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(SR[LGL]HG QDWXUDO UXEEHUV �(15V� ZLWK GLIIHUHQW H[WHQWV RI HSR[LGDWLRQ �%� ZHUH SUHSDUHG

XQGHU YDULRXV UHDFWLRQ FRQGLWLRQV� 7KH HIIHFWV RI WKH DPRXQW RI +�2� DQG WKH UHDFWLRQ WLPH RQ %

DUH GLVFXVVHG� 7KH JODVV WUDQVLWLRQ WHPSHUDWXUH 7J� WKH WKHUPDO GHJUDGDWLRQ WHPSHUDWXUH DQG WKH

DFWLYDWLRQ HQHUJ\ RI WKHUPDO GHJUDGDWLRQ RI WKH (15V LQFUHDVH ZLWK %� 7KH UHVXOWV LQGLFDWH WKDW WKH

WKHUPDO VWDELOLW\ RI WKH (15V LQFUHDVHV ZLWK %�

.H\ZRUGV� (15� NLQHWLFV� WKHUPDO GHJUDGDWLRQ

,QWURGXFWLRQ

1DWXUDO UXEEHU �15� KDV D QXPEHU RI GLVDGYDQWDJHV� VRPH RI LWV HQJLQHHULQJ
SURSHUWLHV� VXFK DV LWV UHVLVWDQFH WR RLOV DQG VROYHQWV� DLU SHUPHDELOLW\ DQG ZHW VNLG�
DUH TXLWH SRRU� 7KHVH SURSHUWLHV FDQ EH JUHDWO\ LPSURYHG E\ WKH PRGLILFDWLRQ RI 15
E\ PHDQV RI HSR[LGDWLRQ� XVLQJ DQ RUJDQLF SHUDFLG GLUHFWO\ RU SURGXFHG LQ VLWX� ,Q WKH
����V� *HOOLQJ >�@ DQG 1J DQG *DQ >�@ VXFFHVVIXOO\ FDUULHG RXW WKH HSR[LGDWLRQ RI
15 ZLWK SHUDFHWLF DQG SHUIRUPLF DFLGV XQGHU PRGHUDWH UHDFWLRQ FRQGLWLRQV� 0DQ\
SDSHUV RQ SUHSDUDWLRQV� YXOFDQL]DWHV� VWDELOLWLHV� DJLQJ EHKDYLRXU DQG DSSOLFDWLRQV RI
HSR[LGL]HG QDWXUDO UXEEHU �(15� KDYH VXEVHTXHQWO\ EHHQ SXEOLVKHG >�−��@� $V FRQ�
FHUQV WKH WKHUPDO DQDO\VLV� RQO\ &KDNL >�@ KDV VWXGLHG WKH WKHUPDO�R[LGDWLYH GHJUD�
GDWLRQ RI (15V ZLWK GLIIHUHQW H[WHQWV RI HSR[LGDWLRQ �%�� �� PRO� DQG �� PRO�� E\
WKHUPRJUDYLPHWU\ �7*�� $V \HW� WKHUH LV QR GHWDLOHG UHSRUW RQ WKH WKHUPDO GHJUDGD�
WLRQ RI (15V ZLWK GLIIHUHQW % YDOXHV LQ QLWURJHQ� 7KH SUHSDUDWLRQ DQG NLQHWLFV� VWD�
ELOLWLHV DQG WKHUPDO GHJUDGDWLRQ EHKDYLRXU RI (15V ZLWK GLIIHUHQW % YDOXHV DUH UH�
SRUWHG LQ WKLV SDSHU�

([SHULPHQWDO

3UHSDUDWLRQ RI (15V

$ FHUWDLQ DPRXQW RI FRQFHQWUDWHG 15 ODWH[ ZLWK ��� �P�P� RI GU\ UXEEHU FRQ�
WHQW ZDV VWDELOL]HG ZLWK D QRQLRQLF VXUIDFWDQW DQG GLOXWHG ZLWK D SUHGHWHUPLQHG
DPRXQW RI GLVWLOOHG ZDWHU� )RUPLF DFLG DQG +�2� VROXWLRQV ZHUH DGGHG VORZO\ WR WKH
ODWH[ ZLWK VWLUULQJ� 7KH UHDFWLRQ ZDV FDUULHG RXW DW D UHTXLUHG UHDFWLRQ WLPH DQG WHP�
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SHUDWXUH� 7KH WHPSHUDWXUH RI WKH UHDFWLRQ V\VWHP ZDV UHGXFHG WR URRP WHPSHUDWXUH
ZLWK D FRRO ZDWHU EDWK� DQG WKH UHTXLUHG DPRXQW RI DTXHRXV DPPRQLD ZDV WKHQ DGGHG
WR DGMXVW WKH S+ XS WR �� 7KH (15 ODWH[ ZDV VXEMHFWHG WR DQDO\VLV�

$ FHUWDLQ DPRXQW RI (15 ODWH[ ZDV SRXUHG LQWR D FOHDQ FXOWXUH GLVK DQG ZDV FR�
DJXODWHG ZLWK DOFRKRO� 7KH VHUXP LQ WKH XSSHU OD\HU ZDV UHPRYHG� DQG WKH FRDJXOXP
ZDV ZDVKHG ZLWK DOFRKRO DQG DFHWRQH � WLPHV� 7KH FRDJXOXP ZDV GULHG WR FRQVWDQW
PDVV XQGHU UHGXFHG SUHVVXUH DW ��R& DIWHU YRODWLOL]DWLRQ RI WKH VROYHQW�

'HWHUPLQDWLRQ RI % YDOXHV RI (15V

7KH % YDOXHV RI (15 VDPSOHV ZHUH GHWHUPLQHG RQ D 1LFROHW �'�; LQIUDUHG VSHF�
WURPHWHU >��@�

'HWHUPLQDWLRQ RI JODVV WUDQVLWLRQ WHPSHUDWXUHV �7J� RI (15V

7KH 7J YDOXHV RI (15V ZLWK GLIIHUHQW % YDOXHV ZHUH GHWHUPLQHG RQ D 3HUNLQ (O�
PHU '6&��% GLIIHUHQWLDO VFDQQLQJ FDORULPHWHU� 7KH 7J YDOXHV RI WKH (15V ZHUH FRU�
UHODWHG ZLWK %�

7KHUPRJUDYLPHWU\ �7*�

7* DQDO\VLV ZDV FDUULHG RXW RQ D 3HUNLQ (OPHU 7* 6�� WKHUPREDODQFH LQ D QLWUR�
JHQ DWPRVSKHUH� 7KH KHDWLQJ UDWH ZDV ��R& PLQ−��

&DOFXODWLRQ RI NLQHWLF SDUDPHWHUV RI WKHUPDO GHJUDGDWLRQ RI (15V

:KHQ WKH WKHUPDO GHJUDGDWLRQ RI D VDPSOH LV FDUULHG RXW DW D SURJUDPPHG KHDWLQJ
UDWH� WKH WKHUPDO GHJUDGDWLRQ UDWH FDQ EH H[SUHVVHG DV IROORZV�
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7KH OLQHDU PRGHO ZDV UHJUHVVHG E\ FRPSXWHU DQG ZDV YHULILHG E\ XVLQJ D YHULIL�
FDWLRQ VWDWLVWLFDO ) YDOXH� 7KH 7* GDWD ZHUH LQWHUSRODWHG DQG GLIIHUHQWLDWHG XVLQJ D
FXELF VSOLQH IXQFWLRQ EHIRUH UHJUHVVLRQ >��@� 7KH DFWLYDWLRQ HQHUJ\� WKH UHDFWLRQ RU�
GHU DQG WKH IUHTXHQF\ IDFWRU ZHUH FDOFXODWHG IURP WKH UHJUHVVLRQ FRHIILFLHQWV�

5HVXOWV�DQG�GLVFXVVLRQ

.LQHWLFV RI IRUPDWLRQ RI (15V

)URP WKH EDVLF UHDFWLRQ HTXDWLRQV DQG WKH PDVV DFWLRQ ODZ� WKH UHDFWLRQ NLQHWLFV
RI WKH SUHSDUDWLRQ RI (15 FDQ EH GHGXFHG DV IROORZV�
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ZKHUH &DR� &ER DQG &FR DUH WKH LQLWLDO PRODU FRQFHQWUDWLRQV RI 15 FDOFXODWHG LQ LVR�
SUHQH XQLWV� +�2� DQG IRUPLF DFLG� UHVSHFWLYHO\� W LV WKH UHDFWLRQ WLPH DQG N LV WKH UH�
DFWLRQ FRQVWDQW�

7KH PRODU UDWLR YDOXHV RI WKH LVRSUHQH XQLWV RI 15 WR +�2� DQG IRUPLF DFLG ZDV
NHSW DW ������������� DQG WKH UHDFWLRQ WHPSHUDWXUH DW ��R&� 7KH SURGXFW VDPSOHV
ZHUH WDNHQ DW DQ LQWHUYDO RI � K� 7KH % YDOXHV RI WKH (15 VDPSOHV ZHUH GHWHUPLQHG
DQG OQ>&ER�&DR−%��&DR�&ER−%�@ ZDV FDOFXODWHG� )URP D SORW RI OQ>&ER�&DR−%��
&DR�&ER−%�@ YV� W �)LJ� ��� LW FDQ EH VHHQ WKDW % LQFUHDVHV ZLWK HORQJDWLRQ RI WKH UHDF�
WLRQ WLPH� 7KH UHDFWLRQ WLPH �W� LV D OLQHDU IXQFWLRQ RI OQ>&ER�&DR−%��&DR�&ER−%�@�
ZKLFK LQGLFDWHV WKDW WKH IRUPDWLRQ RI (15 LV D VHFRQG�RUGHU UHDFWLRQ�

6WRUDJH VWDELOLW\ RI (15V

7KH YDULDWLRQV LQ WKH FRQWHQWV RI HSR[\ ERQGV DQG GRXEOH ERQGV ZHUH GHWHUPLQHG
WKURXJKRXW D VWRUDJH SHULRG LQWHUYDO� 7KH UHVXOWV DUH VKRZQ LQ 7DEOH �� ,W FDQ EH VHHQ
WKDW (15 ZLWK KLJK % KDV D UHODWLYHO\ SRRU VWRUDJH VWDELOLW\� 7KH HSR[\ ERQGV DUH

)LJ� � 5HODWLRQ EHWZHHQ WKH UHDFWLRQ WLPH DQG %
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UHDGLO\ RSHQHG� ZKLFK UHVXOWV LQ D GHFUHDVH LQ WKH % YDOXH RI WKH (15� ,Q FRQWUDVW�
(15 ZLWK D ORZ % YDOXH KDV D JRRG VWRUDJH VWDELOLW\�

(IIHFW RI % RQ 7J YDOXHV RI (15V

7KH (15 7J YDOXHV GHWHUPLQHG E\ '6& DQDO\VLV DQG WKH VKLIW LQ 7J UHODWLYH WR 7J

RI 15 ZLWK WKH % YDOXHV DUH VKRZQ LQ )LJ� �� :LWK LQFUHDVH LQ %� 7J RI WKH (15 LQ�
FUHDVHV OLQHDUO\� 7KH UHODWLRQ EHWZHHQ % DQG 7J FDQ EH H[SUHVVHG DV 7J=N%+7J
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7KH WKHUPDO GHJUDGDWLRQV RI (15V ZLWK GLIIHUHQW % YDOXHV LQ QLWURJHQ ZHUH VWXG�
LHG E\ 7* DQDO\VLV� 7KH 7* DQG '7* FXUYHV DUH VKRZQ LQ )LJ� �� ,QLWLDO WHPSHUD�
WXUHV RI ORVV LQ PDVV �7L�� ILQDO WHPSHUDWXUHV RI ORVV LQ PDVV �7I� �FDOFXODWHG E\ WKH
ELWDQJHQW PHWKRG� DQG WHPSHUDWXUHV DW PD[LPXP UDWH RI PDVV ORVV �7S� DUH VKRZQ LQ
7DEOH ��

7DEOH � 6WRUDJH VWDELOLW\ RI (15V
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,W FDQ EH VHHQ IURP )LJ� � DQG 7DEOH � WKDW WKH WKHUPDO GHJUDGDWLRQV RI WKH (15V
DUH RQH�VWHS UHDFWLRQV� DQG 7L� 7S DQG 7I JUDGXDOO\ ULVH ZLWK %� 7KH UHDVRQ IRU WKH ULV�
LQJ 7L PD\ EH WKDW WKH ULQJV RI WKH HSR[\ JURXSV DUH RSHQHG DW WKH EHJLQQLQJ RI KHDW�
LQJ� ZKLFK EULQJV DERXW D FURVVOLQNLQJ UHDFWLRQ DQG SUHYHQWV WKH WKHUPDO GHJUDGDWLRQ
IURP FDUU\LQJ WKURXJK�

7KH KLJKHU % LV� WKH PRUH REYLRXV WKH FURVVOLQNLQJ UHDFWLRQ LV� ,W LV WKH FURVVOLQN�
LQJ UHDFWLRQV WKDW PDNHV 7L ULVH ZLWK LQFUHDVH LQ %� :KHQ WKLV UHDFWLRQ HQGV� WKH WKHU�
PDO GHFRPSRVLWLRQ LV PDLQO\ FDUULHG RQ E\ WKH HQGRWKHUPLF UHDFWLRQ� 7KH UHDVRQ IRU
WKH ULVHV LQ 7S DQG 7I PD\ EH WKDW WKH R[\JHQ FRQWHQW RI WKH (15V LQFUHDVHV ZLWK %�
7KH SHUFHQWDJHV RI KLJK SRODU DQG R[\JHQ�FRQWDLQLQJ FRPSRXQGV LQ WKH WKHUPDO
GHJUDGDWLRQ SURGXFWV LQFUHDVH ZLWK %� 7KH KLJK SRODULWLHV DQG YRODWLOLWLHV RI WKHVH
FRPSRXQGV PDNH WKH YDOXHV RI 7S DQG 7I LQFUHDVH�

7DEOH � 7HPSHUDWXUHV RI WKHUPDO GHJUDGDWLRQ RI (15V
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.LQHWLFV RI WKHUPDO GHJUDGDWLRQ RI (15V

7KH UHVXOWV RI UHJUHVVLRQ RI WKH OLQHDU PRGHO DUH VKRZQ LQ 7DEOH �� ,W FDQ EH VHHQ
WKDW WKH FDOFXODWHG ) YDOXHV DUH JUHDWHU WKDQ WKH FULWLFDO YDOXHV� ZKLFK PHDQV WKDW WKH
K\SRWKHVLV RI WKH OLQHDU PRGHO LV UHDVRQDEOH�

7KH FDOFXODWHG NLQHWLF SDUDPHWHUV RI WKHUPDO GHJUDGDWLRQ RI WKH (15V DUH
VKRZQ LQ 7DEOH �� ,W FDQ EH VHHQ WKDW DOO WKH WKHUPDO GHJUDGDWLRQV RI WKH (15V DUH
FORVH WR ILUVW�RUGHU UHDFWLRQV� %RWK WKH DFWLYDWLRQ HQHUJ\ DQG IUHTXHQF\ IDFWRUV RI
WKH (15V LQFUHDVH ZLWK %� 7KLV LQGLFDWHV WKDW WKH WKHUPDO VWDELOLW\ RI WKH (15V LQ�
FUHDVHV ZLWK %�

&RQFOXVLRQV

(15V ZLWK GLIIHUHQW % YDOXHV FDQ EH SUHSDUHG E\ PRGLI\LQJ WKH UHDFWLRQ FRQGL�
WLRQV� 7KH 7J YDOXHV RI WKH (15V LQFUHDVH OLQHDUO\ ZLWK %�

7KH WKHUPDO GHJUDGDWLRQ WHPSHUDWXUHV DQG WKH DFWLYDWLRQ HQHUJLHV RI WKH (15V�
FDOFXODWHG YLD ELQDU\ OLQHDU UHJUHVVLRQ� LQFUHDVH ZLWK %� ZKLFK LQGLFDWHV WKDW WKH WKHU�
PDO VWDELOLWLHV RI WKH (15V LQFUHDVH ZLWK %�

7DEOH � 5HVXOWV RI ELQDU\ UHJUHVVLRQ RI OLQHDU PRGHOV
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� %� 7� 3RK� (XU� 3RO\P� -�� �� ��� ������ ���
�� ,� 5� *HOOLQJ� 5XEE� &KHP� DQG 7HFKQRO�� �� ��� ������ ����
�� 6� 5R\� (ODVWRPHUV DQG 3ODVWLFV� �� ��� ������ ����
�� /� =KL� &KLQD 5XEEHU ,QGXVWU\� �� ���� ������ ���
�� ;� ;L� &KLQD 3RO\PHULF 0DWHULDOV 6FLHQFH 	 (QJLQHHULQJ� � ������ ���
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