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UHIOHFWLQJ� WKH�SRVLWLRQ�RI� WKH�JURXS� LQ� WKLV�VSHFWURFKHPLFDO

VHULHV�6−���DPLQH���&22−��7KHUHIRUH��WKH�VWUXFWXUH�,,,�LV�DOVR

HOLPLQDWLRQ��DQG�LQ�WKH�V�FLV�>&R�GPHGED��/�6PF�@�FRPSOH[

WKH�FRRUGLQDWLRQ�RI�/�6PF�WDNH�SODFH�WKURXJK�WKH�DPLQH�DQG

FDUER[\ODWH� JURXS� �VWUXFWXUH� ,�� WR� WKH� PHUULGLRQDO� 1�� 2

FKHODWLRQ�

7KH�&'� VSHFWUXP� RI��� �)LJXUH� ����ZKLFK�ZDV� SURGXFHG

IURP� WKH� UHDFWLRQ� EHWZHHQ� WKH� UDFHPLF� DQG� WKH� RSWLFDOO\

DFWLYH�/�6PF��VKRZV�WKH�QHJDWLYH�GRPLQDQW�&RWWRQ�HIIHFW�LQ

WKH� 7�J� UHJLRQ� LQGLFDWLQJ� WKH� IDFW� WKDW� �� KDV� EHHQ� VWHUHR�

VSHFLILFDOO\�\LHOGHG�ZLWK�D�∆�DEVROXWH�FRQILJXUDWLRQ�������7KH
RSWLFDOO\� DFWLYH� /�6PF� OLJDQG� KDV� VKRZQ� D� UHPDUNDEOH

VWHURVSHFLILFLW\�WR�JLYH�WKH�∆�VWHUHRLVRPHU�LQ�LWV�FRRUGLQDWLRQ
WR�WKH�UDFHPLF�V�FLV�>&R�GPHGED�&O�@

−�FRPSOH[�VLQFH�LW�KDV

UHDFWHG�ZLWK�RQO\�WKH�∆�LVRPHU�RXW�RI�WZR��∆�DQG�Λ��RSWLFDO
LVRPHUV�� 6XFK� VWHUHRVSHFLILF� UHDFWLRQ� FDQ� EH� XWLOL]HG� WR

)LJXUH����7KH�JHRPHWULFDO� LVRPHU�RI�V�FLV�>&R�GPHGED��/�6PF�@
FRPSOH[�
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UHVROYH�WKH�UDFHPLF�PL[WXUHV�RI�PHWDO�FRPSOH[HV��6WUXFWXUH

RI���DQG���DUH�DOVR�HOXFLGDWHG�E\��+�QPU�GDWD��,Q�WKH��+�QPU

VSHFWUXP�RI����WKH�PHWK\O�DQG�PHWK\OHQH�SURWRQV�RI�WKH�HWK\O

JURXS�RQ�WKH�α�FDUERQ�DUH�VKRZQ�DW��UHVSHFWLYHO\������SSP�DV
D�WULSOHW�DQG�����SSP�DV�D�TXDUWHW�� WKH�1�PHWK\O�SURWRQV�DW

