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7KH� VXUIDFH� SODVPRQ� UHVRQDQFH� �635�
ZLWK� HOHFWURFKHPLFDO� PHDVXUHPHQWV� �(635�
EHFRPHV� WKH� DWWUDFWLYH� WHFKQLTXH� ODVW� \HDUV
>����@�� 7KH� SRVVLELOLW\� RI� (635� LQ� VLWX� WR
HVWLPDWH� RSWLFDO� FRQVWDQWV� DQG� WKLFNQHVV� RI
WKLQ�ILOPV�LV�RI�DGYDQWDJH�IRU�LQYHVWLJDWLRQ
RI�YDULRXV�HOHFWURFKHPLFDO�SURFHVVHV��LQFOXG�
LQJ� WKH� HOHFWURSRO\PHUL]DWLRQ� >����@�� +RZ�
HYHU�� WKHUH� DUH� SUREOHPV� DW� WKH� LQWHUSUHWD�
WLRQ� RI� WKH� UHVXOWV� RI� 635�HOHFWURFKHPLFDO
PHDVXUHPHQWV��7KH�SUREOHPV�RULJLQDWH�IURP
WKH� QHFHVVLW\� �XVXDO� IRU� 635� PHWKRG�� WR
VHSDUDWH� WZR� PDLQ� SDUDPHWHUV� RI� LQYHVWL�
JDWHG�OD\HU��QDPHO\��UHIUDFWLYH�LQGH[�Q�DQG
WKLFNQHVV�G�� DV�ZHOO� DV� GXH� WR� LQIOXHQFH� RI
HOHFWULFDO�SRWHQWLDO�DSSOLHG�WR�WKH�OD\HU��7KH
SRVVLELOLW\� WR� VHSDUDWH� Q� DQG� G� LV� VWXGLHG
ZHOO� DQG� FDQ� EH� UHDOL]HG� E\� ILWWLQJ� H[SHUL�
PHQWDO� DQG� WKHRUHWLFDO� 635�VSHFWUD� >�Ü�@�

DOWKRXJK� UHPDLQV� UDWKHU� FRPSOLFDWHG� IRU
PXOWLOD\HU�V\VWHPV��7KH�LQIOXHQFH�RI�WKH�LQ�
WHUIDFLDO� SRWHQWLDO� RQ� WKH� DQJXODU� SRVLWLRQ
DQG� VKDSH� RI� 635� VSHFWUD� LV� OHVV� VWXGLHG�
RQO\�IHZ�ZRUNV�EHLQJ�NQRZQ�>�Ü�@�

7KH� DQJOXODU� VKLIW� DQG� FKDQJHV� LQ� 635�
VSHFWUD� �635�FXUYH�� IRUP� �635�UHVSRQVH�
XQGHU� DSSOLHG� LQWHUIDFLDO� SRWHQWLDO� DUH� GXH
WR� FKDQJHV� LQ� FRQFHQWUDWLRQ� RI� IUHH� HOHF�
WURQV�LQ�VXUIDFH�OD\HU�RI�PHWDO�FDUU\LQJ�WKH
SODVPRQ� RVFLOODWLRQV� >�@�� 6LPLODU� FKDQJHV
DUH� REVHUYHG� DOVR� LQ� WKH� IRUPV� RI� R[LGH
OD\HU� RQ� WKH� PHWDO� >�@� DV� ZHOO� DV� LQ� WKH
LQIOXHQFH� RI� HOHFWURO\WH� LRQV� >�@�� +RZHYHU�
DW�WKH�DSSOLFDWLRQ�RI�LQWHUIDFLDO�SRWHQWLDO�XS
WR���9�IRU�EDUH�$X�SODFHG� LQ�HOHFWURO\WH�VR�
OXWLRQ�� WKH� HQYLURQPHQW� LQIOXHQFH� RQ� 635
VSHFWUD�FDQ�EH�FOHDUO\�QRWLFHG�RQO\�IRU�FDVH
ZKHUH� WKH� HOHFWURO\WH� VROXWLRQ� H[KLELWV
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UHGR[� SURSHUWLHV�� $FLG� RU� EDVH� HOHFWURO\WHV
XVXDOO\�XVHG�LQ�HOHFWURFKHPLFDO�H[SHULPHQWV
GR�QRW�H[KLELW�VXFK�SURSHUWLHV��,Q�WKLV�FDVH�
635�UHVSRQVH�GHSHQGV�PDLQO\�RQ�IRUPDWLRQ
RI� R[LGH� OD\HU�� WKDW� LV� SRVVLEOH� RQO\� XQGHU
VSHFLILF�YDOXHV�RI�WKH�DSSOLHG�LQWHUIDFLDO�SR�
WHQWLDO� H[FHHGLQJ� D� FHUWDLQ� WKUHVKROG� YDOXH
>�@�� 7KH� VLWXDWLRQ� LV� FKDQJHG� ZKHQ� JROG
HOHFWURGH� LV� FRYHUHG� ZLWK� D� GLHOHFWULF� ILOP�
HVSHFLDOO\� ZKHQ� WKH� ILOP� H[KLELWV� SUR�
QRXQFHG� UHGR[� SURSHUWLHV�� $W� WKH� DSSOLFD�
WLRQ�RI�HYHQ�D�ORZ�SRWHQWLDOV�XQGHU�VSHFLILF
FRQGLWLRQV��S+���WKH�635�UHVSRQVH�LQFUHDVHV
VLJQLILFDQWO\� DQG� GHSHQGV� PDLQO\� RQ� WKH
WKLFNQHVV�RI�VWXGLHG�ILOP�� LWV�VWUXFWXUH�DQG
RQ�WKH�H[WHQW�RI� WKH�UHGR[�SURSHUWLHV�� ,W� LV
NQRZQ� WKDW� RSWLFDO� SDUDPHWHUV� RI� VXFK�PD�
WHULDOV� FDQ� EH� PRGLILHG� E\� FKDQJLQJ� WKH
WKLFNQHVV�RI�LQYHVWLJDWHG�OD\HUV�GXULQJ�HOHF�
WURFKHPLFDO� UHDFWLRQ� >�@�� 7KLV� IDFW� EULQJV
DGGLWLRQDO� GLIILFXOWLHV� LQ� WKH�635�H[DPLQD�
WLRQ� RI� WKH� ILOP� SURSHUWLHV�� +RZHYHU�� WKH
635�PHWKRG�JLYH�XV�VRPH�DGYDQWDJHV�DW�WKH
LQYHVWLJDWLRQV�RI�VLPLODU�VWUXFWXUHV��EHFDXVH
WKLV� WHFKQLTXH� LV� VHQVLWLYH� WR� FRQFHQWUDWLRQ
RI� UHGR[� PROHFXOHV� LQ� WKH� HOHFWURO\WH� VROX�
WLRQ�DV�ZHOO� DV� WR�WKH�DGVRUEHG� OD\HU�WKLFN�
QHVV�� &\FOLF� YROWDPPHWU\� �&9��� DW� DQRWKHU
KDQG��HQDEOHV�XV�WR�HVWLPDWH�WKH�FRQFHQWUD�
WLRQ�JUDGLHQW�RI�UHGR[�SDUWLFOHV�DW�WKH�HOHF�
WURGH�VXUIDFH�>��@��,W�VHHPV�WR�EH�RI�SURPLVH
WR� FRPELQH� WKHVH� WZR�PHWKRGV�ZKHQ� VWXG\�
LQJ� UHGR[�SRO\PHUV�� HVSHFLDOO\� ZKHQ� WKH
SRO\PHU� ILOP� IRUPHG� E\� HOHFWURSRO\PHUL]D�
WLRQ� LV� LQVROXEOH� DQG� LWV� VWUXFWXUH� UHPDLQV
HVVHQWLDOO\� XQFKDQJHG� GXULQJ� &9� PHDVXUH�
PHQWV�

,Q�WKLV�ZRUN��ZH�GLVFXVV�WKH�SRVVLELOLWLHV
RI� HOHFWURFKHPLFDO�635�VSHFWURVFRS\� WDNLQJ
WKH�FRPSDUDWLYH�VWXG\�RI�&9�DQG�635�VSHF�
WUD�RI�SRO\DQLOLQH� �3$��ILOP�DV�DQ�H[DPSOH�
7KLV�SRO\PHU�LV�D�UHGR[�PDWHULDO�DQG�FDQ�EH
REWDLQHG� E\� HOHFWURSRO\PHUL]DWLRQ� XQGHU
FRQGLWLRQV� RI� 635� H[SHULPHQW� LQ� VLWX�� 7KH
SULRULW\� WDVN� RI� WKLV� ZRUN� LV� WKH� FRUUHFW
LQWHUSUHWDWLRQ� RI� LQWHJUDWHG� 635� UHVSRQVH
DW�WKH�(635�VWXG\�RI�VLPLODU�SRO\PHUV�DQG
RWKHU�UHGR[�VWUXFWXUHV��

$OO� FKHPLFDOV� ZHUH� SXUFKDVHG� IURP
$OGULFK� DQG� XVHG� DV� VXSSOLHG� ZLWKRXW� IXU�
WKHU� SXULILFDWLRQ�� 'RXEOH�GLVWLOOHG� ZDWHU
ZDV�XVHG�WKURXJKRXW�WKLV�ZRUN��7R�V\QFKUR�
QL]H� 635� DQG� HOHFWURFKHPLFDO� PHDVXUH�
PHQWV�� D� FODVVLF� ��HOHFWURGHV� FHOO� ZDV� XWLO�
L]HG��7KH�ZRUNLQJ�HOHFWURGH�ZDV����QP�ILOP
RI�SRO\FU\VWDOOLQH��������$X�ZKHUH�SODVPRQ
RVFLOODWLRQ�FDQ�EH�H[FLWHG��7KH�JROG�ILOP�ZDV
SURGXFHG�E\�WKHUPDO�HYDSRUDWLRQ�LQ�YDFXXP
�����Ü�� 3D�� RQWR� )�� JODVV� ���u���PP��

SODWH��$V� WKH� FRXQWHU� HOHFWURGH�� ����PP�3W
ZLUH�ZDV�XVHG��$J�$J&O�����PP�ZLUH�VHUYHG
DV� WKH� UHIHUHQFH� HOHFWURGH�� 7R� LPSURYH� WKH
DGKHVLRQ��D�WKLQ��XS�WR���QP��&U�XQGHUOD\HU
ZDV�HYDSRUDWHG�VLPXOWDQHRXVO\�ZLWK�$X��%H�
IRUH� HYDSRUDWLRQ�� WKH� JODVV� SODWHV� ZHUH
WUHDWHG� FRQVHFXWLYHO\� LQ� 1+�2+�+�2��+�2DQG� +&O�+�2��+�2� VROXWLRQV�� ERWK� RI� ������Y�Y�� FRPSRVLWLRQ� GXULQJ� �� PLQ� DW� ERLOLQJ
WHPSHUDWXUHV�� $IWHU� FKHPLFDO� WUHDWPHQW�
WKH�JODVV�SODWHV�ZHUH� WKRURXJKO\�ZDVKHG� LQ
WZLFH� GLVWLOOHG� ZDWHU� DQG� GULHG� LQ� QLWURJHQ
VWUHDP�� 7R� VWDELOL]H� WKH� GULIW� SDUDPHWHUV�
WKH�HYDSRUDWHG�ILOP�ZDV�KHDW�WUHDWHG�LPPH�
GLDWHO\� DIWHU� HYDSRUDWLRQ� �����&�� ���PLQ��
7KH�PDWHULDO�RI�JODVV�SODWH�ZDV�VHOHFWHG�H[�
DFWO\�WKH�VDPH�DV�IRU�$75�SULVP�WR�H[FOXGH
WKH�LQWHUIHUHQFH�HIIHFWV��7KH�UHODWLYHO\�KLJK
UHIUDFWLRQ�LQGH[�RI�WKH�SULVP��Q� �������WR�
JHWKHU� ZLWK� D� EURDG� G\QDPLF� GLDSDVRQ� �XS
WR�����LQ�DLU��RI�WKH�635�LQVWUXPHQW�%LRVX�
SODU���� �$QDO\WLFDO� 0LFURV\VWHP�� *HUPDQ\�
HQDEOHG� WR� PHDVXUH� WKH� 635� VSHFWUD� IRU
WKLFN��XS�WR�����QP��SRO\PHU�ILOPV�ZLWKRXW
FKDQJLQJ� WKH� LQLWLDO� LQFLGHQFH� DQJOH� RI� WKH
ODVHU�EHDP��)LJ�����'DWD�ZHUH�SURFHVVHG�E\�D
3&� XVLQJ� %LRVXSODU��� VRIWZDUH� �YHUVLRQ
��������� &\FOLF� YROWDPPHWU\� DQG� PXOWL�SR�
WHQWLDO� VWHS� FKURQRDPSHURPHWU\� ZHUH� SHU�
IRUPHG� XVLQJ� DQ� HOHFWURFKHPLFDO� DQDO\]HU
�(*	*��9HUVD6WDW��FRQQHFWHG�WR�D�FRPSXWHU
�(*	*� VRIWZDUH� ����������� 7KH� XVH� RI� D
VLPSOH� RSHQ� HOHFWURFKHPLFDO� FHOO� ����� P/�
HQDEOHG� HDV\� HPSW\LQJ�RI� WKH� FHOO� DQG� WKXV
UDSLG�UHPRYDO�DQG�FKDQJH�RI�VROXWLRQ�DERYH
WKH� SRO\PHU� ILOPV� LI� QHFHVVDU\�� 7KH� $J
TXDVL�UHIHUHQFH� HOHFWURGH�ZDV� FDOLEUDWHG� DF�
FRUGLQJ� WR� WKH� SRWHQWLDO� RI� GLPHWK\OYLROR�
JHQ��(R� �Ü������9�YV��6&(�PHDVXUHG�E\�F\�FOLF� YROWDPPHWU\� DQG� WKH� SRWHQWLDOV� ZHUH
UHSRUWHG� YV�� 6&(�� 7KH� 635� VHQVRJUDPV
�WLPH�GHSHQGHQW� FKDQJHV� RI� WKH� UHIOHFWDQFH
PLQLPXP��ZHUH�PHDVXUHG�LQ�VLWX�VLPXOWDQH�
RXVO\�ZLWK�F\FOLF�YROWDPPHWU\�XSRQ�DSSOLFD�
WLRQ�RI�DQ�H[WHUQDO�SRWHQWLDO�WR�WKH�ZRUNLQJ
HOHFWURGH�� 7KH� SRWHQWLDO� UDQJH� XVHG� LQ� WKH
H[SHULPHQWV�LQFOXGHG�WKH�GLDSDVRQ�RI�SRWHQ�
WLDOV�ZKHUH�WKH�$X�HOHFWURGH�LV�SRODUL]HG�LGH�
DOO\�DV�ZHOO�DV�WKH�SRWHQWLDO�UHJLRQ�ZKHUH�D
$X�R[LGH�OD\HU�IRUPDWLRQ�RFFXUV��7KH�PHDV�
XUHPHQWV� ZHUH� SHUIRUPHG� ZLWK� D� EDUH� $X
HOHFWURGH� DQG� D� SRO\DQLOLQH�PRGLILHG� $X
HOHFWURGH��

7KH� SRO\DQLOLQH�PRGLILHG� $X� HOHFWURGHV
ZHUH� XVHG� IRU� WKH� 635� LQ� VLWX� VWXG\�XVLQJ
F\FOLF� YROWDPPHWU\�� 3RO\DQLOLQH� ZDV� JHQHU�
DWHG�RQ�WKH�$X�FRYHUHG�JODVV�VXSSRUW�E\�WKH
HOHFWURSRO\PHUL]DWLRQ� RI� DQLOLQH�� ���� 0�� LQ
DQ�HOHFWURO\WH�VROXWLRQ�FRQVLVWLQJ�RI�+�62��
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����0�� DQG�1D�62��� ����0�� �DSSOLHG�SRWHQ�WLDO�����9��IRU�YDULRXV�WLPH�WR�JHQHUDWH�WKH
SRO\PHU� ILOPV� RI� GLIIHUHQW� WKLFNQHVV�� 7KH
UHVXOWLQJ�ILOP�ZDV�ZDVKHG�ZLWK�EDFNJURXQG
VROXWLRQ� RI� +�62��� ���� 0�� DQG� 1D�62������0��WR�UHPRYH�WKH�UHVLGXDO�PRQRPHU�RXW
RI� WKH� FHOO�� 7KH� SRO\DQLOLQH� ILOP� WKLFNQHVV
ZDV�GHULYHG�IURP�WKH�FRPSXWHU�DLGHG�ILWWLQJ
RI�WKH�H[SHULPHQWDO�635�VSHFWUXP�REWDLQHG
DIWHU�HOHFWURSRO\PHUL]DWLRQ�DQG�ZDVKLQJ�WKH
FHOO�ZLWK�WKH�HOHFWURO\WH�VROXWLRQ�IUHH�RI�WKH
PRQRPHU�WR�WKH�WKHRUHWLFDO�VSHFWUXP�

,W� VKRXOG� EH� QRWHG� WKDW� VRPH� LQVWDELOLW\
RI� WKH� DQJXODU� SRVLWLRQ� DQG� VKDSH� RI� 635
VSHFWUXP� ZDV� REVHUYHG� LPPHGLDWHO\� DIWHU
WKH� HOHFWURGH� PRGLILFDWLRQ� UHVXOWLQJ� IURP
FKDQJHV�RI� WKH�SRO\PHU�VWUXFWXUH��7KXV�� WR
GHWHUPLQH�WKH�ILOP�WKLFNQHVV�E\�ILWWLQJ��WKH
635�VSHFWUD� ZHUH� WDNHQ� DIWHU� WKH� FRPSOHWH
VWDELOL]DWLRQ��FD����K�DIWHU�WKH�HOHFWURSRO\P�
HUL]DWLRQ�LV�RYHU���$OVR�ORQJ�WLPH�FKDQJHV�RI
WKH� 635� VSHFWUD� ZHUH� REVHUYHG� DIWHU� HDFK
SRWHQWLDO�F\FOH�DSSOLHG�WR�WKH�PRGLILHG�HOHF�
WURGHV�� 6XFK� DQ� LQVWDELOLW\� LV� GXH� WR� WKH
SRO\PHU� GLVWXUEDQFH� DQG� LUUHYHUVLELOLW\� RI
DGVRUSWLRQ� DQG� GLIIXVLRQ� SURFHVVHV� GXULQJ
OLPLWHG� WLPH� �LQ� RXU� FDVH�� ����� V�� RI� &9
F\FOH�� SDUWLFXODUO\� IRU� IUHVKO\� SUHSDUHG
SRO\DQLOLQH� ILOPV�� ,Q� WKLV�ZRUN�� LQWHUSUHWHG
DUH�GDWD�REWDLQHG�IRU�3$�ILOPV�LPPHGLDWHO\
DIWHU� HOHFWURSRO\PHUL]DWLRQ�� WKDW� LV� LPSRU�
WDQW� EHFDXVH� WKLV� PDNHV� LW� SRVVLEOH� WR� RE�
VHUYH� DQG� GLVFXVV� WKH� WUDQVLWLRQ� SURFHVVHV�
7KH� FRPSOHWH� VWDELOL]DWLRQ� RI� HOHFWUR�
SROLPHUL]HG� 3$� ILOP� LV� SRVVLEOH� RQO\� DIWHU
PXOWLSOH� DSSOLHG� SRWHQWLDO� F\FOHV�� WKH� F\FOH
QXPEHU� GHSHQGLQJ� RQ� WKH� SRWHQWLDO� YDOXH
DQG� WKH� SRO\PHU� ILOP� WKLFNQHVV� DV� ZHOO� DV
RQ�WKH�HOHFWURO\WH�SURSHUWLHV��S+��

)LJ���� VKRZV� WKH� NLQHWLF� GHSHQGHQFHV� RI
635� DQJXODU� SRVLWLRQ� �635� VHQVRJUDPV�
XQGHU� D� WLPH�FKDQJHG� LQWHUIDFLDO� SRWHQWLDO
IRU� EDUH� $X�� &XUYH� �� RI� )LJ����� VKRZV� WKH
635� VHQVRJUDP� IRU� D� EDUH� $X� HOHFWURGH� DW
S+� ������ )LJ���� FXUYH� ��� VKRZV� WKH� F\FOLF
YROWDPPRJUDP� IRU� D� EDUH� $X�HOHFWURGH� LQ
WKH�VDPH�FRQGLWLRQV��)LJ�����FXUYH����VKRZV
WKH� 'T�'W� GHSHQGHQFHHV� �GLIIHUHQWLDO� 635��
3RLQWV�DW�WKH�FXUYHV�GHQRWHG�DV�D�WKURXJK�J
VKRZ� WKH� UHVSHFWLYH� GRPDLQV� RI� WKH� FXUYHV
FRUUHVSRQGLQJ�WR�WKH�635�DQG�HOHFWURFKHPL�
FDO�PHDVXUHPHQWV��6PDOO��XS�WR���c��JUDGXDO
VKLIWLQJ�RI�635�SRVLWLRQ�WRZDUGV�ODUJHU�DQ�
JOHV� �IXUWKHU�LQFUHDVLQJ�� ZLWKLQ� WKH� UHJLRQ
RI�DQRGLF�VFDQ�ÈÜF��Ü����9�WR������9��FRUUH�
VSRQGV� WR� WKH� KRUL]RQWDO� SDUW� RI�&9� �FXUYH
��� )LJ����� DQG� FRXOG� EH� H[SODLQHG� E\� GH�
FUHDVLQJ� FRQFHQWUDWLRQ� RI� IUHH� HOHFWURQV� LQ
WKH�$X�OD\HU��8QGHU�DSSOLHG�LQWHUIDFLDO�HOHF�
WULFDO�SRWHQWLDO��WKH�GLVWULEXWLRQ�RI�WKH�HOHF�
WURQLF� FORXG� VKLIWV� IURP� VXUIDFH� LQVLGH� WKH
JROG�OD\HU��WKDW�FDQ�EH�LQWHUSUHWHG�DV�FKDQJLQJ
RI�GLHOHFWULF�SHUPLWWLYLW\�HË�RI�WKH�PHGLXP�VXU�URXQGLQJ�WKH�HOHFWURQLF�SODVPD�>����@��7KH�VHF�
WLRQ� DÜF� FRUUHVSRQGV� WR� WKH� LGHDO� SRODUL]D�
WLRQ� UHJLRQ� �IURP� Ü���� 9� WR� ���� 9�� RI� WKH
$X� HOHFWURGH� DW� S+� ������ 7KLV� VHFWLRQ� RI
WKH�FXUYHV�FRUUHVSRQGV�WR�WKH�LGHDO�SRODUL]D�
WLRQ� RI� WKH� EDUH� $X� HOHFWURGH� ZKHQ� QR
FKHPLFDO�FKDQJHV�RFFXU�DW�WKH�HOHFWURGH�VXU�
IDFH�DQG�RQO\�VPDOO�GRXEOH�OD\HU�FDSDFLWDQFH
FXUUHQW� LV�REVHUYHG�LQ�WKH�F\FOLF�YROWDPPR�
JUDP��WKH�DÜF�SDUW�RI�FXUYH����)LJ������7KH
VHFWLRQ� FÜG� ����� WR� ���� 9�� VKRZV� D� ODUJHU
VORSH� RI� WKH� VHQVRJUDP� �VKLIW� RI� WKH� UHIOHF�
WDQFH� PLQLPXP� E\� DERXW� ��c��� 7KLV� UHJLRQ
�����9� WR�����9�� FRUUHVSRQGV� WR� WKH� IRUPD�

)LJ�������Û�NLQHWLF�GHSHQGHQFHV�RI�635�DQJX�
ODU� SRVLWLRQ� XSRQ� DSSOLFDWLRQ� RI� WLPH�FKDQJHG
SRWHQWLDO� IRU� EDUH� $X�� S+� ������ �� Û� F\FOLF
YROWDPPRJUDP�DW�D�EDUH�$X�HOHFWURGH��S+� �����
��Û�'T�'W�GHSHQGHQFH��GLIIHUHQWLDO�635��

)LJ�����6FKHPH�RI�$75�SULVP�DQG�HOHFWURFKHPL�
FDO� FHOO�� �� Û� SULVP�� �� Û� JODVV� SODWH� ZLWK
HYDSRUDWHG� $X� DV� ZRUN� HOHFWURGH�� �� Û� 3$
OD\HU�� �� Û� HOHFWURO\WH�� �� Û� 3W� FRXQWHU� HOHF�
WURGH�� �� Û� $J�$J&O� UHIHUHQFH� HOHFWURGH�� �� Û
FHOO�ZDOO�
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WLRQ� RI� D� WKLQ� R[LGH� OD\HU� DW� WKH� $X� HOHF�
WURGH�VXUIDFH��

7KH� HOHFWURFKHPLFDO� R[LGDWLRQ� RI� WKH�$X
HOHFWURGH�VXUIDFH� LQ�WKLV�SRWHQWLDO�UHJLRQ� LV
UHIOHFWHG� E\� WKH� DQRGLF� SHDN� �9�� VKRZQ� LQ
&9� FXUYH� ��� )LJ����� 7KXV�� WKH� FKHPLFDO
FKDQJH�RI�WKH�HOHFWURGH�VXUIDFH�XSRQ�LWV�R[L�
GDWLRQ�UHVXOWV�LQ�D�VLJQLILFDQW�FKDQJH�RI�WKH
635� VSHFWUXP�� 7KH� SRWHQWLDO� ZDV� VZHSW� WR
WKH� RSSRVLWH� GLUHFWLRQ� DIWHU� WKH� SRWHQWLDO
UHDFKHG� (� ����� 9� �SRLQW� G��� 7KH� SRWHQWLDO
VZHHS�WR�WKH�QHJDWLYH�GLUHFWLRQ��UHJLRQ�GÜH�
���� WR� ���� 9�� FXUYH� ��� )LJ����� GRHV� QRW� UH�
VXOW� LQ� DQ\� FKDQJH� RI� WKH� 635� UHVSRQVH�
7KLV� FRXOG�RULJLQDWH� IURP�WKH�VFUHHQLQJ�HI�
IHFW�RI�WKH�R[LGH�OD\HU�VHSDUDWLQJ�WKH�SRODU�
L]HG� LQWHUIDFH� DQG� PHWDO� XQGHUO\LQJ� WKH
R[LGH� OD\HU�� $� IXUWKHU� SRWHQWLDO� VZHHS� WR
WKH� QHJDWLYH� GLUHFWLRQ� �UHJLRQ� HÜI�� ���� WR
���� 9�� UHVXOWV� LQ� HOHFWURFKHPLFDO� UHGXFWLRQ
RI� WKH� JROG� R[LGH� OD\HU� HOHFWURFKHPLFDOO\
SURGXFHG� EHIRUH�� 7KLV� LV� UHIOHFWHG� E\� WKH
FDWKRGLF� SHDN� LQ� &9� FXUYH� �� �SHDN� PD[L�
PXP� DW� ���� 9��� )LJ����� 7KH� UHJLRQ� HÜI� LQ
WKH� 635� VHQVRJUDP� �� VKRZV� WKH� IDVW� GLPL�
QXWLRQ� RI� WKH� 635� DQJOHV� RULJLQDWLQJ� IURP
WKH� HOHFWURFKHPLFDOO\� LQGXFHG� VWULSSLQJ� RI
WKH� R[LGH� OD\HU� DW� WKH� $X� HOHFWURGH�� 7KH
LQFUHDVLQJ�FRQFHQWUDWLRQ�RI�IUHH�HOHFWURQV�LQ
VXUIDFH�OD\HU�RI�PHWDO�DQG�WKH�HOHFWURGH�GH�
SRODUL]DWLRQ� RI� �UHJLRQ� IÜJ�� ���� WR� Ü����9�
GHILQH� VORZ� GHFUHDVLQJ� RI� WKH� 635� DQJXODU
SRVLWLRQ��7KLV�UHJLRQ�VKRZV�RQO\�VPDOO�GRX�
EOH�OD\HU� GLVFKDUJLQJ� FXUUHQW� �&9� FXUYH� ���
DQG�D�VORZ�OLQHDU�VKLIW�RI�WKH�635�UHVSRQVH
WRZDUGV� VPDOOHU� DQJOHV� XQWLO� LW� UHDFKHV� WKH
LQLWLDO�YDOXH��&I��SRLQWV�J�DQG�D��FXUYH�����,W
FDQ� EH� FRQFOXGHG� WKDW� WKH� 635� VHQVRJUDP
DQG�WKH�F\FOLF�YROWDPPRJUDP�REWDLQHG�XSRQ
SRODUL]DWLRQ� RI� D� $X� HOHFWURGH� VKRZ� WKH
VDPH� HIIHFWV�RULJLQDWLQJ� IURP� WKH�SRWHQWLDO
FKDQJH� DQG� R[LGDWLRQ�UHGXFWLRQ� RI� WKH� $X�
VXUIDFH�� 7KH� GHULYDWLYH� FXUYH� 'T�'W� �FXUYH
���)LJ�����GHULYHG� IURP�WKH�635�VHQVRJUDP
�FXUYH�E��)LJ������ZKHQ�EHLQJ�FRPSDUHG�ZLWK
WKH� F\FOLF� YROWDPPRJUDP� �FXUYH� ��� )LJ����
VKRZV� HYHQ� EHWWHU� VLPLODULW\� EHFDXVH� LW� UH�
IOHFWV�WKH�WUDQVLWLRQ�SURFHVVHV�DV�ZHOO�DV�&9
YROWDPPHWU\�

6LPLODU� 635� VHQVRJUDPV� LQ� WLPH� VFDOH
�FXUYH� ��� )LJ����� ZHUH� REWDLQHG� XSRQ� HOHF�
WURFKHPLFDO�SRODUL]DWLRQ�RI�WKH�$X�HOHFWURGH
DW� S+� ������ +RZHYHU�� LW� VKRXOG� EH� QRWHG
WKDW� ERWK� WKH� HOHFWURFKHPLFDO� R[LGDWLRQ� RI
WKH� $X� HOHFWURGH� VXUIDFH� DQG� WKH� HOHFWUR�
FKHPLFDO�VWULSSLQJ�RI�WKH�$X�R[LGH�OD\HU�DUH
S+�GHSHQGHQW� SURFHVVHV� >��@�� 7KH�635�VHQ�
VRJUDP� ��� )LJ����� PHDVXUHG� DW� S+� ����
GRHV� QRW� VKRZ� VLJQLILFDQW� GLIIHUHQFH� IURP

WKH�FXUYH�PHDVXUHG�DW�S+� ������FXUYH����LQ
WKH� UHJLRQ� DÜG�� HYHQ� LI� WKH� $X� HOHFWURGH
R[LGDWLRQ� RFFXUV� HDUOLHU� DW� ORZHU� SRVLWLYH
SRWHQWLDO��7KLV�FRXOG�RULJLQDWH�IURP�WKH�DG�
VRUSWLRQ� RI� SKRVSKDWH� LRQV� IURP� WKH� EDFN�
JURXQG�VROXWLRQ��$W�SRWHQWLDOV�PRUH�SRVLWLYH
WKDQ� ���� 9�� WKH� $X� HOHFWURGH� LV� FKDUJHG
SRVLWLYHO\�� WKXV� SURYLGLQJ� DGVRUSWLRQ� RI
QHJDWLYHO\� FKDUJHG� SKRVSKDWH� LRQV�� 8SRQ
IRUPDWLRQ� RI� WKH�$X� R[LGH� OD\HU�� WKH� SKRV�
SKDWH�LRQV�DUH�VXEVWLWXWHG�E\�$X�R[LGH��WKDW
SURFHVV�RFFXUULQJ�XSRQ�PRUH�SRVLWLYH�SRWHQ�
WLDO� WKDQ� IRU� DFLG� VROXWLRQ�� 5HVSHFWLYHO\�
FXUYH����)LJ����VKRZV�FOHDUO\�D�IDVW�GHFUHDVH
RI�WKH�635�DQJOH�DW�PRUH�QHJDWLYH�SRWHQWLDO
WKDQ�WKDW�FRUUHODWLQJ�ZLWK�WKH�HOHFWURFKHPL�
FDO� UHGXFWLRQ� SRWHQWLDO� RI� $X� R[LGH� �&I�
FXUYH����)LJ�����

)LJ���� �FXUYHV������ VKRZV�WKH�NLQHWLF�GH�
SHQGHQFHV� RI� 635� DQJXODU� SRVLWLRQ� XQGHU
WLPH�FKDQJHG� SRWHQWLDO� IRU� $X� FRYHUHG� E\
3$�ILOP�RI�DERXW����QP�WKLFNQHVV��7KH�3$
OD\HU�WKLFNQHVV�ZDV�GHWHUPLQHG�IURP�ILWWLQJ
RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�635�VSHFWUD
IRU� FXUYHV� PHDVXUHG� DIWHU� HOHFWURSRO\PHUL�
]DWLRQ�DQG�VXEVHTXHQW�UHPRYDO�RI�WKH�PRQR�
PHU� IURP� WKH� FHOO� XVLQJ� WKH� LQLWLDO� EXIIHU
VROXWLRQ�� 7KH�PHDVXUHPHQWV� ZHUH� SHUIRUPHG
DW� WZR� GLIIHUHQW� S+� YDOXHV�� S+� ����� �FXUYH
��� DQG� S+� ����� �FXUYH� ���� &XUYH� �� �WKH
VDPH�DV�LQ�)LJ�����VKRZV�WKH�635�VHQVRJUDP
IRU� EDUH� $X� HOHFWURGH� DW� S+� ������ $V� ZDV
QRWHG� DERYH� DQG� LV� VHHQ� IURP�)LJ�����DSSOL�
FDWLRQ�RI�WLPH�FKDQJHG�LQWHUIDFLDO�HOHFWULFDO
SRWHQWLDO� WR� PHWDO� OD\HU� FDXVHV� D� VLJQLIL�
FDQWO\� ORZHU� 635� UHVSRQVH� IRU� EDUH� $X
�FXUYH�����FD����c��DV�FRPSDUHG�WR�$X�FRDWHG
ZLWK�UHGR[�SRO\PHU��FD����c��FXUYH�����7KLV
IDFW� LV� H[SODLQHG� FRPPRQO\� E\� FKDQJLQJ� RI

)LJ�����.LQHWLF�GHSHQGHQFHV�RI�635�DQJXODU�SR�
VLWLRQ� XSRQ� DSSOLFDWLRQ� RI� WLPH�FKDQJHG� LQWHU�
IDFLDO�SRWHQWLDO��Ü����9�WR�����9�����Û�EDUH�$X�
S+� ��������Û� EDUH�$X�� S+� ��������Û�SRO\�
PHU��S+� ��������Û�SRO\PHU��S+� �����
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WKH�SRO\PHU�FRPSOH[�GLHOHFWULF�SHUPLWWLYLW\
H�Z�� �Hc�Z����LHcc�Z�� LQGXFHG� E\� WKH� DSSOLHG
SRWHQWLDO�

7KH�WKLFN�SRO\DQLOLQH�OD\HU�IRUPHG�LQ�WKH
FRXUVH� RI� HOHFWURSRO\PHUL]DWLRQ� FKDQJHV
VWURQJO\� WKH� LQWHJUDWHG� RSWLFDO� SDUDPHWHUV
RI�PXOWLOD\HUHG�635�VWUXFWXUH�� ,W� LV�NQRZQ
WKDW� 3$� LV� DEOH� WR� DEVRUE� OLJKW� LQ� YLVLEOH
UHJLRQ��LQFOXGLQJ�WKH�*D$V�ODVHU�ZDYHOHQJWK
XVHG� LQ� H[SHULPHQW� �O� �����QP���2[LGL]HG
DQG�UHGXFHG�IRUPV�RI�SRO\DQLOLQH�GLIIHUV� LQ
RSWLFDO� FRQVWDQWV� Q� �����������L� IRU� UH�
GXFHG�IRUP�DQG�Q� �����������L�IRU�R[LGL]HG
IRUP� >��@� �LW� VKRXOG� EH� QRWHG� WKDW�Q� YDOXH
IRU�UHGR[�PDWHULDOV�PD\�GHSHQG�RQ�WKH�ILOP
WKLFNQHVV� >�@��� 7KH� WUDQVIRUPDWLRQ� RI� SRO\�
PHU� IURP�XVXDOO\� UHGXFHG�VWDWH�WR�R[LGL]HG
RQH� LV� HDVLO\� UHDFKHG� E\� DSSOLFDWLRQ� RI� SR�
WHQWLDO�HYHQ�LQ�UDQJH���9�WR�����9��WKDW�ZDV
VKRZQ�LQ�RXU�SUHYLRXV�ZRUN�>��@��$V�LV�VHHQ
LQ�)LJ�����FXUYHV�������DSSOLFDWLRQ�RI�D�WLPH�
GHSHQGHQW�SRWHQWLDO� LQ� WKH�UDQJH�Ü����9�WR
����� 9� UHVXOWV� LQ� D� VLJQLILFDQW� FKDQJHV� RI
WKH�635�SRVLWLRQ��,W�LV�WR�QRWH�D�VRPH�GULIW
RI� 635� DQJXODU� SRVLWLRQ� DIWHU� ILQLVKLQJ� RI
SRO\PHUL]DWLRQ� SURFHVV� GXH� WR� VWDELOL]DWLRQ
RI� WKH�SRO\PHU� VWUXFWXUH��7KH� FRPSOHWH� H[�
FOXVLRQ� RI� GULIW� SURFHVVHV� LQ� WKH� &9�635
H[SHULPHQWV� IRU� IUHVKO\� SUHSDUHG� 3$� ILOPV
LV� LPSRVVLEOH� GXH� WR� UHVXPSWLRQ� RI� ORQJ�
WLPH� GULIW� RI� 635�SRVLWLRQ� DIWHU� WKH� QH[W
&9�F\FOH�

,QLWLDO� SDUW� RI� 635� VHQVRJUDP� �FXUYH� ��
Ü����WR�Ü�����9��IRU�3$�LQ�DFLG�HOHFWURO\WH
VKRZV�VRPH��XS�WR���c�� LQFUHDVH�RI�WKH�635
DQJXODU� SRVLWLRQ�� 7KH� UHJLRQ� DÜE� �Ü����� 9
WR�������9��VKRZV�D�IDVW�DQG�VLJQLILFDQW��XS
WR���c��GHFUHDVH�RI�635�SRVLWLRQ��,Q�SRLQW�E�
WKH� GLUHFWLRQ� RI� 635� VKLIW� FKDQJHG� DQG�ZH
REVHUYH� WKH� LQFUHDVH� LQ� WKH� EÜF� UHJLRQ
������ 9� WR� ���� 9��� ZKLFK� FRQWLQXHV� PRUH
VORZO\�LQ�WKH�FÜG�UHJLRQ������WR�����9��DQG
LQ�WKH�GÜH�RQH������9�WR������9���7KH�DPSOL�
WXGH�RI�635�DQJXODU�SRVLWLRQV�UHDFKHV����c�
L�H��DERXW�����6XFK�D�ODUJH�YDULDWLRQ�RI�635
SRVLWLRQ� UHIOHFWV� WKH� UHVSHFWLYH� FKDQJH� RI
RSWLFDO�FRQVWDQWV�DQG�LV�W\SLFDO�RI�UHGR[�PD�
WHULDOV�� 6LPLODU� FKDQJHV� FDQ� EH� H[SODLQHG
RQO\�WDNLQJ�LQWR�DFFRXQW�WKH�RULHQWDWLRQ�SR�
ODUL]DELOLW\�PHFKDQLVP�IRU�SRODU�OLTXLGV�DQG
VROLGV�� >��@�� ,W� LV� NQRZQ� WKDW� SRO\DQLOLQH
SURGXFHG�E\�HOHFWURSRO\PHUL]DWLRQ�KDV�D�SR�
URXV�JHO� VWUXFWXUH� >�@��7KH�YROXPH�RULHQWD�
WLRQ� DQG� GHORFDOL]DWLRQ� RI� HOHFWURQ� EDQG� RI
GLSROHV� LQ� VLPLODU�PHGLD� LV� IDFLOLWDWHG�� 7KH
UHYHUVLEOH� SURSHUW\� RI� SRO\DQLOLQH� PROHFXOH
WR� EH� LQ� WZR� UHGR[� VWDWHV�� R[LGL]HG� DQG� UH�
GXFHG� RQHV�� UHVXOWV� IURP� WKH� UHDFWLRQ� EH�
WZHHQ� SURWRQ� DQG� VWURQJO\� HOHFWURQHJDWLYH

QLWURJHQ�DWRP��ZLWK� IRUPDWLRQ�RI�K\GURJHQ
ERQG�

$� FRQVHTXHQFH� RI� WKLV� UHDFWLRQ� LV� GHOR�
FDOL]DWLRQ� RI� HOHFWURQ� EDQGV� LQ� SRO\DQLOLQH
PROHFXOH�� D� GUDVWLF� LQFUHDVH� RI� GLSROH� PR�
PHQW�XSRQ�R[LGDWLRQ� DQG�GHFUHDVH�XSRQ�UH�
GXFWLRQ�� 7KXV�� ZH� REVHUYH� LQ� WKLV� FDVH
FKDQJLQJ� RI� WKH�PROHFXODU� SRODUL]DWLRQ� GXH
WR� IRUPDWLRQ� RI� VWHDG\� GLSROHV� LQGXFHG� E\
WKH� HOHFWURFKHPLFDO� UHDFWLRQ�� 6LPXOWDQH�
RXVO\� ZLWK� SRODUL]DWLRQ�� WKH� JURXS� RULHQWD�
WLRQ� RI� GLSROHV� UHVXOWV� LQ� FKDQJHV� RI� WKH
SRO\PHU�UHIUDFWLRQ�LQ�SURSRUWLRQ�WR�QXPEHU
RI� PROHFXOHV� LQYROYHG� LQ� WKH� UHDFWLRQ�� $Q�
RWKHU� UHVXOW� RI� WKH� FRQVLGHUHG� SURFHVV� LV
VKULQNLQJ� GXH� WR� PRUH� FRPSDFW� SDFNLQJ� RI
GLSROHV� XSRQ� R[LGDWLRQ�� 8SRQ� UHGXFWLRQ� RI
3$�� WKH� SURFHVV� RI� GLSROH� UHOD[DWLRQ� DQG
UHVWRUDWLRQ�RI�SUHYLRXV� VWUXFWXUH�YROXPH� LV
REVHUYHG� >��@�� (VVHQWLDOO\�� ZH� KDYH� WZR
VWDWHV� RI� WKH� SRO\PHU� ZKLFK� GLIIHU� LQ� FRQ�
FHQWUDWLRQ�RI�R[LGL]HG�DQG�UHGXFHG�SRO\DQLO�
LQH�PROHFXOHV��&HUWDLQO\��ZH�VKRXOG� WDNH� LQ
DFFRXQW� WKH� SURFHVVHV� RI� HOHFWURQ� DQG� LRQ
SRODUL]DWLRQ��KRZHYHU��LQ�WKLV�FDVH��LW�LV�MXVW
WKH�RULHQWDWLRQDO�SRODUL]DWLRQ�PHFKDQLVP�RI
SRO\DQLOLQH� GLSROHV� WKDW� PDNHV� WKH� PDLQ
FRQWULEXWLRQ�� $V� D� UHVXOW�� ZH� REVHUYH� WKH
VKLIW� RI� 635� DQJXODU� SRVLWLRQ� �UDQJH� Dc� WR
Ec�� FXUYH����)LJ����� RU� FKDQJH�RI�635�VKLIW
GLUHFWLRQ� �SRLQW� Ec�� FXUYH� ��� )LJ������ 7KH
FXUYH���LQ�WKH�VHFWLRQ�°c�WR�Ic�UHSHDWV�HVVHQ�
WLDOO\�WKH�UXQ�RI�FXUYH���IRU�EDUH�$X��7KXV�
WKH� H[LVWLQJ� $X� R[LGH� OD\HU� LQIOXHQFHV� WKH
UHGR[�WUDQVIRUPDWLRQV�LQ�SRO\DQLOLQH�DW�WKLV
VWDJH� RI� PHDVXUHPHQWV� DQG� VXFK� LQIOXHQFH
RQ�WKH�FKDQJH�RI�RSWLFDO�FRQVWDQW�LV�FRPSD�
UDEOH� ZLWK� WKH� FRQVLGHUHG� SRO\PHU� WKLFN�
QHVV�

7KH� K\VWHUHVLV� XVXDO� IRU� &9� LV� REVHUYHG
IRU� 635� VHQVRJUDP� DOVR� �VHFWLRQ� Gc� WR� Jc�
FXUYH� ��� )LJ������ +RZHYHU�� XQOLNH� &9�� WKH
635� PLQLPXP� GRHV� QRW� UHWXUQ� H[DFWO\� WR
SUHYLRXV� DQJXODU� SRVLWLRQ�� WKXV� LQGLFDWLQJ
DQ� LUUHYHUVLEOH� FKDQJH� RI� RSWLFDO� FRQVWDQW
GXULQJ� RQH� &9� F\FOH�� 7KLV� FRXOG� EH� GXH� WR
VORZ�NLQHWLF�SURFHVVHV�IRU�DQLRQV�PRYLQJ�DV
ZHOO� DV� WR� VWDELOL]DWLRQ� SURFHVVHV� LQ� WKH
SRO\PHU�VWUXFWXUH��6LPLODU�HIIHFW��EXW�PRUH
SURQRXQFHG��LV�REVHUYHG�LQ�WKH�FDVH�RI�QHX�
WUDO� HOHFWURO\WH� �FXUYH� ��� )LJ������ 7DNLQJ
LQWR�DFFRXQW�WKH�KLJK�FRQFHQWUDWLRQ�RI�ODUJH
PDVV�LRQV�LQ�QHXWUDO�HOHFWURO\WH��LW�LV�SRVVL�
EOH�WR�VXSSRVH�WKDW�LW�LV�MXVW�WKH�VORZ�PRYH�
PHQW� RI� DQLRQV� WKDW� PDLQO\� GHILQHV� LUUH�
YHUVLEOH�FKDUDFWHU�RI�635�VHQVRJUDP��'HOD\
LQ�URWDWLRQ�RI�LQGXFHG�GLSROHV�RI�SRO\DQLOLQH
LQ�HOHFWULFDO�ILHOG�RI�VXUIDFH�SODVPRQ�UHVXOWV
LQ� GLHOHFWULF� OHDNDJH� WKDW� LV� PDQLIHVWHG� DV
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WKH�LPDJLQDU\�SDUW�RI�GLHOHFWULF�SHUPLWWLYLW\
HH� >��@�� $W� WKH� RQH� KDQG�� WKLV� FDXVHV� FRP�
SOH[� FKDQJHV� RI� WKH� 635� VSHFWUD� VKDSH� GH�
SHQGLQJ�RQ�WKH�DSSOLHG�LQWHUIDFLDO�SRWHQWLDO
DQG� WKH� VWDWH� RI� SRO\DQLOLQH� ILOP�� ,Q� IDFW�
635�VSHFWUD�ZLWK�3$�ILOP��S+� ������UHJLV�
WHUHG� DW� GLIIHUHQW� VWDJHV� RI� &9� H[KLELW� D
VKDSH� W\SLFDO� RI� HDFK� VWDJH� �)LJ����� �DÜF���
7KUHH�PDLQ�VWDJHV�RI�WKH�635�VSHFWUD�WUDQV�
IRUPDWLRQV� FDQ� EH� GLVWLQJXLVKHG�� 7KH� ILUVW
RQH� �)LJ���D��� ZKHQ� ZH� REVHUYH� WKH� IDVW
PRYHPHQW� RI� WKH� VSHFWUD� WR� OHIW� DQG� GRZQ
�XS��� FRUUHVSRQGV� WR� SURFHVV� RI� GHORFDOL]D�
WLRQ� DQG� YROXPH� RULHQWDWLRQ� RI� GLSROH� HOHF�
WURQ�EDQGV��VHFWLRQ�Dc�WR�Ec��FXUYH����)LJ�����
7KHQ� IROORZV� WKH� VHFRQG� VWDJH� �)LJ���E��
ZKHUH� DIWHU� SDVVLQJ� ]HUR� FKDUJH� SRLQW� WKH
VORZ�PRYHPHQW�RI�635�VSHFWUD�WR�ULJKW�DQG
XS� DUH� REVHUYHG� �VHFWLRQ� Ec� WR� Hc�� FXUYH� ��
)LJ������ 7KLV� WUDQVIRUPDWLRQV� LV� GXH� WR� DG�
VRUSWLRQ� SURFHVVHV� DQG� IRUPDWLRQ� RI� R[LGH
OD\HU��$QG��ILQDOO\��WKHUH�LV�WKH�WKLUG�VWDJH
�)LJ���F��FRUUHVSRQGLQJ�WR�UHYHUVH�SURFHVV�RI
GHORFDOL]DWLRQ�DQG�YROXPH�RULHQWDWLRQ�RI�GL�
SROH�HOHFWURQ�EDQGV�DJDLQ��

$W� WKLV� VWDJH�� 635� VSHFWUD� FRPH� EDFN
FORVH� WR� LQLWLDO� SRVLWLRQ� �VHFWLRQ� Hc� WR� Jc�
FXUYH� ��� )LJ������ +RZHYHU�� ZH� GLG� QRW� RE�

VHUYHG�FRPSOHWH�UHFRYHU\�RI�635�VSHFWUD�SR�
VLWLRQ� DQG� VKDSH�GXH� WR� VRPH� VDWXUDWLRQ� RI
3$� ILOP�ZLWK� DQLRQV��)RU�SKRVSKDWH� EXIIHU
�S+� �������WKH�ORZ�FRQFHQWUDWLRQ�RI�SURWRQV
LQ�VROXWLRQ�DV�ZHOO�DV�KLJK�FRQFHQWUDWLRQ�RI
62�±� DQG� 32�±� DQLRQV� PDNH� VKDSH� YDUL�DWLRQV� RI� 635� VSHFWUD� OHVV� H[SUHVVLYH� DQG
PRUH�SUHYHQW�WR�D�JUHDWHU�H[WHQW�WKH�UHFRY�
HU\�RI�VSHFWUD�WR�LQLWLDO�SRVLWLRQ����)LJ���G��
,Q� WKLV� FDVH�� WKH�UHGR[�SURFHVVHV� LQ�3$�EH�
FRPH� VORZHU� DQG� 635� UHVSRQVH� GHSHQGV
PDLQO\� RQ� PRYHPHQW� RI�62�±� DQG�32�±� DVZHOO�DV�RQ�DGVRUSWLRQ�GHVRUSWLRQ�DQG�R[LGD�
WLRQ� SURFHVVHV� RQ� WKH� JROG� HOHFWURGH�� ,W
VKRXOG� EH� QRWHG� WKDW� WKH� DERYH�PHQWLRQHG
SURFHVVHV� RFFXU� LQ� GLIIHUHQW� H[WHQW� LQ� ERWK
DFLG� DQG� QHXWUDO� PHGLD�� WKXV� SURYLGLQJ
VRPH�LUUHYHUVLELOLW\�RI�F\FOLF�PHDVXUHPHQWV�
$V� D� UHVXOW�� FKHPLFDO� FRPSRVLWLRQ� RI� WKH
PHGLXP�DQG� RSWLFDO� SURSHUWLHV� RI�JROG� VXU�
IDFH� FKDQJH� LQ� WLPH�� WKXV� UHVXOWLQJ� LQ
FKDQJHV� RI� 635� UHVSRQVH�� 6R�� IRU� QH[W� F\�
FOHV�� WKH� VKLIW� DPSOLWXGH� RI� 635� SRVLWLRQ
GHFUHDVHV�� WKH� GRZQ� SHDN� LQ� DcÜEc� VHFWLRQ
GLVDSSHDUV�DQG�WKH�SRO\PHU�VWUXFWXUH�FRPHV
WR�D�FHUWDLQ�HTXLOLEULXP�VWDWH��,Q�WKLV�VWDWH�
DIWHU� RSWLPL]DWLRQ� RI� DPSOLWXGH� RI� DSSOLHG
SRWHQWLDO����WR�����9���WKH�QXPEHU�RI�F\FOHV

)LJ�����DÜF�Û�7UDQVIRUPDWLRQV�RI�DQJXODU�SRVLWLRQ�DQG�VKDSH�RI�635�VSHFWUD�XSRQ�DSSOLFDWLRQ�RI
WLPH�FKDQJHG�LQWHUIDFLDO�SRWHQWLDO��SRO\PHU��S+� �������D�Û���Ü����WR���9���E�Û����WR�����WR�����9��
F�Û������WR�Ü����9���G�Û�VKLIWLQJ�RI�635�VSHFWUD�GXULQJ�FRPSOHWH�F\FOH�RI�&9��SRO\PHU��S+� ������
�Û�LQLWLDO�SRVLWLRQ����Û�WRS�SRVLWLRQ����Û�SRVLWLRQ�DW�WKH�ILQLVK�RI�&9�
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ZLWKRXW� FKDQJLQJ� LQ� 635� VSHFWUXP� VKDSH
PD\�EH�ODUJH�HQRXJK��WKDW�FRXOG�EH�XVHG�LQ
ORZ�YROWDJH�RSWRHOHFWURQLF�PRGXODWRUV�>��@�

7R�FRQFOXGH��WKH�(635�WHFKQLTXH�RSHQV�D
ZLGH� SRVVLELOLW\� WR� LQYHVWLJDWH� GLIIHUHQW
HOHFWURFKHPLFDO�SURFHVVHV�DV�ZHOO� DV� WR�SUR�
YLGH� SUHSDUDWLRQ� RI� SRO\PHUV� LQ� VLWX� DQG
XQGHU� FRPSXWHU� FRQWURO�� 7KH� &9� YROWDP�
PHWU\� LQ� WKH� WHFKQLTXH�XQGHU�FRQVLGHUDWLRQ
VHHPV� WR� EH� PRUH� VHQVLWLYH� WR� WUDQVLWLRQ
SURFHVVHV�� ZKHUHDV� 635� VSHFWURPHWU\�� WR
DGVRUSWLRQ�GHVRUSWLRQ� SURFHVVHV�� VR� WKDW
WKHUH�LV�DQ�H[FHOOHQW�H[DPSOH�RI�FRPSOHPHQ�
WDU\�PHWKRGV��$GGLWLRQDO�LQIRUPDWLRQ�WR�DV�
VHVV�WKH�WUDQVLWLRQ�SURFHVVHV�FDQ�EH�REWDLQHG
DIWHU� GLIIHUHQWLDWLRQ� RI� NLQHWLF� GHSHQGHQFH
RI� 635� DQJOH� RQ� WKH� DSSOLHG� SRWHQWLDO�� EH�
FDXVH� 'T�'W� GHSHQGHQFH� IROORZV� DOPRVW� DOO
WUDQVLWLRQ�SURFHVVHV�UHJLVWHUHG�E\�F\FOLF�YRO�
WDPPHWU\�� 7KH� (635� LQYHVWLJDWLRQ� HQDEOHV
XV� WR� HVWLPDWH� WKH� NLQHWLF� SHFXOLDULWLHV� RI
UHGR[� PDWHULDOV� XSRQ� DSSOLFDWLRQ� RI� LQWHU�
IDFLDO� SRWHQWLDO�� ZKDW� LV� LPSRUWDQW� IRU� GH�
YHORSPHQW�RI�QHZ�RSWRHOHFWURQLF�GHYLFHV���

$FNQRZOHJPHQWV�� $XWKRU� LV� WKDQNIXO� WR
3URI�<X�6KLUVKRY� IRU� IUXLWIXO� GLVFXVVLRQ
DQG�LPSRUWDQW�UHPDUNV�

5HIHUHQFHV
� ���'�6FKOHUHWK��-��(OHFWURDQDO\W��&KHP�����������

��������

� ���2�5DLWPDQ�� (�.DW]�� ,�:LOOQHU� HW� DO��� $QJHZ�
&KHP�������������������

� ���)�$EHOHV�� 7�/RSHV�5LRV�� $�7DGMHGGLQH�� 6ROLG
6WDWH�&RPPXQ�������������������

� ���$�7DGMHGGLQH�� (OHFWURFKLPLFD� $FWD�� ���� ��
��������

� ���1�/�'PLWUXN��6XUIDFH�3RODULWRQV� LQ�6HPLFRQ�
GXFWRUV� DQG� 'LHOHFWULFV�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���*�9�%HNHWRY��<X�0�6KLUVKRY��(�9�6KLQNDUHQNR�
9�,�&KHJHO�� 6HQVRUV� 	� $FWXDWRUV�� %���� ���
�������

� ���=�6DODPRQ��+�$�0DFOHRG��*�7ROOLQ��%LRFKLPLFD
HW�%LRSKLV\FD�$FWD�������������������

� ���<�,ZDVDNL�� 7�+RULXFKL��0�0RULWD� HW� DO���6HQ�
VRUV�	�$FWXDWRUV��%���������������

� ���<X�9ROINRYLFK�� $�6HUJHHY�� 7�=RORWRYD� HW� DO��
(OHFWURFKLPLFD�$FWD������������������

����6�.RLGH�� <�,ZDVDNL�� 7�+RULXFKL� HW� DO��� &KHP�
&RPPXQ�������������

����9�&KHJHO�� 2�5DLWPDQ�� (�.DW]� HW� DO��� &KHP�
&RPPXQ���������������

����'�0R�� <�<�/LQ�� -�+�7DQ� HW� DO��� 7KLQ� 6ROLG
)LOPV������������������

����0�%RUQ�� (�9ROI�� 3ULQFLSOHV� RI� 2SWLFV�� 3HU�
JDPRQ��2[IRUG��������

����-�6�%ODNHPRUH�� 6ROLG� 6WDWH� 3K\VLFV�� &DP�
EULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH����������

����9�&KHJHO��<X�6KLUVKRY��(�.DW]��,�:LOOQHU��LQ�
3URF��RI� ,QW��&RQI��2372� ������ (UIXUW� �*HU�
PDQ\���0D\���Ü���������S����

pãË}�¯º²LäL�Óº�LÓ��}ºmÈÓL�¹¯º�Ë°Ò�ÓÈ�¹ºmË¯²ÓL¯ºÏ�Lã��Ïºãº�º�¹ºãLÈÓLãLÓºmÈ�¹ãLm}È���º°ãL�ÎËÓÓ«¹ºmË¯²ÓËmº�º�¹ãÈÏäºÓÓº�º�¯ËÏºÓÈÓ°�
{�,� Ë�Ëã	

lË�º�� ¹ºmË¯²ÓËmº�º� ¹ãÈÏäºÓÓº�º� ¯ËÏºÓÈÓ°�� �635�� äº�ÒÁL}ºmÈÓº� �ã«� �LãË®� �º�
°ãL�ÎËÓÓ«�ËãË}�¯º²LäL�ÓÒ²�¹¯º�Ë°Lm�ÓÈ�¹ºmË¯²L�¹ãLm}Ò�Ïºãº�È��ºm�ÒÓº
����Óä��pãË}��
¯º²LäL�ÓÒ®�635��p635��ÏÈ­ËÏ¹Ë��¼�äºÎãÒmL°�	�ËãË}�¯º¹ºãLäË¯ÒÏÈ�L���È��º°ãL�ÎËÓÓ«�LQ
VLWX� ¯LÏÓÒ²� ¹ºã�äË¯�m�� Ïº}¯ËäÈ�� äÈ�Ë¯LÈãLm� Ï� mÒ¯ÈÎËÓÒäÒ� ¯Ë�º}°ÓÒäÒ� mãÈ°�Òmº°�«äÒ�
pãË}�¯º²LäL�ÓL� ¹¯º�Ë°Ò� ÓÈ� ¹ºmË¯²ÓL��Ò°�º�º� Ïºãº�È� �È� Ïºãº�È�� ¹º}¯Ò�º�º� ¹ãLm}º
� ¹º�
ãLÈÓLãLÓ�� �ºm�ÒÓº
� ��� Óä�� �º°ãL�ÎËÓº� Ï� ÏÈ°�º°�mÈÓÓ«ä� º�Óº�È°Óº� 635� �È��Ò}ãL�Óº�
mºã	�Èä¹Ë¯ºäË�¯L��� {ÒäL¯
mÈÓÓ««� (635� Ï�L®°Ó
mÈãº°«� ¹¯Ò� ¹¯Ò}ãÈ�ËÓÓL� �º� ¹ºmË¯²ÓL
¯ºÏ�Lã��ÏäLÓÓº�º����È°L� ËãË}�¯Ò�Óº�º�¹º�ËÓ�LÈã����äËÎÈ²�mL��Ü�����º�����{���}Ò°ãÒ²
�S+� �������È�ÓË®�¯Èã	ÓÒ²��S+� ������ËãË}�¯ºãL�È²��|¹Ò°ÈÓº�ÁLÏÒ}º�²LäL�ÓÒ®�äË²ÈÓ�Ïä
ÏäLÓÒ�º¹�Ò�ÓÒ²�²È¯È}�Ë¯Ò°�Ò}�°Ò°�ËäÒ�Ïºãº�º�¹ºãLÈÓLãLÓºmÈ�¹ãLm}È�

9�&KHJHO���7KH�HOHFWURFKHPLFDOO\�LQGXFHG�SURFHVVHV����

)XQFWLRQDO�PDWHULDOV������������� ���


