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$W� SUHVHQW�� WKH� LQWHUHVW� LQ� WKH� SUREOHP
RI� FRORUDWLRQ� RI� GLHOHFWULFV� E\� WLQ\� PHWDO
SDUWLFOHV� LV� DVVRFLDWHG� ZLWK� GHYHORSPHQW� RI
QRQOLQHDU� RSWLFV� DQG� RSWLFV� RI� QDQRVFDOHG
VWUXFWXUHV� >����@�� 7KH�PRQRJUDSK\� >�@� FRQ�
WDLQV� D� UHYLHZ�RI�ZRUNV� �DSSUR[LPDWHO\� WLOO
������RQ�RSWLFDO�SURSHUWLHV�RI�PHWDO�FOXVWHUV
LQ� GLHOHFWULFV� DQG�� LQ� SDUWLFXODU�� LW� LV� QR�
WLFHG�WKDW�LPSODQWDWLRQ�RI�PHWDO�SDUWLFOHV�LQ
TXDUW]� JODVV� LV� D� UDWKHU� GLIILFXOW� WDVN��7KH

RQO\�ZD\�PHQWLRQHG� LQ�>�@� LV� MRLQW�HYDSRUD�
WLRQ� RI� PHWDO� DQG� TXDUW]� LQ� YDFXXP� >�@�
5HFHQWO\�� WKLV� SUREOHP� LV� EHLQJ� VROYHG� E\
XVH� RI� VSHFLDOO\� SUHSDUHG� SRURXV� TXDUW]
JODVV�� WKH� SDUWLFOHV� EHLQJ� LPSODQWHG� LQWR� LW
E\� FKHPLFDO� ZD\� >�@�� ,Q� WKLV� ZRUN�� LW� LV
VKRZQ�WKDW�LW� LV�SRVVLEOH�WR�LPSODQW�PLQXWH
FROORLGDO� $J� SDUWLFOHV� LQWR� D� WKLQ� VXUIDFH
OD\HU� RI� TXDUW]�JODVV� E\� WUHDWLQJ� D� WKLQ�$J
ILOP� RQ� TXDUW]� E\� D� &2�� ODVHU� EHDP�� WKH
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ILOP� EHLQJ� GHSRVLWHG� E\� VLOYHU� HYDSRUDWLRQ
LQ�YDFXXP��7KH�DEVRUSWLRQ�EDQG�RI�FROORLG�LV
PHDVXUHG� DQG�DQDO\]HG�XVLQJ� WKH� WKHRU\�RI
RSWLFDO� SURSHUWLHV� RI� VPDOO� DEVRUELQJ� SDUWL�
FOHV�LPSODQWHG�LQ�D�GLHOHFWULF�>����@�

,Q� WKH� H[SHULPHQW�� ZH� XVHG� SROLVKHG
SODQH�SDUDOOHO� TXDUW]� SODWHV� RI� ��PP�WKLFN�
QHVV�DQG����FP��DUHD��$�WKLQ��DERXW����QP�
$J� ILOP� ZDV� GHSRVLWHG� RQWR� WKH� XQKHDWHG
TXDUW]�VXUIDFH�XQGHU�YDFXXP������Ü��PP�+J��
7KH�ILOPV�RI�VXFK�WKLFNQHVV�DUH�NQRZQ�WR�KDYH
DQ� JUDQXODU� VWUXFWXUH� >�@�� 7KH� SODWH� ZLWK�$J
ILOP� WKHQ�ZDV� LUUDGLDWHG� LQ� DLU�ZLWK� D�*DXVV
EHDP� RI� &2�� ODVHU� �O� ������PP�� 3� ����:�
WKH� EHDP� HIIHFWLYH� GLDPHWHU� �� WR� �� PP��
5HVHDUFKHV�RI�WKHUPDO�DFWLRQ�RI�VXFK�D�EHDP
RQ� DEVRUELQJ� PHGLD� KDG� VKRZQ� WKDW� LW� FDQ
KHDW�XS�VXUIDFHV�RI�YDULRXV�VDPSOHV�WR�WHP�
SHUDWXUHV�RI������WR������&�

7KH�DEVRUSWLRQ�FRHIILFLHQW�RI�WKH�TXDUW]
JODVV�DW�O� ������PP�LV�D�|�����FPÜ��>�@��L�H�
WKH�EHDP�DWWHQXDWLRQ�GHSWK�RI�DÜ��|����PP
LV�PXFK�VPDOOHU�WKDQ�WKH�TXDUW]�SODWH�WKLFN�
QHVV��7KHUHIRUH�� WKH�EHDP�LV�FRPSOHWHO\�DE�
VRUEHG�LQ�TXDUW]��7KH�WHPSHUDWXUH�RI�KHDWHG
VXUIDFH� PD\� EH� MXGJHG� IURP� WKH� JORZ
EULJKWQHVV� DW� LUUDGLDWHG� VLWH� RI� WKH� VDPSOH
DQG� GHWHUPLQHG� E\� S\URPHWULF� PHDVXUH�
PHQWV� RI� WKH� EULJKWQHVV� WHPSHUDWXUH��+RZ�
HYHU�� WKH� TXDUW]� SODWH� KHDWLQJ� GRHV� QRW� UH�
VXOW�LQ�DQ\�JORZ�RI�WKH�LUUDGLDWHG�VLWH��VLQFH
WKH� UDGLDQW� HPLWWDQFH� RI� TXDUW]� LQ� WKH� YLV�
LEOH�VSHFWUDO�UDQJH� LV� ORZ��0HDVXUHPHQWV�DW
WKH� SODWH� EDFN� VLGH� XVLQJ� D� FKURPHO�DOXPHO
WKHUPRFRXSOH�KDYH�VKRZQ�WKDW�WKH�WHPSHUD�
WXUH� LV�7|����&��7KH�IURQW�VXUIDFH�RI�SODWH
FDQ� EH� DVVXPHG� WR� EH� KHDWHG� XS� WR
7|�����&��7KHQ� DW� OLQHDU� DSSUR[LPDWLRQ�RI
7� GHFUHDVH� DORQJ� WKH� EHDP� D[LV� =� DQG� DW
SODWH� WKLFNQHVV�'=� ���PP�WKH�WHPSHUDWXUH
JUDGLHQW�LV�G7�G=|����&�PP��

8QGHU� LUUDGLDWLRQ�� QRWLFDEOH� FKDQJHV� DUH
ILUVW� REVHUYHG� LQ� WKH� GHSRVLWHG� ILOP�� ,W� LV
VHHQ� WKDW� WKH� ILOP� EHFRPHV� TXLFNO\� FRORUHG
\HOORZ� LQ� D� FLUFXODU� ]RQH� VXUURXQGLQJ� WKH
DFWLQJ� EHDP��7KLV� FRORUDWLRQ� VSUHDGV� LQ� UD�
GLDO� GLUHFWLRQV� IDU� IURP� WKH� EHDP� FHQWHU�
7KH� FRORUDWLRQ� LV� DVVRFLDWHG� ZLWK� WKH� ILOP
VWUXFWXUH� WUDQVIRUPDWLRQV� FDXVHG� E\� WKHU�
PDO� GLIIXVLRQ� SURFHVVHV�� 'XULQJ� KHDWLQJ�
WKH� ILOP� RQ� TXDUW]� EHFRPHV� D� WZR�GLPHQ�
VLRQDO� FROORLG� DQG� VWDUWV� WR�DEVRUE� OLJKW�DF�
FRUGLQJ�WR�WKH�NQRZQ�PHFKDQLVP�RI�SODVPD
UHVRQDQFH�>�@�

$IWHU� DSSUR[LPDWHO\� �� PLQ�� D� YLVLEOH
JORZ� DSSHDUV� LQ� WKH� DUHD� RI� ODVHU� EHDP� DF�
WLRQ�� 7KH� JORZ� TXLFNO\� EHFRPHV� QHDUO\
ZKLWH�� 3\URPHWULF� PHDVXUHPHQWV� KDYH

VKRZQ� WKDW� WKH� FRORU� WHPSHUDWXUH� LV� DS�
SUR[LPDWHO\� ����&�� 7KH� DFWXDO� WHPSHUDWXUH
LV� VRPHZKDW� KLJKHU� WKDQ� WKH� FRORU� RQH�� VR
WKH� ILOP� LV� KHDWHG� XS� WR� WKH� WHPSHUDWXUH
KLJKHU� WKDQ� WKH� VLOYHU�PHOWLQJ� WHPSHUDWXUH
7PHOW� �������&��,W�LV�ZHOO�NQRZQ�WKDW�DERXW���QP�WKLFN�JUDQXODU�$J�ILOPV�KDYH�D�ODUJH
DEVRUELQJ� DELOLW\� ���� WR� ����� >�@��� 7KLV� LV
ZK\�WKH�EULJKW�WKHUPDO�JORZ�DSSHDUV�LQ�WKH
KHDWHG� ILOP�� )XUWKHU� LUUDGLDWLRQ� OHDGV� WR
JUDGXDO�GLVDSSHDUDQFH�RI�WKH�YLVLEOH�JORZ�LQ
WKH� FHQWHU� RI� LUUDGLDWHG� DUHD�� 7KH� JORZLQJ
DUHD� EHFRPHV� D� VORZO\� H[SDQGLQJ� ULQJ�� $W
ODUJH� H[SRVLWLRQ�� WKH� JORZ� LQ� FHQWUDO� DUHD
GLVDSSHDUV�FRPSOHWHO\��DQG�WKH�JORZLQJ�ULQJ
UHDFKHV�LWV�PD[LPXP�GLDPHWHU�

,Q� IXUWKHU� UHVHDUFKHV�� ZH� XVHG� WKH� VDP�
SOHV� LUUDGLDWHG� WLOO� DSSHDUDQFH� RI� EULJKW
JORZ� LQ� FHQWUDO� DUHD��$IWHU� LUUDGLDWLRQ�� WKH
VDPSOH�ZDV� LPPHUVHG� LQ� VXOIXULF� DFLG� VROX�
WLRQ�WR�UHPRYH�$J�IURP�WKH�TXDUW]�VXUIDFH�
7KH� VLOYHU�SDUWLFOHV� LQ�TXDUW]�DUH�SURWHFWHG
DJDLQVW� DFLG� DQG� DW� QRUPDO� FRQGLWLRQV� UH�
PDLQ�IL[HG�DV�ORQJ�DV�ZH�ZDQW��7KH�DUHD�RI
WKH�ILOP�ZKHUH�$J�LV�SHQHWUDWHG�LQWR�TXDUW]
KDV�D�GLDPHWHU�RI���WR���PP�DQG�ORRNV�\HO�
ORZ�LQ�WUDQVPLWWLQJ�OLJKW��,Q�UHIOHFWHG�ZKLWH
OLJKW��RQH�PD\�RIWHQ�VHH�DQ�LQWHUIHUHQFH�FRO�
RUDWLRQ�� 8QGHU� EULJKW� LOOXPLQDWLRQ�� D� EOXH
VFDWWHULQJ� LV� DOZD\V� VHHQ�� 9LVXDO� REVHUYD�
WLRQV� DOVR� VKRZ� WKDW� VLOYHU� LV� GLVWULEXWHG
LQKRPRJHQHRXVO\� RYHU� WKH� LUUDGLDWHG� DUHD�
3HUKDSV� WKH� LQKRPRJHQHLW\� GXH� WR� IOXFWXD�
WLRQV� LQ� D]LPXWKDO� GHSHQGHQFH� RI� WUDQVYHU�
VDO�WHPSHUDWXUH�JUDGLHQW�'7�;�<��

7\SLFDO� H[DPSOHV� RI� DUHDV� ZLWK� LQWUR�
GXFHG�VLOYHU�DUH�VKRZQ�LQ�)LJ�����7KH�SKRWR�
JUDSK� ZDV� PDGH� LQ� UHIOHFWHG� OLJKW�� )LJ���D
GHPRQVWUDWHV� WKH� DUHD� LUUDGLDWHG� WLOO� WKH
JORZ�DSSHDUDQFH�LQ�WKH�FHQWUDO�SDUW�RI�LUUD�
GLDWHG� DUHD�� 7KLV� ILOP�ZDV� XVHG� LQ� IXUWKHU
UHVHDUFKHV�� )LJ���E� GHPRQVWUDWHV� WKH� FLUFX�
ODU� ]RQH� IRUPHG� E\� LQWURGXFHG� VLOYHU� DW
ODUJH�H[SRVLWLRQ�XQGHU�ODVHU�EHDP�

,PSODQWDWLRQ� RI� VLOYHU� PXVW� GLVUXSW� WKH
SROLVKHG� TXDUW]� VXUIDFH�� +RZHYHU�� WKH� VXU�
IDFH� GDPDJH�PDJQLWXGH� LV� OHVV� WKDQ� YLVLEOH
OLJKW�ZDYHOHQJWKV��VLQFH�WKHUH�LV�QR�VFDWWHU�
LQJ�LQ�WKH�YLVLEOH�VSHFWUDO�UDQJH��:H�LUUDGL�
DWHG� WKH� ILOP� E\� D� WKLQ�+H±1H� ODVHU� EHDP
�O� �����QP��DQG�GLG�QRW�QRWLFH�DQ\�VSDWLDO
GLVWRUWLRQV� RI� ERWK� UHIOHFWHG� DQG� WUDQVPLW�
WHG� EHDP� DW� LWV� LQFLGHQFH� RQ� FRORUHG� DUHD�
%XW� WKH� UHIOHFWHG� EHDP� LQWHQVLW\� DW� QRUPDO
LQFLGHQFH� LQFUHDVHV� FRQVLGHUDEO\� DV� FRP�
SDUHG� WR� UHIOHFWLRQ� IURP� SXUH� TXDUW]� VXU�
IDFH�� 7KLV� HYLGHQFHV� D� KLJKHU� UHIUDFWLYH
LQGH[�RI�WKH�FRORUHG�DUHD�
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7KH� VXUIDFH� RI� FRORUHG� DUHD�ZDV� VWXGLHG
XVLQJ� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\
�XVLQJ�D�UHSOLFD� VHSDUDWHG� IURP�WKH�VXUIDFH
DIWHU�VKDGRZLQJ�E\�D�WKLQ�JROGHQ�ILOP��DQG
DWRPLF�IRUFH�PLFURVFRS\��$)0���%RWK�PHWK�
RGV�DOORZHG�WR�UHYHDO�WKH�VXUIDFH�UHOLHI��7KH
$)0� SURYLGHV� � D� PRUH� GHWDLOHG�� WKUHH�GL�
PHQVLRQDO� SLFWXUH� RI� WKH� UHOLHI� �)LJ���D��
7KH�UHOLHI� LV� VHHQ�WR�EH�D�VHW�RI� FKDRWLFDOO\
DOWHUQDWLQJ� OXJV� DQG� YDOOH\V�� 7KH� EULJKW
SDUWV� RI� WKH� UHOLHI� DW� )LJ���� DUH� OXJV�� 'H�
WDLOHG� $)0� DQDO\VLV� �)LJ���E�� KDV� VKRZQ
WKDW� LQ� SURMHFWLRQ� RQ� ;�� <� SODQH�� WKH� DV�
FHQGLQJ� HOHPHQWV� KDYH� PRVWO\� HOOLSWLFDO� RU
URXQGHG� VKDSH�� 7KHUH� DUH� DOVR� FOXVWHUV� RI
UHODWLYHO\� VPDOO�� FRQWDFWLQJ� HOHPHQWV�� 7KH
PHDQ�VL]H�RI�LQGLYLGXDO�HOHPHQWV�LV�DSSUR[L�
PDWHO\� ���� PP�� ,QGLYLGXDO� DVFHQGLQJ� HOH�
PHQWV� KDYH� URXJKHG� VXUIDFH� DQG� VPDOO
KHLJKWV�� $QDO\VLV� RI� WKH� UHOLHI� PDJQLWXGH
DORQJ�=�D[LV�VKRZV�WKDW�WKH�PDJQLWXGH�IOXF�
WXDWHV� ZLWKLQ� VHYHUDO� QDQRPHWHUV� �)LJ���E��

)LJ����� 3KRWRJUDSKV� RI� WKH� FRORUHG� DUHDV� LQ
UHIOHFWHG�ZKLWH�OLJKW���D��WKH�DUHD�ZKHUH�LUUD�
GLDWLRQ� E\�&2�� ODVHU� EHDP�ZDV� VWRSSHG� GXU�LQJ� WKH� VWDJH� RI� ZKLWH� JORZ�� 'LIIHUHQFH� LQ
LQWHUIHUHQFH�FRORUDWLRQ�LQGLFDWHV�LQKRPRJHQH�
RXV� $J� GLVWULEXWLRQ�� �E�� WKH� DUHD� VKDSHG� DV
FRORUHG� ULQJ� DIWHU� ODUJH� H[SRVXUH� WR� LUUDGLD�
WLRQ��6KDGRZV�IURP�FRORUHG�DUHDV�RQ�WKH�EDFN
VLGH�RI�TXDUW]�SODWH�DUH�DOVR�VHHQ�

)LJ����� $)0� SKRWRJUDSKV� RI� WKH� VXUIDFH� RI
FRORUHG� TXDUW]� DUHD�� �D�� VFDOH� DORQJ� ERWK�;�
DQG� <�GLUHFWLRQV� LV� ��PP� SHU� GLYLVLRQ�� VFDOH
DORQJ�YHUWLFDO�=�D[LV�����QP�SHU�GLYLVLRQ���E�
DQDO\VLV� RI� WKH� DUHD� DSSUR[LPDWHO\� �u��PP��
FKDQJH�RI�WKH�UHOLHI�DPSOLWXGH�DORQJ�WKH�OLQH
ZLWK�FRORUHG�WULDQJOHV�LV�VKRZQ�LQ�WKH�JUDSK�
+RUL]RQWDO� D[LV� FRUUHVSRQGV� WR� WKLV� OLQH�� =�
D[LV� LV� YHUWLFDO�� 7ULDQJOHV� LQGLFDWH� FRRUGL�
QDWHV� RI� VHYHUDO� SRLQWV�� 'LVWDQFH� EHWZHHQ
JUHHQ�WULDQJOHV�DORQJ�KRUL]RQWDO�OLQH�RI�VFDQ�
QLQJ�LV������QP��EHWZHHQ�UHG�RQHV�������QP�
EHWZHHQ� EODFN� RQHV�� ����� QP�� 'LVWDQFH� EH�
WZHHQ�JUHHQ�WULDQJOHV�DORQJ�=�D[LV�LV�����QP�
EHWZHHQ� UHG� RQHV�� ���� QP�� EHWZHHQ� EODFN
RQHV�� ���� QP�� 7KH� JUHHQ� DQG� UHG� WULDQJOHV
LQGLFDWH�D��FUDWHU��RQ�D�DVFHQGHQW�HOHPHQW�RI
WKH�UHOLHI�
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2IWHQ�WKHUH�DUH��FUDWHUV��LQ�FHQWUDO�SDUWV�RI
DVFHQGLQJ�HOHPHQWV�

7KH� UHOLHI� PXVW� EH� D� UHVXOW� RI� TXDUW]
VXUIDFH� GHIRUPDWLRQ�ZLWK�$J� SDUWLFOHV� VLWX�
DWHG�PDLQO\�LPPHGLDWHO\�XQGHU�WKH�VXUIDFH�
7KH� SKRWRJUDSK� RI� TXDUW]� VXUIDFH� GRHV� QRW
DOORZ� WR� MXGJH� WKH� VL]HV� RI� SDUWLFOHV� DQG
WKHLU�GHSWK�GLVWULEXWLRQ��,W�LV�RQO\�D�SLFWXUH
RI�WKH�UHOLHI�JHQHUDWHG�DW�TXDUW]�VXUIDFH�DV
D� UHVXOW� RI� $J� LPSODQWDWLRQ�� $Q� LPSRUWDQW
LQIRUPDWLRQ�RQ�WKH�VWUXFWXUH�RI�TXDUW]�OD\HU
FRORUHG� ZLWK� $J� FDQ� EH� REWDLQHG� IURP� LWV
RSWLFDO� FKDUDFWHULVWLFV�� 7KH� RSWLFDO� SURSHU�
WLHV� RI� FRORUHG� DUHD�ZHUH� VWXGLHG�XVLQJ� WKH
WUDQVPLVVLRQ� VSHFWUXP� 7�O�� PHDVXUHPHQWV
E\� DQ� 6)���� VSHFWURSKRWRPHWHU�� 7KH� PHDV�
XULQJ�EHDP�RI�6)����ZDV�UHVWULFWHG�XVLQJ�DQ
DSHUWXUH� VR� LWV� GLDPHWHU� ZDV� VRPHZKDW
VPDOOHU�WKDQ�WKH�FRORUHG�DUHD�GLDPHWHU��7KH
PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�LQ�WKH�ZDYH�
OHQJWK�UDQJH�O� ����y����QP��7KH�UDQJH� LQ�
FOXGHV� D� FROORLGDO� DEVRUSWLRQ�EDQG�RI�$J� DQG
DQ� HGJH� RI� LQWHUEDQG� DEVRUSWLRQ�� 7KH� PHDV�
XUHG� UHVXOWV� DUH� VKRZQ� LQ� )LJ���� DV� H[SHUL�
PHQWDO� SRLQWV� LQ� WKH� GHSHQGHQFH� RI� RSWLFDO
GHQVLW\�'� �ÜOQ�7��RQ�IUHTXHQF\�Z� ��SF�O�

7KH� FRORUDWLRQ� RI� TXDUW]� ZLWK� $J� JUDQ�
XOHV� LV� REYLRXVO\� DVVRFLDWHG� ZLWK� VWURQJ
KHDWLQJ�RI�WKH�VXUIDFH�DQG�WKH�ILOP�WKHUHRQ�
$V�WR�WKH�FRORUDWLRQ�PHFKDQLVP��WKH�IROORZ�
LQJ�FDQ�EH�VDLG��6XUIDFH�WHPSHUDWXUH�UHDFK�
LQJ� WKH� PHOWLQJ� WHPSHUDWXUH� RI� VLOYHU�� DQ
HOHFWURQ� HPLVVLRQ� IURP�PHOWHG� $J� SDUWLFOHV
WR�TXDUW]�PXVW�DULVH��7KH�HOHFWURQV�DUH�FDS�
WXUHG�ZLWK�WUDSV�LQ�TXDUW]��DQG�$J�SDUWLFOHV
EHFRPH� SRVLWLYHO\� FKDUJHG�� 7KLV� UHVXOWV� LQ
DQ� HOHFWURVWDWLF� ILHOG� FDXVLQJ� VHSDUDWLRQ� RI
$J�� LRQV� IURP�SDUWLFOHV� DQG� LRQ� WUDQVIHU� WR
WKH� WUDSV�� 6XFK� SURFHVV� LV� UHSHDWHG� PDQ\
WLPHV� DQG� ILQDOO\� UHVXOWV� LQ� IRUPDWLRQ� RI
PLQXWH� $J� JUDQXOHV� LQ� VXUIDFH� OD\HU� RI
TXDUW]�� 7KH� JUDQXOH� IRUPDWLRQ� LQ� IXVHG
TXDUW]�LV�IDYRUHG�E\�LWV��SRURVLW\���7KH�SR�
URVLW\� GHJUHH� PD\� EH� GHWHUPLQHG� IURP� WKH
UDWLR� RI� IXVHG� TXDUW]� GHQVLW\� WR� FU\VWDO
TXDUW]� RQH�� 7KH� UDWLR� LV� ������ 7KLV�PHFKD�
QLVP� LV� VLPLODU� WR� WKH� PHFKDQLVP� RI� SRO\�
FU\VWDOOLQH�$J&O� ILOP�FRORUDWLRQ�E\�FROORLGDO
$J�SDUWLFOHV�>�@��EXW�LQ�WKH�ODWWHU�FDVH��IUHH
HOHFWURQV� DSSHDU� QRW� GXH� WR� WKHUPRHOHF�
WURQLF� HPLVVLRQ�� EXW� WR� SKRWRHIIHFW� LQ� WKH
WKLQ�$J�ILOP�FRYHULQJ�WKH�$J&O�ILOP�

7KH� DVVXPHG� FRORUDWLRQ� SURFHVV� WDNHV
SODFH�GXULQJ� LQLWLDO�VWDJH�RI�H[SRVXUH�ZKHQ
WHPSHUDWXUH� RI� WKH� FHQWUDO� SDUW� RI� LUUDGL�
DWHG�VLWH�UHDFKHV�7PHOW��7KH�KHDWHG�$J�SDUWL�FOHV� SURGXFH� D� YLVLEOH� JORZ�� 7KHQ� WKH� JORZ
LQ� WKH� FHQWHU� RI� LUUDGLDWLRQ� GLVDSSHDUV�� WKH
JORZLQJ�DUHD�EHFRPHV�D�ULQJ�� WKH�GDUN�FHQ�

WUDO�DUHD�JUDGXDOO\�ZLGHQV��DQG�WKH�ULQJ�GL�
DPHWHU� LQFUHDVHV� DORQJ�ZLWK� GHFUHDVH� RI� LWV
ZLGWK��$SSDUHQWO\�VXFK�WUDQVIRUPDWLRQV�DUH
DVVRFLDWHG� ZLWK� UHPRYDO� RI� $J� IURP� WKH
TXDUW]�VXUIDFH�LQ�WKH�FHQWUDO�DUHD��DQG�ZLWK
JUDGXDO�7� LQFUHDVH� LQ� GLUHFWLRQV� WUDQVYHUVH
WR� WKH� ODVHU� EHDP�� 6XFK� D� WLPH�GHSHQGHQW
ODUJH�VFDOH� LUUHJXODULW\� RI� FRORUDWLRQ� FRUUH�
VSRQGV� WR� D� *DXVVLDQ� EHDP�� %XW� WKHUPDO
SURFHVVHV�UHVXOW�LQ�DGGLWLRQDO�VPDOO�VFDOH�LQ�
KRPRJHQHLWLHV�VHHQ�DV�YDULDWLRQV�RI�LQWHUIHU�
HQFH�FRORUDWLRQ�LQ�)LJ����

7KH� PLFURUHOLHI� UHYHDOHG� E\� WKH� $)0
VHHPV�WR�DULVH�LQ�WKH�IROORZLQJ�ZD\��7KH�$J
SDUWLFOH� DSSHDUDQFH� LQ� TXDUW]� VKRXOG� LQ�
FUHDVH� LWV� YROXPH� DQG� FUHDWH� LQWHUQDO
VWUHVVHV�� ,I� WKH�SDUWLFOH� LV� VLWXDWHG� LPPHGL�
DWHO\�XQGHU�WKH�VXUIDFH��D�OXJ�VKRXOG�DSSHDU
RQ� WKH� VXUIDFH�� 7KH� OXJ� VKDSH� DQG� VL]H� DUH
VRPHKRZ� FRQQHFWHG� ZLWK� WKH� SDUWLFOH� VKDSH
DQG�VL]H��$V�SURMHFWLRQV�RI�WKH�OXJV�RQ�VXU�
IDFH�DUH�RYDO��)LJ������RQH�FDQ�FRQVLGHU�WKDW
WKRVH�DUH�IRUPHG�E\�$J�JUDQXOHV�RI�D�QHDUO\
VSKHULFDO�IRUP��$V�WR�WKH�JUDQXOH�UDGLXV��LW
FDQ� EH� DVVXPHG� WR� EH� HTXDO� WR� WKH� FRUUH�
VSRQGLQJ� KHLJKW� RI� OXJ�� 7KH� UDGLL� GR� QRW
H[FHHG�VHYHUDO�QDQRPHWHUV��7KH��FUDWHUV��RE�
VHUYHG� LQ�PDQ\� OXJV�PD\� DSSHDU� DW� FRROLQJ�
GRZQ� RI� WKH�PHOWHG� SDUWLFOHV� DQG� WKHLU� FU\V�
WDOOL]DWLRQ��7KLV�UHVXOWV�LQ�WKH�SDUWLFOH�YROXPH
UHGXFWLRQ�DQG�SDUWLDO�UHOD[DWLRQ�RI�TXDUW]�GH�
IRUPDWLRQ�PDLQO\�QHDUE\�WKH�OXJ�FHQWHU�

$QDO\VLV�RI�WKH�H[SHULPHQWDO�FROORLGDO�DE�
VRUSWLRQ�EDQG�DOORZV�WR�REWDLQ�LPSRUWDQW�LQ�
IRUPDWLRQ�RQ�VWUXFWXUH�RI�FROORLGDO�$J�VROX�
WLRQ� IRUPHG� LQ�TXDUW]��([SHULPHQWDO�SRLQWV
�)LJ�����UHYHDO�WKDW�WKH�DEVRUSWLRQ�EDQG�KDV

)LJ�����$EVRUSWLRQ�VSHFWUXP�'�Z��LV�VKRZQ�DV
H[SHULPHQWDO� SRLQWV����������� FDOFXODWHG� FRQ�
WRXUV� '�Z�� IRU� T� ������� ������ ������ ��� H[�
SHULPHQWDO�GHSHQGHQFH�'��Z��

/�$�$JHHY�HW�DO����7KHUPRVWLPXODWHG�LPSODQWDWLRQ�RI����
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D� EHOO�OLNH� VKDSH�� 7KH� EDQG� LV� HVVHQWLDOO\
V\PPHWULFDO�� 7KH�PD[LPXP� RSWLFDO� GHQVLW\
LV�'P� �������LW�FRUUHVSRQGV�WR�IUHTXHQF\�ZP �����������VÜ�� �OP� ������� QP��� 7KH� EDQGKDOI�ZLGWK� LV� J� ������������VÜ��� 7KH� EDQG
LV�IRXQG�WR�EH�DSSUR[LPDEOH�E\�/RUHQW]�FRQ�
WRXU��QRW�VKRZQ�LQ�)LJ�����

'� �'P
J�
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7KH�/RUHQW]�FRQWRXU�LQGLFDWHV�D�XQLIRUP
EURDGHQLQJ�RI�WKH�DEVRUSWLRQ�EDQG��7KH�XQL�
IRUP�EURDGHQLQJ�PD\�EH�FUHDWHG�E\�PLQXWH
QRQ�LQWHUDFWLQJ� JUDQXOHV� RI� QHDUO\� HTXDO
VL]HV�� ,Q� WKLV� FDVH�� WKH� IUHTXHQF\�ZP�PXVWPHW�WKH�)URHKOLFK�IRUPXOD�>�@��ZP|Z)�ZKHUH

Z)� �
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ZKHUH�ZS� LV� WKH�SODVPD�IUHTXHQF\�� ,W� LV�QRWNQRZQ� SUHFLVHO\�� $FFRUGLQJ� WR� WKH� GDWD� UH�
SRUWHG�E\�YDULRXV�DXWKRUV��YDOXH�RI� WKLV�IUH�
TXHQF\�LV�ZLWKLQ�OLPLWV�RI����y�����������VÜ��
7R� FDOFXODWH� Z)�� ZH� KDYH� XVHG� WKH� PHDQ
YDOXH�ZS� �����������VÜ���)XUWKHU��H0�LV�WKHGLHOHFWULF� SHUPLWWLYLW\� GHILQHG� E\� LQWHUEDQG
WUDQVLWLRQV�LQ�D�PHWDO��'DWD�RQ�H0�Z��GLVSHU�VLRQ� LQ� $J� DUH� SURYLGHG� LQ� >��@� �VHH� 7DEOH��
ZKHQFH� H� ����� IRU� ZP�� )LQDOO\�� H�� LV� WKHGLHOHFWULF� FRQVWDQW� HTXDO� WR� VTXDUHG� UHIUDF�
WLYH� LQGH[� RI� WKH� PHGLXP� FRQWDLQLQJ� WKH
PHWDO� FROORLG�� $W� ZP� IUHTXHQF\�� WKH� IXVHG
TXDUW]� KDV� H�� ������� &DOFXODWLRQ� XVLQJ� ���
DW� WKH� OLVWHG� GDWD� UHVXOWV� LQ� Z)� 
����������VÜ��� ,W� LV� LQ� D� UDWKHU� ZHOO� DJUHH�
PHQW�ZLWK�H[SHULPHQWDO�ZP�YDOXH��7KH�DJUHH�PHQW� EHWZHHQ� H[SHULPHQWDO� DQG� FDOFXODWHG
YDOXHV� HYLGHQFHV� WKH� YDOLGLW\� RI� WKH� FROORLG
GHVFULSWLRQ� DV� D� V\VWHP� RI�PLQXWH�QRQ�LQWHU�
DFWLQJ�$J�SDUWLFOHV�LQ�TXDUW]�PDWUL[�

)RU�$J��WKH�WKUHVKROG�IUHTXHQF\�ZWKUHVK�LVNQRZQ�� 6WDUWLQJ� IURP� WKLV� IUHTXHQF\�� WKH
OLJKW�DEVRUSWLRQ�LV�DVVRFLDWHG�ZLWK�GLUHFW�LQ�
WHUEDQG� WUDQVLWLRQV�� 0HDVXUHPHQWV� SUH�

VHQWHG� LQ� )LJ���� LQFOXGH� WKH� HGJH� RI� LQWHU�
EDQG�DEVRUSWLRQ��)RU�GLUHFW�WUDQVLWLRQV��WKH
GHSHQGHQFH�'��Z��PXVW� EH� OLQHDU�� DQG� VXFK
D� OLQHDULW\� RFFXUV� LQ� IDFW�� ,QWHUVHFWLRQ� RI
WKLV�VWUDLJKW�OLQH�ZLWK�WKH�Z�D[LV�UHVXOWV�LQ
NQRZQ�YDOXH�ZWKUHVK|���������VÜ��>�@��&RLQFL�GHQFH� RI� H[SHULPHQWDO� YDOXH� ZWKUHVK� DQGWKUHVKROG� YDOXH� RI� WKH� PDVVLYH� VLOYHU� GH�
QRWHV� DEVHQFH� RI� D� TXDQWXP� VL]H� HIIHFW� LQ
VSLWH�RI�VPDOO�JUDQXOH�VL]H��%HVLGHV��WKH�FRQ�
VWDQF\� RI� LQWHUEDQG� DEVRUSWLRQ� WKUHVKROG� DO�
ORZV�XV� WR�XVH� WKH�GLVSHUVLRQ�RI�PDVVLYH� VLO�
YHU�H0�>��@�WR�GHVFULEH�WKH�FROORLG�SURSHUWLHV�7KH� 0D[ZHOO�*DUQHW� WKHRU\� ZDV� GHYHO�
RSHG� GXULQJ� ����Ü������ ,W� ZDV� WKH� ILUVW
TXDQWLWDWLYH� WKHRU\� GHVFULELQJ� WKH� SURSHU�
WLHV�RI�FROORLGDO�VROXWLRQV�>�@��,W�LV�EDVHG�RQ
WKH� FRQFHSW� RI� PLQXWH� PHWDO� SDUWLFOHV� LQ� D
GLHOHFWULF� DV� GLSROHV�� 6XFK� D� FRPSRVLWH�PH�
GLXP� VKRXOG� HYLQFH� SURSHUWLHV� RI� XVXDO� GL�
HOHFWULF�EXW�ZLWK�GLIIHUHQW�RSWLFDO�FRQVWDQWV�
,Q� RXU� FDVH�� VSKHULFDO�$J� SDUWLFOHV� DUH� GLV�
WULEXWHG�LQ�TXDUW]�VXUIDFH�OD\HU�RI�D�FHUWDLQ
WKLFNQHVV�� 7KLV� WKLFNQHVV� H[FHHGV� FRQVLGHU�
DEO\� WKH� PHDQ� JUDQXOH� UDGLXV� DQG� D� PHDQ
LQWHUJUDQXODU� GLVWDQFH�� 7KHUHIRUH�� WKH� FRO�
ORLG� VKRXOG� EH� WUHDWHG� DV� WKUHH�GLPHQVLRQDO
RQH�� VR� LW� PHHWV� WKH� WKHRU\� FRQGLWLRQV�� $W
WKH� VDPH� WLPH�� WKH� FROORLGDO� OD\HU� VKRXOG
KDYH� D� VKDUSO\�GHILQHG�ERXQGDU\�ZLWK�SXUH
TXDUW]�� EHFDXVH� RWKHUZLVH� WKH� LQWHUIHUHQFH
FRORUDWLRQ� �)LJ����� FRXOG� QRW� EH� REVHUYHG�
'HWHUPLQDWLRQ� RI� WKH� FROORLGDO� OD\HU� WKLFN�
QHVV� LV� DQ� LQWHUHVWLQJ� EXW� XQHDV\� SUREOHP�
7KH�0D[ZHOO�*DUQHW�WKHRU\�DOORZV�XV�WR�GH�
WHUPLQH� RSWLFDO� FKDUDFWHULVWLFV� RI� WKH� VWXG�
LHG�FROORLG�DV�ZHOO�DV�WR�HVWLPDWH�UHDVRQDEO\
LWV�WKLFNQHVV�

7KH�$J�JUDQXOHV�IRUP�WKH�FROORLGDO� OD\HU
GXH� WR� WKHUPDO� GLIIXVLRQ� RI� HOHFWURQV� DQG
$J� LRQV� DORQJ� WKH� ODVHU� EHDP�� ,Q� JHQHUDO�
WKHVH� JUDQXOHV� VKRXOG� EH� GLVWULEXWHG� LQKR�
PRJHQHRXVO\� LQ� WKH� OD\HU��%XW�HYHQ� LQ� WKDW
FDVH�� WKH�JUDQXOH�GLVWULEXWLRQ�PD\�EH�FKDU�
DFWHUL]HG� E\� PHDQ� ILOOLQJ� IDFWRU� T� �1u9
ZKHUH�9�LV�WKH�PHDQ�YROXPH�RI�VLQJOH�SDUWL�
FOH� DQG�1� LV� WKH� SDUWLFOH� FRQFHQWUDWLRQ� LQ
WKH�FROORLGDO�OD\HU�

7DEOH�� 9DOXHV� RI� H0�Z��Û� WKH� FRQWULEXWLRQ� WR� GLHOHFWULF� SHUPLWWLYLW\� IRU� DFFRXQW� RI� LQWHUEDQG
WUDQVLWLRQV��7KH�WDEOH�ZDV�FRPSLOHG�XVLQJ�WKH�GDWD�IURP�>��@�

Z���Ü���VÜ� ��� ��� ��� ��� ��� ��� ��� ���
H0 ��� ���� ��� ���� ��� ���� ���� ���

Z���Ü���VÜ� ��� ��� ��� ��� ��� ��� ���
H0 ��� ���� ��� ��� ��� ��� ���

/�$�$JHHY�HW�DO����7KHUPRVWLPXODWHG�LPSODQWDWLRQ�RI����
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7KH�0D[ZHOO�*DUQHW� IRUPXOD� FRQQHFWV� RS�
WLFDO� FRQVWDQWV�RI� WKH�JUDQXOH�PHWDO�ZLWK�HI�
IHFWLYH�RSWLFDO�FRQVWDQWV�RI�WKH�FROORLG�>����@�
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HHI����H�
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� ���

ZKHUH�H� LV� WKH� FRPSOH[�GLHOHFWULF�SHUPLWWLYLW\
RI�WKH�PHWDO�SDUWLFOH��H� �H��ÜLH���H�� �Q��Ü�F��
H�� ��QF��Q�DQG�F�DUH�WKH�PHWDO�RSWLFDO�FRQ�
VWDQWV��HHI� �H�HI�ÜLH�HI�LV�WKH�FRPSOH[�GLHOHF�WULF�SHUPLWWLYLW\�RI�WKH�FROORLG��7KH�IRUPXOD
���� LV� LQWHUSRODWLRQDO� RQH�� DQG� HHI�o�H� DW
T�o���ZKLOH� HHI�o�H�� DW�T�o����7KH�YDOLGLW\RI� ���� ZDV� YHULILHG� E\� YDULXRV� UHVHDUFKHUV�
)RU� LQVWDQFH�� LQ� >��@�� WKH�0LH� WKHRU\�EDVHG
DQDO\VLV�ZDV� FDUULHG� RXW��DQG� LW�ZDV�VKRZQ
WKDW�����WDNHV�LQWR�DFFRXQW�WKH�GLSROH�GLSROH
LQWHUDFWLRQ�EHWZHHQ�SDUWLFOHV�DQG�ZRUNV�IRU
DQDO\VLV�RI�DEVRUSWLRQ�VSHFWUD�DQG�UHIOHFWLRQ
VSHFWUD�DW�SDUWLFOH�UDGLL�Dd���QP�

7R� DQDO\VH� WKH� H[SHULPHQWDO� DEVRUSWLRQ
EDQG�� ZH� VKRXOG� NQRZ� HHI� ILUVW� RI� DOO�� 7KHIRUPXOD�����PD\�EH�UHDUUDQJHG�WR�PDNH�FDO�
FXODWLRQ�RI�H�HI�DQG�H�HI�PRUH�FRQYHQLHQW�

H�HI� �H�>����� ������T%�
T�$���������T%��@��
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�H�T$

