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3KRWRHOHFWULFDO� DQG� FXUUHQW� WUDQVLHQW�SURSHUWLHV� RI�7O%U�ZHUH� LQYHVWLJDWHG� LQ� WKH� WHP�

SHUDWXUH� UHJLRQ� IURP� ���� .� XS� WR� ���� .�� ZKHUH� WKH� LRQLF� FRQGXFWLYLW\� HIIHFW� FKDQJHV
VLJQLILFDQWO\��$�QRQPRQRWRQRXV�FRQGXFWLYLW\�YDULDWLRQ�ZLWK�WHPSHUDWXUH�KDV�EHHQ� LGHQWL�
ILHG��GHPRQVWUDWLQJ�D�PRELOLW\�UHODWHG�PD[LPXP�VXSHULPSRVHG�RQ�D�EDQG�WR�EDQG�JHQHUD�
WLRQ�FRQGXFWLYLW\�JURZWK��7KLV�PD[LPXP�FRXOG�EH�FDXVHG�E\�WKH�UHFKDUJH�RI�WKH�VFDWWHULQJ
FHQWHU� DW� DERXW� ����� H9�� 3UHVHQFH� RI� VXFK� FHQWHU� ZDV� FRQILUPHG� E\� WKH� SKRWRFXUUHQW
VSHFWUD��)URP�VSHFWUDO�GHSHQGHQFHV�GHIHFW�UHODWHG�WUDQVLWLRQV�DW�����������������������DQG
�����H9�ZHUH�LGHQWLILHG��EHLQJ�GHSHQGHQW�RQ�VDPSOH�SUHKLVWRU\��L�H���LWV�H[FLWDWLRQ�E\�OLJKW
DQG�RU�YROWDJH��7KH�WUDQVLHQW�SKRWRFXUUHQW�NLQHWLFV�KDYH�GHPRQVWUDWHG�D�FRPSOH[�EHKDYLRU
WKDW� FRXOG� EH� H[SODLQHG� E\� WKH� FRPELQHG� LQIOXHQFH� RI� HOHFWURQ� JHQHUDWLRQ�UHFRPELQDWLRQ
SURFHVVHV� VXSHULPSRVHG� XSRQ� WKH� HIIHFW� RI� LRQLF� FRQGXFWLYLW\�� 7KH� UHVXOWV� LQGLFDWH� WKDW
LRQLF�FRQGXFWLYLW\�FDQ�WDNH�SODFH�DOVR�DW�����.��WKRXJK�LWV�LQIOXHQFH�LV�OHVV�EHFDXVH�RI�WKH
WKHUPDOO\�DFWLYDWHG�FKDUDFWHU�
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���,QWURGXFWLRQ
7KDOOLXP� EURPLGH� �7O%U�� LV� DQ� DWWUDFWLYH

DQG� SURPLVLQJ� PDWHULDO� IRU� ;�� DQG� J�UD\
VSHFWURVFRS\� EHFDXVH� RI� LWV� ZLGH� EDQGJDS
������ H9��� KLJK� GHQVLW\� ������ J�FP��� DQG
KLJK� DWRPLF� QXPEHUV� �7O���� DQG�%U����� >�Ü
�@�� 6XFK� SURSHUWLHV� HQVXUH� D� KLJK� SKRWRQ
VWRSSLQJ�HIILFLHQF\��7KH�SL[HODWHG�7O%U�J�UD\

GHWHFWRUV� KDG� GHPRQVWUDWHG� HQHUJ\� UHVROX�
WLRQV�RI�����NH9�DQG������NH9�IRU�����DQG
���� NH9� J�UD\V�� UHVSHFWLYHO\� >����@�� 1HYHU�
WKHOHVV��RQH�RI� WKH�PDLQ�SUREOHPV�VWLOO�KLQ�
GHULQJ� SUDFWLFDO� DSSOLFDWLRQV� RI� 7O%U� LV� LWV
LRQLF� FRQGXFWLYLW\�� ZKLFK� LV� DSSUHFLDEO\
WHPSHUDWXUH�GHSHQGHQW�>�@�DQG�FDXVHV�LQVWD�
ELOLW\� RI� WKH� GHYLFH� FKDUDFWHULVWLFV�� 7KLV
FDXVHV�� H�J��� GHJUDGDWLRQ� RI� VSHFWURVFRSLF
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SHUIRUPDQFH� EHFDXVH� RI� WKH� SRODUL]DWLRQ
SKHQRPHQD� LI� WKH� GHYLFHV� DUH� RSHUDWHG� DW
WKH�URRP�WHPSHUDWXUH�>�@�

���([SHULPHQWDO
7O%U� FU\VWDOV� ZHUH� JURZQ� E\� WKH� %ULGJ�

PDQ�6WRFNEDUJHU� PHWKRG�� 7KH� VDPSOHV� RI
DERXW� �u�u��PP�� VL]H� SURYLGHG� ZLWK� WKH
HYDSRUDWHG� JROG� FRQWDFWV� ZHUH� LQYHVWLJDWHG
LQ�WKH�WHPSHUDWXUH�UHJLRQ�IURP�����.�XS�WR
���� .�� ZKHUH� WKH� LRQLF� FRQGXFWLYLW\� HIIHFW
FKDQJHV� VLJQLILFDQWO\� >�@�� ,Q� RUGHU� WR� SUH�
YHQW�WKH�ORQJ�OLYLQJ�VDPSOH�SRODUL]DWLRQ�DQG
LWV�GHJUDGDWLRQ��ORZ�HOHFWULF�ILHOGV�RI�OHVV�WKDQ
���� 9�FP� ZHUH� DSSOLHG�� $W� ���� .�� WKH
VDPSOH�FRQGXFWLYLWLHV�ZHUH���Ü�����Ü���:Ü�FPÜ��
7KH�,9�FXUYHV�RI�WKH�VDPSOHV�ZHUH�V\PPHW�
ULFDO� DQG� OLQHDU�� HYLGHQFLQJ� WKH� VXLWDELOLW\
RI�WKH�$X�FRQWDFWV��

���5HVXOWV�DQG�GLVFXVVLRQ
� ,Q� WKH� WHPSHUDWXUH� UHJLRQ� RI� ���Ü

���� .�� WKH� FRQGXFWLYLW\� GHPRQVWUDWHG� D
VKDUS� PD[LPXP� �)LJ������ ,W� ZDV� VXSHULP�
SRVHG�RQ�WKH�FRQGXFWLYLW\�JURZWK�GXH�WR�WKH
EDQG�WR�EDQG� JHQHUDWLRQ� KDYLQJ� WKH� DFWLYD�
WLRQ� HQHUJ\� RI� DERXW�(*���� 7KLV�PD[LPXP
FRXOG�EH�PRELOLW\�UHODWHG��DV�LW�LV�HYLGHQFHG
LQ� )LJ����� $� VLPLODU� FRQGXFWLYLW\� EHKDYLRU
ZDV� UHYHDOHG� E\� LPSHGDQFH� VSHFWURVFRS\� LQ
>�@�� WKRXJK�ZH�KDYH� QRW� REVHUYHG� LW� LQ� WKH
VDPSOHV� ZLWK� ORZHU� WKHUPDO� DFWLYDWLRQ� HQ�
HUJ\� RI� DERXW� ����� H9� >�@�� 7KH� PD[LPXP
KHLJKW� DQG� SRVLWLRQ� ZHUH� GHSHQGHQW� RQ� WKH
VDPSOH� SUHKLVWRU\� �)LJ������ 1HYHUWKHOHVV�
WKH�PD[LPXP��RQFH�UHDFKHG��GLG�QRW�YDQLVK
ZLWK�WLPH��LQVHW�LQ�)LJ������WKRXJK�ORQJ�FXU�
UHQW� UHOD[DWLRQV� WRRN� SODFH�� 6XFK� UHOD[D�
WLRQV�PLJKW�EH�GXH�WR�HLWKHU�SHUVLVWHQW�FRQ�
GXFWLYLW\�LQ�GLVRUGHUHG�PDWHULDOV�>H�J�������@
RU�LRQLF�FRQGXFWLYLW\�RI�7O%U���

7KH� WKHUPDO� DFWLYDWLRQ� HQHUJ\� RI� WKLV
PRELOLW\�UHODWHG� PD[LPXP� ZDV� XS� WR
����r�����H9�LQ�GLIIHUHQW�VDPSOHV��HYLGHQF�
LQJ� WKDW� LW� ZDV� UDWKHU� FDXVHG� E\� WKH� UH�
FKDUJH� RI� WKH� VFDWWHULQJ� FHQWHU� DQG� QRW� E\
ZHDNHQLQJ�LRQL]HG�LPSXULW\�VFDWWHULQJ��

7KH� GHIHFW� OHYHOV� ZHUH� LQYHVWLJDWHG� E\
WKH�SKRWRFXUUHQW�VSHFWUD��)LJ������7KH\�ZHUH
DQDO\]HG� XVLQJ� /XFRYVN\� SKRWRLRQL]DWLRQ
PRGHO�>�@����

,�a�Q0'(0����KQ���'(0�����e��KQ��� ���
ZKHUH�'(0� LV� WKH� RSWLFDO� DFWLYDWLRQ� HQHUJ\RI� WKH� GHHS� WUDS�� DQG�Q0� LV� GHQVLW\� RI� WKHWUDSSHG�FDUULHUV��$�EDQG�WR�EDQG�JHQHUDWLRQ
VWDUWV�DW�DERXW������H9��7KH�FXUUHQW�GURS�DW

)LJ����� &KDQJH� RI� WKH� FXUUHQW� PD[LPD� SRVL�
WLRQ�DQG�KHLJKW�GXULQJ�VXEVHTXHQW�FRROLQJ�F\�
FOHV�� ,QVHW��UHOD[DWLRQ�RI� WKH�GDUN�FXUUHQW�DW
GLIIHUHQW�WHPSHUDWXUHV�DV�PDUNHG�E\�WKH� OHW�
WHUV�$Ü&�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�VDP�
SOH�FXUUHQW�DQG�+DOO�PRELOLW\�

)LJ�����3KRWRFXUUHQW�VSHFWUD�DW�����.��,QVHW�
ILWWLQJ� RI� FXUYH� �� E\� (T������ &XUYH� �� ZDV
REWDLQHG� DIWHU� UHOD[DWLRQ� RI� WKH� XQELDVHG
VDPSOH�LQ�WKH�GDUN�IRU����K��&XUYHV���DQG��
ZHUH� PHDVXUHG� DIWHU� NHHSLQJ� WKH� VDPSOH� DW
���9�ELDV�DW�URRP�WHPSHUDWXUH�IRU���KV��IRO�
ORZHG�E\� FRROLQJ� LW� GRZQ�DQG�VFDQQLQJ�VSHF�
WUD� LQ� GLIIHUHQW� GLUHFWLRQV�� 0HDVXUHPHQW� GL�
UHFWLRQV�DUH�LQGLFDWHG�E\�WKH�DUURZV�
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WKH� KLJK�HQHUJ\� VLGH� LV� DVVRFLDWHG� ZLWK� WKH
LQFUHDVLQJ� DEVRUSWLRQ� DQG� LQWHQVLI\LQJ� VXU�
IDFH� UHFRPELQDWLRQ�� 7KH� ILWWLQJ� RI� WKH
FXUYHV�KDV�UHYHDOHG�WKH�IROORZLQJ�SKRWRLRQL�
]DWLRQ� HQHUJLHV�� ������ ������ ����� ����� DQG
����� H9�� 7KH� ODWWHU� YDOXH� FRLQFLGHV� ZLWK
WKDW�REWDLQHG�IURP�)LJ�����FRQILUPLQJ�SUHV�
HQFH�RI�WKH�GHIHFW�OHYHO�WKDW�FDQ�EH�QHXWUDO�
L]HG�� FDXVLQJ� PRELOLW\� JURZWK�� 7\SLFDOO\�
WKH�GHIHFW�EDQGV�LQ�WKH�UHJLRQ�EHWZHHQ���H9
DQG� ���� H9� ZHUH� GHSHQGHQW� RQ� VDPSOH� SUH�
KLVWRU\�� 7KH� GHIHFW�UHODWHG� VKRXOGHUV� DW
DERXW������DQG�����H9�DSSHDU�XVXDOO\�LI�WKH
VSHFWUD� ZHUH� VFDQQHG� VWDUWLQJ� IURP� WKH
KLJKHU�TXDQWXP�HQHUJLHV��0HDQZKLOH��LQIOX�
HQFH� RI� WKH� OHYHOV� DW� ����� DQG� ����� H9� GH�
FUHDVH�XVXDOO\�DV�WKH�VDPSOH�ZDV�NHSW�ELDVHG
IRU�VHYHUDO�KRXUV�

$� VLPLODU� FRPSOH[� GHIHFW� VWUXFWXUH� ZDV
DOVR� UHYHDOHG�E\�SKRWROXPLQHVFHQFH� LQ� >��@�
7KH� OXPLQHVFHQFH� LQ� WKH� UDQJH� ���Ü���� H9
ZDV� REVHUYHG� XQGHU� ;�UD\� H[FLWDWLRQ� DQG
ZDV�DWWULEXWHG�WR�VHYHUDO�UHFRPELQDWLRQ�FHQ�
WHUV�>��@��PHDQZKLOH��WKH�DEVRUSWLRQ�EDQG�DW
����H9�ZDV�REVHUYHG� LQ�WKH�VKRUW�OLYLQJ�DE�
VRUSWLRQ�VSHFWUD�XQGHU�SXOVHG�HOHFWURQ�EHDP
H[FLWDWLRQ�LQ�>��@�DQG�LW�ZDV�H[SODLQHG�WR�EH
GXH� WR� KROH� WUDSSHG� DW� FDWLRQ� YDFDQF\
�7O��9F±���7KLV�FHQWHU�PD\�DULVH�LI�D�KROH�LV
WUDSSHG�DW�D�SUH�LUUDGLDWLRQ�YDFDQF\��DV�ZHOO
DV�D�UHVXOW�RI�WKH�UDGLDWLRQ�LQGXFHG�)UHQNHO
SDLU�IRUPDWLRQ��7O��9F±�DQG�LQWHUVWLWLDO�7OL���2XU�UHVXOWV�LQGLFDWH�WKDW�VXFK�D�YDFDQF\�FDQ
DOVR�EH�OLJKW�LQGXFHG��HYHQ�WKRXJK�WKH�OLJKW
LQWHQVLW\� IURP� PRQRFKURPDWRU� LV� ORZ�

7KHUHIRUH�� ZH� KDYH� LQYHVWLJDWHG� WKH� SKR�
WRFXUUHQW�WUDQVLHQW�HIIHFWV�

7KH�SKRWRFXUUHQW�NLQHWLFV�ZHUH�PHDVXUHG
DW� GLIIHUHQW� WHPSHUDWXUHV� XVLQJ� H[FLWDWLRQ
E\�WKH�EHVW�DEVRUEHG�OLJKW��)LJ����UHSUHVHQWV
JHQHUDO�DQG�UHSHDWDEOH�WHQGHQFLHV��$�VLPLODU
EHKDYLRU�� WKRXJK� OHVV� SURQRXQFHG��ZDV� DOVR
REVHUYHG�ZLWKRXW�OLJKW�H[FLWDWLRQ��$�QRWDEOH
IHDWXUH� LV� WKH� SUHVHQFH� RI� WZR� GLIIHUHQW
WUHQGV��:KHQ� WKH� OLJKW� LV� WXUQHG� RQ�� DIWHU
WKH�VKDUS�MXPS��WKH�FXUUHQW�GHFUHDVH�VWDUWV�
ZKLFK�LV�IROORZHG�E\�WKH�JURZWK�XQWLO�VDWX�
UDWLRQ�� 7KHVH� WKHUPDOO\� DFWLYDWHG� SURFHVVHV
IROORZHG� WKH� H[SRQHQWLDO� GHSHQGHQFHV� ZLWK
WKH� VLQJOH� WLPH� FRQVWDQWV� �)LJ������ 7KRXJK
WKH�WLPH�FRQVWDQWV�RI�FXUUHQW�GHFD\�DQG�LWV
JURZWK�ZHUH� GLIIHULQJ� E\� DERXW� WZR� RUGHUV
RI� PDJQLWXGH�� WKHLU� WKHUPDO� DFWLYDWLRQ� HQ�
HUJ\�YDOXHV�RI�DERXW�����Ü�����H9�ZHUH�WKH
VDPH� ZLWKLQ� WKH� H[SHULPHQWDO� DFFXUDF\�
7KHUHIRUH��WKH�SKRWRFXUUHQW�NLQHWLFV� FDQ�EH
VXSSRVHG�WR�EH�FDXVHG�HLWKHU�E\� WZR�GLIIHU�
HQW� FRPSHWLWLYH� SURFHVVHV� RU� E\� D� VLQJOH
FRPSOH[�SURFHVV�� ,Q� WKH� ILUVW� FDVH�� WKH�FXU�
UHQW�GHFUHDVH�FRXOG�EH�DVFULEHG�WR�WKH�IDVWHU
HOHFWURQLF� SURFHVV�� L�H��� WUDSSLQJ�DQG�RU� UH�
FRPELQDWLRQ� RI� OLJKW�JHQHUDWHG� FDUULHUV� DW
WKH� GHIHFW� FHQWHUV�� 7KLV� SURFHVV� FRXOG� EH
VLPLODU� WR� WKH� NQRZQ� WKHUPDO� TXHQFKLQJ
PHFKDQLVP�� 7KH� IROORZLQJ� FXUUHQW� LQFUHDVH
PLJKW� EH� DWWULEXWHG� WR� WKH� JURZLQJ� LRQLF
FRQGXFWLYLW\�RI�7O��LRQV��DV�REVHUYHG�LQ�>�@�

1HYHUWKHOHVV� WKH� VLPLODU� WKHUPDO� DFWLYD�
WLRQ� HQHUJLHV� RI� ERWK� WLPH� FRQVWDQWV� SRLQW
WKDW� WKH\� PLJKW� EH� DWWULEXWHG� WR� D� VLQJOH
SURFHVV��7KH�VLPLODU�QRQ�PRQRWRQRXV�EHKDY�
LRU�LV�W\SLFDO�RI�WKH�GLIIXVLRQ�IURP�D�OLPLWHG
PDWHULDO�VRXUFH�>��@��,Q�VXFK�FDVH��WKH�WRWDO
QXPEHU� RI� H[WUDQHRXV� DWRPV� DW� D� FHUWDLQ
SRLQW�LV�JLYHQ�E\�

1� �$W����H[S��%�e�W�� ���

)LJ����� &XUUHQW� WUDQVLHQWV� DW� GLIIHUHQW� WHP�
SHUDWXUHV��DIWHU�WKH�RQVHW�RI�WKH�OLJKW�H[FLWD�
WLRQ� FRUUHVSRQGLQJ� WR� WKH� SKRWRFRQGXFWLYLW\
PD[LPXP��&XUYHV�DUH�VKLIWHG�LQ�WLPH�IRU�WKH
VDNH�RI�FRQYHQLHQFH��,QVHW��PRGHO�FXUYH��UHS�
UHVHQWLQJ�UHFLSURFDO�QXPEHU�RI�DWRPV�GLIIXV�
LQJ�IURP�D� OLPLWHG�VRXUFH�GHSHQGLQJ�RQ�WLPH
Û�(T�����

)LJ�����'HSHQGHQFHV�RI�WKH�DYHUDJHG�WLPH�FRQ�
VWDQWV� W�� DQG� W��� GHVFULELQJ� FXUUHQW� GHFUHDVHDQG�WKH�IROORZLQJ�JURZWK��UHVSHFWLYHO\�
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ZKHUH�$�DQG�%�DUH�GLIIXVLRQ��DQG�PDWHULDO�
UHODWHG�FRQVWDQWV��

$� PRGHO� FXUYH� LQ� )LJ���� GHSLFWV� WKH� LQ�
YHUVH� YDOXH� RI� 1�� 7KLV� FDQ� EH� H[SODLQHG�
DVVXPLQJ�WKDW�WKH�WUDQVSRUW�LV�JRYHUQHG�E\
HOHFWURQ� DQG�RU� LRQ�PRELOLW\��ZKLFK� LV� OLP�
LWHG�E\�D�YDU\LQJ�QXPEHU�RI�VFDWWHULQJ�FHQ�
WHUV�DV�P�a���1���

���6XPPDU\�DQG�FRQFOXVLRQV
:H� KDG� LQYHVWLJDWHG� SKRWRHOHFWULFDO� DQG

FXUUHQW� WUDQVLHQW� SURSHUWLHV� RI� 7O%U� LQ� WKH
WHPSHUDWXUH� UHJLRQ� IURP� ���� .� XS� WR
���� .�� ZKHUH� WKH� LRQLF� FRQGXFWLYLW\� HIIHFW
LV�SURQRXQFHG��7KH�VDPSOH�FRQGXFWLYLWLHV�DW
����.�ZHUH�DERXW���Ü�����Ü���:Ü�FPÜ���

7KH�IROORZLQJ�SHFXOLDULWLHV�ZHUH�UHYHDOHG
WKDW� FRXOG� VWDQG� IRU� ERWK� HOHFWURQLF� DQG
LRQLF� FRQGXFWLYLWLHV�� 7KH� QRQ�PRQRWRQRXV
FRQGXFWLYLW\� YDULDWLRQ� ZLWK� WHPSHUDWXUH
ZDV�LGHQWLILHG��GHPRQVWUDWLQJ�D�PRELOLW\�UH�
ODWHG� PD[LPXP� WKDW� ZDV� VXSHULPSRVHG� RQ
DQ� LQWULQVLF� FRQGXFWLYLW\� JURZWK�� 7KLV
PD[LPXP� FRXOG� EH� FDXVHG� E\� WKH� UHFKDUJH
RI� WKH� VFDWWHULQJ� FHQWHU� DW� DERXW� ����� H9�
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