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PHWKRG ZDV XVHG IRU WKH SXOVH VKDSH GLVFULPLQDWLRQ EHWZHHQ QHXWURQV DQG JDPPD�UD\V� 1HXWURQ GHWHFWLRQ

HIILFLHQFLHV ZHUH GHULYHG IURP WKH FDOFXODWLRQ UHVXOWV RI 6&,1)8/ DQG &(&,/ FRGHV� 7KH H[SHULPHQWDO UHVXOWV

ZHUH FRPSDUHG ZLWK WKH FDOFXODWLRQ LQFOXGLQJ WKH QHXWURQ WUDQVSRUW LQ WKH DFWXDO WKLFNQHVV WDUJHW E\ WKH

FRQWULEXWLRQ XVH RI ERWK 107&�-$(5,�� DQG 0&13;�

�� ,QWURGXFWLRQ

1XFOHDU GDWD LQ WKH LQWHUPHGLDWH HQHUJ\ UHJLRQ XS WR *H9�JUDGH DUH UHFHQWO\ JHWWLQJ PRUH LPSRUWDQW EHFDXVH

RI QHFHVVLW\ LQ DSSOLFDWLRQV WR D VSDOODWLRQ QHXWURQ VRXUFH DQG DQ DFFHOHUDWRU�EDVHG QXFOHDU�ZDVWH WUDQVPXWDWLRQ

V\VWHP� )RU VXFK DSSOLFDWLRQV� SURWRQ LQFLGHQW UHDFWLRQV DUH XVHG IRU JHQHUDWLQJ QHXWURQV� $W LQFLGHQW HQHUJLHV

DERYH ��� *H9� D QXPEHU RI SLRQV DUH \LHOGHG IURP WKH SULPDU\ SURWRQ UHDFWLRQ� 7KH SLRQV HDVLO\ LQGXFH WKH

VHFRQGDU\ UHDFWLRQV� DQG DFFRUGLQJO\ FUHDWH VHFRQGDU\ QHXWURQV LQ WKH WDUJHW� &DOFXODWLRQ FRGHV VXFK DV +LJK
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7KHVH FRGHV KDYH EHHQ IRUPHG WR EH DSSOLFDEOH WR WKH QXFOHDU UHDFWLRQ IRU ERWK QXFOHRQ DQG PHVRQ LQFLGHQFHV�

7KH YDOLGLW\ RI WKH FRGHV KDV EHHQ FRPILUPHG E\ D FRPSDULVRQ EHWZHHQ WKH SURWRQ�LQFLGHQW H[SHULPHQWDO GDWD

DQG WKH FRPSXWHG RQHV� )RU QHXWURQ�SURGXFWLRQ FURVV VHFWLRQ E\ SLRQ LQFLGHQFH� KRZHYHU� WKHUH DUH QR

H[SHULPHQWDO GDWD DW LQFLGHQW HQHUJLHV DURXQG �*H9� 7KH ,1&( PRGHO KDV QRW EHHQ FKHFNHG IRU

QHXWURQ�SURGXFWLRQ GRXEOH�GLIIHUHQWLDO FURVV VHFWLRQ RQ WKH LQWHUPHGLDWH�HQHUJ\ SLRQ�LQFLGHQW QXFOHDU UHDFWLRQ�
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DQG ����*H9 �WKDW RI ����*H9�F� π� PHVRQV LQFLGHQW RQ LURQ DQG OHDG� ,Q WKLV ZRUN� ZH GHVFULEH WKH

H[SHULPHQWDO PHWKRG DQG WKH GDWD DQDO\VLV�

�� ([SHULPHQW
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(QHUJ\ $FFHOHUDWRU 5HVHDUFK 2UJDQL]DWLRQ �.(.�� 7KH H[SHULPHQWDO DUUDQJHPHQW LV LOOXVWUDWHG LQ )LJ��� 6LQFH

WKH EHDP LQWHQVLW\ ZDV YHU\ ZHDN� WKH SLRQV ZHUH DEOH WR EH LQGLYLGXDOO\ FRXQWHG RQH E\ RQH� ,QFLGHQW SLRQV
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DQG SRVLWURQ �μ�

DQG HOHFWURQ� E\ PHDQV RI WKH GLIIHUHQFH RI &HUHQNRY OLJKW

HPLVVLRQ� 1(���$ SODVWLF VFLQWLOODWRUV VHUYHG WR GHILQH WKH SLRQ EHDP ZLWK 3LORW 8 VFLQWLOODWRUV� 7KH FRLQFLGHQFH

RI WKHVH VFLQWLOODWRUV ZDV FRXQWHG WR JLYH WKH QXPEHU RI LQFLGHQW SLRQV�

��� 7DUJHW DQG 'HWHFWRU $UUDQJHPHQW

$ WDUJHW ZDV ORFDWHG DW EHDP OLQH KHLJKW RI ���P DQG DOO QHXWURQ GHWHFWRUV ZHUH IDFHG WR WKH WDUJHW� $ LURQ

WDUJHW ZDV ���FP LQ GLDPHWHU DQG ���FP WKLFN� ZKLOH D OHDG WDUJHW ���FP LQ GLDPHWHU DQG ���FP WKLFN� 6LQFH WKH

WDUJHWV ZHUH QRW TXLW WKLQ� ZH KDG WR WDNH FRUUHFWLRQ RI PXOWLSOH�VFDWWHULQJ HIIHFWV LQWR FRQVLGHUDWLRQ�

)RU QHXWURQ 72) PHDVXUHPHQWV� 1(��� QHXWURQ GHWHFWRUV ����FP LQ GLDPHWHU DQG ����FP WKLFN ZHUH SODFHG

LQ GLUHFWLRQV RI ��� ��� ��� ��� ��� DQG ���
R
� DV LQGLFDWHG LQ )LJ�� � )OLJKW SDVV OHQJWKV ZHUH ��� WR �P� 7KH

VFLQWLOODWRUV ZHUH FRQQHFWHG ZLWK +DPDPDWVX +����� ,Q IURQW RI LQGLYLGXDO QHXWURQ GHWHFWRUV� 1(���$ SODVWLF

VFLQWLOODWRUV �FP WKLFN ZHUH PRXQWHG DV YHWR GHWHFWRUV WR HOLPLQDWH FKDUJHG SDUWLFOH HYHQWV E\ WKH

DQWLFRLQFLGHQFH PHWKRG�

��� 3XOVH�6KDSH 'LVFULPLQDWLRQ

,W ZDV YHU\ LPSRUWDQW WR SHUIRUP WKH SXOVH�VKDSH GLVFULPLQDWLRQ EHWZHHQ QHXWURQV DQG JDPPD UD\V SDUWLFXODUO\

LQ WKH VKRUW IOLJKW SDWK H[SHULPHQW� 7KLV LV EHFDXVH SURPSW JDPPD�UD\V SHDN DUH QRW FRPSOHWHO\ VHSDUDWHG IURP

QHXWURQ HYHQWV LQ WKH 72) VSHFWUD� )RU WKH SXOVH�VKDSH GLVFULPLQDWLRQ PHWKRG� WKHUH DUH PDLQO\ WZR PHWKRGV� WKH

]HUR�FURVV PHWKRG
��� ��� ��� ���

DQG WKH WZR�JDWH LQWHJUDWLRQ PHWKRG
��� ��� ����

� ,W ZDV NQRZQ WKDW WKH ODWWHU LV FDSDEOH

RI UHGXFLQJ WKH VDWXUDWLRQ HIIHFW RQ WKH QHXWURQ�JDPPD GLVFULPLQDWLRQ LQ WKH KLJK�HQHUJ\ UHJLRQ� 7KH WZR�JDWH

LQWHJUDWLRQ PHWKRG ZDV FKRVHQ IRU WKLV H[SHULPHQW� )RU WKLV UHDVRQ� WKH SKRWRPXOWLSOLHU VLJQDO ZDV EUDQFKHG LQWR

WZR SXOVHV DQG WKH\ ZHUH LQSXW LQWR LQGLYLGXDO $'&V DV IDVW RU VORZ JDWH SXOVHV� 7KH SURPSW JDWH RQ RQH $'&

