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���,QWURGXFWLRQ
'XULQJ� WKH� ODVW� GHFDGH�� JUHDW� HIIRUWV

KDYH�EHHQ�GHYRWHG�WR�WKH�V\QWKHVLV�RI�IXQF�
WLRQDO� PDWHULDOV� GHULYDWHG� IURP� GLIIHUHQW
ELRORJLFDO� REMHFWV�� 6XFK� PDWHULDOV� DUH
SVHXGRPRUSKLF� WR� WKH� LQLWLDO� ELRORJLFDO� RE�
MHFWV�LQ�PLFUR���PHVR���DQG�PDFUR�VFDOH��7KH
LQWHUHVW�LQ�PDQXIDFWXULQJ�RI�WKHVH�PDWHULDOV
LV� FDXVHG� E\� UHODWLYH� VLPSOLFLW\� RI� WHFKQRO�

RJ\� DQG� SRVVLELOLW\� WR� SURGXFH� PDWHULDOV
ZLWK� KLHUDUFKLFDOO\� FRQQHFWHG� SRURXV� VWUXF�
WXUHV��ZKLFK�LV�LPSRVVLEOH�ZKHQ�XVLQJ�RWKHU
WHFKQLTXHV��7KH�ELRPRUSKLF�6L&��ELR�6L&��GH�
ULYHG� IURP� GLIIHUHQW� NLQGV� RI� ZRRG� >�@� LV
DPRQJ� WKH� DIRUHPHQWLRQHG� PDWHULDOV�� 7KH
LQWHUHVW� LQ� ELR�6L&� SURGXFWLRQ� DQG� LWV� SUR�
VSHFWLYH�DSSOLFDWLRQV�RULJLQDWHV�IURP�FRPEL�
QDWLRQ�RI�XQLTXH�SURSHUWLHV�RI�FRPPRQ�FU\V�
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WDOOLQH� 6L&� DQG� LQKHUHQW� FKDUDFWHULVWLFV� RI
ELR�6L&�

7KH�SURFHGXUH�RI�ELR�6L&�REWDLQLQJ�VWDUWV
IURP�S\URO\VLV� RI� QDWXUDO�ZRRG� LQ� DQ� LQHUW
DWPRVSKHUH� �DUJRQ� RU� QLWURJHQ��� 7KLV� SURF�
HVV� UHVXOWV� LQ� GHFRPSRVLWLRQ� RI� ZRRG� RU�
JDQLFV�LQWR�YRODWLOH�FRPSRQHQWV�DQG�UHPDLQ�
LQJ� SRURXV� FDUERQ� VNHOHWRQ�� 7R� WUDQVIRUP
WKH�FDUERQ�PDWULFHV�LQWR�6L&��GLIIHUHQW�WHFK�
QLTXHV� DUH� XVHG�� VXFK� DV� LQILOWUDWLRQ� ZLWK
OLTXLG� VLOLFRQ� >����@�� UHDFWLYH� LQILOWUDWLRQ
ZLWK�6L2�YDSRU�� FKHPLFDO�YDSRU� LQILOWUDWLRQ
>����@� HWF�� ,W� LV� RI� IXQGDPHQWDO� LPSRUWDQFH
IRU� WKHVH� SURFHVVHV� WKDW�ZRRG�KDV� RSHQ� SR�
URXV� VWUXFWXUH�� WKXV� PDNLQJ� LW� VXLWDEOH� RI
VXFK� LQILOWUDWLRQ�� $V� D� UHVXOW�� SRURXV� 6L&
PDWHULDO� LV� IRUPHG�ZKLFK�SUHVHUYHV� WKH�PL�
FURVWUXFWXUH� RI� WKH� LQLWLDO� ZRRG� SUHFXUVRU�
7KLV� WHFKQLTXH� RI� 6L&� V\QWKHVLV� LV� FKDUDF�
WHUL]HG�ZLWK�UHODWLYHO\�ORZ�FRVW�DQG�VLPSOLF�
LW\� RI� REWDLQLQJ� VDPSOHV� IURP� ZRRG� RI� GH�
VLUHG�VKDSH�

,Q�>����@��ELR�6L&�ZDV�REWDLQHG�E\�VSRQWD�
QHRXV� FDUERQ� VNHOHWRQ� LQILOWUDWLRQ�ZLWK� OLT�
XLG� 6L� DW� ����Ü�����&�� ,Q� RXU� ZRUN�� WKH
ELR�6L&�ZDV�V\QWKHVL]HG�XVLQJ�WKH�IRUFHG�LQ�
ILOWUDWLRQ�PHWKRG�

,W�LV�WR�QRWH�WKDW�LPSODQWV�LQ�WKH�KXPDQ
ERG\�DUH�DPRQJ�WKH�PRVW�SURPLVLQJ�DSSOLFD�
WLRQV�RI�ELR�FHUDPLFV�>�Ü�@��7KH�ELRFRPSDWL�
ELOLW\� RI� WKH� FHUDPLF� FRPSRVLWHV� EDVHG� RQ
E�6L&�6L�� E�6L&�&�� D�6L&�6L�� DQG� D�6L&�&
PD\�GLIIHU�VLJQLILFDQWO\��0RUHRYHU��WKH�PH�
FKDQLFDO�DQG�HODVWLF�SURSHUWLHV�RI�WKHVH�PD�
WHULDOV� PD\� EH� DOVR� YHU\� GLIIHUHQW�� 7KHUH�
IRUH��WR�GHYHORS�D�FRQWUROODEOH�WHFKQRORJ\�RI
ELRPRUSKLF�6L&�FRPSRVLWHV��LQ�WKLV�ZRUN�ZH
LQYHVWLJDWHG�WKH�LQIOXHQFH�RI�WKH�WHFKQRORJL�
FDO�IDFWRUV�RQ�WKH�SKDVH�DQG�FRPSRVLWLRQ�RI
WKH�FHUDPLFV�REWDLQHG��,Q�SDUWLFXODU��VWXGLHG
ZHUH�WKH�LQIOXHQFH�RI�WKH�V\QWKHVLV�WHPSHUD�
WXUH� LQ� WKH� ����Ü�����&� UDQJH� DQG� PDVV
UDWLR� EHWZHHQ� FDUERQ�PDWUL[� DQG� VLOLFRQ� RQ
SKDVH�DQG�FRPSRQHQW�FRPSRVLWLRQ�RI�ELR�6L&
FHUDPLFV� GHULYHG� IURP� GLIIHUHQW� ZRRG� SUH�
FXUVRUV��

���([SHULPHQWDO�FRQGLWLRQV
6\QWKHVLV� RI� ELR�6L&� FHUDPLFV� FRQVLVWHG

RI� VHYHUDO� VWDJHV�� 7KH� ILUVW� VWDJH� LV� WKH
SUHSDUDWLRQ�RI�FDUERQ�VNHOHWRQ�IURP�YDULRXV
ZRRG� VSHFLHV�� 7KH� ZRRG� S\URO\VLV� LQ� WKH
IORZ� RI� LQHUW� JDV� �DUJRQ� RU� QLWURJHQ�� DW
����&� ZDV� XVHG� IRU� WKDW� DLP�� ,Q� RUGHU� WR
REWDLQ�UHODWLYHO\�XQLIRUP�SRUH�VL]H�GLVWULEX�
WLRQ� LQ� WKH� EXON� VDPSOH�� GLIIHUHQW� W\SHV� RI
QDWXUDO� KDUGZRRGV� ZLWK� GLIIXVLYH� SRURXV
SDWWHUQV�ZHUH� XVHG�� VXFK� DV�(XURSLDQ�:DO�
QXW� �-XJODQV� UHJLD��� (XURSHDQ� +RUQEHDP

�&DUSLQXV� EHWXOXV�� DQG� SHDU� WUHH� �3\UXV� GR�
PHVWLFD��

7KH�VHFRQG�VWDJH�LV�IRUFHG�LQILOWUDWLRQ�RI
WKH�REWDLQHG�FDUERQ�PDWUL[�ZLWK�OLTXLG�VLOL�
FRQ� UHVXOWLQJ� LQ� 6L&� V\QWKHVLV�� 7KH� FDUERQ
PDWULFHV�ZHUH�SODFHG� LQ� LQGLYLGXDO�JUDSKLWH
FUXFLEOHV� DQG� KHDWHG� DW� WKH� V\QWKHVLV� WHP�
SHUDWXUH� LQ� KHOLXP� DWPRVSKHUH��'XH� WR� WKH
ZHWWLQJ�IRUFHV�DQG�DGGLWLRQDO�IRUFHG�DEVRUS�
WLRQ� >�����@�� OLTXLG� VLOLFRQ� KDV� SHQHWUDWHG
LQVLGH� FDUERQ�PDWUL[� EHLQJ� LQYROYHG� LQ� WKH
V\QWKHVLV�UHDFWLRQ��&VRO���6LOLT�o�6L&�7KH� PD[LPXP� V\QWKHVLV� WHPSHUDWXUH
7PD[� IRU� GLIIHUHQW� VDPSOHV�KDV� EHHQ�YDULHGIURP������WR������&��WKH�SURFHVV�GXUDWLRQ�
IURP����WR����PLQ��)LJ�����PRGHV��Ü����DQG
FDUERQ� PDWUL[�VLOLFRQ� PDVV� UDWLR� \� �6L�&
KDV� EHHQ� YDULHG� ZLWKLQ� ���� WR� ���� UDQJH�
7KH�YDFXXP�FKDPEHU�YROXPH� LQ�WKH�H[SHUL�
PHQWDO� VHWXS� SURYLGHG� WKH� LQILOWUDWLRQ�V\Q�
WKHVLV� SURFHVV� WR� EH� FDUULHG� RXW� LQYROYLQJ
��Ü��� VDPSOHV� VLPXOWDQHRXVO\�� ,W� KDV� EHHQ
VKRZQ� LQ� >��@� WKDW� WKH� FRPSRQHQW� FRPSRVL�
WLRQ� RI� WKH�6L&�6L�&� FRPSRVLWH� GHSHQGV� RQ
6L�&� PDVV� UDWLR� �\�� RI� LQLWLDO� FRPSRQHQWV
LQVLGH� WKH� FUXFLEOH� DQG� RWKHU� WHFKQRORJLFDO
FRQGLWLRQV��,Q�RUGHU�WR�REWDLQ�VWRLFKLRPHWULF
6L&�FRPSRVLWLRQ�RI�WKH�ILQDO�SURGXFW��LQLWLDO
FRPSRQHQWV� KDYH� WR� UHDFW� FRPSOHWHO\�� DQG
WKHLU� PDVV� EDODQFH� KDV� WR� EH� \� ������� $W
ORZHU�VLOLFRQ�DPRXQW��\����������6L&�&�FRP�
SRVLWH� ZLWK� UHODWLYHO\� HPSW\� SRUHV� LV
IRUPHG�� ZKLOH� \�!������ UHVXOWV� LQ� 6L&�6L
FRPSRVLWH�ZLWK�VLOLFRQ�ILOOHG�SRUHV�

7KH�VWUXFWXUH�DQG�FRPSRVLWLRQ�RI�WKH�RE�
WDLQHG�PDWHULDOV�ZHUH� H[DPLQHG�XVLQJ� RSWL�
FDO� PLFURVFRS\�� VFDQQLQJ� HOHFWURQ� PLFURV�
FRS\� �6(0��� DQG�5DPDQ� VSHFWURVFRS\� �56��
7KH� 56� ZDV� WKH� SULQFLSDO� VWXG\� PHWKRG�
5DPDQ� VSHFWUD� KDYH� EHHQ� UHFRUGHG� XVLQJ� D
7�������VSHFWURPHWHU�IRU�PLFUR��DQG�D�')6�
���RQH�IRU�PDFUR�VFDOH�VWXGLHV��7KH�����QP
ZDYHOHQJWK�RI�WKH�$U��LRQ�ODVHU�ZDV�XVHG�IRU
H[FLWDWLRQ� LQ� ERWK� FDVHV�� 5DPDQ� VSHFWUD

)LJ�����7\SLFDO�WHPSHUDWXUH�YV�WLPH�PRGHV�RI
LQILOWUDWLRQ�V\QWKHVLV�SURFHVVHV�
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DQDO\VLV� SURYLGHV� WKH� GHWHUPLQDWLRQ� RI� WKH
REWDLQHG� 6L&� SRO\W\SHV� DV� ZHOO� DV� WKH� PH�
FKDQLFDO�VWUHVV��WKH�VWUXFWXUDO�SHUIHFWLRQ�GH�
JUHH� DQG� SUHVHQFH� RI� DPRUSKRXV� �FU\VWDO�
OLQH�� SKDVH� LQ� VDPSOHV�� 7R� LQYHVWLJDWH� WKH
PLFURVWUXFWXUH�DQG�PLFUR�LPSXULWLHV�LQ�SUH�

SDUHG� VDPSOHV�� WKH� PLFUR�5DPDQ� VSHFWURV�
FRS\�KDV�EHHQ�XVHG��7KH�LQWHQVLW\�RI�5DPDQ
EDQGV�LV�IRXQG�WR�EH�GHSHQGHQW�RQ�WKH�ODVHU
VSRW� SRVLWLRQ�� REYLRXVO\� EHFDXVH� RI� WKH�6L&
PLFURFU\VWDO�RU�6L�FOXVWHU�GRPLQDWLQJ�LQ�WKH
SUREHG�VPDOO�VDPSOH�YROXPH���

)LJ�����6(0�LPDJHV�RI�D[LDO� VHFWLRQ�VXUIDFH� VWUXFWXUH�RI�6L&� FHUDPLFV�GHULYHG� IURP�� �D��SHDU�WUHH
ZRRG� IRU�PDVV� UDWLR�\��������� �E�� QXW�WUHH�ZRRG� IRU�\� ������� DQG� �F�� ORQJLWXGLQDO�SURILOH�RI�6L&
FHUDPLFV�GHULYHG�IURP�KRUQEHDP�ZRRG�IRU�\� ������
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���5HVXOWV�DQG�GLVFXVVLRQ�
)LJ���D�DQG��E�VKRZ�6(0�PLFURVFRS\�LP�

DJHV� RI� WKH� ELR�6L&� FHUDPLFV� GHULYHG� IURP
GLIIHUHQW�ZRRG�SUHFXUVRUV� LQ� WKH�SODQH�SHU�
SHQGLFXODU�WR�WKH�WUHH�JURZWK�GLUHFWLRQ�DQG
)LJ���F�� LQ� WKH� SODQH� SDUDOOHO� WKHUHWR�� $W
KLJKHU�UHVROXWLRQ�SURYLGHG�E\�6(0��V\QWKH�
VL]HG�PLFURFU\VWDOV� IRUPLQJ� WKH�6L&�PDWUL[
FDQ�EH�FOHDUO\�VHHQ��)LJ�����ULJKW��

,W�LV�ZHOO�NQRZQ�WKDW�XWLOL]DWLRQ�RI�GLIIHU�
HQW�V\QWKHVLV�PHWKRGV�DOZD\V�FDXVHV�GLVFUHS�
DQF\�LQ�WKH�UHSURGXFLELOLW\�RI�QDWXUDO�SUHFXU�
VRU�LQLWLDO�PRUSKRORJ\��6R��IRU�WKH�FDUERQ�PD�
WUL[� LQILOWUDWLRQ�ZLWK�VLOLFRQ�YDSRU��D�FULWLFDO
SRUH� GLDPHWHU� H[LVWV� �DERXW� �� PP��� EHORZ
ZKLFK� WKH� YDSRU� SHQHWUDWLRQ� RFFXUV� YHU\
VORZO\��2Q�WKH�RWKHU�KDQG��WKHUH�LV�D�PD[LPXP
SRUH�GLDPHWHU�RI�a���r���PP��ZKLFK�VWLOO�SUR�
YLGHV�WKH�VSRQWDQHRXV�LQILOWUDWLRQ�>�@��7KH�XVH
RI�IRUFHG�LQILOWUDWLRQ�PHWKRG�DOORZV�WR�ZHDNHQ
WKHVH� OLPLWDWLRQV� DQG� ZLGHQ� QRWLFHDEO\� WKH
�XVHIXO��SRUH�VL]H�UDQJH��DQG�HYHQ�WR�JHW�SRUHV
FRPSOHWHO\�ILOOHG�ZLWK�6L�IRU�FHUWDLQ�SRUH�VL]HV�

)LJ���� VKRZV� 5DPDQ� VSHFWUD� LQ� WKH� 72
EDQG�UHJLRQ�IRU�ELR�6L&�VDPSOHV�SUHSDUHG�DW
GLIIHUHQW� WHPSHUDWXUHV��7KH�KRUQEHDP�VDP�
SOH� �PRGH� ���7PD[� ������&�� VKRZV� D� EDQGDW� ���� FPÜ�� �VSHFWUXP� ���� ZKLFK� FRUUH�
VSRQGV� WR� FXELF� �&� PRGLILFDWLRQ�� ZKLOH� DW
LQFUHDVH�RI�WKH�V\QWKHVLV�WHPSHUDWXUHV�XS�WR
7PD[� ������&��PRGH�����WKH�VSHFWUD�LQFOXGHWKUHH� EDQGV� SHDNHG� DW� ������� ������ DQG
����FPÜ��� LQGLFDWLQJ� IRUPDWLRQ� RI� WKH� �+
SRO\W\SH�

7KH�EHKDYLRU� RI� WKH�SHDU�WUHH� VDPSOHV� LV
VRPHZKDW� GLIIHUHQW��$V� LW� LV� VHHQ� LQ�)LJ���
�VSHFWUD� �� DQG� ���� ERWK� V\QWKHVLV� WHPSHUD�
WXUHV� � SURYLGH�6L&� RI� WKH� �&� PRGLILFDWLRQ�
+RZHYHU�� LW� VKRXOG� EH� PHQWLRQHG� WKDW� DW

KLJKHU� V\QWKHVLV� WHPSHUDWXUH�� 7V� ������&�PRGH����� WKH�VSHFWUXP�UHYHDOV�D�ZHDN�FRQ�
WULEXWLRQ� RI� �+� SRO\W\SH� LQ� WKH� IRUP� RI� D
VKRXOGHU� SHDNHG� DW� ���� FPÜ��� 7KH� IDFW� RI
WKH� DERYH� VSHFLILF� SRO\W\SHV� IRUPDWLRQ� DW
WKH�WHPSHUDWXUHV�PHQWLRQHG�LV�FRQILUPHG�E\
WKH�VFDWWHULQJ�RQ�IROGHG�DFRXVWLF�SKRQRQV�RI
�+� SRO\W\SH� LQ� WKH� ORZ�IUHTXHQF\� VSHFWUDO
UHJLRQ��VSHFWUD�DUH�QRW�SUHVHQWHG���

,W� VKRXOG�EH�QRWHG� WKDW�5DPDQ�VSHFWUD�RI
ELR�6L&� FHUDPLFV� SUHSDUHG� IURP� QXW�WUHH� DUH
VLPLODU�WR�WKRVH�IRU�ELR�6L&�FHUDPLFV�SUHSDUHG
IURP�WKH�SHDU�WUHH��)RU�VLPSOLFLW\�VDNH��WKHVH
VSHFWUD�DUH�QRW�VKRZQ�LQ�)LJ�����

7KH��&Ü6L&� SRO\W\SH� LV� FRQVLGHUHG� WR�EH
VWDEOH� DW� WHPSHUDWXUHV� EHORZ� �����&�� DQG
FDQ� EH� WUDQVIRUPHG� LQWR� �+� SRO\W\SH� DW
KLJKHU� V\QWKHVLV� WHPSHUDWXUHV�� 7KH� �+
SRO\W\SH� LV�WKH�VWDEOH�6L&�IRUP�DW�WHPSHUD�
WXUHV� DERYH� �����&� >��@�� ,W� LV� ZHOO� NQRZQ
WKDW�6L&�SRO\W\SH�WUDQVIRUPDWLRQ�PD\�RFFXU

)LJ����� 5DPDQ� VSHFWUD� RI� ELR�6L&� GHULYHG
IURP� KRUQEHDP� ZRRG� DW� �����&� ���� DQG
�����&� ���� DQG� IURP� SHDU�WUHH� ZRRG� DW
�����&�����DQG������&�����

)LJ����� 5DPDQ� VSHFWUD� DW� &±&� YLEUDWLRQV� UHJLRQ� RI�� �D�� ELR�6L&� GHULYHG� IURP� SHDU�WUHH� ZRRG� DW
�����&� ���� DQG� �����&� ���� DQG� IURP� KRUQEHDP� ZRRG� DW� �����&� ���� DQG� �����&� ����� �E�� ELR�6L&
GHULYHG� IURP� QXW�WUHH� ZRRG�� ���� ELR�6L&�� ���� ELR�6L&� FRYHUHG�ZLWK� QDQRVWUXFWXUHG� VLOYHU� ILOP�� ���
FDUERQ�&�VKRZQ�IRU�FRPSDULVRQ�
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DW� GLIIHUHQW� WKHUPRG\QDPLF� FRQGLWLRQV�
XQGHU�KHDWLQJ�LQ�YDULRXV�HQYLURQPHQWV��PH�
FKDQLFDO� VWUHVV� �EHQGLQJ�� FRPSUHVVLRQ�� >��@�
HWF�� 6XFK� SRO\W\SH� WUDQVIRUPDWLRQ� FDQ� DOVR
EH�VWLPXODWHG�E\�LQWURGXFWLRQ�RI�LPSXULWLHV�
,QGHHG�� LW� LV� VKRZQ� >��@� WKDW� $O� GRSLQJ� RI
�&Ü6L&� OHDGV� WR� �&�o��+� SRO\W\SH� WUDQVL�
WLRQ�� 6WUXFWXUDO� DQG� SRLQW� GHIHFWV� LQ� E�6L&
FU\VWDOV�PD\�DOVR� LQGXFH�SRO\W\SH� WUDQVIRU�
PDWLRQ� >��@�� )LJ���� VKRZV� WKDW� LQILOWUD�
WLRQ�V\QWKHVLV�SURFHVVHV�ZHUH�FDUULHG�RXW�DW
JUDGXDO� WHPSHUDWXUH� LQFUHDVH�� 7KHUHIRUH�
RQH� FDQ� DVVXPH� WKDW� WKH� ILUVW� V\QWKHVLV
VWDJH� ZKHUH� WKH� WHPSHUDWXUH� LV� UHODWLYHO\
ORZ� JLYHV� ULVH� WR� IRUPDWLRQ� RI� �&Ü6L&� PL�
FURFU\VWDOV�� ZKLFK� PD\� IXUWKHU� WUDQVIRUP
LQWR� �+Ü6L&� DIWHU� ORQJ�WLPH� KHDWLQJ� DW
KLJKHU�WHPSHUDWXUHV�

)RU�WKH�&±&�YLEUDWLRQV�LQYHVWLJDWLRQ��WKH
6L&�&�FRPSRVLWHV�REWDLQHG�DW�\��������PDVV
UDWLR�RI�LQLWLDO�FRPSRQHQWV�DUH�WKH�PRVW�LQ�
IRUPDWLYH� RQHV�� 6SHFWURVFRSLF� DQDO\VLV� RI
WKHVH� VWUXFWXUHV� LQ� &±&� YLEUDWLRQ� UHJLRQ
�����Ü�����FPÜ���KDV�VKRZQ�WKDW�VSHFWUD�RI
VDPSOHV� IRUPHG� DW� WHPSHUDWXUHV� DV� KLJK�DV
����Ü�����&� �)LJ���D�� VSHFWUD���������� FRQ�
WDLQ� 5DPDQ� EDQGV� FRUUHVSRQGLQJ� WR� RYHU�
WRQH�DQG�WZR�SKRQRQ�FRPELQDWLRQV�RI�VWDWHV
IURP� *��� ;��� DQG� /�SRLQWV� RI�6L&� %ULOORXLQ
]RQH� >��@�� )RU� WKH� KRUQEHDP� ELR�6L&� RE�
WDLQHG� DW� 7PD[� ������&� �PRGH� ���� DORQJZLWK� WKH� DIRUHPHQWLRQHG� EDQGV�� VWURQJ
5DPDQ� EDQGV� DW� ����� DQG� ����� FPÜ�� DUH
SUHVHQW�� FRUUHVSRQGLQJ� WR� FDUERQ�YLEUDWLRQV
�VR�FDOOHG�'��DQG�*�EDQG��UHVSHFWLYHO\���7KH
'� SHDN�DULVHV� IURP� WKH�$�J� YLEUDWLRQ�PRGHRI� WKH� VS�� ERQGV� LQ� WKH� DURPDWLF� ULQJV� RI
GLVRUGHUHG�JUDSKLWH��7KH�*�SHDN�LV�GXH�WR�WKH
(�J� YLEUDWLRQ� PRGH� RI� DOO� WKH� VS�� ERQGV� LQJUDSKLWH�>��@��7KDW�LV��WKH�ELR�6L&�REWDLQHG�DW
WKLV�VSHFLILF�V\QWKHVLV�UHJLPH�FRQWDLQV�FDUERQ
FOXVWHUV�QRW�WUDQVIRUPHG�LQWR�6L&��

+RZHYHU�� RI� JUHDW� LQWHUHVW� LV� WR� LQYHVWL�
JDWH� WKH� SUREDEOH� SUHVHQFH� RI� QRQ�UHDFWHG
FDUERQ�DW�RWKHU�\�YDOXHV��7KH�GLUHFW�5DPDQ
VSHFWUD� PHDVXUHPHQWV� RI� ELR�6L&� VDPSOHV
REWDLQHG�DW�GLIIHUHQW�6L�&�PDVV�UDWLR�GR�QRW
VKRZ� FKDUDFWHULVWLF� OLQHV� RI�&±&� YLEUDWLRQV
LQ� WKLV� UHJLRQ�� RQO\� VHFRQG� RUGHU� OLQHV� RI
6L±&� YLEUDWLRQV� DUH� SUHVHQW� �)LJ���E�� VSHF�
WUXP�����7KDW� LV�ZK\�LW� LV�RI�JUHDW�LQWHUHVW
WR� PDNH� PRUH� DFFXUDWH� DQDO\VLV� RI� VXFK
VDPSOHV�WR�GLVFRYHU�SRVVLEOH�SUHVHQFH�RI�UH�
VLGXDO�FDUERQ�DW�ORZ�FRQFHQWUDWLRQV��7R�WKDW
DLP�� WKH� VXUIDFH� HQKDQFHG�5DPDQ� VSHFWURV�
FRS\�LV�WKH�EHVW�VROXWLRQ�

,Q� RUGHU� WR� JHW� VXUIDFH� HQKDQFHPHQW� HI�
IHFW�� VLOYHU� QDQRSDUWLFOH� ILOP�ZDV�GHSRVLWHG

RQ�WKH�ELR�6L&�VXUIDFH�E\�LPPHUVLRQ�SODWLQJ
PHWKRG��,W�LV�ZHOO�NQRZQ�WKDW�LPPHUVLRQ�RI
VLOLFRQ� FRQWDLQLQJ� PDWHULDO� LQWR� VROXWLRQ
ZKHUH�$J�� LRQV�DUH�SUHVHQW�UHVXOWV� LQ�VSRQ�
WDQHRXV� VLOYHU� LRQV� UHGXFWLRQ� DQG� VLOYHU
QDQRSDUWLFOHV�IRUPDWLRQ�RQ�WKH�VXUIDFH�>��@�
6LOYHU� QDQRSDUWLFOH� IRUPDWLRQ� LV� FDXVHG� E\
$J��UHGXFWLRQ�WKURXJK�6L±+�ERQGV�RQ�WKH�VXU�
IDFH��7KXV�WKH�VDPSOHV�ZHUH�SUHYLRXVO\�SODFHG
LQWR�+)� VROXWLRQ� IRU� D� IHZ� VHFRQGV� WR� FOHDQ
WKHLU� VXUIDFH� DQG� IRUP� 6±+� ERQGV� WKHUHRQ�
7KHQ�VLOYHU�ILOP�ZDV�GHSRVLWHG�E\�LPPHUVLRQ
SODWLQJ� LQ� ��Ü�� 0� $J12�� VROXWLRQ� GXULQJ��PLQ��$V�D�UHVXOW��VLOYHU�QDQRVWUXFWXUHG�ILOP
LV�IRUPHG�RQ�WKH�ELR�6L&�VXUIDFH�

7KH� 5DPDQ� VSHFWUD� PHDVXUHPHQWV� RI
PHWDOOL]HG� ELR�6L&� VDPSOHV� UHYHDO� LQWHQVH
SHDNV� FRUUHVSRQGLQJ� WR� FDUERQ� DWRP� YLEUD�
WLRQV�� QDPHO\� '� DQG� *� OLQHV� DW� ����� DQG
�����FPÜ�� �)LJ���E��VSHFWUXP�����7KLV� LQGL�
FDWHV�WKDW�DW�WKH�FRUUHVSRQGLQJ�ELR�6L&�V\Q�
WKHVLV� PRGH� ������&��� FDUERQ� FOXVWHUV� QRW
WUDQVIRUPHG�LQWR�6L&� DUH�SUHVHQW� LQ�WKH�UH�
VXOWLQJ�VWUXFWXUH��$V�IDU�DV�VXUIDFH�HQKDQFH�
PHQW� RI� 5DPDQ� VLJQDO� IURP� WKH� VXEVWDQFH
WDNHV� SODFH� RQO\� DW� LWV� FRQWDFW� ZLWK�PHWDOOLF
QDQRVWUXFWXUHV�� WKLV� VKRZV� WKDW� VLOYHU� ILOP
IRUPHG� E\� LPPHUVLRQ� SODWLQJ� SURGXFHV� VXU�
IDFH� HQKDQFHPHQW� HIIHFW� IRU� UHVLGXDO� FDUERQ
FOXVWHUV�DQG�6L&�ORFDWHG�XQGHU�WKH�ILOP�

7KH�5DPDQ�VSHFWUD�RI�WKH�6L&�6L�FRPSRV�
LWHV� UHYHDO�XQXVXDO� VSHFWUDO� IHDWXUHV� LQ� WKH
UHJLRQ� RI� 6L±6L� YLEUDWLRQV� �)LJ������ ,QVWHDG
RI� EDQG� DW� DERXW� ���� FPÜ�� W\SLFDO� IRU� VLOL�
FRQ� PDFUR�� DQG�RU� QDQRFU\VWDOV�� ZH� RE�
VHUYHG� VHYHUDO� EDQGV� LQ� WKH� UHJLRQ� RI� ���Ü
����FPÜ��ZLWK�WKHLU�VKDSH�GHSHQGHQW�RQ�WKH
V\QWKHVLV�FRQGLWLRQV��7KH� LQWHQVLW\�RI�WKRVH
5DPDQ�EDQGV�LV�HVSHFLDOO\�KLJK�IRU�FRPSRV�
LWHV� ZLWK� WKH�PDVV� UDWLR�\�!������� 7KH� DS�
SHDUDQFH� RI� WKRVH� EDQGV� LQ� WKH� PHQWLRQHG
VSHFWUDO� UHJLRQ� PD\� EH� FDXVHG� E\� VHYHUDO
IDFWRUV��)LUVW��D�VXEVWDQWLDO�ELD[LDO�FRPSUHV�
VLRQ� RI� VLOLFRQ� LQFOXVLRQV� LQVLGH� WKH� SRUHV
PD\�UHVXOW�LQ�WKH�72�/2�VSOLW�RI�)�J�RSWLFDOPRGH� RI� WKH�%ULOORXLQ� ]RQH� FHQWHU�ZLWK� WKH
UHVXOWDQW�VKLIW�RI�WKH�FRUUHVSRQGLQJ�5DPDQ
EDQG� WRZDUGV� KLJKHU� IUHTXHQFLHV� >��@�� 6HF�
RQG�� YDULRXV� 6L� PRGLILFDWLRQV� PD\� EH
IRUPHG� GXULQJ� 6L&� V\QWKHVLV� GXH� WR� WHP�
SHUDWXUH�YDULDWLRQ�DQG�SUHVVXUH�>��@��,Q�DG�
GLWLRQ�� LW� KDV� EHHQ� VKRZQ� LQ� >������@� WKDW
HOHFWURQ� 5DPDQ� EDQGV� UHODWHG� WR� QLWURJHQ
LPSXULW\�LQ�6L&�PD\�DSSHDU�LQ�WKLV�VSHFWUDO
UHJLRQ�� /DVW�� SKRQRQ� FRQILQHPHQW� HIIHFW
PXVW�EH�FRQVLGHUHG�IRU�WKH�QDQRVL]HG�VLOLFRQ
FOXVWHUV�� DV� WKLV� HIIHFW� FDXVHV� WKH� EDQG
EURDGHQLQJ� DQG� DV\PPHWU\� DQG� WKHLU� VKLIW
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WR� ORZ�IUHTXHQF\� VLGH� >��@�� /HW� XV� DQDO\]H
DOO�WKH�FDVHV�LQ�GHWDLOV�

3RVVLEOH�LQIOXHQFH�RI�WKH�SKRQRQ�FRQILQH�
PHQW�HIIHFW�RQ�WKH�5DPDQ�EDQG�IUHTXHQF\�LV
UDWKHU�LQVLJQLILFDQW�EHFDXVH�PDMRULW\�RI�WKH
SRUHV� LQ� WKH� V\QWKHVL]HG� ELR�6L&� LV� RI� PL�
FURPHWHU� VL]H�� 7KH� SUREDELOLW\� RI� HOHFWURQ
5DPDQ�VFDWWHULQJ�LQ�RXU�H[SHULPHQW� LV�DOVR
ORZ��EHFDXVH��DV�LW�LV�VKRZQ�LQ�>������@��IRU
�+Ü6L&� KLJKO\� GRSHG� ZLWK� QLWURJHQ�� IRXU
FKDUDFWHULVWLF� EDQGV� DW� ����� ����� ���� DQG
����FPÜ�� DUH� H[SHFWHG�� ZKLFK� DUH� QRW� RE�
VHUYHG� LQ� RXU� H[SHULPHQWDO� VSHFWUD�� $OVR�
WKH� VLJQDO� IURP� HOHFWURQ� 5DPDQ� VFDWWHULQJ
LV�VLJQLILFDQW�RQO\�DW�ORZ�WHPSHUDWXUHV�

7KH� IRUPDWLRQ� RI� RWKHU� VLOLFRQ� SKDVHV
DOVR� FDQ� EH� H[FOXGHG�� EHFDXVH� WKRVH� DUH
NQRZQ� WR� EH� DFFRPSDQLHG� E\� 5DPDQ� EDQGV
DW� ORZHU� IUHTXHQFLHV� >��@� WKDQ� WKRVH� RE�
VHUYHG�LQ�RXU�H[SHULPHQWDO�VSHFWUD�

,Q� RUGHU� WR� VWXG\� WKH� SRVVLEOH� FRPSUHV�
VLRQ� RI� VLOLFRQ� FOXVWHUV� LQVLGH� SRUHV� E\�6L&
PDWUL[��ZH�KDYH�PHDVXUHG�5DPDQ�VSHFWUD�LQ
WZR�JHRPHWULHV�ZLWK�WKH�HOHFWULFDO�ILHOG�YHF�
WRU�RI�H[FLWLQJ�ODVHU�EHDP�DFURVV�DQG�SDUDO�
OHO� WR� WKH� SRUH� D[LV�� )LJ���� VKRZV� WKDW� IRU
WKH�JHRPHWU\�ZLWK�WKH�HOHFWULFDO�ILHOG�YHFWRU
SHUSHQGLFXODU� WR� WKH� SRUH� D[LV�� WZR� EDQGV
ZHUH� REVHUYHG� DW� ���� DQG� ���� FPÜ�� �VSHF�
WUXP� ���� ,Q� WKH� FDVH� ZKHQ� WKH� HOHFWULFDO
ILHOG�YHFWRU�LV�SDUDOOHO�WR�WKH�SRUH�D[LV��WKH
5DPDQ� VSHFWUXP�FRQWDLQV� RQO\� RQH�EDQG�DW
����FPÜ�� �VSHFWUXP� ���� 7R� H[SODLQ� WKHVH
GLIIHUHQFHV�� ZH� VKRXOG� FRQVLGHU� WKH� IDFW
WKDW� FRROLQJ� RI� WKH� 6L&� PDWUL[� IURP� WKH
V\QWKHVLV� WHPSHUDWXUH� GRZQ� WR� URRP� RQH
FDXVHV�D�GHFUHDVH�LQ�OLQHDU�VL]HV�RI�ERWK�WKH
WRWDO�PDWUL[�DQG�RI�6L�FOXVWHUV��$W�WHPSHUD�

WXUHV� H[FHHGLQJ� WKDW� RI� 6L� OLTXLG�o�VROLG
WUDQVLWLRQ��7�!������&���WKH�H[FHVV�VLOLFRQ�LV
IRUFHG� RXW� RI� WKH� SRUHV� GXH� WR� WKH� PDWUL[
RSHQ� SRURXV� VWUXFWXUH�� $W� ORZHU� WHPSHUD�
WXUHV� �7��������&��� WKH� UHVLGXDO� VLOLFRQ� LV
FRPSUHVVHG� LQVLGH�WKH�PDWUL[�SRUHV�EHFDXVH
RI� GLIIHUHQW� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV
RI�6L� DQG�6L&�� ,Q� WKLV� FDVH�� VLOLFRQ� LV� FRP�
SUHVVHG� E\� 6L&� PDWUL[� RQO\� LQ� WKH� SODQH
SHUSHQGLFXODU� WR� WKH� SRUH� D[LV� DQG� DOPRVW
QRW�FRPSUHVVHG�DORQJ�LW��

,W�VKRXOG�EH�QRWHG�WKDW�WKH�PDJQLWXGH�RI
WKH�UHVLGXDO�VLOLFRQ�FOXVWHUV�FRPSUHVVLRQ�GH�
SHQGV�RQ�WKH�6L&�PDWUL[�V\QWKHVLV�WHPSHUD�
WXUH�� $W� V\QWKHVLV� WHPSHUDWXUH� RI� �����&�
�&�6L&�LV�IRUPHG��ZKLOH��+�6L&�LV�IRUPHG�DW
�����&��8QOLNH�FXELF��&�SRO\W\SH���+�LV�DQ�
LVRWURSLF� ZLWK� GLIIHUHQW� WKHUPDO� H[SDQVLRQ
FRHIILFLHQWV� LQ� GLIIHUHQW� GLUHFWLRQV�� 6XFK� D
GLIIHUHQFH� LQ�6L&� PDWULFHV� UHVXOWV� LQ� PXFK
JUHDWHU� FRPSUHVVLRQ� RI� UHVLGXDO� VLOLFRQ� LQ�
VLGH�WKH�SRUHV�LQ�WKH�FDVH�RI��+�6L&�

7KH� GLVFXVVHG� FRPSUHVVLRQ� RI� UHVLGXDO
VLOLFRQ� LQ� 6L&� PDWUL[� DOVR� FDXVHV� WKH
VWUHVVHV� LQ� WKH� PDWUL[� LWVHOI�� ,QGHHG�� 72
EDQG� LQ� ELR�6L&� LV� VKLIWHG� E\� a�� FPÜ�� WR�
ZDUGV� KLJKHU� IUHTXHQFLHV� DV� FRPSDUHG� WR
XQVWUHVVHG� EXON� 6L&� VDPSOHV�� 7KH� VOLJKW
VKLIW�RI�WKLV�EDQG�LV�H[SODLQHG�E\�ORZHU�HODV�
WLF� FRQVWDQWV� RI�6L� DV� FRPSDUHG� WR�6L&� DQG
E\�PXFK� ORZHU� IUDFWLRQ�RI� UHVLGXDO�6L� FRP�
SDUHG�WR�6L&�YROXPH�

7KH� HODVWLF� VWUDLQ� RI�6L� LQVLGH� WKH� SRUHV
FDQ�EH�HVWLPDWHG�DV�IROORZV�>��@�

'Z�/2�� � �Z�
�T���&��

&��
S�H__� �

ZKHUH� 'Z�/2�� LV� VKLIW� RI� WKH� EDQGV� ZLWK
UHJDUG� WR� WKHLU� SRVLWLRQ� LQ� XQVWUHVVHG� VLOL�
FRQ��S� DQG�T�� RSWLFDO�VWUDLQ�SRWHQWLDOV�RI�6L
�S� �Ü����Z���� � T� �Ü����Z����� &��� DQG� &���
ULJLGLW\� FRHIILFLHQWV� RI� 6L�� H__� LV� WKH� HODVWLF
VWUDLQ� LQ� WKH� FRPSUHVVLRQ� SODQH�� 6XEVWLWX�
WLRQ� RI� WKH� FRUUHVSRQGLQJ� HODVWLF� FRQVWDQWV
LQWR�HTXDWLRQ��JLYHV�H�|�Ü�������LQGLFDWLQJ�D
ODUJH�FRPSUHVVLYH�VWUHVV�LQ�WKH�UHVLGXDO�VLOL�
FRQ�LQVLGH�WKH�SRUHV�

���&RQFOXVLRQV
7KH�ELRPRUSKLF�6L&�FHUDPLFV�REWDLQHG�E\

IRUFHG� LQILOWUDWLRQ� RI� FDUERQ� PDWUL[HV� GH�
ULYHG�IURP�KDUGZRRG�SUHFXUVRUV�ZLWK�OLTXLG
VLOLFRQ�KDV�EHHQ�VWXGLHG��,W� LV�GHPRQVWUDWHG
WKDW� WKH� SKDVH� FRPSRVLWLRQ� RI� WKH� FHUDPLFV
REWDLQHG� GHSHQGV� RQ� WKH� PDVV� UDWLR� RI� WKH
LQLWLDO� 6L� DQG� FDUERQ� FRPSRQHQWV� �\��� ,W� LV

)LJ����� 5DPDQ� VSHFWUD� RI� ELR�6L&� GHULYHG
IURP�KRUQEHDP�ZRRG�DW������&��UHJLVWHUHG�LQ
GLIIHUHQW�JHRPHWULHV�����HOHFWULFDO�ILHOG�YHFWRU
RI�H[FLWLQJ�ODVHU�EHDP�SHUSHQGLFXODU�WR�SRUHV
D[LV�� ��� HOHFWULFDO� ILHOG� YHFWRU� RI� H[FLWLQJ
ODVHU�EHDP�DORQJ�WKH�SRUHV�
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IRXQG� WKDW� DW�\�d������� UHODWLYHO\� ORZ� V\Q�
WKHVLV�WHPSHUDWXUH��7PD[d�����&��DQG�VKRUWV\QWKHVLV� WLPH�� FDUERQ� FOXVWHUV� DUH� SUHVHQW
LQ� WKH� FHUDPLFV� VWUXFWXUH�� +RZHYHU�� DW
\�t�������WKH�UHVLGXDO�FDUERQ�FOXVWHUV�XQGH�
WHFWDEOH� E\� WUDGLWLRQDO� 5DPDQ� VSHFWURVFRS\
ZHUH� DOVR� UHYHDOHG� E\� WKH� XVH� RI� VXUIDFH
HQKDQFHPHQW�HIIHFW�ZKLFK�LV�DWWDLQHG�E\�LP�
PHUVLRQ�SODWLQJ�RI�VLOYHU�ILOP�RQ�WKH�ELR�6L&
VXUIDFH��$W�\�t�������5DPDQ�EDQGV�LQ�6L±6L
YLEUDWLRQV� UHJLRQ� ����Ü���� FPÜ��� DSSHDU
GXH�WR�UHVLGXDO�VLOLFRQ�LQVLGH�WKH�6L&�SRUHV�
$�KLJK�FRPSUHVVLYH�VWUHVV�FDXVHV�D�VKLIW�RI
WKHVH� EDQGV� WRZDUGV� KLJK�IUHTXHQF\� UHJLRQ
DQG�72�/2� VSOLW� LQ�)�J� RSWLFDO�PRGH�RI� WKH%ULOORXLQ� ]RQH� FHQWHU�� ,W� LV� IRXQG� WKDW� DW
V\QWKHVLV� WHPSHUDWXUHV� 7PD[�a������&�� �&SRO\W\SH� LV� IRUPHG��7KH� V\QWKHVLV� WHPSHUD�
WXUH� HOHYDWLRQ� XS� WR� �����&� FDXVHV� IRUPD�
WLRQ�RI�ERWK��&�DQG��+�6L&��$�IXUWKHU�WHP�
SHUDWXUH� LQFUHDVH� XS� WR� 7PD[� ������&� UH�VXOWV� LQ� LQFUHDVH� RI� �+� SRO\W\SH� IUDFWLRQ�
7KXV��WKH�SRO\W\SH�DQG�FRPSRQHQW�FRPSRVL�
WLRQ�RI�WKH�V\QWKHVL]HG�6L&�FHUDPLFV�FDQ�EH
FRQWUROOHG� E\� YDU\LQJ� WKH� V\QWKHVLV� WHP�
SHUDWXUH�DQG�PDVV�UDWLR�RI�WKH�LQLWLDO�6L�DQG
FDUERQ�FRPSRQHQWV�

5HIHUHQFHV
� ���7�2WD�� 0�7DNDKDVKL�� 7�+LEL� HW� DO��� -��$P�

&HUDP��6RF��������������������
� ���3�*UHLO��7�/LIND��$�.DLQGO��-��(XURS��&HU��6RF��

�����������������
� ���$�5�GH�$UHOODQR�/RSH]��-�0DUWLQH]�)HUQDQGH]�

3�*RQ]DOH]�HW�DO���,QW��-��$SSO��&HUDP��7HFKQRO��
�������������

� ���;�=KX��'�-LDQJ��6K�7DQ��0DWHU��6FL��(QJQJ��$�
����������������

� ���)�0�9DUHOD�)HULD��-�0DUWLQH]�)HUQDQGH]��$�5�GH
$UHOODQR�/RSH]�� 0�6LQJK�� -��(XURS��&HU��6RF��
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