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'HVLJQ�UHVXOWV�KDYH�EHHQ�SUHVHQWHG�IRU�D�WKUHH�FRPSRQHQW�FRPSRVLWLRQ�IRU�VRODU�HQHUJ\FRQYHUVLRQ�LQWR�WKH� VHQVLWLYLW\�UDQJH�RI�6L DQG�*D$V SKRWRFHOOV�EDVHG�RQ�SRO\VW\UHQH�DQGSRO\F\FOLF�DURPDWLF�RUJDQLF� OXPLQHVFHQW�FRPSRXQGV��7ZR�SRVVLEOH�DSSURDFKHV�WR�VHOHFWLRQRI�FRQFHQWUDWLRQV�RI�WKH�FRPSRQHQWV�RULHQWHG�WR�SURYLGH�WKH�PD[LPXP�FROOHFWLRQ�HIILFLHQF \RI�WKH�YLVLEOH�UDQJH�VRODU�UDGLDWLRQ�DQG�WKH�RSWLPXP�FRQGLWLRQV�RI�WKH�)RHUVWHU�QRQ�UDGLD �WLYH�HQHUJ\�WUDQVIHU�EHWZHHQ�WKH�LQWHUPHGLDWH�DQG�ILQDO�FRPSRQHQWV�RI�WKH�FDVFDGH�FRPSR �VLWLRQ�KDYH�EHHQ�VKRZQ�WR�JLYH�FRPSDUDEOH�UHVXOWV�DQG�WKXV�GR�QRW�IRUP�DQ�DOWHUQDWLYH�WRRQH�DQRWKHU�
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7KH�HYHU�LQFUHDVLQJ�QHHG�IRU�QHZ�HQHUJ\VRXUFHV� FDSDEOH� WR� VXEVWLWXWH� IRU� WKH� H[ �KDXVWLQJ� K\GURFDUERQ� UHVRXUFHV� FRQFHQ �WUDWHV�WKH�DWWHQWLRQ�RI�ERWK�DSSOLHG�DQG�IXQ �GDPHQWDO�UHVHDUFKHUV�RQ�WKH�VRODU�SRZHU�HQ �JLQHHULQJ� GHYHORSPHQW� SUREOHPV�� $PRQJWKH� DFWXDO�JRDOV� LQ� WKLV� VFLHQFH� ILHOG�� WKHUHLV� WKH� GHYHORSPHQW� RI� QHZ� OLJKW�UHVLVWDQWOXPLQHVFHQW� PDWHULDOV� WR� FRQYHUW� WKH� VRODUUDGLDWLRQ� LQWR� WKH� QHDU� ,5� UDQJH� �1,5�� DQ �VZHULQJ�WR�WKH�PD[LPXP�SKRWRVHQVLWLYLW\�RI6L DQG� *D$V VHPLFRQGXFWRUV�� WKDW� LV�� LQWR

���� WR� ����� QP� UDQJH� >���@�� 7KH� XVH� RIRUJDQLF� OXPLQHVFHQW�PDWHULDOV� �2/0��WR�GH �VLJQ� VXFK� GHYLFHV� LV� SURPLVLQJ� GXH� WR� WKDW2/0� SRVVHVV� VRPH� XQLTXH� SDUDPHWHUV� WKDWDUH� QRW� SURYLGHG� E\� DOWHUQDWLYH� LQRUJDQLFPDWHULDOV�� $PRQJ� WKRVH� SDUDPHWHUV�� WKHPRVW� LPSRUWDQW� RQHV� LQFOXGH�� YLVLEOH� OLJKWDEVRUSWLRQ� ZLWKLQ� D� ZLGH� UDQJH� ����� WR���� QP��� PLQLPXP� UHDEVRUSWLRQ�� KLJKTXDQWXP� \LHOG� RI� IOXRUHVFHQFH�� KLJK� OLJKWDQG�KHDW�UHVLVWDQFH��D�VXIILFLHQW�FRPSDWLELO �
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LW\�ZLWK�SRO\PHU�PDWHULDOV�XVHG�DV�PDWULFHVLQ�VRODU�OLJKW�FRQYHUWHUV�,W�LV�WR�QRWH�WKDW�PRVW�2/0�GR�QRW�VKRZDOO� WKH� DERYH�PHQWLRQHG�SURSHUWLHV� VLPXOWD �QHRXVO\��PRUHRYHU��VRPH�RI�WKRVH�DUH�LQFRP �SDWLEOH�� 7KH� GHYHORSPHQW� RI� HIILFLHQW� ,52/0� LV�D�PXFK�PRUH�FRPSOH[�WDVN�DV�FRP �SDUHG�WR�89�DQG�YLVLEOH�UDQJH�OXPLQRSKRUV�VHH�� H�J��� WKH� UHYLHZ� >�@�� 6R�� IRU� H[DPSOH�PDWHULDOV� HLWKHU� LQFOXGLQJ� D� VXIILFLHQWO\ORQJ�FRQMXJDWLRQ�FKDLQV�RU�VKRZLQJ�D�VWURQJGRQRU�DFFHSWRU�LQWHUDFWLRQ��ULJKW�XS�WR�LRQLFW\SH�VWUXFWXUHV��DUH�WR�EH�GHYHORSHG�WR�SUR �YLGH� DQ� LQWHQVH� HPLVVLRQ� LQ� WKH� ,5� UDQJH�2Q� WKH� RWKHU� KDQG�� VXFK� PDWHULDOV� DUHSRRUO\�VROXEOH�LQ�RUJDQLF�SRO\PHUV�DQG�VKRZRIWHQ� D� ORZHUHG� OLJKW� DQG� KHDW� UHVLVWDQFH�7KH�ZHOO�NQRZQ�F\DQLQH�VWUXFWXUH�2/0�FDQEH� WDNHQ� DV� DQ� H[DPSOH� WKDW� HPLW� LQ� WKH��������� QP� UDQJH� EXW� H[KLELWLQJ� D� ORZOLJKW� DQG� KHDW� UHVLVWDQFH� DQG� SRRUO\� FRP �SDWLEOH�ZLWK�RUJDQLF�SRO\PHUV�0RUHRYHU�� D� VSHFLILF� IHDWXUH� RI� ORQJ�ZDYHOHQJWK�2/0�LV�D�ORZ�6WRNHV�VKLIW��W\SL �FDOO\� ���� WR� ����� FP���� WKDW� GHFUHDVHV� DVWKH� HPLVVLRQ�ZDYHOHQJWK� LV� VKLIWHG� WRZDUGV,5�UHJLRQ��$V�D�UHVXOW��WKH�UHDEVRUSWLRQ�LQ �FUHDVHV�� WKXV� FDXVLQJ� DQ� HIILFLHQF\� RI� WKHGHYLFHV� LQFOXGLQJ� WKRVH� PDWHULDOV�� %HVLGHV�WKH� QDUURZ� DEVRUSWLRQ� EDQGV� RI� LRQLF� G\HVFDQQRW� FRYHU� WKH�ZKROH�YLVLEOH� UDQJH�� WKXV�WKH�HIILFLHQF\�RI�VRODU�UDGLDWLRQ�FROOHFWLRQ�LVGHWHULRUDWHG�� 7KDW� LV� ZK\� WKH� PRVW� ORQJ�ZDYHOHQJWK� 2/0� FDQQRW� EH� XVHG� LQGLYLGX �DOO\�LQ�WKH�VRODU�HQHUJ\�FRQFHQWUDWRUV�,Q� RXU� RSLQLRQ�� WKH� GHYHORSPHQW� RI� DFRPSRVLWLRQ� FRQVLVWLQJ� RI� VHYHUDO� 2/0ZRXOG� EH� RQH� RI� ZD\V� WR� VROXWLRQ� RI� WKHDERYH� SUREOHP�� 6XFK� DQ� DSSURDFK� SURYLGHVZLGH� RSSRUWXQLWLHV� LQ� WKH� V\VWHP�GHVLJQLQJDQG�FRQWURO�RI�LWV�RSWLFDO�FKDUDFWHULVWLFV��,QWKLV� ZRUN�� D� SRVVLELOLW\� WR� SURYLGH� VXFK� DFDVFDGH� FRPSRVLWLRQ� LQ� SRO\VW\UHQH� PDWUL[LV�GHPRQVWUDWHG�WDNLQJ�DV�DQ�H[DPSOH�WKUHHG\HV� ZLWK� LQWHUPROHFXODU� QRQ�UDGLDWLYHWUDQVIHU� RI� WKH� HOHFWURQ� H[FLWDWLRQ� HQHUJ\�

ZKHUH� WKH� G\HV� DEVRUE� WKH� YLVLEOH� UDQJHOLJKW������WR�����QP��DQG�UH�HPLW�LW�VHTXHQ �WLDOO\� LQWR� WKH���������QP�UHJLRQ��7R�SUR�YLGH� WKH� OLJKW� DEVRUSWLRQ� Lz� VXFK� D� ZLGHUDQJH� DQG� LWV� UH�HPLVVLRQ� LQWR� WKH� ,5� UH �JLRQ��IXQFWLRQV�RI�WZR�OLJKW�FRQYHUWLQJ�FDV �FDGHV�DUH�FRPELQHG�LQ�WKH�FRPSRVLWLRQ��7KHILUVW�FDVFDGH�LV�D�WHUQDU\�RQH��G\HV�,���,,��,,,��ZKHUH�WKH�,�FRPSRXQG�DEVRUEV�WKH�OLJKWZLWKLQ� WKH� DERXW� �������� QP� UHJLRQ� ZLWKLWV�VXEVHTXHQW�UH�HPLVVLRQ�LQWR�,5�UHJLRQ�E\WKH�VFKHPH�, → ,, → ,,,��7KH�VHFRQG�FDVFDGHLV� D� ELQDU\� RQH� �G\HV� ,,���,,,��ZKHUH� WKH� ,,FRPSRXQG� DEVRUEV� WKH� OLJKW� ZLWKLQ� WKHDERXW� �������� QP� UHJLRQ� ZLWK� LWV� VXE�VHTXHQW� UH�HPLVVLRQ� LQWR� ,5� UHJLRQ� E\� WKHVFKHPH� ,, → ,,,�� 7KH� DERXW� ���� WR� ���� QPUHJLRQ� LV� FRYHUHG� E\� WKH� DEVRUSWLRQ� VSHF �WUXP�RI�,,,� WKDW�DFWV�DV�D�SURSHU�,5�G\H� LQWKH� FRPSRVLWLRQ�� ,Q�ZKDW� IROORZV�� WKH� SULQ �FLSOH�RI�WKH�FRPSRVLWLRQ�GHVLJQ�LV�GHVFULEHGDQG�LWV�SURSHUWLHV�DUH�SUHVHQWHG�7KH�H[SHULPHQWDO�VDPSOHV�LQ�WKH�IRUP�RIWKLQ� �����PP� WKLFN�� SRO\VW\UHQH� ILOPV� FRQ �WDLQLQJ� WKH� FDVFDGH� FRPSRVLWLRQV� ZHUH� SUH �SDUHG� E\� HYDSRUDWLQJ� ��� SHU� FHQW� WROXHQHVROXWLRQV� RI�2/0� LQ� WKH� UHTXLUHG� UDWLRV� RQJODVV� VXUIDFHV�� 7KH� ILOP� WKLFNQHVV� ZDV� VHWXVLQJ� D� FDOLEUDWHG� VSDFHU�� 7KH� ILOPV� ZHUHGULHG�LQ�D�VSHFLDO�ER[�DW�URRP�WHPSHUDWXUH�7R� H[DPLQH� WKH� RSWLFDO� FKDUDFWHULVWLFV�� WKHILOPV�ZHUH�WDNHQ�RII�RI�WKH�VXEVWUDWHV�7KH�VSHFWUDO�FKDUDFWHULVWLFV�RI�WKH�LQLWLDO2/0�WROXHQH�VROXWLRQV�DQG�WKH�FRORUHG�SRO\ �VW\UHQH� ILOPV� ZHUH� GHWHUPLQHG� XVLQJ� D� +, �7$&+,�8�����VSHFWURSKRWRPHWHU�DQG�D�+, �7$&+,2� )����� VSHFWURIOXRULPHWHU�� 7KHIOXRUHVFHQFH�TXDQWXP�\LHOGV�ZHUH�HYDOXDWHGYHUVXV� WKH� UHIHUHQFH� VROXWLRQ� RI� TXLQLQHVXOIDWH� LQ� ���� 0� DTXHRXV� VXOIXULF� DFLG�ϕ  ������ >�@��� 7KH� VSHFWUDO� NLQHWLFV� SDUDPH�WHUV� ZHUH� PHDVXUHG� XVLQJ� D� QDQRVHFRQGSXOVH� IOXRURPHWHU� RSHUDWHG� LQ� WKH� SKRWRQFRXQWLQJ� PRGH�� 7KH� LQVWUXPHQW� KDV� EHHQGHVFULEHG�LQ�>�@�
7DEOH����6SHFWUDO�FKDUDFWHULVWLFV�RI�,�,,,�G\HV�

&RPSRXQG νD λD εD νI λI ∆ν67 ϕ τ, ����� ��� ����� ����� ��� ���� ���� ����,, ����� ��� ����� ����� ��� ���� ���� ����,,, ����� ��� ����� ����� ��� ���� ���� ����
+HUH�� νD�� νI DUH� WKH� DEVRUSWLRQ� DQG� IOXRUHVFHQFH� PD[LPD� SRVLWLRQV�� UHVSHFWLYHO\�� LQ� WKH� ZDYHQXPEHUV� VFDOH� �FP����� λD�� λI�� WKH� VDPH� LQ� WKH� ZDYHOHQJWK� VFDOH� �QP��� ∆ν67�� WKH� 6WRNHV� VKLIW�FP�����εD��WKH�PRODU�H[WLQFWLRQ�FRHIILFLHQW��/⋅PRO��⋅FP�����ϕ��WKH�IOXRUHVFHQFH�TXDQWXP�\LHOG�� τ�WKH�IOXRUHVFHQFH�OLIHWLPH��QV��
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7KH� VSHFWUDO� DQG� SKRWRSK\VLFDO� FKDUDF �WHULVWLFV�RI�IOXRURSKRUV�LQFOXGHG�LQ�WKH�SUR �SRVHG� FDVFDGH� FRPSRVLWLRQ� DUH� SUHVHQWHG� LQ7DEOH��� �DV� GHWHUPLQHG� IRU� OLTXLG� WROXHQHVROXWLRQV��� 7KH� VROYHQW� XVHG� SURYLGHV� DPD[LPXP� FORVH� DSSUR[LPDWLRQ� WR� SK\VLFR �FKHPLFDO� SURSHUWLHV� RI� WKH� VROLG� VROXWLRQEDVHG�RQ�SRO\VW\UHQH��1HYHUWKHOHVV��D�VPDOOORQJ�ZDYHOHQJWK�VKLIW�LV�SRVVLEOH�ZKHQ�SDVV �LQJ� IURP� WROXHQH� WR� SRO\VW\UHQH� GXH� WR� LQ �IOXHQFH� RI� WKH� ULJLG� SRO\PHU� PHGLXP� DQGFKDQJHV� LQ� WKH� IOXRUHVFHQW� G\H� LQWHUDFWLRQZLWK�LWV�QHDUHVW�HQYLURQPHQW�7KH�ORQJHU�ZDYHOHQJWK�G\HV�,,�DQG�,,,�DUHVHHQ� WR� QRW� H[KLELW� YHU\� VWURQJ� DEVRUSWLRQLQ� WKH� PLGGOH� SDUW� RI� WKH� YLVLEOH� UDQJH�WKHUHIRUH��LW�LV�MXVW�WKH�G\H�,�WKDW�ZLOO�FRQ �WULEXWH�PDLQO\�WR�WKH�OLJKW�FROOHFWLRQ�LQ�WKLVUHJLRQ�� )LJ���� VKRZV� WKH� IOXRUHVFHQFH� VSHF �WUD� RI� WKUHH� 2/0� SURSRVHG�� WKH� LQWHQVLW\UDWLR� FRUUHVSRQGLQJ� WR� WKDW� RI� WKHLU� TXDQ �WXP�\LHOGV�$� FHUWDLQ� GHFUHDVH� RI� TXDQWXP� \LHOG� LVVHHQ�WR�RFFXU�DV�WKH�DEVRUSWLRQ�DQG�HPLVVLRQEDQGV� DUH� VKLIWHG� WRZDUGV� ORQJ�ZDYHOHQJWKUHJLRQ��7KLV�PD\�EH� GXH� WR� LQFUHDVH� RI� WKH6��6� LQWHUQDO�FRQYHUVLRQ�HIILFLHQF\�UHVXOW �LQJ�IURP�HQHUJ\�FRQYHUJHQFH�RI�WKH�JURXQGDQG� H[FLWHG� VWDWH� LQ� WKH� PROHFXOH�� $V� DZKROH�� WKH� G\HV� SURSRVHG� DUH� UDWKHU� HIIL �FLHQW� OXPLQRSKRUV� ZLWK� VSHFWUDO� FKDUDF �WHULVWLFV�ZHOO�PDWFKLQJ�WR�HDFK�RWKHU�,Q� )LJ����� VKRZQ� DUH� WKH� DEVRUSWLRQ� DQGIOXRUHVFHQFH� VSHFWUD� IRU� SDLUV� RI� G\HV� SUR �SRVHG� E\� XV� IRU� WKH� FDVFDGH� FRPSRVLWLRQ�EHWZHHQ� ZKLFK� WKH� HOHFWURQ� H[FLWDWLRQ� HQ �HUJ\� WUDQVIHU� LV� SRVVLEOH�� 7KH� VSHFWUD� GHP �RQVWUDWH� D� JUHDW� RYHUODS� H[WHQW� RI� WKH� DF �FHSWRU�FRPSRQHQW�DEVRUSWLRQ� DQG� WKH�GRQRUFRPSRQHQW�HPLVVLRQ�LQ�HDFK�SDLU��7KH�JUHDWVSHFWUDO� RYHUODS� H[WHQW� LQ� WKH� ,�,,� DQG� ,,�,,,�SDLUV�PXVW�SURYLGH�D�KLJK�HQHUJ\�WUDQV �IHU� HIILFLHQF\� EHWZHHQ� WKH� �QHLJKERULQJ�FDVFDGH�FRPSRQHQWV��0RUHRYHU��WKH�VSHFWUDORYHUODS�EHWZHHQ�WKH��RXWHUPRVW��G\HV�,�DQG

,,,�� 7KXV�� DQ� DGGLWLRQDO� WUDQVIHU� GLUHFWLRQZLOO�WDNH�SODFH�LQ�WKH�SURSRVHG�FRPSRVLWLRQ�WKXV� IDYRULQJ� WKH� LPSURYHG� HIILFLHQF\� RIWKH�ZKROH�FDVFDGH�7ZR� DSSURDFKHV� WKDW� DUH� QRW� LQ� JHQHUDODOWHUQDWLYH� RQHV� FDQ� EH� XVHG� WR� IRUPXODWHWKH� FDVFDGH� FRPSRVLWLRQV�� 7KH� FRPSRQHQWFRQFHQWUDWLRQV� FDQ� EH� VHOHFWHG� LQ� RUGHU� WRSURYLGH�WKH�PRVW�FRPSOHWH�DQG�KRPRJHQRXVDEVRUSWLRQ�LQ�WKH�YLVLEOH�UDQJH��,Q�WKLV�FDVH�WKH�VRODU�OLJKW�ZLOO�EH�FROOHFWHG�DW�WKH�PD[L �PXP�SRVVLEOH�HIILFLHQF\��7KH�G\H�FRQFHQWUD �WLRQV� ZLOO� EH� KLJK� HQRXJK� DQG� WKH� HQHUJ\WUDQVIHU� EHWZHHQ� WKH� G\HV� ZLOO� RFFXU� DW� DKLJK�SUREDELOLW\��$QRWKHU�DSSURDFK�FRQVLVWVLQ� VHOHFWLRQ� RI� WKH� G\H� FRQFHQWUDWLRQV� SUR �YLGLQJ�D�KLJK�HIILFLHQF\�RI�WKH�HOHFWURQ�H[ �FLWDWLRQ� HQHUJ\� WUDQVIHU� EHWZHHQ� WKH� LQGL �YLGXDO� FRPSRQHQWV� LQ� WKH� FRPSRVLWLRQ�6LQFH��DFFRUGLQJ�WR�WKH�)RHUVWHU�WKHRU\��WKHHQHUJ\�WUDQVIHU�RFFXUV�RYHU�GLVWDQFHV�RI���WR�����Å >�@�� WKLV�DSSURDFK�UHVXOWV� LQHYLWD �EO\� LQ� WKH� XVH� RI� KLJK� G\H� FRQFHQWUDWLRQVDQG�WKXV�LQ�KLJK�RSWLFDO�GHQVLW\�RI�WKH�FDV �FDGH�LQ�WKH�DEVRUSWLRQ�UHJLRQ�FRYHUHG�WKHUH �ZLWK��%HVLGHV� RI� WKH� )RHUVWHU� QRQ�UDGLDWLYH

)LJ�����$EVRUSWLRQ�DQG�HPLVVLRQ�VSHFWUD�RYHU�ODS�IRU�SDLUV�RI�G\HV�LQ�WKH�SURSRVHG�FDVFDGHFRPSRVLWLRQ�

)LJ�����)OXRUHVFHQFH�VSHFWUD�RI�G\HV�,�,,,�QRU�PDOL]HG� WR� WKH�DUHD� XQGHU� VSHFWUDO� FXUYH�DF�FRUGLQJ�WR�WKHLU�TXDQWXP�\LHOGV�
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HQHUJ\�WUDQVIHU��D�SDUWLDO�UHDOL]DWLRQ�RI�WKHUDGLDWLYH�HQHUJ\�WUDQVIHU�PHFKDQLVP�LV�SRV �VLEOH��ZKHUH�WKH�OLJKW�HPLWWHG�E\�WKH�VKRUW�ZDYHOHQJWK�FRPSRQHQWV�ZLOO�EH�DEVRUEHG�E\WKH�ORQJ�ZDYHOHQJWK�RQHV��7KH�UDGLDWLYH�HQ �HUJ\� WUDQVIHU� ZLOO� RFFXU� DW� WKH� GLVWDQFHVEHWZHHQ� WKH� GRQRU� DQG� DFFHSWRU� PROHFXOHVH[FHHGLQJ� WKRVH� DQVZHULQJ� WR� WKH� )RHUVWHUWKHRU\�:H�DWWHPSWHG�WR�GHVLJQ�WKH�FDVFDGH�FRP �SRVLWLRQV� LQ�WKH�IUDPHV�RI�ERWK�DSSURDFKHV�)LJ���� SUHVHQWV� WKH� DEVRUSWLRQ� VSHFWUXP� RIWKH�FDVFDGH�SURSRVHG�DW�WKH�FRPSRQHQW�FRQ �FHQWUDWLRQ� UDWLRV� SURYLGLQJ� WKH� FRPSOHWHDQG� DV� KRPRJHQHRXV� DV� SRVVLEOH� DEVRUSWLRQZLWKLQ�WKH�YLVLEOH�UHJLRQ������WR�����QP��LQWROXHQH� VROXWLRQ� DW� WKH� DEVRUELQJ� OD\HUWKLFNQHVV�RI���PP��WKH�RSWLFDO�GHQVLW\�'  ��DQVZHUV�WR�DEVRUSWLRQ�RI������RI�UDGLDWLRQLQFLGHQW�RQ�WKH�VDPSOH�VXUIDFH��%DVLQJ�RQ�WKH�UDWLR�GHWHUPLQHG��ZH�KDYHSUHSDUHG� WKH� SRO\PHU� ILOP� VDPSOHV� DQG� GH �WHUPLQHG� RSWLFDO� FKDUDFWHULVWLFV� WKHUHRIXQGHU�PRQRFKURPDWLF�DQG�SRO\FKURPDWLF�H[ �FLWDWLRQ��,Q�WKH�ODVW�FDVH��WKH�VRODU�UDGLDWLRQZDV� PRGHOHG� E\� WKH� GLIIXVH� HPLVVLRQ� VSHF �WUXP� RI� D� KLJK� SUHVVXUH� [HQRQ� ODPS� ZLWK89� DQG� ,5� UDQJHV� FXW� RII� XVLQJ� D� 6=6���JODVV�OLJKW�ILOWHU��7KH�HPLVVLRQ�RI�D�SRO\PHUILOP�VDPSOH�ZLWK�RSWLPL]HG�FRQWHQW�RI�G\HV,�,,,�LV�H[HPSOLILHG�LQ�)LJ����7KH� KLJK� HQHUJ\� WUDQVIHU� HIILFLHQF\� EH �WZHHQ� WKH� FDVFDGH� FRPSRQHQWV� LV� HYLGHQFHGE\� WKH� ORZ� UHVLGXDO� HPLVVLRQ� LQWHQVLW\� RIWKH� VKRUWHVW�ZDYHOHQJWK� G\H� DQG� WKH� LQWHU �PHGLDWH�RQH��,�DQG�,,���,Q�IDFW��WKH�FRPSRVL �WLRQ� HPLVVLRQ� LV� SUHVHQWHG� PDLQO\� E\� WKHIOXRUHVFHQFH� RI� WKH� PRVW� ORQJ�ZDYHOHQJWKFRPSRQHQW�WKHUHRI��0RUHRYHU��WKH�UHODWLYHO\KLJK�FRQWHQW�RI� WKH�G\H� ,,,� LQ� WKH� FRPSRVL �WLRQ�SURYLGHV�DQ�DSSUHFLDEOH�UHDEVRUSWLRQ�RI

LWV�LQWULQVLF�HPLVVLRQ��$V�D�UHVXOW��WKH�HPLV �VLRQ�PD[LPXP�RI�WKH�FDVFDGH�FRPSRVLWLRQ�LVREVHUYHG� DW� D� ORQJHU� ZDYHOHQJWK� ����� QP�WKDQ�WKH�LQWULQVLF�HPLVVLRQ�RI�WKH�1,5�HPLW �WLQJ�OXPLQRSKRU�LQ�SRO\VW\UHQH������QP��7R� UHGXFH� WKH� UHDEVRUSWLRQ� HIIHFW�� ZHKDYH� XVHG� WKH� VHFRQG� RI� WKH� DERYH�PHQ �WLRQHG� DSSURDFKHV� WR� WKH� FDVFDGH� FRPSRVL �WLRQ� IRUPXODWLRQ��7KLV�DSSURDFK�FRQVLVWV� LQRSWLPL]DWLRQ� RI� WKH� FRQFHQWUDWLRQ� UDWLR� WRSURYLGH�WKH�PD[LPXP�HIILFLHQF\�RI�WKH�HOHF �WURQ�H[FLWDWLRQ�HQHUJ\�WUDQVIHU�EHWZHHQ�WKHFRPSRQHQWV��,Q�WKLV�FRQQHFWLRQ��WKH�VSHFWUDORYHUODS� LQWHJUDOV� IRU� WKH� SURSRVHG� FRPSR �QHQWV�ZHUH�FDOFXODWHG�LQ�WKH�IUDPH�RI�)RHU �VWHU� WKHRU\�DQG� WKHQ��EDVLQJ� RQ� WKRVH� LQWH �JUDOV�� WKH� FULWLFDO� )RHUVWHUµV� WUDQVIHU� GLV �WDQFHV� 5� �ZKHUH� WKH� WUDQVIHU� HIILFLHQF\� LVFRPSDUDEOH�WR�WKH�HQHUJ\�GRQRU�HPLVVLRQ�HI �ILFLHQF\�����
- = ∫)G�

∞

(ν) ⋅ εD(ν) ⋅ ν−� ⋅ Gν� ���
+HUH��)G�ν�� LV� WKH�IOXRUHVFHQFH�VSHFWUXPLQ�WKH�ZDYH�QXPEHU�VFDOH�QRUPDOL]HG�WR�WKHXQLW� DUHD� XQGHU� VSHFWUDO� FXUYH�� εD�ν��� WKHDEVRUSWLRQ� VSHFWUXP� �WKH� LQWHQVLW\� LV� H[ �SUHVVHG� LQ� H[WLQFWLRQ� FRHIILFLHQW� XQLWV��� ν�WKH�ZDYH�QXPEHU��FP�����7KH�LQWHJUDWLRQ�LVGRQH�ZLWK�UHVSHFW�WR�ZDYH�QXPEHU�

5�� =
���� ⋅ (OQ��) ⋅ N� ⋅ ϕ'��� ⋅ π� ⋅ 1 ⋅ Q� -� ���

+HUH�� ϕ' LV� WKH� TXDQWXP� \LHOG� RI� WKHHQHUJ\� GRQRU� IOXRUHVFHQFH�� 1�� $YRJDGURQXPEHU�� Q�� WKH� PHGLXP� UHIUDFWLRQ� LQGH[�N��� WKH� RULHQWDWLRQ� IDFWRU� WDNHQ� DV� ���� IRUFKDRWLF�VSDWLDO�RULHQWDWLRQ�RI�WKH�GRQRU�DQGDFFHSWRU�7KH� FRUUHVSRQGLQJ� QXPHULFDO� UHVXOWV� DUHVKRZQ� LQ� 7DEOH���� ,Q� WKH� ODVW� FROXPQ�� WKHFULWLFDO� WUDQVIHU� FRQFHQWUDWLRQV� DUH� SUH �

)LJ����� (PLVVLRQ� VSHFWUXP� RI� WKH� �,�� ������,,�� ���� ��� ,,,�� ���� ��� FRPSRVLWLRQ� XQGHUSRO\FKURPDWLF�H[FLWDWLRQ�)LJ�����6HOHFWLRQ�RI�WKH�FRPSRQHQW�FRQFHQWUD�WLRQ�UDWLRV�EDVLQJ�RQ�UHTXLUHPHQW�RI�FRPSOHWHDQG� KRPRJHQHRXV� DEVRUSWLRQ� ZLWKLQ� WKH� YLV�LEOH� UHJLRQ� �FRQFHQWUDWLRQV�� ,�� ���� ��� ,,��������,,,���������
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VHQWHG�DQVZHULQJ�WR�WKH�DFFHSWRU�FRQFHQWUD �WLRQ� SURYLGLQJ� WKH� HQHUJ\� WUDQVIHU� HIIL �FLHQF\�HTXDO�WR������RI�WKH�GRQRU�HPLVVLRQHIILFLHQF\�����
$� = ����� ⋅ π�⁄� ⋅ 1 ⋅ 5��� ���

$FFRUGLQJ� WR� WKH� UHVXOWV� REWDLQHG�� WKHFRQFHQWUDWLRQV� RI� WKH� FRPSRVLWLRQ� FRPSR �QHQWV�FDQ�EH�VHOHFWHG�E\�VROYLQJ�WKH�V\VWHPRI� HTXDWLRQV� ���� ZKHUH� WKH� G\H� UDWLRV� DUHVHOHFWHG�WR�SURYLGH�WKDW�WKH�WRWDO�FRQFHQWUD �WLRQ�RI�HDFK�GRQRU�DFFHSWRU�SDLU� LV�HTXDO�WRWKH�FRUUHVSRQGLQJ�FULWLFDO�FRQFHQWUDWLRQ� $��&, + &,, = ���� ⋅ ��−��&, + &,,, = ���� ⋅ ��−��&,, + &,,, = ���� ⋅ ��−��
���

7KH� WHVWLQJ� UHVXOWV� RI� FRPSRVLWLRQ� IRU �PXODWHG�LQ�WKLV�IDVKLRQ���������,���������,,���������� ,,,��KDYH� VKRZQ� WKDW�ZKHQ�WKHLQLWLDOO\� FODLPHG� UHVXOW� LV� DWWDLQHG�� L�H�� WKHUHDEVRUSWLRQ� LV� UHGXFHG� DQG� WKH� PD[LPXPHPLVVLRQ� ZDYHOHQJWK� RI� WKH� VDPSOH� LV� DS �SURDFKHG� WKDW� RI� WKH� 1,5�HPLWWLQJ� OXPLQR �SKRU� LQ� GLOXWHG� VROXWLRQ�� WKH� WRWDO� FRPSRVL �WLRQ� HIILFLHQF\� PXVW� EH� VRPHZKDW� UHGXFHG�VLQFH� WKH� UHVLGXDO� HPLVVLRQ� RI� VKRUW�ZDYH �OHQJWK� FRPSRQHQWV� LV� LQFUHDVHG� DV� FRPSDUHGWR�WKH�FRPSRVLWLRQ�WHVWHG�EHIRUH��VHH�)LJ�����7KHUHIRUH��WKH�FRPSRVLWLRQ�KDV�EHHQ�VXE �MHFWHG� WR� D� IXUWKHU� PRGLILFDWLRQ� FRQVLVWLQJLQ� WKDW� WKH� ,,� DQG� ,,,� FRQFHQWUDWLRQV� ZHUHLQFUHDVHG� XS� WR� OHYHOV� RI� FRUUHVSRQGLQJFULWLFDO� WUDQVIHU� FRQFHQWUDWLRQV� $� �)LJ�����WKH� VKRUW�ZDYHOHQJWK� FRPSRQHQW� ,� FRQFHQ �WUDWLRQ�UHPDLQLQJ�XQFKDQJHG�7KXV��ZH�PDQDJHG� WR� EULQJ� WKH� VSHFWUDOSDUDPHWHUV� RI� WKLV� FRPSRVLWLRQ� QHDU� WRWKRVH� RI� WKH� FDVFDGH� FRPSRVLWLRQ� REWDLQHGXQGHU�WKH�ILUVW�DSSURDFK��ZKLOH�WKH�FRQWHQWRI�WKH�ODVW�HPLWWLQJ�FRPSRQHQW�ZDV�ORZHUHG�WKXV�UHGXFLQJ�LWV�UHDEVRUSWLRQ�

7KH� ZRUN� KDV� EHHQ� SHUIRUPHG� XQGHU� IL �QDQFLDO�VXSSRUW�RI�67&8��3URMHFW�������5HIHUHQFHV���5�6RWL��(�)DUNDV��0�+LOEHUW�HW�DO���-��/XPLQHV�FHQFH��������������������5�6RWL��(�)DUNDV��0�+LOEHUW�HW�DO���-��/XPLQHV�FHQFH��������������������$�0�7DOHE�� 5HQHZDEOH� (QHUJ\�� ���� �������������1�1�%DUDVKNRY��0�(�*OREXV��$�$�,VFKHQNR��HWDO���=K��3ULNO��6SHNWU���������������������:�+�0HOKXLVK�� -��3K\V��&KHP��� ���� ��������������$�2�'RURVKHQNR��$�9�.LULFKHQNR��9�*�0LWLQD�2�$�3RQRPDU\RY�� -��3KRWRFKHP��3KRWRELRO��$�&KHP��������������������0�3RSH�� &�(�6ZHQEHUJ�� (OHFWURQLF� 3URFHVVHVLQ�2UJDQLF�&U\VWDOV��&ODUHQGRQ�3UHVV��2[IRUG�8QLYHUVLW\�3UHVV��1HZ�<RUN��������

)LJ����� $EVRUSWLRQ� DQG� IOXRUHVFHQFH� VSHFWUDIRU� D� WKLQ� VDPSOH� RI� PRGLILHG� FRPSRVLWLRQ������ �� ,������� �� ,,������� �� ,,,�� XQGHUSRO\FKURPDWLF�H[FLWDWLRQ�

7DEOH���� &KDUDFWHULVWLFV� RI� QRQ�UDGLDWLYH� HQHUJ\� WUDQVIHU� EHWZHHQ� WKH� FDVFDGH� FRPSRQHQWV� D VHVWLPDWHG�XVLQJ�WKH�)RHUVWHU�WKHRU\�IRU�WROXHQH�VROXWLRQV
'\H�SDLUV -��PRO��⋅FP� 5���Å $���PRO�/2YHUODS�LQWHJUDO�RI�WKH�GRQRUDQG�DFFHSWRU�VSHFWUD &ULWLFDO�)RHUVWHU�UDGLXV &ULWLFDO�DFFHSWRUFRQFHQWUDWLRQ�������WUDQVIHU�, → ,, ����⋅����� ���� ����⋅����, → ,,, ����⋅����� ���� ����⋅����,, → ,,, ����⋅����� ���� ����⋅����
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