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5HFHLYHG $SULO �� ����

7KH ¨���© W\SH FRQGHQVDWLRQ RI ���WKLDWULS\UURPHWKDQH ZLWK 1�DON\O�����ELV>�α�K\GUR[\�α�SKHQ\O�PHWK\O@S\U�

UROH LQ WKH SUHVHQFH RI DFLG FDWDO\VW DIIRUGHG FRUH�PRGLILHG� 1�FRQIXVHG SRUSK\ULQV EHDULQJ DON\O JURXSV DW WKH

ULP QLWURJHQ� 7KH SURWRQ 105 VSHFWUD LQGLFDWH WKDW WKH EXONLQHVV RI WKH 1�DON\O VXEVWLWXHQWV LV VRPHZKDW UH�

ODWHG ZLWK WKH WLOWHGQHVV RI WKH LQYHUWHG S\UUROH ULQJ� 7KH FKDQJHV LQ FKHPLFDO VKLIW RI LQQHU PHWKLQH SURWRQV

GHSHQGLQJ RQ WKH 1�DON\O JURXS DQG SURWRQDWLRQ VLWH LV GLVFXVVHG�

,QWURGXFWLRQ

7KH LVRODWLRQ RI SRUSK\ULQ LVRPHU EHDULQJ DQ LQYHUWHG S\U�

UROH ULQJ RSHQHG D QHZ GRRU IRU WKH SRUSK\ULQ FKHPLVWV DQG

VRPH XQXVXDO FKHPLVWU\ KDV EHHQ UHSRUWHG LQ WKH OLWHUDWXUH����

0RGLILFDWLRQ RI WKH EDVLF IUDPHZRUN RI SRUSK\ULQV ZKLOH

NHHSLQJ DURPDWLFLW\ LQWDFW KDV UHVXOWHG LQ DOWHULQJ WKH VSHF�

WURVFRSLF DQG HOHFWURQLF SURSHUWLHV RI WKH SRUSK\ULQV� $ W\SL�

FDO H[DPSOH LV WKH VR�FDOOHG ¨1�FRQIXVHG SRUSK\ULQV©� 7KH

1�FRQIXVHG SRUSK\ULQV VKRZ ORQJHU ZDYHOHQJWK 4�EDQGV

WKDQ WKH QRUPDO SRUSK\ULQV������ 3RUSK\ULQ�EDVHG PRGHO V\V�

WHPV DUH XVXDOO\ GHVLJQHG E\ WKH SULQFLSOH RI TXDQWLWDWLYH

UHODWLRQVKLS EHWZHHQ WKH VWUXFWXUDO PRGLILFDWLRQ DQG UHDFWL�

YLW\� 0RVW RI WKH PRGHO V\VWHPV KDYH EHHQ GHYRWHG WR XQGHU�

VWDQG WKLV SULQFLSOH DQG WKH V\VWHPDWLF FRQVWUXFWLRQ RI VXFK

PRGHO V\VWHPV UHTXLUHV SUHFLVH WXQLQJ RI HQHUJHWLFV DQG

HOHFWURQLF VWUXFWXUHV RI WKH PROHFXOHV� 7KH DFKLHYHPHQW RI

VXFK FRQWURO FRXOG EH DFFRPSOLVKHG E\ VHYHUDO GLIIHUHQW

DSSURDFKHV� 7KH VLPSOHVW PHWKRG ZRXOG EH UHSODFLQJ QLWUR�

JHQ LQ WKH FRUH ZLWK VRPH RWKHU KHWHURDWRPV VXFK DV R[\JHQ�

VXOIXU DQG VHOHQLXP� 7KLV DOWHUDWLRQ UHVXOWV LQ FKDQJH RI

V\PPHWU\ DQG DFFRUGLQJO\ WKH WUDQVLWLRQ HQHUJ\ DPRQJ WKH

PROHFXODU RUELWDO FKDQJHV��� :H KDYH EHHQ LQWHUHVWHG LQ WKH

GHYHORSPHQW RI QHZ V\QWKHWLF PHWKRGV IRU XQV\PPHWULF

SRUSK\ULQV EHDULQJ GLIIHUHQW FRUH OLJDQGV� $V D SDUW RI WKHVH

HIIRUWV� ZH KDYH UHFHQWO\ UHSRUWHG WKH V\QWKHVLV RI VHYHUDO

FRUH�PRGLILHG SRUSK\ULQV DQG WKHLU WDXWRPHULF EHKDYLRXU����

+DYLQJ VXFFHHGHG LQ WKH GHYHORSPHQW RI D V\QWKHWLF PHWKRG

IRU FRUH�PRGLILHG SRUSK\ULQV� ZH ZLVKHG WR LQYHVWLJDWH WKH

LQIOXHQFH RI WKH VXEVWLWXHQWV DW ULP QLWURJHQ RQ WKH IOH[LELOLW\

RI SRUSK\ULQV� $ VWHULF LQWHUDFWLRQ EHWZHHQ WKH VXEVWLWXHQWV

DW ULP QLWURJHQ DQG PHVR�VXEVWLWXHQWV DOVR LV LQIOXHQFLDO RQ

WKH GHJUHH RI GLVWRUWLRQ RI SRUSK\ULQ SODQH� $QLVRWURSLF

VKLHOGLQJ RI WKH LQQHU PHWKLQH SURWRQ LQ WKH 1�FRQIXVHG�

FRUH�PRGLILHG SRUSK\ULQV PXVW EH FRUUHODWHG ZLWK WKH GHJUHH

