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/XPLQRSKRUV� RI� YDULRXV� HPLVVLRQ� FRORUV
DFWLYDWHG� ZLWK�0Q��� LRQ� VKRZ� PRGHUDWH� RU
ORQJ� GHFD\� WLPHV� ���� WR� ��� PV�� XS� WR� WKH
LQLWLDO� EULJKWQHVV� GHFUHDVH� E\� D� IDFWRU� RI� H
�WH��� 7KH� HPLVVLRQ� FRORU� RI� WKDW� DFWLYDWRU
�WKH��7�J��*��o��$�J��6��WUDQVLWLRQ��GHSHQGVRQ� WKH� V\PPHWU\� DQG� FRRUGLQDWLRQ� QXPEHU
�F�Q��� RI� OLJDQGV� >�@�� ,Q� WKLV� ZRUN�� FRQVLG�
HUHG� DUH� FU\VWDO� OXPLQRSKRUV� HPLWWLQJ� LQ
WKH� RUDQJH�UHG� UHJLRQ� ����Ü���� QP�� DQG
KDYLQJ�WKH�F�Q�����$PRQJ�WKH�IOXRULGH�OXPL�
QRSKRUV� ZLWK� VXFK� SDUDPHWHUV�� LW� LV
0J)��=Q)��0Q��� ��/RWRV��� WKDW� LV� XVHG� LQ�GXVWULDOO\�� ZKLOH� VLOLFDWH� DQG� IOXRURVLOLFDWH
FU\VWDO�OXPLQRSKRUV�KDYH�D�OLPLWHG�XVH�>�Ü�@�
7KH�VHDUFK�IRU�UHG�HPLVVLRQ�FU\VWDO�OXPLQR�
SKRUV�IRU�VXFK�ILHOGV�DV�UDGDUV��SODVPD�3'3
VWUXFWXUHV� DQG� HOHFWUROXPLQHVFHQW� SODWHV
DQG� LQYHVWLJDWLRQ� RI� SURSHUWLHV� RI� VXFK� OX�
PLQRSKRUV�DUH�DFWXDO��,Q�>����@��ZH�KDYH�GH�
VFULEHG� WKH� VSHFWUDO� SURSHUWLHV� RI� OXPLQR�
SKRUV� RQ� WKH� EDVLV� RI� =Q)���0J)��� .0J)��0J�6L2����0J�6L2��0J)���DQG�0J�6L2��0J)��DQG� FDOFXODWHG� WKH� FU\VWDO� ILHOG� SDUDPHWHUV

IRU� WKRVH� OXPLQRSKRUV�� 7KH� DLP� RI� WKLV
ZRUN�LV�WR�VWXG\�WKH�OXPLQHVFHQFH�GHFD\�NL�
QHWLFV� RI�0Q��� LRQV� LQ� UHG� HPLVVLRQ� FU\VWDO
OXPLQRSKRUV�LQ�WKH�SUHVHQFH�RI�FR�DFWLYDWRUV
DQG�WKH�LQWHUUHODWLRQ�WKHUHRI�ZLWK�WKH�VWUXF�
WXUH�DQG�VSHFWUDO�SURSHUWLHV�DW�F�Q����

$V�FR�DFWLYDWRUV��VHOHFWHG�DUH�IOXRULGHV�RI
WKH�,Ü,,,�*URXSV�HOHPHQWV�FDSDEOH�RI�VXEVWL�
WXWLRQ�IRU�WKH�PDWUL[�FDWLRQV�RU�RI�HQWHULQJ
WKH� ODWWLFH� ZLWK� HOHFWURQ� WUDS� IRUPDWLRQ�
7KH� PDLQ� WDVN� LV� WR� LPSURYH� WKH� OXPLQHV�
FHQFH� FKDUDFWHULVWLFV�� LQ� SDUWLFXODU�� WR� LQ�
FUHDVH� WKH� DIWHUJORZ� GXUDWLRQ�� 7KH� FR�DFWL�
YDWRUV�ZHUH�LQWURGXFHG�LQWR�OXPLQRSKRUV�RQ
WKH� EDVLV� RI� =Q)��� 0J)��� .0J)��� DQG&G6L2��� 7KH� 0Q��� LRQ� OXPLQHVFHQFH� GHFD\SDUDPHWHUV�ZHUH�DOVR�VWXGLHG�LQ�ELQDU\�FRP�
SRXQGV� �0J�6L2��0J)��� DQG�0J�6L2��0J)��7KH�0Q��� LRQ� DIWHUJORZ� NLQHWLFV� LV� GHILQHG
PDLQO\�E\�WKH�UHODWLYHO\�ORQJ�OLIHWLPH�RI�WKH
H[FLWHG��7�J���*��OHYHO����Ü��WR���Ü��V���7KLVLV�GXH� WR� WKH� IDFW� WKDW� LW� LV� MXVW� WKH�PXOWL�
SOLFLW\�IRUELGGHQ� GÜG� WUDQVLWLRQV� ZLWK� WKH
RVFLOODWRU�VWUHQJWK�OHVV�WKDQ�����Ü��WKDW�FRU�
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UHVSRQG�WR�WKH�0Q���LRQ�DEVRUSWLRQ�EDQGV�LQ
WKH� YLVLEOH� UHJLRQ�� 7KH� H[FOXVLRQV� DUH� UH�
OHDVHG� LQ� SDUW� LQ� D� FU\VWDO� FRQWDLQLQJ� GH�
IHFWV� DQG� ORFDO� V\PPHWU\� GLVWRUWLRQV�� 1HY�
HUWKHOHVV�� WKH� FRQWULEXWLRQ� WR� DIWHUJORZ� NL�
QHWLFV�IURP�WKH�H[FLWHG�OHYHO�OLIHWLPH�LV�WKH
OLPLWLQJ� RQH�� 7KH� VWUXFWXUH� GHIHFWQHVV� DQG
WKH� DELOLW\� WR� VWRUH� HQHUJ\� WHPSRUDULO\� LV
DQRWKHU� IDFWRU� RI� LPSRUWDQFH� WKDW� LV� RI� D
SDUWLFXODU�VLJQLILFDQFH�ZKHQ�WKH�YDFXXP�XO�
WUDYLROHW��989���FDWKRGLF��DQG�;�UD\�H[FLWD�
WLRQ�VRXUFHV�DUH�XVHG��7KH�SUHVHQFH�RI�FR�DF�
WLYDWRUV� UHVXOWV� LQ� JHQHUDWLRQ� RI� DGGLWLRQDO
WUDSV� WKDW� FKDQJH� VXEVWDQWLDOO\� WKH� GHFD\
FXUYH�VKDSH�>����@�

7KH� 0J)�� OXPLQRSKRUV� ZHUH� SUHSDUHGXVLQJ� WKH� SURFHGXUH� GHVFULEHG� LQ� >�@��0DJ�
QHVLXP�DQG�FR�DFWLYDWRU�FDUERQDWHV�ZHUH�LQ�
WURGXFHG� LQWR� PDQJDQHVH� IOXRULGH� VROXWLRQ
LQ�K\GURIOXRULF�DFLG�DW����WR����&��DQG�WKHQ
WKH� VROXWLRQ� ZDV� HYDSRUDWHG�� 7KH� LQLWLDO
EOHQG� ZDV� REWDLQHG� DOVR� XVLQJ� VROLG� SKDVH
WHFKQLTXH�� E\� EOHQGLQJ� WKH� LQLWLDO� IOXRULGHV
�DQDO\WLFDO� RU� FKHPLFDO� SXULW\� JUDGH��� 7KH
EOHQG�ZDV�ZDVKHG�� GULHG� DW� ���Ü����&� DQG
FDOFLQHG�ZLWK��Ü����1+�)�DGGLWLYH�DW����Ü�����&�IRU��Ü��KRXUV��7R�V\QWKHVL]H�VLOLFDWH
DQG� IOXRURVLOLFDWH� OXPLQRSKRUV�� &G2�
0J&2���DQG�6L2���VSHFLDO�SXULW\�RI�DQDO\WL�FDO� SXULW\� JUDGH�� ZHUH� XVHG�� WKH� FKURPR�
SKRUH� LPSXULW\� FRQFHQWUDWLRQV� ZHUH� OHVV
WKDQ�����Ü��PDVV�����7KH�DFWLYDWRU�ZDV�LQ�
WURGXFHG�E\� LPSUHJQDWLQJ�WKH�VDPSOHV�ZLWK
0Q�&+�&22���VROXWLRQ��7KH�EOHQG�ZDV�WULWX�UDWHG�ZLWK�HWKDQRO��GULHG��DQG�FDOFLQHG�LQ�D
WXEXODU�IXUQDFH�DW�����Ü�����&�LQ�DLU�RU�LQ

