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GEO Spacecraft Surface Charging 
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The Current Balance Equation 
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GEO Surface Charging –  
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Utah State University Materials Physics Group
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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.

Spacecraft Charging

Space environments affect spacecraft and their performance.
How do we quantify these effects and mitigate degradation?
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The Space Environment
Typical Space Electron Flux Spectra [Larsen].

Incident fluxes of:
• Electrons, e-

• Ions, I+
• Photons,
• Particles, m

Solar wind and Earth’s magneto-sphere structure.

Solar Electro-magnetic Spectrum.

Dynamics of the space environment 
and satellite motion lead to dynamic 
spacecraft charging (min to decades)

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

“Low Energy” “Hot” Bi-
Maxwellian

Blackbody

H-Lyman

INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  7

Kyushu Institute of Technology    November 12, 2015 Slide  7

Conductivity
Electroscatic Discharge
Induced Arcing
Pulsed Electroacoustics

Electron Induced Emission
Ion Induced Emission
Photon Induced Emission:
Cathodoluminescence

Radiation Damage
Environmental Simulations
Sample Characterization 

& Preparation

Environment Materials Materials Spacecraft
Conditions         Conditions Properties        Charging

7

USU Materials Physics Group
Facilities & Capabilities 
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• 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!

Some Unsolicited Advice for Students
(and an outline for the talk)

Let me share four examples
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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

• Current losses

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.

99999999999999999999999999999999999999999
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Charge Accumulation
• Electron yields
• Ion yields
• Photoyields

Charge Transport
• Conductivity
• RIC
• Dielectric Constant
• ESD

As functions of materials 
species, flux, and energy.

Where Materials Testing Fits into the Solution

urrrre 1  SSSliiidededede 101010

I+
e-

+
_

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

Dynamics of the space 
environment and satellite motion 
lead to dynamic spacecraft 
charging

• Solar Flares
• Rotational eclipse

Satellite Moving 
through Space

Space Plasma 
Environment

Spacecraft Potential 
Models

Materials
Properties
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Integration with Spacecraft Charging Models

NASCAP
Upgrades

Materials
Research

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

Typical SEE Handbook Simulation
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STATIC Charging codes 
such as NASCAP-2K 
SPENVIS, or MUSCAT and 
NUMIT2 or DICTAT require:

Charge Accumulation
• Electron yields
• Ion yields
• Photoyields
• Luminescence

Charge Transport
• Conductivity
• RIC
• Permittivity
• Electrostatic breakdown
• Penetration range

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

What do you need to know about the materials properties?
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Spacecraft Assembly Facilities

Curtesy of NASA JPL
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Spacecraft Materials and Uses

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

Au/Mylar

Kapton

Black Kapton

Aquadag

Al

White Paint

ITO

RTV

FR4

Coverglass

Curtesy of JAXA
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15

Dale Ferguson’s “New Frontiers in Spacecraft Charging”

#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
•
• Accumulated Charge, Q or V
• Charge Profiles, Q(z)
•
• Conductivity Profiles, (z)
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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

Case Study One

The Poster Child for Space 
Environment Effects
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SUSpECS on MISSE 6

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

Deployed 
March 2008
STS-123

Retrieved
August 2009
STS-127
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SUSpeCS Samples on the ISS

-15 
V

+5 
V
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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. 
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Evolution of Contamination and Oxidation

Before            After
Kapton, HN

Before             After
Ag 

Black Kapton
Before            After Before               After

Ag coated Mylar with micrometeoroid impact
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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?
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UV Exposure Atomic Oxygen Exposure

Electron Flux Exposure Hypervelocity Impact

Study of Materials Properties
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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
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A Puzzle from Solar Probe Plus: Temperature and Dose Effects

WideTemperature Range
<100 K to >1800 K

Wide Dose Rate Range
Five orders of magnitude 
variation!

Wide Orbital Range
Earth to Jupiter Flyby
Solar Flyby to 4 Rs

Charging Study by Donegan, 
Sample, Dennison and Hoffmann
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A Very Wide Range of Environmental Conditions

Wide Dose Rate Range
Five orders of magnitude 
variation!

Wide Orbital Range
Earth to Jupiter Flyby
Solar Flyby to 4 Rs

WideTemperature Range
<100 K to >1800 K
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Temperature Effects on Materials Properties

Examples:

IR and X-Ray Observatories
JWST, WISE, WMAP, Spitzer, 
Herscel, IRAS, MSX, ISO, COBE, 
Planck

Outer Planetary Mission
Galileo, Juno, JEO/JGO. Cassini, 
Pioneer, Voyager, 

Inner Planetary Mission
SPM, Ulysses, Magellan, Mariner

Strong T Dependence for 
Insulators

Charge Transport
• Conductivity
• RIC
• Dielectric Constant
• ESD
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Large Dosage (>108 Rad)

Radiation Effects

“ auroral fields may cause significant 
surface charging ” H. Garrett 

Examples:  RBSP, JUNO, JGO/JEO

Mechanical and Optical Materials Damage 

Medium Dosage (>107 Rad)

Low Dose Rate (>100 Rad/s)

“ Earth is for Wimps ” H. Garrett 

Examples:  RBSP, MMS, JUNO, JGO/JEO

Mechanical Modification of Electron 
Transport and Emission Properties
Caused by bondbreaking and trap creation

�

����

�+��

Examples:

Radiation induced Conductivity (RIC)
Temperature dependent 
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Combined Temperature and Dose Effects

Dark Conductivity

RIC Electrostatic Breakdown

Dielectric Constant

Dark Conductivity vs T RIC vs T
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Charging Results:  Temperature and Dose Effects

Modeling found a 
peak in charging at 
~0.3 to 2 AU
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Explanation of the Temperature and Dose Effects

A fascinating trade-off
• Charging  increases from increased dose rate at closer orbits
• Charge dissipation from T-dependant conductivity increases 
faster  at closer orbits

General Trends

Dose rate decreases as ~r-2

T  decreases as ~e-r 

DC decreases as ~ e-1/T

RIC decreases as ~ e-1/T

and decreases as ~r-2
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Unexpected consequences from unexpected sources

Case Study Three

Electron Transport Measurements 
and Spacecraft Charging
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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

Incident and Emitted Currents that Result in 
Spacecraft Charging

EmittedIncidentnet QQQ

• Conservation of charge implies:

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

Typical orbits from 1 to 24 hours.

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

1 hr ~4•1016 -cm

1 day ~1•1018 -cm

1 yr ~4•1020 -cm

10 yr ~4•1021 -cm

r 0
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Decay time vs. resistivity base on simple capacitor model.

Critical Time Scales and Resistivites

or

Range of 
Charge Storage Method

1 min o ~1•1015 -cm

1 hr -cm

1 day o ~1•1018 -cm

1 yr o ~4•1020 -cm

10 yr o ~4•1021 -cm
-------------------------------------
500 yr ~1•1023 -cm
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Extremely Low Conductivity

Constant Voltage Conductivity
• Time evolution of conductivity
• <10-1 s to >106 s
• ±200 aA resolution
• >5·1022 -cm
• ~100 K <T< 375 K
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Constant Voltage Conductivity
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Constant Voltage Chamber  
configurations inject a 
continuous charge via a 
biased surface electrode with 
no electron beam injection

Dark Current

Polarization

Diffusion
Pre-Transit

This document is provided by JAXA.



INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  36

Kyushu Institute of Technology    November 12, 2015 Slide  36

 

�t�= DC
1 � AC� �

DC
+ pol

o

DC
e

-t

pol+ diffusion
o

DC
t-1�

dispersive
o

DC
t-(1- )+ transit

o

DC
t-(1+ )+ RIC

o

DC
�

� �� � � � � � �
    

 

 

 

 Dark current or drift conduction—Defect density, NT, and Ed  
 Diffusion-like and dispersive conductivity—Energy width of trap distribution,   
 Radiation induced conductivity—Shallow trap density and ST 
 Polarization—Rearrangement of bound charge,   and    
 AC conduction—Dielectric response, � �  

Dark Current AC Polarization Diffusion

Pre-Transit Persistent RICPost-Transit RIC RiseRIC

Conductivity vs Time
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 DC ene e dark current or drift conduction—very long time scale equilibrium conductivity. 
 AC� � � �
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frequency-dependant AC conduction—dielectric response to a periodic applied electric field  
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��
� long time exponentially decaying conduction due to polarization  
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diffusion-like conductivity from gradient of space charge spatial distribution.  
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 broadening of spatial

distribution of space charge through coupling with energy  distribution of trap states.     
 � � � � � RIC

o � � �� �� � � �   
radiation induced conductivity term resulting from energy deposition within the material.  

 

Refer to (Wintle, 1983), (Dennison et al., 2009), and (Sim, 2012) 

Dark Current AC Polarization Diffusion

Pre-Transit Persistent RICPost-Transit RIC RiseRIC

Conductivity vs Time
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• 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 !!!

Sample 8 in its 
mounting on the 
CRRES spacecraft.

Dark Conductivity Radiation-Induced 
Conductivity 

typical =5x10-18 ( -m) -1 typical = 0.3x 10-18 ( -m) -1

improved
5x10-19 ( -m) -1

“improved” 
same as typical 

best guess
1.7x10-19 ( -m) -1

best guess
same as typical 

CRRES IDM Pulse and Environmental 
Data

A. Robb Frederickson & Donald H. Brautigam

Application to CRESS IDM Pulse Data
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Surface Voltage Charging and Discharging
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• Uses pulsed non-
penetrating electron beam 
injection with no bias 
electrode injection. 
• Fits to exclude AC, 
polarization, transit and 
RIC conduction.

• Yields NT, Ed, , ST

Charging

Discharge

Instrumentation

Discharge

Charging
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Disorder introduces localized states in the gap
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(r
)|2

Position r

(q
)|2

Momentum q

Delocalized in 
real space

Localized in 
momentum space

(r
)|

2

Position 
r

(q
)|2

Momentum q

Localized in real 
space

Delocalized in 
momentum space

A quantum mechanical model  of the spatial 
and energy distribution of the electron states
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R. Zallen, The Physics of Amorphous Solids, (John Wiley and Sons, Inc. 1983).

Tunneling Between Traps—and Mott Anderson Transitions

Anderson transition between extended Bloch 
states and localized states caused by 
variations in well depth affects tunneling 
between states.

Mott transition between extended Bloch 
states and localized states caused by 
variations in well spacing which affects 
tunneling between states.

Nobel Prize 1977 to Sir Nevill Mott and P.W. Anderson, Electronic Structure of Disordered Systems
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Low Temperature Cryostat

InInnIntrttrtrodododdoducucucuccccccccccccccccccccccctititttititiititititititiititititiiiiititiititittttitttittttitittitttttttttitttttiiionononoononononoonononoooooonnnnonnonnononoonoooooooonoo   SeSeSeSSeSeeeeeeSeeSeeeeeeeeeeeSeeeeeeeeeeeeSeSeeeeSeeeSeSeeeeeeeeSSeeeeeeeeeeeeeSSSeeeeeeeeeeeeSSeeeeeeeeecccccctttttttttccccccttttttccccctttcccccttccccctttcctctcttccctcccttiiioooooooiioooooooooooooooiooooooooiooooooooooooonnnnnnnnnnn 0000 0000 0  G

E C

J

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 configurations
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20 μm

Kapton20 μmLDPE

ESD: Limit of Conductivity at High Fields
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FESD Breakdown: Dual (Shallow and Deep) Defect Model

Yields:
Ratio of Defect 
energy to Trap 
density, def /NT

Separate these 
with T 
dependence

def =0.97 eV
NT=1·1017 cm-3

20

2 ESD
r

defdef FGN

FESD=20±2 MV/m at RT
FESD=27±2 MV/m at 157 K
FESD=19.0±0.6 MV/m at RT and 142 K (irradiated)

Based on first
breakdown

“Complete” Breakdown
~2-4X this field

Endurance time measurements:

Breakdown field measurements:

),(2
csch

),(
exp

2
),( 0

2

TFNTk
F

Tk
TFG

Tk
hTFt

defB

r

b

def

b
en
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Top view of samples on window

Sample stack cross section

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

RIC Chamber

Radiation Induced Conductivity Measurements
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Modified Joblonski diagram

• VB electrons excited into CB
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:

(i) relaxation to deep traps (DT),
with concomitant photon
emission;

(ii) radiation induced conductivity
(RIC), with thermal re-
excitation into the CB; or

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

Complementary Responses to Radiation

1.92 eV

2.48 eV
2.73 eV

4.51 eV

--8.9 eV

--41 meV

EF
eff

--24 meV

INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  48

Kyushu Institute of Technology    November 12, 2015 Slide  48

RIC T-Dependence
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Uniform Trap Density Exponential Trap Density

Shallow Trap DOS Profile

Effective Fermi Level
EF

eff = 24 meV

Exponential DOS Below Ec
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High energy cosmic rays
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.

Decay of cosmic rays into muons [Drake 2012]

RIC Sets a Limit for Conductivity Measurements
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“JR, could you come downstairs to the lab for a minute?”

Case Study Four

Electron Induced Arcing and 
Unexpected Consequences
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Case Four:  JWST—Electron-Induced Arcing 

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

JWST

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
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Diversity of Emission Phenomena in Time Domain

Surface Glow
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

Arc
Relatively very high 
intensity
10-1000X glow intensity
Very rapid <1 us to 1 s

Ball Black Kapton
Runs 131 and 131A

110 or 4100 uW/cm2

5 or 188 nA/cm2

Sustained
Glow

Arc

1

Flare

Flare

Arc

Arc

Sustained
Glow

Sustained
Glow Electrometer

CCD Video Camera
(400 nm to 900 nm)

InGaAs Video Camera
(900 nm to 1700 nm)

2

3 4

1 2

22 keV
135 K
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Photon Emission Measurements
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Sample cooled with l-N2 to 100-135 K.  
Chamber walls at ambient.

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 pA/cm2 to ~10uA/cm2 & ~20 eV to 30 keV
• 35 K< T< 350 K
• Multiple sample configurations to ~10x10cm
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Jb : incident current density T: temperature
Eb: incident beam energy
qe: electron charge m: mass density

ST: shallow trap energy R(Eb):  penetration range
Dsat: saturation dose rate L:  Sample thickness

Cathodoluminescence intensity  ( emitted power)

Dose rate  ( adsorbed power)

Cathodoluminescence—Deep and Shallow Trap DOS

This document is provided by JAXA.



INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  55

Kyushu Institute of Technology    November 12, 2015 Slide  55

Incident Beam 
Energy

Nonpenetrating Radiation  {R(Eb) < L}: 
all incident power absorbed in coating 
and  intensity and dose rate  are linear 
with incident power density

Penetrating Radiation {R(Eb) > L}: 
absorbed power reduced by factor of 
L/R(Eb).  

Cathodoluminescence—Eb and Range Dependence

Introduction  Section 0000 0000000000000   Lecturrrre eee SSSSSSSSSSSSSSSSSSSSSSlide 5555

Nonpenetrating: Low Eb, Thick Penetrating: High Eb, Thin 

Can map 
R(Eb) 
with 
inflection 
points
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~10 Gy/s  for 
SiO2 coatings.

Saturated

Cathodoluminescence—Jb and Dose Dependence

Unsaturated

Cathodoluminescence intensity  ( emitted power)

Dose rate  ( adsorbed power)

Measure of 
charge required 
to fill traps.

This document is provided by JAXA.



INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  57

Kyushu Institute of Technology    November 12, 2015 Slide  57

Photon Emission Spectra 
Peak Wavelength

Cathodoluminescence Emission Spectra

1    Slide  57555555

1.92 eV

2.48 eV
2.73 eV

4.51 eV

--8.9 eV

--24 meV

EF
eff

--4 meV

Multiple peaks in spectra 
correspond to multiple 

DOS distributions
Peak positions Center of 

DOS
Peak amplitude NT

Peak width DOS width
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A Path Forward for Dynamic Materials Issues

1  Slide 6066066

1.92 eV
2.48 eV
2.73 eV

4.51 eV

--8.9 eV

--24 meV

EF
eff

--4 meV

e  666

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. 

This document is provided by JAXA.
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Does Cosmic Background Radiation Explain “Flares”

Flare
ArcSustained

Glow Electrometer

“Flare”
2-20x glow intensity
Abrupt onset
2-10 min decay time
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The Next Case: Multilayer/Nanocomposite Effects???

Length Scale
• Nanoscale structure of materials
• Electron penetration depth
• SE escape depth

Time Scales
• Deposition times
• Dissipation times
• Mission duration

10 μm

Black KaptonTM

(C-loaded PI)

InInInInInnnInInInInnnnnnnnnnnnnnntrtrtrtrtrtrrtrtrtrtrrtrtrttttttt ododoododododoodooooodoododooooducucucucucucuccccccucuccucuccccccccccccctitititititittttittititittitttttitttionononononooononononnononononnonooooononononoonooonooooooooo    SeSeSeSeSeSSeSeSSeSeSeSeSSectctctctctctcttctctctctcctioioioioioooioiooioionnnnnnnnnnnnn 00000000000   

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

Dielectric layer

Conductor

e-

Thin ~100 nm disordered 
SiO2 dielectric coating 
on metallic reflector

This document is provided by JAXA.
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Conclusions
• 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 

INTRODUCTION TO INTERFACEING AND CONTROL  WITH LabVIEW

Alec M Sim

Introduction    Section 0     Lecture  1     Slide  64

Kyushu Institute of Technology    November 12, 2015 Slide  64

A Truly Daunting Task .

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.

To address:
• Myriad spacecraft materials
• New, evolving materials
• Many materials properties
• Wide range of environmental conditions
• Evolving materials properties
• Feedback, with changes in materials properties affecting changes of environment

This document is provided by JAXA.
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 written it terms of 
spatial and energy 
distribution of 
electron trap states

Measurements with many 
methods 

A Materials Physics Approach to the Problem
Interrelated through a 

Complete set of dynamic transport equations

Disordered
Localized

States
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• 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!

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

Good luck (and have fun!)

This document is provided by JAXA.
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Overview 

Introduction 
 

Space Debris 
•  Space debris sources 
•  Object distribution 
New Simulations 
•  Centimeter population  
•  Decimeter population 
 

Deliberate Fragmentations 
•  FengYun-1C 
•  USA-193 
•  Descent behavior 
Summary 

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

Carsten  
Wiedemann 

Christopher  
Kebschull 

Jonas 
Radtke 

Sven 
Müller 

Marcel 
Becker 

Enrico 
Stoll 

 Andre 
 Horstmann 
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Fragmentations 

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 

Is space debris a problem ?  

This document is provided by JAXA.
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Solid Rocket Motor Slag 

New contributions to the space debris environment 

Solid rocket motor 

Slag particles 

Solid Rocket Motor Slag 
�  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 
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Liquid Metal 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. 

Buk reactor 

NaK droplets 

Reactor core ejection 

RORSAT: Nuclear reactors in space 

This document is provided by JAXA.
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ESA’s Space Debris Model MASTER 

Meteoroid and Space Debris Terrestrial Environment Reference Model (MASTER)  

MASTER 96 

MASTER 99 

Prime: Institute of Space Systems, Technische Universität  Braunschweig 

MASTER 2001 

MASTER 2005 MASTER 2009 
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Spatial Density (> 1 cm)  

Spatial density of debris larger than one centimeter according to 
MASTER-2009 

2005 2009 

This document is provided by JAXA.
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Fragments: New Simulations  

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.)  
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New Simulation: Spatial Density (> 1 cm)  

Spatial density of orbital fragments larger than one centimeter on LEO at January 
2013, comparing the BAU scenario of MASTER-2009 with new simulations. 
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New Simulation: Spatial Density (> 10 cm)  

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

This document is provided by JAXA.
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 FengYun-1C  USA-193 
USSPACECOM Catalog No. 25730 29651 
International Designation 1999-025A 2006-057A 
Start date 10. May 1999 14. December 2006 
Launcher LM-4B Delta II – 7920-10 
Launch Site Taiyuan Vandenberg SLC-2W 
Mass 958 kg 1820 kg 
Epoch (orbital data) 11. January 2007 21.February 2008 
Eccentricity 0.0004 0.0021 
Inclination 99.17° 58.5° 
Perigee 863.5 km 249.7 km 
Apogee 869.3 km 277.5 km 
Right Ascension of the 
Ascending Node 

1.77° 20° 
  

Revolutions per Day 14.06096 16.02002 
Orbital Period 102.1125 min 89.637 min 

Fragmentation Events 

 
 
| Carsten Wiedemann| Space Debris | Seite 14 
 

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). 

FengYun-1C: Centimeter Population (1) 
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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). 

FengYun-1C: Centimeter Population (2) 
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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). 

FengYun-1C: Decimeter Population (1) 
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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). 

FengYun-1C: Decimeter Population (2) 
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Descent behavior of the debris of the satellite FengYun-1C in different size 
classes (simulation). 

FengYun-1C: Descent Behavior (1) 
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Relative descent behavior of the debris of the satellite FengYun-1C in different 
size classes (simulation).  

FengYun-1C: Descent Behavior (2) 
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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). 

USA-193 
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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). 

USA-193: Decimeter Population (1) 
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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). 

USA-193: Decimeter Population (2) 
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Descent behavior of the debris of the satellite USA-193 in different size classes 
(simulation). 

USA-193: Decimeter Population (2) 
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New Simulations 
 

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.  
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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.   

1.  
2010

Center of Nano-satellite 
Testing:CeNT

1)

CeNT
 

2. CeNT  
2.1  

2010 CeNT
Fig. 1

Fig. 2 (Fig. 3)
(Fig. 4) 2010

MO
2) Fig. 5

SRS
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Fig. 2 MO  
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Fig. 3  

 

 
Fig. 4  

 

Fig. 5 SRS  
 

2.2  
, 

ISO 2011
Fig. 6

QSAT-EOS
50cm

CeNT

ISO/CD/19683, “Space systems —Design Qualification 
and Acceptance Tests of Lean Satellites and Units”3)

Fig. 7 Table 1

 

 

Fig. 6  

 
Fig. 7  

 
Table 1  

Temperature range -15 �C to +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 

Chamber pressure 1.0x10
-3

 Pa or lower 
 
2.3 Capacity building  

CeNT

2012

Fig.  
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Fig. 8  

 

 
Fig. 9  

 
2015

(Fig. 9) 30GHz

http://cent.ele.kyutech.ac.jp/joint-use-research.html
, 

 

 
 

3.  
 Table 3 4 JAXA

2012

2014 132

 

4.  

Table 2  

Year Vibration Shock 
Thermal 
vacuum

small  

Thermal 
vacuum 

large

Thermost
atic 

chamber
small

Thermost
atic 

chamber 
large  

Thermal 
property 
measure

ment 

Outgas EMC

2010 2      4   
2011 7 1 6    2   
2012 14  4 4   1 1  
2013 28 8 5 4  3 1 5 1 
2014 16 5 4 3 1  1 4  
Total 65 14 19 11 1 3 5 10 1 

 
Table 3  

Year  Japanese 
University 

Japanese 
Company 

Foreign 
University 

Foreign 
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(NY-500) 100g

Size of Diaphragm 1 (SUS304) φ75mm x 1.5mm

Size of Diaphragm 2 (SUS304) φ50mm x 1.5mm

Size and Mass of Piston (Polyethylene) φ25mm x 60mm and 23.0g

Pressure of He-Gas 0.74MPa

Size and Mass of Projectile (Aluminum) φ5 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 99.5mm
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Signal from Sensor A

Signal from Sensor B

Optical Fiber A

Optical Fiber B

Generator and Sensor of Laser

��������
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Pulse
Generater

High Speed Camera

Digital
Oscilloscope

Delay Time for Flash (μsec) 90
Delay Time for Imacon (μsec) 110
Framing Rate (frames/sec) 5 x`105
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Launch Tube Pump Tube

High Pressure
Coupling Section

Vacuum Chamber Ignition
ChamberFree Fright Section

Velocity Measurement Section
14 m
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Experiment 
No.

Aspect 
Ratio: f

Yaw 
Angle: 
Ψ[deg]

Projective 
Area: 

PA[mm2]

Impact 
Velocity: 

Vp[km/sec
]

KTS
03

237 1.0 - 154 2.16
257

2.0
67.5 183 2.18

LTS
04

094 35.0 137 2.11
096 30.0 128 2.01
097

0.5
22.5 232 2.07

098 67.5 147 2.13
&��`����������_&�� �������	������&\�������
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(A2017)
: 4 [g]
: 14 [mm]
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1.2 IKAROS  

IKAROS Interplanetary Kite-craft Accelerated by 
Radiation of the Sun

1 14 m 2010
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1) JAXA

http://jda.jaxa.jp/index.php 
2) 

http://www.jaxa.jp/countdown/f17/pdf/presskit_ikaros
.pdf 

This document is provided by JAXA.



2 

15%

Tempo-2

SS/L

1997 Tempo-2

This document is provided by JAXA.



ETS-VIII

3

Engineering Test Satellite VIII (ETS-VIII)
•  Launch in 2006
•  Geosynchronous Orbit(GEO)
•  110V at 2.64A electric power generation
•  Silicone solar cell

Development of a solar array for ETS-VIII

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

2001 ~

Solar array coupons

RBG

P bass bar

Inter connector

N bass bar

70 mm

35 mm

RTV

We used 3 coupons.

Thick coupon×
(Case1 3)

Thin coupon×
(Case4)

5 ×3 Si cell with 
IBFIBF: Integrated Bypass Functio

This document is provided by JAXA.



Experimental facility

Experimental circuit

G

B

R

Substrate

55V
2.64A V 10 MΩ

-3 kV
Voltage
probe

400 nF

This document is provided by JAXA.
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RTV

Leak

B string

G string

Cell
R

B

G

Current leaking point was identified by IR-OBIRCH analysis 

IR-OBIRCH (Optical Beam Induced Resistance Change)

8

Trace of arc

Cell

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

This document is provided by JAXA.
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AgRTV

Silicon

Coverglass

10

Flight design of coupon for ETS VIII

Coverglass (100μm)

Aluminum honeycomb substrate (2.5cm)

Interconnector

Kapton (50μm)
CFRP substrate (100μm)

RTV (70~100μm)
Si cell(100μm)

Adhesive (50μm)

Inter-string gap

RTV (70~100μm)

The amount of RTV should be minimum

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

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

This document is provided by JAXA.
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11

Wideband InterNetworking engineering test and 
Demonstration Satellite (WINDS)
•  Launch in 2008
•  Geosynchronous Orbit(GEO)
•  Electric power generation: 5.2 kW (50V at 0.6A)
•  Multi-junction solar cell

6.3

2.4

3
2

3.3
19.6

12

Test procedure

Measure the threshold of potential difference ΔVmin for arcing

Calculate the time (tIG) on 
IG condition over ΔVmin and 
estimate thenumber of arcs 

Calculate the charge 
stored in the coverglass

Perform ESD tests using 3 
coupons for 20 hours

Perform ESD tests using the selected coupon for the tIG totally

Determine the flight design

Select one coupon

This document is provided by JAXA.
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Experimental facility

Vacuum chamber: 0.6m in diameter and 0.9m in length up to 3x10-7 Torr
Equipment: Electron beam gun, Trek probe, Plasma source, Video analysis 

system, XY stage, Baking system, UV source

Electron beam gun (max30kV)

Trek probe

X-Y stage controller

Trek probe

Solar array 
coupon

X-Y stage

14

Experimental circuit

G

B

R

Frame

55V
1.0A

V 10 MΩ

øbias

Voltage
probe

Cext

Current
probe

CP_total

CP_RB

CP_G

CP_frame

This document is provided by JAXA.
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Effect of bus bar coating

•  No sustained arcs
•  No difference at arc positions

Case Position Narc Iave, A Istd, A Qave, mC Qstd, 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 88 24 0.75 0.04

Select coupon 3 as a flight model 

65 hour test
(60 hours from NASCAP calculation)

Coupon 3

16

Degraded cells

Coupon 2 3 cells were degraded

C
ell N

o.4C
el

l N
o.

3

Arc site
Void

RTV

IR-OBIRCH method

This document is provided by JAXA.
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Cell degradation

Coupon 3 Arc site

RTV

Cell edge arc can destroy the cell

18

Conclusions

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

•  To suppress the string-substrate sustained arc, the RTV layer 
between the cells and the Kapton sheet is specified as 100 μm and 
the RTV 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

This document is provided by JAXA.
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2008.2.23

19

ADEOS II

• 

20 

2003 10 25
6kW 1kW

©JAXA

This document is provided by JAXA.
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22

Laboratory of Spacecraft Environmental Interaction Engineering 

This document is provided by JAXA.



MUSCAT
•  Multi-Utility Spacecraft Charging Analysis Tool 
•  GEO, PEO, LEO

•  2007 3

23

24

ISO-11221 "Space systems -- Space solar panels -- 
Spacecraft charging induced electrostatic discharge 

test methods" 
•  Measure discharge threshold voltage
•  Estimate the number of discharge with charging analysis 

program
•  Calculate external capacitance in test circuit
•  Perform ESD test on test coupon with desired number of 

discharge
•  Confirm there is no sustained arc and no degradation of 

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

This document is provided by JAXA.
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Figure 2: Logic flow of ESD tests 

Distance

Velocity ~ 104 m/s
Radius  3m  

This document is provided by JAXA.



No. 27

C1=C3= 27nF 
C2= 26nF 
Cext = 0.3nF

28

Si gap 0.8mm gap 0.8mm

gap 0.6mm
RTV groutinggap 0.5mm gap 0.5mm gap 2.0mm

gap 1.0mm gap 1.0mm

gap 1.0mm
RTV grouting

This document is provided by JAXA.
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1

10

100

1000

104

0 0.5 1 1.5 2 2.5

TJ0.5  110V
TJ0.8  90V
TJ1.0  110V
TJ2.0 110V
TJ2.0  300V
Si0.5  70V

Se
co

nd
ar

y 
ar

c 
du

ra
tio

n,
  μ

s

Current,  A

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

30

Vst,  V 
Ist,  A 

0.5 1.0 1.5 2.0 

30 No secondary arc up to 4A 

50 7μs 
(0.7A) 

28µs 
4534μs 
(1.7A) 

70 4μs 
(0.6A) 

250µs 
(1.2A) 

7747μs 
(1.8A) 

90 54μs 
(0.5A) 

231µs 
(1.2A) 

110 5μs 
(0.6A) 

552μs 
(1.2A) 

2750μs 
(1.6A) 

PA NSA TSA PSA

This document is provided by JAXA.
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Vst,  V 
Ist,  A 

0.5 1.0 1.5 2.0 

30 No secondary arc up to 4A 

50 47µs 
4086μs 
(1.7A) 

70 7μs 
(0.7A) 

209μs 
(1.2A) 

90 4μs 
41μs 

(1.2A) 
4384μs 
(1.8A) 

110 3μs 
(0.6A) 

179μs 
(1.2A) 

7408μs 
(1.8A) 

PA NSA TSA PSA

32

Vst,  V 
Ist,  A 

0.5 1.0 1.5 2.0 

30 No secondary arc up to 4A 

50 12µs 1126µs 4433µs 

70 3µs 25µs 1225µs 

90 3µs 
7µs 

(0.9A) 
415µs 
(1.3A) 

110 4µs 42µs 943µs 

PA NSA TSA PSA

This document is provided by JAXA.
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Vst,  V 
Ist,  A 

0.5 1.0 1.5 2.0 

50 No secondary arc up to 4A 

70 7µs 

110 2µs 140µs 1400µs 3900µs 

200 3µs 
(0.7A) 

110µs 
(1.1A) 

60µs 
(1.3A) 

300 5µs 
(0.6A) 

25µs 
(1.3A) 

370µs 
(1.4A) 

PA NSA TSA PSA

34

Vst,  V 
Ist,  A 

0.5 1.0 1.5 2.0 

30 

50 PA PA PA PA 

70 3μs 
(0.6A) 

88μs 
(1.2A) 

1098μs 
(1.7A) 

90 

110 4μs 
(0.6A) 

233μs 
(1.2A) 

727μs 
(1.7A) 

PA NSA TSA PSA
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Danger

36

GOSAT

©JAXA

This document is provided by JAXA.
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Charging mode 

jphc+jse

ji

je

je

jse

ram wake
North

jphc+jse

jse

je

je

ji

øcg øTFøsat

wake ramSouth

cell backb

øsat ødielec

øsat

øsat

øsat ødielec

øsat

øsat

38

Test procedure 

Threshold measurement 

MUSCAT 

Qualification test 

Threshold Vth 

Number of arc Narc 

Judge 

Check coupon 

Flashover current :  
Cext, Lext, Rext 

Sustained arc? 

Check coupon 

Threshold voltage  
Vth 

Cell degradation? 

Final answer? 

This document is provided by JAXA.
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Experimental circuit: plasma IG EOL 

C1

C2C3

D1

D2

D3
CP2

CV
source

CP1

V1

CC
Source

V2

CP3

CP5

CP4Cext 

Vb 

Rb Rext

Lext

RL

CL

C1=C3=40nF
C2=20nF

50V 0.5A

Vb=-800V

ST 1 

ST 2 

ST 3 

•  Large solar cell 
–  need ground ESD testing before launch 

 

•  ISO11221 
–  Confirm no sustained arc 
–  Measure cell degradation 

40 

This document is provided by JAXA.
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Test procedure 

Threshold measurement 

Qualification test 

Judge 

Gap test Flashover current :  
Cext, Lext, Rext 

Sustained arc? 

Threshold voltage： 
Vth 

Cell degradation? 

Final answer? 

ISO11221 

Circuit  
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1.2A 

105V 

30V 

This document is provided by JAXA.



Secondary arc in wide gap  
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1999 )

8  (2006)
(2008)

(2006)

7 (2006)
(2003)

(2005) (2008) 

GCOM(2010)

INSAT

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

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

This document is provided by JAXA.
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Test results

ELF operation in orbit was confirmed!

In-orbit demonstration 

Electron energy was very highEmission of 6μA

AdhesiveETFE film

RTV

Film thickness: 12.5μm

This document is provided by JAXA.



Overview of HORYU-Ⅱand �
High Voltage Mission

High Voltage Technology Demonstration Satellite ,HORYU-II

Horyu2 
680km Sun-synchronous orbit

Solar arrays for generating  
high voltage 

Solar arrays for mitigating  
to ESD

Nano-satellites are thus more 
suitable to higher risk missions 

High Risk Mission

This document is provided by JAXA.



Grouting

RTV silicone adhesive

String gap

Cell edge

Solar array panel coupon

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

Proton + Electron + Thermal cycling

Visual examination result 

Cracks were founded at the 9 points in total. 

:Crack

1 2 3 4 56

7 8 9

Microscope picture of crack 2

Microscope picture of crack 4

Photo of test coupon after simulated 
space environment test

This document is provided by JAXA.



This document is provided by JAXA.



This document is provided by JAXA.



WD19923  Spacecraft charging potential estimation�
in the worst case environments

•  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)

•  Main purpose
–  Provide space plasma environments for worst case 

differential potential simulation
–  Provide how to estimate worst potential difference with 

simulation code

59

Model: NASCAP-2k

60

This document is provided by JAXA.
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Kapton

65

Factors
TEEY PEY

yield Emax yield

Ultraviolet

Atomic Oxygen

Electron

Proton

Increase Decrease Unchanged

66
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JAXA 1(WG1)
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MUSCAT
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ABIE  
1 2* 2 1 3 1 1 

1 -  
2 -  

Email: h-usui@port.kobe-u.ac.jp 
*Corresponding Author 

 
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.  The air breathing ion engine (ABIE) 
is one of promising candidates for such an ion engine.  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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ABIE

EMSES (Electromagnetic 
Spacecraft Environment Simulator) [4]

ABIE
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2.  

EMSES
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DSMC
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[2]  
 2  

. IS The direct 
inelastic scattering .

TD  trapping desorption. 
2
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Time of flight(TOF) [4]  
TOF
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TOF  
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Measurement of Space Radiation Environment for Small Deep Space 

Probe - SHINEN-2 

the Japan Aerospace Exploration Agency (JAXA). The 
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 

Johnson Space Center and Prairie View A&M 
University’s Research. The Radiation Particle Pixel 
Detector for deep space exploration (PPD) system 
recently launched aboard the Shinen2 spacecraft as part of 
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HORYU-4: Miniaturised Laboratory for In-Orbit High Voltage 
Technology Demonstration 

Tatsuo Shimizu, HORYU-4 Project, Mengu Cho 

Kyushu Institute of Technology, 1-1 Sensui, Tobata, Kitakyushu, Fukuoka, Japan 
shimizu.tatsuo363@mail.kyutech.jp 

 

Key Words: High Voltage Solar Array, Nano-Satellite, In-orbit Technology Demonstration 

