown (Right).

Many discharges were detected on samples
while the biased sample surface was exposed to
the electron beam. Under electron beam
exposure, the surface potential would rise
exponentially. As the threshold voltage was
approached and exceeded, a discharge would
occur. Immediately following discharge, the
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Figure 7. Discharge current waveforms and

voltage waveform due to discharge on the

thermal exposed sample. Corresponding ESD

image captured by camera, inside red circle, is

also shown.

surface potential was measured by a non-contact
voltammeter. However, it was very difficult to
measure the threshold voltage just before the
discharge occurred. So that, a large number of
pre-discharge surface potential measurements
were recorded on samples and a charging profile
in the time domain was determined and fitted
exponentially by taking the negative value of
surface potential. Figure 8 shows the charging
profile of discharge sample (blue dots) and the
exponential fit to the data (red line). Once the

g

3

5

3400 L

:

Negative Surface Polential (V)

g

§

0 100 200 300 400 500 582
Time (5)

Figure 8. Charging profile coverglass while -
4kV biased sample was exposed to electron beam.
Blue circles are the surface potential measured
by TREK before the discharge occurred. Red line
is the exponential fitted curve. Fitting
parameters are shown on the table.

charging profile was determined, the surface
potential just before discharge occurred could be
determined (inside red circle in Figure 8) based
on the recorded time and threshold voltage could
be calculated.

On all the samples, a total of 35 ESD were
recorded. Measured ESD threshold voltages on
the virgin samples are shown in Figure 9. The
minimum threshold voltages found for the virgin
coverglass samples were 612V. In order to find
the threshold value statistically, both Normal
distribution and Weibull distribution methods
were applied. Figure 10 shows curves for the
Weibull and Normal cumulative distribution
function. From these curves, ESD threshold
voltage is determined at the point where the
distribution function equals 0.5. These results are
shown in Table 2.
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Figure 9. Threshold voltage of ESD on virgin
samples while under electron beam irradiation.
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Figure 10. Cumulative Weibull (left) and Normal
(right) distribution of the threshold voltage of
ESD measured on virgin samples.
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Table 2. Threshold voltage of ESD on the virgin
samples measured by Weibull and Normal
distribution.

Distribution ESD threshold at 50 %
Virgin sample
Weibull 1.005 kV
Normal 1.003 kV

IV. CONCLUSION AND FUTURE TASKS

CMGI100-AR coverglass, which produced by
Qioptiq Ltd, have been irradiated under electron
beam inside a ground vacuum chamber to
measure the threshold voltage of electrostatic
discharge (ESD) after were biased to negative
voltage. A lot of number of ESD on virgin
samples occurred and were observed. ESD
current waveforms and images also were
recorded simultaneously. Around 35 ESD data
were obtained on the virgin samples and both
Normal and Weibull distribution functions were
used to measure the ESD threshold voltage. It
has been found that the ESD threshold voltage of
virgin sample is around 1kV. In future work,
more virgin and Atomic Oxygen exposed
samples will be considered to investigate the
ESD threshold.
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Space Charge Accumulation Characteristics in Electron Beam Irradiated Fluorine-based Insulating Material
Takahiro Nagase*, Shugo Yoshida, Hiroaki Miyake, Yasuhiro Tanaka (Tokyo City University)

By irradiating an electron beam to the insulating materials, it is thought that electron-hole pairs are generated inside the sample. However,
there is no reported cases about this problem. Therefore, by using a blocking layer to block the charge injection from the outside, an inside

of an irradiated sample electron-hole pairs was investigated whether it is produced in the DC stress.
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Control and calibration of the 6-DOF accelerometer for neutral atmospheric density measurement

Yuichiro Osato (Tokyo city university), Akito Araya (The university of Tokyo), Nana Higashio (JAXA),

and Rikio Watanabe (Tokyo city university)

Key Words: Neutral atmospheric density, Accelerometer, 6-DOF control, Calibration

Abstract

To estimate neutral atmospheric density in the super low earth orbit by measuring drag of a spacecraft, a highly sensitive

and wide-range accelerometer is required. Thus a new type of the accelerometer which consists of 6 sets of contactless

optical displacement sensors and magnetic actuators is proposed. The breadboard model of the accelerometer achieved 6-

