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äwà�á©ð�ê�éWã*ã5�bçQñ,ò�è�äwã,á©ð�ê�Ü ú60?ã�Þ3çQã,òGõ\àWòGädê�áÍß�ã�Þ�ð�üOã,ò�äËè��©ÝOã�Þ�åOã�ß,ã�åOè�ÞGçQà�Þ�è�ð�è�õzÞGàWá�ðÀÜ�ã,Þ3ÞGÝOè�ý^ê�á�ð�ã,Þ87

9 ÛÀÜ�ê�é�ã�åOã�ð�ò�ê
ý^ê�è�Ü:7zåOã
300K

"
500K

ú
9<; ð�ê�÷Oè�Ü�è�ð�ñ#7

0.1K
Þ�ÝOò

24h
ú

9<= ò�ê�åOè�ã�á�ð�åOã ð�ã�äËçQñ,ò�ê^ð�ÝOò�ã~åOê�áOÞ�Ü óôñ�ß`üOê�á�ð�è�Ü�Ü�àWá>7Xè�áÍõ\ñ,ò�è�ã�ÝOò?"
0.2K @ äwã,Þ�ÝOòGñ�ã�á�ð�òGã~Ü�ã�ÞåOã,Ý
�Åê�òGädê^ð�ÝOò�ã,Þ/äwñ$ð`ê�Ü�Ü�è��©ÝOã,ÞBA�ú

9 �/ñ�ß`üzê�Ý
�Jã,äwã,á©ðZäwê6�bè�ä ÝÍäC7
+2K/min

ú
9 �/ã,õ\ò�à�è�åOè�Þ�Þ�ã,äwã,á�ð�äwê6�bè�ä ÝÍäD7 −3K/min @ àW÷bð�ã�á©Ý�çOê�ò�ÝOáÍã4ß�è�ò�ß,ÝOÜ�ê^ð�è�àWá)åXóUê�è�ò�ê�Ýbð�àWÝOòåOã,ÞZñ,Ü�ã,ß,ð�òGàbåÍã�ÞBA�ú
07êËß�àWáÍÞGð`ê^á©ð�ã åOè�ñ�Ü�ã,ß,ð�ò�è��©ÝOã

ε
åÍÝ�Ûíì�ìÈî ÞGã åOñ,åOÝOè�ðNåOã&Ü�ê�äwã,Þ�ÝOòGã4åOã�Ü�êËß
ê�çzê^ß�è�ð�ñ

C
åÍÝ

ß�àWáÍåOã�áOÞ�ê^ð�ã,ÝOòE7zÞ�è?àWá)áOà�ð�ã
C0 = ε0π

+ 2/4e = 230pF
Þ�ê�ý^ê�Ü�ã�ÝOò8"�ý�è�åÍã�ëzê�Ü�àWò�Þ

ε = C/C0 @ �bú4	FA
GÀá&òGñ
ê�Ü�è�ð�ñ^ë

ε
áXóUã,ÞGð�çzê�Þ-ÞGð�ò�è�ß,ð�ã,äwã,á�ð�òGñ�ã,Ü�Ü�ã^ë
äwê�è�Þ?ç àWÞ�Þ%
�åOãíÝOáOãíçzê�ò@ð�è�ãÀè�äwê�éWè�áOê�è�òGãH�©ÝOè©åOñ,ß�ò�è­ð7Ü�ê

çzê�ò@ð�è�ãÀåÍè�Þ�ÞGè�çzêhð�è�ý�ãÀåOãMÜ�ê�òGñ�ç àWáOÞ�ãíåOÝ�çOÜ�ã��bè�éWÜ�ê�Þ2"	ÝOá�ß`üzê�äËç�ñ,Ü�ã,ß,ð�òGè��©ÝOãÀý^ê�ò�è�ê�÷OÜ�ã�ú
ûZàWÝOÞ-áOà�ð�àWáOÞ
çzê�ò"Ü�ê)Þ�ÝÍè�ð�ãËê
ýWã,ßdÜ�ã�Þ"è�áOåÍè�ß�ã,Þ

1
ã$ð

2
Ü�ê8çzê�ò@ð�è�ãËòGñ�ã,Ü�Ü�ã~ã$ð4è�ädê^éWè�ázê^è�ò�ã&åOã

ε
ò�ã,Þ�ç ã�ß$ð�è�ý�ã�äËã�á�ð
ë

Þ�àWè­ð
ε = ε1 + jε2

ú
ûNà�ð�àWáOÞ

Y
Ü�óVê�åÍäwè­ð�ð`ê^áOß�ã*ß�àWäËçOÜ�ã��bã�åOÝ~ß�à�áOåOã�áÍÞ�ê^ð�ã�ÝOò,ë

ε
ã,ÞGðíê�Ü�àWò�Þ�åOàWáOáÍñ	çzê�ò�Ü�óUñI��ÝOê^ð�è�àWá37

ε = ε1 + jε2 = j
Y ∗

ωC0

@ �bú���A
0-êwäËã�Þ�ÝÍò�ã�åOã

Y
"ËÜ�ê�õ\òGñ$�©ÝOã,áOß�ã

f = ω/2π
Þ�ã�õ³ê�è�ðZã,á�ê�çOçÍÜ�è��©Ýzê^á©ðZÝOáÍã&ð�ã,áOÞ�è�àWá

ṽ(ω)
"wÞGã�Þ

÷Qà�ò�áOã,ÞZã$ðZã�áÅäwã,Þ�ÝOò�ê�á�ðNÜ�ã�ß�àWÝÍò�ê�á�ð
ı̃(ω)

è�áOåOÝOè­ð
úJ0-ê~Ü�à�èJåXó�K�üOä�åOàWáÍáOã4ê^Ü�àWòGÞ
Y = ı̃/ṽ

ú
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] ÿV^`_ba] ÿV^`_ba

c�ded
f phg = 10cm i e = 0, 3mm uc�ded
f phg = 10cm i e = 0, 3mm u

jIkmlon a l þ �4ÿpa�^�ü p û�^�ý _yü�a ujIkmlon a l þ �4ÿpa�^�ü p û�^�ý _yü�a u

c ÿ
1

c ÿ
1c ÿ

1

c ÿ
1 c ÿ

2

c ÿ
2

c ÿ
2

c ÿ
2

ZZ

j5kmlol arqyý kml þj5kmlol arqyý kml þs � a û1ÿ÷üMý tu^oa þs � a û1ÿ÷üMý tu^oa þ

vxwmy{z&�bú�� 9}|�~������J�o~����h�&�6����~���~������W�W���6���&�5���#�������o~
� �%�����:��~����1��� ÏÐÏÐÑ�úW�:�:���u�%�&�4�W�m 6¡
�B¡�¢�£e¢u������¡5¤#¥$¦F§�§��#¨©�u¤��u�$¥Q¢�ª%�u«&£ �¬¨
 �­&¡*£�­®¥I¦F­�¨e��­e¡B 
¢)�F£�ª¯¨e�¯¥� $�2 ©¥��o¢)¤#°}±Q�u¨&�

C0 = 230pF ²³ �F¢!¢��E��§��´¤I¨
 �­�¥I�
Z

��¡�¢����µ ©¥$¤I�¶¨
 �­&¡¬£�­��¬¤Q¢!£e±Q�¬«e£��x�B­}ª�¤��·£��b�¸�µ ¹¢)��§#��¤Bª� &¢!£�ª��#�Q¢�º$¦ £ ���b�
ª5»F�b�E¨&��¥� 6�&�E¨e�¸¼� �ª� ©¨
 5½ ²·¾  ¿¢��B§��´¤�ªB &¢%£�ª5�E�B¡$¢1§-�B¡$£�ª5¤I�E°¬�5À  ��u¨e�¸¨&��Á¬¡5¦F­�¨e�B¡,���m &¢u��­���Â�Ã�¢bÄ
¡5¦F���u¨
 ���ª5��¡�¨e�B¡Å¤��u�$¥Q¢�ª�¦
¨e��¡ ²

ÛÀÜ�ÝOÞ�è�ã�ÝOòGÞÀß�àWá&�OéWÝOò�êhð�è�à�áOÞ�åOã	äËã�ÞGÝOò�ã,ÞíÞGàWá�ðMÝÍð�è�Ü�è�Þ�ñ�ã,Þ�ë^Þ�ã�Ü�àWá~Ü�ê�çÍÜ�ê�éWã�åOã�õ\ò�ñI��ÝÍã�áOß,ãZà�÷OÞ�ã,òÇÆ
ýWñ�ã^ú20?ã�Þ�äËã�ÞGÝOò�ã,Þ�Ü�ê^ò�éWã,ÞN÷zê^áOåOã�Þ�ÞGàWá�ð�òGñ
ê�Ü�è�Þ�ñ,ã�Þ�ê ý�ã�ß~ÝOá�ê�ázê�Ü4�bÞGã�ÝOò�åOã4ÞGçQã,ß,ð�òGã¯È�ÛÊÉW��Ë��^î
ê�Þ�ÞGàbß,è�ñ�"�ÝOáöê�äwçÍÜ�è��Oß
ê^ð�ã�ÝOò�åÍã�ß�à�ÝOò�ê�á�ð�ê�åzê�çbð�ñ�ú 0?ã�ÞíäËã�Þ�ÝÍò�ã�Þ*äwà�áOà�Æ�õ\òGñ$�©ÝOã,á©ð�è�ã,Ü�Ü�ã,Þ�õ\àWá�ð�ê^ç
Æ
çQã,Ü:"ËÜ�ê�åOñ,ð�ã�ß,ð�è�àWáÈÞ%��áOß`üOòGàWáOã ; �ÍÌ�É�ÎÍëJ�©ÝOè�ç àWÞGÞ!
�åÍã Þ�àWáÿçOò�àWçÍò�ã&ê�äwçÍÜ�è��Oß
ê^ð�ã�ÝOò	åOã&ß�àWÝÍò�ê�á�ð
è�á�ð�ñ,éWò�ñ^ú2ÏNáOã~ß,àWäËçzê�ò�ê^è�Þ�à�á�ã�á�ð�òGã~ß�ã,Þ�åÍè��Qñ�ò�ã,á�ð�ã�Þ�ð�ã�ß`üOáÍè��©ÝOã�Þ�ã,ð�ÝOá çQàWá�ð"åOã~äËã�ÞGÝOò�ã~ß,àWä¬Æ
äwã,ò�ß�è�ê�Ü @ È�ÛÐ�©��Ì��WîÅANç ã�ò�äËã,ð"åJóUã,á ý�ñ�ò�è4�zã�ò�Ü�êöß�àWüÍñ�ò�ã,áOß�ã¿7XÜ�êöçzê�òGð�è�ã è�ädê^éWè�ázê^è�ò�ã"åOã

Y
ã,ÞGð

ð�àWÝhøGà�ÝOò�Þ"åOñ$ð�ã�òGäwè�áOñ�ã�ê
ý�ã�ßËÝOáOãËéWò�ê�áÍåOã~çOò�ñ,ß�è�Þ�è�à�áXúÑK�áâç ã�Ýbð4ê^è�áOÞGè�åOñ,ð�ã�ß$ð�ã�ò�åOã,Þ�ý^ê�òGè�ê^ð�è�àWáOÞ
ò�ã�Ü�ê^ð�è­ýWã,Þ åOã

ε1
åOã

10−3 ÞGÝOò ð�à�ÝÍð�ã8Ü�êÿçOÜ�ê^éWãdåOãöõ\òGñ$�©ÝOã,áOß�ãÅåOã8áOàWÞ~ã��bçQñ,ò�è�ã,áOß�ã,Þ @ åOã 0.1
"

20Hz
A$ú

0-ê�äËã�Þ�ÝÍò�ã8åOã8Ü�êÿçzê�ò@ð�è�ãdò�ñ�ã,Ü�Ü�ãöåOã
Y
ã�Þ@ð�çOÜ�ÝÍÞ~åOñ�Ü�è�ß
êhð�ãdã$ð�áXóUê ñ$ð�ñ8àW÷bð�ã�á©ÝOãÅê
ýWã,ß)ÝOáOã

çOò�ñ,ß�è�ÞGè�àWádÞ�Ý&ÒËÞ�ê^á©ð�ã���ÝJóVê�çÍò!
�Þ	åÍã�Þ	ênøGÝÍÞGð�ã,äwã,á�ð�Þ/åOã�áOà^ð�ò�ãNäwñ$ð�üOà�åOã�åÍã�äwã,Þ�ÝOòGã�úÍÛ�àWÝOò�ñ,ý�è�ð�ã�ò
åOã"çOò�ñ,Þ�ã�á�ð�ã�òZåOã�Þ/ò�ñ,Þ�ÝOÜ­ð`ê^ð�Þ	çzê�ò@ð�è�ã,Ü�Þ�à�ÝÅç à�ð�ã�á�ð�è�ã�Ü�Ü�ã�äËã�á�ð	÷Oè�ê�è�ÞGñ�Þ,ëÍáOàWÝÍÞZáÍàWÝOÞ/ß�àWáÍß�ã�á�ð�ò�ã�òGàWáOÞ
åzê�áOÞ"ß�ã$ð�ð�ãËçÍò�ã�äËè�
,ò�ã~çzê^òGð�è�ã~ã�ÞGÞ�ã�á�ð�è�ã�Ü�Ü�ã,äwã,á©ð"ÞGÝOò"Ü�êöåOã,Þ�ß,ò�è�çbð�è�à�á åÍÝ ß,àWäËçQàWò@ð�ã,äwã,á©ð"åÍã

ε1
ú

; ê�ÝÍõMäËã�á�ð�è�àWáÅß�àWá�ð�ò�ê�è�òGã�ë áOàWÝOÞNàWäËã,ð�ð�ò�àWáÍÞNåzê^áOÞ�Ü�ã�Þ�çOê�ò�ê�é�ò�ê�çOüÍã�Þ?�©ÝOè7Þ�ÝÍè�ýWã,á�ð�Ü óôè�áOåÍè�ß�ã 1
ã,ð

ε
åOñ,Þ�è�éWáOã�ò�êËÝÍáOè��©ÝOã,äwã,á©ðZÞ�ê�çOê�òGð�è�ã�ò�ñ,ã�Ü�Ü�ã�ú

Ó{ÔÇÕÖÔoÓ ×ÙØ)Ú2Ø)Û)Û)ØÇÜ Ü ÚÑÝÞÚ2ßxàâá�ÚãÛ)äæå�çÖß�Ü©à
äÖßxà
Úèá?Ø)é2Û)Ú2å�à êeØ)ë8ì�Ú
ε0-êÈð�ã�äËçQñ,ò�ê^ð�ÝOò�ãËåOãdð�ò�ê�áÍÞ�è�ð�è�àWá ý�è�ð�ò�ã�ÝÍÞ�ãdåÍÝ�Ûíì�ìÈî�ÞGãöÞ�è­ð�ÝOãwê�Ý
� ê�Ü�ã,á�ð�àWÝOòGÞ&åÍã

Tg =
385K í �
	$î�ú*ûZàWÝOÞwß�àWäËäwã,áeï�à�áOÞ�åOàWáOßÅð�àWÝÍð�ã�ÞËáOàWÞËã5�bç ñ�ò�è�ã�áOß,ã�ÞöçOê�òwÜ�ê�ò�ñ�è�áOè�ð�è�ê�Ü�è�Þ�ê^ð�è�àWá¼åOãÜ óôüOè�Þ@ð�àWè�ò�ãZåOã�Ü óôñ�ß`üzê^á©ð�è�Ü�Ü�àWáwã�á)Ü�ã�äwê�è�á©ð�ã�ázê^á©ð�çQã,áOåzê�á�ð��©ÝOã�Ü��©ÝOã�Þ/üOã,ÝOò�ã,Þ/ê�Ý)åOã�ÞGÞ�ÝOÞ/åOã

Tg
ëJ"

Tmax = 405K
ú·K�á)àW÷Íð�è�ã,á©ðZê^è�áOÞGèXÝOá)ñ,ð�ê^ð/è�áOè­ð�è�ê�ÜQòGã�çOòGàbåÍÝOß,ð�è�÷OÜ�ã�ã,ðð"~Ü óôñ$�©ÝOè�Ü�è�÷Oò�ãZð�üOã,ò�äËàbå&�WÆ

ázê�äËè��©ÝOã�ú
�/ñ
ê^Ü�è�ÞGàWáOÞNÝOáOã ã��Íç ñ�òGè�ã,áOß�ã~ÞGè�äËçOÜ�ã�åOã4ý�è�ã,è�Ü�Ü�è�ÞGÞ�ã,äwã,á©ðE7QàWáÿð�òGã�äËçQã&Ü�ã&Þ%��ÞGð!
�äËã�ê�ÝOÞ�ÞGè3ò�ê6Æ

çOè�åOã,äwã,á�ð��©ÝOãwçQà�Þ�Þ�è�÷OÜ�ã @ −3K/min
A*øGÝOÞ!�©ÝXó�"ÿÝOáOã�ð�ã,äwç ñ�ò�ê^ð�ÝÍò�ã�åOã�ð�ò�ê
ý^ê�è�Ü

Tstop
à�ñ àWáâÜ�ã

Ü�ê�è�Þ�Þ�ã*ýbè�ã�è�Ü�Ü�è�ò�úQ0?ã	çzê^Þ�Þ�ê^éWã	åOã
T
çzê�ò

Tg
åÍñI�záOè­ðMÜ óôè�áOÞ@ð`ê�á�ð3è�áOè­ð�è�ê^Ü

t = 0
ú�ÏNáÍã�õ\àWè�Þ�Ü�óUñ,ß`üzê�á�ð�è�Ü�Ü�àWá

ð�üOã,ò�äwê�Ü�è�Þ�ñ�ëbàWáÅã�áOòGã�éWè�ÞGð�òGã�Þ�ê�ß�àWáÍÞGð`ê^á©ð�ã&åÍè�ñ�Ü�ã�ß$ð�ò�è��©ÝOã�ú



ò$ó ô8TVOFTVõIõ$Trö!öÇOFRHOF÷WP¯X
O6ö{ö�øeö)PWùFRHO6ö1ú
TpPWUWOFYWû3OQP�U�ü ýFý�S UIP¯N�õIY þ�PWYWü�PWTrS ÷Wÿ�X Trö!öÇTVý!ü�PWTrS ÷

0.1 1 10 100

4.5

4.6

4.7

4.8

4.9

5

5.1

5.2

5.3

5.4

5.5
395K

387K

382K

375K

365K

354K

343K

332K

311K

Tstop =
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���������
t 	�
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��� �
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� �
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�� ε
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vxwmy{z8�bú�É 9('*)&�&���2���o�,+ ��~ ε - �´�/.��ã�0+�~Í�%�W~21.��~ ú¸Âm QÄ43H�u�B��������¡!¡��B§-�B­�¢�¨e�
ε
§-�B¡�£�ª5¤¿°

f = 1Hz
�´¦ £�ªE¨©�!5Ñ¤�ª5�B­�¢��B¡¯¢)��§#��¤Bª� &¢!£�ª5�B¡�¨e��¢uª5�B§����

Tstop ² Â76FÄ83:�b�B��������¡!¡��B§-�B­�¢,¨e�
ε
 $��ª:9B¡

£�­�� ¢uª5�B§���� °
Tstop = 365K

§-�B¡$£�ª5¤¹° ¨W��52¤Bª5��­�¢)�B¡<;mª�¤$«&£ ��­�¥$��¡
f ²*= ­��¹ $�e��ª�¦5�
��§3 &¢u�u¦F­

�u¦Q�© �ª!�`¢?>e§��u«&£ �¬��­Ù¢)��§#��¡ ÂA@B@C@mÄ*��¡�¢8���Bª$¢���­��B­�¢)�¸�´¦©£�ª�¢�¦ £e¢��B¡*¥I�B¡�¥I¦ £�ªD6e��¡FE,�%�·¥$�)�:¢)¤$�-¥I�B���u�
¦
6&¢��B­�£ �8�´¦ £�ª

Tstop = 395K > Tg ²
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; ÝOòdÜ�ê.�zé�ÝOò�ã/�bú�É @ êWA�ëÀàWáþð�ò�ê�ß,ãÿÜ óôñ,ý�àWÜ�Ýbð�è�à�á ð�ã�äËçQà�ò�ã�Ü�Ü�ã8åOã
ε
äËã�Þ�ÝÍò�ñ "

f = 1Hz
ã,á

õ\àWáOß,ð�è�àWá�åÍã~Ü ó�L�éWã4åÍÝ ÞÇ��ÞGð�
,äwã^ë?çQà�ÝOò�åOè4�Jñ,ò�ã�á�ð�ã�Þ�ð�ã,äwç ñ�ò�ê^ð�ÝOòGã�Þ�åOã ð�ò�ã,äwç ã�ú�0-ã~ß,àWäËçQàWò@ð�ã�Æ
äwã,á©ð&ã�Þ@ð~ê�ÞGÞ�ã,ùöåOè��Qñ�òGã�á�ð&Þ�ÝOè­ý�ê^á©ð4Ü�ê8ý^ê�Ü�ã,ÝOò"åOã

Tstop
ú�Û�à�ÝOò

Tstop > Tg
ë
ε
åOñ,ß�òGà2M�ð&ò�ê�çÍè�åOã�Æ

äwã,á©ðNýWã,ò�Þ�Þ�êwáOàWÝÍý�ã�Ü�Ü�ã&ý^ê�Ü�ã�ÝOòNåXóUñI�©ÝOè�Ü�è�÷OòGã�ë ã,ð�áJóUñ$ýWàWÜ�ÝOã çOÜ�ÝOÞ�ê�çÍò!
�Þ?��ÝÍã�Ü��©ÝOã,Þ�üOã,ÝOò�ã,Þ�ú?Û7àWÝOò
340K < Tstop < Tg

