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5HFHQWO\� LQRUJDQLF�RUJDQLF K\EULG SRO\PHUV KDYH DWWUDFWHG

PXFK DWWHQWLRQ VLQFH WKH\ DUH H[SHFWHG WR KDYH QRYHO SURSHU�

WLHV UHVXOWLQJ IURP WKH FRPELQDWLRQ RI ERWK LQRUJDQLF DQG

RUJDQLF FKDUDFWHULVWLFV� 7KHVH LQFOXGH PDQ\ LQWHUHVWLQJ HOHF�

WULFDO� PDJQHWLF� DQG RSWLFDO SURSHUWLHV DV LQRUJDQLF FKDUDF�

WHULVWLFV� DQG JRRG SURFHVVLELOLW\ DQG PHFKDQLFDO SURSHUWLHV

DV RUJDQLF IHDWXUHV���� 6HYHUDO JURXSV KDYH UHFHQWO\ UHSRUWHG

QHZ V\QWKHWLF PHWKRGV IRU SUHSDULQJ FRQMXJDWHG SRO\PHUV

FRQWDLQLQJ LQRUJDQLF RU RUJDQRPHWDOOLF FRPSRXQGV� DQG WKHVH

SRO\PHUV VKRZHG PDQ\ LQWHUHVWLQJ SURSHUWLHV XVHIXO IRU SUDFWL�

FDO DSSOLFDWLRQV�����+RZHYHU� WKHVH V\QWKHWLF PHWKRGV LQYROYH

WHGLRXV PXOWLSOH VWHS UHDFWLRQV DQG DUH XVXDOO\ DSSOLFDEOH RQO\

WR YHU\ VSHFLILF SRO\PHU V\VWHPV� 7KHUHIRUH� LW LV GHVLUDEOH WR

ILQG D PRUH JHQHUDO V\QWKHWLF PHWKRG WR SUHSDUH FRQMXJDWHG

SRO\PHUV FRQWDLQLQJ LQRUJDQLF RU RUJDQRPHWDOOLF FRPSRXQGV�

7KH V\QWKHWLF PHWKRG HPSOR\HG LQ RXU UHVHDUFK WR SUHSDUH

SURFHVVLEOH FRQMXJDWHG SRO\PHUV FRQWDLQLQJ IHUURFHQH LV WKH

+RQHU�(PPRQV UHDFWLRQ �SKRVSKRQDWH�DOGHK\GH FRXSOLQJ UHDF�

WLRQ� DV VKRZQ LQ 6FKHPH �� 7KHUH DUH VHYHUDO DGYDQWDJHV WR

SURGXFLQJ FRQMXJDWHG SRO\PHUV E\ WKLV PHWKRG FRPSDUHG WR

WKH FRQYHQWLRQDO :LWWLJ UHDFWLRQ� ZKLFK KDV XVXDOO\ EHHQ

XVHG WR JHQHUDWH FRQMXJDWHG SRO\PHUV� )LUVW RI DOO� LW LV UHOD�

WLYHO\ HDV\ WR SUHSDUH YDULRXV DON\O GLDON\OSKRVSKRQDWH UHDJHQWV

IURP DON\O KDOLGHV DQG WKH\ DUH XVXDOO\ YHU\ VROXEOH LQ PRVW

RUJDQLF VROYHQWV HYHQ ZKHQ WKH\ KDYH PXOWLSOH SKRVSKRQDWH

VLWHV� ZKLOH WKH LQVROXELOLW\ RI PXOWLIXQFWLRQDO :LWWLJ UHDJHQWV

LV D PDMRU GUDZEDFN� $ON\O GLDON\OSKRVSKRQDWH FDQ UHDFW

ZLWK DOGHK\GHV DQG HYHQ ZLWK NHWRQHV WR JLYH FRXSOHG SURG�

XFWV KDYLQJ RQO\ D WUDQV GRXEOH ERQG� $QG E\�SURGXFW� VDOW

RI DON\OSKRVSKRULF DFLG� FDQ HDVLO\ EH UHPRYHG E\ VLPSOH

DTXHRXV H[WUDFWLRQ� 7KLV W\SH RI UHDFWLRQ KDV EHHQ XVHG WR

SUHSDUH VKRUW FRQMXJDWHG V\VWHPV� DQG DOO WUDQV FRQILJXUD�

WLRQ SURGXFWV KDYH EHHQ HDVLO\ SUHSDUHG������

/RQJ DON\O FKDLQV DUH LQWURGXFHG LQ WKH FHQWUDO SKHQ\O ULQJ

RI ELVSKRVSKRQDWH UHDJHQW ��� WR LQFUHDVH WKH VROXELOLW\ RI

WKH UHVXOWLQJ SRO\PHUV� )HUURFHQH����
�GLDOGHK\GH ��� ZDV

SUHSDUHG IURP IHUURFHQH DFFRUGLQJ WR WKH WKH OLWHUDWXUH SUR�

FHGXUHV��� %LVSKRVSKRQDWH UHDJHQW ��� DQG IHUURFHQH����
�

GLDOGHK\GH ��� ZHUH FRXSOHG LQ WKH SUHVHQFH RI SRWDVVLXP W�

EXWR[LGH DV D EDVH LQ D UHIOX[LQJ 7+) VROXWLRQ� 7KH UHVXOWLQJ

SRO\PHU ��� ZDV SUHFLSLWDWHG E\ DGGLWLRQ RI DQ H[FHVV DPRXQW

RI0H2+ WR WKH UHDFWLRQPL[WXUH� ��$V H[SHFWHG� � LV YHU\ VROX�

EOH LQ YDULRXV RUJDQLF VROYHQWV VXFK DV 7+)� &+&O�� &+�&O��

DQG WROXHQH� LW LV VOLJKWO\ VROXEOH LQ (W�2 DQG KH[DQH DQG

LQVROXEOH LQ DOFRKRO DQG ZDWHU� ,Q RUGHU WR FRPSDUH DQG FRQ�

ILUP WKH JHQHUDWLRQ RI SRO\PHU �� D VLPSOH PRGHO FRPSRXQG

��� RI WKH FRQMXJDWHG SRO\PHU ZDV DOVR V\QWKHVL]HG IURP ELV�

SKRVSKRQDWH UHDJHQW DQG IHUURFHQHDOGHK\GH��� 89�9LV� VSHF�

WUD RI � DQG � VKRZQ LQ )LJXUH � FRQILUP WKH SUHVHQFH RI

IHUURFHQH DQG WKH FRQMXJDWHG SKHQ\OHQH YLQ\OHQH JURXS� 7KH

89�9LV� VSHFWUXP RI � KDG D EURDGHU EDQG LQ SKHQ\OHQH

YLQ\OHQH DEVRUSWLRQ UHJLRQ GXH WR WKH ORQJHU FRQMXJDWLRQ

OHQJWK� 7KH �+ 105 VSHFWUXP DOVR FRQILUPHG WKH IRUPDWLRQ

RI SRO\PHULF FRPSRXQG �� 7KH SHDN FRUUHVSRQGLQJ WR WKH

XQVXEVWLWXWHG F\FORSHQWDGLHQ\O �&S� ULQJ DW ���� SSP LQ WKH

PRGHO DQDORJ FRPSRXQG � GLVDSSHDUV LQ WKH SRO\PHULF FRP�

SRXQG �� $OO WKH RWKHU SHDNV ZHUH GHWHFWHG DW H[DFWO\ VDPH

FKHPLFDO VKLIWV ERWK LQ � DQG �� EXW VOLJKWO\ EURDG IRU � GXH WR

WKH LQKRPRJHQHRXV PDJQHWLF HQYLURQPHQW LQ WKH SRO\PHULF

PDWHULDOV� &\FOLF YROWDPPHWU\ PHDVXUHPHQWV DOVR VKRZHG WKH

SUHVHQFH RI IHUURFHQH XQLWV� DQG SRO\PHULF FRPSRXQG � KDG WKH

ORZHVW R[LGDWLRQ SRWHQWLDO FRPSDULQJ WR FRPSRXQG � DV ZHOO

DV IHUURFHQH LWVHOI EHFDXVH IHUURFHQH XQLWV LQ SRO\PHU FDQ

LQWHUDFW WKURXJK WKH FRQMXJDWLRQ DQG KDYH D VPDOO EDQG JDS�

*HO SHUPHDWLRQ FKURPDWRJUDSK\ �*3&� DQDO\VLV RI SRO\�

PHU � JDYH D ZHLJKW�DYHUDJHG PROHFXODU ZHLJKW �0Z� RI FD�
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����� ZLWK UHVSHFW WR WKH SRO\VW\UHQH VWDQGDUGV� %DVHG RQ WKH

IRUPXOD ZHLJKW RI UHSHDWLQJ XQLW �������� WKH SRO\PHU ZLWK

WKLV ZHLJKW�DYHUDJHG PROHFXODU ZHLJKW LV FDOFXODWHG DV FD�

��PHU� +RZHYHU� WKH DFWXDO PROHFXODU ZHLJKW DQG WKH GHJUHH

RI SRO\PHUL]DWLRQ FRXOG EH ORZHU GXH WR WKH ULJLG VWUXFWXUH RI

WKH FRQMXJDWHG SRO\PHU FRPSDUHG WR WKH SRO\VW\UHQH VWDQGDUG�

6KRUW ROLJRPHUV FDQ EH UHPRYHG IURP WKH SRO\PHU PL[WXUH

E\ IUDFWLRQDWLRQ IURP WKH PL[HG VROYHQWV RI 7+) DQG PHWKD�

QRO WR JLYH WKH KLJK PROHFXODU ZHLJKW SRO\PHU �0Z  ������

ZLWK UHVSHFW WR WKH 36 VWDQGDUG� ZLWK D SRO\GLVSHUVLW\ LQGH[

�3',� RI �����

(OHFWULFDO FRQGXFWLYLW\ RI WKH WKLQ ILOPV RI FRQMXJDWHG SRO\�

PHU �� KRZHYHU� WXUQHG RXW WR EH YHU\ ORZ� $ YDOXH RI � × ��−�

6�FP ZDV PHDVXUHG IRU D VSLQ�FRDWHG SRO\PHU WKLQ ILOP� DQG

DQ LRGLQH GRSLQJ GLG QRW DIIHFW WKH FRQGXFWLYLW\ VLJQLILFDQWO\�

7KLV ORZ FRQGXFWLYLW\ LV SUREDEO\ GXH WR WKH SUHVHQFH RI

ORQJ DON\O VLGH FKDLQV� ZKLFK FDQ HQKDQFH WKH VROXELOLW\ EXW

DOVR LQFUHDVH WKH GLVWDQFH EHWZHHQ WKH SRO\PHU FKDLQV UHVXOW�

LQJ LQ ORZ LQWHUFKDLQ �FKDLQ�WR�FKDLQ KRSSLQJ� PRELOLW\ RI

FKDUJH FDUULHUV� $ VLPLODU HIIHFW KDV EHHQ UHSRUWHG LQ RWKHU

FRQMXJDWHG SRO\PHU V\VWHPV��

$ SUHOLPLQDULO\ PHDVXUHPHQW RI WKH WKLUG�RUGHU QRQOLQHDU

RSWLFDO �1/2� SURSHUW\ LQ VSLQ�FRDWHG WKLQ ILOPZDV WDNHQ XVLQJ

WKH GHJHQHUDWHG IRXU�ZDYH PL[LQJ �'):0� WHFKQLTXH� 7KH

LQWHQVLW\ RI WKH FRQMXJDWHG VLJQDO IURP ���� µP WKLFN ILOP

ZDV PHDVXUHG WR EH χ��� ���� × ��−� HVX� FRPSDUHG WR WKDW

RI WKH OLTXLG &6� UHIHUHQFH �χ���  ��� × ��−�� HVX���� 7KLV YDOXH

LV FRPSDUDEOH WR DQG DFWXDOO\ D IHZ RUGHUV KLJKHU WKDQ WKRVH

RI FRQMXJDWHG SRO\�S�SKHQ\OHQH YLQ\OHQH� �339� GHULYDWLYHV�

ZKLFK UDQJH IURP ��−�� WR ��−� HVX GHSHQGLQJ XSRQ WKH QDWXUH

RI WKH VXEVWLWXHQWV��� 7KLV PLJKW EH GXH WR WKH UHVRQDQW HIIHFW

FDXVHG E\ WKH DEVRUSWLRQ RI LQFLGHQW OLJKW E\ WKH VDPSOH� DQG

PRUH GHWDLOHG H[SHULPHQWV DW RWKHU ZDYHOHQJWKV DUH XQGHU

LQYHVWLJDWLRQ�

,Q VXPPDU\� ZH KDYH VKRZQ WKDW WKH +RQHU�(PPRQV UHDF�

WLRQ FDQ EH XVHG DV DQ H[FHOOHQW V\QWKHWLF PHWKRG WR SUHSDUH

SURFHVVLEOH FRQMXJDWHG SRO\PHUV FRQWDLQLQJ RUJDQRPHWDOOLF IHU�

URFHQH FRPSRXQG DQG WKLV PHWKRG PD\ EH H[WHQGHG WR V\Q�

WKHVL]H PDQ\ RWKHU FRQMXJDWHG SRO\PHUV FRQWDLQLQJ LQWHUHVWLQJ

LQRUJDQLF DQG RUJDQRPHWDOOLF FRPSRXQGV� 3R\O�SKHQ\OHQH YLQ\�

OHQH IHUURFHQH YLQ\OHQH� SUHSDUHG E\ WKLV PHWKRG FRXOG EH

HDVLO\ IDEULFDWHG LQ D VROLG WKLQ ILOP E\ D VLPSOH VSLQ�FRDWLQJ

WHFKQLTXH� DQG WKH SUHOLPLQDU\ H[SHULPHQWV RI WKLUG�RUGHU 1/2

SURSHUW\ LQ VROLG WKLQ ILOPV VKRZHG D YHU\ SURPLVLQJ UHVXOW�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV SDUWLDOO\ VXSSRUWHG E\

WKH5HVHDUFK ,QVWLWXWH RI %DVLF 6FLHQFH 3URJUDP DQG WKH .RUHDQ

6FLHQFH DQG (QJLQHHULQJ )RXQGDWLRQ WKURXJK WKH &HQWHU IRU

0ROHFXODU &DWDO\VLV DW 6HRXO 1DWLRQDO 8QLYHUVLW\� 7KH DXWKRUV

ZLVK WR WKDQN 3URI� +� :� 5KHH DW 6RJDQJ 8QLYHUVLW\ IRU WKH

FRQGXFWLYLW\ PHDVXUHPHQWV DQG 3URI� 0� <� /HH DW (KZD

:HPHQ©V 8QLYHUVLW\ IRU WKH PHDVXUHPHQW RI 1/2 SURSHUW\

DQG YDOXDEOH GLVFXVVLRQV�
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EHQ]HQH ZDV SUHSDUHG IURP K\GURTXLQRQH E\ HPSOR\LQJ
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ZLWK ��� P/ RI PHWKDQRO DQG VWRUHG LQ D UHIULJHUDWRU� 7KH
UHVXOWHG UHG VROLG SRO\PHU ZDV ILOWHUHG DQG GULHG LQ DLU� �+
105 �&'&O�� SSP�� δ ���� �P� ��+� �&+��� ���� �P� ��+�
�&+���� ���� �P� �+� �&+��� ���� �P� �+� �2&+���� ����
�EU� V� �+� &S�� ���� �EU� V� �+� &S�� ��������� �P� �+�
YLQ\O DQG DURPDWLF SURWRQV��

��� &RPSRXQG �� 6DPH SURFHGXUH ZDV XVHG DV SUHSDULQJ
SRO\PHU � H[FHSW HPSOR\LQJ IHUURFHQH FDUER[DOGHK\GH�
�+ 105 �&'&O�� SSP�� δ ���� �P� ��+� �&+��� ���� �P�
��+� �&+���� ���� �P� �+� �&+��� ���� �G� -  ��� +]� �+�
�2&+���� ���� �V� ��+� &S�� ���� �V� �+� &S�� ���� �V� �+�
&S�� ���� �G� �+� ���� +]� YLQ\O SURWRQV�� ���� �V� �+� DUR�
PDWLF SURWRQV�� ���� �G� �+� ���� +]� YLQ\O SURWRQV�� ��&
105 �&'&O�� SSP�� δ ������ ������ ������ ������ ������
������ ������ ����� ������ ������ ������ ������ ������� �������
������� ������� ������� $QDO� &DOFG IRU &��+��2�)H�� &�
������ +� ����� )RXQG� &� ������ +� �����

��� 6LQJK� %� 3�� 3UDVDG� 3� 1�� .DUDV]� )� (� 3RO\PHU ����� ���
�����

��� 6KLP� +� .�� /HH� .� 6�� -LQ� -� �,�0DFURPRO� &KHP� 3K\V�
����� ���� �����


