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5HFHLYHG�-XO\���������
$� QHZ� DSSURDFK� WR� GHHS� SXULILFDWLRQ� RI� QDWXUDO� DQG� LVRWRSH�HQULFKHG� FDGPLXP� DQG

QDWXUDO� ]LQF� WR� JURZ� KLJK�TXDOLW\� UDGLR�SXUH� FU\VWDO� VFLQWLOODWRUV� KDV� EHHQ� GHYHORSHG�
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���,QWURGXFWLRQ
&U\VWDO�VFLQWLOODWRUV�DUH�SURPLVLQJ�GHWHF�

WRUV� IRU� KLJK� VHQVLWLYLW\� GRXEOH� EHWD� GHFD\
H[SHULPHQWV� >����@�� 6HYHUDO� �E� DFWLYH� LVR�
WRSHV�FDQ�EH�LQYHVWLJDWHG�XVLQJ�FU\VWDO�VFLQ�
WLOODWRUV� FRQWDLQLQJ� FDGPLXP� DQG� ]LQF�
&G:2������&G�����&G�����&G�����&G���=Q:2����=Q�� ��=Q�� ���:�� ���:��� =Q0R2�� ���=Q���=Q����0R����0R�����0R���=Q6H� ���=Q����=Q�
��6H��

6HDUFK� IRU� GDUN� PDWWHU� FDQ� EH� UHDOL]HG
XVLQJ�FU\VWDO�VFLQWLOODWRUV�DV�FU\RJHQLF�VFLQ�
WLOODWLQJ� ERORPHWHUV�� )RU� LQVWDQFH�� WKH
(85(&$�SURMHFW�DLPV�WR�XVH�GLIIHUHQW�FU\V�
WDO� VFLQWLOODWRUV� WR� YHULI\� QDWXUH� RI� GDUN

PDWWHU� VLJQDO�� =Q:2��� &D:2��� &D0R2��0J:2��� &D)��� %*2�� $O�2��� /L)�� 3E:2��3E:2��� 3E0R2��� HWF�� 7KH� (85(&$� GDUNPDWWHU� SURMHFW� UHTXLUHV� KLJK� OLJKW� \LHOG� RI
VFLQWLOODWRUV� �!������� SKRWRQV�0H9�� ZKLFK
FDQ� EH� DFKLHYHG� SURYLGHG� D� KLJK� TXDOLW\� RI
FU\VWDOV�� 6XSSUHVVLRQ� RI� GHWHFWRU� EDFN�
JURXQG� FRXQWLQJ�UDWH� WR� WKH� OHYHO� OHVV� WKDQ
D� IHZ� HYHQWV� SHU� NH9����� NJ�\HDU� LQ� WKH
HQHUJ\� LQWHUYDO� RI� D� IHZ� NH9� LV� D� FULWLFDO
LVVXH� IRU� VXFFHVV� RI� WKH� H[SHULPHQW�� 7R
DFKLHYH� VXFK�DQ� H[WUHPHO\� ORZ�EDFNJURXQG�
FU\VWDO�VFLQWLOODWRUV�ZLWK�UDGLRSXULW\�RQ�WKH
OHYHO� RI�������P%T�NJ� DUH� WR� EH� GHYHORSHG
>�@��6LPLODUO\��WKH�UDGLRSXULW\�OHYHO�RI�FU\V�

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

)XQFWLRQDO�PDWHULDOV������������� ���



WDOV�IRU�IXWXUH��E�GHFD\�H[SHULPHQWV�VKRXOG
QRW� H[FHHGV� D� IHZ� P%T�NJ� IRU� ���7K� DQG
���5D��)RU�LQVWDQFH��=Q:2��LV�D�JRRG�H[DP�SOH�RI�UDGLRSXUH�VFLQWLOODWRU��WRWDO�D�DFWLYLW\
a���Ü��P%T�NJ�OHYHO�>�@���+RZHYHU��DW�OHDVW
���IROG� LPSURYHPHQW� RI�=Q:2�� UDGLRSXULW\LV�VWLOO�QHHGHG�IRU�WKH�(85(&$�H[SHULPHQW�

7KH�PDLQ�UHTXLUHPHQWV�WR�WKH�FRQWHQW�RI
FKHPLFDO� LPSXULWLHV� LQ� LQLWLDO� PHWDOV� DQG
UDZ�PDWHULDOV�IRU�KLJK�TXDOLW\�RSWLFDO�TXDO�
LW\�VFLQWLOODWRUV�DUH�DV�IROORZV��)H��0J��0Q�
&U��9��&R�����SSP��1L��&X�������SSP��2EYL�
RXVO\�� FRQWDPLQDWLRQ� ZLWK� UDGLRDFWLYH� HOH�
PHQWV��.��5E��/X��/D��6P��8��7K� VKRXOG�EH
DV� ORZ� DV� SRVVLEOH�� WRR�� 7R� DFKLHYH� VXFK� D
OHYHO� RI�PHWDOV� SXULW\��QHZ�DGYDQFHG�UHILQ�
LQJ�WHFKQLTXHV�VKRXOG�EH�GHYHORSHG�

2QH� RI� WKH� PDLQ� SURFHGXUHV� WR� SURGXFH
KLJK�SXULW\� FDGPLXP� DQG� ]LQF� LV� YDFXXP
GLVWLOODWLRQ�� 7KHUH� LV� D� NQRZQ� PHWKRG� RI
UHILQHPHQW� E\� YDFXXP� GLVWLOODWLRQ� ZLWK� D
FRQGHQVDWLRQ�XQGHU�WHPSHUDWXUH�JUDGLHQW�RQ
WKH� FRQGHQVHU� WKDW� LV� DFFRPSDQLHG� E\� WKH
FRQGHQVLQJ�PHWDO� UH�HYDSRUDWLRQ� >�@��$�GLV�
DGYDQWDJH� RI� WKLV� PHWKRG� LV� LWV� ORZ� HIIL�
FLHQF\�EHFDXVH�FRQGHQVDWH�RI�SXULILHG�PHWDO
LV� VSUHDG� RXW� RQ� WKH� FRQGHQVHU� DORQJ� WKH
WHPSHUDWXUH� JUDGLHQW�� ZKLFK� UHTXLUHV� PH�
FKDQLFDO�VHSDUDWLRQ�RI�WKH�PRVW�SXUH�SDUW�RI
WKH�FRQGHQVDWH�

$� PXFK� PRUH� HIIHFWLYH� PHWKRG� LV� WKH
WZR�VWDJH� GLVWLOODWLRQ� E\� XVLQJ� WKH� GLVWLOOD�
WLRQ�GHYLFH�GHVFULEHG� LQ�WKH�SDWHQW� >�@��7KH
ILUVW� VWDJH� LQFOXGHV� WKH�GLVWLOODWLRQ�RI�YROD�
WLOH� LPSXULWLHV� DQG� UHPRYLQJ� R[LGH� OD\HU
IURP�WKH�VXUIDFH�RI�PHOWHG�PHWDO��7KH�PHWDO
KHDWHG�XS�WR�WKH�PHOWLQJ�WHPSHUDWXUH�IORZV
GRZQ� LQWR� WKH� FUXFLEOH� WKURXJK� D� KROH� LQ� D
SODWH�� 'XULQJ� WKLV� SURFHGXUH�� YRODWLOH� �6H�
.��5E��&V��)U��6��3�� LPSXULWLHV�DQG�YRODWLOH
R[LGHV� RI� KHDY\� PHWDOV� DUH� FRQGHQVHG� LQ� D
PDLQ�FRQGHQVHU�WRJHWKHU�ZLWK�DERXW�����RI
WKH� PHWDO� EHLQJ� UHILQHG�� +HDY\� R[LGHV� RI
LPSXULW\� PHWDOV� DQG� VODJV� UHPDLQ� RQ� WKH
SODWH� VXUIDFH� LQ� WKH� IRUP� RI� D� WKLQ� ILOP�
'XULQJ�WKH�VHFRQG�VWDJH��DIWHU�FKDQJLQJ�WKH
PDLQ� FRQGHQVHU� IRU� WKH� DGGLWLRQDO� RQH�� WKH
PHWDO� FDQ� EH� SXULILHG� IURP� KHDY\� YRODWLOH
LPSXULWLHV� �&X��)H��1L��&R��$J��3E��7O��6E�
%L��/L��6Q��0Q��5D��7K��8�HWF���E\�DGGLWLRQDO
GLVWLOODWLRQ�� 'XULQJ� WKLV� VWDJH�� DSSUR[L�
PDWHO\� �Ü����� RI� LQLWLDO�PHWDO� UHPDLQV� LQ
WKH� FUXFLEOH�� 7KH� FRQGHQVDWH� REWDLQHG� DW
WKLV� VWDJH� LV� WKH� ILQDO� UHILQHG� SURGXFW�
5HFHQWO\��D�QHZ�SXULILFDWLRQ�PHWKRG�IRU�&G�
=Q� DQG� 7H� IURP� LQWHUVWLWLDO� LPSXULWLHV� E\
YDFXXP�GLVWLOODWLRQ�XVLQJ�JHWWHU�ILOWHUV�ZDV
SURSRVHG� >����@�� (IIHFWLYHQHVV� RI� JHWWHU� ILO�
WHUV� PDGH� RI� WKH� DOOR\� =U����ZW���Ü

)H����ZW����ZDV�GHPRQVWUDWHG�IRU�SXULILFD�
WLRQ� RI� ]LQF� IURP� JDVHRXV� LPSXULWLHV� DQG
FDUERQ�� WKH� FRQWHQW� RI� WKHVH� LPSXULWLHV� LQ
WKH� SXULILHG� PHWDO� LV� RQH� RUGHU� RI� PDJQL�
WXGH�ORZHU�WKDQ�WKDW�LQ�WKH�LQLWLDO�PHWDO��$W
WKH�VDPH�WLPH��WKH�FRQWHQW�RI�1��&��2�LQ�WKH
GLVWLOODWHG� PHWDOV� ZLWKRXW� WKH� JHWWHU� KDYH
EHHQ�GHFUHDVHG�RQO\�E\��Ü�� WLPHV��$QDO\VLV
RI� PHWDO� VDPSOHV� FRQWDPLQDWLRQ� KDV� VKRZQ
WKDW�DSSOLFDWLRQ�RI�D�=U±)H�JHWWHU�ILOWHU�IRU
=Q� GLVWLOODWLRQ� SURYLGHV� DGGLWLRQDO� SXULILFD�
WLRQ� E\� D� IDFWRU� RI� �Ü��� 7KLV� UHVXOW� ZDV
XVHG� IRU� IXUWKHU� LQYHVWLJDWLRQV� WR� SXULI\
QDWXUDO� DQG� LVRWRSH�HQULFKHG� FDGPLXP� DQG
QDWXUDO�]LQF��

7KH� DLP�RI� WKLV�ZRUN� LV� WR� UHVHDUFK�DQG
GHYHORS� WKH� GHHS� SXULILFDWLRQ� PHWKRGV� IRU
FDGPLXP�DQG�]LQF�E\�KHDWLQJ�ZLWK�ILOWUDWLRQ
DQG� VXEVHTXHQW� GLVWLOODWLRQ� WKURXJK� JHWWHU
ILOWHUV�� 6HOHFWLRQ� RI� DYDLODEOH� DQG� LQH[SHQ�
VLYH�PDWHULDOV� IRU� WKH�JHWWHU� ILOWHUV�ZDV� DQ
LPSRUWDQW�SDUW�RI�WKH�SUHVHQW�VWXG\�

���6HOHFWLRQ�RI�JHWWHU�PDWHULDOV
*HWWHU� ILOWHUV� DUH� FRPPRQO\� XVHG� IRU

QREOH� JDVHV� SXULILFDWLRQ�� 1RQ�HYDSRUDEOH
JHWWHUV�EDVHG�RQ�=U��7L�DOOR\V�DQG�FRPSRXQGV
�NQRZQ� DV� 1(*� PDWHULDOV�� DUH� ZLGHO\� DS�
SOLHG�LQ�PRGHUQ�WHFKQRORJLHV�WR�REWDLQ�KLJK
SXULW\�JDVHV��7KH�PRVW�LQYHVWLJDWHG�DQG�H[�
WHQVLYHO\� XVHG� DUH� WKH� =U±)H�� =U±$O�� =U±9�
=U±1L�DQG�7L±9�DOOR\V��WHUQDU\�DOOR\V�=U±0Q±
)H�� =U±9±)H�� 7L±9±0Q�� PXOWLFRPSRQHQW� DO�
OR\V�=U±1L±$±0�RU�=U±&R±$��ZKHUH�$�DUH�WKH
HOHPHQWV� OLNH� \WWULXP�� ODQWKDQXP�� UDUH�
HDUWK�PHWDOV�RU�WKHLU�FRPSRVLWLRQV��0�FDQ�EH
FREDOW�� FRSSHU�� LURQ�� DOXPLQXP�� WLQ�� VLOLFRQ
RU� WKHLU� FRPSRVLWLRQV�� &RPSRVLWLRQV� RI� WKH
DERYH�PHQWLRQHG� PHWDOV� DQG� DOOR\V� FDQ� EH
XVHG��WRR�>�@��

*HWWHU� SURSHUWLHV� RI� FKHPLFDOO\� DFWLYH
PHWDOV�� LQWHUPHWDOOLF� FRPSRXQGV� DQG� DOOR\V
RQ�WKH�EDVH�RI�]LUFRQLXP�DQG�KDIQLXP�ZHUH
LQYHVWLJDWHG� LQ� WKH� 16&� .,37� >��@�� 7KHVH
PDWHULDOV�� RSHUDWLQJ� LQ� WKH� WHPSHUDWXUH� UH�
JLRQ�RI����Ü����&��FDQ�EH�UHXVHG�DIWHU�WKH
DSSURSULDWH� DFWLYDWLRQ�� $FFRUGLQJ� WR� >��@�
DOOR\V� RI� ]LUFRQLXP� DQG� KDIQLXP�ZLWK� LURQ
SRVVHVV� KLJK� VRUSWLRQ� DELOLW\�� 2QH� RI� VXFK
DOOR\V�� =U����ZW���Ü)H���� ZW����� KDV� EHHQ
XVHG�WR�SXULI\�]LQF�DQG�FDGPLXP��

*HWWHU�PDWHULDOV�IRU�SXULILFDWLRQ�RI�PHW�
DOV� VKRXOG� VDWLVI\� WKH� IROORZLQJ� UHTXLUH�
PHQWV�

Û� KLJK� FKHPLFDO� DFWLYLW\� UHODWLYHO\� WR
JDV�LPSXULWLHV��+��1��2��DQG�FDUERQ�FRQWDLQ�
LQJ�JDVHV�

Û�DV� ORZ� DV�SRVVLEOH� UHDFWLYLW\�ZLWK�YD�
SRUV�RI�WKH�SXULILHG�PHWDO�

*�3�.RYWXQ�HW�DO����3URGXFWLRQ�RI�UDGLRSXUH�QDWXUDO����

��� )XQFWLRQDO�PDWHULDOV�������������



Û�ORZ�YDSRU�WHQVLRQ�YDOXHV�DW�WKH�RSHUD�
WLRQ�WHPSHUDWXUH��

Û� KLJK� VRUSWLRQ� DFWLYLW\� DW� WKH� GLVWLOOD�
WLRQ�SURFHVV�WHPSHUDWXUHV�

Û� DFWLYDWLRQ� WHPSHUDWXUH� SURYLGLQJ� WKH
PLQLPXP� GXUDWLRQ� RI� WKH� DFWLYDWLRQ� SURF�
HVV��

*DVHV� �1��&+���&2��2��� DUH� DGVRUEHG�RQFKHPLFDOO\� DFWLYH� JHWWHU� VXUIDFH� DW� ���Ü
����&� ZLWK� VXEVHTXHQW� GLIIXVLRQ� LQWR� WKH
JHWWHUV� DW� KLJKHU� DFWLYDWLRQ� WHPSHUDWXUHV�
7KH� SURFHVVHV� RI� PHWDO� SXULILFDWLRQ� GXULQJ
GLVWLOODWLRQ� WKURXJK� JHWWHU� ILOWHU� KDYH� EHHQ
VKRZQ� WR� GLIIHU� VXEVWDQWLDOO\� IURP� WKH
PHFKDQLVP� RI� JDVHV� SXULILFDWLRQ�� ,Q� RXU
RSLQLRQ��ZKHQ�WKH�YDSRU�RI�WKH�LQLWLDO�PHWDO
SDVVHV� WKRXJK� WKH� ILOWHU�� WKH� LPSXULW\� HOH�
PHQWV�DUH�DGVRUEHG�RQ�WKH�ILOWHU�GXH�WR�WKH
PXOWLSOH� UH�HYDSRUDWLRQ� RI� WKH� LQLWLDO�PHWDO
RQ�WKH�ILOWHU�PDWHULDO�

%HFDXVH� JDVHRXV� FRQWDPLQDWLRQ� LV�QRW� VR
FUXFLDO� IRU� FU\VWDO� VFLQWLOODWRUV� SURGXFWLRQ�
ZH� KDYH� LQYHVWLJDWHG�� LQ� DGGLWLRQ� WR� =U±)H
JHWWHUV��PRUH�DYDLODEOH�DQG�FKHDSHU�PDWHUL�
DOV� IRU� WKH� JHWWHU� ILOWHU�� VKDYLQJV� RI� KLJK�
SXULW\� ]LUFRQLXP�DQG� VKDUGV� RI�KLJK�SXULW\
JUDSKLWH�

���%HKDYLRU�RI�LPSXULW\�HOHPHQWV
LQ�FDGPLXP�DQG�]LQF�GXULQJ

GLVWLOODWLRQ
&DGPLXP� DQG� ]LQF� DUH� WKH� QHLJKERULQJ

HOHPHQWV� LQ� WKH� ,,� JURXS� RI� WKH� 3HULRGLF
7DEOH�RI�HOHPHQWV�DQG�KDYH�VLPLODU�SK\VLFDO�
FKHPLFDO�SURSHUWLHV��FU\VWDO�VWUXFWXUH��PHOW�
LQJ�WHPSHUDWXUHV��YDSRU�WHQVLRQ��LQWHUDFWLRQ
ZLWK�PDWHULDOV�LQ�OLTXLG�FRQGLWLRQ��HWF��

'LVWLOODWLRQ�PHWKRG�RI�PHWDO�SXULILFDWLRQ
LV�EDVHG�RQ�GLIIHUHQFH�LQ�WKH�FRPSRVLWLRQV�RI
PHOW� DQG� YDSRU�� 7KH� GLIIHUHQFH� FDQ� EH� H[�
SUHVVHG� WKURXJK� UHODWLYH� YRODWLOLW\� �VHSDUD�
WLRQ�IDFWRU�D��RI�WKH�FRPSRQHQWV�WR�EH�VHSD�
UDWHG��,Q�D�FDVH�RI�DQ�LGHDO�GLOXWHG�VROXWLRQ
DQG� FRQGLWLRQV� RI� PROHFXODU� HYDSRUDWLRQ�
IDFWRUV� DL� FDQ� EH� FDOFXODWHG� DFFRUGLQJ� WR>��@��7KH�FDOFXODWHG�YDOXHV�RI�IDFWRUV�DL�IRU]LQF�DQG�FDGPLXP�LQ�WKH�WHPSHUDWXUH�UDQJH
IURP�����WR�����.�DUH�JLYHQ�LQ�>������@�

$QDO\VLV� RI� WKH�DL� YDOXHV� IRU�&G� DQG�=QLQ� WKH� WHPSHUDWXUH� UDQJH� IURP� WKH�PHOWLQJ
SRLQW� WR� WKH� ERLOLQJ� SRLQW� KDV� VKRZQ� WKDW
WKH�VSHFWUXP�RI� LPSXULW\�HOHPHQWV� LQFOXGHV
YRODWLOH� LPSXULWLHV�6H��.��5E��&V��)U��6��3
�DL��_���� KHDY\�YRODWLOH� LPSXULWLHV� )H�� 0J�0Q�� &U�� 9�� &R�� 1L�� &X�� %L�� 3E�� 5D�� 7K�� 8
�DL� !���� DQG� VHYHUDO� HOHPHQWV�� $V�� 7H�� 1D�ZLWK� DL�a���� 6HSDUDWLRQ� RI� WKH� ODWWHU� HOH�PHQWV� LV�PXFK�GLIILFXOW��$W� WKH�VDPH�WLPH�

WKH� WUDQVLWLRQ� DQG� UDGLRDFWLYH� HOHPHQWV
PRVW� GDQJHURXV� IRU� VFLQWLOODWLRQ� FU\VWDOV
FDQ� EH� UHPRYHG� HIIHFWLYHO\�� FDOFXODWHG� YDO�
XHV�RI�DL�H[FHHG�����7KH�EHKDYLRU�RI�LPSXULW\�HOHPHQWV�LQ�&G
DQG�=Q� GXULQJ�GLVWLOODWLRQ�SURFHVV�ZDV� FRQ�
VLGHUHG�LQ�>������@��,QYHVWLJDWLRQV�RI�WKH�HI�
ILFLHQF\� RI� &G� DQG� =Q� SXULILFDWLRQ� IURP
YRODWLOH�HOHPHQWV�GHSHQGLQJ�RQ�WKH�GHJUHH�RI
GLVWLOODWLRQ�DW�D�JLYHQ�WHPSHUDWXUH�ZHUH�FDU�
ULHG� RXW��0RUH� WKDQ� ���IROG� SXULILFDWLRQ� RI
WKH�PHOW�IURP�YRODWLOH�LPSXULWLHV��ZLWK�DL��_��FDQ� EH� UHDFKHG� XQGHU� FRQGLWLRQ� RI� ���� �
HYDSRUDWLRQ� RI� &G� DQG� =Q�� )RU� WKH� KHDY\
LPSXULWLHV� �ZLWK� DL�!���� PRUH� WKDQ� ���IROGUHILQHPHQW�FDQ�RFFXU�LI�PRUH�WKDQ������RI
&G�DQG�=Q�EHFRPH�WR�FRQGHQVDWH�

7KHUHIRUH�� GHHS�SXULILFDWLRQ�RI� FDGPLXP
DQG�]LQF�FDQ�EH�UHDFKHG� LQ�VWHS�E\�VWHS�SX�
ULILFDWLRQ� E\�XVLQJ� JHWWHUV�ZLWK� ORVV� RI� WKH
PDLQ�PDWHULDO� DW� WKH� OHYHO� RI� �Ü������:H
KDYH� SURSRVHG� WR� XVH� JHWWHU� ILOWHU� DW� WKH
VWDJH� RI� SXULILFDWLRQ� IURP� KHDY\�YRODWLOH
LPSXULWLHV��%HVLGHV��WKH�FRPELQDWLRQ�RI�SUH�
ILOWUDWLRQ� DQG� GLVWLOODWLRQ� XVLQJ� WKH� JHWWHU
ILOWHU�ZLWK�VXEVHTXHQW�PROGLQJ�RI�GLVWLOODWHV
LQWR�WKH�LQJRWV�LQ�WKH�FDVWLQJ�XQLW�ZDV�FKR�
VHQ� WR� PLQLPL]H� ORVVHV� RI� LVRWRSH�HQULFKHG
FDGPLXP� LQVWHDG�RI�D� VWHS�E\�VWHS�SXULILFD�
WLRQ�SURFHGXUH�

7R� GHYHORS� D� GLVWLOODWLRQ� DSSDUDWXV� ZLWK
JHWWHU� ILOWHU�� DV� ZHOO� DV� WR� FKRLFH� WKH� RSWL�
PDO�WHPSHUDWXUH�DQG�WLPH�UHJLPHV�RI�GLVWLO�
ODWLRQ��FDOFXODWLRQ�RI�SXULILFDWLRQ�HIILFLHQF\
ZHUH�FDUULHG�RXW�

���3URFHVV�RI�QDWXUDO�]LQF�DQG
LVRWRSH�HQULFKHG�FDGPLXP

UHILQHPHQW�E\�YDFXXP�GLVWLOODWLRQ
WKURXJK�JHWWHU�ILOWHU

7KH� LQLWLDO� PDWHULDOV� WR� EH� UHILQHG� ZHUH
JUDQXODU�&G�RI�DQDO\WLFDOO\�SXUH�JUDGH��VSHF
��������������� =Q� LQJRWV� RI� =9��� JUDGH
�6WDWH� 6WDQGDUG� ���������� VDPSOHV� RI� FDG�
PLXP� HQULFKHG� LQ� ���&G� ������� DQG� ���&G
�������

+LJK�SXULW\� DFFHVVRU\� PDWHULDOV� DQG
HTXLSPHQW� ZHUH� XVHG� WR� PLQLPL]H� SRVVLEOH
FRQWDPLQDWLRQ�RI�WKH�PDWHULDOV�LQ�WKH�FRXUVH
RI� SXULILFDWLRQ� SURFHGXUH��7KH� FUXFLEOH� DQG
WKH�FRQGHQVHU�RI�GLVWLOODWLRQ�DSSDUDWXV�ZHUH
PDGH� RI� KLJK�SXULW\� JUDSKLWH� RI� 03*��
JUDGH�� 'HWDLOV� RI� WKH� KHDWHU� DQG� VFUHHQV
ZHUH�PDGH� RI� WKH� VSHFWUDOO\� SXUH� JUDSKLWH�
FRUUHVSRQGLQJ� WR� VSHFLILFDWLRQ� ������������
7KH�FRQWHQW�RI�FRQWUROOHG�LPSXULWLHV�LQ�VXFK
JUDSKLWH� LV� d������Ü�� ZW���� $UJRQ� JDV� RI
���������SXULW\�JUDGH� �WKH�6WDWH�6WDQGDUG
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����������ZDV�XVHG�DV�DQ� LQHUW�DWPRVSKHUH
IRU�&G�DQG�=Q�ILOWUDWLRQ�SURFHGXUH�

&RQWDPLQDWLRQ�RI�WKH�LQLWLDO�DQG�SXULILHG
FDGPLXP� VDPSOHV�ZDV� DQDO\]HG�E\� ,&3�06�
,QGXFWLYHO\�FRXSOHG�SODVPD�PDVV�VSHFWURPH�
WU\� �/DERUDWRUL�1D]LRQDOL�GHO�*UDQ�6DVVR�RI
,1)1�� ,WDO\���/06�/DVHU�PDVV�VSHFWURPHWHU
�16&�� .,37�� .KDUNLY�� 8NUDLQH��� $$6�
$WRPLF� DEVRUSWLRQ� VSHFWURVFRS\� �/1*6� RI
,1)1�� ,WDO\���7KH�$$6�PHWKRG�ZDV�DSSOLHG
WR�GHWHUPLQH� WKH� LURQ� FRQFHQWUDWLRQ� LQ�FDG�
PLXP� �WKH� VHQVLWLYLW\� RI� ,&3�06� ZDV� WRR
ORZ�GXH�WR�LQWHUIHUHQFH�RI�LURQ�LVRWRSHV�ZLWK
��1L�DQG�GRXEO\�LRQL]HG����&G�DQG����&G���

4XDQWLWDWLYH�DQDO\VLV�RI�]LQF�VDPSOHV�ZDV
SHUIRUPHG�E\�606�6SDUN�PDVV�VSHFWURPHWU\
�*LUHGPHW�� 0RVFRZ�� 5XVVLD��� /06�/DVHU
PDVV�VSHFWURPHWU\� �16&�� .,37��� ,QYHUVLRQ
YROW�DPSHURPHWULF� PHWKRG� �67&� �,QVWLWXWH
IRU�6LQJOH�&U\VWDOV���.KDUNLY��8NUDLQH��

7KH� DFFXUDF\� RI� WKH� DQDO\WLFDO� PHWKRGV
ZDV�HVWLPDWHG�WR�EH�DW�WKH�OHYHO�RI���Ü�����

���([SHULPHQWDO�WHFKQLTXH�
UHVXOWV�DQG�GLVFXVVLRQ

7KH�HIILFLHQF\�RI�FDGPLXP�DQG�]LQF�SXUL�
ILFDWLRQ� FDQ� EH� LPSURYHG� E\� XVLQJ� JHWWHU
ILOWHUV� LQ� GLVWLOODWLRQ� SURFHVV�� ,Q� WKLV
PHWKRG�� WKH� YDSRUV� RI� WKH� PHWDO� WR� EH� UH�
ILQHG�DUH�SDVVHG�WKURXJK�WKH�ILOWHU�PDGH�RI
D�JHWWHU�PDWHULDO�KHDWHG�WR�WKH�ERLOLQJ�WHP�
SHUDWXUH� RI� WKH� UHILQHG� PHWDO�� 7KH� VFKHPH
RI�&G� DQG� =Q� UHILQHPHQW� LQ� YDFXXP� XVLQJ
WKH�JHWWHU�ILOWHU�LV�SUHVHQWHG�LQ�)LJ����

7KH�ILOWHU�PDWHULDO�DV�VKDUGV�RU�VKDYLQJV
LV� SODFHG� RQ� D� PHVK� LQ� D� FUXFLEOH� FORVHO\
DERYH� WKH� PHOWHG� PHWDO� LQVLGH� WKH� TXDVL�
FORVHG� GLVWLOODWLRQ� DSSDUDWXV��7KH� IROORZLQJ
PDWHULDOV� ZHUH� XVHG� DV� JHWWHUV�� VKDUGV� RI
=U±)H�DOOR\��VKDYLQJV�RI�KLJK�SXULW\�=U��DQG
VKDUGV� RI� KLJK�SXULW\� JUDSKLWH�� 7KH� WKLFN�
QHVV�RI�WKH�JHWWHU�ZDV�DERXW���FP�

7KH� JDVHRXV� LPSXULWLHV� UHOHDVHG� GXULQJ
GLVWLOODWLRQ�DUH�DEVRUEHG�E\�WKH�JHWWHU��WKXV
FDXVLQJ�D�GHFUHDVH�RI�FRQWHQW�WKHUHRI�LQ�WKH
FRQGHQVDWH��6RPH�DGGLWLRQDO�SXULILFDWLRQ�RF�
FXUV� GXH� WR� GLVVRFLDWLRQ� RI� YRODWLOH� PHWDO
R[LGHV� ZLWK� VXEVHTXHQW� DEVRUSWLRQ� RI� WKH
HOHPHQWV� DW� WKH� JHWWHU� VXUIDFH� GXH� WR� WKH
LQFUHDVHG� DFWLYLW\� RI� WKH� JHWWHU� WR� R[\JHQ�
+RZHYHU�� WKH�PDLQ�PHFKDQLVP� RI� WKH� DGGL�
WLRQDO�SXULILFDWLRQ�RQ�WKH�JHWWHU�LV�WKH�PXO�
WLSOH� UHSHDWHG� HYDSRUDWLRQ� RI� WKH� PHWDO
EHLQJ� UHILQHG� GXULQJ� LWV� SDVVLQJ� WKURXJK
WKH� JHWWHU� PDWHULDO�� *UDSKLWH�� EHLQJ� DYDLO�
DEOH�DQG�LQH[SHQVLYH��LV�D�JRRG�JHWWHU�PDWH�
ULDO� WR� SXULI\� &G� DQG� =Q� IURP� WKH� PHWDO
LPSXULWLHV�� $W� WKH� VDPH� WLPH�� ILOWHU� GRHV
QRW� DEVRUE� WKH� PDWHULDO� WR� EH� SXULILHG� EH�

FDXVH� LW� LV� KHDWHG� WR� WKH� HYDSRUDWLRQ� WHP�
SHUDWXUH�RI�WKH�SXULILHG�PHWDO�

:H� KDYH� UHYHDOHG� ���WR� ����IROG� SXULIL�
FDWLRQ� IURP� PHWDO� LPSXULWLHV� �1L�� &X�� )H�
0J��0Q��&U��9��&R��7K��8��5D��.��5E��%L��3E�
/X�� 6P�� LQ� &G� DQG� =Q� ZLWKRXW� ILOWHU�� DQG
���WR� ����IROG� SXULILFDWLRQ� ZKHQ� XVLQJ� ILO�
WHUV��5HGXFWLRQ�RI�LQWHUVWLWLDO�LPSXULWLHV��1�
&��2�� LQ�&G� DQG� =Q� LV� E\� �� WLPHV� ZLWKRXW
ILOWHU�� ZKLOH� DSSOLFDWLRQ� RI� =U±)H� SURYLGHV
���IROG�UHILQHPHQW�

7KH� PHWKRG� GHVFULEHG� DERYH� UHVXOWHG
IURP�WKH�PRGLILFDWLRQ�RI�WKH�GLVWLOODWLRQ�DS�
SDUDWXV�GHVFULEHG�LQ�>�����@��6XPPDU\�RI�&G
DQG�=Q�FRQWDPLQDWLRQ�EHIRUH�DQG�DIWHU�SXUL�
ILFDWLRQ�LV�JLYHQ�LQ�7DEOH���

$V�LV�VHHQ�IURP�7DEOH����WKH�REWDLQHG�=Q�LV
RI�KLJKHU�SXULW\�WKDQ�WKH�&G��7KLV�UHVXOW�FDQ
EH� H[SODLQHG� E\� KLJKHU� SXULW\� RI� WKH� LQLWLDO
PDWHULDO�DQG�WKH�DSSOLFDWLRQ�RI�D�JHWWHU�ILOWHU�

7DEOH���SUHVHQWV� WKH� LPSXULW\�FRQWHQW�RI
LVRWRSH�HQULFKHG�&G�SULRU�WR�DQG�DIWHU�SXUL�
ILFDWLRQ�� 7KH� SXULILFDWLRQ� HIILFLHQF\� XVLQJ
WKH�JUDSKLWH�ILOWHU�LV�WZLFH�KLJKHU�WKDQ�WKDW
DIWHU� UHILQLQJ� E\� RQO\� GLVWLOODWLRQ�� $FFRUG�
LQJ�WR�WKH�/06�DQDO\VLV��WKH�SXULILHG����&G
KDV� ORZHU� FRQWDPLQDWLRQ� LQ� FRPSDULVRQ� WR
���&G��7R�FRQILUP�WKLV�UHVXOWV��WKH�FRQWDPL�
QDWLRQ� LV� WR� EH�PHDVXUHG�E\�PRUH� VHQVLWLYH
PHWKRGV��IRU�H[DPSOH��E\�,&3�06�

'DWD� RQ� PLFURKDUGQHVV� �+P�� RI� QDWXUDO&G� DQG� HQULFKHG� ���&G� DIWHU� UHILQHPHQW� E\
GLVWLOODWLRQ� XVLQJ� GLIIHUHQW� ILOWHUV� DUH� SUH�
VHQWHG� LQ� 7DEOH���� 7KH� PLFURKDUGQHVV� ZDV
PHDVXWHG� XVLQJ� D� 307��� LQVWUXPHQW� �ORDG

)LJ����� 6FKHPDWLF� YLHZ�RI� FDGPLXP�DQG� ]LQF
SXULILFDWLRQ�LQ�YDFXXP�XVLQJ�JHWWHU�ILOWHU����
FUXFLEOH�����LQLWLDO�PHWDO�����FHOOXODU�SODWH����
JHWWHU�����FRQGHQVHU�����SXULILHG�PHWDO�
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���J��E\� LQGHQWDWLRQ�RI�D�GLDPRQG�S\UDPLG
LQ� D� PHWDO� VDPSOH�� 9DOXHV� RI� +P� IRU� &G
VDPSOHV� DIWHU� UHILQHPHQW� DUH� ORZHU� WKDQ� WKH
UHIHUHQFH� YDOXH�� 7KLV� LV� DQ� LQGLUHFW� HYLGHQFH
RI� WKH�KLJKHU�SXULW\� RI�&G� DIWHU� UHILQHPHQW�
9DOXH�+P� ������NJ�PP��IRU�LVRWRSLFDOO\�HQ�
ULFKHG����&G�ZDV�REWDLQHG�IRU�WKH�ILUVW�WLPH�

7KH� KLJK�SXULW\� LQJRWV� RI� QDWXUDO� FDG�
PLXP� ����� J�� DQG� ]LQF� ����� J��� HQULFKHG

���&G� ����� J�� DQG� ���&G� ����� J�� KDYH� EHHQ
REWDLQHG�E\�XVLQJ�WKH�GHYHORSHG�FRPSOH[�UH�
ILQHPHQW�PHWKRG��KHDWLQJ�ZLWK�ILOWUDWLRQ�LQ
FRPELQDWLRQ�ZLWK�GLVWLOODWLRQ�WKURXJK�JHWWHU
ILOWHU���7KLV�PHWKRG�DOORZV� WR�DFKLHYH�SXUL�
ILHG� PHWDO� FRQFHQWUDWLRQ� H[FHHGLQJ
����������KLJK�\LHOG��!�������DQG�ORZ�LUUH�
FRYHUDEOH�ORVVHV��������RI�WKH�LQLWLDO�PHWDOV�

7DEOH����,PSXULW\�FRQWHQW�LQ�HQULFKHG����&G�DQG����&G�SULRU�WR�DQG�DIWHU�UHILQLQJ
,PSXULW\
HOHPHQWV

&RQFHQWUDWLRQ�LQ����&G��SSP��>��@ &RQFHQWUDWLRQ�LQ����&G��SSP�
SULRU�WR
UHILQLQJ

DIWHU�UHILQLQJ SULRU�WR
UHILQLQJ

DIWHU�UHILQLQJ
��IROG�GLVWLOODWLRQ ��IROG�GLVWLOODWLRQ GRXEOH�GLVWLO��ZLWK

JUDSKLWH�ILOWHU�
1L ��� ����d��� d��� d��� d���
&X � ������� ��� d��� d���
)H ��� ����d��� d� d� d�
0J �� d����d���� d���� d���� d�����
0Q ��� ����d� d� d� d��
&U � d����d��� d��� d��� d���
9 ������ d�����d���� d���� d���� d�����
&R ���� d�����d��� d��� d��� d���
. �� d������� ��� d���� d�����
3E ��� ��d��� �� d��� d���
7K ������ �������d��� d��� d��� d���
8 ������ �������d��� d��� d��� d���

,&3�06��/06��$$6�Û�$WRPLF�$EVRUSWLRQ�6SHFWURVFRS\�

7DEOH���� &RQWDPLQDWLRQ� RI� QDWXUDO�&G� DQG�=Q� SULRU� WR� DQG� DIWHU� UHILQLQJ��7KH� VLJQ�d� LQGLFDWHV
GHWHFWLRQ� OLPLWV�RI�DQDO\WLFDO�PHWKRGV�� IRU�&G�� ,&3�06�� /06��$$6�� IRU�=Q�� 606�� /06�
,QYHUVH�YROW�DPSHURPHWULF�PHWKRG

,PSXULW\
(OHPHQW

&RQFHQWUDWLRQ�LQ�&G��SSP� &RQFHQWUDWLRQ�LQ�=Q��SSP�
SULRU�WR DIWHU�UHILQLQJ SULRU�WR DIWHU�UHILQLQJ��ZLWK�=U±)H�JHWWHU�

1L �� ����d��� ��� �������d����������
&X �� ����d��� �� �����d��������
)H ��� �����d��� �� ����d����
0J �� d����d���� ��� ������d����
0Q ��� ����d��� ���� ������d����
&U ��� ����d� ���� ������d����
9 ������ d������d���� ���� ������d����������
&R ��� d������d� ���� ������d����
. � d����� � �����������
3E ���� ��d� �� �����d���������
7K ������ d���������� ���� �����d���
8 ������ d���������� ���� �����d���
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$�FDGPLXP�WXQJVWDWH� FU\VWDO� VFLQWLOODWRU
HQULFKHG� LQ� ���&G� WR����������&G:2���ZDVGHYHORSHG�IRU�D�KLJK�VHQVLWLYLW\�H[SHULPHQW
WR� VHDUFK� IRU� �E� SURFHVVHV� LQ� ���&G�� 7KH
FDGPLXP�WXQJVWDWH�FRPSRXQGV��QDWXUDO�DQG
HQULFKHG��WR�JURZ�WKH�&G:2��FU\VWDO�VFLQWLO�ODWRUV� ZHUH� V\QWKHVL]HG� E\� WKH� -6&� 1HR�
&KHP� �0RVFRZ�� 5XVVLD�� IURP� WKH� DGGLWLRQ�
DOO\� SXULILHG� VROXWLRQV� RI� FDGPLXP�QLWUDWHV
DQG� DPPRQLXP� SDUD�WXQJVWDWH�� 7KH� FRQ�
WDPLQDWLRQ�RI�WKH�FRPSRXQGV�ZDV�PHDVXUHG
E\�,&3�06�DQG�$66��7KH�SXULW\�OHYHO�RI�WKH
SRZGHUV� VDWLVILHV� WKH� UHTXLUHPHQWV� WR� UDZ
PDWHULDOV� IRU� FDGPLXP� WXQJVWDWH� FU\VWDOV
JURZWK�>��@��$�VLQJOH�FU\VWDO�RI�����J�PDVV�
WKDW� LV� ������� RI� WKH� LQLWLDO� FKDUJH�PDVV�
ZDV� JURZQ� IURP� WKH� HQULFKHG� ���&G� E\� WKH
ORZ�WKHUPDO�JUDGLHQW� &]RFKUDOVNL� WHFKQLTXH
DW� WKH� 1LNRODHY� ,QVWLWXWH� RI� ,QRUJDQLF
&KHPLVWU\� �1RYRVLELUVN��5XVVLD��� 7KH� ERXOH
OHQJWK�ZDV� ���PP�� WKH� F\OLQGULFDO� SDUW� GL�
DPHWHU� ���PP�� 7KH� FU\VWDO� KDV� SUDFWLFDOO\
QHLWKHU� FRORUDWLRQ� QRU� GHIHFWV� W\SLFDO� RI
&G:2�� FU\VWDOV��+LJK�RSWLFDO� DQG� VFLQWLOOD�WLRQ� SURSHUWLHV� RI� WKH� ���&G:2�� FU\VWDOZHUH� UHDFKHG� WKDQNV� WR� WKH� LPSURYHG� TXDO�
LW\� RI� WKH�PDWHULDO� DV� D� UHVXOW� RI� WKH� GHHS
SXULILFDWLRQ� E\� WKH� FDGPLXP� GLVWLOODWLRQ
SURFHGXUH� GHVFULEHG� LQ� WKLV� ZRUN�� WKH� DG�
YDQFHG�FKHPLVWU\�DSSOLHG�WR�WKH�SRZGHU�V\Q�
WKHVLV��DV�ZHOO�DV�WKDQNV�WR�WKH�DGYDQWDJH�RI
WKH� ORZ�WKHUPDO�JUDGLHQW� &]RFKUDOVNL� WHFK�
QLTXH� IRU� FU\VWDO� JURZWK� >��@�� 7KH� UHVXOWV
GHPRQVWUDWH� WKDW� ���&G:2�� FU\VWDO� VFLQWLO�ODWRUV� KDYH� D� JRRG� SRWHQWLDO� WR� VHDUFK� IRU
GRXEOH� EHWD� SURFHVVHV� LQ� ���&G�� $Q� H[SHUL�
PHQW� WR� VHDUFK� IRU�GRXEOH�E�GHFD\�RI����&G
ZLWK� WKH� KHOS� RI� WKH� GHYHORSHG� ���&G:2�FU\VWDO� VFLQWLOODWRU� LV� LQ� SURJUHVV� LQ� WKH
'$0$� 5	'� VHW�XS� DW� WKH� *UDQ� 6DVVR� 1D�
WLRQDO�/DERUDWRULHV�RI�WKH�,1)1��,WDO\��

$V�D�QH[W�VWHS��ZH�DUH�JRLQJ�WR�GHYHORS�D
ODUJH�YROXPH�KLJK�TXDOLW\����&G:2��FU\VWDOIRU� D� KLJK� VHQVLWLYLW\� H[SHULPHQW� WR� VHDUFK
IRU� GRXEOH� EHWD� SURFHVVHV� LQ� ���&G�� 7KH
UDGLR�SXUH�KLJK�TXDOLW\�=Q:2��FU\VWDO�VFLQWLO�ODWRUV� DUH� H[SHFWHG� WR� EH� GHYHORSHG� IRU� WKH
(85(&$�FU\RJHQLF�GDUN�PDWWHU�H[SHULPHQW�

���&RQFOXVLRQV
$� QHZ� PHWKRG� WR� SXULI\� FDGPLXP� DQG

]LQF��KHDWLQJ�ZLWK�ILOWUDWLRQ�LQ�FRPELQDWLRQ
ZLWK� GLVWLOODWLRQ� WKURXJK� JHWWHU� ILOWHU�� KDV
EHHQ� GHYHORSHG�� 7KH� PHWKRG� SURYLGHV� KLJK
SXULILFDWLRQ� HIILFLHQF\�� KLJK� \LHOG� RI� SURG�
XFW�DQG�ORZ�ORVVHV�RI�LQLWLDO�PHWDOV��6DPSOHV
RI�&G�ZLWK�WKH�QDWXUDO�LVRWRSLF�FRPSRVLWLRQ�
HQULFKHG� ���&G� DQG� ���&G�� DQG� =Q� RI� KLJK
SXULW\� JUDGH� �|������� ��� KDYH� EHHQ� RE�
WDLQHG�� 7KH� PHWKRG� FDQ� EH� XVHG� WR� SXULI\
FDGPLXP� DQG� ]LQF� IRU� GHYHORSPHQW� RI� UD�
GLRSXUH�KLJK�TXDOLW\�FU\VWDO�VFLQWLOODWRUV�IRU
H[SHULPHQWV�WR�VHDUFK�IRU�GRXEOH�EHWD�GHFD\
DQG�GDUN�PDWWHU�

$FNQRZOHGJPHQWV��7KH�DXWKRUV�WKDQN�WKH
VFLHQWLVWV� RI� WKH� DQDO\WLFDO� JURXSV� DW� WKH
/DERUDWRULHV�/DERUDWRUL�1D]LRQDOH� GHO�*UDQ
6DVVR� RI� ,1)1� �,WDO\��� *LUHGPHW�� 06#*6
/DE��0RVFRZ��5XVVLD���67&��,QVWLWXWH�RI�6LQ�
JOH� &U\VWDOV� �.KDUNLY��8NUDLQH�� IRU� DFFXUDWH
DQDO\VLV�RI�WKH�FDGPLXP�DQG�]LQF�VDPSOHV�

5HIHUHQFHV
� ���)�$�'DQHYLFK��LQ��3URF��WKH��VW�,QW��:RUNVKRS

DW� 5DGLRSXUH� 6FLQWLOODWRUV� IRU� (85(&$
536FLQW�������.\LY���������S�����DU;LY����������
>QXFO�H[@�

� ���)�$�'DQHYLFK�� 6FLQWLOODWRUV� LQ� $VWURSDUWLFOH
3K\VLFV�� LQ�� 3URF��WKH� ,QW��&RQI��(QJLQHHULQJ
RI�6FLQWLOODWLRQ�0DWHULDOV�DQG�5DGLDWLRQ�7HFK�
QRORJ\��,60$57��������,60$�3XEO���.KDUNLY
��������S����

� ���+�.UDXV�� LQ�� 3URF��WKH� �VW� ,QW��:RUNVKRS� DW
5DGLRSXUH� 6FLQWLOODWRUV� IRU� (85(&$
536FLQW�������.\LY���������S�����DU;LY����������
>QXFO�H[@�

� ���3��%HOOL��3UHSULQW�520�)�����������5RPD��
8QLYHUVLW\�� ������ ��� S�� �DU;LY����������
>QXFO�H[@���

� ���9�(�,YDQRY�� ,�,�3DSLURY�� *�)�7LNKLQVN\�� 9�0�$PR�
QHQNR��3XUH�DQG�8OWUD�SXUH�0HWDOV��0HWDOOXUJLD�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���*�3�.RYWXQ��$�3�6KFKHUEDQ���8NU��3DW�������
&��%������&��%�������

� ���6�<�/DUNLQ�� *�3�.RYWXQ�� $�3�6KFKHUEDQ��
8NU��3DW��������� &��&������ &��%�����
&��%�������

� ���*�3�.RYWXQ�� $�3�6KFKHUEDQ��� '�$�6RORSLNKLQ
HW�DO����3UREOHPV�RI�$WRPLF�6FLHQFH�DQG�7HFK�
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