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� ϕćƆɆȤD��W>�VSXʵɞć=ʄʶ,Y<!W�ǰ�CʴʄA@&<D@V@�QC=

�X�ʩA�� d|¢¥ϛPEϜR� �£�¢¥ϛPPϜAÈ͂,YX� f¢�`¥ɨ̥D�4Y

VCʵɞčʶ#ƂM9< 60ƺÉ«#̊Ε.6Ã=Q�ϕćƆɆȤCùρ͉Ć 50%\ĭP<!W�ʰ

ŦQ@!�4YVCʴʵΣDŮͣAŵŻ.<�X[1]�.".�4CU�@ù¯ʻCñň>DƙʡˇA�

ǰ#ŤA!(X� f¢�`¥ɆȤCʴʵΣD�΅ƺʎƠñňA�X[2]�4C̣ȴAD�²Ť\D/

P>0Xʴʵnt�CƋ�ȧ̭ŤCľύAU9<�ǰ#ŤCnt�˰»Ę#Ö¬.<�X*>#ƕȍ

Aαä.<�X�4C6P�ǰ#ŤCϕćƆʵɞ\Ȅ̎ˇA˄ƥ,2<�&6PAD�d¥s�_ 

¥l��t|}k@?Cϕɪ̤ɆȤCί˄CN@V1�� �§�y§¥=�X� f¢�`¥ɨ̥

CϕǤ̤ĢM6Dϕɪ̤Ģ\Ό/<�4Cȧ6@ƳŰâë\ėΎ0Xǟ͉#�X>̞ X� 

� � f¢�`¥ɨ̥Cź&D̋ȵǤϕćƆAćϑ,YX�¨̯A�̋ȵǤϕćƆ\ʕ̾ʪǫ"V̋

ȵĢ,2X>�ȡ 10 μmf§{§Cʱȵ>ŎEYXϕɬɣΎ\ǎǯ0X�4.<�ɦ ȵCýΜDȡ nm

f§{§CİN\ȿ0Xɍʪ̋ȵϛ���ȵϜ>̋ȵĢ.<�@�σȵΜ#À¾A˨Ƨ.6����

ɣΎ�>ŎEYXɣΎ"Vǎǯ,Y<�XϛŢ 1.1Ϝ�:MW�̋ȵǤϕćƆD�Åf§{§"V μmf

§{§CƷƽ�˪ΰtm§¡A[69<ζƧˇ@ϕɬɣΎ\ȿ.<�X>͑ X�̋ȵǤϕćƆCł

˧ʩǤD�ćƆɣΎCN@V14CU�@ϕɬɣΎAQŻ$@Ǐψ\Ļ(X6P�� f¢�`¥ɨ

̥CϕǤ̤ĢM6Dϕɪ̤Ģ\Əʰ0X6PAD�ćƆ͕͒CN@V1�ćƆɣΎ>ϕɬɣΎCαä

@VGA�ϕɬɣΎ>ł˧ʩǤCαä\ʲ͏0X*>#ɺPVYX� 

 

 

 

� � f¢�`¥ɨ̥C˿ƕɣΎ͏Ɏ\̿�«=�ȽQǋĘ@�£§�>@XC# X ̒=�X�X ̒

>D�ʂή# 0.01–10 nm˦ǀCπ˚ʂC*>\ȅ0#�4CʂήόŬD8T�?ıƆ¦ćƆtm§¡

AˋǍ0X�.6#9<�X ̒\�£§�÷>.<ʶ�X*>=ʨͬCǛ͌ˇtm§¡A!(XɣΎ

\͍Ɩ0X*>#=$X>��CDǨòAμ&@��Əι�� f¢�`¥ɨ̥AγV1ϕćƆɆȤ

C˄ƥA!�< X̒#ɐ6.6ǐĖDŻ$&��� X̒ʓ̛ͅCΑɯQˋM9<��MR¨̯ˇ@ɣ

 

Ţ 1.1Ϣ̋ȵǤϕćƆCζƧɣΎCɦǄŢ[3]�ϛaϜϢʱȵ�(b)Ϣ���ɣΎ�(c)Ϣ̋ȵɣΎ\4Y

5Y͂.<�X� 
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Ύ͏Ɏǵʁ>.<4CŧÕ\˙˭.<�X�4.<�X ̒AUXɣΎ͏ɎCĽ̤ǤD�ȝƝ÷ X ̒C

˅ŰAUWϒͷˇAň«.6�ȝƝ÷ X ̒CȽQΡ͉@ʩǝC¨:>.<�ϕͿǀ=�X*>#Ȇ)

VYX�ûÚˇAD�ʰŦ´Aʄʶ,Y<�X˳ª¯ÈȝƝ÷=D��� X ̒ʓ>ɵͽ.<�4CͿ

ǀD 1010ê˦ǀA@X[4]�*CʩǝAUW�ɤ�@Ƣǀ= X̒\ϕć͏̤Ģ.6>.<Q�Əʶ«ĥ

ć@ X ̒ǋǀ\ǘX*>#=$X6P��� X ̒ʓ=D̿�*>#=$@"96Əϓ#Ľ̤>@X�

à E�ϕȱΰć͏CȱćĖʑƍR��§�Ǔ#�ak£�§�¡f§{§C X ̒\ʶ�6ƣǴɣΎ

͏Ɏ@?#Ȇ)VYX�4YAUW�ǗɉC��Əϓ=D͍ʑ=$@"96ʰͨRɣΎ#ȮV"A@

W::�W�ȝƝ÷ X̒D,M-M@ɆȤ˟ƊćCȺ@X˄ƥ\å0ͯʦĔ>.<Ɂǔ,Y<�X�

.".�ʵɞʶϕćƆCɆȤί˄Aγ9<͑ E�áʠ>.<̿͘Ψ͠\̚WΆ0*>AUXȷ²ɦ

̅ˇ@ɆȤί˄ǵʁ#´=�W�ȝƝ÷ X ̒CʄʶDγƍˇ=�XC#ʰʪ=�X�ΉA͑ E��

 f¢�`¥ɨ̥CU�@ß�ļ,Y6ɆȤ=�9<Q�ϕͿǀȝƝ÷ X ̒>��ȧ.�÷=ʡV0

*>AUW�ÃM=ʲ͏,Y<�@"96ɣΎʨǤˋαAα0Xȧ6@˓͊Cʭǘ�F�<Dȧ͋Ɇ

Ȥί˄A̙#XĽ̤Ǥ\ˡP<�X>͑ X7Z��4*=Ʌ˖˩=D�ȧ͋ɆȤί˄Aň(6͕͒

ȅΥ\ǘX*>\Ƚ̈ˉˇ>.<�ȝƝ÷ X ̒\ʄʶ.6ʵɞʶϕćƆɆȤCςˇ¦ğˇɣΎ͏Ɏ\

Əȩ.6� 

� ɅͤȣD�Ʌˮ\ŉP<ù 6ˮ"Vɣǯ,YX�É¬A�łˮCɡ͉\·JX� 

� ˳ 2ˮ�ȝƝ÷ X̒\ʶ�6ϕćƆɆȤCɣΎ͏Ɏǵʁ�=D�Ʌ˖˩=ʶ�6ȝƝ÷ƽ͎¦Ɵ͎

X̒Ƞ¸ʁ@VGAȝƝ÷ɗúϗʔǌǤȠ¸Cʑƍıʲ>͏ɎȨʁA:�<M>P6� 

� ˳ 3ˮ�˵ΰθAćƪΫ\ȿ0X� d|¢¥C̋ȵĢȆğ�=D�ȱćĖƟ͎¦ƽ͎ X̒Ƞ¸ʁ

\ʶ�<�˵ΰθ=ćƪΫ#Ξ̛,Y6ÖƕǀˊΫʪ� d|¢¥ϛLLDPEϜC̋ȵĢȆğ\ͣJ6

˖˩A:�<·J<�X�LLDPED�PEɆȤC¨˧=�X#�4CɪɜʨǤD���İNR̋ȵĢǀ

>�96ţÚɣΎAáƈ.�4CţÚɣΎD LLDPECćƪɣΎAǋ&Ǐψ\Ļ(X�.6#9<�Ǵ

ɀCʨǤ\˄ʰ2X6PAD�4YAΙ.6ϕɬɣΎ\® �XćƪɣΎ\͕͒0Xǟ͉#�X�.

".�¨̯ˇ@ LLDPE=D�ćƆΣAU9<ćƪΣ#ʿ@9<!W�¨ɅCćƆΫAˏˉ.<Qćƪ

ΰθAćƴ#�X6P�ćƴ\Ȅ96���ɣΎ#ǎǯ,YX�4C6P�ćƪɣΎ>ţÚɣΎCα

äA:�<D�Ƀ7Ȯː@ʞ#ź�ɳ,Y<�6�4*=�4CU�@ćƪɣΎćƴ\ù&Ȅ6@

��´Ϋ²A˵ΰθ=ćƪΫ#Ξ̛,Y6 LLDPEϛADMET-PEϜAˏˉ.�4C̋ȵĢȆğ\ͣJX

*>\Ό/<�LLDPEA!(XćƪɣΎ>ţÚɣΎCαä\ȮV"A0X*>\͘N6� 

� ˳ 4ˮ��ak£�§� X̒Ƞ¸ʁ\ʶ�6� �£�¢¥ƝĆǯǎÚCŨ¨ɣΎ>4CŸǎȆ

ğAα0X˖˩�=D��ak£�§� X̒Ƞ¸ʁ\ʄʶ.<�İNȨňAɣΎćƴ\ȿ0X PPƝĆ

ǯǎÚCłƧCǛ͌ˇɣΎ>4CŸǎȆğ\ͣJ6˖˩A:�<·J<�X�PPD�PE>±H� f

¢�`¥ɨ̥CÈ͂ə=�X#�4C´@ʶC¨:>.<̪ğΜŒ#Ȇ)VYX�PP\ʶ�<̪

ğΜŒ\͇Ύ0XŰŃ�4Cź&DƝĆǯǎʁ>ŎEYXǯǎĚƮʁ#ʶ�VYX�ƝĆǯǎʁ=

D�ΤŪτ"VCͳλAǡ/<āįǀR2]ȦɈË#ʿ@X6P�ǘVYXǯǎÚDİNȨňAɿ

9<ƧʪCŨ¨ɣΎ\ȿ.<�X�4CU�@Ũ¨ɣΎCɣǯD�ƝĆǯǎÚCɪɜʨǤ>ɟP
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<ƕȍAαä.<�X6P�Ũ¨ɣΎ>ɪɜʨǤCαä\ʲ͏0X*>D�ƝĆǯǎÚCʨǤĎǙ

A>9<ɟP<Ρ͉>@X�.".�ƝĆǯǎÚCŸǎΕ˦A!�<�łƧ4Y5Y=?CU�@ɣ

ΎŸĢ#ͯ*9<�XC"DȮV"=D@�6P�Ũ¨ɣΎ>ɪɜʨǤCαäA:�<QȮː@

ʞ#ɳ,Y<�6�4*=��ak£�§�Ϥ̒Ƞ¸ʁ\ʶ�<�PPƝĆǯǎÚ\ǃÓŸǎ,26>

$CłƧ=CɣΎŸĢ\ȮV"A0X*>\͘N6�M6�ǘVY6͏Ɏ̋ɐ\ŭA�̾ʞ΅î=C

ʣąʲ#4YVA® XǏψA:�<̞Ɩ.6� 

� ˳ 5ˮ��§�d�t�`}k� �£�¢¥CǛ͌ˇŸǎȆğAα0X˖˩�=D�ȱćĖƽ͎¦

Ɵ͎ X̒Ƞ¸ʁ\ʶ�<��§�d�t�`}k PPϛHEPPϜ�`¡�CǃÓΕ˦A!(XǛ͌ˇɣ

ΎŸĢ\ͣJ6˖˩A:�<·J<�X�HEPP�`¡�D�̈ ͼȨňA���ɣΎ#Ξĉ.6ϕɬɣ

Ύ\ȿ.<!W�4CņCΌW�ǃÓȱAóY6ǌǤŝǚǤ\˜0*>#˓VY<�X�M6�HEPP

�`¡�DǃÓ0X*>=źƇͬ�`¡�A@X*>"V�΅ƺ=D Liaf¥�}� §Cv�¢§

z�`¡�Rćλ̨>.<Cǡʶ#ΑPVY<�X�4CU�@ǛźƇ�`¡�CǤ̤\̞ X«=�

ȽQΡ͉>@XʩǤ#ΊΕǀ=�X#�4YDǃÓɈËAǋ&áƈ0X�4*=Ʌ˖˩=D�ȱćĖ

Ɵ͎¦ƽ͎ X̒Ƞ¸ʁ\ʶ�<�HEPP�`¡�CǃÓΕ˦A!(XǛ͌ˇɣΎŸĢ\ȮV"A0X

>>QA�ǘVY6͏Ɏ̋ɐ\ŭA�ϕΊΕǀ@ǛźƇ�`¡�\ǘX6PCȽΙǃÓɈËA:�<

̞Ɩ.6� 

� ˳ 6ˮ�̐ȃ�=D�Ʌ˖˩=ǘVY6˓͊\̐ȃ0X>>QA�4Y5YC˖˩͢ϏAƙ0XÃ

ǕCƥɀA:�<·J6� 
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2.1 ̑͑ 
 

� Ʌ˖˩=D�� d|¢¥R� �£�¢¥>�96̋ȵǤϕćƆ\´@˖˩ƙͨ>.<!W�4

CϕɬɣΎ\ȝƝ÷ X̒Ƞ¸ʁAUW͏Ɏ.<�X�4*=Ʌˮ=D�ȝƝ÷ X̒C˄ʴıʲ@VG

A X̒Ƞ¸ʁCŭ˛>͏ɎǵʁA:�<·JX� 

 

 

2.2 ȝƝ÷ X̒[5] 
 

2.3.1 ȝƝ÷ X̒Cʩǝ 

� ȝƝ÷>D�÷΅&AM=Ě,Y6πƆ#�˚ŰAU9<ΓğCͯğ\ȹ)VY6>$A�ͯ

ğCȍ̒ȨňAȝƝ,YXπ˚ʂC*>=�W�4C�8�d�¡j§# X̒όŬCπ˚ʂ\ȝƝ÷

X̒>Ŏ]=�X�ȝƝ÷ X̒C´@ʩǝ>.<�ϕͿǀ=�X*>#Ȇ)VYX�Ϳǀ>D� 

 Ϳǀ[photon/s ∙mm! ∙mrad!] = !
!!!!∆!!.!%/!

 ϛ2.1Ϝ 

>ƍ̝,Y�I [photon/s]DīÕȱΰ�6WC÷Ɔȡ�d2 [mm2]D÷ʓCτ˨�θ2 [mrad2]D÷C˄Ƞ͎\

͂0�4.<�ΔE0.1% / E D 0.1%ˋƙ�¥�Ʒ>ŎEY�d�¡j§�¥�Ʒ\ ΔE>0X>� ∙ 

 ∆!!.!%/ ! = (∆!/!)/0.001 ϛ2.2Ϝ 

>ƍ̝,YX�:MW�Ϳǀ#ϕ�K?�ǋǀ#ǋ&�":ȅňǤCϕ� X̒=�X>͑ X�ȝƝ

÷ X̒D�÷΅&=þΓğπƆ"VCȝƝ÷=�X6P�Ţ 2.1A˜0U�A�πƆΓğCȍ̒Ȩ

ňAɟ˯A�¤§Cćƴ#ì96ȝƝA@X�*C>$�ȝƝ,YXπ˚ʂC͎ǀ˄ȠD�-1˦ǀ>@

X��D£§¢¥~ŞƆ>ŎEY�ˋƙͤA!(XπƆCd�¡j§ϛEϜ>ςɭd�¡j§Cɵ=͂

,YXϛǄϛ2.3ϜϜ� 

 ! = !
!!!!

 ϛ2.3Ϝ 

**=�m0DπƆCͬΣ�cD÷\͂.<�X�:MW�πƆCd�¡j§#ϕ�K?�͎ǀ˄Ƞ

CƟ,@ȝƝ÷#ǘVY�̋ɐ>.<ϕͿǀ@ X̒#ǘVYX�Ʌ˖˩=ßʶ.6 SPring-8=D�4

CņĒCΌW�E = 8 GeV=�XC=�͎ ǀ˄Ƞ�-1 ~ 10-5>��ɟP<ȅňǤCϕ�ȝƝ÷\Əʰ.<

�X*>#["X� 
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2.3.2 ȉø÷ʓ 

� Ţ 2.1D�ì÷π˚˕AUXȝƝ÷\ĺWĆ0ŰŃ\Ţ˜.6QC=�X#�˳Ϡ¯ÈȝƝ÷=D�

UWϕͿǀ@ X̒\čʶ0X6PA�ȉø÷ʓ#ʶ�VY<�X�ȉø÷ʓ>D�ìň˚˕#@�ˊ

̒ΜA�ȉø�,YX̛ͅC*>=�W�πƆCΑ̿ȨňAƙ.<˚ŰCň$\ŌɁˇAŸĢ,2X

*>AU9<�πƆͺΖ\̽̿,2XQC=�X�πƆͺΖ#̽̿0X6GA�ȝƝ÷#ʴ/�4Y

V#ƸʍQ.&D�Ͳ.Ń[,YX*>AUW�ì÷˚˕UWQ,VAϕͿǀC X̒\ǘX*>#Ľ

̤>@XϛŢ 2.2Ϝ�**=D�´@ȉø÷ʓC¨:=�X_¥s�¢§z"VǘVYXȝƝ÷A:�

<·JX� 

 

 

 

 

 
 

Ţ 2.1Ϣˋƙͤˇǀ=Γğ0XπƆ"VȝƝ,YXπ˚ʂCɦǄŢ�ȍ̒ȨňCȝƝ#ͯ*W�

͎ǀ˄ȠD�-1˦ǀ>@X� 

 
 

Ţ 2.2Ϣȉø÷ʓCɦǄŢ� 



 11 

� _¥s�¢§z²CπƆ"VCɤƆ\Ţ 2.3A˜0�*C>$�Ţ 2.2²A˜0U�Aǁɥͼ\>W�

�§�CΑ̿ȨňϛzͼϜAƙ.<�˚ŰϛBϜ#ɮǇʂˇ@ŸĢ\.<�XQC>0X� 

 !! = !! sin
2!"
!!

,!! =  !! = 0 ϛ2.4Ϝ 

**=�B0D˚ŰCȽŻë�λuD_¥s�¢§zC˪ΰŌɁ=�X�zͼȨňAΑ̿0XπƆD�xy

ƹτý=ɬǄAǗ�ͺΖ\Γğ0X� 

 ! ! = !
2!

!
! sin

2!"
!!

 ϛ2.5Ϝ 

KD�_¥s�¢§zC÷ʓ>.<CǤͬ\͂0ʟɬôȡ=�W�ɬǄAU9<® VYX� 

 ! = !!!!!
2!!!!

= 0.934!!!! ϛ2.6Ϝ 

eDπ̵̄Σ=�X�M6�πƆCǀC zǯćD� 

 !(!) = !
! cos

2!"
!!

 ϛ2-7Ϝ 

=͂,YX�Ţ 2.3A˜0>!W�K/γD�Α̿ͼ"VCȽŻȈYƷ\͂.<�X�**=�ʞ A>ʞ

BΰCπƆͺΖAɿ96ͳλD�ʟɬô���§z S\ʶ�< Sλu>͂,YX�T\�πƆ#ɮǇʂͺ

ΖAɿ9<ğ&>$CŌɁ>0X>� 

 ! = S!!
!(!) ϛ2.8Ϝ 

>@X�4.<�ɮǇʂ\þ>΅Ô0X>� 

 ! = 1 + !!

4!! ϛ2.9Ϝ 

#ǘVYX�ʞ A>ʞ B4Y5Y=ȝƝ,Y6πƆʂŅŷ#Ƹʍ0XŰŃ\̞ X>� 

 ! = !" − !! ≈
!!
2!! 1 + !

!

2  ϛ2.10Ϝ 

>͂,YX�*CU�A.<�ȉø÷ʓ=DπƆͺΖ#̽̿0X6GAȝƝ,YXπ˚ʂŅŷ#Ƹʍ

0X*>=�,VAϕǋǀ@ȝƝ÷\ǘX*>#=$X�M6�Ǆϛ2-6ϜUW�KD_¥s�¢§z

C˚ŰCȽŻëϛB0�Aáƈ0X#�4YD_¥s�¢§zj�}�\ͣȢ0X*>=ŸĢ,2X*

>#=$�̋ɐ>.<Ǆϛ2.10ϜAǗ9<ĺWĆ0ȝƝ÷Cʂή\Ÿ X*>#=$X�@!�_¥s
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�¢§z=D�K�1Q.&D K≈1>@XŰŃAˋǍ0X#�K≫1>@XŰŃAD�b`l�§>Ŏ

EY�ìň˚˕"VǘVYXȝƝ÷CU�@ˆ̱÷#ǘVYX� 

 

 
 

2.4 X̒Ƞ¸ʁ[6, 7] 
 

2.4.1��x¥Ƞ¸>n¥��¥Ƞ¸ 

� X̒Dπ˚ʂ=�X6P�ʨͬ²\ΌΕ0X>$�4CȈğπŰAU9<ʨͬ²CπƆϛɗŹπƆϜ

\Ȉğ,2X�*C>$�πƆCȈğȡDøƝ X̒C4Y>˵.�6P�4CπƆCĚǀΓğAU

9<ȝĆ,YXπ˚ʂCʂήQøƝ X̒>˵.&@X�*CU�A�X̒CøƝAU9<ʨͬ²Cɗ

ŹπƆ"VŅʂήC X̒#ȝĆ,YXʰͨ\��x¥Ƞ¸>���*CȠ¸=D�øƝ X̒Cʂğπ

ŰCƽ#WAU9<�,M-M@ỠAƈŦ0XπƆ"VȠ¸ X̒#˄ʴ.�4YVDƸʍ\ͯ*0� 

.6#9<�4CƸʍ�z§¥\͏Ɏ0X*>AU9<�ʨͬ²CπƆCỠǧůϛπƆƕǀćƴϜ

Aα0Xǧů\ǘX*>#=$X�*Y# X̒Ƞ¸ʁCϔƆ=�X� 

� ¨Ȩ�X̒C˽Ɔʂ>.<CǤͬ"V�ʨͬ²CπƆ>ǌǤˇÁ˫0X>�˽ƆŅŷCΓğΣC

Àȓ#ͯ*W�øƝȱCd�¡j§>Dʿ@X X̒#ʨͬ²"VȝĆ,YX�*YD�n¥��¥Ƞ

¸>�[YXQC=�W�X̒C˽Ɔʂ>.<CǤͬ\ʲ͏0X«=Ρ͉@ʰͨ=�X�.".�*

CȠ¸ X̒D�X̒�e�¥>πƆCé�Ć˫AU9<ʴ/XQC=�X6P�łȠ¸ʂCÕˋΰ

AD@]VαäD@&�4YVDƸʍ.@�ϛσƸʍǤϜ�.6#9<�Ʌ˖˩=D�MWΡ͉>D@

V@�6P�É¬A·JX X̒Ƞ¸CŭɅıʲ=D�n¥��¥Ƞ¸A:�<D͑ĵ.@�*>>0

X� 

 
 

Ţ 2.3Ϣ_¥s�¢§z²CπƆ"VCȝƝ�πƆCΑ̿ȨňD zͼ=�W�˚ŰD yͼȨňϛ̃

τ>ũˊȨňϜ>ƹ̿AĮĚ,Y<�X� 
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2.4.2 Ϟ:CπƆ"VC X̒Ƞ¸ 

� D/PA�¨:CπƆ"VC X̒Ƞ¸A:�<·JX�Ţ 2.4D�ıʞ OA¨:CπƆ#̛"Y�

4*AπŰϛȈƷϜA0\Ȅ96 X̒#øƝ.6>$CɤƆ\˜.<�X�**=�ʞ O"Vͳλ RC

ĥćλY6Ỡʞ P=CȠ¸ X̒ǋǀA:�<̞ X�ơ�OX> OP=ÜVYX ϛ͎�XOP  =  2θ Ϝ

\Ƞ¸͎>0X� 

 

 

� Ţ 2.4A!�<�øƝ X̒# OZȨňAì÷.<�XŰŃϛA0 = A0zϜ�ʞ PA!(XȠ¸ X̒CπŰ

ǋǀ AzD� 

 !! = !!!
!!
!!!

1
! ϛ2.11Ϝ 

>@X�**=�mDπƆCͬΣ�eD4C̵π�cD÷Cǀ=�X� 

� ɬA�øƝ X̒# OYȨňAì÷.<�XŰŃϛA0 = A0yϜCʞ P=CȠ¸ X̒CπŰǋǀ AyD� 

 !! = !!!
!!
!!!

!"#2!
!  ϛ2.12Ϝ 

 

>@X�øƝ X̒CπŰ#�XÌǩCȨňAì÷.<�X>$�4CπŰ A0D�XȨň> YȨňAć

Ė0X*>#=$<� 

 !!! = !!!! +  !!!! ϛ2.13Ϝ 

>@X�øƝ X̒#ʟì÷÷=�XŰŃ�0@[8�4CπŰ�k�¡Cň$#ȱΰ=�¥{�@Ű

ŃD�Ǆ(2.13)CȱΰƹŨ\̞ YEU&� 

 
Ţ 2.4Ϣıʞ OA̛"Y6¨:CπƆAUX X̒CȠ¸ 



 14 

 

 !!! = !!!! +  !!!!  ϛ2.14Ϝ 

 !!!! =  !!!! =  12!!
! ϛ2.15Ϝ 

>@X�ʞ PA!(XȱΰǍ6WCȠ¸ X̒ǋǀϛIeϜD�Ƞ¸ X̒CπŰǋǀϛAeϜC½¶Aɵà

0X6P� 

 !!! = !!! + !!!  ϛ2.16Ϝ 

 !! = !!! = !!!
!!
!!!

! 1
!!
1 + !"#2!

2  ϛ2.17Ϝ 

� *CǄD�ʟì÷÷=�XŰŃACNΙʶ=$XǄ=�W�ȝƝ÷ X̒CU�Aì÷.6÷CŰŃ

ADǄϛ2.15Ϝ#ǯ˭.@&@X6P�èɮ0Xǟ͉#�X� 

 

2.4.3 Ƹʍ͒˹ 

� Ē˺=D�Ϟ:CπƆ"VC X̒Ƞ¸A:�<̞ 6#�ʨͬA X̒\øƝ.6ŰŃD�,M-M

@ỠAƈŦ0XπƆ"VȝĆ,Y6Ƞ¸ X̒#Ƹʍ�z§¥\ǎǯ0X�4*=�M1Dʿ@Xʞ

A̛"Y6ϟ:CπƆ"VȝĆ,YXȠ¸ X̒ŅŷCƸʍA:�<̞ X� 

� M1�øƝ X̒CȈƷ A0 (x, t)\�ȱΰϛtϜ>ỠϛxϜAáƈ0Xǎ=͔·0X>� 

 !!(!, !) = !!!!!!(!"!!/!) ϛ2.18Ϝ 

>͔͂,YX�**=��> λD�4Y5YøƝ X̒CȈğȡ>ʂή\˜.<�X� 

� Ţ 2.5D�ʞ O!UGʞ PA̛"Y6ϟ:CπƆA X̒#øƝ.6>$CɤƆ\Ţ˜.6QC=�

X�Ţ²A!�<�S0> SD4Y5YøƝ X̒!UGȠ¸ X̒CīÕ�k�¡\˜.<�X�**=

D�Ƞ¸͎ 2θϛSCȨňϜ=�ʞ O!UGʞ P"VĥćAλY6Ỡ=͍ʑ.<�X>0X�ÊA�

Ƞ¸AU9<ÕˋŸĢ#ͯ*V@�>0X>�ʞ O>ʞ P4Y5Y"VȝĆ,Y6Ƞ¸ X̒CÕˋư

ϛΔφϜD�̿͵ưϛδϜCNAáƈ0X�0@[8� 

 ∆! = 2!"
!  ϛ2.19Ϝ 

>@X�Ã�QP = S0 ∙ r =�W�OR = S ∙ r =�X6P�ÕˋưϛΔφϜD� 

 
∆! = 2!

! !! ∙ ! − ! ∙ !

= −! ∙ ! 

 

 

ϛ2.20Ϝ 
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>@X�**=��k�¡ qD� 

 ! = 2!
! ! − !!  ϛ2.21Ϝ 

>ƍ̝,Y�Ƞ¸�k�¡>ŎEYXʨʲΣ=�X�Ƞ¸�k�¡ qCŻ$,�q�D��

 

! = 2!
! ∙ 2 sin 2!2

= 4!
! sin ! 

 

 

ϛ2.22Ϝ 

>@X6P�2θCÈ[WAȠ¸͎\͂ʰ0X>$Aʶ�VYX*>#ź�� 

 

 
 

� Ã�ʞ OA̛"Y6πƆ"VȝĆ,Y6Ƞ¸ X̒CȈƷ A1(w, t)D�Ǆϛ2.18ϜUW� 

 !!(!, !) = !!!!!!(!"!!/!) ϛ2.23Ϝ 

>@X�4.<�ʞ P"VȝĆ,YXȠ¸ X̒CȈƷ A2(w, t)D�A1(w, t)>CÕˋư# Δφ=�X*>

\̞ǭAøYX>� 

 
!! !, ! = !! !, ! !!∆!

= !!!!!!(!"!!/!)!!!!∙! 
 

ϛ2.24Ϝ 

>@X�.6#9<�͍ʑ,YX A1(w, t)> A2(w, t)CŃǯʂ As(w, t)CȈƷD� 

 
!! !, ! = !! !, ! + !! !, !

= !!!!!!(!"!!/!) 1 + !!!!∙!  

 

ϛ2.25Ϝ 

>@X�*C>$�Ƞ¸ǋǀ I(q)D�ȈƷC½¶>.<͒˹,YXC=� 

 
! ! = !! !, ! ∗ !!∗ !, !

= !!! 1 + !!!!∙! 1 + !!!∙!  
ϛ2.26Ϝ 

 
Ţ 2.5Ϣʞ O!UGʞ PA̛"Y6πƆ"VCȠ¸ 
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>@X�*C>$�ei2π(νt-x/λ)> e-i2π(νt-x/λ)Cȱΰ>ỠAáƈ0XϊDǶ8ʈ,YXC=�̋ɐ>.<�Ń

ǯʂ As(w, t)DȠ¸�k�¡ qCNAáƈ0Xǎ=� 

 ! ! = !! 1 + !!!!∙!  ϛ2.27Ϝ 

>͔·0X*>#=$X�**=D�2ʞ"VCȠ¸ X̒CŃǯʂ\̞ 6#�*CǄDƓȯA¨̯

Ģ=$�ʿ@XỠA̛"Y6 NéCπƆ"VȠ¸ X̒#ȝĆ,YXŰŃAD� 

 

 
! ! = !! !!!!∙!!

!

!!!
 ϛ2.28Ϝ 

>@X�*C>$�rjDÌǩCıʞ"VC jʾˉCπƆCỠ�k�¡\͂.<�X� 

� Ǆϛ2.28ϜD�πƆ\ςɭ.6ʞ̵πÚ>Ȋ <ƞĆ,Y6Ǆ=�X#�ƏιADπƆDɗCM[W

AπƆο>.<ƈŦ.<�X�4C6P�πƆCƈŦ˙ʮDΏ̎ˇ@QC=�X>̞ X>�Ǆϛ2.28Ϝ

D�˨ćŪ=͔·,Y� 

 

 
! ! = !! ! ! !!!!∙! !!

!
 ϛ2.29Ϝ 

>@X�**=�ρ(r) drD�ǛƟÚ˨Ĥΰ dr = dx dy dz²AƈŦ0XπƆȡ=�X�0@[8�*CǄ

D�NéCπƆ"V@X͘Ȥ"VȝƝ,YXȠ¸ X̒CȈƷD�͘ȤCπƆƕǀćƴC�§ dŸȓ

=͂,YX*>\˜.<�X�M6�ŅɤA.<�Ƞ¸ǋǀ I(q)\͒˹0X>� 

 

 
! ! = !! ! ! !! !!!!∙!!  !!!

!
! !! !!!∙!!  !!!

!
 ϛ2.30Ϝ 

>@X�**=�r0 – r1 = r>0X>� 

 

 

! ! = !! ! ! !! ! !! + ! !!!
!

!!!!∙! !!
!

= !! ! Γ!(!)!!!!∙! !!
!

 

 

 

ϛ2.31Ϝ 

>Ÿǎ=$X�*C>$�Γρ(r)D� 

 

 
Γ!(!) = ! !! ! !! + ! !!!

!
 ϛ2.32Ϝ 

>.<ƍ̝,Y�πƆƕǀćƴC̪Ʊˋααȡ>ŎEYXQC=�X�:MW�Ǆϛ2.31ϜUW�Ƞ¸

ǋǀ I(q)D�πƆƕǀćƴC̪ƱˋααȡC�§ dŸȓAˋǍ0X*>#["X� 
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2.4.4 ıƆ"VCȠ¸ 

� Ǆϛ2.29Ϝ\ʄʶ.<�Ae\īÕ>.<��X¨:CıƆ"VCȠ¸ X̒CȈƷ fatom(q)\̞ X>� 

 

 
!!"#$ ! = ! ! !!!!∙! !!

!
 ϛ2.33Ϝ 

>@X�*C>$�ρ(r)D4CıƆCπƆƕǀćƴ=�W�ıƆɗ\ıʞ>.<ɟǁɥ=͂.<�X� 

*C fatom(q)#�ıƆȠ¸ŞƆ>ŎEYXQC=�X� 

� ɬA�Ϟ˧ϑCıƆ"V@Xƕ@ʟˢƾκş"VCȠ¸\̞ X�*CŰŃ�öK?·J6 NéC

πƆ"VCȠ¸ X̒>Ņ/U�A.<̞ YḚ&�Ƞ¸ȈƷ A(q)DÉ¬ǄCU�A͂,YX� 

 

 
! ! = !! !!"#$ !

!

!!!
!!!!∙!! ϛ2.34Ϝ 

� 4.<�Ƞ¸ǋǀ Im(q) D�Am(q) ∙ Am(q)*=͒˹=$XC=�ɬǄ=͂,YX� 

 

 

!! ! = !!!!!"#$ ! ! !!!!∙!!
!

!!!
!!!∙!!

!

!!!

= !!!!!"#$ ! ! ! + !!!!∙ !!!!!
!!!

!!!

!!!

!!!

= !!!!!"#$ ! ! ! + !!!!∙!!"
!!!

!!!

!!!

!!!
 

 

 

 

 

ϛ2.35Ϝ 

� **=�«ǄȃǈýC˳½ϊC̍͒ˇ@ĺǷ�A:�<̞ X�Ã��X¨:CıƆ\²Ǟ>.<�

*Y"V rCͳλCǛƟÚ˨ drýA�ÆCıƆ#ƈŦ0X˙ʮ\ dP(r)>0X�M6�ù͘ȤCÚ˨ V

Aƙ.<�ıƆ¨:#ĭPXÚ˨\�V / N = v1>0X�*Cȱ�Ú˨ dv²AQ�¨:CıƆ\͊:(

X˙ʮD�dv / v1>0X*>#=$X�.".�ƕ@ıƆκşϛīıƆʉÚϜCŰŃ=D�ıƆΰˋ¾

ÜʶAU9<�ʩA rCƟ,�>*Z=D�rAU9<*C˙ʮDŻ$&ŸĢ0X�.6#9<�*C

ŰŃD dP(r) = P(r)dv/v1>0Xǟ͉#�X�0@[8�Ǆϛ2.35ϜD� 

 

 

!! ! = !!!!!"#$ ! ! ! + !!!!∙!
!

!
! ! !"

!!

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

! ! !!!!∙!
!

!
!"

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

! ! − 1 !!!!∙!
!

!
!" + 1

!!
!!!!∙!

!

!
!"

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

! ! − 1 !!!!∙!
!

!
!" + 1

!!
!(!)  

 

 

 

 

 

 

ϛ2.36Ϝ 
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>Ÿȓ=$X�**=��¡zαȡ=�X	(q)Dw£Ƞ¸>ŎEYXQC=�W�**=Dʟ͌0X

*>>0X�ÊA�̀#˵Ȩˇ@ıƆκş=�XŰŃAD�rDȨňAʟαä@ r>.<�q> rC͎

�!UG qCŌWC͎ φCŝͻAƙ.<ƹŨĢ0YḚ�C=�«ǄD 

 

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

!!
4!!! ! ! − 1 sin !"

!"
!

!
!"  ϛ2.37Ϝ 

>@X�*CǄD��&M=Ϟ˧ϑCıƆCƕ@ʟˢƾκş"VCȠ¸ X̒ǋǀ\˜.6QC=�X

#�Ʌ˖˩=ĺWǷ�� d|¢¥R� �£�¢¥>�96ʝ̄>ɸ̄"V@Xʨͬ=D�ɸ̄C

Ɣ®DK>]?ʟ͌=$XC=�4YVCσȵΜA:�<Q*CǄ=͔·0X*>#=$X� 

�  

2.4.5 ̋ȵ"VCȠ¸ϛƌù̋ȵCŰŃϜ 

� öK?D�ʟˢƾκşϛσȵǤʨͬϜ\ĺWǷ96#�ɬA̋ȵ"VC X̒Ƞ¸A:�<·JX�

̋ȵ>DıƆRćƆ#�¨ƍCŌɁǤ\Ȅ9<ªɬôˇA͋đɮ.&Ξĉ.<=$6QC=�X�.

6#9<ƌù̋ȵCŰŃ�̋ ȵ²Cù<CıƆỠD�̈ :CÈ͂ʞ\ıʞ>0XəƆCȽƟÚ ϛ˨ī

ÕəƆϜ\�3:CȨňA4Y5Y¨ƍCŌɁ=±Α,2X*>=ɻMX�4*=�M1DϞ:CīÕ

əƆ"VC X̒Ƞ¸A:�<̞ �4C«=̋ȵùÚ"VC X̒Ƞ¸A:�<·JX*>A0X� 

� �M�īÕəƆ\źȡCıƆ"V@XϞ:CćƆ7>̞ �īÕəƆ²AŉMYXłıƆCỠ�

k�¡\ rj>0X>�Ϟ:CīÕəƆ"VȝĆ,YXȠ¸ X̒CȈƷ AcellϛqϜD�Ǆϛ2.28Ϝ\Ĵ̞

.<� 

 

 

 
!!"## ! = !! !!"#$ !

!

!!!
!!!!∙!! ϛ2.38Ϝ 

 

>͔·=$X�**=�̋ȵDƌù̋ȵ=�X>Êƍ0X>�?CīÕəƆA:�<Q AcellD˵.&

@X*>"V�̋ȵùÚ"VC X̒Ƞ¸D�ıƆȠ¸ŞƆ# Acell=�XÊǨˇ@ćƆ#λȠˇAΞ̛

,Y6ʪǫ=C X̒Ƞ¸>Ȋ X*>#=$X�4*=�¨:CəƆʞ\ıʞ>.<�əƆʞCϠ:

CȨň x�y�zICīÕŌɁ�k�¡ a�b�c\ʶ�<�̋ȵ²C�VSXəƆʞCỠ\ɬCU�

A͂0� 

 

 
!!"# = !! + !! + !! ϛ2.39Ϝ 

� *C>$�RuvwD�ıʞ"V xȨňA u�yȨňI v�zȨňI wʾˉCəƆʞIC�k�¡\˜.

<�X�Ƞ¸ȈƷ Acell\Q:ÊǨˇ@ćƆCỠD�ù< Ruvw =͂,YXỠA�X6P�̋ȵùÚ

"VCȠ¸ X̒CȈƷϛAcryϜ>D�*YM=>Ņ/U�A�Acell\äȡ>.<�łỠ=CÕˋư\

̞ǭAøY�ù<CəƆʞ"VCȠ¸ȈƷ\Ͳ.Ń[2X*>=ɺPVYX�M6�Ƞ¸ǋǀϛIcryϜ
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Q�ŅɤAȈƷC½¶"V͒˹=$X�**=�̋ȵ͘ȤCŻ$,\�xȨňA aN1�yȨňA bN2�z

ȨňA cN3=�X>0X>� 

 

 

!!"# ! = !!"## !
!!!!

!
!!!!∙ !!!!!!!!

!!!!

!

!!!!

!

= !!"## !
sin !! ! ∙ ! /2
sin ! ∙ ! /2 ∙ sin !! ! ∙ ! /2

sin ! ∙ ! /2 ∙ sin !! ! ∙ ! /2sin ! ∙ ! /2

∗ !!! !!!!
!∙!
! ∗ !!! !!!!

!∙!
! ∗ !!! !!!!

!∙!
!  

 

 

 

 

ϛ2.40Ϝ 

 !!"#(!) = !!"## ! ! sin !!(! ∙ !)/2
sin (! ∙ !)/2 ∙ sin !!(! ∙ !)/2sin (! ∙ !)/2 ∙ sin !!(! ∙ !)/2sin (! ∙ !)/2

!
 ϛ2.41Ϝ 

� Ǆϛ2.41ϜD�bdαȡ>ŎEYXQC=�W�*C�8 aͼAα0X¨:CϊA:�<��Acell(q)�

\īÕA>9<ŢA0X>�Ţ 2.6CU�A@X�N1#ĥćŻ$�ŰŃAD�q�a = 2π�ȢȡC>$A

N1
2>@W�4�=@�ŰŃAD�0>N@.<ư.Ț @��¨Ȩ=�N1#Ɵ,&@XA:�<��

§kǎʪDǖ�Aƽ#W\Ȅ:U�A@X�*YD��X̋ȵ"VC X̒Ƞ¸�£�^a¡A!(X

�§kƷD�4C̋ȵCŻ$,ϛ̋ȵƆpauϜAĸɵà0X*>\ǩō.<�X�Scherrer[8]AUX

̋ȵƆpauC͗âʁD�*CU�@�bdαȡCʩǤAŭ;$̞ɚ,Y6QC=�X�.".�Ǖ

·0XU�A��§kƷD̋ȵƆpauCN@V1�əƆC¸Yϛ˳ 2˧C¸YϜAQǏψ\Ļ(X

6P�*CǵʁAU9<ǘVYXëD�̋ȵƆpau>��UWD�̋ȵCˢƾǤ�>.<Ȋ XJ

$Ȩ#ɮ˙=�Z�� 

 

 

 
 

Ţ 2.6ϢaͼȨňC Laueαȡ�ơ�̕ͼD N1
2=͋əĢ.<�X� 
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� Ǆϛ2.41ϜA!�<�N1#ĥćŻ$�ŰŃAD�Ţ 2.6"VQ["XΌW� 

 

 
! ∙ !!!!!!! = 2! × Ȣȡ ϛ2.42Ϝ 

\ʒ60ŰŃACN�Icry(q)D N1
2∙ N2

2∙ N3
2Cë\Q:�*CǄ\ʒ60Ƞ¸�k�¡ qA:�<ʲ͏0

X6PA�Ή˪ΰAɬCɈË\ʒ60ŭɅ�k�¡ϛa*�b*�c*Ϝ=ƍ̝,YXəƆϛΉəƆϜ\ƞø

0X� 

 

 

! ∙ !∗ = 2!, ! ∙ !∗ = 0, ! ∙ !∗ = 0 

! ∙ !∗ = 0, ! ∙ !∗ = 2!, ! ∙ !∗ = 0  
! ∙ !∗ = 0,         ! ∙ !∗ = 0,           ! ∙ !∗ = 2! 

ϛ2.43Ϝ 

 ! = ℎ!∗ + !!∗ + !!∗� ϛ67.�h, k, lDȢȡϜ ϛ2.44Ϝ 

*C>$�h,k,lD��§ȅȡ>ŎEYXQC=�X�M6�ΉəƆ�k�¡ GD�Ǆϛ2.43ϜA˜.

6ƍ̝AUW���§ȅȡϛh,k,lϜ=® VYXəƆτCʁ̒�k�¡AˋǍ.<�X� 

� G> RN1N2N3Cý˨DɬǄ=͂,Y�ȃǈýCłϊDù<Ȣȡ@C=�4CŐQȢȡ>@X� 

 

 
! ∙ !!!!!!! = 2!(ℎ!! + !!! + !!!) ϛ2.45Ϝ 

.6#9<�ΉəƆ�k�¡ GD�Ǆϛ2.42Ϝ\ʒ60C=� 

 

 
! = ! ϛ2.46Ϝ 

>@X�*YD�Ƞ¸�k�¡ q#ΉəƆ�k�¡>¨̬0XŰŃACN�̋ȵ"VCǋ�Ƞ¸ǋǀ

#͍ʑ,YX*>\ǩō.<�X�*Y\�bdɈË>ŎH� 

� �bdɈËD�ƼÛƊˇAʲ͏0X*>#=$X�Ţ 2.7D�ΉəƆ�k�¡AU9<® VYXΉ

əƆ˪ΰ\Ţ˜.6QC=�X�ơ�łΉəƆʞD��§ȅȡϛh,k,lϜ\Q:əƆτAƙǡ.<�X�

̋ȵ͘Ȥ\ʞ SA̛$�XSȨň"VϤ̒#øƝ0X>.�ΉəƆ˪ΰCıʞ O#øƝ X̒Cʂȡ�

k�¡ k0ϛ= 2π/λ*s0ϜC̈ʞ>@XU�Aȑ�<�X�*C>$�ʞ S\²Ǟ>0X��k�ϛ=2π/λϜ

\ħǓ>0Xʱ\d¤¡�ʱ>ŎH�*Cd¤¡�ʱ«A��XΉəƆʞ#¨̬0XŰŃ\̞ X>�

ıʞ O"V4CəƆʞIC�k�¡D G>@W�ʞ S"V4CəƆʞIC�k�¡D͎ǀ 2θCȨň

AȠ¸,Y6 X̒Cʂȡ�k�¡ k>@XC=�̋ɐˇA k0 – k = q = G>@X�0@[8�d¤¡�

ʱ«AΉəƆʞ#¨̬.6>$C4CΉəƆʞICȠ¸ X̒#��bdɈË\ʒ60*>A@X� 
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� �bdɈË>��}lCʁđ#˵â=�X*>D�ɬCU�A˜,YX�Ţ 2.8D�Ə˪ΰ«A��

�§ȅȡϛh, k, lϜCəƆτ>4CəƆτAƙ0XΉəƆ�k�¡ Ghkl\Ţ˜.6QC=�X�əƆτ

ΰθ dhklD�ΉəƆ�k�¡CīÕ�k�¡\ʶ�<ɬǄCU�AɺPVYX� 

 

 
 

 

 
Ţ 2.7Ϣd¤¡�ʱCÜŢA:�<�ãƎ«�2ɬôƹτ=ȑ�<�X� 

 

 

Ţ 2.8Ϣhklτ>4CΉəƆ�k�¡ Ghkl 
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!!!" =
!
ℎ ∙

!!"#
!!"#

= 1
!!"#

∙ !ℎ ℎ!∗ + !!∗ + !!∗

= 2!
!!"#

 

 

 

 

 

ϛ2.47Ϝ 

�bdɈË\ʒ60>$D�Ǆϛ2.46ϜUW q = G>@XC=� 

 

 

!!!" =
2!
!

= !
2 sin ! 

 

 

ϛ2.48Ϝ 

>@W���}lCʁđ#ƞ"YX� 

 

2.4.5 ̋ȵ"VCȠ¸ϛ¸Y\Q96̋ȵ"VCȠ¸Ϝ 

� *YM=Dƌù̋ȵ"VC X̒Ƞ¸\̞ <$6#�ƏιC̋ȵp¥�¡=D�ıƆRćƆCΞĉ

C͋đǤDǟ1.Qƌù=D@&�@]V"C¸Y\ŉ]=�XŰŃ#K>]?=�X�4CU�@

̋ȵɣΎC¸YD�˳ 1˧C¸Y>˳ 2˧C¸YAćϑ,YX�˳ 1˧C¸Y>D�ùəƆʞCƹŨ

ỠDʲǨˇ@Ỡ\ç9<�X#�łəƆD4CəƆʞM[WAÛV"C̍͒đAǗ9<ȖV�=

�XʪʀAˋǍ0XϛŢ 2.9ϛbϜϜ�ûÚˇAD�ʣȈğ#Ȇ)VYX�¨Ȩ�˳½˧C¸Y>D�¨

:CəƆʞ"VΘ-"XK?�ʲǨˇ@Ỡ"VC1Y#Ż$&@XU�@¸Y\ȅ0�0@[8�

˳½˧C¸Y\Q:̋ȵ=D�˔ͳλ=D̋ȵAÔ6ϠɬôˇŌɁɣΎ\Ȅ:#�ήͳλ=NX>�

σȵͬ>@XU�@ɹµˇ@¸Y\Q96ɣΎ>@XϛŢ 2.9ϛcϜϜ�HosemannD�*CU�@¸Y\

Ȅ:̋ȵ\��k tz¡>ņÇ(6[9]� 

 

 

 
 

Ţ 2.9Ϣ¨ɬô=CəƆʞϛϘ³ϜΞ̛\Ţ˜.6QC�ϛaϜƌù̋ȵCŰŃ�ϛbϜ˳ 1˧C¸Y

\ŉOŰŃ�ϛcϜ˳ 2˧C¸Y\ŉOŰŃ�\4Y5Y˜.<�X� 
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� M1D�˳ 1˧C¸Y\Q:̋ȵ"VCȠ¸ X̒A:�<̞ X�**=D�̋ȵ²CıƆ#ʣȈ

ğ\̿9<�X*>\Ǩƍ.�łıƆD4Y5Y˵ȨˇAͣŐȈğ.<!W�¨:CıƆCπƆƕǀ

D4CȈğCƹŨ½¶ŸÕ σ2\Q:hbtćƴαȡ=ƹŨĢ,Y6QC>0X�*C>$�ıƆ²C

πƆƕǀćƴϛρ(r)ϜD�ςɭʪǫ=CπƆƕǀćƴϛρ0(r)Ϝ>hbtćƴαȡϛg(r)ϜC66NN

ϛρ(r) = ρ0(r)* g(r)Ϝ=͂,YX6P�Ǆϛ2.33ϜCıƆȠ¸ŞƆ fatomD� 

 

 
! ! = 1

2!!!
!/!

exp − !!
2!!  ϛ2.49Ϝ 

UW� 

 

 

!!"#$ ! = !! ! ∗ ! ! !!!!∙! !!
!

= !! ! exp − !
!!!
2  

! = exp −!!!!  

 

 

 

 

ϛ2.50Ϝ 

>@X�**=�f0(q)D ρ0(r)C�§ dŸȓ=�W�ςɭ.<�XıƆCıƆȠ¸ŞƆAƙǡ0X�

M6�D\��a¤�§ŞƆ>ŎH�*CǄ"V�ıƆCʣȈğ\̞ǭAøYX>�Ƞ¸�k�¡ q

CŵŻ>>QAıƆȠ¸ŞƆDʎ̓0X*>#["X�4.<�Ǆϛ2.38Ϝ�ϛ2.40Ϝ�ϛ2.41ϜUW�͘

ȤùÚ"VCȠ¸ǋǀQŅɤCʎ̓Ȇğ\˜0*>A@X� 

� ɬA�˳ 2˧C¸Y�0@[8��k tz¡"VCȠ¸ X̒A:�<̞ X�**=D�Ţ 2.9

ϛcϜA˜.6U�@ 1ɬôC��k tz¡\ĺWǷ����k tz¡=D�ƌù̋ȵCŰŃ>D

ʿ@W�łəƆʞCỠD�X˙ʮ>.<."͂0*>#=$@��4*=�M1D 1ɬô«AΞ̛

,Y6łəƆʞCỠ\?CU�A.<͔·0X"A:�<̞ X��M�̋ȵC xȨňAəƆʞ�

k�¡# x1�x2��>±]=�XQC>0X�*C>$�΅ȍ0XəƆʞ\ x"V x+dxCΰ=͊:(

X˙ʮ# p1(x)dx=͂,YX>0X�p1(x)D 1A͋əĢ,Y<!W�ƹŨəƆʞΰͳλ dD� 

 

 
! = !!! ! !"

!

!
 ϛ2.51Ϝ 

>.<® VYX�4.<�ϟʾˉA΅ȍ0XəƆʞ\ x"V x+dxCΰ=͊:(X˙ʮ p2(x)D� 

 

 

!!(!) = !! ! !! ! − ! !"
!

!

= !! ! !! ! − ! !"
!

!!

= !!(!) ∗ !!(!) 

 

 

 

 

ϛ2.52Ϝ 
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>@X�ŅɤA.<�mʾˉA΅ȍ0XəƆʞ\ x"V x+dxCΰ͊:(X˙ʮ pm(x)D� 

 

 
!!(!) = !!(!) ∗ !!(!) ∗∙∙∙∗ !!(!) ∗ !!(!)ϛp1(x)C mŝCˀNNϜ ϛ2.53Ϝ 

>@X�**=�pm(x)DəƆʞCƈŦ˙ʮ\͂.6QC=�W�4C mAƙ0X̐ŐD�əƆɣΎC

̪ƱˋααȡAK"@V@��.6#9<�īÕəƆCȠ¸ŞƆ Acell\ 1>.<ʟ͌0X>���k

 tz¡CəƆɣΎ4CQCAUX X̒Ƞ¸ǋǀ K(q)D� 

 

 

! ! = !! !
!

!!!!

!

!!
!!!"#!"

= ! ! + !! ! + !! ! +⋯+ !!! ! + !!! ! +⋯
!

!!
!!!"#!"

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

 

 

 

 

ϛ2.54Ϝ 

>@X�**=�Pm(q)D pm(x)C�§ dŸȓ=�W�p-m(x)D�a�tȨňAƙ0X˙ʮ=�X�p-m(x)

D pm(x)> yͼƙˣ=�X>0X>�P-m(q)D Pm(q)C͈̄úǐA@X�.6#9<� 

 

 

! ! = 1 + !! ! + !! ! +⋯+ !!∗ ! + !!∗ ! +⋯
= 1 + !! ! + !! ! ! +⋯+ !!∗ ! + !!∗ ! ! +⋯

= 1 + !! !
1 − !! !

+ !!∗ !
1 − !!∗ !

= !" 1 + !! !
1 − !! !

 

 

 

 

 

ϛ2.52Ϝ 

*C>$�ReDȃǈýCƏȡΜ\͂.<�X�**=�ī̂@à>.<�p1(x)#ɬǄA˜0hbtα

ȡ=® VYXŰŃ\̞ X� 

 

 
!!(!) =

1
2!Δ !"# − 1

2∆! (! − !)
!  ϛ2.56Ϝ 

*C>$��DƹŨəƆʞͳλ dAƙ0Xɥʔìư=�X�*C�§ dŸȓ P1(s)D� 

 

 
!!(!) = exp −!"# !"# − ∆

!!!
2  ϛ2.57Ϝ 

>@W�*Y\Ǆϛ2.52ϜAÈø0X>� 

 

 
! ! = 1 − exp (−∆!!!)

1 − exp − ∆
!!!
2 cos !" + exp(−∆!!!)

 ϛ2.58Ϝ 

>@X�«ǄD�q = 2πh/dϛhϢȢȡϜ>@X>$�cos(qd) = 1>@W K(q)DɟŻë�§k\˜0�Ê
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A Δ/d << 1>0X>��§kϕ,!UG4C˨ćƷϛΔsϜD� 

 

 

! 2!ℎ/! = 1
!!(∆/!)!ℎ! 

∆! = 1
! !

! ∆
!

!
ℎ! 

 

 

ϛ2.59Ϝ 

>@X�*CǄ"V���k tz¡"VCȠ¸ X̒=D�ɬȡϛhϜ#Ż$&@XK?�M6̋ȵC

ˢƾǤ#Ö¬0XK?�0@[8 Δ#Ż$&@XK?��§kƷDƽ#X*>#ʲ͏=$X�ϕćƆ

ɆȤCŰŃ�4CK>]?Dƌù̋ȵ=D@�6P�Ƞ¸�§kƷD̋ȵƆCŻ$,CN@V1�˳ 2

˧C¸YCǏψ\Ļ(<�X*>Aʼǩ0Xǟ͉#�X� 

 

2.4.6 ̋ȵΞňǀ 

� ̋ȵǤϕćƆ\ς̛Ű=̋ȵĢ,2X>�˵Ȩˇ@̋ȵɣΎ#ǎǯ,YX�*CŰŃ�łəƆτA

ƙǡ0XΉəƆ�k�¡D�4Y5Y�VSXȨňA˵˙ʮ=�¥{�@ň$\>X�2.4.4=·J6

ΌW��bdϛ��}lϜɈË\ʒ60>$�d¤¡�ʱ«A�XΉəƆ�k�¡CȨňA�ǋ�Ƞ

¸ǋǀ#͍ʑ,YX�.6#9<�˵ Ȩˇ@̋ȵɣΎA�X¨Ȩň"Vī̱ X̒\ʡƝ.6>$AD�

ΉəƆ�k�¡#ȑ&ͺʹ>d¤¡�ʱ#À[XȨňAƙ.<ǋ�Ƞ¸#͍ʑ,YX*>A@XC=�

̋ɐ>.<øƝ X̒CỠ\²Ǟ>0XŅǞþʪCȠ¸ò#͍ʑ,YXϛŢ 2.10Ϝ�*CU�@Ƞ¸ò

\��a�rc�§ʳ>ŎH� 

 

 

 
 

Ţ 2.10Ϣ˵Ȩˇ@̋ȵɣΎ\ȿ0X͘ȤAī̱ X̒\øƝ.6>$Cd¤¡�ʱ>��XəƆτ

Aƙ0XΉəƆ�k�¡#ȑ&ͺʹAα0XɦǄŢ�Ţ 2.7>ŅɤAãƎ«�2ɬôƹτ=ÜŢ.

<�X6P�ΉəƆ�k�¡#ȑ&ͺʹ>d¤¡�ʱD�X¨ʞ=À[9<�X#�ƏιADʿ@

XħǓ\ȿ0XʱŅŷ#À[X6P�4CÀʞCͺʹDþA@X� 
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� ¨Ȩ�ʅğŰ=̋ȵĢ,26>$�Q.&D˵Ȩˇ@͘ȤAƙ.<¨ͼȨňAǃÓ.6>$AD�

̋ȵ²CćƆΫͼ#ǃÓȨňAΞň.6̋ȵɣΎ\ǎǯ0X�*CU�@̋ȵΞňʪǫ\¨ͼΞň>

ŎG�̘̏R¨ͼǃÓ�`¡�@?A͊VYXΞňɣΎ=�X�˵Ȩˇ@͘ȤCŰŃ>Dʿ@W�¨

ͼΞň͘Ȥ=D�ΉəƆ�k�¡#ʩƍCȨňIň&6P�4CȠ¸òDʿȨˇ@QC>@X�.6

#9<�Ƞ¸òCȨÕ͎ǋǀćƴ\͏Ɏ0X*>AU9<�̋ȵΞňʪǫ\ƍΣˇA͊˨QX*>#

Ľ̤>@X�É¬A�4CûÚˇ@͏ɎȨʁA:�<·JX�ơ�**=DǃÓȨňCM[WAþ˶

ƙˣǤ\ȿ0X¨ͼΞň͘Ȥ\Ǩƍ0X� 

� Ţ 2.11D���§ȅȡϛhklϜ=�XəƆτAƙ0XΉəƆ�k�¡ GhklCΞňʪǫ\�2:C͎ǀ

ϛφ,ψϜ\ʶ�<͂.6QC=�X�**=�ǃÓȨňD ZȨňA¨̬,2<�X� 

 

 

 

� GhklCǃÓȨňAƙ0XΞňʪǫD�ɬA˜0�¡�¥ΞňαȡAU9<͔·,YX� 

 !! =
3 cos! ! − 1

2  ϛ2.60Ϝ 

4.<��cos2φ�D� 

 cos! ! =
! !,! cos! ! sin! !"!#!/!

!
!/!
!

! !,! sin! !"!#!/!
!

!/!
!

 ϛ2.61Ϝ 

>.<͒˹,YX�**=�͘ȤDþ˶ƙˣǤ\ȿ0XC=�I(φ,ψ) = I(φ)>.<ư.Ț @&�«Ǆ

D� 

 cos! ! =
! ! cos! ! sin! !"!/!

!
! ! sin! !"!/!

!
 ϛ2.62Ϝ 

 

Ţ 2.11ϢΉəƆ�k�¡ GhklCΞňʪǫ\ɟǁɥ̀=͂.6QC� 
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>@X�½ɬôɝĆś\ʶ�6Əϓ=D I(φ)#ǘVYXC=�ÊA 00lτAƙǡ0X I(φ)\͍ʑ0X*

>#=$YE�Ǆϛ2.59Ϝ!UGǄϛ2.57Ϝ\ʶ�X*>=�ƓȯA G00lCǃÓȨňAƙ0XΞňǀ�

0@[8 cͼϛćƆΫϜCǃÓȨňAƙ0XΞňǀ\ɺPX*>#=$X� 

� .".�ƏιC͘Ȥ=D�00lτAƙǡ0XȠ¸\͍ʑ0X*>DO.Z˥=�W�ÆCəƆτAƙ

0X I(φ)C�§z\ŭA�ćƆΫͼCΞňǀ\͊˨QXǟ͉#�X�WilchinskyVD�4CU�@͘Ȥ

Aƙ0XΞňǀC˹ĆȨʁ>.<�2:C hk0τAƙǡ0X I(φ)\ʶ�XȨʁ\Ȓɚ.<�X[10,11]�

ûÚˇAD� 

 cos! ! = 1 − 1 − 2 sin! !! cos! ! − 1 − 2 sin! !! cos! !
sin! !! − sin! !!

 ϛ2.63Ϝ 

>.<�cͼϛćƆΫϜ>ǃÓȨňC@0͎ϛσϜAƙ0X�cos2σ�\ɺP�Ǆϛ2.60ϜUWΞňǀ\

˹Ć0X>��Ȩʁ=�X�**=�«ǄA!�<�δ> εDʿ@Xϟ: Ghk0CǃÓȨňAƙ0X͎=

�W�ρ1> ρ2D4Cϟ:C Ghk0C bͼȨňAƙ0X͎\4Y5Y͂.<�X� 

� à>.<�� �£�¢¥CŰŃ\̞ X�� �£�¢¥C´@̋ȵźǎD�ȵ=�W�4C̋

ȵ̀DīȥȵAćϑ,Y�4CəƆƍȡD�a = 6.65 [Å]�b = 20.96 [Å]�c = 6.50 [Å]�β = 99.20 [º]=�

X�� �£�¢¥C�ȵAƙ.< X̒Ƞ¸ʑƍ\̿�>�´A 110τ!UG 040τAƙǡ0X̋ȵ

�§k#͍ʑ,YX�4*=�«͔CəƆƍȡϛa�bϜ\ʶ�<�G110!UG G040> bͼC@0͎ϛρ110

> ρ040Ϝ\4Y5YɺPX>�ρ110 = 72.5 [º]�ρ040 = 0 [º]>@W�*YVCë\Ǆϛ2.63ϜAÈø0X>� 

 cos! ! = 1 − 1.099 cos! !!!" − 0.901 cos! !!"!  ϛ2.64Ϝ 

>@X� 

 

2.4.6 Ɵ͎ X̒Ƞ¸ϛSAXSϜ 

� Ɵ͎ X̒Ƞ¸D�Ƞ¸͎ 2θ#ȡǀÉ¬CόŬ=͍ʑ,YXȠ¸ X̒C*>\ȅ0�BraggCʁđϛλ 

= 2dsin θϜAŭ;�<̞ X>�Ƞ¸͎#Ɵ,�όŬ\ʑƍ0X>��*>D�Ə˪ΰ=DŻ$@ɣΎ

\ʑƍ0X*>Aƙǡ.<�X�̈ ̯ˇA�Ɵ͎ X̒Ƞ¸D 1–100 nmCŻ$,CɣΎ\͍Ɩ0X6P

Aʶ�VYX*>#ź&�ϕćƆɆȤ=Dʿ˧ϕćƆ�¢¥�CˋćλɣΎR̋ȵǤϕćƆA!(X

���ŌɁɣΎ@?C͏ɎAʶ�VYX� 

� Ɵ͎ X̒Ƞ¸A!�<Q�4CŭɅıʲDĒ˺M=A·J6>!W=�W�4CȠ¸ȈƷD͘ȤC

πƆƕǀćƴC�§ dŸȓ=® VYX*>AŸ[WD@�ϛǄ 2.29Ϝ�4*=�**=D�Ʌ˖˩

A!�<ʩAΡ͉=�X̋ȵǤϕćƆC���ŌɁɣΎ"VCƟ͎ X̒Ƞ¸A:�<·JX� 

� ʲǨˇ@���ɣΎ>.<�Ţ 2.12A˜0U�A�̋ȵˋ>σȵˋ#�4Y5YCİNϛ̋ȵƧϢ

dc�σȵˋϢdaϜ!UGπƆƕǀϛ̋ȵƧϢρc�σȵˋϢρaϜD¨ƍAç96MM�4YV# zͼȨň

CNAΞĉ.<�XŰŃ\̞ X�M6�łƧC x!UG yȨňCŻ$,D�zͼȨňA&VJ<ĥć
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AŻ$�>0X� 

 

 

 

� � *C>$����ɣΎCπƆƕǀćƴD� 

 

 

!(!, !, !) = !, !! ∙ !, !! ∙ !(!) 

!, ! =
1 ! ≤ !

2
0 ! ≥ !

2
�  

 

 

ϛ2.65Ϝ 

>͂,YX�.6#9<�Ǆϛ2.29Ϝ\ʶ�<Ƞ¸ȈƷ A(q)\ɺPX>� 

 

 
!(!) = !, !!

!

!!
!!!!!∙!!" !, !!

!

!!
!!!!!∙!!" ∙ !(!)!!!!!∙!!"

!

!!
 ϛ2.66Ϝ 

>@X�**=� 

 

 

!, !!
!

!!
!!!!!∙!!" = !!!!!∙!

!!
!

!!!!
!"

=
2 sin !!2 !!

!!
 

 

 

ϛ2.67Ϝ 

 

!, !!
!

!!
!!!!!∙!!" = !!!!!∙!

!!
!

!!!!
!"

=
2 sin !!2 !!

!!
 

 

 

ϛ2.68Ϝ 

>@XC=�Ƞ¸ǋǀ I(q)D� 

 
 

Ţ 2.12ϢʲǨˇ@���ɣΎ��¡�**=D�ɍʪC̋ȵƧϛ̱ͭϜ>σȵΜϛʛ̱Ϝ#À¾A

zͼȨňAΞĉ.<�XɤƆ\˜.<�X� 
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!(!) = !!! ∙ !!!

sin !!2 !!
!!
2 !!

!

∙
sin !!2 !!
!!
2 !!

!

!(!)!!!!!∙!!"
!

!!

!
 ϛ2.69Ϝ 

>@X�**=�Ţ 2.10A˜.6���ɣΎ#��¥{�@ȨňAň�<�X>$�͍ʑ,YXȠ¸

ǋǀD�xͼ!UG yͼȨňAƹŨĢ,Y6ë>@X��M�q> xͼC@0͎\�>!$�cosα = t

>0X>�  

 

 

!! = ! ∙ cos! = !" 
sin !!2 !!
!!
2 !!

=
sin !!2 !"
!!
2 !"

 

 

ϛ2.70Ϝ 

>@XC=�Ǆϛ2.59ϜA!�< 

 

 

sin !!2 !!
!!
2 !!

!

=
sin !!2 !!
!!
2 !!

!

!"
!

!
/ !"

!

!

≈
sin !!2 !!
!!
2 !!

!

!"
!

!

= 1
!!
!
! 

 

 

 

 

 

 

ϛ2.71Ϝ 

>ƹŨĢ0X*>#=$X�yͼȨňAƙ.<QŅɤC͒˹\̿�*>AUW�̋ɐ>.<Ǆϛ2.61Ϝ

D� 

 

 
!(!) = !! ∙ !! ∙ !!

!! !(!)!!!!!∙!!"
!

!!

!
 ϛ2.72Ϝ 

>@X�*CǄD�ʿȨǤC@����ɣΎA!�<�zͼȨňCNπƆƕǀćƴAα0Xǧů\ǘX

ŰŃAD�͍ʑ,Y6 I(q)A q2\"(Xǟ͉#�X*>\ǩō.<�X�*CU�@͆ɮ\£§¢¥

~͆ɮ>ŎH� 

� ɬA�ʲǨˇ@���ŌɁɣΎA!�<�£§¢¥~͆ɮǕCȠ¸ǋǀ I1(q)#?CU�@�£�^

a¡\˜0C"A:�<·JX��M�Ţ 2.10A!(X�zͼȨňCπƆƕǀćƴD�ɬǄCU�A

͔·0X*>#=$X� 

 

 
! ! = !! ! ∗ !(!/!) ϛ2.73Ϝ 
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*C>$ z(x)D� 

 

 
!(!) = !(! − !)

!

!!!!
 ϛ2.74Ϝ 

>.<ƍ̝,YX�:MW�z(z/d)Dΰθ dϛ=dc + daϜ=CŌɁɣΎΞĉ\͂.<�X*>A@X�4

.<�ρu(z)D�Ϟ:CŌɁɣΎ²A!(XπƆƕǀćƴ\˜.<!W� 

 

 

!! ! = !! + ∆! (!/!!) 

∆! = !! − !! 

! =
1  ! ≤ 1

2
0  ! ≥ 1

2
�  

 

 

 

ϛ2.75Ϝ 

>@X�.6#9<�Ǆϛ2.72ϜUW�I1(q)D� 

 

 

!! ! ∝  !! ! !!!!!∙!!"
!

!!

!
∙  ! !

! !!!!!∙!!"
!

!!

!

= ∆! ! 4
!! sin

! !!!
2 ∙ !(!"/2!) 

 

 

ϛ2.76Ϝ 

>@X�*CǄ=D�dq/2π = nϛnDȢȡϜC>$�0@[8 q = 2πn/d\ʒ60ȱA���}lĸƝ

#ͯ*X*>\˜.<�X� 
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˳ 3ˮ 

 

˵ΰθAćƪ\ȿ0X� d|¢¥C 

̋ȵĢȆğ 
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3.1 ̑͑  
 

� ˊΫʪÖƕǀ� d|¢¥ϛLLDPEϜD�� d|¢¥ɆȤC¨˧=�W�ġͅ�`¡�Rł˧Ɠ

ś@?ɤ�@��t|}k͇ŒAʶ�VY<�X�LLDPECǅǊǋǀŔȘǋǀ�̠ʣǤ>�96ł

˧ʨǤD�4CϕɬɣΎAáƈ.�4CϕɬɣΎD LLDPEC¨ɬɣΎAǋ&Ǐψ\Ļ(X�.6#9

<�ǴɀCʨǤ\˄ʰ,2X6PAD�4YAΙ.6ϕɬɣΎ\® �X¨ɬɣΎ͕͒#ɺPVYX�

4C¨ɬɣΎCĎǙŞƆ>.<�ȽQΡ͉͌,Y<�XC#ćƪɣΎ=�X�ûÚˇAD�ćƪήR

ćƪƞøǀ�̉ǯćƴϛćƪƞøǀCćƆΣáƈǤϜ@?#Ȇ)VYX�à E�LiuVD�LLDPE

Cćƪή#́ȘǋǀA® XǏψA:�<ͣJ<!W�d|¡ćƪϣ�|¡ćƪϣ�ir¡ćƪCϋ

A�́Șǋǀ#Ż$&@X>ůŋ.<�X[12]�M6�HosodaVD�ćƪή#ή&@XK?����

İNćƴDʫ&@X>.[13]�":ćƆΣ#Ņ˦ǀ=�XŰŃ����İNćƴ#ʫ�K?�LLDPE

ĆȘǋǀDŻ$&@X>ůŋ.<�X[14]�É«C*>"V�ćƪɣΎ>ϕɬɣΎCαä\ȮV"A

0X*>D�LLDPECɪɜʨǤĎǙA!�<ɟP<Ρ͉=�X>͑ X� 

� ćƪɣΎ>ţÚɣΎCαäA:�<D�ćƪΫ#���²AĺWMYXC"�4Y>Q���C

ŹAσȵΜ>.<D/$Ć,YXC"�>��͌ʞ=´A˖˩,Y<$6�.".�|§k�§¦�

}z͐ƅR�z£v¥͐ƅ\ʶ�<ΡŃ,YX¨̯ˇ@ LLDPED�̉ ǯćƴRćƆýɣΎćƴ>��

"68=�ćƆΰCN@V1ćƆýɣΎćƴ\ȿ.<�X6P�4CţÚɣΎAQǟʠˇAćƴ#ʴ

/X�4C6P�*CU�@ LLDPECɣΎ͏Ɏ=D�̋ȵĢΕ˦A!(XćƪΫCȈX̮�\Ȯ˙0

X*>DŠμ=�96�Əι�HosodaCůŋ=D�ćƪΫ#���ICĺWMYXώǀD��|¡

ŭϛ-CH3Ϝ > d|¡ŭϛ-C2H5Ϝ > �|¡ŭϛ-C4H9Ϝ = �ir¡ŭϛ-C6H13Ϝ = �r¡ŭϛ-C10H21Ϝ 

> ax�|¡ŭϛ-CH2CH(CH3)2Ϝ�Cϋ=Ɵ,&@X>��̋ɐ\ůŋ.<�X#[15]�AlamoVD�

���²AĺWO*>#=$XCD�|¡ŭR��£ir¡ŭϛ-OHϜ@?C�Ɵ,@�ćƪCN=�

d|¡ćƪR�£�¡ćƪϛ-C3H7Ϝ>�96pauCćƪΫD̋ȵəƆ²AĺWO*>D=$@��

>��ʿ@X͊͏\˜.<�X[16]� 

� M6΅ƺ=D�LLDPECɪɜǋǀ\̏Ȅ.@#VĚƮǤ\,VAň«,2X*>#=$X>.<�

ήΫćƪΫ\ȿ0X LLDPEAQʃˉ#κM9<�X�˔Ϋćƪ̀=D�ćƪΫ#ƭϕ&@XK?��

�CŹAD/$Ć2Xñň#�X#�ćƪΫ̪#̋ȵĢ=$X'V�ή�d|¢¥ΏΫή\ȿ0X

ήΫćƪ̀=D�4CγW=D@�>̞ VYX�*YM=AQ��&:"C˖˩l¡§�"V�ή

Ϋćƪ LLDPECţÚɣΎ͏ɎAα0Xůŋ#@,Y<�X#�*CŘϏAƙ0X̍¨ˇ@͊͏DǘV

Y<�@��à E�StadlerVD��z£v¥͐ƅ\ʶ�<Ńǯ.6d|¢¥>Ϟ��ipnv¥ϛC26H52Ϝ

úΡŃÚC̋ȵɣΎ\�X̒ŝǺ\ʶ�<ͣJ<!W�ήΫćƪΫD���²AĺWMY<�X>

ůŋ.<�X[17]�¨Ȩ=�PielVD�´Ϋ#ǎǯ0X���>DČA�ήΫćƪŅŷ=���\ǎǯ

0X>ůŋ.<�X[18]�.6#9<�Ē·Cd|¡ŭR�|¡ŭ>�96˔Ϋćƪ̀>ŅɤA�ήΫ

ćƪ̀A:�<Q�̋ȵĢΕ˦A!(XćƪΫCȈX̮�DɃ7Ȯ˙=D@�� 

� 4*=Ʌ˖˩=D�LLDPECćƪɣΎ>ţÚɣΎCαä\UWȮ˙A0X6PA�WagenerVAU
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9<̞ɚ,Y6�σʳǄsd¥�zvrtϛAcyclic diene metathesisϜΡŃʁAU9<ǘVYX LLDPE

Aˏˉ.6�ADMETΡŃʁ=D��V"/PǴƍCΰθ=ćƪɣΎ#Ξ̛,Y6�k£�§\Ρ̖Ń

,2X6P�ǘVYX LLDPEϛADMET-PEϜDĒ·CU�@ćƆΰ!UGćƆýCɣΎćƴ\Q6@

� [19]�.6#9<�ADMET-PEC̋ȵĢȆğ\Ǜ͌ˇtm§¡"VȮV"A0X*>=�LLDPE

CćƪɣΎ>ţÚɣΎCαäA:�<�UW͛̆@˓͊#ǘVYX>Ɂǔ,YX�4C¨à>.<�

RojasVD�21ʝ̄ϔəA¨:,M-M@ƭϕ,\ȿ0XćƪɣΎ\Ξ̛.6 ADMET-PE\Ńǯ.�

4YVC̾ʞ\˜ưͮɔʣΣʑƍϛDSCϜAU9<ͣJ<�X[20]�4C̋ɐ��|¡ŭ>d|¡ŭ\

ćƪΫAQ:ŰŃD�̾ʞD4Y5Y 63℃�24℃>@W��£�¡ŭUWQƭϕ�ćƪΫ\Q:ŰŃ

D�̾ʞ#́ 12℃=¨ƍ>@X*>\˜.6�*C̋ɐD��|¡ŭ>d|¡ŭD���²AĺW

MY��£�¡ŭUWQƭϕ�ćƪΫD����CŹAσȵΜ>.<D/$Ć,Y<�X*>\˜ŕ

.<�X� 

� .".�ADMET-PEC̋ȵĢȆğA:�<D�Ƀ7Ȯ@ʞ#ȡź&ɳ,Y<�X�à E�d|

¡ćƪCȆğAα.<D�«·CΌW����²AĺWMYX*>#ȮV">@96#�4CĺW

MYȨDʣƨɱAáƈ0XC"�M6ĺWMYȨAU9<̋ȵɣΎDŸĢ0XC"�>�96*

>#ˁŘ>.<ɳX�M6�ήΫćƪ̀A:�<Důŋà#@&�áʠ>.<4C̋ȵĢȆğDȮV

"A,Y<�@��4*=Ʌ˖˩=D�LLDPEA!(XćƪɣΎ>ţÚɣΎAα0XȺ@X˓͊ʭǘ

\ˉˇ>.�ȝƝ÷ X̒AUXȱćĖ X̒Ƞ¸ʁ\ʄʶ.<�ADMET-PEC̋ȵĢȆğC͏ȮAĺW

̉]7� 

 

 

3.2 Əϓ  
 

3.2.1 p¥�¡ 

� p¥�¡>.<�21ʝ̄ϔəA¨:d|¡ćƪQ.&D�ir¡ćƪ\ȿ0X EB21!UG HB21�

M6 15Q.&D 19ʝ̄ϔəA¨:�n-�¥anr¡ŭϛʝ̄ȡϢ21Ϝ\ȿ0X HL-PE15C21!UG

HL-PE19C21\ʶ�6[21-24]�*YVCΡΣƹŨćƆΣϛMwϜ!UGćƆΣćƴϛMw / MnϜD͂ 3.Ϟ

AM>P6� 

 

͂ 3.1Ϣßʶp¥�¡C Mw!UG Mw / Mn 

 

Sample Mw Mw / Mn

EB21 33,300 2.0

HB21 40,000 2.1

HL-PE15C21 36,000 2.2

HL-PE19C21 39,300 2.4
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3.2.2 ȱćĖƟ͎ / ƽ͎ X̒Ƞ¸ϛSAXSϝWAXSϜʑƍ 

� SAXSϝWAXSCŅȱʑƍD�Photon FactoryC BL6A!UG 15AA<Əȩ.6�X̒CʂήD 0.15 

nm>.6�SAXSϝWAXSʑƍCɝĆśAD�Pilatus 300K!UG 100KϛDECTRIS Ltd., SwitzerlandϜ

\4Y5Yßʶ.6�͘ȤD�İŃ 10 µmC�agɍ=ȇNN�ʐͣt�§sϛLinkam Scientific 

Instruments Ltd., THMS-600Ϝ«A̛͕.6� 

 

3.2.3 ͭŹć÷ϛIRϜʑƍ 

� IRʑƍD�Thermo Scientific˝C Nicolet 8700 FT/IR Spectrometer\ßʶ.6�ʑƍD˨˹ŝȡ 8ŝ�

ć͏̤D 2 cm-1CɈË=Əȩ.6�͘ȤD�KBrɍ=ȇNN�«·CʐǀĎǙt�§s«A̛͕.�

ŅɤCʐǀɈË=ʑƍ.6� 

 

3.2.4 DSCʑƍ 

� DSCʑƍD�TA Instruments˝C Q1000\ßʶ.6�a¥sb�!UG n-fkz¥\ʶ�<ʐǀɕ

ɮ\̿96�p¥�¡D��§�|}kr§¡,Y6�¥A 1-2 mgƛø.�˪C�¥\ �^¢¥t

>.<ßʶ.6�ʑƍD�ˬ̄ξšɷ¬²=̿��āį!UGĚʣǀD 10 ºC/min>.6� 

 

3.2.5 ΊΕŪπƆϐǛέϛTEMϜ͍Ɩ 

� X̒Ƞ¸ʑƍ>Ņ/ʣƨɱ=̋ȵĢ,26͘ϓʧAƙ.<�TEM͍Ɩ\̿96�͘ϓʧD�ƐʐɈ

Ë¬=Ϟΐΰ¡��b�ɒ̱\̿��ˬ ̄ξšɷ¬=b¡���k£�§�\ʶ�<İŃ 100 nmC

Ͱ̺ʧ\ĈWĆ.�TEM͍ƖAʶ�6�̛ͅD�FEI˝C Titan 80-300\ßʶ.�ĚπťD 200 kV

=͍Ɩ.6� 

 

3.2.6 ì÷ϐǛέϛPOMϜ͍Ɩ 

� POM͍ƖD�f ¥�t˝C BX50-CSS\ßʶ.6�p¥�¡\ 120 ℃AĚʣ.6 p-ir¢¥Aʕ

͏,2�4Cʕʉ\ 80 ºCAĚʣ.6g�§h�t«Aʗ¬.�4CǕ 80 ºC= 6ȱΰˎ˪¹ʥ.�ɳ

ʼʕƅ\ĺWε�6�ǘVY6͘ϓʧD�«·CĚʣt�§s«A̛͕.�łʐǀ=C˵ʐ̋ȵĢΕ

˦\͍Ɩ.6� 

 

 

3.3 ̋ɐ>̞Ɩ  
 

3.3.1 EB21�HB21C̋ȵĢȆğ 

� Ţ 3.1D�HB21\ 1 ºC!UG 5 ºC=˵ʐ̋ȵĢ,26>$C�SAXS / WAXS�£�^a¡Cȱΰ

˄ƥ\�£}�.6QC=�X�ϛɅˮA͔;.6ù<CȱćĖ X̒Ƞ¸�£�^a¡D�Čgb¥

z§�£}�=͂.6QC\�ˮɄC͆ͲAȏ;.6�Ϝ�1YC̋ȵĢʐǀA!�<Q�̋ȵĢĊɁ
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A q = 15 nm-1Ç΅A�ipo�¡ˋAʸɉ0X̋ȵ�§k#Ćʰ.�ȱΰ̊Ε>>QA�̋ȵɣΎ#

ŸĢ.<�X*>#˙͜,Y6ϛŢ 3.1 (a), (c)Ϝ�*YD�̋ȵĢĊɁAʴǯ.6�ipo�¡ˋ#�

UWʣĘƊˇAƋƍ@ˋIͻˤ.<�X*>Aƙǡ.<�X>̞ VYX[25]�PEC�ipo�¡ˋ

D�ϕƕǀ� d|¢¥ϛHDPEϜCϕʐϕť¬=C̋ȵĢ[26]R�ͰϕćƆΣ HDPECǃÓȱ[27]@

?ʩɲɈË¬=ʰYXʔƋƍˋ=�X6P�*CU�AāįCN=�ipo�¡ˋ#ǎǯ0X*>D

̭ōʊ��@3�HB21RǕ·0X EB21A!�<��ipo�¡ˋ\̊ʸ0X̋ȵĢȆğ\˜.6C

"A:�<DǕK?·JX�ɬA�SAXS�£�^a¡Cȱΰ˄ƥ\͊X>�̋ȵĢĊɁA¨:CήŌ

Ɂ�§k#Ćʰ.�ȱΰ>>QAϕ͎íAǖ�Ar��.<�6�*CήŌɁ�§kCr��D�Ċ

ɁAʴǯ.6̋ȵ���Cΰ=�ȧ6@���ȵ#ʴǯ.6*>AUXQC7>̞ VYX�**=�

�1YC̋ȵĢʐǀA!�<Q�̋ȵĢǀ#ʿ@X7(=�ήŌɁ�§kỠDŸ[V@"96�

HosodaVD�HB21\ 0 ºC=̋ȵĢ,26ǕC TEM͍Ɩ\̿9<!W�4C̋ɐ�ƹŨ���İND

́ 2.6 nm=�X>ůŋ.<�X[14]�̋ȵ²Cd|¢¥Ϋn¥�e�§r�¥#ù<��¥tslq

l=�X>Êƍ0X>�*C���İND 20 C-C̋ŃćAˋǍ.�4YD HB21Cćƪΰθ>¨̬0

X�.6#9<�HB21C SAXS�£�^a¡=͍Ɩ,Y6ήŌɁD��ir¡ćƪ#Ȍε,Y�´Ϋ

CNC̋ȵĢAU9<ʴǯ.6���ȵŅŷCˋαήAƙǡ0XQC7>̞ VYX� 

 

 

 
Ţ 3.1ϢHB21\ 1ºCϛ(a), (b)Ϝ!UG 5 ºCϛ(c), (d)Ϝ=˵ʐ̋ȵĢ,26ȱCWAXS�£�^

a¡ϛ(a), (c)Ϝ> SAXS�£�^a¡ϛ(b), (d)ϜCȱΰ˄ƥ� 
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� Ţ 3.2D�EB21\ 5 ºC"V 21 ºCCłʐǀ=˵ʐ̋ȵĢ,26>$C SAXS / WAXS�£�^a¡

Cȱΰ˄ƥ\�£}�.6QC=�X�WAXS�£�^a¡CȱΰŸĢ"V�5 ºC"V 17 ºCM=C

ʐǀόŬ=D�HB21CŰŃ>ŅɤA��ipo�¡ˋ\̊ʸ.6̋ȵĢȆğ#͍Ɩ,Y6�¨Ȩ=�

SAXSǋǀȹ̒Cȱΰ˄ƥD�łʐǀ=Ż$&ʿ@9<�X*>#["96�5 ºC=D�HB21\ 1 ℃

Q.&D 5 ºC=˵ʐ̋ȵĢ,26ȱ>KLŅ/ỠAήŌɁ�§kϛŢ 3.2ϛbϜ�ϛdϜϜ#ʰY6�4

C6P� 5 ºC=Dd|¡ćƪD���̋ȵCŹAD/$Ć,Y<!W�´ΫCN#̋ȵĢAα®.<

�X>̞ VYX�ɬA�10−15 ℃CʐǀόŬ=D�̋ȵĢ#ίƂ.<.EV&0X>�Ö͎íAQ

�¨:CήŌɁ�§k#ʰY�ȱΰ>>QAÖ͎íAr��.6�*CÖ͎íCήŌɁ�§kCʸɉ

\ȮV"A0X6PA�EB21\ 11 ºC=̋ȵĢ,26ǕC TEM͍Ɩ\̿96�4C̋ɐ�ćİ��

��ϛ́ 5.3 nmϜ>̺����ϛ́ 2.5 nmϜ#úƈ.<�X*>#["96ϛŢ 3.3Ϝ�.6#9<�

Ö͎íAʰY6ήŌɁ�§kD�ĊɁAʴǯ.6�ipo�¡ˋ���ȵCİĢʰͨAƙǡ0XQC

7>̞ VYX�M6�2:CήŌɁ�§kCǋǀɵ\łʐǀ=ɵͽ0X>�̋ȵĢʐǀ#ϕ&@XK

?UWź&C���ȵ#İĢ.<�X*>#˜ŕ,Y6�2˧ϑCİN\Ȅ96���ȵ#ǎǯ.6ʲ

ʸA:�<D�ɬCU�A̞Ɩ0X�HosodaVD�HB21A!�<�ir¡ćɑ#���ȵCŹAǌ

$Ć,Y6�ipo�¡ ϛ̀İŃ 2.5 nmϜC̾ʞD�!U4 11−12 ºCÇ΅=�X>ůŋ.<�X[14]�

4C6P�*CʐǀÉ«=�ipo�¡ˋ#ƋƍAƈŦ0X6PAD�UWćİ����\ǎǯ0X�

Q.&DUWƋƍ@̋ȵɣΎI�}i¥l\Ÿ <�ʣĘƊˇƋƍǤ\ň«,2Xǟ͉#�X�10−15 

ºCA!(X EB21C̋ȵĢ=D�ĊPAd|¡ćƪ\¨ΜĺW]7ʪǫC���ȵ\ǎǯ.�4C

¨ΜDd|¡ćƪ\¨:ĺW]7MM4C���ȵ\İĢ,2�4CÆDd|¡ćƪ\���ȵC

ŹAȌε.<�}i¥l\ˢƾĢ,26W.<�X>Ȏʑ,YXϛŢ 3.4Ϝ�É«C*>"V�10−15 ℃

=D½˧ϑCİN\Q96���#ǎǯ.6C7>̞ VYX�M6�ćİ����CƹŨİND�

́ 5.3 nm=�96#�öK?>ŅɤA��¥tslqln¥�e�§r�¥\Êƍ0X>�42 C-C̋

ŃćAˋǍ.�4YDćƪΰθC 2ê>˵.��17 ℃=˵ʐ̋ȵĢ,26ŰŃ=D�4CU�@��

�CİĢʰͨD͍ʑ,Y@"96�*YD�̋ȵĢĊɁ"V́ 5.3 nm˦ǀCİN\Q96���ȵ#

ʴǯ.<�X>̞ VYX�¨Ȩ�21 ºC=˵ʐ̋ȵĢ,26ŰŃD��ipo�¡ˋ\̊ʸ.6̋ȵ

ĢȆğD͍Ɩ,Y1�̋ȵĢ͞ƞɪCǕ�ªȥȵ#ʴǯ.6[28]�SAXS"VǘVYXήŌɁ>WAXS

"V̋ȵĢǀ\͒˹.����ȵCİN\͊˨Q96>*Z�́ 6.5 nm=�X*>#["96�:M

W�21 ºC=D���ȵ²Ad|¡ćƪ\Ơ@&>Q½:ĺW]=�X*>#˜ŕ,Y6�̋ȵĢĊ

ɁA!�<�ʔƋƍˋ\̊ʸ0X"�Ƌƍ@̋ȵˋIˊȍͻˤ0X"D�4Y5YCˋIC̋ȵĢ

ǀAáƈ0X>͑[Y<�X[29, 30]�.6#9<�d|¡ćƪ\���ȵ²A½:ĺWO*>=�

�ipo�¡ˋC�}i¥l#ƋƍĢ.��ipo�¡ˋC̋ȵĢǀ#̹.&Ɵ,&@W�È[

WAªȥȵ#ˊȍʴǯ.6>̞ VYX�*YM=Cö̿˖˩=D�LLDPEC̋ȵĢΕ˦A!�<�

d|¡ćƪD̋ȵ���²AĺWMYX*>DȮV">@9<�6#[27]�Ʌ˖˩AUW�4CĺW

MYȨ#̋ȵĢʐǀAáƈ0X*>#ȮV">@96�M6�d|¡ćƪC���ICƞøǀD�

ʴǯ0X̋ȵɣΎAQǏψ\® X*>#˜ŕ,Y6ϛŢ 3.5Ϝ� 
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Ţ 3.2ϢEB21\łʐǀ=˵ʐ̋ȵĢ,26ȱCWAXS�£�^a¡ϛ(a), (c) , (e) , (g) , (i) , (k)Ϝ>

SAXS�£�^a¡ϛ(b), (d) , (f) , (h) , (j) , (l)ϜCȱΰ˄ƥ�ϛɬC�§sA̎&Ϝ�
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Ţ 3.2ϢEB21\łʐǀ=˵ʐ̋ȵĢ,26ȱCWAXS�£�^a¡ϛ(a), (c) , (e) , (g) , (i) , (k)Ϝ>

SAXS�£�^a¡ϛ(b), (d) , (f) , (h) , (j) , (l)ϜCȱΰ˄ƥ�ϛĒ�§sC̎$Ϝ 

 

 

Ţ 3.3ϢEB21\ 11 ºC=˵ʐ̋ȵĢ,26>$C TEM͍Ɩò�˗̒=š]7˸Ǵ\͊X>�ćİ�

���>̺����#úƈ.<�X*>#["X� 
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Ţ 3.4ϢEB21 C 10-15 ºC =C̋ȵĢȆğ�ĊɁAʴǯ.6���C¨ΜDİĢ.�4CÆDd

|¡ćƪ\���CŹAD/$Ć.��}i¥lCˢƾĢ,2X� 

 

 
 

Ţ 3.5ϢEB21Cłʐǀ=C̋ȵĢ��¡ 
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� ɬA�EB21A!(X�ipo�¡ˋCǎǯΕ˦A:�<·JX�Όƶ�� d|¢¥C̋ȵĢ=D

ȥȨȵ#Ćʰ.�Ē·CΌW��ipo�¡ˋDʩɲɈË¬=CN͍ʑ,YXʔƋƍˋ=�X�4C

6P�Ʌ˖˩CU�Aī̂@āįΕ˦=�ipo�¡ˋ#͍ʑ,Y6*>Ḓōʊ��Ţ 3.5D�EB21

\ł̋ȵĢʐǀ=˵ʐ̋ȵĢ,26>$C POM͍Ɩò\˜.6QC=�X�ªȥȵ#ˊȍʴǯ0X

21 ºC=DϛŢ 2.ϟϛkϜϜ�ɗǎǯ�ǯήŪCʱȵǯήΕ˦#͍Ɩ,Y6#��ipo�¡ˋ#̋ȵĢĊ

ɁAʴǯ0X 13 ℃Q.&D 17 ℃=D�Ȯ˙@ɗǎǯΕ˦D˙͜=$1�t��§{¡ć͏ŪCˋć

λΕ˦=͊VYXU�@úΏ̎ɣΎAϑÔ.6�¡�e£s§#ʰY6�OlmstedVD�ʕ̾ʪǫ"V

�XΕāįʐǀÉ«Aǣā0X>�̋ȵĢ͞ƞɁA!�<�n¥�e�§r�¥#ˢƾĢ0X*>A

U9<ʴ/XƕǀȖV%#�t��§{¡ć͏ŪCʉ-ʉˋćλ\͞˄0X*>\ȒŖ.<�X[38]�

M6�NishidaVD�200 ℃=ʕ̾,26_axzk|}k� �£�¢¥ϛi-PPϜ\ 10 ºCIǣā.6

ȱC̋ȵĢΕ˦\�POM\ʶ�<͍Ɩ.<!W�̋ȵĢĊɁA!�< 2 µm˦ǀCʩǤή\ȿ0Xú

Ώ̎ɣΎ#ʴǯ0X*>\˙͜.<�X[32]�ʕ̾ʪǫC i-PPD�ǖā,2<̋ȵĢ,2X>�īȥ

ȵ#´@̋ȵˋ>.<ʴǯ0X#�0 ℃Ç΅A 80 ºC /minÉ«Cǀ=ǣā0X>��yˋ>ŎEYX

ʔƋƍˋ\ǎǯ0X*>#["9<�X[33]�:MW�EB21CN@V1�ÆC̋ȵǤϕćƆA!�<

Q�ʔƋƍˋ#ǎǯ0X>$ADúΏ̎ɣΎ\ǎǯ0XĽ̤Ǥ#�X�.".�*C̋ȵĢΕ˦#t

��§{¡ć͏ŪCʉ-ʉˋćλ\̊ʸ.<Α̿0XQC@C"A:�<D�Cahn-Hilliardʲͤ>CȢ

ŃǤ\˙͜0X@?�Ⱥ@Xɝ͖#ǟ͉=�W�ʰŧʞ=D̋ͤÇ(X*>D=$@�� 

� �ipo�¡ˋCǯήΕ˦\UWƍΣˇAȮV"A0X6PA�SAXS�£�^a¡ϛŢ 3.2ϜC˨

ćȠ¸ǋǀ\͒˹.�̋ȵĢȱΰAƙ.<�£}�.6ϛŢ 3.7Ϝ�21 ºC=D�Ȯ˙@̋ȵĢ͞ƞɁC

ǕA�rl�a�ŪCǋǀ˄ƥ#͊VY6�4*=�AvramiȅȡϛnϜ\͒˹.6>*Z n~3>@W�

̋ȵɗ"VªɬôˇA̋ȵǯή#ͯ*9<�X*>#˙͜,Y6�*CȑòD�öK?C POM͍Ɩ̋

ɐϛŢ 3.5Ϝ>Qˑˌ.@��¨Ȩ��ipo�¡ˋ#ʴǯ0X 13−17 ℃CʐǀόŬ=D����Cİ

ĢR�}i¥lCˢƾĢ#ͯ*W�4YV# SAXSǋǀ˄ƥAǏψ\® X6P�Avrami͏Ɏ\Əȩ

0X*>DΙĈ=�X#�̋ȵĢĊɁCǋǀ˄ƥ\͊X"%W 3ɬôˇ@ǯή=D@�>̞ VY

X�˪ΰˇ@ɇ̔DĻ(<�@�AQα[V1Ϡɬôǯή\˜,@�ʪʀD��¡��� §Ğɐ#

ɳƈ.6ʪǫ=CĀ̋ȵĢΕ˦AϑÔ.<�X�4C¨à>.<�CarfagnaVD�161−168 ºC=ʕ̾

,26 iPP\Ā̋ȵĢ,2X>�Avramiȅȡ# 1.2−1.6A@X>��̋ɐ\ůŋ.<�X[34]� 

� 4*=��ipo�¡ˋ\ǎǯ0XĒCn¥�e�§r�¥ʪǫ\ͣJX6PA�ȱćĖ IRʑƍ\

Əȩ.6�Ţ 3.8ϛaϜD�EB21\ 100 ºC"V 15 ºCA 100 ºC /min=āį.�4CMM 15 ºC=˵ʐ̋

ȵĢ,26>$C��|¢¥ŭCɧȖYȈğόŬϛ720−730 cm−1ϜCt�k�¡ŸĢ=�X�M6�Ţ

8ϛbϜD�4C�§kŊ÷ǀ\ʐǀAƙ.<�£}�.6QC=�W�Ţ 3.8ϛcϜD�˵ʐ̋ȵĢ²

A!(X�§kŊ÷ǀCȱΰ˄ƥ\˜.6QC=�X�*YVC̋ɐ"V�āį²A 720cm-1Ç΅C�

§kŊ÷ǀ#ŵŻ.<�X*>#["96�:MW�āį²A��¥tn¥�e�§r�¥Cȡ#ŵ

Ż.<�X*>\ǩō.<�X�M6�āį>>QA 721 cm-1Ç΅AQČCŊ÷�§k#ʰY6�721 

cm-1D��¡�¡_¡g¥C�ipo�¡ˋAʩǝˇ@Ŋ÷�§k=�X[35]�É«C̋ɐ"V�āį
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ǕC EB21Cn¥�e�§r�¥ʪǫD�āįĒCʕ̾ʪǫ>ɵͽ.<ˢƾĢ,Y6ʪǫ=�W�":

�ipo�¡ˋC4Y>ɟP<ϑÔ.6ʪǫ=�X>͑ X�.6#9<�EB21C̋ȵĢ=D�ʣĘ

ƊˇAUWƋƍ@̋ȵɣΎIˊȍͻˤ0XC=D@&�ǀͤˇAʲʸ@�ipo�¡ˋ>��²ΰ

ˋ\̊ʸ.6̋ȵĢȆğ\˜.6>̞ VYX�¨Ȩ=�21 ℃=Q 15 ℃>ŅɤA�ipo�¡ˋA

ϑÔ.6n¥�e�§r�¥ʪǫ\ĺ9<�X#�Ē·CΌW�21 ℃=Dd|¡ćƪ\½:ĺWO

ǟ͉#�X6P��ipo�¡ˋC̋ȵɗ=D@&�ʣĘƊˇAƋƍ@ªȥȵC̋ȵɗ#ˊȍʴǯ.�

4Y#ǯή.<�X>̞ VYX� 

 

  

 

 

Ţ 3.6ϢEB21\łʐǀ=˵ʐ̋ȵĢ,26>$C POMʺò 
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Ţ 3.7ϢEB21Cł̋ȵĢʐǀ=C SAXS˨ćȠ¸ǋǀCȱΰ˄ƥ� 

 
Ţ 3.8ϢEB21\ 100 ºC"V 15 ºCA 100 ºC/min=āį.�4CMM 15℃=˵ʐ̋ȵĢ,26>$

C IRt�k�¡>�§kŊ÷ǀ\˜.<�X�ϛaϜϢāįΕ˦=Ct�k�¡ŸĢ�ϛbϜ:āįΕ

˦=C�§kŊ÷ǀ�ϛcϜ:˵ʐ̋ȵĢΕ˦=C 721 cm-1A!(XŊ÷ǀŸĢ�ŢϛaϜ²C̒̕

D�720 cm-1CỠ\˜.<�X� 



 43 

3.3.2 HL-PE15C21�HL-PE19C21C̋ȵĢȆğ 

� Ţ 3.9D�HL-PE15C21!UG HL-PE19C21\ 10 ºC /minCǀ=āį!UGȭʐ.6>$C DSCȹ

̒\˜.6QC=�X��1YCp¥�¡A!�<Q�ϟ:C̾͏�§k#͍ʑ,Y6�*YD�ʿ

@X̋ȵɣΎ�M6Dʿ@XİN\ȿ0X���ȵ#āį²Aʴǯ.6*>\˜ŕ.<�X�M6�

HL-PE15C21> HL-PE19C21=D�ϟ:C̾͏�§kC�§kτ˨Cɵʮ#Ż$&ʿ@9<�6�0@

[8�HL-PE15C21=DÖʐíC̾͏�§k#´=�W�HL-PE15C21DΉAϕʐíC̾͏�§k#´

=�96�HL-PE15C21> HL-PE19C21C̋ȵĢΕ˦=CɣΎŸĢ\ͣJX6PA�āįΕ˦²Cȱć

Ė SAXSϝWAXSʑƍ\Əȩ.6� 

 

 
 

� Ţ 3.10D�HL-PE15C21!UG HL-PE19C21\ 100 ºC"V 10 ºC/minCǀ=āį.6>$Cłʐǀ

=C SAXS / WAXS�£�^a¡\˜.6QC=�X�WAXS�£�^a¡=D��1YCp¥�¡

A!�<Q�q = 14.7 nm-1Ç΅A�ipo�¡ˋʸɉC̋ȵ�§k#ʰYX*>#["96��ipo

�¡ˋÉŹC̋ȵɣΎ\˙͜0X*>D=$@"966P�Ţ 8=͍ʑ,Y6½:C̾͏�§kD�

İN#ʿ@X�ipo�¡ˋ���#ʴǯ.<�X*>#˜ŕ,Y6�ɬA�SAXS�£�^a¡\͊

X>�HL-PE15C21=D�27 ºCÇ΅= q = 0.23 nm-1A�£§�@ήŌɁ�§k#Ćʰ.�4CǕ 23 ºC

Ç΅= q = 1.47 nm-1Ar�§�@ήŌɁ�§k#Ćʰ.<�6�*C̋ɐD�̋ ȵĢĊɁAćİ���

�#ʴǯ.�4CǕ0'A̺����#ʴǯ.<�X*>\˜ŕ.<!W�DSCȹ̒A!�<¨:C

̋ȵĢ�§kAƙ.<½:C̾͏�§k#͍ʑ,Y6>��̋ɐ>Qˑˌ.@��M6�ϕ͎íC̢

ĺŭ�§k#Ćʰ.6>$�Ö͎íCήŌɁ�§k#K>]?ʈž.6CD�ĊɁAʴǯ.6ćİ�

 

Ţ 3.9ϢHL-PE15C21ϛaϜ!UG HL-PE19C21ϛbϜC DSCȹ̒�ƏǱ#āįΕ˦\�˗̒#ȭʐΕ

˦\4Y5Y˜.<�X� 
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���Cΰ\̺����#ūP67>̞ VYX�̎�<�HL-PE19C21C SAXS�£�^a¡=D�

DSC=͍ʑ,Y6½:C̋ȵĢ�§kϛ37 ºC�25 ºCϜÇ΅=�4Y5Y q = 0.36 nm−1> q = 1.36 nm−1

AήŌɁ�§k#Ćʰ.<�6�HL-PE15C21C>$>ŅɤA�HL-PE19C21=QİNCʿ@X���

#ʴǯ.<�X>̞ VYX�M6�ϕ͎íCήŌɁ�§k#Ćʰ.6>$�Ö͎íCήŌɁ�§k

#�£§�Ģ.<�X#�*YD̺����C¨Μ#ćİ����CΰAʴǯ0X*>=�ȧ6Ać

İ����>̺����Cˋα#ʴ/66P7>̞ VYX� 

 

 

 

 
Ţ 3.10ϢHL-PE15C21ϛϛaϜ�ϛbϜϜ!UG HL-PE19C21ϛϛcϜ�ϛdϜϜCāįΕ˦A!(Xłʐǀ=C

WAXSϛϛaϜ�ϛcϜϜ> SAXSϛϛbϜ�ϛdϜϜ�£�^a¡�łl��D�40 ºCϛ¨ʾ¬Ϝ"V 16 ºCϛ¨

ʾ«Ϝ A"(< 3 ºC+>A�£}�.<�X� 
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� ɬA�TEM͍Ɩ̋ɐ\Ţ 3.11A˜0��1YCp¥�¡=Q�İNCʿ@Xϟ˧ϑC���#ʴǯ

.<�X*>#˙͜,Y6#�4YVCƈŦɵʮDŻ$&ʿ@9<�6�HL-PE15C21=D�̺���

�#´ǯć>.<!W�MEVAƈŦ0Xćİ����Cΰ\ūP<�6�¨Ȩ�HL-PE19C21=D�

ćİ����#´ǯć=�W�̺����#4YVCΰAƈŦ.<�6�*C TEM͍Ɩ̋ɐD�Ē·

C DSC̋ɐ!UG SAXS�£�^a¡C͏Π>¨̬.<�X�ɬA�4Y5YCp¥�¡²=͍Ɩ,

Y6ćİ����>̺����CƹŨİN\͊˨Q96�4C̋ɐ�̺����D�HL-PE15C21=

2.2 nm�HL-PE19C21= 2.4 nm>@96�̋ ȵəƆ²Cn¥�e�§r�¥\ù<��¥tslql=

�X>Êƍ0X>�*YVC���İND 17 C-C̋Ń!UG 19 C-C̋ŃAˋǍ.�ήΫćƪήϛ21 C-C

̋ŃϜQ.&Dćƪΰθϛ15 C-C̋Ń�Q.&D 19 C-C̋ŃϜA΅�ë>@96�*YM=C˖˩A

UW�15Q.&D 21ʝ̄ϔəA¨:�ir¡ćƪ\ȿ0X ADMET-PEC̋ȵĢʐǀD�4Y5Y-56 

ºC!UG-0.7 ºC=�X*>#["9<�X[14, 21]�Ē·CΌW�ir¡ćƪD���CŹAD/$Ć

,YX6P�*YVC̋ȵĢ=DćƪΰC´ΫCN#α®.<�X�HL-PE15C21> HL-PE19C21C̺

����#ʴǯ0X̋ȵĢʐǀD 24-25 ºC=�X6PϛŢ 3.9Ϝ�̺����D´ΫAUX̋ȵĢ=D

@&�íΫŅŷC̋ȵĢAU9<ʴǯ.6QC=�X>̞ VYX�ɬA�ćİ����CƹŨİN

D�HL-PE15C21= 6.0 nm�HL-PE19C21= 6.9 nm>@W�4YVD 47 C-C̋Ń!UG 54 C-C̋ŃA

ˋǍ0X*>#["96�*YVCëD�ćƪΰθUWQȮV"AŻ$�6P�ćİ����D´Ϋ

>íΫCú̋ȵĢAU9<ʴǯ.6QC7>̞ VYX�M6�łp¥�¡C̋ȵĢȆğ\ɵͽ0X

>�íΫŅŷC̋ȵĢ>íΫ>´ΫCú̋ȵĢC?8V#óöˇAͯ*X"D�íΫCή,>íΫΰ

θCή,CαäAǋ&áƈ0X*>#˜ŕ,Y6� 

� �1YC̋ȵĢΕ˦=QʔƋƍˋ=�X�ipo�¡ˋ#ʴǯ.<�6#�Ē·C EB21R HB21=

͍ʑ,Y6U�@̋ȵɣΎŸĢDù&͍ʑ,Y@"96ϛŢ 3.10Ϝ�4CʲʸC¨:>.<�íΫ#̋

ȵĢAα®.<�X*>#Ȇ)VYX�0@[8�íΫCΓğD4CʧɄ˯#´Ϋ>Cúȿ̋ŃAU

WĎγ,Y<�X6P�´ΫCN#α®.6�ipo�¡ˋ>Dʿ@W��}i¥l\ˢƾĢ0X*

>#=$@�>Ȏʑ,YX� 
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Ţ 3.11ϢHL-PE15C21ϛaϜ> HL-PE19C21ϛbϜC TEMò 
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� **=�̺����>ćİ����C�}i¥l��¡A:�<̞ X�̺����DíΫŅŷC

̋ȵĢAU9<ʴǯ.<�X*>#ȮV">@96�íΫŅŷC̋ȵĢA:�<D��  n-fkz�

r¡_k ¢§�@?Cɫǎ� �§=͍ʑ,Y<!W�ɬAȆ)X½:C�}i¥l��¡#

InomataVAU9<ȒŖ,Y<�X[36]�¨:D��end-to-end���¡>ŎEYXQC=�W�íΫC

Ʉ˯ΜÕŅŷ#���\ǎǯ0X>Êƍ.6��¡=�XϛŢ 3.12ϛaϜϜ�Q�¨:D��interdigitating�

��¡=�X�*C��¡=D�íΫŅŷ#¾�AøYƆʪAΞ̛,Y6ɣΎ\ĺ9<�XϛŢ 3.12

ϛbϜϜ�Ã�end-to-end��¡7>Êƍ0X>�ƹŨˇAíΫCʝ̄ȡCħć�0@[8¨:CíΫ�

6W 9Q.&D 10ʝ̄ϔə#̋ȵĢAα®0X*>A@X�*C>$�Ϟ���§�6WCʝ̄ȡ#

36ϛHL-PE15C21Ϝ�40ϛHL-PE19C21Ϝ=�X6P�4Y5YC̋ȵĢǀD�1YQ 0.25 (= 9 / 36 = 10 / 

40)>@X�*C��¡CƀǍǤ\ɝ͖0X6PA�̺����CƈŦόŬA!(X̋ȵĢǀ\É¬C

˜0Ǆϛ3-1Ϝ!UGǄϛ3-2Ϝ\ʶ�<˹Ć.6� 

 !! =
!!
!!

 ϛ3.1Ϝ 

 !! =
2!
!!"#

 ϛ3.2Ϝ 

� **=�Xc�Lc [nm]�Lp [nm-1]D4Y5Y̋ȵĢǀ�TEM͍Ɩ"VǘVY6ƹŨ���İN�SAXS

�£�^a¡"VɺP6ήŌɁ=�W�qmaxDƽ͎íCήŌɁ�§kỠ=�X�̋ȵĢǕ 0 ºC=C

qmaxD�qmax = 1.49 nm-1ϛHL-PE15C21Ϝ�qmax = 1.37 nm-1ϛHL-PE19C21Ϝ=�W�LcDĒ·CΌW 2.0 nm

ϛHL-PE15C21Ϝ�2.2 nmϛHL-PE19C21Ϝ=�XC=�łp¥�¡C XcD 0.47ϛHL-PE15C21Ϝ�0.48 

ϛHL-PE19C21Ϝ>@X�*YVCëD�«=͊˨Q96ëϛ0.25ϜUWQηć>Ż$@ë>@9<�

X� 

� ¨Ȩ=��interdigitating���¡\Êƍ.6ŰŃ�¨:CíΫǍ6W 17Q.&D 19ʝ̄ϔə#̋ȵ

ĢAα®0X�*C>$C̋ȵĢǀ\öK?>ŅɤA.<͊˨QX>�0.47 ϛHL-PE15C21Ϝ�0.48

ϛHL-PE19C21Ϝ>@W�Əϓ�§z"V͊˨QVYX̋ȵĢǀ>¨̬0X�É«Cʲʸ"V�íΫŅ

ŷC̋ȵĢ=D��interdigitating���¡ϛŢ 3.12ϛbϜϜ#ΙĈ@�}i¥l��¡7>͑ X� 

� ɬA�ćİ����C�}i¥l��¡A:�<̞ X�ćİ����D�TEM͍ƖAU9< 47 C-C

̋ŃćϛHL-PE15C21ϜQ.&D 54 C-C̋ŃćϛHL-PE19C21ϜAˋǍ0XİN\ȿ.<!W�´Ϋ>

íΫCú̋ȵĢAU9<ʴǯ.<�X*>#["96�*YVCİND��1YQćƪΫΰθC 3ê

Cd|¢¥ΏΫήA΅�ë=�X6P�Ţ 3.13ϛaϜA˜0U�@íΫ#���²AĺWMY6U�

@�}i¥l��¡#̞ VYX�.".�HL-PE15C21> HL-PE19C21C���İNCưD�7C-C

ć=�W�*YDϟ:Cp¥�¡CćƪΫΰθCưĆ 2êAˋǍ0X�.6#9<�ćİ����

D�ćƪΫΰθϟ:ćCd|¢¥ΏΫήA�íΫCd|¢¥ΏΫή\Ͳ.Ń[26İN\ȿ.<�X

>̞ XȨ#ΙĈ=�X�M6�ÊAíΫ#���C²AĺWMYX@VE�EB21=͍ʑ,Y6U

�A�4CȆğD̋ȵĢɈËAáƈ0X>ºǨ,YX�4*=�HL-PE19C21\ 1 ºC/minQ.&D 100 
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ºC/minCǀ=āį,26>$CȱćĖƟ͎ / ƽ͎ X̒Ƞ¸ϛSAXSϝWAXSϜʑƍ\Əȩ.6�4

C̋ɐ�āįǀ\Ɵ,&0XK?�̋ȵĢίƂʐǀ#ϕʐíAr��.�SAXS�£�^a¡A!�

<Ö͎íC�§kǋǀAƙ0Xƽ͎íC�§kǋǀCɵʮ#Ż$&@96#�4YVC�§kCỠ

DāįǀAK>]?áƈ.@"96�ϛŢ 3.14Ϝ�0@[8�̋ȵĢɈË\Ÿ 6>.<Q�ŅɤC

���ɣΎ\ǎǯ.<�X>̞ VY�íΫC���²ICĺWMYȨD�d|¡ćƪCŰŃ>D

ʿ@X*>#˜ŕ,Y6�É«Cʲʸ"V�íΫD���²AĺWMYX=D@&�´Ϋ#ǎǯ0

X���Ņŷ\íΫ̋ȵ#̋Ń,26�Ţ 3.13ϛbϜA˜0�}i¥l��¡#ƀǍ=�X>̞ X� 

 

 

 

�  

 
Ţ 3.12ϢInomata VAU9<ȒŖ,Y6íΫ̋ȵĢ��¡[36]�ϛaϜϢ�end-to-end���¡�ϛbϜ

�interdigitating���¡�ʛ̱>ɩ̱CƏ̒D4Y5Y�´Ϋ>íΫ\͂.<!W�˗̒˒Į#ł

��¡=C���İN\˜.<�X� 

 

Ţ 3.13ϢíΫ>´ΫCú̋ȵĢ��¡�ϛaϜϢćƪΰθ 3:ćCd|¢¥ΏΫή#̋ȵĢAα®

.6ŰŃC�}i¥l��¡�ϛbϜϢćƪΰθ 2:ć>íΫ\Ń[26d|¢¥ΏΫή#̋ȵĢ

Aα®.<�X>Ε˦.6ȱC�}i¥l��¡�Ţ 12>ŅɤA�ʛ̱>ɩ̱CƏ̒D4Y5

Y´Ϋ>íΫ\͂.<!W�˗̒˒Į#ł��¡=C���İN\˜.<�X� 
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Ţ 3.14ϢHL-PE19C21\ 1 ºC/minϛϛaϜ�ϛbϜϜ�100 ºC/minϛϛcϜ�ϛdϜϜCǀ=āį.6>$C

WAXSϛϛaϜ�ϛcϜϜ> SAXSϛϛbϜ�ϛdϜϜ�£�^a¡�1 ºC/minCl��ϛϛaϜ�ϛbϜϜ=D�40 

ºCϛ¨ʾ¬Ϝ"V 16 ºCϛ¨ʾ«Ϝ A"(< 3 ºC+>A�£}�.<!W�100 ºC/minCl��

ϛϛcϜ�ϛdϜϜ=D�30�ϛ¨ʾ¬Ϝ"V 6 ºCϛ¨ʾ«Ϝ A"(< 3 ºC+>A�£}�.<�X� 
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3.4 ̋ͤ  
 

� Ʌ˖˩=D�LLDPEA!(XćƪɣΎ>ţÚɣΎAα0XȺ@X˓͊ʭǘ\ˉˇ>.�ȝƝ÷ X̒

AUXȱćĖ X̒Ƞ¸ʁ\ʄʶ.<�ADMET-PEC̋ȵĢȆğC͏ȮAĺW̉]7�D/PA�˔Ϋ

ćƪ̀ LLDPEAαΏ.<�HB21@VGA EB21C̋ȵĢȆğA:�<ͣJ6�4C̋ɐ�HB21=D�

�1YC̋ȵĢʐǀA!�<Q��ipo�¡ˋ\̊ʸ.6̋ȵĢȆğ#͍Ɩ,Y��ir¡ćƪD

���CŹAD/$Ć,Y<�X*>#˙͜,Y6�¨Ȩ�EB21=D̋ȵĢʐǀAU9<4C̋ȵĢ

ȆğDŻ$&ʿ@X*>#ȮV">@96�5 �=˵ʐ̋ȵĢ,26ŰŃD��ipo�¡ˋ\̊ʸ

.6̋ȵĢȆğ#͍Ɩ,Y�4CȆğD HB21>ϑÔ.<�X*>"V�d|¡ćƪD���CŹA

D/$Ć,Y<�X*>#˜ŕ,Y6�M6�10−15 ºCCʐǀόŬ=D�ŅɤA�ipo�¡ˋ\̊

ʸ.6̋ȵĢȆğ\˜.6#����CİĢʰͨ#͍Ɩ,Y6�¨Ȩ�21 �=D�d|¡ćƪ\½:

���²AĺW]7ʪǫ=�W��ipo�¡ˋ\̊ʸ.6̋ȵĢȆğD͍Ɩ,Y1�ªȥȵ#ˊ

ȍʴǯ.6�É«CU�A�EB21=D̋ȵĢʐǀAU9<d|¡ćƪC���ȵICĺWMYȨ#

ʿ@W�4CĺWMYȨAU9<ʴǯ0X̋ȵɣΎDŻ$&ŸĢ0X*>#ȮV">@96� 

� ̎�<�ήΫćƪ̀ LLDPEAαΏ.<�HL-PE15C21�HL-PE19C21C̋ȵĢȆğA:�<ͣJ6�

4C̋ɐ��1YCp¥�¡A!�<Q�̺����>ćİ����#ʴǯ.<�X*>#["W�

4YVD4Y5YíΫŅŷC̋ȵĢ>´Ϋ>íΫCú̋ȵĢAUXQC=�X*>ȮV">@96�

4.<�íΫŅŷC̋ȵĢ>ú̋ȵĢC?8V#óö.<ͯ*XC"D�ćƪΫή>ćƪΫΰθήC

αäAǋ&áƈ0X*>#˜ŕ,Y6�M6�ú̋ȵĢA!(XíΫC�}i¥lǎǄD�˔Ϋćƪ

CŰŃ>Dù&ʿ@X*>#["96� 

  

Ʌ˖˩A!�<�Photon Factory =Əȩ.6ƏϓD�͢Ϗʾŀ 2010G540 !UG 2012G663 CQ>

̿[Y6�M6�SAXS!UGWAXSCºïƏϓD�SPring-8=Əȩ.6�ϛ͢Ϗʾŀ 2011A1960Ϝ� 
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͆Ͳ� ȱćĖ X̒Ƞ¸�£�^a¡ 
 
 

HB21!UG EB21Cł̋ȵĢʐǀ=C SAXS / WAXS�£�^a¡ 

 

 

 

Ţ S3.1ϢHB21\ 1 ºCϛϛaϜ�ϛbϜϜ!UG 5 ºCϛϛcϜ�ϛdϜϜ=˵ʐ̋ȵĢ,26>$C SAXSϛϛaϜ�

ϛcϜϜ�WAXSϛϛbϜ�ϛdϜϜ�£�^a¡Cȱΰ˄ƥ� 
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Ţ S3.2ϢEB21\łʐǀ=˵ʐ̋ȵĢ,26ȱCWAXS�£�^a¡ϛ(a), (c) , (e) , (g) , (i) , (k)Ϝ
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Ţ S3.2ϢEB21\łʐǀ=˵ʐ̋ȵĢ,26ȱCWAXS�£�^a¡ϛ(a), (c) , (e) , (g) , (i) , (k)Ϝ>

SAXS�£�^a¡ϛ(b), (d) , (f) , (h) , (j) , (l)ϜCȱΰ˄ƥ�ϛĒ�§sC̎$Ϝ 
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HL-PE15C21!UG HL-PE15C21CāįΕ˦A!(X SAXS / WAXS�£�^a¡ 

 

 

 

 

Ţ S3.3ϢHL-PE15C21ϛϛaϜ�ϛbϜϜ!UG HL-PE19C21ϛϛcϜ�ϛdϜϜCāįΕ˦A!(Xłʐǀ=C

WAXSϛϛaϜ�ϛcϜϜ> SAXSϛϛbϜ�ϛdϜϜ�£�^a¡� 
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Ţ S3.4ϢHL-PE19C21\ 1 ºC/minϛϛaϜ�ϛbϜϜ�100 ºC/minϛϛcϜ�ϛdϜϜCǀ=āį.6>$C

WAXSϛϛaϜ�ϛcϜϜ> SAXSϛϛbϜ�ϛdϜϜ�£�^a¡� 
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˳ 4ˮ 

 

� �£�¢¥ƝĆǯǎÚCŨ¨ɣΎ> 

4CŸǎȆğAα0X˖˩ 
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4.1 ̑͑ 
 

� � �£�¢¥ϛPPϜD�˳ 3ˮ=ĺW«)6� d|¢¥>±]=�È͂ˇ@� f¢�`¥ɨ

̥=�W�óY6ɪɜˇʩǤ>ǯǎĚƮǤ\ȿ.<!W�":�Önt�=�X6P�,M-M@ʵ

ɞć=ʄʶ,Y<�X�4C´@ʶ>.<�̪ğΜŒ#Ȇ)VYX�ûÚˇAD��¥�§R

a¥t~¡�¥z¡��¡��_� �@?AΙʶ,Y<!W�̪ğAßʶ,YX��t|}kɆ

ȤCħćÉ«\ PP#ĭP<�X�M6�PPD� pak¡ǤR LCA@?CʳŴƙǡC͍ʞ=QóY

<�X6P�ÃǕQ4CßʶΣDŵŻ0X>ºǨ,YX� 

� ̪ğΜŒA� �£�¢¥\Ιʶ0XŰŃ�4CK>]?#ƝĆǯǎʁAU9<͇Ύ,Y<�X�

ƝĆǯǎʁ>D�ϕćƆɆȤCǯʁĚƮʁC¨:=�W�Ěʣʕ̾,26ɆȤ\ΤŪ²AƝĆʃø.�

āį¦ţĢ,2X*>AU9<�ÌǩCŪʪ\ȿ0XǯǎŒ\ǘXȨʁ=�X�ƝĆǯǎʁ=D�Τ

Ūτ"VCͳλAǡ/<āįǀR2]ȦɈË#ʿ@X6P�ǘVYXǯǎÚD�İNȨňAɿ9<

ƧʪCŨ¨ɣΎ\ȿ.<�X�¨̯ˇ@ƝĆǯǎÚ=D�ΤŪ͂τ΅&=D�ti¥Ƨ�>ŎEY

XćƆΫ#ϕΞň.6ɣΎ#�²ŽÇ΅=D�n_Ƨ�>ŎEYXʱȵ"V@X˵Ȩˇ@ɣΎ#�4

Y5Y͍ʑ,YX�ƝĆǯǎÚCǅǊǋǀ[37–42]ŔȘǋǀ[43, 44]�̠˂ĝʩǤ[45, 46]@?Cɪɜʨ

ǤD�4CƧɣΎCɣǯAǋ&áƈ.�ʩAti¥ƧCĖŃ#ϕ&@XK?�ϕɪɜǋǀ\˜0*>

#˓VY<�X�4.<�4Cti¥ƧCĖŃD�ćƆΣRćƆΣćƴ@?CćƆɣΎR[42, 47–49]�

ΤŪʐǀRƝĆǀ�ƝĆťĘ@?CǯǎɈË[50–53]Aáƈ0X�*CU�A�ƝĆǯǎAɪɜʨǤ

\ň«,2X6PAD��"Aϕti¥ƧĖŃ\ȿ0XǯǎÚ\ǘX"#Ϊ>@X�.".�ƏιC

ΜŒ͇Ύ=D�ǯǎpak¡RǯǎÚCŹ͍@?CÆCʩǤQ̞ǭAøYXǟ͉#�X6P�ćƆɣ

ΎRǯǎɈËCĎǙƷD4YK?ƽ&@&�İNȨňù<A[69<ti¥Ƨ\ȿ0XU�@ǯǎÚ

[38]\ǘX*>DʰƏˇ=D@�� 

� ΅ƺ�ƝĆǯǎÚCĘƊʨǤ\ň«,2X͘N>.<�ǯǎǕCʣąʲ>��C#ʃˉ,Y<�X�

à E�ShinoharaVD�ŅɤAʣąʲ#ƝĆǯǎ PPCǅǊʩǤA® XǏψA:�<ͣJ<!W�

ʣąʲĒCǯǎÚDβÎʞ\ͱ X>�}i¥lȆğ\˜0#�ʣąʲD4CU�@�}i¥lȆğ

D͍ʑ,Y1�Ũ¨AǃÓ,YX*>\ůŋ.<�X[54]�¨̯ˇ@ƝĆǯǎÚCŰŃ=D�˵Ȩˇ@

ʱȵɣΎ"V@Xn_Ƨ\ȿ.<�X6P�βÎʞ\ͱ X>�}i¥lȆğ\˜.[40]�4CU�@

Ũ¨@ǃÓŸǎD�İNȨňùÚA[69<ΞňɣΎϛti¥ƧϜ\ȿ0XU�@ǯǎÚ[39]Q.&D�

d�t��§>Cn¥�s}�p¥�¡[55]=͍ʑ,YX�4C6P�*CU�Aʣąʲ7(=ǃÓʩ

Ǥ#țŚ,YX>��̋ɐDσƶA̭ōʊ��NaVQ�ŅɤC˖˩\̿9<!W�ʣąʲAU9<ē

Ǥ>̠́ȘǤC°ʨǤë#ň«0X*>\ůŋ.<�X[56]�¨Ȩ=�WrightVD�σʣąʲCƝĆǯ

ǎ PP> 150�= 22ȱΰʣąʲ.6ǯǎÚCǅǊʨǤ\ɵͽ.<!W�ʣąʲǕD̋ȵĢǀ#ŵŻ.�

4YAU9<�¥lʮ#ň«0X#�˗ȦÓG#ʎƠ0X>ůŋ.<�X[57]�*C̋ɐD�ʣąʲA

U9<ēǤDň«0X#�ΉAυǤ#ȗ@[YX>��*>\˜.<�X�:MW�ǟ1.Qʣąʲ

AU9<ƝĆǯǎÚCφǤ#ň«0X[(=D@��>��*>A@X�.6#9<�?CU�@ɪ
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ɣ=υǤ#țŚ,Y6C"\ȮV"A0X*>#=$YE�ƝĆǯǎÚCʣąʲĞɐ\ĎǙ0X*>

#=$�4C̋ɐ�ƝĆǯǎÚCƧɣΎ>ɪɜʨǤCαäA:�<ȧ6@˓͊#ǘVYX>Ɂǔ,Y

X� 

� ̋ȵǤϕćƆAƙ0XʣąʲĞɐA:�<D�*YM=AQȡź&ůŋ#@,Y<�X�à E�

˵Ȩˇ@ʱȵɣΎ\ȿ0X PP\�4C̾ʞ΅î=ʣąʲ\ȩ0>�ĊɁAʴǯ.6̋ȵC¨Μ#̾͏

.�̋ȵĢǀCŵŻR�̋ȵəƆCˢƾň«����İNCŵŻ[57–61]>�96ɣΎŸĢ\ͯ*.�

4YAU9<�¥lʮRβÎǋǀ#ŵŻ0X[62, 63]�¨Ȩ=�ti¥Ƨ=͍Ɩ,YXU�@ΞňɣΎ

\ȿ0X PPAƙ.<ʣąʲ\ȩ.6ŰŃAD�«·CɣΎŸĢAĚ <�̋ȵΞňǀC«ȭQ͍ʑ,

Y[64–67]�óY6ǌǤŝǚǤ\˜0U�A@X [67, 68]�É«C*>"V�ʣąʲ#Ǜ͌ˇɣΎRɪɜ

ʨǤA® XǏψD�ʣąʲĒCϕɬɣΎ�ʩA̋ȵΞňʪǫAǋ&áƈ.<�X*>#["X�Ē

·CΌW�ƝĆǯǎÚDİNȨňAŨ¨@ƧɣΎ\ȿ.<�X6P�ʣąʲ#® XǏψDƧ+>

Aʿ@X*>#ºǨ,YX�4C6P�ƝĆǯǎÚA!(XʣąʲĞɐ\ɅͬˇAʲ͏0X6PAD�

ƝĆǯǎÚCŸǎȆğ\Ǜ͌ˇAȊ Xǟ͉#�X�4*=Ʌ˖˩=D��ak£�§� X̒Ƞ¸ʁ

\ʄʶ.�ƝĆǯǎÚCǃÓȱA!(XłƧ+>CɣΎŸĢ\͍Ɩ0X>>QA�ʣąʲ#4CŸǎ

ȆğA® XǏψ\ȮV"A0X*>\͘N6� 

 

 

4.2 Əϓ  
 
4.2.1 p¥�¡ 

� PP>.<�Ƴͩl¢§�C PPϛ×ĶĢƊ͇��§�¢¥Ϝ\ßʶ.6�͚ PPCΡΣƹŨćƆΣϛMwϜ

!UGćƆΣćƴϛMw / MnϜD�4Y5Y Mw = 804,000�Mw / Mn = 3.5=�X�͚ PP\ 260 ºC=ʕ̾

,2�ɋ̲ɪɜ͇C IS100EN\ʶ�<�50 ºCA͕ƍ.6ΤŪϛASTM D638ϜI�ƝĆǀ 1400 mm/s�

ƝĆť 65 MPaCɈË=ƝĆǯǎ.6�ɅƏϓ=D�ɃʣąʲCǯǎÚϛPP-NϜ>ʣąʲʌCǯǎÚ

ϛPP-AϜCϟ˧ϑCǯǎÚ\ʶǩ.6�PP-AD�ǘVY6ǯǎÚ\ 155�A͕ƍ.6f§�¥²A 1

ȱΰçȄ0X*>=ǘ6�PP-N!UG PP-AD�Ţ 4.1A˜0U�A�İŃ 30 µmC˔ÿʪC͘ϓ

ʧAĈWĆ.��ak£�§� X̒Ƞ¸ʑƍAʶ�6� 

 

4.2.2 �ak£�§� X̒Ƞ¸ʑƍ 

� �ak£�§� X̒Ƞ¸ʑƍD�SPring-8C BL03XUA<Əȩ.6�X̒CʂήD�0.1nm>.6�

SAXSϝWAXSʑƍCɝĆśAD�a�§s¥la¥�¥r�^a_ϛʆɌ���kt͇�V7739PϜ

Ç$ CCDg��ϛʆɌ���kt͇�C10699-10BϜ!UG X̒��}���¡v¥pϛʆɌ���

kt͇�C9728DKϜ\4Y5Yßʶ.6��ak£�§� X̒D�ˊǓ 9 µmC�¥�§¡\ʶ�<

ĺWĆ.6�*C>$�Ē͔�¥�§¡C¬ʅí 40 mm !UG 190 mmCỠA�ˊǓ 25 µm>ˊǓ

200 µmCČC�¥�§¡\4Y5Y̛͕.�ƔʴȠ¸\ĺWε�6�p¥�¡Ỡ=C�§�pau
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D�ǋǀCħëùƷ= 6 × 8 µmϛH × WϜ=�96�4.2.1=Ü͇.6˔ÿʪ͘ϓʧD�̈ ͼǃÓɪϛLinkam 

Scientific Instrument͇�TST350ϜA̛͕.6�ǃÓʐǀDƐʐ�ǃÓǀD 100 µm/s�|�}kΰθ

D 3 mm>.6�ǃÓƏϓ=D�Ē͔ǀ=ǴƍCF1NΣM=ǃÓ.�4*=¨ȬǃÓ\ɭP��a

k£�§� X̒\İNȨňAɿ9< 30 µmĐN=ʡƝ.�łʡƝỠ=C SAXS!UGWAXSò\ĺ

ǘ.6�**=�F1NΣ>DǃÓΣ\ĊɁήϛ3 mmϜ=Ė96ë>.<ƍ̝,YX�M6�ČCɰ

NΣ=C X̒Ƞ¸ò\ĺǘ0XŰŃAD�ʡƝȗð\̞ǭ.<�ČC͘ϓʧAĺWȼ <Əϓ\̿9

6� 

 

 

 

4.3 ̋ɐ>̞Ɩ  
 

� Ţ 4.2D�PP-N!UG PP-ACì÷ϐǛέ͍ƖϛPOMϜò\˜.6QC=�X#��1YCp¥�

¡A!�<QΞňǀ#ʿ@X͈ȡCƧɣΎ#͍Ɩ,Y6�**=�͂ƧΜ"V²ǞΜAɿ9<�ϛAϜ

ti¥Ƨ�ϛBϜ2]ȦƧ�ϛCϜǛ˽ʪƧ�ϛDϜn_Ƨ�>.<ćϑ.[54]�4Y5YỠD�ùÚC

İN\ 100 %>.6>$�͂Ƨ"VϛAϜ0–2 %�ϛBϜ2–6 %�ϛCϜ6–16 %�ϛDϜ16–84 %�CỠA

�X>ƍ̝0X� 

 

 

Ţ 4.1Ϣ�ak£�§� X̒Ƞ¸ʑƍAʶ�6͘ϓʧCĈWĆ.Ȩ\Ţ˜.6QC�**=�MD

ϛMachine DirectionϜȨň>D�ƝĆǯǎȱC PPCʅğȨňϛFlow directionϜ>ƹ̿@Ȩň=�W�

TDȨňD MDȨň>Ņƹτ= 90ºň$#ʿ@XȨň�NDȨňDǯǎÚCİNȨň\4Y5Y˜.

<�X��ak£�§� X̒Ƞ¸ʑƍ=D�MDȨňAǃÓ.6͘ϓʧAƙ.<�NDȨňAɿ9

< X̒\ti�¥.6� 
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� Ţ 4.3D�˔ÿʪAĈWĆ.6ł͘ϓʧϛPP-N�PP-AϜ\�MDȨňAɿ9< 100 µm/sCǀ=ǃ

Ó.6>$CǡĘ�F1Nȹ̒=�X�PP-N=D�βÎʞ\Ͱ 6ǕAǡĘ#Ö¬.6#�*YDƣ

Ǵˇ@űǤŸǎ�:MW�}i¥l#ͯ*9<�X*>\˜ŕ.<�X�¨Ȩ�PP-A=D�4CU�

@ǡĘÖ¬D͜PVY1�Ũ¨@űǤŸǎ#ͯ*9<�X>̞ VYX�*C̋ɐD�ShinoharaVC

̋ɐ[54]>¨̬.<�X6P�̝ ÿʪ͘ϓʧ=�9<Q�ŅɤCʣąʲĞɐ#˄ʰ0X*>\˙͜.6�

ɬA�Ţ 4.4D4CǃÓ͘ϓCɤƆ\�sz¡��f=șǏ.6QC=�X�4C̋ɐ��1YCp¥

�¡=QǃÓêʮCŵŻAÒ���a�C˄ʴAUXQCˆĢ#͍Ɩ,Y6#�4CˆĢȆğD PP-N

> PP-A=ʿ@9<�6�PP-N=D�´A͂Ƨ"V́ 200 µmİC˸Ǵ#ˆĢ.<�6#�*YDti

¥Ƨ>2]ȦƧCỠAƙǡ.<�XϛŢ 4.2Ϝ�¨Ȩ�PP-A=D͘ϓʧùÚ#ˆĢ.<�6� 

 

 
 

Ţ 4.2ϢPP-A!UG PP-NC POMʺò�MD / NDτAɿ9<͍Ɩ.<!W�NDȨňAɿ9<�Ξ

ňǀCʿ@X͈ȡCƧɣΎ#͍Ɩ,Y<�X�**=D�AϢti¥Ƨ�BϢ2]ȦƧ�CϢǛ˽ʪ

Ƨ�DϢn_Ƨ�>.<ćϑ,YX[54]� 
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Ţ 4.3 : ˔ÿʪ͘ϓʧCǡĘ�F1Nȹ̒�ƏǱ# PP-A�˗̒# PP-NC�§z\˜.<�X� 

 
 

Ţ 4.4ϢǃÓ²C PP-NϛaϜ!UG PP-AϛbϜCǎʪŸĢ 
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� Ţ 4.5D�łF1NΣA!(X PP-N!UG PP-AC�4Y5YCti�¥Ỡ=ǘVY6þŌƹŨ

¨ɬôWAXS�£�^a¡\˜.<�X�ϛơ�2ɬôWAXSòD�ˮɄC͆ͲAȏ;.6�ϜM1�

ǃÓĒϛε = 0ϜC̋ȵɣΎćƴ\NX>�PP-N=Dti¥Ƨ>2]ȦƧA PPC�ȵC 330τ!UG

331τAʸɉ0X̋ȵ�§k#͍ʑ,Y6#�PP-A=D�1YCti�¥ỠA!�<Q�KL�ȵ

Aʸɉ0X̋ȵ�§kϛ110τ�040τ�130τ�041τϜCN#͍ʑ,Y6��ȵD�PPC̋ȵźǎ

C¨:=�W�PP\2]ȦɈË¬=̋ȵĢ,2X>�ȵ>>QAʴǯ0X*>#�W [69, 70]��ȵ

#Ÿǎ0X>$AD��ȵUWQ�a�#˄ʴ.R0�*>#["9<�X[71]�ǃÓ²C͘ϓʧ\N

X>�Ē·CΌW�PP-N=Dti¥ƧR2]ȦƧA!�<ˆĢ#ϐ̹=�96#ϛŢ 4.4ϛaϜϜ�*Y

D�ȵCƈŦAʸɉ0XQC7>̞ VYX� 

� ɬA�ǃÓ²CɣΎŸĢ\Έʹ0X6PA�ǘVY6ł�£�^a¡Aƙ.<£§¢¥~αȡ\ʶ

�6�§k�`}�`¥l\̿���ȵC 110τAƙǡ0X̋ȵ�§kC FWHMë\˹Ć.6�Ţ

4.6D�łF1NΣA!(Xłti�¥Ỡ=C FWHMë\�£}�.6QC=�W�Ţ 4.7DłƧ

=CƹŨ FWHMë\F1NΣAƙ.<�£}�.6QC=�X�M1�ǃÓĒC FWHMë\ɵͽ0

X>��1YCƧA!�<Q�PP-AD PP-NAɵJ<�4Cë#Ɵ,&@9<�X*>#["96�

̋ȵ�§kC FWHMƷD�̋ȵƆpauR̋ȵəƆC¸YAĸɵà0X#�**=͍ʑ,Y6ʣąʲ

AUX̋ȵ�§kC FWHMëCʎƠD�́ A̋ȵƆpauCŵŻAƙǡ0X>̞ VYX[72, 73]�ɬ

A�ǃÓΕ˦=CɣΎŸĢ\NX>�PP-A=D PP-NAɵJ<�FWHMëCŸĢ#ǹĎ,Y<!W�

PP-AD PP-N>ɵͽ.<̋ȵ���CűǤŸǎ#ǹĎ,Y<�X*>#˜ŕ,Y6�*C͉ŞC¨:

>.<�Ē·C̋ȵƆpauCŵŻ#̞ VYX#�4C͛̆A:�<D SAXSʑƍC̋ɐ>Þ2<

ǕK?ͧͤ0X�M6�PP-N=D�ε = 1.0Ç΅"V�Ǜ˽ƧRn_ƧUWQöAti¥ƧR2]ȦƧ

=Cë#ŵŻ.<!WϛŢ 4.7Ϝ�ti¥ƧR2]ȦƧ=D�Ǜ˽ƧRn_ƧAö˭9<̋ȵ���C

űǤŸǎ#ͯ*9<�X*>#["96�
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Ţ 4.5ϢłF1NΣA!(X PP-NϛaϜ!UG PP-AϛbϜCłti�¥Ỡ=C WAXS¨ɬô�£

�^a¡ 
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Ţ 4.6ϢłF1NΣA!(X PP-NϛaϜ!UG PP-AϛbϜCłti�¥Ỡ=C 110τ�§kC FWHM� 

 

 

 

Ţ 4.7ϢłƧCƹŨ FWHM CF1NΣAƙ0XŸĢ�ˆǻ$# PP-N�ϘŲW# PP-A C�§zA

ƙǡ.<!W�³Į#ti¥Ƨ�Ŝ͎Į#2]ȦƧ�«ň$Cª͎Į#Ǜ˽Ƨ�¬ň$Cª͎Į#

n_ƧC�§z\4Y5Y˜.<�X� 
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� Ţ 2.8>Ţ 2.9D�110τ!UG 040τC̋ȵ�§kA!(XȨÕ͎ǋǀćƴ\4Y5Y�£}�.

6QC=�X�*C>$�ǃÓȨň\ 0º >ƍ̝.6�M1�ǃÓĒϛε = 0ϜC�£�^a¡\ɵͽ0

X>��1YCp¥�¡A!�<Q�ti¥ƧR2]ȦƧ=DȨÕ͎ϛφϜ# 0� > 90� Ç΅CỠA

4Y5Y�§k#͍ʑ,Y6#�*YVC�§kD4Y5Y�ȵC a*ͼ!UG cͼ# MDȨňAΞň

.6���ǯćAƙǡ.<�X[40, 42]�ɬA�Ǆϛ2.60ϜA˜.6 HermanCΞňαȡ\ʶ�<�łƧ

A!(X�ȵC cͼΞňǀ\͗â.6�**=�Ǆϛ2.60ϜC φDˏˉ0X̋ȵͼϛcͼϜ> MDȨň

C͎ǀ=�X�M6��cos2φ�D�Ǆϛ2.61ϜCΌWƍ̝,YX�.".�ɅƏϓɈË=D�� �£

�¢¥�ȵA!(X cͼAũˊ@əƆτ"VCĸƝD͍ʑ,Y@�6P�Ǆ(2.63)A˜.6Wilchinsky

CȨʁ[10, 11]\ʶ�<�cos2φc�!UG fc\˹Ć.6�ơ��cos2φ040�!UG�cos2φ110�D�Ţ 2.8!

UGŢ 2.9A˜.6ȨÕ͎ǋǀćƴ"VɺP6�4C̋ɐ�PP-A=D PP-NAɵJ<�ti¥Ƨ!UG

2]ȦƧC cͼΞňǀ#Ż$&@9<�X*>#["96�*YD�ʣąʲAU9<�a*ͼΞň.6

���C¨Μ#ʕ͏.�cͼΞň.6���IĀ̋ȵĢ.6*>AUX>̞ VYX�.".�@3Ξ

ňƧA!�<4CU�@̾͏-Ā̋ȵĢȆğ\˜0C"A:�<DʰŦC>*ZȮV"=D@�� 

� ɬA�ǃÓΕ˦A!(X̋ȵΞňʪǫCŸĢ\ɵͽ0X>�PP-N=D�F1NΣCŵŻAÒ���

1YCƧA!�<Q φ = 90º Ç΅CỠAǋǀ#κ²0Xñň#NVY6ϛŢ 4.7ϛaϜ�Ţ 4.8ϛaϜϜ�

*YD�űǤŸǎAU9<ȦʧĢ.6���#ǃÓȨňAĀΞĉ.<�X*>\˜.<�X�̈ Ȩ=�

PP-A=D�ε = 2.0=�9<QǃÓĒCΞňʪǫ\̏Ȅ.<�X*>#["96ϛŢ 4.7ϛbϜ�Ţ 4.8ϛbϜϜ�

*C̋ɐ"VQ�PP-A=D PP-N>ɵͽ.<̋ȵΜCűǤŸǎ#ǹĎ,Y<�X>̞ VYX� 
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Ţ 4.8ϢłF1NΣA!(X PP-NϛaϜ!UG PP-AϛbϜCłti�¥Ỡ=C�040τ̋ȵ�§k

CȨÕ͎ǋǀćƴ�**=D�ǃÓȨň\ 0º >ƍ̝.6� 
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Ţ 4.9ϢłF1NΣA!(X PP-NϛaϜ!UG PP-AϛbϜCłti�¥Ỡ=C�110τ̋ȵ�§k

CȨÕ͎ǋǀćƴ�Ţ 8>ŅɤA�ǃÓȨň\ 0º >.<�X� 
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� ɬA�SAXSʑƍC̋ɐA:�<·JX�Ţ 4.11>Ţ 4.12D�4Y5Y PP-N!UG PP-A=CłƧ

C²ǞỠ=ǘVY6 SAXS½ɬôò\F1NΣ+>A˜.6QC=�X�ǃÓĒϛε = 0ϜCȠ¸ò

\NX>�n_ƧA!�<QʿȨˇȠ¸�z§¥#͍ʑ,Y<�X#�*YD�ak£�§� X̒#

ʱȵɣΎC¨Μć\ʡƝ.6*>AUXQC7>̞ VYX�p¥�¡ΰC���ɣΎCΗ�\ͣJ

X6PA�ǘVY6 2ɬôȠ¸òA!�< MDȨňAƙ0Xvkz§ƹŨ�£�^a¡\͒˹.6�

łƧC²ǞỠ=CǘVY6̋ɐ\Ţ 4.13A˜0�4C̋ɐ��1YCƧA!�<Q�PP-AD PP-N

UWQήŌɁ�§kCỠ#Ö͎íA�W�PP-AD PP-NUWQŻ$@ήŌɁ\Q:*>#["96�

*CήŌɁCŵŻD����İCŵŻAUXQC7>̞ VYX[58, 59]�̎ �<�ε = 0.3C>$C SAXS

ò\NX>��1YCp¥�¡=Q�ǃÓȨň>ƹ̿@ȨňϛɸƹȨňϜAɿ9<ǋ�Ƞ¸#͍ʑ,

Y6ϛŢ 4.11�Ţ 4.12Ϝ�*CȠ¸D�´A�a�AUXQC7>̞ VYX�͚ SAXSòCʿȨǤ"

V�ʴǯ.6�a�DǃÓȨňAƙ.<ũˊ@ȨňAǅ$ÓE,Y6U�@ǎʪ\ȿ.<�X>Ȏʑ

,YX� 

� 4*=�p¥�¡ΰ!UGłƧ=C�a�C˄ʴȆğ\ɵͽ0X6PA�MDȨňAƙ0Xvkz

§ƹŨ�£�^a¡C˨ćȠ¸ǋǀ\͒˹.�F1NΣAƙ.<�£}�.6ϛŢ 4.14Ϝ�4C̋ɐ�

PP-N=D�ti¥Ƨ>2]ȦƧA!�< ε = 0.2Ç΅"VȮ˙@˨ćǋǀCŵŻ#͍ʑ,Y6#�n_

 
 

Ţ 4.10ϢǃÓĒϛε = 0Ϝ=C�PP-N!UG PP-ACłti�¥Ỡ=C cͼΞňǀϛfcϜ�l��

²A˜.6 A�B�C�D CćϑD�4Y5Yti¥Ƨ�2]ȦƧ�Ǜ˽Ƨ�n_ƧAƙǡ.<�

X� 
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ƧRǛ˽Ƨ=DK>]?ŵŻ.@"96�«·CΌW�ti¥Ƨ>2]ȦƧ=D�ȵ#ƈŦ.<!W

ϛŢ 4.5Ϝ��ȵD�ȵAɵJ<�a�#˄ʴ.R0�6P[71]�*CU�@̋ɐA@96>̞ VYX�

¨Ȩ�PP-A=D��1YCƧ=QȮ˙@˨ćǋǀCŵŻ#͍ʑ,Y�p¥�¡ùÚ=�a�#˄ʴ.

<�X>̞ VYX�*YVC̋ɐD�Ţ 4A˜.6Ư͌ˇ@͍Ɩ̋ɐ>Qˑˌ.@��M6�PP-A

A!(X˨ćǋǀCŵŻʮ\ɵͽ0X>�ti¥Ƨ ~ 2]ȦƧ > Ǜ˽Ƨ > n_ƧCϋ>@9<!W�

̋ȵΞňǀ#ϕ�K?�a�#˄ʴ.R0�*>#["96ϛŢ 4.10Ϝ� 

� M6��a�˄ʴǕC SAXSò\ɵͽ.<Q�PP-N> PP-A=DŻ$&ʿ@9<�X*>#["9

6�PP-N=D��§�t�}�Ç΅AȠ¸ǋǀ#ƣŦĢ.<�XCAƙ.<�PP-A=DƷƽ� q˻š

AȠ¸ǋǀ#ćƴ.<�6�*C̋ɐD�PP-A=D PP-NAɵJ<�ȡ nm"Vȡ 10nmtm§¡CŻ

$,\ȿ0X�a�#UWź&ʴǯ.<�X*>\ǩō.<�X�*CΗ�\UWɵͽ0X6PA�ε 

= 1.0=C MDȨňAƙ0Xvkz§ƹŨ�£�^a¡\�£}�.6ϛŢ 4.15Ϝ�4C̋ɐ�PP-N=

D��1YCƧA!�<QīͣʎƠ@ǎʪ=�W�ʩǝˇ@�§kD˙͜=$@"96�*CU�@

Ƞ¸�£�^a¡D�̋ȵǤϕćƆ=�a�#˄ʴ.6ŰŃA.E.E͍ʑ,Y[74-76]�ƽ�pau

ćƴ\Q96�a�#˄ʴ.<�X*>\˜ŕ.<�X�¨Ȩ=�PP-ACti¥Ƨ!UG2]ȦƧC

�£�^a¡\NX>�qpeak1 = 0.19 nm-1Ç΅> qpeak2 = 0.38 nm-1Ç΅Aϟ:C�§k#�X*>#["

96�4Y5YC�§kỠD qpeak2 ~ 2 qpeak1 =�X*>"V�*YVC�§kD�a�ŅŷCƸʍA

ͯŞ0X*>#["96�.6#9<�*YVCΞňƧ=ʴǯ.6�a�C¨ΜD�ήŌɁ>Ņ˦ǀ

CŻ$,\ȿ.<!W�M64YVDǃÓȨňAŌɁˇAΞĉ.<�X>̞ VYX��a�Dσȵ

Μ=ʴǯ0X6P�4CŻ$,RǎʪD̋ȵ�¡�e£s§!UG4CŸǎȆğAǋ&áƈ0X�

WAXSʑƍC̋ɐ"V�PP-A=D̋ȵ���CűǤŸǎ#ǹĎ,Y<�X*>#["96#ϛŢ 4.6

ϛbϜϜ�4YAU9<ʴǯ.6�a�ŅŷCĄκ#ǹĎ,Y�Ǜ̆@�a�#˄ʴ.6>̞ VYX�

ƙʡˇA�PP-N=D̋ȵΜCűǤŸǎ\Ò�@#V�a�#˄ʴ0X6PϛŢ 4.6ϛaϜ��a�Ņŷ

CĄκ#ͯ*W�paućƴCƽ��a�ɣΎA@9<�X>̞ VYX� 

� F1NΣ#ŵŻ0XA:Y<�ǃÓȨň>ũˊ@ȨňA�t� §kʪCȠ¸#ǖ�AĆʰ.6#�

*CȠ¸D�ʴǯ.6�a�#ǃÓȨňAŸǎ.6*>Aƙǡ.<�XϛŢ 4.11�Ţ 4.12Ϝ�M6�4

Ct� §kʪCȠ¸D�PP-NCȨ# PP-AUWQϐ̹=�96�*YD�PP-N=ʴǯ.6�a�C

Ȩ# PP-AC4YUWQ�ǃÓȨňAǅ$ÓE,Y<�X*>\˜ŕ.<!W�*CΗ�QĒ·C̋ȵ

ΜCŸǎȆğCΗ�AͯŞ0XAUXQC7>̞ VYX� 
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Ţ 4.11ϢłF1NΣA!(X PP-N CłƧ=C½ɬô SAXSò�ɸƹȨň#ǃÓȨňAƙǡ.<

!X�A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 
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Ţ 4.12ϢłF1NΣA!(X PP-A CłƧ=C½ɬô SAXSò�ɸƹȨň#ǃÓȨňAƙǡ.<

�X�A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 
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Ţ 4.13ϢǃÓĒϛε = 0Ϝ=CłƧ=C SAXSvkz§ƹŨ�£�^a¡�Ϙ̒# PP-N�ͭ̒#

PP-AC�§z\4Y5Y͂.<�X�A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 

 

 

 

Ţ 4.14ϢF1NΣAƙ0XłƧ=C˨ćȠ¸ǋǀCŸĢ�ˆǻ$# PP-N�ϘŲW# PP-AC�§

zAƙǡ.<!W�³Į#ti¥Ƨ�Ŝ͎Į#2]ȦƧ�«ň$Cª͎Į#Ǜ˽Ƨ�¬ň$Cª

͎Į#n_ƧC�§z\4Y5Y˜.<�X� 
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� ȽǕA�ʣąʲ#ƝĆǯǎÚCǃÓȆğA® XǏψA:�<·JX��ak£�§�WAXSʑƍ

C̋ɐ"V�̾ʞ΅î=ʣąʲ\ȩ.6 PP-A=D�̋ȵ���CűǤŸǎ#ǹĎ,YX*>#["9

6ϛŢ 4.6Ϝ�*YD�ʣąʲAU9<�ȵ#ʈž.ϛŢ 4.5Ϝ�łƧC̋ȵƆpau!UG���İN

#ŵŻ0X*>AUWϛŢ 4.13Ϝ�̋ȵ���CβÎǡĘ#ň«.6*>AUXQC7>̞ VYX

[39-41]�M6��ak£�§� SAXSʑƍC̋ɐ"V�PP-A=D PP-N>ɵͽ.<�ȡ nm"Vȡ 10nm

tm§¡CŻ$,\ȿ0XǛ̆@�a�#UWź&ʴǯ.<�X*>#["96�*YD�ʣąʲA

U9<̋ȵ���CβÎǡĘ#ŵŻ0X*>=�UWŻ$@ǃÓǡĘ#σȵΜAĮĚ,Y66P7>

̞ VYX[84, 85]�GaleskiVD��a�#˄ʴ0X>ǃÓǡĘD�a�ŌAκ²0X6P�4C˄

ʴώǀ#ϕ�K?�Ư͌ˇ@ŸǎȆğDUWŨ¨A@X>ůŋ.<�X[76]�.".�˵Ȩˇ@ʱȵɣ

Ύ"V@Xp¥�¡CŰŃ=D�6> �a�C˄ʴώǀ#ϕ&@96>.<Q�áʠ>.<4Cű

ǤŸǎDƣŦĢ.<!W[75]�PP-ACU�@Ũ¨ŸǎD˜,@��M6�̑͑=·J6ΌW�ΞňƧ

\ȿ0XƝĆǯǎÚCŰŃ=�9<Q�ʣąʲA>9<υǤ#ȗ@[YXŰŃ#�X6P[57]�Ʌ˖˩

=͍Ɩ,Y6ʣąʲĞɐC̣ȴAD��a�C˄ʴώǀÉŹCŞƆ#α®.<�X>̞ VYX� 

� 4*=�PP-ACti¥Ƨ!UG2]ȦƧCŸǎȆğAˏˉ.6�ǃÓȨňAϕΞň.6 PP�`¡

�D�Ũ¨Ÿǎ\˜0>ůŋ,Y<�X [64-66]�4YVCö̿˖˩=ʶ�VY<�X PP�`¡�C

̋ȵΞňǀ> PP-ACti¥Ƨ>2]ȦƧC̋ȵΞňǀϛŢ 4.10Ϝ\ɵͽ.6>*Z�KLŅ˦ǀCë

 

 

 

Ţ 4.15ϢPP-NϛaϜ!UG PP-AϛbϜC ε = 1.0=CłƧ=C SAXSvkz§ƹŨ�£�^a¡�

A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 
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=�966P�PP-ACti¥Ƨ>2]ȦƧD�ŅɤCŨ¨Ÿǎ\˜0>ºǨ,YX�.6#9<�PP-A

CŨ¨ǃÓȆğD�ti¥Ƨ>2]ȦƧCŸǎȆğAȚΞ,Y<�X>̞ VYX�*CÊ͡\˙"

PX6PA��k£�§�=ĈWĆ.6˔ÿʪC͘ϓʧ"V�,VAti¥Ƨ>2]ȦƧCN\ĈW

ĺ96͘ϓʧ\Ü͇.�4CǃÓȆğ\ͣJ6ϛŢ 4.16Ϝ�4C̋ɐ�PP-A=D�βÎǡĘ#ʎƠ.�

M6βÎǕAD[1"AǃÓǡĘCʎƠ#͍ʑ,Y6�*C̋ɐD�ti¥Ƨ>2]Ȧ\ĺWε&*

>=�űǤŸǎ#ƣŦĢ.�Ũ¨Ÿǎ=D@&@96*>\ǩō.<�X�É«C*>"V�PP-AC

Ũ¨ŸǎȆğD�4Cti¥Ƨ>2]ȦƧCƈŦAǋ&áƈ.<�X*>#ȮV"A@96�¨Ȩ�

PP-N=D�ti¥Ƨ>2]Ȧ\ĺWε�6>.<Q�βÎǡĘ#[1"AʎƠ.6ÉŹD�βÎʞ=

CǃÓȆğAŻ$@Η�D͜PVY@"96�*C̋ɐ"V�PP-NCΞňƧD�ùÚCűǤŸǎȆğ

ADK>]?Ǐψ\® @�*>#["96� 

� PP-AA!�<�ti¥Ƨ>2]Ȧ#ùÚCŸǎȆğ\ȚΞ.6ʲʸA:�<D�ɬCU�AȎʑ0

X�SAXSʑƍC̋ɐ"V�PP-ACti¥ƧR2]ȦƧ=D�pau#Ȑ96�a�#σȵΜ=ʴǯ

.<�X*>#["96ϛŢ 4.15Ϝ�M6�PP-A=D̋ȵ���CűǤŸǎ#K>]?ͯ*V@�6

P�ǃÓF1NCK>]?#σȵΜAκ².�σȵΜ#F1N˘Ģ0X>ºǨ,YX�4C̋ɐ�ϕ

ēǤĢ.6ti¥ƧR2]Ȧ#ùÚCǃÓȆğ\ȚΞ.6>Ȏʑ0X�¨Ȩ�PP-NCŰŃAD��a

�#˄ʴ.<QŅȱA̋ȵΜCűǤŸǎ#Α̿0X6PϛŢ 4.6Ϝ�σȵΫ#̓Ő.�4CU�@F1

N˘ĢDͯ*V@��4C̋ɐ�n_ƧRǛ˽ƧCŸǎȆğCǏψ\Ļ(<�ƣŦĢ.6űǤŸǎ\

˜.6>̞ VYX� 

� M6�F1N˘ĢȱCēǤDćƆΣAáƈ.�ϕćƆΣ=�XK?ϕēǤA@X>��̋ɐ#ůŋ

,Y<�X[79, 80]�*YD�ćƆΣ#Ż$&@XK?�̋ȵ���ǎǯȱCǺW66Nϛreeling-inϜ

#ǹĎ,Y�σȵΜ=ČNŃ�ƕǀ#ŵŻ0X6P7>͑[Y<�X[77]�.6#9<�«͔̞Ɩ>

Þ2<̞ X>�ƝĆǯǎÚAƙ0XʣąʲĞɐD�ßʶp¥�¡CćƆΣAǋ&áƈ0X*>A@

X�:MW�Ʌ˖˩=D�ɵͽˇϕćƆΣ@ PPϛMw = 804,000Ϝ\p¥�¡>.<ʶ�66PA�ö

̿˖˩[57]=DNVY@"96U�@ʣąʲĞɐ#͍ʑ,Y6>̞ VYX� 
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4.4 ̋ͤ  
 

� Ʌ˖˩=D��ak£�§� X̒Ƞ¸ʁ\ʄʶ0X*>=�ƝĆǯǎ PPCłƧ+>CŸǎȆğ\͍

Ɩ0X*>AĊP<ǯę.6�M6�ǘVY6ʑƍ̋ɐ"V�ʣąʲ#4CǛ͌ˇɣΎRŸǎȆğA

® XǏψ\ȮV"A.6�ʣąʲĒCp¥�¡>ɵͽ.<�ʣąʲǕCp¥�¡=D�łƧ=C̋

ȵΜCűǤŸǎ#ǹĎ,Y�M6�a�C˄ʴώǀ#ň«.<�X*>#["96�ʩA�̋ȵΞň

ǀCϕ�ti¥ƧR2]Ȧ=D�ήŌɁ˦ǀCpau\Q96Ǜ͌ˇ@�a�#ʴǯ.<!W�4Y

AU9<*YVCΞňƧ=DF1N˘Ģ#ͯ*9<�X*>#˜ŕ,Y6�ʣąʲǕCp¥�¡D�

ɟP<Ũ¨@ǃÓȆğ\˜.6#�4C̣ȴAD�F1N˘ĢAU9<ϕēǤĢ.6ti¥ƧR2]

ȦCǃÓȆğ#ƕȍAα®.<�X*>#["96� 

  

 
 

Ţ 4.16ϢPP-NϛaϜ> PP-AϛbϜC˔ÿ͘ϓʧϛƏ̒Ϝ>4*"Vti¥Ƨ>2]ȦƧ\ĺWε�

6͘ϓʧϛ˗̒ϜCǡĘ-F1Nȹ̒� 

 

Ʌ˖˩A!�<�SPring-8 =Əȩ.6ƏϓD�͢Ϗʾŀ 2011B7259 !UG 2013B7258 CQ>̿[

Y6�M6��ak£�§�X̒Ƞ¸CºïƏϓD�Photo Factory=̿[Y6ϛ͢Ϗʾŀ 2010G526Ϝ� 
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͆Ͳ� ½ɬôWAXSȠ¸ò 
 
 

 
 
 

 
Ţ S4.1ϢłF1NΣA!(X PP-NCłƧ=C 2ɬôWAXSò�ũˊȨň#ǃÓȨňAƙǡ.<�

X�A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 
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Ţ S4.2ϢłF1NΣA!(X PP-ACłƧ=C 2ɬôWAXSò�ũˊȨň#ǃÓȨňAƙǡ.<�

X�A�B�C�DCćϑDŢ 4.10>Ņ/=�X� 
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˳ 5ˮ 

 

�§�d�t�`}k� �£�¢¥C 

Ǜ͌ˇŸǎɪɣAα0X˖˩ 
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5.1 ̣ȴ  
 
� ˳ 4ˮ=ĺW«)6� �£�¢¥ϛPPϜD�Önt��ȯĚƮǤ�óY6ɪɜʩǤ>��ĒĆC

ήǴAĚ <�,M-M@ʕĔAƙ0X̠̻ŒǤQȿ.<�X�4C6P PPD�ćλ̨R Liaf¥

�}� §Cv�¢§z�`¡�@?Aʶ�VYXǛźƇ�`¡�CıȤ>.<Q˨ɟˇAʄʶ,Y

<�X�PP\ʶ�6ǛźƇ�`¡�C͇ΎȨʁ>.<�ʣͯ͞ˋćλʁϛTIPSʁϢthermally-induced phase 

separation processϜ>¹Ǆʁ#Ȇ)VYX�Ē̟C TIPSʁD�s�c�¡d§�¡@?CȿɪʕƅA

PP\¨Ȭʕ͏,2�4C� �§ʕʉ\�`¡�ʪAi�t�@#Vǣā0X*>=ȿɪʕƅ> PP

\ˋćλ,2�ȽǕAȿɪʕƅˋCN\ǾĆ.<ǛźƇ�`¡�\ǘX>��ǵʁ=�X[81]�Ǖ̟C

¹Ǆʁ=D�ǃÓU9<ʴ/X�a�\�,VAǃÓ.<ȂǊ,2X*>=ǛźƇ�`¡�\ǘX>

��ǵʁ=�X�¹Ǆʁ=D�ȿɪʕƅ\ßʶ.@�*>"V�TIPSʁAɵJ<ʳŴAó.&":Ö

nt�>��ήǴ#�X6P�ÃǕCǯή#Ɂǔ,YXǛźƇ�`¡�C͇ΎȨʁ=�X�.".4

C¨Ȩ=�¹ǄʁAU9<ǘVYXǛźƇ�`¡�D�TIPSʁ>ɵͽ.<ΊΕǀ#Ö�>��͢Ϗ\

Ǽ <�X� 

� ¹Ǆʁ=D�ǃÓȨňA���ɣΎ#¨ͼΞň.6 PP�`¡�#´Aʶ�VYX�4CU�@̏Ȅ

ͼΞň�`¡�D�§�d�t�`}k PPϛHEPPϜ>ŎEY<!W�4CņĒCΌW�ǃÓŸǎAƙ

.<ϕ�ǌǤŝǚǤ\˜0*>#˓VY<�X[67, 68, 82]�¹Ǆʁ= HEPP\ʶ�XŰŃ�Ɛʐ=¨ƍ

êʮM=ǃÓϛāǃÓϜ.<�a�\ǎǯ,2�4CǃÓ�`¡�\ϕʐ=,VAǃÓϛϕʐǃÓϜ

.<ǎǯ.6�a�\ȂǊ,2X>��½ɴζCǃÓƮ˦\̊<ǛźƇ�`¡�#ǘVYX[83, 84]�

4.<�4CǛźƇ�`¡�CΊΕǀD�łƮ˦CǃÓɈË�ʩAĒɴCāǃÓƮ˦A!(XǃÓɈ

ËAǏψ\Ļ(X[85]�.6#9<�ǃÓɈË>ǛźƇ�`¡�CΊΕǀCαä\ȮV"A.�ϕΊΕ

ǀ@ǛźƇ�`¡�\ǘX6PAD�āǃÓƮ˦A!(X HEPPCǛ͌ˇɣΎŸĢ\ʲ͏0X*>#

ǟ͉>@X� 

� āǃÓȱC HEPPCɣΎŸĢA:�<D�ıƆΰĘϐǛέ[86]RͮɔŪπƆϐǛέ[85]�X̒Ƞ¸ʁ

[82, 87–91]@?\ʶ�6ö̿˖˩#ȡź&ůŋ,Y<�X�4YVCö̿˖˩AUX>�HEPPDāǃ

ÓȱAD½:CβÎȆğ\˜.�4Y5Y�a�C˄ʴ>���ȵCƬŶAƙǡ0X>ůŋ,Y<�

X�.".��1YCö̿˖˩A!�<Q�ǃÓĒǕCɣΎŸĢ\ɵͽ.6QC=�X6P�łǃÓ

êʮ=C̋ȵɣΎR4C>$C�a�C˄ʴȆğ>�96͛̆@ɣΎŸĢAα0XǧůDáʠ>.<

ǘVY<�@��4*=Ʌ˖˩=D�ȱćĖ X̒Ƞ¸ʁ\ʄʶ.<�HEPPCāǃÓȱCǛ͌ˇɣΎ

ŸĢ\ȮV"A0X*>\͘N6�M6�ǘVY6ɣΎ͏Ɏ̋ɐ\ŭA�āǃÓɈË#Ƚ̈ˇ@Ǜź

Ƈ�`¡�CΊΕǀA® XǏψA:�<̞Ɩ.6� 
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5.2 Əϓ  
 

5.2.1p¥�¡ 

� PP>.<�Mw = 330,000�Mw / Mn = 4.0CƳͩl¢§�C PPϛ×ĶĢƊ͇��§�¢¥Ϝ\ßʶ.6�

200�=ʕ̾,26 PP\�T–{a"V 90�AĚʣ.6|¡£§¡ǽ.Ć.�50 m/minCǀ=Ʋ$ĺ

96Ǖ�150�= 30ćΰĚʣ0X*>=�HEPP�`¡�\ǘ6�ǘVY6 HEPPp¥�¡D�ΞňȨ

ňϛMDȨňϜ>ƹ̿A�{¥�¡ŪʪϛJIS 7ŀϜAĈWĆ.�ȱćĖ SAXSϝWAXSʑƍAʶ�6�

M6�HEPP�`¡�D�Ɛʐ!UG 130�=ǃÓ0X*>=ǛźƇ�`¡�AĚƮ.6�*C>$�

ϕʐǃÓȱCF1NΣD 0.6=ţƍ.�āǃÓȱCF1NΣ\ 0.1–1.25Cΰ=ŸȺ0X*>=�āǃÓ

ȱCF1NΣ#ǛźƇ�`¡�CΊΕǀA® XǏψA:�<ͣJ6� 

 

5.2.2 ǛźƇ�`¡�CɷÚΊΕǤC͗â 

� 5.2.1=Ü͇.6ǛźƇ�`¡�CΊΕǀD�JISP8117Aʔȁ.�h§¢§͘ϓʁAUWʑƍ.6�

h§¢§͘ϓ>D�¨ƍťĘ¬ϛ**=D 2.0MPa>.6Ϝ=ǴƍCÚ˨C˪ɷϛɅƏϓ=D 100 ccϜ

#p¥�¡�`¡�\ΊΕ0XCA""96ȱΰϛh§¢§ëϜ\͒ʑ0X͘ϓC*>=�W�h§

¢§ë#Ɵ,�K?ϕΊΕǀ=�X>ċȦ=$X� 

 

5.2.3ȱćĖƟ͎ / ƽ͎ X̒Ƞ¸ϛSAXSϝWAXSϜʑƍ 

� ȱćĖ SAXSϝWAXSʑƍD�Photon FactoryC BL-6AA<Əȩ.6�X̒CʂήD�0.15 nm>.

6�SAXSϝWAXSʑƍCɝĆśAD�Pilatus 300K!UG 100KϛDECTRIS Ltd., SwitzerlandϜ\4Y

5Yßʶ.6�5.2.1=Ü͇.6{¥�¡Ūʪ͘ϓʧD�¨ͼǃÓɪϛLinkam Scientific Instrument͇�

TST350ϜA̛͕.6�ǃÓʐǀDƐʐ�ǃÓǀD 50 µm/s>.�ǃÓ²CɣΎŸĢ\ȱćĖ SAXS

ϝWAXSʑƍ=͍Ɩ.6� 

 

 

5.3 ̋ɐ>̞Ɩ  
 
� Ţ 5.1D�ǃÓĒC SAXS!UGWAXSò\˜.6QC=�X�ǘVY6½ɬôWAXS"V�Ǆϛ2.60Ϝ�

Ǆϛ2.62Ϝ�Ǆϛ2.64ϜAǗ9< HermanCΞňαȡϛfcϜ\͒˹.6�4C̋ɐ�fc = 0.54>@W�ö

̿˖˩=ʶ�VY<�X HEPP[67, 85, 92-95]>Ņ˵C̋ȵΞňǀ\ȿ0X*>\˙͜.6�Ţ 5.2D�

p¥�¡CǃÓȆğ\˜.6QC=�W�Ţ 5.3DÌǩCF1NΣϛεϜM=p¥�¡\ǃÓ.6>$

CǌǤŝǚʮ\�£}�.6QC=�X�4C̋ɐ�ǡĘ–F1Nȹ̒=D 2:CβÎʞ#͍ʑ,Y�

ε = 0.5M=ϕ�ǌǤʮ\̏Ȅ0X*>\˙͜.6�*YVC̋ɐD�üŪˇ@ HEPPCǃÓȆğ>¨

̬.<�X[66, 67, 82, 85, 92–94]�*YÉβ�Ţ 5.2ϛbϜA˜0ΌW�HEPPCŸǎΕ˦\ 4:Ct�
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§sϛStage I –VIϜAć(�WAXS!UG SAXSʑƍC̋ɐ\ŭA�łt�§s=CɣΎŸĢA:�<

·JX� 

 

 
 

 

 

Ţ 5.1ϢΞň PP�`¡�C½ɬôWAXSòϛaϜ> SAXSòϛbϜ�ũˊȨň#MDȨňAƙǡ

.<�X� 

 

 
Ţ 5.2ϢΞň PP�`¡�CǡĘ-F1Nȹ̒�F1NΣ\̒ǎ͂˜.6QCϛaϜ> log͂˜.6

QC\˜.<�XϛbϜ� 
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� Ţ 5.4D�ǃÓΕ˦A!(XłF1NΣ=CþŌƹŨWAXS�£�^a¡\�£}�.6QC=�

X�͍ʑ,Y6ù<C̋ȵ�§kD�PPC�ȵAʸɉ0XQC=�96�F1NΣ#ŵŻ0XA:Y

<�ʩA Stage IV=D�ł̋ȵ�§kC�§kǋǀDʎƠ.�M6�§kƷ#ƽ#9<�X*>#[

"96�4*=��ȵCˢƾǤCŸĢ\͗â0X6PA�110τ�040τ�130τC̋ȵ�§kA!(

X FWHMë\͒˹.�F1NΣAƙ.<�£}�.6ϛŢ 5.5Ϝ�4C̋ɐ�ł̋ȵ�§kC FWHM

ëD�Stage IC̈[W"VŵŻ.ƂP�Stage II=DKL¨ƍ>@W�Stage III"VĀGŵŻ0X*>

#["96�*C̋ɐ"V�HEPP²C���ȵD 2ɴζ=Ÿǎ.<�X*>#["96� 

� Ţ 5.6ϛaϜD�ʿ@XF1NΣ=C 110τC̋ȵ�§kCȨÕ͎ǋǀćƴ\�£}�.6QC=�

X�**=�ǃÓȨň\ 0º >.<ƍ̝.6��1YCF1NΣA!�<Q�90º CỠA�§k#͍

ʑ,Y<�X#�*YD cͼ#ǃÓȨňAΞň.6���ȵAƙǡ.<�X�ǃÓΕ˦=C̋ȵΞň

ʪǫCŸĢ\ͣJX6PA�Ē͔�§kC FWMHë\͒˹.�F1NΣAƙ.<�£}�.6ϛŢ

5.6ϛbϜϜ�*C>$�FWHMë#Ɵ,�K?�UWź&C���ȵ#ǃÓȨňAΞĉ.<�X*>\

˜.<�X�4C̋ɐ�Stage I"V Stage II�Stage IIIM=D FWHMë#ŵŻ.<!W�Stage IV=ǣ

ʘʎƠ.<�X*>#["96�*C̋ɐD�Stage I"V Stage IIIM=D�ǃÓȨňAƙ0X̋ȵΞ

ňǀ#Ö¬.�Stage IV=ǣʘAŵŻ0X*>\ǩō.<�X�*YVC̋ȵɣΎŸĢC͛̆A:�<

D�SAXSʑƍC̋ɐ>Þ2<�ǕK?·JX� 

 

 
 

Ţ 5.3ϢǃÓF1NΣAƙ0XǌǤŝǚʮ� 



 83 

  

 

 

 

 

 

 

 

 

Ţ 5.4ϢǃÓΕ˦A!(XþŌƹŨWAXS�£�^a¡CŸĢ� 



 84 

 

 

 
 

Ţ 5.5ϢǃÓΕ˦A!(Xł̋ȵ�§kC FWHMëCŸĢ� 
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� Ţ 5.7D�łF1NΣ=C SAXSò\˜.6QC=�X�Stage I=DϛŢ 5.7ϛaϜϜ�MDȨňAɿ

9<t�}�«CȠ¸#͍ʑ,Y<�X#�*YDǃÓȨňAΞĉ.6���ɣΎAƙǡ0XήŌɁ

�§kAƙǡ.<�X�ɬA�Stage IIÉβ=DϛŢ 5.7ϛbϜ�ϛcϜ�ϛdϜϜ�ǃÓȨňAɿ9<�a�C

ʴǯAʸɉ0Xǋ�Ƞ¸#͍ʑ,Y6�4*=��a�CʴǯΕ˦\͗â0X6PA�ɸƹȨňϛǃ

ÓȨňϜ>ũˊȨň4Y5YCvkz§ƹŨ SAXS�£�^a¡\͒˹.�4C˨ćȠ¸\F1NΣ

Aƙ.<�£}�.6ϛŢ 5.8Ϝ�ơ�4Y5YCȨňCvkz§ƹŨ�£�^a¡\͒˹0XιD�

ȨÕ͎±20º C˻š=ƹŨ.6�Ţ 5.8A˜0̋ɐ"V�ɸƹȨňC˨ćǋǀD Stage II"V Stage III

A"(<ǣʘAŵŻ.�Stage IV=ʎƠ0X*>#["96�¨Ȩ�ũˊȨňD�´A Stage IV=ŵŻ

.<�6#�*YD Stage IV=Dt� §kʪCȠ¸#ʴ/<�X*>Aƙǡ.<�XϛŢ 5.7ϛdϜϜ�

ɬA�łF1NΣA!(XɸƹȨňCvkz§ƹŨ SAXS�£�^a¡\NX>ϛŢ 5.9Ϝ�Stage I=

Ē·CΌW���ɣΎAƙǡ0XήŌɁ�§k#͍ʑ,Y�4C�§kỠ#F1NΣCŵŻAÒ��

[1"AÖ͎íAr��.<�6�*YD�ǃÓȨňAɿ9<Ξň.6���ȵΰCσȵΜ#ǅ$Ó

E,Y6*>AͯŞ0XQC7>̞ VYX�Stage II=D��a�CʴǯAʸɉ0Xǋ�Ƞ¸#͍ʑ

,Y�F1NΣCŵŻAÒ9<4CǋǀDŵŻ.�Stage IICǕħ=D�q = 0.25 nm-1Ç΅A�§k#

ʴ/<�6�*YD�ήŌɁ>Ņ˦ǀCŻ$,\ȿ0X�a�#˄ʴ.<�X*>\˜ŕ.<�X�

4.<�Stage III=D�4C�§kỠ#ǖ�AÖ͎íAr��.�Stage IV=D�4C�§kDǋǀ

CÖ¬\Ò�@#Vǖ�AϖȮĢ.<�6� 

 

 

Ţ 5.6ϢłF1NΣA!(X 110 τC̋ȵ�§kCȨÕ͎ǋǀćƴ�£�^a¡ϛaϜ>�Ξň�

§kC FWHMëCF1NΣáƈǤϛbϜ� 
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Ţ 5.7ϢłF1NΣ=C SAXSòϛϛaϜϢε = 0�ϛbϜϢε = 0.2�ϛcϜϢε = 0.8�ϛdϜϢε = 2.0Ϝ 

 

 

Ţ 5.8ϢɸƹȨňϛƏ̒Ϝ>ũˊȨňϛ˗̒ϜC SAXS˨ćȠ¸ǋǀ� 
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� WAXS!UG SAXSʑƍC̋ɐ\ŭA�HEPPCǛ͌ˇŸǎɪɣA:�<·JX�M1WAXSʑƍ

C̋ɐ"V����ȵD 2ɴζCŸǎ.<�X*>#["96ϛŢ 5.7Ϝ�4C 2ɴζCŸǎCͯʓ\

ͣJX6PA�ǌǤŝǚʮ\͗â.6p¥�¡CWAXSʑƍ\Əȩ.�ŅɤAł̋ȵ�§kC FWHM

ë\͒˹.6ϛŢ 5.10Ϝ�4C̋ɐ�FWHMëD� = 0.5M=DKL¨ƍë\>W�4YÉ«CF1

NΣ=ŵŻ.<�6�.6#9<�Stage I"V Stage IIA"(<͍ʑ,Y6 1ɴˉC FWHMëCŵŻ

D�ĽΉˇ@̋ȵɣΎŸĢAʸɉ0XQC=�X*>#["96�4CU�@ĽΉˇ@̋ȵɣΎŸĢ

>.<��Lamellar bending model�[87]>�Shear model�[95]#ȒŖ,Y<�XϛŢ 5.11Ϝ�*C>$�

ȨÕ͎ǋǀćƴ�£�^a¡C̋ɐ\NX>�Stage I"V Stage IIA"(<�ǃÓȨňAƙ0X̋ȵΞ

ňǀ#Ö¬.<�6*>"VϛŢ 5.6ϛbϜϜ�ćƆΫCŝͻ\Ò�Ē̟C��¡CK�#ƀǍ=�X>

 

 

Ţ 5.9Ϣłt�§s=CɸƹȨňCvkz§ƹŨ SAXS�£�^a¡�ϛϛaϜϢStage I�ϛbϜϢStage II�

ϛcϜStage III�ϛdϜϢStage IVϜ 
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̞ VYX�2ɴˉC FWHMëCŵŻD�Ţ 5.10C̋ɐ"VĽΉ@ɣΎŸĢ=�X*>#["W�

4YD���ȵCűǤŸǎAƙǡ0XQC7>̞ VYX�M6�� = 0.5Ç΅"VǌǤŝǚʮ#ǣʘ

AʎƠ.<�X>��̋ɐϛŢ 5.3Ϝ"VQ�2ɴˉC̋ȵɣΎŸĢD�ĽΉ@̋ȵɣΎŸĢ=�X

>͑ X�Stage III"V Stage IVCȨÕ͎ǋǀćƴCŸĢ\NX>�Stage III=D Stage IIAǅ$̎$�

�§kC FWHMë#ŵŻ.<!W�Stage IV=DǣʘA4Cë#ʎƠ.<�6�*C̋ɐ"V�Stage 

III=DƤȹ.6���ȵ#�ǺY@#V,VAŝͻ.�Stage IV=DǺY6���ȵ#ȦʧĢ.�4

CǕǃÓȨňAĀΞĉ.<�X>̞ VYX�**=����ȵCȦʧĢAD�Stress-induced melting�

#α®.<�X>͑[Y<!W[96–99]�4YAU9<�Stage IVÉβ=D̋ȵĢǀ#ʎƠ.�ǣʘ@

WAXS�§kǋǀCʎƠA:@#96Ľ̤Ǥ#�XϛŢ 5.4Ϝ� 

 

 

 
 

Ţ 5.10ϢłF1NΣM=ǃÓ.�ǌǤŝǚ,26ǕC͘ϓʧAƙ.<̿96 WAXSʑƍ=ǘV

Y6ł̋ȵ�§kC FWHMë� 
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� ɬA�SAXSʑƍ=D�ǣʘ@Ƞ¸ǋǀCŵŻ"V��a�Cʴǯ\˙͜.6ϛŢ S4.10Ϝ�Stage II

=D�r�¡{§ʪC�§k#ʴ/�Stage IICǕħ=D�Ē·CΌW q = 0.25 nm-1Ç΅AȮ˙@�§

k#Ćʰ.<�6ϛŢ S4.11ϛaϜϜ�4C�§k#Ćʰ0XA:Y<�Ö͎íCȠ¸ǋǀ#Ö¬.<�

6*>"V�*C�§kD��a�Cȡ#ŵŻ0X*>AU9<ʴ/6�a�ŅŷCƸʍAʸɉ0X

QC7>̞ VYX�Stage II=DǃÓǡĘ#KL¨ƍ=�96#ϛŢ S4.4Ϝ�*YD�a�CʴǯA

U9<ǃÓǡĘC¨Μ#͏ȝ,Y<�X*>\˜ŕ.<!W[100]�Stage IIA!�<�a�Cȡ#ŵŻ

.<�X>�� SAXS�£�^a¡C͏Π>ˑˌ.@��Stage III=D�ĀGǃÓǡĘ#ŵŻ.<!W�

M6 SAXS�£�^a¡=D�Ƞ¸ǋǀCŵŻ\Ò9<�§kỠ#Ö͎íAr��.<�6*>"

V�Stage II=ʴǯ.6�a�#ǃÓAU9<ȂǊ.<�X>̞ VYX�4.<�Stage IV=D��

§kỠ#,VAÖ͎íAr��.�Stage IVCǕħ=D��§kǎʪ#ϖȮĢ.@#Vǋǀ#Ö¬

.<�6�*YD��a�#,VAǃÓȨňAǅ$ÓE,Y�4Cǎʪ#ƬY6*>Aƙǡ.<�X�

M6�Stage IVA!�<�ũˊȨňAt� §kʪCȠ¸#͍ʑ,Y<�6#ϛŢ S4.9ϛdϜϜ�*YD

ǃÓȨňAŻ$&ǅ$ÓE,Y6�a�Aʸɉ0XȠ¸7>̞ VYX� 

� É«C̞ƖAŭ;$�HEPPCǛ͌ˇŸǎɪɣ\Ţ 4.12AŢ˜.6�Stage I=D����ȵΰCσ

ȵΜ#ǅ$ÓE,Y����ȵ#Ƥȹ.�Stage II=D�Ƥȹ.6���ȵΰCσȵΜ=�a�#ʴǯ

.�F1NΣCŵŻAÒ�4Cȡ#ŵŻ0X�4.<�Stage III=D�Ƥȹ.6���ȵ#ǺY@#V

�a�CȂǊ#ͯ*W�Stage IV=D��stress-induced melting�\Ò9<���#ȦʧĢ.�4CǕ�

a�Cǎʪ\Ƭ.@#V�ȦʧĢ.6���#ǃÓȨňAĀΞĉ.<�X� 

 

Ţ 5.11ϢĽΉˇ@���ȵCŸǎ��¡��Lamellar bending model�[91]ϛaϜ>�Shear model�[99]

ϛbϜ� 
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� Ʌ˖˩AU9<ȮV">@96 HEPP�`¡�CǛ͌ˇɣΎŸĢAα0XǧůD�ǛźƇ�`¡�

C͇ΎA!(XāǃÓƮ˦CȽΙF1NΣ\̞ X«=ȿʶ=�X�͂ 5.1D�ɅƏϓ=Ü͇.6 HEPP

\Ɛʐ=,M-M@F1NΣM=āǃÓ.6Ǖ�130�=ϕʐǃÓ.<ǘVY6ǛźƇ�`¡�Ch§

¢§ë\˜.6QC=�X�*C̋ɐ"V�ȽQh§¢§ë#Ɵ,��0@[8ϕΊΕǀ>@96C

D�āǃÓƮ˦A!(XF1NΣ# 0.3C>$=�X*>["96�*CêʮD�Stage II> Stage III

CΰAˋǍ0XF1NΣ=�XϛŢ 5.2Ϝ�SaffarVQ�āǃÓƮ˦C!(XF1NΣ# 0.25–0.5C>$

AϕΊΕǀ\˜0>��ŅɤC̋ɐ\ůŋ.<�X[85]�*CU�@ñň\˜.6͉Ş\�Ţ 5.12A

˜0Ÿǎ��¡\ŭA̞Ɩ0X�āǃÓƮ˦A!(XF1NΣ#Ɵ,0%XŰŃAD�ǛźƇC�̄�

A@X�a�C˄ʴ#ǹĎ,Y�ϕʐǃÓǕQÖΊΕǀ>@X>̞ VYX�¨Ȩ�F1NΣ#Ż$

0%XŰŃAD����ȵCűǤŸǎ#Α̿0X6P�ϕʐǃÓȱCǡĘ#�a�CN@V1ƬŶ.

6���ȵAQĮĚ,Y�̋ɐ>.<�a�CȂǊ#ǹĎ,YX>̞ VYX�É«Cʲʸ"V�Ƚ

QϕΊΕǀ>@XāǃÓƮ˦A!(XȽΙF1NΣD Stage II> Stage IIICΰA@96>͑ X� 

 

 

 

Ţ 5.12ϢHEPPCǛ͌ˇŸǎ��¡�ϛϛaϜϢStage I�ϛbϜϢStage II�ϛcϜStage III�ϛdϜϢStage IVϜ 
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͂ 5.1Ϣʿ@XāǃÓêʮ=Ü͇.6ǛźƇ�`¡�Ch§¢§ë 

 

 
 

 

5. 4 ̋ͤ  
 

� Ʌ˖˩=D�ǃÓΕ˦A!(X HEPPCǛ͌ˇɣΎŸĢA:�<ͣJ6�ǡĘ–F1Nȹ̒"V�HEPP

�`¡�CŸǎΕ˦Dϡ:Ct�§sϛStage I�II�III�IVϜAć(X*>#=$�łt�§s=Cɣ

ΎŸĢ\ȱćĖ SAXSϝWAXSʑƍAU9<ȮV"A.6�łt�§s=CɣΎŸĢ\É¬CΌWM

>PX� 

 

Stage I. Ξň.6���ȵΰCσȵΜ#ǅ$ÓE,Y����ȵCƤȹ#ͯ*X� 

Stage II. �a�#ʴǯ.�ǃÓêʮCŵŻAÒ��4Cȡ#ŵŻ0X� 

Stage III. Stage II=ʴǯ.6�a�#ǃÓȨňAǅ$ÓE,Y@#V�Ƥȹ.6���ȵ#ǺYX� 

Stage IV. �stress-induced melting�\Ò9<���ȵ#ȦʧĢ.�4CǕ�a�Cǎʪ\Ƭ.@#V�

ȦʧĢ.6���ȵ#ǃÓȨňAĀΞĉ0X� 

 

� M6�ǘVY6ɣΎŸǎ��¡\ŭA�ϕΊΕǀ@ǛźƇ�`¡�\ǘX6PCāǃÓƮ˦A!(

XȽΙF1NΣD�Stage II> Stage IIICΰCόŬ=�X*>\˜.6� 

 
 
 
 

Ʌ˖˩A!�<�Photon Factory=Əȩ.6ƏϓD�͢Ϗʾŀ 2012G663 CQ>̿[Y6�M6�

SAXS!UGWAXSCºïƏϓD�SPring-8=Əȩ.6�ϛ͢Ϗʾŀ 2013A7209Ϝ� 
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˳ 6ˮ 

 

̐ȃ 
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� Ʌ˖˩=D�ȝƝ÷ X̒\ʶ�<�ʵɞʶϕćƆɆȤC˿ƕɣΎ͏Ɏ\Əȩ.6�Ʌˮ=D�Ʌ˖

˩AU9<ǘVY6˓͊\̐ȃ0X>>QA�ÃǕCƥɀA:�<·JX� 

� ˳ 3ˮ�˵ΰθAćƪΫ\ȿ0X� d|¢¥C̋ȵĢȆğ�=D�LLDPEA!(XćƪɣΎ>ţ

ÚɣΎAα0XȺ@X˓͊ʭǘ\ˉˇ>.�ȱćĖƟ͎¦ƽ͎ X ̒Ƞ¸ʁ\ʶ�<�´Ϋ²A˵ΰθ

=ćƪΫ#Ξ̛,Y6 LLDPE ϛADMET-PEϜC̋ȵĢȆğC͏ȮAĺW̉]7�D/PA�˔Ϋć

ƪ̀ LLDPEAαΏ.6Əϓ>.<�21ʝ̄A 1:d|¡ćƪ\ȿ0X ADMET-PEϛEB21ϜC̋ȵĢ

ȆğA:�<ͣJ6>*Z�̋ȵĢʐǀAU9<d|¡ćƪC���ȵICĺWMYȨ#ʿ@X*

>#["96�4.<�4Cd|¡ćƪC���ȵICĺWMYȨAU9<�ʴǯ0X̋ȵɣΎQ

ŸĢ0X*>#ȮV">@96�ɬA�ήΫćƪ̀ LLDPE >.<�15 Q.&D 19 ʝ̄ϔəA¨:�

n-�¥anr¡ŭϛʝ̄ȡϢ21Ϝ\ȿ0X ADMET-PEϛHL-PE15C21�HL-PE19C21ϜC̋ȵĢȆğA

:�<ͣJ6�4C̋ɐ�íΫŅŷC̋ȵĢ>´Ϋ>íΫCú̋ȵĢ#ͯ*X*>#ȮV">@96�

4.<�?8VC̋ȵĢ�§�#óö.<ͯ*XC"D�ćƪΫή>ćƪΫΰθήCαäAǋ&áƈ

0X*>#˜ŕ,Y6�M6�ú̋ȵĢA!(XíΫC�}i¥lǎǄD�˔ΫćƪCŰŃ>Dù&

ʿ@X*>#["96�*YVC˓͊D�ćƪɣΎAćƴ\Q:¨̯ˇ@ LLDPE\ʶ�6˖˩=Dǘ

X*>#=$@"96QC=�W�ADMET-PEAˏˉ.�@!":4C̋ȵĢȆğ\ȝƝ÷ X̒Ƞ¸

ʁAU9<4CŰ͍Ɩ.6*>AU9<ĊP<͊Ć,Y6QC=�X�.".�Ʌ˖˩=D�ʶ�6

p¥�¡CćƆΣ#ĥćAŻ$&@"966P�ADMET-PE CɪɜʨǤ\ͣJXƏϓ\̿�*>D=

$@"96�0@[8�Ʌ˖˩AU9<ćƪɣΎ>ţÚɣΎAα0Xȧ6@˓͊DǘVY6QCC�

4CţÚɣΎ>Ƚ͇̈ŒCǤ̤\ɻƍ;(Xł˧ʩǤ>CαäA:�<Dáʠ>.<Ȯː@MM=

�X�à E�EB21=D�d|¡ćƪC���̋ȵICƞøǀAU9<̋ȵɣΎ#ʿ@X*>#ȮV

">@96#�4CU�@̋ȵɣΎCΗ�AUXɪɜʨǤICǏψ\ͣJX*>Ḓōʊ�͢ϏC¨

:=�X�M6�¨̯ˇ@ LLDPE >ɵͽ.<�ADMET-PE C���̋ȵCİNćƴDɟP<ʫ�6

P�4CɪɜʨǤ\˓X*>D LLDPECɟγʨǤ\˓X*>A̙#XĽ̤ǤQ�W�Ʌ˖˩ćCȺ

@X˄ƥ#Ɂǔ,YX>*Z=�X� 

� ˳ 4 ˮ�� �£�¢¥ƝĆǯǎÚCŨ¨ɣΎ>4CŸǎȆğAα0X˖˩�=D��ak£�

§� X ̒Ƞ¸ʁ\ʄʶ.<�İNȨňAɣΎćƴ\ȿ0X� �£�¢¥ƝĆǯǎÚCłƧCǛ͌ˇ

ɣΎ>4CŸǎȆğ\͍Ɩ0X>>QA�̾ʞ΅î=Cʣąʲ#4YVA® XǏψA:�<ͣJ6�

4C̋ɐ�ʣąʲĒCp¥�¡>ɵͽ.<�ʣąʲǕCp¥�¡=D�łƧ=C̋ȵΜCűǤŸǎ#

ǹĎ,Y�M6�a�C˄ʴώǀ#ň«.<�X*>#["96�ʩA�̋ȵΞňǀCϕ�ti¥Ƨ

R2]Ȧ=D�ήŌɁ˦ǀCpau\Q96Ǜ͌ˇ@�a�#σȵΜAʴǯ.<!W�4YAU9<

*YVCϕΞňƧ=DF1N˘Ģ#ͯ*9<�X*>#˜ŕ,Y6�ʣąʲǕCp¥�¡D�ʣąʲ

Ē>ɵͽ.<φǤ#ň«0X*>#˓VY<�6#�4C̣ȴAD�F1N˘ĢAU9<ϕēǤĢ.

6ti¥ƧR2]ȦCǃÓȆğ#ƕȍAα®.<�X*>#ȮV">@96�¨̯ˇA�ƝĆǯǎÚ

CɪɜʨǤD�4CƧɣΎCɣǯAǋ&áƈ.�ʩAti¥ƧCĖŃ#ϕ&@XK?�ϕɪɜǋǀ\

˜0*>#˓VY<�X#�Ʌ˖˩̋ɐ#˜0U�A�ǟ1.Qti¥Ƨ#´@ƧɣΎ=@&>Qʣ
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ąʲAU9<óY6ɪɜʨǤ\Ç®=$X�>��CḒōʊ�˓͊=�X�67.�Ʌȣ=Q·J

6ΌW�4CU�@ʣąʲAUXʨǤň«ĞɐDćƆΣAU9<Ż$&ʿ@X6P�ÃǕDćƆΣ!

UGćƆΣćƴ>ʣąʲĞɐAαä\ȮV"A0X˖˩\̿�*>=�,VAϕǀ@ʨǤĎǙ#Ľ̤

>@X*>#Ɂǔ,YX� 

� ˳ 5ˮ��§�d�t�`}k� �£�¢¥CǛ͌ˇŸǎɪɣAα0X˖˩�=D�ȱćĖƟ͎¦

ƽ͎ X̒Ƞ¸ʁ\ʶ�<��§�d�t�`}k PPϛHEPPϜ�`¡�CāǃÓΕ˦A!(XǛ͌ˇ

ɣΎŸĢ\ȮV"A.6�4C̋ɐ�HEPP�`¡�CŸǎΕ˦Dϡ:Ct�§sϛStage I�II�III�

IVϜAć(X*>#=$�łt�§s=CɣΎŸĢDɬCΌW=�X� 

 

Stage V. Ξň.6���ȵΰCσȵΜ#ǅ$ÓE,Y����ȵCƤȹ#ͯ*X� 

Stage VI. �a�#ʴǯ.�ǃÓêʮCŵŻAÒ��4Cȡ#ŵŻ0X� 

Stage VII. Stage II=ʴǯ.6�a�#ǃÓȨňAǅ$ÓE,Y@#V�Ƥȹ.6���ȵ#ǺYX� 

Stage VIII. �stress-induced melting�\Ò9<���ȵ#ȦʧĢ.�4CǕ�a�Cǎʪ\Ƭ.@#V�

ȦʧĢ.6���ȵ#ǃÓȨňAĀΞĉ0X� 

�  

� M6�ǘVY6͏Ɏ̋ɐ\ŭA�ϕΊΕǀ@ǛźƇ�`¡�\ǘX6PCȽΙ@āǃÓɈË\˜.

6�Ē·CΌW�ǃÓȆğDćƆΣRćƆΣćƴAQǋ&áƈ0X6P�ÃǕΊΕǀCćƆΣáƈǤ

A:�<�UW͛̆AͣJX*>AU9<�ȺAϕΊΕǀ@ǛźƇ PP�`¡�#ǘVYXĽ̤Ǥ#�

X� 

� É«CΌW�Ʌ˖˩=D�ϕͿǀȝƝ÷ X̒\ʄʶ0X*>AUW�LLDPER PP>��È͂ˇ@

� f¢�`¥ɨ̥CɣΎʨǤˋαAα0Xȧ6@˓͊\ǘX*>#=$6�ÃǕD��ćƆɣΎ���ţ

ÚɣΎ���ʨǤ�>��Ϡ:C˖˩͢Ϗ4Y5Y\�UWƕAαΏÇ(6˖˩\̿�*>#�ȧ͋Ɇ

Ȥί˄Aň(6͕͒ȅΥ\ǘX«=Ρ͉A@X>̞ VYX� 
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ÇΩ 

 

ɗúϗʔǌǤȠ¸ʁ\ʶ�6ΕāįʉÚC 

Johari-GoldsteinΕ˦A!(X 

Ǜ͌ˇ{a��ktAα0X˖˩ 
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A.1 ̑͑  
 
� Ʌ˖˩=D�PPR PE>�96̋ȵǤϕćƆ\´@˖˩ƙͨ>.<�6#�� _k ¡Ο�|¡

ϛPMMAϜR� g§��§�ϛPCϜ@?CσȵǤϕćƆQ�PPR PE>ŅɤAΡ͉@ʵɞʶϕćƆ

=�X�σȵǤϕćƆD�̋ȵǤϕćƆ>Dʿ@W����ɣΎCU�@ήͳλˢƾɣΎ\Q6@�

6P�4CĘƊʩǤ\ĎǙ0X6PAD�ςˇɣΎ7(=D@&ćƆΓğ>ĘƊʨǤCαä\ʲ͏0

X*>#Ρ͉>@X�ϕćƆɆȤCĘƊʨǤ>ćƆΓğAαΏ.6˖˩͢ϏC¨:>.<�h�tɆ

ȤC̦Ǥ¦ǃǤͻˤ> Johari-GoldsteinϛJGϜΕ˦>Cαä#�X�JGΕ˦>D�ĕ̓ŐC¨˧=�W�

´̓Őϛ�̓ŐϜ>ŅɤA�,M-M@h�tǎǯʨͬ=͍ʑ,YXȳΔˇ@̓ŐΕ˦C¨:=�X�

JGΕ˦D��̓Ő#ƏͬˇAă̋0Xh�tͻˤʞϛTgϜÉ¬CʐǀόŬ=Q͍ʑ,YX6P�h�

tɆȤCʨǤ\ʲ͏0X«=Ρ͉@̓ŐΕ˦=�X>͑[Y<�X [101]� 

� MatsushigeVD�PMMACłʐǀ=CǃÓȆğA:�<ͣJ�4C̋ɐ�ǃÓʐǀ# 40�É¬=D

̦Ǥ˗Ŷ\�60�É«=DǃǤ˗Ŷ\4Y5Y˜0>ůŋ.<�X[102]�ǑVD�4C͉Ş>.<�

PMMAA!�<�40�"V 60�>��ʐǀόŬD�JGΕ˦#͍ʑ,YXʐǀόŬA΅�6P�JGΕ

˦CʄǤ¦ʄǤ# PMMA C̦Ǥ¦ǃǤͻˤ>αä.<�X>·J<�X�M6�JG Ε˦>̦Ǥ¦

ǃǤͻˤCαäA:�<D�σȵǤϕćƆCN@V1ΤƦh�t=QŅɤC̋ɐ#ůŋ,Y<�X�

YuVD�La68.5Ni16Al14Co1.5Aƙ.<�,M-M@ʐǀ�F1Nǀ=CǃÓƏϓ\̿��̦Ǥ¦ǃǤͻ

ˤ#ͯ*X̩ʻF1NǀCʐǀáƈǤ\͗â.6̋ɐ�JGΕ˦CʐǀáƈǤ>Ņ/ʄǤĢd�¡j

§\˜0*>\ȮV"A.6[103]�É«Cö̿˖˩"V�JG Ε˦DσȵǤϕćƆ7(A>?MV1�

h�tʨͬù̯CɪɜʨǤ�ʩAυǤ\ĎǙ0X«=�Ρ͉@ǐĖ\ǿ9<�X>͑ X� 

� JGΕ˦D�h�tʨͬCɪɜʨǤCN@V1�h�tʨʲC�&:"Cͥ>QαΏ#�X>͑[Y

<�X�4C¨:>.<�h�tCʨʲˇƋƍǤAα0X˖˩#Ȇ)VYX�à E�Hikima VD�

h�tʪǫ=C̋ȵɗǎǯD��̓Ő=D@&�JGΕ˦=ͯ*XćƆCĀΞ̛#ȚΞ.<�X>ůŋ

.<�X[104]�4.<�Mehta VD�ά˃Ĕ>.<ʶ�VYXv¢nir�C̋ȵĢȆğ\ͣJ6>

*Z�TgÉ¬=C̋ȵĢǀCʐǀáƈǤD�JGΕ˦C̓ŐȱΰC4Y>Ņ/ñň\˜0*>\ȮV

"A.6[105]�Q�¨:C˖˩͢Ϗ>.<��Stoke-EinsteinǄC˗Y�#Ȇ)VYX�ʨͬCȂȠäȡ

ϛDϜD�ʐǀϛTϜ>˾ǀϛηϜ\ʶ�<�Stoke-EinsteinǄϛD ∙ η / T = ƍȡϜ=͔·,YX�.".�

ΕāįʉÚC Tg΅îA!�<D�*CǄ#ǯ˭.@&@X*>#˓VY<!W�*Y\�Stoke-Einstein

ǄC˗Y�>ŎH[106]�YuVD�ΤƦh�t=�X Pd40Ni10Cu30P20Aƙ.<�
31P NMRʑƍ\̿��P

ıƆCȂȠäȡCʐǀáƈǤ\ͣJ6>*Z�4YD JGΕ˦C̓Őȱΰ>Ņ/ʐǀáƈǤ\˜0*>

\ȮV"A.��Stoke-EinsteinǄC˗Y�AD JGΕ˦#α®.<�X>Ȓɚ.<�X[107]�.".@

#V�JGΕ˦4CQCǛ͌ˇȑò�0@[8�?CU�@˪ΰtm§¡=�?CU�@Γğ�§�#

α®.6̓ŐΕ˦=�XC"A:�<DÃ@!ĥćAʲ͏,Y<�@�� 

� JG Ε˦CǛ͌ˇ{a��ktA:�<D�Ē·C͞π̓ŐR NMR @?\ʶ�<�,M-M@h�

tǎǯʨͬAƙ.<ͣJVY<$6�.".4CȑòD�ʨͬCýΜ̪ʸǀAU9<ʿ@9<�X�
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à E�Schmidt-RohrVD�PMMAA!(X JGΕ˦D�íΫ=�Xdt�¡ŭCŝͻΓğAUXQC

7>ůŋ.<�X[108]�¨Ȩ�Liu VD�ýΜ̪ʸǀC@�ΤƦh�tϛZr55Cu30Ni5Al10ϜA!�<�

JG Ε˦DŌıƆ>CĪŅˇ@ıƆΰΓğ=�X>ůŋ.<�X[109]�JG Ε˦DýΜ̪ʸǀ\Ř[

1�,M-M@h�tǎǯʨͬ=͍ʑ,Y<�XAQα[V1�4CǛ͌ˇ{a��ktCȑòDý

Μ̪ʸǀAáƈ0X�>��C#ʰʪC˖˩ǯɐC˜0>*Z=�X� 

� JGΕ˦\Ǜ͌ˇ͍ʞ"VȮV"A0X«=ǋĘ@ǵʁ>@XC#�ʔǌǤȠ¸ʁ=�X�ʔǌǤȠ

¸ʁ=DğˇɣΎŞƆ#ǘVYX6P�?C&V�C˪ΰtm§¡CɣΎ#�?C&V�C,=Γ

ğ.<�XC"\͗â0X*>#=$X�ʔǌǤȠ¸>.<ȽQƽ&ʶ�VY<�XC#²ǤƆt�

¥dn§ϛNSEϜʁ=�W�*YM=AQ RichterVR ArbeVAU9<�� �zsd¥C JGΕ˦A

α0X˖˩̋ɐ#ůŋ,Y<�X[110–112]�.".�NSE ʁ=˿ǀ̰&͗â=$XȱΰόŬDȡ 10–

ȡ 100 ns ˦ǀ=�W�4YD JG Ε˦Cʩǝˇ@ȱΰόŬ[113]AɵJX>�0%X�6P�ĥćA

JGΕ˦#͍ʑ,Y6>D͑�μ�� 

 ΅ƺ�ȧ6@ʔǌǤȠ¸ʁ>.<�ȝƝ÷ɗúϗʔǌǤȠ¸ʁ#ʃˉ,Y<�X�*CʑƍʁD�ȝ

Ɲ÷\Ĝͯd�¡j§̒ƷCʫ�ıƆɗAʡƝ0X*>=ǘVYXī̱ǤCϕ��̒\�£§�÷>

.<�ʑƍ͘ȤCȠ¸ĒǕ=C�̒Cd�¡j§ŸĢϛd�¡j§ƷCƽ#WϜ\�ȱΰόŬƸʍ͒

ʁϛTDIϜAUW͍ʑ0XQC=�X[114]�à E�ĜͯıƆɗ>.< 57Fe \ßʶ.6ŰŃ�4C˳

¨ɗúϗĜͯd�¡j§D́ 14.4keV =�W�ȝƝ,YX�̒CʂήD 0.86 Å >@X�.6#9<ϥ

4CU�@�̒\ʶ�6ʔǌǤȠ¸ʑƍ=D�f¥lt�£§�����§�¡f§{§C˪ΰtm

§¡Aƙǡ.6{a��kt\Ȋ X*>#=$X�,VA�ˊ΅ SaitoVAU9<ί˄,Y6�¡|

�a¥ TDIʁ\ʶ�X*>=�10��ˠ"Vȡ�ak£ˠM=CȱΰόŬA!(X{a��kt\˿

ǀ̰&͍ʑ0X*>#Ľ̤>@W[115]�*CȱΰόŬD JGΕ˦C4Y> [113]>Q¨̬.<�X�4

*=Ʌ˖˩=D�ȝƝ÷ɗúϗʔǌǤʁ\ʶ�<�JGΕ˦CǛ͌ˇ�g�u�C͏Ȯ\͘N6�ɅÇ

Ω=D�D/PAȝƝ÷ɗúϗʔǌǤʁCʑƍıʲ>͏ɎȨʁA:�<·J6«=�ûÚˇ@Əϓý

Ɠ�4.<̋ɐ>̞ƖA:�<˜0� 

 

 

A.2 ɗúϗʔǌǤȠ¸  
 

A.2.1 ɗúϗȠ¸A:�< 

� ɗúϗȠ¸>D�úϗĜͯ,Y6ıƆɗ"V�̒#ȝĆ,YXʰͨC*>=�X�Ţ A.1D��X

ıƆɗCúϗŊĹ\ɦǄˇA˜.6QC=�X��̒QΓğΣ\Q:6P�ΓğΣçƈđ"VıƆɗ

D�̒#ȝĆ,YXȨň>DĸƙȨňAĸÜʶ\Ļ(X�*Y\ĸͶ>ŎH�d�¡j§çƈđ"V�

ȝĆ,YX�̒Cd�¡j§D�ıƆɗCĸͶAU9<ʈͪ.6d�¡j§ćϛERϜ7(Ĝͯd�¡

j§ϛE0ϜUWƟ,&@X�ERD�ĸͶAU9<ıƆɗ#ǘXǀ\ v�ıƆɗCͬΣ\ M>0X>� 
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!! =

1
2!!

! = !!
!

! 1
2! ϛA.1Ϝ 

>@X�**=�EγD�̒Cd�¡j§�cD÷=�X�ΉC*>#�ŊĹCŰŃQͯ*X�0@[

8��̒#ȝƝ,YXȨňAıƆɗ#ΓğΣ@VGAΓğd�¡j§\Q:6P�̧ĜͯΕ˦=ǘV

Y6�̒AU9<�ČCıƆɗ\Ĝͯ0X6PAD�Ĝͯd�¡j§UWQ ER7(Ż$@d�¡j§

#ǟ͉>@X�.6#9<�Όƶ�úϗŊĹDͯ*V@�� 

 

 

 

� .".�ıƆɗ#ţÚ²=ÆCıƆɗ>̋Ń.<�X>$AD�ţÚùÚ=ĸͶ\Ļ(ɭPX6P�

͊"(« M#_�h�£ȡˇAŵŻ.�ĸͶd�¡j§\ʟ͌=$XU�A@WϛER ≈ 0Ϝ�̋ɐ>.

<úϗŊĹ\ͯ*0*>#=$X�*CU�@ʟĸͶɗúϗŊĹ\�t�b_§Ğɐ>ŎH��t�

b_§Ğɐ=D�ĸͶ\ʟ͌=$XC=�ɗúϗȠ¸AU9<ȝĆ,YX�̒Cd�¡j§D�ıƆ

ɗCĜͯd�¡j§>Ņ/=�X>͊@.<U&�M64C̒ƷQıƆɗCĜͯʔÕϛneV˦ǀϜC

̒Ʒ\çȄ.<�X�à E�È͂ˇ@�t�b_§ɗ˧=�X 57FeCŰŃ�Ĝͯd�¡j§ϛEϜD

14.4 keV=�W�4C̒ƷϛΓ0ϜD 4.66 nV>@Xϛ͂ A.1ĴʡϜ�Ʌ˖˩=ßʶ.6ɗúϗʔǌǤȠ

¸>D�*CU�@�t�b_§ĞɐAU9<ǘVYXd�¡j§̒ƷCʫ��̒\�£§�÷>.

<ʶ�XʔǌǤȠ¸ʁC*>\ȅ0�ơ�*YÉβ�**=ĺWǷ�ɗúϗȠ¸D�ù<�t�b_

§Ğɐ#ͯ*9<�X*>\ĒȒ>0X� 

 

 
Ţ A.1ϢúϗŊĹCɦǄŢ�ĸͶAU9<�ȝĆ,YX γ̒Cd�¡j§DĜͯd�¡j§E0

UWQ ER7(Ɵ,&@X6P�ɬCıƆɗ\Ĝͯ0X*>#=$@�� 
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A.2.2 ȝƝ÷ɗúϗʔǌǤȠ¸Cɡ͉ 

� Ʌ˖˩=ʶ�6ȝƝ÷ɗúϗʔǌǤȠ¸D�Ē˺=·J6ΌW�ɗúϗȠ¸AU9<ǘVYXd�

¡j§̒ƷCσƶAƟ,@�̒\�£§�÷>.<ʶ�XʔǌǤȠ¸ʁ=�X�4.<�Ʌ˖˩=D�

p¥�¡CʔǌǤȠ¸AU9<ͯ*X�̒Cd�¡j§ŸĢ\�ȱΰόŬƸʍ͒ʁϛTDIϜ>��ǵʁ

\ʶ�<͍ʑ.<�X�TDI>D�p¥�¡C«ʅí>¬ʅíA̛"Y6 2:CɗŊĹÚ"VȝĆ,

YXČ�C�̒\ȱΰόŬ=Ƹʍ,2�4CƸʍ�z§¥"VʔǌǤȠ¸AU9<ʴ/X�̒Cd�

¡j§ŸĢ\ʑƍ0Xǵʁ=�X[13]�4*=�M1D 1ɏCɗŊĹÚ"VȝĆ,YX�̒Cȱΰt�

k�¡A:�<·J6Ǖ�TDICʑƍıʲA:�<͡Ȯ0X� 

 

A.2.3 ¨ɏCɗŊĹÚ"VȝĆ,YX�̒Cȱΰt�k�¡ 

� ʲǨˇ@̺�ɗŊĹÚ"VȝĆ,YX�̒Cȱΰt�k�¡ϛI(t)ϜD�ɗĜͯ,Y6ȱĐ\ t = 0>

0X>� 

 

 
! ! ∝ exp − !

!!
 ϛA.2Ϝ 

=͂,YX�**=�τ0DɗĜͯƚŏ=�W�t = 0C γ̒ǋǀAƙ.< e-1êCǋǀ#ǘVYXȱĐA

ƙǡ0X�.".�¨̯ˇAD�ɗŊĹÚCİNAͯŞ.<�źΡȠ¸CƔ®#øX�4*=�ɗŊ

ĹÚCİN\̍¨ˇAǷ�6PA�ɬǄ=® VYXȿĞŊĹİN Te\ƞø0X� 

 

 
!! = !!!!!"!! ϛA.3Ϝ 

«ǄA!�<�σ0DɗúϗȠ¸Ȧτ˨�nDɗŊĹÚ²C�t�b_§ɗ˧Cƕǀ�βDɗ˧ŉȿʮ�

͂ A.1Ϣ�t�b_§ɗ˧C¨à[116]�E0DɗĜͯd�¡j§�τ0DɗĜͯƚŏ�Γ0D̒Ʒ�σ0

DúϗŊĹȦτ˨\4Y5Y͂.<�X� 
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zDɗŊĹÚCİN=�X�4.<�fLMD�Lamb–Mössbauer factorŞƆ>ŎEY��t�b_§Ğɐ

#ͯ*XĖŃ\˜.<�X�Ã��XȠ¸ÚAπŰ Ei(t)CøƝʂ\øY�πŰ Es(t)CȠ¸ʂ#ǘVY

X>$�Ƞ¸Úϛ**=DɗŊĹÚϜCǡ˷αȡ g(t)\� 

 

 
!! = ! ! !! !  ϛA.4Ϝ 

>.<ƍ̝0X>�źΡȠ¸\̞ǭ.6�̒Cǡ˷αȡD� 

 

 
! ! ∝ !!

!!
!"# −!!!! −

!
2!!

!! !!!/!!
!!!/!!

 ϛA.5Ϝ 

>.<͂,YX[115]�**=�J1ϛtϜD˳ 1˧�}v¡αȡ�ω0DɗúϗŌʂȡ=�X�4.<��

̒CǋǀD�ɬǄCU�A@X� 

 

 

! ! ∝ ! ! !

= !!
!!
∙ !! !!!/!!

!!!/!!

!

exp − !
!!

 

 

ϛA.6Ϝ 

� Ţ A.2D�ǄϛA.6ϜA!�<�ɗŊĹÚ>.< 57Fe\ Ǩƍ.�Te\Ÿ 6>$C�̒Cȱΰt�

k�¡\˜.6QC=�X�*Y\NX>�Te#Ż$&@X>�ǋǀ#ΜćˇA̹.&ʎ̓0XƸʍ

�z§¥#Ćʰ.<�X*>#["X�*CƸʍ�z§¥D{a��g¡�§�>ŎEY�źΡȠ¸

AUWκşˇAĜͯ,Y6�̒Ņŷ#Ƹʍ0X*>AU9<ǅ$ͯ*,YXQC=�X� 
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A.2.4 r¥l¡�a¥ TDI 

� Ʌ˖˩=D�p¥�¡AUXʔǌǤȠ¸AU9<ʴ/XøƝ�̒Cd�¡j§ŸĢ\�TDI=ʑƍ

.<�X�ûÚˇAD�A.2.1=·J6ΌW�p¥�¡C«ʅí>¬ʅíA̛"Y6 2:CɗŊĹÚ"

VȝĆ,YXČ�C�̒\ȱΰόŬ=Ƹʍ,2�4CƸʍ�z§¥\͏Ɏ0X*>=øƝ�̒Cd�

¡j§ŸĢ�0@[8p¥�¡CğˇɣΎAα0Xǧů\ǘX�*CU�@ TDI>.<�ȽQī̂@

ǵʁ#r¥l¡�a¥ TDI>ŎEYXQC=�X[114]�Ţ A.3A�r¥l¡�a¥ TDICƏϓΞ̛\

˜0�r¥l¡�a¥ TDIC´@ʩǝD�p¥�¡C«ʅí!UG¬ʅíA4Y5Y̛͕.6ɗŊĹ

Ú"VȝĆ,YX γ̒Ņŷ\Ƹʍ,2X6PA�«ʅíCɗŊĹÚ\˵ˊ̒Γğ,2��}��§

ĞɐAU9<4Cd�¡j§\ŸĢ,2<�Xʞ=�X� 

 

Ţ A.2Ϣ57Fe\Ǩƍ.�ǄϛA.6Ϝ\ʶ�<ǘVYX¨ɏCɗŊĹÚ"VȝĆ,YX�̒Cȱΰt

�k�¡ 
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� **=�Ţ A.3A˜0U�Ap¥�¡#̛͕,Y<�@�ʪǫ=�«ʅíA̛͕.6ɗŊĹÚ\

ǀ v=˵ǒǚΓğ,2<�X>0X��}��§ĞɐAUW�«ʅíCɗŊĹÚ"VȝĆ,YX γ

̒ϛ«ʅ γ̒ϜCd�¡j§D� 

 

 
∆! =  !! !! ϛA.7Ϝ 

7(�ɗĜͯd�¡j§"Vr��0X�π˚ʂCd�¡j§D�͎ŌʂȡAɵà0XC=�ŅȱA 

 

 
Ω =  !! !! ϛA.8Ϝ 

7(�͎ŌʂȡQr��0X�¨Ȩ�¬ííCɗŊĹÚ"VȝĆ,YX γ̒ϛ¬ʅ γ̒ϜD�ςɭ.

<�X6P�4Cd�¡j§!UG͎ŌʂȡD�E0!UG ω0=�X�*C>$�Ƚ¬ʅíA!(X γ

̒CπŰ E(t)D� 

 

 
! ! ∝ ! ! !!! !!!! ! + ! ! !!!!!! ϛA.9Ϝ 

>@X�**=D�«ʅ�̒AU9<¬ʅCɗŊĹÚ#Ĝͯ,YXȝƝ̋ŃCǏψDʟ͌.<�X�

M6�½:CɗŊĹÚA X̒#øƝ0XȱĐDŅ/>0X�ǄϛA.9ϜUW�͍ ʑ,YX�̒CǋǀD� 

 

Ţ A.3Ϣp¥�¡#@�ʪǫ=C 2ɏCɗŊĹÚ"VɗúϗȠ¸�«ʅíCɗŊĹÚ\ǀ v=˵

ˊ̒Γğ,2X*>=�4*"VȝĆ,YX γ̒D�¬ʅíCɗŊĹÚ"VȝĆ,YX γ̒Aƙ

.<d�¡j§#r��.<�X� 
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! ! ∝ ! ! !

= ! ! ! !!! !!!! ! + !!!!!! !

= ! ! ! !!! !!!! ! + !!!!!! ∙ !! !!!! ! + !!!!!

= ! ! ! 2 + !!!!! + !!!!

= 2 ! ! !(1 + cosΩ!) 

 

 

 

 

ϛA.10Ϝ 

>@X�ɗŊĹÚ>.<D�57Fe\Ǩƍ.�«ʅíA̛͕.6ɗŊĹÚ\ v = 6.3 [mm/s] =˵ǒǚΓ

ğ,2X>0X>�E0 = 14.4 [keV]=�W�ω0 = E0 / (h/ 2π) ≈ 2.2 × 1019 [s-1]@C=�ǄϛA.8ϜUW Ω ≈ 4.6 

× 108 [s-1]>@X�*Cë>ǄϛA.6Ϝ!UGǄϛA.10Ϝ\ʶ�<�ȱΰt�k�¡\͒˹.6̋ɐ\Ţ

A.4A˜0�ơ�**=D Te = 20>.<͒˹.<�X�Ţ A.4"Vʲ͏=$XU�A�źΡȠ¸AU

X{a��g¡�§�AĚ <�ǄϛA.10ϜC cosΩtϊAʸɉ0X� ¥s\˙͜=$X�*Y\ΣƆ

�§�>ŎG�Ǖ·0XU�A�TDI=D*CΣƆ�§�Cʎ̓Ȇğ"Vp¥�¡CğˇɣΎŞƆ\

͗â0X� 

 

 

�  

� ̎�<�2ɏCɗŊĹÚCΰAp¥�¡\̛͕.�4*=ʔǌǤȠ¸#ͯ*XŰŃC�̒Cȱΰt�

k�¡A:�<̞ X�ƏϓΞ̛\Ţ A.5A˜0�ȱĐ tA!(Xp¥�¡CπƆƕǀćƴ\ ρ(r, t)>

0X>�øƝπŰAƙ0Xp¥�¡Cǡ˷αȡ f(q, t)D� 

 

 Ţ A.4Ϣ2ɏC 57Fe"V4Y5YȝĆ,YX�̒Ņŷ#Ƹʍ.6>$Cȱΰt�k�¡�Te = 20

>.<͒˹.<�X� 
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! !, ! ∝ ! !, ! !!!!∙!!! ϛA.11Ϝ 

=® VYX�*C>$�Ƚ¬ʅA!(X γ̒CπŰD� 

 

 
! !, ! ∝ ! ! !!! !!!! !! !, ! + ! !, 0 ! ! !!!!!! ϛA.12Ϝ 

>@X�**=�«ʅí!UG¬ʅíA̛͕.6ɗŊĹÚA�X̒#øƝ0XȱĐ\ t = 0>.<�X� 

«ǄC˳ 1ϊ>˳ 2ϊD4Y5Y«ʅ γ̒!UG¬ʅ γ̒CπŰAƙǡ.<�X�ö˦>ŅɤA�4

Cǋǀ\͒˹0X>� 

 

 

! ! ∝ ! ! !

= ! ! ! !!!!!! !, ! + ! !, 0 !

= ! ! ! ! !, ! ! + ! !, 0 !  + !!!!!! !, ! !∗ !, 0
+ !!!!!∗ !, ! ! !, 0  

 

 

 

ϛA.13Ϝ 

>@X#�ƏιA͍ʑ,YXCDȱΰƹŨ,Y6ǋǀ@C=� 

 

 

! ! ∝ ! ! !

= ! ! ! ! !, ! ! + ! !, 0 !  + !!!!! ! !, ! !∗ !, 0
+ !!!! !∗ !, ! ! !, 0  

 

 

ϛA.14Ϝ 

>@X�**=�ςˇɣΎŞƆ S(q)!UG S(q)=͋əĢ,Y6²ΰȠ¸αȡ F(q, t)\�É¬CΌW4Y

5Yƞø0X� 

 ! ! = ! !, ! ! = ! !, 0 !  ϛA.15Ϝ 

 ! !, ! = ! !, ! !∗ !, 0
!(!) = !∗ !, ! ! !, 0

!(!)  ϛA.16Ϝ 

*YV\ʶ�<�ǄϛA.14Ϝ\Ȣʲ0X>� 

 

 

! ! ∝ ! ! !

= 2 ! ! !! ! 1 + ! !, ! cos Ω!  

 

 

ϛA.17Ϝ 

>@X� 
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�  

� Ʌ˖˩=͏Ɏƙͨ>.6h�tǎǯʨͬCŰŃ�4C F(q, t)D Kohlrausch–Williams–WattϛKWWϜ

αȡ!UG��a¤�§ŞƆ fDW(q)\ʶ�<� 

 

 
! !, ! = !!"(!)exp − !

!
!

 
 

ϛA.18Ϝ 

>͂,YX*>#̊ϓˇA˓VY<�X[110–112]�**=�βD KWWαȡCÓήȅȡϛt�¢}|

���§zϜ=�W�τD̓Őȱΰ=�X�*C F(q, t)\ǄϛA.17ϜAÈø0X>� 

 

 
! ! ∝ ! ! ! 1 + !!"(!)exp − !

!
!
cos Ω!  ϛA.19Ϝ 

>@W�ΣƆ�§�\ĸȰ0Xϊϛcos(Ωt)ϜA F(q, t)#""96ǎA@X�à>.<�β = 0.5>Êƍ

.��\Ÿ 6ŰŃCȱΰt�k�¡\͒˹0X>Ţ A.6CU�A@X#�ΣƆ�§�Cʎ̓Ȇğ#

�AU9<ʿ@X*>#ʲ͏=$U��ƏιCʑƍ=D�D/PAp¥�¡\̛͕.<�@�ʪǫ=

�g(t)�2\ʑƍ.�p¥�¡\̛͕.6ʪǫ=Cȱΰt�k�¡Aƙ.<�Ē͔�g(t)�2!UGǄϛA.19Ϝ

\ʶ�<�`}�`¥l\̿��ł qAƙ0X̓ŐȱΰϛτϜ\ǘX*>A@X� 

 

 
 

Ţ A.5Ϣp¥�¡\̛͕.6ʪǫ=C 2ɏCɗŊĹÚ"VɗúϗȠ¸�**=D�Ƞ¸͎ 2θCȨň

A̛͕.6ɝĆś=��̒Cȱΰt�k�¡\ʑƍ0XŰŃ\Ǩƍ.<�X� 
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Ţ A.6ϢɗŊĹÚ>.< 57FeϛTe = 20Ϝ\ʶ�<�β = 0.5>Êƍ.�,M-M@�Aƙ0Xȱΰt

�k�¡\͒˹.6̋ɐ��AU9<�ΣƆ�§�Cʎ̓Ȇğ#ʿ@X*>#ʲ͏=$X� 
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A.2.5 �¡|�a¥ TDI 

� r¥l¡�a¥ TDICʑƍĞʮ\ϕPX6PA�̈́ ƺ SaitoVAU9<ί˄,Y6C#��¡|�a

¥ TDIʁ=�X[115]��¡|�a¥ TDIʁ>r¥l¡�a¥ TDI>CɘɅˇ@Η�D�ɗŊĹÚA˚

Ű\ĮĚ0X*>AU9<ʴ/Xw§�¥ĞɐϛıƆɗCd�¡j§ʔÕCć̈́Ϝ\čʶ.<�͈ȡ

Cd�¡j§\Ȅ96 γ̒Ņŷ\Ƹʍ,2<�Xʞ=�X�**=D��¡|�a¥ TDIʁC¨à>

.<�Ţ A.7A˜0ƏϓΞ̛CŰŃA:�<̇Ä0X� 

 

 

 

� M1�ɗŊĹÚ>.< 57Feʙ̖ αΧ\ßʶ.6ŰŃCw§�¥ĞɐA:�<·JX�αΧD�ƶʐ

A!�<ǋ˚ǤÚ=�X6P�ɗt�¥>ýΜ˚Ű>C˚ɷķɟƆˋ¾ÜʶAUWw§�¥Ğɐ\ʴ

/X�57FeCɗt�¥ΣƆȡ ID�ŭƿʪǫ=D I = 1/2�˳¨Ĝͯʪǫ=D I = 3/2=�X�w§�¥ć

̈́#ͯ*X>�4Y5YCʪǫC IAƙ.<�2I + 1éCd�¡j§ʔÕ#ʰYX�*C>$�ɗúϗ

Ƞ¸AU9<ʴ/X γ̒Cd�¡j§�z§¥D�Κˤđ Δm = 0Q.&D�1AǗ9<�͒ 6˧ϑA

@XϛŢ A.8Ϝ�**=�ȝƝ÷ X̒CU�Aì÷.6π˚ʂ=ɗĜͯ\̿�ŰŃAD�øƝ÷CπŰ

Cì÷ȨňAƙ.<ƹ̿Q.&DũˊȨňA˚Ű\ĮĚ0X*>AU9<�ʩƍCΚˤđAǗ96 γ

̒\ĺWĆ0*>#=$X[115, 116]�Ţ A.7A˜0ƏϓΞ̛CŰŃ=D�«ʅCɗŊĹÚ"VD Δm = 

0�«ʅCɗŊĹÚ"VD Δm = �1A4Y5Yƙǡ0X γ̒#ȝƝ,YX� 

 

Ţ A.7Ϣ�¡|�a¥ TDIʁ=CƏϓΞ̛�ɗŊĹÚ>.<�57Feʙ̖ αΧ\ßʶ.<�X�ȝƝ

÷ X̒CπŰD hȨňAì÷.<�X>.<�«ʅíCɗŊĹÚAD�h>ƹ̿ȨňA˚ŰϛHexϜ

\ĮĚ.�¬ʅíCɗŊĹÚAD�hAƙ.<ũˊȨňA˚Ű\ĮĚ.<�X�4C̋ɐ�«ʅí

CɗŊĹÚ"VD 2˧ϑCd�¡j§\Q:�̒#�¬ʅíCɗŊĹÚ"VD 4˧ϑCd�¡j§

\Q:�̒#�4Y5YȝĆ,YX� 
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� ɬA�ǘVYXȠ¸ γ̒Cȱΰt�k�¡C͂ǄA:�<·JX�r¥l¡�a¥ TDIʁCŰŃ>

Dʿ@W�«ʅí>¬ʅíCɗŊĹÚ#Q:ǡ˷αȡDʿ@XC=�**=D4YV\ gu(t)!UG gd(t)

>!&*>A0X�*C>$�ǄϛA.12Ϝ>ŅɤA̞ X>�Ƞ¸ γ̒CπŰD 

 

 
! !, ! ∝ !! ! !!!!!!! !, ! + ! !, 0 !! ! !!!!!! ϛA.20Ϝ 

>͔·=$�Ƞ¸ǋǀD 

 

 

! ! ∝ ! ! !

= !! ! ! ! !, ! ! + !! ! ! ! !, 0 !

+ !! ! !!∗ ! ! !, ! !∗ !, 0 + !!∗ ! !! ! !∗ !, ! ! !, 0  

 

 

ϛA.21Ϝ 

>@X�*CǄA!�<ȱΰƹŨ\>X>� 

 

 

! ! ∝ ! ! !

= !! ! ! ! !, ! ! + !! ! ! ! !, 0 !

+ !! ! !!∗ ! ! !, ! !∗ !, 0 + !!∗ ! !! ! !∗ !, ! ! !, 0
= ! ! !! ! ! + !! ! ! + ! !, ! !! ! !!∗ ! + !!∗ ! !! !  

 

 

 

ϛA.22Ϝ 

 

 

Ţ A.8Ϣ 57FeCw§�¥ć̈́CɦǄŢ�I> mD�ɗt�¥ΣƆȡ>˚ɷΣƆȡ\4Y5Y͂.<

�X�ŭƿʪǫ!UG˳¨ĜͯʪǫCd�¡j§ʔÕ>Κˤđ"V�6˧ϑCĜͯ¦̧Ĝͯ�z§

¥#�X� 
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>@W�ȱΰAáƈ.@� S(q)\ˍʽ.6ǎǄ=«Ǆ\Ȼ$ˊ0>� 

 

 
! ! ∝ 1 − ! !, ! !! ! ! + !! ! ! + ! !, ! !! ! + !! ! ! ϛA.23Ϝ 

>@X�Ē˺>ŅɤA�F(q,t)>.< KWWαȡ\Êƍ0X>ɬǄCU�A@X� 

 

 

! ! ∝ 1 − !!"(!)exp − !
!

!
!! ! ! + !! ! !

+ !!"(!)exp − !
!

!
!! ! + !! ! ! 

 

 

ϛA.24Ϝ 

� *CǄA!�<��gu(t)�2��gd(t)�24.<�gu(t) + gd(t)�2D�p¥�¡#@�ʪǫ=�V"/P

ʑƍ0X*>#=$X�.6#9<�4YVCȱΰt�k�¡>ǄϛA.24Ϝ\ʶ�<�͘Ȥ\̛͕.

6>$Cȱΰt�k�¡\�`}�`¥l0X*>AUW�̓ŐȱΰAα0Xǧů\ǘX*>#Ľ̤

>@X�SaitoV#Əȩ.6r��¢§r�¥̋ɐAUX>[115]�Ţ A.7CƏϓΞ̛=D�r¥l¡�

a¥ TDIʁ>ɵͽ.<�100ê˦ǀʑƍĞʮ#ň«.<�X>��ůŋ#@,Y<�X6P�Ʌ˖˩

=D*C�¡|�a¥ TDI\ʶ�<h�tǎǯʨͬCǛ͌ˇ{a��kt\͗â.6� 

 

 

A.3 Əϓ  
 
A.3.1p¥�¡ 

� Ʌ˖˩=D���¡p¥�¡>.<�af¥ʉÚC¨˧=�X 1-nonyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imideϛC9mimTFSIϜ\ßʶ.6�af¥ʉÚ>D�af¥CN"Vɣǯ,Y�

4C̾ʞ# 100℃É¬=�XĢŃʨ=�W�Ȕ˄Ǥ�μʤǤ�ϕ�af¥ÑƞǤ@?Cʩǝ\ȿ.<

�X�af¥ʉÚCź&D�Εāįʪǫ"VƓȯAh�tĢ0X*>#˓VY<!W�4Ch�tͻ

ˤȆğD�¨̯ˇ@ćƆǤʉÚC4Y>ʩǝˇ@Η�D@�*>#["9<�X[120, 121]�.".�

af¥ʉÚCςˇɣΎD�̈ ̯ˇ@ćƆǤʉÚAD͊VY@�U�@ζƧɣΎ\ȿ.<�X6P[122]�

4CłζƧɣΎAƙǡ0XǛ͌ˇ{a��kt\͍ʑ0X*>#=$YE�ćƆǤʉÚDQ>UW�

ϕćƆɆȤ=Q͍ʑ=$@�˪ΰtm§¡=CɣΎ̓Ő\ȮːAȊ X*>#=$X�É«Cʲʸ"

V�Ʌ˖˩=D�af¥ʉÚϛC9mimTFSIϜ\��¡p¥�¡>.<ʶ�<Əϓ\̿96�ơ�p¥

�¡D¼ĒA 48ȱΰˎ˪¹ʥ.�p¥�¡²AŉMYXɸć\εĳ.<"VłʑƍAßʶ.6� 

 

A.3.2 DSCʑƍ 

� p¥�¡Ch�tͻˤʐǀϛTgϜ\͗â0X6PA�DSC ʑƍ\Əȩ.6�̛ͅD�EXTAR-6000
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ϛTA Instruments˝͇Ϝ\ßʶ.�a¥sb�\ʶ�<ʐǀɕɮ\̿96�p¥�¡D�_¡��b�

͇C�¥A 15 mgƛø.�˪ C�¥\ �^¢¥t>.<ßʶ.6�ʑƍD�ˬ ̄ξšɷ¬²=̿��

āį!UGĚʣǀD 5 K/min>.6� 

 

A.3.3 X̒Ƞ¸ʑƍ 

� X̒Ƞ¸ʑƍD�Photon FactoryC BL6AA<Əȩ.6�X̒CʂήD 0.15nm>.�ɝĆśAD�

Pilatus 1MϛDECTRIS Ltd., SwitzerlandϜ\ßʶ.6�p¥�¡D�İŃ 400
mCt�§p§CΰA

ƛø.�́ 15 µmC� d|¢¥a�¥�`¡�=ȇN]7�4Y\�ʐͣt�§sϛLinkam Scientific 

Instruments Ltd., THMS-350VϜ«A̛͕.�́ 10 PaCˎ˪ʪǫA.6�4Cʪǫ=�p¥�¡\ 293 K

"V 200 Kΰ= 5K/minCāįǀ=āį.�1�+>CȠ¸�£�^a¡\ĺǘ.6� 

 

A.3.4 �¡|�a¥ TDIʁAUXɗúϗʔǌǤȠ¸ʑƍ 

� �¡|�a¥ TDIʑƍD�SPring-8C BL09XUA<Əȩ.6�Ţ A.9D�Əϓv}�_}�\ɦǄ

ˇA˜.6QC=�X�ɗŊĹÚ>.<�55Fe\´ǯć>.<ŉȿ0X�–Fe\ßʶ.�4Y\p¥�

¡C«ʅí>¬ʅíA̛͕.6�4.<�«ʅí>¬ʅí=˚ŰCň$#ũˊA@XU�A�́ 0.6T

C˚Ű\4Y5YCɗŊĹÚAĮĚ.6�øƝ X ̒Cd�¡j§D�55Fe C˳¨ɗúϗĜͯd�¡j

§=�X 14.4keV >.6�ɝĆś>.<�_��¥rc�e�{af§�ϛAPDϜ\ʶ�6�p¥�

¡D� b�#õų,Y6k�aftz}�²A̛͕.�250 K"V 180 Kʐǀ˻šC�̒CȱΰƸʍ

t�k�¡\͍ʑ.6� 

 

 

�  

� ͍ʑ,YX�̒CȱΰƸʍt�k�¡D�²ΰȠ¸αȡ# Kohlrausch-Williams-Watts ϛKWWϜαȡ

AǗ�>Êƍ0X>�ɬǄ=͂,YX� 

 

 

Ţ A.9ϢƏϓv}�_}�CɦǄŢ  
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! ! = ! ! exp − ! ! !!""  × !!(!)

+ 1 − ! exp − ! ! !!""  × !! ! + !! ! + !!!(!)  

 

(A.25) 

**=�A�B�CDƍȡ=�W��D̓Őȱΰ�βKWWDt�¢}|���§z§\4Y5Y˜.<�

X�M6�F1�t�D�p¥�¡#@�ʪǫ=C�p¥�¡«ʅ!UG¬ʅCɗŊĹÚ"V4Y5Yȝ

Ć,Y6�̒ŅŷCȱΰƸʍt�k�¡=�W�F2�t�> F3�t�D�4Y5Y�«ʅí>¬ʅíCɗ

ŊĹÚ"VȝĆ,YX�̒CĒȨȠ¸t�k�¡=�X�ɅƏϓ=D�F2�t�> F3�t�\4Y5Yʑ

ƍ.�MOTIF[123]\ʶ�<4YV\�`}�`¥l.6�4.<�ǘVY6�`}�`¥l���§

z§\ʶ�<�͒˹AUW F1�t�\ǘ6� 

 

 

A.4 ̋ɐ>̞Ɩ  
 
A.4.1 DSCʑƍ 

� Ţ A.11D�C9mimTFSI\ 5 K/min=āį.6>$C DSCȹ̒=�X�ɵʣCŸȹʞUW�h�t

ͻˤʐǀϛTgϜ\͗â.6>*Z�185 K >@96�M6�*Cʣƨɱ=D�C9mimTFSI D̋ȵĢ\

ͯ*,@�*>\˙͜.6� 

 

 

 

 

 
 

Ţ A.11ϢāįΕ˦A!(X C9mimTFSIC DSCȹ̒ 
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A.4.2 X̒Ƞ¸ʑƍ 

� Ţ A.12 D�C9mimTFSI Cłʐǀ=C X ̒Ƞ¸�£�^a¡\˜.6QC=�X�*C̋ɐ"V�

�1YCʑƍʐǀA!�<Q�q = 2.8 nm-1Ç΅ϛPeak IϜ�q = 8.4 nm-1Ç΅ϛPeak IIϜ�q = 13.5 nm-1Ç

΅ϛPeak IIIϜA 3 :Cˋα�§k\ȿ0X*>#["96�Kashyap VD�X ̒\ʶ�6ùȠ¸ʑƍ

>ćƆğĘƊr��¢§r�¥\̉NŃ[2<�*YVCˋα�§kCɣΎˇͯʓ\ͣJ<!W�Peak 

I DσɟǤŭ=�X_¡i¡ŭAU9<θ<VY6a�{y b�ʳR_�f¥>�96ɟǤŭŅŷ

Cˋα�§k�Peak IIDg|f¥Q.&D_�f¥AU9<θ<VY6Ņ˧af¥ŅŷCˋα�§k�

4.< Peak IIID΅ȍ½ćƆΰCˋα�§kAƙǡ0X>ůŋ.<�X [124]� 

 

 

 

A.4.2 TDIʑƍ 

� Ţ A.13D�TDIʑƍ=ǘVY6�̒Cȱΰt�k�¡>�ǄϛA.25ϜUX�`}�`¥l̋ɐC¨

à\˜.6QC=�X�**=��KWWD�ΕĳC NSEʁAUXʑƍ̋ɐ[125, 126]AǗ9<��KWW = 0.5

=ţƍ.<�`}�`¥l\̿96�4C̋ɐ��1YCʑƍʐǀ=Q�ŅɤA�`}�`¥lĽ̤

=�96�4*=��`}�`¥lAU9<ǘVY6̓ŐȱΰϛτϜ>ǄϛA.26Ϝ\ʶ�<�łʐǀ�

ł q=CƹŨ̓Őȱΰ�τ�\͒˹.�4YV\ʑƍʐǀCΉȡAƙ.<�£}�.6ϛŢ A.14Ϝ� 

 

 

 

Ţ A.12ϢC3mimTFSIC X̒Ƞ¸�£�^a¡�¬ϛ290 KϜ"V«ϛ200 KϜA"(<�5K+

>C�£�^a¡\˜.<�X� 
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 ! = !Γ 1 !!"" !!"" (A.26) 

**=��(x)D�h¥�αȡ\͂.<�X�M6�Ţ A.14 ²AD�͞π̓ŐʑƍAU9<ǘVY6

C9mimTFSI C�̓Ő!UG JG Ε˦Aƙǡ0X̓ŐȱΰCʐǀáƈǤ\˜.<�X[127]��̓ŐAƙ

ǡ0X̓ŐȱΰCʐǀáƈǤA:�<�VFTǄϛτ = A exp [D/(T-T0)]Ϝ\ʶ�<�`}�`¥l.6>

*Z�A = 4.87 × 10-3 [ns]�D = 734 [K]�T0 = 165 [K]>@96�ɬA�JGΕ˦Aƙǡ0X̓ŐȱΰCʐ

ǀáƈǤ\�_¢�btǄϛτ = B exp (Ea/(kBT))Ϝ=�`}�`¥l.6>*Z�B = 8.33 × 10-7 [ns]�Ea = 

6.49 × 10-21 [J]>@96�**= kBD��¡~�¥ƍȡϛ= 1.38 × 10-23 [J∙K-1]Ϝ\͂.<�X�**=�

TDIʑƍAU9<ǘVY6ł qA!(X̓ŐȱΰCʐǀáƈǤ\͊X>�Ē·C 3:Cˋα�§kϛPeak 

I�Peak II�Peak IIIϜAƙǡ0X q = 3.0�8.8�13.2 [nm-1]=D�Ē͔ VFTǄAUX�`}�`¥lȹ̒

\ȱΰͼȨňAtm§ ¥l0X*>=�ŅɤA�`}�`¥l0X*>#=$6�*C̋ɐ"V�

łˋα�§kAƙǡ0XɣΎ̓ŐD��̓ŐAαä0XQC=�X*>#˜ŕ,Y6�łˋα�§k

CɣΎˇͯʓD A.4.2=·J6ΌW=�X#��1YCˋα�§kQćƆΰɣΎAʸɉ0XQC=�X

6P�łˋα�§k=͍ʑ,Y6ɣΎ̓ŐDćƆΰΓğAͯŞ0XQC7>͑ X�ʩA Peak I> Peak 

II D�΅ȍ½ćƆΰCˋα�§kUWQÖ͎í=�X6P�4YVCɣΎ̓ŐD͈ȡC_�f¥!U

Gg|f¥#α®.<�X>ºǨ,YX�.6#9<�C9mimTFSI C�̓ŐD�͈ȡC_�f¥!U

Gg|f¥#α®.6ĪŅˇ@ćƆΰΓğAUXQC7>̞ VYX�¨Ȩ�Peak IIIUWQƽ͎í=

�X q = 17.3�20.4 [nm-1]=D�VFTǄ>Dćƪ.<�_¢�btǄAǗ�ʐǀáƈǤ\˜.<�6�

Ē·C͞π̓ŐʑƍC̋ɐ>ɵͽAUW�*YVC qA!(XɣΎ̓ŐD�JGΕ˦Aα®.6QC=

�X>̞ VYX�Peak IIIUWQƽ͎íC q=DćƆýˋα#ȚΞˇ>@XόŬ=�X6P[128]�JG

 
 

Ţ A.13Ϣȱΰt�k�¡>�`}�`¥l̋ɐCà 
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Ε˦Dg|f¥!UG_�f¥CƣǴˇ@ćƆýΓğAͯŞ.<�X>͑ X�JGΕ˦AćƆýΓğ

#α®.<�X*>D�af¥ʉÚAγV1�ÆCćƆǤʉÚ=Qůŋ,Y<�X�à E�Richter

VD�Ρɸ̄Ģ� �zsd¥Aƙ.<�4C Tc΅î=C²ǤƆt�¥dn§ʑƍ\̿��ćƆýˋ

α#ȚΞˇ@ q (= 14.5 nm-1)A!�<�JGΕ˦\͍ʑ.<�X[118]�M6�SaitoVR KanayaV#΅ƺ

Əȩ.6r¥l¡�a¥ TDI ʁ\ʶ�6ȝƝ÷ɗúϗʔǌǤȠ¸C̋ɐ\͊<Q�ŅɤAćƆýˋα

#ȚΞˇ@ qόŬA!�<�JGΕ˦#͍ʑ,Y<�X[129, 130]�.".�Ʌ˖˩@VGA«·Cö̿

˖˩A!�<Q�JGΕ˦Aα®0XćƆýΓğCǛ͌ˇȑòA:�<DȮː=�W�M6ćƆý̪

ʸǀ\ù&Ȅ6@�ΤƦh�t>CαäA:�<QɃ7K>]?ͧͤ,Y<!V1�ÃǕȺ@X˖˩

#ɺPVYX� 

 

 
 

 

A.5 ̋ͤ  
 
� Ʌ˖˩=D�σȵǤϕćƆɆȤCğˇɣΎ\ʲ͏0X6PC¨ʳ>.<�ȝƝ÷ɗúϗʔǌǤȠ¸

ʁ\ʶ�<�af¥ʉÚC¨˧=�X C9mimTFSICǛ͌ˇɣΎ̓Ő\͍ʑ.6�X̒Ƞ¸ʑƍ\Əȩ

 

Ţ A.14Ϣ͞π̓Őʑƍ[127]!UG TDIʑƍAU9<ǘVY6̓ŐȱΰCʐǀáƈǤ�l��²

A˜.6Ə̒!UGʞ̒D�4Y5Y VFTǄ!UG_¢�btǄC�`}�`¥lȹ̒\˜.<

�X� 
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.6>*Z�ćƆΰɣΎAͯŞ0X 3:Cˋα�§kϛPeak I�Peak II�Peak IIIϜ\˙͜.6�TDIʑ

ƍ=D�*YV 3 :Cˋα�§k>ćƆýɣΎAͯŞ0XɣΎ̓Ő\4Y5Y͍ʑ.6>*Z�ćƆ

ΰɣΎAͯŞ0XɣΎ̓ŐD�1YQ�̓ŐAαä.<!W�ćƆýɣΎAͯŞ0XɣΎ̓ŐD JGΕ

˦AƵƦ,YX*>#["96�ćƆýΓğ# JGΕ˦Aα®.<�X>��Ǜ͌ˇȑòD�*YM=

Cö̿˖˩=·JVY<�X*>>¨̬.<!W�ÃǕDćƆýΓğC͛̆\ȮV"A0X6PC˖

˩# JGΕ˦CǛ͌ˇ�g�u�\ȮV"A0X«=Ρ͉=�X>͑ X� 

  

Ʌ˖˩A!�< SPring-8 =Əȩ.6ȝƝ÷ɗúϗʔǌǤȠ¸ʑƍD�͢Ϗʾŀ 2015B1121 !UG

2016A1293CQ>̿[Y6�M6�Ʌ˖˩CºïƏϓ>.<�SPring-8 BL19LXUA<�X̒÷Ɔ

ˋαć÷ʁʑƍ\Əȩ.6�ϛ͢Ϗʾŀ 2014B1070�2015A1257�2015B1119Ϝ 
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