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5HFHLYHG�2FWREHU���������
7KH� SDSHU� LV� GHYRWHG� WR� VWXGLHV� RI� VFLQWLOODWLRQ� HIILFLHQF\� RI� *G�DFWLYDWHG� SODVWLF

VFLQWLOODWRUV�� ,W� LV� VKRZQ� WKDW�GXULQJ�SRO\PHUL]DWLRQ� RI�*G�ORDGHG�SODVWLF�� WKH� TXHQFKLQJ
FRORULQJ� FHQWHUV� DUH� IRUPHG�� SUHYHQWLQJ� WKH� HQHUJ\� WUDQVIHU� IURP� WKH� SULPDU\� WR� WKH
VHFRQGDU\� OXPLQHVFHQW� DGGLWLYH�� ZKLFK� FRXOG� GHFUHDVH� WKH� VFLQWLOODWRU� OLJKW� \LHOG�� 7R
ZHDNHQ�WKH�TXHQFKLQJ�HIIHFW�RI�FRORULQJ�FHQWHUV��LW�LV�SURSRVHG�WR�XVH�DQ�DX[LOLDU\�DGGLWLYH
IRU�SODVWLF�VFLQWLOODWRUV�WKDW�DEVRUEV� LQ�WKH�DEVRUSWLRQ�UHJLRQ�RI�WKH�SULPDU\� OXPLQHVFHQW
DGGLWLYH� DQG� HPLWV� LQ� WKH� HPLVVLRQ� UHJLRQ� RI� WKH� VHFRQGDU\� OXPLQHVFHQW� DGGLWLYH��8VLQJ
VXFK�DQ�DGGLWLYH�HQDEOHV�WR�LQFUHDVH�WKH�*G�FRQWHQW�LQ�VFLQWLOODWRU�XS�WR������7KH�REWDLQHG
VFLQWLOODWRU�VKRZHG�OLJKW�\LHOG�RI������ZLWK�UHVSHFW�WR�WKH�VFLQWLOODWRU�RI�VWDQGDUG�FRQWHQW�
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���,QWURGXFWLRQ
/LTXLG� VFLQWLOODWRUV� ZLWK� JDGROLQLXP� DG�

GLWLYHV�DUH�ZLGHO\�XVHG�LQ�KLJK�HQHUJ\�SK\V�
LFV��%HFDXVH�RI�H[WUHPHO\�KLJK�QHXWURQ�FDS�
WXUH� FURVV�VHFWLRQ� RI� JDGROLQLXP�� WKLV� HOH�
PHQW� LV� YHU\� HIILFLHQW� IRU� QHXWURQ� DQG
QHXWULQR�GHWHFWLRQ��,W� LV�REYLRXV�WKDW�GHWHF�
WLRQ� HIILFLHQF\� LV� LQFUHDVLQJ� QRW� RQO\� ZLWK
ODUJHU� FURVV�VHFWLRQ�� EXW� DOVR� ZLWK� KLJKHU
*G�FRQFHQWUDWLRQ�LQ�WKH�VFLQWLOODWRU��8VXDOO\
*G�FRQWDLQLQJ� VXEVWDQFHV� DUH� LQVHUWHG� LQ� D
OLTXLG�PHGLXP��IRUPLQJ��IRU�H[DPSOH��OLTXLG
VFLQWLOODWRUV��%XW�WKH�SUDFWLFDO�XVH�RI�OLTXLG
VFLQWLOODWRUV� LV�UHODWHG�WR�PDQ\�SUREOHPV�RI

OLJKW� FROOHFWLRQ�� OHDN�SURRI� GHVLJQ�� ILUH
VDIHW\�DQG�ORQJ�WLPH�VWDELOLW\�RI�WKH�GHWHFW�
LQJ� GHYLFHV�� &KDQJLQJ� WKH� EDVH� RI� D� OLTXLG
VFLQWLOODWRU�WR�D�VROLG�RU�SODVWLF�FDQ�EH�D�ZD\
RI�VROYLQJ�WKHVH�SUREOHPV�

%XW� FUHDWLQJ� SODVWLF� VFLQWLOODWRUV� �36�
ZLWK� KLJK� OHYHO� RI� QHXWURQ� GHWHFWLRQ� HIIL�
FLHQF\� DQG�KLJK�VFLQWLOODWLRQ�HIILFLHQF\� LV�D
GLIILFXOW� DQG� FRQWUDGLFWRU\� WDVN�� ,QGHHG�� WR
DFKLHYH� KLJK� GHWHFWLRQ� HIILFLHQF\�� *G� FRQ�
FHQWUDWLRQ� LV� WR� EH� LQFUHDVHG�� ZKLFK� ZRXOG
OHDG� WR�D� VLJQLILFDQW�GHFUHDVH� LQ�36�VFLQWLO�
ODWLRQ�HIILFLHQF\��$V�LW�ZLOO�EH�VKRZQ�EHORZ�
WKH� PDLQ� UHDVRQ� RI� VFLQWLOODWLRQ� HIILFLHQF\
GHJUDGDWLRQ� LV�WKH�DEVRUSWLRQ�EDQG�WKDW�H[�
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LVWV� LQ�*G�ORDGHG� 36� DQG� LV� ORFDWHG� LQ� WKH
DEVRUSWLRQ� UHJLRQ� RI� WKH� SULPDU\� OXPLQHV�
FHQW� DGGLWLYH� �/$���� 7KLV� DEVRUSWLRQ� SUH�
YHQWV� UDGLDWLRQ� WUDQVIHU� RI� H[FLWDWLRQ� HQ�
HUJ\�IURP�WKH�SULPDU\�WR�WKH�VHFRQGDU\�OX�
PLQHVFHQW� DGGLWLYH� �/$���� 0RUHRYHU�� WR
LPSURYH� WKH� UHJLVWUDWLRQ� HIILFLHQF\�� LW� LV
QHFHVVDU\� WR� LQFUHDVH� *G� FRQFHQWUDWLRQ� LQ
WKH�VFLQWLOODWRU��ZKLFK�LV�GLIILFXOW�WR�UHDOL]H
EHFDXVH� RI� SRRU� VROXELOLW\� RI� PRVW�*G�FRQ�
WDLQLQJ� VXEVWDQFHV� LQ� DURPDWLF� SRO\PHUV�
7KHUH� DUH� RQO\� IHZ� UHSRUWV� DERXW� FRQWHQW
DQG� SURSHUWLHV� RI� *G�ORDGHG� 36� >�Ü�@�� ,Q
WKHVH� SDSHUV� YDULRXV� FRPSRXQGV� RI�*G� DUH
SUHVHQWHG�WKDW�DUH�LQVHUWHG�LQ�D�VWDQGDUG�36
�SRO\PHU�PDWUL[� DQG� WZR� OXPLQHVFHQW� DGGL�
WLYHV��� 'HVFULEHG� 36� FRQWDLQ� XS� WR� �� ZW��
RI�*G�DQG��GXH�WR�DERYH�UHDVRQV��KDYH�PDUN�
HGO\�ORZ�VFLQWLOODWLQJ�HIILFLHQF\��,W� LV�SRVVL�
EOH�WR�LQVHUW�*G�LQ�D�SRO\PHU�PDWUL[�LQ�WKH
IRUP� RI� RUJDQLF� RU� LQRUJDQLF� FRPSRXQGV�
7KH�XVH�RI�LQRUJDQLF�VDOWV��H�J���JDGROLQLXP
FKORULGHV� RU� QLWUDWHV�� LV� UHVWULFWHG� E\� WKHLU
SRRU� VROXELOLW\� LQ� RUJDQLF�PHGLD�� 7KHUHIRUH
IRU�WKHLU�XVLQJ� LW� LV�QHFHVVDU\�WR�DGG�HPXO�
VLI\LQJ� DJHQWV� RU� VXUIDFWDQWV�� ZKLFK� KDYH
K\GURSKLOLF� DQG� K\GURSKRELF� JURXSV� LQ� D
SRO\PHU� FRPSRVLWLRQ�� 0RUHRYHU�� WKH� PDLQ
FKDUDFWHULVWLFV� RI� VFLQWLOODWRUV� EDVHG� RQ� QL�
WUDWHV� RI� PHWDOV� DUH� XVXDOO\� XQVWDEOH� >�@�
7KH�FRPSOH[HV�ZLWK�EHWD�GLNHWRQHV�DQG�FDU�
ER[\ODWHV�RI�JDGROLQLXP�DUH�RIWHQ�XVHG�DV�WKH
RUJDQLF� FRPSRXQGV� >����@�� $OO� JDGROLQLXP
FRPSOH[HV� H[FHSW� FDUER[\ODWHV� KDYH� GLV�
WLQFWO\� H[SUHVVHG� \HOORZ� FRORU� WKDW� PDNHV
WKH� XVH� RI� FDUER[\ODWHV� PRUH� SURPLVLQJ�
0RUHRYHU��WKH�VDOWV�RI�FDUER[\OLF�DFLGV�KDYH
KLJKHU�VWDELOLW\�DQG�EHWWHU�VROXELOLW\�LQ�DUR�
PDWLF� SRO\PHUV�� 7KH� DGYDQWDJH� RI� FDUER[�
\OLF� DFLGV� LV� WKDW� WKH\� DUH� VDOW�IRUPLQJ
DJHQWV�� ZKLFK� SUDFWLFDOO\� H[FOXGHV� WKH� LQ�
JUHVV�RI�IRUHLJQ�DQLRQV��&O±��12�±�HWF���LQWRWKH� RUJDQLF� SKDVH� FDXVLQJ� DQ� DEUXSW� GH�
FUHDVH�LQ�WKH�VFLQWLOODWRU�OLJKW�\LHOG�

%DVLQJ�RQ�DERYH�DGYDQWDJHV�RI�FDUER[\OLF
DFLGV��ZH�GHFLGHG�WR�XVH�D�JDGROLQLXP�GHULYD�
WLYH� RI� K\GUR[\FLQQDPLF� DFLG�Û� JDGROLQLXP
SKHQ\OSURSLRQDW��*G�2&2�&+���&�+������+�2�DV� *G�ORDGHG� VXEVWDQFH�� 7KLV� VDOW�� ZKLFK
ZDV�V\QWKHVL]HG�LQ�RXU�ODERUDWRU\��KDV�ERWK
DOLSKDWLF�DQG�DURPDWLF�IUDJPHQWV�LQ�LWV�DFLG
UHVLGXDO�� ZKLFK� LPSURYHV� LWV� VROXELOLW\� LQ
DURPDWLF�SRO\PHUV��:H�XVHG�SRO\VW\UHQH� DV
D�36�EDVH��$FFRUGLQJ�WR�SUHYLRXV�UHVXOWV�ZH
VDZ�QR�QHHG� WR�XVH�36�ZLWK� D� FRQYHQWLRQDO
WKUHH�FRPSRQHQW� FRPSRVLWLRQ� �DURPDWLF
EDVH�� DFWLYDWRU� �/$���� DQG� ZDYHOHQJWK
VKLIWHU��/$���>�@��7KH�UHVXOWV�REWDLQHG�LQ�>��
�@� DQG� FRQILUPHG� LQ� WKH� SUHVHQW� ZRUN

VKRZHG�WKDW�WKH�UDGLDWLYH�PHFKDQLVP�RI�H[�
FLWDWLRQ�HQHUJ\�WUDQVIHU�IURP�/$��WR�/$��LV
VXSSUHVVHG�WR�D�ODUJH�H[WHQW�LQ�WKH�SUHVHQFH
RI�*G�FRQWDLQLQJ� VXEVWDQFHV�� 7KHUHIRUH�� LQ�
VWHDG� RI� WKH� ZDYH�OHQJWK� VKLIWHU�� ZH� KDYH
XVHG� D� OXPLQHVFHQW� DGGLWLYH� ����GLPHWK\O�
�����GLSKHQ\ODQWKUDFHQH� �'0'3$��� ZKLFK
DEVRUEV� LQ� D� /$�� OXPLQHVFHQFH� UHJLRQ� DQG
HPLWV� LQ� D� /$�� HPLVVLRQ� UHJLRQ�� ,Q� VXFK� D
ZD\�WKH�QRQ�UDGLDWLYH�WUDQVIHU�RI�H[FLWDWLRQ
IURP�WKH�36�PDWUL[�LV�UHDOL]HG�QRW�DIIHFWHG
E\�WKH�SUHVHQFH�RI�D�*G�FRQWDLQLQJ�FRPSOH[�

���([SHULPHQWDO�
$V�UDZ�PDWHULDOV��ZH�XVHG�JDGROLQLXP�R[LGH

������������SKHQ\OSURSLRQLF��K\GUR[\FLQQDPLF
DFLG���������0HUFN���*G�12�����+�2�FRPSOH[ZDV�REWDLQHG�E\�GLVVROYLQJ�JDGROLQLXP�R[LGH
LQ� QLWULF� DFLG� ZLWK� IXUWKHU� HOLPLQDWLRQ� RI
QLWULF� DFLG� DQG� WKH� VROYHQW�� 7KH� SKHQ\O�
SURSLRQLF�DFLG�ZDV�SXULILHG�E\�UHFU\VWDOOL]D�
WLRQ� IURP� LVRSURS\O� DOFRKRO�� 7KH� V\QWKHVLV
RI� �*G�2&2�&+���&�+����� �+�2�� FRPSOH[�*G�33U����ZDV�FDUULHG�RXW� DFFRUGLQJ� WR� WKHSUHYLRXVO\�GHVFULEHG�PHWKRG�>�@�E\�PHDQV�RI
LQWHUDFWLRQ� RI� JDGROLQLXP� K\GUR[LGH� ZLWK
SKHQ\OSURSLRQLF� DFLG� LQ� GU\� WROXHQH� XQGHU
��Ü���&� ZLWK� VLPXOWDQHRXV� UHPRYLQJ� RI
ZDWHU� HYROYHG� DV� D� UHVXOW� RI� WKH� UHDFWLRQ�
7KHQ� WKH� UHDFWLRQ� PDVV� ZDV� FRROHG�� DQG� WKH
REWDLQHG� FDUER[\ODWH�ZDV�SUHFLSLWDWHG�E\�KH[�
DQH� WUHDWHG� E\� LVRSURS\O� DOFRKRO�� ZLWK� VXE�
VHTXHQW� GU\LQJ� LQ� DLU�� 7KH� FKHPLFDO� FRQWHQW
RI� *G� SKHQ\OSURSLRQDWH� ZDV� VWXGLHG� E\
PHDQV� RI� ,5� VSHFWURVFRS\� XVLQJ� D� )RXULHU
,5� VSHFWURSKRWRPHWHU� 63(&7580� 21(
�3HUNLQ� (OPHU��� 7KH� VSHFWUD� RI� SKHQ\O�
SURSLRQLF� DFLG� &�+��&+��&22+� DQG� *G
SKHQ\OSURSLRQDWH� �*G�33U���� REWDLQHG� IURPLW� ZHUH� FRPSDUHG�� ,Q� ,5� VSHFWUXP� RI
*G�33U��� �)LJ����� WKH� ZLGH� EDQG� DW
�������FPÜ�� �Q�2+��� ZDV� REVHUYHG�� LQGLFDW�
LQJ� WKH� SUHVHQFH� RI� ZDWHU�PROHFXOHV� LQ� WKH

)LJ�����,5�VSHFWUXP�RI��*G�2&2�&+���&�+�����+�2��
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REWDLQHG� *G� SKHQ\OSURSLRQDWH�� &RPSDULVRQ
RI�,5�VSHFWUD�RI�K\GUR[\FLQQDPLF�DFLG��)LJ�
���DQG�*G�FDUER[\ODWH�REWDLQHG�IURP�LW��)LJ�
��� KDYH� VKRZQ� WKDW�� ZKHQ� ZH� JR� IURP� WKH
DFLG� WR� WKH�*G�,,,�� FRPSOH[�� WKH� DEVRUSWLRQ
EDQGV� Q� �& 2��QDV� �&22±�� DUH� VSOLW� DQG
VKLIWHG� WRZDUGV� ORZHU� IUHTXHQFLHV�� ,W� LV� WR
EH�QRWHG�WKDW�ZDWHU�GHWHUPLQDWLRQ�E\�)LVKHU
PHWKRG�>��@�KDV�DOVR�VKRZQ�WKH�H[LVWHQFH�RI
WZR�PROHFXOHV�RI�ZDWHU�LQ�WKLV�FRPSRXQG�

9LVXDOO\��WKH�VROXWLRQ�RI�����*G�33U���LQWROXHQH�RU�VW\UHQH�LV�WUDQVSDUHQW�DQG�KDV�QR
\HOORZ� FRORU�� %XW� DIWHU� SRO\PHUL]DWLRQ� LQ
VW\UHQH� XQGHU� ����&� D� \HOORZ� FRORULQJ� RF�
FXUV� LQ� LW�� 7KLV� LV� LOOXVWUDWHG� LQ� )LJ����
ZKHUH� DEVRUSWLRQ� VSHFWUD� RI� �� ��*G�33U��FRPSOH[�VROXWLRQ�LQ�VW\UHQH�DQG�SRO\VW\UHQH
DUH�SUHVHQWHG��7KH�VSHFWUD�ZHUH�PHDVXUHG�LQ
D�OD\HU�RI���FP�WKLFNQHVV��,W�LV�VHHQ�WKDW�WKH
FRPSOH[� V\QWKHVL]HG� E\� XV� VKRZV� LQVLJQLIL�
FDQW� DEVRUSWLRQ� LQ� QHDU�89�� ZKLOH� WKH� DE�
VRUSWLRQ� VSHFWUXP� RI� *G�FRPSOH[� LV� H[�
WHQGHG�XS�WR�����QP��7KH�DEVRUSWLRQ�PD[L�
PXP� LV� DW� ���� QP�� ZKLFK� FRLQFLGHV� ZLWK
OXPLQHVFHQFH� EDQGV� RI� PRVW� SULPDU\� OXPL�
QHVFHQW� DGGLWLYHV�� )RU� H[DPSOH�� OXPLQHV�
FHQFH�PD[LPXP�RI�WKH�PRVW�IUHTXHQWO\�XVHG
/$��S�WHUSKHQ\O��S�73��LV�DW�����QP�>��@�

6R�� LW� IROORZV� IURP� WKH� GDWD� SUHVHQWHG
WKDW� LQ�*G�ORDGHG� 36� WKHUH� ZLOO� EH� DEVRUS�
WLRQ� LQ� WKH� OXPLQHVFHQFH� EDQG�RI�/$�� HYHQ
LI� *G�FRQWDLQLQJ� VXEVWDQFH� LV� FRORUOHVV�
7KHUHIRUH�� DV� QRWHG� EHIRUH�� WR� UHGXFH� WKH
TXHQFKLQJ� LQIOXHQFH�RI� WKH�DEVRUSWLRQ�EDQG
WKDW�H[LVWV�LQ�*G�ORDGHG�36��LW�LV�UHDVRQDEOH
WR�XVH�D�OXPLQHVFHQW�DGGLWLYH�ZKLFK�DEVRUEV
DV� /$�� DQG� HPLWV� DV� /$��� 6XFK� SURSHUWLHV
FDQ�EH�H[SHFWHG�ZLWK�PROHFXOHV�FRQWDLQLQJ�D
SKHQ\O� JURXS� DQG� D� KHDYLHU� DURPDWLF� IUDJ�
PHQW��IRU�LQVWDQFH��DQWKUDFHQH��ZKLFK�HPLWV
LQ� WKH� OXPLQHVFHQFH� UHJLRQ� RI� /$��� 6XFK� D
VWUXFWXUH� LV�� H�J��� ����GLPHWK\O������
GLSKHQ\ODQWKUDFHQH��'0'3$���)LJ������$V�LW
FDQ� EH� VHHQ�� '0'3$�PROHFXOH� FRQWDLQV� GL�

PHWK\ODQWKUDFHQH�FRUH�DQG�WZR�SKHQ\O�ULQJV
LQ���DQG���SRVLWLRQV��'0'3$�VDPSOHV�ZHUH
REWDLQHG� DFFRUGLQJ� WR� WKH� SURFHGXUH� GH�
VFULEHG� LQ� >��@�� /XPLQHVFHQW� SURSHUWLHV� RI
REWDLQHG� '0'3$� ZHUH� VWXGLHG� XVLQJ� D
)OXRURPD[��� VSHFWURIOXRURPHWHU� �+25,%$�
-REHQ� ,YRQ� ,QF���� ,Q� )LJ����� WKH� H[FLWDWLRQ
�OHIW��DQG�HPLVVLRQ��ULJKW��VSHFWUD�RI������
'0'3$� VROLG� VROXWLRQ� LQ� SRO\VW\UHQH� DUH
SUHVHQWHG�� $V� LW� IROORZV� IURP� SUHVHQWHG
VSHFWUD�� WKH� '0'3$� H[FLWDWLRQ� �RU� DEVRUS�
WLRQ��EDQG�LV�LQ����Ü����QP�UDQJH��RYHUODS�
SLQJ�WKH�SRO\VW\UHQH�HPLVVLRQ�EDQG��7KH�OX�
PLQHVFHQW� PD[LPXP� DW� ���� QP� LV� LQ� WKH
UHJLRQ� RI� OXPLQHVFHQFH� RI� W\SLFDO� OXPLQHV�
FHQW� DGGLWLYHV�� 'XH� WR� WKH� SUHVHQFH� RI� WZR
FKURPRSKRUH� FHQWHUV� LQ� '0'3$� PROHFXOH�
H[FLWDWLRQ�HQHUJ\�WUDQVIHU�IURP�SRO\VW\UHQH
PDWUL[�LV�UHDOL]HG�LQ�D�QRQ�UDGLDWLYH�PDQQHU
RQ� WKH� �PRUH� VKRUW� ZDYH�OHQJWK�� SKHQ\O
IUDJPHQW�RI�'0'3$�PROHFXOH��DQG�OXPLQHV�
FHQFH� RFFXUV� IURP� WKH� DQWKUDFHQH� SDUW� RI
WKH�PROHFXOH��,W�DOORZV�HOLPLQDWLQJ�ORVVHV�RI
H[FLWDWLRQ�HQHUJ\�WUDQVIHU�IURP�WKH�ILUVW�WR
WKH�VHFRQG�OXPLQHVFHQW�DGGLWLYHV�WKDW�RFFXU
LQ�WKH�VWDQGDUG�*G�ORDGHG�VFLQWLOODWRU�

3ODVWLF�VFLQWLOODWRUV�ZHUH�REWDLQHG�E\�WKH
NQRZQ�PHWKRG� RI� WKHUPDO� EXON�SRO\PHUL]D�
WLRQ�ZLWK�IXUWKHU�PHFKDQLFDO�SURFHVVLQJ�

)LJ�����$EVRUSWLRQ�VSHFWUD�RI�����VROXWLRQ�RI
*G�33U��� FRPSOH[� LQ� VW\UHQH� ���� DQG�SRO\VW\�UHQH������$EVRUELQJ�OD\HU�WKLFNQHVV�LV���FP�

)LJ�����,5�VSHFWUXP�RI�&�+��&+��&22+�

)LJ����� 6WUXFWXUDO� VFKHPH� RI� ����GLPHWK\O�
�����GLSKHQ\ODQWKUDFHQH��'0'3$��

$�,�%HGULN�HW�DO����3ODVWLF�VFLQWLOODWRU�ZLWK����

��� )XQFWLRQDO�PDWHULDOV�������������



����J�RI�*G�33U���������ZW���E\�*G��DQG
����� J� RI� '0'3$� ����� ZW���� ZHUH� SXW� LQ
DQ� DPSRXOH� RI� KHDW�UHVLVWDQW� JODVV�� 7KHQ
��� J� ����PO�� RI� IUHVK�GLVWLOOHG� VW\UHQH� ZDV
DGGHG��7R�HQVXUH�WKDW�WKH�FRQWHQW�ZDV�IXOO\
GLVVROYHG�� WKH� DPSRXOH�ZDV�KHDWHG� WR����&�
WKHQ� LW� ZDV� EORZQ� ZLWK� QLWURJHQ� GXULQJ
��PLQ� IRU� UHPRYDO� RI� R[\JHQ��7KH�DPSRXOH
ZDV� VHDOHG� RII� DQG� SODFHG� LQ� D� WKHUPRVWDW�
7KH� SRO\PHUL]DWLRQ� SURFHVV� VWDUWHG� ZLWK� D
SUHOLPLQDU\� VWRUDJH� DW� ����&� GXULQJ� �� K�
WKHQ� WKH� DPSRXOH� ZDV� NHSW� DW� ����&� IRU
���K��$IWHU�WKDW��WKH�WKHUPRVWDW�ZDV�FRROHG
WR�URRP�WHPSHUDWXUH��DQG�36�EODQNV��LQJRWV�
ZHUH� WDNHQ� RII� WKH� DPSRXOH�� 7KHVH� EODQNV
ZHUH�VXEMHFW�WR�PDFKLQLQJ�DQG�SROLVKLQJ��$V
D� UHVXOW�� F\OLQGULFDO� VDPSOHV� RI� ��� PP� GL�
DPHWHU�DQG����PP�KHLJKW�ZHUH�REWDLQHG��7R
GHWHUPLQH� WKH� VFLQWLOODWLQJ� HIILFLHQF\�� 36
VDPSOHV� ZHUH� PDGH� ZLWK� GLIIHUHQW� FRQWHQW
RI� OXPLQHVFHQW� DGGLWLYH� '0'3$� DQG� *G�
FRQWDLQLQJ� FRPSOH[� *G�33U���� /LJKW� \LHOGPHDVXUHPHQWV�ZHUH�PDGH� RQ� D� VFLQWLOODWLRQ
VSHFWURPHWHU��7KH�VSHFWURPHWULFDO�VHFWLRQ�RI
WKH�VSHFWURPHWHU�FRQVLVWHG�RI�D�SKRWRPXOWL�
SOLHU�+DPDPDW]X�5�����DQG�D�FKDUJH�GLJLW
FRQYHUWRU�/H&UR\�����$��7KH�VDPSOH�H[FLWD�
WLRQ�ZDV�PDGH�E\�������0H9�HOHFWURQV�IURP
D� %L����� VRXUFH� ZLWK� FROOLPDWRU�� 7KH� SXOVH
KHLJKW� GLVWULEXWLRQ� RQ� WKH� 307� DQRGH� ZDV
PHDVXUHG�� 7KH� OLJKW� \LHOG� ZDV� GHWHUPLQHG
E\� PD[LPXP� RI� SKRWRSHDN� SRVLWLRQ� FRUUH�
VSRQGLQJ� WR� HOHFWURQV� ZLWK�(H� �������0H9HQHUJ\�

���5HVXOWV�DQG�GLVFXVVLRQ
7R�GHWHUPLQH�WKH�RSWLPDO�TXDQWLW\�RI�OX�

PLQHVFHQW� DGGLWLYH� '0'3$�� D� VHW� RI� 36
VDPSOHV� ZDV� SURGXFHG� ZLWK� GLIIHUHQW� FRQ�
FHQWUDWLRQ� RI� ����GLPHWK\O������GLSKHQ\ODQ�
WKUDFHQH�EXW�ZLWKRXW�*G�FRPSOH[HV��5HVXOWV

