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5HFHQWO\�� D� JUHDW� DWWHQWLRQ� LV� JLYHQ� WR
WKH�GHYHORSPHQW� DQG� VWXGLHV�RI�QRYHO� IXQF�
WLRQDO�PDWHULDOV��LQ�SDUWLFXODU��WKRVH�FKDQJ�
LQJ�WKH�VKDSH�RU�GLPHQVLRQV�DV�D�UHVSRQVH�WR
DFWLRQ�RI�DQ�H[WHUQDO�ILHOG��H�J���WHPSHUDWXUH�
PDJQHWLF��RU�HOHFWULF�RQH��6XFK�PDWHULDOV�DUH
RI�JUHDW�LPSRUWDQFH��HVSHFLDOO\�LQ�GHVLJQLQJ
RI� PLFUR�� DQG� QDQR�HOHFWURPHFKDQLFDO� V\V�
WHPV� �0(06� DQG� 1(06�� UHVSHFWLYHO\��� EH�
FDXVH� WKH� FRQYHQWLRQDO� PHFKDQLFDO� VFKHPHV
DUH� XQVXLWDEOH� LQ� WKH� ILHOG� RI� VPDOO� GLPHQ�
VLRQV�

,Q�QXPHURXV�ZRUNV��WKH�ELPRUSKRXV� OD\�
HUHG�VWUXFWXUHV�PDGH�RI�GLIIHUHQW�PDWHULDOV
DUH� XVHG� WR� SURYLGH� DQ� HODVWLF� VWUDLQ� RI� DQ
DFWXDWRU� DV� D� UHVSRQVH� WR� DFWLRQ� RI� KHDW�
HOHFWULF�� RU� PDJQHWLF� ILHOG� >�Ü�@�� 9DULRXV
SK\VLFDO� HIIHFWV� DUH� XVHG� IRU� WKH� VWUDLQLQJ�
LQYHUVH� SLH]RHOHFWULFLW\�� WKHUPDO� H[SDQVLRQ�
PDJQHWRVWULFWLRQ�� HWF�� )RU� H[DPSOH�� LQ� >�@�
WKH�ELPRUSKRXV�VWUXFWXUHV�EDVHG�RQ�ILOPV�RI
1L7L� DOOR\�ZLWK� VKDSH�PHPRU\� HIIHFW� �60(�
VSXWWHUHG� RQWR� VLOLFRQ� VXEVWUDWHV� KDYH� EHHQ
VWXGLHG� DQG� WKH� UHYHUVLEOH� EHQGLQJ� VWUDLQV

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

��� )XQFWLRQDO�PDWHULDOV�������������



H� RI� D� ELPRUSKRXV� DFWXDWRU�KDYH�EHHQ�GHP�
RQVWUDWHG� WR� EH� FRQWUROODEOH� E\� WKH� KHDWLQJ
DFWLRQ� RI� WKH� FXUUHQW� UXQQLQJ� WKURXJK� WKH
VWUXFWXUH�� 8QIRUWXQDWHO\�� DOO� VXFK� VWUXF�
WXUHV�H[KLELW�RQO\�D�UHODWLYHO\�VPDOO�FRQWURO�
ODEOH� EHQG� GXH� WR� D� VPDOO� OD\HU� OHQJWK
FKDQJH� DV� D� UHVSRQVH� WR� DQ� H[WHUQDO� ILHOG
�H� �'O�O�QRW�H[FHHGLQJ��������
$�ZLGH�YDULHW\�RI�VKDSHV�FDQ�EH�JLYHQ�WR

WKH�PHWDO�DOOR\V�ZLWK�60(��VXFK�DV�VSULQJV�
VKHOOV��HWF���WKH�DFWLYH�HOHPHQW�VKDSH�FDQ�EH
YDULHG� DUELWUDULO\� �WZLVWHG�� EHQW�� VWUHWFKHG�
HWF���� 7KH� UHYHUVLELOLW\� RI� VXFK� YDULDWLRQV�
KRZHYHU��LV�DWWDLQHG�RQO\�XVLQJ�D�VSHFLDO�SURF�
HVV���WUDLQLQJ���WKDW�LV�KDUGO\�VXLWDEOH�LQ�HQJL�
QHHULQJ��0RUHRYHU��WKH�VWUDLQ�LQ�VXFK�D��GRX�
EOH�ZD\��60(�LV�DV�D�UXOH�DW�OHDVW�RQH�GHFLPDO
RUGHU�VPDOOHU�WKDQ�LQ�WKH��RQH�ZD\��RQH�
,Q� WKLV� ZRUN�� D� QHZ� GHVLJQ� SULQFLSOH� LV

SURSRVHG� IRU� D� FRPSRVLWH� EDVHG� RQ� D� 60(
PDWHULDO� SURYLGLQJ� D� PXFK� PRUH� FRQVLGHU�
DEOH� EHQG� VWUDLQLQJ� DV� FRPSDUHG� WR� WKH
NQRZQ� IXQFWLRQDO� PDWHULDOV�� 0RUHRYHU�� WKH
60(� LV� PDLQWDLQHG� LQ� PLFURVFRSLF� DOOR\
VDPSOHV� >�@��7KLV� LV�D�SUHUHTXLVLWH�IRU�VROX�
WLRQ�RI�D�SUDFWLFDO�WDVN�RI�JUHDW�LPSRUWDQFH�
QDPHO\�� IRU� GHYHORSPHQW� RI� PLFUR�� DQG
QDQRPHWHU�VL]H� VFDOH�DFWXDWRUV��6XFK�DFWXD�
WRUV� PLJKW� EH� DSSOLHG� LQ� 0(06�� 1(06�
WRROV� IRU� HPEU\RORJ\�� PLFUR�� DQG� QDQRVXU�
JHU\�� HWF�� 7KH� JRDOV� WR� EH� DWWDLQHG� DUH� DV
IROORZV�� ����WR�SURSRVH�D�QRYHO�GHVLJQ�IRU�D
FRPSRVLWH� IXQFWLRQDO� PDWHULDO� EDVHG� RQ� DQ
DOOR\�ZLWK�60(�SURYLGLQJ�D�FRQVLGHUDEOH�UH�
YHUVLEOH� VWUDLQLQJ�XVLQJ�RQO\�WKH��RQH�ZD\�
VKDSH� PHPRU\� RI� WKH� DOOR\�� ���� WR� SUHSDUH
DQG�VWXG\�LQ�H[SHULPHQW�D�IXQFWLRQDO�PDWH�
ULDO� EDVHG� RQ� WKH� UDSLG�TXHQFKHG
7L��1L��&X��� DOOR\�XVLQJ�JOXLQJ� DQG� HOHFWUR�SODWLQJ�DQG�PRGHOLQJ�RI�DFWXDWRUV�FRQWUROOHG
E\�WKHUPDO�ILHOG�DQG�HOHFWULF�FXUUHQW������WR
HVWLPDWH� WKHRUHWLFDOO\� WKH�PD[LPXP�VWUDLQV
DQG� IRUFHV� DWWDLQDEOH� LQ� WKH� OD\HUHG� VWUXF�
WXUHV�ZLWK�60(�
)LJ����SUHVHQWV�VFKHPDWLFDOO\�WKH�FRPSRV�

LWH�H[SODLQLQJ�LWV�SULQFLSOH�RI�RSHUDWLRQ��7KH
FRPSRVLWH� LQFOXGHV� D� 60(� OD\HU� ����� H�J��� D
UDSLG�TXHQFKHG� ULEERQ� RU� ILOP� RI� D� 60(
DOOR\��WKH�ODWHU�LV�FRQQHFWHG�ULJLGO\�ZLWK�DQ
HODVWLF� OD\HU� RI� D� XVXDO� PHWDO� ����� $� QRYHO
IHDWXUH�LQ�WKH�SUHSDUDWLRQ�RI�VXFK�D�ELPHWDO
SODWH� LV� WKH� IDFW� WKDW� WKH� 60(� ULEERQ� LV
VXEMHFWHG� WR� D� SVHXGR�SODVWLF� WHQVLOH� SUH�
VWUDLQLQJ�SULRU� WR� FRQQHFWLRQ�ZLWK� WKH�HODV�
WLF�HOHPHQW��,W�WKLV�FDVH��WKH�UHYHUVLEOH�EHQG
RI� WKH� FRPSRVLWH� XQGHU� F\FOLF� FKDQJH� RI
WHPSHUDWXUH� RU� PDJQHWLF� ILHOG� �LI� WKH� 60(
DOOR\� LV� IHUURPDJQHWLF� >�@�� PD\� H[FHHG� E\
VHYHUDO� RUGHUV� RI� PDJQLWXGH� WKDW� RI� DQ

XVXDO� ELPHWDO� SODWH� DQG� E\� DW� OHDVW� RQH
RUGHU� WKDW� RI� WKH� DOOR\� ZLWK� GRXEOH�ZD\
VKDSH� PHPRU\�� 7KH� XVH� RI� VXFK� D� SUH�
VWUHVVHG� FRPSRVLWH� ZLWK� 60(� SURYLGHV� QHZ
IXQFWLRQDO�SRWHQWLDOV�IRU�WKH�DFWXDWRU�DQG�D
TXDQWLWDWLYH� HQKDQFHPHQW�RI� WKH�NQRZQ�DS�
SOLFDWLRQ�VFKHPHV�
7KH�RSHUDWLRQ�SULQFLSOH� RI� WKH�FRPSRVLWH

LV�EDVHG�RQ�WKH�IDFW�WKDW�WKH�IOH[XUDO�VWUDLQ
RI�WKH�FRPSRVLWH�SODWH�LQFOXGHV�FRPSUHVVLRQ
DW� WKH� LQQHU� VLGH� DQG� WHQVLRQ� RQ� WKH� RXWHU
RQH�� 7KH� VWUDLQLQJ� UHYHUVLELOLW\� FDQ� EH� H[�
SODLQHG�DV�IROORZV��8QGHU�D�UDWKHU�KLJK�H[�
WHUQDO� VWUHVV�� WKH� WHPSHUDWXUH�RI� WKH�VWUXF�
WXUH� PDUWHQVLWLF� WUDQVLWLRQ� �DXVWHQLWH�
PDUWHQVLWH�� ULVHV� >�@�� ,Q� D� VWUHVVHG� VDPSOH�
WKH� PDUWHQVLWH� LV� JHQHUDWHG� ZKHQ� LW� LV
FRROHG� IURP� WKH� DXVWHQLWLF� VWDWH� DQG� SDVVHV
WKH�PDUWHQVLWLF�SKDVH�WUDQVLWLRQ�SRLQW��7KDW
JHQHUDWLRQ�ZLOO� VWDUW� ILUVW�ZLWKLQ� WKH�PD[L�
PXP� VWUDVVHG� UHJLRQV��7KH� FRUUHVSRQGLQJO\
RULHQWHG� YHUVLRQV� RI� PDUWHQVLWH� ZLOO� DULVH
PDLQO\� �VWUHWFKHG� RU� FRPSUHVVHG� DORQJ� WKH
WHQVLRQ� RU� FRPSUHVVLRQ� D[HV��� 7KDW� LV�ZKDW
LV� UHIIHUUHG� WR� DV� WKH� SVHXGR�SODVWLF� RU� UH�
YHUVLEOH� VWUDLQ�� ,I�D�KRPRJHQHRXVO\�SVHXGR�
SODVWLFDOO\� VWUHWFKHG� HOHPHQW� ZLWK� 60(� LQ
WKH� PDUWHQVLWLF� VWDWH� LV� FRQQHFWHG� ULJLGO\
ZLWK�DQ�HODVWLF�OD\HU�DQG�WKHQ�KHDWHG�DERYH
WKH�SRLQW� RI� WKH� LQYHUVH�PDUWHQVLWLF� WUDQVL�
WLRQ�� WKHQ� WKH� PDUWHQVLWH� WUDQVLWV� LQWR
DXVWHQLWH�DQG�D�KLJK�VWUHVV�DULVHV�WKDW�FRP�
SUHVVHV� WKH� 60(� OD\HU�� 7KH� HODVWLF� OD\HU� LV
VWUDLQHG�OHVV��VR�WKH�FRPSRVLWH�EHFRPHV�EHQW
VWURQJO\�� 7KH� SVHXGR�SODVWLF� WHQVLRQ� PHDV�
XUH�PD\� H[FHHG� VHYHUDO� SHU� FHQW�� 7KH� EHQG
YDOXH� LV� OLPLWHG� LQ�SUDFWLFH�E\� WKH� VWUHQJWK
SURSHUWLHV� RI� WKH� HODVWLF� OD\HU� EXW� QRW� E\

