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���,QWURGXFWLRQ
6LOLFRQ� GRSHG� ZLWK� UDUH�HDUWK� HOHPHQWV

�5(��DWWUDFWV�PRUH�DQG�PRUH�DWWHQWLRQ�DV�D
PDWHULDO�RI�YHU\�JRRG�SURPLVHV�IRU�RSWRHOHF�
WURQLFV��0RVW�RI�SXEOLVKHG�ZRUNV�LV�DLPHG�DW
VWXGLHV�RI�(U�GRSDQW�SURYLGLQJ�WKH�SKRWROX�
PLQHVFHQFH� LQ� VXFK� VWUXFWXUHV� DW� ����� PP
ZDYHOHQJWK�ZKLFK�SURYLGHV�PLQLPXP�ORVV�LQ
ILEHU�RSWLF� FRPPXQLFDWLRQ� OLQHV� >����@�� 7KH
SURSHUWLHV�RI�VLOLFRQ�ILOPV�GRSHG�ZLWK�RWKHU
5(� DUH� VWXGLHG� WR� D� FRQVLGHUDEO\� ORZHU� H[�
WHQW�� ,Q� SDUWLFXODU�� HXURSLXP� DQG� \WWULXP
DSSOLFDWLRQ� LV� UDWKHU� SURVSHFWLYH� ZLWK� UH�
VSHFW� WR� LPSURYHG�VHQVLWLYLW\�RI�VLOLFRQ�PD�
WHULDO� WR�9,6� DQG�89� UDGLDWLRQ� DQG� DOVR� WR
HIILFLHQF\�RI�VRODU�FHOOV�>����@�

7KH�V\QWKHVLV�RI�WKLQ�ILOP�6L�(X�DQG�6L�<
FRPSRVLWHV� LV� VRPHZKDW� OLPLWHG�� )RU� H[DP�
SOH�� WKRVH� PDWHULDOV� FDQQRW� EH� REWDLQHG� E\
FKHPLFDO�PHWKRGV��EHFDXVH�5(V�GR�QRW�IRUP
JDVHRXV� FRPSRXQGV�� 7KDW� LV� ZK\� SK\VLFDO
PHWKRGV�VXFK�DV�PDJQHWURQ�VSXWWHULQJ� >����@
DQG�HOHFWURQ�EHDP�HYDSRUDWLRQ�>�@�DUH�XVHG�
0RUHRYHU�� ORZ� VROXELOLW\� RI� UDUH�HDUWK� HOH�
PHQWV�LQ�FU\VWDOOLQH�PDWUL[�LV�NQRZQ��ZKLOH
DPRUSKRXV� VLOLFRQ� HQDEOHV� WR� LQFUHDVH� FRQ�
VLGHUDEO\� WKH� FRQWHQW� RI� WKRVH� GRSDQWV� LQ
ILOPV��$�SHFXOLDULW\�RI�VLOLFRQ�ILOPV�ZLWK�(X

GRSDQWV� LV� GXH� WR� LWV� YDULDEOH� YDOHQF\� ���
DQG� ����� (XURSLXP� DWRPV� LQ� D� VLOLFRQ� ILOP
KDYH�EHHQ�VKRZQ�WR�EH�LQ�ERWK�YDOHQW�VWDWHV
>�@�WKDW�LPSOLHV�WKH�IRUPDWLRQ�RI�WZR�LPSX�
ULW\� FHQWHU� W\SHV�� HOHFWULFDOO\� LQDFWLYH� DQG
GRQRU�W\SH��FRQYHUVLRQ�IURP�RQH�WR�DQRWKHU
W\SH� EHLQJ� GHILQHG� E\� WKH� VXEVWUDWH� WHP�
SHUDWXUH��0RUHRYHU�� WKH� SKRWRVHQVLWLYLW\� RI
VLOLFRQ�PDWHULDO�LV�NQRZQ�WR�LQFUHDVH�FRQVLG�
HUDEO\�GXH�WR�LQFRUSRUDWLRQ�RI�(X� >�@�DQG�<
>�@�GRSDQWV��+RZHYHU��WKH�SXEOLVKHG�LQYHVWL�
JDWLRQ�UHVXOWV�RI�WKLQ�ILOP�FRPSRVLWHV�6L�(X
DQG�6L�<� >�Ü�@� FRQFHUQHG�PDLQO\� SURSHUWLHV
RI�WKH�ILOPV�ZLWKRXW�H[DPLQDWLRQ�RI�EDUULHU
VWUXFWXUHV�EDVHG�WKHUHRQ�

%HIRUH�� ZH� KDYH� V\QWKHVL]HG� 6L�(X� ILOPV
RI� GLIIHUHQW� TXDQWLWDWLYH� FRPSRVLWLRQ� �����
DQG� ������ DW���� XVLQJ� WKH� HOHFWURQ�EHDP
HYDSRUDWLRQ� >�@�� ,W� KDV� EHHQ� VKRZQ� WKDW
HXURSLXP�KDV� D� UDWKHU�KLJK� VROXELOLW\� OHYHO
LQ�VLOLFRQ�ILOP����Ü���DW����HYHQ�LI�LWV�FRQ�
WHQW�LQ�WKH�LQLWLDO�DOOR\�LV�DV�ORZ�DV���DW���
7KH�ILOPV�GHSRVLWHG�IURP�DOOR\�ZLWK�KLJK�(X
FRQFHQWUDWLRQ�ZHUH�IRXQG�WR�EH�XQXVDEOH�EH�
FDXVH� RI� WKHLU� UDSLG� R[LGL]LQJ� LQ� DLU�� 7KH
ILOPV� GHSRVLWHG� IURP� WKH� 6L�(X� ����� DW��
DOOR\�ZHUH�VWXGLHG�LQ�PRUH�GHWDLO��$�ELOD\HU
VWUXFWXUH� RI� 6L�(X� ILOP� ZDV� UHYHDOHG�� WKH
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ERWWRP�OD\HU�EHLQJ�VLWXDWHG�DW�WKH�ILOP�VXE�
VWUDWH� ERXQGDU\� DQG� FKDUDFWHUL]HG� E\� KLJK
FRQWHQW�RI�(X�DQG�XQLQWHQGHG�GRSDQWV��7KH
VDPH� UHVXOW�ZDV� REWDLQHG� IRU�6L�(U� ILOPV� LQ
>�@�� 7KH� VWXG\� RI� WKH� GRSDQW� FHQWHU� QDWXUH
KDV� EHHQ� VKRZQ� WZR� W\SHV� RI� (X� LQFOXGLQJ
FHQWHUV�RI�GLIIHUHQW�YDOHQFHV�WKDW�FRRUGLQDWH
ZLWK�UHVXOWV�LQ�>�@�

7KH� DLP� RI� WKLV� ZRUN� LV� WR� VWXG\� WKH
SURSHUWLHV� RI� VLOLFRQ� ILOPV� ZLWK� HXURSLXP
DQG�\WWULXP�GRSDQWV��)XUWKHUPRUH�� WKH�XVH
RI�\WWULXP�LV�GXH�WR�SRVVLELOLW\�WR�JHW�PRUH
UHSURGXFLEOH� FKHPLFDO� FRPSRVLWLRQ� RI� WKH
ILOP� UHODWLYH� WR� WKH� LQLWLDO� DOOR\� EHFDXVH� RI
DOPRVW�WKH�VDPH�VDWXUDWHG�YDSRU�SUHVVXUH�RI
VLOLFRQ�DQG�\WWULXP�WKDW�LV�RI�LPSRUWDQFH�LQ
WKH�ILOP�GHSRVLWLRQ�XVLQJ�WKH�HOHFWURQ�EHDP
HYDSRUDWLRQ�

���([SHULPHQWDO
7KLQ� VLOLFRQ� ILOPV� ZHUH� GHSRVLWHG� RQWR

GLHOHFWULF� VXEVWUDWHV�6L2�� WR� VWXG\� WKH� ILOPSURSHUWLHV�DQG�RQWR�VHPLFRQGXFWLQJ�S�6L�DQG
Q�6L� WR� SUHSDUH� KHWHURVWUXFWXUHV�� 7KH� WHFK�
QRORJLFDO� SDUDPHWHUV� RI� ILOPV� GHSRVLWLRQ
ZHUH� DV� IROORZV�� SUHVVXUH� RI� UHVLGXDO� JDVHV
��Ü��7RUU��GHSRVLWLRQ�WLPH���PLQ��VXEVWUDWH
WHPSHUDWXUH� ���� WR� ����&�� 7KH� RKPLF� FRQ�
WDFWV� ZHUH� IRUPHG� E\� GHSRVLWLRQ� RI� 7L±1L
ELOD\HU�RI����DQG�����QP�WKLFNQHVV��UHVSHF�
WLYHO\��XVLQJ�WKH�HOHFWURQ�EHDP�HYDSRUDWLRQ

7KH� 5(� GRSDQWV� ZHUH� LQWURGXFHG� IURP
VSHFLDOO\� SUHSDUHG� LQLWLDO� 6L�5(� DOOR\V� RE�
WDLQHG� E\� DUF�KHDWLQJ� LQ� DUJRQ� DWPRVSKHUH
ZLWK� SUHYLRXV� WLWDQLXP� VSXWWHULQJ� LQ� YDF�
XXP� FKDPEHU�� 7KH� IROORZLQJ� LQLWLDO� DOOR\V
ZHUH�XVHG�����6L�(X�Û������DW�������6L�<�Û
������ DW���� ��� 6L�<� Û� ������ DW���� 7KH
SXUH�VLOLFRQ�ILOPV�ZHUH�REWDLQHG�LQ�WKH�VDPH
WHFKQRORJLFDO� FRQGLWLRQV� WR� FRPSDUH� WKH� HI�
IHFWV�RI�GLIIHUHQW�5(�GRSDQWV��7KH�FKHPLFDO
FRPSRVLWLRQ�RI�WKH�VDPSOHV�ZDV�H[DPLQHG�E\
$XJHU�VSHFWURVFRS\�XVLQJ�D�/$6������5LEHU�
7R� VWXG\� WKH� HOHPHQW� GLVWULEXWLRQ� RYHU� WKH
ILOP� GHSWK�� WKH� VDPSOH� VXUIDFH� ZDV� ERPEHG
ZLWK�DUJRQ�LRQV�RI���NH9�HQHUJ\��7KH�HWFKLQJ
UDWH�ZDV����$�PLQ��7R�PHDVXUH�WKH�VHQVLWLY�
LW\� WR� XOWUDYLROHW� UDGLDWLRQ�� D� 89�ODPS�ZLWK
����QP�ZDYHOHQJWK�ZDV�XVHG�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�VDPSOHV�VR�REWDLQHG�KDYH�WKH�IROORZ�

LQJ� VWUXFWXUH� LQ� FURVV� VHFWLRQ�� FRQWDFWV� RI
���QP�WKLFNQHVV��RQO\�WKH�ORZHU�OD\HU��7L��LV
VKRZQ�LQ�WKH�VSHFWUXP�����WR����QP�WKLFN�VLOL�
FRQ�ILOP�DQG�VXEVWUDWH��R[LGL]HG�VLOLFRQ�OD\HU�
RI� ��Ü��� QP� WKLFNQHVV� RQ� F�6L� �)LJ����� D�� RU
F�6L��)LJ�����E��F���7KH�ILOP�FRQVLVWV�PDLQO\�RI

6L� DQG� LQWHQWLRQDO� GRSDQWV� Û� HXURSLXP
�)LJ�����D��RU�\WWULXP��)LJ�����E��F���DQG�DOVR
FRQWDLQV� D� FHUWDLQ� DPRXQW� RI� XQLQWHQWLRQDO
GRSDQWV� �2��&�� 6L2���� $V� WR�<� GRSDQW�� WKHUHSURGXFLELOLW\� RI� FKHPLFDO� FRPSRVLWLRQ
ZLWK�UHVSHFW�WR�WKH�LQLWLDO�DOOR\�LV�REVHUYHG�
7KDW� LV�� WKH� ILOPV� GHSRVLWHG� IURP� 6L�<
������DW���DOOR\�FRQWDLQ���Ü���DW���RI�\W�
WULXP� �)LJ����F��� ZKLOH� WKRVH� REWDLQHG� IURP
6L�<� ������ DW��� DOOR\� FRQWDLQ� �Ü�� DW��� RI
WKLV� GRSDQW� �)LJ����� E��� )RU� FRPSDULVRQ�
HXURSLXP� HQWHUV� WKH� VLOLFRQ� ILOP� DW� D� OHYHO
RI���Ü���DW����ZKLOH�LWV�FRQWHQW�LQ�WKH�LQ�
LWLDO� DOOR\�ZDV� RQO\���DW��� �)LJ�����D���7KH
<� GLVWULEXWLRQ� RYHU� WKH� ILOP� GHSWK� LV� LQKR�
PRJHQHRXV�DQG�QRW�WKH�VDPH�DW�LWV�GLIIHUHQW

)LJ�����&KHPLFDO�FRPSRVLWRQ�SURILOHV�RYHU�WKH
GHSWK�RI�ILOPV�GHSRVLWHG�IURP�DOOR\V��6L�(X�Û
�����DW����D���6L�<�Û�������DW����E���6L�<�Û
������DW����F��
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FRQFHQWUDWLRQV�� )RU� VDPSOHV�ZLWK�<� FRQWHQW
RI� ��� DW���� WKH� PD[LPXP� GRSDQW� FRQFHQ�
WUDWLRQ�LV�REVHUYHG�DW�WKH�ILOP�VXEVWUDWH�LQ�
WHUIDFH� �)LJ����� F��ZKLOH� IRU� ILOPV�ZLWK� ORZ
\WWULXP�FRQFHQWUDWLRQ��LWV�FRQWHQW�GHFUHDVHV
JUDGXDOO\�WRZDUGV�WKH�VXEVWUDWH��)LJ�����E���

7KH�GDWD�RI�$XJHU�VSHFWURVFRS\�HQDEOH�WR
VXJJHVW� WKH� IRUPDWLRQ� RI� D� ELOD\HU� ILOP� LQ
WKH� FDVH� RI� KLJK� UDUH�HDUWK� FRQFHQWUDWLRQ�
7KH� ORZHU� OD\HU� LQ� FRQWDFW� ZLWK� WKH� VXE�
VWUDWH�LV�FKDUDFWHUL]HG�E\�D�KLJK�FRQWHQW�RI
5(� DQG� XQLQWHQWLRQDO� GRSDQWV�� 7KH� WKLFN�
QHVV� RI� VXFK� D� WUDQVLWLRQ� OD\HU� PDNHV� �� WR
���QP��,Q�WKH�VHFRQG�OD\HU��WKH�5(�FRQFHQWUD�
WLRQ� LV� ORZ�� 7KDW� UHVXOW� FDQ� EH� H[SODLQHG� DV
IROORZV��,W�LV�NQRZQ�WKDW��LQ�FRQWUDVW�WR�FKHPL�
FDO� FRPSRXQGV�� WKH� FRPSRQHQWV� RI� DQ� DOOR\
HYDSRUDWH�LQGHSHQGHQWO\��7KH�HYDSRUDWLRQ�UDWH
RI�6L��<�DQG�(X�FDQ�EH�HVWLPDWHG�>�@�DV
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ZKHUH�YHYDS� LV� WKH�HYDSRUDWLRQ�UDWH��0�� WKH
PROHFXODU� ZHLJKW�� 7HYDS�� WKH� YDSRUL]DWLRQWHPSHUDWXUH��$FFRUGLQJ� WR� IRUPXOD� �����YHYDS
IRU�6L��(X��<�PDNH�XS�������Ü���������Ü��DQG
������Ü��J�FP��V�� UHVSHFWLYHO\�� 7KDW� LV�� DW
ILUVW�� WKH� KLJK�YRODWLOH� FRPSRQHQW� �(X�<�� LV
HYDSRUDWHG�DQG�WKHQ�6L��7KXV�WKH�ILOPV�DUH�RI
VDQGZLFK� W\SH�� 7KH�(X� FRQFHQWUDWLRQ� LQ� VLOL�
FRQ� ILOPV� GHSRVLWHG� IURP� DOOR\� ZLWK� FRQWHQW
RI� WKLV� GRSDQW� RQO\� �� DW�� UHDFKHV� WKH� VDPH
YDOXH� DV� LQ� WKH� VDPSOHV� REWDLQHG� IURP� 6L�<
������ DW�� DOOR\�� 7KH� VSHFWUD� UHSUHVHQWHG� LQ
)LJ����GHPRQVWUDWH�DOVR� WKH�JHWWHU�SURSHUWLHV
RI�(X�DQG�<�LQ�KLJK�FRQFHQWUDWLRQV��$�VLPL�

ODULW\�RI�GRSDQW�GLVWULEXWLRQ�IRU�5(�HOHPHQW
DQG�R[\JHQ� LV�FOHDUO\�WUDFHG�WKDW�FDQ�EH�DQ
HYLGHQFH�IRU�5(�2�ERQG�

7KH� LQWURGXFWLRQ� RI� 5(� GRSDQWV� FDXVHV
FRQVLGHUDEOH�FKDQJHV�LQ�HOHFWULF�FRQGXFWLYLW\
RI� WKH� ILOPV��7KH�GDUN�FXUUHQW� LQ�(X�GRSHG
ILOP� LV� DERXW� WKUHH� RUGHUV� RI� PDJQLWXGH
JUHDWHU�WKDQ� LQ�XQGRSHG�RQH��7KH� LQWURGXF�
WLRQ� RI�<� IDYRUV� DOVR� WKH� FXUUHQW� LQFUHDVH�
0RUHRYHU�� WKLV� LQFUHUDVH� LV� LQ�SDUDOOHO�ZLWK
WKH�<�FRQWHQW�LQ�WKH�LQLWLDO�DOOR\��6R��LQWUR�
GXFWLRQ�RI����DQG����DW��RI�\WWULXP�UHVXOW
LQ� JURZWK� RI� HOHFWULFDO� FRQGXFWLYLW\� E\
DERXW�RQH�DQG�WZR�RUGHUV�RI�PDJQLWXGH��UH�
VSHFWLYHO\�� 7KH� GLIIHUHQFH� LQ� WKH� LQIOXHQFH
RI�WKHVH�5(�FDQ�EH�FDXVHG�E\�KLJKHU�UHDFWLY�
LW\�RI�(X��

7KH� IRUPDWLRQ� RI� DQLVRW\SH� DQG� LVRW\SH
KHWHURMXQFWLRQ� RQ� WKH� S�� DQG� Q�6L� VXE�
VWUDWHV�� UHVSHFWLYHO\�� LV� WR� QRWH� ILUVW� RI� DOO
�)LJ������ 7KH� LVRW\SH� KHWHURMXQFWLRQV� DUH
VHHQ� WR� EH� FKDUDFWHUL]HG�E\� WKH�SUHVHQFH� RI
GRXEOH� VDWXUDWLRQ� WKDW� UHVXOWV� LQ� GHWHULRUD�
WLRQ�RI� UHFWLI\LQJ�SURSHUWLHV��7KH�DQLVRW\SH
KHWHURVWUXFWXUHV� GHPRQVWUDWH� WKH� UHFWLILFD�
WLRQ� IDFWRU� DW� WKH� OHYHO� RI� ���� XQGHU� �9�
7KH� HOHFWULFDO� SURSHUWLHV� RI� KHWHURMXQFWLRQV
DOVR�XQGHUJR�FRQVLGHUDEOH�FKDQJHV�ZKHQ�5(
GRSDQWV�DUH� LQWURGXFHG��%XW�� LQ�FRQWUDVW� WR
ILOPV�� WKH� HOHFWULFDO� FKDUDFWHULVWLFV� RI� KHW�
HURVWUXFWXUHV� DUH� GHWHULRUDWHG� DV� D� UXOH�
0RUHRYHU��WKHUH�LV�D�GLIIHUHQFH�LQ�LQIOXHQFH
RI�HXURSLXP�DQG�\WWULXP�RQ�LVRW\SH�DQG�DQ�
LVRW\SH�KHWHURMXQFWLRQV��7KH�FXUUHQW�YROWDJH
FKDUDFWHULVWLFV� �,9&�� RI� KHWHURVWUXFWXUHV
EDVHG� RQ� 6L�(X� ILOPV� DUH� FKDUDFWHUL]HG� E\
ORZHU� UHFWLI\LQJ� SURSHUWLHV� DV� FRPSDUHG� WR
VWUXFWXUHV� ZLWKRXW� 5(� GRSDQWV�� 7KH� LQWUR�
GXFWLRQ� RI� <� LQWR� ILOPV� GHSRVLWHG� RQ� S�6L
VXEVWUDWHV� GRHV� QRW� UHVXOW� LQ� ZHOO�GHILQHG

)LJ�����,�9�FKDUDFWHULVWLFV�RI�WKH�LVR��DQG�DQ�
LVRW\SH�KHWHURVWUXFWXUHV����Ü�Q�6L����Ü�S�6L�

)LJ����� ,QIOXHQFH� RI� <� LQWURGXFWLRQ� RQ� ,�9
FKDUDFWHULVWLFV�RI�WKH�KHWHURVWUXFWXUH����Ü�6L�
��Ü�6L�<��������DW�������Ü�6L�<��������DW����
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GHWHULRUDWLRQ� RI� �,�9�� FXUYHV�� $W� LQFUHDVHG
GHSRVLWLRQ� WHPSHUDWXUHV� �!����&��� WKH� ,9&
GHPRQVWUDWH�D�PRUH�GLVWLQFW�UHFWLI\LQJ�WKDQ
VWUXFWXUHV�ZLWKRXW�WKH�LPSXULWLHV��)LJ�������

8VLQJ� WKH� REWDLQHG� ILOPV��SKRWRUHFHLYHUV
RI� UHVLVWLYH� DQG� GLRGH� W\SH� ZHUH� UHDOL]HG�
7KH� FXUUHQW�LOOXPLQDWLRQ� FKDUDFWHULVWLFV
�/$&��ZHUH�PHDVXUHG��)LJV��������DQG�WKH�SKR�
WRVHQVLWLYLW\�FRHIILFLHQWV�ZHUH�FDOFXODWHG�DV

.SK� �
,SK����,SK�

�)����)�����8� �
,SK����,SK�

�(����(�����6���8
� ���

ZKHUH� .SK� LV� WKH� SKRWRVHQVLWLYLW\� FRHIIL�
FLHQW�� ,SK�� SKRWRFXUUHQW��)�� WKH� OLJKW� IOX[�(�� LOOXPLQDWLRQ��6�� WKH�VDPSOH�DUHD��8�� WKH
/$&�PHDVXUHPHQW�YROWDJH�

$OO� VDPSOHV� GHPRQVWUDWH� WKH� VHQVLWLYLW\
WR� YLVLEOH� OLJKW� WKDW� ZDV� UHYHDOHG� DV� WKH
SKRWRFXUUHQW� DSSHDUDQFH� XQGHU� LOOXPLQD�
WLRQ�� 7KH� VHQVLWLYLW\� YDOXHV� GHSHQG� RQ� WKH
GHSRVLWLRQ� WHPSHUDWXUH�� WKH� 5(� SUHVHQFH
DQG�W\SH��$Q�LPSURYHPHQW�LQ�SKRWRVHQVLWLYH
SURSHUWLHV�LV�REVHUYHG�DW�HOHYDWHG�GHSRVLWLRQ
WHPSHUDWXUHV�� ZKLOH� HOHFWULF� FRQGXFWLYLW\
XQGHUJRHV� WKH� PLQLPXP� LQIOXHQFH� RI� 5(�
7KLV�FDQ�EH�UHODWHG�ZLWK�VSHFLILF�IHDWXUHV�RI
D� GRSDQW� LQWURGXFWLRQ� LQWR� VLOLFRQ� PDWUL[�
1DPHO\�� DW� ORZ� GHSRVLWLRQ� WHPSHUDWXUHV
������&���WKH�5(�LPSXULWLHV�VKRZ�PRUH�JHW�
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UHQW�LOOXPLQDWLRQ� FKDUDFWHULVWLFV� RI� D� KHWHURV�
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LV� WKH�FRPSDUDWLYH�GLDJUDP�RI�SKRWRVHQVLWLY�
LW\�FRHIILFLHQWV�RI�WKH�ILOPV�
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