RI� OLJKW� \LHOG� K�&�� PHDVXUHPHQWV� RQ� WKHVH
VDPSOHV� DUH� SUHVHQWHG� LQ� )LJ����� ,W� FDQ� EH
VHHQ� WKDW� K�&�� UDSLGO\� JURZV� ZKHQ� FRQFHQ�
WUDWLRQ� RI� '0'3$� LQFUHDVHV� XS� WR� ������
7KHQ� WKH� JURZWK� VORZV� GRZQ�� DQG� K�&�
DFKLHYHV� LWV� PD[LPXP� DW� '0'3$� FRQFHQ�
WUDWLRQ� DERXW� �� ��� )XUWKHU� LQFUHDVLQJ� RI
FRQFHQWUDWLRQ� OHDGV� WR� VRPH� GHFUHDVLQJ� RI
OLJKW� \LHOG� GXH� WR� FRQFHQWUDWLRQ� TXHQFKLQJ
RI� OXPLQHVFHQFH�� 7KHUHIRUH�� WKH� FRQWHQW� RI
OXPLQHVFHQW� DGGLWLYH� '0'3$� ZLWKLQ� ���Ü
�� �� LV� RSWLPDO�� 6R�� DOO� 36� VDPSOHV� ZLWK
GLIIHUHQW�FRQFHQWUDWLRQ�RI�*G�FRPSOH[�ZHUH
PDGH�ZLWK�����ZW���RI�'0'3$�

5HVXOWV�RI�UHODWLYH�OLJKW�\LHOG�K�&��PHDV�
XUHPHQWV� RI� 36� VDPSOHV� ZLWK� ���� �
'0'3$�DQG�GLIIHUHQW�FRQFHQWUDWLRQV�RI�*G�
FRPSOH[� *G�33U��� DUH� SUHVHQWHG� LQ� 7DEOH��DQG� )LJ����� ,W� LV� VHHQ� IURP� WKH� GDWD� WKDW
LQFUHDVLQJ� RI� *G�33U��� FRQFHQWUDWLRQ� OHDGVWR� GHFUHDVLQJ� RI� 36� OLJKW� \LHOG�� 7KXV�� 36
FRQWDLQLQJ�����ZW���*G� ���ZW���*G�33U���KDYH� OLJKW�\LHOG�RI�������ZKLOH�36��FRQWDLQ�
LQJ� ���� ZW��� *G� ��� ZW��� *G�33U���� KDYHOLJKW�\LHOG�RI������ZLWK�UHVSHFW�WR�36�ZLWK�
RXW�*G����

3RO\YLQ\O�EDVHG� 36� GHVFULEHG� LQ� >�@� FRQ�
WDLQV� XS� WR� ��� �� RI� *G�FRPSOH[
�*G�12����7%3��� �����*G��DQG�����ZW���RI
OXPLQHVFHQW� DGGLWLYH� ����GLSKHQ\OR[DVROH
�332��� 7KH� GDWD� WDNHQ� IURP� WKLV�ZRUN� DQG
SUHVHQWHG� LQ� 7DEOH��� DQG� )LJ���� VKRZ� WKDW
36� FRQWDLQLQJ� ����� ZW��� RI�*G� KDYH� OLJKW
\LHOG� RI� ������ ZKLOH� 36� FRQWDLQLQJ
����� ZW��� RI�*G� KDYH� OLJKW� \LHOG� RI� ����
ZLWK�UHVSHFW�WR�36�ZLWKRXW�*G�

7KXV��36�ZLWK�*G�33U��� FRPSOH[� DQG� OX�PLQHVFHQW� DGGLWLYH� '0'3$�� GHVFULEHG� LQ
WKH� SUHVHQW� ZRUN�� VKRZHG� UHODWLYH� OLJKW
\LHOG� DSSUR[LPDWHO\� ��� �� KLJKHU� �DW� WKH
VDPH�*G� FRQFHQWUDWLRQ�� DV� FRPSDUHG� WR� 36
ZLWK�*G�12����7%3��FRPSOH[�DQG�332�

)LJ�����'HSHQGHQFH� RI� UHODWLYH� OLJKW� \LHOG� RQ
FRQFHQWUDWLRQ�RI�'0'3$�LQ�36�ZLWK���ZW��
RI�*G�33U���FRPSOH[��

)LJ�����6SHFWUD�RI�DEVRUSWLRQ��OHIW��DQG�OXPL�
QHVFHQFH��ULJKW��RI�������'0'3$�VROXWLRQ�LQ
SRO\VW\UHQH��2EVHUYDWLRQ�DQG�H[FLWDWLRQ�ZDYH�
OHQJWKV�DUH�����DQG�����QP��UHVSHFWLYHO\�
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���&RQFOXVLRQV
5HODWLYH� OLJKW� \LHOG� RI� SRO\VW\UHQH�EDVHG

36� ZLWK�*G� SKHQ\OSURSLRQDWH� DQG� OXPLQHV�
FHQW� DGGLWLYH� '0'3$� ZDV� VKRZQ� WR� EH
KLJKHU� FRPSDULQJ� WR� NQRZQ� VLPLODU� 36� RI
RWKHU�FRPSRVLWLRQ��7KH�XVH�RI�*G�FRQWDLQLQJ
VXEVWDQFHV� EDVHG� RQ� FDUER[\OLF� DFLGV� LV
SURPLVLQJ� IRU� GHVLJQ� DQG� GHYHORSPHQW� RI
QHZ�FRPPHUFLDO�36��$OVR�SURPLVLQJ�DUH�WKH
XVH� RI� FRPSOLFDWHG� SKRVSKRUV� �ELIOXRURSKR�
UHV�� IRU� LQFUHDVLQJ� � 36� OLJKW� \LHOG� LQ� WKH
SUHVHQFH�RI�*G�FRQWDLQLQJ�VXEVWDQFHV�

5HIHUHQFHV
� ���,�%�*]LUU��1XFO��,QVWU��0HWK��3K\V��5HV�����������

�������
� ���9�,�$OHVKLQ��$�0�%DNDO\DURY��$�<D�%DO\VK�HW

DO���,QVWU��DQG�([SHU��7HFKQ������������������
� ���86�3DWHQW��������������������
� ���=�:�%HOO��*�0�%URZQ��&�+�+R��)�9�6ORRS��2U�

JDQLF� 6FLQWLOODWRUV� IRU� 1HXWURQ� 'HWHFWLRQ�
;�UD\�DQG�*DPPD�UD\�'HWHFWRUV�DQG�$SSOLFD�
WLRQV�,9��LQ��3URF��RI�63,(�������������������

� ���0�$SROORQLR�� $�%DOGLQL�� &�%HPSRUDG� HW� DO��
(XU��3K\V��-���&���������������

� ���1�$�'DQLORY�� $�<X�7VLYDG]H�� <X�6�.U\ORY� HW
DO���5DGLRFKHPLVWU\�����������������

� ���0�<HK�� $�*DUQRY�� 5�/�+DKQ�� 1XFO��,QVWU�
0HWK��3K\V��5HV��$�������������������

� ���-�%�%LUNV��7KH�7KHRU\�DQG�3UDFWLFH�RI�6FLQWLO�
ODWLRQ�&RXQWLQJ��3HUJDPRQ�3UHVV��/RQGRQ��������

� ���$�,�%HGULN�� <H�6�9HOPR]KQD\D�� 3�1�=KPXULQ
HW�DO���3DWHQW�RI�8NUDLQH��D�����������������

����-�0LWFKHOO��'�0�6PLWK��$TXDPHWU\����QG�(G��
3DUW����-RKQ�:LOH\�	�6RQV��1HZ�<RUN��������

����,�%�%HUOPDQ��+DQGERRN�RI�)OXRUHVFHQFH�6SHF�
WUD� RI�$URPDWLF�0ROHFXOHV��$FDG��3UHVV��1HZ
<RUN�	�/RQGRQ��������

����%�0�.UDVRYLWVNL\�� /�0�$IDQDVLDG\�� 3UHSDUD�
WLYH�&KHPLVWU\�RI��2UJDQLF�/XPLQRSKRUHV��,Q�
VWLWXWH�IRU�6LQJOH�&U\VWDOV��.KDUNLY��������>LQ
5XVVLDQ@�

)LJ�����5HODWLYH�OLJKW�\LHOG�RI�36�ZLWK�GLIIHU�
HQW� FRQWHQW� RI� *G�� �� Û� 36� ZLWK� *G�33U��FRPSOH[� DQG� ������ '0'3$�� �� Û� 36� ZLWK
*G�12����7%3��FRPSOH[�DQG�������332�>�@�

7DEOH���� /LJKW� \LHOG� YV�� FRQFHQWUDWLRQ� RI
*G�12����7%3��FRPSOH[�E\�=DQH�:�%HOO�>�@

*G�12����7%3�FRPSOH[�FRQFHQ�
WUDWLRQ���ZW���

*G
FRQFHQWUDWLRQ

�ZW���
5HODWLYH�OLJKW
\LHOG��=DQH
:�%HOO�>�@�
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7DEOH���� 5HODWLYH� OLJKW� \LHOG� K�&�� RI� 36
VDPSOHV�ZLWK�����ZW���RI�'0'3$�DQG�GLI�
IHUHQW�FRQWHQW�RI�*G�FRPSOH[�*G�33U��

*G�33U���FRPSOH[FRQFHQWUDWLRQ�
ZW��

*G
FRQFHQWUDWLRQ�

ZW��
5HODWLYH

OLJKW�\LHOG�
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