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2.1� �	����� ���   

� YrH4">/#EǨ¦Üŝƹ3°ßĘ´4�Ö°H¼�(/�2¦Üǔ�űǗŬ2ƕŦ2üH

Õ�CFE�/2BEP~c|j�ûĆ/�üHÕ�E/�3ÅÍ/3Ġġ2B+-ūŤ#EĔĒ

(ƄĆ)/3ǑÀ�.ŉ<E��3�:0B�ûĆŬ.:0B�ƄĆŬ1Ćƹ�Ǩ¦Üŝƹ3ŞĂ.�

D�&F2B+-ǐí@^xqaT/4ũ1EńƔĆĴħ21Dÿ(/?��E��3(>Õü/

°3ǘ��ĭǗ2BC1�óƠƳ.ƫǂ.�EƇûĆ/4ũ1D�ƄûĆ24Õü/°3Ǘ2�Ƅ

Ć2ƺË#EĭǗ3ǇF�Ť"E�/HƒČ!(�ǢóƠ3ľą�ăƥ21E� 

� ƄûĆHƲī#E24�Ö°2Ą"-űĭ2�Ǝ#EûĆHơ#gf/�ĭǗŬ2A+�D6$

=�Õµ#EƄĆ2æĄ!(`aZvoacHƊ=ÀG%(tbz�B�ť�CFE��FCHŮ

§2,1�)pT\NOztbz.4�Yr2��(6$=H�á2�+-Ą°�ĭǗŬ2Őë#

EĄ°ƍÈ3šƶHƫǂ#E32ǉ!-�E��ĩ.��§2,1�)kQ�Tctbz.4�Y

r2��(Ą°H�á2�+-6$=�ĭǗŬ2Ø��1ETy�m/��šƶHƫǂ#E32ǉ

!-�E�!�!�pT\NOztbz.Ty�mH�kQ�Tctbz.Ą°ƍÈHƫǂ#E3

4Ǡ!��Ty�m3ý2űĭ2Ą°H/Dǚ�Ty�mÊā3B�1BDƤǟ1šƶ.4�gf

/`aZvoacHBDǨŅ2Ɗ=ÀG%(Ƥǟ1tbz.1�F5��<�Ƴ$E�/4.�1

�� 

 

ǮYrƄûĆ3´ŬĄƀǯ 

� ņùŋ103ĭǗ//?2ÅıŬ2Õµ#EĄ°<(46$=2æ#E´Ŭ1Ę´Hƒ�E�Å

ŋĥ ω 3«ŕ2æ#EĄƀ4�_Mu103Ǩ¦ÜńƔĴħ3ŝĆHƒ�E�.Ǣñ2Ǎƥ.�E�

��.4�σ = σ
0
eiωt.ơ FEĄ°H±�EÐÀHƒ�E�6$=Hγ/#E�ţĉûĆ�3´ŬĄ

ƀţĉûĆ�.4kaT3Ŋ¬�ĎDŽ,3.�ûĆŠEHgfáĥ/ƒ�-� 

! = !"� (2.1.1) 

/1E�B+-6$=!�B76$=Ǆö! � !" !" 4�&F'F�

! = !
! =

!!
! !!"#�

! = !" !!! !!"#�
(2.1.2) 

.��CFE�γ/σ4Á�ů.�D�!4σBD90˚�ů�ǆI.�E�B+-Ą°/6$=3Ǘ2Ǉ

F�1��Õü2BEPfzS�ğÙ41��/HĊÆ#E�ţĉƄĆ�3´ŬĄƀţĉƄĆ�.

4ev�c~3ƄĆŊ¬�ĎDŽ*� 

! = !!!!"# = !!� (2.1.3) 



���� Yr3ƄûĆ/ƣú³ķ� ��

�

! = −! !!!" !
!"#�

となり、σと!は同位相であるが、γはσより90°だけ位相が遅れるので、エネルギーを系内に貯めるこ

とができず、外界から得たエネルギーはすべて熱として散逸される。ただしηは粘性係数である。"粘
弾性体の動的応答γ = γ

0
eiωtの変形を加えた時の応力をσ = σ

0ei(ωt+δ)とする。前述のマクスウェルモデル

を用いてこの現象を記述しようとすると、マクスウェルモデルに応力σを与えたときスプリングとダ
ッシュポットに生ずる応力は等しいので、それぞれの伸びをx

1
, x

2
として 

! = !!! = ! !!!!" � (2.1.4) 

�FC3�7x
1
, x

2
3È.6$=γ�ơ FE/#E/�pT\NOztbz3ǑÀ�3ø4 

!"
!" =

!!!
!" +

!!!
!" = 1

!
!"
!" +

!
!� (2.1.5) 

.ơ FE��3ø2Åıǘĥ.��CFEγ/σ3øH� #E/ 

!"# = !"
! + 1! !!!! !"!! � (2.1.6) 

�FHƩ�/� 

! = 1
1 − !/!" !!!!

!"# = !!!!
1 + !!!! + !

!"
1 + !!!! !!!!!"#� (2.1.7) 

/1E���.! = !/!.�E�B+-ƄûĆ�.4Ą°/6$=3ŇǪσ/γǫ.áƑ FE�ûĆ

Š��Ƥƈĥ.��CFE��FH!∗ = !! + !"′′/#E/âǋE’�B7ƜǋE”4&F'F 

!! = !!!!
1 + !!!! 

!!! = !"
1 + !!!!�

(2.1.8) 

.ơ FE�E*4ƤƈûĆŠ�E’/E”4&F'FƷƚûĆŠ�ğÙûĆŠ/Ç5FE���.� 

! = !∗ !!!! !"!!  (2.1.9) 

/ơ%E��F4ƄûĆ�2´Ŭ6$=H��(/�3Ą°Ąƀ��6$=/ę´ĥ4Á".�E

���ů��ǆI.�E�/Hơ!-�D��3�ůï4 

tan! = !"
!′ (2.1.10) 

/1E��3tanδ4°ßŬğÙņĜ/Ç5F�PfzS�ğÙ3ėŁ/!-ť�CF-�E�ţĉ

ûĆ�.4δ = 0�ţĉƄĆ�.4δ = π/2�ƄûĆ�.4&3ǗH/E� 
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�� _Mu¦ǎ3ÐÀ�10 Hz.3´ŬƄûĆŒá2��-�Ƽ�DĔĒ4_MuƼ´ĭ3őö.�

E30 ˚C – 70˚C3 tan δ H�NOacUyamĆƔ4 −20 ˚C – 0 ˚C3 tan δ HPfzS�|\3

ėŁ/!-B���� 

 

 

ǮYr3ƣú³ķǯ 

��,�3ƈĴHƊ=ÀG%(DŎÀ!(D#E�/2B+-�·�BD?�F(ĆƹHĖ(%E

ďŊHƣú/����3ƣú³ķ4�ƤÀĎ¦3Ćƹ��ÑĴ3üş�ŎÀüċ��ÑǏ@�2 ů

Ǘ3ŧǣŞĆ10×�3ƥË2�Þ!-�E(>��FC3ƥËHªĀ#E�/2B+-�İ=3

ńƔ2ǀ�ŞĆHĖ+(ƣúĴħHÿE�/?.�E�ƣúţƳ3¸ř4�Ţş®�ƃÜH¦Ĥ!

(/�3čŖō3ƄöÕµ2ǘ#EKM~Zv_M~3ø[38] 

! = !! 1 + !!!  (2.1.11) 

.�E��F4Ƅöη
0
3¦ĤÛ2ƃÜH�ź¦Šφ)�ŎÀ#E/�čŖō3Ƅö�η2ÒØ#E�

/HĊÆ!-�D���.k
E
4ƃÜ3üş2B+-ÕGEËÜ.Ţü3ĭ�k

E = 2.5.�E�KM~

Zv_M~3ø4�Ō��2ƃÜH FE/ƃÜ24%IĨ°���E(>��F�Ō�3îŌH

Ģĕ#E/��ƒ�H?/2!-�E�KM~Zv_M~3ø���ðƛ 1Ŕō2!�ǉť.�1

�32æ!�Guth-Gold4?+/Ǩŗö3čŖō<.Đ�E��3øHĝļ!([39]� 

!�!! 1 + 2.5! + 14.1!!  (2.1.12) 

�F4ŗö�Ǩ�1E�/.ƃÜÁÔ�ů��ťHĖ,B�21D���2¹Ƽ#E�±Ŭ 1Ģ�

�Ť"�φ22Ň�#E2Ņ³ķ�ƺ�E/��?3.�E� 

 ��<.3ƒ�ĩ4�Ō�3Ƅö/�Õü2B+-�ź�:/I0Õµ!1�Yr3%IĨûĆŠ

��Á"ľą.ě�CFE�/�C�ûĆŠ.?Áŀ3ƵƳ�.�E�,<D�Px\cp�3�

ÑƆ�Ĳ�ÑƆ3%IĨûĆŠHG, G0/#E/�η/η0 = G/G0�ĎDŽ,/ƒ�-Ɨ��Smallwood

4�3ƒ�HĮ¨2»D F�KM~Zv_M~3ø�C 

!�!! 1 + 2.5!  (2.1.13) 

3øHĝļ!(�Guth4Ņ�. 

!�!! 1 + 2.5! + 14.1!!  (2.1.14) 

 C2�Ñ¯3üşHƒČ!- 

!�!! 1 + 0.67!" + 1.62!!!!  (2.1.15) 

Hĝļ!(���.üş�ĥf4ǪǕ Ǭòǫ.áƑ F�ø(2.1.15)4 f � 1 .ĎŽ!�Ţş3Ð

À4ø (2.1.14) 2þ�� 

�F<.3ţƳ.4ûĆŠ4��ÑĴ3�ź¦Šφ3=2BD�Ø� 24Śǘ�/ě�CF-�E�

!�!âǜ24ƃÜ�ê �1E:0�ơǣź�Ò±!ƃÜơǣ�¦ĤÛ3ÄŰ2B+-Õµ#E

�/�ƃÜ�¤Ǟ#E�Â��E�/�C�Ƅö@ûĆŠ�Ò±#E�
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�

�

� <(��3ţƳ.4ƃÜ/pcyaT\3à¡ĜŰ�ĝ/1+-�-�ĜŰ�Ɨ��EÐÀ�

ǢĜŰƃÜ�żÝ/1D�ÑŠ3Ò±2BD��+-ûĆŠ���E�/�é�F-�E�!�!�

�Ɩ2403B�1ǢĜŰƃÜ?�ƃÜŧǣ2kJ~bz}�z\°2BD�1D3%IĨ°�ū
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Fig.2-Scanning Electron Microscope image of 
x-ray Holography sample. 
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Fig.3-Intensity of diffracted x-ray from sample 
(Hologram). 
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Fig.4-Magnetic domain obtained from the difference 
of Fourier transformed image with right and 
left polarized circular x-ray. 
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Fig.5-X-ray and neutron scattering cross sections for 
each elements. 
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Fig.2-Scanning Electron Microscope image of 
x-ray Holography sample. 
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Fig.3-Intensity of diffracted x-ray from sample 
(Hologram). 
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Fig.4-Magnetic domain obtained from the difference 
of Fourier transformed image with right and 
left polarized circular x-ray. 
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Fig.5-X-ray and neutron scattering cross sections for 
each elements. 
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Ǣǻx�Xf�ű¸K��GŀōÈ���3ƽ�+)�k�0#.ǔţ"HG[10, 14, 15, 17, 18]�

#�#�Unified Approach/6xN��5ƪȁǹƿKŷü%G!06/�2���Œ�RMCŸ6�

ƪȁ3ƳøKǹƿ#��g�3ƳøKÏ�#2�EŌ�k�fșŲƣ36Ō�k�f�EŶ=GŬ

ǳæøșStructure Factor: S(q)ȚȚ3�ǅ%G=/ǖƯKƾFǭ%!0/�ýƪȁ3� GƳø5ǹƿ

�k�KŬƱ%G!0�/�GĸŸ/�G[10, 19]�#�#�ƳęÄĐKŜ%GxN��5ðÜ�Ō

�Ġę I(q)�E S(q)KŶ@G!0�çȊ2!0Aõ��ýƔƙ3 RMCǔţ�çȊ2ðÜA�G� 

� ]��3ĢĶ"H)Ę�ƪȁbZ��3J)GȅċŬǳKŌ�Ÿ3DFǔţ%G)@36�

Bragg’s law�EŖE�2D�3ȏĒ3ĆǓ´5Ō�ĠęKǖƁ%GĪǐ��G�!H=/ýȗþƵ

/6 Bonse-HartT���Ɣ�EH.�)[20� 21]�Bonse-HartT��5ƌĨ0#.ŪĆǓŌ�k�

f5×Ħ�Ùǃ/�G��Mn�O_�ƺŘKƔ�GĪǐ��G)@Ȏƙ2ƍĲ/5Ɓü#�/�

2��=)�1 ű¸Ō�ĠęřƼ#�ĦEH2�)@�ƗŒƙ2Ō�K��GǛŏ5ðÜ�ǖƁŗ

ȁ�ǿ�2G[11, 22, 23]��Œ�w�|��T��KƔ�) 2ű¸Ō�Ɓü6�ƗŒƙ2Ŭǳįï

�ĦEHG0��ÆƇ��G[1, 4, 11, 23]� 

� '!/ŞƠƩ/6�SPring-85Șǫę XƼ5ƌĨKź�#�BL20XU�D8 BL40B2KƔ�.[24, 

25]�]�K 1 ǩ¦ğ"&2�E¿Ǹ5xN��ȅċŬǳôÐ5ǔţ�Ùǃ2ŗÄË

2D-USAXS/SAXSŸKƔ�.ƠƩKǉ+)� 

 

 

3.1.1� 2D-USAXS/SAXS��&   

ȟSAXS5ÕƒȠ [30] 

� Fig. 3-1-23Ƥ%D�3Ō�¬3XƼ�»Ą#)ðÜKǁ�G�Ø¾ƙ3ǁ�H7�ƋǢ�5Ȍ

ø6XƼ3D+.ňFÏ�"H�'HǄǧ�ő)2ŹƂ02+.Ō�XƼKƓ$G�»ĄXƼ�E

Ǔę2θ50!I/ǒĂ%G0�Ō�¬�5�ECGðķ/ƘƓ#)XƼ5Ǻ4ÜJ&KǒĂ%G

!032G�r* ȉH)2ƇKǱGXƼ5ȁ36ºǦĎ��F�'5©ƜĎ6r�q/��EHG�

!!/q6Ō�{Xl�0á7HGǻ/�»ĄXƼ0Ō�XƼ5Źō{Xl�ki�ks5Ď/üǀ"H

G� 

 

 

Fig. 3-1-2 � XƼŌ�5ūǐ [30] 

 

(波数: ki)

(波数: ks)

2θr

q = ks - ki

散乱ベクトル入射Ｘ線

散乱Ｘ線

ks

ki

散乱体
q = |q|= 4π sin θ /λ
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#)�+.�ȌøāęÄĐρ(r)5Ǜŏ�E5Ō�XƼ5ŁēF(q)6�©ƜĎKǁĴ3�H.ÛŌ�

ŹKÍ�ÜJ&.� 

! ! = ! ! exp −!! ∙ ! !!
!

 (3.1.1) 

/��EHG�ýȇ3ǒƁ"HGǻ6�Ō�XƼ5Łē/62�Ġę/�G)@�Ó©¬ƨ�)

F5Ō�ĠęI(q)6� 

! ! = ! ! !∗ !
!  (3.1.2) 

/��EHG�!HE52Ĝ0�Debye, Bueche3D+.ą»"H)Ó©¬ƨ�)F5ȌøāęÄ

Đ5ǄďƜȂȂō 

! ! = 1
! !

!
!! ! ! + !! !!! = 1

! !(!) (3.1.2) 

KƔ�G0șP(r)6ƺŘŬǳǔţ3� GPattersonȂō0Ý$Ț�Ō�Ġę6ƜȂȂō5x��R

ôŇ0#.� 

!(!) = !
!

! exp −!! ∙ ! !! (3.1.3) 

0Ś G� 

 

ȟGuinierǬ§șŌ�¬5ö�"ȚȠ 

� Ǜŏ5��=�2ö�"3,�.ƟF)�0�36�GuinierǬ§�D�®JHG��=�ƃ÷

3ă%GŌ�¬ 5ȌøāęĎ�ë�(Δρ)/�G0#.�'5¬ƨKV0%G�=)�Debyeæøsin 

qr/qrKƸōĉȀ%G0�1 - q2r2/3! + q4r4/5! + .../�G�#)�+.�1,5Ƴø3DGŌ�ĠęI(q)

6� 

!(!) = Δ!" ! 1 − !
!!!
3! + !

!!!
5! −⋯  (3.1.4) 

!! = 1
! 4!!!

!

!
!! ! !!!! (3.1.5) 

0Ś G�ĳĭÒĤRgKƔ�G0 

!! = !! − !! ! = !!! + !!! = 2!g! (3.1.6) 

/�G�E 

! ! = Δ!" ! 1 − !!g
!

3 ≃ ∆!" !exp − !!g
!

3  (3.1.7) 

0Ś G�!HKGuinierǬ§0��� 
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ȟƳøȁĔžÎŤȠ 

� Ǜŏ�đǈ2ðÜ36�Ō�Ġę6ÛƳø�E5Ō�Ġę5â0#.ǋ"HG��Ƴø5Ɔę

�Ș�ðÜBÂȈ#.�GðÜ21�Ƴøȁ5ĔžÎŤ�ƈǑ/�2�0��Ō�Ġę I(q)6Ƴ

ø5Ģƍ3ǣæ%GĢƍæøșForm Factor: F(q)Ț0�Ƴø5ǹƿ3ǣæ%GŬǳæøșStructure 

Factor: S(q)Ț0Ä .ǁ�GĪǐ��G���N³5Ƴø�E2GƵKǁ� iƖƚ5Ƴø5�ĩĚ

ŮK ri/ǋ#�r = ri + u0%G0�Ō�Ġę I(q)6� 

! ! = 1
! −!!!!∙!! ! ! !!!∙!!!

!

!!!
× −!!!!∙!! ! ! !!!∙!!!

!

!!!
 

= !
! ! ! !(!)!!!!∙(!!!) !!!! × 1

! !!!!∙ !!!!!
!

!!!

!

!!!
 

(3.1.8) 

02G�¨#�ƨÄưè6Ƴø¿/�F�ĕë6Ƴø5Œ©3,�.0+.�G�ƭ 2Ĝ3��

.�ÉÒ5Ȓ6Ƴø¿5Ȍøāę5ǄďƜȂȂō/�F�Ģƍæø3ăī%G�ĥÒ5Ȓ6�Ƴ

ø5ǹƿ3ǣæ%GȒ/�F�Ŭǳæø3ăī#.�G�Ƴø�ÓÄŌ/ƮŒƙ/�H7��5

Ĝ6Ģƍæø0Ŭǳæø5ƨ! ! = !" ! !(!)0#.Ś�!0�/�G��ǆ3Ģƍæø0Ŭǳ
æøKÄȉ%G!06Ȋ#�� 

 

ȟx�Xf�ŬǳȠ 

� nqşŏ21/6Ŭǳȅċĭ��G)@3x�Xf�ĭKƤ%ƋǢAõ��x�Xf�ű¸2

15t���fAĆǓŌ��Eǚ±%G!0�/�G�Ǣǻx�Xf�ű¸0ǋȐx�Xf�ű

¸� SAXS/ǔţ"HG!0�õ��Ǣǻx�Xf�ű¸� dș1 < d < 3Ț5Ƶ/6�Ǣǻ M(r)

6 

! ! ∝ !! (3.1.9) 

0ǋ"HG�E�Ǜŏ3ƗŒĭ�2�ŗ5ƜȂȂō6 

! ! ∝ !!!! (3.1.10) 

02F�Ō�Ġę0#. 

! ! ∝ 1
! !!!!sin !" !!

!

!
 (3.1.11) 

�ĦEHG�0!I/�!5D�2x�Xf�ĭ6��G^OcbZ�� a < r < R5ưè/5>

Ķƫ%G�#)�+.��ǘƨÄKÓƷ3ýǉ%G!06/�2���1/R < q < 1/a5ưè/ 

! ! ∝ !!! (3.1.12) 

0��ŀōÈ�Ķƫ%G��Œ�ǋȐx�Xf�ű¸ dsKƔ�G0�ǋȐƨ S(r) 

6� 

! ! ∝ !!!!! (3.1.13) 
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02G�ds6ĕƄ2ǋȐ50�36 2 02F�ƴ�2G0 3 3Ǭ-�.���r 0 q 6ÖŴ¯5

Ȃ²3�G5/� 

! ! ∝ !!!!! ∝ !!(!!!!) (3.1.14) 

!HK PorodÈș!(!) ∝ !!!!Ț3 »%G0 

! ! ∝ !!(!!!!) (3.1.15) 

�ĦEHG� 

 

 

3.1.2� 2D-USAXS/SAXS.,��6   

�2 2D-USAXS/SAXSýȗ3� GŠ£K Table 3-1-13Ƥ#�ǝƹK¡�3Ǯ:G� 

 

Table 3-1-1 

Method Beamline X-ray 
energy 

Camera 
length q-range Detector 

2D-USAXS BL20XU 23 keV 160.5 m 1.9 × 10-4 � 3 
× 10-2 Å-1  

6-inch 
XRII-CCD 

2D-SAXS BL40B2 8 keV 3 m 2 × 10-2 –  
0.1 Å-1 

RAPID 
(2D-PSPC) 

 

ȟ2D-USAXSǍƿȠ 

� 2D-USAXSýȗ6�SPring-8 BL20XU3.ýœ#)�Şv���O�/6�T��ǿKƶ 160.5 

m3%G!0�/�G)@��X��S�g=/5ĆǓŌ�ýȗ�Ùǃ02G�Fig. 3-1-33di

lMizéKƤ%� 

 

 

Fig. 3-1-3� 2D-USAXSƔ5ýȗdilMizé 

XƼRp�W�6�Si 111KƔ�)�ƺŘÄºä3DF 23 keV3ÓǇÐ#)�ƭ 1rih3]�

ě¦ǍƿșŦĜ¤ƥ��v�R�Ǐ Rheogel-S1000ȚKǙƿ#�XƼǰǴƏƁüƔ3ǛŏÉĥ3O

S�hQ�s�KǙƿ#)� 

double-crystal
monochromator

Front-end slit 
Slit 

Slit 

Ion chamber 
Sample

2D x-ray detector

Beam stop

1st Experimental hatch 2nd Experimental hatch

SR

Undulator

vacuum path

0 m ～50 m ～80 m ～240 m

distance from sauce

Pinhole 

Optical hatch

Attenuator
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Fig. 3-1-4 ]�ě¦Ǎƿ5ÁƝ 

 

ŗÄË 2D-USAXSƁüKǉ�)@3�ƭ 1rih�Eƶ 160.5 mȉH)ƭ 2rih¿3 Fig. 3-1-5

3Ƥ%żš|loXbǏ[�lȌƂ� 6-inch XRII-CCDșX-ray Image Intensifier, X-ray CCD 

detector: C4880-40Ț�ű¸ŨÃäKǙƿ#)[26]� 

XRII-CCD ŨÃäÉ3ƛĤƶ 3 mm 5ǽǏv��blizKǙƿ#)�ĥǮ5D�3 XRII-CCD

6xN��¹ñ]��E5Ō�·KƁü%G36gOn�iX��a��Ǥ#.�G�'!/

XRII-CCD ŨÃä5gOn�iX��a5�ǤKǎû%G)@3�v��bliz0�ű¸ŨÃ

ä5ȁ3 AlǏſǌŢșƛĤȞƶ 30 mm�Ô>Ȟƶ 4 mmȚKł»#)șFig. 3-1-6Ț�"E3��

ű¸ŨÃäȐ�5 XƼv��5Ę�F3DG Smearingș< ȚKȃ�)@3�ºúrihś�Ż

3Ǚƿ"H.�Gw�|��KƔ�.ºúƵ5śǶÐKǉ+)� 

 

 

 

Fig. 3-1-6� KaptonxN���3�P�l#) AlǏſǌŢ 

 

Fig. 3-1-5� 6-inch X-ray Image Intensifier + X-ray CCD DetectorșXRII-CCDȚ 
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ȟ2D-SAXSǍƿȠ 

 

Fig. 3-1-7� 2D-SAXSƔýȗǹƿ@BL40B2  

 

� 2D-SAXSýȗ6�SPring-8 BL40B23.ýœ#)�ýȗǹƿK Fig. 3-1-73Ƥ%� XƼRp�

W�6 Si 111ÖĄKƔ�)�ƺŘÄºä3DF 8 keV3ÓǇÐ#)�T��ǿ6ƶ 3 m0#)�

ŗÄË 2D-SAXSƁüKǉ�)@3�Fig. 3-1-73Ƥ%�ű¸©ƿŋıíŨÃäștwo-dimensional 

Position Sensitive Proportional Detector: 2D-PSPCȚ/�G RAPIDșRefined ADC per Input DetectorȚ

KƔ�)�RAPID3Ɣ�)Ub6�Xeș20 %Ț�Arș64 %Ț�CO2ș16 %Ț/�G[27]� 

 

 
Fig. 3-1-7� RAPIDŨÃäș�ű¸ PSPCȚ 

 

ȟ2D-USAXS/SAXS0ě¦Ɓü05ÝŗǖƁýȗȠ 

� ŗÄË 2D-USAXS/SAXS0ě¦Ɓü05ÝŗǖƁŠ£6�]�ě¦ǲęK 120 mm/min�ȍºŗ

ȁK 0.5 s�ƁüȁȆK 1 s0#�]��ơŐ%G=/5ě¦ǴƦKƁü#)� 

�  

 

 

 

2D-detector

Sample
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3.1.3� 1�  

� ~���6�SBRșŔŞeS�Ǐ SBR1502Ȟbh��ǻ (23.5 wt%)� yfaR�ǻ (76.5 wt%)Ț

KƔ�)�`�T�D8`��Tiz��YÊșCAȚ6�'H(HkXi^Ǐ Ultrasil VN3�D

8 Si69KƔ�)�ǝƹ2ǹÜ¿ĀK Table3Ƥ%� 

 

Table 3-1-2 

 SBR-1 SBR-2 

SBR 100 100 

Silica 54.5 54.5 

Si69*  4.36 

Stearic acid 2 2 

Sulfur 1 1 

TBBS** 1.5 1.5 

* bis-(3-triethoxysilylpropyl)tetrasulfide 

** N-tert-buthylbenzotiazole-2-sulfhenamide 

 

� !HEKO�f�n��V^�3Ļ»#�Ǜŏƀę� 150 ˚C32G=/ŽÜ#)�ĦEH)]

�K 60 ˚C/ƀǠ#)ǼĊǏ 2Ş���3Ǳ#�Ô> 2 mm5`�lƍ3ŎĢÍČ#)�'5ĥ�

ÍƉz�bŰKƔ�. 170 ˚C/ 12 minÍƢ"&)� 
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3.1.4� * �-�  

ȟ2D-USAXSŠ£ŨǗƺŤȠ 

xN��¹ñ]��E5Ō�·Ɓü3ǤGgOn�iX��aK XRII-CCD�Ŝ#.�G�ƣǞ

%G)@3�Imaging Plate (IP) 5ƁüƺŤ05ŴǪKǉ+)�Fig. 3-1-83ĕëƳĤ 1 µm5ƝƑ

ƍÓÄŌƳĤ`�TșŔŞǕ÷Ǐ KE-P100Ț5 USAXSƁüƺŤKƤ%� 

 

 

Fig. 3-1-8� Imaging Plate0 XRII-CCD05ŴǪƺŤ 

 

 

Fig. 3-1-9� AlǏſǌŢ5ǎŲÉĥ5Ō�ĠęřƼ5ŴǪ�(�)ǎŲÉ,  (�)ǎŲĥ� 

 

XRII-CCD5gOn�iX��a6 IP3Ŵ:Ǝ�)@üǻƙǔţ�çȊ/�G!0�Ä�G�'

!/�v��bliz0 XRII-CCDŨÃä5ȁ3 23 keV5 XƼ3ă#ǰǴƏ T = 0.08702GD

�3�Fig. 3-1-63Ƥ#)D�2 AlǏſǌŢKł»#)șƛĤȞƶ 30 mm�Ô>Ȟƶ 4 mmȚ�Ħ

EH)k�f�EſǌŢǸÄKǎŲ%G!0/�̀ �T�E5 XƼŌ�ĠęKƁü%G3ǤGg

On�iX��a�ĦEH)� 
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Fig. 3-1-10 ºúrih¿w�|��5Ŝƈ3DG XƼv��5 

Ę�F5O��a; (�)w�|��ƈ#, (�) w�|��ŜF 

 

� ǱĒ5ĆǓŌ�ýȗ5ǹƿ/6�v��5ƘŌ3DGŌ�·5 SmearingKªſ%G)@3�Ũ

ÃäȐ�3ȡƼKȈº%G�#�# BL20XU 36 X ƼȈº���21KǙƿ%G!0�çȊ/

�F�ȡƼºƂ5ƘŌǓ3ăī#.�Ǜŏ�Eƶ 160.5 mȉH)ŨÃäȐ�/6 XƼv���Ę

�F�ű¸Ō�·� Smearing%G�'!/�ºúrih5ś�Ż3Ǚƿ"H)w�|��KƔ�

.�Fig3-1-10 3Ƥ%D�3ŉ§ºƂKĢĶ%G!0/ X Ƽv��5Ę�F�ĺ�EH2��º

úƵ5śǶÐŨǗKǉ+)�Fig. 3-1-113w�|��Kł»#.�2�ƍĲ3� GǛŏ©ƿ�

D8ŨÃäȐ©ƿ/5 XƼv��ĢƍKƁü#)ƺŤKƤ%� 

 

 
Fig. 3-1-11 w�|��ƈ#/5 XƼv��ĢƍƁüƺŤ; 

(č) Ǜŏ©ƿ, (Ú) ŨÃä©ƿ 

 

Ǜŏ©ƿ/6ƶ 0.5 mmƦę5 XƼv��^Oc/�G��ŨÃäȐ©ƿ/6ůŒÞ3 XƼv�

��Ę�+.�G!0�Ä�G�Fig. 3-1-123w�|��5^OcKô�)ðÜ5ŨÃäȐ©ƿ

/5 XƼv��ĢƍKƁü#)ƺŤKƤ%�'5ƺŤ�w�|��^Oc φ = 50 µm3%G0ů

ŒÞ5 XƼv��5ƘŌ�ĺ�EHG!0�Ä�+)�"E3 φ = 20 µm=/w�|��^Oc

KĆ"�#)ðÜ6�FraunhoferåĽ5ģȑ3DFǯ3 XƼv��^Oc�ö��2G!0�Ä

�+)�!HDF�w�|��^Oc6 φ = 50 µm�śǶ/�G!0�Ä�+)� 

 

double-crystal
monochromator

Slit 

Slit 

Sample Position
1st Experimental hatch

vacuum path

Optical hatch
Detector Position

Sample Position

vacuum pathPinhole 

Detector Position

1st Experimental hatch

1 mm1 mm
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Fig. 3-1-12 w�|��^OcKô�)ŗ5ŨÃä©ƿ/5 XƼv��ĢƍƁüƺŤ 

 

ȟě¦ǴƦ5`�TȅċŬǳôÐ0ÌúƋĭ5ǔţƺŤȠ�  

� SBR-1(CAƈ)0 SBR-2(CAŜ)5ĝğƋĭƺŤK Fig. 3-1-133Ƥ%�ě¦Ə ε = 10 %¡�5ƼĢ

ȓî3� GġĭƏ6 SBR-1DFA SBR-25Œ�Ć"��!H6�PayneÎŤ0#.ƟEHGD

�3�̀ ��Tiz��YÊ3DF`�T5ÄŌĭ�Þ�#)ƺŤ0ǁ�EHG��Œ�75 % ¡

�/6 SBR-25Œ5īÌ�ö���ơŐƇ¦8�Ć"�ƺŤ02+.�G�!H6�`�Tț~

���ȁ�Tiz��YÊ3D+.ÐúƺÜ%G!03ǣæ#.�G0ǁ�EHG�ě¦É5ƍ

Ĳ5 TEMǒĂƺŤK Fig.3-1-143Ƥ%��ƳĤƶ 13 nm5`�T�pil��Xƙ2ÂȈŬǳK

ĢĶ#.�G!0�Ņü"HG��Payne ÎŤKǟŖ/�GŖƞ2�ǂ5`�TÂȈŬǳ5ǵ�

6Ä�E2�+)� 

 
Fig. 3-1-13 ĝğƋĭƁüƺŤ; (�) SBR-1, () SBR-2 

 

     
Fig. 3-1-14� TEMǒĂƺŤ, (č): SBR-1, (Ú): SBR-2 

none ø100 µm ø50 µm ø20 µm
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� Fig. 3-1-153 SBR-1K ε = 200 %ě¦"&)ŗ5 2D-USAXS/SAXSk�f�E�ě¦ŒÞ3ă#

.ìƛ0ĕǉŒÞ3 1ű¸Ð#)XƼŌ�ĠęřƼKƤ%�XƼŌ�ĠęřƼ3� GôřƇ6�

Fig. 3-1-13Ƥ%]��5`�TȅċŬǳ3� G 1űƳøșRgspheȚ�1űÂȈșRgrȚ�D8 2ű

ÂȈŬǳ¬șRglȚ5^OcșĳĭÒĤȚ3Ȃ²#�ƛƼȓî6Ǣǻx�Xf� dm�G�6ǋȐx

�Xf� dsKƤ%� 

 

 

Fig. 3-1-15� ε = 200 %ě¦#) SBR-15 XƼŌ�ĠęřƼ; 

(�) ě¦ŒÞ3ă#ìƛ, (�) ě¦ŒÞ3ă#.ĕǉ 

 

`�TȅċŬǳKǔţ%G)@3�G. Beaucage�ņŧ#)WoRȓî0x�X��ŀō���3

ƽ�+)ȅċŬǳ�k�K¢ü#) Unified ApproachKƔ�.ǔţKǉ+)� 

! ! ≃ !!exp −!!!g!! + !!exp −!!!g!!!! /3 × !"# !"!"/ 6 !/!
!!

!

!!!
�

(3.1.16) 

!!/�Rg 6ĳĭÒĤ�Pi 6x�Xf�ŀōKƤ%�xNijN�Y5ƺŤ�ìƛ0ĕǉŒ

Þ5�Œ0A 1űÂȈ¬5ĳĭÒĤ Rgr = 10 nm/�F 1űÂȈŬǳ6ƮŒƙ/�G0ǁ�E

HG�1űÂȈ¬KƑ0Ǭ§#)ðÜ� 

!! = 2 5 3!g (3.1.17) 

�ĶFƫ,�Dr6 1űÂȈ¬KƑ0#)ŗ5ƛĤ/�G�!50��Dr 	 25.6 nm/�F`�T

5 1űƳĤșƛĤȚ� TEMǒĂ5ƺŤ�E Dsphe ≃ 13 nm/�G!0�E�1űÂȈ¬6 Fig. 3-1-16

3Ƥ%D�3 1 űƳø�ō³Ȉ=+)Ŭǳ/�G!0�ŅĂ"H)�=)�1 űÂȈ¬5x�X

f�ű¸6 ds ≃ 4/�G!0�EǋȐx�Xf�/�F`�TƳø�ā3ǜ=G!0/b��b
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2ƕȐKĢĶ#.�G0ǁ�EHG��űÂȈŬǳ Rgl6 Fig. 3-1-15 �Eìƛ0ĕǉŒÞ/Ɨ2

F�'H(H Rgl⊥ ≃ 28 nm�Rgl∥ = 53 nm/�F Fig. 3-1-163Ƥ%D�2ũÀ¬/�G0ǁ�EH

)� 

 

 

Fig. 3-1-16� ε = 200 %ě¦#) SBR-15`�TȅċŬǳO��a 

 

'!/�ÉǮŒŸKƔ�. SBR-10 SBR-25ě¦ǴƦ3� G 1űÂȈ¬5ĳĭÒĤ RgrôÐK

Ǡť#)�'5ƺŤK Fig. 3-1-173Ƥ%�ě¦ǴƦ3��. 1űÂȈ¬5^OcôÐ6;0L1

#2�!0�E�1 űÂȈ¬�ě¦3D+.ơó"H)FôĢ#)F#2�!0�Ä�+)�,

=F�ħĆôĢȓî5Ìúƌĭ36Ȃ²#.�G0ǁ�EHG��ě¦ǴƦ3� GĝğƋĭô

Ð06Ȃ²�ć2�0ǁ�EHG� 

 

 

Fig. 3-1-17 ě¦ǴƦ3� G 1űÂȈŬǳ5ĳĭÒĤ Rgr5ôÐ; (�) SBR-1, (�) SBR-2 
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� ű3�SBR-1 0 SBR-2 5ě¦ǴƦ3� G 2 űÂȈ¬ Rgl�șìƛŒŸȚ0 Rgl�șĕǉŒŸȚ

5ôÐ3,�.Ǡť#)�'5ƺŤK�Fig. 3-1-183Ƥ%� 

 

 

Fig. 3-1-18 ě¦ǴƦ3� G 2űÂȈ¬5ĳĭÒĤ Rgl5ôÐ; 

(�) SBR-15ìƛŒŸ, (�) SBR-15ĕǉŒÞ,  

(�): SBR-25ìƛŒÞ, (
) SBR-25ĕǉŒÞ 
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ŬǳôÐKĕëƙ3Ń�G)@3�Rg��D8 Rg��E 2 űÂȈ¬¬ƨ3ôŇ#)ƺŤK Fig. 

3-1-193Ƥ%� 

          

Fig. 3-1-19� 2űÂȈŬǳ5¬ƨôÐ; (�) SBR-1, () SBR-2 

 

ě¦Éșε = 0 %Ț/6�`��Tiz��YÊ�ǹÜ"H.�2� SBR-15Œ� 2űÂȈŬǳ5

¬ƨ�ö��ƺŤ02+)�!H6�`��Tiz��YÊ�ǹÜ"H.�2�)@3�`�T

500

400

300

R
ad

iu
s o

f g
yr

at
io

n,
 R
g 

/Å

200150100500
Strain / %

1.75x105

1.50

1.25

1.00

0.75

0.50

V
ol

um
e 

/ n
m

3

200150100500
Strain / %



3.1  2D-USAXS/SAXSě¦ǴƦ5`�TȅċŬǳ ���

 

5ÄŌĭ�Į� 2űÂȈ¬�ö��2+.�G!0KƤ#.�G0ǁ�EHG��Œ�ě¦Ə ε = 

30 %/6 SBR-16¬ƨ�ö��ª�#.�G�!H6�2űÂȈŬǳ�Ğ�ƺÜ/ĢĶ"H.�

F�ě¦3D+.ơó"H)!0KƤ#.�G�Fig. 3-1-203Ƥ#)ě¦ǴƦ3� GġĭƏƁ

üƺŤ0ŴǪ%G0�ε = 10 %¡�/6 2űÂȈŬǳ�ö�� SBR-15Œ�ġĭƏ�Ș���'

H¡�5ě¦Ə/6ÂȈŬǳ�ơó"HĬƅ3ġĭƏ�ª�#.�G�!H6ÉǮ#) PayneÎ

ŤKƤ#.�F�Payne ÎŤ6 2 űÂȈŬǳ0āń3Ȃ²#.�G!0KƤ#.�G0ǁ�EH

G� 

 

 

Fig. 3-1-20 ě¦ǴƦ3� GġĭƏôÐ; (�) SBR-1, () SBR-2 

 

!5 2űÂȈŬǳ5ôÐ0ġĭƏ5Ȃ²Kǁ�G)@3�ű5D�3ǁ�)�xN��¹ñ]�

�5xN��5ƻǺǻK M�2űÂȈŬǳ5³ōK N0#�1,5 2űÂȈŬǳ5Ǣǻx�Xf

�ű¸�ýÎ^Oc�ýÎ¬ƨK'H(H dm�r�v0%G�!50��2űÂȈŬǳ�5xN�

�ĶÄ5ǢǻK m0%G0�Ǣǻx�Xf�ű¸5üǀ�E� 

!!~!!!! (3.1.18) 

0Ś G��Œ�üǀ�E 

! = !
!  (3.1.19) 

!!~!!! (3.1.20) 

02G�Ĝ(3.1.18) 0Ĝ(3.1.20)DF 

�!~!!! !! !~ ! !!
! !!

