
,QYHVWLJDWLRQ�RI�K\GURJHQ�ERQG�G\QDPLFVLQ�1+�,2���+,2� FU\VWDO�E\�145
'�)�%DLVD��$�,�%DUDEDVK��,�*�9HUWHJHO�(�'�&KHVQRNRY��$�,�2YFKDUHQNR�

,QVWLWXWH�RI�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�
���1DXNL�$YH���������.\LY��8NUDLQH

7KH�SUHVVXUH�GHSHQGHQFH�RI�WKH�TXDGUXSROH�FRXSOLQJ�FRQVWDQW�H�4T]]�DQG�HOHFWULF�ILHOGJUDGLHQW� WHQVRU� DV\PPHWU\� SDUDPHWHU� K� KDYH� EHHQ� REWDLQHG� IURP� WKH� DQDO\VLV� RI� ���,
QXFOHDU� TXDGUXSROH� UHVRQDQFH� VSHFWUD� DW� ��� .�� ,W� ZDV� VKRZQ� WKDW� WKH� SKDVH� WUDQVLWLRQ
PHFKDQLVP�LQ�WKH�FU\VWDO�FDQQRW�EH�GHVFULEHG�DV�RUGLQDU\�RUGHULQJ�RI�SURWRQV�LQ�ELIXUFDWHG
K\GURJHQ�ERQGV��7KH�WZR�VWDJH�PHFKDQLVP�RI�WKH�SKDVH�WUDQVLWLRQ�LV�GLVFXVVHG�

rÈ¯Ò�Ë°}È«� ÏÈmÒ°Òäº°�	� }ºÓ°�ÈÓ�©� }mÈ�¯�¹ºã	Óº�º� mÏÈÒäº�Ë®°�mÒ«� H�4T]]� Ò� ¹È¯È�äË�¯È�È°ÒääË�¯ÒÒK��ËÓÏº¯È��¯È�ÒËÓ�È�ªãË}�¯Ò�Ë°}º�º�¹ºã«�©ãÒ�¹ºã��ËÓ©�ÒÏ�ÈÓÈãÒÏÈ
°¹Ë}�¯ºm� «�Ë¯Óº�º� }mÈ�¯�¹ºã	Óº�º� ¯ËÏºÓÈÓ°È� ÓÈ� «�¯È²� ���,� ¹¯Ò� ��� z�� �º}ÈÏÈÓº�� ��º
äË²ÈÓÒÏä�ÁÈÏºmº�º�¹Ë¯Ë²º�È�m�}¯Ò°�ÈããË�ÓË�äºÎË��©�	�º¹Ò°ÈÓ�}È}�º©�ÓºË��¹º¯«�º�
�ËÓÒË� ¹¯º�ºÓºm� ÒÁ�¯�Ò¯ºmÈÓÓ©²� mº�º¯º�Ó©²� °m«ÏË®�� |°�Î�ÈË�°«� �m�²°��¹ËÓ�È�©®
äË²ÈÓÒÏä�ÁÈÏºmº�º�¹Ë¯Ë²º�È��

7KH�1+�,2���+,2�� FU\VWDO� �$,+�� LV�NQRZQDV� D� SURWRQ� FRQGXFWRU�KDYLQJ� D� FRQGXFWLYLW\
U� RI�DERXW���Ü��2PÜ�FPÜ�� DW�URRP�WHPSHUD�
WXUH�� )URP� WKH� VWUXFWXUDO� LQYHVWLJDWLRQV� RI
$,+�FU\VWDO�DW�����.�>�Ü�@�� WKLV�FU\VWDO�KDV
EHHQ� DVVLJQHG� WR� WULFOLQLF� V\VWHP� �3� �&L�VSDFH�JURXS�ZLWK�WZR�IRUPXOD�XQLWV�SHU�XQLW
FHOO� =� ����� %DVLQJ� RQ� WHPSHUDWXUH� GHSHQG�
HQFH� RI� GLHOHFWULF� SHUPHDELOLW\� >����@�� LW� ZDV
VKRZQ�WKDW�DW�7F� �����.��WKH�FU\VWDO�XQGHU�JRHV�D�VHFRQG�RUGHU�SKDVH�WUDQVLWLRQ� LQWR�VX�
SHULRQLF� VWDWH�� 7KLV� VXSHULRQLF� SKDVH� WUDQVL�
WLRQ� ZDV� DVVXPHG� WR� EH� FRQQHFWHG� ZLWK� WKH
RUGHULQJ�RI�SURWRQV�LQ�VKRUW�K\GURJHQ�ERQGV�
$FFRUGLQJ� WR� WKLV� DVVXPSWLRQ�� DW�7���7F� WKHFU\VWDO� PXVW� WDNH� IHUURHOHFWULF� SURSHUWLHV�
+RZHYHU��WHPSHUDWXUH� LQYHVWLJDWLRQV�RI�WKH
FU\VWDO�PDFURVFDOH�SDUDPHWHUV�VKRZ�WKDW�WKH
ORZ�WHPSHUDWXUH� SKDVH� RI� WKH� FU\VWDO� GRHV
QRW�H[KLELW�DQ\�SRODU�SURSHUWLHV� >�@��0LFUR�
VFRSLF�PHFKDQLVPV�RI�WKH�SKDVH�WUDQVLWLRQ�LQ
WKH�$,+�FU\VWDO�ZHUH�DOVR�VWXGLHG�LQ�>�Ü�@�E\
VSHFWURVFRSLF� DQG� '6&� PHWKRGV�� ZKHUH� D
WZR�VWDJH�PHFKDQLVP� RI� VXSHULRQLF� FRQGXF�
WLYLW\� LQ� WKH� FU\VWDOV� ZDV� SURSRVHG�� +RZ�
HYHU�� WKLV�PHFKDQLVP� LV� QRW� FRPSOHWHO\� GH�
ILQHG� XS� WR� QRZ�� ,Q� WKLV� FRQQHFWLRQ�� WKLV

ZRUN� LV� DLPHG� DW� HOXFLGDWLRQ� RI� ODWWLFH� G\�
QDPLFV�DQG�SKDVH�WUDQVLWLRQ�PRGHO�IRU�$,+
FU\VWDO� XVLQJ� QXFOHDU� TXDGUXSROH� UHVRQDQFH
�145�� DQG� YLEUDWLRQDO� VSHFWURVFRS\� H[SHUL�
PHQWDO�GDWD��

7KH� ���,�145� VSHFWUD� RI� DQ�$,+� FU\VWDO
ZHUH� LQYHVWLJDWHG� DW� ��� .� XVLQJ� DQ� ,6��
SXOVHG� TXDVL�FRKHUHQW� UDGLRVSHFWURPHWHU�
7KH�PHDVXUHPHQW�DFFXUDF\�RI�WKH�145�OLQH
IUHTXHQFLHV� �r��� N+]��ZDV� SURYLGHG� E\� WKH
GHWHUPLQDWLRQ� DFFXUDF\� RI� WKH� TXDGUXSROH
FRXSOLQJ� FRQVWDQW� H�4T]]� DQG� HOHFWULF� ILHOGJUDGLHQW� WHQVRU� �()*7��DV\PPHWU\�SDUDPH�
WHU� KK� WKDW� ZHUH� r�����0+]� DQG� �������
UHVSHFWLYHO\�� 7KH� SUHVVXUH� Sd�� .EDU� ZDV
SURYLGHG� XVLQJ� DQ� DXWRQRPLF� KLJK�SUHVVXUH
K\GUDXOLF�FHOO��7UDQVIRUPHU�RLO�ZDV�XVHG�DV
WKH�SUHVVXUH� WUDQVPLWWLQJ�PHGLXP��7KH�KR�
PRJHQHLW\� RI� K\GURVWDWLF� SUHVVXUH� DW� ��� .
ZDV� PRQLWRUHG� XVLQJ� WKH� ���,� 145� OLQH
ZLGWK�LQ�WKH�145�VSHFWUXP��

%DVLQJ� RI� WKH� QHXWURQ� GLIIUDFWLRQ� VWXG\
>�@��WKH�$,+�FU\VWDO�VWUXFWXUH�DQG�VWUXFWXUH
RI� ,2�� LRGDWH� JURXSV� DW� ���� .� ZHUH� GHWHU�PLQHG�� 7KH� $,+� FU\VWDO� FRQWDLQV� D� IUDPH�
ZRUN� RI� VWURQJO\� GLVWRUWHG� ,2�� RFWDKHGURQVOLQNHG� WRJHWKHU� E\�EHQW�K\GURJHQ�ERQGV�� ,W
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ZDV� IRXQG� WKDW� GLIIHUHQW� VWUXFWXUH� RI� GLV�
WRUWHG� LRGDWH� JURXSV� ,���2��� ,���2�� DQG,���2��LV�GHILQHG�E\�WKHLU�GLIIHUHQW�ORFDO�VXU�URXQGLQJ� LQ� WKH� FU\VWDO�� 7KH�1+��� LRQV� RF�FXS\� WKH� ODUJH� FDYLWLHV� LQ� WKLV� IUDPHZRUN�
7KHUH�DUH�WKUHH�W\SHV�RI�WKH�2±+���2�ERQGV
DQG�IRXU�W\SHV�RI�ZHDN�1±+���2�ERQGV��7ZR
R[\JHQ�DWRPV�RI�,���2��JURXSV�IRUP�WZR�K\�GURJHQ� ERQGV�2+±±1��$� VSHFLILF� IHDWXUH� RI
WKH� FU\VWDO� VWUXFWXUH� LV� WKDW� ,���2�� DQG,���2�� JURXSV� IRUP� LQILQLWH� LRGDWH� FKDLQVZKLFK� DUH� FRQQHFWHG� ZLWK� HDFK� RWKHU� LQ
WUDQVYHUVDO� GLUHFWLRQV� E\� ZHDN� 2+±±1
ERQGV��7KH�,���2��DQG�,���2��JURXSV�DUH�VXU�URXQGHG�E\�RQH�VWDWLF�2+±±1�ERQG�DQG�WZR
GLVRUGHUHG� RU� ELIXUFDWHG� K\GURJHQ� ERQGV
2+2�� ,W�ZDV� VKRZQ�WKDW� WKH�ELIXUFDWHG�K\�
GURJHQ�ERQGV� DUH� V\PPHWULF� DW�����.��7KH
VWUXFWXUH� IUDJPHQWV� IRUPHG� E\� LRGDWH
FKDLQV� LQ� WKH� FU\VWDO� DW�����.�PD\�EH�SUH�
VHQWHG�DV�IROORZV�

$FFRUGLQJ�WR�>�@��DQRWKHU�VSHFLILF�IHDWXUH
RI� WKH� $,+� FU\VWDO� VWUXFWXUH� DW� URRP� WHP�
SHUDWXUH�LV�WKDW�WKH�QXPEHU�RI�SRVVLEOH�VLWHV
IRU� SURWRQV� ORFDOL]DWLRQ� LQ� WKH� ODWWLFH� H[�
FHHGV� WKH� QXPEHU� RI� SURWRQV� SHU� XQLW� FHOO�
7KLV� IDFW� LV� UHVSRQVLEOH� IRU� WKH� VXSHULRQLF
FRQGXFWLYLW\� PHFKDQLVP� LQ� WKH� FU\VWDO� RE�
VHUYHG� DW� WHPSHUDWXUHV� H[FHHGLQJ� ���� .�
7KH� H[LVWHQFH� RI� WKUHH� NLQGV� RI� LRGDWH
JURXSV�DW�����.�VKRXOG�UHVXOW�LQ�WKH�PXOWL�
SOLFLW\� RI� WKH� ���,� 145� VSHFWUXP�� QDPHO\�
WKH� 145� VSHFWUXP� VKRXOG� FRQVLVW� RI� WKUHH
OLQHV��$V�LW�IROORZV�IURP�WKH�DQDO\VLV�RI�WKH
FU\VWDO�V\PPHWU\��WKH����,�145�VSHFWUXP�DW
���.� �DW�7���7F��PXVW� EH� WUDQVIRUPHG� LQWRWKDW� FRQVLVWLQJ�RI� VL[� OLQHV� >�@��7KH�DVVLJQ�
PHQW� RI� WKHVH� VL[� ���,� 145� OLQHV� REVHUYHG
IRU� WKH� $,+� FU\VWDO� DW� ��� .� �7DEOH���� KDV

EHHQ�PDGH�RQO\�XVLQJ�DGGLWLRQDO�H[SHULPHQ�
WDO�GDWD��QDPHO\��XVLQJ�WKH�DQDO\VLV�RI�EDULF
FRHIILFLHQWV� IRU� WKH� H[SHULPHQWDO� H�4T]�S�DQG�K�S��GHSHQGHQFHV�

7KH�REVHUYHG�145�VSHFWUXP�PXOWLSOLFLW\
FDQ�EH�H[SODLQHG�E\�EUHDNGRZQ�RI�ELIXUFDWHG
K\GURJHQ� ERQGV� ZKLFK� EHFDPH� DV\PPHWULF
DW�7� �7F�� ,Q� WKLV� FDVH� �DW�7���7F��� HDFK� RIWKH� WKUHH�145� OLQHV� REVHUYHG� DW�����.�EH�
FRPHV� VSOLW� LQWR� WZR� OLQHV� DQG�� WKHUHIRUH�
WKH�145� VSHFWUXP� DW� ���.� FRQVLVWV� RI� VL[
OLQHV��7KLV�DVVXPSWLRQ�DJUHHV�ZLWK�WKH�VXS�
SRVHG� LRGDWH� FKDLQ� VWUXFWXUH� LQ� WKH� $,+
FU\VWDO� DW� ���.��ZKHQ� WKH� SURWRQV�PD\� RF�
FXS\�WKH�DV\PPHWULF�SRVLWLRQV�RQ�ELIXUFDWHG
K\GURJHQ� ERQGV�� 7KH� VWUXFWXUHV� RI� WKH
FKDLQV� ZLWK� RUGHUHG� SURWRQV� FDQ� EH� SUH�
VHQWHG�DV�IROORZV�

7KH�145� OLQHV� ZHUH� DVVLJQHG� E\� FRPSDU�
LQJ�WKH�SUHVVXUH�FRHIILFLHQWV����T�]]��GT]]�GS�DQG� ���KR��GK�GS�� RI� WKH� H�4T]]�S�DQG� K�S�GHSHQGHQFHV� REWDLQHG� IRU� GLIIHUHQW� LRGDWH
FU\VWDOV� RI� ZHOO�VWXGLHG� FU\VWDO� VWUXFWXUH
�6HH� 7DEOH����� 7KH� DV\PPHWU\� SDUDPHWHU� RI
HOHFWULF� ILHOG� JUDGLHQW� WHQVRU� KK� DQG� WKH
TXDGUXSROH�FRXSOLQJ�FRQVWDQW�H�4T]]�IRU�GLI�IHUHQW� OLQHV� RI� PXOWLSOH� 145� VSHFWUD� DW
YDULRXV�YDOXHV�RI�K\GURVWDWLF�SUHVVXUH�ZHUH
GHWHUPLQHG�XVLQJ�WKH�WDEOHV�IURP�>�@��

6LQFH� WKH� $,+� FU\VWDO� V\PPHWU\� FHQWHUV
DW� ���� .� OD\� DW� JHRPHWULFDO� FHQWHUV� RI� EL�
IXUFDWHG� K\GURJHQ� ERQGV� >�@�� WKH� DVVXPHG
PRGHO�RI�WKH�SKDVH�WUDQVLWLRQ�PXVW�UHVXOW�LQ

7DEOH����3DUDPHWHUV�RI����,�145�VSHFWUD�RI�1+�,2���+,2��FU\VWDO�DW����.
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ORVV�RI�WKH�V\PPHWU\�FHQWHUV�DW����.��+RZ�
HYHU�� DV� ZH� KDYH� DOUHDG\� QRWHG�� QR� IHU�
URHOHFWULF� SURSHUWLHV�ZHUH� GHWHFWHG� IRU�$,+
FU\VWDO� DW� ��� .�� QHLWKHU� GRPDLQ� VWUXFWXUH
RI� WKH� FU\VWDO� QR� K\VWHUHVLV� ORRSV� ZHUH� RE�
VHUYHG� >�@��7KHVH�H[SHULPHQWDO�IDFWV�FDQ�EH
H[SODLQHG� E\� WKH� DULVLQJ� RI� DQWLSRODULW\� LQ
WKH�FU\VWDO�VWUXFWXUH�DW�7���7F�DQG�E\�GRX�EOLQJ�RI�WKH�FU\VWDO�XQLW�FHOO�ZLWK�WKH��V\P�
PHWU\� RI� WKH� FU\VWDO� DV� D� ZKROH� UHPDLQLQJ
XQFKDQJHG��,Q�WKLV�FDVH��WKH�FU\VWDO�V\PPH�
WU\�FHQWHUV�PRYH�IURP�FHQWHUV�RI�ELIXUFDWHG
K\GURJHQ� ERQGV� LQWR� DQRWKHU� SRVLWLRQV
ZKLFK�MRLQ�WZR�K\GURJHQ�ERQGV�RI�WKH�VDPH
RUGHULQJ�ZLWK�RSSRVLWH��DQWLSRODU��SURWRQ�OR�
FDWLRQV��7KH�SKDVH�WUDQVLWLRQ�VFKHPH�FDQ�EH
ZULWWHQ�DV�

&LO�=� ������
7F �>&��=� ���@�{�&LO�=� ����

+RZHYHU�� WKH� SURSRVHG� SKDVH� WUDQVLWLRQ
PHFKDQLVP�LQ�$,+�QHHGV�D�IXUWKHU�YHULILFD�

WLRQ�� H�J��� XVLQJ� DQDO\VLV� RI� WKH� FU\VWDO� YL�
EUDWLRQDO� VSHFWUD� LQ� WKH� SKDVH� WUDQVLWLRQ
WHPSHUDWXUH�UDQJH��
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7DEOH���� 3UHVVXUH� FRHIILFLHQWV� RI� H�4T]]�S�� DQG� K�3�� GHSHQGHQFHV� IRU�1+�,2���+,2�� FU\VWDO� DQGDVVLJQPHQW�RI�145�OLQHV�DW����.
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