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DQG�&2��

.H\ZRUGV � &H2���0HWKDQH��3DUWLDO�R[LGDWLRQ�

,QWURGXFWLRQ

&DWDO\WLF�SDUWLDO�R[LGDWLRQ�RI�PHWKDQH��320��LV�RI�JUHDW

SUDFWLFDO�LPSRUWDQFH�LQ�SURGXFLQJ�K\GURJHQ�RU�V\QWKHVLV�JDV

E\�XVLQJ�QDWXUDO�JDV�����320�RIIHUV�WKH�DOWHUQDWLYHO\�JUHDWHVW

SRWHQWLDO� IRU� IDVW�� HIILFLHQW� DQG� HFRQRPLFDO� FRQYHUVLRQ� RI

PHWKDQH�WR�K\GURJHQ�RU�V\QWKHVLV�JDV��GXH�WR�WKH�PLOG�H[R�

WKHUPLFLW\��KLJK�FRQYHUVLRQ��KLJK�VHOHFWLYLW\��VXLWDEOH�+ ��&2

UDWLR� IRU� WKH� )LVFKHU�7URSVFK� DQG�PHWKDQRO� V\QWKHVLV�� DQG

WKH� YHU\� VKRUW� UHVLGHQFH� WLPH�� 7KHUHIRUH�� 320� KDV� EHHQ

VWXGLHG�RYHU�QXPHURXV�VXSSRUWHG�PHWDO�FDWDO\VWV�VXFK�DV�1L�

EDVHG�FDWDO\VWV�DQG�VXSSRUWHG�QREOH�PHWDO�FDWDO\VWV� ��

5DUH�HDUWK�R[LGHV�KDYH�EHHQ�ZLGHO\�LQYHVWLJDWHG�LQ�FDWD�

O\VLV� DV� VWUXFWXUDO� DQG�HOHFWURQLF�SURPRWHUV� WR� LPSURYH� WKH

DFWLYLW\��VHOHFWLYLW\�DQG�WKHUPDO�VWDELOLW\�RI�FDWDO\VWV� ��&H2�

KDV�EHHQ�FRQVLGHUHG�DV�WKH�PRVW�LPSRUWDQW�UDUH�HDUWK�HOHPHQW

LQ�FDWDO\VLV��,W�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKUHH�ZD\�FDWDO\VLV

�7:&�� DQG� IOXLG� FDWDO\WLF� FUDFNLQJ� �)&&���� 6SHFLILFDOO\�

&H2��KDV�SRWHQWLDO�XVHV�IRU�WKH�UHPRYDO�RI�VRRW�IURP�GLHVHO

HQJLQH�H[KDXVW���RUJDQLFV� IURP�ZDVWH�ZDWHUV� �FDWDO\WLF�ZHW

R[LGDWLRQ����DV�DQ�DGGLWLYH�IRU�FRPEXVWLRQ�FDWDO\VWV� ��LQ�IXHO

FHOO�V\VWHPV���7KHUHIRUH��PXFK�HIIRUW�KDV�EHHQ�GHGLFDWHG�WR

VWXG\LQJ� WKH�UROH�RI�FHULD��$V�D�UHVXOW�� LW� LV�NQRZQ� WKDW� WKH

KLJK�R[\JHQ�VWRUDJH�FDSDFLW\��26&��RI�&H2��LPSURYHV�FDWD�

O\WLF� SHUIRUPDQFH� E\� VWRULQJ� R[\JHQ� GXULQJ� R[LGDWLRQ� DQG

UHOHDVLQJ� LW� GXULQJ� UHGXFWLRQ������2WVXND� HW� DO���� IRXQG� WKDW

&H2��LV�DQ�XQXVXDO�R[LGDQW�IRU�R[LGDWLRQ�RI�&+��LQWR�V\QWKH�

VLV�JDV�ZLWK�D�+��&2�UDWLR�RI���ZLWKRXW�SURGXFLQJ�+�2�DQG

&2�� DW� ��������� .�� +RZHYHU�� WKH� 320� UHDFWLRQ� ZDV

H[HFXWHG�E\�SDVVLQJ�D�PL[WXUH�RI�&+��DQG�$U� �� � ��� DIWHU

&H2��ZDV�SUHWUHDWHG�LQ�D�� � ��PL[WXUH�RI�2��DQG�$U�IRU���K

DW� ����.�� 6WULFWO\� VSHDNLQJ��&H2��ZDV� QRW� HPSOR\HG� DV� D

FDWDO\VW�IRU�320�EXW�DQ�R[LGDQW�IRU�&+��R[LGDWLRQ�

5HFHQWO\�� ZH� KDYH� UHSRUWHG� WKDW� 1L�&H�=U2�� H[KLELWHG

KLJK� DFWLYLW\� DV� ZHOO� DV� KLJK� VWDELOLW\� LQ� 320������� VWHDP

UHIRUPLQJ� RI� PHWKDQH� �650�������� DQG� R[\�650� �2650�

VLPXOWDQHRXV�320�DQG�650�����,Q�WKH�FDVH�RI�1L�&H2���LW

VKRZHG�D�YHU\�ORZ�DFWLYLW\�LQ�650�������KRZHYHU��LW�H[KLELW�

HG� IDLUO\� JRRG� DFWLYLW\� LQ� 320��� DQG� UHPDUNDEO\� KLJK

DFWLYLW\�DV�ZHOO�DV�VWDELOLW\�LQ�2650����7KXV��ZH�KDYH�DLPHG

WR�LQYHVWLJDWH�WKH�UROH�RI�&H2��LQ�320�DQG�2650��UHVXOWLQJ

LQ�ILQGLQJ�RXW�YHU\�LQWHUHVWLQJ�UHVXOWV��:H�KDYH�UHSRUWHG�DV�D

FRPPXQLFDWLRQ��� WKDW� &H2�� VKRZV� H[WUDRUGLQDU\� FDWDO\WLF

EHKDYLRU�VWURQJO\�GHSHQGLQJ�RQ�WKH�IHHG�FRPSRVLWLRQ�RI�&+�

DQG�2��DQG�FRXOG�FDWDO\]H�320�JLYLQJ�D�+��&2�UDWLR�RI��

ZLWK�R[\JHQ�GHILFLHQW�IHHG��:H�UHSRUW�KHUH�WKH�GHWDLOHG�320

UHVXOWV�DQG�H[SODLQ�WKH�VWUDQJH�FDWDO\WLF�EHKDYLRU�

([SHULPHQWDO�6HFWLRQ

7KH�&H2�� VDPSOH�HPSOR\HG�ZDV�D� UHDJHQW�JUDGH� �SXULW\

! ������� KDYLQJ� D�%(7� VXUIDFH� DUHD� RI� ���P��J��$FWLYLW\

WHVWV�ZHUH�FDUULHG�RXW�DW������.�XQGHU�DWPRVSKHULF�SUHVVXUH

LQ�D�IL[HG�EHG�TXDUW]�UHDFWRU�������(DFK�FDWDO\VW�����PJ��ZDV

ORDGHG� LQWR� WKH� TXDUW]� UHDFWRU�ZLWK� DQ� LQQHU� GLDPHWHU� RI� �

PP��7KH�UHDFWLRQ�WHPSHUDWXUH�ZDV�PHDVXUHG�DQG�FRQWUROOHG

E\�D�WKHUPRFRXSOH�GLUHFWO\�LQVHUWHG�LQWR�WKH�WRS�OD\HU�RI�WKH

FDWDO\VW� EHG�� 3ULRU� WR� HDFK� UHDFWLRQ� WHVW�� WKH� FDWDO\VW� ZDV

UHGXFHG�LQ����+��1��DW�����.�IRU���K��(IIOXHQW�JDVHV�IURP

WKH�UHDFWRU�ZHUH�DQDO\]HG�E\�DQ�RQ�OLQH�JDV�FKURPDWRJUDSK

�&KURPSDFN� &3������ HTXLSSHG� ZLWK� D� FDSLOODU\� FROXPQ

�&DUER3/27�3���DQG�D�WKHUPDO�FRQGXFWLYLW\�GHWHFWRU��

3XOVH�H[SHULPHQWV�XVLQJ�&+���2��DQG�&+��2��PL[HG�JDV

&RUUHVSRQGLQJ�DXWKRU��)D[�������������������H�PDLO��NZMXQ#

NULFW�UH�NU�
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�&+��2�  ��� ZHUH� SHUIRUPHG� LQ� WKH� TXDUW]� PLFUR�UHDFWRU

