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Î/ÏFÐÒÑ<Ó'Ô�Õ×ÖBØLÙÁÙ/Ú�ÛÁÜ4Ý×ØÞÙ
ß¶à�á0âäã�á�Ý�å0æ�à_á0Ú¤çéè4Ý�Ú�á;èÞßêØÓ�ë¾ìwÖíØLå0î�ÛÁï'áñð×Û�Ø'Ö�á0î�á�à6ò,ó/Õ×ô�õ÷ö/ÛÁî¤ø±ÓUù�ì.Öá�Ö�ÛÁÚ�Ú�ÛÁè4Ý¨ö/Û�Ý�ð×èLö�ú Î/Ï�Ð§Ñ,û×ÔJü§è�ÙýØ�à_ÛÁþ�ØLî�ÛÁè4Ý�à�á0Ú�è'ÙÁï'á0ð�è4ã�î¤ç×ã�î�åÿø×Ø�à�ØLå��î�á�à_ÛÁÚ�î�ÛÁå0Ú�èÞß­î%è4ç6á�Ö�ÛÁî�î�Û�Ý�Ü"ò,ó/Õ×ô	õwÚ�ö/ÛÁî¤ø�ÓUù�ìwÖð×ÛýØ�Ö�á0î�á�à á�Ö�ÛÁÚ�Ú�ÛÁè4ÝDö/Û�Ý�ð×èLöAØ'Ý�ð¡ÓUë"ì.ÖrØLå0î%Û ï�áð×ÛýØ�Ö�á0î�á�à0ú$ü � Ø'Ý�ðBü��	ð×á�Ý�è'î%á/è4à_î¤ø�è�Ü'è4Ý×ØLÙ×ç×è'Ù�Ø'à��Û þ�ØÞî�ÛÁè4Ý�Ú�ú
�?è�Ö�á�ØLÚ¤ã×à_á
î¤ø�á/Ö�è�ðiã�Ù�ØLî�ÛÁè4Ý�å0ø×Ø'à�ØÞå0î�á�à_ÛÁÚ�î�ÛÁå0Ú$ß à_á0á
èLß.ç×Ø'à�ØLÚ�ÛÁî�ÛÁå0Ú�ÙýØÞÚ�á�à§ð×ÛÁè4ð×á0Ú/Ø'à_á/ç×à_è�å0á0Ú�Ú�á0ð ÛýÝ û��'ùeìwÖç�ÛÁî�å0ø�Ü4à_è4ã×Ý�ð	� Ú%Û Ü�Ý×ØLÙ�å0è4Ý�
iÜ4ã×à�ØLî%Û è�ÝBØ'Ý�ðBå0è4Ý�î¤ØLå0î%á0ðBö/ÛÁî¤ø�Ö�ÛÁå�à_èLö­ØUï'á/ç×à_è	�×á0Ú�ú
�eø�á,Ö�è�ðiã�ÙýØÞî�á0ð2ÙÁÛÁÜ4ø�î
Û Úð×á0î�á0å0î�á0ð6ö/ÛÁî¤ø"Ø;Ó������/þ��×Ø'Ý�ð×ö/ÛÁð×î¤ø�� Ý��(Ø��,ÚSç�Û�ÝJç×ø�è'î�è�ð×ÛÁè4ð×áBØ'Ý�ð"à_á0å0è4à_ð×á0ð"ö/ÛÁî¤ø"Ø�����Úoç×á0å0î¤à�ã×ÖØ'Ý×ØLÙÁæ�þ0á�à0ú��$ÛÁÜiú
ÓBð×á�ç�ÛÁå0î�Ú�î¤ø�á�Ö�á�ØLÚ¤ã×à_á0ðñÚ¤ÖBØÞÙ Ù�� Ú�ÛÁÜ4Ý×ØÞÙ,Ø'ÖBç�ÙÁÛÁî¤ã�ð×á ÖTè4ðiã�Ù�ØLî�ÛÁè4Ý��éá�ø×ØUï4ÛÁè4à(èLßêØ6Ù�ØLÚ�á�àð×ÛÁè4ð×á<ö/ÛÁî¤ø6Ó�ëSì.Ö÷ØLå0î�ÛÁï'á<ð×ÛýØ�Ö�á0î�á�à	Ø�Ý�ð Ó�ù ì.Ölá�Ö�ÛÁÚ�Ú�ÛÁè4Ý�öeÛýÝ�ð×èLö�Ø'ç×á�à_îoã×à_á'ú
�/ø�á,ÖTè4ðiã�Ù�ØLî�ÛÁè4Ý��×Ø�Ý�ð	�ö/ÛÁð×î¤ø�Û�Ý�å�à_á�ØÞÚ�á0Ú
ö/ÛÁî¤ø�Û�Ý�å�à_á�ØLÚ�Û�Ý�Ü�ðià_ÛÁï�ÛýÝ�Ü å�ã×à�à_á�Ý�î�ú��/ø�á,ÖBØ� �Û�Ö�ã×Ölá0ÙÁá0å0î¤à_ÛÁå�ØLÙ�Ø'Ý�ðBè4ç�î�ÛÁå�ØLÙ!�×Ø'Ý�ð×ö/ÛÁð×î¤øè"��î¤ØÞÛýÝ�á0ð;ØÞî�Ó'ú ù'ë�Ö�#+è4ç�î%Û å�ØÞÙ.è4ã�î¤ç×ã�î/ÛÁÚ�Ó�Ó'ú û��$�eþ�Ø'Ý�ðjÓUû%���/þ�&Zà_á0Ú¤ç×á0å0î%Û ï�á0Ù æ'ú
' Ñ)(+* Ï-,.,UÏ0/21436587:9�7:;�<>=�9LÏ?,@<�Ï?;�,
�$ÛÁÜiú�ûBÚ¤ø�èLö/Ú<î¤ø�áBç×è�ÙýØ�à_ÛÁþ�ØLî�ÛÁè4ÝJà_á0Ú%è'ÙÁï'á0ð"è4ã�î¤ç×ã�îSå0ø×Ø'à�ØLå0î�á�à�Û Ú%î�ÛÁå0ÚSèLß	î¤ø�á�ò,ó/Õ×ô�õñö/ÛÁî¤øñÓ�ëBì.Ö ØLå0î%Û ï�áð×Û�Ø'Ö�á0î�á�à$Ø�Ý�ð ÓUù<ìwÖ á�ÖTÛ Ú%Ú�ÛÁè4Ý�ö/Û�Ý�ð×èLö�úA�B�éèLï'á
î¤ø�á
î¤ø×à_á0Ú¤ø�è'ÙÁðBå�ã×à%à_á�Ý'î$èÞßgÓ'úC�<Ö��Dî¤ø�á
ÙýØÞÚ�á�à§è'Ú�å0ÛÁÙÁÙ�ØLî�á0ÚÛ�Ý(î¤ø�á	ÙÁÛ�Ý�á�Ø'à	çéè'Ù�Ø'à_ÛÁþ�ØLî�ÛÁè4Ý(Ú�îoØLî�á ü � úD�/î$û×úCEeÖ��©çéè'Ù�Ø'à_ÛÁþ�ØLî�ÛÁè4Ý(Ú�ö/ÛÁî�å0ø�Û�Ý�ÜSî�è<î¤ø�á
è4à_î¤ø�è'Ü�è4Ý×ØLÙLá0ÛÁÜ'á�Ý�Ú�î¤ØLî%áÛÁÚSè"��Ú�á�à_ï�á0ð ö<ø�Û å0øJÖ�ÛÁÜ4ø�î$�×á�ðiã�áBî%è Ø�å0ø×Ø'Ý�Ü'á�Û�Ý"å�à_æ�Ú�î¤ØLÙÁÙÁè'Ü4à%Ø'ç×ø�ÛÁåBÚ�î¤à�ØÞÛýÝ6Û�Ý�ðiã�å0á0ð��'æ6î¤ø�á�å�ã×à�à_á�Ý�î�úÕ�Û�Ý�å0á;î¤ø�á ß à_á0âäã�á�Ý�å0æñÚ¤ç�ÙÁÛÁî�î�Û�Ý�ÜñèLß,î¤ø�á;Ý�á�Ø'à�Ù æñð×á0Ü'á�Ý�á�à�ØÞî�á2è�à_î¤ø�è'Ü'è�Ý×ØLÙ	á0ÛÁÜ'á�Ý�Ú�îoØLî�á0ÚBÛÁÚBÙÁá0Ú�ÚBîoø×Ø'ÝJîoø�áù×ú�Ó�Ý×Ö¯à�á0Ú�è'Ù�ã�î�ÛÁè4ÝF�×Ø'Ý�ð×öeÛ ð×îoøJèLß
î¤ø�áBÜ4à%ØLî�Û�Ý�Ü�Ú¤ç×á0å0îoà_è4Ö�á0î�á�à�GFÓ�û�H�&�î¤ø�á�ç×è'Ù�Ø'à_ÛÁþ�ØLî%Û è�ÝjÖ�è�ð×á0Ú�Ø'à_á�Ý�è'îà_á0Ú�è�Ù ï�á0ð;Û�Ý"î¤ø�á(á�Ö�ÛÁÚ�Ú�ÛÁè4Ý6Ú¤ç×á0å0îoà�Ø�ð×á�ç�ÛÁå0î�á0ðJÛ�ÝI�$Û ÜZú�ë×úJ�B�éèLï'á$KiúhëBÖ��±îoø�áOõ.üMLNLêÖ�è�ð×áBØ'ç×ç×á�Ø�à_Úêùéú ëÝ×ÖO��Ùýã�á�Ú¤ø�Ûhß�î�á0ðJØ'Ý�ð"è4à_î¤ø�è'Ü�è4Ý×ØLÙÁÙÁæ ç×è�ÙýØ�à_ÛÁþ0á0ðJî�è�î¤ø�á(ß¶ã×Ý�ðiØ'ÖTá�Ý'î¤ØÞÙ	õ.ü�P L Ö�è�ð×á'ú$�/ø�áBç×èLö
á�à<Û�Ý;îoø�áõ.ü P L�Ø'Ý�ðjîoø�á2õ.ü�LQL�á0âäã×ØÞÙ ØLî�Ø'ç×ç×à_è� 4Û�ÖBØÞî�á0ÙÁæRE6Ö�� ö,ø�á�à_á�ØLÜ4ØLÛ�ÝJØ6ç×è'Ù�Ø'à�Û þ�ØÞî�ÛÁè4ÝjÖTè4ð×á�î¤à�Ø'Ý�Ú%Û î%Û è�Ýè�å0å�ã×à_Ú�ú�� î¤ø�Û�à_ð;îoà�Ø'Ý�Ú�ï'á�à�Ú�áêÖTè4ð×á(è'Ú�å0ÛÁÙÁÙýØÞî�á0Ú/ß�è4à
å�ã×à%à_á�Ý'î%Ú,ø�ÛÁÜ4ø�á�à/îoø×Ø'Ý�S×úTKBÖ���ú
U Ñ)V�ÏW<X(Y9�9./!96Z[7�<>=]\^="7:,`_a9�=b*c=b1:<
�iè�àBø�ÛÁÜ4ø4��Û î�à�ØLî%á�ðiØLî¤Ø"î¤à%Ø'Ý�Ú¤Ö�ÛÁÚ�Ú�ÛÁè4ÝDî¤ø�á6ò,ó/Õ×ô�õ�Ú2öeÛ îoø�Ú¤ø�è4à�î�ßká0á0ð×Û�Ý�Ü�ÙÁÛ�Ý�á0Ú Ø'Ý�ð4�×è4Ý�ðiç×ØÞð×Ú;Ø'à_áå0è4Ý×Ý�á0å0î�á0ðDî�èJÕ	d��AÚ�è�å>eLá0î�Ú�ú��/ø�á�á0ÙÁá0å0î¤à_ÛÁå�ØLÙSë"ð:f÷ß à_á0â×ã�á�Ý�å0æ�èLß,î¤ø�á;ç×ØÞågeUØLÜ'á0ð�ð×á0ï�ÛÁå0á;ÛÁÚ�hF�$�eþ'úf�Û�ØLÚ�å�ã×à�à�á�Ý'î�Ø'Ý�ðDÓ�ù��$��ÛÁîjiLÚ�ü
�kf
ÕJØ�à_áBå0è4Ö���Û�Ý�á0ðJÛ�ÝjØ���Û�ØLÚl� î�á0á'ú6�eßkî%á�àSî¤à�Ø�Ý�Ú¤Ö�ÛÁÚ�Ú�ÛÁè4Ý"èLï'á�à)��ù'ù2ÖèLßOÖ�ã�ÙÁî�Û�� Ö�è�ð×áF
8�éá�à�î¤ø�á"Ú�ÛÁÜ4Ý×ØLÙSÛÁÚ"ØLî�î�á�Ý�ã×ØLî�á0ðD&<Ø'Ý�ðDßkè�å�ã�Ú�á0ð�è4Ý�Ø�Ó.�����/þF�×Ø'Ý�ð×öeÛ ð×îoøm� Ý��(Ø��,Ú
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1 V

