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0HWDOOLF�PDWHULDOV� ZLWK� VPDOO� JUDLQV� H[ �KLELWLQJ� D� KLJK� VWUHQJWK� �+DOO�3HWFKVWUHQJWKHQLQJ�� DUH� LQWHUHVWLQJ� IURP� ERWKWKHRUHWLFDO� DQG�H[SHULPHQWDO�SRLQW�RI�YLHZ�$�IXUWKHU�LPSURYHPHQW�RI�WKHLU�PHFKDQLFDOSURSHUWLHV� LV� SRVVLEOH� XVLQJ� UHLQIRUFHPHQWZLWK� FHUDPLF� SDUWLFOHV� RU� ILEUHV��0HWDO�PD �WUL[�FRPSRVLWHV�KDYH�EHHQ�GHYHORSHG�WR�SUR �YLGH� HQJLQHHULQJ� PDWHULDOV� ZLWK� FRPELQHGSURSHUWLHV� RI� FHUDPLFV� DQG� PHWDOV�� 7KRVHH[KLELW� VLJQLILFDQW� DGYDQWDJHV� DV� FRPSDUHGWR� VROLG� PDWHULDOV�� KLJKHU� VWUHQJWK�GHQVLW\DQG� VWLIIQHVV� UDWLRV�� HQKDQFHG� ZHDU� UHVLV �WDQFH� DQG� KLJKHU� XSSHU� WHPSHUDWXUH� OLPLW�7KHUH�LV��KRZHYHU��QR�XQLYHUVDO�PHWKRG�DQGVFLHQWLILF� SURYHQ� DSSURDFK� WR� VHOHFW� WKHFRPSRVLWHV� DQG� SUHGLFW� WKHLU� EHKDYLRXU� LQDFWXDO�ZRUNLQJ�FRQGLWLRQV�� ,Q�SUDFWLFH��VXE �VWDQWLDO� GLIIHUHQFHV� EHWZHHQ�PDWHULDOV� ZLWKYDULRXV� FHUDPLF� SDUWLFOHV� PD\� RFFXU�� 7KH
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D������:�1G�<$* ODVHU�DQG�VXEVHTXHQW�FRQ�GHQVDWLRQ� RI� WKH� ODVHU�LQGXFHG� YDSRU� LQ� DFRQWUROOHG� JDV� PHGLXP�� 7KH� SUHSDUDWLRQPHWKRG� RI� QDQRSDUWLFOHV� LV� GHVFULEHG� HOVH �ZKHUH� >�@�� 7KH� 0J SRZGHU� ZDV� PL[HG� DQGPLOOHG�WRJHWKHU�ZLWK�WKH�QDQRSDUWLFOHV�LQ�DQDV\PPHWULFDOO\�PRYLQJ�PL[HU� IRU� �� K�� 7KHPL[WXUH� ZDV� VXEVHTXHQWO\� SUH�FRPSUHVVHGIROORZHG� E\� KRW� H[WUXVLRQ� DW� ��� �&� DQG���� 03D� SUHVVXUH�� 7KH� LQLWLDOO\� PRUH� RUOHVV� HTXLD[LDO� JUDLQV� ZHUH� FKDQJHG� LQWR� HO �OLSWLFDO� RQHV� ZLWK� WKH� ORQJ� D[LV� SDUDOOHO� WRWKH� H[WUXVLRQ�GLUHFWLRQ��7KH�JUDLQ� VL]H�ZDVDERXW���µP�LQ�WKH�FURVV�VHFWLRQ�DQG�VHYHUDOWHQV�µP�LQ�WKH�H[WUXVLRQ�GLUHFWLRQ��&HUDPLFQDQRSDUWLFOHV� ZHUH� ORFDWHG� DW� WKH� JUDLQERXQGDULHV�� RQO\� IHZ� SDUWLFOHV� ZHUH� IRXQGLQVLGH�RI�JUDLQV�7HQVLOH� WHVWV� ZHUH� SHUIRUPHG� LQ� DQ� ,Q �VWURQ� WHVWLQJ� PDFKLQH� DW� WHPSHUDWXUHV� EH �WZHHQ� ���&� DQG� ����&�� 7KH� F\OLQGULFDOVSHFLPHQV�XVHG�ZHUH�GHIRUPHG�DW�DQ� LQLWLDOVWUDLQ� UDWH� RI� ���×���� V���� 7KH� VSHFLPHQVIRU� GDPSLQJ� PHDVXUHPHQWV� ZHUH� PDFKLQHGDV�EHQGLQJ�EHDPV�����PP�ORQJ�ZLWK�D�WKLFN �QHVV�RI���PP�DQG����PP�ZLGWK���7KH�GDPS �LQJ�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�LQ�D�YDF �XXP� �DERXW� ���P3D�� DW� URRP� WHPSHUDWXUH�7KH�VSHFLPHQV�IL[HG�DW�RQH�HQG�ZHUH�H[FLWHGLQWR� UHVRQDQFH� �WKH� IUHTXHQF\� UDQJHG� IURP���� WR� ���� +]�� E\� D� SHUPDQHQW� PDJQHWIL[HG� DW� WKH� IUHH� VLGH� RI� WKH� EHQGLQJ� EHDPDQG�D�VLQXVRLGDO�DOWHUQDWLQJ�PDJQHWLF�ILHOG�7KH�GDPSLQJ�ZDV�FKDUDFWHUL]HG�E\�WKH�ORJD �ULWKPLF� GHFUHPHQW� δ RI� WKH� IUHH� YLEUDWLQJEHDP��7KH�VSHFLPHQV�ZHUH�DQQHDOHG�VWHS�E\VWHS�DW�WHPSHUDWXUHV�LQFUHDVLQJ�XS�WR���� �&IRU�����K�DQG�TXHQFKHG�LQWR�ZDWHU�RI�DPEL �HQW� WHPSHUDWXUH� DIWHU� HDFK� DQQHDOLQJ�� 7KHDQQHDOLQJ� DW� KLJKHU� WHPSHUDWXUHV� ZDV� SHU �IRUPHG�LQ�DUJRQ�DWPRVSKHUH�WR�DYRLG�R[LGD �WLRQ�� 7KH�GDPSLQJ�PHDVXUHPHQWV�ZHUH� FDU �ULHG� RXW� LPPHGLDWHO\� DIWHU� KHDW� WUHDWPHQWDQG� TXHQFKLQJ� DW� URRP� WHPSHUDWXUH� LQYDFXXP�7KH� WUXH� VWUHVV� � WUXH� VWUDLQ� FXUYHV� RE�WDLQHG�IRU�ERWK�PDWHULDOV�DUH�VKRZQ�LQ�)LJV��D�� E�� ,W� FDQ� EH� VHHQ� WKDW� GHIRUPDWLRQVWUHVVHV� GHFUHDVH� ZLWK� LQFUHDVLQJ� WHPSHUD �WXUH� LQ� ERWK� FDVHV�� 7KH� IORZ� VWUHVVHV� IRU0J��Q�=U2� DUH� VXEVWDQWLDOO\� ORZHU� WKDQWKRVH� IRU� 0J��Q�$O�2� GHIRUPHG� DW� WKHVDPH�WHVW�WHPSHUDWXUH��'XFWLOLW\�RI�0J��D�=U2�LV�KLJKHU�WKDQ�WKDW�RI�0J��D�=U2���(YHQ�LIERWK� PDWHULDOV� ZHUH� SUHSDUHG� E\� WKH� VDPHWHFKQRORJ\�� WKH� HVWLPDWHG� GHIRUPDWLRQ� EH �KDYLRXU� LV� GLIIHUHQW�� 7KH� WHPSHUDWXUH� GH �SHQGHQFHV�RI�WKH�\LHOG�VWUHVV�DV�ZHOO�DV�WKHPD[LPXP�VWUHVV�IRU�ERWK�PDWHULDOV�DUH�SUH �

VHQWHG�LQ�)LJV����DQG����,W�FDQ�EH�VHHQ�WKDWWKH� GLIIHUHQFHV� EHWZHHQ� WKH� \LHOG� VWUHVV� DVZHOO�DV� WKH�PD[LPXP�VWUHVV�IRU�ERWK�PDWH �ULDOV� GHIRUPHG� DW� URRP� WHPSHUDWXUH� DUHDERXW�����03D�� 7KH� VWUHVVHV�GHFUHDVH�ZLWKLQFUHDVLQJ�WHPSHUDWXUH��$�VLPLODU�UDSLG�GH �FUHDVH� RI� WKH� IORZ� VWUHVV� ZLWK� LQFUHDVLQJWHPSHUDWXUH� ZDV� REVHUYHG� LQ� PLFURFU\V �WDOOLQH�0J DQG� LW�ZDV�GLVFXVVHG� LQ�RXU�SUH �YLRXV�SDSHU�>�@����7KH� KHDY\� WHPSHUDWXUH� GHSHQGHQFH� RIWKH� \LHOG� VWUHVV� DQG� WKH� PD[LPXP� VWUHVVLQGLFDWHV� WKH� RFFXUUHQFH� RI� WKHUPDOO\� DFWL �YDWHG�SURFHVVHV�GXULQJ�SODVWLF�GHIRUPDWLRQ�7KH�DFWLYLW\�RI�QRQ�EDVDO�VOLS�V\VWHPV�LV�UH �TXLUHG�IRU�WKH�JUDLQ�DFFRPPRGDWLRQ�LQ�SRO\ �FU\VWDOOLQH�PDWHULDO�RI�KH[DJRQDO�VWUXFWXUH�7KH� JOLGH� RI� GLVORFDWLRQV� LQ� S\UDPLGDO� VOLSV\VWHPV�VHHPV�WR�EH�YHU\�SUREDEO\�WKH�PDLQWKHUPDOO\� DFWLYDWHG� SURFHVV� DW� KLJKHU� WHP �SHUDWXUHV��7KH�FULWLFDO�UHVROYHG�VKHDU�VWUHVVIRU� QRQ�EDVDO� �S\UDPLGDO�� VOLS� V\VWHPV� GH �FUHDVHV� UDSLGO\� ZLWK� LQFUHDVLQJ� WHPSHUD �WXUH�� 7KLV�PHDQV� WKH� DFWLYLW\� RI� S\UDPLGDOVOLS� V\VWHPV� WR� LQFUHDVH� ZLWK� LQFUHDVLQJWHPSHUDWXUH�� 7KH� GHQVLW\� RI� PRYLQJ� QRQ�EDVDO� GLVORFDWLRQV�PD\� LQFUHDVH� >�@��7KH� LQ �WHUDFWLRQ�EHWZHHQ�WKH�EDVDO�GLVORFDWLRQV�DQGWKH� QRQ�EDVDO� GLVORFDWLRQV� PD\� UHVXOW� LQ
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7KH� DQQLKLODWLRQ� RI� GLVORFDWLRQV� FDQRFFXU��7KH� LQWHUDFWLRQ�SUREDELOLW\� LQFUHDVHVZLWK� LQFUHDVLQJ� WHPSHUDWXUH�� 7KH� GLVORFD �WLRQ� DQQLKLODWLRQ� FDXVHV� D� GHFUHDVH� LQ� WKHZRUN�KDUGHQLQJ��7KLV�SURFHVV�FDQ�EH�UHVSRQ �VLEOH� IRU� VRIWHQLQJ� RI� ERWK� PDWHULDOV� RE �VHUYHG�DW�WHPSHUDWXUHV�DERYH���� �&�7KHUH�LV�D�GLIIHUHQFH�LQ�WKH�GXFWLOLW\�YDO �XHV� EHWZHHQ� ERWK� PDWHULDOV�� DV� LW� FDQ� EHVHHQ�IURP�)LJ�����'XFWLOLW\�RI�WKH�FRPSRVLWHZLWK� ]LUFRQLD� QDQRSDUWLFOHV� LV� VXEVWDQWLDOO\KLJKHU��/RFDO�PD[LPXP� LQ� WKH�WHPSHUDWXUHGHSHQGHQFH� RI� WKH� IUDFWXUH� VWUDLQ� ZDV� RE �VHUYHG� IRU� YDULRXV� PDJQHVLXP� DOOR\V� DQGFRPSRVLWHV� DV� ZHOO� DV� LQ� WKH� FDVH� RI� SXUHPLFURFU\VWDOOLQH�0J��,W�ZDV�HVWLPDWHG��LQ�DOOFDVHV��DW�WKH�WHVW�WHPSHUDWXUHV�EHWZHHQ����DQG�����&�>���@�7KH� GLIIHUHQW� GHIRUPDWLRQ� EHKDYLRU� RIERWK� PDWHULDOV� LV� YHU\� SUREDEO\� DOVR� LQIOX �HQFHG� E\� WKH� ERQGLQJ� EHWZHHQ� PDWUL[� DQG

FHUDPLF� SDUWLFOHV�� 0HDVXUHPHQWV� RI� WKHORJDULWKPLF�GHFUHPHQW� δ ZHUH�SHUIRUPHG�WRFKHFN� WKLV� K\SRWKHVLV�� 7KH� DPSOLWXGH� LQGH �SHQGHQW�FRPSRQHQW�RI�WKH�GHFUHPHQW� δ� ZDVPHDVXUHG�DW�URRP�WHPSHUDWXUH�DIWHU�DQQHDO �LQJ�DW�LQFUHDVLQJ�WHPSHUDWXUHV��7KH�GHSHQG �HQFH� RI� WKH� δ� FRPSRQHQW� RQ� WKH� DQQHDOLQJWHPSHUDWXUH� IRU� ERWK�PDWHULDOV� LV� JLYHQ� LQ)LJ����� ,W� LV� REYLRXV� WKDW� WKH� δ� FRPSRQHQWIRU� WKH� FRPSRVLWH�ZLWK�]LUFRQLD� SDUWLFOHV� LVVXEVWDQWLDOO\� KLJKHU� WKDQ� WKDW� IRU� 0J ZLWKDOXPLQD� SDUWLFOHV�� 7KH� FKDUDFWHULVWLF� VWXG �LHG� LV� UDWKHU� VWDEOH� DJDLQVW� WHPSHUDWXUH�7KH�δ� FRPSRQHQW�LV�LQGHSHQGHQW�RI�WKH�DQ �QHDOLQJ�WHPSHUDWXUH�SUDFWLFDOO\�XS�WR�DERXW����&�� WKHQ� LW� GHFUHDVHV� VOLJKWO\� IRU0J����Q�=U2��7KH� GLIIHUHQFH� LQ� ORJDULWKPLF� GHFUHPHQWYDOXHV� IRU� WKH� WZR� FRPSRVLWHV� LQYHVWLJDWHGPD\�EH�H[SODLQHG�XQGHU�DVVXPSWLRQ�WKDW�LQWKH� FDVH� RI�0J����Q�=U2��WKH� ELQGLQJ� EH�WZHHQ�WKH�PDWUL[�DQG�WKH�SDUWLFOHV�LV�ZHDN�7KH�HIIHFW�RI�ZHDNO\�ERXQG�LQWHUIDFH�RQ�WKHGDPSLQJ� FDSDFLW\� RI� SDUWLFXODWH� UHLQIRUFHG
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κ��WKH�IULFWLRQ�FRHIILFLHQW�EHWZHHQ�ERWK�FRP �SRQHQWV� RI� WKH� FRPSRVLWH�� σUU�� WKH� UDGLDOVWUHVV� DW� WKH� LQWHUIDFH� FRUUHVSRQGLQJ� WRVWUHVV� DPSOLWXGH� τ� �VWUDLQ� DPSOLWXGH� ε���7KH�VWUHVV�FRQFHQWUDWLRQ�IDFWRU�κ  �τU�τ� KDVEHHQ� UHSRUWHG� LQ� OLWHUDWXUH� WR� EH� EHWZHHQ���� DQG� ���� >�@�� 2Q� WKH� RWKHU� KDQG�� D� SHU �IHFW� ELQGLQJ� EHWZHHQ� WKH�PDWUL[� DQG�SDUWL �FOHV�FDQ�EH�D�UHDVRQ�IRU�JHQHUDWLRQ�RI�WKHU �PDO� VWUHVVHV� GXH� WR� WHPSHUDWXUH� FKDQJHV>��@�� :HDNO\� ERXQG� JUDLQ� ERXQGDULHV� LQ0J����D�=U2� DUH�WKH�UHDVRQ�ZK\�WKH�PH�FKDQLFDO� SURSHUWLHV� RI� WKLV� FRPSRVLWH� DUHZRUVH�7R� FRQFOXGH�� PHFKDQLFDO� SURSHUWLHV� RIWKH�PLFURFU\VWDOOLQH�0J UHLQIRUFHG�ZLWK�DOX�PLQD� DQG� ]LUFRQLD� QDQRSDUWLFOHV� DUH� VXE �VWDQWLDOO\� LPSURYHG�� 7KHUH� LV� D� VLJQLILFDQWGLIIHUHQFH�EHWZHHQ�ERWK�PDWHULDOV��7KLV�GLI �IHUHQFH� LV� GXH� WR� ELQGLQJ� EHWZHHQ� PDJQH �
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