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Abstract

The mechanical properties of polyimide (PI) films, which were exposed to the space environment in the 

SM/SEED (Service Module/Space Environment Exposure Device) experiment, were evaluated with tensile tests. 

Additionally, PI films irradiated by atomic oxygen (AO), ultraviolet, and electron beam using ground facilities were 

similarly evaluated. Through comparison of these PI films’ results, it was revealed that AO was the main space 

environmental factor degrading the mechanical properties of the PI films. Tensile strength and elongation of the PI 

films reduced concomitantly with increased AO fluence (FAO). The PI films expressed rough surfaces because of 

AO erosion and ruptured from the rough surfaces. In addition, their surface roughness increased as the FAO

increased. These facts suggest that the degradation of mechanical properties is attributable to the increase in surface 

roughness. The mechanical properties of ITO (Indium Tin Oxide)-coated PI films (ITO/PI films) irradiated by AO 

were also evaluated. Generally, ITO/PI films have a high durability to AO erosion because ITO coating blocks AO. 

Therefore, ITO/PI film surfaces remain smooth even after AO irradiation. Tensile strength and elongation of the 

ITO/PI films, however, reduced with FAO increasing, marking higher degradation than the case of non-coated PI 

films. The AO-irradiated ITO/PI films have many undercut cavities at defect sites of their ITO coatings and 

ruptured from the undercut cavities. The undercut cavity developed as FAO increased, leading to significant 

degradation of the mechanical properties. The relationship between FAO and tensile strength in PI and ITO/PI films 

was predicted with fracture mechanics. The predicted results almost corresponded with the experimental results. 

The evaluation indicated that fracture mechanics is an effective approach for strength deterioration analysis of PI 

films exposed to the space environment.  
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Nomenclature 

� density, g/cm2

�K density of Kapton H, 1.42 g/cm2

�dAO average erosion depth by atomic oxygen, �m 

�l crosshead travel distance, mm 

�m mass loss, g 

�mK mass loss of Kapton H, g 

�tAO thickness loss by atomic oxygen erosion, �m 

2W specimen width, mm 

2am width of mirror region, �m 

A exposure area, cm2

AK exposure area of Kapton H, cm2

Ad defect area, �m2

Am area of mirror region, �m2

Auc area of undercut cavity, �m2

C constant 

Ey erosion yield, cm3/atom 

EyK erosion yield of Kapton H, 3.0E-24 cm3/atom 

F tensile load, N 

FAO atomic oxygen fluence, atoms/cm2

FUV ultraviolet fluence, ESD 

G strain energy release rate, J/m2 (crack extension force, N/m) 

Gc crack extension resistance, N/m 

K stress intensity factor, MPam1/2

KI the mode I stress intensity factor, MPam1/2

KI max the mode I maximum stress intensity factor, MPam1/2

Kc fracture toughness, MPam1/2

L predicted length, �m 

R crack extension resistance, N/m 

RSm mean width of the roughness profile elements, �m 

Ra arithmetic mean deviation of the roughness profile, �m 

Rpi maximum peak height in sampling length, �m 

Rpm mean peak height of the roughness profile, �m 

Rv maximum valley depth of the roughness profile, �m 

Rvi maximum valley depth in sampling length, �m 

Rvm mean valley depth of the roughness profile, �m 

T return period 

TD total dose, kGy 
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Tg glass transition temperature, °C

Wuc width of undercut cavity, �m 

Xsi width of the roughness profile elements, �m 

a crack length 

a0 initial crack length, �m 

a0max maximum initial crack length, �m

bm depth of mirror region, �m 

duc depth of undercut cavity, �m 

f(x) deviation from mean line, �m 

h Planck's constant, 6.626E-34 Js 

hc cone height, �m 

l0 gauge length, mm 

ln evaluation length, �m 

lr sampling length, �m 

m Weibull modulus 

rm radius of mirror region, �m 

t specimen thickness, �m 

t thickness 

t0 initial specimen thickness, �m 

tAO thickness of AO-PI, �m 

tEB thickness loss of EB-PI, �m 

tFlight thickness of Flight-PI, �m 

tUV thickness of UV-PI, �m 

x X-axial distance, �m 

y reduced variate 

� eccentric angle of semi-elliptical crack, ° 

�S solar absorptance

� surface energy, J/m2

� infrared emittance 

� strain, %

�N normal infrared emittance 

� wavelength

� Poisson's ratio 

� light frequency, s-1

� stress, MPa 

�B breaking strength, MPa 

� diameter 
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Abbreviation 

ADEOS Advanced Earth Observing Satellite 

ADEOS-II Advanced Earth Observing Satellite-II 

ADXPS Angle-Dependent X-ray Photoelectron Spectroscopy 

AFM Atomic Force Microscope 

AM0 Air Mass 0 

AO Atomic Oxygen 

ASTM American Society for Testing and Materials 

CME Coronal Mass Ejection 

CTA Cellulose triacetate 

CVCM Collected Volatile Condensable Material 

EB Electron Beam 

EPMA Electron Probe Micro-Analysis 

ESD Equivalent solar days, 1 ESD=1.02E7 J/m2 (�=200–400 nm) 

EWF Essential Work of Fracture 

F-OSR Flexible Optical Solar Reflector 

GEO Geostationary Earth Orbit 

ISS International Space Station 

ITO Indium Tin Oxide 

JAXA Japan Aerospace Exploration Agency 

JIS Japanese Industrial Standards 

LDEF Long Duration Exposure Facility 

LEO Low Earth Orbit 

MD Machine direction 

MISSE 2 Materials International Space Station Experiment 2 

MLI Multi-Layer Insulation 

NUV Near Ultraviolet 

PEEK Poly-ether-ether-ketone 

PES Polyethersulfone 

PI Polyimide 

QCM Quartz Crystal Microbalance 

RF Radio-frequency 

RH Relative humidity 

SAA South Atlantic Anomaly 

SEES Space Environment and Effects System 

SEM Scanning Electron Microscope 

SM Service Module 

SM/MPAC&SEED Service Module/Micro-Particles Capturer and Space Environment Exposure Device 
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TD Transverse direction 

TEM Transmission Electron Microscope 

TML Total Mass Loss 

UV Ultraviolet 

VUV Vacuum Ultraviolet 

X-ETFE Cross-linked ethylene-tetrafluoroethylene 

XPS X-ray Photoelectron Spectroscopy 
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�0�ÈAO4ÏÐ��N�01�V¶ 1-1WVAppendix 1.W[19]!AO� LEO
�

�àá�ÏÐ�­ 80%�·��4È��Ñ­� 107–109 atoms/cm3B­01�! + È�	<�)�¸¹º AO

�¥��ºV­ 8 km/sW0»ë©���È�	<��'Z¼�¨ #½xºpVRAM pW�� 1013–1015

atoms/cm2·s� AO 4¾¿©�!RAMp�¾¿©�úÀÁPÂ��� AO�©
¤V1013–1015 atoms/cm2W�È

ÃÄ¶p��
Ñ­�ÅÆ©�·01�!AO �Ñ­È6ÀØ#½��­;ÒÓÔ����Õ��¶ 1-2 �J©

[19]!ÒÓÔ�� AO�Ñ­%&6ÀØ#½�¬Äz{©�!ÒÓÔ���Ï�;�±�0�ÈLEO
��àá

� AO �Ñ­� 1–3 ÇÕ�©�!"�È11 È»��ÒÓÔ��Õ����ÈAO �Ñ­�~�,vw�»��

J©!

LEO
��àá� AO�Ö­�­ 1000 K01�VAppendix 2.W!)�;�� AO� É�¼/$â0�­ 0.1 

eV01�È�#½¢�$,Ê$Ë�,�å�Ì�[14, 23]!�	<;AO�y¨º­4­ 8 km/s01�Í�È)� 

É����ÈAO�¾¿¼/$â0�­ 5 eV�Î0#; ��å�É©�V¶ 1-3W[19]!"�ÈAO�µ�×4�

	<��'Z¼�¨ # 90 °¦Q1�Í��à�#%ÈAO � É�����	<; AO �¾¿4=��

VAppendix 3.W!

¶ 1-1
 ÞßÏÐN�Ñ­��­Õ�[19] 

8 宇宙航空研究開発機構研究開発報告　JAXA-RR-10-009

This document is provided by JAXA.



¶ 1-2
 AO�Ñ­%&6ÀØ#½��­;ÒÓÔ����Õ�[19] 

¶ 1-3
 �­ 400 km�àá� AO�¼/$â0�å[19] 

�������� �� !"�����������#��%�&(��)%*�'�

AO �����
������ÈLEO 
��xlRS ���
���½ä0½1ÙÚ$���ë÷©�);

4Ï\;º(�);0Ð�� �[32]!��¦ÑÈßb���
���¨ È½ä0½1ÙÚ$fÒÓ�	½¦0

12,VISS: International Space StationW�Ô? �OPQ��RSTUf�Q���?�� AO��oU4T

;��ÈAO�����
������$�#Õ§�IJ��#��!

­ 5 eV�¼/$â0�É©� AO�È��
��¶p�à�#xbº�«L%&E�LÖ×�n¸©V¶

1-4W[28]!� ºÖ×; #Ø1ÙÚ$§Û0Ù;Ø67Ù4�Z*��!1ÙÚ$§Û0�$�#�ÈAppendix 4.�Ú

�����!¦3ÈAO�����
���67�$�#�5©�!

AO�¾¿¼/$â0V­ 5 eVW�ÈE�Lº½|Ø-4,§� ��·V­ 40 eVW��±��!©ºHIÈAO�

��67�úº�E�Lº½|Ø-4,§���%�0�º�!AO ;��
��4¾¿©�;È��
Û�Ü�
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Ý4��,�è��È�ÞL� ¡:��è=NE4=��VAppendix 5.W!��tuÈ��
���67��È

cdvw4=��!

AO�67�����
���cdÕ��¾©�ßà*�tu�¶1-5�J©[33–35]!ßà*�Üá¥�


VQCM: Quartz Crystal MicrobalanceW�på � PI�¨ #AO���'�ÈQCM�»é¤Õ��� PI�cd

Õ��ke �!QCM �»é¤~�,vw�Èpå � PI �cdvw,~����â�¨h©�!¶ 1-5 +*

�+����ÈAO ��xË��ÈPI ¶p���4ö}©�);���cd~�4�*��4È��Ë���,�

è4�' Ècd�vw ãá�!$"�ÈLEO 
��RS�����
���äm�ÈRS�P�~���

�åb�±�Äº�!� #È�ÞL���
���æç©�!ämvw�õ([�23�èé È9��	

BCDECD��w?©���
67$80�Ï�ºêG;º�!

AO�67�����
���¶pqr�Ï�ÄÕ�©�!LEO
�RSË� PI%&¦6Û,¶p��
Ð

°ëVSEM: Scanning Electron MicroscopeWì)�¶ 1-6�J©[14, 23, 24]!¶ 1-6+*�+����ÈAO�67

�íá���
��¶p��È+0,��°±¿¸4î¤�qN���!+0,�ïð� AO �µ�Z¼�¼

�È����� AO6$¼,½VFAO, atoms/cm2W�~����Ï�Äº�);4ÈOPQ��RSTUÈ�Q��

��� AO ��oUÈkl1.	ñ012,N����ñ��#��[36–39]!"�È)���º¶pqr�qN¡¢

£¤8�$�#�È��
��¶p�àá�CD"��òN�óªí:�¸�©�;��ôõ$4ö÷��#

��[40]!AO���¶pqr�Õ��È��
��� ã«9:VÒÓãö÷jV�S: Solar absorptanceWÈø�

��jV�: Infrared emittanceWW�¬Äz{©�!�	<�ù�ú|©� @A��>?�����
67$8�

;(#È ã«9:����[ ºêG;º�!

AO�����,�è�íá�ûü��¶p�ý9;:/*�#��!AO�� � PI%&34½ýñ,�$�

#ÈAO��p�qN�������×­þ�X�ã�
�ãVADXPS: Angle-Dependent X-ray Photoelectron 

SpectroscopyW���ke �tuÈ����m��¤ nm 01(�[22]!"�ÈSi ¢���$�#�È¶pÖ­

4�Äº�Eq AO���qN��� SiO2�4mÄº�[41, 42]! + È493 K�àá� SiO2��m��­ 2 nm

01�È��4�Ö01�Í��à�#% AO ;�gh��¶p�ý0=��!

ºàÈ��
���¾¿ � AO�S#4gh©�Há0�º�!��
���¾¿ � AO�íÁ�gh

�üÈy� AO ;t� #���
�qN©�+È"��È®�:��©�!��
���È�� � AO 0%

67���);4����#��[43]!

AO;��;�ghj�¶©��; #ÈghijVEy, cm3/atomW4rÄ?�*�#��!)�·�È1$�AO

���£½� #çH��Äù�èé #à�È¦3�	0¶���!

AO
y FA

mE
�
�

� V1-2W

""#$�m%&'()'*g+$A%,-./*cm2+$�%01*g/cm3+#234567$OPQ��R

STU"���Q���?�� AO��oU�Ë0�cd�æç Ècdvwd�m89*1-2+:;<=>

Ey?@ABC34DEFG���H Ey; Appendix 6.7IJ4KL$AO�µ�×ÈAO�¼/$â0È!,

\$Ö­4 PI� Ey�./�z{�$�# Appendix 7.$8.7MN34

��
���õ AO :�|.©�Æ[; #�È¶p�î<���+0¦7,§©�Æ[[44–47]È¶p�õ

AO:����
VFÈPNW�´µ 
c©�Æ[[48, 49]ÈAO ;gh©�);���õ AOB�¶p�qN©�

�
VSi NW���©�Æ[[50–54]4�Z*��!��¥0È�%���>?���Æ[�î<���+0¦7

,§01�!í
�È½|Ø-"��)*�}���ÈITOVITO: Indium Tin OxideWÈSiO2ÈGeÈAlN�+0¦7,
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§Vt=¤ 10�¤ 100 nmW���
��¶p�på©�!RSp�î<���+0¦7,§©�);���ÈEy�

Ï�Ä23©�4È+0¦7,§�²³ÁV+0¦7,§4;��#�º�ûüW�à�#�È3����
��

4AO�67�íá�[55, 56]!)�Ö×� Undercut ;��!Undercut�è�¶�¶ 1-7�J©[30]!²³Á��

�µ � AO %&]Á0�� � AO ���3����
���67��È���VUndercut cavityW4qN�

��!LEO
�RSË� Al +0¦7,§| PI67$8¶p� SEMì)�¶ 1-8�J©[14, 23, 24]!RSË�

Al+0¦7,§�
� �;)DÈ3�� PI67$8���Ä� Undercut cavity4qN��#��!��
67$

80�ÈUndercut cavity 4�á,sh�¸¹;º�);���È¬­4Ï�Ä23©�Ï\:41�!�*�Èê�

P LEO 
��R���Í�ÈUndercut cavity �åb�r4�Ès�,�Ä�N���4=��!¶ 1-9 �ÈISS

�ÒÓ�{|5$ðp�w?����p Al +0¦7,§| PI67$8Vt=25.4 �mW��aì)01�!LEO


��­ 1 ÈPRS���tuÈAO � Undercut ����p Al +0¦7,§| PI 67$8�� Äs� �

[57–59]!

O

N2NO2*

NO2h�

O

deexcitation
“glow”

CO H2OROH

O
diffusion

RO* -OH ROR’ ROH

¶ 1-4
 AO ;��
��¶p�gh[28] 

¶ 1-5
 AO����� PI�cdvw[33–35] 
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(a) (b)

¶ 1-6
 LEO
��RS �VaWPI%&VbW¦6Û,¶p� SEMì)[14, 23, 24] 

O
AO-Resistant 

Cover or Coating

Pinhole Caused
by Defect

Substrate

Cavity Eroded by
Multiple AO Entries

Nonreactive
Collision

Reactive
Collision

¶ 1-7
 Undercut�è�¶[30] 

¶ 1-8
 LEO
��RS � Al +0¦7,§| PI67$8¶p� SEMì)

V�: Al +0¦7,§
��È�: Al +0¦7,§
�ËW[14, 23, 24] 
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¶ 1-9
 ISSÒÓ�{|5$ðp�w?����p Al +0¦7,§| PI67$8�s�[57–59] 

������ +,-�

�������� +,-��#$(���%�)(�./%.�'�

ÒÓ��¼/$â0�ÏÁ��éê 150 nm–10 �m���é; #�����!ÏÐ��VAM0: Air Mass 

0W�àá�ÒÓã½ä#Ú$�¶ 1-10�J©[63]!AM0�à�#ÈÒÓã�¬­�éê­ 200 nm+*�Äº�È

éê­ 500 nm�Î0#�É©�!AM0%&�Q�àá�ÒÓã½ä#Ú$�å�æç� Appendix 9.�J©!

��ÏÐ¶p�½x�µ�©�ÒÓã¼/$â0�ÒÓf¤; #�*�#à�È­ 1366 W/m201�[63]!

ÒÓf¤�íf0�ºÄÕ�©�!ÒÓf¤�Õ���È�����OP4��01�È��;ÒÓ;� �

4Õ�©�);�¸�©�ÈP»�Õ�V±3.3%W;È11 È»��ÒÓÔ��Õ����ãµ^Õ�V±0.1%W4

1�[60]!ºàÈ�­���ÒÓf¤�Õ��E;§qº�!

AM0ÒÓã½ä#Ú$�Þéêü�àá�6ÀØ#½ñ!$�¶ 1-2�J©[63]!í
�Èéê4 4–400 nm�

ã�UV;��[14]!"�Èéê 200–400 nm�"���VNUV: Near UltravioletWÈéê 200 nm¦3�)*��

�VVUV: Vacuum UltravioletW��#©�!¶ 1-2+*�+����ÈÒÓã�àá� UVV� 	 400.5W�¬­�È

ÒÓf¤�­ 8%01�!
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¶ 1-2
 AM0ÒÓã½ä#Ú$�Þéêü�àá�6ÀØ#½ñ!$[63]

Wavelength Range, nm
Integrated solar irradiance in 

wavelength range, W/m2

Percent of Solar Constant

within wavelength range, %

� 	 120.5 3.12E-4 2.28E-5

� 	 200.5 0.104 7.65E-3

� 	 250.5 2.12 0.155

� 	 400.5 107.43 7.86

� 	 2500 1320.43 96.66

� 	 1.0E6 1366.1 100
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¶ 1-10
 AM0ÒÓã½ä#Ú$[63] 

�������� +,-�����������#��%�)(�*�(�.�(�.�'�

UV ;��
���gh�¦3�J©!
	�� RHhRH � V1-3W


�
�	 HRRH V1-4W

UV �6$Ú,¼/$â0Vh�W�ö÷ ��
�%¸�r�&'©�!� #È%¸�r��
4(�º¼/$

â0�É #��;�Èt���è ÈÀ)¢$4=��VAppendix 10.W[61]!¶ 1-11+*�+����È��
�

��à�#� ºt��E;§q4 UV����è���VAppendix 11.W[31]!�ègh��(#=��À)¢$

�È�
PÉ����*��"l©�;gh È��N��
t��rÕ�4=��!�
t��r�Õ��È

��
���Õ�È�����;º�!

�� ETFEVX-ETFE: Cross-linked ethylene-tetrafluoroethyleneWVRaychem Spec 55/W� UV������aÕ

��¶ 1-3 �J©[64]!X-ETFE �õ :Èõ#40\:Èõð0#ÚÀØz,§:�j�È�	<?��no�

; #���w?��#��!ºàÈUV6$¼,½VFUV, ESDW�úÀ01�ESD�èé�Equivalent solar days

01�!1 ESD� AM0ÒÓã� 1+����d�yÂ Èéê 200–400 nm0� 1 ESD=1.02 kJ/cm201�!

¶ 1-3+*�+����ÈUV����� X-ETFE�,��Õ� ÈFUV�~����,��-Äº�!"�È��

¥�!,\$Ö­4��Eq}�4¬�!)��È�Ö01�Eq UV ����
Ý.h0=��À)¢$�/

�4Ð��º�Èt��r�Õ�40������9;:/*��!¶ 1-3�J �X-ETFE� �SÕ��¶ 1-12

�J©[64]!FUV�~�È$"�X-ETFE��4-Äº��Ì� �S�~�©�!ºàÈ)*¥0 UV�� �ËÈ

!,\$�ÏÐRS©�;ÈUV���}�4æ/ÈUV�����a�1�Ö×4����#��[61, 65, 66]!

)��ëìÖ×;��!ëìÖ×�$�#� Appendix 12.����!

E;§q���
��0�Èµ� � UV � 95%4¶p+*�� 300 nm ¦]0ö÷���[14]!$"�ÈUV

����
Ý�.hf����¶p�ý0=�È��]Á�àá��
t��r�Õ��E;§qº�! +

 ÈUV ���¶p�qN�������#ÀØ#¡=���;º�È��
67$8�<�9:�Ï�Ä����

�Ï\:41�!PEEKVPEEK: Poly-ether-ether-ketoneW67$8� UV �����sh-&�Õ��¶ 1-13 �

J©[67]!"�Èn]oUË�àá� PEEK� UV��p�¶ 1-14�J©[67]!UV����� PEEK 67$8
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�sh-&�Ï�Ä�� ÈUV��p��î¤�#ÀØ#4�ñ���!

¶ 1-3
 UV����� X-ETFE��aÕ�[64] 

¶ 1-11
 ��
���t��è¼/$â0;ã�éê�¾¿[31] 
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¶ 1-12
 UV����� X-ETFE� �SÕ�[64] 

¶ 1-13
 UV����� PEEK67$8�sh-&�Õ�[67] 

¶ 1-14
 UV�� � PEEK67$8�n]oUË�¶pVFUV: 2.04E3 J/cm2W[67]
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����*� 01-�

����*��� 01-��#$(���%�)(�.)%2�'�

�	
��àá�Þß����¼/$â0;6ÀØ#½�¾¿�¶ 1-15 �J©[16]!�	
�0�Èxbº

���4��¼/$â0�r0�� #��©�!�	������¸2;��;�À�¾¿��(#È��

�òVï,ðñ,òWÈóô�	�ÈÒÓ�	�� 3 ß#�Ï3���!)�*�íî�	�;��!)�íî�

	�4�	<�ùN�¾¿ È�
4�sª #¡= �Ó
È¥:
N�5î�	�;��!�	<�w?

 ���
���¨ È9�z{�./���íî�	�01�!íî�	�Vï,ðñ,òÈóô�	�ÈÒ

Ó�	�W�67�$�#� Appendix 13.�Ú�����!

¶ 1-15
 �	
��àá�Þß����¼/$â0;6ÀØ#½�¾¿[16] 

����*��� 01-�����������#��(��&%�)(�2�%2)'�

���;��
���y*C?���89�$�#¶ 1-16�J©[74]!��
������4�����

;È��¼/$â0���¥�ö÷��È+,\Ú,��Èã�
�ÅÈ�
¨=NN�:B�Ü#È�
��

�"��%¸4=��!� #È��
���]Á��ÈghÔ:ß01�"±,fÀ)¢$4=N���!�

�
��¥0�¼/$â0ö÷�;Z�����ß#��(#<º�4È�ü������à�#%�ÞL

��"±,fÀ)¢$4=N���!

"±,ÈÀ)¢$N�ghÔ:ß�xbº�«gh�n¸©!ghÔ:ß4=N �Ë�nã�¸)�gh

�¶ 1-17�J©[73]!����íá���
��0�È1.2.2.2.0J �UV�Í�;&xÈ�
Ý�.hf�

�4=�È�
t��r4Õ�©�!��tuÈ ã«9:È<�9:N4��©�!

ºàÈUV ����
t��r�Õ��¶p�ý0=����¨ È������]Á��
t��Õ��

��!����ÈUV ;æç È������
���<�9:�Ï�ºz{�./�!Þß��
���õ�

��:�Appendix 14.�J©!í
�È=>?��
�õ���:4��[79, 80]!���È�@ � 
�
�

��Èö÷ ����¼/$â04®��� Èãf ¼/$â0; #A���Å�����01�!

������¨©�Ö­È�c�z{N�$�#� Appendix 15.–19.�Ú�����!
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¶ 1-16
 ���;��
���y*C?���89[74] 

¶ 1-17
 ��������=����
����«gh[73] 
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����&� 34567893:;�

����&��� 3��#�(�$(���(��*(��.%�)'�

��"B�Q'©��	<�ÈÒÓ+*�¼/$â0��VÒÓ��WÈ��%&��ÏÐ���ÒÓ��

�g�N�V��ð$!5WÈ� #È��«C+*� ��Vø���W��� '(�íá�!Þ µ^�¬

��ÈÒÓ��4­ 1.37 kW/m2È��ð$!54­ 0.4 kW/m2VÒÓ���­ 30%WÈø���4­ 0.24 

kW/m201�!)�*Ï�º µ^41�íZÈ�	*P� 2.7 K �D0Ú1,#01���È+�¥;���E

�µ�+E¥;0��	<�àá� ÷F4Ï�Ä<º�!��tuÈ���»ë©��	<�+200 °C +*

-150 °C���#�¥
º !"#$�íá�!

LEO�»ë©��	<�È���­ 90–100�0 1» È1»ëG����E�µ�!�	<�HI� 10È

; �Í�È­ 55,000 ë� !"#$�íá�);;º�!"�È�­­ 35,786 km �JK��OPVGEO: 

Geostationary Earth OrbitW�»ë©��	<�È���­ 1+0 1» È1ÈP�­ 90+P���E�µ��

�È10ÈP0­ 900ë� !"#$�íá�!

����&��� 34567893:;�����������#�(��&(��.%�)'�

í
�È��
���<�9:�Ö­�z{�¬ÄíáÈ2Ö0���È�Ö0���4=��!PI 67$

8�àá�h^Lûüýþ��Ö­Õ��¶ 1-18�J©[81]!¶ 1-18 ��ÈPI 67$8�n]¬�,-&È�:

jN4oUÖ­�þ� #Ï�ÄÕ�©�);4�+�!

�	*P��¥
º !"#$%&ê�P� '(���È M]¿¤�<º����Np�� ûüý

4Où���!k@¬����0�Èk@;PQ�Np� ûüý4=��!k@¬�����à�#È û

üý�Où�#ÀØ#f�P�����;º�È¬­�Ï�Ä23���Ï\:41�[82–83]!"�È+0¦7,

§fä",ÚN�; ����à�#%ÈÂR;� M]¿¤�S<+*Np� ûüý4=��!� #È 

ûüý4Où���;È#ÀØ#f��4=��!Al ÂR�på �T�p�VZ-93-C55W��ÖRSV350 °CÈ

518 hÈ)*¥WË�àá�¶pì)�¶ 1-19 �J©[85]!�ÖRS���T�p��¶p��î¤�#ÀØ#

4¡= �!"�Èk@¬�����ÂR�på �T�p�VZ-93-C55W�¨ È !"#$oU

V-100–+277 °CÈ8 !"#$W�T; �tu�¶ 1-20 �J©[86]! !"#$���ÈT�p��ÏÁ�4ÂR

+*�� �!

¶ 1-18
 PI67$8�àá�h^Lûüýþ��Ö­Õ�[81] 
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¶ 1-19
 �ÖRSV350 °CÈ518 hÈ)*¥WË�àá�T�p�VZ-93-C55ÈAlÂRW�¶p[85] 

¶ 1-20
  !"#$oUV-100–+277 °CÈ8!"#$W���T�p�VZ-93-C55È���ÂRW���

V�:  !"#$oU�È�:  !"#$oUËW[86] 

����<� �=>�

����<��� =>��#�(�$(���%�*(��<%�)(�)2(�))'�

ÐU��­Õ��¶ 1-21�J©[88]!�Q0­ 1.013×105 Pa01�ÐU�È�­4�Äº��Ì��¤¾¤

L�vw©�!LEO 
��àá�ÐU� 10-4–10-7 Pa 01�!GEO 
��ÐU� 10-13 PaÈVMP*P0�

10-14 Pa¦3�W©�;:/*�#��[11]!

¶ 1-21
 ÐU��­Õ�[88] 
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����<��� �=>89?@ABCDEF@�����������#�(��%�)'�

í
�È��
����ÏXmÈ��YKmÈUVö÷mN�2�
É<E4����#��!�)*
�

3�à�#È)�*2�
É<E�£½� È��+*�Å���!ÏXm��Ä³´Z8�ÈÃÄ[\�N0

�È)*RS���ÏXm4 ¡ È��f],Î,§9:���4=��!

��
��4)*
��R���;ÈQ� �2�
É<E��/È��¥�³"��^gh�ô_�0f

`a4£½� È��+*�Å���!)*RS�����+*�Å���£½�ð¢Ú£½;��!ð¢Ú£½�

�Å���È�	<»t�)*U^�OP��+*®e���·�� 2–3Ç�Äº�[87, 89]!"�Èð¢Ú£½�

�Åd�Ö­þ�:41�È���Ö­4��Eqð¢Ú£½��Åd�Ï��!����È�	<�ÒÓã4

Â��È�	<4�Ö�r�1�;��ð¢Ú£½��Åd4Ï�ÄÈ�	<»t�)*U^��Äº�[90]!$

"�È�	<»t�)*U^�È+�,+E�»����Õ�©�!

"�È�Å���ð¢Ú£½�»t���¶p�bc È¶pdeEcV+,-./012,W;º�!+,-./

012,�|}����f:jÈg�jÈ ã«9:�����ÈÒÓ�{ÈÀ)¼0-Èã«g,!N�:\

23�n¸©!9�È14+0,�³´+,-./012,�|}�ÈAOÈUV N��	
��
;gh©�);

0���xbºz{�%F©��êGg��#��!14+0,�³´+,-./012,�¡=2�Èl}mÈ

3Ø¦7,§mÈ[\mN; #�	<��d�w?��#��14+0,APQ01�!

14+0,�³´+,-./012,4�	<�RSp�|} �Í�È+,-./012,¶p� AO ����

���È14¢�4qN���!14¢�4qN���);���È�	<�ÒÓã4Â��RSp4�Ö�º(#

%+,-./012,� ¡ º�!$"�ÈAO ���+,-./012,���¶p�Ã}���!LEO 
��»

ë©��	<�RSp0�È14+0,�³´+,-./012,�|}; AO ���Ã}4h�i��È14¢�

�åb�mÄº�!¶ 1-22�ÈSM/MPAC&SEEDVSM/MPAC&SEED: Service Module/Micro-Particles Capturer 

and Space Environment Exposure DeviceWTU��� LEO
��RS � F-OSRVF-OSR: Flexible Optical Solar 

ReflectorW�hp TEMVTEM: Transmission Electron MicroscopeWì)VRSp"BW01� [91, 92]!

SM/MPAC&SEEDTU;�ÈISS�Ô? � JAXA�OPQ��RSTU01�!SM/MPAC&SEEDTU0�È

Þß��� ISS ��ù��� �ËÈRS�P�Õ/#ë÷ ÈRS�P;�����¾¿�_` �!Âj

TU�67� 2.2.3.����!¶ 1-22�à�#ÈITO/CeO24 F-OSR����01�!"�ÈNew layer 4�	


�RS��� F-OSR¶p�|} �+,-./012,01�!XPSVXPS: X-ray Photoelectron SpectroscopyW

�k���È)�+,-./012,�N��14¢01�);4�ñ���!¶ 1-22��ÈF-OSR¶p�qN �1

4¢��m��ÈRS�P�~����åb�Ï�Äº�);4�+�!

