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HDFK µFHLOLQJ WHPSHUDWXUH¶ DQG RQO\ OLJKW ROLJRPHUV DUH IRUPHG LI 3\ FRQFHQWUDWLRQ LV WRR ORZ� 7KH

HOHFWULF FRQGXFWLYLW\ YDOXHV RI WKH SURGXFWV ZHUH DOVR GHWHUPLQHG DQG D GLUHFW UHODWLRQVKLS WR WKH

\LHOGV ZDV IRXQG DV ZHOO� 7KH KLJKHVW HOHFWULF FRQGXFWLYLW\ YDOXH �& ��� 6 FP
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� ZDV UHODWHG WR

WKH 33\ IUHVK V\QWKHVL]HG IURP D ����� 0 3\ VROXWLRQ�

.H\ZRUGV� FRQGXFWLQJ SRO\PHUV� SRO\S\UUROH� S\UUROH� UHDFWLRQ FDORULPHWU\

,QWURGXFWLRQ

2UJDQLF SRO\PHUV ZLWK KLJK FRQMXJDWHG π�HOHFWURQV� FDQ EHFRPH FRQGXFWRUV RI
HOHFWULFLW\ E\ DQ R[LGDWLRQ RU UHGXFWLRQ SURFHVV >�� �@� 'RSHG SRO\S\UUROH �33\� DQG
LWV GHULYDWLYHV >�@ VHHP WR EH VRPH RI WKH PRVW SURPLVLQJ SURGXFWV GXH WR WKHLU JUHDW
HOHFWULF FRQGXFWLYLW\ �XS WR ��� 6 FP±��� WKHLU HDV\ SUHSDUDWLRQ DQG HDV\ KDQGOLQJ
DQG PDQLSXODWLRQ >�� �@� 'LIIHUHQW SURFHGXUHV >�@ FDQ EH XVHG WR V\QWKHVL]H 33\ LQ D
ZLGH YDULHW\ RI IRUPV� DOWKRXJK WZR PDLQ PHWKRGV DUH EDVLFDOO\ XVHG� FKHPLFDO DQG
WKH HOHFWURFKHPLFDO R[LGDWLRQ >�� �@� (OHFWURFKHPLFDO V\QWKHVLV JLYHV D PRUH UHSUR�
GXFLEOH SURGXFW ZLWK D KLJKHU HOHFWULF FRQGXFWLYLW\� EXW LW LV RIWHQ PRUH H[SHQVLYH
WKDQ WKH FKHPLFDO PHWKRG� +RZHYHU� VROXEOH IRUPV DUH FKHPLFDOO\ V\QWKHVL]HG DV
JUDIW�FRSRO\PHUV >�@� FRPSRVLWHV >�@ RU LQ EOHQGV >��@� 0DQ\ R[LGDQWV KDYH EHHQ
XVHG WR LQFUHDVH HOHFWULF FRQGXFWLYLW\ >��� ��@ DQG WR PLQLPL]H WKH DJHLQJ SURGXFHG
E\ DLU H[SRVXUH >��@� EXW )H�� LV VWLOO WKH PRVW ZLGHO\ XVHG LRQ >�� � ��±��@� 'XH WR
WKH LQVROXELOLW\ RI EDVLF )H�GRSHG 33\� LW LV TXLWH KDUG WR FKDUDFWHUL]H IXOO\� 7KHUH�
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IRUH� WKH SUHSDUDWLRQ FRQGLWLRQ� VWUXFWXUH DQG HOHFWULFDO SURSHUWLHV RI WKH SRO\PHUV
FDQ EH FRUUHODWHG RQO\ WKURXJK LQGLUHFW WHVWV DQG WKHRUHWLFDO PRGHOOLQJ >� @�

7KH VWURQJ GHSHQGHQFH RI ERWK NLQHWLFV DQG WKHUPRG\QDPLFV RQ WKH SRO\PHUL]D�
WLRQ WHPSHUDWXUH� KDYH EHHQ H[WHQVLYHO\ GLVFXVVHG LQ WZR SUHYLRXV ZRUNV RQ WKH
VDPH VXEMHFW >��� ��@� 2WKHU UHVHDUFKHUV IRXQG WKDW WKH V\QWKHVLV WHPSHUDWXUH LV YHU\
LPSRUWDQW ERWK IRU WKH SHUIRUPDQFH DQG HQGXUDQFH RI WKH SURGXFW >��� ��@� 7KH DGGL�
WLRQ RI ZDWHU WUDFHV VWURQJO\ LQFUHDVHV WKH UHDFWLRQ UDWH >��@� )XUWKHUPRUH� DV VWDWHG
LQ WKH OLWHUDWXUH >��� ��@� SRO\PHUL]DWLRQ IROORZV ILUVW�RUGHU NLQHWLFV ZLWK S\UUROH DQG
VHFRQG RUGHU ZLWK )H&O��

$ FORVH UHODWLRQVKLS EHWZHHQ UHDFWLRQ SDUDPHWHUV DQG HOHFWULFDO SURSHUWLHV RI WKH
33\ FDQ WKXV EH IRXQG DQG D µFHLOLQJ WHPSHUDWXUH¶� DERYH ZKLFK D ORQJ FKDLQ FDQQRW
EH IRUPHG� KDV EHHQ K\SRWKHVL]HG >��@� 6WDUWLQJ IURP EDVLF NLQHWLF DVVXPSWLRQV� WKH
H[LVWHQFH RI D µFHLOLQJ FRQFHQWUDWLRQ¶ LV DOVR UHDVRQDEOH DQG WKH R[LGDQW�3\ UDWLR
VKRXOG SOD\ D UROH LQ SRO\PHUL]DWLRQ >��@� 7KLV ZRUN DLPV WR FRUUHODWH WKH HYROYHG
KHDW� LWV 33\ \LHOG DQG LWV HOHFWULF FRQGXFWLYLW\ ZLWK WKH FDORULPHWULF DQG SRWHQ�
WLRPHWULF GDWD REWDLQHG LQ D 0HWWOHU 5&� FDORULPHWHU�

([SHULPHQWDO

0DWHULDOV

7KH DFHWRQLWULOH DQG WKH 3\ ZHUH µ)OXND SXUH JUDGH¶ SURGXFWV�
3\ ZDV GLVWLOOHG DW UHGXFHG SUHVVXUH DQG XQGHU DUJRQ IORZ� LPPHGLDWHO\ EHIRUH

XVH� 6XEOLPDWH DQK\GURXV IHUULF FKORULGH �&� (UED 5/( JUDGH� DQG WKH FRSSHU �,,�
FKORULGH �&� (UED 53( JUDGH� ZHUH XVHG DV R[LGDQWV�

0HWKRGV

3RO\PHUL]DWLRQ ZDV FDUULHG RXW ZLWK D 0HWWOHU 5&� UHDFWLRQ FDORULPHWHU�
HTXLSSHG ZLWK DQ $3�� PRGHO �� OLWHUV� JODVV UHDFWRU� XS IORZ SURSHOOHU DQG EDIIOHV�
7KH 5&� ZRUNV DFFRUGLQJ WR WKH KHDW IORZ UDWH SULQFLSOH >��@� UHFHQWO\ UHVXPHG LQ
OLWHUDWXUH >��� ��@�

9DOXHV SHUWDLQLQJ WR WKH LQQHU WHPSHUDWXUH RI WKH UHDFWRU �7U� WR WKH WHPSHUDWXUH
RI WKH KHDWLQJ MDFNHW �7M�� WR WKH VWLUULQJ UDWH DQG DOO RWKHU YDULDEOHV RI WKH SURFHVV RI
SRO\PHUL]DWLRQ DUH DFTXLUHG� SURFHVVHG DQG FKHFNHG LQ UHDO WLPH E\ DQ ,%0 36����
FRPSXWHU LQ WKH 41; HQYLURQPHQW� $OO WKH H[SHULPHQWV ZHUH SHUIRUPHG LQ D 7U FRQ�
WRO PRGH� 7KH WRWDO KHDW HYROYHG GXH WR WKH UHDFWLRQ �4� LV FDOFXODWHG E\ QXPHULFDO
LQWHJUDWLRQ RI WKH KHDW IORZ UDWH GXULQJ WKH UHDFWLRQ �TU�� DFFRUGLQJ WR�
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7KH KHDW FDSDFLW\ RI WKH LQWHUQDO ILWWLQJV LV VXPPHG IURP WKH LQGLYLGXDO FRQWULEX�
WLRQV RI 3W���� FDOLEUDWLRQ KHDWLQJ� XS IORZ VWLUUHU DQG EDIIOHV� 7KH KHDW ORVV FRHIIL�
FLHQW LV DVVXPHG WR EH� α ���� : .±�� EHFDXVH RI WKH DGRSWHG WKHUPDO LQVXODWLRQ RI
WKH FRYHU�

7KH SRO\PHUL]DWLRQ DQG WKH R[LGDWLRQ RI 3\ WR HOHFWULFDOO\ FRQGXFWLYH IRUPV �SR�
ODURQV�ELSRODURQV� E\ )H&O� \LHOGV +&O� $ ��� PRGHO µ,QJROG¶ 3W HOHFWURGH� FRQ�
QHFWHG WR WKH FRPSXWHU� ZDV XVHG WR PRQLWRU WKH YDULDWLRQV RFFXUULQJ LQ WKH UHGR[ SR�
WHQWLDO ZLWKLQ WKH FDORULPHWULF UHDFWRU� &RPSDULVRQV EHWZHHQ WKH FXUYH RI WKH SRWHQ�
WLDO DQG WKDW RI WKH KHDW SURGXFHG VKRZ WKDW WKH\ UHSURGXFH WKH VDPH UHDFWLRQ SDWWHUQ�
DV WKH 4 I�W� FXUYH GHULYHV IURP WKH 9UHGR[ I�W� FXUYH�

3UHSDUDWLRQ RI WKH SRO\PHU

7KH R[LGDWLYH DJHQW �)H&O� RU &X&O�� ZDV VROXELOL]HG WR GU\ DFHWRQLWULOH SUH�
YLRXVO\ GHR[\JHQDWHG E\ EXEEOLQJ ��� FP� PLQ±� RI $U� 6XFK D IORZ NHSW EXEEOLQJ
IRU DERXW KDOI DQ KRXU EHIRUH WKH WHVW ZDV VWDUWHG� $IWHU FDOLEUDWLRQ� D SUHDUUDQJHG
YROXPH RI 3\ ZRXOG EH DGGHG WR WKH VROXWLRQ�

7KH IRUPDWLRQ RI WKH R[LGL]HG SRO\PHU� KLJKOLJKWHG E\ WKH EODFN FRORXU RI WKH
SURGXFW RFFXUV WRJHWKHU ZLWK WKH GHYHORSPHQW RI KHDW DQG YDULDWLRQ LQ WKH UHGR[ SR�
WHQWLDO RI WKH VROXWLRQ�

$IWHU RQH KRXU RI UHDFWLRQ DW FRQVWDQW WHPSHUDWXUH� WKH VOXUU\ ZDV ILOWHUHG E\
PHDQV RI D YDFXXP %XFNQHU IXQQHO� WKH SUHFLSLWDWH ZDV UHSHDWHGO\ ZDVKHG LQ DFH�
WRQLWULOH� GULHG IRU DERXW RQH KRXU DW UHGXFHG SUHVVXUH LQ DQ HOHFWULFDO VWRYH�
�7 ��� .� DQG WKHQ ZHLJKHG� 7KH ILQDO GU\ PDVV RI 33\ UHSRUWHG WR WKH LQLWLDO PDVV
RI 3\ UHSUHVHQWV WKH \LHOG RI WKH SRO\PHUL]DWLRQ UHDFWLRQ�

$OO WHVWV� XQOHVV RWKHUZLVH VSHFLILHG� ZHUH FDUULHG RXW DW URRP WHPSHUDWXUH
�7U ��� .� DQG VWLUUHG DW D VSHHG RI ��� USP� 7KH LQLWLDO FRQFHQWUDWLRQ RI WKH VROX�
WLRQ ZDV ����� 0 LQ 3\ DQG ����� 0 LQ R[LGDQW VR WKDW WKHLU UDWLR �R[LGDQW�3\� ZDV
��� PRO PRO±�� 0RVW RI WKH WHVWV ZHUH SHUIRUPHG XVLQJ ��� P/ RI DFHWRQLWULOH� 7KHVH
EDVH�OLQH UHDFWLRQ FRQGLWLRQV ZHUH SUHDUUDQJHG VWDUWLQJ IURP WKH SUHYLRXV VWXGLHV RQ
WKH VDPH VXEMHFW >��� ��@�

&KHPLFR�SK\VLFDO FKDUDFWHUL]DWLRQ RI WKH SURGXFWV

$V GHWDLOHG LQ D SUHYLRXV ZRUN >��@� ��±�� PJ RI 33\ ZHUH UHGXFHG LQWR SHOOHWV
E\ PHDQV RI D K\GUDXOLF FROG SUHVV �6SHFDF 3�1 ������ PRGHO�� 7KH SUHVVXUH ZDV
PDGH WR LQFUHDVH VORZO\ XS WR D YDOXH RI � WRQV IRU D SHOOHW ZLWK D GLDPHWHU RI � PP�
$ PLFURPHWHU VXSSOLHG ZLWK D YHUQLHU DEOH WR PDNH PHDVXUHPHQWV IURP � WR
��±���� PP� ZDV XVHG WR PHDVXUH WKH WKLFNQHVV RI WKH SHOOHWV� 7KH SHOOHWV ZHUH WKHQ
LQWURGXFHG LQWR DQ DSSURSULDWH F\OLQGHU PDGH RI WHIORQ ZLWK D KROH DORQJ LWV OHQJWK
DQG ZHUH LQWHUSRVHG EHWZHHQ WZR JROGHQ EUDVV HOHFWURGHV� 7KH HOHFWULFDO UHVLVWDQFH
RI WKH SHOOHWV ZDV PHDVXUHG ZLWK DQ 6,���� PRGHO µ6FKOXPEHUJHU¶ GLJLWDO PXOWLPH�
WHU DEOH WR UHFRUG UHVLVWDQFH YDOXHV RI ��±�±��±� 2KP�

7KH PHWDO FRQWHQW ZDV GHWHUPLQHG E\ 7* DQDO\VLV DV WKH FRPEXVWLRQ UHVLGXH DW
7 ���� .�
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5HVXOWV

,QIOXHQFH RI WHPSHUDWXUH DQG FRQFHQWUDWLRQ

7KH \LHOG� PHWDO �)H DQG &X� FRQWHQW� HOHFWULF FRQGXFWLYLW\ DQG HQWKDOS\ RI 33\
IRUPDWLRQ DUH YHU\ LPSRUWDQW IDFWRUV QHHGHG WR RSWLPL]H ERWK WKH SURFHVV DQG WKH
SURGXFW� ,Q RUGHU WR FRUUHODWH VXFK SURSHUWLHV DQG WR SRLQW RXW WKH LQIOXHQFH WKDW HYHU\
YDULDEOH RI WKH SURFHVV SURGXFHV RQ HDFK RI WKHP� ZH SURJUDPPHG D VHULHV RI WHVWV LQ
ZKLFK WKH )H�1 UDWLR� FRQFHQWUDWLRQ DQG WHPSHUDWXUH YDU\� ,Q SUHYLRXV VWXGLHV >���
��@ ZH PHDVXUHG WKH KHDW SURGXFHG E\ SRO\PHUL]DWLRQ ZLWK )H&O� DFFRUGLQJ WR WKH
UHDFWLRQ WLPH WR WKUHH GLIIHUHQW WHPSHUDWXUHV ����� ��� DQG ��� .�� %\ DVVXPLQJ WKDW
WKH SRO\PHUL]DWLRQ GHJUHH GHSHQGV RQ WKH ILUVW SRZHU RI WKH FRQFHQWUDWLRQ RI 3\� DV
SHU UHI� >��@� WKH VSHFLILF UHDFWLRQ UDWH ZDV OLNHZLVH HYDOXDWHG DW WKH WKUHH WHPSHUD�
WXUHV DQG� LQ DFFRUGDQFH ZLWK WKH $UUKHQLXV HTXDWLRQ� DSSDUHQW DFWLYDWLRQ HQHUJ\ RI
�� N- PRO±� ZDV HYDOXDWHG�

7KH )LJ� � UHSRUWV V\QWKHVLV WHPSHUDWXUH DQG \LHOG DV D IXQFWLRQ RI WKH HYROYHG
KHDW� 7KH WHVWV� FRQGXFWHG LQ D ODUJH UDQJH RI WHPSHUDWXUHV� SRLQW RXW D OLQHDU UHGXF�
WLRQ RI WKH \LHOG DV WKH WHPSHUDWXUH LQFUHDVHV� 7KH \LHOG GURSV WR ]HUR DQG QR KHDW LV
GHYHORSHG E\ WKH UHDFWLRQ IRU 7 ���±� . IRU )H&O� DV R[LGDQW� ZKHUHDV ZKHQ &X&O�
LV XVHG LW FDQ EH DVVXPHG WKDW \LHOGV DQG SRO\PHUL]DWLRQ FDQFHO HDFK RWKHU RXW ZKHQ
D ORZHU WHPSHUDWXUH LV UHDFKHG �7 ���±�� .�� 7KH SDWWHUQ RI WKH UHDFWLRQ \LHOG DOVR
GHSHQGV RQ WKH HYROYHG KHDW �)LJ� ��� <LHOG LQFUHDVHV OLQHDUO\ DORQJ ZLWK WKH HYROYHG
KHDW ERWK IRU WKH WHVWV WKDW XVH )H&O� DV DQ R[LGDQW DJHQW DQG IRU WKRVH ZKLFK XVH
&X&O�� ,Q DQ\ FDVH WKH \LHOG RI 33\ SURGXFHG E\ R[LGDWLRQ ZLWK )H&O�� SURYHV WR EH
PXFK KLJKHU WKDQ WKDW REWDLQHG ZLWK &X&O��

7KH UHDFWLRQ \LHOG DQG WKH UHVLGXH GHULYHG IURP WKH 7* DQDO\VLV IRU D VHULHV RI
PLFUR�WHVWV SHUIRUPHG ZLWK )H&O� DUH UHSRUWHG LQ )LJ� �� ,QGHSHQGHQWO\ RI DQ\ RWKHU
YDULDEOH� ERWK WKH \LHOG DQG WKH 7* UHVLGXH� ULVH ZKHQ WKH FRQFHQWUDWLRQ RI 3\ LQ�
FUHDVHV� ZKLOH RQO\ \LHOG LQFUHDVHV E\ LQFUHDVLQJ WKH )H�1 PRODU UDWLR� ,W PXVW EH
QRWHG WKDW� LQ DFFRUGDQFH ZLWK ZKDW KDV EHHQ UHSRUWHG LQ OLWHUDWXUH >��@� WKLV LV WUXH
RQO\ IRU D )H�1 UDWLR QHDU WR WKH VWRLFKLRPHWULF �)H�1 ���� DQG WRR KLJK
����≤)H�1≤���� RU WRR ORZ �)H�1≤�� PRODU UDWLRV� JLYHQ QXOO \LHOGV�

)LJ� � 6\QWKHVLV WHPSHUDWXUH �²� DQG UHODWHG \LHOGV �� � �� YV� WKH HYROYHG KHDW
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,QIOXHQFH RI +�2 DQG +&O

7KH UHGR[ SRWHQWLDO RI VROXWLRQV VXFK DV )H&O� LQ DFHWRQLWULOH LV QRW VWDEOH LQ WKH
DPELHQW DLU� ,Q IDFW� D VHULHV RI WHVWV� VKRZHG WKDW UHGR[ SRWHQWLDO RI D VROXWLRQ RI
����� 0 GHFUHDVHV QRWDEO\ ZKHQ WKH VROXWLRQ LV NHSW LQ DQ RSHQ FRQWDLQHU DQG WKDW
WKH FRORXU RI WKH VROXWLRQ� LQLWLDOO\ UHGGLVK�EURZQ� FKDQJHV LQWR \HOORZ ZLWK D VLPLODU
SDWWHUQ� 7KLV VORZ YDULDWLRQ ZDV DWWULEXWHG WR WKH HQYLURQPHQW PRLVWXUH� $V VKRZQ LQ
)LJ� �� LQ IDFW� WKH EXEEOLQJ RI PRLVW DLU ��� FP� PLQ±�� FDXVHV DQ HYLGHQW FKDQJH LQ
WKH FRORXU DQG D UHODWHG GLPLQXWLRQ RI WKH UHGR[ SRWHQWLDO� 7KH ODWWHU HIIHFW LPPHGL�
DWHO\ RFFXUV LI D FRUUHVSRQGLQJ DPRXQW RI +�2 LV GLUHFWO\ DGGHG WR WKH VWDUWLQJ VROX�
WLRQ� VR WKDW ERWK WKH SRWHQWLDO DQG WKH FRORXU KDSSHQ WR EH YHU\ VLPLODU WR WKH RQHV
REWDLQHG DW WKH HQG RI WKH EXEEOLQJ� 7R HYDOXDWH WKH FRQWHPSRUDQHRXV LQIOXHQFH RI
+�2 DQG +&O� SURGXFHG E\ WKH SRO\PHUL]DWLRQ�R[LGDWLRQ UHDFWLRQ >��@� ZH DGGHG
VXEVHTXHQW VPDOO YROXPHV RI FRQFHQWUDWHG +&O WR D EDVH�OLQH IHUULF VROXWLRQ DQG WR D
VROXWLRQ WZLFH PRUH FRQFHQWUDWHG �>)H&O�@ ����� 0�� $V VKRZQ LQ )LJ� �E� WKH RE�
WDLQHG SORWV UHSUHVHQW W\SLFDO WLWUDWLRQ FXUYHV �>)H&O�@ ����� 0� ZLWK D WRQLQJ SRLQW
IURP UHG �DQK\GURXV VROXWLRQ� LQWR \HOORZ �DTXHRXV DFLG VROXWLRQ� ZKLFK FRUUH�

)LJ� � <LHOGV �²� DQG UHODWHG LURQ FRQWHQW GHWHUPLQHG E\ 7* DQDO\VLV �� � �� YV� WKH LQLWLDO
S\UUROH FRQFHQWUDWLRQ� 7ZR R[LGDQW�S\UUROH UDWLRV �)H�1 ��� DQG )H�1 �� ZHUH H[DP�
LQHG� EXW DQ XQLYRFDO EHKDYLRXU ZDV IRXQG IRU WKH )H FRQWHQW

)LJ� � 5HGR[ SRWHQWLDO RI )H&O��&+�&1 VROXWLRQV DQG UHODWHG FRORXUV� DV D IXQFWLRQ� D� RI WKH
WLPH RQ VWUHDP RI PRLVW DLU �²� RU $U �� � ��� E� RI DGGLWLRQ RI ZDWHU �� � �� RU FRQFHQ�
WUDWHG +&O �²� DW >)H&O�@ ����� 0 DQG ����� 0
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VSRQGV WR WKH DGGLWLRQ RI DQ DPRXQW RI +&O HTXLYDOHQW WR WKH IHUULF FKORULGH SUHVHQW
LQ WKH VWDUWLQJ VROXWLRQ� 7ZR GLIIHUHQW UHGR[ SRWHQWLDOV� ���� DQG ��� P9 �UHIHUUHG
WR WKH VWDQGDUG FDORPHODQ HOHFWURGH�� UHVSHFWLYHO\ FRUUHVSRQG WR WKH DQK\GURXV DQG
DTXHRXV DFLG VROXWLRQV�

89�YLVLEOH VSHFWUD RI WKH VROXWLRQV WUHDWHG ZLWK +�2 DQG +&O ZLWK UHIHUHQFH WR
DQ DQK\GURXV VROXWLRQ ZLWK HTXDO FRQFHQWUDWLRQ DUH VKRZQ LQ )LJ� ��

(OHFWULF FRQGXFWLYLW\ WHVWV

$V UHSRUWHG LQ D SUHYLRXV VWXG\ >��@� WKH HOHFWULF FRQGXFWLYLW\ RI 33\� TXLWH XQ�
FKDQJHG IRU WHPSHUDWXUHV ORZHU WKDQ ��� . GURSV TXLFNO\ LI WKH V\QWKHVLV LV FDUULHG
RXW DW KLJKHU WHPSHUDWXUHV� 7KH LQLWLDO FRQGXFWLYLW\ YDOXHV PHDVXUHG VRRQ DIWHU WKH
SHOOHW ZDV SUHSDUHG UDQJHV IURP ���� 6 FP±� �IRU 7U ��� .� WR ����� 6 FP±� �IRU
7U ��� . ± QHDU WR WKH ERLOLQJ SRLQW RI DFHWRQLWULOH�� 7KH FRQGXFWLYLW\ RI 33\ GH�
FUHDVHV PDUNHGO\ ZKHQ WKH VDPSOH LV H[SRVHG WR DLU DQG WKH V\QWKHVLV WHPSHUDWXUH RI
WKH SRO\PHU GRHV QRW VHHP WR KDYH DQ\ LQIOXHQFH RQ WKH UDWH RI GHFD\� )RU DOPRVW DOO
FKHFNHG VDPSOHV ZH UHFRUGHG DIWHU WKUHH GD\V D GHFUHDVH RI WKH FRQGXFWLYLW\ FORVH WR
��� RI WKH LQLWLDO YDOXH�

'LVFXVVLRQ

,I DQ H[RWKHUPLF DQG H[RHQWURSLF SRO\PHUL]DWLRQ IROORZV D SRO\DGGLWLRQ SURFHVV
DW DQ\ FRQFHQWUDWLRQ RI WKH VWDUWLQJ PRQRPHU� LW LV PDWFKHG E\ D OLPLW WHPSHUDWXUH
NQRZQ DV FHLOLQJ WHPSHUDWXUH DERYH ZKLFK ORQJ SRO\PHULF FKDLQV FDQQRW EH IRUPHG�

,Q OLQH ZLWK WKH EDVLF SRO\PHUL]DWLRQ >��@ FRQFHSWV DQG E\ DSSURSULDWH DSSUR[L�
PDWLRQV� ZH FDQ GUDZ WKH HTXDWLRQ WKDW FRUUHODWHV 7FHLO WR WKH UHDFWLRQ WKHUPRG\�
QDPLF SDUDPHWHUV DQG WR WKH FRQFHQWUDWLRQ RI WKH VWDUWLQJ PRQRPHU�

7FHLO =
∆+

∆6 + 5ORJ&FHLO
���

)LJ� � ,URQ FKORULGH VSHFWUD LQ DFHWRQLWULOH VROXWLRQV
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)URP WKH H[SHULPHQWDO SRLQW RI YLHZ� 7FHLO FDQ EH HYDOXDWHG E\ H[WUDSRODWLQJ WR
]HUR WKH \LHOGV� WKH UDWH RU WKH GHJUHH RI SRO\PHUL]DWLRQ LI UHSRUWHG YV� WHPSHUDWXUH
IRU D SUHIL[HG &FHLO� $V UHSRUWHG LQ )LJ� � IRU >3\@ ����� 0� WKH JUDYLPHWULF \LHOGV
DQG WKH HYROYHG KHDW DUH LQYHUVHO\ UHODWHG WR WKH WHPSHUDWXUH DQG ERWK GURS WR ]HUR
ZKHQ 7FHLO LV UHDFKHG� 7KH H[WUDSRODWLRQV� JLYH 7FHLO ���±� . DQG 7FHLO ���±�� . UH�
VSHFWLYHO\ IRU )H DQG &X GRSHG 33\V�

7KHVH FHLOLQJ WHPSHUDWXUH YDOXHV DUH UHODWLYHO\ KLJK LI FRPSDUHG WR WKRVH UH�
SRUWHG LQ OLWHUDWXUH >��@ IRU D ZLGH YDULHW\ RI SRO\DGGLWLRQ UHDFWLRQV� WKHUHIRUH ZH
KDYH WR FRQFOXGH WKDW WKH HQWURSLF LQFUHDVH LV TXLWH VPDOOHU� 2Q WKH RWKHU KDQG� LW LV
WR EH HPSKDVL]HG WKDW WKH 3\ SRO\PHUL]DWLRQ LV WR EH FRQVLGHUHG D SRO\FRQGHQVDWLRQ�
EHFDXVH RI WKH +&O ORVVHV� DQG QR FHLOLQJ WHPSHUDWXUH FDQ EH GHWHFWHG IRU DQ LUUH�
YHUVLEOH SRO\FRQGHQVDWLRQ UHDFWLRQ� $ NLQHWLF DSSURDFK DVVXPHV WKDW WKH +&O ORVVHV
DQG WKH 33\ SUHFLSLWDWLRQ DUH WZR YHU\ VORZ UHDFWLRQ VWHSV ZLWK UHVSHFW WR WKH FKDLQ
JURZWK VR WKDW WKH UHDFWLRQ SURFHHGV OLNH D SRO\DGGLWLRQ� 8QIRUWXQDWHO\� QR LQYHVWLJD�
WLRQ KDV EHHQ FDUULHG RXW WR FRQILUP WKLV DVVXPSWLRQ�

,Q DQ\ FDVH� DFFRUGLQJ WR WKH DERYH� HDFK µFHLOLQJ FRQFHQWUDWLRQ¶ VKRXOG FRUUH�
VSRQG WR HDFK µFHLOLQJ WHPSHUDWXUH¶ DQG WKH IRUPDWLRQ RI WKH KLJKHVW PHDQ PROHFXODU
PDVV SRO\PHUV LV LPSRVVLEOH EHORZ D SUHIL[HG 3\ FRQFHQWUDWLRQ� 2XU WHVWV �)LJ� ���
DLPHG WR &FHLO GHWHUPLQDWLRQ� SRLQW RXW WKH LQLWLDO 3\ FRQFHQWUDWLRQ PXVW EH KLJKHU
WKDQ >3\@FHLO≈�⋅��±�0 LI )H&O� LV XVHG DV R[LGDQW DQG D FRUUHVSRQGLQJ 7FHLO≈��� . LV
IRXQG� $FFRUGLQJ WR (T� ���� ZH ZLOO IRXQG D GLUHFW UHODWLRQVKLS EHWZHHQ WKH 7FHLO DQG
WKH &FHLO� VR WKDW D &FHLO��⋅��±�0 FRUUHVSRQGV WR D 7FHLO ��� . �µEDVH OLQH¶ FRQGLWLRQ��
8QIRUWXQDWHO\� GXH WR WKH H[SHULPHQWDO HUURUV� QR SUHFLVH HYDOXDWLRQ FDQ EH PDGH RI
∆+ DQG ∆6 IURP (T� ��� DQG ZH FDQ DFFRXQW RQO\ IRU WKH H[WUDSRODWHG �WRR KLJK� YDO�
XHV RI ∆+>DW\LHOG ����@ ±���±�� N- PRO±� DQG ∆6>DW\LHOG ����@ ±���±��� - PRO±� .±��
$OO HIIRUWV DGGUHVVHG WR WKH HUURU PLQLPL]DWLRQ ZHUH XVHOHVV EHFDXVH RI XQGHWHU�
PLQHG IDFWRUV DIIHFWLQJ WKH 33\ QXFOHDWLRQ DQG WKH ORJDULWKPLF LQIOXHQFH RI &FHLO �D
VOLJKW YDULDWLRQ LQ WKH ORJDULWKP OHDGV WR D ELJ GLIIHUHQFH LQ WKH DEVROXWH YDOXH��

7KH PRODU R[LGDQW�3\ UDWLR DQG WKH VROYHQW HIIHFW DOVR SOD\ D YHU\ LPSRUWDQW UROH
LQ WKH QRQ�GHWHUPLQDWLRQ RI &FHLO� ,Q IDFW� DFFRUGLQJ WR WKH OLWHUDWXUH >��@� WKH KLJKHVW
\LHOG ZDV REWDLQHG DW D PRODU UDWLR FORVH WR ��� PRO PRO±� DQG SRO\PHUL]DWLRQ LV YHU\
VORZ LI WKHUH DUH WUDFHV RI ZDWHU �≥��� P/ /±�� LQ DFHWRQLWULOH� 7KLV UHVXOW VHHPV WR EH
LQ FRQWUDVW ZLWK WKDW REWDLQHG E\ 6WDQNH HW DO� >��@ LQ QLWURPHWKDQH� ZKHUH WUDFHV RI
ZDWHU LQFUHDVH WKH UHDFWLRQ UDWH XS WR WHQ WLPHV� :H KDYH WR VWUHVV� WKDW LQ QL�
WURPHWKDQH WKH SRO\PHUL]DWLRQ SURFHVV LV PXFK VORZHU WKDQ LQ &+�&1 DQG WKH UDWH
GHWHUPLQLQJ VWHS FDQ EH GLIIHUHQW �L�H� WKH FKDLQ JURZWK�� )LJXUH � VKRZV WKH WHVWV ZH
FDUULHG RXW RQ WKH LQIOXHQFH WKDW FRQFHQWUDWLRQ DQG )H�1 UDWLR KDYH RQ WKH \LHOG DQG
WKH TXDOLW\ RI WKH SURGXFWV� 7KH )H FRQWHQW RI WKH SRO\PHU DQG WKH \LHOG RI WKH UHDF�
WLRQ VKRZ D GLUHFW WUHQG� WKXV LW VHHPV UHDVRQDEOH WR K\SRWKHVL]H WKDW WR KLJK \LHOGV
FRUUHVSRQG SURGXFWV ZLWK KLJKHU )H FRQWHQW� 0RUHRYHU� DV SRLQWHG RXW DERYH� DW KLJK
\LHOGV ZH KDYH KLJK HOHFWULF FRQGXFWLYLW\� WKXV ZH FDQ VXPPDULVH WKDW DOVR WKH )H
FRQWHQW DQG WKH HOHFWULF FRQGXFWLYLW\ UHIOHFW D VLPLODU WUHQG� $FFRUGLQJ WR WKHVH RE�
VHUYDWLRQV� 0\HUV HW DO� >��@� VWDUWLQJ IURP )H&O� LQ HWK\O HWKHU� REWDLQHG SRO\S\U�
UROHV ZLWK D KLJK HOHFWULF FRQGXFWLYLW\ �&≥�� 6 FP±�� DQG WKH\ K\SRWKHVL]H WKDW 33\V
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ZLWK WKH KLJKHVW )H FRQWHQW� VKRZ WKH KLJKHVW HOHFWULF FRQGXFWLYLW\ WKDQNV WR WKH IRU�
PDWLRQ RI D JUHDWHU DPRXQW RI ELSRODURQV�

7KH RSWLPXP UDWLR R[LGDQW�3\ �)H�1� DOORZLQJ WKH \LHOG DQG HOHFWULF FRQGXFWLY�
LW\ PD[LPL]DWLRQ ZDV VKRZQ QRW WR EH YHU\ IDU IURP VWRLFKLRPHWU\� L�H� )H�1 ����
3UREDEO\ EHORZ WKDW UDWLR WKHUH RFFXUV D SUHYDLOLQJ IRUPDWLRQ RI SRODURQLF VSHFLHV�
ZKLFK GR QRW JLYH PXFK FRQWULEXWLRQ WR HOHFWULF FRQGXFWLYLW\� ZKHUHDV IRU KLJK YDO�
XHV DQ H[FHVVLYH DFWLRQ RI WKH R[LGDQW DJHQW JLYHV GHJUDGDWLRQ SURGXFWV�

7KH SRO\PHUL]DWLRQ RI 3\ LQ DFHWRQLWULOH� LQ ZKLFK WKH SHUFHQWDJH RI WKH PDVV RI
WKH WRWDO LPSXULWLHV LV ORZHU WKDQ � ZW�� SURJUHVVHV PRUH TXLFNO\ LI FRPSDUHG WR WKH
SRO\PHUL]DWLRQ LQ SUHVHQFH RI WUDFHV RI +�2 �≥���⋅��±�0�� $V VHHQ LQ )LJ� �� WKH UH�
GR[ SRWHQWLDO RI DQK\GURXV IHUULF VROXWLRQV �����±���� P9� LV KLJKHU ZKHQ FRP�
SDUHG WR WKDW RI LVRWRQLF VROXWLRQV SUH�WUHDWHG ZLWK VPDOO DPRXQWV RI +�2 RU FRQFHQ�
WUDWHG +&O ����±��� P9�� 6XFK D SRWHQWLDO� ZKLOH FRQVWDQW RU HYHQ VORZO\ LQFUHDV�
LQJ� LI WKH VROXWLRQ LV NHSW XQGHU $U� GHFUHDVHV UDSLGO\ ZKHQ H[SRVHG WR DLU� $W ODVW�
G\HLQJ RI WKH DQK\GURXV IHUULF VROXWLRQ �GDUN UHG�� FKDQJHV PDUNHGO\ ZLWK WKH DGGL�
WLRQ RI OLWWOH DPRXQWV RI +�2 �RUDQJH� DQG�RU +&O �\HOORZ�JUHHQLVK�� 9LVLEOH DEVRUS�
WLRQ VSHFWUD �ZDYH OHQJWK λ ���±��� QP� RI WKH DQK\GURXV VROXWLRQ� RI ZKLFK RQH LV
DW ��� ZW� RI +�2 DQG WKH RWKHU DW ��� ZW� RI FRQFHQWUDWHG +&O DUH YHU\ GLIIHUHQW
�)LJ� �� DQG WKH VROXWLRQ GRHV QRW IROORZ /DPEHUW 	 %HHU¶V ODZ LQ HYHU\ VSHFWUXP
]RQH� -XVW DV ZDV REVHUYHG IRU WKH UHGR[ SRWHQWLDO� WKH FKDQJH LQ WKH FRORXU RFFXUV
DOVR ZKHQ WKH DQK\GURXV VROXWLRQ LV H[SRVHG IRU D ORQJ WLPH WR WKH DLU� ZKHUHDV WKH
GDUN UHG FRORXU LV VWDEOH XQGHU $U�

%DVHG RQ DOO WKHVH REVHUYDWLRQV LW LV KLJKOLJKWHG WKDW WKH WKHUPRG\QDPLF VWDELOLW\
DQG WKH LQHUWLD RI WKH VROYDWHG IHUULF LRQ KDYH D SHFXOLDU LPSRUWDQFH IRU WKH GHILQLWLRQ
RI WKH UHDFWLRQ UDWH� WKH TXDOLW\ RI WKH SURGXFW DQG� FRQVHTXHQWO\� WKH &FHLO YDOXH�

7KH UHODWLRQVKLS EHWZHHQ NLQHWLFV RI WKH UHDFWLRQ DQG TXDOLW\ RI WKH SURGXFW�
LV QRW GHHSO\ XQGHUVWRRG� HYHQ WKRXJK VHYHUDO DXWKRUV JHW JRRG \LHOGV DQG KLJK
HOHFWULF FRQGXFWLYLW\ YDOXHV RQO\ IURP SRO\S\UUROHV UHDFKHG DIWHU D VXIILFLHQWO\
ORQJ SRO\PHUL]DWLRQ WLPH� +LJKHU PHDQ YDOXHV �&≈��� 6 FP±��� FORVH WR WKRVH RE�
WDLQHG E\ WKH HOHFWURFKHPLFDO V\QWKHVHV FDQ EH REWDLQHG FRQWUROOLQJ WKH UHGR[ SR�
WHQWLDO� 0DFKLGD HW DO� >��@� IRU H[DPSOH REVHUYH WKDW WKH DGGLWLRQ RI )H�,,� WR WKH
VWDUWLQJ IHUULF VROXWLRQ� UHGXFLQJ WKH UHGR[ SRWHQWLDO DQG WKHUHIRUH WKH UHDFWLRQ UDWH�
JLYHV SURGXFWV ZLWK KLJKHU HOHFWULF FRQGXFWLYLW\� 3URWLF VROYHQWV �+�2� PHWKDQRO�
HWKDQRO� HWF�� SOD\ WKH VDPH HIIHFW RQ NLQHWLFV� HYHQ LI� LQ GLOXWHG DTXHRXV VROXWLRQV�
\LHOGV DUH H[WUHPHO\ ORZ� $W ODVW� WR D IXUWKHU FRQILUPDWLRQ� WKH XVH RI &X&O�� $J12��
)H>%)�@���1+���6�2� DQG RI RWKHU R[LGDQW DJHQWV ZLWK ORZHU UHGR[ SRWHQWLDO >��@�
EULQJV DERXW VORZHU NLQHWLFV DQG SURGXFWV ZLWK KLJKHU HOHFWULF FRQGXFWLYLW\�

7DEOH � UHSRUWV� HLWKHU WKH EHKDYLRXU RI HOHFWULF FRQGXFWLYLW\ RI WKH SURGXFWV RE�
WDLQHG LQ IXQFWLRQ RI WKH V\QWKHVLV WHPSHUDWXUH DQG LWV TXLFN GHFD\ GXH WR WKH H[SR�
VXUH WR DLU� +LJK V\QWKHVLV WHPSHUDWXUHV EULQJ WR SRO\S\UUROHV ZLWK ORZHU HOHFWULF
FRQGXFWLYLW\ DQG WR ORZHU UHDFWLRQ \LHOGV�

)XUWKHUPRUH� WKH V\QWKHVLV WHPSHUDWXUH LV QRW VLJQLILFDQW LQ VORZLQJ WKH XQ�
ZDQWHG DJHLQJ SKHQRPHQD >��� ��@� :KDWHYHU WKH WHPSHUDWXUH LV� WKH HOHFWULF FRQ�
GXFWLYLW\ RI WKH SURGXFW DOZD\V GHFUHDVHV DW WKH VDPH XQZDQWHG VSHHG ZKHQ H[SRVHG
WR DLU�
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&RQFOXVLRQV

$ FRPSDULVRQ EHWZHHQ WKH ∆+ YDOXHV� WKH UHDFWLRQ \LHOG HYDOXDWHG E\ JUDYLPHWU\
DQG WKH )H FRQWHQW RI µGRSHG¶ SRO\PHU� DOORZHG XV WR SRLQW RXW WKH SUHVHQFH RI D
µFHLOLQJ FRQFHQWUDWLRQ¶ UHODWHG WR HDFK µFHLOLQJ WHPSHUDWXUH¶� 7KLV WHPSHUDWXUH� WKDW
PDWFKHV D UHDFWLRQ ∆* FORVH WR ]HUR� YDULHV DFFRUGLQJ WR WKH R[LGDQW DJHQW XVHG� H�J�
���±� . RU ���±�� .� GHSHQGLQJ RQ ZKHWKHU LW UHODWHV WR )H&O� RU &X&O� DQG WKH
FRUUHVSRQGLQJ VWDUWLQJ 3\ FRQFHQWUDWLRQV VKRXOG QHYHU IDOO EHORZ ��±�0�

7KH SUHVHQFH RI WUDFHV RI ZDWHU LQ WKH VROYHQW �&+�&1�� JUHDWO\ DIIHFWV WKH UHDF�
WLRQ SDWK� EHFDXVH D VWDEOH ERQG LV IRUPHG ZLWK WKH R[LGDQW� ,Q HIIHFW� +�2 DFWV DV DQ
LURQ LRQ JHWWHU DQG LQ D GLOXWHG VROXWLRQ FDQ VLJQLILFDQWO\ PRGLI\ WKH R[LGDQW�3\ UDWLR�

7KH DERYH ILQGLQJV DUH IXUWKHU FRQILUPHG LI RQH FRQVLGHUV WKDW WKH DPRXQW RI
SRO\PHU REWDLQHG E\ ILOWUDWLRQ RI WKH FRPSRXQG UHVXOWLQJ IURP WKH UHDFWLRQ FDUULHG
RXW DW D ORZHU WHPSHUDWXUH DQG KLJKHU FRQFHQWUDWLRQ� LV JUHDWHU WKDQ WKDW SURGXFHG DW
D KLJKHU WHPSHUDWXUH DQG ORZHU FRQFHQWUDWLRQ� ,Q IDFW ROLJRPHUV ZLWK D ORZ PROHFX�
ODU PDVV� IRUP LQ HYHU LQFUHDVLQJ SHUFHQWDJHV DV WKH\ DSSURDFK WKH µFHLOLQJ WHPSHUD�
WXUH¶� WKXV OHDGLQJ WR D JUHDWHU VROXELOLW\ LQ WKH ILOWUDWH� )LQDOO\� ZH VKRXOG PHQWLRQ
WKDW HOHFWULF FRQGXFWLYLW\ LV GLUHFWO\ FRUUHODWHG WR WKH µGRSLQJ¶ SHUFHQWDJH� &RQ�
YHUVHO\ DQ LQYHUWHG SURSRUWLRQ LV REVHUYHG LQ WKH V\QWKHVLV WHPSHUDWXUH� 7KH H[SHUL�
PHQWDO GDWD OHDG XV WR EHOLHYH WKDW D EHWWHU HOHFWULF FRQGXFWLYLW\ VKRXOG EH DWWULEXWHG
WR D KLJKHU YDOXH RI WKH PHDQ PROHFXODU PDVV� 7KLV OHDGV WR D KLJKHU GHJUHH RI FRQ�
MXJDWLRQ RI WKH FKDLQV DV ZHOO DV HDVLHU HOHFWURQLF µKRSSLQJ¶� UHODWHG WR D KLJKHU PHDQ
PROHFXODU PDVV DQG WR D KLJKHU DPRXQW RI WKH SRODURQ�ELSRODURQ FRXQWHU LRQV
>)H&O�@

±� 2Q WKH RWKHU KDQG� WKH WHPSHUDWXUH RI V\QWKHVLV GRHV QRW VKRZ DQ\ LQ�
IOXHQFH RQ WKH LQLWLDO HOHFWULF FRQGXFWLYLW\ RI 33\ DQG RQ LWV VWDELOLW\ WR WKH DLU
R[LGDWLRQ DV ZHOO�

,Q FRQFOXVLRQ� WKH PD[LPL]DWLRQ RQ WKH \LHOGV DQG RQ WKH HOHFWULF FRQGXFWLYLW\
VHHPV WR EH UHDFKHG ZKHQ WKH UHDFWLRQ WHPSHUDWXUH LV WKH ORZHVW SRVVLEOH �WKH IDU�
WKHVW IURP WKH FHLOLQJ YDOXH�� WKH 3\ FRQFHQWUDWLRQ LV ≥��� 0 DQG WKH )H�1 PRODU UD�
WLR LV FORVH WR ��� PRO PRO±��

/LVW RI V\PEROV�

& VSHFLILF FRQGXFWLYLW\� 6 FP±�

&FHLO FHLOLQJ FRQFHQWUDWLRQ� 0
)H�1 LURQ�QLWURJHQ �3\� PRODU UDWLR� GLPHQVLRQOHVV
TU KHDW IORZ UDWH GXH WR FKHPLFDO UHDFWLRQ� :
TIORZ KHDW IORZ UDWH WKURXJK WKH UHDFWRU ZDOO� :
TDFF KHDW DFFXPXODWLRQ UDWH E\ UHDFWLRQ PDVV DQG LQWHUQDO ILWWLQJV� :
TGRV KHDW IORZ UDWH GXH WR PDQXDO GRVLQJ� :
TORVV KHDW IORZ UDWH WKURXJK WKH UHDFWRU FRYHU� :
5 LGHDO JDV FRQVWDQW
W UHDFWLRQ WLPH� K
7FHLO FHLOLQJ WHPSHUDWXUH� .
7M MDFNHW UHDFWRU WHPSHUDWXUH� .
7U UHDFWLQJ PL[WXUH WHPSHUDWXUH� .
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9UHGR[ UHGR[ SRWHQWLDO PHDVXUHG E\ D 3W�6&( HOHFWURGH� P9
α KHDW ORVV FRHIILFLHQW  ���� : .±�

$EEUHYLDWLRQV
3\ 3\UUROH
33\ 3O\S\UUROH


 
 


7KLV ZRUN ZDV VXSSRUWHG E\ WKH ,WDOLDQ µ1DWLRQDO 5HVHDUFK &RXQFLO¶ �&15�� 5RPH�

5HIHUHQFHV

� 6� 5RWK� /D &KLPLFD H /p,QGXVWULD� �� ������ ����
� +� 1DDUPDQQ� /D &KLPLFD H /p,QGXVWULD� �� ������ ����
� 6� -� +LJJLQV� &KHP� 6RF� 5HY�� �� ������ ����
� 0� 6DWRK� .� .DQHWR DQG .� <RVKLQR� 6\QWKHWLF 0HW�� �� ������ ����
� 7� %HLQ� 6WXG� 6XUI� 6FL� &DWDO�� ��� ������ ����
� 9� %RFFKL� *� 3� *DUGLQL DQG *� =DQHOOD� 6\QWKHWLF 0HW�� �� ������ �����
� 7� 9� 9HUQLWVND\D DQG 2� 1� (ILPRY� 8VSHNKL .KLPLL� �� ������ ����
� .� (� *HFNHOHU� 1� $UVDODQL DQG %� /� 5LYDV� 0DFURPRO� 5DSLG &RPP�� �� ������ ����
� 0� 2PDVWRYD� -� 3DYOLQHF� -� 3LRQWHFN DQG )� 6LPRQ� 3RO\P� ,QW�� �� ������ ����
�� ;� /� &KHQ DQG 6� $� -HQHNKH� 0DFURPROHFXOHV� �� ������ �����
�� 1� 7RVKLPD DQG 2� ,KDWD� 6\QWKHWLF� 0HW�� �� ������ ����
�� <� 4� 6KHQ DQG 0� ;� :DQ� -� 3RO\P� 6FL�� 3DUW $� �� ������ �����
�� ,� 7� .LP DQG 5� /� (OVHQEDXPHU� 6\QWKHWLF 0HW�� �� ������ ����
�� 9� 6� 6XEUDKPDQ\DP� 6� .� 'DV� %� 1� *DQJXO\� $� %KDWWDKDU\D DQG $� 'H� 0DWHU� 5HV�

%XOO�� �� ������ �����
�� '� 6WDQNH� 0� /� +DOOHQVOHEHQ DQG /� 7RSSDUH� 6\QWKHWLF 0HW�� �� ������ ����
�� 6� &DYDOODUR� $� &ROOLJLDQL DQG *� &XP� -� 7KHUPDO $QDO�� �� ������ �����
�� 6� &DYDOODUR� $� &ROOLJLDQL DQG *� &XP� -� 7KHUPDO $QDO�� �� ������ ����
�� 3� 9LQFHQW� -� 3� &KDXPDW DQG -� )� )DXYDUTXH� -� &KLP� 3K\V� 3K\V��&KLP� %LRO�� �� ������

����
�� 0� )� 3ODQFKH� -� &� 7KLHEOHPRQW� 7� )� 2WHUR DQG *� %LGDQ� -� &KLP� 3K\V� 3K\V��&KLP�

%LRO�� �� ������ ����
�� 0� )� 3ODQFKH� -� &� 7KLHEOHPRQW� 1� 0D]DUV DQG *� %LGDQ� -� $SSO� 3RO\P� 6FL�� �� ������

�����
�� 0� 0� $\DG� 3RO\P� ,QW�� �� ������ ���
�� :� +RIIPDQQ� &KLPLD� ��� ������ ���
�� /� 6RO� � $� 3HULF� V� )� &XQLOO DQG )� ,]TXLHUGR� ,QG� (QJ� &KHP� 5HV�� �� ������ �����
�� 5� 1RPHQ� -� 6HPSHUH DQG (� 6HUUD� -� 7KHUPDO $QDO�� �� ������ �����
�� 5� (� 0\HUV� -� (OHFWURQ� 0DWHU� ����� ������ ���
�� 0� -� %RZGHQ LQ o0DFURPROHFXOHV� $Q ,QWURGXFWLRQ WR 3RO\PHU 6FLHQFHp� )� $� %RYH\ DQG

)� +� :LQVORZ (GV� t $FDGHPLF 3UHVV ,QF�� 1HZ <RUN �����
�� -� %UDQGUXS DQG (� +� ,PPHUJXW� 3RO\PHU +DQGERRN� (G� -� :LOH\ DQG 6RQV� 1HZ <RUN

�����
�� 6� 0DFKLGD� 6� 0L\DWD DQG $� 7HFKDJXPSXFK� 6\QWKHWLF� 0HW�� �� ������ ����
�� <� $� 'XELWVN\ DQG %� $� =KXEDQRG� 6\QWKHWLF� 0HW�� ��t�� ������ ����
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