RI WLOWHGQHVV RI WKH IOLSSHG S\UUROH IURP WKH LPDJLQDU\ SODQH

RI WKH SRUSK\ULQ� ,Q WKLV SDSHU ZH UHSRUW WKH V\QWKHVLV RI

FRUH�PRGLILHG SRUSK\ULQV EHDULQJ DON\O VXEVWLWXHQWV RQ WKH

ULP QLWURJHQ DQG FKDQJH LQ FKHPLFDO VKLIW RI LQQHU PHWKLQH

SURWRQ GHSHQGLQJ RQ WKH VXEVWLWXHQWV DW ULP QLWURJHQ

�6FKHPH ��� ,Q DGGLWLRQ WR WKLV� ZH KDYH DWWHPSWHG WR FRUUH�

ODWH WKH HIIHFW RI VXEVWLWXHQWV DW WKH ULP QLWURJHQ RQ WKH

FKHPLFDO VKLIWV RI LQQHU �RU RXWHU� PHWKLQH SURWRQV� 7KH FRQ�

IRUPDWLRQDO FKDQJHV UHVXOWLQJ IURP WKH SURWRQDWLRQ RI SRU�

SK\ULQV ZLOO EH DOVR GLVFXVVHG�

([SHULPHQWDO 6HFWLRQ

�+ 105 VSHFWUD ���� 0+]� %UXNHU ,)6 ���� ,5 VSHFWUD

�-$6&2 ,5 ����� DQG DEVRUSWLRQ VSHFWUD �.RQWURQ ���� ZHUH

FROOHFWHG URXWLQHO\� 0DVV VSHFWUD ZHUH REWDLQHG E\ )$%�

&ROXPQ FKURPDWRJUDSK\ ZDV SHUIRUPHG RQ VLOLFD �0HUFN�

������� PHVK�� 3\UUROH ZDV GLVWLOOHG DW DWPRVSKHULF SUHV�

VXUH IURP &D+�� &+�&O� �UHDJHQW JUDGH� ZDV GLVWLOOHG IURP

.�&2�� $OO RWKHU UHDJHQWV ZHUH REWDLQHG IURP $OGULFK�

1�0HWK\O�����GLEHQ]R\OS\\UROH ��E�� 7\SLFDO SURFHGXUH�

7R D PL[WXUH RI ����GLEHQ]R\O S\UUROH ����� J� ���� PPRO�

DQG .�&2� ���� J� SRZGHUHG� ����� PPRO� GLVVROYHG LQ

'0) ��� P/� ZDV DGGHG PHWK\O LRGLGH ����� J� ��� PPRO��

7KH PL[WXUH ZDV VWLUUHG IRU �� KU DW URRP WHPSHUDWXUH�

:KHQ QR VWDUWLQJ PDWHULDO ZDV VKRZQ RQ 7/&� WKH PL[WXUH

ZDV FRPELQHG ZLWK ZDWHU ��� P/�� 7KHQ WKH PL[WXUH ZDV

H[WUDFWHG ZLWK PHWK\OHQH FKORULGH ��� P/ × �� DQG RUJDQLF

OD\HU ZDV GULHG �1D�62��� 7KH VROYHQW ZDV UHPRYHG LQ YDFXR

DQG WKH UHPDLQLQJ VROLG ZDV SXUH HQRXJK WR FDUU\ RXW WKH

QH[W VWHS� <LHOG ZDV TXDQWLWDWLYH� PS ��� R&� �+ 105

�&'&O�� δ ��������� �P� �+� $U�+�� ��������� �P� �+� $U�+
DQG S\UUROH�+�� ���� �G� �+� S\UUROH�+�� ���� �V� �+� 1�

PHWK\O��

1�(WK\O�����GLEHQ]R\OS\\UROH ��F�� ����'LEHQ]R\O S\�

UUROH ����� J� ���� PPRO�� .�&2� ��� PJ� ���� PPRO� DQG

HWK\O EURPLGH ����� J� ���� PRO� ZDV WUHDWHG LGHQWLFDOO\ DV

IRU WKH V\QWKHVLV RI 1�0HWK\O�����GLEHQ]R\O S\\UROH� <LHOG

ZDV TXDQWLWDWLYH� �+ 105 �&'&O�� δ ��������� �P� �+� $U�
+�� ��������� �P� �+� $U�+ DQG S\UUROH�+�� ���� ���� �P�

�+� $U�+�� ���� �G� �+� S\UUROH�+�� ���� �T� �+� PHWK\OHQH��

���� �W� �+� PHWK\O��

1�,VRSURS\O�����GLEHQ]R\OS\\UROH ��G�� ����'LEHQ]R�

\O S\UUROH ����� J� ���� PPRO�� .�&2� ��� PJ� ���� PPRO�

DQG LVRSURS\O EURPLGH ����� J� ���� PPRO� ZDV WUHDWHG LGHQ�

WLFDOO\ DV IRU WKH V\QWKHVLV RI 1�0HWK\O�����GLEHQ]R\O S\U�

UROH� &ROXPQ FKURPDWRJUDSK\ RQ VLOLFD �PHWK\OHQH FKORULGH�



6\QWKHVLV� 105 6WXGLHV RI &RUH�0RGLILHG 3RUSK\ULQV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

HWK\O DFHWDWH� ���� DIIRUGHG SXUH SURGXFW� <LHOG �� PJ ������
�+ 105 �&'&O�� δ ��������� �P� �+� $U�+�� ���� �G� �+�

S\UUROH�+�� ��������� �P� �+� $U�+�� ��������� �P� �+� $U�

+�� ���� �G� �+� S\UUROH�+�� ���� �VHSWHW� �+� PHWKLQH�� ����

�G� �+� PHWK\O��

1�%HQ]\O�����GLEHQ]R\OS\\UROH ��H�� ����'LEHQ]R\O S\U�

UROH ����� J� ���� PPRO�� .�&2� ��� PJ� ���� PPRO� DQG

EHQ]\O EURPLGH ����� J� ���� PPRO� ZDV WUHDWHG LGHQWLFDOO\

DV IRU WKH V\QWKHVLV RI 1�PHWK\O�����GLEHQ]R\O S\UUROH� &RO�

XPQ FKURPDWRJUDSK\ RQ VLOLFD �PHWK\OHQH FKORULGH�HWK\O DFH�

WDWH� ���� DIIRUGHG SXUH SURGXFW� <LHOG �� PJ ������ �+

105 �&'&O�� δ ��������� �P� �+� $U�+�� ���� �G� �+� S\U�
UROH�+�� ��������� �P� �+� $U�+�� ��������� �P� �+� $U�+��

��������� �P� �+� S\UUROH�+ DQG $U�+�� ���� �V� �+� PHWK\O�

HQH��

5HGXFWLRQ RI 1�DON\O�����GLEHQ]RO\S\UUROH� $ VXVSHQ�

VLRQ RI /L$O+� ����� J� ���� PPRO� LQ 7+) ��� P/� ZDV

DGGHG GURSZLVH WR WKH VROXWLRQ RI 1�DON\O�����GLEHQ]R\O S\U�

UROH ����� PPRO� GLVVROYHG LQ 7+) ��� P/�� 7KH SURJUHVV RI

WKH UHDFWLRQ ZDV FDUHIXOO\ PRQLWRUHG E\ 7/& �PHWK\OHQH

FKORULGH�HWK\O DFHWDWH� ����� 7KH UHDFWLRQ ZDV TXHQFKHG E\

DGGLQJ ZDWHU ZKHQ QR PRUH VWDUWLQJ PDWHULDO ZDV REVHUYHG

RQ 7/& �a��� KU�� 7KH PL[WXUH ZDV FRPELQHG ZLWK FKORUR�

IRUP ��� P/� DQG ZDVKHG ZLWK ZDWHU WZLFH� 7KH RUJDQLF

OD\HU ZDV GULHG �1D�62�� DQG WKH VROYHQW ZDV UHPRYHG LQ

YDFXR� ,5 VSHFWUD FOHDUO\ VKRZHG WKH GLVDSSHDUDQFH RI FDU�

ERQ\O VWUHWFKLQJ DW ���� FP−� DQG WKH DSSHDUDQFH RI

K\GUR[\O VWUHWFKLQJ DW ���� FP−�� 'XH WR OLPLWHG VWDELOLW\ RI

WKH UHGXFHG FRPSRXQG� WKH\ ZHUH XVHG LPPHGLDWHO\ WR WKH

QH[W VWHS ZLWKRXW IXUWKHU SXULILFDWLRQ�

���$]D����FDUED�������GLSKHQ\O������GLPHVLW\O����PHWK\O�

���WKLDSRUSK\ULQ ���� 7R D PL[WXUH RI 1�0HWKW\O�����ELV�

>�α�K\GUR[\�α�SKHQ\O�PHWK\O@S\UUROH ����� J� ��� PPRO�

DQG �����GLPHVLW\O����WKLDWULS\UURPHWKDQH ����� J� ��� PPRO�

GLVVROYHG LQ FKORURIRUP ��� P/� ZDV DGGHG %)�±2(W� �����

µ/� ��� PPRO�� 7KH PL[WXUH ZDV VWLUUHG IRU �� PLQ WKHQ

FRPELQHG ZLWK ''4 ����� J� � PPRO� DQG VWLUULQJ FRQWLQXHG

IRU DGGLWLRQDO �� PLQ� 6ROYHQW ZDV UHPRYHG LQ YDFXR�

5HPDLQLQJ EODFN VROLG ZDV ORDGHG RQ VLOLFD FROXPQ DQG

HOXWHG ZLWK PHWK\OHQH FKORULGH�HWK\O DFHWDWH ������ <LHOG

���� J ������ �+ 105 �&'&O�� δ ��������� �P� �+�

WKLRSKHQH DQG $U�+�� ���� �G� �+� -  ��� +]� S\UUROH�+��

���� �G� �+� -  ��� +]� S\UUROH�+�� ��������� �P� �+� $U�+��

���� �P� �+� S\UUROH�+�� ���� �V� �+� $U �PHVLW\O��+�� ����

�G� �+� S\UUROH�+�� ���� �V� �+� 1�PHWK\O�� ���� �V� �+� $U�

PHWK\O�� ���� �G� �+� LQQHU &�+�� ��� �P� ��+� $U�PHWK\O��
�+ 105 �&'&O� � H[FHVV 7)$�G� δ ����� ���� �WZR GRX�

EOHWV� �+� -  ����� +]� WKLRSKHQH�+�� ����� ���� �WZR GRX�

EOH� �+� -  ���� +]� S\UUROH�+�� ����� ���� �WZR GRXEOHWV�

�+� -  ���� +]� S\UUROH�+�� ��������� �P� �+� $U�+�� �����

���� �P� �+� $U�+�� ���� �V� �+� S\UUROH�+�� ���� �V� �+�

PHVLW\O�+�� ���� �V� �+� 1�PHWK\O�� ���� �V� �+� $U�PHWK\O��

���� �G� ��+� -  ���� +]� $U�PHWK\O�� ����� �G� +� -  ����

+]� LQQHU &�+�� +506 FDOFG IRU &��+��1�6 ���������

IRXQG ���������

���$]D����FDUED�������GLSKHQ\O������GLPHVLW\O����HWK\O�

���WKLDSRUSK\ULQ ���� �+ 105 �&'&O�� δ ��������� ��+�

P� WKLRSKHQH DQG $U�+�� ���� ��+� G� S\UUROH�+� -  ����

+]�� ���� ��+� G� S\UUROH�+� -  ���� +]�� ��������� ��+� P�

$U�+�� ���� ��+� G� S\UUROH�+� -  ���� +]�� ���� ��+� G�

S\UUROH�+� -  ���� +]�� ���� ��+� V� PHVLW\O�+�� ���� ��+� V�

S\UUROH�+�� ���� ��+� T� 1�&+��� -  ���� +]�� ���� ��+� V�

$U�PHWK\O�� ���� ��+� V� LQQHU &�+�� ���� ���+� G� PHVLW\O�

&+��� ���� ��+� W� 1�PHWK\O�&+�� -  ������
�+ 105 �&'&O�

� 7)$�G� δ ���� DQG ���� �WZR GRXEOHWV� �+� -  ��� +]�

WKLRSKHQH�+�� ���� DQG ���� �WZR GRXEOHWV� �+� -  ��� +]�

S\UUROH�+�� ���� DQG ���� �WZR GRXEOHWV� �+� -  ��� +]� S\U�

UROH�+�� ���� DQG ���� �WZR GRXEOHWV� �+� -  ��� +]� $U�+��

��������� �P� �+� $U�+�� ���� �V� �+� S\UUROH�+�� ���� �V�

�+� $U �PHVLW\O��+�� ���� �T� �+� -  ��� +]� 1�&+���� ����

�G� �+� -  ���� +]� $U �PHVLW\O��&+��� ���� �G� ��+� -  ����

+]� $U �PHVLW\O��&+��� ���� �W� �+� -  ��� +]� 1�HWK\O�� �����

�V� �+� LQQHU &�+�� )$% 06 FDOFG IRU &��+��1�6 ������

)RXQG ���� ���

���$]D����FDUED�������GLSKHQ\O������GLPHVLW\O����LVR�

SURS\O����WKLDSRUSK\ULQ ���� �+ 105 �&'&O�� δ �����

���� �P� �+� WKLRSKHQH�+ DQG SKHQ\O�+�� ���� DQG ���� �WZR

GRXEOHWV� �+� -  ���+]� S\UUROH�+�� ���� DQG ���� �WZR GRX�

EOHWV� �+� -  ��� +]� S\UUROH�+�� ��������� �P� �+� SKHQ\O�

+�� ���� �G� �+� -  ��� +]� S\UUROH�+�� ���� �V� PHVLW\O�+��

���� �VHSWHW� �+� -  ��� +]� LVR�SURS\O�&+�� ���� �V� �+�

$U�PHVLW\O��&+��� ���� �G� �+� -  ���+]� S\UUROH�+�� ����

�G� ��+� -  ���� +]� $U�PHVLW\O��&+��� ���� �G� �+� -  ���

+]� LVR�SURS\O�&+���
�+ 105 �&'&O�� 7)$�G� δ ���������

�WZR GRXEOHWV� �+� -  ��� +]� WKLRSKHQH�+�� ����� ���� �WZR

GRXEOHWV� �+� -  ��� +]� S\UUROH�+�� ����� ���� �WG� �+� -  

��� +]� S\UUROH�+�� ��������� ��������� ��P� �+� SKHQ\O�R�

+�� ��������� �P� �+� SKHQ\O�P�S�+�� ���� �V� �+� S\UUROH�

+�� ���� �V� �+� PHVLW\O�P�+�� ���� �P� �+� L�SURS\O�&+��

���� �V� �+� PHVLW\O�S�&+��� ���� �G� ��+� -  ��� +]� PHVL�

W\O�R�&+��� ���� �EV� �+� L�SURS\O�&+��� ����� �V� �+� S\U�

UROH�+�� )$% 06 FDOFG IRU &��+��1�6 ������� IRXQG

�������

���$]D����FDUED�������GLSKHQ\O������GLPHVLW\O����EHQ�

]\O����WKLDSRUSK\ULQ ���� �+ 105 �&'&O�� δ ����� ����

�WZR GRXEOHWV� �+� -  ��� +]� WKLRSKHQH�+�� ����� ���� �WZR

GRXEOHWV� �+� -  ��� +]� S\UUROH�+�� ����� ���� �WZR GRX�

EOHWV� �+� -  ��� +]� S\UUROH�+�� ���� �G� �+� -  ��� +]�

PHVLW\O�P�+�� ��������� �P� �+� S\UUROH�+�� ����������

��������� ��P� �+� SKHQ\O�R�+�� ��������� �P� �+� SKHQ\O�

P�+�� ��������� �P� �+� SKHQ\O�S�+�� ���� �G� �+� -  ���

+]� $U�EHQ]\O��+�� ��������� �P� �+� $U�EHQ]\O��+�� ����

�G� �+� -  ���� +]� S\UUROH�+�� ���� �G� �+� -  ���� +]�

PHVLW\O�S�&+��� ���� �G� ��+� -  ���� +]� PHVLW\O�R�&+���

���� �V� �+� EHQ]\OLF�� �+ 105 �&'&O� � 7)$�G� δ �����

���� �WZR GRXEOHWV� �+� -  ���� +]� WKLRSKHQH�+�� �����

���� �WZR GRXEOHWV� �+� -  ��� +]� S\UUROH�+�� ����� ����

�WZR GRXEOHWV� �+� -  ��� +]� S\UUROH�+�� ���� �G� �+� -  

���� +]� SKHQ\O�R�+�� ���� �G� �+� -  ���� +]� SKHQ\O�R�

+�� ��������� �P� �+� SKHQ\O�P�S�+�� ���� �G� �+� -  ����

+]� S\UUROH�+�� ���� �V� �+� PHVLW\O�P�+�� ��������� �P�

�+� $U�EHQ]\O��+�� ��������� �P� �+� $U�EHQ]\O��+�� ����

�G� �+� -  ���� +]� $U�EHQ]\O��+�� ���� �V� �+� EHQ]\OLF��

���� �G� �+� -  ���� +]� PHVLW\O�S�&+��� ���� �G� ��+� -  
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���� +]� PHVLW\O�R�&+��� ����� �G� �+� -  ���� +]� S\UUROH�

+�� )$%06 FDOFG IRU &��+��1�6 ������ IRXQG �������

5HVXOWV DQG 'LVFXVVLRQV

����'LDF\OS\UUROHV ��E��H� ZHUH V\QWKHVL]HG E\ WKH UHDF�

WLRQ RI S\UUROH ZLWK H[FHVV DFLG FKORULGH LQ WKH SUHVHQFH RI

$O&O�� 3\UUROH UHDGLO\ XQGHUJRHV HOHFWURSKLOLF VXEVWLWXWLRQ

DQG LQWURGXFWLRQ RI ILUVW DF\O JURXS DW ��SRVLWLRQ GHDFWLYDWHV

��SRVLWLRQ��� 7KXV VXFFHVVLYH LQWURGXFWLRQ RI DF\O JURXS E\

HOHFWURSKLOLF VXEVWLWXWLRQ XVXDOO\ JLYHV ����GLVXEVWLWXWLRQ�

,QWURGXFWLRQ RI 1�DON\O VXEVWLWXHQWV ZDV SRVVLEOH E\ WUHDWLQJ

DON\O EURPLGHV ZLWK ����GLDF\OS\UUROH LQ WKH SUHVHQFH RI

.�&2�� 7KH UHDFWLRQ SURFHHGHG VPRRWKO\ DQG JDYH TXDQWLWD�

WLYH \LHOGV RI WKH GHVLUHG 1�DON\ODWHG SURGXFWV� 7KH UHGXF�

WLRQ RI FDUERQ\O JURXS LQ 1�DON\O�����GLDF\OS\UUROH ZDV

SHUIRUPHG ZLWK /L$O+� LQ 7+) DW URRP WHPSHUDWXUH� 7KH

UHDFWLRQ JDYH TXDQWLWDWLYH \LHOGV RI WKH FRUUHVSRQGLQJ GLROV�

7KH SURJUHVV RI WKH UHGXFWLRQ FDQ EH HDVLO\ IROORZHG E\

REVHUYLQJ GLVDSSHDUDQFH RI FDUERQ\O VWUHWFKLQJ LQ ,5 VSHF�

WURVFRS\� &RQGHQVDWLRQ RI ��� ZLWK 1�DON\O�����ELV�α�
K\GUR[\�α�SKHQ\OPHWK\O�S\UUROH ZDV FDUULHG RXW LQ FKORUR�
IRUP LQ WKH SUHVHQFH RI %)�±2�(W�� ���� HTXLY� IROORZHG E\

