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FKHPLOXPLQHVFHQFH �&/� FKDUDFWHULVWLFV RI WKH PRGHO DQG SRO\PHULF IOXRURSKRUHV ZHUH PHDVXUHG� 6RGLXP VDO�

LF\ODWH�FDWDO\]HG UHDFWLRQ RI ELV�������WULFKORURSKHQ\O�R[DODWH �7&32� ZLWK K\GURJHQ SHUR[LGH SURGXFHG D

VWURQJ FKHPLOXPLQHVFHQW EOXH OLJKW HPLVVLRQ ZLWK ������� QP LQ WKH SUHVHQFH RI WKH IOXRURSKRUH� 7KH ZDYH�

OHQJWK RI &/ OLJKW ZDV VLPLODU WR WKDW RI SKRWROXPLQHVFHQFH� 7KH FKHPLOXPLQHVFHQW LQWHQVLW\ ZDV GHFD\HG DF�

FRUGLQJ WR WKH H[SRQHQWLDO HTXDWLRQ� 7KH JORZ RI &/ PDLQWDLQHG PRUH WKDQ �� KU DQG ZDV YLVLEOH ZLWK QDNHG

H\H�

,QWURGXFWLRQ

$ PDMRU UHFHQW GHYHORSPHQW LQ WKH ILHOG RI FKHPLOXPLQH�

VFHQFH �&/� KDV EHHQ FDXVHG E\ WKH GLVFRYHU\ RI FKHPLFDO

OLJKWLQJ IURP WKH UHDFWLRQ RI R[DODWH HVWHUV ZLWK K\GURJHQ

SHUR[LGH DQG IOXRURSKRUHV����� 5HFHQW DGYDQFHV LQ &/ KDYH

FUHDWHG D QHHG IRU QHZ IOXRURSKRUHV SRVVHVVLQJ WKH UHTXLVLWH

RSWLFDO SURSHUWLHV� &RQYHQWLRQDO FKHPLOXPLQHVFHQW IOXRUR�

SKRUHV ZHUH KLJKO\ FRQMXJDWHG DURPDWLF FRPSRXQGV VXFK DV

SHU\OHQH� UXEUHQH� �����GLSKHQ\ODQWKUDFHQH DQG �����ELV�

�SKHQ\OHWK\Q\O�DQWKUDFHQH GHULYDWLYHV��� $ SDUWLFXODU FODVV

RI I,XRURSKRUHV RI LQWHUHVW LV WKH π�FRQMXJDWHG SRO\PHUV�

ZKLFK DUH JHQHUDOO\ PRUH WUDFWDEOH� VWDEOH DQG OHVV WR[LF WKDQ

FRQYHQWLRQDO RUJDQLF IOXRUHSKRUHV������

$ PHWKRG IRU WKH FKHPLOXPLQHVFHQFH LQYROYHV LQWHUPROH�

FXODU FKHPLFDO HQHUJ\ WUDQVIHU WR D IOXRUHVFHQW FRPSRXQG� ,Q

WKH FDVH RI SRO\PHULF IOXRURSKRUHV� WKH RUJDQL]HG DVVHPEO\

VXFK DV PLFHOOH PDLQWDLQHG D FORVH VSDFLQJ EHWZHHQ ����

GLR[HWDQHGLRQH DQG WKH IOXRUHVFHQW PRLHWLHV��� 1R H[DPSOHV

DSSHDUHG LQ WKH OLWHUDWXUH DSSO\LQJ WKH SRO\PHULF IOXRUR�

SKRUHV WR FKHPLOXPLQHVFHQW UHDFWLRQ WKURXJK HQHUJ\�WUDQV�

IHU SURFHVVHV�

,Q WKLV DUWLFOH� IOXRUHQH� DQG FDUED]ROH�FRQWDLQLQJ GLVW\U\O�

DU\OHQH PRGHO DQG SRO\PHULF IOXRURSKRUHV ZHUH SUHSDUHG

DQG WKHLU &/ FKDUDFWHULVWLFV LQFOXGLQJ YDULRXV RSWLFDO SURSHU�

WLHV ZHUH H[DPLQHG�

([SHULPHQWDO 6HFWLRQ

&KHPLFDOV DQG ,QVWUXPHQWV� ����'LEURPR���EXW\OIOXR�

UHQH DQG ����GLEURPR���EXW\OFDUED]ROH ZHUH SUHSDUHG E\ WKH

PRGLILHG PHWKRG SUHYLRXVO\ UHSRUWHG������ 6W\UHQH DQG GLYL�

Q\OEHQ]HQH �$OGULFK &KHP� &R�� ZHUH SXULILHG E\ YDFXXP

GLVWLOODWLRQ XQGHU UHGXFHG SUHVVXUH DIWHU GU\LQJ RYHU FDOFLXP

