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XVH� LQ� D� ODUJH�VFDOH� QHXWULQR� H[SHULPHQW� 'D\D� %D\� KDV� EHHQ� VWXGLHG�� 7KH� VWXG\� UHVXOWV
VKRZ� D� KLJK� HIILFLHQF\� RI� WKHUPDO� QHXWURQ� GHWHFWLRQ� XVLQJ� WKH� QRYHO� OLTXLG� VFLQWLOODWRU� DQG
PDNH� LW� SRVVLEOH� WR� UHFRPPHQG� WKLV�PDWHULDO� LQ� H[SHULPHQWV� RQ� VHDUFK� IRU�QHXWULQR� RVFLOOD�
WLRQV�
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7KH� HQKDQFHPHQW� RI� GHWHFWLRQ� HIILFLHQF\
RI� WKH� QXFOHDU� UHDFWLRQ� SURGXFWV� LV� DPRQJ
WKH� XUJHQW� WRSLFV� LQ� WKH� H[SHULPHQWDO� VXS�
SRUW� RI� LQYHVWLJDWLRQV� LQ� WKH� ILHOGV� RI� QX�
FOHDU�DQG�QHXWURQ�SK\VLFV��HOHPHQWDU\�SDUWL�
FOH� SK\VLFV�� QHXWULQR� SK\VLFV�� KLJK� HQHUJ\
SK\VLFV��DV�ZHOO�DV�LQ�VHDUFK�IRU�VROXWLRQ�RI
QXPHURXV� DVWURSK\VLFDO� DQG� FRVPRORJLFDO
SUREOHPV�� /LTXLG� VFLQWLOODWRUV� KDYLQJ� QX�
PHURXV� DGYDQWDJHV� DV� FRPSDUHG� WR� LQRU�
JDQLF� DQDORJV� DUH� RIWHQ� XVHG� DV� EDVHV� IRU
YDULRXV� GHWHFWLQJ� V\VWHPV�� $� FRQVLGHUDEOH
LQWHUHVW� LQ� GHYHORSPHQW� DQG� SURGXFWLRQ� RI
VXFK�PDWHULDOV�LV�GXH�WR�ZLGHQLQJ�LQYHVWLJD�
WLRQV� LQ� QHXWULQR� DVWURQRP\� DQG� QHXWULQR
RVFLOODWLRQ� REVHUYDWLRQV�� 0DQ\� H[SHULPHQWV
>�Ü�@�XVLQJ�WKH�UHDFWRU�QHXWULQRV�DUH�EDVHG
RQ� WKH� VWXG\� RI� DQ� HOHFWURQ� DQWLQHXWULQR
LQWHUDFWLRQ�ZLWK�D�SURWRQ�

QBBH���S�o�H����Q�
7KH�QHXWURQ�IRUPHG�GXH�WR�LQYHUVH�E�GHFD\

LV�PRGHUDWHG� LQ� WKH� VFLQWLOODWRU�XS� WR� WKHU�
PDO�HQHUJ\�UDQJH�DQG�LV�FDSWXUHG�E\�D�SUR�

WRQ� XQGHU� UHOHDVH� RI� D� ���� 0H9� JDPPD
TXDQWXP��7KH�GHWHFWLRQ�RI�JDPPD�UDGLDWLRQ
DULVLQJ�GXH�WR�FDSWXUH�RI�D�WKHUPDOL]HG�QHX�
WURQ�E\�D�SURWRQ� LV�GHOD\HG�ZLWK�UHVSHFW� WR
WKH� LQVWDQWDQHRXV� UHOHDVH� RI� WKH� UHFRLO� HQ�
HUJ\�RI�SRVLWURQ�DQG�QHXWURQ�DQG�WZR�DQQL�
KLODWLRQ� JDPPD� TXDQWD� �(J� �������0H9��7KLV�IDFW�SURYLGHV�DGGLWLRQDO�SRVVLELOLWLHV�WR
REVHUYH�WKH�UHDFWLRQ��7R�UHGXFH�WKH�OLIHWLPH
RI�WKH�WKHUPDO�QHXWURQ�DQG�LQFUHDVH�WKH�HQ�
HUJ\�RI�JDPPD�TXDQWD�EHLQJ�UHOHDVHG�DW�LWV
FDSWXUH�� JDGROLQLXP� LV� LQWURGXFHG� LQWR� WKH
OLTXLG� VFLQWLOODWRUV� DW� D� PDVV� IUDFWLRQ� RI
DERXW���������7KH�HQHUJ\�EHLQJ�UHOHDVHG�DW
WKH�QHXWURQ�FDSWXUH�RQ����*G�DQG����*G�QX�
FOHL� LV� DERXW� �� 0H9�� 7KH� WKHUPDO� QHXWURQ
FDSWXUH�FURVV�VHFWLRQ�RI�WKH�QDWXUDO�JDGROLQ�
LXP� LVRWRSLF� PL[WXUH� LV� ILYH� GHFLPDO� RUGHU
KLJKHU�WKDQ�WKDW�RI�K\GURJHQ��7DEOH����
1HZ�*G�ORDGHG�OLTXLG�VFLQWLOODWRU��7DEOH���

EDVHG� RQ� OLQHDU� DON\OEHQ]HQH� >�@� KDV� EHHQ
GHYHORSHG� LQ� WKH� IUDPHZRUN� RI� WKH� FROODER�
UDWLRQ�RQ�SUHSDULQJ�WR�WKH�'$<$�%$<�QHX�
WULQR�H[SHULPHQW��
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7KH�SXUSRVH�RI�SUHVHQW�ZRUN� LV� WR�PHDV�
XUH�WKH�GHWHFWLRQ�HIILFLHQF\�RI�WKHUPDO�QHX�
WURQV� E\� WKH� QRYHO�*G�ORDGHG� OLTXLG� VFLQWLO�
ODWRU� �/6�� LQWHQGHG�WR�EH�XVHG� LQ�WKH� ODUJH�
VFDOH� H[SHULPHQW� RQ� KLJK�DFFXUDF\
PHDVXUHPHQW� RI� WKH� QHXWULQR�PL[LQJ� DQJOH
T���7KH� GHWHFWLRQ� HIILFLHQF\� RI� WKHUPDO� QHX�
WURQV� ZDV� PHDVXUHG� XVLQJ� WKH� VHWXS� SUH�
VHQWHG� LQ� )LJ����� $� 3X±%H� VRXUFH� ���� ZLWK
WKH� HPLVVLRQ� UDWH� RI� �������� QHXWURQV� SHU
VHFRQG� LPPHUVHG� LQ� D� SDUDIILQ� PRGHUDWRU
���� ZDV� XVHG� WR� IRUP� WKH� WKHUPDO� QHXWURQ
EHDP��7KH�/6�WR�EH�VWXGLHG�ZDV�SODFHG�LQ�D
F\OLQGULFDO� 7HIORQ� FHOO� ���� RI� ���u���PP�
VL]H�SODFHG�RQ�D�307�����LQ�WKH�RSWLFDO�FRQ�
WDFW�� 7R� SURWHFW� WKH� VFLQWLOODWRU� DJDLQVW
JDPPD�TXDQWD�EHLQJ�IRUPHG�LQ�WKH�QHXWURQ
VRXUFH� DQG� SDUDIILQ� PRGHUDWRU�� D� PDVVLYH
OHDG�EDUULHU�����ZDV�XVHG�

7KH�DUHD�XQGHU�VSHFWUDO�FXUYH�RI�JDPPD
TXDQWD� JHQHUDWHG� GXH� WR� WKH� WKHUPDO� QHX�
WURQ� FDSWXUH� LV� GHILQHG�PDLQO\� E\� WKH� IORZ
GHQVLW\� RI� WKHUPDO� QHXWURQV� ZLWK� ����� H9
HQHUJ\��)&G��DV�ZHOO�DV��WR�D�OHVV�H[WHQW��E\WKDW� RI� UHVRQDQFH� QHXWURQV� ZLWK� ���� WR
��� H9� HQHUJ\� �)UHV�� LQFLGHQW� WKH� /6�� 7KHFRPSDULVRQ�RI� WKH�VSHFWUXP�DUHD�DVVRFLDWHG
ZLWK�WKH�WKHUPDO�QHXWURQ�GHWHFWLRQ�DQG�WKH
IORZ� GHQVLW\� )&G� SURYLGHG� WKH� GHWHUPLQD�WLRQ�RI�WKH�/6�HIILFLHQF\�
7KH� IORZ� GHQVLW\� RI� WKHUPDO� QHXWURQV

IDOOLQJ� WR� WKH� /6� XQGHU� VWXG\� ZDV� GHWHU�
PLQHG� XVLQJ� WKH� DFWLYDWLRQ� WHFKQLTXH�� 7KH
JROG�LQ�FDGPLXP� WDUJHWV� ���� DQG� FDGPLXP�
IUHH�JROG�WDUJHWV�����ZHUH�XVHG�IRU�WKLV�SXU�
SRVH�� 7KH� WDUJHWV� H[KLELW� D� ODUJH� FURVV�VHF�
WLRQ� RI� ���$X� LVRWRSH� IRUPDWLRQ� �KDOI�OLIH�

7DEOH����7KHUPDO�QHXWURQ�FDSWXUH�FKDUDFWHULVWLFV�E\�QXFOHL�RI�VRPH�LVRWRSHV�

,VRWRSH 1DWXUDO�DEXQGDQFH��� 5HDFWLRQ &DSWXUH�FURVV�
VHFWLRQ��EDUQ

5HFRUGLQJ�SDUWLFOHV�
�+ ������ �Q�J� ����� J�������0H9

���8 ��� ILVVLRQ ������� )LVVLRQ�SURGXFWV�
#����0H9�
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�+������0H9

��% �� �Q�D� ������� D�������0H9��
�/L������0H9��
J������0H9

�+H ���� �Q�S� ������� S�������0H9���+�������0H9�
���&G �� �Q�J� ������� J�FDVFDGH���0H9
���*G �� �Q�J� ������� J�FDVFDGH���0H9
���*G �� �Q�J� ������� J�FDVFDGH���0H9

7DEOH���� &KDUDFWHULVWLFV� RI� *G�FRQWDLQLQJ
OLTXLG� VFLQWLOODWRU� EDVHG� RQ� OLQHDU� DON\O
EHQ]HQH

6FLQWLOODWRU�EDVH /LQHDU�DON\O
EHQ]HQH

*G�FRQWDLQLQJ�DGGLWLYH *DGROLQLXP�������
WULPHWK\O�KH[DQRDWH

*G�FRQFHQWUDWLRQ��J�/ �
3ULPDU\�DGGLWLYH 332

332�FRQFHQWUDWLRQ��J�/ �
6SHFWUXP�VKLIWHU %LV�06%

%LV�06%�FRQFHQWUDWLRQ��PJ�/ ��
/LJKW�\LHOG�����UHODWLYHO\

WR�DQWKUDFHQH
��

7UDQVSDUHQFH������QP���P ��

)LJ����� ([SHULPHQWDO� VHWXS� IRU� VWXGLHV� RQ
WKHUPDO�QHXWURQ�GHWHFWLRQ�HIILFLHQF\�LQ�D�/6�
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WLPH� ������ GD\�� IRU� WKHUPDO� QHXWURQV
�V&G� ����EDUQ��DQG� WKH�SUHVHQFH�RI�D�UHVR�QDQFH�LQWHJUDO��VUHV� ������EDUQ��ZLWKLQ�WKH���� WR� ��� H9� HQHUJ\� UDQJH�� %\� PHDVXULQJ
WKH�WDUJHW�JDPPD�DFWLYLW\�ZLWK�DQG�ZLWKRXW
FDGPLXP� EHLQJ� DFWLYDWHG� ZLWK� DQG�ZLWKRXW
WKH� �/L� VFUHHQ� ����� LW� ZDV� SRVVLEOH� WR� GLV�
FULPLQDWH� WKH� UHVRQDQFH� FRPSRQHQW� RI� WKH
QHXWURQ� IORZ� GHQVLW\� IURP� WKH� SDUDIILQ
PRGHUDWRU�DV�ZHOO�DV�WKH�WKHUPDO� �)&G��DQGUHVRQDQFH��)UHV��FRPSRQHQWV�RI�WKH�H[WHUQDOEDFNJURXQG��)RU� LWV� UHGXFWLRQ�� WKH�PRGHUD�
WRU� ZDV� VFUHHQHG� E\� ERURQ�FRQWDLQLQJ� SRO\�
HWK\OHQH� ����� DQG� �/L� ������ 7KH� IUDFWLRQ� RI
WKH� WKHUPDO� QHXWURQ� IORZ� GHQVLW\� �(Q������H9��DW�WKH�VFLQWLOODWRU�VXUIDFH�EHLQJ�DE�
VRUEHG� E\� WKH� �/L� VFUHHQ�� DV� GHWHUPLQHG� LQ
WKDW� ZD\�� DPRXQWHG� )&G� ����r���Q�FP��V�
7ZR�VXFK�VSHFWUD��������DQG�WKH�EDFNJURXQG
VSHFWUXP� ���� LQ� WKH� DEVHQFH� RI� WKH�QHXWURQ
VRXUFH� ZLWK� JDPPDV� HQHUJ\� UDQJH� XS� WR� �
0H9� IRU��� FP�KHLJKW� RI� VFLQWLOODWRU�V� OD\HU
DUH�SUHVHQWHG�LQ�)LJ����
'XULQJ� WKH� H[SHULPHQWV�� WKH� VSHFWUD� RI

���NH9�WR���0H9�JDPPD�TXDQWD� WKDW�DULVH
LQ� WKH� /6� XQGHU� LQWHUDFWLRQ� ZLWK� WKHUPDO
QHXWURQV�ZHUH�PHDVXUHG�IRU�IRXU�VDPSOHV�RI
WKH� *G�ORDGHG� /6� DW� WKH� OD\HU� KHLJKW� RI
�� FP� WR����� FP�DV�ZHOO� IRU� RQH�*G�IUHH�/6
DW� WKH� OD\HU� KHLJKW� RI� ���� FP�� 7KH� H[SHUL�

PHQWDO� HIILFLHQF\� YDOXHV� IRU� WKRVH� VDPSOHV
DUH�SUHVHQWHG�LQ�7DEOH���
7KH�UHVXOWV�REWDLQHG�HYLGHQFH�D�KLJK�HIIL�

FLHQF\� RI� WKHUPDO� QHXWURQ� GHWHFWLRQ� E\� WKH
QRYHO� OLTXLG� VFLQWLOODWRU� DQG� HQDEOH� WR� UHF�
RPPHQG� LW� IRU� XVH� LQ� H[SHULPHQWV� RQ� WKH
VHDUFK�IRU�QHXWULQR�RVFLOODWLRQV�
7KLV�ZRUN�KDV�EHHQ�GRQH�XQGHU�ILQDQFLDO

VXSSRUW� E\� 5XVVLDQ� )RXQGDWLRQ� IRU� )XQGD�
PHQWDO�5HVHDUFKHV��*UDQW��������������

5HIHUHQFHV
� ���&�/�&RZDQ��)�5HLQHV��)�%�+DUULVRQ�HW�DO���6FL�

HQFH������������������
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� ���/�$�0LNDHO\DQ�� 3K\V��$WRP��1XFO��� ���� ����
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� ���0�$SROORQLR�� $�� %DOGLQL�� &�� %HPSRUDG� HW� DO�

�&KRR]�&ROODERUDWLRQ���(XU��3K\V��-���&���� ���
�������

� ���)�%RHKP�� -�%XVHQLW]�� %�&RRN� HW� DO�� �3DOR
9HUGH�&ROODERUDWLRQ���3K\V��5HY���'����������
�������
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)LJ����� 7KHUPDO� QHXWURQ� VSHFWUD� UHFRUGHG� E\
WKH�307�IRU�*G�ORDGHG�/6�DW�WKH�OD\HU�KHLJKW
+� ��� FP�� ZLWKRXW� ���� DQG� ZLWK� ���� �/L
VFUHHQ������WKH�EDFNJURXQG�

7DEOH���� 7KHUPDO� QHXWURQ� GHWHFWLRQ� HIIL�
FLHQF\�RI�WKH�/&�EDVHG�RQ�OLQHDU�DON\O�EHQ�
]HQH

6FLQWLOODWRU
OD\HU�KHLJKW�

FP
7RWDO�GHWHFWLRQ�HIILFLHQF\

RI������H9�WKHUPDO�QHXWURQV�
��

*G����J�/� *G�IUHH
� ��r� Ü
� ��r� Ü
��� ��r� Ü
��� ��r� ��r�
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