ZLWK�DQ�LQQHU�GLDPHWHU�RI���PP��%HIRUH�WKH�UHDFWLRQ�����PJ

RI�HDFK�FDWDO\VW�ZDV�ORDGHG�LQ�WKH�UHDFWRU�DQG�UHGXFHG�LQ�VLWX

LQ����+��1��DW�����
R&�IRU���K��'HWDLOHG�SURFHGXUHV�IRU�SXOVH

H[SHULPHQWV�ZHUH�GHVFULEHG�SUHYLRXVO\�������7KH�FRQYHUVLRQ

DQG�VHOHFWLYLW\�ZHUH�FDOFXODWHG�RQ�WKH�EDVLV�RI������FDUERQ

DQG� R[\JHQ� EDODQFHV�� 7KH� &2� DQG� &2�� VHOHFWLYLWLHV�ZHUH

GHILQHG�LQ�HOVHZKHUH����

5HVXOWV�DQG�'LVFXVVLRQ

&RQWLQXRXV� UHDFWLRQ�� )LJXUH� �� VKRZV� FDWDO\WLF� SHUIRU�

PDQFH�RI�&H2�� DW� WKH� VWRLFKLRPHWULF� IHHG� UDWLR� �&+��2�� 

������&+��DQG�2��FRQYHUVLRQV�ZHUH�����DQG������UHVSHF�

WLYHO\��+RZHYHU��ERWK�+��DQG�&2�VHOHFWLYLWLHV�ZHUH�OHVV�WKDQ

����LQGLFDWLQJ�WKDW�WKH�UHVXOWDQW�SURGXFWV�ZHUH�+�2�DQG�&2�

UHVXOWLQJ�IURP�WRWDO�FRPEXVWLRQ��)LJXUH���LOOXVWUDWHV�FDWDO\WLF

SHUIRUPDQFH� RI� &H2�� DW� WKH� FRQGLWLRQ� RI� &+��2��  � ����

,QLWLDOO\� &+�� FRQYHUVLRQ� ZDV� ��� DQG� 2�� FRQYHUVLRQ� ZDV

DOPRVW�]HUR�ZLWK�D�+��&2�UDWLR�RI������7KLV�LV�PDLQO\�GXH�WR

WKH�IDFW�WKDW�PRELOH�R[\JHQ�VSHFLHV�RQ�&H2��ZHUH�FRQVXPHG

WR�UHDFW�ZLWK�&+���:LWK�LQFUHDVLQJ�WLPH�RQ�VWUHDP��ERWK�&+�

DQG�2��FRQYHUVLRQV�UHDFKHG�VWHDG\�VWDWH�ZLWK�WKHLU�YDOXHV�RI

��� DQG� ����� UHVSHFWLYHO\�� 7KHVH� FRQYHUVLRQV�ZHUH� ORZHU

WKDQ�WKRVH�DW�&+��2�� ������KRZHYHU��WKH�VHOHFWLYLWLHV�WR�+�

DQG� &2� ZHUH� ���� DQG� ����� VXJJHVWLQJ� WKDW� 320� ZDV

FRQVLGHUDEOH�� 7KHVH� UHVXOWV� UHYHDO� WKDW� 320� LV� IDYRUDEOH

RYHU�&H2��DW�R[\JHQ�GHILFLHQW�HQYLURQPHQW��0HDQZKLOH��WKH

+��&2� UDWLR� UHDFKHG� DERXW� ���� DW� VWHDG\� VWDWH�� 7KLV� LV

SRVVLEO\�GXH� WR� WKH�ZDWHU�JDV� VKLIW� �:*6�� UHDFWLRQ�RU�&2

FRPEXVWLRQ� UHDFWLRQ�� $FWXDOO\�� &H2�� KDV� EHHQ� UHSRUWHG� WR

HQKDQFH�WKH�UHPRYDO�RI�&2�DQG�WR�SURPRWH�:*6�������7KH

UHVXOWV� DW� D�&+��2�� UDWLR� RI� ���� DUH� SUHVHQWHG� LQ�)LJXUH� ��

6XUSULVLQJO\�� PD[LPXP� &+�� DQG� 2�� FRQYHUVLRQV� LQ� WKLV

FRQGLWLRQ�ZHUH� ����DQG� ������ UHVSHFWLYHO\��%RWK�+�� DQG

&2� VHOHFWLYLWLHV� ZHUH� ���� JLYLQJ� D� +��&2� UDWLR� RI� ����

LQGLFDWLQJ�WKDW�320�ZDV�GRPLQDQW�LQ�WKLV�FRQGLWLRQ��%HVLGHV�

FDWDO\WLF�EHKDYLRU�ZLWK�WLPH�RQ�VWHDP�ZDV�H[WUDRUGLQDU\��$W

WKH�EHJLQQLQJ��&H2��H[KLELWHG�KLJK�&+��FRQYHUVLRQ�������

+��VHOHFWLYLW\�������DQG�&2�VHOHFWLYLW\�������JLYLQJ�D�+��

&2�UDWLR�RI������7KH�DFWLYLWLHV�GHFUHDVHG�VKDUSO\�DQG�EHFDPH

DOPRVW�]HUR�DIWHU���K��$IWHU�WKDW��KRZHYHU��&+��FRQYHUVLRQ

LQFUHDVHG�JUDGXDOO\�ZLWK�WLPH�RQ�VWUHDP��DQG�LW�GUDPDWLFDOO\

UHDFKHG� DERXW� ����DIWHU� ���K� DQG�PDLQWDLQHG�EHWZHHQ���

DQG� ��� K�� $IWHU� ��� K�� WKH� SKHQRPHQD�ZHUH� UHSHDWHG�� 7KH

WUHQGV�RI�ERWK�+��DQG�&2�VHOHFWLYLWLHV�ZHUH�VLPLODU�WR�WKDW�RI

&+��FRQYHUVLRQ��,QWHUHVWLQJO\�� WKH�+��&2�UDWLR�ZDV�FORVHO\

����LQLWLDOO\��GHFUHDVHG�WR�����DIWHU���K��DQG�VWHDGLO\�LQFUHDVHG

WR�����DIWHU����K��7KH�LQFUHDVLQJ�UDWH�RI�WKH�+��&2�UDWLR�ZDV

UDWKHU�IDVWHU�WKDQ�WKDW�RI�&+��FRQYHUVLRQ��7KHVH�UHVXOWV�FDQ

EH� H[SODLQHG� DV� IROORZV�� $W� WKH� EHJLQQLQJ�� UHGXFHG� FHULD

�&H���\
��&H�\

��2��\��VWRUH�R[\JHQ�PROHFXOHV�IURP�WKH�UHDFWDQW

DQG� UHOHDVH� WKHP� DV� DFWLYH� R[\JHQ� VSHFLHV� UHDFWLQJ� ZLWK

PHWKDQH�WR�SURGXFH�V\QWKHVLV�JDV�DW�R[\JHQ�GHILFLHQW�FRQGL�

WLRQ��'XULQJ�WKH�UHDFWLRQ��UHGXFHG�FHULD�DUH�IDVW�R[LGL]HG�E\

2�� IHHG� �&H���\
��&H�\

��2��\� �� ���\2�� →� &H2���� VKRZLQJ

DOPRVW�QHJOLJLEOH�DFWLYLW\�LQ�320��$QG�WKHQ��R[LGL]HG�FHULD

DUH�JUDGXDOO\�UHGXFHG�E\�K\GURJHQ�SURGXFHG�IURP�320�RU

PHWKDQH�GHFRPSRVLWLRQ��&H2����\+��→�&H���\
��&H�\

��2��\��

\+�2��� 7KH� WUHQG� RI� WKH� +��&2� UDWLR� VXSSRUWV� WKLV

PHFKDQLVP�EHFDXVH� WKH� UDWLR�ZDV� LQLWLDOO\� ���� DQG� VKDUSO\

)LJXUH� ��� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� D� &+��2�� UDWLR� RI� ���
�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��

)LJXUH� ��� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� D� &+��2�� UDWLR� RI� ���
�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��

)LJXUH� ��� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� D� &+��2�� UDWLR� RI� ���
�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��
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GHFUHDVHG� WR� ����� DQG� WKHQ� JUDGXDOO\� LQFUHDVHG� WR� ����� ,Q

RWKHU� ZRUGV�� WKH� K\GURJHQ� SURGXFHG� IURP� 320� RU� &+�

GHFRPSRVLWLRQ� ZDV� JUDGXDOO\� FRQVXPHG� WR� UHGXFH� &H2�

UHVXOWLQJ�LQ� ORZ�+��&2�UDWLR�� ,Q� WKH�FDVH�RI�&+��2�� �����

PD[LPXP�&+�� DQG�2�� FRQYHUVLRQV�ZHUH� ���� DQG� �����

UHVSHFWLYHO\��)LJXUH�����%RWK�+��DQG�&2�VHOHFWLYLWLHV�ZHUH

����JLYLQJ�D�+��&2�UDWLR�RI������7KH�JHQHUDO�IHDWXUH�RI�&+�

FRQYHUVLRQ� ZDV� VLPLODU� WR� WKDW� ZLWK� &+��2��  � ����� LQ� WKH

SRLQW�RI�JLYLQJ�RVFLOODWRU\�FDWDO\WLF�EHKDYLRU��+RZHYHU��WKH

SHULRG� ZDV� VKRUWHU� WKDQ� WKDW� ZLWK� &+��2��  � ����� DQG� WKH

LQFUHDVLQJ� UDWH� RI� &+�� FRQYHUVLRQ� DIWHU� �� K� ZDV� KLJK�

%HVLGHV��WKH�SHULRG�JLYLQJ�KLJK�&+��FRQYHUVLRQ�ZDV�ORQJHU

WKDQ����K��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�UHGXFWLRQ�RI�FHULD

FRXOG�EH�DFFHOHUDWHG�DQG�PDLQWDLQHG� IRU�D� ORQJ� WLPH�ZKHQ

WKH� GHJUHH� RI� R[\JHQ� GHILFLHQF\� ZDV� KHDYLHU�� $QRWKHU

LQWHUHVWLQJ�SRLQW�LV�WKDW�2��FRQYHUVLRQ�ZDV������ZKHQ�&+�

FRQYHUVLRQ�ZDV�PDLQWDLQHG�WR�DERXW������7KXV��LW�FRXOG�EH

VXJJHVWHG�WKDW� WKH�YDFDQFLHV�RI�&H2��VKRXOG�EH�HIIHFWLYHO\

VXSSOLHG� ZLWK� JDV�SKDVH� 2�� PROHFXOHV� IROORZHG� E\� WKH

UHOHDVH� RI� DFWLYH� R[\JHQ� VSHFLHV� UHDFWLQJ� ZLWK� &+�� WR

SURGXFH�V\QWKHVLV�JDV�ZKHQ�WKH�GHJUHH�RI�2��GHILFLHQF\�ZDV

KHDYLHU��,Q�DGGLWLRQ��WKH�+��&2�UDWLR�ZDV�PDLQWDLQHG�WR����

ZKHQ�2�� FRQYHUVLRQ�ZDV� ������ LQGLFDWLQJ� WKDW� 320�ZDV

GRPLQDQW�DW�WKH�FRQGLWLRQ��)LJXUH���GHVFULEHV�WKH�UHVXOWV�DW�D

&+��2�� UDWLR� RI� ����� ,Q� WKLV� FRQGLWLRQ�� &H2�� H[KLELWHG

FRQWLQXRXV������2��FRQYHUVLRQ������&+��FRQYHUVLRQ�����

+��VHOHFWLYLW\��DQG�����&2�VHOHFWLYLW\�ZLWK�D�+��&2�UDWLR�RI

���� DW� VWHDG\� VWDWH��7KLV� VWURQJO\� LQGLFDWHV� WKDW� FRQWLQXRXV

SDUWLDO� R[LGDWLRQ� UHDFWLRQ� FDQ� EH� SRVVLEOH� RYHU� &H2�� E\

FRQWUROOLQJ�WKH�&+��2��UDWLR��QDPHO\��WKH�GHJUHH�RI�R[\JHQ

GHILFLHQF\��)LJXUH���VXPPDUL]HV�WKH�HIIHFW�RI�&+��2��UDWLR

RQ� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� YDULRXV� &+��2�� UDWLRV�

7KH�GDWD�VKRZQ�LQ�)LJXUH���ZHUH�WDNHQ�IURP�WKH�PD[LPXP

&+��FRQYHUVLRQ�GXULQJ�WKH�UHDFWLRQ��$V�VKRZQ�LQ�)LJXUH����LW

LV�FOHDU�WKDW�FDWDO\WLF�SHUIRUPDQFH�RI�&H2��H[WUHPHO\�GHSHQGV

RQ�WKH�IHHG�UDWLR�RI�&+��DQG�2���,W�LV�QRWHZRUWK\�WKDW�&H2�

FDQ�EH�XVHG�DV�D�FDWDO\VW�IRU�320��7KXV��LW�FDQ�EH�H[SHFWHG

WKDW�WKH�FRPELQDWLRQ�RI�1L�DQG�&H2��VKRXOG�JLYH�HQKDQFHG

FDWDO\WLF�SHUIRUPDQFH�LQ�WKH�UHDFWLRQ�UHODWHG�ZLWK�320��7KLV

LV� SRVVLEO\�ZK\�1L�&H2�� KDV� EHHQ� UHSRUWHG� WR� JLYH� UDWKHU

JRRG� DFWLYLW\� LQ� 320� DQG� H[KLELW� KLJK� FDWDO\WLF� SHUIRU�

PDQFH�LQ�2650�������

$FFRUGLQJ� WR� WKH� DERYH� UHVXOWV�� LW� ZDV� IRXQG� WKDW� WRWDO

R[LGDWLRQ� RI� PHWKDQH� �720�� LV� IDYRUDEOH� DW� WKH� VWRLFKLR�

PHWULF�IHHG�UDWLR��&+��2�� �������320�LV�FRQVLGHUDEOH�DW�WKH

FRQGLWLRQ�RI�&+��2�� ������320�LV�GRPLQDQW�DW�WKH�&+��2�

UDWLR�RI������DQG�WKHUH�LV�DQ�RVFLOODWLRQ�RI�320�DQG�720�DW

WKH�&+��2�� UDWLR� RI� EHWZHHQ� ���� DQG� ����� 7KLV� LV� SRVVLEO\

UHODWHG�WR�WKH�R[LGDWLRQ�VWDWH�RI�&H��,W�LV�GXH�WR�WKH�IDFW�WKDW

WKH� UHGXFHG� FHULD� KDYLQJ� R[\JHQ� YDFDQFLHV� �&H���� FRXOG

SHUIRUP�320�DW�R[\JHQ�GHILFLHQF\�FRQGLWLRQ��+RZHYHU��LW�LV

VSHFXODWHG� WKDW� WKH� VWDWH� RI� R[\JHQ� YDFDQFLHV� DUH� QRW� VR

VWDEOH�WKDW�&H���TXLFNO\�FKDQJHV�LQWR�&H���KDYLQJ�QHJOLJLEOH

DFWLYLW\� LQ� 320�� 7KH� FKDQJH� EHWZHHQ� &H��� DQG� &H��� LV

UHYHUVLEOH�EXW�WKH�UDWH�IURP����WR����LV�IDVWHU�WKDQ�WKDW�IURP

��� WR� ����7KLV� LV� SRVVLEO\�ZK\�&+�� FRQYHUVLRQ�GHFUHDVHG

VKDUSO\�DW�WKH�LQLWLDO�VWDJH�DQG�JUDGXDOO\�LQFUHDVHG�WR�VRPH

H[WHQW�ZKHQ�WKH�RVFLOODWLRQ�ZDV�REVHUYHG��

3XOVH�UHDFWLRQ��,Q�RUGHU�WR�LQYHVWLJDWH�WKH�UHDFWLRQ�PHFKD�

QLVP��SXOVH�H[SHULPHQWV�XVLQJ�&+���2��DQG�&+��2��PL[HG

JDV� �&+��2��  � ����� ZHUH� SHUIRUPHG� LQ� D� PLFUR�UHDFWRU� DW

)LJXUH� ��� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� D� &+��2�� UDWLR� RI� ���
�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��

)LJXUH� ��� &+�� R[LGDWLRQ� RYHU� &H2�� ZLWK� D� &+��2�� UDWLR� RI� ���
�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��

)LJXUH����7KH�HIIHFW�RI�&+��2��UDWLR�RQ�&+��R[LGDWLRQ�RYHU�&H2�

�&+�� ����P/�PLQ�����PJ�FDWDO\VW��7� ������.��3� ���DWP��'DWD�DW
PD[LPXP�&+��FRQYHUVLRQ��



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� +\XQ�6HRJ�5RK�HW�DO�

�����.��7KH�SXOVH�UHDFWLRQ�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH

��� $FFRUGLQJ� WR� WKH� SXOVH� UHDFWLRQ� UHVXOWV�� &H2�� GLG� QRW

VKRZ�DQ\�DFWLYLW\�ZLWK�RQO\�&+��SXOVHV��:LWK�2��SXOVHV�DIWHU

��&+��SXOVHV��&H2��GLG�QRW�VKRZ�DQ\�2��FRQYHUVLRQ��HLWKHU�

:KHQ�&+��SXOVH�ZDV�UH�LQWURGXFHG�DIWHU���2��SXOVHV��&H2�

GLG�QRW�VKRZ�DQ\�DFWLYLW\��HLWKHU��7KLV� LQGLFDWHV� WKDW� ODWWLFH

R[\JHQ�SUHVHQW�LQ�&H2��GRHV�QRW�UHDFW�ZLWK�&+���7KHUHIRUH�

LW�ZDV� FRQILUPHG� WKDW� &H2�� KDV� QR� DFWLYLW\� WR� GHFRPSRVH

&+�� ZLWKRXW� UHJDUG� WR� WKH� R[LGDWLRQ� VWDWH� RI� &H�� 2Q� WKH

FRQWUDU\��LQ�WKH�FDVH�RI�&+��2��SXOVHV��&H2��JDYH�WKH�VDPH

DFWLYLWLHV� IRU� WRWDO� FRPEXVWLRQ� DV� WKH� FRQWLQXRXV� IORZ

UHDFWLRQ�UHVXOWV��:KHQ�&+��SXOVH�ZDV�LQWURGXFHG�DIWHU�&+��

2��SXOVHV��&H2��GLG�QRW�VKRZ�DQ\�DFWLYLW\��7KHUHIRUH��LW�ZDV

FRQILUPHG�WKDW�PHWKDQH�R[LGDWLRQV�LQFOXGLQJ�ERWK�320�DQG

720�RFFXU�ZLWK�FRH[LVWHQFH�RI�PHWKDQH�DQG�R[\JHQ�RYHU

WKH� &H2�� FDWDO\VW�� LQGLFDWLQJ� WKDW� ODWWLFH� R[\JHQ� GRHV� QRW

SDUWLFLSDWH�LQ�WKH�UHDFWLRQ�RYHU�&H2���1DPHO\��DFWLYH�R[\JHQ

VSHFLHV�UHDFWLQJ�ZLWK�&+��VKRXOG�EH�VXSSOLHG�IURP�WKH�JDV�

SKDVH�R[\JHQ��&RQVHTXHQWO\��LQ�RUGHU�WR�SHUIRUP�320��WKH

DFWLYH�VLWHV��&H����VKRXOG�DFWLYDWH�DGVRUEHG�R[\JHQ�LPPHGLD�

WHO\� VXSSOLHG� IURP� JDV�SKDVH� R[\JHQ� WR� UHOHDVH� DFWLYDWHG

R[\JHQ�VSHFLHV�UHDFWLQJ�ZLWK�&+���*HQHUDOO\��WKH�0DUV�YDQ

.UHYHOHQ�PHFKDQLVP�LV�DSSOLFDEOH�LQ�SDUWLDO�R[LGDWLRQ�UHDF�

WLRQV� FDWDO\]HG� E\� R[LGH� VXUIDFHV���� 7KLV� PHFKDQLVP� H[�

SODLQHG� D� VWHSZLVH� GRQDWLRQ� RI� HOHFWURQV� ZKLFK� SURFHHG

WKURXJK�IUHH�UDGLFDO�LQWHUPHGLDWHV��H�J��
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−� ���

2�
−���H− →�2�

�− ���
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�−���1 →��2− ���
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ZKHUH�� 1 LQGLFDWHV� R[\JHQ� YDFDQFLHV�� ,W� LV� REYLRXV� WKDW

R[\JHQ�YDFDQFLHV��&H����DUH�DFWLYH�VLWHV�IRU�320�DQG�DFWL�

YDWHG�R[\JHQ�VSHFLHV�VKRXOG�EH�RQH�RI�WKH�LQWHUPHGLDWHV�RU

WKH�VHW�RI�WKH�LQWHUPHGLDWHV��+RZHYHU��IXUWKHU�VSHFWURVFRSLF

VWXG\�LV�QHFHVVDU\�WR�YHULI\�LW�

�&RQFOXVLRQV

�

7KH�&+�� FRQYHUVLRQ� DQG� WKH� VHOHFWLYLWLHV� WR�+�� DQG�&2

RYHU� &H2�� DUH� VWURQJO\� GHSHQGHQW� RQ� WKH� &+��2�� UDWLR� DV

IROORZV�� ����&H2�� FDWDO\]HV� WRWDO� R[LGDWLRQ�ZLWK� D�&+��2�

UDWLR�OHVV�WKDQ����������&RQWLQXRXV�SDUWLDO�R[LGDWLRQ�UHDFWLRQ

LV�DFKLHYHG�RYHU�&H2��RQO\�XQGHU� VLJQLILFDQW�R[\JHQ�GHIL�

FLHQW�FRQGLWLRQ��&+��2� ≥ ����������&H2��H[KLELWV�RVFLOODWRU\

FDWDO\WLF� EHKDYLRU�� DQG� WKH� SHULRG� GHSHQGV� XSRQ� WKH� IHHG

FRPSRVLWLRQ�XQGHU� LQWHUPHGLDWH�R[\JHQ�GHILFLHQW�FRQGLWLRQ

�����≥�&+��2��≥������
,Q�320�RYHU�&H2���ODWWLFH�R[\JHQ�GRHV�QRW�SDUWLFLSDWH�LQ

WKH�UHDFWLRQ��7KH�PRVW�SUREDEOH�UHDFWLRQ�PHFKDQLVP�LV�WKDW

R[\JHQ�YDFDQFLHV�LQ�UHGXFHG�FHULD�DUH�VXSSOLHG�ZLWK�R[\JHQ

PROHFXOHV� IURP� WKH� UHDFWDQW�� DQG� WKHQ� DFWLYDWH� DGVRUEHG

R[\JHQ�� IROORZHG� E\� UHOHDVLQJ� DFWLYDWHG� R[\JHQ� VSHFLHV

UHDFWLQJ�ZLWK�PHWKDQH�WR�SURGXFH�+��DQG�&2��
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