ë3àWá¼àW÷OÞ�ã,òGý�ãÅÝÍá¼ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ð�7
ε
åOñ,ß�òGà2M�ð4Þ�ê�áOÞ ê^ð�ð�ã�è�áÍåOò�ãwåOãöçzê�Ü�è�ã,ò

ê�çOò!
,Þ
40h

ú���ã,ðGð�ã&åOñ�ß,ò�àWè�Þ�Þ�ê^áOß�ã~ã,ÞGð�ð�ò!
,Þ�÷Oè�ã,á�åOñ,ß�ò�è­ð�ã&çzê�òZÝOáOã åOñ,çQã,áOåzê�áÍß�ã~Ü�à�é�ê�ò�è­ð�üOäËè��©ÝOã
ã�á

t
ú�GÀá&�záXë çQà�ÝOò

Tstop < 340K
ë
ε
áXóôñ,ý�àWÜ�ÝOã&çOÜ�ÝÍÞNåe
,Þ?�©ÝOã Ü�ê�ð�ã�äËçQñ,ò�ê^ð�ÝOò�ã�ã�Þ@ð�Þ@ð`ê�÷Oè�Ü�è�Þ�ñ�ã¯7

"ÿ÷zê�ÞGÞ�ãdð�ã�äËçQñ,ò�ê^ð�ÝOò�ã^ë�Ü�óUñ$ýWàWÜ�ÝÍð�è�àWá¼åOÝ¼Þ%��ÞGð!
�äËã8ã�ÞGð&ð�òGàWç Ü�ã,á�ð�ãdç àWÝOòON,ð�ò�ãöç ã�òGß�ã�çbð�è�÷ÍÜ�ãdçOê�ò
áOà�ð�òGã"Þ%��ÞGð!
�äËã&åOã"äËã�ÞGÝOò�ã^ú

P�ñ�òGè��zàWáÍÞ�ädê�è�á�ð�ã�áOê�á�ð¸�©ÝOã�ß�ã~ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ðNã�ÞGð"çÍò�ñ�ÞGã�á�ð#"dð�àWÝÍð�ã�Þ"Ü�ã,Þ�õ\ò�ñI��ÝÍã�áOß,ã�Þ�7XàWá
ð�ò�ê^ß�ã�ÞGÝOòöÜ�ê.�zéWÝOòGã.�bú�É @ ÷JAËÜ�ê åOñ�ß,ò�àWè�Þ�Þ�ê�áOß�ã�åÍã ε äwã,Þ�ÝOòGñ�ã�ê^çOò!
,ÞöÝOáOã�ð�ò�ã�äËç ã/"

Tstop =
365K

ë�ç àWÝOò*åOã�Þíõ\ò�ñI��ÝÍã�áOß,ã�Þ/ß�àWäËçOòGè�Þ�ã,Þ*ã,á�ð�ò�ã
0.2

ã,ð
20Hz

ú
�Bß,èQã,áOß�à�ò�ã�ëbÝOáOã�ê�çOçOòGàQ�bè�ädê^ð�è�àWá
Ü�àWé�ê^ò�è�ð�üOäËè��©ÝOã�ã,á

t
ã�Þ@ð�ç ã�ò@ð�è�áOã�á�ð�ã^ú

K�áÅã�á)ð�è�ò�ã�åOã"ß�ã,ÞNäËã�ÞGÝOò�ã,Þ/Ü�ê Ü�à�èXåOã�ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ð�ÞGÝOè�ý^ê�á�ð�ã�7

ε(Tstop, f, t) = ε0(Tstop, f) − ε1(Tstop, f) log(t/t0) @ �bú�ÉWA

à�ñ)àWáÈß`üÍàWè�ÞGè�ð
to = 1h

ú
ε0 ê�çOçÍò�à��bè�äËã"ê�Ü�àWòGÞ�Ü�ê ß,àWáOÞ@ð`ê�á�ð�ã�åOè�ñ�Ü�ã,ß,ð�ò�è��©ÝOã�çQàWÝÍò t = 1h

ëbð`ê�áOåÍè�Þ
��ÝÍã

ε1 ã,á�åOñ�ß,ò�è­ð�Ü�ê�ý^ê�òGè�ê^ð�è�àWá)ç àWÝOò/ÝOáOã&åOñ�ß�ê�åOã4åÍã&ð�ã,äwçÍÞ�ú�K�áÿð�òGàWÝÍýWã&åzê�áOÞZÜ�ê�Ü�è­ð�ð�ñ�ò�êhð�ÝOòGãåOã�Þ*ê�çOçOòGà��Íè�ädêhð�è�à�áOÞ3÷Oè�ã�á�çOÜ�ÝOÞMß�àWäËçOÜ�ã��bã	åOã/ß�ã	ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ð
ëhÜ�ê�çÍÜ�ÝOÞÀç àWçOÝOÜ�ê�è�òGã�ñ,ð�ê�á�ðíÝOáOã
ã5�bçQà�áOã�á�ð�è�ã�Ü�Ü�ã8ñ,ð�è�òGñ�ãÅênøGàWÝÍð�ñ�ãÅåXóôÝOáOãÅß�àWáOÞ@ð`ê�á�ð�ã�úíûNãÅÞ�óUê�çOçOÝ
��ê�á�ðwÞ�ÝOòwê�ÝOß,ÝOáOã øGÝOÞGð�è��zß�ê^ð�è�àWá
ð�üOñ,àWò�è���ÝÍã�ë/ß�ã,ÞÈäËàbå&
�Ü�ã,Þ¿" � çzê�ò�ê�ä*
$ð�òGã�Þ)Ü�è�÷Oò�ã,Þ8áOàWÝOÞÅÞ�ã,ä ÷OÜ�ã,á�ðÿè�áhøGÝOÞGð�è��zñ,Þ���ÝOê�áOå Ü�ã�Þ �
ß�à�ãIÒËß�è�ã�á�ð�ÞZåOã"Ü óôñ$�©Ýzê^ð�è�àWá¿��ú�É~ç ã�ò�äËã,ðGð�ã,á©ðZÝOáÍã�åÍã�Þ�ß,ò�è�çÍð�è�àWá8ð�ò!
,ÞNÞ�ê^ð�è�ÞGõ³ê�è�Þ�ê�á�ð�ã�ú

ûZàWÝOÞ�çOòGñ�Þ�ã,á�ð�àWáOÞËÜ�ê�åÍñ�ç ã�áOåzê^áOß�ãÅã�á�ð�ã,äwç ñ�ò�ê^ð�ÝÍò�ã @ äËã�ÞGÝOò�ñ,ã¿"
f = 1Hz

A4ã,ð�ã,á õ\òGñ5Æ
��ÝÍã�áOß,ã @ çQà�ÝOò Tstop = 365K

A-åOã
ε1 ÞGÝOò�Ü�ê��zéWÝOòGã��bú��Oú ; ÝOò�Ü�ê�çOò�ã,äwè�
�òGã�ß�à�ÝOò�÷ ã�ë^àWá ò�ã,ädê^ò!�©ÝOã��ÝÍãZÜ�ã�ý�è�ã,è�Ü�Ü�è�ÞGÞ�ã�äËã�á�ð�ã�Þ@ðMçOÜ�ÝOÞ3è�äËçQàWò@ð`ê�á�ð�"�çOò�à��bè�äËè�ð�ñ�åOã	Ü�êNð�ò�ê�áOÞ�è­ð�è�àWá4ý�è�ð�ò�ã�ÝÍÞ�ã¸7

ε1 ã�Þ@ðMÝOáOãõ\àWáOß,ð�è�àWá~ß,ò�àWè�Þ�Þ�ê�á�ð�ã�åOã
Tstop

øGÝOÞ%�©ÝXó�"�ÝOáÍã�ð�ã�äËç ñ�ò�êhð�ÝOòGã�çOò�à�ß`üOã	åOã
Tg
ëWçOÝÍè�Þ3ð�àWä ÷ ã{"�ù�ñ,ò�à�ê�Ý

åOã�ÞGÞ�ÝOÞ,ú�GÀá)ãI�Qã,ð�ë
ε
ò�ã,Ü�ê6�bã�ê�Ü�àWò�Þ�Þ�ÝOò	Þ�ê~ý^ê�Ü�ã�ÝOò�åXóUñI�©ÝOè�Ü�è�÷OòGã�ã,ð/ÝÍáOã"ê�çOçOòGà��Íè�ädêhð�è�à�áöÜ�àWéWê�ò�è­ð�ü
Æ

äwè���ÝÍã?"&ð�ã�äËçOÞ�Ü�àWáOé�Þ�ã�òGñ�ÞGÝOäwã?"&ÝOáÍã�ß�àWáÍÞGð`ê^á©ð�ã�úe��ã�ß`üzê�áÍéWã�äËã�á�ð	åOãNß�àWäËç àWòGð�ã�äËã�á�ð�áÍàWÝOÞ
çQã,ò�äËã,ð�åÍã�åOñ,ð�ã�òGäwè�áOã�ò

Tg = 389± 2K
ú
QÎ÷Oê�Þ�ÞGã�ð�ã�äËç ñ�ò�êhð�ÝOòGã�ñ�éWê�Ü�ã,äwã,á©ð @ Tstop < 340K

A$ë
Ü�ã�ý�è�ã,è�Ü�Ü�è�ÞGÞ�ã�äËã�á�ðÀåÍè�Þ�çOê�ò�ê&M�ð{7�Ü�ã	ÞÇ��ÞGð�
,äwãZã�Þ@ðx�OéWñ�ë�Ü�ã�ÞÀçOüOñ,áOàWä�
�áOã,Þ*ÞGàWá�ð*ð�ò�àWç�Ü�ã�á�ð�ÞíçQà�ÝOòRN,ð�ò�ã
äwã,Þ�ÝOòGñ�Þ4åOê�áOÞ�ÝOáâð�ã�äËçOÞ&ò�ê�è�ÞGàWáOázê^÷OÜ�ã^ú20-êÅçOÜ�ê�éWã�åOã�ð�ò�ê ý^ê�è�ÜÀÞ�ãËÞ�è­ð�ÝOãËåOàWáOßËã�á�ð�ò�ã

340K
ã,ð

389K
ú

; ÝOò�Ü�ê¯�zéWÝOòGã¬�bú�� @ ÷·A$ë àWá�òGã�äwê�ò!�©ÝOã���ÝÍã Ü�ã"ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ðZåOã4Ü�êwß,àWáOÞGð�ê�á�ð�ã åÍè�ñ�Ü�ã�ß$ð�ò�è��©ÝOãã�ÞGðMåJóVê�Ýbð`ê�á�ðÀçOÜ�ÝOÞ�è�äwç àWòGð�ê�á�ð:�©ÝOã	Ü�êNõ\ò�ñI�©ÝOã�áOß,ã	ã�Þ@ðÀõ³ê�è�÷OÜ�ã�7
ε1 ã�ÞGðMÝÍáOã�õ\àWáOß$ð�è�à�á4åOñ,ß�ò�à�è�Þ�Þ�ê�á�ð�ãåOã

f
ú2GÀá¼ãI�Qã,ð�ë?Ü�ê8ò�ã,Ü�ê6�Íê^ð�è�àWá�åÍÝ¼ß,àWäwç àWò@ð�ã�äËã�á�ðE"8üzê�Ýbð�ã�õ\ò�ñ$�©ÝOã,áOß�ãwã�Þ@ð&çÍÜ�ÝOÞ"ò�ê^çOè�åOã¯�©ÝOã

ß�ã�Ü�ÝOè·""÷zê�Þ�ÞGãNõ\òGñ$�©ÝOã�áÍß�ã�ë�åOàWáÍßZÜ�ã	ýbè�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ð3ð�ã�áOå�"�åOè�Þ�çzê^ò�ê&M�ð�ò�ã	ç àWÝOò
f → ∞ í 	F�6î�ú�î��záåXóUà�÷OÞ�ã,òGýWã,ò�ÝOá ý�è�ã�è�Ü�Ü�è�Þ�ÞGã�äËã�á�ð4ê�ÝOÞ�ÞGè�è�äwç àWòGð�ê�á�ð#�©ÝOã8ç àWÞGÞ�è�÷ÍÜ�ã�ë7áOàWÝÍÞ�ê ý�àWáOÞ~åOà�áOßöè�á�ð�ñ�òSN$ð¯"

ð�ò�ê
ý^ê�è�Ü�Ü�ã,ò�ê
ýWã,ß
f
ç ã,ð�è�ð
ú

GÀáöß,àWáOß,Ü�ÝOÞGè�àWáËåOã�ß,ã,ðGð�ã�ñ$ð�ÝOåÍã�çOòGñ�Ü�è�äwè�ázê�è�ò�ã�ëháOàWÝÍÞ�áOàWÝÍÞx�&�bàWáOÞ*åOàWáOßZÜ�ê"çOÜ�ê�éWã/åOãNð�ò�ê
ý^ê�è�Ü
Þ�ÝOè­ý�ê^á©ð�ã¯7

��ã,äwç ñ�ò�ê^ð�ÝÍò�ã¯7
340K < T < Tg = 389K�zò�ñ$�©ÝOã,áOß�ã�7

f = 0.1Hz
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vxwmy{zÑ�bú�� 9kj¹�Q��~2+Ö� - +´��~®�1�l)e��~��u���u�u���6~21 ~2+��#~2+ Tstop ~&� f ú �:�¶¥I¦
��m-¥��u��­�¢

ε1 ¨e�E��À  I�n@
��ª5¦��
��§� &¢u�u¦F­¯�u¦��  �ª!�`¢?>e§��u«&£ �EÂb¤$« ² Á ²po Ä?�B¡$¢Hª��)��¦Fª�¢�¤?�B­q;`¦F­�¥F¢u�u¦F­�¨e�

Tstop
�´¦ £�ª

f = 1Hz
Âµ FÄ[E

�F¢8¨e�
f
�´¦©£�ª

Tstop = 365K
Â]6FÄ ² �:�¬±F�b�B��������¡!¡��B§-�B­�¢1�B¡$¢:���`£�¡ð��§��´¦Fª$¢o �­�¢Ö°r6� �¡!¡���;mª�¤$«&£ �B­�¥$�

�F¢��´¦©£�ª#£�­��¬¢��B§��´¤�ªB &¢%£�ª5�8��ª�¦
¥Y>��E¨e�
Tg = 389K ²Vs ��¨©��¡`�2 �ª� &to¢Ö &£-¨e�B¡%¡�£�¡E¨e�Å�µ ¿¢uªB �­&¡!�o¢u�u¦F­

±Q�o¢�ª��F£�¡��¯Âu¤I«&£������]6�ª���¢?>��Bª!§-¦ ¨�½&­· �§��u«&£ �!Äð�F¢H�u¦Fª%¡5«&£ �
Tstop < 340K

Âb¨�½&­· �§��u«&£ �E¢uªF9B¡,�u�B­�¢��!Ä ²
uKvSu w(xzy|{~}��F�������������z}����7�~�k�~��� {�� ���F}����8���8���F����� � �

ûC�/�V�I�S�2�Oü0�2 ­ð��/¡V�£¢V�2¡V�I¤[¥,ðGð�¥§¦0��ò@ð� !¥R¨©¥$ð�ð�òª¥§¥[¡�ñ,ý« �¢V¥#¡V¤[¥��V¡V¥i�2¡0�&¬��/­/ !¥®¢V¥§¤[�2¨©¦��WòGðS¥[¨K¥[¡�ð
õ¯�WòGðS¥~¥[¡�ð�òS¥�¡V��ð�òS¥�ý2¥�ò�òª¥�¦°�/¬4�«¨wñ,òS ����V¥�¥,ð§¬!¥[�®�Ç�
�@ð�
#¨©¥#�i¨K�«¢e
[¬!¥[�����V¥±�ª�/¡�ð§¬�¥[��ý2¥�òGòS¥[�§¢V¥±�ª¦V �¡,��ú
²��/�Íò�¤#¥[¬A�
³^�/¡z�2¢V�2¦Íð�¥B�V¡©¦OòS��ðS�
¤#�/¬�¥±¥��
¦Qñ,òS �¨K¥[¡�ð��2¬��2¦V¦V¬! ����Oñð"O¤#¥[�i¢V¥�òª¡V �¥,òS�´¦��/�Oò§¬�óUñ$ð��V¢V¥B¢V¥
¬ ó�¥I�°¥,ðMòS�nøª¥[�V¡, ��S�ª¥[¨K¥[¡�ð%Æ7¨wñ#¨©�2 �òS¥ í É���îµ³2¢Oñ[¤,òS �ð�÷OòS �
,ý/¥#¨©¥#¡�ð�¢V�2¡V�R¬�¥#�R¦0��òS�2­Wò��&¦OüV¥[�{	�ú�ÉÍú4	Wú�ûB�/�V�¨©�2¡©ð�òS�/¡,�O !¤[ 1�«�,¥q¤[¥$ð*¥5�¶¥$ð·¥[�@ð ñ[­/�2¬�¥#¨©¥#¡©ðO¦OòGñ[�S¥#¡�ð·¢0�2¡V�¸¬�¥©²*ìÿìÈî¸³�÷V �¥#¡>���Xó� �¬i�S�/ ­ðO¦,¬��V�
¢V �ÒK¤# �¬�¥�"��W÷V�S¥,òGý2¥�ò�ú3ûC��ðS�/¡V���«�Jó��V¡¹¥I�°¥,ð*¨Ëñ[¨K�/ �òS¥º¢V �ð�¢V¥q»C� ý&�2¤[�*�Èñ,ð�ñq¨K ��¼¥[¡¼ñ,ý« �¢V¥#¡V¤[¥
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,òS¥#� í �WË�î�úe�´¥$ð~¥5�¶¥$ð~¢V¥NòS¥[¬��2¡V¤#¥C¢V�ý« �¥[ !¬�¬! ��S�ª¥[¨K¥[¡�ð����0�&¡V¢©�2¡wòª¥[¨K�/¡�ð�¥�¬A��ðS¥[¨K¦°¥,ò��^ðS�OòS¥±¦��/�S�%
[¢V¥B�V¡©�2¡0�2¬!�/­/�V¥±¢V�2¡V�§¬�¥#��ý/¥�òGòS¥#�´¢V¥
�S¦V !¡n³V¨©�2 ��´¬ ó�¥5�
 ��@ð�¥[¡,¤[¥�¢Xó�¥5�¶¥$ð���¢V¥"ò�� øª¥[�V¡V !�S�ª¥[¨K¥[¡�ð?���0�&¡V¢r�2¡Å÷V�2 ��ª�S¥¼¬A�4ðS¥[¨K¦°¥,ò��^ðS�OòS¥&³0¢0�2¡V�
¬�¥#�!���V¥[¬!���V¡V¥i¨wñ#¨©�/ �òS¥�¥[�Gð�¤[¥#¦°¥#¡V¢0�2¡�ð�¦Oò�ñ#�S¥,òGýWñ#¥2³&¡Xó½�3øS�2¨©�2 ��Jñ,ð�ñÀðS¥[�Gð�ñ[¥i¢V �òª¥[¤$ð�¥[¨K¥[¡�ðI¢0�2¡,�I¬!¥[�
¦°�2¬��«¨*
,òS¥#��úzûB�/�/ò�ñ[�ª�V¬�ð��^ð���¦�¥�òª¨©¥$ð�ð�¥#¡�ð�¢Xó�¥5�¶¥#¤,ðS�V¥�òC¤[¥,ðGð�¥¼¤[�2¨©¦0�^ò��2 !�S�/¡8�2�ª�S¥,ùO�ª �¨K¦V¬�¥#¨©¥#¡©ð�ú

�]¬���ó��2­/ �ð8¢Jó½�2¦,¦V¬� ��«�,¥�ò<�V¡¾¤I�«¤[¬!¥âòª¥,õ\òª�/ �¢V !�S�ª¥[¨K¥[¡�ð%Æ�ò�ñ[¤`üV�2�&�°¥[¨K¥[¡�ð�¦V¬��V�<�2�¿¨K�/ �¡,�z¤[�/¨¬Æ
¦V¬�¥��
¥¬"q¡V��ð�òS¥ ñ#¤`ü0�2¡�ð� !¬�¬!�/¡n³À¥,ð�¢Jó��W÷,�S¥�ò@ý/¥,ò�¬�¥¸¤#�/¨K¦°�Wò@ð�¥#¨©¥#¡©ðÁ¢V¥*¬��©¤[�2¡V�Gð��2¡�ð�¥·¢V �ñ[¬�¥#¤,ð�òS ����V¥^ú
ûC�/�,�*¢Oñ�÷,�Íð��/¡,�·¦0��ò*¬�óUñ$ð��V¢V¥q¢Xó��,¡Â¤I�«¤[¬!¥z�S !¨©¦V¬!¥����V �¢OñI�0¡, �ò��r¬A�Ã¤#�/�Oò�÷�¥z¢V¥dò�ñ,õ\ñ,òS¥#¡V¤[¥^úÖG§¡
¤[�/¨K¦V¬!¥5�
 ��À�&¡©ð´¬�ñ#­�
�òª¥[¨K¥[¡�ð±¬ óôüV !�Gð��2 �òS¥	ð�üV¥�òª¨© ��«�,¥2³,¡,�/�V�±¨K¥,ð�ðS�/¡V�~¥#¡V�S�, �ð�¥Á¥[¡8ñ,ý« !¢V¥[¡V¤#¥¼¬ ó�¥I�°¥,ð
ò��nøª¥#�V¡V !�S�S¥#¨©¥#¡�ð%Æ]¨Ëñ[¨K�/ �òS¥Ä¢0�&¡V�±¬�¥�¦V¬!¥5�
 �­2¬A�2�,úÍûB�/�V��¦Oò�ñ#�S¥#¡©ðS�/¡V�B¥[¡&�V¡ ���V¥#¬����V¥[�B¥5�
¦ ñ�òª �¥[¡,¤[¥[�
�
ý2�&¡V¤�ñ#¥[�B�S�Oò�¤[¥$ðB¥I�°¥,ð
ú
Ó8ÔoÓ8ÔÇÕ Å çÖìðê,Æ�Úãá?Ú<êeé2(Bé êeÚ2ß�å�Ú