14¢�õ AO :4��!����ÈAO ���¶p414¢�Õ� �+,-./012,� AO ���; #

C?©�!��tuÈ14+0,�³´+,-./012,4|} ���
��� AO���67d�È®l��

%m+�±�Äº�!SM/MPAC&SEED TU� FAO �$�#ÈSEESVSEES: Space Environment and Effects 

SystemW[93]���®e �·; FAOô£-��_`��`��·�æç�¶ 1-23�J©[94–96]!SEES ;�È�

	
�;��z{�¾©�õ0-!0½01�È�	<�OP��+*È���	<4íá� FAOÈFUV N�®

e©�);40��!íZÈFAOô£-�;� PI 10Ú� VespelVDuPontW01�ÈAO �67��� Vespel�cd

vw+* FAO�lÅ©�);40��!¶ 1-23 +*�+����ÈVespel �cdvw+*lÅ � FAO�ÈSEES

�®e·��% 1 Ç¦Q±��·;º(�!Vespel¶pV¶ 1-24W��È©��+,-./012,4Ñ�|} #

��);4�ñ��È)�+,-./012,4AO�<ÛØ# ���ÈSEES�®e·;Ï�ºS4=��;:/*

�#��[96]!ºàÈ14+0,�³´+,-./012,4 AO ���; #C?©�Ö×�È�Q������
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�TU��(#%�ñ��#��[97]!

14+0,�³´+,-./012,�ÈUV ���,��Õ�©�!¶ 1-25 �ÈLDEFVLDEF: Long Duration 

Exposure FacilityWTUVNASA �OPQ��RSTUW���È�	
��ê�PRS �!,\$Úñ"��

aì)01�[98]!¶ 1-25�à�#ÈT��!,\$414+0,A��01�È��»t��,��+,-./

012,4|} #��!)��È14+0,A��+*�Å �ð¢Ú£½4+,-./012,; #��»t�

|} ÈAO���Ã}���ËÈUV���Õ� �%�;:/*�#��!ºàÈ14+0,A����"B��È

,��Õ� #�º�Á�4�*��!)��ÈÂj!,\$�¨©� AO �µ�Z¼4!,\$p[�Z¼

�� 38 °ü�#����È!,\$��"B�E�º�È+,-./012,; AO�¾¿4=�º+(�);�¸

�©�!$"�È!,\$�"B�+,-./012,�Ã}�ü° ¡ ���ÈUV ���}�4=�º+(�

;:/*��!

+,-./012,���;º���
���ð¢Ú£½�2v�����È!0z,§N�n�4Éi01�!

"�È�	<�w?©���
���Èð¢Ú£½_`oU���`�*��[dvwjVTML: Total Mass 

LossW4 1.0o¦3È+$È°bpEcdæVCVCM: Collected Volatile Condensable MaterialW4 0.1o¦3�%

�4qr���[99, 100]!

(a) (b)

(c)

(d)

¶ 1-22
 VaW–VdWSM/MPAC&SEEDTU��� LEO
��RS � F-OSR�hp TEMì)VRSp"BW

VVaW^RSÈVbW315+RSËÈVcW865+RSËÈVdW1403+RSËW[91, 92] 
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SEES

Vespel

¶ 1-23
 SM/MPAC&SEEDTU�àá�RS�P; FAO�¾¿[94–96] 

¶ 1-24
 FAOô£-�VVespelWRSp� SEMì)[96] 

¶ 1-25
 LDEFTU����	
��ê�PRS �!,\$Úñ"[98]
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��*� GH5BIJK7L�MNO��PQ�RS�

��*��� GH5BIJK7L�MN�

u¶Lº¼,)£ð4,§,½|0¼,)£ð4,§\À½ýØ#½;st PI 67$8�:\�¶ 1-4 �J©[4, 

101–106]!PI 67$8�È®¯���õ :�É È<�9:�j��!"�È M]¿¤4±�ÄÈ»[vf

:4��!�*�ÈPI67$8���õ���:�É©�!¶ 1-26�È=>?��
67$8�õ���:�s

h-&�Õ�0¶ �%�01�[6, 8, 80]!=>?��
�í
���õ���:�É©�4È��¥0% PI

�9���õ:�J©!PI67$8�UV�¨©�õ:%�ÄÈ300 ESD�UV��Ë�à�#%È�S%&½x

ø���jV�N: Normal infrared emittanceW�E;§qÕ� º�);4�ñ��#��[107, 108]!ð¢Ú£½9

:�$�#%ÈPI 67$8��	<?��; #qr�����VTML	1.0%ÈCVCM	0.1%W�u� #��V¶

1-27W[109]!íZÈPI 67$8�ghij Ey�­ 3.0E-24 cm3/atom01�V¶ A6-1WÈAO�¨©�õ:�y�

��
��;&x�2�!

¶ 1-4
 ¼,)£ð4,§,½|0¼,)£ð4,§\À½ýØ#½; PI67$8�:\[4, 101–106] 
PQv PA 66 PC PEEK PSF PES PEI PTFE PFA FEP ETFE PI PI PI PI PI

wxv FS-1100C FS-1200 FS-1300 FS-1400 Kapton HN Apical AH Apical NPI UPILEX-S UPILEX-RN

Ñ­Vg/cm3
W 1.14 1.2 1.27 1.24 1.37 1.27 2.13-2.20 2.12-2.17 2.15-2.17 1.73-1.77 1.42 1.42 1.45 1.47 1.39

y¹VzW 265 334 327 310 260 220-270

£À½�'Ö­VTgWVzW 70 150 143 190 223 216 360-410 >500 >500 >500 285

{ãw?Ö­VzW 240 150 180 170 260 260 200 150

n]�:jVGPaW 3.01 2.01 2.03 2.41 0.40-0.60 0.31-0.35 0.32-0.36 0.70-0.85 2.5 3.2 4.1 9.3 3.9

n]¬�VMPaW 36-50 50-80 147 77 83 114 22-35 25-35 20-30 38-42 231 260 300 530 402

sh-&V%W 270-300 140 150 123 57 104 200-400 300-350 250-330 300-400 72 110 75 42 172

 M]¿¤Vppm/KW 46 56 56 56 100 120 90 60 20 32 18 12 12

� ÷pjV%W 0.17 0.08 0.08 0.2 0.1

n?M| [4] [4] [101] [101] [101] [101] [102] [102] [102] [102] [103] [104] [104] [105] [106]

¶ 1-26
 �
���V)*¥W �=>?��
67$8�}�-&;�d�¾¿[6, 8, 100] 
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¶ 1-27
 Þß��
���ð¢Ú£½õ0-[109] 

��*��� 3TU�Q�RS�

�	<�àá� PI 67$8�u¶Lº?a; #È��h �VMLI: Multi-Layer InsulationW����4�

Z*��[5, 6, 8, 110, 111]!MLI�!0�$<À,VØÚ;%�~��!MLI��	<�ù�ú|��È��KL

�È�	*P;�	<;� �Åµ���±� ÈWX<�=� �z{�wºÄ©�);01�!

MLI��a%&CN�¶ 1-28È29���â�J©[110, 111]!MLI������Èg�j�������p

�AlVt=­ 100 nmW��} � PI67$8Vt=25–50 �mW4w?���!MLI�]Á�È �����/����

p� Al�} � PET67$8Vt=­ 10 �mW;È �´j42� PET��/ØÚ��*� 10�B­[��CD

;º(#��!PET �/ØÚ��µ©�);0È�p Al �} PET 67$8&��l�4�@��ÈMLI �m�Z

¼=� ��W��; # ��9á;º�!MLI �_d0��ºq���	<�ù=��}4��º��È

EFS#��	<0w?��#��!

MLI����; #�ÈÒÓã�ö÷4wºÄÈ ��4Ï��È©ºHI �S/�4�Û�"�9:�É©��

�4�" �!ßb� @A��àá� �S; ��¾¿�¶ 1-30�J©[112, 113]!Al�} KaptonVPI67$8W

; Ag�}¦6Û,�Èrst� � �J©!)�� Kapton%&¦6Û,�Bm�þ� # � 4Õ�©���01

�!�¯È��
67$8� � �Bm4Ï��Eq�Äº�!"�ÈKapton �Bm�~�����4-Äº�!�

���ÈAl �} Kapton 0� � �~�È$"�Bm�~���� �S4~�©�!¶ 1-30 +*�+����ÈAg

�}¦6Û,fT�ä",Ú;æç #ÈAl�} Kapton� �S�Ï��!$"�ÈAl�} PI67$8��ÈAg�}

¦6Û,fT�ä",Ú�Z4 �S/� 4±�ÄÈMLI ����> �:\�É #��;Y/�!���%++H*

üÈMLI����� Al�} PI 67$8�w?©��4í
L01�!���¬�ÈPI 67$84õ :Èõ�

	
�:Èð¢Ú£½9:�®¯�j��+*01�!

MLI �����È.Ø12,�h�#xbºn��; � PI 67$84w?���!B¶p�ò�YK4c 

ºÍ���ÈRSp� ITO+0¦7,§�; � PI67$8fÈ¢0Ê,�����,����È´�:�|. 

��R<ÀØ# Kapton 4w?���!"�Èõ AO:4 `���Í���ÈRSp� ITOÈSiO2ÈGe N�+0

¦7,§�; � PI 67$84w?���!9� ITO +0¦7,§�; � PI 67$8�È´�:Èõ AO:�q

I*%É #à�È���w?��#��!
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¶ 1-28
 MLI��a

VWAlXYPIJK7L
Z��[: PIJK7LW\

PETC]^

_WAlXYPETJK7L

��[

`abc[

¶ 1-29
 MLI�CN[110, 111] 

¶ 1-30
 ßb� @A��àá� �S; ��¾¿[112, 113] 
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��*�*� ��dbefbe�Q�RSOgh�

�	<�!"¤fq��È�	TU<VÛVØÚÈ½ä0½1ÙÚ$NW�WX�ù������!����È�

Q0±�Ä÷� #TU<�WX ÈYQZËÈ�	*P0-�,�Ì©��	BCDEV6ñz1<$ÒÓ�

{|5$ÈÏ}ð,¦~È�0À0g"$È!,1�05NW�È�	Ì¡�à�#²+©);�0�º���0

1�!1.3.1.0������ÈPI67$8�õ :Èõ�	
�:�j�Èæ¬­%&»[vf:4��!���

�È�	BCDECD��� PI67$84í
L�w?���[5–8, 114–118]!

¶ 1-31È32�ÈISS%&
�ae��LMØýq� IIÙVADEOS-II: Advanced Earth Observing Satellite-IIW�6

ñz1<$ÒÓ�{|5$01�!)�*ÒÓ�{|5$0�ÈPI 67$8�!0½67$8; #È��Q�Ò

Ó�{g$4ú�|á*�#��[6, 8, 115–117]!6$�Ì � ISS ÒÓ�{|5$�!"¤�­ 11.5×35 mÈ

ADEOS-IIÒÓ�{|5$�!"¤�­ 2.6×23 m;ÈqI*%®¯��Ïº�	BCDE01�!¶ 1-33�È�

0À0g"$CDôõ$��	�ÌTU�à�#È�Ì�N� ��0À0g"$�ì)01�!ÂjTU0

w? ��0À0g"$�x�­ 10 m�#Û0ï0}01�ÈAl�} PI67$8Vt=7.5 �mW�]��H�#C

����[6, 8, 118]!

¦3ÈPI67$8��	BCDECD�=>?©�Q0�FG�";��!

�	BCDE�à�#ÈCD��<�9:���CDESÄ�Õq"��sª�n¸ È�	<.Ø12,

�ç���4�Ï\:4��!����È�	BCDE����k�à�#>.º�0),���§9¬­

��f0����È�	
�RS��� PI 67$8�<�9:���$�#���_`"��®e©�);4�

�#[ ;º�!)�"0�IJ���È�	
��R��� PI 67$8�n]¬�,-&�ÈÏ�Ä23©�);

45*+;º(#��[119–121]! + È�	
�RS���PI67$8�<�9:���¾©�IJT��®

¯�wºÄÈRS�P; PI 67$8�<�9:���¾¿��kL���0��"0��(#�º�!"�ÈPI

67$8�<�9:��¡¢£¤84ó501���È�	
�RS���<�9:���B­�®e©�);

� ¡01�!

"�ÈLEO�»ë©��	BCDE��õ AO:4 `�����ÈRSp�+0¦7,§�; � PI67$

84w?���! + È1.2.1.2.0������È+0¦7,§| PI 67$84�	
��R���;È+0¦7,

§�²³Á0 AO ���674=�È67$8¶p���Ä� Undercut cavity 4qN���[55, 56]!)�

Undercut cavity ���È+0¦7,§| PI 67$8�<�9:�Ï�Ä��©�);4¢£���4ÈUndercut 

cavity4<�9:�./�z{�$�#_` �T��¤NL�º�!

�*�È�	*P0�Ì �BCDE��È°±[^30�Ì �q��@A©���]^4'(���

[122]!$"�È�	BCDECD��w? � PI67$8�Èn]h^4'(����r0xbº�	
��


�z{�íá�);;º�!�	
�RS�����
67$8����¨©�RS¥�n]h^�z{�

$�#È)�"0��Ä$+�IJtu4����#��[119, 123–126]! + Èó5º¹4�ÄÈ^9�íL

º�è�¥*�#�º�!��:����	BCDE��k©�Q0ÈRS¥�n]h^4 PI 67$8�<

�9:���./�z{�Éî�$�#È�*�ÈRS¥�n]h^4����º����01�~È��B

­�$�#5*+�©�);�®¯�[ 01�!
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©NASA

¶ 1-31
 ISS�Ï}6ñz1<$ÒÓ�{|5$

©JAXA

¶ 1-32
 ADEOS-II�Ï}6ñz1<$ÒÓ�{|5$[117] 

©JAXA

¶ 1-33
 �	0�Ì ��0À0g"$TU<[6, 8, 118] 
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��&� ijk��l�

1.3.3.���� PI 67$8��	BCDECD�=>?©�Q0�FG�¦"/ÈHIJ�KL�¦3��

�; �!

§
 RS�P; PI67$8�<�9:���¾¿�5*+�©�!

¨
 PI67$8�<�9:�z{�./��	
��
�9f©�!

©
 �	
�RS��� PI67$8�<�9:��¡¢£¤8�è5©�!

ª
 PI67$8�<�9:���¨©��	
�RS¥�n]h^�z{�«¬©�!

­
 PI67$8�<�9:�¨©� Undercut cavity�z{�«¬©�!

®
 PI67$8%&+0¦7,§| PI67$8�¬­��®e[�Ì¡©�!

KL§–®�¾©����È�ü�%ÊË��	BCDE����k�à�#®¯�É?01�!

��<� i
m�bn�

H�M�S 7�+*N�!¦3�H�M�CN�J©!

¯ 1 �0�ÈAOÈUVÈ���N��	
��
�$�#è�©�;��ÈÞ�	
��
�����
�

�����$�#�5 �!"�ÈPI 67$8��	BCDECD�=>?©�Q0�FG�$�#��ÈH

IJ�KL�J �!

¯ 2 �0�ÈSM/SEED TU���T�	
��RS � PI 67$8�n]oUÈRSpqr_`Èn]o

UË�spabN�tu�J©!SM/SEED TU0�È3 	� PI 67$8� ISS ��ù��� ÈRS�P�

Õ/# 1	ü$���ë÷ �!H�0�Èë÷ �Þ PI67$8�n]oU��ÈRS�P; PI67$8�<

�9:���¾¿�$�#5*+�©�VKL§W!"�È<�9:��¡¢£¤8�:b©�Q0[ ;º�È

RS�P;RSpqr%&spxy�¾¿�$�#���!ºàÈSM/SEED TU0�Èn]h^�'( �

PI 67$8%�	
��RS Èë÷ËÈ&x�_` �!�*�ÈT�	
��RS � PI 67$8¶p��

+,-./012,4SÄL�|} #à�È)�+,-./012,4 PI67$8�_`tu�./�z{�$�

#:b �!

¯ 3 �0�È�Q��oU�° � PI 67$8�n]oUÈ��pqr_`Èn]oUË�spabN�

tu�J©!�Q��oU;�ÈÞß�����?�#�	
����©�oU01�!HIJ0�ÈPI 67

$8�<�9:�z{�./¥��	
��
; # AOÈUVÈ�
�VEB: Electron BeamW�±² ÈPI 67

$8�¨ )�*���oU�T; �!H�0�ÈAOÈUVÈEB ��� PI 67$8�n]9:È¶pqrÈs

pxy�Õ�J©!ºàÈn]h^�'( ��r0Þ��oU�° � PI 67$8�$�#%È&x�_`

�'(�!

¯ 4�0�È"üÞ PI67$8��������$�#spxy��:b©�!� #ÈT�	
��RS 

� PI 67$8%&�Q��oU�° � PI 67$8��������æç©�);���ÈPI 67$8�<�9

:���³.©��	
��
�9f©�VKL¨W!�*�È��-���;RS�P�~����¶pqr

Õ�+*È�	
�RS��� PI67$8�<�9:��¡¢£¤8�$�#:b©�VKL©W!"�ÈRS¥

�n]h^�'( �!,\$;'( #�º�!,\$�tu�æç©�);���ÈPI 67$8�<�9:

���¨©��	
�RS¥�n]h^�z{�$�#";��VKLªW!

¯ 5 �0�ÈAO �� �+0¦7,§| PI 67$8�n]oUÈ��pabÈn]oUË�spabN�

tu�J©!"�Èspxy��È+0¦7,§| PI 67$8���-����$�#:b©�!_` �!,\
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$�È�	<����w?��� ITO+0¦7,§| PI67$8VITO/PI67$8W01�!ITO/PI67$8�AO

��©�;È67$8¶p�� Undercut cavity 4qN���!H�0�ÈAO�� � ITO/PI 67$8�n]o

U%&��-�����ÈPI67$8�<�9:�¨©� Undercut cavity�z{�$�#:b©�VKL­W!

¯ 6 �0�ÈPI 67$8%& ITO/PI 67$8�<�9:���sª^«L´Í+*µ¶ È)�* PI 67$

8��	
�RS���¬­���®e�oý�VKL®W!¬­®e�ï´IÈPI 67$8�sª¯:·VKc:

Fracture Toughness, MPam1/2W�`��!ã�#ÈPI67$8%& ITO/PI67$8�sª¸¹;º�²³»[�$

�#:b©�!� #ÈKc %&sª¸¹;º�²³»[��Èsª^«LÆ[�?�#¬­�kl ÈTU·;

æç©�!®etu;TU·���:+*Èsª^«Æ[�Éi:�$�#µ¶©�!

¯ 7�0�ÈHIJ0¥*�����ÍÎ©�!

30 宇宙航空研究開発機構研究開発報告　JAXA-RR-10-009

This document is provided by JAXA.



�� opq��rstuZSM/SEEDtu\�
�

���� vw�

SM/MPAC&SEEDTU�ÈISS�Û1ð!0·½ô)	0$VSM: Service ModuleW�Ô? �+H��	T

U01�È2001 È 8¸+* 2005 È 8¸�+á#T;���[127, 128]!SM/MPAC&SEEDTU�È½ä0½õ

<4È�"#Û¡¦±Û"5N��	*P���©�°±©
�¹º È��¸2f��,�åd�«¬�KL;

 �°±©
¹ºTUVSM/MPACTUWÈ%&È�	<?Áx,���õ�	
�:_`�KL; ���R

STUVSM/SEEDTUW� 2 $�TU0CN���!SM/MPAC&SEEDTU0�È&í�!,\$�WX �

»£ØÚ 3	�&Á�YQZÈSM��ù��� ÈRS�P�Õ/# 1	ü$ë÷ �!)�Z[�¤N��

oý01�ÈEF&í��	
��àá�°±©
���,�åd�Õ�È%&ÈÁx,���ÜÈ���_

`©�);40��!

HIJ0?�� PI67$8� SM/SEEDTU!,\$� 1$; # LEO
��RS���!ë÷ËÈLEO


�RS���<�9:���n]oU���_` �!"�È����¡¢£¤8�è5©���ÈRSpqr

_`Èspab�T; �!�*�ÈSM/SEEDTU0�Èn]h^�'( � PI 67$8% LEO
��RS 

�!� #Èë÷ËÈ&x�_`�'�ÈRS¥�n]h^4<�9:���./�z{�$�#¼½ �!

ºàÈLEO 
��RS � PI 67$8�¶p��È+,-./012,4SÄL�|} #��!1.2.5.2.0��

����È+,-./012,�|}�ÈPI67$8�_`tu�xbºz{�%F©;:/*��!�)0È+,-

./012,4|} �RSp�òN�k�'�È+,-./012,�N��$�#¼½©�;��È+,-./

012,|}�z{�$�#:b �!

H�0�ÈSM/SEED TU���T�	
��RS � PI 67$8�n]oUÈRSpqr_`Èspab

N�_`tu�J©!�*�ÈRSp�|} �+,-./012,4È)�*_`tu�./�z{�$�#:

b©�!

���� tuxy�

������ 4@z7�

SM/SEEDTU�w? � PI67$8�ÈBm 125 �m� UPILEX-SV�Á¾¿W01�!UPILEX-S��«C

D�¶ 2-1 �J©!UPILEX-S �st PI 67$8�¥0%9�õ :Èn]�:j,¬�È»[vf:�j�

V¶ 1-4WÈ�	BCDECD��> #��!TÓ�ÈUPILEX-S �6ñz1<$ÒÓ�{|5$�!0½67

$8; #�	<�w?���T��É©�[6, 8]!

SM/SEED TU�!,\$�È],!$}�]"½�?�#Û0$�� UPILEX-S +*YÀ�#C� �!!

,\$q��¶ 2-2�J©!!,\$q��ÈÁ�>'Á�ê��
�# ASTMVASTM: American Society for 

Testing and MaterialsWÂÃD-638-03[129]�ØType IVÙ�ÄÅ #��!SM/SEEDTU0w? �],!$}!

,\$�Á�>'Á�ê��ÈØType IVÙ�àá�Âjê��­ 1/301�!

PI 67$8C�����Æ¶�¶ 2-3 �J©[130]!í
�ÈPI 67$8��D�B�È67$8��zÙ½Ú

VÇÈW �34ð.5�`ÉV=>?)ð.,;=>?¦ÚÀ¢$Ê,�5îÜE�[�gh��=NW�2Ö0

«´67$8�º�"0Ê`a%&Á�L�ÊÜ
�V".5�W©���B;È�Ö0}Ë`a�
Ä;��"

.5��Ìt���Ë�B0CN���[130–134]!)���º�B0�D��� PI 67$80�È34".5Ý46
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7$8pZ¼�Í¼©�[132–134]!)�9ÎLº�
Í¼�p]Í¼;��!p]Í¼�É©� PI 67$8�

à�#È67$8�Ç�Z¼VMDVMD: Machine directionWZ¼W;67$8�
Z¼VTDVTD: Transverse 

directionWZ¼W0��
Í¼�B­4<º�!� #È�
Í¼�n]9:�z{©�!����ÈPI 67$8

�n]9:�<Z:�É©�!í
�ÈTDZ¼�� MDZ¼�Í¼ �34".5Ý�Ï�4�ÄÈMDZ¼�

Z4ÐÑ��n]¬��J©!S#�!,\$���n]9:�&í;©���ÈSM/SEED TU�w? �

],!$}!,\$�ÈêÆZ¼Vn]oU�àá�([Z¼W4MDZ¼;º���C� �!

1.2.1.2.0������ÈLEO 
��RS��� PI 67$8�ÈAO �67���Bm4vw È¶p��+0

,��°±¿¸4qN���!LEO
�RS��� PI67$8�hpq�Õ��¶ 2-4�J©!))0ÈAO�

��>ªLº67��V�dAO, �mW�¦3�	0¶���!

AOyAO FE
A

md 44 1010 �
�

��
�

V2-1W

SEES[93]��ÈSM/SEEDTU�àá��Ï FAO� 8.41E21 atoms/cm2;kl���V¶ 2-1W[94–96]!PI67$8

�ghij Ey� 3.0E-24 cm3/atom ; �;�ÈSM/SEED TU�àá� PI 67$8��Ï�dAO�ÈV2-1W	��

252 �m;kl���!"�ÈISS�Ô? ��	TU0�ÈISS�É?�ÒN���TU½V)	0$4ÕÓ��

�);41�[98]!kÔ��%ê��PÈLEO
��RS���Í��à�#%Èë÷Ë�_`�Õ©����(

�ºBm4��0�����ÈPI67$8� 4øù� ��r0WX �!

C
N

C

O

O

C

C

O

O

N

n

¶ 2-1
 UPILEX-S��«CD

97 mm

9.85 mm

13 mm

6 mm 25 mm

R14 mm

R25 mm

¶ 2-2
 !,\$�q�
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¶ 2-3
 PI67$8C�����Æ¶[130] 

Specimen thickness (t)

Average erosion depth 
by AO (�dAO)

Half of cone height (hc/2)Initial specimen
thickness (t0)

Before space exposure After space exposure

¶ 2-4
 LEO
�RS��� PI67$8�hpq�Õ�

������ {|:;Pb�

4øù� � PI 67$8�]^'(<C�WX �!� #Èn]h^�'( ��r0 LEO
��RS 

�!]^'(<C��a%&hpCN¶�¶ 2-5È6�J©!]^'(<C0�È!,\$�íð�Ãf Èy

ð�ï/0Ön©�);���È!,\$êÆZ¼�íf�n]h^�'(©�!"�Èï/�ê��¼�©�)

;���Èn]h^�×è��f©�);4Ï\01�!SM/SEED TU0�ÈRS¥�n]h^� 0È1.4È7.0 

MPa��f �!¦ËÈn]h^� 0 MPa��f �Í��îh^3;��!)�*RS¥�àá�n]h^

����È��ae\ÀØÚ6$08��LMØýq�ÙVADEOS: Advanced Earth Observing SatelliteW�6ñz1

<$ÒÓ�{|5$�'( �h^VNominal stress=1.4 MPaW[135]�Ú:�Øf �!

¶ 2-5
 SM/SEEDTU0w? �]^'(<C��a
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Fixed end Wire rope

Pulley

Sample
Ball
bearing

Load adjusting bolt Coil spring
(in spring guide)

¶ 2-6
 SM/SEEDTU0w? �]^'(<C�hpCN¶

����*� SM/MPAC&SEEDtu#��2(���)'�

SM/MPAC&SEED»£ØÚVRAMpW��aÈ%&È]^'(<C��� � 4øù� PI 67$8�WXÀ

��¶ 2-7�J©!],!$} PI67$8�$+ýÁ�Al\ñ0Ú0¢ï0 ÈÁ�>'Á"B�ý� LEO


��RS �!PI 67$8�RSpù A � 3.93 cm201�!PI 67$8�WX¤�ÈÞn]h^3�$�# 2

$01�!ºàÈSM/MPAC&SEED »£ØÚ��ÈPI 67$8�yÈ�	Ù*IJÌ¡<CVJAXA: Japan 

Aerospace Exploration AgencyWÈÒ]�Ï«ÈÚÛÈIJ<¾��ö÷���k 28ß#�!,\$4WX��

�!&í� SM/MPAC&SEED»£ØÚ� 3	�C È3	�»£ØÚ� 2001È 8¸ 21+�Û1ð�ï"+Ü0$

�	Â�+*�»0¤ÛVØÚ���YQZÈ\Û§ñ½�	Ý��� ISS=TU �!� #È2001È 10¸ 10+È

Ý�Ô����Û1ð� SMØZvezdaÙ��ù� 3	&Á��� V¶ 2-8WÈLEO
�RS�ÌÞ �!3	�»

£ØÚ� 315È865È1403 +P�RSËÈ1 	ü$ ISS Ý]�ë÷ È�»0¤�	Ý�����=TU �!H

�M0�È315È865È1403+P�RSË�ë÷ � PI67$8�È��â� Flight #1ÈFlight #2ÈFlight #3 ;�

�!"�È)�* PI67$8� Flight-PI ;ÍR©�!

SM/MPAC&SEED»£ØÚVRAMpW�àá��	
����¶ 2-1�J©[94–96]!

FAO�$�#�ÈISS�OP��+* SEES�?�#kl �·;ÈSM/MPAC&SEED»£ØÚ�WX � FAO

ô£-�VVespelW�cdvw��lÅ �·�J �!))0ÈSEES���kl �·�ÈISS�OP
����

©�AO�d�èé©�!íZÈVespel�cdvw��lÅ �·�ÈTÓ�!,\$;gh �AO�d;:/

�);40��!�¯ÈFAO�RS�P�EFæß #~�©�! + ÈVespel�cdvw+*lÅ �FAO�È

����ºà¼�J�º+(�!"�ÈSEES���kl � FAO;Vespel�cdvw+*lÅ � FAO��Ï�º

S4=��V¶ 1-23W!ë÷Ë� Vespel¶p��+,-./012,4|} #à�V¶ 1-24WÈ)�+,-./01

2,4 AO���; #C? �);4È)�*tu���9;:/*��!

FUV�ÈSM/MPAC&SEED»£ØÚ�WX �FUVô£-�V34¢ñ-,10ÚW� �SÕ�d��`��!�¯È

RS�P�~���� FUV�~�©�! + È34¢ñ-,10Ú� �SÕ�d��`�� FUV�ÈRS�P�~

����vw©�à¼�J �!Vespel ¶p;&xÈë÷Ë�34¢ñ-,10Ú¶p��+,-./012,4

|} #��!"�È1.2.5.2.0������È+,-./012,�|}�È���ã«L9:�¨ #¬Äz{

©�!�(#È34¢ñ-,10Ú� �SÕ�d��`�� FUV�È!,\$4�	*P0íá�TÓ� UV �d�

J #�º�Ï\:4��!

Ú0-$50¤VTD, kGyW�ÈAl\ñ0ÚVt=0.15 mmW�3á�WX �ðÀ£,�dk��`��!

!,\$���âWÖ­�ÈSM/MPAC&SEED»£ØÚ¶pVRAMpW�w? �Al\ñ0ÚVt=1 mmW�®

RSp�ú�|á�!0ôÀ!$�?�#ef �!Flight-PI���âWÖ­�È�ü�%UPILEX-S�£À½

�'Ö­VTg>500 °CW;æç #(��2+(�!
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¶ 2-1
 SM/MPAC&SEED»£ØÚVRAMpW�àá��	
���[94–96] 

Flight-PI
Sample designation 

Flight #1 Flight #2 Flight #3 

Exposure duration, days 315 865 1403 

(Model calculation 

(SEES))
2.85E21 5.70E21 8.41E21 

AO fluence (FAO),

atoms/cm2 (Monitoring sample: 

Vespel) 
2.04E20 2.57E20 2.70E20 

UV fluence (FUV), ESD*1

(Monitoring sample: Polyurethane sheet) 
18.1 15.8 13.4 

Total dose (TD)*2, kGy 

(Monitoring sample: Alanine dosimeter) 
1.95E-3 1.53E-2 3.20E-2 

Maximum temperature*3, °C 60 90 90 
*1 Equivalent Solar Day, 1 ESD=1.02E7 J/m2 (�=200–400 nm) 
*2 Shield thickness; 0.04 g/cm2

*3 Temperature on the unexposed surface of 1-mm-thick aluminum plate used in 

the ram side of the SM/MPAC&SEED unit. 

Polyimide films
under 0 MPa

Polyimide films
under 7.0 MPa

Polyimide films
under 1.4 MPa

W570 } H875 } t158 mm

¶ 2-7
 SM/MPAC&SEED»£ØÚVRAMpW��aÈ%&È]^'(<C��� � 4øù� PI67$8�

WXÀ�
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©NASA

¶ 2-8
 SM�ù��� � SM/MPAC&SEED»£ØÚ

����&� ~�xy�

����&��� ,����

õ)-$¢¡À�w? #ÈLEO
�RS�Ë�àá� PI67$8��a�ãz �!

����&��� �����

�
�käåAEL-16V�æ�C�W�w? #ÈLEO
�RS�Ë�àá�PI67$8�cdef�T; 

�!��
���cd�ç­�z{�íáf©�!����Ècdef�Ó ÈPI 67$8�öçd�íf�

©�c 41�!HTU0�ÈPI67$8� 23±2 °CÈ50±5% RHVRH: Relative humidityW�
�30 6ÁP¦Q

�è �ËÈcdef�T; �!

����&�*� �������

cdvwd; FAOô£-�VVespelW��`�� FAOV¶ 2-1W+*ÈV1-2W	�w? # Flight-PI �ghij Ey

�kl �!ºàÈUPILEX-S�Ñ­�� 1.47 g/cm201�[105]!

����&�&� d����

1.2.1.2.�������ÈLEO
��RS � PI67$8�Bm�AO�67���åb�vw ÈAO�67

�íá�¶p��+0,��°±¿¸4qN���!LEO 
�RSË� PI 67$8�Bm�ÈV2-1W	+*k

l��� AO ���>ªLº67���dAO;È¶p�qN �+0,���Vhc, �mW�:� #kl©�c 4

1�!HTU0�È�dAO; hc/2�é�AO�67���BmvwdV�tAO, �mW; È�tAO���BmVt0, �mW+*

SnÄ);��� Flight-PI�BmVtFlight, �mW�kl �V¶ 2-4W!

AOFlight ttt ��� 0     V2-2W

2
c

AOAO
h

dt ����     V2-3W

ºàÈhc��dAOÈEyÈ%&ÈKapton H�ghijVEyK, 3.0E-24 cm3/atomW��È¦3�	0¶���);4TUL

�`�*�#��[36]!

y

yK
AOc E

E
dh �� 318.0    V2-4W
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V2-4W	�V2-1W	�uµ©�);���Èhc�¦3�	0¶���!

yKyAOc EEFh 31018.3 ��    V2-5W

� #ÈV2-3W	�V2-1WÈV2-5W	�uµ©�);���È�tAO�î	0kl���!

yKyAOAOyAO EEFFEt 34 1059.110 ���� V2-6W

����&�<� �{�u�

^RS� PI67$8VControl-PIW%& Flight-PI�¨ ÈASTM D-638-03[129]�ÄÅ �n]oU�T; �!

n]oU�w? ���� Instron 5565V",½ÚÛ,W%& Autograph AG-5kNIV�æ�C�W01�!$+ýê

P���Pë� 60 mmÈ#Û½ìØ5º­� 50 mm/min��f �!

HTU0�È�Ïh^�n]¬�ÈPI 67$84sh �;��ûüý�-&;fí©�!Control-PI %&

Flight-PI�h^V�, MPaW�È¦3�	��`��!

3
0 102 ��


�
tW
F
   for Control-PI V2-7W

3102 ��

�

FlighttW
F
  for Flight-PI V2-8W

))0ÈF�n]([VNWÈ2W�!,\$
VmmW01�!íZÈControl-PI%& Flight-PI�ûüýV�, %W�È

¦3�	��kl �!

100
0

�
�

�
l

l�     V2-9W

))0È�l�#Û½ìØ5'�dVmmWÈl0���P �V9.85 mmW01�!

Flight-PI� 4øù� ��r0n]oU�° �!n]oU¥�67$8P0\�4=����Yî��ÈÞ

67$8�l}m0]��H��!l}ï��$+ýÁ�ý; �!Flight-PI�n]oU�ï´IÈ4øù� PI

67$8;ú� PI 67$8�h^Lûüýþ��æç È4øù� ��r0% PI 67$8�n]9:�>.�

_`0��);��ñ �VAppendix 20.W!

����&�.� rsW��~��

Flight-PI �RSpqr_`; #ÈSEM �w? �RSpab%&RSp"B�hpab�T; �!æ

ç���ÈControl-PI�$�#%&x�ab�'(�!�*�ÈFlight-PI�$�#�Èhpab+*ð¥ �hp

þ���ÈRSp�¶p:�|À¡0-�`��!¦3�ÈRSpabZ[Èhp.ñ,abZ[È¶p:�_

`Z[�$�#�5©�!

FlightòPI �RSpab��Èn]oUË�oUó�w? �!w? �oUó��ÈSEM ab¥�ò��

Yî�� Pt �}�; È´�:�|. �!"�È¶pqr�´ÄL�ô/���ÈoUó�­ 45°àõ��#

ab�'(�!w? � SEM� JSM-6360NSVJEOLW01�!

Flight-PI �hpab��Èn]oUË�oUó�w? �!"üÈRSpq����©���ÈRSp�¨

 Pt�}Vt=­ 80 nmW�; �!� #ÈoUó�5õ¢,VDodecane+�6ö �ËÈ­-150 °C��2Ö3�

à�#.#ÛÚ08���hp.ñ�'(�!w? �.#ÛÚ08� RM2265VÀ"¢W01�!.#ÛÚ08���.
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ñ �oUó�hp�	¶�¶ 2-9 �J©!.ñZ¼�BmZ¼�¨ #½xºZ¼; �!"�Èn]oU

�([Z¼�¨ Èhp4½x;º����.ñ �!.ñ �oUó�÷ø��ÈPt �}�; �ËÈSEM

VJSM-6360NSVJEOLWW���hpab�'(�!

hpab��hpþ��ð¥ ÈFlight-PI RSp�¶p:��fdL�_` �!HTU0_` �¶p:

�|À¡0-�l�>ª8�VRa, �mWÈhpþ� ��>ªê�VRSm, �mWÈAO�67���qN �+0,

���Vhc, �mWÈ��#ÀØ#ê�Va0, �mWÈ�Ï��#ÀØ#ê�Va0max, �mW01�!Þ|À¡0-�fí%&è

é�¦3��5©�!ºàÈÞ|À¡0-�`�����?��hpþ�� X ùZ¼�ê�VÂÄê�Vlr:

Sampling Length, �mWÈ_`ê�Vln: Evaluation Length, �mWW�È+H�ÛÂÃVJIS: Japanese Industrial 

StandardsWB 0633[136]�Ú:�¶ 2-2���; �!

¶ 2-2
 ¶p:�|À¡0-_`����ÂÄê� lr%&_`ê� ln

hpþ� ��>ªê� RSm, �m ÂÄê� lr, �m _`ê� ln, �m

0.13 < RSm 	 0.4 0.8 4 

0.4 < RSm 	 1.3 2.5 12.5 

1.3 < RSm 	 4 8 40 

4 < RSm 	 13 25 125 

13 < RSm 	 40 80 400 

PI film

Dodecane Pt

Cutting direction

Cross-sectional surface is perpendicular 
to the loading direction in tensile tests.

¶ 2-9
 hp.ñ�àá�oUó�hp�	¶

V1W l�>ª8�VRa: Arithmetic Mean Deviation of the Roughness ProfileW[137]

hpþ�+* XùZ¼� ln9áÀ�ð�È)�À�ð�Á��>ª�+*hpþ�"0�úS�^¨·��

k È>ª �·� Ra ;©�V¶ 2-10W!

��
ln

0
|)(|1 dxxf

l
Ra

n

V2-10W

Ra�>ªLº¶p8��¶©!
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Mean Line

Y

X

Evaluation Length (ln)

Ra

Roughness
Profile

¶ 2-10
 l�>ª8�VRaW

V2W hpþ� ��>ªê�VRSm: Mean Width of the Roughness Profile ElementsW[137]

hpþ�+*XùZ¼� ln9áÀ�ð�È1$�û%&���ü��� 1$�ý�¨h©�>ª��ê�Vh

pþ� ��ê�VXsi, �mWW�é�`�È>ª �·� RSm ;©�V¶ 2-11W!

�
�

�
n

i
i

n

Xs
l

RSm
1

1    V2-11W

RSm�¶p�qN �þ��>ªLºPë�¶©!"�È1/2RSm� AO�67���qN �+0,�>ª

LºÒ��yÂ©�;:/*��!

Mean Line

Y

X

Evaluation Length (ln)
Roughness

Profile

Xs1 Xs2 Xsi

¶ 2-11
 hpþ� ��>ªê�VRSmW

V3W AO�67���qN �+0,���Vhc: Cone HeightW

hpþ�+*XùZ¼� ln9áÀ�ð�È+$ÈlrG��.�!� #ÈÞ lr�à�#>ª�+*�%��û

�"0���VRpi, �mWÈ%&È>ª�+*�%2�ý¨"0���VRvi, �mW�`��!ã�#Èln�àá� Rpi

�>ª·V>ªû��VRpm: Mean Peak Height of the Roughness Profile, �mWWÈ%&ÈRvi�>ª·V>ªý��

VRvm: Mean Valley Depth of the Roughness Profile, �mWW�kl ÈRpm ; Rvm�é� hc;©�V¶ 2-12W!
RvmRpmhc ��    V2-12W

5
54321 RpRpRpRpRpRpm ����

� V2-13W

5
54321 RvRvRvRvRvRvm ����

� V2-14W
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hc�¶p�qN �þ��>ªLº��È$"� AO�67���qN �+0,�>ªLº���¶©!

Mean Line

Y

X

Evaluation Length (ln)
Roughness

Profile
Sampling Length (lr)

Rp1

Rv1

Rp2

Rv2

Rp3

Rv3

Rp4

Rv4

Rp5

Rv5

Rpm

Rvm hc

¶ 2-12
 AO�67���qN �+0,���VhcW

V4W ��#ÀØ#ê�Va0: Initial Crack LengthW

hpþ�+* X ùZ¼� ln 9áÀ�ð�È>ª�+*�%2�ý¨"0���VRv, �mW�`��!Rv +*

Rvm�S n��·� a0;©�V¶ 2-13W!
RvmRva ��0    V2-15W

¶ 2-4 �J ����ÈHIJ0�È�dAO; hc/2 �é�Bmvwd�tAO; �!©ºHIÈAO �67���q

N ��� hc�+0,�¨+*3á�Bm; �V¶ 2-13W!PI 67$8¶p�È>ªLºý�� Rvm ����ý

4��©�~È��ý���#ÀØ#; #C? Èsª�¸¹�º�;:/*��!a0 �È)���#ÀØ#�ê

��yÂ©�!

Mean Line

Y

X

Evaluation Length (ln)
Roughness

Profile

Rvm

a0

Rv

Rpm

hc

Specimen
thickness (t)

¶ 2-13
 ��#ÀØ#ê�Va0W

V5W �Ï��#ÀØ#ê�Va0max: Maximum Initial Crack LengthW

���¬­�È���³"��°7º²³��IÈ�%Ï�º²³��(#Ø"�);4��!Flight-PI0Y/

~ÈRSp���©���#ÀØ# a0��IÈ�%�� a0��(#¬­4f"�;:/*��!�)0ÈRSp�

��©� a0��Ï·��·�k���qf È��·� a0max; �!�·�k��� a0max�lÅÆÇ�$�#

�ÈAppendix 21.��X �!
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����&�2� �W���

n]oUËÈControl-PI%& Flight-PIsp� SEMab�T; �!w? � SEM� JSM-6360NSVJEOLW

01�!ºàÈab?oUó�� Pt�}�; �!

��*� ~����

��*��� ,��

Control-PI¶p%& Flight-PIVîh^3WRSp��a�¶ 2-14È15�J©!Control-PI�ã��1�¶p�

� #����¨ ÈFlight-PIRSp�ã��ç�ÈÐÑT�� #��!"�ÈFlight #1–3�RSp�EF&

N��a01�ÈRS�P�~����Õ���*�º+(�!�*�ÈRS¥�n]h^�������a�

Õ�%�ñ��º+(�!ºàÈ4øù� � Flight-PI��IÈRSpá+* 2–4�K� PI 67$8��a�Õ

��ºÄÈControl-PI ;&N��a�É #��!

¶ 2-14
 Control-PI��a

Exposed area(a)
Exposed area

(b)

Exposed area(c)

¶ 2-15
 VaW–VcWFlight-PIVîh^3WRSp��aVVaWFlight #1ÈVbWFlight #2ÈVcWFlight #3W

��*��� ������

4øù� � Flight-PI��IÈLEO
��xlRS��� PI 67$8�ý�Ð�ºcdvw4=�È2–4�

K� PI 67$8�cd�ÈRS�;E;§qÕ�4º+(�!�(#È���� PI 67$8�ý4 AO ���6

7�íá�;:/*��!

���� PI67$8�àá�úÀpùÂ���cdvwdV�m/A, mg/cm2W;RS�P�¾¿�¶ 2-16�J

©!))0È�m/A�cdvwd�m�RSpù AV3.93 cm2W0
©�);���`��!RS�P�~�È$"�

FAO�~����ÈFlight-PI��m/A�Ï�Äº�;®l���! + ÈRS�P����m/A�Õ�E;§qºÄÈ

�ü�� Flight-PI �à�#%­ 1 mg/cm201(�!"�ÈRS¥�n]h^3�1(�!,\$��m/A �È

îh^3�!,\$;&B­�·�J �!
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¶ 2-16
 RS�P; Flight-PI�úÀpùÂ���cdvwd�m/A�¾¿

��*�*� �����

Flight-PI�ghij Ey;RS�P�¾¿�¶ 2-17�J©!Flight #1� Ey� 3.0–6.0E-24 cm3/atom01(�

4ÈFlight #2 %& Flight #3 � Ey�­ 2.5E-24 cm3/atom 01�ÈPI 67$8�àá�í
Lº·V­ 3.0E-24 

cm3/atomW;EF&N01(�!Ey�¨©�RS¥�n]h^�z{�$�#ÈFlight #1 0�ïÀËz4Ï�Ä

	h0�º�!íZÈFlight #2%& Flight #30�ÈRS¥�n]h^��� Ey�Õ���*�º+(�!

¶ 2-17
 RS�P; Flight-PI�ghij Ey�¾¿
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��*�&� d�����

Flight-PI�Bmvwd�tAO;RS�P�¾¿�¶ 2-18�J©!Flight-PI��tAO��ü�%­ 10 �m01�È

¶ 2-16�J �úÀpùÂ���cdvwd�m/A ;&xÈRS�P���Õ��E;§qº+(�!�tAO4­

10 �m01(�);+*ÈFlight-PI�Bm tFlight�V2-2W	��­ 115 �m ;kl���!

¶ 2-18
 RS�P; Flight-PI�Bmvwd�tAO�¾¿

��*�<� �{MN�

RS�P; Flight-PI�n]¬�,-&�¾¿�¶ 2-19�J©!Flight-PI�n]¬�,-&�ÈRS�P�~

����vw©�à¼�J �!Flight #3�n]¬��ÈControl-PI�n]¬��­ 80%01(�!íZÈFlight 

#3 �-&� Control-PI �­ 30%01�È-&�Z4Ð�º���J �!n]¬�,-&�¨©�RS¥�n

]h^�z{��*�º+(�!

Flight-PIVîh^3W�h^Lûüýþ��¶ 2-20�J©!�ü�� Flight-PI�à�#%È�:Õq�ËÈ/

Øz,§©�);ºÄsh��(�!¶ 2-20+*�+����ÈFlight-PI�h^Lûüýþ��Control-PI�%�;

[º�È�:jÈ5%ûüýÁn]h^V­ 215 MPaWÈ�:ÕqË�ûüý
�j�Õ���*�º+(�!

$"�ÈFlight-PI�ÈControl-PI ;&�h^Lûüýþ�Q0n]¬�,-&423 �!
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(a) (b)

¶ 2-19
 RS�P; Flight-PI�VaWn]¬�%&VbW-&�¾¿

¶ 2-20
 Flight-PIVîh^3W�h^Lûüýþ�

��*�.� rsW���

Control-PI¶p%& Flight-PIVîh^3WRSp� SEM ì)�¶ 2-21È22�J©!Flight-PI� AO�67

�íá#à�È8�p�� #��!"�È�ü�� Flight-PI RSp�%È+,-./012,4SÄL�|} 

#à�È+$È»t;æç #�Ä67����4����� �!H�M0�È)��� Hole ;��!ºàÈR

S¥�n]h^3�1(�!,\$�RSp�Èîh^3�!,\$;&x�qr�J �!

Control-PI¶p%& Flight-PIVîh^3WRSp"B�hp SEM ì)�¶ 2-23È24�J©!¶ 2-24 0�È
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SEM ì)�¥�|"�RSp41�ÈQ4�	
�áÈ34 PI 67$8á;º(#��!RSp� SEM ì)

V¶ 2-22W;&xÈhp SEMì)V¶ 2-24W+*%ÈFlight-PIRSp�8�p�� #��);È»t;æç #�

�ýVHoleW4�����©�);4�ñ���!�*�ÈFlight-PI RSpQ��È+,-./012,��4�*

�È��m��RS�P�~����åb�Ï�Äº(�!Flight #1È#2È#3 �àá�+,-./012,��m

��È��â�­ 200È­ 350È­ 450 nm01(�!

RS�P; Flight-PIVîh^3WRSp�àá�l�>ª8� RaÈhpþ� ��>ªê� RSmÈAO �6

7���qN �+0,��� hcÈ+0,�ð½ä#ÚæV+0,��/+0,Ò�=hc/V1/2RSmWW�¾¿�¶2-25�

J©!RaÈRSmÈhc �RS�P�~����Ï�Äº(�!$"�ÈRS�P�~����ÈFlight-PI RSp�

þ����%&Pë�Ï�Äº�È¶p8��~� �!íZÈFlight-PI RSp�qN �+0,�ð½ä#Úæ

�EFíf01(�!

RS�P; hc�¾¿�¶©§À6V¶ 2-25VcWW��È>ªû�� Rpm%&>ªý�� Rvm�\ÛØÚ �!¶

2-25VcW+*�+����È�ü�� Flight-PI�à�#% RpmÈRvm�EF&N01(�!�(#ÈBmvwdk

l�Ó�:� � hc/2 ; Rvm�&N01�;Y/�V¶ 2-4È13W!

RS�P; Flight-PIVîh^3WRSp�àá���#ÀØ#ê� a0È%&È�Ï��#ÀØ#ê� a0max�¾¿

�¶ 2-26�J©!a0Èa0max�RS�P�~����Ï�Äº(�!¶ 2-13�J � a0�fí+*�+����È

a0���L���ý����¶©!�(#ÈFlight-PI�àá� a0Èa0max�~�� Hole4�Äº�);�èé©�!

¦Q��ÈFlight-PIRSp� Hole�RS�P�~�����Äº�;:/*��!
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¶ 2-21
 Control-PI¶p� SEMì)

¶ 2-22
 VaW–VcWFlight-PIVîh^3WRSp� SEMì)VVaWFlight #1ÈVbWFlight #2ÈVcWFlight #3W

V�: 2
jÈ�: �
jW
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¶ 2-23
 Control-PI¶p"B�hp SEMì)V�: 2
jÈ�: �
jW

¶ 2-24
 VaW–VcWFlight-PIVîh^3WRSp"B�hp SEMì)VVaWFlight #1ÈVbWFlight #2ÈVcWFlight #3W

V�: 2
jÈ�: �
jW
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(a) (b)

(c) (d)

¶ 2-25
 RS�P; Flight-PIVîh^3WRSp�àá�VaWl�>ª8� RaÈVbWhpþ� ��>ªê�

RSmÈVcWAO�67���qN �+0,��� hcÈVdW+0,�ð½ä#Úæ hc/V1/2RSmW�¾¿
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¶ 2-26
 RS�P; Flight-PIVîh^3WRSp�àá���#ÀØ#ê� a0È

�Ï��#ÀØ#ê� a0max�¾¿

��*�2� �W���

Control-PIsp� SEMì)�¶ 2-27�J©!Control-PIsp��È67$8]Á�¸¹; �����x4

ab���!����x�¥��Ê"5Èó�EN�²³��*�º+(�!ºàÈspSÄ�¤ï�0&x

�����x4�ñ���!

4øù� � Flight-PIVîh^3W��IÈLEO
��xlRS��� PI67$8�sp�¶ 2-28�J©!¶

2-28 �à�#ÈspQá�p4RSp01�!Flight-PI sp��ÈRSp�¸¹; �����x4ab��

�!"�È������x�¸¹»�V¶ 2-28�s�0t§9ûüW��Èþ�4±�Ä>?ºûü4�ñ��

�!H�M0�È)�ûü�>?ÁVFlat regionW;��!>?Á�ÈRS�P�~����/Ï �!>?Á�

�á�8�p�� #à�È��8��>?Á+*����$�#Ï�Äº(�!�*�È>?Á�á�8��È

RS�P�~����±�Äº�à¼�J �!ºàÈ�ü�� Flight-PI �à�#%ÈspSÄ�¤ï�0R

Sp�¸¹; �����x4ab���!

50�m 10�m

¶ 2-27
Control-PIsp� SEMì)V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W
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50�m

Flat region

Exposed
surface

(a)

10�m

50�m

Flat region
Exposed
surface

(b)

10�m

50�m

Flat region
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surface

(c)

10�m

¶ 2-28
 VaW–VcWFlight-PIVîh^3Wsp� SEMì)VVaWFlight #1ÈVbWFlight #2ÈVcWFlight #3W

V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W

��&� ?@ABCDEF@�n�O���

��&��� ?@ABCDEF@�n��

Flight-PI RSp�|} �+,-./012,�N��$�#¼½©���ÈEPMAVEPMA: Electron Probe 

Micro-AnalysisW���Flight-PIRSp��ØÎ,§�k�T; �!w? ����EPMA-1600V�æ�C�W

01�!�ØÎ,§�k��n]oUË�oUó�w? ÈRSp;®RSp��N"B�¨ #�k�'(

�V¶ 2-29W!ºàÈ�ØÎ,§�k�° �oUó�� Pt�}�; �!

Flight-PIVîh^3W��ØÎ,§�ktuV¨×��: CÈOÈSiW�¶ 2-30�J©!Flight-PIRSp%&��

»�+*�ÈO ; Si 4µÅ���!)�tu��ÈFlight-PI RSpQ�qN �+,-./012,���N��

14¢9;qe���!ºàÈSM/MPAC&SEED TU��� LEO 
��RS �y�!,\$�¶pf

SM/MPAC&SEED»£ØÚ�6ñ08¶pN�à�#%È14¢��N�; �+,-./012,�|}4�ñ�

�#��[91–96, 138–140]!"�È¶ 2-30+*�+����ÈRS�P�~���� O ; Si�y¨-­4~� 

�!)��ÈRS�P�~����14¢�4mÄº(�);�¸�©�;:/*��!)�tu�ÈFlight-PI �

hpV¶ 2-24W��_` �+,-./012,��m�Õ�VFlight #1: ­ 200 nmÈFlight #2: ­ 350 nmÈFlight 

#3:­ 450 nmW;íG©�!1.2.5.2.�������ÈFlight-PIRSp�14¢��ÈRSp�|} �14+0,�

³´+,-./012,4 AO ;gh©�);���qN���;:/*��!"�È14+0,�³´+,-./01

2,�|}; AO���+,-./012,�Ã}4h�i���);���ÈRS�P�~����14¢��mÄ

º(�;qb���!
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¶ 2-24�J ����ÈFlight-PIRSpQ��ù �+,-./012,��m��­ 200–450 nm01(�!

íZÈPI67$8;&xÈSM/SEEDTU���LEO
��RS � F-OSR�RSp��ù �+,-./012

,��m��­ 20–120 nm01(�V¶ 1-22W[91, 92]!$"�ÈRS
�%&RS�P4&N01��%++H

*üÈ+,-./012,��m�4Ï�Ä<º(�!)�tu�È+,-./012,�|}4ndep�E:f

de2;�À�¾¿�¬Äþ�©�);�J� #��!

Exposed area

Mapping analyzed area

¶ 2-29
 EPMA�ØÎ,§�k¼4ð

1mm

SEM

Exposed area

(a)

1mm

C

Exposed area

1mm

O
Exposed area

1mm

Si

Exposed area

1mm

SEM
Exposed area

(b)

1mm

C
Exposed area

1mm

O
Exposed area

1mm

Si
Exposed area

1mm

SEM

Exposed area

(c)

1mm

C

Exposed area

1mm

O

Exposed area

1mm

Si

Exposed area

¶ 2-30
 VaW–VcWFlight-PIVîh^3WRSp��ØÎ,§�ktuVVaWFlight #1ÈVbWFlight #2ÈVcWFlight #3W
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��&��� ?@ABCDEF@�Y����

��&����� �����

+,-./012,�4�%m� Flight #3 �$�#È+,-./012,�|}���cd~�d��ù%�!

SM/SEEDTU��� LEO
��RS � F-OSR 0�ÈRSË�cd4~� �[91, 92]!F-OSR �È¶p4

î<��0+0¦7,§��#����ÈAO�67���cdvw�=�º�!©ºHIÈLEO
�RS���

~� �cd�È¶p��ù �+,-./012,��cd�yÂ©�;:/*��!1403 +�RSË�ë÷

 � F-OSR�¶p��Èm�­ 120 nm�+,-./012,�4qN #à�Ècd~�d�­ 0.1 mg01(

�!)�cd~�d�+,-./012,��m�%& F-OSR�RSpùV3.14 cm2W0
©�);���È+,-.

/012,�4 1 nm�ù©�);���úÀpùÂ���cd~�d�­ 2.65E-4 mg/cm2 nm ;kl���!)

�·�14¢�Ñ­V2.65 g/cm3W[141];íG©�!� #È)�·�w?©�;ÈFlight #3V+,-./012,��

m�=­ 450 nmW�àá�+,-./012,�|}���cd~�d�È­ 0.12 mg/cm2;�ù%*��!

+,-./012,�|}���cd~��:�©�;ÈFlight #3�cdvwd�m/A�¶ 2-16�J �·��

%­ 0.12 mg/cm2Ï��;:/*��!)�;�ÈFlight #3 �ghij Ey�¶ 2-17 �J �·��%­ 0.3E-24 

atoms/cm2~� ÈBmvwd�tAO�¶2-18�J �·��%­1 �mÏ�Äº�!)��tAO�Õ�d�ÈFlight-PI

�Bm tFlightV­ 115 �mW;æç #���±����È+,-./012,�|}���cd~�4 Flight-PI�n

]¬��./�z{�îg0��;Y/�!

��&����� �� !"����

1.2.5.2.�������È14¢�Õ� �+,-./012,�� AO ���; #C?©�!����ÈAO �

67��� FAOô£-�VVespelW�cdvw��@��È��cdvwd��lÅ � FAO� SEES ��®l 

�·��m+�±��·;º(�V¶ 2-1W!

"�ÈAO �<ÛØ#©����c º14¢��m��¤ nm 01�[41, 42]Èm�¤ nm B­�14¢��

LEO 
�RS���890qN©�;qe���!��tuÈ¶ 2-16È18 �J ����ÈRS�P�~��

�� Flight-PI�cdvwd�m/A%&Bmvwd�tAO�Õ�4E;§q=�º+(�;:/*��!

��&���*� rsW��� ¡¢£¤l�¥¦§ZHole\��n�

Flight-PIRSp��È»t;æç #�Ä67����VHoleW4����� �V¶ 2-22È24W!"�ÈHole�

RS�P�~����åb��Äº(�V¶ 2-26W!HoleqN:B�è5���Q��oU���67º¼½

4c 01�4ÈHole qN �� 1 $; #+,-./012,����Lº��4:/*��!AO ���; 

#C?©�+,-./012,�4��L��� È��ûü�ý4 AO���67�íá�~È»t;æç #

�Ä67����4qN��È+$È����RS�P�~�����Äº�!+,-./012,����Lº

�����; #�È½ä0½õ<4È�"#Û¡¦±Û"5NÈ°±©
�¾¿4:/*��!SM/MPAC TU�

��LEO
��RS �14¢¼ðÛ)�$V2Ñ­¡��W��Èx� 10 �m¦3�°±©
�¾¿�4¤�

Ä�ñ��#à�[142]È)�*°±©
�¾¿4 Flight-PI RSp��ù �+,-./012,����L��

����Ï\:41�!
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��<� �w�

Flight-PI�_`tuÈ%&ÈRSp�|} �+,-./012,4 Flight-PI�_`tu�./�z{�$�

#¦3�";��!

Flight-PIRSp�ã��ç�ÈÐÑT�� �!úÀpùÂ���cdvwd�m/A�­ 0.1 mg/cm2ÈBm

vwd�tAO�­ 10 �m 01�ÈqI*%RS�P���Õ��E;§qº+(�!Flight-PI �ghij Ey�­

2.5E-24 cm3/atom01�ÈPI67$8�àá�í
Lº·V­ 3.0E-24 cm3/atomW;&B­01(�!Flight-PI�

n]¬�,-&�ÈRS�P�~����23©�à¼�J �! + È�:jÈ5%ûüýÁn]h^È�

:ÕqË�ûüý
�j�Õ���*�º+(�!Flight-PI RSp� AO �67���8�p�� #��!

"�ÈRSp��+,-./012,4SÄL�|} #à�È+,-./012,�RS�P�~����åb

�mÄº(�!�*�ÈRSp��»t;æç #�Ä67����VHoleW4����� #��!RSp�8�

%&Hole����ÈRS�P�~����åb�~� �!Control-PIsp��È67$8]Á�¸¹; ��

���x4ab���!íZÈFlight-PI sp��ÈRSp�¸¹; �����x4�ñ���!"�È���

�x�¸¹»���>?Á4�� È��pù�RS�P�~����/Ï©�à¼�1(�!ºàÈ�ü

��_`�à�#%ÈRS¥�n]h^�z{��*�º+(�!

Flight-PIRSp� EPMA�k�tuÈRSp+*�O; Si4µÅ���!�(#ÈRSp��ù �+,-.

/012,��N��14¢01�È14+0,�³´+,-./012,4RSp�|} ÈAO ;gh©�);�

��qN �;:/*��!"�È14+0,�³´+,-./012,�|}; AO ���+,-./012,�Ã}

4h�i���tuÈRS�P�~����+,-./012,�mÄº(�;qe���!Flight #3V+,-./0

12,��m�=­ 450 nmW�à�#È+,-./012,�|}���cd~�d�­ 0.12 mg/cm2;�ù*��!

)�cd~�4 Flight-PI �n]¬��./�z{����±�ÄÈîg0��;	h���!+,-./012,

��N�414¢01�);+*È+,-./012,� AO ���; #C? �;:/*��!��tuÈFAO ô

£-�VVespelW�cdvwd��lÅ � FAO� SEES��®l·�m+�3ë(�!Flight-PIRSp�ab�

�� Hole �qN �; #È+,-./012,���Lº��4:/*��!+,-./012,4��L��

� È��ûü�ý4 AO ���67�íá�~È��L����4RSp�qN��È+$È����RS

�P�~�����Äº�!
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*� ¨q©ª�u�

�

*��� vw�

OPQ��RSTU+*¥*��_`tu�ÈT�	
�4���./�z{���);�0��[ +$

�[ºõ0-01�! + È�	
��RS ����È�Ä��	
��
���Lºz{�íá�!��

��ÈOPQ��RSTU�_`tu+*�b��	
��
�z{��Å #èk©�);� ¡01�!

�	
�RS���������HLº ��¿�K����È�b��	
��
��� ��Q��o

U�'�c 41�!

�)0ÈHIJ0�È�Q��oU; # PI67$8�¨ AOÈUVÈEB��oU�T; �!AOÈUVÈEB

�È�	
��
�¥0%ÈPI 67$8�<�9:���³.©�Ï\:4��!AOÈUVÈEB��oU�ËÈ

��â���	
��
4 PI 67$8�<�9:�./�z{�$�#n]oU��_` �!"�È

Flight-PI �_`;&xÈ��pqr_`%&spab�T; �!�*�Èn]h^�'( ��r0Þ��

oU�° � PI67$8�¨ #%&x�_`�'(�!

H�0�È�Q��oU�àá� PI67$8�_`tu�$�#J©!

*��� tuxy�

*����� 4@z7�

�Q��oU0�ÈSM/SEED TU�!,\$;&xÈ],!$}V¶ 2-2W�YÀ��Bm 125 �m �

UPILEX-SV�Á¾¿W�w? �!ºàÈSM/SEEDTU0� PI67$8� 4øù� ��r0»£ØÚ�WX 

���¨ È�Q��oU0� PI 67$8�ù��ü�w? �!1.2.0������ÈHTU0T; ��Q

��oUVAOÈUVÈEB ��oUW��IÈBm4Ï�Ävw©��� AO ��oU�ý9;:/*��!� #È

AO��oU��V¶ 3-4W��IÈFAO4�%Ï��Í�VFAO=3.0E21 atoms/cm2W�àá� PI67$8�Bmv

wd�tAO�ÈV2-6W	��­ 105 �m ;kl���!))0ÈEy=3.0E-24 cm3/atomÈEyK=3.0E-24 cm3/atom ; �!

$"�Èú� PI67$8Vt0=125 �mW�ÈAO��oUË�à�#%Èn]oUf��pabN�T;©���

(�ºBm�É©�;®l���!

*����� {|:;Pb�

SM/SEEDTU;&xÈPI67$8�]^'(<C�WX Èn]h^V0È1.4È7.0 MPaW�'( ��r0Þ

��oU�T; �!AOÈEB ��oU0w? �]^'(<CÈ%&ÈUV ��oU0w? �]^'(<

C�¶ 3-1È2 ���â�J©!�ü��]^'(<C%!,\$�íð�Ãf Èyð�ï/"��[�0Ö

n©�);���È!,\$�êÆZ¼�íf�n]h^�'(©�);40��!"�È],!$} PI 67$8

�$+ýÁ�Al\ñ0Ú0¢ï0��ÈÁ�>'Á"B�ý4�����CD;º(#��!AOÈEB��oU

�àá� PI67$8���pù A� 2.52 cm2ÈUV��oU�àá� A� 3.94 cm201�!
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Sample

Al plate Coil spring

¶ 3-1
 AOÈEB��oU0w? �]^'(<C��a

Roller

Wire

Sample

Cooling 
plate

Cooling water 
piping

Weight

Face Side

Sample for 
temperature
measurement

¶ 3-2
 UV��oU0w? �]^'(<C��a

*���*� ¨q©ª�u�

*���*��� =>«¬���u­®#�&*(��&&(��).(��)2'�

AO%& EB��oU��ÈJAXA�é�	g,-0�)*��
�oU��VCombined Space Effects Test 

FacilityW�w? �!Âj���� Á��a%&CN�Æ¶�¶ 3-3È4�J©[143, 144]!Âj���� 

Á�!,\$´µ�VSample Induction ChamberWÈ%&È��ýÙ,ïVIrradiation ChamberW0CN���!Þ

ýÙ,ï��0Ú 0;.*�#à�È"�ÈÞýÙ,ï��)*3,\4����#��!!,\$´µ��!

,\$�Å µ�©�Ó�¼ðÛØ#; #<\ È��ýÙ,ï]�¯��)*�r4@A��#��!

��ýÙ,ï�hpCN¶�¶ 3-5�J©[143, 144, 186, 187]!��ýÙ,ï��ÈAOÈVUVÈEB�·08

2; #Èñ0!õÚ/012,} AO ¡=��È[Ü�À,\È�
"4����#à�È�)*3�àá�)

�*·08�ú#��%&&Á����4Ï\01�!AO ��oUÁ��ÈAO �¡=�ô£-©����

QCM���ýÙ,ï�x�´µ<���©�!íZÈVUV��oUÁ��ÈVUV�¬­�ô£-©����

UV g,!�x�´µ<���©�!!,\$$$]�Ö­@A<ÛØ#�Q�gØÚ��ÈÖ­@A<ÛØ#+

*� �´���!,\$�Ö­@A4Ï\01�!)*��
�oU���;x�¶ 3-1 �J©[143, 144, 

186]!¦3�ÈHTU0w? � AO%& EB�·082�$�#�5©�!

)*��
�oU�������#��ñ0!õÚ/012,} AO¡=���� ¶�¶ 3-6�J©[143, 

144]!Âj���ñ0!q�����h? � AO ¡=��01�ÈPhysical Sciences Inc.���Ì¡���

[145–147]!��ýÙ,ïQÁ������_¤$]Á���£½�|$½��´µ V¶ 3-6§WÈ�)=£½´
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µ;&����Û�£½ñ0!ãV�=10.6 �mÈLaser power=­ 10 J/pulseW�µ�©�V¶ 3-6¨W!©�;È_¤$

½Û0ÚÁ0��£½�<ñ0#]¢,4=�È�Ö\À¤�4=N©�!�Ö\À¤��õÚ/012,é; #

�% È_¤$]Á���£½4 AO �è�©�!�*�È\À¤�� ¼/$â0� AO �É�¼/$â0�

Õ&��È�º�AO4!,\$$$]�¨ EF½x�µ�©�V¶ 3-6©W!"�ÈAO·08�wd³"��

��"±,VO+W;�
4t� #=N �AO�¼/$â0&'VOV5PW�OV5SWW���Èéê777.4 nm�¡ã

4=��[145–148]!_¤$;!,\$$$]�P��� � 2 '�À)±¡0-���È)�&'��ã�µ� È

��ÁPS+* AO�º­�lÅ©�!AO�º­�È��£½´µ;Û�£½ñ0!ãµ��-".,§���

¼�©�);4Ï\01�ÈLEO�àá� AO
����©�Í��­ 8 km/s��f©�!

)*��
�oU�������#���
"�ÈEPS-500V+(�<W�!0½; �%�01�!67À¡,

Ú�� ©�);0¡= � �
��º È��ýÙ,ïQÁ�30Ú+*!,\$$$]=µ����!EB

� X-Y)½���!,\$$$]Sp������!�º�U� 200–500 kVÈ�2�Ç� 0.1–2.0 mA�st

0ÏÕ01�!·08ÜÝQ��È67À¡,Ú4����#��ýÙ,ï;��ýÙ,ï�)*ëù;º�de

*4 2øÈ�*�È)�*de*P��ÏÐ�4��©�!de*%&ÏÐ���� EB���,v+©���È

�20��º�U;!,\$$$]p0� EB¼/$â0�íG º�!·08ÜÝQ���,v+�:� #

kl �!,\$$$]pQ0�qf EB¼/$â0�¶ 3-2�J©[143]!

56 宇宙航空研究開発機構研究開発報告　JAXA-RR-10-009

¶ 3-1
 )*��
�oU���;x[143, 144, 186]

,K ;x

��ýÙ,ï�)*U^ 10-5 Pa¦3 VAO��Á: 10-3–10-2 PaW

!,\$
�Ä»[: 25 mm � × 3 mm t VÉi��st: 20 mm �W

WXÏ\º�Ï!,\$¤: 18 Vô£-��³´W

AO����

Z	: ñ0!õÚ/012,[

ñ0!��: |$½ CO2ñ0!

ñ0!ãéê%&Å^: 10.6 �mÈca. 10 J/pulse

|$½ñ0Ú: 12 Hz

AO·08º­: ca. 8 km/s V-�¼/$â0: ca. 5 eVW

6ÀØ#½: ca. 5×1015 atoms/cm2s

VUV����

ã2: 30 W[Ü�À,\ V48HW

À,\�Ç: 250–350 mA

è�U: 70–90 V

6ÀØ#½: 0.3–0.5 mW/cm2 V�=120–200 nm�ù�¬­W

EB����

·08)½: X-Y)½

�º�U: 200–500 kV

�2�Ç: 0.1–2.0 mA

6ÀØ#½: 1 kGy/min V�º�U=500 kVÈ�2�Ç=0.2 mAW

!,\$Ö­@A
Ö­@Ast: -150–80 °C 

Ö­@A¹: Ö­@A<ÛØ#
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Electron Beam
(EB) Source

Vacuum Ultraviolet
Ray (VUV) Source

Atomic Oxygen
(AO) Source

Sample Induction 
Chamber

Irradiation 
Chamber

Relay Chamber

¶ 3-3
 )*��
�oU��� Á��a[143, 144] 

¯°
±²³´µ¶

·¸ ±²³´µ¶ ¹º¹ ±²³´µ¶

Irradiation
chamber

Sample
induction
chamber
ZAirlock\

Samples

¯»»¼µ½¶¾�¶¿¼À³¼»Á²Â�¼ÃÃ¼´¼»³±¶±
Ä¯»²ÅÁµ�Æ²´µ¶�ÅÁµ´²±µ²Ã¶
ÄÇÈ´¼É�Ã½²»²¶À¶µ»´²Â�±Ã¶µ»´²±µ²Ã¶
ÄÊ¶¼±³´ÁÂË�¶Ì³ÁÃÅ¶Â»±�Æ²´�»½¶´Å²È²Ã»Áµ¼À� Ã´²

ZRelay chamber\Gate valve

Samples are carried  
using vacuum transport 
mechanism.

Gate valve

¶ 3-4
 )*��
�oU��� Á�CN�Æ¶[143, 144] 
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¶ 3-2
 �2�º�U;!,\$$$]pQ0�qf EB¼/$â0[143]

�2�º�U, kV 
!,\$$$]pQ0�

qf EB¼/$â0, keV 

200 144

300 254

400 358

500 460
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AO
EB VUV

Filament
electron
gun

Sample

AO generation
(Laser detonation)

Sample holder

Linear motion
feedthrough

QCM or UV sensor

Deuterium
lamps

Irradiation
chamber

Temperature control block

¶ 3-5
 ��ýÙ,ï�hpCN¶[143, 144, 186, 187] 

ÍO2 gas supply

ÎCO2 laser irradiation

Sample holder
Irradiation 
chamber

Nozzle

ÏAtomic oxygen 
beam generation
(Velocity: 8 km/s) 

CO2 Laser

Pulsed valve

¶ 3-6
 ñ0!õÚ/012,} AO¡=���� ¶[143, 144] 

*���*��� +,-Ð1ÑÒ#��$(��&$'�

UV��oU��ÈJAXA�é�	g,-0�1� UV����VJAXA UV Test EquipmentW�w? �!UV

������a%&CN�Æ¶�¶ 3-7È8 ���â�J©[149]!UV �����ã2ÁVLight SourceW;±

}½ä0½ýÙ,ïVSmall Space ChamberW0CN��Èã2Á�� 6 kWzg_,VXeWÀ,\��� #��!

Xe À,\��¡�*��ã�Èg�ë%&ñ,¤���±}½ä0½ýÙ,ï]������o�'�cã��

�!g�ë����ü�ý�g�©�]"#Û"Ø#.À0�w? #��!UV 6ÀØ#½V�=200–400 nmW�È�

$ý½ä#Ú$À)±¡0-MSR-700V±\Ú4!0ýW���ke©�!À,\�U�¼�©�);��� UV6ÀØ

O2 ylppussag

OC 2 noitaidarriresal

redlohelpmaS
noitaidarrI

rebmahc

elzzoN

negyxocimotA

noitarenegmaeb

)s/mk8:yticoleV(

OC 2 resaL

evlavdesluP
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#½�ÏÕ01�È�Ï UV6ÀØ#½� 10 solar01�!))0È1 solar� AM0ÒÓã�úÀÁPÂ���¼/

$â001�Èéê 200–400 nm0� 1 solar=11.8 mW/cm201�!UV�����;x�¶ 3-3�J©!

Light
Source

Small Space 
Chamber

¶ 3-7
 UV������a

¶ 3-8
 UV�����CN�Æ¶[149] 
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¶ 3-3
 UV�����;x[149]

,K ;x

UV6ÀØ#½ �Ï 10 solar*1

��¼4ð 150 × 150 mm

UV�ªí: ± 3%¦3

ã2 6 kWzg_,À,\

âW)*U^ 1.0E-6 Pa¦3
*1 1 solar=11.8 mW/cm2 (�=200–400 nm)
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*���*�*� �� !"Ð1�uÓÔ�

PI 67$8�¨©� AO��oU���¶ 3-4 �J©!LEO�àá� AO
����©���ÈAO�º­

�­ 8 km/s��f �!!,\$;íX�$$]��� � Kapton H�cdvwdV�mK, gW+*È¦3�	�

w? # FAO�kl �[150]!

yKKK

K
AO EA

mF
�
�

� V3-1W

))0ÈAK� Kapton H���pùVcm2WÈ�K� Kapton H�Ñ­V1.42 g/cm2W01�!AO��¥�!,\$$

$]Ö­� 10–30 °C01(�!H�M0�ÈAO��oUË� PI67$8� AO-PI ;��!

¶ 3-4
 PI67$8�¨©� AO��oU��

AO velocity, km/s ca. 8.0 

AO flux, atoms/cm2·s ca. 5.0E15 

AO fluence (FAO), atoms/cm2

ca. 3.0E20 

ca. 8.5E20 

ca. 1.3E21 

ca. 1.8E21 

ca. 3.0E21 

Vacuum, Pa 1E-3–1E-2 

*���*�&� +,-Ð1�uÓÔ�

PI67$8�¨©� UV��oU���¶ 3-5�J©!UV6ÀØ#½� 10 solar��f �!UV�����

!,\$�Ö­Q.�Yî��ÈÜ/ �/0RQ�!,\$��� �V¶ 3-2W!"�ÈUV ��¥���p

Ö­�ÈÖ­ef?!,\$�¶p�ú�|á� �¨���ke �V¶ 3-2W!H�M0�ÈUV ��oUË

� PI67$8� UV-PI ;��!

¶ 3-5
 PI67$8�¨©� UV��oU��

UV flux, solar*1 10 

UV fluence (FUV), ESD*2

20

35

69

Sample surface temperature, °C 10–30 

Vacuum, Pa 1E-5–1E-4 
*1 1 solar=11.8 mW/cm2 (�=200–400 nm) 
*2 Equivalent Solar Day, 1 ESD=1.02E7 J/m2 (�=200–400 nm) 

*���*�<� Õ�-Ð1�uÓÔ�

PI67$8�¨©� EB��oU���¶ 3-6�J©!�º�U� 200 kVÈ�2�Ç� 2.0 mA��f �!

Âj���àá�50¤ñ0Ú�È12�g$Û0½VCTA: Cellulose TriacetateW�dkFTR-125V3�67$8W
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�?�#`��!"�ÈEB��¥�!,\$$$]Ö­� 10–30 °C01(�!H�M0�ÈEB��oUË�

PI67$8� EB-PI ;��!

¶ 3-6
 PI67$8�¨©� EB��oU��

Accelerating voltage, kV 200 

Electron flow, mA 2.0 

Dose rate, kGy/s 6.2E-2 

Total dose (TD), kGy 
1.6

3.3

Vacuum, Pa 1E-5–1E-4 

*���&� ~�xy�

*���&��� ,����

2.2.4.1.;&x�ÈÞ��oU�Ë�àá� PI67$8��a�ãz �!

*���&��� �����

2.2.4.2.;&x�ÈÞ��oU�Ë�àá� PI67$8�cdef�T; �!

*���&�*� �������

cdvwd�m ; FAOV¶ 3-4W+*ÈV1-2W	�w? # AO-PI�ghij Ey�kl �!

*���&�&� d����

AO-PI�BmVtAO, �mW�ÈFlight-PI�Bm tFlight;&xÈV2-6W	�w? #AO�67���Bmvwd�tAO

�kl È�����Bm t0��S nÄ);���`��!

AOAO ttt ��� 0 V3-2W

íZÈUV %& EB ��0�ÈPI 67$8�¶pqr�E;§qÕ� º�;®l���!�)0ÈUV-PI �Bm

VtUV, �mW�Ècdvwd+*>ªLºBmvwdV�tUV, �mW�kl Èt0 +*S nÄ);���kl �!

EB-PI�BmVtEB, �mW�$�#%&x�kl �!

UVUV ttt ��� 0 V3-3W

�A
mtUV

�
�� 410 V3-4W

EBEB ttt ��� 0 V3-5W

�A
mtEB

�
�� 410 V3-6W

*���&�<� �{�u�

AO-PIÈUV-PIÈEB-PI �¨ ÈASTM D-638-03[129]�ÄÅ �n]oU�T; �!oU��ÈoU��È

n]¬�,-&�fíÈûüý�klÆ[� 2.2.4.5.;&x01�!ºàÈAO-PIÈUV-PIÈEB-PI�h^ �VMPaW
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�È¦3�	��kl �!

3102 ��

�

AOtW
F
  for AO-PI V3-7W

3102 ��

�

UVtW
F
  for UV-PI  V3-8W

3102 ��

�

EBtW
F
  for EB-PI  V3-9W

*���&�.� Ð1W��~��

AO-PIÈUV-PIÈEB-PI��p� SEMab�T; �!��pab��È],!$} PI67$8;&���0

Þ��oU�° ��q PI67$8V�=�1 in.W�w? �!ab�w? ���%&ab��� 2.2.4.6.;&x

01�!

AO-PI�$�#�È��pab��/È��p"B�hpab%&¶p:�_`�T; �!)�*�_`

��È],!$} PI67$8;&���0 AO�� ��q PI67$8V�=1 in.W�w? �!hp.ñ,ab�

w? ���Èhp.ñ,ab��È_` �¶p:�|À¡0-� 2.2.4.6.;&x01�!

í
�È��
67$8��°7ºî<©
VSiO2 ©
NW4����#��!)��È67$8¶p��\

:�|.©���01�!)�î<©
�34�0ðØ1	;�~��[98, 151]!��
67$8�¨ AO��

©�;È��
67$8�67��È��Bm�åb�vw #�Ä!íZÈ34�0ðØ1	�ÈAO ���67

�íáº�!��tuÈ34�0ðØ1	�AO��p��ù #�ÄV¶ 3-9W!��p��ù �34�0ðØ1

	�È��pqr_`�4Z;º�!����ÈAO-PI �$�#�ýÈ��pab%&hp.ñ���oUó

��ËÜ�6ö È34�0ðØ1	�
� �!34�0ðØ1	
��Ë�àá� AO ��p�æç�

Appendix 22.�J©!

Before AO irradiation After AO irradiation

Polymer ash

AO

¶ 3-9
 AO��p��ù©�34�0ðØ1	�hp�	¶

*���&�2� �W���

2.2.4.7.;&x�ÈAO-PIÈUV-PIÈEB-PIsp� SEMab�T; �!
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*�*� ~����

*�*��� ,��

AO-PIÈUV-PIÈEB-PIVîh^3W��aÕ��¶ 3-10–12�J©!AO-PI��p�ã��ç�ÈT�� �!

"�ÈT��� FAO�~����Ð��º(�!íZÈUV-PIÈEB-PI ��a�ÈControl-PI ��aV¶ 2-14W;

EF&N0ÈÕ�N�=�º+(�!��oU¥�n]h^�������a�Õ��È�ü�� PI 67$8

�à�#%�ñ��º+(�!

Irradiated area
(a)

Irradiated area
(b)

Irradiated area
(c) Irradiated area

(d)

Irradiated area(e)

¶ 3-10
 VaW–VeWAO-PIVîh^3W��a

VFAO: VaW3.0E20ÈVbW8.5E20ÈVcW1.3E21ÈVdW1.8E21ÈVeW3.0E21 atoms/cm2W

Irradiated area

¶ 3-11
 UV-PIVîh^3W��aVFUV: 69 ESDW

Irradiated area

¶ 3-12
 EB-PIVîh^3W��aVTD: 3.3 kGyW

*�*��� ������

FAOÈFUVÈTD;úÀpùÂ���cdvwd�m/A�¾¿�¶ 3-13�J©!))0È�m/A�Ècdvwd�m

���pù AVAO-PIÈEB-PI: 2.52 cm2ÈUV-PI: 3.94 cm2W0
©�);���`��!¶ 3-13+*�+����È
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AO-PI�à�#�ýÐ�ºcdvw4=�ÈAO-PI��m/A� FAO�EFæß #~� �!"�È�ü�� PI

67$8�à�#%È��oU¥�n]h^4�m/A�./�z{��ñ��º+(�!

(a) (b)

(c)

¶ 3-13
 VaWFAOÈVbWFUVÈVcWTD ; PI67$8�úÀpùÂ���cdvwd�m/A�¾¿

*�*�*� �����

FAO;AO-PI�ghij Ey�¾¿�¶ 3-14�J©!FAO4±��;�ÈAO-PI� Ey�­ 2.5E-24 cm3/atom0

1�ÈPI67$8�àá�í
Lº·V­ 3.0E-24 cm3/atomW;EF&N01(�! + ÈFAO�~���� Ey�

åb�vw È3.0E21 atoms/cm2�àá� Ey�­ 2.0E-24 cm3/atom01(�!)�tu�È34�0ðØ1	�

¸�©�;:/*��!3.2.4.6.0������È34�0ðØ1	�î<©
01�ÈFAO�~����åb�AO
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��p��ù #�ÄV¶ 3-9W!� #È�ù �34�0ðØ1	� AO �<ÛØ# È3�� PI 67$84 AO

���67�����Yî!��tuÈFAO�~����cdvwj4±�Äº�ÈEy 423 �;:/*��!º

àÈ��oU¥�n]h^�'( �!,\$�Èîh^3�!,\$;EF&B­� Ey�J �!

¶ 3-14
 FAO; AO-PI�ghij Ey�¾¿

*�*�&� d�����

FAOÈFUVÈTD;PI67$8�Bmvwd�tAOÈ�tUVÈ�tEB�¾¿�¶3-15�J©!�tAOÈ�tUVÈ�tEB�È¶3-13

�J �úÀpùÂ���cdvwd�m/A ;&x�Õ����J �!$"�ÈAO-PI �à�#�ýÐ�ºB

mvw4=�È�tAO� FAO�EFæß #~� �!"�È��oU¥�n]h^�z{��*�º+(�!
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(a) (b)

(c)

¶ 3-15
 VaWFAOÈVbWFUV,ÈVcWTD ; PI67$8�Bmvwd�tAOÈ�tUVÈ�tEB�¾¿

*�*�<� �{MN�

FAOÈFUVÈTD ;Þ PI 67$8�n]¬�,-&�¾¿�¶ 3-16–18 �J©!AO-PI �n]¬�,-&�ÈFAO

�~����åb�23 �!3.0E21 atoms/cm2�àá� AO-PI�n]¬�� Control-PI�­ 70%01�Èí

ZÈ-&� Control-PI�­ 25%01(�!UV-PI�n]¬�,-&�ÈFUV�~����ÐÑ23©�à¼�J

 �4È��23�B­�Control-PI�àá�n]¬�,-&�ïÀËz�st]01�ÈÉèºS0�º�;	

h �!EB-PI�n]¬�,-&�ÈControl-PI;EF&N01(�!ºàÈ�ü��PI67$8à�#%È��o

U¥�n]h^4n]¬�,-&�./�z{��*�º+(�!

AO-PIÈUV-PIÈEB-PIVîh^3W�h^Lûüýþ��¶ 3-19 �J©!�ü��h^Lûüýþ�%
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Control-PI �%�;EF[º(#à�ÈAOÈUVÈEB����� PI 67$8��:jÈ5%ûüýÁn]h^V­

215 MPaWÈ�:ÕqË�ûüý
�j�Õ��=�º+(�!$"�ÈAO-PI �ÈControl-PI ;&�h^Lûü

ýþ�Q0n]¬�,-&423 �!

(a) (b)

¶ 3-16
 FAO; AO-PI�VaWn]¬�%&VbW-&�¾¿

(a) (b)

¶ 3-17
 FUV; UV-PI�VaWn]¬�%&VbW-&�¾¿
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(a) (b)

¶ 3-18
 TD ; EB-PI�VaWn]¬�%&VbW-&�¾¿
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(a) (b)

(c)

¶ 3-19
 VaWAO-PIVîh^3WÈVbWUV-PIVîh^3WÈVcWEB-PIVîh^3W�h^Lûüýþ�

*�*�.� Ð1W���

AO-PIÈUV-PIÈEB-PI��p� SEM ì)�¶ 3-20–22 �J©!AO-PI��p��È+0,��°±¿¸4

î¤�qN #à�È��+0,�Ò�� FAO�~����Ï�Äº(�!íZÈUV-PIÈEB-PI ��p�>\0

1�ÈControl-PI¶pV¶2-21W;EF&N01(�!"�È�ü��PI67$8�à�#%È��oU¥�n]h

^�|� �!,\$�Èîh^3�%�;&x���pqr�É #��!

AO-PI��p"B�hp SEM ì)�¶ 3-23�J©!¶ 3-23 0�ÈSEM ì)�¥�|"4 AO��p0

1�È34 PI 67$8á;º(#��!¶ 3-23 ��ÈAO�67���qN �+0,����ÈFAO�~����

åb�Ï�Äº�);4�+�!
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FAO; AO-PIVîh^3W��p�àá�l�>ª8� RaÈhpþ� ��>ªê� RSmÈAO �67���

qN �+0,��� hcÈ+0,�ð½ä#Úæ hc/V1/2RSmW�¾¿�¶ 3-24�J©!Ra� FAO�EFæß #

~� �!FAO;¶p8��¾¿�$�#�ÈSEMf�
P^Ð°ëVAFM: Atomic Force MicroscopeW�?�

�TULº_`È"�Èô,¦¢$Û[���1.	ñ012,4'H�#��[36-39, 152]!:��TU%&1.

	ñ012,�à�#%ÈHTU;&xÈAO�� � PI67$8�¶p8�� FAO�~����~Ï©�tu;

º(#��!"�ÈRSm %& hc % FAO�~����~Ï �!$"�È¶pab%&hpab��¥*��ØFAO

�~����+0,���%&Ò��Ï�Äº�Ù;��tu4fdL�J���!íZÈ+0,�ð½ä#Úæ�

FAO�þ��üÈEFíf01(�!"�ÈAO-PI��p�qN �+0,�ð½ä#Úæ�ÈFlight-PIRSp�

qN �+0,�ð½ä#ÚæV¶ 2-25VdWW�­ 5 
01(�!)�tu�ÈAO �µ�Z¼�¾¿©�;:/*

��!3.2.3.1.0������È)*��
�oU���?�� AO ��oU0�È!,\$¶p�¨ #EF

½x� AO 4µ�©�!íZÈISS �Ô? �OPQ��RSTU0�ÈISS�56ÕÓ��� AO�µ�Z

¼4Õ�©�!SM/SEED TU�à�#ÈAO �µ�Z¼4!,\$¶p�¨ #EF½x01(��P�S

RS�P�­ 50%01�È}���P0�ÈAO �µ�Z¼4!,\$¶p�¨ #EF>'01(�;���

�#��[127]!$"�ÈSM/SEEDTU0�ÈRSp�qN �+0,�7+*AO4µ�©��P4êÄ�� 

�!)�;�È+0,�7+* AO ���674�'©���È+0,����2Äº�;qe���!��tuÈ

Flight-PIRSp�qN �+0,�ð½ä#Úæ�±�Äº(�;:/*��!

RS�P; hc�¾¿�¶©§À6V¶ 3-24VcWW��È>ªû�� Rpm%&>ªý�� Rvm�\ÛØÚ �!¶

3-24VcW+*�+����ÈRpmÈRvm �EF&N01(�!$"�ÈAO-PI �Bmvwdkl�Ó�:� �

hc/2 ; Rvm�&N01�;Y/�V¶ 2-4È13W!�*�È¶ 3-24VcW��ÈV2-5W	�w? #kl � hc�\ÛØÚ

 �!TU·;V2-5W	�kl·�EFíG ÈV2-5W	�8Â:4�ñ���!ºàÈhc �kl0�È

Ey=2.5E-24 cm3/atomÈEyK=3.0E-24 cm3/atom ; �!

FAO ; AO-PIVîh^3W��p�àá���#ÀØ#ê� a0È%&È�Ï��#ÀØ#ê� a0max �¾¿�¶

3-25�J©!a0Èa0max�ÈFAO�EFæß #Ï�Äº(�!)�tu��ÈAO-PI��p����L���ý4

�� È��ý����FAO�æß #Ï�Äº�;:/*��!H�M0�È)���L���ý�Local valley

;��!
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5�m

(a)

5�m

(b)

5�m

(c)

5�m

(d)

5�m

(e)

¶ 3-20
 VaW–VeWAO-PIVîh^3W��p� SEMì)

VFAO: VaW3.0E20ÈVbW8.5E20ÈVcW1.3E21ÈVdW1.8E21ÈVeW3.0E21 atoms/cm2W

5�m

¶ 3-21
 UV-PIVîh^3W��p� SEMì)VFUV: 69 ESDW
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5�m

¶ 3-22
 EB-PIVîh^3W��p� SEMì)VTD: 3.3 kGyW
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10�m

PI film

Exposed surface

(a)

1�m
PI film

10�m

PI film

Exposed surface

(b)

5�m
PI film

10�m

PI film

Exposed surface

(c)

5�m
PI film

10�m

PI film

Exposed surface

(d)

5�m
PI film

10�m
PI film

Exposed surface

(e)

¶ 3-23
 VaW–VeWAO-PIVîh^3W��p"B�hp SEMì)

VFAO: VaW3.0E20ÈVbW8.5E20ÈVcW1.3E21ÈVdW1.8E21ÈVeW3.0E21 atoms/cm2WV�: 2
jÈ�: �
jW

宇宙環境曝露によるポリイミドフィルムの機械特性劣化とその予測法 73

This document is provided by JAXA.



(a) (b)

(c) (d)

¶ 3-24
 FAO; AO-PIVîh^3W��p�àá�VaWl�>ª8� RaÈVbWhpþ� ��>ªê� RSmÈ

VcWAO�67���qN �+0,��� hcÈVdW+0,�ð½ä#Úæ hc/V1/2RSmW�¾¿
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¶ 3-25
 FAO; AO-PIVîh^3W��p�àá���#ÀØ#ê� a0È

�Ï��#ÀØ#ê� a0max�¾¿

*�*�2� �W���

AO-PIVîh^3Wsp� SEM ì)�¶ 3-26 �J©!¶ 3-26 �à�#ÈspQá�p4��p01�!

AO-PIsp0�ÈAO��p�¸¹; �����x4�¤�*��!����x�¸¹»�V¶ 3-26�s�

0t§9ûüW��>?Á4�� È¸¹+*����$�sp�8��Ï�Äº(�!"�ÈFAO�~����È

>?Á�pù�/Ï È¸¹+*���ûüV>?Á��áW�8��±�Äº�à¼�J �!3.0E21 

atoms/cm2�àá� AO-PI sp�ÈSÄL�>?01�ÈAO ��p�¸¹; �����x4ül #¤�Ä

ab���!

UV-PIÈEB-PIVîh^3Wsp� SEM ì)�¶ 3-27È28 �J©!¶ 3-27È28 �à�#ÈspQá�p4�

�p01�!UV-PIÈEB-PI�sp��ÈControl-PI�spV¶ 2-27W;&xÈ67$8]Á�¸¹; �����

x4�*��!ºàÈUV-PIÈEB-PI�à�#È67$8]Á�¸¹; �����x�ÈspSÄ�¤ï�0a

b���!
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50�m

Flat region

Irradiated
surface

(a)

10�m

50�m

Flat region

Irradiated
surface

(b)

10�m

50�m

Flat region

Irradiated
surface

(c)

10�m

50�m

Flat region

Irradiated
surface

(d)

10�m

50�mThe fracture surface is totally-flat.

Irradiated
surface

(e)

10�m

¶ 3-26
 VaW–VeWAO-PIVîh^3Wsp� SEMì)

VFAO: VaW3.0E20ÈVbW8.5E20ÈVcW1.3E21ÈVdW1.8E21ÈVeW3.0E21 atoms/cm2W

V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W
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50�m

Irradiated
surface

10�m

¶ 3-27
 UV-PIVîh^3Wsp� SEMì)VFUV: 69 ESDW

V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W

50�m

Irradiated
surface

10�m

¶ 3-28
 EB-PIVîh^3Wsp� SEMì)VTD: 3.3 kGyW

V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W

*�&� �w�

�Q��oU�° � PI67$8VAO-PIÈUV-PIÈEB-PIW��IÈ��oU�Ë0�aÈcdÈBmÈn]9

:È��pqr�Õ�4=�È+$ÈControl-PI ;<º�spxy�J ��� AO-PI �ý01(�!¦3È

AO-PI�_`tu�";��!

AO��p�ã��ç�ÈT�� �!T���ÈFAO�~����Ð��º(�!úÀpùÂ���cdv

wd�m/A %&Bmvwd�tAO� FAO�EFæß #~� �!FAO4±��;�ÈAO-PI �ghij Ey�­

2.5E-24 cm3/atom01�ÈPI67$8�í
Lº·V­ 3.0E-24 cm3/atomW;��íG �! + ÈFAO�~��

�� Ey�­ 2.0E-24 cm3/atom"0vw �!AO-PI�n]¬�,-&� FAO�~����åb�23 �4È

�:jÈ5%ûüýÁn]h^È�:ÕqË�ûüý
�j�Õ��=�º+(�!AO-PI ��p��È+0

,��°±¿¸4î¤�qN���!FAO �~����È)�+0,���%&Ò��~Ï È��p�8��

Ï�Äº(�!"�ÈAO-PI ��p��È��L���ýVLocal valleyW4qN��È����� FAO�æß #

Ï�Äº(�!AO-PI sp��È��p�¸¹; �����x4�ñ���!����x�¸¹»���>

?Á41�È>?Á� FAO�~����/Ï �!"�ÈFAO4Ï��!,\$�sp��È����x4ül

 #¤�Äab���!ºàÈ�ü��_`�à�#%È��oU¥�n]h^�z{��*�º+(�!
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&� ����rs���GH5BIJK7L�PÖMN���

�

&��� vw�

���sp��È���¡=¸¹f�'Z¼N�J©9ÎLº�x4}��#à�Èspxy+*sª�

<Cf���¾©�[ º9�4¥*��!spxy���������$�#:b©�);�spèk

VFractographyW;��!spèk�de��f�:��V£À½ÈgÀ.Ø#½NW��:0;Ä+*Ô?��#à

�ÈÞsªqr�¨h©�spxy�$�#ÄAL�õ0-4cù��#��!de��f�:��;æç È

��
���àá�spèk�T��wº�! + Èspèk���
���������_`�à�#

%É^ºÆ[01�È�Ä�\À½ýØ#�x�¨ spèk�?��sª��¼½4'H�#��!

H�0�È¶ 2-27È28%&¶ 3-26–28�J �Control-PIÈFlight-PIÈAO-PIÈUV-PIÈEB-PI�spxy��È

Þ PI 67$8�n]([3�àá��������$�#:b©�!� #ÈÞ PI 67$8�_`tu%&�

������æç©�);���ÈPI 67$8�<�9:���³.©��	
��
�9f©�;��È�	


�RS��� PI67$8�<�9:��¡¢£¤8�$�#µ¶©�!"�ÈPI67$8�<�9:���¨

©��	
�RS¥�n]h^�z{�$�#";��!

&��� ×ØÙÚÛÜ�

Control-PIspV¶2-27W��67$8]Á�¸¹; �����x4�ñ���);+*È67$8]Á0��

4¡=,�� Èsª��(�;:/*��!í
�ÈÊ"5Èó�EN�²³4��¥���©�;È��*4

��¡=� �;º�! + ÈControl-PI sp�����x�¥���È����º²³�ab��º+(�!

Control-PI �67$8]Á�àá���¡=��È67$8]Á�}Ë`a4z{ #��;qe���!2.2.1.

0������ÈPI 67$8�67$8��zÙ½Ú �34ð.5��÷øVÊ`aW%& ".5�©�);���

Nq���[130–134]!� #ÈPI 67$8�p]Í¼�É©�[132–134]!HTU0w? � PI 67$8Vt=125 

�mW����Bm4Ï��Í�È`a4Àá�ÄÄÈ]Á���Ä�`a4}�[132, 134]!)�}Ë`a�ÏX

m; #C? [132, 134, 153, 154]È67$8]Á0�34".5Ý�Í¼4<é���!$"�È67$8¶p;]

Á0�p]Í¼­4<º�È67$8]Á�p]Í¼­�¶p;æç #2Äº�[132, 155]!"�Èp]Í¼­

�¬­�z{ Èp]Í¼­42�Eq¬­�23©�!¦Q��ÈBm�Ï�� PI67$8�]Á�È��L

�¬­42Äº�!��tuÈControl-PI 0�Èsª¸¹;º���467$8]Á0¡= �;:/*��!

UV-PIÈEB-PI �spV¶ 3-27È28W�à�#%È67$8]Á�¸¹; �����x4�ñ���);+*È)

�* PI67$8�������� Control-PI ;&x9;:/*��!

Flight-PIspV¶ 2-28W��RSp�¸¹; �����x4�*��!íZÈAO-PIspV¶ 3-26W��AO

��p�¸¹; �����x4�ñ���!)�*�tu��ÈFlight-PI 0�RSpÈAO-PI 0� AO��p

+*��4�% Èsh��(�;:/*��!"�ÈFlight-PIÈAO-PI ��ü��sp�à�#%È����x

�¸¹»���>?Á4�*�È¸¹+*����$�sp�8�4Ï�Äº(�!)���ºspxy�È£À

½ÈgÀ.Ø#½N��:���sp��*��9ÎLº|-0,Ø.À0È.½ÚÈ�Ø#$Ù�#= #��!

�:���J([���sp��	¶�¶ 4-1 �J©[156–158]!í
�È�:���sp��Èsª¸¹

�¥�; #��»��>?º.À0ÁÈ��»t�ð�t´ff8�.½ÚÁÈ�*����á�þ��� �

�Ø#$Á4qN���!.À0ÁÈ.½ÚÁÈ�Ø#$Á�qN:B�����º­;¾¿41�È.À0Á�s
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ª¸¹+*¡= ���4([~�;;%�åb��'©�:BV���vfNêW0qN���!� #È��

��º­4�Äº�;��.½ÚÁ4qN��È��4�º��% �Þsª���:BV���óvfNêW0

�Ø#$Á4qN���[157, 158]!

ºàÈ.À0Á�>�0"=0��Í���È.À0Á>�Vrm, �mW;sª¬�V�B, MPaW��î	�¾¿4

N�´$[157–160]!

constrmB �
 V4-1W

))0Èrm�.À0Á�pùVAm, �m2W�?�&/�Í�ÈV4-1W	�î	0¶���[157]!

constAmB �
 V4-2W

V4-2W	��ÈAm� �B�þ� #Õ�©�);4�+�!

"�È�Ø#$Á�8�% �B�þ�©�);4�*�#��[158, 161]!�¬­���0�Èsªx�"0�O

ù���ûüý¼/$â04Ï����È��4óvfNê©�ÓÈ���É�¼/$â0; #Ï�º¼/$

â04è���È�����º­4Q.©�!����º­����ÃÉ�@N·41�È���@Nº­�

W©�;�A©�!����A���Èsp���Ø#$��þ�4qN���!¦Q��È�B 4��Eq���

�º­4Ï�Äº�È����A4���=��);���È�Ø#$Á�8��Ï�Äº�!B� �B4±��;È�

���A4=��ÄÄÈ�Ø#$Á�8��±�Äº�!

Flight-PIÈAO-PI �à�#È¦Q�����:���àá� Am; �B�¾¿È%&È�Ø#$Á�8�; �B�

¾¿4N´©�+�$�#µ¶©�!))0ÈFlight-PI%&AO-PIsp��*������x�¸¹»���

�©�>?ºûü�.À0ÁÈ���á��Ø#$Á;©�V¶ 4-2W!"�È.À0Áq��>���"= È.À

0Á�67$8¶pÁ�ê�V.À0Á
W� 2amV�mWÈBmZ¼�ê�V.À0Á��W� bmV�mW;©�!)�;�È

.À0Ápù AmV�m2W�¦3�	0¶���!

mmm baA �
2
1

� V4-3W

¶ 4-3�ÈFlight-PI%&AO-PI�àá�.À0Ápù�>Z�VAm
1/2, �mW;n]¬�Vsªh^ �BW�¾¿�

�¨¤CQ�J©!ºàÈ3.3.7.0������È3.0E21 atoms/cm2�àá� AO-PIspV¶ 3-26VeWW�SÄL

�>\01�È5��.À0Á�D3©�);40�º+(�!����ÈÂj AO-PI�õ0-�¶ 4-3�\ÛØÚ

��#�º�!�*�È¶ 4-3��à�-1/2�x��J �!¶ 4-3+*�+����ÈÞ\ÛØÚ;à�-1/2�x�

�E�íG #��!$"�ÈFlight-PI%& AO-PIsp�ab���.À0Ápù Am;n]¬�Vsªh^ �BW

�P��ÈV4-2W	�¾¿4��N´©�;Y/�!

¶ 2-28%&¶ 3-26�J ����ÈRS�P"�� FAO4Ï��EqÈFlight-PI%&AO-PIsp�àá��

Ø#$Á�8��±�Äº(�!íZÈRS�P"�� FAO4Ï��EqÈFlight-PI%& AO-PI�n]¬�Vsª

¬� �BW�23 �V¶ 2-19VaWÈ3-16VaWW!)�*�tu��Èn]¬�Vsª¬� �BW42�Eq�Ø#$Á�8

��±��;Y/�!$"�ÈQ�0����:���àá� �B;�Ø#$Á�8��¾¿;íG #��!

¦Q��ÈFlight-PI %& AO-PI ��������£À½ÈgÀ.Ø#½N��:��;&x9;:/*��!$

"�ÈFlight-PI%& AO-PI�sª�à�#È���RSp"�� AO��p�¸¹; #�� ÈvfNê+*

óvfNê�'' �;qe���!
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Hackle region

Mist region

Mirror region

Fracture origin

2rm

¶ 4-1
 �:���J([���sp��	¶[156–158] 

2am

bm

Mirror region

Fracture origin

Hackle region

Exposed surface
or AO-irradiated surface

¶ 4-2
 Flight-PIÈAO-PIsp��	¶

¶ 4-3
 Flight-PIÈAO-PIVîh^3W�àá�.À0Ápù Am
1/2;n]¬��¾¿
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&�*� PÖMN���Ý��OÞßàáL�

2.3.%& 3.3.0��� Flight-PIÈAO-PIÈUV-PIÈEB-PI �_`tu�¶ 4-1 �";��!Þ_`�à�#È

Flight-PI;AO-PI�tu�EF&N01�ÈLEO
�RS��� PI67$8�n]¬�,-&��� ��AO

9;:/*��!"�ÈFlight-PI�sª¸¹�RSpÈ$"�AO�67�íá�p01�);+*ÈAO�67�

��¶pqrÕ�;n]¬�,-&�����¬�y¾41�;qe���!ºàÈAO�67�íá� PI67$

8¶p0�È�«CD�Õ�4=��[152]! + È�«CDÕ�4=����¶p+*��¤ nm B­�s

t01�[22]È¶p��«CDÕ�4 PI67$8�n]¬�,-&�./�z{�îg0��;:/*��!

¶ 2-22È24 �J ����ÈFlight-PI �sª¸¹01�RSp��È»t;æç #�Ä67����VHoleW

4F���� �!íZÈ3.3.6.0������ÈAO-PI �sª¸¹01� AO ��p��È��L���ý

VLocal valleyW4qN���!Flight-PIÈAO-PI�([4'(���;�ÈHole%& Local valley���#ÀØ#;

 #C? È#ÀØ#ïð��h^c¥4=��;®l���[162, 163]!� #È([41�@N·�W �;�È

#ÀØ#4�º�Nê Èsª���;qe���!"�È¶ 2-19È3-16 �J � Flight-PI %& AO-PI �n]¬

�,-&����Èsª¸¹;º� Hole %& Local valley 4RS�P"�� FAO�~�����Äº�);V¶

2-26È¶ 3-25W�¾¿ #��;:/*��!

Flight-PI%&AO-PI�FAO�¨©�n]¬�,-&�Õ��¶ 4-4�J©!))0ÈFlight-PI�FAO��ÈFAO

ô£-�VVespelW�cdvw��lÅ �·V¶ 2-1W�w? �!¶ 4-4��ÈAO-PI ;æç #ÈFlight-PI� FAO

�¨©�n]¬�,-&����Ï��);4�+�!)�tu�ÈFAO�¨©�Hole��%& Local valley��

�Õ��¾¿©�;:/*��!Flight-PI %& AO-PI � FAO�¨©� a0max�Õ��¶ 4-5 �J©!2.3.6.%&

3.3.6.0������ÈFlight-PIÈAO-PI �àá� a0max���â� Hole��%& Local valley���yÂ©�!

¶ 4-5 +*�+����ÈFlight-PIÈAO-PI �qI*�à�#%ÈFAOVatoms/cm2W; a0maxV�mW�¾¿�x�0"

=©�);40�È��"=x��¦3�	0¶���!

Flight-PI: AOFa 21
max0 1036.8 ��� V4-4W

AO-PI:   AOFa 21
max0 1036.2 ��� V4-5W

¶ 4-5 ��ÈAO-PI ;æç #ÈFlight-PI �àá�x��à��Z4Ï��);4�+�!$"�ÈFAO �¨©�

Hole ���~�j�ÈLocal valley ���~�j��%Ï��;Y/�!��tuÈAO-PI ;æç #ÈFlight-PI

�àá�n]¬�,-&����Ï�Äº(�;:/*��!

HTU0�ÈPI67$8�n]¬�,-&�¨©� UV�z{��*�º+(�V¶ 3-17W!UV�����ÈPI

67$8��«CD�Õ�©�);4�*�#��[164]! + ÈPI�UV�¨ #��ö÷j�É #����È

UV ����«CDÕ���¶p�ý0=��;:/*��[164]!$"�ÈUV �����È67$8]Á��«

CD�Õ� º�!��tuÈUV-PI�n]¬�,-&��� º+(�;:/*��!

HTU0�ÈPI67$8�n]¬�,-&�¨©� EB�z{��ñ��º+(�V¶ 3-18W!1.3.1.�����

��Èí
L� PI67$8�����¨ #��õ:�É #��[6, 8, 79, 80]!UPILEX-S�¨ *Ð¥0 EB

�� �Í�È-&4��·� 50%�23©� TD�­ 50 MGy01�[74]!)*¥0 EB��� �Í���È

�*���õ:�J©;®l���!HTU�à�#ÈEB-PI� TD� 1.6È3.3 kGy01�V¶ 3-6WÈ50 MGy;æ

ç #yÂ�2�!����ÈHTU0�ÈEB���n]¬�,-&����µÅ©�);40�º+(�;:/

*��!
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(a) (b)

¶ 4-4
 Flight-PIÈAO-PIVîh^3W�àá� FAO;VaWn]¬�%&VbW-&�¾¿
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¶ 4-1
 Flight-PIÈAO-PIÈUV-PIÈEB-PI�_`tu

!,\$ Flight-PI AO-PI UV-PI EB-PI

�a
,ã�æç

,ÐÑT��

,ã�æç

,FAO�~����T��4�'
Õ�º Õ�º 

cd ÐÑvwVca. 0.1 mg/cm2W FAO�æß #vw Õ�º Õ�º 

ghij ca. 2.5E-24 cm3/atom ca. 2.0–2.5E-24 cm3/atom - -

Bm ÐÑvwVca. 10 �mW FAO�æß #vw Õ�º Õ�º 

n]¬�,-& RS�P�~����23 FAO�~����23 Õ�º Õ�º 

¶pqr

RS�P�~����

,¶p8�4~�

,Hole��4~�

,+,-./012,m�4~�

FAO�~����

,¶p8�4~�

,Local valley��4~�

Õ�º Õ�º 

spxy RSp�¸¹; �����x AO��p�¸¹; �����x
67$8]Á�¸¹

; �����x

67$8]Á�¸¹

; �����x

������
RSp+*�� ÈvfNê+

*óvfNê�''

AO��p+*�� ÈvfNê+*

óvfNê�''
67$8]Á���� 67$8]Á����
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¶ 4-5
 Flight-PIÈAO-PIVîh^3W�àá� FAO;�Ï��#ÀØ#ê� a0max�¾¿

&�&� ����rsâ��{�|����

2.3.%& 3.3.�J ����ÈFlight-PI%& AO-PI�ghij EyÈn]¬�,-&È¶pqrN�¨©��	


�RS¥%&AO��oU¥�n]h^V�Ï­ 7 MPaW�z{��ñ��º+(�!ºàÈPI67$8�'

( �n]h^�È�	
�RS¥%& AO ��oU¥�à�#EFíf01(�;:/*��!67�

Appendix 23.�Ú�����!

AO��oU¥� 60 MPa¦Q�n]h^�'( � PI67$80�ÈPI67$8¥� AO�/�40��

�Èîh^3�Í���¶p8�4Ï�Äº�);4����#��[126]!4.3.0������ÈPI 67$8�n]

¬�,-&�È¶pqr�z{�¬ÄíáÈ¶p8��~����23©�!$"�È�	
�RS¥� 60 MPa

¦Q�n]h^�'( � PI67$8�n]¬�,-&�Èîh^3�Í���23©�Ï\:41�!HTU

�à�#È�	
�RS¥"�� AO��oU¥� PI67$8�'( �n]h^��Ï0­ 7 MPa01�È

60 MPa ;æç #yÂ�2�!����ÈHTU0�È)�*�n]h^4 PI67$8�n]¬�,-&�./

�z{�$�#�ñ��º+(�%�;qe���!

¦Q�������ÈHTU0�È�	
�RS¥�àá�T?ñ!$�n]h^4ÈPI 67$8�n]¬

�,-&����z{ º�);4J���!)�tu�È�	BCDE����k�à�#®¯�ÉGº�

�01�! + ÈCD�; #�>?st�/Ï©���ÈRS¥�n]h^4 PI67$8�<�9:���

z{�./º�@N·�«¬©�);4[ ;º�!)�@N·�«¬��È����n]h^�'( � PI 6

7$8�OPQ��RSTU"�� AO��oU�T;©�c 41�!

&�<� �w�

Þ PI67$8�n]([3�àá�������È�	
�RS��� PI67$8�<�9:��¡¢£¤

8È� #ÈPI67$8�<�9:���¨©��	
�RS¥�n]h^�z{�$�#¦3�";��!

Control-PI �67$8]Á0��4¡=,�� Èsª��(�;:/*��!UV-PIÈEB-PI �spxy�
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Control-PI ;EF&N01(�);+*È)�* PI 67$8�������� Control-PI ;&x9;qe���!

íZÈFlight-PIÈAO-PI �sª0�ÈAO ���67�íá�p+*��4�� ÈvfNê+*óvfNê�

'' �;:/*��!

Flight-PI�_`tu� AO-PI�%�;EF&N01�È�	
�RS��� PI67$8�<�9:����

 ��AO9;:/*��!RSp�Hole4��#ÀØ#; #C? È#ÀØ#ïð�h^c¥4=��);��

�ÈFlight-PI�n]¬�,-&�23 �;:b���!"�ÈRS�P�~���� Flight-PI�n]¬�,-&

�234Ï�Äº���ÈRS�P�~����sª¸¹;º� Hole 4�Äº���9;qe���!ºàÈFAO

�~��¨©� Flight-PI �n]¬�,-&�23�ÈAO-PI ;æç #Ð�01(�!)�tu�ÈFAO�¨©

� Hole���~�j4 Local valley���~�j��%Ï��);�¸�©�;:/*��!

HTU0�ÈPI 67$8�n]¬�,-&����¨ È�	
�RS¥�àá�T?ñ!$�n]h^�

z{ º�);4J���!)�tu�ÈAO �67���¶p8��~���ÈPI 67$8�<�9:�z{�

%F©Ï\:�1�h^ñ!$V60 MPa¦QW;æç ÈHTU0�n]h^V�Ï­ 7 MPaW4yÂ�2�)

;4��9;:/*��!
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<� �� !"���?DãK@ä�GH5BIJK7L�PÖMN���

�

<��� vw�

LEO 
��RS��� PI 67$8�ÈAO �67���þ��� �8�p��©�!� #È)�þ���

�#ÀØ#; #C? ÈPI67$8�n]¬�,-&�23©�!�(#ÈPI67$8��	BCDECD��>

?©�Í�ÈõAO:�|.©�c 41�!��
67$8�õAO:�¼Q����%í
LºÆ[�È67

$8¶p=�î<+0¦7,§[44–47]01�Èî<+0¦7,§|PI67$8��Ä��	<0w?��#��!

9�ÈõAO:%&´�:�É©� ITO+0¦7,§�RSp�; � PI67$8VITO/PI67$8W�È�	<

�RSÁ����>?��#��! + È1.2.1.2.0������È+0¦7,§�²³ÁV+0¦7,§4;��

#�º�ûüW0�ÈAO � Undercut ���3����
67$8467��ÈUndercut cavity 4qN©�[55, 

56]!��
67$8�([4'(���ÓÈUndercut cavity�à�#h^c¥4=��);����®l���!

$"�ÈUndercut cavity���
67$8�<�9:�� �;º�Ï\:4��!

�)0ÈHIJ0�ÈITO/PI67$8�¨ AO��oU�T; �ËÈn]oU��� Undercut cavity4 PI

67$8�<�9:�./�z{�¼½ �!"�È��z{�¡¢£¤8�è5©���È��pab%&s

pab�T; �!

H�0�ÈAO�� � ITO/PI 67$8�_`tu�J Èspxy���������$�#:b©�!�

 #ÈAO�� � ITO/PI 67$8�_`tu%&��������ÈPI 67$8�<�9:�¨©� Undercut 

cavity�z{�$�#µ¶©�!

<��� tuxy�

<����� 4@z7�

HTU0�Èóp�m� 30–40 nm� ITO +0¦7,§�; � UPILEX-S�w? �!UPILEX-S�Bm�

125 �m%& 25 �m� 2ß#; �!ITO/PI67$8�q��ÈSM/SEEDTU�w? �!,\$;&x�],

!$}V¶ 2-2W; �!ºàÈITO/PI67$8�ù��üÈú��""w? �!

<����� �� !"Ð1�u�

AO ��oU��È)*��
�oU���w? �!)*��
�oU���67�$�#�È3.2.3.1.

�Ú:�����!ITO/PI67$8�¨©� AO��oU���¶ 5-1�J©!AO�º­�­ 8 km/s��f

 �!FAO�lÅÆ[�È3.2.3.3.����Æ[;&x01�!AO ��¥È],!$} ITO/PI 67$8�$+ý

Á�Al\ñ0Ú0¢ï0 ÈÁ�>'Á"B�ý�AO�� �!��pù A� 2.52 cm201�!"�È��p

� ITO +0¦7,§�; �p; �!AO��¥�!,\$$$]Ö­� 10–30 °C 01(�!H�M0�È^

��� ITO/PI67$8� Control-ITO/PIÈAO��oUË� ITO/PI67$8� AO-ITO/PI ;��!
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¶ 5-1
 ITO/PI67$8�¨©� AO��oU��

AO velocity, km/s ca. 8.0 

AO flux, atoms/cm2·s ca. 5.0E15 

AO fluence (FAO), atoms/cm2

ca. 3.0E20 

ca. 8.5E20 

ca. 1.3E21 

Vacuum, Pa 1E-3–1E-2 

<���*� ~�xy�

<���*��� ,����

2.2.4.1.;&x�ÈAO��oU�Ë�àá� ITO/PI67$8��a�ãz �!

<���*��� �����

2.2.4.2.;&x�ÈAO��oU�Ë�àá� ITO/PI67$8�cdef�T; �!

<���*�*� �������

cdvwd�m ; FAOV¶ 5-1W+*ÈV1-2W	�w? # AO-ITO/PI�ghij Ey�kl �!

<���*�&� �{�u�

Control-ITO/PIÈAO-ITO/PI �¨ ÈASTM D-638-03[129]�ÄÅ �n]oU�T; �!oU��ÈoU

��Èn]¬�,-&�fíÈûüý�klÆ[� 2.2.4.5.;&x01�!ITO/PI67$80�ÈITO+0¦7,§

4 AO �<ÛØ#©���ÈAO �67���Bmvw�=�º�!�(#ÈAO-ITO/PI �h^ �VMPaW�È¦3

�	��kl �!

3
0 102 ��


�
tW
F
   for AO-ITO/PI V5-1W

<���*�<� Ð1W���

Control-ITO/PI¶pVITO+0¦7,§pW%& AO-ITO/PI��pVITO+0¦7,§pW� SEMab�T; 

�!AO-ITO/PI ���pab��È],!$} ITO/PI 67$8;&���0 AO�� ��q ITO/PI 67$8

V�=1 in.W�w? �!ab�w? ���%&ab��� 2.2.4.6.;&x01�!ºàÈITO+0¦7,§�´�

:01���ÈSEMab�� Pt�}�T; º+(�!

<���*�.� �W���

2.2.4.7.;&x�ÈControl-ITO/PI%& AO-ITO/PIsp� SEMab�T; �!
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<�*� ~����

<�*��� ,��

Control-ITO/PIÈAO-ITO/PIVt0=125È25 �mW��a�¶ 5-1È2�J©!�ü��Bm�à�#%ÈAO-ITO/PI

�ã��É #à�ÈAO�67���T��N��ñ��üÈControl-ITO/PI ;EF&N��a01(�!

(a)
Irradiated area

(b)

¶ 5-1
 VaWControl-ITO/PIVt0=125 �mW%&VbWAO-ITO/PIVt0=125 �mWVFAO: 1.3E21 atoms/cm2W��a

(a)
Irradiated area

(b)

¶ 5-2
 VaWControl-ITO/PIVt0=25 �mW%&VbWAO-ITO/PIVt0=25 �mWVFAO: 1.3E21 atoms/cm2W��a

<�*��� ������

FAO; AO-ITO/PI�úÀpùÂ���cdvwd�m/A�¾¿�¶ 5-3�J©!¶ 5-3��Ú:���È+0

¦7,§�; #�º� PI 67$8VAO-PIVt0=125 �mWVîh^3WW��m/A �J �!AO-PI��m/A� FAO�

EFæß #~� È1.3E21 atoms/cm20�­4 mg/cm201(���¨ ÈAO-ITO/PI��m/A�®¯�±�ÄÈ

1.3E21 atoms/cm2�à�#%­ 0.5 mg/cm201(�!)�tu��ÈITO/PI67$8�j��õ AO:4�ñ�

��!ºàÈAO-ITO/PI0�*��°wº�m/A�ÈITO +0¦7,§�²³Á�àá� Undercut���=��c

dvw�¸�©�;:/*��!
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¶ 5-3
 FAO; AO-ITO/PI�úÀpùÂ���cdvwd�m/A�¾¿

<�*�*� �����

FAO; AO-ITO/PI�ghij Ey�¾¿�¶ 5-4�J©!¶ 5-4��Ú:���ÈAO-PIVt0=125 �mWVîh^

3W� Ey�J �!AO-ITO/PI� Ey�­ 0.1–0.5E-24 cm3/atom01�ÈAO-PI� EyV­ 2.0–2.5E-24 cm3/atomW

�� 1ÇB­2�·01(�!"�ÈAO-ITO/PI� Ey�ÈFAO�~����ÐÑvw©�à¼�J �!)��È

AO-ITO/PI �cdvwd�m 4 FAO�þ� #~��üÈEFíf01(�);V¶ 5-3W�¸�©�!�m 4í

f01�Í�ÈV1-2W	��kl��� Ey� FAO�~����vw©�);�º�!

¶ 5-4
 FAO; AO-ITO/PI�ghij Ey�¾¿
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<�*�&� �{MN�

"üÈ^��� PI67$8�n]9:�¨©� ITO+0¦7,§Vt=30–40 nmW�z{�$�#���!¶ 5-5

�È^���PI67$8VControl-PIVt=125 �mWW;^��� ITO/PI67$8VControl-ITO/PIVt=125 �mWW�h^

Lûüýþ��J©!)�* PI 67$8�h^Lûüýþ��[º�È�:jÈ5%ûüýÁn]h^V­ 215 

MPaWÈ�:ÕqË�ûüý
�j�&N01(�!"�Èn]¬�,-&�$�#%EFN �·;º(�!¦

Q��ÈITO+0¦7,§Vt=30–40 nmW4^��� PI67$8�n]9:�./�z{�E;§qî�;Y/�!

FAO; AO-ITO/PI�n]¬�,-&�¾¿�¶ 5-6�J©!¶ 5-6��Ú:���ÈAO-PIVt0=125 �mWVîh

^3W�n]¬�,-&�J �!AO-ITO/PI �n]¬�,-&� FAO�~����23 È��23�B­�

AO-PI ��Ï�+(�!1.3E21 atoms/cm2�àá� AO-ITO/PIVt0=125 �mW�n]¬�� Control-ITO/PI �­

80%È-&�­ 30%01(�!íZÈAO-ITO/PIVt0=25 �mW0�È1.3E21 atoms/cm2; 8.5E20 atoms/cm2�àá

�n]¬�,-&4&B­01(�!$"�ÈFAO �~����n]¬�,-&�23�È8.5E20 atoms/cm2 0H

é©�à¼�J �!8.5E20 atoms/cm2�àá�AO-ITO/PIVt0=25 �mW�n]¬��Control-ITO/PI�­ 65%È

-&�­ 35%01(�!

AO-ITO/PIV t0=125È25 �mW�h^Lûüýþ��¶ 5-7 �J©!�ü��h^Lûüýþ�%

Control-ITO/PI �%�;EF[º(#à�ÈAO ����� ITO/PI 67$8��:jÈ5%ûüýÁn]h^V­

215 MPaVt0=125 �mWÈ­ 285 MPaVt0=25 �mWWÈ�:ÕqË�ûüý
�j�Õ��=�º+(�!$"�È�

ü��Bm�à�#%ÈAO-ITO/PI� Control-ITO/PI ;&�h^Lûüýþ�Q0n]¬�,-&423 �!

ºàÈ¶ 5-6È7+*�+����ÈAO-ITO/PIVt0=125 �mW;æç #ÈBm�¹� AO-ITO/PIVt0=25 �mW�n

]¬���+(�!)�tu�ÈPI 67$8�n]¬�4Bm�þ�©�);�J #��!4.2.0������È

Bm4m�Eq67$8]Á�`a4Àá�ÄÄÈ}Ë`a�z{���p]Í¼­�23©�[132, 134]!$

"�È¹� PI 67$8Eq��p]Í¼­�É©�!"�Èp]Í¼­;¬­��y¾41�Èp]Í¼­4�

�Eq¬­��Äº�!¦Q��Èí
L�ÈBm�¹� PI67$8Eq��n]¬��J©[165]!

¶ 5-5
 Control-PIVt=125 �mW; Control-ITO/PIVt=125 �mW�h^Lûüýþ�
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(a) (b)

¶ 5-6
 FAO; AO-ITO/PI�VaWn]¬�%&VbW-&�¾¿

(a) (b)

¶ 5-7
 VaWAO-ITO/PIVt0=125 �mW%&VbWAO-ITO/PIVt0=25 �mW�h^Lûüýþ�

<�*�<� Ð1W���

Control-ITO/PIVt0=125È25 �mW¶pVITO +0¦7,§pWÈ%&ÈAO-ITO/PIVt0=125È25 �mW��pVITO +

0¦7,§pW� SEMì)�¶ 5-8È9�J©!Control-ITO/PI¶p��ÈITO+0¦7,§�²³4F��ab

���!íZÈAO-ITO/PI��p��ÈITO+0¦7,§�²³Á�Undercut cavity4qN���!ITO+0¦7

,§�²³Á¦��ûü�ÈAO��Ë�à�#%>?01�ÈAO���67��ñ��º+(�!

ITO +0¦7,§�@*üÈ��
67$8¶p�; �î<+0¦7,§��È�¯�Ä�²³4��©�
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[47, 166]!ß/~È>\º Kapton¶p�på � SiO2+0¦7,§Vt=130 nmW��È­ 400 defects/cm2�²³

4��©�[57]!²³�qN �; #�È3�;º���
67$8¶p�þ�È��
67$8¶p�|}

 �de©
È�,54,§¥"��TU¥��fÏ�N4:/*��!+0¦7,§�²³�vw���Æ[;

 #Èñ!4,§ñ),�w?fde��E;¦6Û,�&Á½|Ø-4,§4Éi01�;����#��

[166–168]! + È+0¦7,§�²³�ÌS�îÄ©);� ¡01�È��
67$8¶p�på �î<+

0¦7,§��wº+*ü²³4��©�!

¶ 5-8
 VaWControl-ITO/PIVt0=125 �mW¶pVITO +0¦7,§pW%&VbW–VdWAO-ITO/PIVt0=125 �mW��p

VITO +0¦7,§pW� SEMì)VFAO: VbW3.0E20ÈVcW8.5E20ÈVdW1.3E21 atoms/cm2W
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¶ 5-9
 VaWControl-ITO/PIVt0=25 �mW¶pVITO +0¦7,§pW%&VbW–VdWAO-ITO/PIVt0=25 �mW��p

VITO +0¦7,§pW� SEMì)VFAO: VbW3.0E20ÈVcW8.5E20ÈVdW1.3E21 atoms/cm2W

<�*�.� �W���

Control-ITO/PIVt0=125 �mWspÈ%&ÈAO-ITO/PIVt0=125 �mWsp� SEMì)�¶ 5-10�J©!¶ 5-10

�à�#ÈspQá�p4��pVITO +0¦7,§pW01�!Control-ITO/PIVt0=125 �mW�sp��ÈITO +

0¦7,§�; #�º� Control-PIVt0=125 �mW�spV¶ 2-27W;&xÈ67$8]Á�¸¹; �����x

4�ñ���!íZÈAO-ITO/PIVt0=125 �mW0�ÈS#�sp�à�# Undercut cavity�¸¹; �����

x4�*��!AO-ITO/PIVt0=125 �mW�sp��ü�%SÄL�>?01�È.À0ÁN��*�º+(�!"

�È����x�¸¹01� Undercut cavity�ÈFAO�~���� AO��p�¨ EF½xZ¼��Äº(

�!ºàÈUndercut cavity�¸¹; �����x�ÈspSÄ0¤ï��� �!

Control-ITO/PIVt0=25 �mWspÈ%&ÈAO-ITO/PIVt0=25 �mWsp� SEMì)�¶ 5-11�J©!¶ 5-11�

à�#ÈspQá�p4��pVITO +0¦7,§pW01�!Control-ITO/PIVt0=25 �mW�sp��ÈITO +0

¦7,§p�¸¹; �����x4�ñ���!����x�¸¹»��æçL>?01�È¸¹+*��

�ûü�8�p�� #��!íZÈAO-ITO/PIVt0=25 �mW�sp��ÈUndercut cavity�¸¹; �����

x"��I��x4qN��#��!"�È.À0ÁN��ñ��º+(�!Undercut cavity � FAO�~���

��Äº�È8.5E20 atoms/cm2 �àá� Undercut cavity ���Bm;EF&B­01(�!� #È1.3E21 

atoms/cm2 0�ÈUndercut cavity 467$8�ÌS�J� #��!ºàÈAO-ITO/PIVt0=125 �mW;&xÈ

Undercut cavity�¸¹; �����x%&I��x�ÈspSÄ�¤ï�0ab���!

3.0E20 atoms/cm2�àá� AO-ITO/PIVt0=25 �mWspV¶ 5-11VbWW0�ÈUndercut cavity+*����{�

Bm4¹Äº�Ö×4�*��!sp+*Bm�ef �tuÈUndercut cavity4qN��#��À�0�Bm

4­ 25 �m01���¨ ÈUndercut cavity+*­ 50 �m���À�0�Bm�­ 20 �m01(�!AO-ITO/PI
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�n]([4'(���;�ÈUndercut cavityïð�h^Í� 3ù�r�1�;®l���!3ù�r�1�û

ü�ÑKh^�ÈX:�������«Ä�ÑKh^���Äº�[162]!$"�ÈUndercut cavity ïð"B;æ

ç ÈUndercut cavity +*���ûü�ÑKh^�2ÄÈjïL�Õq©�;:/*��!��tuÈUndercut 

cavity+*� ��þ� �Bm�Õ�4=��;qe���!

50�m

ITO-coated
surface

(a)

10�m

50�m

Undercut cavityIrradiated
surface

(ITO-coated
surface)

(b)

10�m

50�m

Undercut cavity
Irradiated

surface
(ITO-coated

surface)

(c)

10�m

50�m

Undercut cavity

Irradiated
surface

(ITO-coated
surface)

(d)

10�m

¶ 5-10
 VaWControl-ITO/PIVt0=125 �mW%&VbW–VdWAO-ITO/PIVt0=125 �mWsp� SEMì)

VFAO: VbW3.0E20ÈVcW8.5E20ÈVdW1.3E21 atoms/cm2W

V�¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W
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10�m

ITO-coated
surface

(a)

¶ 5-11
 VaWControl-ITO/PIVt0=25 �mWsp%&VbW–VdWAO-ITO/PIVt0=25 �mWsp� SEMì)

VFAO: VbW3.0E20ÈVcW8.5E20ÈVdW1.3E21 atoms/cm2W

V3¶"���¶: �×0t§9ûü�/Ï¶WV��: ����x�¸¹W
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<�&� ×ØÙÚÛÜ�

Control-ITO/PIVt0=125 �mWspV¶ 5-10VaWW��67$8]Á�¸¹; �����x4�ñ���);+*È

ITO +0¦7,§�; #�º� Control-PIVt0=125 �mW;&xÈ67$8]Á����4�% Èsª��(�;

:/*��!íZÈControl-ITO/PIVt0=25 �mWspV¶ 5-11VaWW0�ÈITO +0¦7,§p������x4r4

(#à�ÈITO +0¦7,§p�¸¹; #sª �;qe���!)�*�tu+*ÈBm����������

��4<º�;Y/�!4.2.0�����ÈControl-ITO/PIVt0=125 �mW����Bm4m�Í�È}Ë`a���

67$8]Á�¬­4��L�2Äº�!íZÈControl-ITO/PIVt0=25 �mW�Bm4¹ÄÈ}Ë`a4wº��

�È67$8]Á�¬­23�±��!��tuÈBm������sª�¸¹4<º(�;:/*��!

n]oUË�àá� ITO/PI67$8¶pVITO+0¦7,§pW� SEMì)�¶ 5-12�J©!n]oUË�

ITO +0¦7,§��Èh^Z¼�½x0EFNPë�-�#ÀØ#4qN��#��!)�9ÎLº#ÀØ#�È

ITO +0¦7,§;3�� PI 67$8�-&4Ï�Ä<º�);�¸�©�[169]!¶ 5-11VaW+*�+����È

Control-ITO/PIV t0=25 �mW�sp�È)� ITO +0¦7,§�#ÀØ#�L(#qN��#��!�(#È

Control-ITO/PIVt0=25 �mW�àá���¡=,����ÈITO +0¦7,§�#ÀØ#4¬Äz{ #��;:/*

��!

"�Èn]oUË�àá� ITO/PI67$8¶pVITO+0¦7,§pWV¶ 5-12W��È9ÎLº ITO+0¦7,

§�#ÀØ#��/Èh^Z¼�>'ºMVWrinkleW4�ñ���!)�M�È3�� PI 67$84UpÕq �

);���=��;:/*��!í
�Èn]([�'( ����È3ð�,æ�h�#([Z¼;½xºZ¼

�UpÕq©�!ITO+0¦7,§�Õq\�®¯�±����È3��PI67$8�UpÕq�h�#Õq©

�);40�üÈITO +0¦7,§�M4=��;qe���!

AO-ITO/PIVt0=125È25 �mW�spV¶5-10VbW–VdWÈ¶5-11VbW–VdWW��ÈUndercut cavity�¸¹; ���

��x"��I��x4qN��#à�È�:sp�xy[170]�� #��!)�spxy+*ÈAO-ITO/PI

Vt0=125È25 �mW�ÈUndercut cavity ����4�% È�:L�sª��(�;:/*��!

¶ 5-12
 n]oUË�àá� ITO/PI67$8¶pVITO +0¦7,§pW� SEMì)

<�<� PÖMN�åæ� Undercut cavity����

AO-ITO/PI�spxyV¶ 5-10VbW–VdWÈ¶ 5-11VbW–VdWW��ÈUndercut cavity� PI67$8�sª¸¹;º

�);45*+;º(�!"�È)�*sp+*ÈUndercut cavity�FAO�~�����Äº�);4�ñ���!í

ZÈ¶ 5-6�J ����ÈAO-ITO/PI�n]¬�,-&� FAO�~����Ï�Ä23 �!¦Q��ÈUndercut 

cavity� PI 67$8�n]¬�,-&�23��È��23� Undercut cavity���~����Ï�Äº�;Y
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/�!� #ÈUndercut cavity��� PI67$8�n]¬�,-&�23�ÈUndercut cavity467$8�J�©

�"0~Ï ÈJ�Ë�Hé©�;:/*��!¶ 5-6 +*�+����ÈAO-ITO/PIVt0=25 �mW0�È1.3E21

atoms/cm2; 8.5E20 atoms/cm2�àá�n]¬�,-&4EF&N01(�!)��È8.5E20 atoms/cm2�;�È

Undercut cavity���Bm;EF&B­"0W #à�V¶ 5-11VcWWÈ��¦Q� FAO0�ÈUndercut cavity4

67$8�J� ���9;qe���!

<�.� �w�

AO-ITO/PI�_`tuÈ������È%&ÈPI67$8�<�9:�¨©� Undercut cavity�z{�$�

#¦3�";��!

AO-ITO/PI �ã��É #à�ÈAO �67���T���=�º(�!"�Ècdvw�E;§qºÄÈ

ITO/PI67$8���õ AO:4�ñ���!AO-ITO/PI�ghij Ey�­ 0.1–0.5E-24 cm3/atom01(�!

AO-ITO/PI �n]¬�,-&� FAO�~����23 È��23�B­� ITO +0¦7,§�; #�º�

AO-PI ��Ï�+(�!"�È�:jÈ5%ûüýÁn]h^È�:ÕqË�ûüý
�j�Õ��=�º+(

�!AO-ITO/PI��p� ITO +0¦7,§²³Á��ÈUndercut cavity4qN��#à�È����� FAO�~

����Ï�Äº(�!Control-ITO/PIsp��67$8]Á"�� ITO+0¦7,§p�¸¹; �����x

4qN��#����¨ ÈAO-ITO/PIsp�� Undercut cavity�¸¹; �����x"��I��x4�

*��!

spxy��ÈControl-ITO/PI �È67$8]Á"�� ITO +0¦7,§p+*��4�� Èsª��(�;

:/*��!íZÈAO-ITO/PI�ÈUndercut cavity ����4�% È�:L�sª �;qe���!

¦Q��ÈUndercut cavity� PI67$8�n]¬�,-&�Ï�Ä23���;Y/�!"�ÈUndercut cavity�

��n]¬�,-&�23�ÈUndercut cavity4�Äº��{�#~Ï ÈUndercut cavity467$8�J� �

;�È��23�Hé©�;:/*��!
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.� �ç|è���éê��ë��

�

.��� vw�

4.2.�������ÈFlight-PI %& AO-PI ��������È£À½ÈgÀ.Ø#½N��:���#= #�

�;:/*��!"�È5.4.�������ÈAO-ITO/PI� Undercut cavity+*��4�� È�:L�sª �;

qe���!)�*�tu�ÈPI 67$8%&+0¦7,§| PI 67$8��	
�RS���¬­��_`�

¨ Èsª^«L´Í+*�µ¶4Ï\01�);�J� #��!

sª^«�ÂÃÄ¬­_`��ÈPI 67$8�sª¯:· Kc4c 01�!��
���sª¯:oU[

�ASTMÂÃ0�Ä���#��[171, 172]! + ÈN��sª¯:oU[0�È»[ ���(#m�oU

ó0�_`�@*��>pûüý�r��ö;©���Èm� 1 mm¦3�B���>?0�º�!"�È¹ä

Nqx�oUó; #?��);40��sª¯:_`[; #ÈEWFVEWF: Essential Work of FractureW[[173,

174]���oU[4ÒÓ�Ä��¼á#OP��#��4[175]Èsª^«;�¨h¾¿�cü %�´��#

�º�!

sª^«�ÂÃÄ¬­_`�à�#ÈKc ��/#[ ;º��4sª¸¹;º�²³»[01�!4.3.%&

5.5.�������ÈPI 67$8%& ITO/PI 67$8�<�9:���³.©��	
��
� AO 01�!�

(#È�	
�RS���)�* PI67$8�¬­���®e©���È²³»[; FAO�¾¿�´Å©�c 

41�!

¦Q��ÈHIJ0�Èsª^«���¬­®e�ï´IÈKc %&²³»[�$�#_`�'(�!Kc _`

0�È°±²³�´µ � PI 67$8�n]oU�T; �ËÈspab�'(�!� #Èn]oU��¥*

��sª¬��BÈ%&Èspab��ef �°±²³�»[+*ÈPI67$8�Kc�qf �!î�ÈFlight-PIÈ

AO-PIÈAO-ITO/PI �sp��Þ PI 67$8�²³»[�ef ÈFAO;�¾¿	�´Å �!¦Q0`�� Kc

%&²³»[; FAO�¾¿�?�#ÈÞ PI67$8�àá�n]¬�; FAO�¾¿�sª^«���®e©�)

;�oý�!

H�0�È"ü PI67$8�Kc_`tu�$�#J©!î�ÈFlight-PIÈAO-PIÈAO-ITO/PI�àá�²³»

[; FAO�¾¿�$�#���!� #Èsª^«�?�� PI 67$8�n]¬�lÅÆÇ�J È®etu;

TU·�æç�'�!"�È®etu;TU·���:+*È�	
�RS��� PI 67$8%&+0¦7,§

| PI 67$8�¬­��_`�¨©�sª^«LÆ[�Éi:�$�#µ¶©�!�Ë�ÈHIJ0Ì¡ 

�¬­��®e[�ÊË��Ì�$�#���!

.��� �çìN~��

.����� tuxy�

.������� 4@z7�

HTU0�ÈBm 125 �m%& 25 �m� UPILEX-S�w? �!!,\$q��],!$}V¶ 2-2W; �!

.������� íîïð�ñò�

"üÈ],!$} PI 67$8�Á�>'Á�Î,$0$�É � SUS \ñ0Ú��� È��y�ûü� Al

6$"$0Q§9V¶ 6-1W!))0ÈBm 125 �m%& 25 �m� PI67$8��È��â� ���200 �m�È10 �m�
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Î,$0$�É � SUS \ñ0Ú�w? �!ã�#È)� PI 67$8�¨ È)*��
�oU��V3.2.3.1.

Ú�W�?�# AO��oU�T; �!Âj AO��oU����¶ 6-1�J©!¶ 6-1��r� PI 67$

8�¨ AO ��©�;ÈÎ,$0$Á�ý4 AO �67�íá�!��tuÈPI 67$8¶p��°±º²³

V�W4´µ���V¶ 6-2W!H�M0�È°±²³�´µ � PI67$8� Defect-PI ;��!

¶ 6-1
 ²³´µ���� AO��oU��

AO velocity, km/s ca. 8.0 

AO flux, atoms/cm2·s ca. 5.0E15 

for 125-�m-thick PI films ca. 1.1E21 AO fluence (FAO),

atoms/cm2 for 25-�m-thick PI films ca. 0.3–0.9E20 

Vacuum, Pa 1E-3–1E-2 

Al foilSUS plate with a pinhole
Zpinhole: � 200 or 10 �m\

¶ 6-1
 ¶p�°±²³�´µ©���� AO�� � PI67$8��a

PI film

SUS plate Pinhole
(dia.=200 or 10 �m)

PI film Defect

AO

¶ 6-2
 AO�����°±²³´µ�hp�	¶
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.�����*� ~�xy�

.�����*��� �{�u�

Defect-PI �¨ ÈASTM D-638-03[129]�ÄÅ �n]oU�T; �!oU��ÈoU��Èn]¬�,-

&�fíÈûüý�klÆ[� 2.2.4.5.;&x01�!ºàÈDefect-PI �h^ �VMPaW�È¦3�	��kl 

�!

3
0 102 ��


�
tW
F
   for Defect-PI V6-1W

.�����*��� óW���

Defect-PI¶pV²³"BW� SEMab�T; �!Defect-PI�¶pab��È],!$} PI67$8;&x

�ÈÎ,$0$��� # AO���'(��q PI 67$8V�=�1 in.W�w? �!ab�w? ���%&a

b��� 2.2.4.6.;&x01�!

.�����*�*� �W���

2.2.4.7.;&x�ÈDefect-PIsp� SEMab�T; �!

.�����*�&� �çìNô���

sª¯:· Kc �kl��ÈØ¶p�×èq�#ÀØ#�1�>î@Ä�íxn]�V3ð�,æ �=0.3WÙV¶

6-3W�>?����Ïh^/Ï¿¤VKI max: The Mode I Maximum Stress Intensity Factor, MPam1/2W�"=	

VV6-2W	W[176]�?��!

dI AK 6
max 10650.0 �
� �
 V6-2W

))0ÈAd��h^p�Rz �²³Á�pùV�m2W01�!KI max=Kc�;��sª4=��; #Èn]oU�

�ð¥ �sª¬� �BVMPaW%&sp��ef �²³pùVAd, �m2W+* KcVMPam1/2W�lÅ �!

dBc AK 610650.0 �
� �
 V6-3W

�

Ad

�

¶ 6-3
 ¶p�×èq�#ÀØ#�1�>î@Ä�íxn]�[176] 
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.����� ~����

.������� �{MN�

Defect-PIVt=125È25 �mW�h^Lûüýþ��¶ 6-4�J©!¶ 6-4��æç���È²³4�� º� PI

67$8VControl-PIW�h^Lûüýþ��J �!�ü��Bm�à�#%ÈDefect-PI �sª¬� �B �È

Control-PI� �B;æç #Ï�Ä23 �!"�ÈDefect-PI�h^Lûüýþ��Control-PI�%�;EF[º(

#à�È�:jÈ5%ûüýÁn]h^V­ 215 MPaVt=125 �mWÈ­ 285 MPaVt=25 �mWWÈ�:ÕqË�ûüý


�j�Õ���*�º+(�!

(a) (b)

¶ 6-4
 VaWDefect-PIVt=125 �mW%&VbWDefect-PIVt=25 �mW�h^Lûüýþ�

.������� óW���

Defect-PIVt=125È25 �mW¶pV²³"BW� SEMì)�¶ 6-5È6�J©!AO���67�íá�ûü�x

��Î,$0$�x�;EF&N01�ÈÎ,$0$Á�ý4 AO���67�íá�;	h0��!

���m

� 200 �m(a)

���m

(b)

¶ 6-5
 VaWVbWDefect-PIVt=125 �mW¶pV²³"BW� SEMì)V!,\$àõ×: VaW0 °ÈVbW45 °W
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¶ 6-6
 VaWVbWDefect-PIVt=25 �mW¶pV²³"BW� SEMì)V!,\$àõ×: VaW0 °ÈVbW45 °W

.�����*� �W���

Defect-PIVt=125È25 �mWsp� SEM ì)�¶ 6-7È8�J©!�ü��sp�à�#%È°±²³�¸¹;

 �����x4ab���!"�È°±²³�»t�.À0ÁN��*�º+(�!)�*spxy��È

Defect-PI�°±²³�¸¹; #�:L�sª �;:/*��!

����m

Defect

���m

¶ 6-7
 Defect-PIVt=125 �mWsp� SEMì)V�¶: �×0t§9ûü�/Ï¶W

10�m

Defect

5�m

¶ 6-8
 Defect-PIVt=25 �mWsp� SEMì)V�¶: �×0t§9ûü�/Ï¶W

.�����&� �çìNô�

n]oU��ð¥ �sª¬� �BÈsp��ef �²³pù Ad�>Z�VAd
1/2WÈ� #È)�*�·�?�

#V6-3W	��kl � PI67$8Vt=125È25 �mW�sª¯:· Kc�¶ 6-2È3�J©!))0ÈAd�spQ�²

宇宙環境曝露によるポリイミドフィルムの機械特性劣化とその予測法 101

This document is provided by JAXA.



³�'q�"= #`��V¶ 6-9W!¶ 6-2È3+*�+����ÈPI67$8Vt=125È25 �mW� Kc� Ad
1/2�~�

���Q.©�à¼�J �!)� Kc �²³»[þ�:�ÈAd �~Ï���#ÀØ#ïð�X:Õq4Ï�Ä

º�È#ÀØ#�%�c º¼/$â04~�©�);�¸�©�;:/*��!ºàÈóá�.²��´µ �o

Uó�íxn]����qf � PI67$8� Kc�à�#%ÈKc�.²�ê��~����Q. ÈHTU;&

x�²³»[þ�:�J©);4����#��[177]!

Kc; Ad
1/2�¾¿�¶ 6-10 �J©!�ü��Bm�à�#%ÈPI 67$8� KcVMPam1/2W; Ad

1/2V�mW�¾¿

�x�0"=0�È��"=x��¦3�	0¶���!

PI film (t=125 �m): 38.11012.1 212 ��� �
dc AK V6-4W

PI film (t=25 �m):  50.11019.2 212 ��� �
dc AK V6-5W

¶ 6-2
 PI67$8Vt=125 �mW�sª¯:_`tu

No. 
Breaking Strength (�B),

MPa

Defect Area (Ad
1/2),

�m

Fracture Toughness (Kc),

MPa m1/2

1 238 51.1 1.96 

2 235 55.2 2.01 

3 235 55.2 2.01 

4 228 56.8 1.98 

5 230 61.2 2.08 

6 229 63.9 2.10 

7 226 65.2 2.10 

8 224 65.6 2.09 

9 230 66.4 2.15 

¶ 6-3
 PI67$8Vt=25 �mW�sª¯:_`tu

No. 
Breaking Strength (�B),

MPa

Defect Area (Ad
1/2),

�m

Fracture Toughness (Kc),

MPa m1/2

1 491 8.76 1.67 

2 482 9.15 1.68 

3 481 9.73 1.73 

4 485 9.89 1.76 

5 423 13.0 1.75 

6 440 13.0 1.83 

7 434 13.5 1.84 

8 410 14.2 1.78 

9 400 16.1 1.85 
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���m

Defect area (Ad)

(a)

5�m

Defect area (Ad)

(b)

¶ 6-9
 VaWVbW'q"= �spQ�²³VVaWDefect-PIVt=125 �mWspÈVbWDefect-PIVt=25 �mWspW

¶ 6-10
 PI67$8Vt=125È25 �mW�àá�sª¯:· Kc;²³pù Ad
1/2�¾¿

.�*� �çõöO÷�ïðøyO�� !"J7ù@ú�ûü�

.�*��� BýDþøyO�� !"J7ù@ú�ûü�

4.2.0������ÈFlight-PI%& AO-PI�sª:B0�È��4RSp"�� AO��p+*�� Èvf

Nê+*óvfNê�''©�;:b���!£À½ÈgÀ.Ø#½N��:��0�ÈvfNê+*óvfN

ê�''©�Ó���»[È©ºHI.À0Á»[�sª¸¹;º�²³»[;�º Èsª^«La¹+*�

:b4'H�#��[157, 158, 178]!HIJ%���S�ÈFlight-PIÈAO-PI�sª¸¹;º�²³»[; #.

À0Á»[�T?©�!¦3ÈFlight-PIÈAO-PI�.À0Á»[; FAO�¾¿�$�#µ¶©�!

Flight-PIspV¶ 2-28W%& AO-PIspV¶ 3-26W�È�	L�¶ 4-2����¶���!Flight-PIÈAO-PIs

p��ef �.À0Á
 2am%&�� bm ;�Ï��#ÀØ#ê� a0max�¾¿�¶ 6-11 �J©!ºàÈ3.0E21 

atoms/cm2�àá� AO-PI spV¶ 3-26VeWW0�È.À0Á�5��D3©�);40�º+(�!����ÈÂ

jAO-PI�õ0-�¶ 6-11�\ÛØÚ��#�º�!Flight-PIÈAO-PI� 2amV�mW%& bmV�mW�ÈqI*% a0max

V�mW�EFæß #~�©�à¼�J È"=x��¦3�	0¶���!
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Flight-PI, AO-PI: 9.227.232 max0 �� aam V6-6W

               8.1477.3 max0 �� abm V6-7W

V6-6WÈV6-7W	�V4-4WÈV4-5W	�uµ©�);���ÈFlight-PIÈAO-PI � 2amV�mW%& bmV�mW; FAO

Vatoms/cm2W�¾¿�¦3���;º�!

Flight-PI: 9.221098.12 19 ��� �
AOm Fa V6-8W

         8.141015.3 20 ��� �
AOm Fb V6-9W

AO-PI:   9.221059.52 20 ��� �
AOm Fa V6-10W

         8.141090.8 21 ��� �
AOm Fb V6-11W

"�ÈV4-3W	�V6-8W–V6-11W	�uµ©�);���ÈFlight-PIÈAO-PI �.À0Ápù AmV�m2W�¦3�	0

¶���!

Flight-PI: � �7.841013.91056.1 19239 ����� ��
AOAOm FFA � V6-12W

AO-PI:   � �7.841058.21024.1 19240 ����� ��
AOAOm FFA � V6-13W

V6-8W–V6-11W	+*�+����Èbm�� 2am�Z4FAO�¨©�~�j4Ï��!$"�È.À0Áq�� FAO

�~����7ê�>���Õ�©�!Flight-PIÈAO-PIsp��ef �.À0Á�ð½ä#ÚæVbm/amW;FAO

�¾¿�¶ 6-12�J©!¶ 6-11 ;&xÈ3.0E21 atoms/cm2�àá� AO-PI�õ0-�¶ 6-12�\ÛØÚ��#

�º�!Flight-PIÈAO-PI �qI*�à�#%Èbm/am� FAO�~����vw©�à¼�J �!$"�È.À0

Á�FAO�~����7ê�º(�!)�tu�È#ÀØ#4¡= �p�8�È©ºHIÈFlight-PIRSp%&

AO-PI ��p�8��¾¿ #��;:/*��!¶ 2-25VaWÈ¶ 3-24VaW�J ����ÈFlight-PI RSp%&

AO-PI��p�8��ÈRS�P"�� FAO�~����Ï�Äº(�!íZÈ8��Ï��¶p��¡= �#

ÀØ#�È¶p8��z{���Èªí�������©���%8�p�L(�Z¼�jÀ���©�);4�

���#��[157]!¦Q��ÈFAO �~����#ÀØ#���Z¼�./�¶p8��z{4Ï�Äº�È#ÀØ

#���p�L(�Z¼��� �Äº�;Y/�!��tuÈFAO�~���� bm/am�vw È.À0Á�7

ê�Õq �;:/*��!

¶ 6-11 �J ����ÈFlight-PIÈAO-PI �àá�.À0Á»[ 2am%& bm�È�Ï��#ÀØ#ê� a0max�

~����Q. �!)�tu�$�#È#ÀØ#��UV^VR: crack extension resistance, N/mWþ���:b

©�!

"üÈR þ��$�#�5©�!#ÀØ#�É©��:Ä4�^�íáÈ��#ÀØ#4Nê #�Ä;��¼/

$â0Õ��:/�Í�È#ÀØ#4úÀpù9á~�©�Ó�è����¼/$â0V¼/$â0è�jWVG:

strain energy release rate, J/m2W4È#ÀØ#NêÁ�úÀpù�#ÀØ#�=����c º;�VGc, J/m2W�W

 �;�È�:sª4¡=©�!Griffith ���ÌS�:Ä��:sª��0�È#ÀØ#4( �sp�C��

��c º;� 2�V�: surface energy, J/m2W� Gc; #��[162, 178]!G%& Gc�úÀ� J/m20¶���4È)

�� N/m0%1�ÈG�#ÀØ#��^Vcrack extension force, N/mWVúÀm�Â���#ÀØ#����^WÈGc�

#ÀØ#��UV^Vcrack extension resistance, N/mWVúÀm�Â���#ÀØ#Nê�¨©����UV^W;�

�!#ÀØ#��UV^ Gc� R ;?�ÈR4#ÀØ#ê����Õ�©����J �%�4 Rþ�01�!

sª:B�à�#È#ÀØ#�óvfNê�ï´(#vfNê4=��);� R þ���£���¶ ��4

¶ 6-1301�[179]!))0ÈRþ��íf0�ºÄÈ#ÀØ#�Nê��(#~�©�; #��!)��È#ÀØ#
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ê��~����È#ÀØ#ïð�Õq4ô05 IVÌWqW0�ºÄº�ÈÏ�ºX:Õq4=��);ºq4��

01�[179]!��#ÀØ#ê�� a01È��;�� R þ�� R1;©�;Èh^4 �2�;�� G þ�VGV�2WW� R1;

¹A0�H�!)�;�È#ÀØ#� a01’"0Nê©�4È��¦Q���©�);�0�º�!�*�h^���È

h^4 �1�W �;�ÈG þ�VGV�1WW� R1;¹ B 0l #à�È#ÀØ#ê�� ac1"0Nê©�!� #È)�

¹�:X##ÀØ#ê�4~©;È3¦,1Ù$¼/$â0�è�d4spqN�c º¼/$â0�Që�!

h^4 �1�����;©�~È#ÀØ#4 ac1+
a"0Nê �Á¹0È¹BÈCÈD�t"��ûü�pù�yÂ

©�¼/$â04Y��º�!)�Y�º¼/$â0�È#ÀØ#4�º0óvf���©����É�¼/$

â0; #wH�È#ÀØ#�Nêº­��º���!©ºHIÈ#ÀØ#� ac1 "0vfNê #È��Ëóvf

Nê�''©�!¦Q��È��#ÀØ#ê�4 a01�;��.À0Á»[�
a1�yÂ©�;Y/�!ºàÈRm4

&�01�~ÈR þ��#ÀØ#»[�#´01(#È��#ÀØ#ê��~����>''�©��©Xº�;

:/*�#��[179]!�(#È��#ÀØ#4 a02Èa03;�� R þ��ÈR1�>''�©�);�����â� R2È

R30J��ÈGþ�;�l¹�¹ EÈF ;º�!��#ÀØ#4 a01�;�;&x�:/�;È��#ÀØ#4 a02Èa03

;��.À0Á»[�
a2È
a3�yÂ©�!¶ 6-13 ��È��#ÀØ#4 a01�a02�a03;êÄº��{�È.À0Á

»[�
a1�
a2�
a3;Ï�Äº�);4�+�!

�*�È¶ 6-13� Rþ��È¦3�§–©�J #��!

§��#ÀØ#ê��~����Va01�a02�a03WÈsªh^ �B�23©�V�1��2��3W!

¨��#ÀØ#ê��~����Va01�a02�a03WÈGc�Q.©�VGc1�Gc2�Gc3W!

©��#ÀØ#�~����Va01�a02�a03WÈ#ÀØ#4óvfNê©�Ó�É�¼/$â0�vw©�V¶

6-13 �à�#È#ÀØ#4
a 9áóvfNê©�Ó�É�¼/$â0�Z�0J �ûü�pù�yÂ

©�W!

))0È¶ 4-5�J ����ÈFlight-PI%& AO-PI��Ï��#ÀØ#ê� a0max� FAO;æß¾¿�1���È

��#ÀØ#ê��~�� FAO�~�;N`01�!�(#ÈFlight-PI%& AO-PI �à�#È§–©�¦3���

&Y©�);40��!

§FAO�~����È�B�23©�!

¨FAO�~����ÈGc�Q.©�!

©FAO�~����È#ÀØ#4óvfNê©�Ó�É�¼/$â0�vw©�!

)�* R þ�+*�5���§–©�È�ü�%TUtu;��©�!$"�È¶ 6-13 �J � R þ�� PI 67

$8�àá�#ÀØ#������f:L��Ä�5 #��;Y/�!§–©���â��$�#ÈTUtu;

���:�¦3����!

Ø§FAO�~����È�B�23©�!Ù;��©�TUtu�¶ 4-4VaW01�!¶ 4-4VaW�ÈFAO�~���

�ÈFlight-PI%& AO-PI�n]¬�Vsª¬� �BW423©�);�J #à�È§;íG©�!

Ø¨FAO�~����ÈGc�Q.©�!Ù;��©�TUtu�¶ 6-1001�!¶ 6-10�È²³»[VAd
1/2W�

~����ÈPI67$8�Kc4~�©�);�J #��!Flight-PI%&AO-PI�à�#È.À0Á»[ Am�s

ª¸¹;º�²³»[ Ad; #�º �;�VAm=AdWÈV6-12WÈV6-13W	��ÈAd� FAO�~����~Ï©�)

;�º�!"�ÈKc�sª¡=�¨©�h^/Ï¿¤VK: Stress Intensity Factor, MPam1/2W�[N·01�ÈíZ

Gc�sª¡=�¨©� G�[N·01�!$"�ÈKc; Gc�í¨í¨h©�[162, 179]!¦Q��È¶ 6-10�È

FAO�~����ÈGc4Q.©�);�J #à�È¨;íG©�!

Ø©FAO �~����È#ÀØ#4óvfNê©�Ó�É�¼/$â0�vw©�!Ù;��©�TUtu�È
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¶ 2-28È¶ 3-26 �J � Flight-PI%& AO-PI �sp01�!Flight-PIÈAO-PIsp�È�Ø#$Á�8�4R

S�P"�� FAO �~����±�Äº�);�J #��!4.2.0������È#ÀØ#�É�¼/$â04Ï

��;�È#ÀØ#��A4���=�����Ø#$Á�8��Ï�Äº�!B�#ÀØ#�É�¼/$â04±

��;�È�Ø#$Á�8��±�Äº�!¦Q�¦"/�;ÈFlight-PIÈAO-PI sp�ÈRS�P"�� FAO �~

����È#ÀØ#�É�¼/$â04±�Äº�);�J #à�È©;íG©�!

¶ 6-11
 Flight-PIÈAO-PIVîh^3W�àá�.À0Á
 2am%&�� bm;�Ï��#ÀØ#ê� a0max�¾¿

¶ 6-12
 Flight-PIÈAO-PIVîh^3W�àá�.À0Á�ð½ä#Úæ bm/am; FAO�¾¿
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aa01 a02 a03ac1 ac2 ac3

G, R

Gc1

Gc2

Gc3

G(�1) G(�2)
G(�3)

R1 R2 R3

�1 > �2 > �3

A

B

C

D

�a1 �a2 �a3

�a �a �a

E
F

a01’

¶ 6-13
 #ÀØ#�vfNê;óvfNê�¨©� Rþ��:/Z[179] 

.�*��� Undercut cavityøyO�� !"J7ù@ú�ûü�

5.4.0������ÈAO-ITO/PI� Undercut cavity�¸¹; #�:L�sª �!�)0Èsª^«�ÂÃÄ

AO-ITO/PI �¬­��_`0�ÈUndercut cavity »[�sª¸¹;º�²³»[; #�º©!¦3�È

AO-ITO/PI�àá� Undercut cavity»[; FAO�¾¿�$�#���!

AO-ITO/PI spV¶ 5-10È11W�ab��� Undercut cavity ��	¶�¶ 6-14 J©!sp��ef �

AO-ITO/PIVt0=125 �mW%& AO-ITO/PIVt0=25 �mW�àá� Undercut cavity �
VWuc, �mW�È��â�

45–250 �mÈ15–35 �m01(�!))0È¶ 5-10VbW�J �sp��*�����ÈUndercut cavity4ül #

�¤qN��#��Í��È��*� 1 $�Ï�º Undercut cavity ;�º �V¶ 6-14VbWW!"�È�ü��

AO-ITO/PIsp�à�#%ÈWuc� ITO +0¦7,§�²³!"¤;EF&N01(�!

AO-ITO/PIspV¶ 5-10È11W��ÈUndercut cavity� FAO�~���� AO��p�¨ EF½xZ¼��

Äº�);4�ñ���!sp��ke � Undercut cavity���Vduc, �mW; FAO�¾¿�¶ 6-15�J©!"�È

¶ 6-15 ��ÈV2-6W	+*kl � AO �67���Bmvwd
tAO �J �!
tAO �kl0�ÈEy=2.5E-24 

cm3/atomÈEyK=3.0E-24 cm3/atom ; �!ºàÈ1.3E21 atoms/cm2�àá� AO-ITO/PIVt0=25 �mW� Undercut 

cavityV¶ 5-11VdWW�67$8�ÌS�J� #����Èduc�õ0-; #T? º+(�!¶ 6-15+*�+�

���Èduc � FAO �EFæß #~� ÈV2-6W	+*kl���
tAO ;EFíG �!�(#ÈducV�mW; FAO

Vatoms/cm2W�¾¿�¦3�	0¶���!

AO-ITO/PI: yKyAOAOyAOuc EEFFEtd 34 1059.110 ����� V6-14W

))0ÈUndercut cavity�q��êZq�"=©�;ÈUndercut cavitypùVAuc, �m2W; FAOVatoms/cm2W�¾¿

�¦3���;º�!

AO-ITO/PI: � �yKyAOAOyucucucuc EEFFEWdWA 34 1059.110 ���� V6-15W

Q� ����ÈWuc� ITO +0¦7,§�²³!"¤;EF&N01(�!"�Èduc� AO��p�¨ EF

½xZ¼�Ï�Äº(�!)�*�tu�ÈAO4 ITO/PI67$8¶p�¨ EF½x�µ� �);�¸�©�!
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AO 4!,\$¶p�¨ NZL�µ�©�Í�È"��ÈAO�µ�×4��¥�Õ�©�Í�ÈWuc� ITO

+0¦7,§�²³!"¤��%Ï�ÄÈ+$Èduc�V6-14W	0kl���·��%±�Äº�[55, 56]!

PI film

ITO coating

Undercut cavity

Wuc

duc

(a)

PI film

ITO coating Wuc

duc

Undercut cavity

(b)

¶ 6-14
 VaWVbWAO-ITO/PIsp�ab��� Undercut cavity��	¶

VVaWUndercut cavity4 1$�Í�ÈVbWUndercut cavity4ül #�¤qN��#��Í�W

¶ 6-15
 Undercut cavity��� duc; FAO�¾¿

.�&� éê��ë��

.�&��� �ç|è�����{é �����

.�&����� Flight-PI�AO-PI��{é �����

Flight-PI %& AO-PI �àá�n]¬� �B�lÅ0�È.À0Á�>��#ÀØ#;�º È#ÀØ#ôõ$; 

#Ø¶p�>��#ÀØ#�1�òRÙV¶ 6-16W�:/�!)�;�Èh^/Ï¿¤VKI: The Mode I Stress 

Intensity Factor, MPam1/2W�î	0¶���!

Flight-PI, AO-PI: ��
�

�
��
�

�

�

��

�
�


,
10

,,
)(

10 36

W
a

t
b

a
b

F
kE

b
K mm

m

m
S

m
I V6-16W
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V6-16W	�ÈØ¶p�>��#ÀØ#�1�É@òR�íxn]�Ù�>?��� KI�"=	[180]01�È)�	

�>?stÈc ��È\�¿¤�¦3���01�!

Range of applicability for Eq. (6-16)  20 ��
m

m

a
b , 5.0

10 3

�
�

W
am , and �� ��0

Necessary condition for Eq. (6-16) ��
�

�
��
�

�
� 6.025.1

m

mm

a
b

t
b  for 2.00 ��

m

m

a
b

Necessary condition for Eq. (6-16) 1 
t

bm    for !��
m

m

a
b

2.0

2
1

65.1

464.11)(
"
"
#
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%
%
&

'
��
�

�
��
�

�
�(

m

m

a
bkE   for 1�

m
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S ffg
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bM
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bMMF �
"
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�
�

�
�
���

�
�

�
�
���

4

3

2

21

��
�

�
��
�

�
��

m

m

a
bM 09.013.11   for 1�

m

m

a
b

m

m

a
bM

�
���

2.0

89.054.02
  for 1�

m

m

a
b

24

3 114
65.0

15.0 ��
�

�
��
�

�
��

�
��

m

m

m

m a
b

a
bM  for 1�

m

m

a
b

� �2
2

sin135.01.01 ��
"
"
#

$

%
%
&

'
�
�
�

�
�
����

t
bg m  for 1�

m

m

a
b

41

22
2

sincos
"
"
#

$

%
%
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'
���
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��
�

�
� ���

m

m

a
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m
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%
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�
�
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�

�

t
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W
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W
�

KI4 Kc�W �;�VKI=KcW�sª4=��;©�;ÈV6-16W	�î	���?Ä);40�ÈKcVMPam1/2W+*n

]¬� �BVMPaW4kl���!

Flight-PI, AO-PI: ��
�

�
��
�

�

�

��

�
�


,
10

,,
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t
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a
b

F
kE

b
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m
S

mB
c V6-17W

6.2.2.4.�������ÈKc�íf0�ºÄÈ²³»[þ�:�J©V¶ 6-10W!�(#ÈV6-17W	��� �Bkl0

�ÈKc�Õ��:�©�c 41�!
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Flight-PI%& AO-PI�àá�n]¬� �B�lÅÆÇ�67�¦3����!"�È¶ 6-17�lÅÆÇ�6

Û0ýÙ0Ú�J©!

§
 #ÀØ#ôõ$; #Ø¶p�>��#ÀØ#�1�òRÙV¶ 6-16W�>?©�!

¨
 oUó���Bm t0V�mWÈoUó�
 2WVmmWÈ>��#ÀØ#���×�V°WÈoUó�ghij Ey

Vcm3/atomWÈKapton H �ghij EyKVcm3/atomW��f©�!Hkl0�Èt0=125 �mÈ2W=6 mmÈ�

=90 °ÈEy=2.5E-24 cm3/atomÈEyK=3.0E-24 cm3/atom ; �!

©
 FAOVatoms/cm2W�./�!Hkl0�ÈFAO=0.0–3.5E21 atoms/cm2; �!

ª
 FAOVatoms/cm2W��ÈoUó�Bm tV�mW�`��!Flight-PIÈAO-PI� t�V2-2WÈV2-6WÈV3-2W	��î	

0kl���!

Flight-PI, AO-PI: yKyAOAOyAO EEFFEtttt 34
00 1059.110 ������� V6-18W

­
 FAOVatoms/cm2W��È.À0Á
 2amV�mW%&.À0Á�� bmV�mW�`��!Flight-PIÈAO-PI � 2am%&

bm�V6-8W–V6-11W	����â�kl���!

®
 FAOVatoms/cm2W��Èsª¯:· KcVMPam1/2W�`��!t0=125 �m �;�ÈKc�V6-4W	0./*�È²³

pù Ad
1/2�æß #~�©�!))0È#ÀØ#ôõ$V¶ 6-16W0�È.À0Á�>��#ÀØ#;�º #�

���È.À0Ápù Am=²³pù Ad;:/*��!�(#ÈFAO; A]�¾¿	VV6-12WÈV6-13W	W�V6-4W

	�uµ©�);���ÈKc�î	0kl���!

Flight-PI: � � 38.17.841013.91056.11012.1
2119239212 ������� ���

AOAOc FFK � V6-19W

AO-PI:   � � 38.17.841058.21024.11012.1
2119240212 ������� ���

AOAOc FFK � V6-20W

^
 ¦Q0`�� tÈ2amÈbmÈKc �V6-17W	�uµ Èn]¬� �BVMPaW�kl©�!ºàÈFAO 4 0.0E21

atoms/cm2�"ÃÄ�$�#ÈV6-17W	��kl��� �B�î@Ï�¡�©�!�)0ÈFlight-PIÈAO-PI �

�Bkl0�È^��� PI67$8VControl-PIVt=125 �mWWàá�n]�¬��>ª·V278 MPaW� �B��

Ï·; �!

2am

bm

2W

�

�

t

(a)

Am

2am

bm

2W

t

Surface�

bm/am < 1
am

bm

(b)

Am

¶ 6-16
 VaWVbW¶p�>��#ÀØ#�1�òRVVaWoUóSÄÈVbW#ÀØ#�³´hpW
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	Calculate fracture toughness (Kc, MPam1/2).
Flight-PI: Kc = Eq. (6-19)
AO-PI: Kc = Eq. (6-20)


Estimate tensile strength (�B, MPa).
Flight-PI, AO-PI: �B =Eq. (6-17)

�Calculate width and depth of mirror region
(2am and bm, �m).
Flight-PI: 2am = Eq. (6-8), bm = Eq. (6-9)
AO-PI: 2am = Eq. (6-10), bm = Eq. (6-11)

t0 = 125 �m
2W = 6 mm
��= 90 �
Ey = 2.5 E-24 cm3/atom
EyK = 3.0 E-24 cm3/atom


Calculate specimen thickness (t, �m).
Flight-PI, AO-PI: t = Eq. (6-18)

FAO = 0.0 – 3.5E21 atoms/cm2

ÎSet the following parameters:
ÄInitial specimen thickness (t0, �m)
ÄSpecimen width (2W, mm)
ÄEccentric angle of semi-elliptical crack (�, �)
ÄErosion yield of specimen (Ey, cm3/atom)
ÄErosion yield of Kapton H (EyK, cm3/atom)

ÍApply “Surface semi-elliptical
cracked plate” model. 

ÏInput AO fluence (FAO, atoms/cm2).

¶ 6-17
 Flight-PI%& AO-PI�àá�n]¬� �B�lÅÆÇ6Û0ýÙ0Ú

.�&����� AO-ITO/PI��{é �����

AO-ITO/PI �àá�n]¬� �B�lÅ0�ÈUndercut cavity �êZq#ÀØ#;�º È#ÀØ#ôõ$; #

Ø¶p�êZq#ÀØ#�1�òRÙV¶ 6-18W�:/�!)�;�È�Ïh^/Ï¿¤KI maxVMPam1/2W�î	0¶

���!

AO-ITO/PI (non-penetrated): ucI AK 6
max 10650.0 �
� �
 V6-21W

V6-21W	�ÈØ¶p�×èq�#ÀØ#�1�>î@Ä�íxn]�V3ð�,æ �=0.3WÙV¶ 6-3W�>?���

KI max�"=	[176]01�!íZÈUndercut cavity467$8�J� #��Í��È#ÀØ#ôõ$; #Ø¥�

�J�#ÀØ#�1�òRÙV¶ 6-19W�:/�!)�;�Èh^/Ï¿¤ KIVMPam1/2W�î	0¶���!

AO-ITO/PI (penetrated): ��
�

�
��
�

�

�

�
�

W
WFWK ucuc

I 2
10

2
10

3
6�
 V6-22W

V6-22W	�ÈØ¥��#ÀØ#�1�òR�íxn]�Ù�>?���KI�"=	[181]01�È\�¿¤�¦3�

��01�!

W
W

W
W

W
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W
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W
WF ucucucucuc
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KI max"�� KI4 Kc�W �;�VKI max, KI=KcW�sª4=��;©�;ÈV6-21WÈV6-22W	�î	���?Ä);

40�ÈKcVMPam1/2W+*n]¬� �BVMPaW4kl���!

AO-ITO/PI (non-penetrated): ucBc AK 610650.0 �
� �
 V6-23W

AO-ITO/PI (penetrated): ��
�

�
��
�

�

�

�
�

W
WFWK ucuc

Bc 2
10

2
10

3
6�
 V6-24W

))0ÈKc�²³»[�þ� #Õ�©�);V¶ 6-10W�:�©�c 41�!

AO-ITO/PI�àá�n]¬� �B�lÅÆÇ�67�¦3����!"�È¶ 6-20�lÅÆÇ�6Û0ýÙ0

Ú�J©!

§
 oUó���Bm t0V�mWÈoUó�
 2WVmmWÈoUó�ghij EyVcm3/atomWÈKapton H�ghi

j EyKVcm3/atomW��f©�!Hkl0�Èt0=125 �m"�� t0=25 �mÈ2W=6 mmÈEy=2.5E-24 cm3/atomÈ

EyK=3.0E-24 cm3/atom ; �!

¨
 Undercut cavity 
 WucV�mW��f©�!Hkl0�ÈAO-ITO/PI �spab��¥*�� Wuc��Ï·

V6.3.2.Ú�W�T? Èt0=125 �m�;�� Wuc=250 �mÈt0=25 �m�;�� Wuc=35 �m ; �!

©
 FAOVatoms/cm2W�./�!Hkl0�ÈFAO=0.0–3.5E21 atoms/cm2; �!

ª
 oUóm� tV�mW�`��!ITO/PI67$80�ÈAO�67���Bm�Õ��=�º���Èt���B

m t00íf; �!

AO-ITO/PI: 0tt � V6-25W

­
 FAOVatoms/cm2W��ÈUndercut cavity�� ducV�mW�`��!duc�V6-14W	0kl���!

®
 t ; duc �¾¿��ÈUndercut cavity 467$8�J� #��+_+�	f©�!t � duc �;�ÈUndercut 

cavity�J� #�º�;©�!íZÈt < duc�;��J� #��;©�!

¦3ÈUndercut cavity 467$8�J� #�º�Í�;J� #��Í�0�È�B�lÅÆÇ4<º�!J

� #�º�Í�Vt � ducW�^=ÈJ� #��Í�Vt < ducW�`=ãÄ!

^
 #ÀØ#ôõ$; #Ø¶p�êZq#ÀØ#�1�òRÙV¶ 6-18W�>?©�!

a
 Wuc ; duc �¾¿��ÈUndercut cavity pù AucV�m2W�`��	�Øf©�!Wuc � 10duc �;�ÈÉiº

Undercut cavity�
� 10duc; V¶ 6-21W[176]ÈAuc�¦3�	;º�!

AO-ITO/PI (non-penetrated) (Wuc � 10duc):

210 ucuc dA �     V6-26W

V6-26W	�V6-14W	�uµ©�;È¦3���;º�!

AO-ITO/PI (non-penetrated) (Wuc � 10duc):

� �234 1059.11010 yKyAOAOyuc EEFFEA ��� V6-27W

íZÈWuc < 10duc�;�ÈAuc�V6-15W	0./*��!

Wuc � 10duc�Í��b=ÈWuc < 10duc�Í��c=ãÄ!
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b
 FAOVatoms/cm2W��ÈUndercut cavitypù AucV�m2W�`��!Auc�V6-27W	0kl���!

d
 FAOVatoms/cm2W��Èsª¯:· KcVMPam1/2W�`��!Kc� t0=125 �m �;�V6-4W	Èt0=25 �m �;�

V6-5W	0./*�È�ü��Í�%²³pùAd
1/2�æß #~�©�!))0È#ÀØ#ôõ$V¶ 6-18W0

�ÈUndercut cavity�êZq#ÀØ#;�º #����ÈUndercut cavitypù Auc=²³pù Ad;:/*�

�!�(#ÈFAO; Auc�¾¿	VV6-27W	W�V6-4WÈV6-5W	�uµ©�);���ÈKc�î	0kl���!

AO-ITO/PI (non-penetrated) (Wuc � 10duc) (t0=125 �m): 

� � 38.11059.1101054.3 342 ����� �
yKyAOAOyc EEFFEK V6-28W

AO-ITO/PI (non-penetrated) (Wuc � 10duc) (t0=25 �m): 

� � 50.11059.1101093.6 342 ����� �
yKyAOAOyc EEFFEK V6-29W

e
 ¦Q0`�� AucÈKc�V6-23W	�uµ Èn]¬� �BVMPaW�kl©�!ºàÈFAO4 0.0E21 atoms/cm2

�"ÃÄ�$�#ÈV6-23W	��kl��� �B�î@Ï�¡�©�!�)0ÈAO-ITO/PIVt0=125 �mW� �B

kl0�ÈControl-PIVt=125 �mWàá�n]�¬��>ª·V278 MPaW� �B ��Ï·; �!íZÈ

AO-ITO/PIVt0=25 �mW� �Bkl0�ÈControl-ITO/PIVt=25 �mW�àá�n]�¬��>ª·V533 MPaW�

�B��Ï·; �!

c
 FAOVatoms/cm2W��ÈUndercut cavitypù AucV�m2W�`��!Auc�V6-15W	0kl���!

f
 FAOVatoms/cm2W��Èsª¯:· KcVMPam1/2W�`��!d;&x� Auc=Ad ; ÈV6-15W	�V6-4WÈV6-5W

	�uµ©�);���ÈKc�î	0kl���!

AO-ITO/PI (non-penetrated) (Wuc < 10duc) (t0=125 �m): 

� � 38.11059.1101012.1
2134212 ����� �

yKyAOAOyucc EEFFEWK V6-30W

AO-ITO/PI (non-penetrated) (Wuc < 10duc) (t0=25 �m): 

� � 50.11059.1101019.2
2134212 ����� �

yKyAOAOyucc EEFFEWK V6-31W

g
 ¦Q0`�� AucÈKc�V6-23W	�uµ Èn]¬� �BVMPaW�kl©�!ºàÈ�B��Ï·�e;&x;

 �!

`
 #ÀØ#ôõ$; #Ø¥��J�#ÀØ#�1�òRÙV¶ 6-19W�>?©�!

h
 Undercut cavitypù AucV�m2W�`��!¶ 6-19+*�+����ÈAuc�¦3�	;º�!

AO-ITO/PI (penetrated): tWA ucuc � V6-32W

V6-32W	�V6-25W	�uµ©�);���ÈAucV�m2W�î	0kl���!

AO-ITO/PI (penetrated): 0tWA ucuc � V6-33W

i
 sª¯:· KcVMPam1/2W�`��!))0È#ÀØ#ôõ$V¶ 6-19W0� Auc=Ad ;:/*�ÈV6-33W	�

V6-4WÈV6-5W	�uµ©�);���ÈKc�î	0kl���!

AO-ITO/PI (penetrated) (t0=125 �m): � � 38.11012.1 21
0

2 ��� � tWK ucc V6-34W
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AO-ITO/PI (penetrated) (t0=25 �m):  � � 50.11019.2 21
0

2 ��� � tWK ucc V6-35W

j
 ¦Q0`��Kc�V6-24W	�uµ Èn]¬� �BVMPaW�kl©�!ºàÈ�B��Ï·�e;&x; �!

Wuc

duc

2W

t

Wuc

2W t

�

�

duc

(a)

(b)

Auc

Auc

¶ 6-18
 VaWVbW¶p�êZq#ÀØ#�1�òRVVaWoUóSÄÈVbW#ÀØ#�³´hpW

Wuc

2W

t
Wuc

2W t

�

�

(a)

(b)

Auc

Auc

¶ 6-19
 VaWVbW¥��J�#ÀØ#�1�òRVVaWoUóSÄÈVbW#ÀØ#�³´hpW

114 宇宙航空研究開発機構研究開発報告　JAXA-RR-10-009

This document is provided by JAXA.



t � duc

�Estimate tensile strength
(�B, MPa).
AO-ITO/PI: �B =Eq. (6-23)

Wuc � 10duc

�Estimate tensile strength
(�B, MPa).
AO-ITO/PI: �B =Eq. (6-24)


Calculate specimen thickness (t, �m).
AO-ITO/PI: t = Eq. (6-25) 

Wuc = 250 �m (for t0 = 125 �m) 
Wuc = 35 �m (for t0 = 25 �m) 

�Calculate fracture toughness 
(Kc, MPa1/2).
AO-ITO/PI(t0 =125 �m):
Kc = Eq. (6-28) 
AO-ITO/PI(t0 = 25 �m):
Kc = Eq. (6-29)


Apply “Surface rectangular
cracked plate” model. 

�Apply “Center through
cracked plate” model

t0 = 125 or 25 �m
2W = 6 mm
Ey = 2.5 E-24 cm3/atom
EyK = 3.0 E-24 cm3/atom

FAO = 0.0 – 3.5E21 atoms/cm2

ÍSet the following parameters:
ÄInitial specimen thickness (t0, �m)
ÄSpecimen width (2W, mm)
ÄErosion yield of specimen (Ey, cm3/atom)
ÄErosion yield of Kapton H (EyK, cm3/atom)

ÏInput AO fluence (FAO, atoms/cm2).

ÎSet width of undercut cavity (Wuc, �m).

�Calculate depth of undercut cavity (duc, �m).
AO-ITO/PI: duc = Eq. (6-14) 

	Judge whether undercut cavity penetrates the film.
t � duc: non-penetrated, t < duc : penetrated

t < duc

�Determine equations for
area of undercut cavity (Auc, �m2).
Wuc � 10duc: Auc = Eq. (6-27), 
Wuc < 10duc: Auc = Eq. (6-15), 

Wuc < 10duc

�Calculate area of undercut cavity 
(Auc, �m2).
AO-ITO/PI: Auc = Eq. (6-27) 

�Estimate tensile strength
(�B, MPa).
AO-ITO/PI: �B =Eq. (6-23)

�Calculate fracture toughness 
(Kc, MPa1/2).
AO-ITO/PI(t0 =125 �m):
Kc = Eq. (6-30) 
AO-ITO/PI(t0 = 25 �m):
Kc = Eq. (6-31)

�Calculate area of undercut cavity 
(Auc, �m2).
AO-ITO/PI: Auc = Eq. (6-15) 

�Calculate fracture toughness 
(Kc, MPa1/2).
AO-ITO/PI(t0 =125 �m):
Kc = Eq. (6-34) 
AO-ITO/PI(t0 = 25 �m):
Kc = Eq. (6-35)

�Calculate area of undercut cavity 
(Auc, �m2).
AO-ITO/PI: Auc = Eq. (6-33) 

¶ 6-20
 AO-ITO/PI�àá�n]¬� �B�lÅÆÇ6Û0ýÙ0Ú
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duc
Surface

Wuc = 10 duc

Auc = 10 duc
2

Wuc

duc
Surface

Wuc � 10duc

¶ 6-21
 Wuc � 10duc�àá�Éiº Undercut cavity�
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Flight-PIÈAO-PIVîh^3W�àá� FAO;n]¬� �B�¾¿VTU·;®e��æçW�¶ 6-22�J©!)

)0ÈTU·�n]oU���¥*��·V¶ 4-4VaWW01�È®e��sª^«�ÂÃ�¶ 6-17 �J �ÆÇ

0lÅ �·01�!¶ 6-22+*�+����ÈFlight-PI%&AO-PI�®e��TU·;EFíG �!$"�È

PI67$8��	
�RS���¬­��_`�¨ Èsª^«LÆ[4Éi01�);4J���!

¶ 6-22�à�#ÈFAO4­ 3.0E21 atoms/cm2�;�ÈAO-PI�®e��TU·��ff2�·�J �!)�

tu��È�B ®e�à�#kf �.À0Áq�;TÓ�.À0Áq��S<4z{ #��;:/*��!�B

®e�àá�.À0Áq�;sp��qf���.À0Áq��æç�¶ 6-23 �J©!6.4.1.1.0������È

AO-PI� �B®e0�È¶p���©� 1$�.À0Á�:/�V¶ 6-23VaWW!)�;�È.À0Á
 2am%&��

bm�ÈV6-10WÈV6-11W	����â�kl���!íZÈ3.3.7.0������È3.0E21 atoms/cm2�àá� AO-PI

spV¶ 3-26VeWW�SÄL�>?01�È.À0Á�5��D3©�);40�º+(�! + ÈÂjsp��È

AO��p�¸¹; �����x4ül #¤�Äab���);+*È¶ 6-24�J©���È
%&���±

��.À0Á4[º��(#�� #��;qe���V¶ 6-23VbWW!)�*[º��(��¤�.À0Á� 1 $�

Ï�º.À0Á; #�º©;È2am �V6-10W	0kl���·��%Ï�ÄÈ� #Èbm �V6-11W	0kl���

·��%±�Äº�!FAO=3.0E21 atoms/cm2�;�ÈV6-10WÈV6-11W	+*kl��� 2amÈbm� 190.6 �mÈ41.5 �m

01���¨ Èsp+*qf��� 2amÈbm���â� 230 �mÈ18 �m01�V¶ 6-24W!¶ 6-22��Èsp+

*qf���.À0Á»[�w? #kl � �B�\ÛØÚ �!)� �B�ÈFAO=3.0E21 atoms/cm2È2am=230 �mÈ

bm=18 �m ; È¶ 6-17�ÆÇ�Ì�kl �!¶ 6-22+*�+����Èsp+*qf���.À0Á»[�w

? #kl � �B�®e���%��·;º�ÈTU·�"Äº(�!)�tu��È¦Q����:b�8Â0

1�;:/*��!

AO-ITO/PI�àá� FAO;n]¬� �B�¾¿VTU·;®e��æçW�¶ 6-25�J©!))0ÈTU·�n

]oU���¥*��·V¶ 5-6VaWW01�È®e��¶ 6-20 �J �ÆÇ0lÅ �·01�!

AO-ITO/PI(t0=25 �m)0�È­ 0.8E21 atoms/cm20 Undercut cavity467$8�J� Èw?©�#ÀØ#ôõ$

4ÕH�!����ÈAO-ITO/PI(t0=25 �m)�®e��È­ 0.8E21 atoms/cm20ó{ã;º�!¶ 6-25+*�+

����ÈAO-ITO/PIVt0=125 �mW%& AO-ITO/PIVt0=25 �mW�®e��ÈqI*%TU·;lmºy¾41(�!

©ºHIÈ+0¦7,§| PI 67$8��	
�RS���¬­��_`�¨ #%sª^«LÆ[4Éi0

1�;Y/�!
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¶ 6-25��Èæç���AO-PIVt0=125 �mWVîh^3W� �B�TU·%&®e��°n �!¶ 6-25��È

+0¦7,§�î� PI67$8VAO-PIVt0=125 �mWW� �B�ÈFAO�~�È$"�ÈRS�P�~����åb�

23©���¨ È+0¦7,§|PI67$8VAO-ITO/PIVt0=125 �mWW� �B�ÈFAO4±��RS���à�#

Ï�Ä23©�%��È1.3E21 atoms/cm2 B­023�Hé©�à¼�1�);4�+�! + È1.3E21 

atoms/cm2¦Q� FAO�àá� AO-ITO/PIVt0=125 �mW� �B�TU·�È^9ð¥0�#�º�!ÊËÈÂj

FAOst�àá� �B������TUL�_` È®etu;���:�$�#�ñ©�c 41�!

ºàÈ¶ 6-25�J � AO-ITO/PIVt0=125 �mW�n]¬�®e��ÈUndercut cavity
 Wuc4 250 �m�Í

��àá�tu01�!íZÈAO-ITO/PIVt0=25 �mW�n]¬�®e��ÈWuc4 35 �m�Í��àá�%�0

1�!Wuc�~����È)�* PI67$8�n]¬�®e��Õ�� Appendix 24.�J©!

¶ 6-22
 Flight-PIÈAO-PIVîh^3W�àá� FAO;n]¬� �B�¾¿VTU·;®e��æçW

2am

bm

2W

t

(a)
2am

bm

2W

t

(b)

¶ 6-23
 VaWn]¬� �B®e�àá�.À0Áq�ÈVbWsp��qf���.À0Áq�
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50�m

2am=230 �m

bm=18 �m

¶ 6-24
 AO-PIspVFAO: 3.0E21 atoms/cm2W+*qf���.À0Á

¶ 6-25
 AOòITO/PI�àá� FAO;n]¬� �B�¾¿VTU·;®e��æçW

.�<� ���Ú��

HIJ0�ÈUPILEX-SVt0=125 �mW%& ITO+0¦7,§|UPILEX-SVt0=125È25 �mW�?�#TU�'�È

�	
�RS��� PI67$8%&+0¦7,§| PI67$8�¬­��_`�¨ #sª^«LÆ[4Éi

01�);�J �!ÊËÈHIJ0T; �sª^«LÆ[�Bm�<º� UPILEX-S fÈKaptonÈApical NÈ

yß� PI67$8�¬­��_`�h?�Ì È)�* PI67$8�n]¬� �B�FAO+*lÅ©�);�K�

©!�

6.1.0������Èsª^«�ÂÃÄ¬­_`0�Èsª¯:· Kc %&sª¸¹;º�²³»[4[ ;

º�!HIJ0�È�¤�oUó�?�#TU�'�ÈTUõ0-�"=�+* Kc ;²³pù Ad
1/2 �¾¿

VV6-4WÈV6-5W	WÈ%&ÈFAO ;.À0Á»[V2amÈbmÈAmW�¾¿VV6-8W–V6-13W	W��Å �!Bm�<º�

UPILEX-Sfyß� PI67$8�¨ &x�TU�T;©���ÈMÏºÁP;o^� ©�!�(#ÈKc%&

sª¸¹;º�²³»[��ù%������ijLºÆ[4c ;º�!ÉiºÆ[; # R þ�[4:/*

��!6.3.1.0�ÈPI 67$8�������4 Rþ����f:L��5���);����!$"�ÈRþ�+

*Kc%&sª¸¹;º�²³»[4_`0��;:/*��!ÊËÈUPILEX-SVt0=125È25 �mW�Rþ��ð¥
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 ÈR þ�+*`�� Kc%&sª¸¹;º�²³»[�HIJ�TUtu;æç©�);4�"��!� #È

��*���:+*ÈRþ�[�Éi:�$�#µ¶©�c 41�!

�*�ÈR þ�+*`�� Kc %&sª¸¹;º�²³»[; FAO �¾¿�¥���È�Ï��#ÀØ#ê�

a0max;FAO�pqLº¾¿	4c 01�!2.2.4.4.�J ����ÈAO�67�����¶p�qN �+0,

��� hc; FAO�¾¿�$�#�Èghij Ey�?��í
	VV2-5W	W4N�`�*�#��[36]!)�í


	�Èßb���
���¨ AO���T; È¶pab+*`�� hc�Ey0��©�);���¥*��T

U	01�[36]!ÊËÈa0max�¨ #%&x����'�Èa0max; FAO�¾¿�$�# Ey�?��í
	�´

Å4�"��!

.�.� �w�

PI 67$8�sª¯: Kc_`Èsª¸¹;º�²³»[; FAO�¾¿È� #Èsª^«�?��¬­��

®e�$�#¦3�";��!

Î,$0$��� � PI67$8�¨ AO��©�);���ÈÎ,$0$;EF&�x��°±²³V�W�

´µ©�);40��!°±²³�É©�PI67$8VDefect-PIW�È��²³�¸¹; #�:L�sª �!"

�ÈDefect-PI�sª¬� �B� Control-PI ;æç #Ï�Ä23 �!�B%&sp��ef �²³pù Ad��l

Å � KcVMPam1/2W�ÈAd
1/2V�mW�EFæß #~� È¦3�¾¿	4¥*��!

PI film (t=125 �m): 38.11012.1 212 ��� �
dc AK V6-4W

PI film (t=25 �m):  50.11019.2 212 ��� �
dc AK V6-5W

Flight-PI%& AO-PI0�È.À0Á»[�sª¸¹;º�²³»[;�º �!Flight-PI%& AO-PI�.À0

Á
 2amV�mWÈ.À0Á�� bmV�mWÈ.À0Ápù AmV�m2W�È��â� FAOVatoms/cm2W���¦3���¶�

��!

Flight-PI: 9.221098.12 19 ��� �
AOm Fa V6-8W

         8.141015.3 20 ��� �
AOm Fb V6-9W

AO-PI:   9.221059.52 20 ��� �
AOm Fa V6-10W

         8.141090.8 21 ��� �
AOm Fb V6-11W

Flight-PI: � �7.841013.91056.1 19239 ����� ��
AOAOm FFA � V6-12W

AO-PI:   � �7.841058.21024.1 19240 ����� ��
AOAOm FFA � V6-13W

íZÈAO-ITO/PI 0�ÈUndercut cavity »[�sª¸¹;º�²³»[; �!AO-ITO/PIVt0=125 �mW%&

AO-ITO/PIVt0=25 �mW� Undercut cavity 
 Wuc �È��â� 45–250 �mÈ15–35 �m 01(�!"�ÈFAO

Vatoms/cm2W; Undercut cavity�� ducV�mW%&pù AucV�m2W�¾¿�¦3���;º(�!

AO-ITO/PI: yKyAOAOyAOuc EEFFEtd 34 1059.110 ����� V6-14W

AO-ITO/PI: � �yKyAOAOyucucucuc EEFFEWdWA 34 1059.110 ���� V6-15W
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Flight-PIÈAO-PI�àá�n]¬� �B�®e0�È.À0Á�>��#ÀØ#;�º È#ÀØ#ôõ$; #Ø¶

p�>��#ÀØ#�1�òRÙ�>? �!� #ÈØ¶p�>��#ÀØ#�1�É@òR�íxn]�Ù�à

á� KI�"=	�?�# �B�lÅ �!AO-ITO/PI �àá� �B®e0�ÈUndercut cavity �êZq#ÀØ#;

�º È#ÀØ#ôõ$; #Ø¶p�êZq#ÀØ#�1�òRÙ�>? �!� #ÈØ¶p�×èq�#ÀØ#�

1�>î@Ä�íxn]�V3ð�,æ �=0.3WÙ�àá� KI max �"=	�� �B �kl �!íZÈUndercut 

cavity467$8�J� #��Í��È#ÀØ#ôõ$; #Ø¥��J�#ÀØ#�1�òRÙ�>? ÈØ¥��

#ÀØ#�1�òR�íxn]�Ù�àá� KI �"=	�w? �!sª^«�ÂÃ�#lÅ � Flight-PIÈ

AO-PIÈAO-ITO/PI� �B�È�ü�%TU·;l�íG�J �!©ºHIÈ�	
�RS��� PI 67$8%

&+0¦7,§| PI67$8�¬­��_`�¨©�sª^«LÆ[�Éi:4J���!
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ECD�=>?©�Q0È¦3�FG41�);��� �!

,
 �	
�RS��� PI67$8�<�9:��¡¢£¤84ó501�È�����B­�®e©�)

;4 ¡01�!

,
 PI67$8�<�9:�¨©� Undercut cavity�z{4ó501�!

,
 PI67$8�<�9:���¨©��	
�RS¥�n]h^�z{4ó501�!
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,
 Control-PIÈUV-PIÈEB-PI�67$8]Á0��4¡=,�� Èsª��(�!

,
 Flight-PIÈAO-PI �sª0�ÈAO ���67�íá�p+*��4�� È���vfNê+*óv

fNê�'' �!

,
 Flight-PI �n]¬�,-&�����È¶pxyÈspxy� AO-PI ;EF&N01�);+*È�	


�RS��� PI67$8�<�9:���� �� AO01�!

,
 Flight-PI�n]¬�,-&4RS�P�~����23 ���ÈRSp�qN � Hole 4��#À

Ø#; #C? È����4RS�P�~����Ï�Äº(�+*01�!

,
 FAO�~��¨©�Flight-PI�n]¬�,-&�23�ÈAO-PI;æç #Ð�01(�!)�tu�È
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,
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�RS¥�àá�T?ñ!$V­ 7 MPaW�n]h^�ÈPI67$8�n]¬�,-&����
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¯ 5�0�ÈAO�� � ITO/PI67$8VAO-ITO/PIW�¨ Èn]oUÈ��pqr_`ÈspabN�T

; �!� #ÈUndercut cavity4 PI67$8�<�9:�%F©z{�$�#:b �!H�0¥*����

�¦3�";��!

,
 AO-ITO/PI �n]¬�,-&�ÈFAO�~����23 È��23�B­� ITO +0¦7,§�; 

#�º� AO-PI ��Ï�+(�!

,
 AO-ITO/PI��p� ITO+0¦7,§²³Á��ÈUndercut cavity4qN��È����� FAO�~�

���Ï�Äº(�!

,
 AO-ITO/PIsp��ÈUndercut cavity�¸¹; �����x"��I��x4�*��!

,
 AO-ITO/PI�ÈUndercut cavity ����4�% È�:L�sª �!

,
 Undercut cavity� PI67$8�n]¬�,-&�Ï�Ä23���!"�ÈUndercut cavity���n]¬

�,-&�23�ÈUndercut cavity4�Äº��{�#~Ï ÈUndercut cavity467$8�J� �;
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¯ 6�0�ÈPI67$8%& ITO/PI67$8�àá� FAO;n]¬� �B�¾¿�sª^«�ÂÃ�®e©�

);�oý�!�B�®e�ï´IÈPI 67$8� Kc_`oU�T; �!"�ÈFlight-PIÈAO-PIÈAO-ITO/PI �

sp��sª¸¹;º�²³»[�ef ÈÞ PI 67$8�àá� FAO;²³»[�¾¿�$�#¼½ �!H

�0¥*�����¦3�";��!

,
 PI67$8� Kc�È²³pù�>Z� Ad
1/2�EFæß #~� �!

,
 Flight-PI %& AO-PI 0�È.À0Á»[�sª¸¹;º�²³»[;�º �!.À0Á»[� FAO�

~����/Ï È.À0Á
 2amÈ.À0Á�� bmÈ.À0Ápù Am; FAO�¾¿	�¥�!

,
 AO-ITO/PI 0�ÈUndercut cavity »[�sª¸¹;º�²³»[; �!Undercut cavity 
 Wuc �

45–250 �mVt0=125 �mWÈ15–35 �mVt0=25 �mW01(�!"�ÈUndercut cavity�� duc%&pù Auc;

FAO�¾¿	�¥�!

,
 Flight-PIÈAO-PI�àá� �B®e0�È.À0Á�>��#ÀØ#;�º È#ÀØ#ôõ$; #Ø¶p�

>��#ÀØ#�1�òRÙ�>? �!� #ÈØ¶p�>��#ÀØ#�1�É@òR�íxn]�Ù�

àá� KI�"=	�?�# �B�lÅ �!

,
 AO-ITO/PI�àá� �B®e0�ÈUndercut cavity�êZq#ÀØ#;�º È#ÀØ#ôõ$; #Ø¶p

�êZq#ÀØ#�1�òRÙ�>? �!� #ÈØ¶p�×èq�#ÀØ#�1�>î@Ä�íxn]

�V3ð�,æ �=0.3WÙ�àá� KI max�"=	�� �B�kl �!Undercut cavity467$8�J� #

��Í��È#ÀØ#ôõ$; #Ø¥��J�#ÀØ#�1�òRÙ�>? ÈØ¥��#ÀØ#�1�òR

�íxn]�Ù�àá� KI�"=	�w? �!

,
 sª^«�ÂÃ�#kl � Flight-PIÈAO-PIÈAO-ITO/PI� �B�È�ü�%TU·;EFíG �!

©ºHIÈ�	
�RS��� PI 67$8%&+0¦7,§| PI 67$8�¬­��_`�¨©�s

ª^«LÆ[�Éi:4J���!

� �

ÞßTU,_`�T;�à�#Èr	st¼","0,¼½� �	Âu��ÁÞÀ���Ïº�vFw���

9��!))�xy�è�¶©�!
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Appendix
�

�� !"#ê��êO$%&Ü���'��

ÏÐÑ­��­;ÒÓÔ����Õ��¶A1-1�J©[9]!í
�È�­ 100 km¦Q��	
�;��!�

	
��ÏÐÑ­�È�¶�ÏÐÑ­V­ 1.2 kg/m3W�� 7–14Ç2Äº�!"�È�	
��ÏÐÑ­�ÈÒÓ

Ô����Ï�ÄÕ�©�!ÏÐÑ­4Ï���¶0�ÈÏÐ��Ç���z�V�Ç/�W4� ���ÈÏÐ

�� N��òN�EFíf�����!íZÈÏÐÑ­4®¯�±���	
�0�È©
P�¾¿��

�/�V�
/�W4FÍL;º�ÈÞ©
4��[^Í�º+0�b�/� È©
cd�h���åV/�

>{W�J©���º�!/�>{�r01��	
�0�È[�©
�¤Ñ­��­;;%�|��vw È

_�©
�¤Ñ­�åb�vw©�[10]!��tuÈ¶ 1-1�J©���È�	
��ÏÐòN��­;%�Õ

�©�!

¶ A1-1
ÏÐÑ­��­;ÒÓÔ����Õ�[9] 
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�� !"(ê��ê'��

ÏÐÖ­��­Õ��¶A2-1�J©[24]!ÏÐÖ­��­ 100 km�}/�;�¤¾¤L�Q. È�­­

400 km +*Q0��­�¨ #EFíf;º�!�	
���Éiº/024º���ÈUV �ö÷; �´

����Ö4�A���!

¶ A2-1
ÏÐÖ­��­Õ�[24] 

宇宙環境曝露によるポリイミドフィルムの機械特性劣化とその予測法 125

This document is provided by JAXA.



*� �� !"ò1)OJý]6ú�ûü�

�­ 400 km�àá� AOµ�×;6ÀØ#½�¾¿�¶ A3-1�J©[14, 23]!¶ A3-1+*�+����ÈAO

µ�×4 90 °¦Q1�Í��à�#%ÈAO6ÀØ#½� 0�º*üÈ°d0�1�4�	<; AO�¾¿4=�

�!AOµ�×4 90 °�p�àá� AO6ÀØ#½�ÈRAMp�­ 4%01�!

¶ A3-1
�­ 400 km�àá� AOµ�×;6ÀØ#½�¾¿[14, 23] 
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&� E*^7ä+D�

1ÙÚ$§Û0;�È�'Z¼�¼��½ä0½1ÙÚ$�i�RSÁ��=��ã~01�È½ä0½1ÙÚ$

�Q'�à�#���ab��#��V¶ A4-1W[14, 20, 21, 22, 23, 24, 28]!1ÙÚ$§Û0����È<Ä¶p

�µ� � AO ; N24gh©�);���=N �%¸�r� NO24ÈÂ¨�r�1�:B0¡©�ã~9;

:/*�#��!1ÙÚ$§Û0�È�	
�0'H��ã«efVã«g,!ÈUVg,!Èø��g,!NW�

4�;º�!

(a) (b)

O A4-1
 VaW+�¥%&VbW+E¥�½ä0½1ÙÚ$��

VVbW��1ÙÚ$§Û0���ã~4�*��!W[14, 23, 24] 
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<� �� !"O��������,-�

AO ;ð$¢,VHéÛ�Ü�W�ghÜÝ�¶ A5-1�J©[14, 23, 28, 31]!AO4Â¨�rV3PW01�Í�

�Èú�ºÜ�nÀ�gh4=��!%¸�rV1DW� AO0�ÈX–HVX=H, C, ONWt����4�µ��È

XOH �=N©�;:/*�#à�È�Ä�Í����è=NE�./�!"�È���
��&gh���ð$

z$À)¢$;ð$+z1À)¢$4=N���ghÜÝ%����#��!

AO;ð$V,V5[t��%$óHéÛ�Ü�W�ghÜÝ�¶A5-2�J©[14, 23, 28, 31]!AO;ð$V,

�gh�Èð$¢,�Í�;æç #��01�!Â¨�rV3PW� AO0� C=Ct�=���|�gh4È%

¸�rV1DW� AO 0� C-Ht�=����µgh4=��;:/*�#��!"��Ö
�0�ÈÜ�nÀ�

gh4���µgh;�� #=��;:/*�#��!

¶ A5-1È2+*�+����ÈAO ;ð$¢,Èð$V,��ü��ghÜÝ�à�#%È��
Û�Ü�Ý4

�è��È�ÞL� ¡:��è=NE4=��!

RCH2CH3 + O

RCH2CH2 + OH�
RCH2CH3

2RCH2CH2 � + HOH

R’O � + R’’CH2CH3 �

[RCH2CH2OH]*

Replacement Recombination/further
reaction/fragmentation

Fragmentation (volatiles)

Volatiles

O A5-1
AO ;ð$¢,�ghÜÝ[14, 23, 28, 31] 

C = C

R H

HH

+ O
Insertion

C = C�

R H

H

+ OH�
CHRCH2

C = C�

R H

H

+ HOH2

C = C

R H

OHH

*

*

H – C – C� – H

–R –H

–

�O

RCCH2� + H�=
O

RCCH3=

O

C – C

R H

OHH

*

O

Fragmentation (volatiles)

Triplet-singlet
interconversion/
epoxide formation

Recombination/further
reaction/fragmentation Volatiles

Fragmentation
(volatiles)

*
Fragmentation

(volatiles)

Recombination/further
reaction/fragmentation Volatiles

O A5-2
AO ;ð$V,�ghÜÝ[14, 23, 28, 31] 
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6. ./���������� Ey

MISSE 2*MISSE 2: Materials International Space Station Experiment 2+*NASAHOPQ��RSTUW

PQ RF*RF: Radio-frequency+!RSTUVWX ;<=LYZ[\7]^_`9CLDEFG���

H Ey;a A6-17IJ[182]4=bCH��7c=>d$efZ[\]^YZ[\7cg3 EyH�?hi

F=j;IkL4efZ[\lYZ[\#%$AOHmnoWX�pq�r $AOHs1Gt$uo!

�v1w$ExHyz?{|^$"C9yzH}~? Ey7��kLl��9C>=3[182, 183]4KL$

YZ��;<=L AO���\#%$AOH��7�=���H UV?��J3"l?�9C>c^$"

H UV 7]^ AO H��?�sBC3l=���?23[182–185]4"H��;����l��4���

�7�=>%$�H��; `¡¢H£¤72^$¥¦§S¨wH©ª%«¬BC>=|=[184–196]4

¶ A6-1
MISSE 2%& RF\À¤�ðØ1Ù0TU���Þß��
���ghij Ey[182]
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2� GH5BI�01��� !"�ò1)O���� Ey�ûü�

¶ A7-1 �ÈQCM �på � PI �¨ ÈAO �µ�×�Õ���#�� �tu01�[197, 198]!�ù�

QCM »é¤Õ�j�ÈQCM�på � PI 67$8�cdvwj�èé©�!©ºHIÈQCM »é¤Õ�j

� PI �ghij Ey�yÂ©�!µ�×�~����»é¤Õ�j�vw È��Õ��µ�× 	 �¨ #

cos	�Ì�!$"�ÈEy� AO�µ�×�þ��üÈú�úÀpùÂ��������Éi FAO���!

O A7-1
 PI�på � QCM�»é¤Õ�j; AOµ�×�¾¿[197, 198] 
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)� GH5BI�01��� !"�ùC72D894@z7(êO���� Ey�ûü�

¶ A8-1�ÈQCM�på � PI�¨ È!,\$Ö­�Õ���# AO�� �tu01�[199]!ºàÈAO

¼/$â0� 1.1È5.0 eV01�!QCM�»é¤Õ�� AO��ÁP�æß #~�©�!"�ÈAppendix 7.

�������È��x��à�V»é¤Õ�jW� Ey�yÂ©�!¶ A8-1 +*�+����È1.1 eV ; 5.0 eV

0�È»é¤Õ�j4Ï�Ä<º�!$"�ÈEy� AO �¼/$â0�þ�©�;Y/�!"�È�ü�� AO ¼

/$â0�à�#%Ö­������à��Õ��±�ÄÈ253–353 K�st0�ÈEy�./�Ö­�z{�E

;§qî�;:/*��!

O A8-1
AO��¥�àá� PI�på � QCM�»é¤Õ�

V!,\$Ö­: 253–353 KÈAO¼/$â0: 1.1È5.0 eVW[199]
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$� AM089¨q�01�$%3ú46^7�5�67�

AM0 %&�Q�àá�ÒÓã½ä#Ú$�å�æç�¶ A9-1 �J©[200]!����� �ÒÓã��IÈ

éê 300 nm¦3�UV�±²,����ö÷���!$"�È¼/$â0���UV�E;§q�±²,����

ö÷��È�¶���+º�!"�Èø�ü�¥��ÈÜ�ÐÈÛ�£½È�����ö÷4=��!ºàÈ¶

A9-1��È5762 K��Ä��½ä#Ú$4J��#��!AM0�ÒÓã½ä#Ú$� 5762 K��Ä��½ä#

Ú$���EF"=0��!

O A9-1
AM0%&�Q�àá�ÒÓã½ä#Ú$�å�æç[200] 
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�/� UV O���������

UVlFG���H­®;O A10-17IJ[61]4UV�6$Ú,¼/$â0�ö÷ ��
�%¸�r�&

'©�!� #È%¸�r��
4(�º¼/$â0�É #��~t���è ÈÀ)¢$4=��!"�È�

ègh;�� #È%¸�r��
4Â¨�r�1�Ê%¸:B4=��!Ê%¸:B0�ÈY�º¼/$â

04 fãV�ã"��4,ãW; #�Å���!�*�È%¸�r=�&'�È%¸�r��
+*�
¼/

$â04'�©�);��(#%=��!

RH RH*
RH* R� + H �

Other Possible Reaction
RH* RH + Heat
RH* RH + h�

(Fluorescence or Phosphorescence)
M* + M M + M*

(Electronic Energy Transfer)

h�

O A10-1
UV ;��
���gh[61] 
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��� �������¬�8ùC72DO3�9:�ûü�

��
���t��è¼/$â0;ã�éê�¾¿�¶ A11-1�J©[31]!

¶ A11-1
��
���t��è¼/$â0;ã�éê[31] 

(eV)
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��� UV������;<�

T�p�N�à�#È)*¥0UV�� �ËÈ!,\$�ÏÐRS©�;ÈUV���}�4æ/ÈUV��

���a�1�Ö×4����#��[61, 65, 66]!)��ëìÖ×;��!¶A12-1�ÈT�p�VS-13W�UV

���ËV)*¥WÈ%&ÈUV��Ë�ÏÐ¥�#ef �g�½ä#Ú$01�[61]!UV�����g�j�

Ï�Ä23©�4È��ËÏÐ�R �!,\$�g�½ä#Ú$�����%�;&N;º�!ëìÖ×��

��ÈÏÐ¥�Ü�È��N���À)¢$�æ�9;:/*�#��[66]!ëìÖ×4=����� UV ��

_`0�ÈUV��Ë�!,\$�ÏÐRS�üÈ)*¥�àá���Í�k4c 01�!

O A12-1
T�p�VS-13W� UV�����g�½ä#Ú$Õ�[61] 
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�*� =���-Z>@?@@A�BC��-�$%��-\�

íî�	�01�ï,ðñ,òÈóô�	�ÈÒÓ�	��$�#¦3��5©�!

ï,ðñ,ò�È���Í���¹ô����¼/$â0(�©
4f¯L���©�ûü01�!��ù

�³´p0.(�Í���
ÈÓ
�6ÀØ#½�åÈ%&ÈøPp0��
ÈÓ
�¼/$â036ÀØ#½�

¶ A13-1È2�J©[70]!¶¥� L��ÐøP �01�È��>�V­ 6400 kmW�
¤�¶©!�
ÈÓ
�

6ÀØ#½��­;;%�|��~�©�!)��È�	������ #��ÏÐ�4ºÄº�);È%&È(�

©
������\^�%$��Ð4�Äº�);4��01�!ï,ðñ,ò�øP�L(#50~Ë���

� È�­­ 3600 km�]ò;­ 18000 km��ò� 2[CD;º(#��!]ò�íÁ��Ï���Q*�

3Ñ #à�È��Ð4��L���ûü4��©�!)�ûü��Ï��<¯�üVSAA: South Atlantic 

AnomalyW;��!SAA �N��È��"B����Í�¥�4��¥���*ü�wü��À��1���È

�Í¬­4��0®¨R01�ÈÜ­Z¼�%íf0º�);���!SAA 0�È��Ð�¬�4+HQ*�

­>�01�È�¼/$â0�©
42�­"0�µ©�!

óô�	��È}(M��¡fóôA�ºN���¡= ÈóôA]���¥�E;§qS#�OP�
�

�Xð*���
44�
��;&��(�A(#�º�"�º­;º(�©
���!¼/$â0st�­

107–1021 eV01�!"�È¼/$â0�~����©
¤�vw©�!óô�	����òN� 83%4Ó
È

13%4 ��È3%4�
È}�� 1%4["±,01�!["±,�¥0����CÈNÈOÈNeÈMgÈSiÈFe01�È

Fe¦Q�}[4���æ� Fe�� 5–6Çwº�!óô�	��VM*P�f¯L���©�4È��»�0

� 11È»�0Õ�©�ÒÓÔ��z{�íá�!ÒÓÔ���Ï���ÈÒÓ�ÍfÒÓ+*�©
0óô

�	�4�������È��6ÀØ#½�vw©�!� #ÈÒÓÔ���±��Èóô�	��6ÀØ#½�

�Ï;º�!óô�	����Ð�­�h�#©
�ÜÝ4þZ*�È1�¼/$â0¦3�©
���i�

����È�ÐøP|"���µ0�üÈ���Z��µ f©�!

ÒÓ�	��ÈÒÓ¶p��¹V�W�O/*���Í�¼/$â04ÒÓ6ñðfÒÓ+Û~cd�Å

VCME: Coronal Mass EjectionW��(#è����);����º,�Å����¼/$â0(�©
���!Ò

Ó�	��¿¡L�=�È6ñðG�¼/$â0½ä#Ú$;òN4<º�!ÒÓ����òN�óô�	�;

EF&N01�!ÒÓ6ñð�¡=�­;ÒÓ��¹¤0u¶��� 11 È»��ÒÓÔ��Õ���¬�y

¾41�!¶ A13-3 �ÈÒÓ6ñðÓ
;ÒÓ�¹¤�¾¿�J©[70]!ÏÂ��ÒÓ6ñð�È�¹¤4Î0

#;º��Ï�0�ºÄÈ�¹¤4~�©�Þ!"#$���È"��È�¹¤4vw©�Þ!"#$�Ë�0

¡=©�à¼41�!"�Èóô�	�;&xÈÒÓ�	�%���Í����ÐøP|"���µ0�üÈ�

��Z��µ f©�!
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(a)

(b)

¶ A13-1
 VaW�
V1 MeV¦QW%&VbWÓ
V10 MeV¦QW�hp6ÀØ#½N��¶[70] 

¶ A13-2
øPp0��
ÈÓ
�¼/$â036ÀØ#½[70] 
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¶ A13-3
ÒÓ6ñðÓ
;�¹»�[70] 

138 宇宙航空研究開発機構研究開発報告　JAXA-RR-10-009

This document is provided by JAXA.



�&� ./������D01-N�

Þß��
���õ���:�¶ A14-1�J©!

¶ A14-1
Þß��
���õ���:[201] 
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¶ A14-1
Þß��
���õ���:Vã�W[201] 
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�<� 01-���åæ�(ê����

������%�*©gh��
É�;¾¿©�gh01�!����È��º­f�ÞLº���B­�

Ö­�z{��x�íá�!í
�È
�Ö­4�Äº�;È��ghÈ�Ý.hgh�qI*%0���È�

��Ï�Äº�!34¼0¦$½$$,VPES: PolyethersulfoneW�������%F©��Ö­�z{�¶

A15-1 �J©[74]!��Ö­�Q.���Èsh-&��d;��|��23©�!sh¬­�$�#%&x

01�È�Ö01�Eq�d�¨©�234Ï�Äº�!

¶ A15-1
 PES�������%F©��Ö­�z{[74] 
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�.� 01-���åæ�-�����

���4Ec¥��:©�;È��Q��L(#îb�"±,¨4C*��Víî"±,�W!�/#Èíî"

±,�0�Å���5î�
���"±,�4=��!S"±,��à�#È5î�
���"±,�4Ï>�

·��!5î�
�C?���Èíî"±,���(#=��"±,¨�»���È"±,¨�c�V½\0$W

40��!)�½\0$�CD�����ß#�þ� È��f�
�Í��æçL8�½\0$01�4È�

¼/$â0�(�©
��Ñ­º½\0$�C�!$"�È&�¼/$â0ö÷41(#%����ß#V�

cW���ghÔ:ß�*P�å4<º�!����È�c���<º(���iu�./�);41�!)��

�ciu;��[74]!�ciu�$��ÈÖ��;)DTUQ�@­4�ÄÈfdLºêG���89��(#

�º�!
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�����
����4��©�;È)*¥0�� �Í�;æç È��
���Ï�Ä��©�!��

�È"±,ÈÀ)¢$N�ghÔ:ß;��4gh È��
��4� Ä�����V�����ghW��0

1�!�*�È��������4¾.©�Í���È�dj�z{4Ð��º�!��dj���Í���È

��
��¥�=N �ghÔ:ß4��;gh©���°t�N���æ� È���è���³.4vw

©�!íZÈ2�dj0�ÈghÔ:ß4Éi����è�n¸©����4Ï�Äº�!��õ���:�

É©�=>?��
�à�#%È�����gh4��;È��õ���:������gh4¸)*º�;
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