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GHQGULWHV� RULHQWHG� DORQJ� WKH� SXOOLQJ� GLUHF �WLRQ�ZHUH�IRUPHG�DW�VRPH�FHOO�ERXQGDULHV��6XFK� PHWDOOLF� SODWLQXP� LQFOXVLRQV� RI����µP�RU�VPDOOHU�VL]H�ZHUH�DOVR�REVHUYHG�LQWKH�GHIHFW�SDUWV�RI�VLQJOH�FU\VWDOV�RI� OLWKLXPWULERUDWH�/L%�2� �/%2��>��@��ZKLFK�LV�IRUPHG�OLNH� /7%�� DW� WKH�TXDVL�ELQDU\� /L�2±%�2� VHF�WLRQ��7KH�DXWKRUV�EHOLHYH�WKDW�WKH�VRXUFH�RISODWLQXP�LV�SDUWLDO�FRUURVLRQ�RI�WKH�FUXFLEOHGXH� WR� WKH� LQWHUDFWLRQ�RI� OLWKLXP�FDUERQDWH/L�&2� DQG� OLWKLXP�R[LGH� /L�2 IRUPHG�GXU�LQJ� /%2 V\QWKHVLV� �DW� /L�&2� WKHUPDO� GH�FRPSRVLWLRQ�� ZLWK� FUXFLEOH� ZDOOV�� ,W� VKRXOGEH�QRWHG� WKDW� LQ�ERWK�FDVHV��SODWLQXP� LQ� WKHERUDWH� VLQJOH� FU\VWDOV� ZDV� IRUPHG� D� VHFRQGSKDVH��PHWDO��DQG�FRXOG�EH�GHWHFWHG�E\�RSWLFDOPHWKRGV��,Q�WKLV�FRQQHFWLRQ��WKH�GHYHORSPHQWRI�KLJK�VHQVLWLYLW\�PHWKRGV�IRU�SODWLQXP�LP �SXULW\� GHWHUPLQDWLRQ� DW� GLIIHUHQW� VWDJHV� RI/7% VLQJOH� FU\VWDO� SURGXFWLRQ�� LQFOXGLQJ� WKHFU\VWDO�SDUWV�ZKLFK�GR�QRW�FRQWDLQ�VROLG�SKDVHLQFOXVLRQV��UHPDLQV�VWLOO�DQ�DFWXDO�SUREOHP�/7% ZDV� V\QWKHVL]HG� IURP� WKH� KLJK�SX �ULW\� ������ JUDGH�� ERURQ� R[LGH� %�2� DQGKLJK�SXULW\� ������ JUDGH�� OLWKLXP� FDUERQDWH/L�&2� LQ�SODWLQXP�FUXFLEOHV�����PP�GLDPH �WHU�DQG����PP�KLJK��LQ�DLU�DFFRUGLQJ�WR�WKHSURFHGXUH� GHVFULEHG� LQ� >��@�� 7KH� V\QWKHVLVSURGXFW�ZDV�XVHG�DV�WKH�LQLWLDO�UDZ�PDWHULDOWR�JURZ�VLQJOH�FU\VWDOV�ZLWKRXW�WKH�FUXFLEOHUHILOOLQJ�� 7R� FRPSHQVDWH� ERURQ� R[LGH� ORVVHVGXH�WR�LQFRQJUXHQW�/7% HYDSRUDWLRQ�>������@WKH� R[LGH� H[FHVV� �XS� WR� ���� PRO���� ZDVDGGHG� WR� WKH� LQLWLDO� PL[WXUH�� /7% VLQJOHFU\VWDOV�ZHUH�JURZQ�E\�&]RFKUDOVNL�PHWKRGDW� WKH� +;����� DSSDUDWXV� DORQJ� WKH� >���@DQG�>���@�GLUHFWLRQV��7KH�SXOOLQJ�UDWH�ZDV��WR� �� PP�GD\� DQG� URWDWLRQ� VSHHG�� �� WR��� USP��'XULQJ� JURZWK� SURFHVV�� �PHOW� FRQ �WDFW� ZLWK� FUXFLEOH� ODVWHG� IRU� DERXW����KRXUV��WKH�PHOW�WHPSHUDWXUH�ZDV�����WR����&�� DQG� WKH� PHOW�FUXFLEOH� ZDOO� FRQWDFWDUHD� ZDV� YDULHG� IURP� ���� WR� ��� FP��� 7KHGLDPHWHU� ���PP� FU\VWDOV� SURGXFHG� KDG� WKHIXOO\�WUDQVSDUHQW�XSSHU�SDUW�ZLWK�QR�VHFRQGSKDVH� LQFOXVLRQV�� QR� FHOOXODU� JURZWK� DUHDVZLWK�PHWDO� SODWLQXP� LQFOXVLRQV� DW� WKH� GHQ �GULWH� ERXQGDU\� �VLPLODU� WR� WKRVH� LQ� >��@�ZHUH� QRWLFHG�� 3ODWLQXP� FRQWHQW� ZDV� GHWHU �PLQHG� VHSDUDWHO\� LQ� WKH� XSSHU� WUDQVSDUHQWSDUW��ERWWRP�GHIHFW�SDUW�DQG�DOVR�LQ�WKH�UHVLG �XDO�XQXVHG�UDZ�PDWHULDO�LQ�WKH�FUXFLEOH�7R�GHWHUPLQH�WKH�WUDFH�SODWLQXP�DPRXQWVLQ�/7%��WKH�UDGLRDFWLYDWLRQ�DQDO\VLV�PHWKRGZDV�XVHG��2QH�RI�LWV�SULQFLSDO�DGYDQWDJHV�LVWKH� SRVVLELOLW\� WR� XVH� WKH� VDPSOHV� RI� UHOD �WLYHO\� ODUJH� �GR]HQV� RI� JUDPV�� PDVV�� WKDWDOORZV�WKH�LPSXULW\�GHWHUPLQDWLRQ�WKUHVKROGWR� EH� ORZHUHG� FRQVLGHUDEO\�� 7KH� DQDO\VLV

ZDV� SHUIRUPHG� E\� D� UHODWLYH�PHWKRG�� L�H�� DUHIHUHQFH� VDPSOH� ZDV� LUUDGLDWHG� WRJHWKHUZLWK�WKDW�XQGHU�VWXG\��%RWK�UHIHUHQFHV�DQGDQDO\]HG�VDPSOHV�ZHUH�DFWLYDWHG�DQG�WKH�LQ �GXFHG� DFWLYLW\� ZDV� PHDVXUHG� LQ� WKH� VDPHJHRPHWULF�FRQGLWLRQV�DQG�WLPH�LQWHUYDOV�7KH�DFWLYDWHG�VDPSOHV�ZHUH�DQDO\]HG�WDN �LQJ� LQWR�DFFRXQW� WKH�QXFOHDU�SK\VLFDO� SURS �HUWLHV�RI�WKH�/7% PDWUL[�HOHPHQWV��/L��%��2��$V� WR� WKH� PDWUL[� HOHPHQWV�� QR� γ�HPLVVLRQZDV� IRXQG� DW� WKH� RQVHW� RI� PHDVXUHPHQWV>��Ü��@�� 7KH� UHIHUHQFH� VDPSOHV� ZHUH� SUR �GXFHG� VR� DV� WR� PLQLPL]H� WKH� V\VWHPDWLFHUURU� GXH� WR� WKHLU� GLVWLQFWLRQV� IURP� WKHVDPSOHV� XQGHU� VWXG\�� 7KH� DFWLYDWLRQ� FRQGL �WLRQV�H[FOXGHG�WKH�HUURU�UHVXOWLQJ�IURP�WKHLQIOXHQFH� RI� VLGH� QXFOHDU� UHDFWLRQV� RI� WKHLVRWRSH� XQGHU� LGHQWLILFDWLRQ�� &RQWDLQHU�PD �WHULDO� IRU� ERWK� VDPSOHV� DQG� UHIHUHQFHV� GLGQRW� DIIHFW� WKH� GHWHUPLQDWLRQ� HUURU�� ZKLOHWKH� UHODWLYH� HUURU� GXH� WR� WKH� WKHUPDO� QHX �WURQ� IORZ� GHQVLW\� FDXVHG� E\� GLVWRUWLRQV� LQ �WURGXFHG�E\�WKH�VDPSOHV�XQGHU�VWXG\��GHFHO �HUDWLRQ� DQG� FRQVWUXFWLRQ� PDWHULDOV� DV� ZHOODV�E\�WKHLU�VHOI�VFUHHQLQJ�LQ�WKH�VDPSOHV�GLGQRW�H[FHHG������,UUDGLDWLRQ�ZDV�FDUULHG�RXWXVLQJ� WKH� HOHFWURQ� DFFHOHUDWRU� DW� WKH� ,QVWL �WXWH�RI�(OHFWURQ�3K\VLFV��1DWLRQDO�$FDGHP\RI�6FLHQFHV�RI�8NUDLQH��DQ�0����PLFURWURQ�LQ� WKH� VWDQGDUG�JHRPHWULF�FRQGLWLRQV�DW�DY �HUDJH� FXUUHQW� RI� DERXW� �� WR� ��� µ$� DQGPD[LPXP�HOHFWURQ�HQHUJ\�RI����0H9��'XU �LQJ� DFWLYDWLRQ�� WKH� VDPSOHV� ZHUH� SODFHG� LQWKH� LUUDGLDWLRQ�XQLW� WKDW�FRQWDLQHG�D���PPWKLFN�EUHPVVWUDKOXQJ�WDUJHW�PRXQWHG�RQ�WKHDFFHOHUDWHG�HOHFWURQ�EHDP�D[LV�LQVLGH�WKH�3(PRGHUDWRU�RI��π�FRQILJXUDWLRQ�7KH� PHDVXUHPHQWV� ZHUH� FDUULHG� RXWXVLQJ� WKH� 6%6���� JDPPD�VSHFWURPHWULFFRPSOH[� FRPSULVLQJ� D� VHPLFRQGXFWRU� *H�/L�GHWHFWRU� RI� ���� FP� HIIHFWLYH� YROXPH�� 7KHVSHFWURPHWHU� UHVROXWLRQ� ZDV� DERXW� �� NH9

)LJ�����7\SLFDO�γ�VSHFWUXP�RI�LUUDGLDWHG�/7% VDP�SOHV�DQG�3W�PRQLWRU��� Ü�3W�PRQLWRU��� Ü�/7%�
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IRU� WKH� ����� NH9� &R±�� OLQH�� SDUDPHWHUGULIW� RI� PDLQ� FKDUDFWHULVWLFV� �HIILFLHQF\�SHDN�WR�FRPSWRQ� UDWLR�� DQG� UHVROXWLRQ�� GLGQRW�H[FHHG������7KH�QXFOHDU�SK\VLFDO�FKDU �DFWHULVWLFV�RI�WKH�UHDFWLRQV�RI�3W±��� IRUPD�WLRQ� DUH� SUHVHQWHG� LQ� 7DEOH���� ZKLOH� WKHSULQFLSDO� H[SHULPHQWDO� UHVXOWV�� LQ� 7DEOH���)LJ����VKRZV�W\SLFDO�JDPPD�VSHFWUD�RI�LUUD �GLDWHG� /7% VDPSOHV� DQG� 3W UHIHUHQFH�� WKH3W�PRQLWRU� VDPSOH� DFWLYLW\� DV� WKH� IXQFWLRQRI�FRROLQJ�WLPH�LV�LOOXVWUDWHG�LQ�)LJ����7KH� WRWDO� VWDWLVWLFDO� HUURU� RI� PHDVXUH �PHQWV� ZDV� QRW� KLJKHU� WKDQ� ������$� YDOLGGHWHUPLQDWLRQ� OLPLW� RI� 3W LPSXULW\� LQ� WKHDERYH� FRQGLWLRQV� ZDV� ��Ü��� ⋅��Ü� J� >��@�

7KLV� OLPLW� FDQ� EH� UHGXFHG� E\� VHYHUDO� WLPHVE\�LQFUHDVLQJ�WKH�VDPSOH�PDVV��+RZHYHU��DQH[FHVVLYH� LQFUHDVH� RI�PDVV� LV�QRW� H[SHGLHQWGXH�WR�WKH�LQFUHDVH�RI�HUURUV�UHVXOWLQJ�IURPWKH� IORZ� GHQVLW\� LQKRPRJHQHLW\� RI� WKHUPDOQHXWURQV�� WKHLU� VHOI�VFUHHQLQJ� LQ� WKH� VDP �SOHV� XQGHU� DFWLYDWLRQ� DQG� γ�TXDQWD� VHOI�DE�VRUSWLRQ�LQ�DQDO\WLFDO�OLQHV�1R� SODWLQXP� ZDV� GHWHFWHG� LQ� WKH� XSSHUKLJK�TXDOLW\�SDUW�RI�/7% VLQJOH�FU\VWDOV��EH�FDXVH� LWV� FRQWHQW� LV� EHORZ� WKH� VHQVLWLYLW\WKUHVKROG� RI� WKH� PHWKRG� ���Ü� PDVV�� ���3ODWLQXP�FRQWHQW�LQ�WKH�ERWWRP�FU\VWDO�SDUWLV������Ü�����⋅��Ü� PDVV����DQG�WKDW�LQ�WKHUHVLGXDO� UDZ�PDWHULDO� DIWHU� JURZWK� SURFHVVWHUPLQDWLRQ� LV� �����Ü������ ⋅��Ü� PDVV����7KH�LQWHUYDO�RI�WKH�OLPLWLQJ�3W FRQWHQW�YDOXHV�IRUWKH�ERWWRP�SDUW�RI�VLQJOH�FU\VWDO�DQG�UDZ�PDWH �ULDO�UHVLGXDOV�LV�SUHVHQWHG�LQ�7DEOH��� ,W�FKDUDF�WHUL]HV� WKH� VFDWWHU� RI� DYHUDJH� FRQWHQW� YDOXHVREWDLQHG� LQ� D� VHULHV� RI� PHDVXUHPHQWV� FDUULHGRXW�IRU�ILYH�JURZWK�UXQV��$V�IROORZV�IURP�WKHH[SHULPHQWDO�GDWD��WKH�HIIHFWLYH�3W GLVWULEXWLRQUDWLR�LV�VXEVWDQWLDOO\�OHVV�WKDQ�XQLW��a�����$FFRUGLQJ�WR�>��@��WKH� /7% FU\VWDO�VWUXF�WXUH� LV� EDVHG� RQ� WKH� DQLRQ� VXEODWWLFH� SUR �GXFHG�E\��'�JULG�RI�ERURQ�R[\JHQ�WULDQJOHVDQG� WHWUDKHGURQV�� 7KH� JULG� LQFOXGHV� FKDQ �QHOV� RULHQWHG� DORQJ� WKH� >���@� FU\VWDO �ORJUDSKLF� GLUHFWLRQ� DQG� FRQWDLQLQJ� WHWUDKH �GUDOO\� FRRUGLQDWHG� OLWKLXP� LRQV�� (OHFWURQGHQVLW\� SHDNV� LQ� WKH� %±2 DQG� /L±2 ERQGVDUH� VKLIWHG� WRZDUGV�R[\JHQ�� L�H�� WKH�FKHPL �FDO�ERQGLQJ�LV�RI�LRQ�FRYDOHQW�W\SH��7KH�LP �SXULWLHV�VXEVWLWXWLQJ�OLWKLXP�LRQV�DV�ZHOO�DV

)LJ�����'HSHQGHQFH� RI� HPLVVLRQ� LQWHQVLW\� IRUGLIIHUHQW� PDVV� 3W�FRQWDLQLQJ� PRQLWRUV� DV� DIXQFWLRQ� RI� FRROLQJ� WLPH�� 3W�HWDORQV�� H[SHUL�PHQW����Ü�0 �������J��� Ü�0 �������J��� Ü0 �������J��� Ü�0 �������J��7KHRU\��OLQHV�

7DEOH����&KDUDFWHULVWLFV�RI�3W LQ�QXFOHDU�UHDFWLRQV,VRWRSH $EXQGDQ°H��PDVV�� 1XFOHDU�UHDFWLRQ &URVV�VHFWLRQ��% +DOI�OLIH��K3W±��� ���� 3W±����γ�Q�3W±��� ����⋅��Ü� ����3W±��� ���� 3W±����Q��Q�3W±��� ���⋅��� ����3W±��� ����� 3W±����QWK�γ�3W±��� ���⋅��� ����7DEOH����&KDUDFWHULVWLFV�RI�PHDVXUHPHQW�VHULHV��6DPSOH 5HVLGXDOV�LQ�D�FUXFLEOH�DIWHU�VLQJOHFU\VWDO�JURZWK�UXQ /RZHU�SDUW�RI�VLQJOH�FU\VWDO�
:HLJKW��J ������ ������%HDP�SDUDPHWHUV (  ����0H9�L  ��Ü���µ$ (  ����0H9�L ��Ü���µ$�$FWLYDWLRQ�WLPH��K ��� ����&RROLQJ�WLPH��K ����Ü����� ����Ü������0HDVXULQJ�WLPH��K �Ü� �Ü��1XPEHU�RI�PHDVXULQJVHULHV��K � ��
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