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$EVWUDFW

$Q DSSDUDWXV WR VWXG\ WKH EDWWHU\ V\VWHP KDV EHHQ VHW XS� 7KH WKHUPDO HIIHFWV RI FKDUJH DQG

GLVFKDUJH RI 1L−0+ EDWWHULHV KDYH EHHQ VWXGLHG� 7KH FDORULPHWULF PHDVXUHPHQWV LQGLFDWH WKDW WKH

QHW KHDW GLVVLSDWLRQ GXULQJ FKDUJLQJ LV ODUJHU WKDQ WKDW GXULQJ GLVFKDUJLQJ� ,W LV REVHUYHG WKDW WKH

UDWLR RI KHDW GLVVLSDWLRQ WR FKDUJLQJ HQHUJ\ YDULHV ZLWK FKDUJLQJ FDSDFLW\� DQG DOPRVW �� SHUFHQW

RI FKDUJLQJ HQHUJ\ LV ORVW DV KHDW GLVVLSDWLRQ QHDU WKH HQG RI WKH FKDUJLQJ SURFHVV DW ���� P$� $

MXPS RI WKHUPDO FXUYH QHDU WKH HQG RI GLVFKDUJH GXH WR D VHFRQGDU\ HOHFWURGH UHDFWLRQ KDV EHHQ

REVHUYHG�

.H\ZRUGV� FRPELQHG PHWKRG� 1L−0+ EDWWHU\� KHDW GLVVLSDWLRQ

,QWURGXFWLRQ

1L−0+ EDWWHU\ LV D QHZO\ GHYHORSHG HQYLURQPHQWDOO\ VDIH VHFRQGDU\ EDWWHU\
ZLWK KLJK HQHUJ\ GHQVLW\� ORQJ F\FOH OLIH DQG RYHUFKDUJH DQG UHYHUVDO SURWHFWLRQ
PHFKDQLVPV� 6RPH DGYDQWDJHV RI UHSODFLQJ WKH FDWKRGH HOHFWURGH PDWHULDO LQ 1L−+�

EDWWHU\ ZLWK 0+ LQFOXGH WKH ORZ LQWHULRU SUHVVXUH RI WKH FHOO DQG WKH GHFUHDVHG UDWH
RI VHOI�GLVFKDUJH� +RZHYHU� WKHUH DUH DOVR VHYHUDO VKRUWFRPLQJV� 7KH VHOI�GLVFKDUJH
UDWH RI WKH EDWWHU\� IRU H[DPSOH� LV VWLOO KLJK� WKH KHDW� GLVVLSDWLRQ GXULQJ WKH FKDUJLQJ
SURFHVV LV VLJQLILFDQW DQG WKH YROWDJH LV YHU\ ORZ ZKHQ GLVFKDUJLQJ DW KLJK UDWH� ,Q DGGL�
WLRQ� VRPH QHZ SUREOHPV HPHUJHG� )RU H[DPSOH� WKH PDWHULDO VWRULQJ +� LV QRW YHU\ VWD�
EOH DQG LWV FDSDFLW\ LV OLPLWHG� 7KH VROXWLRQ WR WKHVH SUREOHPV UHOLHV RQ WKH XQGHUVWDQGLQJ
WKH SURFHVVHV RFFXUULQJ GXULQJ WKH FKDUJH DQG GLVFKDUJH RI WKH EDWWHU\�

6LQFH WKH VLJQLILFDQW WKHUPDO HIIHFWV RI FKDUJLQJ DQG GLVFKDUJLQJ D EDWWHU\� PLFUR�
FDORULPHWU\ LV YHU\ HIILFLHQW WR VWXG\ ERWK SURFHVVHV RI FKDUJLQJ DQG GLVFKDUJLQJ D
EDWWHU\ DQG VHOI�GLVFKDUJH RI D EDWWHU\� :LWK WKH FDORULPHWULF VLJQDO�WLPH FXUYH� LW LV
SRVVLEOH WR GLVFORVH WKH LQWHULRU PHFKDQLVPV RI FKDUJLQJ DQG GLVFKDUJLQJ SURFHVVHV�
$FWXDOO\� WKHUH DUH VHYHUDO UHSRUWV LQ WKH OLWHUDWXUH XVLQJ PLFURFDORULPHWU\ WR VWXG\
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ERWK SULPDU\ DQG VHFRQGDU\ EDWWHULHV >�−�@� 7KH HOHFWURFKHPLFDO SDUDPHWHUV DUH
YHU\ LPSRUWDQW WR DQ\ SUDFWLFDO DSSOLFDWLRQV� DQG ZKDW LV PRUH� WKH FRPELQDWLRQ RI
HOHFWURFKHPLFDO VWXG\ ZLWK LQ�VLWX PLFURFDORULPHWULF PHDVXUHPHQW ZLOO FHUWDLQO\
WKURZ QHZ OLJKW RQ WKH YHU\ V\VWHP� 7KH SXUSRVH RI WKLV ZRUN LV WR VHW XS DQ DSSDUD�
WXV RI WKH FRPELQHG PHWKRG� WR VWXG\ WKH WKHUPDO HIIHFWV RI 1L−0+ EDWWHU\ GXULQJ
WKH FKDUJLQJ DQG GLVFKDUJLQJ SURFHVVHV� WR XQGHUVWDQG WKH FKDUJLQJ DQG GLVFKDUJLQJ
PHFKDQLVPV DQG WR GLVFORVH WKH UHODWLRQVKLS EHWZHHQ WKH UDWH RI KHDW GLVVLSDWLRQ DQG
WKH UDWH RI FKDUJH DQG GLVFKDUJH RI WKH EDWWHU\�

([SHULPHQWDO

0DWHULDOV

1L−0+ EDWWHULHV ZHUH SURYLGHG E\ =KRQJVKDQ 6XQOLWH +L�7HFK� &R� 7KHVH EDW�
WHULHV �$$ W\SH� DUH F\OLQGULFDO� DSSUR[LPDWHO\ ��� FP GLD� DQG ��� FP ORQJ� ZLWK D
FDSDFLW\ RI ��� $K�

$SSDUDWXV

7KH H[SHULPHQWDO V\VWHP KDV EHHQ VHW XS DQG LWV UHOLDELOLW\ KDV EHHQ WHVWHG� 7KH
DSSDUDWXV FRQVLVWHG RI D PLFURFDORULPHWHU� HOHFWULF FLUFXLW� UHVLVWRUV� DQ HOHFWULF FRQ�
VWDQW FXUUHQW VRXUFH� D ���% PLFURDPPHWHU DQG D SRWHQWLRPHWHU�

7KH &DOYHW PLFURFDORULPHWHU XVHG LQ WKLV ZRUN LV WKH VDPH DV WKH RQH XVHG LQ D
SUHYLRXV ZRUN >�@�

([SHULPHQWDO SURFHGXUH

$ UHVLVWRU� DV WKH FDOLEUDWLRQ KHDWHU� DQG D VDPSOH EDWWHU\ ZHUH LQWURGXFHG LQWR WKH
PHDVXULQJ FHOO DQG FRQQHFWHG WR WKH HOHFWURQLF FLUFXLW V\VWHP� 7KH JHQHUDWLRQ RI KHDW
FDXVHG E\ WKH ZLUH GXULQJ FXUUHQW GUDLQ DQG UHFKDUJLQJ WKH EDWWHU\ ZDV QHJOLJLEOH�

)LJ� � &DOLEUDWLRQ FRQVWDQWV RI WKH FDORULPHWHU DW YDULRXV VHQVLWLYLWLHV

��� =+$1* HW DO�� &20%,1(' 0(7+2'

-� 7KHUP� $QDO� &DO�� ��� ����



&RQGXFWLRQ RI KHDW E\ WKH ZLUH EHWZHHQ WKH URRP DQG WKH FDORULPHWHU ZDV H[SHFWHG
WR EH QHJOLJLEOH EHFDXVH RI WKH OHQJWK LQ FRQWDFW ZLWK WKH WKHUPRVWDW DERYH WKH FDOR�
ULPHWHU PHDVXULQJ FHOO� 7KH FDORULPHWHU ZDV FDOLEUDWHG XVLQJ HOHFWULF SRZHU DQG WKH
UHVXOWV DW GLIIHUHQW VHQVLWLYLWLHV DUH JLYHQ LQ )LJV � DQG ��

%HIRUH WKH H[SHULPHQW� WKH EDWWHU\ ZDV WRWDOO\ GLVFKDUJHG� 7KHQ� DV WKH ILUVW SDUW
RI WKLV ZRUN� WKH EDWWHU\ ZDV UHFKDUJHG DW WKH YHU\ ORZ UDWH �� P$� IRU DERXW �� PLQ
DQG WKHQ VWRSSHG IRU DERXW �� PLQ� 7KLV FKDUJH DQG UHVW FLUFOH ZHUH PDLQWDLQHG IRU
��� K� 7KH HOHFWULFDO FXUUHQW ZDV WKHQ LQFUHDVHG WR �� P$ DQG WKH EDWWHU\ ZDV
FKDUJHG LQ WKH VDPH ZD\ DV EHIRUH� 7KH UDWLR RI WKH QHW KHDW GLVVLSDWLRQ WR WKH FKDUJ�
LQJ HQHUJ\ LV JLYHQ LQ )LJ� �� 7KH FRUUHVSRQGLQJ FKDUJLQJ FDSDFLW\ LV WKH DYHUDJH EH�
WZHHQ WKH PHDVXUHPHQWV DW WKH EHJLQQLQJ DQG DW WKH HQG RI HDFK SHULRG�

)LJ� � &DOLEUDWLRQ RI WKH &DOYHW PLFURFDORULPHWHU

)LJ� � 5DWLR RI WKH QHW KHDW GLVVLSDWLRQ WR WKH FKDUJLQJ HQHUJ\ DW WKH YDULRXV FKDUJLQJ UDWHV
± FKDUJH DW � P$� R ± FKDUJH DW �� P$� �±� FKDUJH DW ���� P$
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$IWHU GLVFKDUJLQJ WKH EDWWHU\ WRWDOO\ DW WKH ORDG RI �� Ω� WKH UHVXOWV RI ZKLFK DUH

JLYHQ LQ )LJ� �� ZH FKDUJHG WKH EDWWHU\ DW WKH FXUUHQW RI ���� P$ FRQWLQXRXVO\� WKHQ

GLVFKDUJHG WKH EDWWHU\ DW WKH ORDG RI �� Ω� 7KH UHVXOWV DUH JLYHQ LQ )LJV �−��
$OO HOHFWURFKHPLFDO DQG FDORULPHWULF H[SHULPHQWV ZHUH SHUIRUPHG DW URRP WHP�

SHUDWXUH� 7KH FDORULPHWU\ UHVXOWV DQG WKH FRUUHVSRQGLQJ HOHFWURFKHPLVWU\ GDWD ZHUH

REWDLQHG ZLWK WKH H[SHULPHQW V\VWHP LQWHUIDFHG ZLWK DQ ,%0 FRPSDWLEOH FRPSXWHU�

)LJ� � 1HW KHDW GLVVLSDWLRQ GXULQJ WKH FKDUJLQJ SURFHVV DW ���� P$ DQG WKH GLVFKDUJLQJ SUR�
FHVV DW WKH ORDG RI �� 2KP� � ± FKDUJLQJ DW ���� P$� � ± GLVFKDUJLQJ DW ORDG RI
�� 2KP

)LJ� � &XUUHQW� YROWDJH DQG QHW KHDW GLVVLSDWLRQ GXULQJ WKH FKDUJLQJ SURFHVV DW ���� P$
� ± G4�GW���

−�
P:� � ± YROWDJH�P9� � ± FXUUHQW�P$
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5HVXOWV�DQG�GLVFXVVLRQ

+HDW GLVVLSDWLRQ GXULQJ WKH FKDUJH DQG GLVFKDUJH RI WKH EDWWHU\

7KH UHVXOWV DUH JLYHQ LQ )LJV �−�� ,W LV REVHUYHG WKDW GXULQJ ERWK WKH FKDUJH DQG
GLVFKDUJH� WKHUH H[LVWV QHW KHDW GLVVLSDWLRQ� $V WR WKH FKDUJH RI WKH EDWWHU\ DW WKH FRQ�
VWDQW FXUUHQWV� WKH UDWLR RI KHDW GLVVLSDWLRQ WR WKH FKDUJLQJ HQHUJ\ GHFUHDVHV ILUVWO\
DQG WKHQ LQFUHDVHV ZLWK WKH FKDUJLQJ WLPH DW ORZ FKDUJLQJ UDWH DQG WKHUH H[LVWV D