�´�/¨©¨K¥~¦OòGñ[¤,ñ[¢V¥#¨©¨K¥[¡�ðD³�¡V�^ð�òS¥±¨K¥[�ª�OòS¥±¢Íñ�÷V�ÍðS¥C¦V��òR�V¡V¥	òGñ[ �¡, �ð� ��2¬� !���^ðS ��/¡¼¢V¥�¬�óUüV !�GðS�/ �òª¥´¢V¥
¬ óôñ[¤`ü0�&¡©ðS �¬!¬��/¡º¥[¡<¬!¥C¨©�2 !¡©ðS¥[¡0�&¡©ð,"

Tmax = 405K
¦�¥[¡V¢0�&¡©ð8�«�,¥[¬����V¥#��üV¥#�OòS¥#��úOûB�/�V�~¬!¥Nòª¥,õ\òª�/ 4Æ

¢V ��ª�S�/¡,�~¥[¡V�ª�V �ðS¥Á¬!¥[¡�ð�¥#¨©¥#¡©ð7øª�V�!���Xó�"
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¥[�Y÷B¢V�/¡V¤	�¯�/øª÷S¥[¨K¥[¡^÷�¢Vÿ#¦°¥#¡V¢0�2¡^÷�¥O¢V¥
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¥F÷B�����2¡V¡��V¬�¥�¥[¡�¢V¥#�S�S�2�V�Á¢V¥
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ú·GR¬�¬!¥�¥[�Y÷

ÿ[­/�2¬�¥#¨©¥#¡�÷��,¡V¥S�¯�/¡V¤#÷S ��/¡<¤#øS�/ !�S�S�2¡^÷�¥�¢V¥
T ′
ú

9<; �/¡r¨q�-�, !¨*�V¨��S¥¸�ª !÷S�V¥E"©�V¡V¥¼÷�¥#¨©¦�ÿ[øS�&÷��,øS¥
Tm

¢Vÿ#¤D�2¬!ÿ[¥��«�,¥[¬����V¥#�Á¢V¥#­/øSÿ#�Ä�2��¢V¥#�S�S�,�
¢V¥

Tstop
ú

9 Tm
¥[�Y÷C¢��½�2�
÷d�2¡^÷B¦V¬��,�B¦,øS�«¤��V¥¼¢V¥

Tstop
���V¥

T ′
¥[�Y÷R� �2 !þV¬�¥&ú

Ó8ÔoÓ8Ô>� IG�)��é êeØ)Ú2ß�å�Ú2Ü å�ç1Ý��ÅÛ)éÑÝÞÚ2ßxà
äÖØ�êeÚ2Ü
�Ä�2¡V�R¤#¥[�R¦0�2øS�2­/øS�2¦*�V¥#�[³2¡,�/�V�®¡V�2�V�R¦°¥#¡V¤��V�/¡,�R�S�VøR¢V¥#�®¥��
¦�ÿ[øª �¥[¡,¤[¥[�§¦V¬!�V�®¦��/�V�ª�Sÿ[¥#�R�S�VøR¤#¥#÷

¥�w°¥#÷R¨Kÿ[¨K�/ !øS¥2³ ¦��/�VøI÷�¥[�Y÷�¥#ø ,ª�V����� ��"����V¥[¬V¦��/ !¡�÷ ¬�¥�¤[�/¨K¦°�2øª÷�¥#¨©¥#¡^÷®¢V�º²/.0.1� ���½�&¦V¦0�2øª¥[¡^÷�¥�"
¤[¥#¬��V «¢V¥[�L�/¥[øªøS¥#�R¢V¥´�ª¦V �¡V�#ú/öB�/�V�®¡V�2�V�®�&÷ª÷d�2øª¢V�/¡V� �2 �¡,�S «�S�Vø�¢V¥[�}�*¨©¥#�S�Vøª¥[�®¤#�/¨K¦V¬�ÿ#¨©¥#¡�÷��2 �øª¥[�Ö7
¢V�/�Vþ,¬�¥�¨Kÿ[¨K�/ �øª¥Ä¥#÷B¥�w¶�2¤#¥[¨K¥[¡^÷B¢V¥¼¬
���V ��Y÷��/ !øS¥Á¦V�2ø�øSÿ[¤��V�2��w°¥[¨K¥[¡^÷Dú

¡�¢¤£+¥L¦>§4¨ª©}«¬¢ ­¯®-§4°+£�±�¨²¨´³

0����V¡ ¢,¥[�Áøªÿ[�ª�V¬!÷��&÷��C¬�¥[�B¦V¬!�V�C�ª¦°¥#¤#÷��2¤[�V¬��2 �øª¥[�B¨© !��¥[¡|���&�2¡^÷Ä¢0�&¡V�C¬!¥[�C¥��
¦°ÿ#øS !¥[¡V¤#¥[�Ä�ª�VøC¬!¥[�
�/¥#øSøS¥#�<¢V¥Ã�ª¦V �¡,�q¥[�Y÷<¬
���/þV�ª¥[ø��2� ÷� ��2¡ ¢ ���V¡(¢,�/�VþV¬!¥Ã¥�w°¥#÷q¨©ÿ#¨©�2 �øS¥ í Éµ��î?ú ;  Á�2�ý¬� �¥#� ¢,¥1� �2 !øS¥
�V¡ �V¡, ����V¥·�2øªøSNF÷Å"
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¦°¥#¡V¢0�2¡^÷�¬!¥Oøª¥��¯øS�2 �¢V !�S�S¥#¨©¥#¡^÷D³��/¡ ¬A�& ��S�ª¥O¬!¥O���«�ª÷$�#¨©¥��
 !¥[ !¬�¬� !ø{"q¢V¥#�}�

÷�¥#¨©¦�ÿ[øS�&÷��Vøª¥[�
Tstop1

¥#÷
Tstop2

�2�ª�S¥�k§ÿ#¬��/ !­/¡Vÿ[¥#�[³[�2¬��/øª�n�/¡¼øS¥F÷�øª�/���/¥§¥#¡�øªÿ[¤��0�&��wn�&¡�÷I¬��~�S �­2¡0�&÷��,øS¥
¢V¥¼¤[¥#�C¢V¥#�}�8ÿ��/ÿ[¡,¥[¨K¥[¡^÷��#ú

�Ä�2¡V�±¤#¥[�±¥��
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��ÿ[¤[�2øª÷±¥#¡^÷�øS¥
Tstop1

¥F÷
Tstop2

¥[�Y÷�¤��V�/ !�S ¶¦��/�VøM�«�,¥�¬�¥Á���«�ª÷$�#¨©¥��2 a÷
�V¡Âø���,ª¥[�V¡V !�S�ª¥[¨K¥[¡^÷·÷��2÷��2¬´¥#¡^÷�øS¥q¬�¥z¦Vøª¥[¨K �¥#ø¸¥#÷*¬�¥q�ª¥[¤#�/¡V¢¶�
 !¥[ !¬�¬� !�S�ª¥[¨K¥[¡^÷D³£¤���¥#�ª÷�" ¢V !øS¥3���V¥
¬�¥#�B¤#�/�Vøªþ°¥#�C¢V¥¼øªÿ��¯ÿ[øª¥[¡V¤#¥¸¥F÷C¢,¥�¨Kÿ[¨K�/ !øS¥Ä�ª�/ �¥#¡�÷B�ª�V¦°¥#øS¦��/�Sÿ#¥[�Á�2�r¢,¥[�S�ª�V�Á¢,¥

Tstop2
ú·�Á�2¡V�B¬�¥

¤D�2�i¤[�2¡�÷Sø��2 !øS¥&³«�,¡V¥C !¡^÷�¥[ø��¯ÿ[øª¥[¡V¤#¥Á¥[¡^÷SøS¥B¬�¥[�i¢V¥#�}�©¨©ÿ#¨©�/ !øS¥#�R¦°¥#�,÷´NF÷�øª¥C¨K ��ª¥B¥#¡zÿ��« !¢V¥[¡V¤#¥ í É�Ì6î?ú�´¥#÷ª÷�¥¸¤#�/¡V¢V a÷� !�/¡8¡V¥¸¦�¥[�,÷CN#÷SøS¥�¦0�2ø�� �2 !÷S¥[¨K¥[¡^÷BøS¥[�ª¦°¥#¤#÷Sÿ[¥*¢0�&¡V�C¡,�2÷�øª¥O¤[�2�#7À¬�¥#��¢V¥[�}�r¤#�/�VøSþ�¥[�
¡V¥z�ª¥<øS¥;,ª�2 �­/¡V¥#¡^÷���� ��"kþV�2�S�ª¥z÷�¥[¨K¦�ÿ[ø�� ÷��Vøª¥ @ T < 340K

A:³���ñÂ¬!¥"�« �¥# �¬!¬� ��ª�S¥#¨©¥#¡�÷O¡ ��¥[�Y÷·¦V¬��,�
�/þV�ª¥[ø��&�2þ,¬�¥2úaúaú öB�/�V�¸¤��,�/ ��ª ��S�ª�/¡V�O¢V�/¡V¤©¢V¥q÷�¥#�ª÷S¥[ø¸¤#¥z¢V�/�,þV¬�¥K¥�w°¥#÷*���2¥[¤z¢,¥[�}� ÷�¥#¨©¦�ÿ[øS�&÷��Vøª¥[�
¥��«÷�øªN[¨K¥[�B¢0�2¡V��¡V�&÷�øS¥�­/�2¨©¨K¥Ä¢V¥�÷Sø����&�2 �¬?³e"·�����/�2 �ø

Tstop1 = 375K
¥F÷
Tstop2 = 345K

ú
0I�3�V­/�VøS¥·ù
ú�NON*¤[�/¨K¦0�2øª¥¸¬���¥#¡VøS¥#­/ ��Y÷�øS¥#¨©¥#¡^÷Ä�/þ,÷S¥[¡��k���/¥#¤K¤#¥#÷ª÷�¥*¢V�2�VþV¬�¥O¦0�2�V�ª¥·¢V�|øS¥��¯øS�/ rÆ

¢V ��ª�S¥#¨©¥#¡�÷ @ ◦ A:³�¥F÷<¤[¥#�}� ¤#�/øSøª¥[�S¦��/¡V¢V�2¡^÷¿"¹�V¡l�2øªøSN#÷q�V¡V ��«�,¥}"
Tstop1 @ × A©�/�

Tstop2 @ + AFú
0£�/øS���«�,¥K¬����2¡ �&øSøS ��/¥¯"

Tstop2
³n¬!¥��« �¥[ !¬�¬! ��S�ª¥[¨K¥[¡^÷Ä¢,¥

εm
øS¥#¦VøS¥#¡V¢ ¥F÷¼�/¡ �/þV�S¥#ø��2¥©�V¡,¥·øS¥[¬��(�,�6Æ

÷� !�/¡Ã¢ ���2¨K¦V¬� a÷��V¢,¥� !¡V¢Vÿ#¦°¥#¡V¢0�2¡^÷�¥¸¢V¥¸¬��P�V !�ª÷S�/ �øª¥��V�2�,÷�¥O÷�¥[¨K¦�ÿ[ø�� ÷��Vøª¥2ú��´¥¸¤[�2¨©¦��/øª÷S¥[¨K¥[¡^÷Ä¥#�ª÷
¤D�2øS�2¤#÷Sÿ[øª ��ª÷S ����V¥�¢V¥B¬
��¥�w°¥#÷iø���,ª¥[�V¡V !�S�ª¥[¨K¥[¡^÷?7^¡,�/¡©�ª¥[�V¬!¥[¨K¥[¡^÷�¬�¥±���«�Y÷$�[¨K¥Áøª¥#÷SøS�/���2¥C�,¡V¥C¨KN[¨K¥
¤[�/¡,�ª÷d�&¡�÷S¥q¢V !ÿ[¬!¥[¤#÷SøS ��«�,¥K¦��/�Vø¼¬!¥[�¼÷�¥[¨K¦�ÿ[ø�� ÷��Vøª¥[�	� �2 �þV¬!¥[�#³£¨q�2 !�� �¬§�8¥��,�2¤F÷�¥[¨K¥[¡^÷¸¬�¥[��¨KN[¨K¥[�
¦VøS�2¦VøS !ÿ#÷�ÿ#��¢V¥S�
 !¥[ !¬�¬� !�S�ª¥[¨K¥[¡^÷Dú
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°
f = 0.1Hz

�F¢
|T ′| = 20K/h

�´¦©£�ª¬¢�ª�¦F��¡�ª5��;mª5¦F�b¨©��¡%¡5�B§-�B­�¢u¡�¨©��52¤Bª��B­�¢�¡-Â`±F¦F��ªE��­�¥5 �ª$¢bÄ©óH£�­ £�­e�u«&£ �E �ª!ª��F¢ð¨e�
¸O¹ >®°

Tstop1 = 375K
Â�@b�,@bÄ¯�Q¢

Tstop2 = 345K
Â�@�º�@bÄ:EÖ¨e�F£F�® 6ª!ª��Q¢�¡¯¨e�

10h
¥Y>· W¥F£�­ °

Tstop1�F¢
Tstop2

Â^» ◦ »�Ä ² �:�¶±Q�b�B��������¡!¡5��§���­�¢:°
Tstop2

��¡�¢,¨e�ð§��B§-�? �§������`¢!£ ¨e�#E�«&£ ���u«&£ ��¡5¦Q�o¢��5À >e��¡�¢)¦Q��ª5�
>· &£e¢��¶¢��B§��´¤�ªB &¢%£�ª5�¸¨&�?��À ¤I¥Y>· �­�¢������b¦F­ ²
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¥$¦Fª%ª5�B¡`�´¦Q­�¨
 �­�¢� &£6� �B­eª����W��¡�¢uª5�B§-�B­�¢u¡ ¨e� �m  ô&�·£�ª�� Á ² ¸µ¸ ó��b�$¥F¢%£�ª5�>¨�Àh£�­  �ª!ª��F¢/£�­&�u«&£ �>°
Tstop1 = 375K

ÂA@m�,@bÄ �Q¢
Tstop2 = 345K
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Tstop1
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Tstop2

Â�» ◦ »oÄ ² �H }¥$¦ £�ªD6e�-��­.�´¦Q��­�¢������u¤ Â�@Á@Ä@mÄ��B¡$¢Å�m  ¡�¦F§�§��*¨e�B¡�¨e�Q£6�  6ª!ª��Q¢�¡¬¡%��§����u��¡FE1�B���b�
¡ À  ©¥$¥I¦Fª5¨e��¢uªF9B¡K66�u�B­  W±Q�$¥��u��ª�¤B¡$£��o¢` &¢ð¨e���µ ¿¨e¦ £066�u�ð�2 
£�¡5� ² �?À ��5Ñ�Q¢8§�¤�§�¦F��ª5�E�B¡$¢�¨e¦F­�¥E¡%��§©@
���u��§���­�¢Ö W¨e¨©�o¢u��;�¨
 �­&¡¸¥I�F¢%¢)��¥$¦F­,ô&�·£�ª� &¢��b¦F­ ²
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f = 0.1Hz
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�´¦©£�ª1¨e�Q£6�#ª5¤$¥Y>J &£252�B§-�B­�¢�¡�¡$£ ¥$¥I�B¡%¡!��;m¡?Âo±F¦Q��ª1��­�¥5 6ª�¢bÄ±ó�¦F­*�d52�$¥Q¢!£ ��£�­��´�b�$¥Q¢!£�ª��
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£ �5À ¤$¥Y>J �­�¢������u¦F­ ² �� 3¡5�$¥I¦F­�¨e�#�u�I¥F¢%£�ª5� ÂA@ ◦ @bÄ­��Ö��¦Fª$¢)�{ &£ ¥F£�­���¢uªB ©¥I�?¨e�
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KÄþV�ª¥[ø��/�/¡V��¨©�2 �¡^÷�¥#¡0�2¡^÷Ä¬��q¤[�2�VøSþ�¥·�/þ,÷S¥[¡��V¥º¬��/øª�Á¢V�køªÿ[¤��0�2�}w¶¥#¨©¥#¡�÷¼¢,¥·¤[¥#÷¼ÿ#¤��0�2¡^÷� !¬�¬!�/¡
@ Æ ◦ ÆÇA®�S�Vø�¬A�	�0­/�Vøª¥�ù
ú�N ù
ú ;  À¬A��¨©ÿ#¨©�2 �øS¥±¢,¥Á¬
���2øªøSN#÷," Tstop1 ¥#�ª÷´ÿ��« �¢V¥#¡^÷�¥2³
¤[¥#¬�¬�¥B¢V¥ Tstop2 ¢V�/ a÷N#÷�øª¥Á¡V���2ÿ[¥�¢0�2¡,�´¬�¥B¢Vÿ#þV�,÷±¢V¥C¬A�¼¤[�/�,øSþ�¥2ú
²��/�Vø�÷�¥[¡^÷S¥[ø´¢,¥Á¬�¥C¨©¥F÷S÷SøS¥B¥[¡zÿ��
 !¢V¥[¡,¤[¥2³
�S�V¦,¦°�/�ª�/¡V�
�«�,¥O¬���¥�w¶¥F÷�¨©ÿ#¨©�/ !øS¥C¥[�ª÷C�S !¨©¦,¬�¥[¨K¥[¡^÷��&¢V¢V !÷S ���¬!�/øS���«�,¥�¬!¥[�~÷S¥[¨K¦°ÿ#ø��&÷S�VøS¥#�B�ª�/¡^÷B�S�&ÒK���&¨©¨K¥[¡^÷
ÿ[¬��2 �­/¡Vÿ#¥[�#³n¥#÷¼�ª�/¨©¨K�/¡V�Á¬�¥[��¬!¥[¤F÷��Vøª¥[��¤[�2øSøS¥#�S¦��/¡V¢0�&¡�÷�"<�V¡V¥º¦0�&�V�S¥º�V¡V ����V¥¯"

Tstop1 @ Æ
�©ÆÇAB¥#÷
Tstop2 @ Æ�Ã�ÆÇA:úe0��K¤#�/�Vøªþ°¥¼¦��/ �¡^÷� !¬�¬!ÿ[¥B�/þ,÷�¥#¡��V¥O¤#�/¬�¬!¥Á÷�ø��[��þV !¥[¡r�2�}�<�2þV�S¥#ø��&�&÷� !�/¡V�#úöB�/�V�K¥[¡ ¤[�/¡V¤#¬��V�2¡V�"���V¥�¨©�2¬�­/øªÿ<¬A�|­^�2¨K¨K¥<¢V¥��« !¥[ �¬!¬� !�S�S¥#¨©¥#¡^÷�� �2 �þ,¬�¥<¢V�ý²�.4.1�¸³§�V¡
¢V�/�VþV¬!¥¸¥�w¶¥F÷�¦°¥#�,÷ÄNF÷�øª¥*¨© !�C¥#¡|ÿ��« �¢,¥[¡V¤#¥2ú��I�/�,÷S¥��¯�/ !�[³�¬�¥OøS¥[¤#�/���«øS¥#¨©¥#¡^÷�¢V¥[�Á¨©ÿ#¨©�/ !øS¥#�Cøª¥[¡V¢
¤[¥*¤[�2ø��2¤F÷$�#øS¥¸þ, �¥[¡Ã¨©�/ !¡V��� �2¤[ !¬�¥E"©�/þ,�S¥[ø��/¥#øS�«�,¥*¢0�2¡V�C¬�¥#�R�/¥#øSøª¥[��¢V¥O�S¦V !¡V�[ú�ÏC¡V¥¸ÿ#÷��,¢V¥*¦V¬!�V�
¦°�/�,�S�Sÿ#¥O�ª�Vø±¬
�� �¡^÷S¥[ø��¯ÿ#øS¥#¡V¤[¥�¢V¥#��¥�w°¥#÷���¨Kÿ[¨K�/ �øª¥[�~¬!�/øS�����V¥

Tstop1 − Tstop2
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÷�¥#¡V�S !�/¡q¦0�&ø´¬A�¼¤��0�2øª­/¥C÷S�2÷d�&¬�¥B¤[�/¡V¡,¥[¤#÷Sÿ[¥SÒ�¬
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�¯øSÿ��«�,¥[¡V¤#¥2ú
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∣
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∣
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∣

∣

∣
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��«Ö�2 �ª¯«%��«�§#���w«ð¥$¦F§�§�«x����§��o¢o«
γ < 2

E2¦F­/¦
6&¢u�w«�­�¢��­«B¡	°6¦Q­�«B¡�¡�£��o±5 �­�¢o«�¡¸ó
Âµ FÄRd?§������ ² ò´� ²�± � ¸O¹µ¹ a ó f > 7Hz

«F¢
Zopt ∼ 1kΩ ²Â76FÄ?Ã´ª5¤5 6§#������ô�¥� &¢o«Q£�ª ¾ ¢` �­V;`¦Fª�¨ ¾�²	[�³ ¹ ó f > 0.1Hz

«F¢
Zopt ∼ 10MΩ ²Âb¥!ÄRd?§µ´�¶p· ² ò¸´ ² d�H [
��� ó f > 0.1Hz

«P¹
Zopt ∼ 500MΩ ²
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} �@v��]��¾&¹�u5vyu s ¹
γ
u | ¹t��x » x���u5z]·[{]uÀ��x�¹�uwv��k½w·�x�¹�z]·�uÃu5×�u } ¹ �
» u�¢�Ø9�Ùu | ¹º·,x ��| � s]s x Ë ��u1{]uÃ�ku sl| uw·

ÁBzÚÈ�u5����u | u |,� ¹�z]u5·�xt{�x s]| ��È ��s ¹�u5· » x�����u
Tstop 6 Teff 6 Tg

¢ õºs � Ë ¹ � u s ¹Wx����@· | ��u |Û} �@z]· Ë u | � � v � ¹�u |
{]u~��x } �@zl· Ë u1{lu1��xÃ¶ � z]·�u12l¢�Ô Ð ¢

àµx » x���uwzl·1½5��u » ½wuy{]zÜ¹�x�z�Ó){]u Ë ·�z � ¹À¿ Ë x |,| u Ê ·�½wÁ	z]u sl} uÝ��x ��|�| u���u5zÞ{]u }�Í x sl} u | ¿G��È�� Ë M| uw· » x�¹ � � s {«È�z s u »�� �@��x�¹ � � s {lz�ß	�áà ökx » u }
γ = 4

¿
1Hz

Ç � � Ê x�zl¹_vUz]��¹ � �]� � u5·Ò��u s �@v Ë ·,uÃ{lu
vy�pâ@u s]s u | �]x�·tÔpoÃ�]x�·Ò·�x��]����·�¹¼¿Uz s uºvyu | z]·�uÑã � {]½Cx���u&ä�Ç	�@I���u Ë ·,z � ¹Ò{]uº��È�½5��u } ¹�·�� s]� ÁBzlu | u5·�x � ¹
s zl��¢áÂ²�@z]·U¶lÓ�u5·���u | ��·,{]·�u | {]u � ·,x s {]u5z]· | Ç | zl�]��� | � s]| Á	z]u���È�� sd}�Í uw· }�Í uq¿Ì� Ël| uw· » u5· } u5¹�¹�u»�� �@��x�¹ � � s x�zl¹,�@z]·¼{]u

f = 1Hz
¿
Tstop = 350K

¢ õts x�x����@· | ö
ó γ ∼ 4
ó ∆f 6 1Hz

¢
ó p < Teff/Tstop − 1 ∼ Tg/Tstop − 1 ∼ 10%á s ·,u5����·�¹�x s ¹ } u |�» x���u5z]· | {]x s]| ��È�½wÁ	z�x�¹ � � s 2�¢�Ôp2�Ç@� s � Ë ¹ � u s ¹

netmoy > 1.4 104s
¢Ø; � ��u } · � ¹�¾w·�u

���@zl·²� Ë]| u5· » u5·Ù��x »B� �@��x�¹ � � s {]z1ß	�áàåu | ¹
ωt ∼ 1

ÇC��u s �@v Ë ·�uW{«È�u'Ó���½5· � u s]} u={]� � ¹²x�����· |«| u |�� ¹�zluw·
x����@· | x�zl¹���z]·W{]u

105 ¢w¢5¢næÑ��¹�·�u | uwzl��u }�Í x s]} u[{]u » � � ·WÁBzluw��Á	z]u }�Í � | u[{�x s]| } u |=} � s { � ¹ � � s]| u | ¹ÁBzlu s ��z | xpâ�� s]| ��x�· � uwv�u s ¹ | �@z | M9u | ¹ � vy½º��x »B� �@��x�¹ � � s º
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@BA2CED�2�¢�Ô Ð óÅõ ~ �b��¦d¤������l£ z�� ��¤ �N§Õz©�Þö���� �v� � � ����} ¤)¦ �
~Ø������z ¤l£ ~�}��G# yÙy " ¢©÷�Ûß�¹È·p¶é·pÝÞâåÛ�¹|¶w«ÞÝ�ê¬âåá�â�êP¹�äÞáb·pÝ¢¹w·wñ�ßØ«ÞÝ�è�«Ãøåá¢ßå·_¹�è�«�¶&% âåÜ9´�¶é·�ù�ê¬â�¹�«Pß
á¯è�«�¶qâÀù�î�ß
á¥«tú íüû «P¹<¶qâµÜ.«ÞÝ¢ßåá¬«Hè�«
ε * ù�î í ú í � - ³ ëPÛì«�Ý¢¹È·pÜ�«¤¶­«S¹_â�ß7+&è�«Ýøåáàß
·_¹�«�ÛÜª[ë>Û�êP¹w·wëPÛ&è�«µ¶qâHª2á¬äàñ�ßØ«�Û�êà« í|± â(ê4ëØß
ápø�«Rè�ßÜø�âåÝÝ¢ß¢´�´¸ëPÝ¥«

Teff = Tg ³ ê4«Þ¶p¶w«Eè�ß1ý�â�ß�¹ Teff = Tstop = 364K íX± «�Ý�ð¬âå¶­«Pß
áªÝEè�« γ Ý¥ëPÛ�¹B¹wá¬ë¬´:äÞ¶­«Pð>äà«ç§ø�âåÝbÝ¥«tª2á¥äàñ�ßØ«�Û�êà«�Ý¯´®ëØß
áK«ÞÝ[´¸ä�á¬«�á=Ü.«P¹ª¹Èá¬«H«�Û�ä>ð>·wè�«�Û�êà«¼ß
Û�«9ð>·wëP¶qâ�¹È·­ëPÛ(è�ß:�Ùþáÿ í

�QP��QP�� �§cBc�TW^gcåX[Z�� Zic�VÑ\]Zic
�WÈ�z s {]u | �]·,u5v � uw· |�Í x s { ��} x�� | {]uG��xÌv�u | z]·,uqx » u } ��uGÂ=Ä�ÄqÆeu | ¹H��x Ê ��·�¹�u » x���uwz]·�{]u

��È � v���½5{�x s]} un¿Ñ¹�u | ¹�u5·�����u | { ��| �k� |�� ¹ �
Ê�| {]uÒv�u | zl·,u } �@vyv�uw· }w� x�z�Ó s u | � s ¹���x | x�{�x���¹�½ | ¿ } u&¹,¹�u� x�v�vyu~{]u » x���u5z]·wÇ©��u |Ñ} �@v���� | x s ¹ |Ñ| � s ¹[{ �
	�}5� ��u1¿�� Ë ¹�u s]� ·Qu&¹º¿ } x�·�x } ¹�½5· ��| uw·5¢kæ_�@z | x » � s]|
��x�·Qu&Ó�u5vy�]��u1x��]�]· ��| ¿ s � | {]½w�ku s { | ��È � vy�k�@·�¹�x s]} u[{]z }���Ë ��x � uº{]u | ·�½ |���| ¹�x s]} u |Ñ| z]�k½w· � uwzl·,u |
x�z

GΩ
�����@· | Á	z«È�uw����u |O| � s ¹y¹,·,�@�J�]·�� }�Í u§{«È�z s uG� ���@s u�{]u§vyx |,| u�Ç�z s u } x���x }5� ¹�½§{ ��| ¹,· ��Ë z]½wu| u } ·�½wuÅu s ¹�·,uG��u5z]· | z]· Ê x } uGu5¹y��xÌvyx |,| uq{lz }w� · } z � ¹wÇ�x���¹,½w·,x s ¹y��xÌvy�B{]½w� ��| x�¹ � � s |,� vy�l��u�{]u

��È�x�v��]� � ¶ } x�¹ � � s º
 u } � s { Í x s { ��} x��~vyx���uwz]·5ÇC��u } x�·�x } ¹�¾5·,uWu |�| u s ¹ � u5����u5vyu s ¹ } x���x }5� ¹ ��Ê {]u
Z
·,½w{lz � ¹ Ë uCx�z } �@z]�

��uÒ·,x��]�k�@·�¹ |����@s x�� | z]· Ë ·,z � ¹�{]uQ��xtv�u | z]·,u�¢;æ_��z |�» ½w· � ¶�� s]| x ��s]|�� ��u | u | ¹ � vHx�¹ � � sl| {]u¼��xt�]x�·�¹ � u
�]·,½ } ½5{]u s ¹�u�Ç]��x�·=z s u_vyu | z]·�u[{]u_��x~¹�uwv��k½w·�x�¹�z]·�u_u&×Úu } ¹ �
» ut{lzÝÂ=Ä�ÄqÆÀ¢��nuw����u'M }w� u | ¹Ò·�½Cx�� ��| ½wu
{�x s]| ��x�É5� s u�{]u »B� u � ��� ��|,| u5vyu s ¹ºvHx7Ó � vHx���Ç«x » u }

Tstop = 364K
¢��µx§¶ � z]·�uy2�¢�Ô@Ô�·,u5����·�¹�u���u

·,½ | z]�
¹�x�¹º�k�@z]·
tmoy = 104s

u5¹
∆f = 1Hz

¢���È ��s]} u5·�¹ � ¹�zl{]uO{]uOv�u | zl·,u�ÇÚ{]u���È��@·,{]·�uU{]u
10%

Çs u~��u5·,v�u5¹Q��x | {lu1v�u5¹�¹�·�uºu s ½ »B� {]u s]} u1z s u »B� ����x�¹ � � s {lzqß��áàÀ¢
Ø9� | u5·�x � ¹[¹,u s ¹�x s ¹wÇ«xÝ�]· � �@· � Ç�{«È�u |�| xCâ@u5· } u5¹�¹�uOv�u | zl·,uO¿H�l��z |_Ë x |,| uU¹�u5vy�k½w·,x�¹�z]·�uÃu s]} �@·�u�Ç

����z]·[x�z � v�u s ¹�u5·_��È � vy�k�@·�¹�x s]} uº·,uw��x�¹ �
» u1{]uÃ��x »B� �@��x�¹ � � s ¢]ÂÙ��z]·�¹�x s ¹CÇk{]uwz�Ó�x�· � z]v�u s ¹ |Ñ| È��@��M
��� | u s ¹G¿ } u5¹ � {]½wu�¢ÒÂ�· � vy�]ÇW��uq¹�u5vy� | {]u�·�u Ê ·,� � { ��|,| u5vyu s ¹�{]z | â | ¹�¾wv�uÌ·,u&¹�x�·�{]u�{]u Ê x��w� s} � sl| ½wÁ	z]u s ¹�uÞ��u�{]½ Ë zl¹G{]uÌ��x v�u | z]·,u�Ç ��s ¹,·,�B{]z ��| x s ¹�z s uN� � v � ¹�u s � s s ½ � � ��� uwx Ë ��u | z]·���u |
¹�u5vy� | v ��s]� vHx�zBÓÌx }5} u |,|,��Ë ��u | ¢ 
 u } z s {]�lÇÙ��x »B� �@��x�¹ � � s {lzÞß��áà s È�u | ¹U¿G�]· � �@· �á»B��|,��Ë ��uOÁ	z]u
{�x s]| ��xUÉw� s u1{]u »B� u � ��� ��|�| uwv�u s ¹wÇ�{]� s]} ���@zl·¼{]u | ¹�u5vy�k½w·,x�¹�z]·�u | �]·�� }�Í u | {]u

Tg
¢

à[u » x s ¹ } u | � Ël| ¹�x } ��u | u'Ól�k½w· � v�u s ¹�x�z�Ó � vy�k�@·.¹�x s ¹ | Ç s �@z |[s È�x » � s]| Á	z]uU�kuwzÅ{]u }�Í x s]} u |
{«È�� Ë ¹�u s]� ·=z s ·�½ | z]��¹�x�¹ ��s { ��|�} zl¹�x Ë ��uÑu s x�z � v�u s ¹�x s ¹ |�� v��]��u5vyu s ¹=��u s �@v Ë ·,uÑ{«È�u&Ó���½5· � u s]} u | ¢
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Ø9� s �@z | x | uwv Ë ��½_�]��z |n| x � uº{lu }�Í uw· }�Í uw·Ñ¿Ox�v�½w� � �@·�uw·W��u | â | ¹,¾wv�uº{]utv�u | zl·,u~x » x s ¹¼{«È�u s ¹�·�u&M
�]·,u s {]·,uÀz s uÀ½5¹�zl{]u | â | ¹�½5vHx�¹ � Á	z]u�¢�à[x s]| ��u | ��x�·,x � ·�x�� Í u |Ñ| z ��» x s ¹ | Ç s ��z | {l½ } · ��» � s]| x » x s ¹
{]u } � s]} ��z]·�u } u }�Í x�� � ¹�·�u1��u |¼� {]½wu | ¿Ou'Ól�l���@·�uw·Q{�x s]|Q} u5¹,¹,u~�@�l¹ � Á	z]u�¢
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@BA2CED�2l¢
Ô@Ô54 �®� ¦ �	{å� ¤�� �����S��6Å� �Ø���87 ��z��G# y�y " ¢k¨�«>¹b¹o«	«�Ý¢¹È·pÜ!âN¹È·wë>Û�è�«
TZ
«�Ý¢¹<ë�ø�¹�«ÞÛ�ßØ«âà´�á&°�Ý	´�á&°�Ý9è�«Oú7ý�Ü.ë:9�«ÞÛ�Û�â¦î�« ³ Ý¢ßåá�ß
Û�«Sß
Û�·­ñ�ßØ«¼«,+
´®äÞáª·w«ÞÛ�êà«¼ç Tstop = 364K í�± % âåÜµ´�¶p·_¹bß�è�«è�«	¶&% ·éÛ�êà«Þáà¹È·[¹bßØè�«=«ÞÝà¹Bè�«	¶&% ëPá¥è�á¬«=è�« ±10%

´®ëØß
áHß
Û�«	¶2âåávî�«PßåáÅÝ_´®«àê>¹Èá�âå¶w«
∆f = 1Hz í ¯¼ßØê>ß
Û�«ðP·­ëP¶2âN¹È·wë>Û(è�ß:�Ùþáÿ�Û�«¯´®«Pß�¹�;>¹Èá¥«KÜ1·éÝ¥«�«ÞÛ�äPð>·­è�«ÞÛ�ê4«�Ýàß
á�êà«>¹b¹o«KÜ.«ÞÝ¢ßåá¬« í

�ÑP��QP�< T=� fihg^?>�\]Tá`�^?>=b_cA@ Zib5B¼^gc�TDCWZ«\
��È�x�v�½w� � �@·�x�¹ � � s {luÝ��È�u&Ó��k½w· � u s]} uÝ�kuwzl¹ | u Ê x � ·,uÝ¿q�]��z |�� u5z]· |Às]��» uCx�z�ÓE� }�Í � � ÓÞ{]zdvyx�¹�½'M

· � x�z«Ç � ½5�@v�½5¹�· � uÀ{]uO��È � v���½5{�x s]} u�Ç | â | ¹,¾wv�uO{]uO·,½ � z]��x�¹ � � s {]uU¹,uwv���½5·�x�¹,z]·,u�Ç } � s]} u5�l¹ � � s {]u
��È�x�vy�l� � ¶ } x�¹ � � s ¢BæÑ�@z | u&Ólx�v ��s � s]|¼��}5� ��u | x » x sl} ½wu | �k� |�|,��Ë ��u |¼| z]· } u | { � ×Ú½5·,u s ¹,u |Q» � � u | ¢

F+G�H�I%J 0LKNM�OLPRQ�S I OLKUTV�µx s x�¹,z]·,u~{]zG�k�@��âBv�¾w·,u }�Í � ��|�� {]½5¹,uw·,v ��s uº��xU�]��x � uº{]u »B� u � ��� ��|,| u&M
vyu s ¹W{lz | â | ¹�¾5vyu�¢�æÑ�@z | x » � sl| ��z | Á	z«È ��}w� z�¹ � � ��| ½n��uQÂ=Ä�ÄGÆÃÇ	u s�s �@z |�Ë x | x s ¹ | zl·=��u |�} · � ¹,¾w·�u |
| z �
» x s ¹ | �4

Tg
| z]�k½w· � uwz]·�uÝ¿G��È�x�v Ë]� x s ¹�u�����z]·À¹,·�x » x � ����uw·[u sd}�Í x�z�×«x s ¹Ãz s]� Á	z]u5vyu s ¹CÇ²vHx ��|~| z 	 M| x�v�v�u s ¹ Ë x |�| u1���@zl·¼zl¹ � � ��| uw·Ò{lu | ¹�u }�Í]s]� Á	z]u | u'Ól�k½w· � v�u s ¹�x���u |¼| ¹�x s {�x�·,{ | ¢4XW ���@� { � ¹�½_vy½ } x sl� Á	z]uº�k�@z]·Qz s u } � s]} u5�l¹ � � s§|,� v��]��ut{]u~��È � v���½5{�x s]} uº{«È�½5¹�zl{]u�¢

Ø9�Àx��]��x�·,x�L�¹ s ½wx s v�� ��sl| ÁBzlu } u }�Í � � Ó u | ¹Å� � v � ¹�x s ¹Ý{]uN��x�·.¹ | x �l��x � uÌ{lu »B� u � ��� ��|�| u5vyu s ¹
·,u | ¹�·�u ��s ¹,u�¢ÒØ9� | uw·,x � ¹ ��s ¹�½5·,u |,| x s ¹§{luÅ¹�·��@z » u5·Ýz s vyx�¹�½5· � x�z »B� ¹,·,u5z�Ó ��×Ú·,x s ¹���x)��� |�|,��Ë]� � � ¹�½
{]uÅ¹�·,x » x � ����uw·O�]��z | ��� ��s {]u

Tg
Ç x�z � v�u s ¹�x s ¹Ýx ��sl|,� ��È � v�����·�¹�x s]} u§·,u5��x�¹ ��» uq{]uÅ��x »�� �@��x�¹ � � s

x�¹,¹,u s {]zlu�¢��iu=�k�@�
â } x�· Ë � s x�¹�u�Y�ÂZ�\[iu | ¹²z sÀ} x s { � {�x�¹µ�k��¹�u s ¹ � u5� ��s ¹�½5·,u |,| x s ¹wÇ�x » u } z s u � x�v�v�u
{]u�¹�·�x » x � � | È�½5¹,u s {]x s ¹ | z]·

173K < Tstop < Tg = 410K ] Õ�o�^�¢ 
 � s~} ��vy�k�@·�¹,uwv�u s ¹µv�½ } x s]� Á	z]uu | ¹Q�]x�· } � s ¹,·,uº{]uºv�� ��s]|nË � s]s u[ÁBz]x�� � ¹�½�ÇBu5¹ s ½ } u |,|�� ¹�uº��xÃ·,½wx�� ��| x�¹ � � s {«È�z s u s �@z » uw����u } uw����z]��u
{«È�½&¹�z]{lu�¢

_ Q H M`Q�P�S Iba 0 adcfe I Mhg�Q,0"OLikj a Tl�iu |�Ê ��·�¹�u |U» x���u5z]· | {]u
Z
| � s ¹�z såÍ x s { ��} x�� s � sJs ½ � � � M� uCx Ë ��uH{]x s]| ��x } � sl} uw��¹ � � s {]uÝ��È�½w��u } ¹�·,� s]� Á	z]uy{]uÝv�u | zl·,u�¢áÂÙ�@z]·Ã� Ë ¹�u s]� ·À{]u |O� vy�k½w{]x s]} u |
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�]��z |~Ê x ��Ë ��u | Ç � � Ê x�zl¹Àx�z � vyu s ¹�uw·1��uO·,x��]�k�@·�¹ | z]· Ê x } u | z]·1½w��x ��|,| uwz]·À{]uy��È�½ }�Í x s ¹ � ����� s ¢«æÑ�@z |
�]·,����� | � s]| �k�@z]· } u5��x¼��È�zl¹ � � ��| x�¹ � � s {]u } �@z }�Í u | v ��s]} u | Y�Á	z]u5��Á	z]u | v ��} ·�� s]| [&ÇCu&¹Ùu | �k½w·�� s]| x ��s]|��
{]u |�} u s {]·,uÃx�zl¹,�@z]·¼{]z

MΩ
¢u�µx Ê x Ë · ��} x�¹ � � s {]uº¹�uw� | ¶���v | u | ¹Ñu sGË � sls u » � � uÀx�z����@z]·�{«È Í z � ¢�nu }�Í x sl� uwv�u s ¹Ý{lu � ½5�@v�½5¹�· � u | u5·�x | x s]|���swv z]u s]} u | z]·H��x } x�·�x } ¹�¾5·,uGu |,| u s ¹ � uw����uwv�u s ¹} x��]x }w� ¹ ��Ê {lu1��È � vy�k½w{]x s]} u�¢x�µxO� Í x | u~{]u

Z
u | ¹Ñu s u5×�u5¹ ��s {]½w�ku s {�x s ¹�u~{]u |Ñ} x�·�x } ¹�½5· ��| ¹ � Á	z]u |� ½w��vy½&¹�· � Á	z]u | ¢«K s uOx | ¹,z } uO�k�@z]·_��x�� � uw·_¿ } uÃ�]·,� Ë ��¾wv�uÃu | ¹º��È�x |,| � }w� x�¹ � � s u s ��x�·,x�����¾w��u1¿

Z{«È�z s u ��s {]z } ¹�x s]} u
L
Ç } �@v�vyuH��È�� s ¹ Ê x � ¹R½~· ��� u5·�xÅu&¹OØ | ·,x�uw����× {]x s]| ��u � ��â } ½5·,�@� ] 2 Ð ^�¢ÛÆY��x

·,½ | � s x s]} u�{]z }5� · } z � ¹
L
M
C
x ��sl|,�=} � s]| ¹�·�z � ¹wÇ

Z
u | ¹�z s]� Á	z]uwv�u s ¹O{ ��|,|�� ��x�¹ ��» u�¢+�²x�{ �
	�} z]�
¹�½

{«È�z s uq¹,uw����u§x |�| � }w� x�¹ � � s u | ¹y��x » x���uwzl·
L
s ½ } u |,| x � ·,uy�W���@zl·�z s uÅ·�½ | � s x s]} u�¿

1Hz
Ç=x » u }

C ∼ 100nF
ÇÒ� s {]� � ¹§x » � � ·

L ∼ 2 105H
ºQK s uÌ¹�uw����u » x���uwz]· s È�u | ¹ Ë]� u s u s ¹�u s {]z]u)��x |

{ ��| ��� s]��Ë ��uQ{]u Ê x��w� sÝ| ¹�x s {�x�·,{ÚÇBu&¹Ò��x } � s]} u5�l¹ � � s {]u } u&¹,¹,u Ë � Ë]��s uQ{]� � ¹Zz5¹�·�u | � ���@s uwz | u |,� � s
» u5zl¹[½ »B� ¹�u5·¼Á	z«È�u5����u | � � ¹¼¹�·,���G·�½ |���| ¹ ��» u�¢

{|Qb}LK c OLP IbH i 0 a~c OAP a Mhg�Q�S'OLP�K�S a T��µu | â | ¹�¾5vyu){]uN·,½ � z]��x�¹ � � s {]uÌ¹�uwv��k½w·�x�¹�z]·�uÌzl¹ � � ��| ½��z | Á	z«È ��}5� �l·,½ | u s ¹�uÃ{]uwz�Ó ��s]} � s;» ½ s]� u s ¹ | �k��u | ·,u Ê ·,� � { ��|�| uwv�u s ¹ s u | � s ¹t�]x | x |,| u5ÉU·�x�� � {]u�Ç�u5¹
| � s�} � s ¹�·f����uÒu | ¹Wu s ¹ � ¾w·�uwv�u s ¹Wvyx s z]uw��¢@ÂÙ��z]·á��x�� � u5·áx�z��]·�uwv � uw· � · � u Ê Ç s �@z | �ku s]| � s]| ·�½w{]z � ·,u
��xÃ¹�x � ����uÑ{]z | â | ¹�¾5vyu1¿U¹ Í uw·,vyx�� ��| u5·wÇBu5¹ ��s ��u } ¹�uw·¼z sq� x�É Ê ·,� � {�Y » x��kuwz]· | {«È�x�Éw��¹,u1�l·,� }�Í u | {]u
M�Ô7Õ Ð

◦
� ��x�·Ou&Ó�u5vy�]��us[Ã�ku s {]x s ¹y��xÅ¹�·�uwv���u�¢��iu | u } � s { �]·,� Ë ��¾wv�uÝu | ¹�·,½ | �@��zJu s zl¹ � � ��| x s ¹

z s u Ë �@z } ��u�{]u } � s ¹�·'�@��u�Â�Øgà } � s ¹�·'�@��½5u���x�·~�@·,{ ��s x�¹,uwz]·5Ç } u�Á	z � �kuw·,v�u5¹~��È�x�zl¹��@vyx�¹ ��| x�¹ � � s
{]u | vyu | z]·�u | �k�@z]·Ñz s uÀvyu � ����uwzl·,uº·,u5�]·,�B{]z } ¹ ��Ë]� � � ¹�½[u5¹tz s uUx�z � vyu s ¹�x�¹ � � s§| z Ë]| ¹�x s ¹ � u5����uÀ{]z
s �@v Ë ·,uº{«È�u&Ó��k½w· � u s]} u | ·,½Cx�� ��| x Ë ��u | ¢

� Mhg coI � jfOLP IbH i�T|WQ½w{lz � ·�uÝ��u Ë ·,z � ¹O{]u���È�x�v��]� � ¶ } x�¹ � � s u | ¹�z s u s ��uwzJvHx���u5z]·U{]u | x�v�½&M
� � �@·�x�¹ � � sl| ¿Hx��l���@·.¹�u5·w¢�ÂÙ�@z]· } u5��xlÇ s ��z | ½&¹�z]{ � � s]| {]u |_}w� · } z � ¹ |ÑË x | ½ |[| z]·[{lu | ¹,·�x sl|,��| ¹��@· | ¿
u5×�u5¹_{]u }�Í x�v��~��M?�V�Wß Î æ[o�� Ï Ô@Ç�Á	z � {]� sls u s ¹tz sÅ� x ��s§� v����@·.¹�x s ¹ | z]·_��u Ë ·,z � ¹Ñu s ¹,u s]|�� � s��x�·¼·,x��]�k�@·�¹Q¿O��È�Æ[à Ï �;¸Ozl¹ � � ��| ½���z | Á	z«È ��}5� ¢�æÑ�@z | u s;»B��| x � uw� s]| ½ � x���uwv�u s ¹¼��uº·,u Ê ·�� � { ��|,| uwv�u s ¹} u&¹,¹�uy½w��u } ¹,·,� sl� Á	z]uy¿q��È�x�É5��¹�u�� � Á	z � {]u�¢µK s uy{ � v ��s zl¹ � � sÌs ��¹�x Ë ��u�{]z Ë ·�z � ¹ � ��� Ë x���u | ¹Ux ��s]|��
·,½wx�� ��| x Ë ��u ] 2�^�¢�nu | { � ×Ú½5·,u s ¹,u | x�v�½w� � �@·,x�¹ � � s]| {]u¼��È�u'Ól�k½w· � u s]} uÒ{luÒvyu | z]·�u¼{]zO·�x��]����·�¹ v z } ¹,z�x�¹ � � s { ��|,|,� M
��x�¹ � � s {�x sl| z s �k�@��âBv�¾w·�u | � s ¹ x�z����@zl·,{«È Í z � x |,| uwÉ_x » x sl} ½wu | Ç	v�zwv�u |,� x�z } z s ·�½ | z]��¹�x�¹ s È�u | ¹
u s]} �@·,u~{ ��| �k� s]��Ë ��u�¢]æ_��z | ��u s]| � sl| �k�@z » � � · } �@vyv�u sl} uw·¼{ÚÈ ��}w� �kuwzG{]u s �@z » uw����u | v�u | z]·,u | ¢
�QP��QPb� ��>Wb_jÚhgV[cB^?>=b_c

àtx s]|À} u }�Í x�� � ¹�·,u�Ç s �@z | x » � s]|À��s ¹�·���{lz � ¹ s ��¹�·,u�{]½5vHx�· }�Í uHu'Ó���½5· � v�u s ¹�x���u�{�x sl| ��xG·�u&M
}�Í uw· }�Í uU{«È�z s u »B� �@��x�¹ � � s {]z�ß��áàÀÇ Ë x | ½5u | zl·[��x�v�u | zl·,u1{]z Ë ·�z � ¹Ñ¹ Í uw·,v � Á	z]u~{«È�z s u � v���½'M
{�x s]} u�¢;Æ_�]·,¾ | ��x[v���{]½5� ��| x�¹ � � s {]z Ë ·,z � ¹�{]u¼��È�x�v��]� � ¶ } x�¹ � � s u&¹W��u } x�� } z]�]{]u |WË x�·,·�u | {«È�uw·�·,u5z]·wÇs �@z | x » � s]| x s x���â | ½y��uy·,½ | z]��¹�x�¹U{lu | v�u | zl·,u | �]·,½5� � v ��s x � ·�u | {�x sl| ��uHÂ ÄÅÄqÆÃ¢��iu |U| ¹�x�¹ ��| M
¹ � ÁBzlu |U| z]·Ã��u |�v z } ¹,z�x�¹ � � s]|U| u | � s ¹Ux » ½w·�½wu | ¹,·,�@� Ë ·,z � ¹�½5u | �k�@z]· } � s ¶�·,v�uw·rY��@z ��s ¶�·,v�uw·�[} u&¹,¹�uH�]·,½5{ ��} ¹ � � s ¹ Í ½5�@· � Á	z]u�¢ÙÆ_¶ s {]u | z]·�vy� s ¹,uw·U��u | � Ë]| ¹�x } ��u | u'Ól�k½w· � v�u s ¹�x�z�Ó�ÇÛz s u | ½w· � u
{«È�x�vy½5� � �@·�x�¹ � � sl| ¿U¶ s x���uwv�u s ¹Ñ½5¹,½~�]·,�@�k� | ½wu�¢
��¼} u&¹,¹�u§v�u | z]·,u | u | ����{]u��k�@z]·O��È ��s]| ¹�x s ¹���x�·Oz s ½ }�Í u } Ç=uw����u s u§·�uwv�u5¹���x | u s } x�z | u
��È�x��]�]·�� }�Í ut{]z§�]·,� Ë ��¾5vyu�¢lÆ[z } � s ¹�·�x � ·,u�Ç s ��z | { ��| ��� | � s]| vyx ��s ¹,u s x s ¹Ò{«È�z s uºvy½&¹ Í �B{]�@��� �@� u
Ë]� u s x�{�x��l¹�½5uº¿U��x1vyu | z]·�ut{]z�·�x��]����·�¹ v z } ¹,z�x�¹ � � s { ��|,|�� ��x�¹ � � s ÇB�]x�·Ò��È�½5¹,z]{]ut{lu | �]·��@�]· � ½5¹,½ |
½w��u } ¹,· � ÁBzlu | {«È�z s vyx�¹�½5· � x�z«¢©ÂÙ��z]·t� Ë]| uw· » uw·ºz s uU{]½ »�� x�¹ � � s x�zÅß��áàÃÇ � � Ê x�zl¹ | � � ¹[{ � v ��s z]u5·
��u Ë ·�z � ¹Q{lu1��È�x } Á	z ��|�� ¹ � � s Ç | � � ¹Ñx�z � vyu s ¹,uw·¼��È�x�v��]� � ¹�zl{]u[{]u~��x »�� �@��x�¹ � � s ¢w¢5¢
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Ù ÖNÚÛÑÐÖUÓÊÜAÕNÜ�Ý Ü�ÞÊ×EßyÕNÖUÓ�àâáã×EÝ ä å$áÐæ çè×�ÖNÖN×
ßAÚÛÞ�ÞÊÚêéëäÐÏÛÞ ìíÞ�Ï î Ï¡Ñ ÚÛæÐÓuÕN×

ïts�| È ��s ¹,½w·�u |,| u~{�x s]|¼} u }�Í x�� � ¹�·,ut¿Ãz s�» u5·,·,u } �@�����Lð�{]x���¢»�n� s ¹,·�x � ·,u5vyu s ¹¼¿Uz sÝ» u5·,·,u } ��x | M
|,� Á	z]u�Ç � ��u | ¹ Ê �@·,v�½t��x�·n��È�x�{]{ � ¹ � � s {«È�z s§} �@v��k� | x s ¹�Y���xñ�µx��k� s]� ¹�u�[ u s�Ê x ��Ë ��u } � s]} u s ¹�·,x�¹ � � s
{�x s]| z s | �@� » x s ¹òY�{luÅ��È�uCx�zÄ[&Ç=u5¹ Ê �@·,v�uqz s » uw·�·,uÌ¿)¹�uwv��k½w·�x�¹�z]·�u�x�v Ël� x s ¹�u�¢Z�nu��]·,� } ½5{]½s u§��u5·,v�u5¹O��x | {lu�{]½5¶ sl� ·

Tg
�á��xÅ¹�·,x s]|,� ¹ � � sÞ»B� ¹,·,uwz | u s È�u | ¹���x | x |,| � }5� ½wuG¿�z s u§¹,·,u5vy�ku

¹ Í u5·,v � Á	z]u�¢ÙK s uÝ½5¹,z]{]uÝz]�
¹�½5· � u5z]·,u���x�·À·,½ }�Í x�zl×�uwv�u s ¹ | u Í uwzl·�¹�uÝ¿Å��xGvy�B{ � ¶ } x�¹ � � s {]uÝ��x} �@v���� |,� ¹ � � s {lz | â | ¹�¾wv�u���x�·~½ » x��k�@·�x�¹ � � s {lz | ��� » x s ¹~u5¹ s u���u5·,v�u5¹1��x | {]u�{]� s]s uw·1z s u
u | ¹ � vyx�¹ � � s {]u

Tg
¢	à_uÑ�]x�·�¹=��È�x�v��]� � ¹�z]{lu � v��k�@·�¹�x s ¹�uÒ{]u | ��s ¹�uw·,x } ¹ � � sl| v ��} ·,� |,} ��� � Á	z]u | {]x s]|

��u�vyx�¹�½5· � x�z«ÇW� s �kuwzl¹�u | �k½w·�uw·Gx » � � ·Hz s u�¹,uwv���½5·�x�¹,z]·,uÅu5×�u } ¹ ��» uNx |,| uwÉ � ·,x s {]u�ÇÒu5¹�{l� s]}
� Ë]| u5· » uw·Ñz s u »�� �@��x�¹ � � sH� v��k�@·�¹�x s ¹�ut{]zGß��áàÃ¢

Æ_�]·,¾ | z s uº�]·�½ | u s ¹�x�¹ � � s {lu |¼| ����zl¹ � � s]| {]uë�µx��k� s]� ¹�ut¿ Ê x ��Ë ��u } � s]} u s ¹�·�x�¹ � � s u5¹¼{]uº��uwz]· |
�]·,�@�l· � ½&¹�½ | ½w��u } ¹�· � Á	z]u | Ç s �@z | v�u5¹,¹,� s]| u s ½ »B� {]u s]} uUz s u Ê �@·�¹,u »B� ����x�¹ � � s {]z�ß��Ûà ��u s {�x s ¹
��x�� Í x | u ��sl� ¹ � x���u�{]u Ê ��·,vyx�¹ � � s {]u } u » uw·�·,u } ��������ð�{�x���¢µK s u ��s ¹�uw·��]·,½&¹�x�¹ � � sd| �@v�vHx � ·,u�{]u
} u5¹�¹�u1� Ë]| uw· » x�¹ � � s u | ¹Q¶ s x���uwv�u s ¹Q�]·��@��� | ½wu�¢

o;Õ
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�²x(�µx��k� s]� ¹�u��DW_à u | ¹Qz s x�· ��� ��u_v ��s ½w·,x�� | â s ¹ Í ½&¹ � Á	z]u�¢kà[uw·�· � ¾5·,uºz s u Ê �@·,vUzl��u }�Íl� v � Á	z]u
·,½ Ë x�· Ë x�¹ �
» u�Ç

Na+
0.7[Si8Mg5.5Li0.4O20(OH)4]

0.7− ÇÛ� s ¹�·,��z » u�{]u | { ��| Á	z]u | {luH¹�x � ����u�v�½ | ��M
|,} �@� � Á	z]u¾�

25nm
{]u_{ � x�vy¾&¹�·,uÑ�k�@z]·

1nm
{«È�½w�]x ��|�| uwzl· ] Ï�� ^�Ç } ��vyv�uQ��u |�}�Í ½wvyx�¹ ��| u_��x~¶ � z]·�u�]¢ Î ¢��nu | ��x�·�¹ ��} z]��u |t| uO{ ��| �kuw· | u s ¹1·�x�� � {]u5vyu s ¹t{�x sl| ��È�uCx�zÌ�k�@z]· Ê ��·,v�uw·[{lu |~� uw� | ¹�·,x s]| ��x��·,u s ¹ | Ç	v�zwv�u¼���@zl·={luQ¹,·,¾ |=Ê x ��Ë ��u |ÛÊ ·�x } ¹ � � s]| vyx |,|�� Á	z]u | ¢��n� s]} ·,¾5¹,uwv�u s ¹CÇ	u s v�½w��x s]� uCx s ¹

3%| u5z]��u5vyu s ¹Ã{]u } u5¹�¹�uÝ�k�@z]{]·�u Ë ��x s]}�Í uy{�x s]| {]uH��È�uwx�zÞ�lz]·,u�ÇÛ��x | ����zl¹ � � s ��x |�| uÝ{«È�z s x | ��u } ¹
� � ÁBz � {]uº¿Oz s x | ��u } ¹ | �@� � {]uºu s Á	z]u5��Á	z]u |_Í u5z]·,u | Y » � � ·Ò¶ � z]·�u·�]¢�Ôs[&¢

−  −  −  −  −  −  −  −  −  −  −  −
   −  −

Na

OO

Si

Si

OO

OO

Na

OH

Mg, Li  −  −  −  −  −  − 

Y�x"[Y�x"[ Y Ë [Y Ë [

25nm25nm

1nm1nm
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� �7� � �,� 6�� ��5 � |�� � �8� 5�y15 6¢� ���,� z �,� 6 ´�Ö × �<5 � �Y� 6ª� � z y;� � 5 � 5ay8�<5 z ��5 � Îq�3��y;� 6 �D����y	��5 � � � y { �
� � z;� �,5 �	� �7� � �,� � ��y z � 6qz;� æ � 5�� 6 ������y�5F�) �è'�Ï� 6¢6 ���A��y85 6 � 6�6�{F� �7� � 5������,5J��ÎI���7� � ���!��y�5 � 5 ��z� y {�� 5 6qz �¥� 6�� �3� � y {�� ��y8� z �,� 6 � 6 � z �3�b�,5b´ p 5 ��� y8��� � 5 � ��5�£s� � | ����5�������5 ��� ��y z �7�����75 �¡6 5 � 5
��� ��� 5ay � 5 6qz ����Î:� �8� 5�«H�75 67z 5F�<5 6qz 5 6�� ��� z 5��¥5 6 � 6 5�����«��b� 6 5J��Î¬��5���y85 � ´

��� 6�� ��5 znz 5�� ��� y8�>�D��5��t�3�¢��y8�b� �8� � 6 ��5���5!�7�¢��� 6 ���9� z ���>� z�{ ��� ��� z�{ y8�7�b�¸��� 6�� �,5 z 5F� ���
� ÎI5'  � �7������5�y8�b� z ��� 6 � � ��y���Î:�b� � �<5 6qz � z �7� 6 ��� 6 ������y�5��95 � ��y z 5F��y � ��5k�D����y � 53�%��ÎI5 ��zå| ����y�5��95 �
�7� 6��

Na+ �7��� { y {�� �,��y � ��5��3� � �����b� z � z �7� 6 ��5 � � � y {F� � z8� ´ Ú �¥� 6qz¦| �3� z 5�� ��{ y8� z ��y85H5a�D5F� z ���b5��
5F�7�,5 � 5�y8�b� z �7� { 5 | ��Î {F6 5ay � �,5��,��� { y { 5¢�7��y � ��5��3� �n{F� ��y;� z �7� 6 ��5 � ��� � �>�95 � ��5cÍ�� � � 6 � z 5b´�¼ 6
��y8��y�5���5 � y;� 6 ��5F��y¡��5��F5 z�z 5?�>��� 6qz � zn{�� 5F� zA×az y85���� z 5 6 � | ��Î:�b�7�95<�95 � y {F� �9� z � z;� ��5>ÍY5F� z 5
��5 p ��y����b�����¶5 z �b�U´ Ü ß � Ý��o�>�9�G��� 6�6 5 6qz � 6 5·5 ��z �7��� z �,� 6 ��5·�7� � ��y8�F5¬�eÎ:� 67z 5�y8�b� z �7� 6 5 6qz y85
��5F�)  � ��y z �7�����75 ��� �b�F5 |9� �b��5¬5 6 � � 6 � z �7� 6 ��5¬�75���y���� �.z � 6 �F5b´�ä 6 ��� z �75 6qz�� ����y!��Î {F6 5ay � �,5
��5 ��{F� �3y;� z �7� 6

E ∼ 1000kBT
� ����y

T = 300K
� � ��� z � 6 5 z 5�� ��{ y8� z ��y�5 { ���������b�,5 6qz 5���5

105 − 106K
´ p 5 z�z 5���y8��y�5��95 � y8� 6 ��5���y¡5 ��z¤z ��� zA| � ��� z �F��� � � z �����,5��¡��5F���75 � �<5 � ��y85 � ��5

Teff
����5 6 ��� � ��� z 5 6 � 6�� ´
�1��� � ��� ��� � � � 6�� �b� 69� ����5���5F�) ��,��� � 5 ��� �q� � ������5 � � ��� 5�«k����� { y�5 6qz 5 �)� ����yt� 6qz 5ay � y {az 5�y 6 � �

y {F� ��� z � z;� �¥5 z¤6 ��� �16 5 � ������� 6��¤� � �¦| ��Î¬��5���y85H�b� z ��5��7�75G�9� � �ay8�,��� 6 5�y.��Î:� 6 5�������Îq��� z y�5H�95H��5 �
� ��� y��B�D��5 � ´å��5 �@{az �9��5 � ����� � � { ��5 67z �b��y�5 ��� ����yny8�b�75 6qz¡� 5�y���5 znz y�5���5��D���b�� D´)Ù���yH5' B5F� � �753�
��Î:�b� � �7� z ����5!�95��3�,�>�7���7� z �,� 6 ����� z<� � z ��y85ay��¥� 69� �7� � 5F�F� 6 ��5¬� �9� y8�>�D��5�� � �9� � ����5���Î {F6 5ay � �,5
��5 ��{F� ��y8� z �,� 6 ��5 ��� ��y z �7�����75 � 5 ��z¤�¥6 �,5b´g¢��¸�F� 6qz y8�b��y�5���� 6 5<��y���� ��� � 6 �F5��95����b���b� 6 5��3��� �8� 5
�3���b���75!�,����y�5 | �95 � �>�7���7� z �,� 6�� 5 6 ����y85 � �7� � �,� � ��y z � 6qz 5 ��| ��� �8� 5 � y { ����5 6 �F5�´"Í"ÎI5'  z 5 6�� �7� 6
��5 � �<5 � ��y85 �v|

f < 1Hz
� 5�y���5 znz y;�b� z ��� 6 �!��ÎI��� z 5 6 ��y¡��5 � � 6�� ��y8��� z �7� 6�� �ay8�����3�b�,5 ��� ����y

��ÎI� 6qz 5ay � y {az � z �7� 6>z � { ��y8���>�95G��5 � ��� � 5�y���� z �7� 69� ´

Ï ÄeÅ.Ä Ï å É#Ç�Ñ���ÉYÎCÈBÐ�æAÉ;Ñ
Ùt����y z y8� 6 �D��5ayY5 6qz y�5A�75 � �9��� { y85 6qz 5 � � 6qz 5�y � y {'z � z �7� 69�#� y8� � � ��{ 5 � �b�H����� � ��y85ay#�3�¿�B�,���3� z �7� 6

