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3KHQ\O JURXS PLJUDWLRQ ZLWKLQ SURWRQDWHG ����GLSKHQ\O K\GUD]LQHV KDV EHHQ VWXGLHG WKHRUHWLFDOO\ XVLQJ WKH

VHPL�HPSLULFDO $0�PHWKRG� 7KLV UHDFWLRQ SURFHHGV WKURXJK D ��PHPEHUHG F\FOLF WUDQVLWLRQ VWDWH DQG UHTXLUHV

KLJK DFWLYDWLRQ HQHUJ\� ,Q WKH UHDFWDQW� WKHUH ZDV QR UHVRQDQFH VWDELOL]DWLRQ IRU WKH PRYLQJ =�ULQJ� KRZHYHU�

UHVRQDQFH VWDELOL]DWLRQ EHWZHHQ WZR QLWURJHQ DWRPV DQG WKH =�ULQJ ZDV DFKLHYHG DW WKH WUDQVLWLRQ VWDWH� 7KH

+DPPHWW ρ]
� YDOXHV DUH ODUJH GXH WR WKH GLUHFW LQYROYHPHQW RI WKH =�ULQJ LQ WKH UHDFWLRQ� DQG WKH GHYHORSPHQW

RI D QHJDWLYH FKDUJH RQ WKH UHDFWLRQ FHQWHU JLYHV WKHP D SRVLWLYH YDOXH� ,Q WKH FDVH RI WKH QRQ�PRYLQJ ULQJ� ρ<

YDOXHV DUH VPDOO DQG QHJDWLYH RZLQJ WR WKH VPDOOHU SRVLWLYH FKDUJH LQFUHDVH LQ WKH UHDFWLRQ FHQWHU� 7KH FURVV�

LQWHUDFWLRQ FRQVWDQW� ρ<=� ZDV REWDLQHG IURP WKH DFWLYDWLRQ HQWKDOSLHV� XVLQJ WKH PXOWLSOH OLQHDU UHJUHVVLRQ

PHWKRG� DQG WKH LQWHUDFWLRQ EHWZHHQ WZR VXEVWLWXHQWV� < DQG =� LV H[DPLQHG�

,QWURGXFWLRQ

3KHQ\O JURXS PLJUDWLRQ UHDFWLRQV KDYH EHHQ VWXGLHG LQ
FDUEDQLRQLF�� UDGLFDO� DQG FDUERFDWLRQLF� V\VWHPV H[SHUL�
PHQWDOO\� 7KH ����VKLIW SDVVHV WKURXJK D KDOI�PLJUDWHG VWUXF�
WXUH� �,�� ZKLFK FDQ EH FODVVLILHG DV D WUDQVLWLRQ VWDWH �76� RU
SHUKDSV DQ LQWHUPHGLDWH GHSHQGLQJ RQ WKH UHDFWLRQ V\VWHPV�

7KHRUHWLFDO VWXGLHV DOVR KDYH EHHQ FDUULHG RXW RQ DQLRQLF�

�6FKHPH ��� QHXWUDO� �6FKHPH �� DQG SURWRQDWHG� �6FKHPH ��
V\VWHPV� ,Q WKHVH UHDFWLRQV� FURVV�LQWHUDFWLRQ FRQVWDQW�� ρ<=

KDV EHHQ GHWHUPLQHG XVLQJ (T� �����D ZKHUH < DQG = UHIHU WR
WKH VXEVWLWXHQW RQ WKH QRQ�PRYLQJ DQG PRYLQJ SKHQ\O ULQJV�

UHVSHFWLYHO\� DQG WKHLU LQWHUDFWLRQ KDV EHHQ GLVFXVVHG�

ORJ�N<=�N++�  ρ<σ< � ρ=σ=� ρ<= σ<σ= ���

7KH FURVV�LQWHUDFWLRQ FRQVWDQW� ρ<=� FDQ EH GHWHUPLQHG
XVLQJ (T� �����D DQG WKH PDJQLWXGH RI ρ<= LV WKH UHVXOW RI WKH
FKDQJH LQ WKH LQWHQVLW\ RI LQWHUDFWLRQ RQ JRLQJ IURP WKH UHDF�
WDQW �,R;=� WR WKH 76 �,�;=�� (T� �����E

ρ<=  ∂ρ<�∂σ=  ∂ρ=�∂σ< ���

ρ<=M ∆,�<= � ,�<= − ,R<=� ���

,Q WKH FDVH RI WKH QHXWUDO FDUEHQH V\VWHP �6FKHPH ��� WKH
UHDFWDQW ZDV VWDELOL]HG E\ WKH YLFLQDO Q−σ
 RYHUODS� /DUJH
VWUXFWXUDO FKDQJH DQG WKH GHYHORSPHQW RI RSSRVLWH FKDUJHV
RQ WKH WZR ULQJV DW WKH 76 UHVXOWHG LQ D ODUJH FURVV�LQWHUDF�
WLRQ FRQVWDQW �ρ<=  �������� 7KLV LV TXLWH VLPLODU WR WKH EHQ�
]LOLF FDVH �ρ<=  ������� WKRXJK WKHUH LV QR VWDEOH LQWHUDFWLRQ
LQ WKH LQLWLDO VWDWH� 2Q WKH RWKHU KDQG� D QHJOLJLEOH FRQVWDQW
�ρ<=  ����� ZDV REVHUYHG LQ WKH SURWRQDWHG NHWRQH V\VWHP
ZKLFK LV GXH WR WKH ODUJHU LQWHUDFWLRQV ERWK LQ WKH UHDFWDQW
DQG 76��

*URXS PLJUDWLRQV ZLWKLQ KHWHURDWRP FHQWHUV KDYH EHHQ
VWXGLHG H[SHULPHQWDOO\� :KLOH QLWURJHQ LV D QHLJKERU RI WKH
FDUERQ DWRP� WKH\ KDYH GLIIHUHQW SK\VLFDO DQG FKHPLFDO SUR�
SHUWLHV� ,Q WKLV VHQVH� K\GUD]LQH FRXOG EH WKRXJKW RI DV DQ
DQDORJXH RI HWKDQH� ZKLFK LV XVHG DV D VNHOHWRQ RI QXPHURXV
SKHQ\O JURXS UHDUUDQJHPHQWV� ,QGHHG� VXEVWLWXWHG K\GUD]LQHV
KDYH EHHQ HPSOR\HG LQ WKH LQWUDPROHFXODU ����� DV ZHOO DV
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����� DQG ������ UHDUUDQJHPHQW RI DON\O� SKHQ\O DQG RUJDQR�
VLO\O�� JURXSV� ,Q WKLV VWXG\� SKHQ\O JURXS PLJUDWLRQ ZLWKLQ
VXEVWLWXWHG K\GUD]LQH LV LQYHVWLJDWHG WKHRUHWLFDOO\ LQ RUGHU WR
VWXG\ WKH VXEVWLWXHQW HIIHFWV TXDQWLWDWLYHO\�

&DOFXODWLRQ

6LQFH WKH UHDFWLRQ V\VWHP FRQVLGHUHG LQ WKLV VWXG\ FRQ�
WDLQHG WZR SKHQ\O ULQJV� WKH VHPL�HPSLULFDO $0� PHWKRG��

ZDV HPSOR\HG WR FRQVHUYH FRPSXWHU WLPH� 0RSDF ��� SDFN�
DJH�� ZDV XVHG WKURXJKRXW WKLV ZRUN�
$OO VWDEOH VWUXFWXUHV� LQFOXGLQJ UHDFWDQW �5� DQG SURGXFW

�3�� ZHUH PLQLPL]HG XVLQJ WKH HQHUJ\ JUDGLHQW PHWKRG�
7UDQVLWLRQ VWDWHV ZHUH ORFDWHG XVLQJ WKH 76 RSWLRQ VWDUWLQJ
IURP WKH KLJKHVW HQHUJ\ SRLQW GHWHUPLQHG SUHYLRXVO\ XVLQJ
WKH XVXDO UHDFWLRQ FRRUGLQDWH PHWKRG��� )UHTXHQF\ FDOFXOD�
WLRQV ZHUH SHUIRUPHG WR FRQILUP DOO SRVLWLYH IUHTXHQFLHV IRU
ORFDO PLQLPD DQG RQH QHJDWLYH IUHTXHQF\ IRU WKH 76��� $Q
LQWULQVLF UHDFWLRQ FRRUGLQDWH �,5&� FDOFXODWLRQ�� ZDV SHU�
IRUPHG WR YHULI\ WKH VPRRWK FRQQHFWLRQ EHWZHHQ WKH 76 DQG
ORFDO PLQLPD RQ ERWK VLGHV RI WKH SRWHQWLDO HQHUJ\ VXUIDFH�

5HVXOWV DQG 'LVFXVVLRQ

3KHQ\O JURXS PLJUDWLRQ ZLWKLQ SURWRQDWHG ����GLSKHQ\O
K\GUD]LQH LV D FRQFHUWHG PHFKDQLVP WKDW SURFHHGV WKURXJK D
WUDQVLWLRQ VWDWH LUUHVSHFWLYH RI VXEVWLWXHQWV� DQG WKH 76 KDV D
WKUHH�PHPEHUHG EULGJHG VKDSH� 7KH UHDFWLRQ SDWKZD\ LV
GHSLFWHG LQ 6FKHPH �� 7KH =�ULQJ UHIHUV WR D ULQJ PLJUDWLQJ
IURP 1� WR 1� DQG WKH <�ULQJ WR D QRQ�PLJUDWLQJ ULQJ� 7KH
VXEVWLWXHQW RI HDFK ULQJ ZDV YDULHG IURP HOHFWURQ GRQDWLQJ WR
HOHFWURQ ZLWKGUDZLQJ� L�H�� < DQG = 1+�� 2&+�� &+�� +�
&O� &1�
7KH $0��RSWLPL]HG VWUXFWXUHV RI WKH UHDFWDQW� 76 DQG

SURGXFW IRU WKH FDVH RI < = + DUH GHVFULEHG LQ )LJXUH ��
7KH UHDFWDQW KDV D SRVLWLYH FKDUJH RQ 1�� ZKLFK FRXOG QRW

EH VWDELOL]HG E\ UHVRQDQFH LQWHUDFWLRQ ZLWK HLWKHU WKH QHLJK�
ERULQJ =�ULQJ RU WKH 1� DWRP GXH WR WKH VDWXUDWLRQ RI YDOHQFH
DOORZHG IRU WKH QLWURJHQ DWRP �VHH 6FKHPH ��� $0� ERQG
OHQJWKV DQG JURXS FKDUJHV DUH VXPPDUL]HG LQ 7DEOHV � DQG ��
UHVSHFWLYHO\� 7DEOH � VKRZV WKDW WKH ERQG OHQJWKV 1��&�� 1��
1�� DQG 1��&� RI WKH UHDFWDQWV GR QRW FKDQJH PXFK� &RQVLV�
WHQF\ RI WKH ERQG OHQJWKV LV DOVR UHIOHFWHG LQ WKH JURXS
FKDUJH GLVWULEXWLRQ� 7KHUHIRUH� WKH UHDFWDQW PLJKW EH FRQVLG�
HUHG WR KDYH FRQVWDQW JHRPHWULFDO FKDUDFWHULVWLFV LUUHVSHFWLYH
RI WKH VXEVWLWXHQWV�
6LQFH WKH PRYLQJ ULQJ IRUPV D WKUHH�PHPEHUHG F\FOLF

VWUXFWXUH DW WKH 76� WKH G� ERQG �∆G��� ZDV VKRUWHQHG LQYDUL�
DEO\ E\ FD� ���� c FRPSDUHG ZLWK WKDW RI WKH UHDFWDQW� +RZ�
HYHU� WKH ODUJHVW FKDQJH RFFXUV LQ WKH G� ERQG DQG� HVSHFLDOO\�
D VOLJKWO\ VKRUWHU G� FRPSDUHG ZLWK G� LPSOLHV D ODWHU 76� ,Q
WKH 76� FKDUJH GLVSHUVLRQ ZDV SRVVLEOH EHFDXVH WKH =�ULQJ
FRXOG PDNH UHVRQDQFH LQWHUDFWLRQ ZLWK 1� DQG 1� DWRPV�
DQG� DV D UHVXOW� WKH FKDUJH RI WKH 1+� JURXS GHFUHDVHG DQG
WKH FKDUJH RI WKH 1+ DQG =�ULQJ LQFUHDVHG VOLJKWO\ �VHH 7DEOH
��� 7KH UHRUJDQL]DWLRQ RI 1+� DQG =�ULQJ JURXS FKDUJHV ZDV
PRUH SURQRXQFHG DV WKH VXEVWLWXHQW EHFDPH PRUH HOHFWURQ
GRQDWLQJ� +RZHYHU� QHJOLJLEOH FKDUJH FKDQJH ZDV REVHUYHG
LQ WKH <�ULQJ� ZKLFK VXJJHVWV QR UHVRQDQFH LQWHUDFWLRQ ZLWK
1�� 1� DQG WKH =�ULQJ� 7KLV LV DOVR VXSSRUWHG E\ WKH FRQVWDQW
LQFUHDVH LQ G� �∆G��  a FD� ���� c� RQ JRLQJ IURP WKH UHDFWDQW
WR WKH 76� ,Q WKH SURGXFW� WKH WZR SKHQ\O ULQJV DUH ERQGHG WR
D FRPPRQ DWRP� 1�� DQG KDYH VNHZHG FRQIRUPDWLRQ�
$0� KHDWV RI IRUPDWLRQ DUH VXPPDUL]HG LQ 7DEOH �� +HDWV

RI IRUPDWLRQ RI WKH UHDFWDQW� 76 DQG SURGXFW DUH GHQRWHG
∆+I�5�� ∆+I�76� DQG ∆+I�3�� UHVSHFWLYHO\ DQG DFWLYDWLRQ
HQWKDOS\ DQG HQGRWKHUPLFLW\ ∆+� DQG ∆+R� UHVSHFWLYHO\�
$OO UHDFWLRQV DUH HQGRWKHUPLF �∆+R  ������� NFDO PRO−��

EHFDXVH WKH SKHQ\O JURXS PLJUDWLRQ UHVXOWV LQ WKH VWHULFDOO\
FURZGHG SURGXFW� UHTXLULQJ D KLJKHU DFWLYDWLRQ HQWKDOS\ �∆+�
 ��������� NFDO PRO−��� 7KHVH DFWLYDWLRQ HQWKDOSLHV DUH
PXFK KLJKHU WKDQ WKRVH UHSRUWHG IRU WKH SURWRQDWHG NHWRQH
V\VWHP �∆+�  ��������� NFDO PRO−����
/HW XV ILUVW H[DPLQH WKH =�VXEVWLWXHQW HIIHFW RQ UHDFWLYLW\�

7KH DFWLYDWLRQ HQHUJ\ GHFUHDVHV DV WKH VXEVWLWXHQW EHFRPHV
PRUH HOHFWURQ ZLWKGUDZLQJ ����� NFDO PRO−� IRU = 1+��
< + YV� ���� NFDO PRO−� IRU = &1� < +�� 7KLV FRXOG DULVH
IURP WZR RSSRVLQJ HIIHFWV� WKDW LV� ��� GHVWDELOL]DWLRQ RI WKH
SRVLWLYHO\ FKDUJHG UHDFWDQW E\ D PRUH HOHFWURQ ZLWKGUDZLQJ
VXEVWLWXHQW� ��� VWDELOL]DWLRQ RI 76 E\ UHVRQDQFH LQWHUDFWLRQ
ZLWK WKH =�ULQJ DQG WZR QLWURJHQ FHQWHUV� 7UHQGV LQ WKH DFWL�
YDWLRQ HQWKDOSLHV ZHUH LQ OLQH ZLWK WKRVH RI WKH HQGRWKHUPLF�
LWLHV VXPPDUL]HG LQ 7DEOH �� $V WKH VXEVWLWXHQW EHFDPH PRUH

6FKHPH �

)LJXUH �� $0� RSWLPL]HG VWUXFWXUHV RI UHDFWDQW �5�� 76� DQG
SURGXFW �3� �< = +��

6FKHPH �
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HOHFWURQ ZLWKGUDZLQJ� HQGRWKHUPLFLW\ DV ZHOO DV WKH DFWLYD�
WLRQ HQWKDOS\ GHFUHDVHV� FDXVLQJ WKH 76 WR EHFRPH PRUH
UHDFWDQW�OLNH DFFRUGLQJ WR WKH +DPPRQG SRVWXODWH��� 7KLV
FDQ EH VHHQ IURP WKH ∆G�� ERQG OHQJWK FKDQJH ������ c IRU
= 1+�� < + YV� ����� c IRU = &1� < +��
)RU <�ULQJ FDVH� DFWLYDWLRQ HQHUJ\ LQFUHDVHV DV WKH VXEVWL�

WXHQW EHFRPHV PRUH HOHFWURQ ZLWKGUDZLQJ GXH WR WKH GHVWD�
ELOL]DWLRQ RI WKH 76 ����� NFDO PRO−� IRU < 1+�� = + YV�

���� NFDO PRO−� IRU < &1� = +�� DQG WKLV LV ZHOO GHVFULEHG
E\ WKH ∆G�� FKDQJH ������ c IRU < 1+�� = + YV� ����� c
IRU < &1� = +�� +RZHYHU� WKH HIIHFW RI WKH < ZDV ZHDNHU
WKDQ WKH HIIHFW RI WKH = �YLGH LQIUD��
7KH +DPPHWW HTXDWLRQ�� ZDV XVHG WR FRUUHODWH WKH HTXLOLE�

ULXP �RU UDWH� FRQVWDQW ZLWK WKH HOHFWURQLF SURSHUW\ RI WKH
VXEVWLWXHQWV LQ D UHDFWLRQ VHULHV DQG FRXOG EH ZULWWHQ DV (T�
��� ZKHQ WKH HQWURS\ FKDQJH LV QHJOLJLEOH LQ WKH VHULHV� σ�

YDOXHV�� ZHUH XVHG LQ WKH FDVH RI WKH =�VXEVWLWXHQW WR JHW D
EHWWHU FRUUHODWLRQ IRU VWURQJO\ GHORFDOL]HG 76� 7KH FURVV�
LQWHUDFWLRQ FRQVWDQW� ρ<=� ZDV FDOFXODWHG XVLQJ WKH PXOWLSOH
OLQHDU UHJUHVVLRQ� 6LPSOH +DPPHWW ρ<� ρ=

� DQG FURVV�LQWHUDF�
WLRQ ρ<= YDOXHV DUH VXPPDUL]HG LQ 7DEOH �� $OWKRXJK QHJD�
WLYH ρ< YDOXHV ZHUH REVHUYHG LQ WKH <�ULQJ RZLQJ WR WKH

SRVLWLYH FKDUJH GHYHORSPHQW DW WKH 76� WKHLU PDJQLWXGH LV
TXLWH VPDOO GXH WR WKH VPDOOHU FKDQJH LQ WKH DFWLYDWLRQ
HQWKDOSLHV� +RZHYHU� ρ=

� YDOXHV ZHUH SRVLWLYH DQG ODUJH
EHFDXVH WKH =�ULQJ ZDV WUDQVIHUUHG WR WKH QHLJKERULQJ QLWUR�
JHQ DWRP� 1�� DQG WKH DFWLYDWLRQ HQHUJ\ GHSHQGHG LQ ODUJH
PHDVXUH RQ WKH VXEVWLWXHQWV� $V WKH <�VXEVWLWXHQW EHFRPHV
PRUH HOHFWURQ GRQDWLQJ� WKH HOHFWURQ GHQVLW\ RI WKH =�ULQJ

7DEOH �� $0� RSWLPL]HG ERQG OHQJWKV RI UHDFWDQW �5� DQG FKDQJHV LQ ERQG OHQJWKV� ∆G�� DQG ∆GR LQ c

< = G��5� G��5� G��5� G��5� ∆G�� D ∆G�� D ∆G�RE� ∆G�RE� ∆G�RE� ∆G�RE�
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&1 ����� ����� ����� ����� ����� ������ ����� ������ ����� ������
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&1 ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

&+� 1+� ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

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

+ 1+� ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

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

2&+� ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

&+� ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

+ ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

&O ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

&1 ����� ����� ����� ����� ����� ������ ����� ������ ����� ������

D∆G�  G�76� − G�5�� E∆GR  G�3� − G�5�
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LQFUHDVHV DQG GRHV WKH ρ=
� YDOXH �ρ=

�  ���� IRU < 1+� YV�
ρ=

�  ���� IRU < &1�� 1RWH WKDW WKH FURVV�LQWHUDFWLRQ FRQ�
VWDQW� ρ<=� LV TXLWH VPDOO ������� LQ WKLV UHDFWLRQ� 7KLV LV QRW
XQXVXDO FRQVLGHULQJ WKH JHRPHWULFDO FKDUDFWHULVWLFV� ,Q WKH
UHDFWDQW� QR UHVRQDQFH LQWHUDFWLRQ H[LVWV EHWZHHQ WKH <� DQG
=�ULQJ �VPDOOHU ,<=R� DQG DW WKH VDPH WLPH QR PXWXDO LQWHUDF�
WLRQ H[LVWV EHWZHHQ WKH WZR ULQJV LQ WKH 76 �VPDOOHU ,<=���
ZKLFK UHVXOWV LQ D FURVV�LQWHUDFWLRQ FRQVWDQW �VHH (T� ����
WKDW LV QHDUO\ ]HUR� $ VLPLODU WUHQG ZDV REVHUYHG LQ WKH SKH�
Q\O JURXS UHDUUDQJHPHQW RI WKH SURWRQDWHG NHWRQH V\VWHP�

�6FKHPH ��� 7KH RULJLQ RI D VPDOO FURVV�LQWHUDFWLRQ FRQVWDQW�
KRZHYHU� LV TXLWH GLIIHUHQW� ,Q WKH ODWWHU UHDFWLRQ� GLIIHUHQFH
EHWZHHQ WZR VWURQJ LQWHUDFWLRQV RI WZR ULQJV LQ WKH UHDFWDQW
DV ZHOO DV LQ WKH 76 UHVXOWV LQ D VPDOOHU ρ<= YDOXH �������

,Q RUGHU WR IXUWKHU H[DPLQH WKH WHQGHQFLHV UHSRUWHG DERYH�
WKH 6ZDLQ�/XSWRQ GXDO VXEVWLWXHQW HTXDWLRQ��� (T� ���� ZDV
DSSOLHG� 7KH UHVXOWV DUH VXPPDUL]HG LQ 7DEOH �� 7KH ) DQG 5

LQ (T� ��� UHIHU WR WKH ILHOG DQG WKH UHVRQDQFH FRQVWDQW�

UHVSHFWLYHO\� DQG U DQG I DUH WKH VXVFHSWLELOLW\ RI HDFK HIIHFW�
7DEOH � VKRZV WKDW WKH U�I YDOXHV RI WKH =�ULQJ DUH DOZD\V
JUHDWHU WKDQ �� ZKHUHDV WKRVH RI WKH <�ULQJ DUH DOZD\V OHVV
WKDQ �� 7KLV PHDQV WKDW WKH UHVRQDQFH DQG ILHOG HIIHFWV DUH
JUHDWO\ LQFUHDVHG LQ WKH =�ULQJ DQG <�ULQJ� UHVSHFWLYHO\�
ZKLFK LV LQ OLQH ZLWK WKH FRQFOXVLRQV GUDZQ IURP WKH +DP�
PHWW FRQVWDQWV �ρ<� ρ=

�� DQG WKH FURVV�LQWHUDFWLRQ FRQVWDQW�

7DEOH �� )RUPDO JURXS FKDUJHV RI UHDFWDQW DQG FKDQJHV LQ IRUPDO FKDUJHV� ∆T�� DQG ∆TR LQ HOHFWURQLF FKDUJH XQLW
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3KHQ\O *URXS 0LJUDWLRQ RI 3URWRQDWHG ����'LSKHQ\O +\GUD]LQHV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

&RQFOXVLRQ

3KHQ\O JURXS UHDUUDQJHPHQW RI SURWRQDWHG ����GLSKHQ\O
K\GUD]LQHV LV D RQH�VWHS UHDFWLRQ WKDW SURFHHGV WKURXJK D
WKUHH�PHPEHUHG EULGJHG 76� 7KLV UHDFWLRQ LV HQGRWKHUPLF�
SURGXFLQJ VWHULFDOO\ FURZGHG SURGXFW DQG WKXV UHTXLUHV D UHO�
DWLYHO\ KLJKHU DFWLYDWLRQ HQHUJ\� $ PRUH HOHFWURQ ZLWKGUDZ�

LQJ = DQG D PRUH HOHFWURQ GRQDWLQJ < ORZHU WKH DFWLYDWLRQ
EDUULHU�
7KH ρ< YDOXHV DUH VPDOO EHFDXVH WKH <�ULQJ GRHV QRW SDU�

WLFLSDWH LQ WKH UHDFWLRQ GLUHFWO\� EXW WKH ρ=
� YDOXHV DUH ODUJH

EHFDXVH WKH =�ULQJ LV LQYROYHG LQ WKH UHDFWLRQ� 7KH DEVHQFH
RI UHVRQDQFH LQWHUDFWLRQ EHWZHHQ WKH ULQJV LQ WKH UHDFWDQW
DQG WKH 76 RZLQJ WR WKH VDWXUDWLRQ RI QLWURJHQ YDOHQFH LQ
ERWK VWDWHV� UHVXOWV LQ D VPDOO FURVV�LQWHUDFWLRQ FRQVWDQW� 7KLV
ZDV FRQILUPHG E\ WKH UHVXOWV REWDLQHG IURP WKH GXDO VXEVWL�
WXHQW HTXDWLRQ�
$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ ,QKD

8QLYHUVLW\ DQG .RUHD 5HVHDUFK )RXQGDWLRQ IRU WKH ��VW &HQ�
WXU\�

5HIHUHQFHV

�� �D� *URYHQVWHLQ� -U� (�� :LOOLDPV� -U� /� 3� -� $P� &KHP�

6RF�� ����� ��� ���� ����� �E� =LQPHUPDQ� +� (�� =ZHLJ�

$� -� $P� &KHP� 6RF� ����� ��� ����� �F� *URYHQVWHLQ� -U�
(�� /X� 3��&� -� 2UJ� &KHP� 6RF� ����� ��� �����

�� �D� 6ODXJK� /� +� -� $P� &KHP� 6RF� ����� ��� ����� �E�

.RFKL� -� .�� .UXVLF� 3� -� -� $P� &KHP� 6RF� ����� ���
�����

�� /DQFHODW� &� -�� &UDP� '� -�� 6FKOH\HU� 3� Y� 5� ,Q &DUERQ�

LXP ,RQV� 2ODK� *� $�� 6FKOH\HU� 3� Y� 5�� (GV�� :LOH\� 1HZ
<RUN� ����� YRO ,,,�

�� /HH� ,�� /HH� '�� /HH� -� .�� .LP� &� .�� /HH� %�6� -� &KHP�

6RF�� 3HUNLQ 7UDQV� � ����� �����
�� .LP� &� .�� /HH� ,� %XOO� .RUHDQ &KHP� 6RF� ����� ���

����

�� .LP� &� .�� /HH� -� .�� 3DUN� +� <�� /HH� ,� %XOO� .RUHDQ
&KHP� 6RF� ����� ��� ����

�� �D� /HH� ,� &KHP� 6RF� 5HY� ����� ��� ���� �E� /HH� ,� $GY�

3K\V� 2UJ� &KHP� ����� ��� ���
�� :HVW� 5�� 6WHZDUW� +� )� -� $P� &KHP� 6RF� ����� ��� ����

�� 6WHZDUW� +� )�� .RHSVHOO� '� *�� :HVW� 5� -� $P� &KHP�

6RF� ����� ��� ����
��� :HVW� 5�� ,VKLNDZD� 0�� 0XUDL� 6� -� $P� &KHP� 6RF� �����

��� ����

��� �D� %DLOH\� 5� (�� :HVW� 5� -� $P� &KHP� 6RF� ����� ���

7DEOH �� +HDW RI IRUPDWLRQ RI UHDFWDQW �5�� 76� SURGXFW �3� DQG
DFWLYDWLRQ �∆+� � DQG UHDFWLRQ �∆+�� HQWKDOSLHV
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7DEOH �� 6LPSOH +DPPHWW ρ YDOXHV DQG FURVV�LQWHUDFWLRQ FRQVWDQWV�
ρ<=

< RU = 1+� 2&+� &+� + &O &1
ρ<= ������

�U �����
ρ<

D�E ����� ����� ����� ����� ����� �����

ρ=
� E�F ���� ���� ���� ���� ���� ����

Dσ YDOXHV DUH XVHG� EDOO FRUUHODWLRQ FRHIILFLHQWV DUH EHWWHU WKDQ ����� Fσ�σ�

YDOXHV DUH XVHG�

7DEOH �� 'XDO VXEVWLWXHQW SDUDPHWHU DQDO\VLV

I U U�I UD
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DFRUUHODWLRQ FRHIILFLHQW�
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