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GLDPHWHU�ZLWK�GLVSHUVLRQ�RI� VL]H�d�����KDYH� EHHQ� V\QWKHVL]HG� IURP�DTXHRXV� VROXWLRQ�E\
KRPRJHQRXV� FKHPLFDO� SUHFLSLWDWLRQ�� 7KH� IRUPDWLRQ� SURFHVV� RI� FXELF� \WWULXP� R[LGH� QDQR�
VSKHUHV� GXULQJ� WKHUPDO� GHFRPSRVLWLRQ� RI� DPRUSKRXV� SUHFXUVRU� KDV� EHHQ� VWXGLHG�� 7KH
SUHFLSLWDWLRQ� SDUDPHWHUV� �FRQFHQWUDWLRQ� RI� \WWULXP�� QHRG\PLXP� LRQV�� DV� ZHOO� DV� XUHD
FRQFHQWUDWLRQ��KDYH�EHHQ�IRXQG�WR� LQIOXHQFH�FRQVLGHUDEO\�WKH�VL]H��VKDSH��GLVSHUVLRQ��DQG
DJJORPHUDWLRQ�GHJUHH�RI�UHVXOWDQW�SRZGHUV��
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���,QWURGXFWLRQ
7KH� PRQRGLVSHUVH� VSKHULFDO� OXPLQHVFHQW

SDUWLFOHV� RI� UDUH�HDUWK�R[LGHV�DUH�XQGHU� LQ�
WHQVH�VWXGLHV�IRU�RSWRHOHFWURQLFV��ELRPHGLFDO
DSSOLFDWLRQV��IRU�ODVHU�DQG�VFLQWLOODWLRQ�WHFK�
QLTXHV�� 6XFK� SDUWLFOHV� DUH� RI� JRRG� SURPLVH
IRU� XVH� DV� LQLWLDO� �EXLOGLQJ� EORFN�� IRU� WKH
IROORZLQJ� FRQVROLGDWLRQ� LQ� KLJK�GHQVLW\� OX�
PLQHVFHQW� PDWHULDOV� �'� RU� �'� >���@�� 7KH
SDUWLFXODU� LQWHUHVW� IRU� WKH� VSKHULFDO� PRQR�
GLVSHUVH� QDQRSDUWLFOHV� LV� FRQQHFWHG� ZLWK
SRVVLELOLW\� RI� WKHLU� XWLOL]DWLRQ� IRU� IDEULFD�
WLRQ�RI�WUDQVSDUHQW�FHUDPLF� >�@�� ,Q�WKH�FXU�
UHQW� RSWLFDO� FHUDPLF�SURGXFWLRQ� WHFKQRORJ\�
WKH� FRPSDFWLRQ� VWDJH� LV� FRQVLGHUHG� DV� WKH
PRVW�FULWLFDO�RQH�>�@��7KH�SDFNLQJ�GHIHFWV�LQ
WKH� JUHHQ� ERG\� FDXVH� GHFUHDVHG� FHUDPLFV
GHQVLW\�� UHVLGXDO� SRURVLW\� DQG� WKXV� � GHJUD�
GDWLRQ� RI� LWV� RSWLFDO� SURSHUWLHV�� 7KHUHIRUH�
WKH�LQLWLDO�QDQRSRZGHUV�IRU�RSWLFDO�FHUDPLFV
VKRXOG�PHHW�WKH�IROORZLQJ�UHTXLUHPHQWV��WKH

VSKHULFDO�IRUP�RI�WKH�SDUWLFOHV��WKH�SDUWLFOH
VL]H�RI�DERXW�����QP�DQG�WKH�QDUURZ�SDUWL�
FOH� VL]H� GLVWULEXWLRQ� UDQJH� >�@�� 2EYLRXVO\�
WKH� FRPSDFWLRQ� RI� WKH� PRQRGLVSHUVH� QDQR�
VSKHUHV� DOORZV� SURYLGHV� D� PRUH� KRPRJHQH�
RXV�SDFNLQJ�RI�WKH�SDUWLFOHV�LQ�WKH�FRPSDFW
DQG� WKH� KLJKHU� LQLWLDO� GHQVLW\� DV� FRPSDUHG
WR�QDQRSRZGHUV�ZLWK�XQGHILQHG�PRUSKRORJ\�
7KLV�SURPRWHV�DQ�HIILFLHQW�DQG�KRPRJHQHRXV
GHQVLILFDWLRQ� RI� FHUDPLFV� DW� WKH� VLQWHULQJ
VWDJH�� )RU� H[DPSOH�� WKH� PROGLQJ� RI� PRQR�
FOLQLF�<�2��VSKHUHV�ZLWK�SDUWLFOH�VL]H�ZLWKLQ�Ü��� QP� UDQJH� �DYHUDJH� GLDPHWHU� RI� ��Ü
��� QP�� E\� PDJQHW�SXOVHG� FRPSDFWLRQ� SHU�
PLWV�WR�DWWDLQ�WKH�FRPSDFW�GHQVLW\�RI�����
RI� WKH� WKHRUHWLFDO� YDOXH� >�@�� WKDW� FRQVLGHU�
DEO\�H[FHHGV�WKH������YDOXH�IRU�WKH�KH[DJR�
QDO� FORVHVW� SDFNLQJ� RI� WKH� VSKHULFDO� SDUWL�
FOHV�� 7KHUHIRUH�� WKH� SUHSDUDWLRQ� RI� WKH
PRQRGLVSHUVH� VSKHULFDO� QDQRSDUWLFOHV� ZLWK
VL]HV� UDQJLQJ� IURP� ��� WR� ���� QP� LV� D� VLJ�
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QLILFDQW� WDVN� LQ� WKH� DGYDQFHG� SRZGHU� WHFK�
QRORJ\� RI� KLJK�GHQVLW\� FRQVROLGDWHG� RSWLFDO
PDWHULDOV�FUHDWLRQ�

1RZDGD\V�� D� QXPEHU� RI� PHWKRGV� DUH
EHLQJ� DSSOLHG� WR� SURGXFH� VSKHULFDO� R[LGH
SDUWLFOHV�� QDPHO\�� VSUD\� S\URO\VLV� >�@�� WKH
3HFKLQL�VRO�JHO�WHFKQRORJ\�>�@��VROYRWKHUPDO
>�@�DQG�K\GURWKHUPDO� >������@�PHWKRGV�� WKH
WDUJHW� ODVHU� HYDSRUDWLRQ� >��@�� +RZHYHU�
QRQH�RI�WKHVH�PHWKRGV�SURYLGH�WKH�QDQRSDU�
WLFOHV�ZLWK�WKH�UHTXLUHG�FKDUDFWHULVWLFV��)RU
LQVWDQFH��<�2��VSKHULFDO�SDUWLFOHV�FDQ�EH�RE�WDLQHG� E\� ODVHU� HYDSRUDWLRQ�RI� WDUJHW��KRZ�
HYHU�� <�2�� SRZGHUV� DUH� IRUPHG� LQ� PHWDV�WDEOH�VWDWH��PRQRFOLQLF�PRGLILFDWLRQ��DQG�UH�
TXLUH� D� KLJK�WHPSHUDWXUH� DQQHDOLQJ� WR
FRQYHUW� WKHP� LQWR�FXELF� VWUXFWXUH�� WKXV� LQ�
FUHDVLQJ� WKHLU� DJJORPHUDWLRQ� >��@�� 7KH� KR�
PRJHQRXV� SUHFLSLWDWLRQ� IURP� DTXHRXV� VROX�
WLRQ� LV� FRQVLGHUHG� DV� WKH� PRVW� SURPLVLQJ
PHWKRG�WR�REWDLQ�WKH�FU\VWDO�QDQRVSKHUHV�RI
UDUH� HDUWK� R[LGHV� ZLWK� WKH� QDUURZ� SDUWLFOH
VL]H�GLVWULEXWLRQ�>��@��7KH�SUHFLVH�FRQWURO�RI
SUHFLSLWDWLRQ� FRQGLWLRQV� �V\QWKHVLV� WHPSHUD�
WXUH�� S+� YDOXH�� UHDJHQW� FRQFHQWUDWLRQV�
RUGHU�DQG�VSHHG�RI�WKHLU�PL[LQJ��DOORZV�RQH
WR� DGMXVW� WKH� SKDVH� DQG� FKHPLFDO� FRPSRVL�
WLRQ�RI�QDQRSRZGHUV��WKHLU�FU\VWDOOLQLW\��GLV�
SHUVLRQ� DQG� DJJORPHUDWLRQ� GHJUHH�� DQG� WKH
GLVWULEXWLRQ� KRPRJHQHLW\� RI� WKH� DFWLYDWRU
LRQV��0RUHRYHU��WKLV�PHWKRG�LV�VLPSOH�HQRXJK
LQ�WHUPV�RI�WHFKQRORJLFDO�UHDOL]DWLRQ�

7KH� SXUH� DQG� QHRG\PLXP�GRSHG� \WWULXP
R[LGH�LV�DQ�H[FHOOHQW�RSWLFDO�PDWHULDO�IRU�,5
ZLQGRZV� DQG� DFWLYH� PHGLXP� RI� WKH� VROLG�
VWDWH� ODVHUV�� 5HFHQWO\�� <�2��EDVHG� RSWLFDOFHUDPLFV�ZDV�GHVFULEHG�LQ�OLWHUDWXUH�>�������
��@��DV�ZHOO�DV�WKH�SUHSDUDWLRQ�WHFKQLTXHV�RI
\WWULXP� R[LGH�EDVHG� VSKHULFDO� SDUWLFOHV� �VHH
>���������@�� DQG� UHIHUHQFHV� WKHUHLQ��� JHQHU�
DOO\�� IRU� DSSOLFDWLRQ� DV� UHG� SKRVSKRUV�
3UHSDUDWLRQ�RI�WKH�<�2��1G���VSKHULFDO�SDU�WLFOHV� IRU� RSWLFDO� FHUDPLFV� KDV� QRW� EHHQ� UH�
SRUWHG� LQ� PRGHUQ� SXEOLFDWLRQV�� 7KH� DLP� RI
WKLV� ZRUN� ZDV� WR� V\QWKHVL]H� DQG� FKDUDF�
WHUL]H� WKH� PRQRGLVSHUVH� FU\VWDOOLQH� <�2�DQG�<�2��1G��� ��Ü���DW�����VSKHUHV�RI�GLI�
IHUHQW� GLDPHWHU� E\� KRPRJHQRXV� SUHFLSLWD�
WLRQ�IURP�DTXHRXV�VROXWLRQ�

���([SHULPHQW
<�2�� DQG� <�2��1G��� ��Ü��� DW����� QDQR�

VSKHUHV�ZHUH� V\QWKHVL]HG� IURP�\WWULXP�DQG
QHRG\PLXP�QLWUDWH�VROXWLRQV�XVLQJ�KRPRJH�
QRXV�SUHFLSLWDWLRQ�E\�XUHD��7KH�\WWULXP�DQG
QHRG\PLXP�QLWUDWH� VROXWLRQV�ZHUH�SUHSDUHG
IURP�FRUUHVSRQGLQJ�R[LGHV�<�2���!�������SXUH�� DQG� 1G�2�� �!������ �� SXUH�� E\� GLV�
VROYLQJ� WKHP� XQGHU� KHDWLQJ� LQ� WKH� SURSHU

DPRXQW�RI�QLWULF�DFLG��7KH�FRQFHQWUDWLRQ�RI
WKH� \WWULXP� VROXWLRQV� ZDV� YDULHG� LQ� WKH
�����Ü����PRO�/� UDQJH�� 7KH�XUHD� VROXWLRQV
LQ� FRQFHQWUDWLRQV� YDU\LQJ� IURP� ���� WR
���� PRO�/� ZHUH� XVHG� DV� WKH� SUHFLSLWDQWV�
7KH�LQLWLDO�FRPSRQHQW�PL[WXUH�ZDV�KRPRJH�
QL]HG� XQGHU� FRQVWDQW� VWLUULQJ� IRU� �� K� DQG
WKHQ� ZDV� KHDWHG� RQ� D� ZDWHU� EDWK� WR� ���&�
$IWHU� UHDFWLQJ� DW� ��r��&� IRU� �� K�� WKH� VXV�
SHQVLRQ�ZDV�FRROHG�WR�a���&��DQG�WKH�UHVXO�
WDQW� FROORLGDO� SDUWLFOHV� ZHUH� VHSDUDWHG� YLD
VXFWLRQ� ILOWUDWLRQ� WKURXJK� D� PHPEUDQH� ILO�
WHU�� 7KH�SUHFLSLWDWH�ZDV�ZDVKHG� IRXU� WLPHV
ZLWK� GLVWLOOHG�ZDWHU� DQG� RQH� WLPH�ZLWK� DQ�
K\GURXV� HWKDQRO� LQ�RUGHU� WR� UHPRYH� WKH� UH�
DFWLRQ� E\�SURGXFWV�� 7KHQ� WKH� SUHFXUVRU� RE�
WDLQHG�ZDV�GULHG� LQ�DQ�DLU�DW����&�DQG�ZDV
XVHG�IRU�IXUWKHU�VWXGLHV�

7KH�GLIIHUHQWLDO�WKHUPDO��'7$��DQG�WKHU�
PDO�JUDYLPHWULF� �7*�� DQDO\VHV�ZHUH�FDUULHG
RXW�XVLQJ�D�020�4�����'�GHULYDWRJUDSK�LQ
DLU� DWPRVSKHUH� LQ� WKH� ��Ü�����&� WHPSHUD�
WXUH� UDQJH� ZLWK� WKH� KHDWLQJ� UDWH� RI
���&�PLQ��7KH�SKDVH�LGHQWLILFDWLRQ�ZDV�SHU�
IRUPHG� YLD� ;�UD\� GLIIUDFWLRQ� �;5'�� RQ� D
6,(0(16�'�����;�UD\�GLIIUDFWRPHWHU�XVLQJ
QLFNHO� ILOWHUHG�&X�.D� UDGLDWLRQ��7KH� SKDVHVZHUH� LGHQWLILHG� XVLQJ� 3')��� FDUG� ILOH� DQG
(9$� UHWULHYDO� V\VWHP�� LQFOXGHG� LQ� WKH� GLI�
IUDFWRPHWHU� VRIWZDUH��7KH�SRZGHU�PRUSKRO�
RJ\� ZDV� H[DPLQHG� XVLQJ� D� WUDQVPLVVLRQ
HOHFWURQLF� PLFURVFRSH� 7(0����� RSHUDWHG� DW
���� N9� DFFHOHUDWLQJ� YROWDJH�� 3ULRU� WR� WKH
PLFURVFRSLF� H[DPLQDWLRQ�� WKH� SRZGHU� ZDV
VXEMHFWHG� WR� XOWUDVRQLFDWLRQ� XVLQJ� XOWUD�
VRQLF� GLVSHUJDWRU� 8='1�$� DW� IUHTXHQF\� RI
��� N+]� GXULQJ� ��� V�� 7KH� ELGLVWLOOHG� ZDWHU
ZDV�XVHG�DV�WKH�ZRUNLQJ�PHGLXP��7KH�DYHU�
DJH�SDUWLFOH�VL]H�DQG�GLVWULEXWLRQ�ZHUH�HVWL�
PDWHG�IURP�7(0�PLFURJUDSKV�E\�FROOHFWLQJ
GDWD�IRU�DW�OHDVW�����SDUWLFOHV�

���5HVXOWV�DQG�GLVFXVVLRQ
,W� LV� NQRZQ� WKDW� GHFRPSRVLWLRQ� RI� XUHD

GXULQJ�KHDWLQJ� RI� LWV� VROXWLRQ�XS� WR�!���&
UHVXOWV� LQ� VORZ�DQG�KRPRJHQHRXV�UHOHDVH�RI
SUHFLSLWDWLQJ� OLJDQGV�� PDLQO\� 2+±� DQG
&2��±� LRQV�� LQWR� WKH� UHDFWLRQ� V\VWHP� >��@�7KHVH� LRQV�UHDFW�ZLWK�\WWULXP�RQHV�WR�IRUP
\WWULXP�SUHFXUVRU��7KH�UHDFWLRQ�PHFKDQLVP
RI�WKH�IRUPDWLRQ�RI�\WWULD�SDUWLFOHV�WKURXJK
KRPRJHQHRXV�SUHFLSLWDWLRQ� LV�FODLPHG�WR� LQ�
FOXGH� WKUHH�GLVWLQFW� VWHSV�����GHFRPSRVLWLRQ
RI�XUHD�����K\GURO\VLV�RI�\WWULXP�LRQV��<����
DQG� ��� SUHFLSLWDWLRQ� UHDFWLRQ� ����� %ULHIO\�
WKH� ODVW� VWHS� RI� WKLV� UHDFWLRQ� FDQ� EH� SUH�
VHQWHG�DV�IROORZV�
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7KH� WLPH� GHSHQGHQFH� RI� LQLWLDO� VROXWLRQ
S+� DQG� DYHUDJH� GLDPHWHU� RI� SUHFLSLWDWHG
SDUWLFOHV� LV� JLYHQ� LQ� )LJ����� 7KH� SUHFXUVRU
SDUWLFOHV�VWDUW�WR�IRUP�DIWHU�UHDFKLQJ�RI�WKH
HTXLYDOHQF\� SRLQW� �S+� ����� 7KH� JURZWK� RI
WKH� SUHFLSLWDWHG� SDUWLFOHV� LQ� WLPH� LV� DFFRP�
SDQLHG� E\� S+� YDOXH� LQFUHDVH�� DQG� WKHQ� WKH
K\GURJHQ� LRQ� H[SRQHQW� DWWDLQV� VDWXUDWLRQ�
7KH� LQWHQVLYH�JURZWK�RI�<�2+�&2��SUHFXUVRUVSKHULFDO� SDUWLFOHV� RFFXUV� LQ� WKH� S+� UDQJH
IURP�����WR����DQG�ILQLVKHV�DW�S+� ����Ü���$W
WKHVH� FRQGLWLRQV�� WKH� SDUWLFOH� GLDPHWHU� EH�
FRPH� WKH� FRQVWDQW� YDOXH� RI� DERXW� ���� QP
DQG�IXUWKHU�UHPDLQV�XQFKDQJHG�

7KH�'7$�DQG�7*�FXUYHV�RI�WKH�SUHFXUVRU
REWDLQHG�DIWHU�GU\LQJ�DW����&�DUH�SUHVHQWHG
LQ� )LJ����� $FFRUGLQJ� WR� 7*� GDWD�� WKH� VWHS�
ZLVH� GHFRPSRVLWLRQ� RI� WKH� \WWULXP� R[LGH
SUHFXUVRU� LV� DFFRPSDQLHG� E\� D� WRWDO�ZHLJKW
ORVV�RI�������7ZR�HQGRWKHUPLF�SHDNV�LQ�WKH
'7$�FXUYH�DW�����DQG�����&�ZHUH�DVVLJQHG
WR� WKH� UHPRYDO� RI� PROHFXODU� DQG� K\GUDWLRQ
ZDWHU�� ZKLOH� WKH� EURDG� SHDN� LQ� WKH� ���Ü
����&� WHPSHUDWXUH� UDQJH�� WR� IRUPDWLRQ� RI
QRQ�LGHQWLILHG� LQWHUPHGLDWH� SKDVHV��$FFRUG�
LQJ�WR�>��@��WKH�GRXEOH�HQGRWKHUPLF�SHDN�LQ
WKH� ���Ü����&� WHPSHUDWXUH� UDQJH� FRXOG� EH
GXH� WR� VLPXOWDQHRXV� GHFRPSRVLWLRQ� RI� FRP�
SOH[� \WWULXP� FDUERQDWHV� �IRU� H[DPSOH�
<�2�&2�����<�2�&2����DQG�FU\VWDOOL]DWLRQ�RI\WWULXP� R[LGH� �L�H�� H[RWKHUPLF� DQG� HQGR�
WKHUPLF�SHDNV�DUH�VXSHUSRVHG��

�7KH�HIIHFW�RI�UHDFWDQW�FRQFHQWUDWLRQV�RQ
WKH�VKDSH�DQG�VL]H�RI�\WWULXP�R[LGH�SUHFXU�
VRU� VSKHULFDO� SDUWLFOHV� DUH� SUHVHQWHG� LQ
)LJ�� ��� ,Q� WKLV� H[SHULPHQW�� WKH� \WWULXP�QL�
WUDWH� FRQFHQWUDWLRQ� ZDV� YDULHG� LQ� WKH
�����Ü���� PRO�/� UDQJH� DW� FRQVWDQW� XUHD

FRQFHQWUDWLRQ�� RU� XUHD� FRQFHQWUDWLRQ� ZDV
YDULHG� LQ� WKH� ���Ü���� PRO�/� UDQJH� DW� FRQ�
VWDQW� \WWULXP�FRQFHQWUDWLRQ��7KH� LQLWLDO� UH�
DFWDQW�FRQFHQWUDWLRQV�LQIOXHQFH�VWURQJO\�WKH
DYHUDJH� SDUWLFOH� GLDPHWHU�� $V� LV� VHHQ� LQ
)LJ���D���WKH�DYHUDJH�SDUWLFOH�GLDPHWHU�YDU�
LHV�OLQHDUO\�IURP�����QP�WR�����QP�IRU�\W�
WULXP� FRQFHQWUDWLRQ� EHWZHHQ� ������ DQG

)LJ�����9DULDWLRQV�RI�WKH�UHDFWLRQ�PL[WXUH�S+
DQG� WKH� SUHFXUVRU� SDUWLFOH� GLDPHWHU� LQ� WLPH
�F�<���� ������� PRO�/�� F�XUHD�� �����PRO�/�
WHPSHUDWXUH����&��

)LJ�����'7$�7*�FXUYHV�RI�WKH�SUHFXUVRU�SUR�
GXFHG� E\� KRPRJHQHRXV� SUHFLSLWDWLRQ� ZLWK
XUHD�

)LJ����� $YHUDJH� GLDPHWHU� RI� WKH� SUHFXUVRU
SDUWLFOHV�DV�D�IXQFWLRQ�RI�WKH�<���LRQV�FRQFHQ�
WUDWLRQ� �F�XUHD�� ����� PRO�/�� �D�� DQG� XUHD
FRQFHQWUDWLRQ��F�<���� �������PRO�/���E��

<X�,�3D]XUD�HW�DO����6\QWKHVLV�RI����

)XQFWLRQDO�PDWHULDOV������������� ���



�����PRO�/��%HORZ������PRO�/��WKH�SDUWLFOHV
GR� QRW� DJJORPHUDWH�� DQG� WKH� SDUWLFOH� VL]H
GLVWULEXWLRQ�LV�UHDOO\�PRQRGLVSHUVH��WKH�VWDQG�
DUG� GHYLDWLRQ�GRHV�QRW� H[FHHG��Ü����� �� 7KH
KLJKHU� \WWULXP� FRQFHQWUDWLRQ� LV�� WKH� PRUH
SRO\GLVSHUVH�SDUWLFOHV�DUH�IRUPHG��DQG�DW�\W�
WULXP� FRQFHQWUDWLRQ� EHWZHHQ� ����� DQG
�����PRO�/��WKH�GHYLDWLRQ�LQ�SDUWLFOH�VL]H�GLV�
WULEXWLRQ� LQFUHDVHV� XS� WR� ��� ��� 0RUHRYHU�
WKH� SDUWLFOH� WUHQG� WR� DJJUHJDWH�� DQG� ILQDOO\�
DW� FRQFHQWUDWLRQ�DERYH�������PRO�/�� WKH� DJ�
JORPHUDWHV�DUH� IRUPHG�UHDFKLQJ�VHYHUDO�PL�
FURPHWHUV� LQ� GLDPHWHU�� 2QH� RI� WKH� UHDVRQV
FDXVLQJ� SDUWLFOH� DJJORPHUDWLRQ� LV� GHFUHDVH
RI� VROXWLRQ� ]HWD� SRWHQWLDO� DV� D� IXQFWLRQ� RI
\WWULXP�FRQFHQWUDWLRQ�>��@��7KH�SDUWLFOH�GL�
DPHWHU�GHSHQGHQFH�RQ�XUHD�FRQFHQWUDWLRQ�LV
JLYHQ�LQ�)LJ���E��&KDQJLQJ�WKH�XUHD�FRQFHQ�
WUDWLRQ� IURP� ���� WR� ���� PRO�/� � FDXVHV� WKH
DYHUDJH� GLDPHWHU� RI� <�2�� SDUWLFOHV� WR� EHGLPLQLVKHG� IURP����� WR� ����QP��7KH�<�2�SDUWLFOH� VL]H� GLVWULEXWLRQ� LQ� WKH� PHQWLRQHG
FRQFHQWUDWLRQ� UDQJH� LV� DOPRVW� FRQVWDQW� DQG
GRHV� QRW� H[FHHG� ��� ��� 0RUHRYHU�� LQ� WKH
ZKROH�FRQFHQWUDWLRQ�UDQJH�VWXGLHG��WKH�SUH�
FLSLWDWH� PDLQWDLQV� VSKHULFDO� VKDSH�� 7KHUH�
IRUH��DGMXVWLQJ�WKH�UHDFWDQWV�FRQFHQWUDWLRQV
DOORZV� RQH� WR� FRQWURO� WKH� VKDSH�� VL]H�� DQG
VL]H�GLVWULEXWLRQ�RI�<�2��QDQRVSKHUHV�7KH� ;5'� VSHFWUD� RI� WKH�<�2�� QDQRSRZ�GHUV� FDOFLQHG� DW� GLIIHUHQW� WHPSHUDWXUHV� DUH
VKRZQ� LQ�)LJ�����7KH�\WWULXP�R[LGH�SUHFXU�
VRU� DQG� WKH� SRZGHUV� FDOFLQHG� XS� WR� ����&
ZHUH� IRXQG� WR� EH� DPRUSKRXV�� )RUPDWLRQ� RI
WKH�FXELF�<�2��LV�DOUHDG\�UHJLVWHUHG�DW�����&�7KH� FDOFLQDWLRQ� WHPSHUDWXUH� ULVH� UHVXOWV� LQ
LQFUHDVLQJ� LQWHQVLW\� RI� WKH� GLIIUDFWLRQ� SHDNV
DV� ZHOO� WR� WKHLU� QDUURZLQJ�� SRLQWLQJ� RXW� WKH
LQFUHDVLQJ�DYHUDJH�FU\VWDOOLWH�VL]H��,Q�IDFW��WKH
FU\VWDOOLWH�VL]H�RI�WKH�<�2��SRZGHUV�GHWHUPLQHGE\� WKH� 6FKHUUHU� IRUPXOD� LQFUHDVHV� IURP���� WR
����QP�ZKHQ�WHPSHUDWXUH�ULVHV�IURP�����&�WR
�����&�� 6LPXOWDQHRXVO\�� WKH� ODWWLFH� SDUDPHWHU
D� LV� GLPLQLVKHG� IURP� ����������� WR
�������������c��DQG�DW�7� ������&�DSSURDFKHV
WKH� WKHRUHWLFDO�YDOXH� IRU�<�2��D� ��������c�WKXV� LQGLFDWLQJ� WKH� LPSURYLQJ� FU\VWDOOLQH
VWUXFWXUH�SHUIHFWLRQ�RI�WKH�<�2��%HFDXVH�WKH�<�2��SRZGHUV�DUH�SODQQHG�WRXVH� LQ� RSWLFDO� FHUDPLF� IDEULFDWLRQ� YLD� YDF�
XXP�VLQWHULQJ��LW�LV�YHU\�LPSRUWDQW�WR�VWXG\
WKHLU�PRUSKRORJLFDO�FKDQJHV�GXULQJ�WKH�FDO�
FLQDWLRQ��$FFRUGLQJ�WR�'7$�DQG�;5'�GDWD�
WKH� FU\VWDOOLQH� \WWULXP� R[LGH� LV� IRUPHG
IURP� DPRUSKRXV� SUHFLSLWDWH� DERYH� ����&�
7KH� PRUSKRORJ\� HYROXWLRQ� RI� <�2�� QDQR�VSKHUHV� ZLWK� FDOFLQDWLRQ� WHPSHUDWXUH� LV
JLYHQ� LQ�)LJ����� 7KH� FDOFLQDWLRQ� WHPSHUDWXUH
LV�VHHQ�WR�DIIHFW�FRQVLGHUDEO\�WKH�PRUSKRORJ\

DQG� VL]H� RI� V\QWKHVL]HG�SRZGHUV��7KH�GLDPH�
WHU� RI� WKH� SRZGHUV� FDOFLQHG� DW� 7� �����&
GHFUHDVHV� E\� ��r����GXH� WR� GHFRPSRVLWLRQ
RI�SUHFXUVRU� �)LJ�����E���0RUHRYHU��WKH�VXU�
IDFH� RI� FU\VWDOOLQH� VSKHULFDO� SDUWLFOHV� EH�
FRPHV�VOLJKWO\�URXJK��PDLQO\�GXH� WR�HYDSR�
UDWLRQ�RI�VWUXFWXUDO�ZDWHU�DQG�&2���$QQHDO�LQJ� RI� WKH� SRZGHUV� GRHV� QRW� DIIHFW� WKH
SDUWLFOH� VL]H� GLVWULEXWLRQ�� 7KH� FU\VWDOOLWH
VL]H� LQFUHDVH� LQ� WKH� ���Ü�����&� WHPSHUD�
WXUH� UDQJH� GHWHUPLQHG� IURP� WKH�;5'� GDWD
�)LJ�����RFFXUV�ZLWKRXW�FKDQJLQJ�RI�WKH�SDU�
WLFOH� GLDPHWHU�� LQGLFDWLQJ� WKDW� WKH� SULPDU\
UHFU\VWDOOL]DWLRQ� WDNHV� SODFH� LQVLGH� WKH
VSKHULFDO� SDUWLFOHV�� SUREDEO\� YLD� MRLQLQJ� RI

)LJ�����;5'�VSHFWUD�RI�WKH�<�2��SRZGHUV�FDO�FLQHG� DW� ����&� ����� ����&� ����� ����&� ����
�����&�����DQG������&�����
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DGMDFHQW� FU\VWDOOLWHV�� 7KH� URXJKQHVV� RI
QDQRVSKHUHV� LQFUHDVHV� VOLJKWO\�ZLWK�FDOFLQD�
WLRQ�WHPSHUDWXUH�LQFUHDVH�XS�WR������&��EXW
WKH� SDUWLFOHV� PDLQWDLQ� WKHLU� LQGLYLGXDOLW\�
7KH�VLQWHULQJ�RI�WKH�SDUWLFOHV�ZLWK�SDUWLDO�ORVW
RI�WKHLU�VSKHULFDO�VKDSH�VWDUWV�DW�WKH�WHPSHUD�
WXUH� RI� �����&� ZLWK� IRUPDWLRQ� RI� FRQWDFW
QHFNV� EHWZHHQ� WKH� SDUWLFOHV� �)LJ����� F��� 7KH
IXUWKHU�WHPSHUDWXUH�LQFUHDVH�UHVXOWV�LQ�IRU�
PDWLRQ� RI� KDUG� DJJORPHUDWHV� GXH� WR� LQWHQ�
VLYH� VLQWHULQJ� RI� WKH� SRZGHUV� �)LJ����� G��
7KH�PRUSKRORJLFDO� FKDUDFWHULVWLFV�RI�UHVXOW�
LQJ�SRZGHUV�EHFDPH�YHU\�VLPLODU� WR� WKH�RU�
GLQDU\� QDQRSRZGHUV�� LQGLFDWLQJ� WKDW� DGGL�
WLRQDO� WHFKQRORJLFDO� VWDJHV� �PHFKDQLFDO
JULQGLQJ��DUH�UHTXLUHG�WR�XVH�WKHP�DV�VWDUW�
LQJ�PDWHULDOV�IRU�RSWLFDO�FHUDPLFV�

7KH� PRUSKRORJ\� RI� <�2�� QDQRVSKHUH� RIGLIIHUHQW�GLDPHWHU� LV�VKRZQ�LQ�)LJ�����(DFK
VSKHULFDO� SDUWLFOH� FRQWDLQV� VHYHUDO� FU\VWDO�
OLQH� EORFNV� RI� QHDUO\� VSKHULFDO� VKDSH� DQG
DERXW� ��� QP� GLDPHWHU�� ZKLFK� LV� HTXDO� WR
FU\VWDOOLWH�VL]H�GHWHUPLQHG�E\�;5'��)LJ�����
LQ� RWKHU� ZRUGV�� WKH� SDUWLFOHV� DUH� SRO\FU\V�
WDOOLQH�� )LJ���� G�� LQVHW�� VKRZV� VHOHFWHG� DUHD
HOHFWURQ�GLIIUDFWLRQ��6$('��SDWWHUQ�IURP�LQ�
GLYLGXDO� VSKHULFDO�<�2��SDUWLFOH��7KH�6$('SDWWHUQ� FRQWDLQV� LQGLYLGXDO� UHIOHFWLRQV� DV
ZHOO� DV� GLIIUDFWLRQ� ULQJV� FRQILUPLQJ� WKH
SRO\FU\VWDOOLQH� QDWXUH� RI� WKH� VDPSOH�� 7KH

VLPLODU� VWUXFWXUH� RI� <�2��(X��� VSKHULFDOSDUWLFOHV� REWDLQHG� E\� VSUD\� S\URO\VLV� KDYH
EHHQ� UHFHQWO\� REVHUYHG� LQ� >�@�� 7KH� DYHUDJH
FU\VWDOOLWH�EORFN�VL]H�LQ�WKH�SDUWLFOHV�RI�GLI�
IHUHQW� GLDPHWHUV� IDOOV� ZLWKLQ� ��Ü��� QP
UDQJH�� 7KH� VPDOO� VL]H� RI� WKH� FU\VWDOOLWHV� LV
YHU\�IDYRUDEOH�IRU�KLJK�DFWLYLW\�RI�WKH�SRZ�
GHUV� DQG� WKHLU� HIIHFWLYH� GHQVLILFDWLRQ� LQWR
KLJK�GHQVLW\�SRUH�IUHH�RSWLFDO�FHUDPLF��)XU�
WKHUPRUH�� WKH� LQLWLDO� FU\VWDOOLWHV� IRUP� WKH
SDUWLFOHV�RI�WKH�HTXLOLEULXP�VSKHULFDO�VKDSH�
WKXV�GHFUHDVLQJ�WKH�SRZGHU�DJJORPHUDWLRQ�DQG
IDFLOLWDWLQJ� WKHLU� FRPSDFWLQJ� �)LJ����� DÜG��
7KHUHIRUH��ZH�EHOLHYH�WKDW�PRUSKRORJLFDO�SH�
FXOLDULWLHV� RI� <�2�� VSKHULFDO� SDUWLFOHV� RE�WDLQHG� �SRO\FU\VWDOOLQH� VWUXFWXUH�� PRQRGLV�
SHUVLW\�� VSKHULFDO� VKDSH�� ORZ� DJJORPHUDWLRQ
GHJUHH�� DUH� YHU\� IDYRUDEOH� IRU� WKHLU� XVH� LQ
RSWLFDO�FHUDPLFV�IDEULFDWLRQ�

7KH�GRSLQJ�RI�\WWULXP�R[LGH�ZLWK�QHRG\P�
LXP� LRQV� ��Ü��� DW�� ��� UHVXOWV� LQ� OLQHDU� LQ�
FUHDVH�RI�WKH�ODWWLFH�SDUDPHWHU�D�DFFRUGLQJ�WR
WKH�9HJDUG�UXOH��HYLGHQFLQJ�WKH�IRUPDWLRQ�RI
WKH� VXEVWLWXWLRQDO� VROLG� VROXWLRQ� �<�±[1G[��2��)LJ���D���7KH�H[WHQVLRQ�RI�WKH�ODWWLFH�SDUDPH�
WHU� LV� FRQQHFWHG� ZLWK� ODUJHU� LRQLF� UDGLXV� RI
QHRG\PLXP� LRQV� FRPSDUHG� WR� \WWULXP� RQHV
�U�1G���� ������c�� U�<���� ������c� IRU� FRRU�
GLQDWLRQ� QXPEHU� ���� 7KH� SUHVHQFH� RI� QHR�
G\PLXP�LRQV�QRW�RQO\�LQIOXHQFHV�WKH�ODWWLFH

)LJ�����7(0�RI�SUHFXUVRU��D��DQG�<�2��QDQRVSKHUHV��FDOFLQHG�DW�����&��E��������&��F��DQG������&��G��
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FRQVWDQW��EXW�DOVR�WKH�QXFOHDWLRQ�SURFHVVHV�LQ
WKH� FROORLGDO� V\VWHPV�� WKH� GLDPHWHU� RI� DFWL�
YDWHG�\WWULXP�R[LGH�SDUWLFOHV�EHLQJ�VPDOOHU�DV
FRPSDUHG� WR� XQGRSHG� RQHV� �)LJ���E��� 7KH
VLPLODU� HIIHFW� KDV� EHHQ� REVHUYHG� EHIRUH� IRU
DQRWKHU� PL[HG� R[LGH� V\VWHP� <�2�±*G�2�>��@�� $V� WKH� IRUPDWLRQ� RI� WKH� FROORLGDO
VSKHUHV� RFFXUV� YLD� QXFOHDWLRQ�JURZWK� SURF�
HVV� >��@�� WKH� KRPRJHQHRXV� QXFOHDWLRQ� UDWH
GHSHQGV�RQ�WKH�VXSHUVDWXUDWLRQ�GHJUHH��WKDW

LV�� WKH� QXFOHDWLRQ� VWDUWV� RQO\�ZKHQ� WKH� VX�
SHUVDWXUDWLRQ� UHDFKHV� D� FHUWDLQ� FULWLFDO
YDOXH�� ,Q� DFFRUGDQFH� ZLWK� WKH� ODQWKDQLGH
FRQWUDFWLRQ� SKHQRPHQRQ�� <�2+�&2�� SRV�VHVVHV� KLJKHU� VROXELOLW\� LQ� ZDWHU� DV� FRP�
SDUHG�WR�1G�2+�&2���DQG��FRQVHTXHQWO\��KDVD� ORZHU� VXSHUVDWXUDWLRQ� YDOXH�� 7KLV� PHDQV
WKDW� <�2+�&2�� QXFOHL� DUH� UHODWLYHO\� XQVWD�EOH��WKHUHIRUH��LQ�PL[HG�<�1G�V\VWHP�ZH�FDQ
VXSSRVH� WKH� SUHGRPLQDQW� IRUPDWLRQ� RI

)LJ����� 7(0� RI� <�2�� FDOFLQHG� DW� ����&� GHSHQGLQJ� RQ� WKH� \WWULXP� LRQV� FRQFHQWUDWLRQ�� PRO�/�� D��������E��������F���������G���������F��1+���&2�� �����PRO�/���,QVHW�LQ�)LJ����G�VKRZV�6$('�SDWWHUQIURP�DQ�LQGLYLGXDO�VSKHULFDO�<�2��SDUWLFOH�

)LJ�����7KH�ODWWLFH�SDUDPHWHU�D��D��DQG�DYHUDJH�SDUWLFOH�GLDPHWHU��E��RI�<�2��1G���SDUWLFOHV�DV�D�IXQFWLRQ�RIWKH�1G���LRQV�FRQFHQWUDWLRQ��F��1+���&2�� �����PRO�/��F�<���� �������PRO�/��
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1G�2+�&2�� QXFOHL�� 7KH� SUHFLSLWDWLRQ� DQGJURZWK� RI�<�2+�&2�� ZLOO� RFFXU� YLD� KHWHUR�JHQHRXV� QXFOHDWLRQ� RQ� WKH� DOUHDG\� IRUPHG
1G�2+�&2��SDUWLFOHV��H[DFWO\�DV�LQ�WKH�<�*G
V\VWHP� >��@�� 6R�� ZH� EHOLYH� WKDW� WKH� 1G��
LRQV� FRQFHQWUDWLRQ� LQFUHDVH� SURYLGHV� DQ� LQ�
FUHDVHG� QXFOHDWLRQ� GHQVLW\� DQG� <�2��1G��VSKHULFDO� SDUWLFOHV� REWDLQHG� KDYH� VPDOOHU
GLDPHWHU�

���&RQFOXVLRQV
7KH� FU\VWDOOLQH� <�2��� <�2��1G��� PRQR�GLVSHUVH� QDQRVSKHUHV� RI� ���� WR� ���� QP� GL�

DPHWHU�� QDUURZ� SDUWLFOH� VL]H� GLVWULEXWLRQ
�PD[��������KDYH�EHHQ�REWDLQHG�E\�KRPRJH�
QHRXV� SUHFLSLWDWLRQ� IURP� DTXHRXV� VROXWLRQ�
7KH� PRUSKRORJ\� HYROXWLRQ� RI� <�2�� QDQR�VSKHUHV� ZLWK� FDOFLQDWLRQ� WHPSHUDWXUH� LQ�
FUHDVH� KDV� EHHQ� VWXGLHG�� ,W� KDV� EHHQ� GHWHU�
PLQHG� WKDW� WKH� VLQWHULQJ� RI� WKH� SDUWLFOHV
ZLWK� SDUWLDO� ORVW� RI� WKHLU� VSKHULFDO� VKDSH
VWDUWV� DW� �����&�� ,W� KDV� EHHQ� VKRZQ� WKDW
DGMXVWLQJ� WKH� UHDFWDQW� FRQFHQWUDWLRQ� �\W�
WULXP� LRQV�� QHRG\PLXP� LRQV� DQG� XUHD�� DO�
ORZV�RQH�WR�FRQWURO�WKH�VKDSH��VL]H��DQG�VL]H
GLVWULEXWLRQ� RI� <�2�� QDQRVSKHUHV�� )LQDOO\�ZH� EHOLHYH� WKDW� PRUSKRORJLFDO� SHFXOLDULWLHV
RI� <�2�� VSKHULFDO� SDUWLFOHV� REWDLQHG� �SRO\�FU\VWDOOLQH� VWUXFWXUH�� PRQRGLVSHUVLW\�
VSKHULFDO� VKDSH�� ORZ� DJJORPHUDWLRQ� GHJUHH�
DUH�YHU\�IDYRUDEOH�IRU�WKHLU�HIIHFWLYH�GHQVL�
ILFDWLRQ�LQWR�KLJK�GHQVLW\�RSWLFDO�FHUDPLF�
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