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5HFHLYHG 1RYHPEHU ��� ����

9DULRXV HQDU\OR[\QLWULOHV�WHUPLQDWHG UHDFWLYH SRO\PHU SUHFXUVRUV FRQWDLQLQJ ULJLG DURPDWLF XQLWV ZHUH SUH�

SDUHG IURP YDULRXV GLDPLQHV DQG ���S�IRUP\OSKHQ\O����SKHQ\O�����GLF\DQRHWKHQH ���� $U\ODWH HQG�FDSSHG

PRGHO FRPSRXQGV OLQNHG ZLWK D]RPHWKLQH ERQG ZHUH DOVR SUHSDUHG E\ UHDFWLQJ S�IRUP\OSKHQ\O EHQ]RDWH ZLWK

GLDPLQHV WR FRPSDUH WKH FXULQJ DELOLW\� 7KH ROLJRPHUV ZHUH KLJKO\ VROXEOH LQ SRODU DSURWLF VROYHQWV VXFK DV

1�1�GLPHWK\OIRUPDPLGH� GLPHWK\OVXOIR[LGH DQG 1�PHWK\O���S\UUROLGLQRQH� 7KH\ JHQHUDOO\ VKRZHG DQ H[R�

WKHUPLF FXULQJ SURFHVV EHWZHHQ ������� R&� DWWULEXWDEOH WR WKH WKHUPDO FURVVOLQNLQJ RI WKH GLF\DQRYLQ\O JURXS

LQ '6& DQDO\VLV� DQG QR ZHLJKW ORVV DW FXULQJ WHPSHUDWXUH� 8SRQ KHDWLQJ WKH SRO\PHU SUHFXUVRUV� KHDW�UHVLVWDQW

DQG LQVROXEOH QHWZRUN SRO\PHUV ZHUH REWDLQHG� 7KHUPRJUDYLPHWULF DQDO\VHV RI WKH SUHFXUVRUV FRQWDLQLQJ ULJLG

DURPDWLF XQLWV VKRZHG WKHUPDO VWDELOLW\ ZLWK D ������ UHVLGXDO ZHLJKW DW ��� R& XQGHU QLWURJHQ�

,QWURGXFWLRQ

(QG�FDSSHG UHDFWLYH ROLJRPHUV KDYH VHUYHG DV DQ DWWUDF�

WLYH URXWH WR KLJK SHUIRUPDQFH DQG KLJK WHPSHUDWXUH PDWHUL�

DOV IRU D YDULHW\ RI DSSOLFDWLRQV� 7KH\ SURYLGH SURFHVVLEOH

PDWHULDOV ZLWK EHWWHU VROXELOLW\ DQG ZHWWDELOLW\� DQG ORZHU PHOW�

LQJ RU VRIWHQLQJ WHPSHUDWXUH�� 7KH HQG�FDSSHG UHDFWLYH ROL�

JRPHUV DUH PDLQO\ FXUHG WKURXJK DQ DGGLWLRQ UHDFWLRQ� VR QR

YRODWLOH E\�SURGXFWV DUH HYROYHG JLYLQJ D YRLGOHVV ILQDO PDWUL[�

7KHVH SURSHUWLHV PDNH HQG�FDSSHG UHDFWLYH ROLJRPHUV HVSH�

FLDOO\ DWWUDFWLYH IRU D PDWUL[ UHVLQ IRU FRPSRVLWH PDWHULDOV DQG

SURWHFWLYH DQG LQVXODWLQJ FRDWLQJV IRU PLFURHOHFWURQLF DSSOL�

FDWLRQV��

'LF\DQRYLQ\O JURXS KDV EHHQ HPSOR\HG DV RQH RI WKH HIIHF�

WLYH WKHUPDOO\ FXUDEOH IXQFWLRQDOLWLHV����� 7KH LQWURGXFWLRQ RI

GLF\DQRYLQ\O XQLWV LQWR SRO\PHUV HQKDQFHG WKH WKHUPDO VWD�

ELOLW\ DV ZHOO DV WKH VROXELOLW\ LQ FRPPRQ RUJDQLF VROYHQWV����

$Q DSSURDFK WR WKH SUHSDUDWLRQ RI GLF\DQRYLQ\O�WHUPLQDWHG

SRO\PHU SUHFXUVRUV ZDV ILUVW UHSRUWHG E\ 0LNUR\DQQLGLV���

7KH FRQFHSW KDV EHHQ H[WHQGHG WR WKH V\QWKHVHV RI UHDFWLYH

ROLJRPHUV FRQVLVWLQJ RI ULJLG URG RU IOH[LEOH XQLWV FDSSHG DW

ERWK HQGV ZLWK FXUDEOH HQDPLQRQLWULOHV DV GLF\DQRYLQ\O

JURXS������

,Q FRQMXQFWLRQ ZLWK D VWXG\ RI ULJLG URG SRO\PHU SUHFXU�

VRUV DV SRWHQWLDO UHLQIRUFHPHQWV IRU WKHUPRVHWWLQJ PDWULFHV�

QHZ HQDU\OR[\QLWULOHV�WHUPLQDWHG UHDFWLYH SRO\PHU SUHFXU�

VRUV ZHUH V\QWKHVL]HG DQG FKDUDFWHUL]HG� DQG WKHLU WKHUPDO

SURSHUWLHV ZHUH HVWLPDWHG�

([SHULPHQWDO 6HFWLRQ

���S�)RUP\OSKHQR[\����SKHQ\O�����GLF\DQRHWKHQH ��� ZDV

SUHSDUHG E\ WKH PHWKRG SUHYLRXVO\ UHSRUWHG�� 7KH SURFH�

GXUHV RI SUHSDUDWLRQ RI YDULRXV GLDPLQH GHULYDWLYHV ZHUH

PRGLILHG IURP WKH PHWKRG GHVFULEHG LQ WKH OLWHUDWXUH������ 1�

0HWK\O���S\UUROLGLQRQH �103� ZDV SXULILHG E\ YDFXXP GLV�

WLOODWLRQ DIWHU UHPRYLQJ ZDWHU E\ D]HRWURSLF GLVWLOODWLRQ ZLWK

EHQ]HQH� &RSSHU�,,� DFHW\ODFHWRQDWH �$OGULFK &KHP� &R�

���� ZDV XVHG ZLWKRXW SXULILFDWLRQ� 7ROXHQH� PHWKDQRO DQG

HWKDQRO ZHUH SXULILHG E\ FRQYHQWLRQDO SXULILFDWLRQ PHWKRGV�

$OO PHOWLQJ SRLQWV ZHUH GHWHUPLQHG RQ D PHOWLQJ SRLQW

DSSDUDWXV �$OGULFK 0HO�7HPS ,,� XVLQJ FDSLOODU\ WXEHV DQG

XQFRUUHFWHG� 7KH VROXELOLWLHV RI SRO\PHU SUHFXUVRUV ZHUH

PHDVXUHG E\ GLVVROYLQJ � PJ RI D SRZGHU\ VDPSOH LQ � P/

RI VROYHQW� )RXULHU�WUDQVIRUP LQIUDUHG �)7�,5� VSHFWUD ZHUH

REWDLQHG ZLWK D 0LGDF 0RGHO 0����� VSHFWURSKRWRPHWHU

DQG �+ 105 VSHFWUD ZHUH UHFRUGHG RQ D 9DULDQ *HPLQL�

���� VSHFWURPHWHU� (OHPHQWDO DQDO\VHV ZHUH SHUIRUPHG XVLQJ

D <DQDFR 07�� &+1 LQVWUXPHQW� *HO IUDFWLRQ RI WKH FXUHG

VDPSOH ZDV PHDVXUHG E\ ZHLJKLQJ WKH LQVROXEOH SRUWLRQ

DIWHU ILOWHULQJ WKH 103 VROXWLRQ RI WKH FXUHG VDPSOH WKURXJK

D VLQWHUHG JODVV ILOWHU� 7KH FDWDO\WLF FXULQJ UHDFWLRQ ZLWK �

ZW�� RI FRSSHU�,,� DFHW\ODFHWRQDWH ZDV SHUIRUPHG DW ����

��� R& IRU �� PLQ� 'LIIHUHQWLDO VFDQQLQJ FDORULPHWU\ PHD�

VXUHPHQWV ZHUH SHUIRUPHG RQ D 3HUNLQ�(OPHU '6& � XQGHU

QLWURJHQ DW D KHDWLQJ UDWH RI �� R&�PLQ� 7KHUPRJUDYLPHWULF

DQDO\VLV �7*$� PHDVXUHPHQWV ZHUH FDUULHG RXW RQ D 6KL�

PDG]X 7*$ �� WKHUPDO DQDO\]HU DW D KHDWLQJ UDWH RI �� R&�

PLQ XQGHU QLWURJHQ�

5HSUHVHQWDWLYH UHDFWLRQ RI � ZLWK DURPDWLF GLDPLQHV�

,Q D URXQG ERWWRPHG IODVN ���� P/� HTXLSSHG ZLWK D QLWUR�

JHQ LQOHW� D GURSSLQJ IXQQHO DQG D 'HDQ�6WDUN VHSDUDWRU� ZDV

SODFHG ���
�ELV>�S�DPLQREHQ]R\OR[\�SKHQ\O@SURSDQH �����

J� �� PPRO� GLVVROYHG LQ 103 ��� P/� XQGHU QLWURJHQ� 7R

WKLV VROXWLRQ ZDV DGGHG ���S�IRUP\OSKHQR[\����SKHQ\O�����

GLF\DQRHWKHQH ����� J� �� PPRO� LQ 103 ��� P/� DQG WROX�

HQH ��� P/� ZLWK VWLUULQJ� $IWHU WKH UHDFWLRQ PL[WXUH ZDV

UHIOX[HG IRU �� K� WKH \HOORZ VROXWLRQ ZDV SRXUHG LQWR D ODUJH



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 'HRJ�6RR .LO DQG 0\RXQJ�6HRQ *RQJ

DPRXQW RI DQK\GURXV PHWKDQRO WR IRUP SUHFLSLWDWHV� 7KH

FUXGH SURGXFW ZDV SXULILHG E\ 6R[KOHW H[WUDFWLRQ ZLWK PHWK�

DQRO DQG GULHG DW �� R& XQGHU YDFXXP IRU �� K�

2WKHU SRO\PHU SUHFXUVRUV ��� FRQWDLQLQJ HQDU\OR[\QLWULOH

JURXSV OLQNHG WKURXJK D]RPHWKLQH ERQG ZHUH SUHSDUHG E\

UHDFWLQJ IRUP\O HQDU\OR[\QLWULOHV � ZLWK FRUUHVSRQGLQJ GL�

DPLQHV E\ XVLQJ VLPLODU V\QWKHWLF SURFHGXUHV�

�� <LHOG ���� PS ��� R& �XQFRUUHFWHG�� ,5 �.%U�� ����

�DURPDWLF &�+�� ��������� �DOLSKDWLF &�+�� ���� �&≡1��
���� �V� & 2�� ���� �&+ 1�� ���� �& &�� ��������� �V�

&�2 DQG &�1� FP−�� �+ 105 �'062�G� � &'&O��� δ  ���
�V� �+� � &+ 1�� ��� �P� ��+� � �3K�� ������� �P� ��+� �

�2�3K�&+ 1�3K�&2� DQG �3K��&+����3K��� ��� �V� �+�

��&+������ $QDO� &DOFG IRU &��+��1�2���������� &� ������ +�

����� 1� ����� )RXQG � &� ������ +� ����� 1� �����

�� <LHOG ���� PS ��� R& �XQFRUUHFWHG�� ,5 �.%U�� ����

�DURPDWLF &�+�� ���� �&≡1�� ���� �V� & 2�� ���� �&+ 1��
���� �& &�� ���� �P� 6 2�� ��������� �V� &�2 DQG &�1��

���� �&�6� FP−�� �+ 105 �'062�G� � &'&O��� δ  ��� �V�
�+� � &+ 1�� ��� �P� ��+� � �3K�� ������� �P� ��+� � �2�

3K�&+ 1�3K�&2� DQG �3K�62��3K��� $QDO� &DOFG IRU

&��+��1�2�6����������� &� ������ +� ����� 1� ����� )RXQG�

&� ������ +� ����� 1� �����

�� <LHOG ���� ,5 �.%U�� ���� �1�+�� ���� �&�+�� ����

�&≡1�� ����� ���� �V� & 2�� ���� �&+ 1�� ���� �& &��

��������� �V� &�2 DQG &�1� FP−�� �+ 105 �'062�G� �

&'&O��� δ  ��� �EU� �+� 1+�� ��� �V� �+� � &+ 1�� ��� �P�
��+� � �3K�� ������� �P� ��+� � �2�3K�&+ 1+�3K�&2� DQG

�1+�3K�2�3K�1+��� $QDO� &DOFG IRU &��+��1�2� ���������

&� ������ +� ����� 1� ����� )RXQG� &� ������ +� ����� 1� �����

�� <LHOG ���� ,5 �.%U�� ���� �&�+�� ���� �&≡1�� �����
���� �V� & 2�� ���� �&+ 1�� ���� �& &�� ��������� �V�

&�2 DQG &�1� FP−�� �+ 105 �'062�G� � &'&O��� δ  ���
�V� �+� � &+ 1�� ��� �P� ��+� � �3K�� ������� �P� ��+� �

�2�3K�&+ 1�3K�&2�� � SKHQ\O SURWRQV RI SKWKDOLGH DQG

�3K�2�3K��� $QDO� &DOFG IRU &��+��1�2����������� &� ������

+� ���� 1� ������ )RXQG� &� ������ +� ����� 1� ������

�� <LHOG ���� ,5 �.%U�� ���� �&�+�� ���� �&≡1�� �����
���� �V� & 2�� ���� �&+ 1�� ���� �& &�� ��������� �V�

&�2 DQG &�1� FP−�� �+ 105 �'062�G� � &'&O��� δ  ���
�V� �+� � &+ 1�� ��� �V� �+� SKHQ\O SURWRQV RI WULPHOOLWL�

PLGH� ��� �P� ��+� � �3K�� ������� �P� ��+� � �2�3K�&+ 1�

3K��� $QDO� &DOFG IRU &��+��1�2� ��������� &� ������ +�

����� 1� ����� )RXQG� &� ������ +� ���� 1� �����

1�1
�2[\GL�����SKHQ\OHQHELV>���S�EHQ]R\OR[\SKHQ\O�

PHWK\OLPLQR�EHQ]DPLGH@ ���� ,Q D ��� P/ URXQG ERWWRPHG

IODVN HTXLSSHG ZLWK D QLWURJHQ LQOHW� D GURSSLQJ IXQQHO DQG D

'HDQ�6WDUN VHSDUDWRU ZDV SODFHG 1�1
�R[\GL�����SKHQ\O�

HQHELV���DPLQREHQ]DPLGH� ����� J� ����� PPRO� GLVVROYHG

LQ 103 ��� P/� XQGHU QLWURJHQ� 7R WKLV VROXWLRQ ZHUH DGGHG

D S�IRUP\OSKHQ\O EHQ]RDWH ����� J� ����� PPRO� LQ 103

��� P/� DQG WROXHQH ��� P/� ZLWK VWLUULQJ� 7KH UHDFWLRQ

PL[WXUH ZDV UHIOX[HG IRU �� K DQG ZDV SUHFLSLWDWHG LQWR D

ODUJH DPRXQW RI PHWKDQRO� DQG WKH UHVXOWLQJ SRZGHU ZDV ILO�

WHUHG� 7KH VROLG SURGXFW ZDV ZDVKHG ZLWK HWKDQRO VHYHUDO

WLPHV DQG GULHG DW �� R& XQGHU YDFXXP IRU �� K�

7KH RWKHU FRPSRXQG FRQWDLQLQJ D]RPHWKLQH DQG DU\ODWH

1�1
�R[\GL�����SKHQ\OHQHELV>���S�EHQ]R\OR[\SKHQ\OPHWK�

\OLPLQR�SKWKDOLGH@ ��� ZDV SUHSDUHG E\ UHDFWLQJ 1�1
�R[\GL�

����SKHQ\OHQHELV���DPLQRSKWKDOLGH� DQG S�IRUP\OSKHQ\O�

EHQ]RDWH E\ WKH PHWKRG GHVFULEHG DERYH�

�� <LHOG ���� PS ��� R& �XQFRUUHFWHG�� ,5 �.%U�� ����

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

��������� �V� &�2 DQG &�1� FP−�� �+105 �'062�G��� δ  
��� �EU� �+� 1+�� ��� �V� �+� � &+ 1�� ������� �P� ��+� �

3K�&22�3K�&+ 1�3K�&2� DQG �1+�3K�2�3K�1+��� $QDO�

&DOFG IRU &��+��1�2���������� &� ������ +� ����� 1� �����

)RXQG� &� ������ +� ����� 1� �����

�� <LHOG ���� PS ��� R& �XQFRUUHFWHG�� ,5 �.%U�� ����

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

&�2 DQG &�1� FP−�� �+ 105 �'062�G��� δ  ��� �V� �+� �
&+ 1�� ������� �P� ��+� � 3K�&22�3K�&+ 1�� � SKHQ\O

SURWRQV RI SKWKDOLGH DQG �1�3K�2�3K�1��� $QDO� &DOFG IRU

&��+��1�2���������� &� ������ +� ����� 1� ����� )RXQG� &�

������ +� ����� 1� �����

5HVXOWV DQG 'LVFXVVLRQ

���S�)RUP\OSKHQR[\����SKHQ\O�����GLF\DQRHWKHQH ��� ZDV

SUHSDUHG IURP ��FKORUR���SKHQ\O�����GLF\DQRHWKHQH DQG

VRGLXP VDOW RI K\GUR[\EHQ]DOGHK\GH YLD YLQ\OLF QXFOHR�

SKLOLF VXEVWLWXWLRQ UHDFWLRQ LQ ��� \LHOG� �

3ULRU WR WKH SUHVHQW ZRUN� S�ELV>��>��>�SKHQ\OLPLQR�PHWK\O@�

SKHQR[\@�����GLF\DQRYLQ\O@EHQ]HQH DQG S�ELV>��>�����GLF\�

DQRYLQ\OR[\�@EHQ]DO@LPLQR@SKHQ\OHWKHU KDYH EHHQ SUHYLRXV�

O\ UHSRUWHG�� +RZHYHU� WKH V\QWKHVHV RI UHDFWLYH SRO\PHU

SUHFXUVRUV FRQWDLQLQJ ERWK DQ D]RPHWKLQH JURXS DQG HQDU\O�

R[\QLWULOH IXQFWLRQDOLW\ VKRZQ LQ 6FKHPH � KDYH QRW EHHQ

UHSRUWHG�

7KH UHDFWLRQ RI � ZLWK DURPDWLF GLDPLQHV VXFK DV ���
�

ELV>�S�DPLQREHQ]R\OR[\�SKHQ\O@SURSDQH� ���
�ELV�S�DPLQR�

EHQ]R\OR[\�SKHQ\OVXOIRQH� 1�1
�R[\GL�����SKHQ\OHQHELV�S�

DPLQREHQ]DPLGH�� 1�1
�R[\GL�����SKHQ\OHQHELV���DPLQR�

SKWKDOLGH� DQG ELV�S�DPLQRSKHQ\O�S\URPHOOLWLF GLLPLGH ZDV

FRQGXFWHG LQ 103 VROXWLRQ WR JLYH WKH UHDFWLYH SRO\PHU SUH�

FXUVRUV ���� 7KH UHVXOWV RI WKH FRQGHQVDWLRQ UHDFWLRQ DUH

VXPPDUL]HG LQ 7DEOH �� 7KH UHDFWLRQ RI ��� PRODU TXDQWLW\ RI

� ZLWK DURPDWLF GLDPLQHV DW ��� R& ZDV UDSLG DQG OHG WR ���

��� \LHOGV RI HQDU\OR[\QLWULOHV�WHUPLQDWHG UHDFWLYH SRO\PHU

SUFXUVRUV�

6FKHPH �



(QDU\OR[\QLWULOHV (QG�&DSSHG 3RO\PHU 3UHFXUVRUV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

:DOOHQIHOV UHSRUWHG WKDW & &�&1�� JURXS ZDV FRQVLGHUHG

VWUXFWXUDOO\ HTXLYDOHQW WR D & 2 JURXS LQ UHDFWLRQV ZKHUH

R[\JHQ LV H[HUWLQJ DQ HOHFWURQ ZLWKGUDZLQJ HIIHFW� $FFRUGLQJ

WR WKLV DQDORJ\� ��SKHQ\O�����GLF\DQRYLQ\O JURXS FRUUHVSRQGV

WR EHQ]R\O JURXS� 7ZR PRGHO FRPSRXQGV� 1�1
�R[\GL�����

SKHQ\OHQHELV>���S�EHQ]R\OR[\SKHQ\OPHWK\OLPLQR�EHQ]DPLGH@

DQG 1�1
�R[\GL�����SKHQ\OHQHELV>���S�EHQ]R\O�R[\SKHQ\O�

PHWK\OLPLQR�SKWKDOLGH@ FRQWDLQLQJ D]RPHWKLQH JURXSV ZHUH

SUHSDUHG E\ UHDFWLQJ 1�1
�R[\GL�����SKHQ\OHQHELV�S�DPLQR�

EHQ]DPLGH� DQG 1�1
�R[\GL�����SKHQ\OHQH�ELV���DPLQR�

SKWKDOLGH� ZLWK S�IRUP\OSKHQ\O EHQ]RDWH DV LOOXVWUDWHG LQ

7DEOH � DQG 6FKHPH ��

$V DQ D]RPHWKLQH ERQG ZDV HDVLO\ IRUPHG GXULQJ WKH FRQ�

GHQVDWLRQ UHDFWLRQ RI DQ DPLQH DQG DQ DOGHK\GH IXQFWLRQ�

HQDU\OR[\QLWULOHV FRXOG EH LQFRUSRUDWHG WR WKH ULJLG DURPDWLF

PDLQ FKDLQ WKURXJK DQ D]RPHWKLQH OLQNDJH�

7KH FKHPLFDO VWUXFWXUHV RI SRO\PHU SUHFXUVRUV ZHUH FKDU�

DFWHUL]HG E\ VSHFWURVFRSLF WHFKQLTXHV VXFK DV )7�,5� �+

105 DQG HOHPHQWDO DQDO\VLV� 7KH DQDO\WLFDO UHVXOWV REWDLQHG

DUH FRQVLVWHQW ZLWK WKH SURSRVHG VWUXFWXUH� DOWKRXJK WKH HOH�

PHQWDO DQDO\VHV WHQG WR EH VRPHZKDW ORZ LQ FDUERQ� 7KLV LV D

FRPPRQ SUREOHP ZLWK PDQ\ WKHUPDOO\ UHVLVWDQW SRO\PHUV���

,Q WKH ,QIUDUHG VSHFWUD� DOO WKH SUHFXUVRUV VKRZHG FKDUDFWHU�

LVWLF DEVRUSWLRQ EDQGV DURXQG ����� ���� DQG ���� FP−�FRU�

UHVSRQGLQJ WR &≡1� 1 &+ DQG & & OLQNDJH� UHVSHFWLYHO\�

,Q WKH FDVH RI ROLJRPHUV �� � DQG � EHDULQJ DU\ODWH� DUDPLGH

DQG LPLGH�DPLGH PRLHWLHV� WKH FKDUDFWHULVWLF & 2 DEVRUSWLRQ

EDQGV ZHUH H[KLELWHG DW ����� ��������� DQG ���������

FP−�� UHVSHFWLYHO\� ,Q WKH �+ 105 VSHFWUXP RI ROLJRPHU ��

WKH DURPDWLF SURWRQV LQ IUDJPHQW RI SKHQ\O SURWRQ RI � DQG

LQ EHQ]R\O PRLHW\ DSSHDUHG DW ��� DQG ������� SSP DV D PXO�

WLSOHW� UHVSHFWLYHO\� 2Q WKH RWKHU KDQG� WKH 1 &+ SURWRQ

DSSHDUHG EHWZHHQ ������� SSP DV D VLQJOHW SHDN� 7KH FKHPL�

FDO VWUXFWXUHV RI � DQG � FRQWDLQLQJ D]RPHWKLQH DQG DU\ODWH

JURXSV� ZHUH DOVR LGHQWLILHG E\ ,5 DQG �+ 105 VSHFWUD� JLY�

LQJ FKDUDFWHULVWLF DEVRUSWLRQ SHDNV RI & 2 DQG 1 &+ DW

��������� DQG ���� FP−�� UHVSHFWLYHO\�

7KH SXULILFDWLRQ RI SRO\PHU SUHFXUVRUV ZDV FRQGXFWHG

ILUVW E\ VXFFHVVLYH H[WUDFWLRQV RI WKH FUXGH SURGXFW XVLQJ KRW

HWKDQRO� IROORZHG E\ SUHFLSLWDWLRQ IURP 103 VROXWLRQ WR

PHWKDQRO� 7KH VROXELOLWLHV RI WKH ROLJRPHUV ZHUH WHVWHG LQ

YDULRXV VROYHQWV VXFK DV '0)� '0$F� 103� DFHWRQLWULOH�

7+)� DFHWRQH DQG HWKDQRO� $ VHULHV RI SRO\PHU SUHFXUVRUV

ZHUH VROXEOH LQ FRPPRQ RUJDQLF VROYHQWV LQFOXGLQJ 7+)

DQG S\ULGLQH DV ZHOO DV W\SLFDO SRODU DSURWLF VROYHQWV VXFK DV

'0) DQG 103� ,QWURGXFWLRQ RI WKH UDWKHU EXON\ DQG SRODUL]�

DEOH GLF\DQRYLQ\O JURXSV LQWR ULJLG DURPDWLF EDFNERQHV

VHHPV WR UHVXOW LQ WKH JRRG VROXELOLW\ RI WKHVH ROLJRPHUV� 2Q

WKH RWKHU KDQG� WKH\ GLVSOD\HG YLUWXDOO\ QR VROXELOLWLHV LQ HWK�

DQRO� 7KH VROXELOLWLHV RI � DQG � GHULYHG IURP S�IRUP\OSKH�

Q\OEHQ]RDWH ZHUH VRPHZKDW GLIIHUHQW IURP WKRVH RI � DQG ��

DQG WKLV PD\ EH DWWULEXWHG WR WKH DU\ODWH LQVWHDG RI WKH HQDU\O�

R[\QLWULOHV� 7KH\ H[KLELWHG SRRU VROXELOLW\ HYHQ LQ 103�

7KH '6& GDWD RI HQDU\OR[\QLWULOHV� DQG DU\ODWH�WHUPLQDWHG

ROLJRPHUV ZHUH VXPPDUL]HG LQ 7DEOH �� 7KH SUHFXUVRUV �

DQG � GLVSOD\HG DQ HQGRWKHUPLF SHDN DW ��� DQG ��� R&�

UHVSHFWLYHO\� DWWULEXWHG WR WKH PHOWLQJ WHPSHUDWXUH� ZKLFK ZDV

FRQVLVWHQW ZLWK WKH PHOWLQJ SRLQW GHWHUPLQHG E\ D FDSLOODU\

WXEH PHWKRG� 7KH H[RWKHUPLF SHDN LV SUHVXPDEO\ GHULYHG

IURP WKH FURVV�OLQNLQJ UHDFWLRQ RI GLF\DQRYLQ\O JURXS DQG

VSDQV WKH UDQJH RI ������� R& VKRZLQJ WKH PD[LPXP LQWHQ�

VLW\ DURXQG ��� R& DV VKRZQ LQ WKH )LJXUH �� 7KH RQVHW RI WKH

FXULQJ H[RWKHUPLF WUDQVLWLRQ DQG WKH PD[LPXP WHPSHUDWXUH

RI WKH H[RWKHUP IROORZ WKH VLPLODU WUHQG UHJDUGOHVV RI WKH

FKHPLFDO VWUXFWXUHV RI WKH ROLJRPHUV�

7KH IXQFWLRQDO UROH RI GLF\DQRYLQ\O DQG D]RPHWKLQH IRU

FXUDELOLW\ ZDV HVWLPDWHG E\ FRPSDULQJ UHDFWLYH SRO\PHU SUH�

FXUVRUV � DQG � ZLWK PRGHO FRPSRXQGV � DQG � ZLWKRXW

HQDU\OR[\QLWULOHV JURXS� &RQMXJDWHG D]RPHWKLQH PRLHW\ ZDV

UHSRUWHG WR EH FXUHG WKHUPDOO\� EXW UHTXLUHG KLJK FXULQJ WHP�

SHUDWXUH JUHDWHU WKDQ ��� R&�� 6LQFH SRO\PHU SUHFXUVRUV SRV�

VHVV HQDU\OR[\QLWULOH DQG D]RPHWKLQH JURXS� HDFK RI ZKLFK

7DEOH �� 5HDVXOWV DQG &RQGLWLRQV RI 3UHSDUDWLRQ RI (QDPLQRQL�
WULOHV�7HUPLQDWHG 5HDFWLYH 3RO\PHU 3UHFXUVRUVD

3UH�

FXUVRUV

&KHPLFDO 6WUXFWXUH

�1&��& &�3K�23K�&+ 1�;�1 &+�

3K2�3K�& &�&1��

<LHOG

LQ �
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� �3K�&21+�3K�2�3K�1+�3K� ��  −
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� �� −

D5HDFWLRQ WHPSHUDWXUH� ��� R&� WLPH� �� KU� VROYHQW� 103�

6FKHPH �

7DEOH �� 5HDVXOWV DQG &RQGLWLRQV RI 3UHSDUDWLRQ RI $]RPHWKLQH�
7HUPLQDWHG 0RGHO FRPSRXQGV

3UH�

FXUVRUV

&KHPLFDO 6WUXFWXUH
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<LHOG

LQ�

P�S�

LQ R&
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��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 'HRJ�6RR .LO DQG 0\RXQJ�6HRQ *RQJ

PD\ EH FXUDEOH E\ GLIIHUHQW PHFKDQLVP� LW ZDV WKRXJKW WKDW

SUHFXUVRUV FRXOG SHUKDSV EH PDGH WR UHDFW LQGHSHQGHQWO\

ZLWK HLWKHU HQDU\OR[\QLWULOH JURXSV RU D]RPHWKLQH JURXS RQ

RWKHU PROHFXOHV� ,Q WKH FDVHV RI PRGHO FRPSRXQGV � DQG ��

DQ\ VLJQLILFDQW FXULQJ H[RWKHUPLF SHDN ZDV QRW REVHUYHG

EHORZ ��� R&� KRZHYHU JUDGXDO H[RWKHUPLF UHDFWLRQ PLJKW

SURFHHG RYHU ��� R&� ,W ZDV FRQVLGHUHG WKDW WKH H[RWKHUP

RFFXUUHG E\ GHFRPSRVLWLRQ DQG FRQFXUUHQW FURVV�OLQNLQJ� ,Q

WKLV FDVH� WKH WKHUPDO FXULQJ SURFHVV RI D]RPHWKLQH JURXS

ZDV GLIILFXOW WR HOXFLGDWH ZLWK WKH UHVXOWV RI 7*$ DQG '6&

DQDO\VLV DW WKH SUHVHQW WLPH� 7KH VHFRQG UXQ� ZKHQ WKH ILUVW

KHDWLQJ ZDV VWRSSHG DW ��� R&� PHDVXUHG DW WKH VDPH KHDWLQJ

UDWH IRU VDPSOH � VKRZHG QR H[RWKHUPLF SHDNV DV VKRZQ LQ

)LJXUH ��E�� 7KLV UHVXOW PD\ LQGLFDWH WKDW IXUWKHU FURVV�OLQN�

LQJ RI GLF\DQRYLQ\O JURXS GLG QRW RFFXU XS WR ��� R&� $OO WKH

FXUHG VDPSOHV GLG QRW UHGLVVROYH FRPSOHWHO\ LQ '0) DQG

103� ZKLFK DUH JRRG VROYHQWV IRU WKH ROLJRPHUV� 7KH FXUHG

ROLJRPHUV VKRZHG JHO IUDFWLRQV UDQJLQJ IURP �� WR ����

7KH FXULQJ RI GLF\DQRYLQ\O JURXS UHTXLUHV D KLJK WHPSHUD�

WXUH EHWZHHQ ������� R& DQG ZLWKRXW D FDWDO\VW� FXULQJ UHDF�

WLRQ GLG QRW SURFHHG EHORZ ��� �)LJXUH ��D��� :KHQ WKH FXULQJ

UHDFWLRQ ZDV FDUULHG RXW ZLWK FRSSHU�,,� DFHW\ODFHWRQDWH DV D

FDWDO\VW� WKH FXULQJ UHDFWLRQ XQGHUJRHV DW D UHODWLYHO\ ORZ

WHPSHUDWXUH ��� R& WR JLYH FURVV�OLQNHG SRO\PHU DV VKRZQ

LQ WKH '6& FXUYH RI )LJXUH ��E� DQG ��F�� ,W ZDV ZLGHO\

NQRZQ WKDW FRSSHU� ]LQF DQG FREDOW FDWDO\VWV DFFHOHUDWHG WKH

FXULQJ RI QLWULOHV WR LQWHUPROHFXODU DQG RWKHU F\FOL]DWLRQ

SURGXFW��� $ ZHDN QLWULOHV DEVRUSWLRQ SHDN ZDV IRXQG LQ WKH

,5 VSHFWUD DIWHU �� PLQ UHDFWLRQ ZLWK D FRSSHU FDWDO\VW DW ���
R& DQG WKH UHVLGXH ZDV IXUWKHU FXUHG DURXQG ��� R& DV VKRZQ

LQ )LJXUH ��F�� 7KH WKH QLWULOH SHDN DW ���� FP−� GHFUHDVHG

RYHU WKH FRXUVH RI WKH UHDFWLRQ FRQFRPLWDQW ZLWK FURVV�OLQN�

LQJ� $IWHU � K WKH F\DQR DEVRUSWLRQ SHDN KDG WRWDOO\ YDQLVKHG�

,5 VSHFWURVFRS\ ZDV XVHG WR IROORZ WKH WKHUPDO FXULQJ RI D

VDPSOH RQ .%U VDOW SODWH� 7KH ,5 VSHFWUD VKRZHG D VSHFWUDO

FKDQJH DIWHU WKH FXULQJ RI ROLJRPHUV� 7KH SUHVHQFH RI & 1

OLQNDJHV IRUPHG GXULQJ WKH FXULQJ UHDFWLRQ ZDV HVWDEOLVKHG�

D VWURQJ DEVRUSWLRQ ZDV REVHUYHG LQ ��������� FP−�� $W WKH

VDPH WLPH� WKH LQWHQVLW\ RI WKH QLWULOH EDQG DURXQG ���� FP−�

GHFUHDVHG DSSDUHQWO\� 7KH FKDQJHV LQ WKH ,5 VSHFWUD DUH FRQ�

VLVWHQW ZLWK WKH LQWHUPROHFXODU FURVV�OLQNLQJ RI GLF\DQRYLQ\O

JURXSV SURSRVHG SUHYLRXVO\������� ,W ZDV ZHOO HVWDEOLVKHG E\ D

YDULHW\ RI WHFKQLTXHV WKDW GLF\DQRYLQ\O JURXS ZDV FXUHG WR

IRUP FURVV�OLQNHG QHWZRUNV� ,Q WKH FDVH RI SRO\HQDPLQR�

QLWULOHV� WKH GLF\DQRYLQ\O JURXS ZDV FRQVXPHG LQ LQWUD�

PROHFXODU F\FOL]DWLRQ�� 7KH WKHUPDO VWDELOLW\ RI SRO\PHUV

FRQWDLQLQJ HQDU\OR[\QLWULOHV JURXS LV SUREDEO\ HQKDQFHG

WKURXJK LQWHUPROHFXODU FURVV�OLQNLQJ SURFHVV������

7KH WKHUPDO VWDELOLW\ GDWD DUH OLVWHG LQ 7DEOH �� 7KH 7*$

WKHUPRJUDPV VKRZQ LQ )LJXUH � DUH FKDUDFWHUL]HG E\ D VKDO�

ORZ ZHLJKW ORVV IROORZHG E\ D JHQWOH GHJUDGDWLRQ SHDN� 7KH

7DEOH �� 7KHUPDO 3URSHUWLHV RI (HQDU\OR[\QLWULOHV�7HUPLQDWHG 3RO\PHU 3UHFXUVRUV DQG $U\ODWH�7HUPLQDWHG &RPSRXQGV

2OLJRPHUV 7H[R
D 7HQGR

E 7LGW
F 7���

G *HO IUDFWLRQ 5HVLGXDO :HLJKW ���

�R&� ��� ��� R& ��� R& ��� R&H

� ��� ��� ��� ��� �� �� �� ��

� ��� ��� ��� ��� �� �� �� ��

� ��� − ��� ��� �� �� �� ��
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�
I − − ��� ��� − �� �� −

�
J ��� ��� ��� ��� �� �� �� −
�
J ��� ��� ��� ��� �� �� �� −

D7H[R� WHPSHUDWXUH RI H[RWKHUP� E7HQGR� WHPSHUDWXUH RI HQGRWKHUP� F7LGW� LQLWLDO GHFRPSRVLWLRQ WHPSHUDWXUH� G7���� WHPSHUDWXUH GHWHUPLQHG DW D ZHLJKW ORVV
RI ���� H5HVLGXDO ZHLJKW RI FXUHG SRO\PHU SUHFXUVRUV DW ��� R& IRU �� PLQ�� I'DWD ZHUH REWDLQHG IURP SRO\PHU SUHFXUVRU � FXUHG DW ��� R& IRU �� PLQ�
J*HO IUDFWLRQ ZDV REWDLQHG E\ KHDWLQJ WKH VDPSOHV DW ��� R& IRU �� PLQ�

)LJXUH �� '6& WKHUPRJUDPV RI D� SRO\PHU SUHFXUVRU �� E� � ��QG
VFDQQLQJ� DQG F� � DW D KHDWLQJ UDWH RI �� R&�PLQ LQ QLWURJHQ�

)LJXUH �� '6& WKHUPRJUDPV RI D� SRO\PHU SUHFXUVRU �� E� � ZLWK
FRSSHU FDWDO\VW DQG F� � ZLWK FRSSHU FDWDO\VW ��QG VFDQQLQJ� DW D
KHDWLQJ UDWH RI �� R&�PLQ LQ QLWURJHQ�



(QDU\OR[\QLWULOHV (QG�&DSSHG 3RO\PHU 3UHFXUVRUV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

SRO\PHU SUHFXUVRUV ZHUH VWDEOH XS WR ��� R& XQGHU QLWURJHQ

DV GHWHUPLQHG E\ WKHUPRJUDYLPHWULF DQDO\VLV� 7KH SURFHVV RI

GHJUDGDWLRQ VWDUWV DURXQG ��� R& ZLWK VOLJKW ZHLJKW ORVV

DERYH ��� R& IRU DOO WKH VDPSOHV LUUHVSHFWLYH RI WKH FKHPLFDO

VWUXFWXUH RI SRO\PHU SUHFXUVRUV� 7KH ORZHVW LQLWLDO GHFRPSR�

VLWLRQ WHPSHUDWXUH �,'7� DQG WKH UHVLGXDO ZHLJKW ZHUH H[KL�

ELWHG E\ SRO\PHU SUHFXUVRU ��

7KH SRO\PHU SUHFXUVRUV ZLWK ULJLG DURPDWLF XQLWV JDYH D

UHVLGXDO ZHLJKW YDU\LQJ IURP ��� WR ��� DW ��� R& DW D

KHDWLQJ UDWH RI �� R&�PLQ LQ QLWURJHQ DQG VXVWDLQHG D ���

ZHLJKW ORVV DURXQG ������� R&� $QDHURELF FKDU \LHOGV RI

WKHVH WKHUPDOO\ WUHDWHG HQDU\OR[\QLWULOHV FRQWDLQLQJ UHDFWLYH

SRO\PHU SUHFXUVRUV GHSHQGHG RQ WKHLU EDFNERQH VWUXFWXUHV�

7KH SUHFXUVRU �� ZKLFK FRQWDLQV LPLGH XQLWV� KDV EHHQ IRXQG

WR EH WKH PRVW WKHUPDOO\ VWDEOH DV FRPSDUHG WR RWKHU SUHFXU�

VRUV DQG DERXW ��� UHVLGXDO ZHLJKW KDV EHHQ REVHUYHG DW

��� R&� 7KH WKHUPDO VWDELOLWLHV RI UHDFWLYH SRO\PHU SUHFXU�

VRUV DUH LQ WKH RUGHU RI � ! � ! � ! � E\ FRPSDULQJ WKH LQLWLDO

GHJUDGDWLRQ WHPSHUDWXUH DQG � UHVLGXDO ZHLJKW DW ��� R&�

:KHQ WKH WKHUPDO SURSHUWLHV RI FXUHG SRO\PHU SUHFXUVRUV

DW ��� R& IRU ��PLQ ZHUH FRPSDUHG ZLWK WKRVH RI WKH XQFXUHG

RQHV� WKH\ ZHUH LPSURYHG IRU DOO WKH SRO\PHUV LQ )LJXUH ��D�

DQG 7DEOH �� 7KH FRSSHU FDWDO\]HG FXUHG SRO\PHU ZDV DOVR

FRPSDUHG DV VKRZQ LQ )LJXUH ��G�� %XW WKH\ VKRZHG VOLJKWO\

ORZHU WKHUPDO VWDELOLWLHV WKDQ WKRVH RI FXUHG RQH ZLWKRXW D

FDWDO\VW�

7KH WKHUPDO VWDELOLWLHV RI UHDFWLYH SRO\PHU SUHFXUVRUV DUH

ORZHU WKDQ WKRVH RI WKH FRUUHVSRQGLQJ SRO\PHUV� ZKLFK ZHUH

UDQJLQJ EHWZHHQ ��� DQG ��� R&� SUHYLRXVO\ UHSRUWHG��'HVSLWH

WKH ORZ PROHFXODU ZHLJKWV RI SRO\PHU SUHFXUVRUV� WKH WKHU�

PDO VWDELOLWLHV RI HQDU\OR[\QLWULOHV HQG�FDSSHG UHDFWLYH SRO\�

PHU SUHFXUVRUV DUH JRRG ZLWK D ��� ZHLJKW ORVV UDQJLQJ

EHWZHHQ ��� DQG ��� R& LQ QLWURJHQ �7DEOH ��� 7KH\ VWLOO

H[KLELW KLJKHU WKHUPDO VWDELOLW\ WKDQ SUHYLRXV HQDPLQR�

QLWULOHV�WHUPLQDWHG SRO\PHU SUHFXUVRUV GXH WR WKH SUHVHQFH RI

D]RPHWKLQH IXQFWLRQ������

,Q FRQFOXVLRQ� SRO\PHU SUHFXUVRUV FRQWDLQLQJ HQDU\OR[\�

QLWULOH XQLWV OLQNHG ZLWK D]RPHWKLQH OLQNDJH ZHUH JHQHUDOO\

GLVSOD\HG FURVVOLNLQJ H[RWKHUPV DURXQG ��� R& DQG QR ZHLJKW

ORVV DW FXULQJ WHPSHUDWXUH� 7KHUPRJUDYLPHWULF DQDO\VHV RI WKH

SUHFXUVRUV FRQWDLQLQJ ULJLG DURPDWLF XQLWV VKRZHG WKHUPDO

VWDELOLW\ ZLWK D ������ UHVLGXDO ZHLJKW DW ��� R& XQGHU QLWUR�

JHQ� %XW WKHUH ZDV QR FOHDU HYLGHQFH RI D UROH RI D]RPHWKLQH

OLQNDJH LQ WKHUPDO FXULQJ UHDFWLRQ IURP WKH UHVXOWV RI 7*$

DQG '6& DQDO\VLV DW WKH SUHVHQW WLPH DQG WKH FXULQJ UHDFWLRQ

RI D]RPHWKLQH OLNDJH UHPDLQHG WR EH SXUVXHG IXUWKHU�

$FNQRZOHGJPHQW� 7KLV SDSHU ZDV VXSSRUWHG E\ 121

',5(&7(' 5(6($5&+ )81'� .RUHD 5HVHDUFK )RXQGD�

WLRQ� �����

5HIHUHQFHV

�� $OOHQ� *�� %HYLQJWRQ� -� &�&RPSUHKHQVLYH 3RO\PHU 6FLHQFH�

3HJDPRQ 3UHVV� 2[IRUG� ����� YRO� �� SS ��������
�� 6SLQHOOL� +� -�� +DUULV� )� :�� 5HDFWLYH 2OLJRPHUV� $&6 6\P�

6HU� ���� $P� &KHP� 6RF�� :DVKLQJWRQ� '&� �����

�� .LP� <� 6�� .LP� %�*�� *RQJ�0� 6�3RO\P� -� ����� ��� �����
�� &KR� +� *�� .LP� %� *�� &KRL� 6� +�� *RQJ� 0� 6� 0DFUR�

PROHFXOHV ����� ��� �����

�� 5REHOOR� '� 5��0RRUH� -� $�0DFURPROHFXOHV ����� ��� �����
�� .LP� 6� *�� /HH� 6� -�� *RQJ� 0� 6�0DFURPROHFXOHV �����

��� �����

�� 0HKWD� 3� *�� 0RRUH� -� $�0DFURPROHFXOHV ����� ��� ����
�� 0HKWD� 3� *�� .LP� 6� <�� 0RRUH� -� $� 0DFURPROHFXOHV

����� ��� �����

�� 0RRQ� +� 6�� .LP� -� 6�� .LP� &� %�� *RQJ� 0� 6� 3RO\P�
-� ����� ��� ����

��� 6KLQ� -� &�� .LP� 7� 0�� *RQJ� 0� 6� 0DFURPROHFXOHV

����� ��� �����
��� +D� -� +�� .LP� &�� *RQJ� 0� 6� 3RO\P� -� ����� ��� ����

��� +D� -� +�� /HH� 6� -�� *RQJ� 0� 6� 0DFURPRO� &KHP� 3K\V�

����� ���� �����
��� 0LNUR\DQQLGLV� -� $� -� 3RO\P� 6FL�� 3DUW $� 3RO\P� &KHP�

����� ��� �����

��� 3DUN� :� 6�� *RQJ� 0� 6� 0DFURPRO� &KHP� 3K\V� �����
���� ����

��� 3DUN� :� 6�� *LO� '� 6�� *RQJ� 0� 6� %XOO� .RUHDQ &KHP�

6RF� ����� ��� ����
��� /L� +�� +VX� .� <�� &KDQJ� 7� &� -� 3RO\P� 6FL�� 3DUW $�

3RO\P� &KHP� ����� ��� �����

��� .RUVKDN� 9� 9�� 5XVDQRY� $� /� -� 0DFUR� 6FL� �5HYV� 0DFUR�
&KHP� ����� &������ ����

��� 6WLOOH� -� .�� 1HOE� 1� *�� 1RUULV� 6� 2� 0DFURPROHFXOHV

����� �� ����

)LJXUH �� 7*$ WKHUPRJUDPV RI SRO\PHU SUHFXUVRUV D� �� E� �� F�
� DQG G� � DW D KHDWLQJ UDWH RI �� R&�PLQ XQGHU QLWURJHQ�

)LJXUH �� 7*$ WKHUPRJUDPV RI D� SRO\PHU SUHFXUVRU � FXUHG DW
��� R&� E� �� F� � FXUHG DW ��� R& ZLWK FRSSHU FDWDO\VW DQG G� � DW D
KHDWLQJ UDWH RI �� R&�PLQ XQGHU QLWURJHQ�


