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1XPHURXV� ZRUNV� KDYH� EHHQ� GHYRWHG� WRVWXG\�RI�SKRWRFDWDO\WLF�DFWLYLW\�RI�WLWDQLXPGLR[LGH�LQ�YDULRXV�UHGR[�SURFHVVHV�>����@��$WSUHVHQW�� GHYHORSPHQW� RI� KLJK�HIILFLHQW� SKR�WRFDWDO\VWV�IRU�FRPPHUFLDO�DSSOLFDWLRQ�LQ�LQ�GXVWU\� DQG� HFRORJ\� LV� RQH� RI� WKH� SULRULW\GLUHFWLRQV� LQ� WKLV� ILHOG�� 2EYLRXVO\�� EHVLGHVKLJK� SKRWRFDWDO\WLF� DFWLYLW\�� VXFK� IXQF�WLRQDO�PDWHULDOV� VKRXOG� KDYH� D� FRPELQDWLRQRI� SK\VLFR�PHFKDQLFDO� SURSHUWLHV� �SDUWLFOHVL]H�� OD\HU� WKLFNQHVV� DQG� VXSSRUWHG� SKRWR�FDWDO\VW�VWUHQJWK���WKXV�HQVXULQJ�WKHLU�UHOD�WLYHO\�VLPSOH��HIILFLHQW�DQG�ORQJ�WHUP�RSHUD�WLRQ��)URP�WKLV�SRLQW�RI�YLHZ��XVH�RI��FODV�VLF�� PDWHULDOV� �L�H�� SRZGHUV�� JHOV�� VROV�VXVSHQVLRQV�� 7L2� FROORLGV�� DV� UHSRUWHG� LQPDQ\�ZRUNV�>�@�LV�QRW�TXLWH�MXVWLILHG��VRPH�WLPHV�SUREOHPDWLF�RU�HYHQ� LPSRVVLEOH��7L2��

EDVHG� SKRWRFDWDOLWLFDOO\� DFWLYH� ILOPV� DSSHDUWR�EH�PRUH�SURPLVLQJ�IRU�WKLV�SXUSRVH��6XS�SRUWHG� RQWR� D� KDUG� EDVH� �L�H�� FHUDPLFV�JODVV�� SRURXV� PDWUL[��� WKH� DERYH� ILOPVZRXOG�ILQG�D�ZLGH�DSSOLFDWLRQ�LQ�WKH�ILHOG�RIEDFWHULFLGH� FRDWLQJV� >�@�� VHOI�FOHDQLQJ� VXU�IDFHV� >�@�� V\VWHPV� IRU� DLU� SXULILFDWLRQ� >�@�7KLV�ZRUN�LV�GHYRWHG�WR�VWXG\�RI�VRPH�SHFX�OLDULWLHV� RI� VWUXFWXUH� DQG� VRUSWLRQ� SURSHU�WLHV� RI� 7L2� QDQRVWUXFWXUDO� ILOPV� EHLQJFKDUDFWHUL]HG� E\� D� GHYHORSHG� SRURVLW\� DVZHOO� DV� RI� WKHLU� SKRWRFDWDO\WLF� DFWLYLW\� LQKHWHURJHQHRXV�JDV�SKDVH�R[LGDWLRQ�SURFHVVHVRI�DFHWRQH�DQG�HWKDQRO�7LWDQLXP�GLR[LGH�ZDV�V\QWKHVL]HG�E\�VRO�JHO�PHWKRG�LQYROYLQJ�K\GURO\VLV�RI�WLWDQLXPWHWUDLVRSURSR[LGH� �7,37�� LQ� LVRSURS\O� DOFR�KRO� >�@�� 7L2� ILOPV� ZHUH� SUHSDUHG� E\� H[�
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WUDFWLQJ� ��GLS� FRDWLQJ��� IURP� WKH� FROORLGDOPRWKHU� OLTXRU��WKH�FRUUHVSRQGLQJ�7L2� SRZ�GHUV� ZHUH� SURGXFHG� E\� GU\LQJ� RI� UHVLGXDOJHOV�� 7KH� VWDUWLQJ� VROXWLRQV� ZHUH� SUHSDUHGXVLQJ� 7,37� VROXWLRQ� LQ� LVRSURS\O� DOFRKRO�LVR�&�+�2+���DFHWLF�DFLG�DV�D�FDWDO\VW��α�WHU�SLQHRO�DV�D�YLVFRXV�VROYHQW�>�@�DQG�3(*�����/RED� )HLQFKHPLH�� DQG� 3(*� ����� �)OXND�SRO\PHUV� DV� SRUH�IRUPLQJ� DJHQWV�� ,Q� RUGHUWR�REWDLQ�SUHFXUVRUV�RI�7L2� ������DQG�7L2�������� ILOPV� �FRUUHVSRQGLQJ� WR� WKH� SRUH�IRUPLQJ� DJHQW� XVHG��� WZR� VROXWLRQV� ZHUHSUHSDUHG��D�������PROH�7,37�������PROH�LVR�SURS\O�DONRKRO�������PROH�α�WHUSLQHRO�DQG�DSUH�VSHFLILHG� DPRXQW� RI� SRUH�IRUPLQJ� SRO\�PHU�� E�� ����� PROH� LVRSURS\O� DONRKRO������PROH�+�2 DQG������PROH�JODFLDO�DFHWLFDFLG� �7DEOH����� 7KH� ODWHU� ZDV� WKHQ� DGGHGGURSZLVH� LQWR� WKH� ILUVW� RQH� XQGHU� LQWHQVHVWLUULQJ��7KH�VWDUWLQJ�PDVV�FRQFHQWUDWLRQ�RIFROORLGDO� VROXWLRQV� LQ� WHUPV� RI� 7L2� ZDV����� 7KH� ILOPV� ZHUH� VXSSRUWHG� RQWR� JODVVVOLGHV�KDYLQJ�VPRRWK�VXUIDFH�DQG�HWFKHG�E\K\GURIOXRULF�DFLG� �WR� LQFUHDVH� WKHLU� VSHFLILFVXUIDFH��ZKLFK�ZHUH�SUHYLRXVO\�GHHS�FOHDQHG�E\� XOWUDVRQLF� FOHDQLQJ�� VXUIDFWDQW� WUHDW�PHQW��ZDVKLQJ�LQ�GHLRQL]HG�ZDWHU��DQG�GU\�LQJ��� 7KH� VOLGHV� ZHUH� LPPHUVHG� LQWR� WKHVWDUWLQJ�SUHFXUVRU�VROXWLRQV��GUDZQ�RXW�DW�DFRQVWDQW� UDWH� RI� �� FP�PLQ�� GULHG� DQG� WKHQFDOFLQHG�LQ�DLU�DW�����&�IRU��Ü��K�WR�UHVXOWLQ� WUDQVSDUHQW� 7L2��ILOPV� EHLQJ� FKDUDF�WHUL]HG� E\� KRPRJHQHRXV� VXUIDFH� DQG� KLJKPHFKDQLFDO�VWUHQJWK�7KH� FU\VWDOOLQH� VWUXFWXUH�RI� WKH� UHVXOWHG7L2� FRDWLQJV�ZDV�H[DPLQHG�E\�[�UD\�SKDVH

DQDO\VLV� �&X.α��� 7KLFNQHVV� DQG� UHIUDFWLRQLQGH[� ZHUH� PHDVXUHG� E\� PXOWLDQJXODU� HOOLS�VRPHWU\� �/()��0�� 5XVVLD�� λ  �������QP��WUDQVPLVVLRQ� VSHFWUD� ZHUH� UHFRUGHG� E\� D3HUNLQ�(OPHU� /DPEGD���� VSHFWURSKRWRPH�WHU��7KH� ILOPV�PLFURVWUXFWXUH�ZDV�DQDO\]HGE\� WUDQVPLVVLRQ� �7(0��DQG�VFDQQLQJ� �6(0�HOHFWURQ� PLFURVFRSH� �3KLOLSV� &0� ��7(0�6(0�� ZLWK� ���� N9� DFFHOHUDWLQJ� YROW�DJH��7KH� SRURVLW\�ZDV�GHILQHG� DFFRUGLQJ� WR%UXJHPDQQ� HTXDWLRQ� GHVFULELQJ� SRURVLW\� DVFKDQJHV�LQ�WKH�UHIUDFWLRQ�LQGH[�RI�SRO\FU\V�WDOOLQH� ILOPV� DV� FRPSDUHG� ZLWK�7L2� VLQJOHFU\VWDO� >�@�� ZKLFK� LV� DSSOLFDEOH� IRU� WKHVHV\VWHPV�DV�WKRVH�FRPSULVLQJ�SDUWLFOHV�RI�LQ�GHILQLWH�VKDSH�DQG�VOLJKW�SRURVLW\��7KH�VDP�SOHV� VRUSWLRQ� YROXPH� �96�� ZDV� GHWHUPLQHGIRU� HWKDQRO� DQG� DFHWRQH� VRUSWLRQ� E\JUDYLPHWU\� >�@�� 3KRWRFDWDO\WLF� DFWLYLW\� RIWKH� UHVXOWHG� ILOPV�ZDV� VWXGLHG� LQ� WKH� UHDF�WLRQV� RI� JDV�SKDVH� KHWHURJHQHRXV� R[LGDWLRQRI�DFHWRQH�DQG�HWKDQRO��ERWK�DQDO\WLFDO�JUDGHSXULW\���7KH�VDPSOHV�ZHUH�H[SRVHG�WR�OLJKW�LQWKH� UHDFWRU� DW� URRP� WHPSHUDWXUH� ����&�� DQGDWPRVSKHUH�SUHVVXUH�WKURXJK�D�JODVV�ZLQGRZXVLQJ�'56K������ODPS��λ !�����QP� WKH�H[�FLWLQJ� OLJKW� LQWHQVLW\� DV� PHDVXUHG� XVLQJ� DIHUULR[DODWH� DFWLQRPHWHU� ZDV� YDULHG� LQ� WKH����⋅��Ü� WR����⋅��Ü� (LQVWHLQ�PLQ�UDQJH�E\XVLQJ�PHWDOOLF�JDX]HV��5HGXFWLRQ�LQ�FRQFHQ�WUDWLRQ�RI�WKH�VWDUWLQJ�VXEVWDQFHV�DV�ZHOO�DVDFFXPXODWLRQ�RI�R[LGDWLRQ�SURGXFWV�ZHUH�GH�WHUPLQHG�XVLQJ�D�FKURPDWRJUDSK�>�@��7KH� VWUXFWXUH� DQG� VRUSWLRQ� FKDUDF�WHULVWLFV� RI� DOO� REWDLQHG� 7L2� FRDWLQJV� DUHSUHVHQWHG� LQ� 7DEOH���� 7KH� UHSRUWHG� UHVXOWV
7DEOH����&RPSRVLWLRQ�RI�SUHFXUVRUV�IRU�QRQSRURXV�WLWDQLXP�GLR[LGH��7L2�������DQG�7L2�������

)LOP 6ROXWLRQ�$��PROHV� 6ROXWLRQ�%��PROHV�7,37 α�7HUSHQHRO LVR�3URSDQRO 3(*��� 3(*���� LVR�3URSDQRO &+�&22+ +�27L2� �QRQSRURXV� ���� ���� ���� Ü Ü ���� ���� ����7L2� ����� ���� ���� ���� ���� Ü ���� ���� ����7L2� ������ ���� ���� ���� Ü ���� ���� ���� ����
7DEOH���� 6WUXFWXUH� DQG� VRUSWLRQ� FKDUDFWHULVWLFV� RI� WKH� VWXGLHG� QDQRVWUXFWXUDO� WLWDQLXP� GLR[LGHILOPV

6DPSOH 3RURVLW\�� 7KLFNQHVV�QP &U\VWDOOLWHPHDQ�VL]H��QP 3RZGHU�VSHF�VXUIDFH�DUHD��P��J 96��°P��J�IRU�HWKDQRO� 96��°P��J�IRU�DFHWRQH�7L2�������VPRRWKJODVV �� ��� ��Ü�� ��� ����� ��������
7L2��������VPRRWKJODVV �� ��� ��Ü�� �� ����� ��������
7L2� HWFKHG�JODVV �� �� ��Ü�� a�� ����� �����7L2� VPRRWK�JODVV �� �� ��Ü�� a�� ����� �����
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VKRZ�WKDW�DOO�WKH�VDPSOHV�DUH�FKDUDFWHUL]HGE\�SRURXV�VWUXFWXUH��)RU�WKH�ILOPV�SUHSDUHGRI� SUHFXUVRUV� QRW� FRQWDLQLQJ� SRUH�IRUPLQJSRO\PHU�� WKH�IRUPDWLRQ�RI�SRURXV�VWUXFWXUHPD\�EH�DWWULEXWHG�WR�IRUPLQJ�RI�LQGLYLGXDO�GLIIHUHQW� VL]H� DQG� RULHQWDWLRQ�� FKDRWLF�7L2�FU\VWDOOLWHV� �JOREXOHV�� ZKLFK� DUH� IRUPHG� RQJODVV� VXUIDFH� LQ� WKH� FRXUVH� RI� GHSRVLWLRQDQG�VXEVHTXHQW�DQQHDOLQJ�RI�ILOPV��,QFUHDV�LQJ� LQ� SRURVLW\� RI� ILOPV� VXSSRUWHG� RQWRJODVV�EDVH�SUH�HWFKHG�ZLWK�K\GURIOXRULF�DFLGLV� HYLGHQWO\� DWWULEXWHG� WR� WKHLU� VXUIDFH� UH�OLHI� QRQ�XQLIRUPLW\� DQG�� FRQVHTXHQWO\�� LQ�FUHDVHG� QXPEHU� RI� IRUPHG� YDULRXV� FHQWHUVRI�7L2� ILOP�FU\VWDOOL]DWLRQ��,Q�RWKHU�ZRUGV�WKH��SRURVLW\��LQ�WKH�SUHSDUHG�7L2��ILOPV�LVD�FRQVHTXHQFH�RI��FKDRWLF��PXWXDO�DUUDQJH�PHQW� RI� WKH� SULPDU\� FHQWUHV� RI�7L2� SDUWL�FOHV��JOREXODV��FU\VWDOOL]DWLRQ��ZKLOH�XQILOOHGLQWHUJOREXODU� VSDFH� DSSHDUV� LQ� WKH� UROH� RI�SRUHV��7KH�ILOPV�SUHSDUHG�IURP�SUHFXUVRUV�FRQ�WDLQLQJ� SRUH�IRUPLQJ� DJHQWV� DUH� FKDUDF�WHUL]HG� E\� D� PRUH� RUGHUHG� VWUXFWXUH�� 7KHWUDQVPLVVLRQ� HOHFWURQ� VSHFWURVFRS\� SLFWXUHVVKRZ� WKDW� WKH� FU\VWDOOLWH� VL]H� LV� PDLQO\� LQ��Ü��� QP� UDQJH� �7L2� ����� DQG� WKH� SRUHGLDPHWHU�DERXW����QP��)LJ���D��E���'LIIUDF�

WLRQ� SDWWHUQV� RI� WKH� VDPSOHV� FDOFLQHG� DW����&� �)LJ����F�G�� LQFOXGH� DOO� WKH� SHDNVFKDUDFWHULVWLF� IRU� WKH� DQDWDVH� FU\VWDOOLQHVWUXFWXUH�� 7KH� FU\VWDOOLWH� VL]H� FDOFXODWHGXVLQJ�6KHUHU�IRUPXOD�DJUHHV�ZHOO�ZLWK�HOHF�WURQ�PLFURVFRS\�GDWD�7KH�SRURVLW\��WKH�PRUSKRORJ\�RI�VXSSRUWVXUIDFH� EHLQJ� WKH� VDPH�� ZDV� IRXQG� WR� LQ�FUHDVH�LQ�LQYHUVH�SURSRUWLRQ�DJDLQVW�LQFUHDV�LQJ� LQ� PROHFXODU� ZHLJKW� �FDUERQ� FKDLQOHQJWK�� RI� WKH� SRUH�IRUPLQJ� SRO\PHU� XVHG�,Q�RXU�RSLQLRQ��WKH�SULPRUGLDO�HIIHFW�RI�WKHODWWHU� FRQVLVWV� LQ� FRRUGLQDWLRQ� 7,37� DW� WKHPROHFXOH� HQGV� RZLQJ� WR� SUHVHQW� IUHH� 2+JURXSV� >��@��/RQJHU� FDUERQ� FKDLQ� �DV� LQ� WKHFDVH�RI�3(*��������ILUVW��FRQWULEXWHV�WR�PRUHGLVWDQW�ORFDOL]DWLRQ�RI�FRRUGLQDWHG�7,37�PROH�FXOHV�DQG��VHFRQG��SURYLGHV�VWHULF�KLQGUDQFHVIRU�7,37�LQWHUDFWLRQ�ZLWK�ZDWHU�PROHFXOHV�LQWKH�VWDUWLQJ�VRO��+LQGHUHG�K\GURO\VLV�RI�7L�,9�DONR[LGH�OHDGV�WR�LQFUHDVLQJ�PHDQ�VL]H�RI�7L2�FU\VWDOOLWHV����Ü���QP IRU�7L2� �����DV�FRP�SDUHG� ZLWK� ��Ü��� QP� IRU� 7L2� ������ DQGWKHLU�VSDFH�LVRODWLRQ�ZLWK�RUJDQLF�SKDVH�FRQ�ILQHV� WKH� DJJUHJDWLRQ�SURFHVV� LQ� WKH� FRXUVHRI�WKH�ILOP�FRDWLQJ�IRUPDWLRQ��7KH�VRUSWLRQFDSDFLW\�RI�WKH�ILOPV�ZDV�IRXQG�WR�LQFUHDVHZLWK� ULVLQJ� SRURVLW\� RI� WKH� VXSSRUWHG� FRDW�

)LJ�����6WUXFWXUH�FKDUDFWHULVWLFV�RI�SRURXV�7L2� ILOPV��7L2� �������D��7(0�LPDJH��LQGLYLGXDO�FU\VWDOVRI� ��� WR� ��� QP� VL]H�� �E�� SDUWLFOH� VL]H� GLVWULEXWLRQ� KLVWRJUDP�� �F�� G�� [�UD\� GLIIUDFWLRQ� SDWWHUQV�UHIOH[HV�IURP�DQDWDVH�FU\VWDO�VWUXFWXUH�

9�,�<DWVNLY�HW�DO����6XUIDFH�SURSHUWLHV�DQG�SKRWRFDWDO���
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LQJV��7KH�KLJKHU�VRUSWLRQ�FDSDFLW\�IRU�HWKD�QRO� LQ� FRPSDULVRQ� ZLWK� WKDW� IRU� DFHWRQH� LVUHODWHG�PRVW� OLNHO\�ZLWK� DFWXDO� GLVWLQFWLRQVRI�DGVRUSWLRQ�PHFKDQLVP�RI�WKHVH�VXEVWUDWHVRQ�7L2� VXUIDFH�>������@�$V� LV� NQRZQ� >������@�� HWKDQRO� PD\� EHVRUEHG�RQ� WLWDQLXP�GLR[LGH� VXUIDFH�YLD�IRU�PDWLRQ� RI� K\GURJHQ� ERQG� ZLWK� K\GUR[\OJURXSV��)LJ���D��DOZD\V�SUHVHQW�RQ�7L2� VXU�IDFH�>��@ &�+�2+(J) → &�+�2+(DG)� ���
&�+�2+(J) + +�2(DG) →

→ &�+�2+(DG) + +�2(J) � ���
ZKHUH� �J�� Û� DJJUHJDWHG� LQ� JDVHRXV� SKDVH��DG�� Û� DGVRUEHG� RQWR� 7L2� VXUIDFH�� RU� E\GLVVRFLDWLRQ�&�+�2+(J) + +−2(DG) →

→ &�+�2(DG) + +�2(J) �� ���
ZLWK� IRUPDWLRQ� RI� PRQR�� DQG� ELGHQWDWH� 7LHWKR[LGH�FRPSRXQGV��)LJ���E��F���7KH�IRUPD�WLRQ�SUREDELOLW\�DV�ZHOO�DV�WKHUPDO�VWDELOLW\WKHUHRI� DUH� SUDFWLFDOO\� LGHQWLFDO� >��@�� $F�FRUGLQJ� WR� >��@�� DGVRUSWLRQ� RI� DFHWRQH� RQ7L2� GHSHQGV� RQ� LWV� VXUIDFH� VWUXFWXUH�� IRU7L2��39*� VDPSOHV� �SRURXV� JODVV� �9\FRU���DGVRUSWLRQ� RFFXUV� LQ� WZR� ZD\V�� L�H�� GXH� WRK\GURJHQ� ERQGV� �)LJ���G�� DQG� DOVR� YLDFKHPLFDO� UHDFWLRQ� WR� IRUP� VXUIDFH� ERXQGHSR[LGH� &+�&+&+�2 �)LJ���H��� $V� WR� 7L2�SRZGHUV� VXSSRUWHG� RQ� RUGLQDU\� JODVV�� DFH�WRQH�LV�DGVRUEHG�SUHGRPLQDQWO\�LQ�PROHFXODUIRUP� �L�H�� LQ� D� UHYHUVLEOH� PDQQHU�� ZKHUHDV

IRUPDWLRQ� RI� VXUIDFH� HSR[LGH� FRPSOH[� RF�FXUV� YHU\� VORZO\� DQG� ZLWK� ORZ� HIILFLHQF\>��@�� +HQFH�� D� KLJKHU� DGVRUSWLYLW\� RI� WKHVDPSOHV� IRU� HWKDQRO� DV� FRPSDUHG�ZLWK� WKDWIRU�DFHWRQH� �7DEOH���� LV�DWWULEXWHG�� ILUVW�� WRWKH� VWUXFWXUH� VWHULF� IDFWRU� �VPDOOHU�PROHFX�ODU� VL]H�� EHLQJ�PDQLIHVWHG� LQ� WKH� FRXUVH� RISK\VLFDO� �PROHFXODU�� DGVRUSWLRQ� RI� RUJDQLFVXEVWUDWHV� RZLQJ� WR� K\GURJHQ� ERQGV� ZLWKK\GUR[\O�JURXSV�ORFDWHG�RQ�WLWDQLXP�GLR[LGHVXUIDFH�DQG��VHFRQG��WR�PRUH�H[SUHVVHG�DELO�LW\� RI� HWKDQRO� IRU� LUUHYHUVLEOH� GLVVRFLDWLYHDGVRUSWLRQ�ZLWK� IRUPLQJ� RI� VWDEOH� HWKR[LGHFRPSOH[HV�RQ�7L2� VXUIDFH��)LJ�����:KHQ� 7L2��ILOPV� ZHUH� H[SRVHG� WR� OLJKW�UHGXFWLRQ� LQ� FRQFHQWUDWLRQ� RI� R[LGL]HG� VXE�VWDQFHV� LQ� WKH� UHDFWRU� ZLWK� VLPXOWDQHRXVHYROXWLRQ�RI�JDVHRXV�SURGXFWV�ZDV�REVHUYHG�:KLOH� R[LGDWLRQ� RI� DFHWRQH�� QR� JDVHRXVSURGXFWV� RWKHU� WKDQ� &2� ZHUH� REVHUYHG�:KLOH�R[LGDWLRQ�RI�HWKDQRO�� WKH�&2� HYROX�WLRQ�ZDV� QRW� REVHUYHG� DW� WKH� LQLWLDO� LOOXPL�QDWLRQ�VWDJH��RQ�DYHUDJH��IRU�ILUVW����PLQ��RQO\� UHGXFLQJ� RI� HWKDQRO� FRQFHQWUDWLRQ� DQGDFHWDOGHK\GH� DFFXPXODWLRQ� ZHUH� IL[HG�� %XWIXUWKHU� LOOXPLQDWLRQ� UHVXOWHG� LQ� V\QFKUR�QRXV� R[LGDWLRQ� RI� DOFRKRO� WR� DFHWDOGHK\GHDQG� RI� WKH� ODWWHU� WR� &2��� VLPLODU� WR� WKDWGHVFULEHG� LQ� >�@��&2 IRUPDWLRQ�ZDV�QRW�RE�VHUYHG� LQ� WKHVH� UHDFWLRQ� V\VWHPV�� 6WXG\� RINLQHWLF� UHJXODULWLHV� RI� WKH� SKRWRFDWDO\WLFR[LGDWLRQ� RI� DFHWRQH� DQG� RWKHU� VXEVWUDWHVGHPRQVWUDWHG�WKH�SURFHVV�HIILFLHQF\�WR�EH�DOPRVWLQGHSHQGHQW� RI� WKH� VWDUWLQJ� UHDJHQW�FRQFHQWUD�WLRQV�UDQJHG�IURP��⋅��Ü� WR��⋅��Ü� PRO�O� WKDWLV� D� FKDUDFWHULVWLF� IHDWXUH� RI� WKH� UHDFWLRQVRFFXUULQJ� LQ�DGVRUEHG� OD\HU�RQ�VHPLFRQGXF�WRU�SDUWLFOH�VXUIDFH�>����@��,W�ZDV�DOVR�IRXQG

)LJ�����6WUXFWXUHV�RI�DGVRUSWLRQ�FRPSRXQGV�IRU�HWKDQRO��D��E��F��DQG�DFHWRQH��G��H��RQ�7L2� VXUIDFH�
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WKDW� WKH�UDWH�RI� WKHVH�UHGR[�SURFHVVHV� LV� LQGLUHFW� OLQHDU� UHODWLRQ� ZLWK� OLJKW� LQWHQVLW\�WKXV�HYLGHQFLQJ��LQ�RXU�RSLQLRQ��WKH�UHFRP�ELQDWLRQ� UDWH� FRQVWDQF\� RI� SKRWRJHQHUDWHGFKDUJHV�>��@�DQG�D�UDWKHU�ORQJ�WHUP�OLIHWLPHRI�DFWLYH�SDUWLFOHV�RQ�7L2� VXUIDFH�>��@�7KH� FRQYHUVLRQ� GHJUHHV� RI� RUJDQLF� VXE�VWUDWHV�ZLWK�DOO�XVHG�SKRWRFDWDO\VWV�DUH�SUH�VHQWHG�LQ�7DEOH����7DNLQJ�LQWR�DFFRXQW�WKDWYDSRU� DGVRUSWLRQ� RI� D� UHDJHQW� EHLQJ� R[L�GL]HG� RQ� 7L2� VXUIDFH� LV� DQ� LQGLVSHQVDEOHFRQGLWLRQ�IRU�SKRWRFDWDO\WLF�UHGR[�SURFHVVHVUXQQLQJ� LQ� JDVHRXV� SKDVH�� WKH� UHVXOWV� UH�SRUWHG� KHUH� WHVWLI\� WKH� GLUHFW� SURSRUWLRQDOUHODWLRQVKLS� EHWZHHQ� WKH� VDPSOHV� VRUSWLRQDELOLW\� DQG� WKH� SKRWRFDWDO\WLF� SURFHVV� HIIL�FLHQF\�� ,W� LV� MXVW� WKH� VRUSWLRQ� YROXPH� �96�EHLQJ� GHILQHG� E\� WKH� JODVV� VXUIDFH� UHOLHI�IRU� WKH� ILOPV� SUHSDUHG� ZLWKRXW� XVLQJ� RISRUH�IRUPLQJ� DJHQWV�� RU� E\� SRUH�IRUPLQJSRO\PHU� QDWXUH� IRU� 7L2� ������ DQG� 7L2�������� WKDW� VHHPV� WR� EH� WKH� FUXFLDO� IDFWRUGHILQLQJ� WKH� UDWHV� RI� UHGR[�SURFHVVHV�� 7KHGLIIHUHQFHV�LQ�FRQYHUVLRQ�GHJUHHV�RI�RUJDQLFFRPSRXQGV� DUH� REYLRXVO\� DVVRFLDWHG� ZLWKWKHLU� GLIIHUHQW� FKHPLFDO� QDWXUH� DV� ZHOO� DVGLIIHUHQW� VWDELOLW\� RI� FRPSOH[HV� IRUPHG� E\DGVRUSWLRQ� RQ� 7L2� VXUIDFH� DQG� GLYHUVHPHFKDQLVPV�RI�SKRWRFKHPLFDO�R[LGDWLRQ�%DVLQJ�RQ�WKH�UHVXOWV�REWDLQHG�DQG�OLWHUD�WXUH� GDWD� UHSRUWHG� >��Ü��@�� WKH� SKRWRFDWD�O\WLF�R[LGDWLRQ�PHFKDQLVP�RI�HWKDQRO�YDSRURQ�7L2� VXUIDFH�FDQ�EH�GHVFULEHG�E\�WKH�IRO�ORZLQJ�VWDJHV�7L2� →Kν Ë−(&%) + K+(9%)����� ���
K+(9%) + 2+− →

→ 2+�RU K+(9%) + +�2 → 2+� + ++�������� ���
Ë−(&%) + 2� → 2��−���� ���

2��− + +�2 → +2�� + 2+−���� ���
&+�&+�2+ + 2+� → &+�&�(2+)+ + +�2������

&+�&�(2+)+ → &+�&2+ + ++ + Ë−(&%)��� ���
&+�&�(2+)+ + 2� → &+�&22�(2+)+���������
&+�&22�(2+)+ → &+�&2+ + +2�� ����������

&+�&�(2+)+ + +2�� → &+�&22+(2+)+���������
&+�&22+(2+)+ → &+�&2+ + +�2����������

&+�&2+ → &+�&22+ →
→ &2�+&+�2 → &+(2+)2 → &2�

����
RU&+�&2+ → &+�2 + &+(2+)2 → &2�����������ZKHUH� ËÜ�&%� Û� HOHFWURQV� LQ� FRQGXFWLRQEDQG��K��9%� Û�KROHV� LQ� VHPLFRQGXFWRU� YD�OHQFH�EDQG���3KRWRFDWDO\WLF� R[LGDWLRQ� RI� DFHWRQH� DOVRFDQ� SDVV� LQ� WZR� ZD\V� GHSHQGLQJ� RQ� WKHVWUXFWXUH�RI�7L2� DFWLYH�VXUIDFH�>��@����È�� IRU� PROHFXODU� DGVRUSWLRQ� RI� DFHWRQH�)LJ���G�&+�&2&+� → DOGRO FRQGHQVDWLRQ→

→ &+�&2&+�&(2+)(&+�)���
����

&+�&2&+�&(2+)(&+�)� →
→ >GHK\GUDWLRQ@ → &+�&2&+&(&+�)������������

&+�&2&+&(&+�)� → >R[LGDWLRQ@ →
→ &2� + +�2 YHU\ VORZO\ >��@)��� ����

RU��E�� IRU� HWKR[LGH� FRRUGLQDWLRQ� RI� DFHWRQHRQ�L L2� VXUIDFH��)LJ���H�&+�&2&+� → &+�&+&+�2���� ����
7DEOH����3KRWRFDWDO\WLF�FRQYHUVLRQ�GHJUHH�RI�RUJDQLF�YDSRUV�RQ�7L2� ILOP�PDWHULDOV)LOP 3KRWRFDWDO\WLF�FRQYHUVLRQ�����GXULQJ����PLQ�IRU�DFHWRQH HWKDQRO DFHWDOGHK\GH��LQWHUPHGLDWH�7L2������ �� �� ��7L2������� �� �� ��7L2� VPRRWK�JODVV �� �� ��7L2� HWFKHG�JODVV �� �� ��,  ����⋅��Ü� (LQVWHLQ�PLQ��&VWDUWLQJ  ��⋅��Ü� PRO�/�
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&+�&+&+�2 → + 2��− →
→ &+�&22++ &+�2��

����
&+�&22+ + 2+� → &+�&22� + +�2� ����

&+�&22� + +2�� → &+�2 + +�2 + &2���������
&+�2 → &+(2+)2 → &2�++�2����� ����2EYLRXVO\�� WKH� DSSDUHQW� WRWDO� UDWH� RIWKHVH� UHGR[�SURFHVVHV� SDVVLQJ� WKURXJKHLWKHU� RI� DERYH� GHVFULEHG� PHFKDQLVPVVKRXOG�EH�GHILQHG�E\�WKH�HIILFLHQF\�RI�LQWHU�PHGLDWH�VWDJHV���������DQG�����UHVSHFWLYHO\�$� ORZ� UHDFWLRQ� UDWH� DW� WKHVH� LQWHUPHGLDWHVWDJHV� LV� DWWULEXWHG� PRVW� OLNHO\�� ILUVW�� WRUHWDUGHG� VXUIDFH� GLIIXVLRQ� DQG�PXWXDO� RUL�HQWDWLRQ�RI�DGVRUEHG�DFHWRQH�PROHFXOHV�SUH�FHHGLQJ� WKH� DOGRO� FRQGHQVDWLRQ� �VWDJH� ���DQG�� VHFRQG�� WR� DGGLWLRQDO� HQHUJ\� UHTXLUHGIRU�WKH�GHK\GUDWLRQ�RI�LQWHUPHGLDWH�VXUIDFHFRPSOH[HV� �VWDJH� �D�� RU� HSR[LGH� FRRUGLQD�WLRQ� �VWDJH� ���� RI�&+�&2&+� RQ� 7L2� VXU�IDFH�� +HQFH�� WKH� PRUH� VORZ� SKRWRFDWDO\WLFR[LGDWLRQ� SURFHVV� RI� DFHWRQH� �DV� FRPSDUHGWR�WKDW�RI�HWKDQRO��PD\�EH��PRVW� OLNHO\��UH�ODWHG� ZLWK� ORZ� UHVWUXFWXUL]DWLRQ� VWDJH� UDWHRI� DFHWRQH� DGVRUSWLRQ� FRPSOH[HV� RQ� 7L2�VXUIDFH�7KXV��LQ�WKH�FRXUVH�RI�WKLV�ZRUN��D�VHULHVRI� WLWDQLXP� GLR[LGH� QDQRVWUXFWXUDO� ILOPVZLWK� GLIIHUHQW� SRURVLW\� GHJUHHV� ZHUH� SUH�SDUHG�� 7KH� REWDLQHG� UHVXOWV� HYLGHQFH� LQWHU�UHODWLRQV�EHWZHHQ�WKH�VWUXFWXUH�DQG�VRUSWLRQFKDUDFWHULVWLFV� RI� WKH� SUHSDUHG� ILOPV� DQGWKHLU�SKRWRFDWDO\WLF�DFWLYLW\��$ORQJVLGH�ZLWK7L2� LQWULQVLF� SKRWRFDWDO\WLF� DFWLYLW\�� WKHVDPSOH� GHYHORSHG� VXUIDFH� DQG� LWV� SRURVLW\ZHUH�IRXQG�WR�LQIOXHQFH�FDUGLQDOO\�WKH�SKR�WRR[LGDWLRQ�HIILFLHQF\�RI�RUJDQLF� VXEVWUDWHVLQ� JDVHRXV� SKDVH�� 7KH� SUHSDUHG� QDQRVWUXF�WXUDO�7L2� ILOPV� FKDUDFWHUL]HG�E\�DQ�DSSUH�FLDEOH� VRUSWLRQ� FDSDFLW\� DUH�YHU\�SURPLVLQJ

IXQFWLRQDO� PDWHULDOV� WR� EH� DSSOLHG� LQ� V\V�WHPV�IRU�JDV�SKDVH�SKRWRFDWDO\WLF�R[LGDWLRQRI� YRODWLOH� RUJDQLF� FRPSRXQGV� �DV� SRVLEOHDLU�SROOXWDQWV�� 5HIHUHQFHV���$�)XMLVKLPD��7�1�5DR��'�$�7U\N��3KRWRFKHP�3KRWRELRORJ\� &��3KRWRFKHP��5HY��� 1R���� �����������0�5�+RIIPDQQ��6�7�0DUWLQ��:�&KRL��'�:�%DK�QHPDQQ��&KHP��5HY��������������������'�)�2OOLV�� +�$O�(NDEL�� 3KRWRFDWDO\WLF� 3XULIL�FDWLRQ� DQG� 7UHDWPHQW� RI�:DWHU� DQG�$LU�� (O�VHYLHU�$PVWHUGDP������������-�<X�� ;�=KDR�� 0DWHU��5HV��%XOO��� ���� ��������������-�3HUDO��;�'RPHQHFK��'�)�2OOLV��-��&KHP��7HFK�%LRWHFK���������������������1�1REXDNL�� .�7DNHXFKL�� -��6RO�*HO� 6FL��DQG7HFKQRORJ\��������������������:�7KHLVV��6XUI��6FL��5HS���������������������9�,�<DWVNLY��9�0�*UDQFKDN��$�6�.RYDOHQNR�HWDO���7HRU��(NVS��.KLP��������������������*UHJJ�6��-���6LQJ�.6�:���$GVRUSWLRQ��6XUIDFH$UHD�DQG�3RURVLW\���$FDGHPLF�3UHVV��/RQGRQ������������������1�1HJLVKL�� 7�7DNHXFKL�� 7�,EXVXNL�� -��0DWHU�6FL�����������������������:�:X�� &�&KXDQJ�� -�/LQ�� -��3K\V��&KHP��%�����������������������.�6�.LP�� 0�$�%DUWHDX�� /DQJPXLU�� ��� ��������������.�,�+DGMLLYDQRY�� '�*�.OLVVXUVNL�� &KHP��6RF�5HY������������������6�3LONHQWRQ��:�;X��'�5DIWHU\��$QDO��6FL���������������������:�;X��'�5DIWHU\��-��&DWDO�����������������������7�-�6DYHQLMH��0�3�'H�+DDV��-�0�:DUPDQQ��=�IXU�3K\V��&KHP�����������������������,�.HQ�LFKL�� -�+DQGD�� +�.DMLZDUD�� 6�1LVKL�PRWR��3K\V��&KHP��%������������������������'�6�0XJOL��-�7�0F&XH��-�/�)DOFRQHU��-��&DWDO����������������������&�%ORXQW��-�$�%XFKKRO]��-�/�)DOFRQHU��-��&DWDO����������������������'�6�0XJOL��.�+�/RZHU\��-�/�)DOFRQHU��-��&DWDO������������������
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