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2QH� RI� WKH�PRVW�SURQRXQFHG�SUHVHQW�GD\
WUHQGV� RI� WKH� PDWHULDO� VFLHQFH� RI� VFLQWLOOD�
WRUV�LV�WKH�LQWHQVLYH�GHYHORSPHQW�RI�&H���RU
(X���DFWLYDWHG� DONDOLQH� HDUWK�PHWDO�KDOLGHV�
)RU� LQVWDQFH��DXWKRUV�RI� >�@�VWXGLHG�VFLQWLO�
ODWLRQ�SURSHUWLHV�RI�EDULXP�KDOLGHV�DFWLYDWHG
ZLWK� DGGLWLRQ� RI� &H��� RU� (X���� )ROORZLQJ
LQYHVWLJDWLRQV� >�@� SURYHG�KLJK� HQRXJK� VFLQ�
WLOODWLRQ� HIILFLHQF\� RI� PDWHULDOV� %D;��(X�;�Û�KDOLGH� LRQ���ZKLFK�GHPRQVWUDWHG� OLJKW
\LHOG�RI�DERXW�RI��������SKRWRQ�0H9�

6U,��(X���LV�YHU\�DWWUDFWLYH�IRU�LQYHVWLJD�WRUV� RZLQJ� WR� H[WUHPHO\� KLJK� VFLQWLOODWLRQ
SDUDPHWHUV�� DFFRUGLQJ� WR� GDWD� RI� >����@� WKH

PDWHULDO� GRSHG� ZLWK� ���� PRO��� (X��� SRV�
VHVVHV�OLJKW�\LHOG�ZLWKLQ���Ü�����LQ�UHVSHFW
WR�1D,�7O��$XWKRUV� RI� >�@� UHSRUWHG� WKH� OLJKW
\LHOG� RI�6U,��(X��� WR�EH��������SKRWRQ�0H9
�DW� ���� PRO��� (X���� DQG� �������� SKR�
WRQ�0H9��DW���PRO���(X����

$QRWKHU� GLUHFWLRQ�RI� WKH�GHYHORSPHQW� RI
QHZ� VFLQWLOODWLRQ�PDWHULDOV� LV� WKH� REWDLQLQJ
RI�PDWHULDOV�RQ�WKH�EDVLV�DQLRQ�DQLRQLF�VROLG
VROXWLRQV� >�@� WKDW� JLYHV� SRVVLELOLW\� WR� YDU\
WKH�WHFKQLFDO�FKDUDFWHULVWLFV�RI�WKH�VFLQWLOOD�
WRUV� FKDQJLQJ� D� GHJUHH� RI� DQLRQ�DQLRQ� VXE�
VWLWXWLRQ��7KHUH�LV�QR�FRPPRQ�RSLQLRQ�DERXW
WKH� HIIHFW� RI� VXFK� D� VXEVWLWXWLRQ� RQ� WKH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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SURSHUWLHV� RI� VFLQWLOODWRU�� H�J��� DXWKRUV� RI
>�@�IRXQG�WKDW�IRU�/D&O�±/D%U��&H�VROLG�VROX�WLRQV�WKH�GHSHQGHQFH�RI�WKH�OLJKW�\LHOG�IURP
D� GHJUHH� RI� &O±%U� VXEVWLWXWLRQ� SDVVHV
WKURXJK� PD[LPXP� FD�&O�%U� UDWLR� ���������
ZKHUHDV�GDWD�RI�>�@�VKRZHG�WKDW�IRU�WKH�VDLG
VROLG� VROXWLRQV� WKH� FKDQJLQJ� RI� WKH� OLJKW
\LHOG� JRLQJ� IURP� SXUH� /D&O��&H� WR� SXUH/D%U��&H� LV� PRQRWRQRXV�� 6LPLODU� GDWD� RQ
WHUQDU\� PL[WXUHV� RI� DONDOLQH� HDUWK� PHWDO
KDOLGHV�ZLWK�FDWLRQ�FDWLRQLF�VXEVWLWXWLRQ�DUH
DEVHQW�� DOWKRXJK� IRU� WKH� FDVH� RI� UDUH�HDUWK
KDOLGHV�WKH�V\VWHPV�RI�VXFK�D�NLQG�DUH�SDW�
HQWHG�>�@�

7KH� SXUSRVH� RI� WKH� SUHVHQW� ZRUN� LV� WR
VWXG\�WKH�HIIHFW�RI�%D�6U�UDWLR�LQ�VROLG�VROX�
WLRQV� RI� %D[6U�±[,������ PRO��� (X��� WHUQDU\
V\VWHP� RQ� OXPLQHVFHQW� DQG� VFLQWLOODWLRQ
FKDUDFWHULVWLFV� RI� WKHVH� PDWHULDOV�� %LQDU\
6U,�±%D,��V\VWHP�LV�FKDUDFWHUL]HG�E\�OLPLWHG
VROXELOLW\� RI� WKH� FRPSRQHQWV� LQ� WKH� VROLG
VWDWH� >�@�� $FFRUGLQJ� WR� H[WUDSRODWLRQ� IURP
>�@�WKH�VROXELOLW\�RI�%D,��LQ�6U,��VKRXOG�EH�RIWKH�RUGHU�RI�VRPH�PDVV����DQG�WKH�VROXELO�
LW\�RI�6U,��LQ�%D,��PD\�EH������RU�PRUH���

$QK\GURXV� %D,�� DQG� 6U,�� ZHUH� SUHSDUHGE\� LQWHUDFWLRQ�RI� WKH�FRUUHVSRQGLQJ�FDUERQ�
DWHV�ZLWK�LRGLQH�DQG�K\GUD]LQH�
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$OO� WKH� FKHPLFDOV� ZHUH� RI� UHDJHQW� TXDO�
LW\�� WKH� FDUERQDWHV� ZHUH� WDNHQ� ZLWK� �� �
H[FHVV� WR� VWRLFKLRPHWULF� UDWLR� WR� SURYLGH
WKRURXJK� SXULILFDWLRQ� RI� WKH� IRUPHG� DOND�
OLQH�HDUWK� LRGLGHV�IURP�KHDY\�PHWDOV�ZKLFK
XQGHU� WKHVH� FRQGLWLRQV� SUHFLSLWDWHV� DV� FDU�
ERQDWHV�RU�K\GUR[LGHV��)LOWHUHG�VROXWLRQV�RI
%D,�� DQG� 6U,�� ZHUH� HYDSRUDWHG� �WKH� IRUPHG
ZDV� HYDSRUDWHG� XS� WR� IRUPDWLRQ� RI� FU\VWDO�
OLQH� ILOP� RQ� WKH� VROXWLRQ� VXUIDFH� DQG� WKH
ODWWHU� ZDV� KHDWHG� XQWLO� WKH� WHPSHUDWXUH� RI
VROXWLRQ� UHDFKHG� ����&��� 6U,���+�2� DQG
%D,���+�2� K\GUDWHV� GHSRVLWHG� DIWHU� FRROLQJZHUH�VHSDUDWHG�IURP�WKH�OLTXRU�DQG�GULHG�LQ
YDFXXP�ZLWK�VWHSZLVH�HOHYDWLRQ�RI�WKH�WHP�
SHUDWXUH�WR�����&�

(X,�� ZDV� REWDLQHG� E\� GLVVROXWLRQ� RI
(X�2��LQ�DTXHRXV�+,��ERWK�FKHPLFDOV�ZHUH�RI
UHDJHQW� TXDOLW\��� 7KHQ� 1+�,� ZDV� DGGHG� WR(X,��VROXWLRQ�LQ�WKH�UDWLR�RI���PROH�RI�1+�,SHU���PROH�RI�(X,��DQG�WKH�REWDLQHG�VROXWLRQZDV� GULHG� DQG� KHDWHG� LQ� YDFXXP� WR� ����&�
:KHQ� WKH� WHPSHUDWXUH� H[FHHGHG� ����&� WKH
WKHUPDO� GHFRPSRVLWLRQ� RI� (X,�� WR� (X,�� DF�FRUGLQJ�WR�WKH�IROORZLQJ�UHDFWLRQ�

�(X,��oW ��(X,����,�n�� ���

ZDV�VWDUWHG��7KH�SURFHVV�����ZDV�FRQVLGHUHG
DV� ILQLVKHG� DIWHU� HQGLQJ� RI� LRGLQH� HYDSRUD�
WLRQ�IURP�WKH�VLQWHUHG�SRZGHU�

7KH� REWDLQHG� DQK\GURXV� LRGLGHV� ZHUH
XVHG� IRU� SUHSDUDWLRQ� RI� WKH� FKDUJH� IRU� WKH
JURZWK� RI� VLQJOH� FU\VWDOV� RI� 6U,�±%D,�� V\V�WHP�ZLWK�FRQFHQWUDWLRQV�RI�WKH�IRUPHU�FRP�
SRQHQW�HTXDO�WR����������������������DQG���
PRO���� ,QLWLDO� FRQFHQWUDWLRQ�RI�(X,�� IRU�DOOVDPSOHV� ZDV� ���� PRO���� 7KH� FRPSRVLWLRQV
RI� WKH� VROLG� VROXWLRQV�ZHUH�FKRVHQ�ZLWK� WKH
XVH�RI�SKDVH�GLDJUDP�RI�6U,�±%D,�� IURP�WKH
UHJLRQV� RI� IRUPDWLRQ� RI� VWDEOH� VROLG� VROX�
WLRQV�>�@�

7KH�JURZWK�RI�(X�GRSHG�6U,�±%D,�� VLQJOHFU\VWDOV�ZDV�SHUIRUPHG�E\�%ULGJPDQ�6WRFN�
EDUJHU� PHWKRG�� 7KH� WHPSHUDWXUH� DW� GLD�
SKUDJP� ZDV� FKRVHQ� WR� EH� DSSUR[LPDWHO\
HTXDO� WR� WKH� PHOWLQJ� SRLQW� RI� WKH� FRUUH�
VSRQGLQJ� FRPSRVLWLRQ� WDNHQ� IURP� WKH� GDWD
RI� >�@�� 7KH� WHPSHUDWXUH� JUDGLHQW� LQ� WKH
JURZWK�]RQH�ZDV���&�SHU�FP�DQG�WKH�UDWH�RI
WKH� ORZHULQJ� RI� JURZWK� DPSRXOH� ZDV
����PP�K�� 7KH� JURZQ� FU\VWDOV�ZHUH� FRROHG
WR� URRP� WHPSHUDWXUH� WKH� UDWH� RI� WHPSHUD�
WXUH� GHFUHDVH� ZDV� ��&�K�� 2XU� H[SHULPHQWV
JDYH�XV�SRVVLELOLW\�WR�REWDLQ�RQO\�IROORZLQJ
VLQJOH� FU\VWDOV�� %D,������ PRO��� (X���
6U,������ PRO��� (X��� DQG� VRPH� VROLG� VROX�
WLRQV�%D[6U�±[,������PRO���(X���ZLWK�WKH�SUH�
GRPLQDQFH�RI�6U,��6FLQWLOODWLRQ� SURSHUWLHV� RI� WKH� REWDLQHG
PDWHULDOV�ZHUH�XVHG�IRU�WKH�IROORZLQJ�VWXG�
LHG�LQ�WKH�IRUP�RI�VFLQWLOODWLRQ�GHWHFWRUV�RI
GLDPHWHU� RI� ��� PP� DQG� KHLJKW� RI� �� PP�
6RXUFH����&V��J�UD\V������NH9��ZDV�XVHG�IRU
WKH�H[FLWDWLRQ�RI�VFLQWLOODWLRQV��WKH�PHDVXUH�
PHQWV� RI� OLJKW� \LHOG� ZHUH� SHUIRUPHG� XVLQJ
307�+DPDPDWVX�5������DW�WKH�UHJLVWUDWLRQ
WLPH�HTXDO�WR����PV��7KH�UDGLROXPLQHVFHQFH
VSHFWUD� ZHUH� REWDLQHG� XVLQJ� ���$P� VRXUFH�
0'5���� PRQRFKURPDWRU� ZDV� XVHG� IRU� WKH
VSHFWUD�UHJLVWUDWLRQ�

7KH� UDGLROXPLQHVFHQFH� VSHFWUD� RI� WKH
VROLG� VROXWLRQV� LQFOXGH� �� HPLVVLRQ� EDQGV�Û
WKH� ILUVW� QDUURZ� EDQG� LV� SODFHG� DW� ���� QP
DQG� WKH� VHFRQG� UHODWLYHO\� EURDG� EDQG� LV
FKDUDFWHUL]HG� E\� PD[LPXP� VKLIWLQJ� IURP
���� WR� ���� QP� ZLWK� WKH� LQFUHDVH� RI� %D��
FRQFHQWUDWLRQ� LQ� WKH� VROLG� VROXWLRQ� �)LJ�����
7KH� EDQG� DW� ���� QP� FRUUHVSRQGV� WR� OXPL�
QHVFHQFH� RI� (X��� ��G�o��I� WUDQVLWLRQ��� DQG
UHDVRQV�RI�DULVLQJ�RWKHU�EDQG�UHTXLUH�HOXFL�
GDWLRQ�� )RU� WKLV� SXUSRVH� OHW�XV� DQDO\]H� WKH
UDGLROXPLQHVFHQFH� VSHFWUD�RI��SXUH��6U,��RU%D,�� DFWLYDWHG� ZLWK� (X��� DV� WKH\� DUH� SUH�VHQWHG�LQ�>�@��7KH�OXPLQHVFHQFH�VSHFWUXP�RI
6U,������ PRO���(X��� FRQWDLQV� RQO\� D� EDQG
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QHDU� ���� QP�� ZKHUHDV� LQ� WKH� FDVH� RI
%D,������PRO���(X��� WZR� EDQGV� DW� ���� QP
�WKDW� LV� SURSHU� WR� (X��� OXPLQHVFHQFH�� DQG
���Ü����QP� WKDW� UHVHPEOHV� WKH� VSHFWUD� RE�
WDLQHG� LQ� WKH� SUHVHQW� ZRUN�� $XWKRUV� RI� >�@
DGGLWLRQDOO\�SHUIRUPHG�]RQH�UHILQLQJ�IRU�WKH
SXULILFDWLRQ�RI�WKH�FKDUJH��WKLV� OHDGV�WR�GH�
FUHDVH�RI�WKH�DUELWUDU\�LQWHQVLW\�RI�WKH�ORQJ�
ZDYH� EDQG�ZLWK� WKH� VLPXOWDQHRXV� FRQVLGHU�
DEOH� GHFUHDVLQJ� OLJKW� \LHOG�� 7KH� ORQJ�ZDYH
EDQGV� ZHUH� UHIHUUHG� WR� D� UHFRPELQDWLRQ
WUDQVLWLRQ� FDXVHG� E\� DGPL[WXUHV�� ZKLFK
ZHUH�QRW�LGHQWLILHG�

,Q� RXU� RSLQLRQ�� WKH� UHDVRQ� RI� WKH� ORQJ�
ZDYH� EDQG� H[LVWHQFH�PD\� EH� GXH� WR� GLVWRU�
WLRQV� RI� FU\VWDO� ODWWLFH� DW� WKH� IRUPDWLRQ� RI
VROLG� VROXWLRQV� RI� VXEVWLWXWLRQ�� ,W� LV� ZHOO�
NQRZQ� >�@� WKDW� LQ�6U,�±%D,�� V\VWHP� LQFUHDV�
LQJ�FRQFHQWUDWLRQ�RI�ERWK�FRPSRQHQW� LQ�WKH
VROLG� VROXWLRQ� RQ� WKH� EDVLV� RI� DQRWKHU� RQH
OHDGV� WR� LQVWDELOLW\� RI� WKH� IRUPHG� VROXWLRQ
DQG��ILQDOO\��WR�LWV�GHFRPSRVLWLRQ��

7KH� W\SLFDO� SXOVH� KHLJKW� VSHFWUXP� RI
%D[6U�±[,������PRO��� (X��� VROLG� VROXWLRQV� DWVPDOO� %D,�� FRQFHQWUDWLRQV� LV� SUHVHQWHG� LQ)LJ�����$V�LV�VHHQ�IURP�WKLV�)LJXUH�WKH�OLJKW
\LHOG� RI� 6U����%D�����(X� VROLG� VROXWLRQ� DV��� �� LQ� UHVSHFW� WR� 1D,�7O� DQG� HQHUJHWLF
UHVROXWLRQ� LV� HTXDO� WR� ��� ��� 7KH� GHSHQG�
HQFHV� RI� WKH� OLJKW� \LHOG� �/�� DQG� HQHUJHWLF
UHVROXWLRQ� �5�� RI� 6U,��(X�� %D,��(X� DQG
%D[6U�±[,��(X� VROLG� VROXWLRQV� LV� GHSLFWHG� LQ)LJ�����7KH�DGGLWLRQ�RI�EDULXP�WR�WKH�PDWH�
ULDO�RQ�WKH�EDVLV�RI�6U,��FDXVHV�IDOO�RI� OLJKW\LHOG��VHHPLQJO\��EHFDXVH�RI�DSSUHFLDEOH�GLV�
WRUWLRQV�RI�FU\VWDO� ODWWLFH�� LW� LV�REVHUYHG�VL�
PXOWDQHRXV� ZRUVHQLQJ� HQHUJHWLF� UHVROXWLRQ
�5�YDOXH�LQFUHDVHV���

5HIHUHQFHV
� ���-�6HOOLQJ��*�&RUUDGL��0�6HFX� HW� DO��� LQ� ERRN�

3URF��WK� ,QW��&RQI��RQ� ,QRUJDQLF� 6FLQWLOODWRUV
DQG�7KHLU�8VH�LQ�6FLHQWLILF�DQG�,QGXVWULDO�$S�
SOLFDWLRQV��$OXVKWD��8NUDLQH���������S�����

� ���9�&KHUJLQHWV��%�*ULQ\RY��1�*DOXQRY�HW�DO���LQ
ERRN��$EVWU���WK�,QW��&RQI��,QRUJDQLF�6FLQWLOOD�
WRUV� DQG� WKHLU� 3UDFWLFDO� $SSOLFDWLRQV� �:DNH
)RUHVW��86$���������S����

� ���1�-�&KHUHS\�� *�+XOO�� $�'�'UREVKRII� HW� DO��
$SSO��3K\V��/HWW���������������������

� ���-�6HOOLQJ��6�6FKZHL]HU��0�'�%LURZRVXWR�HW�DO��
,(((�7UDQV��1XFO��6FL�������������������

)LJ����� 5DGLROXPLQHVFHQFH� VSHFWUD� RI� VFLQWLOOD�
WLRQ� PDWHULDOV� RQ� EDVLV� RI� %D[6U�±[,������PRO��
(X� VROLG� VROXWLRQV� ZLWK� FRQFHQWUDWLRQ� RI� %D,�HTXDO� WR� �� ����� �� ���� DQG� ��� ���� PRO��� �WKH
VRXUFH�RI�J�UD\V�LV����$P��

)LJ�����'HSHQGHQFHV�RI�OLJKW�\LHOG��/������DQG
HQHUJHWLF� UHVROXWLRQ�� 5�� ���� RI� 6U,�±%D,��(X�����PRO����VROLG�VROXWLRQV�IURP�%D,��FRQFHQ�
WUDWLRQ��WKH�VRXUFH�RI�J�UD\V�LV����$P��

)LJ����� 3XOVH� KHLJKW� VSHFWUD� RI
6U����%D���������PRO���(X� ���� DQG� 1D,�7O� ���
WKH�VRXUFH�RI�J�UD\V�LV����$P�
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� ���5�+RIVWDGWHU�� 86� 3DWHQW� 1R�� �� ���� ���
�������

� ���$�0�6ULYDVWDYD��6�-�'XFORV��4�'HQJ�HW�DO���86
3DWHQW�1R���������������������

� ���-�*ORGR�� (�YDQ� /RHI��:�0�+LJJLQV� HW� DO��� LQ
ERRN��3URF��WK�,QW��&RQI��RQ�,QRUJDQLF�6FLQWLO�
ODWRUV�DQG�7KHLU�8VH� LQ�6FLHQWLILF�DQG� ,QGXV�

WULDO� $SSOLFDWLRQV� �$OXVKWD�� 8NUDLQH�� ������
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