-1 V

200 mV

20 psÎ/ÏFÐÒÑ�ë×Ô$ô	Ö�ÛÁÚ�Ú�ÛÁè4Ý�Úoç×á0å0î¤à�ØTèLß Ó�ù�iéÓ�ë<ì.Ö ò,ó/Õ×ô�õßkè�à	ïLØ'à_ÛÁè4ã�Ú)��Û�ØLÚ,å�ã×à%à_á�Ý'î%Ú�ú ÎeÏ�Ð§Ñ:KiÔ$ô¹æ'á/ð×Û�ØLÜ4à�Ø�Ö±ØLî<Ó�ù$����Û î�iLÚ/ü
�kf
Õ�Ö�è4ð	�ã�Ù�ØLî%Û è�Ý;ØLî,Ø[f ô���èÞß Ó�ù ��� ú
ç×ø�è'î�è�ð×ÛÁè4ð×á'ú��Zè4å�ØÞÙiÚ¤çéè'î	Ú�ÛÁþ0áSÛÁÚ
Ú¤ÖBØLÙÁÙÁá�à�î¤ø×Ø'Ý�îoø�áêØLå0î%Û ï�á/ð×Û�Ø'Ö�á0î�á�à�èLßs�'ù ìwÖ èLß.î¤ø�áSç×ø�è'î�è�ð×Û è�ð×á<Ú¤ã�åÿøî¤ø×ØLîBÖ�è�ðiØLÙ/Ý�è'ÛÁÚ�á�ÛÁÚ2Ý�á0Ü'ÙÁÛÁÜ'Û0��ÙÁá'ú��/ø�á�á0ÙÁá0å0î¤à_ÛÁå�ØLÙ<Ú�ÛÁÜ4Ý×ØLÙ
ÛÁÚ2Ø'ÖBç�ÙÁÛ�
iá0ð�Û�Ý¾î ö
è6Ú�î¤ØLÜ'á0Ú�Ø'Ý�ðñß�á0ð�î�èJØ'Ýá0ÙÁá0å0î¤à_ÛÁå�ØLÙ$Ú¤Ø'Ö ç�Ù Û�Ý�Ü6è'Ú�å0ÛÁÙÁÙ è�Ú�å0è4ç×á�Ø'Ý�ð"î¤ø�á%��ÛÁîSá�à�à_è�à/ð×á0î�á0å0î%è4à0úk�$ÛÁÜiúbK�ð×á�ç�Û å0î%Ú�î¤ø�á(á0æ'á�ð×ÛýØÞÜ4à�Ø'Ö ØLîSØf
ô
��èÞßgÓ�ù ��� ú��/ø�á/á0æ�á/è4ç×á�Ý�Û�Ý�Ü(Û Ú
Ú�æ×ÖBÖ�á0îoà_ÛÁå îoø�è4ã�Ü4ø�Ù�ØLÚ�á�à�à_á0Ù�Ø� ×ØLî�ÛÁè4Ý�è'Ú%å0Û ÙÁÙ�ØLî�ÛÁè4Ý ÛÁÚ	è"��Ú%á�à_ï'á0ðBö,ø�á�ÝÚ�ö/ÛÁî�å0ø�Û�Ý�Ü�ß¶à_è�Ö¢ÙÁèLölî�è�ø�Û Ü�ø;ÙÁá0ï'á0Ù�ú��/ø�áBà_á0Ú¤ã�ÙÁî�ÚSèLß	îoø�áOîoà�Ø'Ý�Ú¤Ö�ÛÁÚ�Ú%Û è�Ý;á> ×ç×á�à�ÛýÖTá�Ý'î�Ú�Ø'à_á(Ú¤ã×ÖBÖBØ'à�Û þ0á0ðÛ�Ý��$ÛÁÜiú8� ö,ø�á�à_á(ß ã�ÙÁÙ	å0Û�à_å0ÙÁá0Ú�ð×á�Ý�è'î%á��×ØÞåge¨î�èX�×ØÞåge¨î�á0Ú�î�Û�Ý�ÜiúY� û��Q��ÓOÝ�è�Ý�� à_á0î¤ã×à�Ý�� èLö þ0á�à_è;ü
�kf
ÕJø×ØÞÚ�×á0á�Ý�å0ø�è4è�Ú�á�ÝBÚ%ÛýÝ�å0á(ÙÁè4Ý�Ü�Ú�á0âäã�á�Ý�å0á0ÚeèLßs�iÓ>�(ÙÁá�ØLð�î�èBØLð×ð×ÛÁî�ÛÁè4Ý×ØLÙ�á�à�à_è�à_Ú
å�Ø'ã�Ú�á0ð��'æBîoø�á,ÙÁèLö�á�Ý�ð�å�ã�îv� è��ß¶à�á0âäã�á�Ý�å0æ�èLß$î¤ø�áSÚ�á0å0è�Ý�ð;Ú�î¤ØÞÜ'áêØ�ÖBç�ÙÁÛC
iá�àvú� ç�î�Û�Ö�ã×Ö à_á0Ú¤ã�ÙÁî�Ú�ö/ÛÁî¤ø�Ý�èjÝ�è'ÛÁÚ�á��iè�è4àBØ�Ý�ð��!���)�N�J��Ó�ëéú�ÓBð:f
Ö à_á0â×ã�Û�à_á0ð�ß�è4à�ØFf
ô
� èLßTÓUù � LNL Ø�à_áè"��î¤ØLÛ�Ý�á0ðjØÞîêë×ú�K Ö�����Û�ØLÚSå�ã×à�à�á�Ý'î�Ø'Ý�ð���� ��ù
¡ è4ç�î�ÛÁå�ØLÙ	Ö�è�ðiã�Ù�ØLî�ÛÁè4Ý"ð×á�ç�î¤ø ð×á0î�á�à�Ö�Û�Ý�á0ðJö/ÛÁî¤ø�Ø'Ýè4ç�î�ÛÁå�ØLÙ
Ú¤Ø'Ö ç�Ù Û�Ý�ÜJè�Ú�å0ÛÁÙ ÙÁè'Ú%å0è4ç×á'ú��eø�á�ðià_ÛÁï4Û�Ý�ÜJå0è4Ý�ð×ÛÁî�ÛÁè4Ý�Ú�ØUï'è'ÛÁðñð×æäÝ×Ø'ÖTÛ å�îoà�Ø'Ý�Ú�ï'á�à�Ú�á ÖTè4ð×á�î¤à�Ø'Ý�Ú%ÛC�î�ÛÁè4Ý�Ú�ØLÚSö
á0ÙÁÙ	ØLÚSð×æ×Ý×Ø'Ö�ÛÁå2ç×è�ÙýØ�à_ÛÁþ�ØLî�ÛÁè4Ý"Ú�öeÛ î%åÿø�Û�Ý�Ü Ø�Ý�ð æ�ÛÁá0ÙÁðjá> �î¤à_á�Ö�ÙÁæ6Ú�î¤Ø���ÙÁáBÚ�Û�Ý�Ü'ÙÁá�� Ö�è�ð×á�Ù Û�Ý�á�Ø'à�Ù æç×è'Ù�Ø'à�Û þ0á0ðñÙÁÛÁÜ4ø'îSè�ã�î¤ç×ã�î�ØLÚSÛ�Ý�ð×ÛÁå�ØLî�á0ðJÛ�Ý��$ÛÁÜiú.û�Ø'Ý�ðF�$ÛÁÜiú�ë×ú$�/ø�áBà_á0å0á0ÛÁï'á�à Ú�á�Ý�Ú�ÛÁî�ÛÁï�Û î_æ"ÙÁÛ�Ö�ÛÁîOÛÁÚSÜ'ÛÁï'á�Ý�'æ�îoø�á�à�ÖBØLÙ$Ý�è'ÛÁÚ�á�èLß	î¤ø�á��'ù�¢ à_á0Ú�ÛÁÚ�î%è4à/Û�Ý"îoø�áSß à_è4Ý�î,á�Ý�ðJØ'Ý�ð6î¤ø�áBÝ�è'ÛÁÚ�á�
iÜ4ã×à_á%£)�SûéúC�F¤�£A¥v¦
�YK�ð:f�§èLß$î¤ø�áY
�à_Ú�î/Ú%î¤ØLÜ'áSØ'ÖBç�ÙÁÛ�
iá�à0ú�¨/Ú�Û�Ý�Ü

��©��«ªk�­¬:®¯ °�
± £)²	³{´6µ¶ ¤_Ó.§ö,ø�á�à_á6��ÛÁÚSî¤ø�á�âäã×Ø�Ý'î¤ã×Ö á�·2å0ÛÁá�Ý�å0æ"èLß	î¤ø�áBç×ø�è'î�è�ð×á0î�á0å0î�è�à>& ¬ ü$Ù�Ø'Ý�å>e:¸ Ú<å0è4Ý�Ú�îoØ'Ý'î�& ® î¤ø�á(è4ç�î�ÛÁå�ØLÙ§ß à_á��âäã�á�Ý�å0æ�& ¯ î¤ø�á	á0ÙÁá0å0î¤à_è�ÝSå0ø×Ø'à_Ü'á�&�²$f�è'ÙÁî�þ�ÖBØ�Ý×Ý!¸ ÚÒå0è�Ý�Ú�î¤Ø'Ý�î.&�³Jî¤ø�á	î%á�ÖBç×á�à�ØÞî¤ã×à_á Ø�Ý�ð%´6µ�îoø�á¹�×Ø'Ý�ð×ö/ÛÁð×î¤øØ�Ö�á�Ø'Ý6è4ç�î�ÛÁå�ØLÙ	çéèLö á�à<èÞß¹�!���)�{� ��Ó.E×úCº ð:f
Ö ßkè�àSØBâ×ã×ØLÙÁÛÁî æ6ß ØLå0î�è4à ° ��E�ØÞÚêà_á0â×ã�Û�à_á0ð�ßkè4à<Ø�f
ô
�èLß,Ó�ù ��� ÛÁÚ�å�ØLÙÁå�ã�Ù�ØLî�á0ð.ú��/ø�áBð×Û��.á�à_á�Ý�å0áBèÞß­û×úCº ð:fªÛ Ú�ØLî�î¤à�Û»�×ã�î%á0ð î%è2Ù�ØLÚ�á�àSà�á0ÙýØ` äØLî%Û è�Ý"è'Ú�å0ÛÁÙÁÙ�ØLî�ÛÁè4ÝJØ'Ý�ðÛ�Ý'î�á�à�Ú�æäÖ��éè'ÙiÛ�Ý�î�á�à|ß�á�à_á�Ý�å0áSå�Ø'ã�Ú�á0ð¼��æBî¤ø�á<ÙÁè\ö�á�Ý�ð�å�ã�îv� è��6ß¶à_á0â×ã�á�Ý�å0æBèLß§î¤ø�á,á0ÙÁá0å0î¤à�Û å�ØÞÙÒØ'ÖBç�ÙÁÛ�
iá�à0ú
�/ø�áç×èLö
á�à/ç×á�Ý×ØÞÙ î_æ"ØUßkî%á�àk�'ù'ùBÖ Ü4à�ØÞð×á0ð;Û�Ý�ð×á> �
8�éá�à<î¤à�Ø'Ý�Ú¤ÖTÛ Ú%Ú�ÛÁè4Ý�èLß,Ó�úCº�ð:f�ØLîSØ6f
ô
� èÞß­Ó�ù � LQL Û ÚSðiã�áî�è�
8�éá�à/ð×ÛÁÚ¤çéá�à_Ú�ÛÁè4Ý�úk�/ø�á+
8�×á�àeð×Û Úoç×á�à_Ú�ÛÁè4Ý"çéè\ö
á�à/çéá�Ý×ØLÙÁî_æ�Û Ú<ÙÁèLö á�à­î¤ø×Ø'Ý�á> ×ç×á0å0î%á0ð�ß�è4à
Ü4à�ØÞð×á0ð�ÛýÝ�ð×á> 
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CW

sample M74/94
Φ=10/13 µm

Î/ÏFÐÒÑ��×ÔYf ô��±Ö�á�ØÞÚ¤ã×à_á�Ö�á�Ý�î�ØLîBÓ�ù��$��ÛÁîjiLÚ(ö/ÛÁî¤øû � ��Ó�ü��kf
Õ;ã�Ú�Û�Ý�ÜBÚ¤Ö ØLÙÁÙ.Ú�ÛÁþ0á�ò,óeÕ×ô	õ ßkè4à�î¤à%Ø'Ý�Úv�Ö�ÛÁÚ�Ú�ÛÁè4Ý èLï'á�àD�'ù'ùeÖ�èLß×Ü4à�ØÞð×á0ð�Û�Ý�ð×á> OÖ�ã�ÙÁî�Û�� Ö�è�ð×á
8�×á�àvúÐ�/ø�á6ðiØLÚ¤ø�á0ðDÙ Û�Ý�á"Û�Ý�ð×ÛÁå�ØLî�á0Ú�î¤ø�á;à_á0å0á0ÛÁï'á�àÙÁÛ�Ö�ÛÁî/ß�è4àk�'ù�¡ è�ç�î�ÛÁå�ØLÙÒÖ�è�ðiã�Ù�ØLî�ÛÁè4Ý6ð×á�ç�î¤ø�ú
Î/Ï�Ð§Ñ�E×ÔÒÕ×çéá0å0î¤à�Ø<èLßÒÓ�ù�i×Ó�ëeìwÖ ò<ó/Õ×ô	õ�ØLî���Ñ:�SëéúTKÖ���Ö�á�ØLÚ¤ã×à_á0ð ö/ÛÁî¤øBù×ú�Ó/Ý×Ö÷à_á0Ú�è'Ù�ã�î�ÛÁè4Ý�ú��/ø�á
ß ã�Ù ÙÙ Û�Ý�á�ð×á�ç�ÛÁå0î�Ú<å0ö�� è4ç×á�à%ØLî�ÛÁè4Ý�è�Ý�Ù æ;Ø�Ý�ð�î¤ø�á�ðiØLÚoø�á0ðÙ Û�Ý�á�Ó�ù��$��ÛÁîjiÞÚ,ü
�kf
Õ6Ö�è4ðiã�Ù�ØLî%Û è�Ý�ú