K\GULGH� 3DOODGLXP �,,� DFHWDWH� WUL�R�WRO\OSKRVSKLQH� WUL�Q�

EXW\ODPLQH DQG EURPREHQ]HQH �$�GULFK &KHP� &R�� ZHUH

XVHG DV UHFHLYHG� %LV�������WULFKORURSKHQ\O�R[DODWH �7&32�

ZDV SUHSDUHG E\ WKH PHWKRG GHVFULEHG SUHYLRXVO\���6RGLXP

VDOLF\ODWH� SLQDFRO� GLEXW\OSKWKDODWH �*5� <DNXUL &R��� GLPH�

WK\OSKWKODWH �*5� -XQVHL &KHP� &R�� ZHUH XVHG ZLWKRXW IXU�

WKHU SXULILFDWLRQ� +\GURJHQ SHUR[LGH ����� ZDV FRQFHQWUDW�

HG E\ XVLQJ DQK\GURXV PDJQHVLXP VXOIDWH SULRU WR XVH� $OO

PHOWLQJ SRLQWV ZHUH GHWHUPLQHG RQ D PHOWLQJ SRLQW DSSDUDWXV

�$OGULFK 0HO�7HPS ,,� XVLQJ FDSLOODU\ WXEHV DQG ZHUH XQFRU�

UHFWHG� )7�,5 VSHFWUD ZHUH REWDLQHG ZLWK D 0LGDF 0RGHO 0�

���� VSHFWURSKRWRPHWHU DQG �+ 105 VSHFWUD ZHUH UHFRUGHG

RQ D 9DULDQ *HPLQL����� VSHFWURPHWHU� (OHPHQWDO DQDO\VHV

ZHUH SHUIRUPHG XVLQJ D <DQDFR 07�� &+1 LQVWUXPHQW� 89

VSHFWUD ZHUH REWDLQHG RQ D 6KLPDG]X PRGHO 89�����6�

,QWHQVLW\ RI WKH HPLVVLRQ OLJKW ZDV PHDVXUHG ZLWK D 0LQROWD

&KURPDPHWHU &6�O��� 3KRWROXPLQHVFHQFH ZHUH PHDVXUHG

RQ DQ 2SWLFDO 6SHFWUD 0XOWLFKDQQHO $QDO\]HU �260$������

3KRWRGLRGHV ������

5HSUHVHQWDWLYH 3UHSDUDWLRQ RI 0RGHO &RPSRXQGV� ,Q D

URXQG�ERWWRPHG IODVN ���� P/�� ZHUH SODFHG ����GLEURPR�

��EXW\OIOXRUHQH ���� PPRO�� VW\UHQH ��� PPRO� DQG SDOOD�

GLXP �,,� DFHWDWH ������ PPRO�� 7UL�R�WRO\OSKRVSKLQH ����

PPRO� DQG WUL�Q�EXW\ODPLQH ����� PRO� LQ 1�1�GLPHWK\OIRU�

PDPLGH ��� P/� ZHUH DGGHG DQG WKH UHDFWLRQ PL[WXUH ZDV

UDLVHG WR ��� R& DQG PDLQWDLQHG IRU �� KU� 7KH UHDFWLRQ PL[�

WXUH ZDV WKHQ FRROHG DQG TXHQFKHG ZLWK K\GURFKORULF DFLG

���� 1� � P/�� 7KH SRZGHU\ SURGXFW ZDV UHFU\VWDOOL]HG LQ

KH[DQH�WROXHQH ������ 7KH UHDFWLRQ RI ����GLEURPR���EXW\O�

FDUED]ROH ZLWK VW\UHQH ZDV FDUULHG RXW E\ WKH VLPLODU PHWKRG

GHVFULEHG DERYH�

����'LVW\U\O���EXW\OIOXRUHQH ���� <LHOG ���� PS ����

��� R& �XQFRUUHFWHG�� ,5 .%U�� ��������� �V� DURPDWLF &�

+�� ��������� �V� DOLSKDWLF &�+�� ���� �V� & &�� ���� ���

�Z�  &�+� FP−�� �+ 105 �&'&O��� δ  ��������� �P� ��+�

DURPDWLF DQG YLQ\O SURWRQV�� ���� �W� O+� PHWKLQH SURWRQ��

���� �P� �+� �&+��&+��&+��&+��� ���� �P� �+� �&+��&+��

&+��&+��� ���O �W� �+� �&+��&+��&+��&+��� $QDO� &DOFG
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IRU &��+�� ������ &� ������ +� ����� )RXQG�&� ������ +� �����

����'LVW\U\O���EXW\OFDUED]ROH ���� <LHOG ���� PS ��� R&

�XQFRUUHFWHG�� ,5 �.%U�� ��������� �DURPDWLF &�+�� �����

���� �DOLSKDWLF &�+�� ���� �& &�� ��������� �&�1� FP−��
�+ 105 �&'&O��� δ  ��������� �P� ��+� DURPDWLF DQG

YLQ\O SURWRQV�� ���� �W� �+�  1�&+���� ���� �P� �+� �&+��

&+��&+��&+��� ���� �P� �+� �&+��&+��&+��&+��� ���� �W�

�+� �&+��&+��&+��&+��� $QDO� &DOFG IRU &��+��1� ������

&� ������ +� ����� 1� ����� )RXQG� &� ������ +� ����� 1� ���O�

3UHSDUDWLRQ RI &RSRO\PHUV &RQWDLQLQJ )OXRUHQH DQG

&DUED]ROH 0RLHW\� ,Q D URXQG ERWWRPHG IODVN ���� P/��

ZHUH SODFHG ����GLEURPR���EXW\OIOXRUHQH ���� PPRO�� GLYL�

Q\OEHQ]HQH ���� PPRO� DQG SDOODGLXP �,,� DFHWDWH ������

PRO�� 7UO�R�WRO\OSKRVSKLQH ���� PPRO� LQ 1�1�GLPHWK\OIRU�

PDPLGH ��� P/� DQG WUO�Q�EXW\ODPLQH ����� PRO� ZHUH

DGGHG DQG WKH UHDFWLRQ PL[WXUH ZDV UDLVHG WR ��� R& DQG

PDLQWDLQHG IRU �� KU� $IWHU EURPREHQ]HQH ZDV DGGHG� WKH

UHDFWLRQ PL[WXUH ZDV WKHQ FRROHG DQG TXHQFKHG ZLWK K\GUR�

FKORULF DFLG ���� 1� � P/�� 7KH UHDFWLRQ PL[WXUH ZDV SUHFLS�

LWDWHG LQWR PHWKDQRO DQG SRZGHU\ SURGXFW ZDV ILOWHUHG� 7KH

UHDFWLRQ RI ����GLEURPR���EXW\OFDUED]ROH ZLWK GLYLQ\OEHQ�

]HQH ZDV FDUULHG RXW E\ WKH VLPLODU PHWKRG GHVFULEHG DERYH�

�� <LHOG ���� ,5 �.%U�� ��������� �DURPDWLF &�+�� �����

���� �DOLSKDWLF &�+�� O��� �& &�� ���� ��� � &�+� FP−�� �+

105 �&'&O��� δ  �������� �P� ��+� DURPDWLF DQG YLQ\O

SURWRQV�� ���� �W� O+� PHWKLQH SURWRQV�� O��� �P� �+� �&+��

&+��&+��&+��� ��������� �P� �+� �&+��&+��&+��&+���

���� �P� �+� �&+��&+��&+��&+��� $QDO� &DOFG IRU &��+��

���O�Q� &� ������ +� ����� )RXQG� &� ������ +� ���O�

�� <LHOG ���� ,5 �.%U�� ��������� �DURPDWLF &�+�� �����

���� �DOLSKDWLF &�+�� ���� �& &�� �����O��� �&�1� FP−��
�+ 105 �&'&O��� δ  ��������� �P� ��+� DURPDWLF DQG

YLQ\O SURWRQV�� ���� �W� �+�  1�&+���� ���� �P� �+� �&+��

&+��&+��&+��� ��� �P� �+� �&+��&+��&+��&+��� �����W� �

+� �&+��&+��&+��&+��� $QDO &DOFG IRU &��+��1� �����Q� &�

������ +� ����� 1� ����� )RXQG� &� ������ +� ����� 1� �����

3UHSDUDWLRQ RI &KHPLOXPLQHVFHQW 6ROXWLRQ� 0RGHO IOXR�

URSKRUH ���� ZW�� DQG ELV�������WULFKORURSKHQ\O�R[DODWH

�7&32� �� PPRO� ZDV GLVVROYHG LQ GLEXW\OSKWKDODWH ����

P/� DW �� R& XQGHU QLWURJHQ� 2Q WKH RWKHU KDQG� K\GURJHQ

SHUR[LGH ����� ��� HTXLYDOHQW RI 7&32� DQG VRGLXP VDOLF\�

ODWH ����� PPRO� ZHUH GLVVROYHG LQ �� P/ RI PL[HG VROYHQW

RI GLPHWK\OSKWKD,DWH�SLQDFRO ������ 7KH FKHPLOXPLQHVFHQFH

ZDV PHDVXUHG E\ PL[LQJ IOXRURSKRUH VROXWLRQ ���� P/� DQG

K\GURJHQ SHUR[LGH VROXWLRQ ���O P/��

0HDVXUHPHQWV RI &KHPLOXPLQHVFHQFH� 5DWHV RI FDWDO�

\WLF GHFRPSRVLWLRQ RI 7&32 ZHUH GHWHUPLQHG E\ PRQLWRU�

LQJ WKH GHFD\ LQWHQVLW\ RI &/ RI IOXRURSKRUH VROXWLRQV� $

F\OLQGULFDO SRO\HWK\OHQH WXEH �,'� � PP� /� �� PP� ZDV

ILOOHG ZLWK K\GURJHQ SHUR[LGH VROXWLRQ ���O P/� DQG JODVV

FDSLOODU\ FRQWDLQLQJ IOXRURSKRUH VROXWLRQ ���� P/� DQG

VHDOHG ZLWK D PHOWHG 3(� 7KH VDPSOH ZDV EHQW WR EUHDN DQG

SODFHG LQ WKH WKHUPRVWDWLF VDPSOH EORFN RI WKH &/�PHDVXU�

LQJ OXPLQRPHWHU� 0HDVXUHPHQW RI WKH VLJQDO ZDV EHJXQ E\

RSHQLQJ WKH VKXWWHU� 7KH FKHPLOXPLQHVFHQW GHFD\ ZDV JHQHU�

DOO\ UHFRUGHG IRU DW OHDVW �� KU� &DOFXODWLRQ RI WKH UDWH FRQ�

VWDQW IURP WKH LQWHQVLW\ YV� WLPH GDWD ZDV SHUIRUPHG E\ D

FRPSXWHU SURJUDP XWLOL]LQJ D VWDQGDUG OHDVW�VTXDUH WUHDW�

PHQW� 7KH FRHIILFLHQW ZDV YDULHG OHVV WKDQ �� EHWZHHQ UHSOL�

FDWHG VDPSOH�

5HVXOWV DQG 'LVFXVVLRQ

3UHSDUDWLRQ DQG &KDUDFWHUL]DWLRQ RI WKH 0RGHO DQG

3RO\PHULF )OXRURSKRUHV� )OXRUHQH�FRQWDLQLQJ PRGHO FRP�

SRXQG ����GLVW\U\O���EXW\OIOXRUHQH ��� ZDV SUHSDUHG E\

UHDFWLQJ ����GLEURPR���EXW\OIOXRUHQH ZLWK VW\UHQH LQ WKH

SUHVHQFH RI SDOODGLXP �,,� DFHWDWH XVLQJ WKH +HFN UHDF�

WLRQ������ $OVR� ����GLVW\U\O���EXW\OFDUED]ROH ��� ZDV V\QWKH�

VL]HG E\ WKH UHDFWLRQ RI ����GLEURPR���EXW\OFDUED]ROH ZLWK

VW\UHQH� 3RO\PHULF IOXRURSKRUHV � DQG � FRQWDLQLQJ WKH VDPH

UHSHDWLQJ XQLW ZHUH DOVR SUHSDUHG E\ UHDFWLQJ ����GLEURPR�

��EXW\OIOXRUHQH DQG ����GLEURPR���EXW\OFDUED]ROH ZLWK

GLYLQ\OEHQ]HQH� 7KH V\QWKHWLF URXWH WR PRGHO FRPSRXQGV

DQG SRO\PHUV ZHUH ZHOO�NQRZQ LQ WKH OLWHUDWXUH������ WKHUH�

IRUH ZH FRXOG REWDLQ DOO RI WKH IOXRURSKRUHV LQ KLJK \LHOG�

6FKHPH � DQG 7DEOH � VXPPDUL]H WKH UHVXOWV RI WKH SUHSDUD�

WLRQ RI PRGHO DQG SRO\PHULF IOXRURSKRUHV� 7KH IOXRURSKRUHV

ZHUH FKDUDFWHUL]HG WKURXJK WKH GDWD IURP SURWRQ 105� ,5

DQG HOHPHQWDO DQDO\VLV� 7KH &+1 DQDO\VLV YDOXHV DJUHH ZHOO

ZLWK WKDW FDOFXODWHG IURP WKH H[SHFWHG FKHPLFDO VWUXFWXUH�

7KH ZHLJKW DYHUDJH PROHFXODU ZHLJKW �0Z� RI � DQG � ZHUH

���� DQG ���� ZLWK D PROHFXODU ZHLJKW GLVWULEXWLRQ RI ���

DQG ���� UHVSHFWLYHO\� %RWK SRO\PHUV ZHUH VROXEOH LQ FRP�

PRQ RUJDQLF VROYHQWV VXFK DV FKORURIRUP� WHWUDK\GURIXUDQ

DQG GLEXW\OSKWKDODWH�

2SWLFDO 3URSHUWLHV� 7KH 89 DEVRUEDQFH� SKRWROXPLQH�

VFHQFH DV ZHOO DV WKH &/ FKDUDFWHULVWLFV RI WKH PRGHO DQG

SRO\PHULF I,XRURSKRUHV ZHUH PHDVXUHG DQG OLVWHG LQ 7DEOH ��

7KH 89�YLVLEOH DEVRUSWLRQ VSHFWUD RI IOXRUHQH FRQWDLQLQJ

I,XRURSKRUHV � DQG � DUH VKRZQ LQ )LJXUH O� 7KH FKDUDFWHULV�

6FKHPH �
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WLF PD[LPXP DEVRUSWLRQ RI � ZDV VKRZQ DW DURXQG ��O QP�

ZKLFK RULJLQDWHG IURP IOXRUHQH XQLW� 7KH 89�YLVLEOH DEVRUS�

WLRQ VSHFWUXP RI FDUED]ROH�FRQWDLQLQJ IOXRURSKRUHV � DQG �

ZHUH VRPHZKDW GLIIHUHQW IURP WKRVH RI � DQG �� 7KH PD[L�

PXP DEVRUSWLRQ VKRZHG D EOXH VKLIW WR ��� DQG ��� QP� 7KH

VKRXOGHUV LQ WKH 89�YLV VSHFWUD RI � DQG �PD\ EH GXH WR WKH

IRUPDWLRQ RI WKH H[FLPHU� 7KH VKDSHV RI WKH VSHFWUXP

REWDLQHG IURP WKH GLIIHUHQW FRQFHQWUDWLRQV ZHUH VRPHZKDW

GLIIHUHQW IURP HDFK RWKHU� 7KH UHVXOWV RI WKH LQYHVWLJDWLRQ RI

