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5HFHLYHG�2FWREHU���������
7KH� WHPSHUDWXUH� DQG� WLPH� GHSHQGHG� FKDQJHV� RI� HOHFWULF� DQG� GLHOHFWULF� SDUDPHWHUV� RI

$:2���$� �&D��&G��RU�3E��VLQJOH�FU\VWDOV�KDYH�EHHQ�H[SHULPHQWDOO\�VWXGLHG��7KH�GLHOHFWULFSURSHUWLHV�ZHUH�PHDVXUHG�DORQJ� >���@� LQ�3E:2�� VLQJOH� FU\VWDOV� �VFKHHOLWH�VWUXFWXUH� W\SH�DQG�VKRZ�VRPH�TXDVL�SHULRGLFLW\�GXULQJ�DSSUR[LPDWHO\����K�WLPH�F\FOH�RI�IUHH�UHOD[DWLRQ�
7KH�FRQQHFWLRQ�EHWZHHQ�WKHVH�SHULRGLF�SKHQRPHQD�DQG�WKHUPRGLHOHFWULF�HIIHFW�LV�SURSRVHG
WR� DVVRFLDWH�ZLWK� VWUXFWXUDO� DQG� SRLQW� GHIHFWV� G\QDPLFV� DQG� WKHLU� LQWHUDFWLRQV� DQG� FUHD�
WLRQ�UHEXLOGLQJ� RI� FRPSOH[� GHIHFWV� �GXULQJ� WKH� UHOD[DWLRQ� SURFHVVHV��� 7KH� PDLQ� UROH� LQ
WKHVH� SKHQRPHQD� LV� DWWULEXWHG� WR� R[\JHQ� DQG� OHDG� YDFDQFLHV�� 1R� WKHUPRGLHOHFWULF� HIIHFW
ZDV�REVHUYHG�LQ�&G:2���ZROIUDPLWH�VWUXFWXUH�W\SH��SHUSHQGLFXODU�WR�FOHDYDJH�IDFH�������DWWHPSHUDWXUHV�XS�WR�����.�
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���,QWURGXFWLRQ
7KH� WXQJVWDWH� FU\VWDOV� $:2�� �KHUH� $� LV&D�� &G� RU� 3E�� DUH� LQWHQVLYHO\� VWXGLHG� DV

HIIHFWLYH� VHOI�DFWLYDWHG� VFLQWLOODWLRQ�PDWHUL�
DOV�ZLWK�VKRUW�DIWHUJORZ�WLPH�>�@��7KH�OXPL�
QHVFHQFH� SURSHUWLHV� RI� WKH� $:2�� VLQJOHFU\VWDOV� DQG� WKHLU� WLPH� FKDUDFWHULVWLFV� GH�
SHQG�RQ�WKH�FU\VWDO�VWUXFWXUDO�DQG�SRLQW�GH�
IHFWV��RI�FRPSOH[�DQG�QRW�HVWDEOLVKHG�XQDP�
ELJXRXVO\�QDWXUH��7KH� HOHFWULFDO� DQG�GLHOHF�
WULFDO� VWXGLHV� RI� WKHVH� FRPSRXQGV� DUH
IUDJPHQWDU\� DQG� LQVXIILFLHQW�� LQ� VSLWH� RI
WKH�IDFW�WKDW�VXFK�GDWD�DUH�KLJKO\�LQIRUPD�
WLYH� DV� WR� WKH� GHIHFWV� DQG� WKHLU� VWDWH
FKDQJHV� XQGHU� WKH� FU\VWDO� KHDW� WUHDWPHQW�
7KHUHIRUH�� HOHFWULFDO� DQG� GLHOHFWULF� SURSHU�

WLHV�DUH�FRQVLGHUDEOH�LQ�SHUIRUPDQFH�RI�VFLQ�
WLOODWLRQ�FU\VWDOV�>�@�

2XU�SUHYLRXV�ZRUNV� >�Ü�@�RQ� WKH� VWXGLHV
RI� 3E:2�� FU\VWDOV� XVLQJ� HOHFWULFDO� FRQGXF�
WLYLW\�V�FXUUHQWV��WKHUPDO�VWLPXODWHG�SRODUL�
]DWLRQ�� DQG� GHSRODUL]DWLRQ� FXUUHQWV� ZLWKLQ
WKH� WHPSHUDWXUH� UDQJH� RI� ���Ü���� .� KDYH
UHYHDOHG� D� VHULHV� RI� ORFDO� HQHUJ\� OHYHOV� DQG
UHOD[DWLRQ� SURFHVVHV� RI� GLIIHUHQW� QDWXUH�
7KH� VWXGLHV� >����@� RI� WKH� SHUPLWWLYLW\� H
XQGHU�YDULDWLRQV�RI�WKH�3E:2��FU\VWDO�WHP�SHUDWXUH� 7� ZLWKLQ� WKH� ���Ü���� .� UDQJH
KDYH� VKRZQ� D� FORVH� FRQQHFWLRQ� RI� VXFK� GH�
SHQGHQFHV�ZLWK�WKH�GHSRODUL]DWLRQ�SURFHVVHV
LQ�WKLV�FRPSRXQG��

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ���



,Q� WKLV� ZRUN�� WKH� HOHFWULFDOO\� DFWLYH� GH�
IHFWV� LQ� WKH� $:2�� DQG� WKHLU� LQIOXHQFH� RQFKDUDFWHULVWLFV� RI� FU\VWDOV� DUH� LQYHVWLJDWHG
WDNLQJ�LQWR�DFFRXQW�RI�WKHUPDO�SUHKLVWRU\�RI
FU\VWDOV��PD[LPDO�KHDWLQJ�WHPSHUDWXUHV��SR�
ODUL]DWLRQ�WLPH�RI�VDPSOHV��DQG�WLPHV�RI�IUHH
FU\VWDO� UHOD[DWLRQ��� 7KH� GHSHQGHQFHV� V�7�
DQG�H�7��DQG�WKHUPDOO\�VWLPXODWHG�SRODUL]D�
WLRQ�GHSRODUL]DWLRQ� ZHUH� FRQVLGHUHG� LQ� WKH
XQGRSHG�$:2��FU\VWDOV�ZLWK�WKH�SXUSRVH�WRHOXFLGDWH� WKH� UHJXODULWLHV� RI� GHIHFW� IRUPD�
WLRQV�� GHIHFW� LQWHUDFWLRQV�� DQG� LRQ�HOHFWURQ
SURFHVVHV��

���([SHULPHQWDO
8QGRSHG� $:2�� FU\VWDOV� REWDLQHG� XVLQJWKH�&]RFKUDOVNL�WHFKQLTXH�ZHUH�VWXGLHG��7KH

PHDVXUHPHQWV� RQ� &D:2�� DQG� 3E:2��&�K� Ü,���D� VSDFH� JURXS�� VDPSOHV� ZHUH� SHU�
IRUPHG� SDUDOOHO� WR� WKH� JURZWK� D[LV� >���@
DQG�SHUSHQGLFXODU� WR� FOHDYDJH� IDFH� ������RI
WKH�&G:2�� FU\VWDO� �&�K� Ü3��F� VSDFH� JURXS��
)LJ���� LOOXVWUDWHV� WKH� GHWDLOV� DQG� FU\VWDO�
ORJUDSKLF� IHDWXUHV� RI� H[SHULPHQW� JHRPHWU\
IRU� $:2�� FU\VWDOV�� +HUH�� VKRZQ� DUH� VRPHFU\VWDOORJUDSKLF� HOHPHQWV� �EDVDO�� FOHDYDJH
SODQHV��GHSLFWHG�E\�WKH�VXLWDEOH�KNO�V\PEROV�
LQWHUVHFWLRQV� RI� SODQHV�� VWUXFWXUDO� HOHPHQWV
RI�XQLW� FHOOV�� FRRUGLQDWLQJ�SRO\KHGUD�RI� WKH
DWRPV�LQ�LQYHVWLJDWHG�WXQJVWDWH�VWUXFWXUHV��
WRR�� 7KH� VDPSOHV� SUHSDUHG� ZHUH
��u��u����PP�� VL]H�� 7KH� DTXDGDJ� RU� $J�
SDVWH� ZDV� XVHG� DV� WKH� FRQWDFW�� $� TXDUW]
WHPSHUDWXUH�FRQWUROOHG� PHDVXULQJ� FHOO� ZDV
XVHG� LQ� WKH� LQYHVWLJDWLRQV� �ZLWK� WKH� WHP�
SHUDWXUH� FRQWURO� DFFXUDF\� RI� EHWWHU� WKDQ
r��.���7KH�H�YDOXHV�IRU�DVVXPHG�VPDOO�HGJH
HIIHFWV�ZHUH�FDOFXODWHG�XVLQJ�WKH�ZHOO�NQRZQ
UHODWLRQ�IRU�D�IODW�FDSDFLWRU�H� �&G�H�6���&�LVWKH� PHDVXUHG� FDSDFLWDQFH� RI� WKH� VDPSOH�� G
DQG� 6� DUH� LWV� WKLFNQHVV� DQG� DUHD�� UHVSHF�
WLYHO\�� DQG� H�� LV� WKH� SHUPLWWLYLW\� RI� IUHHVSDFH���7KH�FDSDFLWDQFH�RI�D�VDPSOH�ZDV�UH�
FRUGHG� XVLQJ� D� &/5� (����� PHDVXULQJ� XQLW
�RSHUDWLRQ� IUHTXHQF\�� �� N+]��� 7KH� URRW�
PHDQ�VTXDUH�YDOXH�RI�WKH�YROWDJH�GURS�RQ�D
PHDVXUHG� REMHFW� GLG� QRW� H[FHHG� ���� 9�� 7R
REWDLQ� FRUUHFW� UHVXOWV�� WKH� FDSDFLWDQFH� RI
WKH� FRQQHFWLRQ� V\VWHP� ZDV� WDNHQ� LQWR� DF�
FRXQW��7KH�WHPSHUDWXUH�ZDV�PHDVXUHG�XVLQJ
D� VWDQGDUG� FKURPHO�DOXPHO� WKHUPRFRXSOH�
$OO� RWKHU� H[SHULPHQWDO� GHWDLOV�� LQ� SDUWLFX�
ODU�� WKH� HOHFWULFDO� FRQGXFWLYLW\� PHDVXUH�
PHQWV�ZHUH�WKH�VDPH�DV�WKRVH�GHVFULEHG�EH�
IRUH�LQ�>�Ü�@�

7KH�PHDVXUHPHQWV� LQ� WKH� OLQHDU� KHDWLQJ
RU� FRROLQJ� UHJLPHV� DW� D� UDWH� RI� ����.�V� LQ

WKH�WHPSHUDWXUH�UDQJH�7� ����Ü����.�ZHUH
SHUIRUPHG�� 5HOD[DWLRQ� RI� D� VDPSOH� WR� WKH
TXDVL�HTXLOLEULXP�VWDWH�DW�URRP�WHPSHUDWXUH
DIWHU�KLJK�WHPSHUDWXUH�KHDWLQJ�ZDV�FRQWURO�
OHG�E\�PHDVXULQJ�WKH�VDPSOH�FDSDFLWDQFH� LQ
FHUWDLQ� WLPH� LQWHUYDOV� W�� ,Q� RUGHU� WR� VWXG\
WKH� HIIHFW� RI� SUHOLPLQDU\� H[FLWDWLRQ� LQ� DQ
H[WHUQDO�GF�HOHFWULF�ILHOG�(��ZH�DSSOLHG�D�GF
YROWDJH��XS�WR����9��WR�D�FU\VWDO�RYHU�D�WLPH
W3� ��Ü��� PLQ� DW� GLIIHUHQW� IL[HG� WHPSHUD�WXUHV�73��7KH�PRGHO�RI�VSDFH�KHWHURJHQHRXVFKDUJH� WKH� VDPH� DV� SUHYLRXVO\� >����@� XQGHU
DVVXPSWLRQ� RI� EORFNLQJ� HOHFWURGHV� ZDV� SUR�
SRVHG�� 7KH� H[SHULPHQWDO� GDWD� ZHUH� SURF�
HVVHG� XVLQJ� WKH� VWDQGDUG� 2ULJLQ� VRIWZDUH
SDFNDJH�

)LJ�����&OLQRJUDSKLF�SURMHFWLRQ� RI�3E:2�� �D�DQG� &G:2�� �E�� FU\VWDO� XQLW� FHOOV�� 7KH� VRPHHOHPHQWV�RI�VWUXFWXUH�SUHVHQWHG�LQ�WKH�IUDPH
RI�RQH�XQLW�FHOO��7KH�KNO�V\PEROV�GHSLFWHG�WKH
UHVSHFWLYH� VOLS� SODQHV�� 6HFWLRQ� RI� WKH� SODQHV
GHSLFWHG�E\�WKH�$%��$&��DQG�$'�OLQHV��([WHU�
QDO� HOHFWULF� GF� ILHOG� DSSOLHG� SDUDOOHO� WR� WKH
YHFWRU�(�
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���5HVXOWV�DQG�GLVFXVVLRQ
)LJV���� LOOXVWUDWH� LQ� WKH� OQVÜ����7� SORW

WKH� W\SLFDO� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH
$:2�� FU\VWDOV� GLUHFW� FRQGXFWLYLW\�� $W� WKHGHWDLOHG� FRQVLGHUDWLRQ� RI� WKH� OQV�����7�
FXUYHV��WKH\�FDQ�EH�DSSUR[LPDWHG�E\�VHYHUDO
OLQHDU�VHJPHQWV�GHSLFWLQJ�WKH�FRUUHVSRQGLQJ
GLIIHUHQW� DFWLYDWLRQ� HQHUJ\� YDOXHV� >�@�� $V
)LJ���� VKRZ�� WKH� V�7�� FXUYHV� DUH� FKDUDF�
WHUL]HG� E\� ORZ�WHPSHUDWXUH� �VWUXFWXUDO�VHQ�
VLWLYLW\��DQG�KLJK�WHPSHUDWXUH�VHJPHQWV��$W
ORZ� WHPSHUDWXUHV�� WKH� YDOXHV� RI� DFWLYDWLRQ
HQHUJ\� DUH� ORZ� �����Ü����� H9��� 7KH� V�7�
FXUYHV� LQ� ORZ�WHPSHUDWXUH� UDQJH� DUH
VWURQJO\�GHSHQGHQW�RQ�WKHUPDO�SUHKLVWRU\�RI
FU\VWDOV�� WKHUPDO� WUHDWPHQW�� DQG� RWKHU� H[�
SHULPHQWDO� FRQGLWLRQV�� $W� KLJK� WHPSHUD�
WXUHV�� WKH� YDOXHV� RI� DFWLYDWLRQ� HQHUJ\� IRU
WKH�$:2��FU\VWDOV�DUH����Ü����H9��7KH�GHSHQGHQFHV�RI�H�7��FXUYH�SDWWHUQ�RQ
PD[LPDO� WHPSHUDWXUH� KHDWLQJ� 7K� RI� WKHVDPSOH�3E:2��DQG�&G:2��DUH�SUHVHQWHG�LQ)LJ���� �DÜG�� DQG� LQ� )LJ���H�� UHVSHFWLYHO\�
+HUH�� VKRZQ� LV� WKH� WUHQG� RI� FXUYHV� LQ� VXF�
FHVVLYH�KHDWLQJ�FRROLQJ�F\FOHV��7KH�WHPSHUD�
WXUH�7K� IRU�WKH�3E:2��FU\VWDOV�ZDV�FKRVHQLQ�DFFRUGDQFH�ZLWK�HDUOLHU�LQYHVWLJDWLRQV�RQ
WKHUPDOO\� VWLPXODWHG� FXUUHQWV� >�������@�
8VLQJ� WKH� WKHUPDO� GHSRODUL]DWLRQ� PHWKRG�
XQGHU�FHUWDLQ�FRQGLWLRQV��ZH�REVHUYHG�VHULHV
RI�GHSRODUL]DWLRQ� FXUUHQW�SHDNV� LQ� WKH� WHP�
SHUDWXUH� UDQJHV� ���Ü���� .� �WKH� UDQJH� $��
���Ü����.��%���DQG����Ü����.��&���:H�DV�
VXPHG�WKDW�WKHVH�SHDNV�DUH�UHODWHG�WR�GLSROH
SRODUL]DWLRQ� �UDQJHV� $�� %�� RU� WR� VSDFH
FKDUJHV�SURGXFHG�E\�HTXLOLEULXP�FDUULHUV�LQ
D�VDPSOH��UDQJH�&��>�������@�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� SHU�
PLWWLYLW\� RI� 3E:2�� �DÜG�� DQG� &G:2�� �H�FU\VWDOV� RQ� ���� KHDWLQJ� DQG� ���� FRROLQJ� IRU
GLIIHUHQW� PD[LPXP� PHDVXUHPHQWV� WHPSHUD�
WXUHV� 7K� LQ� RQH� KHDWLQJ�FRROLQJ� F\FOH�� ���+HDWLQJ�RI�WKH�VDPSOH�DW�RQFH�DIWHU�WKH�ILUVW
PHDVXUHPHQW� F\FOH� UHSUHVHQWHG� E\� FXUYHV� �
DQG����7K�YDOXHV���D��������E��������F��������G������ DQG� �H�� ���� .�� 0HDVXUHPHQWV� LQ� HDFK
F\FOH� LQ� �DÜG�� FDVHV� ZHUH� SHUIRUPHG� DIWHU
NHHSLQJ�WKH�VDPSOH�XQGHU�URRP�FRQGLWLRQV�IRU
ORQJHU�WKDQ����K�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�HOHFWULFDO�FRQGXFWLYLW\�IRU�3E:2���D���&D:2���E���DQG�&G:2��F��FU\VWDOV�LQ�WKH�DLU�DW�GLUHFW�DSSOLHG�HOHFWULFDO�ILHOG��7KH�FXUYHV��D��E��F�DUH�REWDLQHG�XSRQ�ILUVW
KHDWLQJ���D��E��F�Û�PHDVXUHPHQWV�XSRQ�VHFRQG�KHDWLQJ���D��E��F�Û�XSRQ�FRROLQJ�
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,Q� )LJ����DÜG���ZH� VHH� WKDW�� LQ� UDQJHV�$
DQG� %�� SUREDEOH� SRODUL]DWLRQ� HIIHFWV
VWURQJO\�DIIHFW�WKH�H�7��FXUYHV��,Q�WKH�UDQJH
���Ü����.�� FRQYHQWLRQDO� VKDSH� RI� WKH� H�7�
FXUYHV� LV� REVHUYHG� �FXUYH� �� LQ� )LJ���G��� $
QRQOLQHDU�LQFUHDVH�LQ�H�DW�KLJK�WHPSHUDWXUHV
LV�FDXVHG�E\�DQ�H[SRQHQWLDO�LQFUHDVH�LQ�FRQ�
GXFWLYLW\� ZLWK� DFWLYDWLRQ� HQHUJLHV� RI� ���Ü
����H9�>����@� LQ�WKH�FRUUHVSRQGLQJ�WHPSHUD�
WXUH�LQWHUYDOV��,Q�WKH�UDQJH����Ü����.��WKH
H�7�� FXUYHV� PHDVXUHG� LQ� WKH� KHDWLQJ� PRGH
H[KLELW�FORVHO\�VSDFHG�FRPSOH[�PD[LPD�WKDW
JURXSHG� LQ� WZR� UDWKHU� QDUURZ� WHPSHUDWXUH
UHJLRQV����Ü����DQG����Ü����.��FXUYH���LQ
)LJ���D�DQG�FXUYH���LQ�)LJV���F���G��

7KH�H�7��FXUYHV�PHDVXUHG�RQ�KHDWLQJ�DQG
FRROLQJ� GLIIHU� LQ� VKDSH�� 7KHUPDO� K\VWHUHVLV
DSSHDUV�IRU�7K�t�����.��ZKHUH�WKH�YDOXHV�RIH�PHDVXUHG�RQ�KHDWLQJ�DUH�KLJKHU�WKDQ�WKRVH
RQ�FRROLQJ��,Q�WKH�FRROLQJ�PRGH��QR�PD[LPD
DUH� REVHUYHG� LQ� WKH� H�7�� FXUYH�� ,Q� UHSHDWHG
H[SHULPHQWV�� WKH� H�7�� FXUYHV� PHDVXUHG� RQ
KHDWLQJ�UHPDLQ�QRQOLQHDU� LUUHVSHFWLYH�RI�7KRU� RI� WKH� VDPSOH� H[SRVXUH�GXUDWLRQ� WR� QRU�
PDO� FRQGLWLRQV� SULRU� WR� PHDVXUHPHQWV�� $W
7K�t����� .� �)LJV���D�� �E��� WKH� YDOXHV� RI� HPHDVXUHG� RQ� FRROLQJ� DUH� JUHDWHU� WKDQ� RQ
KHDWLQJ�IRU�WKH�VDPH�WHPSHUDWXUHV�

$W� URRP� WHPSHUDWXUH�� WKH� YDOXHV� RI� H
XVXDOO\�OLH�LQ�WKH�LQWHUYDO���Ü����7KHVH�YDO�
XHV�DJUHH�ZLWK�WKH�GDWD�REWDLQHG�IRU�3E:2�LQ�>����@��7R�HVWDEOLVK�TXDVL�HTXLOLEULXP�YDO�
XHV� RI� H� DIWHU� KLJK�WHPSHUDWXUH� KHDWLQJ�� WKH
VDPSOH� PXVW� EH� NHSW� IRU� DERXW� ��� K� XQGHU
URRP� FRQGLWLRQV�� 7KH� LQLWLDO� FRQGXFWLYLW\� RI
FU\VWDO�LV�UHFRYHUHG�LQ�WKH�VDPH�WLPH�SHULRG�>�@�

$W� KHDWLQJ� FRQGLWLRQV� RI� PHDVXULQJ� LQ
WKH�UDQJH����Ü����.��WKH�IXQFWLRQ�H�7��IRU
3E:2�� LV� OLQHDU� DQG� FDQ� EH� DSSUR[LPDWHGE\� WKH� UHODWLRQ� H� ����������������Ü�7�� 2Q
FRROLQJ��UDQJH����Ü����.���IXQFWLRQ�H�7�� LV
DOVR� OLQHDU�� H� ����������������Ü�7�� )RU
WHPSHUDWXUHV� 7�!����� .�� WKH� H[SHULPHQWDO
H�7�� FXUYHV� GHYLDWHV� IURP� D� OLQHDU� GHSHQG�
HQFH��7KLV�GHYLDWLRQ�LV�W\SLFDO�RI�PRVW�PDWH�
ULDOV�DQG� LV�SRVVLEO\�FRQQHFWHG�ZLWK�HOHFWUL�
FDO�FRQGXFWLYLW\�SURFHVVHV�>�@�

,Q� FDVH� RI� &G:2�� FU\VWDO�� WKH� H���� GH�SHQGHQFH� LV� OLQHDU� LQ� WKH� UDQJH� ���Ü����.
�)LJ���H���)RU�&G:2�� DW� URRP�WHPSHUDWXUH�H� ����� 7KHVH� YDOXHV� DJUHH� ZLWK� WKH� JLYHQ
GDWD� IRU� &G:2�� LQ� >��@� �H� ������ $� VOLJKWOLQHDU� LQFUHDVH� WDNH� SODFH� DFFRUGLQJ� WR� WKH
UHODWLRQVKLS�H� ����������������Ü�����

$W� WKH� KHDWLQJ� DQG� FRROLQJ� WKH� H���
FXUYHV� K\VWHUHVLV� SUDFWLFDOO\� LV� QRW� RE�

VHUYHG��7KH�SUHYLRXV�SRODUL]DWLRQ�RI�&G:2�FU\VWDO� GRHV� QRW� PDNH� FKDQJHV� LQ� WKH� H���
GHSHQGHQFH�

,Q� )LJ����DÜE�� DUH� VKRZQ� WKH� H[WHUQDO
HOHFWULF�ILHOG�(��WHPSHUDWXUHV�73��DQG�WKHU�PDO� WUHDWPHQW� LQIOXHQFH� RQ� WKH� H���� FXUYHV
IRU�WKH�3E:2��FU\VWDO��UHVSHFWLYHO\��7KH�UH�VXOWV� RI� LQYHVWLJDWLRQV� RI� WKH� HIIHFW� RI� DQ
H[WHUQDO�GF�HOHFWULF�ILHOG�RQ�WKH�H����GHSHQG�
HQFH� LQ�3E:2�� DUH� VKRZQ� LQ�)LJ���� �FXUYHV��� ���� )RU� FRPSDULVRQ�� )LJ���� DOVR� VKRZV
GDWD�IRU�D�QRQ�SRODUL]HG�VDPSOH��FXUYHV�������
$V�WKH�ILHOG�ZDV�VZLWFKHG�RII�DW�����.��IDVW
UHOD[DWLRQ� SURFHVVHV� ZHUH� REVHUYHG� FRUUH�
VSRQGLQJ� WR� H� GHFUHDVLQJ� LQ� WLPH�� 7KH� H���
IXQFWLRQ�ZDV�PHDVXUHG�DIWHU�WKH�HQG�RI�WKH
IDVW�UHOD[DWLRQ��7KH�H[SHULPHQWV�VKRZ�WKDW�
LQ� WKH� UDQJH� ���Ü���� .�� VHYHUDO� PD[LPD
DUH�REVHUYHG�LQ�WKH�H�7��FXUYH�LQ�WKH�FDVH�RI
SRODUL]HG�VDPSOHV��7KH�PD[LPD�QHDU�����.
IRUP�D�GRPLQDQW��UDWKHU�QDUURZ�SHDN��'XU�
LQJ� WKH� ILUVW� PHDVXUHPHQW� LQ� WKH� KHDWLQJ
PRGH��WKLV�SHDN�ZDV�IRXQG�WR�EH�D�IHZ�WLPHV
KLJKHU� WKDQ� WKH� FRUUHVSRQGLQJ� SHDN� LQ� WKH
FDVH�RI�D�QRQ�SRODUL]HG�VDPSOH��7KH�LQWHQVL�
WLHV� RI� SHDN� GHFUHDVH� DIWHU� VHYHUDO� KHDWLQJ�
FRROLQJ�F\FOHV�DQG�IUHH�UHOD[DWLRQ�RI�WKH�VDP�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� SHUPLW�
WLYLW\� �D��RI� ����DQ� LQLWLDOO\�SRODUL]HG�3E:2�FU\VWDO��7S� �����.��WS� ����PLQ��DQG�����WKHVDPH�VDPSOH�GXULQJ�VXEVHTXHQW�KHDWLQJ��7S� ����.�� WS� ���PLQ����������0HDVXUHPHQWV� IRUD�QRQ�SRODUL]HG�VDPSOH�GXULQJ�WZR�VXFFHVVLYH
KHDWLQJ� F\FOHV�� UHVSHFWLYHO\�� ,Q� WKH� LQVHW� �E�
SUHVHQWHG� WKH� H[SHULPHQWDO� FXUYHV� RI� H�7�
PHDVXUHG� DW� ILUVW� KHDWLQJ� ����� DIWHU� VHYHUDO
KHDWLQJ�FRROLQJ� F\FOHV� DQG� UHOD[DWLRQ� RI� LQ�
YHVWLJDWHG�VDPSOH�DW�WKH�URRP�FRQGLWLRQV�����
$�GDVKHG�DQG�GDVK�GRWWHG�OLQH�VKRZV�HOHPHQ�
WDU\� FRPSRQHQWV� ,Ü,,,� RI� FXUYHV� �� DQG� �� UH�
VSHFWLYHO\��VROLG�OLQHV�DUH�WKH�VXP�RI�GHFRQYR�
OXWLRQ�FRPSRQHQWV�
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SOH� XQGHU� URRP� FRQGLWLRQV� RYHU� �Ü�� GD\V��$
VDPSOH� SRODUL]HG� DW� 73� ����� .� DQG� QRWKHDWHG�UHWDLQV�KLJK�YDOXHV�RI�H� ����Ü����DW
URRP�WHPSHUDWXUH�IRU�D�ORQJ�WLPH��

)RU� QRQSRODUL]HG� VDPSOHV� DW�7�t�����.��H
VORZO\�LQFUHDVHV�ZLWK�7��7KH�SRODUL]DWLRQ�RI�D
VDPSOH�UHVXOWV�LQ�D�IDVWHU�LQFUHDVH�LQ�H�LQ�WKH
UDQJH� ���Ü����.� DV� FRPSDUHG� WR� WKDW� IRU� D
QRQSRODUL]HG�VDPSOH��$IWHU�RQH�RU�WZR�F\FOHV
RI�KHDWLQJ�WR�7�!�����.�DQG�VXEVHTXHQW�FRRO�
LQJ�WR�URRP�WHPSHUDWXUH��D�QRQSRODUL]HG�VDP�
SOH�UHWXUQV�E\�WZR�VWDJH�ZD\�>�@�WR�WKH�TXDVL�
HTXLOLEULXP�VWDWH�ZLWK�WKH�LQLWLDO�YDOXH�RI�H��

7KH� H�7�� VSHFWUXP� FKDQJHV� FDXVHG� LUUH�
YHUVLEOH� WUDQVIRUPDWLRQ� LQ� 3E:2�� FU\VWDOGXULQJ� KLJK�WHPSHUDWXUH� KHDWLQJ� VKRZQ� LQ
)LJ���E��&XUYH���ZDV�WDNHQ�IRU�WKH�RULJLQDO
VDPSOH� ZLWK� LQLWLDO� FRQFHQWUDWLRQ� UDWLR� RI
HOHFWULFDOO\� DFWLYH� GHIHFWV�� SUHYLRXV� PRGHOV
DUH� FRQVLGHUHG� LQ� >�@�� 8QGHU� KHDWLQJ� WR� D
WHPSHUDWXUH� 7�!����� .�� WKLV� UDWLR� FKDQJHV
E\�UHGXFLQJ�RI�SRVVLEOH�DVVRFLDWH�QXPEHUV�RI
GHIHFWV� DQG� FKDUJH� UHGLVWULEXWLRQ� EHWZHHQ
GLIIHUHQW� VRUWV� RI� LQWHUDFWLQJ� FDSWXUH� FHQ�
WHUV�� &XUYH� �� �)LJ���E�� VKRZV� WKH� GHSHQG�
HQFH�H�7��IXQFWLRQ�IRU�D�VDPSOH�VXEMHFWHG�WR
VXFK� KHDWLQJ�� ,Q� WKH� VXEVHTXHQW� F\FOHV� RI
KHDWLQJ� WKH� LQWHQVLW\� FRPSRQHQWV� �VHH� )LJ�
�E�� FXUYH���� GHFUHDVH��7KH� FRPSRQHQW� ,,� LQ
WKLV�FDVH�LV�QRW�REVHUYHG��DQG�WKH�WKLUG�FRP�
SRQHQW�UHPDLQV�QHDUO\�XQFKDQJHG��2QO\�WKH
FRPSRQHQWV�,�DQG�,,,�DUH�REWDLQHG�E\�GHFRQ�
YROXWLQJ�RI� WKH�FXUYH��� �)LJ���E���5HGXFLQJ
RI�WKH�FXUYH���LQ�)LJ���E�LV�GXH�WR�ORQJ�WHUP
UHOD[DWLRQ�SURFHVVHV��UHWHQWLRQ�LQWHUYDO�RYHU
���K�XQGHU�URRP�FRQGLWLRQV���

7LPH� HYROXWLRQ� RI� WKH� H�7�� IXQFWLRQ� DQG
WKH� YDOXHV� RI� H� IRU� 3E:2�� DW� GLIIHUHQW

VWDWHG�WHPSHUDWXUHV�DUH�VKRZQ�LQ�)LJ����DQG
)LJ�����UHVSHFWLYHO\��&XUYHV��Ü���)LJ�����DUH
WDNHQ�XQGHU� WKH� VDPH�FRQGLWLRQV�DW�UHJXODU
LQWHUYDOV�����K��RI�IUHH�VDPSOH�UHOD[DWLRQ�DW
URRP� WHPSHUDWXUH�� 7KH� H[SHULPHQWV� WHVWLI\
DERXW� QRQ�HTXLOLEULXP� RI� WKH� VDPSOH� DQG
VKRZ� WKDW� WKH� UDWLRV� RI� WKH� FRQFHQWUDWLRQV
RI�FHUWDLQ�W\SHV�RI�HOHFWULFDOO\�DFWLYH�GHIHFWV
DUH� FKDQJHG� XQGHU� URRP� FRQGLWLRQV� GXH� WR
LQWHUDFWLRQV�DQG�TXDVL�FKHPLFDO�WUDQVIRUPD�
WLRQV� RI� D� FRPSOH[� GLSROH� GHIHFWV�� ,Q� WKHVH
FRQGLWLRQV�� WKH� WHPSHUDWXUH� GLIIHUHQFH� RI
H�7�� FXUYHV� SURJUHVV� LV� REVHUYHG�� 7LPH
FKDQJH�LQ�WKH�VDPSOH�VKRZ��)LJ�����TXDVL�SH�
ULRGLFLW\� RI� H� YDOXHV�� 7KLV� LV� LOOXVWUDWHG� E\
FXUYHV�H�7��IRU�VHOHFWHG�7�EHORZ�����.��

7KH� REWDLQHG� H[SHULPHQWDO� GDWD� WHVWLI\
DERXW�VKDUS�GLVWLQFWLRQV�LQ�HOHFWULFDO�FKDUDF�
WHULVWLFV�RI�WKH�$:2��FU\VWDOV�DQG�WKHLU�EH�KDYLRXU� ZLWK� FKDQJH� RI� WHPSHUDWXUH�� WKHU�
PDO�SUHKLVWRU\��DQG�RWKHU�H[SHULPHQWDO�FRQ�
GLWLRQV�� ,Q� SULQFLSOH�� WKHVH� GLVWLQFWLRQV� DUH
FRQQHFWHG�ZLWK�VWUXFWXUDO�IHDWXUHV�RI�LQYHV�
WLJDWH� FU\VWDOV� �VHH� )LJ������ 7KH� 3E:2�FU\VWDO� KDYLQJ� WKH� FOHDYDJH� SODQH� �����
FOHDYH� HDVLO\� DORQJ� ������ DQG� ������ SODQHV
XQGHU� FUDFN� SURSDJDWLRQ� >��@�� 7KH� &G:2�FU\VWDO� KDV� WKH� SHUIHFW� FOHDYDJH� IDFH� �����
>��@�� 7KH� SUHVHQFH� RI� LQGLFDWHG� SODQHV� DUH
FDXVHV� WKH� GHWHUPLQDWLRQ�OLPLWDWLRQ� RI� WKH
GLVSODFHPHQW� ZD\V� RI� YDFDQF\� GHIHFWV� DQG
FDSWXUH� WKH� ODWWHU� E\� HGJH� GLVORFDWLRQV� RU
RWKHU�VWUXFWXUDO�OLQHDU�GHIHFWV��,Q�WKH�WXQJ�
VWDWH� FU\VWDOV� JURZQ� E\� WKH� &]RFKUDOVNL
PHWKRG�� GLVORFDWLRQV� DUH� SUHVHQW� LQ� D� ODUJH
QXPEHU�� 6R�� LQ� $:2�� FU\VWDOV� WKH� GLVORFD�WLRQ�GHQVLW\�LV�DERXW����Ü����FPÜ��>������@�

(GJH� GLVORFDWLRQV� DUH� FKDUJHG�� DV�NQRZQ
IURP� WKH� SDSHU� >��@�� 7KH�PLJUDWLRQ� RI� WKH
GLVORFDWLRQV� DW� HOHYDWHG� WHPSHUDWXUHV� DQG

)LJ����� 7LPH� HYROXWLRQ� RI� H� YDOXHV�PHDVXUHG
DW� GLIIHUHQW� VHOHFWHG� WHPSHUDWXUHV�� �� Ü� ����
��Ü��������Ü��������Û��������Û��������Û�����.�

)LJ�����([SHULPHQWDO�IXQFWLRQ�H�7��LQ�GHSHQG�
HQFH� RQ� WKHUPDO� SUHKLVWRU\� RI� 3E:2�� FU\V�
WDOV�� &XUYH� ���� FRUUHVSRQG� WR� WKH� H�7�� RE�
WDLQHG� DW� ILUVW� PHDVXUHPHQW�� ���� Û� DIWHU
���K������Û����K������Û����K������Û����K�
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H[WHUQDO� DSSOLHG� GF� ILHOG� �DV� VKRZQ� LQ
)LJ�����LV�QRW�H[FOXGHG�

,QWHUDFWLRQ� WKH� ODWWHU� ZLWK� YDFDQFLHV
IRUP�WKH�LUUHJXODU�GLVWULEXWLRQ�RI�FKDUJH�LQ
WKH� FU\VWDO�� ORFDO� GHIRUPDWLRQ� LQVWDELOLW\�
DQG�UHVXOWV�LQ�FKDQJHV�GHSHQGHQFHV�RI�H�YDO�
XHV� DQG� RWKHU� FKDUDFWHULVWLFV� RI� VDPSOH� LQ�
GXFHG� E\� WHPSHUDWXUH� DQG� WLPH�� ,Q� FRQGL�
WLRQV� RI� VXFK� SURFHVVHV�� WKH� FKDUDFWHULVWLF
UHOD[DWLRQ� WLPHV� RI� WKH� VDPSOH� ZLOO� DOVR
FKDQJH� DQG� HVWDEOLVKLQJ� RI� WKHUPRG\QDPLF
HTXLOLEULXP� FDQ� EH� TXDVL�SHULRGLFDO� FKDUDF�
WHU��$W� UHSHDWHG�KHDWLQJ�FRROLQJ� F\FOHV�� WKH
SURFHVVHV�ZLOO�HYROYH�WRZDUGV�WKH�IRUPDWLRQ
RI�PLFUR�SRUHV�XQWLO� WKH�FUDFNV� LQ�WKH�FU\V�
WDO�� 7KH� ODWWHU�ZDV� REVHUYHG� LQ� RXU�3E:2�PHDVXULQJ� DV� D� UHVXOW� RI� PXOWLSOH� WKHUPDO
F\FOHV��,Q�&G:2��FU\VWDO�DW�WKH�H[SHULPHQWFRQGLWLRQV�� WKH� UHOD[DWLRQ� SURFHVVHV� DUH
SRRUO\�H[SUHVVHG�RU�QRW�REVHUYHG��

$QRWKHU� DGGLWLRQDO� PHFKDQLVP� RI� H�7�
IXQFWLRQ�FKDQJH�FDQ�EH�GXH�WR�D�GLSROH�PR�
PHQW� PRGLILFDWLRQ� RI� GHIHFW� FRPSOH[HV� LQ
WKH�SURFHVV�RI�WKHUPDO�HYROXWLRQ�>�@��+HUH��WKH
GHWHUPLQDQW�IDFWRU�RI�FKDQJH� LQ�WKH�VDPSOH
LV� QRQ�VWRLFKLRPHWU\�� LWV� UROH� LQ� FUDFNLQJ
WXQJVWDWH�FU\VWDOV�ZDV�VWXGLHG�LQ�>��@��

���vRQFOXVLRQV
,Q�WKH�$:2��FU\VWDOV�DUH�REVHUYHG�VKRUW�DQG�ORQJ�WHUP�UHOD[DWLRQ�SURFHVVHV�WKDW�FDQ

PRQLWRUHG� E\� PHDVXUHPHQW� RI� HOHFWULFDO
FKDUDFWHULVWLFV��7KH�VFKHHOLWH�VWUXFWXUH�W\SH
RI� 3E:2�� LQ� FRPSDULVRQ� ZLWK� WKH� ZRO�IUDPLWH� VWUXFWXUH� W\SH� LV� �PRUH� DGYDQWD�
JHRXV�� WR� ODELOLW\� RI� HOHFWULFDO� DFWLYH� GH�
IHFWV��,Q�WKH�3E:2��FU\VWDO�DW�PHDVXUHPHQWWHPSHUDWXUHV� XS� WR� ���� .� DUH� H[SHULPHQ�

WDOO\� GHWHFWHG� TXDVL�SHULRGLFDO� FKDQJH� RI� H
YDOXHV� DQG� WKH� WKHUPR�GLHOHFWULFDO� HIIHFW� LQ
WKH� SUH�H[FLWHG� VDPSOH� E\� HOHFWULF� ILHOG� DW
HOHYDWHG�WHPSHUDWXUHV��

5HIHUHQFHV
� ���0�1LNO�� 9�9�/DJXWD�� $�9HGGD�� 3K\V��6WDW�
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� ���9�1�6KHYFKXN��,�9�.D\XQ��$FWD�3K\V��3RORQLFD�$�

����������������
� ���9�1�6KHYFKXN��,�9�.D\XQ��3K\V��6ROLG�6WDWH�����

������������
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���������������
� ���+�+XDQJ��:�/L��;�)HQJ��3�:DQJ��3K\V��6WDW�

6RO��D�������������������
� ���+�+XDQJ��;�)HQJ��7�%�7DQJ�HW�DO���3K\V��6WDW�

6RO��D��������5���������
����0�9�0RNKRVRHY��=K�*�%D]DURYD��&RPSOH[�2[�

LGHV�RI�0RO\EGHQXP�DQG�7XQJVWDWH�ZLWK�,Ü,9
*URXS� (OHPHQWV�� 1DXND�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

����,�3�%DEL\FKXN��9�1�%DXPHU��9�*�%RQGDU�HW�DO��
)XQFWLRQDO�0DWHULDOV�����������������

����/�1�'HP�\DQHWV�� 9�9�,O\XNKLQ�� $�9�&KLFKDJRY�
1�9�%HORY��,QRUJDQ��0DWHU������������������

����6�*DQHVDPRRUWK\�� ,�%KDXPLN�� $�.�.DUQDO�
9�.�:DGKDZDQ��-��&U\VW��*URZWK������������������

����%�3�1DVDUHQNR��9�1�%DXPHU��(�)�'RO]KHQNRYD�
0�%�.RVP\QD��,QRUJDQ��0DWHU�������������������

����1�$�7\DSXQLQD�� (�3�%HOR]HURY�� 8VSHNKL� )L]�
LFKHVNLFK�1DXN������������������

����6DQJHHWD� 6�&�� 6DEKDUZDO�� -��&U\VW�� *URZWK�
�����������������
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