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ELS\ULGLQH� S\ S\ULGLQH�� KDV EHHQ HQFDSVXODWHG E\ LRQ�H[FKDQJH PHWKRG XVLQJ WKH DTXHRXV VROXWLRQ RI >5H�,��&2��
�ES\��S\�@�3)�

− LQWR WKH PLFURSRURXV 1D< DQG WKH PHVRSRURXV $O0&0��� PROHFXODU VLHYH DFWLQJ DV VXSUDPROHFX�

ODU KHWHURJHQHRXV KRVW� 7R FRQILUP WKH HQFDSVXODWLRQ RI >5H�,��&2���ES\��S\�@
� LQWR WKH SRUHV RI PROHFXODU VLHYH� ;H�

105 DQG )7�,5 VSHFWURVFRSLHV KDYH EHHQ DSSOLHG EHIRUH DQG DIWHU WKH >5H�,��&2���ES\��S\�@
� HQFDSVXODWLRQ� 7R LQ�

YHVWLJDWH WKH SKRWRSK\VLFDO DQG SKRWRFKHPLFDO SURSHUWLHV� PROHFXODU VLHYH�HQFDSVXODWHG FDWLRQLF UKHQLXP FRPSOH[ KDV

EHHQ VWXGLHG E\ 89�9LVLEOH GLIIXVH UHIOHFWDQFH VSHFWURVFRS\ �89�'56� ZLWK SKRWRLUUDGLDWLRQ �λ!��� QP� DW URRP
WHPSHUDWXUH� %\ PRQLWRULQJ WKH SKRWRUHDFWLRQ RI &2� RYHU WKH SKRWRFDWDO\VWV� WKH FRQYHUVLRQ RI &2� LQWR &2 DQG FDU�

ERQDWH VSHFLHV KDV EHHQ REVHUYHG E\ XVLQJ LQ�VLWX )7�,5 DQG WLPH�UHVROYHG PDVV VSHFWURVFRS\� )URP WKH H[SHULPHQ�

WDO UHVXOWV� WKH SKRWRFDWDO\WLF DFWLYDWLRQ PHFKDQLVP RI &2� RQ WKH FDWDO\VW XQGHU YLVLEOH OLJKW �λ!��� QP� FRXOG EH
SURSRVHG YLD WKH SKRWR�LQGXFHG UHDFWLRQ RI WZR HOHFWURQV DQG WZR SURWRQV� UHVXOWLQJ IURP ZDWHU GHFRPSRVLWLRQ�

.H\ ZRUGV� &DWLRQLF 5KHQLXP &RPSOH[� )7�,5� 0DVV 6SHFWURVFRS\� 0ROHFXODU 6LHYH� 3KRWRFDWDO\WLF $FWLYDWLRQ RI &2��

89�'56� 9LVLEOH /LJKW
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6LQFH SKRWRVHQVLWL]HG GHFRPSRVLWLRQ RI ZDWHU RQ 7L2� HOHFWURGHV

ZDV GLVFRYHUHG� VHPLFRQGXFWRU SKRWRFDWDO\VLV KDV UHFHLYHG PXFK

DWWHQWLRQ GXH WR LWV SRWHQWLDO WR FRQYHUW VRODU HQHUJ\ LQWR HOHFWULFDO

RU FKHPLFDO HQHUJ\ >&KHYDOHHVNL HW DO�� ����� $QSR HW DO�� ����@�

7KH FRQWLQXHG LQFUHDVH RI WKH DWPRVSKHULF &2� FRQFHQWUDWLRQ GXH

WR KXPDQ DQG DQWKURSRJHQLF DFWLYLWLHV LV SUHGLFWHG WR OHDG WR VLJQLIL�

FDQW FKDQJHV LQ FOLPDWH >&R[ HW DO�� ����@� 2Q�JRLQJ HIIRUWV RI UHF\�

FOLQJ &2� LQWR XVHIXO IXHOV DQG RUJDQLF FRPSRXQGV KDYH UHFHLYHG

PXFK DWWHQWLRQ RI PDQ\ UHVHDUFK JURXSV EHFDXVH RI WKH FRQFHUQ

IRU VROYLQJ JOREDO ZDUPLQJ SUREOHPV >0H\HU� ����@� 7KH &2�DFWL�

YDWLRQ ZDV DFFRPSOLVKHG E\ FKHPLFDO� HOHFWURFKHPLFDO�DQG SKRWR�

FKHPLFDO UHDFWLRQV >5HLQNLQJ HW DO�� ����� $PDWRUH HW DO�� ����� +DO�

PDQQ� ����@� 3KRWRFDWDO\WLF DFWLYDWLRQ RI &2� KDV EHHQ H[WHQVLYHO\

VWXGLHG DV D PDMRU JRDO RI DUWLILFLDO SKRWRV\QWKHVLV XVLQJ YDULRXV

SKRWRFDWDO\VW V\VWHPV >+DOPDQQ� ����� +DZHFNHU HW DO�� ����� 6XO�

OLYDQ HW DO�� ����@� 7KH SKRWRFDWDO\VW V\VWHPV IRU &2� DFWLYDWLRQ DUH

FODVVLILHG LQWR KHWHURJHQHRXV VHPLFRQGXFWRU VXVSHQVLRQV� KRPRJH�

QHRXV DTXHRXV VROXWLRQV RI RUJDQLF G\H� DQG WUDQVLWLRQ PHWDO FRP�

SOH[HV� 5HFHQWO\� WKH LQWHUHVW LQ SKRWRFKHPLVWU\ RI 5H �,� FRPSOH[HV

KDV LQFUHDVHG GXH WR WKHLU SRWHQWLDO XWLOLW\ IRU WKH &2� DFWLYDWLRQ LQ

DUWLILFLDO SKRWRV\QWKHWLF V\VWHPV� 5KHQLXP FRPSOH[HV VXFK DV 5H;

�&2���ES\� �; &O� %U� DQG 5H�&2���ES\�>3�2(W��@� KDYH EHHQ XVHG

DV SKRWRFDWDO\VWV IRU &2� UHGXFWLRQ WR &2 LQ VROYHQW PL[WXUH RI WUL�

HWKDQRODPLQH�GLPHWK\OIRUPDPLGH�0RVW RI WKH UHVHDUFK RQ SKRWR�

FKHPLFDO DFWLYDWLRQ RI &2� XVLQJ 5H �,� FRPSOH[HV KDV IRFXVHG RQ

WKH KRPRJHQHRXV VROXWLRQ V\VWHPV� 6RPH HIIRUWV KDYH EHHQ UHSRUWHG

LQ FRQQHFWLRQ ZLWK HQFDSVXODWLRQ RI UKHQLXP FRPSOH[HV LQWR ]HR�

OLWH DQG WKHLU SKRWRFKHPLFDO DSSOLFDWLRQ WR &2� DFWLYDWLRQ >6XQJ�

6XK HW DO�� ����� 3DUN HW DO�� ����@�

%DVHG RQ KRVW�JXHVW LQWHUDFWLRQ� PROHFXODU VLHYHV KDYH EHHQ XVHG

DV KHWHURJHQHRXV KRVW IRU WKH HQFDSVXODWLRQ RI JXHVW PROHFXOHV VXFK

DV RUJDQLFPROHFXOHV�PHWDO FRPSOH[HV DQG RUJDQRPHWDOOLF IUDJPHQWV

>%HLQ HW DO�� ����� .LP HW DO�� ����@� 6XFK LQRUJDQLF VROLG�VWDWH VXS�

UDPROHFXODU V\VWHPV JHQHUDWH WKH PLFURKHWHURJHQL]DWLRQ RI WKH HQ�

FDSVXODWHG PROHFXODU DVVHPEOLHV ZKLFK VKRZ WKH SKRWRFDWDO\WLF DF�

WLYLW\� )RU ]HROLWH�HQWUDSSHG FRPSOH[HV� WKH VWHULF DQG HOHFWURVWDWLF

FRQVWUDLQW LPSRVHG RQ WKH FRPSOH[HV ZLWKLQ WKH FKDQQHOV RU FDJHV

RI ]HROLWHV FDQ DOWHU WKH SKRWRFKHPLFDO DQG SKRWRSK\VLFDO SURSHU�

WLHV RI WKH JXHVW FRPSOH[HV DQG GLPLQLVK WKH SKRWRGHJUDGDWLRQ DQG

XQGHVLUDEOH HOHFWURQ WUDQVIHU UHDFWLRQV >.LP HW DO�� ����@�

,Q WKLV VWXG\� >5H�&2���ES\��S\�@
� HQFDSVXODWHG LQ 1D< DQG $O�

0&0���PROHFXODU VLHYHV ZDV DSSOLHG WR SKRWRFDWDO\WLF DFWLYDWLRQ

RI &2�� 7KH HQFDSVXODWHG FDWLRQLF UKHQLXP FRPSOH[ ZDV FKDUDFWHU�

L]HG E\ XVLQJ )7�,5 DQG ;H�105 VSHFWURVFRSLHV� 7KH SKRWRDFWL�

YDWLRQ RI &2� RQ WKH FDWDO\VW ZDV VWXGLHG E\ 89�'56� LQ�VLWX )7�

,5 DQG WLPH�UHVROYHGPDVV VSHFWURVFRS\ ZLWK SKRWRLUUDGLDWLRQ XQGHU

YLVLEOH OLJKW� 7KH SKRWRFDWDO\WLF DFWLYDWLRQ PHFKDQLVP RI &2� RQ

WKH FDWDO\VW XQGHU YLVLEOH OLJKW FRXOG EH SURSRVHG YLD WKH SKRWR�LQ�

GXFHG UHDFWLRQ RI WZR HOHFWURQV DQG WZR SURWRQV� UHVXOWLQJ IURPZDWHU

GHFRPSRVLWLRQ�

(;3(5,0(17$/

7KH H[SHULPHQWDO PHWKRG LV GHVFULEHG HOVHZKHUH >6XQJ�6XK HW

DO�� ����� 3DUN HW DO�� ����@� 7KH FDWLRQLF UKHQLXP FRPSOH[� >5H�&2��
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�ES\��S\�@� �ES\ ���
�ELS\ULGLQH� S\ S\ULGLQH� ZDV XVHG DV D SKR�

WRVHQVLWL]HU� 7KH FRPSOH[ ZDV HQFDSVXODWHG LQWR WKH PLFURSRURXV

1D< DQGPHVRSRURXV $O0&0��� �6L�$O ��� PROHFXODU VLHYHV E\

LRQ H[FKDQJH PHWKRG XVLQJ WKH DTXHRXV VROXWLRQ RI >5H>&2���ES\�

�S\�@�3)�

−� 7KH HQFDSVXODWHG VDPSOHV ZHUH HYDFXDWHG ����−� WRUU�

DW ��� R& IRU �� KRXUV DQG FKDUDFWHUL]HG E\ )7�,5� ;H�105 DQG

89�'56 VSHFWURVFRSLHV� 7R VWXG\ WKH SKRWRUHDFWLRQ RI &2� RYHU

WKHVH HQFDSVXODWHG UKHQLXP FRPSOH[HV XVLQJ LQ�VLWX )7�,5� WKH SHO�

OHW RI >5H�&2���ES\��S\�@
��$O0&0��� ZDV SODFHG LQWR D LQ�VLWX

TXDUW] FHOO ZLWK &D)� ZLQGRZV IRU )7�,5 PHDVXUHPHQW DQG HYDFX�

DWHG WR DERXW ��−� WRUU DW ��� R& IRU �� KRXUV� 7KHQ� &2� ZDV DG�

VRUEHG RQWR WKH HYDFXDWHG SHOOHW IROORZHG E\ SKRWRLUUDGLDWLRQ �λ!
���QP� IURP D ���:�KLJK SUHVVXUH [HQRQ�DUF ODPS �2ULHO ,Q�

VWUXPHQWV�� ,Q�VLWX )7�,5 VSHFWUD ZHUH UHFRUGHG ZLWK SKRWRLUUDGLD�

WLRQ WLPH� 7KH SKRWRFDWDO\WLF UHGXFWLRQ RI &2� RYHU HQFDSVXODWHG

UKHQLXP FRPSOH[HV ZDV GRQH LQ D TXDUW] WXEH FRQQHFWHG WR D YD�

FXXP OLQH DQDO\]LQJ WKH SURGXFW E\ WLPH�UHVROYHG ,*$ �,QWHOOLJHQW

*UDYLPHWULF $QDO\]HU� PDVV VSHFWURVFRS\�

5(68/76 $1' ',6&866,21

7KH H[SHULPHQWDO SURFHVVHV ZLWK PROHFXODU VLHYH�HQFDSVXODWHG

UKHQLXP FRPSOH[HV RI >5H�&2���ES\��S\�@
��1D< DQG >5H�&2���ES\�

�S\�@��$O0&0��� DUH VFKHPDWLFDOO\ VKRZQ LQ )LJ� �� %RWK HQFDS�

VXODWHG FRPSOH[HV VKRZ WKH SKRWRFDWDO\WLF DFWLYLWLHV IRU &2� DFWL�

YDWLRQ LQWR &2 DQG FDUERQDWH�

�� (QFDSVXODWLRQ RI 5KHQLXP &RPSOH[ LQWR 0ROHFXODU 6LHYHV

)LJ� � VKRZV;H�105 VSHFWUD RI 1D< DQG$O0&0��� DQG WKHLU

HQFDSVXODWHG UKHQLXP FRPSOH[HV� 7KH GLIIHUHQFH RI FKHPLFDO VKLIWV

RI WKHVH ;H�105 VSHFWUD VXSSRUWV WKDW WKH UKHQLXP FRPSOH[ LV HQ�

FDSVXODWHG LQVLGH WKH SRUHV RI 1D< DQG $O0&0��� >3DUN HW DO��

����@� 5HDOO\ LI WKH 5H�FRPSOH[ LV HQFDSVXODWHG LQVLGH PROHFXODU

VLHYHV� WKHQ WKH HOHFWURQ FORXG RI ;H DWRP LV GHIRUPHG E\ WKH LQ�

WHUDFWLRQ EHWZHHQ ;H DQG 5H�FRPSOH[� )7�,5 VSHFWUD LQ )LJ� � DOVR

VXSSRUW WKH HQFDSVXODWLRQ RI >5H�&2���ES\��S\�@
� LQWR WKH SRUHV RI

1D< DQG $O0&0���� 7KH IUHTXHQFLHV RI WKUHH &2 OLJDQGV RI >5H

�&2���ES\��S\�@
� DUH FKDQJHG DIWHU HQFDSVXODWLRQ LQWR WKH 1D<PL�

FURSRUHV DQG $O0&0��� PHVRSRUHV� 7KLV IUHTXHQF\ FKDQJH GXH

WR WKH HQFDSVXODWLRQ VHHPV WR EH DVFULEHG WR WKH VWHULF KLQGUDQFH

DQG HOHFWURQLF LQWHUDFWLRQ H[HUWHG RQ >5H�&2���ES\��S\�@
� UHVWULFWHG

LQVLGH WKH 1D< PLFURSRUHV DQG $O0&0��� PHVRSRUHV� %RWK ;H�

105 DQG )7�,5 VSHFWUD HYLGHQFH WKH HQFDSVXODWLRQ RI >5H�&2��
�ES\��S\�@� LQWR WKH 1D<PLFURSRUHV DQG $O0&0���PHVRSRUHV�

�� 3KRWRFDWDO\WLF $FWLYDWLRQ 6WXG\ RI &2�

7R VWXG\ WKH SKRWRFDWDO\WLF &2� DFWLYDWLRQ RQ WKH VXUIDFH RIPROH�

FXODU VLHYH�HQFDSVXODWHG UKHQLXP FRPSOH[HV� 89�'56 VSHFWUD DUH

PHDVXUHG ZLWK SKRWRLUUDGLDWLRQ XQGHU YLVLEOH OLJKW DQG &2� DGVRUS�

)LJ� �� 3URFHVV RI SKRWRFDWDO\WLF &2� DFWLYDWLRQ RYHU FDWLRQLF UKH�

QLXP FRPSOH[ HQFDSVXODWHG LQ PROHFXODU VLHYHV� �D� >5H
�&2���ES\��S\�@

��1D<� �E� >5H�&2���ES\��S\�@
��$O0&0����

)LJ� �� ;H�105VSHFWUD RI �D�1D<� �E� >5H�,��&2���ES\��S\�@
��1D<�

�F� $O0&0��� DQG �G� >5H�,��&2��ES\��S\�@��$O0&0����

)LJ� �� )7,5 VSHFWUD RI �D�>5H�,��&2���ES\��S\�@
�� �E� >5H�,��&2��

�ES\��S\�@��1D<� �F� >5H�,��&2���ES\��S\�@
� DQG �G� >5H�,�

�&2���ES\��S\�@
��$O0&0����
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WLRQ� DV VKRZQ LQ )LJ� �� 7KH EDQG DW ���QP FDQ EH DVVLJQHG DVPHW�

DO�WR�OLJDQG FKDUJH WUDQVIHU �0/&7� WUDQVLWLRQ IURP WKH UKHQLXP

�Gπ RUELWDO� WR WKH ES\ �Sπ
 RUELWDO� >.DO\DQDVXQGDUDP� ����@� 7KLV
0/&7 WUDQVLWLRQ LQGLFDWHV WKDW PHWDO FRPSOH[ FRXOG SOD\ DV D SKR�

WRFDWDO\VW�:LWK SKRWRLUUDGLDWLRQ� WKH QHZ DEVRUSWLRQ EDQGV DSSHDUHG

DW ������� QP DV VKRZQ LQ )LJ� ��E� H�� 7KHVH QHZ EDQGV DUH DV�

VLJQHG WR WKH >5H�,��&2���ES\
Â−��S\�@ UDGLFDO >.DO\DQDVXQGDUDP�

����@� 7KH VSHFWUD LQ )LJ� ��E� H� DUH VLPLODU WR 89�YLVLEOH DEVRUS�

WLRQ VSHFWUXP RI >5H�,��&2���ES\
Â−��S\�@ UDGLFDO SKRWRLQGXFHG LQ

WKH VROXWLRQ RI >5H�&2���ES\��S\�@
� DQG 7(2$ �WULHWKDQRODPLQH�

LQ '0)� ,W KDV EHHQ NQRZQ WKDW 7(2$ DFWV DV DQ HOHFWURQ GRQRU

>3DUN HW DO�� ����@� ,Q >5H�,��&2���ES\��S\�@
��]HROLWHV� WKH >5H�,�

�&2���ES\
Â−��S\�@ UDGLFDO ZDV SURGXFHG ZLWK SKRWRLUUDGLDWLRQ LQ WKH

DEVHQFH RI HOHFWURQ GRQRU VXFK DV 7(2$� ,W KDV EHHQ NQRZQ WKDW

WKH IUDPHZRUNV RI WKH ]HROLWHV VKRZ WKH HOHFWURQ�GRQDWLQJ SURSHUW\

WR SURSHU HOHFWURQ DFFHSWRUV HQFDSVXODWHG LQ WKHLU SRUHV DQG WKDW WKH

VWHULF KLQGUDQFH VWDELOL]HV WKH JHQHUDWHG UDGLFDO VSHFLHV UHVWULFWHG LQ

WKH SRUHV >3DUN HW DO�� ����@� 8SRQ &2� DGVRUSWLRQ DV VKRZQ LQ )LJ�

��F� I�� WKH QHZ EURDG DEVRUSWLRQ EDQGV DUH VOLJKWO\ TXHQFKHG� ,W

PHDQV WKDW DGVRUEHG &2� RQ ]HROLWHV UHDFWV ZLWK HOHFWURQV RI VXU�

IDFH�WUDSSHG FRQGXFWLRQ EDQG� )URP WKH UHVXOWV RI 89�'56� LW FDQ

EH VXSSRVHG WKDW WKH IUDPHZRUNV RI WKH ]HROLWHV PD\ DFW DV DQ HOHF�

WURQ GRQRU LQ WKH SKRWRLQGXFHG IRUPDWLRQ RI >5H�,��&2���ES\
Â−��S\�@

UDGLFDO LQ ]HROLWHV� $QG WKH $O0&0��� HQFDSVXODWHG 5H�FRPSOH[

VKRZV EHWWHU SKRWRFDWDO\WLF UHDFWLYLW\ WKDQ 1D< VDPSOH�

�� 3KRWRFDWDO\WLF 5HGXFWLRQ RI &2� RQ >5H�&2���ES\��S\�@
��

$O0&0���

:LWK SKRWRLUUDGLDWLRQ RQWR &2��DGVRUEHG >5H�&2���ES\��S\�@
��

$O0&0���� WKH IRUPDWLRQ RI FDUERQDWHV DQG &2 FDQ EH FRQILUPHG

E\ XVLQJ LQ�VLWX )7�,5 DQG WLPH�UHVROYHGPDVV VSHFWURVFRS\� ,Q )LJ�

�� WKH LQWHQVLW\ RI &2� EDQG DW ����� FP
−� GHFUHDVHG DQG WKH FDUERQ�

DWH EDQGV DW ����������� FP−� LQFUHDVHG >1DNDPRWR� ����@� 7LPH�

UHVROYHG ,*$ �,QWHOOLJHQW *UDYLPHWULF $QDO\]HU� PDVV VSHFWURV�

FRS\ ZDV DOVR XVHG IRU GHWHFWLRQ RI WKH JDV SKDVH SURGXFWV RI &2�

SKRWRUHDFWLRQ� 6LQFH PROHFXODU ZHLJKW RI &2 �P�H ��� LV HTXDO WR