DOF control with detectable acceleration of 1.0x102m/s?> and the measurement accuracy improved by the proposed

calibration method for the magnetic actuators.
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Abstract
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# 1 HITHHI vy a v

i 5 3 el
ETS-VI 8000-38000 km 1994.9-1995.1
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3. SEDA-AP zenith incident particle
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Current Status and Prospects of the ELMOS Small Satellite Constellation
Tetsuya Kodama, Haruhisa Matsumoto (JAXA), Koh-Ichiro Oyama (Kyushu University)
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Abstract
The outline of ELMOS Small Satellite Constellation and current status are presented. The ELMOS preparatory mission is

a small satellite around 100kg and its mission objectives is low altitude space environment monitoring. The ELMOS

preparatory mission has started at Research & Development Directorate of JAXA in 2015 towards operational small

satellite constellation of the future.
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Abstract
It is a grand opportunity to recover new small space probe Shinen2, developed by Kyushu Institute of Technology KIT, in
partnership with the different companies and institutions of Engineering in Kagoshima University (Japan), NASA
Johnson Space Center, and was launched by the rocket H-IIA of Japan Aerospace Exploration Agency (JAXA), in the
December 3, 2014 in Tanegashima. The requested task of this small probe is to reach or demonstrate a communication
system based on different methods using Weak Signal & Joe Taylor (WSJT) technique in deep space between the ground
station and the space vehicle. The most important is to use small payload as sensor PPD Radiation Particles Pixels
Detectors explored for our project in KIT, developed by NASA and Prairie View A&M University. Planned for the future
to deep-space rights investigations, in excess of the protection of the magnetic field lines of the earth, we need to measure
and evaluate the radiation particles flow changes. The aim is to evaluate or demonstrate different techniques as used a
CMOS device as small payload for the Shinen2 mission. This device CMOS (Complementary Metal Oxide
Semiconductor) with different electronics part inside. In fact, to do some simulations or tests of the sensor that used some
radiation sources for testing and showing prototype of PPD radiation particles pixels detector, such as average or

histogram distribution determined using Software Radio SDR and Matlab.

1. Introduction the Japan Aerospace Exploration Agency (JAXA). The

Besides conventional passive detectors, the deployment
of active real-time data acquisition and position-sensitive
radiation detectors on board spacecraft would be highly
advantageous for space radiation detection and spacecraft
radiation monitoring.

In order to provide a precise detection of the varied
radiation field in space with track visualization, we have
constructed packed sensor and each pixel integrates
electronics which enables counting of the number of
particles generate the number of hits using the radiation
level measurement instrument developed by NASA
View A&M

University’s Research. The Radiation Particle Pixel

Johnson Space Center and Prairie
Detector for deep space exploration (PPD) system
recently launched aboard the Shinen2 spacecraft as part of

the Hayabusa2 Asteroid Explorer mission spearheaded by

results of the PPD mission could have lasting implications
for the future of space exploration that use an expanded
CMOS detector to measure to measure the energy
generated by radiation particles pixel with particles
capability based on the hybrid semiconductor particles
pixel detector inside the instrument.

The reminder of this paper is organized as follows,
section 2 is overview of the satellite Shinen2 and their
missions. Other section, including description of (EM) for
the adapted payload sensor for the small probe deep space
Shinen2, summarizes payload orientation with different
shapes and simulations. Finally, conclude the results
obtained by achievement data of the sensor after
launching.

2. Shinen2 Probe & main missions
Shinen2 is a first small probe deep space that was

developed by the Kyushu Institute of Technology and
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Kagoshima University. Our small probe was launched on
December 3, 2014 together with JAXA's Hayabusa2 by
an H-IIA rocket in Tanegashima. It designed as structure
17,8 kg satellite with dimension 490x490x475 mm
assembled by students of KIT Kyushu Institute of
Technology 50cm class of small spacecraft for the
purpose to demonstrate a deep space communication
technology and establishment of ultra-lightweight satellite

structure showing in Fig 1.
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sensors (S1,S2) for the measurement of cosmic type
radiation of deep space. Several prototype instruments
were designed and was invented at NASA-JSC respecting
some requirement, to verify the operational capability of
the developed units, we use some radiations source such
Co-60 for testing the payload with low energy radiation.
Hence, we describe the connecting equipment’s for the

sensor and plot the histogram distribution of number of

hits generate by sensors as shown in Fig 2.

Fig 1 Shinen2 space probe

This probe’s main missions are:

One of the missions of Shinen2 is to establish a mutual
communication technology between the earth and a space
probe in the lunar orbit (approximately 380,000km). This
will be used for a realization of a technique to send a
lunar exploration on moon orbit?. Also, it will be used for
a moon mission realization such as moon sample return
technologies.

To set a communication technology between the earth
and a space probe in the deep space approximately
3,000,000km, the communication system has been using
by many amateur radio stations was equipped in Shinen2
and may try mutual communications®. Amateur radio
stations of the world can perform a detection experiment
of a telemetry data and a morse code from Shinen2 which
is flying the deep space ®.

