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ZDOOHG� FDUERQ� QDQRWXEHV� �0:&17��� RUJDQRPRGLILHG�PRQWPRULOORQLWH� �007�� DQG� IRU� K\�
EULG�GLVSHUVLRQV�RI�0:&17�007�LQ��&%�QHPDWLF� OLTXLG�FU\VWDO� �/&���7KH�RSWLFDO� WUDQV�
PLWWDQFH� MXPS�DW�WKH�QHPDWLF�LVRWURSLF�WUDQVLWLRQ�ZDV�REVHUYHG� LQ�007�/&��a������ZW�
RI� 007��� 7KLV� EHKDYLRXU� ZDV� TXDOLWDWLYHO\� VLPLODU� WR� WKDW� RI� UHSRUWHG� HDUOLHU� IRU
0:&17�/&� �a���� �� ZW�� RI� 0:&17�� QDQRFRPSRVLWHV�� VXJJHVWLQJ� H[IROLDWLRQ� RI� WKH
RUJDQRFOD\� SODWH�OLNH� SDUWLFOHV� DQG� WKHLU� LQFRUSRUDWLRQ� LQWR� WKH� RULHQWDWLRQDOO\� RUGHUHG
QHPDWLF� VWUXFWXUH�� ,Q� K\EULG� GLVSHUVLRQV� WKH� HIIHFW� RI� 0:&17� DQG� 007� RQ� RSWLFDO
WUDQVPLVVLRQ�ZDV�DGGLWLYH��1RWLFHDEOH�GLIIHUHQFHV�LQ�WKH�HOHFWULF�FRQGXFWLYLW\�EHKDYLRXU�IRU
FRPSRVLWHV� ILOOHG�ZLWK�0:&17V� DQG� RUJDQRPRGLILHG�007�ZHUH� REVHUYHG�� ,W�ZDV� VKRZQ
WKDW� 0:&17V� IDFLOLWDWHG� DQG� 007� KLQGHUHG� WKH� HOHFWULF� ILHOG�LQGXFHG� WUDQVLWLRQ� IURP
SODQDU�WR��KRPHRWURSLF�VWDWH�LQ�WKH�/&�FHOO��
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'LVSHUVLRQV� RI� FDUERQ� QDQRWXEHV� �&17V�
LQ�OLTXLG�FU\VWDOV��/&��KDYH�UHFHQWO\�EHFRPH
D�VXEMHFW�RI�H[WHQVLYH�UHVHDUFK�DV�SURPLVLQJ
REMHFWV� IRU� OLTXLG� FU\VWDO� VFLHQFH�� QDQR�
SK\VLFV��DQG�SK\VLFV�RI� FROORLGDO� V\VWHPV��D
GHWDLOHG� DQDO\VLV� RI� WKH� VWDWH�RI�DUW� FDQ� EH
IRXQG� LQ� WKH� UHYLHZV� >�Ü�@�� � $� VLPSOH� DQG
VWUDLJKWIRUZDUG� PHWKRG� IRU� HYDOXDWLRQ� RI

WKH� GHJUHH� RI� LQFRUSRUDWLRQ� RI� &17V� LQWR
WKH�RULHQWDWLRQDOO\�RUGHUHG�VWUXFWXUH�RI�WKH
QHPDWLF� PHVRSKDVH� ZDV� UHFHQWO\� SURSRVHG
>�Ü�@�� 7KH� PHWKRG� LQYROYHV� FRPSDULVRQ� RI
WKH� RSWLFDO� WUDQVPLVVLRQ� MXPS� DW� WKH� QH�
PDWLF� WR� LVRWURSLF� SKDVH� WUDQVLWLRQ� IRU� /&
GLVSHUVLRQV� GRSHG� DQG� XQGRSHG�ZLWK� &17V�
6WXGLHV�RI�HOHFWULF�FRQGXFWLYLW\�RI�&17V�/&

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

)XQFWLRQDO�PDWHULDOV������������� ���



QDQRFRPSRVLWHV�DV�IXQFWLRQ�RI�&17V�FRQFHQ�
WUDWLRQ�DQG�WKH�DSSOLHG�YROWDJH�DOORZHG�IXU�
WKHU� FODULILFDWLRQ� RI� WKH� JHQHUDO� SLFWXUH� RI
VXSUDPROHFXODU� DUUDQJHPHQW� LQ� WKHVH� GLV�
SHUVLRQV�

$QRWKHU�H[DPSOH�RI�DQLVRPHWULF�SDUWLFOHV
ZKLFK�� ZKHQ� GLVSHUVHG� LQ� OLTXLG� FU\VWDOV�
FRXOG�IRUP�RUGHUHG�VXSUDPROHFXODU�DUUDQJH�
PHQWV� UHVXOWLQJ� LQ� SHFXOLDU� RSWLFDO� SURSHU�
WLHV� DQG� HOHFWURRSWLFDO� HIIHFWV� LV� SUHVHQWHG
E\�RUJDQRPRGLILHG� OD\HUHG�VLOLFDWHV� VXFK�DV
PRQWPRULOORQLWH�>�Ü�@��,Q�WKLV�FDVH��WKH�GLV�
SHUVHG� DQLVRPHWULF� DOXPLQRVLOLFDWH�SDUWLFOHV
DUH�RI�SODWH�OLNH�VKDSH�� LI�QDQRWXEHV�FDQ�EH
FRQVLGHUHG� DV� URG�OLNH� ��FDODPLWLF��� QRQ�
PHVRJHQLF�GRSDQWV�RI�ODUJH�VL]H��PRQWPRULO�
ORQLWH�SDUWLFOHV�FDQ�EH�SUHVHQWHG��LQ�D�VLPL�
ODU�PRGHO��DV��GLVFRWLF��TXDVL�PHVRJHQV��7KH
K\EULG� PDWHULDOV� ILOOHG� ZLWK� ERWK� RUJDQR�
FOD\V� DQG� &17V� FDQ� GHPRQVWUDWH� LPSURYHG
WKHUPDO� VWDELOLW\�� HOHFWULFDO� DQG�PHFKDQLFDO
SURSHUWLHV��DQG�HYHQ�V\QHUJHWLF�HIIHFWV�DULV�
LQJ� IURP� WKH� FRPELQDWLRQ� RI� SODWH�OLNH� DQG
URG�OLNH�ILOOHUV�>����������@��

,Q� WKLV� VWXG\�� ZH� FDUULHG� RXW� RSWLFDO
WUDQVPLVVLRQ� DQG� FRQGXFWLYLW\� PHDVXUH�
PHQWV� LQ� QHPDWLF� GLVSHUVLRQV� RI� RUJDQR�
PRGLILHG�PRQWPRULOORQLWH� �007�� XQGHU� H[�
SHULPHQWDO� FRQGLWLRQV� VLPLODU� WR� WKRVH�XVHG
E\�XV�LQ�>�@�IRU�QHPDWLF�GLVSHUVLRQV�RI�PXO�
WLZDOOHG� FDUERQ� QDQRWXEHV� �0:&17V��� 7R
JHW�D�IXUWKHU�LQVLJKW�LQWR�WKH�VWUXFWXUH�DQG
SURSHUWLHV� RI� VXFK� V\VWHPV�� VLPLODU� H[SHUL�
PHQWV�ZHUH�FDUULHG�RXW�XVLQJ�K\EULG�GLVSHU�
VLRQV�FRQWDLQLQJ�ERWK�0:&17V�DQG�RUJDQR�
PRGLILHG� 007� SDUWLFOHV� MRLQWO\� GLVWULEXWHG
LQ� WKH� VDPH� QHPDWLF� PDWUL[�� 7KH� /&� KRVW
XVHG�ZDV� ��SHQW\O����F\DQRELSKHQ\O�� D� W\SL�
FDO�QHPDWLF�VXEVWDQFH�ZLWK�GLHOHFWULF�DQLVRW�
URS\�'H�!�����&%��&KHPLFDO�5HDJHQWV�3ODQW�
.KDUNLY��8NUDLQH����

7KH� 0:&17V� ZHUH� REWDLQHG� IURP
706SHWVPDVK� /WG��� �.\LY�� 8NUDLQH��� 7KH\
ZHUH� SUHSDUHG� IURP� HWK\OHQH� XVLQJ� WKH
FKHPLFDO� YDSRXU� GHSRVLWLRQ� �&9'�� PHWKRG
ZLWK�)H$O0R����� DV� FDWDO\VW� DQG� VXEVHTXHQWWUHDWPHQW� E\� FRQFHQWUDWHG� DONDOL� �1D2+�
DQG� DFLG� �+&O�� VROXWLRQV� ZDV� IROORZHG� E\
ILOWHULQJ�DQG�UHSHDWHG�ZDWHULQJ�XQWLO�WKH�S+
YDOXH� RI� WKH� ILOWUDWH� EHFDPH� WKH� VDPH� DV
WKDW�RI�WKH�GLVWLOOHG�ZDWHU�>��@��7KH�UHVLGXDO
PDVV� FRQWHQW� RI� WKH� PLQHUDO� DGGLWLYHV� ZDV
������7KH�0:&17V�LQYROYHG�W\SLFDOO\�KDG
WKH� RXWHU� GLDPHWHU� GH� RI� DERXW� ��Ü��� QP�
ZKLOH�WKHLU�OHQJWK�UDQJHG�IURP���WR����PP�

7KH� FUXGH� 007� RI� 3\]KHYVNLL� GHSRVLW
�8NUDLQH��ZDV�LQLWLDOO\�UHILQHG�IURP�LPSXUL�
WLHV� DQG� WUDQVIHUUHG� LQWR� WKH� VRGLXP� IRUP
E\� PXOWLSOH� WUHDWPHQWV� LQ� ���� PRODU� VROX�

WLRQ� RI�1D&O� IRU� ��� K� DW� ���&� WR� REWDLQ� D
KRPRLRQLF� FOD\�� 7KH� SUHSDUHG� FOD\� VDPSOHV
FRQWDLQHG� KLJKO\� SXUH�007� DV� UHYHDOHG� E\
;�UD\� DQG� FKHPLFDO� DQDO\VLV�� 7KHQ� 007
ZDV� ZDVKHG� VHYHUDO� WLPHV� ZLWK� GHLRQLVHG
ZDWHU� WR� UHPRYH� VXUSOXV� RI� VDOW�� 7KH� SUH�
SDUHG� 007� KDG� WKH� H[FKDQJH� FDSDFLW\� RI
�����PPROH�HTX�J�� WKH� VSHFLILF� VXUIDFH� �GH�
WHUPLQHG� E\� DGVRUSWLRQ� RI� PHWK\OHQH� EOXH�
RI�����P��J��7KH�RUJDQRPRGLILHG�007�ZDV
SUHSDUHG�LQ�WKH�LRQ�H[FKDQJH�UHDFWLRQV��7KH
ORQJ� FKDLQ� FHW\O� WULPHWK\O� DPPRQLXP� EUR�
PLGH� LRQV� �&+��&+����1+���&O±�� &7$%�
0HUFN�� ZHUH� FKRVHQ� EHFDXVH� WKH\� KDG� EHHQ
VKRZQ�WR�IDYRXU�WKH�IRUPDWLRQ�RI�H[IROLDWHG
/&�QDQRFRPSRVLWHV� >����@�� �7KH� DTXHRXV� VR�
OXWLRQ�RI�&7$%������ZW���ZDV�VORZO\�DGGHG
WR� WKH� DTXHRXV� 007� GLVSHUVLRQ� ����� ZW��
DQG� VWLUUHG� YLJRURXVO\� DW� ���� .� IRU� ��� K�
7KH� TXDQWLW\� RI� VROXWLRQV� FRUUHVSRQGHG� WR
WKH� UHTXLUHG�����VWRLFKLRPHWULF� UDWLR�RI�H[�
FKDQJH� FDSDFLW\� RI� FOD\� DQG� &7$%�� $IWHU
LQFXEDWLRQ�� WKH� GLVSHUVLRQ� ZDV� ILOWHUHG
XVLQJ� D�GLVF� ILOWHU� IXQQHO�� FHQWULIXJHG��DQG
WKH� REWDLQHG� RUJDQRPRQWPRULOORQLWH� ZDV
IUHH]H�GULHG��

7KH� 0:&17�/&�� 007�/&� DQG� K\EULG
0:&17�007�/&� QDQRFRPSRVLWHV� ZHUH
REWDLQHG�E\�DGGLQJ� WKH�DSSURSULDWH�ZHLJKWV
RI� 17V� DQG�RU� 007� WR� WKH� /&� VROYHQW� LQ
WKH� LVRWURSLF� VWDWH� ZLWK� VXEVHTXHQW� VRQLFD�
WLRQ�RI�WKH�PL[WXUH�XVLQJ�D�8='1��7�XOWUD�
VRQLF� GLVSHUVHU�� LQ� DFFRUGDQFH� ZLWK� SURFH�
GXUH� HVVHQWLDOO\� VLPLODU� WR� WKH� SUHYLRXVO\
GHVFULEHG�>�Ü�@��

7KH� RSWLFDO� WUDQVPLVVLRQ� VSHFWUD� ZHUH
PHDVXUHG�LQ�D����PP�WKLFN�FHOO�XVLQJ�D�+L�
WDFKL� ���� VSHFWURSKRWRPHWHU�� 7KH� VWXGLHG
GLVSHUVLRQ� ZDV� LQWURGXFHG� EHWZHHQ� WKH� FHOO
ZDOOV� E\� WKH� FDSLOODU\� IRUFHV� DW� D� WHPSHUD�
WXUH� DERYH� WKH� QHPDWLF�LVRWURSLF� WUDQVLWLRQ
SRLQW�����&�IRU��&%��

%HIRUH� LQWURGXFWLRQ� RI� WKH� QDQRFRPSR�
VLWHV� LQWR� WKH� FHOO�� WKH� FHOO� ZDOOV� ZHUH
WUHDWHG� ZLWK� SRO\YLQ\O� DOFRKRO� ZDWHU� VROX�
WLRQ�DQG��DIWHU�GU\LQJ��UXEEHG�LQ�RQH�GLUHF�
WLRQ� VLPLODUO\� WR� WKH� VWDQGDUG�SURFHGXUH� RI
REWDLQLQJ� WKH� FKROHVWHULFV� ZLWK� SODQDU� WH[�
WXUH�� 7KH� UHVXOWLQJ� DOLJQPHQW� ZDV� EHOLHYHG
WR�EH�FORVH�WR�SODQDU��

$OO�RSWLFDO�WUDQVPLVVLRQ�GDWD�ZHUH�PHDV�
XUHG� DW� ���� QP��7KLV�ZDYHOHQJWK�ZDV� FKR�
VHQ�DV�RSWLPDO�EHFDXVH�LW�ZDV�ZHOO�DERYH�WKH
DEVRUSWLRQ�UHJLRQ�RI�WKH�VWXGLHG�/&�VROYHQW�
7KH� SDUDOOHO� H[SHULPHQWV� ZHUH� GRQH� XQGHU
LGHQWLFDO� FRQGLWLRQV� IRU�D�/&�GLVSHUVLRQ� �7�
DQG�WKH�XQGRSHG�OLTXLG�FU\VWDO��7R��7KH� KRPH�PDGH� FHOO�� XVHG� IRU� PHDVXUH�
PHQW� RI� HOHFWURSK\VLFDO� FKDUDFWHULVWLFV�� LQ�

6�6�0LQHQNR�HW�DO����2SWLFDO�WUDQVPLWWDQFH�DQG����
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FOXGHG� D� JURXQGHG� JXDUG� ULQJ�� ZKLFK� UH�
GXFHG�WKH�LQIOXHQFH�RI�WKH�HGJH�HIIHFWV��7KH
FHOO�ZDV�D� FDSDFLWRU�ZLWK�PHWDO�SODWHV�� FRY�
HUHG� E\� D� SRO\YLQ\O� DOFRKRO� ILOP� UXEEHG� LQ
RQH� GLUHFWLRQ� IRU� HQVXULQJ� WKH� SODQDU� WH[�
WXUH��7KH�FHOO� WKLFNQHVV� ����PP��ZDV�VHW�E\
D� 7HIORQ� VSDFHU�� %HIRUH� WKH� PHDVXUHPHQWV�
WKH� FHOO� SDUWV� ZHUH� ZDVKHG� LQ� KH[DQH� DQG
GULHG� DW� ���� .�� $IWHU� DVVHPEOLQJ�� WKH� FHOO
ZDV�FRQQHFWHG�WR�(�����/&5�PHWHU��.$/,%5�
%HODUXV��� WR� PDNH� VXUH� WKDW� WJG� RI� WKH
HPSW\�FHOO�GLG�QRW�H[FHHG���������7KH�OLTXLG
FU\VWDO�V\VWHP�LQ�WKH�LVRWURSLF�VWDWH�ZDV�LQ�
WURGXFHG�LQWR�WKH�SUH�KHDWHG�FHOO�E\�WKH�FDS�
LOODU\�IRUFHV�DW�D�WHPSHUDWXUH��Ü���.�DERYH
WKH�QHPDWLF�LVRWURSLF�WUDQVLWLRQ�SRLQW�

)RU� FRQGXFWLYLW\� DQG� FDSDFLWDQFH� PHDV�
XUHPHQWV�� WKH� DF� YROWDJH� RI� ����� 9� DQG
�� 0+]� ZDV� XVHG�� ZKLFK� VKRXOG� QRW� DIIHFW
WKH�/&�GLUHFWRU�ILHOG��7KH�H[SHULPHQWDO�VHW�
XS� SURYLGHG� DSSOLFDWLRQ� RI�'&� ELDV� YROWDJH
XS� WR� ��� 9� WR� WKH� FHOO�� 7KH� H[WHUQDO� '&
YROWDJH�FRXOG�DOLJQ�WKH�PROHFXOHV��WKXV�OHDG�
LQJ�WR�UH�RULHQWDWLRQ�RI�WKH�QHPDWLF�GLUHFWRU
DQG� FRUUHVSRQGLQJ� FKDQJHV� LQ� GLHOHFWULF
SURSHUWLHV� DQG� FRQGXFWLYLW\�� 7KH� GLIIHUHQFH
7RÜ7�EHWZHHQ�WUDQVPLWWDQFHV�RI�WKH�/&�VRO�
YHQW�DQG�D�ILOOHG�/&�FRPSRVLWH�FDQ�VHUYH�DV
D�PHDVXUH� RI� FRQWULEXWLRQ� RI� WKH� GLVSHUVHG
QDQRSDUWLFOHV� WR� WKH� WRWDO� YDOXH� RI� ��Ü7�
�L�H��� DEVRUSWLRQ���UHIOHFWDQFH�VFDWWHULQJ��RI
D� FRPSRVLWH� DW� WKH�JLYHQ�ZDYHOHQJWK� >�Ü�@�
7KH� QHPDWLF�LVRWURSLF� WUDQVLWLRQ� FRPPRQO\
UHVXOWV�LQ�D�VWHS�ZLVH�LQFUHDVH�RI�WKH�RSWLFDO
WUDQVPLWWDQFH�7��,PSUHJQDWLRQ�RI�0:&17V
LQWR�D�/&�PDWUL[�HQKDQFHV�VXFK�WUDQVLWLRQDO
EHKDYLRXU�� ZLWK� KLJKHU� RSWLFDO� WUDQVPLW�
WDQFH� MXPSV� REVHUYHG� DW� ODUJHU� FRQFHQWUD�
WLRQ� RI� 0:&17V�� 7KLV� ZDV� H[SODLQHG� E\
GHHS� LQWHJUDWLRQ� RI� 0:&17V� LQWR� RULHQWD�
WLRQDOO\�RUGHUHG�QHPDWLF�/&�PDWULFHV�>�Ü�@�
6XFK�LQWHJUDWLRQ�SRVVLEO\�UHIOHFWV�WKH�H[LVW�
HQFH�RI�D�VWURQJ�ELQGLQJ�LQWHUDFWLRQ�EHWZHHQ
WKH� VXUIDFH� RI� K\GURSKRELF� 0:&17
QDQRSDUWLFOHV�DQG�/&�PROHFXOHV�>��@��

)LJ����VKRZV�W\SLFDO�GHSHQGHQFHV�RI�7RÜ7DV�IXQFWLRQ�RI�WHPSHUDWXUH�W�IRU��&%�GRSHG
ZLWK� RUJDQRPRGLILHG� 007� LQ� WKH� QHPDWLF
DQG� LVRWURSLF� SKDVHV� �WKH� QHPDWLF�LVRWURSLF
WUDQVLWLRQ�SRLQW�IRU�SXUH��&%�LV����&���7KH
GLUHFWO\� PHDVXUHG� RSWLFDO� WUDQVPLWWDQFH� 7
YV�� W� SORWV� IRU� WKHVH� FRPSRVLWHV� DQG� SXUH
�&%� DUH� VKRZQ� LQ� LQVHUW� LQ� )LJ����� 7KH� UH�
FRUGHG� FKDQJH� LQ� 7RÜ7� DW� WKH� QHPDWLF�LVR�
WURSLF� WUDQVLWLRQ� �WUDQVPLWWDQFH� MXPS�� LQ�
FUHDVHV� ZLWK� LQFUHDVLQJ� RI�007� FRQFHQWUD�
WLRQ�� 7KLV� EHKDYLRXU� RI� WKH� VWXGLHG
007�/&�FRPSRVLWHV�ZDV�HVVHQWLDOO\�VLPLODU
WR� WKDW� REVHUYHG� IRU� WKH�0:&17�/&� FRP�

SRVLWHV� >�@�� 7KLV� VXJJHVWV� WKDW� RUJDQRPRGL�
ILHG�007�SODWH�OLNH�SDUWLFOHV� DUH� DOVR� LQWH�
JUDWHG� LQWR� WKH� /&� PDWUL[� DQG� WKHUH� H[LVW
QRWLFHDEOH� LQWHUDFWLRQV� EHWZHHQ� WKH� VXUIDFH
RI�007�DQG�PROHFXOHV�RI�/&��7KLV�UHVXOW�LV
FRQVLVWHQW�ZLWK�WKH�HDUOLHU�UHSRUWHG�GDWD�>��
�@��+RZHYHU��LW�VKRXOG�EH�QRWHG�WKDW�DW�ORZ
FRQFHQWUDWLRQV� RI�007� ������ZW��� WKH� HI�
IHFW� RI� RUJDQRPRGLILHG� 007� RQ� WUDQVPLV�
VLRQ�MXPS�ZDV�VHYHUDO�WLPHV�ZHDNHU�DV�FRP�
SDUHG� ZLWK� WKDW� REVHUYHG� IRU� 0:&17�/&
FRPSRVLWHV��2Q�WKH�RWKHU�KDQG��LQ�007�/&
FRPSRVLWHV� UHOLDEOH�DQG�UHSURGXFLEOH�RSWLFDO
PHDVXUHPHQWV� FRXOG� EH� FDUULHG� RXW� XS� WR
PXFK�KLJKHU�FRQFHQWUDWLRQV� RI� RUJDQRPRGL�
ILHG� 007� �!���� ���� 7KH� RSWLFDO� H[SHUL�
PHQWV� IRU� RSDTXH� 0:&17�/&� FRPSRVLWHV
DUH�XVXDOO\�UHVWULFWHG�WR� ORZ�FRQFHQWUDWLRQV
RI�0:&17�����������,Q�WKH�QHPDWLF�SKDVH
WKH� RSWLFDO� WUDQVPLWWDQFH� 7� GHFUHDVHV� ZLWK
LQFUHDVLQJ� RUJDQRPRGLILHG� 007� FRQFHQWUD�
WLRQ��7KLV� LV� LQ� IXOO�DJUHHPHQW�ZLWK�WKH�UH�
VXOWV� RI� >����@�� ZKHUH� WKH� PHDVXUHG� WUDQV�
PLVVLRQ�GLG�QRW�H[FHHG�VHYHUDO�SHU�FHQW� IRU
a�� �� GLVSHUVLRQV� RI� RUJDQRPRGLILHG� 007
LQ��&%��������

)LJ�� �� VKRZV� 7RÜ7� DV� IXQFWLRQ� RI� WHP�
SHUDWXUH�W�IRU�007����������/&��0:&17V
�������� �� /&� DQG� K\EULG�007��������� �
0:&17V�����������/&�FRPSRVLWHV��,W�VKRXOG
EH� QRWHG� WKDW� WKH� WUDQVPLWWDQFH� MXPS� IRU
007�/&�QDQRFRPSRVLWHV�ZDV�PXFK�VPDOOHU
WKDQ�IRU�0:&17�/&�FRPSRVLWHV��7KLV�SRV�
VLEO\� VXJJHVWV� ZHDNHU� VWUXFWXUH� RUJDQLVD�
WLRQ� LQ�007�/&� FRPSRVLWHV� GXH� WR� GLIIHU�
HQW�QDWXUH�RI�LQWHUIDFH�LQWHUDFWLRQV�EHWZHHQ
RUJDQRPRGLILHG� 007� SDUWLFOHV� DQG� WKH� QH�
PDWLF� /&�� WKH� LQIOXHQFH� RI� SDUWLFOH� VKDSHV
DQG�WKHLU�DVSHFW�UDWLRV�RQ�VWUXFWXUH�RUJDQL�
]DWLRQ�� HWF�� ,Q� K\EULG� 0:&17�007�/&
QDQRFRPSRVLWHV�� WKH� WUDQVPLWWDQFH� SURSHU�

)LJ����� 'LIIHUHQFH� LQ� WUDQVPLWWDQFHV� RI� WKH
QHPDWLF�PDWUL[��&%��7���DQG�WKH�RUJDQRPRGL�ILHG�007��&%�FRPSRVLWHV��7��DV�IXQFWLRQ�RI
WHPSHUDWXUH� W�� ,QVHUW� VKRZV� WKH� GLUHFWO\
PHDVXUHG�RSWLFDO�WUDQVPLWWDQFH�YDOXHV�
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WLHV� VKRZ� DQ� DSSUR[LPDWH� DGGLWLYLW\�� VXJ�
JHVWLQJ�WKH�DEVHQFH�RI�DQ\�V\QHUJHWLF�HIIHFW
UHODWHG�ZLWK� LQWHUDFWLRQV�EHWZHHQ�0:&17V
DQG�SDUWLFOHV�RI�RUJDQRPRGLILHG�007�

)LJ���� VKRZV�HOHFWULF�FRQGXFWLYLW\�V�DV�D
IXQFWLRQ� RI� WKH� DSSOLHG� '&� YROWDJH� 8� IRU
WKH�VWXGLHG�0:&17�/&��007�/&�DQG�K\�
EULG� 0:&17�007�/&� QDQRFRPSRVLWHV� DW
������ZW�FRQWHQW�RI�HDFK�ILOOHU�FRPSRQHQW�
7KH�HOHFWULF�FRQGXFWLYLW\� LQFUHDVHV�ZLWK�DS�
SOLHG�YROWDJH�8�� DQG�D�FHUWDLQ�WKUHVKROG�RQ
V�8�� SORWV� ZDV� REVHUYHG�� 7KLV� WKUHVKROG� DW
8WK� HYLGHQWO\� UHIOHFWV� WKH� WUDQVLWLRQ� IURPSODQDU� WR� KRPHRWURSLF� WH[WXUH� RI� /&�� $W
VPDOO� YROWDJH� �DW�8�8WK�� WKH� LQLWLDO� SODQDUWH[WXUH� LQ�/&�DUH� IL[HG�E\�QHDU�VXUIDFH� LQ�
WHUDFWLRQV� RI� /&�ZLWK� WKH� UXEEHG� SRO\YLQ\O
DOFRKRO�ILOPV��,Q�WKH�KLJK�H[WHUQDO�ILHOG��DW
8!8WK��� KRPHRWURSLF� DOLJQPHQW� RI� �&%
PROHFXOHV�ZLWK�SRVLWLYH�GLHOHFWULF�DQLVRWURS\
RFFXUV��

)RU�SXUH��&%�DQG�FRPSRVLWH�LPSUHJQDWHG
ZLWK� 0:&17V� WKH� WKUHVKROG� YROWDJHV� DUH
PLQLPDO� �a��9��� ,Q� QDQRFRPSRVLWHV�� WKH� LQ�
WHJUDWHG� DQLVRPHWULF� QDQRSDUWLFOHV� WHQG� WR
IROORZ� WKH� /&� GLUHFWRU�� DQG� WKH� REVHUYHG
FRQGXFWLYLW\�EHKDYLRXU�UHIOHFWV�WKH�UH�RULHQ�
WDWLRQ� RI� �&%� PROHFXOHV� DORQJ� WKH� HOHFWULF
ILHOG� DQG� FRUUHVSRQGLQJ� UH�RUJDQLVDWLRQ� RI
VSDWLDO�DUUDQJHPHQW�RI�QDQRSDUWLFOHV��

,PSUHJQDWLRQ� RI� HOHFWULFDOO\� FRQGXFWLYH
0:&17V�LQWR��&%�UHVXOWV�LQ�WKH�FRQGXFWLY�
LW\� ULVH�� DQG� DERYH� VRPH� WKUHVKROG� FRQFHQ�
WUDWLRQ� RI� 0:&17V� �|������� WKH� SHUFROD�
WLRQ� WKUHVKROG� LQWR� WKH� KLJKO\� FRQGXFWLYH
VWDWH� LV� REVHUYHG� >�Ü�@��� )RU� WKH
0:&17�/&� FRPSRVLWH�� WKH� WKUHVKROG�YROW�
DJH�8WK�LV�PLQLPDO������9���VR�WKH�SUHVHQFH

RI�0:&17V�IDFLOLWDWHV�WKH�UHRULHQWDWLRQ�RI
�&%�PROHFXOHV� IURP� SODQDU� WR� KRPHRWURSLF
VWDWH��FXUYH���LQ�)LJ�������

2Q�WKH�FRQWUDU\��WKH�LQWURGXFWLRQ�RI�QRQ�
FRQGXFWLYH� RUJDQRPRGLILHG� 007� SDUWLFOHV
�OLQH� �� LQ� )LJ����� UHVXOWV� LQ� DQ� LQFUHDVH� RI
WKH� WKUHVKROG�YROWDJH�8WK�XS� WR�|����9��,Q�VHUW� LQ�)LJ�����DQG�KLQGHUV�WKH�ULVH�RI�HOHF�
WULF� FRQGXFWLYLW\� ZLWK� YROWDJH� DV� FRPSDUHG
ZLWK� SXUH� �&%� �OLQH� �� LQ� )LJ������ )RU� WKH
007�/&� FRPSRVLWH� WKH� ILQDO� UHODWLYH� FRQ�
GXFWLYLW\� LQFUHDVH� DW� KLJK� YROWDJHV� �|���9�
ZDV�HYHQ�ZHDNHU�WKDQ�WKDW�REVHUYHG�IRU�XQ�
GRSHG��&%��

,Q� WKH� K\EULG� 0:&17�007�/&� QDQR�
FRPSRVLWHV��FXUYH�����WKH�HIIHFWV�RQ�HOHFWULF
FRQGXFWLYLW\�FDQ�EH�FRQVLGHUHG�DV��SRVLWLYH�
DV� FRPSDUHG� ZLWK� FXUYH� �� �007�/&�� RU
�QHJDWLYH�� DV� FRPSDUHG� ZLWK� FXUYH� �
�0:&17�/&��� 1RWH� DOVR� WKDW� WKH� K\EULG
FRPSRVLWH� GHPRQVWUDWHV� WKH� ODUJHVW� WKUHVK�
ROG�YROWDJH�RI�a����9��

,W�VKRXOG�EH�QRWHG�WKDW�WKHVH�GLIIHUHQFHV
LQ� FRQGXFWLYLW\� EHKDYLRU� IRU� 0:&17�/&�
007�/&� DQG� WKHLU� K\EULG� FRPSRVLWHV�PD\
UHIOHFW� GHWDLOV� RI� FRPSRVLWH� VXSUDPROHFXODU
RUJDQLVDWLRQ��GHJUHH� RI�PXWXDO� LQWHJUDWLRQ�
LQWULQVLF� HOHFWULF� FRQGXFWLYLW\� RI� WKH
QDQRSDUWLFOHV�� LQHTXDOLW\� LQ� SHUFRODWLRQ� RU
VRO�JHO�EHKDYLRXU��VKDSH�RI�SDUWLFOHV�DQG�QD�
WXUH� RI� LQWHUIDFLDO� LQWHUDFWLRQV�� 'XH� WR

)LJ�����5HODWLYH�FKDQJHV�LQ�HOHFWULFDO�FRQGXF�
WLYLW\� RQ� DSSOLFDWLRQ� RI� G�F�� YROWDJH� IRU� WKH
PHDVXUHPHQW�FHOO�FRQWDLQLQJ�XQGRSHG�QHPDWLF
�&%�����DQG��&%�GRSHG�ZLWK�������0:&17V
����� ���� �� RUJDQRPRGLILHG� 007� ����� DQG
���� �� 0:&17V����� �� RUJDQRPRGLILHG
007������,QVHUW�VKRZV�WKH�WKUHVKROG�YROWDJHV
8WK�IRU�VDPSOHV��Ü��

)LJ����� 'LIIHUHQFHV� LQ� WUDQVPLWWDQFH� �7�Ü7�DV� IXQFWLRQ� RI� WHPSHUDWXUH� W� IRU� �&%� GRSHG
ZLWK� DQLVRPHWULF� SDUWLFOHV�� ���� �� RUJDQR�
PRGLILHG� 007� ����� ���� �� 0:&17V� ����
����� �� RUJDQRPRGLILHG� 007������ �
0:&17V�����
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VWURQJ� YDQ�GHU�:DDOV� LQWHUDFWLRQV� WKH
QDQRSDUWLFOHV�DUH�DOVR�SUHGLVSRVHG�WR�DGKHUH
RQ�FHOO�VXUIDFHV��)RU�H[DPSOH��WKH�IRUPDWLRQ
RI�RUJDQR�FOD\�ILOP�PD\�HQKDQFH�WKH�VXUIDFH
ILHOG�VWDELOL]LQJ�WKH�LQLWLDO�SODQDU�WH[WXUH�LQ
/&�DW� VPDOO�8� DQG�KLQGHU� WKH� WUDQVLWLRQ� WR
WKH� KRPHRWURSLF� RULHQWDWLRQ� DW� KLJK� 8�� � �
)RU� WKH� ILUVW� WLPH�� WKH� FRPSDUDWLYH� RSWLFDO
WUDQVPLWWDQFH� DQG� HOHFWULF� FRQGXFWLYLW\
VWXGLHV� RI� OLTXLG� FU\VWDO� FRPSRVLWHV� ILOOHG
ZLWK� SDUWLFOHV� RI� GLIIHUHQW� VKDSHV� �FDUERQ
QDQRWXEHV�� RUJDQRPRGLILHG� PRQWPRULOORQLWH
SODWHV�� ZHUH� FDUULHG� RXW�� 7KH� GDWD� VKRZHG
WKH�SUHVHQFH�RI�GHHS�LQWHJUDWLRQ�RI�WKH�VWXG�
LHG�ILOOHUV�LQWR�QHPDWLF�/&��7KH�HOHFWULF�FRQ�
GXFWLYLW\�GDWD�HYLGHQFHG�WKH�SUHVHQFH�RI�QR�
WLFHDEOH�GLIIHUHQFHV�LQ�ILHOG�LQGXFHG�FKDQJHV
IRU�FRPSRVLWHV�ILOOHG�ZLWK�0:&17V�DQG�RU�
JDQRPRGLILHG� 007�� QDQRSDUWLFOHV� RI
0:&17V� IDFLOLWDWHG� WKH� UH�RULHQWDWLRQV� RI
�&%� PROHFXOHV�� ZKLOH� QDQRSDUWLFOHV� RI� RU�
JDQRPRGLILHG�007� KLQGHUHG� WKH� WUDQVLWLRQ
IURP�SODQDU�WR�WKH�KRPHRWURSLF�VWDWH�

$FNQRZOHGJHPHQWV�� 7KH� DXWKRUV� WKDQN
2�9�0HOH]K\N��<�3�%RLNR�DQG�(�$�6RORYLHYD
IRU� V\QWKHVLV� RI� WKH� 0:&17� DQG� RUJDQR�
PRGLILHG�007�VDPSOHV����
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