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DQG� FRPSOH[HV� WKHUHRI� LQ� JHUPDQLXP�GRSHG� FDGPLXP� WHOOXULGH� VLQJOH� FU\VWDOV��%DULF� DQG
WHPSHUDWXUH� GHSHQGHQFHV� RI� GRPLQDQW� 3'� DQG� IUHH� FKDUJH� FDUULHUV� FRQFHQWUDWLRQV� LQ
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EHHQ�H[SODLQHG�E\�UHVWULFWHG�VROXELOLW\�RI�WKH�GRSDQW�XQGHU�KLJK�WHPSHUDWXUH�HTXLOLEULXP
RI� WKH� 3'�� 'HSHQGHQFH� RI� JHUPDQLXP� VROXELOLW\� LQ�&G7H� XSRQ� WHPSHUDWXUH� DQG� SDUWLDO
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&DGPLXP� WHOOXULGH� LQYHVWLJDWLRQV� DUH
FKDOOHQJHG�E\�LWV�ZLGH�DSSOLFDWLRQ�UDQJH�LQ�
FOXGLQJ� QRQ�OLQHDU� RSWLFV�� RSWLFDO� HOHFWURQ�
LFV��DQG�UDGLDWLRQ�GRVLPHWU\�>�@��&G7H�KDV�D
EURDG� VHW� RI� SK\VLFDO� DQG� FKHPLFDO� SURSHU�
WLHV�� DPRQJ� ZKLFK� D� ODUJH� DWRPLF� QXPEHU
DQG� EDQG� JDS� ZLGWK�� DELOLW\� WR� WKH� IRUPD�
WLRQ�RI�Q��DQG�S�W\SH�VHPLFRQGXFWRUV��EURDG
UDQJH�RI�WKH�VSHFLILF�UHVLVWDQFH�YDOXHV��KLJK
WUDQVSDUHQF\�LQ�WKH�,5�UHJLRQ��HWF��7KH�GRS�
LQJ� RI� FDGPLXP� WHOOXULGH� ZLWK� JHUPDQLXP
UHVXOWV� LQ� LQFUHDVHG� WHPSHUDWXUH� DQG� UDGLD�
WLRQ�VWDELOLW\�RI�WKH�FRPSRXQG��,Q�WKLV�FDVH�
HOHFWULFDO�SURSHUWLHV�RI�GRSHG�VDPSOHV�UHPDLQ
XQFKDQJHG�DIWHU�KHDWLQJ�WR�����.�DQG�GR�QRW
WHQG� WR� FKDQJH� GXULQJ� D� ORQJ� WLPH� >�@�
&G7H�*H� FU\VWDOV� DUH� SKRWRUHIUDFWLYH� >����@
DQG� DOVR� KDYH� WKH� KLJKHVW� OLJKW� DPSOLILFD�
WLRQ� FRHIILFLHQW� ZLWKRXW� DSSOLFDWLRQ� RI� H[�

WHUQDO� HOHFWULF� ILHOG� DPRQJ� DOO� WKH� VHPLFRQ�
GXFWRUV�>�@�

'LUHFWLRQDO� FKDQJH� RI� WKH� PDWHULDO� HOHF�
WULFDO� DQG� RSWLFDO� SURSHUWLHV� UHTXLUHV� WKH
HOXFLGDWLRQ� RI� WKH� QDWXUH� DQG� EHKDYLRU� RI
WKH� LQWULQVLF� DQG� H[WULQVLF� �GRSLQJ�LQGXFHG�
SRLQW� GHIHFWV� �3'���7KHUH� DUH�PDQ\� VWXGLHV
GHYRWHG� WR� VROXWLRQ� RI� WKLV� TXHVWLRQ� >�Ü�@�
,Q� WKH� VWXG\� RI� <DWVXQ\N� HW� DO�� >�@�� VLQJOH
FU\VWDOV� ZHUH� JURZQ� XVLQJ� WKH� YHUWLFDO
%ULGJPDQ�PHWKRG��7KH� FU\VWDOV�ZHUH�GRSHG
E\� LQWURGXFLQJ� WKH� FDOFXODWHG� DPRXQW� RI
JHUPDQLXP� LQWR� SUHYLRXVO\� V\QWKHVL]HG
&G7H� �DSSUR[LPDWH� JHUPDQLXP� FRQFHQWUD�
WLRQ� LQ� WKH� VDPSOH� ZDV� �������FPÜ���� ,VR�
WKHUPDO� ����������������.��GHSHQGHQFHV�RI
WKH�IUHH�FKDUJH�FDUULHU��)&&��FRQFHQWUDWLRQV
DW� GLIIHUHQW� SUHVVXUHV� RI� FDGPLXP� YDSRU
DQG�LVREDULF����������������3D��GHSHQGHQFHV
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DW� GLIIHUHQW� WHPSHUDWXUHV� ZHUH� GHWHUPLQHG
E\� VL[�SUREH� FRQYHQWLRQDO� WHFKQLTXH�� 7KH
H[SHULPHQWDO� UHVXOWV� ZHUH� FRPSDUHG� WR
WKRVH� IRU�XQGRSHG�&G7H� VLQJOH� FU\VWDOV��$V
UHYHDOHG�� DW� WHPSHUDWXUHV� ���Ü�����.� DQG
PD[LPDO� YDOXHV� RI� FDGPLXP� YDSRU� SDUWLDO
SUHVVXUH�� )&&� FRQFHQWUDWLRQV� ZHUH� HVVHQ�
WLDOO\� WKH� VDPH� ERWK� IRU� VDPSOHV� RI� *H�
GRSHG�DQG�XQGRSHG�&G7H��$�VLJQLILFDQW�GLI�
IHUHQFH�ZDV�REVHUYHG�LQ�WKH�LVRWKHUP�VORSH�
&G7H�*H� FU\VWDOV� VKRZHG� VLJQLILFDQWO\� OHVV
VORSH��ZKLFK�GHFUHDVHG� DW� WHPSHUDWXUH� HOHYD�
WLRQ�� 7KH� IDFW� ZDV� H[SODLQHG� E\� DPSKRWHULF
SURSHUWLHV� RI� JHUPDQLXP� LQ� &G7H�� ,Q� WKH
VWXG\�RI�3DQFKXN�HW�DO���LW�KDV�EHHQ�SURSRVHG
D�PRGHO�IRU�JHUPDQLXP�LQWURGXFWLRQ�LQWR�FDG�
PLXP� WHOOXULGH�� 7KH� PRGHO� LV� EDVHG� RQ� DV�
VXPSWLRQ� RI� 9&G�� ���*H&G� �/��*H&G� 9&G�� �Ü� FRP�
SOH[� IRUPDWLRQ�� 7KHVH� FRPSOH[HV� DUH� UH�
IHUUHG� WR� KDYH� DFFHSWRU� OHYHO� FKDUDFWHULVWLF
RI�&G7H�*H��$XWKRUV� >�@�KDG�EXLOW�DSSUR[L�
PDWHG� GLDJUDPV� RI� KLJK� WHPSHUDWXUH� HTXL�
OLEULXP� IRU� WKH� GHIHFWV� WKDW� GHVFULEH� RQO\
LQFRPSOHWHO\� WKH� FU\VWDO� VXEODWWLFH� LQ� SDU�
WLFXODU�� DW� WKH� ERXQGDU\� RI� DSSUR[LPDWLRQ
DUHDV�� ,W�ZDV�FRQFOXGHG�WKDW�DW� ORZ�FRQFHQ�
WUDWLRQV��JHUPDQLXP�LV�ORFDWHG�PDLQO\�LQ�&G
VXEODWWLFH�� ZKLOH� DW� FRQFHQWUDWLRQV� H[FHHG�
LQJ��������FPÜ��*H�VXEVWLWXWHV�HTXLSUREDEO\
ERWK� &G� DQG� 7H� DWRPV� >�@�� ,W� VKRXOG� EH
QRWHG� WKDW�&G7H� FHQWHUV� DUH� QRW� FRQILUPHG
LQ� H[SHULPHQW� WR� GDWH� DQG� VWD\� DV� D�PRGHO
K\SRWKHVLV�� ,Q� >�@�� GLIIHUHQW� GDWD� ZHUH� RE�

WDLQHG�ZKLFK�IRUP�D�EDVLV�IRU�WKH�VWDWHPHQW
WKDW�*H�DWRPV�DUH�ORFDWHG�RQO\�LQ�FDGPLXP
VXEODWWLFH�RI�WKH�PDLQ�PDWUL[�

'HVSLWH� RI� DERYH�PHQWLRQHG� UHVXOWV�� WKH
TXHVWLRQV� UHJDUGLQJ� JHUPDQLXP�QDWXUH� DQG
FKDUJH� LQ� FDGPLXP� WHOOXULGH� DUH� WRGD\
XQGHU� GLVFXVVLRQ�� ,Q� WKLV� ZRUN�� VRPH� QHZ
GDWD�DUH�SUHVHQWHG�RQ�GRPLQDQW�3'�DQG�IRU�
PDWLRQ� PHFKDQLVPV� WKHUHRI� LQ� &G7H�*H
FU\VWDOV�

7R� DQDO\]H� WKH� VWDWH� RI� GHIHFWV� LQ
&G7H�*H��RI�WKUHH�PRGHOV�RI�TXDVL�FKHPLFDO
UHDFWLRQV�GHVFULELQJ�IRUPDWLRQ�RI�3'�XQGHU
KLJK� WHPSHUDWXUH� DQQHDOLQJ� LQ� FDGPLXP
YDSRU�KDYH�EHHQ�FRQVLGHUHG��7KH�FRQFHQWUD�
WLRQ�RI�)&&�DQG�GRPLQDQW�3'�XQGHU�GLIIHU�
HQW� WHFKQRORJLFDO� FRQGLWLRQV� KDYH� EHHQ� FDO�
FXODWHG�WKHRUHWLFDOO\�WDNLQJ�LQWR�DFFRXQW�WKH
HQWLUH�HOHFWURQHXWUDOLW\�HTXDWLRQ�

0RGHO� RI� LVRODWHG� SRLQWHG� GHIHFWV�� (TXL�
OLEULXP� RI� WKH� GHIHFWV� LQ�&G7H�*H� FU\VWDOV
XQGHU� KLJK� WHPSHUDWXUH� DQQHDOLQJ� LQ� FDG�
PLXP�YDSRU�ZLWK�DPSKRWHULF�GRSDQW� DFWLRQ
FRXOG� EHHQ� GHVFULEHG� LQ� WHUPV� RI� .URJHU
WKHRU\�>��@�E\�TXDVL�FKHPLFDO�UHDFWLRQV��VHH
7DEOH��� $SSOLFDWLRQ� RI� DFWLRQ� PDVV� ODZ� WR
WKH� TXDVL�FKHPLFDO� UHDFWLRQV� �,Ü9,,�� VHH
7DEOH��PDNHV� LQ� � SRVVLEOH� WR� REWDLQ� H[SUHV�
VLRQV�IRU�FRQFHQWUDWLRQV�RI�LQWULQVLF�����DQG
H[WULQVLF�����3'�XVLQJ�HTXLOLEULXP�FRQVWDQWV
�.��RI�WKH�UHDFWLRQV��FDGPLXP�YDSRU�SDUWLDO
SUHVVXUH� 3&G�� WRWDO� FRQFHQWUDWLRQ� RI� WKH

7DEOH��4XDVL�FKHPLFDO�UHDFWLRQV�RI�WKH�LQWULQVLF�DQG�H[WULQVLF��GRSDQW�LQGXFHG��SRLQW�GHIHFWV�IRUPD�
WLRQ�LQ�&G7H�*H�FU\VWDOV�DQQHDOHG�LQ�&G�YDSRU�DQG�WKHLU�HTXLOLEULXP�FRQVWDQWV�.� �.�H[S�Ü'+�N7�>������@

,QGH[� 9�Û� YDSRU�� &G&G� Û� FDGPLXP� DWRPV� LQ� WKH� VLWH�� &GL�� 7HL� Û� LQWHUVWLWLDO� FDGPLXP� DQG
WHOOXULXP� DWRPV�� 9&G�� 97H�� *H&G�� *H7H� Û� YDFDQFLHV� DQG� GRSDQW� DWRPV� LQ� ERWK� VXEODWWLFHV�
UHVSHFWLYHO\��ËÜ�Û�HOHFWURQ��K��Û�KROH��Ü����Û�FKDUJH�V\PEROV��
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%DVLQJ�RQ�UHODWLRQV�IRU�GHIHFW�FRQFHQWUD�
WLRQV��������DQG�WDNLQJ�LQWR�DFFRXQW�WKH�PD�
WHULDO� EDODQFH� �9,,,�� 7DEOH�� DQG� HOHFWURQHX�
WUDOLW\� �,;�� 7DEOH�� FRQGLWLRQV�� DQ� HTXDWLRQ
IRU� GHWHUPLQDWLRQ� RI� HOHFWURQ� FRQFHQWUDWLRQ
FDQ�EH�GHULYHG�

$Q����%Q����&Q����'Q����
��(Q����)Q���*� ���

���

$� ��.cc&G.cc&G�93&G� �
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'� �.c*H.cc&G�.c&G���.c7HL���3c&G���
��.L.cc&G�93&G� �

(� �3&G� ��.cc&G�93&G� �.cc&GL���.cc&G�9���
��>*HWRW@.c*H.cc&G��

)� �.L.c*H.cc&G3&G�

*� ��.c*H.cc&G3&G� �.cc&GL���.cc&G�9��
&RQFHQWUDWLRQ�RI� WKH�FXUUHQW�FDUULHUV�Q;� LVGHWHUPLQHG�H[SHULPHQWDOO\�IURP�+DOO�HIIHFW�DV

Q;� �Q���S� �Q���.LQ���� ���
)URP�HTXDWLRQV� ����DQG������ZH�KDYH�FDO�

FXODWHG�GHSHQGHQFH�RI�WKH�+DOO�FXUUHQW�FDU�
ULHU�FRQFHQWUDWLRQ�RQ�FDGPLXP�YDSRU�SDUWLDO
SUHVVXUH� �)LJ����� FXUYH� ���� ,W� KDV� EHHQ� RE�
VHUYHG� D� GLYHUJHQFH� EHWZHHQ� H[SHULPHQWDO
DQG�FDOFXODWHG�GDWD��HOHFWURQ�FRQFHQWUDWLRQV
DUH� ORZHU� WKDQ� WKRVH� SUHGLFWHG� E\� WKH
PRGHO�

0RGHO� RI� DVVRFLDWLYH� FHQWHUV�� 7KH� GH�
FUHDVH� RI� FDOFXODWHG� )&&� FRQFHQWUDWLRQV� DW
ORZ� SDUWLDO� SUHVVXUHV� RI� FDGPLXP� YDSRXU
FDQ�EH�SURYLGHG�E\�FRQVLGHUDWLRQ�RI� WKH�DF�
FHSWRU�FRPSOH[HV�RI�JHUPDQLXP�GRSDQW�ZLWK
FDGPLXP�YDFDQF\��*H&G� 9&G�� �Ü�

*H&G� ���9&G�� �/��*H&G� 9&G�� ���{�$*H� � ���

.cS� �>$*H� @>*H&G� @��>9&G�� @���

.Sc� ���������H[S������e�N7��� 7KH�PDWHULDO� EDO�
DQFH�HTXDWLRQ�ZLOO�WDNH�WKH�IRUP��

>*HWRW@� �>*H&G� @���>*H7H� @���>$*H� @� ���
(OHFWURQHXWUDOLW\�FRQGLWLRQ�LV�GHWHUPLQHG�DV�
Q���>9&G� @����>9&G�� @���>7HL�@���>*H7H� @���>$*H� @� 

 �S����>&GL��@����>97H��@���>*H&G� @�
�

���

([SUHVVLRQV� IRU� WKH�H[WULQVLF�GHIHFW� FRQ�
FHQWUDWLRQV�DUH�DV�IROORZV�

>*H&G� @� �.c*H.cc&G>*HWRW@�u
u��.c*H.cc&G�.cS.cc&GQ��e�3&G�������

��.cc&G�93&G� Q�����

)LJ�����%DULF�GHSHQGHQFHV�RI�IUHH�FKDUJH�FDU�
ULHU� FRQFHQWUDWLRQ� LQ� WKH� &G7H�*H� ���� ���i�
DQG�&G7H� ����¡��FU\VWDOV�DW�DQQHDOLQJ�LQ�FDG�
PLXP� YDSRU�� 6ROLG� OLQHV�� FDOFXODWLRQ�� ��
PRGHO�RI�LVRODWHG�GHIHFWV�����PRGHO�RI�DVVRFLD�
WLYH�FHQWHUV�����XQGRSHG�FDGPLXP�WHOOXULGH��
>*HWRW@� ��������FPÜ��� �� ������ z�� ([SHUL�
PHQWDO�GDWD�DUH�WDNHQ�IURP�>�@�
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>*H7H� @�� �.cc&G�9�>*HWRW@3&G� Q��u
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6XEVWLWXWLQJ� WKH� UHODWLRQV� ���� DQG� ���
LQWR� WKH� HOHFWURQHXWUDOLW\� FRQGLWLRQ� ���
PDNHV� LW� SRVVLEOH� WR�REWDLQ�DQ�HTXDWLRQ� IRU
GHWHUPLQDWLRQ�RI�HOHFWURQ�FRQFHQWUDWLRQ�DV�D
IXQFWLRQ� RI� HTXLOLEULXP� FRQVWDQWV� �.�� IRU
UHDFWLRQV� GHVFULELQJ� GHIHFW� IRUPDWLRQ�� FDG�
PLXP� YDSRU� SDUWLDO� SUHVVXUH� �3&G�� DQG� WKHGRSDQW�FRQWHQW�>*HWRW@�7KH� PRGHO� RI� GHIHFW� VXEV\VWHP� ZKLFK
WDNHV� LQWR� DFFRXQW� WKH� DFFHSWRU� DVVRFLDWHV
�*H&G� 9&G�� �Ü�SURYLGHV�D�JRRG�DJUHHPHQW�ZLWK
H[SHULPHQW� DW� 3&G�a����� �)LJ����� FXUYH� ���XQOLNH� WKH� LVRODWHG� 3'� PRGHO�� :LWKLQ� WKH
UDQJH�RI�FDGPLXP�SDUWLDO�SUHVVXUH�����3D��
3&G�������3D�� WKH�)&&� FRQFHQWUDWLRQ� LV� RE�VHUYHG�WR� LQFUHDVH�DW� LQLWLDOO\��7KLV�FRQFHQ�
WUDWLRQ� DFKLHYHV� D� PD[LPDO� YDOXH� DW� 3&G�a���� 3D�� WKHQ� LW� VWDUWV� WR� GHFUHDVH� WLOO� WKH
YDOXH� FRUUHVSRQGLQJ� WR� XQGRSHG� FDGPLXP
WHOOXULGH�� 7KH� ODWWHU� HIIHFW� LV� QRW� REVHUYHG
LQ� H[SHULPHQW�� +HQFH�� ZLWKLQ� WKH� UDQJH� RI
FDGPLXP� YDSRU� VDWXUDWLRQ�� WKH� PRGHO� GH�
VFULEHV� WKH� H[SHULPHQWDO� UHVXOWV� LQDGH�
TXDWHO\��3HUKDSV�WKLV�LV�FRQQHFWHG�ZLWK�WKDW

WKH� PRGHO� GRHV� QRW� WDNH� LQWR� DFFRXQW� WKH
UHVWULFWHG�VROXELOLW\�RI�WKH�GRSDQW��7KHRUHWL�
FDO� DQDO\VLV� LQGLFDWHV� WKDW� DW� �����.�� JHU�
PDQLXP� VROXELOLW\� LQ� FDGPLXP� WHOOXULGH� LV
*H6�a������FPÜ���)LJ�����>��@�

0RGHO�RI�WKH�UHVWULFWHG�GRSDQW�VROXELOLW\�
:KHQ�GHYHORSLQJ�WKH�PRGHO�RI�&G7H�*H�GH�
IHFW�VWUXFWXUH��LW�LV�WDNHQ�LQWR�DFFRXQW�WKDW
D� IUDFWLRQ� RI� WKH� GRSDQW� DWRPV� PD\� IRUP
SUHFLSLWDWHV�*HS��,QFUHDVH�RI�WHPSHUDWXUH�7RU�GHFUHDVH� RI� FDGPLXP�YDSRU�SDUWLDO� SUHV�
VXUH� 3&G� PD\� UHVXOW� LQ� GLVVROXWLRQ� RI� SUH�FLSLWDWHV� ZLWK� VXEVHTXHQW� WUDQVLWLRQ� RI� WKH
GRSDQW� LQWR� VROLG� VROXWLRQ�� 7KH� WUDQVLWLRQ
FDQ�EH�GHVFULEHG�E\�VXFK�UHDFWLRQV�

*HS����9&G�� �/�*H&G� ����H��
*HS��/�*H7H� ���9&G�� ����K��

���

,Q� WKLV� FDVH�� WKH� PDWHULDO� EDODQFH� HTXD�
WLRQ�LV�

>*HWRW@� �>*HS@���*H6� ����
ZKHUH� >*HWRW@� LV� WKH� GRSDQW� WRWDO� FRQFHQWUD�
WLRQ� LQ�&G7H��*H6��JHUPDQLXP�VROXELOLW\�LQWKH�FRPSRXQG�

*H6� �>*H&G� @���>*H7H� @� ����
(OHFWURQHXWUDOLW\� FRQGLWLRQ� RI� WKH� PDWH�

ULDO�LV�GHILQHG�DV�
Q���>9&G� @����>9&G�� @���>7HL�@���>*H7H� @� 

 �S����>&GL��@����>97H��@���>*H&G� @�
����

)LJ�����%DULF�GHSHQGHQFHV�RI�IUHH�FKDUJH�FDU�
ULHU�FRQFHQWUDWLRQ�LQ�WKH�&G7H�*H� ����i��DQG
&G7H�����¡��FU\VWDOV�DW�DQQHDOLQJ�LQ�FDGPLXP
YDSRU� �PRGHO� RI� DVVRFLDWLYH� FHQWHUV��� *H6� 
�������FPÜ��� �� ������ z�� ([SHULPHQWDO� GDWD
DUH�WDNHQ�IURP�>�@�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� IUHH
FKDUJH�FDUULHU�FRQFHQWUDWLRQ�Q[�LQ�&G7H�*H�DW
3&G�� 3D�� ���� ����z��� ���� �������� ���� ����i��
z�� ���� i� Û� H[SHULPHQW� >�@�� VROLG� OLQHV� Û
FDOFXODWLRQ�DFFRUGLQJ�WR�WKH�UHVWULFWHG�GRSDQW
VROXELOLW\�PRGHO�
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([SUHVVLRQV� IRU� WKH�H[WULQVLF�GHIHFW�FRQ�
FHQWUDWLRQV�DUH�DV�IROORZV�
>*H7H� @� �*H6�e������.c*H.cc&G�e�.cc&G�93&G� Q���
>*H&G� @� �*H6�e������.cc&G�93&G� Q��e�.c*H.cc&G��

�
�
�

����
6XEVWLWXWLQJ� WKH� UHODWLRQVKLSV� IRU� GHIHFW

FRQFHQWUDWLRQ� �������� LQWR� WKH�HOHFWURQHXWUDO�
LW\� FRQGLWLRQ� ������ZH� FDQ� REWDLQ� DQ� HTXDWLRQ
IRU�FDOFXODWLRQ�RI�WKH�YDOXH�RI�GRSDQW�VROXELOLW\
*H6� IRU� HYHU\� H[SHULPHQWDO� GRW� �Q�� 3&G�� 7�REWDLQHG� IURP� KLJK� WHPSHUDWXUH� PHDVXUH�
PHQWV� RI� WKH� +DOO� HIIHFW�� 7KDW� FDOFXODWHG
YDOXH� RI� GRSDQW� VROXELOLW\� ZLOO� SURYLGH� WKH
VSHFLILHG�HOHFWURQ�FRQFHQWUDWLRQ�Q�

*H6� 
 ��§̈

©
¦]L
L

>'L@·̧
¹
.c*H.cc&G���.cc&G�93&G� Q�
.c*H.cc&G���.cc&G�93&G� Q���

����

ZKHUH�>'L@�Û�FRQFHQWUDWLRQV�RI�LQWULQVLF�3'
�UHDFWLRQV�������]L��FKDUJH�RI�WKH�GHIHFWV��7KHREWDLQHG� YDOXHV� IRU� JHUPDQLXP� VROXELOLW\
*H6�KDYH�EHHQ�DSSUR[LPDWHG�E\�H[SRQHQWLDOGHSHQGHQFHV�
IRU�3&G� 
 ����3D���*H6� ���������H[S�������e�N7��
IRU�3&G� ����3D���*H6� �����H[S�������e�N7��
IRU�3&G� ����3D���*H6� ���������H[S�������e�N7��

����

7KH� WKHRUHWLFDOO\� FDOFXODWHG�)&&� FRQFHQ�
WUDWLRQV� DJUHH� ZHOO� ZLWK� H[SHULPHQWDO� GDWD
IRU� LQYHVWLJDWHG� DQQHDOLQJ� WHPSHUDWXUH
UDQJH� �)LJ������ $W� FDGPLXP� YDSRU� SDUWLDO
SUHVVXUHV�3&G� RI����� WR�����3D�DQG�DQQHDO�LQJ� WHPSHUDWXUHV� RI� ���� WR� ����� .�� WKH
WHPSHUDWXUH�GHSHQGHQFHV�RI�WKH�)&&�FRQFHQ�
WUDWLRQ� DUH� VLPLODU� WR� HDFK�RWKHU��7KH� HOHF�
WURQ�FRQFHQWUDWLRQ�LQFUHDVHV�ZLWK�LQFUHDVLQJ
DQQHDOLQJ� WHPSHUDWXUH� WLOO� D� FHUWDLQ� YDOXH
DQG� WKHQ� GURSV� VKDUSO\� ZKLOH� DW� ORZ� FDG�
PLXP� YDSRU� SDUWLDO� SUHVVXUHV� �3&G�a���� 3D��� HYHQ� WKH� FRQGXFWLYLW\� W\SH� LQYHU�
VLRQ� RI� WKH�PDWHULDO� WDNHV� SODFH� DQG� D� IXU�
WKHU�LQFUHDVH�RI�WKH�KROH�FRQFHQWUDWLRQ��5H�
VXOWV� RI� WKHRUHWLFDO� DQDO\VLV� LQGLFDWH� WKDW
KLJK� DQQHDOLQJ� WHPSHUDWXUHV� �7� �����Ü
�����.��UHVXOW�LQ�LQWHQVLILFDWLRQ�RI�YDFDQF\
9&G±� DQG� LQWHUVWLWLDO� WHOOXULXP� DWRPV� 7HL±JHQHUDWLRQ�SURFHVVHV��7KRVH�SUHYDLO�RYHU�WKH
H[WULQVLF�GHIHFWV�LQ�WKDW�UHJLRQ�DQG�DFFRXQW
IRU� WKH�PDWHULDO� FRQGXFWLYLW\�S�W\SH�ZLWKLQ
WKLV�WHPSHUDWXUH�UDQJH��)LJ������7KH�FKDQJH
RI� WZR�FKDUJH� GRQRU� 3'� FRQFHQWUDWLRQ� RI
&GL���DQG�97H���LQ�WKH�PDWHULDO�ZLWKLQ�EURDGUDQJH� RI� DQQHDOLQJ� WHPSHUDWXUHV� LV� LQVLJ�
QLILFDQW�

7KH� FDOFXODWHG� YDOXHV� IRU� JHUPDQLXP
VROXELOLW\� ZLWKLQ� D� FHUWDLQ� DQQHDOLQJ� WHP�
SHUDWXUH�LQWHUYDO�DUH�ORZHU�WKDQ�H[SHULPHQ�
WDO�YDOXHV�RI�HOHFWURQ�FRQFHQWUDWLRQ��WKDW�LV
FDXVHG� E\� SUHGRPLQDQFH� RI� LQWULQVLF� 3'
RYHU� H[WULQVLF� RQHV� LQ� WKH� PDWHULDO� XQGHU
DERYH�PHQWLRQHG� FRQGLWLRQV� �)LJ������ $W� LQ�
FUHDVLQJ� FDGPLXP� YDSRU� SDUWLDO� SUHVVXUH�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�SRLQW�GH�
IHFW�DQG�IUHH�FKDUJH�FDUULHU�FRQFHQWUDWLRQV�LQ
&G7H�*H� �WKH� UHVWULFWHG� GRSDQW� VROXELOLW\
PRGHO������Q[�����>9&G� @�����>9&G�� @�����>7HL�@�����>97H��@�
���>&GL��@�����>*H7H� @�����>*H&G� @��3&G� �����3D�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� IUHH
FKDUJH� FDUULHU� FRQFHQWUDWLRQ� Q[� ���� ��� DQGJHUPDQLXP�VROXELOLW\�*H6� ������� LQ�&G7H�*H�WKH� UHVWULFWHG�GRSDQW� VROXELOLW\�PRGHO��� �
��²�H[SHULPHQW� >�@�����Û�FDOFXODWLRQ�DF�
FRUGLQJ�WR�������3&G� �����3D�
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WKLV� DQQHDOLQJ� WHPSHUDWXUH� LQWHUYDO� LQ�
FUHDVHV�� ZKLOH� JHUPDQLXP� VROXELOLW\� GH�
FUHDVHV�

,W�VKRXOG�EH�QRWHG�WKDW�IRU�DOO�LQYHVWLJDWHG
YDOXHV�RI�WHFKQRORJLFDO�DQQHDOLQJ�IDFWRUV��JHU�
PDQLXP�FRQFHQWUDWLRQ�LQ�WHOOXULXP�VXEODWWLFH
>*H7H� @� LV� E\� �Ü�� RUGHUV� ORZHU� WKDQ� WKDW� LQ
FDGPLXP� VXEODWWLFH� >*H&G� @�� 7KHUHIRUH�� WKH
+DOO�FRQFHQWUDWLRQ�RI�FKDUJH�FDUULHUV�Q;� LQFU\VWDOV�LV�FRQWUROOHG�PDLQO\�E\�GRSLQJ�FHQ�
WHUV�>*H&G� @�DQG�LQWULQVLF�3'�

7R� FRQFOXGH�� D� PRGHO� RI� TXDVL�FKHPLFDO
UHDFWLRQV� KDV� EHHQ� SURSRVHG� IRU� WKH� GHIHFW
IRUPDWLRQ�ZLWK�DFFRXQW�RI�UHVWULFWHG�JHUPD�
QLXP� VROXELOLW\�� 7KLV� PRGHO� GHVFULEHV� DGH�
TXDWHO\� WKH� GHIHFW� VXEV\VWHP� &G7H�*H� DW
KLJK� WHPSHUDWXUH� DQQHDOLQJ� LQ� FDGPLXP
YDSRU�� 'HSHQGHQFHV� RI� IUHH� FKDUJH� FDUULHU
FRQFHQWUDWLRQV� DQG� GRPLQDQW� SRLQW� GHIHFWV
XSRQ� WHFKQRORJLFDO� FRQGLWLRQV� �DQQHDOLQJ
WHPSHUDWXUH� DQG� FDGPLXP� YDSRU� SDUWLDO
SUHVVXUH�� KDYH� EHHQ� FDOFXODWHG�� ,W� KDV� EHHQ
HVWDEOLVKHG� WKDW� ZLWKLQ� WKH� DQQHDOLQJ� WHP�
SHUDWXUH� UDQJH�RI����� WR������.�� DQG�SDU�
WLDO�SUHVVXUH�RI�FDGPLXP�YDSRU�3&G��RI����WR� ���� 3D�� JHUPDQLXP� LV� ORFDWHG�PDLQO\� LQ
FDGPLXP� VXEODWWLFH�� ZKDW� DFFRXQW� IRU� WKH
HOHFWURQ� FRQGXFWLYLW\� RI� WKH�PDWHULDO��7HP�
SHUDWXUH� GHSHQGHQFHV� RI� *H� VROXELOLW\� LQ

&G7H� DW� GLIIHUHQW� SDUWLDO� SUHVVXUHV� RI� FDG�
PLXP�YDSRU�KDYH�EHHQ�GHWHUPLQHG�

5HIHUHQFHV
� ���'�9�.RUEXW\DN��6�9�0HOQLFKXN��&DGPLXP�7HO�

OXULGH��7KH�,PSXULW\�'HIHFW�6WDWHV�DQG�'HWHF�
WRU� 3URSHUWLHV�� ,YDQ� )HGRURY� 3XEO��� .\LY
�������>LQ�8NUDLQLDQ@�

� ���(�6�1\NRQ\XN�� 9�9�0DWODN�� 5�'�,YDQFKXN� HW
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� ���5�0�%LOEH�� -�(�1LFKROLV�� -�-�'DYLHV�� 3K\V�
6WDW��6RO���E�������������������

����)�$�.URJHU��7KH�6WUXFWXUH�RI�,PSHUIHFW�&U\V�
WDOV�� 1RUWK�+ROODQG� 3XEOLVKLQJ�� $PVWHUGDP�
7RN\R�1HZ�<RUN��������
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