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7KH�PHFKDQLVPV� RI� HOHFWURFKHPLFDO� SURFHVVHV� LQ� WKH� HOHFWURO\WH� IRU� FDGPLXP� WHOOXULGH

VHPL�FRQGXFWLQJ� ILOP� GHSRVLWLRQ� DQG� LQ� FRUUHVSRQGLQJ� SDUWLDO� VROXWLRQV� FRQWDLQLQJ� FDG�
PLXP�DQG�WHOOXULXP�LRQV�KDYH�EHHQ�VWXGLHG�E\�YROWDPPHWU\�ZLWK�OLQHDU�SRWHQWLDO�VFDQQLQJ
DQG�E\�F\FOLF�YROWDPPHWU\��7KH�GLIIHUHQFHV�EHWZHHQ�FDWKRGLF�SURFHVVHV�RQ�FKHPLFDOO\�LQHUW
WLWDQLXP� QLWULGH� VXEVWUDWHV� DQG� FDWDO\WLFDOO\� DFWLYH� PRO\EGHQXP� VXUIDFH� KDYH� EHHQ� UH�
YHDOHG��%DVLQJ�RQ�WKHVH�VWXGLHV��WKH�QDWXUH�RI�LPSXULWLHV�GLVFRYHUHG�LQ�WKLV�ZRUN�E\�;�UD\
SKRWRHOHFWURQ�VSHFWURVFRS\�DW�WKH�VXUIDFH�DQG�LQVLGH�WKH�FDGPLXP�WHOOXULGH�ILOPV�GHSRVLWHG
RQ� PRO\EGHQXP� DQG� WLWDQLXP� QLWULGH� VXUIDFHV� KDV� EHHQ� H[SODLQHG�� 7KH� ODWWHU� PDGH� LW
SRVVLEOH� WR� VHOHFW� WKH� HOHFWURGHSRVLWLRQ�SDUDPHWHUV�DQG� WKH� VXEVWUDWH�PDWHULDO�ZKLFK�SUR�
YLGH�WKH�VWRLFKLRPHWULF�ILOP�FRPSRVLWLRQ��
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(OHFWURFKHPLFDO�GHSRVLWLRQ�WHFKQLTXH�SUR�
YLGHV�DQ�H[FHOOHQW�FRQWURO�RI� WKH�ILOP�SURS�
HUWLHV�E\�WXQLQJ�VXFK�SDUDPHWHUV�DV�FDWKRGH
SRWHQWLDO�� WHPSHUDWXUH��¯s�DQG�FRPSRVLWLRQ
RI� WKH� UHDJHQWV� >�@�� $W� WKH� VDPH� WLPH�� QR
VXIILFLHQW�DWWHQWLRQ�ZDV�SDLG�\HW�WR�WKH�VFL�
HQWLILF� DSSURDFK� WR� VHOHFWLRQ�RI� WKH�HOHFWUR�
FKHPLFDO� UHJLPHV� IRU� REWDLQLQJ� RI
VWRLFKLRPHWULF�FDGPLXP�WHOOXULGH�OD\HUV��$V
D�FRQVHTXHQFH��WKH�HPSLULFDO�VHOHFWLRQ�RI�WKH
SRWHQWLDOV� IRU� WKH� &G7H� HOHFWURGHSRVLWLRQ

RQWR� YDULRXV� VXEVWUDWHV� KDV� EHHQ� SURSRVHG
>�Ü�@��,Q�RXU�RSLQLRQ��WKH�VFLHQWLILF�VROXWLRQ
RI�WKLV�SUREOHP�VKRXOG�FRQVLVW�LQ�LPPHGLDWH
LQYHVWLJDWLRQ� RI� PHFKDQLVPV� RI� SURFHVVHV
WDNLQJ� SODFH� RQ� WKH� FDWKRGHV� PDGH� IURP
YDULRXV�PDWHULDOV�DQG�LQ�QHDU�FDWKRGH�VSDFH
GXULQJ�FDGPLXP�WHOOXULGH�HOHFWURGHSRVLWLRQ�
L�H�� WKH� VWXG\LQJ� RI�&G7H� HOHFWURGHSRVLWLRQ
DV�GHSHQGLQJ�RQ�WKH�VXEVWUDWH�PDWHULDO��2XU
VHOHFWLRQ� RI� WKH� VXEVWUDWH� PDWHULDOV� LV� H[�
SODLQHG��DW�WKH�RQH�KDQG��E\�WKH�PRVW�RIWHQ
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XWLOL]DWLRQ� RI� PRO\EGHQXP� �0R�� DV� D� EDVH
IRU� FDGPLXP� WHOOXULGH� DEVRUELQJ� OD\HU� LQ
SKRWRYROWDLF�GHYLFHV�RI�VXEVWUDWH�FRQILJXUD�
WLRQ� >�Ü�@��$W� WKH�RWKHU�KDQG�� WLWDQLXP�QL�
WULGH� �7L1�� LV� FKHPLFDOO\� LQHUW�PDWHULDO� DQG
VR�FDQ�EH�XVHG�DV�FRQWURO�PDWHULDO�LQ�H[SHUL�
PHQWV� WR� UHYHDO� VRPH� LQWHUDFWLRQV� EHWZHHQ
&G7H�DQG�0R�
,Q� WKLV�ZRUN�� WKH�&G7H� HOHFWURGHSRVLWLRQ

NLQHWLFV� RQ� 0R� DQG� 7L1� VXUIDFHV� KDV� EHHQ
VWXGLHG� XVLQJ� D� SRWHQWLRVWDW� E\� PHDQV� RI
YROWDPPHWU\�ZLWK� OLQHDU�SRWHQWLDO� VFDQQLQJ
�9$�� DQG� E\� F\FOLF� YROWDPPHWU\� �&9$�� >��
�@��'XULQJ�WKH�VWXGLHV��JODVV�SODWHV�RI���FP�
DUHD�FRYHUHG�E\�UHDFWLYHO\�VSXWWHUHG�����QP
WKLFN� WLWDQLXP� QLWULGH� RU� E\� PDJQHWURQ
VSXWWHUHG� �� PP� WKLFN� PRO\EGHQXP� OD\HUV
KDYLQJ�WKH�OD\HU�UHVLVWDQFH�OHVV�WKDQ���2KP
ZHUH� XVHG� DV� FDWKRGHV� LQ� WKUHH�HOHFWURGH
HOHFWURFKHPLFDO� FHOO�� $V� WKH� UHIHUHQFH� HOHF�
WURGH�� VDWXUDWHG� $J�$J&O� HOHFWURGH� �6$(�
�86$(� ������9�UHVSHFWLYH�WR�QRUPDO�K\GUR�JHQ�HOHFWURGH��ZDV�XVHG�ZKLOH�DV�WKH�FRXQWHU
HOHFWURGH�� D� SODWLQXP� FRLO� RI� ��� FP�� DUHD�
7KH� HOHFWURO\WH� WHPSHUDWXUH� ZDV� VXSSRUWHG
DW� ���&� XVLQJ� D� WKHUPRVWDW�� 7KH� VROXWLRQV
ZHUH�SUHVHUYHG�IURP�PL[LQJ��H[FHSW�IRU�VSH�
FLDOO\�PHQWLRQHG�FDVHV���7R�DYRLG�WKH�PLJUD�
WLRQ� GXULQJ� WKH� 9$� DQG� &9$� H[SHULPHQWV�
DOO�VROXWLRQV�FRQWDLQHG�����l�1D�62���(OHF�WURFKHPLFDO� SURFHVVHV� ZHUH� VWXGLHG� LQ� WKH
IROORZLQJ� PHGLD�� �L�� D� VROXWLRQ� FRUUHVSRQG�
LQJ� WR� HOHFWURO\WH� IRU� FDGPLXP� WHOOXULGH
GHSRVLWLRQ� FRQWDLQLQJ� ���� 0� &G62��������� l� 7H2��� ���� l� 1D�62��� ����� 0+�62����LL��SDUWLDO�FDGPLXP�VROXWLRQ������0&G62�������l�1D�62��������0�+�62��� �LLL�SDUWLDO� WHOOXULXP� VROXWLRQ�� �������l�7H2������ l� 1D�62��� ����� 0� +�62��� �LY�� EDFN�JURXQG� VROXWLRQ�� ���� l� 1D�62��� ����� 0+�62��� 7KH� SRODUL]DWLRQ� YROWDJH� VFDQQLQJUDWHV� �9�� ZHUH� IURP� �� P9�V� XS� WR
����P9�V��WKH�UDQJH�RI�VFDQQLQJ�SRWHQWLDOV
(F�ZDV� IURP�����9�XS� WR�Ü����9� �KHUH� DQGEHORZ�� DOO� SRWHQWLDOV� DUH� LQGLFDWHG� ZLWK� UH�
VSHFW�WR�6$(��
7KH� FDGPLXP� WHOOXULGH� ILOPV� RQWR� 7L1

VXEVWUDWHV� �VDPSOH� 1RV�� ��� ��� ��� DQG� RQWR
PRO\EGHQXP� VXEVWUDWHV� �VDPSOH� 1RV�� ��� ��
��� ZHUH� HOHFWURGHSRVLWHG� LQ� SRWHQWLRVWDWLF
UHJLPH�LQ�WKH�VDPH�WKUHH�HOHFWURGH�FHOO��EXW
XVLQJ� VWLUULQJ� RI� WKH� HOHFWURO\WH� ����� 0
&G62��� �������l�7H2��������0�+�62��� E\PHDQV� RI� PDJQHWLF� VWLUUHU�� 7KH� HOHFWURO\WH
WHPSHUDWXUH�ZDV����&��WKH�HOHFWURGHSRVLWLRQ
GXUDWLRQ�ZDV���KRXU��7KH�FDWKRGH�SRWHQWLDOV
GXULQJ� WKH� ILOP�HOHFWURGHSRVLWLRQ�ZHUH� VXS�
SRUWHG�DW�WKH�IROORZLQJ�OHYHOV��p°� �Ü�����9�VDPSOH�1R�����p°� �Ü�����9� �VDPSOH�1RV��

DQG�����p°� �Ü�����9��VDPSOH�1R����RU�p°� Ü�����9� �VDPSOH�1RV��� DQG� ���� WKH� FXUUHQW
GHQVLW\� MF� EHLQJ� UHJXODUO\� GHFUHDVHG� GXH� WRLQFUHDVLQJ�&G7H�OD\HU�UHVLVWLYLW\�
7KH� VDPSOH� VXUIDFH� FRPSRVLWLRQ� ZDV

VWXGLHG�E\�;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\
�;36��XVLQJ�DQ�;36�����.UDWRV�VSHFWURPH�
WHU��7KH�YDFXXP� LQ�WKH�PHDVXULQJ�FKDPEHU
ZDV� ����Ü�� 7RUU�� 3KRWRHOHFWURQV� ZHUH� H[�
FLWHG� E\� 0J.D� UDGLDWLRQ� �KJ� ��������H9��;�UD\� JXQ� SRZHU� ZDV� ��N9u��� P$�� 7KH
KHPLVSKHULFDO� HOHFWURVWDWLF� DQDO\]HU� ZDV
XVHG� WR� DQDO\]H� WKH� SKRWRHOHFWURQ� NLQHWLF
HQHUJ\�� 7KH� LQVWUXPHQW� UHVROXWLRQ� ZDV
��H9��WKH�ELQGLQJ�HQHUJ\�ZDV�GHWHUPLQHG�DW
DQ� DFFXUDF\� RI� r���� H9�� 7KH� VSHFWUD� ZHUH
SURFHVVHG� XVLQJ� D� FRPSXWHU�� VPRRWKLQJ�
VXEWUDFWLRQ�RI�D�FRQVWDQW�DQG�YDULDEOH�EDFN�
JURXQG��6KLUOH\�PHWKRG���UHPRYDO�RI�WKH�H[�
SDQGLQJ� HIIHFW� RI� WKH� ;�UD\� OLQH� �LWHUDWLYH
GHFRQYROXWLRQ�� DQG� H[SDQVLRQ� RI� FRPSOH[
OLQH� LQWR� LWV� FRPSRQHQWV� ZHUH� GRQH�� 7KH
VDPSOH� VXUIDFH�FRPSRVLWLRQ�ZDV�GHWHUPLQHG
XVLQJ� UDWLR� RI� DUHDV� XQGHU� SKRWRHOHFWURQ
OLQHV�RI�&�V��2�V��&G�G��7H�G��7L�S��0R�G�
6L�S� FRUH� OHYHOV�� WDNLQJ� LQWR� DFFRXQW� WKHLU
VHQVLWLYLW\� IDFWRUV� >��@�� $� OD\HU� RI� DERXW
�� QP� WKLFNQHVV� ZDV� DQDO\]HG�� 7KH� FRP�
SRXQGV� SUHVHQW� LQ� WKH� VXEVXUIDFH� OD\HU� RI
WKH� VDPSOHV�ZHUH� DQDO\]HG�XVLQJ� H[SDQVLRQ
RI� WKH� FRPSOH[� 7H�G� OLQH� LQWR� LWV� FRPSR�
QHQWV�� 7KH� OD\HU�E\�OD\HU� HWFKLQJ� RI� WKH
VDPSOH� VXUIDFHV� ZDV� FDUULHG� RXW� XVLQJ� DQ
LRQLF�JXQ��$U���(� ���NH9���WKH�HWFKLQJ�UDWH
EHLQJ���QP�PLQ�
7KH� VWXGLHV� KDYH� VKRZQ� WKDW� LQ� EDFN�

JURXQG� VROXWLRQ� WZR� FXUUHQW� SHDNV� DUH� UH�
YHDOHG� RQ� FDWKRGLF� EUDQFKHV� RI� F\FOLF� YRO�
WDPPRJUDPPV� �,�9� FXUYHV�� REWDLQHG� ZKHQ
WLWDQLXP� QLWULGH� ZDV� XVHG� DV� WKH� ZRUNLQJ
HOHFWURGH� �)LJ������ 7KH� VPDOO� FXUUHQW� SHDN
VKLIWV�WRZDUGV�QHJDWLYH�SRWHQWLDOV�DV�WKH�SR�
WHQWLDO�VFDQQLQJ�UDWH�JURZV�IURP���P9�V�XS
WR� ���� P9�V�� WKXV�� WKH� FDWKRGH� KDOI�SHDN
SRWHQWLDO� p°¯��� FKDQJHV� IURP� Ü���� 9� WR� Ü����9��7KH�GLIIHUHQFHV�EHWZHHQ�FDWKRGLF�SR�
WHQWLDOV�RI�SHDNV�DQG�FDWKRGLF�KDOI�SHDN�SR�
WHQWLDOV� DUH� UDWKHU� ODUJH�� 7KHVH� GLIIHUHQFHV
FKDQJH� GHSHQGLQJ� RQ� 9�� EXW� DUH� DERXW
����9��WKXV�H[FHHGLQJ�PRUH�WKDQ�WKULFH�WKH
YDOXH� IRU� UHYHUVLEOH� SURFHVV�� 7KDW� SHDN� LV
DEVHQW� LQ�WKH�DQRGLF�EUDQFKHV�RI�F\FOLF�YRO�
WDPPRJUDPV�LQ�EDFNJURXQG�VROXWLRQ�
$OO� WKH� DERYH� HYLGHQFHV� WKDW� DQ� LUUH�

YHUVLEOH�HOHFWURFKHPLFDO�SURFHVV�FRPSOLFDWHG
E\� IROORZLQJ� IDVW� FKHPLFDO� GLPHUL]DWLRQ� UH�
DFWLRQ�UXQV�LQ�EDFNJURXQG�HOHFWURO\WH�DW�SR�
WHQWLDOV�QHDU�WKH�FDWKRGLF�FXUUHQW�SHDN��)RU
UHYHUVLEOH�HOHFWURFKHPLFDO�SURFHVV��WKH�KDOI�
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SHDN�SRWHQWLDO�p°¯��� DQG� VWDQGDUG�SRWHQWLDOp°º�RI�WKH�HOHFWURFKHPLFDO�FDWKRGLF�UHDFWLRQDUH�FRQQHFWHG�E\�UHODWLRQ�>����@�
p° �̄e��� �p°º��������57�e�Q)�� ���

ZKHUH�5�LV�WKH�JDV�FRQVWDQW��7��WKH�VROXWLRQ
DEVROXWH� WHPSHUDWXUH�� Q�� QXPEHU� RI� HOHF�
WURQV� LQYROYHG� LQ� HOHFWURFKHPLFDO� UHDFWLRQ�
)�� WKH� )DUDGD\� QXPEHU�� 7DNLQJ� WKDW� IDFW
LQWR�DFFRXQW��ZH�FDQ�FDOFXODWH� WKDW�DW����&
KDOI�SHDN� SRWHQWLDO� IRU� UHYHUVLEOH� FDWKRGLF
SURFHVV�ZRXOG�EH� E\����Q�P9� OHVV�QHJDWLYH
WKDQ� WKH� VWDQGDUG� SRWHQWLDO�� 7KHQ�� WDNLQJ
LQWR�DFFRXQW�WKDW�WKH�KDOI�SHDN�SRWHQWLDO�IRU
WKH� LUUHYHUVLEOH� HOHFWURGH� SURFHVV� IROORZHG
E\�FKHPLFDO�GLPHUL]DWLRQ�UHDFWLRQ� LV�DOZD\V
VKLIWHG� WR� WKH� QHJDWLYH� YDOXHV� DV� FRPSDUHG
WR� WKH� UHYHUVLEOH� SURFHVV� >����@� DQG� LQ� DF�
FRUGDQFH� ZLWK� WKH� VWDQGDUG� SRWHQWLDO� GDWD
>������@��ZH�FDQ�FRQFOXGH�WKDW�WKH�ILUVW�SHDN
LQ� WKH� EDFNJURXQG� VROXWLRQ� FRUUHVSRQGV� WR
UHDFWLRQ�

�+�����H�� �+�� ���
ZKLFK� HTXLOLEULXP�FDWKRGH�SRWHQWLDO� LQ� WKLV
VROXWLRQ�LV�Ü�����9��DV�FDOFXODWHG�XVLQJ�WKH
1HUQVW�HTXDWLRQ�>��@��7KH�VKLIW�RI�WKLV�SHDN
WRZDUGV� QHJDWLYH� SRWHQWLDOV� LV� GXH� WR� RYHU�
YROWDJH�ZKLFK�IRU�LUUHYHUVLEOH�SURFHVVHV�IRO�
ORZHG�E\�GLPHUL]DWLRQ� LV�DW� OHDVW�����9�>�@�
7KH�LQWHQVLW\�RI�WKLV�SHDN�LV�VPDOO��EHFDXVH
WKH�VROXWLRQ�LV�VOLJKWO\�DFLGLF��¯s����
&XUUHQW�JURZLQJ�LQ�WKH�EDFNJURXQG�VROX�

WLRQ� DW� WKH� SRWHQWLDOV� PRUH� QHJDWLYH� WKHQ
Ü�����9�LV�YHU\�LQWHQVLYH��$FFRUGLQJ�WR�RXU
FDOFXODWLRQV��LW�FRUUHVSRQGV�WR�WKH�ZDWHU�GH�
FRPSRVLWLRQ�ZLWK� WKH� K\GURJHQ� FUHDWLRQ� DF�
FRUGLQJ�WR�UHDFWLRQ�

�+�2����H�� �+�����2+� ���
ZLWK�VWDQGDUG�SRWHQWLDO�RI�Ü�����9�>��@�
:KHQ� PRO\EGHQXP� ZRUNLQJ� HOHFWURGH� LV

XVHG�LQ�EDFNJURXQG�VROXWLRQ��WKH�FXUUHQW�LQ�
FUHDVH� RFFXUV� DW� FRQVLGHUDEO\�PRUH� SRVLWLYH
SRWHQWLDOV� �p°� �Ü���� 9��� VR� WKH� SURFHVVHV����DQG�����DUH�LQGLVWLQJXLVKDEOH�LQ�WKH�,�9�
FXUYHV�� $FFRUGLQJ� WR� >����@�� WKLV� HOHFWURGH�
SRVLWLRQ� SURFHVV� DW� PRUH� SRVLWLYH� FDWKRGH
SRWHQWLDOV�LV�DVVRFLDWHG�ZLWK�FDWDO\WLF�LQIOX�
HQFH� RI� WKH� HOHFWURGH� VXUIDFH�� ,Q� WKLV� FDVH�
PRO\EGHQXP� FDWDO\]HV� WKH� HOHFWURFKHPLFDO
SURFHVV�RI�ZDWHU�GHFRPSRVLWLRQ�
,Q� FDGPLXP� SDUWLDO� VROXWLRQ�� YROWDPPR�

JUDPPV� IRU� WLWDQLXP� QLWULGH� VXEVWUDWHV
�)LJ�����DOVR�LQFOXGH�D�ZHDN�K\GURJHQ�UHGXF�
WLRQ� SHDN� FRUUHVSRQGLQJ� WR� UHDFWLRQ� ����

7KHQ��LQGHSHQGHQW�IURP�SRODUL]DWLRQ�YROWDJH
UDWH�� D� VKDUS� FXUUHQW� ULVH� LV� VHHQ� DW�SRWHQ�
WLDOV� PRUH� QHJDWLYH� WKDQ� Ü����� 9�� $FFRUG�
LQJ�WR�>������@��HTXLOLEULXP�SRWHQWLDO�RI�WKH
UHDFWLRQ�

&G������H�� �&G ���
LQ� WKLV� VROXWLRQ� LQ� DFFRUGDQFH� ZLWK� 1HUQVW
HTXDWLRQ� LV� Ü����� 9�� 6R�� DFFRUGLQJ� WR� >��
��@�� ZH� FDQ� FRQFOXGH� WKDW� DERYH�PHQWLRQHG
VKDUS�FXUUHQW�ULVH�GHPRQVWUDWHV�WKH�UHYHUV�
LEOH� FDWKRGLF� SURFHVV� RI� FDGPLXP� HOHFWUR�
FKHPLFDO�UHGXFWLRQ�
7KH� YROWDPPRJUDPV� LQ� FDGPLXP� SDUWLDO

VROXWLRQ� IRU� PRO\EGHQXP� VXEVWUDWHV� GLIIHU
IURP�VLPLODU�,�9�FXUYHV�IRU�7L1�RQHV�RQO\�E\
WKH�FXUUHQW�ULVH�DW�FDWKRGH�SRWHQWLDO�Ü����9
�DV� LQ� WKH� EDFNJURXQG� VROXWLRQ� IRU�0R� VXE�
VWUDWHV��� 7KDW� IDFW� LV� DOVR� FRQQHFWHG� ZLWK
WKH� FDWDO\WLF� LQIOXHQFH� RI�PRO\EGHQXP� VXU�
IDFH�RQ�WKH�SURFHVV�����
7KH� PRVW� FRQVLGHUDEOH� LV� GLIIHUHQFH� EH�

WZHHQ� WKH� WHOOXULXP� HOHFWURFKHPLFDO� UHGXF�
WLRQ�PHFKDQLVPV�RQ�7L1�DQG�Fh� VXEVWUDWHV�
7KH�F\FOLF�YROWDPPRJUDPPV�LQ�SDUWLDO�WHOOX�
ULXP� VROXWLRQ� IRU� 7L1� VXEVWUDWHV� GHPRQ�
VWUDWH� �)LJ����� HOHFWURFKHPLFDO� WHOOXULXP�UH�
GXFWLRQ�DFFRUGLQJ�WR�UHDFWLRQ�>��@�

7H2�����+�����H�� �7H����+�2 ��D�
RU�DFFRUGLQJ�WR�DQDORJRXV�UHDFWLRQ�>��@�

7H2�+�����+�����H�� �7H����+�2� ��E�

)LJ����� &\FOLF� YROWDPPRJUDPPV� RQ� 7L1� VXE�
VWUDWHV� LQ� EDFNJURXQG� VROXWLRQ� ����� 0
1D�62��������0�+�62���DW�SRWHQWLDO�VFDQQLQJUDWHV��P9�V���������������������������
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)RU� UHDFWLRQ� ��È��� VWDQGDUG� SRWHQWLDO�pº
ZLWK�UHVSHFW�WR�6$(�DW����&�LV������9�>��@�
IRU� UHDFWLRQ� ��E��� pº� ������ 9� >��@�� 7KH
HTXLOLEULXP� SRWHQWLDOV� LQ� WKLV� VROXWLRQ� p°¯DUH� ����� 9� DQG� ����� 9�� UHVSHFWLYHO\��+RZ�
HYHU�� DV� RXU� H[SHULPHQWV�UHYHDOHG�� WKH� WHOOX�
ULXP� UHGXFWLRQ� RFFXUV� DW� PRUH� QHJDWLYH� SR�
WHQWLDOV� WKDQ� WKRVH� FRUUHVSRQGLQJ� WR� WKH� UH�
YHUVLEOH�SURFHVV��7KLV�LV�GXH�WR�LUUHYHUVLELOLW\
RI�WKH�HOHFWURFKHPLFDO�UHGXFWLRQ�RI�WHOOXULXP
RQ�WLWDQLXP�QLWULGH�VXEVWUDWH�ZKLFK�LV�GHPRQ�
VWUDWHG�E\�WKH�IROORZLQJ��)LUVW��ZKHQ�9�ULVHV�
WKH� FDWKRGLF� SHDN� SRWHQWLDO� �p°¯�� EHFRPHVPRUH� QHJDWLYH� DQG� WKH� DQRGLF�SHDN�SRWHQWLDO
�pD¯���PRUH�SRVLWLYH��6HFRQG��WKH�DQRGLF�SHDNVDUH� IDU� ORZHU� WKDQ� FDWKRGLF� RQHV�� 7KLUG�� WKH
GLIIHUHQFH� �p°¯��Üp°¯�� H[FHHGV� ���� 9� ZKLOH�pÈ¯Üp°¯�|����9��6R�LW�LV�QRW�VXUSULVLQJ�WKDWLQ� RXU� H[SHULPHQWV� KDOI�SHDN� SRWHQWLDOV� LQ
FDWKRGLF�EUDQFKHV�RI�,�9�FXUYHV�RFFXUUHG�DW
SRWHQWLDOV� FKDQJLQJ� IURP� Ü����� 9� �LI� 9� 
��P9�V��WR�Ü�����9��LI�9� �����P9�V���7KH
FDWKRGLF� FXUUHQW� ULVH� LQ� WHOOXULXP� SDUWLDO
VROXWLRQ�RQ�7L1�VXEVWUDWH�RFFXUV�DW� WKH�VDPH
SRWHQWLDOV��PRUH�QHJDWLYH�WKDQ�Ü�����9��DV�LQ
EDFNJURXQG� VROXWLRQ�� 7KHUHIRUH�� LW� FRUUH�
VSRQGV� WR�ZDWHU�GHFRPSRVLWLRQ�DQG�K\GURJHQ
HYROXWLRQ�SURFHVV�DFFRUGLQJ�WR�UHDFWLRQ�����
4XLWH� RWKHU� DUH� YROWDPPRJUDPPV� RE�

WDLQHG� LQ� WHOOXULXP� SDUWLDO� VROXWLRQ� RQ�PR�
O\EGHQXP�VXEVWUDWH��)LJ������7KH�,�9�FXUYHV
DUH� FKDUDFWHUL]HG� E\� WZR� SHDNV�� PRUHRYHU�
WKH� ILUVW� SHDN� LV� DW� SRWHQWLDO�p°¯|Ü�����9�DQG�WKH�VHFRQG�SHDN� LV�VLPLODU�WR�WKH�WHOOX�
ULXP� UHGXFWLRQ� SHDN� RQ� F\FOLF� YROWDPPR�
JUDPPV�RQ�WLWDQLXP�QLWULGH�VXEVWUDWHV��7KH
VHFRQG� SHDN� LV� IROORZHG� E\� DQ� LQWHQVH� FXU�
UHQW�ULVH�DW�SRWHQWLDOV�RI�PRO\EGHQXP�FDWK�
RGH� PRUH� QHJDWLYH� WKDQ� Ü���� 9�� ZKLFK� LV

UHODWHG� WR� ZDWHU� GHFRPSRVLWLRQ�� IUHH� K\�
GUR[\O�JURXSV�IRUPDWLRQ�DQG�K\GURJHQ�HYR�
OXWLRQ� DFFRUGLQJ� WR� UHDFWLRQ� ����� 7KH� VWXG\
RI� ,�9�FXUYH� FKDUDFWHU� LQ� SDUWLDO� WHOOXULXP
VROXWLRQ� DV� GHSHQGLQJ� RQ� WKH� YROWDJH� VFDQ�
QLQJ� UDWH� IRU� WKH�PRO\EGHQXP� FDWKRGH� KDV
VKRZQ� WKDW� WKH� DGGLWLRQDO� SHDN� DW� PRUH
SRVLWLYH�SRWHQWLDOV�LV�FRQQHFWHG�ZLWK�VWURQJ
VSHFLILF�DGVRUSWLRQ�RI�WKH�UHDFWLRQ�����SURG�
XFW��WHOOXULXP��RQ�WKH�PRO\EGHQXP�VXUIDFH�

)LJ�����9ROWDPPRJUDPPV�RQ�7L1�VXEVWUDWHV�LQ
FDGPLXP� SDUWLDO� VROXWLRQ� ����� 0� &G62������0�1D�62��� ����� 0� +�62��� DW� SRWHQWLDOVFDQQLQJ� UDWHV� �P9�V��� �� ����� ��� ����� ��� ����
������������������������� )LJ����� &\FOLF� YROWDPPRJUDPPV� RQ� 7L1� VXE�

VWUDWHV�LQ�WHOOXULXP�SDUWLDO�VROXWLRQ������Ü��0
7H2��� ����0�1D�62��� �����0�+�62��� DW� SR�WHQWLDO�VFDQQLQJ�UDWHV��P9�V�������������������
��������

)LJ�����9ROWDPPRJUDPPV�RQ�0R�VXEVWUDWHV�LQ
WHOOXULXP� SDUWLDO� VROXWLRQ� �����Ü�� 0� 7H2������0�1D�62��� ����� 0� +�62��� DW� SRWHQWLDOVFDQQLQJ�UDWHV��P9�V��������������������������
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$V�D�FRQILUPDWLRQ�IRU�7KH�DERYH�FDQ�EH�FRQ�
ILUPHG�E\�D�PRUH�VKDUS�LQFUHDVH�RI�WKH�ILUVW
�DEVRUSWLRQ�� SHDN� KHLJKW� GXULQJ� 9� JURZLQJ
DV�FRPSDUHG�WR�WKH�VHFRQG�SHDN��ZKLFK�FRU�
UHVSRQGV� WR� LUUHYHUVLEOH� HOHFWURFKHPLFDO
SURFHVV� ����� DQG� VOLJKW� VKLIW� RI� ERWK� SHDNV
WRZDUGV�QHJDWLYH�SRWHQWLDOV�DW�LQFUHDVLQJ�9�
7KH�FDWKRGLF�,�9�FXUYHV�LQ�VROXWLRQ�FRUUH�

VSRQGLQJ�WR�WKH�HOHFWURO\WH�IRU�FDGPLXP�WHO�
OXULGH� HOHFWURGHSRVLWLRQ�RQ� WLWDQLXP�QLWULGH
VXEVWUDWHV��)LJ�����FRUUHVSRQG�WR�ZHOO�NQRZQ
>����@� UHJXODULWLHV� IRU� HOHFWURGH� SURFHVVHV
IROORZHG�E\� FKHPLFDO� GLVSURSRUWLRQLQJ�UHDF�
WLRQV�� QDPHO\�� WKH� FXUUHQW� SHDN� ,3� LV� SUR�SRUWLRQDO� WR�9���� DQG� SHDN� SRWHQWLDO�(°S� LVSURSRUWLRQDO� WR� OJ,�9�� 6R� LQ� WKH� HOHFWURO\WH
IRU� FDGPLXP� WHOOXULGH� ILOPGHSRVLWLRQ�� WKH
FDWKRGLF� SURFHVV� RI� WHOOXULXP� HOHFWURFKHPL�
FDO� UHGXFWLRQ� DFFRUGLQJ� WR� UHDFWLRQ� ���� LV
IROORZHG� E\� VORZ� FKHPLFDO� UHDFWLRQ� RI� HOH�
PHQWDO� WHOOXULXP� GLVSURSRUWLRQLQJ�� 0RUH�
RYHU��VLQFH�LQ�WKH�FDVH�RI�WKH�FDGPLXP�LRQV
DEVHQFH�,�9�FXUYHV�GR�QRW�PHHW�WKH�UHJXODUL�
WLHV�,°Sa9����DQG�(°SaOJ,�9��ZH�FDQ�FRQFOXGHWKDW� GLVSURSRUWLRQLQJ� UHDFWLRQ� LQYROYHV
&G����VR�LW�FDQ�EH�GHVFULEHG�E\�HTXDWLRQ�

�&G����7H��+�2 �&G7H�7H2���+�� ���
$V� D� UHVXOW� RI� UHDFWLRQV� ���� DQG� ����� WKH

ILOPV�HOHFWURGHSRVLWHG�RQ�7L1�VXEVWUDWH�LQ�FDWK�
RGH� SRWHQWLDOV� LQWHUYDO� (F� �Ü����ÛÜ�����9

PD\� FRPSULVH�� DORQJ� ZLWK� FDGPLXP� WHOOX�
ULGH��VLJQLILFDQW�DPRXQWV�RI�WHOOXULXP�GLR[�
LGH��7KH�SUHVHQFH�RI�HOHPHQWDO� WHOOXULXP� LQ
WKHVH� ILOPV� FDQ� EH� FRQQHFWHG� ZLWK� VORZ
FKHPLFDO� UHDFWLRQ� ����� 1RWH� WKDW� PL[LQJ� RI
WKH�HOHFWURO\WH�E\�D�PDJQHWLF�VWLUUHU�UHVXOWV
LQ�WKH�UHJXODU�FXUUHQW�LQFUHDVH�GXH�WR�GHOLY�
HU\� RI� JUHDWHU� DPRXQWV� RI� UHDJHQWV� WR� WKH
FDWKRGH� VXUIDFH�� EXW� GRHV� QRW� FKDQJH� WKH
QXPEHU� RI� UHGXFWLRQ� ZDYHV� DQG� WKH� SRWHQ�
WLDOV� DW� ZKLFK� WKH� UHGXFWLRQ� SURFHVVHV� WDNH
SODFH��)LJ�����FXUYH����
$V�;36� LQYHVWLJDWLRQV�KDYH�VKRZQ�� LUUH�

VSHFWLYH� RI� VXEVWUDWH� PDWHULDO�� WKH� FDUERQ
RQ� WKH� VXUIDFH� RI� FDGPLXP� WHOOXULGH� ILOPV
SUHVHQWV� DV� DGVRUEHG� K\GURFDUERQ� FRP�
SRXQGV��2[\JHQ�LV�LQ�IRUP�RI�7H2���&G2��RU&G�2+���� DQG� 2�� DQG�RU� ZDWHU� DGVRUEHGIURP�DLU��(OHPHQWV�RI�VXEVWUDWHV��7L��0R��6L�
JLYH�YHU\�VPDOO�VLJQDOV�RU�QR�VLJQDO��EHFDXVH
WKH�ILOP�FRPSOHWHO\�FRYHUV�WKH�VXEVWUDWH�DQG
LV� QRQSRURXV�� 7KH� &G7H� DQG� 7H2�� VLJQDOVIRU� WKH� ILOPV� DUH� YHU\� ZHOO� UHVROYHG� IRU
7H�G� OLQH� �p°m� ������� H9� IRU� &G7H� DQGp°m� �������H9�IRU�7H2��� DFFRUGLQJ� WR� UHI�HUHQFH� GDWD� IRU� WKHVH� FRPSRXQGV� >������@�
ZKLOH�WKH�VLJQDO�IRU�&G�2+����RU�IRU�&G2��LVQRW�UHVROYHG�IRU�&G�G�OLQH�EXW�FDQ�EH�FDOFX�
ODWHG� IURP� UDWLR� RI� FRQFHQWUDWLRQV� &G�7H
�)LJ����D�E��� 7KH�&G7H� DPRXQWV� GLIIHU� YHU\
VOLJKWO\� IRU� GLIIHUHQW� VDPSOHV�� EXW� UHODWLYH
FRQWHQWV�RI�R[LGHV�DQG�K\GUR[LGHV�GLIIHU�WR
D�FRQVLGHUDEOH�H[WHQW�
$FFRUGLQJ� WR� ;36� GDWD�� WKH� VXUIDFHV� RI

WKH� ILOPV� HOHFWURGHSRVLWHG� RQ� WLWDQLXP� QL�
WULGH� VXEVWUDWHV� DW� SRWHQWLDOV�(F� �Ü�����9�6DPSOH����DUH�HQULFKHG�LQ�WHOOXULXP��,Q�WKH
ILOPV� REWDLQHG� DW�(F� �Ü�����9� �6DPSOH����WKH� WHOOXULXP� FRQWHQW� LV� VRPHZKDW� KLJKHU
WKDQ�WKDW�RI�FDGPLXP��DQG�WKH�OD\HUV�GHSRV�
LWHG�DW�(F� �Ü�����9� �6DPSOH����KDYH�HTXDODPRXQWV�RI�WKHVH�HOHPHQWV��7DEOH�����$QDO\�
VLV� RI� ;�UD\� SKRWRHOHFWURQ� VSHFWUD� RI� VXU�
IDFHV� IRU� WKH� 6DPSOHV� ��� �� DQG� �� UHYHDOHG
FRPPHQVXUDEOH� FRQFHQWUDWLRQV� RI� &G7H�
7H2�� DQG� &G2� RU� &G�2+��� �7DEOH����� 1RWHWKDW� DXWKRUV� >����@� DOVR� REVHUYH� ODUJH� R[\�
JHQ�DPRXQWV�DW�WKH�VXUIDFH�RI�WKH�HOHFWURGH�
SRVLWHG� FDGPLXP� WHOOXULGH� ILOPV��PRUHRYHU�
LW�ZDV�SRLQWHG�RXW�WKDW�7H2��ZDV�SUHVHQWHGDW� WKH� ILOP� VXUIDFH�� %HVLGHV�� DXWKRUV� >�@
KDYH�QRWHG�D�SRVLWLYH�LQIOXHQFH�RI�R[\JHQ�LQ
WKH� HOHFWURGHSRVLWHG� &G7H� ILOPV� RQ� WKH
FKDQJH�RI�WKHLU�W\SH�RI�FRQGXFWLYLW\�IURP�Q�
WR� ¯�� IRU� WKHLU�XVH� DV� EDVH� OD\HUV� RI�SKRWR�
YROWDLF� GHYLFHV�� 7KH� FDGPLXP� K\GUR[LGH
DQG�RU� FDGPLXP� R[LGH� LPSXULWLHV� UHYHDOHG
E\�;36� DUH� IRUPHG�RQ� WKH� VXUIDFH� DV� D� UH�
VXOW� RI� DLU� R[LGDWLRQ� RI� FDGPLXP� WHOOXULGH�

)LJ�����9ROWDPPRJUDPPV� RQ�7L1� VXEVWUDWHV� LQ
VROXWLRQ� FRUUHVSRQGLQJ� WR� HOHFWURO\WH� IRU�&G7H
HOHFWURGHSRVLWLRQ� ����� 0� &G62��� ����Ü��0
7H2�������0�1D�62��������0�+�62���DW�SRWHQ�WLDO�VFDQQLQJ�UDWHV��P9�V�������������������������
��� ����� ���� ����� ���� ����� ���� ����� ���� XQGHU
HOHFWURO\WH�VWLUULQJ�����
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%HVLGHV�� WKH� FRQVLGHUDEOH� DPRXQWV� RI� FDG�
PLXP�K\GUR[LGH� FDQ�EH� H[SODLQHG�E\� LQWHU�
DFWLRQ� RI� FDGPLXP� LRQV� DQG� K\GUR[\O
JURXSV�IRUPHG�DFFRUGLQJ�WR�UHDFWLRQ�����
,RQ�HWFKLQJ�RI�WKH�VXUIDFH�GHFUHDVHV�UHOD�

WLYH� FRQWHQW� RI� WKH� R[LGHV�� WKH� UHODWLRQ
&G�7H� UHPDLQLQJ� HVVHQWLDOO\� WKH� VDPH�� ,Q
7H�G�VSHFWUXP�DIWHU�LRQ�HWFKLQJ��LW�LV�SRVVL�
EOH�WR�GLVWLQJXLVK�WKH� OLQH�FRUUHVSRQGLQJ�WR
WKH�ELQGLQJ�HQHUJ\��pE� �������H9��RI�7H2�

�)LJ����°��� 7DEOH��� GHPRQVWUDWHV� GLVDSSHDU�
LQJ� RI� FDGPLXP� K\GUR[LGH�� GHFUHDVLQJ� RI
7HH�� DQG� LQFUHDVLQJ� RI� FDGPLXP� WHOOXULGHDQG� RI� HOHPHQWDO� WHOOXULXP� FRQWHQWV� LQ� WKH
OD\HUV�DV�D�UHVXOW�RI�LRQ�HWFKLQJ�RI�6DPSOH���
6R�� WKH� PHFKDQLVP� RI� FDGPLXP� WHOOXULGH
HOHFWURGHSRVLWLRQ� LQFOXGLQJ� WKH� HOHFWUR�
FKHPLFDO� VWDJH� RI� HOHPHQWDO� WHOOXULXP� IRU�
PDWLRQ�IROORZHG�E\�FKHPLFDO�VWDJH�UHVXOWLQJ
LQ�IRUPDWLRQ�RI�&G7H�DQG�7H2��UHYHDOHG�E\

)LJ�����;36�VSHFWUD�RI�&G�G��7H�G�FRUH�OHYHOV�RI�WKH�VXUIDFHV�RI�VDPSOHV�1R����D������E���6DPSOH��
DIWHU�UHPRYLQJ�����QP�WKLFN�OD\HU�E\�LRQ�HWFKLQJ��F���&G7H������7H2�������7H�����

7DEOH���� (OHFWURGHSRVLWLRQ� UHJLPHV�� DWRPLF� FRQFHQWUDWLRQV� RI� HOHPHQWV� DQG� FKHPLFDO� FRPSRXQGV
RQ�WKH�VXUIDFH�RI�FDGPLXP�WHOOXULGH�VDPSOHV��tc6�GDWD�

6DPSOH
1R�

(OHFWURGHSRVLWLRQ�UHJLPHV $WRPLF�FRQFHQWUDWLRQV��� &KHPLFDO�FRPSRXQGV���
6XEVWUDWH &DWKRGH

SRWHQWLDO�
p°��9�6$(�

&XUUHQW
GHQVLW\�

M°�Pk�°P�

& 2 &G 7H &G7H 7H2� &G�2+��DQG�RU
&G2

� 7L1 Ü���� ���Ü��� ���� ���� ��� ���� �� �� ��
� 7L1 Ü���� ���Ü��� ���� ���� ��� ���� �� �� ��
� 7L1 Ü���� ���Ü��� ���� ���� ��� ��� �� �� ��
� 0R Ü���� ���Ü��� ���� ���� ��� ��� �� �� ��
� 0R Ü���� ���Ü��� ���� ���� ��� ��� �� �� ��
� 0R Ü���� ���Ü��� ���� ���� ��� ��� �� � ��
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YROWDPPHWULF� DQDO\VLV� LV� ZHOO� FRQILUPHG� E\
;36�GDWD�
7KH� YROWDPPRJUDPPV� LQ� VROXWLRQ� FRUUH�

VSRQGLQJ�WR�WKH�HOHFWURO\WH�IRU�FDGPLXP�WHO�
OXULGH� HOHFWURGHSRVLWLRQ� RQ� PRO\EGHQXP
VXEVWUDWHV� �)LJ����� FRPSULVH� WZR� SHDNV� RI
WHOOXULXP� UHGXFWLRQ� �WKH� ILUVW� LV� DEVRUSWLRQ
DQG� WKH� VHFRQG� FRUUHVSRQGV� WR� LUUHYHUVLEOH
HOHFWURFKHPLFDO� UHGXFWLRQ�RI� WHOOXULXP�ZLWK
VXEVHTXHQW�VORZ�FKHPLFDO�UHDFWLRQ�RI�GLVSUR�
SRUWLRQLQJ� DFFRUGLQJ� WR� HTXDWLRQV� ���� DQG
����� UHVSHFWLYHO\��� 7KH� FXUUHQW� ULVH� FRUUH�
VSRQGLQJ�WR�WKH�ZDWHU�UHGXFWLRQ�DQG�IRUPDWLRQ
RI�K\GURJHQ�DQG�K\GUR[\O�JURXSV�DFFRUGLQJ
WR� UHDFWLRQ� ���� LV� REVHUYHG� DW�(F� �Ü����9�DV� LQ� EDFNJURXQG� DQG� LQ� SDUWLDO� VROXWLRQV
IRU� WKRVH� VXEVWUDWHV�� 6XFK� PHFKDQLVP� RI
HOHFWURFKHPLFDO�SURFHVV�H[SODLQV�ZK\�QHDUO\
HTXDO� DPRXQWV� RI� FDGPLXP� DQG� WHOOXULXP
DWRPV�DUH�UHYHDOHG�RQ�WKH�PRO\EGHQXP�VXE�
VWUDWH�RQO\�LQ�WKH�FDVH�RI�FDWKRGLF�SRWHQWLDO
(F� �Ü�����9��7DEOH�����7KH�YHU\�VPDOO�VKLIWWRZDUGV� QHJDWLYH� SRWHQWLDOV� �(F� �Ü�����9�UHVXOWV�LQ�D�FRQVLGHUDEOH�LQFUHDVH�RI�RI�FDG�
PLXP� FRQWHQW� LQ� WKH� ILOPV� RQ�PRO\EGHQXP
VXEVWUDWHV�DQG�WR�WKH�ODUJH�DPRXQWV�RI�FDG�
PLXP� K\GUR[LGH� LQ� WKRVH� ILOPV� DV� D� UHVXOW
RI� LQWHUDFWLRQ� RI� FDGPLXP� LRQV� DQG� K\�
GUR[\O�JURXSV�DFFRUGLQJ�WR�UHDFWLRQ�����
6R��EDVLQJ�RQ�WKH�NLQHWLF�VWXGLHV�RI�VHSD�

UDWH�DQG� MRLQW�HOHFWURFKHPLFDO�GHSRVLWLRQ�RI
FDGPLXP�DQG�WHOOXULXP�RQ�PRO\EGHQXP�DQG
WLWDQLXP� QLWULGH� VXEVWUDWHV� DQG� FRQVLGHUD�
WLRQ� RI� ;36� GDWD� IRU� WKH� HOHFWURGHSRVLWHG
ILOPV�� LW� LV� SRVVLEOH� WR�PDNH� IROORZLQJ� FRQ�
FOXVLRQV�� 2Q� FKHPLFDOO\� QHXWUDO� 7L1� VXE�
VWUDWHV�WKH�LUUHYHUVLEOH�HOHFWURFKHPLFDO�7H2�UHGXFWLRQ� WR� HOHPHQWDO� WHOOXULXP� LV� DFFRP�
SDQLHG�E\�FKHPLFDO�UHDFWLRQ�EHWZHHQ�7H�DQG
FDGPLXP�LRQV�UHVXOWLQJ�LQ�IRUPDWLRQ�RI�FDG�
PLXP� WHOOXULGH� DQG� 7H2�� DV� VLGH� SURGXFW�7KH� 7H2�� DQG� HOHPHQWDO� WHOOXULXP� LPSXUL�

WLHV�DUH�IRXQG�LQ�GHHS�OD\HUV�RI�WKRVH�ILOPV�
%HFDXVH�RI�DLU�R[LGDWLRQ��WKH�VXUIDFH�RI�FDG�
PLXP�WHOOXULGH�ILOPV�FRQWDLQV�ODUJH�DPRXQWV
RI� WHOOXULXP� R[LGH� DQG� FDGPLXP� R[LGH
DQG�RU� FDGPLXP� K\GUR[LGH�� 7KH� GHSRVLWLRQ
RI�WKH�ILOPV�ZLWK�HTXDO�DPRXQWV�RI�FDGPLXP
DQG� WHOOXULXP� DWRPV� RQ� WKH� 7L1� VXEVWUDWHV
RFFXUV� ZLWKLQ� WKH� FDWKRGLF� SRWHQWLDO� UDQJH
IURP� Ü����9� WR� Ü����� 9�� 'XH� WR� FDWDO\WLF
LQIOXHQFH�RI�PRO\EGHQXP�RQ�HOHFWURFKHPLFDO
UHDFWLRQ�RI�ZDWHU�UHGXFWLRQ�DFFRPSDQLHG�E\
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