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7KHUH� LV�D�FRPPRQ�RSLQLRQ�WRGD\�WKDW� LW
LV�PRVW� VXLWDEOH� WR�XVH� IHUURHOHFWULF� FRPSR�
VLWLRQV� FRQVLVWLQJ� RI� WZR� LQJUHGLHQWV�
QDPHO\�� DQ� RSWLFDOO\� DFWLYH� PDWUL[� SURYLG�
LQJ� IRUPDWLRQ� RI� WKH� VPHFWLF� &� PHVRSKDVH
ZLWKLQ� D� UHTXLUHG� WHPSHUDWXUH� UDQJH� DQG� D
FKLUDO� FRPSRQHQW� WKDW� LQGXFHG� D� KHOLFDO
VWUXFWXUH� DQG� WKH� VSRQWDQHRXV� SRODUL]DWLRQ
>�@�� 7KXV�� LW� VHHPV� WR� EH� DQ� DFWXDO� WDVN� WR
GHYHORS�WKH�SK\VLFDO�PDWHULDOV� VFLHQFH�SULQ�
FLSOHV� IRU� IHUURHOHFWULF� OLTXLG� FU\VWDOV
�)(/&��PDNLQJ� LW�SRVVLEOH�WR�HODERUDWH�SXU�
SRVHIXOO\� WKH� )(/&� PDWHULDOV� IRU� YDULRXV
DSSOLFDWLRQV� LQ� WKH� GDWD� LPDJLQJ� V\VWHPV
DQG� OLJKW� PRGXODWLQJ� GHYLFHV��:KHQ� GHYHO�
RSLQJ�QRYHO�)(/&�PDWHULDOV��LW�LV�RI�D�JUHDW
LPSRUWDQFH�WR�NQRZ�LQ�DGYDQFH�WKH�EHKDYLRU
RI� YDULRXV� PDFURVFDOH� PL[WXUH� SDUDPHWHUV
GHSHQGLQJ�RQ�FRPSRVLWLRQ�RI�WKH�ODWWHU�
7KH� URWDWLRQDO� YLVFRVLW\� FRHIILFLHQW� RI

)(/&� WKDW� GHILQHV� WKH� WLPH� FKDUDFWHULVWLFV
RI� HOHFWURRSWLFDO� GHYLFHV� LV� D� SDUDPHWHU� RI
SULPDU\� LPSRUWDQFH� LQ� WKH�HTXDWLRQV�RI�WKH
OLTXLG� FU\VWDO� GLUHFWRU�G\QDPLFV��$FFRUGLQJ

WR�WKHRU\�>�@��WKH�URWDWLRQDO�YLVFRVLW\�FRHIIL�
FLHQW�JM�LV�H[SUHVVHG�DV

JM� �J%VLQ�T� ���
,W�KDV�EHHQ�VKRZQ�LQ�H[SHULPHQW�WKDW�WKH

SDUDPHWHU�J� LV�QRW�D�FRQVWDQW�IRU�D�VSHFLILF
OLTXLG� FU\VWDO�� VLQFH� LW� GHSHQGV� KHDYLO\� RQ
WKH�RUGHULQJ�SDUDPHWHU��8VLQJ�WKH�DSSURDFK
GHYHORSHG� LQ� >�@�� WKH� IROORZLQJ� H[SUHVVLRQ
KDV� EHHQ� REWDLQHG� IRU� WKH� YLVFRVLW\� FRHIIL�
FLHQW�>�@�

JM� �DMVLQ�T���H[S�8M�e�N7�� ���
ZKHUH�DM�DQG�8M�DUH�FRQVWDQWV�7KH�PRVW�ZLGHVSUHDG�ZD\� WR� )(/&� LV� WR
LQGXFH� WKH� VSRQWDQHRXV� SRODUL]DWLRQ� LQ� DQ
QRQ�FKLUDO� VPHFWLF� &� E\� DGGLQJ� D� FKLUDO
GRSDQW� �&'��� ,W� LV� NQRZQ� WKDW� DW� KLJK� &'
FRQFHQWUDWLRQV� �!��� ���� WKH� SRWHQWLDO� EDU�
ULHU� 8M� ULVHV� VKDUSO\�� WKXV� LQFUHDVLQJ� JM�7KH� LQWURGXFWLRQ� RI� FKLUDO� PROHFXOHV�� KRZ�
HYHU��PD\�FDXVH�DOVR�D�FKDQJH�LQ�T�YDOXH�>�@�
ERWK� WRZDUGV� LWV� LQFUHDVH� DQG� GHFUHDVH�
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7KXV��LW�IROORZV�IURP�WKH�WKHRU\�WKDW��LQWUR�
GXFLQJ�WKH�&'V�WKDW�GLPLQLVK�WKH�DQJOH�T��LW
LV�SRVVLEOH�WR�FRPSHQVDWH�WKH�8M�LQFUHDVH�DWWKH� &'� FRQFHQWUDWLRQV� ORZHU� WKDQ� ��� ��
ZKHQ�WKH�8M�LQFUHDVHV�VWLOO�QRW�WRR�PXFK��,QWKLV� ZRUN�� WKH� VWXG\� UHVXOWV� RI� WKH� &'� HI�
IHFW� RQ� WKH� URWDWLRQDO� YLVFRVLW\� RI� )(/&
PL[WXUHV�
7KH�HXWHFWLF�PL[WXUH�������RI�WZR�SKHQ\O

EHQ]RDWH�GHULYDWLYHV
&P+�P��2&�+�&22&�+�2&�+��� �P� ��� DQGP� �����ZDV�XVHG�DV�D�VPHFWLF�&�/&�PDWUL[
�0DWUL[�����7KH�PDWUL[�VKRZV�WKH�IROORZLQJ
VHTXHQFH� DQG� WHPSHUDWXUHV� RI�SKDVH� WUDQVL�
WLRQV�� ,������1������6P$������6P&������&U
>�@�� 7KH� PDWUL[� FRPSRQHQWV� ZHUH� REWDLQHG
XVLQJ� D�SURFHGXUH�VLPLODU� WR� WKDW�GHVFULEHG
LQ� >�@�� $� PL[WXUH� RI� ODWHUDOO\� IOXRULQDWHG
WHUSKHQ\OV� ZDV� DOVR� XVHG� �0DWUL[� ���� 7KH
FRPSRQHQWV� RI� WKDW� PDWUL[� ZDV� SUHSDUHG
XVLQJ�WKH�SURFHGXUH�>�@��7KH�PL[WXUH�VKRZV
WKH�IROORZLQJ�VHTXHQFH�DQG�WHPSHUDWXUHV�RI
SKDVH� WUDQVLWLRQV�� ,� ������ 1� � ��� 6P$� ��
6P&����&U�

$V� &'V�� ��DU\OLGHQH� GHULYDWLYHV� RI
�5��5�S�PHQWKDQH���RQH� ZHUH� XVHG� EHLQJ
W\SLFDO�VHFRQG�W\SH�&'V�DFFRUGLQJ�WR�>�@�

7KH� /&� FRPSRVLWLRQV� WR� EH� VWXGLHG� ZHUH
SODFHG� LQWR� JOXHG� JODVV� FHOOV� SURYLGHG� ZLWK
WUDQVSDUHQW�6Q2��HOHFWURGHV��7KH�FHOOV�ZHUH�� WR� ��� PP� WKLFN�� 3ODQDU� ERXQGDU\� FRQGL�
WLRQV�ZHUH�SURYLGHG�LQ�WKH�FHOOV��7R�REWDLQ�D
VLQJOH�GRPDLQ� VDPSOH�� WKH� FHOO� ZDV� FRROHG
VORZO\�IURP�WKH�VPHFWLF�$�WR�WKH�VPHFWLF�&
SKDVH� LQ� DQ� H[WHUQDO� HOHFWULF� ILHOG�� 7KH
DQJOH�T�ZDV�PHDVXUHG�XVLQJ�WKH�HOHFWUR�RSWL�
FDO�PHWKRG�>�@��7KH�URWDWLRQDO�YLVFRVLW\�ZDV
FDOFXODWHG�XVLQJ�WKH�NQRZQ�UHODWLRQVKLS�>��@
SURFHHGLQJ�IURP�WKH�PHDVXUHG�YDOXHV�RI�WKH
UHSRODUL]DWLRQ�WLPH��'W���VSRQWDQHRXV�SRODUL�
]DWLRQ� �36�� DQG� WKH� HOHFWULF� ILHOG� VWUHQJWK�(��XVHG�WR�PHDVXUH�WKH�UHSRODUL]DWLRQ�WLPH�
7KH� UHSRODUL]DWLRQ� FXUUHQW� VWXG\� PHWKRG
XQGHU� WULDQJXODU� YROWDJH� SXOVHV� >��@� ZDV

XVHG�WR�PHDVXUH�36��7KH�UHSRODUL]DWLRQ�WLPHZDV� GHWHUPLQHG� DV� WKH� UHSRODUL]DWLRQ� SHDN
ZLGWK�DW�KDOI�KHLJKW�XVLQJ�WKH�SXOVH�PHWKRG
RI�WKH�UHSRODUL]DWLRQ�FXUUHQW�VWXG\�>��@�
7KH� FRQFHQWUDWLRQ�GHSHQGHQFHV�RI� JM� DQGT� KDYH� EHHQ� REWDLQHG� DQG� WKH� FRUUHODWLRQ

EHWZHHQ� WKRVH� TXDQWLWLHV� FRQVLGHUHG�� 7KH
FRQVLGHUDWLRQ� UHVXOWV� DUH� SUHVHQWHG� LQ
)LJ����� ,W� LV� VHHQ� WKDW�D�UHYHUVH�FRUUHODWLRQ
LV� REVHUYHG�� LQ� FRQWUDVW� WR� WKH� WKHRUHWLFDO
H[SHFWDWLRQV��WKDW�LV��WKH�YLVFRVLW\�GHFUHDVHV
UDWKHU� WKDQ� LQFUHDVHV� DV� WKH� DQJOH� T� ULVHV�
%HIRUH��ZH� KDYH� VWXGLHG� RWKHU� LQGXFHG� IHU�
URHOHFWULFV� ZKHUH� WKH� &'� DGGLWLRQ� UHVXOWHG
LQ� LQFUHDVHG� T� RU� GLG� QRW� HIIHFW� WKH� WLOW
DQJOH�>��@��1R�FRUUHODWLRQ�EHWZHHQ�JM�DQG�TZDV� IRXQG� LQ� WKDW� FDVH�� 7KXV�� LW� IROORZV
IURP� DOO� WKH� DERYH� WKDW� LW� LV� LPSRVVLEOH� WR
XVH� WKH� UHODWLRQVKLS� ���� WR� HVWLPDWH� WKH� H[�
SHFWHG� JM� YDOXHV� ZKHQ� IHUURHOHFWULFV� LV� LQ�GXFHG�LQ�OLTXLG�FU\VWDOV�
7KH� UHODWLRQVKLS� ���� VKRXOG� GHVFULEH� WKH

WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�YLVFRVLW\�FR�
HIILFLHQW�� 7R� FKHFN� WKDW� UHODWLRQ�� WHPSHUD�
WXUH� GHSHQGHQFHV� RI� JM� DQG� T� KDYH� EHHQVWXGLHG�� 7KH� VWXG\� UHVXOWV� DUH� VKRZQ� LQ
)LJ�� ��� 6XEVWLWXWLQJ� WKH� H[SHULPHQWDO� YDO�
XHV�RI�T��WHPSHUDWXUH�7�DQG�RSWLPL]LQJ�WKH
SDUDPHWHUV�DM�DQG�8M��ZH�KDYH�JHW�WKH�FDO�FXODWHG� WHPSHUDWXUH� GHSHQGHQFHV� RI� JM�VKRZQ� E\� OLQHV� LQ� )LJ���E��� 7KH� FDOFXODWHG
GHSHQGHQFHV� DUH� VHHQ� WR� FRLQFLGH� ZLWK� H[�
SHULPHQWDO� RQHV�ZLWKLQ� D�ZLGH� WHPSHUDWXUH
UDQJH��+RZHYHU��WKH�IDUWKHU�IURP�WKH�SKDVH
WUDQVLWLRQ� WKH� H[SHULPHQWDO� GDWD� ZHUH� RE�
WDLQHG��WKH�ODUJHU�WKH\�GLIIHU�IURP�WKH�WKHR�
UHWLFDO�GHSHQGHQFH�
7KXV��WKH�WKHRU\�>�@�GRHV�QRW�SURYLGH�DQ

HVWLPDWLRQ�RI�WKH�YLVFRVLW\�FRHIILFLHQW�LQ�WKH
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)LJ�����'HSHQGHQFH�RI�URWDWLRQDO�YLVFRVLW\�RQ
WKH� WLOW� DQJOH� VLQH� DW� YDULRXV� FKLUDO� GRSDQW
FRQFHQWUDWLRQV���D�LQ�0DWUL[���������E�LQ�WKH
VDPH�������E�LQ�WKH�0DWUL[�������
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IHUURHOHFWULF� XQGHU� VWXG\�EDVLQJ� RQ� WKH� SD�
UDPHWHUV� RI� DFKLUDO� VPHFWLF� &� DQG� FKLUDO
GRSDQW�� 7KLV� LV� WR� EH� DFFRXQWHG� IRU� ZKHQ

GHYHORSLQJ� QRYHO� )(/&� FRPSRVLWLRQV� IRU
SUDFWLFDO�DSSOLFDWLRQV��7KH�URWDWLRQDO�YLVFRV�
LW\�RI�D�IHUURHOHFWULF�FDQQRW�EH�GHFUHDVHG�E\
LQWURGXFLQJ� D� FKLUDO�GRSDQW�� DV� LW�ZRXOG�EH
H[SHFWHG� EDVLQJ� RQ� WKH� WKHRU\�� 7KH� H[SHUL�
PHQWV�KDYH�VKRZQ�WKDW�WKH�WHPSHUDWXUH�GH�
SHQGHQFH� RI� WKH� YLVFRVLW\� FRHIILFLHQW� LV� GH�
ILQHG�E\�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH
PROHFXODU� WLOW� DQJOH� LQ� WKH� VPHFWLF� OD\HU�
WKDW�LV�FRQVLVWHQW�ZLWK�WKH�WKHRU\�>�@�
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� ���&�3HO]O��&U\VW��5HV��7HFKQRO������������������
����.�6NDUS��)HUURHOHFWULFV�����������������
����.�7HUDVKLPD�� 0�,FKLKDVKL�� 0�.LNXFKL� HW� DO��

0RO��&U\VW��/LT��&U\VW�������������������
����(�9�3RSRYD��$�3�)HGRU\DNR��7�*�'UXVKO\DN�HW

DO���)HUURHOHFWULFV�����������������

|Ë¯�Èã	ÓÈ�m�«Ï}L°�	�LÓ��}ºmÈÓº��°äË}�Ò�Óº��&�ÁÈÏÒ¯L�}Ò²�}¯Ò°�ÈãLm
z�{��º¹ºmÈ��|���nË�º¯«}º��{�{�{È�ËÓ}º����k�z���ã«

{ÒÏÓÈ�ËÓº� ºË¯�Èã	Ó�� m�«Ï}L°�	� �È� }��� ÓÈ²Òã�� äºãË}�ã� �� °äË}�Ò�ÓÒ²� �È¯È²� m
LÓ��}ºmÈÓÒ²� °Ë�ÓË�ºËãË}�¯Ò�ÓÒ²� °Ò°�ËäÈ²�� �º� äL°�«�	� ¹º²L�ÓL� �5��5Ü����ÁËÓÒãËÓ�
ÏÒã��ËÓ��äËÓ�ÈÓ���ºÓLm� �� «}º°�L� ²L¯Èã	ÓÒ²� �ºäL�º}��iº°ãL�ÎËÓº� }º¯Ëã«�L
� äLÎ� ºË¯�
�Èã	Óº
�m�«Ï}L°�
��È�}��ºä�T���º}ÈÏÈÓº���º��Ëä¹Ë¯È��¯ÓÈ�ÏÈãËÎÓL°�	�}��È�ÓÈ²Òã��äºãË�
}�ã���°äË}�Ò�ÓÒ²��È¯È²�m¹ãÒmÈ¼�ÓÈ��Ëä¹Ë¯È��¯Ó��ÏÈãËÎÓL°�	�ºË¯�Èã	Óº��m�«Ï}º°�L�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� URWD�
WLRQDO�YLVFRVLW\��D��DQG�WLOW�DQJOH��E��LQ�VPHF�
WLF� OD\HUV� �'7� �76P$o6P&±7PHDV���� &'� �E
������� PRO���� LQ� WKH� 0DWUL[� �� ����� &'� �E
����� PRO���� LQ� WKH� 0DWUL[� �� ����� &'� �D
������PRO����LQ�WKH�0DWUL[�������
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