)LJ� � 1HW KHDW GLVVLSDWLRQ� FKDUJLQJ SRZHU DQG WKH UDWLR EHWZHHQ WKHP GXULQJ WKH FKDUJLQJ
SURFHVV DW ���� P$� � ± FKDUJLQJ SRZHU� � ± G4�GW� � ± UDWLR RI KHDW WR FKDUJLQJ SRZHU

)LJ� � &XUUHQW� YROWDJH DQG QHW KHDW GLVVLSDWLRQ GXULQJ WKH GLVFKDUJLQJ SURFHVV DW WKH ORDG RI
�� 2KP� � ± YROWDJH�P9� � ± G4�GW���

−�
P:� � ± FXUUHQW�P$
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PLQLPXP� +RZHYHU� ZKHQ FKDUJLQJ DW WKH FXUUHQW RI ���� P$� WKHUH LV D SODWHDX EH�
IRUH �� SHUFHQW FKDUJH RI WKH IXOO EDWWHU\ FDSDFLW\ DQG WKHQ WKH UDWLR LQFUHDVHV
VKDUSO\ ZLWK WKH FKDUJLQJ WLPH IROORZHG E\ D GHFUHDVH RI WKH LQFUHDVLQJ UDWH RI WKH
UDWLR� 7KH KHDW GLVVLSDWLRQ LV DERXW �� SHUFHQW RI WKH FKDUJLQJ HQHUJ\ QHDU WKH HQG RI
FKDUJLQJ SURFHVV� ZKLFK PD\ EH DWWULEXWHG WR WKH IRUPDWLRQ RI β�0+ DQG WKH FDWD�
O\]HG UHFRPELQDWLRQ RI K\GURJHQ DQG R[\JHQ �)LJV � DQG ���

)LJ� � 1HW KHDW GLVVLSDWLRQ� RXWSXW SRZHU DQG WKH UDWLR EHWZHHQ WKHP GXULQJ WKH GLVFKDUJLQJ
SURFHVV DW WKH ORDG RI �� 2KP� � ± G4�GW� � ± RXWSXW SRZHU� � ± UDWLR RI KHDW WR RXWSXW
SRZHU

)LJ� � &XUUHQW� YROWDJH DQG QHW KHDW GLVVLSDWLRQ GXULQJ WKH GLVFKDUJLQJ SURFHVV DW WKH ORDG RI
�� 2KP� � ± YROWDJH�P9� � ± FXUUHQW�P$� � ± G4�GW���

−�
P:
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'XULQJ WKH GLVFKDUJH RI WKH EDWWHU\� WKH QHW KHDW GLVVLSDWLRQ GHFUHDVHV ZLWK WKH GH�
FUHDVH RI WKH GLVFKDUJLQJ UDWH DQG WKHUH LV D SODWHDX LQ WKH WKHUPDO FXUYH WRR �)LJV �
DQG ��� 7KH QHW KHDW GLVVLSDWLRQ GXULQJ WKH GLVFKDUJH QHDUO\ DW WKH VDPH UDWH� LV D OLWWOH
VPDOOHU WKDQ WKDW GXULQJ WKH FKDUJLQJ ZLWKLQ WKH SODWHDX� EXW PXFK OHVV WKDQ WKDW DIWHU
WKH SODWHDX� ZKLFK LQGLFDWHV WKH GLIIHUHQW FRQWULEXWLRQV RI WKH IRUPDWLRQ RI β�0+
DQG WKH FDWDO\]HG UHFRPELQDWLRQ RI K\GURJHQ DQG R[\JHQ GXULQJ WKHVH SURFHVVHV
�)LJV � DQG ���

2EVHUYHG VHFRQGDU\ HOHFWURGH UHDFWLRQ

7KHUH LV D VSHFLDO FKDUDFWHULVWLF RI WKH HOHFWURFKHPLFDO DQG WKHUPDO FXUYHV RI GLV�
FKDUJLQJ �)LJV �� � DQG ��� :KHQ WKH EDWWHU\ KDV DOPRVW WRWDOO\ EHHQ GLVFKDUJHG�
WKHUH LV D MXPS RI WKH WKHUPDO FXUYH� DQG WKH HOHFWURFKHPLFDO FXUYH DOVR LQGLFDWHV D
SODWHDX VLPXOWDQHRXVO\�

7KH MXPS RI WKH WKHUPDO FXUYHV RI GLVFKDUJH LV SUREDEO\ GXH WR WKH SDUWLFLSDWLRQ
LQ WKH HOHFWURGH UHDFWLRQV RI WKH DGGLWLYHV LQ WKH HOHFWURO\WH DQG�RU HOHFWURGH PDWHUL�
DOV DQG�RU WKH LQWHUPHGLDWH SURGXFWV RI HOHFWURGH UHDFWLRQV LQVWHDG RI WKH SKDVH WUDQV�
IHU RI PHWDO K\GULGH EDVHG RQ LWV SKDVH GLDJUDP� WKH UHVLGXDO FDSDFLW\ RI WKH EDWWHU\�
DQG WKH MXPS RI WKH R[LGDWLRQ�UHGXFWLRQ SRWHQWLDO DW WKH YHU\ SRLQW� )LJXUH �� ZKLFK
LQGLFDWHV WKH LQLWLDO ODUJH UDWLR RI KHDW GLVVLSDWLRQ WR WKH FKDUJLQJ HQHUJ\ DW ORZ
FKDUJLQJ UDWH� SURYLGHV DQRWKHU EDVLV IRU WKH DERYH VSHFXODWLRQ�

&RQFOXVLRQV

7KLV ZRUN KDV VHW XS DQ DSSDUDWXV DQG VWXGLHG WKHUPDO HIIHFWV RI WKH FKDUJH DQG
GLVFKDUJH RI 1L−0+ EDWWHU\� ,W LV REVHUYHG WKDW WKH QHW KHDW GLVVLSDWLRQ GXULQJ FKDUJ�
LQJ LV PXFK ODUJHU WKDQ WKDW RI GLVFKDUJLQJ DIWHU WKH SODWHDX GXH WR WKH GLIIHUHQW WKHU�
PDO HIIHFWV RI WKH FDWKRGH SURFHVVHV� WKH DQRWKHU )DUDGDLF SURFHVVHV DQG WKH VLJQLIL�
FDQW FRQWULEXWLRQ RI WKH FDWDO\]HG UHFRPELQDWLRQ RI +� DQG 2� GXULQJ WKH FKDUJLQJ
SURFHVV� ZKLFK LQFUHDVHV ZLWK WKH FKDUJLQJ FDSDFLW\� 7KHUH H[LVWV D PLQLPXP RI WKH
UDWLR RI WKH KHDW GLVVLSDWLRQ WR WKH FKDUJLQJ HQHUJ\ DV WR WKH UDWLR�FKDUJLQJ FDSDFLW\
FXUYH DW WKH ORZ FKDUJLQJ UDWH�

7KH WKHUPDO FXUYHV RI WKH GLVFKDUJH RI EDWWHU\ VKRZ WKDW WKHUH H[LVWV D VHFRQGDU\
HOHFWURGH UHDFWLRQ LQ WKH EDWWHU\ ZLWK D ODUJH HQWKDOS\ FKDQJH� 7KH YHU\ REVHUYDWLRQ
LQGLFDWHV WKDW WKH FRPELQHG PHWKRG LV YHU\ HIILFLHQW WR VWXG\ WKH EDWWHU\ V\VWHP�

5HIHUHQFHV

� 2� $� 0DVKNLQ� <� 9� .X]PLQVNLL DQG <� $� 0DOHWLQ� -� 3RZHU 6RXUFHV� �� ������ ����
� (� 6� 7DNHXFKL� 6� 0� 0H\HU DQG &� )� +ROPHV� -� (OHFWURFKHP� 6RF�� ��� ������ �����
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� $� 9LQVLQWLQ� $� $QDQL� 6� 6ULQLYDVDQ� $� -� $SSOHE\ DQG +� 6� /LP� LELG�� �� ������ ����
� =� /� =KDQJ� ;� =� 6XQ� :� ;� =KRX� /� 4� =KDQJ� %� /L� 0� *� :DQJ� %� =� <DQ DQG )�
7DQ� -� 7KHUPDO $QDO�� �� ������ ���
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