FRYHUHG WKH LQLWLDO SHDN RI WKH SKRWRPXOWLSOLHU VLJQDO� ZKHUHDV WKH GHOD\HG JDWH PDGH WKH RWKHU $'& WR DFFHSW

WKH ORQJ�WDLO SDUW� 7KH WLPH GXUDWLRQ RI WKH SURPSW JDWH ZDV �� QV DQG WKDW RI WKH GHOD\HG JDWH ZDV ��� QV DIWHU



GHOD\ RI ��� QV� 7KH GLVFULPLQDWLRQ UHVXOWV RI ���0H9 π�
RQ )H WDUJHW DUH VKRZQ LQ )LJ��� 7KH GLVFULPLQDWLRQ

FKDUDFWHULVWLFV ZHUH VXIILFLHQWO\ JRRG DERYH D IHZ 0H9 DQG WKH VDWXUDWLRQ HIIHFW GLG QRW GHWHULRUDWH WKH

GLVFULPLQDWLRQ UHVXOWV�

�� 'DWD $QDO\VLV

7DUJHW�LQ DQG �RXW H[SHULPHQWV ZHUH SHUIRUPHG LQ WKH QHXWURQ PHDVXUHPHQWV� 1HXWURQ VSHFWUD ZHUH GHULYHG E\

VXEWUDFWLQJ WKH UHVXOWV RI WDUJHW�RXW H[SHULPHQW IURP WKRVH RI WKH WDUJHW�LQ ZLWK QRUPDOL]LQJ WKH LQFLGHQW QXPEHU

RI SLRQV� )LJ�� SUHVHQWV WKH 72) VSHFWUD RI WKH WDUJHW�LQ DQG �RXW PHDVXUHPHQWV DW LQFLGHQW π�
HQHUJ\ RI

���0H9 RQ LURQ� ,Q WKLV ILJXUH� WKH SXOVH�VKDSH GLVFULPLQDWLRQ ZDV QRW PDGH DQG WKH 72) VSHFWUD LQFOXGH ERWK

RI QHXWURQV DQG JDPPD�UD\V� 7KH IODVK JDPPD�UD\V ZKLFK HPLWWHG IURP WDUJHW QXFOHL H[LWHG E\ LQFLGHQW SLRQV

PDNH D SHDN DW ���QV� 7KH IODVK JDPPD�UD\ SHDN ZDV WDNHQ DV WKH WLPH VWDQGDUG RI WKH QHXWURQ 72)� VLQFH WKH

JDPPD�UD\V FDPH DORQJ RQ WKH IOLJKW SDWK DV WKH OLJKW YHORFLW\� 7KH 72) RI QHXWURQV LV JLYHQ DV WKH WLPH

GLIIHUHQFH EHWZHHQ IODVK JDPPD�UD\V DQG QHXWURQV� 7KH QHXWURQ SURGXFWLRQ GRXEOH GLIIHUHQWLDO \LHOGV ZHUH

H[WUDFWHG IURP WKH QHXWURQ 72) VSHFWUD� ZKLFK ZHUH VHSDUDWHG IURP JDPPD�UD\V E\ WKH SXOVH�VKDSH

GLVFULPLQDWLRQ� 7KH QXPEHU RI QHXWURQ HYHQWV ZHUH FRQYHUWHG LQWR WKH GLIIHUHQWLDO FURVV VHFWLRQV E\ XVLQJ WKH

HIILFLHQFLHV RI WKH QHXWURQ GHWHFWRUV DQG PDNLQJ WKH GDWD FRUUHFWLRQV�

��� 1HXWURQ 'HWHFWLRQ (IILFLHQFLHV

1HXWURQ GHWHFWLRQ HIILFLHQFLHV DUH UHTXLUHG WR FRQYHUW WKH QHXWURQ HYHQWV LQWR DEVROXWH YDOXHV RI WKH FURVV

VHFWLRQV� ,W LV GHVLUHG WR DGRSW WKH PHDVXUHG GHWHFWLRQ HIILFLHQFLHV WR WKH GDWD DQDO\VLV� +RZHYHU� LW ZDV GLIILFXOW

WR PHDVXUH WKH QHXWURQ GHWHFWLRQ HIILFLHQFLHV LQ WKH QHXWURQ HQHUJ\ UDQJH XS WR D *H9� 7KH QHXWURQ GHWHFWLRQ

HIILFLHQFLHV ZHUH REWDLQHG IURP FDOFXODWLRQ UHVXOWV RI WKH 6&,1)8/
����

DQG WKH &(&,/
����

FRGHV� 6&,1)8/ LV

ZHOO NQRZQ WR UHSURGXFH WKH GHWHFWLRQ HIILFLHQFLHV RI WKH 1(��� DQG 1(��� VFLQWLOODWRUV DW QHXWURQ HQHUJLHV

EHORZ ��0H9� 6&,1)8/ LV VXSSRVHG WR EH PRUH UHOLDEOH WKDQ &(&,/ LQ WKLV UHJLRQ� ,Q IDFW� 6&,1)8/ WDNHV

DFFRXQW RI PDQ\ UHDFWLRQ FKDQQHOV IRU Q�& UHDFWLRQ DQG OLJKW RXWSXW YDOXHV IRU DOO FKDUJHG SDUWLFOHV JHQHUDWHG E\

WKLV UHDFWLRQ� )RU WKLV UHDVRQ� 6&,1)8/ ZDV XWLOL]HG IRU WKH QHXWURQ GHWHFWLRQ HIILFLHQFLHV EHORZ ��0H9� &(&,/

ZDV DGMXVWHG WR VPRRWKO\ FRQQHFW ZLWK WKH UHVXOW RI WKH 6&,1)8/ DW ��0H9 DQG ZDV HPSOR\HG DERYH ��0H9�

7KH QHXWURQ GHWHFWLRQ HIILFLHQFLHV ZHUH FDOFXODWHG ZLWK IRXU WKUHVKROG OHYHOV� &DOFXODWLRQ UHVXOWV RI WKH QHXWURQ

GHWHFWLRQ HIILFLHQFLHV ZLWK WKH IRXU WKUHVKROG OHYHOV DUH SORWWHG LQ )LJ��� 7KH ORZHVW WKUHVKROG OHYHO ZDV

GHWHUPLQHG E\ WKH SKRWR�SHDN RI ��NH9 JDPPD�UD\V IURP
���
$P� 7KH RWKHU WKUHVKROG OHYHOV ZHUH GHWHUPLQHG E\

WKH KDOI�KHLJKW RI WKH &RPSWRQ HGJH SURGXFHG E\ UDGLDWLRQ VRXUFH E\
���
&V�

��
&R� DQG $P�%H� ,Q WKH FDVH RI

��
&R

ELDV� ZH DGRSWHG WKH PHDQ YDOXH RI ���� DQG ���� 0H9 JDPPD�UD\V DV WKH WKUHVKROG OHYHO EHFDXVH WKH SRRU

UHVROXWLRQ RI WKH 1(��� VFLQWLOODWRU PDGH WKHVH &RPSWRQ HGJHV XQUHVROYHG�

�� 'RXEOH GLIIHUHQWLDO \LHOG

7KH H[SHULPHQWDO QHXWURQ \LHOGV ZHUH REWDLQHG DIWHU GDWD DQDO\VLV� 7KH \LHOGV ZDV SUHVHQWHG LQ XQLWV RI GRXEOH

GLIIHUHQWLDO QHXWURQ FURVV VHFWLRQV IRU LURQ DQG OHDG DUH SORWWHG LQ )LJV� � WR �� 6ROLG OLQHV VKRZ WKH FDOFXODWLRQ



UHVXOWV LQFOXGLQJ WKH QHXWURQ WUDQVSRUW LQ WKH DFWXDO WKLFNQHVV WDUJHW E\ WKH XVH RI QXFOHRQ�PHVRQ WUDQVSRUW FRGH

�107&�-$(5,���
����

DQG 0&13; FRGH
����

� 7KH QHXWURQ WUDQVSRUW DW HQHUJLHV EHORZ ���0H9 ZDV PDGH E\

0&13; ZLWK D FRQWLQXRXV HQHUJ\ FURVV VHFWLRQ OLEUDU\� ZKLFK ZHUH SURFHVVHG IURP WKH QXFOHDU GDWD RI

