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6RPH SK\VLFR�FKHPLFDO SURSHUWLHV DQG UHDFWLYLW\ LQ WKHLU UHGXFWLRQ ZLWK K\GURJHQ RI
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�
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�
PL[HG R[LGHV SUHSDUHG LQ D GU\ ZD\ KDYH EHHQ VWXGLHG XVLQJ LVRWKHUPDO WKHUPR�

JUDYLPHWU\ LQ WKH UDQJH RI ���−���R& DQG WHPSHUDWXUH�SURJUDPPHG UHGXFWLRQ� ,W ZDV IRXQG WKDW

DGGLWLRQ RI VPDOO DPRXQWV RI FKORULGH DQG DFHWDWH DQLRQV UHWDUGHG WKH UHGXFWLRQ RI QLFNHO R[LGH

DQG DFFHOHUDWHG WKH UHGXFWLRQ RI PL[HG R[LGHV� 7KH SUHVHQFH RI R[DODWH DQG IRUPDWH LRQV PDQL�

IHVWV LWVHOI E\ D VPDOO SRVLWLYH HIIHFW� ,QWURGXFWLRQ RI SODWLQXP DFWLYDWRU RU KHDW WUHDWPHQW RI WKH

VDPSOHV LQ YDULRXV DWPRVSKHUHV OHG WR D SURQRXQFHG LQFUHDVH LQ WKH UHGXFWLRQ UDWH� 7KH HIILFLHQF\

RI WKH VSLOO�RYHU HIIHFW LQFUHDVHV ZLWK LQFUHDVLQJ SURSRUWLRQ RI QRQ�UHGXFLEOH <
�
2

�
� 7KH SUH�LUUD�

GLDWLRQ RI WKH VDPSOHV E\ DFFHOHUDWHG HOHFWURQV DQG JDPPD UD\V DW D GRVH RI � 0*\ UHVXOWV LQ D

QHJDWLYH NLQHWLF HIIHFW RQO\ ZLWK WKH VDPSOHV FRQWDLQLQJ DQ H[FHVV RI QLFNHO R[LGH�

.H\ZRUGV� K\GURJHQ UHGXFWLRQ� 1L2−<
�
2

�
PL[HG R[LGHV� SK\VLFR�FKHPLFDO SURSHUWLHV

,QWURGXFWLRQ

,W LV NQRZQ WKDW WKH FRQGLWLRQV RI SUHSDUDWLRQ LQFOXGLQJ WKH JHQHVLV DQG RYHUDOO
SUH�KLVWRU\ LQIOXHQFH WKH UHDFWLYLW\ RI VROLGV LQ WKHLU FKHPLFDO UHDFWLRQV DQG WUDQVIRU�
PDWLRQV >�@� 7KH UDWH RI UHGXFWLRQ RI PDQ\ ELQDU\ PL[HG R[LGHV ZLWK K\GURJHQ ZDV
IRXQG QRW WR EH DGGLWLYH EXW� DV D UXOH� LW VHHPHG WR EH UDWKHU GHWHUPLQHG E\ D PXWXDO
LQIOXHQFH RI WKH FRPSRQHQWV LQ WKH PL[HG V\VWHP� 7KLV FRQFOXVLRQ LV DOVR YDOLG IRU
YDULRXV PL[HG R[LGHV ZKHUH� IRU WKHUPRG\QDPLF UHDVRQV� RQH RI WKH FRPSRQHQWV LV
QRW UHGXFHG RU LV UHGXFHG WR ORZHU R[LGDWLRQ VWDWH RQO\ >�� �@� $OO V\VWHPV RI WKLV W\SH
VWXGLHG HDUOLHU ZHUH SUHSDUHG LQ D ZHW ZD\� L�H� E\ FDOFLQDWLRQ RI PL[HG FU\VWDOOLQH
VDOWV REWDLQHG E\ WKH HYDSRUDWLRQ RI PL[WXUHV RI WKHLU VWDUWLQJ VROXWLRQV >�@ RU E\ FDO�
FLQDWLRQ RI FRSUHFLSLWDWHG LQVROXEOH VDOWV >�@� 7KLV PDQQHU RI SUHSDUDWLRQ JXDUDQWHHG
D KLJK GHJUHH RI PXWXDO LQWHUDFWLRQ RI ERWK FRPSRQHQWV LQ WKH ILQDO PL[HG R[LGH V\V�
WHP� 7KH DLP RI WKH SUHVHQW ZRUN ZDV WR VWXG\ WKH SK\VLFR�FKHPLFDO SURSHUWLHV DQG
UHDFWLYLW\� WHVWHG E\ UHGXFWLRQ ZLWK K\GURJHQ� RI DQ DQDORJRXV V\VWHP� EXW SUHSDUHG
LQ D GU\ ZD\� L�H� E\ ORZ�WHPSHUDWXUH �XQGHU ���R&� FDOFLQDWLRQ RI PHFKDQLFDOO\ KR�
PRJHQL]HG SRZGHU\ PL[WXUH RI WKH R[LGH DQG SUHFXUVRU �EDVLF FDUERQDWH� RI WKH VHF�
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RQG FRPSRQHQW� 0RUHRYHU� WKH LQIOXHQFH RI YDULRXV IDFWRUV PRGLI\LQJ WKH UHDFWLYLW\
RI PL[HG R[LGHV LQ GHSHQGHQFH RQ WKH UDWLR RI WKH FRPSRQHQWV ZDV DOVR LQYHVWLJDWHG�
1L2−<�2� PL[HG R[LGHV RI YDULRXV FRPSRVLWLRQV ZHUH FKRVHQ IRU WKLV SXUSRVH�

([SHULPHQWDO

7KH VHULHV RI PL[HG R[LGHV ZLWK YDULRXV SURSRUWLRQV RI WKH FRPSRQHQWV LQ WKH
UDQJH �−��� ZW� ZHUH SUHSDUHG E\ WKHUPDO GHFRPSRVLWLRQ RI WKH PL[WXUH RI <�2�

DQG EDVLF QLFNHO FDUERQDWH IRU � K DW ���R& LQ DLU� %DVLF QLFNHO FDUERQDWH ZDV SUH�
FLSLWDWHG IURP WKH VWDUWLQJ VROXWLRQ RI $5 JUDGH 1L�12���⋅�+�2 ���� PRO O−�� ZLWK D
��� VWRLFKLRPHWULF H[FHVV RI D VROXWLRQ RI 1D�&2� ����� PRO O−�� XQGHU VWLUULQJ DW
URRP WHPSHUDWXUH� 7KH FDUHIXOO\ ZDVKHG DQG GULHG SUHFLSLWDWH ZDV SXOYHUL]HG E\
JULQGLQJ LQ DQ DJDWH PRUWDU� 7KLV SUHFXUVRU ZDV PL[HG ZLWK SRZGHU\ $5 JUDGH <�2�

�0HUFN� LQ WKH UHTXLUHG UDWLRV RI WKH PHWDOV LQ DQ DTXHRXV VXVSHQVLRQ ZLWK LQWHQVLYH
DJLWDWLRQ� $IWHU ILOWUDWLRQ DQG GU\LQJ DW ���R&� WKH PL[WXUH ZDV DJDLQ KRPRJHQL]HG
E\ JULQGLQJ DQG WKHQ FDOFLQHG� 7KH RSWLPXP FRQGLWLRQV RI GHFRPSRVLWLRQ ZHUH SUH�
OLPLQDULO\ HVWDEOLVKHG E\ '7$ PHDVXUHPHQW RI WKH SUHFXUVRUV�

7KH PHWDOV ZHUH GHWHUPLQHG LQ WKH PL[HG R[LGHV E\ DWRPLF DEVRUSWLRQ VSHFWURV�
FRS\ FRPELQHG ZLWK FKHODWRPHWU\� 7KH SKDVH FRPSRVLWLRQ RI WKH VDPSOHV ZDV LQYHV�
WLJDWHG E\ ;�UD\ GLIIUDFWLRQ XVLQJ QLFNHO�ILOWHUHG &X.α UDGLDWLRQ� 6SHFLILF VXUIDFH
DUHDV ZHUH PHDVXUHG E\ ORZ�WHPSHUDWXUH VHOHFWLYH DGVRUSWLRQ RI QLWURJHQ IURP D
+��1� PL[WXUH DQG WKH PRUSKRORJ\ RI WKH VWDUWLQJ PL[HG R[LGHV DQG WKH SURGXFWV RI
WKHLU UHGXFWLRQ ZDV LQYHVWLJDWHG XVLQJ D -60 ��� $ �-HRO� VFDQQLQJ HOHFWURQ PLFUR�
VFRSH� 7KH FRQWHQW RI LRQRJHQLF FKHPLVRUEHG R[\JHQ �R[LGDWLRQ DELOLW\ RI WKH R[LGH
VXUIDFH H[SUHVVHG DV WKH VXUIDFH FRQFHQWUDWLRQ RI 2�± LRQV� ZDV GHWHUPLQHG E\ LR�
GRPHWULF WLWUDWLRQ� )RU VWXG\LQJ WKH HIIHFW RI UDGLDWLRQ RQ WKH UHDFWLYLW\� SDUW RI HDFK
VDPSOH ZDV LUUDGLDWHG ZLWK ��&R JDPPD UD\V LQ DLU RU E\ DFFHOHUDWHG HOHFWURQV RI DQ
DYHUDJH HQHUJ\ RI � 0H9 IURP D KLJK�IUHTXHQF\ OLQHDU DFFHOHUDWRU XVLQJ D GRVH RI
� 0*\ LQ ERWK FDVHV� 7KH KHDW WUHDWPHQW RI VHOHFWHG VDPSOHV ZDV SHUIRUPHG LQ DQ LQ�
HUW �$U� RU R[\JHQ DWPRVSKHUH IRU � K DW ���R&� DQG � K DW ���R&� 7KH VDPSOHV
WUHDWHG LQ WKLV PDQQHU ZHUH� SULRU WR XVH� FRROHG GRZQ WR URRP WHPSHUDWXUH LQ WKH
VDPH DWPRVSKHUH�

7KH FKHPLFDO PRGLILFDWLRQ RI WKH UHDFWLYLW\ ZDV SHUIRUPHG E\ LPSUHJQDWLRQ RI
WKH VDPSOHV ZLWK VROXWLRQV RI KH[DFKORURSODWLQLF DFLG DQG RWKHU DFLGV� ,Q WKH IRUPHU
FDVH D VXVSHQVLRQ RI WKH VDPSOH ZLWK �� DTXHRXV VROXWLRQ RI +�3W&O� ZDV SUHSDUHG
DQG DIWHU D IRXU�GD\ VWRUDJH� WKH OLTXLG SKDVH ZDV UHPRYHG E\ GU\LQJ DW ���R& WR
FRQVWDQW PDVV� 7KH DFWLYDWHG VDPSOH ZDV HLWKHU GLUHFWO\ UHGXFHG ZLWK K\GURJHQ RU
WKH WLPH FRXUVH RI WKH WKHUPDO GHFRPSRVLWLRQ RI WKH DFWLYDWRU LQ DLU DQG WKH VXE�
VHTXHQW UHGXFWLRQ ZLWK K\GURJHQ DW WKH VDPH WHPSHUDWXUH ZHUH PHDVXUHG� ,Q WKH ODW�
WHU FDVH WKH VXVSHQVLRQ RI WKH VDPSOHV ZLWK VROXWLRQV RI K\GURFKORULF DFLG
���−�

PRO O
−��� R[DOLF DFLG �� PRO O−�� DV ZHOO DV FRQFHQWUDWHG DFHWLF DQG IRUPLF DFLGV

ZHUH SUHSDUHG� $IWHU DOORZLQJ WR VWDQG IRU WZHQW\ PLQXWHV� WKH VXVSHQVLRQ ZDV ILO�
WHUHG DQG� SULRU WR PHDVXUHPHQW� HLWKHU GLUHFWO\ GULHG DW ���R& WR FRQVWDQW PDVV� RU
UHSHDWHGO\ ZDVKHG ZLWK D KRW GLVWLOOHG ZDWHU DQG WKHQ GULHG XQGHU WKH VDPH FRQGL�
WLRQV�
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7KH UHGXFWLRQ NLQHWLFV ZDV VWXGLHG SDUWO\ E\ LVRWKHUPDO WKHUPRJUDYLPHWU\ LQ WKH
WHPSHUDWXUH UDQJH RI ���−���R& DQG SDUWO\ LQ WKH QRQ�LVRWKHUPDO UHJLPH �WHPSHUD�
WXUH SURJUDPPHG UHGXFWLRQ� DW D KHDWLQJ UDWH RI ��R& PLQ−� XS WR ���R&� 7KH VWDQG�
DUG FRQGLWLRQV RI PHDVXUHPHQW XVHG L�H� �� PJ VDPSOHV DQG K\GURJHQ IORZ UDWH RI
�� PO PLQ−�� JXDUDQWHHG WKH LQGHSHQGHQFH RI WKH NLQHWLFV RI VDPSOH UHGXFWLRQ DW DQ
DUELWUDU\ FRPSRVLWLRQ RI WKH IORZ UDWH RI WKH UHGXFLQJ JDV�

5HVXOWV�DQG�GLVFXVVLRQ

3K\VLFR�FKHPLFDO SURSHUWLHV RI 1L2−<�2� PL[HG R[LGHV

7KH FKHPLFDO �7DEOH �� DQG ;�UD\ DQDO\VHV VKRZ WKDW WKH V\VWHP XQGHU VWXG\
FRQVLVWV RI WKH FXELF SKDVHV RI 1L2 DQG <�2� DV WKH PDMRU FRPSRQHQWV� ,Q ERWK PDU�
JLQDO UHJLRQV RI FRPSRVLWLRQ WKH LQFRUSRUDWLRQ RI WKH VHFRQG FRPSRQHQW GRHV QRW
OHDG WR WKH FKDQJH RI WKH ODWWLFH SDUDPHWHUV RI WKH PDMRULW\ R[LGH� 7KH PXWXDO LQWHU�

7DEOH � &RPSRVLWLRQ� VSHFLILF VXUIDFH DUHDV �6� RI 1L2−<
�
2

�
PL[HG R[LGHV DQG VXUIDFH R[LGDWLYH

DELOLW\ �;� RI WKH IUHVK VDPSOHV �$� DQG DIWHU � PRQWKV RI VWRUDJH �%�
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DFWLRQ RI ERWK FRPSRQHQWV LV HYLGHQW IURP WKH QRQ�PRQRWRQRXV GHSHQGHQFHV RI WKH
VL]H RI PLFURFU\VWDOOLWHV �FRKHUHQW UHJLRQV� DQG VSHFLILF VXUIDFH DUHDV RQ FRPSRVL�
WLRQ �)LJ� � DQG 7DEOH ��� 7KH YDOXHV RI VSHFLILF VXUIDFH DUHDV FKDQJHG IURP � WR
�� P� J−� ZLWK D PD[LPXP LQ WKH FHQWUDO UDQJH RI FRPSRVLWLRQ RI WKH VDPSOHV� 7KHVH
YDOXHV PD\ EH FRUUHODWHG RQ WKH EDVLV RI D PRUSKRORJLFDO LQYHVWLJDWLRQ RI WKH VDP�
SOHV FUHDWLQJ DJJORPHUDWHV ZLWK DYHUDJH VL]H RI DERXW � µP ZLWKRXW GLVWLQFW SRURXV
WH[WXUH� 7KH UHGXFWLRQ RI WKH VDPSOHV FRQWDLQLQJ DQ H[FHVV RI QLFNHO R[LGH OHDGV WR
WKH GLVLQWHJUDWLRQ RI VSKHULFDO JUDLQV WR SDUWLFOHV ZLWK DYHUDJH GLPHQVLRQV VPDOOHU
WKDQ � µP DFFRPSDQLHG E\ D VLPXOWDQHRXV GHFUHDVH LQ VXUIDFH DUHDV� 7KLV TXDQWLW\
LV DOVR UHGXFHG E\ DERXW �� RU ��� FRPSDUHG ZLWK WKH RULJLQDO PL[HG R[LGHV WKHU�
PDOO\ WUHDWHG DW ��� DQG ���R& RZLQJ WR WKH PLFURVLQWHULQJ SURFHVVHV RFFXUULQJ XQ�
GHU WKH DERYH JLYHQ FRQGLWLRQV�

7KH VXUIDFH R[LGDWLYH DELOLW\ FKDQJHV ZLWK WKH VDPSOH FRPSRVLWLRQ DFKLHYLQJ
]HUR YDOXH LQ WKH UHJLRQ RI D KLJK H[FHVV RI \WWULXP R[LGH� LQFOXGLQJ SXUH <�2� �7D�
EOH ��� $IWHU � PRQWKV RI VDPSOH VWRUDJH LQ DLU DW URRP WHPSHUDWXUH WKLV TXDQWLW\ GH�
FUHDVHV ZLWK WKH H[FHSWLRQ RI VDPSOHV ZLWK SUHGRPLQDQW FRQWHQW RI <�2�� +RZHYHU�
DIWHU �� PRQWKV RI VWRUDJH QR IXUWKHU FKDQJHV LQ WKH VXUIDFH R[LGDWLYH DELOLW\ ZHUH
IRXQG IRU WKH VDPSOHV LQFOXGLQJ WKH SXUH <�2� ZLWK SHUPDQHQWO\ ]HUR DPRXQW RI
FKHPLVRUEHG R[\JHQ� 7KH ORZ DIILQLW\ RI WKLV R[LGH WR R[\JHQ LV LQ DFFRUGDQFH ZLWK
LWV HOHFWULFDO SURSHUWLHV� <�2� EHORQJV WR VDWXUDWHG FRPSRXQGV ZLWK IXOO\ RFFXSLHG
HQHUJHWLF EDQG RI PHWDOOLF ODWWLFH LRQV ��V� �S�� DQG EHKDYHV DV DQ LQVXODWRU >�@ RU
ZHDN Q�VHPLFRQGXFWRU� 7KH FKDQJHV RI WKH SDUDPHWHU XQGHU GLVFXVVLRQ GXULQJ VWRU�
DJH RI WKH VDPSOHV HYLGHQFH WKH HVWDEOLVKPHQW RI D QHZ DGVRUSWLYH HTXLOLEULXP EH�
WZHHQ WKH DWPRVSKHULF R[\JHQ DQG WKH VXUIDFH RI R[LGHV FRQWDLQLQJ S�VHPLFRQGXF�
WLYH RYHU�VWRLFKLRPHWULF QLFNHO R[LGH� 7KH GLVVRFLDWLYH FKHPLVRUSWLRQ RI PROHFXODU
R[\JHQ SUREDEO\ SURFHHGV LQ WKH ZKROH UDQJH RI FRPSRVLWLRQV RQO\ RQ WKH FHQWUHV
FUHDWHG E\ WKH LRQLF SDLUV RI 1L��−1L��� 7KHVH LRQV XQGHUJR D WUDQVLWLRQ E\ WKH FKHPL�
VRUSWLRQ RI R[\JHQ WR KLJKHU R[LGDWLRQ VWDWHV DFFRUGLQJ WR WKH HTXDWLRQ�

1L��−1L�� � 2� → 1L��−1L�� � 2�−

)LJ� � 6L]HV RI WKH FRKHUHQW UHJLRQV / �QP� RI 1L2 ��� DQG <
�
2

�
��� YV� FRPSRVLWLRQ
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$V LW IROORZV IURP 7DEOH �� WKH VXUIDFH R[LGDWLYH DELOLW\ FDQ EH DIIHFWHG E\ SUH�LU�
UDGLDWLRQ XQGHU WKH DERYH JLYHQ FRQGLWLRQV� 7KH LQIOXHQFH RI LUUDGLDWLRQ RQ WKH
FKDQJH RI WKLV SDUDPHWHU ZDV H[SUHVVHG E\ WKH UHODWLRQ

∆;�� = ���
; ∗ − ;

;

ZKHUH ;
∗ DQG ; GHQRWH WKH VSHFLILF VXUIDFH R[LGDWLYH DELOLW\ RI WKH LUUDGLDWHG DQG

RULJLQDO VDPSOH� UHVSHFWLYHO\�

7KH TXDQWLW\ ∆; FKDQJHV QRQ�PRQRWRQRXVO\ ZLWK WKH FRPSRVLWLRQ RI WKH VDPSOHV
DQG EHJLQQLQJ ZLWK VDPSOH � KDV RQO\ SRVLWLYH YDOXHV� 7KLV JLYHV HYLGHQFH IRU WKH UD�
GLDWLRQ�LQGXFHG R[LGDWLRQ RI ORZ YDOHQF\ LRQV �FHQWUHV 1L��−1L��� ERWK ZLWK WKH DF�
FHOHUDWHG HOHFWURQV DQG E\ WKH JDPPD UD\V� +RZHYHU� WKH PL[HG V\VWHP XQGHU VWXG\
DSSHDUV WR EH PRUH VHQVLWLYH WR WKH JDPPD UD\V DV FRPSDUHG ZLWK WKH HOHFWURQ LUUD�
GLDWLRQ �KLJKHU YDOXHV RI WKH TXDQWLW\ ∆;�� :LWK SXUH <�2� WKH HQKDQFHG FKHPLVRUS�
WLRQ RI R[\JHQ FDQQRW EH LQLWLDWHG E\ UDGLDWLRQ� ZKHUHDV ZLWK VDPSOHV FRQWDLQLQJ DQ

7DEOH � &KDQJHV RI WKH VXUIDFH R[LGDWLYH DELOLW\ �∆;� RI PL[HG R[LGHV GXH WR DFFHOHUDWHG HOHFWURQV
DQG JDPPD LUUDGLDWLRQ DW D GRVH RI � 0*\

6DPSOH ∆; ��� GXH WR DFFHOHUDWHG HOHFWURQV ∆; ��� GXH WR JDPPD UD\V
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H[FHVV RI WKLV R[LGH �VDPSOHV �−�� WKH PLQRU 1L�� LRQV DUH UDGLDWLRQ UHGXFHG� 7KHVH
UDGLDWLRQ�LQGXFHG UHGR[ SURFHVVHV FDQ EH FRQQHFWHG QRW RQO\ ZLWK WKH LQFUHDVHG RU
GHFUHDVHG FKHPLVRUSWLRQ RI R[\JHQ �WKH VDPSOHV ZHUH LUUDGLDWHG LQ ERWK FDVHV LQ DLU�
EXW DOVR ZLWK WKH FKDQJHV RI WKH HTXLOLEULXP EHWZHHQ YDULRXV IRUPV �QHXWUDO RU GLI�
IHUHQW LRQRJHQLF IRUPV� RI VXUIDFH R[\JHQ >�@� 7KH WKHUPDO WUHDWPHQW RI WKH VDPSOHV
LQ ERWK DWPRVSKHUHV DW WZR GLIIHUHQW WHPSHUDWXUHV� OHDGV WR WKH DFWLYDWLRQ RI WKH VXU�
IDFH �GHVRUSWLRQ RI UHVLGXDO JDVHV DQG ZDWHU� DQG WR DQ LQFUHDVH LQ WKH FKHPLVRUSWLRQ
RI R[\JHQ�

5HGXFWLRQ RI PL[HG R[LGHV E\ K\GURJHQ DQG HIIHFWV RI GLIIHUHQW WUHDWPHQWV

,Q WKH WHPSHUDWXUH UDQJH VWXGLHG RQO\ WKH ODVW QLQH �DW ���R&� RU WZHOYH �DW
���R&� VDPSOHV RI WKH VHULHV ZLWK VXIILFLHQW QLFNHO R[LGH FRQWHQW DUH UHGXFHG DW D
PHDVXUDEOH UDWH� 7KH GHJUHH RI UHGXFWLRQ FDOFXODWHG E\ FRPSDULVRQ RI WKH WKHRUHWLFDO
DQG H[SHULPHQWDO PDVV ORVVHV LV LQGHSHQGHQW RI WKH FRPSRVLWLRQ DQG VKRZV WKDW WKH
QLFNHO R[LGH SUHVHQW LQ WKH VDPSOH LV WRWDOO\ UHGXFHG� 7KH SUHVHQFH RI WKH \WWULXP R[�
LGH DV D WKHUPRG\QDPLFDOO\ PRUH VWDEOH DQG XQGHU WKH JLYHQ FRQGLWLRQV QRQ�UHGXF�
LEOH FRPSRQHQW FRQVSLFXRXVO\ DIIHFWV WKH UHGXFWLRQ NLQHWLFV RI WKH QLFNHO R[LGH� $V
LW IROORZV IURP WKH GHSHQGHQFHV RI WKH LQVWDQWDQHRXV UHGXFWLRQ UDWH RQ WKH WHPSHUD�
WXUH �WHPSHUDWXUH SURJUDPPHG UHGXFWLRQ� WKH PD[LPXP UHGXFWLRQ UDWH �9PD[� LV DW�
WDLQHG ZLWK WKH VDPSOHV FRQWDLQLQJ DQ H[FHVV RI 1L2 DW DERXW ���R& �7PD[�� :LWK LQ�
FUHDVLQJ<�2� FRQWHQW WKH TXDQWLW\ 7PD[ LV VKLIWHG WRZDUGV KLJKHU YDOXHV XS WR ���

R&
�)LJ� ��� 7KH VHJPHQWV FRUUHVSRQGLQJ WR WKH FRQVWDQW UHGXFWLRQ UDWH JLYH HYLGHQFH
WKDW WKH UHGXFWLRQ LV UHWDUGHG QRW RQO\ E\ WKH WUDQVSRUW EDUULHU FUHDWHG E\ WKH VROLG UH�
GXFWLRQ SURGXFW� EXW DOVR E\ WKH VHFRQG QRQ�UHGXFLEOH FRPSRQHQW EORFNLQJ WKH UHDF�
WLRQ LQWHUIDFH LQ WKH GHHSHU OD\HUV RI WKH JUDLQ� 7KLV LV SUREDEO\ WKH UHDVRQ ZK\ WKH
DSSDUHQW DFWLYDWLRQ HQHUJ\ RI WKH UHGXFWLRQ GHFUHDVHG WR DERXW �� N- PRO−� IRU VDP�
SOHV FRQWDLQLQJ D KLJK H[FHVV RI <�2�� $ ORZ YDOXH RI WKLV TXDQWLW\ JLYHV HYLGHQFH IRU
WKH HIIHFW RI WUDQVSRUW SURFHVVHV� 7KH GHSHQGHQFHV RI WKH LQVWDQWDQHRXV UHGXFWLRQ
UDWH RQ WKH GHJUHH RI UHGXFWLRQ REWDLQHG LQ PHDVXUHPHQWV LQ DQ LVRWKHUPDO UHJLPH
DOVR H[KLELW VHJPHQWV RI FRQVWDQW UHGXFWLRQ UDWH RQ WKHLU GHFOLQLQJ SDUW IRU VDPSOHV
FRQWDLQLQJ DQ H[FHVV RI <�2�� 2Q WKH FRQWUDU\� WKH ILUVW VWDJH RI UHDFWLRQ LV DXWRFDWD�
O\WLFDOO\ DFFHOHUDWHG XS WR WKH PD[LPXP UDWH DV LW IROORZV IURP WKH ODVW PHQWLRQHG

)LJ� � 7HPSHUDWXUH SURJUDPPHG UHGXFWLRQ SURILOHV RI VDPSOHV �� ���� �� ���� � ��� DQG � ���
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GHSHQGHQFHV DQG WKH VLJPRLGDO VKDSH RI WKH NLQHWLF FXUYHV RI UHGXFWLRQ� 7KLV DOVR
SURYLGHV HYLGHQFH IRU WKH QXFOHDWLRQ FRQWURO RI WKH UHDFWLRQ�

7KH PXWXDO LQIOXHQFH RI ERWK FRPSRQHQWV UHVXOWV LQ D QRQ�OLQHDU GHSHQGHQFH RI
WKH PD[LPXP UHGXFWLRQ UDWH QRUPDOL]HG WR XQLW VXUIDFH DUHD �VSHFLILF PD[LPXP UDWH�
9V�PD[� DQG VHPLHPSLULFDO UDWH FRQVWDQWV RI WKH UHGXFWLRQ �N� RQ WKH FRPSRVLWLRQ RI
WKH PL[HG R[LGHV �)LJ� ��� 7KLV FRQVWDQW LV JLYHQ E\ WKH VORSH RI WKH SVHXGROLQHDU SDUW
RI WKH LQWHJUDO NLQHWLF FXUYH RI UHGXFWLRQ >�@� 7KH FKDUDFWHU RI WKHVH GHSHQGHQFHV RE�
VHUYHG DOVR IRU VRPH RWKHU ELQDU\ V\VWHPV FRQWDLQLQJ RQO\ RQH UHGXFLEOH FRPSRQHQW
>�@ SURYLGHV HYLGHQFH WKDW WKH V\VWHP SUHSDUHG LQ D GU\ ZD\ E\ GHFRPSRVLWLRQ RI WKH
SUHFXUVRUV DW ORZHU WHPSHUDWXUH �XQGHU ���R&� GLIIHUV LQ LWV SURSHUWLHV DQG UHDFWLYLW\
IURP WKH VLPSOH PHFKDQLFDO PL[WXUH�

)LJXUH � GHPRQVWUDWHV WKH LQIOXHQFH RI SODWLQXP RQ WKH UHDFWLYLW\ RI WZR VDPSOHV
RI GLIIHUHQW FRPSRVLWLRQV GXULQJ WKHLU UHGXFWLRQ E\ K\GURJHQ� &XUYHV � DQG � UHSUH�
VHQW WKH WLPH FRXUVH RI UHGXFWLRQ RI WKH RULJLQDO VDPSOHV �� DQG �� FXUYHV � DQG � EH�
ORQJ WR WKH UHGXFWLYH GHFRPSRVLWLRQ RI WKH DFWLYDWRU �+�3W&O�� DQG UHGXFWLRQ RI WKH
FRUUHVSRQGLQJ DFWLYDWHG R[LGHV� %RWK SURFHVVHV RFFXUUHG LQ GU\ K\GURJHQ� )URP WKH
VPDOO GLIIHUHQFHV LQ WKH VORSH RI WKH WZR SDUWV RI WKH FXUYHV LW FDQ EH GHGXFHG WKDW

)LJ� � 'HSHQGHQFH RI N �DUELWUDU\ XQLWV� DQG 9
V�PD[

�J
�
P

±�
PLQ

−�
RQ WKH FRPSRVLWLRQ

)LJ� � 5HGXFWLRQ E\ K\GURJHQ RI WKH RULJLQDO VDPSOHV �� ��� DQG � ���� WKHLU UHGXFWLRQ DIWHU
LPSUHJQDWLRQ ZLWK +� 3W&O� DQG GU\LQJ �VDPSOH ��−�� VDPSOH �−�� DQG WKHUPDO GHFRP�
SRVLWLRQ RI WKH DFWLYDWRU LQ DLU �VDPSOH ��−�� VDPSOH �−�� IROORZHG E\ UHGXFWLRQ E\ K\�
GURJHQ RI WKH DFWLYDWHG VDPSOHV �� ��¶� DQG � ��¶�
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ILUVW WKH GHFRPSRVLWLRQ RI DFWLYDWRU DFFHOHUDWHG E\ K\GURJHQ SURFHHGV� DQG LQ WKH
VHFRQG VWDJH WKH UHGXFWLRQ RI R[LGHV WDNHV SODFH�

&XUYHV � DQG � UHSUHVHQW WKH SUHOLPLQDU\ WKHUPDO GHFRPSRVLWLRQ RI WKH DFWLYDWRU
LQ DLU� 7KH VXEVHTXHQW UHGXFWLRQ RI WKH DFWLYDWHG R[LGHV E\ K\GURJHQ LV LOOXVWUDWHG E\
WKH VHFRQG SDUWV RI WKH FXUYHV ��¶ IRU VDPSOH �� DQG �¶ IRU VDPSOH ��� $OO SURFHVVHV
WRRN SODFH DW ���R& H[FHSW WKH UHGXFWLRQ RI WKH RULJLQDO VDPSOH � ZKLFK RFFXUUHG DW
���R&� ,W LV HYLGHQW IURP WKHVH GHSHQGHQFHV WKDW WKH DFWLYDWLRQ OHDGV WR D SURQRXQFHG
LQFUHDVH LQ WKH UDWH RI UHGXFWLRQ DQG VKRUWHQLQJ RI WKH LQGXFWLRQ SHULRG� 7KH VSLOO�
RYHU RU MXPS�RYHU HIIHFWV WKHUHIRUH SRVLWLYHO\ LQIOXHQFH DOO WKH SKDVHV RI WKH UHDF�
WLRQ� 7KHLU HIILFLHQF\ LQFUHDVHV ZLWK LQFUHDVLQJ SURSRUWLRQ RI <�2�� 7KLV QRQ�UHGXF�
LEOH R[LGH PD\ SUREDEO\ DFW DV D WUDQVPLWWHU RI DFWLYH VSHFLHV �DWRPLF K\GURJHQ�
WUDQVIRUPLQJ WKH MXPS PHFKDQLVP �PLJUDWLRQ RI DFWLYDWHG K\GURJHQ YLD WKH JDVHRXV
SKDVH� WR WKH VSLOO PHFKDQLVP �PLJUDWLRQ E\ VXUIDFH GLIIXVLRQ��

,W IROORZV IURP )LJ� � WKDW WKH SUH�LUUDGLDWLRQ RI PL[HG R[LGHV XQGHU VWXG\ ZLWK
JDPPD UD\V DQG DFFHOHUDWHG HOHFWURQV FDXVHV D GHFUHDVH LQ WKH UHGXFWLRQ UDWH LQ ERWK
FDVHV� 7KLV QHJDWLYH HIIHFW� PRUH SURQRXQFHG ZLWK JDPPD UD\V� ZDV IRXQG RQO\ IRU
WKH VDPSOHV FRQWDLQLQJ DQ H[FHVV RI 1L2� ,Q DFFRUGDQFH ZLWK HDUOLHU UHVXOWV >�@ WKH
UHWDUGDWLRQ RI WKH UHGXFWLRQ FDQ EH FRQQHFWHG ZLWK DQ LQFUHDVH LQ WKH FRQFHQWUDWLRQ
RI WKH LRQRJHQLF� VWURQJO\ ERXQG R[\JHQ� OHDGLQJ WR D GHFUHDVH LQ WKH FKHPLVRUSWLRQ
RI K\GURJHQ� :LWK LQFUHDVLQJ SURSRUWLRQ RI WKH VHFRQG FRPSRQHQW WKH QHJDWLYH HIIHFW
LV FRPSHQVDWHG E\ WKH FRPSHWLWLYH SRVLWLYH RQH� 7KH QRQ�HTXLOLEULXP UDGLDWLRQ�LQ�
GXFHG FKDUJH GHIHFWV PD\ EH VWDELOL]HG RQ ELRJUDSKLF ODWWLFH SHUWXUEDWLRQV� WKH FRQ�
FHQWUDWLRQ RI ZKLFK LQFUHDVHV RQ WKH UHDFWLRQ LQWHUIDFH >��@� +HQFH� WKH UHDFWLYLW\
GXULQJ WKH GHFRPSRVLWLRQ UHDFWLRQ DOVR LQFUHDVHV�

7KH LQIOXHQFH RI WKH DGGLWLYHV LQWURGXFHG E\ DQ LPSUHJQDWLRQ RI WKH VDPSOHV RQ
WKHLU UHGXFWLRQ NLQHWLFV LV GHPRQVWUDWHG LQ )LJ� � IRU SXUH 1L2 DQG LQ )LJ� � IRU
PL[HG R[LGH FRQWDLQLQJ DQ H[FHVV RI <�2�� 7UHDWPHQW ZLWK K\GURFKORULF DFLG OHDGV
WR WKH IRUPDWLRQ RI 1L&O�ZKLFK LV SUDFWLFDOO\ FRPSOHWHO\ UHPRYHG E\ ZDVKLQJ RI WKH

)LJ� � 5HGXFWLRQ E\ K\GURJHQ RI VDPSOH �� DW ���
R
&� � ± RULJLQDO VDPSOH� � ± VDPSOH DIWHU

LUUDGLDWLRQ ZLWK DFFHOHUDWHG HOHFWURQV� GRVH RI � 0*\� � ± DIWHU LUUDGLDWLRQ ZLWK
JDPPD UD\V� GRVH RI � 0*\
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VDPSOHV� 7KLV IROORZV IURP WKH PDVV ORVVHV REVHUYHG DQG WKH XQFKDQJHG VSHFLILF VXU�
IDFH DUHDV RI WKHVH VDPSOHV� 7UDFHV RI &O− LRQV H[KLELW D SURQRXQFHG QHJDWLYH HIIHFW�
LQ DFFRUGDQFH ZLWK WKH UHVXOWV RI VRPH DXWKRUV >��@� 1R VDWLVIDFWRU\ H[SODQDWLRQ KDV
\HW EHHQ IRXQG IRU WKHVH HIIHFWV� 6RPH LQWHUSUHWDWLRQV DUH EDVHG RQ WKH WKHRU\ RI KR�
PRJHQHRXV VHPLFRQGXFWRUV DQG HPSKDVL]H HLWKHU DQ HOHFWURQLF IDFWRU �FKDUJH DQG
SRLQW GHIHFWV RI WKH ODWWLFH� RU WKH VL]H RI VXEVWLWXWLQJ LRQV >��� ��@� 7KH IDFW WKDW WKH
SUHVHQFH RI <�2� HYRNHV WKH LQYHUVLRQ RI WKH HIIHFW L�H� WKH DFFHOHUDWLRQ RI WKH SURFHVV
LQFOXGLQJ WKH VKRUWHQLQJ RI WKH LQGXFWLRQ SHULRG VXSSRUWHG WKH LGHD� WKDW LQ RXU FDVH
WKH DGGLWLYH FUHDWHV D VHSDUDWH SKDVH UHWDUGLQJ WKH QXFOHDWLRQ RI WKH UHGXFHG QLFNHO
RQ WKH R[LGH VXUIDFH� 7KH RSSRVLWH RI WKLV HIIHFW� WKH QXFOHDWLRQ LV SUREDEO\ IDFLOL�
WDWHG E\ <�2� ZKLFK VXSSUHVVHV WKH VLQWHULQJ RI PHWDOOLF QLFNHO� 7KLV IROORZV IURP
WKH PRUSKRORJLFDO LQYHVWLJDWLRQ RI WKH WUHDWHG RULJLQDO DQG SDUWLDOO\ UHGXFHG VDP�
SOHV� &RQWURO H[SHULPHQWV SHUIRUPHG ZLWK SXUH <�2� VKRZ WKDW WKH VROXEOH \W�
WULXP�,,,� FKORULGH SRVVLEO\ IRUPHG LV UHPRYHG E\ ZDVKLQJ DQG GRHV QRW FRQWULEXWH
WR WKH HIIHFWV REVHUYHG� 6LPLODU UHVXOWV L�H� D GHFUHDVH LQ WKH UHGXFWLRQ UDWH ZLWK SXUH
QLFNHO R[LGH �)LJ� �� DQG DFFHOHUDWLRQ RI WKH UHGXFWLRQ ZLWK PL[HG R[LGHV �)LJ� ��
ZHUH IRXQG DIWHU WUHDWPHQW RI WKH VDPSOHV ZLWK DFHWLF DFLG DQG WKHLU VXEVHTXHQW
ZDVKLQJ� 7KH VSHFLILF VXUIDFH DUHDV DQG PDVV ORVVHV GXULQJ WKH UHGXFWLRQ RI WKHVH
VDPSOHV DOVR UHPDLQHG XQFKDQJHG DV FRPSDUHG ZLWK WKH RULJLQDO YDOXHV�

)LJ� � ,QIOXHQFH RI YDULRXV DGGLWLYHV RQ WKH UHGXFWLRQ NLQHWLFV RI SXUH QLFNHO R[LGH DW ���
R
&�

� ± RULJLQDO VDPSOH� � ± VDPSOH WUHDWHG ZLWK �&22+�� DQG XQZDVKHG� � ± RU ZDVKHG�
� ± VDPSOH WUHDWHG ZLWK &+�&22+ DQG ZDVKHG� � ± VDPSOH WUHDWHG ZLWK +&O DQG
ZDVKHG

)LJ� � ,QIOXHQFH RI YDULRXV DGGLWLYHV RQ WKH UHGXFWLRQ NLQHWLFV RI VDPSOH � DW ���
R
&� � ± RULJL�

QDO VDPSOH� VDPSOH WUHDWHG ZLWK �&22+�� DQG XQZDVKHG ��� RU ZDVKHG ���� � ± VDP�
SOH WUHDWHG ZLWK &+�&22+ DQG ZDVKHG� � ± VDPSOH WUHDWHG ZLWK +&O DQG ZDVKHG
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7KH DFWLRQ RI R[DOLF DFLG UHVXOWV LQ D FRQYHUVLRQ RI FHUWDLQ SRUWLRQV RI ERWK R[LGHV
WR VOLJKWO\ VROXEOH R[DODWHV� ,W ZDV DFFRPSDQLHG E\ D GHFUHDVH LQ VSHFLILF VXUIDFH DU�
HDV DWWDLQLQJ RQH KDOI RI WKHLU RULJLQDO YDOXHV� +RZHYHU� WKLV RULJLQDO YDOXH LV UHVWRUHG
DIWHU ZDVKLQJ DZD\ PDMRU SDUWV RI WKH VDOWV DQG WKXV XQFRYHULQJ WKH VXE�VXUIDFH OD\�
HUV RI WKH JUDLQ� 7KH UHGXFWLRQ SURFHHGV WKHQ YLUWXDOO\ ZLWK WKH VDPH NLQHWLFV DV IRU
WKH QRQ�WUHDWHG VDPSOH �)LJ� ��� ,Q WKH PL[HG V\VWHP WKH UHVLGXDO SDUW RI R[DODWHV LV
JUHDWHU VR WKDW WKHLU UHGXFWLYH GHFRPSRVLWLRQ DQG WKH UHGXFWLRQ RI WKH R[LGHV WDNH
SODFH VLPXOWDQHRXVO\ LQ D K\GURJHQ DWPRVSKHUH �)LJ� ��� :LWK XQZDVKHG QLFNHO R[�
LGH WKH YHU\ UDSLG UHDFWLRQ UHVXOWV LQ D JUHDWHU PDVV ORVV DQG WKH NLQHWLF FXUYH GRHV
QRW SHUPLW VHSDUDWLRQ RI WKH WZR SURFHVVHV� 2Q WKH FRQWUDU\� IURP WKH NLQHWLF FXUYH
RI WKH UHGXFWLRQ RI WKH PL[HG R[LGH LW LV HYLGHQW� WKDW ERWK UHDFWLRQV SURFHHG FRQVHFX�
WLYHO\ DQG WKH GHFRPSRVLWLRQ SURFHVV DOVR LQFOXGHV WKH GHFRPSRVLWLRQ RI \WWULXP R[�
DODWH� $QDORJRXVO\� WKH WUHDWPHQW RI WKH VDPSOHV ZLWK IRUPLF DFLG OHDGV WR WKH IRUPD�
WLRQ RI D WKLFN OD\HU RI IRUPDWHV RQ WKH VXUIDFH RI JUDLQV DQG WKHLU DJJORPHUDWHV� ,Q
DOO FDVHV WKH GUDPDWLF GHFUHDVH LQ WKH VSHFLILF VXUIDFH DUHDV WDNHV SODFH �IURP ���� WR
��� P� J−� IRU VDPSOH �� IURP ���� WR ��� P� J−� IRU VDPSOH �� IURP ���� WR
��� P� J−� IRU VDPSOH �� DQG IURP ���� WR ��� P� J−� IRU SXUH QLFNHO R[LGH��

$V LW IROORZV IURP )LJ� � WKH SUHVHQFH RI D VOLJKW DPRXQW RI IRUPDWH PDQLIHVWV LW�
VHOI E\ DQ LQVLJQLILFDQW LQFUHDVH LQ WKH UHGXFWLRQ UDWH RI ZDVKHG �FXUYH �� SXUH QLFNHO
R[LGH� 7KH PDVV ORVV REVHUYHG ZDV IRXQG WR EH LQGHQWLFDO ZLWK WKDW RI WKH RULJLQDO
QRQ�WUHDWHG VDPSOH �FXUYH ��� 7KH UHGXFWLRQ RI WKH ZDVKHG PL[HG R[LGHV FRQWDLQLQJ
DQ H[FHVV RI <�2� DQG WKHUHIRUH D JUHDWHU UHVLGXDO DPRXQW RI WKH IRUPDWHV RI ERWK
PHWDOV� DSSHDUHG WR EH GLVWLQFWO\ DFFHOHUDWHG �)LJ� ��� ,W LV NQRZQ >��@ WKDW WKH WKHU�
PDO GHFRPSRVLWLRQ RI QLFNHO IRUPDWH LQ YDFXXP RQ WKH VXUIDFH RI QLFNHO R[LGH OHDGV
WR DQ DUWLILFLDO QXFOHDWLRQ FRQVSLFXRXVO\ LQFUHDVLQJ WKH UDWH RI WKH VXEVHTXHQW UHGXF�
WLRQ E\ K\GURJHQ� )LJXUHV � DQG � GHSLFW WKH NLQHWLF FXUYHV RI WKH UHGXFWLYH GHFRP�

)LJ� � (IIHFW RI WUHDWPHQW ZLWK IRUPLF DFLG RQ WKH UHGXFWLRQ NLQHWLFV RI SXUH QLFNHO R[LGH DW
���

R
& DQG WKH WKHUPDO GHFRPSRVLWLRQ RI QLFNHO IRUPDWH LQ DLU IROORZHG E\ UHGXFWLRQ

ZLWK K\GURJHQ RI WKH WUHDWHG VDPSOH� � ± RULJLQDO VDPSOH� � ± VDPSOH WUHDWHG ZLWK
+&22+ DQG ZDVKHG� � ± UHGXFWLYH GHFRPSRVLWLRQ DQG UHGXFWLRQ RI WKH XQZDVKHG
VDPSOH� � ± SUHOLPLQDU\ WKHUPDO GHFRPSRVLWLRQ RI IRUPDWH LQ DLU� � ± UHGXFWLRQ E\ K\�
GURJHQ RI WUHDWHG XQZDVKHG VDPSOH DIWHU GHFRPSRVLWLRQ RI IRUPDWH
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SRVLWLRQ DQG UHGXFWLRQ RI WKH XQZDVKHG VDPSOHV �FXUYH �� LQ K\GURJHQ DQG DOVR WKH
SUHOLPLQDU\ WKHUPDO GHFRPSRVLWLRQ RI WKH GHSRVLWHG IRUPDWHV LQ DLU �FXUYH �� DV ZHOO
DV WKH VXEVHTXHQW UHGXFWLRQ E\ K\GURJHQ RI WKH WUHDWHG R[LGHV �FXUYH ��� ,W LV HYLGHQW
WKDW WKHUH DUH RQO\ QHJOLJLEOH GLIIHUHQFHV EHWZHHQ WKH NLQHWLFV RI WKH UHGXFWLYH GH�
FRPSRVLWLRQ �LQ K\GURJHQ� DQG WKH WKHUPDO GHFRPSRVLWLRQ LQ DLU �PRUH SUHFLVHO\ LQ
WKH DWPRVSKHUH RI WKH JDVHRXV SURGXFWV RI GHFRPSRVLWLRQ�� 1R GLIIHUHQFHV EHWZHHQ
WKH UHGXFWLYH GHFRPSRVLWLRQ DQG VXP RI WKH PDVV ORVVHV REVHUYHG GXULQJ WKH WKHUPDO
GHFRPSRVLWLRQ DQG VXEVHTXHQW UHGXFWLRQ ZHUH IRXQG� %HFDXVH WKH WKHUPDO GHFRP�
SRVLWLRQ GLG QRW DIIHFW WKH FRXUVH RI WKH IROORZLQJ UHGXFWLRQ RI WKH WUHDWHG R[LGH� LW
FDQ EH FRQFOXGHG WKDW QR QXFOHDWLRQ SURFHHGV LQ RXU FDVH� 8QGHU WKH JLYHQ FRQGLWLRQV
WKH GHFRPSRVLWLRQ WKHUHIRUH OHG WR WKH IRUPDWLRQ RI QLFNHO R[LGH DFFRUGLQJ WR WKH
HTXDWLRQ 1L�&22+��→1L2��&2�+�2 DQG WKH UHGXFWLYH GHFRPSRVLWLRQ WR WKH ILQDO
PHWDOOLF QLFNHO� :LWK \WWULXP IRUPDWH WKH SURGXFW RI ERWK WKHVH SURFHVVHV LV WKH R[LGH
ZKLFK GRHV QRW XQGHUJR UHGXFWLRQ E\ K\GURJHQ�

7KH KHDW WUHDWPHQW RI WKH PL[HG R[LGHV XQGHU WKH DERYH JLYHQ FRQGLWLRQV OHDGV WR
DQ DFWLYDWLRQ RI WKH VXUIDFH FHQWUHV� ,Q DGGLWLRQ WR WKH HQKDQFHG FKHPLVRUSWLRQ RI
R[\JHQ� DQ LQFUHDVH LQ WKH UHGXFWLRQ UDWH LV REVHUYHG HVSHFLDOO\ LQ WKH LQLWLDO VWDJH�
7KH TXDQWLW\ ∆9V�PD[ GHILQHG DQDORJRXVO\ WR WKH TXDQWLW\ ∆;� ZKHUH ; DQG ;

∗ DUH UH�
SODFHG E\ WKH VSHFLILF PD[LPXP UHGXFWLRQ UDWH RI WKH RULJLQDO VDPSOH �9V�PD[� DQG RI
WKH VDPH VDPSOH DIWHU WUHDWPHQW �9V�PD[

∗ � FKDQJHV QRQ�PRQRWRQRXVO\ ZLWK WKH FRP�
SRVLWLRQ� DWWDLQLQJ D YDOXH RI DERXW ���� IRU WKH VDPSOHV FRQWDLQLQJ D KLJK H[FHVV RI
<�2�� ,W PD\ WKHUHIRUH EH DVVXPHG WKDW QRW RQO\ HQKDQFHG FKHPLVRUSWLRQ RI WKH
LRQRJHQLF VWURQJO\ ERXQG IRUPV RI R[\JHQ EXW DOVR WKH VRUSWLRQ RI QHXWUDO� PRUH HDV�
LO\ UHGXFLEOH R[\JHQ SURFHHG RQ WKH DFWLYDWHG VXUIDFH� &RQWUDU\ WR WKH LRQRJHQLF
IRUPV RI R[\JHQ� WKH VRUSWLRQ FHQWUHV IRU WKH ZHDNO\ ERXQG QHXWUDO R[\JHQ DUH QRW
GHWHUPLQHG RQO\ E\ WKH SUHVHQFH RI QLFNHO R[LGH LQ WKH VDPSOH�

)LJ� � (IIHFW RI WUHDWPHQW ZLWK IRUPLF DFLG RQ WKH UHGXFWLRQ RI VDPSOH � DW ���
R
& DQG WKH

WKHUPDO GHFRPSRVLWLRQ RI IRUPDWHV LQ DLU IROORZHG E\ UHGXFWLRQ RI WKH WUHDWHG VDPSOH
ZLWK K\GURJHQ� � ± RULJLQDO VDPSOH� � ± VDPSOH WUHDWHG ZLWK +&22+ DQG ZDVKHG� � ±
UHGXFWLYH GHFRPSRVLWLRQ DQG UHGXFWLRQ RI WKH XQZDVKHG VDPSOH� � ± SUHOLPLQDU\ WKHU�
PDO GHFRPSRVLWLRQ RI IRUPDWHV LQ DLU� � ± UHGXFWLRQ RI WUHDWHG XQZDVKHG VDPSOH E\ K\�
GURJHQ DIWHU GHFRPSRVLWLRQ RI IRUPDWHV

3263ùi,/� .$þ2.29�� 1L2t<�2� 0,;(' 2;,'(6 ��

-� 7KHUP� $QDO� &DO�� ��� ����



&RQFOXVLRQV

,Q WKH 1L2−<�2� PL[HG R[LGH V\VWHP WKH 1L2 DSSHDUV WR EH WKH RQO\ UHGXFLEOH
FRPSRQHQW� LWV UDWH RI UHGXFWLRQ E\ K\GURJHQ EHLQJ D QRQ�OLQHDU IXQFWLRQ RI WKH FRP�
SRVLWLRQ� $OWKRXJK LQIOXHQFLQJ WKH UHGXFWLRQ NLQHWLFV� WKH SUHVHQFH RI WKH WKHUPRG\�
QDPLFDOO\ PRUH VWDEOH <�2� R[LGH GRHV QRW DIIHFW WKH GHJUHH RI UHGXFWLRQ DFKLHYHG�
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