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:HQ ;X ;LDQ\X� 0\XQ .\X 3DUN DQG:DQ ,Q /HH�

'HSDUWPHQW RI &KHPLVWU\ DQG &HQWHU IRU &KHPLFDO '\QDPLFV� ,QKD 8QLYHUVLW\� ,QFKRQ �������� .RUHD
�5HFHLYHG � 6HSWHPEHU ���� � DFFHSWHG �� 2FWREHU �����

$EVWUDFW−7L2� ILOPV LQ YDULRXV WKLFNQHVVHV ZHUH SUHSDUHG E\ VRO�JHO PHWKRG� DQG WKHLU SKRWRFDWDO\WLF DFWLYLWLHV LQ

WKH GHFRPSRVLWLRQ RI JDVHRXV ��SURSDQRO ZHUH HYDOXDWHG� ,W ZDV IRXQG WKDW WKH SKRWRFDWDO\WLF DFWLYLWLHV RI WUDQVSDUHQW

7L2� ILOPV LQFUHDVH ZLWK WKH LQFUHDVH RI ILOP WKLFNQHVV� 7KH SKRWRFDWDO\WLF DFWLYLW\ RI 7L2� ILOPV LQ ��� QP�WKLFNQHVV

ZDV ��� WLPHV WKDW RI ILOPV LQ �� QP�WKLFNQHVV� :H SURSRVHG WKDW WKH KLJKHU SKRWRFDWDO\WLF DFWLYLWLHV IRU WKH WKLFNHU

7L2� ILOPV RULJLQDWH IURP WKH JUHDWHU DPRXQW RI SKRWRJHQHUDWHG HOHFWURQ DQG KROH SDLUV� ZKLFK DUH WUDQVIHUUHG IURP

WKH LQVLGH WR WKH VXUIDFH RI 7L2� ILOPV� :H DOVR SURYLGHG VRPH H[SHULPHQWDO HYLGHQFHV VXSSRUWLQJ WKLV PHFKDQLVP�

.H\ ZRUGV� 3KRWRFDWDO\VW� 7L2�� 7KLFNQHVV� 7KLFNQHVV (IIHFW� 3KRWRFDWDO\WLF )LOP
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,W KDV EHHQ NQRZQ WKDW 7L2� GHPRQVWUDWHV RQH RI WKH KLJKHVW SKR�

WRFDWDO\WLF DFWLYLWLHV DPRQJ VHPLFRQGXFWRUV IRU WKH HOLPLQDWLRQ RI

RUJDQLF SROOXWDQWV LQ DTXHRXV VROXWLRQ RU LQ JDV SKDVH >0DWWKHZ�

����� 1R]LN� ����� +RIIPDQQ HW DO�� ����� &KDL HW DO�� ����� /HH

HW DO�� ����� )XMLVKLPD HW DO�� ����� $QSR HW DO�� ����@� (VSHFLDOO\�

7L2� SKRWRFDWDO\VWV LQ WKLQ ILOP IRUP KDYH SURPLVLQJ DSSOLFDWLRQ

IRU WKH GHFRPSRVLWLRQ RI JDV SKDVH SROOXWDQWV RU DV D VHOI�FOHDQLQJ

VPDUW PDWHULDO >/HH HW DO�� ����� -XQJ HW DO�� ����@� 0RUHRYHU� 7L2�

VXUIDFH SUHVHQWV VXSHU�K\GURSKLOLF FKDUDFWHU ZLWK DQ LUUDGLDWLRQ RI

OLJKW >)XMLVKLPD HW DO�� ����� ����@� +HQFH� WKH 7L2� WKLQ ILOPV FRDWHG

RQ ZLQGRZ JODVV� OLJKW EXOEV� FHUDPLF WLOHV� RU ZDOOV FDQ SXULI\ WKH

SROOXWHG DLU LQ WKH URRP� DQG FDQ VHOI�FOHDQ RU GHIRJ WKHLU VXUIDFHV�

)RU WKHVH LQGXVWULDO DSSOLFDWLRQV RI SKRWRFDWDO\WLF 7L2� ILOPV� PDQ\

SUDFWLFDO SUREOHPV� VXFK DV IDEULFDWLRQ RI WUDQVSDUHQW 7L2� ILOPV�

DGKHVLRQ WR JODVV VXEVWUDWH� EORFNLQJ RI LPSXULW\ PLJUDWLRQ IURP

WKH VXEVWUDWH� GHWHUPLQDWLRQ RI RSWLPXP ILOP WKLFNQHVV� HWF�� KDYH

WR EH VROYHG� $PRQJ WKHP� LQ WKLV ZRUN� ZH KDYH IRFXVHG RQ WKH

FRUUHODWLRQ RI SKRWRFDWDO\WLF DFWLYLW\ ZLWK ILOP WKLFNQHVV�

,Q WKH FDVH RI WKLQ 7L2� ILOPV� WKH SKRWRFDWDO\WLF UHDFWLRQV WDNH

SODFH RQO\ RQ WKH VXUIDFHV� 7KXV� LW LV H[SHFWHG WKDW WKH SKRWRFDWD�

O\WLF DFWLYLW\ LV LUUHOHYDQW WR WKH WKLFNQHVV RI 7L2� ILOP� VLQFH WKH VXU�

IDFH DUHD RI ILOP LV QRW DSSUHFLDEO\ DIIHFWHG E\ WKH FKDQJH RI WKLFN�

QHVV�+RZHYHU� LW KDV EHHQ IRXQG WKDW SKRWRFDWDO\WLF DFWLYLW\ LV VWURQJ�

O\ GHSHQGHQW RQ WKH WKLFNQHVV RI ILOP� ,Q WKH OLWHUDWXUH� D IHZ UH�

VHDUFKHUV UHSRUWHG RQ WKH WKLFNQHVV GHSHQGHQFH RQ WKH SKRWRFDWD�

O\WLF DFWLYLW\ RI 7L2� ILOPV ><X HW DO�� ����� &XL HW DO�� ����@� EXW

WKH\ GLG QRWPHQWLRQ WKH UHDVRQZK\ WKLFNHU ILOPV GHPRQVWUDWH KLJKHU

SKRWRFDWDO\WLF DFWLYLWLHV LQ WKH SKRWRFDWDO\WLF R[LGDWLRQ UHDFWLRQV�

,Q WKLV ZRUN� ZH PDGH D VFUXSXORXV REVHUYDWLRQ RQ WKH SKRWRFDWD�

O\WLF EHKDYLRU RI 7L2� ILOPV DV D IXQFWLRQ RI ILOP WKLFNQHVV� DQG VXJ�

JHVWHG D SODXVLEOH PHFKDQLVP� :H DOVR SURYLGHG VRPH H[SHULPHQ�

WDO HYLGHQFH VXSSRUWLQJ WKLV VXJJHVWLRQ�

(;3(5,0(17$/

�� 3UHSDUDWLRQ RI 7L2� )LOPV

7L2� ILOPV ZHUH SUHSDUHG E\ VRO�JHO PHWKRG� DV GHVFULEHG LQ IRO�

ORZLQJ VHQWHQFHV� 7LWDQLXP WHWUDLVRSURSR[LGH >7L�2L3U��� $OGULFK@

ZDV GLOXWHG LQ Q�SURSDQRO� DQG WZR HTXLYDOHQWV RI ����SDQWDQHGL�

RQH �$F$F� $OGULFK� ZHUH DGGHG GURSZLVH WR WKLV VROXWLRQ DW � R&�

:LWK WKLV OLJDQG H[FKDQJH UHDFWLRQ� 7L�2L3U���$F$F�� ZDV V\QWKH�

VL]HG� 7KH FRQFHQWUDWLRQ RI 7L�SUHFXUVRU VROXWLRQ ZDV WKHQ DGMXVWHG

WR ���0 E\ DGGLQJ DGGLWLRQDO Q�SURSDQRO� 7KH SUHSDUHG VROXWLRQ

ZDV VSLQ�FRDWHG DW ����� USP� DQG VXEVHTXHQWO\ EDNHG DW ��� R&�

7R REWDLQ WKH GHVLUHG WKLFNQHVV� VSLQ�FRDWLQJ DQG EDNLQJ F\FOHV ZHUH

UHSHDWHG �$ERXW ��QP�WKLFNQHVV ZDV REWDLQHG E\ HDFK FRDWLQJ F\�

FOH�� )LQDOO\� EDNHG ILOPV ZHUH KHDW�WUHDWHG DW ��� R& IRU � KU LQ R[\�

JHQ HQYLURQPHQW WR REWDLQ FU\VWDOOL]HG VWUXFWXUH DQG WR JHW ULG RI

FDUERQ LPSXULWLHV LQ WKH7L2� ILOP� ,QVWHDGRI 3\UH[ RU VRGDOLPH JODVV�

VLOLFD JODVV LQ ��PPî��PP ZDV XWLOL]HG DV VXEVWUDWH� LQ RUGHU WR

DYRLG FRQWDPLQDWLRQ LQ WKH IDEULFDWHG 7L2� ILOP ZLWK D PLJUDWLRQ

RI DONDOLQH RU DONDOL HDUWK PHWDO LRQV�

�� &KDUDFWHUL]DWLRQ RI 7L2� )LOPV

7KH VXUIDFH PRUSKRORJ\ DQG FURVV VHFWLRQDO LPDJH RI 7L2� ILOPV

ZHUH REVHUYHG E\ D ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRSH

�)(6(0� +LWDFKL 6������� *ODQFLQJ DQJOH PRGH ;�UD\ SRZGHU GLI�

IUDFWLRQ �;5'� SDWWHUQV RI WKH 7L2� ILOPV ZHUH REWDLQHG E\ XVLQJ D

3KLOLSV GLIIUDFWRPHWHU �3:����� ZLWK D PRQRFKURPDWHG KLJK LQWHQ�

VLW\ &X.α UDGLDWLRQ� 6LQFH WKH JODQFLQJ DQJOH LV DGMXVWHG WR DV ODUJH

DV �R� FU\VWDOORJUDSKLF LQIRUPDWLRQ LV QRW FRQILQHG WR WKH ILOP VXU�

IDFH� EXW FRPHV IURP WKHZKROHPHGLXP RI WKH ILOP� )URP WKH DWRPLF

IRUFH PLFURVFRSH �$)0� 7RSR0HWUL[ $&&85(;�� WKH URXJKQHVV

RI 7L2� ILOP ZDV DQDO\]HG�

�� (YDOXDWLRQ RI 3KRWRFDWDO\WLF $FWLYLW\ RI 7L2� )LOPV

7L2� ILOPV SUHSDUHG E\ VRO�JHOPHWKRG LQ YDULRXV WKLFNQHVVHV ZHUH

WHVWHG DV SKRWRFDWDO\VWV IRU WKH GHFRPSRVLWLRQ RI ��SURSDQRO LQ JDV

SKDVH� 7KH JDV UHDFWRU V\VWHP XVHG IRU WKLV SKRWRFDWDO\WLF UHDFWLRQ

LV GHVFULEHG HOVHZKHUH��� 7KH QHW YROXPH RI JDV WLJKW UHDFWRU ZDV

���PO� DQG D 7L2� ILOP ZDV ORFDWHG LQ WKH FHQWHU RI WKH UHDFWRU� 7KH

ZKROH DUHD RI 7L2� ILOP ���PPî��PP� ZDV LUUDGLDWHG E\ D ���
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:;H ODPS WKURXJK WKH ��LQFK GLDPHWHU VLOLFD ZLQGRZ RQ WKH UHDF�

WRU� $IWHU HYDFXDWLRQ RI WKH UHDFWRU� D VWRLFKLRPHWULF DPRXQW RI ��

SURSDQRO DQG ZDWHU YDSRU ZDV DGGHG �WKH SDUWLDO SUHVVXUHV DUH ���

DQG ��7RUU� UHVSHFWLYHO\�� 7KH UHDFWRU SUHVVXUH ZDV WKHQ FRQWUROOHG

WR ���7RUU E\ WKH DGGLWLRQ RI R[\JHQ JDV� 8QGHU WKHVH FRQGLWLRQV�

��SURSDQRO DQG +�2 UHPDLQHG LQ YDSRU SKDVH� 7KH JDV PL[WXUHV LQ

WKH UHDFWRU ZHUH PDJQHWLFDOO\ FRQYHFWHG GXULQJ WKH LUUDGLDWLRQ� $IWHU

WKH LUUDGLDWLRQ� HYHU\ IHZ PLQXWHV ���PO RI JDV VDPSOH LQ WKH UHDF�

WRU ZDV DXWRPDWLFDOO\ SLFNHG XS DQG VHQW WR D JDV FKURPDWRJUDSK

�<RXQJ /LQ 0���'� E\ XVLQJ DQ DXWRVDPSOLQJ YDOYH V\VWHP �9DOFR

,QVWUXPHQWV ,QF�� $���� )RU WKH GHWHFWLRQ RI &2�� D PHWKDQL]HU ZDV

LQVWDOOHG EHWZHHQ WKH *& FROXPQ RXW�OHW DQG ),' GHWHFWRU�

�� 3KRWRFKHPLFDO 'HSRVLWLRQ RI $X 3DUWLFOHV RQ 7L2� )LOPV

$X&O� �$OGULFK� ZDV UHGXFHG WR $X RQ WKH VXUIDFH RI 7L2� ILOPV

E\ SKRWRFKHPLFDO GHFRPSRVLWLRQ� $ ��PO RI D �î��−�0 $X&O�
DTXHRXV VROXWLRQ ZDV DGGHG WR D VLOLFD UHDFWLRQ YHVVHO� 7L2� ILOP

ZDV WKHQ LPPHUVHG LQ WKLV $X&O� DTXHRXV VROXWLRQ� DQG WKH VDPSOH

ZDV LUUDGLDWHG E\ �� VHF ZLWK D ���:;H ODPS� 7KH LUUDGLDWHG 7L2�

ILOP ZDV WKRURXJKO\ ULQVHG ZLWK GLVWLOOHG ZDWHU� DQG WKH GHSRVLWHG

$X SDUWLFOHV RQ WKH VXUIDFH RI 7L2� ILOP ZHUH WKHQ REVHUYHG ZLWK

)(6(0�
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6HYHUDO 7L2� WKLQ ILOPV LQ WKH WKLFNQHVV RI ������ QP ZHUH SUH�

SDUHG E\ VRO�JHO PHWKRG� )(6(0 LPDJHV RI 7L2� ILOP LQ DERXW ���

QP�WKLFNQHVV GHSRVLWHG RQ VLOLFD JODVV DUH VKRZQ LQ )LJ� �� )URP

WKH SODQ�YLHZ DQG FURVV�VHFWLRQDO�YLHZ LPDJHV� WKH JUDLQV LQ WKH

7L2� ILOPV DUH VSKHULFDO VKDSH� DQG WKHLU GLDPHWHUV DUH ����� QP�

;5' SDWWHUQV LQ )LJ� � LQGLFDWH WKDW 7L2� ILOPV DQQHDOHG DW ���
R&

LQ � KU DUH SXUH DQDWDVH SKDVH UHJDUGOHVV RI ILOP WKLFNQHVV�

:H HYDOXDWHG WKH SKRWRFDWDO\WLF DFWLYLWLHV RI 7L2� ILOPV ZKRVH

WKLFNQHVVHV ZHUH LQ WKH UDQJH RI ������ QP� *DVHRXV ��SURSDQRO

ZDV XWLOL]HG DV D PRGHO FRPSRXQG IRU WKH HYDOXDWLRQ RI SKRWRFDWD�

O\WLF DFWLYLW\� ,W KDV EHHQ NQRZQ WKDW ��SURSDQRO LV SULPDULO\ GHFRP�

SRVHG WR DFHWRQH� DQG WKHQ ILQDOO\ GHFRPSRVHG WR&2� DQG+�2>)XML�

VKLPD HW DO�� ����@� 7KXV� LQ WKLV ZRUN� WKH SKRWRFDWDO\WLF DFWLYLW\

)LJ� �� )(6(0 LPDJHV RI 7L2� ILOP LQ ���QP�WKLFNQHVV GHSRVLWHG

RQ VLOLFD JODVV� �D� SODQ�YLHZ� �E� FURVV�VHFWLRQDO�YLHZ�

)LJ� �� ;5' SDWWHUQV RI 7L2� ILOPV LQ YDULRXV WKLFNQHVVHV� 6RO�JHO

GHULYHG 7L2� ILOPV ZHUH DQQHDOHG DW ��� R& IRU � KU�

)LJ� �� 'HFRPSRVLWLRQ SHUFHQWDJH RI ��SURSDQRO E\ WKH SKRWRFDWD�
O\WLF UHDFWLRQ ZLWK 7L2� ILOPV DV D IXQFWLRQ RI ILOP WKLFN�

QHVV �$IWHU ��PLQ RI LUUDGLDWLRQ ZLWK ���: ;H ODPS� WKH
GHFRPSRVHG SHUFHQWDJH RI ��SURSDQRO ZDV PHDVXUHG� 7KH

JDV FRPSRVLWLRQ LQ WKH UHDFWRU� ��SURSDQRO� ���7RUU� +�2�
�� 7RUU� 2�� ��� 7RUU��
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ZDV HVWLPDWHG E\ WZR ZD\V� )LUVW RI DOO� WKH GHFRPSRVLWLRQ RI ��

SURSDQRO WR DFHWRQH ZDV PRQLWRUHG� 7KDW LV� WKH SHUFHQWDJHV RI GH�

FRPSRVHG ��SURSDQRO LQ ��PLQ RI LUUDGLDWLRQ ZHUH PHDVXUHG� DQG

WKHVH YDOXHV ZHUH XVHG IRU WKH UHODWLYH FRPSDULVRQ RI SKRWRFDWD�

O\WLF DFWLYLW\� )LJ� � GHVFULEHV WKH GHFRPSRVLWLRQ UDWHV RI ��SUR�

SDQRO DV D IXQFWLRQ RI ILOP WKLFNQHVV� 7KH SKRWRFDWDO\WLF DFWLYLW\

ZDV RQ D FRQWLQXRXV LQFUHDVH ZLWK WKH LQFUHDVH RI WKH ILOP WKLFN�

QHVV� 7KH SHUFHQWDJH RI GHFRPSRVHG ��SURSDQRO ZLWK WKH 7L2� ILOP

LQ ��� QP�WKLFNQHVV ZDV ���� ZKLOH WKDW ZLWK WKH ILOP LQ �� QP

ZDV RQO\ ����

6HFRQG� WKH DPRXQW RI&2� HYROYHGZDV DQDO\]HG� )LJ� � GHVFULEHV

WKH DPRXQW RI &2� HYROYHG IRU WKH 7L2� ILOPV DV D IXQFWLRQ RI ILOP

WKLFNQHVV� ,Q WKLV FDVH� WKH SKRWRFDWDO\WLF DFWLYLW\ ZDV GHILQHG DV

WKH &2� HYROYHG LQ ��PLQ RI SKRWRFDWDO\WLF UHDFWLRQ� 7KH DPRXQW

RI HYROYHG &2� ZLWK 7L2� ILOPV LQ ���QP�WKLFNQHVV ZDV ���SSP�

ZKLOH WKDW ZLWK WKH ILOPV LQ �� QP ZDV ��� SSP�

7KHVH H[SHULPHQWV LQGLFDWH WKDW WKH SKRWRFDWDO\WLF DFWLYLW\ RI 7L2�

ILOPV LV VWURQJO\ GHSHQGHQW RQ WKH ILOP WKLFNQHVV� 7KHQ� ZKDW PDNHV

WKLFNHU ILOPVPRUH SKRWRFDWDO\WLFDOO\ DFWLYH" 7KHUH DUH VHYHUDO SRV�

VLEOH IDFWRUV OHDGLQJ WR WKLV UHVXOW� DV LOOXVWUDWHG EHORZ�

6FKHPH ,� 7KH WKLFNHU ILOP ZRXOG KDYH ODUJHU VXUIDFH DUHD� EH�

FDXVH WKH VXUIDFH URXJKQHVV LQFUHDVHV LQ JHQHUDO ZLWK WKH LQFUHDVH

RI ILOP WKLFNQHVV� 7KXV� LW LV H[SHFWHG WKDW WKH QXPEHU RI DFWLYH VLWHV

RQ WKH 7L2� VXUIDFH LQFUHDVHV�

6FKHPH ,,� 6RPH DONDOLQH LPSXULWLHV� ZKLFK DUH FRQVLGHUHG WR

EH GHWULPHQWDO WR SKRWRFDWDO\WLF R[LGDWLRQ UHDFWLRQ� LQ WKH JODVV VXE�

VWUDWH FDQ GLIIXVH LQWR 7L2� ILOP GXULQJ WKH DQQHDOLQJ SURFHVV� 7KH

GLIIXVLRQ RI DONDOLQH LPSXULWLHV IURP WKH JODVV VXEVWUDWH WR WKH VXU�

IDFH RI 7L2� ILOP ZRXOG EH PRUH GLIILFXOW IRU WKH WKLFNHU ILOP�

6FKHPH ,,,� )RU WKH WUDQVSDUHQW 7L2� ILOP� WKH OLJKW FDQ SHQHWUDWH

LQWR WKH LQVLGH RI 7L2� VXUIDFH� 7KXV� WKH 7L2� ORFDWHG XQGHUQHDWK

WKH VXUIDFH FDQ DOVR EH H[FLWHG E\ LUUDGLDWHG OLJKW� 7KHQ� WKH JHQ�

HUDWHG HOHFWURQ�KROH SDLUV PD\ EH WUDQVIHUUHG WR WKH VXUIDFH RI 7L2��

)RU WKH WKLFNHU ILOPV� D KLJKHU FRQFHQWUDWLRQ RI HOHFWURQ�KROH SDLUV�

ZKLFK SOD\ NH\ UROH LQ WKH SKRWRFDWDO\WLF R[LGDWLRQ UHDFWLRQ� PLJKW

EH JHQHUDWHG RQ WKH 7L2� VXUIDFH�

%HFDXVH WKH VRO�JHO GHULYHG 7L2� ILOPV GR QRW KDYH PLFURSRUHV

EHWZHHQ WKH JUDLQV� WKH PDMRU IDFWRU GHWHUPLQLQJ WKH VXUIDFH DUHD

RI 7L2� ILOP ZRXOG EH WKH URXJKQHVV RI ILOP VXUIDFH� 7KXV� ZH HYDO�

XDWHG WKH VXUIDFH URXJKQHVV RI HDFK 7L2� ILOP E\ $)0� $V LQ�

GLFDWHG LQ )LJ� �� WKH URRW PHDQ VTXDUH �506� URXJKQHVV RI 7L2�

ILOPV SUHSDUHG E\ VRO�JHO PHWKRGZDV QRW DSSUHFLDEO\ FKDQJHGZLWK

WKH LQFUHDVH RI ILOP WKLFNQHVV� ZKLOH WKH SKRWRFDWDO\WLF DFWLYLW\ ZDV

JUHDWO\ LQFUHDVHG ZLWK WKH LQFUHDVH RI ILOP WKLFNQHVV� 7KLV VXJJHVWV

WKDW 6FKHPH , LV QRW WKH PDLQ IDFWRU LQ GHWHUPLQLQJ WKH KLJK SKR�

WRFDWDO\WLF DFWLYLW\ IRU WKH WKLFN 7L2� ILOPV� ,Q DGGLWLRQ� D SXUH VLOLFD

JODVV ZDV XVHG DV VXEVWUDWH IRU WKLV H[SHULPHQW LQ RUGHU WR DYRLG

WKH GLIIXVLRQ RI LPSXULW\ LRQV� +HQFH� 6FKHPH ,, LV QRW D GRPLQDW�

LQJ IDFWRU� HLWKHU� 7KHUHIRUH� LW LV FRQVLGHUHG WKDW 6FKHPH ,,, LV DPRUH

SODXVLEOH PHFKDQLVP LQ LQGXFLQJ WKH WKLFNQHVV GHSHQGHQFH RI SKR�

WRFDWDO\WLF DFWLYLW\ IRU WKH 7L2� WKLQ ILOP�

9HULILFDWLRQ RI WKH 6FKHPH ,,, PHFKDQLVP UHTXLUHV GHWHFWLRQ RI

WKH DPRXQW RI HOHFWURQ�KROH SDLUV JHQHUDWHG RQ WKH VXUIDFH RI 7L2�

ILOPV LQ YDULRXV WKLFNQHVVHV� 6LQFH WKH GLUHFW PHDVXUHPHQW LV QRW D

WULYLDO PDWWHU� ZH HVWLPDWHG LW LQGLUHFWO\ E\ SHUIRUPLQJ WKH IROORZ�

LQJ WZR H[SHULPHQWV� )LUVW� ZH SHUIRUPHG D SKRWRFKHPLFDO GHSRVL�

WLRQ H[SHULPHQW ZLWK 7L2� ILOPV� $V ZH NQRZ� $X&O� GLVVROYHG LQ

DTXHRXV VROXWLRQ LV QRW DSSUHFLDEO\ GHFRPSRVHG WR PHWDOOLF $X ZLWK

WKH LUUDGLDWLRQ RI OLJKW LQ ��� QP� +RZHYHU� $X&O� FDQ YROXQWDULO\

EH GHFRPSRVHG WR PHWDOOLF $X ZLWK WKH SKRWRFDWDO\WLF UHDFWLRQ RI

7L2�� XQGHU WKH OLJKW LQ WKH VDPH ZDYHOHQJWK� 7KDW LV� $X
�� LRQ LQ

VROXWLRQ DFFHSWV SKRWRH[FLWHG HOHFWURQV IURP 7L2� VXUIDFH� DQG LW

IRUPV PHWDOOLF $X� DV LQGLFDWHG DW IROORZLQJ IRUPXOD�

$X����H−
ç$X

$V D UHVXOW� SKRWRGHFRPSRVHGPHWDOOLF $X LV GHSRVLWHG RQO\ RQ WKH

VXUIDFH RI 7L2� ILOP� 7KXV� LW LV GHGXFHG WKDW WKH DPRXQW RI SKRWR�

GHSRVLWHG$X RQ7L2� VXUIDFH LV SURSRUWLRQDO WR WKH GHQVLW\ RI FKDUJH�

VHSDUDWHG HOHFWURQ DQG KROH SDLUV RQ WKH VXUIDFH RI 7L2�� ,Q WKLV H[�

SHULPHQW� ZH REVHUYHG WKH DPRXQW RI SKRWRGHSRVLWHG $X RQ WKH

VXUIDFH RI 7L2� ILOPV LQ YDULRXV WKLFNQHVVHV� 3KRWRGHFRPSRVLWLRQ

UHDFWLRQ WLPH ZDV DGMXVWHG WR �� VHF IRU DOO H[SHULPHQWV� $OO 7L2�

ILOPV ZHUH VRO�JHO GHULYHG� DQG WKHLU VXUIDFH URXJKQHVV ZDV QRW DS�

SUHFLDEO\ GLIIHUHQW� DV LQGLFDWHG LQ )LJ� �� )LJ� � VKRZV )(6(0 LP�

DJHV IRU WKH SKRWRGHSRVLWHG $X� 1R$X ZDV GHSRVLWHG RQ WKH VLOLFD

)LJ� �� 3KRWRFDWDO\WLF R[LGDWLRQ UDWH RI ��SURSDQRO WR&2�ZLWK7L2�

ILOPV DV D IXQFWLRQ RI ILOP WKLFNQHVV �$IWHU ��PLQ RI LUUDGL�
DWLRQZLWK ���:;H ODPS� WKH FRQFHQWUDWLRQ RI&2� HYROYHG

ZDV PHDVXUHG� 7KH JDV FRPSRVLWLRQ LQ WKH UHDFWRU� ��SUR�
SDQRO� ��� 7RUU� +�2� �� 7RUU� 2�� ��� 7RUU��

)LJ� �� 506 URXJKQHVV RI VRO�JHO GHULYHG 7L2� ILOPV LQ YDULRXV

WKLFNQHVVHV�
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JODVV ZLWKRXW 7L2� ILOP� DV ZH KDG H[SHFWHG� 2Q WKH 7L2� ILOPV�

PHWDOOLF $X LV GHSRVLWHG DV D IRUP RI SDUWLFOH LQ WKH VL]H RI DERXW

������ QP� :LWK WKH LQFUHDVH RI ILOP WKLFNQHVV� WKH QXPEHU RI $X

SDUWLFOHV LV JUHDWO\ LQFUHDVHG� 7KLV LQGLFDWHV WKDW PRUH HOHFWURQ DQG

KROH SDLUV DUH JHQHUDWHG RQ WKH VXUIDFH RI 7L2� ZLWK WKH LQFUHDVH RI

ILOP WKLFNQHVV� ,W LV GHULYHG WKDW WKH HOHFWURQ DQG KROH SDLUV JHQHU�

DWHG LQ WKH EXON 7L2� DUH WUDQVIHUUHG WR WKH VXUIDFH RI 7L2� ILOP�

6HFRQG� ZH GHWHUPLQHG WKH NLQHWLF SDUDPHWHUV IRU WKH 7L2� ILOPV

LQ WKH SKRWRFDWDO\WLF GHFRPSRVLWLRQ UHDFWLRQ RI JDVHRXV ��SUR�

SDQRO� /DQJPXLU�+LQVKHOZRRG NLQHWLF WUHDWPHQW ZDV LQWURGXFHG WR

GHWHUPLQH WKH NLQHWLF SDUDPHWHUV IRU WKH 7L2� ILOPV� 7KLV LV D YHU\

VLPSOH PRGHO� EXW LW ZRXOG EH D UHDVRQDEOH PRGHO LQ GHVFULELQJ RXU

SKRWRFDWDO\WLF UHDFWLRQ� VLQFH RXU SKRWRFDWDO\WLF UHDFWLRQ LV D NLQG

RI JDV SKDVH UHDFWLRQ WDNLQJ SODFH RQ WKH VXUIDFH RI KHWHURJHQHRXV

FDWDO\VWV� )URP WKH WUDGLWLRQDO GHULYDWLRQ RI /DQJPXLU�+LQVKHOZRRG

NLQHWLFV�. UHSUHVHQWV WKH HTXLOLEULXP ELQGLQJ FRQVWDQW� ZKLOH N UH�

IOHFWV WKH UHDFWLRQ UDWH FRQVWDQW� WKDW LV� D PHDVXUH RI LQWULQVLF UH�

DFWLYLW\ DW WKH VXUIDFH RI FDWDO\VW� 7KH UDWH RI UHDFWLRQ �U� FDQ EH H[�

SUHVVHG E\

U N.3����.3� ���

$W DQ LQLWLDO YDSRU SUHVVXUH �3
R
�� DERYH HTXDWLRQ FDQ EH PRGLILHG

WR

��U
R
 ��N����N.3

R
� ���

,QLWLDO UHDFWLRQ UDWH �U
R
� FDQ EH PHDVXUHG VLPSO\ E\

U
R
 �3

R
−3��∆W ���

ZKHUH 3 LV WKH YDSRU SUHVVXUH RI UHDFWDQW ���SURSDQRO� DIWHU D JLYHQ

WLPH LQWHUYDO �∆W��
,Q WKLV H[SHULPHQW�∆WZDV FKRVHQ WR EH � PLQ DQG WKH LQLWLDO YDSRU

SUHVVXUH RI ��SURSDQRO �3
R
� ZDV YDULHG IURP �î��−� WR ���î��−� DWP�

%\ SORWWLQJ ��3
R
YV� ��U

R
DV VKRZQ LQ )LJ� �� WKH UHDFWLRQ UDWH FRQ�

VWDQWV �N� DQG HTXLOLEULXP ELQGLQJ FRQVWDQWV �.� RI 7L2� ILOPV LQ

GLIIHUHQW WKLFNQHVV ZHUH GHWHUPLQHG �VHH 7DEOH ��� ,Q WKH SKRWRFDW�

DO\WLF UHDFWLRQ� N LQGLFDWHV WKH GHFRPSRVLWLRQ UDWH FRQVWDQW IRU WKH

DGVRUEHG UHDFWDQW PROHFXOHV� DQG LW LV FORVHO\ UHODWHG WR WKH GHQVLW\

RI HOHFWURQ�KROH SDLUV JHQHUDWHG RQ WKH 7L2� VXUIDFH� . UHSUHVHQWV

WKH QXPEHU RI DFWLYH VLWHV� DQG LW LV UHODWHG WR WKH PLFURVWUXFWXUH RU

)LJ� �� )(6(0 LPDJHV IRU WKH SKRWRGHSRVLWHG $X RQ 7L2� ILOPV LQ YDULRXV WKLFNQHVVHV� �D� RQ VLOLFD JODVV� �E� RQ 7L2� ILOPV LQ �� QP�

�F� RQ 7L2� ILOPV LQ ��� QP� �G� RQ 7L2� ILOPV LQ ��� QP�

)LJ� �� &RQFHQWUDWLRQ GHSHQGHQFH RI LQLWLDO UHDFWLRQ UDWH� 7KH SDU�
WLDO SUHVVXUH RI LQLWLDO ��SURSDQRO ZDV YDULHG IURP �î��−�

DWP WR ���î��−� DWP�



7KLFNQHVV (IIHFW LQ WKH 3KRWRFDWDO\WLF $FWLYLW\ RI 7L2� 7KLQ )LOPV 'HULYHG IURP 6RO�*HO 3URFHVV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

VXUIDFH DUHD RI 7L2� ILOP� &RPSDUHG WR 7L2� ILOPV LQ �� QP� WKH

7L2� ILOPV LQ ��� QP KDYH ��� WLPHV KLJKHU UHDFWLRQ UDWH FRQVWDQW�

ZKLOH. LV QRW EDVLFDOO\ GLIIHUHQW� ,W LV EHOLHYHG WKDW WKH KLJKHU UHDF�

WLRQ UDWH FRQVWDQW IRU WKH WKLFNHU 7L2� ILOP LV FORVHO\ UHODWHG WR WKH

KLJKHU QXPEHU RI HOHFWURQ DQG KROH SDLUV RQ WKH VXUIDFH RI 7L2��

2Q WKH RWKHU KDQG� WKH HTXLOLEULXP ELQGLQJ FRQVWDQW �.� ZDV QRW

PXFK GLIIHUHQW EHWZHHQ WKH WKLFN DQG WKLQ 7L2� ILOPV� 7KLV LPSOLHV

WKDW WKH QXPEHU RI DFWLYH VLWHV LV QRW DSSUHFLDEO\ FKDQJHGZLWK WKH LQ�

FUHDVH RI WKLFNQHVV� 7KHUHIRUH� WKLV H[SHULPHQW DOVR VXSSRUWV 6FKHPH

,,, PHFKDQLVP�

7KHQ� KRZ ZRXOG WKH HOHFWURQ�KROH SDLUV� JHQHUDWHG LQ WKH EXON

7L2�� EH WUDQVIHUUHG WR WKH VXUIDFH RI 7L2�" ,Q D VLQJOH FU\VWDO WKH

WUDQVIHU RI HOHFWURQ DQG KROHV WR WKH FU\VWDO VXUIDFH ZRXOG EH YHU\

HIILFLHQW� LI WKH UHFRPELQDWLRQ ZDV QRW FRQVLGHUHG� ,Q WKLV FDVH� WKH

HOHFWURQV DQG KROHV PD\ VLPSO\ GULIW WKURXJK WKH VDPH FRQGXFWLRQ

DQG YDOHQFH EDQG� UHVSHFWLYHO\� )RU WKH SRO\FU\VWDOOLQH ILOPV� KRZ�

HYHU� WKH WUDQVIHU RI HOHFWURQ DQG KROH SDLUV ZRXOG EH PXFK PRUH

FRPSOLFDWHG�7KH JHQHUDWHG HOHFWURQ DQGKROH SDLUVPXVW SDVV WKURXJK

WKH PDQ\ JUDLQ ERXQGDULHV� :H KDYH VXJJHVWHG WZR SRVVLEOH SDWK�

ZD\V IRU WKH WUDQVIHU RI HOHFWURQ DQG KROH SDLUV JHQHUDWHG LQ WKH EXON

WR WKH ILOP VXUIDFH� DV VKRZQ LQ )LJ� �� 3DWKZD\ , VHHPV WR EH UH�

ODWLYHO\ GLIILFXOW� EHFDXVH WKH HOHFWURQ DQG KROH SDLUV VKRXOG SDVV

WKURXJK PDQ\ LQWHUIDFHV� 3DWKZD\ ,, LQGLFDWHV WKDW WKH JHQHUDWHG

HOHFWURQ DQG KROH SDLUV DUH RQFH PRYHG WR WKH JUDLQ ERXQGDU\� DQG

WKHQ WUDQVIHUUHG WR WKH VXUIDFH RI ILOP DORQJ WKH JUDLQ ERXQGDU\�:H

EHOLHYH WKDW WKLV LV D PRUH SODXVLEOH PHFKDQLVP�

&21&/86,216

7KH SKRWRFDWDO\WLF DFWLYLWLHV RI 7L2� ILOPV LQ GHFRPSRVLQJ JDV�

HRXV ��SURSDQRO ZHUH JUHDWO\ LQFUHDVHG ZLWK WKH LQFUHDVH RI ILOP

WKLFNQHVV� 7KH DPRXQW RI &2� HYROYHG ZLWK 7L2� ILOPV LQ ��� QP�

WKLFNQHVV ZDV DERXW ��� WLPHV WKDW RI ILOPV LQ �� QP�WKLFNQHVV� $X

SKRWRFKHPLFDO GHSRVLWLRQ UHVXOW LQGLFDWHV WKDW WKH QXPEHU RI GHSRV�

LWHG $X SDUWLFOHV RQ WKH VXUIDFH RI 7L2� ILOP JUHDWO\ LQFUHDVHV ZLWK

WKH LQFUHDVH RI 7L2� ILOP WKLFNQHVV� 7KH UHDFWLRQ UDWH FRQVWDQW �N�

RI WKH 7L2� ILOP LQ ��� QP�WKLFNQHVV ZDV ��� WLPHV WKDW RI WKH ILOP

LQ �� QP� ZKLOH WKH HTXLOLEULXP ELQGLQJ FRQVWDQW �.� RI WKH WKLFN

ILOP ZDV QRW PXFK GLIIHUHQW IURP WKDW RI WKLQ ILOP� 7KHVH UHVXOWV

LQGLFDWH WKDW WKH SKRWRJHQHUDWHG HOHFWURQ DQG KROH SDLUV LQVLGH RI

WKH 7L2� VXUIDFH DUH WUDQVIHUUHG WR WKH ILOP VXUIDFH�

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

7KLVZRUNZDV VXSSRUWHG E\ ,QKD XQLYHUVLW\ UHVHDUFK JUDQW �,1+$�

������ DQG WKH ��VW FHQWXU\ IXQG�

5()(5(1&(6

$QSR�0��0DWVXRND�0��+DQR�.��0LVKLPD�+��2QR�7� DQG<DPDVK�

LWD�+�� ³3KRWRFDWDO\WLF'HFRPSRVLWLRQRI1�2RQ&X��<�=HROLWH&DW�

DO\VWV 3UHSDUHG E\ ,RQ�H[FKDQJH�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

&KDL� <��6� /HH� -��&� DQG .LP� %��:�� ³3KRWRFDWDO\WLF 'LVLQIHFWLRQ RI

(� FROL LQ D 6XVSHQGHG 7L2��89 5HDFWRU�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

&XL� +�� 6KHQ� +��6�� *DR� <��0�� 'ZLJKW� .� DQG:ROG� $�� ³3KRWRFDW�

DO\WLF3URSHUWLHVRI7LWDQLXP�,9�2[LGH7KLQ)LOPV3UHSDUHGE\ 6SLQ

&RDWLQJ DQG 6SUD\ 3\URO\VLV�́ 0DW� 5HV� %XOO�� ��� ��� �������

+RIIPDQQ�0�5��0DUWLQ� 6� 7�� &KRL�:� DQG%DKQHPDQQ�'�:�� ³(Q�

YLURQPHQWDO $SSOLFDWLRQV RI 6HPLFRQGXFWRU 3KRWRFDWDO\VWV�́ &KHP�

5HY�� ��� �� �������

-XQJ� .� 7�� 6KXO� <�*�� $QSR� 0� 7� DQG <DPDVKLWD� +�� ³3UHSDUDWLRQ

RI 7UDQVSDUHQW 76�� =HROLWH )LOP DQG ,WV 3KRWRFDWDO\WLF ,VRPHUL]D�

WLRQ XQGHU89 ,UUDGLDWLRQ�́ .RUHDQ -� &KHP�(QJ����� ��� �������

.ZRQ� <� 7�� 6RQJ� .�<�� /HH� :� ,�� &KRL� *� -� DQG 'R<�5�� ³3KRWR�

FDWDO\WLF %HKDYLRU RI:2��ORDGHG 7L2� IRU WKH 2[LGDWLRQ 5HDFWLRQ�́

-� &DWDO�� ���� ��� �������

0DWWKHZV� 5�:�� ³.LQHWLFV RI 3KRWRFDWDO\WLF 2[LGDWLRQ RI2UJDQLF 6R�

OXWHV RYHU 7LWDQLXP 'LR[LGH�́ -� &DWDO�� ���� ��� �������

1R]LN�$� -�� ³3KRWRHOHFWURFKHPLVWU\�$SSOLFDWLRQV WR6RODU(QHUJ\&RQ�

YHUVLRQ�́ $QQ� 5HY� 3K\V� &KHP�� ��� ��� �������

2KNR�<��+DVKLPRWR�.� DQG)XMLVKLPD�$�� ³.LQHWLFV RI3KRWRFDWDO\WLF

5HDFWLRQV XQGHU ([WUHPHO\ /RZ�,QWHQVLW\ 89 ,OOXPLQDWLRQ RQ7LWD�

QLXP'LR[LGH 7KLQ )LOPV�́ -� 3K\V� &KHP� $� ���� ���� �������

6RQJ�.�<��3DUN�0�.��.ZRQ�<� 7�� /HH�+�:��&KXQJ:� -� DQG/HH�

:� ,�� ³3UHSDUDWLRQ RI 7UDQVSDUHQW 3DUWLFXODWH0R2��7L2� DQG:2��

7L2� )LOPV DQG 7KHLU 3KRWRFDWDO\WLF 3URSHUWLHV�́ &KHP� 0DWHU�� ���

���� �������

:DQJ�5��+DVKLPRWR�.�� )XMLVKLPD�$�� &KLNXQL�0��.RMLPD� (��.LWD�

PXUD� $�� 6KLPRKLJRVKL�0� DQG:DWDQDEH� 7�� ³/LJKW�LQGXFHG$P�

SKLSKLOLF 6XUIDFHV�́ 1DWXUH� ���� ��� �������

:DQJ�5��+DVKLPRWR�.�� )XMLVKLPD�$�� &KLNXQL�0��.RMLPD� (��.LWD�

PXUD� $�� 6KLPRKLJRVKL� 0� DQG:DWDQDEH 7�� ³3KRWRJHQHUDWLRQ RI

+LJKO\ $PSKLSKLOLF 7L2� 6XUIDFHV�́ $GY�0DWHU����� ��� �������

<X� -�� =KDR� ;� DQG =KDR� 4�� ³(IIHFW RI )LOP 7KLFNQHVV RQ WKH *UDLQ

6L]H DQG 3KRWRFDWDO\WLF $FWLYLW\ RI WKH 6RO�*HO 'HULYHG1DQRPHWHU

7L2� 7KLQ )LOPV�́ -� 0DW� 6FL� /HWW�� ��� ���� �������

7DEOH �� .LQHWLF SDUDPHWHUV IRU 7L2� ILOPV LQ GLIIHUHQW WKLFN�
QHVVHV

7KLFNQHVV RI 7L2� ILOP N �DWPÂPLQ−�� . �DWP−��

�� ���î��−� ���

��� ���î��−� ���

)LJ� �� 6XJJHVWHG SRVVLEOH SDWKZD\V IRU WKH WUDQVIHU RI HOHFWURQ�
KROH SDLUV JHQHUDWHG LQ WKH EXON WR WKH VXUIDFH RI 7L2��


