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�31� DQG GRGHFDQHGLRLF DFLG DV FDUER[\O�

K\GUR[\O DGMXVWLQJ DJHQW� 7KLV SRO\FRQGHQVDWLRQ SURFHHGHG E\ FDWDO\VLV RI VWDQQRXV R[LGH WR JLYH WKH

PXOWLEORFN FRSRO\PHUV ZLWK KLJK PROHFXODU ZHLJKW DQG ZLGH UDQJH RI FRPSRVLWLRQV� 3RO\PHU ILOP ZDV SUH�

SDUHG E\ FDVWLQJ WKH FKORURIRUP VROXWLRQ RI WKH PXOWLEORFN FRSRO\PHUV KDYLQJ GLIIHUHQW FRPSRVLWLRQ� 7KH

PXOWLEORFN FRSRO\PHUV KDYLQJ UHODWLYHO\ KLJK FRQWHQWV RI SRO\�/�ODFWLGH� ZHUH PHOW VSXQ LQWR ILODPHQWV

ZKLFK ZHUH VXEVHTXHQWO\ GUDZQ DW ��
R

&� 7KH FRSRO\PHU ILOPV DQG WKH ILODPHQWV VKRZHG DQ LPSURYHG

IOH[LELOLW\ GXH WR WKH LQFRUSRUDWLRQ RI WKH VRIW VHJPHQWV�

,QWURGXFWLRQ

3RO\�α�K\GUR[\ DFLG�V VXFK DV SRO\JO\FROLGH

�3*$� DQG SRO\�/�ODFWLGH��3//$� KDYH EHHQ DWW�

UDFWLQJ JUHDW DWWHQWLRQ
���
DV WKH\ DUH K\GURO\]HG LQ

OLYLQJ WLVVXHV WR WKHLU FRQVWLWXHQWV� �K\GUR[\ DFLGV�

ZKLFK FDQ EH H[FUHWHG E\ WKH KXPDQ PHWDEROLF

F\FOHV�
���
7KHLU DSSOLFDWLRQ� WKHUHIRUH� KDV EHHQ GLUHF�

WHG WR YDULRXV WHPSRUDU\ ELR�PDWHULDOV LQFOXGLQJ

GUXJ FDUULHUV
���
DQG DEVRUEDEOH VXUJLFDO VXWXUHV�

���������

+RZHYHU� WKH KLJK FU\VWDOOLQLW\
�������

DQG ORZ K\GUR�

SKLOLFLW\
�����

RI WKHVH SRO\PHUV KDYH LQWHUIHUHG ZLWK

WKH FRQWUROOHG GHJUDGDWLRQ DQG GHFUHDVHG WKH

FRPSDWLELOLW\ ZLWK VRIW WLVVXHV� 2QH VROXWLRQ WR

WKHVH PDWHULDO SUREOHPV LV WR LQWURGXFH VRIW VHJ�

PHQWV WR WKH EDVH SRO\PHUV E\ WULEORFN DQG PXOWL�

EORFN FRSRO\PHUL]DWLRQ�
�����
5HFHQW SXEOLFDWLRQV

�����

GHPRQVWUDWHG VRPH V\QWKHVHV RI EORFN FRSRO\PHUV

IURP D SRO\�α�K\GUR[\ DFLG� ZLWK SRO\HWKHUV VXFK
DV SRO\�HWK\OHQH JO\FRO��3(*� DQG SRO\�SURS\OHQH

JO\FRO��33*�� 0RVW RI WKHVH FRSRO\PHUV� KRZHYHU�

ZHUH RI ORZ PROHFXODU ZHLJKW� RZLQJ WR WKH LQVXIIL�

FLHQW FRQWURO RI SRO\PHUL]DWLRQ� DQG KDG OLPLWHG

XVH H[FHSW IRU XVHV DV DQ DEVRUEDEOH FRDWLQJ PDWH�

ULDO RI GUXJ SHOOHWV� 9HU\ UHFHQWO\�
��
ZH KDYH UHSRUWHG

D QHZ WULEORFN DQG PXOWLEORFN FRSRO\PHUL]DWLRQ RI

SRO\�/�ODFWLGH� ZLWK DQRWKHU WHOHFKHOLF SRO\HWKHU�

SRO\�R[\SURS\OHQH�FR�R[\HWK\OHQH��31� WKH FRP�

PRQ WUDGH QDPH� 3OXURQLF
70
� ZKLFK KDV SULPDU\

K\GUR[\O JURXSV RQ ERWK WHUPLQDOV� 31 KDYLQJ

QXPEHU�DYHUDJH PROHFXODU ZHLJKW�0Q� RI �����

KDV EHHQ DSSURYHG E\ )'$
��
DV D VDIH SKDUPD�

FHXWLFDO VXUIDFWDQW DQG LQMHFWLYH SRO\PHU�
��
DQG

FDQ EH XVHG DV D VDIH FRPSRQHQW RI ELRPHGLFDO

PDWHULDO� 7KH ULQJ�RSHQLQJ SRO\PHUL]DWLRQ RI /�

ODFWLGH LQLWLDWHG IURP WKH K\GUR[\O JURXSV RQ ERWK

WHUPLQDOV RI 31 JLYHV DQ $�%�$ WULEORFN W\SH

FRSRO\�HVWHU�HWKHU�
��
ZKLFK LV DOVR WKRXJKW WR EH D

VDIH ELRPDWHULDO ZLWK LPSURYHG IOH[LELOLW\ DQG

ORZHU FU\VWDOOLQLW\ FRPSDUHG ZLWK 3//$ KRPR�

SRO\PHU� +RZHYHU� LQ WKLV VWUDWHJ\ XVLQJ 31 ZLWK

0Q ������ LW LV LPSRVVLEOH WR SUHSDUH KLJK PROHF�

XODU ZHLJKW FRSRO\PHUV LQFRUSRUDWLQJ 31 LQ ODUJH

DPRXQW EHFDXVH WKH PROHFXODU ZHLJKW RI WKH

UHVXOWLQJ FRSRO\PHUV LV OLPLWHG E\ 31�/�ODFWLGH

FRPSRVLWLRQ� &RQVHTXHQWO\� LW KDV EHHQ GHVLUHG WR

LQFUHDVH PROHFXODU ZHLJKW RI WKH FRSRO\PHUV ZLWK

ODUJH 31 FRQWHQW�
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,Q WKH SUHVHQW VWXG\� SRO\FRQGHQVDWLRQ PHWKRG

ZDV LQWURGXFHG WR V\QWKHVL]H WKH VDPH EORFN

FRSRO\PHUV� ,Q WKLV PHWKRG ROLJR�/�ODFWLGH� SUH�

SDUHG E\ WKHUPDO GHK\GUDWLRQ RI /�ODFWLF DFLG DQG

31 ZHUH VXEMHFWHG WR FRSRO\PHUL]DWLRQ LQ WKH SUH�

VHQFH RI D GLFDUER[\OLF DFLG WR REWDLQ PXOWLEORFN

FRSRO\PHUV RI 3//$ DQG 31� 7KH GLFDUER[\OLF

DFLG ZDV DGGHG WR WKH V\VWHP LQ RUGHU WR DGMXVW

WKH FRQFHQWUDWLRQV UHODWLYH RI K\GUR[\O DQG FDU�

ER[\O JURXSV DGGHG LQ WKH V\VWHP� %\ WKLV GLUHFW

SRO\FRQGHQVDWLRQ PHWKRG� EORFN FRSRO\PHUV ZLWK

KLJK PROHFXODU ZHLJKW DQG ZLGH UDQJH RI FRPSR�

VLWLRQV FRXOG EH SUHSDUHG� 7KH UHVXOWDQW FRSRO\PHUV

ZLWK YDULRXV FRPSRVLWLRQV ZHUH WKHQ FKDUDFWHU�

L]HG� DQG SRO\PHU ILOPV ZHUH DOVR SURFHVVHG IRU

HYDOXDWLRQ RI WKHLU PHFKDQLFDO SURSHUWLHV�

([SHULPHQWDO

0DWHULDOV� /�ODFWLGH ZDV VXSSOLHG IURP 3XUDF

%LRFKHP�1HWKHUODQG� DQG SXULILHG E\ UHFU\VWDOOL�

]DWLRQ IURP HWK\O DFHWDWH� 7ROXHQH ZDV GLVWLOOHG

XQGHU D QLWURJHQ DWPRVSKHUH� ��(WK\O KH[DQRDWH�

WLQ VXOIDWH� /�ODFWLF DFLG� GLSKHQ\O HWKHU� DQG GRGH�

FDQHGLRLF DFLG�''$� ZHUH SXUFKDVHG IURP 1DFDODL

7HVTXH�.\RWR� -DSDQ� DQG XVHG DV UHFHLYHG� 7KH

31 FRPSULVLQJ R[\HWK\OHQH�(2� DQG R[\SURS\�

OHQH�32� EORFNV DW D XQLW UDWLR RI � � � �FRPSRVL�

WLRQ� ZW�� ZDV FRPPHUFLDOO\ DYDLODEOH 3OXURQLF
70

�)����� ZKLFK ZDV VXSSOLHG IURP $VDKL 'HQND

&R�� /7'�� -DSDQ� 31 ZDV WKRURXJKO\ GULHG DW

UHGXFHG SUHVVXUH EHORZ ��
��
PP+J EHIRUH XVH�

2WKHU UHDJHQWV DQG VROYHQWV ZHUH XVHG ZLWKRXW

IXUWKHU SXULILFDWLRQ�

0HDVXUHPHQWV�
�
+�105 VSHFWUD ZHUH PHD�

VXUHG RQ D 9DULDQ *HPLQL�����DW ��� 0+]� VSHF�

WURPHWHU DQG D %UXFNHU $5; ��� VSHFWURPHWHU�DW

��� 0+]� LQ &'&O� FRQWDLQLQJ � YRO� WHWUDPHWK�

\OVLODQH �706� DV DQ LQWHUQDO UHIHUHQFH�
��
&�105

VSHFWUD ZHUH PHDVXUHG RQ D %UXFNHU $5; ���

VSHFWURPHWHU�DW ��� 0+]� LQ &'&O�� 1XPEHU�

DYHUDJH PROHFXODU ZHLJKW�0Q� DQG PROHFXODU

ZHLJKW GLVWULEXWLRQ�0Z�0Q� ZHUH GHWHUPLQHG E\

JHO SHUPHDWLRQ FKURPDWRJUDSK\�*3&�� *3&

DQDO\]HU ZDV FRPSRVHG RI D 6KLPDG]X /&���$

SXPS� D 6KRGH[ 5, 6(��� 5, GHWHFWRU� D 6KL�

PDG]X &�5�$ FKURPDWRSDF GDWD SURFHVVRU� D

6KRGH[ '(*$6 .7��� GHJDVVRU� DQG D 6XJDL 8�

��� FROXPQ RYHQ� $ FRPELQDWLRQ RI WZR SRO\VW\�

UHQH JHO FROXPQV RI 7RVR 76. JHO *����+ DQG

*����+���� PP L�G�Ý ��� PP� HDFK� ZDV XVHG

ZLWK WHWUDK\GURIXUDQ �7+)� DV DQ HOXHQW DW ��
R
&�

0ROHFXODU ZHLJKW ZDV FDOLEUDWHG DFFRUGLQJ WR

SRO\VW\UHQH VWDQGDUGV� 0HOWLQJ SRLQW�7P� DQG JODVV

WUDQVLWLRQ SRLQW�7J� RI WKH SRO\PHULF SURGXFWV

ZHUH GHWHUPLQHG E\ GLIIHUHQWLDO VFDQQLQJ FDORULP�

HWU\�'6&� RQ D 0DF 6FLHQFH '6&����� WKHUPDO

DQDO\]HU DW D KHDWLQJ UDWH RI ��
R
& PLQ

��
� α�$OXPLQD

ZDV XVHG DV D UHIHUHQFH VDPSOH� ,Q WKH ILUVW VFDQ�

WKH DQDO\VLV ZDV PDGH IURP URRP WHPSHUDWXUH WR

���
R
&� DQG WKH VDPSOH ZDV TXHQFKHG LQ D OLTXLG

QLWURJHQ EDWK IRU �� PLQ� ,Q WKH VHFRQG VFDQ� WKH

VDPSOH ZDV KHDWHG XS IURP ��� WR ���
R
&�

3UHSDUDWLRQ RI 3RO\PHUL]DWLRQ &DWDO\VWV�

6WDQQRXV ��HWK\OKH[DQRDWH� 6WDQQRXV ��

HWK\OKH[DQRDWH ZDV SXULILHG E\ GLVWLOODWLRQ XQGHU

KLJK YDFXXP� 7KHQ� LW ZDV GLVVROYHG LQ D GLVWLOOHG

WROXHQH DW D FRQFHQWUDWLRQ RI ��� J�P/�

6WDQQRXV R[LGH DQG 6WDQQRXV ODFWDWH� ,Q

DQ DSSURSULDWH IODVN �� J RI VWDQQRXV VXOIDWH ZDV

GLVVROYHG LQ �� P/ RI GLVWLOOHG ZDWHU� DQG WKH VROX�

WLRQ ZDV DGMXVWHG WR ZHDN DONDOLQLW\ E\ DGGLQJ DQ

DTXHRXV VRGLXP K\GUR[LGH��� PRO GP
��
� XQGHU

QLWURJHQ DWPRVSKHUH� 7KH VROXWLRQ ZDV UHIOX[HG

ZLWK VWLUULQJ RQ D PDJQHWLF VWLUUHU DW ���
R
& IRU

� K� 7KH UHVXOWDQW EODFN SUHFLSLWDWH� ZKLFK ZDV

VWDQQRXV R[LGH� ZDV ZDVKHG ZLWK GLVWLOOHG ZDWHU�

ILOWHUHG� DQG ZDVKHG ZLWK DFHWRQH�

$ PL[WXUH RI � J RI VWDQQRXV R[LGH� �� P/ RI

��� DTXHRXV /�ODFWLF DFLG� DQG �� P/ RI D GLV�

WLOOHG ZDWHU ZDV PDGH DQG ILOWHUHG� 7KH ILOWUDWH ZDV

WKHQ HYDSRUDWHG WR UHPRYH ZDWHU DQG /�ODFWLF

DFLG DW ���
R
& XQGHU D UHGXFHG SUHVVXUH RI ��

PP+J� $ ZKLWH UHVLGXH REWDLQHG ZDV ZDVKHG

ZLWK ZDWHU DQG GULHG LQ YDFXR�

&RSRO\PHUL]DWLRQ RI 2OLJR�/�ODFWLF DFLG�

DQG 31� 3UHVFULEHG DPRXQWV RI ROLJR�/�ODFWLF

DFLG�� DQG 31 ZHUH FKDUJHG LQWR D IODVN HTXLSSHG

ZLWK D UHIOX[ FRQGHQVHU DQG DQ HTXLPRODU

DPRXQW RI ''$ UHODWLYH WR WKH 31 TXDQWLW\� ''$

WKDW LV HTXLYDOHQW WR WKH PRODU TXDQWLW\ RI 31�

GLSKHQ\O HWKHU DV VROYHQW� DQG D JLYHQ DPRXQW RI

FDWDO\VW ZHUH DGGHG WR LW� 7KH UHVXOWLQJ PL[WXUH

ZDV UHIOX[HG ZLWK VWLUULQJ RQ D PDJQHWLF VWLUUHU DW

���
R
& XQGHU UHGXFHG SUHVVXUH IRU D SUHVFULEHG

WLPH� 7KH FRRODQW ZDWHU SDVVLQJ WKH UHIOX[ FRQ�
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GHQVHU ZDV DGMXVWHG DW ��
R
& WR DOORZ UHPRYDO RI

ZDWHU RXW RI WKH UHDFWLRQ V\VWHP DQG WR IHHGEDFN

WKH GLVWLOOHG GLSKHQ\O HWKHU LQWR WKH UHDFWLRQ V\V�

WHP� $IWHU �� K� D EURZQ SUHFLSLWDWH GHSRVLWHG

RXW� ,W ZDV GLVVROYHG LQ �� P/ RI FKORURIRUP DQG

WKH VROXWLRQ ZDV SRXUHG LQWR DQ H[FHVV DPRXQW RI

PHWKDQRO WR LVRODWH WKH SRO\PHULF SURGXFW� 7KH

SUHFLSLWDWHG SURGXFW ZDV ILOWHUHG DQG GULHG LQ

YDFXR WR REWDLQ ZKLWH ILEURXV SRZGHUV�
�
+�105 �&'&,��706� SSP  �����&+� IRU 32��

����&+� IRU ''$�� �����&+� IRU /$�� ����&+�&2

IRU ''$�� ���a����&+�&+ IRU 32�� ���a���

�&+�&+ IRU 32�� ���a����&+�&+� IRU (2�� ���

�&+�&+� IRU (2 ERQGHG ZLWK /$�� DQG ���a���

�&+ IRU /$��
��
&�105�&'&,��706� δ  �����&+�

IRU /$�� �����&+� IRU 32�� ����>&+��&+���&2

IRU ''$@� ����>&+��&+���&2 IRU ''$@� ����

>&+��&+���&2 IRU ''$@� �����&+ IRU /$�� ����

�&+�&+� IRU (2�� �����&+�&+ IRU 32�� ����

�&+�&+ IRU 32�� DQG ����� >&+&�2� IRU /$@�

%\ D VLPLODU PHWKRG� D VHULHV RI FRSRO\PHUV

ZLWK GLIIHUHQW FRPSRVLWLRQ ZHUH SUHSDUHG E\

FKDQJLQJ WKH UDWLR RI 31 WR ROLJR�/�ODFWLF DFLG� LQ

IHHG� 7KH QDPH RI WKH SURGXFWV LV DEEUHYLDWHG DV

´/1�P��Dµ� ZKHUH /� 1� �P�� DQG D GHQRWH 3//$�

31�WKH FRQVWLWXHQW VHJPHQWV�� PXOWLEORFN W\SH

�FRSRO\PHU W\SH�� DQG 31 FRQWHQW� UHVSHFWLYHO\�

)LOP 3UHSDUDWLRQ� $ FRQFHQWUDWHG VROXWLRQ

�FD� �� ZW�� RI PXOWLEORFN 3//$�31 FRSRO\PHUV

LQ FKORURIRUP ZDV SUHSDUHG� 7KLV VROXWLRQ ZDV

SRXUHG LQWR D JODVV SHWUL GLVK� VROLGLILHG LQ DLU DW

�
R
&� DQG GULHG LQ YDFXR� 7KH UHVXOWLQJ ILOP ZDV

WUDQVSDUHQW DQG FD� �� µP WKLFN�
0HOW�VSLQQLQJ DQG 'UDZLQJ RI &RSRO\PHU�

0HOW�VSLQQLQJ ZDV FDUULHG RXW E\ XVLQJ D ODERUD�

WRU\�VL]H VFUHZ H[WUXGHU ZLWK D VFUHZ RI �� PPΦ
LQ GLDPHWHU DQG D PRQR KROH QR]]OH RI ��� PPΦ
LQ GLDPHWHU� 7HPSHUDWXUHV RI WKH IHHGLQJ� PHOWHU�

LQJ� DQG VSLQQHUHW ]RQHV ZHUH DGMXVWHG DW ����

���� DQG ���
R
&� UHVSHFWLYHO\� 7KH SRO\PHU PHOW

ZDV H[WUXGHG DW D UDWH RI ���� J�PLQ� DQG WKH

H[WUXGDWH ZDV GUDZQ DQG ZRXQG RQ D ZLQGHU WR

JLYH D ILODPHQW RI ���a��� µP LQ GLDPHWHU� 7KH
ILODPHQW ZDV WKHQ GUDZQ WR YDULRXV GUDZ UDWLR DW

��
R
& E\ XVLQJ D KDQG\ GUDZLQJ DSSDUDWXV �.RD

6KRNDL� .\RWR��

5HVXOWV DQG 'LVFXVVLRQ

3UHSDUDWLRQ RI 0XOWLEORFN &RSRO\PHUV ZLWK

'LIIHUHQW &RPSRVLWLRQ� 3//$�31 PXOWLEORFN

FRSRO\PHUV ZLWK GLIIHUHQW FRPSRVLWLRQV ZHUH SUH�

SDUHG E\ FKDQJLQJ WKH IHHG UDWLR RI 31 UHODWLYH WR

ROLJR�/�ODFWLF DFLG� XQGHU WKH SRO\FRQGHQVDWLRQ

FRQGLWLRQV RSWLPL]HG DERYH �WHPSHUDWXUH� ���
R
&�

WLPH� �� K� FDWDO\VW� VWDQQRXV R[LGH� DQG VROYHQW

UDWLR� ����� :KHQ WKH IHHG UDWLR RI 31 ZDV KLJKHU

WKDQ �� ZW�� WKH *3& FXUYH RI WKH SRO\FRQGHQ�

VDWH REWDLQHG DIWHU �� K VKRZHG D EL�PRGDO SDW�

WHUQ DV VKRZQ LQ )LJXUH ��E�� ZKLFK VXJJHVWV WKDW

RQO\ D SDUW RI 31 KDG EHHQ LQFRUSRUDWHG LQWR WKH

FRSRO\PHU� $Q XQL�PRGDO SHDN ZDV VKRZQ ZKHQ

WKH UHDFWLRQ FRQWLQXHG IRU �� K� 7KHUHIRUH� WKH

UHDFWLRQ WLPH ZDV VHW DW �� K LQ WKHVH FDVHV�

7DEOH , VXPPDUL]HV WKH UHVXOWV RI WKH FRSRO\FRQ�

GHQVDWLRQ DW GLIIHUHQW IHHG UDWLRV� <LHOG RI WKH

FRSRO\PHU ZDV LQ WKH UDQJH RI ��a��� LQ HYHU\

FDVH� /RZHU \LHOG ZDV DWWULEXWHG WR ERWK WKH VXEOL�

PDWLRQ RI ODFWLGH DQG WKH RSHUDWLRQDO ORVV DW WKH

UHSUHFLSLWDWLRQ� 7KH 0Q YDOXH H[FHHGHG ������ LQ

WKH PRVW FDVHV� 6LQFH WKH DOPRVW 0Z�0Q ZDV

DOPRVW �� WKH 0Z YDOXH UHDFKHG ������� GDOWRQ�

ZKLFK LV D WKUHVKROG IRU HVWDEOLVKLQJ H[FHOOHQW

PHFKDQLFDO SURSHUWLHV IRU WKH 3//$ GHULYDWLYHV�

)LJXUH � VKRZV W\SLFDO *3& FXUYHV RI WKHVH

FRSRO\PHU REWDLQHG DIWHU �� K� (DFK VKRZV XQL�

PRGDO SHDN� %HLQJ GLIIHUHQW IURP WKH WULEORFN W\SH

FRSRO\PHUV REWDLQHG E\ WKH FRSRO\PHUL]DWLRQ RI

/�ODFWLGH DQG 31� WKH PROHFXODU ZHLJKW ZDV VLPL�

ODU UHJDUGOHVV ZLWK FRPSRVLWLRQ�

)LJXUH �� 7\SLFDO *3& FKURPDWRJUDPV RI WKH FRSRO\�

PHUV REWDLQHG �D� �� �E� ��� DQG �F� �� K DW D IHHG UDWLR

RI ROLJR�/�ODFWLF DFLG� WR 31 RI �� � ���
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)LJXUH � DQG � VKRZ W\SLFDO
�
+�105 VSHFWUD RI

WKH FRSRO\PHUV ZLWK GLIIHUHQW FRPSRVLWLRQV� 7KH

VLJQDO DVVLJQPHQW LV LQYROYHG LQ )LJXUH � DQG ��

)LJXUH � VKRZV D W\SLFDO ���0+]
�
+�105 VSHF�

WUXP RI WKH FRSRO\PHU >/1�P����@ REWDLQHG E\

ROLJR�/�ODFWLF DFLG��31 ������ 7KH VLJQDO DVVLJQ�

PHQW LV DOVR LQYROYHG� 7KH PHWK\O DQG PHWK\QH

VLJQDOV RI 3//$ XQLWV FDQ EH FOHDUO\ GHWHFWHG DW

���� DQG ���� SSP� UHVSHFWLYHO\� 7KH PHWK\O�

PHWK\QH� DQG PHWK\OHQH VLJQDOV RI 32 XQLWV DUH

GHWHFWHG DURXQG ����� ���� DQG ���a��� SSP�

UHVSHFWLYHO\� ZKLOH PHWK\OHQH VLJQDO RI (2 XQLWV

DOVR DSSHDUV DW ���a��� SSP� 7KH XQLW FRPSRVL�

WLRQ RI WKH FRSRO\PHU GHWHUPLQHG E\ WKH LQWHJUDO

UDWLR RI WKHVH VLJQDOV� 6PDOO VLJQDOV E� G� DQG K

ZHUH GHWHFWHG DW ���� ���� DQG ��� SSP LQ WKH

H[SDQGHG VSHFWUD� 7KHVH VLJQDOV DUH DVVLJQHG WR

WKH PHWK\OHQH JURXSV DW β�δ SRVLWLRQV RI ''$� WKH
PHWK\OHQH JURXSV DW α SRVLWLRQV RI ''$� DQG WKH
R[\PHWK\OHQH JURXSV LQ WKH WHUPLQDOV RI 31�

UHVSHFWLYHO\� 7KHLU LQWHJUDO LQGLFDWHV WKDW PRODU

FRQWHQW RI ''$ LQWURGXFHG WR WKH FRSRO\PHU ZDV

HTXLYDOHQW WR WKH 31 UDWLR� 7KHVH UHVXOWV LQGLFDWHV

WKDW WKH PXOWLEORFN FRSRO\PHU ZDV IRUPHG DV ZH

H[SHFWHG�

)LJXUH � VKRZV W\SLFDO '6& FXUYHV RI WKH FRSRO\�

PHUV ZLWK GLIIHUHQW FRPSRVLWLRQV DV FRPSDUHG

ZLWK WKDW RI 31� )RU WKH FRSRO\PHUV KDYLQJ D UHOD�

WLYHO\ KLJKHU 31 FRQWHQW� WKH HQGRWKHUPLF SHDN

GXH WR WKH FU\VWDO IXVLRQ RI 31 VHJPHQW DSSHDUHG�

7KLV SHDN EHFDPH VPDOOHU ZLWK GHFUHDVLQJ 31

FRPSRVLWLRQ DQG GLVDSSHDUHG LQ WKH FRSRO\PHU
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7DEOH ,� 7\SLFDO 5HVXOWV RI WKH 0XOWLEORFN &RSRO\PHUL]DWLRQ
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6\QWKHVLV DQG 3URSHUWLHV RI 0XOWLEORFN &RSRO\PHUV

.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

/1�P����� 7KH FRSRO\PHUV KDYLQJ D KLJK 3//$

FRQWHQW >/1�P����@ VKRZHG D VLQJOH HQGRWKHUPLF

SHDN DW ���
R
& GXH WR WKH FU\VWDO IXVLRQ RI 3//$

VHJPHQW� 7KH RWKHU FRSRO\PHUV KDYLQJ ORZHU

3//$ FRQWHQWV VKRZHG WZR HQGRWKHUPV DW

���a���
R
& DQG ��a���

R
&� ZKLFK PD\ EH DOVR

DWWULEXWHG WR WKH FU\VWDO IXVLRQV RI WKH 3//$ VHJ�

PHQWV ZLWK GLIIHUHQW VHJPHQW RUGHULQJ LQ WKH FU\V�

WDOV� &KHQ HW DO� UHSRUWHG D PXOWLEORFN FRSRO\PHU

RI /�ODFWLGH DQG HWK\OHQH R[LGH SUHSDUHG E\ XVLQJ

YDULRXV PHWDOOLF FDWDO\VWV�
��
7KLV FRSRO\PHU DOVR

H[KLELWHG WZR PHOWLQJ HQGRWKHUPV� ZKLFK ZHUH

DWWULEXWHG WR WKH GLIIHUHQFH LQ EORFN OHQJWK RI WKH

3//$ DQG SRO\�R[\HWK\OHQH� VHJPHQWV� ,Q WKLV

VWXG\ WKH EORFN OHQJWKV RI 3//$ DQG 31 ZHUH QRW

GHWHUPLQHG� EXW WKH REVHUYDWLRQ RI WKH WZR HQGR�

WKHUPV IRU FU\VWDO IXVLRQ RI 3//$ PD\ GHSHQG RQ

WKH GLVWULEXWLRQ RI WKH VHJPHQW OHQJWK RI 3//$�

3URSHUWLHV RI 0XOWLEORFN 7\SH &RSRO\PHU

)LOPV� 3RO\PHU ILOP �� µP WKLFN ZDV SUHSDUHG E\

FDVWLQJ D FKORURIRUP VROXWLRQ RI WKH PXOWLEORFN

FRSRO\PHUV KDYLQJ GLIIHUHQW FRPSRVLWLRQ� 0RVW RI

WKH ILOPV REWDLQHG ZHUH WUDQVSDUHQW� H[FHSW IRU WKH

ILOP RI /1�P���� ZKLFK KDG WXUQHG RSDTXH E\
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FU\VWDOOL]DWLRQ RI WKH 31 VHJPHQWV� 7DEOH ,, VXP�

PDUL]HV WKH WHQVLOH SURSHUWLHV RI WKH ILOPV� ,W LV

NQRZQ WKDW WKHLU WHQVLOH VWUHQJWK DQG PRGXOXV

GHFUHDVHG ZLWK LQFUHDVLQJ 31 FRPSRVLWLRQ� 7KHUH

ZDV D JUHDW GLIIHUHQFH LQ WKH PHFKDQLFDO SURSHU�

WLHV EHWZHHQ WKH ILOP RI /1�P���� DQG /1�P�����

ZKLFK PD\ EH EHFDXVH RI WKH GLIIHUHQFH LQ FU\VWDO�

OLQLW\ RI WKH 3//$ VHJPHQWV GHWHFWHG E\ '6&�

7KHVH UHVXOWV LQGLFDWH WKDW WKH LQWURGXFWLRQ RI WKH

31 VHJPHQW LQ WKH PXOWLEORFN VHTXHQFH LV PRUH

HIIHFWLYH IRU LPSURYLQJ WKH IOH[LELOLW\ LQWR WKH

3//$ DV FRPSDUHG ZLWK LWV LQWURGXFWLRQ LQ WUL�

EORFN VHTXHQFH�

3URSHUWLHV RI 0HOW�VSXQ )LODPHQW� 7KH

PXOWLEORFN FRSRO\PHUV� /1�P���� DQG /1�P�����

ZHUH PHOW�VSXQ LQWR D PRQR�ILODPHQW ZLWK WKH

GLDPHWHU RI ���a��� µP E\ WKH FRQYHQWLRQDO

PHOW�VSLQQLQJ PHWKRG� 7KH DV�VSXQ ILEHUV REWDLQHG

ZHUH WKHQ GUDZQ �a�� WLPHV LQ OHQJWK DW ��
R
&�

7KH GLDPHWHU RI WKH GUDZQ ILODPHQW EHFDPH

DERXW ��a��� µP GHSHQGLQJ RQ WKH GUDZ UDWLR

DV VKRZQ LQ 7DEOH ,,,� %RWK WKH VSLQQDELOLW\ DQG

GUDZDELOLW\ ZHUH H[FHOOHQW� 7KH WHQVLOH VWUHQJWK

DQG PRGXOXV RI WKH ILEHUV ZHUH IRXQG WR EH SUR�

SRUWLRQDO WR WKH GUDZ UDWLR� 7KH WHQVLOH VWUHQJWK

DQG PRGXOXV ZHUH ORZHU LQ WKH ILEHU KDYLQJ
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6\QWKHVLV DQG 3URSHUWLHV RI 0XOWLEORFN &RSRO\PHUV

.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

KLJKHU 31 FRQWHQW� 7KLV WHQGHQF\ ZDV LGHQWLFDO

ZLWK WKDW VKRZQ IRU WKH ILOPV� 7KH WHQVLOH VWUHQJWK

RI WKH ILEHU RI /1�P���� ZDV VOLJKWO\ ORZHU WKDQ

WKDW RI FRPPHUFLDOO\ DYDLODEOH VXWXUHV� UHDFKLQJ

WKH PLQLPXP VWUHQJWK UHTXLUHG IRU VXWXUH PDWHULDO�

&RQFOXVLRQV

7KH PROHFXODU ZHLJKW RI WKH FRSRO\PHUV

UHDFKHG ������a������ DW DQ\ IHHG UDWLR LQ VSLWH

RI UDWKHU ORZ \LHOG RI ��a���� 3RO\PHU ILOPV RI

WKH PXOWLEORFN W\SH FRSRO\PHUV ZHUH SUHSDUHG E\

D VROXWLRQ FDVWLQJ PHWKRG� DQG ILEHUV ZHUH PHOW�

VSXQ ZLWK WKH /1�P�� �� DQG WKH /1�P���� DQG

GUDZQ DW ��
R
&� 7KH FRSRO\PHU ILOPV DQG ILEHUV

VKRZHG WKHLU LPSURYHG IOH[LELOLW\ GXH WR WKH

LQFRUSRUDWLRQ RI WKH VRIW 31 VHJPHQWV� DQG WKHLU

SRWHQWLDO DV ELRPDWHULDOV ZHUH FRQYLQFHG WR EH

KLJK�

$FNQRZOHGJHPHQW� 7KLV ZRUN ZDV VXSSRUWHG

E\ JUDQW 1R� �������������������� IURP WKH

%DVLF 5HVHDUFK 3URJUDP RI WKH .RUHD 6FLHQFH

(QJLQHHULQJ )RXQGDWLRQ�
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6KLPL]X� DQG 7� 7HUDPDWVX� LQ %LRORJLFDO DQG %LR�
PHFKDQLFDO 3HUIRUPDQFH RI %LRPDWHULDOV� 3� &KULVWHO�
$� 0HXQLHU� DQG $� -� &� /HH� (GV�� (OVHYLHU�

$PVWHUGDP� ����� SS ����

���� %� .DOE DQG $� -� 3HQQLQJ� 3RO\PHU� ��� ���

�������

���� &� &� &KX� LQ %LRPDWHULDOV� *� '� :LQWHU� '� )� *LE�

ERQV� DQG +� 3OHQN� -U�� (GV�� -RKQ :LOH\� 1HZ

<RUN� ����� SS ����

���� 5� $� 0LOOHU� -� 0� %UDG\� DQG '� (� &XWULJKW� -�
%LRPHG� 0DWHU� 5HV�� ��� ��� �������

���� $� 0� 5HHG DQG '� .� *LOGLQJ� 3RO\PHU� ��� ���
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���� %� 5� 0� *DOORW� $GYDQFHV LQ 3RO\PHU 6FLHQFH� ���
6WUXFWXUH DQG 3URSHUWLHV RI 3RO\PHUV� 6SULQJHU 9HU�
ODJ� +HLGHOEHUJ� )5*� ����� SS ���

���� '� -� &DVH\ DQG .� 5� +XIIPDQ� �$P� &\DQDPLG
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���� (� $� 9LWDOLV� �$P� &\DQDPLG &R��� 8�6� 3DWHQW
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���� &� :� /HH� <� *� .DQJ� DQG .� -XQ� .RUHD 3RO\PHU
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���� 0� 9LWWD]� '� %D]LOH� *� 6SHQOHKDXHU� 7� 9HUUHFFKLD�
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���� 7� *� 3DUN� 6� &RKHQ� DQG 5� /DQJHU� 0DFURPROH�
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���� &� :� /HH DQG <� .LPXUD� %XOO� &KHP� 6RF� -SQ��
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���� ;� &KHQ� 6� 3� 0F&DUWK\� DQG 5� $� *URVV� 0DFUR�
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