
7KHUPDOO\�VWLPXODWHG�FXUUHQWV�RI�=Q±%L±2WKLQ�ILOP�DUUHVWHUV
$�*XEDQVNL��-�=LDMD��:�0LVWD

,QVWLWXWH�RI�(OHFWULFDO�(QJLQHHULQJ�)XQGDPHQWDOV��:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\�����:\E��:\VSLDQVNLHJR�XO����������:URFODZ��3RODQG,QVWLWXWH�RI�/RZ�7HPSHUDWXUH�DQG�6WUXFWXUH�5HVHDUFK��3ROLVK�$FDGHP\�RI�6FLHQFHV����2NROQD�XO����������:URFODZ��3RODQG
&HUDPLF� YDULVWRUV� EDVHG� RQ� ]LQF� R[LGH� KDYH� H[FHOOHQW� SURSHUWLHV� DV� SURWHFWLRQ�GHYLFHVXVHG�LQ�SRZHU�LQGXVWU\��+RZHYHU��WKHLU�EUHDNGRZQ�YROWDJH��GHSHQGHQW�RQ�QXPEHU�RI�JUDLQERXQGDULHV�� LV� WRR� KLJK� IRU� XVH� LQ� HOHFWURQLF� DSSOLFDWLRQV�� ,Q� WKLV�ZRUN�� SHUIRUPDQFH� RIPLFUR�GHYLFHV� KDYLQJ� YDULVWRU�W\SH� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� ZLWK� ORZ� EUHDNGRZQYROWDJH�LV�UHSRUWHG��7KH�WKHUPDOO\�VWLPXODWHG�GHSRODULVDWLRQ�FXUUHQW��76'&��WHFKQLTXH�ZDVXVHG� WR� VWXG\� WKH� GLHOHFWULF� UHOD[DWLRQ� RI� WKH� =Q±%L±2 WKLQ�ILOP� DUUHVWHUV�� 7KH� VXUIDFHYDULVWRU� OD\HUV�ZHUH�SUHSDUHG�E\�U�I��PDJQHWURQ�VSXWWHULQJ�RQ�QLFNHO�VXSSRUW��7KH�76'&PHDVXULQJ�V\VWHP�DQG�FU\RVWDW�DSSDUDWXV�XVHG�LQ�H[SHULPHQW�KDYH�EHHQ�GHVFULEHG�
zË¯ÈäÒ�Ë°}ÒË�mÈ¯Ò°�º¯©�ÓÈ�º°ÓºmË�º}°Ò�È��ÒÓ}È�ºãÈ�È
��º�ãÒ�Ó©äÒ�°mº®°�mÈäÒ}È}� �°�¯º®°�mÈ� ÏÈ�Ò�©� m� ªÓË¯�Ë�Ò�Ë°}º®� ¹¯ºä©�ãËÓÓº°�Ò�� |�ÓÈ}º� Ò²� ÓÈ¹¯«ÎËÓÒ«¹¯ºº«��ÏÈmÒ°«�ÒË�º��}ºãÒ�Ë°�mÈ�äËÎÏË¯ËÓÓ©²��¯ÈÓÒ���°ãÒ�}ºä�m©°º}Ò��ã«�Ò°¹ºã	Ïº�mÈÓÒ«�m�ªãË}�¯ºÓÒ}Ë��{�ÓÈ°�º«�Ë®�¯Èº�Ë�º¹Ò°ÈÓ©�¯Èº�ÒË�²È¯È}�Ë¯Ò°�Ò}Ò�äÒÓÒÈ�
¯�Ó©²��°�¯º®°�m��ÒäË
�Ò²�mºã	�Èä¹Ë¯Ó©Ë�²È¯È}�Ë¯Ò°�Ò}Ò��Ò¹È�mÈ¯Ò°�º¯Ó©²�Ò�ÓÒÏ}ÒËÓÈ¹¯«ÎËÓÒ«� ¹¯ºº«��iã«� Ò°°ãË�ºmÈÓÒ«� �ÒªãË}�¯Ò�Ë°}º®� ¯ËãÈ}°È�ÒÒ� �ºÓ}º¹ãËÓº�Ó©²=Q±%L±2 ¯ÈÏ¯«�ÓÒ}ºm� ¹¯ÒäËÓËÓ� äË�º� �º}È� �Ë¯äº°�Òä�ãÒ¯ºmÈÓÓº®� �Ë¹ºã«¯ÒÏÈ�ÒÒ���vi��� �ºmË¯²Óº°�Ó©Ë� °ãºÒ� mÈ¯Ò°�º¯ºm� ¹ºã��ËÓ©� äË�º�ºä� m©°º}º�È°�º�Óº�º� äÈ�ÓË��¯ºÓÓº�º�ÓÈ¹©ãËÓÒ«�ÓÈ�ÓÒ}ËãËmº®�¹º�ãºÎ}Ë��|¹Ò°ÈÓ©�°Ò°�ËäÈ��ã«�ÒÏäË¯ËÓÒ«���vi�Ò}¯Òº°�È���Ò°¹ºã	ÏºmÈÓÓ©Ë�m�¯Èº�Ë�

(OHFWURQLF�GHYLFHV�ZLWK� VWURQJO\�QRQ�OLQ �HDU� FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� �YDULV �WRUV��PDGH�RI�]LQF�R[LGH��=Q2��ZHUH�LQYHVWL�JDWHG� LQ� WKH� 8665� DOUHDG\� LQ� HDUO\� ILIWLHVRI� WKH� ODVW� FHQWXU\� >����@�� %XW� D� FRQVLGHU �DEOH� GHYHORSPHQW� LQ� WKLV� NLQG� RI� PDWHULDOVIRU�WHFKQLFDO�DSSOLFDWLRQV�KDV�EHHQ�LQLWLDWHGLQ�WKH�VHYHQWLHV�RI�WKH� ODVW�FHQWXU\� >�@��8SWR�QRZ��VHYHUDO�RWKHUV��EXW�VWLOO�YHU\� LQWHU �HVWLQJ�DQG�SURPLVLQJ��SURSHUWLHV�RI� =Q2 DUHZHOO� NQRZQ� DQG� GRFXPHQWHG�� ZKLFK� PD\ILQG� WKHLU� DSSOLFDWLRQV� LQ� YDULRXV� WHFKQRO �RJ\�ILHOGV��H�J���LQ�VDIHW\�GHYLFHV�DV�VHQVRUVRI� UHGXFLQJ� DQG� R[LGL]LQJ� JDVHV� >�Ü�@� DQG�WKDQNV� WR� UHPDUNDEOH� RSWLFDO� SURSHUWLHV� >���@�� LQ� RSWRHOHFWURQLFV�� 7KDW� LV� ZK\� WKHZRUNV�ZKLFK� IRFXV� RQ� WHFKQRORJLFDO� DVSHFWVRI�YDULRXV�GHYLFHV��PDVVLYH��WKLFN�DQG�WKLQ�OD\HU��PDGH�RI�=Q2 DUH�WRSLFDO�

,Q� WKLV� ZRUN�� UHDFWLYH� PDJQHWURQ� VSXW �WHULQJ� SURFHVV� ZDV� XVHG� WR� JURZ� ILOPV� RI=Q2�� $�PHWDOOLF� DOOR\� RI� ]LQF� DQG� ELVPXWK�ZLWK�=Q�%L FRQFHQWUDWLRQ�UDWLR�HTXDO�WR�����ZDV�XVHG�DV�D�VSXWWHU�WDUJHW��7KH�VSXWWHULQJSURFHVV� ZDV� UXQ� LQ� D� UHDFWLYH� DWPRVSKHUHPDGH�RI�R[\JHQ�DQG�DUJRQ�ZLWK�YROXPH�FRQ �FHQWUDWLRQ� UDWLR� 2��$U EHLQJ� YDULHG� IURP� �WR� ���� 7KH� HQHUJ\� GHQVLW\� UHOHDVHG� DW� WKHVSXWWHUHG� WDUJHW� ZDV� YDULHG� IURP� �� WR���:�FP��� 7KH� DWWDLQHG� ILOP� JURZWK� UDWHZDV� YDU\LQJ� IURP� ���� QP�PLQ� IRU� SXUHDUJRQ� WR� ��� QP�PLQ� IRU� SXUH� R[\JHQ�� 7KHILOPV�REWDLQHG�IRU�2��$U YROXPH�FRPSRVLWLRQUDWLR� ODUJHU� WKDQ� �� ZHUH� WUDQVSDUHQW� ZLWKVOLJKWO\�\HOORZLVK�WLQW��$OO�WKH�REWDLQHG�OD\ �HUV� KDG� VWURQJO\� QRQ�OLQHDU� FXUUHQW�YROWDJHFKDUDFWHULVWLFV� �)LJ������ 7KH� VZLWFK�RQ� YROW �DJH� RI� WKH� WKLQ�ILOP� YDULVWRUV� ZDV� YDU\LQJIURP�IHZ�WHQWKV�RI�YROW�WR�IHZ�YROWV�DQG�WKH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

�� )XQFWLRQDO�PDWHULDOV�������������



QRQ�OLQHDULW\� FRHIILFLHQW� α IURP� �� WR� ���GHSHQGLQJ�RQ�WKH�OD\HU�WKLFNQHVV�7KH�,�9 FKDUDFWHULVWLFV�RI�REWDLQHG�VSHFL �PHQV� ZHUH� PHDVXUHG� E\� VFDQQLQJ� WKH� '&HOHFWULF�ILHOGV�DW�D�VSHHG�RI�����WR���9�PLQXQWLO�WKH�FXUUHQW�IORZLQJ�WKURXJK�WKH�VSHFL �PHQV� UHDFKHG� �� P$�� 7KHVH� PHDVXUHPHQWVZHUH�FDUULHG�RXW�DW�URRP�WHPSHUDWXUH�7KH� WKHUPDOO\� VWLPXODWHG� GHSRODUL]DWLRQFXUUHQWV��76'&��ZHUH�PHDVXUHG�XVLQJ�VKRUW�FLUFXLW� PHWKRG� >�@�� 7KH� DSSDUDWXV� VHW� IRU76'&�PHDVXUHPHQWV�LV�VKRZQ�LQ�)LJ�����7KHFU\RVWDW�FKDPEHU�LV�VKRZQ�LQ�)LJ����7KH�VDPSOH���WR�EH�H[DPLQHG�LV�SODFHG�LQFU\RVWDW� FKDPEHU� EHWZHHQ� HOHFWURGHV� �� DQG��VHSDUDWHG�HOHFWULFDOO\�E\�SODWHV�FXW�RXW�RIDQ�$O�2� VLQJOH�FU\VWDO��%RWK�HOHFWURGHV�DUHWKHUPDOO\�VKRUWHG�E\�LQHUWLDO�FRSSHU�EORFN���EHLQJ�D�ERWWRP�RI�WDQN�IRU�FU\RJHQLF�IOXLG�ZLWK�KHDWLQJ�FRLO��7KH�PDVV�RI�FRSSHU�EORFNLV� FDOFXODWHG� VR� DV� WR� DVVXUH� WKH� WKHUPDOFDSDFLW\�RI�WKH�V\VWHP�ZDV�VXIILFLHQW�WR�DW �WDLQ� ERWK� WKH� VWDELOLW\� RI� WKH� SUHVHW� WHP �SHUDWXUH� �LQ� WKH� UDQJH� RI� ���Ü���� .�� LQ���PLQ�DQG�FRROLQJ�WKH�PHDVXUHG�VDPSOH�WROLTXLG�QLWURJHQ�WHPSHUDWXUH�LQ���PLQ��(OHF �WURGH���LV�IL[HG�WR�PRELOH�FKXFN���DQG�WKHU �PDOO\� VKRUWHG� E\� FRXSOLQJ� SLHFH� �� ZLWKEORFN���ZKHUH�WKH�3W����WHPSHUDWXUH�VHQVRU��LV�SODFHG�7KH�76'&�PHDVXUHPHQWV�ZHUH�PDGH�LQ�DYDFXXP� �DERXW� ��Ü� 3D���ZKLFK� DOORZV�XV� WRPHDVXUH�GLVFKDUJH�FXUUHQWV�DW�WKH�QRLVH�OHYHOa�⋅��Ü�� $� �.HLWKOH\� ����� HOHFWURPHWHU�� LQWKH�WHPSHUDWXUH�UDQJH�RI����.�WR�����.�ZLWKOLQHDU� WHPSHUDWXUH� UDPS� E  � ��GHJ�PLQ� IRUVWHDG\� WKHUPRHOHFWUHW� IRUPDWLRQ� FRQGLWLRQVZLWK� IRUPDWLRQ� WLPH��WHPSHUDWXUH�DQG�HOHF �WULF� ILHOG� WI  ���� PLQ�� 7I  � ���� .�� DQG(I  ��⋅��� 9�P��UHVSHFWLYHO\�7KH� ,�9 FKDUDFWHULVWLF� RI� =Q±%L±2 WKLQ�ILOP�YDULVWRUV�LV�VKRZQ�LQ�)LJ�����$OO�YDULV �WRUV� WHVWHG� H[KLELWHG� QRQOLQHDU� ,�9 FKDUDF�

WHULVWLFV�� $� W\SLFDO� 76'&� VSHFWUXP� RI� =Q±%L±2 WKLQ�ILOP�YDULVWRUV� LV�VKRZQ�LQ�)LJ����7ZR� FKDUDFWHULVWLF� FXUUHQW� SHDNV� LQ� WKHILHOG� WKLQ�ILOP�YDULVWRU�76'&�VSHFWUXP�FDQEH�GLVWLQJXLVKHG��7KH� ILUVW� FXUUHQW� SHDN�� αDSSHDUV� ZLWKLQ� WKH� WHPSHUDWXUH� UDQJH� RI���� WR� ���� .� �LWV� WHPSHUDWXUH� SRVLWLRQ� LVDERXW�����.���7KDW�WKH� α SHDN�VHHPV�WR�EHUHODWHG� WR� WKH�SKDVH� WUDQVLWLRQ� LQ� WKH� WKLQ�ILOP� YDULVWRU� VWUXFWXUH�� 7KH� QH[W� FXUUHQWSHDN��ρ LV�FDXVHG�E\�D�VSDFH�FKDUJH�LQ�ORFDO �LVHG�VWDWHV�DW�=Q2 JUDLQ�ERXQGDULHV�7KXV�� WKH� VKDSH� RI� ,�9 FKDUDFWHULVWLFVPHDVXUHG� IRU� WKLQ�ILOP� YDULVWRU� VWUXFWXUHVDOORZV� XV� WR� FRQFOXGH� WKDW� HYHQ� LQ� VXFK� DVLPSOH� WZR�FRPSRQHQW� V\VWHP�� LW� LV� DOUHDG\SRVVLEOH� WR� REWDLQ� D� YDULVWRU� HIIHFW� ZLWKUHODWLYHO\� ORZ� EUHDNGRZQ� YROWDJH�� 7KLV� LVSRVVLEOH� ZKHQ� WKHUPDO� YDFXXP� HYDSRUDWLRQ

)LJ����� 6FKHPDWLF� GLDJUDP� RI� PHDVXULQJVHWXS� IRU� 76'&� >��@�� ��� PHDVXULQJ� FKDPEHU�FU\RVWDW��� ��� YDFXXP� � V\VWHP�� ��� WHPSHUD�WXUH�FRQWUROOHU�����WHPSHUDWXUH�SURJUDPPLQJXQLW�� ��� SRZHU� VXSSO\�� ��� UHIHUHQFH� WR� FROGMXQFWLRQV� RI� WKHUPRFRXSOH�� ��� SHUVRQDO� FRP�SXWHU�����HOHFWURPHWHU�

)LJ����� ,�9 FKDUDFWHULVWLFV� RI� WKLQ�ILOP�YDULV�WRUV�LQ�2��DWPRVSKHUH�DW�URRP�WHPSHUDWXUH�

)LJ�����&URVV�VHFWLRQ�RI�FU\RVWDW�FKDPEHU��

$�*XEDQVNL�HW�DO����7KHUPDOO\�VWLPXODWHG�FXUUHQWV����

)XQFWLRQDO�PDWHULDOV������������� ��



RI�SXUH�PHWDOV�LV�XVHG�DV�D�GHSRVLWLRQ�SURF �HVV��7KH�76'&�VSHFWUXP�RI�WKH�LQYHVWLJDWHGWKLQ�ILOP� YDULVWRU� VKRZV� SUHVHQFH� RI� WZRSHDNV�� 7KHVH� SHDNV� DUH� FRQQHFWHG� ZLWKSKDVH� WUDQVLWLRQ� RI� LQYHVWLJDWHG� PDWHULDODQG�VSDFH�FKDUJH�W\SH�GHSRODULVDWLRQ��$GGL �WLRQDO�LQYHVWLJDWLRQV�ZLOO�EH�FDUULHG�RXW�$FNQRZOHGJHPHQW�� 7KH� SURMHFW� ZDV� VXS�SRUWHG� E\� 3ROLVK� 6WDWH� &RPPLWWHH� IRU� 6FLHQ �WLILF�5HVHDUFK�.%1��JUDQW�1R���7���$��������5HIHUHQFHV���.K�6�9DOH\HY�� 9�$�.QD\D]HY�� 1�*�'UR]GRY�(OHFWULFKHVWYR������������������0�6�.RVPDQ�� (�*�3HWWVROG��8FK��=DS��/HQLQJU�*RV��3HGDJRJ��,QVW��LP�$�,�*HUWVHQD�� ����� �������������0�0DWVXRND�� -DS��-��$SSO��3K\V��� ��>�@�� �������������:�0LVWD��-�=LDMD��0�-DURV]HZVNL��3U]��(OHNWUR�WHFK���������������������-�=LDMD�� 0�-DURV]HZVNL�� $�*XEDQVNL�� 3U]�(OHNWURWHFK���������������������0�(JDVKLUD�� <�6KLPL]X�� <�7DNDR�� <�)X�NX\DPD�� 6HQVRUV� DQG� $FWXDWRUV�� %���� ���������

���6�%DFKLU�� .�$]XPD�� -�.RVVDQ\L� HW� DO��� -��/X�PLQHVFHQFH�������������������-�&�5RQIDUG�+DUHW�� -�.RVVDQ\L�� &KHP�� 3K\V���������������������0�1DZDWD�� .�.DZDPXUD�� 0�,HGD�� LQ�� 3URF�&RQI���WK� ,QW��6\PS��RQ� +LJK� 9ROWDJH� (QJL�QHHULQJ�� 1HZ� 2UOHDQV�� /$�� 86$�� $XJ���Ü6HSW��������������$�*XEDQVNL��%�0DFDOLN��3ROLVK�3DW��1R�3��������������
�Ë¯äº°�Òä�ã	ºmÈÓL�°�¯�äÒ�m��ºÓ}º¹ãLm}ºmÒ²=Q±%L±2 ¯ºÏ¯«�ÓÒ}È²

k���ÈÓ	°}L��Ð�~««��{�lL°�È
zË¯ÈäL�ÓL� mÈ¯Ò°�º¯Ò� ÓÈ� º°ÓºmL� º}°Ò��� �ÒÓ}�� äÈ
�	 mL�äLÓÓL� mãÈ°�Òmº°�L� «}� ¹¯Ò�°�¯º��ÏÈ²Ò°���m�ËÓË¯�Ë�Ò�ÓL®�¹¯ºäÒ°ãºmº°�L���¯º�Ë��²�ÓÈ¹¯��Ò�¹¯ºº
��«}L�ÏÈãËÎÈ�	 mL�}Lã	}º°�L� äLÎÏË¯ËÓÓÒ²� �¯ÈÓÒ�	�� ¼� ÓÈ��º� mÒ°º}ÒäÒ� �ã«� ÏÈ°�º°�mÈÓÓ«� m� ËãË}�¯ºÓL�L�{� ¯ºº�L� º¹Ò°ÈÓº� ¯ºº�L� ²È¯È}�Ë¯Ò°�Ò}Ò� äLÓLÈ�
¯ÓÒ²� ¹¯Ò°�¯º�m�� «}L� äÈ
�	 mºã	�Èä�¹Ë¯ÓL� ²È¯È}�Ë¯Ò°�Ò}Ò� �Ò¹�� mÈ¯Ò°�º¯ÓÒ²��È�ÓÒÏ	}L�ÓÈ¹¯��Ò�¹¯ºº
��iã«��º°ãL�ÎËÓÓ«�LËãË}�¯Ò�Óº��¯ËãÈ}°È�L���ºÓ}º¹ãLm}ºmÒ²�=Q±%L±2 ¯ºÏ¯«�ÓÒ}Lm�ÏÈ°�º°ºmÈÓº�äË�º� °�¯��ä�� �Ë¯äº°�Òä�ã	ºmÈÓº�� �Ë¹ºã«¯ÒÏÈ�L�� �v�vi��� �ºmË¯²ÓËmL��È¯Ò� mÈ¯Ò°�º¯Lm� º�Ë¯ÎÈÓLäË�º�ºä� mÒ°º}º�È°�º�Óº�º� äÈ�ÓË�¯ºÓÓº�º� ÓÈ¹ÒãËÓÓ«� ÓÈ� ÓL}ËãËmL®� ¹L�}ãÈ��L�� |¹Ò°ÈÓº°Ò°�Ëä���ã«�mÒäL¯
mÈÓÓ«���vi��È�}¯Lº°�È���«}��mÒ}º¯Ò°�ÈÓL�m�¯ºº�L�

)LJ�����76'&�VSHFWUXP�IRU�=Q±%L±2 WKLQ�ILOPYDULVWRU�

$�*XEDQVNL�HW�DO����7KHUPDOO\�VWLPXODWHG�FXUUHQWV����

�� )XQFWLRQDO�PDWHULDOV�������������


