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(OHFWURFDWDO\WLF HIIHFWV IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH LQ /L$O&O��62&O� HOHFWURO\WH VROXWLRQ FRQWDLQLQJ

6FKLII EDVH 0�,,� �0� &R DQG )H� FRPSOH[HV DUH HYDOXDWHG E\ GHWHUPLQLQJ NLQHWLF SDUDPHWHUV ZLWK F\FOLF YRO�

WDPPHWU\ DQG FKURQRDPSHURPHWU\ DW D JODVV\ FDUERQ HOHFWURGH� 7KH FKDUJH WUDQVIHU SURFHVV GXULQJ WKH UHGXF�

WLRQ RI WKLRQ\O FKORULGH LV DIIHFWHG E\ WKH FRQFHQWUDWLRQ RI WKH FDWDO\VW� 7KH FDWDO\WLF HIIHFWV DUH GHPRQVWUDWHG

IURP ERWK D VKLIW RI WKH UHGXFWLRQ SRWHQWLDO IRU WKH WKLRQ\O FKORULGH WRZDUG D PRUH SRVLWLYH GLUHFWLRQ DQG DQ LQ�

FUHDVH LQ SHDN FXUUHQWV� &DWDO\WLF HIIHFWV DUH ODUJHU LQ WKLRQ\O FKORULGH VROXWLRQV FRQWDLQLQJ WKH ELQXFOHDU

>0�,,���76%3�@ FRPSOH[ UDWKHU WKDQ PRQRQXFOHDU >0�,,��%6'7�@ FRPSOH[HV� 6LJQLILFDQW LPSURYHPHQWV LQ WKH

FHOO SHUIRUPDQFH KDYH EHHQ QRWHG LQ WHUPV RI ERWK WKHUPRG\QDPLFV DQG DFWLYDWLRQ HQHUJ\ IRU WKH WKLRQ\O FKOR�

ULGH UHGXFWLRQ� 7KH DFWLYDWLRQ HQHUJ\ FDOFXODWHG IURP WKH $UUKHQLXV SORWV LV ������� NFDO�PROH DW EDUH JODVV\

FDUERQ HOHFWURGHV� 7KH DFWLYDWLRQ HQHUJ\ FDOFXODWHG IRU WKH FDWDO\VW FRQWDLQLQJ VROXWLRQ LV ������� NFDO�PROH� GH�

SHQGLQJ RQ ZKHWKHU WKH WHPSHUDWXUH LV ORZHUHG RU UDVLHG�

,QWURGXFWLRQ

7KH SHUIRUPDQFH RI HOHFWURFKHPLFDO VWXGLHV IRU WKH OLWK�

LXP�WKLRQ\O FKORULGH SULPDU\ EDWWHULHV KDV EHHQ RI VLJQLIL�

FDQW SUDFWLFDO LQWHUHVW RYHU WKH SDVW VHYHUDO \HDUV DQG WKH

PHFKDQLVP RI WKH UHGXFWLRQ RI WKLRQ\O FKORULGH RQ YDULRXV

W\SHV RI FDUERQ HOHFWURGHV KDYH EHHQ VWXGLHG��a�� 7KH V\VWHP

FRQVLVWV RI D /L DQRGH� D SRURXV FDUERQ FDWKRGH� DQG D

/L$O&O��62&O� HOHFWURO\WH VROXWLRQ� ZKHUH 62&O� DFWV DV

ERWK D VROYHQW DQG D FDWKRGH�DFWLYH PDWHULDO� 7KH /L DQRGH LV

SUHYHQWHG IURP UHDFWLQJ ZLWK 62&O� E\ YLUWXH RI WKH IRUPD�

WLRQ RI D /L&O SDVVLYDWLRQ ILOP� RQ WKH /L DV VRRQ DV LW FRQ�

WDFWV WKH /L$O&O��62&O� HOHFWURO\WH DFFRUGLQJ WR WKH UHDFWLRQ

����

�/L � �62&O� → 6 � 62� � �/L&O ���

7KH HOHFWURGH NLQHWLFV RI WKH FDWKRGH GLVFKDUJH UHDFWLRQ LV

UDWKHU SRRU GXH WR WKH IRUPDWLRQ RI SDVVLYH /L&O ILOPV DW WKH

FDWKRGH DV D UHVXOW RI UHDFWLRQ ����

7KH ILOP LV DOVR WKH VRXUFH RI WKH YROWDJH GHOD\ RZLQJ WR

LWV RYHUO\ SDVVLYH QDWXUH� 0DQ\ LQYHVWLJDWRUV WULHG WR DYRLG

WKLV KLJK SDVVLYLW\ SUREOHP� 2QH DSSURDFK WR WKH HQKDQFH�

PHQW RI FHOO SHUIRUPDQFH FDQ EH WKH DGGLWLRQ RI FDWDO\VW PRO�

HFXOHV� ZKLFK DFFHOHUDWH WKH UDWH RI HOHFWURQ WUDQVIHU�

'RGGDSDQHQL������ DIWHU FRPSDULQJ VHYHUDO PHWDO FRPSRXQGV

DV SRVVLEOH FDWDO\VWV� IRXQG FREDOW DQG LURQ SKWKDORF\DQLQHV

WR EH WKH PRVW HIIHFWLYH� ,W DOVR KDV EHHQ VKRZQ WKDW DGGLQJ D

VPDOO DPRXQW RI PHWDO SKWKDORF\DQLQHV LPSURYHV FHOO SHU�

IRUPDQFH E\ FKDQJLQJ ERWK WKHUPRG\QDPLF DQG NLQHWLF

SDUDPHWHUV IRU WKH WKLRQ\O FKORULGH UHGXFWLRQ� &KRL DQG

FRZRUNHUV����� KDYH REVHUYHG WKH SDVVLYDWLRQ DQG FDWDO\WLF RI

WKH WKLRQ\O FKORULGH VROXWLRQ FRQWDLQLQJ FREDOW SKHQ\OSRU�

SK\ULQV� ,Q WKLV SDSHU� FDWDO\WLF HIIHFWV DQG WHPSHUDWXUH HIIHFWV

IRU WKH WKLRQ\O FKORULGH UHGXFWLRQ DUH UHSRUWHG E\ HYDOXDWLQJ

HOHFWURNLQHWLF SDUDPHWHUV LQ /L$O&O��62&O� VROXWLRQ FRQWDLQ�

LQJ TXDGULGHQWDWH 6FKLII EDVH 0�,,� FRPSRXQGV DV FDWDO\VWV�

([SHULPHQWDO 6HFWLRQ

6DOLF\ODOGHK\GH �$OGULFK�� ����GLDPLQRWROXHQH �$OGULFK��

���
�GLDPLQREHQ]LGLQH �$OGULFK�� 1D�&2�� )H�62�� ± �+�2�

&R�62�� ± �+�2� 1D2+ �$OGULFK�� DQG HWKDQRO �$OGULFK� ZHUH

XVHG DV UHFHLYHG� 7KH HOHPHQWDO DQDO\VLV �FDUERQ� K\GURJHQ�

DQG QLWURJHQ� ZDV SHUIRUPHG RQ D <DQDFR�&+1 FRGHU 07��

DQDO\]HU� DQG WKH PHWDO FRQWHQW ZDV GHWHUPLQHG E\ D 3HUNLQ�

(OPHU PRGHO ��� DWRPLF DEVRUSWLRQ VSHFWURPHWHU� �+ 105

VSHFWUD LQ '062�G� ZHUH UHFRUGHG E\ D %UXNHU $0;����

VSHFWURPHWHU� ,QIUDUHG DQG 89�YLV VSHFWUD ZHUH UHFRUGHG RQ

6KLPDG]X ,5���� LQIUDUHG DQG +LWDFKL���� 89�YLV VSHFWUR�

SKRWRPHWHUV� 7KHUPRJUDYLPHWULF DQDO\VLV �7*$� ZDV FDU�

ULHG RXW XVLQJ D 3HUNLQ�(OPHU PRGHO � 7KHUPRJUDYLPHWULF

$QDO\]HU� 7KH PRODU FRQGXFWDQFH ZDV PHDVXUHG LQ '0) DW

�� R& E\ '.. PRGHO $2�� 'LJLWDO FRQGXFWRPHWHU�

3UHSDUDWLRQ RI ���
����
�WHWUD�VDOLF\OLGHQH LPLQR�����
�

ELSKHQ\O� >+�76%3@� 7KH TXDGULGHQWDWH 6FKLII EDVH OLJDQGV

ZHUH V\QWKHVL]HG DFFRUGLQJ WR WKH SURFHGXUH LQ RXU SUHYLRXV

UHSRUW������ $ ���� PROH RI WKH ���
�GLDPLQREHQ]LGLQH VROX�

WLRQ LQ HWKDQRO ��� P/� ZDV VORZO\ DGGHG WR ��� PROH RI VDOL�

F\ODOGHK\GH LQ HWKDQRO ��� P/� XQGHU WKH QLWURJHQ DWPR�

VSKHUH� $ UHGGLVK VROLG >+�76%3@ ZDV SUHFLSLWDWHG� 7KH SUH�

FLSLWDWH ZDV UHFU\VWDOOL]HG IURP HWKDQRO DQG GULHG XQGHU WKH

UHGXFHG SUHVVXUH DW �� R&� ��� \LHOG� PS� ������� R&� DQDO�

FDOFG� IRU &��+��1�2�� &� ������ +� ����� 1� ����� IRXQG� &�

������ +� ����� 1� ����� 89�YLV��'062� λPD[� ε × ��−� FP−�

0−��� ����������� ����������� ,5��.%U SHOOHW� FP−��� �����

�2+�� ������&�+�� ������& 1�� ������& &�� ������&�2��
�+ 105��'062�G�� δ�� �������������+� &�+���� ����������
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3UHSDUDWLRQ RI ����ELV�VDOLF\OLGHQH GLLPLQH� WROXHQH�

>+�%6'7@� $ ��� PROH RI ����GLDPLQRWROXHQH VROXWLRQ LQ

HWKDQRO ��� P/� ZDV VORZO\ DGGHG WR ��� PROH RI VDOLF\ODO�

GHK\GH LQ HWKDQRO ��� P/� XQGHU WKH QLWURJHQ DWPRVSKHUH� $

\HOORZ VROLG +�%6'7 ZDV SUHFLSLWDWHG� 7KH SUHFLSLWDWH ZDV

UHFU\VWDOOL]HG IURP HWKDQRO DQG GULHG XQGHU WKH UHGXFHG SUHV�

VXUH DW �� R&� ��� \LHOG� PS� ������� R&� DQDO� FDOFG� IRU

&��+��1�2�� &� ������ +� ����� 1� ����� IRXQG� &� ������ +�

����� 1� ����� 89�YLV��'062� λPD[� ε × ��−�FP−�0−��� ����

������� ����������� ,5��.%U SHOOHW� FP−��� ������2+�� �����

�&�+� ������& 1�� ������& &�� ������&�2�� �+ 105�

�'062�G�� δ�� �������&+��� ������������+� $U+�� �������+�
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3UHSDUDWLRQ RI FRPSOH[HV� 7KH >0�,,���76%3�@ DQG

>0�,,��%6'7�@ FRPSOH[HV �0� &R� )H� ZHUH SUHSDUHG E\ WKH

DGGLWLRQ RI ���� PROH OLJDQGV LQ HWKDQRO WR WKH VDPH YROXPH

RI ���� PROH DQG ���� PROH 0�,,��62��� UHVSHFWLYHO\� LQ

ZDWHU XQGHU WKH QLWURJHQ DWPRVSKHUH ZKLOH VWLUULQJ� 7KH

0�,,� FRPSOH[HV ZHUH SUHFLSLWDWHG� 7KHVH FRPSOH[HV ZHUH

UHFU\VWDOOL]HG IURP HWKDQRO DQG GULHG DW �� R& XQGHU WKH

UHGXFHG SUHVVXUH�

>)H�,,���76%3�@� ��� \LHOG� PS� ������� R&� DQDO� FDOFG�

IRU &��+��1�2�)H��&� ������ +� ����� 1� ����� )H� ������

IRXQG� &� ������ +� ����� 1� ����� )H� ������ 89�YLV��'0)�

λPD[� ε × ��−� FP−�0−��� ����������� ����������� ,5��.%U
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�&�2�� �����)H�1�� �����)H�2�� 7*$��ZHLJKW ORVV� ��� ����

DW ������� R&� ����� DW ������� R&� ����� DW ��� R&a� PRODU

FRQGXFWDQFH��'0)� RKP−�FP−�PRO−��� �����

>)H�,,��%6'7�@� ��� \LHOG� PS� ������� R&� DQDO� FDOFG�

IRU &��+��1�2�)H� &� ������ +� ����� 1� ����� )H� ������

IRXQG� &� ������ +� ����� 1� ����� )H� ������ 89�YLV�

�'062� λPD[� ε × ��−�FP−�0−��� ����������� ����������� ,5�

�.%U SHOOHW� FP−��� ������&�+�� ������& 1�� �����)H�1��

�����)H�2�� 7*$��ZHLJKW ORVV� ��� ���� DW ������ R&� ����

DW ������� R&� ���� DW ��� R&a� PRODU FRQGXFWDQFH��'0)� Λ
RKP−�FP−�PRO−��� �����

>&R�,,���76%3�@� ��� \LHOG� PS� ������� R&� DQDO� FDOFG�

IRU &��+��1�2�)H�� &� ������ +� ����� 1� ����� )H� ������

IRXQG� &� ������ +� ����� 1� ����� )H� ������ 89�YLV��'0)�

λPD[� ε × ��−�FP−�0−��� ����������� ����������� ,5��.%U SHO�

OHW� FP−��� ������&�+�� ������& 1�� ������& 2�� ������&�

2�� �����)H�1�� �����)H�2�� 7*$��ZHLJKW ORVV� ��� ���� DW

������� R&� ����� DW ������� R&� ����� DW ��� R&a� PRODU

FRQGXFWDQFH��'0)� Λ RKP−�FP−�PRO−��� �����

>&R�,,��%6'7�@� ��� \LHOG� PS� ������� R&� DQDO� FDOFG�

IRU &��+��1�2�)H� &� ������ +� ����� 1� ����� )H� ������

IRXQG� &� ������ +� ����� 1� ����� )H� ������ 89�YLV�

�'062� λPD[� ε × ��−�FP−�0−��� ����������� ����������� ,5�

�.%U SHOOHW� FP−��� ������&�+�� ������& 1�� �����)H�1��

�����)H�2�� 7*$��ZHLJKW ORVV� ��� ���� DW ������ R&� ����

DW ������� R&� ����� DW ��� R&a� PRODU FRQGXFWDQFH��'0)�

Λ RKP−�FP−�PRO−��� �����

(OHFWURFKHPLVWU\� (OHFWURFKHPLFDO UHGXFWLRQ RI WKLRQ\O

FKORULGH KDV EHHQ FDUULHG RXW E\ F\FOLF YROWDPPHWU\ DQG

FKURQRDPSHURPHWU\� $ MDFNHWHG VLQJOH FRPSDUWPHQW FHOO

KRXVLQJ D JODVV\ FDUERQ ZRUNLQJ �JHRPHWULF DUHD� �����

FP��� SODWLQXP ZLUH FRXQWHU� DQG OLWKLXP ZLUH UHIHUHQFH

HOHFWURGHV ZDV XVHG IRU HOHFWURFKHPLFDO PHDVXUHPHQWV� 7KH

JODVV\ FDUERQ HOHFWURGH ZDV SROLVKHG WR D PLUURU ILQLVK ZLWK

� µP DOXPLQD SRZGHU� VXEVHTXHQWO\ FOHDQHG LQ DQ XOWUDVRQLF

FOHDQLQJ EDWK IRU UHPRYDO RI VROLG SDUWLFOHV� DQG ILQDOO\

ULQVHG VHYHUDO WLPHV ZLWK GRXEO\ GLVWLOOHG GHLRQL]HG ZDWHU

EHIRUH XVH� 7KH ���� 0 /L$O&O��62&O� HOHFWURO\WLF VROXWLRQ

�/,7+&2� ZDV XVHG� $OO H[SHULPHQWV ZHUH FRQGXFWHG LQ D

JORYH ER[ XQGHU WKH DUJRQ�JDV DWPRVSKHUH� $ 3ULQFHWRQ

$SSOLHG 5HVHDUFK �3$5� ��� SRWHQWLRVWDW�JDOYDQRVWDW LQWHU�

IDFHG ZLWK D PLFURFRPSXWHU WKURXJK DQ ,(((���� EXV ZDV

XVHG IRU HOHFWURFKHPLFDO PHDVXUHPHQWV�

5HVXOWV DQG 'LVFXVVLRQ

4XDGULGHQWDWH 6FKLII EDVH PHWDO�,,� FRPSOH[HV ZHUH SUH�

SDUHG DQG FKDUDFWHUL]HG E\ 89�YLV� ,5� 105� 7*$� DQG

HOHPHQWDO DQDO\VLV� 7KH UHVXOWV RI HOHPHQWDO DQDO\VLV RI WKH

6FKLII EDVH OLJDQGV DQG WKHLU FRPSOH[HV DUH LQ JRRG DJUHH�

PHQW ZLWK WKH H[SHFWHG FRPSRVLWLRQ RI WKH SURSRVHG FRP�

SOH[HV �6FKHPH ��� $OO FRPSOH[HV DUH LQVROXEOH LQ ZDWHU EXW

VROXEOH LQ DSURWLF VROYHQWV DQG 62&O�� 7KH UHVXOWV RI FRQGXF�

WLYLW\ PHDVXUHPHQWV LQ � P0 '0) VROXWLRQ LQGLFDWH WKDW WKH

0�,,� FRPSOH[HV DUH QRQLRQLF FRPSRXQGV� 7KH SRVLWLYH

FKDUJHV RI 0�,,� DUH SHUKDSV QHXWUDOL]HG E\ WZR SKHQR[\

JURXSV�

7KH ,5 VSHFWUD VKRZ EURDG ν �2+� EDQGV RI WKH IUHH

OLJDQGV DW ���� FP−�� $OO RI WKH ,5 VSHFWUD RI 0�,,� FRP�

SOH[HV VKRZ W\SLFDO EDQGV RI WKH 6FKLII EDVH ZLWK VWURQJ

SHDNV DVVLJQHG WR ν �& 1� LQ WKH ��������� FP−−� UHJLRQ�

:H FDQ VHH WKDW ν �& 1� EDQGV LQ WKH FRPSOH[ DUH VKLIWHG WR
WKH ORZHU HQHUJ\ UHJLRQV RI ����� FP−� LQ WKH FRUUHVSRQGLQJ

IUHH OLJDQGV� $FFRUGLQJ WR 8HQR DQG 0DUWHOO��� FKDUDFWHULVWLF

DEVRUSWLRQ EDQGV IRU 0�,,��1 DQG 0�,,��2 ERQGV LQ FRP�

SOH[HV DSSHDU UHVSHFWLYHO\ LQ WKH VSHFWUDO UHJLRQ RI �������

FP−� DQG ������� FP−�� +HUH WZR DEVRUSWLRQ EDQGV DW ����

��� FP−� DQG ������� FP−� DUH DVVLJQHG WR EH 0�,,��1 DQG

6FKHPH �



(OHFWURFDWDO\WLF (IIHFWV IRU WKH 5HGXFWLRQ RI 7KLRQ\O &KORULGH %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

0�,,��2 ERQGV� 7KH 89�YLV VSHFWUD RI WKH 0�,,� FRPSOH[HV

REWDLQHG LQ '062 VKRZ D π�π OLJDQG ILHOG DEVRUSWLRQ EDQG

DW ������� QP DQG D G�π FKDUJH WUDQVIHU EDQG DW �������

QP�
�+ 105 VSHFWUD RI 6FKLII EDVH OLJDQGV LQ '062�G�

VKRZ WKH DURPDWLF SURWRQV DV PXOWLSOHV LQ WKH UDQJH �������

SSP DQG 2�+ SURWRQV RI WKH WZR SKHQROLF JURXSV LQ WKH

UDQJH ��������� SSP� 7KH VSHFWUD RI 6FKLII EDVH SURWRQV

DSSHDU DW ��� SSP� $OO 0�,,� FRPSOH[HV VKRZ WKH 7*$

FXUYH GHFUHDVLQJ LQ ZHLJKW DW ������� DQG ZLWK VXEVHTXHQW

GHFRPSRVLWLRQ� 7KHUPDO JUDYLPHWULF DQDO\VLV GDWD VXSSRUW

WKDW WKH 0�,,� FRPSOH[HV FRQWDLQ WZR RU IRXU ZDWHU PROH�

FXOHV�

&DWDO\WLF DFWLYLW\ IRU HOHFWURFKHPLFDO UHGXFWLRQ RI WKLRQ\O

FKORULGH E\ PHWDO SKWKDORF\DQLQHV KDV EHHQ GHPRQVWUDWHG E\

'RGGDSDQHQL��� 'RGGDSDQHQL UHSRUWHG WZR YROWDPPHWULF

SHDNV IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH LQ WKH SUHVHQFH RI

WKHVH FDWDO\VWV DQG DVFULEHG WKH FDWDO\WLF DFWLYLW\ WR WKH IRU�

PDWLRQ RI DQ DGGXFW RI WKLRQ\O FKORULGH ZLWK D SKWKDORF\D�

QLQH PROHFXOH� IROORZHG E\ D WZR VWHS IDVW HOHFWURQ WUDQVIHU

WR WKH DGGXFW� 7KH WZR FRQVHFXWLYH HOHFWURQ WUDQVIHU UHDF�

WLRQV ZHUH GHVFULEHG DV

0�3F 62&O� � H
− → 0�3F±62&O±� &O− ���

0�3F±62&O± � H− → 0�3F � ���6 � ���62� � &O
− ���

ZKLFK H[SODLQ WKH WZR�YROWDPPHWULF SHDNV REVHUYHG�

%HUQVWHLQ DQG /HYHU�� GHVFULEHG WKH UHDFWLRQ DV D W\SLFDO

FDWDO\WLF (&© UHDFWLRQ DIWHU UXQQLQJ DQ H[WHQVLYH QXPEHU RI

H[SHULPHQWV LQ ����GLFKORUREHQ]HQH� 7KXV� WZR F\FOLF YROWD�

PPHWULF SHDNV REVHUYHG GXULQJ WKH FDWDO\WLF UHGXFWLRQ

&R�,,,��3F WR &R�,,��3F ILUVW DQG WKHQ WR &R�,��3F� 7KH RYHU�

DOO FDWDO\WLF F\FOH LV

&R�,,,��3F � �H− &R�,��3F

���

&R�,��3F � 62&O� → &R�,,,��3F � ���6 � ���62�� �&O
−

7KHVH LQYHVWLJDWRUV KDYH VKRZQ FRQYLQFLQJO\ WKDW 62&O�
R[LGL]HV &R�,��3F WKURXJK D WZR�HOHFWURQ WUDQVIHU UHDFWLRQ�

%HUQVWHLQ DQG /HYHU©V FRQFOXVLRQ RI WKH WKHUPRG\QDPLF

DQG NLQHWLF UHTXLUHPHQWV IRU HOHFWURFDWDO\VWV VKRZ WKDW WKH

WKHUPRG\QDPLF UHGXFWLRQ SRWHQWLDO RI WKH 62&O� PXVW EH

PRUH SRVLWLYH WKDQ WKH R[LGDWLRQ SRWHQWLDOV RI PHWDO SKWKDOR�

F\DQLQHV DQG DOVR WKDW WKH HOHFWURQ WUDQVIHU NLQHWLFV PXVW EH

PRUH IDYRUDEOH DW D JLYHQ HOHFWURGH IRU WKHVH FRPSRXQGV

WKDQ IRU WKLRQ\O FKORULGH� :KLOH WKH WKHUPRG\QDPLF UHTXLUH�

PHQW GHSHQGV RQ WKH HOHFWURQ DIILQLW\ RI WKH FHQWUDO PHWDO LRQ

RI D FDWDO\VW PROHFXOH� WKH ODWWHU ZRXOG EH PHW HDVLO\� E\ FRQ�

VLGHULQJ WKDW PRVW PHWDO SKWKDORF\DQLQHV DUH NQRZQ WR

XQGHUJR UHYHUVLEOH UHDFWLRQV GXH WR WKHLU IDYRUDEOH PROHFXODU

VL]HV DV ZHOO DV PROHFXODU JHRPHWU\�

&DWDO\WLF HIIHFWV RI >0�,,���76%3�@ DQG >0�,,��%6'7�@

FRPSOH[HV RQ WKH UHGXFWLRQ RI WKLRQ\O FKORULGH DW D JODVV\

FDUERQ HOHFWURGH ZHUH HYDOXDWHG E\ GHWHUPLQLQJ WKH NLQHWLF

SDUDPHWHUV XVLQJ F\FOLF YROWDPPHWU\� 3HDN FXUUHQWV DQG

SHDN SRWHQWLDOV REWDLQHG IURP WKH F\FOLF YROWDPPRJUDPV DUH

SORWWHG DV D IXQFWLRQ RI WKH FDWDO\VW FRQFHQWUDWLRQ IRU

>0�,,���76%3�@ FRPSOH[ DV VKRZQ LQ )LJXUH �� 7KH PDJQL�

WXGH RI WKH UHGXFWLRQ FXUUHQW DSSHDUV WR EH GHSHQGHQW RQ WKH

FDWDO\VW FRQFHQWUDWLRQ LQ WKH WKLRQ\O FKORULGH VROXWLRQ� 7KHVH

SKHQRPHQD DUH REVHUYHG IRU DOO FRPSOH[HV� DOWKRXJK WKH

H[WHQW RI WKH HIIHFWV LV GLIIHUHQW� 7KHUH LV DQ RSWLPXP FRQ�

FHQWUDWLRQ IRU HDFK FDWDO\VW DW DURXQG ������� P0 EHFDXVH

WKH UDWH�OLPLWLQJ VWHS IRU UHGXFWLRQ RI WKH WKLRQ\O FKORULGH

GHSHQGV RQ WKH HOHFWURQ WUDQVIHU DW WKH HOHFWURGH VXUIDFH�

)LJXUH � VKRZV F\FOLF YROWDPRJUDPV RI WKLRQ\O FKORULGH

UHGXFWLRQ LQ WKH SUHVHQFH RI WKH RSWLPXP FRQFHQWUDWLRQ RI

>0�,,���76%3�@ DQG >0�,,��%6'7�@ FRPSOH[HV DW D JODVV\

FDUERQ HOHFWURGH� $V VKRZQ LQ )LJXUH �� D VKDUS FXUUHQW GURS

DW D OHVV SRVLWLYH VLGH VHHPV WR EH GXH WR SDVVLYDWLRQ RI WKH

HOHFWURGH E\ OLWKLXP FKORULGH�� 7KH FDWDO\WLF HIIHFWV DUH FOHDUO\

VHHQ E\ ERWK WKH VKLIW RI WKH UHGXFWLRQ SRWHQWLDO IRU WKLRQ\O

FKORULGH WRZDUGV D SRVLWLYH GLUHFWLRQ� UHVXOWLQJ LQ WKH GHFUHDVH

RI WKH RYHUSRWHQWLDO� 7KLV LQGLFDWHV WKDW 6FKLII EDVH FRP�

SOH[HV XVHG LQ WKLV VWXG\ EHKDYH DV FDWDO\VWV IRU WKH UHGXF�

WLRQ RI WKLRQ\O FKORULGH� 7KHUHIRUH� ZH FRQFOXGH WKDW WKHVH

)LJXUH �� 3ORWV RI SHDN FXUUHQWV DQG SHDN SRWHQWLDOV YV� WKH
FRQFHQWUDWLRQ RI WKH FDWDO\VW IRU WKH UHGXFWLRQ RI 62&O� VROXWLRQ
FRQWDLQLQJ >)H�,,���76%3�@ DW ��� .� D� SHDN FXUUHQW DQG E� SHDN
SRWHQWLDO� 6FDQ UDWH ZDV �� P9�VHF�

)LJXUH �� &\FOLF YROWDPPRJUDPV IRU WKH UHGXFWLRQ RI 62&O�
VROXWLRQ DW RSWLPXP FRQFHQWUDWLRQV FRQWDLQLQJ� D� QR� E� >&R�,,��
�%6'7�@� F� >&R�,,���76%3�@� G� >)H�,,��%6'7�@� DQG H� >)H�,,���
�76%3�@� 6FDQ UDWH ZDV �� P9�V�



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � :RR�6HRQJ .LP HW DO�

FRPSRXQGV VKRZ JRRG FDWDO\WLF DFWLYLWLHV DW D JODVV\ FDUERQ

HOHFWURGH� 7KHVH UHVXOWV DUH LQ DFFRUGDQFH ZLWK SUHYLRXV

UHVXOWV UHSRUWHG E\ 'RGGDSDQHQL�� RQ WKH UHGXFWLRQ RI WKH

62&O� VROXWLRQ FRQWDLQLQJ PHWDO SKWKDORF\DQLQH�

$Q H[WHQVLYH QXPEHU RI F\FOLF YROWDPPHWULF H[SHULPHQWV

RQO\ DW WKH ¦RSWLPXP§ FDWDO\VW FRQFHQWUDWLRQ ZDV FRQGXFWHG

WR HYDOXDWH NLQHWLF SDUDPHWHUV DW GLIIHUHQW WHPSHUDWXUHV�

)URP WKHVH UHVXOWV� WKH SHDN FXUUHQWV DQG SRWHQWLDOV REVHUYHG

IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH DW GLIIHUHQW WHPSHUDWXUHV

DUH VXPPDUL]HG LQ 7DEOHV � DQG �� )LJXUH � VKRZV D VHULHV RI

F\FOLF YROWDPPRJUDPV UHFRUGHG DW YDULRXV VFDQ UDWHV LQ WKLR�

Q\O FKORULGH VROXWLRQ FRQWDLQLQJ ���� P0 >)H�,,���76%3�@�

7KH FXUUHQW GHFD\V IDVWHU WKDQ WKH &RWWUHOOLDQ IDVKLRQ EH\RQG

WKH F\FOLF YROWDPPRJUDP SHDN SRWHQWLDO� $V GLVFXVVHG DERYH�

WKHVH SKHQRPHQD VHHP WR EH GXH WR VRPH SDVVLYDWLRQ RI WKH

HOHFWURGH VXUIDFH GXULQJ WKH UHGXFWLRQ RI WKLRQ\O FKORULGH� 7R

HVWDEOLVK� ZKHWKHU WKH HOHFWURQ WUDQVIHU LV D GLIIXVLRQ�FRQ�

WUROOHG RU VXUIDFH SURFHVV� F\FOLF YROWDPPHWULF SHDN FXUUHQWV

DUH SORWWHG DJDLQVW VFDQ UDWHV� )LJXUH � VKRZV D SORW RI SHDN

FXUUHQW YV� ν��� �ν � VFDQ UDWH� IURP YROWDPPHWULF UHVXOWV

REWDLQHG DW WKH JODVV\ FDUERQ HOHFWURGH XQGHU ¦RSWLPXP§

FRQGLWLRQV� 7KH UHVXOW RI WKH SORWV LQ )LJXUH � LQGLFDWHV WKDW

WKH WKLRQ\O FKORULGH UHGXFWLRQ DW WKH JODVV\ FDUERQ HOHFWURGH

LV FRQWUROOHG E\ GLIIXVLRQ RI WKH HOHFWURDFWLYH FRPSRXQG�

7KH SHDN FXUUHQW IURP F\FOLF YROWDPPHWU\ IRU DQ LUUHYHUVLEOH

FDVH LV JLYHQ DV IROORZV���

LS  ����� × ����Q�αQD����$&R

'R

���ν��� ���

ZKHUH Q LV WKH QXPEHU RI HOHFWURQV WUDQVIHUUHG� α LV WKH WUDQV�

IHU FRHIILFLHQW� QD LV WKH DSSDUHQW QXPEHU RI HOHFWURQV WUDQV�

IHUUHG� $ LV WKH HOHFWURGH DUHD LQ FP�� &R
 LV WKH EXON

FRQFHQWUDWLRQ RI DQ HOHFWURDFWLYH FRPSRXQG LQ PROH�FP��

DQG 'R LV WKH GLIIXVLRQ FRHIILFLHQW RI WKH HOHFWURDFWLYH FRP�

SRXQG RU RWKHU FKDUJH FDUULHU LQ FP��VHF� (T� ��� UHYHDOV WKDW

D SORW RI LS YV� ν ��� DOORZV XV WR REWDLQ WKH GLIIXVLRQ FRHIIL�

FLHQW RI WKLRQ\O FKORULGH ZLWK NQRZQ αQD� )URP WKH UHODWLRQ�

VKLS RI LS ZLWK (S
��

LS �����Q)$&R

N
RH[S>−^�αQD)���57�`�(S−(R
 �@ ���

ZKHUH NR LV WKH H[FKDQJH UDWH FRQVWDQW LQ FP�VHF DQG (R
 LV

WKH VWDQGDUG HOHFWURGH SRWHQWLDO LQ 9� ZH FDQ FDOFXODWH NR� $

SORW RI OQ�LS� YV� (S−(R
 VKRXOG \LHOG D VWUDLJKW OLQH ZLWK D

VORSH� αQD)�57� DQG DQ LQWHUFHSW� OQ������Q)$&R

N
R�� IURP

ZKLFK QD DQG N
R YDOXHV FDQ EH FDOFXODWHG� UHVSHFWLYHO\� ,Q

WKHVH FDOFXODWLRQV� WKH WKHUPRG\QDPLF (R� YDOXH RI ���� 9

YV� /L LV XVHG DV LW LV REWDLQHG IURP (T� ��� XVLQJ IUHH HQHU�

JLHV RI IRUPDWLRQ IRU UHDFWDQWV DQG SURGXFWV�� 7KH OQ�LS� YV�

�(S−(R
 � SORWV DUH VKRZQ LQ )LJXUH � IRU WKH UHGXFWLRQ RI

62&O� DW WKH JODVV\ FDUERQ HOHFWURGH� 7KH αQD YDOXH

REWDLQHG IURP WKLV HTXDWLRQ FDQ EH XVHG WR GHWHUPLQH $'R
���

LQ (T� ����

.LQHWLF SDUDPHWHUV FDOFXODWHG IURP WKHVH SORWV DW ¦RSWL�

PXP§ FDWDO\VW FRQFHQWUDWLRQV DUH OLVWHG LQ 7DEOH �� $V

7DEOH �� D3HDN FXUUHQWV IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH DW VFDQ
UDWH RI �� P9�VHF

&DWDO\VW
7HPSHUDWXUH �.�

��� ��� ��� ��� ��� ���

%DUH ���� ���� ���� ���� ���� ����

&R�,,�%6'7 ���� ���� ���� ���� ���� ����

)H�,,�%6'7 ���� ���� ���� ���� ���� ����

&R�,,��76%3 ���� ���� ���� ���� ���� ����

)H�,,��76%3 ����� ���� ���� ���� ���� ����

DSHDN FXUUHQW REWDLQHG IURP F\FOLF YROWDPPHWU\� P$�FP��

)LJXUH �� 6FDQ UDWH GHSHQGHQF\ RI WKH YROWDPPRJUDPV IRU WKH
UHGXFWLRQ RI WKH 62&O� VROXWLRQ FRQWDLQLQJ ���� P0 >)H�,,���
�76%3�@ DW ��� .� 6FDQ UDWHV ZHUH� D� ��� E� ��� F� ��� G� ���� DQG
H� ��� P9�V�

)LJXUH �� 3ORWV RI FXUUHQW YV� Y��� IRU WKH UHGXFWLRQ RI 62&O� DW
RSWLPXP FRQFHQWUDWLRQV FRQWDLQLQJ� D� QR� E� >)H�,,���76%3�@� DQG
F� >)H�,,��%6'7�@�

7DEOH �� D3HDN SRWHQWLDOV IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH DW
VFDQ UDWH RI �� P9�VHF

&DWDO\VW
7HPSHUDWXUH �.�

��� ��� ��� ��� ��� ���

%DUH ���� ���� ���� ���� ���� ����

&R�,,��%6'7� ���� ���� ���� ���� ���� ����

)H�,,��%6'7� ���� ���� ���� ���� ���� ����

&R�,,���76%3� ���� ���� ���� ���� ���� ����

)H�,,���76%3� ���� ���� ���� ���� ���� ����

DSHDN SRWHQWLDO REWDLQHG IURP F\FOLF YROWDPPHWU\� 9 YV� /L�/L��



(OHFWURFDWDO\WLF (IIHFWV IRU WKH 5HGXFWLRQ RI 7KLRQ\O &KORULGH %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

VKRZQ LQ 7DEOH �� H[FKDQJH UDWH FRQVWDQWV� NR� DUH GHWHU�

PLQHG WR EH ���� × ��−� FP�V DW WKH EDUH JODVV\ FDUERQ HOHF�

WURGH DW ��� .� 2Q WKH RWKHU KDQG� WKHVH YDOXHV DUH

GHWHUPLQHG WR EH ���� × ��−�a���� × ��−� P�V DW WKH FDWDO\VW

VXSSRUWHG JODVV\ FDUERQ HOHFWURGH� 7KH LQFUHDVH LQ H[FKDQJH

UDWH FRQVWDQW LQGLFDWHV VLJQLILFDQW LPSURYHPHQWV LQ FHOO SHU�

IRUPDQFH� 7KHUHIRUH PRVW RI WKH HQKDQFHPHQW LV DWWULEXWHG

WR WKH FDWDO\WLF HIIHFWV RI WKH 6KFLII EDVH FRPSOH[HV�

:H DOVR FDUULHG RXW FKURQRDPSHURPHWULF H[SHULPHQWV IRU

UHGXFWLRQ RI 62&O� LQ RUGHU WR HVWLPDWH WKH GLIIXVLRQ FRHIIL�

FLHQW� )LJXUH �$ VKRZV FKURQRDPSHURPHWULF FXUYH RI 62&O�
VROXWLRQ FRQWDLQLQJ ���� 0 /L$O&O� DW −��� 9 YV� /L�/L�� )LJ�
XUH �% VKRZV WKH UHVXOW REWDLQHG IURP &RWWUHOO HTXDWLRQ� L�H��

���

+HUH L�W� LV WKH FXUUHQW DW WLPH W� (T� ��� SUHGLFWV WKDW WKH SORW

RI L�W� YV� W −��� VKRXOG EH OLQHDU ZLWK D VORSH RI Q)$'R
���
&R

�

π ���� 7KH YDOXHV RI GLIIXVLRQ FRHIILFLHQW FDOFXODWHG IURP WKH

VORSH RI )LJXUH �% DUH OLVWHG LQ 7DEOH �� $V FDQ EH VHHQ LQ

7DEOH �� GLIIXVLRQ FRHIILFLHQWV REWDLQHG IURP FKURQRDPSH�

L W( )  
Q)$'

R

���
&

R
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7DEOH �� .LQHWLF SDUDPHWHUV IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH

7HPS�

�.�

&DWDO\VW

%DUH &R�,,�%6'7 )H�,,�%6'7 &R�,,��76%3 )H�,,��76%3

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

��� αQD ���� ���� ���� ���� ����

$'� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

N
� ���� × ��−�� ���� × ��−� ���� × ��−� ���� × ��−� ���� × ��−�

)LJXUH �� &KURQRDPSHURPHWULF FXUYH �$� DQG &RWWUHOO SORW �%� IRU
UHGXFWLRQ RI 62&O� DW ��� 9 YV� /L�/L� LQ WKH SUHVHQFH RI
>)H�,,���76%3�@�

)LJXUH �� 3ORWV RI �Q�LS� YV� �(S−(R
 � IRU WKH UHGXFWLRQ RI 62&O� DW
RSWLPXP FRQFHQWUDWLRQ FRQWDLQLQJ� D� QR� E� >)H�,,��%6'7�@� DQG
F� >)H�,,� ��76%3�@�



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � :RR�6HRQJ .LP HW DO�

URPHWU\ DUH FRQVLVWHQW ZLWK WKRVH GHWHUPLQHG IURP F\FOLF

YROWDPPHWU\�

([FKDQJH UDWH FRQVWDQWV DUH DIIHFWHG E\ FHOO WHPSHUDWXUH�

)XUWKHUPRUH� WKHUH LV D IDLU DPRXQW RI K\VWHUHVLV SUHVHQW

GHSHQGLQJ RQ ZKHWKHU GDWD LV REWDLQHG ZKLOH WKH FHOO WHPSHU�

DWXUH LV ORZHUHG RU UDLVHG� :H UDQ DQ H[WHQVLYH QXPEHU RI

H[SHULPHQWV� EXW K\VWHUHVLV ZDV DOZD\V VLJQLILFDQW� DOWKRXJK

GDWD ZHUH UHSURGXFLEOH� )LJXUH � VKRZV WKH $UUKHQLXV SORWV

IRU WKH UHGXFWLRQ RI WKLRQ\O FKORULGH� $V VKRZQ LQ )LJXUH �

DQG 7DEOH �� WKH DFWLYDWLRQ HQHUJ\ FDOFXODWHG IURP WKH $UUKH�

QLXV SORWV DW EDUH JODVV\ FDUERQ HOHFWURGH LV ��� DQG ��� NFDO�

PROH� UHVSHFWLYHO\� GHSHQGLQJ RQ ZKHWKHU WKH WHPSHUDWXUH LV

ORZHUHG RU UDLVHG� $OVR WKH DFWLYDWLRQ HQHUJ\ FDOFXODWHG IRU

WKH VROXWLRQ FRQWDLQLQJ >0�,,���76%3�@ DUH ��� DQG ��� NFDO�

PROH� ZKHUHDV ��� DQG ��� NFDO�PROH IRU WKH VROXWLRQ FRQ�

WDLQLQJ >0�,,��%6'7�@� UHVSHFWLYHO\� :H EHOLHYH WKDW WKH

K\VWHUHVLV UHVXOWV IURP GLIIHUHQW PRUSKRORJ\ DQG SRURVLW\ RI

WKH HOHFWURGH VXUIDFH ILOP DV DOUHDG\ SRLQW RXW��� 'HSHQGLQJ

RQ ZKHWKHU WKH WHPSHUDWXUH LV ORZHUHG RU UDLVHG� FU\VWDO

QXFOHDWLRQ DQG JURZWK UDWHV YDU\� UHVXOWLQJ LQ GLIIHUHQW PRU�

SKRORJ\ DQG SRURVLW\� +RZHYHU DV VKRZQ LQ 7DEOH ���� FDWD�

O\WLF HIIHFWV DUH VOLJKWO\ ODUJHU LQ WKLRQ\O FKORULGH VROXWLRQ

FRQWDLQLQJ >0�,,���76%3�@ WKDQ >0�,,��%6'7�@ FRPSOH[HV

GXH SUREDEO\ WR WKH VWHULF UHDVRQ� 7ZR PHWDO VLWHV LQ WKH

>0�,,���76%3�@ FDWDO\VW VHHP WR SDUWLFLSDWH PRUH HDVLO\ LQ

WKH FDWDO\WLF UHDFWLRQ�

&RQFOXVLRQV

,W LV FOHDU WKDW VRPH 6FKLII EDVH WUDQVLWLRQ PHWDO FRP�

SRXQGV VKRZ VL]DEOH FDWDO\WLF DFWLYLW\ IRU WKH UHGXFWLRQ RI

WKLRQ\O FKORULGH� )URP RXU UHVXOWV� ZH FRQFOXGH WKDW�

�� WKH FDWDO\VW PROHFXOHV DUH UHGXFHG RQ WKH HOHFWURGH VXU�

IDFH� ZKLFK LQ WXUQ UHGXFHV WKLRQ\O FKORULGH� UHVXOWLQJ LQ WKH

JHQHUDWLRQ RI R[LGL]HG FDWDO\VW PROHFXOHV DQG WKXV FRP�

SOHWHV WKH FDWDO\WLF F\FOH�

�� WKHUH LV DQ RSWLPXP FRQFHQWUDWLRQ IRU HDFK FDWDO\VW�

�� UHODWLYH FDWDO\WLF HIIHFWV DUH VOLJKWO\ ODUJHU LQ WKH WKLRQ\O

FKORULGH VROXWLRQ FRQWDLQLQJ 0�,,���76%3�@ FRPSRXQG FRP�

SDUH ZLWK >0�,,�>%6'7�@�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH %DVLF

6FLHQFH 5HVHDUFK ,QVWLWXWH 3URJUDP� 0LQLVWU\ RI (GXFDWLRQ

RI .RUHD �%65, �������� DQG LQ SDUW E\ WKH .RUHDQ 6FLHQFH

DQG (QJLQHHULQJ )RXQGDWLRQ WKURXJK WKH 5HJLRQ 5HVHDUFK

&HQWHU RI +(&6 RI &KRQQDP 1DWLRQDO 8QLYHUVLW\ �������

5HIHUHQFHV

�� 6FKODLNMHU� &� 5�� *RHGHO� )�� 0DULQFLF� 1� -� (OHFWURFKHP�

6RF� ����� ���� ����

�� 'H\� $� 1�� %UR� 3� -� (OHFWURFKHP� 6RF� ����� ���� �����
�� 6DOPRQ� '� -�� $GDPF]\N� 0� (�� +HQGULFNV� /� /�� $EHOV�

/� /�� +DOO� -� &� ,Q /LWKLXP %DWWHU\ 7HFKQRORJ\� 9HQNDWD�

VHWW\� +� 9�� (G�� 3URF� (OHFWURFKHPLFDO 6RFLHW\� 3HQQLJ�
WRQ� 1-�� �����

�� ,VWRQH� :� .�� %URGG� 5� -� -� (OHFWURFKHP� 6RF� ����� ����

�����
�� ,VWRQH� :� .�� %URGG� 5� -� -� (OHFWURFKHP� 6RF� ����� ����

�����

�� 0DGRX� 0� -�� 6]SDN� 6� -� (OHFWURFKHP� 6RF� ����� ����
�����

�� 0DGRX� 0� -�� 6PLWK� -� -�� 6]SDN� 6� -� (OHFWURFKHP� 6RF�

����� ���� �����
�� +LOOV� $� -�� +DPSVRQ� 1� $� -� 3RZHU 6RXUFHV ����� ��� ����

�� 0RVLHU�%RVV� 3� $�� 6]SDN� 9�� 6PLWK� -� -�� 1RZDN� 5� -� -�

(OHFWURFKHP� 6RF� ����� ���� �����
��� %DJRWVN\� 9� 6�� .D]DULQRY� 9� (�� 9ROINRYLFK� <X� 0��

.DQHYVN\� /� 6�� %HNHWD\HYD� /� $� -� 3RZHU 6RXUFHV �����

��� ����
��� &KRL� <� .�� .LP� %� 6�� 3DUN� 6� 0� -� (OHFWURFKHP� 6RF�

����� ���� ���

��� .LP� :� 6�� &KRL� <� .�� &KMR� .� +� %XOO� .RUHDQ &KHP�
6RF� ����� ��� ����

��� 'RGGDSDQHQL� 1� 3URF� ��WK 3RZHU 6RXUFHV 6\PS�� 7KH

(OHFWURFKHP� 6RF� ,QF�� $WODQWLF &LW\� 1-�� ����� S ����
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