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 1-5. Higher array voltage increases susceptibility to such arcs, and 
200V is the upper limit at this moment 1. 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 6. 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 30th 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: 

 Comparison of ground testing results with in-orbit (new mission) 8 
 Imaging arc flash lights to support measurement data (new mission) 8 
 Technology demonstration of a high voltage proofed solar array (continue from HORYU-2) 9 
 Technology demonstration of a direct drive vacuum arc thruster (new mission) 10 
 Long-term measurement of exposed materials degradation (new mission) 
 Plasma measurement using double Langmuir probes (new mission) 
 Measurement of polyimide films’ photoelectron current (new mission) 
 Earth imaging (continue from HORYU-2) with attitude/orbit synchronised shutter (new mission) 
 Transmit music from space using VOCALOIDTM voice synthesiser on-board (new mission) 11 

 
Figure 1: HORYU-4 Structures (Left: STM, Middle: EM, Right: FM)  

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. 

Figure 2: HORYU-4 Exterior Configuration (Right: +X+Y+Z panels, Left: -X-Y-Z panels) 8
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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: 

 complete power reset (satellite re-boot) against single event latch up 
 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).  

Figure 3: General Block Diagram of the Satellite
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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. 

Figure 4: High Voltage Experiment System 8

 

Figure 5: +Z AVC 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! 

 

References 

[1] D. C. Ferguston, "The Voltage Threshold for Arcing for Solar Cells in LEO - Flight and Ground Test 
Results," NASA TM-87259, 1986.  
[2] I. Katz, V. A. Davis and D. B. Snyder, "Mechanism for Spacecraft Charging Initiated Destruction of the 
Solar Arrays in GEO," in Proceedings of 36th Aerospace Sciences Meeting, Reno, 1998.  
[3] D. C. Ferguston, "Spacecraf Charging - Welcome and the NASA Glenn Perspective or My World and 
Welcome to It", in Proceedings of 7th Spacecraft Charging Technology Conference, Noordwijk, 2001 
[4] K. Toyoda, T. Matsumoto, M. Cho, Y. Nozaki and M. Takahashi, "Power reduction of solar arrays due to 
arcing under simulated GEO environment," Journal of Spacecraft and Rockets, pp. 854-861, 2004.  
[5] K. Toyoda, T. Okumura, S. Hosoda and M. Cho, "Degradation of high-voltage solar array due to arcing in 
plasma environment," Journal of Spacecraft and Rockets, vol. 42, no. 5, pp. 947-953, 2005.   
[6] T. Yoke, S. Iwai, A. Khan, H. Masui, M. Iwata, K. Toyoda and M. Cho, "Development of mission payloads 
onboard high voltage technology demonstration satellite HORYU-II," IEEE Transactions on Plasma Science, 
vol. 41, no. 12, pp. 3477-3486, 2013. 
[7] T. Shimizu, H. Fukuda, H. Hidaka, S. Iwai, K. Toyoda, M. Cho, “Development of a Very Small on-Board 
Oscilloscope for a Cube-Satellite HORYU-3”, in Proceedings of 5th Nano-Satellite Symposium, Tokyo, 2013. 
[8] T. Shimizu, H. Fukuda, K. Toyoda, M. Cho, “Development of an In-Orbit High-Voltage Experimental 
Platform: HORYU-4”, IEEE Transactions on Plasma Science, vol. 43, no. 9, pp. 3027-3040, 2015. 
[9] H. Fukuda, T. Shimizu, K. Toyoda, M. Cho, “Development of Mission Payloads for Arc Event Generator 
and Investigation Satellite HORYU-IV”, in Proceedings of 66th International Astronautical Congress, 
Jerusalem, 2015. 
[10] K. Aheieva, S. Fuchikami, H. Fukuda, T. Shimizu, K. Toyoda, M. Cho, “Vacuum Arc thruster development 
for Horyu-4 satellite”, in Proceedings of 11Spacecrafat Environment Symposium, Osaka, 2014. 
[11] T. Nakano, T. Shimizu, D. Chen, H. Almubarak, M. Cho, “Space Education and Outreach using a Digi-
singer on-Board a Nano-Satellite”, in Proceedings of 65th International Astronautical Congress, Toronto, 2014. 
 
 

This document is provided by JAXA.



 

Present Research Activities on Small Space Debris at Space Environment Prevention 
Haruhisa Matsumoto (JAXA), Osamu Okudaira (Chiba Institute of Technology), Toshiya Hanada (Kyushu University), 

 Masumi Higashide (JAXA), Yasuhiro Akahoshi (Kyushu Institute of Technology), Kumi Nitta (JAXA),  

Yukihito Kitazawa (IHI/ Kyushu Institute of Technology/JAXA), 

Key Words: Space Debris, Standard, Hypervelocity Impact, Environment Model 

Abstract 
The micro-debris of the size from 100 m 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 

 
 

 
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 
clear understanding of the current submillimeter-size debris environment in the low Earth orbit region.  Orbital debris, 
even smaller than 1 mm, may cause a fatal damage on a spacecraft.  Therefore, knowledge on submillimeter-size 
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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( ) Szasz Bianca (
) 

A Heat Shield System of a Nano-Sized Space Probe Returning from  
a Lunar Orbit 

Hayato Yoshio, Keiichi Okuyama(KIT), Kazuyuki Shimoda(JAXA), Szasz Bianca, Sumio Kato(Ryukyu 
University) 

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/m2. 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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