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(PLVVLRQ� VSHFWUD� RI� WKDOOLXP� LQ� WKH� ZDYHOHQJWK� UDQJH� RI� ���±���� QP� H[FLWHG� E\HOHFWURQ�DWRP� FROOLVLRQV� ZHUH� VWXGLHG� DW� HOHFWURQ� HQHUJLHV� IURP� ��� WR� ���� H9��� QHZ� OLQHV� ZHUH� UHYHDOHG� LQ� WKH� VSHFWUD�� 7DNLQJ� LQWR� DFFRXQW� WKHLU� LQWHQVLW\� EH�KDYLRXU�DQG�KDYLQJ�DQDO\]HG�SUHYLRXV�GDWD�RQ�WKH��V�S� FRQILJXUDWLRQ�H[FLWDWLRQ�ZHKDYH�WHQWDWLYHO\�DVVLJQHG�WZR�RI�WKHP��DW�������DQG�������QP��WR�WKH�UDGLDWLYH�GHFD\RI�WKH�DXWRLRQL]LQJ��V�S� OHYHOV��7KH�UHVW�RI�WKH�OLQHV�FRXOG�SUREDEO\�EH�DWWULEXWHG�WRWKH�UDGLDWLYH�GHFD\�RI�KLJKHU�O\LQJ��V�SQO OHYHOV�,QWURGXFWLRQ7KH� �V��S� FRQILJXUDWLRQ� RI� WKDOOLXPDWRP� FRPSULVHV� HLJKW� OHYHOV�� 6HYHQ� RI� WKHPOLH� DERYH� WKH� ILUVW� LRQL]DWLRQ� SRWHQWLDO� >�@�7KHVH� OHYHOV�� H[FOXGLQJ� WZR� RI� WKHP� ZLWK- �����DUH�ZHOO�NQRZQ�IURP�WKH�SKRWRDEVRUS�WLRQ�VWXGLHV�>�@��)RXU�RI�WKHP�ZHUH�REVHUYHGLQ� WKH� HMHFWHG�HOHFWURQ� VSHFWUD� >�@�� $� VROHH[SHULPHQWDO�REVHUYDWLRQ�RI� UDGLDWLYH� WUDQVL�WLRQV�IURP�WKH��V�S� OHYHOV�ZDV�UHSRUWHG�HDU�OLHU�LQ�>�@��)RXU�VXFK�VSHFWUDO� OLQHV�DW��������������������DQG�������QP�ZHUH�REVHUYHG�LQHPLVVLRQ� VSHFWUXP�� 7KH\� DFFRPSDQLHG� GL�HOHFWURQLF�UHFRPELQDWLRQ�SURFHVV�RI�WKDOOLXPLRQV�LQ�FROOLVLRQV�ZLWK�HOHFWURQV��7KH�SUHVHQWDUWLFOH� LV� GHYRWHG� WR� RXU� DWWHPSWV� WR� UHYHDOUDGLDWLYH� GHFD\� RI� WKH� �V�S� DXWRLRQL]LQJOHYHOV� LQ� WKDOOLXP� DWRP� H[FLWHG� E\� HOHFWURQLPSDFW�
([SHULPHQW7KH�PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� XV�LQJ�DQ�DSSDUDWXV�VLPLODU� WR� WKDW�GHVFULEHG� LQ

GHWDLO� HDUOLHU� >�@�� %ULHIO\�� LW� FRQVLVWHG� RI� DUDGLDWLRQ� VRXUFH� DQG� D� VSHFWUDO� GHYLFH�� 7KHUDGLDWLRQ�VRXUFH�ZDV�EDVHG�RQ�WKH�PHWKRG�RIFURVVHG�HOHFWURQLF�DQG�DWRPLF�EHDPV��$V�WKHVRXUFH� RI� WKH� HOHFWURQ� EHDP�� D� WKUHH�DQRGHHOHFWURQ� JXQ� ZLWK� D� ULEERQ� R[LGH� FDWKRGHZDV�XVHG� LQ� WKH�SUHVHQW� H[SHULPHQW�� )RU� WKHRXWSXW� HOHFWURQ� HQHUJLHV� ��±���� H9� WKH� HQ�HUJ\� VSUHDG�RI� WKH� HOHFWURQ�EHDP�ZDV� DERXW� H9� DQG� LWV� FXUUHQW� GHQVLW\� GLG� QRW� H[FHHGWKH� YDOXH� RI� ��±� $�FP��� 7KH� DWRPLF� EHDPVRXUFH� ZDV� RI� HIIXVLRQ� W\SH� ZLWK� D� KHDWHUFRPSULVLQJ�WZR�RSHQ�PRO\EGHQXP�ZLUH�VSL�UDOV� ORFDWHG� FORVH� WR� WKH� FUXFLEOH�� 7KH� JH�RPHWU\� RI� WKH� EHDP�ZDV� IRUPHG� E\� D� ´KRW´����PP�LQ�GLDPHWHU�DQG����PP�ORQJ�FKDQQHOPDGH�LQ�WKH�FUXFLEOH�FDS��7KH�GHQVLW\�RI� WKHWKDOOLXP�DWRPV� LQ� WKH� LQWHUDFWLRQ�UHJLRQ�ZDVDERXW���������� DW�FP���7KH�ZRUNLQJ�SUHVVXUHRI�WKH�DSSDUDWXV�ZDV�DERXW��î��±� 7RUU�$V�D� VSHFWUDO�GHYLFH�� WKH�YDFXXP�PRQR�FKURPDWRU� EDVHG� RQ� WKH� 6H\D�1DPLRNDVFKHPH� ZDV� XVHG�� 7KH� ����� OLQHV�PP� DOX�PLQLXP�FRDWHG� WRURLGDO� FRQFDYH� JUDWLQJSURWHFWHG� E\� D�0J)� OD\HU� ZDV�PRXQWHG� LQWKH�GHYLFH��,WV�PHULGLRQDO�DQG�VDJLWWDO�UDGLL�RI
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FXUYDWXUH� ZHUH� ���� DQG� ���� PP�� UHVSHF�WLYHO\�� 7KH� FRPSXWHU�FRQWUROOHG� VWHSSHUPRWRU�ZDV�HPSOR\HG� WR�URWDWH� WKH�JUDWLQJ�RIWKH� PRQRFKURPDWRU� E\� PHDQV� RI� D� ZRUPJHDU�� 7KH� ZLGWKV� RI� WKH� HQWUDQFH� DQG� H[LWPRQRFKURPDWRU� VOLWV� ZKHQ� UHFRUGLQJ� WKHVSHFWUD� ZHUH� ���� PP� FRUUHVSRQGLQJ� WR� WKHa����� QP� VSHFWUDO� ZLGWK� RI� WKH� VOLWV�� 7KHRXWSXW�SKRWRQ�IOX[�ZDV�GHWHFWHG�ZLWK�D�VRODU�EOLQG� )(8����� SKRWRPXOWLSOLHU� ZLWK� &V,SKRWRFDWKRGH�� ,WV�PD[LPDO� VHQVLWLYLW\�ZDYH�OHQJWK� UDQJH� LV� VKLIWHG� WR� ���±���� QP��7KHHPLVVLRQ� VSHFWUD� ZHUH� UHFRUGHG� DXWRPDWL�FDOO\� E\� D�FRPSXWHU�FRQWUROOHG�GDWD�DFTXLVL�WLRQ�V\VWHP�ZLWK�WKH�XVH�RI�D�VSHFLDOO\�GHYHO�RSHG�VRIWZDUH�SDFNDJH�
5HVXOWV�DQG�GLVFXVVLRQ7KDOOLXP� VSHFWUD� LQ� WKH� ZDYHOHQJWKUDQJH�RI����±����QP�DW� WKH�HOHFWURQ� LPSDFWHQHUJLHV��������������������DQG�����H9�ZHUHREWDLQHG��7KLV�UDQJH�ZDV�VHOHFWHG�WR�VLPSOLI\WKH� LGHQWLILFDWLRQ�SURFHVV��/RZHU� DQG�KLJKHUZDYHOHQJWK� OLPLWV� ZHUH� FKRVHQ� WR� DYRLGVWURQJ�EDFNJURXQG� IURP� WKH�7O� ,,� UHVRQDQFHOLQH�������QP���V� �6� ±��V�S��3R���DQG�7O�,,LQWHUFRPELQDWLRQ� OLQH� ������ QP� ��V� �6� ±�V�S� �3R��� ZKLFK� FRXOG� PDVN� WKH� ZHDNHUOLQHV�� 7KH� ZDYHOHQJWK� VFDOH� ZDV� FDOLEUDWHGDJDLQVW�WKH�NQRZQ�7O�,,�OLQH�DW�������QP���S�3R� ±��G �'����7KH�GHWHUPLQDWLRQ�RI�VSHFWUDOOLQH�ZDYHOHQJWKV�ZDV�SHUIRUPHG�ZLWK�DQ�DF�FXUDF\�RI�������QP�$OO� WKH� VSHFWUD� PHDVXUHG� DUH� VKRZQ� LQ)LJ�� ���'RWV� FRUUHVSRQG� WR� WKH� H[SHULPHQWDOGDWD�ZKLOH�VROLG�FXUYHV�GHSLFW�WKH�UHVXOW�RI���SRLQW� VPRRWKLQJ� RI� WKH� GDWD�� $ERYH� DOO�� DODUJH� QXPEHU� RI� ZHDN� VSHFWUDO� OLQHV� ZKLFKDSSHDU� LQ� WKH� VSHFWUD� DW� WKH� LPSDFW� HOHFWURQHQHUJLHV� OHVV� WKDQ� ��� H9� LV� HYLGHQW�� 7KH\VOLJKWO\� YDU\� LQ� LQWHQVLW\� ZLWK� WKH� LQFLGHQWHOHFWURQ� HQHUJ\� LQFUHDVH�� EXW� WKH� QXPEHU� RIWKHVH� OLQHV� UHPDLQV� WKH� VDPH�� :LWK� IXUWKHULQFLGHQW�HOHFWURQ�HQHUJ\�LQFUHDVH�VRPH�DGGL�WLRQDO�OLQHV�DSSHDU�LQ�WKH�VSHFWUD��7DNLQJ�LQWRDFFRXQW� WKH� FKDUDFWHU� RI� WKH� DSSHDUDQFH� RIWKH� OLQHV� LQ� WKH� VSHFWUD� DW� GLIIHUHQW� HQHUJLHVDQG� UHIIHULQJ� WR� WKH� GDWD� IURP� WKH� VSHFWUR�VFRSLF� WDEOHV�>�@��RQH�FDQ�HDVLO\� LGHQWLI\� WKH

OLQHV�ZKLFK� GRPLQDWH� DW� ���� H9�� 7KHVH� DUH7O� ,,� OLQHV�DW�������QP�DQG�������QP��7KHLUH[FLWDWLRQ� WKUHVKROGV� DUH� DERXW� ����� H9�� ,QWKH� ORQJ� ZDYHOHQJWK� ZLQJ� RI� WKH� ������QPOLQH�RQH�FDQ�VHH�D�IHDWXUH�ZKLFK�FRUUHVSRQGVWR� WKH�7O ,,� OLQH� DW� ������QP�� ,W� LV� QRW� VHSD�UDWHG� EHFDXVH� RI� WKH� SRRU� PRQRFKURPDWRUUHVROXWLRQ��:H�DOVR�FOHDUO\�REVHUYH�WKH�7O�,,,OLQH�DW�������QP�LQ�WKH�����H9�VSHFWUXP�

)LJ�����7KDOOLXP�SKRWRQ�HPLVVLRQ�VSHFWUD�LQ�WKH�ZDYH�OHQJWK� UDQJH� RI� ���±���� QP� PHDVXUHG� DW� GLIIHUHQWLQFLGHQW�HOHFWURQ�HQHUJLHV�
7DEOH���SUHVHQWV��ZKHUH�SRVVLEOH��DOO� LQ�IRUPDWLRQ� RQ� WKH� VSHFWUDO� OLQHV� FOHDUO\� GH�WHFWHG�� LQFOXGLQJ� WKHLU� ZDYHOHQJWKV�� LPSDFWHOHFWURQ� HQHUJ\� YDOXHV� IRU� ZKLFK� WKH� OLQHFRXOG�EH�REVHUYHG��H[FLWDWLRQ�WKUHVKROGV�DQGDVVLJQPHQWV�� ,W� VKRXOG� EH� HPSKDVL]HG� WKDWZH�FRXOG�QRW� LGHQWLI\� WKH�XQNQRZQ�OLQHV�XV�
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LQJ� WKH� VSHFWURVFRSLF� WDEOHV�� DV� ZHOO� DV� DW�WULEXWH� WKHP� WR� WKH�SUREDEOH� LPSXULWLHV� VXFKDV� OHDG� DWRPV� RU� UHVLGXDO�JDV� PROHFXOHV�0RVW�RI� WKHP�FRXOG�EH� IRXQG� LQ� WKH� VSHFWUDDW� ���� ���� ��� DQG� ��� H9�� 2I� WKH� XQNQRZQOLQHV� WKH�PRVW� LQWHQVH� DUH� ������� ������ DQG������ QP�� :H� VXSSRVH� IRU� WKHVH� OLQHV� WKHH[FLWDWLRQ� WKUHVKROGV� WR� EH� OHVV� WKDQ� ��� H9�

7KXV�ZH� UHODWH� DW� OHDVW� VRPH� RI� WKHVH� OLQHVWR� WKH�7O� ,� OHYHO� V\VWHP��2QH� FDQ� WU\� WR� DW�WULEXWH�WKHP�WR�UDGLDWLYH�WUDQVLWLRQV�IURP�WKHOHYHOV�RI�WKH�ORZHVW�DXWRLRQL]LQJ��V�S� FRQ�ILJXUDWLRQ�� DOO� WKH� PRUH� VR� WKDW� WKHUH� LV� DQLQIRUPDWLRQ�RQ�WKH�H[SHULPHQWDO�REVHUYDWLRQRI�IRXU�HPLVVLRQ�OLQHV�DULVLQJ�IURP�WKH��V�S�OHYHOV�>�@�BBBBBBBBBBBBBBBBBB 7DEOH���:DYHOHQJWKV��O��DQG�H[FLWDWLRQ�WKUHVKROGV��(H[F��RI�DOO�OLQHV�REVHUYHG�FRQVLVWHQWO\LQ�WKH�HPLVVLRQ�VSHFWUD�RI�WKDOOLXP�LQ�WKH�UDQJH���������QP�6LJQV�³���´�PDUN�WKH�SUHVHQFH��DEVHQFH�RI�WKH�OLQHV�LQ�VSHFWUD�1 O�QP (H[F�H9 �� �� �� �� �� �� ��� ,GHQWLILFDWLRQ
� ����� ���� � � � � � � �� ����� ���� � � � � � � � 7O�, ^��V��S��3R��� ± �V�S���3����`� ����� ���� � � � � � � � 7O�, ^��V��S��3��� ± �V�S� �3����`� ����� ����� � � � � � � � 7O�,,�^��S��3R� ±��G �'��`� ����� ����� � � � � � � �� ����� ����� � � � � � � � 7O�,,,�^�G���S��3R��� ±��G�� ��6���S�`� ����� ����� � � � � � � �� ����� ���� � � � � � � �� ����� ����� � � � � � � � 7O�,,�^��S��3R� ±��G �'��`�� ����� ����� � � � � � � � 7O�,,�^��S��3R� ±��G �'��`�� ����� ����� � � � � � � ��� ����� ����� � � � � � � ��� ����� ����� � � � � � � ��� ����� ����� � � � � � � ��� ����� ����� � � � � � � ��� ����� ����� � � � � � � ��� ����� ����� � � � � � � � 7O�,,,�^��V�S�V��6��� ±��G���S��3R���`�� ����� ����� � � � � � � �
���&DOLEUDWLRQ�SRLQW�>�@ BBBBBBBBBBBBBBBBBBBBBB

7KH�GLIILFXOWLHV�LQ�WKH�LGHQWLILFDWLRQ�RIWKH� HQHUJ\� OHYHOV� RI� WKH� �V�S� FRQILJXUD�WLRQ� DUH� GXH� WR� WKH� PL[LQJ� RI� WKH� OHYHOVZKLFK�ZDV�FODULILHG� LQ�>�@��,Q�7DEOH���� WKHLQIRUPDWLRQ� DERXW� DOO� HLJKW� OHYHOV� RI� WKH�V�S� FRQILJXUDWLRQ� DFFRUGLQJ� WR� >�@� LVFROOHFWHG�� 7KH� ODVW� WZR� FROXPQV� JLYH� WKHZDYHOHQJWKV� RI� WKH� VSHFWUDO� OLQHV� �LQ� YDF�XXP��DFFRUGLQJ�WR�WKHLU�UDGLDWLYH�GHFD\� WRWKH� ERWK� JURXQG� �V��S� �3R����� ���� VWDWHV� RIWKDOOLXP�

,Q�WKH�HMHFWHG�HOHFWURQ� VSHFWUD�RI� WKDOOLXP>�@�� IRXU� OLQHV� UHODWHG� WR� WKH� �V�S� FRQILJXUD�WLRQ� ZHUH� IRXQG�� 7KUHH� RI� WKHP� DUH� NQRZQIURP�WKH�SKRWRDEVRUSWLRQ�VSHFWUD��FRUUHVSRQG�LQJ� WR� WKH� OLQHV�DW�������������� DQG�������QP>����@��7KH�IRXUWK�OLQH��WKH�LQWHQVH�OLQH�ZLWK�WKHHMHFWHG�HOHFWURQ� HQHUJ\� RI� ����� H9�� IURP� WKHVSHFWUD�LQ�>�@�ZDV�LGHQWLILHG�ZLWK�WKH�WKHRUHWL�FDOO\�SUHGLFWHG�OHYHO >�@��EXW�WKH�FRUUHVSRQGLQJOLQH�DW��������QP��VHH�7DEOH����GLG�QRW�DSSHDULQ�WKH�SKRWRDEVRUSWLRQ�VSHFWUD�
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7DEOH���,QIRUPDWLRQ�RQ�WKH�HQHUJ\�OHYHOV�RI�WKH�7O�,��V�S� FRQILJXUDWLRQDQG�LWV�FRPELQDWLRQV�ZLWK�WKH�JURXQG�OHYHOV�>�@�
/6 -M ?��FP±� ?��H9 OYDF IURP�3�����QP OYDF IURP��3��� ��������FP±���QP�3��� � � �������� ����� ����� ������ ������

�3��� � � �������� ����� ����� ������ ������
�3��� � � �������� ����� ����� ±± ������
�'��� � � �������� ����� ����� ������ ������
�'��� � � �������� ������WKHRU\�� ����� ±± ������
�3�����6��� � � �������� ����� ����� ������ ������
�6�����3��� � � �������� ������WKHRU\� ����� ������ ������
�3��� � � �������� ����� ����� ������ ������

7KH� ZLGWK� RI� WKH� OLQHV� REVHUYHG� LQ� WKHSKRWRDEVRUEWLRQ�VSHFWUD�VKRZV�WKDW�WKH�PDLQFKDQQHO� RI� GHFD\� RI� WKH� �V�S�� DXWRLRQL]LQJVWDWHV�LV�HOHFWURQ�HMHFWLRQ�>�@��7KDW�LV�ZK\�WKHUDGLDWLYH�GHFD\�RI�WKH�OHYHOV�RI�WKLV�FRQILJX�UDWLRQ� FRXOG� QRW� EH� LQWHQVH�� $W� WKH� SUHVHQWWLPH�WKHUH�LV�QR�RWKHU�LQIRUPDWLRQ�RQ�WKH�RE�VHUYDWLRQ�RI�VXFK�OLQHV�H[FHSW�>�@�&RPSDULQJ� WKH� H[SHULPHQWDOO\� GHWHU�PLQHG� ZDYHOHQJWKV� RI� WKH� XQNQRZQ� OLQHVIURP�WKH�VSHFWUD�DW�GLIIHUHQW� HOHFWURQ� LPSDFWHQHUJLHV� �VHH� )LJ�� ��� ZLWK� WKH� FDOFXODWHGZDYHOHQJWK� YDOXHV� IURP� 7DEOH� ��� RQH� FDQLGHQWLI\� WZR� OLQHV� DW� ������ DQG� ������ QP�%RWK� OLQHV� DUH� DWWULEXWHG� WR� WKH� WUDQVLWLRQVIURP�WZR�KLJKHU�OHYHOV�RI�WKH��V�S� FRQILJX�UDWLRQ� WR� WKH� XSSHU� FRPSRQHQW� �3��� RI� WKHWKDOOLXP�JURXQG� VWDWH��7KH� OLQH� DW� ������ QPZDV� REVHUYHG� DV� D� UHVXOW� RI� GLHOHFWURQLF� UH�FRPELQDWLRQ� LQ� WKH� HOHFWURQ�LRQ� FROOLVLRQVH[SHULPHQW�>�@�DV�ZHOO�DV�WKH�XSSHU�OHYHO�IRUWKH�OLQH�DW�������QP�ZDV�REVHUYHG�HDUOLHU� LQWKH�HMHFWHG�HOHFWURQ�VSHFWUD�>�@�7KH� RULJLQ� RI� RWKHU� XQNQRZQ� OLQHV� RE�VHUYHG� LQ� WKH� VSHFWUD� FRXOG�EH� UHODWHG� WR� WKH

WUDQVLWLRQV� IURP� KLJKO\�H[FLWHG� DXWRLRQL]LQJ�V�S�V���V�S�S�DQG��V�S�G�FRQILJXUDWLRQV�WRWKH�RUGLQDU\��V��V���V��S�DQG��V��G�FRQILJX�UDWLRQV� RI� WKDOOLXP��$FFRUGLQJ� WR� WKH� FDOFX�ODWLRQV� RI� WKHVH� DXWRLRQL]LQJ� FRQILJXUDWLRQHQHUJLHV�� WKHLU� ORZHU� OHYHOV� VKRXOG� OLH� LQ� WKHUDQJH� RI� ��±�� H9�� $GGLWLRQDO� LQIRUPDWLRQFRXOG�EH�REWDLQHG�DIWHU�PHDVXULQJ� WKH�FRUUH�VSRQGLQJ� H[FLWDWLRQ� WKUHVKROGV� RI� WKH� DERYHPHQWLRQHG�OLQHV�
&RQFOXVLRQV8VLQJ� WKH� HOHFWURQ� DQG� DWRPLF� FURVVHGEHDP� WHFKQLTXH�� WKH� HPLVVLRQ� VSHFWUD� RIWKDOOLXP�ZHUH�LQYHVWLJDWHG�LQ�WKH�ZDYHOHQJWKUDQJH�RI����±����QP��,W�ZDV�GHWHUPLQHG�WKDWWKH�7O� ,,� DQG�7O� ,,,� OLQHV� DUH� HIIHFWLYHO\� H[�FLWHG�DW� WKH� LQFLGHQW�HOHFWURQ�HQHUJLHV�DERYH�����H9��DQG�WKH�7O�,,�OLQHV�GRPLQDWH�:H� KDYH� IRXQG� XQNQRZQ� ORZ�LQWHQVLW\OLQHV� H[FLWHG� DW� WKH� HQHUJ\� OHVV� WKDQ� ��� H9�7ZR�RI�WKHP��������DQG�������QP��FRXOG�EHUHODWHG� WR� WKH� UDGLDWLYH� GHFD\� RI� WKH� 7O� ,



8]KKRURG�8QLYHUVLW\�6FLHQWLILF�+HUDOG��6HULHV�3K\VLFV��,VVXH�����±�����

���

�V�S��FRQILJXUDWLRQ��7KHLU�LQLWLDO�OHYHOV��O\LQJDERYH� WKH� LRQL]DWLRQ� SRWHQWLDO�� GHFD\� WR� WKHJURXQG��3��� �VWDWH�RI�WKDOOLXP��7KH�RULJLQ�RIWKH� RWKHU� XQNQRZQ� OLQHV� FRXOG� SUREDEO\� EH
UHODWHG� WR� WKH� WUDQVLWLRQV� IURP� WKH� KLJKO\�H[FLWHG� DXWRLRQL]LQJ� �V�S�V�� �V�S�S� DQG�V�S�G�FRQILJXUDWLRQV� WR� WKH�RUGLQDU\� �V��V��V��S�DQG��V��G�FRQILJXUDWLRQV�RI�WKDOOLXP�

5HIHUHQFHV
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