����SSP�DV�D�VLQJOHW��DQG�WKH�PHWK\OHQH�SURWRQV�EHWZHHQ�WZR

QLWURJHQ�GRQRU�DWRPV�DW�����SSP�DV�D�VLQJOHW��ZKLOH�WKH�α�
FDUERQ�PHWK\OHQH�SURWRQ�DW�����SSP�DV�D�WULSOHW��6XEVWLWXWLRQ

RI� FKORUR� OLJDQGV� IRU� /�6PF� ORZHUV� WKH� V\PPHWU\� RI� WKH

FRPSOH[�IURP�&��WR�&���7KH�6�PHWK\O�SURWRQV�RI���DUH�VKRZQ

DW�����SSP�DV�WZR�VLQJOHWV��ZKLOH�WKH�PHWK\OHQH�SURWRQV�RI

WKH� FRRUGLQDWHG� /�6PF� OLJDQG� ���� SSP� DV� D� GRXEOHW�� 7KH

PHWK\O�DQG�PHWK\OHQH�SURWRQV�RI�WKH�HWK\O�JURXS�RQ�WKH�α�
FDUERQ�RI�GPHGED�RI���DUH�VKRZQ�DW��UHVSHFWLYHO\������SSP�DV

D�EURDG�WULSOHW��HVVHQWLDOO\�WZR�WULSOHWV��DQG���������SSP�DV

WZR�TXDUWHWV�

7KH�R[LGDWLRQ�RI���ZLWK�+�2�� LQ�D�� � ��PROH� UDWLR�KDYH

\LHOGHG�D�VXOIHQDWR�FRPSOH[�RI���DV�D�UHG�YLROHW�VROLG��7KH

LQIUDUHG�VSHFWUXP�RI����)LJXUH����VKRZV�WKH�6�2�VWUHWFKLQJ

YLEUDWLRQ� DW� ����� FP−�� DV� RSSRVHG� WR� WKH� 6 2� VWUHWFKLQJ

EDQG� RI� WKH� IUHH� /�6�2�PF� DW� ����� FP−��� 6XFK� VXOIHQDWH

VWUHWFKLQJ� YLEUDWLRQ� KDV� EHHQ� VKRZQ� DW� ���� FP−�� IRU

>&R�HQ���F\VWHLQHVXOIHQDWR�@
�� DQG� DW� �������� FP−�� IRU

>&R�HQ���VXOIHQDWR�@
�� FRPSOH[HV������� LQ� ZKLFK� WKH� VXOIXU

DWRP�LV�FRRUGLQDWHG�WR�FREDOW�,,,��LRQ��,Q�RXU�FRPSRXQG���WKH

VXOIHQDWR� JURXS� LV� QRW� FRRUGLQDWHG� EXW� UHPDLQV� DV� D� IUHH

VXOIHQDWH�JURXS��7KH�λPD[� LQ� WKH�YLVLEOH� IRU��� �)LJXUH���� LV

���� QP�� ZKLFK� LV� WKH� VDPH� DV� WKDW� IRU� ��� DQG� WKXV� +�2�

R[LGDWLRQ� RI� �� RFFXUV� ZLWKRXW� GLVUXSWLRQ� RI� WKH� SULPDU\

FRRUGLQDWLRQ�VSKHUH�RI�WKH�FREDOW�FHQWHU��7KH�&'�FXUYH�IRU��

LV� VRPHZKDW� GLIIHUHQW� IURP� WKDW� IRU� �� EHFDXVH� RI� WKH

FRQWULEXWLRQ� IURP� WKH� VXOIXU� DWRP�ZKLFK� EHFRPHV� D� FKLUDO

FHQWHU�XSRQ�R[LGDWLRQ��7KH��+�SPU�VSHFWUXP�RI��� VKRZV�D

GRZQILHOG�VKLIW�RI�6�PHWK\O�SURWRQV�IURP�����SSP�LQ���WR����

SSP��6XFK�GRZQILHOG�VKLIWV�DOVR�REVHUYHG�1�PHWK\O�SURWRQV

DQG�PHWK\OHQH�SURWRQV�

2[LGDWLRQ�RI�/�6PF�ZLWK�+�2��LQ�D�� � ��PROH�UDWLR�JLYHV

WKH�6�PHWK\O�/�F\VWHLQH�VXOIHQDWH����7KH�6�2�VWUHWFKLQJ�DE�

VRUSWLRQ�RI���LV�VKRZQ�DW������FP−��DQG�WKH��+�SPU�VSHFWUXP

VKRZV�WKH�GRZQILHOG�VKLIW�RI�V�PHWK\O�VLQJOHW�IURP�����SSP

RI�WKH�XQR[LGDWHG�/�6PF�WR�����SSP�

7KH�GLUHFW�UHDFWLRQ�RI���ZLWK���LQ�EDVLF�DTXHRXV�VROXWLRQ�DW

S+���KDV�\LHOGHG����7KH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUD��)LJXUH

���DQG��+�QPU��,5��)LJXUH����FRQYLQFH�WKDW�WKLV�GLUHFW�PHWKRG

JLYHV�WKH�VDPH�FRPSOH[�DV�WKDW�REWDLQHG�E\�R[LGDWLRQ�UHDFWLRQ

RI���ZLWK�VWRLFKLRPHWULF�+�2��

,Q�DQ�DFLGLF�DTXHRXV�VROXWLRQ�DW�S+����KRZHYHU��WKH�UHDFWLRQ

RI���ZLWK���KDV�SURGXFHG�D�YHU\�GLIIHUHQW�FRPSOH[��LQ�ZKLFK

WKH� VXOIHQDWR� VXOIXU� KDV� FRRUGLQDWHG� WR� FREDOW�,,,�� LRQ� DV� D

GRQRU� DWRP�� 7KH� YLVLEOH� VSHFWUXP� RI� �� �)LJXUH� ��� FOHDUO\

VKRZV�WKDW�WKH�1��6�FKHODWLRQ�KDV�RFFXUUHG��ZKHUH�WKH�λPD[�RI

$�J�→�7�J��2K��YLVLEOH�DEVRUSWLRQ�VKRZV�D�UHG�VKLIW�WR����

QP�IURP�WKH�λPD[�RI������QP�IRU���ZLWK�WKH�FRRUGLQDWLRQ�RI

VXOIXU� DWRP� WR� FREDOW�,,,�� LRQ������� 7KH� ,5� VSHFWUXP� RI� �

VKRZV� WKH� XQFRRUGLQDWHG� �&22+� YLEUDWLRQ� DW� ����� FP−�

DORQJ� ZLWK� WKH� FRRUGLQDWHG� �&22� YLEUDWLRQ� RI� GPHGED

OLJDQG�DW������FP−���7KH�6�2�YLEUDWLRQ�LV�VKRZQ�DW������FP−��
�+�QPU�VSHFWUXP�RI���DOVR�VKRZV�D�SDWWHUQ�VXLWDEOH�IRU�WKH

VXOIXU�FRRUGLQDWHG�FRPSOH[HV�

,W� LV� QRWHG� WKDW� LQ� RXU� UHDFWLRQ� EHWZHHQ� WKH� 6�PHWK\O�

F\VWHLQH� VXOIHQDWR� OLJDQG� V\VWHP� KDYLQJ� WKUHH� �1�� 2�� 6�

GRQRU� DWRP� DQG� GLFKORUR� FREDOW�,,,�� FRPSOH[� RI� GPHGED�

ERWK�1�2�FKHODWLRQ�DQG�1��6�FKHODWLRQ��KDYH�EHHQ�REVHUYHG

IRU�WKH�ILUVW�WLPH�LQ�WKLV�ZRUN�LQ�WKH�>&R�1�2��W\SH�OLJDQG�

�DPLQR�DFLG�@�W\SH�FRPSOH[�SUHSDUDWLRQ�GHSHQGLQJ�XSRQ�WKH

EDVLFLW\�RU�DFLGLW\�RI�WKH�UHDFWLRQ�V\VWHP��6WXGLHV�WR�REVHUYH

VXFK�SKHQRPHQD�IXUWKHU�DUH�XQGHU�ZD\�

)LJXUH� ��� (OHFWURQLF� DEVRUSWLRQ� DQG� &'� VSHFWUD� RI� V�FLV�PHU�
>&R�GPHGED��/�6PF�������

BB
���V�FLV�>&R�GPHGED��/�6�2�PF�@����

������YLD�R[LGDWLRQ�RI�E\�+�2���DQG�HOHFWURQLF�DEVRUSWLRQ�VSHFWUXP
RI� V�FLV�>&R�GPHGED��/�6�2�PF�@� ���� E\� UHDFWLRQ� EHWZHHQ� V�FLV�
>&R�GPHGED�&O�@

−�DQG�/�6�2�PF�LQ�EDVLF�VROXWLRQ��Â−Â−Â��
)LJXUH����,5�VSHFWUD�RI��D��V�FLV�PHU�>&R�GPHGED��/�6PF��������E�
V�FLV�>&R�GPHGED��/�6�2�PF�@�����YLD�R[LGDWLRQ�RI���E\�+�2���DQG
�F�� V�FLV�>&R�GPHGED��/�6�2�PF�@� ����E\� UHDFWLRQ�EHWZHHQ�V�FLV�
>&R�GPHGED�&O�@

−�DQG�/�6�2�PF�LQ�EDVLF�VROXWLRQ�
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