To establish a development technology of the probe
structure using a carbon-fiber reinforced thermoplastics
(CFRTP). Once we use this technique CFRTP, can join
composite materials like the welding of metal materials to
reduce number of metal fasteners use such as bolts and
rivets dramatically by using this CFRTP and able to
realize a light weighting of a space vehicle and a large
improvement of the structure reliability. Shinen2 projects
adopted CFRTP in space vehicle structure for the first
time in the world by using the PEEK resin.

3. Sensor Testing Procedure
This section present the CMOS detector contains two

Fig2 Position of S1 and S2 in PPD detector

Before connecting the cable to power supply, we
should make sure that the Voltage is 5V and max current
is set to 500mA, connect cables to RS422 USB converter,
and to the power supply. Next step is turn on power
supply. Voltmeter should read 5V and current meter
would read about 0.279 A without RS422 converter, the
value of current should be about 0.240 Amp (240mA)

shows in Fig 3.

Fig3 Connecting the Sensor to power supply and
RS422 converter

We use the software Matlab to call our function
(sensorl-lowflux-energyl) that contains the code for
plotting the radiation hits of each sensor by using the
sources radiation that identified before. When we connect
the USB cable to the laptop. Yellow LED will be lit on the
RS422 converter indicating is connected and ready to use
for communication. After running the program we should

enter the number of frame generated (example: 90000).
Now program will start collecting date and a window

will display number of frame and number of counts that
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means the green LED blinking very fast indicating data
exchange. We do the same procedure for the second
sensor by calling the second function in Matlab
(sensor2-lowflux-energy?2). Finally, the windows displays
the number of hits of each sensor means that our sensor
worked well, ready for orientation and implanting in EM
model of Shinen2.
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Fig4 Co-60 frame data of space radiation payload
The preliminary result can display the histogram

distribution of each sensor showing in Fig 5 and Fig 6.
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Fig 6  S2 radiation hits histogram

4. Payload Orientation in Shinen2

Based on such requirements, a radiation particle pixel
detector PPD was designed and developed during past
few months by NASA Johnson Center for the probe
Shinen2 with low weight about 800 grams, operating
capability for low power near to 1 Watt suitable for a
period 2 to 5 years, tolerance in deep space environment

and ability to generate data for low bit rate transmission
in kilobyte"?.

Fig 7 Particle pixel detector for Shinen2

In this section, our team in Kyushu Institute of
Technology and Prem-Saganti and Doug Holland from
Prairie View and A&M University with NASA-JSC, we
try to find a good way for implementing the payload
orientation before launching that means to fix the position
of the two sensors S1 and S2 of the PPD sensor and witch
direction in the internal structure of Shinen2. Therefore,”
to recommend two cases, suggestion orientation and
current orientation. Once the different iterations tested,
the results obtained in previous section shows some
shapes how to familiarize the payload Shinen2 that
provide a pre-eminent way for detecting the radiation
level measurements in deep space showing in Fig 8 and
Fig 9.

Fig9 Current orientation of sensor

5. Data frame & Results
In this section, we define the type of frame data
Shinen2 from SCU (System Control Unit) to CCU

This document is provided by JAXA.
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(Communication Control Unit) data format that contains
some packet with different bits or bytes in total 16 bytes.

- Control code 6Bytes with variable length
- Data (CCU command)

- Data length (the length of the data source)
- Data 8Bytes

- Exit code 2Bytes

From these frame, we can define the telemetry frame
data of our sensor PPD, to know each sensor how much
has number of byte before collecting all data from the
signal wave saved in the software HDSDR, we can define
this frame as shown in Fig 10.

8 bits 8 bits 8 bits

Sensor 1 Data Sensor 2 Data

Frame Syne

Fig 10 Telemetry frame form

- 24 Bit Frame including 8 Bit Frame Sync

- Data sent LSB first

- 00000000 Sensor data for fill frames

- Byte 2: Frame Sync — 10101100 (0xAC)

- Byte 1: Sensor 1 pixel value (0x00 to 0xFF)

- Byte 0: Sensor 2 pixel value (0x00 to 0xFF)

After launching our probe Shinen2, we intend to work

in the ground station to receive all data and save the
sound signals in the HDSDR software as text files, that
several data from the sensor should decrypted (acquisition
data) after design all frame data of the system
communication design and analyzing. Hence, we can plot
the histogram distribution of space radiation payload in
actual context means with real data received from the
probe after one week of launching, define the
measurement level radiation from Shinen2 probe shows
in Fig 11 and Fig 12.
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Fig 12 Radiation Intensity

6. Conclusion

This report presented a model of payload sensor for
first small deep space probe in Kyushu Institute of
Technology developed by the NASA-JSC with high
performance to detect the measurement of cosmic
radiation of deep space and demonstration of new deep
space communication system using the amateur radio
band. Future work will include new devices or units such
the PPD detector used before but with high performance,
different requirements and it can be used for long life
cycle and with new design communication system using
different transceiver (TX, RX) and transponder with wide
band width for the new project including the attitude orbit
determination system and receiving data from payload
sensor that connect with relay satellite for long period of
communication.
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Abstract: Currently, we are finalising development of a new satellite “HORYU-4" (30cm cuboid,
around 10kg) to be launched in early 2016 as a piggy bag satellite of H-IIA rocket. This is the
succession spacecraft to HORYU-2, and the main mission of these satellites is demonstration of high
voltage solar array technologies in real space environments. The key concept of HORYU-4 is
performing same testing as on ground, but with real space environments. In fact, this spacecraft
carries standard laboratory equipment such as an oscilloscope and video cameras. These flight data
will not only be used for confirmation of the new high voltage technology to evaluate and improve
present ground testing methods. In addition, such challenges have not yet been succeeded in orbit, and
therefore it might discover new arcing phenomena.

1. Introduction

Electrostatic discharges on spacecraft have been known as a harmful incident, which leads to
reductions in the spacecraft lifetime . Higher array voltage increases susceptibility to such arcs, and
200V is the upper limit at this moment '. However, such voltage has become inadequate for recent
high performance space products/missions require multi-kilo-watts. To tackle this dilemma, many
investigations have been conducted such as physical experiments (i.e. ground testing) and computer
simulations. In addition, in-orbit solar array charge/discharge experiments have been performed since
1970s to validate new solar array technologies and these ground testing methods in real space
environments.

HORYU-2 (low Earth orbiting nano-satellite launched in 2012) is one of these solar array technology
experimental satellites. It carries 300V (high voltage with low current cells stacked in series) solar
array as a DC bias source and in-house developed high voltage proofed sample solar arrays °. These
high voltage proofed solar arrays had perfectly demonstrated its performance in primary arc
mitigation during ground testis, but several arcs have been detected on one of these arrays in-orbit.
Unfortunately, data provided by the sensor on-board HORYU-2 (i.e. just occurrence of discharge) are
insufficient for further analysis.

Therefore, we repeat the same in-orbit experiment with more measurement instruments on HORYU-4.
HORYU-3 (3U cube-sat) was the sister satellite of HORYU-4 7, and both project started at similar
time, but it was indefinitely postponed in order to focus on HORYU-4 development. Nanosatellites
are ideal for such risky missions, in addition it allows rapid repeat cycle for example HORYU-2 to
HORYU-4.

This paper presents an overview of this satellite and the main missions.
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2. Overview of the Spacecraft

Currently, the HORYU-4 development is in the final phased to deliver and will be launched in 2016
first quarter. Figure 1 shows the satellite exterior of the Structure-Thermal Model (STM) in early
development phase to the Final Flight Model (FM). The size of spacecraft is 33x33x33 cm, and its
mass is around 10.3kg. It will be launched by H-IIA 30" flight as a piggyback satellite of the ASTRO-
H, and the expected orbit and its inclination are 580km and 31 degrees, respectively. The missions of
this spacecraft are as follows:

e Comparison of ground testing results with in-orbit (new mission)®

e Imaging arc flash lights to support measurement data (new mission) *

e Technology demonstration of a high voltage proofed solar array (continue from HORYU-2)°

e Technology demonstration of a direct drive vacuum arc thruster (new mission) '°

e [Long-term measurement of exposed materials degradation (new mission)

e Plasma measurement using double Langmuir probes (new mission)

e Measurement of polyimide films’ photoelectron current (new mission)

e Earth imaging (continue from HORY U-2) with attitude/orbit synchronised shutter (new mission)

e Transmit music from space using VOCALOID™ voice synthesiser on-board (new mission) '

In order to accommodate solar arrays for the experiment -i.e. Normal Triple Junction Array (nTJA),
Filmed Tripped Junction Array (fTJA) and High Voltage Solar Array (HVSA), only half of the +Y
and +Z panels are available for bus solar arrays as shown in Figure 2. Hence, the available power on
this satellite is tighter than typical nanosatellites, and this has become the main design constraint on-
board electronics design.

A5 Hingh olage Solar kerey  n T Comvertorad Nomenal 3ol Aray 30M: Surtsoe (hangeng Morior
DL Ciowbse Largmass Probe FTAA: [TFL Nim-Weapped Solar Aeray BN R idon Camara
WA Wariases A Thrender PLL Pholorieciron Cament Wieawsrmend

Figure 2: HORYU-4 Exterior Configuration (Right: +X+Y+Z panels, Left: -X-Y-Z panels) *
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The main subsystems of the HORYU-4 have been inherited from HORYU-2, including the power
system, the OBC and the VHF/UHF communications. On the other hand, two major learned lessons
from HORYU-2 are applied to the system design of HORYU-4, for instance:

e complete power reset (satellite re-boot) against single event latch up
e complete measurement system (similar equipment to ground testing) for better understanding

Figure 3 is a block diagram shows overview of the satellite. New watchdog micro-processor and L-
band uplink are the upgrade from the previous satellite, and these are dedicated for the satellite reset.
The communication is consisted of two uplinks (i.e. VHF main and L-band back up), and two
downlinks (UHF 1200bps and S-band 100kbps). The new S-band transmitter will mainly be used for
sending captured arc images.

This satellite has two power systems, which are the ordinal power system for satellite operation and
the high voltage power source (High Voltage Solar Array - HVSA) for the experiments. HVSA is in
charge of high voltage generation and its distribution to experimental equipment (i.e. sample solar
arrays, a vacuum arc thruster and a Langmuir probe).

In order to provide equivalent facility to ground, this satellite carries the oscilloscope (On-Board
Oscilloscope - OBO). This instrument will provide complete discharge waveform captured in space
first in the world. In addition, a picture of each arc flash light will also be captured by the Arc Vision
Camera -AVC, and this also will be the world premiere result.

Big-Apple board conducts rest of the scientific missions, which are Photoelectron Current (PEC)
measurement, Double Langmuir Probe (DLP) and Vacuum Arc Thruster (VAT).

Payload
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Figure 3: General Block Diagram of the Satellite

This document is provided by JAXA.

311



312 FHIML 22T TEBR TR AR JAXA-SP-15-012

3. Main Mission Payload

Figure 4 shows circuit diagram of the on-board high voltage experiment system. This experiment
system and the satellite main system are electrically isolated including control and measurement
signals. The HVSA controller board distributes high voltage from HVSA (i.e. 350V) to sample solar
arrays. The generated high voltage also distributed to the DLP and VAT for surface cleaning and
drive, respectively.

The electrical potential of this circuit is sunk toward negative with respect to the spacecraft body as
the generation voltage of the HVSA. When an arc is occurred on one of sample solar arrays, electrons
move from the solar array to the electron collector through plasma. The oscilloscope captures this
discharge current transition. Here, the main objective of this satellite is to compare these current
transitions measured in-orbit and on ground. In addition, the AVC captures the arc flash light
synchronised with the discharge current transition. This configuration is the same as typical ground
test setup. Figure 5 shows the FM version of AVC camera for +Z panel monitoring and an image
taken by this camera during assembly.

- V-l measurement circuit
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Figure 4: High Voltage Experiment System ®

Figure 5: +ZAVC during FM assembly
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6. Conclusions

This mission will be the first measurement of arc current waveforms and flash lights in-orbit.
Therefore, it might discover new arcing phenomena. These results will be compared with ground
testing results to evaluate and improve the present ground testing methods (e.g. ISO-11221), and it
will contribute to the increase to the increasing solar array voltage. We wish HORYU-4 good luck
with its missions in space!
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Abstract

The micro-debris of the size from 100 pm to several mm is expected to cause a spacecraft critical failures and troubles.

However, the collision probability of the micro-debris and its effect on space equipment are hardly predicted due to lack

knowledge regarding the debris distribution and experimental/numerical investigation on material and components. This

paper introduce research activities related on micro-debris for space environmental prevention
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IDEA the Project for In-situ Debris Environmental Awareness
HORBUE, EEEE, OfEmEd (LK)
Masahiro Furumoto , Koki Fujita, Toshiya Hanada (Kyushu Univ.)
Key Words: Small Satellite, Orbital Debris, In-situ Measurement
Abstract
This paper briefly introduces IDEA the project for In-situ Debris Environmental Awareness, aiming a prompt and

Orbital debris,

Therefore, knowledge on submillimeter-size

clear understanding of the current submillimeter-size debris environment in the low Earth orbit region.
even smaller than 1 mm, may cause a fatal damage on a spacecraft.
debris should be incorporated in design of spacecraft. However, the current submillimeter-size debris environment
has not been defined well because measurements are quite limited in terms of orbital regimes and not continuously
available yet. Thus, the IDEA project proposes to deploy a group of micro satellites, which conduct in-situ and near
real-time measurements of submillimeter-size debris, into any orbital regimes to be monitored. This paper also

introduces a simple constraint equation applicable for orbital planes on which debris contribute to the collision flux

that a measurement satellite may experience.

Finally, this paper reveals that two measurement satellites or more are

necessary to properly estimate the orbital parameters of a broken-up object.
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Auto System Control Method for the deep space probe
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Abstract

A small, deep-space probe, Shinen2, was developed under collaboration with the Kyushu Institute of Technology and

Kagoshima University. The Shinen2 was launched by an H2-A rocket as a piggyback space probe with the JAXA’s

asteroid probe, Hayabusa 2, in 2014. The outer shape of the Shinen2 has a quasi-spherical diameter of 50 cm, and a mass

of approximately 18 kg. An example of a deep-space probe to explore beyond the moon beyond has not been developed

by any university, and no private companies exist. This paper describes the methods of the total system control of Shinen2

and compares measurement data and received data for checking the system. Besides, it shows result of radiation testing

for measurement of radiation tolerance.
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Particle Simulations on Electrostatic Plasma Environment near Lunar Vertical Holes
Yohei Miyake (Kobe University) and Masaki N Nishino (Nagoya University)

Abstract
Japanese lunar explorer “Kaguya” has discovered vertical holes on the Moon surface. The diameter and depth of the holes
are both in a range of 50 through 100 m, which produces a higher depth-to-diameter ratio than typical impact craters. The
holes are thus expected to create characteristic plasma and dust environment around it. It is of practical importance to
assess such a distinctive environment, reminding that a future landing mission plans to explore the lunar holes and
caverns associating to the holes. In the present study, we apply our original particle-in-cell simulator EMSES to
assessment of day-side plasma environment around lunar vertical holes. We have a three-dimensional computational
domain including a simplified lunar hole structure and introduce a solar wind plasma downflow to the lunar surface. We
also simulate the photoelectron emission from the lunar surface by taking into account the presence or absence of sunlight

illumination, and its incident angle. We will show simulation results on the properties of lunar surface charging near the

hole and its dependence on changing solar wind plasma conditions.

1. HFRLEH

[ CR) FEICEDMIET A BN XY, A
T RSO 7 AL 23 8 L S LT B D, Lo
A RPIEAL, ES & BT, 50~100 m 2L, @H D
I L— R — | RRE RS EHRE RO,
ZORELTIIFE R T 7 A HERENSERENT
WA ETREND, Z0OL D IHEFLAE G T 25
ZEPERAT 5 UZUME FHEARZIILTN D
PR DERERE~OEELMD ETHHEALARL T Z
A BIOHES A MREZFAiRMMIT 25 2 L I3 E
BThbH, AFETIE. /78R —nNDFT7 X~
WG N IZIR IS < AW B4 TW % Particle-In-Cell
(PIC) v R = bL—ya rHifEic AL, HiEalizH
% AMEFLIEL 7 T A~ BREE O E BRI 21T 9,

2. FEFELETL

AWFFETIX, T 77 A~Bgricinsn T
X 3WITPIC Y 2L —rarFiElC, Amiay
DT T A~EROHMENIT Y o nE2BNL 7
EMSES ¥ a2l —vara— & HANn5S, KFiE
Tk, FHAZEM ETEEONEREL & 155 %4
DT A= ki1 &, 2P CEERICER S
TErEL Y, MAICMEED D LICL-T, 7T
A~ DzEH) & R ORISR 4 B O ) M
XD %S, EMSES ICBWTHIAEIIL, 77 A~hi+%

T 2N & L TR D, E 2 KBRS
DOH AR U T, HiED b ONET U Z2H
BTEX5L5Ch>oTnD, fHHEICIEZHDO~ 7 0
BRI T2 WA, A—R—a L Ea—XD%)
RN FIAB KR, ZOHPOTZ$HIZ EMSES
(ZIXBAI AR BT L =Y X OhHelp? 72338 FH & U
Tnd,

REFRE TIX. Marius O FIZH RSN T SHEFLD
F—AVEBEIL FOPA RAEFERSOmM EE 45m
LED, TOEZELED T, BE LZ 200 mx200 mx1
km OZEMAZFREER LT 5, KGRT 7 X~ BX
OWNEF DT A—=Z|ZHONTIE, FNENEE 5
fec IREE 8.6 eV, TiIE 450 kny/s, Y7 F BT 4.5 pA/m?,
HFE IR 2.2 eV L AEHERY 2 E A2 VT, KGR &
KIGHDO N AR A /RT A—2 L LT, fiffix
1o,

3. YIal—va kR

—WENZ T T A ICERRE DL TV HIRET
X, 77 A~ BN FAREICHIE SN D Z LT X
DENELSL, ZHITHIRBWTHFREETHD
Wb A B O A oA iE, BE TR E D A
WA KD 2o, AT v EBEECHET D
ZEBHBNTWDY, K1 ISKEE CKREEYE) A4St

This document is provided by JAXA.



346 FHIML 22T TEBR TR AR JAXA-SP-15-012

%W%wmwFﬂ’%wéﬂm%%ﬁwt%ﬁ%
u DT, ML LNR K DT, HEFLNFEST
%, ST iof”ﬁﬁﬂk%<ﬁﬁb K& 728
AE7E (40 VERE) AT TWD, Zhid, ARET
IR L7 e A I L 0 . BICHE T D ookt
L. BEEE»SIIEE It S, 8% il
TLETOMAREAETHZ & TAICHET
L5720 THDH, TOBEMAEICEY, HE— HEER
fHTICIIREREBEENAE L TND I ERRE S,
EREEEICBOW IR ETREATHDL V2 D,
T2, TOMOKHE LT, BREMER O
WZBWT, HEFLEE OB ITINBIZ LR TE WD &
R, B — AEERMEICENN DA == 22— b
ﬁﬁ%ﬂé:&ﬁ%ﬁ%héok%mfﬁfv%%
BT DOXA T I ZAOFEMBHTIZ LY . BIEITHEL
R CY NN N %i@ﬂ9 %EIZHR
— AR AR 2568 T ok Big, 12k T
BHCE 2 2 03 Sz, Ll hid, MEfLPEE o
EERBE DR Z E
MEFLERENLRIC BT D HBEERL L 720 5 DA TH
%0, Atki%. MEILOWEBEIZIEET = — 7Y T2
HFZE (BEAL) 2SN TWD 2 & 2 RE LY 2
o b—a VRN A SR L. BRI HELE S 05 S

LOEBRERETHTETHD.

Bfi@mTEICHE

z(m)

A
SYBRY

10 0 \'Q \m 0

‘W’QMQDM\)
X 1 AL ORI BRI

yim 0 45 0 0

4. FLHLEABROBE

[IhSRe) RG> TRASNEZAHILO T T
A2 BERE AP DT 5720 PIC IEIZHESL T
TGRSRV Ialb—arEEmL, HEFLEDA
[ E O R R A2 S 20T Lz, BRMIZIE, OK
B IR O I AF L CA LD RERBEMNZE, @

BRI RB W T, MEFALAMNB L v mWELL, @ H M
— HBEEMBEEC R o b EMA— = 2 — 1

EIIRTHAORRTH Y |

ZRHL, TN A2 7T A~BEOBE B
THZ LIRS LTz, b 0EMESET. Al L
WA SN T NIHEEY RS m—7 7 )
MEHEND DFEXREICHEHERB S NS0

7727ﬂ%@ﬁm@$&6¢\%§ﬁ¥@1%%

BRSO LEERMERTH D,
AH%OBEE LT ARELELOMES A b (1
KIF) OZEH) - SN AZRET b D, BN nm~

um FRED X A NN T T X ik & OEZEIC X
STHEL, AW EZFEL TV Z ETL<Hb
AUTWND D, e FLIER CIRRR I R B A BEAT A I S T AR
SNTWDHTI=D, &XF®\ﬁiHIﬁL®%ﬂk
IERESHRARY F—HOX A MIFEINICL
DIE S AL, mEETBEIT S 2 k%%ﬁéhéo
:n6®ﬁx%ﬁ%%% A LT HE . ERGRHE
%%@%&i# EHLBEEESNRTEY ., TON
EEMIZTFNTEZENEETHD, AT TH
%ﬂk%%%ﬂﬁkbk ”*5XF®TXFM%
AT 2 FERET D Z LT . REDOFERE 2 Kk
L7=& A Fé%ﬁﬁ@ffﬁmﬂab Jocé EHIREE NG,

BER

1) Haruyama, J., Morota, T., Kobayashi, S., Sawai, S.,
Lucey, P. G, Motomaro, S. and Nishino, M. N.: Lunar
Holes and Lava Tubes as Resources for Lunar Science
and Exploration, Moon, Perspective Energy and
Material Resources, Springer, Berlin, 2012, pp.139-163.

2) Miyake, Y. and Usui, H.: New Electromagnetic Particle
Simulation Code for the Analysis of Spacecraft-Plasma
Interactions, Phys. Plasmas, 16 (2009), p.062904.

3) Miyake, Y. and Nakashima, H.: Low-Cost Load
Balancing for Parallel PIC Simulations with Thick
Overlapping Layers, Proc. ISPA, 2013, pp.1107-1114.

4) Feuerbacher, B., Anderegg, M., Fitton, B., Laude, L. D.,
Willis, R. F. Grard, R. J. L.: Photoemission from Lunar
Surface Fines and the Lunar Photoelectron Sheath, Proc.
3rd Lunar Science Conference, 3(1972), pp.2655-2663.

5) Poppe, A. and Hordnyi, M.: Simulations of the
Photoelectron Sheath and Dust Levitation on the Lunar
Surface, J. Geophys. Res., 115(2010), p.A08106.

6) Miyake, Y. and Nishino, M. N.: Electrostatic
Environment near Lunar Vertical Hole: 3D Plasma
Particle Simulations, Icarus, accepted for publication.

7) Griin, E., Horanyi, M. and Sternovsky, Z.: The Lunar
Dust Environment, Planet. Space Sci., 59(2011),

1672-1680.

This document is provided by JAXA.



F1zll BB AR Uy A R R SR 347

HELED BIFET 28/ 7 0 —7 OB S AT A

OFRM, Bil=E=— UNTHEKRT), THFEZGHMZEICE %) , Szasz Bianca, MEEHIRREiE
BRRF)

A Heat Shield System of a Nano-Sized Space Probe Returning from
a Lunar Orbit
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Abstract

The LATS (Lightweight Ablator series for Transfer vehicle) is a porous CFRP composite material and it can endure from

heat flux bunch of approximately 15MW/m’. After a Nano probe finish collecting samples of lunar, they make a reentry

into the earth's atmosphere with the speed of 11 km/s without slowdown. This report shows a heat shield system using this

LATS. Specifically, this report shows about the heat shield constitution and a necessary thickness, an in-depth

temperature history during a re-entry flight.
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Abstract

The upper Martian atmosphere mainly contains carbon dioxide (CO,) and atomic oxygen (O) depending on the altitude.

Spacecraft orbiting in the Martial upper atmosphere encounters high-energy collision with these molecules.

In order to

evaluate a risk for material erosion possibilities in Martian orbit, a method for ground-based Martian atmospheric

simulation was investigated. A laser-detonation hyperthermal beam source was applied in this study and beam

formation properties of hyperthermal CO, beam was explored. A chopper wheel system was used to narrow the width of

collisional velocity distribution of the formed beam. It was made clear that hyperthermal CO, beam with collisional

velocity of 6.3 km/s was successfully formed, however, it contained CO, fragment such as C, O, and CO. This result

suggested that CO, molecules are partially decomposed in the laser-induced plasma. The hyperthermal beam thus formed

was sliced by the chopper wheel system to reduce the width of the energy distribution.
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Fig. 1.
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Fig.2. Velocity distribution of CO, in the hyperthermal
beam formed by the laser detonation phenomenon.
Collision velocity distribution in the Martian orbit is

indicated by the solid line.
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Fig.3. Velocity distribution of O in the hyperthermal beam
formed by the laser detonation phenomenon. Collision
velocity distribution in the Martian orbit is indicated by

the solid line.
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Fig. 4. Photograph of the laser detonation beam
facility

Reaction Chamber

Source Chamber

Fig. 5. Configuration of the laser detonation beam facility used in this study. Time-of-flight spectra are measured by the
quadrupole mass spectrometer (QMS) with the electron impact ionizer.

Table 1. Beam formation settings for the experiment.

PSV Laser
Back pressure Voltage Valve opening Target gas wave length Energy Laser Delay
(MPa) ) time (us) (um) (J/pulse) (ps)
0.6 900 200 CO, 10.6 6.3~6.7 340
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Fig. 6. Configuration of the chopper wheel system used

in this study.
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Fig. 7. TOF spectra of the fragmentation of the hyperthermal CO, beam. Signals are found in m/z=44 (a), 28 (b), 12
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Table 2 Relative ionization probabilities of the molecules
included in the hyperthermal CO, beam at the electron
impact ionizer of the QMS.
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Gas Relative ionization Probability
CO, 0.76
CO 0.80
C 0.51
O 0.27
Ar 1.00

Table 3 Cracking pattern of the molecules included in
the hyperthermal CO; beam.

Impact energy of electron

is 100 eV.
Gas Cracking probabilities
CO; CcO C 0
CO, | 0.775 0.101 0.046 0.078
CO - 0.966 0.034 0.014
C - - 1.000 -
O - - - 1.000
100 75
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