R[LGDWLRQ ZLWK ''4 WR DIIRUG WKH GHVLUHG SRUSK\ULQV� 7KH

SRUSK\ULQV ZHUH LVRODWHG LQ ��� IRU ���� ��� IRU ���� ���

IRU ��� DQG ��� IRU ��� E\ XVXDO FROXPQ FKURPDWRJUDSK\�

$SSOLFDWLRQ RI DFHWRQLWULOH DV D VROYHQW DW ORZ WHPSHUDWXUH

HOLPLQDWHG WKH VFUDPEOLQJ RI VWDUWLQJ PDWHULDOV��� 7KH UHDF�

WLRQ ZDV FOHDQ DQG QR RWKHU SRUSK\ULQ�OLNH FRPSRQHQWV ZHUH

LVRODWHG LQ WKHVH UHDFWLRQV� $OO WKH SRUSK\ULQV ZHUH VWDEOH

DQG VROXEOH LQ FKORURIRUP�

(DFK LQGLYLGXDO SRUSK\ULQV ������� ZHUH LGHQWLILHG E\ URX�

WLQH �+ 105 DQG PDVV VSHFWURPHWU\� 7KH SURWRQ 105

VSHFWUXP RI IUHH EDVH IRUP RI SRUSK\ULQ ��� ZDV FRPSOH[ DW

URRP WHPSHUDWXUH GXH WR WKH H[LVWHQFH RI GLIIHUHQW WDXWR�

PHULF IRUPV� 7KH WZR WDXWRPHUV� WKH RQH ZKHUH WKH SURWRQ

UHVLGHV RQ WKH LQQHU QLWURJHQ DQG WKH RWKHU ZKHUH WKH SURWRQ

UHVLGHV RQ WKH RXWHU QLWURJHQ� %XW WKH WZR LQQHU 1�+ WDX�

WRPHUV ZHUH VHSDUDWHO\ REVHUYHG ZKHQ WHPSHUDWXUH ZDV

DGMXVWHG WR ��� R&� 'LSURWRQDWLRQ RI SRUSK\ULQ ��� RQ WKH

RWKHU KDQG VKRZHG D VLQJOH IRUP RI WDXWRPHU ZLWK D GUDPDWLF

XSILHOG VKLIW RI LQQHU PHWKLQH SURWRQ IURP ���� SSP WR �����

SSP��� 7KH ODUJH ULQJ DQLVRWURSLF HIIHFW RI LQQHU PHWKLQH

SURWRQ REVHUYHG LQ SRUSK\ULQV ��� LQGLFDWHV WKDW WKH LQYHUWHG

S\UUROH XQLW LV TXLWH IOH[LEOH� $ON\ODWLRQ RI WKH ULP QLWURJHQ

EDVLFDOO\ HOLPLQDWH WKH H[LVWHQFH RI GLIIHUHQW WDXWRPHULF

IRUPV� 6LQFH WKH LQIOXHQFH RI PDJQHWLF DQLVRWURS\ LV GLUHFWO\

SURSRUWLRQDO WR UHODWLYH GLVWDQFH IURP WKH FRUH RI WKH VKLHOG�

LQJ DUHD� WKH FKDQJH LQ FKHPLFDO VKLIWV RI LQQHU DQG RXWHU

PHWKLQH SURWRQ ZRXOG EH D JRRG PHDVXUH RI GLVWRUWLRQ RI WKH

LQYHUWHG S\UUROH XQLW� 7KH GHJUHH RI WLOWHGQHVV LV DOVR LQIOX�

HQFHG E\ VXEVWLWXHQWV DW ULP QLWURJHQ� 7KH 9DQ GHU :DDOV

UDGLL RI WKH VXOIXU DWRP LQ WKH FRUH LV ODUJHU WKDQ QLWURJHQ DQG

DFFRUGLQJO\ WKH UHSXOVLYH IRUFH EHWZHHQ LQQHU PHWKLQH SUR�

WRQ DQG VXOIXU DOVR DIIHFWV WKH GLVWRUWLRQ� $V VKRZQ LQ 7DEOH

�� WKH VKLIW RI WKH UHVRQDQFH OLQHV RI DOO WKH SURWRQV LV YHU\

VPDOO LQ WKH IUHH�EDVH SRUSK\ULQV� 2Q WKH RWKHU KDQG� WKH

VKLIW RI WKH UHVRQDQFH RI WKH SURWRQDWHG SRUSK\ULQ LV DSSUH�

FLDEO\ ODUJH� 7KH FKHPLFDO VKLIWV RI WKH LQQHU DQG RXWHU

PHWKLQH SURWRQV DWWDFKHG WR WKH LQYHUWHG S\UUROH XQLW DUH VXV�

FHSWLEOH IRU YDU\LQJ GHJUHHV RI LQIOXHQFH GHSHQGLQJ RQ WKH

QDWXUH RI WKH 1�VXEVWLWXHQWV�

7KH 6RUHW DEVRUSWLRQV RI WKH SRUSK\ULQV ������� UHPDLQHG

XQFKDQJHG �������� QP� LQGLFDWLQJ WKDW WKH PDFUR�FRQMXJD�

WLRQ RI π�V\VWHP KDV QRW DSSUHFLDEO\ EHHQ DOWHUHG E\ 1�DON\O

JURXSV� 7KH UHVRQDQFHV RI WKH LQQHU PHWKLQH SURWRQ LQ SRU�

SK\ULQV ������� LV VOLJKWO\ VKLIWHG WR GRZQ ILHOG IURP ���� WR

���� SSP� 7KH YDOXH LQGLFDWHV WKDW WKH PHWKLQH SURWRQ LV VWLOO

XQGHU WKH LQIOXHQFH RI WKH DQLVRWURSLF HIIHFW RI WKH ULQJ FXU�

UHQW EXW WKH HIIHFW LV IDU OHVV WKDQ WKRVH REVHUYHG LQ PHVR�WHW�

UDSKHQ\OSRUSK\ULQ �733+��� 2Q WKH RWKHU KDQG� WKH UHVRQDQFHV

RI WKH LQQHU PHWKLQH SURWRQ RI WKH SURWRQDWHG IRUP ZHUH

VKLIWHG WR ����� SSP IRU ��� WR ����� SSP IRU ���� 'RZQ�ILHOG

VKLIW RI WKH LQQHU PHWKLQH SURWRQ ZLWK UHJDUG WR GLIIHUHQW 1�

VXEVWLWHQWV LQGLFDWHV WKDW WKHUH LV D VLJQLILFDQW FRUUHODWLRQ6FKHPH �

7DEOH �� 6HOHFWHG FKHPLFDO VKLIWV RI SRUSK\ULQV �������� D� )UHH EDVH SRUSK\ULQV �)%�� E� 3URWRQDWHG SRUSK\ULQV �)%+�
���

,QQHU 0HWKLQH 7KLRSKHQH 3\UUROH�α 3\UUROH�β ��� 3\UUROH�β ���
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6\QWKHVLV� 105 6WXGLHV RI &RUH�0RGLILHG 3RUSK\ULQV %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

EHWZHHQ WKH 1�VXEVWLWXHQWV DQG WKH GHJUHH RI GLVWRUWLRQ� 7KH

GRZQ ILHOG VKLIW RI WKH LQQHU PHWKLQH SURWRQ VKRXOG EH DWWUL�

EXWHG WR WKH EXONLQHVV RI WKH VXEVWLWXHQWV RQ WKH ULP QLWURJHQ�

$V VKRZQ LQ 6FKHPH �� WKH SRVLWLYH FKDUJH E\ SURWRQDWLRQ LV

H[SHFWHG WR FDXVH GRZQILHOG VKLIW RI DOO WKH SURWRQV� 2Q WKH

FRQWUDU\� WKH LQQHU PHWKLQH SURWRQ LV VKLIWHG XSILHOG� 7KH

VWHULF FURZGHGQHVV LQ WKH FRUH E\ SURWRQDWLRQ LV H[SHFWHG WR

FDXVH GRZQ ILHOG VKLIW RI WKH LQQHU PHWKLQH SURWRQ� %XW WKH

D]DIXOYHQH�W\SH VWUXFWXUH ��� OHDG WR LQZDUG WLOWLQJ RI LQYHUWHG

S\UUROH DQG FRQVHTXHQWO\ SXVKHV ERWK VXOIXU DQG SURWRQ RXW�

ZDUG IURP WKH LPDJLQDU\ SODQH� 7KH UHSXOVLYH LQWHUDFWLRQ

EHWZHHQ 1�DON\O DQG RUWKR�K\GURJHQ LQ WKH PHVR�SKHQ\O

JURXS PXVW EH OHVV LPSRUWDQW� 1HW HIIHFW WKXV LV XSILHOG VKLIW

RI WKH LQQHU PHWKLQH SURWRQ� 7KH UHVXOWV REWDLQHG VR IDU LQGL�

FDWH WKDW WKH VWHULF FURZGHGQHVV FDXVHG E\ VXEVWLWXWLRQ DW WKH

ULP QLWURJHQ VHHPV WR VKRZ FRUUHODWLRQ ZLWK FKHPLFDO VKLIWV�

7KH SURWRQDWHG SRUSK\ULQV DOVR VKRZHG FRUUHODWLRQ ZLWK 1�

VXEVWLWXHQWV� )LJXUH � VKRZV WKH VSHFWURVFRSLF FKDQJHV RE�

VHUYHG GHSHQGLQJ RQ WKH DPRXQW DFLG DGGHG� 7KH PLGGOH

WUDFH ZDV REWDLQHG DW ��� R& LQ WKH SUHVHQFH RI ��� HTXLYDOHQW

RI DFLG� 7KH EHQ]\OLF SURWRQV RULJLQDOO\ VKRZQ DW ���� SSP

�WRS WUDFH� ZHUH VKLIWHG WR ���� SSP DIWHU SURWRQDWLRQ� $W WKH

VDPH WLPH WKH LQQHU PHWKLQH SURWRQ REVHUYHG DW ���� SSP

ZDV VKLIWHG WR ����� SSP� ,QFUHDVHG DPRXQW RI DFLG WR ���

HTXLYDOHQW �ERWWRP WUDFH� VKLIWHG WKH HTXLOLEULXP WR WKH SUR�

WRQDWHG IRUP� ,QQHU 1�+ SURWRQ FRXOG QRW EH REVHUYHG XQGHU

WKHVH FRQGLWLRQV� 7KH UHVXOWV REWDLQHG VR IDU ZDV VRPHZKDW

FRQWUDU\ ZLWK VROLG VWDWH VWUXFWXUH UHSRUWHG E\ )XUXWD HW DO��

,Q FRQFOXVLRQ� ZH KDYH GHYHORSHG D W\SLFDO URXWH WR WKH

FRUH�PRGLILHG� 1�FRQIXVHG SRUSK\LUQV EHDULQJ YDULRXV VXE�

VWLWXHQWV DW WKH ULP QLWURJHQ� 7KH NH\ VWHS LQ WKH V\QWKHVLV

LQYROYHV SRUSK\ULQ IRUPDWLRQ E\ FRQGHQVDWLRQ RI KHWHURDWRP

VXEVWLWXWHG WULS\UURPHWKDQHV ZLWK 1�DON\O������α�K\GUR[\�α�
SKHQ\O�PHWK\OS\UUROH� 7KH FRQGHQVDWLRQ JDYH VLQJOH SRU�

SK\ULQ SURGXFW ZKLFK ZDV LVRODWHG FOHDQO\ E\ FROXPQ FKUR�

PDWRJUDSK\� 7KH V\QWKHWLF PHWKRG GHVFULEHG LQ WKLV SDSHU

HQDEOHV WKH FRQYHQLHQW SUHSDUDWLRQ RI SRUSK\ULQV EHDULQJ

