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���,QWURGXFWLRQ
6LOLFD�JODVV�SDUWV�DUH�XVHG�ZLGHO\�LQ�PRG�

HUQ� GHYLFHV� DQG� DVVHPEOLHV� ERWK� DV� LQVXOD�
WRUV� DQG� RSWLFDO� HOHPHQWV� IRU� GLDJQRVWLFV
DQG� PLFURZDYH� UDGLDWLRQ� WUDQVPLVVLRQ� DV
OHQVHV�DQG�OLJKW�JXLGHV�FRQVWLWXWLQJ�WKH�RS�
WLFDO� FKDQQHO�� 3K\VLFDO�� FKHPLFDO�� DQG� PH�
FKDQLFDO� SURSHUWLHV� RI� WKLV� PDWHULDO� DUH
FKDQJHG� GXULQJ� SDUWLFOH� IOX[� LUUDGLDWLRQ
IURP� WKHUPRQXFOHDU� SODVPD�� 7KLV� UHVXOWV
IURP� IRUPDWLRQ�� DQQHDOLQJ�� DQG� HVWDE�
OLVKPHQW� RI� D� G\QDPLF� HTXLOLEULXP�EHWZHHQ
GLIIHUHQW�W\SHV�RI�UDGLDWLRQ�LQGXFHG�GHIHFWV�
/XPLQHVFHQFH� RI� VLOLFD� XQGHU� LUUDGLDWLRQ� LV
HLWKHU�DQ�DOWHUQDWLYH�WR�WKH�GHIHFW�IRUPDWLRQ
SURFHVVHV��RU�DFFRPSDQLHV� WKRVH�� ,Q� WKLV� FRQ�
QHFWLRQ�� WKH� OXPLQHVFHQFH� VSHFWUXP� SURYLGHV
DQ� LPSRUWDQW� LQIRUPDWLRQ� RQ� LQVWDQWDQHRXV
G\QDPLF� HTXLOLEULXP� RI� WKH� GHIHFW� GLVWULEX�
WLRQ� LQ� WKH� VROLG� DQG� LV� D� XQLTXH�ZD\� WR� UH�
PRWH�PRQLWRULQJ�RI�WKH�LUUDGLDWLRQ�SURFHVV�

7KH� LRQROXPLQHVFHQFH� VSHFWUD� RI� TXDUW]
DUH� FKDQJHG� HVVHQWLDOO\� GXULQJ� SURWRQ� LUUD�
GLDWLRQ� >�@�� %DVHG� RQ� WKHVH� GDWD�� D� QRYHO

PHWKRG�ZDV�SURSRVHG�WR�PRQLWRU�WKH�SURWRQ
GRVH� LQ�6L2�� >�@��7KLV�SDSHU�SUHVHQWV�DQJX�ODU� DQG� VSHFWUDO� FKDUDFWHULVWLFV� RI� VLOLFD� OX�
PLQHVFHQFH�PHDVXUHG�GXULQJ� OLJKW� LRQ�ERP�
EDUGPHQW�� )RU� WKH� ILUVW� WLPH�� WKH� GHSHQG�
HQFH� RI� OXPLQHVFHQFH� VSHFWUXP� VKDSH� RQ
UHODWLYHO\� ORZ� DEVRUSWLRQ� GRVHV� XS� WR
���������� *\� ZDV� VWXGLHG�� 7KH� UHVXOWV� RE�
WDLQHG�ZHUH�XVHG�WR�LPSURYH�WKH�DERYH�PHQ�
WLRQHG�PHWKRG�

���([SHULPHQWDO
7KH� LRQROXPLQHVFHQFH� H[SHULPHQWV� ZHUH

FDUULHG�RXW�ZLWK�WKH�9DQ�GHU�*UDDI�DFFHOHUD�
WRU� XVLQJ� WKH� VHWXS�GHVFULEHG� LQ�GHWDLOV� EH�
IRUH�>����@��7KH�+��� LRQ�EHDP�ZLWK�����NH9HQHUJ\� ERPEDUGHG� WKH� VLOLFD� WDUJHW� DW� WKH
LQFLGHQFH�DQJOH�D� ������7KH�EHDP�GLDPHWHU
DIWHU� SDVVDJH� WKURXJK� WDQWDOXP� DSHUWXUH
ZDV�����PP��7KH�EHDP�FXUUHQW�GHQVLW\�ZDV
YDULHG�IURP�����WR����P$�FP��DQG�ZDV�FRQ�
WUROOHG� GXULQJ� WKH� H[SHULPHQWV��%\�XVLQJ� D
IOH[LEOH� OLJKW� JXLGH� WR� WUDQVPLW� WKH� RSWLFDO
UDGLDWLRQ� IURP� WKH� VDPSOH�� ZH� KDYH� SUR�
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YLGHG�WKH�LQGHSHQGHQW�FKDQJH�RI�REVHUYDWLRQ
DQJOH�E� LQ���WR�����UDQJH�DW�FRQVWDQW�D��$W
DQ\�YDOXHV�RI�E�� WKH�UDGLDWLRQ�ZDV�GHWHFWHG
IURP�WKH�ZKROH�LUUDGLDWHG�VDPSOH�VXUIDFH��$
TXDUW]� FRQGHQVHU� SURMHFWHG� WKH� OLJKW� IURP
WKH� OLJKW� JXLGH� RXWSXW� RQ� WKH� HQWUDQFH� VOLW
RI�JUDWLQJ�PRQRFKURPDWRU�WKURXJK�D�TXDUW]
ZLQGRZ�� 7KH� OXPLQHVFHQFH� VSHFWUD� ZHUH
PHDVXUHG�DW�URRP�WHPSHUDWXUH�LQ�WKH�ZDYH�
OHQJWK�UDQJH�RI����� WR�����QP��$�SKRWRP�
XOWLSOLHU� ZDV� XVHG� DV� D� OLJKW� UHFHLYHU�� 7KH
RSWLFDO� FKDQQHO� RI� WKH� VHWXS�ZDV� FDOLEUDWHG
XVLQJ� D� VSHFWURPHWULF� LQFDQGHVFHQFH� ODPS�
7KH�OXPLQHVFHQFH�VSHFWUD�ZHUH�FRUUHFWHG�IRU
WKH� VSHFWUDO� VHQVLWLYLW\� DQG� QRUPDOL]HG� WR
WKH� EHDP� FXUUHQW�� $OO� VDPSOHV� ZHUH� SXUH
VLOLFD� VTXDUH�SODWHV� �VLGH����PP�DQG�WKLFN�
QHVV� �� PP�� ZLWK� SROLVKHG� DQG� FKHPLFDOO\
FOHDQHG� VXUIDFHV��7KH� UHVLGXDO�JDV�SUHVVXUH
ZDV� OHVV� WKDQ� ��Ü�� 3D�� 7KH� OXPLQHVFHQFH
VSHFWUD� ZHUH� WUHDWHG� E\� WKH� PHWKRG� VXJ�
JHVWHG�LQ�SUHYLRXV�SDSHUV�>�Ü�@�

���5HVXOWV�DQG�GLVFXVVLRQ
$�W\SLFDO�OXPLQHVFHQFH�VSHFWUXP�LQGXFHG

E\�+��� LRQV� DW� WKH� LQLWLDO� LUUDGLDWLRQ� VWDJHRI�D�VLOLFD�VDPSOH�LV�SUHVHQWHG�LQ�)LJ�����7KH
VSHFWUXP� FRQVLVWV� RI� WZR� ZLGH� EDQGV� ZLWK
PD[LPD� QHDU� ���� QP� �EOXH� EDQG�� DQG
����QP��UHG�EDQG���7KH�OLJKW�\LHOG�ZDV�SUR�
SRUWLRQDO�WR�WKH�EHDP�FXUUHQW�GHQVLW\��6XFK
GRXEOH�EDQG�VKDSH�RI�WKH�OXPLQHVFHQFH�VSHF�
WUD� KDG� EHHQ� REVHUYHG� QRW� RQO\� XQGHU� LRQ
ERPEDUGPHQW� ZLWK� GLIIHUHQW� HQHUJ\� DQG
VSHFLHV�>����@��EXW�DOVR�IRU�RWKHU�LUUDGLDWLRQ
W\SHV��VXFK�DV�HOHFWURQV�>�@�RU�QHXWURQV�>�@�
/LJKW�JHQHUDWLRQ�LQ�RSWLFDO�UDQJH�GXULQJ�LRQ
ERPEDUGPHQW�RFFXUV�RQ�TXDUW]�LQWULQVLF�GH�
IHFWV�>�����Ü��@��7KH�PRVW�LQWHQVH�EOXH�EDQG
LV�XVXDOO\� FRQQHFWHG�ZLWK�(c� FHQWHU� W\SH� RI

LQWULQVLF�VLOLFD�GHIHFWV��6L�ZLWK�EURNHQ�6L±2
ERQG��E\�GHFD\�RI�VHOI�WUDSSHG�H[FLWRQ�>��@�
6XFK� GHIHFWV� DV� QHXWUDO� R[\JHQ� YDFDQF\
�R[\JHQ� GHILFLHQF\� WUDSSLQJ� WZR� HOHFWURQV�
>���������@��WZRIROG�FRRUGLQDWHG�VLOLFRQ�>��@�
WKUHHIROG� FRRUGLQDWHG� VLOLFRQ� >��@� FDQ� EH
FRQVLGHUHG� DV� VRXUFHV� RI� EOXH� EDQG� UDGLD�
WLRQ��7KH�UHG�EDQG�ZLWK�����QP�ZDYHOHQJWK
PD[LPXP�LV�DWWULEXWHG�WR�QRQ�EULGJLQJ�R[\�
JHQ�FHQWHUV�RQO\��VHH��IRU�H[DPSOH��>��@�DQG
UHIHUHQFHV�WKHUHLQ��

7KH� H[SHULPHQWV� KDYH� VKRZQ� WKDW� WKH
VSHFWUD� FKDQJHG� ZLWK� LQFUHDVLQJ� DEVRUEHG
GRVH� RI�+��� LRQV�� 7KH� FKDQJHV� LQ� OXPLQHV�FHQFH�VSHFWUD�ZLWK�WKH�GRVH�JURZWK�LQGXFHG
E\�+���LQ�TXDUW]�DUH�VKRZQ�LQ�)LJ�����$V�WKHDEVRUEHG�GRVH�RI�K\GURJHQ�DWRPV� LQFUHDVHV�
WKH� OLJKW� LQWHQVLW\� RI� WKH� VKRUW� ZDYH� ZLQJ
RI� EOXH�EDQG�UHPDLQ� HVVHQWLDOO\�XQFKDQJHG�
7KH� OXPLQHVFHQFH� LQWHQVLW\�RI� WKH�UHG�EDQG
GHFUHDVHV� DQG� IRU� GRVH� XS� WR� ����������*\
��������SDUWLFOHV�FP��� LW�EHFRPHV�DOPRVW� LQ�
GLVWLQJXLVKDEOH� DJDLQVW� WKH� EDFNJURXQG� RI
ORQJ�ZDYH� ZLQJ� RI� WKH� EOXH� EDQG� ����� QP
PD[LPXP��� 3HUKDSV� VXFK� D� GHSHQGHQFH� LV
FRQQHFWHG� ZLWK� EORFNLQJ� RI� LQWULQVLF� VLOLFD
GHIHFWV�E\�K\GURJHQ�DWRPV�

$V� LW�ZDV� IRXQG� LQ� D�SUHYLRXV�ZRUN� >�@�
WKH� PD[LPXP� FKDQJHV� LQ� WKH� VSHFWUXP
VKDSH� ZDV� REVHUYHG� QHDU� ���� DQG� ���� QP
ZDYHOHQJWKV� IRU� SURWRQV�� 7KH� VDPH� IHDWXUH
RFFXUV� IRU�+��� LRQV�� WRR��:H�GHILQHG� WKH�)
YDOXH�DV�WKH�UDWLR�RI�LQWHQVLW\�DW�����QP�WR
WKDW�DW�����QP��7KLV�UDWLR�GHSHQGV�VWURQJO\
RQ�DEVRUEHG�GRVH��7KH�)�YDOXH�DV�D�IXQFWLRQ
RI�DEVRUEHG�GRVH�LV�SUHVHQWHG�LQ�)LJ�����7KH
UHVXOWLQJ� FXUYH� FDQ� EH� GLYLGHG� LQWR� WZR
DUHDV�� LQLWLDO� LQFUHDVH� XS� WR� PD[LPXP� DW
��������� *\� GRVH� DQG� VORSH� XS� WR
����������*\�GRVH��,W�VHHPV�WKDW�IXUWKHU�LU�

)LJ����� /XPLQHVFHQFH� VSHFWUXP� RI� XQLUUDGL�
DWHG�TXDUW]�IRU�����NH9�+����E� ����

)LJ�����6LOLFD�OXPLQHVFHQFH�VSHFWUD�IRU�GLIIHUHQW
DEVRUSEHG� GRVHV� �*\��� ��� XQLUUDGLDWHG� VDPSOH�
��Ü������������ ��Ü������������ ��Ü�����������
��Ü���������������Ü�����������
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UDGLDWLRQ� FDQ� OHDG� WR� VDWXUDWLRQ� RI� WKH
FXUYH�

,W�KDV�EHHQ�VKRZQ�ILUVW�WKDW�WKH�DEVRUEHG
GRVH�GHSHQGHQFH�LV�QRQPRQRWRQRXV��3HUKDSV
WKLV� LV� FRQQHFWHG� ZLWK� WKH� IDFW� WKDW� WKH
SURFHVV� RI�QRQ�EULGJH� R[\JHQ� GHIHFW� IRUPD�
WLRQ�LQ�VLOLFD�SUHGRPLQDWHV�RYHU�WKH�EORFNLQJ
RI� WKHVH� GHIHFWV� E\� K\GURJHQ� DW� UHODWLYHO\
VPDOO� DEVRUEHG� GRVHV� XS� WR� ����������*\�
7KH�QRYHO�WHFKQLTXH�SURSRVHG�EHIRUH�IRU�WKH
UHPRWH�PRQLWRULQJ�RI�SURWRQ�DEVRUSEHG�GRVH
>�Ü�@� FRXOG� EH� LPSURYHG� XVLQJ� WKLV� ZRUN
GDWD��7KH�FXUYH�LQ�)LJ����FDQ�EH�XVHG�DV�WKH
FDOLEUDWLQJ� RQH� WR� GHWHUPLQH� WKH� +��� GRVHDEVRUEHG�LQ�D�VLOLFD�VDPSOH�

���&RQFOXVLRQ
7KH� VWXG\� RI� VLOLFD� LUUDGLDWLRQ� ZLWK�PR�

OHFXODU� K\GURJHQ� LRQV� RI� VHYHUDO� KXQGUHG
NH9� HQHUJ\� KDV� VKRZQ� WKDW� WKH� OXPLQHV�
FHQFH� VSHFWUD� DUH� FKDQJHG� GXULQJ� WKH� ERP�
EDUGPHQW�� 7KLV� UHVXOW� DOORZV� WR� H[WHQG� WKH
DSSOLFDWLRQ�VSKHUH�RI�RXU�UHPRWH�PRQLWRULQJ
PHWKRG�RI�DEVRUEHG�GRVH�IRU�SURWRQV�LQ�VLOLFD
WR�WKH�FDVH�RI�+���LRQV��7KH�ZDYHOHQJWK�DUHDVRI�PD[LPXP�VSHFWUD� FKDQJLQJ�KDYH�EHHQ�GH�
ILQHG�DQG�WKH�DEVRUEHG�GRVH�FDOLEUDWLQJ�FXUYH
KDV�EHHQ�REWDLQHG��7KLV�SURFHGXUH�HQDEOHG�WR
FDUU\�RXW�UHPRWH�PRQLWRULQJ�RI�+���GRVH�DE�VRUEHG�LQ�VLOLFD�

5HIHUHQFHV
� ���2�9�.DODQWDU\DQ�� 6�,�.RQRQHQNR�� 9�,�0XUD�

WRY��-��3ODVPD�)XVLRQ�5HV��6HU�����������������
� ���6�,�.RQRQHQNR�� 2�9�.DODQWDU\DQ�� 9�,�0XUD�

WRY�� 9�3�=KXUHQNR�� 1XFO��,QVWU��DQG� 0HWK��LQ
3K\V��5HV��%������������������

� ���6�,�.RQRQHQNR�� 2�9�.DODQWDU\DQ�� 9�,�0XUD�
WRY��)XQFWLRQDO�0DWHULDOV�����������������

� ���6�.RQRQHQNR�� 2�.DODQWDU\DQ�� 9�0XUDWRY�
&�1DPED��LQ��-RLQW�0HHWLQJ�RI���WK�,QW��7RNL

&RQIHUHQFH�RQ�3ODVPD�3K\VLFV�DQG�&RQWUROOHG
1XFOHDU� )XVLRQ�� 7RNL�� -DSDQ�� 2FWREHU� ���
��������S�����

� ���6�,�.RQRQHQNR��2�9�.DODQWDU\DQ��9�,�0XUDWRY
HW�DO���5DG��0HDV�������������������

� ���)�-DTXH��3�7RZQVHQG��1XFO��,QVWU��DQG�0HWK��
3K\V��5HV�����������������������

� ���7�7DQDEH�� $�2PRUL�� 0�)XMLZDUD�� -��1XFO�
0DWHU������Ü�����������������

� ���$�0RURQR�� (�5�+RGJVRQ�� -��1XFO��0DWHU��
���Ü�����������������

� ���)�6DWR�� 7�,LGD�� <�2\DPD�� )�0DHNDZD�
<�,NHGD�� -��1XFO��0DWHU��� ���Ü����� ����
�������

����$�1�7UXNKLQ�� 1XFO��,QVWU��DQG� 0HWK��%� 3K\V�
5HV������������������

����)�3LR�� 0�*X]]L�� 0�0DUWLQL�� 3K\V��6WDWH� 6RO�
�E�������������������

����-�3�'XUDXG�� )�-ROOHW�� <�/DQJHYLQ�� (�'RRU\�
KHH�� 1XFO��,QVWU��DQG� 0HWK��%� 3K\V�� 5HV��� ���
�����������

����/�1�6NXMD��$�1�6WUHOHWVN\��$�%�3DNRYLFK��6RO�
6WDWH�&RPPXQ�������������������

����/�1�6NXMD��$�5�6LOLQ��3K\V��6WDWH�6RO���D������
����������
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)LJ�����)�YDOXH�DV�D�IXQFWLRQ�RI�DEVRUEHG�GRVH
�FDOLEUDWLQJ�FXUYH��

2�9DV\OFKHQNR�HW�DO����7KH�LRQROXPLQHVFHQFH����
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