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SCIENTIFIC AND TECHNICAL
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)Hw&w&Uw$O V\VWHP FRDWLQJV SURGXFHG E\ WKH PHWKRG RI
HOHFWULF DUF PHWDOOL]LQJ ����������������������������������������������������������������� ��

.X]PHQNR 9�*�� 7RNDUHY 9�6�� *DOLQLFK 9�,��
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)RXQGHUV� 7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�
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7KLV SXEOLFDWLRQ DQG HDFK RI WKH DUWLFOHV

FRQWDLQHG KHUHLQ DUH SURWHFWHG E\ FRS\ULJKW�

3HUPLVVLRQ WR UHSURGXFH PDWHULDO FRQWDLQHG LQ

WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�

&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

IURP WKH 3XEOLVKHU�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
:HOGLQJ DQG 7UDLQLQJ ,QVWLWXWH� 0HFNOHQEXUJ� *HUPDQ\

$OJRULWKP RI QXPHULFDO HVWLPDWLRQ RI WHPSHUDWXUH ILHOGV LQ D ZHOGHG MRLQW �SHQHWUDWLRQ ]RQH� LQ EXWW ZHOGLQJ RI HOHPHQWV

ZLWK D IRDP PDFURVWUXFWXUH LV VXJJHVWHG� 7KLV DOJRULWKP LV EDVHG RQ FRUUHVSRQGLQJ PRGHOOLQJ RI WKH IRDP PDFURVWUXFWXUH

XVLQJ VWDWLVWLFDO GDWD RQ SRUH SDUDPHWHUV� ,W LV VKRZQ WKDW ZHOGLQJ FRQGLWLRQV DW D KLJK SRURVLW\ VKRXOG VXEVWDQWLDOO\

GLIIHU IURP WKRVH IRU D VROLG PDWHULDO�

.H\ ZRU G V � PDWKHPDWLFDO PRGHOOLQJ� IRDP �SRURXV� PDF�

URVWUXFWXUH� VWRFKDVWLF FKDUDFWHULVWLFV RI PDFURVWUXFWXUH� ZHOG�

LQJ SURFHVVHV� VXSHU�OLJKW VWUXFWXUDO PDWHULDOV� SHUPDQHQW MRLQWV�
PROWHQ SRRO� IXVLRQ ZHOGLQJ� PDWHULDO SRURVLW\� WHPSHUDWXUH

ILHOGV

'UDPDWLF JURZWK RI LQWHUHVW LV VHHQ FXUUHQWO\ LQ VX�

SHU�OLJKW VWUXFWXUDO PDWHULDOV EDVHG RQ IRDP �SRURXV�

PDFURVWUXFWXUH IRU HQJLQHHULQJ DSSOLFDWLRQV� 7KLV IDFW

GHPRQVWUDWLYHO\ IROORZV IURP WKH FRQWHQWV RI ERRN
>�@� SDSHUV >�� �@� HWF� ,QWHQVLYH VWXGLHV RI SURSHUWLHV
RI VXFK PDWHULDOV DUH FRQGXFWHG ERWK E\ H[SHULPHQWDO

DQG FRPSXWDWLRQ >�@ PHWKRGV�

-RLQLQJ VWUXFWXUDO PHPEHUV RI VXFK PDWHULDOV LV DQ

LPSRUWDQW WDVN >�� HWF�@� 2I KLJK LQWHUHVW DUH SHUPD�

QHQW MRLQWV SURGXFHG E\ WUDGLWLRQDO PHWKRGV RI IXVLRQ

ZHOGLQJ� +RZHYHU� DV SURYHG E\ WKH DYDLODEOH H[SH�

ULHQFH� WKH XVH RI ZHOGLQJ IRU SURGXFLQJ VRXQG ZHOGHG

MRLQWV LQYROYHV PXFK GLIILFXOWLHV� 6SHFLDO PHWKRGV HP�

SOR\HG IRU IRUPDWLRQ RI D IRDP VWUXFWXUH RI WKH PROWHQ

PHWDO SRRO SUHVHQW D SUREOHP� ,Q WKLV FRQQHFWLRQ� RI

VSHFLDO LQWHUHVW DUH WKH IXVLRQ ZHOGLQJ PHWKRGV ZKLFK

SURYLGH PLQLPXP PHOWLQJ RI WKH EDVH PDWHULDO� ,Q

SDUWLFXODU� ZHOGHG MRLQWV RI D VXIILFLHQW TXDOLW\ FDQ

EH SURYLGHG E\ WKH PHWKRGV RI EHDP ZHOGLQJ ZKLFK
LQYROYH D FRQWLQXRXV PHOWHG LQWHUOD\HU �)LJXUH ���

+RZHYHU� WKH FKRLFH RI UDWLRQDO HQHUJ\ SDUDPHWHUV RI
ZHOGLQJ DQG LQWHUOD\HU WKLFNQHVV E WR HQVXUH D PLQL�

PXPSHQHWUDWLRQ RI WKH EDVHPDWHULDO UHTXLUHV GHWDLOHG

VWXGLHV� 0HWKRGV RI PDWKHPDWLFDO PRGHOOLQJ EDVHG RQ

GHVFULSWLRQ RI WKH SURFHVV RI KHDWLQJ D VSHFLILF MRLQW
ZLWK D ZHOGLQJ KHDW VRXUFH� DOORZLQJ IRU SHFXOLDULWLHV

RI PDFURVWUXFWXUH RI D PDWHULDO� PD\ EH KHOSIXO LQ

WKLV FDVH� 0DFURVWUXFWXUH KDV D FRQVLGHUDEOH HIIHFW RQ

KHDW WUDQVIHU� DV YRLGV �SRUHV� VHUYH DV D VXEVWDQWLDO
EDUULHU IRU WKH KHDW� FRPSDUHG ZLWK WKH PHWDO EDVH�

0DFURVWUXFWXUH RI D IRDP �SRURXV� PDWHULDO LV XVX�

DOO\ GHVFULEHG XVLQJ WKH VWDWLVWLFDO SRUH VL]H GLVWULEX�

WLRQ ODZ� 7R LOOXVWUDWH� )LJXUH � VKRZV PDFURVHFWLRQV

RI D IRDP DOXPLQLXP >�@� DQG )LJXUH � VKRZV VWDWLV�

WLFDO GDWD RQ GHQVLW\ �IUHTXHQF\� RI GLVWULEXWLRQ 3�6�

RI VL]H 6 RI LQGLYLGXDO FHOOV �SRUHV�� $V VHHQ IURP

)LJXUH �� VRPH SRUHV KDYH D YHU\ LUUHJXODU VKDSH� DQG

WKHLU FKDUDFWHULVWLF VL]H 6 FDQ YDU\ LQ D UDQGRPPDQQHU

RYHU ZLGH UDQJHV� ,I WKH VWDWLVWLFDO SRUH VL]H GLVWULEX�

WLRQ ODZ LV NQRZQ� L�H� 3�6�� OLNH LQ )LJXUH �� DQG
WKH PHDQ GHQVLW\ RI D SRURXV PDWHULDO LV GHVLJQDWHG

DV γ� WKHQ� E\ DVVLJQLQJ D FHUWDLQ VKDSH RI DQ HOHPHQ�

WDU\ FHOO� LW LV SRVVLEOH WR FDOFXODWHPHDQZDOO WKLFNQHVV

δ RI VXFK FHOOV�

)RU H[DPSOH� LI ZH DVVXPH WKDW WKH HOHPHQWDU\
FHOO KDV D VKDSH RI FXEH ZLWK VLGH 6� WKHQ δ FDQ EH

GHWHUPLQHG IURP WKH IROORZLQJ HTXDWLRQ�
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ZKHUH 6

__
L LV WKH PDWKHPDWLFDO H[SHFWDWLRQ RI D UDQGRP

TXDQWLW\ RI 6L� DQG < 6

__
L

� > DQG < 6

__
L

� > DUH� UHVSHFWLYHO\�
WKH PDWKHPDWLFDO H[SHFWDWLRQV RI UDQGRP TXDQWLWLHV

RI 6L

� DQG 6L

��

)LJXUH � VKRZV UHVXOWV RI FDOFXODWLRQ RI WKH δYDOXHV
IRU WZR YDULDQWV RI VL]H GLVWULEXWLRQ 3�6L� IRU WKH
HOHPHQWDU\ FHOOV DFFRUGLQJ WR )LJXUH �� GHSHQGLQJ
XSRQ WKH LQWHJULW\ FRHIILFLHQW �DFFRUGLQJO\� WKH SR�
URVLW\ FRHIILFLHQW LV � w γ�γ��� ,W LV VHHQ IURP )LJXUH �
WKDW WKH δ YDOXHV LQFUHDVH PRQRWRQRXVO\ IURP ]HUR �DW
γ�γ�  �� WR VRPH OLPLWLQJ YDOXH δO�3� ≈ 6

__
L �DW γ�γ� →

→ ��� ,Q SDUWLFXODU� IRU WKH YDULDQW RI )LJXUH �� D� LQ
D FDVH RI δ  ��� PP DQG γ�γ�  ������ 6

__
L  ���� PP�

)RU WKH VDPH YDULDQW� DW δ  ��� PP DQG γ�γ�  �����
6

__
L GRHV QRW FKDQJH LWV YDOXH�

7KH DERYH PRGHOOLQJ RI D PDFURVWUXFWXUH RI WKH
IRDP PDWHULDO FDQ EH UHJDUGHG DV WKH VLPSOHVW DQG
UDWKHU URXJK DSSUR[LPDWLRQ� 7KHUH DUH RWKHU� PRUH
VRSKLVWLFDWHG YDULDQWV RI VFKHPDWLVDWLRQ RI JHRPHWU\
RI WKH HOHPHQWDU\ FHOOV DQG WKLFNQHVV RI WKH LQWHUOD\HUV
>�@� ZKLFK SURYLGH D PRUH H[DFW GHVFULSWLRQ RI WKH
UHDOLW\� +RZHYHU� LQ WKLV FDVH FKDUDFWHULVWLF SDUDPH�
WHUV RI D PDFURVWUXFWXUH JUHDWO\ LQFUHDVH LQ QXPEHU�
DV ZHOO DV ODERXU FRQVXPHG IRU QXPHULFDO GHVFULSWLRQ
DQG VRSKLVWLFDWLRQ RI UHSURGXFWLRQ RI WKH SURFHVV DO�
ORZLQJ IRU D VWRFKDVWLF FKDUDFWHU RI WKHPDFURVWUXFWXUH
JURZ�

,W VKRXOG EH QRWHG WKDW UHSUHVHQWDWLRQ RI WKH SURF�
HVV RI KHDWLQJ RI WKH IRDPPDFURVWUXFWXUH GXULQJ ZHOG�
LQJ DW DVVLJQHG FKDUDFWHULVWLFV RI LWV VWRFKDVWLF GHVFULS�
WLRQ UHTXLUHV WKDW VSHFLDO DSSURDFKHV EH HPSOR\HG�
7KH XVH RI WKH GLDJUDP RI D KLJK�SRZHU IDVW�PRYLQJ
KHDW VRXUFH >�@ PDNHV LW SRVVLEOH WR LQGHSHQGHQWO\
FRQVLGHU LQGLYLGXDO FURVV VHFWLRQV RI D PDWHULDO
ZHOGHG� KDYLQJ D FRUUHVSRQGLQJ UDQGRP PRUSKRORJ\
RI WKH IRDP PDFURVWUXFWXUH� 1XPHULFDO VROXWLRQ RI WKH
SUREOHP RI HVWLPDWLRQ RI WKH SHQHWUDWLRQ ]RQH IRU HDFK
RI VXFK VHFWLRQV XQGHU VSHFLILF ZHOGLQJ FRQGLWLRQV SUH�
VHQWV DQ LQGLYLGXDO UDQGRP UHVXOW IRU D JLYHQ PDWHULDO�
,Q WKH FDVH RI D VXIILFLHQWO\ ODUJH VDPSOLQJ RI WKH
UHVXOWV� LW LV SRVVLEOH WR GHULYH VWDWLVWLFDO FKDUDF�
WHULVWLFV RI WKH SHQHWUDWLRQ ]RQH RI D JLYHQ PDWHULDO
XQGHU JLYHQ ZHOGLQJ FRQGLWLRQV� ,W IROORZV IURP WKH
DERYH�VDLG WKDW REWDLQLQJ WKH DSSURSULDWH VHW RI UDQ�
GRP IRDP PDFURVWUXFWXUHV IRU WKH PDWHULDO FRQVLG�
HUHG� KDYLQJ DVVLJQHG VWDWLVWLFDO FKDUDFWHULVWLFV GHWHU�

)LJXUH �� 6WDWLVWLFDO GDWD RQ UHODWLYH GHQVLW\ RI VL]H GLVWULEXWLRQ
RI LQGLYLGXDO FHOOV� 3�6L�� IRU PDWHULDOV ZLWK VWUXFWXUHV VKRZQ LQ
)LJXUH �� UHVSHFWLYHO\)LJXUH �� 6FKHPDWLF RI IXVLRQ EXWW ZHOGLQJ RI D SRURXV PDWHULDO

WKURXJK D FRQWLQXRXV PHOWHG LQWHUOD\HU� � x EDVH PDWHULDO� � x
LQWHUOD\HU� � x KHDW IORZ

)LJXUH �� 0DFURVHFWLRQV RI WZR PDWHULDOV RI IRDP DOXPLQLXP ZLWK
ILQH �D� DQG FRDUVHU �E� SRUHV >�@

)LJXUH �� 'HSHQGHQFH RI PHDQ ZDOO WKLFNQHVV δ XSRQ γ�γ� IRU
FKDUDFWHULVWLF 3�6L� REWDLQHG IURP )LJXUH �� D ��� DQG �� E ���
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PLQHG E\ WKH VL]H GLVWULEXWLRQ GHQVLW\ 3�6L� RI WKH
FHOOV DW D FRUUHVSRQGLQJ LGHDOLVDWLRQ RI WKHLU VKDSH
DQG D PHDQ YDOXH RI δ� LV D SUHPLVH RI QXPHULFDO
PRGHOOLQJ RI WKH SUREOHP XQGHU FRQVLGHUDWLRQ� )RU
WKLV SXUSRVH WKH JHQHUDWRU RI D VHULHV RI UDQGRP TXDQ�
WLWLHV ZDV XVHG LQ WKH VWXG\� DQG WKLV JHQHUDWRU ZDV

HPSOR\HG WR VXFFHVVLYHO\ VHOHFW WKH FHOOV WR ILOO XS WKH
UHJLRQ FRQVLGHUHG DW D JLYHQ YDOXH RI3�6L� �)LJXUH ���

(DFK UDQGRP VHFWLRQ ZDV HVWLPDWHG E\ WKH LQLWLDO
QXPEHU RI WKH JLYHQ VHULHV� 7KLV QXPEHU ZDV IL[HG
IRU D UHSHDWHG UHSUHVHQWDWLRQ� EXW ZDV FKRVHQ LQ D
UDQGRP ZD\� ,W FDQ EH VHHQ IURP )LJXUH � WKDW IRDP

)LJXUH �� 0RGHOOHG PDFURVWUXFWXUHV �DwK� RI UDQGRP VHFWLRQV RI WKH PDWHULDO ZLWK FKDUDFWHULVWLFV 3�6L� IURP )LJXUH �� D� DW γ�γ�  
 ����� δ  � PP DQG 6

__
 ���� PP

7DEOH �� (IIHFW RI WHPSHUDWXUH ��&� RQ WKHUPDO�SK\VLFDO SURSHUWLHV RI DOXPLQLXP DOOR\ $0J� >�@ DQG GU\ DLU >�@


,QYHVWLJDWLRQ

REMHFW
�� ��� ��� ��� ��� ��� ��� ��� ��� ����

7KHUPDO FRQGXFWLYLW\ λ� :�FP⋅�¯

$LU ���⋅��w� ����⋅��w� ����⋅��w� ���⋅��w� ����⋅��w� ����⋅��w� ���⋅��w� ����⋅��w� ����⋅��w� ����⋅��w�

$0J� ��� ��� ��� ��� ��� ��� ��� w w w

+HDW FDSDFLW\ SHU XQLW YROXPH Ïγ� -�FP�⋅�¯

$LU ���⋅��w� ����⋅��w� ����⋅��w� ����⋅��w� ����⋅��w� ���⋅��w� ����⋅��w� ����⋅��w� ����⋅��w� ����⋅��w�

$0J� ��� ��� ��� ��� ��� ���� ��� w w w

1R W H V � �� )RU DOOR\ $0J� �$O����0J� VROLGXV DQG OLTXLGXV WHPSHUDWXUHV 76 ≈ ��� �& DQG 7/ ≈ ��� �&� UHVSHFWLYHO\� �� /DWHQW PHOWLQJ

KHDW JODW   ���� -�FP
�
�
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PDFURVWUXFWXUHV� KDYLQJ WKH VDPH YDOXHV RI 3�6L��
GLIIHU PDUNHGO\ IURP HDFK RWKHU� 1DWXUDOO\� WKLV
VKRXOG DIIHFW UHVXOWV RI QXPHULFDO PRGHOOLQJ RI VL]H
DQG VKDSH RI WKH SHQHWUDWLRQ ]RQH DW D FRUUHVSRQGLQJ
ZHOGLQJ KHDWLQJ�

7KH FRQYHQWLRQDO DSSURDFK IRU VROYLQJ WKH �' KHDW
SUREOHP ZLWKLQ WKH OLPLWV RI D GLDJUDP RI D IDVW�PRY�
LQJ KHDW VRXUFH IRU WKH UHJLRQ ZLWK YDULDEOH SURSHUWLHV
�7DEOH �� ZDV HPSOR\HG WR JHQHUDWH GDWD RQ WKH SHQH�
WUDWLRQ ]RQH RI D VSHFLILFPDFURVWUXFWXUH� 6L]HV RI ILQLWH
HOHPHQWV ZHUH VHOHFWHG RQ WKH EDVLV RI WKLFNQHVV δ RI
WKH SRUH ZDOOV�

+HDW LQSXW TL RI WKH ZHOGLQJ KHDW VRXUFH ZDV GLV�
WULEXWHG IROORZLQJ WKH QRUPDO ODZ LQ ZLGWK DQG
WKURXJK GHSWK RI WKH VROLG LQWHUOD\HU RI DQ DOXPLQLXP
DOOR\� +HUH LW LV UHSUHVHQWHG E\ WKH IROORZLQJ IXQFWLRQ�

J([�\) = J�H
w.

[
[
�

w .
\
\
�

�

���

ZKHUH J�  
πTL

√.[.\

� DQG.[ DQG.\ DUH WKH FRHIILFLHQWV

RI FRQFHQWUDWLRQ RI WKH KHDW IORZ DORQJ D[HV [ DQG \�
UHVSHFWLYHO\�

$V WKH EHDP ZHOGLQJ PHWKRGV RIIHU WKH SRVVLELOLW\
RI UHJXODWLQJ WKH KHDW IORZ GLVWULEXWLRQ� LW ZDV DV�
VXPHG LQ WKH VWXG\ WKDW

.[ =
�D

[

E
�
� .\ =

�D\

+
�
�

���

ZKHUH D[ DQG D\ DUH WKH SURFHVV SDUDPHWHUV ZKLFK�
DORQJ ZLWK TL� DUH GHWHUPLQHG E\ FDOFXODWLRQ RI VL]H
RI WKH SHQHWUDWLRQ ]RQH IRU WKH FRUUHVSRQGLQJ PDFURV�
WUXFWXUHV RI VHFWLRQV� DQG + LV WKH GHVLUDEOH GHSWK RI
SHQHWUDWLRQ RI WKH LQWHUOD\HU�

)LJXUHV � DQG � JLYH H[DPSOHV RI FDOFXODWLRQV
ZKLFK FDQ EH XVHG WR GHPRQVWUDWH SURFHGXUH RI WKH
DSSURDFK GHVFULEHG IRU WZR�VLGHG EXWW ZHOGLQJ RI WKH
�� PP WKLFN SODWH RI D PDWHULDO ZLWK D SRURXV PDF�
URVWUXFWXUH� KDYLQJ WKH 3�6L� FKDUDFWHULVWLF DFFRUGLQJ
WR )LJXUH ��

)LJXUH � VKRZV PDFURVWUXFWXUHV RI WKH PRGHOOHG

UDQGRP VHFWLRQV ZLWK FKDUDFWHULVWLFV 3�6L� IURP )L�

JXUH �� D� 7HPSHUDWXUH ILHOGV DQG VL]H RI WKH SHQHWUD�

WLRQ ]RQH ZHUH FDOFXODWHG SURFHHGLQJ IURP GLIIHUHQW

YDOXHV RI WKH SURFHVV SDUDPHWHUV TL� .\ DQG .[� )L�

JXUH � VKRZV UHVXOWV RI FDOFXODWLRQV RI GLVWULEXWLRQ RI

PD[LPXP WHPSHUDWXUHV LQ UDQGRP VHFWLRQV �VHH )L�

JXUH �� DW TL  ���� FDO�PP� .[  ���� ��PP
�� .\  

 ���� ��PP�� E  �PP DQG+  �PP� 7KHVH SURFHVV

SDUDPHWHUV ZHUH GHWHUPLQHG DV D UHVXOW RI QXPHULFDO

H[SHULPHQWV DQG DUH FORVH WR WKH RSWLPDO RQHV� SUR�

YLGLQJ WKDW WKH SHQHWUDWLRQ ]RQH LV VXFK WKDW D SRURXV

VWUXFWXUH LV QRW GHVWUR\HG� 7KH SHQHWUDWLRQ ]RQH LV

GHWHUPLQHG E\ PD[LPXP WHPSHUDWXUHV HTXDO WR ���w

��� �&�

7KH VDPH DSSURDFK ZDV XVHG DOVR ZLWK RWKHU YDUL�

DQWV RI WKH γ�γ� DQG 6

__
L YDOXHV� 7KH UHFRPPHQGHG

YDOXHV RI TL DUH JLYHQ LQ 7DEOH ��

)LJXUH �� 'LVWULEXWLRQ RI PD[LPXP WHPSHUDWXUHV LQ UDQGRP VHFWLRQV �DwK� IURP )LJXUH � LQ ZHOGLQJ WKH PDWHULDO ZLWK 3�6L� DFFRUGLQJ
WR )LJXUH �� D
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,W ZDV IRXQG WKDW ORZHU KHDW LQSXWV DUH UHTXLUHG
WR LQFUHDVH SRURVLW\� L�H� WKH � w γ�γ� YDOXHV� EDVHG
RQ D FRQGLWLRQ RI UHWDLQLQJ D SRURXV PDFURVWUXFWXUH
RI WKH EDVH PDWHULDO LQ WKH MRLQLQJ ]RQH� $V IROORZV
IURP 7DEOH �� WKH ORZHU KHDW LQSXWV DUH UHTXLUHG DOVR
LQ WKH FDVH RI WKH VDPH YDOXHV RI γ�γ�� EXW KLJKHU
YDOXHV RI 6

__
L �VHH YDULDQWV 1R�� DQG � LQ 7DEOH ���

&21&/86,216

�� ,Q ZHOGLQJ D IRDP DOXPLQLXP� WKH UDWLRQDO ZHOGLQJ
FRQGLWLRQV GHSHQG XSRQ WKH GHJUHH RI SRURVLW\ RI WKH

PDWHULDO DQG� WR D FHUWDLQ H[WHQW� XSRQ WKH VWDWLVWLFDO
FKDUDFWHULVWLFV RI VL]HV RI WKH HOHPHQWDU\ FHOOV�

�� 1XPHULFDO PHWKRGV EDVHG RQ NQRZOHGJH RI VWR�
FKDVWLF FKDUDFWHULVWLFV RI D PDFURVWUXFWXUH RI WKH IRDP
PDWHULDO HQDEOH WKH UDWLRQDO ZHOGLQJ FRQGLWLRQV WR EH
HVWLPDWHG� +RZHYHU� UHOLDELOLW\ RI WKLV HVWLPDWLRQ
JUHDWO\ GHSHQGV XSRQ WKH DGHTXDF\ RI PDWKHPDWLFDO
GHVFULSWLRQ RI WKH VDLG PDFURVWUXFWXUH�

�� ������ 3URFHHGLQJV RI ,QW� 0HW)RDPs�� &RQIHUHQFH RQ
0HWDO )RDPV DQG 3RURXV 0HWDO 6WUXFWXUHV� %UHPHQ� *HU�
PDQ\� -XQH ��w��� �����

�� 0L\RVKL� 7�� ,WRK� 0�� $NL\DPD� 6� HW DO� ������ $OSRUDV
DOXPLQLXP IRDP� SURGXFWLRQ SURFHVV� SURSHUWLHV DQG DSSOLFD�
WLRQV� $GYDQFHG (QJLQHHULQJ 0DWHULDOV� �� ���w����

�� %UDP� 0�� 6WLOOHU� &�� %XFKNUHPHU� +�3� HW DO� ������ +LJK
SRURVLW\ WLWDQLXP� VWDLQOHVV VWHHO DQG VXSSHU DOOR\ SDUWV�
,ELG�� ���w����

�� 5DDEH� '� ������ &RPSXWDWLRQDO PDWHULDOV VFLHQFH� ,Q� 6L�
PXODWLRQ RI PDWHULDOV PLFURVWUXFWXUHV DQG SURSHUWLHV�
:LOO\�9&+�

�� 2OXULQ� 2�%�� )OHFN� 1�$�� $VKE\� 0�)� ������ -RLQLQJ RI
PHWDO IRDPV ZLWK IRVWHUHU� $GYDQFHG (QJLQHHULQJ 0DWHUL�
DOV� �� ���w����

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQ RI WKHUPDO SURFHVVHV RF�
FXUULQJ LQ ZHOGLQJ� 0RVFRZ� 0DVKJL]�

�� /LIVKLWV� %�*�� .UDSRVKLQ� 9�6�� /LSHWVN\� <D�/� ������
3K\VLFDO SURSHUWLHV RI PHWDOV DQG DOOR\V� 0RVFRZ� 0HWDO�
OXUJL\D�

�� ,VDFKHQNR� 9�3�� 2VLSRYD� 9�$�� 6XNRPHO� $�6� ������
+HDW WUDQVIHU� 0RVFRZ� (QHUJL\D�

7DEOH �� 5HFRPPHQGHG KHDW LQSXW IRU ZHOGLQJ DOXPLQLXP SODWHV
ZLWK IRDP PDFURVWUXFWXUH �� PP WKLFN XVLQJ D FRQWLQXRXV LQWHU�
OD\HU �VHH )LJXUH ��
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/�0� /2%$129� 9�$� 3,9725$.� 9�9� 6$9,76.< DQG (�0� 2/(-1,.

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$ V\VWHP RI FRPSXWHU DQDO\VLV RI KRORJUDSKLF LQWHUIHURJUDPV� EDVHG RQ QXPEHULQJ RI KRORJUDSKLF LPDJH RI WKH REMHFW

H[DPLQHG DQG XVH RI D PHWKRG RI FDUULHU IULQJHV LV SUHVHQWHG� (IIHFWLYH PHWKRG RI WKHLU SURGXFLQJ DQG D VLPSOH DOJRULWKP

RI SURFHVVLQJ LQWHUIHURJUDPV DUH VXJJHVWHG� 7KH PHWKRG RI FDUULHU IULQJHV PDNHV LW SRVVLEOH WR VROYH WKH SUREOHP RI

LQGHWHUPLQDF\ RI VLJQ� ZKLFK LV XVXDOO\ DYDLODEOH LQ LQWHUIHUHQFH IULQJH SDWWHUQV� ([DPSOHV RI DSSOLFDWLRQ RI WKH GHYHORSHG

PHWKRG IRU FRQWURO RI GHIHFWQHVV RI HOHPHQWV RI WKH KRQH\�FRPE VWUXFWXUH DQG IODW VDPSOHV DUH JLYHQ�

.H\ ZRU G V � KRORJUDSKLF LQWHUIHURPHWU\� )RXULHU�WUDQVIRP�
TXDOLW\ FRQWURO� EUD]HG�ZHOGHG KRQH\�FRPE VWUXFWXUH

&UHDWLRQ RI QHZ PDWHULDOV DQG VWUXFWXUHV LV LQGLVSHQ�
VDEO\ FRQQHFWHG ZLWK WKH LPSURYHPHQW DQG GHYHORS�
PHQW RI PHWKRGV RI WKHLU GLDJQRVWLFV� 7KH NQRZQ
PHWKRGV RI TXDOLW\ FRQWURO �XOWUDVRQLF� ;�UD\� PDJ�
QHWLF� HWF�� KDYH D QXPEHU RI OLPLWDWLRQV LQ WHVWLQJ
WKLQ�ZDOOHG ZHOGHG VWUXFWXUHV� DQG DOVR VWUXFWXUHV
PDGH IURP FRPSRVLWH DQG SRO\PHULF PDWHULDOV� ,Q WKLV
FRQQHFWLRQ� WKH GHYHORSPHQW RI QHZ KLJK�HIILFLHQW DQG

UHOLDEOH PHWKRGV RI GLDJQRVWLFV RI VWUXFWXUHV PDGH
IURP PHWDOOLF DQG QRQ�PHWDOOLF PDWHULDOV LV DFWXDO�

2YHU WKH UHFHQW GHFDGH D PHWKRG RI KRORJUDSKLF
LQWHUIHURPHWU\ KDV EHHQ LQWHQVLYHO\ SURJUHVVHG� ,W LV
FKDUDFWHUL]HG E\ D KLJK SUHFLVLRQ DQG YLVXDO UHSUH�
VHQWDWLRQ RI LQIRUPDWLRQ REWDLQHG LQ WHVWLQJ VWUXF�
WXUHV� 7KH PHWKRG LV QR�FRQWDFW DV LW DOORZV LQIRUPD�
WLRQ DERXW WKH GHIRUPDWLRQ RI WKH REMHFW H[DPLQHG WR
EH REWDLQHG ZLWKRXW D VSHFLDO SUHSDUDWLRQ RI LWV VXU�
IDFH� HWF� >�w�@�

7KH KRORJUDSKLF LQWHUIHURPHWU\ LV RQH RI WKH PRVW
UHPDUNDEOH DSSOLFDWLRQV RI WKH KRORJUDSK\� LQ SDU�
WLFXODU LQ WKH QRQ�GHVWUXFWLYH TXDOLW\ FRQWURO RI HOH�� /�0� /2%$129� 9�$� 3,9725$.� 9�9� 6$9,76.< DQG (�0� 2/(-1,.� ����
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PHQWV DQG VXE�DVVHPEOLHV RI VWUXFWXUHV >�@� +RZHYHU�

LWV XVH DV D YHUVDWLOH PHDVXULQJ LQVWUXPHQW HQFRXQWHUV

VRPH GLIILFXOWLHV� HVSHFLDOO\ LQ D TXDQWLWDWLYH DQDO\VLV

RI WKH LQWHUIHUHQFH IULQJH SDWWHUQV >�@� 7KH SUREOHP

FRQVLVWV LQ WKH IDFW WKDW WKH LQWHUIHURJUDPV REWDLQHG

LQ SUDFWLFH DQG FKDUDFWHUL]LQJ WKH VWUHVV�VWUDLQ VWDWH

RI WKH REMHFW H[DPLQHG� DUH UDWKHU FRPSOLFDWHG DQG

WKHLU TXDQWLWDWLYH DQDO\VLV LV WLPH�FRQVXPLQJ� ,Q DG�

GLWLRQ� WKH LQWHUIHURJUDP GRHV QRW FRQWDLQ D VXIILFLHQW
DPRXQW RI LQIRUPDWLRQ WR GHILQH D VLJQ RI D VXUIDFH
GLVSODFHPHQW RI SRLQWV RI WKH REMHFW H[DPLQHG� L�H�
ZKHWKHU WKH VXUIDFH ZDV GLVSODFHG XQGHU WKH DFWLRQ

RI VHUYLFH ORDGV LQ WKH GLUHFWLRQ WR RU IURP WKH RE�

VHUYHU� 7R VROYH WKLV SUREOHP WKH FRPSOH[ RSWLFDO

LQWHUIHURPHWHUV DUH XVHG ZKLFK PDNH LW SRVVLEOH WR

UHDOL]H WKH PXOWLKRORJUDP PHWKRG ZKLFK LV IHDVLEOH

WR GHWHUPLQH WKUHH FRPSRQHQWV RI D VSDFH YHFWRU RI

GLVSODFHPHQWV >�@� 7R GHWHUPLQH WKH VLJQ RI GLVSODFH�
PHQWV� VSHFLDO PHWKRGV IRU REVHUYDWLRQ RI REMHFW H[�

DPLQHG DQG IXOILOOPHQW RI H[SHULPHQW DUH XVHG >�� �@�

7KH UDSLG SURJUHVV RI FRPSXWHU WHFKQRORJLHV� VRIWZDUH

DQG DOJRULWKPV RI SURFHVVLQJ RI RSWLFDO LQIRUPDWLRQ

SURYLGHG WKH FUHDWLRQ RI HIIHFWLYH PHWKRGV RI DQDO\VLV

RI WKH KRORJUDSKLF LQWHUIHURJUDPV�

7KH SUHVHQW DUWLFOH SUHVHQWV WKH GHYHORSHG V\VWHP
RI WKH FRPSXWHU DQDO\VLV RI WKH LQWHUIHURJUDPV RQ WKH

EDVLV RI QXPEHULQJ D KRORJUDSKLF LPDJH RI WKH REMHFW
H[DPLQHG DQG XVH RI WKH FDUULHU IULQJH� 7KH PHWKRG

RI FDUULHU IULQJHV DQG LWV DSSOLFDWLRQ LQ LQWHUIHURPHWU\

DUH NQRZQ >�w�@� :H KDYH VXJJHVWHG DQ HIIHFWLYH

PHWKRG RI WKHLU SURGXFLQJ DQG D VLPSOH DOJRULWKP IRU

SURFHVVLQJ LQWHUIHURJUDPV�

7KH EDVLF LWV DGYDQWDJH FRQVLVWV LQ WKH VROXWLRQ RI

WKH SUREOHP RI VLJQ LQGHWHUPLQDF\� XVXDOO\ DYDLODEOH

LQ WKH LQWHUIHUHQFH IULQJH SDWWHUQV� 0RUHRYHU� WKH

PHWKRG RI FDUULHU IULQJHV SURYLGHV WKH PRQRWRQ\ LQ

FKDQJH RI D SKDVH RYHU WKH REMHFW VXUIDFH DQG WKLV

DOORZV XV WR XVH WKH DXWRPDWLF V\VWHP IRU IULQJH SDW�

WHUQ DQDO\VLV DQG WR LQFUHDVH WKH VHQVLWLYLW\ LQ GHWHU�

PLQDWLRQ RI GLVSODFHPHQWV E\ WKH SKDVH PHDVXULQJ

ZKLFK LV GHWHUPLQHG DW D KLJKHU VHQVLWLYLW\ �λ��� DV

FRPSDUHG ZLWK GHWHUPLQDWLRQ RI IULQJH RUGHU λ����

7KH FUHDWHG FRPSXWHU V\VWHP FDQ �LI WKH LQWHUIHURJUDP

RI FDUULHU IULQJHV LV NQRZQ� DQDO\]H DXWRPDWLFDOO\ WKH

LQWHUIHUHQFH IULQJHV RFFXUULQJ DW WKH VXUIDFH RI WKH

REMHFW H[DPLQHG GXULQJ LWV GHIRUPDWLRQ DQG SORW D

WKUHH�GLPHQVLRQDO ��'� GLDJUDP RI GLVSODFHPHQWV RI

WKH VXUIDFH H[DPLQHG�

7R RSWLPL]H WKH SURFHGXUHV FRQQHFWHG ZLWK XVH RI

WKH FDUULHU IULQJHV LQ WKH FRPSXWHU DQDO\VLV RI WKH

LQWHUIHURJUDPV� WKH SUREOHP ZDV VROYLQJ DERXW WKH

GLVSODFHPHQWV RI VXUIDFH SRLQWV RI D PHWDO GLVF XQGHU
WKH DFWLRQ RI EHQGLQJ ORDGV DSSOLHG LQ LWV FHQWHU� IRU

ZKLFK WKH DQDO\WLFDO VROXWLRQ LV NQRZQ� )RU WKHVH

SXUSRVHV� DQ DOXPLQLXP GLVF ZDV PDQXIDFWXUHG

���� PP GLDPHWHU� � PP WKLFNQHVV� ZKLFKZDV ULJLGO\
IL[HG DURXQG WKH FRQWRXU ZLWK D VSHFLDO PHFKDQLFDO
GHYLFH �)LJXUH ��� 8VLQJ WKLV GHYLFH D SUHVHW ORDG ZDV

DSSOLHG WR WKH FHQWHU RI WKH IL[HG GLVF�

$ GLQDPRPHWHU ZDV PRXQWHG RQ WKH GLVF UHDU VLGH

ZKLFK FRXOG FRQWURO WKH YDOXH RI DSSOLHG ORDG LQ WKH

GLVF FHQWHU� )LJXUH � VKRZV DQ RSWLFDO VFKHPH RI WKH
LQWHUIHURPHWHU ZKLFK ZDV XVHG LQ WKH H[SHULPHQW IXO�

ILOOPHQW� 7KH SKRWR RI WKH LQWHUIHURJUDP REWDLQHG LQ
D UHDO WLPH GXULQJ WKH GLVF ORDGLQJ ZLWK DQ D[LDO ORDG

LV VKRZQ LQ )LJXUH �� D� 7KH LQWHUIHUHQFH IULQJHV RF�

FXUULQJ LQ ORDGLQJ UHSUHVHQW FRQFHQWULF FLUFXPIHU�

HQFHV� ,W VKRXOG EH QRWHG WKDW LW LV LPSRVVLEOH WR GH�

WHUPLQH WKH GLUHFWLRQ RI GLVSODFHPHQW �GLVWRUWLRQ� RI

WKH VXUIDFH H[DPLQHG E\ DQDO\]LQJ RQO\ RQH LQWHUIHU�

HQFH IULQJH SDWWHUQ� 'LVF FDQ EH EHQW RXWVLGH RU LQVLGH�

EXW WKH IULQJH DSSHDUDQFH LV QRW FKDQJHG� 0RUHRYHU�
XVLQJ DQ DXWRPDWLF DQDO\VLV� LW LV GLIILFXOW WR LQWHUSUHW

WKH IULQJH GLVWRUWLRQ GXH WR WKH GLIILFXOW\ WR SURJUDP

FRPSXWHU VR WKDW LW FDQ GHWHFW LQ FDVH ZKHQ IULQJH RI

)LJXUH �� *HQHUDO YLHZ RI H[SHULPHQWDO HTXLSPHQW� � x &&'�
FDPHUD� � x WKHUPRSODVWLF FDPHUD� � x VDPSOH� � x RSWLFDO
HOHPHQW� � x YLEURLVRODWLRQ WDEOH

)LJXUH �� 6FKHPDWLF SULQFLSDO RSWLFDO VFKHPH RI KRORJUDSKLF LQWHU�
IHURPHWHU ZKLFK ZDV XVHG LQ WKH H[SHULPHQW� � x ODVHU� � x
GLYLGHU� � x OHQV� � x SKDVH SODWH� � x GLVVLSDWLQJ PLUURU� � x
VDPSOH H[DPLQHG� �x UHFRUGLQJ PHGLXP� �x &&'�FDPHUD� � x
FRQWUROOHU� �� x FRPSXWHU
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WKH VDPH RUGHU LV REVHUYHG LQ GLIIHUHQW SRVLWLRQV RQ
WKH GLVF VXUIDFH�

2QH RI WKH PHWKRGV RI WKH VROXWLRQ RI WKLV SUREOHP
�ZLWKRXW WKH RSHUDWRUsV KHOS� LV WR REWDLQ WKH LQLWLDO
LQWHUIHURJUDP RI FDUULHU IULQJHV DW D KLJK VSDFH IUH�
TXHQF\ DQG WR FRPELQH LW ZLWK WKH LQWHUIHUHQFH IULQJH
SDWWHUQ REWDLQHG LQ ORDGLQJ WKH REMHFW H[DPLQHG� ,W
LV NQRZQ >�@ WKDW WKH GLVWULEXWLRQ RI OLJKW LQWHQVLW\
RQ WKH LQWHUIHURJUDP RI FDUULHU IULQJHV LV ZULWWHQ LQ
WKH IRUP

,�([� \) = $�([� \) + %�([� \) FRV >ϕ�([� \)@ =
= $�([� \) + %�([� \) FRV >�πI�\@�

���

ZKHUH [� \ DUH WKH FRRUGLQDWHV RI VXUIDFH RI WKH REMHFW
H[DPLQHG� $��[� \� LV WKH EDFNJURXQG LOOXPLQDWLRQ�
%��[� \� LV WKH OXPLQRVLW\ RI IULQJHV� ϕ��[� \� LV WKH
SKDVH GLVWULEXWLRQ RYHU WKH VXUIDFH RI WKH REMHFW H[�
DPLQHG� FDXVHG E\ FDUULHU IULQJHV� I� LV WKH IUHTXHQF\
RI FDUULHU IULQJHV LQ \�GLUHFWLRQ�

$IWHU ORDGLQJ RI WKH HOHPHQW H[DPLQHG WKH GLVWUL�
EXWLRQ RI LQWHQVLW\ RQ WKH LQWHUIHURJUDP �ZLWK DOORZ�
DQFH IRU PRGXODWLRQ ZLWK FDUULHU IULQJHV� KDV D IRO�
ORZLQJ IRUP�

,
P
([� \) = $

P
([� \) + %

P
([� \) FRV >ϕ

P
([� \)@ =

= $
P
([� \) + %

P
([� \) FRV >ϕ�([� \) + ∆ϕ([� \)@�

���

ZKHUH ∆ϕ�[� \� LV WKH GLVWULEXWLRQ RI SKDVH RYHU WKH
REMHFW VXUIDFH �FDXVHG E\ LWV GLVWRUWLRQ� ZKLFK LV WR
EH GHWHUPLQHG�

)UHTXHQF\ RI FDUULHU IULQJHV �IRU H[DPSOH� IRUPHG

E\ LQFOLQDWLRQ RI D SKDVH SODWH � �VHH )LJXUH �� ZKLFK

LV DUUDQJHG LQ WKH RSWLFDO VFKHPH RI WKH LQWHUIHURPHWHU

LQ DQ REMHFWLYH EHDP� VKRXOG EH VHYHUDO WLPHV KLJKHU

WKDQ WKH PD[LPXP IUHTXHQF\ RI IULQJHV RFFXUULQJ LQ

D GHIRUPHG GLVF� 0D[LPXP IUHTXHQF\ RI LQWHUIHUHQFH

IULQJHV FDXVHG E\ WKH GHIRUPDWLRQ RI WKH GLVF H[DPLQHG

LV GHWHUPLQHG DXWRPDWLFDOO\ E\ D FRPSXWHU XVLQJ D

IDVW )RXULHU�WUDQVIRP� +HUH� LW LV QHFHVVDU\ WR WDNH LQ

DFFRXQW WKDW WKH PD[LPXP IUHTXHQF\ RI JHQHUDWHG

FDUULHU IULQJHV LV OLPLWHG E\ D UHVROXWLRQ RI WKH &&'�

FDPHUD XVHG� )LJXUH �� E VKRZV WKH DSSHDUDQFH RI D

QRQ�ORDGHG GLVF ZLWK D V\VWHP RI FDUULHU IULQJHV� ,Q

WKLV FDVH WKH IULQJHV ZHUH IRUPHG E\ LQFOLQDWLRQ RI WKH

SKDVH SODWH RI WKLFNQHVV δ  � PP� %\ YDU\LQJ WKH

DQJOH RI LQFOLQDWLRQ LW LV SRVVLEOH WR DGMXVW WKH VSDFH

IUHTXHQF\ RI FDUULHU IULQJHV ZKLFK FRYHU WKH VXUIDFH

RI WKH QRQ�ORDGHG GLVF� 7KH LQWHUIHUHQFH IULQJH SDWWHUQ

FDQ EH DOVR FUHDWHG E\ LQFOLQDWLRQ RI WKH GLVF H[DPLQHG�

FKDQJH LQ RULHQWDWLRQ RI D VXSSRUW EHDP RU WKH KROR�

JUDP LWVHOI� $V WKH GLUHFWLRQ RI LQFOLQDWLRQ RI WKH SKDVH

SODWH LV NQRZQ� WKHQ WKH VLJQ RI RUGHUV RI IULQJHV FDQ

EH DGHTXDWHO\ HVWDEOLVKHG� )LJXUH �� F SUHVHQWV D WRWDO

IULQJH SDWWHUQ ZKHQ WKH LQWHUIHURJUDP RI GLVF ZDV

UHFRUGHG LQ SUHVHQFH RI FDUULHU IULQJHV DQG IULQJHV

FDXVHG E\ D GLVF ORDGLQJ LQ LWV FHQWHU� +HUH� QRQH RI

WKH LQWHUIHUHQFH IULQJHV RFFXUV WZLFH DW WKHLU FDOFXOD�

WLRQ DORQJ WKH YHUWLFDO VWUDLJKW OLQH IURP WKH ORZHU

SDUW RI WKH GLVF LQ WKH GLUHFWLRQ WR WKH XSSHU SDUW LQ

DQ\ SODFH RI WKH GLVF� 7KH IRUPDWLRQ RI LQWHUIHUHQFH

IULQJHV FDXVHG E\ WKH GLVF GHIRUPDWLRQ DW LQWHUDFWLRQ

ZLWK FDUULHU IULQJHV RQO\ LQFUHDVHV RU GHFUHDVHV WKH

IUHTXHQF\ RI FDUULHU IULQJHV �ZLGHQV RU QDUURZV WKH

GLVWDQFH EHWZHHQ IULQJHV� WKDW PDNHV LW SRVVLEOH WR

GHWHUPLQH HDVLO\ ZKHWKHU WKH IULQJH RUGHU ZDV LQ�

FUHDVHG RU GHFUHDVHG� 7KH SUHVHQFH RI &&'�FDPHUD LQ

WKH VFKHPH RI WKH LQWHUIHURPHWHU DOORZV WKH LQWHUIHU�

HQFH IULQJH SDWWHUQV REWDLQHG WR EH QXPEHUHG DQG

SURFHVVHG XVLQJ WKH GHYHORSHG SURJUDPV� WKXV SURYLG�

LQJ DXWRPDWLFDOO\ WKH �' LPDJH RI WKH GLVF VXUIDFH

H[DPLQHG�
([SHULPHQWDO GDWD QHFHVVDU\ IRU DQDO\]LQJ WKH

IULQJH SDWWHUQV XVLQJ D PHWKRG RI FDUULHU IULQJHV LQ�
FOXGH WKH QXPEHUHG LPDJHV RI WKH VDPSOH H[DPLQHG�
D QRQ�ORDGHG GLVF ZLWK DQ LQWHUIHUHQFH SDWWHUQ RI FDU�
ULHU IULQJHV� LPDJH RI D ORDGHG GLVFZLWK DQ LQWHUIHUHQFH
SDWWHUQ RI FDUULHU IULQJHV PRGXODWHG ZLWK LQWHUIHUHQFH
SDWWHUQV RI IULQJHV FDXVHG E\ WKH GLVF ORDGLQJ� LQIRU�
PDWLRQ DERXW GLUHFWLRQ RI LQFOLQDWLRQ RI D SKDVH SODWH
LQ WKH IRUPDWLRQ RI WKH SDWWHUQ RI FDUULHU IULQJHV� 7KH
VHTXHQFH RI RSHUDWLRQV LQ DSSOLFDWLRQ RI WKH FRPSXWHU
DQDO\VLV RI KRORJUDSKLF LQWHUIHURJUDPV ZLWK XVH RI WKH
FDUULHU IULQJHV FRQVLVWV LQ WKH IROORZLQJ�

)LJXUH �� ,QWHUIHURJUDP REWDLQHG LQ D UHDO WLPH� UHVSHFWLYHO\� D x
LQ GLVF ORDGLQJ ZLWK DQ D[LDO ORDGLQJ� E x QRQ�ORDGHG GLVF ZLWK
D V\VWHP RI FDUULHU IULQJHV� F x WRWDO GHIRUPDWLRQ�PRGXODWHG SDW�
WHUQ
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8VLQJ WKH WKHUPRSODVWLF KRORJUDSKLF FDPHUD� D
KRORJUDP RI WKH QRQ�ORDGHG GLVF LV UHFRUGHG� 7KHQ�
WKH SKDVH SODWH LV LQFOLQHG� IRU H[DPSOH� DW DQJOH DERXW
��� DV UHJDUGV WR LQLWLDO SRVLWLRQ LQ WKH GLUHFWLRQ IURP
DQ REVHUYHU� 7KH SDWWHUQ RI SDUDOOHO FDUULHU IULQJHV
FRYHULQJ WKH VXUIDFH RI WKH QRQ�ORDGHG GLVF LV REVHUYHG
LQ D UHDO WLPH� 8QGHU WKH DFWLRQ RI WKH DSSOLHG IRUFH
LQ WKH GLVF FHQWHU� LWV FHQWHU LV GLVSODFHG E\ ���� µP
LQ WKH GLUHFWLRQ WR WKH REVHUYHU DQG RQH PRUH LQWHU�
IHUHQFH IULQJH SDWWHUQ DW WKH GLVF VXUIDFH LV UHFRUGHG
�VHH )LJXUH �� F�� 7DNLQJ LQWR DFFRXQW WKDW WKH GLUHF�
WLRQ RI WKH SKDVH SODWH LQFOLQDWLRQ LV NQRZQ� DOO WKH
LQIRUPDWLRQ UHTXLUHG IRU WKH DQDO\VLV RI WKH LQWHUIHU�
HQFH SDWWHUQ DQG SORWWLQJ RI D �' LPDJH RI WKH GH�
IRUPHG VXUIDFH LV FRQVLVWHG LQ WKHVH WZR SKRWRV RI WKH
IULQJH SDWWHUQV �VHH )LJXUH �� E� F��

7R IXOILO WKH DXWRPDWLF FRPSXWHU DQDO\VLV WKH LP�
DJHV REWDLQHG ZHUH QXPEHUHG XVLQJ &&'�FDPHUD LQ
DFFRUGDQFH ZLWK WKH DERYH�GHVFULEHG PHWKRG� 7R GH�
PRQVWUDWH WKH SURFHGXUH RI SURFHVVLQJ WKH LQWHUIHUHQFH
IULQJH SDWWHUQV D YHUWLFDO D[LDO VHFWLRQ �DORQJ D[LV �\�
ZDV VHOHFWHG LQ D GLVF�

'LDJUDP RI OLJKW LQWHQVLW\ DORQJ WKLV OLQH �VHF�
WLRQ�� ZKLFK LV VFDQQHG XSZDUGV� LV VKRZQ LQ )LJXUH ��
D� E IRU HDFK RI WZR LPDJHV �VHH )LJXUH �� E� F��
)LJXUH �� D VKRZV WKH FKDQJH LQ DQ LQLWLDO LQWHQVLW\
RYHU WKH VXUIDFH RI D QRQ�ORDGHG� QRQ�GHIRUPHG GLVF
ZLWK D FDUULHU IULQJH SDWWHUQ� DQG )LJXUH �� E VKRZV
WKH FKDQJH LQ LQLWLDO LQWHQVLW\ RYHU WKH VXUIDFH RI D
ORDGHG� GHIRUPHG GLVF� ,Q )LJXUH �� D WKH KRPRJHQHRXV
VLQXVRLGDO GLVWULEXWLRQ RI LQWHQVLW\ RYHU WKH GLVF VXU�
IDFH LV PDLQO\ REVHUYHG� ,Q DGGLWLRQ WR WKH VLQXVRLGDO
SDWWHUQ RI FDUULHU IULQJHV D ORZ�IUHTXHQF\ FRQVWLWXHQW
RI LQWHQVLW\ RZLQJ WR *DXVVLDQ QDWXUH RI D ODVHU LOOX�
PLQDWLRQ LV DOVR VHHQ� 7KH UHVXOW RI )RXULHU�WUDQVIRP
RI GLDJUDPV RI LQWHQVLWLHV� VKRZQ LQ )LJXUH �� LV JLYHQ
LQ )LJXUH �� E� F�

7KH VROXWLRQ RI HTXDWLRQ ��� ZLWK XVH RI D FODVVLFDO
)RXULHU�PHWKRG HQFRXQWHUV RIWHQ D QXPEHU RI GLIIL�
FXOWLHV� DV LW LV QHFHVVDU\ WR NQRZ D SUHFLVH YDOXH RI
IUHTXHQF\ I� RI WKH FDUULHU IULQJHV� DQG DOVR WR IXOILO

WKH FRQGLWLRQ SURYLGLQJ WKH VLPLODU GLVWDQFH EHWZHHQ
WKH FDUULHU IULQJHV WKDW LV QRW DOZD\V UHDOL]DEOH LQ
SUDFWLFH >�@� 7KHUHIRUH� WKH )RXULHU�PHWKRG XVHG LQ
SURFHVVLQJ RI IULQJHV ZDV XSGDWHG LQ WKLV DUWLFOH�

8VLQJ DQ LQWHJUDWHG UHSUHVHQWDWLRQ RI D FRVLQH
IXQFWLRQ� WKH HTXDWLRQ ��� LV UHZULWWHQ LQWR WKH IRUP
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P
([� \) + &

P
([� \) + &

P

∗ ([� \)� ���

ZKHUH

)LJXUH �� *UDSKV RI GHSHQGHQFH RI LQWHQVLW\ DQG SKDVH DORQJ VHFWLRQ �DORQJ D[LV �\� RI GLVF RQ QXPEHU RI OLQH IRU LQWHUIHURJUDP RI
FDUULHU �D� F� DQG GHIRUPDWLRQ�PRGXODWHG IULQJHV �E� G�

)LJXUH �� 5HVXOW RI )RXULHU�WUDQVIRUP RI GLDJUDPV RI LQWHQVLWLHV
DORQJ WKH GLVF YHQWUDO VHFWLRQ� Dx LQ ORDGLQJ GLVF ZLWK D[LDO ORDG�
E x QRQ�ORDGHG GLVF ZLWK D V\VWHP RI FDUULHU IULQJHV� F x ORDGHG
GLVF ZLWK D V\VWHP RI FDUULHU IULQJHV
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DQG &P

∗ ([� \) LV WKH LQWHJUDOO\ PDWHG WR &P�[� \��

8VLQJ WKH )RXULHU�WUDQVIRP� UHODWLYH WR \� WR HTXD�
WLRQ ��� ZH VKDOO REWDLQ
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ZKHUH I DUH WKH VSDFH IUHTXHQF\ FRRUGLQDWHV�
$V ∆ϕ�[� \�� $P�[� \� DQG %P�[� \� DUH FKDQJHG

VORZO\ DV FRPSDUHG ZLWK D FDUULHU IUHTXHQF\ I�� WKH
IXQFWLRQ LP�[� I� ZLOO KDYH WKUHH FOHDUO\ H[SUHVVHG
SHDNV DW IUHTXHQFLHV �I�� �� wI� �)LJXUH �� D�� )XQFWLRQ
FP�[� I� ZLOO EH LVRODWHG XVLQJ D ILOWHU� DOLJQHG DURXQG
I� �)LJXUH �� E�� 8VLQJ WKH UHYHUVH )RXULHU�WUDQVIRUP
WR FP�[� I� ZH VKDOO REWDLQ WKH IXQFWLRQ &P�[� \��
GHWHUPLQHG E\ HTXDWLRQ ���� WDNLQJ WKH ORJDULWKP RI
ZKLFK ZH VKDOO REWDLQ

ORJ >&
P
([� \)@ =

= ORJ




�

�
%
P
([� \)





+ M>�πI�\ + ∆ϕ([� \)@�
���

%\ VHSDUDWLQJ DQ LQWHJUDO SDUW IURP WKH HTXDWLRQ
��� ZH VKDOO ILQG WKH GLVWULEXWLRQ RI SKDVH ϕP�[� \�
RYHU WKH HQWLUH VXUIDFH RI WKH REMHFW H[DPLQHG�

ϕ
P
([� \) = �πI�\ = ∆ϕ([� \) = ϕ�([� \) + ∆ϕ([� \)� ���

7KXV� WR ILQG WKH GLVWULEXWLRQ RI SKDVH ∆ϕ�[� \�
LW LV QHFHVVDU\ WR NQRZ H[DFWO\ WKH IUHTXHQF\ RI FDUULHU
IULQJHV I� RU GLVWULEXWLRQ RI ϕ��[� \� ZKLFK FDQ EH
IRXQG IURP HTXDWLRQ ���� %\ LWV VROXWLRQ ZLWK UHVSHFW

WR ϕ��[� \� VLPLODUO\ WR ���� ZH VKDOO REWDLQ DIWHU
)RXULHU�WUDQVIRUP RI HTXDWLRQ

L�([� I) = D�([� I) + E�([� I w I�) + E�
∗ ([� I + I�)� ���

6HSDUDWLQJ IXQFWLRQ E��[� I w I�� XVLQJ D ILOWHU�
DOLJQHG DURXQG I� D UHYHUVH )RXULHU�WUDQIRUP ZDV DS�
SOLHG WR LW� WKHQ WKH ORJDULWKP ZDV WDNHQ� DQG E\
VHSDUDWLQJ DQ LQWHJUDWHG SDUW� WKH XQNQRZQ DGGHQG
ϕ��[� \� DQG WKH SKDVH ∆ϕ�[� \� GLVWULEXWLRQ FRUUH�
VSRQGLQJ WR WKH LQWHUIHURJUDP RI WKH REMHFW H[DPLQHG
ZHUH IRXQG�

∆ϕ([� \) = ϕ
P
([� \) w ϕ�([� \)� ���

7KH GLVWULEXWLRQ REWDLQHG LV LQGHWHUPLQDWHG ZLWK
DQ DFFXUDF\ WR D PXOWLSOLHU �π RFFXUULQJ GXH WR SHUL�
RGLFLW\ RI D FRVLQH IXQFWLRQ� 8VLQJ D VLPSOH DOJRULWKP
WKH SURJUDP GHWHFWV DXWRPDWLFDOO\ WKH MXPSV RI WKH
SKDVH DQG ILQGV WKH XQNQRZQ PXOWLSOLHU� 7KH TXDQ�
WLWDWLYH YDOXH RI YHFWRUV RI GLVSODFHPHQW RI SRLQWV RI
WKH REMHFW VXUIDFH H[DPLQHG FDQ EH IRXQG E\ NQRZLQJ
GLVWULEXWLRQ RI SKDVH ∆ϕ�[� \� DQG SDUDPHWHUV RI WKH
RSWLFDO VFKHPH

∆ϕ =
�π
λ ∆ U

→(ρ→� w ρ→)� ����

ZKHUH ∆ U
→

LV WKH YHFWRU RI GLVSODFHPHQW RI WKH REMHFW

SRLQWV EHWZHHQ H[SRVXUHV� ρ�
→ DUH WKH RUWK�QRUPDOV WR

WKH IURQW RI LOOXPLQDWLQJ ZDYH LQ D SRLQW� ρ→ DUH WKH

RUWK�GLUHFWLRQV RI REVHUYDWLRQ RI SRLQW� λ LV WKH OHQJWK
RI ZDYH RI FRKHUHQW UDGLDWLRQ VRXUFH� ∆ϕ LV WKH WRWDO
VKHDU RI SKDVHV RI ZDYHV�

7KH JLYHQ DOJRULWKP GRHV QRW UHTXLUH SDUDOOHOLVP
DQG VWUDLJKW OLQHDULW\ RI FDUULHU IULQJHV LQ WKH DQDO\VLV
IXOILOOPHQW� 7KH RQO\ FRQGLWLRQ RI LWV VXFFHVVIXO XVH
LV WKH DVVXUDQFH RI IUHTXHQF\ RI WKH FDUULHU IULQJHV�
ZKLFK VKRXOG EH KLJKHU WKDQ WKH PD[LPXP IUHTXHQF\
RI LQWHUIHUHQFH IULQJHV FDXVHG E\ WKH GHIRUPDWLRQ RI
WKH REMHFW H[DPLQHG� 7KLV LV GHWHUPLQHG DXWRPDWLFDOO\
E\ WKH FRPSXWHU XVLQJ D IDVW )RXULHU�WUDQVIRUP� 7KLV
UHTXLUHPHQW LV QHFHVVDU\ WR VHSDUDWH WKH SHDNV RI LQ�
WHQVLW\ LQ D )RXULHU�VSHFWUXP �VHH )LJXUH �� D��

7KH LPSRUWDQW IHDWXUHV RI WKH IUHTXHQF\ VSHFWUXP
IRU D QRQ�ORDGHG GLVF �VHH )LJXUH �� E� LV WKH SUHVHQFH
RI WZR VKDUS SHDNV & DQG &

 DW WKH FDUULHU IUHTXHQF\�
ORZ�IUHTXHQF\ SHDN $� UHSUHVHQWLQJ *DXVVLDQ GLVWUL�
EXWLRQ RI LQWHQVLW\ RI LOOXPLQDWLRQ ZLWK D ODVHU EHDP�
DQG DOVR D KLJK�IUHTXHQF\ QRLVH GXH WR VSHFNOHV DQG
OLPLWDWLRQV RI DQ RSWLFDO VFKHPH �HOHFWURQLF QRLVH�
HWF��� )LJXUH �� F� ZKLFK JLYHV VLPLODU LQIRUPDWLRQ IRU
D ORDGHG GLVF �FDUULHU SOXV GHIRUPDWLRQ IULQJHV�� VKRZV
WKDW GHIRUPDWLRQ FDXVHV WKH PRGXODWLRQ RI WKH LQLWLDO
SDWWHUQ IUHTXHQF\ RI FDUULHU IULQJHV� WKH QHFHVVDU\ LQ�
IRUPDWLRQ KHUH LV SUHVHQWHG QRZ DV SHDN & RI WKH
IUHTXHQFLHV VSHFWUXP�

$QDO\]LQJ WKH VSHFWUXP RI D QRQ�GLVWRUWHG LPDJH
�)LJXUH �� E� WKH FRPSXWHU SURJUDP VHWV D QDUURZ
WUDQVPLVVLRQ EDQG DURXQG SHDN &� $OO WKH IUHTXHQFLHV
ORFDWHG EH\RQG WKLV EDQG DUH HOLPLQDWHG� 7KHQ� WKH
FRPSXWHU SURJUDP FRQWUROV WKH VSHFWUXP RI D GLVWRUWHG

)LJXUH �� )RXULHU�VSHFWUXP EHIRUH �D� DQG DIWHU �E� EDQG�ILOWHULQJ

)LJXUH �� 'LDJUDP RI GHSHQGHQFH RI GLVSODFHPHQWV RI VXUIDFH SRLQW
RQ QXPEHU RI OLQH DORQJ WKH FHQWUDO OLQH� � x GLVSODFHPHQWV FRU�
UHVSRQGLQJ WR FDUULHU IULQJH SDWWHUQ� �x GLVSODFHPHQWV FRUUHVSRQG�
LQJ WR GHIRUPDWLRQ�PRGXODWHG IULQJHV� �x UHDO GLVSODFHPHQWV FRU�
UHVSRQGLQJ WR WKH REMHFW GHIRUPDWLRQ

10 10/2002



�FDUULHU � GHIRUPDWLRQ� LPDJH �)LJXUH �� F� DQG FXWV
WKH SHDNV $ DQG &

� DQG DOVR DOO WKH IUHTXHQFLHV DW
ZKLFK WKH VLJQDO OHYHO GHFUHDVHG WR WKH QRLVH OHYHO�
$FFRUGLQJ WR WKH DOJRULWKP DQG XVH RI WKH UHYHUVH
)RXULHU�WUDQVIRUP� D ILOWHUHG VSHFWUXP & DIWHU WDNLQJ
D ORJDULWKP DQG VHSDUDWLRQ RI DQ LQWHJUDWHG SDUW LV
SUHVHQWHG LQ WKH IRUP RI GHSHQGHQFH RI D SKDVH RQ D
QXPEHU RI SL[HO �VHH )LJXUH �� F� G�� 7KHQ� WKH SUR�
JUDP GHWHFWV DXWRPDWLFDOO\ WKH SKDVH MXPSV DQG HOLPL�
QDWHV WKHP�

)LJXUH � SUHVHQWV D GLDJUDP RI GHSHQGHQFH RI GLV�
SODFHPHQWV RQ D QXPEHU RI OLQH DORQJ WKH D YHUWLFDO
FHQWUDO OLQH ERWK IRU QRQ�ORDGHG DQG ORDGHG GLVFV�
&XUYH � REWDLQHG IRU WKH QRQ�ORDGHG GLVF UHSUHVHQWV
D VLPSOH VLQXVRLGDO IULQJH SDWWHUQ RQ WKH GLVF VXUIDFH�
&XUYH � REWDLQHG LQ WKH ORDGHG VWDWH FRUUHVSRQGV WR
D VORZ SKDVH WUDQVLWLRQ DORQJ WKH GLVF ORZHU SDUW ZKHUH
WKH LQWHQVLW\ EDQGV ZHUH VHSDUDWHG E\ DQ LQWHUYDO�
DQG WKHQ WR D IDVW SKDVH WUDQVLWLRQ WR WKH GLVF XSSHU
SDUW ZKHUH WKH IULQJHV DUH FRPSUHVVHG WRJHWKHU� $V
WKH FXUYH � �VHH )LJXUH �� JLYHV WKH LQIRUPDWLRQ DERXW
GLVWULEXWLRQ RI WKH FDUULHU IULQJHV SKDVH� DQG FXUYH �
JLYHV WKH DSSURSULDWH LQIRUPDWLRQ IRU WKH GHIRUPD�
WLRQ�PRGXODWLRQ SDWWHUQ RI IULQJHV� WKH QH[W VWHS FRQ�
VLVWV RI VXEWUDFWLRQ RI WKHVH WZR FXUYHV� &XUYH � UHS�
UHVHQWV D SURILOH RI RII�SODQH GHIRUPDWLRQ RI WKH GLVF
VXUIDFH DORQJ WKH YHUWLFDO FHQWUDO OLQH PDGH IURP D
ORZHU WR DQ XSSHU SDUW�

7KH DXWRPDWLF UHSHWLWLRQ RI VWDJHV RI DQDO\VLV RI
LQWHUIHUHQFH IULQJH SDWWHUQV IRU HDFK ILOWHUHG FROXPQ
RI VHFWLRQ SURYLGHV D GHVFULSWLRQ RI WKH RII�SODQH GH�
IRUPDWLRQ RYHU WKH HQWLUH GLVF ILHOG� 7KLV ILQDO UHVXOW
LV JLYHQ LQ )LJXUH � ZKLFK VKRZV D GLDJUDP RI WKH
GLVWRUWHG GLVF VXUIDFH REWDLQHG XVLQJ D FRPSXWHU
JUDSKV�

([SHULPHQWV RQ UHYHDOLQJ GHIHFWV LQ IODW PHWDO HOH�
PHQWV ZHUH SHUIRUPHG RQ WKH EDVLV RI WKH DERYH�PHQ�
WLRQHG SURFHGXUH� )RU WKLV SXUSRVH� D URXQG DOX�
PLQLXP SODWH RI ��� PP GLDPHWHU DQG � PP WKLFNQHVV

)LJXUH �� 'LDJUDP RI D GLVWRUWHG GLVF VXUIDFH FDXVHG E\ DSSOLHG
D[LDO IRUFH

)LJXUH �� ,QWHUIHURJUDPV RI D GLVF ZLWK GHIHFWV� UHVSHFWLYHO\� D x
XQGHU DFWLRQ RI WHPSHUDWXUH ORDGLQJ� E x QRQ�ORDGHG GLVF ZLWK D
V\VWHP RI FDUULHU IULQJHV� F x WRWDO GHIRUPDWLRQ�PRGXODWHG IULQJH
SDWWHUQ

)LJXUH ��� �' GLDJUDP FKDUDFWHUL]LQJ SUHVHQFH RI GHIHFWV LQ GLVF
��w� x QXPEHU RI VDPSOH� VHH WKH 7DEOH�

3DUDPHWHUV RI DUWLILFLDO GHIHFWV LQGXFHG LQWR DOXPLQLXP SODWH

6DPSOH

1R�

'HIHFW OHQJWK�

PP

'HIHFW ZLGWK�

PP

'HIHFW GHSWK�

PP

� �� ��� ���

� �� ��� ���

� � ��� ���

� � ��� ���
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ZDV XVHG� LQ ZKLFK WKH DUWLILFLDO GHIHFWV �IRXU VORWV�
RI SDUDPHWHUV� JLYHQ LQ WKH 7DEOH� ZHUH PDGH DW WKH
UHYHUVH VLGH�

7KH GLVWDQFH EHWZHHQ GHIHFWV ZDV VHOHFWHG VR WKDW
WKH QHLJKERULQJ GHIHFWV GLG QRW LQIOXHQFH HDFK RWKHU�
7KH SODWH ZDV IL[HG ULJLGO\ DURXQG WKH FRQWRXU LQ D
PHFKDQLFDO ORDGLQJ GHYLFH� $ WKHUPDO EORZLQJ RI D
VDPSOH IURP WKH GLVWDQFH RI DERXW � FP DW WHPSHUDWXUH
DERXW �� �& XVLQJ D VSHFLDO KHDWLQJ GHYLFH GXULQJ �� V
ZDV XVHG DV ORDGLQJ� )LJXUH �� D VKRZV DQ LQWHUIHUR�
JUDP RI WKH GLVWRUWHG GLVF XQGHU WKH DFWLRQ RI WKH
WHPSHUDWXUH ORDGLQJ� )URP D ORFDO GLVWRUWLRQ RI WKH
IULQJH SDWWHUQV RQO\ WKUHH RI IRXU LQGXFHG GHIHFWV RI
WKH GLVF DUH REVHUYHG YLVXDOO\� )LJXUH �� E� F VKRZV�
UHVSHFWLYHO\� WKH LQWHUIHURJUDP RI FDUULHU IULQJHV DQG
GHIRUPDWLRQ�PRGXODWHG LQWHUIHURJUDP� )ROORZLQJ WKH
DERYH�GHVFULEHG DOJRULWKP WKH LQWHUIHURJUDPV ZHUH
SURFHVVHG WR REWDLQ D �' GLDJUDP �)LJXUH ���� FKDU�
DFWHUL]LQJ WKH GLVSODFHPHQW RI SRLQWV RI GLVF VXUIDFH
IURP WKH SODQH� )RXU LQGXFHG DUWLILFLDO GHIHFWV DUH
FOHDUO\ VHHQ� $ ORFDO FRQFHQWUDWLRQ RI GHIRUPDWLRQV
�GLVSODFHPHQWV� FKDUDFWHUL]LQJ WKH SUHVHQFH RI DUWLIL�
FLDOO\�LQGXFHG GHIHFWV LV VHHQ RQ WKH EDFNJURXQG RI D
XQLIRUP GHIRUPDWLRQ FDXVHG E\ ORDGLQJ�

7KH VXJJHVWHG SURFHGXUH FRXOG DOVR UHYHDO WKH GH�
IHFWQHVV LQ DQ HOHPHQW RI D EUD]HG�ZHOGHG KRQH\�FRPE
VWUXFWXUH �)LJXUH ��� D� RI ���×���×�� PP VL]H� PDGH
IURP VWDLQOHVV VWHHO�

)LJXUH ��� E VKRZV D SDWWHUQ RI FDUULHU IULQJHV DW
WKH VXUIDFH RI HOHPHQW EHLQJ H[DPLQHG� 7KH KRQH\�
FRPE HOHPHQW ZDV ORDGHG ZLWK DQ LQWHUQDO SUHVVXUH
XVLQJ DQ DLU� 'HIRUPDWLRQ�PRGXODWHG LQWHUIHURJUDP
RI WKH VDPSOH VXUIDFH LV JLYHQ LQ )LJXUH ��� F� /RFDO
GLVWRUWLRQ RI IULQJHV FKDUDFWHUL]HV WKH GHIHFWLYH UHJLRQ
RI WKH KRQH\�FRPE HOHPHQW �DEVHQFH RI D TXDOLW\ EUD]�
LQJ�� ,Q )LJXUH ��� G D �' GLDJUDP LV SORWWHG FKDU�
DFWHUL]LQJ WKH GLVSODFHPHQW RI WKH VXUIDFH SRLQWV XQGHU
WKH DFWLRQ RI WKH LQWHUQDO SUHVVXUH� $ GHIHFWLYH UHJLRQ
FDXVHG E\ D QRQ�TXDOLW\ MRLQLQJ RI KRQH\�FRPE FHOOV
ZLWK D IODW VKHHW LV VHHQ YLVXDOO\ RQ WKH EDFNJURXQG

RI GLVSODFHPHQWV FDXVHG E\ D KRQH\�FRPE VWUXFWXUH
RI WKH VDPSOH�

&21&/86,21

7KH LPSURYHG PHWKRG RI FDUULHU IULQJHV XVHG LQ DQD�

O\]LQJ KRORJUDSKLF LQWHUIHURJUDPV KDV EHHQ GHYHO�

RSHG� ZKLFK LV XVHG VXFFHVVIXOO\ LQ H[DPLQDWLRQ RI D

FHQWHU�ORDGHG GLVF� 7KH FUHDWLRQ RI FDUULHU IULQJHV

PDGH LW SRVVLEOH WR VROYH WKH SUREOHP RI VLJQ LQGHWHU�

PLQDF\ WKDW JLYHV IHDVLELOLW\ WR SHUIRUP WKH DXWRPDWLF

SURFHVVLQJ RI WKH LQWHUIHURJUDPV� 7KH RIIHUHG PDWKH�

PDWLFDO DOJRULWKP RI WKH FRPSXWHU SURFHVVLQJ RI WKH

LQWHUIHUHQFH SDWWHUQV RQ WKH EDVLV RI XVH RI WKH FDUULHU

IULQJHV DQG )RXULHU�VSHFWUXP DQDO\VLV FDQ SURGXFH WKH

�' LPDJHV RI VXUIDFH RI WKH REMHFW H[DPLQHG� DQG

GHWHUPLQH WKH UHJLRQV RI FRQFHQWUDWLRQ RI GHIRUPD�

WLRQV FDXVHG E\ WKH SUHVHQFH RI LQWHUQDO GHIHFWV�

7KH FRPSXWHU V\VWHP GHYHORSHG RSHQV XS WKH QHZ

RSSRUWXQLWLHV IRU WKH DXWRPDWLF DQDO\VLV RI LQWHUIHU�

HQFH IULQJH SDWWHUQV FKDUDFWHUL]LQJ WKH TXDOLW\ RI RE�

MHFWV GXULQJ WKHLU QRQ�GHVWUXFWLYH H[DPLQDWLRQ�

�� &ROLHU� 5�� %HUNKDUW� &�� /LQ� /� ������ 2SWLFDO KRORJUD�
SK\� 0RVFRZ� 0LU�

�� 5DVWRJL� 3�.�� ,QDXGL� '� ������ 7UHQGV LQ RSWLFDO QRQ�GH�
VWUXFWLYH WHVWLQJ DQG LQVSHFWLRQ� 2[IRUG� (OVHYLHU 6FL�

�� 2VWURYVN\� <X�,�� 6KFKHSLQRY� 9�3�� <DNRYOHY� 9�9� ������
+RORJUDSKLF LQWHUIHUHQFH PHWKRGV RI PHDVXULQJ RI GHIRUPD�
WLRQV� 0RVFRZ� 1DXND�

�� .DVDWNLQ� %�6�� .XGULQ� $�%�� /REDQRY� /�0� HW DO� ������
([SHULPHQWDO PHWKRGV RI VWUDLQ DQG VWUHVV H[DPLQDWLRQV�
.\LY� 1DXNRYD 'XPND�

�� 0DWWK\V� '�5�� 'XGGHUDU� 7�'�� *LOEHUW� -�$� ������ $XWR�
PDWHG DQDO\VLV RI KRORLQWHUIHURJUDPV IRU WKH GHWHUPLQDWLRQ
RI VXUIDFH GLVSODFHPHQW� ([SHULPHQWDO 0HFKDQLFV� �� ��w���

�� 7DNHGD� 0�� ,QD� +�� .RED\DVKL� 6� ������ )RXULHU�WUDQV�
IRUP PHWKRG RI IULQJH�SDWWHUQ DQDO\VLV IRU FRPSXWHU�EDVHG
WRSRJUDSK\ DQG LQWHUIHURPHWU\� -� 2SW� 6RF� $P�� ��� ���w
����

�� .XMDZLQVND� 0�� 2VWHQ� :� ������ )ULQJH SDWWHUQ DQDO\VLV
PHWKRGV� XS�WR�GDWH UHYLHZ� 3URF� 63,(� ����� ��w���

�� .UHLV� 7K�� -XSWQHU� :� ������ )RXULHU�WUDQVIRUP HYDOX�
DWLRQ RI LQWHUIHUHQFH SDWWHUQ� WKH UROH RI ILOWHULQJ LQ VSDWLDO�
GRPDLQ LQ ODVHU LQWHUIHURPHWU\� 4XDOLWDWLYH DQDO\VLV RI LQWHU�
IHURJUDPV� ,ELG�� ����� ���w����

�� +XQWOH\� -�0�� &RJJUDYH� &�5� ������ 3URJUHVV LQ SKDVH
XQZUDSSLQJ� ,ELG�� ����� ��w���

)LJXUH ��� 'HIHFWQHVV FRQWURO LQ HOHPHQW RI KRQH\�FRPE VWUXFWXUH� D x VNHWFK RI KRQH\�FRPE SDQHO HOHPHQW� E x LQWHUIHURJUDP RI
QRQ�ORDGHG HOHPHQW ZLWK D V\VWHP RI FDUULHU IULQJHV� F x LQWHUIHURJUDP RI D GHIRUPHG HOHPHQW ZLWK D V\VWHP RI FDUULHU IULQJHV� G x
�' GLDJUDP FKDUDFWHUL]LQJ WKH SUHVHQFH RI GHIHFWV LQ HOHPHQW H[DPLQHG

12 10/2002



����������	
������
�����
��������������

�������������
���������

6�9� 0$.6,029$� 9�)� .+258129� 9�$� 6+21,1� ,�9� =92/,16.<� 9�9� 9252129 DQG 9�$� .267,1

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH HIIHFW H[HUWHG E\ D FRPSRVLWLRQ RI EUD]LQJ ILOOHU PHWDOV RQ VWUXFWXUH� FKHPLFDO KHWHURJHQHLW\ DQG PHFKDQLFDO VWUHQJWK

RI EUD]HG MRLQWV LQ GLVSHUVLRQ�VWUHQJWKHQHG DOOR\ *OLGFRS $O��� ZDV LQYHVWLJDWHG� ,W LV VKRZQ WKDW DORQJ ZLWK WKH

FRPSRVLWLRQ RI D EUD]LQJ ILOOHU PHWDO� WKH VLJQLILFDQW UROH LV DOVR SOD\HG E\ D SUH�EUD]LQJ KHDW WUHDWPHQW� 6WUHQJWK RI

WKH EUD]HG MRLQWV ZDV IRXQG WR EH ���w��� 03D LQ WKH FDVH RI XVLQJ D KHDW�WUHDWHG EDVH PHWDO DQG WKH RSWLPLVHG

FRPSRVLWLRQ RI D EUD]LQJ ILOOHU PHWDO�

.H\ ZRU G V � GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU DOOR\� YDFXXP
EUD]LQJ� EUD]LQJ ILOOHU PHWDO� EUD]HG MRLQW� PLFURVWUXFWXUH�
VWUHQJWK

,QWURGXFWLRQ� 'LVSHUVLRQ�VWUHQJWKHQHG FRSSHU DOOR\V
RI WKH *OLGFRS$O��� W\SH DUH UHFHLYLQJ FXUUHQWO\PXFK

DWWHQWLRQ >�w�@� 7KH\ DUH FKDUDFWHULVHG E\ KLJK PH�

FKDQLFDO SURSHUWLHV �VHH� H�J�� GDWD RQ DOOR\ &X$O��

LQ 7DEOH ��� LQFUHDVHG WKHUPDO VWDELOLW\ RI VWUXFWXUH

DQG JRRG WKHUPDO FRQGXFWLYLW\� 'LVSHUVLRQ�VWUHQJWK�

HQHG FRSSHU DOOR\V DUH ZLGHO\ DSSOLHG IRU WKH PDQX�

IDFWXUH RI HOHFWURGHV IRU UHVLVWDQFH ZHOGLQJ >�@� FDWK�

RGHV RI SODVPDWURQV� KLJK�SRZHU ;�UD\ WXEHV� SRZHU�

LQWHQVLYH HOHPHQWV LQ YDULRXV SRZHU V\VWHPV� LQFOXG�

LQJ IXVLRQ UHDFWRUV >�w�@� DQG RWKHU LWHPV�

&RPSRVLWH PDWHULDO *OLGFRS $O��� LV D KHWHURJH�

QHRXV V\VWHP FRQVLVWLQJ RI D FRSSHU PDWUL[ ZLWK JUDLQV

���w��� µP LQ VL]H DQG XQLIRUPO\ GLVWULEXWHG WKHUPR�

G\QDPLFDOO\ VWDEOH GLVSHUVHG SDUWLFOHV RI WKH VWUHQJWK�

HQLQJ SKDVH $O�2� ���� ZW���� GLIIHULQJ IURP FRSSHU
LQ SK\VLFDO DQG FKHPLFDO SURSHUWLHV� 7KHUHIRUH� LQ

PDNLQJ MRLQWV LQ DOOR\ *OLGFRS $O��� E\ ZHOGLQJ� RQH

IDFHV VHULRXV� RIWHQ LQVROXEOH SUREOHPV� DVVRFLDWHG SUL�
PDULO\ ZLWK FRDJXODWLRQ RI WKH VWUHQJWKHQLQJ SKDVH�

6R� WKH XVH RI EUD]LQJ VKRZV PRUH SURPLVH LQ WKLV
FDVH�

/LWHUDWXUH GDWD RQ LQYHVWLJDWLRQ RI EUD]HG MRLQWV

LQ GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU DUH VFDQW\� ,W LV

NQRZQ WKDW YDFXXP� DUJRQ RU DLU EUD]LQJ RI WKH GLV�
SHUVLRQ�VWUHQJWKHQHG DOOR\ FRQWDLQLQJ ����w���� �

$O�2� XVLQJ SXUH VLOYHU RU $Jw&X DQG $Jw&Xw7L V\V�

WHP ILOOHU PHWDOV UHVXOWV LQ HPEULWWOHPHQW RI WKH EUD]HG

MRLQWV� FDXVHG E\ ORFDOLVDWLRQ RI DOXPLQLXP SDUWLFOHV

LQ WKH FHQWUDO SDUW RI WKH MRLQW >�� �@� 7KH DXWKRUV RI

>�@ VXJJHVW XVLQJ WKH EDUULHU FRDWLQJV RI FRSSHU� QLFNHO
RU SDOODGLXP� DV ZHOO DV FRPSUHVVLRQ RI WKH PDWLQJ

VXUIDFHV >�@� +RZHYHU� WKHVH PHDVXUHV IDLOHG WR SUR�

YLGH WKH MRLQWV RI D VDWLVIDFWRU\ VWUHQJWK�

6WXG\ >�@ FRQVLGHUHG WKH SRVVLELOLW\ RI XVLQJ ILOOHU
PHWDO %$J�� RI WKH $Jw&Xw=Q V\VWHP XQGHU WKH LQ�

GXFWLRQ KHDWLQJ FRQGLWLRQV� ZKLFK PD\ KHOS WR VROYH
RQO\ D QDUURZ UDQJH RI SUREOHPV�

$ SRVLWLYH H[SHULHQFH LV DYDLODEOH LQ XVLQJ ]LUFR�

QLXP DV D ILOOHU PHWDO IRU FRQWDFW�UHDFWLYH EUD]LQJ RI

FRSSHU DOOR\ 0$*7���� >�@� +RZHYHU� WKLV VWXG\ XQ�

IRUWXQDWHO\ JLYHV QR GDWD RQ VWUHQJWK RI WKH EUD]HG
MRLQWV PDGH DW URRP WHPSHUDWXUH�

,W VKRXOG EH QRWHG WKDW VHOHFWLRQ RI EUD]LQJ ILOOHU

PHWDOV KDV WR EH GRQH ZLWK DOORZDQFH IRU WKH IROORZLQJ

IDFWRUV� WKHVH DUH� ILUVWO\� OLPLWDWLRQV RQ WKH EUD]LQJ
WHPSHUDWXUH �QRW KLJKHU WKDQ ���� �&� WR DYRLG FR�

DJXODWLRQ RI WKH VWUHQJWKHQLQJ SKDVH� UHFU\VWDOOLVDWLRQ

RI PDWUL[ DQG� KHQFH� ORVV LQ VWUHQJWK� DQG� VHFRQGO\�

GLIILFXOWLHV DULVLQJ LQ ZHWWLQJ WKH QRQ�PHWDOOLF FRP�
SRQHQW GLIIHULQJ IURP FRSSHU LQ SK\VLFDO DQG FKHPLFDO

SURSHUWLHV ZLWK WKH PHWDO PHOWV�

/DUJH FRQWULEXWLRQ WR LQYHVWLJDWLRQV RI WKH ZHWWLQJ

SURFHVVHV� FDSLOODU\ SKHQRPHQD� DGKHVLRQ DQG FRQWDFW

LQWHUDFWLRQ RI QRQ�PHWDOOLF FRPSRXQGV �GLDPRQGV�

JUDSKLWHV� QLWULGHV� R[LGHV� ZLWK WKH PHWDO PHOWV ZDV

PDGH E\ DVVRFLDWHV RI WKH ,QVWLWXWH IRU 0DWHULDOV 6FL�

HQFH 3UREOHPV RI WKH 1$6 RI 8NUDLQH >��w��@� 7KH

HIIRUWV KHDGHG E\ <X�9� 1DMGLFK LQFOXGHG GHWDLOHG

VWXGLHV RI SKHQRPHQD RFFXUULQJ DW WKH LQWHUIDFH EH�

WZHHQ PHWDO PHOWV DQG LRQLF FRPSRXQGV� FRYDOHQW

FU\VWDOV DQG PDWHULDOV ZLWK PHWDO SURSHUWLHV� ,W ZDV

HVWDEOLVKHG WKDW HOHPHQWV UHDFWLYH ZLWK UHVSHFW WR D
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7DEOH �� 0HFKDQLFDO SURSHUWLHV RI DOOR\ &X$O��
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QRQ�PHWDOOLF FRPSRQHQW RI WKH EDVH PDWHULDO VKRXOG
EH DGGHG WR WKH PHWDO PHOWV WR LQFUHDVH ZHWWDELOLW\
RI QRQ�PHWDOOLF LQFOXVLRQV� H�J� VLOLFRQ IRU ZHWWLQJ
6L&� WLWDQLXP IRU ZHWWLQJ R[LGHV� FDUELGHV DQG QL�
WULGHV� DQG FKURPLXP IRU ZHWWLQJ FDUERQ FRPSRXQGV
>��@�

7KH SUHVHQW VWXG\ FRQVLGHUV WKH SRVVLELOLW\ RI LP�
SURYLQJ PHFKDQLFDO SURSHUWLHV RI EUD]HG MRLQWV LQ DOOR\
*OLGFRS $O��� E\ XVLQJ DGKHVLRQ�DFWLYH EUD]LQJ ILOOHU
PHWDOV�

([SHULPHQWDO PDWHULDOV DQG HTXLSPHQW� )RXU
NQRZQ EUD]LQJ ILOOHU PHWDOV >��@ EDVHG RQ WKH =Uw1Lw
&Xw7L �1R��� �� DQG 7Lw&Xw=Uw1L �1R��� �� V\VWHPV�
WKH FRPSRVLWLRQV RI ZKLFK DUH JLYHQ LQ 7DEOH �� ZHUH
VHOHFWHG IRU WKH H[SHULPHQWV� 7KH EUD]LQJ ILOOHU PHWDOV
ZHUH XVHG LQ WKH IRUP RI D VWULS RI DQ DPRUSKRXV
VWUXFWXUH ZLWK WKLFNQHVV RI DERXW �� µP� ,W ZDV SUR�
GXFHG E\ UDSLG VROLGLILFDWLRQ RI WKH PHOW RQ D URWDWLQJ
FRROLQJ GUXP DW D UDWH RI DSSUR[LPDWHO\ �⋅���w
�⋅��� �&�V� 7KH EDVH PDWHULDO ZDV XVHG LQ WKH IRUP
RI URGV �� PP LQ GLDPHWHU �LQ WKH DV�UHFHLYHG FRQGL�
WLRQ DQG DIWHU DQQHDOLQJ DW D WHPSHUDWXUH RI ��� �&
IRU � K��

&\OLQGULFDO VDPSOHV �� PP ORQJ ZHUH PDGH IRU
EUD]LQJ� 7KH\ ZHUH EXWW EUD]HG LQ D YDFXXP IXUQDFH
ZLWK UDGLDWLRQ KHDWLQJ �UDUHIDFWLRQ RI WKH ZRUNLQJ
VSDFH UDQJLQJ IURP � WR �⋅��w� 03D� DW 7O �LQ VRPH
FDVHV �� �& KLJKHU�� WKHQ KHOG IRU � PLQ DW WKLV WHP�
SHUDWXUH DQG FRROHG WRJHWKHU ZLWK WKH IXUQDFH WR URRP
WHPSHUDWXUH�

6SHFLPHQV ��×�� PP LQ VL]H ZHUH FXW IRU PHWDO�
ORJUDSKLF DQDO\VLV� 0LFURVWUXFWXUH RI WKH EUD]HG MRLQWV
ZDV H[DPLQHG XVLQJ WKH RSWLFDO PLFURVFRSH �1HR�
SKRWH�� ZKLOH FKHPLFDO KHWHURJHQHLW\ ZDV VWXGLHG XV�
LQJ WKH -(2/ VFDQQLQJ HOHFWURQ PLFURVFRSH -60����
HTXLSSHG ZLWK D V\VWHP RI WKH �/LQN�$QDO\WLF� DQG

�2SWHN� PLFURDQDO\VHUV� 7KH VWXGLHV ZHUH FRQGXFWHG
XQGHU FRQGLWLRQV RI WKH EDFN�VFDWWHUHG HOHFWURQV
�&RPSR� DQG VHFRQGDU\ HOHFWURQV �6(,� DW DQ DFFHOHU�
DWLQJ YROWDJH RI �� N9 DQG FXUUHQW RI �⋅��w��w�⋅��w� $�

6SHFLPHQV IRU PHFKDQLFDO WHVWV �)LJXUH �� ZHUH
PDGH IURP WKH EUD]HG MRLQWV� 0HFKDQLFDO WHQVLOH WHVWV
ZHUH FRQGXFWHG XVLQJ WKH HOHFWURPHFKDQLFDO WHVWLQJ
PDFKLQH 80��70 HTXLSSHG ZLWK WKH UHTXLUHG HOHF�
WURQLF HTXLSPHQW� WKH VWUDLQ JDXJH PHDVXULQJ GHYLFH
ZLWK D JDXJH OHQJWK RI �� PP DQG WKH WZR�FRRUGLQDWH
UHFRUGLQJ GHYLFH 1������ 7KH DFFXUDF\ RI UHDGLQJV
LQ PHDVXULQJ WKH ORDG ZDV DW D OHYHO RI ± � �� 'XULQJ
WKH WHVWV WKH WUDYHO VSHHG RI WKH FODPS WR D YDOXH RI
SURRI VWUHVV ZDV HTXDO WR �⋅��w� PP�V DQG ZLWK IXU�
WKHU WHQVLRQ WR FRPSOHWH IUDFWXUH RI D VSHFLPHQ LW ZDV
HTXDO WR �⋅��w� PP�V� 7KH WHVW WHPSHUDWXUH ZDV ��w
�� �&� 'XULQJ WKH WHVWV WKH GLDJUDPV RI VWUDLQLQJ WR
D YDOXH RI UHVLGXDO HORQJDWLRQ HTXDO WR PRUH WKDQ
��� � ZHUH UHFRUGHG� 7KHQ WKH ORDG ZDV GHFUHDVHG WR
]HUR�

([SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ� %UD]HG
MRLQWV SURGXFHG E\ XVLQJ ILOOHU PHWDO 1R�� DW 7O �7D�
EOH �� ZHUH FKDUDFWHULVHG E\ D SRRU ILOOHW IRUPDWLRQ�
7KH EUD]HG MRLQWV IUDFWXUHG LQ PDQXIDFWXUH RI VSHFL�
PHQV IRU PHWDOORJUDSKLF H[DPLQDWLRQ� ZKLFK ZDV
SUREDEO\ FDXVHG E\ IRUPDWLRQ RI EULWWOH SKDVHV LQ WKH
VHDP PHWDO� $Q LQFUHDVH RI ��� �& �WR ���� �&� LQ WKH
EUD]LQJ WHPSHUDWXUH PDGH LW SRVVLEOH WR SURGXFH MRLQWV
ZLWK D JRRG ILOOHW IRUPDWLRQ RQ ERWK VLGHV RI D VDPSOH
�WKH ILOOHU PHWDO IOHZ HYHQ WR WKH ODWHUDO IDFHV�� DS�
SHDUDQFH RI HURVLRQ EHLQJ GHWHFWHG LQ WKH ILOOHW UHJLRQV�

5HVXOWV RI LQYHVWLJDWLRQV RI FKHPLFDO FRPSRVLWLRQ

RI PHWDO RI WKH MRLQLQJ ]RQH E\ VFDQQLQJ HOHFWURQ

PLFURVFRS\ VKRZHG WKDW PHWDO LQ WKH ILOOHW UHJLRQ KDG

D WZR�SKDVH VWUXFWXUH� L�H� HXWHFWLF �)LJXUH �� D� FRQ�

WDLQLQJ XS WR �� DW�� =U DQG D &X�EDVH VROLG VROXWLRQ

FRQWDLQLQJ ��� DW�� 7L DQG ��� DW�� $O �7DEOH ��� ,Q

WKH EUD]HG MRLQW PHWDO WKH HXWHFWLF FRPSRQHQW ZDV

UHYHDOHG ERWK LQ WKH FHQWUDO SDUW RI WKH VHDP �LQ WKH

IRUP RI D FRQWLQXRXV FKDLQ� DQG DORQJ WKH VROLG VR�

OXWLRQ JUDLQ ERXQGDULHV� :LGWK RI WKH VHDP ZDV �w

��� µP�
,Q EUD]LQJ XVLQJ ILOOHU PHWDO 1R�� DW WHPSHUDWXUHV

7O DQG 7O � �� �& �VHH 7DEOH ��� WKH EUD]HG MRLQWV�
OLNH LQ WKH ILUVW FDVH� IUDFWXUHG LQ FXWWLQJ� ,QFUHDVH LQ
EUD]LQJ WHPSHUDWXUH WR ���� �& SURYLGHG VWUHQJWK VXI�
ILFLHQW IRU PHWDOORJUDSK\� +LJK RYHUKHDWLQJ DQG DF�
WLYLW\ RI WKH ILOOHU PHWDO OHG WR HURVLRQ RI WKH ILOOHW
UHJLRQV� 7KH VHDP KDG D GLIIHULQJ WKLFNQHVV� DQG LWV
PHWDO ZDV KHWHURJHQHRXV LQ FKHPLFDO FRPSRVLWLRQ�
7KH FHQWUDO SDUW RI WKH VHDP FRQWDLQHG VRPH VSHFLHV
LQ WKH IRUP RI EDQGV DQG QHHGOHV �)LJXUH �� E�� DV
ZHOO DV D &X�EDVH VROLG VROXWLRQ DOOR\HG ZLWK ��� DW��
7L DQG ��� DW�� $O� 7KH ZKLWH SKDVH ULFK LQ ]LUFRQLXP
�XS WR ���� DW��� DGMRLQHG LW RQ ERWK VLGHV� ,Q VRPH
FDVHV LW SHQHWUDWHG LQWR WKH EDVH PHWDO WR D GHSWK RI
GRZQ WR ��� µP �)LJXUH �� E�� 7KH GDWD REWDLQHG
VXJJHVW WKDW� DFFRUGLQJ WR WKH FRQVWLWXWLRQDO GLDJUDP�
WKH ZKLWH SKDVH &Xw=U >��@ FRUUHVSRQGV WR D
VWRLFKLRPHWULF FRPSRVLWLRQ RI LQWHUPHWDOOLF &X�=U� RU

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI DGKHVLRQ�DFWLYH EUD]LQJ ILOOHU
PHWDOV

)LOOHU

PHWDO

1R�
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7

V
�
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WLYHO\�

)LJXUH �� 6FKHPDWLF RI D VSHFLPHQ IRU PHFKDQLFDO WHVWV
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SRVVLEO\ DQG WR D PRUH� FRPSOH[ FRPSRVLWLRQ RI WKH
&X�1L�=U W\SH�

,Q WKH FDVH RI EUD]LQJ XVLQJ ILOOHU PHWDO 1R�� DW
7O �VHH 7DEOH �� PLFURVWUXFWXUH RI WKH EUD]HG MRLQW
ZDV IRXQG WR IHDWXUH WKH SUHVHQFH RI IRXU FRPSRQHQWV�
L�H� D &X�EDVHG VROLG VROXWLRQ DQG WKUHH LQWHUPHWDOOLFV
�)LJXUH �� F�� ,Q RQH RI WKHP �EODFN� WKH FRQWHQW RI
WLWDQLXP DPRXQWV WR ���� DW��� ,W FDQ EH DVVXPHG�
DFFRUGLQJ WR WKH FRQVWLWXWLRQDO GLDJUDPV� WKDW WKLV LV
LQWHUPHWDOOLF &X7L�� ,Q WKH RWKHU LQWHUPHWDOOLF RI D
JUH\ FRORXU WKH FRQWHQW RI WLWDQLXPZDV DERXW �� DW���
QLFNHO x DERXW �� DW�� DQG WKH EDODQFH ZDV FRSSHU�
,W FDQ EH DVVXPHG WKDW WKLV LV SKDVH ��&Xw��7Lw��1L�
,Q WKH WKLUG LQWHUPHWDOOLF �ZKLWH� WKH FRQWHQW RI FRS�
SHU ZDV DERXW �� DW�� DQG ]LUFRQLXP ≈ � DW�� �7D�
EOH ��� ZKLFK VXSSRVHGO\ FRUUHVSRQGHG WR &X�=U� ,Q�

WHUPHWDOOLFV VROLGLILHG WR IRUP FRQWLQXRXV FKDLQV LQ
WKH VHDP FHQWUH DQG DORQJ WKH VROLG VROXWLRQ JUDLQ
ERXQGDULHV �)LJXUH �� F�� WKH VHDP ZLGWK LQ WKLV FDVH
DPRXQWLQJ WR ��� µP� &UDFNV DQG ODFN RI SHQHWUDWLRQ
ZHUH GHWHFWHG QRW IDU IURP WKH ILOOHWV�

5HVXOWV RI LQYHVWLJDWLRQV RI WKH EUD]HG MRLQWV LQ
DOOR\ *OLGFRS $O��� PDGH E\ XVLQJ ILOOHU PHWDO 1R��
�DW 7O  ��� �& DQG KROGLQJ IRU � PLQ� VKRZHG WKDW
WKH VHDP ZLGWK UDQJHG IURP �� WR �� µP� 7KH VHDP
PHWDO KDV WZR FOHDUO\ GHILQHG ]RQHV� 7KH FHQWUDO ]RQH
LV FRPSRVHG RI FRDUVH �XS WR �� µP� GDUN JUDLQV RI
FRPSRXQG ��&Xw��7Lw��1L FRQWDLQHG LQ WKH PDWUL[
RI LQWHUPHWDOOLF &X�7L �)LJXUH �� G�� 7KH OLJKW SKDVH
LV QRQ�XQLIRUPO\ GLVWULEXWHG RYHU WKH HQWLUH VXUIDFH
DUHD RI WKH VHDP �LQ WKH FHQWUDO ]RQH DQG ]RQH DGMRLQ�
LQJ WKH EDVH PHWDO� DQG VXSSRVHGO\ FRUUHVSRQGV WR

)LJXUH �� 0LFURVWUXFWXUH RI EUD]HG MRLQWV LQ DOOR\ *OLGFRS $O��� PDGH E\ XVLQJ EUD]LQJ ILOOHU PHWDOV 1R�� �D�� � �E�� � �F�� � �G� �VHH
7DEOH �� DQG WKH H[SHULPHQWDO ILOOHU PHWDO �H�

7DEOH �� &KHPLFDO FRPSRVLWLRQ �DW��� RI VWUXFWXUDO FRPSRQHQWV RI WKH VHDP PHWDO

)LOOHU

PHWDO

1R�

6WUXFWXUDO FRPSRQHQWV &X 7L $O =U 1L 1E 9

� *UDLQ �VROLG VROXWLRQ� ���� ��� ��� w ��� w w

(XWHFWLF ���� ��� ��� ����� ��� w w

� :KLWH SKDVH ���� ��� ��� ����� ��� ��� w

*UH\ SKDVH ���� ��� ��� ���� ��� ��� w

� *UH\ JUDLQ ���� ��� ��� ���� ��� w w

%ODFN LQWHUPHWDOOLF ���� ���� w ���� ���� w w

*UH\ LQWHUPHWDOOLF ���� ���� ��� ���� ����

���

w w

:KLWH LQWHUPHWDOOLF ���� ��� ��� ���� ��� w w

*UH\ LQWHUPHWDOOLF ���� ���� ��� ���� ����

���

w w

� :KLWH LQWHUPHWDOOLF ���� ���� ��� ���� ��� w ���

*UH\ PDWUL[ ���� ���� ��� ���� ��� w ���
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LQWHUPHWDOOLF &X�=U� 7KH ILQHO\ GLVSHUVHG �GDUN�
SKDVH ULFK LQ YDQDGLXP �XS WR �� DW��� LV SUHFLSLWDWHG
LQ ERWK VDLG ]RQHV DOVR FKDRWLFDOO\�

7KH EXWW EUD]HG MRLQWV DQG EDVH PHWDO LQ WKH DV�
UHFHLYHG FRQGLWLRQ DQG DIWHU DQQHDOLQJ �7DQ  ��� �&�
� K� ZHUH VXEMHFWHG WR PHFKDQLFDO WHVWV� 7KH EDVH
PHWDO LQ WKH DV�UHFHLYHG FRQGLWLRQ KDG D VXEVWDQWLDO
VWUHQJWK �σW  ��� 03D� DQG ZDV FKDUDFWHULVHG E\ D
WRXJK SLW�W\SH IUDFWXUH DQG D KRPRJHQHRXV VWUXFWXUH�
$IWHU KHDW WUHDWPHQW WKH VWUHQJWK RI DOOR\ *OLGFRS
$O��� GHFUHDVHG E\ �� 03D WR FRUUHVSRQG WR WKDW
JLYHQ LQ 7DEOH �� )UDFWXUH LV RI D WRXJK FKDUDFWHU�

EXW SLWV DUH ZLGHU WKDQ LQ WKH SUHYLRXV VDPSOH� WKHLU
VL]HV DPRXQWLQJ WR �� µP� 7KLV FDQ EH H[SODLQHG E\
SDUWLDO FRDUVHQLQJ RI WKH VWUHQJWKHQLQJ SKDVH�

,Q WHQVLOH WHVWV WKH EUD]HG VDPSOHV IUDFWXUHG LQ WKH
VHDP ZLWK D PLQLPXP SODVWLF GHIRUPDWLRQ RI WKH EDVH
PHWDO LQ WKH QHDU�VHDP ]RQH� $V VHHQ IURP 7DEOH ��
LQ EUD]LQJ XVLQJ ILOOHU PHWDOV 1R�� DQG � WKH UHVXOWLQJ
MRLQWV DUH FKDUDFWHULVHG E\ D ORZ VWUHQJWK� 5HVXOWV RI
IUDFWRJUDSKLF DQDO\VLV RI IDLOXUHV RI WKHVH VDPSOHV H[�
KLELWHG WKH SUHVHQFH RI D ODUJH QXPEHU RI UHJLRQV ZLWK
EULWWOH IUDFWXUH �)LJXUH �� D� E�� 7KH VDPSOHV PDGH
XVLQJ ILOOHU PHWDOV 1R�� DQG � IDLOHG LQ WKH PDQXIDF�
WXUH� 6R� QR GDWD RQ WKHLU VWUHQJWK SURSHUWLHV DUH DYDLO�
DEOH�

7KHUHIRUH� YDFXXP EUD]LQJ RI DOOR\ *OLGFRS $O���
XVLQJ DGKHVLRQ�DFWLYH ILOOHU PHWDOV RI WKH 7Lw=Uw&Xw
1L V\VWHP IDLOHG WR SURYLGH WKH UHTXLUHG VWUHQJWK RI
WKH EUD]HG MRLQWV� ,Q WKLV FRQQHFWLRQ� IXUWKHU LQYHVWL�
JDWLRQV ZHUH FRQGXFWHG RQ VDPSOHV RI EUD]HG MRLQWV
PDGH E\ XVLQJ WKH H[SHULPHQWDO ILOOHU PHWDO RQ D WL�
WDQLXP EDVH� %UD]LQJ ZDV SHUIRUPHG LQ D YDFXXP IXU�
QDFH ZLWK UDGLDWLRQ KHDWLQJ DW D WHPSHUDWXUH RI
��� �&� 7KH UHVXOWLQJ MRLQWV ZHUH FKDUDFWHULVHG E\ D
JRRG IRUPDWLRQ RI WKH VHDP DQG ILOOHWV� DV ZHOO DV WKH
DEVHQFH RI GHIHFWV�

,W LV D NQRZQ IDFW WKDW ZHWWDELOLW\ RI DQ R[LGH
LQFUHDVHV ZLWK LQFUHDVH LQ DIILQLW\ RI WKH ZHWWLQJ PRO�
WHQ PHWDO WR R[\JHQ >��@� DQG LQWHUDFWLRQ RI WKH PRO�
WHQ PHWDO ZLWK WKH R[LGH LV GHWHUPLQHG E\ LQWHUDFWLRQ
RI WKH PHWDO ZLWK R[\JHQ RI WKLV R[LGH� 5HDFWLRQ EH�
WZHHQ WLWDQLXP FRQWDLQHG LQ WKH ILOOHU PHWDO DQG $O�2�

OHDGV WR IRUPDWLRQ RI DQ LQWHUPHGLDWH R[LGH 7L2 >���
��@� ZKLFK KDV JRRG HOHFWULFDO FRQGXFWLYLW\ DQG
PRVWO\ D PHWDO FKDUDFWHU RI WKH LQWHUDWRPLF ERQG� 7KLV
DWWULEXWHV WR KLJK DGKHVLRQ DQG ZHWWLQJ DELOLWLHV RI
ILOOHU PHWDOV RI WKH &Xw7Lw$O�2� V\VWHP >��@�

0HWDOORJUDSK\ RI WKH EUD]HG MRLQWV VKRZHG WKDW
WKH VHDPPHWDO KDG D WKUHH�SKDVH VWUXFWXUH� )RUPDWLRQ
RI DQ LQVLJQLILFDQW DPRXQW RI WKH SKDVH ULFK LQ WLWD�
QLXP ZDV REVHUYHG LQ PHWDO RI WKH FHQWUDO SDUW RI WKH
VHDP� ,W FDQ EH FRQFOXGHG RQ WKH EDVLV RI WKH FRQVWL�
WXWLRQDO GLDJUDPV WKDW LWV FRPSRVLWLRQ DOPRVW H[DFWO\

)LJXUH ��)UDFWRJUDSK\ RI IUDFWXUHV RI EUD]HG MRLQWV LQ DOOR\*OLGFRS
$O��� PDGH E\ XVLQJ ILOOHU PHWDOV 1R� � �D�� � �E� �VHH 7DEOH ��
DQG WKH H[SHULPHQWDO ILOOHU PHWDO �F�

7DEOH �� 5HVXOWV RI PHFKDQLFDO WHQVLOH WHVWV RI EUD]HG VDPSOHV LQ
DOOR\ *OLGFRS $O���

6DPSOH

1R�

)LOOHU PHWDO

1R�

σW�

ª3¾

σ�����

ª3¾

7E�

�¯

τ�
PLQ

� � ����� 1�' ��� ��

� � w )UDFWXUH LQ PDQXIDFWXUH

� � ����� ����� ��� ��

� � ����� ����� ��� ��

� ([SHULPHQWDO ����� ����� ��� �

� 6DPH ����� ����� ��� �

� � ����� ����� ��� �

� � ����� ����� ��� �

1R W H V � �� ,Q VDPSOHV 1R�� DQG � WKH LQLWLDO PDWHULDO SULRU WR EUD]�

LQJ ZDV VXEMHFWHG WR DQQHDOLQJ DW 7  ��� �&� WKH WLPH RI KROGLQJ

ZDV � K� �� 7
E
LV WKH EUD]LQJ WHPSHUDWXUH DQG τ LV WKH EUD]LQJ WLPH�

)LJXUH �� 5HVXOWV RI WHQVLOH WHVWV RI EDVH PHWDO ��� �� DQG EUD]HG
MRLQWV ��w�� �PHDQ YDOXHV� LQ WKH DV�UHFHLYHG FRQGLWLRQ �U� DQG
DIWHU DQQHDOLQJ �Q�
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FRUUHVSRQGV WR D VWRLFKLRPHWULF FRPSRVLWLRQ RI LQWHU�
PHWDOOLF &X7L� ZKLFK VROLGLILHV DORQJ WKH VROLG VROX�
WLRQ JUDLQ ERXQGDULHV LQ WKH IRUP RI GLVFUHWH SUHFLSL�
WDWHV �VHH )LJXUH �� H�� ,W LV ZHOO NQRZQ WKDW WKLV
GLVWULEXWLRQ RI SKDVH FRPSRQHQWV LV PRUH IDYRXUDEOH
LQ WHUPV RI SURSHUWLHV RI WKH EUD]HG MRLQWV� FRPSDUHG
ZLWK IRUPDWLRQ RI D FRQWLQXRXV LQWHUPHWDOOLF OD\HU�
,Q WKLV FDVH WKH VWUHQJWK RI WKLV MRLQW LV GHWHUPLQHG
SULPDULO\ E\ SURSHUWLHV RI WKH PDWUL[� L�H� SURSHUWLHV
RI WKH VROLG VROXWLRQ� ZKLFK LV FRQILUPHG E\ WKH PH�
FKDQLFDO WHVW UHVXOWV �VHH 7DEOH ��� 7KH EUD]HG MRLQWV
SURGXFHG XVLQJ WKH H[SHULPHQWDO ILOOHU PHWDO DUH FKDU�
DFWHULVHG E\ VXIILFLHQWO\ KLJK DQG FRQVLVWHQW YDOXHV
RI WHQVLOH VWUHQJWK�

3UH�EUD]LQJ KHDW WUHDWPHQW RI WKH EDVH PDWHULDO
DOORZHG DQ LQFUHDVH IURP ��� WR ��� 03D LQ WHQVLOH
VWUHQJWK RI WKH MRLQWV� ZKLFK LV �� � RI VWUHQJWK RI
WKH EDVH PHWDO �DOOR\ *OLGFRS $O��� LQ WKH DV�UHFHLYHG
FRQGLWLRQ� DQG �� � RI WKDW DIWHU SUH�EUD]LQJ KHDW
WUHDWPHQW� 7KLV DOORZV D FRQFOXVLRQ RI WKH H[SHGLHQF\
RI XVLQJ WKH H[SHULPHQWDO ILOOHU PHWDO IRU EUD]LQJ WKH
GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU DOOR\ *OLGFRS $O����
7KH EHWWHU YLVXDOLVDWLRQ RI DGYDQWDJHV RI WKLV ILOOHU
PHWDO LV SURYLGHG E\ D GLDJUDP EDVHG RQ PHDQ YDOXHV
RI UHVXOWV RI WHQVLOH WHVWV RI WKH EUD]HG VDPSOHV DQG
EDVH PHWDO �)LJXUH ���

5HVXOWV RI IUDFWRJUDSK\ RI WKH FRQWDFW VXUIDFHV RI
IUDFWXUH RI WKH EUD]HG MRLQWV VKRZHG WKH HIIHFW RQ
WRSRJUDSK\ RI WKH IUDFWXUH VXUIDFH E\ D FRPSRVLWLRQ
RI WKH EUD]HG MRLQW PHWDO �PLFURVWUXFWXUH RI LWV FRP�
SRQHQWV LQ SDUWLFXODU�� 7KXV� WRSRJUDSK\ RI IUDFWXUH
RI VDPSOH 1R�� LV FKDUDFWHULVHG E\ D PL[HG FKDUDFWHU
RI IUDFWXUH ZLWK D ODUJH QXPEHU RI WHDU ULGJHV �VHH
)LJXUH �� F�� $ UHODWLYHO\ VPDOO VL]H �≈ �� µP� RI WKH
IDFHWV LV LQGLFDWLYH RI D ILQH�JUDLQHG VWUXFWXUH RI WKH
EUD]HG VHDP PHWDO�

&21&/86,216

�� $V IRXQG E\ LQYHVWLJDWLRQV� EUD]LQJ ILOOHU PHWDOV
1R�� DQG � RI WKH =Uw&Xw1Lw7L V\VWHP IDLO WR SURYLGH
VRXQG EUD]HG MRLQWV LQ WKH GLVSHUVLRQ�VWUHQJWKHQHG
FRSSHU DOOR\ *OLGFRS $O����

�� %UD]HG MRLQWV PDGH E\ XVLQJ ILOOHU PHWDOV 1R��
DQG � RI WKH 7Lw&Xw=Uw1L V\VWHP KDYH ORZ VWUHQJWK
YDOXHV ����w��� 03D��

�� 7KH H[SHULPHQWDO ILOOHU PHWDO SURYLGHV FRQVLV�
WHQW VWUHQJWK YDOXHV RI WKH EUD]HG MRLQWV DW D OHYHO RI
��� 03D RQ D PDWHULDO LQ WKH DV�UHFHLYHG FRQGLWLRQ�
3UH�EUD]LQJ KHDW WUHDWPHQW RI WKH EDVH PDWHULDO SUR�
PRWHV DQ LQFUHDVH RI �w�� � LQ WHQVLOH VWUHQJWK RI WKH
EUD]HG MRLQWV� ZKLFK LQ WKLV FDVH LV σW ≅ ��� 03D�

�� ,YDQRY� .�9�� *UDERYHWVND\D� *�3�� .RORERY� <X�5� ������
6WUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI FRPSRVLWH &Xw
��� ZW�� $O�2� SURGXFHG XQGHU WKH LQWHQVLYH SODVWLF GHIRU�
PDWLRQ HIIHFW� 3HUVSHNWLYQ\H 0DWHULDO\� �� ��w���

�� 9LW\D]� 3�$�� /RYVKHQNR� )�*�� /RYVKHQNR� *�)� ������
1HZ KLJK�UHVLVWDQW GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU PDWHULDOV
IRU UHVLVWDQFH ZHOGLQJ HOHFWURGHV� 7KH 3DWRQ :HOGLQJ -�� ��
��w���

�� 'DQHOL\D� (�3�� 5R]HQEHUJ� 9�0� ������ ,QWHUQDOO\ R[LGL�

]HG DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�
�� 'DQHOL\D� (�3�� 5R]HQEHUJ� 9�0�� 6RORSRY� 9�,� ������ ,Q�

WHUQDOO\ R[LGL]HG FRSSHU DOOR\V DV D KLJK�WHPSHUDWXUH FRQ�
GXFWLQJ PDWHULDO� 7VYHWQ\H 0HWDOO\� �� ��w���

�� /HH� &�.�� &KLQ� %�$�� =LQNOH� 6� HW DO� ������ %UD]LQJ RI
FRSSHU�DOXPLQD DOOR\V� 1XFO� 0DWHU�� ���w���� ���w����

�� +RVNLQJ� )�0� ������ 7KH HIIHFW RI SODWLQJ RQ EUD]LQJ GLV�
SHUVLRQ VWUHQJWKHQHG FRSSHU WR JUDSKLWH� ,Q� $EVWU� RI SDS�
RI ��WK $:6 $QQX� 0HHW�� 0LDPL� $SU� ��w��� �����

�� 6DLQW�$QWRQLQ� )�� %XFF� 3�� %DUEHUL� '� HW DO� ������ 'H�
YHORSPHQW RI %H� ,Q� 3URF� RI -$(5,�&RQI� RQ *OLGFRS

-RLQW 2EWDLQHG E\ +RW ,VRVWDWLF 3UHVVLQJ 'LIIXVLRQ %RQ�

GLQJ IRU ,Q�6HUYLFH 7HPSHUDWXUH�
�� 0F)D\GHQ� $�$�� .DSRRU� 5�5�� (DJDU� 7�:� ������ (IIHFW

RI VHFRQG SKDVH SDUWLFOHV RQ GLUHFW EUD]LQJ RI DOXPLQD GLV�
SHUVLRQ KDUGHQHG FRSSHU� :HOGLQJ -�� ��� ���w����

�� .YDVQLWVN\� 9�)�� 6DPRNKLQ� 6�0�� 1DMGLFK� <X�9� HW DO�
������ ,QWHUDFWLRQ RI ILOOHU PHWDOV ZLWK GLVSHUVLRQ�VWUHQJWKH�
QHG FRSSHU GXULQJ EUD]LQJ� $GJH]L\D 5DVSODYRY L 3DMND

0DWHULDORY� ��� ���w����
��� =KXUDYO\RY� 9�6�� .UDVRYVND\D� 1�$�� 1DMGLFK� <X�9�

������ 1HZ VWXGLHV RI ZHWWLQJ QRQ�PHWDOOLF PDWHULDOV ZLWK
PHWDOOLF PHOWV RI V\VWHP 6L&w�&X� $X� $O� 6Q�w6L� �$O�2��
6L2�� 6L�1�� 68�����w�,Q� 6Q� &X�w6F� ,Q� 3URF� RI &RQI�
RQ %UD]LQJ LQ 0DQXIDFWXULQJ RI 8S�WR�GDWH (QJLQHHULQJ

3URGXFWV� 0RVFRZ� =QDQLH�
��� 1DMGLFK� <X�9�� =KXUDYO\RY� 9�6�� &KXSULQD� 9�*� HW DO�

$GKHVLRQ� ZHWWDELOLW\ DQG IRUPDWLRQ RI LQWHUPHGLDWH SKDVHV
LQ WLWDQLXP�FRQWDLQLQJ PHOWwR[LGH V\VWHPV� 3RURVKNRYD\D

0HWDOOXUJL\D� ��� ��w���
��� (U\RPHQNR� 9�1�� 1DMGLFK� <X�9�� /DYULQHQNR� ,�)� ������

6LQWHULQJ LQ WKH SUHVHQFH RI D OLTXLG PHWDOOLF SKDVH� .\LY�
1DXNRYD 'XPND�

��� .DOLQ� %�$�� 6HYU\XNRY� 2�1�� )HGRWRY� 9�7� HW DO� ������
1HZ DPRUSKRXV ILOOHU PHWDOV IRU EUD]LQJ WLWDQLXP DQG LWV DO�
OR\V� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� ������ &RQVWLWXWLRQDO GLDJUDPV RI ELPHWDOOLF V\VWHPV�
5HIHU� %RRN� (G� E\ 1�3� /\DNLVKHY� 0RVFRZ� 0DVKLQRVWUR�
HQLH�

��� %DQJ� .�6�� /LX� 6� ������ ,QWHUIDFLDO UHDFWLRQ EHWZHHQ DOX�
PLQD DQG &Xw7L ILOOHU PHWDO GXULQJ UHDFWLYH PHWDO EUD]LQJ�
:HOGLQJ -�� �� ��w���
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*�9� .DUSHQNR 3K\VLFDO�0HFKDQLFDO ,QVWLWXWH� 1$68� /YLY� 8NUDLQH
�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3KDVH FRPSRVLWLRQ DQG SURFHVVHV RI VWUXFWXUH IRUPDWLRQ LQ FRDWLQJV SURGXFHG E\ WKH PHWKRG RI HOHFWULF DUF PHWDOOL]LQJ

KDYH EHHQ LQYHVWLJDWHG� ,W ZDV HVWDEOLVKHG WKDW VWUXFWXUH RI FRDWLQJV RI )Hw&w&Uw$O V\VWHP FRQVLVWV RI PDUWHQVLWH�

WURRVWLWH DQG UHVLGXDO DXVWHQLWH ZLWK D GLIIHUHQW FRQWHQW RI DOOR\LQJ HOHPHQWV� :LWK LQFUHDVH LQ DOXPLQLXP FRQWHQW E\

PRUH WKDQ � � LQ WKH IOX[�FRUHG ZLUH FKDUJH WKH DGKHVLRQ VWUHQJWK RI FRDWLQJ ZLWK D EDVH PHWDO LV LQFUHDVHG� DQG DQ

DOOR\HG IHUULWH LV VLPXOWDQHRXVO\ DSSHDUHG LQ WKH FRDWLQJ VWUXFWXUH�

.H\ ZRU G V � HOHFWULF DUF PHWDOOL]LQJ� FRDWLQJV� SKDVH FRP�

SRVLWLRQ RI FRDWLQJV� PLFURVWUXFWXUH RI FRDWLQJV� IOX[�FRUHG ZLUHV

'HYHORSPHQW RI RSWLPXP FRPSRVLWLRQV RI HOHFWURGH

PDWHULDOV DQG� LQ SDUWLFXODU� IOX[�FRUHG ZLUHV IRU WKH

HOHFWULF DUF PHWDOOL]LQJ �($0� SURYLGLQJ WKH FRDWLQJV

ZLWK SUHVHW SK\VLFDO�PHFKDQLFDO SURSHUWLHV LV LPSRV�

VLEOH ZLWKRXW LQIRUPDWLRQ DERXW WKH SKDVH FRPSRVL�

WLRQ DQG SURFHVVHV RI VWUXFWXUH IRUPDWLRQ LQ FRDWLQJV

GHSHQGLQJ RQ WKH FKHPLFDO FRPSRVLWLRQ RI WKH HOHF�
WURGH PDWHULDO� ,Q PRVW IOX[�FRUHG ZLUHV XVHG IRU ($0

RI FUDQNVKDIWV RI WKH LQWHUQDO FRPEXVWLRQ HQJLQHV�

GLIIHUHQW D[OHV DQG RWKHUV� FDUERQ� FKURPLXP DQG DOX�

PLQLXP DUH WKH PDLQ HOHPHQWV ZKLFK DUH UHVSRQVLEOH

IRU WKH SKDVH FRPSRVLWLRQ RI WKH FRDWLQJV� 7KH DUWLFOH
LV GHYRWHG WR WKH LQYHVWLJDWLRQ RI D FRPELQHG HIIHFW

RI FDUERQ DQG DOXPLQLXP LQ WKH IOX[�FRUHG ZLUH IHU�

URFKURPLXP�EDVHG FKDUJH RQ WKH SKDVH FRPSRVLWLRQ

RI FRDWLQJV�

0DWHULDOV DQG SURFHGXUH RI LQYHVWLJDWLRQV� 7R

PDQXIDFWXUH ��� PP GLDPHWHU IOX[�FRUHG ZLUHV IRU

($0� D FROG�UROOHG ���×�� PP VHFWLRQ VWULS RI VWHHO

�� �ULPPHG� ZDV XVHG� )HUURFKURPLXP �).K�����

).K������ IHUURPRO\EGHQXP �)0R����� IHUURVLOLFLXP

�)6����� DOXPLQLXP SRZGHU �3$���� FUXFLEOH JUDSK�
LWH �*7���� LURQ SRZGHU �3=K2� ZHUH XVHG DV FKDUJH

PDWHULDOV� 6HYHUDO IOX[�FRUHG ZLUHV ZHUH PDQXIDF�

WXUHG IRU LQYHVWLJDWLRQV� 7KH FKHPLFDO FRPSRVLWLRQ RI

FKDUJH IRU WKHVH ZLUHV LV JLYHQ LQ 7DEOH �� )RU FRP�

SDULVRQ� WKH FRDWLQJV GHSRVLWHG E\ ZLUH RI 8� JUDGH

ZHUH DOVR LQYHVWLJDWHG�

� 9�,� 32.+0856.<� 0�0� 678'(17� ,�,� 6,'25$.� ,�$� 5<$%76(9 DQG <X�0� .86.29� ����

7DEOH �� &RPSRVLWLRQ RI IOX[�FRUHG ZLUHV FKDUJH� FKHPLFDO DQG SKDVH FRPSRVLWLRQ RI FRDWLQJV

&RQGLWLRQDO GH�

VFULSWLRQ RI ZLUH

&RPSRVLWLRQ RI FKDUJH IOX[�FRUHG ZLUHV� ZW�� (OHPHQWV� ZW��


3KDVH FRPSRVLWLRQ RI FRDWLQJ

)HUURFKURPLXP
)HUUR�

VLOLFLXP

)HUUR�

PRO\E�

GHQXP

*UD�

SKLWH
$O )H & &U

α�)H�γ�)H
UDWLR

&HPHQWLWH 2[LGHV

6ROLG ZLUH 8� w w w w w w �������� w ���� 8S WR

� � RI

YROXPH

7UDFHV

)H2

)OX[�FRUHG ZLUH�

.K60�� �� �).K����� �� �� w w w �������� ������� ��� 7UDFHV 7UDFHV

)H2

.K60�� �� �).K����� �� �� w w w ������� ������� ��� 6DPH 7UDFHV

)H�2��

)H�2�

.K<X�� �� �).K����� w w � � �� ������� ���� ��� � 7UDFHV

)H2�

)H�2��

)H�2�

.K<X�� �� �).K����� w w �� � �� ������� ��� ��� � 7UDFHV

)H2�

)H�2��

)H�2�
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7KH FRDWLQJVZHUH GHSRVLWHG XVLQJ DPHWDO VSUD\LQJ
JXQ *7�� GHVLJQHG DW WKH *�9� .DUSHQNR 3K\VLFDO�
0HFKDQLFDO ,QVWLWXWH� &RQGLWLRQV RI WKH FRDWLQJ GHSR�
VLWLRQ� YROWDJH �� 9� FXUUHQW ��� $� DLU SUHVVXUH
��� 03D� GLVWDQFH IURP WKH JXQ WR WKH VDPSOH
��� PP�

&RQWHQW RI FDUERQ LQ FRDWLQJV ZDV GHWHUPLQHG E\

D FRXORPHWULF PHWKRG� ZKLOH FKURPLXP� DOXPLQLXP

DQG VLOLFRQ ZHUH GHWHUPLQHG E\ D VSHFWUDO PHWKRG

XVLQJ WKH GLIIUDFWLRQ VWHHORVFRSH 6/���� 'LVWULEXWLRQ

RI GURSV E\ VL]HV ZDV GHWHUPLQHG LQ VSUD\LQJ IOX[�

FRUHG ZLUHV RQ D SUHVVHG VQRZ ZLWK D QH[W PHVK DQDO\�

VLV RI VROLGLILHG GURSV E\ IUDFWLRQV�

7KH SKDVH FRPSRVLWLRQ RI FRDWLQJV ZDV H[DPLQHG

LQ '521�� GLIIUDFWRPHWHU �8  �� N9� ,  �� P$�

DW D ���� VFDQQLQJ SLWFK XVLQJ FRPSXWHU SURFHVVLQJ�

,GHQWLILFDWLRQ RI SKDVHV ZDV PDGH XVLQJ WDEOHV RI ILOH

-&3'6�$670�9ROXPHWULF UDWLR EHWZHHQ SKDVHV α�)H
DQG γ�)H ZDV FDOFXODWHG E\ LQWHJUDO LQWHQVLW\ RI GLI�

IUDFWLRQ OLQHV� 'LVWULEXWLRQ RI HOHPHQWV LQ FRDWLQJV

ZDV GHWHUPLQHG LQ VFDQQLQJ HOHFWURQ PLFURVFRSH�

([SHULPHQWDO UHVXOWV DQG WKHLU GLVFXVVLRQ� &RDW�

LQJV SURGXFHG LQ VSUD\LQJ RI IOX[�FRUHG ZLUHV FRQVLVW

RI JUHDWO\ GHIRUPHG JUDLQV�ODPHOODV ZKLFK DUH SRRUO\

HWFKHG LQ � � +12� VROXWLRQ �)LJXUH ��� $W WKH LQ�

WHUJUDLQ ERXQGDULHV WKH LQFOXVLRQV RI R[LGH ILOPV DUH

REVHUYHG� ZKRVH FRPSRVLWLRQ FRUUHVSRQGV WR )H2 LQ

XVH RI IHUURFKURPLXP ).K���� LQ WKH IOX[�FRUHG ZLUH

FKDUJH DQG )H2� )H�2�� )H�2� LQ XVH RI ).K�����
([DPLQDWLRQV VKRZHG WKDW GXH WR JUDSKLWH DGGLQJ

WR WKH FKDUJH FRPSRVLWLRQ LW LV LPSRVVLEOH WR LQFUHDVH
JUHDWO\ WKH FDUERQ FRQWHQW LQ WKH FRDWLQJ� 7KXV� LQ
DGGLQJ � � RI JUDSKLWH WR WKH FKDUJH RI WKH IHUUR�
FKURPLXP ).K�����EDVHG IOX[�FRUHG ZLUH ���� � &
LV FRQWDLQHG LQ WKH FRDWLQJ� ZKLOH DW �� � RI JUDSK�
LWH x ���� � &� 7KLV LV FRQQHFWHG ZLWK WKH IDFW WKDW
FDUERQ LQ WKH IRUP RI D IUHH JUDSKLWH LV EXUQW RXW
JUHDWO\ GXULQJ WKH ($0 SURFHVV�

,W ZDV HVWDEOLVKHG WKDW WKH VWUXFWXUH RI FRDWLQJ
SURGXFHG LQ XVH RI 8� VWHHO VROLG ZLUH FRQVLVWV RI
SURGXFWV RI PDUWHQVLWH GHFRPSRVLWLRQ� VXFK DV WURRV�
WLWH� VRUELWH DQG FHPHQWLWH� ,QFOXVLRQV )H2 ZHUH UH�
YHDOHG LQ WKH FRDWLQJ� 7KH SUHVHQFH RI D VPDOO DPRXQW
RI DXVWHQLWH LV H[SODLQHG E\ WKH IDFW WKDW FDUERQ LQ
VHSDUDWH ODUJH GURSV EXUQV RXW WR D VPDOOHU GHJUHH
WKDQ LQ VPDOO GURSV� DQG LWV KLJK FRQFHQWUDWLRQ LQ�
FUHDVHV WKH VWDELOLW\ RI DXVWHQLWH DW IDVW VROLGLILFDWLRQ
RI WKH ODUJHVW GURSV�

:LWK FDUERQ FRQWHQW LQFUHDVH LQ WKH FRDWLQJ LWV
SKDVH FRPSRVLWLRQ LV FKDQJHG DQG WKH FRQWHQW RI D
UHVLGXDO DXVWHQLWH LV LQFUHDVHG� 7KXV� ZKHQ IOX[�FRUHG
ZLUH RI IHUURFKURPLXP ).K���� LV XVHG DV D FKDUJH
EDVH WKH FDUERQ FRQWHQW LQ WKH FRDWLQJ LV ���� �� DQG
WKH DPRXQW RI UHVLGXDO DXVWHQLWH LQ VWUXFWXUH LV QHJ�
OLJLEOH DW UDWLR RI SKDVHV α�)H�γ�)H  ���� $PRXQW
RI FHPHQWLWH LV VPDOO� ,W SURYHV WKDW D SDUW RI α�)H LV
DYDLODEOH LQ WKH IRUP RI PDUWHQVLWH� DOOR\HG ZLWK FKUR�
PLXP� ZKLOH LWV QHJOLJLEOH SDUW LV LQ WKH IRUP RI
PDUWHQVLWH GHFRPSRVLWLRQ SURGXFWV� VXFK DV WURRVWLWH�
:KHQ IHUURFKURPLXP ).K���� LV XVHG DV D EDVH RI
WKH IOX[�FRUHG ZLUH FKDUJH WKH FRQWHQW RI FDUERQ LQ
WKH FRDWLQJ LV LQFUHDVHG DQG DPRXQWV WR ���� �� 7KH
DPRXQW RI UHVLGXDO DXVWHQLWH LQ WKH FRDWLQJ VWUXFWXUH
LV DOVR LQFUHDVHG DW UDWLR RI SKDVHV α�)H�γ�)H  ���
DQG DSSUR[LPDWHO\ WKH VDPH FRPSRVLWLRQ RI α�SKDVH�

$W DGGLWLRQDO JUDSKLWH DGGLQJ WR WKH FRPSRVLWLRQ
RI WKH IOX[�FRUHG ZLUH FKDUJH WKH DPRXQW RI UHVLGXDO
DXVWHQLWH LV LQFUHDVHG LQ WKH FRDWLQJ VWUXFWXUH DQG LWV
FRQWHQW UHDFKHV PD[LPXP DW �� � RI JUDSKLWH DW UDWLR
RI SKDVHV α�)H�γ�)H  ���� )URP GDWD RI >�@ WKLV
VWUXFWXUH SRVVHVVHV JRRG WULERORJLFDO FKDUDFWHULVWLFV�
3UREDEO\� FDUERQ ZKLFK LV DGGHG WR WKH IOX[�FRUHG
ZLUH FKDUJH LQ WKH IRUP RI JUDSKLWH LV QRW WUDQVIHUUHG
FRPSOHWHO\ WR WKH VROLG VROXWLRQ RI WKH FRDWLQJ� EXW
UHPDLQV LQ D IUHH VWDWH �SRVVLEO\� DW WKH ERXQGDULHV RI
ODPHOODV IURP ZKLFK WKH FRDWLQJ LV FRPSRVHG�� 7KLV
LV FRQILUPHG E\ WKH WUDFHV RI D IUHH JUDSKLWH LQ ;�UD\

)LJXUH �� 0LFURVWUXFWXUH RI FRDWLQJV ZLWK GLIIHUHQW FRQWHQW RI DOXPLQLXP LQ WKH FKDUJH RI IOX[�FRUHG ZLUHV� D x � �� E x �� � �×����

7DEOH �� 6L]H RI HOHFWURGH PHWDO GURSV DQG FRQWHQW RI FDUERQ DQG FKURPLXP LQ WKHP

6L]H RI GURSV� µP
:LUH 8� )OX[�FRUHG ZLUH .K60�� )OX[�FRUHG ZLUH .K<X��

&� ZW�� &� ZW�� &U� ZW�� &� ZW�� &U� ZW��

��w�� ���� ��� ��� ���� ���

��w��� ���� ��� ��� ���� ���

���w��� ���� ��� ���� ���� ����
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SKRWRJUDSKV DQG DOVR E\ WKH IDFW WKDW ZLWK LQFUHDVH
LQ JUDSKLWH FRQWHQW LQ FKDUJH WKH WHQVLOH VWUHQJWK DQG
DGKHVLRQ VWUHQJWK DUH GHFUHDVHG E\ �� DQG �� �� UH�
VSHFWLYHO\� $ IUHH JUDSKLWH SOD\V D UROH RI D OXEULFDQW
WKXV LPSURYLQJ WKH WULERORJLFDO FKDUDFWHULVWLFV RI WKH
FRDWLQJ�

7KH PHVK DQDO\VLV RI D IUDFWLRQDO FRPSRVLWLRQ RI
FRDWLQJV IURP WKH IOX[�FRUHG ZLUH ZLWK DQG ZLWKRXW
JUDSKLWH VKRZV WKDW WKH VL]H RI GURSV LQ ($0 LV YDULHG
ZLWKLQ ��w��� µP DQG� KHUH� WKH PDVV VKDUH RI GURSV
RI ��w�� µP LV ≈ �� �� 6PDOO GURSV FRQWDLQ ORZHU
DPRXQWV RI FDUERQ DQG FKURPLXP� 0RUHRYHU� WKH FRQ�
FHQWUDWLRQ RI FDUERQ LV ODUJHU ERWK LQ VPDOO DQG ODUJH
GURSV IRU IOX[�FRUHGZLUHV ZKLFK FRQWDLQ JUDSKLWH �7D�
EOH ��� ,W LV HYLGHQW WKDW GXULQJ ($0 WKH VDWXUDWLRQ
RI FRDWLQJ ZLWK FDUERQ WDNHV SODFH GXH WR KLJK�FDUERQ
IHUURFKURPLXP DQG JUDSKLWH� ,Q VWUXFWXUH RI DOO WKH
FRDWLQJ ZLWK D IHUURFKURPLXP ).K�����EDVHG FKDUJH
WKHUH DUH WUDFHV RI DOO WKUHH R[LGHV RI LURQ� )H2� )H�2��
)H�2��

$V ZDV VWDWHG LQ >�@� D KLJK DGKHVLRQ RI FRDWLQJV
ZLWK PLFURKDUGQHVV RI PRUH WKDQ ���� 03D LV SUR�
YLGHG RZLQJ WR DOXPLQLXP FRQWDLQHG LQ WKH IOX[�FRUHG
ZLUH FKDUJH� $OXPLQLXP LQWHUDFWV ZLWK LURQ LQ WKH
GURS PHOW DW H[RWKHUPDO UHDFWLRQV HYROYLQJ D ODUJH
DPRXQW RI KHDW�

�)H � $O  )H�$O � ���� N-�J RI IOX[�FRUHG ZLUH
FKDUJH�

���)H�2� � �$O  ���)H � $O�2� � ��� N-�J RI
IOX[�FRUHG ZLUH FKDUJH�

���&U�2� � �$O  ���&U � $O�2� � ��� N-�J RI
IOX[�FRUHG ZLUH FKDUJH�

7HPSHUDWXUH RI GURSV ZKLFK FRQWDLQ DOXPLQLXP LV
E\ ���w��� �& KLJKHU WKDQ WKDW RI GURSV ZKLFK GR
QRW FRQWDLQ LW� ,Q DGGLWLRQ� LQ FRQWDFW ZLWK VXUIDFH
RQ ZKLFK WKH FRDWLQJ LV GHSRVLWHG WKH DOXPLQLXP LQ
D PROWHQ GURS UHDFWV ZLWK R[LGH ILOP RQ LW GXULQJ
H[RWKHUPDO UHDFWLRQ� 0RUHRYHU� WKH WHPSHUDWXUH LQ
WKH SODFH RI FRQWDFW LV LQFUHDVHG WKDW SURYLGHV WKH
EHWWHU DGKHVLRQ RI WKH FRDWLQJ VSUD\HG ZLWK D EDVH�

)LJXUH �� 'LVWULEXWLRQ RI DOOR\LQJ HOHPHQWV LQ FRDWLQJ� GHSRVLWHG XVLQJ IOX[�FRUHG ZLUH RI )H&U � $O � & W\SH� REWDLQHG LQ HOHFWURQ
VFDQQLQJ PLFURVFRSH� D x LQ SULPDU\ HOHFWURQV� E x LQ VHFRQGDU\ HOHFWURQV� F x $O� G x 6L� H x &U� I x )H �ZKLWH SRLQWV x SODFH
RI D JLYHQ HOHPHQW ORFDWLRQ�

7DEOH �� &RPSRVLWLRQ RI IOX[�FRUHG ZLUH FKDUJHV� FKHPLFDO DQG SKDVH FRPSRVLWLRQ RI FRDWLQJ DW GLIIHUHQW FRQWHQW RI DOXPLQLXP DQG
FDUERQ LQ LW

&RQGLWLRQDO

GHVFULSWLRQ

RI ZLUH

&RPSRVLWLRQ RI FKDUJH

RI IOX[�FRUHG ZLUHV� ZW��
(OHPHQWV LQ FRDWLQJ� ZW��



3KDVH FRPSRVLWLRQ RI FRDWLQJ

)HUURFKUR�

PLXP

).K����

*UD�

SKLWH

$O )H & &U $O α�)H�γ�)H &HPHQWLWH 2[LGHV

.K<X�� �� w � �� �������� ������� ������� ��� 7UDFHV 7UDFHV )H�2�

DQG )H�2�

.K<X�� �� � � �� ����� ������� ������� ����� 6DPH 7UDFHV )H2�

)H�2�� )H�2�

.K<X�� �� � �� �� ������� �������� ����� ����� � 6DPH

.K<X�� �� � �� �� �������� ��������� ����� ����� � �

.K<X�� �� � �� �� ������� ������ ������� ��� � �
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&RPLQJ IURP WKHVH FRQVLGHUDWLRQV WKH HIIHFW RI
DOXPLQLXP RQ VWUXFWXUH DQG SURSHUWLHV RI WKH FRDWLQJ
SURGXFHG E\ ($0 PHWKRG ZDV H[DPLQHG �7DEOH ���
;�UD\ GLIIUDFWLRQ DQDO\VLV RI FRDWLQJV ZKLFK FRQWDLQ
XS WR � � RI DOXPLQLXP VKRZV WKDW WKHLU VWUXFWXUH
FRQVLVWV RI α�)H DQG γ�)H� $W ��� � $O FRQWHQW� WKH
DXVWHQLWH LQ FRDWLQJ VWUXFWXUH DOPRVW GLVDSSHDUV� 'LV�
WULEXWLRQ RI FKURPLXP DQG DOXPLQLXP LQ WKH FRDWLQJ
LV VXIILFLHQWO\ XQLIRUP DQG QDUURZ DUHDV HQULFKHG ZLWK
DOXPLQLXP DQG FKURPLXP DUH REVHUYHG RQO\ DW WKH
ODPHOODV ERXQGDULHV� 7KHVH DUHDV DUH� SUREDEO\� R[LGH
ILOPV FRQVLVWLQJ RI R[LGHV RI DOXPLQLXP DQG FKUR�
PLXP� $O�2� DQG &U�2� �)LJXUH ���

0LFURKDUGQHVV RI FRDWLQJV FRQWDLQLQJ � � $O LV
����w���� 03D� 0LQLPXP YDOXHV FRUUHVSRQG WR PL�
FURKDUGQHVV RI DXVWHQLWH� ZKLOH PD[LPXP YDOXHV FRU�
UHVSRQG WR PLFURKDUGQHVV RI PDUWHQVLWH� $W ��� � $O
FRQWHQW WKH PLFURKDUGQHVV RI FRDWLQJV GURSV DEUXSWO\
WR ����w����03D� 7KLV LV GXH WR WKH IDFW WKDW PDUWHQ�
VLWH DQG DXVWHQLWH DUH GLVDSSHDUHG LQ WKH FRDWLQJ VWUXF�
WXUH DQG δ�IHUULWH LV DSSHDUHG� EHLQJ DOOR\HG ZLWK DOX�
PLQLXP DQG FKURPLXP� 7KLV FKDQJH LQ WKH SKDVH FRP�
SRVLWLRQ ZDV FDXVHG E\ D FRPELQHG HIIHFW RI DOXPLQLXP
DQG FKURPLXP DV WKH VWURQJHVW IHUULWH�IRUPLQJ HOH�
PHQWV� 7KH DOPRVW DEVHQFH RI FDUELGHV LQ WKH FRDWLQJ
VWUXFWXUH SURYHV WKDW DOXPLQLXP IRUFHV RXW FDUERQ

IURP D FU\VWDOOLQH ODWWLFH RI LURQ� &DUERQ� EHLQJ LQ D
IUHH VWDWH� LV LQ D YHU\ ILQH�GLVSHUVHG IRUP DQG QRW
UHYHDOHG GXULQJ PHWDOORJUDSKLF H[DPLQDWLRQ�

&21&/86,21

&RDWLQJV RI )Hw&w&Uw$O V\VWHP� SURGXFHG IURP
IOX[�FRUHG ZLUHV E\ WKH ($0PHWKRG DUH IRUPHG IURP
PROWHQ GURSV ZLWK D GLIIHUHQW FRQWHQW RI DOOR\LQJ HOH�
PHQWV� )LQH GURSV DV FRPSDUHG WR FRDUVH GURSV KDYH
D ORZHU FRQWHQW RI FDUERQ DQG FKURPLXP� &RDWLQJ
VWUXFWXUH x PDUWHQVLWH� WURRVWLWH DQG UHVLGXDO
DXVWHQLWH ZLWK D GLIIHUHQW FRQWHQW RI DOOR\LQJ HOH�
PHQWV�

,QFUHDVH LQ DOXPLQLXP FRQWHQW LQ WKH IOX[�FRUHG
ZLUH FKDUJH OHDGV WR WKH LQFUHDVH LQ DGKHVLRQ VWUHQJWK
RI FRDWLQJ ZLWK D EDVH� WKXV FDXVLQJ D VLPXOWDQHRXV
DSSHDUDQFH RI DOOR\HG IHUULWH LQ WKH FRDWLQJ VWUXFWXUH�
$W ��� � $O FRQWHQW WKH FRDWLQJ VWUXFWXUH EHFRPHV
FRPSOHWHO\ DOPRVW IHUULWLF�

�� 3RNKPXUVN\� 9�,�� 6KLURNRY� 9�9�� 6WXGHQW� 0�0� HW DO�
������ :HDU�UHVLVWDQW WKHUPDO FRDWLQJV IURP IOX[�FRUHG
ZLUHV RI )Hw&Uw& V\VWHP� 3UREOHP\ 7U\ERORJLL� �� ��w���

�� 6WXGHQW� 0�0� ������ 'HYHORSPHQW RI SURWHFWLYH DQG UHV�

WRUHG HOHFWURPHWDOOLVHG FRDWLQJV XVLQJ IOX[�FRUHG ZLUHV�
6\Q� RI 7KHVLV IRU &DQG� 7HFKQ� 6FL� 'HJUHH� /YLY�

������
�����������	���
�
��

������
���������������
���������

��������������������
��
��������
��	����

9�*� .8=0(1.2
�
� 9�6� 72.$5(9

�
� 9�,� *$/,1,&+

�
� 9�(� 62.2/6.<

�
DQG 9�3� .$=,0,529

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
7DUDV 6KHYFKHQNR .\LY 6WDWH 8QLYHUVLW\� .\LY� 8NUDLQH

,QYHVWLJDWLRQ RI WKH VWUXFWXUH RI VODJ PHOWV DQG GHYHORSPHQW RI WKH FRQFHSW RI WKHLU VWUXFWXUDO EDFLVLW\ IRUPHG WKH EDVLV

IRU VXJJHVWLQJ WKH SULQFLSOH RI SUHSDULQJ IOX[ FRPSRVLWLRQV ZLWK WKH EDVLFLW\� YDU\LQJ XQGHU WKH LPSDFW RI WKH WKHUPDO

F\FOH RI ZHOGLQJ�

.H\ ZRU G V � HOHFWULF DUF ZHOGLQJ� ZHOGLQJ IOX[HV� VODJV�

VHOHFWLRQ RI IOX[ FRPSRVLWLRQ� VWUXFWXUH RI VODJ PHOWV� EDFLVLW\

$ QXPEHU RI RIWHQ LQFRPSDWLEOH UHTXLUHPHQWV RI WHFK�
QRORJLFDO� PHWDOOXUJLFDO� VDQLWDU\�K\JLHQLF DQG HFR�
QRPLF QDWXUH >�� �@ DUH PDGH RI IOX[HV IRU HOHFWULF DUF
ZHOGLQJ� HDFK RI ZKLFK LQ WKH DVVXPSWLRQ RI LWV LQGH�
SHQGHQW IXOILOPHQW PD\ EH VDWLVILHG E\ DSSO\LQJ W\SHV
�FRPSRVLWLRQV� RI IOX[HV� ZKLFK GLIIHU VLJQLILFDQWO\
IURP HDFK RWKHU >�� �@� -XVW DV FRQWUDGLFWRU\ DUH WKH
UHTXLUHPHQWV WR IOX[ SURSHUWLHV� ZKLFK DUH UHVSRQVLEOH
IRU WKH QDWXUH RI UXQQLQJ RI SK\VLFR�FKHPLFDO SURF�
HVVHV LQ WKH IXQFWLRQDO ]RQHV RI WKH ZHOG SRRO� ZKLFK
GHWHUPLQH WKH TXDOLW\ FKDUDFWHULVWLFV RI WKH ZHOG >�w
�@�

7KLV FUHDWHV D SUREOHP RI VHOHFWLRQ RI WKH FRPSR�
VLWLRQ RI ZHOGLQJ IOX[HV� FDSDEOH RI SURYLGLQJ ERWK
WKH UHTXLUHG WHFKQRORJLFDO FKDUDFWHULVWLFV RI WKH ZHOG�
LQJ SURFHVV �DUFLQJ VWDELOLW\� DEVHQFH RI SRURVLW\� JRRG
IRUPDWLRQ RI ZHOGV�� DQG D VXIILFLHQW OHYHO RI VWUHQJWK
SURSHUWLHV RI WKH ZHOG� ,Q SDUWLFXODU� LW LV NQRZQ IURP
SUDFWLFDO ZRUN WKDW LQ RUGHU WR SURGXFH ZHOO�IRUPHG
ZHOGV ZLWKRXW SRUHV� SUHIHUHQFH VKRXOG EH JLYHQ WR
PDQJDQHVH�VLOLFDWH �DFLG� DQG IOXRULQH�FRQWDLQLQJ
IOX[HV� 2Q WKH RWKHU KDQG� LQ RUGHU WR SURGXFH D OHVV
R[LGLVHG ZHOG PHWDO� SXUHU LQ WHUPV RI QRQ�PHWDOOLF
LQFOXVLRQ �10,� FRQWHQW� ZLWK KLJK VWUHQJWK SURSHU�
WLHV� LW LV UDWLRQDO WR XVH IOX[HV RI EDVLF W\SH� FRQVLVWLQJ
RI FKHPLFDOO\ DQG WKHUPDOO\ VWDEOH R[LGHV�

� 9�*� .8=0(1.2� 9�6� 72.$5(9� 9�,� *$/,1,&+� 9�(� 62.2/6.< DQG 9�3� .$=,0,529� ����
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,I ZH WDNH LQWR DFFRXQW WKH FRQQHFWLRQ EHWZHHQ

WKH FRQVHTXHQFHV RI IOX[HV DSSOLFDWLRQ DQG DPELJXLW\

RI WKHLU IXQFWLRQV LQ LQGLYLGXDO ]RQHV RI ZHOG SRRO�

WKHQ� K\SRWKHWLFDOO\� DQ LGHDO IOX[� SURYLGLQJ WKHPRVW

HIIHFWLYH IXQFWLRQLQJ RI WKHVH ]RQHV DQG KLJK TXDOLW\

RI WKH ZHOG� VKRXOG DW WKH VDPH FRPSRVLWLRQ KDYH WKH

DELOLW\ WR FKDQJH LWV FKDUDFWHULVWLFV� GHSHQGLQJ RQ WKH

SRVLWLRQ LQ WKH ZHOG SRRO� QDPHO\ DFTXLUH �DFLG� SUR�

SHUWLHV LQ LWV FROG ]RQHV DQG �EDVLF� LQ WKH KRW ]RQHV�

$ VFKHPDWLF RI ZHOG SRRO �)LJXUH �� FDQ JLYH DQ LGHD

RI WKH QDWXUH RI YDULDWLRQ RI WKH IOX[ SURSHUWLHV� ,Q

WKLV VFKHPDWLF SRRO ]RQHV DUH GHVLJQDWHG� WKHLU IXQF�

WLRQDO SXUSRVH LV VKRZQ� DQG VODJ W\SHV �FRPSRVL�

WLRQV� PRVW VXLWDEOH IRU WKHP DUH JLYHQ >�@�

(YHQ DQ DSSUR[LPDWH HVWLPDWH RI DOO WKH FRQVH�

TXHQFHV RI IOX[ DSSOLFDWLRQ LQ HOHFWULF DUF ZHOGLQJ

VWLOO KDV QRW EHHQ PDGH� $ PXOWLWXGH RI GLYHUVH

SK\VLFR�FKHPLFDO SURFHVVHV VKRXOG EH VWXGLHG DQG

FRPSDUHG� DQG D FRQVLGHUDEOH VFRSH RI UHVHDUFK RI WKH

FRQFHQWUDWLRQ DQG WHPSHUDWXUH GHSHQGHQFLHV RI WKH

VODJ SURSHUWLHV VKRXOG EH SHUIRUPHG�

)RU V\VWHPDWLVDWLRQ RI WKH IDFWRUV� FRQWULEXWHG E\
WKH IOX[HV DQG LQIOXHQFLQJ WKH SURSHUWLHV RI WKH ZHOG�

VXFK D FROOHFWLYH FKDUDFWHULVWLF RI IOX[HV DV EDVLFLW\ LV

DOVR ZLGHO\ XVHG� DORQJVLGH ZLWK IOX[ FRPSRVLWLRQ DQG

SK\VLFR�FKHPLFDO SURSHUWLHV >�@� 7KH VLJQLILFDQFH RI

WKH FRQFHSW RI EDVLFLW\ FRQVLVWV LQ WKDW LW SHUPLWV UH�

GXFLQJ WKH GLYHUVLW\ RI ZHOGLQJ IOX[HV WR WZR JURXSV�
QDPHO\ DFLG DQG EDVLF� %DVLFLW\ YDOXH� HTXDO WR D XQLW\�

LV WKH GLYLVLRQ OLQH IRU WKHP�

$SSOLFDWLRQ RI D FRQFHSW VXFK DV EDVLFLW\ DOORZV
V\VWHPDWLVLQJ WKH VODJV LQ DFFRUGDQFH ZLWK D FHUWDLQ

VFDOH� ZKHUH WKH PHDVXUH RI EDVLFLW\ LV WKH EDVLFLW\

LQGH[� 6XFK D V\VWHPDWLVDWLRQ DOORZV FODULI\LQJ WR D

FHUWDLQ H[WHQW WKH HYDOXDWLRQ RI WKH VODJ SURSHUWLHV�

,W FDQQRW EH VWDWHG� KRZHYHU� WKDW WKH FRQQHFWLRQ

EHWZHHQ WKH FXUUHQW FRQFHSW RI EDVLFLW\ DQG VODJ FRP�

SRVLWLRQV LV RI DQ XQDPELJXRXV QDWXUH� $ PXOWLWXGH

RI VODJ W\SHV� GLIIHULQJ ERWK E\ WKHLU FRPSRQHQWV DQG

WKHLU SURSRUWLRQV PD\ FRUUHVSRQG WR WKH VDPH YDOXH

RI EDVLFLW\� +RZHYHU� VHULRXV GUDZEDFNV RI WKH FXUUHQW

FRQFHSWV RI EDVLFLW\ �UDWLR RI FRQFHQWUDWLRQV RI WKH

EDVLF DQG DFLG R[LGHV� HVWDEOLVKHG E\ HOHPHQWDU\ GH�
WHUPLQDWLRQ RI VODJ FRPSRVLWLRQ� DUH DEVHQFH RI D FRU�

UHODWLRQ ZLWK WKH DFWXDO QDWXUH RI VODJ PHOWV� DV ZHOO

DV XVH LQ FDOFXODWLRQV RI MXVW WKH FRQFHQWUDWLRQ GH�

SHQGHQFH RI YDULDWLRQ RI VODJ EDVLFLW\ ZLWKRXW DOORZ�

LQJ IRU WKH LQIOXHQFH RI WHPSHUDWXUH� 7KHUHIRUH� D VFL�

HQWLILFDOO\�JURXQGHG VHOHFWLRQ RI ZHOGLQJ IOX[ FRP�

SRVLWLRQ UHTXLUHV REWDLQLQJ LQIRUPDWLRQ RQ WKH EDVLFLW\

RI ZHOGLQJ IOX[HV� SURFHHGLQJ IURP WKH DFWXDO FRQGL�

WLRQ RI WKHLU PHOWV�

6ODJ SURSHUWLHV� LQFOXGLQJ WKHLU EDVLFLW\� GHSHQG
RQ WKHLU DWRPLF�PROHFXODU VWUXFWXUH� 2YHU WKH ODVW

\HDUV� D SURFHGXUH IRU GHWHUPLQDWLRQ RI VWUXFWXUDO

EDVLFLW\ RI VODJV KDV EHHQ SURSRVHG >�� ��@� EDVHG RQ
VLPLODULW\ RI WKH VWUXFWXUH RI FU\VWDOOLQH �JODVV�OLNH�

DQG OLTXLG FRQGLWLRQ RI VODJV >�@� UHVXOWV RI UDGLR�

JUDSKLF H[DPLQDWLRQ RI WKH VWUXFWXUH RI VODJ PHOWV >�@

DQG GHYHORSHG WKHRU\ RI FORVH SDFNLQJ RI R[\JHQ LRQV

>�@� FKDUDFWHULVWLF IRU WKH VWUXFWXUH RI ZHOGLQJ IOX[HV
RI R[LGH DQG VDOW�R[LGH W\SH� ,QGLYLGXDO IHDWXUHV RI

EHKDYLRXU RI LRQV� DIIHFWLQJ WKH IRUPDWLRQ RI VODJ
VWUXFWXUH >��@� ZHUH WDNHQ LQWR DFFRXQW� ZKLFK ZHUH

HVWDEOLVKHG WKURXJK DQDO\VLV RI WKH SRVLWLRQ RI WKH

UHVSHFWLYH SHDNV RQ WKH FXUYHV RI UDGLDO GLVWULEXWLRQ

RI DWRPV� DUHD RI WKHVH SHDNV� DV ZHOO DV WKHLU VKDSH

>�� ��@�

,Q NHHSLQJ ZLWK WKH JHRPHWULFDO DQG HOHFWURVWDWLF

FKDUDFWHULVWLFV� WKH FDWLRQV LQ WKH VODJV� LQ WHUPV RI

VWUXFWXUH IRUPDWLRQ� PD\ EH GLYLGHG LQWR WKUHH JURXSV�

7KHVH SULPDULO\ DUH FDWLRQV� IRUPLQJ FRPSOH[HV� WKH
PRVW VWULNLQJ UHSUHVHQWDWLYH RI ZKLFK LQ ZHOGLQJ VODJV

FRPSRVLWLRQ LV 6L
��
� 7KLV FDWLRQ KDV WKH VWURQJHVW DFLG

SURSHUWLHV� ZKLFK GHWHUPLQHV WKH UHVSHFWLYH FRQWULEX�

WLRQ RI VLOLFRQ R[LGH WR IOX[ EDVLFLW\� $ VSHFLDO IHDWXUH

RI WKLV FRPSRQHQW LV LWV DELOLW\ WR IRUP WKHUPDOO\

VWDEOH FRPSOH[ VWUXFWXUHV ZLWK R[\JHQ GXH WR GLUHF�

WLRQDOO\�FRQFHQWUDWHG FRYDOHQW ERQGV� WKXV SUHGHWHU�

PLQLQJ WKH KLJK YLVFRVLW\ DQG ORZ HOHFWULF FRQGXFWLY�

LW\ RI VLOLFDWH VODJV�

0J��� &D��� 1D�� .�
FDWLRQV DUH 6L

��
DQWLSRGH LQ

WKH FRPSRVLWLRQ RI ZHOGLQJ IOX[HV� 7KH\ DFW DV HOH�

PHQWV� EUHDNLQJ XS WKH FRPSOH[ VWUXFWXUHV� IRUPHG

E\ 6L�� FDWLRQ DQG SURPRWH DQ LQFUHDVH RI WKH EDVLFLW\

DQG LPSURYHPHQW RI WKH WUDQVODWLRQDO SURSHUWLHV RI

VODJV� QDPHO\ YLVFRVLW\ DQG HOHFWULF FRQGXFWLYLW\�

,RQV RI DPSKRWHULF DQG WUDQVLWLRQ PHWDOV� QDPHO\

DOXPLQLXP� WLWDQLXP DQG ]LUFRQLXP� KDYH D VSHFLDO

UROH LQ FKDQJLQJ WKH EDVLFLW\ LQ VODJ KHDWLQJ LQ WKH

PROWHQ FRQGLWLRQ� +DYLQJ D IUDFWLRQ RI WKH FRYDOHQW

ERQG� HVVHQWLDOO\ VPDOOHU WKDQ 6Lw2 FRRUGLQDWLRQ�
WKHVH LRQV DUH FDSDEOH RI IXOILOOLQJ GXDO IXQFWLRQV GXH

WR WKH FKDQJH RI FDWLRQ�DQLRQ UROH� DQG� DGDSWLQJ WR

WKH FKDQJH RI WKH VODJ FRQGLWLRQ� FDQ HVVHQWLDOO\ LQ�

IOXHQFH WKH EDVLFLW\� 7KXV� ZKHQ DOXPLQLXP KDV WKH
UROH RI DQ DQLRQ� LWV R[\JHQ FRRUGLQDWLRQ LV �� ,Q WKLV

FDVH DOXPLQLXP DFWV DV VLOLFRQ DQDORJ� VXEVWLWXWLQJ LW

LQ FRPSOH[ VLOLFRQ�R[\JHQ DQLRQV� $W FRRUGLQDWH QXP�

EHU RI DOXPLQLXP LRQ HTXDO WR �� LW WDNHV RQ WKH EDVLF
SURSHUWLHV� DQG LV VLPLODU WR PDJQHVLXP R[LGH DV WR

LWV DFWLRQ LQ WKH VODJV >��@�

7KHUHIRUH� FRPSRVLWLRQ LV WKH PRVW LPSRUWDQW IDF�

WRU� RQ ZKLFK WKH VWUXFWXUH RI VODJV DQG WKHLU SURSHU�

WLHV DUH GHSHQGHQW� UHVSHFWLYHO\� $QRWKHU IDFWRU� LQ�

IOXHQFLQJ WKH QDWXUH RI YDULDWLRQ RI VODJ SURSHUWLHV�
LV WHPSHUDWXUH� 7KH GLIIHUHQFH EHWZHHQ WKH FRQFHQ�

)LJXUH �� =RQHV RI ZHOG SRRO DQG WKHLU IXQFWLRQV �RSWLPDO W\SHV
�FRPSRVLWLRQV� RI ZHOGLQJ VODJV DUH JLYHQ LQ SDUHQWKHVLV�� � x
PHOWLQJ RI PHWDO DQG IOX[ �DFLG� VLOLFDWH� IOXRULQH�FRQWDLQLQJ�� � x
DUF LPSDFW �EDVLF�� � x WXUEXOHQW IORZ RI PHWDO �EDVLF�� � x
ODPLQDU IORZ RI PHWDO �EDVLF�� �x LPPRELOL]HG OLTXLG PHWDO �DFLG�
PDQJDQHVH�VLOLFDWH�� �x VROLG�OLTXLG VWDWH RI WKH PHWDO �DOXPLQDWH
ZLWK IRUPDWLRQ RI DFLFXODU IHUULWH�
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WUDWLRQ DQG WHPSHUDWXUH LPSDFW RQ WKH VODJ FRQVLVWV

LQ WKDW ZKLOH LWV FRPSRVLWLRQ FKDQJH OHDGV WR LUUH�

YHUVLEOH FKDQJHV RI WKH VWUXFWXUH DQG SURSHUWLHV� ZKHQ

JRLQJ EDFN WR WKH LQLWLDO WHPSHUDWXUH� DOVR WKH VODJ

SDUDPHWHUV DUH UHVWRUHG� 0DQ\ DXWKRUV >�� ��@ QRWH

WKDW WHPSHUDWXUH LQFUHDVH DOVR LQIOXHQFHV WKH FKDQJH

RI WKH VWUXFWXUH RI VODJ PHOWV LQ WKH VDPH ZD\ DV DW

DGGLWLRQ RI EDVLF R[LGHV WR WKHLU FRPSRVLWLRQ� 7KH

GLIIHUHQFH OLHV RQO\ LQ WKH PHFKDQLVP RI DFKLHYLQJ WKH

UHVXOW� :KLOH DW DGGLWLRQ RI EDVLF R[LGHV FRDUVH IRU�

PDWLRQV LQ VODJV EUHDN XS GXH WR ZHDNHQLQJ RI ERQGV

RI LRQLF QDWXUH LQ WKH SRLQW RI LQWURGXFWLRQ RI WKH

UHVSHFWLYH FDWLRQV� WHPSHUDWXUH LQFUHDVH KDV D VLPLODU

HIIHFW GXH WR LQWHQVLI\LQJ RI WKH RVFLOODWRU\ PRWLRQV

RI WKH LRQV� 7KHUHIRUH� LW LV DQWLFLSDWHG WKDW LQFUHDVH

RI PROWHQ VODJ WHPSHUDWXUH ZLOO OHDG WR DQ LQFUHDVH

RI WKHLU VWUXFWXUDO EDVLFLW\�

,Q RUGHU WR YHULI\ WKH DERYH DVVXPSWLRQV� ZH KDYH

VWXGLHG WKH YDULDWLRQ RI VWUXFWXUDO EDVLFLW\ RI WKUHH

HVVHQWLDOO\ GLIIHUHQW W\SHV RI IOX[HV DW WKH WHPSHUD�

WXUHV RI ����w���� . >��� ��@� 2QH IOX[ ZDV DFLG DQG

LQ LWV FRPSRVLWLRQ FRUUHVSRQGHG WR $1�����$ JUDGH�

WKH VHFRQGZDV RI D SURQRXQFHG EDVLF W\SH �$1����0��

DQG LQ WKH WKLUG QHXWUDO IOX[ WKH SUHYDLOLQJ FRPSRQHQW

ZDV DOXPLQLXP R[LGH �$1����� %DVLFLW\ ZDV GHWHU�

PLQHG� SURFHHGLQJ IURP WKH VWUXFWXUDO SDUDPHWHUV�

HVWDEOLVKHG E\ XV GXULQJ ;�UD\ GLIIUDFWLRQ DQDO\VLV�

,WV GHSHQGHQFH RQ WHPSHUDWXUH LV VKRZQ LQ )LJXUH ��

)URP WKH )LJXUH LW LV VHHQ WKDW WKH PHOWV RI IOX[HV RI

WKH EDVLF DQG QHXWUDO W\SHV DUH VWURQJO\ DIIHFWHG E\

WKH WHPSHUDWXUH IDFWRU� WKH IOX[ DFTXLUHV KLJKHU

EDVLFLW\ DIWHU PHOWLQJ� $FLG IOX[ RI $1�����$ JUDGH

VKRZV VRPH XQH[SHFWHG EHKDYLRXU� $IWHU PHOWLQJ LW

EHFRPHV VRPHZKDW OHVV DFLG� WKH YDOXH RI LWV EDVLFLW\

DSSURDFKLQJ D XQLW\�:LWK IXUWKHU KHDWLQJ LQ WKH VWXG�

LHG WHPSHUDWXUH UDQJH� WKLV IOX[ EHFRPHV HYHQ PRUH

DFLG� FRPSDUHG WR WKH LQLWLDO FRQGLWLRQ� 7KLV LV DWWULE�

XWDEOH WR LQWUDYROXPH UHGLVWULEXWLRQ RI R[\JHQ� EH�

ORQJLQJ WR PDQJDQHVH LRQ� DQG WKH UHVSHFWLYH LQFUHDVH

RI WKH IUDFWLRQ RI WHPSHUDWXUH�VWDEOH FRYDOHQW ERQG

LQ 6Lw2 FRRUGLQDWLRQ >�@�

7KH QDWXUH RI YDULDWLRQ RI VWUXFWXUDO EDVLFLW\ RI

IOX[HV RI EDVLF DQG QHXWUDO �DOXPLQDWH� W\SH DOVR KDV

IXQGDPHQWDO GLIIHUHQFHV� 8QOLNH $1����0 IOX[� WKH

PHOW RI WKH DOXPLQDWH IOX[ LQFUHDVHV LWV EDVLFLW\ DW

KHDWLQJ LQ D PRUH PRGHUDWH PDQQHU� ZKLFK LV� SURE�

DEO\� GXH WR WKH SUHVHQFH RI ��ZW�� 6L2� DQG �� ZW��

$O�2� LQ LWV FRPSRVLWLRQ� DV ZHOO DV WKH DELOLW\ RI WKH

ODWWHU WR FKDQJH WKH FRRUGLQDWLRQ QXPEHU� GHSHQGLQJ

RQ WKH DFLG�EDVLF FKDUDFWHULVWLFV RI WKH HQYLURQPHQW�

$OXPLQLXP LRQ� WUDQVIRUPLQJ LQWR D WHWUDFRRUGLQD�

WLRQ� FRPSOHWHV WKH VLOLFRQ�R[\JHQ FDUFDVV� 7KLV OLPLWV

WKH LQFUHDVH RI WKH VODJ EDVLFLW\� FDXVHG E\ WKH WHQ�

GHQF\ IRU GHFRPSRVLWLRQ RI LWV VWUXFWXUH LQ KHDWLQJ�

,QFUHDVH RI WKH IUDFWLRQ RI VL[�FRRUGLQDWH DOXPLQLXP

LRQ OHDGV WR EUHDNLQJ XS RI VLOLFRQ�R[\JHQ IRUPDWLRQV�

7KLV IDFWRU UHVWUDLQV WKH ORZHULQJ RI EDVLFLW\ RI WKH

FRROLQJ DOXPLQDWH VODJ� 7KXV� WKH LPSDFW RI WKH WHP�

SHUDWXUH DQG FRQFHQWUDWLRQ IDFWRUV FDXVHV VXFK VWUXF�

WXUDO FKDQJHV LQ DOXPLQDWH VODJV� ZKLFK DIIHFW WKHLU

EDVLFLW\ DQG RWKHU SURSHUWLHV LQ ZLGHU UDQJHV WKDQ LW

LV SRVVLEOH IRU IOX[HV RI DFLG DQG EDVLF W\SHV� 7KLV

FUHDWHV SUHUHTXLVLWHV IRU VHOHFWLRQ RI IOX[ FRPSRVL�

WLRQV� FDSDEOH RI DGDSWLQJ WKHLU SURSHUWLHV WR WKH FRQ�

GLWLRQ RI LQGLYLGXDO ]RQHV RI WKH ZHOG SRRO� ZKLFK

RSHQV XS ZLGHU SRVVLELOLWLHV IRU GHYHORSPHQW RI IOX[HV

ZLWK KLJK SURFHVV DQG PHWDOOXUJLFDO FKDUDFWHULVWLFV�

/HW XV FRQVLGHU WKH QDWXUH RI YDULDWLRQ RI VWUXFWXUDO

EDVLFLW\ DQG YLVFRVLW\ RI PHOWV RI IOX[HV RI DFLG �VLOL�

FDWH�� DOXPLQDWH DQG EDVLF W\SHV� FRUUHODWHG ZLWK WKH

WKHUPDO F\FOH� DQG� WKHUHIRUH� ZLWK WKHLU SRVLWLRQ UHOD�

WLYH WR WKH ]RQH RI ZHOG SRRO �)LJXUH ��� 6HOHFWLRQ RI

WKHVH SDUWLFXODU SURSHUWLHV RI IOX[HV LV EDVHG RQ WKHLU

VLJQLILFDQFH LQ GHWHUPLQDWLRQ RI WKH GHJUHH RI PHWDO

R[LGDWLRQ DQG TXDOLW\ RI ZHOG IRUPDWLRQ�

$FLG KLJK�VLOLFRQ IOX[HV DUH FKDUDFWHULVHG E\ D KLJK

DFWLYLW\ RI VLOLFRQ R[LGHV� ,Q WKH SUHVHQFH RI FDOFLXP

IOXRULGH� HVSHFLDOO\ DW WKH PHOWLQJ VWDJH� VLOLFRQ R[LGH

LQWHQVLILHV WKH IRUPDWLRQ RI VLOLFRQ WHWUDIOXRULGH 6L)��

ZKLFK LPSURYHV WKH ZHOG SRRO SURWHFWLRQ IURP DLU DQG

QHXWUDOLVHV WKH DGYHUVH LQIOXHQFH RI K\GURJHQ� $FLG

KLJK�VLOLFRQ IOX[HV IRUP YLVFRXV PHOWV RQ ZHOG SRRO

VXUIDFH DQG HYHQ LQ LWV KLJK�WHPSHUDWXUH ]RQHV� 7KLV

)LJXUH �� &KDQJH RI VWUXFWXUDO EDVLFLW\ %
F
RI ZHOGLQJ VODJV RI GLIIHUHQW JUDGHV� GHSHQGLQJ RQ WHPSHUDWXUH� Dx $1�����$� Ex $1����0�

F x $1��� �%,,: x EDVLFLW\ E\ ,,: IRUPXOD�
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SURYLGHV WKHLU KLJK IRUPLQJ DELOLW\ GXH WR HIIHFWLYH

VXSSUHVVLRQ RI ZHOG SRRO GLVWXUEDQFHV >�@� +RZHYHU�

WKHLU KLJK FRQWHQW RI VLOLFD DQG PDQJDQHVH R[LGHV�

DFWLYH LQ UHODWLRQ WR WKH OLTXLG PHWDO� OHDGV WR LWV

VDWXUDWLRQ ZLWK R[\JHQ� SDUWLFXODUO\ LQ WKH KLJK�WHP�

SHUDWXUH ]RQHV RI WKH ZHOG SRRO >�@� 7KLV UHVXOWV LQ

IRUPDWLRQ LQ WKH ZHOG PHWDO RI D FRQVLGHUDEOH DPRXQW

RI 10,�

%DVLF IOX[ PHOWV EHKDYH LQ D UHYHUVH PDQQHU LQ WKH

ZHOG SRRO� ,Q KHDWLQJ WKH WKHUPDOO\ ZHDN LRQ ERQGV

EUHDN XS LQ WKHLU VWUXFWXUH� DV D UHVXOW RI ZKLFK WKH

LQLWLDO EDVLFLW\ RI VXFK IOX[HV LV HYHQ PRUH HQKDQFHG

DQG LV PDLQWDLQHG RYHU WKH HQWLUH VXUIDFH RI ZHOG SRRO�

7KH EDVLF IOX[ PHOWV� FRYHULQJ LWV VXUIDFH� KDYH D ORZ

YLVFRVLW\� ZKLFK SUHGHWHUPLQHV WKHLU OLPLWHG IRUPLQJ

FDSDELOLWLHV� $ SRVLWLYH DVSHFW RI DSSOLFDWLRQ RI EDVLF

IOX[HV LV WKH DEVHQFH RI VLOLFD DQG PDQJDQHVH R[LGHV

LQ WKHP� WKXV OLPLWLQJ WKH OHYHO RI PHWDO VDWXUDWLRQ

ZLWK R[\JHQ DQG FUHDWLQJ IDYRXUDEOH FRQGLWLRQV IRU

UHPRYDO RI 10,�

8QOLNH WKH DFLG �VLOLFDWH� DQG EDVLF PHOWV� WKRVH

RI WKH IOX[HV RI DOXPLQDWH W\SH SURYLGH WKH IROORZLQJ

DGYDQWDJHV� GXH WR FKDQJLQJ RI WKHLU VWUXFWXUH LQ WKH

ZHOG SRRO IXQFWLRQDO ]RQHV� KDYLQJ GLIIHUHQW WHPSHUD�

WXUHV�

• IRUP LQ ]RQH � UHODWLYHO\ DFLG VODJV� SURYLGLQJ

HIIHFWLYH JDV VKLHOGLQJ RI ZHOG SRRO�

• LQFUHDVH WKH VODJ EDVLFLW\ LQ ]RQH � DQG OLPLW

R[\JHQ WUDQVLWLRQ LQWR WKH PROWHQ PHWDO�

• UHVLVW ORZHULQJ RI VODJ YLVFRVLW\ LQ ]RQH � GXH WR

DOXPLQLXP LRQ WUDQVLWLRQ IURP DQ RFWD�FRRUGLQDWH

VWDWH LQWR D WHWUD�FRRUGLQDWH VWDWH� ZKLFK DOORZV VXS�

SUHVVLQJ GLVWXUEDQFHV RQ ZHOG SRRO VXUIDFH�

• IRUP LQ ]RQHV � DQG � EDVLF UHODWLYHO\ ORZ�YLVFRXV

VODJV DW UHYHUVH UHVWUXFWXULQJ RI WKH DOXPLQLXP LRQ

LQWR DQ RFWD�FRRUGLQDWH VWDWH DQG� WKXV� SURPRWH UH�

PRYDO RI 10, IURP WKH PHWDO�

• IRUP LQ ]RQH � DFLG UHODWLYHO\ YLVFRXV VODJV� WKXV

OLPLWLQJ WKH SUREDELOLW\ RI DSSHDUDQFH RI WKH UHVSHF�

WLYH GHIHFWV�

7KXV� WKH GLIIHUHQFH RI QHXWUDO IOX[HV RI DOXPLQDWH

W\SH IURP WKH DFLG DQG EDVLF RQHV LV WKH DELOLW\ WR

FKDQJH WKHLU EDVLFLW\� VWD\ LQ WKH DFLG FRQGLWLRQ LQ

ZHOG SRRO ORZ�WHPSHUDWXUH ]RQHV � DQG � DQG EHFRPH

EDVLF LQ LWV KLJK�WHPSHUDWXUH ]RQHV �w�� 7KLV EULQJV

WKHP FORVHU WR WKH K\SRWKHWLFDO LGHDO IOX[� WKH UHTXLUH�

PHQWV WR ZKLFK ZHUH IRUPXODWHG E\ XV DERYH� $V D

UHVXOW RI SHUIRUPDQFH RI D QXPEHU RI H[SHULPHQWV� LW

ZDV HVWDEOLVKHG WKDW WKH WRWDO FRQWHQW RI DOXPLQLXP

DQG VLOLFRQ R[LGHV LQ ZHOGLQJ IOX[HV RI WKLV W\SH VKRXOG

EH �� WR �� �� ,Q WKLV FDVH� LQ RUGHU WR SURYLGH HQ�

KDQFHG PHFKDQLFDO SURSHUWLHV RI ZHOG PHWDO� SDUWLFX�

ODUO\ DW ORZ WHPSHUDWXUHV� LW LV QHFHVVDU\ IRU WKH DOX�

PLQLXP R[LGH WR SUHYDLO LQ WKH FRPSRVLWLRQ RI VXFK

IOX[HV�

7KHUH KDYH EHHQ D ORW RI SXEOLFDWLRQV UHFHQWO\�

ZKHUH WKH DXWKRUV FRUUHODWH WKH LPSURYHPHQW RI ZHOG

PHWDO PHFKDQLFDO SURSHUWLHV� SDUWLFXODUO\ FROG UHVLV�

WDQFH� LQ VWHHO ZHOGLQJ� ZLWK WKH SUHVHQFH RI D FRQ�

VLGHUDEOH DPRXQW RI DFLFXODU IHUULWH LQ LWV VWUXFWXUH�

0DQ\ UHVHDUFKHUV DWWULEXWH LWV DSSHDUDQFH WR D TXLWH

ORZ �����w���� �� FRQWHQW RI R[\JHQ DQG SUHVHQFH

RI QLWULGHV RI WLWDQLXP� DOXPLQLXP� ERURQ LQ WKH ZHOG

PHWDO� DV QXFOHL LQ PHWDO VROLGLILFDWLRQ >��w��@� ,Q

]RQH � DOO WKH FKDQJHV RI ZHOG SRRO PHWDO� RFFXUULQJ

GXULQJ LQWHUDFWLRQ ZLWK WKH VODJ LQ WKH SUHYLRXV ]RQH�

DUH REVHUYHG� 7KHUHIRUH� WKH FRPSRVLWLRQ RI 10,�

IRUPHG ZLWK WKH SDUWLFLSDWLRQ RI WKH ZHOGLQJ VODJ�

ZLOO SUHGHWHUPLQH WKH ZHOG PHWDO VWUXFWXUH� $V FRQ�

ILUPHG E\ WKH UHVXOWV RI PHWDOORJUDSKLF DQDO\VLV >��@�

VXFK FRQGLWLRQV DUH UDWKHU FRPSOHWHO\ VDWLVILHG� ZKHQ

XVLQJ DOXPLQDWH IOX[ RI $1��� W\SH� DOVR FRQWDLQLQJ

WLWDQLXP� ]LUFRQLXP DQG ERURQ R[LGHV� 7KLV� SUREDEO\�

)LJXUH �� &KDQJH RI YLVFRVLW\ RI VODJV η �D� RI GLIIHUHQW W\SHV DQG
EDVLFLW\ %

F
�E�� GHSHQGLQJ RQ WKHLU SRVLWLRQ UHODWLYH WR ZHOG SRRO

]RQHV �F�� , x $1����0� ,, x $1��� ,,, x $1�����$ ��w� x
VHH )LJXUH ��

)LJXUH �� &KDQJH RI FRPSDUDWLYH LPSDFW WRXJKQHVV DQ RI WKH PHWDO
RI ZHOGV PDGH� XVLQJ IOX[HV RI GLIIHUHQW W\SHV� � x $1���� � x
$1���� � x $1���
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PD\ DFFRXQW IRU WKH KLJKHU YDOXHV RI LPSDFW WRXJKQHVV

RI ZHOG PHWDO� SURGXFHG XVLQJ IOX[ RI WKH DERYH JUDGH�

)LJXUH � VKRZV WKH FKDQJH RI LPSDFW WRXJKQHVV RI

ZHOGV� ZKHQ XVLQJ IOX[HV RI YDULRXV W\SHV� FRUUHODWHG

ZLWK WKH GLPHQVLRQV RI 10, YLD D UHODWLYH GLPHQVLRQ�

OHVV SDUDPHWHU .� UHIOHFWLQJ WKH WHQGHQF\ IRU WKHLU

UHILQHPHQW >��@�

'HSHQGHQFH RI SK\VLFDO SURSHUWLHV RI $1��� W\SH

IOX[� QDPHO\ YLVFRVLW\ DQG HOHFWULF UHVLVWDQFH� RQ WHP�

SHUDWXUH LV VKRZQ LQ )LJXUH � >��@� 7KH QDWXUH RI WKH

FKDQJH RI VWUXFWXUDOO\�VHQVLWLYH SURSHUWLHV RI WKH VODJ

LV LQGLFDWLYH RI D GHOD\HG WHQGHQF\ WR GHFRPSRVLWLRQ

RI LWV UHVSHFWLYH VWUXFWXUDO IRUPDWLRQV� 7KLV LV FRQ�

ILUPHG E\ WKH GDWD RI WKH FKDQJH RI HOHFWULF FRQGXF�

WLYLW\ 5 LQ FRRUGLQDWHV OJ ��5 w �⋅����7 �)LJXUH ���

:KHQ IOX[HV RI $1��� W\SH DUH XVHG� YLVFRXV VODJV

DUH IRUPHG RQ ZHOG SRRO VXUIDFH� ZKLFK SURYLGHV D

JRRG TXDOLW\ RI ZHOG VXUIDFH LQ PXOWLDUF ZHOGLQJ LQ

ERRVW PRGHV�

6WUXFWXUDO VWXGLHV RI VODJ PHOWV DQG WKHRUHWLFDO

SUHUHTXLVLWHV� IROORZLQJ IURP WKHP� ZHUH WKH EDVLV WR

GHYHORS D QXPEHU RI JUDGHV RI IXVHG ZHOGLQJ IOX[HV

IRU GLIIHUHQW LQGXVWULHV�

)OX[ RI $1����0 JUDGH LV GHVLJQHG IRU ZHOGLQJ

PHGLXP�DOOR\HG VWHHOV ZLWK DXVWHQLWLF ZLUH� ,WV KLJK

WHFKQRORJLFDO DQG PHWDOOXUJLFDO FKDUDFWHULVWLFV DUH

SURYLGHG DW D VXPPDU\ FRQWHQW RI DOXPLQLXP DQG

VLOLFRQ R[LGHV LQ WKH UDQJH RI �� WR �� ZW�� ZLWK D

FHUWDLQ LQFUHDVH RI VLOLFD FRQWHQW DQG IOX[ EDVLFLW\ E\

,,: IRUPXOD XS WR �����

)OX[ RI $1��� JUDGH EHFDPH DSSOLHG LQ VKLSEXLOG�

LQJ IRU ZHOGLQJ WKH EXWW DQG WHH MRLQWV RI FDUERQ DQG

ORZ�DOOR\HG VWHHOV DW KLJKHU VSHHGV� ,WV XVH HQVXUHV D

JRRG VHSDUDWLRQ RI WKH VODJ FUXVW� &RQWHQW RI FRP�

SOH[�IRUPLQJ R[LGHV LQ WKLV IOX[ LV ��w���� LWV EDVLFLW\

E\ ,,: IRUPXOD LV FORVH WR ����

7KH SULQFLSOH RI DGDSWDWLRQ RI WKH SURSHUWLHV RI

DOXPLQDWH VODJ WR WKH IXQFWLRQDO SUREOHPV RI ZHOG

SRRO ]RQHV ZDV LPSOHPHQWHG LQ WKH PRVW FRPSOHWH

PDQQHU LQ GHYHORSPHQW RI WKH IOX[ RI $1��� JUDGH�

WKH EDVLFLW\ RI ZKLFK E\ ,,: IRUPXOD LV ����� 7RWDO

FRQWHQW RI FRPSOH[�IRUPLQJ R[LGHV LQ WKLV IOX[ LV ��w

�� ZW��� WKLV DOORZLQJ ZHOGLQJ WR EH SHUIRUPHG DW

KLJK VSHHGV DQG SURGXFLQJ ZHOO�IRUPHG ZHOGV� $GGL�

WLRQ RI XS WR �� � $O�2� DQG OLPLWHG DPRXQW RI PDQ�

JDQHVH DQG VLOLFRQ R[LGHV �XS WR �� � HDFK� LQ WKH

ZHOGLQJ VODJ RI $1��� IOX[ UHVXOWV LQ D VLJQLILFDQW

UHGXFWLRQ RI PHWDO R[LGDWLRQ LQ WKH ]RQH RI KLJK WHP�

SHUDWXUHV RI WKH ZHOG SRRO� HIIHFWLYH UHPRYDO RI 10,

IURP WKH SRVW�DUF ]RQH DQG ORZHULQJ RI WKHLU FRQWHQW

LQ WKH ZHOG PHWDO �7DEOHV � DQG �� >��@�

5HVXOWV RI PHWDOORJUDSKLF VWXGLHV GHPRQVWUDWHG

WKDW FRPSDUHG WR WKH PHWDO RI ZHOGV� PDGH XVLQJ

IOX[HV RI $1��� DQG $1��� JUDGHV� LQ WKH ODWWHU D

VPDOO IUDFWLRQ RI LURQ�PDQJDQHVH�VLOLFDWH JODVVHV� VXO�

SKLGHV DQG ILOP R[\VXOSKLGHV LV IRXQG LQ DGGLWLRQ WR

ORZHULQJ RI WKH YROXPH IUDFWLRQ RI 10,� 5RXQG�

VKDSHG PDQJDQHVH�DOXPRVLOLFDWH LQFOXVLRQV DQG FR�

UXQGXP SDUWLFOHV DOVR DSSHDUHG� ,Q DGGLWLRQ WR URXQG�

VKDSHG VXOSKLGH DQG R[\VXOSKLGH SDUWLFOHV� ORFDWHG

DORQJ WKH ERXQGDULHV RI SULPDU\ DXVWHQLWLF JUDLQV� WKH

PHWDO DOVR FRQWDLQV FRPSDFW LQFOXVLRQV RI WLWDQLXP

R[LGHV DQG LUUHJXODU�VKDSHG SDUWLFOHV RI WLWDQLXP QL�

WULGH >��@�

)RU PRUH WKDQ �� \HDUV QRZ IOX[HV RI $1��� W\SH

KDYH EHHQ PDGH LQ 1LNRSRO 3ODQW RI )HUURDOOR\V

�8NUDLQH�� 1RYRPRVNRYVN 3LSH�0DNLQJ 3ODQW DQG

&KHO\DELQVN 3LSH�5ROOLQJ 0LOO �5XVVLD�� 7KH DERYH

IOX[HV DUH XVHG ERWK LQ 8NUDLQH �.KDUWV\]VN 3LSH�

0DNLQJ 3ODQW� DQG LQ 5XVVLD �&KHO\DELQVN 3LSH�5ROO�

LQJ 0LOO� 9\NVXQVN 0HWDOOXUJLFDO :RUNV� LQ ZHOGLQJ

ODUJH�GLDPHWHU SLSHV� GHVLJQHG IRU WUDQVSRUWDWLRQ RI

)LJXUH �� &KDQJH RI SK\VLFDO SURSHUWLHV RI IOX[HV RI JUDGHV $1���
��� DQG $1��� ���� GHSHQGLQJ RQ WHPSHUDWXUH� P x YLVFRVLW\�
O x HOHFWULFDO FRQGXFWLYLW\

7DEOH �� &KDUDFWHULVDWLRQ RI 10, LQ WKH ZHOG PHWDO� SURGXFHG LQ VXEPHUJHG�DUF ZHOGLQJ ZLWK IOX[HV RI $1��� DQG $1��� JUDGHV DW
WZR�OD\HU GHSRVLWLRQ >��@

)OX[ JUDGH /D\HU 1R�
9ROXPH IUDFWLRQ

RI 10,� �

1XPEHU RI 10, �SFV� RI VL]H� PP
7RWDO

�w��� ���w��� ���w��� ! ���

$1��� �
VW

����� �� ��� ��� ��� ���

�
QG

����� ��� ��� ��� ��� ����

$1��� �
VW

����� �� ��� ��� �� ���

�
QG

����� �� ��� ��� �� ���

7DEOH �� &RQWHQW RI R[\JHQ� QLWURJHQ DQG K\GURJHQ LQ WKH ZHOG
PHWDO� SURGXFHG LQ ZHOGLQJ ��*�%7 VWHHO ZLWK 6Y���*107
ZLUH� XVLQJ WKH VWXGLHG IOX[HV

)OX[ JUDGH
:HLJKW IUDFWLRQ RI HOHPHQWV� �

>2@ >1@ >+@

$1��� ����� ����� �������

$1��� ����� ����� �������
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JDV� DQG SHWUROHXP SURGXFWV� DOVR DW ORZ WHPSHUD�

WXUHV�

&21&/86,216

�� ,QFRPSDWLELOLW\ RI WKH UHTXLUHPHQWV RI WHFKQRORJL�

FDO DQG PHWDOOXUJLFDO QDWXUH PDGH RI IOX[HV� XVHG LQ

HOHFWULF DUF ZHOGLQJ� DV ZHOO DV PXWXDOO\ H[FOXVLYH

QDWXUH RI RFFXUUHQFH RI SK\VLFR�FKHPLFDO SURFHVVHV LQ

WKH ZHOG SRRO� GXH WR H[WUHPH�DV\PPHWULFDO WKHUPDO

F\FOH RI PHWDO KHDWLQJ� OLPLW WKH SRVVLELOLW\ RI VHOHF�

WLRQ RI WKHLU FRPSRVLWLRQ� DV EHLQJ MXVW RI DFLG RU EDVLF

W\SH�

�� %DVHG RQ WKH UHVXOWV RI ;�UD\ GLIIUDFWLRQ DQDO\VLV

DQG GDWD RQ YDOHQW�VWUXFWXUDO VWDWH RI LRQV �FRRUGLQD�

WLRQ QXPEHUV� VSDFLQJ RI LRQ JURXSV� SURILOH RI FXUYHV

RI UDGLDO GLVWULEXWLRQ RI DWRPV�� WKH FRQFHSW RI VWUXF�

WXUDO EDVLFLW\ ZDV GHYHORSHG� ZKLFK LV XVHG WR WDNH

LQWR DFFRXQW WKH LQIOXHQFH RI ERWK WKH FRPSRVLWLRQ

DQG WHPSHUDWXUH RI IOX[ PHOWV� GXH WR WKHLU DWRPLF�

PROHFXODU QDWXUH�

�� $W KHDWLQJ XS WR ����w���� . WKH DFLG SURSHU�

WLHV RI WKH LQLWLDOO\ DFLG IOX[ $1�����$ DUH HQKDQFHG�

DFWLYLW\ RI VLOLFRQ R[LGH ULVHV� DQG WKH KLJK YLVFRVLW\

RI WKH PHOW LV SUHVHUYHG� ,Q ZHOGLQJ WKLV SURYLGHV JRRG

IRUPDWLRQ RI ZHOGV ZLWKRXW SRUHV� )OX[HV RI PDQJD�

QHVH�VLOLFDWH W\SH LQWHQVLYHO\ R[LGLVH WKH ZHOG SRRO

PHWDO DV D UHVXOW RI UHGXFWLRQ RI VLOLFRQ DQG PDQJDQHVH

R[LGHV� WKXV SURPRWLQJ IRUPDWLRQ RI 10, LQ WKH ZHOG

PHWDO�

�� 6WUXFWXUDO EDVLFLW\ RI WKH LQLWLDOO\ EDVLF IOX[

$1����0 LV VLJQLILFDQWO\ HQKDQFHG LQ PHOWLQJ GXH WR

EUHDNLQJ XS RI ZHDN LRQ ERQGV LQ LWV VWUXFWXUH� %DVLF

IOX[HV LQ ZHOGLQJ IRUP ORZ�YLVFRXV VODJV RQ WKH ZHOG

SRRO VXUIDFH� WKXV PDUNHGO\ LPSDLULQJ WKHLU IRUPLQJ

DELOLW\� +RZHYHU� WKH DEVHQFH LQ WKH FRPSRVLWLRQ RI

WKHVH IOX[HV RI UHDGLO\ UHGXFHG R[LGHV RI VLOLFRQ DQG

PDQJDQHVH OLPLWV WKH SURFHVVHV RI R[LGDWLRQ RI ZHOG

SRRO PHWDO DQG IRUPDWLRQ RI 10, LQ WKH ZHOG PHWDO�

�� $OXPLQDWH IOX[HV ZLWK D FHUWDLQ FRPELQDWLRQ RI

R[LGHV RI FRPSOH[�IRUPLQJ� PRGLI\LQJ DQG LQWHUPH�

GLDWH QDWXUH� DV D UHVXOW RI WUDQVIRUPDWLRQ RI WKHLU

VWUXFWXUHV DQG DFLG�EDVLF SURSHUWLHV PD\ IRUP DFLG

PHOWV LQ ZHOG SRRO �FROG� ]RQHV� DQG EDVLF RQHV LQ

WKH �KRW� ]RQHV�

�� 7KH DELOLW\ RI DOXPLQDWH IOX[HV RI QHXWUDO W\SH

WR DGDSW WR WKH FRQGLWLRQ RI ZHOG SRRO ]RQHV� FKDQJLQJ

WKHLU DFLG�EDVLF SURSHUWLHV� DQG WKXV SURYLGH ERWK KLJK

ZHOGLQJ�WHFKQRORJLFDO DQG PHWDOOXUJLFDO FKDUDF�

WHULVWLFV RI WKH SURFHVV� LV LPSOHPHQWHG LQ GHYHORSPHQW

RI D QXPEHU RI ZHOGLQJ IOX[ JUDGHV� 7KH\ DUH XVHG

ZLWK VXFFHVV LQ VKLSEXLOGLQJ� LQ ZHOGLQJ ODUJH�GLDPH�

WHU SLSHV IRU FULWLFDO DSSOLFDWLRQV LQ JDV DQG RLO SLSH�

OLQHV� DV ZHOO DV LQ RWKHU LQGXVWULHV�

�� 5DENLQ� '�0� ������ )OX[ $1�����$� $YWRPDWLFK� 6YDUND�
�� ��w���

�� 3RGJDHWVN\� 9�9�� .X]PHQNR� 9�*� ������ :HOGLQJ VODJV�
.\LY� 1DXNRYD 'XPND�

�� .X]PHQNR� 9�*�� *DOLQLFK� 9�,�� 7RNDUHY� 9�6� ������ 2Q
W\SLFDO ]RQHV RI ZHOGLQJ SRRO LQ VXEPHUJHG�DUF ZHOGLQJ�
$YWRPDWLFK� 6YDUND� �� ��w���

�� .X]PHQNR� 9�*� ������ (YDOXDWLRQ RI WKH UROH RI VODJV LQ
GLIIHUHQW ]RQHV RI VXEPHUJHG�DUF ZHOG SRRO� ,ELG�� ��� ��w
���

�� .X]PHQNR� 9�*� ������ ,QIOXHQFH RI VODJ RQ TXDOLW\ RI
ZHOG VXUIDFH IRUPDWLRQ� ,ELG�� �� ��w���

�� (VLQ� 2�$�� *HOG� 3�9� ������ 3K\VLFDO FKHPLVWU\ RI S\�
URPHWDOOXUJLFDO SURFHVVHV� 0RVFRZ� 0HWDOOXUJL\D�

�� 9DWROLQ� 1�$�� 3DVWXNKRY� (�$� ������ 'LIIUDFWLRQ LQYHVWL�
JDWLRQV RI KLJK�WHPSHUDWXUH PHOW VWUXFWXUH� 0RVFRZ�
1DXND�

�� 6RNROVN\� 9�(�� .D]LPLURY� 9�3�� .X]PHQNR� 9�*� ������
0RGHO RI VWUXFWXUH RI R[LGH�IOXRULGH PHOWV RQ WKH EDVH RI
FORVH SDFNLQJ RI R[\JHQ DWRPV� 3UREOHP\ 6SHWV� (OHNWURPH�
WDOOXUJLL� �� ��w���

�� 6RNROVN\� 9�(�� *DOLQLFK� 9�,�� .D]LPLURY� 9�3� HW DO�
������ %DVLFLW\ RI PROWHQ IOX[HV DQG SRVVLELOLW\ RI LWV H[�
SHULPHQWDO GHWHUPLQDWLRQ� $YWRPDWLFK� 6YDUND� �� ��w���

��� .X]PHQNR� 9�*�� *DOLQLFK� 9�,�� 7RNDUHY� 9�6� HW DO�
������ 6WXG\ RI SURSHUWLHV RI VODJ PHOWV DV DSSOLHG WR VHOHF�
WLRQ RI ZHOGLQJ IOX[HV FRPSRVLWLRQ� 3DUW �� &RPSRVLWLRQ�
,ELG�� ��� ��w���

��� 6RNROVN\� 9�(�� .D]LPLURY� 9�3�� .X]PHQNR� 9�*� HW DO�
������ 9DOHQFH�VWUXFWXUH VWDWH RI LRQV DQG SURSHUWLHV RI ZHO�
GLQJ IOX[HV� ,]Y� 9X]RY� &K\RUQ� 0HWDOOXUJL\D� �� �w��

��� 6RNROVN\� 9�(�� *DOLQLFK� 9�,�� .D]LPLURY� 9�3� HW DO�
������ 3HFXOLDULWLHV RI VWUXFWXUH RI KLJK�VLOLFHRXV DQG KLJK�
DOXPLQD VODJ V\VWHPV �RI ZHOGLQJ IOX[HV�� 5DVSODY\� �� ��w
���

��� 7RSRULVKFKHY� *�$� ������ &XUUHQW FRQFHSWV RI WKH VWUXFWX�
UH RI PROWHQ VODJV� ,Q� $EVWU� RI SDS� RI �WK $OO�8QLRQ &RQI�
RQ 6WUXFWXUH DQG 3URSHUWLHV RI 0HWDOOLF DQG 6ODJ 0HOWV�
3DUW �� ,QYHVWLJDWLRQ RI VODJ PHOWV� 6YHUGORYVN� 817V $1
6665�

��� 6RNROVN\� 9�(�� .D]LPLURY� 9�3�� 6KRYVN\� 9�$� HW DO�
������ ;�UD\ PHWKRG IRU GHWHUPLQDWLRQ RI EDVLFLW\ RI PXOWL�
FRPSRQHQW PHOWV RI R[LGH�IOXRULGH V\VWHPV� =KXUQDO 3ULN�
ODGQ� .KLPLL� ��� ����w�����

��� /LX� 6�� 2OVRQ� /� ������ 7KH UROH RI LQFOXVLRQV LQ FRQWURO�
OLQJ +6/$ VWHHO ZHOG PLFURVWUXFWXUHV� :HOGLQJ -�� -XQH�
���w����

��� +RPPD� +�� 2KNLWD� 6�� 0DWVXGD� 6� HW DO� ������ ,PSURYH�
PHQW RI +$= WRXJKQHVV LQ +6/$ VWHHO E\ LQWURGXFLQJ ILQHO\
GLVSHUVHG 7L�R[LGH� ,ELG�� ��� ���w����

��� &ROH� :�� &ROYLQ� 3� ������ 6XEPHUJHG�DUF ZHOGLQJ RI KLJ�
KHU WHQVLOH VWHHOV� 0HW� &RQVWU�� �� ���w����

��� 1RUWK� 7�1�� %HOO� +�%�� .RXNDEL� $� HW DO� ������ 1RWFK
WRXJKQHVV RI ORZ R[\JHQ FRQWHQW VXEPHUJHG DUF GHSRVLWV�
,ELG�� ��� ���w����

��� 3RGJDHWVN\� 9�9�� 3DUIHVVR� *�,� ������ 2Q WKH SUREOHP RI
DFLFXODU IHUULWH QXFOHDWLRQ LQ ZHOGV� $YWRPDWLFK� 6YDUND�
��� ��w���

��� 7RNDUHY� 9�6� ������ ,QIOXHQFH RI QRQ�PHWDOOLF LQFOXVLRQV
RQ PLFURVWUXFWXUH RI ZHOGV� SURGXFHG ZLWK IOX[HV $1����
$1��� DQG $1����$� ,ELG�� ��� ��w���

��� .X]PHQNR� 9�*� ������ 'HWHUPLQDWLRQ RI WHPSHUDWXUH
UDQJH RI PHOWLQJ RI ZHOGLQJ IOX[HV LQ FRQIRUPLW\ ZLWK WKH
GDWD RI LWV HOHFWURWKHUPDO DQDO\VLV� ,ELG�� �� ��w��� ���

)LJXUH �� &KDQJH RI HOHFWULF FRQGXFWLYLW\ RI IOX[HV RI JUDGHV $1���
��� DQG $1��� ���� GHSHQGLQJ RQ WHPSHUDWXUH LQ OJ ��5w�⋅����7
FRRUGLQDWHV
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.�6� $.23,$176� 2�.� 1$=$5(1.2� 9�9� *80296.< DQG 9�3� &+(51<$.,1

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6\VWHP SURYLGHV ORQJLWXGLQDO LPDJH RI EHDP ZLWK D GLVWULEXWLRQ RI D SRZHU GHQVLW\� $ IRFXV SRVLWLRQ ZLWK ± � PP

DFFXUDF\� PLQLPXP UDGLXV� PD[LPXP GHQVLW\ RI FXUUHQW� DQJOH RI FRQYHUJHQFH DUH GHWHUPLQHG� &RQFOXVLRQ LV JLYHQ DERXW

WKH JXQ FDWKRGH VHUYLFHDELOLW\� 8VLQJ WKLV V\VWHP WKH FXUUHQW RI D PDJQHWLF GHIOHFWLQJ OHQV ZLWK ± ���w��� � DFFXUDF\�

UHTXLUHG IRU EHDP IRFXVLQJ DW D UHTXLUHG GLVWDQFH WR WKH ZRUNSLHFH� LV GHWHUPLQHG�

.H\ ZRU G V � HOHFWURQ EHDP ZHOGLQJ� UHSURGXFLELOLW\ RI

ZHOGV� EHDP GLDJQRVWLFV� IRFXV SRVLWLRQ� PLQLPXP UDGLXV RI

EHDP� SRZHU GLVWULEXWLRQ� PHWKRG RI �SODWH HGJH�� DSSOLFDWLRQ
LQ LQVWDOODWLRQV� PHDVXUHPHQW HUURU

,QWURGXFWLRQ� ,Q PRVW LQGXVWULDO LQVWDOODWLRQV IRU

(%: WKH UHSURGXFLELOLW\ RI ZHOGV LV SURYLGHG E\ FRQ�

WURO RI PDLQ SDUDPHWHUV RI WKH SURFHVV� VXFK DV EHDP

FXUUHQW� FXUUHQW RI D PDJQHWLF IRFXVLQJ OHQV� JXQ�WR�

ZRUNSLHFH ZRUNLQJ GLVWDQFH� DFFHOHUDWLQJ YROWDJH DQG

ZHOGLQJ VSHHG� 7KH FDWKRGH VHUYLFH OLIH LV MXGJHG IURP

WKH WRWDO WLPH RI LWV RSHUDWLRQ� +RZHYHU� VSDFH�HQHUJ\

SDUDPHWHUV� EHDP SDUDPHWHUV �SRVLWLRQ RI IRFXV UHOD�

WLYH WR ZRUNSLHFH VXUIDFH� PLQLPXP GLDPHWHU� DQJOH

RI FRQYHUJHQFH� PD[LPXP GHQVLW\ RI FXUUHQW DQG LWV

GLVWULEXWLRQ LQ EHDP� DUH QRW FRQWUROOHG EHIRUH ZHOG�

LQJ�

,Q >�� �@ WKH DSSOLFDWLRQ RI D ZLUH URWDWLQJ SUREH

IRU GHWHUPLQLQJ WKH HOHFWURQ EHDP JHRPHWU\ LV GH�
VFULEHG� 6WUXFWXUH RI EHDP� FRQWRXU DQG SRVLWLRQ RI

IRFXV DUH VHW PRUH SUHFLVHO\ XVLQJ D VHQVRU ZLWK UD�
GLDOO\�ORFDWHG VORWV >�@ RU� OLNH LQ D V\VWHP RI EHDP
GLDJQRVWLFV ',$%($0 >�@� WKH SODWHV ZLWK D KROH RI
D VPDOO GLDPHWHU ���� PP�� 7R GHILQH WKH EHDP VKDSH

LQ D ORQJLWXGLQDO GLUHFWLRQ XVLQJ WKHVH V\VWHPV LW LV

QHFHVVDU\ WR PRYH WKH VHQVRU DORQJ WKH EHDP D[LV WKDW

PDNHV WKH ZRUN RI WKH ZHOGLQJ RSHUDWRU GLIILFXOW� 7KH

DOORZDEOH SRZHU RI HOHFWURQ EHDP H[DPLQHG LV OLPLWHG

E\ VHYHUDO NLORZDWWV GXH WR D WKHUPDO IDLOXUH RI WKH
VHQVRUV�

$W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH D

FRPSXWHUL]HG V\VWHP RI GLDJQRVWLFV RI DQ HOHFWURQ

EHDP� GHVLJQHG IRU IXUQLVKLQJ WKH XSGDWHG (%: LQ�

VWDOODWLRQV ZLWK DQ HOHFWURQ EHDP SRZHU XS WR

��� N:� KDV EHHQ GHYHORSHG WDNLQJ LQWR DFFRXQW WKH

GHPDQGV RI LQGXVWU\ >�@� 7KH V\VWHP LV HTXLSSHG ZLWK
D IULHQGO\ VFUHHQ LQWHUIDFH ZKLFK PDNHV LWV XVH HDVLHU�

3ULQFLSOH RI V\VWHP RSHUDWLRQ� 7KH GHYLFH RI GL�

DJQRVWLFV LV DUUDQJHG LQ D VSHFLDOO\�GHVLJQHG SODFH RI

D ZHOGLQJ FKDPEHU �DW VRPH GLVWDQFH IURP ZRUNSLHFH

EHLQJ ZHOGHG�� %HIRUH WKH RSHUDWLRQ EHJLQQLQJ WKH
HOHFWURQ EHDP LV PRYHG LQ WKH SRVLWLRQ DERYH WKH VHQ�

VRU DQG WDUJHW �)LJXUH �� VHH LQVHUW�� 'LDJQRVWLFV RI

WKH EHDP LV SHUIRUPHG XVLQJ D �SODWH HGJH� PHWKRG

>�@� 7KH HOHFWURQ EHDP LV GHIOHFWHG WR D WDUJHW IRU WKH

PRVW WLPH DQG RQO\ VKRUW�WLPHO\ WR WKH RSSRVLWH GL�

UHFWLRQ� +HUH� WKH EHDP LQWHUVHFWV D VHQVRU HGJH� FRQ�

QHFWHG ZLWK �HDUWK� YLD WKH OHDNDJH UHVLVWDQFH� $

SXOVHG FXUUHQW LV SDVVLQJ LQ WKH VHQVRU� ZKHUH WKH

FXUUHQW GHQVLW\ LQ D WUDQVYHUVH VHFWLRQ RI EHDP LV FDO�

FXODWHG E\ WKH FXUYDWXUH RI WKH SXOVH LQFUHPHQW IURQW�

7KH SXOVH LV QRUPHG E\ D PDWFKLQJ DPSOLILHU DQG WKHQ
WUDQVIHUUHG WR WKH FRPSXWHU WKURXJK D TXLFN�UHVSRQVH

DQDORJ�GLJLW FRQYHUWHU �$'&��

0HDVXUHPHQWV DUH PDGH DW FXUUHQW FKDQJH LQ D

IRFXVLQJ OHQV� $V D UHVXOW RI WKH FRPSXWHU SURFHVVLQJ
RI WKH REWDLQHG GDWD ILOHV� D VSDFH GLVWULEXWLRQ RI SRZHU

LQ EHDP� SRVLWLRQ RI IRFXV� PLQLPXP UDGLXV DQG RWKHUV

DUH FDOFXODWHG� 7KH SURSHU FDOFXODWLRQV DUH PDGH DW

WKH DVVXPSWLRQ WKDW WKH HOHFWURQ EHDP KDV DQ D[LDO

V\PPHWU\� FRPSOHWHO\ WUXH IRU ZHOGLQJ JXQV� ZKLFK

XVH GLVF RU URG FDWKRGHV ZLWK D FLUFXODU V\PPHWU\� ,I

WKH FDWKRGH� PDQXIDFWXUHG IURP ZLUH RU VWULS LV XVHG

LQ WKH HOHFWURQ JXQ� WKHQ WKH D[LDO V\PPHWU\ LQ WKH

EHDP FDQ EH YLRODWHG DQG WKH DFFXUDF\ LQ PHDVXUH�
PHQWV ZLOO EH GHFUHDVHG�

3URFHGXUH RI PHDVXUHPHQWV� /HW XV FRQVLGHU WKH

SHFXOLDULWLHV RI V\VWHP RSHUDWLRQ DQG SURFHGXUHV RI

PHDVXUHPHQWV�

7R SDVV IURP WLPH RI D SXOVH LQFUHPHQW WR XQLWV RI

OHQJWK� D SURFHGXUH RI FDOLEUDWLRQ RI EHDP PRYHPHQW
YHORFLW\ UHODWLYH WR WKH VHQVRU LV SURYLGHG� )RU WKLV

SXUSRVH� WKHUH LV D UHIHUHQFH HOHPHQW LQ WKH VHQVRU

GHVLJQ� KDYLQJ D NQRZQ VL]H LQ WKH GLUHFWLRQ RI EHDP
PRYHPHQW� :KHQ WKH EHDP LQWHUVHFWV WKLV HOHPHQW D

FXUUHQW SXOVH GXUDWLRQ LV PHDVXUHG� +HQFH� WKH EHDP

PRYHPHQW YHORFLW\ LV GHWHUPLQHG�

Y = V

τ�

ZKHUH V LV WKH HOHPHQW OHQJWK� τ LV WKH SXOVH GXUDWLRQ�

&DOLEUDWLRQ RI YHORFLW\ LV UHDOL]HG RQ WZR H[WUHPH

GLVWDQFHV RI VHQVRU IURP WKH JXQ� PLQLPXP DQG PD[L�
PXP� /DWHU RQ� DW VHQVRU DUUDQJHPHQW LQWR DQRWKHU

LQWHUPHGLDWH SRVLWLRQ ZLWK UHVSHFW WR JXQ WKH YHORFLW\

RI EHDP PRYHPHQW UHODWLYH WR WKH VHQVRU LV FDOFXODWHG

DXWRPDWLFDOO\ DFFRUGLQJ WR D OLQHDU UHODWLRQVKLS XVLQJ

WZR FDOLEUDWLQJ YDOXHV�

� .�6� $.23,$176� 2�.� 1$=$5(1.2� 9�9� *80296.< DQG 9�3� &+(51<$.,1� ����
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7KH SULQFLSOH RI FRQVWUXFWLRQ RI EHDP SURILOH LQ D
ORQJLWXGLQDO D[LDO VHFWLRQ5� =ZLOO EH H[SODLQHG XVLQJ
)LJXUH �� )LJXUH �� D VKRZV DQ LQLWLDO VWDWH 6 RI D
PHDVXULQJ SODWH UHODWLYH WR D EHDP IRFXV� ORFDWHG DW
WKH GLVWDQFH E IURP D PLGGOH SODQH RI WKH IRFXVLQJ
OHQV� 7R LQYHVWLJDWH WKH EHDP SDUDPHWHUV DORQJ LWV
D[LV WKH VHQVRU LV GLVSODFHG ZLWK D SLWFK ∆= DQG WKH
PHDVXUHPHQWV DUH PDGH RQ HDFK SLWFK �)LJXUH �� E�
>�w�@� :H KDYH VXJJHVWHG WR VWXG\ EHDP E\ D SLWFK
FKDQJH LQ EHDP IRFXVLQJ SHU YDOXH ∆E DW XQFKDQJHG
LQLWLDO SRVLWLRQ RI WKH PHDVXULQJ SODWH �)LJXUH �� F��

,Q LQLWLDO VWDWH �)LJXUH �� D� WKH EHDP KDV D UDGLXV
UV DQG DQJOH RI FRQYHUJHQFH α LQ D VHQVRU SODWH�

α =
5�

E
� UV = =I α = =I

5�

E
�

ZKHUH 5� LV WKH UDGLXV RI EHDP LQ D PLGGOH SODQH RI
WKH OHQV� =I LV WKH GLVWDQFH IURP VHQVRU SODQH WR D
IRFXV�

,Q FDVH RI FKDQJLQJ VHQVRU SRVLWLRQ E\ YDOXH ∆=
WKH EHDP ZLOO KDYH D UDGLXV U� LQ WKLV SODFH �)LJXUH ��
E��

U� = UV + ∆=α = =I

5�

E
+ ∆=

5�

E
=
=I5� + ∆=5�

E
� ���

,I WR FKDQJH WKH EHDP IRFXVLQJ E\ YDOXH ∆E� DQG
WR UHPDLQ WKH VHQVRU SUHYLRXV SRVLWLRQ �)LJXUH �� F��

WKHQ EHDP UDGLXV ZLOO EH U� LQ WKH VHQVRU SODQH� KHUH�

WKH DQJOH RI FRQYHUJHQFH α� ZLOO FKDQJH D OLWWOH�

α� =
5R

E + ∆E� U� = (=I + ∆E)α� =
=I5� + ∆E5�

E + ∆E � ���

/HW XV FRPSDUH WKH H[SUHVVLRQV ��� DQG ���� ,W LV

HYLGHQW� WKDW LI LQ GHQRPLQDWRU RI H[SUHVVLRQ ���

∆E �� E� DQG ∆=  ∆E� WKHQ U� ≈ U� DQG� LQVWHDG RI

YDU\LQJ WKH VHQVRU SRVLWLRQ� LW LV SRVVLEOH WR FKDQJH

WKH EHDP IRFXVLQJ� 5DWLR ∆E �� E LV FRPSOHWHO\ YDOLG

IRU D FDVH RI EHDP LQYHVWLJDWLRQ QHDU LWV IRFXV� 7R

HYDOXDWH WKH DFFXUDF\ RI GHWHUPLQDWLRQ RI EHDP FRQ�

ILJXUDWLRQ DW D ODUJH GLVWDQFH IURP WKH SODQH RI IRFXV

ORFDWLRQ WKH H[SUHVVLRQ ��� LV WDNLQJ WKH ORJDULWKP

DQG WKHQ GLIIHUHQWLDWHG�

OQU = OQ(=I5� + ∆E5�) w OQ(E + ∆E)�

∆U ⁄ U ≈ w ∆E ⁄ E�

,W IROORZV IURP WKH ODVW IRUPXOD WKDW LI WKH EHDP
UDGLXV LV FDOFXODWHG LQ WKH DUHD ORFDWHG QHDUHU WR WKH
JXQ WKDQ WKH VHQVRU �LQ RXU FDVH WKLV FRUUHVSRQGV WR
WKH GHFUHDVH LQ D GHJUHH RI EHDP IRFXVLQJ� L�H� IRFXV
LV ORZHUHG�� GLVWDQFH E LV LQFUHDVHG DQG KHUH ∆E� ! �
�)LJXUH �� F�� WKHQ WKHPXFK ORZHU YDOXHV RI WKH UDGLXV
�HUURU ∆U � �� DUH REWDLQHG� ,I WKH UDGLXV LV FDOFXODWHG
IRU WKH GLVWDQFHV ZKLFK DUH ODUJHU WKDQ WKRVH WR WKH
VHQVRU �LQ RXU VFKHPH RI PHDVXUHPHQWV WKLV FRUUH�
VSRQGV WR WKH IDFW WKDW WKH IRFXV ZDV OLIWHG� L�H� E ZDV
GHFUHDVHG DQG ∆E � ��� WKHQ WKH YDOXHV RI UDGLXV DUH
RYHUHVWLPDWHG �∆U ! ��� 7R DYRLG HUURUV LQ GHWHUPL�
QDWLRQ RI U�=�� WKH YDOXHV U VKRXOG EH PXOWLSOLHG E\
D FRUUHFWLRQ IDFWRU� DFFRXQWLQJ IRU VLJQ ∆E�

N =



� +

∆E
EV




�

ZKHUH EV LV WKH GLVWDQFH IURP D PLGGOH SODQH RI OHQV
WR WKH VHQVRU� 7KLV FRUUHFWLRQ LV SURYLGHG LQ DOJRULWKP
RI WKH GLDJQRVWLFV V\VWHP RSHUDWLRQ�

7R ILQG WKH YDOXH ∆E DW FKDQJLQJ WKH PDJQHWLF
OHQV FXUUHQW E\ ∆,I WZR PHDVXUHPHQWV DUH PDGH� 'XU�
LQJ WKH ILUVW PHDVXUHPHQW WKH FXUUHQW RI WKH IRFXVLQJ
OHQV ,I�� FRUUHVSRQGLQJ WR �DFXWH� EHDP IRFXVLQJ LQ
VHQVRU DW LWV FORVH SRVLWLRQ ]V� UHODWLYH WKH JXQ LV GH�
WHUPLQHG� 'XULQJ WKH VHFRQG PHDVXUHPHQW WKH FXUUHQW
RI OHQV ,I� DW WKH IDU SRVLWLRQ =V� RI WKH VHQVRU LV
GHWHUPLQHG LQ WKH VLPLODU ZD\� &RHIILFLHQW RI WKH PDJ�
QHWLF OHQV VHQVLWLYLW\ LV FDOFXODWHG�

∂E
∂,I

=
=V� w =V�

,I� w ,I�
�

,W VKRXOG EH QRWHG WKDW ∂E�∂,I � �� DV ZLWK GH�

FUHDVH LQ WKH OHQV FXUUHQW WKH GLVWDQFH E LV LQFUHDVHG�
9DOXH ∂E�∂,I LV GHWHUPLQHG� ILUVWO\� E\ WKH OHQV

SURSHUWLHV �QXPEHU RI WXUQV� GHVLJQ RI PDJQHWLF FRUH
DQG DFFHOHUDWLQJ YROWDJH�� 7KH ∂E�∂,I GRHV QRW GH�
SHQG XSRQ WKH VL]HV RI HOHFWURQ EHDP� LQ SDUWLFXODU

)LJXUH �� 6FKHPH RI REWDLQLQJ GDWD IRU FRQVWUXFWLRQ RI WKH EHDP SURILOH ZLWK D GLVWULEXWLRQ RI FXUUHQW GHQVLW\ LQ D ORQJLWXGLQDO D[LDO
VHFWLRQ 5� =� D x LQLWLDO SRVLWLRQ RI D VHQVRU� E x VKLIWLQJ RI VHQVRU IRU ∆= LQ D FRQYHQWLRQDO PHWKRG RI SORWWLQJ UHODWLRQVKLS 5�=��
Fx FKDQJH LQ EHDP IRFXVLQJ E\ ∆E XVLQJ D VXJJHVWHG PHWKRG RI SORWWLQJ UHODWLRQVKLS 5�=� �0/x PLGGOH SODQH RI D PDJQHWLF IRFXVLQJ
OHQV�
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RQ 5� �LQ WKH ILUVW DSSUR[LPDWLRQ� LI QRW WR WDNH LQWR
DFFRXQW WKH DEHUUDWLRQ��

,Q QH[W FDOFXODWLRQV WKH FXUUHQW FRRUGLQDWH = LV
GHWHUPLQHG E\ H[SUHVVLRQ

= = =V +
∂E
∂,I

∆,I�

'LVWULEXWLRQ RI FXUUHQW GHQVLW\ LQ WUDQVYHUVH VHF�
WLRQV RI EHDP LV FDOFXODWHG E\ QXPHULFDO PHWKRGV DV
IROORZV� $OO WKH EHDP VHFWLRQ LV GLYLGHG E\ 1 ULQJV�
:LWKLQ HDFK ULQJ WKH FXUUHQW GHQVLW\ -1 LV WDNHQ FRQ�
VWDQW� 6\VWHP RI1 OLQHDU DOJHEUDLF HTXDWLRQV IRU ILQG�
LQJ XQNQRZQ -1 FDQ EH ZULWWHQ LQ D PDWUL[ IRUP�

6- = $�

ZKHUH

6=












6��

6��

����

61�

6��…6�1

6��…6�1

������������

61�…611












LV WKH VTXDUH PDWUL[ RI 1×1 VL]H� LWV WHUPV DUH SUR�
SRUWLRQDO WR WKH DUHD RI UHJLRQV RI ULQJV� WR ZKLFK
GLIIHUHQW YDOXHV RI FXUUHQW GHQVLW\ FRUUHVSRQG�

- =












-�

-�

����

-1












LV WKH YHFWRU RI 1�RUGHU� LWV FRPSRQHQWV DUH WKH XQ�
NQRZQ YDOXHV RI FXUUHQW GHQVLW\ IRU HDFK ULQJ�
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$�

$�

����

$1












LV DOVR WKH YHFWRU RI 1�RUGHU� LWV FRPSRQHQWV DUH WKH
RUGLQDWHV RI WKH SXOVH IURQW�

)RU HDFK VHSDUDWH PHDVXUHPHQW LW LV SRVVLEOH WR
GLVSOD\ WKH LPDJH RI WKH SXOVH IURQW RQ WKH VFUHHQ
�)LJXUH �� OHIW KDOI� VHH LQVHUW�� )URP LWV DSSHDUDQFH
LW LV SRVVLEOH WR MXGJH SUHOLPLQDU\ DERXW WKH EHDP
UDGLXV DQG WKH PHDVXUHPHQW SURFHVV SURFHHGLQJ�
6WHHSQHVV RI WKH SXOVH IURQW LV LQYHUVHO\ SURSRUWLRQDO
WR WKH EHDP UDGLXV� 6PRRWK IURQW SXOVH� ZLWKRXW
EXUVWV� WHVWLI\ WR WKH DEVHQFH RI GLVWXUEDQFHV LQ PHDV�
XUHPHQW RU EUHDNV LQ WKH RSHUDWLRQ RI $'& GXULQJ
WKH UHFRUGLQJ RI SXOVHV� 7KH SXOVH GXUDWLRQ LQ WLPH LV
UHFDOFXODWHG LQWR XQLWV RI OHQJWK XVLQJ PXOWLSO\LQJ E\
EHDP PRYHPHQW YHORFLW\� 7KH EHDP FHQWHU LV GHWHU�
PLQHG DV DEVFLVVD RI WKH SXOVH IURQW DW WKH KDOI RI LWV
DPSOLWXGH�

8VLQJ WKH FDOFXODWHG YDOXHV -1 D JUDSK RI GLVWUL�
EXWLRQ RI FXUUHQW GHQVLW\ IRU HDFK WUDQVYHUVH VHFWLRQ
RI EHDP LV SORWWHG �)LJXUH �� ULJKW KDOI� VHH LQVHUW��
'LVWULEXWLRQ DW WKH KLJKHVW FXUUHQW GHQVLW\ LQ D[LV -  
 -PD[ FRUUHVSRQGV WR D VKDUS IRFXVLQJ RI EHDP LQ WKH
VHQVRU� YDOXH -PD[ LV GHULYHG DV D FKDUDFWHULVWLF SD�
UDPHWHU RI WKH EHDP �)LJXUHV � DQG �� VHH LQVHUW�� $V

LV PHQWLRQHG LQ >�@� WKH DFFXUDF\ RI FDOFXODWLRQ RI
FXUUHQW GHQVLW\ GLVWULEXWLRQ GHSHQGV RQ WKH HUURU RI
PHDVXUHPHQWV RI SXOVH IURQW FRRUGLQDWHV� 7KHUHIRUH
LQ FDOFXODWLRQV WKH SURFHGXUH RI D VWDWLF VPRRWKLQJ RI
GDWD PHDVXUHPHQWV LV SURYLGHG� 7KH ZLGWK RI D
VPRRWKLQJZLQGRZZDV VHOHFWHG HTXDO WR [ I�1� ZKHUH
[I  YτI �τI x GXUDWLRQ RI WKH SXOVH IURQW��

)RU HDFK GLVWULEXWLRQ WKH DYHUDJHG HIIHFWLYH EHDP
UDGLXV 5 LV DOVR FDOFXODWHG RQ WKH DVVXPSWLRQ WKDW WKH
GLVWULEXWLRQ FDQ EH DSSUR[LPDWHG E\ WKH *DXVV ODZ
>�@� :LWKLQ WKLV UDGLXV �� � RI DOO WKH EHDP FXUUHQW
LV SDVVLQJ� ,W FDQ EH VWDWHG WKDW WKLV UDGLXV LV FDOFXODWHG
IURP WKH SXOVH IURQW DV IROORZV�

5 = >[($� = ���) w [($� = ���)@�����

ZKHUH $�  ��� DQG $�  ��� DUH WKH RUGLQDWHV RI WKH
SXOVH IURQW HTXDO WR ��� DQG ��� RI DPSOLWXGH� UHVSHF�
WLYHO\�

)URP DOO WKH GLVWULEXWLRQV �IRU WKH JLYHQ VHULHV RI
PHDVXUHPHQWV� WKH OHDVW HIIHFWLYH UDGLXV RI EHDP 5PLQ

LV VHOHFWHG ZKLFK FRUUHVSRQGV WR D VKDUS EHDP IRFXVLQJ
LQ WKH VHQVRU� 7KLV YDOXH LV DOVR GLVSOD\HG LQ DQ LQ�
IRUPDWLRQ OLQH �)LJXUHV � DQG �� VHH LQVHUW��

7KH REWDLQHG GLVWULEXWLRQV RI FXUUHQW GHQVLW\ LQ
WUDQVYHUVH VHFWLRQV RI EHDP �DW GLIIHUHQW GLVWDQFHV =�
DUH XVHG IRU FRQVWUXFWLRQ RI WKH EHDP SURILOH ZLWK D
VSDFH GLVWULEXWLRQ RI WKH FXUUHQW GHQVLW\ LQ D ORQJL�
WXGLQDO D[LDO VHFWLRQ 5� = �)LJXUH �� VHH LQVHUW�� 7KLV
LPDJH RI WKH DUHD LQ GLIIHUHQW FRORUV LQGLFDWHV WKH
GLVWULEXWLRQ RI FXUUHQW GHQVLW\ LQ WKH EHDP� \HOORZ
FRORU LQGLFDWHV WKH UHJLRQ RI ��w��� � PD[LPXP FXU�
UHQW GHQVLW\ -PD[� UHG FRORU FRUUHVSRQGV WR ��w�� ��
ZKLWH FRORU VKRZV D UHJLRQ RI ��w�� �� GDUN EOXH
FRORU x ORZHU WKDQ �� � DQG EOXH FRORU x WKH EHDP
FRQWRXU� *UH\ FRORU LQ WKLV LPDJH LQGLFDWHV WKH SRVL�
WLRQ RI ZRUNSLHFH UHODWLYH WR WKH JXQ �LWV WUDQVYHUVH
VHFWLRQ�� ZKLFK LV SUHVHW E\ WKH RSHUDWRU�

5HVXOWV RI PHDVXUHPHQW�:KHQ ZHOGLQJ RSHUDWRU

LV ORRNLQJ DW WKH LPDJH� KH REVHUYHV� ILUVW RI DOO� KRZ

WKH EHDP IRFXV� ]RQH RI LWV KLJKHVW GHQVLW\ RI SRZHU

�PRVW �KRW� SODFH� DW D SUHVHW FXUUHQW RI WKH IRFXVLQJ

OHQV DUH ORFDWHG ZLWK UHVSHFW WR WKH VXUIDFH DQG WKLFN�

QHVV RI WKH ZRUNSLHFH DQG KRZ WR FKDQJH WKH IRFXVLQJ

WR DUUDQJH WKH PLQLPXP VHFWLRQ RI WKH EHDP WR WKH

UHTXLUHG OHYHO UHODWLYH WR WKH ZRUNSLHFH VXUIDFH�
7KH IROORZLQJ VL]HV DUH SUHVHQWHG LQ WKH EHDP LP�

DJH� LQ KRUL]RQWDO D[LV WKH GLVWDQFH IURP WKH ORZHU
HGJH RI HOHFWURQ JXQ LQ PLOOLPHWHUV LV LQGLFDWHG �D[LV
=�� LQ YHUWLFDO D[LV WKH UDGLXV RI EHDP LQ PLOOLPHWHUV
LV LQGLFDWHG �D[LV 5��

7KH LQIRUPDWLRQ OLQHV UHIOHFW WKH YDOXHV SUHVHW E\
WKH RSHUDWRU� FXUUHQW EHDP ,E� FXUUHQW RI IRFXVLQJ OHQV
,I� ZRUNLQJ GLVWDQFH :' IURP WKH JXQ HGJH WR WKH
ZRUNSLHFH VXUIDFH DQG WKLFNQHVV 7+� +HUH� WKH YDOXHV
DUH DOVR JLYHQ ZKLFK DUH FDOFXODWHG E\ WKH V\VWHP RI
EHDP GLDJQRVWLFV� GLVWDQFH IURP JXQ HGJH WR EHDP
IRFXV =PLQ� HIIHFWLYH PLQLPXP UDGLXV RI EHDP LQ IRFXV
5PLQ� PD[LPXP GHQVLW\ RI FXUUHQW -PD[� DQJOH RI EHDP
FRQYHUJHQFH �D KDOI�� 7KH SRVLWLRQ RI IRFXV =PLQ LV
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GHWHUPLQHG ZLWK HUURU ± � PP LQ WKH DUHD RI ZRUNLQJ
GLVWDQFHV :'  ���w��� PP�

,Q WKH VDPH ZLQGRZ WKHUH LV D JUDSK RI UHODWLRQVKLS
5�=�� YDULDWLRQ RI HIIHFWLYH EHDP UDGLXV DORQJ WKH
D[LV IRU D GHILQLWH IRFXVLQJ �)LJXUH �� ORZHU KDOI� VHH
LQVHUW��

7KH V\VWHP RI GLDJQRVWLFV SURYLGHV UDWKHU YLVXDOO\
DQ\ FKDQJHV LQ TXDOLW\ RI WKH HOHFWURQ EHDP� )RU TXDQ�
WLWDWLYH LPDJLQJ RI WKHVH FKDQJHV WKH V\VWHP RI GLDJ�
QRVWLFV PDNHV LW SRVVLEOH WR FRPSDUH WKH UHVXOWV RI
WZR PHDVXUHPHQWV� IRU H[DPSOH� IRU HOHFWURQ EHDP LQ
LQLWLDO VWDWH �JXQ ZLWK QHZ FDWKRGH� DQG LQ VRPH RWKHU
GLUHFWLRQ �)LJXUH �� VHH LQVHUW�� ,Q WKH ORZHU KDOI RI
)LJXUH � WKH VSDFH GLVWULEXWLRQ RI FXUUHQW GHQVLW\ LV
JLYHQ DQG SDUDPHWHUV RI EHDP IRU FDWKRGH RSHUDWHG
IRU ORQJ WLPH LQ WKH JXQ DUH LQGLFDWHG� $V FRPSDUHG
ZLWK UHIHUHQFH UHVXOWV �)LJXUH �� XSSHU KDOI� WKH EHDP
ZDV FKDQJHG� WKH PLQLPXP HIIHFWLYH UDGLXV 5PLQ ZDV
LQFUHDVHG� PD[LPXP FXUUHQW GHQVLW\ -PD[ ZDV GH�
FUHDVHG� WKHUH LV QR ]RQH LQ WKH GLVWULEXWLRQ RI SRZHU
GHQVLW\ DPRXQWLQJ WR ��w��� � RI LQLWLDO PD[LPXP
GHQVLW\�

,Q HDFK GHILQLWH LQGXVWULDO LQVWDOODWLRQ IRU (%:
WKH FRQFOXVLRQ DERXW SUHVHUYLQJ WKH JXQ VHUYLFHDELOLW\
RU QHFHVVLW\ LQ WKH FDWKRGH UHSODFHPHQW LV GHILQHG E\
WKH WHFKQRORJLFDO FRQGLWLRQV IRU (%: RI D GHILQLWH
ZRUNSLHFH� 7KH WHFKQRORJLFDO FKDUW VKRXOG LQFOXGH WKH
DOORZDEOH GHYLDWLRQV LQ SRVLWLRQ RI EHDP IRFXV =PLQ�
PLQLPXP EHDP UDGLXV 5PLQ� DQJOH RI FRQYHUJHQFH α�
FXUUHQW GHQVLW\ -PD[� ,Q FDVH RI D YHU\ ODUJH GHYLDWLRQ
RI DQ\ SDUDPHWHU RI WKH EHDP� WKH V\VWHP RI GLDJQRV�
WLFV LVVXHV FRQFOXVLRQ DERXW D SRRU FRQGLWLRQ RI WKH
JXQ FDWKRGH DQG LWV UHSODFHPHQW�

7KH HVWLPDWHG HUURU LQ GHWHUPLQDWLRQ RI WKH FXUUHQW
RI D PDJQHWLF IRFXVLQJ OHQV UHTXLUHG IRU EHDP IRFXVLQJ
ZLWK D KDOI RI DQJOH RI FRQYHUJHQFH α DW D SUHVHW
ZRUNLQJ GLVWDQFH FDQ EH ZULWWHQ LQ WKH IROORZLQJ IRUP�
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ZKHUH
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∆τ
τ +
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= � � LV WKH HUURU LQ GHWHUPLQD�

WLRQ RI EHDP UDGLXV� ∆τ�τI  ���IFRQYτI�  � � �IFRQY

LV WKH IUHTXHQF\ RI FRQYHUVLRQ XVLQJ $'&� ZKLFK
GHWHUPLQHV WKH DFFXUDF\ LQ SXOVH GXUDWLRQ VHWWLQJ��
&DOFXODWHG DQG H[SHULPHQWDOO\�REWDLQHG YDOXH RI WKH
UHTXLUHG FXUUHQW RI WKH PDJQHWLF OHQV LV ���w��� ��

7HFKQLFDO FKDUDFWHULVWLF RI WKH V\VWHP
3XOVH DPSOLWXGH RI GHIOHFWLRQ
FXUUHQW� $ ������������������������������������������� �
)UHTXHQF\ RI GHIOHFWLQJ SXOVHV� +] ��������� �
'XUDWLRQ RI GHIOHFWLQJ SXOVH� µV ������������� ��w��
'LVWDQFH RI VHQVRU WR WKH D[LV RI
GHIOHFWHG EHDP� PP ����������������������������� ��
$YHUDJHG GLVWDQFH IURP WKH ORZHU HGJH
RI JXQ WR VHQVRU� PP ���������������������������� ���
0HDQ UDWH RI EHDP PRYHPHQW UHODWLYH
WR VHQVRU� PP �������������������������������������� ����
)UHTXHQF\ RI FRQYHUVLRQ E\ $'&� 0+] �� ��
$FFXUDF\ RI FRQYHUVLRQ� FDWHJRU\ ������������ �
5DQJH RI SRZHU RI EHDPV
H[DPLQHG� N: ������������������������������������� �w���
$FFXUDF\ RI GHWHUPLQDWLRQ RI EHDP
IRFXV SRVLWLRQ� � ��������������������������������� ���w���

7KXV� WKH V\VWHP RI GLDJQRVWLFV UHSUHVHQWV D VHOI�
FRQWDLQHG VRIWZDUH�KDUGZDUH FRPSOH[ PDGH RQ WKH
EDVH RI LQGXVWULDO RU SHUVRQDO FRPSXWHU� ,W LV QRW GLI�
ILFXOW WR EXLOG WKLV V\VWHP LQ DQ\ FRPSXWHUL]HG ZHOG�
LQJ LQVWDOODWLRQ�

�� 6DQGHUVRQ� $� ������ (OHFWURQ EHDP GHOLQHDWLRQ DQG SHQH�
WUDWLRQ� :HOGLQJ -�� ��� ���w����

�� 1D]DUHQNR� 2�.�� /RNVKLQ� 9�(�� $NRSLDQWV� .�6� ������
0HDVXULQJ RI SDUDPHWHUV RI SRZHUIXO HOHFWURQ EHDP E\ UR�
WDU\ SUREH PHWKRG� (OHNWURQ� 2EUDE� 0DWHULDORY� �� ��w���

�� (OPHU� -�:�� 7HUX\D� $�7� ������ $Q HQKDQFHG )DUDGD\
FXS IRU UDSLG GHWHUPLQDWLRQ RI SRZHU GHQVLW\ GLVWULEXWLRQ LQ
HOHFWURQ EHDPV� :HOGLQJ -�� ��� ���w����

�� 'LOWKH\� 8�� :HLVHU� -� ������ 6WXG\ RI WKH �7RRO� HOHFWURQ
EHDP� 3DUW �� &RPSDULVRQ EHWZHHQ WKH $UDWD EHDP WHVW DQG
EHDP PHDVXUHPHQW� :HOGLQJ DQG &XWWLQJ� �� ��w���

�� 3DWRQ� %�(� ������ 0RGHUQ HOHFWURQ EHDP WHFKQRORJLHV RI
WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI
8NUDLQH� 7KH 3DWRQ :HOGLQJ -�� �� �w��

�� =LQFKHQNR� 1�6� ������ /HFWXUHV RQ HOHFWURQ RSWLFV�
.KDUNLY� .K*8�

�� /DQNLQ� <X�1� ������ $FFXUDF\ RI H[SHULPHQWDO HYDOXDWLRQ
RI FXUUHQW GHQVLW\ GLVWULEXWLRQ LQ VHFWLRQ RI HOHFWURQ EHDP�
$YWRPDWLFK� 6YDUND� �� ��w���
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7HFKQLFDO 8QLYHUVLW\� 3RGJRULFD� 0RQWHQHJUR

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

5HODWLRQVKLS EHWZHHQ SDUDPHWHUV RI WXQJVWHQ�HOHFWURGH DUJRQ�DUF ZHOGLQJ XVLQJ DFWLYDWRUV �$�7,* ZHOGLQJ� DQG ZHOG

SDUDPHWHUV� HOHFWURGH OLIH DQG VWDELOLW\ RI WKH SURFHVV RI IRUPDWLRQ RI D ZHOGHG MRLQW LQ ZHOGLQJ VWUXFWXUDO VWHHOV LV

FRQVLGHUHG�

.H\ ZRU G V � DUJRQ�DUF ZHOGLQJ� DFWLYDWLQJ IOX[� LQHUW

JDVHV� ZHOGLQJ SDUDPHWHUV� WXQJVWHQ HOHFWURGH OLIH� ZHOG IRUPD�

WLRQ� ZHOGHG MRLQWV

7KHUH DUH PDQ\ SXEOLFDWLRQV QRZ ZKLFK GHVFULEH SKH�
QRPHQRQ RI LQFUHDVH LQ WKH SHQHWUDWLQJ SRZHU RI WKH

DUF LQ $�7,* ZHOGLQJ DQG VXJJHVW VHYHUDO K\SRWKHVHV

IRU H[SODLQLQJ LW >�@� $V IROORZV IURP WKLV VWXG\� QR
XQLILHG RSLQLRQ RI WKLV PDWWHU H[LVWV DW SUHVHQW DQG
PRVW SUREDEO\ ZLOO QRW H[LVW LQ WKH QHDU IXWXUH� $W

WKH VDPH WLPH� PDQXIDFWXUHUV LQWHUHVWHG LQ XVLQJ WKH

DGYDQFHG ZHOGLQJ PHWKRG QHHG LQIRUPDWLRQ DERXW LWV

WHFKQLFDO FKDUDFWHULVWLFV�

7KLV DUWLFOH FRQWDLQV H[SHULPHQWDO GDWD RQ WKH

PHWKRG RI ZHOGLQJ XVLQJ DFWLYDWLQJ IOX[HV DQG UHOD�

WLRQVKLS EHWZHHQ ZHOGLQJ FRQGLWLRQV DQG ZHOG SD�

UDPHWHUV�

$GGLWLRQ RI HOHFWULFDOO\ QHJDWLYH DQG VXUIDFH�DF�
WLYH HOHPHQWV WR WKH DUF FDXVHV LW WR FRQWUDFW� &XUUHQW

GHQVLW\ LQ WKH DQRGH VSRW DQG DUF SUHVVXUH RQ PHWDO
LQFUHDVH PRUH WKDQ WZLFH LQ WKLV FDVH >�@� $V D UHVXOW�

GLDPHWHU RI WKH KHDWLQJ VSRW GHFUHDVHV DOPRVW � WLPHV
DQG VXUIDFH WHQVLRQ RI OLTXLG PHWDO LQ WKH ZHOG SRRO

LV UHGXFHG >�� �@� 7KLV SURYLGHV D FRQVLGHUDEOH LP�

SURYHPHQW LQ WKH SHQHWUDWLQJ SRZHU RI WKH DUF DQG

KHDW WUDQVIHU WR WKH VROLG PHWDO� DQG OHDGV WR DQ LQ�

FUHDVH RI �w� WLPHV LQ LWV SHQHWUDWLRQ�

7KH HIIHFW RI LQFUHDVH LQ WKH SHQHWUDWLQJ SRZHU RI

WKH DUF E\ DFWLYDWLQJ IOX[HV ZDV XVHG WR GHYHORS WHFK�

QRORJLHV IRU ZHOGLQJ SDUWV RI GLIIHUHQW JUDGHV RI VWUXF�

WXUDO VWHHOV� VXFK DV PDUWHQVLWLF� PDUDJLQJ� EDLQLWLF�

SHDUOLWLF� IHUULWLF DQG DXVWHQLWLF� $FWLYDWLQJ IOX[HV DQG

UHODWHG ZHOGLQJ WHFKQRORJLHV GHYHORSHG E\ WKH

(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DUH DSSOLHG WR

DGYDQWDJH IRU WKH PDQXIDFWXUH RI SUHVVXUH YHVVHOV�

DLUFUDIW ODQGLQJ JHDU FRPSRQHQWV� IRU ZHOGLQJ RI DHUR�

VSDFH HQJLQH ERGLHV� PDNLQJ FLUFXPIHUHQWLDO SRVLWLRQ

DQG UROO EXWW ZHOGHG MRLQWV LQ SLSLQJ IRU KHDW DQG

QXFOHDU SRZHU JHQHUDWLRQ� HWF�

$�7,* ZHOGLQJ FDQ EH SHUIRUPHG LQ WKH DWPRV�

SKHUH RI DUJRQ� KHOLXP DQG RWKHU LQHUW JDVHV RU WKHLU

PL[WXUHV� )RU H[DPSOH� KHOLXP KDV D KLJKHU LRQLVDWLRQ

SRWHQWLDO ����� H9� DW WKH VDPH ZHOGLQJ FXUUHQW�

ZKLFK DOORZV WKH SHQHWUDWLQJ SRZHU RI WKH DUF WR EH

LQFUHDVHG E\ DSSUR[LPDWHO\ ��w�� � �)LJXUH ��� ,Q

WKLV FDVH LW LV SRVVLEOH WR ZHOG VWHHO XS WR �� PP WKLFN

LQ D VLQJOH SDVV ZLWKRXW JURRYH SUHSDUDWLRQ� 3HQHWUD�

WLRQ RI VWHHO XS WR �� PP WKLFN LV GRQH RQ WZR VLGHV

RU ZLWK JURRYH SUHSDUDWLRQ� ,Q DOO WKH FDVHV WKH IOX[

LV GHSRVLWHG E\ RQH RI WKH PHWKRGV GHVFULEHG LQ >�@

LQ D WKLQ ���� PP� XQLIRUP OD\HU RQ WKH VXUIDFH RI D

ZRUNSLHFH QHDU WKH ZHOG HGJHV LQ DQ DPRXQW RI DERXW

�w� J SHU UXQQLQJ PHWUH RI WKH ZHOG OHQJWK� +RZHYHU�

ZLWK WKLV DPRXQW LW GRHV QRW SHUIRUP D VKLHOGLQJ IXQF�

WLRQ� 7KHZHOG SRRO LV VKLHOGHG XVLQJ LQHUW JDVHV� ZKLOH

WKH IOX[ IXQFWLRQV KHUH MXVW WR LQWHQVLI\ R[LGDWLRQ�UH�

GXFWLRQ SURFHVVHV RFFXUULQJ RQ WKH VXUIDFH RI WKH ZHOG
SRRO DQG SHULSKHU\ RI WKH DUF FROXPQ� ZKLFK DUH UDWKHU

VODFN LQ WKH LQHUW DWPRVSKHUH� 7KLV SUREDEO\ GHFUHDVHV

VXUIDFH WHQVLRQ RI OLTXLG PHWDO DQG LQFUHDVHV GHQVLW\

RI HQHUJ\ RI WKH DUF ZLWK QR LQFUHDVH LQ LWV SRZHU�

7DNHQ WRJHWKHU� DOO WKHVH IDFWRUV OHDG WR D GHHSHU

LPPHUVLRQ RI WKH DUF LQWR PHWDO DQG IRUPDWLRQ RI QDU�

URZ ZHOGV ZLWK GHHS SHQHWUDWLRQ� $V YDOXHV RI HOHFWULF

SDUDPHWHUV RI WKH DUF EHWZHHQ WKH WXQJVWHQ FDWKRGH

DQG VWHHO DQRGH GR QRW H[FHHG WKH OLPLWV VSHFLILHG IRU

7,* ZHOGLQJ� ZHOGLQJ RI VWHHOV XVLQJ DFWLYDWLQJ IOX[HV

FDQ EH SHUIRUPHG ZLWK WKH HTXLSPHQW DQG XQGHU FRQ�

GLWLRQV DSSOLHG IRU 7,* ZHOGLQJ� +RZHYHU� ZKLOH VH�
OHFWLQJ SDUDPHWHUV IRU $�7,* ZHOGLQJ� RQH VKRXOG
WDNH LQWR DFFRXQW WKDW WKH GHSHQGHQFH RI VKDSH DQG

VL]H RI WKH ZHOG XSRQ WKH ZHOGLQJ FXUUHQW LQ WKH VDLG

� '�5� %$-,&� *�0� 0(/1,&+8.� $�)� /83$1 DQG 0�0� 6$9,76.<� ����

)LJXUH �� 3HQHWUDWLRQ GHSWK K RQ VWHHO LQ ZHOGLQJ LQ KHOLXP ���
�� DQG DUJRQ ��� �� ZLWK ��� �� DQG ZLWKRXW ��� �� DQ DFWLYDWLQJ
IOX[
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SURFHVVHV LV RI D GLIIHUHQW FKDUDFWHU �)LJXUH ��� 9DUL�
DWLRQV LQ WKH ZHOGLQJ FXUUHQW PDNH WKLV GLIIHUHQFH
HVSHFLDOO\ SURQRXQFHG� ,Q WKH ILUVW FDVH WKLV FDXVHV D
PRUH LQWHQVLYH LQFUHDVH LQ WKH ZHOG ZLGWK� DQG LQ WKH
VHFRQG x WKH SHQHWUDWLRQ GHSWK�

,Q RQH�VLGHG ZHOGLQJ ZLWK FRPSOHWH SHQHWUDWLRQ�
SHUIRUPHG LQ IODW SRVLWLRQ� LW LV YHU\ GLIILFXOW WR SUR�
YLGH UHLQIRUFHPHQW RQ ERWK VLGHV RI WKH ZHOG� DV PHWDO
LV GHSUHVVHG XQGHU WKH HIIHFW RI WKH DUF SUHVVXUH DQG
E\ JUDYLW\� $ UHFHVV WKH VXUIDFH RI ZKLFK LV ORFDWHG
EHORZ WKH VXUIDFH RI WKH SDUWV MRLQHG LV IRUPHG DV D
UXOH RQ WKH IDFH RI WKH ZHOG� 7R HOLPLQDWH WKLV GUDZ�
EDFN� LW LV DGYLVDEOH WR PDNH WKH VHFRQG SDVV XVLQJ
ILOOHU ZLUH DQG HOHFWURGH ZHDYLQJ� ,Q ZHOGLQJ VWHHOV
ZLWK ORZ WKHUPDO FRQGXFWLYLW\ DQG KLJK WKHUPDO H[�
SDQVLRQ FRHIILFLHQW� WR SURGXFH WKH UHTXLUHG UHLQIRUFH�
PHQW LW LV SHUPLWWHG WR XVH WKH VHOI�SUHVVLQJ HIIHFW
LQVWHDG RI D ILOOHU ZLUH� 7KLV HIIHFW LV SURYLGHG E\
UHKHDWLQJ WKH ZHOG IROORZLQJ D FHUWDLQ WKHUPDO F\FOH�
%\ FRPELQLQJ SDUDPHWHUV RI WKHUPDO DQG GHIRUPDWLRQ
F\FOHV� LW LV SRVVLEOH WR LQFUHDVH FRPSUHVVLYH VWUHVVHV
LQ WKH ZHOGHG MRLQW� WKXV LQGXFLQJ SODVWLF VWUDLQV

ZKLFK OHDG WR IRUPDWLRQ RI WKH ZHOG UHLQIRUFHPHQW
ZLWK QR XVH RI ILOOHU ZLUH�

7KHUPDO�SK\VLFDO SURSHUWLHV RI VWHHOV� DQG WKHUPDO
FRQGXFWLYLW\ LQ SDUWLFXODU� ZKLFK DUH NQRZQ WR GHSHQG
XSRQ FKHPLFDO FRPSRVLWLRQ� KDYH D FRQVLGHUDEOH HIIHFW
RQ ZHOGLQJ FRQGLWLRQV� 7KLV DSSOLHV SULPDULO\ WR WKH
ZHOGLQJ FXUUHQW� )RU H[DPSOH� LQ ZHOGLQJ FDUERQ
VWHHO �� ZLWK WKLFNQHVV RI � PP DW D VSHHG RI
��� PP�PLQ WKH ZHOGLQJ FXUUHQW VKRXOG EH ��� $
WR HQVXUH FRPSOHWH SHQHWUDWLRQ� ,Q WKH FDVH RI ZHOGLQJ
KLJK�DOOR\ VWHHO ��.K��1��7 RI WKH VDPH WKLFNQHVV
DQG DW WKH VDPH VSHHG WKH ZHOGLQJ FXUUHQW VKRXOG EH
��� $� L�H� WKH YDOXH RI WKH FXUUHQW VKRXOG EH GHFUHDVHG
E\ ��w�� �� 7KHUHIRUH� WKH FRPSOHWH SHQHWUDWLRQ EH�
LQJ DFKLHYHG� WKH YROXPH RI PHWDO KHDWHG WR LWVPHOWLQJ
SRLQW LV ODUJHU LQ WKH ILUVW FDVH �)LJXUH ���

$FWLYDWLQJ IOX[HV IRU ZHOGLQJ VWHHOV DUH DPHFKDQLFDO
PL[WXUH RI ILQHO\ GLVSHUVHG SRZGHUV �PRVWO\ PHWDO R[�
LGHV RU IOXRULGHV�� DV ZHOO DV FRPSRQHQWV HQVXULQJ PL�
FURDOOR\LQJ DQG PRGLILFDWLRQ RI WKH ZHOG PHWDO� 7KH
PRVW FRPPRQ PHWKRG IRU DSSOLFDWLRQ RI IOX[HV LV WR
GHSRVLW WKHP RQ WKH VXUIDFH RI WKH ZHOG HGJHV LQ WKH
IRUP RI D SDVWH XVLQJ D FUD\RQ RU SDLQW EUXVK� )RU WKLV
WKH KLJKO\ YRODWLOH VROYHQWV DUH DGGHG WR WKH DFWLYDWLQJ
IOX[� 7KHQ D KRPRJHQHRXV SDVWH ZLWK GHQVLW\ DQG YLV�
FRVLW\ FRUUHVSRQGLQJ WR WKRVH RI D KRXVH SDLQW LV SUR�
GXFHG E\ PL[LQJ� ,Q WKLV FRQGLWLRQ WKH IOX[ IRUPV D
XQLIRUP FRDWLQJ RQ WKH VXUIDFH RI PHWDO QHDU WKH ZHOG
HGJHV� ,W PHOWV GXULQJ ZHOGLQJ DQG LQWHUDFWV ZLWK OLTXLG
PHWDO WR FKDQJH WKH FRPSRVLWLRQ RI YDSRXUV SHQHWUDWLQJ
LQWR WKH LQWHU�HOHFWURGH JDS >�@�

7KH DXWKRUV GHYHORSHG� PDGH DQG LQGXVWULDOO\

WHVWHG VSHFLDO UHXVDEOH FUD\RQV� ZLWK WKH KHOS RI ZKLFK

WKH IOX[ SDVWH LV DSSOLHG WR WKH VXUIDFH RI VWHHO LQ D

WKLQ XQLIRUP OD\HU RI D SUHVHW ZLGWK� 7KH 3:, GHYHO�

RSHG DOVR VSHFLDO IOX[ SHQFLOV PDGH IURP D PL[WXUH RI

D ORZ�PHOWLQJ SRLQW ELQGHU DQG DQ DFWLYDWLQJ IOX[ E\

PHOWLQJ RU SUHVVLQJ� 7KH IOX[ LV GHSRVLWHG ZLWK WKH

SHQFLO RQ WKH VXUIDFH ZKLFK PD\ EH URXJK DIWHU VDQG�

EODVWLQJ RU SUHKHDWHG E\ WDFN ZHOGLQJ WR ��w�� �&�
,Q WKH ����V� LQ FROODERUDWLRQ ZLWK DVVRFLDWHV RI

WKH 7VHQWURHQHUJRPRQWD]K 7UXVW:HOGLQJ /DERUDWRU\
�0RVFRZ�� WKH DXWKRUV GHYHORSHG WKH FRPSRVLWLRQ RI
WKH IOX[ DQG LWV VWRUDJH DQG XWLOLVDWLRQ WHFKQRORJLHV
XVLQJ VSUD\HUV� 7KH\ ZHUH LQWHQGHG IRU DVVHPEO\ RI
SRZHU XQLW SLSLQJV DW WKH .XUVN DQG 6PROHQVN QXFOHDU
SRZHU VWDWLRQV >�@� 7KH H[SHULHQFH VKRZHG WKDW IOX[HV
FRXOG EH DSSOLHG LQ WKH IRUP RI DHURVROV RQO\ LQ RSHQ
DLU RU LQ ODUJH VKRSV ZLWK LQWHQVLYH PHFKDQLFDO YHQ�
WLODWLRQ� :KHQ SHUIRUPHG LQ ZRUNVKRSV RU ZHOGLQJ
ER[HV� WKLV FDXVHV GXVWLQJ RI WKH ZRUN VSDFH� DV D
ODUJH DPRXQW RI WKH IOX[ LV VSUD\HG LQWR WKH DWPRV�
SKHUH� ,I D VSUD\HU LV EURXJKW FORVHU WR WKH MRLQW� WKLV
ZLOO FDXVH WKH IOX[ WR SHQHWUDWH LQWR WKH JDS� DQG
GXULQJ ZHOGLQJ LW PD\ OHDG WR IRUPDWLRQ RI VODJ LQ�
FOXVLRQV DQG SRUHV LQ WKH ZHOG PHWDO�

'LIIHUHQW PRGLILFDWLRQV RI DFWLYDWLQJ IOX[HV LQ�
WHQGHG IRU ZHOGLQJ VWHHOV FRQWDLQ UHIUDFWRU\ R[LGHV�
ZKLFK UHTXLUH D FHUWDLQ DPRXQW RI KHDW WR EH VXSSOLHG
WR PHOW WKHP� 7KHUHIRUH� ZHOGLQJ SDUDPHWHUV PD\ GH�

)LJXUH ��'HSHQGHQFH RI ZHOG ZLGWK E ��� �� DQG SHQHWUDWLRQ GHSWK
K ��� �� XSRQ WKH FXUUHQW LQ ZHOGLQJ RI ORZ�DOOR\ VWHHO ZLWK ���
�� DQG ZLWKRXW ��� �� DQ DFWLYDWLQJ IOX[

)LJXUH �� 7UDQVYHUVH PDFURVHFWLRQV RI ZHOGHG MRLQWV LQ ORZ� �D�
DQG KLJK�DOOR\ �E� VWHHO SURGXFHG E\ ZHOGLQJ LQ DUJRQ XVLQJ DQ
DFWLYDWLQJ IOX[
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SHQG XSRQ WKH WKLFNQHVV RI DQ DFWLYDWLQJ IOX[ OD\HU
GHSRVLWHG RQ WKH ZHOG HGJHV� 7R HVWLPDWH WKLV GHSHQG�
HQFH� WKH DFWLYDWLQJ IOX[ ZDV GHSRVLWHG RQ WKH HGJHV
LQ OD\HUV RI GLIIHUHQW WKLFNQHVV� DQG WKHQ ZHOGLQJ ZDV
FDUULHG RXW� 7KLFNQHVV RI VXFK D OD\HU ZDV FRQWUROOHG
XVLQJ VSHFLDO JDXJHV� DQG GXULQJ WKH H[SHULPHQWV LW
ZDV YDULHG E\ ����� PP IURP ���� WR ��� PP� ,W ZDV
HVWDEOLVKHG WKDW LQ ZHOGLQJ DW D FXUUHQW RI ��� $ D
FKDQJH LQ WKLFNQHVV RI WKH DFWLYDWLQJ IOX[ OD\HU IURP
���� WR ��� PP KDUGO\ KDV DQ\ HIIHFW RQ WKH VWHHO
SHQHWUDWLRQ GHSWK� $V WKLFNQHVV RI WKH OD\HU ZDV LQ�
FUHDVHG �WR PRUH WKDQ ��� PP�� WR SURYLGH WKH VDPH
SHQHWUDWLRQ GHSWK WKH ZHOGLQJ FXUUHQW KDG WR EH LQ�
FUHDVHG E\ ��w�� �� ZKLFK ZDV DVVRFLDWHG ZLWK
JURZWK RI KHDW FRQVXPSWLRQ WR PHOW WKH H[FHVVLYH
IOX[�

2SWLPDO WKLFNQHVV RI WKH DFWLYDWLQJ IOX[ OD\HU RQ
WKH HGJH VXUIDFHV LV QRUPDOO\ QRW LQ H[FHVV RI ���w
��� PP� WKH OD\HU ZLGWK EHLQJ DSSUR[LPDWHO\ �w
�� PP� ,Q WKLV FDVH WKH IOX[ FRQVXPSWLRQ LV DERXW � J
SHU UXQQLQJ PHWUH RI WKH ZHOG OHQJWK�

&RQVLVWHQF\ RI PHWDO SHQHWUDWLRQ DQG ZHOG IRUPD�

WLRQ LQ ZHOGLQJ ERWK ZLWK DQG ZLWKRXW WKH DFWLYDWLQJ

IOX[HV GHSHQGV XSRQ WKH OLIH RI WKH WXQJVWHQ HOHFWURGH�

,Q WKH FDVH RI IDVW ZHDU DQG GHVWUXFWLRQ RI LWV WLS WKH

DUF IHDWXUHV DQ XQVWDEOH EXUQLQJ DQG �ZDQGHUV� RYHU

WKH VXUIDFH RI WKH FDWKRGH DQG DQRGH� ZKLFK OHDGV WR

ODFN RI SHQHWUDWLRQ� ODFN RI IXVLRQ DQG IRUPDWLRQ RI

WXQJVWHQ LQFOXVLRQV LQ WKH ZHOG PHWDO� 7KHUHIRUH� LW

ZDV LPSRUWDQW WR GHWHUPLQH KRZ WKH IOX[ FRQWDLQLQJ

VXFK VWURQJ R[LGLVHUV DV IOXRULQH RU R[\JHQ PLJKW DI�

IHFW WKH OLIH RI WKH WXQJVWHQ FDWKRGH LQ D VKRUW ZHOGLQJ

DUF� )RU WKLV SXUSRVH WKH FRQWLQXRXV ZHOG ZLWK D

OHQJWK RI � UXQQLQJ PHWUHV ZDV PDGH XQGHU WKH IRO�

ORZLQJ FRQGLWLRQV� YZ  ��� PP�PLQ� ,
Z
 ��� $�

8
D
 ��� 9 DQG FDWKRGH WR DQRGH GLVWDQFH x � PP�

7KH H[SHULPHQW ZDV FRQGXFWHG RQ IRXU VDPSOHV RI

VWDLQOHVV VWHHO .K��1��7 DQG VWHHO ��� WKH VWHHO

.K��1��7 VDPSOHV EHLQJ ZHOGHG ZLWK DQG ZLWKRXW

WKH DFWLYDWLQJ IOX[�
$SSHDUDQFHV RI HOHFWURGHV EHIRUH DQG DIWHU ZHOGLQJ

DUH VKRZQ LQ )LJXUH �� $V VHHQ IURP WKH )LJXUH� WKHUH
LV VRPH GLIIHUHQFH LQ WKH FKDUDFWHU RI ZHDU RI WKH
HOHFWURGH WLS LQ ZHOGLQJ VWHHO ZLWK DQG ZLWKRXW WKH
DFWLYDWLQJ IOX[� +RZHYHU� QR GHVWUXFWLRQ LV VHHQ LQ
WKH EOXQWHG WLS� DQG WKH SHQHWUDWLRQ VWDELOLW\ GRHV QRW
FKDQJH�

2QH RI WKH LPSRUWDQW FKDUDFWHULVWLFV RI VWDELOLW\
RI WKH SURFHVV RI PHWDO PHOWLQJ DQG TXDOLW\ ZHOG IRU�
PDWLRQ LV D FRQVWDQW DUF YROWDJH DW WKH WXQJVWHQ FDWK�
RGH� ,Q PHFKDQLVHG ZHOGLQJ LW LV UHJXODWHG XVLQJ GLI�
IHUHQW GHYLFHV� ZKHUHDV LQ WKH FDVH RI PDQXDO ZHOGLQJ
LW LV PXFK PRUH GLIILFXOW WR HQVXUH WKH VWDEOH SURFHVV�
7KHUHIRUH� LW ZDV LPSRUWDQW WR GHWHUPLQH WKH SHUPLV�
VLEOH OLPLWV RI IOXFWXDWLRQ RI WKH DUF YROWDJH ZLWKLQ
ZKLFK WKHUH ZRXOG EH QR VXEVWDQWLDO FKDQJH LQ WKH
ZHOG IRUPDWLRQ� 5HODWLRQVKLS EHWZHHQ WKH DUF YROWDJH
DQG TXDOLW\ RI WKH ZHOG IRUPDWLRQ DW D FRQVWDQW FXU�
UHQW� DV ZHOO DV EHWZHHQ WKH FXUUHQW DQG YROWDJH� ZDV
VWXGLHG E\ SHUIRUPLQJ D VHULHV RI H[SHULPHQWV� ,Q WKH

ILUVW FDVH $�7,* ZHOGLQJ ZDV SHUIRUPHG LQ WKH IODW
SRVLWLRQ RQ DQ LQFOLQHG SODQH DQG WKH DUF OHQJWK ZDV
FKDQJHG E\ � PP� :HOGLQJ ZDV FDUULHG RXW ZLWK
FRPSOHWH SHQHWUDWLRQ� WKH FXUUHQW ZDV NHSW FRQVWDQW
�,Z  ��� $� GXULQJ WKH H[SHULPHQWV� ZKLOH WKH DUF
YROWDJH ZDV ��� 9 DW WKH EHJLQQLQJ RI ZHOGLQJ DQG
���� 9 DW WKH HQG RI ZHOGLQJ�

$V VHHQ IURP )LJXUH �� JHRPHWULF VL]HV RI WKH ZHOGV
FKDQJHG WR VRPH H[WHQW ZLWK LQFUHDVH LQ WKH DUF YROW�
DJH� )LUVW RI DOO� WKLV FRQFHUQHG WKH ZHOG ZLGWK DQG
YDOXH RI WKH EDFN UHLQIRUFHPHQW� DOWKRXJK D VXIILFLHQW
SHQHWUDWLRQ RI PHWDO ZDV REVHUYHG RYHU WKH HQWLUH
ZHOG OHQJWK� ,W FDQ EH FRQFOXGHG WKDW D FKDQJH �LQ�
FUHDVH� RI DSSUR[LPDWHO\ � 9 LQ WKH DUF YROWDJH LQ
ZHOGLQJ XVLQJ WKH DFWLYDWLQJ IOX[ KDV DQ LQVLJQLILFDQW
HIIHFW RQ SHQHWUDWLRQ�

+RZHYHU� WR HQVXUH WKH FRQVLVWHQW TXDOLW\ IRUPD�
WLRQ RI WKH ZHOG RYHU LWV HQWLUH OHQJWK� LQ PDNLQJ WKH
ILUVW FDWHJRU\ ZHOGV� WKH DUF YROWDJH VKRXOG EH PDLQ�
WDLQHG FRQVWDQW DXWRPDWLFDOO\ XVLQJ UHJXODWRUV� 7KH\
VKRXOG SURYLGH D KLJK DFFXUDF\ RI PDLQWDLQLQJ WKH DUF
YROWDJH� 7KHUHIRUH� LW ZDV LPSRUWDQW WR NQRZ WR ZKDW
H[WHQW WKH DFWLYDWLQJ IOX[HV PLJKW DIIHFW WKHLU SHU�
IRUPDQFH�

,Q WKLV FRQQHFWLRQ� VHYHUDO H[SHULPHQWV ZHUH FRQ�
GXFWHG WR GHWHUPLQH GHSHQGHQFH RI WKH DUF YROWDJH
XSRQ WKH FXUUHQW DW GLIIHUHQW GLVWDQFHV EHWZHHQ WKH
HOHFWURGH DQG EDVH PHWDO LQ 7,* DQG $�7,* ZHOGLQJ�

)LJXUH �� 6KDSH RI WKH WXQJVWHQ HOHFWURGH WLS DIWHU JULQGLQJ �D�
DQG ZHOGLQJ LQ DUJRQ ZLWK �E� DQG ZLWKRXW �F� DQ DFWLYDWLQJ IOX[

)LJXUH �� 9DULDWLRQV LQ VKDSH DQG VL]H RI WKH ZHOGV GHSHQGLQJ XSRQ
WKH LQWHU�HOHFWURGH GLVWDQFH /

D
DW D FRQVWDQW FXUUHQW� Dx /

D
 ����

E x /
D
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7R H[FOXGH WKH HIIHFW E\ WKH ZHOG SRRO PDVV DQG
VXUIDFH WHQVLRQ RQ WKH UHYHUVH VLGH� ZHOGLQJ ZDV FDU�
ULHG RXW ZLWK DQ LQFRPSOHWH PHWDO SHQHWUDWLRQ� :LWK
D VHW GLVWDQFH RI ��� PP IURP WKH VDPSOH VXUIDFH WR
WKH HOHFWURGH� DV WKH FXUUHQW ZDV LQFUHDVHG WKH DUF
YROWDJH GXULQJ WKH 7,* SURFHVV ILUVW GHFUHDVHG DQG
WKHQ LQFUHDVHG� ,W LV OLNHO\ WKDW WKLV LV UHODWHG WR WKH
ULVH RI OLTXLG PHWDO LQ WKH ZHOG SRRO DQG DEVHQFH RI
D FUDWHU� $V WKH FXUUHQW ZDV IXUWKHU LQFUHDVHG� WKH DUF
SUHVVXUH RQ OLTXLG PHWDO DOVR LQFUHDVHG WR IRUP D FUDWHU
LQ WKH ZHOG SRRO� ZKLFK OHG WR VRPH LQFUHDVH LQ WKH
DUF YROWDJH�

,Q $�7,* ZHOGLQJ WKH FUDWHU ZDV IRUPHG LPPHGL�
DWHO\ DIWHU WKH DUF UHDFKHG LWV ZRUNLQJ FRQGLWLRQV� DQG

WKH DERYH QRWHG YDULDWLRQV LQ YDOXHV RI WKH DUF YROWDJH
ZHUH QR ORQJHU REVHUYHG� ,QFUHDVH LQ WKH LQWHU�HOHF�
WURGH GLVWDQFH DQG XVH RI WKH VDPH ZHOGLQJ FXUUHQW
UHVXOWHG LQ LQFUHDVH LQ WKH DUF YROWDJH� JURZWK LQ LWV
SRZHU DQG SUHVVXUH RQ PHWDO ERWK LQ 7,* DQG $�7,*
ZHOGLQJ� ,Q WKH FDVH RI $�7,* ZHOGLQJ WKH DUF YROWDJH
ZDV DOZD\V ����w��� 9 KLJKHU WKDQ LQ 7,* ZHOGLQJ
�)LJXUH ��� 7KLV LV SUREDEO\ FDXVHG E\ FRQWUDFWLRQ RI
WKH DUF DQG UHGXFWLRQ LQ FRQGXFWLYLW\ RI WKH SHULSKHUDO
UHJLRQV RI WKH DUF FROXPQ XQGHU WKH HIIHFW RI WKH DF�
WLYDWLQJ IOX[� ,W VKRXOG EH QRWHG WKDW WKH FKDUDFWHU
RI YDULDWLRQV LQ WKH DUF YROWDJH LQ WKH FDVHV FRPSDUHG
UHPDLQV XQFKDQJHG� 7KLV DOORZV WKH H[LVWLQJ HTXLS�
PHQW �HVSHFLDOO\ UHJXODWRUV RI ZHOGLQJ SDUDPHWHUV�
WR EH XVHG ZLWK QR VSHFLDO UHGHVLJQLQJ�

7KHUHIRUH� DSSOLFDWLRQ RI WKH DFWLYDWLQJ IOX[ IRU
7,* ZHOGLQJ DOORZV WKH SHQHWUDWLRQ RI PHWDO XS WR
�� PP WKLFN LQ RQH�VLGHG ZHOGLQJ DQG XS WR �� PP
WKLFN LQ WZR�VLGHG ZHOGLQJ WR EH LQFUHDVHG ZLWKRXW
DQ\ FKDQJH LQ WKH ZHOGLQJ DUF FRQGLWLRQV XVLQJ WKH
H[LVWLQJ HTXLSPHQW� ,Q DGGLWLRQ� JRRG TXDOLW\ RI WKH
ZHOG PHWDO DQG LWV VWUHQJWK HTXDO WR WKDW RI WKH EDVH
PHWDO DUH SURYLGHG� 7KH QHZZHOGLQJPHWKRG LV ZLGHO\
DSSOLHG LQ DLUFUDIW DQG QXFOHDU SRZHU HQJLQHHULQJ� DV
ZHOO DV LQ RWKHU LQGXVWULHV�

�� 6DYLWVN\� 0�0�� .XVKQLUHQNR� %�1�� 2OHMQLN� 2�,� ������
3HFXOLDULWLHV RI WXQJVWHQ�DUF ZHOGLQJ ZLWK DFWLYDWLQJ IOX[HV
�$�7,* SURFHVV�� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 6DYLWVN\� 0�0�� *YR]GHWVN\� 9�6�� 6NU\SQLN� 9�,� HW DO�
������ &XUUHQW GHQVLW\ LQ DQRGH VSRW GXULQJ ZHOGLQJ RI
FRQYHQWLRQDO DQG UHILQHG VWHHOV� ,ELG�� �� ��w���

�� 6DYLWVN\� 0�0�� /HVNRY� *�,� ������ 0HFKDQLVP RI LQIOX�
HQFH RI HOHFWURQHJDWLYH HOHPHQWV RQ SHQHWUDWLQJ SRZHU RI
WKH DUF ZLWK WXQJVWHQ FDWKRGH� ,ELG�� �� ��w���

�� 6DYLWVN\� 0�0�� /XSDQ� $�)�� 0HOQLFKXN� *�0� HW DO�
������ 0HWKRGV IRU DSSOLFDWLRQ RI DFWLYDWRUV LQ 7,* ZHOG�
LQJ RI VWHHOV� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� 6WDQNHYLFK� ,�<D�� 'PLWULHY� 9�,�� .RULGD� 9�/� HW DO�
������ $SSOLFDWLRQ RI DFWLYDWLQJ IOX[HV LQ DXWRPDWLF ZHOG�
LQJ RI QXFOHDU SRZHU SODQW SLSLQJV� (QHUJHWLFK� 6WURLWHO�
VWYR� ��� ��w���

)LJXUH �� 'HSHQGHQFH RI WKH DUF YROWDJH XSRQ WKH FXUUHQW DW GLI�
IHUHQW LQWHU�HOHFWURGH GLVWDQFH� /

D
 ��� ��� ��� ��� ���� ��� ��� ���

��� ��� DQG ��� ��� �� PP
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7HFKQRORJLFDO UHVHDUFK RQ ODVHU DQG FRQVXPDEOH�DUF K\EULG ZHOGLQJ DW SURFHVV VSHHGV RI ��w��� P�K LV GHVFULEHG�

$SSOLFDWLRQ RI WKH K\EULG SURFHVV DW IL[HG SRZHU RI ODVHU UDGLDWLRQ LV UDWLRQDO XS WR D FHUWDLQ WKLFNQHVV RI ZHOGHG PHWDO�

DERYH ZKLFK WKH SHQHWUDWLRQ GHSWK GRHV QRW LQFUHDVH� GHVSLWH ORZHULQJ RI ZHOGLQJ VSHHG�

.H\ ZRU G V � K\EULG ZHOGLQJ� ODVHU� HOHFWULF DUF� VWDELOLVD�
WLRQ� SHQHWUDWLRQ GHSWK� ZHOG WKLFNQHVV� ZHOGLQJ PRGHV

2YHU WKH ODVW \HDUV D ORW RI ZRUNV KDYH EHHQ SXEOLVKHG
RQ FRPELQLQJ YDULRXV KHDW VRXUFHV IRU ZHOGLQJ PHWDOV

DQG DOOR\V� )RU LQVWDQFH� UHVHDUFKHUV EHFDPH LQWHU�

HVWHG LQ WKH HIIHFW RI FRPELQLQJ WKH ODVHU UDGLDWLRQ

ZLWK WKH DUF SODVPD >�@ RU +) KHDW VRXUFH >�@� 7KH

DGYDQWDJHV RI ODVHU�DUF K\EULG ZHOGLQJ DUH WKH DELOLW\

RI SDUWLDO UHSODFHPHQW RI ODVHU UDGLDWLRQ E\ WKH SRZHU

RI WKH DUF VRXUFH ZLWK SUHVHUYDWLRQ RI ZHOG JHRPHWU\�

FORVH WR ODVHU ZHOGV� WUDQVIRUPDWLRQ RI WKH ZHOGLQJ

WKHUPDO F\FOH� ORZHULQJ WKH VXVFHSWLELOLW\ WR IRUPD�

WLRQ RI KDUGHQLQJ VWUXFWXUHV LQ ZHOG PHWDO DQG +$=�

HWF� 7KH ILUVW RI WKH DERYH DGYDQWDJHV LV SDUWLFXODUO\

LQWHUHVWLQJ IRU LQGXVWULDO LQWURGXFWLRQ RI ODVHU�DUF

ZHOGLQJ� DV LW PD\ SURPRWH UHGXFWLRQ RI FDSLWDO FRVW

IRU SXUFKDVH RI HTXLSPHQW �FRQVLGHULQJ LWV FRPSDUD�
WLYHO\ ORZ FRVW IRU DUF ZHOGLQJ��

7HFKQRORJLFDO UHVHDUFK RI ODVHU K\EULG SURFHVVHV
ZDV FRQGXFWHG� &RPELQLQJ ODVHU UDGLDWLRQ ZLWK +)

KHDWLQJ VRXUFH >�@ ZDV VWXGLHG� DV ZHOO DV ODVHU�DUF
ZHOGLQJ� XVLQJ WXQJVWHQ�HOHFWURGH DUF� +RZHYHU� DV

VKRZQ E\ SUDFWLFDO ZRUN� LQ RUGHU WR SURGXFH RSWLPDO

JHRPHWU\ RI WKH ZHOGV� LW LV QHFHVVDU\ WR XVH ILOOHU

PDWHULDOV� 8VH RI UHJXODU ILOOHU ZLUH LQ ODVHU ZHOGLQJ

UHTXLUHV DGGLWLRQDO FRQVXPSWLRQ RI WKH UDGLDWLRQ

SRZHU IRU ZLUH PHOWLQJ� &RQVXPDEOH�HOHFWURGH DUF DO�

ORZV DYRLGLQJ WKHVH FRVWV �ZLUH EHFRPHV DQ �DFWLYH
ILOOHU��� ([SHULPHQWV RQ VWXG\LQJ WKH WHFKQRORJLFDO
IHDWXUHV RI WKH K\EULG RI ODVHU ZHOGLQJ DQG &2� FRQ�

VXPDEOH�DUF ZHOGLQJ ZHUH FRQGXFWHG E\ WKH VFKH�

PDWLF� VKRZQ LQ )LJXUH �� XVLQJ D ZHOGLQJ PDQLSXOD�

WRU� SURYLGLQJ WKH ZHOGLQJ VSHHG Y
Z
 ��w��� P�K�

3URFHVVLQJ&2��ODVHU /7����ZDV XVHG DV WKH UDGLDWLRQ

VRXUFH >�@� 5DGLDWLRQ SRZHU ZDV YDULHG LQ WKH UDQJH

RI ��� WR ��� N:� 5DGLDWLRQ ZDV IRFXVHG E\ D OHQV RI

SRWDVVLXP FKORULGH VLQJOH FU\VWDO �)  ��� PP�� 6DP�

SOHV ZHUH ERWK VROLG SODWHV DQG EXWWV RI VWHHOV ��*�6

�ZW��� ����w���&� ���0Q� ���6L� DQG � �ZW��� ����w
����&� ���w���0Q� )H x EDODQFH� ULPPHG� � WR ��

PP WKLFN� ,Q WKH FDVH RI δ  �w�� PP� WKH EXWWV ZHUH
PDGH ZLWK HGJH SUHSDUDWLRQ �EHYHO RI ���� URRW IDFH

RI � DQG � PP�� )LOOHU ZLUH 6Y���*�6 �G   ��� PP�

ZDV IHG DW WKH VSHHG RI YI  ���w��� P�K� DQJOH RI

HOHFWURGH LQFOLQDWLRQ WR WKH ODVHU EHDP D[LV α  ����

DUF OHQJWK /  �w� PP� DUF FXUUHQW ,   ��w��� $�

7KH ZRUN FRQVLVWHG LQ VWXG\LQJ WKH LQIOXHQFH RI
ODVHU UDGLDWLRQ RQ DUFLQJ VWDELOLW\� TXDOLW\ RI IRUPD�
WLRQ RI WKH XSSHU DQG ORZHU EHDGV RI WKH ZHOG� JHR�

PHWULFDO GLPHQVLRQV RI WKH FDVW PHWDO ]RQH� $W VLPXO�

WDQHRXV DFWLRQ RQ WKH PHWDO �VHH )LJXUH ��� ODVHU UD�

GLDWLRQ VWDELOLVHV DUFLQJ� 7KH KLJKHU WKH ZHOGLQJ

� 9�'� 6+(/<$*,1� 9�<X� .+$6.,1� 9�3� *$5$6+&+8.� $�9� 6,25$� $�9� %(51$76.< DQG $�9� 6$.+$5129� ����

)LJXUH �� 6FKHPDWLF RI FRQGXFWLQJ H[SHULPHQWV RQ ODVHU�DUF K\EULG
ZHOGLQJ� � x ODVHU UDGLDWLRQ RI SRZHU 3� N:� � x SURWHFWLYH
QR]]OH� �x VDPSOH� �x ILOOHUZLUH� �x FRSSHU FXUUHQW�FRQGXFWLQJ
QR]]OH� � x IRFXVLQJ OHQV ZLWK IRFDO GLVWDQFH )� PP� ∆) x IRFDO
SRLQW GHSWK� PP� α x DQJOH RI LQFOLQDWLRQ RI WKH HOHFWURGH WR WKH
ODVHU EHDP D[LV� GHJ� / x DUF OHQJWK� PP

)LJXUH �� &KDQJH RI VWDELOLW\ RI IRUPDWLRQ RI WKH XSSHU EHDG RI D
ZHOG� GHSHQGLQJ RQ ODVHU UDGLDWLRQ SRZHU 3 DW D FRQVWDQW SRZHU
RI WKH DUF RI ���� N: �Y

Z
 �� P�K�
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VSHHG� WKH JUHDWHU VKRXOG EH WKH UDGLDWLRQ SRZHU� )RU
LQVWDQFH� DW D FRQVWDQW ZHOGLQJ VSHHG RI ��w�� P�K�
D UHOLDEOH VWDELOLVDWLRQ LV DFKLHYHG DW UDGLDWLRQ SRZHU
RI ���w��� N:� DQG DW ��� P�K DQG KLJKHU DW ��� N:
DQG PRUH� $UFLQJ VWDELOLVDWLRQ LV DFFRPSDQLHG E\ DUF
YROWDJH GURS LQ WKH UDQJH RI �w� 9� ,Q WKLV FDVH� WKH
DUF SURSHU PRYHV ORZHU LQWR WKH YDSRXU�JDV FUDWHU WR
D GHSWK� FRPPHQVXUDWH ZLWK GHHSHQLQJ RI IRFXV ∆)�

7KH VWXGLHG K\EULG SURFHVV PDUNHGO\ FKDQJHV WKH
TXDOLW\ RI IRUPDWLRQ RI WKH XSSHU EHDG� ERWK LQ VXU�
IDFLQJ DQG EXWW ZHOGLQJ� )RU EHWWHU SUHVHQWDWLRQ� LW
ZDV HYDOXDWHG QRW WR *267 �����w��� EXW E\ D SRLQW
VFDOH� ZKHQ D XQLW\ FRUUHVSRQGHG WR WKH KLJKHVW TXDO�
LW\� DW ZKLFK ZHOG IRUPDWLRQ ZDV VWDEOH DQG UHJXODU�
ZLWK D VPRRWK WUDQVLWLRQ WR WKH EDVH PHWDO� 7KH KLJKHU
WKH GHJUHH RI GLVWXUEDQFH RI WKH DERYH SURSHUWLHV� WKH
OHVV SRLQWV� H[SUHVVHG DV WHQV IUDFWLRQV� ZHUH XVHG WR
HVWLPDWH WKH TXDOLW\� )URP )LJXUH � LW IROORZV� WKDW
WKH TXDOLW\ RI IRUPDWLRQ RI WKH XSSHU EHDG LPSURYHV
ZLWK WKH LQFUHDVH RI ODVHU UDGLDWLRQ SRZHU DW D FRQVWDQW
VSHHG RI ZHOGLQJ DQG SRZHU RI HOHFWULF DUF�

)LJXUH � VKRZV WKH ORQJLWXGLQDO PDFURVHFWLRQV RI
GHSRVLWV� PDGH E\ WKH SURFHVVHV RI ODVHU DQG K\EULG
ZHOGLQJ� ,Q WKH FDVH RI K\EULG ZHOGLQJ WKH OLQH RI WKH

XSSHU EHDG LV PRUH HYHQ� DQG WKH GHSWK RI WKH FDVW
PHWDO ERXQGDU\ LV PRUH XQLIRUP WKDQ LQ ODVHU ZHOGLQJ�
+RZHYHU� WKH VWUXFWXUH LQ WKH ZHOG URRW LQ K\EULG
ZHOGLQJ LV PRUH FOHDUO\ GHILQHG WKDQ WKDW LQ ODVHU
ZHOGLQJ� ZKLFK LV LQGLFDWLYH RI D SHULRGLF SURFHVV LQ
PHOWLQJ� ,Q ODVHU ZHOGLQJ WKH SHULRGLFLW\ LV OHVV REYL�
RXV� 0HDVXUHPHQW RI ZHOG PLFURKDUGQHVV VKRZHG�
WKDW ZLWK EDVH PHWDO KDUGQHVV RI+9 ����w����03D�
ODVHU ZHOGV KDYH WKHPLFURKDUGQHVV RI+9 ����w�����
ZKLOH WKH K\EULG ZHOGV +9 ����w���� 03D� 7KLV LV
LQGLFDWLYH RI D ORZHU VXVFHSWLELOLW\ WR IRUPDWLRQ RI
KDUGHQLQJ VWUXFWXUHV LQ WKH FDVW PHWDO LQ K\EULG OD�
VHU�DUF ZHOGLQJ�

)LJXUH � VKRZV D WUDQVYHUVH PDFURVHFWLRQ RI D
EXWW MRLQW� PDGH E\ K\EULG ZHOGLQJ ZLWK KLJK�TXDOLW\
IRUPDWLRQ RI WKH XSSHU DQG ORZHU EHDGV� ,Q EXWW ZHOG�
LQJ LW ZDV IRXQG WKDW FRPSDUHG WR WKH ODVHU ZHOGLQJ
SURFHVV ZLWK ILOOHU ZLUH IRU VWHHOV ZLWK δ ! � PP�
� N: RI SRZHU RI WKH HOHFWULF DUF FDQ UHSODFH ��� N:
RI ODVHU UDGLDWLRQ� ZKLOH IRU VWHHOV ZLWK δ � � PP WKLV
UHSODFHPHQW LV MXVW RQH WR RQH�

)LJXUH � VKRZV WKH GHSHQGHQFLHV RI WKH WRWDO WKLFN�
QHVV RI WKH ZHOG >�@ DQG SHQHWUDWLRQ GHSWK RQ ZHOGLQJ
VSHHG �DW FRQVWDQW SRZHUV RI ODVHU UDGLDWLRQ DQG HOHF�
WULF DUF� IRU K\EULG DQG ODVHU ZHOGLQJ� ([SHULPHQWDO
SRLQWV ZHUH GHULYHG E\ DYHUDJLQJ � WR � PHDVXUHPHQWV

)LJXUH �� 0DFURVWUXFWXUHV RI D[LDO ORQJLWXGLQDO VHFWLRQ RI WKH GH�
SRVLWV� PDGH LQ D SODWH RI VWHHO ��*�6 �δ  �� PP� E\ ODVHU �D�
DQG K\EULG �E� SURFHVV ZLWK &2

�
VKLHOGLQJ LQ WKH IROORZLQJ PRGHV�

D x 3  ��� N:� )  ��� PP� ∆)  w� PP� Y
Z
 �� P�K� E x

3  ��� N:� )  ��� PP� ∆)  w� PP� Y
Z
 �� P�K� ,  ��� $�

8  �� 9� Y
I
 ��� P�K

)LJXUH ��0DFURVWUXFWXUH RI D EXWW MRLQW RI ��*�6 VWHHO VKHHWV �δ  
 � PP�� PDGH E\ WKH K\EULG ODVHU�DUF SURFHVV �3  ��� N:� )  
 ��� PP� ∆)  w� PP� Y

Z
 �� P�K� ,  �� $� 8  �� 9� Y

I
 

 ��� P�K�

)LJXUH �� 'HSHQGHQFH RI WKH WRWDO ZHOG WKLFNQHVV + �D� DQG SHQHWUDWLRQ GHSWK K �E� RQ ZHOGLQJ VSHHG Y
Z
� � x ODVHU ZHOGLQJ� � x

K\EULG ZHOGLQJ
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LQ VRPH VHFWLRQV RI WKH ZHOG� 6FDWWHU RI H[SHULPHQWDO
UHVXOWV LV LQ WKH UDQJH RI ±��w�� ��

,Q ODVHU ZHOGLQJ WKH WRWDO WKLFNQHVV RI WKH ZHOG
DQG SHQHWUDWLRQ GHSWK GHFUHDVH JUDGXDOO\ ZLWK WKH
LQFUHDVH RI ZHOGLQJ VSHHG �)LJXUH �� FXUYH ��� 0HDV�
XUHG H[SHULPHQWDO GHSHQGHQFLHV DUH DSSUR[LPDWHG E\
DQDO\WLFDO GHSHQGHQFLHV E\ WKH OHDVW VTXDUHV PHWKRG�
)RU WKH WRWDO ZLGWK RI WKH ZHOG� WKH\ DUH GHVFULEHG
E\ WKH UHODWLRQVKLS +/:  w����� � ����YZ

w������� IRU

SHQHWUDWLRQ GHSWK K/:  w���� � �����YZ
w�������

,Q K\EULG ZHOGLQJ DOVR D GHFUHDVH RI WKH WRWDO ZHOG
WKLFNQHVV DQG SHQHWUDWLRQ GHSWK LV IRXQG ZLWK WKH
LQFUHDVH RI ZHOGLQJ VSHHG �)LJXUH �� FXUYH ��� +RZ�
HYHU� LQGLYLGXDO H[SHULPHQWDO SRLQWV PDUNHGO\ IDOO
RXW RI WKH PRQRWRQLF GHSHQGHQFH� 7KH\ ZHUH HOLPL�
QDWHG IURP WKH DSSUR[LPDWLRQ� 7KHLU DQDO\WLFDO UHS�
UHVHQWDWLRQ LV DV IROORZV� IRU WKH WRWDO WKLFNQHVV RI WKH

ZHOG ++:  w����� � �����YZ
w������� IRU SHQHWUDWLRQ

GHSWK K+:  w���� � �����YZ
w�������

%RWK DQDO\WLFDO GHSHQGHQFLHV DQG FXUYHV LQ )L�
JXUH �� E LQGLFDWH� WKDW WKH GLIIHUHQFHV EHWZHHQ WKH
SHQHWUDWLRQ GHSWKV LQ K\EULG DQG ODVHU ZHOGLQJ DUH
ZLWKLQ PHDVXUHPHQW DFFXUDF\� 7KHUHIRUH� LI ZH LJQRUH
WKH IDOOLQJ RXW H[SHULPHQWDO SRLQWV� WKH SHQHWUDELOLW\
LV QRW HVVHQWLDOO\ LQFUHDVHG�

,Q RUGHU WR GHWHUPLQH WKH YDOLGLW\ RI GHYLDWLRQ RI
H[SHULPHQWDO SRLQWV� HOLPLQDWHG IURP DSSUR[LPDWLRQ�
VWDQGDUG YDOXHV ZHUH FDOFXODWHG IRU WKHP ZLWK FRQIL�
GHQFH SUREDELOLW\ RI ���� 7KH\ DUH VKRZQ LQ WKH JUDSKV
�VHH )LJXUH ��� IURP ZKLFK LW LV VHHQ WKDW WKHVH GH�
YLDWLRQV DUH QRW UDQGRP� EXW DUH WKH FRQVHTXHQFH RI
SK\VLFDO SURFHVVHV LQ K\EULG ZHOGLQJ�

7KH IRXQGDEUXSW ORZHULQJ RI SHQHWUDELOLW\ DW FHUWDLQ
ZHOGLQJ VSHHGV� LW DWWULEXWDEOH WR LQWHUDFWLRQ RI OLTXLG
PHWDO� ZKLFK XQGHU WKH LPSDFW RI ODVHU UDGLDWLRQ LV WUDQV�
SRUWHG WR WKH UHDU IURQW RI WKH YDSRXU�JDV FUDWHU >�@ ZLWK
WKH OLTXLG PHWDO RI WKH ILOOHU ZLUH� $SSDUHQWO\� DW VRPH
ZHOGLQJ VSHHGV� WKH ILOOHU PHWDO ILOOV WKH FUDWHU� IRUPHG
E\ ODVHU UDGLDWLRQ� $GGLWLRQDO SRZHU LV FRQVXPHG WR RXVW
LW IURP WKH FUDWHU� DQG� WKHUHIRUH� WKH SHQHWUDWLRQ GHSWK
LV UHGXFHG� ,Q SUDFWLFH LW ZDV LPSRVVLEOH WR DFKLHYH IXOO
SHQHWUDWLRQ RI WKH EXWWV RI ��*�6 VWHHO VKHHWV RI WKLFN�
QHVV δ  �� PP ZLWK D QDUURZ JDS ����� DQG URRW IDFH
RI � DQG � PP �)LJXUH ��� XQOLNH WKH VKHHWV RI WKH
WKLFNQHVV� HTXDO WR WKDW RI WKH URRW IDFH �VHH )LJXUH ���
7KLV PD\ EH DFFRXQWHG IRU E\ WKH IDFW WKDW LQ VTXDUH
EXWW ZHOGLQJ RI VKHHWV� WKH OLTXLG PHWDO RI WKH ILOOHU
VSUHDGV IUHHO\ RYHU WKH VXUIDFH� ,Q JURRYHG ZHOGLQJ WKH
ODVHU UDGLDWLRQ VWDELOL]HV WKH DUF� WKXV DOORZLQJ WKH OLTXLG
PHWDO WR SHQHWUDWH WR WKH YHU\ ERWWRP RI WKH JURRYH DQG
ILOO WKH VSRW� ZKHUH WKH FUDWHU� IRUPHG E\ ODVHU UDGLDWLRQ�
VKRXOG EH ORFDWHG� $GGLWLRQDO ODVHU SRZHU LV FRQVXPHG
LQ RXVWLQJ WKLVPHWDO� ,Q WKLV FRQQHFWLRQ� WKH SHQHWUDWLRQ
GHSWK LV UHGXFHG� DQG WKURXJK SHQHWUDWLRQ LV DEVHQW�

7KH FRQVLGHUHG SKHQRPHQRQ LV LQIOXHQFHG E\ D QXP�
EHU RI IDFWRUV� ,W PD\ EH DVVXPHG WKDW WKH PDLQ RI WKHP
LV WKH UDWLR RI WKH IUHTXHQF\ RI SHULRGLF WUDQVIHU RI OLTXLG
PHWDO XQGHU WKH LPSDFW RI ODVHU UDGLDWLRQ >�@ DQG IUH�
TXHQF\ RI GURS WUDQVIHU LQ PHOWLQJ RI WKH ILOOHU ZLUH E\
WKH HOHFWULF DUF >�@� $QRWKHU DUJXPHQW LQ IDYRXU RI WKLV
DVVXPSWLRQ LV D SHULRGLF IDOOLQJ RXW RI H[SHULPHQWDO
SRLQWV IURP WKH PRQRWRQLF GHSHQGHQFH�

&21&/86,21

$ FRPELQHG DFWLRQ RI ODVHU UDGLDWLRQ DQG WKH FRQVXP�
DEOH HOHFWURGH DUF LQ ZHOGLQJ VWHHOV LQ &2� UHVXOWV LQ
IRUPDWLRQ RI D KLJK�TXDOLW\ XSSHU EHDG RI WKH ZHOG�
WKLV DOORZLQJ WKH ODVHU UDGLDWLRQ WR EH GHFUHDVHG� SDU�
WLDOO\ UHSODFLQJ LW E\ HOHFWULF DUF SRZHU �� N: RI WKH
DUF LQVWHDG RI ��� N: RI ODVHU UDGLDWLRQ IRU δ ! � PP
DQG RQH�WR�RQH IRU δ � � PP�� WKH KDUGQHVV RI WKH
SURGXFHG ZHOGV PD\ EH UHGXFHG� PDNLQJ WKHP PRUH
GXFWLOH�

5DGLDWLRQ RI &2��ODVHU VWDELOL]HV WKH HOHFWULF DUF�
�WLHV XS� WKH DUF FROXPQ WR WKH IRFXVHG EHDP� FRPLQJ
WR WKH PHWDO� DQG PDNHV WKH DUF JR ORZHU LQWR WKH
YDSRXU�JDV FKDQQHO� 7KH HIIHFW RI VWDELOL]DWLRQ RI WKH
DUF LV WKH KLJKHU� WKH JUHDWHU WKH SRZHU RI ODVHU UD�
GLDWLRQ� DOWKRXJK DW XS WR �� P�K VSHHGV MXVW ���w
��� : RI IRFXVHG ODVHU UDGLDWLRQ LV VXIILFLHQW WR VWD�
ELOL]H WKH DUF�

,Q FDVH RI K\EULG ZHOGLQJ DW FHUWDLQ YDOXHV RI
VSHHG� WKH SHQHWUDWLRQ GHSWK LV GUDVWLFDOO\ GHFUHDVHG�
WKXV GLVWXUELQJ WKH PRQRWRQLF QDWXUH RI GHSHQGHQFH
K  I�YZ�� $SSDUHQWO\� WKLV LV GXH WR WKH LQWHUDFWLRQ
RI WKH OLTXLG PHWDO� SXVKHG WR WKH FUDWHU UHDU IURQW
XQGHU WKH LPSDFW RI ODVHU UDGLDWLRQ� ZLWK WKH OLTXLG
PHWDO RI WKH ILOOHU ZLUH� PROWHQ E\ WKH HOHFWULF DUF�

$SSOLFDWLRQ RI WKH K\EULG SURFHVV DW D IL[HG SRZHU
RI ODVHU UDGLDWLRQ LV UDWLRQDO XS WR D FHUWDLQ WKLFNQHVV�
δ� RI WKH PHWDO EHLQJ ZHOGHG� DERYH ZKLFK WKH SHQH�
WUDWLRQ GHSWK ZDV QRW LQFUHDVHG� GHVSLWH ORZHULQJ RI
WKH ZHOGLQJ VSHHG�

�� 0DWVXGD� -�� 8WVXPL� $�� .DWVXPXUD� 0� HW DO� ������ 7,*
RU 0,* DUF DXJPHQWHG ODVHU ZHOGLQJ RI WKLFN PLOG VWHHO
SODWH� -RLQLQJ DQG 0DWHULDOV� �� ��w���

�� .KDVNLQ� 9�<X�� 6KHO\DJLQ� 9�'�� *DUDVKFKXN� 9�3� HW DO�
������ /DVHU EXWW ZHOGLQJ ZLWK KLJK�IUHTXHQF\ KHDWLQJ RI
ZHOG RI HGJHV� 7KH 3DWRQ :HOGLQJ -�� ��� ��w���

�� *DUDVKFKXN� 9�3�� 6KHO\DJLQ� 9�'�� 1D]DUHQNR� 2�.� HW DO�
������ 7HFKQRORJLFDO &2

�
�ODVHU /7���� RI �� N: SRZHU�

$YWRPDWLFK� 6YDUND� �� ��w���
�� ������ 7HFKQRORJ\ RI IXVLRQ HOHFWULF DUF ZHOGLQJ RI PHWDOV

DQG DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWURHQLH�
�� *ULJRULDQWV� $�*�� 6KLJDQRY� ,�1� ������ /DVHU WHFKQLTXH

DQG WHFKQRORJ\� %RRN �� /DVHU ZHOGLQJ RI PHWDOV� 0RVFRZ�
9\VVKD\D 6KNROD�

�� 3RWDSLHYVN\� $�*� ������ 6KLHOGHG�JDV FRQVXPDEOH�DUF
ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

)LJXUH �� 0DFURVWUXFWXUH RI D EXWW RI ��*�6 VWHHO �δ  �� PP��
ZHOGHG E\ &2

�
ODVHU�DUF SURFHVV �3  ��� N:� ∆)  w� PP� Y

Z
 

 �� P�K� Y
I
 ��� P�K� ,  ��� $� 8  �� 9� VKLHOGLQJ JDV

SUHVVXUH RI ����w��� 03D�
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1�,� 32672/$7<� $�'� */86+&+(1.2� 6�9� '8.+ DQG /�6� *5,76(1.2

.DNKRYND 3ODQW RI (OHFWULF :HOGLQJ (TXLSPHQW� .DNKRYND� 8NUDLQH

)HDWXUHV RI IRUPLQJ WKH H[WHUQDO VWDWLF DQG H[WHUQDO G\QDPLF FKDUDFWHULVWLFV RI WK\ULVWRULVHG ZHOGLQJ UHFWLILHUV DUH

FRQVLGHUHG DQG WKH DELOLW\ WR LPSURYH GURS WUDQVIHU LQ &2
�
ZHOGLQJ LV VKRZQ�

.H\ ZRU G V � &2� DUF ZHOGLQJ� ULJLG H[WHUQDO FKDUDF�

WHULVWLF RI WKH SRZHU VRXUFH� PROWHQ PHWDO WUDQVIHU� UHJXODWRU�
FRQWURO ODZ� WUDQVIHU IXQFWLRQ

:LWK WKH LQWURGXFWLRQ RI LQYHUWHU ZHOGLQJ UHFWLILHUV

WKH VSHFLILF ZHLJKW�GLPHQVLRQDO DQG SRZHU FKDUDF�

WHULVWLFV KDYH UHDFKHG D OHYHO� XQWKLQNDEOH RI WKH WUD�

GLWLRQDO �GLRGH DQG WK\ULVWRU� VRXUFHV� ,Q DGGLWLRQ�
LQFUHDVH RI WUDQVIRUPDWLRQ IUHTXHQF\ HQDEOHG DFWLYH

FRQWURO RI PROWHQ PHWDO WUDQVIHU GXH WR SUDFWLFDO OLT�

XLGDWLRQ RI D �XQLW ZLWK SXUH GHOD\� �PLQLPXP RQH

SHULRG RI SXOVDWLRQV� ZKLFK IRU WUDGLWLRQDO UHFWLILHUV

LV FRPPHQVXUDWH ZLWK WKH WUDQVIHU WLPH��

'HVSLWH WKH LQGXELWDEOH DGYDQWDJHV RI LQYHUWHU

FRQYHUWHUV� WK\ULVWRULVHG DQG WKHQ GLRGH �VWHS�

VZLWFKHG� ZHOGLQJ SRZHU VRXUFHV VWLOO SUHGRPLQDWH LQ

ILWWLQJ RI WKH HQWLUH HTXLSPHQW IOHHW IRU JDV�VKLHOGHG
DUF ZHOGLQJ >�@� 6LPSOLFLW\� FRVW� UHOLDELOLW\� UH�

SDLUDELOLW\ DQG DYDLODELOLW\ RI WKH ZHOGLQJ FKDUDF�

WHULVWLFV� VXIILFLHQW IRU D VSHFLILF WHFKQRORJ\� ZLOO VWLOO

UHPDLQ WR EH WKH GHWHUPLQDQW IDFWRUV LQ VHOHFWLRQ RI

D SRZHU VRXUFH� +RZHYHU� KLJKHU UHTXLUHPHQWV� PDGH

RI WKH TXDOLW\ RI ZHOGHG MRLQWV DQG HTXLSPHQW HIIL�

FLHQF\� OHDG WR LQFUHDVHG UHTXLUHPHQWV WR WKH ZHOGLQJ

SRZHU VRXUFHV LQ IDEULFDWLRQ� :KLOH QR VLJQLILFDQW

EUHDNWKURXJK FDQ EH DQWLFLSDWHG LQ WHUPV RI WKH
ZHLJKW�GLPHQVLRQDO RU SRZHU FKDUDFWHULVWLFV RI WKH

WUDGLWLRQDO VRXUFHV� LQ WHUPV RI ZHOGLQJ SURSHUWLHV

WKHUH VWLOO LV VRPH URRP IRU LPSURYHPHQW�

2QH RI WKH GHWHUPLQDQW IDFWRUV LQ ZHOG IRUPDWLRQ

LV NQRZQ WR EH WKH QDWXUH RI GURS WUDQVIHU >�� �@�

ZKLFK ODUJHO\ GHSHQGV RQ WKH G\QDPLF SURSHUWLHV RI

WKH SRZHU VRXUFH� (OHFWURG\QDPLFV RI WK\ULVWRU UHFWL�

ILHUV LV WR D FHUWDLQ H[WHQW GHSHQGHQW� EXW LV FHUWDLQO\

QRW H[KDXVWHG E\ 5w/ SDUDPHWHUV RI WKH WUDQVIRUPHU

DQG WKH FKRNH� 6R IDU WKH PDLQ IRFXV KDV EHHQ RQ WKH

FKRNH� 7KH PDLQ PHWKRG IRU FKDQJLQJ LWV LQGXFWDQFH

ZDV VZLWFKLQJ RI WKH QXPEHU RU WXUQV� 7KH FRQWURO

FLUFXLW LQFRUSRUDWHV DOVR WKH G\QDPLF RI FRQWUROOLQJ

WKH DQJOH RI FRQGXFWLYLW\ RI WKH WK\ULVWRU JURXS� $

FKDUDFWHULVWLF IHDWXUH RI WKH DOO�SXUSRVH SRZHU VRXUFHV

�9'8����� 9'8����� 9'8����6� .,8����� .,8�
���� LV DQ H[FHVV RI WK\ULVWRU DPSOLWXGH YROWDJH IRU
WKH PRGH RI ULJLG H[WHUQDO FKDUDFWHULVWLFV �5(&��

ZKLFK UHVXOWV LQ WKH UHFWLILHG YROWDJH RVFLOORJUDP LQ�

FRUSRUDWLQJ ULSSOH� ZKLFK LV PXFK JUHDWHU WKDQ WKH

FRQVWDQW FRPSRQHQW� 6LQFH RXWSXW YROWDJH VLJQDO �8R
�

LV XVHG DV QHJDWLYH IHHGEDFN �1)%� E\ WKH FRQWUROOHG

SDUDPHWHU� VXFK D VLJQDO KDV WR JR WKURXJK XQLWV ZLWK

WKH WUDQVIHU IXQFWLRQ RI WKH IROORZLQJ NLQG�

:(S) = N

7S + �
�

ZKHUH:�S� LV WKH WUDQVIHU IXQFWLRQ RI WKH XQLW� N LV

WKH JDLQ IDFWRU� 7 LV WKH WLPH FRQVWDQW RI WKH XQLW� S

LV WKH GHVLJQDWLRQ RI WKH RSHUDWLRQ RI GLIIHUHQWLDWLRQ

LQ WLPH�

,Q WKH LQLWLDO FRQWURO FLUFXLW RI .,8���� SRZHU

VRXUFH 8
R
QHJDWLYH IHHGEDFN ORRS LQFRUSRUDWHG WZR

VLPLODU XQLWV $� DQG $� �)LJXUH ��� 7KH VFKHPDWLF LQ
)LJXUH � LV WKH GHVLJQ RI WKH VLPSOHVW SURSRUWLRQDO

YROWDJH UHJXODWRU �3�� W\SLFDO IRU DOO WKH NQRZQ
WK\ULVWRULVHG ZHOGLQJ VRXUFHV� $ VPDOO ,

Z
FXUUHQW IHHG�

EDFN �XQLWV $�� $�� LV XVHG IRU IRUPDWLRQ RI WKH UH�

TXLUHG VORSH RI WKH VWDWLF H[WHUQDO FKDUDFWHULVWLF�

3RZHU VRXUFH .,8���� ZLWK WKH FRQWURO FLUFXLW

�VHH )LJXUH �� ZDV WHVWHG LQ NHHSLQJ ZLWK WKH UHTXLUH�

� 1�,� 32672/$7<� $�'� */86+&+(1.2� 6�9� '8.+ DQG /�6� *5,76(1.2� ����

)LJXUH �� %ORFN GLDJUDP �LQLWLDO� RI IRUPDWLRQ RI FRQWURO YROWDJH 8
F
E\ WKH DQJOH RI FRQGXFWLYLW\ RI WK\ULVWRU JURXS� 8

R
x RXWSXW

YROWDJH RI UHFWLILHU� 8
VHW
x VHWWHU YROWDJH� ,

Z
x YROWDJH DW PHDVXULQJ VKXQW �ZHOGLQJ FXUUHQW VLJQDO�� $� x 5&�ILOWHU� $� x VXPPLQJ

RSHUDWLQJ DPSOLILHU� $� x VFDOLQJ FRQYHUWHU� $� x 5&�ILOWHU� $� x OLPLWHU
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PHQWV RI *267 �����w�� >�@ IRU ZHOGLQJ SURSHUWLHV

DQG WKH FRQFOXVLRQ ZDV SRVLWLYH� +RZHYHU� WHVWLQJ

XQGHU WKH DFWXDO FRQGLWLRQV RI SURGXFWLRQ UHYHDOHG D

QXPEHU RI GLVDGYDQWDJHV DW ORZ FXUUHQWV� QDPHO\ VOXJ�

JLVK DUF LJQLWLRQ� XQVWDEOH DUF� KLJKHU VSDWWHU� XQVDW�

LVIDFWRU\ IRUPDWLRQ RI GHSRVLWHG PHWDO� VPDOO PDUJLQ

RI VWDELOLW\ E\ YROWDJH �VPDOO GHYLDWLRQV RI WKH VHWWHU

IURP WKH RSWLPDO SRVLWLRQ OHDG WR D PDUNHG GHWHULR�

UDWLRQ RI WKH SURFHVV� SDUWLFXODUO\ LQ YHUWLFDO ZHOG�

LQJ��

1XPHURXV H[SHULPHQWV RQ LPSURYHPHQW RI WKH

ZHOGLQJ SURSHUWLHV RI WKH UHFWLILHU ZHUH OLPLWHG E\

VHOHFWLRQ RI WKH FKRNH SDUDPHWHUV DQG FRHIILFLHQWV LQ

WKH XQLWV RI WKH VWUXFWXUH LQ )LJXUH �� ,Q WKLV FDVH LW

ZDV DVVXPHG �DV DQ D[LRP� WKDW LW LV HQRXJK WR DFKLHYH

JRRG ZHOGLQJ DW ORZ FXUUHQWV� WR SURGXFH DQ H[FHOOHQW

SRZHU VRXUFH LQ WKH HQWLUH FXUUHQW UDQJH� *RRG ZHOG�

LQJ SURSHUWLHV DW ORZ FXUUHQWV ���w��� $� ZHUH RE�

WDLQHG RQO\ DIWHU� LQ DGGLWLRQ WR VHOHFWLRQ RI WKH UHJX�

ODWRU WLPH VWHSV� XQLW $� LQ YROWDJH 1)% ORRS KDV

VWUXFWXUDOO\ FKDQJHG�

:(S) =





����� + �����

��⋅��w�S + �






�

,QHUWLD RI XQLW $� ZDV LQFUHDVHG E\ RQH DQG D KDOI

RUGHUV RI PDJQLWXGH �7�  ���⋅��w� V�� WKLV ORZHULQJ
�ILQH�GURS� IOXFWXDWLRQV RI 8F DQG UHVXOWLQJ LQ D

�TXLHW� DUF� ,Q WKLV FDVH D FRQVLGHUDEOH SRUWLRQ RI

1)% VLJQDO E\ WKH FRQWUROOHG SDUDPHWHU FRPHV LQ IRU

FRPSDULVRQ ZLWKRXW G\QDPLF GLVWRUWLRQV� 6XFK D

VWUXFWXUH SURYLGHV KLJK�TXDOLW\ ZHOGLQJ SURFHVV DW XS

WR ��� $ FXUUHQWV� +RZHYHU� ZHOGLQJ LQ WKH FXUUHQW

UDQJH RI ���w��� $ VWLOO UHPDLQHG WR EH XQVDWLVIDFWRU\

ERWK LQ WHUPV RI ZHOG IRUPDWLRQ DQG VSDWWHU� WKLV

EHLQJ DWWULEXWDEOH WR SRVLWLYH FXUUHQW IHHGEDFN� $W

FXUUHQWV DERYH ��� $� WKH SURFHVV UXQV LQ D TXLWH

VDWLVIDFWRU\ PDQQHU�

7KH PRVW FDUGLQDO PHDVXUH RQ LPSURYHPHQW RI

ZHOGLQJ SURSHUWLHV LV UHJDUGHG WR EH OLPLWDWLRQ RI WKH

VSHHG RI FXUUHQW ULVH LQ WKH GURS >�@�:LWK WKLV SXUSRVH

LW LV UHFRPPHQGHG� LQ SDUWLFXODU� WR LQFUHDVH WKH FKRNH

LQGXFWLYHQHVV XS WR ���w���P+ >�@� ([SHULPHQWVZLWK

.,8���� LQ WKLV UHVSHFW GLG QRW JLYH DQ\ VLJQLILFDQW

LPSURYHPHQW�

,I D ZHOGLQJ FXUUHQW GHULYDWLYH GL�GW �'�FRPSR�

QHQW� LV LQFRUSRUDWHG LQWR WKH ODZ RI FRQWURO RI WKH

DQJOH RI FRQGXFWLYLW\ RI WKH WK\ULVWRU JURXSV� WKHQ

WKH UHDFWLRQ RI WKH UHDO GLIIHUHQWLDWLQJ XQLW

:(S) = NS
7S + �

RQ D VWHSZLVH DFWLRQ VWDUWV LPPHGLDWHO\�

3UDFWLFDO DSSOLFDWLRQ RI GL�GW FRPSRQHQW LQ WKH

FRQWURO FLUFXLW RI .,8���� UHFWLILHU FRQILUPHG WKLV

SRVVLELOLW\ �)LJXUH ��� ,Q 5(& PRGH WKH UHJXODWRU RI

WKH DQJOH RI FRQGXFWLYLW\ RI WKH WK\ULVWRU JURXS RS�

HUDWHV LQ WKH OLQHDU VHFWLRQ RI OLPLWHU $� ZKLFK� XQOLNH

WKH PRGH RI IDOOLQJ H[WHUQDO FKDUDFWHULVWLFV �)(&�

GRHV QRW LQIOXHQFH WKH VWDWLFV DQG G\QDPLFV RI WKH

UHFWLILHU� $IWHU '�FRPSRQHQW KDV EHHQ LQFRUSRUDWHG

LQWR WKH SRZHU VRXUFH FRQWURO ODZ� WKH QDWXUH RI DUFLQJ

KDV GUDVWLFDOO\ FKDQJHG�

• FKDUDFWHULVWLF FUDFNOLQJ� ZKLFK DFFRPSDQLHV WKH
GURSV EUHDNLQJ XS� LV DEVHQW DQG VRIW UXVWOLQJ SUHYDLOV�

• YLVXDOO\ WKH DUF LV TXLHW� VSDUNLQJ LV UDUH� ILQH

DQG ZHDN�

• SURFHVV LV QRW VHQVLWLYH WR YROWDJH GHYLDWLRQV�

JUHDWO\ H[FHHGLQJ WKH WROHUDQFH UDQJHV WR *267

�����w���

)LJXUH �� %ORFN�GLDJUDP �ILQDO� RI IRUPDWLRQ RI FRQWURO YROWDJH E\ WKH DQJOH RI FRQGXFWLYLW\ RI WKH WK\ULVWRU JURXS RI .,8���� UHFWLILHU
LQ 5(& PRGH� $� x FRPELQHG XQLW ZLWK DQ LQHUWLDOHVV SURSRUWLRQDO DQG SURSRUWLRQDO LQHUWLD FRPSRQHQW� $� x UHDO GLIIHUHQWLDWLQJ
XQLW

)LJXUH �� 'HSHQGHQFH RI PHWDO ORVVHV RQ FXUUHQW LQ ZHOGLQJ ZLWK
5(& �ZHOGLQJZLUH G  ���PP� &2

�
JDV VKLHOGLQJ� IRU GHVLJQDWLRQV

RI FXUYHV �� � VHH WKH WH[W�
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• PHWDO GHSRVLWHG LQ WKH PRVW XQIDYRXUDEOH PRGHV�
XQOLNH WKH SUHYLRXV RQH� LV FKDUDFWHULVHG E\ ILQH VXU�

IDFH ULSSOH DQG HYHQ HGJH �DEVHQFH RI XQGHUFXWV��

• VSDWWHULQJ LV PLQLPLVHG LQ WKH HQWLUH UDQJH RI

ZHOGLQJ FXUUHQWV�

0HWDO ORVVHV LQ WKH PRVW XQIDYRXUDEOH PRGHV DUH

UHGXFHG �)LJXUH ���0HWDO ORVV LQ ZHOGLQJ� XVLQJ .,8�

�� VRXUFH ZLWK'�FRPSRQHQW LQ WKH FRQWURO ODZ �FXUYH

�� LV VPDOOHU WKDQ LQ ZHOGLQJ ZLWK WKH VRXUFH ZLWK

WKH WUDGLWLRQDO FRQWURO FLUFXLW �FXUYH �� >�@��

%ORFN GLDJUDP RI WKH .,8���� FRQWURO FLUFXLW LQ

)(& PRGH �)LJXUH �� GRHV QRW LQFRUSRUDWH XQLW $�

RI YROWDJH 1)%� DQG LV FKDUDFWHULVHG E\ GHHSHU FXUUHQW

1)% �XQLW $��� 6HWWHU VLJQDO ,VHW LV WKH DQDORJ RI WKH

DVVLJQHG FXUUHQW�

1R QRWLFHDEOH LQIOXHQFH RI'�FRPSRQHQW �XQLW $��

RQ WKH ZHOGLQJ SURSHUWLHV RI WKH VRXUFH LQ WKH )(&

PRGH ZDV QRWHG� ZKLFK LV DWWULEXWDEOH WR LWV UHODWLYHO\

ZHDN LQIOXHQFH DW ORZ FXUUHQW ULSSOH� ,QIOXHQFH RI

XQLW $� ZDV PDQLIHVWHG RQO\ DW VWDWLF H[WHUQDO FKDU�

DFWHULVWLFV DW KLJK ORDG FXUUHQWV WRZDUGV LQFUHDVH RI

WKH VWHHSQHVV LQ WKH IDOOLQJ VHFWLRQ� 7KLV LV DWWULEXWDEOH

WR D SXOVHG QDWXUH RI WKH ORDG DQG SUHVHQFH RI QRQ�

OLQHDU ORRSV LQ WKH FLUFXLW� ,Q FDVH ORZ FXUUHQWV ZHUH

XVHG� WKH VORSH GLG QRW FKDQJH� ,W LV NQRZQ WKDW D

VWHHSO\�IDOOLQJ H[WHUQDO FKDUDFWHULVWLF LQ )(& PRGH

SURPRWHV VWDELOLW\ RI WKH SURFHVV�

,W VKRXOG EH QRWHG WKDW .,8���� DQG .,8����

VRXUFHV DUH FRPSOHWH DQDORJV LQ WHUPV RI FLUFXLW GHVLJQ�

7KH ODWWHU RI WKH DERYH VRXUFHV GLIIHUV RQO\ E\ WKH

FRHIILFLHQW RI VFDOH WUDQVIRUPDWLRQ �.L  w��� RI WKH

ZHOGLQJ FXUUHQW VLJQDO LQ XQLW $�� (OHFWURQLF FRQWURO

ERDUGV DUH XQLILHG�

'HVLJQ RI WKH VRXUFHV DOORZV DSSO\LQJ WKHP LQ D

VHW ZLWK VHPL�DXWRPDWLF �DXWRPDWLF� PDFKLQHV� LQFRU�

SRUDWLQJ D GULYH� IHG E\ YROWDJH LQ WKH UDQJH RI �w��9�

RU ��w�� 9� RU �� 9�

$SSOLFDWLRQ RI '�FRPSRQHQW LQ WKH SRZHU VRXUFH

FRQWURO ODZ DOORZV REWDLQLQJ RSWLPDO ZRUNLQJ SD�

UDPHWHUV� SURYLGLQJ D JRRG DSSHDUDQFH RI WKH ZHOG

DQG SURFHVV VWDELOLW\�

3RZHU VRXUFHV ZLWK '�FRPSRQHQW LQ WKH FRQWURO

ODZ KDYH EHHQ PDQXIDFWXUHG E\ .DNKRYND 3ODQW RI

(OHFWULF :HOGLQJ (TXLSPHQW VLQFH -DQXDU\� �����

�� =DUXED� ,�,�� /DWDQVN\� 9�3�� 6LGRUHQNR� 9�0� ������ 1HZ
W\SH RI ZHOGLQJ UHFWLILHU� $YWRPDWLFK� 6YDUND� �� ��w���

�� 3RWDSLHYVN\� $�*� ������ &2� ZHOGLQJ� /HQLQJUDG� 0DVKL�
QRVWURHQLH�

�� 9RURSDM� 1�0� ������ 0HWKRGV RI PHWDO VSDWWHULQJ HOLPLQD�
WLRQ LQ &2

�
ZHOGLQJ� 6YDUVKFKLN� �� ��

�� *267 �����w��� $UF ZHOGLQJ SRZHU VRXUFHV� 0HWKRGV RI
WHVWLQJ RI ZHOGLQJ SURSHUWLHV�

)LJXUH �� %ORFN GLDJUDP RI IRUPLQJ RI FRQWURO YROWDJH LQ )(& PRGH
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$�1� 6+$329$/

6WDWH (QJLQHHULQJ &HQWHU RI +DUG $OOR\V �6YHWNHUPHW�� 6YHWORYRGVN� 8NUDLQH

$Q HOHFWURGH DQG LWV PDQXIDFWXULQJ PHWKRG DUH SURSRVHG� ZKLFK HQYLVDJH IRUPDWLRQ RI D WLJKW FRQWDFW RI WKH HOHFWURGH

FDVH ZLWK WKH DFWLYH LQVHUW GXULQJ WKHLU MRLQLQJ� $ FRPSRVLWH PDWHULDO KDV EHHQ GHYHORSHG IRU WKH DFWLYH LQVHUW RI

SODVPDWURQ HOHFWURGH ZLWK D EDUULHU OD\HU RI ]LUFRQLXP QLWULGH�

.H\ ZRU G V � SODVPDWURQV� HOHFWURGHV� DFWLYH HOHPHQWV�

FRUHV� ]LUFRQLXP QLWULGH� ]LUFRQLXP� RSHUDWLQJ OLIH

=LUFRQLXP DQG KDIQLXP DUH XVHG LQ SODVPD HTXLSPHQW
DV WKH DFWLYH HOHPHQW RI WKHUPRFKHPLFDO HOHFWURGHV�

:LGHQLQJ WKH WHFKQRORJLFDO FDSDELOLWLHV RI SODVPD

SURFHVVLQJ GHSHQGV RQ WKH RSHUDWLQJ OLIH RI HOHFWURGHV�

H[SRVHG WR HOHFWULF DQG WKHUPDO ORDGV >�� �@�

,QGXVWULDO LQWURGXFWLRQ RI WKH WHFKQRORJ\ RI PDQX�

IDFWXULQJ FRPSRVLWH PDWHULDOV IRU WKH DFWLYH LQVHUW RI
HOHFWURGHV� GHYHORSHG E\ XV >�� �@� UHTXLUHG VWXG\LQJ

WKH LQIOXHQFH RI WKH HOHFWULF DUF RQ WKH VWUXFWXUH DQG

FRPSRVLWLRQ RI WKH PHWDO RI WKH HOHFWURGH ZRUNLQJ

]RQH� :LWK WKLV SXUSRVH� LQ FR�RSHUDWLRQ ZLWK

9�*� 2VLQWVHY DQG 9�0� 5RPDVKRY LQ WKH ,QVWLWXWH

RI +DUG $OOR\V �5XVVLD� DQG &HQWHU �6YHWNHUPHW�

�8NUDLQH� >�@ ZH KDYH FRQGXFWHG LQWHJUDWHG VWXG\ RI
WKH HOHFWURGHV� PDGH E\ WKH GHYHORSHG WHFKQRORJ\�

ZLWK DFWLYH LQVHUWV x FRUH RI � PP GLDPHWHU RI ]LU�

FRQLXP DOOR\ ��� �=U � � � 1E�� VKHOO RI ��� PP

GLDPHWHU RI ]LUFRQLXP EURQ]H �%U�=U �����

,W LV HVWDEOLVKHG WKDW WKH PRVW LPSRUWDQW LQGH[�

GHWHUPLQLQJ HOHFWURGH OLIH� LV WKH OHYHO RI KHDW DQG
HOHFWULF FRQGXFWLYLW\ WKURXJK WKH FRQWDFW VXUIDFH EH�

WZHHQ WKH FRUH DQG WKH VKHOO� ZKLFK GHSHQGV RQ WKH

GHVLJQ DQG PDQXIDFWXULQJ WHFKQRORJ\ RI WKH DFWLYH
LQVHUW�

7LJKW PHWDOOXUJLFDO FRQWDFW EHWZHHQ WKH FRUH DQG

WKH VKHOO LV SURYLGHG GXULQJ GHIRUPDWLRQ RI WKH ELPHWDO

LQVHUW E\ WKH GHYHORSHG WHFKQRORJLFDO VHTXHQFH�

1RW OHVV LPSRUWDQW LV SURYLVLRQ RI D UHOLDEOH FRQWDFW

EHWZHHQ WKH VXUIDFHV RI WKH HOHFWURGH FDVH DQG VKHOO

RI DFWLYH LQVHUW�

,Q HOHFWURGH PDQXIDFWXULQJ WKH ERQGLQJ ZLWK WKH

FDVH RI WKH DFWLYH ELPHWDO LQVHUW LV SURYLGHG E\ VWDPS�

LQJ� :H SURSRVHG DQG LPSOHPHQWHG LQ LQGXVWU\ D

PHWKRG RI HOHFWURGH PDQXIDFWXULQJ� DFFRUGLQJ WR

ZKLFK FLUFXODU UHFHVVHV RI D SDUDEROLF FURVV�VHFWLRQ DUH

IRUPHG RQ WKH HQG IDFHV RI WKH KROGHU GXULQJ DFWLYH
HOHPHQW SUHVVLQJ LQWR WKH KROGHU�

)LJXUH � VKRZV D WZR�FDYLW\ PRXOG� ZKHUH WKH
FDVLQJ FRQVLVWV RI WZR SDUWV � DQG �� FRQQHFWHG E\

SLQV �� &DYLWLHV �� RI WKH FDVLQJ DFFRPPRGDWH SXQFK

�� ZKHUH ZRUNLQJ HQG IDFHV � DUH RI D SDUDEROLF VKDSH�

VLPLODU WR ZRUNLQJ VXUIDFH � RI GLH �� :KHQ DFWLYH

LQVHUW � LV SUHVVHG LQWR FDVH � RI WKH HOHFWURGH� UHFHVVHV

RI D SDUDEROLF VKDSH DUH IRUPHG RQ LWV VXUIDFHV� ZKLFK

DOORZ LQWHQVLI\LQJ WKH FRROLQJ RI WKH FDVH RQ RQH VLGH�

DQG RQ WKH RWKHU �RXWHU� VLGH IRUPLQJ D MHW RI SODVPD

JDV� ,Q DGGLWLRQ� D GHHSHU SHQHWUDWLRQ RI WKH SODVWLF

GHIRUPDWLRQ ]RQH GXULQJ VWDPSLQJ LPSURYHV WKH WLJKW�
QHVV RI FRQWDFW RI WKH FDVH DQG DFWLYH LQVHUW� WKLV

LPSURYLQJ WKH WKHUPRSK\VLFDO FKDUDFWHULVWLFV RI WKH

HOHFWURGH DQG H[WHQGLQJ LWV OLIH�

$Q HIIHFWLYH WHFKQLTXH� H[WHQGLQJ HOHFWURGH OLIH�

LV DGGLQJ WR WKH HOHFWURGH GHVLJQ EDUULHU OD\HUV EH�

WZHHQ DFWLYH LQVHUW DQG FDVH�

:H GHYHORSHG DQ HOHFWURGH� ZKHUH D OD\HU RI ]LU�
FRQLXP QLWULGH ZLWK D SXUH ]LUFRQLXP ERQG FRDW LV

DSSOLHG RQ WKH FRUH� ZLWK WKH LQWHUPHGLDWH OD\HU FRDWHG

E\ WKH RXWHU OD\HU RI FDVH PDWHULDO� 7KH UDWLR RI WKH
WKLFNQHVV RI ]LUFRQLXP QLWULGH OD\HU WR FRUH GLDPHWHU

LV �����w������ SXUH ]LUFRQLXP ERQG FRDW KDV WKH

WKLFNQHVV RI ���w��� µP� ZKLOH WKH LQWHUPHGLDWH OD\HU

SURSHU LV FRDWHG E\ D OD\HU RI FDVH PDWHULDO�

7KH SURSRVHG SODVPDWURQ HOHFWURGH �)LJXUH �� LQ�

FRUSRUDWHV DFWLYH HOHPHQW �� ORFDWHG LQ FDVH �� PDGH

RI D PDWHULDO ZLWK D KLJK KHDW FRQGXFWLYLW\� IRU LQ�

� $�1� 6+$329$/� ���� )LJXUH �� 0RXOG �IRU GHVLJQDWLRQV VHH WKH WH[W�
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VWDQFH� FRSSHU� DQG DFFRPPRGDWLQJ FDYLW\ � IRU FRRO�
LQJ ZDWHU VXSSO\�

$FWLYH HOHPHQW �)LJXUH �� LQFRUSRUDWHV FRUH � RI
D ]LUFRQLXP DOOR\� IRU LQVWDQFH� DOOR\ (��� �=U x
EDVH� � ZW�� 1E�� RQ ZKLFK ERQG FRDW � RI SXUH
]LUFRQLXP� OD\HU � RI ]LUFRQLXP QLWULGH DQG RXWHU OD\HU
� RI HOHFWURGH FDVH PDWHULDO� LQ WKLV FDVH FRSSHU� DUH
DSSOLHG VXFFHVVLYHO\� $FWLYH HOHPHQW RI WKH HOHFWURGH
LV MRLQHG WR WKH FDVH E\ SUHVVLQJ LQ�

8VH RI DFWLYH HOHPHQW FRUH � RI D =Uw1E DOOR\�
PDQXIDFWXUHG E\ WKH GHYHORSHG WHFKQRORJ\� DOORZHG
DFKLHYLQJ D KLJK DGDSWDELOLW\ WR IDEULFDWLRQ LQ SUR�
GXFWLRQ RI WKH LQLWLDO URGV DQG ZLUH� DV ZHOO DV HOLPL�
QDWLQJ GHODPLQDWLRQ FUDFNV DQG GLVFRQWLQXLWLHV LQ WKH
FRUH�

3UHVHQFH RI D WKLQ ERQG FRDW � RI SXUH ]LUFRQLXP
RQ WKH VXUIDFH RI D ]LUFRQLXP DOOR\ FRUH SURPRWHV D
SRVLWLYH JUDGLHQW �IURP WKH FHQWUH WR WKH SHULSKHU\�
RI WKHUPRHPLVVLRQ SURSHUWLHV LQ WKH DFWLYH HOHPHQW
GXULQJ DUFLQJ� WKLV EHLQJ SRVLWLYH IRU LWV UHVLVWDQFH�

,QWHUPHGLDWH EDUULHU OD\HU � RI ]LUFRQLXP QLWULGH
SUHYHQWV GLIIXVLRQ RI HOHFWURGH FDVH PDWHULDO LQWR WKH
DFWLYH HOHPHQW� 7KLV LV GXH WR FRQVLGHUDEOH UHIUDFWRUL�
QHVV RI ]LUFRQLXP QLWULGH DQG LWV FKHPLFDO LQHUWQHVV
UHODWLYH WR WKH DGMDFHQW FRPSRQHQWV RI WKH HOHFWURGH�

2XWHU OD\HU � RI FRSSHU DOORZV LPSURYHPHQW RI
WKH DFWLYH HOHPHQW FRQWDFW ZLWK HOHFWURGH FDVH LQ SUHVV�
LQJ LQ� DV LW PD\ EH DSSOLHG RQ WKH VXUIDFH RI ]LUFRQLXP
QLWULGH OD\HU � LQ DGYDQFH ZLWK SURYLVLRQ RI D WLJKW
FRQWDFW �IRU LQVWDQFH� E\ XSVHW IRUJLQJ�� DQG D WLJKW
ERQG EHWZHHQ OD\HU � DQG WKH FDVH LV GXH WR FKHPLFDO

DIILQLW\ RI WKH PDWHULDOV RI WKH FDVH DQG WKH OD\HU� DV
ZHOO DV WKHLU VLPLODU SK\VLFR�PHFKDQLFDO SURSHUWLHV�

$ IHDWXUH RI WKH GHYHORSHG HOHFWURGH GHVLJQ LV WKH
IDFW WKDW WKH UDWLR RI WKH WKLFNQHVV RI EDUULHU OD\HU RI
]LUFRQLXP QLWULGH WR FRUH GLDPHWHU VKRXOG EH �����w
������ $W YDOXHV EHORZ ����� WKH DEVROXWH WKLFNQHVV
RI EDUULHU OD\HU RQ FRUHV RI �w���PPGLDPHWHU EHFRPHV
LQVXIILFLHQW IRU SHUIRUPDQFH RI EDUULHU IXQFWLRQV� 1RZ�
LI WKH DERYH UDWLR LV KLJKHU WKDQ ������ FDVH PDWHULDO
GLIIXVLRQ LQWR WKH DFWLYH HOHPHQW VWRSV� DQG IXUWKHU
LQFUHDVH RI WKH EDUULHU OD\HU WKLFNQHVV LV QRW UDWLRQDO�

%RQG FRDW � RI SXUH ]LUFRQLXP KDV WKH WKLFNQHVV
RI ���w��� µP� 'XULQJ HOHFWURGH WHVWLQJ� LW ZDV IRXQG
WKDW GHFUHDVH RI WKH OD\HU WKLFNQHVV EHORZ ��� µP DQG
LWV LQFUHDVH DERYH ��� µPGRHV QRW KDYH DQ\ VLJQLILFDQW
LQIOXHQFH RQ HOHFWURGH SHUIRUPDQFH�

7KLFNQHVV RI RXWHU OD\HU � RI HOHFWURGH FDVH PDWH�
ULDO LV QRW OLPLWHG� 3ODVPDWURQ HOHFWURGH LV PDQXIDF�
WXUHG DV IROORZV� $ PDWHULDO ZLWK D KLJK KHDW FRQGXF�
WLYLW\� IRU LQVWDQFH� FRSSHU� LV XVHG WR SURGXFH E\
WXUQLQJ WKH FDVH ZLWK WKH GULYH RSHQLQJ IRU WKH DFWLYH
HOHPHQW� ZKLFK LVPDQXIDFWXUHG E\ VXFFHVVLYH SK\VLFDO
GHSRVLWLRQ RQ WKH FRUH�VXEVWUDWH �]LUFRQLXP DOOR\
ZLUH� RI WKH OD\HUV RI SXUH ]LUFRQLXP� ]LUFRQLXP QL�
WULGH DQG FRSSHU�

=LUFRQLXP QLWULGH PD\ EH GHSRVLWHG E\ DQ\ RI WKH
NQRZQ SURFHVVHV DW VXEVWUDWH WHPSHUDWXUHV EHORZ WKH
UHFU\VWDOOL]DWLRQ WHPSHUDWXUH �EHORZ ��� �&� RI WKH
DFWLYH HOHPHQW PDWHULDO �]LUFRQLXP VHUYHV DV WKH DFWLYH
PDWHULDO�� RQH RI ZKLFK LV WKH LRQ�SODVPD SURFHVV RI
YDFXXP FRQGHQVDWLRQ RI VXEVWDQFHV E\ LRQ ERPEDUG�
PHQW �&,%�� ZKLFK DOORZV GHSRVLWLRQ RI ERWK SXUH
]LUFRQLXP DQG ]LUFRQLXP QLWULGH VXFFHVVLYHO\ LQ RQH
F\FOH�

3UDFWLFDO GHSRVLWLRQ RI D ]LUFRQLXP ERQG FRDW DQG

D ]LUFRQLXP QLWULGH OD\HU LV SHUIRUPHG E\ &,% SURFHVV

LQ 98��� XQLW� &RUHV RI ]LUFRQLXP DOOR\ (��� RI � PP

GLDPHWHU DQG � PP KHLJKW ZHUH SODFHG LQ RQH OD\HU

LQ WKH ORDGLQJ GHYLFH DQG WKH XQLW ZDV SXPSHG GRZQ�

:KHQ D YDFXXP RI ��� 3D ZDV DFKLHYHG� VXEVWUDWH

FXUUHQW ZDV VHW DW �w��� $ DQG WKH YROWDJH DW ���w

���� 9� SODVPD�IRUPLQJ DUF ZDV VWUXFN DQG D ]LUFR�

QLXP LRQ IORZ ZDV XVHG WR FOHDQ WKH VXUIDFH RI WKH

FRUHV ZLWK VLPXOWDQHRXV GHSRVLWLRQ RI D ERQG FRDW RI

SXUH ]LUFRQLXP� :KHQ WKH VXEVWUDWH FXUUHQW LV GH�

FUHDVHG EHORZ � $ DQG WKH YROWDJH EHORZ ��� 9� ]LU�

FRQLXP LV QRW GHSRVLWHG DV D VROLG ILOP� $W LQFUHDVH

RI VXEVWUDWH FXUUHQW DERYH ��� $ DQG RI YROWDJH DERYH

���� 9� FRUH KHDWLQJ WHPSHUDWXUH ZDV KLJKHU WKDQ

��� �&� ZKLFK LV LQDGPLVVLEOH� EHFDXVH RI WKH DOOR\

UHFU\VWDOOL]DWLRQ�
$IWHU SUHKHDWLQJ RI WKH FRUHV� FRDWHG ZLWK D OD\HU

RI SXUH ]LUFRQLXP� XS WR ���w��� �&� QLWURJHQ LV EOHG
LQWR WKH FKDPEHU DQG UHIHUHQFH YROWDJH RI ��w��� 9
LV VHW DW XQFKDQJHG FXUUHQW RI WKH VXEVWUDWH RI �w��� $�
=LUFRQLXP QLWULGH OD\HU LV GHSRVLWHG XQGHU WKHVH FRQ�
GLWLRQV� $W VXEVWUDWH FXUUHQW EHORZ � $ DQG UHIHUHQFH
YROWDJH EHORZ �� 9 WKH FRROLQJ SURFHVV LV DEUXSWO\
VORZHG GRZQ DQG LV QRW RI D VWDEOH QDWXUH� :LWK
LQFUHDVH RI FXUUHQW DERYH ��� $ DQG RI YROWDJH DERYH

)LJXUH �� 3ODVPDWURQ HOHFWURGH �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� $FWLYH HOHPHQW RI WKH HOHFWURGH �ORQJLWXGLQDO VHFWLRQ�
�IRU GHVLJQDWLRQV VHH WKH WH[W�
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��� 9 PDFURSDUWLFOHV RI SXUH ]LUFRQLXP DSSHDU LQ ]LU�
FRQLXP QLWULGH OD\HU� WKLV GLVWXUELQJ WKH FRQWLQXLW\
DQG XQLIRUPLW\ RI ]LUFRQLXP QLWULGH OD\HU� DQG EHLQJ
GHWULPHQWDO WR LWV EDUULHU SURSHUWLHV�

,QYHVWLJDWLRQV RI WKH VHUYLFH GXUDELOLW\ RI WKH HOHF�
WURGHV RI WKH GHYHORSHG GHVLJQ KDYH EHHQ FRQGXFWHG�
FRPSDUHG WR HOHFWURGHV RI WKH NQRZQ GHVLJQ� 6HUYLFH
GXUDELOLW\ FULWHULRQ ZDV WDNHQ WR EH HOHFWURGH OLIH�
QDPHO\ OLPLW QXPEHU RI DUF LJQLWLRQV ZLWK SUHVHUYD�
WLRQ RI LQWDFWQHVV RI WKH HOHFWURGH ZRUNLQJ WLS�

5HVXOWV RI WHVWV� FRQGXFWHG LQ 395����8.K/� XQLW
LQ SODVPD FXWWLQJ RI � PP VWHHO �FXWWLQJ FXUUHQW RI
��� $� YROWDJH RI ��� 9� FXWWLQJ VSHHG RI ���� P�V�
FXW OHQJWK RI ���� P�� DUH JLYHQ LQ WKH 7DEOH� 'XULQJ
WHVWLQJ LW ZDV IRXQG WKDW WKH OLIH RI WKH GHYHORSHG HOHF�
WURGHV LV PXFK ORQJHU WKDQ WKDW LQGLFDWHG LQ ZRUN >�@�

$V VKRZQ E\ PHWDOORJUDSKLF DQG ;�UD\ GLIIUDFWLRQ
DQDO\VLV RI WKH ]RQH RI HURVLRQ FUDWHU� ORQJHU HOHFWURGH
OLIH LV ODUJHO\ GXH WR EDUULHU SURSHUWLHV RI ]LUFRQLXP
QLWULGH �FRSSHU FRQWHQW LQ WKH FUDWHU ZDV UHGXFHG �w�
WLPHV� FRPSDUHG WR NQRZQ HOHFWURGHV�� 2Q WKH RWKHU
KDQG� WKLV GHVLJQ RI SODVPDWURQ HOHFWURGH LV FKDUDF�
WHULVHG E\ D KLJK WLJKWQHVV RI FRQWDFW EHWZHHQ WKH
FRUH DQG WKH DERYH OD\HU� WKXV LQWHQVLI\LQJ WKH KHDW
UHPRYDO DQG ORZHULQJ WKH WUDQVLHQW UHVLVWDQFH�

$Q RXWHU OD\HU RI FRSSHU RQ WKH DFWLYH HOHPHQW
SURYLGHV WLJKWHU FRQWDFW RI WKH DFWLYH HOHPHQW DQG WKH
HOHFWURGH FDVH� DQG� KHQFH� D ORQJHU OLIH RI HOHFWURGHV�

,QFUHDVH RI HOHFWURGH OLIH� DFKLHYHG E\ DGGLQJ D
EDUULHU OD\HU� DOORZV IXOO XVH RI WKH FDSDELOLWLHV RI
SODVPD�DUF HTXLSPHQW� GHYHORSHG DW WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH >�@�

&21&/86,216

�� ([SHULPHQWDO VWXGLHV RI HOHFWULF HURVLRQ DQG OLIH RI
HOHFWURGHV ZLWK ELPHWDO DFWLYH LQVHUWV� SURGXFHG E\
WKH GHYHORSHG WHFKQRORJ\� GHPRQVWUDWHG D GLUHFW FRQ�
QHFWLRQ EHWZHHQ WKH WLJKWQHVV RI PHWDOOXUJLFDO FRQWDFW
RI FRPSRQHQWV DQG WHFKQRORJLFDO FKDUDFWHULVWLF x
WKHLU OLIH�

�� 3ODVPDWURQ HOHFWURGH GHVLJQ DQG LWV PDQXIDF�
WXULQJ PHWKRG ZHUH GHYHORSHG� SURFHHGLQJ IURP WKHVH
VWXGLHV�

�� ,W LV HVWDEOLVKHG WKDW WKH SUHVHQFH RI D UHIUDFWRU\
EDUULHU OD\HU EHWZHHQ WKH DFWLYH FRUH DQG FDVH RI SODV�
PDWURQ HOHFWURGH LPSURYHV HOHFWURGH OLIH GXH WR OLPL�
WDWLRQ RI GLIIXVLRQ RI WKH FDVH PDWHULDO LQWR WKH FRUH�
$ FRPSRVLWH KDV EHHQ GHYHORSHG IRU WKH DFWLYH HOHPHQW

RI SODVPDWURQ HOHFWURGH� FRQVLVWLQJ RI D UHIUDFWRU\
FRUH �=U DQG +Iw=U DOOR\�� SURGXFHG E\ WKH GHYHORSHG
WHFKQRORJLFDO VHTXHQFH� WKH VXUIDFH RI ZKLFK LV VXF�
FHVVLYHO\ FRDWHG ZLWK OD\HUV RI SXUH ]LUFRQLXP� ]LUFR�
QLXP QLWULGH �EDUULHU OD\HU� DQG FDVH PDWHULDO �FRSSHU
RU ]LUFRQLXP EURQ]H��

�� 3HUIRUPHG UHVHDUFK FRQILUPV WKH EURDG WHFKQR�
ORJLFDO FDSDELOLWLHV RI WKH GHYHORSHG WHFKQRORJ\ RI
FRPSRVLWH PDQXIDFWXULQJ� LQ WHUPV RI SURGXFLQJ KLJK�
TXDOLW\ HOHFWURGHV IRU SODVPD�DUF HTXLSPHQW�

�� (VLE\DQ� (�0� ������ 3ODVPD�DUF HTXLSPHQW� .\LY�
7HNKQLND�

�� $PRVRY� 9�0�� .DUHOLQ� %�$�� .XE\VKNLQ� 9�9� ������
(OHFWURGH PDWHULDOV EDVHG RQ UHIUDFWRU\ PHWDOV� 0RVFRZ�
0HWDOOXUJL\D�

�� 6KDSRYDO� $�1� ������ 3URGXFWLRQ DQG SURSHUWLHV RI ]LUFR�
QLXP FRPSRVLWHV DV DQ DFWLYH PDWHULDO IRU SODVPD FXWWLQJ
HOHFWURGHV� ,Q� ,QW� 7UDQVDFW� RQ $GYDQFHG 7HFKQRORJLHV
DQG 6\VWHPV RI 0HFKDQLFDO (QJLQHHULQJ� ,VVXH �� 'RQHWVN�
'RQ*78�

�� 6KDSRYDO� $�1�� 3R]QDQVN\� 9�,�� .KRNKORY� <X�*� ������
'HYHORSPHQW RI WHFKQRORJ\ RI PDQXIDFWXULQJ HOHFWURGHV IRU
SODVPD FXWWLQJ RI PHWDOV� ,Q� 3URF� RI ,QW� &RQI� RQ $G�
YDQFHG (TXLSPHQW DQG 7HFKQRORJLHV XVHG LQ 0HFKDQLFDO
(QJLQHHULQJ� 'RQHWVN� 8NUDLQH� 6HSW� ����� 'RQHWVN�
'RQ*78�

�� 6KDSRYDO� $�1� ������ 6WDWH (QJLQHHULQJ &HQWHU RI +DUG
$OOR\V �6YHWNHUPHW�� ,QVWUXPHQW� 6YLW� �� ��w���

/LIH VWXGLHV RI DQ HOHFWURGH ZLWK D FRPSRVLWH EDUULHU OD\HU

$FWLYH HOHPHQW

(OHFWURGH OLIH

�DUF LJQLWLRQ�%RQG FRDW

WKLFNQHVV� µP
,QWHUOD\HU

7KLFNQHVV� µP δ

��� � ������ ��

��� � ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

��� �� ������ ��

1R W H � �� &RUH RI DFWLYH HOHPHQW LV PDGH RI DOOR\ (��� RI � PP GL�

DPHWHU� LWV ERQG FRDW LV RI ]LUFRQLXP� LQWHUPHGLDWH OD\HU x RI ]LUFR�

QLXP QLWULGH� RXWHU OD\HU x RI FRSSHU �� µP WKLFN� HOHFWURGH

FDVH x RI FRSSHU� �� +HUH δ GHQRWHV WKH UDWLR RI WKH WKLFNQHVV RI D

]LUFRQLXP QLWULGH OD\HU WR FRUH GLDPHWHU�
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$�,� %(/<� $�3� =+8'5$ DQG 9�,� '=<.29,&+

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

([SHULPHQWV RQ GHR[LGDWLRQ RI PDWUL[ RI JUDQXODU WXQJVWHQ FDUELGH EDVHG FRPSRVLWH DOOR\V LQ SODVPD VXUIDFLQJ� WUDQVIHU

RI DOXPLQLXP WR WKH GHSRVLWHGPHWDO DQG LWV HIIHFW RQ DUUDQJHPHQW RI UHLQIRUFLQJ SDUWLFOHV �:&w:
�
&� LQ WKHZHDU�UHVLVWDQW

OD\HU DUH GHVFULEHG�

.H\ ZRU G V � SODVPD VXUIDFLQJ� ILOOHU PDWHULDO� FRPSRVLWH

DOOR\ PDWUL[� UHLQIRUFLQJ SDUWLFOHV� GHR[LGDWLRQ

3ODVPD VXUIDFLQJ ZLWK FRPSRVLWH DOOR\V >�@ RSHUDWLQJ
XQGHU FRQGLWLRQV RI LQWHQVLYH DEUDVLYH ZHDU LQYROYHV

WKH SUREOHP RI SRURVLW\ RI WKH GHSRVLWHG OD\HU� &RUH

RI D IOX[�FRUHG VWULS FRQVLVWV RI JUDLQV RI D KDUG DOOR\

EDVHG RQ IXVHG WXQJVWHQ FDUELGHV�
7KLV LV DWWULEXWDEOH SULPDULO\ WR WKH XVH RI D FROG�

UROOHG VWULS RI VWHHOV ��NS �ULPPHG� DQG ��SV �VHPL�

NLOOHG�� FRQWDLQLQJ ����w����� � R[\JHQ� DV D ILOOHU
PDWHULDO VKHDWK� ,W LV OLNHO\ WKDW WKH LQFUHDVHG R[\JHQ

FRQWHQW PD\ FDXVH IRUPDWLRQ RI SRUHV LQ WKH GHSRVLWHG

PHWDO� 'XULQJ VXUIDFLQJ WKH UHLQIRUFLQJ SDUWLFOHV �HX�

WHFWLF DOOR\ RI WXQJVWHQ PRQR� DQG VHPL�FDUELGHV:&w

:�&� DUH VXEMHFWHG WR LQFRPSOHWH GLVVROXWLRQ� ZKLFK
OHDGV WR VDWXUDWLRQ RI WKH PROWHQ SRRO ZLWK WXQJVWHQ
DQG FDUERQ� 7KLV FUHDWHV FRQGLWLRQV IRU IRUPDWLRQ RI

D ODUJH DPRXQW RI &2 LQ WKH PHOW� ZKHUHDV FRPSDUD�

WLYHO\ KLJK UDWHV RI VROLGLILFDWLRQ RI WKH DOOR\ SUHYHQW

LWV SUHFLSLWDWLRQ >�@� +HQFH� WKH PDWUL[ RI WKH DOOR\

KDV D KLJK SRURVLW\ LQ WKH EXON RI WKH GHSRVLWHG PHWDO�
ZKLFK FDXVHV D VXEVWDQWLDO GHFUHDVH LQ VWUHQJWK RI

IL[DWLRQ RI WKH UHLQIRUFLQJ JUDLQV LQ LW DQG GHWHULRUD�
WLRQ RI SHUIRUPDQFH RI WKH FRPSRVLWLRQ DV D ZKROH�

7R HOLPLQDWH SRURVLW\� WKH LPSHUDWLYH WHFKQRORJL�
FDO RSHUDWLRQ LV WKH DGGLWLRQ RI GHR[LGLVLQJ HOHPHQWV

ZLWK D KLJKHU DIILQLW\ IRU R[\JHQ WKDQ LURQ LQWR WKH

ILOOHU PDWHULDO� %DVLF GHR[LGLVHUV LQ JDV VXUIDFLQJ ZLWK
WXQJVWHQ FDUELGH EDVHG FRPSRVLWH DOOR\V >�@� IOX[�

FRUHG ZLUH DUF ZHOGLQJ DQG VXUIDFLQJ >�� �@ DQG VROLG

ZLUH JDV�VKLHOGHGZHOGLQJ DQG VXUIDFLQJ >�@ DUH VLOLFRQ

DQG PDQJDQHVH� ZKLFK DOVR KDYH D SRVLWLYH HIIHFW RQ

IRUPDWLRQ RI WKH GHSRVLWHG PHWDO� +RZHYHU� WKH DG�

GLWLRQ RI VLOLFRQ LQ DQ DPRXQW RI ���w��� � DQG PDQ�

JDQHVH LQ DQ DPRXQW RI ���w��� � LQWR WKH ILOOHU PD�

WHULDO IRU SODVPD VXUIDFLQJ ZLWK FRPSRVLWH DOOR\V

IDLOHG WR SURYLGH SRVLWLYH UHVXOWV� 6R� WKLV VWLSXODWHG
WKH VHDUFK IRU PRUH HIILFLHQW GHR[LGLVHUV�

,W LV ZHOO�NQRZQ WKDW DOXPLQLXP �KDYLQJ D KLJKHU

DIILQLW\ IRU R[\JHQ�� EHLQJ SUHVHQW LQ WKH ZHOGV DW

WKH PROWHQ SRRO WHPSHUDWXUH FORVH WR WKH VROLGLILFDWLRQ

EHJLQQLQJ SRLQW� LQFUHDVHV WKHLU GXFWLOLW\� ,Q FRP�

SRXQGV ZLWK QLWURJHQ� DOXPLQLXP IRUPV QLWULGHV WR

GHFUHDVH VWDELOLW\ RI LURQ FDUELGH DQG UHGXFH GLIIXVLRQ

� $�,� %(/<� $�3� =+8'5$ DQG 9�,� '=<.29,&+� ����

)LJXUH �� 2SWLPDO SHUFHQWDJH RI DOXPLQLXP DQG VLOLFRPDQJDQHVH
LQ WKH GHSRVLWHG PHWDO IRU UHPRYDO RI SRURVLW\ RI WKH FRPSRVLWH
DOOR\� , x SRUHV� ,, x LQGLYLGXDO SRUHV� ,,, x QR SRUHV

)LJXUH ��'HSHQGHQFH RI WKH DOXPLQLXP FRQWHQW RI WKH DOOR\ PDWUL[
XSRQ LWV FRQWHQW RI WKH VXUIDFLQJ PDWHULDO� � x DOXPLQLXP DGGHG
LQ WKH IRUP RI DOO�GUDZQ ZLUH� � x DOXPLQLXP DGGHG LQ WKH IRUP
RI SRZGHU
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RI FDUERQ� WKXV KDYLQJ D SRVLWLYH HIIHFW RQ IRUPDWLRQ

RI WKH FRPSRVLWH DOOR\ PDWUL[ >�@� 7KHUHIRUH� D FRP�

SOH[ GHR[LGDWLRQ V\VWHP FRPSULVLQJ VLOLFRQ� PDQJD�

QHVH DQG DOXPLQLXP ZDV GHYHORSHG WR HOLPLQDWH SR�

URVLW\� 7KH RSWLPDO SHUFHQWDJH RI WKHVH HOHPHQWV ZDV

IRXQG H[SHULPHQWDOO\� 6LOLFRQ DQG PDQJDQHVH ZHUH

DGGHG WR WKH FRUH RI WKH ILOOHU PDWHULDO LQ WKH IRUP RI

VLOLFRPDQJDQHVH 60Q���� ZKLFK UHFHLYHG ZLGH DFFHS�

WDQFH DV D GHR[LGLVLQJ DQG DOOR\LQJ DGGLWLYH XVHG LQ

SURGXFWLRQ RI GLIIHUHQW�DSSOLFDWLRQ VWHHOV >�@� ,WV FRQ�

WHQW ZDV YDULHG IURP ��� WR ��� � E\ ��� �� $OXPLQLXP

ZDV DGGHG LQWR WKH FRUH RI WKH ILOOHU PDWHULDO LQ WKH

IRUP RI DQ DOXPLQLXP SRZGHU RI WKH 3$�� JUDGH RU

DQ DOO�GUDZQ DOXPLQLXP ZLUH� DQG LWV FRQWHQW ZDV

YDULHG IURP ��� WR ��� � E\ ��� �� *UDQXODU WXQJVWHQ

FDUELGH ZLWK SDUWLFOHV ���� WR ���� PP LQ VL]H ZDV

XVHG DV WKH ZHDU�UHVLVWDQW FRPSRQHQW� DQG LWV FRQWHQW

RI WKH PDWHULDO ZDV ��w�� ��

6XUIDFLQJ ZDV SHUIRUPHG RQ VDPSOHV RI ORZ�FDUERQ

VWHHO XVLQJ WKH SODVPD VXUIDFLQJ PDFKLQH ZLWK DQ HOHF�

WULFDOO\ QHXWUDO V\VWHP IRU IHHGLQJ WKH ILOOHU PDWHULDO

WR WKH SODVPD DUF ]RQH� ,Q WKLV FDVH WKH GLUHFWLRQ RI

WKH ILOOHU PDWHULDO IHHG FRLQFLGHG ZLWK WKH GLUHFWLRQ

RI VXUIDFLQJ� 7KH VXUIDFLQJ SDUDPHWHUV DUH JLYHQ LQ

WKH 7DEOH�

7KH UDQJH RI RSWLPDO SHUFHQWDJH RI DOXPLQLXP DQG

VLOLFRPDQJDQHVH LQ WKH VXUIDFLQJ PDWHULDO WR HOLPLQDWH

SRURVLW\ RI WKH FRPSRVLWH DOOR\ �)LJXUH �� ZDV IRXQG

DV D UHVXOW RI WKH H[SHULPHQWV FRQGXFWHG� 6LOLFRPDQ�

JDQHVH H[HUWV DQ DFWLYH HIIHFW DW LWV FRQWHQW RI WKH

ILOOHU PDWHULDO HTXDO WR ���w��� �� 7KH DOXPLQLXP

SRZGHU FRQWHQW LQ WKLV FDVH VKRXOG UDQJH IURP ��� WR

��� � �UHJLRQ ,,,�� :LWK VLOLFRPDQJDQHVH DQG DOX�

PLQLXP DGGHG LQ DPRXQWV OHVV WKDQ ��� DQG ��� ��

UHVSHFWLYHO\� WKH GHSRVLWHG OD\HU LV GDPDJHG ZLWK

SRUHV �UHJLRQ ,��

7KH DGGLWLRQ RI DOXPLQLXP LQ WKH IRUP RI WKH DOO�

GUDZQ ZLUH DOORZV LWV FRQWHQW RI WKH ILOOHU PDWHULDO

WR EH GHFUHDVHG E\ ��w�� � GXH WR DQ LQFUHDVHG FR�

HIILFLHQW RI LWV WUDQVIHU WR WKH FRPSRVLWH DOOR\ PDWUL[

�)LJXUH ��� ,Q WKLV FDVH DSSUR[LPDWHO\ �� � RI WKH

GHR[LGLVLQJ HOHPHQW LV FRQVXPHG IRU FRPELQLQJ R[\�

JHQ WR IRUP R[LGHV SUHFLSLWDWLQJ RQ WKH EHDG VXUIDFH�

7KH SUHVHQFH RI DOXPLQLXP LQ WKH ILOOHU PDWHULDO

ZDV IRXQG WR KDYH D FRQVLGHUDEOH HIIHFW RQ WKH VXU�

IDFLQJ SURFHVV� 7KH PHWDO WUDQVIHU LV RI D VSUD\ FKDU�

DFWHU� 7KH FRQVWDQW FRQWDFW EHWZHHQ WKH ILOOHU PDWHULDO

DQG WKH PROWHQ SRRO LV SURYLGHG� DQG IRUPDWLRQ RI WKH

ZHDU�UHVLVWDQW OD\HU LV LPSURYHG� $OOR\LQJ WKH PDWUL[

PHOW ZLWK DOXPLQLXPDOVR KDV DQ HIIHFW RQ DUUDQJHPHQW

RI WKH UHLQIRUFLQJ SDUWLFOHV LQ WKH EXON RI WKH GHSRVLWHG

OD\HU� 7KH DGGLWLRQ RI DOXPLQLXP LQ WKH IRUP RI WKH

DOO�GUDZQ ZLUH LQ DQ DPRXQW RI ���w��� � OHDGV WR D

PDUNHG GHFUHDVH LQ WKH FRQFHQWUDWLRQ RI WKH KDUG DOOR\

JUDLQV LQ WKH XSSHU YROXPHV RI WKH GHSRVLWHG PHWDO�

DQG QR VXFK JUDLQV DUH SUHVHQW RQ WKH VXUIDFH RI WKH

ZHDU�UHVLVWDQW OD\HU� 7KH\ DUH XQLIRUPO\ GLVWULEXWHG

RYHU WKH HQWLUH YROXPH �)LJXUH ��� :LWK WKH DOX�

PLQLXP FRQWHQW LQFUHDVHG XS WR ����� WKH XSSHU OD\HUV

RI WKH GHSRVLWHG PHWDO EHFRPH DOPRVW DEVROXWHO\ IUHH

IURP WKH UHLQIRUFLQJ SDUWLFOHV�

7KLV SKHQRPHQRQ LV DWWULEXWDEOH WR WKH IDFW WKDW

WKH SUHVHQFH RI DOXPLQLXP LQ WKH PROWHQ SRRO OHDGV

WR GHFUHDVH LQ LWV VROLGLILFDWLRQ UDWH� UHGXFHV YLVFRVLW\

RI WKH PDWUL[ PHOW DQG IDFLOLWDWHV LPPHUVLRQ RI WKH

KDUG DOOR\ JUDLQV�

7KLV HIIHFW LV HVSHFLDOO\ LPSRUWDQW IRU KDUGHQLQJ

RI H[WHUQDO VXUIDFHV RI GULOO SLSH MRLQWV RSHUDWLQJ LQ

FDVLQJ VWULQJV� 7KH UHLQIRUFLQJ SDUWLFOHV GR QRW SDU�

WLFLSDWH LQ WKH SURFHVV RI ILWWLQJ WKH GHSRVLWHG MRLQW

WR WKH FDVLQJ SLSH DQG GR QRW ZHDU LW� ZKLFK DOORZV

SHUIRUPDQFH RI WKH GULOO SLSH MRLQWV WR EH VXEVWDQWLDOO\

LPSURYHG�

&RPSDUDWLYH WHVWV RI DQ H[SHULPHQWDO EDWFK RI WKH

GULOO SLSH MRLQWV VKRZHG WKDW WKH UDWH RI ZHDU RI WKH

H[WHUQDO VXUIDFHV RI WKH MRLQWV GHSRVLWHG ZLWK D PD�

WHULDO FRQWDLQLQJ VLOLFRPDQJDQHVH DQG DOXPLQLXP ZDV

���w��� WLPHV ORZHU WKDQ WKDW RI WKH MRLQWV KDUGHQHG

)LJXUH �� 0DFURVWUXFWXUH RI VDPSOHV GHSRVLWHG ZLWK D WXQJVWHQ FDUELGH VWULS ZLWK D GLIIHULQJ DOXPLQLXP FRQWHQW ��� RI WKH ILOOHU
PDWHULDO� D x ZLWKRXW DOXPLQLXP� E x ���w���� F x ���w���� G x ���w���

3DUDPHWHUV RI VXUIDFLQJ H[SHULPHQWDO VDPSOHV

3DUDPHWHU
1XPHULFDO

YDOXHV

6XUIDFLQJ FXUUHQW� $ ���w���

$UF YROWDJH� 9 ��w��

6XUIDFLQJ VSHHG� P�K ���w���

)LOOHU PDWHULDO IHHG VSHHG� P�K ��w��

3ODVPD WRUFK RVFLOODWLRQ DPSOLWXGH� PP ��

2VFLOODWLRQ IUHTXHQF\� PLQw� ��

1R]]OH H[LW VHFWLRQ WR SDUW GLVWDQFH� PP ��w��

3ODVPD JDV IORZ UDWH� O�PLQ �w�

6KLHOGLQJ JDV IORZ UDWH� O�PLQ �w�
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ZLWK D QRQ�R[LGLVHG FRPSRVLWH DOOR\� DQG WKDW WKHLU

VHUYLFH OLIH ZDV H[WHQGHG E\ ��w�� ��

�� %HO\� $�,� 7KH SURFHVV RI SODVPD VXUIDFLQJ XVLQJ FRPSRVLWH
DOOR\V� $XWKRUsV FHUW� �������� ,QW� &O� % �� . ����� 3XEO�
���������

�� 9RMWRYLFK� 5�)�� 3XJDFK� (�$� ������ +LJK�WHPSHUDWXUH
R[LGDWLRQ RI FDUELGHV RI JURXS ,9�9, PHWDOV� ,Q� +LJK�WHP�
SHUDWXUH FDUELGHV� .\LY� 1DXNRYD 'XPND�

�� =KXGUD� $�3� ������ 6WXG\ DQG GHYHORSPHQW RI PDWHULDOV GH�
VLJQHG IRU VXUIDFLQJ ZLWK FRPSRVLWH DEUDVLYH ZHDU�UHVLVWDQW
DOOR\V� 6\Q� RI 7KHVLV IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH� .\LY�

�� 3RNKRGQ\D� ,�.�� 6XSWHO� $�0�� 6KOHSDNRY� 9�1� ������
)OX[�FRUHG ZLUH ZHOGLQJ� .\LY� 1DXNRYD 'XPND�

�� <X]YHQNR� <X�$�� .LULO\XN� *�$� ������ )OX[�FRUHG ZLUH
VXUIDFLQJ� .\LY� 1DXNRYD 'XPND�

�� 3RWDSLHYVN\� $�*� ������ 6KLHOGHG�JDV PHWDO�DUF ZHOGLQJ�
0RVFRZ� 0DVKLQRVWURHQLH�

�� %DJU\DQVN\� .�9�� 'REURWLQD� =�$�� .KUHQRY� .�.� ������
7KHRU\ RI ZHOGLQJ SURFHVVHV� .\LY� 9\VKFKD 6KNROD�

�� *DVLN� /�1�� ,JQDWLHY� 9�6�� *DVLN� 0�,� ������ 6WUXFWXUH
DQG TXDOLW\ RI FRPPHUFLDO IHUURDOOR\V DQG PDVWHU DOOR\V�
.\LY� 7HNKQLND�


����������	����	�����������


9�1� .$/,$129

8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNLY� 8NUDLQH

([DPSOHV RI HIIHFWLYH DOOR\LQJ RI GHSRVLWHG PHWDO ZLWK QLWURJHQ DUH FRQVLGHUHG� ,W LV VKRZQ H[SHULPHQWDOO\ WKDW QLWURJHQ

DVVLPLODWLRQ E\ GHSRVLWHG PHWDO LQ DUF ZHOGLQJ �VXUIDFLQJ� DW VWUDLJKW SRODULW\ FXUUHQW LV KLJKHU WKDQ WKDW DW UHYHUVH

SRODULW\�

.H\ ZRU G V � VXUIDFLQJ� QLWURJHQ� DOOR\LQJ� UHVRXUFHV�VDY�
LQJ PDWHULDOV

7KH 1�FRQWDLQLQJ VWHHOV ERWK ZLWK HTXLOLEULXP DQG

DOVR VXSHUHTXLOLEULXP FRQWHQW RI QLWURJHQ DW D SURSHU

DOOR\LQJ KDYH KLJK FKDUDFWHULVWLFV RI VWUHQJWK� ZHDU

DQG FRUURVLRQ UHVLVWDQFH >�w�@�

5HVXOWV RI LQYHVWLJDWLRQV RI SURSHUWLHV RI DOOR\V

��.K��1�$*�0�%� ��.K��1�$0�� ���.K��1�$7

DQG RWKHUV >�w�@ FRQILUPHG WKH H[SHGLHQF\ RI DX[LO�

LDU\ DOOR\LQJ RI D ZHDU�UHVLVWDQW OD\HU ZLWK QLWURJHQ

����w��� ���

,Q EDWK�VODJ VXUIDFLQJ XVLQJ IOX[ $1)�� �ZW���

��w��$O�2�� XS WR �&D2� XS WR ���6L2�� &D)� x

EDODQFH� WKH VXOSKXU FRQWHQW LQ WKH GHSRVLWHG OD\HU

RI DOOR\ ��.K��1�$*�0�% �ZW��� ���&� ����&U�

���1L� ���0Q� ���0R� XS WR ���1E� ���1� ZDV GH�

FUHDVHG IURP ����� WR ����� �� DQG WKH FRQWHQW RI

UHVW HOHPHQWV UHPDLQHG VLPLODU WR WKDW RI D URG HOHF�

WURGH� 6WUXFWXUH RI WKH GHSRVLWHG PHWDO ZDV ILQH�

JUDLQHG� ZLWK XQLIRUPO\ GLVWULEXWHG GLVSHUVHG FDU�

ELGHV DQG QLWULGHV� 8OWLPDWH VWUHQJWK ZDV LQFUHDVHG

DSSUR[LPDWHO\ E\ �� �� WKH LPSDFW VWUHQJWK ZDV PRUH

WKDQ WZLFH LQFUHDVHG� 'LUHFWLRQDOLW\ RI FU\VWDOOLWHV�

KLJK YDOXHV RI KHDW UHVLVWDQFH� IDYRXUDEOH IRU LQFUHDVH

LQ ZHDU�UHVLVWDQFH� SURPRWH WKH LQFUHDVH LQ OLIH RI SDUWV

GHSRVLWHG DQG FDVW XVLQJ HOHFWURVODJ SURFHVV�

7KH XOWLPDWH VWUHQJWK� GXUDELOLW\� KDUGQHVV DQG

LPSDFW VWUHQJWK RI WKH GHSRVLWHG PHWDO

��.K��1��9�0 �ZW��� ����&� ����&U� ����1L� XS

WR ���:� XS WR ���0R� DUH PXFK ORZHU WKDQ VLPLODU

YDOXHV RI DOOR\ ��.K��1�$*�0�% FRQWDLQLQJ ����w

���� ZW�� 1�

7KH DUF VXUIDFLQJ ZLWK VROLG DQG IOX[�FRUHG ZLUHV

ZDV SHUIRUPHG XQGHU IOX[ RU LQ QLWURJHQ� 7KH QLWURJHQ

� 9�1� .$/,$129� ����

)LJXUH �� 'HSHQGHQFH RI QLWURJHQ VDWXUDWLRQ RI GURSV DQG PHWDO
RI D VLQJOH�OD\HU EHDG RQ SRODULW\ RI FXUUHQW LQ VXUIDFLQJ �8

D
 

 �� 9� Y
V
 ��P�K� QLWURJHQ FRQVXPSWLRQ ≈ �� O�PLQ� ZLUH 6Y�

��.K��1�� RI � PP GLDPHWHU� �GDVKHG FXUYH x DW VWUDLJKW SR�
ODULW\� VROLG FXUYH x DW UHYHUVH SRODULW\�

)LJXUH �� (IIHFW RI DUF YROWDJH RQ QLWURJHQ DOOR\LQJ RI GURSV DQG
GHSRVLWHG PHWDO DW ,

D
≅ ��� $ �UHVW SDUDPHWHUV DQG FRQGLWLRQV RI

VXUIDFLQJ VHH LQ )LJXUH ��

46 10/2002



DSSOLFDWLRQ DV D SURWHFWLQJ�DOOR\LQJ PHGLXP HQVXUHV

WKH UHGXFWLRQ LQ D VKDUH RI SDUWLFLSDWLRQ µ LQ D SDUHQW

PHWDO WR WKH YDOXHV DW ZKLFK WKH PHWDO RI WKH ILUVW

OD\HU LV FORVH E\ FRPSRVLWLRQ WR WKH VXUIDFLQJ ZLUHV�
:LWK LQFUHDVH LQ FXUUHQW IURP ��� WR ��� $ DW UHYHUVH

DQG VWUDLJKW SRODULW\ WKH YDOXHV RI µ DUH FKDQJHG�

UHVSHFWLYHO\� LQ WKH UDQJHV ����w���� DQG ����w����

�DW 8
D
 ��w�� 9� Y

V
 �� P�K� G

ZLUH
 ��� PP�

O
VWLFNRXW

 ��w�� PP ��

$OOR\LQJ RI PHWDO ZLWK QLWURJHQ DW WKH VWDJHV RI
GURS IRUPDWLRQ >1@G DIWHU SDVVLQJ WKURXJK WKH DUF >1@

D

DQG LQ D VLQJOH�OD\HU EHDG >1@
V
GHSHQGV RQ WKH FRQGL�

WLRQ SDUDPHWHUV� FXUUHQW SRODULW\� FRPSRVLWLRQ RI

ZLUHV �DQG SDUHQW PHWDO IRU >1@
V
�� 'XULQJ VXUIDFLQJ

DW UHYHUVH SRODULW\ WKH FRQWHQW RI >1@G� DQG LQ SDU�

WLFXODU >1@
D
� LV ORZHU DV FRPSDUHG ZLWK XVH RI FXUUHQW

DW VWUDLJKW SRODULW\ �)LJXUHV � DQG ���

$V WR WKH TXDOLW\ WKH GHSHQGHQFH RI >1@
V
RQ FRQ�

GLWLRQ SDUDPHWHUV LV DOPRVW WKH VDPH LQ VXUIDFLQJ ZLWK
DXVWHQLWLF ZLUHV� ERWK ZLWK VROLG DQG IOX[�FRUHG ZLUHV�

7KH GHQVH DXVWHQLWLF GHSRVLWHG PHWDO ZDV SURGXFHG

DW FRQWHQW >1@  ����w���� ZW�� �)LJXUH ��� :LWK

LQFUHDVH LQ PDVV VKDUH RI >1@
V
LWV KDUGQHVV DQG VWUHQJWK

LV LQFUHDVHG �LQ SDUWLFXODU LQ UHSODFHPHQW RI &Uw1L

DQG &Uw1Lw9 ZLUHV E\ &Uw1Lw0Q ZLUH�� +HUH� WKH

PDVV VKDUH RI D KLJK�WHPSHUDWXUH IHUULWH LV GHFUHDVHG

�)LJXUH ��� ,Q PDUWHQVLWLF�EDLQLWLF DOOR\V WKH DOOR\LQJ
ZLWK QLWURJHQ LQIOXHQFHV WKH PHFKDQLFDO SURSHUWLHV�

UHGXFHV WKH UHVLGXDO VWUHVVHV >�@ GXH WR GHFUHDVH LQ

WHPSHUDWXUH LQWHUYDO RI WKH PDUWHQVLWLF WUDQVIRUPD�

WLRQ�

7KH LPSURYHPHQW RI IRUPDWLRQ RI GHSRVLWHG EHDGV

DW VWUDLJKW SRODULW\ FXUUHQW �HVSHFLDOO\ LQ ZLGH�OD\HU

VXUIDFLQJ� FDQ EH DWWDLQHG XVLQJ D PXOWLHOHFWURGH VXU�

IDFLQJ� DQG DOVR D FRPELQDWLRQ RI D F\FOLF VZLWFKLQJ
RI GLUHFW DUF WR LQGLUHFW DUF�

$GGLQJ RI DFWLYH QLWULGH�IRUPLQJ FRPSRQHQWV LQWR

D FKDUJH RI IOX[�FRUHG ZLUHV DQG XVH RI QR�FXUUHQW

ILOOHU ZLUHV LQFUHDVH WKH PDVV VKDUH RI QLWURJHQ� DQG
DOVR WKH PDVV VKDUH RI QLWULGHV DV D VWUHQJWKHQLQJ
SKDVH� LQFUHDVH WKH FRHIILFLHQWV RI DVVLPLODWLRQ RI DO�

OR\LQJ HOHPHQWV >�@ DQG� DV D ZKROH� WKH YROXPH RI
XVH RI KLJK�QLWURJHQ VWHHOV RI GLIIHUHQW VWUXFWXUDO

FODVVHV �LQFOXGLQJ PDUDJLQJ VWHHOV� >�� �@� DV VSDUVHO\�

DOOR\HG VXUIDFLQJ DOOR\V�

)LJXUH �� $UHD RI WHFKQRORJLFDOO\�DFFHSWDEOH YDOXHV RI DUF YROWDJH
DQG FXUUHQW �D� LQ VXUIDFLQJ ZLWK DXVWHQLWLF VWHHOV DW '&53 �E� F�
DQG FRQVXPSWLRQ RI VKLHOGLQJ JDV 41 ≅ �� O �PLQ� REWDLQHG LQ
;�UD\ XQLW DW WUDQVPLVVLRQ FRQGLWLRQ 8  ��� N9� ,  �� P$� W  
 �� V� Dx VXUIDFLQJ RI VWHHO ��.K��$*�� �>1@  ���� �� DW KLJK
FXUUHQW ,� ZLWK GZLUH  � PP� YV  ��w�� P�K�� E x VXUIDFLQJ RI
VWHHO ��.K��1�*� DW ORZ FXUUHQW ,� ZLWK GZLUH  � PP� YV  ��w
�� P�K �O� V x SRUHV� P� ∆ x QR SRUHV�

)LJXUH �� (IIHFW RI PDVV VKDUH RI QLWURJHQ LQ GHSRVLWHG PHWDO RQ
KDUGQHVV RI EHDG PHWDO +% DQG FRQWHQW RI δ�SKDVH LQ LW �FRQWHQW
RI HOHPHQWV LQ GHSRVLWHG PHWDO� ZW��� >&@V  �����w������
>&U@V  ����w����� >1L@V  �����w������ >7L@V  ����w����� >0Q@V  
 ����w����� >6L@V  ����w���� �TL x HQHUJ\ LQSXW RI VXUIDFLQJ�

�� 3DWRQ� %�(�� 0HGRYDU� %�,�� 6DHQNR� 9�<D� ������ 0RGHUQ
SURFHVVHV RI SURGXFWLRQ RI KLJK�QLWURJHQ VWHHOV DQG DOOR\V
DQG SURVSHFWV RI DSSOLFDWLRQ RI SUHVVXUH DUF�VODJ UHPHOWLQJ
IRU LWV SURGXFWLRQ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� ��
�w���

�� 6DHQNR� 9�<D�� 3RPDULQ� <X�0�� &KHUQHWV� $�9� ������ �WK
,QW� +16s�� &RQI� RQ +LJK�1LWURJHQ 6WHHOV� ,ELG�� �� ��w
���

�� *ULQEHUJ� 1�$�� 0DPDHY� $�9� ������ 6XUIDFLQJ ILOOHU PD�
WHULDOV ZLWK FDUELGH DQG FDUELGH�QLWULGH VWUHQJWKHQLQJ RI GH�
SRVLWHG PHWDO� ,Q� 6XUIDFLQJ RI ZHDU�UHVLVWDQW DQG KLJK�

WHPSHUDWXUH VWHHOV DQG DOOR\V� 6XUIDFLQJ ILOOHU PDWHULDOV�
.\LY� 3:,�

�� .DOLDQRY� 9�1�� 3HVFKDQVN\� ,�3� ������ 0HFKDQLFDO SUR�
SHUWLHV RI DXVWHQLWLF YDOYH VWHHOV SURGXFHG E\ HOHFWURVODJ UH�
PHOWLQJ� 'YLJDWHOHVWURHQLH� �� ��w���

�� .UDVDYFKLNRY� 9�$�� 6RORYLRYD� /�,� ������ ,QIOXHQFH RI
QLFNHO DQG QLWURJHQ RQ VWUXFWXUH� SURFHVVLELOLW\ DQG PH�
FKDQLFDO SURSHUWLHV RI KLJK�FKURPLXP GHSRVLWHG PHWDO� 0H�

WDOORYHGHQLH L 7HUPLFK� 2EUDE� 0HWDOORY� ��� ��w���
�� =XENRY� 1�6� ������ 5HVHDUFK DQG GHYHORSPHQW RI WHFKQR�

ORJ\ IRU VXUIDFLQJ LQ QLWURJHQ PHGLXP RI )Hw&U�EDVHG

VWHHOV� 6\Q� RI 7KHVLV IRU &DQG� RI 7HFKQ� 6FL� 'HJUHH�
6YHUGORYVN�

�� %DJURY� 9�$�� .DOLDQRY� 9�1� ������ $UF VXUIDFLQJ ZLWK
)Hw&w&Uw0Qw7Lw6L V\VWHP DOOR\V XVLQJ DX[LOLDU\ ILOOHU�
$YWRPDWLFK� 6YDUND� �� ��w���
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