T�$���������T%���
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7R� FDOFXODWH� WKH� IUHTXHQF\� GHSHQGHQFHV
H�HI�Z�� DQG� H�HI�Z���ZH� VKRXOG� NQRZ� WKH� GH�SHQGHQFHV�H��Z��DQG�H��Z���7KH�LQWHUEDQG�DE�VRUSWLRQ� HGJH� IRU�$J� OLHV� LQ� XOWUDYLROHW� UH�
JLRQ� ZKLOH� WKH� DEVRUSWLRQ� VSHFWUXP� RI� $J
FROORLG� LQ�TXDUW]� LV�VLWXDWHG�LQ�YLVLEOH�VSHF�
WUDO� UDQJH��7KHUHIRUH�� WKH� RSWLFDO� FRQVWDQWV
RI� $J� LQ� YLVLEOH� UDQJH� PXVW� EH� GHILQHG� E\
IUHH� HOHFWURQV�� DQG�ZH�PD\� XVH� WKH�'UXGH�
=LQHU� IRUPXODH� >��@� WDNLQJ� LQWR� FRQVLGHUD�
WLRQ�H0�Z��Û�D�FRQWULEXWLRQ�WR�H�IURP�LQWHU�
EDQG�WUDQVLWLRQV�
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ZKHUH�Q� LV� WKH�VFDWWHULQJ�IUHTXHQF\�RI�HOHF�
WURQV�� ,W� LV� NQRZQ� WKDW� Q� ���������VÜ�� IRU
PDVVLYH� VLOYHU� DW� URRP� WHPSHUDWXUH� >��@�
+RZHYHU�� WKH� VFDWWHULQJ� IUHTXHQF\� LQ� VPDOO
JUDQXOHV� RI� PHDQ� GLDPHWHU� D� LV� GLIIHUHQW
IURP� Q� EHFDXVH� RI� HOHFWURQ� VFDWWHULQJ� DW
JUDQXOH� ERXQGDULHV�� 7KH� ODWWHU� FRQWULEXWHV
HVVHQWLDOO\�WR� WKH� VFDWWHULQJ�IUHTXHQF\��7KH
IUHTXHQF\� RI� VFDWWHULQJ� DW� JUDQXOH� ERXQGD�
ULHV� LV� VSHFLILHG� E\� UDWLR� RI� WKH� HOHFWURQ
VSHHG� DW� )HUPL� VXUIDFH� Q)� WR� WKH� UDGLXV�D�7KH�UHVXOWLQJ�VFDWWHULQJ�IUHTXHQF\�PXVW�FR�
LQFLGH� ZLWK� KDOI�ZLGWK� RI� H[SHULPHQWDO� DE�
VRUSWLRQ�EDQG�J��)RU�J��ZH�KDYH

J� �Q���Q)D �� ���

7KLV� IRUPXOD� DOORZV� XV� WR� HVWLPDWH� WKH
JUDQXOH�UDGLXV�LQ�FROORLG��,W�LV�NQRZQ�IURP�>��@
WKDW�Q)� ���������FP�VÜ���6XEVWLWXWLQJ�J��Q�DQGQ)�LQ������ZH�JHW�D|��QP��7KLV�YDOXH�PHHWV�WKHDSSOLFDELOLW\�FRQGLWLRQV�IRU�WKH�IRUPXODH��������
7KH� FDOFXODWHG� D� YDOXH� LV� LQ� DJUHHPHQW� ZLWK
WKH�PHDQ�PDJQLWXGH�RI�RVFLOODWLRQV�RI�FRORUHG
VXUIDFH�UHOLHI��)LJ���E���+HQFH��WKH�DVVXPSWLRQ
RI� FRUUHODWLRQ� EHWZHHQ� WKH� PDJQLWXGH� DQG
JUDQXOH�UDGLL�LV�FRQILUPHG�

:KHQ�FDOFXODWLQJ�H� IURP� �����RQH� VKRXOG
XVH� J� LQVWHDG� RI�Q�� $� WKHRUHWLFDO� WUHDWPHQW
RI�WKH�H[SHULPHQWDO�DEVRUSWLRQ�EDQG�'�Z��LV
DLPHG�WR�JHW�D�FDOFXODWHG�GHSHQGHQFH�RI�RS�
WLFDO�GHQVLW\�'�Z��EHLQJ� LQ�DFFRUGDQFH�ZLWK
WKH�H[SHULPHQWDO�RQH��7KH�FDOFXODWLRQV�ZHUH
FDUULHG� RXW� LQ� WKH� LQWHUYDO� Z� 
��y���������VÜ�� DW� J� �����������VÜ��� 7KH
WDEOH� RI� H0�Z�� YDOXHV� ZDV� XVHG� LQ� FDOFXOD�WLRQV� �7DEOH� FRPSLOLQJ� WKH� XVHG� JUDSKLFDO
GDWD�IURP�>��@���6XFFHVVLRQ�RI�'�Z��FDOFXOD�
WLRQV�LV�DV�IROORZV��)LUVW��ZH�FDOFXODWH�H���Z�XVLQJ� WKH� IRUPXODH� ����� 6HFRQG�� ZH� ILQG
$�Z�� DQG�%�Z�� IURP� ����� 7KHQ� ZH� FDOFXODWH
H�HI�Z�� DQG� H�HI�Z�� XVLQJ� ���� DW� VSHFLILHG� T�7KHUHDIWHU�� ZH� FDOFXODWH� RSWLFDO� FRQVWDQWV
QHI�Z���FHI�Z��RI�WKH�FROORLG�XVLQJ�WKH�IRUPX�ODH� UHVXOWLQJ� IURP� UHODWLRQV� EHWZHHQ� Q�� F
DQG�H���H��
QHI�Z�
FHI�Z�� �
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8VLQJ� WKH� REWDLQHG� DEVRUSWLRQ� LQGH[
YDOXH�FHI�Z���ZH�FDOFXODWH�WKH�DEVRUSWLRQ�FR�HIILFLHQW�NHI�Z��
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RQ� ���� DQG� ����� :KHQ� FDOFXODWLQJ� WKH� FRQ�
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