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'XH� WR� KLJK� UHIOHFWLYLW\� DQG� VWDELOLW\� RI
SURSHUWLHV�� WKH� PXOWLOD\HU� ;�UD\� PLUURUV
KDYH� EHHQ� XVHG� H[WHQVLYHO\� LQ� ;�UD\� VSHF�
WUDO�DQDO\VLV�DV�WKH�FU\VWDOV�DQDO\]HUV�LQ�WKH
ZDYHOHQJWK� UDQJH� IURP� ��� WR� ���� c� >�@�
8VXDOO\�� LQ� WKLV�UDQJH�WKH�PLUURUV�ZLWK�SH�
ULRG� +� PRUH� WKDQ� ��� c� DUH� XVHG�� ZKLFK�
SURYLGH� PXFK� KLJKHU� UHIOHFWLYLW\� YDOXHV
WKDQ� RWKHU� NQRZQ�PRQRFKURPDWRUV� DW� JRRG
VSHFWUDO�UHVROXWLRQ��+RZHYHU��DSSOLFDWLRQ�RI
WKH� PXOWLOD\HU� PLUURUV� IRU� D� KDUGHU� UDGLD�
WLRQ�RI�O� ���WR����c��WR�ZKLFK�WKH�z�VHULHV
RI� WKH� �UG� 3HULRG� HOHPHQWV� DUH� DWWULEXWHG�
UHTXLUHV� GHFUHDVLQJ� WKH� OD\HU� WKLFNQHVV
GRZQ� WR� �Ü���c� WR� SURYLGH� D� VDWLVIDFWRU\
VSHFWUDO�UHVROXWLRQ��6XFK�OD\HU�WKLFNQHVV�GH�
FUHDVH� LV� DVVRFLDWHG�ZLWK� IXQGDPHQWDO� WHFK�
QRORJLF�GLIILFXOWLHV�DQG�LV�DFFRPSDQLHG�E\�D
GUDVWLF�UHIOHFWLYLW\�GURS� >�@�� WKXV��WKH�PXO�

WLOD\HU� PLUURUV� PD\� \LHOG� WR� WKH� WUDGLWLRQ�
DOO\�XVHG�FU\VWDOV�DQDO\]HUV�5E$3��.$3��HWF�
7KHUH�DUH�WZR�UHDVRQV�IRU�WKH�UHIOHFWLYLW\

GURS�� 7KH� ILUVW� LV� FDXVHG� E\� LQWHUOD\HU
ERXQGDU\� URXJKQHVV� V� DQG� UHVXOWV� LQ� WKH
UHIOHFWLYLW\� GURS� ZLWK� GHFUHDVLQJ� SHULRG�+
DFFRUGLQJ� WR� DQ� DSSUR[LPDWH� ODZ� 5�a
5�H[S>���SQV�e�+��@�� ZKHUH� Q� LV� WKH� UHIOHF�
WLRQ� RUGHU�� 7KH� VHFRQG� FDXVH� LV� DVVRFLDWHG
ZLWK� GHFUHDVLQJ� UHIUDFWLRQ� LQGH[� YDULDWLRQ
DPSOLWXGH� WKURXJK� WKH� PXOWLOD\HU� PLUURU
GHSWK� DV� D� UHVXOW� RI� WKH� OD\HU� LQWHUPL[LQJ�
0RGHO� FDOFXODWLRQV� XVLQJ� WKH� ,0'� VRIWZDUH
>�@� VKRZ� WKDW� WKH� URXJKQHVV�� ILUVW� RI� DOO�
H[WLQJXLVKHV� WKH� KLJK�RUGHU� KDUPRQLFV� LQ
WKH� DQJXODU� GHSHQGHQFH� RI� ;�UD\� UHIOHFWLY�
LW\��ZKLOH� WKH� OD\HU� LQWHUPL[LQJ� VXSSUHVVHV
DOO�WKH�KDUPRQLFV�DOPRVW�VLPLODUO\��7KH�DLP
RI�WKH�ZRUN�LV�H[SHULPHQWDO�HIILFLHQF\�WHVW�
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LQJ� RI� VKRUW�SHULRG�0R±%�&� PLUURUV� LQ� WKHZDYHOHQJWK� UDQJH� RI� ���� WR� �����c� DQG� UH�
YHDOLQJ� WKH� VWUXFWXUH� FDXVH� IRU� WKH� UHIOHF�
WLYLW\�GHFUHDVH�WKHUHRI�
7KH�PXOWLOD\HU�PLUURUV�ZHUH�GHSRVLWHG�E\

GF� PDJQHWURQ� VSXWWHULQJ� LQ� DUJRQ� DWPRV�
SKHUH�� 7KH� VXEVWUDWH� ZDV� DOWHUQDWLYHO\� H[�
SRVHG� WR� WKH� PDJQHWURQ� VRXUFHV� VSXWWHULQJ
0R� DQG� %�&� XVLQJ� D� URWDU\� PHFKDQLVP� LQWKH� YDFXXP� FKDPEHU�� 7KH� OD\HU� WKLFNQHVV
UHSURGXFLELOLW\� ZLWKLQ� ������ ZDV� SURYLGHG
XVLQJ� VSXWWHULQJ� UDWH� VWDELOL]DWLRQ� DQG� H[�
SRVXUH� WLPH� FRQWURO�� 7KH� DUJRQ� ZRUNLQJ
SUHVVXUH� ZDV� ������Ü�� 7RUU��0R� GHSRVLWLRQ
UDWH�� ���� c�V�� WKDW� RI� ERURQ� FDUELGH�
����c�V��7KH�VXEVWUDWHV�ZHUH�SODQDU�JODVVHV
ZLWK� URRW�PHDQ� VTXDUH� URXJKQHVV� ��c�� 7KH
SDUDPHWHUV� RI� WKH� PLUURUV� DUH� JLYHQ� LQ
7DEOH��7KH�PXOWLOD\HU�PLUURU�SHULRG�ZDV�GH�
WHUPLQHG� IURP� WKH� SRVLWLRQV� RI� VHYHUDO� GLI�
IUDFWLRQ� PD[LPD� LQ� VPDOO�DQJOH� GLIIUDFWLRQ
SDWWHUQV� WDNLQJ� WKH� UHIUDFWLRQ� LQWR� DFFRXQW
>�@�� 7KH� PHDVXUHPHQWV� ZHUH� GRQH� XVLQJ� D
'521��0� DSSDUDWXV� LQ� &X±.D�� UDGLDWLRQREWDLQHG� ZLWK� 6L� ������ PRQRFKURPDWRU� LQ
WKH� SULPDU\� EHDP�� )RU� WKH� ZDYHOHQJWK
UDQJH� RI� ����� WR� ����c�� WKH� PHDVXUHPHQWV
ZHUH� FDUULHG� RXW� XVLQJ� D� 63587�9� VSHF�
WURPHWHU� �8NUDLQH�� LQ� WKH� HPLVVLRQ� RI� DQD�
O\WLFDO� IOXRUHVFHQFH� OLQHV� RI�GLIIHUHQW�PDWH�
ULDOV�� 7KH� IOXRUHVFHQFH� ZDV� H[FLWHG� E\� WKH
VSHFWUXP�RI�D�VKRW�WKURXJK�%6����WXEH�ZLWK
$J�WDUJHW��DW����N9��7KH�SULPDU\�EHDP�ZDV
UHJLVWHUHG� E\� D� IORZ�SURSRUWLRQDO� GHWHFWRU
ZLWK� WKUHVKROGV� WXQHG� IRU� WUDQVPLVVLRQ� RI
WKH� VHOHFWHG� DQDO\WLFDO� OLQH�� 7KH� VFDWWHUHG
UDGLDWLRQ� FRQWULEXWLRQ� WR� WKH�PHDVXUHG�SUL�
PDU\� EHDP� LQWHQVLW\� ZDV� FRQWUROOHG� XVLQJ
WKH� VFDWWHULQJ� EDFNJURXQG� RI� VXEVWDQFHV
FRQVLVWLQJ� RI� OLJKW� HOHPHQWV� �%H�� %�� &�� 2
HWF���� DQG� GLG� QRW� H[FHHG� �� ��� 7KH� SHDN
LQWHQVLWLHV�IURP�WKH�FU\VWDOV�ZHUH�PHDVXUHG
DW� WKH� VDPH� WKUHVKROGV� DV� IRU� WKH� SULPDU\
EHDP� PHDVXUHPHQWV�� 7KH� SHDN� UHIOHFWLYLW\

ZDV�GHWHUPLQHG�E\�WKH�UDWLR�RI�WKH�UHIOHFWHG
VLJQDO� WR� WKH� LQFLGHQW� EHDP� WDNLQJ� LQWR� DF�
FRXQW�WKH�FRUUHFWLRQ�IRU�WKH�VFDWWHUHG�UDGLD�
WLRQ�EDFNJURXQG�
,Q�WKH�VPDOO�DQJOH�GLIIUDFWLRQ�SDWWHUQV�RI

WKH� PXOWLOD\HU� ;�UD\� PLUURUV� ZLWK� WKH� SH�
ULRG� s� IURP� ����� WR� ����� c�� WZR� WR� VL[
%UDJJ�UHIOHFWLRQV�IURP�WKH�SHULRGLFDO�VWUXF�
WXUH� FDQ� EH� REVHUYHG� �)LJ������ 7KH� KDOI�
ZLGWK� RI� WKH� SHDNV� LV� SUDFWLFDOO\� LQGH�
SHQGHQW� RI� WKH� UHIOHFWLRQ� RUGHU�� WKDW� LQGL�
FDWHV�WKH�FRQVWDQW�VWUXFWXUH�SHULRG�WKURXJK
WKH� YROXPH� LUUDGLDWHG�� $Q� H[FHSWLRQ� LV� WKH

7DEOH��7KH�SDUDPHWHUV�RI�PXOWLOD\HU�;�UD\
PLUURUV� 0R±%�&�� 7KH� FDOFXODWHG
PRO\EGHQXP�IUDFWLRQ�LQ�WKH�SHULRG�LV�����

1R� 3HULRG���c 3HULRG�DPRXQW
� ����� ���
� ����� ���
� ����� ���
� ����� ���
� ���� ���
� ����� ���

)LJ�����Fh±<�&�PLUURU�UHIOHFWLYLW\�YV�WKH�SH�ULRG� YDOXH� IRU� GLIIHUHQW� ;�UD\� ZDYHOHQJWKV�
��� ����� c� �&O±.D��� ��� ����� c� �6±.D��� ��
�����c� �0J±.D��� WKH� OLQHV� ZLWKRXW� V\PEROV�
WKH�FDOFXODWLRQ�UHVXOWV��

)LJ����� $� VPDOO�DQJOH� ;�UD\� GLIIUDFWLRQ� SDW�
WHUQ� IRU� WKH� 0R±%�&� PXOWLOD\HU� ZLWK� s� 
������c�SHULRG��6ROLG� OLQH�VKRZV�WKH�FDOFXOD�
WLRQ�E\�,0'�SURJUDP�>�@�
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VDPSOH� ZLWK� s� �������c�� LQ� ZKLFK� VRPH
EOXUULQJ� RI� WKH� KLJK� RUGHU� SHDNV� LV� RE�
VHUYHG�� )LWWLQJ� RI� WKH� FDOFXODWHG� DQG� WKH
H[SHULPHQWDO� SDWWHUQV� XVLQJ� ,0'� VRIWZDUH
>�@� KDV� HVWDEOLVKHG� DOPRVW� WKH� VDPH� LQWHU�
OD\HU�URXJKQHVV�V|����c�IRU�DOO�WKH�PLUURUV�
$V� LW� ZDV� H[SHFWHG�� WKH� PHDVXUHPHQWV� LQ
VRIW�UDGLDWLRQV�VKRZHG�WKH�UHIOHFWLYLW\�GURS
E\� D� IDFWRU� RI� ��Ü��� DV� WKH� PLUURU� SHULRG
GHFUHDVHG�IURP������WR������c��)LJ������7KH
FXUYHV� FDOFXODWHG� XQGHU� DVVXPSWLRQ� RI� LQ�
YDULDEOH� OD\HU� FRPSRVLWLRQ�� GHQVLW\�� DQG

WKLFNQHVV� UDWLR� ZLWK� GHFUHDVLQJ� WKH� SHULRG
s� ILW�ZHOO� WKH�H[SHULPHQWDO�RQHV�DW� WKH� LQ�
WHUOD\HU� URXJKQHVV� V� ���c�� 7KXV�� WKH� UH�
IOHFWLYLW\�GURS�ZLWK�GHFUHDVLQJ�SHULRG�RI�WKH
0R±%�&� PLUURUV� LV� FDXVHG�� ILUVW� RI� DOO�� E\WKH�URXJKQHVV�RI�LQWHUOD\HU�ERXQGDULHV�
7KH� VKRUW�SHULRG� 0R±%�&� PLUURUV� ZLWKs�!����c� SURYLGH� D� VXEVWDQWLDO� JDLQ� LQ� WKH

VSHFWUDO�OLQH�LQWHQVLW\�DV�FRPSDUHG�WR�5E$3
�)LJ������7KH�VSHFWUD�DUH�RI�DFFHSWDEOH�TXDO�
LW\� ZLWK� UHOLDEOH� VHSDUDWLRQ� RI� VLOLFRQ�� DOX�
PLQXP��DQG�PDJQHVLXP�OLQHV��)RU�SUDFWLFDO
DSSOLFDWLRQ� LQ� VFDQQLQJ� GHYLFHV�� WKH� +
UDQJH�IURP����WR����c�LV�RSWLPDO��+RZHYHU�
LQ�WKLV�FDVH��RQH�KDV�WR�QDUURZ�WKH�DQJXODU
EHDP� GLYHUJHQFH� LQ� WKH� ;�UD\� RSWLFDO
VFKHPH� LQ� RUGHU� WR� LPSURYH� WKH� VSHFWUDO
UHVROXWLRQ��)LJ���� VKRZV� WKDW�ZLWK�D�SURSHU
FROOLPDWLRQ� LW� LV� SRVVLEOH� WR� REWDLQ� WKH
KLJKHU�TXDOLW\�VSHFWUD�ZLWK�KLJKHU�LQWHQVLW\
DQG� EHWWHU� VSHFWUDO� UHVROXWLRQ� XVLQJ� WKH
PLUURU� ZLWK� s� ������c� WKDQ� ZLWK� s� 
�����c�

$FNQRZOHGJPHQWV�� 7KH� DXWKRUV� DUH
WKDQNIXO� WR� $6� 8NUUHQWJHQ� IRU� VXSSRUWLQJ
WKH�ZRUN��
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)LJ����� )UDJPHQWV� RI� ;�UD\� VSHFWUXP� RI
kz�l�� DOXPLQXP� DOOR\�PHDVXUHG� XVLQJ� GLI�
IHUHQW� FU\VWDOV�DQDO\]HUV�� 5E:J� �����Fh±<�&
PXOWLOD\HU� PLUURU�� s� ������c� ����� Fh±<�&
PXOWLOD\HU�PLUURU��s� ������c�����
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