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,Q� PRGHUQ� ;�UD\� LQWURVFRS\� V\VWHPV�;5,6�� IRU� PHGLFDO� DQG� WHFKQLFDO� WRPRJUD �SK\��RVWHRGHQVLPHWU\��FXVWRPV�DQG�VHFXULW\LQWURVFRS\�� HWF��� WKH� PRVW� ZLGHO\� XVHG� DUHUDGLDWLRQ�GHWHFWRUV�RI� WKH��SKRWRGLRGH�VFLQ �WLOODWRU�� W\SH� �3'�6��� 7KH� HIILFLHQF\� RI� D3'�6�GHWHFWRU�LV�GHWHUPLQHG�ERWK�E\�SURSHU �WLHV� RI� WKH� VFLQWLOODWLRQ� FU\VWDO� �6&�� XVHGDQG�E\�SDUDPHWHUV�RI�WKH�SKRWRUHFHLYHU��7KHVLJQDO�YDOXH�4 DW�WKH�GHWHFWRU�RXWSXW�XQGHUJDPPD�TXDQWD�IOX[�RI�HQHUJ\�p[ LV�>�@�4 = (NDEV ⋅ H ⋅ ([ ⁄ Kν) ×
× (ηVF ⋅ ηSG ⋅ ηH ⋅ NOF ⋅ NVP)�� ���

ZKHUH�NDEV LV� WKH� IUDFWLRQ�RI� UDGLDWLRQ� WKDWLV�DEVRUEHG�E\�6&��Ë LV�HOHFWURQ�FKDUJH��Kν LVDYHUDJH� HQHUJ\�RI� VFLQWLOODWLRQ�SKRWRQV�� ηVFLV� FRQYHUVLRQ�HIILFLHQF\�RI�6&�� ηSG LV�TXDQ�

WXP�HIILFLHQF\�RI�WKH�SKRWRGLRGH�� ηH LV�HIIL�FLHQF\� RI� FKDUJH� FDUULHU� FROOHFWLRQ� RQ� 3'�NOF LV� OLJKW� FROOHFWLRQ� FRHIILFLHQW�� NVP LVVSHFWUDO� PDWFKLQJ� FRHIILFLHQW� RI� VFLQWLOOD �WLRQV� LQ� WKH� UHJLRQ� RI�3'� VHQVLWLYLW\��0RG �HUQ� WHFKQRORJLHV� DOORZ� SUHSDUDWLRQ� RI� 3'ZLWK�SDUDPHWHUV�FORVH�WR�WKH�WKHRUHWLFDO�OLP �LWV�� DQG� WKH� SUREOHPV� RI� SURGXFWLRQ� RI� GH �WHFWRUV� IRU� ;5,6� PDLQO\� FRQVLVW� LQ� WKHFKRLFH� RI� 6&� ZLWK� RSWLPXP� HQHUJ\� FKDUDF �WHULVWLFV�Û�TXDQWXP�HIILFLHQF\�DQG�GHSHQG �HQFH� RI� WKH� OLJKW� RXWSXW� XSRQ� WKH� GHWHFWHGUDGLDWLRQ�HQHUJ\�$Q� DGGLWLRQDO� FRQGLWLRQ� IRU� DFKLHYLQJKLJKHU� HIILFLHQF\� RI� WKH� VFLQWLOODWLRQ� WUDQV �IRUPDWLRQ� E\� D� FRPELQHG� GHWHFWRU� LV� WKHFKRLFH� RI� DQ� RSWLPXP� WKLFNQHVV�� DW� ZKLFKWKH� LRQL]LQJ� UDGLDWLRQ� LV� IXOO\� �FRPPRQO\FRQVLGHUHG� YDOXH� LV� ������ DEVRUEHG� E\� WKH
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GHWHFWRU� PDWHULDO�� $� IXUWKHU� ZD\� IRU� LP �SURYLQJ�WKH�HIILFLHQF\�LV�FUHDWLRQ�RI�WKH�RS �WLPXP� OLJKW� FROOHFWLRQ� FRQGLWLRQV� IURP� WKHVFLQWLOODWRU� WR� WKH� SKRWRUHFHLYHU�� 7KH� OLJKWFROOHFWLRQ� FRHIILFLHQW� τ GHSHQGV� XSRQ� WKHVFLQWLOODWRU� VKDSH�� LWV� UHIUDFWLRQ� FRHIILFLHQW�Q���DEVRUSWLRQ�IDFWRU��α��FPÜ����DOVR�LPSRU�WDQW� LV�WKH�XVH�RI�DGGLWLRQDO�UHIOHFWLQJ�VXU �IDFHV��RSWLFDO�DGKHVLYH�EHWZHHQ�WKH�VFLQWLOOD �WRU�DQG�WKH�SKRWRUHFHLYHU��HWF�7KH� FRPPRQO\� XVHG� VFLQWLOODWRUV� IRU� GH �WHFWLRQ� RI� ORZ�HQHUJ\� ;�UD\� UDGLDWLRQ� LQ �FOXGH� VXFK� VLQJOH� FU\VWDOOLQH� VFLQWLOODWRUVOLNH�&V,�7O���1D,�7O���&:2�� HWF�� ,W�ZRXOG� EHRI� JUHDW� LQWHUHVW� WR� XVH� VFLQWLOODWRUV� RIRWKHU� W\SHV�� LQ� SDUWLFXODU�� VHPLFRQGXFWRUVFLQWLOODWRUV� EDVHG� RQ� LVRYDOHQWO\� GRSHG=Q6H�� 7KHVH� VFLQWLOODWRU�PDWHULDOV� DUH� QRQ�K\JURVFRSLF�� KDYH� KLJK� FRQYHUVLRQ� HIIL �FLHQF\�� DV� ZHOO� DV� JRRG� VSHFWUDO� PDWFKLQJZLWK�6L SKRWRGLRGHV�DQG�RWKHU�DGYDQWDJHV�7KH� SUHVHQW� ZRUN� ZDV� DLPHG� DW� HVWDE �OLVKLQJ� FRQGLWLRQV� IRU� RSWLPL]HG� XVHV� RIVFLQWLOODWRUV� RI� GLIIHUHQW� W\SHV� &V,�7O��&:2��=Q6H�,9'���ZKHUH�,9'�Û�2��7H��&G�$O�2��7L���*62�� LQ�;5,6�RI� VSHFLDO�SXUSRVH�WRPRJUDSKLF��LQGXVWULDO��WZR�HQHUJ\�V\VWHPVIRU�VHFXULW\�FXVWRPV�LQVSHFWLRQ��LQ�WKH�;�UD\UDGLDWLRQ� HQHUJ\� UDQJH� RI� ([  ��Ü����NH9�7KH� FRQFHQWUDWLRQ� RI� DFWLYDWLQJ� GRSDQWV� LQWKH� FU\VWDOV� ZDV� ���Ü���� �� �PRO���� 7KHFU\VWDOV� ZHUH� JURZQ� E\� FRQYHQWLRQDO�PHWK �RGV�,Q�WKLV�VWXG\��ZH�FRQVLGHUHG�HQHUJ\�FKDU �DFWHULVWLFV�RI�VFLQWLOODWRUV��VXFK�DV�WKH�DEVR �OXWH�HQHUJ\�\LHOG�RI�WKH�;�UD\�OXPLQHVFHQFH�η��� OLJKW�RXWSXW�DV�IXQFWLRQ�RI�HQHUJ\� ,�p[�DQG�VDPSOH�WKLFNQHVV� ,�G��DW�GLIIHUHQW�YDOXHVRI� WKH�HQHUJ\�([ RI� WKH�;�UD\�UDGLDWLRQ�DQGGLIIHUHQW�VKDSHV�RI�WKH�VFLQWLOODWRU�VDPSOHV��0HDVXUHPHQWV� RI� WKH� OLJKW� RXWSXW� �,O�R��ZHUH�FDUULHG�RXW�LQ�WKH�FXUUHQW�PRGH�XQGHU�LUUD �GLDWLRQ�XVLQJ�D�5(,6�;�UD\�VRXUFH� �,  ����µ$�8  ����N9��ZLWK�%6���PLFURIRFDO� WXEHV��7RGHWHUPLQH� VWDWLVWLFDO� HUURU� RI� WKH�PHDVXUH �PHQWV�� GDWD� ZHUH� XVHG� WKDW� KDG� EHHQ� RE �WDLQHG�XVLQJ�GLIIHUHQW�;�UD\�WXEHV��7KH�RS �WLFDO� UDGLDWLRQ� SRZHU� ZDV� UHFRUGHG� E\� D�.YDUWV����GHYLFH�ZLWK�D�UHFHLYHU�RI�VLOLFRQSKRWRGLRGH�)'�����ZLWK�NQRZQ�VSHFWUDO�GLV �WULEXWLRQ� RI� VHQVLWLYLW\�� 7KH� VDPSOHV� XVHGZHUH� GLVFV� ZLWK� SROLVKHG� WRS� DQG� ERWWRPVLGH� DQG� JULQGHG� ULPV�� ��PP� WKLFN� DQG� RIGLDPHWHU� FRUUHVSRQGLQJ� WR� WKH� GLDPHWHU� RIWKH� SKRWRGLRGH� VHQVLWLYH� DUHD�� $V� D� UHIHU �HQFH�� D� &V,�7O� FU\VWDO� ZDV� XVHG�� ZLWK� LWVOLJKW�RXWSXW�������K�PH9�0HDVXUHPHQWV� RI� ;�UD\� OXPLQHVFHQFHOLJKW� RXWSXW� DV� IXQFWLRQ� RI� HQHUJ\� ,�([�

ZHUH�FDUULHG�RXW�XVLQJ���×��×����PP� VFLQ�WLOODWRU� VDPSOHV�� $V� H[FLWDWLRQ� VRXUFHV�� ZHXVHG�;�UD\� GHYLFHV� ,5,�ZLWK�:�WXEHV� �YROW�DJH� UDQJH� RQ� WKH� WXEH� IURP���� WR� ����N9�DQG�5(,6�,��$J�WXEH�%6����8  ��Ü���N9���$)(8����� 307� ZDV� XVHG� DV� UHFHLYHU�� ZLWKLWV� VSHFWUDO� VHQVLWLYLW\� UDQJH� IURP� ���� QPWR�����QP��7KH�VDPSOH�ZDV�ORFDWHG�GLUHFWO\RQ� WKH� DQRGH�RI� WKH�;�UD\� WXEH��7KH�PHDV �XUHPHQWV�ZHUH�FDUULHG�RXW�ERWK� LQ� WKH�FDVHRI� WKH� SROLVKHG� RXWSXW� ZLQGRZ� DQG� RI� WKHJULQGHG� RQH�� ,Q� DGGLWLRQ�� VWXGLHV�ZHUH� FDU �ULHG� RXW� RI� WKH� HIIHFWV� RI� D�7$9(.� UHIOHF �WLYH�FRDWLQJ�RI������PP�WKLFNQHVV�$EVROXWH� HQHUJ\� \LHOG� RI� VFLQWLOODWLRQPDWHULDOV� 7KH� DEVROXWH� HQHUJ\� \LHOG� �η��GHILQHG� DV� UDWLR� RI� WKH� WRWDO� HQHUJ\� RI� WKHOXPLQHVFHQFH� SKRWRQV� WR� WKH� HQHUJ\� VSHQWIRU� WKHLU� H[FLWDWLRQ�� LV� WKH�PRVW� LPSRUWDQWDQG� XQLYHUVDO� FKDUDFWHULVWLF� RI�;�UD\� OXPL �QRSKRUHV�DQG�VFLQWLOODWLRQ�PDWHULDOV��'LUHFWPHWKRGV�RI�PHDVXULQJ�WKH�DEVRUEHG�GRVH� LQWKH� FXUUHQW�PHDVXUHPHQW�PRGH� �FRQYHUVLRQHIILFLHQF\� �ηFRQY��� LQFOXGH� HDUO\� ZRUNV� RQGHWHUPLQDWLRQ� RI� WKH� DEVROXWH� HQHUJ\� \LHOGE\� PHDQV� RI� FKHPLFDO� DFWLQRPHWU\� >�@�� ,QSUDFWLFH�� PDQ\� VFLQWLOODWRUV� RSHUDWH� LQ� WKHVSHFWURPHWULF��SXOVH��PRGH��WKHUHIRUH��VSHF �WURPHWULF�PHWKRGV�IRU�GHWHUPLQDWLRQ�RI�WKHDEVROXWH� HQHUJ\� \LHOG�� VFLQWLOODWLRQ� HIIL �FLHQF\� �ηVFLQW��� DUH�ZLGHO\�XVHG�� EDVHG�XSRQFDOLEUDWLRQ�RI� WKH� VSHFWURPHWULF� FLUFXLW�DQGGHILQHG� HLWKHU� E\� WKH� RQH�HOHFWURQ� 307OHYHO� RU� E\� QXPEHU� RI� HOHFWURQV� WKDW� DUHJHQHUDWHG�LQ�D�VLOLFRQ�GHWHFWRU�>�Ü�@��,Q�WKLV�ZRUN��ZH�GHWHUPLQHG�DEVROXWH�YDO �XHV�RI�WKH�OLJKW�RXWSXW�RI�VFLQWLOODWLRQ�FU\V �WDOV� XQGHU� ;�UD\� H[FLWDWLRQ� LQ� WKH� FXUUHQWPHDVXUHPHQW�PRGH��$OO� SRVVLEOH� IDFWRUV�DI �IHFWLQJ� WKH� WUXH� YDOXH� RI� WKH� VFLQWLOODWRUOLJKW�RXWSXW�ZHUH� LQWHQGHG� WR�EH�DFFRXQWHGIRU�� $V� UHIHUHQFH�� D� VDPSOH� ZLWK� NQRZQOLJKW�RXWSXW�YDOXH�ZDV�XVHG��6XFK�PHDVXUH �PHQW� SURFHGXUH� DOORZV� DFFRXQWLQJ� IRU� FRQ �WULEXWLRQV�IURP�ERWK�IDVW�DQG�VORZ�OXPLQHV �FHQFH� FRPSRQHQWV� DQG� LV� WKH�PRVW� FORVH� WRWKH�UHDO�RSHUDWLRQ�FRQGLWLRQV�RI�VFLQWLOODWRUVLQ�LQWURVFRSLF�V\VWHPV�,Q�WKLV�FDVH��WKH�OLJKW�\LHOG�YDOXH�VKRXOGEH�GHVFULEHG�E\�WKH�IROORZLQJ�H[SUHVVLRQ����
η = ,O�R� ⁄ NVP ⋅ NOF ⋅ NDEV�� ���ZKHUH� ,O�R� LV� OLJKW� RXWSXW�� NVP LV� VSHFWUDOPDWFKLQJ�FRHIILFLHQW�EHWZHHQ�VFLQWLOODWRU�UD �GLDWLRQ� DQG� SKRWRUHFHLYHU� VHQVLWLYLW\�� NOF LVOLJKW�FROOHFWLRQ�FRHIILFLHQW�RI�WKH�VFLQWLOODWRUVDPSOH�� NDEV LV� FRHIILFLHQW� RI�;�UD\� DEVRUS�WLRQ�LQ�WKH�VXEVWDQFH��
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7KXV�� WKH� SUREOHP� RI� GHWHUPLQDWLRQ� RIWKH� DEVROXWH� YDOXH� RI� WKH� OLJKW� RXWSXW� RIVFLQWLOODWRUV� LV� UHGXFHG� WR�PHDVXULQJ� η DQGFDOFXODWLQJ�WKH�FRHIILFLHQWV�LQ�������7KH�VDPSOHV�ZHUH�SODFHG�GLUHFWO\�EHWZHHQWKH� ;�UD\� WXEH� FDWKRGH� DQG� WKH� SKRWRUH �FHLYHU�� ZLWKRXW� DGGLWLRQDO� RSWLFDO� FRQWDFWEHWZHHQ� WKH� VDPSOH� DQG� SKRWRUHFHLYHU�� DQGUHIOHFWLQJ� FRDWLQJV� RI� WKH� SDVVLYH� VXUIDFHVRI� WKH� VDPSOH�� 7KH� OLJKW� RXWSXW� ,O�R� YDOXHZDV�GHWHUPLQHG�DV�UDWLR�RI�WKH�UHFRUGHG�HQ �HUJ\� IOX[� RI� VRODU� UDGLDWLRQ� WR� WKH� IDOOLQJIOX[�RI�WKH�;�UD\�HQHUJ\��6SHFWUDO� PDWFKLQJ� FRHIILFLHQW� ZDV� GHWHU �PLQHG�DVNVP = ∫ ,(λ)6(λ)G(λ) ⁄ ∫ ,(λ)G(λ)�� ���
ZKHUH�,�λ��LV�WKH�VSHFWUDO�GLVWULEXWLRQ�RI�WKHVFLQWLOODWRU� HPLVVLRQ�� 6�λ�� LV� VSHFWUDO� VHQVL�WLYLW\�RI�WKH�SKRWRUHFHLYHU�&DOFXODWLRQV� RI� NOF IRU� VDPSOH� VFLQWLOOD�WRUV�ZHUH� FDUULHG� RXW� XVLQJ� WKH� FDOFXODWLRQDOJRULWKP�� ZKLFK� XVHV� WKH� 0RQWH�&DUORPHWKRG�IRU�VROXWLRQ�RI�WKH�SUREOHP�RI�OLJKWFROOHFWLRQ� LQ�WKH�VFLQWLOODWRU�YROXPH� >�@��$VLQLWLDO� GDWD� IRU� FDOFXODWLRQV�� ZH� XVHG� WKHJHRPHWU\�DQG�VL]H�RI�WKH�VDPSOHV��GHJUHH�RIWKH� VXUIDFH� WUHDWPHQW�� DEVRUSWLRQ� FRHIIL �FLHQW� RI� WKH� PDWHULDO� α�� UHIUDFWLRQ� FRHIIL�FLHQW��DFFRXQW�IRU�WKH�ERXQGDU\�EHWZHHQ�WKHVDPSOH� DQG� WKH� SKRWRUHFHLYHU� ZDV� DOVRPDGH��6FLQWLOODWLRQV� LQVLGH� WKH� VDPSOH�ZHUHFRQVLGHUHG�DV�VXUIDFH�DGMDFHQW��DV�WKH�SHQH �WUDWLRQ� GHSWK� RI� ;�UD\� UDGLDWLRQ� RI� HQHUJ\p[ ≈ ��� NH9� LV� VXEVWDQWLDOO\� OHVV� WKDQ� WKHVDPSOH�WKLFNQHVV��7KHUHIRUH�� NDEV ZDV�WDNHQDV�XQLW\�,Q� 7DEOH���� YDOXHV� RI� FRHIILFLHQWV� NVP�NOF�� NDEV DUH� SUHVHQWHG�� DV� ZHOO� DV� H[SHUL �

PHQWDO�GDWD� RQ�YDOXHV�RI� ,O�R� DQG� WKH�DEVR�OXWH�OLJKW�\LHOG�YDOXHV�REWDLQHG�XVLQJ�����(QHUJ\� GHSHQGHQFH� RI� ;�UD\� OXPLQHV�FHQFH� OLJKW� RXWSXW� /RZ�HQHUJ\� VHQVLWLYLW\OLPLW� KDV� EHHQ� GHWHUPLQHG� IRU� GLIIHUHQWVFLQWLOODWRUV�� )LJ���� VKRZV� ;�UD\� OXPLQHV �FHQFH� OLJKW� RXWSXW� DV� IXQFWLRQ� RI� HQHUJ\FRUUHVSRQGLQJ� WR� WKH� ;�UD\� WXEH� YROWDJHIURP���WR����N9��)LJ���� VKRZV� OLJKW� RXWSXW� ,[ YDOXHV� RIFU\VWDOV� =Q6H�,9'��� &V,�7O� DV� IXQFWLRQ� RIWKH�;�UD\�VRXUFH�DQRGH�YROWDJH�IRU�VDPSOHVRI�WKLFNQHVV�����PP�DQG�����PP�LQ�WKH�HQ �HUJ\� UDQJH� FRUUHVSRQGLQJ� WR� ;�UD\� WXEHYROWDJHV�IURP����WR�����N9���$QDO\VLV�RI�GHSHQGHQFHV�RI�WKH�OLJKW�RXW �SXW�YDOXHV�XSRQ�WKH�;�UD\�H[FLWDWLRQ�HQHUJ\�)LJ���Ü���KDYH�VKRZQ�WKDW��D��DOO�VFLQWLOODWRUV�DUH�FKDUDFWHUL]HG�E\�DVKDUS� VHQVLWLYLW\� ULVH� �XS� WR� �Ü�� RUGHUV� RIPDJQLWXGH��LQ�WKH�HQHUJ\�UDQJH�FRUUHVSRQG �LQJ�WR�;�UD\�WXEH�YROWDJHV�IURP���WR����N9�

7DEOH����&DOFXODWHG�YDOXHV�RI�FRHIILFLHQWV�NVP��NOF��NDEV��H[SHULPHQWDO�GDWD�RI�WKH�OLJKW�RXWSXW�,O�R��DQG�DEVROXWH�OLJKW�\LHOG�η YDOXHV�IRU�VFLQWLOODWRU�VDPSOHV
6FLQWLOODWRUFU\VWDO NVP NOF NDEV ,O�R� ηFDOFXODWHG�IURP���� ZLWK�UHVSHFW�WR&V,�7O� SK�PH9

&V,�7O� ���� ����� � �������±������� ������±������ ��� �����=Q6H�2� ���� ����� � �������±������� ������±������ �����±���� �����±����=Q6H�7H� ���� ����� � �������±������� ������±������� �����±���� �����±����=Q6H�&G� ���� ����� � �������±������� ������±������ �����±���� �����±����&:2 ���� ���� � �������±������� ������±������ �����±���� �����±����*62 ���� ���� � �������±������� ������±������ �����±���� ����±���$O�2��7L� ��� ���� � �������±������� ������±������ �����±���� ����±���

)LJ����� ;�UD\� OXPLQHVFHQFH� OLJKW� RXWSXW� ,[ DVIXQFWLRQ�RI�WKH�;�UD\�VRXUFH�DQRGH�YROWDJH�IRUGLIIHUHQW�VFLQWLOODWRUV�RI�WKLFNQHVV�����PP�

9�5\]KLNRY�HW�DO����(QHUJ\�FKDUDFWHULVWLFV����

��� )XQFWLRQDO�PDWHULDOV�������������



ZLWK�VXEVHTXHQW�PRQRWRQRXV�LQFUHDVH�RI�WKHOLJKW�RXWSXW�ZLWK�LQFUHDVLQJ�HQHUJ\�E�� IRU� VFLQWLOODWRUV� RI� ���� PP� WKLFNQHVV�WKH� OLJKW� RXWSXW� LV� KLJKHU� ZKHQ� D� JULQGHGRXWSXW� ZLQGRZ� LV� XVHG�� 7KH� XVH� RI� 7$9(.UHIOHFWLYH�FRDWLQJ�LQFUHDVHV� ,[ E\���Ü������F��PD[LPXP� YDOXHV� RI� ,[ LQ� WKH� ORZ�HQ�HUJ\�UDQJH� �XS� WR���Ü���NH9��DUH�REVHUYHGIRU� =Q6H�,9'�� VFLQWLOODWRUV�� ZKLFK� LV� LQ� DQDJUHHPHQW� ZLWK� WKH� DERYH� UHVXOWV� RQ� WKHDEVROXWH�OLJKW�\LHOG�G��XSRQ�WKLFNQHVV�FKDQJHV�RI�&V,�7O� VFLQ�WLOODWRUV� IURP� ����PP� WR� ����PP� DW� VPDOOHQHUJLHV� RI�;�UD\� UDGLDWLRQ� �YROWDJH� RQ� WKHWXEH�XS�WR�����N9��� OLJKW�RXWSXW�YDOXHV�UH �PDLQ�XQFKDQJHG��:LWK� =Q6H�,9'�� VFLQWLOOD�WRUV�� VXFK� FKDQJHV� DUH� REVHUYHG�� ZKLFK� LVUHODWHG�WR�VXEVWDQWLDO�DEVRUSWLRQ�RI�LQWULQVLFUDGLDWLRQ�LQ�WKH�FU\VWDO�YROXPH��7KH�DEVRUS �WLRQ� RI� LQWULQVLF� UDGLDWLRQ�� LQ� FRPELQDWLRQZLWK� ORZ� YDOXHV� RI� WKH� HIIHFWLYH� DWRPLFQXPEHU� =HII RI� =Q6H�,9'��� LV� DOVR� WKH� UHD�VRQ�ZK\�WKH� OLJKW�RXWSXW�DW�HQHUJLHV�DERYH��� NH9� EHFRPHV� ORZHU� WKDQ� WKH� YDOXHV� IRU&V,�7O� �)LJ������(IIHFW�RI�VXEVWDQWLDO�LQWULQVLF�DEVRUSWLRQLQ�=Q6H�,9'��VFLQWLOODWRUV�DUH�FRQILUPHG�E\WKH� GHSHQGHQFHV� RI� WKH� UHODWLYH� OLJKW� \LHOGXSRQ�WKLFNQHVV�RI�=Q6H�,9'��VFLQWLOODWRUV�DWGLIIHUHQW�;�UD\�H[FLWDWLRQ�HQHUJLHV��)LJ�����,W� FDQ� EH� VHHQ� IURP�)LJ���� WKDW� DW� HQHU �JLHV� EHORZ� ��� NH9� WKH� XVH� RI� =Q6H�,9'�VFLQWLOODWLRQ� FU\VWDOV� RI� WKLFNQHVV� KLJKHUWKDQ� �Ü�� PP� LV� QRW� UHDVRQDEOH� EHFDXVH� RIVWURQJ�DEVRUSWLRQ�RI�WKH�LQWULQVLF�RSWLFDO�UD �GLDWLRQ�Û�α  ����Ü����°äÜ���ZKLFK�OHDGV�WRD� IDOO� LQ� GHWHFWRU� VHQVLWLYLW\�� $QRWKHU� SD �UDPHWHU� WKDW� LV� GLVDGYDQWDJHRXV� ZLWK=Q6H�,9'��FU\VWDOV�DW�KLJK�HQHUJLHV�LV�WKHLU

KLJK� UHIUDFWLYLW\� FRHIILFLHQW� �Q  �������7KLV� OHDGV� WR� VXEVWDQWLDO� OLJKW� ORVVHV� EH �FDXVH�RI�ORZ�Q YDOXH�����Ü�����RI�WKH�RSWLFDOFRQWDFW� EHWZHHQ� WKH� VFLQWLOODWRU� DQG� WKHSKRWRUHFHLYHU� �WKH� RSWLPXP�YDOXH�ZRXOG�EHQRSW� ≈ ������DV�ZHOO�DV�EHFDXVH�RI�KLJK�IUDF �WLRQ�RI�WKH��FDSWXUHG��OLJKW�LQVLGH�VFLQWLOOD �WRUV�RI��UHJXODU��IRUPV��SDUDOOHOHSLSHG��F\O �LQGHU��HWF���'HSHQGHQFH� RI� WKH� OLJKW� RXWSXW� YDOXHVXSRQ�WKH�VFLQWLOODWRU�VKDSH� 2QH�RI�WKH�ZD\VWR� LPSURYH� VHQVLWLYLW\� RI� �VFLQWLOODWRU�SKR �WRGLRGH��GHWHFWRUV� LV� WKH�XVH� RI� VFLQWLOODWRUHOHPHQW� VKDSHV� WKDW� HQVXUH� RSWLPXP� OLJKWFROOHFWLRQ�FRQGLWLRQV��)RU� WKLV�SXUSRVH�� FDO �FXODWLRQV�KDYH�EHHQ�FDUULHG�RXW�RI�WKH�OLJKWFROOHFWLRQ�FRHIILFLHQW� τ IRU�GLIIHUHQW�VFLQWLO�ODWRU�VKDSHV��$V�D�VSHFLILF�H[DPSOH��ZH�XVHG=Q6H�,9'��� 7KH� YDOXH� RI� τ �WKH� IUDFWLRQ� RIOLJKW� WKDW� SDVVHG� WKURXJK� WKH� RXWSXW� ZLQ �GRZ� RI� WKH� VFLQWLOODWRU�� ZDV� GHWHUPLQHG� E\0RQWH�&DUOR� FDOFXODWLRQV�� 7KH� FDOFXODWLRQDOJRULWKP�DFFRXQWHG� IRU� WKH� VDPSOH�JHRPH �WU\�� DEVRUSWLRQ� LQ� WKH� VFLQWLOODWRU� PDWHULDO�α  ����Ü����FPÜ���� UHIUDFWLRQ� FRHIILFLHQW�Q  ��������WKH�OLJKW�VFDWWHULQJ�LQGLFDWUL[�DWWKH� FU\VWDO� Û� UHIOHFWLYH� FRDWLQJ� ERXQGDU\�DV�ZHOO�DV�D�QXPEHU�RWKHU�SDUDPHWHUV��'LI �IHUHQW�VKDSHV�RI�=Q6H�7H� VFLQWLOODWRUV�ZHUHFRQVLGHUHG�� VXFK� DV� SRO\KHGURQV� Û� SDUDO �OHOHSLSHG��SDUDOOHOHSLSHG�ZLWK�D�URXQGHG�ULE�DV� ZHOO� DV� WHWUDKHGUDO� S\UDPLG�� WUL�� DQGKH[DKHGUDO� SULVPV�� KHPLVSKHUHV�� 9DOXHV� RI
τ IRU� VFLQWLOODWLRQ� HOHPHQWV� ZLWK� DQ� RXWSXWZLQGRZ�FRUUHVSRQGLQJ� WR� WKH� VHQVLWLYH� DUHDRI�D�VLOLFRQ�SKRWRGLRGH��6  ���FP���DUH�SUH�VHQWHG�LQ�7DEOH���

)LJ����� 5HODWLYH� OLJKW� \LHOG� 6 DV� IXQFWLRQ� RI=Q6H�,9'��VFLQWLOODWRU� WKLFNQHVV�XQGHU�;�UD\H[FLWDWLRQ��� Û�8  ����N9��� Û�8  ����N9�� Û�8  �����N9�
)LJ�����/LJKW�RXWSXW�,[ RI�FU\VWDOV�=Q6H�,9'��&V,�7O� DV�IXQFWLRQ�RI�WKH�;�UD\�VRXUFH�DQRGHYROWDJH�DQG�VDPSOH�WKLFNQHVV�G�
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,W� FDQ�EH� VHHQ� IURP� WKH�7DEOH� WKDW�YDUL �DWLRQ� RI� WKH� VFLQWLOODWRU� VKDSH� FDQ� OHDG� WRQRWLFHDEOH� �XS� WR� �� WLPHV�� LQ� WKH� OLJKW� FRO �OHFWLRQ� FRHIILFLHQW� YDOXH�� 7KH� ORZHVW� τ YDO�XHV� DUH� REVHUYHG� IRU� VFLQWLOODWRUV� RI� �FRU �UHFW�� IRUPV� �SDUDOOHOHSLSHG�� F\OLQGHU�SULVPV�� S\UDPLG� ZLWK� D� ��� YHUWH[� DQJOH�DQJXODU�UHIOHFWRU����ZKLFK�FDQ�EH�H[SODLQHGE\� ODUJH� IUDFWLRQV� RI� OLJKW� FDSWXUHG� LQVLGHWKH� YROXPH�� ,Q� WKH� FDVH� RI� D� WHWUDKHGUDOS\UDPLG�ZLWK�D���� DQJOH�DW�WKH�YHUWH[�DQGD�KHPLVSKHUH��HIIHFWLYH��PL[LQJ��RI�OLJKW�LQWKH�VSDFH�RI�DQJOHV��ZKLFK�IDYRUV�JRRG�RXW �SXW�RI�OLJKW�IURP�WKH�FU\VWDO��,Q� WKH�JHQHUDO� FDVH�� WKHVH�UHVXOWV� FDQ�EHH[SODLQHG�E\�D� WKHRUHWLFDO�PRGHO��DFFRUGLQJWR�ZKLFK� OLJKW� SURSDJDWLRQ� LQVLGH� D� FU\VWDOFDQ� EH� GHVFULEHG� E\� WKH� PDWKHPDWLFDO� ELO �OLDUG� WKHRU\� >�@�� $FFRUGLQJ� WR� WKLV� PRGHO�RSWLPL]DWLRQ�RI�WKH�OLJKW�RXWSXW�FDQ�EH�UHDO �L]HG� E\� ILQGLQJ� VXFK� D� JHRPHWU\� IRU� WKHVFLQWLOODWRU� WKDW� ZRXOG� HQVXUH� D� FURVV�RYHUIURP�WKH�UHJXODU�G\QDPLFV�RI�OLJKW�SURSDJD �WLRQ� LQ�WKH�VFLQWLOODWRU�YROXPH�WR�QRQ�UHJX �ODU�VWRFKDVWLF�PL[LQJ��([SHULPHQWDO� DUJXPHQWV� LQ� VXSSRUW� RIWKLV�PRGHO�KDYH�EHHQ�IRXQG��6SHFLILFDOO\��LWKDV� EHHQ� VKRZQ� WKDW� URXQGLQJ� RI� YHUWH[HVDQG�ULEV�RI�=Q6H�7H� DQG�&V,�7O� VFLQWLOODWRUFU\VWDOV� RI� UHFWDQJXODU� DQG� F\OLQGULFDO� VKDSH�L�H���SDVVLQJ�IURP�WKH�UHJXODU�OLJKW�SURSDJD �WLRQ� G\QDPLFV� WR� WKH� FKDRWLF� FDVH�� OHDGV� WRLQFUHDVHV�LQ�WKH�OLJKW�RXWSXW�XS�WR�������7KH� REWDLQHG� HQHUJ\� FKDUDFWHULVWLFV� LQFRPELQDWLRQ�ZLWK�RWKHU�VFLQWLOODWLRQ�FKDUDF �WHULVWLFV� RI� WKH� PDWHULDOV� VWXGLHG� KDYH

VKRZQ� WKDW�� IRU� DSSOLFDWLRQ� LQ� GHWHFWRUV� RI;�UD\�LQWURVFRSHV�DQG�WRPRJUDSKV��WKH�PRVWSUHIHUDEOH� FU\VWDOV� DUH� &V,�7O��� &:2 Ò=Q6H�,9'��� 'XH� WR� WKHLU� KLJK� OLJKW� RXWSXWYDOXHV� DQG� ORZ� HIIHFWLYH� DWRPLF� QXPEHU=HII�� =Q6H�,9'�� FU\VWDOV� DUH� WKH�PRVW� VXLW�DEOH� DQG�SURPLVLQJ�IRU� WKH� ORZ�HQHUJ\� VXE �V\VWHP� RI� ;5,6� GHWHFWRUV�� $FFRXQWLQJ� IRUWKH�KLJK�DEVRUSWLRQ�OHYHO�RI�LQWULQVLF�UDGLD �WLRQ��α ≈ ����÷ ����°PÜ����ZKLFK�FDXVHV�KLJKORVVHV� RI� OLJKW� DW� KLJKHU� FU\VWDO� WKLFNQHVV�RSWLPXP� FRQGLWLRQV� DQG� VKDSHV� KDYH� EHHQGHWHUPLQHG� IRU� =Q6H�,9'�� FU\VWDOV�� HQVXU�LQJ�RSWLPXP�FRQGLWLRQV�IRU�HIILFLHQW�VFLQWLO �ODWLRQ�WUDQVIRUPDWLRQ�LQ�WKH�FU\VWDO�$FNQRZOHGJPHQWV�� 7KLV� ZRUN� KDV� EHHQFDUULHG� RXW�ZLWK� VXSSRUW� XQGHU� &5')�3UR �MHFW� 8(�������..���� DQG� 1DWLRQDO� $FDG �HP\�RI�6FLHQFHV�RI�8NUDLQH��5HIHUHQFHV���/�9�$WURVKFKHQNR��6�)�%XUDFKDV��/�3�*DO�FKL�QHWVNLL�HW�DO���6FLQWLOODWRU�&U\VWDOV�DQG�5DGLD�WLRQ�'HWHFWRUV� RQ� WKHLU� %DVH��.LHY��1DXNRYD'XPND��������>LQ�5XVVLDQ@����9�9�0DW\XVKNRY�� *�$�0LNKDO�FKHQNR�� 6LQJOH&U\VWDOV�� 6FLQWLOODWRUV� DQG� 2UJDQLF� /XPLQR�SKRU\��Y����.KDUNRY���������>LQ�5XVVLDQ@����-�+ROO�� (�/RUHQV�� *�0DJHUDV�� ,(((� 7UDQV�1XFO��6FL���������������������(�6DNDM�� ,(((� 7UDQV��1XFO��6FL��� ���� �������������9�*DYULO\LN�� (�9LQRJUDG�� %�*ULQ\RY�� 9�*RUL�OHWVN\��)XQFWLRQDO�0DWHULDOV��������������������6�1D\GHQRY��9�<DQRYVN\�� )XQFWLRQDO�0DWHUL�DOV����������������

7DEOH� ��� &DOFXODWHG� YDOXHV� RI� OLJKW� FROOHFWLRQ� FRHIILFLHQW� IRU� VFLQWLOODWRU� HOHPHQWV� RI� GLIIHUHQWVKDSHV�ZLWK�RXWSXW�ZLQGRZ�DUHD�6  ���FP� �0RQWH�&DUOR�PHWKRG�6FLQWLOODWRU�VKDSH /LJKW�FROOHFWLRQ�FRHIILFLHQW�� τ6FLQWLOODWLRQV�XQLIRUPO\GLVWULEXWHG�RYHU�WKH�YROXPH 6FLQWLOODWLRQV�FRQILQHG�WR�WKHVXUIDFH�DGMDFHQW�OD\HU3DUDOOHOHSLSHG��FXEH� ����� �����3DUDOOHOHSLSHG�ZLWK�URXQGLQJ ����� �����3\UDPLG����� ���� �����3\UDPLG����� ���� ����+HPLVSKHUH ����� �����7ULKHGUDO�SULVP��YDULDQW��� ����� �����+H[DKHGUDO�SULVP��YDULDQW��� ����� �����7ULKHGUDO�SULVP��YDULDQW��� ����� �����+H[DKHGUDO�SULVP��YDULDQW��� ����� �����
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