Ö�ã�ÙÁî�Û�� Ö�è4ð×áM
8�×á�à_Ú�Ú�Û�Ý�å0á/î¤ø�á,çéè\ö
á�à§ÛÁÚ	ÖBØLÛ�Ý�ÙÁæBÜ4ã�ÛÁð×á0ðBÛ�Ý�îoø�á/å0á�Ý'î%á�à§èLß�î¤ø�á�
8�éá�à$å0è4à_á'ú$Õ×ø×Ø'à%ç6�×á�Ý�ð×Û�Ý�ÜØLî<î¤ø�áBî¤à%Ø'Ý�Ú¤Ö�ÛÁî�î�á�àeá�Ý�ðJÙÁá�ØLð×Û�Ý�Ü;î%è;ø�Û Ü�ø�á�àSè4à_ð×á�àSÖTè4ð×áBá> �å0ÛÁî¤ØLî�ÛÁè4Ý Û Ú�ØUï'è�Û ð×á0ð.ú��$ÛÁÜiú�E�Ú¤ø�èLö/Ú)�×è'îoøî¤ø�áSå0ö�� Úoç×á0å0î¤à�ã×Ö ØLÚ/ö
á0ÙÁÙwØÞÚ/î¤ø�áSÚ¤çéá0å0î¤à�ã×Ö èLß$î¤ø�á�Ö�è�ðiã�Ù�ØLî�á0ð�Ù�ØLÚ�á�àeè4Ý�Ø�ÙÁè'Ü4Ø'à�Û îoø×Ö�ÛÁåOç�ÙÁè'î,ØLî/Ø6��Û�ØLÚå�ã×à�à_á�Ý�î$èLß.ë×úTKSÖ��Oú�#�ÛÁî¤ø�ÓUù)�$��ÛÁîjiLÚ	ü��kf
Õ�î¤ø�á/Ù�ØLÚ�Û�Ý�Ü�Ö�è4ð×áeÛ Ú
ù×ú�Ó
Ý×Ö±à_á0ð Ú¤ø�Ûhßkî�á0ð ðiã�á/î�è�ØLð×ð×ÛÁî�ÛÁè4Ý×ØLÙç×èLö
á�à
ð×ÛÁÚ�Ú�Û�ç×ØLî%Û è�Ý�ú,Õ�Û�Ý�å0á2Ý�è�Ú¤ç×á0å0î¤à%ØLÙs�×à_è4ØÞð×á�Ý�ÛýÝ�Ü�ÛÁÚ<è"��Ú�á�à_ï�á0ð;î¤ø�á(åÿø�Û�à�ç6ÛÁÚ,å0á�à�î¤ØLÛ�Ý�ÙÁæ;ÙÁá0Ú�Ú<î¤ø×Ø'Ý�îoø�áà_á0Ú�è�Ùýã�î%Û è�Ý¼�×Ø'Ý�ð×ö/ÛÁð×î¤ø6èLß	ù×ú�Ó(Ý×Ö�ú¹�eø�á�Ú¤ã×ç×ç×à_á0Ú%Ú�ÛÁè4Ý6èLßgîoø�á�Ú�ÛÁð×áBÖ�è�ð×áOØLî{h�º�E×úCS�Ý×Ö ð×á0å�à_á�ØLÚ�á0Úeß¶à�è4Öû�º(ð:fDß�è4à�å0ö¡è�ç×á�à�ØLî%Û è�Ý�î�èBû��×ú û(ð:f�Û�Ý�îoø�á�Ö�è4ðiã�Ù�ØLî%á0ð;å�ØLÚ�á'ú
ÒJÑ�3�/D1D;�Ó�_D,�ÏW/D1
#Já/ð×á�ÖTè4Ý�Ú�î¤à�ØÞî�áSÓ�ù$����Û î�iLÚ ü��kf
ÕBðiØLîoØ<î¤à�Ø'Ý�Ú¤ÖTÛ Ú%Ú�ÛÁè4ÝBöeÛ îoøBÝ�á�Ø'à_ÙÁæBÚ�Û�Ý�Ü'ÙÁá�� Ö�è�ð×áSè4çéá�à�ØLî�Û�Ý�Ü�ò<ó/Õ×ô	õ�Úã�Ú�Û�Ý�ÜJÛ�Ý�î�á�Ý�Ú�ÛÁî_æ�Ö�è4ðiã�Ù�ØLî%Û è�Ý�Ø'Ý�ð�ð×Û�à_á0å0î�ð×á0î�á0å0î�ÛÁè4Ý�ú���f
ô
� èLßOÓ�ù � LQL ÛÁÚ�ØLåÿø�ÛÁá0ï'á0ð¾ßkè�à%�éè'î¤ø��×ØLå>eî�è��×ØLå>eñî�á0Ú�î�Û�Ý�Ü�ØLÚ�ö
á0Ù Ù�ØÞÚ2î¤à%Ø'Ý�Ú¤Ö�ÛÁÚ�Ú�ÛÁè4Ý¼è\ï�á�à6�'ù'ùñÖ èLß�Ü4à�ØÞð×á0ð©Û�Ý�ð×á> �Ö�ã�ÙÁî�Û�� Ö�è4ð×áR
8�×á�à0úÔ�eø�áç×èLö
á�à/çéá�Ý×ØLÙÁî æ�èÞß,Ó'úCº(ð:f�å0è�ÖBç×Ø'à_á0ð�î�è��×ØLåge�î%è��×ØLå>e�î�á0Ú�î�Û�Ý�Ü�Û ÚSØLî�îoà_Û0�×ã�î�á0ð;î�è�
8�×á�àeð×Û Úoç×á�à_Ú�ÛÁè4Ý�ú)�?èè4ã×à�e4Ý�èLö/ÙÁá0ð×Ü'á�î¤ø�ÛÁÚ�Û Ú�î¤ø�á�ø�ÛÁÜ4ø�á0Ú�îBç�Ú�á�ã�ð×èJà�Ø'Ý�ð×è�ÖÕ��ÛÁî�Ú�á0âäã�á�Ý�å0á�îoà�Ø'Ý�Ú¤Ö�ÛÁî�î%á0ðJö/ÛÁî¤øñØ�ò,ó/Õ×ô�õDî�èðiØLî�á'ú)�/ø�áBõ.ü LNL ÖTè4ð×á�Ú¤ã×ç×ç×à_á0Ú%Ú�ÛÁè4Ý"èLß
î¤ø�áBÖ�è4ðiã�Ù�ØLî%á0ð ò<ó/Õ×ô	õñÛÁÚ$�×á0î%î�á�à<î¤ø×Ø'Ý"û�� ð:f<ú!�êÝ×ØLÙÁæ�Ú�ÛÁÚ�èLßÚ¤çéá0å0î¤à�ØLÙ�Ø'Ý�ð2ç×è�ÙýØ�à_ÛÁþ�ØLî�ÛÁè4Ý�å0ø×Ø'à�ØLå0î�á�à�Û Ú%î�ÛÁå0Ú	Ú¤ø�èLö�îoø×ØLî	ð×æ×Ý×Ø'Ö�ÛÁåSç×è'Ù�Ø'à_ÛÁþ�ØLî%Û è�Ý�Ö�è4ð×áeÚ�ö/ÛÁî�å0ø�ÛýÝ�ÜBØLÚ�ö
á0Ù ÙØLÚÒø�ÛÁÜ4ø�á�à§è�à_ð×á�à.îoà�Ø'Ý�Ú�ï'á�à�Ú�á	Ö�è�ð×á	è'Ú�å0ÛÁÙÁÙ�ØLî�ÛÁè4Ý�Úoø�è4ã�ÙÁð��éá/Ø�ï�è'ÛÁð×á0ð�î�è,ØÞåÿø�ÛÁá0ï'á/Ö�Û�Ý�Û�Ö�ã×Ö ÙýØÞÚ�á�àÒÝ�è�Û Ú%á­Ø�Ý�ðØ<Ö�Û�Ý�ÛýÖ�ã×Ö«f
ô
��ØÞÚÒÙÁè4Ý�Ü�ØLÚ$Ö�è�ðiØLÙ×Ý�è'ÛÁÚ�á
Û Ú	Ý�á0Ü�Ù ÛÁÜ'Û0��ÙÁá'ú��/ø�á
î¤à�Ø'Ý�Ú¤ÖTÛ Ú%Ú�ÛÁè4Ý(á> äçéá�à_Û�Ö�á�Ý'î%Ú$ð×á�Ö�è4Ý�Ú�î¤à%ØLî�áî¤ø×ØLî/çéè'Ù�Ø'à_ÛÁþ�ØLî�ÛÁè4Ý¨å0è4Ý'îoà_è'ÙiÛ�Ý¨î�è4ç Ú¤ã×à|ß ØLå0á�� á�Ö�ÛÁî�î�Û�Ý�ÜBò,óeÕ×ô	õ�Ú/ÛÁÚ/ï�á�à_æ2Û�ÖBçéè4à_î¤Ø�Ý'î
î�è�á�Ý×ø×Ø'Ý�å0á(ò,ó/Õ×ô	õç×á�à ßkè4à%ÖBØ'Ý�å0áBÛ�Ýñø�Û Ü�ø�� Ú¤ç×á0á0ð�è4ç�î%Û å�ØÞÙ	Û�Ý'î%á�à_å0è4Ý×Ý�á0å0î�Ú.&§Ú¤ø�è�à_î�ð×ÛÁÚ�î¤Ø�Ý�å0áBå0è4ÖBÖ�ã×Ý�ÛÁå�ØLî�ÛÁè4ÝñØ'Ý�ð��×è4Ø'à�ð	� î�è���×è�Ø'à_ð�ðiØLî¤Ø(ÙÁÛ�Ý�e'ÚUú
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×«Ø
Ù�Ø�ÚDØ�Û$Ü�Ø
Ý
G�Ó�H$Þ�ú��,Ø�ø×Ý!&{ß��SÛÁÜ4Ø���æ4î%á.iLÚ$à�ØLîoØ�ó
è4ÖBÖ�ã×Ý�ÛÁå�ØLî�ÛÁè4Ý�ö/ÛÁî¤ø�î¤ø�á2ò<ó/Õ×ô	õ4�×ØLÚ�á0ð�ü � õ � d"è�ðiã�Ù á�&���á?âã¹ävå�æxçAè�é-ê�ë)âbâ:ì	í�îbïcð�ð.é�á-â�ñ[òsóYô�õ8&×Õ×Ø'Ý���à%Ø'Ý�å0ÛÁÚ�å0è:&×ï'è�Ùkú?Ó�&iç×ç�úiû'û�S�� û'û�h�&ZÓ.h�h��éú
G û�H$�Búb�
á0Û�Ý�á�à>&�ôeú:ö�á0á.�!&�d�ú��
ÛÁá0Ú.&�Ø'Ý�ðcÞ�ú�÷iúiô
�éá0ÙÁÛýÝ�Üb&
ß � ç�î%ÛýÖTÛ þ�ØÞî�ÛÁè4Ý6èLßgç�Ù�Ø'Ý×Ø'àYf�á�� ð×è4ç×á0ðF� Ý��(Ø��<Úò,ó/Õ×ô�õ�Ú<ö/ÛÁî¤ø�î_ö
è�� Ú�ÛÁð×á0ð;è�ã�î¤ç×ã�î.&T��øQó
ó
óùã
ê"å�é�å�â:á-æ>ú�û!ð�æ>ê"âbå�î0ç!òDð�é�é�ç0&×ï�è'Ù�ú:º�&iç×ç�ú!º'ë'ù���º�ë'û�&�÷�ã�Ù æÓ.h�h��×ú
G ë�H)d�úC�Bú.ü§á0î%á�à_Ú.&!àBúCf<ú!ü$è4ã×Ý�Ü:&2�/úC�(ú.ü§á0î�á�à_Ú.&!÷iú�# úD�eø�Û»�éá�Ø'ã�ÙÁî.&	Ø'Ý�ðJõ$ú��Oú§ó
è'ÙÁðià_á�Ý!&kßUÓ.º×ú ë�¡ çéá�Ø�eö/ØLÙÁÙ�� ç�Ùýã�ÜSá�·�å0Û á�Ý�å0æ(ï'á�à_î�ÛÁå�ØLÙ�� å�ØUï�Û î_æSÚ¤ã×à ß¶ØLå0á�� á�ÖTÛ î%î�Û�Ý�Ü,Ù�ØLÚ�á�à�Úgã�Ú�Û�Ý�Ü<ÙÁè\ö
á�àD�×Ø�à�à_ÛÁá�à.Ö�Û�à�à_è�à_Ú.&T��øNó
ó�óã
ê	å�é�å�â:á-æ>ú�û!ð�æ>ê	â:å�î0çaòað�é�é�ç0&�ï'è�Ùkú�E�&Zç×ç�úië×Ó�� ë'ëý&"÷�Ø'Ý�ú.Ó.h�h��×ú
GTK�H$Þ�ú õ$ú
õ�á�Ø'à@&¹�SúhüÒú�Õ�åÿø×Ý�á0ÛÁð×á�à>&YÞ�úTàBú$ó/ø�è4â×ã�á0î�î�á�&/Õ�úhüÒú�Þ<Û ÙÁå0èLæ×Ý�á�&�÷iúT÷iú��$ÛÁÜ'ÛÁá0ÙÈ&/Ø�Ý�ð�÷iú ó úþöwè'Ù�ç×á�à>&ß�ò$á�à_î%Û å�ØÞÙ	å�ØUï4ÛÁî_æ;Úoã×à|ß¶ØÞå0áOá�ÖTÛ î%î�Û�Ý�Ü;Ù�ØLÚ�á�à_Ú(ö/ÛÁî¤øJû×Ó�¡ á�·�å0Û á�Ý�å0æ��'æ"Ö�á0î¤ØLÙÁè4à_Ü�Ø'Ý�ÛÁåBï\Ø'çéè4àSç×ø×ØLÚ�áá�ç�ÛÁî¤Ø� �æ�&T�IøNó
ó�ó�ã
ê	å�é�å�â:á-æ>ú�û!ð�æ>ê	â:å�î0çbòDð.é�é�çW&�ï'è'Ù�ú:E�&×ç×ç�ú§Ó�ù��'ëx�¤Ó�ù�����&'Õ�á�ç�îUúÒÓ.h�h�Kiú
GC��H$f<ú�d�ÿè'ÙÁÙ á�à@&êôeúkö�á0á.�!&{� úk�,ØLå>e	�×Ø'à_î¤ø!&<Ø'Ý�ðmÞ�úT÷iú/ô
�éá0ÙÁÛýÝ�Üb&�ßj�eÛ Ü�ø�Úoç×á0á0ð¡çéá�à|ßkè�à�ÖBØ'Ý�å0á"èLßBû���àï'á�à_î%Û å�ØÞÙC� å�ØUï�ÛÁî æ�ÙýØÞÚ�á�à(ð×Û è�ð×á�Ø'à�à�ØUæ�Ú.&T�FøQó
ó
ó^ã
ê	å�é�å�â:á-æ>ú�û!ðjæ@ê"â:å�î0çþòað�é�é�ç0&?ï'è'Ù�úsEý&gç×ç�ú�Ó�ù���Ex�¤Ó�ù���S�&Õ�á�ç�î�ú.Ó�h�h�Kiú
GCE�H$¨(ú"�$ÛÁá0ð×ÙÁá�à/Ø'Ý�ð�Þ�úT÷iú×ô
�éá0Ù Û�Ý�Ü:& ßNàSá0Ú�ÛÁÜ4Ý èLß.ò,ó/Õ×ô	õwÚ	ß�è4àgßká0á0ð:�×ØLå>e�Û�Ý�Ú�á�Ý�Ú�ÛÁî�ÛÁï'áSðiØÞî¤ØSî¤à%Ø'Ý�Ú¤Ö�ÛÁÚ�Ú�ÛÁè4ÝØ'Ý�ð�á> 4î%á�à�Ý×ØLÙ�å�ØUï4ÛÁî_æBØLå0î�ÛÁï'á�Ö�è�ð×á�� ÙÁè4å>e'Û�Ý�Ü:&���øNó
ó�ó��ýç2å��Yõ8ð�î ð�æ.é�ç û!å��8á-æ>ú{á-â��kì	í�â:é�ì
	 ó¹î ð�æ.é�ävå�â8çW&ï'è'Ù�ú.Ó�&iç×ç�ú�K�K4ûx��K"�'ù�&�÷4ã×Ý�á2Ó.h�h��×ú
GCº�H$Þ�ú õ$ú'õwá�Ø'à>&�Þ�úTàBúLó/ø�è�âäã�á0î�î%á�&��Sú ü§ú'Õ�åÿø×Ý�á0ÛÁð×á�à>&×Õ�ú ü§ú�Þ<ÛÁÙ å0è�å0æ×Ý�áêØ'Ý�ð6Þ�úTd�ú��Sá0Û0�!&DßoÕ�á0Ù á0å0î%Û ï�á0Ù æ�è� �ÛC�ð×ÛÁÚ�á0ðBï'á�à�î�ÛÁå�ØLÙ4å�ØUï�ÛÁî æSÚoã×à|ß¶ØÞå0á	á�Ö�ÛÁî�î�Û�Ý�ÜSÙ�ØLÚ�á�à�ÚÒö/ÛÁî¤ø��'ù�¡ ç×èLö
á�à?å0è4Ý'ï�á�à_Ú�ÛÁè4ÝSá�·�å0Û á�Ý�å0æ�&��6ó¹î ð�æ.é�ävå�â!çòDð.é�é�çW&�ï'è'Ù�úië×Ó�&×ç×ç�ú�û'ù�S�� û�ù�h�&��Zá.��ú.Ó.h�h��×ú
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oxidizedAlAs

TiAu metallization
p-type top DBR 30periods
Al Ga As-GaAs0.67 0.33

n-typebottom DBR
28periodsAlAs - GaAs

fusedinterfaces

GaAs substrate

InP
InGaAsP active
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~{s�x8zLÁ!t'�8�8�®��nUs�z{vyx8 Æt;����� � nUq�t'�{q�nu�'�8����z¡äU�{q;q�nUx�t�z{nUx8�;v�t;v�nu�U�åm=nuäunUx�t;��ã�Á�t'�8nEnu|O��nuäut;nuzåq¯nuzA�8äut;v��	x���o
t'�8n2� ��� � s«�®äu�	q;q��8~{�	q;s«t;nuzÌnu|{�{nUq�vy��nUx�t's�����ã �ykp����¶g�8n�q�v�z{ �n � s�w�nu 	�8v�z{n��ys���nUqE�{s���s��yq�nUs�z{ã��{q���w�nUx
t;��~{n)s³�;tpq;�8äut'�{q�n � �8v�ä ��ã8v�nu��z{���8v� 	����nUqño��8q;�®s�x8äun�Á!nu�'�{nuäuvys�����ãÌäu�8x8äunUq;x8vyx8 Æ�®s�|8vy���{� �{� � nUq��E�������
Î��;v� 	x8v � äUs�x�t��{q��8~8��nU� t;�}~{nE�;����w�nuz�vyx��8v� 	������� � nUq��8�{nUq;s�t�v��8x�v��´t'�8n®ors�äunut�z{nu 	q;s«zAs�t;v��	x � �8v�äu��v��
s�t;tpq�vy~{�8t;nuzEt;���	�8t;v�äUs��js�~8�;�	q;�8t;v��	xEs«tgt'�8n?��vyq;q��8q��'�{qñors�äun��},Ls�q� �n§�'�{��t��;v=<unu�Ús�q¯n?q�nuÊO�8vyq�nuz³vyxE�	q�z{nUq=t;�
��� � nUq,t'�8nF�	�8t;v�äUs�� ��� � nUq,z{nUx8�;v�t�ã��	x·t'�8ngors�äunutU�} ��'�{s�����ã�Á{t'�8nF�ys��;nUq��gs�q�nF�{s�t;t;nUq;x8nuzNvyx�t���vyx8z{nu|��r 	�8v�z{nuz
z{nuw8v�äunu� � �8nUq¯n¬t'�8nFq�v�z{ �n¬v���nut;äu�8nuz®z{nunU�8��ã�nUx8�8�8 	�®t��?��vyx8v²�·vb<un�~{��tp�©Á�t'�8ng�8�8t;v�äUs�� s�x�t;v� 	�8v�z{vyx8 ®vyx®tp�8n
�;ã8�;t;nU�Âs�x8z}t'�8n�äU�{q;q¯nUx�t3�'�{q�nUs�z{vyx8 A�®¥§�8t;vy���{� ��nUqño%�	q;�®s�x8äun®q�nuÊ{�8vyq�nu�?tp�{s�t§t'�8n�z{v��;t's�x8äun´oCq¯�	��tp�8n
~{��t;t;�	� ��o6t'�8n?q�v�z{ �n3t;��t'�8n�s�äut�v�w�n§�²s�ã�nUq��{s��gt;�®~{n3äu�	x�t'q�������nuz)�{q�nuäuv��;nu��ã���É����

Ï i43,ÔAÞuà{á65 ÕUá�.70�Õ8.Sá�à
¶g�8n�z{nuw8v�äunF�8�;nuz®vyx�t'�8v��6�;t'�8z{ã3v���s§í?mgs�z{nuzN¸rë�z{nu|�ª8nU�{s�q;s«t;n�(��	x � x8nU��nUx�t�ègnut�nUq����;t'q��8äut'�{q�n?¾%í?m�¸rë=�
ª+(gèFÀu�A¶g�8n�¸rx{í3s�Î¬�p¦�Î¬�yí3s�Î¬�F�;t'q��8äut'�{q�n � s��� 	q�� � xN�	xEª8v±�rz{�	��nuzuB:9Q��í?s�ÎF�·¾¯kU»�»�Àñ�r�p�{~8�;t'q;s�t�nu�=�8��v²x8 
�}µ�*g��¶g�8n³z{nuw	v�äun�äu�	x �  	�{q�s�t;v��	x©Ágs��N�'�8� � x��;äu�8nU�®s�t;v�äUs�����ã�vyx�¿6v� A� k�Á�äu�	x8��v���t;���«o?t'�8nEo%������� � v²x8 
�ys�ã�nUq��Ul6sEkU»�»���x{�3�rt'�8v�ä�"¶B���í?s«Î¬�¬~{��°LnUq��ys�ã�nUquÁ�sEkp�r£L�3�rt'�8v�ä�"�B{�rÎF� U�W Y_^ í3s U�W X�] ÎF�gäu�ys�z{z{vyx8 E�ys�ã�nUq � v�t'�
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egf1hji�k�l ª8tpq;�8äut'�{q�n ��o ¸rx{í3s�ÎF�'¦�ÎF�²í3s�ÎF�  	q�s�z{nuz8�rvyx8z{nu| �;nU�{s�q;s�t�np�räu�	x � x8nU��nUx�t �8nut;nUq¯���;t'q;�8äutp�{q�n
ÊO�{s�x�t'�{��� � nu���L�ys���nUqu�

s®z{�8x8�	qgäu�8x8äunUx�t'q�s�t;v��	x³��o�¢FvgkU» ½ ^ äU� ¼ ] Á©sE��¢�»���x{���rt'�8v�äz"NÎF�=.«í3s ½;¼ .uÎF�¬äu�	x � x8vyx8 ³�²s�ã�nUq®¾
;N��vyx8nUs�q¯��ã
 	q;s�z{nuzçorq��	� »��¢:	îNt;��»{�yk�kUÀïÁjs�x�s�äut;v�w�nN�ysUã�nUq§äu�	x�t's�vyx8vyx8 }t � ��º���x{�3�rt'�8v�ä�"Æ¸ñx{í?s�ÎF��ÊO�{s�x�t'�{� � nu�����UÁ
nUs�äu�®��oLt'�8nU� �'�{q�q��	�{x8z{nuz�~�ã�kU»���x{�3�rtp�8v�ä�"®í3s�Î¬�g~{s�q�q�v�nUq��UÁ�tp�8nUxEs�x8��t'�8nUq!��¢�»���x{�3�rtp�8v�ä�"®í3mg¸rëì�ysUã�nUq
¾�äu�	�®�����;v�t;v��	x{s�����ã�t'q;s�x8��o%�	q;�·nuz�oCq¯�	� ÎF�=U�W ½;½ í?s²U�W Z w ÎF��t;��ÎF�=U�W Y_^pí?sJU�W X`]'ÎF�'ÀuÁ6si@O�rt�ã{�{nNÎF�bU\W Y_^'í3sJU�W X�]pÎF�
äu�ys�z{z{vyx8 §�²s�ã�nUq � v�t'�?s�tp�8v�ä�"8x8nu�;�6��oLk6£L� s�x8z3z{�	�8vyx8 ¬äu�8x8äunUx�t'q�s�t;v��	x§�«o�¢Fvgk�»8½ ^ äU�N¼ ] Á�s3kU¢�»���x{���rt'�8v�äz"
 	q;s�z{nuzi@O�rÎ¬�=.�í?s ½�¼ .uÎF�g�ys�ã�nUq�¾<;®��vyx8nUs�q���ã³ 	q;s�z{nuzNorq��	��»��¢:	î3t;��»{�1k�kUÀ�s�x8z)s´É�»�»���x{�3�rtp�8v�ä�"Nµ�np�rz{�8�{nuz
¾=@Nk�kU» é�U äU� ¼ ] À=äu�	x�tps�äut��²s�ã�nUqï�
¶g�8n��p�{~8�;t'q;s�t�n�t;nU�®��nUq;s�t'�{q¯nu�Ç�8�;nuz3o%�	qQ 	q�� � vyx8 ¬tp�8n�¸rx{í3s�ÎF�Çs�x8z�ÎF�yí?s�ÎF�jnU�8v��ys�ã�nUq�� � nUq�n!�'�{nuäuv � nuzN�	x
t'�8n�~{s«�;v��¬��o��·�	q;�{�8������ �ã�s�x8z)�{�8��t;���²�{�·v²x8nu��äunUx8äun®�;t'�8z{v�nu�?�{nUq�o��	q���nuz��	xEt;nu��tg�'s��®�8��nu�U�F¶g�8n�í3s�ÎF�
~{��°LnUq��ys�ã�nUq�s�x8z�B��rÎF�²í3s�ÎF���ys�ã�nUq�� � nUq�nF 	q�� � xNs�t���¢�» h (§�{¶g�8n¬ 8q�� � t'��t;nU�´�{nUq;s�tp�{q�n¬�«ojt'�8n?¸rx{í3s�ÎF�
s�äut;v�w�n��ys�ã�nUq � s���¢�»�» h (§��¶g�8ngt;nU�´�{nUq;s�tp�{q�ngq;s�v��;nuz®t;�?��¢�» h (ço��	qQ 	q�� � tp�§��o©t'�8n¬�{�{�{nUq,Î¬�yí3s�Î¬�6�ys�ã�nUq����
¿6vyx{s�����ã�Á©tp�8n)@ 9 ��í3s�Î¬��äUs��E�ys�ã�nUq � s«�g 	q�� � xEs�t�:	»�» h (§Á©~{nuäUs��8�;n�t'�8v��Ft;nU�®��nUq;s�t'�{q�n � s��g�	�8t;vy�®s«�©o��8q
 	q�� � vyx8 ®�8v� 	�8��ã�z{�	��nuz�äu�	x�t's�äutg�ys�ã�nUq����= i?>Nà�@jf%0�à}eLÔBA�á�f�0«Ô{ÕUfyÖQ×
¶g�8n��{q��8äunu�;�;vyx8 §��o{t'�8n�q�v�z{ �n � s�w�nu 8�8v�z{n6�ys���nUq�� � s��©äUs�q�q�v�nuz?�	�8tjs«�©o�������� � �U��¸rx t'�8n � q���t ��t;nU�?¶�vy¦�ð,t'¦�Î§�
�;t'q�vy��nu� � v�t'��w�s�q�vys�~8��nF�;v=<unu���8x�k�»�»F£L� äunUx�t'q�nu� � nUq�n�z{nU�����;v�t;nuzN�	x�t'�8n�@C9©��í3s�Î¬��~�ã®��nUs�x8�!��o nuw�s��{���
q;s�t;v��	x´s�x8z®��v±o�t;�«°,�!ð�q�v��	q,t;�§t'�8n§��nut's��{z{nU�����;v�t;v��	x©Á{t'�8nFí?s�ÎF���'�{q�oCs�äun � s«�6äu��nUs�x8nuz�~�ã®~{�8��~{s�q�zA��nUx�t
� v�t'�´��� � nUx8nUq� �ã)¾%��»Fn�&ÚÀ!Î§q(9³v��8x8��o%�	q±:	»§�gs�äuäu�	q¯z{v²x8 3t;�?tp�8nÚ�{q��8äunuzA�{q�nFz{nu�;äUq�vy~{nuz³nu���;n � �8nUq�n��¢:����6¸Ct
�{s��g~{nunUxN�'�8� � x©Á8t'�{s«t�t'�8v���t'q�nUs�tp��nUx�t�q;s�z{v�äUs�����ãEvy�®�{q���w�nuzNt'�8n¬Ê{�{s���v�t�ã���oLt'�8nF�	�{��v�ä§äu�	x�t's�äut��U��­?�{qñ�
vyx8 ®t'�8nFo%�	q;�®s�t�v��8x®��o6t'�8n§vyx8z{nu|��r 	�8v�z{nuz}�;t'q;�8äutp�{q�n�Á8t'�8n?s����rz{nU�����;v�t;nuz)�·nut's��©�;t'q�vy��nu�g�'�{q�w�n?s«�¬s��®s��_"
s�x8z)~���t'�©Á�t'�8n)@ 9 ��í?s�ÎF�¬äu�8x�t's«äutg�ysUã�nUq¬s�x8z³t'�8n)@O�rÎ¬�yí?s«Î¬�Fäu�ys�z{z{vyx8 ��ys�ã�nUquÁ � nUq¯n�q�nU����w�nuz�~�nut � nunUx
t'�8n�äu�	x�t's�äut;�U��¶g�8n � nut6ä �8nU��v�äUs��{nut�ä �8vyx8  � s���äu�8���;nUx o��8q�t'�8n�z{n � x8v�t�v��8x®��oAtp�8n=q¯v�z{ �n���¶g�8v��6t;nuäu�{x8v�Ê{�8n
v�����v²�´�8��n§~{�8t�z{�	nu�gx8��t�s«����� � s§ ��8�8z®äu�	x�t'q����{��oLt'�8n�nut;ä �´z{nU�8t'�©��¶��8n¬�{q��8äunu�;� � s«�6äUs�q;q�v�nuzN�	�8t��8�;vyx8 
è¬éuª{¥/Y�l±è¬ép¥§é�l�èFép¥ �;���y�8t;v��	x�s�x8z�t'�8n®nut;äu�8vyx8  � s�� � x8v��'�8nuzÌs�o�t;nUq§q¯nU����w	vyx8 ��«o=tp�8n��{�{�{nUq3äu�ys�z{z{vyx8 
�ysUã�nUqu�gÎ�o�t�nUq � s�q�z{�UÁ{tp�8n?�ys��;nUq��'s��®�8��nu� � nUq�n3t'�8vyx{x8nuz�oCq¯�	� t'�8n3�'�{~8�;t'q;s«t;n?�;v�z{n�t;�Es�~{�8�8t�kU»�»�£L� ~�ã
�{����v��'�8vyx8 }vyx}s³µ�q�����nut'�{s�x8���6�����y�8t;v��	x©�®Î§�{í§nUë�v��	�{�·v�ä´äu�	x�tps�äut;� � nUq�n�z{nU�{����v�t�nuzÆ�	x t'�8v��?�;v�z{n�s�x8z
o��8q;��nuzEs�t�:	»�» h (åo��	q±:	»3�U��ÎÚx8��t'�8nUqgs�z{w�s�x�tps� �nF��oLt'�8v��¬q;s��8v�zEt'�8nUq;�´s��L�{q��	äunu���;vyx8 ®v��gt'�{s�t!t'�8n?�{�{�{nUq
¶�vy¦�ð6tp¦�ÎÚ�·äu�	x�tps�äut�s����;�®�{x8z{nUq� ��	nu�¬s�x�np°Lnuäut;v�w�nÚs�x{x8nUs���v²x8 ´t'�{s�t�vy�®�{q���w�nu��tp�8n¬�	�{�·v�ä§~{nU�{s�w8v��	qu��¶g�8n
z{nuw	v�äun®s�q�äu�8v�t;nuäut'�{q�n � s���äu�	�´�8��nut�nuz ~�ãNäu��nUs�w8vyx8 ���o6¿ s�~{q�ã���ð�nUq¯��tgq�nu�;�	x{s�t��	q�� � v�t'�Nz{n � x8v�t;n���nUx8 �t'�8�U�
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D i43,ÔAÞuà{á6EGF ÔAá�ÔB0�Õuà{á�fÓÞïÕUf�0�Þ
¶g�8n��ys��;nUqÅä �{s�q�s�äut;nUq�v=<Us�t;v��	x � s��EäUs�q�q�v�nuz �	�8t�~�ãå�{q��	~8vyx8 ¡v²x8z{v�w8v�zA�{s���z{nuw	v�äunu���	x¡t'�8nÆ~{s�qNvyx�tp�8n>;�{x8äut;v��	x��r�;v�z{np���{�³äu�	x �  	�{q;s�t�v��8x � v�t'�8�	�8tg���	�{x�t;vyx8 ®�	q�s�äut;v�w�n§äu�8����vyx8 A��¶g�8n§z{nuw8v�äunu�¬���;äuv��²s«t;n§vyx����8�±�
t;vy�8��n®���	x8 �v�t'�8z{vyx{s������	z{nu���?m��8�	�3�rt;nU�®��nUq;s�t'�{q¯n?nu��nuäut'q����y�{��vyx8nu�;äunUx8ä�n��p�{nuäut'q;sN�p�8� � t'�{s�tFt'�8n��;t'q��8äp�
t'�{q�nu��s�q�n§�®s�t;äu�8nuz´o��	q,�	�{nUq�s�t;v��	x � v�t'� � sUw�nu��nUx8 �t'�8��vyxNt'�8n§q;s�x8 �n�orq��	��Ã�º�»§t;�EkU»�»�»§x{�E��¶g�8nF�ys��;nUq��
�{q�nU�{s�q¯nuz�v²x¡t'�8nNo%�	q;� ��o �{x8äu�8s�t;nuz�z{v�nu� � v�t'��äUs�w8v�t�ã���nUx8 �t'�8�N��o?¢�»�»³£L� nu|{�8vy~8v�t�s �²s«�;vyx8  � s�w�np�
��nUx8 �t'�N��o�Ã�Ã��´x{�E��¸%tF�{s��¬~{nunUxÅz{nU���	x8�;tpq;s�t;nuz}��¢��Stp�{s�tgt'�8n§�ys��;nUq��'��nuäut'q;�{� äUs�x³~{n3t'�{x8nuzEt;�®���	x8 �nUq
� s�w�nu��nUx8 �t'�8�?v±o¬�ys�q¯ �nUq3äUsUw8v�t�ã}��nUx8 �t'�8���	q oCs«äunut;� � v�t'��q�np�Anuäut;v��	x�äu�8s�t;vyx8 ��®s�q�nE�8�;nuzL��¥§x�t'�8n���t'�8nUq
�{s�x8zLÁ8s�x�t�v²q¯np�Anuäut;v��	x�äu�	s�t�v²x8 ����'�8v±o%t�t'�8n��'��nuäut'q;�{� t��§�'�8�	q�t;nUq � s�w�nu��nUx8 �t'�8���j¿6v� 	�{q¯n¬�F�'�8� � ��sFt�ãO�8v�äUs��
�{� � nUqñ�räU�{q;q¯nUx�t§q�nu�ys�t;v��	x8�'�8vy� o��8q¬¢�»´£L�3� � v�z{n®vyx8z{nu|��r 	�8v�z{nuz��²s«�;nUq��U�§­?�{q¯v²x8 ³t'�8n®��nUs��'�{q¯nU��nUx�t��UÁAtp�8n
z{v��	z{nu� � nUq¯n¬zAq�v�w�nUxE~�ã�k�£ ��äU�{q;q�nUx�t=�{�8���;nu� � v�t'��s3zA�8t�ã®äuã8äu��n§��oÇ»{�ykFÄE��Î t�ãO�8v�äUs��L��� � nUq!�	�8t'�{�8t���o
ºJ:	»���Ë �{nUq=oCs«äunut � s����	~8t's�vyx8nuzEorq��	� ¢�»�»?£L� ���	x8 ®�;t'q¯v²��nu�U��¶g�8n?�{� � nUq�w�s«�²�8n � s�����vy��v�t;nuz}~�ã�tp�8n
�®s�|8vy���{� äU�{q;q�nUx�tg��o��3Î�sUw�s�v��ys�~8��n?orq��	� t'�8n?�{�8���;nUqï�

egf1hji8�{ljð�� � nUqñ�räU�{q;q�nUx�t�zAs�t's=o��	q�¢�»��r£L�3� � v�z{n��²s«�;nUq6�{x8z{nUq6�{�8���;ng�	��nUq;s�t;v��	xE¾%¢�»�»�£L�3�r��nUx8 �t'�©Á��{x8äu�	s�t�nuz
ors�äunut;�'Àu�

¶g�8n�s�ä �8v�nuw�nuz��{� � nUq���nuw�nu����s�q�n³äu�	�®�{s�q;s�~8��n³t;�}t'�8���;nE�	~8t's�vyx8nuz�vyxÌ�8v� 	������� � nUqN¸rx{í3s�Î¬�p¦�Î¬�yí3s�Î¬�
z{nuw8v�äunu�§���	�{x�t;nuzE�	xN�8nUs�t;��v²x+"����������6¶g�8n?~{q��8s�z8�r�;t'q�vy��n§�²s«�;nUq��gnu|{�8vy~8v�t§tp�{q�nu�'�8����zEäU�{q;q�nUx�tgz{nUx8�;v�t;v�nu�§��o
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�òªcæ	�/êë�/êT°Ë® �J°�°zê�é��=�~���'�_æ	�=�?øc�=æ	���~�òªc����_æ	�¼°�® ��������æ	��ícæ	êò�gï}êò�òª��òªc�g� ���	ï��b��ì�íV�¶��è0�òªc�������=æ	��êòç��i�?�_���	���'«�ªcê�°����	�����_�?��êë�	� ù��?�òªc��ìDêT°0ø	°���ì�ªc�?�¸����¶�\ªcæ	��æ	�?������êpY��0§_�¼ð�æ�­S°§4�øVæ	����øcù·î¸ï}�?�ë���=æJ°����Sì	êò��ì	�\°Cæ	�Nì~æ	ù�®¦�=ê , ���[°��
- i?Ù�×�ÕUáUÖLÒ/.10«ÕUfyÖQ×
¶g�8n��	�8t;v�äUs��8�'�{nuäutpq;s��{���	z{n! 	s�vyxrq�sÆ��o s��ys��;nUq�z{v��8z{ng�	q�s��®�8��v � nUq��'�{�{�8��v�nu�g�®s�x�ã§vy�®���	q�t's�x�t�v²x�o%�	q;�´s��
t;v��	xN��vT"�n§t'�{q�nu�'�8����z³äU�{q;q�nUx�tUÁ8�ys��;vyx8  � s�w�nu��nUx8 �t'�©Á8�'�{nuäutpq;s�� � v�z{t'�©Á{np¹�äuv�nUx8äuã�s�x8zE 8s�vyx#^ k`_��ba �tc _�due��
¿ �{q�tp�8nUq6�{q�nu�;nUx�t;nuz���nut'�8�8z{�6o%�	qQt'�8ngz{nut;nUq���vyx{s�t;v��	x���o©t'�8ng���8z{ng 	s�vyxvq�sÌs��{�{q��8�{q�vys�t;nu�6t'�8ngvyx�t;nUx8�;v�t�ã
�{x8zA�8�ys�t;v��	x���o6t'�8n�¿ s�~{q�ã�ð�nUq¯��t�¾�¿�ð!À¬���8z{nu�U��Î w�nUq�ãNäu�	�®���	x³��nut'�8�8z � s«�gvyx�t'q¯�	zA�8äunuz}~�ã�è¬s	"V"�v
s�x8zEð6s�����v6�yk����6¶g�8v��¬��nut'�8�8z � v����j~�n§z{nUx8��t;nuz�s��gèFs	"V"�v±��ð6s�����vL��nut'�8�8zNt'�{q��	�8 	�8�8�8t�tp�8v��gq�nU���	q�tU�6¶g�8n
è¬s;"c"�v±��ð6s�����vg��nut'�8�8z q�nuÊ{�8vyq�nu�®t'�8n��·nUs��'�{q�nU��nUx�t���ogt'�8n��®s�|8vy�®s�¾<w�� c�x4yRz kP{|wQÀ?s�x8zÌ��vyx8vy�®s
¾<w�� c�x4yRz k�¾%��{ ê�kUÀ(wLÀ!��o6t'�8n?���	x8 �v�tp�8z{v²x{s«�j¿�ð¡���	z{nu����¶g�8n?q�s�t;v��®��o��®s�|8vy���{� t;����vyx8vy���{�Âv²x��
t;nUx8�;v�t�ã® �v�w�nu��t'�8nF�;v� 	x{s��� 	s�vyx��{x8zA�8�ys�t�v��8x~} � �8v�ä �´äUs�xNs����;�®~{n§nu|{�{q�nu�;�;nuzE~�ã´t'�8ngo%������� � vyx8 �nuÊ{�{s�t;v��	x
�8�;vyx8 �tp�8n§�;vyx8 ���np���{s��;�§ 	s�vyx#^N�gs�x8z�tp�8n?q�np�Anuäut;v�w	v�t�ãE��o�~{��tp�´oCs�äunut�� z ½ Á z éU�}ik H�s�y ÛH�s�dfe k�� k�ê�� z ½ z é(^N�kK��� z ½ z é ^ �8� é ¾�kUÀ