)LJ����� 6FKHPDWLF� YLHZ� RI� D� ELPRUSKRXV� HOH�
PHQW�FRQVLVWLQJ�RI�D�60(�OD\HU� ����DQG�HODV�
WLF�OD\HU� ���� LQ�PDUWHQVLWLF��D��DQG�DXVWHQLWLF
�E��VWDWH�RI�WKH�60(�OD\HU�
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WKRVH�RI�WKH�60(�RQH��,I�WKH�EHQW�FRPSRVLWH
LV�FRROHG�GRZQ�XQGHU�WKH�PDUWHQVLWLF�WUDQVL�
WLRQ� WHPSHUDWXUH�� WKHQ� WKH� HODVWLF� OD\HU
EHLQJ� UHWXUQLQJ� LQWR� WKH� XQVWUHVVHG� VWDWH
ZLOO� VWUHWFK� WKH�60(�RQH�SVHXGR�SODVWLFDOO\
LQWR�WKH�PDUWHQVLWLF�VWDWH�DJDLQ��VR�WKH�FRP�
SRVLWH�ZLOO�EH�VWUDLJKWHQHG�
7KH� RQH�ZD\� 60(� UHVXOWV� XVXDOO\� LQ� D

VLQJOH� VKDSH� UHFRYHU\� LQ� VSLWH� RI� WKH� UH�
SHDWHG� SHULRGLF� KHDWLQJ�� WKDW� LV� ZK\� LW� LV
UHIHUUHG� WR� XQGHU� LWV� QDPH�� $Q� DFWXDWRU
PDGH�RI�WKH�60(�FRPSRVLWH�ZLOO�FKDQJH�SH�
ULRGLFDOO\� LWV� VKDSH� XQGHU� SHULRGLF� FRROLQJ
DQG�KHDWLQJ�� ,W� LV� VHHQ� WKDW� WKH� FRQFHSW� LW�
VHOI� RI� WKH� FRPSRVLWH�DFWXDWRU�GHVLJQ� LV� UH�
DOL]DEOH� XVLQJ� DQ\� NQRZQ� 60(� PDWHULDO�
HLWKHU� IHUURPDJQHWLF� RU� QRQ�IHUURPDJQHWLF
DOOR\�RU�SRO\PHU� >�@�� ,Q� WKLV�ZRUN�� WKH�ULE�
ERQV�RI�7L��1L��&X���DOOR\�SUHSDUHG�E\�UDSLGTXHQFKLQJ� RI� WKH� PHOW� ZHUH� XVHG� WR� VWXG\
WKH� FRPSRVLWH� GHVLJQ� SULQFLSOH� LQ� H[SHUL�
PHQW�� 7KH� PDWHULDO� KDV� EHHQ� GHYHORSHG� LQ
��V� IRU� DSSOLFDWLRQ� LQ� WHPSHUDWXUH� VHQVRUV�
EHFDXVH� LW� LV� SUDFWLFDOO\� IHDVLEOH� DQG� WKH
PDUWHQVLWLF� WUDQVLWLRQ� WKHUHLQ� LV� REVHUYHG
QHDU� URRP� WHPSHUDWXUH� >�@�� +RZHYHU�� WKH
UDSLG�TXHQFKHG� DOOR\V� DUH� XQGHU� LQWHQVH
VWXG\� WR� GDWH� DQG� QXPHURXV� ZRUNV� DUH� GH�
YRWHG� WKHUHWR� �VHH�� H�J��� UHFHQW�SXEOLFDWLRQV
>��Ü��@��� 7KH� LQWHUHVW� LV� GXH� WR� WKH� IDFW
WKDW�WKH�ULEERQV�DUH�RIWHQ�UDSLGO\�TXHQFKHG
LQWR�DPRUSKRXV�VWDWH��WKH�FU\VWDOOLQH�VWUXF�
WXUH� EHLQJ� UHFRYHUHG� WKHUHLQ� XQGHU� DQQHDO�
LQJ��7KH�DPRUSKRXV�VWDWH�H[KLELWV�QR�60(�
7KH� DOOR\� SURSHUWLHV� DUH� FKDQJHG� DEUXSWO\
GXULQJ� WKH� UHFU\VWDOOL]DWLRQ� DQG� LW� WDNHV� WKH
DELOLW\�WR�WKH�PDUWHQVLWLF�WUDQVLWLRQ�DQG�WKHU�
PRPHFKDQLFDO� PHPRU\� HIIHFWV�� 7KXV�� WKH
DOOR\� PHQWLRQHG� LV� D� FRQYHQLHQW� REMHFW� WR
VWXG\� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� VWUXFWXUH
DQG�IXQFWLRQDO�WKHUPRPHFKDQLFDO�SURSHUWLHV�
7KH� SUHSDUDWLRQ� RI� D� FRPSRVLWH� FRPSULV�

LQJ� D� 7L��1L��&X��� ULEERQ� LQFOXGHV� WKUHHVWDJHV�� QDPHO\�� WKH� ULEERQ� DQQHDOLQJ�� LWV
SVHXGR�SODVWLF�VWUHWFKLQJ��DQG�WKH�FRPSRVLWH
PDNLQJ�E\�FRQQHFWLRQ�ZLWK�DQ�HODVWLF�PHWDO
OD\HU�� ,Q� WKLV� ZRUN�� WZR� WHFKQLTXHV� KDYH
EHHQ�XVHG�WR�DSSO\�WKH�HODVWLF�OD\HU��QDPHO\�
WKH� DPRUSKRXV� ULEERQ� JOXLQJ� DQG� HOHFWUR�
O\WLF� GHSRVLWLRQ� RI� D� QLFNHO� OD\HU�� 7KH� ��Ü
���PP�WKLFN�ULEERQV�ZHUH�SUHSDUHG�E\�FRRO�
LQJ� UDSLGO\� WKH� LQLWLDO� PHOW� RI� QHDUO\
VWRLFKLRPHWULF�7L��1L��&X���FRPSRVLWLRQ�RQ�DURWDWLQJ�FRSSHU�GUXP��7KH�UDSLG�FRROLQJ��DW
D� UDWH� RI� DERXW� ����.�V�� UHVXOWV� LQ� IRUPD�
WLRQ� RI� DPRUSKRXV� VWUXFWXUH� LQ� WKH� ULEERQ�
%\�DQQHDOLQJ�WKH�ULEERQ�LQ�DQ�R[LGL]LQJ�JDV
PHGLXP� �DLU�� DW� ����&� IRU� �� PLQ� DV� ZDV
GHVFULEHG�LQ�>��@��D�PLFUR�FU\VWDOOLQH�ULEERQ

VWUXFWXUH� ZDV� REWDLQHG� WKDW� ZDV� FRQILUPHG
E\�HOHFWURQ�PLFURVFRS\��7KH�ULEERQ�VR�PDGH
H[KLELWV�WKH�60(�
$W�WKH�VHFRQG�VWDJH��WKH�7L��1L��&X���ULE�ERQ�ZDV�VXEMHFWHG�WR�SVHXGR�SODVWLF�VWUHWFK�

LQJ��7KH� ULEERQ�ZDV� ORDGHG�E\� D� IRUFH� RI��
WR� ��� 1�� 7KHQ� D� FXUUHQW� DERXW� �� $� ZDV
SDVVHG�WKURXJK�WKH�ULEERQ��7KH�-RXOHV�KHDW
KDG� KHDWHG� WKH� ULEERQ� DERYH� WKH� LQYHUVH
PDUWHQVLWLF� WUDQVLWLRQ� WHPSHUDWXUH�� $I�7KHQ� WKH� FXUUHQW�ZDV� VZLWFKHG�RII� DQG� WKH
ULEERQ�ZDV�HORQJDWHG�E\�DERXW��Ü����ZKHQ
EHLQJ� FRROHG� GRZQ� XQGHU� WKH� FRPSOHWH
PDUWHQVLWLF�WUDQVLWLRQ�WHPSHUDWXUH��0I��7KHLQLWLDO� ULEERQ� OHQJWK� ZDV� UHFRYHUHG� DV� WKH
FXUUHQW� ZDV� VZLWFKHG� RQ� DJDLQ�� 7KH� ULEERQ
VWUDLQ�ZDV�PHDVXUHG�XVLQJ�DQ�RSWLFDO�PLFUR�
VFRSH�� $� UHSUHVHQWDWLYH� SORW� RI� WKH� ULEERQ
UHODWLYH� OHQJWK� YDULDWLRQ� YV� WKH� FXUUHQW
VWUHQJWK� XQGHU� ��� 1� ORDGLQJ� LV� VKRZQ� LQ
)LJ�����$�K\VWHUHVLV�W\SLFDO�RI�60(�DOOR\V�LV
REVHUYHG� ZLWKLQ� WKH� LQWHUPHGLDWH� VWDWH� UH�
JLRQ�DERXW�WKH�PDUWHQVLWLF�WUDQVLWLRQ�
7R� SUHSDUH� WKH� FRPSRVLWH� PDWHULDO� E\

�JOXLQJ��� WKH� 7L��1L��&X��� ULEERQ� SUH�
VWUHWFKHG� DV� GHVFULEHG� DERYH� DV� ZHOO� DV� DQ
DPRUSKRXV� VWHHO� ULEERQ� SUHSDUHG� E\� UDSLG
TXHQFKLQJ��WRR��ZHUH�FRQQHFWHG� WRJHWKHU�E\
D� VWDQGDUG� WHFKQLTXH� XVLQJ� DQ� HWK\O� F\�
DQRDFU\ODWH� DGKHVLYH�� 7R� SUHSDUH� WKH� FRP�
SRVLWH� PDWHULDO� E\� �GHSRVLWLRQ��� WKH
7L��1L��&X��� ULEERQ� ZDV� FRDWHG� RQ� RQH� VLGHZLWK� HOHFWURO\WLFDOO\� GHSRVLWHG� QLFNHO� OD\HU�
7KH�GHSRVLWLRQ�WHFKQLTXH�ZDV�GHYHORSHG�EDV�
LQJ� RQ� WKDW� GHVFULEHG� LQ� *267� ���������
$UUDQJHPHQWV� ZHUH� PDGH� WR� SURYLGH� WKH
HOHFWURO\WLF� FRDWLQJ� DW� D� WHPSHUDWXUH� ORZHU
WKDQ�WKH�PDUWHQVLWLF�WUDQVLWLRQ�RQVHW�SRLQW�

)LJ����� 5HODWLYH� OHQJWK� FKDQJH� RI� D
7L��1L��&X��� ULEERQ� DV� D� IXQFWLRQ� RI� FXUUHQWVWUHQJWK�
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7KH� QLFNHO� OD\HU� WKLFNQHVV� FDQ� EH� YDULHG
ZLWKLQ�ZLGH�OLPLWV��,Q�WKH�SUHSDUHG�FRPSRV�
LWH� H[SHULPHQWDO� VDPSOHV�� WKH� 60(� OD\HU
DQG� HODVWLF� RQH� KDG� DSSUR[LPDWHO\� HTXDO
WKLFNQHVV�
,Q� WKH� H[SHULPHQW� LQWHQGHG� WR� VWXG\� WKH

FRPSRVLWH�SURSHUWLHV�� WKH�JOXHG� VDPSOH�ZDV
SODFHG� LQ� D� WKHUPRVWDW� SURYLGHG� ZLWK� D
WUDQVSDUHQW� FRYHU�� 7KH� VDPSOH� ZDV� IL[HG
DERYH� D� VTXDUHG� SDSHU� VKHHW� VR� WKDW� LWV
IOH[XUDO� VWUDLQ� FRXOG� EH� REVHUYHG� IURP
DERYH�� $� KHDWLQJ� HOHPHQW� ZDV� DUUDQJHG
XQGHU� WKH� VDPSOH�� 7KH� WHPSHUDWXUH� ZDV
PHDVXUHG� XVLQJ� D� FRSSHU�FRQVWDQWDQ� WKHU�
PRFRXSOH�� 7KH� VDPSOH� ZDV� KHDWHG� DQG
FRROHG� VORZO\�ZLWKLQ� WKH� WHPSHUDWXUH�UDQJH
RI����WR����&��WKDW�LV��ZLWKLQ�WKH�PDUWHQVL�
WLF� WUDQVLWLRQ� UHJLRQ� RI� WKH� 7L��1L��&X��DOOR\��7KH�VKDSH�YDULDWLRQV�RI�WKH�FRPSRVLWH
DFWXDWRU� VDPSOH�ZDV� UHFRUGHG�XVLQJ� D� FDP�
FRGHU�� 7KHQ� WKH� EHQW� DFWXDWRU� LPDJH� ZDV
TXDQWL]HG��7KH�VXUIDFH�FXUYDWXUH�ZDV�GHWHU�
PLQHG� IURP� FRRUGLQDWHV� RI� WKUHH� SRLQWV� LQ
WKH� PD[LPXP� EHQG� UHJLRQ�� 7KH� IOH[XUDO
VWUDLQ�ZDV�FDOFXODWHG�DV

H� � K�5� ���

ZKHUH�H�LV�WKH�GLPHQVLRQOHVV�VWUDLQ�YDOXH��K�
WKH�FRPSRVLWH�WKLFNQHVV��5�WKH�FXUYDWXUH�UD�
GLXV� DW� WKH� PD[LPXP� EHQG� SRLQW� �DW� WKH
VDPSOH�PLGGOH��
7KH� H[SHULPHQWDO� UHVXOWV� IRU� WKH� UHYHUV�

LEOH� IOH[XUDO� VWUDLQLQJ� RI� D� FRPSRVLWH� VDP�
SOH� XQGHU� WKHUPRF\FOLQJ� LQ� D� KRPRJHQHRXV
WHPSHUDWXUH�ILHOG�DUH�LOOXVWUDWHG�E\�D�VHULHV

RI� LPDJHV� LQ� )LJ����� $� JLDQW� UHYHUVLEOH
IOH[XUDO�VWUDLQ�RI�WKH�FRPSRVLWH�LV�REVHUYHG
H[FHHGLQJ������7KH�WHPSHUDWXUH��7��GHSHQG�
HQFH� RI� WKH� IOH[XUDO� VWUDLQ� LV� SORWWHG� LQ
)LJ�� ��� 7KH� K\VWHUHVLV� LQ� WKDW� SORW� GLIIHUV
IURP�WKH�DEUXSW�DQG�ZLGH�K\VWHUHVLV�RI� WKH
ULEERQ� VWUDLQ� �VHH�)LJ������7KLV� LV� GXH�PRVW
OLNHO\� WR� WKH� FRQWLQXRXVO\� YDU\LQJ� VWUHVVHV
LQ� WKH� FRQQHFWLRQ� UHJLRQ� EHWZHHQ� WZR� FRP�
SRVLWH� OD\HUV� �WKH� VWUHVV� EHLQJ� LQFUHDVLQJ
XQGHU� FRPSUHVVLRQ� DQG� GHFUHDVLQJ� XQGHU
VWUDLJKWHQLQJ���$V�D�UHVXOW��WKH�K\VWHUHVLV�LV
PRUH� GLIIXVH�� 7KH�PDWHULDO� OLQHDU� VWUDLQ� DW
WKH� PD[LPXP� EHQG� SRLQW� FDOFXODWHG� XVLQJ
����LV�H� ��������
)LJ���� LOOXVWUDWHV� DQ� H[SHULPHQW� RQ� UH�

SHDWHG� UHYHUVLEOH� IOH[XUDO� VWUDLQLQJ� RI� WKH
FRPSRVLWH� PDWHULDO� SUHSDUHG� E\� HOHFWURO\WLF
GHSRVLWLRQ� RI� 1L� RQWR� RQH� VLGH� RI� D� UDSLG�

)LJ�����$Q�H[SHULPHQW�RQ�WKH�UHYHUVLEOH�IOH[XUDO�VWUDLQ�RI�D�JOXHG�FRPSRVLWH�XQGHU�WKHUPRF\FOLQJ�

)LJ�� ��� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH
IOH[XUDO�VWUDLQ�RI�D�FRPSRVLWH�
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TXHQFKHG� 7L��1L��&X��� ULEERQ� XQGHU
KHDWLQJlFRROLQJ�� 7KH� FRPSRVLWHV� ZHUH
KHDWHG� DQG� FRROHG� VORZO\� ZLWKLQ� WKH� WHP�
SHUDWXUH� UDQJH� RI� ��� WR� ���&�� WKDW� LV�
ZLWKLQ� WKH�PDUWHQVLWLF� WUDQVLWLRQ� UHJLRQ� RI
WKH�7L��1L��&X���DOOR\��$V�D�UHVXOW��D�VWURQJUHSHDWHG� UHYHUVLEOH� IOH[XUDO� VWUDLQ� ZDV� RE�
VHUYHG� XS� WR� DERXW� ���� �DFFRUGLQJ� WR� �����
L�H���H[FHHGLQJ������
7R� GHVFULEH� WKHRUHWLFDOO\� WKH� JLDQW

IOH[XUDO� VWUDLQV� RI� WKH� ELPRUSKRXV� 60(
FRPSRVLWH��D�VLPSOLILHG�PDWKHPDWLFDO�PRGHO
ZDV�FRQVWUXFWHG�� ,Q� WKLV� LQLWLDO�VWDJH�RI� LQ�
YHVWLJDWLRQ�� WKH� PRGHO� GRHV� QRW� WDNH� LQWR
DFFRXQW� WKH� PDUWHQVLWLF� SKDVH� WUDQVLWLRQ
DQG� K\VWHUHVLV� IHDWXUHV� LQ� WKH� WHPSHUDWXUH
GHSHQGHQFH� RI� WKH� FRPSRVLWH� FXUYDWXUH�� $V
D�ILUVW�DSSUR[LPDWLRQ��RQO\�WKH�LQLWLDO�VWDWH
�WKH�60(�OD\HU�LQ�WKH�PDUWHQVLWLF�VWDWH��DQG
WKH�ILQDO�RQH��DXVWHQLWLF�60(�OD\HU��DUH�FRQ�
VLGHUHG�
:KHQ� IOH[XUDO� VWUDLQV� DUH� DEVHQW� �WKH

FRPSRVLWH� EHLQJ� EORFNHG� EHWZHHQ� ULJLG
SODQHV��� RQO\� WKH� FRPSUHVVLRQ� VWUDLQ� WDNHV
SODFH�DW�KHDWLQJ��7KH�FRPSUHVVLRQ�YDOXH�G�LQ
WKH� FRXUVH� RI� VKDSH� UHFRYHU\� FDQ� EH� JHW
IURP� WKH� PLQLPL]DWLRQ� FRQGLWLRQ� RI� WKH
FRPSRVLWH�HODVWLF�HQHUJ\�:�
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,Q������(���(��GHQRWH�WKH�ILUVW�RUGHU�HODV�WLFLW\� PRGXOL� RI� WKH� 60(� OD\HU� DQG� HODVWLF
RQH�� UHVSHFWLYHO\�� K��� K��� WKLFNQHVV� RI� WKH60(�OD\HU�DQG�HODVWLF�RQH��UHVSHFWLYHO\��'O�
WKH�60(�OD\HU�HORQJDWLRQ�XQGHU�SVHXGR�SODV�
WLF�VWUDLQLQJ��O���WKH�LQLWLDO�60(�OD\HU�OHQJWK�SULRU� WR� SVHXGR�SODVWLF� VWUDLQLQJ��� E�� WKH
FRPSRVLWH� ZLGWK�� O�� WKH� FRPSRVLWH� OHQJWK� LQ
WKH�DXVWHQLWLF�VWDWH��7KH�UHVXOW��'O�O�������DVD�ILUVW�DSSUR[LPDWLRQ�LV�JHW�DV

G� � (����K����'O
(�K����(�K�

� ���

$V�WKH�FRPSRVLWH�WUDQVLWV� LQWR�DXVWHQLWLF
VWDWH��D�EHQGLQJ�PRPHQW�DULVHV�WKHUHLQ��7KH
VWUDLJKW� VKDSH� LV� PDLQWDLQHG� EHFDXVH� WKDW
PRPHQW� LV� FRPSHQVDWHG� E\� WKH� UHDFWLRQ
IRUFH�PRPHQW� RI� WKH� VXSSRUW��$FFRUGLQJ� WR
WKH��UG� ODZ�RI�PHFKDQLFV��WKH�VXSSRUW�UHDF�
WLRQ�IRUFH�LV�HTXDO�WR�WKH�IRUFH�JHQHUDWHG�E\
WKH� FRPSRVLWH�� /HW� WKH� ODWWHU� EH� HVWLPDWHG�
7R�WKDW�HQG��OHW�WKH�HTXLOLEULXP�HTXDWLRQ�EH

)LJ�����$Q�H[SHULPHQW�RQ�WKH�UHYHUVLEOH�IOH[XUDO�VWUDLQ�RI�D�FRPSRVLWH�SUHSDUHG�E\�HOHFWURO\WLF�1L
GHSRVLWLRQ�RQWR�UDSLG�TXHQFKHG�7L��1L��&X���ULEERQ�
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GHULYHG� IRU� WKH� FRPSRVLWH� ZLWK� RQH� KDOI
IL[HG� DQG� D� IRUFH� SUHYHQWLQJ� WKH� EHQGLQJ
DSSOLHG� WR� WKH� IUHH� HQG�� $FFRUGLQJ� WR� WKH
HTXLOLEULXP� HTXDWLRQ�� WKH� IRUFH� FDQ� EH� GH�
VFULEHG�DV

)� �0O � ���

ZKHUH� )� LV� WKH� IRUFH� WR� EH� VRXJKW��0�� WKH
EHQGLQJ�PRPHQW��O��WKH�DUP��WKH�VDPSOH�OHQJWK
IURP�WKH�IL[DWLRQ�SRLQW�WR�WKH�IUHH�HQG��
7KH� LQWHUQDO� EHQGLQJ� PRPHQW� LV� FDOFX�

ODWHG�DV

0� �(����K�����E����'O���G�
����O� ���(����K�����E���G

����O�
�����

6XEVWLWXWLQJ� ���� LQWR� ���� DQG� DVVXPLQJ
WKH�HTXDO�WKLFNQHVV�DQG�HODVWLFLW\�PRGXOL�RI
ERWK� OD\HUV� �p�� �p�� �(�� K�� �K�� �K��� ZHJHW�IRU�WKH�IRUFH

)� �(���K����E���'O����O���O� � ���

7R�JHW�DQ�H[SUHVVLRQ�IRU�WKH�FXUYDWXUH�RI
FRPSRVLWH� EHLQJ� LQ� WKH� IUHH� VWDWH�� OHW� XV
DVVXPH� WKDW� WKH� %HUQXOOL�(XOHU� EHDP� EHQG
WKHRU\�LV�YDOLG�IRU�WKH�FDVH�DQG�WKH�FRPSRV�
LWH� OD\HUV� DUH� DEVROXWHO\� HTXDO� LQ� OHQJWK� WR
RQH� DQRWKHU�� 8QGHU� VXFK� DVVXPSWLRQV�� WKH
LQWHUQDO�EHQGLQJ�PRPHQW�FDQ�EH�VXSSRVHG�WR
EH�FRQVWDQW�RYHU�WKH� OHQJWK��WKXV��WKH�FRP�
SRVLWH�VXUIDFH�ZLOO�EH�D�F\OLQGULFDO�RQH��7KH
%HUQXOOL�(XOHU�EHDP�EHQG�WKHRU\�VXSSRVHV�D
VPDOO� VWUDLQ�'O�O������EXW�GRHV�QRW� UHTXLUHD�VPDOO�DSH[�DQJOH�DW�EHQGLQJ��7KHQ��ZLWKLQ
WKH�IUDPHV�RI�WKDW�WKHRU\��WKH�HODVWLF�HQHUJ\
:� VKRXOG� EH� PLQLPL]HG� WR� GHWHUPLQH� WKH
VXUIDFH� FXUYDWXUH� UDGLXV� 5� DQG� WKH� DSH[
DQJOH�D�RI�WKH�FRPSRVLWH����
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[�DQG�\�EHLQJ�WKH�LQWHJUDWLRQ�SDUDPHWHUV�
7KHQ�� OHW� XV� VROYH� WKH� V\VWHP� RI� HTXD�

WLRQV�
w:6�D�5�

wD � ���
w:6�D�5�

w5 � ���

���

7KH�VROXWLRQ� LV�D� UDWKHU�FRPSOH[�H[SUHV�
VLRQ�� WKHUHIRUH�� D� SDUWLDO� VROXWLRQ� IRU� WKH
FDVH�K�� �K�� �K��(�� �(��LV�SUHVHQWHG�KHUH�
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7KXV�� ZH� KDYH� DQ� DSSUR[LPDWH� HTXDOLW\
IRU�5�DW�K�� �K� �K��(�� �(���'O�O�����
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7R�VWXG\�WKH�GHSHQGHQFH�RI�VWUDLQ�IRU�WKH
FRPSRVLWH� SUHSDUHG� E\� HOHFWURO\WLF� GHSRVL�
WLRQ� RI� QLFNHO� RQ� WHPSHUDWXUH� DQG� F\FOH
QXPEHU� �UHVRXUFH��� WKH� PDWHULDO� ZDV� VXE�
MHFWHG� WR� WKHUPRF\FOLQJ�� 7KH� VDPSOH� ZDV
SKRWRJUDSKHG� ERWK� LQ� PDUWHQVLWLF� DQG
DXVWHQLWLF�VWDWHV�DIWHU�HYHU\�KXQGUHG�RI�F\�
FOHV�� 7KH� IROORZLQJ� UHVXOWV� KDYH� EHHQ� RE�
WDLQHG� E\� SURFHVVLQJ� WKH� LPDJHV�� 5PLQ� ���� PP�� 5PD[� ����� PP�� 1� ����� 5PLQ� ���� PP�� 5PD[� ����� PP��1� ������ 5PLQ� ���� PP�� 5PD[� ����� PP��1� ������� +HUH�5PLQ� LV� WKH� FRPSRVLWH� FXUYDWXUH� UDGLXV� LQWKH�PDUWHQVLWLF�VWDWH��5PD[��WKH�VDPH�LQ�WKHDXVWHQLWLF� RQH�� 1�� WKH� F\FOH� QXPEHU�� 7KH
FXUYDWXUH� FKDQJH� �5PD[�Ü�5PLQ�� LV� GHILQHGE\�D�FRQVLGHUDEOH�GLPLQXWLRQ�RI�5PD[�DQG�DQLQVLJQLILFDQW� LQFUHDVH� RI� 5PLQ� DV� WKH� F\FOHQXPEHU�LQFUHDVHV��7KLV�FDQ�WHVWLI\�IRU�DFFX�
PXODWLRQ�RI� LQHODVWLF�GHIHFWV� LQ� WKH�HOHFWUR�
O\WLF� QLFNHO� OD\HU�� ZKLOH� WKH� 7L��1L��&X��60(� ULEERQ� LV� VXEMHFWHG� WR� VXFK� DFFXPXOD�
WLRQ�WR�D�FRQVLGHUDEO\�OHVVHU�H[WHQW�
7KH�FRPSRVLWH�FXUYDWXUH�LQ�WKH�DXVWHQLWLF

VWDWH�FDOFXODWHG�XVLQJ������DW�'O�/� �������K
 ������� PP� LV� 5PLQ� ������ PP�� ZKLOH� WKHFRUUHVSRQGLQJ� H[SHULPHQWDO� YDOXH� LV
����PP�� 7KXV�� WDNLQJ� LQWR� DFFRXQW� WKH� DV�
VXPSWLRQV�DGRSWHG��WKH�UHVXOWV�DUH�LQ�D�VDW�
LVIDFWRU\�DJUHHPHQW�
7R�FRQFOXGH��D�W\SH�RI�IXQFWLRQDO�PDWHUL�

DOV� EDVHG� RQ� DOOR\V� ZLWK� VKDSH�PHPRU\� HI�
IHFW��IHUURPDJQHWLF�RU�QRQ�IHUURPDJQHWLF��LV
SURSRVHG� GHVLJQHG� DV� D� OD\HUHG� VWUXFWXUH
FRQVLVWLQJ� RI� DQ� HODVWLF� OD\HU� DQG� D� 60(
RQH��WKH�ODWWHU�EHLQJ�SUH�VWUDLQHG��VWUHWFKHG�
SVHXGR�SODVWLFDOO\�� 6XFK� D� FRPSRVLWH� PDWH�
ULDO� LV� FKDUDFWHUL]HG� E\� D� ODUJH� UHYHUVLEOH
EHQGLQJ� VWUDLQ� FRQWUROOHG� E\� WHPSHUDWXUH
�RU� E\� PDJQHWLF� ILHOG� LI� WKH� 60(� OD\HU� LV
IHUURPDJQHWLF�� DQG� LV� SUDFWLFDOO\� IHDVLEOH
DQG� VXLWDEOH� IRU� PLQLDWXUL]DWLRQ�� 7KH� VDP�
SOHV�RI�IXQFWLRQDO�PDWHULDOV�EDVHG�RQ�UDSLG�
TXHQFKHG�7L��1L��&X���DOOR\�SUHSDUHG�E\�JOX�LQJ� DQG� HOHFWURO\WLF� GHSRVLWLRQ� KDYH� EHHQ
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VWXGLHG� LQ� H[SHULPHQW�� DQG� DFWXDWRUV� FRQ�
WUROOHG�E\�KHDW�ILHOG�KDYH�EHHQ�UHDOL]HG�EDV�
LQJ� WKHUHRQ�� $�PRGHO� RI� DFWXDWRU� SUHSDUHG
E\� HOHFWURO\WLF� QLFNHO� GHSRVLWLRQ� GHPRQ�
VWUDWHG�D�VWUDLQ�DERXW�����GXULQJ������F\�
FOHV� DQG� PRUH�� $� VLPSOLILHG� PDWKHPDWLFDO
PRGHO� KDV� EHHQ� GHULYHG� WKDW� UHODWHV� WKH
VDPSOH� FKDUDFWHULVWLFV� DQG� LWV� SUH�VWUDLQ
YDOXH� WR� WKH� FXUYDWXUH� UDGLXV� LQ� DXVWHQLWLF
VWDWH� DQG� WKH� IRUFHV�JHQHUDWHG��7KH� H[SHUL�
PHQWDO� YDOXHV� RI� WKH� DFWXDWRU� FXUYDWXUH
DJUHH�VDWLVIDFWRULO\�ZLWK�WKHRUHWLFDO�HVWLPD�
WLRQV�XVLQJ�WKH�PDWKHPDWLFDO�PRGHO�
7KLV�ZRUN�KDV�EHHQ�GRQH�XQGHU�ILQDQFLDO

VXSSRUW� E\� 5XVVLDQ� )RXQGDWLRQ� IRU� )XQGD�
PHQWDO� ,QYHVWLJDWLRQV� �5)),��� *UDQWV� 1RV�
������������� ������������� ������������
��������������������������������������

5HIHUHQFHV
� ���-�+�<RR�� -�,�+RQJ��:�&LDR��6HQVRUV� DQG�$F�

WXDWRUV���������������
� ���$�&�/DSDGDWX�� '�'H� %UX\NHU�� +�-DNREVHQ�

6HQVRUV�DQG�$FWXDWRUV����������������

� ���+�6HKU�� $�*�5�(YDQV�� $�%UXQQVFKZHLOHU�� -�
0LFURPHFK��0LFURHQJ������������������

� ���$�&RPSRVHR�� 1�3XFFLQL�� )�)XVR�� $SSO��6XUI�
6FL������Ü����������������

� ���9�$�/LNKDFKRY�� 6�/�.X]±PLQ�� =�3�.DPHQW�
VHYD�� 6KDSH�0HPRU\�(IIHFW�� /*8��/HQLQJUDG
�������>LQ�5XVVLDQ@�

� ���$�0�*OH]HU��(�1�%OLQRYD��9�$�3R]GQ\DNRY��-�
1DQRSDUWLFOH�5HV�����������������

� ���$�$�&KHUHFKXNLQ�� ,�(�'LNVKWHLQ�� '�,�(U�
PDNRY��3K\V��/HWW��$������������������

� ���9�$�%HORVKHQNR�� 9�1�9DU\XNKLQ�� <�9�9R]Q�
\DN��5XVV��&KHP��5HY�������������������

� ���9�*�3XVKLQ��6�%�9RONRYD��1�0�0DWYHHYD��)L]�
0HWDOORY�0HWDOORYHG�����������������

����6�3�%HO\DHY�� 1�1�5HVQLQD�� $�9�6KHO\DNRY�
)XQFWLRQDO�0DWHULDOV�����������������

����7�*RU\F]ND�� 3�2FKLQ��0DWHULDOV� 6FLHQFH� DQG
(QJ��$�����Ü����������������

����6RR�PRRQ� 3DUN�� -HRQJ�KHH� 2K�� <HRQ�ZRRN
.LP��0DWHU��6FL��(QJ��$�����Ü����������������

����5�6DQWDPDWUD�� '�6FKU\YHUV�� 0DWHU��6FL��(QJ�
$������������������

����<HRQ�ZRRN� .LP�� <RXQJ�PRN� <XK�� 7DH�K\XQ
1DP�� 0DWHU��6FL��(QJ��$�� ���Ü����� ���
�������
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