��� âF©å� �¡��5��¸�,5 �>z � { ��y��75 � ��5·�D�¥�b� � �<����5 6 �¥� 69� ��Î:5 �8� ���F5 z 5�� � ��y85���� 6 ��� � ��5'��� 6���|
6 �����b5��b� 6 ��� �J� 5 6 �D��5ay � ��yG�,5 � ��� { �7�7��y;� z �7� 6�� | � ��� ��y z 5ay | ��5 z�z 5�5'  ��{ y��75 6 �F5b´�Í�5A��� z 5 ��z
��5·��� ��� � � 5�y���ÎI� 6 � � ��6 �b�G��� �8� � � 5�� ��y���� zn{ ����5 � � ��� ���9�75 � ����y�� 6 5¦�,� ��{ ��� 6 �F5¬�9� 6qz �7�
�F� 6qz y������ z �7� 6 �eÎ:� 67z 5�y � �b�F5G5 ��z¦|}z yn� � ��� �8� 5 � y { ����5 6 �F5b´

��� 6�� �F5 znz 5G� ��z ������5�� 6 ��� �.6 ��� �[� y�� � � � � 6�� ��5J�D�¥� 69� 5�y[��5 � �b�<��5¤��5�y {�� � ��z � 6 �F53� � �b��y
6 ��� �[� �7�b�F5ay � ��y[� 6 �b� z y85G��� � �,� � �F� z 5���yF´sê 6 5a�D5 z ����ÎI��� � 5�y.�b� z �7� 6 ��5 � �F� 6qz �b��y � ��� z �b�) ���5
��y8��� z ��5��7� �¥� ��y�5 � ´ » ��� 6qz y85v����5���Î:� 6¸� 5F� z �b� { �,�7��y�5�y 6 5 znz 5F�<5 6qz¡6 � z y�5!y8� ��� ��y zH� � ��6 ���
� ��y}��y���� z�| �¥� ��� 5 � y { ����5 6 ��5�5 6 � ��z �7�<� � � 67z

Z
�b� z ����y��95��>�95F������5 �

MΩ
5 z 5 6 � z �7�,� � � 6qz

�75 � y { �b� � �,� � �F� z 5���yªØ ô ß »�� ´íÍjÎq�b� � ��5 6qz � z �7� 6 ��5¬��Î:�,� ��{ ��� 6 �F5�5 �.z y { �b�,� ��{ 5º5 6 � ��� ��� � 6qz
� �7� � �,��� 6 �7����� 6qz y8�b� 6qz 5 ��{ ��� {az y�������5G��5 � �,� ��6 5 � ��5��F�b��y;� 6qz¤À¥� ���7� � ��y z �75fy {�� � ��z ����5�5 �.z�� ��y
5' B5F� � �75 � ��y8� { 5 � ��y�� 6�z ���C5{�95.���3���?� z y85

1mm
� ����y)� 6 5.�7� 6�� ��5���y)��5

50mm
��� 6 ��� z �75 6qz

Rv ∼ 1MΩ
´�Í�� � ��y � �b��5 | � z �7�,� � 5�y � 5 z y�������5���y;� ��z ������5F�<5 6qz y { ���9� z 5 � ��y1�F5��D�����m ��95

Rv

�
� ��� � ����5��¡��5F� � 5F���,5F�<5 6qz

s = 1 cm2 �9� 6 y85 � ��� ��� 5��3� � y { ����5 6 �F5���5G����� � ��y85G��5 � 5a�D5 z;� ��ÎI� 6 �z 5�y � �b�F5 |
fc ∼ 10−2Hz

´ Ú �9� � �,� � 5 ��z �9�3� � �������,5 z �b�7�,�75	��5 �o{ �75�� z y��B�95 � �b� z ��y�� � 5¤��ÎI� z �,�7� � � z �7� 6
��5 � �7� z � 6 5���� �8� � � �A� �¥6 �eÎq� ��� ��y�5�y!� 6 5 6 5�� z y8�b�7� z�{ �D���,�����>�95¢5 6 �F��y85 � �,� �<� ��� �8�n{ 5 æ ��5 z�z 5� ��z �,� 6 5 ��zvz � z �b�75���5 6qz ����y � ��5 � y��� ��¥� 6�� �7���F� 6)�¥� ��y8� z �,� 6 � y { � { ��5 6qz 5�è'´¿Í�� �¥� ��y85 ç ´��Vß� y {�� 5 6qz 5!� 6 5?y { ���7� � � z �,� 6¬� � �8� �����,5<�95���5 znz 5 6 �b����5��7�75<�F5��7�,���75�´;ÍY5 � y {F� ��� z � z;�H� y { �7�,��� 6 �b��y�5 �
� � 6qz z y�� � 5 6 ������y8� � 5�� 67z8� �C�¡��5�� 6 � z �b�<��5 6qz

fc ∼ 3mHz
´
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p 5 znz 5 6 ������5��7�,5��F5F�,�7���,5������sy�5��7�_�����,5 | � 6 5 {'z ���95k��5A�7�í�B�,���3� z �7� 6f|[� �7� � �¥� �8� 5 � y { ����5 6 �F5��
������y85.� × �<5{��� 6�� �75k�������b� 6 5 z 5�� � ��y�5F� À �75íy;� ��� ��y z�� � ��6 �b� � ��yj��y8��� z 5 ��zA� �)î � �b�<��5 67z �C� 6
� �b��y{��� � 5�y.��5ay[����y�5F� z 5F�<5 6qz �,5 � � ��6 �����@5 z �3������yny�5F� z �7� 6 ����5 | ��Î { �75�� z y8� 6 ������5¤5 ��z[� 5F��� 6 �¥�b��y85
5 6¬� y�5F�<���ay85�� �9� y8�¡ B�7��� z �,� 6 ´
�1��� �G� 5ay8� 69� ��� 6 ���9�75 6qz × z 5 6 �<5 � ��y85¡��5���� � ��y��7�<� 6 5ay15 6qz y85
�75 � � 67z 5�y � y {'z � z �7� 6��}z � { ��y�������5 � ����5 6 ��� � �¡�b� 6���� y8� � � �n{ 5 � �{5 z ��ÎI5'  � y��7�<5�y<�75 �v� � 6 � z �,� 6��
�F��y�y { �3� z �7� 6�� 5 z y {�� � 69� 5��¥� 6�� ��Î:5 �8� �b��5 z 5F� � ��y85F�U´

�¤��� �¤� 5 6�� � 6���{F� �b�75���5 67z �<�B��� � 5�y	�,5 � y�� z �>�F�b�75�5'  ��{ y8�,��5 6qz �b�t5 6º� � ��� y��7��� 6qz ��Î {'z � � 5
��5��<5 � ��y85���5¡�3��y {F� � 6�� 5�´;ê 6 5a�D5 z � 6 ��� � �¡�b� 6�� �<� 6qz y { �¥� 6��J6 � z y�5 {az ����5 � � 6 �F��y;��� z �ay85
z y����>�3�b�"����� � 5>y {F� �9��5 | � 6 5>y {F� � ��z � 6 ��5�� 6 � {�� 5 6 �¥� 6qz 5!��5!�7� � y { ����5 6 ��5��7��y � ����5

f � fc
´

�¤��� � �¡�b� 6�� {F� ���75F�<5 6qz ��� � 5ay�� { ����5H�75�âF©�� {az �b� zíz ���5ë��b��y � � { y8� �¥{¤| �¥�b� z 5 � y { ����5 6 �F5�´eÍ��
���b�75���yA��5

Z
� 51� { ���9� z ��� 6 � � �,� � �,5F�<5 6qz ��51�3���7�7�<� z 5_�¥�b� z 5 � y { ����5 6 �F5���5 �¦o ��� z �¥� z �7� 6�� ��5

z 5 6�� �,� 6 �95 z � 6 5G� {'z 5ay8�<� 6 � z �7� 6 � 6 � {�� 5 6 �¥� 6qz 5 6 Î:5 ��z1� � � � z �,�75b´�ê 6 ��5 � ��y8� 6qz 5 6 �F� 6qz � 6 ���75
��y8�9� zåz ��5�y���������5.��5[��Î:�,� ��{ �¥� 6 �F53��� 6 ��� z �,5 6qz�z �b� z 5 � �75 � � 6�� ��y���� z �7� 6���6�{ ��5 �8� �b��y�5 �¿| ��Î {az ����5
���ñy8� ��� ��y zso ��� z �¥� z �7� 6 ��� ��� � � � z �,� 6 �¥5 z � 6c{ �>� z 5��3� � 5ay z 5���ÎI� 6�� ��y���� z �7� 6 �9��5 | �7���<5 � ��y85
��{ y8�,�B��������5���5��3�>y {F� � 6�� 5b´<��5 � �7� � �Y� 6 y { ����� z¤| « { y����,5}y8� � ����5���5 � 5ay z ��yn�C5�y��75 � � ��z ����5
�¥� 6��	� � 6 �>�,5F�7�,�7� �8� 5���5 6qz.6 � z ��y85��e´

¢ � �7� � �,� 6��cz 5�y���53� 6 ��� � 5 6 �B� � � � 5F� 6��v{�� �b�75���5 6qz ��5F�s  {az ����5 ��� � ��� � { �<5 6qz �b��y85 ��� ��y
�F5 znz 5��>�7���7� z �,� 6 ����âF©å�¡´sÍt� � y85�������y�51��� 6 ��5�y 6 5���ÎI� 6�o ��5 6 �F51��5¤�7�H��� 6 ��5 6qz y8� z �,� 6 �95��3� � y {~ý
� ��y8� z �,� 6>Àb� ��yj����5F�,�75 � �b���<5{�95[�F� 6 ��5 6qz y8� z �,� 6 �3���B�,���3� z �7� 6 5 �.zRý 5F�7�,5{��� � 5�y.�������75;�1�F�b���<5 6qz
� 5 � �F��y;��� z�{ y8� ��z ������5 � æ �b� � �7� z ����53�D����y { 5¡è � � 6qzRý 5F�,�75��<�B�9� �¥{ 5 � �!Ít� � 5F��� 6 ��5 {az ����5 � ��y z 5ay;�� ��y¤��ÎI5a�D5 z ��ÎI� 6 �F� � �b�,�7�,5F�<5 6qz	� ��y¤�75¤y;� �9� ��y zÕo ��� z �¥� z �,� 6 �9� �8� � � � z �7� 6 ´
ê 6 5a�D5 z �D��5 � 5'  z 5 6�ý
� �,� 6�� ��5 �%z � { ��y��75 � ��5<�D�¥�b� � ������5 6�� �b�)  � � �.z �F�<5 �¤� ��y8� {F� �<� 6qz y85 6qz � 6 �F�b� � ��y z 5F�<5 6qz
� 6qz�{ y85 �8� � 67z �95G�3� z 5F� ��{ y;� z ��y85�5a�D5F� z ���b5�� 6 � z �b�<��5 6qz.� � 6 �F��y;��� z �ay85 �.z � z �7� 696 �b��y�5 Ü ï�� Þ � » ÝU´Í��!Í�� � � 6 � z 5 � 5F�����,5 ×az y85�� 6¢� � ��z �F�<5��,� { �b� � ����y z 5 �.z 5ay¤��5 � �7� { 5 � ´
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2 z @C2@y325. z 2W6/, DE*-4 z 8hP-2k,/4^>C.?*-@c8 z 2�,�yw6/2Z÷ 8�y38:698gö-U � 2�@A,/>DC ;�>F>A4 z 2�y?6/> z @c8¸0�y3*-098hP�8 z >A*-4¼6/2Z@C8
@C,/DE>Cqay32v698:4J.7@A2d.?2�4/.76/,�y?2 z *:,�y72 z 0�2�y?DY2 z 6�G { ]X> z 2ay z *-, z 2d6 { . z 8:i/>C@A>C.38 z >A*-4Z6/,¸@C8:.32ayB098�y1,/4/2
y {�� 2yrx>C*-4�098�y38:.3> z 2|698h4/.o.K8W;g8g]X> z�{ *-0 z >CQR,/2hUEAô4�254 z y32p8:@A*�y3.v698h4/.o,/4/2|e9i�y?2p*-0 z >CQR,/2|DE*-4/*�C
DY*X6/2:{hQR,/>/0�2�y3DE2 z 6HGñ8:DE2�4J2�yl@A2 º 8:>C.?;�2�8:,W6/2 º 8�F�*:4Z.3*-,/0J@C2<G?,/.?QX,HGñ8:,EDE*-4 z 8:P-2b2yrx0 { y3>ADY254 z 8:@mU
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��JM<���1��	�
��
�J���O��
E�-�X���P�X��
NQg���X�P

����

	R�X���S��	��3�L	��3��

	R�X�

T�UWVYX>Z\[�X>]�^�XT�UWVYX>Z\[�X>]�^�X_�VY`bacUedfX>ghZ�ihXkjlUWZYUWimU:n_�VY`bacUedfX>ghZ�ihXkjlUWZYUWimU:n

jJoqphZDXk`brsdfoqtLghXjJoqphZDXk`brsdfoqtLghX
u�`bacUWZYoqVYX>ghZu�`bacUWZYoqVYX>ghZ v ghplXkVfw>rmUWZYUedfX>ghZv ghplXkVfw>rmUWZYUedfX>ghZ T�UWxyX'ihX v UWaqz>o dfXT�UWxyX'ihX v UWaqz>o dfX

TKX:{2dYoqaqaqXkT�|TKX:{2dYoqaqaqXkT�|
E0x +E0yE0x +E0y

} aqaqX>Z} aqaqX>Z ~ X�df`bghZ~ X�df`bghZ
E0yE0y E0ejϕyE0ejϕy

E0xE0x E0xE0x

xx

yy

zz

��oqZD`boqZDV��oqZD`boqZDV
E0z + E0ejϕyE0z + E0ejϕy

v `bxyrlX>{hV�UedYX>ghZ�ihXB�
UWphoq{hX�dv `bxyrlX>{hV�UedYX>ghZ�ihXB�
UWphoq{hX�d
E0z +E0ej(ϕ+ψ)

yE0z +E0ej(ϕ+ψ)
y

T�X>{LdYoqaqaqXkT��T�X>{LdYoqaqaqXkT��
u�ZYoqVYxyX'ihX'�*`baqacUWVYdY`b{u�ZYoqVYxyX'ihX'�*`baqacUWVYdY`b{

uP�s`Wdf`Lihoq`LihX>VuP�s`Wdf`Lihoq`LihX>V

E′
0(1 + ej(ϕ+ψ))(z + y)E′
0(1 + ej(ϕ+ψ))(z + y) E′

0(1 − ej(ϕ+ψ))(z − y)E′
0(1 − ej(ϕ+ψ))(z − y)

Ä7ÅÇÆvÈ
�xU��vË�� ØlÒyÔhÓ��jÍhÓ�ÎJÏÑÐJÒ3Ó-Ô����>�bÍhÓ�Ô:ØlÒs��Ô:Ö U��1âBáyãL��ë=å¸ç_ÝyàlÚ²Û²éJêXâbìJë�Ú ç�ÛCèCèîâaè²âFímÝ�ÞLã�Ú²Û²Ý�ÞJÞLâ=åSâ=Þ�Úì/â�è�� ÛCÞ�Ú�â=æ3ímëKæyÝ�å���Ú²æyâ�ìRÛf� ë=æsâ=Þ�ÚÁÛîâ=è`éJêXâ�ÞLÝRê:á�ç�ï�Ý�Þ/áSæsëyçhèAÛCásë�ðbÙFâ�í²çhÛAáyã5âyçJê¹ècçháyâKæäágÚmç'�hÛCèAÛCásëüâ=Þ
íÇæyë5é/êRâ=ÞLã5â�Ü ÛAá3ágêWì�� êhÞLâ�� �hæsâwÝyàFÚÁÛ²éJêXâuå�Ý¾ÞLÝ��ÁåSÝXì/â�Ü/âKágÚFÛAÞ/Û Ú²ÛÇçhèîâ=åSâ=Þ�Ú/àlÝ�èÇç�æ3ÛCásëuá�ê:Û ïyçhÞ�Ú

x+y
ð

�VÞLâôèÇçhåSâ`ì/âOãsçhè²ãKÛ Ú âwáyë�à çhæsâ_è²âKá`ì/â¾ê�ßSàlÝ�ècçhæ3ÛAá=çJÚ²Û²Ý�Þ/á
x
â�Ú

y
ÜVéJê:Ûaásâkì/ë�à�� çhásâ=Þ�Údì�� ê:Þ^çhÞ\�-è²â

ϕ
ç�ïyçhÞ�Úuì�� �¾ÚÁæsâôæsâ�ã�Ý¾å �hÛCÞ�ë�â=á�ð Ù¡� çhÞ ç�èR¢Jáyâ_ì/â`ã�âwí²çhÛCásã�âsçJêSâKágÚbâm� â�ã¾Ú3êXë5â¤£Zè�� çhÛ²ìJâ|ì�� êhÞäàHæ?ÛCá3åSâ

ì/â¦¥�Ý¾èCèÇç�ágÚ Ý¾ÞýÝ¾æ3Û²âKÞ�Ú ë§£©¨
ª
◦
à çhæWæ=ç�àJàzÝ�æ�Ú«£^ècçNãyçhèîã=Û Ú�â­¬lè�� ÛCÞ�Ú âKÞ/á3ÛmÚ ëEèmê:åYÛAÞLâ�êháyâSì/âKá�ì/â¾ê�ß

æ=ç�¢/Ý¾Þ/áwÝ��JÚ�â=Þ�ê:ádâKágÚuê:Þ�â+ímÝ�ÞLã�Ú²Û²Ý�ÞYá3ÛAÞLêháyÝ"®Áìxçhè²âdì/â
ϕ
ðXÙFâôã�Ý¾åOàlâ=Þ/áKçJÚ â¾ê:ædì/â�¯vç'�hÛAÞLâ�ÚLàzâKæ3åSâ�Ú

ì�� ç�°�ÝXê/Ú�â=æ`ê:ÞLâbà�� ç�áyâ
ψ
ã�Ý�ÞJÞLêRâ«£Yã�âwá3ÛD��Þ çhèmðJÙFâ=áoèîâ=Þ�ÚÁÛAèCè²âKábásÝ�Þ�ÚbçJê�ß�ÞLÝ�å ��æyâ|ì/â_ì/â¾ê�ß¦¬ ê:ÞLâ

ã�Ý�Þ�ï¾â=æ$�xâ=Þ�Ú âOÙ ±wé/êhÛ�àlâ=æ3åSâ�Úvì/â_ímÝXãyçhèAÛCásâ=æoè²âKáôí²çhÛCásã�âsçJê�ß�ágê:æwè²â=ádåYÛAæyÝ�ÛAæ3ásÜ â�Úôê:Þ�âkìRÛ ï¾â=æL�Jâ=Þ�Ú â
Ù ²EéJê:Ûzç��-æ=çhÞLì�Û ÚBè²â=áôçhÞ/ÞLâsçJê�ß[ì/âkìRÛY�LæKçRã�Ú²Û²Ý�Þ ì/â_í²ç
³�Ý�Þ´£SÝ��JÚ âKÞ/ÛCæOê:ÞLâ_ÛAÞ�Ú â=ÞJá3Û Ú�ë|èmê:åYÛAÞLâ�êháyâ
ê:Þ/ÛAímÝ�æ3åSâoágêhædècçZá�ê:æ3í²ç�ã�â_ì/â=á7à��LÝRÚ ÝXìRÛ²ÝXì/â=á�ð9Ù0� ç�ïyçhÞ�Ú ç��xâuàLæ3ÛCÞ�ã=ÛÊà�çhèaì/â_ã�â¾Ú3Ú�âôåSë�Ú:�LÝxìJâ|â=ágÚBá=ç
í²çhÛb��è²âdáyâKÞ/á3ÛW�hÛCèAÛ Ú ëôçJê�ß©�hægê:ÛmÚÁá_â3ßHÚ âKæ3ÞLâKáµ¬�èîâ=á+í²çhÛCásã�âsçJê�ß^ì/â|åSâ=á�ê:æyâôÞLâ|ásÝ�Þ�Ú7ásë à çhæsë=ápéJêXâ|ágê:æ
ê:ÞLâOÚÁæl�=á|ã�ÝXêhægÚ â_ìRÛAágÚmçhÞLã�â5Ü â�ÚoÚ ÝRê/Ú â·¶ êXã¾Ú3ê�çxÚÁÛ²Ý¾Þ ì¸� ÛAÞLìRÛ²ã5â|ÝXê¸ì/âkÚÁæ=ç�°�â�Ú7ÝyàlÚ²Û²éJêXâdágêhæ+èîâ+æyâKágÚ â
ì�ê`à çhæyã5ÝXê:æ?á|âKágÚzá=ç�Þ/á_âh�Tâ¾Úzágê:æoè²â+á?ÛY��Þ9çhèVì/âdásÝ�ægÚ²Û²â_ì/â=á1à���ÝXÚ ÝXìRÛ²ÝXì/âKágð
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¿ 2 º 8:>C.?;�2g8h, { DE2�y?P-2�4 z 6/,ä4/*¾ö�8h,S6/2w@C8_e9i�y32 | ,/4ä6/>C8:DEq z y?2d6J2wQR,/2�@AQR,/2�.uDE>C;ay3*-4J.�{�>C@ 25. z
6/*-4/; º *�y z 2�DE2�4 z 6/>f]-2�y?P-2�4 z D¸8h>C.v.30/8 z >C8:@C25DY254 zíz y3q5.d0�y3*-0�y?2:Uk��@T2�4 z y32`>CDED { 6/>c8 z 2�DE2�4 z 6/8:4/.
,/4/2w@A2�4 z >A@C@A2v;�*-4�]-2ay3P-254 z 2:{JQX,J>L0�2�y?DY2 z 6�GI8:.3.?,�y32ayb,/4J2 º *x;�8:@C>A.K8 z >C*-4W8h6 { QR,98 z 2:Uxtd4ä0�*-@C8�y3>A.32�,�y
]x>A2�4 z 254/.3,J> z 2deJrx2�yu,/4J2w0�*-@c8�y?>C.38 z >A*-4vy32�; z >A@C>CP:4/2o.3,/>f]:8h4 z

x+y
UX¿ 2ô;=<98:DE0ä@C,JDY>A4/2�,xrZ.�G { ;�y?> z

8:@C*�y?.
E = E0x + E0y

U � 0�y3q�.�@C2 0/8:.3.38:P-2^698:4/.�,/4 . { 098�y38 z 25,�y�6/2 º 8h>C.3;52g8:,H{u@c8¹0983y z >A2
, z >A@C2W6/2E@c8�@C,/DE>Cqay32W8�y�y3>A]:2W.3,�yp,/4/2E@c8:DE2Z6/2¸;�8:@C;5> z 2Z6/*-4 z @A2�._6/>�y?2�; z >C*:4/._0�y3>A4/;�>A098:@C25._.3*-4 z
x
2 z

y
UB»B4ü.3*�y z >C2`6/2`;�2 z�{ @ { DE2�4 z { *-4�*-i z >C2�4 z 6/25,xr º 8h>C.3;52g8:,Xr�098�yK8h@C@Cq5@C25.v6/2p0�*-@C8�y3>A.K8 z >C*-4/.

*�y z </*-P-*-4/8:@C25.|2 z . { 0/8�y { .p6/2
4mm

QX,J>B]:*-4 z .?2?y {��¥{ ;=</>�y`.3,�y`6J2�,xrNDE>�y3*:>�y3.d>C4/6 { 0�2�4/698h4 z .�U
¿T25,�y3.z;=<J2�DE>C4/.l*:0 z >AQX,J2�. {az 8:4 z 6/>f\ { y32�4 z .�{->A@J8:0J098�yK8�¼ z 8h>C4/.?>J,/4Z6 { 0/<98:.38:P-2

ϕ
254 z y32v;52�.z6/25,xr

yK8gö-*-4J.k8g]h8:4 z QR,/2Y@c8S@c8:DE2W6/2E;g8:@A;�> z 2Z4/2¸@A2�.%y325;�*-DOi/>C4/2hU � ,9y?2 z *-,�y�{T@A2E;=</8:DY0N@C,/DE>C4J2�,xr
0L25, z .�G { ;�y?>�y?2

E = E0x + E0e
jϕy

Uz)+* z *:4/.ZQR,�Gñ8h,/;�,/4J2�>A4 z 2�y ºS{ y3254/;�2�4�Gn2�. z 2�4/;5*�y32S]X>C.?>Ci/@A2
0/,/>C.?QR,/2p@A2|6 { 0J<98:.K8hP-2_>C4 z 2ay?]X>C254 z .?,�yo6/2�.o0�*-@c8�y?>C.38 z >A*-4/.b*�y z <J*-P-*-498h@C2�.5U

¿ 2 º 8:>C.?;�2g8h, 2�. z DY8:>C4 z 25498:4 z y3256/>�y?>CP { 698:4J.ü@c8Ñ@C>AP-4/2^6�GI8:498:@föx.?2:{+*"! >A@ z yK8g]:2�y3.?2 z *:, z
6�Gñ8hiL*�y?6M,/4�;�*-DE0�2�4/.38 z 25,�yZ6/2�½u8hi/>C4/2 z {a6�Gñ8�rJ25.W0�y3>A4/;�>A098:,xr

z
2 z

y
U � 2 zv{ @ { DE2�4 z 8JG?*:, z 2

,/4ü6 { 0/<98:.38:P-2p.3,/0/0J@ { DE2�4 z 8:>�y?2p8�G?,/. z 8:i/@C2
ψ
2�4 z y?2p@A2�.+6/2�,Xrü0�*-@C8�y3>A.K8 z >C*-4/.5{J6/2`.3*�y z 2`QR,/2O@A2

;=<98:DE0[@A,/DE>C4/25,xr | .38S.3*�y z >C2Z.5G { ;�y?> z
E = E0z + E0e

j(ϕ+ψ)y
U ¿ 2 º 8:>A.3;�2�8:, 2�. z e9498:@A2�DE2�4 z

. { 0/8�y { 254M6/2�,xrM098�yO,J4M0�y3>A.3DE2ä6/2§¾N*-@C@C8:. z *-4�{T*�y?>C2�4 zn{�|À¿ �
◦
0/8�y�yK8h0/0L*�y z}| @C8ü@c8hDY2E6/2

;g8:@A;�> z 2:Ux¿ 2�.v6/25,xr�y38¾ö:*-4/.v*-i z 2�4R,/.v.?*-4 z 0L*:@c8�y?>C. { .7.?,/>A]h8:4 z
x + y

2 z
x− y

{X2 z @C2�.b>C4 z 254/.3> z�{ .
@C,/DE>C4/25,/.325.vDY25.3,�y { 25.d0983y+@A2�.v6/25,xr�0/</* z *X6/>C*X6/2�.b.�G { ;�y?>A]:2�4 z ó

I+ = I0(1 + cos(ϕ+ ψ))

I− = I0(1 − cos(ϕ+ ψ))

� ]-25;Y,J4/2 { @C25; z y3*-4/>AQR,/2W6/2Z;�*-4J6/> z >C*-4/4J2�DE2�4 z 8:698:0 z�{ 2h{�*-4[0L25, z 8:@A*�y3.ôDE2�.?,�y32ay_@C2Z;�*:4�C
z yK8h. z 2_254 z y32`@C25.v6/2�,xr�.?>CP-4/8:,xrS>A.3.?,/.o6/2�.+0/</* z *x6J>C*X6/2�.|ó

C =
I+ − I−
I+ + I−

= cos(ϕ+ ψ)
»e�XU4��½

A|4ý.5Gñ8�\ey38:4/;=</> z 8:>A4/.3>+6/2�. � ,/; z ,98 z >A*-4/.Y6�GI>A4 z 2�4J.3> zn{ @C,JDY>A4/2�,/.?2ü6/,ý@C8:.32ay�U � 2 z�z 2 º *-4/; z >A*-4
.�Gn>C4�]-2ay3.32 º 8h;�>C@A2�DE2�4 z 0L*:,�yb*-i z 2�4J>�y1@C2+6 { 0/</8:.K8:P:2

ϕ
254 z y32ô@A2�.76/2�,xr º 8:>A.3;�2�8:,xrY6/2dDY25.3,�y?2:{X2 z

6/*-4/;v@A2�,�yz6/>f\ { y3254/;�2v6/2o;=</25DY>A4Z*-0 z >CQR,/2
δL = λϕ/2π

U ú >/6/2v0/@A,/.z@mGI8:DE0/@C> z ,/6/216/2u]h8�y?>c8 z >C*-4
6/2
ϕ
2�. zTº 8:>Ci/@A2:{g*:4p0�2�, z 8JG?,J. z 2ay

ψ
| @ÁGñ8:>A6/2z6/,`;�*-DE0�2�4/.38 z 25,�yV6/2*½u8:i/>A4/2 z 0�*-,�yT8g]-*->�y

C ∼ 0
U

¿V8Z.?2�4/.?>Ci/>A@C> zn{ 2 z @C8k@C>C4 { 8�y?> z�{ .3*-4 z 8:@C*�y3.uDY8�rx>CDY8:@C25.b2 z @ÁG { QR,98 z >A*-4Á�xU��E.?2%y {�{ ;�y?> z ó

C = sin(ϕ) ' ϕ =
2π

λ
δL

»e�xU ¿ ½
¿V8WDE2�.3,�y32_6/2

C
6/*-4/4J2p6/*:4/;_>CDED { 6/>c8 z 2�DE2�4 z 8h;�;�q5. | @c8Z6/>f\ { y3254/;�2_6/2`0L*:.3> z >C*-4S254 z y32`@C25.

6/2�,xr�DE>�y?*->�y?.�U
»z4^0�y38 z >AQX,J2:{�@C2k.?>CP-498h@a6/>A.30�*-4/>Ai/@C2`2�. z ,/4/2 z 2�4/.?>C*-4

vc = vd + v0C
{�*"! @ÁGñ8:DE0/@A> z ,J6/2

v02 z @C2¸6 { ;�8:@c8:P:2
vd

.3*:4 z 6 {az 2ay3DE>C4 { .k098�yO@C2�.O;g8�y38:; zn{ y3>A. z >CQR,/2�.Z6J2S@mG { @C25; z y3*-4/>AQR,/2ä6/2S;5*-4/6/>RC
z >C*:4/4/2�DE2�4 z 2 z @C8¼QR,98:@C> z�{ 6/25.vy { P:@c8:P-25.Z*-0 z >CQR,/2�.5U1¿V8¼e9P:,�y32­�xU ¿ y32�0�*�y z 2�,/4/2�DE2�.3,�y32�6/2
vc

25\L2�; z , { 2E2�4^]h8�y3>C8:4 z
ψ
.3,�y`,J4/2W0 { y3>C*X6/2Z2 z 2�4[D¸8:>A4 z 2�4/8:4 z

ϕ
;5*-4/. z 8:4 z U � 2 znz 2E;5*-,�y?iL2

.�GI8:0/0�y?*¾rx>ADY2 z y?q�._i/>A2�4 | @ÁGñ8h>C6/2k6HGI,/4J2Y.?>C4R,/.3*PÂ 6/2h{T8¾]:2�;
vd = 25mV

2 z
v0 = 6.5V

U � 2 znz 2
{az 8h0L2Z6/2O;g8:@A>Ci�y38 z >A*-4ü2y\H25; z , { 2:{ *:4 0L25, z .3,/>f]sy32k@A2�.ô]h8�y3>C8 z >A*-4/.+6/, ;�*:4 z yK8:. z 2W2�4 >A4�]-2�y?.K8:4 z
@c8}y325@c8 z >C*-4ä0�y { ; { 6/254 z 2¸ó

C =
vc − vd
v0

»S�xU4�-½
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Ä7ÅÇÆvÈE�xU ¿ ËÚÙ ×JÖ:�$Û Óh×HÒh� ÎJØÜ�ÞÝÚß-ÎJØlÒ3Óh×\à:ÒyÔ U/Ùlâ+á?ÛY��Þ9çhèaìRÛAá àlÝ�Þ/Ûb��è²â vc âKágÚoê:ÞLâdímÝ�Þ�ã�ÚÁÛîÝ�Þ�çPáWÞLâì�êüã�Ý�Þ�Ú²æ=çhá�Ú â
C
Ü�ÛCèbï5ç�æ3Û²âOì/Ý�ÞLã`á?ÛCÞ�ê:áyÝ�®mìxçhèîâ=åSâ=Þ�Úvç�ï�â5ãpè²âkì/ë�à�� çháKç��Jâ¾ðÞ�1â�Ú3Ú�â7�\� ê:æsâ`å�Ý�Þ�Ú²æyâ

è�� â3ß ã�âKèCèîâ=Þ�Ú âwç�àJàHæyÝsßxÛCå¸çJÚÁÛîÝ�ÞüÝ��JÚ�â=Þ�êXâbà çhæôã5â�Ú3Ú�âdè²Ý�Ûmð
ú >b@C8�0�y { ;5>C.3>A*-4¹6/2¸DY25.3,�y?2ä6/2

vc
2�. z 6/2ä@ÁGI*�y?6�y32Y6/2äQR,/25@CQR,/2�.

µV
{V*-4M2�. z >CDE2 | @mGI8:>C6/2E6/2

@mG { QR,98 z >C*-4�@A>C4 { 8�y3>A. { 2¤�XU ¿ @c8}y { .3*-@A, z >A*-4�.3,�y
δL

|
10−13m

U � 2 z *�y36�y?2`6J2pP�y38:4/6/25,�y+DY*-4 z y32
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UWV�X�Y ïôðDî[Z Y�V]\_^ ïa` \ ïâï \ ºcb Z ^dX]\_^IV î Y�eWfg\#UWhi^jf�\i^ Zgk ^ ï Y k°ï ^ ZgkWZÆïIZ Y�V=l�^mY k ^jX b U Zonp` Y ïIZ b k UWV�^ ö ^ C
ï h_X]\#\�lLq ðaîIZ X]\ k°ï Y�f <x¿ Y npr V î \ :L<fõ�:þî \_q b î�ï \sf�\ îâð ^IVWf ï Y ï UW\ ` \ ïâï \sX]\_^IV î \sUW\
t Z \ Z f�f Z ^I^[\_X]\ k°ïvu
U ð2Gâõ b eW^[\ î t ð UWY k ^wUW\_^w\�lxq ðDî[Z \ kW` \]UW\ îIy)ð b f b rzZ \{^ ï Y k UpY î U ��õ�ÉN�|< Ask b eW^I\ î tz\}Y�V ` b V î ^wUWV
ï \_X]qW^~V k \�Y�V r X}\ k°ï Y ïIZ b k UW\

G
u ^IV î ^IY�qWY î�ïIZ \ îâð \_fgf�\j\ ï�Z X�Y rzZ�k Y Zcî \ <J��kWZÆïIZ Y�fg\_X]\ k°ï U Z ^I^ Z qpY ïIZ º

»
G2 � G1

½�u fg\#^ ö ^ ï hiX}\�UW\Rt Z \ k°ï Ux\sqWf�Vx^;\ k qxf�VW^j^ b f Z UW\�\ k t Z \ Z f�f Z ^[^mY k°ïvu Yvt�\ `
G1 � G2

< � \
q y)ð_k b X}h k \w\_^ ï f�Y�^ Z�r�k Y ï V î \ îIy!ð b f b rzZ�� VW\�UxV�q î b ` \_^[^IVW^�UW\�t ZÆïôî[Zgnp` Y ïmZ b k�<

¥ö*-,�*Áù �Y¯j«d¶�0x«0/Ø0xµ2(B¨01Ñ­wª ­d´y&m(�2k),/Ø0xµL(B¨
� V ` b V î ^dUW\�f�YwX # X}\a\�lLq ðaîIZ \ kW` \ uLk b VW^dX}\i^IV î b k ^�Y�f ï \ îIk Y ïmZ tz\_X]\ k°ï f�Y î�ð q b k ^I\
UWV�^ ö ^ C

ï h_X]\ u
χθΓext
u qWV Z ^~f�\i^ � V `aï VpY ïmZ b k ^~UW\�U ð ºcb î X}Y ïmZ b k UWV]X�Y ïâðDî[Z Y�V�\ k f���Y�eW^[\ kW` \�U���\�l `_ZÆï Y ïmZ b k

ð f�\ `aïâî b ^ ï Y ïIZ�� VW\ u t Z Y
Sθ
<E� b VW^ î \_q b î�ï b k ^{^IV î f�Y nWr V î \ :L<fõ�ï f�Y�UW\ k ^ ZÆïâð ^[q�\ `aïôî Y�f�\}U�� ð_k \ îLC

rzZ \�X b ö \ kWk \�Y Z�k ^ Z b e ï \ k VW\�Y�V ` b V î ^#Ux\�f�Y�q î \_X Z h î \ y \_V î \�UW\{X}\i^IV î \ <ì» fgf�\ î \iq î b UWV ZXï f�Y
îâð q b k ^[\{UxV�^ ö ^ ï hiX}\ u Y�t�\ ` V k X�YNl Z X�VWX õ f�Y º îâð_� VW\ kW` \�UW\ îâð ^ b k Y kW` \wUWV îIy)ð b X]h ïôî \ <

¿ Y ` b X}qWY î Y Z ^ b k Y�t�\ ` f�Y
q îâð U Z�`'ïmZ b k UWV ïmy!ð b î h_X]\ � V `'ï VpY ïIZ b k U Z ^I^ Z qpY ïmZ b k�u�` Y�f ` VWf ð q b V î
T = 300K

Yvtz\ ` f�\i^�U b kWk)ð \_^�UW\�f�Y npr V î \ :L<Aõ�: \ ï f|� ði� VpY ïmZ b k�:L<fõ]jxu \i^ ï Y�^I^[\ b e b kxk \ < � V
` b k°ïôî Y Zcî \ u \ k V ïmZ f Z ^IY k°ï f�Y ï \_X]q ðaî Y ï V î \}\i��\ `'ïmZ t�\�X]\_^IV îâð \�Y�q î h_^�V k \ y \iV î \�Ux\�t Z \ Z f�f Z ^I^[\ C
X}\ kñï qpY î f�Y�X ð'ïmy b UW\ ð fg\ `'ïôîIZg� VW\ u b k ^IV î \_^ ïmZ X}\weS\vY�V ` b VWq�f�\i^ � V `aï VpY ïmZ b k ^�UW\

θ
<�� b VW^�\ k

` b kW` f�V b k ^ � Vx\{^i� Z f�\Rl Z ^ ï \wV k \wt Z b f�Y ïmZ b k UWV þo÷lÿ UpY k ^ ` \ ïâï \{X]\_^[V î \ îIy!ð b f b rzZ�� VW\ u \_fgf�\�\i^ ï
U��,Y�X}qWf ZÆï VWUW\se Z \ k X b Z�k U î \ � VW\ ` \if�f�\ b eW^I\ î t ð \{UWY k ^�f�Y�X]\_^IV î \ ð fg\ `aïâîIZg� Vx\ <

�ö*-,�*h, ��ª32'1R³pª ¶�0xµ�«Bªy1
� \ îâð ^IVWf ï Y ï q î�ð f Z X Z�k Y ZÆî \d\_^ ï e Z \ k \ k°ï \ k UWV õ q î \ k U î \
Y�t�\ ` q îâði` Y�V ïIZ b k�u qWV Z ^ � V�� Z fW^_��Y rzZXï

U���V k \�\RlLq ðDîIZ \ kW` \�V kWZg� Vx\s\ ï ^ b X]X}\ ï b V ï \�Y�^[^I\ b e î V ZXïôð \ </ÿ \sqWf�Vx^ u \if�fg\ k �/\_^ ï qpY�^j\R��\ `aï V ð \
^ ïôî[Z�`'ï \_X]\ k°ï ^IV î fg\�X # X]\aX}Y ïôðaîIZ Y�V � VW\�f�Y�X]\_^[V î \ ð fg\ `aïâîIZg� Vx\ u qWV Z ^ � V���Y�t�\ ` V k \ ` b kW` \ k°ïôî Y C
ïmZ b k UW\
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u f�� ð_`�y Y k°ïmZ fgf b k \i^ ï\ïôî b q � V Z UW\wq b V î�k b ïâî \ îIy)ð b X}h ïôî \ <�ÿ \ k b Vxt�\_f�fg\_^�X}\i^IV î \_^

^ b k°ï U b kW`�k)ði` \i^I^mY Zcî \i^�Yvt�Y kñï U���Y �^î X]\ î fg\}U ð ^mY `_` b î UFUW\_^�UW\_VLl�U ð'ï \ î X Zgk Y ïIZ b k ^wUW\
Teff
<

· b V îóï Y k°ï_u�` \ î�ð ^[VWf ï Y ï \_^ ï Y�q îIZ b îIZ Y�^[^I\ bMïôî b VWeWf�Y k°ï \ ï ^ b Vxf�hit�\�UW\ k b X�e î \iVW^I\i^ � VW\_^ ïmZ b k ^
^IV î f�Y�t�Y�f Z U ZXïôð UW\�f|�,Y�qWq î b `�y \ þo÷lÿ ð f�Y îIrzZXï UpY k ^{f�Y ¿ Y�q b kWZXï \ óE` b X}q b îóï \_X]\ k°ï \Rl b ïIZ�� VW\
b V ïâî Y k ^[q b ^mY�eWfg\ õ U���Y�V ïâî \_^�^ ö ^ ï h_X]\_^p�]� k \{^[\_VWfg\ b V�qWfgVW^ Z \_V î ^ ï \_X]q ðaî Y ï V î \i^
\R��\ `aïmZ tz\i^��
� V ï Y k°ï f�\i^sX}\i^IV î \_^�UWV�t Z \ Z fgf Z ^I^I\iX}\ k°ï Ux\_^ ºcb kW`'ïmZ b k ^#Ux\�^ ïâî V `'ï V î \_^ îâð Y�f Z ^ ð \i^#\ k U Z ��VW^ Z b k
UW\af�YsfgVWX Z h î \ � ¿7  � \ ï f�� b eW^I\ î t�Y ïIZ b k U���V k \�t Z b f�Y ïIZ b k UWV þo÷lÿ qpY î ^[\_^~q î b q îIZÆðaïôð ^ ð fg\ `aïâîIZg� Vx\_^
t b k°ï UpY k ^sf�\{^I\ k ^�UW\_^ ïmy)ð b îIZ \_^sUW\ `�y Y�X]q�X b ö \ k UW\i^#tz\ îâî \i^�UW\�^[q Z�k ^ u Y�V ï Y k°ï�` \�UW\ î[kWZ \ î
îâð ^[VWf ï Y ï ^I\iX�eWfg\�\ k�` b k°ïôî Y�U Z�`'ïmZ b k Yvtz\ `�` \i^
^ `Dðik Y îIZ b ^ <

¿ Y îâð q b k ^I\ õ]` \_^ Z�k°ï \ îâî b r Y ïmZ b k ^aqpY�^I^I\�V k \ ºcb Z ^a\ kW` b î \�qpY î UW\ k b VLtz\_fgf�\i^
\�lxq ðDî[Z \ kW` \i^ <
ÿ Y k ^
V k Yvtz\ kWZcî q î b `�y \ u f|� ð'ï VWUW\ ð fg\ `'ïôîIZg� VW\{U���V k \�^ b f�V ïIZ b k qWf�Vx^ ` b kW` \ k°ïôîâð \�\_^ ï q î b rÖî Y�X C
X ð \ u Y nWk Ux\ ` b X]qpY î \ î UW\i^ î�ð ^[VWf ï Y ï ^a^[V î V k q î b UWV ZXï V kWZg� Vx\ <�ø Y Z ^jUW\ k b X�e î \iVLl�q î b rÖî h_^
^ b k°ï©ð_r Y�f�\_X]\ k°ï Y ï�ï \ k UWVW^dUpY k ^~f�YwX]\_^[V î \ î[y)ð b f b rzZg� Vx\ ó X}\ Z fgf�\_V î \ Z ^ b f�Y ïmZ b k UW\i^dt Z e î Y ïIZ b k ^
UW\;f|��\ k t ZÆî b kWk \_X]\ k°ïvu b q ïIZ X Z ^IY ïmZ b k UW\�f�Y rÖð b X ðaïâîIZ \dq b V î ï \_^ ï \ î UW\_^�X�Y ïâðDî[Z Y�VLl�qWf�VW^ � V Z UW\_^ u
îâð Y�f Z ^IY ïmZ b k U��/V k�` Y�q ï \iV î b q ïIZ�� VW\ ` b X]qWfg\RlL\ » Y�V�^[\ k ^sX}Y ïIy)ð X}Y ïmZg� VW\ u q b V î V k Y `i` h_^ õ

ϕ\ ï�k b k�õ
sin(ϕ)

½ q b V î V k \wqWfgVW^ rÖî Y k UW\ îâð ^ b fgV ïmZ b k�u \ ïm`�<
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ª «­¬¯®F°�±¯²�³�«´¬ µ·¶ ¸ µº¹�²�¸ µ»®�¶�³S¼½µ»²

� \ ïâî Yvt�Y Z f
UW\ ïmy hi^I\¾q î�ð ^I\ k°ï \ � Vx\_f � VW\i^�\�lLq ðaîIZ \ kW` \i^ k b Vxt�\_f�fg\_^�^[V î f�\�t Z \ Z fgf Z ^[^I\iX}\ kñï
UW\�X}Y ïôðaîIZ Y�VLl�t ZÆïâî \_V=l <F¿ \�eWV ï \_^ ï U��/\i��\ `aï VW\ î U���V k \ ` b X}qpY î Y Z ^ b k U Zcî \ `aï \�UW\i^ î�ð ^IVxf ï Y ï ^
Y�t�\ `�` \_VLl b e ï \ k VW^sUWY k ^sfg\_^�tz\ î�î \i^�UW\�^[q Z�k ^ u�ï Y k°ï Y�V kWZ t�\vY�V�\RlLq ðaîIZ X}\ kñï Y�f � V��,Y�V kWZ t�\vY�V
ïmy)ð b îIZg� Vx\ <a¿ � ðaï VWUW\}q b îóï \]^IV î UW\iVLl�^ ö ^ ï h_X]\_^�Y�^[^I\ b U Z � ðDî \ k°ï ^ u V k tz\ îâî \�q b f ö X ðDîIZg� VW\�\ ï
V k t�\ î�î \ ` b fgf b Â UpY�f <

¿ \]¿ ø¼ø � q îâð ^I\ kñï \�V k \ ïâî Y k ^ ZÆïIZ b k t ZXïôî \iVW^I\ ` f�Y�^[^ Z�� VW\]Y�V ï b V î Ux\
110 ◦C

u \ ï f�\�q y!ð�C
k b X]h k \wUW\�t Z \ Z f�f Z ^[^I\_X]\ k°ï \i^ ï qS\ îI` \_q ïIZ eWfg\w^IV î UW\i^ ï \_X]qW^ î Y Z ^ b kWk Y�eWf�\i^ G VW^ � V�� õ

60 ◦C
<B»Àk

Y�qWqWf Z�� VpY k°ï V k \ yWZ ^ ï b ZÆî \ ïIy \ î X Zg� Vx\�qxf�VW^ b V�X b Zgk ^ ` b X}qWfg\RlL\ õ f|� ði`�y Y k°ïmZ f�f b k�uxk b VW^
Y�t b k ^
X Z ^j\ kçð t Z UW\ kW` \{V k \R��\ ï�î Y G \iV kWZ ^I^I\iX}\ k°ï$C X ð X b ZÆî \s^[V î f�Y�X]\_^[V î \�UW\wf�Y ` b k ^ ï Y k°ï \�U Zcð fg\ `lC
ïôîIZg� VW\ < � \ ïâï \ ðaï VWUW\ uzZ�k ^[q Zcî�ð \�UW\ îâð ^IVWf ï Y ï ^E\�lxq ðDî[Z X]\ k°ï Y�VLl�^[V î fg\_^Et�\ îâî \_^ÀUW\;^Iq Zgk ^ u ^ b VWf Z�rzk \
f�\ ` b X]q b î�ï \iX}\ k°ï ^[V Z t�Y k°ïäó Y�q î h_^{V k t Z \ Z f�f Z ^[^I\_X]\ k°ï UpY k ^�f�YÁq y Y�^I\�t ZÆïâî \iVW^I\ u fg\}^ ö ^ ï hiX}\
q�\iV ï§#'ïôî \ î Y G \_V kxZ qpY î V kKî \RÂ î b Z U Z ^[^I\iX}\ kñï]� V Z ^I\iX�eWfg\�\R��Y ` \ î qpY îóïmZ \if�fg\_X]\ k°ï f�� Z�k � VW\ kW` \
UWV ï \_X]qW^�qpY�^I^ ðûõÃy Y�V ï \ ï \_X]q ðaî Y ï V î \ < ¿ b V î�ï Y k°ïvu V k1î�ð_`�y Y�VL��\iX}\ kñï Vxf ïôðaîIZ \_V î qS\ î X}\ ï
UW\ î \ ïôî b Vxtz\ î f|� ð'ï Y ï UW\�t Z \ Z f�f Z ^[^I\_X]\ k°ï
Z�kWZXïmZ Y�f up` ��\i^ ï f��/\i��\ ï X ð X b ZÆî \ <H¿ Y�UW\i^ `Dî[Z q ïIZ b k Ux\ ` \
q y)ð_k b X}h k \w\ kçï \ î X]\�UW\wqpY ö ^IY r \�U�� ð_k \ îIrzZ \ yWZcðaî Y î[`�yWZ�� VW\ b � î \�V k�` Y�U î \�U�� Z�k°ï \ î q îâðaï Y ïmZ b k
^mY ïIZ ^[ÂÄY Z ^mY kñï_< � \ ïâï \ ðaï VWUW\ u qpY î Y k Y�f b rzZ \�Yvt�\ ` U���Y�V ïâî \i^�^ ö ^ ï h_X]\_^ u ^IV r�r h î \�V k»` Y î Y `'ï h î \
Y�^I^[\ b V kWZ t�\ î ^I\_fÅUW\ ` \ ` b X]q b îóï \iX}\ kñï UWY k ^�f�\i^jtz\ î�î \i^ <
� b VW^�Yvt b k ^�\ k ^IV ZXï \ `�y \ îI`�y)ðçõ X]\_^[V î \ î f�Y ï \iX}q ðDî Y ï V î \�\R��\ `aïmZ tz\�Ux\ ` \�X}Y ïâðDîIZ Y�V uêõ

f���Y Z UW\�U���V k \ ð'ï VWUW\wUWV î Y�qxq b îóï � V `'ï VpY ïIZ b k U Z ^I^ Z qpY ïIZ b k UW\w^[\_^�q î b q îIZcð'ïôð ^ ð f�\ `aïôî[Z�� VW\i^ <�¿ \_^
k b X�e î \_VLl b eW^ ï Y ` f�\i^;\RlLq ðDî[Z X]\ k°ï Y�V=l � V Z ^ b k°ï Y�qxqpY î Vx^ k \sqS\ î X}\ ïâï \ k°ï qpY�^jUW\ î \_qWf�Y ` \ î f�\i^
îâð ^[VWf ï Y ï ^�UpY k ^�f�\ ` Y�U î \�UW\_^ ïIy)ð b î[Z \i^]Ux\ `�y Y�X}qÆX b ö \ k UW\_^]^ ö ^ ï h_X]\_^�t ZÆïâî \_V=l ó f�� Z�kW` \ î2C
ïmZÆï VWUW\]UW\]X}\i^IV î \�\_^ ï_ïâî b q Z X]q b îóï Y k°ï \�q b V î U Z ^ `aîIZ X Z�k \ î f�Y�t�Y�f Z U ZÆïâð UW\ ` \ ï�ï \�Y�qWq î b `�y \ <
� k \ k ^I\iX�eWf�\#UW\s^ b f�V ïIZ b k ^ ï \ `�yWkWZg� Vx\_^aY ð'ïôð q î b q b ^ ð q b V î Y�X ð f Z b î \ î~` \ ïâï \sX}\i^IV î \ u \ ï Ux\_^
ïôî Yvt�Y�VLlÁY `aï VW\_fg^�^ b k°ï q b V î ^IV Z t Z ^aUpY k ^ ` \ ï�ï \wU ZÆî \ `'ïmZ b k�<
¿ b V î ÂÄY `iZ f ZXï \ î{k b ïôî \ ïâî Yvt�Y Z f�\RlLq ðaîIZ X}\ kñï Y�f u�k b VW^�Yvt b k ^]\ k ^[V ZÆï \ `�y b Z ^ Z U�� ðaï VxU Z \ î V k \

tz\ î�î \ ` b fgf b Â UpY�f ó f�Y ¿ Y�q b kWZÆï \ <T¿ YÁ^ Z X]qWf Z�`_ZXïôð Ux\�^mY�X�Y kWZ qWVxf�Y ïIZ b k \ ï f|�,Y�X]qWf ZÆï VxUW\�UW\i^ Z�k�C
ï \ î Y `aïIZ b k ^�X Z�`aî b ^ ` b q Zg� VW\_^df�Y Z ^I^IY Z \ kñï q î�ð ^IY r \ î U��/V k \#U ðaï \ î X Z�k Y ïmZ b k qxf�VW^�Y Z ^ ð \
UW\
f�Y ï \_X C
q ðaî Y ï V î \�\i��\ `'ïmZ t�\ < »Àk \i��\ ï_u V k \ ð'ï VWUx\�UW\�^ b kº` b X]q b î�ï \_X]\ k°ï^ð f�\ `aïâîIZ�� VW\�Y¾q�\ î X Z ^�UW\
X}\ ïâïôî \�\ kçð t Z UW\ kW` \wV k \st Z b f�Y ïmZ b k�Z X}q b îóï Y k°ï \
UWV ïmy)ð b î hiX}\ � V `aï VpY ïmZ b k U Z ^I^ Z qpY ïIZ b k UWY k ^
f�\#U b X�Y Z�k \�UW\i^jepY�^[^I\_^jÂ î�ð_� VW\ kW` \i^�q b V î UW\i^j^ ö ^ ï h_X]\_^ G \iV k \_^ <9¿ �,Y�X}qWf ZÆï VWUW\ Z�k Y ïâï \ k UWVW\
UW\
` \ ï�ï \st Z b f�Y ïIZ b k q�\iV ï�#aïâî \ î Y�qWq î b `�y)ð \�U�� b eW^I\ î t�Y ïIZ b k ^;^ Z X Z f�Y Zcî \_^~UpY k ^aUW\_^a^ Z X�VWf�Y ïmZ b k ^ k V C
X ðaîIZ�� VW\i^�Ux\ `aî b Z ^I^mY kW` \�UW\�U b X}Y Z�k \_^ < ¿ b V îóï Y k°ïvu b k]k \�q�\iV ï�ð_` Y î�ï \ î f|� Z U ð \ � V�� Z f�^i�,Y r�Z ^I^[\ k°ï
V kWZ�� VW\iX}\ k°ï U���V k�` b X}q b î�ï \_X]\ k°ï \Rl b ïIZ�� VW\wUW\i^
q î b q î[Zcðaïâð ^ ð f�\ `'ïôî[Z�� VW\_^�UW\wf�Y ¿ Y�q b kWZXï \ <

¿ Y�UW\ îIkWZ h î \ ðaï VxUW\�q îâð ^I\ kñïâð \w^I\�qS\ kx`�y \w^IV îa` \ ïâï \ � VW\_^ ïmZ b k \ k q î b q b ^IY k°ï V k \�^[\ ` b k UW\
U ðaï \ î X Z�k Y ïmZ b k�Z�k U ð qS\ k UpY kñï \�UW\}f�Y ï \iX}q ðDî Y ï V î \�\i��\ `aïIZ t�\ uêõ f���Y Z UW\�UW\_^�q î b q îIZÆðaïôð ^ îIy)ð b C
f b rzZg� VW\_^{UW\ ` \�X�Y ïôðDî[Z Y�V <<½ Y�^ ð \�^IV î V kýîIy!ð b X]h ïâî \ b îIZ�r�Z�k Y�fÀqS\ î X}\ ïâï Y k°ï UW\�X]\_^[V î \ î f�\i^
� V `aï VpY ïIZ b k ^ ïmy \ î X Z�� VW\i^�UW\{U ð Â b î X�Y ïIZ b k U��/V k X�Y ïâðDî[Z Y�V u \_f�fg\ k �/\ k \i^ ï
� V��,Y�V�^ ï Y�UW\�q îâð f ZRC

õ]jÖl
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X Zgk Y ZÆî \ < ¿ b V î�ï Y kñï_u fg\_^�q î \_X Z \ î ^ îâð ^[VWf ï Y ï ^�^I\iX�eWfg\ k°ï \ k�` b k°ïôî Y�U Z�`'ïmZ b k Yvt�\ `�` \_VLl b e ï \ k VW^
qpY î f�\i^;X]\_^IV î \_^ ð fg\ `aïâîIZg� Vx\_^ ó f�Ywt Z b f�Y ïmZ b k UWV ïIy)ð b î h_X]\ � V `aï VWY ïmZ b k U Z ^I^ Z qpY ïIZ b k \_^ ïvu ^ Z \_fgf�\
\Rl Z ^ ï \ u U��,Y�X}qWf ZÆï VWUW\se Z \ k X b Z�k U î \ <

� \_^ îâð ^IVWf ï Y ï ^ ` b k°ïôî Y�U Z�`'ï b ZÆî \_^{q b ^I\ k°ï�k b X�e î \�UW\ � VW\i^ ïIZ b k ^�^[V î V k \�Y�qWq î b `�y \ ïmy)ð b C
îIZg� Vx\
\ kMï \ î X]\
Ux\ ïIy)ð b î h_X]\ � V `aï VpY ïmZ b k U Z ^I^ Z qpY ïmZ b k^ð f�Y î[rzZ�ó f�Y ¿ Y�q b kWZÆï \�\_^ ïLC \if�f�\�V k tz\ îâî \
\Rl b ïIZ�� VW\ b V�^ b k�` b X}q b îóï \_X]\ k°ï \_^ ï$C�Z f ïôî Y k ^Iq b ^IY�eWf�\ õ U��,Y�V ïôî \_^�^ ö ^ ï hiX}\i^�� ¿ Y ï \iX}q ðDî Y C
ï V î \�\R��\ `aïmZ tz\{U���V k ^ ö ^ ï h_X]\�\i^ ï$C \_fgf�\�V kWZ�� VW\ b V�U ð qS\ k U C \_fgf�\wUW\_^#q î b q îIZcð'ïôð ^
X]\_^[V îâð \_^�� ú Z
qWf�Vx^ Z \iV î ^ ï \_X]q ðDî Y ï V î \ ` b \Rl Z ^ ï \ kñï_u�� VW\_fgf�\i^s^ b k°ï fg\_V î ^ î \if�Y ïIZ b k ^p� ÿ \ ï \_fgf�\_^ ï \iX}q ðDî Y ï V î \_^
q î b f b kWr \ k°ï$C \_f�fg\_^jfg\ ` b kx` \_q ï\ïIy \ î X b U ö=k Y�X Z�� VW\��

� \_^ � VW\_f � VW\_^ � VW\i^ ïmZ b k ^ u Y�VLl � VW\if�f�\i^j^_��Y G b V ï \ k°ï fg\_^ k b X�e î \_VW^[\_^�Y�V ïâî \i^jq b ^ ð \i^ ï b V ï Y�V
f b kxr UW\ ` \}U b ` VWX]\ k°ïvu X b kñïâî \ kñï�� VW\�UW\i^�q î b rÖî hi^ ` b k ^ Z U ðaî Y�eWfg\_^ î \_^ ï \ kñï�õ ÂÄY ZÆî \�UpY k ^�f�Y
` b X]q î�ð_y \ k ^ Z b k \ ï f�Y ` Y î Y `'ïôðDî[Z ^IY ïmZ b k UW\_^Àt�\ îâî \_^ <J¿ b Zgk U�� #'ïôî \
V k Y�e b V ïIZ ^I^[\_X]\ k°ïvu�` \ ïôî Y�t�Y Z f
k \ ` b k ^ ïmZXï VW\ õ·k b ïâî \GYvt Z ^ � V���V k \ Zgk°ïôî b UWV `'ïmZ b k1õýï b V ï \¾V k \ î \ `�y \ î[`�y \�\�lxq ðDî[Z X]\ k°ï Y�f�\
qpY�^[^ Z b kWk Y k°ï \
^IV î f�� ðaï VxUW\#UWV î Y�qWq b îóï � V `aï VWY ïmZ b k U Z ^I^ Z qpY ïIZ b k�<xÿ \ k b X�e î \iVW^I\i^jq Z ^ ï \i^j^ b k°ï
\ k t Z ^IY rÖð \i^�q b V î V k ÂcV ï V î q î b `�y \ u Yvt�\ ` f|��\�l ï \ k ^ Z b k UW\�f|� ð'ï VWUW\ õ U���Y�V ïâî \i^�X�Y ïôðDî[Z Y�V=l¾\ ï
U���Y�V ïôî \_^ ï \ `�yWkWZg� Vx\_^�UW\�X}\i^IV î \_^ < ¿ \i^ � Vx\_f � VW\i^�q b ^[^ Z e Z f ZÆïôð ^ ð t b � V ð \_^�UpY k ^ ` \ ï�ï \ ïmy hi^I\ k \
` b k ^ ïmZXï VW\ k°ï
� V��/V k q�\ ïmZÆï Y�q�\ îsF V�UW\i^�t�Y�^ ï \i^ ï \ î�îIZÆï b Zcî \_^ õ \RlLqWf b î \ î_<i<_<



Ç ¬¯¬ÈµÃÉÊµ Ç

Ë ÉÌ¸¯¹�µ»²�²�³�«­¬ Í¯± Î Ï Ð Í¯Ñ­¬¯² °�Ò�µ»²�¸ÓÑÔ®Fµ ÍÈµ
ÏÌ«´±È¹�³�µÕ¹

Ö Y k ^ ` \ ï�ï \�Y kWk \RlL\ u&k b Vx^ ð'ï Y�exf Z ^[^ b k ^Àf�\af Z \ k \ kñïâî \�f�\i^À\RlLq î \_^I^ Z b k ^ ï \_X]q b î \_fgf�\w× ð_��<pØz<�ï7Ù
\ ï Â îâði� Vx\ k°ïmZ \_f�fg\]× ði�S<�Ø�<   Ù UxV ïIy)ð b î h_X]\�ÚpV `aï VpY ïIZ b k U Z ^I^ Z qpY ïIZ b k�<

AskÃ` b k ^ Z UWh î \]V k ^[Û=^ ï h_X]\ õ f�� ð_� V Z f Z e î \ u \ ï b k qpY î�ï UW\�f|��\�lxq î \_^[^ Z b k UWV ïmy)ð b î hiX}\]UW\
¾ÜZ \ k \ îLC�Ý�yWZ�kW`�yxZ�kÜ� �xØi� f Z Y k°ï f�Y�UW\ k ^ ZXïôð ^[q�\ `aïôî Y�f�\�U�� ðik \ î[rzZ \

SO(f)
UWVF^ Z�r�k Y�f

O(t)
\ ï ^IY

Â b kW`aïIZ b k U���Y�V ï b ` b îâî�ð f�Y ïmZ b k C(τ) Þ

SO(f) = 2

∫ +∞

−∞

C(τ)ejωτ dτ

ß \ÀÂÄY `'ï \iV îáà UW\ ` \ ïâï \ ði� VWY ïmZ b k ^i��\�lLqWf Zg� Vx\dqWY î f�\ `�y b Z lwUW\ k \ ` b k ^ Z U ðaî \ î�� VW\dUW\i^�Â î�ð_� VW\ kx` \_^
q b ^ ZÆïIZ tz\i^ Þ b k U b ZÆï Y�UWU ZÆïIZ b kxk \ î f�Y�UW\ k ^ ZÆïâð U�� ðik \ î[rzZ \wUW\i^
X b Ux\_^ f \ ï −f <EAskòïâî Y k ^[Â b î X}\X�Y Zgk°ï \ k Y k°ï�` \ ï�ï \ ð_� VpY ïIZ b k�u \ k V ïmZ f Z ^IY k°ï�k b ï Y�X}X]\ k°ï�� VW\ C(τ)

\_^ ï V k \ÁÂ b kW`aïIZ b k îâð \_fgf�\
qpY Zcî \ Þ

SO(f) = − 2

jω

∫ +∞

−∞

∂τC(τ)ejωτ dτ

=
2j

ω

[
∫ 0

−∞

∂τC(τ)ejωτ dτ +

∫ +∞

0

∂τC(τ)ejωτ dτ

]

=
2j

ω

[

−
(
∫ 0

−∞

∂τC(−τ)e−jωτ dτ
)∗

+

∫ +∞

0

∂τC(τ)ejωτ dτ

]

=
2j

ω

[

−
(
∫ +∞

0

∂τC(τ)ejωτ dτ

)∗

+

∫ +∞

0

∂τC(τ)ejωτ dτ

]

=
2j

ω
2j Im

(
∫ +∞

0

∂τC(τ)ejωτ dτ

)

= − 4

ω
Im

(
∫ +∞

0

∂τC(τ)ejωτ dτ

)

âLb ZÆï \ k�Zgk°ïôî b UWV Z ^mY k°ï f�Y�t�Y�f�\_V î UW\
∂τC(τ)

U b kWk!ð qpY î f�\ ïmy!ð b î h_X]\wÚWV `aï VpY ïmZ b k U Z ^[^ Z qpY ïmZ b k

ØzØzØ
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∣
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