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7KH� VHDUFK� IRU� QHZ� VFLQWLOODWLRQ�PDWHUL�DOV� IRU� GHYHORSPHQW� RI� GHWHFWRUV� IRU� UHOD�WLYHO\� ORZ�UDGLRDFWLYH�LUUDGLDWLRQ�GRVHV�LV�DWRSLFDO� SUREOHP� WRGD\�� 1DQRVWUXFWXUHVJURZQ� E\� WKH� PROHFXODU�EHDP� HSLWD[\� RUV\QWKHVL]HG�LQ�SRURXV�GLHOHFWULF�PDWUL[HV�RIZLWKRXW� FKDQJH� RI� FU\VWDO� DQG� FKHPLFDOVWUXFWXUH� RIIHU� JRRG� SURVSHFWV� LQ� WKLV� DV�SHFW��,W�LV�NQRZQ�>�@�WKDW�VXFK�WDVNV�PD\�EHSUDFWLFDOO\�VROYHG�E\�UHGXFLQJ�JUDGXDOO\�WKHVWUXFWXUH� VL]H� DQG� YROXPH� LQ� WKH� FRXUVH� RIWUDQVLWLRQ�IURP�D�EORFN�WKUHH�GLPHQVLRQDO�WRTXDVL� ]HUR�GLPHQVLRQDO� FU\VWDO� RI� TXDQWXPGRW�W\SH��3HULRGLFDO�ODWWLFHV�RI�PLFURFU\VWDOVRI� GLIIHUHQW� VHPLFRQGXFWRU� FRPSRXQGV� V\Q�WKHVL]HG� LQ� WKH� SRUHV� RI� GLIIHUHQW�PDWULFHVDV�ZHOO�DV�JURZQ�E\�HSLWD[\�DUH�FRQYHQLHQWPRGHO� REMHFWV� RI� TXDVL� ]HUR�GLPHQVLRQDOPHGLD�ZLWK�SURSHUWLHV�EHLQJ�XQGHU�FORVH�DW�WHQWLRQ�QRZDGD\V�>�Ü�@��7KH�PDLQ�VFLHQWLILFLQWHUHVW� LQ� VXFK� REMHFWV� LV� FRQFHQWUDWHG� RQWKH� PDNLQJ� D� WKUHH�GLPHQVLRQDO� VXSHUODW�WLFH�� LQYHVWLJDWLQJ� WKH� UHQRUPDOL]DWLRQ� IHD�WXUHV� RI� FKDUJH� FDUULHU� HQHUJ\� VSHFWUDWKHUHLQ��DQG�GHYHORSLQJ�HQHUJ\�VSHFWUD�WKH�

RU\� IRU� WUDQVIRUPDWLRQ� IURP� WKUHH�GLPHQ�VLRQDO� EORFN� VLQJOH� FU\VWDOV� WR� TXDVL� WKUHH�GLPHQVLRQDO�� WZR�GLPHQVLRQDO� DQG� ]HUR�GL�PHQVLRQDO� VWUXFWXUHV�� 7KLV� ZRUN� SUHVHQWVWKH�LQYHVWLJDWLRQ�UHVXOWV�RI�KDUG�γ�UDGLDWLRQLQIOXHQFH�RQ�UHFRPELQDWLRQ�SURFHVVHV�LQ�OD\�HUHG�FU\VWDOV�RI�,Q[7O�±[, VXEVWLWXWH�VROLG�VR�OXWLRQ�V\QWKHVL]HG�LQ�QDWXUDO�]HROLWH��PRUGH�QLWH�� DQG� SRURXV� VLOLFRQ� PDWULFHV� ZLWK� WKHFKDQJH� RI� PDWUL[� SDUDPHWHUV� DQG� FUHDWLQJFRQGLWLRQV� ZKHUH� WKH� QDQRFU\VWDOV� FDQ� EHIRUPHG�7KH� ,Q[7O�±[, VXEVWLWXWLRQDO� VROLG� VROX�WLRQV� V\QWKHVL]HG� LQ� WKH� SRUHV� RI� QDWXUDOPDWUL[HV�KDYH�EHHQ�FKRVHQ�DV�PRGHO�REMHFWV�1DWXUDO� RU� V\QWKHVL]HG� ]HROLWH� DQG� SRURXVVLOLFRQ� ZHUH� IRXQG� WR� EH� VXLWDEOH� DV� VXFKPDWUL[HV��7KH�]HROLWHV�FRQVLVW�RI�WHWUDKHGUDOVXEODWWLFHV� RI� $O2� DQG� 6L2� ZLWK� SRURXVVWUXFWXUH�ILOOHG�ZLWK�DONDOL�FDWLRQV�DQG�FU\V�WDO�ZDWHU�PROHFXOHV�>�@��7KH�FKDQQHOV�LQ�WKH]HROLWH� VWUXFWXUH� DUH� IRUPHG�ZLWK� GLIIHUHQWFRPELQDWLRQV� RI� WLHG� ULQJV� RI� WHWUDKHGURQV�'HSHQGLQJ� RQ� WKH� QDWXUDO� ]HROLWH� NLQG�� WKHQDWXUDO� LQWHUQDO� SRUH� GLDPHWHU� PD\� UDQJH
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IURP�����c WR� ��c�� DQG� LQ� V\QWKHWLF� RQHV�XS�WR����c��7KH�PDWUL[HV�EDVHG�QDWXUDO�]HR�OLWHV� ZHUH� SUHSDUHG� DV� IROORZV�� )LUVW�� ]HR�OLWHV�ZHUH�VHOHFWHG�DFFRUGLQJ�WR�WHPSHUDWXUHUHVLVWDQFH� DQG� GHJUDGDWLRQ� �GHVWUXFWLRQ�� RIFU\VWDO� ODWWLFH� KDV� EHHQ� FDUULHG� RXW�� ,W�ZDVQHFHVVDU\�WR�VHOHFW�VXFK�PLQHUDOV�ZKLFK�PD\VWDQG� WKH� UHJLPHV� RI� SRUH� IRUPDWLRQ�� 7KHQDWXUDO� ]HROLWH�PRUGHQLWH�ILWV� WKH� GHPDQGVYHU\� ZHOO�� ,WV� FKHPLFDO� IRUPXOD� LV1D��$O6L�2����⋅�+�2��7KH�QHHGOH�OLNH�PRUGH�QLWH� FU\VWDOV� KROG� �� PROHFXOHV� RI� FU\VWDOZDWHU��7KHVH�PROHFXOHV�DUH� ORFDWHG�LQ�SRUHVEHWZHHQ�$O2� DQG�6L2� WHWUDKHGURQV� ZKLFKDUH�ERXQG�ZLWK�VRGLXP�DWRPV��7KH�GHVWUXF�WLRQ�WHPSHUDWXUH�RI�PRUGHQLWH�FU\VWDO� ODWWLFHLV� DERXW� ����&�� DQG� WKH� GHK\GUDWLRQ� �ZDWHUUHPRYDO� IURP� SRUHV�� WHPSHUDWXUH� LV� ���� WR����&��6R�LQ�WKH�UDQJH�RI�������� ������&� LWZDV�SRVVLEOH�WR�REWDLQ�VWDEOH�GHK\GUDWHG�PD�WUL[�RI�QDQRSRUHV�ZLWK�HIIHFWLYH�GLDPHWHU�RIG≈��c��ZKHUH�WKH�QDQRFU\VWDOV�RI�WKH�VWXG\REMHFWV�FDQ�EH�V\QWKHVL]HG�%DVLQJ�RQ�VXFK�FRQVLGHUDWLRQV��WKH�TXDQ�WXP� GRW� VDPSOHV� RI� ,Q[7O�±[, VXEVWLWXWLRQDOVROLG� VROXWLRQV� KDYH� EHHQ� SUHSDUHG� LQ� WKHIROORZLQJ� ZD\�� 7KH� QHHGOH�OLNH� PRUGHQLWHFU\VWDOV�ZHUH�JURXQG�LQ�D�FHQWULIXJH�WR�PL�FURPHWHU�VFDOH�VL]H��7KHQ�WKH�]HROLWH�PLFUR�FU\VWDOV�ZHUH�GHK\GUDWHG�LQ�TXDUW]�DPSRXOHDW�����&�E\�ZD\�RI�HYDFXDWLRQ��7KHUHDIWHU�WKH� LRQ�H[FKDQJH� UHDFWLRQ� RI� VXEVWLWXWLRQLQGLXP�DQG�WKDOOLXP�DWRPV�IRU�VRGLXP�RQHVZDV� FRQGXFWHG�� 7KHQ�� WKH� SURGXFWV� RI� VXE�VWLWXWLRQ� ZHUH� UHPRYHG� E\� HYDFXDWLRQ� DW�  �����v��,Q�WKH�VR�SUHSDUHG�SRUHV�RI�PD�WUL[HV�WKH�QDQRFU\VWDOV�RI�,Q[7O�±[, VXEVWLWX�WLRQDO� VROLG� VROXWLRQV� ZHUH� JURZQ� E\� YDF�XXP� VXEOLPDWLRQ� DW� FHUWDLQ� WHPSHUDWXUHV�,Q� VXFK� D� ZD\�� QDQRFU\VWDOV� KDYH� EHHQ� RE�WDLQHG�RI�αL ≤ ��c HIIHFWLYH�VL]H��WKDW�LV�FRQ�WDLQLQJ��Ü��PROHFXOHV� RI� V\QWKHVL]HG�PDWH�ULDO�� 7KH� SRURXV� VLOLFRQ� KDV� EHHQ� SUHSDUHGDFFRUGLQJ� DV� GHVFULEHG� LQ� >�@�� 7KH� UHVLGXDOVLOR[HQ� �6L�2�+���� ZKLFK� FDXVHV� WKH� UHG�OLJKW�OXPLQHVFHQFH��ZHUH�UHPRYHG�E\�HYDFX�DWLRQ�� ,Q� WKH� SRUHV� RI� VLOLFRQ�PDWUL[HV�SUH�SDUHG� LQ� VXFK� D� ZD\�� WKH� QDQRFU\VWDOV� RI,Q���7O���, VXEVWLWXWLRQDO�VROLG�VROXWLRQV�ZHUHV\QWKHVL]HG� XVLQJ� YDFXXP� VXEOLPDWLRQ�7KXV�� QDQRFU\VWDOV� RI� αL ³ ��� QP� HIIHFWLYHVL]H��WKDW�LV���Ü���PROHFXOHV�RI�V\QWKHVL]HGPDWHULDO�� ZHUH� REWDLQHG�� 7KHQ� WKH� VDPSOHVZHUH�H[SRVHG�WR�KDUG�γ�UDGLDWLRQ�RI���&R DWDQ� LQWHQVLW\� RI� ≈��� FPÜ�VÜ� DW� URRP� WHP�SHUDWXUH� IRU� WLPH� UDQJH� RI� �� WR� ��� KRXUV�$OO� WKH� VDPSOHV�ZHUH� H[SRVHG� WR� LUUDGLDWHGLQ�WKH�UDGLRDFWLYH�VRXUFH�FKDPEHU�LQ�DLU��,Q

VXFK�D�ZD\��VDPSOHV�RI�LUUDGLDWHG�QDQRFU\V�WDOV� KDYH� EHHQ� REWDLQHG� V\QWKHVL]HG� LQ� GLI�IHUHQW� QDWXUDOO\� RFFXUULQJ�PDWUL[HV�� ZKLFKFRXOG� EH� XVHG� LQ� H[SHULPHQWDO� VWXGLHV� RIWKHUPRVWLPXODWHG� OXPLQHVFHQFH� DERYH� WKHURRP�WHPSHUDWXUH��([SHULPHQWV� ZHUH� FDUULHG� RXW� WR� DVFHU�WDLQ� WKH� G\QDPLFV� RI� WKHUPRVWLPXODWHG� OX�PLQHVFHQFH��76/��VSHFWUD�RI�,Q[7O�±[, VXEVWL�WXWLRQDO� VROLG� VROXWLRQ� H[SRVHG� WR� KDUGJDPPD�UDGLDWLRQ�DQG�FRQVLGHU�WKH�SRWHQWLDOWKHUHRI� DV� ;�UD\� GHWHFWRUV�� � 6LQFH� WKH� RE�MHFWV� XQGHU� VWXG\� ZHUH� QDQRFU\VWDOV� RI,Q[7O�±[, VXEVWLWXWLRQDO� VROLG� VROXWLRQV� V\Q�WKHVL]HG� LQ�WKH�SRUHV�RI�PRUGHQLWH�DQG�VLOL�FRQ�PDWULFHV��RQH�RI� WKH�PDLQ�WDVNV�ZDV�WRPHDVXUH�WKH�76/�VSHFWUD�RI�HPSW\�PDWUL[HV�6XFK�VSHFWUD�DUH�SUHVHQWHG� LQ�)LJ���D�� ,W� LVVHHQ�IURP�WKH�)LJXUH�WKDW�LQ�76/�VSHFWUD�RIPRUGHQLWH�DQG�SRURXV�VLOLFRQ�SUHYLRXVO\�H[�SRVHG�WR�KDUG�JDPPD�UD\V��WKHUH�LV�RQO\�RQHORZ�LQWHQVLW\�DQG�GRVH�LQGHSHQGHQW�DEVRUEHGEDQG� ZLWK� PD[LPXP� DW� �  �����v�� 7KHSUHVHQFH�RI�WKH�VDPH�EDQG�LQ�WKH�76/�VSHF�WUD� RI� VR�GLIIHUHQW�PDWUL[HV� �SRURXV� VLOLFRQ

)LJ����� �D�� 76/� VSHFWUD� RI�PRUGHQLWH� ���� DQGSRURXV� VLOLFRQ� ���� PDWULFHV� H[SRVHG� WRJDPPD�UDGLDWLRQ� IRU� ��K�� �E��76/� VSHFWUD� RI,Q���7O���, VXEVWLWXWLRQDO� VROLG� VROXWLRQV� V\Q�WKHVL]HG� LQ�PRUGHQLWH� ���� DQG� SRURXV� VLOLFRQ��Ü��� PDWULFHV� DQG� H[SRVHG� WR� KDUG� JDPPD�UD\V� IRU� GLIIHUHQW� WLPH� �KRXUV��� ���� ����� �������� ���� ����� ����� ����� ,UUDGLDWLRQ� VRXUFH���&R�������0H9����P5�K�

$�9�)UDQLY�HW�DO����7KHUPRVWLPXODWHG�OXPLQHVFHQFH����

)XQFWLRQDO�PDWHULDOV������������� ���



LV� D� GLHOHFWULF� ZKLOH� PRUGHQLWH� LV� VHPLFRQ�GXFWRU�� DQG� ZHDN� GRVH� GHSHQGHQFH� RI� WKHLQWHQVLW\� LQGLFDWH� WKDW� WKH� EDQG� LV� GXH� WRSURFHVVHV� LQYROYLQJ� WKH� UHVLGXDO� LPSXULWLHVUHPDLQLQJ�LQ�WKH�SRUHV�RI�WKH�PDWUL[HV�GXU�LQJ� WKH�SUHSDUDWLRQ�DQG�KDUG�JDPPD�UDGLD�WLRQ�H[SRVXUH��6XFK� LPSXULWLHV�PD\�EH�� IRUH[DPSOH�� WKH� FU\VWDO� ZDWHU�� VLOR[HQ�6L�2�+���� RU� LWV� GHFRPSRVLWLRQ� SURGXFWVOLNH� 6L�2���2�6L+ >�@�� 6XEVWDQWLDOO\� GLIIHU�HQW� DUH� WKH� 76/� VSHFWUD� RI� WKH� SRURXV� VLOL�FRQ� ZLWK� V\QWKHVL]HG� QDQRFU\VWDOV� RI,Q[7O�±[,�� ,Q� WKH� )LJ���E�� 76/� VSHFWUD� RI,Q���7O���, QDQRFU\VWDOV� H[SRVHG� WR� KDUGJDPPD�UDGLDWLRQ����&R��IRU�����WR����KRXUVDUH�SUHVHQWHG�$V�LV�VHHQ�IURP�)LJ���E��D�QHZ�EDQG�ZLWKPD[LPXP� DW� ����v� DSSHDUV� LQ�76/� VSHFWUDEHVLGHV�RI� WKH�EDQG�SHDNHG�DW��  �����v�LQWKH� VDPSOH� RI� ,Q���7O���, VXEVWLWXWH� VROLG� VR�OXWLRQ�V\QWKHVL]HG� LQ�SRURXV�VLOLFRQ��%XW�LQ76/�VSHFWUD�RI�VLPLODU�QDQRFU\VWDOV�V\QWKH�VL]HG�LQ�]HROLWH�PDWULFHV��WKH�EDQG�LV�DEVHQW�7KLV� FDQ� EH� H[SODLQHG� E\� SK\VLFDO� PHFKD�QLVPV�ZKLFK� RI� WKH� EDQG�JHQHUDWLRQ��7KRVHDUH� FRQQHFWHG�ZLWK� VWUXFWXUDO�SKDVH� WUDQVL�WLRQV�RI�WKH�,Q[7O�±[, VXEVWLWXWLRQDO�VROLG�VR�OXWLRQV� DQG� GHSHQG� RQ� WKH� HIIHFWLYH� SRUHVL]H� RI� WKH�PDWULFHV�ZKHUH� WKH� V\QWKHVLV� RF�FXUV��,Q�PRUGHQLWH�ZLWK�HIIHFWLYH�SRUH�GLDPH�WHU� RI� ≈��c�� DFFRUGLQJ� WR� >�@�� WKH� ,Q[7O�±[,QDQRFU\VWDOV� PD\� EH� V\QWKHVL]HG� ZLWK� YRO�XPH� RI� �� RU� �� XQLW� FHOOV�� EXW� LQ� SRURXVVLOLFRQ�ZLWK��Ü���QP�HIIHFWLYH�SRUH�GLDPH�WHU�� WKH� FU\VWDO� VL]HV� PD\� DWWDLQ� VHYHUDOKXQGUHGV�RI�XQLW�FHOOV��0RUHRYHU��WKH�PLFUR�FU\VWDO�VL]H�YDULHV�DV�WKH�SRUH�VL]H�FKDQJHV�7KLV� FDXVHV� WKH� FKDQJH� RI� 76/� VSHFWUD� RIVWXGLHG� FU\VWDOV�� 7KH� FRQFOXVLRQ� FDQ� EHGUDZQ�IURP�WKH�IDFW�WKDW�ZKLOH�WKH�DEVRUEHGGRVH� LQFUHDVHV�� WKH� EDQG� LQWHJUDO� LQWHQVLW\LQFUHDVHV�� WRR�� DV� LV� VKRZQ� LQ� )LJ����� :HJXHVV� WKDW� WKH� SURFHVVHV� FDXVLQJ� WKH� KLJK�WHPSHUDWXUH� 76/� EDQG� ��  �����v�� RI,Q���7O���, QDQRFU\VWDOV�V\QWKHVL]HG�LQ�SRURXVVLOLFRQ� DUH� FRQQHFWHG� ZLWK� LQYHUVH� LQWHUQDOFU\VWDO� SKDVH� WUDQVLWLRQV� ZKLFK� WDNHV� SODFHLQ�VXEVWLWXWLRQDO�,Q[7O�±[, VROLG�VROXWLRQV�DW�  �����v��VWUXFWXUH�SKDVH�WUDQVLWLRQ�RI�7O,FRPSRXQG�IURP�'�K�� �RUWKRUKRPELF�� WR�2K

�FXELF��ODWWLFH�>�@���7KH�LQFUHDVH�RI�EDQG�LQ�WHQVLW\�ZLWK�WKH�LQFUHDVLQJ�DEVRUEHG�GRVH�LVFDXVHG�E\�LQIOXHQFH�RI�LRQL]LQJ�UDGLDWLRQ�RQWKH�DFWLYDWLRQ�RI�7O, SKDVH�VWUXFWXUDO�WUDQVL�WLRQ� LQ� ,Q[7O�±[, VXEVWLWXWLRQDO� VROLG� VROX�WLRQV�7KXV��LQ�QDQRFU\VWDOV�RI�,Q���7O���, VXEVWL�WXWLRQDO� VROLG� VROXWLRQ� H[SRVHG� WR� KDUGJDPPD� UDGLDWLRQ� ���&R��� WKHUPRVWLPXODWHGOXPLQHVFHQFH�LV�REVHUYHG��PRUHRYHU��WKH�LQ�WHJUDO� HPLVVLRQ� LQWHQVLW\� GHSHQGV� RQ� WKHVL]H� RI� QDQRFU\VWDOV�� 7KH� TXDQWXP�\LHOG� RIWKHUPRVWLPXODWHG� OXPLQHVFHQFH� LQFUHDVHVZLWK� WKH� LQFUHDVLQJ� GRVH� DEVRUEHG� LQ� WKHFU\VWDO�� 7KH� QDQRFU\VWDO� VL]H� YDULDWLRQ� DI�IHFWV� WKH� VWHHSQHVV� RI� GRVH� GHSHQGHQFH� RIWKHUPRVWLPXODWHG� OXPLQHVFHQFH� LQWHJUDO� LQ�WHQVLW\� 5HIHUHQFHV���1�1�/HGHQWVRY��9�0�8VWLQRY��9�$�6FKXNLQ�HWDO���)L]��7HNKQ��3ROXSURY���������������������<�1R]XH��=�.�7DQJ��7�*RWR��6ROLG�6WDWH�&RP�PXQ���������������������,�9�%ORQVNL\�� 0�6�%URG\Q�� <X�3�3LU\DWLQVNL\HW�DO���=K��(NVS��7HRU��)L]�����������������������,�9�%ORQVNL\��0�6�%URG\Q��9�$�7KRU\N�HW�DO��)L]��7YHUG��7HOD��������������������(�(�6HQGHURY��1�,�.KLWDURY��=HROLWHV��6\QWKH�VLV� DQG� )RUPDWLRQ� &RQGLWLRQV� LQ� 1DWXUH�1DXND��0RVFRZ��������>LQ�5XVVLDQ@����5HXEHQ�7�&ROOLQV��3KLOLSSH�0�)DXFKHW� HW� DO��3K\VLFV�7RGD\������������������(�9�$VWURYD��5�)�9LWPDQ��9�9�<HPFRY�HW�DO��)L]��7HNKQ��3ROXSURY���������������������2�3�3RVWQLNRYD�� <X�1�'HQLVRY�� 3�,�)HGRURY�=K��1HRUJ��.KLP���������������������
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