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7KH�VWUXFWXUH�SHUIHFWLRQ�RI� VXUIDFH� OD\HUV�KDV� EHHQ� VWXGLHG�E\�KLJK� UHVROXWLRQ� WULSOH�

FU\VWDO�;�UD\�GLIIUDFWRPHWU\��7;5'��LQ�VDSSKLUH�VXEVWUDWHV�ZLWK�����
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RULHQWDWLRQ�PHFKDQLFDOO\� SROLVKHG�ZLWK�$60� ������ GLDPRQG� SDVWH� DV�ZHOO� DV� GXULQJ� WKH
OD\HU�E\�OD\HU� HOLPLQDLRQ� RI� GLVWRUWHG� VXUIDFH� OD\HU� E\� FKHPLFDO�PHFKDQLFDO� SROLVKLQJ
�&03�� LQ� VXVSHQVLRQ� RI� ;�UD\� DPRUSKRXV� VLOLFRQ� GLR[LGH� IROORZHG� E\� DQQHDOLQJ� RI� WKLV
VDPSOH�IRU���K�DW������&��$V�WKH�VWUXFWXUH�VHQVLWLYH�SDUDPHWHUV�EHLQJ�PHDVXUHG�E\�7;5'�
WKH� IROORZLQJ� ZHUH� VHOHFWHG�� WKH� GLIIUDFWLRQ� UHIOHFWLRQ� FXUYH� VKDSH� �'5&6��� WKH� URFNLQJ
FXUYH� KDOI�ZLGWK�� E�� WKH� ZLGWK� DW� ��� �� RI� 5&6� PD[LPXP� LQWHQVLW\�� Ec�� WKH� LQWHJUDO
UHIOHFWLRQ� SRZHU�� 5%�� 7KH� E
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���,QWURGXFWLRQ
7KH� VDSSKLUH� VLQJOH� FU\VWDOV� ILQG� D�ZLGH

DSSOLFDWLRQ�DV� VXEVWUDWHV� IRU�SUHSDUDWLRQ�RI
HSLWD[LDO�ILOPV�XVHG�ZLGHO\�LQ�PLFURHOHFWURQ�
LFV� DQG� RSWLFV�� LQ� SURGXFWLRQ� RI� LQWHJUDWHG
FLUFXLWV� EDVHG� RQ� �VLOLFRQ�RQ�VDSSKLUH�
VWUXFWXUHV� �626� VWUXFWXUHV�� DQG� IRU� GHSRVL�
WLRQ� RI� JDOOLXP� QLWULGH� DQG� LQGLXP� QLWULGH
ILOPV� LQ�OLJKW�GLRGH�SURGXFWLRQ��,Q�SUHSDUD�

WLRQ� RI� 626� VWUXFWXUHV� WKH� VDSSKLUH� VXE�
VWUDWHV� ZLWK� ����

BB
�!� VXUIDFH� FU\VWDO�

ORJUDSKLF� RULHQWDWLRQ� ZKLOH� LQ� OLJKW� GLRGH
SURGXFWLRQ�� WKRVH� ZLWK� �����!� RQH�� 7KH
UDWKHU�KLJK�FKDUDFWHULVWLFV�DUH�GHPDQGHG�WR
VWUXFWXUH� SHUIHFWLRQ� RI� VDSSKLUH� FU\VWDOV�
WKH� DEVHQFH� RI� �PRVDLFLW\��� ORZ� GLVORFDWLRQ
GHQVLW\�� WKH� DEVHQFH� RI� IRUHLJQ� LQFOXVLRQV�
ORZ� UHVLGXDO� WKHUPRHODVWLF� VWUHVVHV�� WKH
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VSHFLILHG� FU\VWDOORJUDSKLFDO� RULHQWDWLRQ� DQG
�EDVLF�� FXW� QRW� H[FHHGLQJ� ��� DQJXODU� PLQ�
XWHV�DW� WKH� LQJRW�GLDPHWHU�RI�����PP��7KH
WHFKQRORJ\� RI� VDSSKLUH� FU\VWDO� JURZWK� E\
KRUL]RQWDO� GLUHFWLRQDO� FU\VWDOOL]DWLRQ� �+'&�
LQ� SURWHFWLQJ� JDVHRXV�PHGLD� PHWV� DOO� WKRVH
UHTXLUHPHQWV�>�@�

$GGLWLRQDO� VSHFLILFDWLRQV� WR� VXEVWUDWH
VXUIDFHV� LQFOXGH� DEVHQFH� RI� GHIHFW� VXUIDFH
OD\HU��WKH�GLVORFDWLRQ�GHQVLW\�FDQQRW�H[FHHG
WKDW� LQ� EXON� FU\VWDO�� WKH� ZRUNLQJ� VXUIDFH
URXJKQHVV� OHYHO� VKRXOG� EH� 5D�����QP�
SODQHQHVV� /���PP�� WKH� ZRUNLQJ� VXUIDFH
VKRXOG� EH� PLUURU�SROLVKHG� ZLWK� RSWLFDO� SX�
ULW\�������DFFRUGLQJ�WR�86$�0,/���������

$V�WKH�ILQLVK�SURFHVVLQJ�RI�VDSSKLUH�VXU�
IDFH�� WKH� FKHPLFDO�PHFKDQLFDO� SROLVKLQJ� LQ
DTXHRXV�VROXWLRQ�RI�;�UD\�DPRUSKRXV�VLOLFRQ
GLR[LGH�VXVSHQVLRQ�>����@�LV�XVHG�ZLGHO\�WKDW
SURYLGHV� WKH� VXEVWUDWHV� DFFRUGLQJ� WR� DSSUR�
SULDWH� VSHFLILFDWLRQV�� 7R� HODERUDWH� WKH� SRO�
LVKLQJ� WHFKQRORJ\� RI� WKH� FU\VWDO� VXUIDFHV�
WKH� GHYHORSPHQW� RI� QRQGHVWUXFWLYH� FRQWURO
PHWKRGV� IRU� VXEVWUDWH� VXUIDFH� TXDOLW\� DQG
VWXGLHV� RI� WKH� VXUIDFH� OD\HU� VWUXFWXUH� SHU�
IHFWLRQ�� 6XFK� PHWKRGV� PD\� LQFOXGH� WKH
7;5'� >����@�� 2XU� LQYHVWLJDWLRQV� LQ� VWUXF�
WXUH�SHUIHFWLRQ�RI�VXEVWUDWHV�ZLWK�EDVDO�RULHQWD�
WLRQ������!�XVLQJ�7;5'�PHWKRGV�KDYH�VKRZQ
WKHLU�KLJK�LQIRUPDWLYLW\�DQG�UHOLDELOLW\�>�@�

7KLV�ZRUN�LV�DLPHG�DW�WKH�VWXG\�RI�SRVVL�
ELOLW\� WR�XVH� WKH�7;5'� WR� VWXG\� WKH� VWUXF�
WXUH��RI�FU\VWDOV�DW�����
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�!�FU\VWDOORJUDSKLF

RULHQWDWLRQ� DQG� RI� VXEVWUDWH� PDGH� IURP
WKRVH�XVHG�LQ�626�VWUXFWXUH�SUHSDUDWLRQ��

���([SHULPHQWDO
7KH� VDSSKLUH� VDPSOHV� VWXGLHG� RI� ���PP

LQ� GLDPHWHU� DQG� ����PP� LQ� WKLFNQHVV� ZHUH
FXW� RXW� RI� ���u���u���PP�� VL]H� FU\VWDO
ZLWK� ����

BB
�!� RULHQWDWLRQ� JURZQ� XVLQJ� WKH

+'&�WHFKQRORJ\��7KH�����
BB
�!�VXUIDFH�RI�WKH

VDPSOH�ZDV�RULHQWHG�DORQJ�>���
BB
�@�DQG�>���

BB
�@

WR�ZLWKLQ����DQJXODU�PLQXWHV��7KHQ�WKH�PH�
FKDQLFDO� SROLVKLQJ� �03�� XVLQJ� $60� �����
GLDPRQG� SDVWH� IROORZHG� E\� WKH� OD\HU�E\�
OD\HU� FKHPLFDO�PHFKDQLFDO� SROLVKLQJ� �&03�
LQ� VXVSHQVLRQ� RI� ;�UD\� DPRUSKRXV� VLOLFRQ
GLR[LGH� �DHURVLO�$�������7R�TXDQWLWDWLYH�GH�
WHUPLQDWLRQ� RI� WKH� VXUIDFH� OD\HU� WKLFNQHVV�
K�� UHPRYHG� E\� &03� WKH� VDPSOH� PDVV� ORVV
ZDV� PHDVXUHG� XVLQJ� DQ� $[LV� $1*� ���� &
DQDO\WLFDO� EDODQFH�� WKH� FDOFXODWLRQ�ZDV� SHU�
IRUPHG� XVLQJ� WKH� IRUPXOD� K� ��'PSG�U� ZKHUH
'P� LV� WKH� PDVV� ORVV�� U�� VDSSKLUH� GHQVLW\
�����J�FP���G�� WKH� VDPSOH�GLDPHWHU��7R� LQ�
FUHDVH� WKH� PDVV� ORVV� GHWHUPLQDWLRQ�� DW� WKH
ZHLJKLQJ��HYHU\� WLPH�QRW� WKH�DEVROXWH� VDP�
SOH� PDVV� SULRU� WR� DQG� SROLVKLQJ�ZDV� GHWHU�
PLQHG��EXW�WKH�PDVV�GLIIHUHQFH�EHWZHHQ�WKH
VDPSOH�XQGHU� VWXG\�DQG� UHIHUHQFH�RQH��7KH
PHDVXULQJ�HUURU�'P�ZDV�r����PJ��UHVXOWLQJ
LQ�K�a���QP�HUURU�IRU�WKH�VDPSOH������PP�

7KH� RSWLFDO� SXULW\� DQG� URXJKQHVV� RI� WKH
VDPSOH� ZDV� VWXGLHG� XVLQJ� D� 0,,��� RSWLFDO
PLFURVFRSH� DQG�D�6ROYHU�3��+�352� DWRPLF
IRUFH� RQH� �5XVVLD��� 7KH� VWUXFWXUH� GHIHFW
FKDUDFWHULVWLFV�LQ�VXUIDFH�OD\HU�ZHUH�VWXGLHG
DOVR� XVLQJ� D� '521��0� GRXEOH�FU\VWDO� GLI�
IUDFWRPHWHU� LQ� &R� .D� HPLVVLRQ� LQ� TÜ�T� UH�

)LJ�����'LIIUDFWLRQ�UHIOHFWLRQ�FXUYHV��7;5'��&X�.D��HPLVVLRQ�IRU�����
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RULHQWDWLRQ�DIWHU�FKHPLFRPHFKDQLFDO�����DQG�PHFKDQLFDO�����SROLVKLQJ�
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FRUG� PRGH� ZLWK� �� PP� VOLW� DW� WKH� FRXQWHU�
7KH� WKLFNQHVV� RI� GLVWRUWHG� VXUIDFH� OD\HU
DIWHU� WKH� 03� ZDV� HVWLPDWHG� DFFRUGLQJ� WR
>�@��7R�HVWLPDWH�WKH�JURZWK�GLVORFDWLRQ�GHQ�
VLW\��WKH�PLUURU�FOHDYHV�RI�WKH�VDPSOHV�SHU�
SHQGLFXODU� DQG�SDUDOOHO� WR�����

BB
�!�SODQH� RI

WKH� FU\VWDOV� JURZQ� DW� WKH� VXUIDFH� RULHQWD�
WLRQ� ����

BB
�!�� XVLQJ� WKH� LQWHJUDO� UHIOHFWLRQ

SRZHU�5%��5%� �(Z,� ��ZKHUH�(�LV�WKH�LQWHJUDO
UHIOHFWLRQ�LQWHQVLW\�RI�WKH�FRUUHVSRQGLQJ�UH�
IOHFWLRQ� ZLWK� VXEWUDFWHG� EDFNJURXQG� LQWHQ�
VLW\�� Z�� WKH� DQJXODU� URWDWLRQ� VSHHG� RI� WKH
VDPSOH�� ,��� LQWHQVLW\� RI� PRQRFKURPDWLFEHDP� LQFLGHQW� WKH�VDPSOH�XQGHU� VWXG\��7KH
VDPSOH� DIWHU� &03� SULRU� WR� DQG� DIWHU� DGGL�
WLRQDO� DQQHDO� DW� �����&� IRU� ��K�ZDV� H[DP�
LQHG�LQ�WKH�VDPH�PDQQHU��

���5HVXOWV�DQG�GLVFXVVLRQ
$IWHU� WKH� 03�� D� ODUJH� QXPEHU� RI

VFUDWFKHV� �DERXW� �������� SHU� FP� OHQJWK�� LV
REVHUYHG�RQ�WKH�VXUIDFH�PLFURSKRWR�DQG�SUR�
ILORJUDP� RI� VDSSKLUH� ZLWK�5D�a�����QP�DQG5PD[�a���� QP�� 7KH� HVWLPDWLRQ� RI� WKH� GLV�WRUWHG� VXUIDFH� OD\HU� XVLQJ� WKH� PHWKRG� >�@
IRU� ����
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�!�� ����
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�!�� ����
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�!� UH�

IOHFWLRQV�WDNHQ�LQ�7;5'�LQ�&X�.D��HPLVVLRQJLYHV�WKH�YDOXH�DERXW���PP�
7KH� PRUH� LOOXVWUDWLYH� DQG� LQIRUPDWLYH

GDWD� DUH� REWDLQHG�ZKHQ� UHFRUGLQJ�'5&�DQG
UHJLVWHULQJ�'5&6��LQWHJUDO�UHIOHFWLRQ�SRZHU
5%�� DQG� LQWHQVLW\� ,� LQ� WKH� UHIOHFWLRQ�PD[L�PXP�� ,Q� )LJ����� LW� LV� VHHQ� WKH� VXEVWDQWLDO
GLIIHUHQFH� LQ� '5&6� WDNHQ� IRU� ����

BB
�!� DQG

����
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�!� UHOHFWLRQV� RI� WKH� VDPSOH� SURFHVVHG

E\�WKH�&03��FXUYH����DQG�03��FXUYH�����)RU
WKH�03�SURFHVVHG�VDPSOHV��DQ�HVVHQWLDO�'5&
EURDGHQLQJ�� LQWHQVLW\� GHFUHDVH� LQ� WKH� PD[�
LPD� RI� ����

BB
�!�� ����

BB
�!�� LQFUHDVH� RI� WKH

URFNLQJ�FXUYH�E�DQG�WKH�Ec�ZLGWK�DW������RI
,PD[� DV� FRPSDUHG� WR� '5&� WDNHQ� IRUP� WKHPLUURU�FOHDYH�RU�DIWHU�&03��7KH�PDLQ�FDXVH
RI� WKH� '5&6� FKDQJHV� DIWHU� WKH� 03� LV� WKH
SUHVHQFH� RI� D� ILVVXUHG� OD\HU� ZLWK� D� OLWWOH
URWDWLRQ� RI� FU\VWDOOLWHV� RQ� WKH� SURFHVVHG
VDPSOH� VXUIDFH�� Ec
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� LV� DERXW� ���� DQJXODU

VHFRQGV� EHLQJ� HVVHQWLDOO� OHVV� WKDQ� LQ� >�@
ZKHUH� WKH� FU\VWDOOLWH� PLVDOLJQPHQWV� DIWHU
03� FDQ� DSSURDFK� VHYHUDO� JUDGHV��7R� UHYHDO
WKH�SRVW�03�WH[WXUHG�SRO\FU\VWDO� OD\HU��WKH
;5'� SDWWHUQ� ZHUH� WDNHQ� XVLQJ� D� GRXEOH�
FU\VWDO� GLIIUDFWRPHWHU� ZLWK� D� S\URO\WLF
JUDSKLWH� PRQRFKURPDWRU� WKDW� SURYLGHV� WKH
LQFLGHQW�;�UD\�EHDP� LQWHQVLW\�H[FHHGLQJ�E\
WKUHH�RUGHUV�RI�PDJQLWXGH�WKDW�IURP�7;5'
DQG� EHDP� GLYHUJHQFH� RI� WKH� RUGHU� RI� RQH
JUDGH�� KRZHYHU�� WKH� SDWWHUQ� WDNHQ� LQ� TÜ�T

PRGH� DW� WKH� FRXQWHU� VOLW� RI� �� PP� GLG� QRW
VKRZQ�DQ\�UHIOHFWLRQV�EHVLGHV�RI�WKRVH�IURP
����

BB
�!� SODQHV�� 7R� HVWLPDWH� WKH� GLVORFDWLRQ

GHQVLW\�UG� LQ�WKH�VDSSKLUH�FU\VWDO�� WKH�PLU�URU� ����
BB
�!� FOHDYHV� RI� WKH� FU\VWDOV� ZHUH

XVHG�KDYLQJ�QR�GLVWRUWHG�VXUIDFH�OD\HU�XVLQJ
WKH�LQWHJUDO�UHIOHFWLRQ�SRZHU�5%�DQG�LWV�GH�SHQGHQFH� RQ� UG� >�@�� ,Q� DGYDQFH�� 5%� ZHUHFDOFXODWHG�IRU�&X�.D��HPLVVLRQ�IRU�����
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�!�
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�!������
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�!�UHIOHFWLRQV�XQGHU

G\QDPLF� �5G\Q�� DQG� NLQHPDWLF� �5NLQ�� DS�SUR[LPDWLRQV�IRU�WKH�;�UD\�EHDP�GLIIUDFWLRQ
E\� VDSSKLUH� FU\VWDO� LQ� %UDJJ� UHIOHFWLRQ� JH�
RPHWU\�>�@�DV�ZHOO�DV�WKH�UHIOHFWLRQ�DQJOHV��T�
�VHH�7DEOH��

7KH�FURVV�VHFWLRQ�RI�PRQRFKURPDWLF�EHDP
RQ�WKH�VDPSOH�XQGHU�VWXG\�IRU�GLIIHUHQW�UH�

)LJ����� 9DULDWLRQ� FKDUDFWHU� RI� E
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5H[S� �F�� DW� OD\HU�E\�OD\HU� UHPRYDO� RI� WKH� KWKLFN�GLVWRUWHG�VXUIDFH�OD\HU�E\�&03�
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IOHFWLRQ�RUGHUV�6�ZKHQ�ZRUNLQJ�LQ�7;5'��,W
LV� VHHQ� IURP� WKH� 7DEOH� WKDW� WKH� FDOFXODWHG
5G\Q�DQG�5NLQ�YDOXHV�GLIIHU�VXEVWDQWLDOO\�IRUWZR� ILUVW� UHIOHFWLRQ� RUGHUV�� ����

BB
�!� DQG

����
BB
�!�� DQG� WKH� 5NLQ�5G\Q� LV� ����� DQG������ WKXV� SURYLGLQJ� UHOLDEOH� HVWLPDWLRQ� RI

WKH�GLVORFDWLRQ�GHQVLW\�LQ�WKH�FU\VWDOV�EHLQJ
VWXGLHG��7KXV��WKH�YDOXHV�VXFK�DV�'5&6��WKH
URFNLQJ� FXUYH� KDOIZLGWK� E�� WKH� ZLGWK� Ec� DW
�����RI�,PD[��WKH�LQWHJUDO�UHIOHFWLRQ�SRZHU5H[S� DQG� WKH�5H[S�5G\Q� UDWLR� DUH� VXIILFLHQWWR�FKDUDFWHUL]H�WKH�SRVW�SURFHVVHG�VWUXFWXUH
SHUIHFWLRQ� RI� JURZQ� FU\VWDOV� EXON� DQG� VXU�
IDFH� OD\HUV�� 7R� HQKDQFH� WKH� UHOLDELOLW\� RI
H[SHULPHQWDO� PHDVXUHPHQWV�� WKH� URFNLQJ
FXUYHV�ZHUH�UHFRUGHG�DW�WKH�VDPSOH�URWDWLRQ
IURP� VPDOOHU�4%� DQJOHV� WR� ODUJHU� RQHV� DQGYLFH�YHUVD�DV�ZHOO�DV�DW�WKH�VFDQQLQJ�RI�WKH
VDPSOH� ZLWK� UHVSHFW� WR� WKH� LQFLGHQW� EHDP
ZLWK�WKH�VFDQQLQJ�SLWFK�/� �����PP�DFFRUG�
LQJ� WR� DW� OHDVW���PHDVXUHPHQWV�ZKLFK�ZHUH
DYHUDJHG�� WKHLU� YDOXHV� DUH� JLYHQ� LQ� 7DEOH
DQG� LQ� )LJ����� 7KH� HUURU� RI�E��Ec��5H[S� ZDVUHGXFHG� WR� �� ��� 7R� GHWHUPLQH� WKH� GHIHFW�
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