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,QWURGXFWLRQ7KH�HOHFWURFKHPLFDO�EHKDYLRU�RI�FRSSHU�LQ�DTXHRXV�VROXWLRQV�FRQWDLQLQJ�GLIIHUHQW�FRPSRVLWLRQV�RI�FDUERQDWH�DQG�ELFDUERQDWH�LRQV�KDV�EHHQ�VWXGLHG�LQ�GLIIHUHQW�FRQGLWLRQV�>���@�� 7KHUH� LV� D� JHQHUDO� DJUHHPHQW� WKDW� LQLWLDOO\� D� SRURXV� SUHSDVVLYH� ILOP� RI� &X�2� LV�IRUPHG� IROORZHG� E\� DQ� RXWHU� OD\HU�� FRPSRVHG� E\� &X2�&X�2+�� DV� LQ� SODLQ� VRGLXP�
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K\GUR[LGH� VROXWLRQV� >����@�� $� JUDGXDO� FKDQJH� RI� WKH� RXWHU� OD\HU� OHDGV� WR� D� FRPSOH[�SDVVLYH� OD\HU� FRPSRVHG� RI� EDVLF� FRSSHU� FDUERQDWHV� >���������@�� ,W� KDV� DOVR� EHHQ� IRXQG�WKDW�WKH�SDVVLYH�OD\HU�IRUPDWLRQ�DOVR�LQYROYHV�WKH�DSSHDUDQFH�RI�&X�,��DQG�&X�,,��VROXEOH�VSHFLHV�>�������@��%HVLGHV�� LW�KDV�EHHQ�SURYHG�WKDW�WKH�SUHVHQFH�RI�ELFDUERQDWH�GRHV�QRW�LQWHUIHUH�ZLWK�WKH�&X�2�ILOP�IRUPDWLRQ�>�@�$OWKRXJK�PDQ\�DXWKRUV�KDYH�UHSRUWHG�VWXGLHV�DERXW� WKH�IRUPDWLRQ�RI�R[LGHV�DQG�SDVVLYH�ILOPV��VRPH�ILQHU�GHWDLOV�RI�WKH�ILUVW�SURGXFW�IRUPDWLRQ�LQ�WKH�DQRGLF�R[LGDWLRQ�RI�FRSSHU�VWLOO�UHPDLQ�XQILQLVKHG��7KHUHIRUH��LW�LV�LQWHUHVWLQJ�ERWK�IURP�WKH�IXQGDPHQWDO�DQG�SUDFWLFDO�VWDQGSRLQW�WR�HQFRXUDJH�QHZ�PHDVXUHPHQWV�LQ�RUGHU�WR�FRQILUP�SUHYLRXV�UHVXOWV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�7KH� DLP� RI� WKLV� ZRUN� LV� WR� SUHVHQW� UHVXOWV� RI� WKH� HOHFWURFKHPLFDO� EHKDYLRU� RI�FRSSHU� HOHFWURGHV� LQ� GLIIHUHQW� FDUERQDWH�ELFDUERQDWH� EXIIHU� VROXWLRQV� ZLWK� HPSKDVLV� LQ�WKH� SRWHQWLDO� UDQJH� RI� &X�,�� R[LGH� HOHFWURIRUPDWLRQ� DQG� HOHFWUR�UHGXFWLRQ� E\� XVLQJ�YROWDPPHWULF�PHDVXUHPHQWV��RSHQ�FLUFXLW�H[SHULPHQWV�DQG�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�)XUWKHU�LQIRUPDWLRQ�ZDV�JDLQHG�XVLQJ�HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\�([SHULPHQWDO0HDVXUHPHQWV� ZHUH� SHUIRUPHG� LQ� D� FRQYHQWLRQDO� WKUHH�FRPSDUWPHQW� FHOO�� +LJK�SXULW\� SRO\FU\VWDOOLQH� FRSSHU� URWDWLQJ� GLVFV� �-RKQVRQ� 0DWWKH\� &KHPLFDOV�� ����� FP�DSSDUHQW�DUHD��HPEHGGHG�LQ�37)(�KROGHUV�ZHUH�XVHG�DV�WKH�ZRUNLQJ�HOHFWURGHV��$�ODUJH�DUHD�SODWLQXP�VKHHW�ZDV�XVHG�DV�WKH�FRXQWHU�HOHFWURGH�DQG�D�VDWXUDWHG�FDORPHO�HOHFWURGH��6&(�� ZDV� WKH� UHIHUHQFH� HOHFWURGH� ZLWK� D� +DEEHU�/XJJLQ� FDSLOODU\� WLS�� (OHFWURO\WH�VROXWLRQV�FRQVLVWHG�RI�D�PL[WXUH�RI������0�.+&2� ��\�0�.�&2� �������d \�d �����������d S+� d ���� DQG� LRQLF� VWUHQJWK� �,�� EHWZHHQ� ����� DQG� ������ 7KH\� ZHUH� SUHSDUHG� IURP�DQDO\WLFDO�JUDGH�UHDJHQWV�DQG�WKUHHIROG�GLVWLOOHG�ZDWHU�SUHYLRXVO\�ERLOHG�WR�UHPRYH�&2���([SHULPHQWV�ZHUH�PDGH�DW����q&�XQGHU�SXULILHG�QLWURJHQ�JDV�VDWXUDWLRQ��9ROWDPPRJUDPV�ZHUH� UHFRUGHG� IRU� VWLOO� HOHFWURGHV� E\� HPSOR\LQJ� VLQJOH� �6736�� DQG� UHSHWLWLYH� �5736��WULDQJXODU� SRWHQWLDO� VZHHSV� EHWZHHQ� SUHVHW� FDWKRGLF� �(V�F�� DQG� DQRGLF� �(V�D�� VZLWFKLQJ�SRWHQWLDOV�DW�D�SRWHQWLDO�VFDQ�UDWH RI�������9�V���� ,PSHGDQFH�PHDVXUHPHQWV��(,6�� LQ� WKH�IUHTXHQF\�UDQJH����N+]�t I t ��P+]��ZLWK�I  �Z ���S��ZHUH�REWDLQHG�XVLQJ�D�=DKQHU�,0���DW�RSHUDWLRQDO�SRWHQWLDOV�EHWZHHQ��������9�DQG��������9��6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��ZDV�SHUIRUPHG�XVLQJ�D�-(2/�-60���&)�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�5HVXOWV�DQG�GLVFXVVLRQ9ROWDPPHWULF�0HDVXUHPHQWV)LJXUH �� VKRZV� D� W\SLFDO� YROWDPPRJUDP� RI� FRSSHU� LQ� VWLOO� �����0�.+&2� �� �����0�.�&2� VROXWLRQ��S+������,� ������UXQ�EHWZHHQ�(V�F  ��������9�DQG�(V�D  �������9�DW�Y� �������9�V����7KH�SRVLWLYH�JRLQJ�SRWHQWLDO�VFDQ�H[KLELWV�WKUHH�DQRGLF�FXUUHQW�FRQWULEXWLRQV�DW�a �������9�DQG�a ������9��3HDNV���DQG����UHVSHFWLYHO\��DQG�D�EURDG�SRWHQWLDO�UHJLRQ�ZLWK�D�WKUHVKROG�SRWHQWLDO�DW�a ������9��5HJLRQ�����3HDN���FDQ�EH�DVVRFLDWHG�WR�WKH�&X�2�IRUPDWLRQ�� 3HDN� �� KDV� EHHQ� DWWULEXWHG� WR� &X�2+���&X2� FRPSOH[� OD\HU� IRUPDWLRQ� DQG�5HJLRQ���KDV�EHHQ�UHODWHG�WR�D�SURWHFWLYH�EDVLF�FRSSHU�FDUERQDWH�OD\HU��7KH�UHYHUVH�VFDQ�SUHVHQWV�WKUHH�FDWKRGLF�FRQWULEXWLRQV�ZLWK�FRPSOH[�FRQWRXUV�LQ�WKH��������9�WR��������9�SRWHQWLDO�UHJLRQ��3HDN������������9�WR��������9�SRWHQWLDO�UHJLRQ��3HDN����DQG�DW�FD���������



(OHFWURFKHPLFDO�VWXG\�RI�WKH�ILUVW�OD\HUV�RI�R[LGH�IRUPHG�RQ�FRSSHU�LQ�FDUERQDWH ��
9� �3HDN� ���� 3HDN� �� KDV� EHHQ� DVVRFLDWHG� ZLWK� WKH� HOHFWUR�UHGXFWLRQ� RI� &X�,,�� WR� &X�,��VSHFLHV�>�@��3HDN���KDV�EHHQ�UHODWHG�WR�WKH�HOHFWURUHGXFWLRQ�RI�WKH�EDVLF�FRSSHU�FDUERQDWH�OD\HU�>����@�DQG�3HDN���KDV�EHHQ�DVVLJQHG�WR�WKH�HOHFWUR�UHGXFWLRQ�RI�WKH�&X�,��VSHFLHV�WR�&X����>�@��'XULQJ�WKH�DQRGL]DWLRQ�RI�FRSSHU�LQ�QHXWUDO�DQG�DONDOLQH�VROXWLRQV�ERWK�VROXEOH�&X�,��DQG�&X�,,��VSHFLHV�KDYH�EHHQ�GHWHFWHG�

)LJXUH����6WDELOL]HG�5736��(�M��SURILOHV�REWDLQHG�DW�Y� �������9�V�� ZLWK�FRSSHU�HOHFWURGH�LQ�VWLOO������0�.+&2� �������0�.�&2� VROXWLRQ��S+������,� �����:KHQ�WKH�VWDELOL]HG�YROWDPPRJUDP�ZDV�REWDLQHG�� WKH�SURJUHVVLYH�GHFUHDVH� LQ�(V�D \LHOG�LQIRUPDWLRQ�DERXW� WKH�JHQHVLV�RI� WKH�PXOWLSOLFLW\�RI� WKH�DQRGLF�DQG�WKH�FDWKRGLF�FXUUHQW�SHDNV��)LJXUH�����0RUHRYHU��WKH�JHQHUDO�IHDWXUHV�RI�WKH�YROWDPPHWULF�UHVSRQVH�RI�FRSSHU�LQ� GLIIHUHQW� .+&2� � .�&2� EXIIHUV� UHYHDOHG� WKH� LQIOXHQFH� RI� WKH� S+� DQG� WKH� LRQLF�VWUHQJWK� RI� WKH� HOHFWURO\WH� ZKLFK� DIIHFW� WKH� GHILQLWLRQ� RI� WKH� YDULRXV� FRQMXJDWHG� UHGR[�FRXSOHV��)LJXUH����$SSDUHQWO\��WKH�FRQWULEXWLRQ�RI�DQRGLF�3HDN���FRXOG�QRW�EH�GLVWLQJXLVKHG�FOHDUO\�EHFDXVH�3HDNV���DQG���DUH�RYHUODSSHG��)LJXUHV���DQG����7KH� GLIIHUHQW� QHJDWLYH�JRLQJ� SRWHQWLDO� VFDQV� DIWHU� (V�D FRUUHVSRQGLQJ� WR� WKH� &X�&X�2�SRWHQWLDO�UHJLRQ�LQGLFDWH�WKDW�WKH�RYHUDOO�UHGXFWLRQ�RI�WKH�&X�,��VSHFLHV�DQRGLFDOO\�IRUPHG�LV�D�FRPSOH[�SURFHVV��$W�FRQVWDQW�SRWHQWLDO�VFDQ�UDWH�WKH�KHLJKW�DQG�WKH�FKDUJH�GHQVLW\�RI�3HDN���GHSHQG�RQ�(V�D DQG�RQ�WKH�LRQLF�VWUHQJWK�RI�WKH�EXIIHU��)LJXUHV���DQG�����7KHUHIRUH��WKH�DSSHDUDQFH�RI�3HDN���DV�(V�D LQFUHDVHV��UHVXOWV�QRW�VKRZQ�EXW�WKH\�FRXOG�EH�LQIHUUHG�IURP�)LJXUH����VKRZV�WKDW� WKH�DQRGLF�R[LGDWLRQ�RI�&X�WR�&X�,��DVFULEHG� WR� WKH�SRWHQWLDO�UDQJH�RI� 3HDN� �� SUREDEO\� LQYROYHV� VHYHUDO� VSHFLHV�RI� GLIIHUHQW� UHDFWLYLW\��2Q� WKH� RWKHU�KDQG�� DV� WKH� LRQLF� VWUHQJWK� RI� WKH� HOHFWURO\WH� ZDV� LQFUHDVHG�� WKH� ZKROH� YROWDPPHWULF�
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DQRGLF� FKDUJH� LQFUHDVHV�� DQG� DFFRUGLQJO\�� WKH� UHODWLYH� FXUUHQW� FRQWULEXWLRQ� RI� 3HDN� ��LQFUHDVHG� �)LJXUH� ���� 7KHVH� UHVXOWV� ZHUH� UHODWHG� WR� WKH� IRUPDWLRQ� RI� VROXEOH� FRUURVLRQ�SURGXFWV� UHVXOWLQJ� IURP� WKH� GLVVROXWLRQ� RI� &X�,�� DQG� &X�,,�� VSHFLHV� >�����@�� %HVLGHV��ELFDUERQDWH�EHKDYHG�DV�WKH�DJJUHVVLYH�LRQ�EXW�ZLWK�LQFUHDVLQJ�VROXWLRQ�S+��DQ�DGGLWLRQDO�IDFWRU� WKDW� DIIHFWHG� WKH� GLVVROXWLRQ� SURFHVVHV� VHHPHG� WR� EH� WKH� ORFDO� S+� YDOXH� DW� WKH�UHDFWLRQ�LQWHUIDFH�>��@�+RZHYHU�� GXH� WR� WKH� FRPSOH[� QDWXUH� RI� WKH� HOHFWURFKHPLFDO� SURFHVVHV� LQYROYHG� LW� LV�GLIILFXOW�WR�XQFRXSOH�WKHP�FRPSOHWHO\�

)LJXUH����,QIOXHQFH�RI�WKH�S+�DQG�WKH�LRQLF�VWUHQJWK�RI�WKH�HOHFWURO\WH�RQ�6736�(�M�SURILOHV�REWDLQHG�DW Y� �������9�V�� ZLWK�FRSSHU�HOHFWURGH�LQ�VWLOO������0�.+&2� ��\�0�.�&2� VROXWLRQV��������\� ������0���BBB��\� ������0��������\� �������0�2SHQ�&LUFXLW�([SHULPHQWV7KH� SRWHQWLDO� WUDQVLHQWV� XQGHU� RSHQ� FLUFXLW� IURP� (V�F UHVXOWLQJ� IURP� D� 6736�YROWDPPRJUDP�DUH� LQGHSHQGHQW�RI�(V�D �)LJXUH�����:KHQ� WKH�RSHQ�FLUFXLW�SRWHQWLDO�ZDV�PHDVXUHG�� WKH� UHVW�SRWHQWLDO�RI� WKH�&X����&X�,�� UHGR[� FRXSOH�ZDV� DSSURDFKHG��%HVLGHV��WKH�OLPLWLQJ�RSHQ�FLUFXLW�SRWHQWLDO�ZDV�FORVH�WR�WKH�SRWHQWLDO�RI�WKH�DQRGLF�FXUUHQW�3HDN����(3���UHODWHG�WR�WKH�&X�2�IRUPDWLRQ��)LJXUH����+RZHYHU�� D� FRPSOH[� SRWHQWLDO� GHFD\� LV� VKRZQ� ZKHUH� WZR� UHODWLYHO\� SRRUO\� GHILQHG�WUDQVLWLRQ� WLPHV� DUH� DSSDUHQWO\� REVHUYHG�� 7KH� H[LVWHQFH� RI� GLIIHUHQW� R[\JHQ�FRQWDLQLQJ�FRSSHU� VSHFLHV� LV� DOVR� GHGXFHG� DQG� WKH\� VKRXOG� EH UHODWHG� WR� WKH� YDOXHV� RI� WKH� DUUHVW�SRWHQWLDOV�� 7KH� ILUVW� DUUHVW� SRWHQWLDO� REWDLQHG� LV� SUDFWLFDOO\� WKH� VDPH� IRU� WKH� WKUHH�VLWXDWLRQV��FD���������9��DQG�WKH�ILQDO�UHVW�SRWHQWLDO��DOUHDG\�DQDO\]HG��ZDV�FD���������9��7KHVH�UHVXOWV�UHYHDO�WKH�VWDELOLW\�RI�WKH ILUVW�R[LGH��&X�2��IRUPHG�RQ�WKH�VXUIDFH�HOHFWURGH�



(OHFWURFKHPLFDO�VWXG\�RI�WKH�ILUVW�OD\HUV�RI�R[LGH�IRUPHG�RQ�FRSSHU�LQ�FDUERQDWH ��
6(0�([DPLQDWLRQ)LJXUHV� �� WR� �� VKRZ� 6(0� PLFURJUDSKV� IRU� FRSSHU� VXUIDFHV� IRUPHG� LQ� GLIIHUHQW�H[SHULPHQWDO�FRQGLWLRQV��3ULRU�WR� WKH�H[SHULPHQWV��WKH�FRSSHU�VSHFLPHQV�ZHUH�SRODUL]HG�FDWKRGLFDOO\�DW�(V�F  �������9�IRU���PLQ�WR�REWDLQ�D�UHSURGXFLEOH�HOHFWUR�UHGXFHG�PHWDO�VXUIDFH��7KHQ��D�OLQHDU�SRWHQWLDO�VZHHS�DW�Y� �������9�V�� ZDV�DSSOLHG�XS�WR�(V�D VHW�LQ�WKH�SRWHQWLDO�UDQJH�RI�3HDN���RU�3HDN����(3� RU�(3����DQG�ILQDOO\�D�SRWHQWLDO�KROGLQJ�ZDV�VHW�DW�WKH VHOHFWHG�(V�D IRU����PLQ�6(0�PLFURJUDSKV�VKRZ�FRQVLGHUDEOH�GLIIHUHQFHV�LQ�WKH�FKDUDFWHULVWLFV�DQG�GLVWULEXWLRQ�RI�VXUIDFH� SURGXFWV�ZKHWKHU� WKH� H[DPLQDWLRQV�ZHUH� SHUIRUPHG� DW� (3� �)LJXUH� ��� RU� DW� (3��)LJXUH����RU�DW� D�SRWHQWLDO�SULRU� WR� WKH�EHJLQQLQJ�RI� WKH� FDWKRGLF� FXUUHQW�3HDN��� �FD�� �������9��LQ�WKH�UHYHUVH�SRWHQWLDO�VFDQ�DIWHU�WKH�SRWHQWLDO�KROGLQJ�ZDV�VHW�DW�(3� �)LJXUH����RU�DW�(3� �)LJXUH����

)LJXUH����3RWHQWLDO�WUDQVLHQWV�XQGHU�RSHQ�FLUFXLW�FRQGLWLRQV�UHVXOWLQJ�IURP�(V�F DIWHU�REWDLQLQJ�WKH�6736 (�M�SURILOHV��,QIOXHQFH�RI�(V�D DW�FRQVWDQW�HOHFWURO\WH�FRPSRVLWLRQ�������0�.+&2� �������0�.�&2���S+��������●��(V�D  �(3�����■�(V�D  �(3�����▼�(V�D  �WKUHVKROG�SRWHQWLDO�RI�DQRGLF�FXUUHQW�3HDN���
$� SRRUO\� FU\VWDOOL]HG� GLVFRQWLQXRXV� OD\HU� RI� FRUURVLRQ� SURGXFWV� IRUPHG� RQ� WKH� VXUIDFH�ZDV�REWDLQHG�DW�(3� �)LJXUH��>D@� WKURXJK� >F@���ZKHUHDV� DW�(3� WKH� ILOP� VKRZHG� LVRODWHG�FU\VWDOV� RQ� D� WKLFN� SRURXV� EDVH� ILOP� �)LJXUH� �>D@� WKURXJK� >F@��� )LJXUH� �� VKRZV� ODUJH�LVRODWHG�FU\VWDOV�VXUURXQGHG�ZLWK�VPDOO�QHHGOHOLNH�FU\VWDOV�RQ�D�SRURXV�ILOP��ZKLOH�)LJXUH���H[KLELWV�D�VXUIDFH�FRPSOHWHO\�FRYHUHG�ZLWK�D�KLJK�SRSXODWLRQ�RI�VPDOO�FU\VWDOV��
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)LJXUH����6(0�PLFURJUDSKV�RI�SRO\FU\VWDOOLQH�FRSSHU�VSHFLPHQV�DIWHU�SRWHQWLDO�KROGLQJ�IRU����PLQ�DW�WKH�PD[LPXP�RI�DQRGLF�3HDN���LQ�VWLOO������0�.+&2� �������0�.�&2� ��S+������,� �����

)LJXUH����6(0�PLFURJUDSKV�RI�SRO\FU\VWDOOLQH�FRSSHU�VSHFLPHQV�DIWHU�SRWHQWLDO�KROGLQJ�IRU����PLQ�DW�WKH�PD[LPXP�RI�DQRGLF�3HDN���LQ�VWLOO������0�.+&2� �������0�.�&2�VROXWLRQ��S+������,� �����
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