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Effects of Low Temperature on Charging of Spacecraft Dielectrics 

Dale C. Ferguson, Todd A. Schneider, and Jason A. Vaughn 
NASA / JPL 

dale.c.ferguson@nasa.gov 

Abstract
Spacecraft dielectric charging, sometimes called deep-dielectric-charging or 
bulk-charging, occurs when high energy electrons imbed themselves in dielectric 
materials, and the charge density builds up, sometimes to breakdown levels. Charges 
usually bleed off slowly due to material conductivity. At very low (cryogenic) 
temperatures, the dielectric conductivity decreases until charges may reamin and build 
up over weeks, months, or years. In those cases, the guidelines given in NASA and 
industry documents for when dielectric charging may become important are misleading. 
Arcing tests of spacecraft cables at liquid nitrogen temperatures and very low flux 
levels have been done at NASA MSFC for the JWST Project. In this paper, we 
describe the results of those tests and analyze their important implications for 
cryogenic spacecraft cable design and construction. 
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Visualizing Root Causes for Satellite Anomalies, Spacecraft Charging, and 
Mitigation Methods to Prevent ESD 

Richard Briet 
Aerospace Corp. 

2350 East El Segundo Blud. USA 
E-mail: richard.briet@aero.org 

The contents of the presentation are: 
1) There is a strong correlation between on-orbit anomalies and meteor showers 
2) It is certain that some process is responsible for on-orbit anomalies during meteor 

showers
3) Micrometeoroid Impacts is a Possible Root Cause for on-orbit satellite anomalies: 

This is an unproven hypothesis that must still be proven. 
4) Spacecraft Charging leading up to ESD is a Possible Root Cause for on-orbit 

anomalies Spacecraft Charging is better understood, it is predictable, and therefore 
controllable

5) Conventional spacecraft charging mitigation can be improved upon: "Best Grounding 
Methods" may not be "Good enough!" 

6) Simple Circuit Models that some people use to analyze and assess spacecraft 
charging concerns lead to false conclusions 
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'Spacecraft Plasma Interaction eXperiment in India - 
an Introduction' 

SURESH E.PUTHANVEETTIL1*, S. MUKHERJEE2, S.P. DESHPANDE2,
BHOOMI MEHTA2, M. RANJAN2, N. VAGHELA2, R.S. RANE2, V. ACHARYA2,
R.BANDYOPADHYAY2, B.R.UMA1, M. SANKARAN1, M. SUDHAKAR1

1ISRO Satellite Center, Bangalore 560 017 (INDIA)  
2Institute for Plasma Research, Gandhinagar, Gujarat (INDIA)  
*Email: eps@isac.gov.in  

ABSTRACT:  
Possibility of arcing in high voltage arrays have necessitated the theoretical and 
experimental study of charging and arcing by Indian Space research Organisation (ISRO), 
which is planning to increase the satellite bus voltage above the current level of 42 volt.  
The study, named Spacecraft Plasma Interaction eXperiment (SPIX) was undertaken, 
together with Institute for Plasma Research (IPR), India  to (i) develop software, which is 
able to predict the floating potential of an object of simplified geometry in space plasma 
typically of geosynchronous bimaxwellian type, which is also able to calculate the 
differential potential between two such objects, (ii) to develop software to solve the 
differential equations describing  primary arcing phenomena developed by  Cho, a 
pioneer in the field [1], (iii) to study the primary arcing threshold and  frequency and to 
identify the arcing sites of a solar array coupon immersed in a LEO like laboratory 
plasma and to (iv) find out the arcing threshold of sustained arcs by introducing a solar 
array simulator voltage between adjacent strings in a solar array coupon immersed in a 
LEO-like plasma environment.  The experiments have largely yielded results akin to that 
of other investigators, although some differences have been observed in some 
experiments.  A short term future aim would be to increase the sample space in the last 
type of experiments mentioned above. 

1. INTRODUCTION  

Indian Space Research Organisation (ISRO), the primary agency doing space 
related work in India, has made arrays of up to 6kW and successfully flown them. 
Conventionally, ISRO has the 42 volt array. Higher power requirements and some 
specific payload constraints have necessitated the development of high voltage array. 
Since high voltage arrays are much more likely to arc and get destroyed compared to 
those operating at lower voltages in the presence of space plasma, a study project was 
undertaken, which has been named SPIX, an acronym for Spacecraft Plasma Interaction 
eXperiment. This project was executed jointly by ISRO and Institute for Plasma Research, 
Gandhinagar, Gujarat, India. The project had elements of theoretical and modeling work 
and experimental study.  The theoretical study was aimed at calculating the potential of a 
conducting body of simple geometry in space plasma as well as finding the potential 
difference between a conductor and a tiny patch of dielectric present on its surface. This 
was aimed at arriving at a simple but reasonably accurate model of the potential 
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difference that is found between the metallic and insulating parts of the solar array, the 
latter typified by, for example, the coverglass of the solar cell.  Another aim was to find a 
simple way of solving the differential equations developed by Cho [1], which relates the 
shapes of the oscilloscope traces of the primary arcs to the electrical parameters that 
make up the solar cell coupon, thereby gaining a deeper understanding of the arcing 
phenomenon. The experimental study was aimed at studying the primary and secondary 
arcing thresholds and their relation to the coupon configuration and identification of the 
arcing sites so as to arrive at mitigating techniques. 

2. CHARGING AND ARCING CODES  

The charging code calculates the floating potential of a spherical conductor placed 
in the geosynchronous orbit plasma. The plasma parameters which can be given as input 
are either single or double maxwellian.  The currents to and from the conductor 
considered by the software are: 
            1. Flux due to ambient electrons 
 2. Flux due to ambient ions 
 3. Emission of secondary electrons due to the electron impact 
 4. Backscattering of electrons 
 5. Emission of ion-induced secondary electrons and 
 6. Emission of photo-electrons due to UV radiation. 
 The other currents are neglected as their contributions in a realistic case are 
negligible. In the equilibrium condition the total current to the body is zero.  The voltage 
at which this happens is the floating potential.  All except the first two among the above 
are strong functions of the material and different formulas like Whipple-Dionne formula 
are used to calculate these currents. 

The potential difference between two adjacent materials: one -a conductor and 
another- a dielectric is calculated by another module.  This is done by a ‘patch-on-sphere’ 
code where the geometry is very much simplified.  The dielectric is a very small patch on 
the conductor.  A small leakage current goes from the dielectric to the conductor.  This 
gives a different equilibrium potential for the dielectric.  The results of the code have 
been compared against the European SPENVIS code and are in good agreement [2]. 

We have used the circuit model for the primary arcs from [1] and we have solved 
the circuit equations using Scilab routines unlike the author himself who had used   
Laplace transforms to do the same.  We feel that this is an easier and simpler way. Our 
results, naturally, are the same. 

3. EXPERIMENTAL SET-UP  

In the experimental setup, test solar array coupons were exposed to plasma 
interaction experiments. These experiments were performed to develop LEO like 
condition in the laboratory. Plasma of density ~ 1x1012m -3 was obtained using argon gas. 
This was developed in the test chamber of size 1 m in length and 1 m in diameter. The 
chamber could be opened at both ends, with dome shaped end flanges having view ports 
and access ports for various diagnostics. The chamber was evacuated by a diffusion pump 
with pumping speed of 3000 l/s backed by rotary pump. The chamber was cooled by 
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copper tubes brazed on the outer surface. The solar panel coupons (300 mm x 300 mm) 
were mounted on insulating supports, facing towards the view ports. Position of the 
coupon was such that it could be focused completely from one of the view ports using a 
CCD camera. The ends of the solar cells were connected with insulating cables to high 
voltage vacuum compatible feed-throughs. 

Experiments were carried out in what we denote as Cho’s configuration [1] and 
NASA configuration [3]. Cho’s configuration corresponds to the set up where the feed-
throughs were shorted and were connected to an external capacitor (0 or 33 pF), which in 
turn was connected to an external power supply (0 to -600 V) through a variable 
resistance (1 – 200 kilo ohm). The solar cell arrays in this case could be biased from -300 
V to -600 V.  NASA configuration corresponds to the case where, in addition to the 
above, a solar array simulator voltage is introduced between two adjacent strings. (Fig 1) 
The former configuration is designed to study the primary arcing phenomena and the 
latter to study secondary arcs. The pulsed arc current was measured with two current 
transformers CT-1 (having response of 1.0V/A) and CT-2 (having response of 1.0 V/A). 
A Tektronix make (Model no: P6015A) 1000 X HV probe was used to monitor the 
applied voltage wave form on oscilloscope. A 350 MHz digital oscilloscope with 1 Gb/s 
sampling rate was used for fast data acquisition during arcing event. The output of 1000 
X HV probe, CT-1 and CT-2 are connected to different channels of the oscilloscope. 
After pumping the chamber to the base pressure, argon gas was introduced to the 
operating pressure of 5 x 10-5 mbar. Thoriated tungsten filaments were heated to emit 
primary electrons which were accelerated to impact-ionize the background gas to form 
plasma. The plasma density was measured using Langmuir probes. The plasma density 
was controlled by controlling the total discharge power.  

 Figure 1: Schematic diagram of the circuits used.  

1/200k

0/33pf

Solar Cell

CT-2

CT-1

Digital Oscilloscope

1kV

1000 X Probe

ground

10 K

1µf

CT1CT2

HV probe consisting of input 
impedance of 100 M  & 3 pF

Oscilloscope consisting of input 
impedance of 1 M  & 8 pF

Cho’s configuration: Both terminals of 
solar panel coupons are shorted and 
negatively biased. NASA configuration: A potential is 

applied between to solar cell to simulate 
actual conditions. 
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4. RESULTS AND DISCUSSION 

In Cho’s configuration we found that the number of primary arcs is least for GaAs 
cells rather than Si or multijunction cells.  This may be because GaAs cells which we 
have used have smaller area.  It was also found that grouting reduces the number of 
primary arcs.  We have two types of grouting – partial and full.  In the first one all 
portions except the coverglass and interconnect are immersed in RTV adhesive.  In the 
second case, even the interconnect is immersed in adhesive. We found that even partial 
grouting helps reduce the number of primary arcs and with full grouting the numbers of 
arcs are even lower.  Even without grouting also, the number of arcs we observed was 
less than that in [1].  This is very surprising to us.   

We have done some preliminary studies in NASA configuration but the sample 
space is not high.  Here we found that the no arcing occurs in any coupon ever below 
20VA. With higher gap less number of major arcs occurred with same capacitor and 
current limit values. With large value of external capacitor and low value of current limit, 
there may be more chances of major or sustained arcs. The probable reason is that large 
value of capacitor charges more and at the time of arc it gives more charge/current to the 
circuit and in this condition low value current limit is not effective. No major arc was 
observed even after removing current limit from fully grouted coupon with triple junction 
cells up to 100V.  So full grouting is a better option rather than increasing the string gaps 
from the point of view of preventing major arcs.  However, the grouting should not stress 
the interconnects during temperature cycling and it should not peel off due to the space 
environment.  More experiments needs to be done before we finalize on our option. 
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National Aeronautics and Space Administration

ARCING ON SOLAR ARRAY SURFACES: 
GROUND TESTS

Boris VAYNER
Ohi A I i Cl l d OH 44142 USA

www.nasa.gov 1

Ohio Aerospace Institute, Cleveland, OH 44142, USA

Joel GALOFARO
NASA Glenn Research Center, Cleveland, OH 44135, USA

National Aeronautics and Space Administration

OUTLINE

Historical overview
NASA Glenn: Chambers and Coupons
Trigger arcs
a) inception on different samples;
b) optical spectra;

www.nasa.gov 2

b) optical spectra;
Sustained arcs
a) inception
b) assessment of damage.
Prevention vs. Statistics
Conclusions
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National Aeronautics and Space Administration

History
1968, R. Cole et al, NASA CR-72376 (ESD on GEO sat.)
1978, N. Stevens, NASA CP-2071 (basic ground tests)
1984, C. Purvis et al, NASA Guidelines
1985, D. Snyder & E. Tyree, NASA TM 86887 (scaling)
1989, D. Ferguson, SOAR 89 (threshold)
1990-1993, D. Hastings et al, M. Cho & D. Hastings, 

R. Mong & D. Hastings – series of publications 
in JSR- theory of inception

www.nasa.gov 3

1996 B. Kaufman et al., NASA TM 3635, ISS Panel under UV
and LEO Plasma, 400 cells (8x8 sq.cm.) GRC Tank 5

1997 Failure of SS/LORAL SC- Sustained discharge, I.Katz suggested 
test at NASA Glenn (D.Snyder et al., 6th SCTC)
C.Hoeber et al, AIAA Paper 98-1401

1998 D. Ferguson et al., Inception of Snapover, AIAA Paper 98-1045
2001 B.Vayner et al., Optical Spectra, 7th SCTC
2004 B.Vayner et al., Large Array in Plume Plasma, 6th FLTPD
2005 J. Galofaro et al, Thin Film Array in LEO Plasma, 4th WCPEC

National Aeronautics and Space Administration

Bell Jar,  D=0.6 m, H=1 m

Vertical Tank, D=2 m, H=3 m

www.nasa.gov 4

Horizontal Tank, D=2 m, L=2 m Vertical Tank B-2, D=12 m, H=18 m
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National Aeronautics and Space Administration

www.nasa.gov 5

RGA

National Aeronautics and Space Administration

www.nasa.gov 6

Circuitry diagram for arc parameter measurements (diode 1N4723).
Cabling and setup see: D. Ferguson et al., NASA Testing Procedures, 9th SCTC
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National Aeronautics and Space Administration

www.nasa.gov 7

Diagram showing the experimental setup used for obtaining                              
individual arc spectra

National Aeronautics and Space Administration

www.nasa.gov 8
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National Aeronautics and Space Administration

www.nasa.gov 9

Fig.3.  Sustained arc on GaAs array. Bias voltage –350 V, SAS voltage
80 V, SAS current limit 2.25 A.

National Aeronautics and Space Administration

Table 1. Seven types of solar array samples tested in two large chambers. 
Sample      |        Coverglass                |   Overhang   |      Cell size    |  Interconnect | Mfg.   
No.(Type) |Thickness (μm): Material |       (μm)       |           (cm)     |                       |            
________________________________________________________________________
1(Si)            300                   UVR               0                         4x6           exposed      Tecstar 

2(Si)            150                   UVR               0                         4x6           exposed 

3(Si)            150       CMX UVR        0                         4x6     exposed 

4(Si)         150                    UVR            250                       4x6      exposed  

5(Si)            150                    UVR              0                         8x8         wraptrough 

6(TJ) 150 UVR 0 4x6 exposed SS/Loral

www.nasa.gov 10

6(TJ)           150                    UVR              0                         4x6          exposed    SS/Loral

7(TJ)           150                    UVR              0                         4x6           exposed     Toshiba 

Table 2. Arc inception parameters. 
Sample No. | Primary Arc    | Sustained Arc Inception | 
            InceptionV    |        V   |     A                   | 

1                         250                    60        2.0 
2                         265                    80        1.6 
3                         280 
4                         340 
5                      300(530)            >120     >4 
6                         170                    80        2.25 
7                         200                    50        2.0 
                                                     50        2.6 
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National Aeronautics and Space Administration

Catastrophic damage due to sustained arcs

www.nasa.gov 11

Preventing sustained arcs:
1) Prevent primary ESD
2),3) Statistics and so on - Possible but risky.
See: D. Ferguson et al., NASA GUIDELINES

National Aeronautics and Space Administration

Motivation: 1) to determine atomic (molecular) species involved;
2) to elucidate difference between vacuum arc and ESD on triple junction;
3)to advance our understanding of ESD inception.

History: 1994, B.L. Upschulte et al, JSR, Vol.31, p.493 – established correlation
between bolometric luminosity and arc current temporal behaviors, identified silver
spectral lines and suggested the possibility of molecular emission patterns

Optical Spectra

www.nasa.gov 12

spectral lines, and suggested the possibility of molecular emission patterns.
2002, E. Amorim et al, J.Phys.D:Appl.Phys., Vol.35, p.L21 –identified atomic
metal spectral lines, and stressed commonality between vacuum arc and ESD on
triple junction. H was also observed but not discussed.
2002, B.Vayner et al, AIAA Paper 2002- 0631 – identified atomic and ion
metal spectral lines, molecular and radical lines and bands including hydroxyl. 

Influence of adsorbed water vapor on arc inception summarized in: 2004, 
B.Vayner et al, JSR, Vol.41, p.1031.
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National Aeronautics and Space Administration

Arcs on triple junction

www.nasa.gov 13

Solar array sample

National Aeronautics and Space Administration

a)                                                                                                              b)

www.nasa.gov 14

c)

Emission spectra of arc plasma: a) arc on interconnect; b) arc between strings U3-U4; c) 
temporary sustained arc (>500 s). Spectral lines of Ge I (303.9) and Si I 
(390.6) are identified. 
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National Aeronautics and Space Administration

Individual arcs
In LEO: a few hundred arcs per sample with no damage

In GEO: visual damage but no significant changes in voltage

(no flash test)

www.nasa.gov 15

National Aeronautics and Space Administration

Test for separate cells

www.nasa.gov 16
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National Aeronautics and Space Administration

Dark I-V curves for one cell

www.nasa.gov 17

Initial three tests revealed no changes but the fourth one 
demonstrated significant “damage” to the cell.

National Aeronautics and Space Administration

www.nasa.gov 18
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National Aeronautics and Space Administration

“Damage” and Damage

www.nasa.gov 19

One example of consecutive four DIV curves measured during one run and   usually 
characterized  as “severe damage”. 

National Aeronautics and Space Administration

www.nasa.gov 20

PV I-V characteristics for three 
Si-N cells: #38-virgin state; 
##35 and 36 –“severely 
damaged”.   

PV I-V characteristics for three 
Si-IBF cells: #22-virgin state; 
##21and 26 –“severely 
damaged”. 

Real damage assessment must be performed with flash test
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National Aeronautics and Space Administration

Table 1. The results of the test for Si cells 

Cel# Bias Capacitor ## arcs I peak Width I Power Energy Remark
  (V)    (nF) edge/total    (A)   ( s)  (kW)  (mJ)

21a,b 400/500 150 2\19 6,8(0.9) 12.8(1.8) 1.3(0.27) 9(1.3)
21c 500 220 2\19 14.9(1) 11(1.6) 3.6(0.45) 23(0.4)
21d 500 470 2\20 29(1.9) 12.2(1.2) 6,8(0.6) 45.5(0.8)
21e 500 470 9\20 28(2.40) 12.3(0.9) 6.7(0.5) 45.1(0,7)
21f 700 1000 10\20
21g 700 2000 14\20
21h 700 2000 11\20 146(7) 17.2(0.7) 61.3(7.2) 463(40) severe damage
22a 400 470 0\20
22b 400 1000 2\20
22c 500 1000 2\20
22d 600 1000 1\20
22e 600 1000 17\20
22f 600 2000 11\20 138(4.4) 17(0.9) 40(3) 316(11)
22g 600 2000 8\20
22h 700 2000 8\20 no damage
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23a 600 2000 5\20
23b 600 2000 15\20
23c 700 2000 14\20 154(15) 17.2(0.7) 51.5(8.6) 407(58) severe damage
24a 700 1000 16\20 106(6) 14.2(0.48) 38.9(3.8) 285(24) no damage
26a 400 2000 9\20 77.7(11.4) 19(1.9) 19.4(2.4) 181(15) severe damage after 3 arc on edge

34a 500 1000 9\20
34b 500 1000 8\20 no damage
34c 600 2000 13\20 138(5) 16.7(0.8) 58(2.6) 499(11) severe damage after 4 arcs on edge
35a 500 2000 14\20 107(7.6) 17(1.4) 30(2.5) 259(6) sev.dam
36a 500 1000 7\20 70.6(8.2) 14.4(1) 17.6(2.4) 136(1.9) sev.dam. After 1 arc on edge. Further da
40a 500 1000 12\20 sev.dam.after 5 arcs on edge
42a 500 470 0\20 no damage
42b 500 470 4\20 no damage
42c 500 470 8\20 no damage
42d 500/600 470 14\20 no damage

National Aeronautics and Space Administration

Table 2. Test results for TJ cells. 

Capacitance    PeakCurr Width Power Energy
  ( F)      (A)    ( s)    (W)    (mJ)

0.075 3.9 16 1231 8.8
0.22 12.2 15 3731 26.5
0.47 24.5 15.5 7559 61.7

____________________________________no damage
0.15 6.2 16.9 1765 14

0.3 11.8 16.7 3460 31
0.3 12.9 15.9 3714 31
0.3 12.7 17 3697 32

0.47 26 14.2 7863 61.2

www.nasa.gov 22

0.47 26 14.2 7863 61.2
1 49.6 15 15711 138                   damage

Capacitance Resistance PeakCur Width Power Energy
     ( F)     (Ohm)     (A)    ( s)    (W)     (mJ)

0.22 20 4.6 38 739 9.2
0.22 20 4.6 38 715 13.5

____________________________________no damage________
0.22 10 7.6 23 1272 13.1

0.3 25 4.2 54 666 9.5
0.3 17 5 43 703 9
0.3 17 5.6 42 866 11.4     damage
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CONCLUSIONS 

   Sustained discharges between adjacent strings are certainly catastrophic 
events for solar array operation, and they must be prevented by any means. 
Individual arcs can cause a gradual decrease in solar array efficiency but a 
significant loss of power output due to such events is highly improbable. 
Tests revealed wide variations in the robustness of individual “identical” 
cells against electrostatic discharges. Thus, the ability of a solar array to 
withstand multiple arcs is determined by its “weakest” cells, which can be 

www.nasa.gov 23

found by testing a statistically representative coupon in a plasma chamber.
However, it is almost impossible to determine the size of a statistically
representative coupon to represent a real solar array of large size. The 
ultimate solution to this problem is the adoption of a solar panel design that 
prevents arcing on its surfaces.
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Space Environment Effects on Thermal Control Materials  

Weiquan FENG, Yigang DING, Dekui YAN Xuechao LIU, Wei WANG Dongmei LI  
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P.O.Box9832,Beijing 100029,China 
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Abstract:   
Space environments such as electron, proton and UV have degradation actions as 

increase of solar absorptance parameter of thermal control coatings which would 
result in temperature increase of satellite. In order to protect satellite from 
over-heating on the orbit, the degradation of thermal control coatings at the end of life 
must be simulated correctly by irradiation test. A combined space environment test 
facility has been developed in BISEE. The combined and single environment test of 
electron, proton, UV have been performed in spacecraft thermal control materials. 
This paper introduces the combined test facility and test results. Comparison studies 
of these effects have been performed. Proton irradiation has been found to have the 
severest degradation effects on thermal control coatings. The degradation of thermal 
control coatings will be saturated for a long NUV irradiation. Combined irradiation 
effects was found to be less than the sum of single environmental effects. 
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SOLAR CELL R&D ACTIVITIES AT ESA 

C. Baur 
ESA/ESTEC, Keplerlaan 1, NL-2200 AG Noordwijk, The Netherlands 

e-mail: carsten.baur@esa.int 

ABSTRACT 

III-V multi-junction solar cells have taken over the 
lead in today’s solar cell market for space. Due to the 
significantly higher efficiencies and higher radiation 
hardness the higher manufacturing costs in comparison 
with silicon solar cells are overcompensated. However, 
the development of the current state-of-the-art triple-
junction solar cell for space applications consisting of the 
material combination Ga0.5In0.5P/Ga0.99In0.01As/Ge has 
been driven close to its practical efficiency limits of 30%.  

In order to decrease the overall solar array costs 
further, new concepts have to be developed and 
investigated. The European Space Agency (ESA) follows 
different promising approaches which are firstly related to 
the increase of solar cell efficiencies. In addition, ways to 
reduce the cell thickness are investigated in order to bring 
down the specific power given in power/mass. Finally, 
larger cell areas could lead to cost savings in the 
integration process of the solar cells onto the panel 
substrate.

INTRODUCTION

Since the beginning of space exploration by 
spacecrafts, photovoltaics played the most important role 
for the power generation of on board instruments. For 
many years the space market was almost exclusively 
dominated by silicon (Si) solar cells. Only since the 
beginning of the 90ies the situation started to change. III-V 
GaAs cells began to enter the market and finally outrun 
the Si based technology especially after the development 
and introduction of III-V multi-junction cells. 

This success story is mainly related to the higher 
conversion efficiencies of III-V multi-junction solar cells 
and the higher radiation hardness of these material 
combinations. Both characteristics of the III-V multi-
junction cells result in higher specific power given in 
power/mass or power/area especially at end-of-life (EOL), 
i.e. after 15 years in geostationary orbit. Since the specific 
power is inversely proportional to the launch costs of the 
solar generator alone the higher manufacturing costs are 
completely overcompensated by the reduced launch costs.  

Currently, the III-V triple-junction cell based on the 
material combination Ga0.5In0.5P/Ga0.99In0.01As/Ge is the 
state-of-the-art solar cell used for space application 
having reached a begin-of-life (BOL) efficiency of about 
30 % and remaining factors at EOL of 84%-88% in power 

taking into account an equivalent 1 MeV electron fluence 
of 1·1015 cm-2.

However, with this value also the practical limit of this 
band gap combination is reached. Thus, to reduce costs 
of the solar array further, new designs leading to higher 
efficiencies have to be developed, together with ways to 
reduce manufacturing costs of the given and future 
concepts. Those points are reflected in various R&D 
activities run by the European Space Agency (ESA) which 
are discussed in this paper.

WAYS TO HIGHER CONVERSION EFFICIENCIES 

In theory, disregarding all manufacturing related 
losses of solar cells the efficiency is solely determined by 
the temperature, the incident spectrum and the band gap 
of the semiconductor material used. Thus, one way to 
identify material or band gap combinations with higher 
efficiency potentials is to compare them on a pure 
theoretical basis. Figure 1 shows theoretical efficiency 
limits of triple-junction solar cells with germanium as a 
bottom cell (0.66 eV) for different band gap values of top 
and middle cell. The efficiency limits are calculated with 
the computer code etaOpt [1] that is based on the detailed 
balance method first introduced by Shockley and Queisser 
[2]. Spectrum and temperature were AM0 [3] 25°C. As a 
rule of thumb 70-75% of the theoretical values can be 
reached in praxis. 
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Fig. 1: Theoretical efficiency limits of different band 
gap combinations of top and middle cell of a 3J cell. The 
bottom cell is assumed to be germanium with a band gap 
of 0.66 eV. 
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Introducing the band gap combinations of the current 
state-of-the-art 3J solar cell into Figure 1 a theoretical 
maximum efficiency of 40.6-41.9 % can be obtained. 
Depending on the top cell manufacturing process which 
has an influence of the grade of regularity in the crystal 
and then on the band gap or by the additional introduction 
of aluminium its band gap can be varied. In any case, the 
current state-of-the-art 3J cell is far from the optimum 
band gap combination and as stated before, with about 
42 % maximum theoretical efficiency, applying the rule of 
thumb, the maximum practical efficiency of more or less 
30 % is already reached.  

The highest theoretical values of up 47.7 % is 
obtained with a 3J cell based on Ge as bottom cell when 
the band gap combination would be 1.74 eV for the top 
cell and 1.1 eV for the middle cell.

Although almost all band gaps between 0.2 eV and 
2.5 eV are accessible by III-V compounds (Figure 2), not 
all combinations can practically be combined without any 
problems.
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Fig. 2: Band gap versus lattice constant for different 
III-V material combinations. The dashed lines correspond 
to the lattice-matched and lattice-mismatched approaches. 

From the band gap engineering map of III-V 
compound semiconductors given in Figure 2 the optimum 
material combination could be obtained with GaInP and 
GaInAs both with fairly high indium content. However, the 
lattice constant of both materials would be slightly different 
from each other and clearly different from the one of 
Germanium. Since the different subcells of a 3J cell are 
grown layer by layer in an epitaxial process on top of each 
other, differences in lattice-constant cause strain and 
tensile stress in the material that lead to defects in the 
crystal and therefore poor material qualities and also 
efficiencies. Nevertheless, lattice-mismatched approaches 
are investigated with the constraint that top and middle 
cell still have to have the same lattice constant. In 
Figure 1 all band gap combinations where this 
requirement is fulfilled are represented by the dashed line. 
The structure currently under investigation consists of the 
material combination of Ga0.35In0.65P/Ga0.83In0.17As/Ge
with a theoretical maximum efficiency of 44.5 %.  

Apart from this lattice-mismatched approach another 
idea to increase efficiencies of the lattice-matched design 
is to add additional junctions to the structure. Since the Ge 

subcell of the current 3J cell has just twice the current of 
the top and the middle cell it is quite obvious to introduce 
a junction between the middle and the bottom cell that just 
absorbs half of the Ge bottom cell in the current 3J cell 
design. This would result in a current matching of all 
subcells leading to very high efficiencies. 
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Fig. 3: Theoretical efficiency limits of different band 
gap combinations of the first and the third cell of 
quadruple (4J) cell. The bottom cell is assumed to be 
germanium with a band gap of 0.66 eV and the second 
cell is Ga0.99In0.01As with a band gap of 1.41 eV. 

Figure 3 shows the efficiency limits of a quadruple 
(4J) cell with Ge as a bottom cell (0.66 eV) and 
Ga0.99In0.01As as the second junction (1.41 eV) in the 
stack. Obviously, the optimum band gaps for the first and 
the third junction are 1.98 eV and 1.0 eV, respectively, 
resulting in an efficiency limit of 51.3 %. The first junction 
can be obtained by an AlGaInP cell lattice matched to Ge 
while the most promising candidate for the 1 eV material 
was identified already in 1998 to be GaInNAs [4,5], which 
can also be grown lattice-matched to the other subcells. 
Since then a lot of effort was put in developing high quality 
GaInNAs. However, it turned out that this material 
combination suffers from very poor electrical properties.  
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Fig. 4: Internal quantum efficiencies (IQE) of 
(GaIn)(NAs) solar cells, annealed under different 
conditions. The light was filtered by a 700 nm thick GaAs 
cap.

Figure 4 shows internal quantum efficienies (IQE) of 
differently annealed GaInNAs solar cells with an overall 
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thickness of 1 m under a GaAs filter to simulate the 
situation in a real 4J cell [6]. By adjusting the annealing 
conditions after the growth a clear improvement is visible.  

However, diffusion lengths are still not large enough 
to provide the photocurrent density of 16 mA/cm2 required 
for a beneficial implementation into a 4J cell. Highest 
photocurrent densities are still only in the range between 
10-12 mA/cm2 for those cells.

With the long-term target of developing the 4J cell as 
intermediate steps on this path the quintuple (5J) and 
sextuple (6J) cell are under consideration. 
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Fig. 5: Roadmap to higher efficiencies of lattice-
matched solar cell designs. The 5J and 6J cell are 
considered intermediate steps on the long-term target of 
developing the current-matched 4J cell. 

Starting from the 3J cell, the 5J cell is obtained by 
splitting each of the top two junctions of the 3J cell into 
two. Thereby, the current of a 5J is halved while voltage is 
doubled. The BOL efficiency of this 5J cell will be identical 
to the current 3J cell. The benefit of the 5J cells should 
become visible EOL where the thinner absorber layers are 
likely to improve the radiation hardness compared the 3J 
cell which was already shown in first experiments [7].  

From the 5J cell then it is only a small step to the 6J 
solar cell. Since the current is halved, only 8 mA/cm2 are 
now required from the GaInNAs subcell in order to make a 
contribution to the overall efficiency. With the values 
reached so far it should be feasible to introduce the 
GaInNAs subcell already. The 6J cell would then have 
clearly higher BOL and EOL efficiencies. The overall 
roadmap for the lattice-matched approach is summarized 
in Figure 5 [8]. 

OTHER COST REDUCTION ACTIVITIES 

Other possibilities to reduce launch, manufacturing 
and integration costs are identified in thinning down the 
solar cell structure or to increase their area.

There are different ways to obtain thin solar cells 
which are investigated in various research activities 
followed by ESA: 

1. Use of thinner Ge substrates 
2. Grinding down the backside of solar cell after epitaxial 

growth 
3. Grinding down before epitaxial growth 
4. Substrate removal approaches 

All of these points have related problems that have to 
be solved in order to maintain in the first place a yield that 

is comparable to the current technology. While the 
thickness limit for the first point in the list is about 70-
100 m, for the second and third approach one might 
expect reduced thicknesses of down to 20 m. Even 
thinner are the cells that are obtained from carrier removal 
approaches (5-10 m).

Figure 6 shows an example of a 100 m thin solar 
cell manufactured by Azur Space [8]. Here the thickness 
is just reduced to a level where the solar cell starts to 
become flexible, what might have additional advantages 
for future panel concepts. 

Fig. 6: Space solar cell (A=30.18 cm2) on 100 µm thin 
Ge substrate weighing 1.8 g. The weight reduction compared to 
150 µm Ge substrates is 28% [8].

Fig. 7: Photograph of a thin-film six cell string of GaAs 
single-junction cells [9]. The thickness of one solar cell is 
less then 5 m in this case. 

Figure 7 shows an example of a solar cell string 
manufactured at the Radboud University in Nijmegen [9]. 
The research group there developed a process to remove 
the solar cells from the substrate without destroying the 
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substrate. So, it could be reused for additional 
manufacturing runs reducing costs even further.

Another interesting approach is the inverted 
metamorphic solar cell [10]. A 3J solar cell is here grown 
upside down on a Ge substrate. That means Ge in this 
case is no longer a subcell of the device. The material 
combination in this case is AlGaInP/GaInAs/GaInAs with a 
band gap combination of 2.0eV/1.4eV/1.0eV. Therefore, 
the In content of the last cell to be grown has to be 
increased significantly which also results in an increase of 
the lattice constant. The advantage of this approach is 
that the most delicate subcells – the top and the middle 
cell – in the stack are still grown lattice-matched to Ge 
maintaining a very high material quality comparable to the 
those in the current 3J cell structure. Since now the 
bottom cell has a higher band gap of 1.0 eV higher 
efficiencies of about 33-34 % should be in reach in praxis 
under AM0. After growth the metallization of the top side 
of the cell is made and the cell is placed on a thin 
substrate. Then, the Ge substrate has to be removed (cp. 
Figure 8). Also in this approach it might be possible to 
reuse the substrate.
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GaInAs (1.0eV)

buffer layer

Ge
AlGaInP (2eV)

GaInAs (1.4 eV)

GaInAs (1.0eV)
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GeGaInAs (1.0eV)
buffer layer

GaInAs (1.4eV)
AlGaInP (2.0eV)

Ge

Fig. 8: Inverted metamorphic 3J solar cell. The cell is 
grown upside down on a Ge substrate which is removed in 
a later step. 

Fig. 9: Large area triple-junction space solar cell (8cm 
x 8cm with cropped corners) [8]. 

Finally, another future trend is the usage of larger cell 
areas which allows a reduction of the integration costs 
since then only half of the number of solar cells have to be 
handled (see Figure 9).  

SUMMARY 

The current 3J cell concept based on the 
lattice-matched material combination 
Ga0.5In0.5P/Ga0.99In0.01As/Ge is driven close to its practical 
efficiency limit of about 30 %. For future improvements in 
terms of efficiency new concepts have to be investigated. 
ESA is currently following both, lattice-matched 
approaches with the 4J cell as a long-term target and the 
lattice-mismatched approach in conventional and inverted 
configuration. Additional cost reductions are expected 
from a reduced cell thickness which would increase the 
power/mass ratio. Various approaches to obtain thin solar 
cells are under investigation. Going to larger solar cell 
areas seem to be an option for the future by which 
integration costs could be reduced. 
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1 - INTRODUCTION 
The paper presents the experimental and numerical capabilities of CNES and ONERA Space 
Environment Department on charging and Electrostatic discharges (ESD) studies. In a first part, the 
SIRENE spectrum is presented; dose and temperature effects on material conductivity are studied. 
In the second part, the Inverted Voltage Gradient situation is obtained on a large solar array in the 
plasma chamber JONAS and the flash over is measured. Finally, the last numerical simulations 
(plasma chamber and ESD inception) performed with SPIS are presented. 

2 - DEEP DIELECTRICS CHARGING 

2.1 - GEOSTATIONARY ORBIT ELECTRON FLUX - REFERENCE SPECTRUM

The utilization in the SIRENE facility of a realistic spectrum sets the problem of choosing the best 
worst case energy spectrum of the GEO like environment. Tests has to be representative for all the 
experimental simulation of the electrostatic charging and discharging phenomena made in 
laboratory. The CNES and ONERA DESP has adopted the spectrum SIRENE presented in Figure 1. 

Figure 1 – SIRENE spectrum 

2.2 - SIRENE EXPERIMENTAL FACILITY

The originality of the SIRENE experimental simulation facility is that it includes equipment making 
it possible to reproduce the effects of the charges induced by the electrons from the space 
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environment in an energy range lower than or equal to 400 keV. The SIRENE facility has the 
following main components: 

A large-dimension cylindrical vacuum chamber (L 1.5 m, Ø 0.5 m) designed in 3 sections to 
ensure modularity. The horizontal opening of the chamber makes it easy to set up experiments 
in situ. At the level of the vessel, the influence of the terrestrial magnetic field on the electron 
flow trajectory is compensated for by the magnetic field induced by the two pairs of windings 
(vertical and horizontal) surrounding the chamber. The body of the chamber is fitted with 
several standardised diameter extensions enabling the installation of various control and 
metrology instruments (vacuum gauge, visualisation camera, electrical outputs, analysis probes, 
connections to the radiation sources, etc.). 
A primary and secondary pumping unit which ensures a pressure of the order of 10-6 hPa after 
some hours in operation. 
A specimen door, with temperature regulation within a range comprised between -180°C and 
+100°C.
The facility is equipped with two electron sources: 

o a Van de Graaff type accelerator capable of delivering a monoenergetic electron beam whose 
energy level can be adjusted between 100 and 400 keV. In the case of experiments carried 
out using a simulation of electron flux from space whose energy spectrum is distributed, the 
accelerator's operating energy is of the order of 400 keV (most frequent case). 

o a low-energy electron gun which delivers a beam whose energy level can be adjusted 
between 1 and 35 keV. This electron beam can be used alone (many tests are requested on 
the basis of specifications such as: E=20 keV, =1 nA/cm2). It is also used to complete the 
flow of the Van de Graaff accelerator's electron beam at low energy levels. 

A set of "complex" diffusion windows designed to transform the 400 keV monoenergetic beam 
delivered by the accelerator into an energy-distributed beam according to a reference spectrum 
chosen to simulate a type of orbit. 
The analysis instruments specific to the electrostatic studies, that is to say:

o current probes for detecting discharges and analysing current transients, 
o a potential probe used for analysing charge potentials along a vertical axis. 

A further development phase being carried out at present with the CNES concerns the metrology of 
the charge potentials. The instruments currently in place only enable in situ measurements of the 
potentials according to a vertical axis (d  15 cm) and no other analysis probe movements are 
possible. In the case of studies on a relatively large number of simple specimens, or on more 
complex structures (solar arrays, antennas, etc.), these instruments are insufficient. Consequently, a 
new potential probe movement system is in the process of being designed. It should make it 
possible to analyse charge potentials in a 20 cm x 20 cm plane. 

A general view of the SIRENE experimental facility is shown in Figure 2. 

diaphragm

330 540
800

Image of beam

Complex foil
Diffusion foil

390 350 400

Shutter

Electron gun 35 keV

diaphragm

Van de Graaff
400 keV

Figure 2: General view & schematic diagram of SIRENE 
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The facility's various components with the positioning and the trajectory of the two electron beams 
delivered by the electron gun and the Van de Graaff accelerator are symbolised in Figure 2 (shown 
in the horizontal plane). The SIRENE integrated spectrum (GEO orbit) is compared with the Kp>5 
integrated reference spectrum in Figure 1, and a good match can be seen between the two spectrums. 

2.3 - TEMPERATURE EFFECT

The influence of the temperature on deep dielectrics charging is studied using the SIRENE 
integrated spectrum. The effect is weak in the case of a 50 µm thick layer of Kapton® because this 
material has a good Radiated Induced Conductivity (RIC). On the contrary, the effect is strong on a 
solar cell like device, composed of glued CMX. The conductivity is highly decreased for 
temperatures less than 0°C, Figure 3. 

Figure 3 – Temperature effect on Kapton conductivity (left) and on CMX and glued CMX (right) 

3 - FLASH-OVER ON SOLAR ARRAY COUPONS 

3.1 - JONAS PLASMA CHAMBER

Figure 4 – JONAS Plasma chamber (left); solar panel test (right) 

This set-up is a large chamber (L=3.5 m, Ø=1,85 m) built in a nonmagnetic stainless steel. A set of 
Helmoltz coils can compensate the earth magnetic field. A high capacity cryogenic pumping system 
(12000 l/s for argon gas) insures a limit pressure of 2.10-8 hPa after about fifteen hours of pumping. 
The set-up allows us to reproduce the Inverted Potential Gradient (IPG) situation observed in flight, 
i.e. while the satellite body (here sample structure and cells) is negatively charged up to several 
kilovolts, the dielectrics (here cover-glasses protecting the cells) build up a differential charge as 
high as 1000V. This can be reproduced either with plasma or electrons (ref). For this purpose, both  
plasma source and electron gun are implanted in the chamber. The plasma source is implanted in 
chamber axis (at one end) and allows us to reproduce low earth orbit plasma conditions with regards 
with electrostatic problems. On the other end of the chamber, the door is equipped with high voltage 
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and high current feedthroughs and receives the sample holder. On the top of the chamber are placed 
the electron gun and its diffusion foil. A photograph of JONAS chamber with all instruments 
required for ESD tests on solar arrays coupons and the schematics are presented in Figure 4. It 
shows a side view of the chamber with the implantation of all the different instruments. 

3.2 - MAIN RESULTS

A large amount of tests have been performed on different size samples (from 2 X 3 cells to 19 X 16 
cells coupons). The main results shows that: 

- the flash-over can neutralize more than 1 m2,

- it extends more than 1.4 m with a velocity of about 104 m/s, 

- the flash-over can jump from a solar panel to another, even if these two panels have a 0.2 m gap 
distance.

- the secondary arcs durations is strongly dependant on coupon size (i.e. flash-over duration) : for 
the same couple (V, I) applied in the active gap, large coupon produces longer discharges than small 
one. Complementary tests have been performed using external capacitor as missing coverglasses 
simulator. The conclusion of this campaign is that this device is not realistic because using high 
values of external capacitance induces the creation of anodic spots on nearby ground leading to high 
plasma density increasing strongly the plasma conductivity and the available current in the ESD 
which becomes a Coupling with ground ESD (CwG ESD) as reported in our papers in 10th SCTC. 

4 - SPIS LAST SIMULATIONS 

4.1 - GLOBAL SIMULATION OF JONAS
The Spacecraft Plasma Interaction Software (SPIS) has been used to numerically simulate the 
physics in the plasma tank JONAS. The goal is to simulate both fast and slow ions co-existing in 
such ground plasma chamber. The plasma source is derived from the experimental results (density 
measurements with Langmuir probes upstream and downstream a plate). These fast ions are 
computed through a Monte-Carlo method. The neutral are injected in the whole plasma tank volume. 
Their density is estimated by the measured residual pressure Pn.

The plasma dynamics consists in a PIC (Particle-In-Cell, Monte-Carlo) method for fast and slow 
ions. The electrons follow a Boltzmann distribution: 

eB
e Tk

eNN exp0

where N0 is a numerical parameter for the cutting of the Boltzmann distribution. When the plasma 
potential is positive, the electron density is set equal to N0.

The neutral dynamics is not calculated (constant pressure). The only volumetric reaction considered 
is the charge exchange (CEX) between fast ions and neutrals : Ar+

f + Ar  Ar + Ar+
s. The variation 

of the slow ion density during the time step dt is proportional to the neutral and fast ion densities 
N(Ar+

f) and N(Ar): 

dtVArNArNArN relfs ..).().()(

where  is the cross section of CEX reaction and Vrel the relative velocity of neutrals and fast ions. 
Fast ion and neutral densities are assumed to be conserved. Indeed, for =10-18m2 and N(Ar) = 
1017m-3, the CEX ions reach 10% of the fast ions over a distance of 1m. The reaction rate is to small 
to have a strong effect on fast ions. 
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The electric field follows the non-linear Poisson equation: 

eBTk
eNNe exp0

0

The numerical parameters used in this study are presented on the following table. The fit of the fast 
ion beam measurement is used as an input data. The SPIS model is an axisymmetric source. 

Simulation time (s) Max integration time step (s) N0 (m-3)

2.5.10-3 10-4 1014

 (m2) Fast ion current (mA) Pn (mbar) 

0.4.10-18 1,1 4.3.10-6

Electron temperature (eV) Tank voltage (V)  

0,2 -2  

4.2 - NUMERICAL RESULTS

The space distributions of fast and slow ion densities are presented in Figure 5. They are 
represented in the same logarithmic scale range so as to compare them.  

Figure 5- Fast (up) and slow (down) ion densities (logarithm scale)  

The fast ion beam clearly shows a spatial decay corresponding to the divergence of the plasma 
plume. The fast ion density decreases from 1014m-3 to 1011m-3 at the back of the plasma tank. The 
aperture angle of 80° is well represented and the wake effect due to the plate is clearly demonstrated. 
The slow ions reach the whole tank due to their slow temperature. They are created in the vicinity 
of the plasma source and are submitted to potential gradients created by the fast ions. That makes 
them drift slowly towards the whole tank. Their density is about 1010-1011m-3.

4.3 - ESD TRIGGERING MODEL

SPIS has been used to simulate the first step of the ESD on the IVG obtained on solar cells. The 
geometrical model takes into account the triple point existing between the cell, the coverglass and 
the vacuum. This situation is enhanced by a micro tip, Figure 6.  

第４回「宇宙環境シンポジウム」講演論文集

29



Figure 6 – Numerical model for the triple point geometry on solar cell 

Electron dynamics is influenced by photoemission, secondary emission yield more than one in the 
coverglass and field effect on the cathode tip. The results, cf. Figure 7, show that the electric field is 
highly enhanced if the tip is oriented towards the coverglass. This situation amplifies the field effect 
electron emission. These so created electrons collide with the dielectrics and produce secondary 
emission. The positive charge induced then increases the electric field and so on, up to the 
beginning of the ESD. 

Figure 7 – Electric field amplification (left), elctronic avalanche (middle) and ESD inception (right) in the IVG 
model 

5 - CONCLUSION
For each study at CNES and ONERA, we follow a global approach consisting in: 

- understanding and modelling the physics, 

- developing flight representative facilities (SIRENE, JONAS, ...) and associated setups, 

- performing flight representative experiments, 

because all R&D studies depend strongly on test setup configurations especially ESD qualification 
of materials and assemblies. 
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In-situ Space Environment Measurement of Near Earth and SEDA 
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ABSTRACT 

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

1. Introduction 

JAXA (formerly NASDA) developed TEDA (Technical Data Acquisition Equipment), which is able to measure the space 
radiation environment and its effects on newly developed electronic devices onboard a satellite. TEDA was designed to acquire 
engineering data useful to the design of future spacecraft, to diagnose the anomalies encountered on orbit, and to collect data to make 
new radiation belt models (electrons, protons, and alpha particles) to augment NASA radiation belt models. TEDA is composed of 
various instruments for every spacecraft mission. TEDA was reviewed by two papers, Kohno [1] and Fukuda et al. [2] almost ten 
years ago. This paper reviews current TEDA instruments and data over the past ten years, and presents our future measurement plan.   

II.   TEDA Post-Flight Measurement Data 
TEDA instruments have flown on board ten spacecraft (Table 1). All measured data are available on the SEES (Space 

Environment and Effects System) website (http:// sees.tksc.jaxa.jp/). 
Table 1: Spacecraft carrying TEDA

ETS-V ETS- ADEOS ETS- Shuttle ADEOS DRTS ISS MDS-1 ALOS
1987 1994 1996 1997 1998 2002 2002 2002 2002 2006
GEO GTO LEO LEO LEO LEO GEO LEO GTO LEO
36k 8k-38k 800 500 400 800 36k 400 250-36k 700

DOM  DOse Monitor
HPM  High energy Particle Monitor
LPT  Light Particle Telescope
HIT  Heavy Ion Telescope
DOS  DOSimeter (RadFET)

MAM  Magneto Meter
AOM  Atomic Oxygen Monitor
NEM  NEutron Monitor
PLA  Plasma Monitor
POM  POtential Monitor
DIM  DIscharge Monitor
SUM  Single event Upset Monitor
ICM  Integrated Circuit Monitor
SCM  Solar Cell Monitor
COM  COntamination Monitor

Spacecraft
Launch
Orbit

Altitude

              Fig. 1: POM/ETS-V measured data 

2.1 KIKU-5 (Engineering Test Satellite-V) (GEO, longitude: 150 deg. E) 
A dose monitor (DOM) composed of two silicon detectors was installed on this satellite [1-2]. The measurement data were 

gathered from August 1987 to September 1997 (ten years). Single-event latch-up data acquired by a Single-Event Upset Monitor 
(SUM) were reported for the first time [3]. 

The Potential Monitor (POM) measures differences electrostatic potential on the surface of spacecraft. Figure 1 presents the POM
instrument measured data for ten years. Three samples (Teflon (lowest), Kapton (highest), and OSR(middle in y axis)) were mounted 
on the POM. The electric field leaking from an aperture of each sample was modulated by a chopper at 1kHz, and the electrostatic
electrode detected the weak electric field. POM data shows a time-trend to decrease in figure 1.The authors think that is why the
radiation damage (or/and contamination) effects a decrease of secondary electron emission yields of the cover glasses for the solar 
cell, or/and  a decrease of photo-emission yields. We are now verifying the effects on the ground test, [4]. 

2.2 KIKU-6 (Engineering Test Satellite-VI) (GTO:  perigee 8,600 km, apogee 38,600 km) 
A DOM composed of six silicon detectors and a Magnetometer (MAM) were installed on this satellite. The data were gathered 

from August 1994 to July 1996. The measurement data were mainly reported in three papers [5-7]. We made the first empirical 
radiation belt models (electrons, protons, and alpha particles in a solar minimum period) by using this data and scientific satellite 
AKEBONO data [8]. 
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2.3 MIDORI (Advanced Earth Observing Satellite (ADEOS)) (LEO-POLAR: altitude: 800 km, inclination: 98.6 deg.) 
A DOM and a Heavy Ion Telescope (HIT) were installed on this satellite. The data were gathered from August 1996 to July 1997. 

The HIT measured the interplanetary anomalous cosmic ray (ACR), oxygen, and nitrogen, with results quite similar to those of 
SAMPEX (Figure 2) [9].   

Fig. 2:   Geographic distribution of oxygen and elemental  
distribution of trapped Anomalous Cosmic Ray (O, N, C, Ne)              Fig. 3 : Electron Flux (0.4-0.9MeV) L-t Diagram  
observed by MIDORI /HIT[9]. 

2.4 MIDORI-2 (ADEOS-2) (LEO-POLAR: altitude 800 km, inclination 98.6 deg.) 
A DOM was installed on this satellite; data were gathered from December 2002 to September 2003[10]. The DOM data were 

used for diagnosis of the ADEOS-2 total loss anomaly [11].   

2.5 TSUBASA (Mission Demonstration Satellite (MDS-1)) (GTO:  perigee 500 km, apogee 36,000 km) 
 A Standard Dose Monitor (SDOM)[12],  a HIT, and a MAM were installed on this satellite. The data were gathered from 

February 2002 to September 2003.  There are many reports on these data [13-15]. 

Fig. 4 : Proton Flux (1-1.5MeV) L-t Diagram Fig. 5: Comparison between MDS-1 Observed Energy Spectrum 
and NASA Model 

The SDOM measurement results are given in Figures 3 and 4. The electron flux (0.4-0.9 MeV) and the proton flux (1-1.5MeV) are 
indicated on the L-t diagram, where the vertical axis gives McIlwain’s L-value ranging from L=1 to 9, and the horizontal axis gives
time covering one year, starting in February 2002. Figure 5 depicts the observed and averaged electron (right) and proton (left) energy 
spectra, compared to the spectra calculated from the NASA AE-8 MAX[16] and AP-8 MAX[17] models, the fluxes of which were 
integrated along all data points of the MDS-1 orbit. The measured averaged proton fluxes were ten times lower than those of the AP-8 
MAX model for energy levels below 20 MeV. However, we found that both electron and proton fluxes were broadly consistent with 
AE-8 MAX and AP-8 MAX models on the geomagnetic equator [18]. 

2.6 KODAMA (Data Relay Test Satellite; DRTS) (GEO; longitude 90.75 deg. E) 
An SDOM was installed on this satellite. Data have been gathered since September 2002. Figure 6 depicts proton channel 11ch-

15ch data (8MeV-211MeV) from October 2002 to January 2006. You can see 2 major peaks correspond with the Holloween Solar 
Flare (Oct. 2003), and the Tatina Flare (20 Jan. 2005) . 
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P11: 8.02-18.34 MeV

P12: 17.90-23.67 MeV

P13: 22.29-45.39 MeV

P14: 34.01-107.54 MeV

P15: 116.51-211.71 MeV

DRTS Proton ch11-15 (2002/10-2006/1

Fig. 6: Proton Ch. 11-15 (8-211MeV) data from October     
2002 to January 2006, obtained by DRTS/SDOM Fig. 7: LPT (ALOS) Electron (2.1-2.4MeV) 1month data 

(Dec.2006-Jan.2007) and geomagnetic cut off rigidity 
contour on a world map. 

2.7 DAITI (ALOS) (LEO-POLAR: altitude 690 km, inclination 98 deg.)  
TEDA consists of a Light Particle Telescope (LPT) and a HIT. Data have been gathered since February 2006. Figure 7 shows 

electron (2.1-2.4MeV) 1 month data and geomagnetic cut off rigidity contour on a world map, respectively. These data cleary the
increased flux in the South Atlantic Anomaly (SAA).  

2.8 KIKU-8 (Engineering Test Satellite-VIII) (GEO longitude 146 deg. E) 
ETS-8 was successfully launched in 18, December 2006. TEDA has four components: a MAM, a POM, a DOM, and a SUM. The 

MAM, a fluxgate magnetometer, was placed on the upper antenna tower. The measurement range was 256, 1024, 4096, and 65536nT, 
the same range as that of ETS-6. The MAM data are showed in Figure 8. The POM instrument was the same instrument as ETS-V,-
VI, and ADEOS, except samples. Three cover glasses (BRR/s-0213, CMX-BRR, and CMG-AR) were selected for ETS-8.  

Fig. 8: Magnetometer Data (ETS-8) on 3 days 
(5-8, Jun. 2007), that mean B total, Hp, He, Hn, 
In nT, from upper to bottom panel. 
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III. TEDA Future Plan 
JAXA are planned to be flown on various missions in the following years. Table 2 lists the confirmed TEDA mission to date.

Table 2. Planned TEDA Mission Plan 
ETS-8 Jason-2 GOSAT SmartSat ISS/JEM
2006 2008 2008 2008-

2009 2008-2009
GEO LEO LEO GTO LEO
36k 1.3k 666 400

DOM  DOse Monitor
HPM  High energy Particle Monitor
LPT  Light Particle Telescope
HIT  Heavy Ion Telescope
DOS  DOSimeter (RadFET)

MAM  Magneto Meter
AOM  Atomic Oxygen Monitor
NEM  NEutron Monitor
PLA  Plasma Monitor
POM  POtential Monitor
DIM  DIscharge Monitor
SUM  Single event Upset Monitor
ICM  Integrated Circuit Monitor
SCM  Solar Cell Monitor
COM  COntamination Monitor

Spacecraft
Launch
Orbit

Altitude

                                                                                                                Fig. 8. LPT-3 onboard GOSAT 

4.1 Greenhouse Gases Observing Satellite (GOSAT) (LEO, Polar) 
GOSAT will be launched in mid-2008 into sun-synchronous sub-recurrent orbit with an altitude of 666km and an inclination of 

98deg. The nominal lifetime will be five years. TEDA is composed of an LPT and a HIT.  The LPT measures electron, proton, and 
alpha particles, and identifies the types of particles and energy.  It is composed of four instruments (LPT1 4). LPT1 and LPT2 have 
the same configuration, composed of ELS-A, ELS-B, APS-A, and APS-B; but LPT1 and LPT2 have different fields of view. LPT3 is 
composed of three ELS-As and three APS-As. LPT4 is composed of APS-C [19]. 

Each LPT is composed of compact and high-performance sensors (Table 3).  LPT3 has three fields of view to observe the 
distribution of pitch angle of particle flux with a geomagnetic field (Fig. 8). 

Table 3 : Sensors used in LPT 
Sensor Energy range 

ELS-A Electron: 30keV 1.3MeV, 1.3MeV< 
ELS-B Electron: 280keV 20MeV
APS-A Proton: 400keV 37MeV,

Alpha: 3MeV 16MeV
APS-B Proton: 1.5MeV 250MeV,

Alpha: 20.7MeV 400MeV
APS-C Proton: 100MeV 500MeV,

Alpha: 25MeV/n 500MeV/n

The measurement ranges of the HIT(fig. 9) are: 
He: 7 48MeV/n
Li: 8.5 56MeV/n 
C: 13 90MeV/n
O: 16 106MeV/n
Fe: 28 201MeV/n. 

                                                                                               Fig. 10. LPT onboard Jason-2 
4.2 Jason-2 (CNES/JAXA joint project) 
     CNES and JAXA agreed that the radiation particle monitor, the LPT, would be accommodated in the CNES satellite Jason-2. The
mission of the JASON-2 is dedicated to ocean and climate forecasting, in continuation of the successful TOPEX-POSEIDON 
satellite launched in 1992 and the Jason-1 launched in 2001. Jason-2 is planned to be launched in June 2008.  The altitude of its orbit 
will be 1,336km, and the inclination will be 66 degrees. It was decided to load the LPT on the Jason-2 with the same specifications as 
the GOSAT LPT1, which consists of four sensors (ELS-A, ELS-B, APS-A, and APS-B) (Fig.10) [20]. 

4.3  ISS JEM Exposed Facility and SEDA-AP 
Development of the SEDA that will be mounted on the Exposed Facility (EF) of the Japanese Experiment Module (JEM, also 

known as “Kibo”) on the ISS has been completed.  This payload module is called SEDA–Attached Payload (AP).   The SEDA-AP 
will be launched by space shuttle and attached to the JEM-EF in 2008-2009.  It will measure space environment data on the ISS orbit.  
The SEDA-AP is composed of common bus equipment that supports launch, RMS handling, power and communication interfaces  

PSD1: 62×62mm 200 m thick PSD2: 62×62mm 400 m thick 

PIN: 85mm
       1.5mm 

Fig. 9. HIT onvboard GOSAT 
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Fig  11. A two-inch spherical He3 proportional counter covered with a moderator of polyethylene sphere. 

Fig  12. Energy-response functions of each sensor for incident neutrons. 

with JEM-EF, an extendible mast that extends the neutron monitor sensor 1m from the bus structure, and equipment that measures 
space environment data.   

 (1) Neutron Monitor (NM) 
The NM measures the energy of neutrons from thermal to 100 MeV by two detectors, the Bonner Ball Detector (Thermal-15MeV) 

and the Scintillation Fiber Detector (15MeV- 100MeV) in real time.   The Bonner Ball Detector discriminates neutrons from other
charged particles by 3He proportional gas counters, which have high sensitivity to thermal neutrons, and measures the energy of 
neutrons by using relative responses that correspond to different polyethylene moderator thicknesses, with the same specifications as 
the precursor measurements on space-shuttle (1998)and ISS inside(2001).  The next paragraph shows more detail. The Scintillation
Fiber Detector measures tracks of incident particles by a cubic arrangement sensor (consisting of a stack of 512 scintillator sticks), 
discriminates neutrons by using differences of these tracks, and measures energy of neutrons by measuring track length. 

The BBND has six sensors. A two-inch spherical He3 proportional counter is placed at the center of each sensor. Some sensors are 
covered with two neutron moderators as shown in Figure 11
. One is polyethylene spheres with thickness of 1.5mm, 3mm, 5mm, and 9mm, to make each sensor have different energy-response 
functions for incident neutrons in Figure 12. Another is a gadolinium cover with 1mm thickness in order to eliminate thermal 
neutrons. The energy-response functions of each sensor for incident neutrons in the assembled configuration in Figure 13 were 
evaluated by the numerical calculation based on the individual calibration result of each sensor obtained from irradiation experiments. 
The available energy range is from thermal neutron (0.025eV) through 15MeV.  
The BBND hardware was launched on 8th Mar. 2001 by STS-102, and was onboard US Laboratory Module of ISS on 14th Mar. The 
investigation was carried out from 23rd Mar. through 14th Nov. for over eight months, corresponding to solar-activity maximum 
period. By applying the energy-response functions of each sensor in Figure 1 to the obtained raw data via an unfolding code 
NEUPAC-834, the differential neutron energy spectrum is obtained. Armstrong's data5 as an initial conditions, and the assumption of 
the shield-thickness to be 20g/cm2 of Alminum6 are used in the unfolding procedure. The dose-quivqlent is also evaluated by using 
ICRP-74 coefficient. 

Figure 14 shows the neutron energy spectrum averaged for the whole investigation period compared with the result of precursor 
investigation on board the STS-893 in 1998. The major cause of secondary neutrons inside the ISS measured by the BBND is galactic 
cosmic rays7, which have the anti-correlation variation with the 11-year solar-activity. The flux obtained by the BBND is, therefore, 
consistently lower than that in the precursor investigation though the actual shied thickness both for the ISS and the STS-89 are not 
known. Figure 15 depicts the variation of the dose-equivalent rate through the investigation. The average dose-equivalent rate is 3.9 
micro Sv/hour. The highest rate is 96 micro Sv/hour which appears in the SAA region. Figure 6 illustrates the distribution of the  
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Fig. 13. Assembled configuration of the BBND sensors. 

Fig. 14. Neutron energy spectrum averaged for the whole investigation period in comparison with  the result of precursor 
investigation on board the STS-89 in 1998. 

dose-equivalent rate averaged for the whole investigation period. The whole aspect of distribution is due to the geomagnetic 
rigidity cut off for galactic cosmic rays at the ISS orbital altitude except in the SAA region where the trapped protons cause the high 
rate.

(2) Heavy Ion Telescope (HIT) 
The HIT uses a solid-state detector to measure the energy distribution of heavy ions (Li-Fe) that cause single-event anomalies and 
damage of electronic devices.  The solid-state detector converts loss energy of heavy ions in the detector to electrical signals. The 
HIT measures incident particle mass from loss energy in each layer (delta-E) and total loss energy of each layer (E) by the delta-ExE 
method, with the same specifications as the ALOS. 
(3) Plasma Monitor (PLAM) 
The PLAM measures density and electron temperature of space plasma, which cause charging and discharging of spacecraft, by the 
Langmuir probe. 
(4) Standard Dose Monitor (SDOM) 
The SDOM measures energy distribution of high-energy light particles such as electrons, protons, and particles that cause single-
event anomalies and damage electronic devices, by a solid-state detector and a scintillator, with the same specifications as the DRTS 
and the MDS-1. 
(5) Atomic Oxygen Monitor (AOM) 
The AOM measures the amount of atomic oxygen on the orbit of the ISS. The atomic oxygen interacts with the thermal control 
materials and paints, and lowers their thermal control ability. AOM measures the resistance of a thin carbon film that is decreased by 
atomic oxygen erosion.  
(6) Electronic Device Evaluation Equipment (EDEE) 
The EDEE measures the single-event phenomena and radiation damage of electronic parts.  Single-event phenomena are induced by 
the impact of an energetic heavy ion or proton. The occurrence of single-event phenomena is detected by bit flips of memorized data 
or sudden increases of power supply current.  
(7) Micro-Particles Capturer (MPAC) 
The MPAC captures micro-particles that exist on orbit.  Silica-aerogel and metal plates are used to capture micro-particles.  After the 
retrieval of MPAC, size, composition, and collision energy of captured particles will be estimated. 
(8) Space Environment Exposure Device (SEED) 
The SEED exposes materials for space use to the real space environment.  After the retrieval of SEED, degradation of these 
materials caused by the space environments (e.g. radiation and atomic oxygen) will be estimated. 
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Fig. 15. Variation of the dose-equivalent rate. 

Fig. 16. Distribution of the dose-equivalent rate averaged for the whole investigation period and overlaid with the geomagnetic
rigidity cut off.. 

Concluding Remarks
Space environment and radiation effects measurement has been a long-term effort since 1987. Radiation monitors have been 

flown with almost all JAXA satellites for 20 years. This effort will be justified when new JAXA radiation belt models (electrons, 
protons, and alpha particles with pitch angle distributions) are developed in the very near future.  

This resource will be further expanded with the instrument’s flight plan on a future mission, as presented in this paper. The final 
goal is the creation of an international network of complementary radiation monitors providing continuous and long-term 
measurement of the space environment.  
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Highly Energetic Electron Environment in the Inner Magnetosphere 
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1 National Institutive of Information and Communications Technology, Koganei, Tokyo 184-8795, Japan 
2 Japan Aerospace Exploration Agency, Tsukuba, Ibaraki 305-8505, Japan 

ABSTRACT 

Highly energetic electrons in the outer radiation disappear during the main phase of the magnetic storm, and 
rebuilding of the highly energetic electrons is made during the recovery phase of the magnetic storm. A distribution 
of the new peak of highly energetic electron flux with respect to the distance from the Earth is inversely proportional 
to the magnitude of the magnetic storm. In case of the super storm, the outer electron belt is pushed toward the Earth, 
filling so-called slot region. It is of interest to identify that the location of the intense low frequency plasma waves, 
which appear during the storm recovery phase, coincides with the location of the peak intensity of the highly 
energetic electrons in the outer radiation belt. This coincidence strongly suggests that an internal acceleration process 
takes place which leads to a large increase in the intensity of highly energetic electrons in the outer radiation belt 
during the storm recovery phase. A seasonal variation of the outer radiation belt is identified. The increase in the 
intensity of the highly energetic electrons is large both in spring and autumn seasons. The magnetic activity is also 
large both in spring and autumn seasons. Correlation of the increase in the intensity of highly energetic electrons with 
the magnetic activity is identified.  A solar cycle variation of the outer radiation belt is identified. The location of the 
outer radiation belt was found closer to the Earth during the solar maximum periods and far from the Earth during the 
solar minimum periods. This variation is due to the evidence that large magnetic storms occur largely during the solar 
maximum periods, while small magnetic storms take place largely during the solar minimum periods, resulting a 
long-term solar cycle variation with respect to the distance from the Earth.  

DYNAMIC BEHAVIOR OF THE HIGHLY ENERGETIC ELECTRON OUTER BELT DURING THE 
MAGNETIC STORM 

Mission demonstration satellite 1 (MDS-1) was launched on Feb.4, 2002 into the geostationary transfer orbit 
(GTO) with an inclination of 28 degree and an orbital period of 10 hours. The MDS-1 satellite was renamed 
TSUBASA, meaning wings after launch. On this satellite a high energy particle detector was installed. The results are 
given in Fig.1. Top panel in the figure shows L - t diagram, where the vertical axis shows L - value ranging from L =
1 to 9 and the horizontal axis gives time covering three months with a start of April 1, 2002. We can see electron flux 
enhancements many times. These enhancements are caused by the magnetic storms. One example showing the 
dynamic variation of the electron outer radiation is given in Fig.2. Vertical axis shows the flux of 0.4-0.91 MeV 
electrons and horizontal axis is L-value. Around noon of April 17, a magnetic storm started and the Dst reached –120 
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nT early of April 18. The storm developed once again on April 19 and the Dst reached its minimum (-150nT) early on 
April 20 and then recovered gradually.     

Individual measurements of MDS-1 are given in Fig. 2.  Around 18UT on April 16, there was a peak of outer 
electron belt at L = 5 and it persisted till 09UT on April 17. The flux then decreased largely by 15UT on April 17; only 
a few hours after the commencement of the storm. The peak flux decreased more than one order of the  

Fig.1. L-t diagram of 0.4 MeV to 0.91 MeV electrons and Dst index in 2002. 

Fig.2. Variation of radiation belt profile measured by MDS-1 satellite. Each line demonstrates flux of electrons in the 

unit of (cm2 sec st. MeV)-1, covering three days from April 16 to April 18.
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magnitude and the peak location approached the Earth: i.e. L = 3.5. The magnetic storm continued on April 18, 
keeping Dst index around –100 nT. There were prolonged magnetic activities over April 18 producing quasi-periodic 
substorm injections every three hours or so. First injection was identified around 3UT by the LANL satellite and 
strong disturbances of the magnetic field were seen by the ground-based magnetometer. Due to this prolonged 
magnetic activities the flux of outer belt electrons increased significantly, exceeding pre-storm level. It should be 
mentioned that a new peak location of the outer radiation belt shifted toward the Earth; i.e. L = 3.5, which is 
consistent with Akebono simultaneous measurements and also consistent with statistical result (Obara et al., 2000).  

During the life-time of MDS-1 satellite; i.e. one year and half, there were almost 30 enhancements in the flux 
of outer belt electrons with energy of 0.4 – 0.95 MeV. The results are given in Fig. 3, in which a peak position of 
newly formed outer belt during the storm recovery phase is plotted as a function of minimum Dst of each storm. 
There seems to be a correlation of the peak position and Dst value; a large storm produces a new outer electron belt 
closer to the Earth. This result is largely consistent with Obara et al. (2000) and O’Brian et al. (2003). 
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Fig. 3. Peak position of newly developed outer belt as a function of Dst. Inner edge of the newly formed belt is also 

plotted.

           MDS-1 measurements show a clear relationship between the peak position of the energetic electron flux and 
Dst variations. This tendency is largely consistent with previous works Obara et al. (2000), O’Brian et al. (2003) and 
Tverskaya (2002). This is consistent with being caused by the transport of seed electrons during the main phase or 
early recovery phase (Obara et al., 2001). Advantage of MDS-1 measurement is that the observation has been made 
near the magnetic equator. We can clearly identify the inner edge of newly developed outer electron belt as given in 
Fig. 3. Location of inner edge is much closer to the Earth than that of peak location. This means that the transport of 
seed electrons is quite efficient near the Earth than as expected. Detail processes are however unclear at present. We 
need to investigate energetic electron transport mechanisms much more thoroughly. 

The Akebono satellite measured VLF (very low frequency) chorus emissions along the orbit. The peak location 
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of wave amplitude largely coincides with that of energetic electrons (Obara et al., 2006). Whistler mode chorus 
emission can accelerate seed electrons up to MeV range (Obara et al., 2000 and 2001, Miyoshi et al., 2003). MDS-1 
and Akebono measurements show the coexistence of energetic electron enhancements and the VLF chorus emissions. 
These observations confirm many results found using the previous satellites in the different orbit. Next step will be 
the quantitative study how the VLF waves produce relativistic electrons in the outer radiation belt.  
Important physics of the outer electron radiation belt includes injection or transportation of seed electrons, 
acceleration of electrons. We have examined these issues by investigating super storm events. Outer belt electrons are 
pushed toward the Earth very rapidly at the commencement of the super storms, filling the slot region. One example 
is given in Fig.4, where electron fluxes with energy of >300 keV is demonstrated in the top of the figure as a function 
of time. Dst index is given in the bottom panel. On day of 197 in 2000 an intense interplanetary shock wave hit the 
Earth, causing a terrible large magnetic storm. The Dst index reached down to –300 nT. NOAA satellite measured the 
>300 keV electrons on the morning-evening meridian plane with an orbital period of 90 min. With a development of 
the storm main phase, energetic electrons were pushed toward the Earth, forming a new radiation belt in the slot 
region. By day of 199 additional population of 300 keV electrons has been produced in the outer radiation zone; i.e. 
ranging up to L=5 or so. On day of 202 a slight but significant depletion of 300 keV electrons is identified around L=3,
which became slot (Obara et al., 2005).  

Fig. 4. L-t diagram for electrons with energies of >300keV (top), Kp index (middle) and Dst index (bottom) for the 

Bastille day super storm. Electron data were measured by NOAA 15 satellite.

Large transport of outer radiation belt electrons might be caused by the enhanced convection which reaches 
down to L=2.5 during the main phase of the super storm. Several satellites such as DMSP and Akebono have 
observed such enhanced convection in a subauroral and middle latitude zone. We believe the transport is made by this 
enhanced convection rather than the SC induced electric field proposed by Hudson et al. (1997), since it took several 
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hours for the movement of the inner edge of outer electron belt to the slot region. During the recovery phase of the 
super storm, a large enhancement in the intensity of energetic electrons around L=4 was seen. By analyzing Akebono 
radiation electron data we have obtained a large increase of phase space density, which means additional internal 
acceleration actually took place in the heart of outer radiation belt (Obara et al., 2005).   

LONG-TERM VARIATIONS IN THE OUTER RADIATION BELT ELECTRONS 

   Interesting feature of the outer electron radiation belt in a long-time scale has been identified in the MDS-1 
data. Fig. 5 demonstrates observations of highly energetic electrons by the MDS-1 together with MEO. MED is a 
geostationary transfer orbit satellite which is largely same with MDS-1 but one difference is inclination of the orbit.  

Fig. 5. Variation of total dose form MDS-1 and MEO satellites. Large increase is seen both in spring and autumn 

seasons. 

We can see two peaks in the intensity of total dose. Peak appears both in spring and autumn seasons. Though 
inclinations of both satellites are differ, two lines in Fig. 5 show almost same intensity. This means that highly 
energetic electrons have isotropic nature, and this is consistent with pitch angle measurements by MDS-1 (Obara et 
al., 2006). Why the magnetic activities are high both in spring and autumn is the effect of the tilting of the Earth’s 
magnetic field. If the intensity of highly energetic electrons increases due to the large magnetic activities, this 
evidence supports the internal acceleration model proposed by Obara et al. (2001).    

Interesting feature of the outer electron radiation belt in a long-time scale has been identified in the NOAA data.  
Fig. 6 demonstrates observations of >300 keV electrons for more than 20 years. A location of the outer radiation belt 
was found to be closer to the Earth during the solar maximum periods and far from the Earth during the solar 
minimum periods. Location of the outer radiation belt is decided by the magnitude of magnetic storm (Obara et al., 
2000) and the occurrence probability of the large magnetic storm is high during the solar maximum periods. Portions 
with red circles in Fig.6 demonstrate the periods when the big magnetic storms actually took place.  
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           A highly energetic electron at geostationary orbit altitude is enhanced during the high-speed solar wind 
velocity periods. The high-speed solar wind is mainly caused by the coronal holes and they are evident during the 
declining phase of the solar activity. With the lack of the large magnetic storms during the solar minimum periods, the 
outer radiation belt moves outward compared with the solar maximum periods. Miyoshi et al. (2004) also 
demonstrated that there is a good coincidence between the plasma pause location and the peak location of >300 keV 
electrons. This evidence suggests that plasma pause takes an important role in making strong VLF emissions during 
the magnetic storm and the electron acceleration is possible to make highly energetic electrons there.  

Non-adiabatic acceleration by VLF waves (Obara et al., 2001 and Miyoshi et al., 2003) is still one explanation 
in making relativistic electrons in the outer radiation belt during the storm recovery phase and we should like to 
confirm this by an international array of geostationary transfer orbit (GTO) satellites such as ERG satellite by 
ISAS/JAXA, ORBITALS satellite by CAS, RBSP satellites by NASA and RESONANCE satellite by IKI in very near 
future.    
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Statistical Data Analysis of the Aurora Electrons and
Thermal Ions for Spacecraft Charging Analysis
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804-8550, Japan

Polar Earth orbit (PEO) is a peculiar orbit where energetic auroral electrons and
low-temperature ionospheric plasma coexist. There is a risk of charging and subsequent
arcing in PEO, which was demonstrated unfortunately by the total loss of ADEOS-II
satellite in 2003. Charging in PEO must be properly assessed in the early satellite design
phase by a spacecraft charging analysis tool. The plasma environment, namely its density
and energy, is the crucial parameter for the spacecraft charging analysis. The balance
between the auroral electrons and the low temperature ionospheric ions determine the
charging potential of a PEO satellite. We statistically analyzed the environmental condition
in PEO using the data of auroral electrons and thermal ions measured by DMSP (Defense
Meteorological Satellite Program) satellites. Probability of a given combination of current
densities of auroral electrons and thermal ions has been derived. The energy spectrum of the
auroral electrons are also classified into several types and correlation with the thermal ions
is analyzed. Combinations of the plasma parameters used by a spacecraft charging
simulation software have been identified and database regarding the probability of
occurrence of each combination has been formulated.

I. Introduction
Compared to spacecraft charging in GEO, charging

in LEO has not been given serious consideration
because of presence of high density and low
temperature ionospheric plasma. The balance of
negative and positive currents to the spacecraft
determines its potential with respect to the surrounding
plasma. If a spacecraft is in low-inclination orbit that
does not cross with the aurora zone, defined as the
region between 60 and 75 degrees of magnetic latitude
(MLAT), the ionspheric plasma dominates the current
and the spacecraft potential is within the solar array
power generation voltage1.

Polar Earth orbit (PEO) that crosses the aurora zone
is a peculiar orbit where the low-temperature plasma
and energetic auroral electrons coexist. Therefore, a
PEO spacecraft may charge to hundreds or thousands
of volts negative when the density of thermal ions is
reduced or the flux of auroral electrons become large2,3.
In such a situation, if a potential difference between the
spacecraft body and the spacecraft insulator material
exceeds the arc inception threshold, an arc occurs. This
may lead to a serious accident. In October 2003, a
Japanese Earth observation satellite, ADEOS-II,
suffered fatal power system failure because of
sustained arc in cable harness phenomena triggered by
charging of ungrounded thermal insulator by auroral
electrons4. Since the accident of ADEOS-II, Japanese

space sector takes spacecraft charging in PEO very
seriously.

To prevent such an accident, charging in PEO must
be properly assessed in the early satellite design phase
by a spacecraft charging analysis tool. If the charging
analysis predicts that the probability of arcing in orbit
cannot be ignored, proper ground tests must be carried
out5,6. In the Japanese space sector, JAXA decided to
develop MUSCAT (Multi-Utility Spacecraft Charging
Analysis Tool) 7 based on the lessons learned from the
ADEOS-II failure. There are several ways of using the
charging simulation code. One is to know whether the
spacecraft reaches the critical charging situation where
arcs are inevitable by simulating the worst plasma
condition. Another is to know how many arcs a
spacecraft suffers during the total lifetime. The later
information is used to plan the ground test and assess
the cumulative effects, such as surface deterioration or
solar cell degradation, at the end of life8.

Knowing the correct plasma environment a
spacecraft encounters in orbit is very important to make
use of the charging simulation code. Not only the worst
condition but also statistical distribution of the plasma
parameters are important if we like to derive the
statistical prediction from the charging analysis and the
ground test. The purpose of the present paper is to
formulate a database regarding the PEO plasma
environment suitable for the charging simulation code.
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MUSCAT can simulate the spacecraft plasma
interaction by modeling the ionosphere plasma by
Maxwellian plasma and the auroral electron either by a
single Maxwellian or a double Maxwellian plasma. In
the MUSCAT simulation, the auroral electrons are
injected from the numerical boundary donwnward only
along the magnetic field line8. Therefore, we need at
least a combination of ionospheric plasma density,
auroral electron density and its temperature. In Ref.9
Cho et al carried out statistical analysis of GEO plasma
environment using the data measured by LANL (Los
Alamos National Laboratory) satellites. In Ref.9, the
probability of each combination of electron density,
electron temperature, ion density and ion temperature
was derived assuming the GEO plasma was made by
single Maxwellian electrons and ions. In the present
paper, we carry out statistical analysis similar to Ref.9
using the data measured by DMSP (Defense
Meteorological Satellite Program) satellites.

In the second section, we describe the DMSP data
we used. In the third section, we describe the result of
correlation analysis on the auroral electron current and
thermal (ionospheric) ion current from 1996 to 2003.

II. Data Description
The data we used comes from data of SSJ/4

(precipitating electron and ion sensor), and SSIES
(Special Sensor for Ion Scintillation monitor) onboard
DMSP#. DMSP is a group of satellites orbiting the
Earth at approximately 840 km altitude with 99
inclination and 101 minute orbital period. More than
two DMSP satellites are always operated. Each DMSP
satellite is classified by a number like F6 or F7 and so
on.

SSJ/4 measures the energy spectrum of precipitating
particles between 30 eV and 30 keV using 20 channels
and records each channel every second#. Each channel
covers a specific energy band and is logarithmically
spaced between 30 eV and 30 keV. Each channel
records the magnitude of the particle energy flux. We
calculate the current density of the auroral electrons
using the data of SSJ/4 according to the following
process.

We assume that the velocity distribution of the
energetic electrons is isotropic within 2 solid angle,
which is defined by 0 < � < 2� and 0 < � <�/2, in polar
coordinate shown in Figure 1.

# http://www.ngdc.noaa.gov/dmsp/dmsp.html

Fig.1 Particle flux and velocity vector

The energy flux in polar coordinates is given by the
following equation.

EnergyFlux(J / s / m2 )

= (
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2
mv2 )(v2 sin�d�d�)dv f v( )vcos�
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�
0

� /2

�
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vmax

�

= �
1

2vmin

vmax

� mv5 f (v)dv

= 2�� flux
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where flux is the value observed by SSJ/4 and v is a
speed that corresponds to each channel energy.

The solid angle of 2����is used assuming that particles
are unidirectional along the magnetic field lines. From
Eq (1), the distribution function f(v) is given by the
following equation (2).

f v( ) =
2�e E( )

v3
1
2
mv2

•
1

vi,max � vi,min

(2)

where vi,min is the velocity corresponding to the
minimum energy that a channel i can observe, vi,max is
the velocity corresponding to the maximum energy that
a channel i can observe and E is the channel energy.
One might argue that energetic electrons in aurora may
not be isotropic, and more oriented along the magnetic
field line. As SSJ/4 measures only the energy flux in a
limited solid angle, it is very difficult to estimate the
angular width of the precipitating electrons. As the first
step we multiply flux by 2� ��as in Eq (1) and it should
be noted that this treatment leads to overestimation of
the electron density and current to a certain degree.

We can derive the density by integrating the distribution
function of electrons.

n = 4� f (v)v2dv
vi ,min

vi ,max

� (3)

Average energy and current density is derived from
the density and the distribution function. They are

<
mv2

2
>=

2�m f (v)v4dv
vi ,min

vi ,max

�

n
(4)
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where <
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2
> is the average energy. The total

current density i is given by
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SSIES measures density, temperature, and velocity
of the background thermal plasma. Sampling rate is 4
second15. We used the data of the thermal ion density.

The SSJ/4 data was obtained from the website* of
“The Johns Hopkins University Applied Physics
Laboratory” and SSIES data was obtained from the
website§ �� of “DMSP SSIES Data Distribution Website”.
The data is from January, April, July, and October in
1996, 2000, and 2003 so that we can cover the
maximum, the minimum and the middle of one solar
cycle and four seasons. We analyzed only the data
observed at the same time by both SSJ/4 and SSIES in
the magnetic latitude between 60 and 75° in the
southern and northern hemisphere. Number of data
points we used is listed in table 1.

Table.1 Number of data points between 60 and
75 MLAT. (North and South) used in the analysis

of sections 4 and 5.
Jan Apr Jul Oct Satellit

es
96 266975 256811 217662 280040 F12,13
00 453929 500041 371375 372608 F12,13

,14,15
03 234357 261944 255331 226339 F13,14

,15

III. Concurrent Statistical Data Analysis of the
Current Density of Auroral Electrons and

Thermal Ions
In this section, we first classify the scale of the

aurora into 5 types, Extreme, Severe, Strong, Moderate,
and Weak (table 2). We made no distinction between
the northern and the southern hemisphere. Moderate is
the most probable type as scaling of the aurora. When
the aurora becomes active, the scale changes in the
order of Strong, Extreme and Severe, where the current
to spacecraft is dominated by the auroral electrons.
Weak is the case when auroal electrons hardly
precipitate into the spacecraft.

* http://sd-www.jhuapl.edu/Aurora/dataset_list.html
§ �� http://cindispace.utdallas.edu/DMSP/

Table 3 shows the probability that a spacecraft
encounters a certain aurora condition at daytime or at
nighttime in magnetic local time (MLT). Extreme and
Severe show no significant dependence on MLT.
Strong tends to occur more during nighttime than
daytime. In addition, the probability of Strong type
aurora becomes higher during the solar maximum
(2000 and 2003) than the solar minimum (1996) (see
Table 4).

Figure 2 shows the ion density in July 1996 and in
July 2000. In July, the northern hemisphere is always
illuminated. Therefore the ion density is high and
stable. In contrast, the southern hemisphere is not
illuminated, which makes the ion density low and
fluctuating.

We classified the ion density into 3 types, Rare,
Medium, and Dense (Table.5). The ion current was
calculated by multiplying the density by 8 km/s, the
orbital velocity. When the ion density becomes Rare,
the auroral current of Strong, Severe, and Extreme
exceeds the ion current. Figure 3 shows the relationship
between the scale of the aurora and the scale of the
thermal ion in the southern hemisphere in July 2000
between 21 MLT and 24 MLT. The southern
hemisphere is not illuminated in July. Table 6 shows
the probability that a spacecraft encounters a certain
plasma environment in July 2000 in the southern
hemisphere between 21MLT and 24MLT. The ion
density becomes lower if the scale of the aurora
becomes weaker and the ion density becomes higher if
the scale of the aurora becomes stronger. This is caused
by the increase of the ion density due to ionization of
the atmosphere by the energetic auroral electrons. In
the same way, the northern hemisphere in January have
the same tendency.

The ion density in the illuminated region doesn’t
have this tendency, because the effect of the solar
illumination is much stronger than the effect of
ionization by auroral electrons.

From Tables 2 and 6, it is found that Severe and
Extreme aurora scale and even Strong if accompanied
by the ion density less than 8x108 m-3 may lead to
serious negative charging of a spacecraft body. In
Table 6 those cases are enclosed in the thick line. The
total percentage of those charging cases is 0.84% in
July 2000 in the southern hemisphere between 21MLT
and 24MLT. A major part of this charging case is
dominated by the Strong scale aurora. Thus, most
charging event occur due to the decrease of ion density
rather than the increase of the auroral current. Although
it is very rare, less than 0.01%, in the Extreme case,
spacecraft may charge to over -10kV because the
auroral electrons energy is above 10keV.
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Table 2. Definition of aurora scale and its
conditions.

Scale Current Density
(A/m2)

Average Energy
(keV)

Extreme >10-4 >10
Severe >10-4 <10
Strong 10-6~10-4

Moderate 10-8~10-6

Weak <10-8

Table 3. Scale of aurora and probability (%) in
9~12 MLT and 21~24 MLT.

9~12 MLT 21~24 MLTScale
1996 2000 2003 1996 2000 2003

Extreme 0 0.006 0 0 0.005 0
Severe 0.08 0.14 0.4 0.09 0.16 0.22
Strong 9 22 34 34 41 53

Moderate 91 78 65 58 57 45
Weak 0.02 0.06 0.9 8 1.7 2.1

Table 4. Probability of each aurora scale (%) .
Probability (%)Scale

1996 2000 2003
Extreme 0.0002 0.0035 0.0001
Severe 0.08 0.14 0.23
Strong 24 35 41

Moderate 73 64 57
Weak 2.5 0.5 1.1

Table 5. Scale of thermal ion and its conditions.
Scale Current Density

(A/m2)
Density (m-3)

Rare <10-6
<8 108

Medium 10-6~10-4
8 108~8 1010

Dense >10-4
>8 1010

Table 6. Statistical correlation probability(%)
between ion and electron current. (July 2000 in the
southern hemisphere between 21MLT and 24MLT)

Weak Mode
rate

Stron
g

Sever
e

Extre
me

Rare 0.11 0.69 0.64 0.003 0.0
Medium 1.1 54 40 0.17 0.005
Dense 0.023 1.6 2.1 0.021 0.003

Fig.2. Relation between thermal ion density and
MLT in July.(top:1996,July,north, 2nd

low:1996,July,south, 3rd low:2000,July,north,
bottom: 2000,July,south)

Fig. 3. Relation between the scale of the aurora and
the ion density (July 2000 in the southern

hemisphere between 21MLT and 24MLT.)
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Table 7 shows the probability of the auroral current
exceeding the ion current. The percentage of Strong
type aurora to each probability is listed in the
parentheses. For an example, in October in the southern
hemisphere in 1996 between 0 MLT and 3 MLT, the
probability of the auroral electron current exceeding
the thermal ion current is 0.07%. In the 0.07%, 22.2%
corresponds to Strong scale aurora and the rest
corresponds to Severe and Extreme aurora. The
charging probability due to the decreasing ion density

is evident during the solar minimum in January 1996 in
the northern hemisphere and in July in the southern
hemisphere. In contrast, the charging probability due to
the active aurora is evident during the solar maximum
in July 2000 in the northern hemisphere where no
Strong case exists. For the case of charging due to the
active aurora, the ratio of Extreme and Severe cases in
the probability increases compared to charging due to
the decreasing ion density.

Table 7. Probability of auroral current exceeding ion current (%)
1996

North South
MLT Jan Apr Jul Oct Jan Apr Jul Oct
0~3 n/a n/a n/a n/a 0.02(0.0) 8.08(99.0) 28.13(99.8) 0.07(22.2)
3~6 19.53(100) 0.12(14.3) 0.22(14.3) 1.86(95.2) 0.04(0.0) 4.50(98.5) 16.77(99.8) 0.06(18.8)
6~9 15.10(99.1) 0.16(0.0) 0.11(0.0) 1.80(92.9) 0.09(0.0) 5.80(99.1) 8.84(99.5) 0.17(62.8)
9~12 2.04(96.6) 0.01(2.6) 0.13(0.0) 0.29(54.9) 0.00(0.0) 0.44(93.6) 2.27(100) 0.01(0.0)
12~15 1.21(90.1) 0.16(0.0) 0.11(0.0) 0.21(11.1) n/a n/a n/a n/a
15~18 2.10(93.0) 0.09(0.0) 0.05(0.0) 0.24(68.1) 0.01(0.0) 7.56(99.9) 7.70(100) 0.35(97.4)
18~21 4.93(99.1) 0.13(0.0) 0.04(0.0) 1.00(87.0) 0.10(79.2) 10.37(99.5) 13.96(99.9) 1.80(95.9)
21~24 5.17(98.6) 0.07(0.0) 0.01(0.0) 4.09(95.5) 0.09(4.5) 13.66(99.4) 18.42(99.4) 0.47(81.4)

2000
North South

MLT Jan Apr Jul Oct Jan Apr Jul Oct
0~3 n/a n/a n/a n/a 0.06(0.0) 0.12(0.0) 0.39(48.9) 0.09(0.0)
3~6 0.07(0.0) 0.09(0.0) 0.27(0.0) n/a 0.07(0.0) 0.05(3.4) 0.16(10.1) 0.11(0.0)
6~9 0.18(3.2) 0.11(0.0) 0.25(0.0) 0.22(0.0) 0.14(0.0) 0.09(0.0) 0.18(2.4) 0.18(0.0)
9~12 0.13(0.0) 0.16(0.0) 0.28(0.0) 0.08(0.0) 0.18(0.0) 0.08(0.0) 0.23(24.0) 0.10(0.0)
12~15 0.43(0.0) 0.34(0.0) 1.11(0.0) 0.26(0.0) n/a n/a n/a n/a
15~18 0.19(1.4) 0.07(0.0) 0.32(0.0) 0.12(0.0) 0.03(0.0) 0.26(96.4) 0.91(92.7) 0.10(0.0)
18~21 0.15(0.0) 0.07(0.0) 0.18(0.0) 0.10(0.0) 0.10(0.0) 0.98(97.0) 1.31(90.1) 0.05(5.9)
21~24 0.09(0.0) 0.21(0.0) 0.00(0.0) 0.92(0.0) 0.16(0.0) 0.17(36.5) 0.84(75.9) 0.18(0.0)

2003
North South

MLT Jan Apr Jul Oct Jan Apr Jul Oct
0~3 n/a n/a n/a n/a 0.16(0.0) 0.08(17.6) 2.25(89.8) 0.09(0.0)
3~6 0.00(0.0) n/a n/a n/a 0.08(0.0) 0.06(0.0) 0.92(86.7) 0.17(0.0)
6~9 0.23(1.2) 0.15(0.0) 0.43(0.0) 0.47(0.0) 0.17(0.0) 0.16(7.7) 1.32(66.7) 0.38(0.0)
9~12 0.37(0.0) 0.21(0.0) 0.72(0.0) 0.27(1.6) 0.69(0.0) 0.05(0.0) 2.03(60.0) 0.09(0.0)
12~15 0.90(2.9) 0.43(0.0) 0.95(0.0) 0.32(0.0) 0.00(0.0) n/a n/a n/a
15~18 0.28(3.5) 0.15(0.0) 0.39(0.0) 0.17(0.0) 0.07(0.0) 2.64(99.6) 6.15(00.6) 0.38(0.0)
18~21 0.17(0.0) 0.07(0.0) 0.20(0.0) 0.38(0.0) 0.07(0.0) 2.24(97.5) 5.56(98.0) 0.18(11.6)
21~24 n/a n/a n/a n/a 0.23(0.0) 0.44(70.2) 3.52(91.3) 0.20(0.0(0.0))
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IV. Database for Spacecraft Charging Anaysis
Parameter for MUSCAT

Finally, we formulate the database of input
parameters of PEO plasma environment suitable for a
parametric run by a spacecraft charging analysis tool
such as MUSCAT.

In MUSCAT, the input plasma parameters for PEO
analysis are the current density and average energy of
aurora and surrounding thermal plasma density. The
aurora electrons are modeled by a Maxwellian
distribution. The temperature of surrounding plasma
may vary between 0.1 to 0.2eV. Because the difference
is negligible compared to the possible charging
potential and the thermal speed is negligible compared
to the orbital velocity, we fix the temperature to 0.2eV.

The purpose of the parametric run is to investigate
as many cases as possible to derive the number of
charging events in orbit. By knowing the time for the
differential voltage between spacecraft surface
insulator and the spacecraft body to reach the threshold
for primary arc inception, we can also derive the
expected number of primary arcs in orbit. This practice
was once carried out for a GEO satellite in Ref.13. We
can derive those numbers if we know the probability of
occurrence for each set of the plasma environment
parameters.

To formulate the database of possible combinations
of the plasma parameters, we used the DMSP data of
January, April, July and October in 1996, 2000, and
2003 between 60 MLAT and 75 MLAT in both
hemispheres. In this way, we can cover four seasons in
the northern and southern aurora zones during the solar
maximum (2000), the solar minimum (1996) and the
intermediate time (2003). To resolve the local time
dependence, we divided the data into 8 MLT zones that
have duration of 3 hours. In this way, the number of
temporal and spatial combinations are 3x4x8x2=192
cases.

At each of 192 cases, we further divide the plasma
environment depending on the aurora current density,
average energy, spectra and thermal ion density. The
ranges of each plasma parameter used to categorize are
shown in table 8. For the aurora current density, we
combined all the cases below 10-6A/m2 because the
current density below 10-6A/m2 has little effect on
negative charging. When we carry out the simulation
for the case representing the aurora current density less
than 10-6A/m2, we choose the aurora current density
1x10-6A/m2 as the input value for the simulation. For
the case of aurora current density from 1x10-6 to
1x10-5A/m2, we choose 1x10-5A/m2 as the input value
of the aurora current density. The other input values are
listed in Table 7. For the thermal plasma density above
1010m-3 is combined into 1x1010m-3 as the dense plasma

relaxes the negative charging. Choosing the aurora
current density at the upper-bound of each range and
the thermal ion density at the lower bound gives more
cases of negative charging, leading to the conservative
(safe-side) estimate on the number of charging events
in orbit.

We divided the aurora spectrum into three cases to
consider the correlation between spectrum of auroral
electrons and thermal ions. We represent the energy
flux by two-Maxwellian distribution. The formulation
is following.

flux(�) = M1
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where flux(�) is the energy distribution function, M1

and M2 are electron density and T1 and T2 are electron
temperature. T1 is greater than T2. Spectra are
represented by the Maxwellian distribution of low
temperature T1 and high temperature T2. We consider
3 cases. Case1; M1 10 < M2 , case2; M1 10
M2 and M2 10 M1, and case3; M1 > M2 10.
Case1 is the environment dominated by high energy
electrons. Case2 is the environment that various energy
electrons are precipitating. Case3 is the environment
dominated by low energy electrons

We fitted M1, M2, T1, and T3 to the observational
value of SSJ/4 using genetic algorithm fitting. The
range for M1 and M2 are from 104m-3 to 1010m-3. The
range for T1 is from 10eV to 1keV. The range for T2 is
from 1keV to 80keV. Figure 4 shows the observational
value and fitting value of case1, case2, and case3.

If the spectrum is categorized as the Case1, the
temperature is further divided into the four cases listed
in Table 8. The aurora electrons are modeled by a
single Maxwellian with the temperature listed in the
next column in Table 8. Likewise, if the spectrum is
categorized as the Case3, the temperature is further
divided into three cases. If the spectrum is categorized
as the Case2, we multiply the average energy defined
by Eq. (4) by 2/3 to obtain single temperature to be
used to model the electron energy distribution by a
single Maxwellian. For the case where the aurora
current density is below 10-6A/m2, we neglect the
difference of the aurora energy spectrum and treat all
the spectrum type as case 2 for simplicity.

For each thermal plasma density, the number of
combination for the aurora current density and
temperature is 8+3x16=56. Therefore, the total number
of combination for the plasma parameter is 4x56=224.
Therefore, the total number of combination considering
the solar activity, the season, the local time, the
hemisphere and the plasma parameters is
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192x224=43008. We calculate the probability of
occurrence of each of 224 combinations of plasma
parameters at each case of the 192 temporal and spatial
combinations. Among the 192 temporal and spatial
combinations, unfortunately, there are cases where no
DMSP data is available. We compensate the no data
region using adjacent time zones. No data regions are
0~3MLT, 3~6MLT, and 21~24MLT in the northern
hemisphere and 12~15MLT in the southern hemisphere.
Figure 2 shows little dependency on MLT, so we

compensated no data regions considering only the
aurora activity referring to the probability of ‘the worst
case’ in Ref.10. Data of 0~3MLT, 3~6MLT, and
21~24MLT in the northern hemisphere are
compensated by data of 18~21MLT, 15~18MLT,
18~21MLT in the northern hemisphere respectively.
Data of 12~15MLT in the southern hemisphere is
compensated by data of 9~12MLT in the southern
hemisphere.

Among the 43008 combinations, there are cases
where the probability of occurrence is zero. After we
delete the cases with zero probability, there are only
2858 cases left. For parametric run, we can reduce the
number of simulation to 930 cases because we have
only to consider the plasma density, the auroral current,
the temperature, time region, and the hemisphere in the
calculation. We can further reduce the number of
simulation by ignoring the cases where little negative
charging is expected with the aurora current density
much lower than the thermal ion current density.
Deleting such cases, the number of simulation
necessary is approximately 400. If we can finish each
simulation case in 15 minutes, all the simulations can
be done in less than 5 days.

V. Conclusion
It is necessary to characterize the plasma parameters

in PEO to correctly access the risk of spacecraft
charging in orbit and draft an appropriate ground test
plan if necessary. Whether a spacecraft in PEO suffers
serious negative charging beyond the solar array power
generation voltage, depends on the balance between
energetic auroral electrons and ionospheric ions. The
plasma conditions have statistical distribution
depending on the solar activity, orbital position, season
and local time. To carry out quantitative analysis to
derive the probability of serious charge events in orbit,
we need to know not only the worst-case condition but
also the probability of occurrence of each combination
of the plasma parameters. In the present paper, we have
statistically analyzed the current density of the aurora
and background thermal ion in PEO using data of
DMSP to produce a database suitable for series of
spacecraft charging simulations to derive the number of
charging events and the estimated number of primary
arcs in orbit.

The statistical analysis of DMSP SSJ/4 and SSIES
data revealed that during the solar maximum, the
probability of negative charging due to active aurora
rises. During the solar minimum, the probability of
negative charging due to decrease of ion density rises
especially in the southern hemisphere.

We have formulated a database to be used as input
parameters of spacecraft charging simulation code,

(a) case1

(b) case2

(c) case3
Fig 4. Fitting spectrum
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MUSCAT. We have derived the probability of
occurrence of each combination of season, solar
activity, hemisphere, magnetic local time, auroral
current density, ionospeheric ion density and auroral
electron temperature. In the database, we have divided
the seasons into 4, the solar activity into 3 levels, the
hemispheres into south and north, the magnetic local to
8 time zones, the auroral current density into 4 levels,
the ion density into 4 levels and the auroral electron
temperature into 16 levels. Although the total number
of combinations is more than 50,000, if we consider
only the cases with non-zero probability of occurrence
and possibility of auroral current density exceeding the
ionospheric ion density, the number of case reduces to
400.

Our next task is to carry out the simulation runs of
the 400 cases by MUSCAT and calculate the spacecraft
charging potential and time for the differential voltage
to reach the arcing threshold for each case.
In the present paper, the data we used for the statistical
analysis is limited to DMSP. Therefore, strictly
speaking the database we formulated is applicable only
to the altitude of 840km. Correction would become
necessary whenever we carry out the charging
simulation for spacecraft in a different altitude. We
have used only a limited amount of DMSP data to carry
out the concurrent analysis of the auroral current and
the ionospheric ion density. In future, it is necessary to
refine the accuracy of database by increasing the
number of observation data involved.
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Table 8. Range and input value of each case of plasma parameters
Range of
aurora current
density (A/m2)

Input
value of
aurora
current
density
(A/m2)

Range of
thermal
plasma density
(m-3)

Input
value of
thermal
plasma
density
(m-3)

Aurora electron spectrum and
temperature (eV)

Input value of
aurora electron
temperature (eV)

~1x10-6 1x10-6 ~1x108 5x107 1000~2000 2000
1x10-6~1x10-5 1x10-5 1x108~1x109 1x108 2000~4500 4500
1x10-5~1x10-4 1x10-4 1x109~1x1010 1x109 4500~10000 10000
1x10-4~ 5x10-4 1x1010~ 1x1010 10000~20000 20000

Case 1

20000~ 30000
10~200 200
200~450 450
450~1000 1000
1000~2000 2000
2000~4500 4500
4500~10000 10000
10000~20000 20000

Case 2

20000~ 30000
10~200 200
200~450 450

Case 3

450~1000 1000
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DEVELOPMENT OF A LIGHT WEIGHT, LARGE AREA IN-SITU DUST/DEBRIS 

DETECTOR 

Hideo Ohashi1), Sho Sasaki2), Takayuki Hirai1), Hiromi Shibata3), Ken-ichi Nogami4) and Takeo 

Iwai5)

1) Tokyo University of Marine Science and Technology, 2) National Astronomical Observatory 

of Japan, 3)Kyoto University, 4) Dokkyo Medical University, 5)University of Tokyo 

1. Introduction 

     There exists inner- and extra-solar origin cosmic dust (hereafter “dust”) in the solar system. 

These dust particles have pristine material information and are the clues to understand the evolution 

of the solar system. High speed dust and/or debris impact on the satellite might hazardous to the 

operation of the satellite; therefore dust/debris study is important to evaluate the possible risk on the 

human activities in space. 

     There are two types of in-situ dust/debris detector; 1) a counter to measure the physical 

parameters such as mass, velocity and incident direction, as onboard GALILEO, NOZOMI, 2) an 

analyzer to measure chemical composition of the dust, as onboard HELIOS, STARDUST, CASSINI, 

etc. In both cases high velocity dust particles are impacted on the metal target plate, plasma cloud 

was formed (impact ionization), positive/negative ion are collected and measured. Impact ionization 

type of detector is the main stream for in-situ dust/debris measurement. 

     Future dust measurement in space, some restrictions such as “effective dust measurement with 

large aperture”, “light weighed to minimize the cost” are required. To fulfill these requirements, 

simplification of the structure is necessary. Determination of target shape, distance between target 

and grid, applied voltage are crucial for the development. But conventional detector, such as MDC 

onboard NOZOMI was box shaped with low symmetry, this caused the impact position dependence 

of signal and was the deficit of this detector. Our objective of study is to determine the optimum 

shape and applied voltage condition based on the experiment for the impact ionization detector 

(IID).

2. Principle of impact ionization detector 

     The first generation IID is composed of a circular metallic plate (target) of 5cm in diameter, 

side wall and an entrance grid. Dust with velocity higher than a few km/s impacting on the target 

generates plasma. For the easiness of handling, entrance grid is grounded, while the target is biased 

with high voltage (Fig.1). From the target signal, we can calculate rise-time t and generated total 

charge Q. Where t and Q/m are functions of dust impact velocity v, and is empirically noted as 

follows:
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gt c v        (1) 

/ rQ m c v    (2) 

where cg, cr,  and  are determined 

by the calibration experiment [1,2]. From 

the measured rise-time t, we obtain 

impacting dust velocity v by applying v-t

calibration curve, and this v is applied to 

v-Q/m curve we can obtain impacting dust mass m, while generated charge Q is already known.  

3. Experiments 

     Van de Graaff accelerators at HIT (High Fluence Irradiation Facility, the University of Tokyo, 

Tokai-mura, Japan) and MPI-K (Max-Planck Institute for Nuclear Physics, Heidelberg Germany) are 

used for calibration experiment. Micron sized conductive particles are accelerated to a few km/s to 

tens of km/s and are impacted onto metallic target. Inserted photograph in Fig.1 is the first 

generation IID. Applied voltage on the target, and target-grid distance were changed. Basic study 

proved this parallel-plane type of detector is superior to MDC which is asymmetric inside the 

detector. 

Second generation IID has an aperture of 15 cm in diameter, and has two grids to study the 

plasma cloud behavior. For charged particles, we can calculate their velocity from the signals. Side 

wall was removed to keep it light-weighed (Fig.2). Typical signals are show in Fig.3. 

     Third generation IID has an aperture of 30 cm in diameter, cylindrical side wall, and two grids 

with a total mass of 2kg (Fig.4).  

Fig.2 Second generation IID Fig.3 Typical signals

Fig.1 Principle of impact ionization detector
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     Fourth generation IID has an aperture of 20 cm square, side wall, and two grids with a total 

mass of 2kg (Fig.5). Square type aperture was adopted to maximize the target area.  

4. Results and discussions 

     Rise-time t vs particle velocity v with 

different particles, different applied high 

voltages, and impact position dependence are 

shown in Fig.6 to Fig.8. Charge to mass ratio 

Q/m vs particle velocity v with different particles, 

different applied high voltages, and impact 

position dependence are shown in Fig.9 to 

Fig.11.  

From these figures it is clear that empirical 

formulae (1) and (2) fit well in general. From 

Fig.6 and Fig.7, there is little dependence of the 

incident particle, nor applied high voltage. For 

the safety to satellite applied voltage is 

preferable as low as possible. From Fig.8 it is 

clear that there is little impact position 

dependence, therefore this type of detector has 

effective area nearly equal to that of the target 

area. Charge to mass ratio Q/m vs particle 

velocity v data (Fig.9) is incident particle 

material dependence. This feature proves us that 

this detector would work as a simple chemical 

analyzer. Cosmic dust with metallic composition 

Fig.4 Third generation IID Fig.5 Fourth generation IID

Fig.6 v-t Particle dependence 

Fig.7 v-t Target voltage dependence 

Fig.8 v-t Position dependence 
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and chondritic or stony composition would be 

differentiated by measuring Q/m vs velocity v for 

each impact signal. To prove this feature we are 

planning to perform further experiments with 

conductive latex particles to simulate chondritic 

dust particles. 

5. Conclusions 

There is a good correlation between target 

rise-time t, charge to mass ratio Q/m and 

impacting particle velocity v. From rise-time t,

dust impacting velocity v is deduced. From total 

charge produced Q, we can deduce impacting 

dust mass m. There is little dependence on 

impact position, as well as incident angle. These 

features prove that parallel-plane type of detector 

has enough performance for dust/debris impact 

ionization detector. From impacting particle 

material dependence data of charge to mass ratio 

Q/m vs particle velocity v, tit might work as 

chemical analyzer. If this feature is proven, IID 

would work as a simplest chemical analyzer 

compared to the sophisticated instrument ever 

developed. 
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Fig.9 Q/m-v Particle dependence 

Fig.10 Q/m-v Target voltage dependence

Fig.11 Q/m-v Position dependence
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THRESHOLD MEASUREMENT OF SECONDARY ARC ON SOLAR ARRAYS FOR 
JAPANESE SPACECRAFT CHARGING GUIDELINE

Kazuhiro Toyoda, Takayuki Ose, Hirokazu Masui, and Mengu Cho

Laboratory of Space Environment Interaction Engineering, Kyushu Institute of Technology
1-1Sensui Tobata-ku Kitakyushu 804-8550, Japan

ABSTRACT : In this paper, we report about the test results on coupons made 
for Working Group 1(WG1), which was established to make a Japanese guideline 
for spacecraft charging design. Laboratory tests were carried out with an 
external circuit simulating a spacecraft power system. The solar array coupon 
panels simulating the hot and return ends of a string circuit were tested under 
various combinations of string voltage and string current. We revealed that the 
threshold conditions for sustained arc were different in string voltage.

1 - INTRODUCTION

   Recently, the discharge phenomenon on solar array has become problem. The satellite potential depends on 

a surrounding plasma environment, the sunshine condition, and the surface physical properties. In GEO,

when a satellite encounters substorm environment, its potential can become extremely negative due to high-

energy electrons flowing into the satellite. The potential difference appears between the spacecraft ground 

and insulator structures like coverglass due to the difference of secondary emission yield. This cover glass

potential can be higher than that of the interconnector that is close to the spacecraft ground. This is called 

inverted potential gradient. The cross-sectional view of spacecraft solar array is shown in figure 1.

Figure 1 - Schematic of solar cell

An electric field is generated between the coverglass and the conductor, and the electric field is enhanced 

near the triple junction, which is the boundary of conductor, dielectric and plasma. The field enhancement at 

the triple junction induces an discharge. The single discharge called the primary arc causes considerable 

problems, such as electromagnetic interference and destruction of solar array circuit. The primary arc can 

cause short-circuit between adjacent cells having high voltage potential. This phenomenon is called the

secondary arc. The short-circuit current of secondary arc is supplied by solar cells generating electric power. 

When the secondary arc occurs, the output power of the circuit is lost. This can cause the destruction of the 

solar array circuit at the worst case. The troubles of destruction of the solar array circuit due to secondary arc

are reported[1,2].

   The secondary arc is classified into several steps whether short circuit phenomenon is temporary or not.

Figure 2 shows the definition of the discharge current waveform. The time that first falls to below 10% of 

peak value (Ipeak) on the trailing edge of the primary arc waveform is defined as Tend. The time duration,

which the current over 90% of peak current value flows from Tend, is defined as time duration of the arc. We

defined that the secondary arc with time duration less than and more than 2�s were Non Sustained Arc 

(NSA) and Temporary Sustained Arc (TSA), respectively. If the arc current flows permanently, the 
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secondary arc is defined as Permanent Sustained Arc (PSA). It is suggested that the occurrence of the 

secondary arc depends on the voltage between adjacent cells in the solar array (VST), the power generation 

current (IST), the gap length between adjacent cells, and the energy of the primary arc[3-5].

   The Working Group 1 was organized to prepare a Japanese spacecraft charging guideline in order to 

mitigate spacecraft failure due to charging and discharging. In the guideline, the threshold measurement of 

secondary arc inception was needed to understand the voltage, the current, and the gap length that cause the 

secondary arcs. We have performed the secondary arc threshold measurement so far[4-5]. In this paper, the 

test results of secondary arc are reported mainly for the Triple-Junction solar array coupon.

Figure 2 - Definition of primary arc and secondary arc.

2 - EXPERIMENT

9 Triple-Junction (TJ) cell coupons and a Silicone (Si) cell coupon were prepared for the threshold 

measurement. The gap lengths of TJ coupons were 0.5mm, 0.8mm, 1.0mm, and 2.0mm. The coupons with 

and without RTV grouting in gap were prepared for the gaps of 0.5mm and 1.0mm. The Si coupon had 

0.5mm gap length. Figure 3 shows a example photograph of the coupon used in the experiment. The 

substrate was made of aluminum honeycomb covered with Carbon Fiber Reinforced Plastic (CFRP). The top 

of the substrate was covered with the Kapton® film. This solar array coupon consisted of 24 TJ solar cells 

(76mm 37mm). All solar cells were glued on the Kapton® film by RTV silicone adhesive. Two solar cells 

were connected in series via the inter-connectors. We used four cells formed two strings with two cells with 

facing as a treat sample. This coupon was composed of three strings named R, B, and G. The electrodes 

connected to both ends of the series connection are called bus bar. All bus bars are covered with RTV silicon 

in order to suppress arc inception there.

Figure 3 - Picture of solar array coupon.
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The sketch of the measurement system is shown in figure 4. The experiments were performed in a vacuum 

chamber. The GEO environment was simulated by an electron beam gun. All waveforms of the array 

potential and the discharge current were acquired by a high-speed data acquisition system. During the 

experiments, the video image of the coupon was recorded in a hard disk drive connected to a PC as a digital 

video image. 

Figure 4 - Experimental setup

The external circuit used in the secondary arc experiments is shown in figure 5. Direct current source V1 is a 

power supply imitated output of solar array generating electricity. This power supply is demanded to follow 

the phenomenon of several microseconds like the primary arc[6]. Therefore, we used DC power supply

composed of the current regulative diode parallel in this experiment. This power supply has the low output 

capacitance lower than 5nF and the recovery time of about 0.5�s. RL is pseudo-load.

 The C1 C3 is corresponding to the capacitance of one series circuit which 50 TJ cells are connected on a 

substrate. Vbias and Cext imitate the potential and capacitance of the satellite respectively. The primary arc 

energy is supplied by this capacitance. In the primary arc, the electron charged in Cext flows from arc site to

the chamber wall through plasma. This current is called a blow off current. We measured the blow off 

current with a current probe, CP3. Solar strings having higher potential only a due to RL potential is called 

HOT line and the other side is called RTN line.

At first, the current usually flow the route of V1-HOT-RL-RTN –V1 by V1 power supply. This route shows 

the current supplied by the electric power to the load. In normal operation, the V2 cannot usually output

because the voltage of V2 is set less than voltage of RL. If arc plasma makes short-circuit between cells of 

HOT and RTN line, the voltage between strings decrease less than the voltage of V2. Here, all current flows 

from V1 to arc site. This is a current loop of the secondary arc. The secondary arc inception is judged by 

measuring the current with current probe (CP1, CP2). The difference between CP1 and CP2 is arc current 

that actually flows between cells as secondary arc. VST during steady-state is called string voltage. The 

bypass capacitance CBP was also connected to simulate a bus capacitance. A LCR circuit controlled a 

primary arc waveform in order to simulate a flashover current.
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Figure 5 - Experimental circuit.

   The test procedure is as follow;

1. Measure TSA threshold at a fixed Vst with Lext= Rext = 0 and Cext= 5nF. If a TSA occurs, move to PSA 

test. If not within 20 arcs, increase current and continue TSA test.

2. Move to a virgin gap and measure PSA threshold from the current of TSA threshold. If a PSA does not 

occur within 10 TSA, increase current.

  After every test case, microscopic pictures were taken by a long distance microscope to check the health of 

test gaps.

3 - RESULTS AND DISCUSSIONS

   Figure 6 shows the threshold test results of secondary arc. The cells in figures were classified by color. The 

numbers in cells show the average of secondary arc durations except that PSA occurred as 1st secondary arc. 

The numbers in parentheses show the current value flowing during secondary arc actually. 

   In every coupon, no secondary arc occurred in the Vst of 30V. The TJ coupon with 2.0mm gap and Si 

coupon with 0.5mm gap showed higher threshold value of 50V. The threshold current for PSA was 1.5A 

except for 2.0A in TJ coupon with 2.0mm. 

   Figure 7 shows the relation between secondary arc duration and current. These durations were average 

values. As shown in this figure, the secondary arc duration increased with increasing current. The duration of 

1ms corresponded to the current from 1A to 2A, resulting in PSA in all coupons. This means the secondary 

arc duration over 1ms can cause PSA.

(a) TJ 0.5mm (b) TJ 0.8mm
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(c) TJ 1.0mm (d) TJ 2.0mm

(e) Si 0.5mm

Figure 6 - Threshold measurement test results of secondary arc.

Figure 7 - Relation between secondary arc duration and current.
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4 - SUMMARY

   The threshold value of secondary arc was acquired for TJ cell and Si cell coupons. The ESD testing 

method for secondary arc was also established. The results were summarized in figure 8. The threshold value 

was different in gap and cell type. The safe condition was classified by 4 categories, as follows.

Safe:  no secondary arc can occur.

Caution:  TSA can occur, however PSA cannot occur.

Danger:  PSA may occur.

Prohibition:  PSA can occur.

  In the case of TJ cell coupon with the gap length from 0.5mm to 1.0mm, the safe zone was below 30V. The 

secondary arc duration depended on current, and however showed the independent on voltage. The coupons 

with these gaps had PSA over 1.5A. 

  The TJ cell coupon with a 2.0mm gap had the safe zone below 50V. The prohibition zone was over 2.0A.

  The Safe and prohibition zone of the Si 0.5mm coupon were below 50V and over 1.5A, respectively.

These test results were included in the Japanese spacecraft charging design guideline.

Figure 8 - Safe conditions for secondary arc.
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Abstract

A new method to simulate power generating solar 
arrays of spacecraft is presented. By combining a 
multijunction solar array, InGaP-GaAs-Ge, and a 
metal halide lamp (MHL) secondary arcs were 
generated. The aim was that the arcs should be 
comparable to those generated by the currently used 
methods, which are the solar array simulator (SAS) or 
a power supply combined with a current regulating 
diode (CRD) circuit.
The results of the experiment showed a successful 
generation of secondary arcs, especially of temporary 
sustained arcs. The arc duration is similar for all 
three simulation methods. The conclusion therefore is
that the MHL method can be used in the same way 
the SAS or CRD method can be used, as it generates 
the same results.

1. Introduction
Currently two possibilities are available to simulate 

the power generating solar array on spacecraft in 

ground experiments. Those are the solar array 

simulation method and the so-called current 

regulating diode method. First these two 

possibilities will be introduced, followed by the 

presentation of a new method to simulate the solar 

arrays on spacecraft. Subsequently a discussion of 

the gained results, including a comparison of the 

three methods in terms of the arc duration and the 

characteristics of the arc waveforms, is done.

2. Solar Array Simulator
The solar array simulator (SAS) is a direct current 

power supply with the impedance characteristics of 

a solar array. The inner circuit of the simulator is 

confidential and therefore no changes to this circuit 

are possible. The SAS is basically a current source 

with very low output capacitance of 50nF [5]. To 

simulate different solar arrays the I-V curve of 

different arrays under different conditions can be 

programmed into the simulator. To simulate 

different internal capacitances of a real solar array,

an external capacitance circuit is necessary.

3. Current Regulating Diode Circuit
The current regulating diode (CRD), also often 

referred to as the current limiting diode or constant 

current diode, circuit can be attached to any suitable 

power supply. For the discussed experiments the 

CRD circuit is combined with the solar array 

simulator. The internal capacitance of the CRD 

circuit is around 135pF, one CRD has a capacitance 

of around 1pF [4]. The CRD function is a limitation 

or regulation of the current value over a specific 

voltage range. A detailed CRD circuit description 

can be found in [2].

4. Simulation Circuit
The circuit in Figure 1 can be split in four parts. 

Part A, the left most part, is representing the power 

generating solar array simulation method. In case of 

the MHL method this would be the InGaP-GaAs-

Ge solar array and the metal halide lamp. In the 

other cases either the solar array simulator or the 

SAS and CRD combination. Part B, the middle part 

of the circuit, is the vacuum chamber representing 

the space environment to which the solar arrays are 

exposed and electrostatic discharge (ESD)

mechanisms are investigated. The pressure in the 

chamber was 5x10
-3

Pa and the electron temperature 

was around 0.2eV. The ECR plasma source 

generated a plasma density of 1x10
12

m
-3

and the 

Xenon gas flow rate was 0.4sccm. The chamber 

size is 1m in diameter and 1.2m in length.

Part C, the right most part, simulates the bus from 

the solar array to the spacecraft and protection 

devices of a spacecraft against ESD. Part D, the 

lower right part, is used to bias the solar arrays to 

different potentials.

The array inside the vacuum chamber consists of 

single-junction silicon solar cells. The used coupon 

contains 12 silicon solar cells. Four cells in a row 

are connected by interconnectors forming a string. 

The strings electrical equivalent is a diode due to 

the p-n-junction nature of the single solar cells 

which are combined to the string. For the spotlight 

experiments two strings of the silicon solar array 

are used. In the following explanation they are

referred to as hot-string and return-string. The 

names are resulting from the direction of the current 

flowing out of the power generating solar array into 

Figure 1 MHL - system circuit
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the coupon (hot) or out of the coupon back into the 

power generating array (return). The current probes 

measuring these currents are designated as Chot-in

and Crtn-out in part A of the circuit and Chot-out and 

Crtn-in in part C of the circuit. The substrate of the 

silicon solar array is biased to the output voltage of 

the power supply determined as Vb in part D of the 

simulation circuit. This is necessary as in its real 

environment the solar array substrate would have 

the same potential as the surrounding plasma. Also 

the two used strings of the solar array are biased to 

the same potential, as this would again be the case 

on a solar array in its real environment in space. 

The substrate of the solar array is covered with 

Kapton® tape on the backside to prevent arcing 

everywhere other than on the solar cells and their 

interconnectors. Part C of the simulation circuit 

contains two diodes, D1 and D2. D1 protects the 

solar array in part B from any occurring arc current. 

Having the same functionality, D2 protects the 

power supply referred to as Vd. Both diodes are 

legitimate in terms of realistic simulation as both of 

them exist on a real system in space. The 

capacitance CL of part C of the simulation circuit 

represents the capacitance of the bus between the 

solar array and the spacecraft. In the ground 

experiment it also stabilizes the output of the power 

supply referred to as Vd. The variable resistance RL

allows for variegating the output power of any of 

the simulation methods of the power generating 

solar array. The remaining part D of the simulation 

circuit biases the solar array inside the vacuum 

chamber as well as the multijunction solar array or 

the capacitances of the SAS and CRD method to a 

certain potential.

5. MHL system
The idea for this new method is based on the fact 

that it is the intention of the solar array simulator 

and the CRD method to simulate a power 

generating solar array as realistically as possible.

Therefore taking a real solar array and a light 

source and comparing the results of all three 

methods seemed very interesting. 

The spectrum of the multi-junction solar array,

Figure 2, shows it can operate in a range of 

electromagnetic radiation with wavelengths 

reaching from 300nm to 1,600nm. A metal halide 

lamp best fits the electromagnetic radiation 

spectrum. Its radiated wavelength lies within a 

range of 400nm to 1,200nm. The graph in Figure 2

does not include the Ge part of the spectrum as it 

plays a minor role in terms of the solar arrays 

efficiency and a more sophisticated spectrometer 

would be necessary to measure this part of the 

spectrum.

A test done by JAXA showed the multijunction 

solar array can survive 140°C during 168h [3]. To 

ensure the temperature does not exceed the allowed 

maximum value it is controlled with an infrared 

temperature sensor. For safety issues it was chosen 

to shadow the solar array in case no measurements 

were taken. Therefore a shutter is placed in between 

the MHL and the solar array. The shadowing is 

done because switching the MHL on and off within 

a short time frame would reduce the lifetime of the 

lamp significantly. To allow cooling of the lamp 

while it's covered, the shutter leaves room to 

preserve air circulation. The circulation provided by 

fans generates enough cooling for the illuminated 

solar array that its surface temperature hardly 

exceeds 100°C when the distance between the 

MHL and the solar array is about 25cm. In this 

temperature region the proper function of the solar 

array is guaranteed.

Figure 2 Multijunction solar array spectrum (top), 
MHL spectrum (bottom)

Taking the IV-curve of the solar array, the output 

power is adjusted by the variation of the variable

resistance value in part B of the simulation circuit 

and by the amount of light illuminating the solar 

array. The output power is measured using a 

differential voltage probe labeled VSA.

To be able to direct the light onto the solar array, a

reflector on the backside and two wing reflectors 

are used (Figure 3). The reflection angles of the two 

wings can be changed to control the amount of light 

to which the solar array is exposed to. A top and 

bottom reflector are not necessary because the light 

of the metal halide lamp is radiated horizontally, 

centered on the center illumination point. The color 

temperature of the metal halide lamp can be 

controlled with the supply voltage provided through 

a controller. The color temperature, for MHLs in 

general, reaches from 2,700K to 20,000K. The 

color temperature range of the metal halide lamp 

used for the experiment reaches from 3,900K to 
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4,800K. During the experiments the color 

temperature was set to 4,700K. With this color 

temperature and the mentioned distance to the solar 

array, an output voltage of 90V and a current of 

500mA could be generated. The system includes 

one metal halide lamp with 3,000W.

6. Metal Halide Lamp
The working principle of a metal halide lamp can 

be described in four steps. First, the metal atoms 

move away from the hot arc, which occurs between 

the two electrodes on the top and bottom of the arc 

tube and toward to the wall of the arc tube, which 

has a lower temperature than the arc. The center 

between the two electrons is what is called the 

center illumination point and marks where the 

highest amount of electromagnetic radiation is 

emitted. On the tube wall the metal atoms combine 

with the halides and generate a stable molecule. 

Reaching the hot arc, the molecule breaks and the 

metal atoms become energized and generate light. 

The halides then move back to the tube wall. In 

case a metal atom does not combine with a halide it 

can diffuse through the tube wall. The MHL 

lifetime ends if the number of diffused metal atoms

exceeds a certain limit. In case of the used metal 

halide lamp the lifetime is stated to be at least 

3,600h of operation.

7. Analysis
To analyze the discharges, the solar arrays electric 

equivalent, the discharge sources and the target 

point where the discharge occurs are of interest. 

The solar array simulator and the circuit referred to 

as the current regulating diode circuit are including 

capacitances which simulate those of a solar array. 

These capacitances play a critical role for the 

discharge waveform and therefore the effects that 

the discharges have on solar arrays.

The waveforms in Figure 4 are showing temporary 

sustained arcs. These waveforms are chosen as

representative waveforms because the temporary 

sustained arc is the most interesting type of 

discharge in terms of potential hazard to a solar 

array. Of course the sustained arc is the one which

definitely destroys the affected strings but this type 

of discharge is not simulated. One of the aims of 

the metal halide lamp experiment is to generate 

temporary sustained arcs and compare them to 

those generated by the solar array simulator method 

and the CRD method.

Figure 4 TSA MHL (top), SAS (middle), CRD 
(bottom)

As can be seen in the waveforms, temporary 

sustained arcs [1] occurred with all three methods. 

There is no difference in the arc duration or other 

arc specifics whether the arc occurs on the hot or 

the return string. The arc duration is equal or 

similar for all three methods as shown in Table 1.

Arc duration [µs] Standard deviation 

MHL 4.19 1.733

SAS 4.50 1.553

CRD 4.50 1.412

Table 1 Arc duration comparison

Analyzing the arc path, seen in Figure 5, results in 

the following observation. First, in this case, the arc 

occurred on the hot-string of the silicon solar array. 

Figure 3 MHL mounting (left); MHL sketch (right)
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A secondary arc is initiated which transforms into a 

temporary sustained arc (TSA). A phenomenon 

which could be observed in the MHL, the solar 

array simulator and the CRD case is the loss of 

output current at the end of an arcing event. Figure 

5 shows the beginning of the loss at around 8µs and 

it last until 13µs. The current loss is because of the

charging of the internal capacitance of the 

multijunction solar array, in the case of the MHL 

method. In the case of the other two methods the 

internal capacitance of the solar array simulator or 

the CRD circuit and the external capacitances are 

consuming the output current. For the current 

regulating diode method the duration of the output 

current loss is shorter than the other cases (Figure 4

bottom). This is due to the mode of operation of the

CRD which stabilizes the output current over a 

certain voltage range.

Considering the multijunction solar array consists 

of 50 single solar cells which are connected in 

series, where each cell has a capacity of around 

600nF, the whole array has an internal capacitance 

of 12nF. The output voltage of the solar array is set 

to 90V and drops to around 60V during an arcing 

event. The charge of the output current loss is 

around 900pC which means that a capacitance with 

a value of around 30pF is discharged.

8. Summary
The conclusion of the MHL experiment is that the 

arcs are similar to those generated by the solar array 

simulator and the CRD method. The MHL method 

has no major disadvantages as it requires no special 

safety precautions and the overall effort which was 

necessary to set the system up is not considerably

higher than for the SAS or CRD method. The MHL 

method therefore can be called a third method to 

simulate power generating solar arrays in ground 

experiments, without any essential advantages or 

disadvantages.
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ABSTRACT
     Recently many spacecraft use triple-junction (TJ) solar cells as their primary electrical power 
source because of their excellent efficiency. However it is also known that triple-junction solar cells are 
easy to be broken by a low reverse bias voltage. Therefore a discrete by-pass diode should be connected 
to every solar cell in parallel for the shadow protection. Under these circumstances, TJ solar cells with 
integrate monolithic diode (MD) have been introduced to market recently. 
     In the CICing of TJ solar cell with MD, cell-to-cell interconnector is connected on MD pad. The 
interconnector region forms triple-junction in orbit, making primary arc inception easy. Therefore, it is 
necessary to study the behavior of arcs on MD solar cell array. 
     The result of the ESD test for MD solar array revealed that the degradation of MD solar cell is 
caused by not only large current but also total energy of the discharge. The waveform seems to be 
affected by the impedance of the solar array circuit. 
     This paper presents the recent results of ESD test for MD solar array and proposes further 
investigation based on the test results. 

1. Triple Junction Solar Cell with Monolithic Diode 

 Recently highly efficient triple junction solar cells 
are mostly used as the primary power source of 
spacecraft. The power density of the cell is almost 
double in comparison with crystal Silicon solar cell, a 
big benefit in the light of the weight and area of the 
solar array. However, triple junction solar cell is 
weaker than Silicon solar cell under the reverse bias 
condition. Therefore by-pass diode connected to each 
solar cell is required as its shadow protection. 
 To add the by-pass diode to the TJ solar cell, a 
discrete Silicon diode is connected by the in-plane 
inter-connector. But recently TJ solar cell with 
integrated by-pass function has become available for 
space solar array. One monolithic diode is grown 
around the edge of the solar cell in this design and the 
solar array manufactures can reduce the welding of the 
inter-connector between by-pass diode and solar cell. 
Figure-1 shows the typical example of MD solar cell. 

Figure-1 Typical MD solar cell configuration

2. ESD test for MD solar cell array 

 As shown in Figure-2, the discharges around the 
interconnector could be observed so often. But cell-to-
cell interconnector is usually connected on the MD pad 
for MD cell as shown in Figure-3. Therefore there is 
possibility that discharge may occur near or on MD. 
This is the reason why the ESD test for MD solar cell 
array was planed. 

Figure-2 Image of the typical discharge on solar array

Figure-3 Cross-section of solar array panel

Bypass Diode
Cell to Cell
InterconnectorBypass Diode
Cell to Cell
Interconnector

N-Contact

P-Contact
(backside)
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P-Contact
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3. MD design for ESD Test and test coupon panel 

 Two types of MD solar cell were available for our 
ESD test. Figure-4 shows their schematics. 
 MD in Design-A is categorized as a Schottky 
diode. By-pass function is applied between the Top-
junction and Middle junction solar cells only. 
 On the other hand, three junctions are protected by 
P/N junction diode in Design-B. The MD is grown on 
the triple junctions shunted by metal layer. The 
forward voltage drop of this function is slightly higher 
than the Vf of MD in Design-A. 
    Same silver interconnector and same cover-glass 
(CMG-100 with AR coating) are assembled on both 
types of MD cells. The sizes of both cells are the same. 
To see the difference between them, they are bonded 
on the same coupon substrate. The coupon panel for 
ESD test is a shown in Figure-5. The right module is 
Design-A CICs and the left CICs are Design-B. 

MD function in Design-A 

MD function in Design-B 

Figure-4 Two types of design of MD for ESD Test

Figure-5 Coupon panel for ESD Test

4. ESD Test for MD cell coupon 

 Test coupon was set in a space chamber as shown 
in the Figure-6. The length and diameter of the test are 
1.2m and 1.0m. An electron gun, mounted on top of 
the chamber, irradiate the test coupon with the electron 
beam. An infrared camera is set in front of the upper 
window to monitor discharges on the coupon.  

Figure-6 MD cell array coupon in the test chamber

Figure-7 shows the electrical connection in the 
ESD test. Two solar arrays were connected together 
and were negatively biased at -4.7kV by DC power 
supply during the test to simulate the inverted potential 
gradient conditions. Coupon substrate was insulated 
from the chamber and was also negatively biased along 
with the solar cells. This is a typical ESD test 
configuration of solar array coupon for GEO 
environment. [1] 
     Cext in Figure-6 can control the level of the 
discharge energy. At first, 2 F with resistor and 
inductance was connected, but it became difficult to 
record the waveform of discharge because of it’s 
complex waveform. So Cext was changed from 2 F
to 160nF without resistor and inductance. 
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Figure-7 ESD Test Configurations

5. The first ESD test result 

 The electron beam had been applied on both MD1 
and MD2 solar arrays on the coupon panel under the 
inverted potential gradient condition for 20 hours. V-I 
curves of each solar array were measured by solar 
simulator using Xenon lamp before and after ESD test 
to estimate the degradation of electrical performance of 
the MD solar arrays precisely. 

During the test, 74 discharges were observed. 31 
discharges occurred on MD1 solar array and 43 
discharges occurred on MD2. Typical discharge 
images are shown in Fgiure-8. 
     The V-I curve of MD2 measured by solar 
simulator estimation after ESD test was degraded so 
much. The maximum discharge current was more than 
60 Ampere. Both by-pass function and solar array 
junctions were damaged. 

On the other hand, the electrical performance of 
MD1 array didn't change. The maximum discharge 
current was less than 30 Ampere. The discharge 
current of MD1 was smaller probably because of the 
higher impedance of series connected Ge. Therefore, 
the degradation of electrical performance was 
prevented.

Figure-8 Typical discharge of MD1

6. The second ESD test and the result 

 To identify the threshold discharge energy to 
affect the by-pass function, one more coupon panel 
was prepared. Because MD2 solar cells degraded 

during the first test, MD1 solar array was covered with 
Mylar sheet, exposing only MD2 to the electron beam. 
To control the direction of the discharge current, two 
diodes were added on array harness as shown in 
Figure-9. 

Electron beam (4keV / 40 100 A) was 
applied on the surface of the coverglass of MD2 solar 
array. Coupon panel was kept at -4kV to generate 
inverted potential gradient condition on the solar array. 
Cext was increased from 10nF till when the cell dark V-
I curve was changed.  

Figure-9 2nd ESD test configuration

     Figure-10 shows an image of typical discharge 
of MD2 observed during the second ESD test. Due to 
the extra diodes at the positive and negative lines of the 
solar array, discharge current flew through by-pass 
function only. 
     Up to Cext of 60.3nF, dark V-I curve measured 
after every discharge of the array circuit had not been 
changed. Five discharges were generated in the case of 
Cext=60.3nF and the maximum discharge current was 
50.3A. There is no change in dark V-I curves. 
However, when Cext was raised to 73.7nF, the dark V-
I curve was changed by the third discharge. The 
primary arc at the third cell from positive end of the 
string was observed as shown in Figure-10.  
     The peak discharge current was 37.5A as shown 
in Figure-11. The duration was for 30 sec and 
discharge energy was 0.8J (350 C).
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     Dark I-V curve measured before and the 
discharge changed as shown in Figure-12. It was clear 
that the solar array was damaged by the discharge 
whose waveform is shown in Figure-11. 

Figure-10 Typical discharge on MD2 solar array

Figure-11 Waveform of the third discharge
                           Cext = 73.7nF 

  The coupon panel was removed form the test 
chamber. The V-I curves of solar array and MD 
function measured separately indicate that MD 
function was damaged. Therefore, 0.8J could be 
considered as the threshold of discharge energy for the 
by-pass function of MD2 solar cell. 
     It is interesting that MD2 solar array didn’t 
degrade by 50.3Ampere discharge but 37.5Ampere 
discharge could affect the performance. This means the 
energy of the discharge is important when we consider 
the damage caused by ESD on solar array   

7. Discussion and further investigation 

     Following two things could be pointed out from 
the above tests. 

(1) Discharge current of MD1 was lower than MD2 
solar array. 
(2) MD2 was healthy to 50A surge current but it was 
damaged by 38A discharge current (for about 30 sec).

Figure-12 Cell V-I and MD V-I before and after the 
discharge shown in Figure-11

     Related to (1), the discharge current (and/or 
wave form) might be affected by the circuit impedance. 
Therefore we should investigate the relationship 
between the circuit impedance and the discharge 
current (or waveform). 
     Based on (2), not only discharge current but also 
total energy of discharge should be considered in the 
light of the degradation of by-pass function. This might 
be the same for MD1, so we would like to do ESD test 
for MD1 to identify the threshold energy for 
degradation of MD of Type-A. 
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ABSTRACT 

In space, an electrostatic discharge (ESD) can occur 

on a solar array due to the plasma interaction. One of the 

issues of ESD is the degradation of solar cell electric 

performance. To establish the power degradation 

estimation method due to ESD in solar arrays, light 

current-voltage characteristics are evaluated in the 

current value at maximum power. From the results of 

the calculation, InGaP/GaAs/Ge solar arrays potentially 

suffer more serious power degradation than Si solar 

array. 

1. Introduction 
The electrostatic discharge, the so-called primary arc, 

occurs on solar arrays because of the plasma interaction. 

The detail phenomenon about primary arcs is described 

in Ref. 1. In order to establish an international standard 

for solar array primary arc tests, the collaboration 

research is carrying out in France, USA and Japan[2].

Because one of the issues of primary arcs is the 

degradation of solar cell electric performance[3][4], the 

primary arc test on Silicon with integrated bypass 

function solar cell (Si w/IBF cell), Silicon solar cell (Si 

w/o IBF cell) and InGaP/GaAs/Ge solar cell (3J cell) 

have been carried out[5].

Originally, only the radiation particles have been 

considered as the cause of solar cell degradation. 

Therefore, the solar cell degradation due to primary arcs 

should be combined with the estimation method for 

solar array power generation in satellite life. The solar 

array power degradation due to primary arcs is 

examined as a preliminary study in this paper. 

2. Experiment 
The 3J cell, Si w/IBF cell and Si w/o IBF cell are 

shown in Fig. 1. The solar cell performance is flight 

quality. The size of the cell is about 40mm×80mm. The 

solar cell is attached to an aluminum plate which was 

covered with a polyimide sheet using a silicone 

adhesive (RTV-S691). The thickness of the coverglass 

was 100 m. The bus bar was insulated with a silicone 

adhesive as in the real solar array design. 

Fig.2 shows the light current-voltage characteristics 

(Light IV) and the light power-voltage characteristics 

(Light PV) of a 3J cell.  Because the solar array is 

operated under constant voltage, the current value at 

maximum power (Imp) is defined as the characteristic 

value of the light IV. The change in Imp by one primary 

arc is defined as dImp obtained from eq.1. 

_ _
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     (1)

The discharge circuit is shown in Fig.3. The 

primary arc experiment has been carried out under 

plasma conditions (LEO environment) and high energy 

electron beam conditions (GEO environment). The 

detail of the experiment condition is described in Ref.5.  

A typical current waveform is a pulse whose 

duration is approximately 10 sec. We can adjust the 

peak value of the primary arc current and the primary 

arc energy by changing Cext. The primary arc energy is 

obtained from two calculation methods. Under LEO 

environment, the primary arc energy (Warc_LEO) is 

obtained from eq.2 where Tini and Tend are the beginning 

and the end time of the primary arc current. Because of 

the malfunction of the voltage probe in a GEO 

environment, the arc energy (Warc_GEO) is obtained from 

eq.3. Qarc is the charge value of the primary arc[5].

_ ,
end

ini

T

arc LEO T
W I t V t dt J  (2) 

2

_ ,
2

arc
arc GEO

ext

QW JC  (3) 

3. Results and Discussion 
Fig.4 shows the relationship between dImp and Warc

of a 3J cell. dImp increases with an increasing value of 

Warc. The maximum dImp is 14% at 30mJ of Warc_LEO.

The minimum dImp is 0.05% at 0.8mJ of Warc_GEO. Fig.5 

shows the relationship between dImp and Warc on a Si 

w/IBF cell and on a Si w/o IBF cell. The minimum Warc

for the degradation is 30mJ of Warc_LEO; dImp is 0.2%. 

The maximum dImp is 1.5% at 280mJ of Warc_GEO.

Because the silicon solar cell is more robust than the 3J 

cell as reported in ref.5, dImp of the Si cell is much 

smaller than that of the 3J cell under the same Warc.

  In general, the solar array is operated under a 

constant voltage. Therefore the output voltage of each 

solar cell is briefly determined by the number of solar 

cells and the output voltage of the solar array. In the 

case of the 3J solar array (output voltage; 60V, output 

current; 0.45A, output power; 27W, number of 3J cell; 
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30), the decrease of the output current by 14% in one 3J 

cell causes a decrease of 0.7% in output power. 

4. Summary and Future work 
In order to establish the estimation method for solar 

array power degradation due to primary arcs in solar 

arrays, the preliminary study was carried out. Because 

the solar array is operated under constant voltage, the 

light IV characteristic is evaluated at the current value at 

maximum power. 

From the results of the examination, the decrease 

value of the current output is increasing with arc energy 

in the case of the 3J cell. In the worst case, the 3J cell 

loses around 10% of its output current from a single arc. 

In the case of the Silicon cell, the decrease value of the 

current output does not have a strong relationship with 

the arc energy. In the worst case, the Silicon cell loses 

around 1% of its output current from a single arc. 
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Measurement of Photoelectron Emission by  
Vacuum Ultraviolet Ray Irradiation 

Shugo Okamura, Toru Iwao, Motoshige Yumoto (Musashi Institute of Technology), 

Hiroaki Miyake, Kumi Nitta (JAXA) 

Abstract 

    Recently, the satellite plays many roles depending on the purpose, including communication, weather observation, 

astronomy observation and space development. The satellite is requisitioned long life and high reliability in such situation. 

However, around an altitude of several 100 km, there is Atomic Oxygen (AO) which is a main ingredient agents. AO has high 

reactivity and its density is about 1015 atoms/m3. Because the satellite collides with AO, surface materials of the satellite are 

deteriorated. As a result, it leads unevenness and oxidation. Accordingly, it is necessary to monitor the surface condition. 

    In this study, photoemission characteristics of several materials, such as metals, glasses and polymers are measured by use

of the deuterium lamp and the band path filters. From the measurement the threshold energy for photoemission and the 

quantum efficiency was evaluated. As a result, the thresholds of samples are 4.9 to 5.7 eV. The quantum efficiency of metals is

about 100 times higher than other samples. The quantum efficiency of PS which includes benzene ring is several times higher 

compared with PP and PTFE. From these results, it is deduced that deteriorated materials may emit large amount of 

photoelectron. 

Key words : photoelectron emission, vacuum ultraviolet ray, polymer, threshold energy for photoemission, quantum efficiency 

1. Introduction

Recently, the satellite is requisitioned the long life and high 

reliability. By the way, there is Atomic Oxygen (AO) which is a 

main ingredient agents in LEO (low-earth orbit). An altitude of 

several 100 km (about 10-3 Pa) AO is the main constituent of 

the atmosphere in LEO. It is formed by dissociation of O2 by 

ultraviolet irradiation from the sun. AO has high reactivity and 

its density is about 1015 atoms/m3. Because the satellite collides 

with AO, surface materials of the satellite are deteriorated (1).

Therefore it is necessary to monitor the surface materials of 

the satellite. The authors thought that the change of the 

deteriorated situation of surface materials might be detected 

by the measurement of the photoemission characteristic by the 

sun. Therefore, it is necessary to summarize the fundamental 

data concerned with photoemission characteristics related to 

the surface condition of materials. On the other hand, analysis 

of the surface condition by AO irradiation is important. 

Compared with these results, it might be effective for the 

monitoring of the deteriorated situation. In this report, results 

of preliminary experiment are summarized. 

2. Experimental setup 

The experimental setup is shown in Fig.1. The deuterium 

lamp of 200 W and band pass filters (BPF) are used for a source 

of VUV (vacuum ultraviolet) ray. The VUV ray is reflected by an 

aluminum vapor deposition mirror made by the vacuum 

evaporation method on the optical flat glass and is irradiated on 

the sample. Photoelectrons are collected by the semi-spherical 

electrode and are measured at the electrode placed the sample. 

Here, the radiation wavelength range of the deuterium lamp is 

115-400 nm. The transmittance of BPF has 15-20 % at the peak 

wavelength and the half bandwidth is about 20 nm with each 

filters. Negative bias voltage around 7 V is applied to the sample 

side, to prevent the pull back electrons that were emitted from the 

sample and the electrons emitted at the surface of chamber. 

Additionally, irradiated flux of VUV ray is measured by using a 

photomultiplier for each wavelength to evaluate the quantum 

efficiency for the photoemission. The measurement is performed 

by pressure less than 10-2 Pa. The measured samples are metals, 

glasses, films, paints and polymers. 

Fig.1 Experimental setup. 
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3. Results and discussion

3 1 Threshold energy 
The square root of the magnitude of photoemission current 

value corrected by the irradiated VUV ray intensity is shown at 

the axis of ordinates and energy of the irradiated VUV ray is the 

axis of abscissas, which is so called Fowler plots is shown in 

Fig.2. From the graph, the threshold energy for photoemission is 

evaluated. The results are summarized in Table 1. The metals 

have the same magnitude as the reported one (2). Now, the 

dispersion of evaluated value was about 0.2 eV. The other 

samples have 5.4-5.7 eV. In the case of polymer, it is reported that 

the bandgap of polymer has about 9 eV (3). On the other hand, it is 

reported that the surface level exists around 4-5 eV in the case of 

polymer (4). Therefore, the reason why the threshold of about 5 

eV was obtained is existing a lot of the surface level around 5 eV. 

The surface depth to emit photoelectrons are extremely shallow, 

accordingly the results obtained by the measurement may be 

influenced by these surface level. 

Fig. 2 Fowler plots. 

3 2 Quantum efficiency 
Quantum efficiency for photoemission was calculated by 

using the flux of VUV ray irradiated on the sample for each BPF 

and magnitude of the photoemission current. The flux of VUV 

ray irradiated on the sample was corrected by the transmittance of 

each BPF by using the sensitivity of the photomultiplier and was 

converted into the intensity at the central wavelength of each one. 

The results are shown in Figs.3-7. The samples with relatively 

high conductivity tend to emit electrons easily from the figures. 

For example, It is clear that volume resistively of metals have 

about 10-8 m and that of polymers have about 1015 m. In 

the case of paint, samples of conductivity have 105 106 m. 

As well the samples that conductivity is small were not seen in 

the tendency that photoemission currents decreased with time. 

For example, the quantum efficiency of film A from Fig.4 is 

about 10-5 at the photon energy of 7 eV. It is necessary to irradiate 

photons about 105 with energy of about 7 eV for one electron. 

The exposure dose of the photon of about 7 eV by the sun in 

space is measured with about 1011/ m2 per second. Accordingly, 

many electrons might be emitted. 

Here in polymers, PS which includes the benzene ring in its 

chemical structure emits more electrons in each wavelength than 

PP and PTFE which does not include the benzene ring. Therefore, 

it is thought that having benzene ring may contribute to 

photoemission. When polymers are irradiated by AO, it is 

expected that many polar bonds including oxygen are formed at 

the surface. It is expected in particular that a lot of double bonds 

such as a carbonyl group, the carboxyl group and so on are 

generated. In other words, quantum efficiency of the materials 

which is deteriorated by AO irradiation might increase, because 

photoemission quantity of PS having a benzene ring including a 

lot of double bond increased. On the other hand, unevenness of 

surface is generated by AO irradiation (5). In figure, quantum 

efficiency of the deteriorated glass decreased. It is necessary to 

clarify effect which is dominant for photoemission, one is the 

introduction of double bonds and the other is the formation of 

unevenness at the surface. Samples introduced double bonds and 

Table 1 Threshold energy for photoelectron emission  

of each samples. 

Materials Characteristics Threshold energy (eV)

Au
Metal 

4.9 

Ag 5.1

Glass A 

Glass

5.4 

Glass A(deteriorated) 5.7 

Glass B 5.7 

Glass B(ITO-coated) 5.7 

Film A 

Film 

5.7 

Film B 5.4 

Film C 5.7 

Paint A  

Conductive 

Paint

5.4 

Paint B 5.4 

Paint C  

Non-Conductive

5.7 

Paint D 5.7 

Paint E 5.7 

PP

Polymer 

5.7 

PTFE 5.7

PS 5.4
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formed unevenness will be prepared and its quantum efficiency 

will be measured in future. In addition, data between 170-210 nm 

will be measured in future, because quantum efficiency is looked 

like discontinuity. 

Fig. 3 Quantum efficiency of metals. 

Fig. 4 Quantum efficiency of glasses. 

Fig. 5 Quantum efficiency of films. 

Fig. 6 Quantum efficiency of paints. 

Fig. 7 Quantum efficiency of polymers. 
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3 2 Magnitude of photoelectron current irradiated by the 
sun

Comparing with the intensity irradiated by the test and the 

intensity of the sun, magnitude of photoelectron current from the 

sample irradiated by the sun was calculated. The results are 

shown in table 2. More than 10-6 A/m2 is estimated for each 

sample including the insulator, and more than 10-4 A/m2 is 

obtained in case of conduction one. 

4. Conclusion 

The photoemission characteristics from many materials were 

measured. The result is as follows; 

The threshold energy of metals were similar magnitude 

to the reported wok function. 

The threshold energy of other samples have 5.4-5.7 eV. 

The samples with small magnitude of volume specific 

resistance tend to be easy to emit electrons. As the 

results, the quantum efficiency is high. 

It is deduced that samples with double bonds emit 

photoelectron easily. 

We are planning to clarify the relation between the 

photoemission characteristics and the deterioration by formation 

of unevenness by introduction of double bonds. 

References 

( ) H. Fujii, K. Sonoda and H. Nishimoto: “Spacecraft 
charging and material degradation in space enviroment”, 
Trans. IEEJ, Vol.113-A, No.9, pp.609-617 (1993) 

( ) V. S. Fomenko., G. V. Samsonov: “Handbook of 
    Thermionic Properties”, New York, Plenum Press Data 
    Division, pp.39-41, pp.60-62 (1966) 
( ) T. Tanaka: “Optical absorption and electrical conduction 

in polyethylene”, J. Appl, Phys., Vol.44, No.5, 
pp.2430-2432 (1973) 

( ) D. K. Davis: “Charge generation on dielectric surfaces”, 
J. Phys. D : Appl. Phys., Vol.2, pp.1533-1537(1969) 

( ) Eitan Grossman, Y. Lifshitz : “In situ study of Kapton 
using novel hyperthermal oxygen atom source”, J. 
Spacecraft Rockets, Vol.36, No.1, pp.75-78(1999) 

Table 2 Estimated photoelectron current by the sun 

irradiation of each samples. 

Materials Photoelectron current (A/m2)

Au 3.6 10-3

Ag 3.2 10-3

Glass A 2.8 10-4

Glass A(deteriorated) 9.7 10-6

Glass B 1.3 10-4

Glass B(ITO-coated) 1.6 10-4

Film A 2.5 10-4

Film B 2.9 10-4

Film C 3.4 10-4

Paint A 
Conductive 

3.4 10-4

Paint B 3.2 10-4

Paint C 

Non-Conductive 

3.6 10-5

Paint D 2.6 10-5

Paint E 9.3 10-6

PP 1.4 10-5

PTFE 6.9 10-6

PS 3.0 10-4

　 宇宙航空研究開発機構特別資料　JAXA-SP-07-030

104



Estimation of Volume Resistivity of Dielectric Films 
under Electron Irradiation 

Rikio Watanabe (Musashi Inst. of Tech), 
Hiroaki Miyake and Kumi Nitta (JAXA) 

ABSTRACT  
     A new measurement method for volume resistivity of dielectric material has been tested and compared to the 
standard ASTM “capacitor method”. This is intended for obtaining resistivity values of highly insulated material for 
spacecraft surface under realistic condition which simulates vacuum and electron beam irradiation. The resistivity value is 
calculated from exponential decay time constant of surface potential after electron beam irradiation ceased. The results 
show that the resistivity value from present method is 103 times larger than that obtained from capacitor method. This 
indicates that charged dielectrics need much longer field relaxation time which would cause reconsideration of current 
spacecraft design guideline and charge analysis.

Fig. 1. Charge storage method system configuration 
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Abstract As the power level of geostationary satellites increases, discharge phenomena on solar array are becoming serious threat 
to safe operation. Arcs on solar array can short-circuit the satellite circuit, decrease the satellite power, and then cause the satellite 
permanent failure. To prevent the failure caused by charging and arcing, it is necessary to investigate the mechanism of satellite 
charging and arcing phenomenon. The purpose of this paper is to investigate the occurrence condition of a secondary arc by 
measuring arc plasma characteristics in ground test. We measured the arc plasma temperature and identified the materials emitted 
using spectrometer at arbitrary time during arc occurring. We investigated the difference of secondary arcs occurrence condition 
during secondary arcs. From the spectroscopic measurement results, we found that it was necessary for shifting to the secondary arc 
that the metallic vapor same as the cathode material was emitted. In case of PA dimension changes, the probability of secondary arc 
and TSA occurrence became high. And plasma temperature was not affected by PA dimension. However, the metallic vapor emission 
of silver was greatly affected. Thus, secondary arc occurrence greatly depends on metallic vapor emission from cathode. 
 
 

1. Introduction 
In geostationary earth orbit (GEO), thin 

hydrogen plasma exists at density of 106m-3. 
Substorm phenomenon sometimes occurs due to earth 
magnetic field disturbance according to the change of 
the solar wind. High energy electron flux of tens of 
keV flows into the satellite when the substorm occurs. 
In such an environment, arcs occur on the solar array 
and threaten the safe operation, as the bus power level 
of satellite increases. The arcs due to interaction 
between space plasma environment and solar array 
are serious problem for satellites [1]. Therefore, it is 
important to investigate the mechanism of the 
charging and arcing phenomena of the satellite. 

When the satellite is charged, the coverglass 
potential can be higher than the interconnector 
potential which is equal to the spacecraft ground 
because of the difference in secondary emission yield. 
This is called the inverted potential gradient condition. 
When the inverted potential gradient is formed, the 
high electric fields are formed at the triple junctions. 
The electrons are emitted from the surface of the 
metal by the electron field emission. The secondary 
electron is emitted there by collide with side edge of 
the cover glass. Then, the electric field near the triple 
junction is enhanced further. As the field emission 
current increases, the gas desorption increases at side 
edge of the cover glass and forms the gas layer. The 
arc occurs by ionization in the gas [2]. This arc 
phenomenon is called primary arc. In addition, the 
solar array cell can be short-circuited with cell of 
adjacent strings through the arc plasma formed by 
primary arc and the arc causes short-circuit between 
adjacent strings with operational voltage (Fig.1). This 

arc phenomenon is generally called secondary arc. If 
secondary arc occurs, the power cannot be supplied to 
the onboard instrument of satellite because the output 
power of the solar array circuit is lost by short-circuit 
between a positive electrode and a negative electrode. 

The kind of arc is classified by the current 
waveforms flowing between adjacent strings as 
shown in Fig.2. Primary arc is an arc phenomenon 
that the charge stored on the cover glass flows into the 
arc spot through the arc plasma. This current that 
flows into electrode is called as a blow-off current. 
If there is no secondary arc after a blow-off current 
finishes, the arc is called the non-sustained arc (NSA). 
The temporary sustained arc (TSA) and the 
permanent sustained arc (PSA) are the arc phenomena  

 

 
Fig.1 Current path of secondary arc. 
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Fig.2 Definition of arc type based on current 

waveform. 
 
that the current generated by solar cells flows into 
cells of adjacent strings through the arc plasma and is 
maintained even after blow-off current ends. This 
current flowing into the cells of adjacent strings is 
called as an arc current. Thus, arc plasma might be 
maintained or not even if the primary arcs are same. 
However, it is not yet well-known condition of 
maintained arc plasma which is occurrence condition 
of secondary arc. 

Our purpose of this study is to find the 
occurrence condition of secondary arcs caused 
satellite failure by measuring the plasma temperature 
and the emission metallic vapors by spectroscopy. In 
this paper, we measured the emission spectrum of arc 
discharge in arbitrary timing. We calculated the arc 
plasma temperature associated with arc plasma 
conductivity, and identified the kind of material 
emitted from solar array due to arcs. We considered 
the difference in the property of the arc plasma 
between NSA and TSA during the secondary arc. 

 
2. Experimental Setup 
2.1 Solar Array Coupons 

We used solar array coupons designed for 
Japanese satellite ETS-VIII [3], and composed of Si 
cells (70x35 mm). This coupon is for measurement it 
when arcs short-circuit between cells of adjacent 
strings (Fig.3). 

Test coupon has no scar on the surface. We 
biased 4 cells of adjacent strings (masked cells in 
Fig.3), and examined the arc phenomena where arc 
occurs at between the different potential strings. 

 
2.2 Experimental Setup 

All experiments were performed in a vacuum 
chamber, which has 600mm in diameter and 900mm 
in length. The pressure in the chamber was less than 
2x10-4Pa during experiment. Figure 4 shows the 
experimental circuit to simulate charging and arcing 
on orbit. The electron beam gun (acceleration voltage 
0~30kV, electronic current densities 0~200μA) 
(ULVAC: RHEED) simulates the high energy electron 
that flows into the satellite at the substorm. Moreover, 
high voltage power supply Vbias (0~60kV, 0~10mA) 
(Glassman: EW60R10) was used to simulate the 
potential of satellite sinking negatively during the 

 
Fig.3 Overview of test coupon. 

 

 
 

Fig.4 Experimental circuit. 
 
 
substorm. In addition, a solar array simulator SAS 
(Agilent: E4351B) was used to simulate the power 
generation of solar array and supplied to the 
resistance RL that simulated the load of the satellite. 
The voltage between strings was operational voltage 
of satellite. The Cext that simulated the charge stored 
in other cover glass because the solar array of an 
actual size could not be put in the chamber. 

When an arc occurs, electrons are emitted from 
Cext and flow through the solar array, and then reach 
to the chamber wall through the arc plasma, and flow 
to the ground. In this case, the current measured at 
CP3 in the experiment circuit is called a blow-off 
current. In the case of NSA, the SAS keeps supplying 
the current to RL after the blow-off current finished 
flowing. In the case of TSA, the current flows into the 
substrate and cannot flow to RL because RL is 
supplied with a voltage of V1 which simulates 
generated voltage by other solar array. 
 
2.3 Emission spectroscopy 

In this experiment, the spectroscopy was carried 
out using a spectrometer (Hamamatsu Photonics: 
PMA11 C8808-01). It has the measurement range of 
wavelength of 200nm~860nm, the minimum time 

　 宇宙航空研究開発機構特別資料　JAXA-SP-07-030

108



resolution of 10ns, the wavelength resolution of 
3.0nm. Moreover, a plastic optical fiber POF 
(Edmund: 53833-G) was attached to the detector to 
raise intensity from arc discharge. 

The oscilloscope outputs the trigger signal to a 
delay pulse generator DPG (Stanford Research: 
DG-535) detecting a rising edge of a blow-off current 
when the arc occurs. The trigger signal is sent to the 
DPG and makes a TTL and an ECL signal to the 
spectrometer. The emission spectrum from arc is 
taken by the detector at time that ECL signal rise. 
Spectrum acquisition in arbitrary timing after the arc 
becomes possible by changing delay time (Delay) and 
pulse width (Gate) of the ECL signal. 

The data base of NIST [4] was used to identify 
of the measured spectrum. C2 swan band spectrum 
(420nm~530nm) with high reproducibility was used 
to calculate of the temperature of plasma. C2 swan 
spectrum at from 2,000K to 7,000K is open to the 
public in BESP [5]. Figure 5 shows C2 swan spectrum 
at 6,000K. We paid attention to the area ratio of the 
first mountain to the second mountain. The 
correlation with the temperature and the area ratio is 
shown in Figure 6. It was found that the temperature 
was represented by the area ratio using the regression 
curve of exponential. 

 

 
Fig.5 C2 swan Spectrum in 6,000K (BESP).

 
 

 
Fig.6 Relation between ratio and temperature 

of area. 
 

3. Experimental result and discussion 
Table 1 shows the experimental parameter used 

in this experiment. The experiments was performed at 
about 2~8x10-4Pa. The string voltage is potential 
difference between two adjacent solar array strings. 
The Is is the current supplied from SAS.  

 
3.1 Experiment of arcs at string gap 
Time variation of arc plasma temperature for PA 
and TSA 

This experiment was carried out by the 
parameter in Table1 excluding the following 
parameters (Is=1.2A, Gate: 2.5μsec). Table 2 lists the 
number of arcs measured during this experiment. 
There was no NSA in this experiment. There are two 
types of TSA, TSA-Hot is that t arcs occur at the high 
potential cell’s electrode, TSA-Rtn is that arcs occur 
at the low potential cell’s electrode. 

Figure 7 shows plasma temperature distribution 
to time variation for PA and TSA. The time in a blow 
off current ending is defined as 0μsec (Time=0μsec). 
As shown in Fig.7, there is no difference in 
temperature distribution while a blow off current is 
flowing in PA and TSA. 

 
 

Table 1  Experimental parameter 
Back Pressure 2x10-4Pa ~ 2x10-3Pa 

Cext 20nF, 30nF, 45nF, 65nF 
Vs 70V, 90V, 105V 

Is 
0.05A, 0.1A, 0.2A,  

0.5A, 1.2A 
Vbias -7kV 

Electron Beam 7.2keV ~ 8keV, 100μA 
Gate 1μsec, 2.5μsec 
Delay 0 ~ 30μsec Spectrometer
Gain 6 or 8 

 
 

Table 2 Number of arcs at string gap 
Is [A] Arcs at gap PA TSA-Hot TSA-Rtn

1.2 10 9 18 22 
 
 

 
Fig.7  Plasma temperature distribution to time 

variation for PA and TSA. 
 

1st 2nd

第４回「宇宙環境シンポジウム」講演論文集

109



Relation between arc plasma temperature and 
TSA duration 

Figure 8 shows that relation between arc plasma 
temperature and TSA duration before primary arc 
finished. As shown in Fig.8, the TSA duration did not 
depend on the plasma temperature. If the plasma 
temperature rises up to some degree, it might be 
unrelated to TSA duration. 

 
Identification of material that is emitted from solar 
array coupon 

We examined the relative intensity of silver that 
was composing the cell’s electrode. Figure 9 and 10 
show the spectrum of PA and TSA. We found that 
silver metallic vapor (masked area in Fig.) was 
emitted much in case of TSA than that in case of PA. 

 
 

 
Fig.8  Relation between arc plasma temperature and 

TSA duration. 
 

Fig.9  Arc spectrum of PA. 
 

 
Fig.10  Arc spectrum of TSA. 

Relation between emitted metallic vapor and 
probability of TSA transition 

The condition of shifting from PA to TSA was 
considered by focusing on relative intensity of 
spectrum of Ag I. Figure 11 shows the relation 
between probability of shifting to TSA and relative 
intensity of Ag I and first peak of C2 molecular. C2 
molecular was measured reproducible at each 
spectrum. This figure shows that the probability of arc 
shifting to TSA was high if the amount of silver 
metallic vapor which composes the cell’s electrode 
was emitted much. 

 
Relation between emitted metallic vapor and TSA 
duration 

Figure 12 shows that relation between relative 
metallic vapor emission of silver and TSA duration 
before primary arc finished. As shown in Fig.12, the 
TSA duration became long if the emitted metallic 
vapor was much before arc shifting to TSA. The 
duration of TSA is proportional to amount of emitted 
metallic vapor.  

 
Relation between metallic vapor emission and arc 
current 

 We focused on the source of the metallic 
 
 

 
Fig.11  Probability of shifted to TSA for arcs at 

string gap. 
 
 

 
Fig.12  Relation between relative intensity of 

metallic vapor emission and TSA duration. 
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Fig.13  Relation between arc current and amount of 

emitted metallic vapor. 
 
 

Table3  PA parameter 
Blow-off current 

Vst 
[V] 

Ist 
[A] 

Cext
[nF] Peak 

[A] 

Pulse 
width 
[μsec]

Charge
[μC] 

30 20.4 18.5 150.3
45 31.2 19.8 218.170 0.2 
65 45.6 17.8 307.3

 
 

Table4  Number of arcs 
Number of arcs Vst

[V]
Ist 
[A]

Cext
[nF] Total PA NSA TSA
30 20 14 5 1 
45 20 11 5 4 70 0.2 
65 11 4 2 5 

 
 
vapor emission of silver. In case of generally arcs, 
metallic vapor is emitted from cathode because the 
arc current flow into there. Fig.13 shows that relation 
between metallic vapor emission and arc current.  

We found that there is strong relation between 
secondary arc occurrence condition and metallic 
vapor emission of silver. 
 
3.2 The effect of PA dimension 

We considered the primary arc energy due to 
external capacitance. Table 3 lists the parameter of PA 
during this experiment. We carried out the low string 
current experiment to observe only the effect of PA 
dimension. In this experiment, we investigate the 
effect of PA dimension against plasma condition at 
gap in detail. 
 
SA TSA probability for external capacitance 

First, we investigated whether probability of 
secondary arc occurrence changes by PA dimension 
(the value of external capacitance, Cext) Table 4 shows 
the experimental result of Cext experiment. This is 
result of number of arcs at gap. From this result, we 
calculated the probability of secondary arc (SA) and  

 
Fig.14  SA TSA probability for external 

capacitance. 
 

Fig.15  Plasma temperature for external capacitance. 
 

Fig.16  Metallic vapor emission for external 
capacitance. 

 
 
temporary sustained arc (TSA) occurrence. Fig.14 
shows the calculation result. We found that the bigger 
PA dimension become, the higher probability of SA 
and TSA occurrence become. 
 
Plasma temperature during PA 

We investigated whether plasma temperature at 
gap during PA changes by PA dimension. Fig.15 
shows the plasma temperature for PA dimension. The 
error bar means the minimum and maximum value of 
plasma temperature. We could not determine that the 
plasma temperature depended on the PA dimension.  
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Metallic vapor emission during PA 
We investigated whether metallic vapor 

emission of silver at gap during PA changes by PA 
dimension. The relation of metallic vapor emission 
and PA dimension is shown in Fig.16. The error bar 
means the minimum and maximum value of metallic 
vapor emission of silver. This figure shows that the 
metallic vapor emission depended on PA dimension.  
 
4. Summary 

In this paper, we identified the material emitted 
by arc and calculated the arc plasma temperature by 
means of applying spectroscopy on arc discharge. 

We investigated the difference of secondary arcs 
occurrence condition during secondary arcs. From the 
spectroscopy results, we found that it was necessary 
for shifting to the secondary arc that the metallic 
vapor same as the cathode material was emitted. And, 
TSA duration depends on metallic vapor emission. In 
case of PA dimension changes, the bigger PA 
dimension become, the higher probability of SA and 
TSA occurrence become. And, the metallic vapor 
emission of silver was greatly affected by PA 
dimension. However, plasma temperature was not 
affected by PA dimension. Thus, secondary arc 
occurrence greatly depends on metallic vapor 
emission from cathode. 

We could investigate the plasma condition due 
to secondary arcs occurrence. In the future, we must 
investigate it more detail, and we must consider that 
the effect of point and shape of cathode spot on 
secondary arc occurrence. Then, we must investigate 

the countermeasures method against secondary arcs. 
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Abstract 

There is high possibility that space debris impacts to a solar array paddle in spacecraft parts, because the solar array paddle has 

large area. Space debris impact to the solar array causes not only mechanical damage but also electrical damage such as arcing 

on the solar array through local high density plasma created by hypervelocity impact. In the worst case, Joule heating of this 

arcing carbonizes insulation layer and permanent short-circuit path is created. This is permanent sustained arc. However, no 

permanent sustained arc caused by space debris impact in orbit has been reported. Purpose of this study is evaluation of 

possibility of permanent sustained arc through the plasma created by debris impact. Hypervelocity impact tests to solar array 

coupons in the condition of pseudo power generation were conducted. We ascertained that space debris impact can lead to 

permanent sustained arc on the solar array due to plasma created by hypervelocity impact 

Key Words: Space Debris, Solar Array, Plasma, Discharge 

1. INTRODUCTION 
In recent years, a solar array of a spacecraft has become 

larger with the voltage higher because a spacecraft has a 

large amount of power in requests from an advanced mission. 

Therefore the risk of a space debris impact and discharge on 

the solar array is increasing. Space debris impact to the solar 

array causes not only mechanical damage such as destruction 

of a solar cell and insulation layer but also generation of 

local high density plasma due to impact energy[1]. This 

plasma can lead to arcing between solar cells or cell and 

substrate on the solar array[2]. In the worst case of this event, 

Joule heating of this arcing can carbonize insulation layer 

and create permanent short-circuit path. This is permanent 

sustained arc (PSA). Purpose of this study is evaluation of 

possibility of PSA through the plasma created by debris 

impact. It is considered that micro debris which has high 

probability of impact cannot trigger PSA because no PSA 

caused by hypervelocity impact on the actual solar array of 

spacecraft in orbit has been reported. Therefore we 

conducted hypervelocity impact tests using comparatively 

large size projectile which was 3 [mm] Al sphere. Target was 

solar array coupon in the condition of pseudo power 

generation. Temperature and density of plasma created by 

hypervelocity impact as well as current and voltage of 

external circuit which connected to the solar array coupon 

were measured. We ascertained that space debris impact can 

lead to permanent sustained arc on the solar array due to 

plasma created by hypervelocity impact. 

2. EXPERIMENTAL SETUP 
 The hypervelocity impact tests were carried out using the 

two-stage light gas gun, installed at Laboratory of Spacecraft 

Environmental Interaction Engineering (La SEINE) in 

Kyushu Institute of Technology. The experimental setup is 

shown in Fig. 1. The projectile was Al2017 sphere which 

was 3 [mm] in diameter. This projectile is accelerated in a 

launch tube with sabot. The sabot separation section and the 

test chamber are partitioned out by the polyester film which 

is 25 [ m] in thickness. The ambient pressure of sabot 

separation section is 10 [kPa] and that of the test chamber is 

4 x 10-2 [Pa] because the separation of projectile from sabot 

needs air drag. The magnet detector, which consists of a 

permanent magnet and a pick up coil, was set up in the blast 

tank, and the signal of the projectile was used as oscilloscope 

trigger to record data. 

Solar array coupon is shown in Fig. 2. The solar cell is 

silicon cell. The cell and coverglass are 100 [ m] in 

thickness. The substrate is CFRP Al honeycomb sandwich. 

Solar array coupon can simulate the condition of power 

generation with connection to the external circuit, which is 

shown in Fig. 3. The external circuit consisted of quick 

response constant current (CC) power supply, resistor and 

constant voltage (CV) power supply[3]. The resistor simulates 

load resistance of a spacecraft. The output of CC power 

supply simulates that of a string of solar array. The CV 

power supply simulates the voltage which maintained by the 

other strings of solar array when discharge occurs on the 

string. The voltage of the CV power supply was set 1 [V] 

lower than that of CC power supply. CRD power supply 

which consisted constant current regulation diodes and 

voltage source was used as quick response CC power supply. 

The current probe 1 (Cp1) measured current of circuit which 
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simulate the output of a string of the solar array. The current 

probe 2 (Cp2) measured current which flow to resistance. The 

current probe 3 (Cp3) measured discharge current between 

the cell and substrate. The voltage probe measured string 

voltage.

Triple probe[4] was set at a distance of 100 [mm] from the 

front of the solar array coupon to measure electron 

temperature and density of plasma created by hypervelocity 

impact. The configuration of the triple probe is shown in Fig. 

4. The probe was made of coated copper wire. The diameter 

was 2 [mm] and the exposure length was 20 [mm]. The near 

part of the tip of the probe was insulated by Kapton tape. The 

electron temperature Te [eV] and density Ne [m-3] can be 

calculated by V2, V3 and following equations. The electron 

temperature is obtained from equations (1) and (2);  

 I1 = I2 + I3 (2)

where d2 = eVd2/ Te, d3 = eVd3/ Te, e is elementary electric 

charge and  is Boltzmann constant. Finally, electron density 

can be calculated by following equations. 

Ne = [(M)1/2 / S ] Ii f1(Vd2) (4)

 f1(Vd2) = 1.05 x 1015(Te)-1/2[exp( d2) – 1]-1 (5) 

Here M [g] is ion mass, S [mm2] is surface area of the 

probe and Ii [µA] is ion current. In this study, Vd2 = 3 [V], Vd3

= 18 [V] and the resistance was 0.25 ~ 10 [k ]. 

Fig. 1 Experimental setup of hypervelocity impact test 

Test chamber (4 x 10-2 Pa) 

Magnet detector

Two-stage light gas gun Blast tank

Solar array coupon 

Sabot separation section (10 kPa)

Velocity measurement section

Polyester film Sabot separation plate

Triple probe circuit 
4.4 m

Triple probe External circuit

D1 D2 D3

Coupon 

RDL

Constant 
current  
power supply 

Vacuum 
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V

Constant 
voltage  
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Fig. 3 External circuit[3]
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Fig. 4 Triple probe circuit 

The measurement results of electron density and 

temperature depend on measurement point and time because 

plasma created by impact diffuses from impact point. 

Therefore, the solution of the advection-diffusion equation 

was defined as fitting curve to time history of electron 

density at the measurement point on the assumption that 

plasma diffusion can be represented by that solution, which 

is following formula. 

where t is elapsed time since impact, Ne is electron density, 

and r is distance from impact point to measurement point of 

the triple probe. The fitting parameters, which are electron 

number ne, diffusion coefficient D, and advection velocity U
can be obtained by the curve fitting. 

The electron temperature at the time when the electron 

density is maximum value on the fitting curve is adopted as a 

representative value of electron temperature because 

diffusion into vacuum is isothermal expansion. 

3. TEST RESULTS
Test results about discharge are distinguished by the 

following definitions. Primary arc (PA) is discharge just after 

impact. Temporary sustained arc (TSA) is discharge that 

discharge current measured by Cp3 equals to circuit current 

measured by Cp1 for over 2 [ sec]. Permanent sustained arc 

(PSA) is that there is permanent short-circuit path after 

hypervelocity impact test. Hypervelocity impact test were 

conducted in the impact velocity of mainly approximately 4 

[km/s] and several different velocity. The test results are 

shown in Table 1. The results of discharge which are 

arranged on voltage and current condition of external circuit 

are shown in Fig. 5. The results of a longer duration of 

discharge are shown in Fig. 1, where there are various results 

in the same condition of voltage and current setting. 

Fig. 5 Test results about discharge 

These results confirm hypervelocity impact causes PSA on 

a solar array. In the case that impact velocity was around 4 

[km/s], PSA occurred under the conditions that voltage was 

182 [V] and current was 2.4 [A] and more. In the other 

impact velocity, although there were few tests conditions of 

voltage and current, PSA occurred under 133 [V] – 4.8 [A] 

and 182 [V] – 4.8 [A] with the impact velocity of about 2.1 

[km/s] and under 182 [V] – 4.8 [A] with the impact velocity 

of around 4.7 [km/s]. 

The typical example of the voltage and current waveforms 

of the external circuit is shown in Fig. 6. Applied voltage and 

Plasma 

I3

Vd2 Vd3

I1I2

20 mm

V2 V3

Voltage

[V]

Current

[A]

Impact

velocity

[km/s]

Discharge

Electron

number

x10
13

[electrons]

Electron

temperature

[eV]

Diffusion

coefficient

[m
2
/s]

Advection

velocity

[km/s]

2.4 3.78 PA 180 1.74 64.7 5.81

3.6 3.68 TSA 45.4 2.63 15.9 4.14

4.8 3.52 PA 163 1.77 54.1 4.74

3.72 TSA 194 1.71 53.9 5.50

4.02 TSA 295 2.07 58.3 4.52

2.08 PSA 3.74 1.04 6.18 2.12

2.85 PA 30.8 1.06 27.2 3.63

3.74 TSA 350 1.85 74.2 4.14

3.85 TSA 154 1.46 57.8 5.52

4.82 PA 892 2.86 104 6.14

1.2 3.95 PA 259 2.10 54.7 5.46

2.4 3.81 PSA 129 1.50 42.3 5.78

3.6 3.74 PSA 185 2.37 39.0 4.55

2.14 PSA 3.08 1.37 5.15 1.95

3.76 PSA 233 1.76 51.3 5.72

4.65 PSA 643 2.93 95.3 6.23

182

4.8

84

133

3.6

4.8

Dt
Utr

Dt
nN e

e
4

exp
4

2

3/2 (6)

Table 1 Test results of hypervelocity impact test 
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current were 133 [V] and 3.6 [A], respectively, and impact 

velocity was 4.02 [km/s].  

Fig. 6 Current and voltage of onset of arcing 

The contact between the cell and substrate through the Al 

sphere cause short circuit, in the penetration process of the Al 

sphere into the solar array coupon. The time at the voltage 

drop due to short-circuit between the cell and substrate was 

set to 0 [sec] in Fig. 6. It took the circumference of largest 

dimension of the Al sphere approximately 400 [ sec] to pass 

through the cell. The plasma created by hypervelocity impact 

sustained discharge between the cell and substrate after the 

perforation. Collision of ions into substrate, which is cathode, 

generates neutral gas and secondary electrons while plasma 

diffuses. Thermionic emission occurs due to local 

temperature rise of the substrate caused by ion collision 

depending on conditions. The electrons generated by those 

processes ionize the neutral gas and the arcing can be 

sustained by the new ions and electrons after diffusion of 

plasma created by impact. If the arcing stops before 

insulation layer is carbonized by Joule heating, this arcing is 

TSA, if not, PSA occurs. Therefore, ion current density 

which is collected by the substrate at the impact point plays a 

vital role in the occurrence of TSA or PSA. This ion current 

density can be calculated by equation (6) and (7) using the 

number of electrons, electron temperature, diffusion 

coefficient and advection velocity, which were shown in 

Table 1. 

Here ii is ion current density and mi is ion mass. The 

calculation results at 1 [nsec] after impact are plotted on Fig. 

7 as a function of impact velocity. These results can be fitted 

by power law with index of 2.0. Therefore, the ion current 

density is proportional to kinetic energy of the projectile. In 

the tests, the impact velocities were low in comparison with 

that of debris in low earth orbit, which is 10 [km/s] on an 

average. However, because the ion current density which is 

collected by the substrate at the impact point is proportional 

to kinetic energy, it is considered that higher velocity impact 

can trigger PSA. 

Fig. 7 Ion current density at impact point 

4. CONCLUSION
In this study, hypervelocity impact tests using 

comparatively large size projectile which was 3 [mm] Al 

sphere were conducted to evaluate possibility of PSA due to 

the plasma created by debris impact. As a result, we 

concluded that hypervelocity impact can lead to PSA on a 

solar array. The plasma created by hypervelocity impact was 

measured by triple probe and the electron number, electron 

temperature, diffusion coefficient and advection velocity 

were obtained using the solution of the advection-diffusion 

equation. The ion current density which is collected by the 

substrate at the impact point can be calculated from these 

parameters. The calculation results shows that the ion current 

density is proportional to kinetic energy of projectile. 
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Abstract

Preliminary ESD ground tests with two meter-class 

solar panels were conducted in a simulated GEO 

environment. The results indicated that the plasma 

propagation velocity was approximately 104 m/s, and 

the plasma propagation length was greater than 2.8 m. 

The neutralization current decreased with an increase in 

the distance from the arc spot. 

1. Introduction 

In recent years, satellite losses have occurred 

because of power system failures resulting from 

spacecraft charging/discharging phenomena [1]–[3]. 

Hence, electrostatic discharge (ESD) in solar array 

panels is an important issue related to satellites. 

A so-called primary arc might occur at a triple 

junction on a solar panel if the electric potential of 

the cell coverglass is higher than that of the 

spacecraft ground [1]. The plasma generated by the 

primary arc propagates throughout the solar array 

and neutralizes the charge stored on the coverglass. 

Therefore, plasma propagation length and velocity 

are important for estimating the discharge current 

waveforms on the solar arrays. ESD ground tests 

have been conducted in several research institutes to 

investigate the plasma propagation velocity [4]–[6]. 

However, the plasma propagation length has not 

been fully understood. Although the plasma 

propagation length has been estimated as 3–4 m [7], 

it has not been confirmed through laboratory 

experiments because it is difficult to use a large-scale 

solar panel. 

The space plasma chamber used in these 

experiments is located at the Institute of Space and 

Astronautical Sciences (ISAS) of the Japan 

Aerospace Exploration Agency (JAXA). Figure 1 

illustrates the space plasma chamber used in this 

study. The chamber has a diameter of 2.5 m and 

length of 4 m. Accordingly, the chamber enables us 

to perform the ESD ground tests with a large solar 

array panel with a surface area larger than 1 m2.

Preliminary ESD ground tests using two 

meter-class solar array panels were conducted in a 

simulated geosynchronous-earth-orbit (GEO) 

environment. The tests were designed to investigate 

the plasma propagation length and velocity. The 

results of the tests are described herein. 

2. Experimental Setup 

Figure 2 presents a photograph of the two 

meter-class solar array panel used in this study. This 

Fig. 1. A photograph of the space-plasma chamber in 

ISAS/JAXA. 

Fig. 2. A photograph of a solar array panel used in 

this study. 
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panel consisted of more than 700 solar cells arranged 

in 24 strings. There were 30–31 cells in a string, 

which were connected in series by inter-connectors. 

The panel was 1.77 m long and 1.10 m wide. The 

solar cell was a triple junction (TJ) cell with a bypass 

diode. The surface area of the cell was 37 mm × 76 

mm. The coverglass thickness was 0.1 mm. 

Figure 3 depicts the experimental apparatus. The 

two panels were placed in a vacuum chamber. Two 

electron beam guns were mounted at the chamber. 

These guns were used to simulate GEO environment. 

These can generate 50 keV electron beams with a 

maximum current of 200 A. Two aluminum foils 

were used to expand the irradiation area of the 

electron beam. The thickness of the aluminum foils 

was 100 nm. 

Figure 4 illustrates the experimental circuit. The 

circuit was connected to the solar array via a high 

voltage feedthrough. A high-voltage power supply 

biased the panels to a negative potential. The P- and 

N-electrodes of all the solar cell strings were 

mutually connected. The current probes were 

attached to six independent strings among the 48 

strings on the panels. These independent strings have 

been referred to as ST1, ST2, ST3, ST4, ST5, and 

ST6. Strings ST1 and ST6 were located at both ends 

of the panels. The distance between the respective 

strings is indicated in Fig. 4. In addition to ST1–ST6, 

other strings were bundled together. They have been 

collectively referred to as ST7. Another current probe 

was attached to ST7. The current arc that occurred on 

a string has been referred to as the “arc current.” 

Negative current flows in other strings have been 

referred to as the “neutralization currents.” The bias 

voltage of the panel was measured using a voltage 

probe.

Table 1 presents the experimental conditions. The 

pressure in the vacuum chamber was maintained at 

4.0 × 10–4 Pa. The two solar array panels were biased 

at –5 kV by a high-voltage supply. The acceleration 

voltage of the electron guns was fixed at 8.5 kV.  

3. Results and Discussion 

The confirmed plasma propagation length and 
velocity based on the neutralization currents 

Figure 5 presents the typical current waveforms. 

The abscissa axis depicts the time; the ordinate axis 

depicts the current. The time at which the arc 

discharge started was defined as the null time. Figure 

5 depicts the case wherein an arc occurred at ST5. The 

arc current passing through ST5 lasted approximately 

400 s. The neutralization currents passed through 

strings ST1–4, and these currents decreased with an 

increase in the distance from the arc spot. It is 

noteworthy that the neutralization current passed 

through ST1 even though ST1 was located as far away 

as 2.83 m from ST5. The result indicates that the 

plasma propagation length is inferred to be longer than 

2.8 m. 

The plasma propagation velocity was calculated 

based on the test result obtained from Fig. 5. The 

calculation result is presented in Table 2. The velocity 

was approximately 104 m/s, and it was approximately 

equal to other research results obtained with small 

coupon panels [4]–[6]. 
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Table 1  Experimental conditions. 

Pressure 4.0×10-4 Pa

Panel bias voltage -5 kV 

The acceleration 

voltage of electron guns 
8.5 kV 
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The presumed plasma propagation length based on 
the arc current and plasma propagation velocity 

Figure 6 depicts other typical current waveforms 

for an arc that occurred at ST1. Table 3 shows the 

plasma propagation velocity calculated based on the 

result illustrated in Fig. 6. The plasma propagation 

velocity was approximately 104 m/s, and it was equal 

to the result presented in Table 2. Additionally, the 

arc current passing through ST1 lasted approximately 

500 s. This result indicates the possibility that the 

plasma had reached ST6. (ST6 was located as far 

away as 3.75 m from ST1.)

To further clearly research the plasma propagation 

length, we plan to measure the solar panel surface 

electric potential before and after discharge. 
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Fig. 5. The typical current waveforms for the arc that 

occurred at ST5. 

Fig. 6. The typical current waveforms for the arc that 

occurred at ST1. 

Table 2  Plasma propagation velocity. 

(Calculated based on the result shown in Fig. 5.) 

Table 3  Plasma propagation velocity. 

(Calculated based on the result shown in Fig. 6.) 

String 
Time of 

current start
*

Distance to 

ST5
+

Plasma 

propagation 

velocity 

String
Time of 

current start
*

Distance to 

ST1
+

Plasma 

propagation 

velocity 

ST3 80 s 1.06 m 1.3×10
4
 m/s ST2 60 s 0.92 m 1.5×10

4
 m/s

ST4 50 s 0.85 m 1.7×10
4
 m/s ST3 130 s 1.77 m 1.4×10

4
 m/s

* Time origin is defined as the occurrence of the arc on the panel. 

+ This is the case where an arc occurred at the ST5. 

* Time origin is defined as the occurrence of the arc on the panel.

+ This is the case where an arc occurred at the ST1. 

4. Summary 

Preliminary ESD ground tests with two 

meter-class solar array panels were conducted in a 

simulated GEO environment. The tests were 

performed to investigate the plasma propagation 

length and velocity. 

The following is a summary of this study. 
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1. The plasma propagation velocity was 

approximately 104 m/s. 

2. The plasma propagation length was inferred 

to be over 2.8 m. 

3. The neutralization current decreased with the 

increase in the distance from the arc spot. 

4. When an arc occurred on the strings at the 

edges of the solar panels, the arc current 

lasted 500 s. The result indicates the 

possibility that the plasma propagated 

through all the panels. 
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Erosion properties of polyimide as a monitoring material of atomic oxygen 
environment in space (3): Synergistic effect of atomic oxygen and ultraviolet 

Graduate School of Engineering, Kobe University 
Masahito Tagawa and Kumiko Yokota

Erosion property of polyimide was studied through the ground-based synergistic studies.   
Hyperthermal atomic oxygen and 172nm VUV exposed to polyimide and polyethylene in various 
conditions.  In-situ mass loss measurement of polymers during the atomic oxygen and/or VUV 
exposures was achieved with a quartz crystal microbalance.  The effect of simultaneous ultraviolet 
exposure on the atomic oxygen-induced erosion was observed at the ultraviolet intensity of 0.5-2.6 x 
10-15 mJ/atom for polyethylene.  In contrast, the similar effect was observed in polyimide at the 
relative ultraviolet intensities one order greater than that of polyethylene.  It was also found that the 
effect of 172 nm ultraviolet was different in polyimide and polyethylene; i.e., photo-induced erosion 
was observed only for polyethylene.  It was concluded that polyimide is less sensitive to the 
simultaneous ultraviolet exposure during atomic oxygen bombardment, and thus evaluated as a better 
material for measuring atomic oxygen fluence in space.   

1. Introduction 

There exist many environmental factors in low 
Earth orbit (LEO) such as microgravity, thermal 
cycling, plasma, ultraviolet, radiation, neutral gas and 
space debris.  In particular, one of the most important 
factors that gives serious damages to many polymeric 
materials used at the exterior surfaces of spacecraft is 
atomic oxygen, which is a dominant neutral species in 
LEO.  Due to the difficulty to simulate atomic 
oxygen environment in laboratory, details of the 
erosion properties are still not understood deeply.  
Many polymeric materials are exposed to real space 
environment as well as simulated atomic oxygen 
environment to study their survivability.  Since the 
absolute fluence of atomic oxygen in material 
exposure test is difficult to determine, Kapton 
equivalent fluence is widely accepted as a method to 
measure atomic oxygen fluence.  In this method, the 
material erosion of a targeted polymer is compared 
with that of Kapton-H whose erosion rate is assumed 
to be 3.0 x 10-24 cm3/atom.  However, it is natural to 
consider that the material response with hyperthermal 
atomic oxygen collision depends on a material.  It is 
thus emphasized that the erosion properties of 
Kapton-H (PMDA-ODA polyimide) in various 
exposure conditions have to be well-understood as a 
reference material for material erosion tests.  Not 
only PMDA-ODA polyimide, but also polyethylene 
and fluorinated polymer should be studied in the same 
manner since ASTM-E2089, which describes standard 
method of atomic oxygen testing, requires the 
measurement of the erosion rate of these polymers as 
standard materials [1].  One of the key points on 
erosion properties is the synergistic effect of atomic 
oxygen and ultraviolet.  Among three standard 

materials, it is recognized that fluorinated polymer is 
sensitive to ultraviolet.  For atomic oxygen 
measurement, a material insensitive to ultraviolet 
should be selected. 

In this paper, polyethylene and polyimide were 
compared as an atomic oxygen fluence monitoring 
material under the bombardment of hyperthermal 
atomic oxygen and 172 nm ultraviolet radiation.  The 
effect of simultaneous ultraviolet exposure on the 
atomic oxygen-induced erosion of polyethylene and 
polyimide was discussed based on the ground-based 
experimental results. 

       
2. Experimental details 

The samples used in this experiment were 
low-density polyethylene (LDPE) and 
pyromelliticdianhydride-oxydianiline (PMDA-ODA) 
polyimide films.  Both of the films were spin-coated 
on QCM sensor crystals.  The polyethylene solution 
containing 0.3 g of LDPE (average molecular weight: 
6500) in 40 ml xylene was prepared for polyethylene 
film.  Precursor of PMDA-ODA polyimide was 
spin-coated on a QCM sensor crystal and then 
annealed at 150 C 1h and at 300 C 1h.     

A space environment simulation facility at Kobe 
University was used in this study.  This facility 
equipped a laser detonation atomic oxygen beam 
source, which was originally designed by Physical 
Sciences Inc., as a hyperthermal atomic oxygen source.  
An excimer light source with a wavelength of 172 nm 
was used as an ultraviolet source in this study.  Axes 
of the atomic oxygen beam and the ultraviolet crossed 
90  and the sample was rotatable with the axis 
perpendicular both to atomic oxygen and ultraviolet.  
In this configuration, the effective atomic oxygen and 
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ultraviolet fluxes can be changed by rotating the 
sample [2].  The maximum atomic oxygen flux and 
ultraviolet flux at the sample position were 6.0 – 14.0 
x 1014 atoms/cm2/s and 0.55 mW/cm2, respectively.  
The erosion rate of polymer film was calculated from 
the resonant frequency of QCM during the atomic 
oxygen beam and/or ultraviolet exposures.  The 
sample temperature was kept at 311 K during the 
experiment by the temperature-controlled circulating 
water system.   

3. Results and discussion 

3.1 Atomic oxygen-induced polymer erosion 

In the experiment reported herein, the relative intensity 
of atomic oxygen and ultraviolet was adjusted by 
rotating the QCM sample along with the axis, which is 
perpendicular to the axes both to atomic oxygen and 
ultraviolet.  However, in this experimental 
configuration, the incident angle of atomic oxygen at 
polymer surface is changed when relative atomic 
oxygen/ultraviolet intensity is adjusted.  Therefore, it 
is necessary to investigate the effect of incident angle 
of atomic oxygen and ultraviolet on the polymer 
erosion prior to the quantitative analysis of synergistic 
effect of atomic oxygen and ultraviolet.   

From the previous result regarding the incident 
angle dependence of atomic oxygen on the erosion of 
polyimide-coated QCM, it was observed that the 
erosion rate is linear with time in every incident angle 
and the erosion rate decreased with increasing incident 
angle with following a cosine distribution [3].  The 
experimental result on the incident angle dependence 
of atomic oxygen-induced erosion of polyethylene 
showed a similar tendency with those reported on 

polyimide film as shown in Figure 1 [4].  However, it 
is not a simple cosine distribution (cos0.87 ) compared 
with polyimide (cos1.0 ).  The fact that the incident 
angle dependence of the erosion rate follows closely to 
a cosine law indicates that the erosion rates of 
polyethylene and polyimide are both basically 
proportional to the effective flux of atomic oxygen.  It 
was thus concluded that the reaction yield of atomic 
oxygen with these polymers is identical to the incident 
angle.   

It was observed from atomic force microscopy that 
the surfaces of polymers were roughened by atomic 
oxygen exposure.  Therefore, an actual incident angle 
of oxygen atom to a surface moiety is not directly 
related to macroscopic incident angle because surface 
is not atomically flat due to the presence of microscale 
roughness.  Thus, the macroscopic erosion rate of 
polymer is simply reflected the effective fluence of 
atomic oxygen which follows cosine law with the 
macroscopic incident angle.   

     
3.2 Ultraviolet-induced polymer erosion 

Effect of incident angle of ultraviolet radiation on 
polyethylene and polyimide erosion was also studied 
[2].  Figure 2 shows the frequency shift of the 
polyimide-coated QCM after ultraviolet exposures at 
normal incidence (solid circle).  The flux of 172 nm 
ultraviolet radiation was 4.5 mW/cm2 at normal 
incidence.  Note that the sample surface was exposed 
to atomic oxygen (2.3 x 1018 atoms/cm2) prior to 
ultraviolet irradiation in order to avoid the non-linear 
phenomena.  As shown in Figure 2, resonant 
frequency of the QCM was increased when ultraviolet 
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starts irradiating due to desorption of the adsorbed 
gaseous molecules.  However, the slope of the curve 
gradually decreases with time.  It has been analyzed 
that the curve can be fit in the form of 

f = A[1-exp(-ct)]        (1), 

where f is the frequency shift of QCM, A and c are 
the constant, and t is the exposure time of ultraviolet 
radiation.  The fact that the experimental data was fit 
by the equation (1) suggests that the surface oxidizing 
species (CO or CO2) are desorbed by ultraviolet 
exposure (photo-induced desorption).  This is 
confirmed by the fact that the no mass loss was 
detected by the ultraviolet exposure without 
pre-oxidation process (open circle in Figure 2).  The 
incident angle dependence of ultraviolet radiation was 
also examined.  By increasing the incident angle of 
ultraviolet radiation, desorption rate of the oxidized 
species is decreased.  This is explained by the 
decrease in effective photon flux of ultraviolet 
radiation.   
 In contrast, polyethylene showed a different 
tendency of mass change with ultraviolet exposure.  
Figure 3 showed a typical mass change of 
polyethylene under 172 nm ultraviolet exposure (4.5 
mW/cm2).  Mass of the polyethylene shows a 
decrease with exposure time.  Unlike polyimide, the 
saturation of mass loss is not obvious in polyethylene.  
The absolute mass lost by the ultraviolet exposure was 
much greater than that of polyimide.  This mass loss 
property suggests that not only the adsorbed gaseous 
molecules, but also the polyethylene structure is 
decomposed by the 172 nm ultraviolet exposure.    

3.3 Synergistic effect of atomic oxygen and 
ultraviolet

Atomic oxygen and ultraviolet beams irradiated 
polymer-coated QCM simultaneously and the erosion 
rate was recorded by the resonant frequency of QCM.  
The maximum atomic oxygen flux and ultraviolet flux 
at the sample position were 6.8 x 1014 atoms/cm2/s and 
0.55 mW/cm2, respectively.  Figure 4 (a) and (b) 
show the erosion rates of polyimide and polyethylene 
under simultaneous atomic oxygen and ultraviolet 
exposure condition as a function of incident angle of 
atomic oxygen.  The abscissa is the incident angle of 

Figure 3  Frequency shift of the polyethylene- QCM
during ultraviolet exposures.   Ultraviolet intensity: 4.5
mW/cm2.  The sample surface was oxidized by atomic
oxygen prior to the ultraviolet exposure (5.9 x 1017

atoms/cm2).
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Figure 4  Normalized erosion rates of polyimide and polyethylene during atomic oxygen exposure ( ) and
simultaneous atomic oxygen and ultraviolet exposure ( ).  (a):  polyimide, atomic oxygen flux: 6.8 x 1014

atoms/cm2/s, ultraviolet flux: 0.40 mW/cm2, (b): polyethylene, atomic oxygen flux: 6.0 x 1014 atoms/cm2/s,
ultraviolet flux: 0.55 mW/cm2.

第４回「宇宙環境シンポジウム」講演論文集

123



atomic oxygen; i.e., the incident angle of 0  means 
100 % atomic oxygen and 0 % ultraviolet, and the 
incident angle of 90  means 0 % atomic oxygen and 
100 % ultraviolet.  The longitude is the normalized 
erosion rate.  If no ultraviolet effect was observed, the 
data points with ultraviolet exposure (open circle) 
should follow the cosine function.  This is the case 
for polyimide (Figure 4 (a)).  In contrast, the erosion 
rates with ultraviolet exposure (open circle) do not 
follow cosine function and are 30 to 100 % greater 
than those without ultraviolet exposures (solid circle) 
in the case of polyethylene (Figure 4 (b)).  It was 
clear that simultaneous ultraviolet exposure affects the 
atomic oxygen-induced erosion of polyethylene.  The 
relationship between the relative intensities of 
ultraviolet per atomic oxygen (UV/AO ratio) and the 
normalized erosion rate was replotted in Figure 5.  
The erosion rate of atomic oxygen-induced 
polyethylene was enhanced 30-80 % at the relatively 
low UV intensities at UV/AO ratio of 0.5-2.6 x 10-15

mJ/atom, where polyimide does not show any 
enhancement of mass loss with ultraviolet exposure.  
As reported elsewhere [2], the synergistic effect of 
atomic oxygen and 172 nm ultraviolet on polyimide 
was obvious when ultraviolet intensity is higher than 1 
x 10-14 mJ/atom.  However, it was not obvious in the 
UV/AO ratio lower than 10-15 mJ/atom, as 
demonstrated in Figure 5.  In contrast, polyethylene 
shows a clear synergistic effect of ultraviolet 
irradiation even in the UV/AO ratio lower than 10-15

mJ/atom.   

4. Conclusion 

Synergistic effects on atomic oxygen-induced erosion 
of polyimide and polyethylene with 172 nm ultraviolet 

were investigated using QCM.  In order to change the 
relative intensity of atomic oxygen and ultraviolet, the 
polymer sample on QCM was rotated with an axis 
perpendicular both to the axes of atomic oxygen and 
ultraviolet.  It was found that no ultraviolet-induced 
erosion was observed for polyimide without atomic 
oxygen exposure.  In contrast, a clear mass loss was 
obvious when polyethylene was exposed to 172 nm 
ultraviolet even without atomic oxygen.  It was 
observed that the atomic oxygen-induced erosion of 
polyethylene increased 30-80 % by a simultaneous 
ultraviolet exposure in the UV/AO ratio of 10-15

mJ/atom.  The increase in mass-loss was considered 
due to the photo-induced decomposition of carboxyl 
group and C-C backbone of polyethylene.  Since the 
synergistic effect for polyethylene was obvious at the 
ultraviolet intensities one order lower than that for 
polyimide, it was concluded that polyimide is a better 
material as a witness sample for measuring atomic 
oxygen fluence in LEO from the viewpoint of the 
synergistic effect with vacuum ultraviolet [5].
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Measurement of surface and volume resistivity of insulator materials for satellites in vacuum condition

Takeyuki Komiyama (Saitama University), Kumi Nitta (JAXA) , 
Yasushi Yamano (Saitama University), Shinichi Kobayashi (Saitama University) 

This paper investigates surface and volume resistivity of insulator materials used for the artificial satellites. Measurements were
carried out under vacuum and atmospheric conditions respectively. The measured materials are two kinds of white paints which 
are used for the antena portion of satellites, two kinds of glasseswhich are used for the cover glass of solar panel and a 
polyimide film which are used for the thermal control material on the satellite. It was confirmed that the surface resistivity for
almost all of the insulator materials except for polyimide film under vacuum condition was higher than that under atmospheric 
condition. Desorption of moisture vapor from the insulator surface is the main cause of the increase of the surface resistivity in 
vacuum. On the other hand, their volume resistivity except for the white paints had no difference between vacuum and 
atmospheric conditions. White paints under vacuum condition showed the higher volume resistivity than that of atmospheric 
condition. 

Keywords Vacuum, Surface resistivity, Volume resistivity  
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Optical study on the degradation phenomena of insulators under electron beam irradiation
Shizuki HIROKAWA , Hiroyuki NISHIKAWA , Hiroaki MIYAKE

We studied charging and formation mechanisms of defects in insulators such as glasses and polymers irradiated by 20 keV 
electron beam. We performed cathodoluminescence (CL) and photoluminescence (PL) studies on insulator to understand the 
degradation phenomenon of insulators under electron beam irradiation including charging of insulators in outer space.  

Keywords glass, polymer, electron-beam, charging, cathodoluminescence 
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Table 1.  Impurity content and size of glasses 

 Al Ca Ti Na OH Size (mm3)
ES (ppm) 0.1 0.1 <0.01 0.05 1200 10 x 10 x 1.000 

 Al2O3 B2O3 Na2O
Pyrex (%) 2.3 12.7 4.0 10 x 10 x 1.000 

CMG  Borosilicate glass, doped with cerium oxide 10 x 10 x 0.150 
ES: Synthetic quartz glass (by TOSOH Co., Ltd.), Pyrex: Borosilicate glass (by IWAKI Co., Ltd.), CMG: Borosilicate glass (by Thale

Table 2.  Structural formula of polymers 
 Structural formula Size (mm3)

PMMA 10 x 10 x 1.000 

FEP 10 x 10 x 0.125 

Upilex 10 x 10 x 0.125 

PMMA: Acrylic (by Goodfellow Co., Ltd. FEP: Fluorine (by Sheldah Upilex: Polyimide (Ube Industries, Ltd.) 

3.
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Figure 2.  Experimental setups for electron-beam irradiation 

and CL measurements 
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Figure 7.  CL spectra obtained for various polymers 
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Table 3.  Summary of the CL peaks observed for various glasses and polymers 

glasses 290nm (ODC) 380nm (Al, Na) 410nm 460nm (ODC) 650nm(NBOHC) 745nm 

ES

Pyrex 

CMG

polymers 500nm 510nm 520nm 550nm 620nm 700nm 

PMMA

FEP

Upilex 

CL
3

(Oxygen Deficient Center: ODC Si Si )
460nm CMG150AR Pyrex

380nm
CMG Pyrex Al Na

620nm
CL

4.

3
CL

CMG CL
Pyrex 380nm

CMG Al Na
CL

Pyrex CL
ES CL

Pyrex

CL
PL FT-IR

CL

( ) 37
pp.1-9 (2007) 

( ) 2
pp.107-110 (2005) 

( ) B. G. Yacabi et al.: “Cathodoluminescence microscopy of inorganic solids”, 
Lightning source UK Ltd. (1990) 

( ) Takuya Harada et al.: “Electron-beam irradiation effects on silica glass 
studied by cathodoluminescence”, SiO2006 symposium, (2006) 

( ) Stevens Kalceff M.A. et al.: “Cathodoluminescence microcharacterization 
of the defect structure of quartz”, Physical Review B, Vol.52, No.5 
pp.3122-3134 (1995) 

( ) T.E. Tsai, et al.: ”: ”Mechanism of Intrinsic Si E -Center Photogeneration in 
High-Purity Silica”, Physical Review Letters, Vol.61, No.4 pp.444 (1988) 
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Development of a small size measurement system for observing a surface charge 
iroyuki Momiyama, Shouta Suzuki, Tanaka Yasuhiro, Tatsuo Takada (Musashi Institute of Technology)

ABSTRACT  
    The purpose of this research work is to develop a small size measurement system to observe the surface charge 

distribution on insulator in vacuum chamber for space environmental test. Recently, a lot of satellites many purposes like 
a telecommunication, a weather report are being launched. These satellites are flying in a very severe space environment 
where the high energy radiations are scattered from the sun. In this environment, electrical charging phenomenon occurs 
on the insulation of spacecraft surface and electrical discharge or dielectric breakdown occurs by the high electric field. 
Therefore devices in spacecraft have a risk of failure. So we need to find out a mechanism for the occurrence of surface 
discharge on insulation and a best insulating materials for space conditions. Until now, my senior at our laboratory has 
made a measuring system of surface charging on insulation using the BSO crystal has Pockels effect. The measuring 
system has been used the observation of surface discharging on insulation under conditions of non-destructive and 
non-contact. However this measuring system is large size and the techniques for setting an optical axis is hard. So it was 
difficult to apply the measuring system to the space environment simulator of small vacuum chamber. So we need to 
make a small size measurement system for surface discharging observation. By using a plate type light source of LED and 
changing a optical type , the system area can be reduced 200 150mm from 1200 700mm. Then we researched surface 
charging on BSO crystal and Kapton film, by using the small system. Then we researched measuring accuracy of the 
small system.  
Key words: Pockels effect, Surface charging, plate type light source
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Fig.8  Result of surface charge on BSO crystal by using the existing device 

　 宇宙航空研究開発機構特別資料　JAXA-SP-07-030

140



Abstract: 

The spacecraft like a communication or a broadcasting satellite flying in GEO is always exposed to plasma and/or radioactive-rays such as -, - and 

-rays. When the dielectric materials, in which the spacecraft is wrapped to keep temperature in it stable, are irradiated by the high energy electron beam, 

sometimes an unexpected accident due to an electrostatic discharge happens. The accident sometimes causes a serious mission error of the spacecraft. 

However, there remain many unknown factor about a charge accumulation in dielectric materials by irradiation of electron beam. Therefore, we need to 

measure the charge distribution in the bulk of dielectric materials. We have been developing a system for measuring such a charge distribution in 

dielectric materials using pressure wave propagation method. 

 Using this system, we tried to measure the charge distribution under electron beam irradiated Low Density Polyethylene, Polyethylene Terephthalate, 

Polycarbonate, Polyethylene Naphthalate in addition to Polyimide and PTFE films which are used as a thermal control layer or a optical solar reflector of 

spacecrafts. We observed accumulation behavior of charge in each sample, survey relationship with each sample’s molecular structure. As a result, It’s 

believed that charging characteristics of insulating material is linked to benzene ring in each sample’s molecular structure.
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軌道上観測結果・シミュレーション 

Measurement on orbit & Simulation



静止軌道上帯電データ解析・評価の状況 
 

古賀清一、上田裕子、五家建夫（JAXA) 
八田真児、金正浩（MUSE)  

 
 
１．概要 
近年、衛星の帯電・放電に関連すると考えられる事故が国内外で多数、報告されることから、

設計段階から帯電・放電の観点に立った検討を正しく行う必要性が認識されている。JAXA では

静止衛星についてはこれまで、米国で 70 年代に開発され世界のデファクトスタンダードとしての

地位を確立していた NASCAP/GEO と呼ばれる解析ツールを利用してきた。しかしその後、機能

拡張、改良され、低軌道衛星、極軌道衛星にも対応可能となったツールは、輸出規制のために日

本で使用することはできない。そこで 2004 年 11 月から衛星帯電解析ソフトウェア

MUSCAT(Multi-Utility Spacecraft Charging Analysis Tool)の開発に着手し、2007 年 3 月に完

成した。  
 本発表は、この MUSCAT による解析結果を実際の衛星（ETS-V）で取得したデータと比較し

報告する。ETS-V は、静止軌道上で１０年間の帯電データを取得しており、ほぼ太陽活動周期１

回分のデータが得られている。このデータを MUSCAT の解析結果と比較することにより、衛星

電位と帯電サンプルとの電位差について検証することが可能であり、成果を帯電設計基準等に反

映することができる。 
 また、MUSCAT にユーザ要求による機能の追加を行ったため、これについても報告する。 
 
２．静止軌道での帯電計測 
 ETS-V は、１９８７年８月２７日に打ち上げられ、１１月から技術データ取得装置（TEDA）

の計測を開始した。ETS-V に搭載されている TEDA の内、帯電計測装置（POM）[1]の概要を以

下に示す。 
 取り付け衛星構体面 ：＋Y 面（南面） 
 サンプル      ：銀蒸着テフロン、アルミ蒸着カプトン、OSR 
 計測範囲      ：＋１ｋV～－１０ｋV 
 サンプリング    ：１分 
 データ取得期間   ：1987.11.26～1997.09.12 

 
図１に ETS-V での約１０年間の計測結果を示す。 

 
 

第４回「宇宙環境シンポジウム」講演論文集

145

http://stage.tksc.jaxa.jp/library/report/files/SP-07-030.pdf#31


図１ ETS-V の約１０年間の計測データ 
 

データは、１年に１回周期的に変化している。これは、POM が衛星の南面パネルに搭載されてい

るため、１年間で日陰と日照が起こるためと考えられる。また全体的な電位の変化は、表面の特

性の経年変化によるものと考えられる。 

図２ １９８８年、１年間の Kapton のデータ 
 

 図２に１９８８年の１年間の Kapton のデータを示す。LT＝0 時のデータ（赤）と LT=12 時（緑）

のデータをプロットしている。急激に帯電しているのは LT=0 時の方であり、一般的に言われて

いる夜側のサブストームによる帯電に対応している。また、急激な帯電は春分点と秋分点付近に

多く見られ、これも R-M 効果による磁気嵐やサブストームの増加に対応している。 
 
 
 

Vernal Equinox Autumnal equinox
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図３ １９９０年２月の Kapton のデータの帯電電位地方時依存性 
 
図３に１９９０年２月の Kapton のデータの帯電電位地方時依存性を示す。これも SCHATHA

の観測例と同様に、サブストーム時の粒子の流入が多いと言われている真夜中から夜明けの間に

大きな帯電が集中している。 
 
３．MUSCAT による解析結果との比較 
 図４に MUSCAT 解析に使用した ETS-V の形状モデルを示す。 

     図４ ETS-V 形状データ         図５ ETS-V グリッドモデル 
 
衛星の大きさは、パドルの両翼が約 9.7m、幅が 2.3m、衛星構造体が約 1.5m 四方である。実

際には地球指向面にアンテナがあるが今回は省略している。 
 解析におけるグリッド・モデルを図５に示す。グリッドサイズは、１０ｃｍであり、解析空間

のグリッド数は、64×128×64 なので、解析空間の大きさは、6.4×12.8×6.4m となっている。

SiO2

Kapton

Teflo
n

SiO2

Kapton

Teflo
n
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POM の実際のサンプルの大きさは、4cm×4cm であるが、グリッドの関係で 20cm×20cm で模

擬している。コーナーのパッチは、太陽光の影響を見るために配置している。 
 図６に計算結果の１例を示す。解析を行った外部環境の条件は、表６の通りである。 
 
 
 
 
 
 
 
 
 
上記の条件は、NASA の静止軌道衛星の設計ガイドライン NASA-TP-2316［2］の SCATHA

衛星観測による典型的な最悪ケース（Mullen，et.al.,1982）[3]にあたる。それぞれのサンプルと

衛星構体との電位差を以下に示す。 
SiO2  ： -2186V 
カプトン： -2454V 
テフロン： -4035V 

 この計算結果は、衛星構体に光があたり、POM が日陰の状態にあたり、実際の計測データでは

さらに電位が下がっていることもあり、より詳細な外部環境との比較が必要である。ETS-V には

残念ながらプラズマ環境の計測機器が搭載されていないため、今後は、実際の LANL 等の実測値

等を用いて詳細解析を行う予定である。また、材料特性の経年変化についても、放射線による試

験等の２次電子や光電子放出の変化などのデータも考慮に入れながら解析を行う必要がある。 
 
４．１９年度の MUSCAT の機能追加について 
 MUSCAT の開発時に行ったユーザレビュー会において要求が多かった GUI やクライアント-
サーバシステムについて以下の機能追加を行った。 
 
（１）衛星を構成する部材のグループ化機能  
（２）衛星の軌道パラメータに対応する宇宙環境パラメータ及びそれらの変動範囲等をユーザに

示す機能 
（３）パラメトリック・ランの結果から表面電位がある閾値を越える条件を解析可能なファイル

として出力する 
（４）クライアントソフトの速度、メモリ使用量等の改良 
（５）クライアント－サーバ接続プログラムの表示等の改良 
 
（１）については、グループ指定中の部材を半透明化して表示（図７）、多重グループ化、パドル

など、同一形状のコピー/ペーストおよび回転、並行移動などの機能を追加している。（２）に関

しては、GEO 解析時にはローカルタイム別に外部環境を示す機能や、LEO 解析時には軌道デー 

 密度[m-3] 温度[eV] 
電子 0.9E6 600 低エネルギ

ー粒子 陽子 1.0E6 350 
電子 1.65E6 25600 高エネルギ

ー粒子 陽子 1.65E6 25150 
太陽方向 ＋Z 軸方向 

表６ 外部環境パラメータ 

　 宇宙航空研究開発機構特別資料　JAXA-SP-07-030 

148



タを入力し、指定した期間での外部環境の変化のグラフを示す機能等を追加した。（３）に関して

は、パラメトリック・ランの結果を Excel 形式で出力し、ETS-Ⅷや WINDS 等で使用した放電閾

値を超える確率を計算するワークシートに渡し、チャンバー等での実験条件が算出可能にした。 
 

図７ 太陽電池パドルのグループ化の例 
 
 
 
５．今後の予定 
 MUSCAT 解析に関し、ETS-V 観測期間の環境データ（LANL 等）を取得し、実際の外部環境

を用いた解析と POM 実測の詳細な比較、材料パラメータの変更による差、衛星へ入射する光の

角度や、POM のアンテナの影等を考慮した詳細解析等を行う予定である。 
 また、MUSCAT に関しても、随時ユーザ要求を取り入れた機能追加を行ってゆく予定である。 
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Background 
Plasma

Density 2.0e9 [m-3]
Temp. 0.20 [eV]

High Energy 
Electron

Density 7.8e6 [m-3]
Temp. 750 [keV] 
Drift Energy 7.5 [keV]

Satellite Drift Velocity 8.0 [km/s]
Simulation 
System

Number of Grids
nx*ny*nz 128*128*128
dx=dy=dz 0.05 [m] 

= ½ Debye Length
dt 5.0e-8 [s]

3.
3.1

•Thermal
• Test Probe CRM Single 
Probe ( )

Test Probe
Test Probe
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Evaluation of the space radiation environment in the orbit of the DAICHI satellite (ALOS) 
- Comparison of the measurement results with the space radiation 
environment models during the solar activity minimum period - 

Kenta Maruyama* [1], Hideki Koshiishi [2], Haruhisa Matsumoto [2], Tateo Goka [2] 
[1] Kagoshima Univ., [2] Japan Aerospace Exploration Agency 
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GEOTAIL衛星より発生した光電子の
非対称分布とその原因

下田忠宏 (1)、町田忍 (1)、向井利典 (2)、齋藤義文 (3)、笠羽康正 (4)、早川基 (3)

(1)京都大・理・地球惑星 (2)JAXA (3)ISAS/JAXA (4)東北大・理・地球惑星

1 導入

人工衛星の導体表面からは、太陽紫外線の照射により光電子が発生する。地球磁気圏内では衛星

の導体表面は背景プラズマに対し数 Vから 100V正に帯電しているため、発生した光電子のうち衛
星電位以下のエネルギーのものは衛星表面に引き戻され、プラズマの粒子計測器で観測対象とする

自然のプラズマに混入してしまう。従って、粒子計測器で観測された電子の速度空間分布データか

ら光電子の分布を推定することが可能である。本研究では、GEOTAIL衛星によって観測された光
電子の速度分布関数と、その衛星電位依存性について調べた。

2 衛星および観測機器

GEOTAIL[1]は磁気圏探査用衛星として、1992年 9月に打ち上げられた。本衛星は、図 1に示す
ように本体が直径 2.2m、高さが 1.6mの円柱形であり、その本体からは直交する 50m長のワイヤー
が 2組 4本伸びており、また、長さ 6mおよび 4mの 2本のマストが対向して設置されている。衛
星本体およびマストは導電性の酸化インジウムで覆われており、これらの表面はほぼ等電位となっ

ている。

本研究では、GEOTAIL 衛星に搭載されている観測機のうち、低エネルギー粒子計測器 (LEP-
EA)[2]、電場観測プローブ (EFD-P)[3]および磁力計 [4]より得られたデータを用いた。LEP-EA(以
下、LEP)は、視野を衛星の回転方向に 16分割 (Sector 0-15)、仰角方向に 7分割 (Channel(CH.)
1-7: CH.番号が大きいほど LEP視野の仰角は小さくなり、CH. 4は衛星表面垂直方向から飛行す
る粒子を観測)、粒子のエネルギー (速度)について 32分割し、これらを掃引することで、電子・イ
オンの 3次元速度空間分布を 12秒の時間分解能で観測する。この観測器にはエネルギー範囲が異な
る 2つのモード (RAM-A, RAM-B)がある。また、EFD-Pは、2組 4本のワイヤー (直径 0.45mm)
で構成され、先端部以外はポリイミドの絶縁塗装がなされている。2組のワイヤーは、先端にワイ
ヤーのうち先端に直径 105mmの球プローブがついている 1組 (PANT)と先端のプローブが無い 1
組 (WANT)からなり、衛星電位は PANTにより測定される。PANTでは、先端の球プローブと衛
星本体間にバイアス電流を流すことで、球表面と背景プラズマをほぼ等電位に保っている。

以下、観測された光電子について、衛星と垂直に入射する場合 (LEPの CH. 4)を中心に述べ、最
後に上下方向 (CH. 1, 7)から入射した光電子についての結果を紹介する。

3 光電子分布の1例

図 2は、1995年 1月 11日 1045-1115UTの時間帯に得られた電子カウントを 4つの飛来方向に
分けて求めたエネルギー・時間分布図 (E-t図)、および衛星電位の時間変化に関するプロットであ
る。このとき衛星は地球中心から 44RE (RE は地球半径)離れたほぼ真夜中の領域に位置していた。
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図 1: GEOTAIL衛星の外観 [1]
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図 2: 1995年 1月 11日 1045-1115UTの期間
の電子カウント E-t図および衛星電位。上か
ら順に、昼側から (夜側へ)、夕方側から、夜
側から、朝側から飛行する電子のカウント、衛

星電位。上 4つのパネルについてエネルギー
の範囲は 7.4eV - 8.5keV。

30eVより下のエネルギー帯で見られる大きいカウントが光電子によるものであるが、太陽方向と反
太陽方向だけではなく、朝側の方向と夕方側の方向についても光電子カウントのエネルギースペク

トルに違いが見られ、衛星電位が大きいときに朝夕の非対称性がより明確になる傾向を示している。

4 統計解析

光電子分布の朝夕非対称性と衛星電位の関係を調べるため、以下の統計解析を行った。使用した

データは 1993年 9月から 1997年 6月までの期間の電子データで、観測モードが RAM-B、衛星が
磁気圏内にいてかつ日陰にいないときのデータを選んだ。そのように抽出したデータを衛星電位に

ついて 1V単位でグループ分けした後、それぞれのグループについて電子の微分フラックスの平均
値を求めた。衛星の領域判定については、イオンの密度が 0.5個/cc以上、イオン速度の反太陽方向
成分が 200km/s以上、イオン温度が 400eV以下、およびイオン動圧 (Pd = mnv2)が 0.5nPa以上
という 4つの条件を全て満たすときに、衛星は磁気圏の外 (太陽風中またはマグネトシース)にいる
と判断して解析より除いた (Nakamura et al., (1997)[5]にて用いられた条件を若干変更)。このデー
タ抽出より得られた全部で 168,166個のデータについて、衛星の位置をプロットしたものを図 3に
示す。この図から、磁気圏の広範囲にわたるデータが使用されていることが確認できる。

図 4に、衛星電位が 12-13V(a)、29-30V(b)、50-51V(c)の時の解析結果を示した。衛星電位より
エネルギーが低い光電子は、衛星電位が高い (c)の場合には、観測器が太陽方向を向いているとき
(Sector 13)と反太陽方向を向いているとき (Sector 5)のフラックス比だけでなく、朝側を向いてい
るとき (Sector 9)と夕方側を向いているとき (Sector 1)の比も大きくなる事が分かる。さらに、朝
夕のフラックス比は、衛星電位が 12V台 (a)の時は 8eV(電子の観測下限エネルギー)、同じく 29V
台 (b)では 10eV、50V台 (c)では 16eVのエネルギーで特に大きく、これらのエネルギーは (b)と
(c)の場合、衛星電位の約 1/3となっている。このことから、光電子分布の偏りは衛星電位そのもの
よりもむしろ衛星電位に対する光電子のエネルギー (E0/Vsc)に依存していることが推測される。
そこで、上の統計解析で用いられた全てのデータについて、光電子微分フラックスの朝夕比と昼

夜比を、衛星電位に対する光電子エネルギー (E0/Vsc)の関数としてプロットした。その結果を図 5
に示す。この図より、光電子フラックスの朝夕比、昼夜比ともに E0/Vsc に強く依存していること
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GEOTAIL Position
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図 3: データ取得期間の衛星位置。GSM-X、GSM-Yの正の向きはそれぞれ地球から見て
太陽方向、ほぼ夕方方向。
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Photoelectron Distribution ( Vsc = 29.*V, CH. 4 )
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Photoelectron Distribution ( Vsc = 50.*V, CH. 4 )
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図 4: 3種類の衛星電位 (Vsc) (a) 12V ≤ Vsc < 13V (データ数 6126) (b) 29V ≤ Vsc < 30V
(同 1182) (c) 50V ≤ Vsc < 51V (同 36) に関する光電子微分フラックスの衛星スピン軸に
直交する面での分布。横軸の Sector 1,5,9,13はそれぞれ夕方側、夜側、朝側、昼側からの
電子が飛来する方向に対応し、エラーバーはそれぞれ平均値からの標準偏差 (±σ)。
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図 5: 統計解析より得られた光電子分布非対称性の E0/Vsc 依存性。(a)朝側-夕方側から飛来する
(光)電子のフラックス比 (Jsect9

Jsect1
) (b)昼側-夜側から飛来する電子のフラックス比 (Jsect12+Jsect14

2Jsect5
)。

計測器内部に太陽光が直接入り込んでしまう Sector13のデータは除外。

が分かる。そして、昼夜比は電子のエネルギーが低いほど大きく、朝夕比は衛星電位の約 1/3のエ
ネルギーで約 10となり最も大きくなることが分かる。

5 数値計算

統計解析によって明らかになった光電子の非対称性について、数値計算を用いることでその原因

を調べた。この数値計算では、3次元円筒座標系にて電子を LEPの位置から時間を遡ってトレース
し、光電子の発生位置を求めている。数値計算における空間領域および衛星の形状を図 6に示す。
計算リソースの都合上、マストの形は扇形とし、PANT, WANTの長さを実物より短くしている。
また、PANT, WANTのワイヤー径は数値計算の格子間隔に比べて非常に細いため、これらは動径
方向の格子線として与えた。

図 6: (a)数値計算空間および GEOTAILの配置 (b)数値計算上での GEOTAILの形状モデル

上記の系の境界条件としては、衛星電位を 30V、計算領域の外部境界を 0Vとした。PANTの先
端から 1mの電位は 2Vとし、PANTの衛星側、WANT全体、マストの電位は衛星電位と同一とし
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た。また、電場の計算には Laplace方程式を用いた。衛星周辺の空間には光電子が存在しているに
もかかわらず、これらを無視して電場を求めているのは、Cluster衛星の数値計算 [6]においてこれ
らの光電子の有無による電位差は高々0.6V程度となり、衛星電位に比べて無視できるほど小さいた
めである。

電場を計算した後に、LEPに入射する光電子について LEP入射時点から時間を遡り、軌道と発
生位置を計算した。その際、光電子は全て衛星本体から発生したものと考え、光電子がマストの位

置に来たときにはそのまま通り抜けるものとした。

このようにして求めた衛星周辺の電位分布および XY平面上に投影した光電子軌道は図 7のよう
になる。この図では、LEPの視野角内 (仰角 10度×回転方向角 5度)で掃引した同一エネルギーの
光電子の軌道を全て表示している。WANTや PANT、マストの存在により、衛星周辺の電位分布
は 1/r則に従わず、光電子の軌道はワイヤー周辺の電場の影響を大きく受けている。特に、7eVの
電子は LEPから回転方向角正方向の領域から発生し、衛星の表面から数 mの距離まで飛行してか
ら LEPに入射することがわかる。この位置関係は、LEPが朝側 (夕方側)を向いているときに光電
子の発生位置が昼側 (夜側)となる。
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図 7: GEOTAIL周辺の電位分布および光電子の軌道。 (a)3eVの光電子の場合。 (b)同 7eV。 (c)
同 9eV。 (d)同 18eV。

このことを踏まえ、観測データの統計解析と同様、数値計算の結果について光電子のフラックス

比を求めた。
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LEPの視野の向きを決めることで、図の結果を用いて個々の光電子発生位置の太陽角が一意に決
まる。その発生位置の光電子生成量を光電子のフラックスとし、このフラックスを数値計算で扱っ

た全ての光電子についてを足し合わせることで、LEPに入射する光電子フラックスが計算できる。
本研究ではその光電子生成量を、太陽光が照射している面では qph cos θ + qiso、太陽光が照射して

いない面 (頂面、底面含む)では qiso として与えた。ここで、qph, qiso, および θ はそれぞれ光電子

生成関数、(2次電子などの)等方的に発生する成分、太陽方向を基準とした角度を表す。このよう
にして求めた光電子のフラックス比を図 8に示す。

(a) (b)

図 8: 数値計算より得られた光電子分布非対称性の E0/Vsc 依存性。(a)朝側-夕方側から飛来する
(光)電子のフラックス比 (Jsect9

Jsect1
) (b)昼側-夜側から飛来する電子のフラックス比 (Jsect13

Jsect5
)。数値計

算では太陽光が直接計測器に入射する影響がないため Sector13のデータを使用。

フラックス比と光電子エネルギーの関係について、エネルギーが観測結果 (図 5)より低い方向に
ずれているものの、両者は互いによく似た傾向を示している。

6 上下方向から飛来する光電子

これまでは衛星の側面に垂直に入射する (LEPの CH.4)光電子のみを扱ったが、上方向 (CH.1)
および下方向 (CH.7)から飛んでくる光電子についても同様の解析および数値計算を行った。これら
についても、観測と数値計算とで非常に近い傾向の曲線が得られたが、その中で特徴的なのは、図

9に示すように CH.7において夜側から入射する光電子フラックスが昼側から入射する成分を上回
るエネルギーが存在することである。この現象は Cluster衛星でも観測されているが [7]、今回の数
値計算によって得られた軌道を見ると、昼側で発生した多量の光電子の一部が衛星底面の下を通っ

て夜側に回りこみ、LEPに入射していることがわかった。

7 考察とまとめ

GEOTAIL周辺の光電子分布を解析することで、光電子が昼夜方向のみならず朝夕方向にも非対
称分布を持つことがわかった。また、数値計算により、人工衛星本体の太陽面で発生した光電子が

ワイヤーアンテナ近傍の電場により朝側に運ばれ、それを LEPが観測している様子が明らかになっ
た。さらに、光電子フラックス比についても、観測と同様の傾向が再現された。

光電子フラックス比について観測の統計解析と数値計算を比較すると、比がピークとなる光電子

エネルギーがシフトしているものの、フラックス比と光電子エネルギーの関係は両者ともにほとん

ど同じ傾向を示し、数値計算は観測結果を再現しているといえる。

このことから、光電子の非対称性は、衛星近傍にあるワイヤーによって生じる電場が原因だと結

論づけることが出来る。このような非対称性を無くすためには、粒子計測器から見たワイヤーなど
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図 9: (a)観測より得られた CH. 1での昼側-夜側光電子フラックス比 (Jsect12+Jsect14
2Jsect5

)。 (b)同 CH.
7。 (c)数値計算より得られた CH. 1での昼側-夜側光電子フラックス比。 (d)同 CH. 7。 (e)CH. 1
に入射する 11eVの光電子の軌道。 (f)同 CH. 7。
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の構造物が対称に配置されることが必要であり、本研究で得た知見は今後のデータの理解や衛星の

構造設計に有効に役立つことが期待される。
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