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WKDQ�WKH�DGVRUEDWH�DGVRUEDWH�RQHV��2EYLRXVO\��IRUHLJQ�DW�

RPV�LQIOXHQFH�WKH�FDWDO\WLF�SURSHUWLHV�RI�WKH�VXUIDFH���7KH

WKHUPRG\QDPLF��NLQHWLF�DQG�VWUXFWXUDO�DVSHFWV�RI�WKH�XSG�RI

OHDG�RQ�JROG�VXUIDFHV�KDYH�EHHQ�WKH�VXEMHFW�RI�PDQ\�VWXG�

LHV����ZKLFK�KDYH�GHPRQVWUDWHG�WKH�VWURQJ�GHSHQGHQFH�RI

WKH� DGVRUSWLRQ� EHKDYLRU� RI� OHDG� RQ� WKH� FU\VWDOORJUDSKLF

RULHQWDWLRQ� RI� WKH� JROG� VXEVWUDWH����� $GGLWLRQDOO\�� LW� ZDV

REVHUYHG� WKDW�FRDGVRUSWLRQ�SKHQRPHQD�DUH�DEVHQW� LQ� WKH

XQGHUSRWHQWLDO� UDQJH� DQG� WKDW� OHDG�XSG�RQ� VLQJOH� FU\VWDO

JROG�VXUIDFHV�FDQ�EH�ZHOO�GHVFULEHG�E\�WKH�LGHDO�PRQROD\HU
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WURFKHPLFDO�EHKDYLRU��DQG�WR�FRPSDUH�WKHP�ZLWK�SRO\FU\V�

WDOOLQH�JROG�
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ZDV�SUHSDUHG�E\�PHOWLQJ�D��������JROG�ZLUH�LQ�D�JUDSKLWH
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UDWLRQ�ZHUH� FDUULHG� RXW� DW�&156�0HXGRQ���� -XVW� EHIRUH

WKHLU�LQWURGXFWLRQ�LQWR�WKH�FHOO��WKH�HOHFWURGHV�ZHUH�IODPH

WUHDWHG��FRROHG�LQ�XOWUD�SXUH�ZDWHU�DQG�SURWHFWHG�ZLWK�D�GURS

RI�ZDWHU�EHIRUH�WKHLU�WUDQVIHU�WR�WKH�HOHFWURFKHPLFDO�FHOO�

7KH�FRXQWHU�HOHFWURGH�ZDV�D�JROG�ZLUH�ZKLFK�ZDV�DOVR�IODPH

WUHDWHG�EHIRUH�LPPHUVLRQ�LQWR�WKH�FHOO��$OO�SRWHQWLDOV�ZHUH

PHDVXUHG�ZLWK�UHVSHFW�WR�D�FRPPHUFLDO�PHUFXU\�PHUFXURXV
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LQJ� VSHFWUD� HYHU\� IHZ�PLOOLVHFRQGV� DQG� WKHQ� FDOFXODWLQJ

GLIIHUHQFH�VSHFWUD�EHWZHHQ�WKH�DYHUDJHG�DEVRUEDQFH�FXUYHV

UHFRUGHG� DW� WZR� GLIIHUHQW� SRWHQWLDOV�� 7KLV� SURFHGXUH� LV

LQGLFDWHG� IRU� V\VWHPV� LQ� ZKLFK� WKH� VSHFWUD� DW� GLIIHUHQW

SRWHQWLDOV� SUHVHQW� RQO\� VPDOO� FKDQJHV��7KH�SRWHQWLDO� GH�

SHQGHQFH� RI� WKH� DEVRUEDQFH� LV� D� YHU\� SRZHUIXO� ZD\� WR

REVHUYH� WKH� IRUPDWLRQ�RI� OD\HUV� DW� HOHFWURGH� VXUIDFHV�� DV

DOUHDG\�VKRZQ�IRU�VXSHUILFLDO�R[LGHV����7KH�RSWLFDO�HTXLS�
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D�JUDWLQJ�PRXQWHG�RQ�WKH�PRELOH�IUDPH�RI�D�VPDOO�JDOYD�

QRPHWHU� VKDIW� DQG� LV� VSOLW� LQWR�D� UHIHUHQFH�DQG�D� VDPSOH

EHDP� DQG� FROOHFWHG� E\� WZR� LGHQWLFDO� +DPDPDWVX� 5���

SKRWRPXOWLSOLHUV�� 7KH� UHVXOWLQJ� RXWSXW� VLJQDOV� DUH� SURF�

HVVHG�DQG�DYHUDJHG��DQG�VWRUHG�LQ�D�1LFROHW�����GDWD�DFTXL�

VLWLRQ�V\VWHP�FRQQHFWHG�WR�D�SHUVRQDO�FRPSXWHU�DV�'5�5�� 

�5����5���5��ZKHUH�5��LV�WKH�UHIHUHQFH�EHDP�VLJQDO�DQG�5�

LV�WKH�UHIOHFWHG�VDPSOH�EHDP���7KH�GDWD�WUHDWPHQW�ZDV�PDGH

ZLWK�D�VSHFLILF�VRIWZDUH��DV�GHVFULEHG�HOVHZKHUH����ZKLFK

DOORZV�WKH�FDOFXODWLRQ�RI�WKH�DEVRUEDQFH��$��DV��ORJ��'5�5

�����DQG� WKH�SUHVHQWDWLRQ�RI� WKUHH�GLPHQVLRQDO�GLDJUDPV

�DEVRUEDQFH�ZDYHOHQJWK�SRWHQWLDO��� 7KH� HOHFWURFKHPLFDO

FRQWURO�RI�WKH�V\VWHP�ZDV�PDGH�ZLWK�WKH�VDPH�SRWHQWLRVWDW

XVHG�LQ�WKH�YROWDPPHWULF�H[SHULPHQWV�DQG�WKH�FHOO�XVHG�KDG

D� TXDUW]� F\OLQGULFDO� FRPSDUWPHQW� ZLWK� D� JODVV\�FDUERQ

FRXQWHU�HOHFWURGH�RI� FD����FP�GLDPHWHU�DQG�ZLWK�D�06(

UHIHUHQFH�HOHFWURGH��7KH�ZRUNLQJ�HOHFWURGHV�ZHUH�PRXQWHG

LQ�D�V\ULQJH�WR�IDFLOLWDWH�WKHLU�SRVLWLRQLQJ�LQWR�WKH�FHOO�DQG

WKH\�ZHUH�IODPH�WUHDWHG��DV�GHVFULEHG�DERYH�IRU�WKH�HOHFWUR�

FKHPLFDO�H[SHULPHQWV�
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RQH� E\� WDNLQJ� VSHFWUD� DW� IL[HG� SRWHQWLDOV� DW� WKH� YDOXHV

FRUUHVSRQGLQJ�WR�WKH�GLIIHUHQW�XSG�SHDNV��DQG�WKH�RWKHU�E\

WDNLQJ� VSHFWUD� GXULQJ� D� F\FOLF� YROWDPPRJUDP� �&9�� DW

��P9�V����7KH�ZDYHOHQJWK�UDQJH�ZDV�IURP�����WR�����QP�

7ZR� WZR�GLPHQVLRQDO�SUHVHQWDWLRQV�DUH�SRVVLEOH�� WKH�GH�

SHQGHQFH�RI�WKH�DEVRUEDQFH�FKDQJH��'$��ZKLFK�LV�HTXDO�WR

WKH�GLIIHUHQFH�EHWZHHQ�WKH�DEVRUEDQFH�DW�D�JLYHQ�SRWHQWLDO

DQG� WKH� DEVRUEDQFH� DW� D� UHIHUHQFH� SRWHQWLDO�� DW� D� IL[HG

ZDYHOHQJWK��UHIOHFWRJUDP��RQ�WKH�DSSOLHG�SRWHQWLDO��DQG�WKH

GHSHQGHQFH�RI�$�RQ� WKH�ZDYHOHQJWK� DW� D� IL[HG�SRWHQWLDO

�VSHFWUXP�����,Q�WKLV�ZRUN�WKH�VSHFWUD�DUH�DOVR�GLVSOD\HG�LQ

WKUHH�GLPHQVLRQDO�GLDJUDPV�DV��'$��O��(��
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WLRQ�RU� WR� WKH�DGVRUSWLRQ�RI� OHDG�RQ�WKH�VXEVWUDWH�VXUIDFH

GHIHFWV��3HDN�$��FRXOG�EH�LGHQWLILHG�DV�FRUUHVSRQGLQJ�WR

WKH�S��[���VWUXFWXUH��SHDN�$��DV�GLVSOD\LQJ�WKH�S��CC�� [��CC��

����JHRPHWU\�DQG�SHDN�$��DV�FRUUHVSRQGLQJ�WR�WKH�S��CCC��

[�CCC��� ������©�VWUXFWXUH��$Q�DGVRUSWLRQ�LVRWKHUP�KDV�EHHQ

XVHG�WR�GHVFULEH�OHDG�XSG�RQ�$X��������DW�WKH�SRWHQWLDO�RI

SHDN�$��RYHU�D�UDQJH�RI�MXVW�DERXW����P9��WKH�FRYHUDJH

LQFUHDVHG�GUDPDWLFDOO\�IURP�T�|�����WR�T�|������ZKLFK�ZDV

LQWHUSUHWHG�DV�D�WUDQVLWLRQ�EHWZHHQ�WKH�S��CC�� [��CC�� �����DQG

WKH� S��CCC��� [�CCC��� ������©� VWUXFWXUHV� RI� WKH� OHDG� VXEPRQR�
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)LJXUH� �� VKRZV� 89�YLV� GLIIHUHQWLDO� VSHFWUD� IRU� WKH