¶g�8n?���8z{n? 	s«v²xgq s v��Ft'�8nUxE �v�w�nUxE~�ãq�s kì¨7d{ê k
��� �²x�� kz ½ z é�� ê k� �yx � � }N�Ìk� }§ê k ��� ¾%��À

¶g�8nF�²s«�;t�t;nUq�� v�����o�t�nUx�äUs�����nuz�x8nut����8z{n¬ 8s�vyxvq sK� e�� �'�6¶g�8n§x8nut����8z{nF 	s�vyx�v���nuÊO�{s���t;�?tp�8nÚ���8z{ng 	s«v²x
��nu�;�¬vyx�t'q�vyx8�;v�ä®s�x8z���vyq;q��8q������;�;nu�U�q�s�� e�� � k k� �²x � }G��k� }?ê�k?� q�sK� e8� � k » o%�	q��k��� �%� tq�sK� e8� �k� » o%�	q�� � � �%� ¾%É�À
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=
������uø'þ��S��ü�Ã¶ES�·GN
�ó���ø'þ`� :Ak
Îgt��ys��;vyx8 ?t'�{q¯nu�'�8����zLÁ	s����{�����;��nu��s�q�n�äu�8�®�{nUx8�'s«t;nuz�s�x8z�t'�8ngx8nut����8z{n� 	s�vyxvq�sK� e8� � ~{nuäu�	�·nu�}<unUq��A��Ë�v�tp�
z{nuäUq�nUs���v²x8 ³�	�{nUq�s�t;vyx8 �äU�{q;q¯nUx�t3t'�8n�x8nut?���8z{n� 8s�vyx6q�sK� e�� � z{nuäUq�nUs���nu�U��¶g�8v��3v²x8z{v�äUs�t�nu�UÁ�t'�{s�t§t'�8n�x8nut
���8z{n§ 	s�vyx#q s�� e�� �6v��§x8nu 	s�t;v�w�n?~�nu��� � �ys��;vyx8 Nt'�{q�nu�'�8����zL�(gs����;v�z{ã��'�8� � nuzÆsE���8z{v � nuzÆz{nut;nUq���vyx{s�t;v��	x���o�t'�8n® 	s«v²x)oCq��8�Ât'�8n��'�{nuäut'q��{� ��������¸ñx8�;t;nUs�z}�«o��8��v²x8 
��vyx8vy���{� s�x8z �®s�|8v²���{�.vyx�t;nUx8�;v�t�ã (gs����;v�z{ãå�8�;nu�Et'�8n}s�w�nUq;s« �n����8z{n)vyx�t;nUx8�;v�t�ã � H! s�x8zåtp�8n
��vyx8vy���{��vyx�t;nUx8�;v�t�ã~H�s�dfeA� �

k � H  H�s�dfe k k�ê z ½ z é�^ é�
kK� z ½ z é�^ é� ¾ :	À

¿A�8q�tp�8n?x8nutÚ���8z{n§ 	s�vyx�q�s�� e�� � � n§äUs�x � q�v�t;n�x8� �q�sK� e8� � k � ��k�
ê�k ¾C¢�À

¶Q��t's	"�nÆs�äu�8�®�{s�q�v��;�	xì��o�t'�8nu�;nÆ��nutp�8�	z{� � n}�{sUw�n}t;�¬"�nunU�ìvyx ��vyx8z t'�{s�tEt'�8n�q�nu�;���y�8t;v��	xì��o�s
���	x8�8äu�{q��	�®s�t��	q3v�� � x8v�t;n�� ¶��8v����·nUs�x8��tp�{s�t�x8��tEs�z{v��;äUq�nut;n � s�w�nu��nUx8 �t'�¡~{�8t�s�z{n � x8nuzì�'�{nuäut'q�s��
� v�z{t'��� �}v��3z{nut;nuäut;nuzL�N¿A�8q§sEäUs���äU�8�ys�t;v��	x���o�t'�8n®z{nut;nuäut�nuzÆ�;v� 	x{s«��t'�8n�q¯nu�;���y�8t;v��	x��{s��?t;��~�n�tps	"�nUx
vyx�t���s�äuäu�	�{x�t¬s��gs®q�nuäutps�x8 	�8�ys�qFq�nu�'�{�8x8�;nFoC�{x8äut�v��8x~��¾��AÀu���¾��AÀ¤k � k o%�	q����~� c �?� ����� � c � t

» nu���;n � ¾C��À

¶g�8n§�'��nuäut'q;�{�Â��nUs��'�{q¯nuz�~�ãNt'�8n§�;ã8�;t;nU�i_ s ��y¡� ¾��AÀ!äUs�xE~{n � q�v�t;t;nUx³s��Ul_�s ��y���¾��AÀ¤k k� �£¢ 9:¤¼ ¤ _7dfeL¾���¥�À(��¾���¥��a�AÀ(¦ �§¥ � ¾Cî�À
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original spectrum
gm,net = -5 cm-1
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0.03 nm

0.05 nm

0.10 nm

∆λ=0.03 nm
0.05 nm

0.10 nm

original spectrum
  gm,net = -20 cm-1

egf1hji6k�l}(gs«��äU�8�ys�t�nuz�vyx{�{�8t?s�x8zE�	�8t'�{�8t��'�{nuäut'q�s®s�~{�8�8tg�	x8n§¿�ª{m ¾%» � ��î!x{�®À�o%�	q!z{v±°LnUq�nUx�t � s�w�nu��nUx8 �t'�q�nu�;���²�8t�v��8x8� �~���«o�t'�8n��·nUs��'�{q�nU��nUx�t§�;ã8�;t;nU� s�x8z�z{v±°LnUq�nUx�t?w�s«�²�8nu�3��o=x8nut����8z{n� 8s�vyxÌ¾%s�À\q�sK� e�� � k�g¢6äU� ¼ ½ ¾%~{À�q�sK� e�� � kP�g��»,äU� ¼©½ �E¶g�8nN�8�	q�v=<u�	x�t's���~{s�q��?vyx8z{v�äUs�t;nNt'�8n®z{v±°LnUq�nUx�t·q¯nu�;���y�8t;v��	x8����o�tp�8n
���	x8�8äu�{q��	�®s�t��	q
¿6v� A��k��'�8� � �6t'�8ngvyx�� �8nUx8äun§��oLt'�8nF���	x8�8ä �{q��8�®s�t;�	q�q�nu�;���²�8t�v��8x��	x�t'�8nF��nUs��'�{q�nuz´���8x8 �v�t'�8z{vyx{s��L���	z{n��
ÎF��t'�8n � sUw�nu��nUx8 �t'�®q�nu�;���²�8t�v��8xNz{nuäUq�nUs��;nu�?¾<�~�®vyx8äUq�nUs«�;nu�'ÀuÁ8t'�8n§���8z{nÚ��nUs	"��;t's�q�t;�6t;� � s�t;t;nUxN�{� � �8v���n
t'�8n®w�s�����nuã	�®äu�{s�x8 �n´�;��v� 8��t;��ã}��v²x8äunEtp�8n���vyx8vy�®s�s�q�n®z{n � x8nuz�t'�{q¯�	�8 	�³�;�	��nN���	q�n�����vyx�t��U��¥§x8��ã�ors�q
~{nu��� � t'�{q¯nu�'�8����zÌt'�8nEz{nuw8vys�t;v��	x�v��´z{v���t;vyx8äutU�Ì¶g�8nEäu�	�´�{s�q�v��;�	x�~�nut � nunUx�z{v�°LnUq�nUx�t�x8nut��·�	z{nE 	s«v²x8�q�sK� e8� � �'�8� � ��t'�8nuvyq��;t'q��	x8 �vyx�� �8nUx8äun��	xNt'�8n3�'�{s��{n§�«oÇt'�8n?�·�	z{n��6Ë�v�t'�Åz{nuäUq�nUs��;vyx8 gq�s�� e�� � t'�8n?���8z{n
~{q��	s«z{nUx8�¬s�x8zEt'�8n�q;s�t;v�����o�H s y Û�t��©H s�dfe äu�{s�x8 �nu�F��nu�;�U�
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�øuúUûrþ ÿ�ü8ó�ú���LRQ�ü8ó���ø'þ��;ó%û��}ÿ��SQ�
T�
¿A�	q=t'�8n§äUs���äU�8�ys�t;v��	x³��o6t'�8n?x8nutÚ�·�	z{n§ 	s«v²x � v�t'�Nt'�8n�è¬s	"V"�v���ð6s«����vj��nut'�8�8zLÁ{t'�8n��®s�|8v²���{� vyx�t;nUx8�;v�t�ã
v���z{v�w8v�z{nuz ~�ã�t'�8n)s�w�nUq�s� �nN��oÚtp�8n)x8nuv� 	�8~{�	q�nuz���vyx8vy�®s{� ¶g�8nUq�npo%�	q�n�Á��8x8��ã�tp�{q�nun��{��vyx�t;�Es�q�n��8�;nuzL�
Ë�v�tp��t'�8nS(gs��;�;v�z{ã®��nut'�8�8zLÁ{s���� ��nUs«�'�{q�nuz�����vyx�t;��BÅv²x´t'�8n x4yRz s�q�nFs�z{z{nuz�s�x8z®t'�8nUx´z{v�w8v�z{nuz�~�ã´t'�8n
s�w�nUq;s� �nF��o6t'�8n?x8nuv� 	�8~{�	q�vyx8 ���vyx8vy�®s{��¿��	q!t'�8n�(�s��;�;v�z{ãE��nut'�8�8z�t'�8n§�;v� 	x{s«����x8��v���n�q;s�t;v���v��Ús�~{�	�8t � B
~{nut;t�nUq§t'�{s�x)o��	q t'�8n�èFs	"V"�v±��ð6s�����v���nut'�8�8zL��¶g�8n�ª{¦�ë q;s«t;v��)~{nuäu�8��nu�®�8v� 8�8nUq � v�tp��z{nuäUq�nUs��;vyx8 }��t;nU�
� v�z{t'�Es�x8zNt'�8nUq�npo%�	q�nFvyx8äUq�nUs��;vyx8 Ex	�{��~{nUq!��o6��nUs��'�{q�nuzE�{��v²x�t;�U�,Î or�{q�t'�8nUq!nUx{�{s�x8äunU��nUx�t � v�t'�Nq�nu 	s�q�z
t;�Et'�8n�ª{¦�ë q�s�t;v���z{nu��v�w�nUq���t'�8n��·�	z{v � nuz
(gs��;�;v�z{ãÆ�·nut'�8�	z¡��Éï���¶(gs«�;�;v�z{ã}�{q��	�{���;nuz}t;�³nu�;t;vy�®s�t;n´t'�8n
��vyx8vy���{� vyx�t�nUx8�;v�t�ã�~�ãEsUw�nUq;s� �vyx8 ®��w�nUq�s�äunUq�tps�vyx � s�w�nu��nUx8 �tp�Nv²x�t;nUq�w�s��%�

Ï iN5Lf
ª�.SÝ1Ô{ÕUf1ÖL×
¿A�	qFtp�8n®�;vy���8�²s«t;v��	x���o�t'�8n�q�nu�ys�t;v�w�n´nUq;q��	qF��o�t'�8n®z{nut;nUq���vyx{s�t;nuz} 	s«v²x � n®�{s�w�n�äu�	�®�{s�q�nuz}t'�8n®vyx{�{�8t
�'�{nuäutpq;�{� � v�t'�Nt'�8n§�8�8t'�{�8tg�'��nuäut'q;�{� ��o�t'�8n§�'�{nuäutpq��	��nut;nUqï��¶g�8n§�	q�v� �vyx{s��Q�'�{nuäut'q��{� v��g �v�w�nUx�~�ãNt'�8n
t'q;s�x8�p��v��;�;v��	x´or�{x8äut;v��	x|« «�¾��AÀ�k ¾�k¬� z ½ ÀU¾�k¬� z éuÀt^N�

¾�kK��� z ½ z é ^ � À é ê
:+� z ½ z é ^ � �;vyx é ¾v­8®¯1°�± À ¾%º�À

s�x8zEt'�8n3�;vyx8 ���n��{s��;�� 	s�vyx|^N�^ �-k�nu|{�?¾�¾Zq�s��}¨7drÀ²��À�k�nu|O� � q�sK� e8� � ��ê k
��� �yx � kz ½ z é���� � ¾%Ã�À
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Hakki-Paoli
Cassidy

∆λ = 0.1 nm

0.05 nm

0.02 nm0.01 nm

0.03 nm

egf1hjiL�{l�m�nu�ys�t;v�w�n3nUq;q��	q��«oÇt'�8n3z{nut;nUq;��vyx{s�t�nuz)x8nut
���8z{n¬ 	s«v²xNs��gs oC�{x8äut�v��8xN��ojx8nut=�·�	z{nF 	s�vyx � v�t'�
t'�8n?q�nu�;���²�8t�v��8x~�~��s��¬�{s�q;s���nut;nUq�s�x8z�s x4y�z ��o
» � ��î!x{�
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Hakki-Paoli
Cassidy

- 40 cm-1

-100 cm-1

gnet = -10 cm-1

egf1hji�É{l�m�nu�ys�t;v�w�n�nUq;q¯�	q���o6t'�8n§z{nut;nUq;�·v²x{s«t;nuz}x8nut
���8z{n� 	s«v²x�s«�·s)oC�{x8äut;v��	x���oÚx8�	q��®s���v=<unuz � s�w�np�
��nUx8 �t'� q�nu�;���y�8t;v��	x � v�t'��t'�8n}x8nut)�·�	z{n� 	s�vyx s«�
�{s�q;s���nut;nUq

¶g�8nUq�npo%�	q�nEt'�8n'"	x8� � ��nuz{ �n³��o?t'�8nEvyx�t'q�vyx8�;v�ä}�����;�;nu�E¨�d§v��Ex8��t�x8nuäunu���'s�q�ã�� ¶Q�}�;vy���8�ys�t;n�tp�8n)�8����t;t;nuz
�'�{nuäutpq;�{�EÁFt'�8n�w�s��y�8n}�«o?t'�8n � s�w�nu��nUx8 �tp�åq¯nu�;���y�8t;v��	x`�~�¡v���q�nuÊ{�8v²q¯nuzL� ¶g�8n��;t�nU� � v�z{tp�`µ���o�t'�8n
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Ã è3í�¦¨§ Ä î³¼ è Â
ÄP» é è3é�ê ÂP«4Ã è3í�¦¨§ Ä î.¼ è Â
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 «4ÃKº´Ãô­ ¦ » é ­DÃ8Â
»ö­Sð ò æ ¦ ­o» ¦ Â
Äó¼ è3§ Ä é-¦ ð4Â ¦ ð § ­DÃD­kåUÄóì�ÃD­
Ä éôñ »�º íaè Â
ÄP» é » é ÂP«UÃ ê ¬ é�è3í Äó¼ ò ÃD« è ì<ÄP»3ð4º8» ñ ÂP«4Ã ê Ã<ì�Äó¼?Ã�¤ 
 «4Ã í Ã è ­Dð4º�Ã ê8¦ ð § ­DÃ<ç,Ä ê ÂP« ç è ­ ò Ã § »�çº¹ ¶8¦ ­ô¤
zB¦ Ã�º è Â
Äó» é Ä é º�Ã
ù�Ã?¼<Â
ÄP» é è3é�ê Ä é Â
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20 µm active diameter
I = 3mA
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   20 µm active diameter
200 fs input pulses     
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Z?B�D c E�e"V�±*OQHlO-N b EiB ±*O c EGLlR-VUH®`¤R-V�±dLlE(­¼PiI c T¤VURQO�`¤O-KMLlEGEGLJN b HJVUPGO c PMV c OâVuEGE c VURQE¸L�±FO�HlL b BFE[PGD�I c RQOQP�T.D c Ddj�EGLlR-VUHLJN*E¸O c RQDdN?N�OQRQEGP-��Â[I c LJN b E�B�OfHJVUPGE_­*O-V c °*EiB�O c O[B?VUP�¯$OQO-NpV�E c O-KMO-N��?DdI�P_LJKkj c DU±*O-KMO-NFE_LJNgEiB�OfD�j?O c VUE¸L�D�NRQB?V c VURQEGO c L�P¸EGLlRQP
DUT?EiB�OQPGOC�?OQ±�LlRQOQP���I�OCEGD_HJVUEGO c VUH*R-I cGc O-NFE
RQDdNF~àN�O-KÛO-N*E�¯*­�P¸OQH�OQRQE¸L�±FO�DU»�Ll��VUEGLlDdN}�
x�À"Z?^Cõ}Pe"LlEiB¼×¤N ÓT÷ È X�V Ó+÷ ø ¹fP�ç?I?V*NFEiI?KSe_OQHlHlP[N�DUeÚB?V�±*OMe"VUHlH®`Øj�H·I b O�
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Ü"B�O�xfÀ"Z?^sõ¼PGE c I�RQE�I c O�LJN*±*OQP¸EGL b VUEGOQ��LlP"PiÇuOQEGR¥B�OQ�gLJN�å�L b �"oF�yÜ�B�O[VURQEGLl±*O c O b LlDdNÝRQDdNFEiVULJN�P"EiB c OQO � N?KEiB�LlRQÇ�X[VU¹�Pfç?I?V*NFEiI?KYe�OQHlHlP�e"LlEiB�¹�H ÓT÷ È X[V Ó+÷ ø ¹fP[¯?V c¸c LlO c PfO-KM¯$OQ�?�?OQ�=LJNp¹�H Ó+÷ Ú X[V Ó+÷ Ú ¹�P�Pij?VURQO c H·V�­*O c P-�Ü"B�OsH�DUe_O c KML cGc D c RQDdN�PGLlPGE¸P�DUT�¹�Hl¹fP `¤¹fH Ó+÷ È X�V Ó+÷ ø ¹fPaçèI?V c EGO c `¤e"V�±*OQHlO-N b EiB�HJV�­*O c P-�aÙ"DUe_OQ±*O c °�EiB�OCHJVUPGEºT.DdI cKML cGc D c j?VUL c P_RQH�DFPGOfE¸D[EiB�OfVuRQEGLl±*O c O b LlDdNgV c O�RQDdKkj?DFPGOQ�kDUT
¹�H ÓT÷ ¾ X[V Ó+÷�Ò ¹�P(`¤¹fH Ó+÷ È X�V Ó+÷ ø ¹�P_EGD[j c OQ±*O-NFECE�B�ODU»dLl��VUE¸L�D�N¼DUT�HJV�­*O c P�LJNÊEiB�OMHlD�e_O c KML cGc D c LJNÊEiB�O�TÞD*HlHlDUe"LJN b PGEGO-j�DUT"PGOQHlOQRQEGLl±*OgD�»�Ll��VUEGLlDdN}�kÜ"B�OgI?j?j?O cKML cGc D c LlPfRQDdKÝj?D*PGOQ��DUTC¹�H ÓT÷ ¾ X[V Ó+÷�Ò ¹fP(`_¹fH Ó+÷ È X�V Ó+÷ ø ¹fP�çèI?V c EGO c `¤e"V�±*OQHlO-N b EiBgHJV�­*O c P-�"]sOQE(e_OQO-N�EiB�O[B�L b BV*N��gHlD�e�LJN��?OQ»�HJV�­*O c P"mMN?K E�B�L�RQÇÝ¹fH Ó+÷ Ú X[V ÓT÷ Ú ¹�P_H·V�­*O c P c OQ��I�RQO�EiB�O�OQHlOQRQE c LlR-VUH
PGO c L�OQP c OQPGLlPGEiV*N�RQO�DUT�E�B�O
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b�c DUe"EiBÝEGO-Kkj?O c VUEiI c O*�
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���r´�µU× ¯��O�h��§¨���h���-£�³7�� ¢¥ò���(�3¤(¯��7��Ý�¯��� �î��(¤(��¥��ò�¢¯��U����¥��7�����«�º�3�(¤(¯����:Q ¡��ò§¨���ë£����3���O�h�7��Ý��¢¯��7�¯�R³7¥� ��Û�
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×
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�­§��O�h �³�������� �¢¯�� £¦��âä�O�0�(���(³��(¤(�¢�h������â
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Ý��(�3��¤U�3�����7���������¼µU×
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������Æ ¡��Uî«´��Û��¤O�0�O�� 3�7��Ý��¢¯��p�$§-£���â��O��¤O��¡� 3�( ������7��¤O�h�O�� ��
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