WKDW RI 1� �P�H ���� WKH LVRWRSH ODEHOLQJ H[SHULPHQW ZDV FDUULHG

RXW E\ XVLQJ ��&2� LQVWHDG RI UHJXODU
��&2� WR REVHUYH WKH SKRWRUH�

GXFHG SURGXFW ��&2 �P�H ��� GLVWLQJXLVKHG IURP 1�� $V VKRZQ LQ

)LJ� �� VORZ JURZWK RI SHDN DW P�H �� ZLWK GHFUHDVH RI SHDN DW P�

H �� UHSUHVHQWHG ��&2� H[SODLQV WKDW FDUERQ GLR[LGH LV UHGXFHG WR

FDUERQ PRQR[LGH E\ SKRWRO\VLV RYHU WKH >5H�&2���ES\��S\�@
��$O�

0&0���� 7KH IRUPDWLRQ RI SKRWRO\VLV SURGXFWV FRXOG QRW EH GH�

WHFWHG ZLWKRXW ZDWHU� )LJ� � VKRZV WKH SKRWRFDWDO\WLF GHFRPSRVL�

)LJ� �� 89�9LV DEVRUSWLRQ VSHFWUD RI >5H�,��&2���ES\��S\�@
��1D<

�D� DIWHU HYDFXDWLRQ� �E� ZLWK SKRWRLUUDGLDWLRQ� DQG �F� ZLWK
&2� DGVRUSWLRQ DQG >5H�&2���ES\��S\�@

��$O0&0��� �G�

DIWHU HYDFXDWLRQ� �H� ZLWK SKRWRLUUDGLDWLRQ� DQG �I� ZLWK &2�

DGVRUSWLRQ�

)LJ� �� )7,5 VSHFWUD RI >5H�&2���ES\��S\�@
��$O0&0��� �D� DIWHU

HYDFXDWLRQ� �E� ZLWK &2� DGVRUSWLRQ� DQG �F� ZLWK SKRWRLU�
UDGLDWLRQ�

)LJ� �� 5HDFWLRQ WLPH SURILOHV RI WKH SKRWRFDWDO\WLF UHGXFWLRQ RI
��&2� �����7RUU� SKRWRUHDFWLRQ RYHU >5H�&2���ES\��S\�@

��

$O0&0��� XQGHU YLVLEOH OLJKW�
�D� ��&2� �P�H ��� DQG �E�

��&2 �P�H ���
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WLRQ RI ZDWHU ZLWK SKRWRUHGXFWLRQ RI &2�� VXJJHVWLQJ WKDW WKH SKR�

WRFDWDO\WLF UHGXFWLRQ RI &2� LV LQLWLDWHG E\ WKH SKRWRFDWDO\WLF GH�

FRPSRVLWLRQ RI ZDWHU RQ WKH FDWDO\VW VXUIDFH� )URP WKH UHVXOWV RI

LQ�VLWX )7�,5 DQG WLPH�UHVROYHG PDVV VSHFWURVFRS\� &2 ZDV DOVR

SURGXFHG DORQJ ZLWK FDUERQDWHG VSHFLHV RYHU >5H�&2���ES\��S\�@
��

$O0&0���� ,W LQGLFDWHV WKDW >5H�&2���ES\��S\�@
��$O0&0��� VKRZV

WKH SKRWRFDWDO\WLF DFWLYLW\ IRU SKRWRLQGXFHG UHGXFWLRQ RI &2� LQWR

&2 DQG +&22+� )URP WKH ZKROH H[SHULPHQWDO UHVXOWV� ZH ZRXOG

SURSRVH WKH UHDFWLRQ VFKHPH IRU WKH SKRWRUHGXFWLRQ RI &2� XVLQJ

>>5H�&2���ES\��S\�@
��$O0&0��� XQGHU YLVLEOH OLJKW DV VKRZQ LQ

6FKHPH ��

&21&/86,216

7KH FDWLRQLF UKHQLXP FRPSOH[ HQFDSVXODWHG LQ PROHFXODU VLHYHV

RI >5H�&2���ES\��S\�@
��1D< DQG >5H�&2���ES\��S\�@

��$O0&0�

�� VKRZHG WKH DFWLYLW\ IRU SKRWRLQGXFHG DFWLYDWLRQ RI &2� LQWR &2

DQG FDUERQDWH VSHFLHV XQGHU YLVLEOH OLJKW �λ!���QP�� ,W LV DVVXPHG
WKDW WKH IUDPHZRUNV RIPLFURSRURXV1D<DQGPHVRSRURXV$O0&0�

��PROHFXODU VLHYHV DFW DV DQ HOHFWURQ GRQRU WR IRUP >5H�&2���ES\
Â−�

�S\�@ UDGLFDOV ZKLFK DUH DFWLYH VSHFLHV IRU WKH DFWLYDWLRQ DQG UHGXF�

WLRQ RI &2� LQWR &2 DQG FDUERQDWH VSHFLHV�

$&.12:/('*(0(17

7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 0LQLVWU\ RI 6FLHQFH

DQG 7HFKQRORJ\ LQ .RUHD DQG SDUWO\ E\ WKH .RUHD 6FLHQFH DQG (Q�

JLQHHULQJ )RXQGDWLRQ �.26()��

5()(5(1&(6

$PDWRUH� &� DQG 6DYHDQW� -��0�� ³0HFKDQLVP DQG.LQHWLF &KDUDFWHULV�

WLFV RI WKH (OHFWURFKHPLFDO 5HGXFWLRQ RI &DUERQ 'LR[LGH LQ 0HGLD

RI /RZ3URWRQ$YDLODELOLW\�́ -� $P�&KHP� 6RF�� ���� ���� �������

$QSR�0��0DWVXRND�0��<DPDVKLWD�+�� -X�:� 6�� 3DUN� 6� (� DQG6KXO�

<�*�� ³3KRWRFDWDO\WLF 'HFRPSRVLWLRQ RI 12 RQ 7UDQVLWLRQ 0HWDO

,RQ�H[FKDQJHG=HROLWH&DWDO\VWV�́ -� ,QG� (QJ�&KHP���� ��� ������

$QSR� 0�� <DPDVKLWD� +�� 0DWVXRND� 0�� 3DUN� '� 5�� 6KXO� <�*� DQG

3DUN� 6� (�� ³'HVLJQ DQG 'HYHORSPHQW RG 7LWDQLXP DQG 9DQDGLXP

2[LGH 3KRWRFDWDO\VWV ,QFRUSRUDWHG ZLWKLQ =HROLWH &DYLWLHV DQG WKHLU

3KRWRFDWDO\WLF 5HDFWLYLWLHV�́ -� ,QG� (QJ� &KHP�� �� �� ������

%HLQ� 7�� ³,QFOXVLRQ&KHPLVWU\ RI2UJDQRPHWDOOLFV LQ =HROLWHV�́ ,Q&RP�

SUHKHQVLYH 6XSUDPROHFXODU &KHPLVWU\� %HLQ<� DQG$OEHUWL *�� HGV��

3HUJDPRQ 3UHVV� 5XJE\� 8.� ��� �������

&KHYDOHHVNL� 2� DQG /DULQD� /�� ³1HZ 7UHQGV LQ 6RODU 3KRWRYROWDLFV�

IURP3K\VLFV WR&KHPLVWU\�́ .RUHDQ -� &KHP�(QJ�� ��� ��� �������

&R[� 3�0�� %HWWV� 5�$�� -RQHV� &�'�� 6SDOO� 6�$� DQG 7RWWHUGHOO� ,� -��

³$FFHOHUDWLRQ RI *OREDO :DUPLQJ GXH WR &DUERQ�&\FOH )HHGEDFNV

LQ D &RXSOHG &OLPDWH 0RGHO�́ 1DWXUH� ���� ��� �������

+DOPDQQ� 0�� ³3KRWRHOHFWURFKHPLFDO 5HGXFWLRQ RI $TXHRXV &DUERQ

'LR[LGHRQS�W\SH*DOOLXP3KRVSKLGH LQ/LTXLG -XQFWLRQ6RODU&HOOV�́

1DWXUH� ���� ��� �������

+DZHFNHU� -�� /HKQ� -��0� DQG=LHVVHO� 5�� ³3KRWRFKHPLFDO DQG(OHFWUR�

FKHPLFDO5HGXFWLRQ RI&DUERQ'LR[LGH WR&DUERQ0RQR[LGH0HGL�

DWHG E\ �����%LS\ULGLQH�WULFDUERQ\OFKORURUKHQLXP �,� DQG 5HODWHG

&RPSOH[HV DV +RPRJHQHRXV &DWDO\VWV�́ +HOY� &KLP� $FWD� ��� ����

�������

.DO\DQDVXQGDUDP� .�� ³/XPLQHVFHQFH DQG 5HGR[ 5HDFWLRQV RI WKH

)LJ� �� 5HDFWLRQ WLPH SURILOHV RI WKH SKRWRFDWDO\WLF UHGXFWLRQ RI
��&2� �����7RUU� SKRWRUHDFWLRQ RYHU >5H�&2���ES\��S\�@

��

$O0&0��� XQGHU YLVLEOH OLJKW�

�D���&2� �P�H ��� DQG �E� +�2 �P�H ���

6FKHPH �� 3KRWRFDWDO\WLF DFWLYDWLRQ PHFKDQLVP RI &2� XQGHU YLVLEOH OLJKW RYHU >5H�&2���ES\��S\�@
��$O0&0����



&2� $FWLYDWLRQ E\ >5H�&2���ES\��S\�@
��=HROLWHV XQGHU 9LVLEOH /LJKW ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

0HWDO�WR�OLJDQG &KDUJH�WUDQVIHU ([FLWHG 6WDWH RI 7ULFDUERQ\O�

FKORUR�SRO\S\ULG\O�UKHQLXP �,� &RPSOH[HV�́ -�&KHP� 6RF� )DUDGD\

7UDQV�� �� ���� �������

.LP�<��+ZDQJ� -��6� DQG3DUN� 6��(�� ³&KDUDFWHULVWLFV DQG$SSOLFDWLRQ

RI=HROLWH 3KRWRFDWDO\VWV WKURXJK6XSUDPROHFXODU&KHPLFDO $SSUR�

DFKHV�́ -� .RU� ,QG� (QJ� &KHP�� �� � �������

0H\HU� 7� -�� ³&KHPLFDO $SSURDFKHV WR $UWLILFLDO 3KRWRV\QWKHVLV�́ $FF�

&KHP� 5HV�� ��� ��� �������

1DNDPRWR�.�� ³,QIUDUHG DQG5DPDQ6SHFWURVFRS\ RI ,QRUJDQLF DQG&R�

RUGLQDWLRQ &RPSRXQGV�́ :LOH\� 1HZ <RUN� ��� �������

3DUN� 6��(�� 6XQJ�6XK�+�0��.LP�'�6� DQG.R� -�� ³3KRWRDFWLYH&KDU�

DFWHULVWLFV RI 5KHQLXP &RPSOH[HV (QFDSVXODWHG LQ $O0&0��� E\

,RQ�H[FKDQJH 0HWKRG�́ 6WXG� 6XUI� 6FL� &DW�� ���� ��� �������

5HLQNLQJ�0�.��1L� -�� )DQZLFN� 3� (� DQG.XELDN�&�3�� ³&DUERQ'LR[�

LGH &KHPLVWU\ RI D %LQXFOHDU ,ULGLXP ��� &RPSOH[� 5DSLG DQG 5H�

YHUVLEOH2[\JHQ$WRP7UDQVIHU IURP&DUERQDWH�́ -�$P�&KHP�6RF��

���� ���� �������

6XOOLYDQ� %� 3� DQG0H\HU� 7� -�� ³3KRWRLQGXFHG ,UUHYHUVLEOH ,QVHUWLRQ RI

&2� LQWR D 0HWDO�+\GULGH %RQG�́ -� &KHP� 6RF� &KHP� &RPPXQ��

���� �������

6XQJ�6XK�+�0��.LP�'�6�� /HH�&�:� DQG3DUN� 6��(�� ³3KRWRLQGXFHG

$FWLYDWLRQ RI&2� E\ 5KHQLXP&RPSOH[HV (QFDSVXODWHG LQ0ROHF�

XODU 6LHYHV�́ $SSO� 2UJDQRPHW�&KHP�� ��� ��� �������

7D]XNH� 6� DQG.LWDPXUD� 1�� ³3KRWRIL[DWLRQ RI&DUERQ'LR[LGH WR )RU�

PLF $FLG LQ 9LWUR XVLQJ :DWHU DV +\GURJHQ 6RXUFH�́ 1DWXUH� ����

��� �������


