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$�.�0� +$581�$5�5$6+,'� 0DVD\XNL ,*$6+,5$� 7RVKLUR 2+6$.,

5HVHDUFK /DERUDWRU\ IRU 1XFOHDU 5HDFWRUV� 7RN\R ,QVWLWXWH RI 7HFKQRORJ\

������ 2�RND\DPD� 0HJXUR�NX� 7RN\R ��������� -DSDQ

H�PDLO� LJD#QU�WLWHFK�DF�MS

1HXWURQ FDSWXUH FURVV VHFWLRQV DQG FDSWXUH γ�UD\ VSHFWUD RI
�����������

(U ZHUH PHDVXUHG LQ WKH HQHUJ\

UHJLRQ RI �� WR ��� NH9� 7KH PHDVXUHPHQWV ZHUH SHUIRUPHG ZLWK D SXOVHG
�
/L�S�Q�

�
%H QHXWURQ VRXUFH DQG D

ODUJH DQWL�&RPSWRQ 1D,�7O� γ�UD\ VSHFWURPHWHU� $ SXOVH�KHLJKW ZHLJKWLQJ WHFKQLTXH DQG WKH VWDQGDUG

FDSWXUH FURVV VHFWLRQV RI JROG ZHUH XVHG WR GHULYH WKH FDSWXUH FURVV VHFWLRQV� 7KH HUURUV RI WKH GHULYHG FURVV

VHFWLRQV ZHUH DERXW � �� 7KH SUHVHQW UHVXOWV ZHUH FRPSDUHG ZLWK RWKHU PHDVXUHPHQWV DQG HYDOXDWLRQV� 7KH

REVHUYHG FDSWXUH γ�UD\ SXOVH�KHLJKW VSHFWUD ZHUH XQIROGHG WR REWDLQ WKH FRUUHVSRQGLQJ γ�UD\ VSHFWUD� $Q

DQRPDORXV VKRXOGHU ZDV REVHUYHG DURXQG � 0H9 LQ HDFK RI WKH FDSWXUH γ�UD\ VSHFWUD�

�� ,QWURGXFWLRQ

7KH VWXG\ RI NH9�QHXWURQ FDSWXUH FURVV VHFWLRQ LV LPSRUWDQW LQ QXFOHDU HQJLQHHULQJ� QXFOHDU SK\VLFV DQG

QXFOHDU DVWURSK\VLFV� &DSWXUH γ�UD\ VSHFWUD DV ZHOO DV FDSWXUH FURVV VHFWLRQV DUH QHFHVVDU\ IRU VWXGLHV RQ

QHXWURQ FDSWXUH UHDFWLRQ PHFKDQLVPV DQG QXFOHDU H[FLWDWLRQ PRGHV�

7KH HOHPHQW (U LV SURSRVHG DV RQH RI EXUQDEOH SRLVRQV LQ QXFOHDU UHDFWRUV� EXW -(1'/���� GRHV QRW

FRQWDLQ (U GDWD� 2Q WKH RWKHU KDQG� (1')�%�9, FRQWDLQV GDWD RI
�������

(U� EXW WKH HYDOXDWLRQ ZDV PDGH

PDQ\ \HDUV DJR>�@� 7KHUHIRUH� WKH (U GDWD LQ (1')�%�9, VHHP WR KDYH D FRQVLGHUDEOH XQFHUWDLQW\� $V IRU

WKH H[SHULPHQWDO GDWD RI (U LVRWRSHV� WKHUH DUH D IHZ DYDLODEOH GDWD IRU WKH NH9�QHXWURQ FDSWXUH FURVV

VHFWLRQV DQG QR GDWD IRU WKH NH9�QHXWURQ FDSWXUH γ�UD\ VSHFWUD�

7KH DLP RI WKH SUHVHQW VWXG\ LV WR PHDVXUH WKH FDSWXUH FURVV VHFWLRQV DQG FDSWXUH γ�UD\ VSHFWUD RI (U

LVRWRSHV LQ WKH NH9�QHXWURQ UHJLRQ LQ RUGHU WR SURYLGH DFFXUDWH QXFOHDU GDWD DQG WR LQYHVWLJDWH QHXWURQ

FDSWXUH UHDFWLRQ PHFKDQLVPV DQG QXFOHDU H[FLWDWLRQ PRGHV�

���������������������������������������������������������������������������������������������������������������������������������

3HUPDQHQW $GGUHVV� 'HSDUWPHQW RI 3K\VLFV� 7KH 8QLYHUVLW\ RI &KLWWDJRQJ� &KLWWDJRQJ ����� %DQJODGHVK�
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�� ([SHULPHQWDO 3URFHGXUH

$ W\SLFDO H[SHULPHQWDO VHW XS LV

VKRZQ LQ )LJ��� 7KH PHDVXUHPHQW

ZDV SHUIRUPHG LQ WKH QHXWURQ HQHUJ\

UHJLRQ RI ����� NH9 DQG DW ��� NH9�

7KH GHWDLOV RI WKH H[SHULPHQWDO

SURFHGXUH ZHUH GHVFULEHG

HOVHZKHUH>�@� $ ����QV SXOVHG

SURWRQ EHDP IURP WKH ��09

3HOOHWURQ $FFHOHUDWRU RI WKH 5HVHDUFK

/DERUDWRU\ IRU 1XFOHDU 5HDFWRUV DW

WKH 7RN\R ,QVWLWXWH RI 7HFKQRORJ\

ZDV XVHG WR SURGXHFH NH9 QHXWURQV

E\ WKH
�
/L�S�Q�

�
%H UHDFWLRQ� 7KH

SURWRQ HQHUJ\ ZDV VHW WR ����� 0H9�

�� NH9 DERYH WKH WKUHVKROG HQHUJ\ RI WKH
�
/L�S�Q�

�
%H UHDFWLRQ� LQ WKH ����� NH9 PHDVXUHPHQW� DQG

QHXWURQV ZLWK HQHUJLHV RI � WR �� NH9 ZHUH HPLWWHG ZLWKLQ DERXW ��° ZLWK UHVSHFW WR WKH SURWRQ EHDP

GLUHFWLRQ� ,Q WKH ��� NH9 PHDVXUHPHQW� WKH SURWRQ HQHUJ\ ZDV VHW WR DERXW ��� 0H9 VR DV WR JHQHUDWH

QHXWURQV ZLWK DQ DYHUDJH HQHUJ\ RI ��� NH9� 7KH SURWRQ SXOVH UHSHWLWLRQ UDWH ZDV � 0+] RU � 0+] IRU WKH

����� NH9 RU ��� NH9 PHDVXUHPHQW� UHVSHFWLYHO\� 7KH VSHFWUXP RI QHXWURQV LQFLGHQW RQ D FDSWXUH VDPSOH

ZDV PHDVXUHG E\ PHDQV RI WLPH�RI�IOLJKW �72)� PHWKRG ZLWK D
�
/L�JODVV VFLQWLOODWLRQ GHWHFWRU�

7DEOH �� &KDUDFWHULVWLFV RI VDPSOHV

6DPSOH
���
(U

���
(U

���
(U

���
$X

&KHPLFDO IRUP (U�2� (U�2� (U�2� $X

3K\VLFDO IRUP 3RZGHU 3RZGHU 3RZGHU PHWDO SODWH

:HLJKW RI SRZGHU�J� ����� ����� ����� ―
&KHPLFDO SXULW\��� ! ���� ! ���� ! ������ ������

���
$X ― ― ― ���

���
(U ����� ����� ������ ―

���
(U ���� ���� ����� ―

���
(U ����� ���� ���� ―

���
(U ���� ����� ���� ―

���
(U ���� ���� ����� ―

,VRWRSLF FRPSRVLWLRQ���

���
(U ���� ���� ���� ―

1HW ZHLJKW RI VDPSOH�J� ����� ����� ����� �����

7KLFNQHVV RI VDPSOH �PP�

���
��
QXFOHL�EDUQ�

���

�����

���

�����

���

�����

���

����

'LDPHWHU RI VDPSOH �PP� ���� ���� ���� ����

2XWHU GLDPHWHU RI FDVH �PP� ���� ���� ���� ―
2XWHU WKLFNQHVV RI FDVH �PP� ��� ��� ��� ―
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(DFK RI WKH (U VDPSOHV ZDV HQULFKHG R[LGH SRZHU �(U�2�� FRQWDLQHG LQ D JUDSKLWH FDVH� 7KH QHW ZHLJKW

RI HDFK VDPSOH ZDV DERXW � J� $ JROG �$X� VDPSOH ZDV XVHG DV D VWDQGDUG� 7KH FKDUDFWHULVWLFV RI WKH (U DQG

$X VDPSOHV DUH VKRZQ LQ 7DEOH �� (DFK VDPSOH ZDV VHW DW D GLVWDQFH RI �� FP RU �� FP IURP WKH QHXWURQ

VRXUFH IRU WKH ����� NH9 RU ��� NH9 PHDVXUHPHQW� UHVSHFWLYHO\�

7KH FDSWXUH γ UD\V HPLWWHG IURP HDFK VDPSOH ZHUH PHDVXUHG ZLWK D ODUJH DQWL�&RPSWRQ 1D,�7O�

VSHFWURPHWHU� HPSOR\LQJ D 72) PHWKRG� 7KH PDLQ GHWHFWRU RI WKH γ�UD\ VSHFWURPHWHU ZDV DQ 1D,�7O�

GHWHFWRU ZLWK WKH GLDPHWHU RI ���� FP DQG WKH OHQJWK RI ���� FP� 7KH PDLQ GHWHFWRU ZDV FHQWHUHG LQ D

KROORZ &RPSWRQ�VXSSUHVVLRQ 1D,�7O� GHWHFWRU ZLWK WKH RXWHU GLDPHWHU RI ���� FP DQG WKH OHQJWK RI ���� FP�

7KH VSHFWURPHWHU ZDV VHW LQ D KHDY\ VKLHOG FRQVLVWLQJ RI ERUDWHG SDUDIILQ� ERUDWHG SRO\HWK\OHQH� FDGPLXP

DQG SRWDVVLXP IUHH OHDG� $
�
/L+ QHXWURQ VKLHOG ZDV DOVR LQWHUSRVHG EHWZHHQ WKH VDPSOH DQG WKH PDLQ

GHWHFWRU� 7KH GLVWDQFH EHWZHHQ WKH FDSWXUH VDPSOH DQG WKH IURQW VXUIDFH RI WKH PDLQ GHWHFWRU ZDV ���� FP

DQG DOO WKH FKDUDFWHULVWLFV� VXFK DV UHVSRQVH IXQFWLRQV� ZHLJKWLQJ IXQFWLRQ>�@� HWF�� RI WKH VSHFWURPHWHU ZHUH

GHILQHG RQ WKLV JHRPHWULFDO FRQGLWLRQ� 7KH FDSWXUH γ UD\V ZHUH PHDVXUHG DW DQ DQJOH RI ���° ZLWK UHVSHFW WR

WKH SURWRQ EHDP GLUHFWLRQ VR DV WR DSSUR[LPDWHO\ REVHUYH WKH DQJOH�LQWHJUDWHG γ�UD\ VSHFWUXP IRU WKH GLSROH

WUDQVLWLRQ� 7KH FDSWXUH HYHQWV GHWHFWHG E\ WKH VSHFWURPHWHU ZHUH VWRUHG LQWR D ZRUNVWDWLRQ DV

WZR�GLPHQVLRQDO GDWD RQ 72) DQG SXOVH KHLJKW �3+�� 7KH $X� (U DQG EODQN UXQV ZHUH PDGH F\FOLFDOO\ WR

DYHUDJH RXW FKDQJHV LQ WKH H[SHULPHQWDO FRQGLWLRQV�

�� 'DWD 3URFHVVLQJ

7KH GHWDLO GHVFULSWLRQ RI WKH GDWD SURFHVVLQJ KDV DOVR EHHQ JLYHQ HOVHZKHUH>�@� 7KH LQFLGHQW QHXWURQ

VSHFWUD ZHUH REWDLQHG IURP WKH 72) VSHFWUD

PHDVXUHG E\ WKH
�
/L�JODVV GHWHFWRU� 7\SLFDO

LQFLGHQW QHXWURQ VSHFWUD DUH VKRZQ LQ )LJ� ��

)LJXUH � VKRZV WKH 72) VSHFWUD REVHUYHG

ZLWK WKH γ�UD\ VSHFWURPHWHU LQ WKH ����� NH9

PHDVXUHPHQW RI
���
(U� 6HYHUDO GLJLWDO JDWHV

�'*V� ZHUH VHW LQ WKH IRUHJURXQG DQG

EDFNJURXQG UHJLRQV LQ WKH 72) VSHFWUD WR

REWDLQ IRUHJURXQG DQG EDFNJURXQG 3+

VSHFWUD� 7KH QHW FDSWXUH γ�UD\ 3+ VSHFWUD RI

(U DQG $X IRU HDFK '* ZHUH REWDLQHG E\

VXEWUDFWLQJ WKH EDFNJURXQG 3+ VSHFWUXP

QRUPDOL]HG ZLWK WKH UDWLR RI WKH JDWH ZLGWKV

IURP WKH IRUHJURXQG 3+ VSHFWUD� ,Q WKH ���

NH9 PHDVXUHPHQW� RQO\ RQH '* ZDV VHW LQ

WKH IRUHJURXQG UHJLRQ DQG VHYHUDO RQHV LQ WKH

EDFNJURXQG UHJLRQ� )LJXUH � VKRZV WKH QHW

� �� �� �� ��� ��� ��� ���
�
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)LJ��� ,QFLGHQW QHXWURQ VSHFWUD LQ

WKH
���

(U PHDVXUHPHQWV
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1HXWURQ (QHUJ\ �NH9�
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FDSWXUH γ�UD\ 3+ VSHFWUD RI
���
(U LQ WKH LQFLGHQW

QHXWURQ HQHUJ\ UHJLRQ RI �� WR DERXW �� NH9 DQG DW

��� NH9�

$ 3+ ZHLJKWLQJ WHFKQLTXH>�@ ZLWK WKH ZHLJKWLQJ IXQFWLRQ>�@ RI WKH γ�UD\ VSHFWURPHWHU ZDV DSSOLHG WR

HDFK RI WKH QHW FDSWXUH γ�UD\ 3+ VSHFWUD� DQG WKH FDSWXUH \LHOGV �WKH QXPEHUV RI FDSWXUH HYHQWV� RI ERWK (U

DQG $X VDPSOHV IRU HDFK '* ZHUH REWDLQHG� 7KH QXPEHU RI LQFLGHQW QHXWURQV IRU HDFK '* RI $X ZDV

GHULYHG IURP WKH FRUUHVSRQGLQJ FDSWXUH \LHOG DQG DQ DYHUDJH FDSWXUH FURVV VHFWLRQ RI $X IRU WKH '*� 7KH

VWDQGDUG FDSWXUH FURVV VHFWLRQV RI $X ZHUH WDNHQ IURP (1')�%�9,>�@� 7KHQ� WKH QXPEHU RI LQFLGHQW

QHXWURQV IRU WKH FRUUHVSRQGLQJ '* RI (U ZDV REWDLQHG E\ XVLQJ WKH QHXWURQ PRQLWRU FRXQWV� )LQDOO\� WKH

DYHUDJH FDSWXUH FURVV VHFWLRQ RI (U ZDV GHULYHG IURP WKH FRUUHVSRQGLQJ FDSWXUH \LHOG RI (U DQG WKH QXPEHU

RI LQFLGHQW QHXWURQV�

7KH FDSWXUH γ�UD\ VSHFWUXP ZDV REWDLQHG E\ XQIROGLQJ WKH QHW FDSWXUH γ�UD\ 3+ VSHFWUXP ZLWK D

FRPSXWHU FRGH� )(5'25>�@� DQG WKH UHVSRQVH PDWUL[>�@ RI WKH γ�UD\ VSHFWURPHWHU� 7KHQ� HDFK γ�UD\

VSHFWUXP ZDV QRUPDOL]HG�

&RUUHFWLRQV ZHUH PDGH IRU WKH QHXWURQ VHOI�VKLHOGLQJ DQG PXOWLSOH VFDWWHULQJ LQ WKH VDPSOH� IRU WKH γ�UD\

VFDWWHULQJ DQG DEVRUSWLRQ LQ WKH VDPSOH� IRU FKHPLFDO DQG LVRWRSLF LPSXULWLHV LQ WKH VDPSOH� IRU WKH GHDG

WLPH� HWF�

�� 5HVXOWV DQG 'LVFXVVLRQ

��� &DSWXUH &URVV 6HFWLRQV

7KH FDSWXUH FURVV VHFWLRQV RI
�����������

(U ZHUH GHULYHG ZLWK HUURUV RI DERXW � � LQ WKH LQFLGHQW QHXWURQ

HQHUJ\ UHJLRQ RI �� WR �� NH9 DQG DW ��� NH9� 7KH SUHVHQW UHVXOWV DUH VKRZQ LQ )LJ� � DQG FRPSDUHG ZLWK

SUHYLRXV PHDVXUHPHQWV>���@ DQG WKH (1')�%�9, HYDOXDWLRQV>�@�

,Q WKH UHJLRQ RI �� WR �� NH9� WKH SUHVHQW UHVXOWV RI
�������

(U DUH LQ JRRG DJUHHPHQW ZLWK WKRVH RI 6KRULQ
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HW DO�>�@ RU .RQRQRY HW DO�>�@� EXW WKH

SUHVHQW UHVXOWV RI
���

(U DUH ODUJHU WKDQ WKRVH

RI .RQRQRY HW DO� E\ � WR �� �� $W ��� NH9�

WKHUH DUH QR DYDLODEOH GDWD WR EH FRPSDUHG�

6KRULQ HW DO� DQG .RQRQRY HW DO� XVHG D

SXOVHG QHXWURQ VRXUFH E\ WKH
�
/L�S�Q�

�
%H

UHDFWLRQ DQG WKH OLTXLG VFLQWLOODWLRQ WDQN RI

,QVWLWXWH RI 3K\VLFDO DQG 3RZHU

(QJLQHHULQJ �,33(�� 7KH\ XVHG WKH WDQN RI

��O ILOOHG ZLWK &�)� VFLQWLOODWRU DV D WRWDO

HQHUJ\ DEVRUSWLRQ GHWHFWRU�

7KH (1')�%�9, HYDOXDWLRQ RI
�������

(U

LQ WKH NH9 UHJLRQ ZDV PDLQO\ EDVHG RQ WKH

VWDWLVWLFDO PRGHO FDOFXODWLRQ ZLWK D

VSKHULFDO RSWLFDO SRWHQWLDO� ,Q WKH

FDOFXODWLRQ� WKH γ�UD\ VWUHQJWK IXQFWLRQ ZDV

DGMXVWHG VR DV WR UHSURGXFH WKH PHDVXUHG

FDSWXUH FURVV VHFWLRQV� ���� E DW �� NH9 RI .RQRQRY HW DO� IRU
���

(U DQG ���� E DW �� NH9 RI 6KRULQ HW DO� IRU

���
(U� 7KHUHIRUH� WKH HYDOXDWLRQV RI

���
(U DUH LQ DJUHHPHQW ZLWK WKH SUHVHQW UHVXOWV LQ WKH ����� NH9 UHJLRQ�

EXW WKRVH RI
���

(U LQ WKH ����� NH9 UHJLRQ DUH VPDOOHU WKDQ WKH SUHVHQW UHVXOWV E\ ������ $W ��� NH9� WKH

HYDOXDWLRQ RI
���

(U LV DERXW �� � ODUJHU WKDQ WKH

SUHVHQW UHVXOW� DQG WKDW RI
���
(U LV DERXW �� � ODUJHU

WKDQ WKH SUHVHQW UHVXOW� ,W LV ZRUWK QRWLQJ WKDW

(1')�%�9, GRHV QRW FRQWDLQ GDWD RI RWKHU (U

LVRWRSHV�

��� &DSWXUH γ�UD\ 6SHFWUXP

7KH FDSWXUH γ�UD\ VSHFWUD RI
�����������

(U ZHUH

GHULYHG DW WKH DYHUDJH LQFLGHQW QHXWURQ HQHUJ\ RI

�� NH9 �HQHUJ\ UHJLRQ RI �� WR DERXW �� NH9� DQG

DW ��� NH9� 7KH UHVXOWV DW �� NH9 DUH VKRZQ LQ )LJ�

�� 7KH VSHFWUXP DW WKH LQFLGHQW QHXWURQ HQHUJ\ RI

��� NH9 ZDV VLPLODU WR WKDW DW �� NH9� HVSHFLDOO\ LQ

WKH ORZ γ�UD\ HQHUJ\ UHJLRQ� )URP WKH ����� NH9

PHDVXUHPHQWV� WKH γ�UD\ VSHFWUD FRUUHVSRQGLQJ WR

WKH LQGLYLGXDO '*V ZHUH DOVR GHULYHG� EXW QR

GLIIHUHQFH LQ WKH VSHFWUDO VKDSH ZDV REVHUYHG�
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$Q DQRPDORXV VKRXOGHU� ZKLFK ZDV FDOOHG DQ DQRPDORXV �EXPS� LQ RXU SUHYLRXV ZRUN>�@� LV FOHDUO\

REVHUYHG DURXQG � 0H9 LQ WKH VSHFWUD RI
�����������

(U LQ )LJ� �� 7KH HQHUJ\ SRVLWLRQ RI WKH VKRXOGHU LV

LQGHSHQGHQW RI WKH LQFLGHQW QHXWURQ HQHUJ\ DQG LV FRQVLVWHQW ZLWK WKH V\VWHPDWLFV REWDLQHG LQ RXU SUHYLRXV

ZRUN>�@� 7KH DQRPDORXV VKRXOGHU RU EXPS ZDV DVFULEHG WR D UHVRQDQFH VWUXFWXUH RI WKH HOHFWULF�GLSROH �(��

γ�UD\ VWUHQJWK IXQFWLRQ LQ WKH SUHYLRXV ZRUN� EXW LWV RULJLQ VKRXOG EH LQYHVWLJDWHG DOVR IURP GLIIHUHQW

DVSHFWV VXFK DV WKH H[FLWDWLRQ RI PDJQHWLF�GLSROH �0�� VFLVVRUV PRGH>�@�

�� &RQFOXVLRQ

7KH FDSWXUH γ UD\V RI �����������
(U ZHUH PHDVXUHG LQ WKH LQFLGHQW QHXWURQ HQHUJ\ UHJLRQ RI �� WR �� NH9

DQG DW ��� NH9 ZLWK DQ DQWL�&RPSWRQ 1D,�7O� γ�UD\ VSHFWURPHWHU DQG D ����QV SXOVHG QHXWURQ VRXUFH� 7KH

FDSWXUH FURVV VHFWLRQV RI
�����������

(U ZHUH GHULYHG ZLWK HUURUV RI DERXW � �� ,Q WKH ����� NH9 UHJLRQ� WKH

SUHVHQW UHVXOWV RI
�������

(U ZHUH LQ JRRG DJUHHPHQW ZLWK WKH SUHYLRXV PHDVXUHPHQWV� EXW WKH SUHVHQW UHVXOWV

RI
���
(U ZHUH ODUJHU WKDQ WKH SUHYLRXV RQHV E\ ���� �� $W ��� NH9� WKH SUHVHQW PHDVXUHPHQWV ZHUH WKH ILUVW

RQHV� 7KH (1')�%�9, HYDOXDWLRQV RI
���
(U ZHUH LQ JRRG DJUHHPHQW ZLWK WKH SUHVHQW PHDVXUHPHQWV LQ WKH

����� NH9 UHJLRQ EXW DERXW �� � ODUJHU WKDQ WKH SUHVHQW UHVXOW DW ��� NH9� $V IRU
���
(U� WKH HYDOXDWLRQV RI
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