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7KH�PDJQHWR�HOHFWULF� HIIHFW� KDV� EHHQ� VWXGLHG� ERWK� LQ�PXOWLGRPDLQ� DUHDV� DQG� LQ� ORFDO
DUHDV�RI�VLQJOH�GRPDLQV�LQ�HSLWD[LDO�ILOPV�RI�\WWULXP�LURQ�JDUQHW�XVLQJ�RSWLFDO�SRODULPHWU\
PHWKRG��7KH�HIIHFW�KDV�EHHQ�UHYHDOHG�WR�PHW�D�VTXDUH�ODZ�ZLWK�UHVSHFW�WR�HOHFWULF�ILHOG�DQG
LWV�PDJQHWLF�ILHOG�GHSHQGHQFHV�KDYH�EHHQ�LQYHVWLJDWHG��/RFDO�HIIHFWV�IURP�VLQJOH�PDJQHWLF
GRPDLQV� KDYH� EHHQ� UHJLVWHUHG� DQG� LW� KDV� EHHQ� IRXQG� WKDW� WKRVH� DUH� GHILQHG� E\� ORFDO
GLVWULEXWLRQV�RI�PDJQHWLF�LQGXFWLRQ�LQ�WKH�SURELQJ�SRLQWV��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�ILOP
PDJQHWL]DWLRQ�UHPDLQV�XQFKDQJHG�GXH�WR�DSSOLFDWLRQ�RI�DQ�H[WHUQDO�HOHFWULF�ILHOG��DQG�WKH
UHYHDOHG� IHDWXUHV� RI� PDJQHWLF� ILHOG� GHSHQGHQFHV� DUH� FDXVHG� E\� WKH� GRPDLQ� ILOP� VWUXFWXUH
VHQVLWLYLW\�WR�FKDQJHV�LQ�PDJQHWLF�DQLVRWURS\�LQGXFHG�E\�DQ�H[WHUQDO�HOHFWULF�ILHOG�
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7KH�HIIHFW�RI�PDJQHWLF�VWDWH�FKDQJH�RI�D
VROLG� XQGHU� WKH� DFWLRQ� RI� DQ� HOHFWULF� ILHOG
SUHGLFWHG� E\� ']\DORVKLQVN\�� L�H��� WKH� PDJ�
QHWR�HOHFWULF�HIIHFW��0((���KDV�EHHQ�ILUVW�UH�
YHDOHG� H[SHULPHQWDOO\� LQ� &U�2�� DQWLIHUUR�PDJQHWLF�FU\VWDOV��ZKHQ�DQ�DOWHUQDWLQJ�PDJ�
QHWLF�PRPHQW�DULVLQJ� LQ�D�VDPSOH�VXEMHFWHG
WR� DQ� HOHFWULF� ILHOG� ZDV� UHJLVWHUHG� >�@�� 7KH
ILUVW�REVHUYDWLRQ�RI�WKH�0((�LQ�VLQJOH�FU\V�
WDOV� RI� \WWULXP� LURQ� JDUQHW� �<,*�� ZDV� UH�
SRUWHG�E\�2�'HOO� >�@��1RZ��QXPHURXV�PDWH�
ULDOV�ZLWK�0((�KDYH�EHHQ�LQYHVWLJDWHG�>�Ü�@�
,Q� WKLV�ZRUN�� SUHVHQWHG� DUH� WKH�l((�VWXG\
UHVXOWV� XVLQJ� RSWLFDO� SRODULPHWU\� IRU� HSL�
WD[LDO� <,*� ILOPV�� 7KH� PHWKRG� FRQVLVWV� LQ
UHJLVWUDWLRQ�RI�FKDQJHV�LQ�WKH�OLJKW�SRODUL]D�
WLRQ� SODQH� URWDWLRQ� �)DUDGD\� URWDWLRQ�� GXH
WR� DQ� HOHFWULF� ILHOG� DSSOLHG� WR� WKH� FU\VWDO�
WKDW�LV�UHIHUUHG�WR�DV��HOHFWUR�PDJQHWR�RSWL�
FDO�HIIHFW���(02(��>����@�

7KH� LQYHVWLJDWHG� HSLWD[LDO� <,*� ILOPV
�ILYH� ILOPV��ZHUH� GHSRVLWHG� RQ� D� ������ W\SH
*G�*D�2��� VXEVWUDWH� RI� DERXW� ���� PP
WKLFNQHVV�� $� SUHOLPLQDU\� PDJQHWR�RSWLFDO
LQYHVWLJDWLRQ�RI�WKH�VDPSOHV�ZLWK�YLVXDOL]D�
WLRQ�RI�WKH�GRPDLQ�VWUXFWXUH�KDV�VKRZQ�WKDW
W\SLFDO� ILOP� WKLFNQHVV�ZDV� DERXW���PP�� WKH
GRPDLQ� ZLGWK�� DERXW� ��� PP� DW� +� ��� DQG
WKH� GRPDLQ� ZDOO� ZLGWK�� DERXW� ���� PP�� 7KH
GRPDLQ� PDJQHWL]DWLRQ� ZDV� QRUPDO� WR� WKH
ILOP� SODQH�� 7KH� H[SHULPHQWDO� VHWXS� LV� D
FRPELQDWLRQ� RI� D� KLJK�VHQVLWLYH� ODVHU� SR�
ODULPHWHU� DQG� D� SRODUL]LQJ� PLFURVFRSH
>����@��$�YDULDEOH�YROWDJH�8Ü�RI�����+]�IUH�TXHQF\� �Z�� DQG� XS� WR� �� N9� DPSOLWXGH� ZDV
DSSOLHG� WR� WKH� VDPSOH�� 2QH� RSWLFDOO\� WUDQV�
SDUHQW� HOHFWURGHV� ZDV� SODFHG� RQ� WKH� <,*
ILOP�VXUIDFH�ZKLOH�WKH�RWKHU�RQH��XQGHU�WKH
VXEVWUDWH�� $VVXPLQJ� WKH� VWDWLF� SHUPLWWLYL�
WLHV� RI� WKH� <,*� DQG� *G�*D�2��� WR� EH� DS�SUR[LPDWHO\� WKH� VDPH�� WKH� DSSOLHG� DF� ILHOG
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DPSOLWXGH�LQ�WKH�<,*�ILOP�FDQ�EH�HVWLPDWHG
WR� EH� ���� N9�FP�� 7KH� H[SHULPHQWDO� VHWXS
PDNHV� LW� SRVVLEOH� WR�PHDVXUH� OLQHDU��D(02�Z� �
DQG� QRQ�OLQHDU�� D(02��Z� �� FRPSRQHQWV� RI� WKH
HOHFWULF� ILHOG� LQGXFHG� FKDQJHV� RI� WKH� )DUD�
GD\� URWDWLRQ�� 7KH�PHDVXUHPHQWV� ZHUH� GRQH
DW� WKH� PXOWLGRPDLQ� DUHV� RI� D� ILOP� DQG� DW
VLQJOH� GRPDLQ� DUHDV� RU� DW� VPDOO� DUHDV� WKDW
FRQWDLQHG� GRPDLQ� ZDOOV� �':��� 7KH� Z� DQG
�Z� FRPSRQHQWV� RI� WKH� DQJOH� FKDQJHV� FRUUH�
VSRQG� WR� WKH� (02(� OLQHDU� DQG� TXDGUDWLF
ZLWK� UHVSHFW� WR� HOHFWULF� ILHOG�� UHVSHFWLYHO\�
$�+H±1H�ODVHU��O� ������PP��ZDV�XVHG��7KH
VHWXS�LQFOXGHV�D�VHPL�WUDQVSDUHQW�PLUURU�WR
IRUP� D� OLJKW� EHDP�ZKLFK�ZDV�XVHG� IRU� YLV�
XDO� LQVSHFWLRQ� RI� WKH� GRPDLQ� VWUXFWXUH
XVLQJ� D� SRODUL]LQJ� PLFURVFRSH�� 6XFK� D
VFKHPH�DOORZV�WR�PHDVXUH�ERWK�WKH�URWDWLRQ
DQJOH�RI�OLJKW�SRODUL]DWLRQ�SODQH�LQ�WKH�PDJ�
QHWLF�ILHOG��+��DQG�LWV�FKDQJH��D(l|��FDXVHGE\�WKH�HOHFWULF�ILHOG��(��DSSOLHG�WR�WKH�VDP�
SOH�� 7KH� SRODUL]DWLRQ� SODQH� URWDWLRQ� PHDV�
XUHPHQW�VHQVLWLYLW\�ZDV�DERXW������DUF�VHF�
RQGV� �VHF�� DUF��� ([SHULPHQWV� ZHUH� FDUULHG
RXW�DW�URRP�WHPSHUDWXUH� LQ�WKH�s� __�(� __�N� __
Q�JHRPHWU\��ZKHUH�N� LV� WKH� OLJKW�ZDYH�YHF�
WRU��Q��QRUPDO�WR�WKH�VXUIDFH�YHFWRU��

7DNLQJ�LQWR�DFFRXQW�WKH�FHQWHU�V\PPHWUL�
FDO� JDUQHW� VWUXFWXUH�� WKH� 0((� LQ� IHUULWH
JDUQHWV�PXVW�EH�SURSRUWLRQDO�WR�p��� WKH�HI�
IHFW� OLQHDU�ZLWK�UHVSHFW�WR�WKH�HOHFWULF�ILHOG
EHLQJ� IRUELGGHQ� >�@�� ,W� LV� UHYHDOHG� H[SHUL�
PHQWDOO\� E\� XV� WKDW� WKHUH� LV� WKH� TXDGUDWLF
(02(� ODZ�ZLWK� UHVSHFW� WR� HOHFWULF� ILHOG� LQ
UHVHDUFKHG�<,*� ILOPV�� DOWKRXJK� RQO\� OLQHDU
�IRUELGGHQ��(02(�>�@�IRU�<,*�ILOPV�ZDV�UH�
SRUWHG� EHIRUH�� ,Q�)LJ����� WKH�GHSHQGHQFH� RI
D(l|� YDOXH� RQ�PDJQHWLF� ILHOG� LV� SUHVHQWHGDW�SURELQJ�RI� D�PXOWLGRPDLQ� ILOP� VLWH� E\� D
ODVHU�EHDP��7KH�HIIHFW�ZDV�REVHUYHG�DW�HOHF�
WULF� ILHOG� IUHTXHQF\� RI� �Z�� ,Q� WKH� LQVHW� LQ
)LJ�����WKH�ILHOG�GHSHQGHQFH�RI�PDJQHWR�RS�
WLFDO� )DUDGD\� HIIHFW� �)(�� LV� VKRZQ�� :KHQ
DQDO\]LQJ� WKH� SUHVHQWHG� GHSHQGHQFHV�� LW� LV
VHHQ� WKDW� IRU� HSLWD[LDO� <,*� ILOP� (02(� LV
DEVHQW� DW� s� ���� ,Q� D� PDJQHWLF� ILHOG�� WKH
ILOP�PDJQHWLF� VWDWH� FKDQJH� XQGHU� WKH� HOHF�
WULF� ILHOG� DFWLRQ� KDV� EHHQ� UHYHDOHG� GHSHQG�
LQJ�RQ�s��&RPSDULQJ�WKH�REWDLQHG�SORW�ZLWK
)(� ILHOG� GHSHQGHQFH� IRU� WKH� VDPH� VDPSOH
�)LJ����� LQVHW��� LW� LV� VHHQ� WKDW� WKH�PD[LPDO
LQIOXHQFH� RI� WKH� HOHFWULF� ILHOG� RQ� WKH� ILOP
PDJQHWLF� VWDWH� �D(l|�a��� VHF�DUF�� JHWV� DWWKH�PDJQHWL]DWLRQ� URWDWLRQ� DUHD� �DUHD� ,,� LQ
WKH� LQVHW� WR� )LJ������ ,Q� ILHOGV�s�!�����2H�
L�H�� DW� WKH� ILOP�PDJQHWLF� VDWXUDWLRQ��D(l|GHFUHDVHV�WR�WKH�YDOXHV�FORVH�WR�]HUR��DQG�DW

IXUWKHU� LQFUHDVH� RI� PDJQHWLF� ILHOG�� WKH� HI�
IHFW� LV� QRW� UHJLVWHUHG�� ,W� LV� W\SLFDO� RI� WKH
REWDLQHG� GHSHQGHQFHV� WKDW� WKH� FKDQJH� RI
VLJQDO�SKDVH�DW�VLJQ�UHYHUVDO�RI�WKH�H[WHUQDO
PDJQHWLF�ILHOG��7KH�UHVHDUFKHV�FRQGXFWHG�LQ
s�A(�__�N�JHRPHWU\�KDYH�DOVR�VKRZQ�D�TXDG�
UDWLF�GHSHQGHQFH�RI� WKH�(02(��7KH�0(�FR�
HIILFLHQW� FRUUHVSRQGLQJ� WR� PD[LPDO� pl|p
KDV�D�YDOXH�D0(� ���Ü��7KH� H[SHULPHQWV� VSHFLILHG� DERYH� ZHUH
FDUULHG�RXW�ZLWKRXW�DQ\�YLVXDO�REVHUYDWLRQV�
7KH� ILOP� DUHDV� ZHUH� VWXGLHG� WKDW� FRXOG
FRYHU� VRPH� GRPDLQV� DQG� DQ� DYHUDJH� (l|
VLJQDO� IURP� WKH� RSWLFDO� SURELQJ� DUHD� ZDV
FRQVLGHUHG��%XW�WKH�FKDQJH�RI�PDJQHWR�RSWL�
FDO�FKDUDFWHULVWLFV�LQGXFHG�E\�DQ�HOHFWULF�ILHOG
PD\� RFFXU� QRW� RQO\� LQ� D� PXOWLGRPDLQ� FDVH�
EXW�DOVR�ZLWKLQ�D�VLQJOH�GRPDLQ��L�H��WKH�PHDV�
XUHG�HIIHFW�PD\�EH�SURSRUWLRQDO�QRW�RQO\�WR�s
EXW�DOVR�WR�%ORF� �+LQW����S0��%ORF�LV�PDJQHWLFLQGXFWLRQ��+LQW�� DQ� LQWHUQDO� PDJQHWLF� ILHOG��$FFRUGLQJO\�� WKH� FKDQJH� RI� PDJQHWR�RSWLFDO
FKDUDFWHULVWLFV� GXH� WR�p�ILHOG� PD\� GLIIHU� LQ
GLIIHUHQW�GRPDLQV��7DNLQJ�WKLV�LQWR�DFFRXQW�
ZH�KDYH�FRQGXFWHG�D�QXPEHU�RI�H[SHULPHQWV
WR�UHVHDUFK�(02(�IURP�VLQJOH�GRPDLQV�ZLWK
YLVXDO� REVHUYDWLRQV� RI� GRPDLQ� VWUXFWXUH�
7KH� XVH� RI� D� URXQG� GLDSKUDJP� RI� DERXW
����� PP� GLDPHWHU� LQ� RXU� H[SHULPHQWDO
VHWXS�PDGH� LW� SRVVLEOH� WR� DOORFDWH� WKH� VLWHV
RI�D�ILOP�RI�DERXW���PP�LQ�GLDPHWHU��'XH�WR
VXFK�DOORFDWLQJ��ZH�FRXOG�PHDVXUH�WKH�HIIHFW
LQ� VLQJOH�GRPDLQ� DUHDV� RU� LQ� DUHDV� FRQWDLQ�
LQJ�D�':�

)LJ���� VKRZV� WKH� PDJQHWLF�ILHOG� GHSHQG�
HQFHV� RI� (02(�PHDVXUHG� LQ� D� FHQWUDO� DUHD

)LJ����� 0DJQHWLF� ILHOG� GHSHQGHQFH� (02(� DW
RSWLFDO� SURELQJ� RI� PXOWLGRPDLQ� VLWH� RI� <,*
ILOP�LQ�JHRPHWU\�s�__�(� __�N� __�Q��ZKHUH�N�LV�D
OLJKW�ZDYH�YHFWRU��Q�Û�QRUPDO�WR�WKH�VXUIDFH
YHFWRU��2Q�WKH�LQVHUW�Û�WKH�ILHOG�GHSHQGHQFH
)(�RI�D�ILOP�LQ�JHRPHWU\�s�__�N�
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RI�D�GRPDLQ��WKH�YROXPH�WKHUHRI�GHFUHDVLQJ
�D�� RU� LQFUHDVLQJ� �E�� DV� WKH� PDJQHWLF� ILHOG
YDOXH� LQFUHDVHV� RU� GHFUHDVHV�� UHVSHFWLYHO\�
7KH� UHVXOWV� RI� YLVXDO� REVHUYDWLRQV� IRU� VHY�
HUDO� SRLQWV� DUH� SUHVHQWHG�� $V� LV� VHHQ� IURP
WKH� SORWV�� (02(� DW� ]HUR� PDJQHWLF� ILHOG� LV
DSSDUHQW��D(l||�����V�DUF��XQOLNH�WKH�PXOWL�GRPDLQ� FDVH��:H� H[SODLQ� WKDW� GLVWLQFWLRQ� E\
PXWXDO�FRPSHQVDWLRQ�RI�WKH�HIIHFWV�IURP�VLQ�
JOH� GRPDLQV� ZLWK� WKH� RSSRVLWH� VLJQV� JHWWLQJ
LQWR� WKH� SURELQJ� ]RQH� RI� D�PXOWLGRPDLQ� DUHD�
7KH�HIIHFW�YDOXH�LQ�WKH�GRPDLQ�UHPDLQV�SUDFWL�
FDOO\�FRQVWDQW�LQ�D�ZLGH�s�UDQJH��IURP�Ü����2H
XS� WR� ����� 2H��� 3HUKDSV� D� VXGGHQ� FKDQJH� RI
D(l|� YDOXH� DW�s� �Ü����2H��)LJ���È�� LV� FRQ�QHFWHG�ZLWK�WKH�LQIOXHQFH�RI�GRPDLQ�ERXQG�
DU\��EUHDWKLQJ�� LQ�HOHFWULF�ILHOG�IRU�WKH�GR�
PDLQ�ZKLFK�LV�LQ�D�SUH�FROODSVH�VWDWH�>��@��$
VSHFLILF� DWWHQWLRQ� VKRXOG� EH� JLYHQ� WR� )LJ�
�E�� ZKHUH� PDJQHWLF� ILHOG� GHSHQGHQFHV� DW
SURELQJ�ZLWK� D� ODVHU� EHDP� �DW� IL[HG�s� YDO�
XHV�� RI� GLIIHUHQW� ]RQHV� LQ� WKH�GRPDLQ� �ZLWK
YROXPH� LQFUHDVLQJ� DW� JLYHQ� GLUHFWLRQ�s�� HV�
VHQWLDOO\� GLIIHU� LQ� WKH� FKDUDFWHU� RI� D(l|YDOXH�FKDQJHV�LQ�ILHOGV�s|���Ü����2H��7KLV
LV�D�UHVXOW�RI�GHPDJQHWL]DWLRQ�ILHOG�FKDQJHV�
VLQFH� WKH�)DUDGD\� URWDWLRQ��D)�� RI� WKH� OLJKWSDVVHLQJ�WKURXJK�D�VLQJOH�GRPDLQ�LV�SURSRU�
WLRQDO�WR�È�lORF���È�{ORF� �lORF� LV� ORFDO�PDJ�QHWL]DWLRQ�� D�� DQG� D�� DUH� FHUWDLQ� FRHIIL�FLHQWV��� +HUH�� {ORF�� �+LQW�ORF�����S0ORF� LV

ORFDO�PDJQHWLF� LQGXFWLRQ�YDOXH� DQG�+LQW�ORF�� +H[WÜ+GHPDJ���ZKHUH�+GHPDJ�� LV� WKH�GHPDJ�QHWL]DWLRQ� ILHOG�� 7KXV�� WKH� )(� LQ� WKH� RE�
VHUYHG�]RQH�UHVSRQVHV�QRW�RQO\�WR�PDJQHWL�
]DWLRQ� 0� RI� WKLV� ]RQH� ZKLFK� SUDFWLFDOO\
GRHV�QRW�FKDQJH� �ZKDW� LV�HYLGHQFHG�E\�WKH
(02(� YDOXH�ZKLFK� LV� FORVH� WR� ]HUR� LQ� WKH
DUHD� RI� PDJQHWLF� VDWXUDWLRQ�� )LJ������ EXW
DOVR� WR� WKH� PDFURVFRSLFDO� DYHUDJH� ILHOG
sLQW�� WKDW� GHSHQGV� RQ� GHPDJQHWL]DWLRQILHOGV��,W�LV�MXVW�WKLV�)(�FRPSRQHQW�WKDW�LV
PRGXODWHG� E\� WKH� YDULDEOH� HOHFWULF� ILHOG�
7KDW� LV�� LQ� ILHOGV�s���_�Sl�� WKH� LQIOXHQFH
RI�s� LV�GHILQHG�ILUVW�RI�DOO�E\�UHRUJDQL]DWLRQ
RI�GRPDLQ�VWUXFWXUH�DQG�E\�FKDQJLQJ�RI�ORFDO
0� YDOXH�� ZKLFK� PDLQO\� GHILQHV� ()�� ,Q� WKLV
FDVH�� RQO\� D� SDUW� RI� PDFURVFRSLFDO� DYHUDJH
ILHOG�s�LQ�WKH�UHVHDUFKHG�DUHD�FRQQHFWHG�ZLWK
GHPDJQHWL]DWLRQ� ILHOGV� DSSHDUHG� WR� EH� VHQVL�
WLYH� WR� WKH� HOHFWULF� ILHOG�� ,W� LV� MXVW� WKDW�SDUW
WKDW�KDV�GHILQHG�WKH�(02(�DQG� LWV�PDJQHWLF
ILHOG�GHSHQGHQFH�

7KXV�� DQ� HVVHQWLDO� LQIOXHQFH� RI� DQ� DOWHU�
QDWLQJ� HOHFWULF� ILHOG� RQ�PDJQHWR�RSWLFDO� )(
LQ�<,*�ILOPV�LV�PDQLIHVWHG�RQO\�DW�SUHVHQFH
RI�GRPDLQ�VWUXFWXUH�LQ�WKH�ILOP��7KH�DSSOLHG
H[WHUQDO�HOHFWULF�ILHOG�PRGXODWHV�WKH�IDFWRUV
GHSHQGLQJ�RQ�WKH�DUUDQJHPHQW�DQG�FRQILJX�
UDWLRQ� RI� GRPDLQ� ZDOOV�� 7KH� VSHFLILHG� IDF�
WRUV� DW� FRQVWDQW�0� DUH� GHILQHG� E\� DQLVRW�
URS\� FKDUDFWHULVWLFV�� L�H�� WKH� GHVFULEHG� IHD�
WXUHV� RI� WKH� p�ILHOG� LQIOXHQFH� RQ� PDJQHWLF

)LJ����� 0DJQHWLF�ILHOG� GHSHQGHQFLHV� RI� (02(� PHDVXUHG� RQ� WKH� GRPDLQ�� ZKLFK� GHFUHDVH� �D�� RU
LQFUHDVH� �E�� WKHLU� YROXPH�ZLWK� JURZWK� RI� WKH�PDJQHWLF� ILHOG� YDOXH�� FRUUHVSRQGLQJO\�� 7KH� SRVLWLYH
DQG� QHJDWLYH� VLJQV� RI� WKH� PDJQHWLF� ILHOG� � FRUUHVSRQG� WR� WKH� ILHOG� GLUHFWLRQ� DORQJ� DQG� RSSRVLWH� WR
PDJQHWL]DWLRQ��LQ�WKH�GRPDLQ�XQGHU�REVHUYDWLRQ��7KH�LQVHUWLRQV�SUHVHQW�D�YLHZ�RI�D�GRPDLQ�VWUXFWXUH
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