3/ IRU �� �� � DQG � DUH SUHVHQWHG LQ WKH )LJXUH �� 7KH VSHFWUD

RI WKH SRO\PHULF IOXRURSKRUHV DUH VLPLODU WR WKRVH RI WKH

PRGHO IOXRURSKRUHV � DQG �� 7KH 3/ VSHFWUXP RI � ZLWK

PD[LPXP VKRZLQJ D W\SLFDO EOXH FRORU DW ����� QP DSSHDUV�

&KHPLOXPLQHVFHQFH� $Q DOLTXRW RI WKH K\GURJHQ SHUR[�

LGH DQG VRGLXP VDOLF\ODWH VROXWLRQ ZDV DGGHG E\ EHQGLQJ WR

EUHDN WKH JODVV FDSLOODU\ FRQWDLQLQJ IOXRURSKRUH VROXWLRQ DW

�� R&� ,W ZDV IRXQG WKDW WKH DERYH PRGHO FRPSRXQGV DQG

SRO\PHUV ZHUH KLJKO\ HIILFLHQW IOXRURSKRUHV� ZKLFK DUH

KLJKO\ VROXEOH LQ WKH VROYHQW V\VWHP RI WKH FKHPLOXPLQH�

VFHQW UHDFWLRQ� $V VRRQ DV WKH WZR FRPSRQHQWV ZHUH PL[HG�

WKH HPLVVLRQ VSHFWUXP VFDQQHG LPPHGLDWHO\� 7KH UHVXOWV RI

&/ VSHFWUD REWDLQHG ZHUH VLPLODU WR QRUPDO 3/ VSHFWUXP

H[FLWHG DW ��� QP RI XOWUDYLROHW OLJKW� )LJXUH � VKRZHG

FKHPLOXPLQHVFHQFH HPLVVLRQ VSHFWUD RI �� � DQG � FHQWHUHG

DURXQG ����O� ����� DQG ����� QP� UHVSHFWLYHO\� 7\SLFDO EOXH

OLJKW HPLVVLRQ KDV EHHQ REVHUYHG IURP WKH &/ RI IOXRUR�

SKRUHV VLQFH WKH ZDYHOHQJWK RI WKH HPLWWHG OLJKW LV GHSHQ�

GHQW RQ WKH FRQMXJDWLRQ OHQJWK RI WKH IOXRURSKRUH� ORZHULQJ

WKLV OHQJWK ZLOO UHVXOW LQ D EOXH VKLIW LQ WKH HPLVVLRQ��� 2QH

ZD\ WR DFKLHYH D EOXH�HPLWWLQJ SRO\PHU� WKHUHIRUH� LV WR

LQWHUUXSW WKH FRQMXJDWLRQ RI WKH SRO\PHU DW VKRUW LQWHUYDOV

ZLWK QRQ�FRQMXJDWHG VHJPHQWV� 2Q WKH FRQWUDU\� WKH VXEVWLWX�

HQWV VXFK DV DON\O� DONR[\ DQG KDORJHQ JURXS PDGH WKH IOXR�

URSKRUHV HPLW OLJKW DW ORQJHU ZDYHOHQJWK LQ WKH YLVLEOH

UHJLRQ� ,Q WKH SUHYLRXV SDSHU� SRO\GLVW\U\ODU\OHQH LVRODWHG

ZLWK DON\O VSDFHU VKRZHG EOXH HPLVVLRQ �λPD[  �������

QP������� ,Q WKLV H[SHULPHQW� IOXRUHQH� DQG FDUED]ROH�FRQ�

WDLQLQJ GLVW\U\ODU\OHQH SRO\PHUV ZHUH PRGHUDWH EOXH�HPLW�

WLQJ IOXRURSKRUHV ZLWKRXW DQ\ VSDFHU JURXS DQG VXEVWLWXHQW�

,Q WKH SHUR[\R[DODWH FKHPLOXPLQHVFHQFH� WKH LQLWLDO SURG�

XFW GRHV QRW HPLW OLJKW DW DOO� ,W UHDFWV ZLWK D IOXRUHVFHQFH

G\H� DQG WKHQ WKH IOXRURSKRUH EHFRPHV H[FLWHG DQG HPLWV

OLJKW� 2QH RI WKH SURSRVHG UHDFWLRQ VHTXHQFHV LQ WKH UHDFWLRQ

RI SHUR[\R[DODWHV� RI ZKLFK ELV�������WULFKORURSKHQ\O�R[D�

ODWH �7&32� LV WKH PRVW SURPLQHQW H[DPSOH� ZDV LOOXVWUDWHG

LQ 6FKHPH �� ,W LQYROYHV WKH IXHO �7&32� SOXV WKH R[LGDQW

�K\GURJHQ SHUR[LGH� UHDFWLQJ WR SURGXFH D SURSRVHG LQWHU�

PHGLDWH VKRZQ DV ����GLR[HWDQHGLRQH� 7KH IOXRURSKRUHV FDQ

EH VLGHWUDFNHG DORQJ WKH ZD\ E\ ORVHV LQ HDFK VWHS RI WKH

SURFHVV� WKH LQLWLDO R[LGDWLRQ WKH UHDFWLRQ RI WKH LQWHUPHGLDWH

ZLWK D IOXRURSKRUH� DQG WKH UHDFWLRQ RI WKH H[FLWHG WR SUR�

GXFH OLJKW���

,W LV UHTXLUHG WKDW WKH IOXRUHVFHQFH G\H VKRXOG EH VWDEOH LQ

WKH SUHVHQFH RI K\GURJHQ SHUR[LGH� 7KH O���GLDU\O�VXEVWL�

WXWHG HWK\OHQH �VWLOEHQH� XQLW ZDV UHVLVWDQFH WR SHUR[LGH R[L�

GDWLRQ� WKHUHIRUH FRQMXJDWHG I,XRURSKRUHV HPLWWHG D EOXH

OLJKW ZLWKRXW FKDQJH RI ZDYHOHQJWK GXULQJ FKHPLOXPLQH�

VFHQW UHDFWLRQ� 7KH LQWHQVLW\ RI WKH FKHPLOXPLQHVFHQFH IRU

7DEOH �� 3URSHUWLHV RI WKH 0RGHO DQG 3RO\PHULF )OXRURSKRUHV
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D,QKHUHQW YLVFRVLW\ ZDV REWDLQHG DW D FRQFHQWUDWLRQ RI ��� J�G/ DW ��R&

)LJXUH �� KH 89�YLV DEVRUSWLRQ VSHFWUD RI D� �� E� �� F� � DQG G� ��

)LJXUH �� 3KRWROXPLQHVFHQFH DQG FKHPLOXPLQHVFHQFH VSHFWUXP
RI D� � �3/�� E� � �&/�� F� � �3/�� G� � �&/�� H� � �3/� DQG I� � �&/��

7DEOH �� 7KH 89�YLV $EVRUSWLRQ� 3KRWROXPLQHVFHQFH DQG &KHPL�
OXPLQHVFHQFH 0D[LPXP :DYHOHQJWK RI WKH 0RGHO DQG 3RO\PHULF
)OXRURSKRUHV
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D89�YLV VSHFWUD ZHUH REWDLQHG DW D FRQFHQWUDWLRQ RI ��−�a��−� PRO�/�
E3KRWROXPLQHVFHQFH LQ FKORURIRUP� F&KHPLOXPLQHVFHQFH LQ GLEXW\O
SKWKDODWH� G7KH UDWLR ZHUH GHWHUPLQHG E\ WKH UHODWLYH LQWHQVLW\ RI WKH
IOXRURSKRUHV DQG PRGHO FRPSRXQG � DIWHU � PLQ DQG �� PLQ�



��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � &KLO�:RQ /HH HW DO�

WKH PRGHO DQG SRO\PHULF IOXRURSKRUHV ZHUH VKRZHG LQ WKH

)LJXUH �� 7KH GHFD\ RI WKH &/ LQWHQVLW\ IURP WKH PD[LPXP

REH\HG WKH IROORZLQJ H[SRQHQWLDO HTXDWLRQ�

\  O����H−[�W� � �����H−[�W�

W� ������ W�  ������

,W ZDV IRXQG WKDW IOXRURSKRUHV� ZKLFK QRUPDOO\ HPLW LQ WKH

EOXH OLJKW UHJLRQ ZLWK JRRG HIILFLHQF\� 7KH &/ HPLVVLRQ

PDLQWDLQHG IRU PRUH WKDQ �� KU DQG ZDV YLVLEOH ZLWK QDNHG

H\H� 7KH SRO\PHULF IOXRURSKRUHV VKRZHG VLPLODU OLJKW LQWHQ�

VLW\ WR WKH PRGHO FRPSRXQGV DV VKRZQ LQ 7DEOH �� 7KH

HQHUJ\ WUDQVIHU IURP WKH KLJK HQHUJ\ OHYHO RI OHVV FRQMXJDWHG

VHJPHQWV WR WKH ORZ HQHUJ\ OHYHO RI PRUH FRQMXJDWHG VHJ�

PHQWV RFFXUHG LQ WKH SRO\PHULF IOXRURSKRUH� 7KH PD[LPXP

EULJKWQHVV RI &/ LV FD� ��������� PFG�P� DQG O��� DQG

������� PFG�P� DIWHU �� PLQ DQG � KU� UHVSHFWLYHO\�

,Q WKH SHUR[\R[DODWH &/ V\VWHP� GHFD\ UDWH DQG PD[LPXP

OLJKW LQWHQVLW\ DQG HIILFLHQF\ GHSHQGHG RQ WKH FRQFHQWUDWLRQ

RI K\GURJHQ SHUR[LGH��� ,Q WKLV H[SHULPHQW� ��� HTXLYDOHQW RI

K\GURJHQ SHUR[LGH WR 7&32 ZDV DGRSWHG�

,Q FRQFOXVLRQ� IOXRUHQH� DQG FDUED]ROH�FRQWDLQLQJ GLVW\U\O�

DU\OHQH PRGHO DQG SRO\PHULF IOXRURSKRUHV ZHUH VWDEOH XQGHU

SHUR[LGH R[LGDWLYH FRQGLWLRQ� 7KH IOXRURSKRUHV VKRZHG D

W\SLFDO EOXH OLJKW HPLVVLRQ ZLWK ������� QP DQG ZDV DSSOL�

FDEOH WR EOXH IOXRUHVFHQFH G\H IRU WKH FKHPLOXPLQHVFHQFH�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ *5$17

1R���������������� IURP WKH .RUHD 6FLHQFH DQG (QJLQHHU�

LQJ )RXQGDWLRQ�
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��� 6RQJ� +� 6� 3HUR[\R[DODWH &KHPLOXPLQHVFHQFH RI 6RPH

3RO\F\FOLF $URPDWLF +\GURFDUERQV LQ D 3KWKDODWH 0HGLXP�
3K� ' 7KHVLV RI .RUHD 8QLYHUVLW\� �����

��� 2URV]� *�� *LYHQV� 5� 6�� 6FKRZHQ� 5� &ULW� 5HY� $QDO�
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)LJXUH �� 'HFD\ RI WKH FKHPLOXPLQHVFHQW OLJKW LQWHQVLW\ RI PRGHO
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