YDULRXV VXEVWLWXHQWV DW WKH ULP QLWURJHQ� 7KH SURWRQDWLRQ

RFFXUUHG LQ WKH FRUH QLWURJHQ DQG WKH LQYHUWHG S\UUROH XQLW

EHFRPHV IODWHU ZKLOH RWKHU FRUH�DWRPV VXFK DV VXOIXU DQG 1�

+ SURWRQ PRYH DZD\ IURP WKH SODQH RI WKH SRUSK\ULQ LQ

RUGHU WR FRPSHQVDWH WKH VWHULF FURZGHGQHVV DQG PDFUR�FRQ�

MXJDWLRQ� 7KH FRUH�PRGLILHG SRUSK\ULQV ZLOO VHUYH DV D QRYHO

EXLOGLQJ EORFNV LQ PDQ\ DUHDV RI SRUSK\ULQ FKHPLVWU\�

$FNQRZGHGJPHQW� 6XSSRUW IURP WKH .RUHD 5HVHDUFK

)RXQGDWLRQ �.5)��������'������ LV JUDWHIXOO\ DFNQRZ�

OHGJHG� 7KH 105 DQG 0DVV VSHFWUDO GDWD ZHUH REWDLQHG

IURP FHQWUDO LQVWUXPHQW IDFLOLWLHV RI .DQJZRQ 1DWLRQDO 8QL�

YHUVLW\�

5HIHUHQFHV

�� )XUXWD� +�� $VDQR� 7�� 2JDZD� 7� -� $P� &KHP� 6RF� �����

)LJXUH �� ��� 0+] 105 VSHFWUD RI SRUSK\ULQV ���� 7RS WUDFH LV REWDLQHG DIWHU DGGLQJ ���� HTXLY RI 7)$ DW �� R&� 0LGGOH WUDFH LV REWDLQHG
DIWHU DGGLQJ ���� HTXLY RI 7)$ DW ��� R& VKRZLQJ WKH PRQRSURWRQDWHG IRUP DV D PLQRU IUDFWLRQ� 7KH ERWWRP WUDFH LV REWDLQHG DIWHU DGGLQJ
���� HTXLY RI 7)$ DW ��� R& VKRZLQJ VKLIW RI WKH HTXLOLEULXP� 7KH EHQ]\OLF SURWRQV DQG LQQHU PHWKLQH SURWRQ VKRZ ODUJH XSILHOG VKLIW RI WKH
UHVRQDQFH�

6FKHPH �



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � 'DH�:L <RRQ DQG &KDQJ�+HH /HH

���� ����

�� &KPLHOHZVNL� 3� -�� /DWRV�*UD]\QVNL� /�� 5DFKOHZLF]� .��
*ORZLDN� 7� $QJHZ� &KHP� ,QW� (G� (QJO� ����� ��� ����

�� ,VKLNDZD� <�� <RVKLGD� ,�� $NDLZD� .�� .RJXFKL� (��

6DVDNL� 7�� )XUXWD� +� &KHP� /HWW� ����� ����
�� $ULJD� .�� .XQLWDNH� 7�� )XUXWD� +� -� &KHP� 6RF� 3HUNLQ

7UDQV� � ����� ����

�� *HLHU� *� 5�� /LQGVH\ -� 6� -� 2UJ� &KHP� ����� ��� �����
�� )XUXWD� +�� ,VKL]XND� 7�� 2VXND� $�� 2JDZD� 7� -� $P�

&KHP� 6RF� ����� ���� �����

�� )XUXWD� +�� 2JDZD� 7�� 8ZDWRNR� <�� $UDNL� .� ,QRUJ�

&KHP� ����� ��� �����
�� *KRVK� $� $QJHZ� &KHP� ,QW� (G� (QJO� ����� ��� �����

�� �D� /HH� &� +�� .LP� +� -� 7HWUDKHGURQ /HWW� ����� ���

����� �E� /HH� &� +�� /L� )�� ,ZDPRWR� .�� 'DGRN� -�� %RWK�
QHUE\� $�� /LQGVH\� -� 6� 7HWUDKHGURQ ����� ��� ������

��� *RXWHUPDQ� 0� 7KH 3RUSK\ULQV� 'ROSKLQ� '�� (G�� $FD�

GHPLF SUHVV� 1HZ <RUN� 6DQ )UDQVLVFR� /RQGRQ� ����� YRO
,,,� SS ������

��� /HH� &� +�� /LQGVH\� -� 6� 7HWUDKHGURQ ����� ��� ������

��� �D� &KR� :� 6�� .LP� +� -�� /LWWOHU� %� -�� 0LOOHU� $� 0��
/HH� &� +�� /LQGVH\� -� 6� -� 2UJ� &KHP� ����� ��� �����

�E� /LWWOHU� %� -�� &LULQJK� <� =�� /LQGVH\� -� 6� -� 2UJ�

&KHP� ����� ��� �����

��� /HH� &� +�� .LP� +� -�� <RRQ� '� :� %XOO� .RUHDQ &KHP�
6RF� ����� ��� ����


