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5HFHQWO\�� LW� ZDV� IRXQG� WKDW� IRU� IHUUR�
PDJQHWLF� +HXVOHU� DOOR\V� 1L�0Q6Q�� 1L�0Q,Q�DQG�1L�0Q6E��D�GHYLDWLRQ�IURP�VWRLFKLRPHWU\UHVXOWV� LQ� PDUWHQVLWLF� WUDQVIRUPDWLRQ� >�@�
)RU�WKHVH�V\VWHPV��WKH�PDUWHQVLWLF�WUDQVIRU�
PDWLRQ� WHPSHUDWXUH� GHFUHDVHV� XSRQ� VXEVWL�
WXWLRQ�RI�0Q�IRU�6Q�� ,Q�RU�6E��DQ�HVSHFLDOO\
GUDVWLF�GHFUHDVH�ZDV�REVHUYHG�LQ�WKH�1L0Q,Q
V\VWHP��$V� LQ� WKH� FDVH� RI� D� �FODVVLFDO�� IHU�
URPDJQHWLF�VKDSH�PHPRU\�V\VWHP��1L±0Q±*D
�VHH� IRU� UHYLHZ� >�@� DQG� UHIHUHQFHV� WKHUHLQ��
WKH� FU\VWDO� VWUXFWXUH� RI� WKH� 1L±0Q±6Q
PDUWHQVLWLF� SKDVH� ZDV� IRXQG� WR� GHSHQG� RQ
FRPSRVLWLRQ� >�@�� ,W� LV�ZRUWK�QRWLQJ� WKDW� LQ�
WHUSUHWDWLRQ� RI� WKH� PDUWHQVLWH� FU\VWDO�
ORJUDSKLF�VWUXFWXUH�VHHPV�WR�EH�D�VXEMHFW�RI
FRQWURYHUV\�� )RU� LQVWDQFH�� EDVLQJ� RQ�;�UD\

GLIIUDFWLRQ� UHVXOWV� IRU� WKH� 1L����0Q����6Q��DOOR\��.UHQNH�HW�DO�� >�@� UHSRUWHG�D� ILYH�OD\�
HUHG�PRGXODWHG����0��PDUWHQVLWLF�VWUXFWXUH
DW�URRP�WHPSHUDWXUH��ZKHUHDV�IRU�WKH�DOOR\
RI� D� VOLJKWO\� GLIIHUHQW� FRPSRVLWLRQ�
1L��0Q����6Q������6XWRX�HW�DO��>�@�IRXQG�IURPWKH� UHVXOWV� RI� ;�UD\� GLIIUDFWLRQ� DQG� WUDQV�
PLVVLRQ� HOHFWURQ� PLFURVFRS\� WKDW� WKH
PDUWHQVLWH� KDV� D� IRXU�OD\HUHG� ��2�� VWUXF�
WXUH��7KLV� FRQWUDGLFWLRQ� FDQ�SRLQW�� LQ�SULQ�
FLSOH�� WR�D� VWURQJ�FRPSRVLWLRQDO�GHSHQGHQFH
RI� WKH� PDUWHQVLWLF� FU\VWDO� VWUXFWXUH�� 1RWH
DOVR� WKDW� D�PXOWL�VWHS�PDUWHQVLWLF� WUDQVIRU�
PDWLRQ� KDV� EHHQ� REVHUYHG� LQ
1L��0Q����6Q�����ZKLOH� D� VLQJOH�VWHS�RQH�KDVEHHQ� UHSRUWHG� IRU� WKH�1L����0Q����6Q��� FRP�SRVLWLRQ�
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7KH�VWRLFKLRPHWULF�1L�0Q6Q�KDV�WKH�&XULHWHPSHUDWXUH�7&� DERXW� ����.� DQG� WKH� VDWX�UDWLRQ�PDJQHWLF�PRPHQW� DERXW� ����P%�� 7KHSUHYLRXV� VWXGLHV� RI� 1L�±[0Q[6Q� ����d[d����KDYH� UHYHDOHG� LQWHUHVWLQJ� PDJQHWLF� SURSHU�
WLHV� RI� WKLV� V\VWHP� >�@�� ,W� ZDV� IRXQG� WKDW
WKH� VDWXUDWLRQ� PDJQHWLF� PRPHQW� ILUVW� LQ�
FUHDVHV� LQ� DOOR\V� ZLWK� [d�� DQG� WKHQ� GH�
FUHDVHV�DW�WKH�IXUWKHU�LQFUHDVH�LQ�[��,Q�FRQ�
WUDVW�� WKH� &XULH� WHPSHUDWXUH�7&� ZDV� IRXQGWR� LQFUHDVH� RYHU� WKH� ZKROH� [� UDQJH� EHLQJ
VWXGLHG�� 7KH� FRPSRVLWLRQDO� GHSHQGHQFH� RI
WKH�PDJQHWLF�PRPHQW�FDQ�EH�UHDVRQDEO\�H[�
SODLQHG� DVVXPLQJ� IHUURPDJQHWLF� FRXSOLQJ
EHWZHHQ� 0Q� DWRPV� ORFDWHG� DW� �E� �LQ
:\FNKRII� QRWDWLRQ�� SRVLWLRQV� �L�H�� EHWZHHQ
0Q� DWRPV� RFFXS\LQJ� WKH�0Q�VXEODWWLFH�� DQG
DQWLIHUURPDJQHWLF� FRXSOLQJ� EHWZHHQ� 0Q
DWRPV�RFFXS\LQJ��E�DQG��D��RU��F��SRVLWLRQV
�L�H�� EHWZHHQ�0Q� DWRPV� RFFXS\LQJ�0Q�� DQG
1L�VXEODWWLFHV���6XEVWLWXWLRQ�RI�0Q�IRU�6Q�LQ
1L��0Q��±[6Q[�FDXVHV�D�VWUXFWXUDO�LQVWDELOLW\WKDW�KDV�D�FRQVLGHUDEOH� LPSDFW�RQ�PDJQHWLF
SURSHUWLHV� RI� WKHVH� FRPSRXQGV�� 7KH� FRPSR�
VLWLRQDO� GHSHQGHQFH� RI� WKH� &XULH� WHPSHUD�
WXUH�7&�RI�WKH�DXVWHQLWLF�SKDVH�ZDV�IRXQG�WREH�ZHDN��ZKLOH�7&� RI� WKH�PDUWHQVLWLF�SKDVHGHSHQGV�VWURQJO\�RQ�WKH�FRPSRVLWLRQ�DQG�GH�
FUHDVHV� GUDVWLFDOO\� ZLWK� GHFUHDVLQJ�6Q� FRQ�
WHQW�� 0RUHRYHU�� GLIIHUHQW� VWUHQJWK� RI� H[�
FKDQJH� LQWHUDFWLRQV� LQ� PDUWHQVLWLF� DQG
DXVWHQLWLF� SKDVHV�PD\� UHVXOW� LQ� DQ�XQXVXDO
VHTXHQFH� RI� PDJQHWLF� WUDQVLWLRQV�� QDPHO\�
WKH�PDWHULDO�EHLQJ�LQ�IHUURPDJQHWLF�VWDWH�DW
ORZ�WHPSHUDWXUHV�WUDQVIRUPV� WR�D�SDUDPDJ�
QHWLF� VWDWH� DW� LQWHUPHGLDWH� WHPSHUDWXUHV
DQG�WKHQ�DJDLQ�WR�IHUURPDJQHWLF�VWDWH�XSRQ
IXUWKHU� KHDWLQJ�� 'XH� WR� WKH� XQXVXDO� VH�
TXHQFH� RI�PDJQHWLF�SKDVH� WUDQVLWLRQV� �IURP
SDUDPDJQHWLF� PDUWHQVLWH� WR� IHUURPDJQHWLF

DXVWHQLWH�� REVHUYHG� XSRQ� KHDWLQJ�� D� ODUJH
LQYHUVH� PDJQHWRFDORULF� HIIHFW� KDV� UHFHQWO\
EHHQ� REVHUYHG� LQ� 1L��0Q��±[6Q[� �[� ����� ���DOOR\V�>�@��,Q�RUGHU�WR�VWXG\�IXUWKHU�PDJQHWLF
DQG� VWUXFWXUDO� SURSHUWLHV� RI� 1L±0Q±6Q�� ZH
KDYH�SUHSDUHG�WZR�VHULHV�RI�QRYHO�IHUURPDJ�
QHWLF�VKDSH�PHPRU\�DOOR\V��1L���[0Q��±[6Q��DQG�1L���\0Q��±\6Q����[��\� ����������7KH� SRO\FU\VWDOOLQH� LQJRWV� RI� QRPLQDO
FRPSRVLWLRQV� ZLWKLQ� WKH� DERYH�PHQWLRQHG� [
DQG� \� UDQJHV� ZHUH� SUHSDUHG� E\� D� FRQYHQ�
WLRQDO�DUF�PHOWLQJ�PHWKRG��6LQFH�WKH�ZHLJKW
ORVV�GXULQJ�DUF�PHOWLQJ�ZDV�VPDOO����������
ZH� DVVXPH� WKH� UHDO� FRPSRVLWLRQV� WR� FRUUH�
VSRQG�WR�WKH�QRPLQDO�RQHV��7KH�LQJRWV�ZHUH
DQQHDOHG�DW������.�IRU����K�DQG�TXHQFKHG
LQ� LFH� ZDWHU�� 6DPSOHV� IRU� FDORULPHWULF� DQG
PDJQHWLF� PHDVXUHPHQWV� ZHUH� FXW� IURP� WKH
PLGGOH� SDUW� RI� WKH� LQJRWV�� &KDUDFWHULVWLF
WHPSHUDWXUHV� RI� WKH� GLUHFW� DQG� UHYHUVH
PDUWHQVLWLF� WUDQVIRUPDWLRQV� ZHUH� GHWHU�
PLQHG� E\� GLIIHUHQWLDO� VFDQQLQJ� FDORULPHWU\
�'6&��PHDVXUHPHQWV�SHUIRUPHG�DW�WKH�KHDW�
LQJ�FRROLQJ�UDWH���.�PLQ��0DJQHWLF�SURSHU�
WLHV� ZHUH� VWXGLHG� E\� D� 4XDQWXP� 'HVLJQ
648,'�PDJQHWRPHWHU�

7KH�'6&�PHDVXUHPHQWV�SURYLGH�D�VLPSOH
DQG� HIIHFWLYH� WRRO� WR� GHWHFW� PDUWHQVLWLF
WUDQVIRUPDWLRQV��:HOO�GHILQHG�SHDNV�VHHQ�RQ
FRROLQJ� DQG�KHDWLQJ�'6&� FXUYHV� FRUUHVSRQG
WR� GLUHFW� DQG� UHYHUVH� PDUWHQVLWLF� WUDQVIRU�
PDWLRQ��UHVSHFWLYHO\��7KH�GLUHFW�PDUWHQVLWLF
WUDQVIRUPDWLRQ� LV� FKDUDFWHUL]HG� E\� WKH
PDUWHQVLWH� VWDUW� WHPSHUDWXUH��0V�� DQG� WKHPDUWHQVLWH�ILQLVK�RQH��0I��$FFRUGLQJO\��WKHUHYHUVH� PDUWHQVLWLF� WUDQVIRUPDWLRQ� FDQ� EH
FKDUDFWHUL]HG� E\� WKH� DXVWHQLWH� VWDUW� WHP�
SHUDWXUH��$V�� DQG� WKH� DXVWHQLWH� ILQLVK� RQH�$I�� $V� DQ� H[DPSOH� RI� WKHVH� PHDVXUHPHQWV�'6&� KHDWLQJ� VFDQV� IRU� WKH� DOOR\V� IURP� WKH

)LJ�����'6&�KHDWLQJ�VFDQV�IRU�1L���[0Q��±[6Q��DOOR\V����Ü�[ � ����Ü�[ �����Ü�[ ���
)LJ�����'6&�KHDWLQJ�VFDQV�IRU�1L���\0Q��±\6Q��DOOR\V����Ü�\ �����Ü�\ �����Ü�\ ���
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VWXGLHG�FRPSRVLWLRQDO�LQWHUYDO�DUH�VKRZQ�LQ
)LJV����DQG����2XU�'6&�PHDVXUHPHQWV�KDYH
UHYHDOHG� WKDW� WKH� PDUWHQVLWLF� WUDQVIRUPD�
WLRQ� WHPSHUDWXUH� LQ� WKH� DOOR\V� VWXGLHG
VKRZV� D� QRQ�PRQRWRQLF� GHSHQGHQFH� RQ� WKH
1L� H[FHVV�[� DQG� \��:KHUHDV� DQ� LQFUHDVH� RI
PDUWHQVLWLF� WUDQVIRUPDWLRQ� WHPSHUDWXUH� LV
REVHUYHG� LQ� ERWK� WKH� V\VWHPV� DV� 1L� H[FHVV
LQFUHDVHV�IURP���DW���WR���DW����D�IXUWKHU
VXEVWLWXWLRQ� RI� 0Q� IRU� 1L� GRHV� QRW� DIIHFW
PDUWHQVLWLF� WUDQVIRUPDWLRQ� WHPSHUDWXUH�� ,Q
WKH�1L���\0Q��±\6Q��� V\VWHP��WKH�PDUWHQVLWLFWUDQVIRUPDWLRQ� WDNHV� SODFH� DW� KLJKHU� WHPSHUD�
WXUHV� WKDQ� LQ� WKH� 1L���[0Q��±[6Q��� DOOR\V�ZKLFK� LV� LQ� DFFRUGDQFH� ZLWK� WKH� UHVXOWV� RI
SUHYLRXV�VWXGLHV�>����@�

7KH�UHVXOWV�REWDLQHG�IURP�WKH�PDJQHWL]D�
WLRQ� PHDVXUHPHQWV� SRLQW� WR� WKH� FRPSOH[
PDJQHWLF� SURSHUWLHV�RI� WKHVH�PDWHULDOV��)RU
LQVWDQFH�� VRPH�RI� WKH�DOOR\V�H[KLELW� VHYHUDO
DQRPDOLHV�LQ�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI
VXVFHSWLELOLW\�ZKLFK�DOORZV�WR�FRQFOXGH�WKDW�
LQ� FRQWUDVW� WR�1L0Q*D� DOOR\V� >�@�� WKH�&XULH
WHPSHUDWXUH� RI� PDUWHQVLWH� LQ� WKH� VWXGLHG
1L±0Q±6Q� FRPSRVLWLRQV� LV� ORZHU� WKDQ� WKDW
RI�DXVWHQLWH��$Q�H[DPSOH�RI�WKHVH�PHDVXUH�
PHQWV� LV� VKRZQ� LQ� )LJ���� IRU� WKH� FDVH� RI
1L��0Q��6Q��� DOOR\�� ,W� LV� HYLGHQW� WKDW� WKHPDJQHWL]DWLRQ� RI� WKLV� DOOR\�PHDVXUHG� XSRQ
FRROLQJ� LQ�D�ORZ�PDJQHWLF�ILHOG�+� �����2H
H[KLELWV� D� MXPS�OLNH� LQFUHDVH� DW� a� ���� .
DQG�a����.��6LQFH�ERWK�WKHVH�DQRPDOLHV�DUH
REVHUYHG�LQ�WKH�PDUWHQVLWLF�VWDWH��WKH�KLJK�
WHPSHUDWXUH� DQRPDO\� FDQ� EH� DWWULEXWHG� WR
WKH� &XULH� WHPSHUDWXUH� RI� PDUWHQVLWH�� 7KH
RULJLQ� RI� WKH� ORZ�WHPSHUDWXUH� DQRPDO\� UH�
PDLQV� XQFOHDU� DW� SUHVHQW�� 0RVW� OLNHO\�� WKH
DQRPDO\�DW�7�a�����.�FRUUHVSRQGV�WR�DQ�LQ�
WHUPDUWHQVLWLF� WUDQVIRUPDWLRQ� EHWZHHQ� GLI�
IHUHQW�FU\VWDOORJUDSKLF�PRGLILFDWLRQV�RI�WKH
ORZ�WHPSHUDWXUH� SKDVH�� D� SKHQRPHQRQ
ZKLFK� KDV� RIWHQ� EHHQ� REVHUYHG� LQ� WKH� 1L±
0Q±*D� V\VWHP� DQG� SUHVXPDEO\� LQ� WKH� 1L±
0Q±6Q�DOOR\V�>�@�DV�ZHOO��7KH�UHVXOWV�IRU�WKH
PDJQHWL]DWLRQ� WHPSHUDWXUH� GHSHQGHQFH
PHDVXUHG� LQ���7�ILHOG� �LQVHW�LQ�)LJ�����VXJ�
JHVW� WKDW� WKH� PDJQHWL]DWLRQ� VDWXUDWLRQ� RI
WKHVH�WZR�PDUWHQVLWLF�SKDVHV�LV�QHDUO\�LGHQ�
WLFDO��+RZHYHU��D�SRVVLELOLW\�WKDW�WKLV�DQRP�
DO\� LV� DQ� HYLGHQFH� WKDW� WKH� WZR�PDUWHQVLWLF
SKDVHV� KDYH� ZHOO� VHSDUDWHG� &XULH� WHPSHUD�
WXUHV�FDQQRW�EH�H[FOXGHG�� VLQFH�SKDVH� WUDQ�
VLWLRQ�WHPSHUDWXUHV�LQ�1L��0Q��6Q���DOOR\�GRQRW� GLIIHU� VLJQLILFDQWO\� IURP� WKRVH� LQ
1L��0Q��6Q��� >�������@�� DQG� IRU� WKH� ODWWHUFRPSRVLWLRQ�WKH�&XULH�WHPSHUDWXUH�RI�PDUWHQ�
VLWH�7&0� �����.�KDV�EHHQ�UHSRUWHG�>����@�$�SHFXOLDULW\�RI�WKH�VWXGLHG�1L��0Q��6Q��DOOR\� LV� WKH� H[LVWHQFH� RI� DQ� XQXVXDO� VH�

TXHQFH�RI�PDJQHWLF�WUDQVLWLRQV��,Q�WKLV�FRP�
SRVLWLRQ�� D� SDUDPDJQHWLF� PDUWHQVLWLF� SKDVH
LV� VDQGZLFKHG� EHWZHHQ� IHUURPDJQHWLF
PDUWHQVLWLF� SKDVHV� �DW� ORZ� WHPSHUDWXUHV�
DQG�IHUURPDJQHWLF�DXVWHQLWLF�SKDVH��DW�KLJK
WHPSHUDWXUHV��� 7KLV� VSHFLILF� SURSHUW\� LV� HV�
VHQWLDOO\� GXH� WR� WKH� GLIIHUHQFH� LQ� WKH
VWUHQJWK� RI� WKH� H[FKDQJH� LQWHUDFWLRQV� LQ
PDUWHQVLWH�DQG�DXVWHQLWH��,W�LV�ZRUWK�QRWLQJ
WKDW�WKH�IHUURPDJQHWLF�DXVWHQLWH�H[LVWV�LQ�D
QDUURZ� WHPSHUDWXUH� LQWHUYDO� ZLWK� &XULH
WHPSHUDWXUH� RI� DXVWHQLWH�7&$� URXJKO\� FRLQ�FLGLQJ� ZLWK� WKH� DXVWHQLWH� ILQLVK� WHPSHUD�
WXUH�� )RU� WKDW� UHDVRQ�� WKH� PDJQHWL]DWLRQ
DQRPDO\� FRUUHVSRQGLQJ� WR� WKH� WUDQVLWLRQ
SDUDPDJQHWLF� PDUWHQVLWH� l� IHUURPDJQHWLF
DXVWHQLWH� LV� YLUWXDOO\� QRW� REVHUYHG� LQ� ORZ
PDJQHWLF� ILHOGV� DQG� EHFRPHV� PRUH� SUR�
QRXQFHG� LQ� KLJK� PDJQHWLF� ILHOGV� �)LJ�����
6LQFH� VXFK� D� EHKDYLRXU� RI� PDJQHWL]DWLRQ
FDXVHV�D�ODUJH�LQYHUVH�PDJQHWRFDORULF�HIIHFW
>�@�� RXU� REVHUYDWLRQ� LPSOLHV� WKDW� D� VLPLODU
SKHQRPHQRQ� FDQ� EH� REVHUYHG� LQ
1L��0Q��6Q���7KXV�� RXU� '6&� PHDVXUHPHQWV� UHYHDOHG
WKDW� WKH� PDUWHQVLWLF� WUDQVIRUPDWLRQ� WHP�
SHUDWXUH�LQ�WKH�DOOR\V�VWXGLHG�VKRZV�D�QRQ�
PRQRWRQLF� GHSHQGHQFH� RQ� WKH� 1L� H[FHVV� [
DQG�\��:KHUHDV�WKH�PDUWHQVLWLF�WUDQVIRUPD�
WLRQ� WHPSHUDWXUH� LQFUHDVHV� LQ� ERWK� WKH� V\V�
WHPV�DV�1L�H[FHVV� LQFUHDVHV�IURP���DW���WR

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� PDJQHWL�
]DWLRQ�0�7�� IRU�1L��0Q��6Q���PHDVXUHG�XSRQFRROLQJ� LQ� D�PDJQHWLF� ILHOG�+� �����2H��7KH
LQVHW�VKRZV�0�7��RI�WKLV�DOOR\�PHDVXUHG�XSRQ
KHDWLQJ� LQ�+� ���7��7KH�DQRPDO\� RI�0� VHHQ
DW�a����.�FRUUHVSRQGV�WR�WKH�WUDQVLWLRQ�IURP
SDUDPDJQHWLF� PDUWHQVLWH� WR� IHUURPDJQHWLF
DXVWHQLWH�
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��DW����D�IXUWKHU�VXEVWLWXWLRQ�RI�0Q�IRU�1L
GRHV�QRW� DIIHFW� WKH�PDUWHQVLWLF� WUDQVIRUPD�
WLRQ�WHPSHUDWXUH��7KH�UHVXOWV�RI�PDJQHWL]D�
WLRQ� PHDVXUHPHQWV� SRLQW� WR� FRPSOH[� PDJ�
QHWLF� SURSHUWLHV� RI� WKHVH� FRPSRXQGV�� 7KH
&XULH� WHPSHUDWXUH� RI� DXVWHQLWH� LV� KLJKHU

WKDQ� WKDW� RI� PDUWHQVLWH� ZKLFK� UHVXOWV� LQ
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