$X������3E�LQWHUIDFH�DW�IL[HG�SRWHQWLDOV�FRUUHVSRQGLQJ�WR

WKH�FDWKRGLF�SHDNV��GHSRVLWLRQ�RI�OHDG���ZLWK�WKH�VSHFWUXP

DW���9�06(�DV�UHIHUHQFH��,Q�)LJ����WKH�GLIIHUHQWLDO�VSHFWUD�

REWDLQHG�GXULQJ�WKH�QHJDWLYH��)LJ���D��DQG�SRVLWLYH��)LJ���E�

VZHHSV�RI� WKH�SRWHQWLDO�DW�D� UDWH�RI���P9�V���DUH�VKRZQ�

&RPSDULQJ�)LJV����DQG���RQH�FDQ�VHH�WKDW�WKH�VSHFWUD�WDNHQ

DW� WKH� IL[HG� SRWHQWLDO� FRQGLWLRQ� �)LJ�� ��� SUHVHQW� D� EHWWHU

GHILQLWLRQ�RI�WKH�EDQGV�WKDQ�WKRVH�WDNHQ�GXULQJ�D�SRWHQWLDO

VZHHS� �)LJ�� ����6R��ZKLOH� LQ�)LJ�� �� WKHUH� LV� D�QRWLFHDEOH

DEVRUEDQFH�FKDQJH�DW�O�!�����QP�DOUHDG\�DW�(� �������9

�SHDN�$���� LQ�)LJ�� �� D� VLPLODU� FKDQJH�RI� WKH�DEVRUEDQFH

RFFXUV�RQO\�DW�(�d�������9��SHDN�$���

&RPSDULQJ�)LJV���D�DQG��E��LW�FDQ�EH�REVHUYHG�WKDW�OHDG

XSG�LV�IDLUO\�UHYHUVLEOH��,Q�WKH�SRVLWLYH�SRWHQWLDO�VZHHS��DW

O�!�����QP�DQG�(���������9��WKH�VSHFWUD�REWDLQHG�EHJLQ�WR

VKRZ�D�EHWWHU�GHILQLWLRQ�RI�WKH�EDQGV�DW�����DQG�����QP�

$IWHU�SORWWLQJ�WKH�VSHFWUD�RI�)LJ����DW�GLIIHUHQW�SRWHQWLDOV�

DQG�URWDWLQJ�WKH�[\�SODQH�E\�S����ZH�REWDLQ�WKH��'�VSHFWUD

RI�$X������3E�GLVSOD\HG�LQ�)LJ�����,Q�WKH�ZDYHOHQJWK�UHJLRQ

EHWZHHQ�����DQG�����QP��WKH�DEVRUEDQFH�GHFUHDVHV�GXULQJ

WKH�GHSRVLWLRQ�DQG�LQFUHDVHV�GXULQJ�WKH�GLVVROXWLRQ�RI�OHDG�

2Q�WKH�FRQWUDU\��DERYH�����QP�WKH�DEVRUEDQFH�LQFUHDVHV

GXULQJ�WKH�GHSRVLWLRQ�DQG�GHFUHDVHV�GXULQJ�WKH�GLVVROXWLRQ

RI�OHDG��,W�FDQ�EH�VHHQ�WKDW�DIWHU�D�SRWHQWLDO�F\FOH�WKH�VSHFWUD

KDV� FKDQJHG� VOLJKWO\�� VLQFH� WKH� ILQDO� VSHFWUXP� LV� QRW� D

KRUL]RQWDO�OLQH�RI�]HUR�DEVRUEDQFH�

$W� WKLV� SRLQW�� LW� FDQ� EH� FRQFOXGHG� WKDW� WKH� 89�YLV

GLIIHUHQWLDO�VSHFWUD�VXJJHVW�D�VWURQJ�FKDQJH�LQ�WKH�HOHFWURGH

FRYHUDJH�DW�(���������9�DQG��GXH�WR�WKH�GLIIHUHQFH�EHWZHHQ

WKH�DGVRUSWLRQ�GHSRVLWLRQ�DQG�GLVVROXWLRQ�GHVRUSWLRQ�NLQHW�

LFV��WKH�EDQGV�DW�����DQG�����QP�DUH�PRUH�GHILQHG�GXULQJ

WKH�SRVLWLYH�SRWHQWLDO�VZHHS�
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GLIIHUHQW��3HDNV�DUH�ODEHOHG�DV�IROORZV���$��DQG�'�� �������

$��DQG�'�� ��������DQG�$��DQG�'�� ��������9�06(��7KH

PLGGOH�SHDNV�$��DQG�'��DUH� VPDOOHU� WKDQ� WKH�RWKHU� WZR

SHDNV�� $V� SRLQWHG� RXW� E\� +DPHOLQ� DQG� /LSNRZVNL��� WKH

9RO�����1R��������� 8QGHUSRWHQWLDO�'HSRVLWLRQ�RI�/HDG�RQ�*ROG ��

)LJXUH����&\FOLF�YROWDPPRJUDP�RI�$X������LQ����P0�+&O2������P0

3E�&O2����UHFRUGHG�DW����P9�V
��
�LQ�WKH�SRWHQWLDO�UDQJH�IURP���WR�������9

YV��06(��WHPSHUDWXUH�|�����&�

)LJXUH����89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD�RI�$X���������P0

+&O2�� �� �� P0� 3E�&O2���� DW� WKH� IL[HG� SRWHQWLDOV� VKRZQ� �UHIHUHQFH

VSHFWUXP�WDNHQ�DW���9�06(��



QXPEHU��WKH�DPSOLWXGH��DQG�WKH�ZLGWK�RI�WKH�SHDNV�LQ�WKH

F\FOLF�YROWDPPRJUDPV�DUH�UHODWHG�WR�WKH�DWRPLF�DUUDQJH�

PHQW�RI� WKH� FU\VWDOORJUDSKLF� IDFH�RI� WKH�PHWDO� VXEVWUDWH�

$GGLWLRQDOO\��LW�ZDV�VKRZQ�LQ�/(('�H[SHULPHQWV��WKDW�WKH

GLIIHUHQW� LQWHQVLWLHV�RI� WKH�SHDNV�DUH�DVVRFLDWHG�ZLWK�GLV�

FUHWH� FKDQJHV� LQ� WKH� VWUXFWXUH�RI� WKH� OHDG�GHSRVLW�� ,Q� WKH

VSHFLILF�FDVH�RI�WKH�IDFH��������ZKLFK�LV�D�WXUQLQJ�SRLQW�RI

WKH�������������]RQH��WKH�FKDQJHV�RI�WKH�VWUXFWXUH�UHODWHG

WR�WKH�FXUUHQW�SHDNV�LQ�WKH�&9�VHHP�WR�EH�FORVHU�WR�WKRVH

FRUUHVSRQGLQJ�WR�WKH�������IDFH��

)LJXUH� �� VKRZV� 89�YLV� GLIIHUHQWLDO� VSHFWUD� IRU� WKH

$X������3E� V\VWHP� DW� WKH� SRWHQWLDOV� RI� WKH� GHSRVLWLRQ

SHDNV�� ,W� LV�SRVVLEOH� WR�GLVWLQJXLVK� WKUHH� W\SHV�RI�VSHFWUD

FRUUHVSRQGLQJ�WR�WKH�WKUHH�SDLUV�RI�SHDNV��$��'���$��'��

DQG�$��'����)RU�SHDNV�$��'���DW�������9�06(��WKH�VSHF�

WUXP�SUHVHQWV�WZR�PDLQ�EDQGV�DW�����DQG�����QP��7KHVH

WZR�EDQGV�VKLIW� WR�����DQG�����QP�IRU�SHDNV�$��'���DW

�������9�06(��7KHQ��WKH�ZLGWK�DQG�WKH�DPSOLWXGH�RI�WKH

DEVRUSWLRQ� EDQGV� LQFUHDVH� FRQVLGHUDEO\� IRU� WKH� SHDNV

$��'���DV�IRU�WKH�$X������3E�V\VWHP��6XFK�DQ�LQFUHDVH�LQ

WKH�DPSOLWXGH�RI�WKH�EDQGV�FDQ�EH�LQWHUSUHWHG�LQ�WKH�VDPH

ZD\�DV�IRU�WKH�SUHYLRXV�V\VWHP�

7KH�VSHFWUD�LQ�)LJV���D�DQG��E�ZHUH�REWDLQHG�GXULQJ�D

&9�DW���P9�V���IRU�WKH�GHSRVLWLRQ�DQG�GLVVROXWLRQ�RI�OHDG�

UHVSHFWLYHO\��7KH�EDQGV�DSSHDULQJ�DW� O�!�����QP�IRU�WKH

$X������3E�V\VWHP�DUH�VRPHZKDW�QDUURZHU�WKDQ�WKRVH�IRU

WKH� $X������3E� V\VWHP� VKRZQ� LQ� )LJV�� �D� DQG� �E�� $V

REVHUYHG�EHIRUH�IRU�$X�������WKH�VSHFWUD�LQ�)LJ���E��FRUUH�

�� 0RWKHR�HW�DO� -��%UD]��&KHP��6RF�

)LJXUH��D��7ZR�GLPHQVLRQDO�89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD

FRUUHVSRQGLQJ�WR�WKH�GHSRVLWLRQ�RI�OHDG�RQ�$X������LQ����P0�+&O2�����

P0�3E�&O2����VROXWLRQ�GXULQJ�D�QHJDWLYH�SRWHQWLDO�VZHHS�IURP���WR������

9�06(��DW���P9�V
��
��WHPSHUDWXUH�|�����&��UHIHUHQFH�VSHFWUXP�WDNHQ�DW

��9�06(��

)LJXUH��E��7ZR�GLPHQVLRQDO�89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD

FRUUHVSRQGLQJ�WR�WKH�GLVVROXWLRQ�RI�OHDG�RQ�$X������LQ����P0�+&O2���

��P0�3E�&O2����VROXWLRQ�GXULQJ�D�SRVLWLYH�SRWHQWLDO�VZHHS�IURP�������WR

��9�06(��DW���P9�V
��
��WHPSHUDWXUH�|�����&��UHIHUHQFH�VSHFWUXP�WDNHQ�DW

��9�06(��

)LJXUH����7KUHH�GLPHQVLRQDO�GLDJUDPV�REWDLQHG� IURP�)LJV�� �D�DQG��E

GXULQJ�WKH�XSG�RI�OHDG�RQ�$X������LQ����P0�+&O2������P0�3E�&O2���

VROXWLRQ� LQ� WKH� SRWHQWLDO� UDQJH� IURP� ������ WR� �� 9�06(�� WHPSHUDWXUH

|�����&��UHIHUHQFH�VSHFWUXP�WDNHQ�DW���9�06(��



VSRQGLQJ�WR�WKH�SRVLWLYH�SRWHQWLDO�VZHHS��SUHVHQW�D�EHWWHU

GHILQLWLRQ�RI�WKH�EDQGV�DW�����DQG�����QP�EHWZHHQ������

DQG�������9�WKDQ�LQ�WKH�QHJDWLYH�SRWHQWLDO�VZHHS��)LJ���D��

7KLV� REVHUYDWLRQ� FRQILUPV� WKDW� WKHUH� DUH� GLIIHUHQFHV� EH�

9RO�����1R��������� 8QGHUSRWHQWLDO�'HSRVLWLRQ�RI�/HDG�RQ�*ROG ��

)LJXUH����&\FOLF�YROWDPPRJUDP�RI�$X������LQ����P0�+&O2������P0

3E�&O2����DW����P9�V
��
�LQ�WKH�SRWHQWLDO�UDQJH�IURP���WR�������9�YV��06(�

WHPSHUDWXUH�|�����&�

)LJXUH����89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD�RI�$X���������P0

+&O2�� �� �� P0� 3E�&O2���� DW� WKH� IL[HG� SRWHQWLDOV� VKRZQ� �UHIHUHQFH

VSHFWUXP�WDNHQ�DW���9�06(��

)LJXUH��D��7ZR�GLPHQVLRQDO�89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD

FRUUHVSRQGLQJ�WR�WKH�GHSRVLWLRQ�RI�OHDG�RQ�$X������LQ����P0�+&O2���

��P0�3E�&O2����VROXWLRQ�GXULQJ�WKH�QHJDWLYH�SRWHQWLDO�VFDQ�EHWZHHQ��

DQG�������9�06(��DW���P9�V
��
��WHPSHUDWXUH�|�����&��UHIHUHQFH�VSHFWUXP

WDNHQ�DW���9�06(��

)LJXUH��E��7ZR�GLPHQVLRQDO�89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD

FRUUHVSRQGLQJ�WR�WKH�GLVVROXWLRQ�RI�OHDG�RQ�$X������LQ����P0�+&O2���

��P0�3E�&O2����VROXWLRQ�GXULQJ�WKH�SRVLWLYH�SRWHQWLDO�VFDQ�EHWZHHQ������

DQG���9�06(��DW���P9�V
��
��WHPSHUDWXUH�|�����&��UHIHUHQFH�VSHFWUXP�WDNHQ

DW���9�06(��



WZHHQ�WKH�SURFHVVHV�RI�GHSRVLWLRQ�DQG�GLVVROXWLRQ�RI�OHDG

ZKLFK�FDQ�EH�UHODWHG�WR�LQWULQVLF�FKDQJHV�RI�WKH�VWUXFWXUH�RI

WKH�GHSRVLW�DQG�RU�FKDQJHV�LQ�WKH�NLQHWLF�SDUDPHWHUV��$V�LW

FDQ�EH�VHHQ�LQ�WKH��'�VSHFWUD�SUHVHQWHG�LQ�)LJ�����IRU�WKH

������IDFH�WKH�VSHFWUD�KDYH�WKH�VDPH�JHQHUDO�IHDWXUHV�RI�WKH

������ IDFH��+RZHYHU�� WKH� UHODWLYH�FKDQJHV� LQ�DEVRUEDQFH

ZLWK�SRWHQWLDO�DUH�PRUH�SURQRXQFHG�IRU�WKH�������IDFH��DV

FDQ�EH�REVHUYHG�IURP�D�FRPSDULVRQ�RI�)LJV����DQG����7KH

GHSRVLWLRQ�GLVVROXWLRQ�SURFHVV�LV�QRW�ZKROO\�UHYHUVLEOH�DV

IDU�DV� WKH�VSHFWUD�DUH�FRQFHUQHG��VLQFH��DV�PHQWLRQHG�IRU

$X�������WKH�ODVW�VSHFWUXP�LQ�)LJ����LV�QRW�D�KRUL]RQWDO�OLQH

RI�]HUR�DEVRUEDQFH�

3RO\FU\VWDOOLQH�JROG

7KH�F\FOLF�YROWDPPRJUDP�DW����P9�V���IRU�SRO\FU\VWDO�

OLQH� JROG� LQ� DQ� DFLGLF� VROXWLRQ� FRQWDLQLQJ� OHDG�� LQ� WKH

SRWHQWLDO�UDQJH�IURP���WR�������9�06(��VKRZV�IRXU�SDLUV�RI

SHDNV��)LJ������$OO�SURFHVVHV�DUH�UDSLG��H[FHSW�WKDW�FRUUH�

VSRQGLQJ�WR�WKH�SDLU�RI�VKDUS�SHDNV�$��DQG�'���ZKLFK�KDV

D�SHDN�VHSDUDWLRQ�RI�DERXW����P9��7KLV�EHKDYLRU�LV�TXLWH

VLPLODU�WR�WKDW�REVHUYHG�EHIRUH���EXW�IRU�D�VOLJKW�GLIIHUHQFH

LQ�WKH�LQWHQVLW\�RI�WKH�SHDNV��SUREDEO\�GXH�WR�WKH�GLIIHUHQFH

LQ�VROXWLRQ�FRPSRVLWLRQ��$FFRUGLQJ�WR�(QJHOVPDQQ�HW�DO���

WKH�EHKDYLRU�RI�D�SRO\FU\VWDOOLQH�JROG�VXEVWUDWH�IRU�OHDG�XSG

LV�DOPRVW� WKH�VDPH�DV�WKDW�RI�$X�������7KHQ��WKH�SUHVHQW

UHVXOWV�FDQ�EH�LQWHUSUHWHG�RQ�WKH�EDVLV�RI�WKH�DVVXPSWLRQV

PDGH�E\�+DPHOLQ�DQG�/LSNRZVNL�RQ�F\FOLF�YROWDPPHWULF

UHVXOWV�DQG�/(('�UHVXOWV���)RU�LQVWDQFH��SHDN�$��DW������

9�06(�ZDV�DWWULEXWHG�WR�D�S��[���VWUXFWXUH�DQG�SHDN�$��DW

������ 9�06(� WR� D� S��[��� VWUXFWXUH�� 3HDNV� $�� DW� �����

9�06(�DQG�'��DW�������9�06(�ZHUH�DWWULEXWHG�WR�D�WUDQV�

IRUPDWLRQ�RI�WKH�VWUXFWXUH�RI�WKH�OHDG�VXEPRQROD\HU��SHU�

KDSV� GXH� WR� WKH� SUHVHQFH� RI� ������ IDFHWV� SUHVHQW� LQ� WKH

VXUIDFH��7KH�LQWHQVLW\�DQG�SRWHQWLDO�RI�SHDNV�$��'��FRLQ�

FLGH�ZLWK�WKRVH�RI�SHDNV�$��DQG�'��IRU�$X����������)LJ�����

�� 0RWKHR�HW�DO� -��%UD]��&KHP��6RF�

)LJXUH����7KUHH�GLPHQVLRQDO�GLDJUDPV�REWDLQHG� IURP�)LJV�� �D� DQG��E

GXULQJ�WKH�XSG�RI�OHDG�RQ�$X������LQ����P0�+&O2������P0�3E�&O2���

VROXWLRQ�LQ�WKH�SRWHQWLDO�UDQJH�IURP�������WR���9�06(������&��UHIHUHQFH

VSHFWUXP�WDNHQ�DW���9�06(��

)LJXUH����&\FOLF�YROWDPPRJUDP�RI�D�SRO\FU\VWDOOLQH�JROG�HOHFWURGH�LQ

���P0�+&O2������P0�3E�&O2����UHFRUGHG�DW����P9�V
��
�LQ�WKH�SRWHQWLDO

UDQJH�IURP���WR�������9�YV��06(��WHPSHUDWXUH�|�����&�

)LJXUH�����89�YLVLEOH�GLIIHUHQWLDO�UHIOHFWDQFH�VSHFWUD�RI�SRO\FU\VWDOOLQH

$X� �� ���P0�+&O2������P0�3E�&O2����DW� WKH� IL[HG�SRWHQWLDOV� VKRZQ

�UHIHUHQFH�VSHFWUXP�WDNHQ�DW���9�06(��



ZKLFK�UHLQIRUFHV�WKH�ODVW�DVVXPSWLRQ��7KXV��LW�FDQ�EH�SUR�

SRVHG�WKDW�WKH�VWUXFWXUH�RI�OHDG�RQ�WKH�SRO\FU\VWDOOLQH�JROG

VXUIDFH�FRXOG�SUHVHQW�D�S��CCC��� [��CCC���������©�JHRPHWU\��RU

RQH�YHU\�FORVH�WR�LW��EHIRUH�LW�FKDQJHV�WR�D�S��[���VWUXFWXUH�

)LJXUH����VKRZV�WKH�89�YLV�GLIIHUHQWLDO�VSHFWUD�DW�WKH

SRWHQWLDOV�RI�WKH�SHDNV�REVHUYHG�LQ�)LJ�����7KH�VSHFWUXP�DW

��9�06(�ZDV�DOVR�XVHG�DV�UHIHUHQFH��$�VPDOO�EDQG�VKLIWV

IURP�����WR�����QP�ZLWK�GHFUHDVLQJ�SRWHQWLDO��)RU�O�!����

QP�WKH�VSHFWUD�DUH�EDVLFDOO\�WKH�VDPH��EXW�IRU�WKH�VKRXOGHU

DW�����QP�DW�SRWHQWLDOV�PRUH�QHJDWLYH�WKDQ�������9��$GGL�

WLRQDOO\��WKHUH�LV�D�ODUJH�LQFUHDVH�RI�DEVRUEDQFH�DW�(� ������

9��SHDN�$���

'LVFXVVLRQ

7ZR�SRLQWV�DUH�ZRUWK�GLVFXVVLQJ��7KH�ILUVW�RQH�FRQFHUQV

WKH�LQWHUSUHWDWLRQ�RI�WKH�EHKDYLRU�RI�SRO\FU\VWDOOLQH�JROG�LQ

WKH�OLJKW�RI�WKH�UHVXOWV�REWDLQHG�ZLWK�VLQJOH�FU\VWDO�IDFHV��,Q

RWKHU�ZRUGV��WKH�TXHVWLRQ�LV�ZKHWKHU��RSWLFDOO\��WKH�SRO\�

FU\VWDO�EHKDYHV�DV�D�ZHLJKWHG�FRQWULEXWLRQ�RI�HOHPHQWDU\

FU\VWDOOLWHV�RI�GHILQLWH�RULHQWDWLRQ��7KH�VHFRQG�SRLQW�FRQ�

FHUQV�WKH�DGVRUSWLRQ�VWDWHV�RI�WKH�OHDG�DGDWRPV�RQ�WKH�JROG

VXUIDFH��,W�LV�LPSRUWDQW�WR�XQGHUVWDQG�LI�WKH�RSWLFDO�UHVSRQVH

LQ�WKH�89�YLVLEOH�UDQJH�SURYLGHV�LQIRUPDWLRQ�RQ�WKH�W\SH

RI�VXEVWUDWH�VLWHV�ZKLFK�DUH�RFFXSLHG�E\�3E�DGDWRPV�DQG�LI

WKHUH�LV�D�VWUXFWXUDO�GHSHQGHQFH�RI�WKH�XSG�SURFHVV�

2SWLFDO�EHKDYLRU�RI�OHDG�DGDWRPV�RQ�SRO\FU\VWDOOLQH�JROG

DV�FRPSDUHG�WR�VLQJOH�FU\VWDOV

$�FRPSDULVRQ�RI�WKH�VSHFWUD�IRU�WKH�GHSRVLWLRQ�RI�OHDG

RQ�SRO\FU\VWDOOLQH�JROG� �)LJ������ZLWK� WKRVH�IRU�$X�����

�)LJ�����DQG�$X�������)LJ������VKRZV�WKDW�D�OHDG�VXEPRQR�

OD\HU�RQ� VLQJOH� FU\VWDO� IDFHV�DEVRUEV�RYHU� D�PXFK�ZLGHU

ZDYHOHQJWK�UDQJH��URXJKO\�IURP�����WR�����QP��WKDQ�RQ

WKH�SRO\FU\VWDO�HOHFWURGH������WR�����QP���&RQYHUVHO\��WKH

LQWHQVLW\�RI�WKH�EDQGV�LV�DERXW�����JUHDWHU�RQ�WKH�SRO\FU\V�

WDO��'$PD[�RI�DERXW�������$�8��DW�SHDN�$���WKDQ�RQ�VLQJOH

FU\VWDOV��ZKHUH�'$PD[�LV�RQO\�������DQG�������$�8��RQ�WKH

������DQG�������SODQHV��DW�SHDNV�$��DQG�$���UHVSHFWLYHO\�

+RZHYHU��ORRNLQJ�FDUHIXOO\�DW�)LJ������SRO\FU\VWDO��DQG

)LJ�����WKH�������SODQH��LW�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�LQ�WKH

QHJDWLYH�SRWHQWLDO�VZHHS�QHJDWLYH�EDQGV��FRUUHVSRQGLQJ�WR

DQ�LQFUHDVH�RI�UHIOHFWDQFH��DUH�VHHQ�DW�DURXQG�����QP�LQ�WKH

IRUPHU�DQG�����QP�LQ�WKH�ODWWHU��1R�VLPLODU�EDQGV�DUH�VHHQ

ZLWK�$X������� ,QWHUHVWLQJO\��SHDN�$�� IRU� WKH�SRO\FU\VWDO

DQG�SHDN�$��IRU�$X������RFFXU�DW�DERXW�WKH�VDPH�SRWHQWLDO�

������ 9�� $V� QRWHG� DERYH�� LW� LV� DW� WKHVH� SHDNV� WKDW� WKH

UHFRQVWUXFWLRQ� RI� WKH� OHDG� VXEPRQROD\HU� LV� VXSSRVHG� WR

RFFXU�� OHDGLQJ� WR� D� FKDQJH� IURP� D� S��CC�� [� �CC�� ����� WR� D

S��CCC��� [��CCC��� ������©�SDWWHUQ���$W�WKH�VDPH�WLPH�WKH�VXUIDFH

FRYHUDJH�LQFUHDVHV�GUDPDWLFDOO\��VR�WKDW�LW�EHFRPHV�FOHDU

WKDW�WKH�QHJDWLYH�SHDNV�RI�WKH�89'56�VSHFWUD�UHVXOW�IURP

D�GHFUHDVH�RI�WKH�QXPEHU�RI�IUHH�JROG�VLWHV��L�H���QRW�FRYHUHG

E\�OHDG��QHDU�������9�06(�DQG�FRQVHTXHQWO\�D�GHFUHDVH�RI

WKH�ZHOO�NQRZQ�DEVRUSWLRQ�HGJH�DW�FD������QP�RI�PHWDOOLF

JROG���$V�H[SHFWHG��QRWKLQJ�VLPLODU�LV�VHHQ�ZLWK�WKH������

IDFH�

7KH�DGVRUSWLRQ�VWDWHV�RI�3E�DGDWRPV�RQ�$X

7KH�VSHFWUXP�FKRVHQ�DV�UHIHUHQFH�FRUUHVSRQGV�WR�D�ZHOO

GHILQHG�HOHFWURFKHPLFDO�VWDWH�RI�WKH�LQWHUIDFH�ZLWK�QR�XSG

OHDG�DGDWRPV��ZKLFK�DOORZV�XV�WR�GHWHUPLQH�WKH�IRUPDWLRQ

RU� WKH�GLVDSSHDUDQFH�RI�VWUXFWXUHV�DW� WKH�HOHFWURFKHPLFDO

LQWHUIDFH�

7KH�VKDSHV�RI�WKH�89�YLV�GLIIHUHQWLDO�VSHFWUD�GXULQJ�WKH

XSG�RI�3E�RQ�$X�DUH�VLPLODU�DQG�SURYH�FOHDUO\�WKH�H[LVWHQFH

RI�DW�OHDVW�WZR�VWDWHV�RI�3E�RQ�WKH�VXEVWUDWH��)LJV�������DQG

�����QDPHO\��WKH�VXEPRQROD\HU�RI�$X�3EDGV�DQG�WKH�FRP�

SOHWH�OD\HU�RI�3EDGV�ZKLFK�FRUUHVSRQGV�WR�WKH�ILQDO�VWUXFWXUH

�3EDGV�3EDGV��

$W�SRWHQWLDOV�KLJKHU�WKDQ�������9�06(�WKH�GLIIHUHQWLDO

VSHFWUD�SUDFWLFDOO\�VKRZ�QR�EDQGV��6XEPRQROD\HUV�RI�3EDGV
VSHFLHV�SUHGRPLQDWH�IRU�SRO\FU\VWDOOLQH�JROG�EHWZHHQ������

DQG� ������9�06(�� IRU�$X������EHWZHHQ� ������DQG� �����

9�06(�DQG�IRU�$X������EHWZHHQ�������DQG�������9�06(�

7KH�VSHFWUD�RI�$X������DQG�$X�������)LJV����DQG����VKRZ

OLWWOH�DEVRUSWLRQ�EHORZ�����QP�DQG�D�SURJUHVVLYH�LQFUHDVH

RI�DEVRUEDQFH�DW�ZDYHOHQJWKV�DERYH�����QP��$Q�LQFUHDVH

RI�WKH�DEVRUEDQFH�DW�ORZHU�SRWHQWLDOV�LV�OLNHO\�WR�FRUUHVSRQG

WR�D�UHVWUXFWXULQJ�DQG�D�UHGLVWULEXWLRQ�RI�WKH�3EDGV�DWRPV�RQ

WKH�JROG�VXUIDFH��IRUPLQJ�PXOWLSOH�ERQGV�EHWZHHQ�WKH�3EDGV
VSHFLHV� OLNH�RQ�D�PHWDOOLF�VXUIDFH��7KLV�DGVRUEHG�VWDWH� LV

PRUH�GHILQHG�IRU�VLQJOH�FU\VWDOV�OLNH�$X������DQG�$X������

7KH� YHU\� VKDUS� �L�(�� SHDNV�� DFFRUGLQJ� WR� WKH� )UXPNLQ

LVRWKHUP�PRGHO��GHQRWH�VWURQJ�ODWHUDO�LQWHUDFWLRQV�EHWZHHQ

DGVRUEDWHV��L�H���RI����3EDGV��3EDGV���W\SH�

)LQDOO\��WKH�89�YLV�VSHFWUD��)LJV����DQG����VKRZ�D�IDLU

UHYHUVLELOLW\�RI�WKH�UHFRQVWUXFWLRQ�SURFHVV�RI�WKH�OHDG�OD\HU

RQ�JROG�EHWZHHQ�������DQG�������9�06(�

&RQFOXVLRQV

7KLV�89'56�VWXG\�RI�WKH�$X�3E�LQWHUIDFH�FRPSOHWHV

DQG�FRQILUPV�VRPH�DVVXPSWLRQV�REWDLQHG�IURP�&9V�DERXW

WKH�RFFXUUHQFH�RI�GLIIHUHQW�DGVRUSWLRQ�VWDWHV�RI�OHDG�RQ�D

JROG�VXUIDFH�DQG�WKH�GHSHQGHQFH�RI�WKH�VXUIDFH�FRYHUDJH
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