(1')�%�9, DQG DQ DGGLWLRQDO GDWD EDVH� 7KH FDOFXODWLRQ UHVXOWV RYHUHVWLPDWH WKH H[SHULPHQWDO GDWD LQ WKH

QHXWURQ HQHUJ\ UDQJH IURP � WR �� 0H9 LQ DOO GHJUHHV� &RPSDUHG ZLWK LURQ DQG OHDG WDUJHWV� WKH DJUHHPHQW

EHWZHHQ WKH H[SHULPHQWDO GDWD DQG FDOFXODWLRQ RQHV IRU OHDG LV VRPHZKDW EHWWHU WKDQ LURQ LQ WKH HQHUJ\ UDQJH

IURP � WR �� 0H9� 7KH H[SHULPHQWDO GDWD IRU ���0H9 π�
LQFLGHQFH DUH EHWWHU DJUHHPHQW ZLWK WKH FDOFXODWLRQ

RQHV WKDQ π�
LQFLGHQFH DERYH ���0H9� DQG WKH H[SHULPHQWDO RQHV IRU ���*H9 π�

LQFLGHQFH EHWWHU DJUHH ZLWK

WKH FDOFXODWLRQ RQHV WKDQ ���0H9 π�
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7KH GLIIHUHQFH EHWZHHQ \LHOGV DQG FURVV VHFWLRQV LV ZLWKLQ DERXW ��� XQGHU ��0H9� :H ZLOO WDNH LQWR WKH

DFWXDO EHDP SURILOH FRQVLGHUDWLRQ� $IWHU FRUUHFWLRQ RI WKH EHDP WUDQVSRUW HIIHFWV LQ WKH WDUJHW� WKH GRXEOH

GLIIHUHQWLDO FURVV VHFWLRQV ZLOO EH REWDLQHG�

�� &RQFOXVLRQ

1HXWURQ�SURGXFWLRQ GRXEOH�GLIIHUHQWLDO \LHOGV LQGXFHG E\ ���0H9 π�
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PHVRQV DQG ��� *H9 π�
PHVRQ

RQ LURQ DQG OHDG WDUJHWV ZHUH REWDLQHG LQ WKH HPLWWHG QHXWURQ HQHUJ\ UDQJH IURP � 0H9 WR � *H9 E\ WKH 72)

PHWKRG ZLWK D W\SLFDO IOLJKW SDVV OHQJWK RI ��� P� 1(��� OLTXLG VFLQWLOODWRUV ZHUH XWLOL]HG LQ GLUHFWLRQV RI ��� ���

��� ��� ��� DQG ���°IRU WKH PHDVXUHPHQWV� )RU WKH SXOVH�VKDSH GLVFULPLQDWLRQ EHWZHHQ QHXWURQ DQG JDPPD�UD\�

WKH WZR�JDWH LQWHJUDWLRQ PHWKRG ZDV XVHG� 1HXWURQ GHWHFWLRQ HIILFLHQFLHV ZHUH GHULYHG IURP WKH FDOFXODWLRQ

UHVXOWV RI WKH 6&,1)8/ DQG WKH &(&,/ FRGHV� 7KH HIIHFWV RI PXOWLSOH�VFDWWHULQJ QHXWURQV ZLOO EH FRUUHFWHG ODWHU�
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HQFRXUDJHPHQW DQG JHQHURXV VXSSRUW RI WKLV H[SHULPHQW�
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Fig.1 Illustration of the experimental arrangement
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