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7KH� LQWHUHVW� LQ� WKH� PDJQHWRWUDQVSRUW
SURSHUWLHV� RI�&R�&X� �$J���)H�&U�� DQG�RWKHU
PXOWLOD\HUV�>�Ü�@�LV�GXH�WR�WKH�JLDQW�PDJQH�
WRUHVLVWDQFH� �*05�� HIIHFW� REVHUYHG� WKHUHLQ�
7KH�SDUWLFXODU�LQWHUHVW�LQ�WKH�PRGHOLQJ�VDP�
SOHV� LQ� WKH� IRUP� RI� >&R�&X@Q�6�PXOWLOD\HUV�ZKHUH� 6� LV� D� VXEVWUDWH�� LV� DVVRFLDWHG� ZLWK
WKH�IDFW�WKDW�HOHPHQWV�RI�JUDQXODU�VWDWH�DUH
UHDOL]HG� WKHUHLQ� >�Ü�@�� WKDW� LV��QDQRFU\VWDO�
OLWHV� RI� KH[DJRQDO� �KFS�� &R� DUH� IRUPHG� LQ
WKH� EÜ�&R±&X�� VROLG� VROXWLRQ� �66�� FU\VWDO�
OLWHV�FRQWDLQLQJ�IFF�&X�RU�LQ�&X�FU\VWDOOLWHV
�LQ� WKH� FDVH� RI� WKH� 66� GHFRPSRVLWLRQ��� 7KH
JUDQXODU� VWDWH� VWDELOL]DWLRQ� DQG� WKH� LQGL�
YLGXDOLW\�FRQVHUYDWLRQ�H[WHQW�RI�&R� DQG�&X
OD\HUV�HIIHFW�YHU\�FRQVLGHUDEO\�WKH�*05�HI�
IHFW�PDJQLWXGH��,Q�WKLV�FRQQHFWLRQ��RI�SULQ�
FLSDO� LPSRUWDQFH� DVVRFLDWHG� ZLWK� WKH� *05
HIIHFW� DUH� VWXGLHV� RQ� WKH� LQIOXHQFH� RI� WKH
SKDVH�DQG�VWUXFWXUH�VWDWH��WKLFNQHVV�RI�LQGL�
YLGXDO�OD\HUV��WKH�JUDQXODU�VWDWH�H[WHQW��DQG
KHDW� WUHDWPHQW� UHJLPHV� RQ� WKH� PDJQH�
WRWUDQVSRUW� SURSHUWLHV� RI� ILOP� PDWHULDOV
ZLWK�VSLQ�GHSHQGHQW�HOHFWURQ�VFDWWHULQJ��$O�
WKRXJK�WKHUH�DUH�QXPHURXV�ZRUNV�DLPHG�DW

WKRVH�SUREOHPV��VHH��H�J���>�Ü��@���WKLV�ILHOG
UHPDLQV�VFDUFHO\�VWXGLHG�LQ�VRPH�DVSHFWV��,Q
SDUWLFXODU��WKH�SKDVH�IRUPDWLRQ�SURFHVVHV�LQ
WKHUPDOO\� HYDSRUDWHG� XOWUD�WKLQ� �DERXW
�� QP� WKLQ� LQGLYLGXDO� OD\HUV�� EL�� DQG�PXOWL�
OD\HU�&R�&X�ILOPV�LV�QRW�VWXGLHG�FRPSOHWHO\
WR�GDWH���,W�LV�WR�QRWH�WKDW�LQ�WKH�ZRUNV�FLWHG
DERYH�� WKH� VDPSOHV� ZHUH� REWDLQHG� E\� +)
PDJQHWURQ�>�@�RU�LRQLF�>�@�VSXWWHULQJ��RU�E\
HOHFWURFKHPLFDO� GHSRVLWLRQ� RI� JUDQXODU� DO�
OR\V� >������@��� 7KXV�� WKH� SXUSRVH� RI� WKLV
ZRUN� LV� WR� VWXG\� WKH� VWUXFWXUH� DQG� SKDVH
VWDWH� RI� QDQRGLPHQVLRQDO� ILOP� V\VWHPV� SUH�
SDUHG� E\� DOWHUQDWH� FRQGHQVDWLRQ� RI�&R� DQG
&X�OD\HUV�DQG�WR�HOXFLGDWH�WKH�FRQGLWLRQV�RI
IFF�&X�EDVHG�66�IRUPDWLRQ�WKHUHLQ�

7R�SUHSDUH�WKH�VDPSOHV�DQG�WR�VWXG\�HOHF�
WULFDO� SURSHUWLHV� WKHUHRI�� D� KLJK�YDFXXP
VHWXS� LQYROYLQJ� D� 10'2����� PDJQHWR�GLV�
FKDUJH� SXPS� ZDV� XVHG� �IRU� WKH� VHWXS� GH�
WDLOV�� VHH� >��@��� 7KH� UHVLGXDO� JDV� SUHVVXUH
ZDV� DERXW� ��Ü�� 3D�� 7KH�&X� ILOPV� ZHUH� RE�
WDLQHG�XVLQJ�UHVLVWLYH�WHFKQLTXH�DQG�WKH�&R
RQHV��E\�DQ�HOHFWURQ�EHDP�JXQ��7KH�FRQGHQVD�
WLRQ� UDWH� ZDV� ���� QP�V� IRU�&X� DQG� ����� WR
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����� QP�V� IRU� &R�� )RU� HOHFWURQ� PLFURVFRSLF
H[DPLQDWLRQV�� D� ��� WR� ��� QP� WKLFN� FDUERQ
ILOP�ZDV�XVHG�DV�WKH�VXEVWUDWH��ZKLOH�WR�VWXG\
WKH�HOHFWULFDO�SURSHUWLHV��WKH�VDPSOHV�ZHUH�GH�
SRVLWHG� RQWR� SROLVKHG� JODVV� VXEVWUDWHV� ZLWK
PHOWHG�LQ� PRO\EGHQXP� EDUV� DV� FDWKRGHV�
7KH�ILOP�GLPHQVLRQV�ZHUH�DV�IROORZV��OHQJWK
O� ����PP�DQG�ZLGWK�D� ���PP��WKH�0R�HOHF�
WURGH� GLDPHWHU� EHLQJ�'� �����PP��$QQHDOHG
$O� ILOPV� �DERXW� ��� WR� ��� QP� WKLFN�� ZHUH
XVHG� DV� UHIHUHQFHV� ZKHQ� LQWHUSUHWLQJ� WKH
HOHFWURQ� GLIIUDFWLRQ� SDWWHUQV�� 7KH� HIIHFWLYH
WKLFNQHVV� RI� LQGLYLGXDO� OD\HUV� ZDV� GHWHU�
PLQHG�WR�ZLWKLQ�r����QP�IURP�WKH�GHSRVLWHG
VXEVWDQFH� PDVV� XVLQJ� D� TXDUW]� UHVRQDWRU�
7KH� HOHFWULF� UHVLVWDQFH�ZDV�PHDVXUHG�XVLQJ
DQ� $33$� ���� XQLYHUVDO� LQVWUXPHQW� DW
�������PD[LPXP� HUURU�� WKH�ZRUNLQJ� YROW�
DJH� EHLQJ� ��� P9�� 7KH� SKDVH� FRPSRVLWLRQ
DQG� VXEVWUXFWXUH� ZHUH� VWXGLHG� XVLQJ� WKH
IROORZLQJ� VDPSOH� JURXSV�� &R����� &X����
&R����� DQG� &X������ &R����&X����6�
&R����&X����6� DQG� &R�����&X�����6�
&R�����&X����&R�����6�
&R����&X�����&R�����&X�����6� DQG
&R�����&X�����&R�����&X�����6�� DQG
>&R����&X���@��6��ZKHUH�6�LV�D�VXEVWUDWH�DQGWKH�HIIHFWLYH�OD\HU�WKLFNQHVV�YDOXHV�DUH�LQGL�
FDWHG�LQ�EUDFNHWV�

7KH�SKDVH�FRPSRVLWLRQ�RI�VLQJOH�OD\HU�&R
DQG�&X� ILOPV� LQ� WKH� LQLWLDO� VWDWH� DQG� DIWHU
DQQHDOLQJ� DW� ���� .� IROORZHG� E\� FRROLQJ
GRZQ� WR� ���� .� FRUUHVSRQGV� WR� IFF� RU� KFS
SKDVHV� ZLWK� ODWWLFH� SDUDPHWHUV� FORVH� WR
WKRVH� LQ�EXON�VDPSOHV�� L�H���D�� ��������QP�&X��� D�� �������� QP� DQG� F�� ��������QP�&R��� ,Q� PXOWLOD\HU� VDPSOHV�� RQO\� WKH� IFF
EÜ�&R±&X�� VROLG� VROXWLRQV� DUH� SUHVHQW�� WKH
ODWWLFH�SDUDPHWHU�EHLQJ�GHSHQGHQW�RQ�WKH�&R
DWRPLF� SHUFHQWDJH� DFFRUGLQJ� WR� WKH� 9HJDUG
UXOH��VHH�)LJ������7KH�66�KDV�EHHQ�FRQFOXGHG
WR�EH� IRUPHG�RQ� WKH�EDVH� RI�&X� ODWWLFH�� EH�
FDXVH�WKH�VWXGLHG�UDQJHV�RI�WHPSHUDWXUH�DQG
WKH� LVODQG� VL]H� RI�&R� ILOPV� DUH� IDU� HQRXJK
IURP� WKH� VWDELOL]DWLRQ� FRQGLWLRQV� RI� IFF�&R
ZLWK�D�� �������QP��+RZHYHU��WKH�H[WUDSROD�WLRQ�RI�D�F��GHSHQGHQFH�WR�KLJK�&R�FRQFHQWUD�
WLRQV�SRLQWV� WKDW� LQ� WKLV� FDVH�� WKH� JÜ�&R±&X�
66�PD\�OLNHO\�EH�IRUPHG��WKDW�LV��RQ�WKH�EDVLV
RI�IFF�&R��$W�WKH�VDPH�WLPH��DW� ORZ�&R�FRQ�
FHQWUDWLRQV�� D� ELSKDVH� FRPSRVLWLRQ�� L�H��
EÜ�&R±&X��66�DQG�IFF�&X��ZLOO�WDNH�SODFH��VHH
>�@� IRU�GHWDLOV���7KH� HOHFWURQ�GLIIUDFWLRQ�SDW�
WHUQ�LQWHUSUHWDWLRQ�LV�H[HPSOLILHG�LQ�7DEOH�IRU
WKH�&R����&X�����&R�����&X�����6�ILOP��1RWH
WKDW� WKH� VPDOO� QXPEHU� RI� OLQHV� LQ� WKH� SDW�
WHUQ�LV�GXH�WR�QDQRFU\VWDOOLQH�VDPSOH�VWUXF�
WXUH��&DOFXODWLRQ�RI� WKH�DYHUDJH� LVODQG�VL]H

�/
BB
�� IURP�WKH�HOHFWURQ�PLFURVFRS\�GDWD� LQGL�

FDWHV�WKDW�LW�LV�DERXW���WR���WLPHV�ODUJHU�LQ
VLQJOH�OD\HU� �&X� ILOPV� WKDQ� LQ�&R� RQHV�� 6R
IRU�WKH�HIIHFWLYH�ILOP�WKLFNQHVV�RI���QP��WKH
LVODQG� VL]HV� DUH� ZLWKLQ� OLPLWV� RI� ��� WR
���QP�IRU�&X�DQG�RQO\���WR���QP�IRU�&R��,Q
WKH�EÜ�&R±&X��66�VDPSOHV��WKH�LVODQG�VL]H�LV
GHILQHG� E\� WKH� &X� ILOP� DOWKRXJK� EHLQJ
VRPHZKDW� VPDOOHU� WKDQ� LQ� WKH� VLQJOH�OD\HU
&X�ILOP�

)LJ���� LOOXVWUDWHV� WKH� LVODQG� VWUXFWXUH
DQG� VL]H� GLVWULEXWLRQ� IRU� D� &R����&X����&
ILOP�� :KHQ� SDVVLQJ� WR� PXOWLOD\HU
&R����&X�����&R�����&X������ &� DQG
>&R����&X���@��&� ILOP� V\VWHPV�� WKH� DYHU�DJH�LVODQG�VL]H�/

BB
��FDOFXODWHG�E\�DYHUDJLQJ�RI

WZR� PHDVXUHPHQWV� LQ� SHUSHQGLFXODU� GLUHF�
WLRQV�� LV� ��� DQG������QP�� UHVSHFWLYHO\��6XFK
DQ�LQVLJQLILFDQW�/

BB
�YDULDWLRQ�HYLGHQFHV�WKDW�&R

LV� GLVVROYHG� LQ� &X� LVODQGV�� 2WKHUZLVH�� ULQJV
IURP� KFS� &R� ZRXOG� EH� REVHUYHG� LQ� HOHFWURQ
GLIIUDFWLRQ�SDWWHUQV��7KXV��WKH�EÜ�&R±&X��66
LV� IRUPHG� GLUHFWO\� GXULQJ� WKH� FRQGHQVDWLRQ
GXH� WR� GLVVROXWLRQ� RI� KFS�&R� LVODQGV� LQ�&X
PDWUL[�� 7KDW� VFKHPH� DJUHHV� ZHOO� ZLWK� WKH
HQHUJ\�FRQFHSW�>������@�VXJJHVWLQJ�WKDW�WKH
&R�&X� V\VWHP� HQHUJ\� GURSV� VKDUSO\� LI� &R
DWRPV�DUH� LQFOXGHG� LQ�WKH�&X� OD\HU�DV� LQGL�
YLGXDO�DWRPV�RU�FOXVWHUV��7KDW�YLHZSRLQW� LV
FRQILUPHG� LQ� >��@��$�IUDFWLRQ�RI�&R� LVODQGV

)LJ����� 'HSHQGHQFH� RI� IFF� EÜ�&R±&X�� 66� ODW�
WLFH� SDUDPHWHU�RQ�&R� DWRPLF�SHUFHQWDJH� LQ�D
PXOWLOD\HU�ILOP�

7DEOH��,QWHUSUHWDWLRQ�RI�GLIIUDFWLRQ�SDWWHUQ
IURP�EÜ�&R±&X��66��

1R� ,��UHO�
XQLWV

GKNO�QP
KNO D��QP DBB��QP

� 9HU\�KLJK ������ ��� ������
� KLJK ������ ��� ������ ������
� KLJK ������ ��� ������
� PHGLXP ������ ��� ������
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XQGLVVROYHG�LQ�WKH�&X�ILOP�EXON�PD\�EHFRPH
VWDELOL]HG� DW� LWV� VXUIDFH�DV�66� LVODQGV��7KLV
FDXVHV�WKH�GLPLQXWLRQ�RI�WKH�LVODQG�DYHUDJH
VL]H� LQ� WKH� PXOWLOD\HU� V\VWHP�� WKH� SKDVH
FRPSRVLWLRQ�UHPDLQLQJ�XQFKDQJHG�

%HVLGH�WKH�VWUXFWXUH�DQG�SKDVH�VWDWH�IHD�
WXUHV� VSHFLILHG� DERYH�� ZH� KDYH� IRXQG� WKDW
WKH� EÜ�&R±&X�� ODWWLFH� SDUDPHWHU� GHSHQGV
VRPHZKDW� RQ� WKH�&R� FRQGHQVDWLRQ� UDWH��6R�
DV� WKH� UDWH� LV� LQFUHDVHG� IURP� ����� WR
�����QP�V�� WKH�SDUDPHWHU� D�GHFUHDVHV� IURP
�������WR��������QP��7KLV�FDQ�EH�H[SODLQHG
E\� DFFXPXODWLRQ� RI� YDFDQFLHV� LQ� WKH� 66� LV�
ODQGV��,Q�WKH�VDPH�PDQQHU��DV�WKH�&R�FRQGHQ�
VDWLRQ� UDWH� LQFUHDVHV� WKULFH�� /

BB
� YDOXH� IRU�&R

LVODQG� EHFRPHV� DSSUR[LPDWHO\� KDOYHG�� 7KH
GLIIUDFWLRQ� DQG� HOHFWURQ�PLFURVFRSLF� VWXGLHV
DQG� FRQFOXVLRQV� FRQFHUQLQJ� WKH� EÜ�&R±&X�
IRUPDWLRQ� NLQHWLFV� VXSSOHPHQW� WKH� HOHFWULF
UHVLVWDQFH� PHDVXUHPHQWV� GXULQJ� WKH� PXOWL�
OD\HU� V\VWHP� FRQGHQVDWLRQ�� $Q� H[DPSOH� RI
VXFK� GHSHQGHQFH� LV� SUHVHQWHG� LQ� )LJ����� 7KH
GLVWLQFWLRQV� LQ� WKH�5�W�� GHSHQGHQFHV� LQ� WKH
FDVHV� RI�&X� DQG�&R� GHSRVLWLRQ� �FI�� LQVHWV� D
DQG� E� LQ� )LJ����� DUH� DVVRFLDWHG� ZLWK� WKH
OD\HU�E\�OD\HU� RU� LVODQG�OLNH� JURZWK� RI� &X
DQG� &R� ILOPV�� 7KLV� LV� FRQILUPHG� E\� >���
��@��7KH�LQFUHDVH�RI�WKH�ILOP�V\VWHP�UHVLV�
WDQFH� IROORZHG� E\� LWV� GHFUHDVH� GXULQJ� WKH
IXUWKHU�FRQGHQVDWLRQ�RI�&R���� LV�DVVRFLDWHG
ZLWK� IRUPDWLRQ� RI� &R� LVODQGV� DW� WKH� ILOP
VXUIDFH� DQG� WKH� VXEVHTXHQW� GLVVROXWLRQ
WKHUHRI� LQ� WKH�&X�PDWUL[�� 7KLV� VWDWHPHQW� LV
FRQILUPHG� LQGLUHFWO\�E\� WKH�YDOXH�RI�WKHUPDO
UHVLVWDQFH� IDFWRU� �E�� RI� PXOWLOD\HU� ILOP� V\V�
WHPV� �DW�7� �����.�� E� ������ WR� �������Ü��.Ü�
EHLQJ� LQWHUPHGLDWH� EHWZHHQ� WKRVH� IRU� &X
DQG�IFF�&R��

7KXV�� WKH� VWUXFWXUH� DQG� SKDVH� VWDWH� RI
XOWUD�WKLQ� QDQRFU\VWDOOLQH� &R�&X� ILOP� V\V�
WHPV� KDV� EHHQ� VWXGLHG�� ,W� KDV� EHHQ� IRXQG
WKDW� LQ� ELOD\HU� DQG�PXOWLOD\HU� VDPSOHV�� WKH

EÜ�&R±&X�� 66� EDVHG� RQ� &X� IFF� ODWWLFH� LV
IRUPHG� DOUHDG\� LQ� WKH� FRXUVH� RI� FRQGHQVD�
WLRQ�� 7KH� 66� ODWWLFH� SDUDPHWHU� GHSHQGHQFH
RQ�&R� DWRPLF� FRQFHQWUDWLRQ� DQVZHUV� WR� WKH
9HJDUG� UXOH�� 7KH� DYHUDJH� LVODQG� VL]H� LQ� WKH
PXOWLOD\HU�V\VWHPV�LV�VPDOOHU�WKDQ�WKDW�LQ�VLQ�
JOH�OD\HU�&X� ILOPV�� WKXV�HYLGHQFLQJ�DQ� LQFRP�
SOHWH�VROXELOLW\�RI�&R�LVODQGV�LQ�WKH�&X�PDWUL[
DQG�WKH�SUHVHQFH�WKHUHRI�DV�EÜ�&R±&X��66�SDU�
WLFOHV� DW� WKH� VXUIDFH� RI� WKH�&X� XQGHUOD\HU� RU
ZLWKLQ� WKH� FKDQQHOV� WKHUHLQ�� ,W� LV� SRVVLEOH� WR
FRQWLQXH�WKH�LQYHVWLJDWLRQ�E\�VWXG\LQJ�HOHFWUR�
SK\VLFDO� SURSHUWLHV� RI� ILOP�DOOR\V� LQ� WKH� IRUP
RI�EÜ�&R±&X��RU�JÜ�&R±&X��66�

$XWKRUV� DFNQRZOHGJH� WKH� 0DVWHUVKLS
&RPSHWLWRU� 9�0�%UD]KQLN� ZKR� DVVLVWHG� LQ
H[SHULPHQWDO�ZRUN�

7KH�ZRUN�KDV�EHHQ�GRQH�ZLWKLQ�WKH�6FLHQ�
WLILF� 	� 7HFKQLFDO� &ROODERUDWLRQ�3URMHFW�1R�
0��������� EHWZHHQ� 6XP\� 6WDWH� 8QLYHUVLW\
DQG� ,QVWLWXWH� RI� 1XFOHDU� 3K\VLFV�� 3ROLVK
$FDGHP\�RI�6FLHQFHV��.UDNRZ�

5HIHUHQFHV
� ���6�=KDQJ�� 3�0�/HY\�� 3K\V��5HY��%��� ���� ����

�������
� ���6�6�3�3DUNLQ�� $QQ��5HY��0DWHU��6FL��� ���� ���

�������
� ���-�0�&ROLQR��,�.�6FKXOOHU��9�.RUHQLYVNL�HW�DO��

3K\V��5HY��%��������������������
� ���:�+�%XWOHU�� ;��*�=KDQJ�� 7�&�6FKXOWKHVV� HW

DO���3K\V��5HY��������������������
� ���0�0DUV]DOHN�� -�-DZRUVNL�� $�0LFKDOLN� HW� DO��

-�0DJQ�� 0DJQ�� 0DWHU��� ���Ü����� ����
�������

)LJ����� 5HVLVWDQFH� FKDQJHV� GXULQJ� WKH
&R����&X�����&R�����&X�����6�ILOP�FRQGHQVD�
WLRQ�� FRQGHQVDWLRQ� RI� &R����� OD\HU� RQWR
&X�����6� ����� KROGLQJ� RI� WKH� &R�����&X�����6
V\VWHP� ����� FRQGHQVDWLRQ� RI� &X����� OD\HU� RQWR
&R�����&X�����6� ����� KROGLQJ� RI� WKH
&X����&R�����&X�����6� V\VWHP� ����� FRQGHQVDWLRQ
RI�&R����OD\HU�RQWR�WKH�&X����&R�����&X�����6�����

)LJ�����0LFURVWUXFWXUH�RI�&R����&X����&� ILOP
DQG�WKH�FRUUHVSRQGLQJ�KLVWRJUDP�

,�<X�3URWVHQNR�HW�DO����6ROLG�VROXWLRQ�IRUPDWLRQ����
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� ���,�<X�3URWVHQNR��,�9�&KHVKNR��-�-DZRUVNL��9LV�
Q\N� 6XP'8�� 6HU��)L]���0HNKDQ���0DWHP��� ���
����������
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