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5XE\� VLQJOH� FU\VWDOV� DUH� XVHG� ZLGHO\� LQWKH� ODVHU� SURGXFWLRQ� >����@�� 6LQFH� WKH� UXE\ODVHU� ORQJ�WHUP� RSHUDWLQJ� VWDELOLW\� GHSHQGVKHDYLO\� RQ� WKH� VWUXFWXUH� SHUIHFWLRQ� RI� WKHUXE\� FU\VWDOV� >����@�� D� QHHG� DULVHV� LQ� WKHSURGXFWLRQ� RI� KLJK�SHUIHFWLRQ� UXE\� VLQJOHFU\VWDOV�E\�XVLQJ�WKH�RSWLPXP�WHPSHUDWXUHDQG� VWUDLQ� FRQGLWLRQV� LQ� WKHLU� WKHUPDO� DQGPHFKDQLFDO� WUHDWPHQW�� 7KH� SUHOLPLQDU\VWXGLHV� DLPHG� DW� WKH� VHOHFWLRQ� RI� RSWLPXPWHPSHUDWXUH� DQG� VWUDLQ� FRQGLWLRQV� RI� WKHU �

PDO� DQG� PHFKDQLFDO� WUHDWPHQW� FDUULHG� RXWXVLQJ� WKH� PRGHOLQJ� ]LQF� VLQJOH� FU\VWDOV�SXEOLVKHG�LQ�SDUW�LQ�>�@��KDYH�VKRZQ�D�VXE �VWDQWLDO� LPSURYHPHQW� LQ� WKH� FU\VWDO� VWUXF �WXUH� SHUIHFWLRQ� GXH� WR� WKHUPRPHFKDQLFDOWUHDWPHQW�� 7KXV�� WKH�PHDQ�GLVORFDWLRQ�GHQ �VLW\�ZDV�UHGXFHG�E\�WKUHH�GHFLPDO�RUGHUV�DVFRPSDUHG� WR� WKH� XQWUHDWHG� VLQJOH� FU\VWDOV�7KH�VPDOO�DQJOH�VXEVWUXFWXUH�ERXQGDULHV�EH �FRPH�GHVWUR\HG�DQG�OHDYH�WKH�FU\VWDO�GXH�WRWKHUPRPHFKDQLFDO� WUHDWPHQW�� 7KHVH� H[SHUL �
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PHQWV�PDGH� LW� SRVVLEOH� WR� HVWDEOLVK� WKH�QH �FHVVLW\�DQG�VXIILFLHQF\�RI� WKH� VHOHFWHG� WHP �SHUDWXUH� DQG� IRUFH� FRQGLWLRQV� RI� WKH� WKHU �PRPHFKDQLFDO� WUHDWPHQW�� 7R� VROYH� WKH� ORQJ�WHUP�RSHUDWLQJ�VWDELOLW\�SUREOHP�RI�WKH�ODVHU�WKH� KLJK�SHUIHFWLRQ� UXE\� VLQJOH� FU\VWDOV� DUHUHTXLUHG��7R�REWDLQ�VXFK�FU\VWDOV�� WKH� HYROX �WLRQ� RI� WKH� FU\VWDO� VWUXFWXUH� VWDWH� DW� KLJKWHPSHUDWXUHV� XQGHU� ORDGLQJ� VKRXOG� EH� VWXG �LHG��,W�LV�MXVW�WKH�SXUSRVH�RI�WKLV�ZRUN�7KH� ODVHU� UXE\� VLQJOH� FU\VWDOV� RI� KLJKRSWLFDO� KRPRJHQHLW\� ZHUH� JURZQ� IURP� WKH�$O�2� �����&U2��� UDZ� PDWHULDO� XVLQJ� WKHPRGLILHG� 9HUQHXLO� WHFKQLTXH� E\� FRQWUROOLQJWHFKQRORJLF�UHJLPHV�GXULQJ�JURZLQJ�>�@��7KHVDPSOHV�ZHUH�FXW�RXW�XVLQJ�D�GLDPRQG�VDZ�7KRVH�ZHUH�VKDSHG�DV�UHFWDQJXODU�SDUDOOHOH �SLSHGV�RI���×��×��PP� VL]H�ZLWK�IDFHV�FRU�UHVSRQGLQJ�WR�WKH�EDVLV�SODQH��������DQG�WRWKH� SULVP� RQHV� ZLWK� ORQJLWXGLQDO� D[LV� GL �UHFWHG� DORQJ� >��__��@�� 7KH� VDPSOHV� ZHUH� ORDGHGE\� IRXU�SRLQW�EHQGLQJ�DERXW� WKH� >���__�@�D[LV�DWWKH� WHPSHUDWXUH� RI������&��7KH� ORDG� DSSOL�FDWLRQ� SRLQWV�ZHUH� SRVLWLRQHG� RQ� WKH� XSSHUDQG� ORZHU��������SODQHV�RI�WKH�VDPSOH��7KHVWUXFWXUH�VWDWH�ZDV�VWXGLHG�XVLQJ�WKH�VHOHF �WLYH�FKHPLFDO�HWFKLQJ�RI�WKH�EDVLV�DQG�SULVPSODQHV� DV� GHVFULEHG� LQ� >�@�� ,W� LV� ZRUWK� WRQRWH�WKDW�WKH�VDPSOH�VXUIDFH�VKRXOG�EH�SUH �SDUHG�WKRURXJKO\�SULRU�WR�HWFKLQJ��7KLV�FDQEH� SURYLGHG� E\� WKH� VXUIDFH� JULQGLQJ� DQGSROLVKLQJ�XVLQJ�VSHFLDO�ODSV�7KH� VWUXFWXUH� VWDWH� RI� WKH� LQLWLDO� �XQ �ORDGHG�� UXE\� VDPSOHV� LV� FKDUDFWHUL]HG� E\WKH� DYHUDJH� GHQVLW\� RI� SULVPDWLF� GLVORFD �WLRQV�ρ__S  ��⋅��� FP�� DQG�WKDW�RI�EDVLV�RQHV
ρ
__E  ���� FP���� 7KH� VPDOO�DQJOH� WZLVWLQJERXQGDULHV� DUH� IRUPHG�ZLWK� WKH� OLQHDU�GHQ �VLW\� RI� VFUHZ� GLVORFDWLRQV� ρ

__V  ��⋅��� FP��DQG� WKH� VORSH� RQHV� ZLWK� OLQHDU� GHQVLW\� RIHGJH� GLVORFDWLRQV� ρ
__V  ����⋅��� FP���� 7KHGLVORFDWLRQ� QHW� RI� WZLVWLQJ� ERXQGDULHV� LVIRUPHG�GXH�WR�WKH�UHDFWLRQ��>��__ �__�@ + ��>�__� �__�@ + ��>�__ �__��@ = �� ���

7KLV�UHDFWLRQ�LV�HQHUJ\�IDYRUDEOH�7KH�WHUQDU\�GLVORFDWLRQ�QRGHV�KLQGHU�WKHGLVSODFHPHQW� RI� WKH� VFUHZ� EDVLV� GLVORFDWLRQQHW� DQG� UHWDUG� WKH� GLVORFDWLRQ� UHDUUDQJH �PHQW�GXULQJ�WKH�VDPSOH�ORDGLQJ��)LJ����SUH �VHQWV� WKH� HWFK� SDWWHUQ� RI� WKH� SULVP� ����__��SODQH�RI�D�UXE\�VDPSOH�DIWHU�WKH� ORDGLQJ�LVDSSOLHG��$� VXEVWDQWLDO� UHGLVWULEXWLRQ�RI� WKHGLVORFDWLRQ� VWUXFWXUH� LV� REVHUYHG� DV� FRP �SDUHG� WR� WKH� DERYH�PHQWLRQHG� LQLWLDO� VWUXF �WXUH� VWDWH�� 7KH� PD[LPXP� GLVORFDWLRQ� GHQ �VLW\�LV�VHHQ�WR�EH�QHDU�WKH�XSSHU�DQG� ORZHU������� SODQHV� RI� WKH� VDPSOH� V\PPHWULFDOO\DERXW� WKH�QHXWUDO� >��__��@� D[LV�� ,W� LV� WR�QRWHWKDW��DW� WKH� VHOHFWHG�FU\VWDOORJUDSKLF�RULHQ �WDWLRQ� DQG� WKH� ORDGLQJ� JHRPHWU\�� WKHUH� DUHHVVHQWLDOO\�QR�VKHDU�VWUHVVHV�LQ�WKH�HDV\�EDVLVVOLS� V\VWHP� ������>���__�@� ZKLOH� LQ� WKH� SULV�PDWLF VOLS� V\VWHP� ���__���>���__�@�� VXEVWDQWLDOFRPSRQHQWV� RI� VKHDU� VWUHVVHV� DFW�� WKXVIRUPLQJ�WKH�VDPSOH�VWUXFWXUH�VWDWH�&RQVLGHUDWLRQ� RI� WKH� HWFKLQJ� SDWWHUQFU\VWDO�JHRPHWU\�RQ�WKH����__����SODQH�PDNHVLW� SRVVLEOH� WR� LGHQWLI\� WKH� GLVORFDWLRQ� W\SH�WR� PHDVXUH� WKH� GHQVLW\� ρ
__ YDOXHV� IRU� HDFKW\SH�DQG�WKH�GLVWULEXWLRQ�FKDUDFWHU�ZLWK�UH �VSHFW� WR� WKH� VDPSOH�QHXWUDO� D[LV�� ,Q�)LJ����SUHVHQWHG�DUH�WKH�HGJH�DQG�VFUHZ�GLVORFDWLRQGHQVLWLHV� DORQJ� WKH� ORQJLWXGLQDO� D[LV� DVIXQFWLRQV�RI�WKH�FRRUGLQDWH�SHUSHQGLFXODU�WRWKDW� D[LV�� )RU� WKH� GHSHQGHQFHV� REWDLQHG�WKDW� FRRUGLQDWH� LV� GLUHFWHG� DORQJ� >����@�7KH� ρ�/�� SORWV� GHPRQVWUDWH� WKH� V\PPHWULFGLVWULEXWLRQ� RI� GLVORFDWLRQ� GHQVLW\� ZLWK� UH �VSHFW�WR�WKH�VDPSOH�QHXWUDO�D[LV��7KH�GLVOR �FDWLRQ�GHQVLW\�GHFUHDVH�DORQJ�WKH�>����@�GL �UHFWLRQ� FKDUDFWHUL]HV� WKH� GHFUHDVLQJ� VKHDUVWUHVVHV� IURP� WKH� PD[LPD� DW� WKH� XSSHU�VWUHWFKHG�� ������� DQG� WKH� ORZHU� �FRP�SUHVVHG�� ������� VDPSOH� VXUIDFHV� GRZQ� WR� DPLQLPXP� LRQ� WKH� VDPSOH� PLGGOH�� 7KH� UH �VXOWV�REWDLQHG�DOORZ�XV�WR�PHDVXUH�WKH�IXQ �

)LJ����� (WFK� SDWWHUQ� RI� WKH� VDPSOH� ����__��SODQH�DIWHU�ORDGLQJ��×����
)LJ�����'LVWULEXWLRQ�RI� VFUHZ�DQG� HGJH� GLVOR�FDWLRQV� DORQJ� WKH�VDPSOH� QHXWUDO� D[LV� >��__��@DQG�DORQJ�WKH�>����@�D[LV�
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GDPHQWDO�FKDUDFWHULVWLF�RI�GLVORFDWLRQV��WKDWLV�� WKH� VWDUWLQJ� VWUHVV� IRU� WKHLU� PRWLRQ�� ,QLGHDO� FU\VWDOV�� WKLV� VWUHVV� DQVZHUV� WR� WKHFU\VWDO� ODWWLFH� UHVLVWDQFH�� WKDW� LV�� WR� WKH3HLHUOV�1DEDUUR� VWUHVV�� ZKLOH� LQ� UHDO� FU\V �WDOV�� LW� FDQ� EH� WKH� YDOXH� RI� ORFDO� ILHOGV� RILQWHUQDO� ORQJ�UDQJH� VWUHVVHV� UHVXOWLQJ� IURPWKH� GLVORFDWLRQ� DFFXPXODWLRQV�� ,Q� RXU� FDVH�WKH�GLVORFDWLRQV�LQ�WKH�����__��>�__��__�@�VOLS�V\V�WHP� PRYH� LQ� WKH� YDULDEOH� ILHOG� RI� VKHDUVWUHVVHV� IURP� WKH� VDPSOH� XSSHU� DQG� ORZHUVXUIDFHV� WRZDUGV� LWV� QHXWUDO� D[LV� DQG� VWRSQHDU� LW�� VLQFH� WKH� VWUHVV�DSSOLHG� LV� HTXDO� WRWKH� LQWHUQDO� RQH�� WKDW� LV�� WKH� VWDUWLQJ� RQH�7R�HVWLPDWH�WKH�QRUPDO�VWUHVVHV�DW�WKH�GLVOR �FDWLRQ� VWRSSLQJ�SRLQW�� OHW� WKH� IROORZLQJ� H[ �SUHVVLRQ�EH�XVHG�>�@�
σ\ = � ⋅ 3 ⋅ .D ⋅ K� ⋅ \ ≈ ���� 03D� ���

ZKHUH�3  ���NJ�LV�WKH�ORDG�DSSOLHG��.  ����PP�WKH� GLVWDQFH� EHWZHHQ� WKH� ORDGLQJ� SRLQWV� DWWKH� ������� VDPSOH� SODQHV�� D  ����PP�� WKHVDPSOH�ZLGWK��K  ���PP��WKH�VDPSOH�KHLJKW�\  ����� PP�� WKH� GLVWDQFH� IURP� WKH� VDPSOHQHXWUDO� D[LV� WR� WKH� GLVORFDWLRQ� VWRSSLQJSRLQW�7DNLQJ� LQWR� DFFRXQW� WKH� VDPSOH� FU\VWDOJHRPHWU\��WKH�VWDUWLQJ�VKHDU�VWUHVV�LV�HYDOX �DWHG�DV
τF = σ\ ⋅ FRVψ ⋅ VLQϕ ≈ ���03D� ���

ZKHUH� ψ LV� WKH� DQJOH� EHWZHHQ� WKH� VKHDULQJGLUHFWLRQ� >���__�@� DQG� WKH� VDPSOH� QHXWUDOD[LV�� ϕ�� WKDW� EHWZHHQ� WKH� SULVP� VOLS� SODQH���__����DQG�WKH�VDPSOH�QHXWUDO�D[LV�,W� LV� VHHQ� IURP�WKH� HWFK�SDWWHUQ� �)LJ����WKDW� LQ� WKH� GLVORFDWLRQ� VWRSSLQJ� SRLQW� QHDUWKH�VDPSOH�QHXWUDO�D[LV�>��__��@��WKHUH�DUH�QRVRXUFHV� RI� LQWHUQDO� ORQJ�UDQJH� VWUHVVHV�� DVWKH�GLVORFDWLRQ�DFFXPXODWLRQV�RU�VPDOO�DQJOHVXEERXQGDULHV�� 7KHUHIRUH�� WKH� PHDVXUHGYDOXH� RI� WKH� VWDUWLQJ� VKHDU� VWUHVV� FDQ� EHUHODWHG� WR� WKH� IULFWLRQ� VWUHVV� RI� WKH� FU\VWDOODWWLFH�� WKDW� LV�� WR� WKH� 3HLHUOV�1DEDUURVWUHVV� LQ� WKH� SULVP� SODQH� ���__���� DQG� WKH>���__�@� GLUHFWLRQ�� $� FRPSDULVRQ� RI� WKH� τVYDOXH� ZLWK� WKH� FULWLFDO� VKHDU� VWUHVV� LQ� WKHSULVPDWLF� VOLS� V\VWHP� GHWHUPLQHG� PDFUR �VFRSLFDOO\�XVLQJ�VWUDLQ�FXUYHV�>�@�VKRZV�WKDWWKH� ODWWHU�H[FHHGV� τV E\�VHYHUDO�WLPHV��1RWHWKDW�WKH�VWDUWLQJ�VKHDU�VWUHVV�PHDVXUHPHQWVDUH�EHOLHYHG�WR�EH�DQ�HIIHFWLYH�H[SHULPHQWDOPHWKRG� WR� GHWHUPLQH� WKH� FU\VWDO� ODWWLFH� UH �VLVWDQFH� DJDLQVW� WKH� GLVORFDWLRQ� PRWLRQ� LQ

GHIHFW�IUHH� VLQJOH� FU\VWDOV�� 7KXV�� WKH� VWDUW �LQJ� VKHDU� VWUHVV�PHDVXUHPHQW� DQG� GHWHUPL �QDWLRQ� RI� GLVORFDWLRQ� GLVWULEXWLRQ� XQGHUORDGLQJ�RI�UXE\�VLQJOH�FU\VWDOV�DW�KLJK�WHP �SHUDWXUHV�PDNH�LW�SRVVLEOH�WR�GHWHUPLQH�WKHRSWLPXP� SDUDPHWHU� YDOXHV� RI� WKH� FU\VWDOWKHUPRPHFKDQLFDO�WUHDWPHQW�LQ�RUGHU�WR�LP �SURYH� LWV� VWUXFWXUH� SHUIHFWLRQ� DQG� WR� VROYHWKH� SUREOHP� RI� WKH� ODVHU� ORQJ�WHUP� RSHUDW �LQJ�VWDELOLW\�7R� FRQFOXGH�� WKH� VWUXFWXUH� VWDWH� HYROX �WLRQ�LQ�UXE\�VLQJOH�FU\VWDOV�XQGHU�IRXU�SRLQWORDGLQJ� �SXUH� EHQGLQJ�� DW� 7  ������&� KDVEHHQ�VWXGLHG��7KH�UHJXODULWLHV�RI�GLVORFDWLRQGLVWULEXWLRQ�ZLWK�UHVSHFW�WR�WKH�VDPSOH�QHX �WUDO�D[LV�KDYH�EHHQ�GHWHUPLQHG�DQG�WKH�V\P �PHWULF� DUUDQJHPHQW� DORQJ� >����@� KDV� EHHQHVWDEOLVKHG�� 7KH� VWDUWLQJ� VKHDU� VWUHVV� IRUWKH�GLVORFDWLRQ�PRWLRQ�LQ�WKH�SULVPDWLF�VOLSV\VWHP� ���__���>���__�@� KDV� EHHQ� ILUVW� PHDV�XUHG��7KH�VHOHFWLRQ�FULWHULD�RI�RSWLPXP�SD �UDPHWHU� YDOXHV� IRU� WKH� FU\VWDO� WKHU �PRPHFKDQLFDO� WUHDWPHQW� LQ� RUGHU� WR� LP �SURYH� LWV� VWUXFWXUH� SHUIHFWLRQ� DQG� WRSURYLGH�WKH�ODVHU�ORQJ�WHUP�RSHUDWLQJ�VWDELO �LW\�KDYH�EHHQ�FRQVLGHUHG�$XWKRUV� DUH� WKDQNIXO� WR� $�9�$VKRNLQZKR�DVVLVWHG�WKH�SUHSDUDWLRQ�RI�WKH�RULHQWHGUXE\�VDPSOHV� 5HIHUHQFHV�� *�*�*XU]DGDQ��9�*�'PLWULHY��'�1�1LNRJRV\DQ�1RQOLQHDU�2SWLFDO� &U\VWDOV�� $�5HIHUHQFH� %RRN�5DGLR�L�6Y\D]��0RVFRZ��������>LQ�5XVVLDQ@����/DVHU�(QJLQHHULQJ�+DQGERRN�� HG�� E\�$�3�3D�SHUWRYLFK�� (QHUJRDWRPL]GDW�� 0RVFRZ� ������>LQ�5XVVLDQ@����$�$�%OLVWDQRY�� &U\VWDOV� IRU� 4XDQWXP� $QG1RQOLQHDU�2SWLFV��0,6,6�3XEO���0RVFRZ�������>LQ�5XVVLDQ@����0�(�%RVLQ��,�)�=Y\DJLQWVHYD��9�1�=Y\DJLQWVHYHW�DO���)XQFWLRQDO�0DWHULDOV���������������������0�(�%RVLQ��)�)�/DYUHQW\HY��9�1�1LNLIRUHQNR�)XQFWLRQDO�0DWHULDOV��������������������9�1�=Y\DJLQWVHY��$EVWU��RI�3K��'U��7KHVLV��,Q�VWLWXWH� IRU� 6LQJOH� &U\VWDOV� 3XEO��� .KDUNRY�������>LQ�5XVVLDQ@����0�9�.ODVVHQ�1HNO\XGRYD��5XE\�DQG�6DSSKLUH�1DXND��0RVFRZ��������>LQ�5XVVLDQ@����6�3�7LPRVKHQNR�� 6WUHQJWK� RI� 0DWHULDOV�� ,]G�1DXFKQR�7HNKQ��/LW���0RVFRZ��������>LQ�5XVVLDQ@����(�3�.R]ORYVND\D�� $EVWU��RI� 3K��'U��7KHVLV�,QVWLWXWH� IRU� &U\VWDOORJUDSK\� 3XEO��� 0RVFRZ�������>LQ�5XVVLDQ@�����9�,�1LNLWHQNR��%�9�3HWXNKRY��LQ��$EVWU��%RRN���WK� ,QW��$QQLYHUVDU\� &RQIHU��WR� $FDG�*�9�.XUG\XPRY� ����\HDU� $QQLYHUVDU\��0RV�FRZ�� &KHUQRJRORYND�� 6ROLG� 6WDWH� ,QVW��� 5XV�VLDQ�$FDG��RI�6FL��3XEO���������>LQ�5XVVLDQ@�
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