UHGXFWLYH� PHGLXP� �FORVHG� FDUERQ� FUXFLEOH
ZLWK�FDUERQ��IRU��Ü��K�

7KH� WHPSHUDWXUH� VFKHGXOHV�ZHUH� VHOHFWHG
DFFRUGLQJ�WR�WKH�SKDVH�GLDJUDP�DQG�ZHUH���
RU� ����&� ORZHU� WKDQ� WKH�PHOWLQJ� SRLQWV� RI
FRUUHVSRQGLQJ� FRPSRVLWLRQV�� 7KH� SKDVH� KR�
PRJHQHLW\� RI� WKH� OXPLQRSKRUV� ZDV� FKHFNHG
E\�;3$�PHWKRG�XVLQJ�D�'521��0�XQLW��&X
.D�HPLVVLRQ��1L�ILOWHU���7KH�FDWKRGROXPLQHV�FHQFH�SURSHUWLHV�ZHUH� VWXGLHG� LQ�D�GLYLVLEOH
HOHFWURQ�EHDP� WXEH� RI� ,2� �������� RU� ,2
�������� W\SH� SURYLGHG� ZLWK� DQ� H[WHQVLRQ
IRU� PHDVXULQJ� WKH� DIWHUJORZ� GXUDWLRQ�� )RU
NLQHWLF�PHDVXUHPHQWV�XQGHU�89�H[FLWDWLRQ�
DQ� $<*� ODVHU� ZLWK� QHRG\PLXP� ZDV� XVHG
�OH[F� �����QP�� WSXOVH� ��� WR� ��� QV�� DQG� DQ6'/��� VSHFWURPHWHU�� 7KH� ;�UD\� OXPLQHV�
FHQFH� �;5/�� NLQHWLFV� ZDV� VWXGLHG� XVLQJ� D
KRPH�PDGH�VHWXS�LQFOXGLQJ�DQ�856���D�DS�
SDUDWXV�

=Q)��DQG�0J)��EHORQJ�WR�UXWLOH�VWUXFWXUHW\SH��ZKLOH�.0J)���WR�SHURYVNLWH�RQH�>�@��,QDOO� WKH� WKUHH� FRPSRXQGV�� 0Q��� LRQV� PD\
VXEVWLWXWH� =Q��� RU�0J��� RQHV� FORVH� WKHUHWR
LQ� VL]H� DQG� IRUP� FHQWHUV� ZLWK� RFWDKHGUDO
VXUURXQGLQJ� FRQVLVWLQJ� RI� )Ü� LRQV�� $PRQJ
WKH� IOXRULGH� OXPLQRSKRUV�� LW� LV� =Q)��0Q�6DPSOH����WKDW�H[KLELWV�WKH�KLJKHVW�EULJKW�
QHVV�� KRZHYHU�� LWV� DIWHUJORZ� GXUDWLRQ� LV
UHODWLYHO\� VKRUW� IRU� WKLV� OXPLQRSKRU� FODVV�
8QGHU�SURORQJHG�DFWLRQ�RI�KLJK�HQHUJ\�H[FL�
WDWLRQV�� EURDG� DEVRUSWLRQ� EDQGV� LQ� WKH� YLV�
LEOH� UHJLRQ� DSSHDU� LQ� WKH� VDPSOHV�� 7KRVH
DQVZHU� WR�PDQJDQHVH� LRQV� LQ� WKH� R[LGDWLRQ
VWDWHV� H[FHHGLQJ� ���� 7KH� 6DPSOHV� �Ü�
�0J)��0Q�� VKRZ� D� ORZ� EULJKWQHVV�� 7R� LP�SURYH� WKH� OXPLQHVFHQFH� FKDUDFWHULVWLFV�� FR�
DFWLYDWRUV�ZHUH�LQWURGXFHG�LQWR�WKH�VDPSOHV�

)LJ�����0Q���OXPLQHVFHQFH�LQ�VDPSOHV�=Q)��&������ =Q)��/D)��� �&�� ����� =Q)��/D)��� �89�� ����,Q� DOO� WKH� ILJXUHV��&�� FDWKRGLF� H[FLWDWLRQ��;�
;�UD\�H[FLWDWLRQ��89��XOWUD�YLROHW�H[FLWDWLRQ�

)LJ����� 0Q��� OXPLQHVFHQFH� GHFD\� LQ� VDPSOHV
0J)�� ���� �89���0J)�� �&�� �����0J)��&G)��� �&������.0J)���&������
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$PRQJ�WKRVH�� LW� LV� MXVW�/D)�� LQ�=Q)�� �6DP�SOHV� �� DQG� ��� DQG� &G)��� <)��� DQG� /L)� LQ0J)�� �6DPSOHV� ��Ü���� WKDW� SURYLGH� WKHKLJKHVW�HIILFLHQF\��7KRVH�IDYRU�IRUPDWLRQ�RI
HOHFWURQ� WUDSV� LQ� WKH� IRUELGGHQ� EDQG� DQG
FKDQJHV� LQ� WKH� 0Q��� OXPLQHVFHQFH� GHFD\
FXUYH�VKDSH�LQ�WKH�OXPLQRSKRUV�

,Q�)LJV����DQG����SUHVHQWHG�DUH� VRPH�NL�
QHWLF�FXUYHV�FRUUHVSRQGLQJ�WR�YDULRXV�FR�DF�
WLYDWRUV� DQG� H[FLWDWLRQ� PHDQV�� 7KH� GHFD\
FXUYHV� LQ� IOXRULGH� OXPLQRSKRUV� GHSHQG� RQ
VHYHUDO� IDFWRUV�� 7KRVH� DUH� QHDUO\� H[SRQHQ�
WLDO� ZLWKLQ� D� ZLGH� WLPH� LQWHUYDO� RQO\� IRU
SXUH� =Q)�� DQG� 0J)�� XQGHU� 89� H[FLWDWLRQ�FXUYHV����� ,Q�.0J)��0Q�� WKHUH� LV�D� FRQVLG�HUDEOH� K\SHUEROLF� FRPSRQHQW� DW� WKH� ILQDO
HPLVVLRQ� VWDJHV� �7DEOH���� 6DPSOHV� ���� ����
$W�HQHUJ\�YDOXHV�H[FHHGLQJ�����RU���H9��WKH
VSHFWUD� RI� WKH� VDPSOHV� VKRZ� WKH� FKDUJH
WUDQVIHU� EDQGV�� 7KH� H[FLWDWLRQ� LQ� WKRVH
EDQGV� UHVXOWV� LQ� DQ� HIIHFWLYH� LRQL]DWLRQ� RI
WKH� DFWLYDWRU� DQG� LQ� HQHUJ\� WUDQVIHU� WR� WKH
WUDSV�WKURXJK�WKH�FRQGXFWLRQ�EDQG��7KH�DIWHU�
JORZ�GXUDWLRQ�LV�LQFUHDVHG��6DPSOHV���Ü�����LQ
SDUWLFXODU��DW�WKH�ILQDO�VWDJHV��DQG�DWWDLQ�VHY�
HUDO� VHFRQGV� UHTXLUHG� WR� GHFUHDVH� WKH� EULJKW�
QHVV�GRZQ�WR�����RI�WKH�LQLWLDO�RQH�

7KH� 0Q��� OXPLQHVFHQFH� GHFD\� FXUYH
VKDSH� LQ� IOXRURVLOLFDWH� DQG� VLOLFDWH� FU\VWDO
OXPLQRSKRUV� LV� QHDUHU� WR� WKH� H[SRQHQWLDO
RQH� HVVHQWLDOO\� IRU� DOO� WKH� FRPSRVLWLRQV
�)LJ�� ���� 7KH� DIWHUJORZ� GXUDWLRQ� LQFUHDVH

XQGHU�FDWKRGLF�DQG�;�UD\�H[FLWDWLRQ� �E\���
WR� ��� �� DV� FRPSDUHG� WR� WKH� FDVH� RI� 89
H[FLWDWLRQ�� RFFXUV� PRUH� XQLIRUPO\� ZLWKLQ
WKH� ZKROH� WLPH� UDQJH�� ,W� LV� DVVRFLDWHG� DOVR
ZLWK� WKH� DFWLYDWLRQ� RI� WKH� HQHUJ\� WUDQVIHU
SURFHVVHV� WKURXJK� WKH� FRQGXFWLRQ� EDQG� LQ�
YROYLQJ� WKH� WUDSV� DW� WKH� H[FLWDWLRQ� HQHUJ\
H[FHHGLQJ� �� RU� ���� H9�� 7KH� VKRUWHVW� DIWHU�
JORZ� LV� FKDUDFWHULVWLF� RI� 0J�6L2��0Q���FXUYH�����7KH�VDPH�VDPSOH�VKRZV�ORZ�HPLV�
VLRQ� EULJKWQHVV� �7DEOH���� 6DPSOH� ���� 7KH

)LJ�����0Q��� OXPLQHVFHQFH� GHFD\� LQ� VDPSOHV�
0J�6L2�� �&�� ����� �0J�6L2��0J)�� �89�� ����
�0J�6L2��0J)�� �&�� ����� 0J�6L2��0J)�� �89������&G6L2���&������

7DEOH����/XPLQHVFHQFH�FKDUDFWHULVWLFV�RI�0J�DQG�=Q� IOXRULGHV�DW�RSWLPXP�FRQFHQWUDWLRQV�RI�WKH
DFWLYDWRU
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� �/RWXV� ��� & ��� ��� �� ��� ����
� =Q)� ��� & ��� ��� �� ��� ����
� =Q)� /D)� � ��� & ��� ��� �� ��� ����
� =Q)� <)� � � & ��� ��� �� ��� �����
� =Q)� /D)� � ��� ; ��� ��� �� ��� �����
� =Q)� <)� � � ; ��� ��� �� ��� �����
� 0J)� ��� 89 ��� �� �� ��� ����
� 0J)� ��� & ��� �� �� ��� ����
� 0J)� ��� ; ��� �� ��� ��� ����
�� 0J)� &G)� ��� � & ��� �� ��� ��� ����
�� 0J)� <)� ��� � & ��� �� ��� ��� ����
�� 0J)� /L) ��� � ; ��� �� �� ��� ����
�� 0J)� 1D) ��� � ; ��� �� �� ��� ����
�� .0J)� ��� 89 ��� �� �� ��� ����
�� .0J)� ��� ; ��� �� �� ��� ����
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SUHVHQFH� RI� IOXRULGH� LRQV� LQ� WKH� PDWUL[
VWUXFWXUH�PDNHV� LW�SRVVLEOH�WR�LPSURYH�VXE�
VWDQWLDOO\� WKH� OXPLQHVFHQFH� FKDUDFWHULVWLFV
RI� WKRVH� OXPLQRSKRUV� �6DPSOHV� �Ü���� 7KH
GHFD\� FXUYH� VKDSH� LQ� H[SRQHQWLDO� ZLWKLQ� D
ZLGH� WLPH� UDQJH� �FXUYHV� ��� ���� )RU
&G6L2��0Q���� LW� LV� SRVVLEOH� WR� LQFUHDVH� WKHDIWHUJORZ� WLPH� E\� XVLQJ�0J)�� DV� D� FR�DFWL�YDWRU��7DEOH����6DPSOH����

7KH� OXPLQRSKRUV� EDVHG� RQ� PDJQHVLXP
IOXRURVLOLFDWHV�DQG�FDGPLXP�VLOLFDWHV�FDQ�EH
XVHG� LQ�PDQXIDFWXULQJ� RI� JULG�IUHH� GLVSOD\
VFUHHQV�� 7KH� PRVW� EULJKW� VDPSOHV� DUH� RI
SURPLVH�IRU�3'3�VWUXFWXUHV��VLQFH�WKRVH�DUH
H[FLWHG� ZHOO� DQG� UHWDLQ� WKH� VWDELOLW\� ERWK
XQGHU�89�UD\V�DQG�XQGHU�KLJKHU�HQHUJ\�H[�
FLWDWLRQV�� 7KH� IOXRULGH� FU\VWDO� OXPLQRSKRUV

ZLWK� ORQJHVW� GHFD\� WLPHV� FDQ� EH� XVHG� LQ
UDGDU�VFUHHQV�

5HIHUHQFHV
� ���/�<D�0DUNRYVN\��,�$�0LURQRY��2�1�.D]DQNLQ�

,QRUJDQLF� /XPLQRSKRUV�� .KLPLD�� /HQLQJUDG
�������>LQ�5XVVLDQ@�

� ���'�7�6YLULGRY�� 5�.�6YLULGRYD�� <X�)�6PLUQRY�
2SWLFDO�6SHFWUD�RI�7UDQVLWLRQ�0HWDOV�LQ�&U\V�
WDOV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

� ���$�%�3�/HYHU�� ,QRUJDQLF� (OHFWURQLF� 6SHFWURV�
FRS\��(OVHYLHU��$PVWHUGDP�2[IRUG�1HZ�<RUN�
7RN\R��������

� ���$�9�6KDPVKXULQ��1�3�(IU\XVKLQD��(�5�*XEDQRYD�
)XQFWLRQDO�0DWHULDOV��������������

� ���$�9�6KDPVKXULQ�� 1�3�(IU\XVKLQD�� 9�$�3HU�
ILO±HY�HW�DO���1HRUJDQ��0DWHU����������������

� ���*�%�%RNL\�� &U\VWDO� &KHPLVWU\�� 1DXND�� 0RV�
FRZ��������>LQ�5XVVLDQ@�
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