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6HFRQGDU\� HOHFWURQ� PRQLWRU� XVLQJ� ORQJLWXGLQDO� UI�
PRGXODWLRQ� RI� ORZ� HQHUJ\� VHFRQGDU\� HOHFWURQV�� ZLWK� LQLWLDO
HQHUJ\�LQ�H9�UDQJH��IRU�EXQFK�SKDVH�GLVWULEXWLRQ�PHDVXUHPHQW
RI� HOHFWURQ� OLQDF� EXQFKHV� ZLWK� VXESLFRVHFRQG� UHVROXWLRQ� LV
FRQVLGHUHG�� $QDO\VLV� RI� OLPLWLQJ� UHVROXWLRQ� IRU� WKLV� PHWKRG�
FRQVWUXFWLRQ� SDUWLFXODULWLHV� RI� WKH� PRQLWRU�� DQG� VSHFLILF
H[DPSOH� RI� LWV� GHVLJQ� IRU� WKH�PHDVXUHPHQW� RI� WKH� 77)� OLQDF
EHDP�ZLOO�EH�SUHVHQWHG�

,QWURGXFWLRQ

'HYHORSPHQW� RI� HOHFWURQ� OLQDFV� GHPDQGV� FUHDWLRQ� RI� D
EXQFK� OHQJWK� PRQLWRU� ZLWK� VXESLFRVHFRQG� UHVROXWLRQ� WKDW� LV
HTXLYDOHQW� WR� WKH� PHDVXUHPHQWV� LQ� IUHTXHQF\� GRPDLQ� XS� WR
��7+]�RU�LQ�VXEPLOOLPHWUH�ZDYH�UDQJH��7KH�PRQLWRU�KDV�WR�EH
FRPSDFWHG�� VHOIFDOLEUDWLQJ�� XQSHUWXELQJ� D� EHDP�� FRPSDWLEOH
ZLWK�8+9��UDGLDWLRQ�UHVLVWLYH�

6HYHUDO� DSSURDFKHV� DUH� NQRZQ� IRU� VROYLQJ� WKLV
FKDOOHQJH��2QH�RI�WKHP�FRQVLVWV�LQ�HVWLPDWLRQ�RI�WKH�UPV�EXQFK
OHQJWK� WKURXJK� WZR� EHDP� FXUUHQW� KDUPRQLFV� DVVXPLQJ�� IRU
H[DPSOH�� EXQFK� FKDUJH� GLVWULEXWLRQ� LV� *DXVVLDQ� >�@� RU� XVLQJ
VLQJOH� KDUPRQLF� >�@� FORVHG� WR� WKH� UPV� IUHTXHQF\� RI� D� EHDP
VSHFWUXP� ZKHUH� LWV� DPSOLWXGH� LV� PRVW� VHQVLWLYH� WR� WKH� EXQFK
OHQJWK�FKDQJHV��)RU�WKH�*DXVVLDQ�EXQFK� WKH� UPV�EXQFK� OHQJWK
V�FDQ�EH�GHWHUPLQHG�IURP�HTXDWLRQ
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ZKHUH� LQ�� LP� DUH� EHDP� FXUUHQW� KDUPRQLFV� XQNQRZQ� SUHFLVHO\�
+HQFH��WKH�WHFKQLTXH�QHHGV�VRPH�RQH�WR�FDOLEUDWH�LW�

0HWKRG�RI� LQWHUIHURPHWU\�RI� FRKHUHQW� UDGLDWLRQ� DQG� WKH
RWKHUV� FORVHG� WR� LW� >���@� DUH� UHVWULFWHG� E\�ZDYH� OHQJWKV� EHLQJ
PRUH�WKDQ�EHDP�GLDPHWHU�RU�KROH�GLDPHWHU�RI�VFUHHQ>�@�

7KH� XVH� RI� LQFRKHUHQW� UDGLDWLRQ�� IRU� H[DPSOH�� RQ� D
VFKHPH�� &KHUHQNRY� UDGLDWRU� SOXV� D� VWUHDN� FDPHUD� >���@�� LV
PDLQO\�OLPLWHG�GXH�WR�WKH�ORQJLWXGLQDO�FKURPDWLF�DEHUUDWLRQ�LQ
WKH�FDPHUD�JDS��SKRWRFDWKRG���PHVK�GLVWDQFH��FDXVHG�E\�LQLWLDO
YHORFLW\� VSUHDG� RI� SKRWRHOHFWURQV�� ,Q� SODQH�SDUDOOHO� JHRPHWU\
RI�WKH�JDS�RQH�FDQ�H[SHFW�WKH�OLPLWLQJ�UHVROXWLRQ�WLOO���SV�>�@�

,Q� WKH�SDSHU� WKH� VHFRQGDU\�HOHFWURQ�PRQLWRU� FRPLQJ�XS
WR� WKH� DERYH� PHQWLRQHG� UHTXLUHPHQWV� PRUH� FRPSOHWHO\� LV
SUHVHQWHG���7KH�PRQLWRU�EDVHG�RQ�WKH�GHOWD�UD\V�LV�SUHVHQWHG�DW
WKLV�&RQI��WRR�

,W�VKRXOG�EH�QRWHG�WKDW� LQ�WKH�EHVW�ZRUN�>�@�RQ�UHVHDUFK
RI�WLPH�GLVSHUVLRQ�RI�6(0��WKH�JDS�YROWDJH�ZDV�����N9��LW�ZDV
PHDVXUHG�� LQ� IDFW�� LWV� ORQJLWXGLQDO� FKURPDWLF� DEHUUDWLRQ� RQO\�
DQG�WKH�6(0�WLPH�GLVSHUVLRQ�IRU�PHWDO�LV�ZLWKLQ��������IV�>��@�

%3'�PRQLWRU

6HFRQGDU\�HOHFWURQ�PRQLWRU�IRU�EXQFK�SKDVH�GLVWULEXWLRQ
�%3'�� PHDVXUHPHQWV� ZLWK� VXESLFRVHFRQG� UHVROXWLRQ� LV
VFKHPDWLFDOO\�VKRZQ�LQ�)LJ���
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)LJ���� /D\RXW� RI� %3'� PRQLWRU� �D�� DQG� JHRPHWU\� RI� LWV� SULPDU\

FRQYHUWHU��E��

+HUH�%3'�RI�D�SULPDU\�EHDP�����LQ�D�UHVXOW�RI�WKH�EHDP
LQWHUDFWLRQ� ZLWK� D� FDUERQ� ILEUH� ���� XQGHU� QHJDWLYH� SRWHQWLDO
�8��� LV� LVRKURQRXVO\� WUDQVIHUUHG� LQWR� WKH� VDPH� GLVWULEXWLRQ� RI
VHFRQGDU\�HOHFWURQV�ZKLFK��WKHQ��LV�FRKHUHQWO\�WUDQVIRUPHG�LQWR
WUDQVYHUVH� RQH� LQ� WKH� SODQH� RI� PXOWLFKDQQHO� FROOHFWRU� ���
WKURXJK�UI�PRGXODWLRQ�LQ�WKH�JDS�RI�WRURLGDO�UHVRQDWRU�����DQG
PDJQHW� ���� DOORZLQJ� GLUHFW� SUHVHQWDWLRQ� WKH� %3'� RQ� D� ORZ
IUHTXHQF\�GLVSOD\��7DNLQJ�LQWR�DFFRXQW�WKDW�WKH�EHDP�GLDPHWHU
LV�UDWKHU�VPDOO��RI�������PP��DQG�WKH�VPDOOHU�K�GLVWDQFH�WKH�OHVV
WLPH� WUDQVSRUW� VSUHDG� �RI� WKH�HOHFWURQV�� WKH� FDUERQ� WDUJHW�ZDV
SODFHG� IURP� WKH� UHVRQDWRU� DW� VPDOO� IL[HG� GLVWDQFH� K�  � ��PP�
DQG� WKLV� PRQLWRU� XQLW� LV� PRYHG� LQ� WKH� EHDP� IRU� D� WLPH� RI
PHDVXUHPHQWV�RQO\�

7KH�PRQLWRU�SKDVH�UHVROXWLRQ��'M��LV�PDLQO\�GHILQHG�E\
WKH� WLPH� WUDQVSRUW�VSUHDG��'M���RI� WKH�HOHFWURQV�RQ�K�GLVWDQFH
���PP��� WKH� VKXWWHU� SKDVH� UHVROXWLRQ� �'M��� >��@� DQG� WKH
DGGLWLRQDO� SKDVH� GLOXWLRQ� �'MT�� FDXVHG� E\� WKH� EHDP� VSDFH
FKDUJH� HIIHFW�� 7KHQ�� FRQVLGHULQJ� WKH� DERYH� PHQWLRQHG
TXDQWLWLHV� DV� WKH� LQGHSHQGHQFHV� RQH� FDQ� HVWLPDWH� 'M� XVLQJ
NQRZQ�DOJRULWKP�IURP�>��@�

7LPH�WUDQVSRUW�VSUHDG�LQ�SULPDU\�FRQYHUWHU

7LPH� WUDQVSRUW� VSUHDG� RI� WKH� VHFRQGDULHV� �'W�� DW� WKHLU
PRWLRQ� LQ� WKH� ILHOG� RI� FKDUJHG� F\OLQGULFDO� HOHFWURGH� XQGHU
SRWHQWLDO��8��RQ�K�GLVWDQFH��)LJ���E��XQWLO� WKH�FRQGXFWLQJ�ZDOO
�$�$��ZDV�REWDLQHG�E\�QXPHULFDO�VLPXODWLRQ�XVLQJ�UHODWLYLVWLF
HTXDWLRQV� DQG� WDNLQJ� IRU� WKH� HOHFWURQV� HPLWWHG� IURP� FDUERQ
WKHLU�LQLWLDO�HQHUJ\�DQG�DQJXODU�GLVWULEXWLRQV�IURP�>��@��5HVXOWV
RI� WKLV� FDOFXODWLRQ�DUH�SUHVHQWHG� LQ�)LJ����ZKHUH� I:�DQG� IW� DUH
WKH�LQLWLDO�HQHUJ\�GLVWULEXWLRQ�DQG�WHPSRUDO�RQH�LQ�WKH�SODQH�$�
$��UHVSHFWLYHO\��IRU�K� ���PP��8�� ���N9�DQG��5�� �����PP�
):+0� RI� IW� LV� ������ SV� WKDW� FRUUHVSRQGV� WKH� WLPH� WUDQVSRUW
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VSUHDG�RI� WZR�HOHFWURQV�ZLWK� LQLWLDO� HQHUJLHV� RI� ������ H9�DQG
������H9�LI�WKH\�ZRXOG�PRYH�DORQJ�WKH�]�D[LV�

� �� ��

: N �H9 � W �SV�
116.0 116.5 117.0

)LJ����,QLWLDO�HQHUJ\�GLVWULEXWLRQ�RI�WKH�VHFRQGDU\�HOHFWURQV��OHIW��DQG

WKHLU�WLPH�GLVWULEXWLRQ�DW�WKH�H[LW�RI�SULPDU\�FRQYHUWHU�DW�8�� 

��N9��K� ���PP��ULJKW��

,Q�)LJ�����DUH�VKRZQ�WKH�GHSHQGHQFLHV�RI�WKH�):+0�RI

IW��'W��YV��WKH�HOHFWURGH�UDGLXV�DQG�YROWDJH��UHVSHFWLYHO\�
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)LJ���� 7LPH� VSUHDG� RI� VHFRQGDU\� HOHFWURQV� LQ� WKH� SULPDU\� FRQYHUWHU

YV��WKH�WDUJHW�UDGLXV��5���IRU�GLIIHUHQW�GLVWDQFHV�K��VHH�)LJ���E�
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7KH� FDVH� RI� YHU\� ODUJH� 5�� �PRUH� ���� PP� DW� VPDOO� K�
FRUUHVSRQGV� WKH� SODQH� �� SDUDOOHO� JHRPHWU\� VLPLODU� WR� WKH
DFFHOHUDWLQJ� JDS� �IURP� D� SKRWRFDWKRG� WR� PHVK�� LQ� D� VWUHDN
FDPHUD� >���@�� 2QH� FDQ� VHH� WKDW� XVLQJ� WKH� SODQH� �� SDUDOOHO
JHRPHWU\�DQG�YROWDJH�XS�WR����N9�DQG�KLJKHU�LW� LV� LPSRVVLEOH
WR�UHDFK�W� ���SV�RU�OHVV�DW�LQSXW�HOHFWURQ�VL]H�RI�PRUH�VHYHUDO
WHQWK�PP��7KHVH�UHVXOWV�DUH�FORVHG�WR�RQH�SXEOLVKHG�LQ�>�@��)RU

RXU�PRQLWRU�5�� ������PP��8�� ���N9��K� ���PP�DQG�W� ����IV�
L�H���������LQ�GHJ��RI�����*+]�

0RQLWRU�UHVROXWLRQ

%HDP� VSDFH� FKDUJH� HIIHFW� LV� WKH�PDLQ� RQH� OLPLWLQJ� WKH
PRQLWRU� UHVROXWLRQ�� 'HSHQGHQFLHV� RI� WKH� DGGLWLRQDO� SKDVH
GLOXWLRQ��'MT��DQG�PRPHQWXP�VSUHDG��GT��FDXVHG�E\�WKH�HIIHFW
YV�� WKH� WDUJHW� SODFH� UHODWLYH� WR� WKH� EHDP� D[LV� DUH� SORWWHG� LQ
)LJ��� IRU� WKH� JHRPHWU\� RI� WKH� SULPDU\� FRQYHUWHU� PHQWLRQHG
DERYH� DQG� IRU� WKH� QH[W� EHDP� SDUDPHWHUV�� HOHFWURQ� HQHUJ\� �
���0H9�� EHDP� UDGLXV� �� ����PP�� EXQFK� OHQJWK� LQ� SKDVH� RI
����*+]� �� ����� EXQFK� SRSXODWLRQ� �� ������� )RU� FDOFXODWLRQ� WKH
HOOLSVRLGDO� EXQFK� ZLWK� XQLIRUP� GHQVLW\� ZDV� WDNHQ�� &KDUJHV
LQGXFHG�E\� WKH�EHDP�RQ� WKH� WDUJHW� VXUIDFH�ZDV�QRW� WDNHQ� LQWR
DFFRXQW�
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)LJ����(OHFWURQ�SKDVH�GLOXWLRQ�����DQG�PRPHQWXP�VSUHDG����� LQ� GHJ�

RI�����*+]�FDXVHG�E\�WKH�EHDP�VSDFH�FKDUJH�HIIHFW�

)RU� WKH� PD[LPXP� YDOXHV� RI� 'MT�� GT� IURP� )LJ��
�GT� ������� 'MT�  � ������� DQG� XVLQJ� WKH� DOJRULWKP� RI
FDOFXODWLRQ�IRU� WKH�PRQLWRU� UHVROXWLRQ� �'M�� IURP� >��@�ZH�ZLOO
JHW� WKH� GHSHQGHQFH� RI� 'M� YV�� WKH� HOHFWURQ� SKDVH� DW� WKH� JDS
HQWUDQFH��JDS�ZLWK�OHQJWK�DQG�UI�YROWDJH�RI���PP�DQG����N9�
UHVSHFWLYHO\��VKRZQ�LQ�)LJ���

6 0 6 2 6 4 6 6
0 ,1 6

0 ,2 0

0 ,2 4

0 ,2 8

M��GHJ�

)LJ����0RQLWRU� UHVROXWLRQ�YV�� WKH�HOHFWURQ� LQSXW�SKDVH� LQ� GHJ��RI����

*+]�

2QH� FDQ� VHH� WKDW� LQ� WKH� ZRUVH� FDVH� WKH� PRQLWRU
UHVROXWLRQ� LV� UHDFKHG�RI� DERXW� ������������� RI� ����*+]�ZLWKLQ
VHYHUDO�GHJUHHV�M���:LWK� LQVWDOODWLRQ� WKH� WDUJHW�QHDU� WKH�EHDP
FXUUHQW� PD[LPXP� WKH� UHVROXWLRQ� ZLOO� EH� LQ� ��� WLPHV� OHVV�
0RUHRYHU��HVWLPDWLRQV�KDYH�VKRZQ�WKDW�DFFRXQW�RI�WKH�LQGXFHG
FKDUJHV�RQ�WKH�WDUJHW�FDQ�LPSURYH�WKH�UHVROXWLRQ�VLJQLILFDQWO\�
,W�VKRXOG�EH�QRWHG�WKDW�RQH�RI�WKH�DGYDQWDJHV�RI�WKLV�WHFKQLTXH
LV� SRVVLELOLW\� WR� FDOLEUDWH� WKH� PRQLWRU� XVLQJ� WKHUPRHOHFWURQV

h

h
h

0

'M

(deg)

)LJ����7LPH�VSUHDG�RI�VHFRQGDU\�HOHFWURQV�LQ�WKH�SULPDU\�FRQYHUWHU�YV�

WKH� WDUJHW� YROWDJH� 8�� IRU� GLIIHUHQW� WDUJHW� UDGLXV� 5�� DQG� WZR

GLVWDQFHV�K��VHH�)LJ���E��
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IURP� WKH� WDUJHW� KHDWHG� E\� D� FXUUHQW� �PRUH� LQ� GHWDLO� RI� LW� LQ
>��@��

6WUHDN�FDPHUD�ZLWK�����SV�WHPSRUDO�UHVROXWLRQ

7R� PLQLPL]H� LQ� ��� WLPHV� WKH� ORQJLWXGLQDO� FKURPDWLF
DEHUUDWLRQ� LQ� DQ� DFFHOHUDWLQJ� JDS� RI� D� VWUHDN� FDPHUD� >�@
�SKRWRFDWKRG� �� PHVK� GLVWDQFH�� FDXVHG� E\� LQLWLDO� HOHFWURQ
YHORFLW\� VSUHDG� LW� LV� SURSRVHG� LQVWHDG� RI� D� SODQH� �� SDUDOOHO
JHRPHWU\� RI� WKLV� XQLW� WR� XVH� WKH� JHRPHWU\� RI� WKH� DERYH
PHQWLRQHG�RQH� �VHH�)LJ���E��� ,W�ZLOO� FRUUHVSRQG� WKH� WUDQVLWLRQ
IURP�WKH�ULJKW�WR�OHIW�VLGH�RI�WKH�FXUYHV�SORWWHG�LQ�)LJ����)LJXUH
��PDNHV�FOHDU�WKLV�SURSRVDO�>��@�

)LJ����6FKHPH�RI�SULPDU\�FRQYHUWHU�IRU�D�VWUHDN�FDPHUD�ZLWK�����SV

WHPSRUDO�UHVROXWLRQ�

/LJKW�LV�IRFXVHG�E\�DQ�RSWLF�V\VWHP�����RQ�D�YHU\�QDUURZ
�DERXW� VHYHUDO� PP�� DQG� WKLQ� SKRWRFDWKRG� ���� EHLQJ� XQGHU
DFFHOHUDWLQJ�YROWDJH�RI��IRU�H[DPSOH������N9�DQG�SODFLQJ�IURP
WKH� HQWUDQFH� ZDOO� RI� WKH� UI�UHVRQDWRU� JDS� �ZLWK� ORQJLWXGLQDO
PRGXODWLRQ�RI�WKH�HOHFWURQV�DQG�ORFNHG�LQ�SKDVH�ZLWK�WKH�EHDP
EXQFKHV��RI�DERXW���PP��)RU�UHDFKLQJ�KLJK�WLPH�UHVROXWLRQ�WKH
WUDQVYHUVH� UI�PRGXODWLRQ� LV� QRW� YHU\� FRQYHQLHQW� GXH� WR� WRR
PXFK� ORQJ� RI� IULQJLQJ� UI�ILHOG� DQG� UI�ILHOG� DEHUUDWLRQ��+ROGHU
����RI� WKH�FDWKRGH� ���� LV� WDNHQ�YHU\� WKLQ��RI� DERXW� ����PP�RU
OHVV�� IURP� D� IUHH� WUDQVLW� OLJKW� PDWHULDOV� WR� PLQLPL]H� WKH� OLJKW
GLVSHUVLRQ�HIIHFW��7HPSRUDO�UHVROXWLRQ�IRU�SURSRVHG�GHYLFH�ZLOO
EH� PDLQO\� GHILQHG� DOUHDG\� RQO\� E\� GLVSHUVLRQ� HIIHFWV� LQ
ZLQGRZV�RI�WKH�FDPHUD��IURP�OLQDF��LQ�&KHUHQNRY�UDGLDWRU�DQG
OLJKW�RSWLFV�

7KHUH� LV� VRPH� PRUH� ZD\� IRU� LPSURYLQJ� WKH� WLPH
UHVROXWLRQ�� 7LPH� VSUHDG� RI� WKH� HOHFWURQV� WKURXJK� WKH
DFFHOHUDWLQJ�JDS�LV�LQYHUVH�SURSRUWLRQDO�WR�URRW�IURP�DQ�LQLWLDO
HQHUJ\�VSUHDG�RI� WKH�HOHFWURQV�� L�H�� WKH�HOHFWURQV�ZLOO�KDYH� WKH
VDPH�WLPH�RI�IOLJKW�VSUHDG�LQ�WKH�JDS�ERWK�IRU�WKH�HQHUJLHV�IURP
��WR���H9�DQG�IURP���WR���H9��+HQFH��ZLWK�PRQRFKURPRWL]LQJ
RI� WKH� OLJKW� DW� PRUH� KLJK� IUHTXHQF\� RQH� FDQ� LQFUHDVH� WKH
UHVROXWLRQ�EXW�WKLV�ZD\�LV�QRW�HIIHFWLYH�LQ�FRPSDULVRQ�ZLWK�WKH
SURSRVHG�RQH�

,W�VKRXOG�EH�QRWHG�WKDW�WKH�NQRZQ�IRUPXOD��VHH���LQ�>�@�
IRU�HVWLPDWLRQ�RI�WKH�WUDQVLW�WLPH�VSUHDG�LQ�WKH�JDS�LV�QRW�YDOLG
IRU�WKH�YDOXHV�DERXW�VHYHUDO�SV�DQG�OHVV�

7UDQVYHUVH�EHDP�SURILOH�PHDVXUHPHQW�ZLWK���QP

UHVROXWLRQ

7KHUH�LV�VRPH�PRUH�DGYDQWDJH�RI�WKLV�VHFRQGDU\�HOHFWURQ
WHFKQLTXH��ZLWK�KHOS�WKH�PRQLWRU�RQH�FDQ�PHDVXUH�D�WUDQVYHUVH
EHDP�SURILOH�ZLWK�VSDWLDO� UHVROXWLRQ�RI���QP�>��@�� ,Q� WKH�FDVH
�VHH� )LJ���� WKH� UHVRQDWRU� LV� QRW� VZLWFKHG� RQ�� LQVWHDG� RI� WKH
PXOWLFKDQQHO� FROOHFWRU� LW� LV� SHUPLWWHG� WR� XVH� D� VLQJOH� FKDQQHO
RQH��+LJK�VSDWLDO�UHVROXWLRQ�LV�GHILQHG�E\�WKH�VPDOO�PDJQLWXGH
RI�SURMHFWLRQ��']��RI�WKH�ZLUH�VXUIDFH��ZKLFK�LV�YLVLEOH�IURP�WKH
FROOLPDWRU�VOLW�'[���RQ� WKH�]�D[LV��$W� WKH�DQJOH�RI�YLHZ�RI����

UDG��WKH�SURMHFWLRQ�ZLOO�EH��������
��
�5���L�H��DW�5�� ���PP�LW�ZLOO

EH�']� ���QP��7KH� WKLFNQHVV�RI� WKH� UHJLRQ� LQ�ZKLFK�HVFDSLQJ
VHFRQGDU\� HOHFWURQV� DUH� SURGXFHG� LV� DERXW� �� QP� >��@�
&RPSRVLWLRQ�RI� WKHVH� WZR�GLVWULEXWLRQ�JLYHV�):+0�RI� DERXW
��QP��L�H������SRLQWV�SHU���PP�RI�D�EHDP�

3ODQV

:H�KDYH��'�SUREOHP�WR�VROYH�SUHFLVHO\�WKH�EHDP�VSDFH
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