 (3.1.21) 

0Ś G�xN��¹ñ]�¼¬5ýÎƙ2xN��ĶÄ5¬ƨ�,=FSX��m�s�[28, 

29]AßL*¬ƨ V6ű5D�3Ś G� 
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! = !"!~!!
!
!!!!! !

!! (3.1.22) 

Ĝ(3.1.22)3,�. dm = 3, 2.5, 25ŗ5 V0 N5Ȃ²K Fig. 3-1-213Ƥ%� 

 

 

Fig. 3-1-21 xN��ŜÎ¬ƨ V0 2űÂȈŬǳō N5 dm°ùĭ 

 

Ǣǻx�Xf�ű¸�Ć"�2G3,H�xN��5ýÎ¬ƨ� 2űÂȈŬǳ5ō5òÍ0½3

1L1Lſ+.��ŭø�Ä�G�!H6�xN��5ÄŌƍĲ��ÑÄ/�G0SX��m�

s�Kß?ýÎƙ¬ƨ�ö��2+.#=�!0Kǋ#.�G� 

! = !! 1 + 2.5! + 14.1!!  (3.1.22) 

,=F��ǘ5 Guth-GoldĜ3 φ5 JF3 V0%G0�2űÂȈ^Oc�ö��0ġĭƏ��

ŕ%G!0Küĭƙ3Ƥ#.�G���USAXS/SAXSǔţ�E`�T 2űÂȈŬǳ5Ǣǻx�X

f�ű¸6 dm ≃ 2/�G�#)�+.�ȜűÂȈŬǳ5ơó3¥+.�]��5ýÎƙ2xN�

�5¬ƨ6ſć%G�,=F�Fig. 3-1-193Ƥ%ě¦Åŝ3� G SBR-15ġĭƏª�6�2ű

ÂȈŬǳ�ơó%G0Ĝ(3.1.22)DFŜÎ¬ƨ�ö��ſć%G!03ǣæ%G0ǁ�G!0�

/�G� 

� ě¦Ə ε = 30 – 50 %5ȁ/6 Fig. 3-1-193Ƥ%D�3 2űÂȈ^Oc6;0L1ôÐ#2��

�Œ�Fig. 3-1-183��.6�ě¦ŒÞ3ă#.ìƛŒÞ5ö�"6Ć"�2F�ĕǉŒÞ5ö

�"�ö��2+.�G�!H6�2 űÂȈŬǳ�ƮŒƙ/62��ě¦ŒÞ3ÂȈŬǳ5ǿǩ

�ǹÞ#.�G!0KƤ#.�G0ǁ�EH)� 

 

となる。式 (2)、(3)、(4)より、

v ∼ m3/dm ∼
(

M

N

)3/dm

, (5)

と書ける。したがって、フィラー充填ゴム全体の実
効的なフィラー成分の体積、つまり occluded rubber
も含んだ体積 V は次のように書ける。

V = Nv ∼ M
3

dm N1− 3
dm . (6)

フィラー充填ゴムの体積が一定であれば、この V が
体積分率に比例している。したがって V を評価する
ことで、体積効果についてある程度考察することが
できる。さて、練りが不十分だったりして分散状態
が異なるときというのは、結局N の大小が変わって
いるときと考えることができる。M は試料作成時に
決まってしまうので定数である。よって、以下の考
察ではM の項は省略する。

2.2 体積分率の評価
次に式 (6)を評価してみる。まず V の N 依存性

を３つの dm について図示したのが図 1である。質
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図 1: Dependence of effective volume, V , on the
number of agglomerates, V , for dm = 2, 2.5, 3.

量フラクタル次元が小さくなれば、フィラーの実効
的体積が agglomerateの数とともにどんどん減って
いる。つまり練りが不十分で agglomerateサイズが
大きいままだと、occluded rubberを含んだ実効的な
体積分率が大きくなってしまい、弾性率が上昇する
ことを定性的に示している。

ではこの結果でシランカップリング剤の有無によ
る初期弾性率の違いを説明できるだろうか？たとえ
ばシランカップリング剤の有無で、凝集構造の個数
が 10 倍異なったとする（実際にこれだけ異なれば
TEMでも観察できるではず）。このときの実効的体
積分率の変化は、フラクタル次元を変数として、

V (N)
V (10N)

= 10
3

dm
−1 (7)

と書け、図示すると図 2のようになる。この結果か
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図 2: Dependence of change of effective volume on
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らわかるのは、たとえば agglomerateの質量フラク
タル次元が dm = 2.0のとき、個数が一桁異なるく
らいに分散状態が異なっていると、実効的な体積上
昇は 3倍くらいである。もう少し実際的な値として、
凝集構造の個数が 1.5倍異なったときは、図 3のよ
うになる。この場合には質量フラクタル次元が 2.0
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Fig. 3-1-22 ě¦ǴƦ3� G SBR-25 2D-USAXS·ôÐ 

 

� ě¦Ə ε = 50 - 100 %5ȁ/6�Fig. 3-1-19�D8 Fig. 3-1-203Ƥ%D�3ö�"5ôÐ�Ć"

�īÌôÐAć2��!5ȓî3� G 2D-USAXS·K Fig. 3-1-223Ƥ%� 

!5ě¦Ə/6 2űÂȈ¬5¬ƨôÐ6¶�/�G��2D-USAXS·6ě¦ŒÞ3�ë�ĭ�ò

Í#.�G�!H6�2 űÂȈ¬ȁ5�l�iXb]�ǸÄ�Ƿľƙ3ě¦ôĢ#.�G!03

ǣæ%G0ǁ�EHG� 

� ě¦Ə ε > 100 %/6�2űÂȈŬǳ5¬ƨ6ơŐ%G=/Ĭƅ3òÍ#.�G�!H6�2ű

ÂȈ¬ȁ5�l�iXb]��ôĢ/�2�2F�2 űÂȈŬǳ¬3ų>�Ȉ�# 2 űÂȈŬǳ

¬Ǆ¬�ôĢ#ļÌKƘƐ#.�G!0Kǋ#.�G0ǁ�EH)� 
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3.1.5� *2  

� ĦEH)ƺŤ�EŅü"H)ě¦ǴƦ3� G`�TȅċŬǳôÐK Fig. 3-1-233Ƥ%� 

 

 
Fig. 3-1-23 ě¦ǴƦ3� G`�TȅċŬǳôÐ5�k� 

 

ě¦Ə ε < 10 %/6�2űÂȈŬǳ�ě¦ŒÞ3åǨ#�Ğ�ƺÜ#) 2űÂȈŬǳ�ơó"H

G�2űÂȈŬǳ5Ǣǻx�Xf�ű¸� dm ≃ 2/�G!0�E�SX��m�s��ùê#.

�G0ǁ�EHG�!5ě¦Ə/6 2űÂȈŬǳ5 dm �;0L1ôÐ#2�!0�E�2űÂ

ȈŬǳ�ơó"HĆ"�2G0�SX��m�s�Kß? 2űÂȈ¬5ŜÎ¬ƨ�ö��ª�#

ġĭƏ�ſć%G!0�Ä�+)�!H6�PayneÎŤ5ǣƂ0Ņü"H)�ě¦Ə 50 % < ε < 

100 %/6�2űÂȈŬǳ¬ȁ5ǥȉ�Ę�G* /�F�īÌôÐ6¶�3òÍ%G5>/�G�

ě¦Ə ε > 100 %/6�2űÂȈŬǳ3ų>�Ȉ�#�2űÂȈŬǳǄ¬�ôĢ#Ġ�ļÌ�ƘƐ

%G)@3īÌ�òö%G!0�Ņü"H)� 

� !5D�3�`�T¹ñ]�5ĝğƋĭ0ě¦ǴƦ3� G`�TȅċŬǳôÐ3,�.�ŗ

ÄË 2D-USAXS/SAXSǔţ3DFýœ#)ƺŤ�̀ �T¹ñ]�3� GǎĠÎŤ5ǣƂ5�Ǹ

KǔŖ%G!0�/�)� 
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ť�7ǌœ���ŷǜĠ'ǻ¢�9Q{GǾĂśǨ(źô=õń����7'�N�gw�WQ

qw}�Qx�'68ëĠo{p�Ɣ$Q{G´ȂśǨ$(ǻ¢'ǻ�9ǌœ=ǀ��� 

 

 

 

 

3.2.2� 2D-USAXS/SAXS�2   

ȗëĠo{p��(Q{GǾĂśǨǌœȘ 

� ¸ơ$ÎŜ' SPring-8 '" 2D-USAXS/SAXS õȏ=õń���2D-USAXS Űô) BL20XU #

ǀ���0��2D-SAXSŰô) BL03XUȒh~�[@?Vh]pW�ƃòǩÍf�rzA�ȖFSBLȓ

#õń��2ŠªřµÕ) DECTRISǄ 2ŠªÛ�Âü�řµÕ PILATUS 100K=�Ƅ��� 

 

ȗ2D-USAXS(ýǋ¶ǌƺÏ�řǏȘ 

� ëĠo{p�(Q{GǾĂśǨ'�
9ĕȋ=ǌņ�9�#�68Č�ǾĂśǨ'ǻ�9Ģå

=ę9�3'�BL20XU 2D-USAXS(ýǋ¶ǌƺ(Ï�(řǏ=õń���õȏUZ]?Zj=

Fig. 3-2-1 'Ƒ��BL20XU (ƛ 1 bZY°(Ō�Ũ'ȐǘŦ=GZ]�9�3'QLp¬Ş 
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PyrexǄqz�ȒǃȉƤ�: ŦǸ λ = 632.8 nm'��" λ/10ȓ=ĳ��qz��7(÷Ƃļ�=

ǽÇ�9�3'qz��Ũ'S{Z]=Ǒƶ���XƱDa|J�)�ĘŒ( 23 keV�7 8 keV

'����(Ň(Ǖŀ�ƶ'��9 XƱf�rPAT) FWHM# 0.1 mm (H) × 0.1 mm (W)�ř

µÕ�ƶ'��9 XƱf�rPAT) 0.78 (H) × 0.782 mm (W)#�9�2ŠªřµÕ) IPȒImaging 

Plateȓ=Ƅ��ýǋ¶ǌƺ=řǓ�9�3'ǶǄsZQwȒGilder GridsǄ G2000H:gZYǺǿ(12.5 

µm)�Ʊĉ(5 µm)ȓ=Ƅ�"õȏ=ǀ��[1]� 

 

 

Fig. 3-2-1 2D-USAXS, BL20XU#( 2D-USAXSõȏUZ]?ZjÚ [1] 

 

 

 

 

3.2.3� ���������2  

� Or)ǅȃƦ#�8�Č�ŇƘǺSM�|'<�8ǾĂśǨ=Ĕħ�"�9��(�3�žß

(S�d�N�gw�W=Ƅ�"4®"(žǛ=ǎƟ�9�$)Øȅ#�9� 

��#�Fig. 3-2-2'Ƒ�6	'ÌŇƘǺSM�|#(źĜ=Ĵ
�Qqw}�Qx�ƏƗĝǆ

$&9�ŏƏƗ#)�îǈŝōǼǆƨťȒLarge-scale Finite Element Method: FEMȓ�6+ļǫƣ

ï¶ï¿¼òťȒDissipative Particle Dynamics: DPDȓ=Ƅ��� 
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Fig. 3-2-2 ÌŇƘǺSM�|'��9ǎƟQqw}�Qx�ť 

 

ȗîǈŝ FEMǎƟȘ 

� ¶ïǷƯƉƀǙ)�OrĒĠĞƝ=ǐǦ�9�3'ƇĀ�[2]�ǩƮ�$�"(Ȑ¶ïŐŀ)¶

ïǺ(ÀòƫÍ'68¶�7:9ĶÍŴ'��"ǩƫ�:�Ƿz�Xr'ǲÏ��ƯƉśǨ

=ō�9$�	�$'ä!�"�9�ŏǎƟ#)�śħĎ$�"ƯƉt\|(�#Ō4ČƢÙ&

ëĔt�^'ǯƄ#�9$�:9 Aruuda �6+ Boyce '6�"ĹŘ�:� 8 Ƿt\|=Ƅ��

[3]��7'�ȈHBSǷƀǙ'ä!��ȈÞƵĠ�¶ïǷ(Ƭ1ŴĽ(ëÀ=ǒö�9Ȉ?h@

�t\|=ǯƄ�Or(eS[{QS(²ž���"�¶ïǷt\|'Ơŝâ'ä!�ƥĠİĭ

=ü�[4]�Or(ƥĒĠśħĎ$��[5]� 

� FEt\|)�TEMTŰô'68ę7:�Q{G 3Šªǲƶ=Ƅ��¯ȉ�ǆƨ#�ħ���Q

{Gǃȉ)Ų7�'&96	'Ľ 1000 �ǆƨ¶»=ǀ����(t\|'ú��o{p�Ƌ$

h@z�Ƌ'�:�:ȈƱĔƥĒĠźĠ$ĒĠźĠ=ôƷ��Ʀ®�'ú�"ďĐëĔ=�
9

FEMQqw}�Qx�=õń��� 

 

ȗDPDQqw}�Qx�Ș[6, 7] 

� DPDQqw}�Qx�)�ƪŬƃŚƌ(j~RCK]#�7:�Vh]p[{?|ưÍQqw

}�W#�9 OCTA[14]=Ƅ�"õń���Ƅ��o[�Qu|=�Ď(3.2.1)$Ď(3.2.2)'Ƒ�� 

!!"#$ ! = 1
2!!

! (3.2.1) 

!!"!#"!$ !!" =
1
2 !!"!! 1 − !!"!!

!
!!!!!!!!!!!!!!!!! < !!

!!!!!!!!!!!0!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ≥ !!
 (3.2.2) 

��#�C)caôĽȒC = 4ȓ�rc)GZ]FhǸȒrc = 1.0ȓ�aij)Ł¼dzs�W#�9�ǷǸ

) 50f�T$� 1024ŏ(Ȑ¶ïǷ=Ƅ���0��Q{Gƣï(Ľ) 100¤$��� 

シリカとポリマー シリカの分散 タイヤ～ゴム 

ミリメートル 

ゴムのミクロな変形 

マイクロメートル ナノメートル 

ポリマーと変性基 

サブナノメートル 

全原子分子動力学計算
Full atom Molecular Dynamics

散逸粒子動力学法
Dissipative Particle Dynamics
散逸粒子動力学法

Dissipative Particle Dynamics

大規模有限要素法
Finite Element Method
大規模有限要素法
Finite Element Method

粗視化分子動力学計算
Coarse-grained MD

粗視化分子動力学計算
Coarse-grained MD

第一原理計算
ab initio calculation
第一原理計算
ab initio calculation
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3.2.4� ,�  

� ëĠo{p�)żƼ'ǳÍ��Q{GǲÍ��Ȁ'Ǣ8İĭî��ëÀ�9ëĠ SBRȒS

Y}�-iWRD�Orȓ=Ƅ���Q{G�6+Qz�GZj{�L¹ȒCAȓ)��:�:\

KZPǄ Ultrasil VN3�6+ Si69=Ƅ���ǖƩ&ǲÍ°ö= Table'Ƒ�� 

 

Table 3-2-1 

 SiF-A SiF-B SiF-C 

Polymer A 100   

Polymer B  100  

Polymer C   100 

Silica 70 70 70 

Si266* 5.6 5.6 5.6 

Stearic acid 3 3 3 

Sulfur 1.5 1.5 1.5 

TBBS** 1.5 1.5 1.5 

* bis(3-triethoxysilylpropyl)disulfide 

** N-tert-buthylbenzotiazole-2-sulfhenamide 

 

 
Fig. 3-2-3 ëĠo{p�(As�RÚ 

 

�  

�:7=A�W�_|qIP�'Ĭ��Ǖŀůč 150 ˚C'&90#ūÍ���ę7:�Or

= 60 ˚C#ůǘ��ǵāǄ 2ŏ~�|'ǧ��Å1 2 mm(Q�]Ż'ľĔ½ă����(ė�

½Ŷj}SŞ=Ƅ�" 170 ˚C# 12 min½Ɛ���� 

 

 

  

A: 片末端変性ポリマー B: 主鎖•末端変性ポリマー C: 主鎖•両末端変性ポリマー

主鎖骨格：スチレンブタジエンゴム

変性基
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3.2.5� & �'�  

ȗ2D-USAXS/SAXSƫŔȘ 

� Ǖŀ SiF-A�SiF-B�SiF-C(Ǣ8İĭ(ĲĽȒSiF-A= 100$�Ľðþ&�.%Ǣ8İ

ĭ���$=Ĳ�ȓ= Table 3-2-2'�TEMǊùƫŔ(�ǃƈ&©= Fig. 3-2-4'Ƒ��TEM(

Ǌù�7�PiqK~�F�X�#(Q{GųčĻ7�$ğ<:9t|hE~R�7��©Ǌ

ù�:�ź'�ŷǜĠƺŌ4ƾ� SiF-C´Ȃ�"�96	'Ǉ
9������:7)Űô

�ƶ'ú�9�ñĠî���3ôǴƈ&ǚǙ=ǀ	�$#�&���� 

 

Table 3-2-2 

 SiF-A SiF-B SiF-C 

Ǣ8İĭ (index) 100 95.4 83.7 

 

 

 

Fig. 3-2-4 ÌƔëĠo{p��(Q{G( TEM³ƍ; 1) SiF-A, 2) SiF-B, 3) SiF-C 

 

Š'�2D-USAXS/SAXSŰô=ǀ��1ŠªÀ�� XƱļ�đčŋƱ= Fig. 3-2-5'Ƒ��ëĠo

{p�(ƔȎ=ë
�æÍ�q > 0.04 nm-1(Ȍã#)ëÀ.$>%Ǉ7:&���:)�ëĠ

o{p�Ɣ=ë
"4 1Š�6+ 2Š´ȂśǨ�)ëÀ�&��$=ĤÒ�"�8��ŷǜĠ$

)ǻ¢þ&�$Ƹ
7:9��Ń�q < 0.04 nm-1(Ȍã)�¨�'ǕŀǺ#ąǇ7:9�   

1 µm 1 µm 1 µm

1) 2) 3)
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Fig. 3-2-5� 1Šª USAXS/SAXSļ�ŋƱ; (ȑƱ) SiF-A, (ǝƱ) SiF-B, (ȇƱ) SiF-C 

 

 

Fig. 3-2-6 Kratky Plot(ƫŔ; (ȑƱ) SiF-A, (ǝƱ) SiF-B, (ȇƱ) SiF-C 

 

��#�ǖƩ'ǌœ�9�3'�XƱļ�đč I(q)'ļ�kK]| q2=ĵ�� Kratky Plot=ǀ�

���(ƫŔ= Fig. 3-2-6'Ƒ��Kratkyj~Z](ƫŔ�7 q = 0.01 - 0.03 nm-1�ǥ'ļ�ŋƱ

'Ǯ�Ǉ7:���:)�Q{G(ȐŠ´ȂśǨ(ñß=ƑÔ�"�9$Ƹ
7:�qd = 2π (d:

ȉǺǿ)(ǻ¢�7�(î��)Ƨ 300 - 500 nm$ķô�:��0��ǕŀǺ#( q(ëÀ)þ&

��XƱļ�đčî��ëÀ�"�9�$�7�ëĠo{p�ƔȎ'6�"ȐŠ´ȂśǨ(Ǵ

ëÀ�"�9�$Ƹ
7:����#�ȐŠ´ȂśǨñß�9$���(ƋúǴ=ţ39

�3' Unified Approach=Ƅ�"ǌœ=õń���Unified Approach=õń�9'��8�Ì´Ȃ

śǨ��(Q{Gųč)�ô#�9$�ô����(ƫŔ= Fig. 3-2-7'Ƒ���(ƫŔ�ȐŠ
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´ȂśǨ(ƋúǴ$Ǣ8İĭ')đ�Ƌǻǻ¢�8�Q{GǾĂśǨ(	�ȐŠ´ȂśǨ(

ñß�ŷǜĠƺ(ġÀ(Æ×#�9�$ķô�:�� 

 

 
Fig. 3-2-7 ȐŠ´ȂśǨ(ƋúǴ$Ǣ8İĭ(ǻ¢ 

 

 

ȗîǈŝ FEMǌœƫŔȘ 

� 2D-USAXS/SAXSǌœ�7 300 - 500 nmPAT(ȐŠ´ȂśǨ�ŷǜĠƺ$ǻ¢�"�9�

$ƑÔ�:����#�ȐŠ´ȂśǨp]{ZKSOr(ëĔ'%(6	'ĕȋ�Da|J

�~S��"�9(�îǈŝ FEM'68řǏ���ȐŠ´ȂPAT(ĕȋ=ǘŕ�9�3'�1

ǤƧ 1 µmPAT=t\|À���Ǖŀ SiF-A�6+ SiF-C(ëĔ¸ė(ƫŔ=��:�: Fig. 

3-2-8(a)�6+ Fig. 3-2-8(b)'Ƒ�� 

� SiF-A)�Q{Gƣï(ųčĻ7�ñß��ëĔ���Ȁ'Or(ëĔǴí�Ǳ¶$þ&

�Ǳ¶ņ7�'ñß�9�ǝŴƱ#Ù>��(î��)Ľ 100 nmƓč#�8��:)ȐŠ´

ȂśǨ'ƅŒ�9$ķô�:9�0��Q{Gƣï´Ȃ�"�9ƞĨ(Or)š1Ȃ��"

�9�$¶�9��Ń�SiF-C#)�Q{Gƣï SiF-A'Ţ-9$Ţǣƈ'á�'¶ļ��

š1Ʀ°'¶ļ�:"�9�$¶�����:68�Q{Gƣï�á�'¶ļ�ȐŠ´Ȃ

śǨ=Ĕħ�9$��(Ǳ¶'š1Ȃ�ƇƂ�ëĔ'69eS[{QS~Séî��ŷǜĠ

ƺ=ġÀ��"�9�$ķô�:�� 

� ȐŠ´ȂśǨ(ƂħŞś' �"�Or,(Q{G¶ļj~US�7Ƹù���Or'Q{G

=¶ļ��9')�ǧĈA�W�_|qIP�5ǵāǄ~�|=Ƅ�"ºłæ#ūƳ�9�$'

68ǀ<:9�ūƳ'��9Da|J�)�ô$�"�8�Polymer A - C)¶ïǴ�6+ƥč=

ĸ
"�9�3ºłæ'��9Q{G(¶ļŻĥ)Î�'&9)�#�9�����o{p�'

ëĠäü�:9�$'68�ūǩ�'o{p��(ëĠäQ{G$ÉĞ�ƫÍ�9�$#�
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Q{G'ú�9ºł¼5ŶĊǂŻĥ#(Q{G¶ļĠëÀ�9�$Ƹ
7:9���#�Š

'Ƒ� DPDQqw}�Qx�=ǀ��ŶĊǂŻĥ'��9Q{G¶ļĠ=ǔ ��� 

 

 

 

Fig. 3-2-8 š1 50%'��9îǈŝ FEMǎƟƫŔ(š1¶ć); (a) SiF-A, (b) SiF-C 

 

 

ȗDPDQqw}�Qx�ƫŔȘ 

� ŶĊǂŻĥ'��9Q{G(¶ļĠ'�
9ëĠo{p�(ĕȋ=ǘŕ�9�3'�ëĠo{

p�=t\|À� Fig. 3-2-9'Ƒ� DPDQqw}�Qx�=õń��� 

 

 
Fig. 3-2-9 DPDQqw}�Qx� 

(a) ëĔ¸ ëĔė 

(b) ëĔ¸ ëĔė 
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DPDQqw}�Qx�#)�Vh]o[�Qu|=Ƅ�"�9�3�o{p�(�8į�5Q{

GƣïÎê(ǳ&8=ǒ�$�	şŴ=ō�"�9��(Qqw}�Qx�Ȓ�
*�ƤǉÀ

¶ï¿¼òť&%ȓ'Ţ-"ŢǣƈƎŇǺ#ŶĊǂŻĥ=ǎƟ�9�$Êƺ$&9�0��DPD

Qqw}�Qx�#(Q{G¶ļĠ=ǔ �9�3'�Q{Gƣï(¿Ė¶ćǻĽ g(r)=Ɵµ�

��ǎƟ'"ę7:� g(r)= Fig. 3-2-10'Ƒ�� 

 

 
Fig. 3-2-10� DPDQqw}�Qx�'��9¿Ė¶ćǻĽ g(r)ǔ ƫŔ 

 

��# σ) DPD'��9Ä�Ǹ�#�8�Q{GƊĖ= 5σ$�"�9�Q{GǺǠȄ 5σ(g

�K)Q{G(ƊĖ'úĞ�"�8�g(r)(Ȑ�)ȁĶ�9Q{Gƣï(Ľ'úĞ�"�9�3�

5σ'��9 g(r)(Ȑ�'68Q{G¶ļĠǔ #�9$����(ƫŔ��ŷǜĠƺÏ��

9ëĠo{p�.% 5σ'��9 g(r)ŭþ�9�$�7�Q{G(¶ļĠÏ��9�$¶�

�����#�Ǣ8İĭ$ g(r)(ǻ¢=j~Z]��ƫŔ= Fig. 3-2-11'Ƒ�� 

 

 

Fig. 3-2-11 ¿Ė¶ćǻĽ G(r)$Ǣ8İĭ(ǻ¢ 
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�(ƫŔ�g(r)(Ȑ�$Ǣ8İĭ'đ�Ƌǻ�9�$¶�����(sG`Tr$�"�1

 )Ąǉƈ')o{p��'ëĠä=ü�9�$'68 χdzs�Wë<9�$Ƹ
7:

9�4	 1 )�ěǉƈ')ëĠä$Q{GƫÍ�9�$'68Q{G-Q{GǺ,(o{p

�¡�Q{G¶ļÏ��9�$$�ëĠä(�ƶ$Ľ'68Q{GƆȉ#(o{p�(Ż

ĥĽëÀ�9D�]~g�ƈ&¾Ŕ'694($ķô�:�� 

 

 

3.2.6� 2D-USAXS��)�*(���!+& �'�  

� Or�(Q{G)Č�ƘǺSM�|#ǾĂśǨ=Ĕħ�"�9�¸Ǧ��ëĠo{p��#Q

{G) 300 - 500 nmƓč(ȐŠ´ȂśǨñß�9�$ņ7�$&���Fig. 3-2-5'Ƒ� X

Ʊļ�đčŋƱ) low-q§'ƙ��8=Ƒ��3��7'î�&´ȂśǨ=Ĕħ�"�9Êƺ

Ġ=ƑÔ�"�9� 

� SPring-8 BL20XU#( 2D-USAXSõȏ)��:0# XƱDa|J� 23 keV=Ƅ�"����

(ƀƅ)�ǧĈ SAXSŰô#6�Ƅ�7:9 XƱDa|J� 8 keV#õȏ��æÍ��ƫŊ¶¬

ÕȒSi 111ȓ�7(ȐǘŦ(đčȐ� 2D-USAXSŰô#�&��3#�9���#�BL20XU

(ƛ 1bZY' PyrexǄ(qz�=Ǒƶ�9�$#ȐǘŦ=ǽÇ�� 8 keVõȏǀ
&��ř

Ǐ=ǀ��� 

� 0��ŏqz�( 8 keV'��9 XƱÉûŽŰô=õń����(ƫŔ= Fig. 3-2-12(a)'Ƒ��

�(ƫŔ�qz�(ƻƆǋ) 3.39 mrad#�9�$¶������#�qz�ǋč= 3.39 mrad

'Ûô� XƱÉûŽ(Da|J��ñĠ=Űô��ƫŔ= Fig. 3-2-12(b)'Ƒ���(ƫŔ68�

XƱDa|J�= 8 keV'��Ȁ(ȐǘŦ 24 keV(XƱđč= 10-6��'#�9�$¶���� 

 

 

 

Fig. 3-2-12 qz�(ÉûŽŰôƫŔ; (a)ÉûŽ(ǋč�ñĠ, (b)2 (qz�ǋč= 

3.39 mrad'Ûô��Ȁ(qz�(ÉûŽ(Da|J��ñĠ [1] 

 

(a) (b) 
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Fig. 3-2-13 ǶǄsZQw�7( 2D-USAXS©ȒË)ıî©ȓ[1] 

 

� Š'�ýǋ¶ǌƺ=řǓ�9�3'ǶǄsZQw=Űô��ƫŔ= Fig. 3-2-13'Ƒ���(K

~SdW��)�sZQw(Ɩ'��9ĔŻ×ïȒForm Factor: F(q)ȓ'Ǟ×�9�f�rS]Z

jÑÙ'sZQw�7( 1ŠÖĮǊŰ�:�Ōî# 21ŠÖĮ0#ǊŰ�9�$#����

(ƫŔ�7�qȌã$�" 0.25 µm-1 – 10µm-1ŰôÊƺ$�	�$¶����0��ÖĮSo

Z])þ�i~�^'&8�FWHM# 0.83 mm (H) × 0.75 mm (W)#�����(Æ×) 2 Ƹ


7:9�1 Ɖ)�¬òbZYŌ�Ũ'Ǒƶ��g� 

m�|(PAT$ XƱf�rPAT(ĕȋ#�9��:0#( 23 keV'��9 2D-USAXS(Ə

Ɨ'��"Ƒ��6	'[11]�řµÕ�ƶ'��9 XƱf�rPAT)�g�m�|�7(ÖĮ

ĕȋ�9�3g�m�|PAT'î���ñ�9�2  Ɖ)�Ǖŀ�ƶ#(ƘǺNe�}�S

�9�) X Ʊf�rPAT(ĕȋ#�9�ÑŎśǨ Δq �7(ÖĮg�K( FWHM )Ne�}

�] XƱf�r�(ÑŎĽ N$ǻ¢��Ď(3.2.3)#Ƒ�:9zBDǻĽ'6�"ǎƟ�:9� 

!! = 0.88!×2!/(!×!) (3.2.3) 

��# d)ÑŎśǨ(gZY#�9��Ö(æÍ�sZQw�7(SoZ]( FWHM) XƱf

�r( FWHM684î���SoZ]( FWHM) XƱf�rPAT$zBDǻĽ'69Č8

(÷�=¶Ȅ�9�$#�9�SoZ](i~�^À)��( 2 (÷�(��Ċá(ĊŃŖ

$�"ǃž#�9$�	ģô'ä!�"�Ne�}�]ļ�Ǟ�9Ōî(ƘǺNe�}�]Ǹ

)�0.84 × 102 µm (H) × 1.0 × 102 µm (W)$Ǉƕ47:9��(¥)�g�m�|PAT�XƱŦǸ�

g�m�|-ǕŀǺǠȄ�7ǔ �:9ƘǺNe�}�SǸ 93 µm$6��ƽ�9�0���(¥

) XƱf�rPAT$Ɯ���¸ǦƫŔ�7�Ǖŀ�ƶ'��9 XƱf�r).$>%Ne�}

�]#�8�XƱf�rPAT=ý���9�$)�ŰôÊƺ& q$ Δq(�Ń=Ōý'�9�

3'ĝǆ$&9� 

� Š'�Q{GȒ\LZPǄ VN3ȓ=«ç��Or( USAXSŰô��ƫŔ= Fig. 3-2-14'Ƒ��

��#)�BL20XU#( 23 keV'��9 USAXSõȏ$ BL03XU#( 8 keV'��9 SAXSõȏ

ƫŔ=ǩƫ�"�9��(ƫŔ�2.5 × 10-4 – 1.0 nm-10#(Č�ƘǺSM�|(ǎŰÊƺ#�9
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�$¶����8 keVõȏ'��9 XƱđčĻ7�)��(UZ[@�L#(Ne�}�] X

Ʊ'69SlZK|'Ǟ×�94(#�9[9]�SlZK|) 23 keV(UZ[@�L#4ǊŰ�

:�[8]�2Šªļ�dW��=±ƁĊá�� 1Šªļ�đčŋƱ#) XƱđčĻ7�).$>

%ǊŰ�:&���(ƀƅ)�23 keV'��9ƘǺNe�}�S 30 µm#�8Ǖŀ�ƶ#( X

Ʊf�rPAT684ý��(#�SlZK|/5�N�]zS]ƿ�9�3#�9� 

 

 

Fig. 3-2-14� 8keV, 23keV 2D-USAXS�6+ 2D-SAXS\�W= 1ŠªÀ�ĶƮ��ƫŔ 

 

� �ÖřǏ�� 8 keV#(UZ[@�L'��9 qȌã#)�Rayleigh-GansȒRGȓǥ�(ǼƆƢ

Ù'Ƌē�9�RGǥ�(ǯƄƢÙ)�¬ļ�ť'ú�"í�(ǚǙ&�:"�9[10-12]��

Ń�SAXS'��")Ľå(ǙĿ�ì.$>%ǚǙ�:"�&�[13]�ě¶ļ�łȉƕ'ú�9

RGǥ�)Š( 2 (�ôĝǆ$&9�1 )�ƣïǃȉ�7(Éû)ŵǉ#�9�Ǎ�ĺ
9

$ÿĮŽ 1�7(¦ą δ << 1#�9$�	�$#�9��(ő�)��(Da|J�Ȍã( X

Ʊ'ú�"ħƙ�9�4	 1 )�kaδ << 1#�9�$#�9���#�k) XƱ(ŦĽ�a)

ƣïÂĖ#�9��) 10-6F�X�# k) 40.8 nm-1#�9�Ö(M�S'��"�a << 24.5 µm

=ǊŰ�"�9(#�ȆïøčN�]zS](ǕŀȒVh]pW�&%ȓ'ú�" RGǥ�)ǯ

Ƅ#�9�����h@z�ƣï'��9.$>%(ƏƗ)��( qȌã'��9Ȑ�ǾĂśǨ

(4(úǛ#�8�´Ȃ�(¬ļ�(ƏƗ(6	' RGǥ�(ǯƄƢÙ=ƏƗ�9�$)�ė

ȈĈ'ǳǆ&�$$&9� 

� �ė�ŏĩť=Ƅ�9�$#�68Č�ǾĂ'Ů�"Or�#Ĕħ�:�Q{GǾĂśǨƏƗ

Êƺ'&9$Ƹ
7:9� 
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3.2.7� &-  

� WAv'��9�ŷǜĠƺ=Ï���9Īǁ=ǹƇ�9�3'��ŷǜWAv'Ƅ�7:9ëĠ

o{p��#(Q{GǾĂśǨ(ƏƗ= 2D-USAXS/SAXS=Ƅ�"õń����(ƫŔ�WAvǢ

8İĭ=ġÀ��9×ï)�300 – 500 nmPAT(ȐŠ´ȂśǨ#�8��(ƋúǴ$øĶ'ǻ

¢�"�9�$ņ7�$&���0��Q{G 3Šªǲƶ=t\|À�îǈŝ FEM'68ëĔ

ǎƟ=ǀ��ƫŔ�Q{Gƣï(ųčĻ7�ñß�9$ųčȐ�Ǳ¶'š1Ȃ��9�$#e

S[{QS~S=î���"�9�$Ƹ
7:��0��ųčĻ7�(î��Ľ 100 nmƓč

#�9�$�7�2D-USAXS/SAXSǌœ�7ņ7�$&��ȐŠ´ȂśǨ'úĞ�9�$ķô�

:���7' DPDQqw}�Qx�=ǀ�ŶĊǂŻĥ'��9Q{G¶ļĠ=ǔ ��ƫŔ�Ą

ǉƈ')o{p��'ëĠä=ü�9�$'68 χdzs�Wë<9�$$�4	 1 )�ě

ǉƈ')ëĠä$Q{GƫÍ�9�$'68Q{G-Q{GǺ,(o{p�¡'69Q{G¶

ļÏ��9�$'½
�ëĠä(�ƶ$Ľ'68Q{GƆȉ#(o{p�(ŻĥĽëÀ�9D

�]~g�ƈ&¾Ŕ'694($ķô��������:7sG`Tr=�7'ǖƩ'řǏ�9'

)�t\|=ƴøÀ�ǸŇǺ'��9ƲÓǎƟĝǆ'&9�3�ƭƮƈ&ƏƗĝǆ$ğ<:9� 

� 0��ëĠo{p��'��9Q{GǾĂśǨ'��"�2D-USAXS/SAXS�7 300 – 500 nm(

ȐŠ´ȂśǨ684î�&śǨñß�9�$=ƑÔ�"�9��(ƏƗ=ǀ	')�2D�USAXS

ť(ýǋ¶ǌƺ=Ï���9ĝǆ����ŏƏƗ#ýǋ¶ǌƺ(Ï�řǏ=ǀ��ƫŔ�BL20XU

'ȐǘŦǽÇqz�=Ǒƶ�� 8 keVõȏ=ǀ	�$#�5 × 10-4 – 1.0 nm-10#(Č�ƘǺSM�

|#(śǨƏƗÊƺ#�9�$¶�����ė�h@z�«çOr'ǯƄ��Or�(Q{G

ǾĂśǨ$¼òŹĠ(ǻ¢' �"ƀǌ=Ū3��$Ƹ
9� 
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3.3� �����&�%0��	�1���������"�-�  

� i?x�¦íMs*ǄēÂŚ*ǞŸ*ƆǍ+�ȓģƶMs<Ǽƌ�9�2)ǴǇ%�9�ǄēÂ

Ś+�ºƤ%ƚ��6
)i?x�*�Ŧ¥ǳƴ)Ǿ���pyq�*Ɵǽƍ(�ç�ģ&Ǿ��

$	9�i?x�*Ɵǽǳƴ+�Ʀę�²ȅŢǬ�ǁȊƷƉBbzG���$i?x�Șpyq�

ǽ*Ɛ��ƈ)ėȋ<Ò�9�ǄēÂŚ&i?x�ȂĄŢǬ&*Ǿ�<ň7)�9�2+�Ď	

ƟǽRJ�z);�9i?x�*ȂĄƍ(�Ŧ¥ŢǬ&pyq�q^yZHR*ĀĬïĖ<ǘ/9

�&�ǴǇ&(9� 

� ºƤ%ǧ/�6
)�2D-USAXS/SAXS *ƯŚ7�PyD*�ç�(²ȅŢǬ*ïÄ��Ɓğ

ƍ(ťŠƁģ4ƧĔģƁģ)û�$ǴǇ(Ę½<�$	9�&�µ!�[1, 2]��7)ǖƬ(Py

D²ȅŢǬ)��9ǄēÂŚ<ǘ/9)+�ǨƟǽħë��%+(��÷Ɵǽ)��9PyD�Ŧ

¥ŢǬħë<ň7)��i?x�*÷Ɵǽǳƴ)ê#	�L}hv�W�Prv{�Pw}*Ű

ƈ�ŏÂ&Ƶ�7:9��*�2)3�÷ƟǽŢǬħë�ĝ7:9ȐĞǺǋúĮǀ*ƌĂ�ǴǇ&

(9� 

� Ǧč�Ìôǽ¾ȐĞǺȕAtomic Force Microscope: AFMȖ4ǩǮȈôȐĞǺȕTransmission Electron 

Microscope: TEMȖ('*ȐĞǺǋúĮǀ��ƀǛ�*ĞƬŢǬǋú)ȉĉ)6�ƈ	7:$	9�

Ɓ)��Ŧ¥ TEMȕTEM Tomography: TEMTȖ*ĮǀƌĂ+ƎǊ0���`cL}pQZ^ŔŃ*

�Ŧ¥ǋú)ġƈ�:$	9[3-5]��Ņ�XƱȐĞǺ3ľü§ XƱ*Ɓğ<¸ƈ�9�&%Įǀƌ

Ă�$	9�XƱȐĞǺ*Ɓǻ&�$�ǉǵ�Ď	�"`c{lz%*ƟǽµǍƶ<ŏ��TEM)

ū/ǕŃXt�Q�ÿ(	ź�Ĵ�7:9[6, 7]�Nusser 7+ľü§ X Ʊ<ƈ	� X ƱȐĞǺ)6

8 SBR �)��9PyDƦô*ǋú<ƿ!$	9[8]��*Ǚł%ëÜ�:$	9 X ƱȐĞǺ+�

PyDƦô*ǖƬ(�Ŧ¥ǳƴ<ǋú�9*)Çµ(ƟǽµǍƶ+ŏ�$	(	��Ms)ǳ×�

:�PyDƦô*rH|}{lz)��9�ç�ŢǬ*ǋú)ī¿�$	9�X ƱȐĞǺ*Ɵǽµ

Ǎƶ��7)Ù��:,�i?x�*ȂĄƍ(�Ŧ¥ŢǬ*ÕǉÄ�Õƶ&(8�i?x�¦íM

s*ǄēÂŚ<ƆǍ�9�%ǴǇ([�z)(9�&�ŐĚ�:9� 

� œƕƞ%+�ȓƟǽµǍƶ<ŏ�9Ư¤è Zernike�ƐL}^xR^ CTŮ<ƈ	�ÉµĿƦęƑ

ƅƂPyD<ǳ×��Ms*�Ŧ¥ŢǬ*ÕǉÄšǑ��6-�ŏȀǇƫŮȕFinite Element Method: 

FEMȖ)69pyq�q^yZHR*�ç�ïĖ*ÕǉÄ<Ǝƍ&��� 
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3.3.1� )�� Zernike�(
��� CT��'�,*  

 {}^K})69 XƱ*ƌǈ+ 1895č%�9�ĕŊ* XƱ*œǛ+�3µ!$	(!�*

%�őƔ*ľüƱ&�$ XƱ&Þ,:96
)(!�&Ǐ;:$	9�ĕŊ+�ő�āı~áı~

Ïü('<Ǟ���&+Ɣ7:$�7��ě)Ɣ7:96
)(!��XƱ*ƌǈ7ŀč3Ʈ

��)�Æõǔń&ȉƖîšś&�$*ġƈ+ƒ�ǽ)Ď0!�����Ƅæ)�	$3 XƱ

Ɗ¤ǐŷ)��9L}^xR^Ƈī+�{}^K}*Ŏ¶*÷ȑ7�3ï;!$	(	�ĜŖ

*L}^xR^+�XƱ*ÛÐ)693*%�9�Ȓ('*6
)�Ƈ�ƭƳ)ū/ūǢƍǴ¥

ƫ%ùď*ȓ	ƀǛ+�XƱ*ÛÐ�ò��Ȕň(Ɗ¤L}^xR^<�9�&�%�9��

��ǟƭƳ*ǋú+L}^xR^��Çµ(�2)�Õƶ%�9���%�Ǭė»('�ĠǇ&

(8�ÖƜƎƍ)ġ��Ǭė»�Ǽƌ�:$	9�ĜŖ* XƱƊ¤ǐŷ*Ǘȏź+�Ǭė»*¼

�ƈ%�9���%�ÛÐL}^xR^%+(��ƀǛ*ùďć<ĩď6�ǐŷ�9�2*ĭŮ

&�$�Æõ¸ƈ<Ǝƍ)�ƐL}^xR^Ů*ƕƞ�(�:$	9���%�Ƈ�ƭƳ&ØƢ

*ùď“1 g/cm3”<ŏ�9MsŔŃ.*ǱƈÕƶģ&�ƐL}^xR^Ů�ýŖĠȍ*Įǀ)(8

�9*%+(	&Ƶ��MsŔŃ.*�ƐL}^xR^Ů*ġƈ<šǑ��� 

� XƱ*ǆƫāıƃ n+� 

! = 1 − ! − !" 

! = !! !/! ∙ ! ∙ !! ∙ !!/2! 

! = !"/4! 

(3.3.1) 

%ǁ�:9���%�N0+>oE_|ŀȗZ +óǛ<Ţī�9¥ƫ*Ȉƻȕ1 Ìô*©ȈôŀȖȗ

A+ǛǶŀȗρ+óǛùďȗ!!+Ô¬ȈôÈęȕ=2.82 × 10-13cmȖȗλ+ XƱůǻ�μ+ XƱ*ƱÛ

Ð�ŀ%�9�ñ�*ƀǛ% Z/A~0.5%�9*%� 

! = 1.35!×10!!×!×!! (3.3.2) 

&(9�1�δ �āıƃ*÷ŀǲ%�8�§*āı4�Ɛć)Ǿ��$	9�β +āıƃ*ƽŀǲ

)ûġ��XƱ*ÛÐ4Ŀ�)69ŵǂ)Ǿ��$	9� 

Õǉ§)��9ExR4Ŭ*āıƃ+ 168ò���n = 1.5 – 2ƛď%�9*)û��XƱȎé

%+�759óǛ% n+ƑƟ*āıƃȕn = 1Ȗ68£)þ���ũ' 1)Ǧ	��*Ż�ŋǫ

* XƱǐŷ4Ɗ¤ǐŷ%+Ćǉƍ( XƱ*āı��7;)ǋŷ�:9�&+(	�2)�XƱ*

{}S4kySs+÷Ƅãȇ&�:$������£%�9�āıƃ*ć�ǃ°�*ùď)

ū��9�&7�ǩǮ XƱ*�Ɛ4āı�ǃ°�*ǲŢǬ<Ïŉ�9�&)(8�ȓĩď(

ǐŷ<ƿ�,āı4�Ɛ)69L}^xR^<ǈ9�&�%�9�ǟ XƱȎéȕ�Ƹƍ) 2.4 keV

��Ȗ%+ XƱÛÐL}^xR^Ů%3Çµ(L}^xR^�ĝ7:Ĥĥ+ÿ(	��Ƙ XƱȎ

é%+ δ� β68 2 – 3Şò�	�2��Ƹƍ)āı4�ƐL}^xR^*Ņ�ÛÐL}^xR

^683ȓĩďǐŷÕƶ)(9�&�ŐĚ%�9�«�ƍ)āıƃ*÷ŀǲ δ<�!$Ɗ¤ǐŷ

�9ŅŮ&�$� 
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Table 3-3-1 

1. XƱn|Ixi?� ǕŃ<ǩǮ��ůȊ<¯Ţī�9ŅŮ 

2. Zernike�ƐŮ X Ʊ*ċŴ<ƈ	$ůȊ*Ũ1<ēď)ïĹ�Əķǋ

ŷ�9ŅŮ 

3. Bonse-HartċŴŮ Bonse-Hart è*ċŴǐ<ƈ	g�s< 2 ")µ�ſŅ

)ǕŃ<Ǔƴ�ÎŽů&*�Ɛ*S{<š´�9ŅŮ 

4. Ğµ�ƐL}^xR^ āı)69 XƱg�s* Ù<ǐŷ�9ŅŮ 

5. TalbotċŴŮ š´Ȋº) 2 "*I{�\?}I<Ǔƴ��Ņ*I{

�\?}I<ǝś� TalbotÂŚ)69u>{¤<ĝ$

ēď¤)ïĹ�9ŅŮ 

6. āıL}^xR^Ů ƀǛƋȊ<ēǘ��$¤<ĝ9ŅŮ%�áƱƝµ�9

�&%ēď¤<ĝ9ŅŮ 

 

('*ŅŮ��9ȕTable 3-3-1Ȗ��:�:��ƐL}^xR^4āıL}^xR^('ƺ�(Þ

-Ņ��:$	9��ƀƆƍ)+�Ɛć*Ɗ¤&Ŀ�4āı)69ǩǮg�s* Ù+�	)i

�yBïĹ*Ǿ�)�8�ǈŅ�ǰ
��%œǛƍ)Ø�&�:$	9� 
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ȝFZPƯ¤§õƩ%* Zernike�Ɛô)69�ƐL}^xR^*ÌƆȞ 

� ¨ü§*�Ɛ+ï�9��ĵĊȕēď*ČŅŜȖ+ï�(	ƀ�<�Ɛƀ�&	
�š´à+

ēď�š´%�(	*%�¨ü§*ĵĊȕēďïÄȖ+š´%�$3��ƐïÄ)Ǿ�9ħë

<&9�&+ÌƆ��Õƶ%�9��:)û�$��ƐïÄ<ēďïÄ)ïĹ�9�&%��Ɛ

ïÄ)Ǿ�9ħë<Õƶ)�9ĭŮ��Zernike�ƐćŮ%�9[6, 7, 9, 14]�Fig. 3-3-1)Lf�{

}^Žň)��9 Zernike�ƐćŮ*§õƩ<ƚ�� 

 

 
Fig. 3-3-1� Lf�{}^Žň)��9 Zernike�ƐćŮ*§õƩ 

 

¨ü§*ǆƫĵĊ< U, dZHIxA}_*ǆƫĵĊ< Ub, ǕŃǩǮě*ǆƫĵĊ< U, Ư¤Ȋ

)��9ǕŃ¤�6-dZHIxA}_¤*ǆƫĵĊ< U’, Ub’&�9�0��ǕŃË1< ts, Ǖ

Ń*ǆƫāıƃ n = 1−δ−iβ, ¨ü§*ůǻ< λ&�9&� 

!! = !! ∙ !!!
!!
! !! 

! = !! ∙ !!!
!!
! !!!!!!!! !! = !! ∙ !!

!!
! !! ∙ !!!! 

(3.3.3) 

&(9�μsȕ=4πβs/λȖ+ǕŃ*ƱÛÐ�ŀ�φsȕ=2πδsts/λȖ+ǕŃ)6!$Ƈ�9dZHIxA

}_)û�9�ƐïÄ%�9�§õ*ÌƆ&�$ƹ�Ɣ7:$	96
)�Ư¤{}S*ě¡ż

ČȊȕBack focal planeȖ)+ƀ�*i�yBRmH^z�Ƈ�9�Zernike�ƐćŮ*ÌƆ+�ě

¡żČȊ)�ƐŘ<ƴ��0 Ŧ§ȕ0 Ŧ*RmH^zȖ)*1�Ɛïǘ<���9�&%¤Ȋ*

L}^xR^<Ù���9�&%�9� 

! = !! ∙ !!
!!
! !! ∙ 1 + !!!! − 1  (3.3.4) 

đ(3.3.3)<đ(3.3.4))ïĖ�9&ĳĒ*ơ�ŦȌ*“1”� 0Ŧ§<�ơ�Ȍ&ơ�Ȍ*“eiΦs−1”�

áı§<ƚ�$	9�Ư¤Ȋ%*ǆƫĵĊ+�0 Ŧ§&áı§*ǆƫĵĊ*ßȕ©RmH^zȖ

%�97��ƐŘ*ĵĊǩǮǾŀ< A=aeiαȕa& α+÷ŀȖ&�$��ƐŘ< 0Ŧ§*1)�

ƈ���Ŋ*Ư¤Ȋ%*ǆƫĵĊ Ub’�U’+� 
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!!′ = !! ∙ !!!" 

!! = !! ∙ !!
!!
! !! ∙ !!!" + !!!! − 1  

(3.3.5) 

&(9�ēď+ǆƫĵĊ*ưû�*��%�97�ǋŷȊ)��9ēď+ 

!!! = !!′ ! = !! !!! 

!! = !′ ! = !! ∙ !!!!!!∙ !!!! !!!cos!!cos!!!!cos !!!!  
(3.3.6) 

&(9�φs ≪ 1*Ŋ+�đ(3.36)+Ǧ�ƍ) 

!! = !! ∙ !!!!!!∙ !!!!!!!sin!  (3.3.7) 

&(9��ƐćŮ)6!$ǋŷ�9&�ƀ�)69�ƐïÄ�ēďïÄ)ïĹ�:�ǋŷȊ*�

Ĩ*ź)��9ēď+ƀ�*ûġ�9�ƴ*�ƐïÄ Φs)ū��9�&)(9� 

 

ȝĽ�J�x�ŽňȞ 

� ČƿŽňƩ)��9ƟǽµǍƶ<Ƶ�9�ƟǽµǍƶ<��9�2)+�Fig. 3-3-2)ƚ�6


)ǕŃ7*ò�(ǌď%*Ŀ� XƱ<ûƀƫô%Ñ8ǥ0(�:,(7(	� 

 

 

Fig. 3-3-2� ČƿŽňƩ)��9ûƀƫô.*áı§*Ñ8ǥ1 

 

ĞƬŢǬ<ǋú�9�2)+�ò�(ǌď*áı§<ûƀƫô%Ñ8ǥ0(�:,(7(	�

ĞƬ(ŢǬħë�ò�(áıǌď*§)Ú0:9�&+�X Ʊáı)��9jxZIŕ�&Ø

�Ɔā%�9�Fig. 3-3-2)ƚ�6
(ČƿŽň<Ƶ�9���Əķ§)û�9áı§ǌď< θ

&�9&�Ŏò*áıǌ+±θ%�97 

sin! = !/! (3.3.8) 

%ǁ�:9��:)Ɛĕ�9ÝŐŢǬ dȕáıȀƋțµǍƶ)ûġȖ+ 

! = !/sin! (3.3.9) 

&(9��Ƹƍ)�{}S�Ñ8ǥ29áı§*ǌď<ǁ�ext�W&�$ǼÓŀȕN.A.ț

Numerical ApertureȖ�ƈ	7:9� 

!.!.= ! ∙ sin! (3.3.10) 

θ

r

a
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θ+Ŏò%Ñ8ǥ29áı§ǌď�n+āıƃ%�9��:7*đ<ŁƆ�9&�µǍƶ d+�

ǒ&(9� 

! = ! !
!.!. (3.3.11) 

ČƿŽňƩ)��9ïǘ�ǯǾŀȕModulation Transfer Function: MTFȖ<Ƶ�9�áıȀƋ+ d = l 

/ sinθ%�9*%�áıǌ ≤ θ*áıů+©$Ñ8ǥ0:9��(; �ħë�ǯ� 100 %&

(9�áıǌ > θ*áıů+©�Ñ8ǥ0:��ħë�ǯ+ 0 %&(9�ČƿŽňƩ)��9

MTF< Fig. 3-3-3)ƚ�� 

 

 

Fig. 3-3-3� ČƿŽňƩ)��9MTF 

 

� Ŧ)Ľ�J�x�ŽňƩ%* MTF<Ƶ�9� 

 

 

Fig. 3-3-4� Ľ�J�x�ŽňƩ)��9ûƀƫô.*áı§*Ñ8ǥ1 

 

Fig. 3-3-4)ƚ�6
)Əķ§&ûƀƫôŮƱ&*(�ǌ< φ�Ŀ�ǌ&ûƀƫôŮƱ&*(�

ǌ< θ&�9�å73µ9&�8�áıů*Ñ8ǥ0:9Ȏé+� 

! − ! ≤áıǌ ≤ ! + ! (3.3.12) 

&(8�ûƀƫô)Ñ8ǥ0:9áı§�ñ�(9�"08�µǍƶ�Ù��9&	
�&%
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�9����θ-φ�θ+φ)Ɛĕ�9ƟǽÝůŀȎé*L}^xR^+Èŵ� Fig. 3-3-5*6


)(9� 

 

 

Fig. 3-3-5� Ľ�J�x�ŽňƩ)��9 MTF 
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3.3.2�  2   

ȝXƱȐĞǺ~XƱ CTȞ 

� Ư¤§õƩ<ƈ	�Ľ�J�x�ŽňǩǮ X ƱȐĞǺȕquasi Köhler-illumination Transmission 

X-ray Microscopy: KTXMȖ�6- KTXM ) Zernike �Ɛô<ƭ1×;�� ZPXMȕZernike-type 

Phase contrast X-ray Microscope: ZPXMȖ÷ȑ+�SPring-8 BL47XUg�sx@})$ƿ!��÷ȑ

TZ^>Zk< Fig. 3-3-6)ƚ�� 

 

 
Fig. 3-3-6� KTXM, ZPXM*÷ȑTZ^>Zkå 

 

XƱ+ Si 111�ƯŌµ§à)68ÉƺÄ� 8 keV&���ľü§*ȓ	Lf�{}^ XƱ7*

RmZHzƂc@S)68ƊǛ����9*%�XƱ*Lf�{}^<Ƽ&��2*g�s]?

iv�O�ȕD�o}ƥŒǅȖ<ǕŃ�ű)Ǔƴ�ŷö�ĉ)áǠ����XƱȐĞǺ*§õƩ

+�ûƀ{}S&�$i{bzV�}k{�^ȕFresnel Zone Plate: FZPȖ&�Ľ�J�x�Žň

<Ėī�9�2*®ĖL}]}N�V�}k{�^ȕCircular Condenser Zone Plate: CCPȖ)68

Ţī���CCP�6- FZP*§õȐĞǺ°Ƒ< Fig. 3-3-7)ƚ�� 

 

 

 
Fig. 3-3-7� (a) CCP, (b) FZP*§õȐĞǺ°Ƒ 

 

Beam  
Diffuser 
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Plate 

Cross Slit 

f 

X
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CCP+Əę 500 µm�Ë1 1 µm�6- 200 nm*Ƣǽȃ*ǣĊ%�ǅ���FZP+Əę 150 µm�

Ë1 1 µm�6-ŎðǣĊ 100 nm%�ǅ���Zernike�ƐôȕZernike Phase Plate: ZPPȖ+�Ə

ę 500 µm�Ë1 0.96 µm�6-ƱĊ 4 µm*y}IƂeW�}<W}Wz%�ǅ��8 keV* X

ƱBbzG�%�/4 �Ɛ�ǭ:9�ţ&���CPP�FZP �6- ZPP +©$W}Wz<ƈ	��

CPP+ǕŃ�ű)Ǔƴ��CPP�6- FZP)X@{H^§*¨ü<ǿ��2)�]?iv�O�

& CPP*ǽ)Ǹǅ*g�sR^Zk<Ǔƴ���CPP7*ȓŦáı§<ȁÍ�9�2)�CPP

�ű)h}n�z<Ǔƴ���FZP +ǕŃ*�ű)Ǔƴ��FZP 7*X@{H^§ȕ0 Ŧ§Ȗ

*�Ŧ¥š´à.*¨ü<ǿ��2)��Ŧ¥š´àº)y}IƂ*g�sR^Zk<Ǔƴ���

FPP< Fig. 3-3-8)ƚ�6
) FZP*ěżźȊ)Ķ¨��[9]�FPP<ěżźȊ)Ķ¨�9�&%�

ƀ�7*ǩǮ XƱȕ0Ŧ§Ȗ*�Ɛ<ǭ7��ƀ�7*Ŀ� XƱ<š´àȊ�%ċŴ��9

�&%�ƐL}^xR^<ĝ�� 

 

 
Fig. 3-3-8� ZPXM)��9ǩǮ XƱ&Ŀ� XƱ*ċŴ 

 

� �Ŧ¥š´à+�Ųŗn^aHRǅ*g�suaW�III)±Êè XƱ CCDDtxȕC4880-41SȖ

<ƭ1×;�$�ƈ���°Ƒ< Fig. 3-3-9)ƚ��ƾ§Ȋ+ƥŒ* P43ȕGd2O2S: Tb+Ȗ%Ë1

10 µm%�9�CCD+@}W�x@}^x}Ri=�è%�8�ŏÂƊƫŀ+ 4000 x 2624 pixel�

ƊƫN@S+ 5.9 x 5.9 µm%�9�CCDƫô+-50˚C)±Ê��� 

� XƱİė¤�6- XƱ CTŷö+�XƱ CCDDtx< 2 x 2 binningu�_%Ɗƫŀ 1288 x 676 

pixel&�$ƿ!��CTļė+�ǕŃ< 0.1˚R\ZkŪ)İė¤<ļė��×ǐ 1800İė¤ȕ180˚

µȖ< Back projectionŮ<ƈ	$¯Ţī<ƿ!�� 
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Fig. 3-3-9� �Ŧ¥š´à; (a) g�suaW�III, (b) XƱ CCDš´à 

 

 

 

ȝFEMPrv{�Pw}Ȟ 

� PyD¦íMs)��9ĀĬƍ(Ms*ïĖƂĪ<ÕǉÄ�9�2)�FEMPrv{�Pw}

<ƈ	��FEM*ŢīŅƛđ+�Arruda & Boyce)6!$ĸş�:� 8-chainu]z<ƈ	�[10]�

pyq�ǹ*Ʋß)69ƧĔģƁģ+�8-chain u]z) Bergström-Boyce�ĸş��Ƨģu]z

*ƭ1×;�%ǁƄ��[11, 12]��Ŧ¥ FEu]z+ªȊ�%�ǅ���FEMPrv{�Pw}

N@S+�șǤ 6000 nm&��75 %0%Đ���ƂĪ<ǐƣ��� 

 

 

 

 

 

  

Beam Monitor III 

       CCD detector 

(a) (b) 
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3.3.3� .#   

� pyq�+�SBRȕŇœUC}ǅ SBR1502țRY{}Ƕ(23.5 wt%), jWQB}Ƕ(76.5 wt%)Ȗ

<ƈ	��PyD+�ƦęµĈ� 10%��%�9Əęƪ 500 nm*ÉµĿƦęƑƅƂPyDȕŇ

œǎóǅ KE-P50Ȗ<ƈ	��Ms�%PyD<µĿ��9�2)�Px}DZky}I»ȕ]

IZNǅ Si69Ȗ<ƈ	��ǖƬ(ǳ×ø< Table 3-3-1)ƚ�� 

� �:7<@}W�`zrFN�)İ¨��ǕŃŶď� 150 ˚C)(90%ų×���ĝ7:�M

s< 60 ˚C%Ŷǘ��Ƿăǅ 2œ|�z)ǫ��Ë1 2 mm*P�^Ƃ)ŁĖÀą����*ě�

Àžk{Rť<ƈ	$ 170 ˚C% 12 minÀƗ����ĝ7:�ÀƗMs<Hx@CrH|^�s

)$ 50 (w) × 100 (D) × 1000 (H)  µm)Àą�9�&% XƱȐĞǺƈǕŃ<ĝ�� 

 

 

Table 3-3-2 

SBR 100 

Silica (KE-P50) 50 

Si69* 4 

Stearic acid 2 

Sulfur 1.5 

TBBS** 1 

DPG*** 1 

* bis(triethoxysilylpropyl)tetrasulfide 

** N-tert-butylbenzotiaxole-2-sulphenamide 

*** 1,3-Diphenylguanidine. 

 

 

 

Fig. 3-3-10� ÉµĿƦęƑƅƂPyD(KE-P50)* TEM°Ƒ 

 

1 µm 
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3.3.4� )$�+!   

ȝXƱȐĞǺ~XƱ CTȞ 

� Fig. 3-3-11) KTXM)6!$ĝ7:�PyD¦íMs* XƱİė¤<ƚ��Fig. 3-3-11)ƚ�

6
)Ľ�J�x�Žň<ƈ	� KTXM Ů+�ǕŃ)û�$çǛ)Žň�:$	9�&�µ

9�Ɗ¤�*ò�(L}^xR^*ĺ7�+�ǕŃË14Ë1ŅÙ*PyDƦô*Źď�ç�ģ

)ƉŖ�9�ºǧ��6
)Ľ�J�x�Žň<ƈ	9�&%ƟǽµǍƶ+Ù��9�L}^x

R^�Ħ��İė¤%+PyDƦô<ňƓ)ǋú�9�&�%�$	(	�KTXM <ƈ	$ CT

ļė)68ĝ�¯Ţī¤< Fig. 3-3-12)ƚ�� 

 

 
Fig. 3-3-11� KTXM)68ŷö��PyD¦íMs* XƱİė¤ 

 

 
Fig. 3-3-12� KTXM* CTļė)68ĝ�¯Ţī¤ 
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PyDƦô*Ýä+āı*ėȋ)68L}^xR^�BZQēǘ�:$	9�&�µ9��

��Ms�*PyDƦô*�Ŧ¥ŢǬ<ŭö�9�2)Çµ(L}^xR^+ĝ7:$	(	�

�*Ìâ+�PyDƦôę�þ�	�2 XƱÛÐǶ�ÿ(	�&�Ìâ&Ƶ�7:�� 

� Ŧ)�Fig. 3-3-13 ) ZPXM )6!$ĝ7:�PyD¦íMs* X Ʊİė¤<ƚ��KTXM )

ū/�PyDƦô*L}^xR^�ȓ�Ȕň)ǋú%�$	9�&�µ9�0��CT ļė)

68ĝ�¯Ţī¤< Fig. 3-3-14 )ƚ��KTXM )ū/ ZPXM %ĝ�¯Ţī¤+�L}^xR^

�ȓ�PyDƦô�Ȕň)ǋú%�$	9� 

 

 

 
Fig. 3-3-13� ZPXM)68ŷö��PyD¦íMs* XƱİė¤ 

 

 
Fig. 3-3-14� ZPXM* CTļė)68ĝ�¯Ţī¤ 
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KTXM �6- ZPXM *¯Ţī¤7ƦôȘpyq�ƋȊ)��9L}^xR^ēďk|i=@

z�6-L}^xR^ēďk|i=@z<Ğµ��ƯŚ< Fig. 3-3-15)ƚ�� 

 

 

Fig. 3-3-15� (a) ¯Ţī¤7Ʀô/pyq�ƋȊ)��9ēďk|i=@zȜ�: ZPXM, �: KTXM� 
(b) ZPXM*ēďk|i=@z*Ğµk|i=@z&EARǾŀ)69i?Z\?}IƯŚȕǜ÷ƱȖ 

 

Fig. 3-3-15 (a)68PyDƦô&pyq�*L}^xR^ū+�KTXM)ū/ ZPXM*Ņ� 3�ƛ

ďò�	�&�µ9��7)�Fig. 3-3-15 (b))ƚ�L}^xR^ēďk|i=@z*ĞµōƱ

7ĝ7:�È�©ĊȕƟǽµǍƶȖ+�ƪ 297.6 nm%�!��KTXM�6- ZPXM* XƱİ

ė¤*ƟǽµǍƶ 120 nm)ū/���$	9�&�µ9��*ƟǽµǍƶ*��+�CTļė

�)áǠR\�Qǡ�£)ĵÃ�$	9�&�Ìâ&Ƶ�7:9� 

� Fig. 3-3-14)ƚ�6
) ZPXM*¯Ţī¤)�	$�PyDƦôǦ¢)I{�(Ȏé�ǈ7:

9��:+Hx@CrH|^�s%Àą��Ȅ)ƌƇ��o@_)Ǟâ�9&Ƶ�7:9��ǖ

Ƭ)+·Ǫǘś�ĠǇ%�9�Ŧ)�KTXM�6- ZPXM*¯Ţī¤<Ĳò��Ɗ¤< Fig. 3-3-16

)ƚ�� 

 

 
Fig. 3-3-16� ¯Ţī¤*Ĳòå; (a) KTXM, (b) ZPXM 

 

 

50

45

40

35

30

25

20

in
te

ns
ity

 / 
a.

u.

2000150010005000
r / nm

50
40
30
20
10
0

-10
-20

di
ffe

re
nt

ia
l i

nt
en

sit
y 

/ a
.u

.

2000150010005000
 r / nm

 (a) (b) 

 (a)  (b) 


