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0DNKQHQNR 9�,�� 9HOLNRLYDQHQNR (�$�� .UDYWVRY 7�*�
DQG 6HYU\XNRY 9�9� 1XPHULFDO VWXGLHV RI

WKHUPRPHFKDQLFDO SURFHVVHV LQ VXUIDFLQJ RI VKDIWV RI

VKLS PHFKDQLVPV �������������������������������������������������������������������� �

/HVNRY *�,� DQG 3XVWRYRMW 6�9� $ERXW WKH SUREOHP RI

FRQVWUXFWLRQ RI D G\QDPLF PRGHO RI ZHOG SRRO LQ

HOHFWULF DUF ZHOGLQJ ���������������������������������������������������������������� ��

9LW\D] 3�$�� /RYVKHQNR )�*� DQG /RYVKHQNR *�)�
1HZ KLJK�UHVLVWDQW GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU

PDWHULDOV IRU UHVLVWDQFH ZHOGLQJ HOHFWURGHV ������������������������������ ��

0DUFKXN 9�(�� /DEXQHWV 9�)� DQG 'HUHN ,�%�
'HWRQDWLRQ FRDWLQJV RI 1L�EDVHG FRPSRVLWH PDWHULDOV�

,QIRUPDWLRQ �� 7ULERWHFKQLFDO SURSHUWLHV ����������������������������������� ��

,1'8675,$/

1D]DUHQNR 2�.�� 2UVD <X�9� DQG 6WROLNR *�<D�
3URVSHFWV IRU HOHFWURQ EHDP ZHOGLQJ RI ELPHWDO EDQG

VDZV DQG VDZ EODGHV LQ 8NUDLQH ���������������������������������������������� ��

<XVKWLQ $�1�� =DPNRY 9�1�� 6DERNDU 9�.��
&KYHUWNR 3�1� DQG 3HWULFKHQNR ,�.� 3UHVVXUH ZHOGLQJ

RI LQWHUPHWDOOLF DOOR\ γ�7L$O ������������������������������������������������������� ��

7\XULQ <X�1�� .ROLVQLFKHQNR 2�9� DQG
7V\JDQNRY 1�*� 3XOVH�SODVPD KDUGHQLQJ RI WRROV ������������������� ��

%RULVRY <X�6�� 3DQNR 0�7�� $GHHYD /�,��
5XSFKHY 9�/� DQG %REULN 9�*� 7HFKQRORJLHV IRU
SURGXFWLRQ DQG SURSHUWLHV RI SRZGHUV RI WKH $Ow&Xw)H

V\VWHP IRU WKHUPDO VSUD\LQJ RI FRDWLQJV ZLWK

TXDVLFU\VWDOOLQH VWUXFWXUH �������������������������������������������������������� ��

%5,() ,1)250$7,21

3HWXVKNRY 9�*�� %U\]JDOLQ $�*� DQG 7LWRY 9�$�
0HFKDQLVP RI UHOD[DWLRQ RI UHVLGXDO VWUHVVHV LQ

H[SORVLRQ ORDGLQJ RI ZHOGHG MRLQWV ������������������������������������������� ��

%XUVN\ *�9� DQG 6DYLWVN\ 0�0� +\GURJHQ FRQWHQW LQ

ORZ�DOOR\HG ZHOG PHWDO LQ WZLQ�DUF ZHOGLQJ ������������������������������� ��

$'9(57,6,1* ������������������������������������������������������������������������� ��

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO ERDUG�

<X�6�%RULVRY 9�)�*UDELQ

<X�<D�*UHWVNLL $�<D�,VKFKHQNR

9�)�.KRUXQRY

6�,�.XFKXN�<DWVHQNR

<X�1�/DQNLQ 9�.�/HEHGHY

9�1�/LSRGDHY /�0�/REDQRY

9�,�0DNKQHQNR $�$�0D]XU

/�3�0RMVRY 9�)�0RVKNLQ

2�.�1D]DUHQNR 9�9�3HVKNRY

,�.�3RNKRGQ\D ,�$�5\DEWVHY

9�.�6KHOHJ <X�$�6WHUHQERJHQ

1�0�9RURSDL .�$�<XVKFKHQNR

9�1�=DPNRY $�7�=HOQLFKHQNR

�7KH 3DWRQ :HOGLQJ -RXUQDO�

LV SXEOLVKHG PRQWKO\ E\ WKH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

3URPRWLRQ JURXS�

9�1�/LSRGDHY� 9�,�/RNWHYD

$�7�=HOQLFKHQNR �([HF� GLUHFWRU�

7UDQVODWRUV�

6�$�)RPLQD� ,�1�.XWLDQRYD�

7�.�9DVLOHQNR

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV

DUH ORFDWHG DW 3:,�

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��

��� %R]KHQNR VWU�� ������

.\LY� 8NUDLQH

7HO�� ������� ��� �� ��

)D[� ������� ��� �� ��

(�PDLO� WRPLN#PDF�UHOF�FRP

(�PDLO� RIILFH#SDWRQ�NLHY�XD

6WDWH 5HJLVWUDWLRQ &HUWLILFDWH

.9 ���� RI ����������

6XEVFULSWLRQV�

����� �� LVVXHV� SRVWDJH LQFOXGHG

�7KH 3DWRQ :HOGLQJ -RXUQDO� :HEVLWH�

KWWS���ZZZ�QDV�JRY�XD�SZM

� 1$6 RI 8NUDLQH� 3:,� ,QWHUQDWLRQDO $VVRFLDWLRQ ©:HOGLQJª� ����

�������

���	


�	
(QJOLVK WUDQVODWLRQ RI WKH PRQWKO\ �$YWRPDWLFKHVND\D 6YDUND� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH ����
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH

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

�
2GHVVD 6WDWH 0DULQH $FDGHP\� 2GHVVD� 8NUDLQH

�
0LQLVWU\ RI 7UDQVSRUWDWLRQ RI 8NUDLQH� .\LY� 8NUDLQH

$%675$&7

&DOFXODWLRQPHWKRG LV SUHVHQWHG IRU HYDOXDWLRQ RI WKH UDQJH RI RSWLPDO SDUDPHWHUV IRU WKH WHFKQRORJ\ RI FRUURVLRQ�UHVLVWDQW

VXUIDFLQJ RI VKDIWV LQ VKLS PHFKDQLVPV DQG V\VWHPV� 7KH PHWKRG LV EDVHG RQ WDNLQJ LQWR DFFRXQW WKH SRWHQWLDO IRUPDWLRQ

RI IDWLJXH FUDFNV DW F\FOLF ORDGLQJ LQ VHUYLFH�

.H\ ZRU G V � VKDIWV RI VKLS PHFKDQLVPV� VXUIDFLQJ� GHIHFWV�

KRW DQG FROG FUDFNV� PLFURVWUXFWXUHV� UHVLGXDO VWUHVVHV� IDWLJXH

UHVLVWDQFH

6XUIDFLQJ RI SDUWV RI WKH VKDIW DVVHPEO\ LQ VKLS PHFKD�
QLVPV DQG V\VWHPV� ERWK LQ PDQXIDFWXULQJ DQG UHVWR�
UDWLRQ� WUDGLWLRQDOO\ KDV EHHQ DQ HIIHFWLYH PHWKRG IRU
H[WHQVLRQ RI WKHLU VHUYLFH OLIH >�� �� HWF�@� ,QWHQVLYH
GHYHORSPHQW KDV EHHQ FRQGXFWHG LQ WKLV ILHOG LQ )68
WHUULWRU\ RYHU WKH ODVW �� \HDUV >� w �@� 6LJQLILFDQW
UHVXOWV KDYH EHHQ DFKLHYHG LQ UHVHDUFK DQG LWV SUDFWLFDO
DSSOLFDWLRQ�:LWK SURJUHVV RI HQJLQHHULQJ� DSSOLFDWLRQ
RI PRUH SHUIHFW VWUXFWXUDO PDWHULDOV� LQFUHDVH RI VHU�
YLFH UHTXLUHPHQWV WR WKH SDUWV XQGHU FRQVLGHUDWLRQ�
KRZHYHU� D ZKROH UDQJH RI QHZ SUREOHPV DUH HQFRXQ�
WHUHG� ZKRVH VROXWLRQ UHTXLUHV D UDWKHU GHGLFDWHG HI�
IRUW LQ GHYHORSPHQW RI WKH DSSURSULDWH WHFKQRORJLHV�

8VH RI SXUHO\ H[SHULPHQWDO PHWKRGV IRU WKHVH SXU�
SRVHV LQYROYHV D FRQVLGHUDEOH DPRXQW RI IXQGV DQG
WLPH �D VXUIDFLQJ SURFHVV QRUPDOO\ KDV PDQ\ PRUH
FRQWUROODEOH SDUDPHWHUV� WKDQ D ZHOGLQJ SURFHVV�� ,Q
WKLV FRQQHFWLRQ TXLWH XQGHUVWDQGDEOH LV WKH LQFUHDVHG
LQWHUHVW WR QXPHULFDO PRGHOOLQJ RI WKH PDLQ SK\VLFDO
SKHQRPHQD LQ VXUIDFLQJ� GHSHQGLQJ RQ WKH LQLWLDO FRQ�
GLWLRQV DQG SURFHVV SDUDPHWHUV >�� �� HWF�@�

7KH SDSHU VHWV IRUWK WKH SURFHGXUH RI VXFK PR�
GHOOLQJ IRU WKH FDVH RI GHSRVLWLRQ RI D SURWHFWLYH RU
ZHDU�UHVLVWDQW OD\HU RQWR D VKDIW RI D KHDW�KDUGHQDEOH
VWHHO RI KLJK RU LQFUHDVHG VWUHQJWK� 8QOLNH >�@� ZKLFK
FRQVLGHUV WKH WKHUPDO DQG GHIRUPDWLRQDO SURFHVVHV LQ
GHSRVLWLRQ RI D SURWHFWLYH OD\HU RQWR D VKDIW �SLSH� RI
DQ XQDOOR\HG VWHHO� WKH SDSHU GHVFULEHV D FDOFXODWLRQ
DOJRULWKP FRQVWUXFWHG E\ WKH DXWKRUV� WDNLQJ LQWR DF�
FRXQW WKH SRVVLEOH NLQHWLFV RI PLFURVWUXFWXUDO FKDQJHV�
ERWK LQ WKH +$= DQG LQ WKH GHSRVLWHG OD\HU�

&DOFXODWLRQ DOJRULWKPV IRU IRUHFDVWLQJ PLFURVWUXF�
WXUDO FKDQJHV LQ WKH EDVH PDWHULDO �+$=� DQG SHQH�
WUDWLRQ ]RQH ZHUH FRQVWUXFWHG XVLQJ D TXLWH ZHOO�HV�
WDEOLVKHG DSSURDFK >�� �@� EDVHG RQ IRUHFDVWLQJ WKH
ZHLJKW IUDFWLRQV YM RI WKH PDLQ PLFURVWUXFWXUDO FRQ�
VWLWXHQWV� DXVWHQLWH �M  D�� IHUULWH �M  I�� SHDUOLWH

�M  S�� EDLQLWH �M  E�� PDUWHQVLWH �M  P�� 7KH
IHDWXUHV RI WKH ILQH VWUXFWXUH� JUDLQ ERXQGDU\ PRU�
SKRORJ\� LPSXULWLHV GLVWULEXWLRQ� HWF� ZHUH QHJOHFWHG�
7KH ODWWHU� LQ WKH DXWKRUVs RSLQLRQ� KDV D VOLJKW LQIOX�
HQFH RQ WKHUPRPHFKDQLFDO SURFHVVHV FRQVLGHUHG LQ WKH
SDSHU� ZKLFK� KRZHYHU� GRHV QRW PDNH WKHLU GHVFULS�
WLRQ OHVV LQWHUHVWLQJ LQ WKH DSSURSULDWH LQYHVWLJDWLRQV
>�� HWF�@� EXW WKLV LV EH\RQG WKH VFRSH RI WKLV SDSHU�

7KH JDLQHG H[SHULHQFH >�� �@ VKRZV WKDW WKH PDLQ
SUREOHPV LQ VKDIW VXUIDFLQJ DUH UHODWHG WR SURYLGLQJ
WKH UHTXLUHG UHVLVWDQFH RI WKH VXUIDFHG VKDIW WR IDWLJXH
ORDGV� 8QIDYRXUDEOH UHVLGXDO VWUHVVHV� PLFURVWUXFWXUHV
DQG PHFKDQLFDO SURSHUWLHV GHYHORSLQJ GXULQJ VXUIDF�
LQJ� DV ZHOO DV GHIHFWV LQ WKH IRUP RI KRW �FROG� FUDFNV
LQ WKH VXUIDFLQJ ]RQH� FDQ VLJQLILFDQWO\ ORZHU WKH ID�
WLJXH SURSHUWLHV RI WKH VXUIDFHG SDUW� 7KHUHIRUH� RQH
RI WKH FKLHI JRDOV LQ VHOHFWLRQ RI UDWLRQDO FRQGLWLRQV
IRU WKLV SURFHVV LV REWDLQLQJ WKURXJK FRPSXWHU PHDQV�
SUHGLFDEOH UHVXOWV RQ WKH DERYH IDFWRUV IRU FRQFUHWH
PRGHV DQG FRQGLWLRQV� 7KHVH UHVXOWV DOORZ PDNLQJ
VRPH MXGJHPHQW RQ WKH TXDOLW\ RI WKH VXUIDFHG SDUW
DQG� WKXV HVVHQWLDOO\ UHGXFLQJ WKH VFRSH RI H[SHUL�
PHQWV ZKHQ VHDUFKLQJ IRU RSWLPDO YDULDQWV RI WKH WHFK�
QRORJ\�

3URFHHGLQJ IURP WKHVH JRDOV� WKH SURFHGXUH HQYLV�
DJHV WKH IROORZLQJ VWHSV� WKH VSHFLILHG GLPHQVLRQV RI
WKH VKDIW �GLDPHWHU G� OHQJWK /�� PRGHV RI DUF VXU�
IDFLQJ DORQJ D KHOL[ �ZHOGLQJ FXUUHQW ,� DUF YROWDJH
8D� VXUIDFLQJ VSHHG YV� VXUIDFLQJ VWHS +� WKLFNQHVV RI
VXUIDFHG OD\HU δ� HOHFWURGH ZLUH IHHG UDWH YI DQG LWV
GLDPHWHU GH�� DV ZHOO DV WKHUPRSK\VLFDO SURSHUWLHV RI
WKH EDVH DQG VXUIDFLQJ PDWHULDOV �KHDW FRQGXFWLYLW\
λ� KHDW FDSDFLW\ SHU XQLW YROXPH Fγ� VROLGXV 76 DQG
OLTXLGXV 7/ WHPSHUDWXUHV� DUH XVHG WR FDOFXODWH WHP�
SHUDWXUH ILHOGV 7�U� ]� β� W� LQ WKH EDVH DQG WKH GH�
SRVLWHG PHWDO� ZKHUH W LV WLPH� U� ]� β DUH VSDFH FR�
RUGLQDWHV RI DSSURSULDWH SRLQWV RI WKH VKDIW DQG WKH
GHSRVLW >��@� 7KH GLPHQVLRQV RI WKH SHQHWUDWLRQ ]RQH
DUH GHWHUPLQHG EDVHG RQ NQRZQ YDOXHV RI 7�U� ]� β�
W�� ZKLFK SHUPLWV FDOFXODWLRQ RI LWV DYHUDJH FRPSRVL�

� 9�,� 0$.+1(1.2� (�$� 9(/,.2,9$1(1.2� 7�*� .5$97629 DQG 9�9� 6(95<8.29� ����
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WLRQ� DOORZLQJ IRU WKDW RI WKH EDVH DQG ILOOHU PHWDOV�
DV ZHOO DV RI WKH GHSRVLWHG OD\HUV DQG WKH DGMDFHQW
EHDGV >��@�

.LQHWLF FKDQJHV RI PLFURVWUXFWXUDO FRQGLWLRQ YM�W�
LQ HDFK SRLQW RI WKH VKDIW EHLQJ VXUIDFHG� DUH IRXQG
IURP FRPSRVLWLRQ DQG WKHUPDO F\FOHV� DOORZLQJ IRU
DSSURSULDWH GLDJUDPV RI DQLVRWKHUPDO GHFD\ RI
DXVWHQLWH �$'$� RU 6FKDHIIOHUw'H/RQJ GLDJUDPV�
8QOLNH >��� ��@ LQ WKLV VWXG\� WKH FDOFXODWLRQ DOJR�
ULWKP IRU YM�W� GHWHUPLQDWLRQ DOORZV IRU WKH SURE�
DELOLW\ RI D FRPSOH[ WKHUPDO F\FOH LQ VXUIDFLQJ DORQJ
D VPDOO OHDG KHOL[�

)RU D FRPSOH[ WKHUPDO F\FOH �)LJXUH �� WKH DS�
SURDFK RI >��� ��@ FDQ EH XVHG ZLWKRXW DQ\ FKDQJHV
IRU IRUHFDVWLQJ YM�W� LQ WKH ILUVW VWDJH RI WKLV F\FOH�
ZKHQ � � W � WPLQ� �)LJXUH ��� $W W ! WPLQ�� YDULRXV
YDULDQWV RI FKDQJLQJ YM�W� DUH SRVVLEOH� ,I 7�WPLQ�� �

� 7H
P� WKHQ DW W ! WPLQ� GYM ≡ �� ,I 7�WPLQ�� ! 7H

P� WKHQ

IRU M  I� S� E IXUWKHU WUDQVIRUPDWLRQ LV SRVVLEOH DW
W ! 7PLQ�� )RU M  P LW VWRSV� XQWLO WKH WHPSHUDWXUH
KDV GURSSHG WR WKH WHPSHUDWXUH 7 � 7�WPLQ���

$FFRUGLQJ WR >��� ��@ IRU D VLPSOH F\FOH DW

G7�GW � � LQ WKH LQWHUYDO RI 7V
M ! 7 ! 7H

M� YDOXH

YM�W�  YM�7� LV FDOFXODWHG LQ WKH IROORZLQJ IRUP�

YM(W) = YMPD[ IM(7)� ���

9DOXHV RI YMPD[ IRU ORZ� DQG PHGLXP�DOOR\HG VWHHOV

DUH IRXQG IURP $'$ GLDJUDP DW 7 � 7H
M >��� ��@� RU

ZLWK VXIILFLHQW HQJLQHHULQJ DFFXUDF\ WKURXJK W��� DQG

WZR SRLQWV RI WKLV $'$ GLDJUDP x τ��
M
DQG τ��

M
� FRU�

UHVSRQGLQJ WR WKH WLPH RI FRROLQJ IURP ��� WR ��� �&�
DW ZKLFK YM  ���� DQG ����� UHVSHFWLYHO\�

)RU LQVWDQFH� DFFRUGLQJ WR >�@

YMPD[ = �

�






� + HUI







OQ W� ⁄ � ⁄ OQ τ��

M
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ZKHUH 6M = √ � OQ
τ��

M

τ��M
�

,Q NHHSLQJ ZLWK >��@� IM�7� LV WDNHQ WR KDYH WKH
IRUP RI

IM(7) = � w H[S







w NM

7V
M
w 7

7V
M
w 7H

M







DW 7V

M > 7 > 7H
M
� ���

ZKHUH NM  ��� w ��� LV WKH FRHIILFLHQW�

IM�7�  � DW 7 ! 7V
M�

)RU KLJK�DOOR\HG VWHHOV YMPD[ LV IRXQG IURP 6FKDHI�
IOHUw'H/RQJ W\SH GLDJUDP� ,Q WKLV FDVH IM�7� KDV WKH

IRUP RI H[SUHVVLRQ ��� RQO\ IRU PDUWHQVLWH� DQG 7V
M  

 7H
M  7/ FDQ EH DVVXPHG IRU δ�IHUULWH� ,W LV PRUH

FRQYHQLHQW WR FDOFXODWH WKH YDOXHV RI 7V
P DQG 7H

P� GH�

SHQGLQJ RQ WKH FRPSRVLWLRQ� DFFRUGLQJ WR >��@� 6R�
DW ���� ≤ & ≤ ����

7V
P = ��� w ��� & + ���

&
w $�1L w $�0Q w

w $�&UHT w ��&X� 7H
P ≈ 7V

P
w ����

���

$�  ��� $�  ����� $�  ���� DW 1L ! � ��

$� =



��� 1L + ��

1L




� $�  �����

$�  ���� DW ��� � 1L � � ��

$�  ��� $�  ���� $�  ��� DW 1L � ��� ��

ZKHUH &� 1L� &X LV WKH ZHLJKW IUDFWLRQ� �� RI WKH
UHVSHFWLYH HOHPHQWV� &UHT LV WKH HTXLYDOHQW RI FKUR�
PLXP FRQWHQW� HTXDO WR

&UHT  &U � 0R � ��� 6L� ���

7KH DERYH LV YDOLG IRU D VHFWLRQ RI WKH WKHUPDO
F\FOH ZLWK � � W � WPLQ�� $W W ! WPLQ� WKH UXOHV IRU D
VLPSOH WKHUPDO F\FOH DUH GLVWXUEHG� )RU D FRPSOH[
WKHUPDO F\FOH LW LV SURSRVHG WR XVH WKH PHWKRG RI
FRQGLWLRQDO VLPSOH F\FOHV �VHH )LJXUH ��� , F\FOH DW
� � W � WPLQ�� ,, x DW WPLQ� � W � WPLQ�� HWF�

(DFK L�WK F\FOH KDV WKH PD[LPDO KHDWLQJ WHPSHUD�
WXUH 7PD[L DQG LQLWLDO PLFURVWUXFWXUDO VWDWH DW WKH PR�

PHQW W  WPLQ�Lw��� GXUDWLRQ W���
M

�F\FOHV , DQG ,, LQ

)LJXUH ��� DV ZHOO DV WLPH RI VWD\LQJ DERYH ��� �& x

∆W���
M
DW 7PD[L � 7∗ �7∗ LV WKH WHPSHUDWXUH RI WKH VWDUW

RI DXVWHQLWH GHFRPSRVLWLRQ��
,I IRU DQ\ F\FOH 7PD[L ! 7∗ � WKH SULQFLSDO UXOHV RI

WKH VLPSOH F\FOH FDQ EH XVHG IRU LW� L�H� LW FDQ EH
DVVXPHG WKDW DW WKH VWDJH RI KHDWLQJ XS WR 7 ≤ 7∗ WKH

LQLWLDO VWUXFWXUHV DUH SUHVHUYHG DW W  WPLQ�Lw��� 7KLV LV
DWWULEXWDEOH WR WKH IDFW WKDW KHDWLQJ GXUDWLRQ IRU VXFK
D VLPSOH F\FOH LV XVXDOO\ VKRUW� FRPSDUHG WR FRROLQJ�
DQG UHODWLRQVKLSV ��� DQG ��� DUH YDOLG DW WKH VWDJH
RI WKH ODWWHU� $ QRW YHU\ FRPSOLFDWHG UXOH KROGV IRU
WKH FRQGLWLRQDOO\ VLPSOH L�WK F\FOH� LI 7PD[L � ��� �&�

DQG 7�WPLQ�Lw��� � 7V
P �VHH )LJXUH ��� ,Q WKLV FDVH WKHUH

LV QR UHDVRQ WR DQWLFLSDWH DQ\ IXUWKHU GLIIXVLRQ WUDQV�
IRUPDWLRQV RI DXVWHQLWH� L�H� WKH PLFURVWUXFWXUH UHFRUGHG
DW WKH PRPHQW WPLQ�Lw��� UHPDLQV XQFKDQJHG� XQWLO WKH
WHPSHUDWXUH LQ WKLV F\FOH KDV GURSSHG EHORZ 7�WPLQ�Lw����
ZKHQ LQWHQVLYH PDUWHQVLWH WUDQVIRUPDWLRQ JRHV RQ WLOO

7  7H
P� ,W LV QDWXUDO WKDW� LI 7�WPLQ�Lw��� � 7H

P� WUDQV�

IRUPDWLRQV LQ VXFK FRQGLWLRQDOO\ VLPSOH F\FOHV
�7PD[L � ��� �&� DUH DEVHQW�

7KH VLWXDWLRQ LV PRUH FRPSOH[ ZKHQ 7∗ ! 7PD[L �

� ��� �&� ,Q WKLV FDVH WLPH W���
Mw�
RI WKH SUHYLRXV F\FOH

)LJXUH �� 6FKHPDWLF RI D FRPSOH[ WKHUPDO F\FOH LQ VKDIW VXUIDFLQJ
DORQJ D VPDOO OHDG VSLUDO

������ �



7DEOH �� (OHPHQW FRQWHQW LQ PDWHULDOV XVHG� ZW��

0DWHULDO & 0Q 6L &U 1L 0R 1E 6 3

6WHHO �� ���� ���� ���� ���� ���� w w ����� ����

33�$1��� ���� ���� ���� ����� ���� ���� w � ����� � ����

6Y���.K��1�6�%7<X ���� ���� ���� ����� ���� w ���� � ����� � ����

7DEOH �� ,QLWLDO SDUDPHWHUV IRU GLIIHUHQW VXUIDFLQJ YDULDQWV

9DULDQW

QXPEHU

6KDIW

GLDPHWHU�

PP

/D\HU

QXPEHU

%HDG

WKLFNQHVV�

PP
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LQFUHDVHV E\ YDOXH ∆W���
M
� L�H� W���

M
 W���

Mw�
� ∆W���

M
� 7KLV

YDOXH RI ∆W���
M

LV XVHG WR GHWHUPLQH ∆YM�W� UHODWLYH WR
WKH LQLWLDO FRQGLWLRQ DW W  WPLQ�Lw�� E\ WKH VLPSOH F\FOH
UXOHV� DFFRUGLQJ WR H[SUHVVLRQV ��� w ���� :H DVVXPH
YD  YD�WLw�� LQ WKH LQLWLDO FRQGLWLRQ� LQVWHDG RI YD  
 �� DV LQ HTXDWLRQ ����

:KHQ YM�W� LV NQRZQ� LW LV SRVVLEOH WR GHWHUPLQH
DOO WKH UHTXLUHG LQLWLDO GDWD IRU FDOFXODWLRQ RI WKH
NLQHWLFV RI VWUHVVHV DQG VWUDLQV >��� ��@� 6R� WKH IXQF�
WLRQ RI IUHH UHODWLYH HORQJDWLRQ

ϕ =

∑
M

YM(7) γM(7) w ∑
M

YM(7�) γM(7�)

�∑
M

YM(7�) γ�(7�)
� ���

ZKHUH γM�7� LV WKH YROXPH RI RQH JUDP RI PDVV RI M�WK
PLFURVWUXFWXUH DW WHPSHUDWXUH 7� 7� LV WKH LQLWLDO WHP�
SHUDWXUH�

$FFRUGLQJ WR H[SHULPHQWDO GDWD >��@

)LJXUH �� ([DPSOHV RI FRPSXWDWLRQ RI WKH SHQHWUDWLRQ ]RQH IRU ILUVW OD\HU RI YDULDQW 1R�� DW '  �� PP �D� DQG DIWHU VHFRQG OD\HU IRU

YDULDQW 1R�� DW '  ��� PP �E�

)LJXUH �� 'LVWULEXWLRQ RI ZHLJKW IUDFWLRQV YM LQ WKH PLFURVWUXFWXUH DORQJ UDGLXV U LQ GLIIHUHQW VHFWLRQV ZLWK ]  FRQVW RI WKH VKDIW IRU

YDULDQW 1R�� LQ OD\HUV � �D� DQG � �E�� YDULDQW 1R�� LQ OD\HUV � �F� DQG � �G�� YDULDQW 1R�� LQ OD\HU � �H� DQG YDULDQW 1R�� LQ OD\HU �

�I� DW '  �� �D w H� DQG ��� PP �I�� IRU GHVLJQDWLRQV � w � VHH WKH WH[W
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1R W H � , x EHJLQQLQJ RI GHSRVLW ��VW EHDG�� ,, x PLGGOH ���WK EHDG�� ,,, x HQG ���WK EHDG��

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO FLUFXPIHUHQWLDO VWUHVVHV DORQJ

WKH UDGLXV LQ VHFWLRQV � w � IRU YDULDQW 1R�� LQ OD\HU � �D�� YDULDQW

1R�� LQ OD\HUV � �E� DQG � �F�� YDULDQW 1R�� LQ OD\HUV � �E� DQG �

�G� DQG YDULDQW 1R�� LQ OD\HU � �H� DW '  ��� �D� DQG �� PP

�E w H�� IRU GHVLJQDWLRQV VHH WKH WH[W
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γD  ������� � ����⋅��w��7 � ���� � ����⋅��w� &� ÏP�
�J�

γP  ������� � �����⋅��w��7 � ���� �

� ����⋅��w�&� ÏP�
�J�

γI ≈ γS ≈ γE  ������� � �����⋅��w��7 � ����� ÏP
�
�J�

���

7KH \LHOG SRLQW LV FDOFXODWHG IURP WKH IROORZLQJ
HTXDWLRQ�

σ\(7) = ∑
M

σ\

M
(7) YM (7)� ���

ZKHUH σ\

M

�7� LV WKH \LHOG SRLQW RI WKH DSSURSULDWH SKDVH

�M  D� I� S� E� P� DW WHPSHUDWXUH 7 >��@�
$ ZKROH UDQJH RI RWKHU PDFURVFRSLF SURSHUWLHV FDQ

EH DOVR V\QWKHVLVHG �WKHUPRSK\VLFDO� HWF�� LQ D VLPLODU
IDVKLRQ�

*LYHQ EHORZ DUH WKH UHVXOWV RI DSSO\LQJ WKH GH�
VFULEHG DSSURDFK LQ FDOFXODWLRQ RI WHPSHUDWXUHV� PL�
FURVWUXFWXUHV DQG VWUHVVHV �VWUDLQV� LQ VXUIDFLQJ DORQJ
D VPDOO OHDG KHOL[ WKH PRGHOV RI VKDIWV RI VWHHO ��
ZLWK KLJK�DOOR\HG ILOOHU PDWHULDOV 33�$1���

���.K��1�0�*�6� DQG 6Y���.K��1�6�%7<X� WKH
FRPSRVLWLRQ RI ZKLFK LV JLYHQ LQ 7DEOH ��

$ FRPSXWHU SURJUDP IRU QXPHULFDO VROXWLRQ RI
VLPLODU SUREOHPV KDV EHHQ GHYHORSHG DW WKH(�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH� 7KH SURJUDP KDV D VWDQ�
GDUG LQWHUIDFH� ZKLFK WDNHV FDUH IRU WKH XVHU RI DOO
WKH LVVXHV UHODWHG WR QXPHULFDO VROXWLRQ �VHOHFWLRQ RI
ILQLWH HOHPHQWV� WLPH VWHSV� HWF�� DQG SUHVHQWDWLRQ RI
FDOFXODWLRQ UHVXOWV LQ D IRUP FRQYHQLHQW IRU HQJLQHHU�
LQJ DQDO\VLV�

)RU LQGLYLGXDO YDULDQWV RI VXUIDFLQJ WKH VKDIW PR�
GHOV� WKH FDOFXODWHG GLVWULEXWLRQV RI σUU DQG σββ UHVLG�
XDO VWUHVVHV ZHUH FRPSDUHG ZLWK H[SHULPHQWDO PHDV�
XUHPHQW UHVXOWV� REWDLQHG ZKHQ ERULQJ DQG WXUQLQJ
WKH GLVFV FXW RXW RI WKH VXUIDFHG VKDIWV >��@� $V VXFK
FXWWLQJ RI GLVFV LQYROYHV D VLJQLILFDQW UHOD[DWLRQ RI
σ]] VWUHVVHV DQG SDUWLDO UHOD[DWLRQ RI σUU DQG σββ
VWUHVVHV� WKLV RSHUDWLRQ ZDV DOVR PRGHOOHG QXPHUL�
FDOO\� ZKLFK ZDV IROORZHG E\ FRPSDULVRQ RI WKH GH�
ULYHG GDWD�

*LYHQ EHORZ DUH VRPH UHVXOWV RI QXPHULFDO FDOFX�
ODWLRQ IRU WKUHH YDULDQWV RI VXUIDFLQJ D PRGHO RI VKDIWV
RI �� w �� PP GLDPHWHU DQG WZR YDULDQWV IRU ��� PP

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO D[LDO VWUHVVHV DORQJ WKH UDGLXV

LQ VHFWLRQV � w � IRU YDULDQW 1R�� LQ OD\HU � �D�� YDULDQW 1R�� LQ

OD\HUV � �E� DQG � �F�� YDULDQW 1R�� LQ OD\HUV � �E� DQG � �G� DQG

YDULDQW 1R�� LQ OD\HU � �H� DW '  �� �D w G� DQG ��� PP �H��

IRU GHVLJQDWLRQV VHH WKH WH[W

������ 	



GLDPHWHU� 7KH PDLQ LQLWLDO SDUDPHWHUV IRU VXUIDFLQJ
WKH DERYH YDULDQWV DUH JLYHQ LQ 7DEOH �� 7KH YDOXHV
RI WKH DERYH PDWHULDO FKDUDFWHULVWLFV IURP 7DEOH ��
ZHUH XVHG LQ FDOFXODWLRQ�

7KH GDWD LQ )LJXUH � DQG 7DEOH � VKRZ WKH FKDQJH
RI WKH GLPHQVLRQV RI WKH SHQHWUDWLRQ ]RQH DQG WKH
DSSURSULDWH FKDQJHV LQ LWV FRPSRVLWLRQ WKURXJK
HTXLYDOHQW FKURPLXP &UHT DQG QLFNHO 1LHT E\ 6FKDHI�
IOHUw'H/RQJ GHSHQGHQFLHV >��@

&UHT  &U � 0R � ��� 6L � ��� 1E� ��

1LHT  1L � �� & � ��� 0Q� ��
���

7KHVH GHSHQGHQFLHV ZHUH WKH EDVLV IRU HYDOXDWLRQ
RI WKH ILQDO PLFURVWUXFWXUH LQ WKH SHQHWUDWLRQ ]RQH�
QDPHO\ WKH DPRXQW RI DXVWHQLWH YD� PDUWHQVLWH YP DQG
δ�IHUULWH Yδ�I �VHH )LJXUH ��� ,Q DGGLWLRQ� κ:  
 &U:�1L: LQGH[ ZDV FDOFXODWHG� ZKHUH &U: DQG
1L: LV WKH HTXLYDOHQW FRQWHQW RI FKURPLXP DQG QLFNHO�
UHVSHFWLYHO\� IRU :5&w���� GLDJUDP >��@� L�H�

&U
:
 &U � 0R � ��� 1E�

1L
:
 1L � �� & � �� 1 � ���� &X�

����

/HYHO RI κ: FKDUDFWHULVHV WKH KRW FUDFNLQJ VXVFHS�
WLELOLW\ RI DXVWHQLWLF FKURPLXP�QLFNHO DOOR\� $ UDWKHU
KLJK UHVLVWDQFH WR WKHVH FUDFNV LV IRXQG DW ���� � κ: �
� ��� >��@�

)URP WKH GDWD JLYHQ LQ 7DEOH �� LW IROORZV WKDW

IRU DOO WKH FRQVLGHUHG YDULDQWV RI VXUIDFLQJ ZLWK

DXVWHQLWLF ZLUH� UDWKHU IDYRXUDEOH PHWDOOXUJLFDO FRQ�

GLWLRQV IRU KRW FUDFNLQJ DUH LQ SODFH LQ WKH ILUVW OD\HU�

DV κ: � ����� ,Q GHSRVLWLRQ RI WKH QH[W OD\HUV κ:

YDOXH LQFUHDVHV DQG LV ZLWKLQ WKH DERYH�JLYHQ LQWHUYDO�

ZKLFK FRUUHVSRQGV WR D KLJK UHVLVWDQFH WR KRW FUDFNLQJ�

$Q LQWHUOD\HU RI PHWDO GHSRVLWHG ZLWK IOX[�FRUHG

ZLUH 33�$1��� ZLWK D KLJKHU FRQWHQW RI FKURPLXP

�YDULDQWV 1R�� DQG � IURP 7DEOH ��� DOVR SURPRWHV DQ

LQFUHDVH RI κ: LQGH[ DQG RI KRW FUDFNLQJ UHVLVWDQFH�

UHVSHFWLYHO\�

)LJXUH � JLYHV WKH FDOFXODWHG GDWD RI YM GLVWULEXWLRQ

IRU PLFURVWUXFWXUDO FRPSRQHQWV� GHSHQGLQJ RQ U FR�

RUGLQDWH IRU GLIIHUHQW FKDUDFWHULVWLF VHFWLRQV� 7KH ODW�

WHU DUH GHVLJQDWHG E\ WKH IROORZLQJ QXPEHUV LQ )L�

JXUHV � w �� �� � x DW WKH VWDUW RI VXUIDFLQJ� �� � x

LQ WKH VWHDG\ PLGGOH SDUW� 2Q WKH RWKHU KDQG� � DQG

� FRUUHVSRQG WR VHFWLRQ ]  FRQVW DORQJ WKH PLGGOH RI

GHSRVLWHG EHDG� DQG � DQG �x EHWZHHQ WKH DGMDFHQW

EHDGV� )URP WKH GDWD JLYHQ LQ )LJXUH � RQH FDQ VHH

WKDW WKH LQLWLDO IHUULWH�SHDUOLWH VWUXFWXUH RI WKH VKDIW

LV SUHVHUYHG RYHU LWV HQWLUH FURVV�VHFWLRQ� H[FHSW IRU D

UHODWLYHO\ VPDOO VXUIDFH OD\HU KHDWHG DERYH 7∗ � $W

7∗ � 7PD[ � 7PHOW PLFURVWUXFWXUDO FKDQJHV SURFHHG LQ

WKH EDVH PHWDO RI WKLV OD\HU� QDPHO\ DSSHDUDQFH RI

PDUWHQVLWH DQG EDLQLWH �WKH ODWWHU LV GHWHUPLQHG LQ WKH

IRUP RI YE  � w YD w YP w YIS�� ,Q VXUIDFLQJ ZLWKRXW

SUHKHDWLQJ� WKH DPRXQW RI PDUWHQVLWH GHSHQGV RQ KHDW

LQSXW TK� )RU YDULDQWV ZLWK TK  ��� FDO�FP �VHH

7DEOH �� D PDUWHQVLWH OD\HU �YP ≈ �� RI DERXW � PP

WKLFNQHVV IRUPV DW WKH EHJLQQLQJ RI WKH GHSRVLW� ,Q

WKH PLGGOH SDUW RI WKH VXUIDFHG VKDIW PDUWHQVLWH FRQ�

WHQW LQ WKH EDVH PHWDO LV QRW KLJKHU WKDQ ���� w �����

0DUWHQVLWH� KRZHYHU� DSSHDUV LQ WKH GHSRVLWHG

PHWDO RI WKH ILUVW OD\HU HYHQ LQ WKH DXVWHQLWLF GHSRVLW

�)LJXUH �� D�� ZKLFK LV GXH WR D JUHDWHU GLOXWLRQ RI

WKH ZHOG PHWDO LQ WKH SHQHWUDWLRQ ]RQH�

$W TK  ���� FDO�FP �YDULDQWV 1R�� DQG � IURP

7DEOH ��� WKH DPRXQW RI PDUWHQVLWH LQ WKH EDVH PDWH�

ULDO LV PDUNHGO\ UHGXFHG� $W WKH VWDUW RI VXUIDFLQJ

YP � ����� DQG LQ WKH PLGGOH SDUW LW LV QRW PRUH WKDQ

���� 7KHVH KLJKHU YDOXHV RI TK GR QRW OHDG WR D JUHDWHU

SURSRUWLRQ RI WKH EDVH PHWDO LQ WKH PROWHQ ]RQH �ZLWK

VXUIDFLQJ YDULDQWV JLYHQ LQ 7DEOH ��� EHFDXVH RI WKH

JUHDWHU WKLFNQHVV RI WKH GHSRVLWHG OD\HU� VR PDUWHQVLWH

LV DEVHQW LQ WKH ILUVW OD\HU� 7KH VHFRQG OD\HU KDV WKH

SKDVH FRPSRVLWLRQ UDWKHU VWDEOH DORQJ WKH VKDIW

OHQJWK� YD  ����� YIS  �����
$QDO\VLV RI WKH PLFURVWUXFWXUDO VWDWH RI WKH FRQ�

VLGHUHG YDULDQWV VKRZV WKDW D PLFURVWUXFWXUH FRQWDLQ�
LQJ PDUWHQVLWH LQ WKH UDQJH RI YP  ���� w ���� LQ WKH
PDLQ SDUW RI WKH GHSRVLW DQG YP  ���� w ���� DW WKH
VWDUW RI WKH GHSRVLW� IRUPV QHDU WKH SHQHWUDWLRQ ]RQH
IURP WKH EDVH PHWDO VLGH� $W FHUWDLQ OHYHOV RI WHQVLOH
VWUHVVHV DQG K\GURJHQ FRQFHQWUDWLRQ� WKLV FDQ OHDG WR
FROG �K\GURJHQ� FUDFNLQJ LQ WKLV ]RQH� 7KH JLYHQ LQ
)LJXUHV � DQG � GLVWULEXWLRQV RI QRUPDO VWUHVVHV σββ
DQG σ]] LQ VHFWLRQV � w � VKRZ WKDW WKH VXUIDFLQJ ]RQH

)LJXUH �� 'LDJUDP RI WKH ERULQJ�WXUQLQJ SURFHVV �D� DQG UHVXOWV

RI FRPSDULVRQ RI WKH FDOFXODWHG DQG H[SHULPHQWDO GDWD IRU WKH UDGLDO

σUU

G
��� DQG FLUFXPIHUHQWLDO σββ

G

��� VWUHVVHV LQ GLVFV RI VKDIWV IRU

YDULDQWV 1R�� LQ OD\HU � �E� DQG 1R�� LQ OD\HU � �F� DW '  �� PP


 ������



DQG WKH +$= FDQ GHYHORS TXLWH VLJQLILFDQW FLUFXPIHU�
HQWLDO σββ DQG D[LDO σ]] QRUPDO FRPSRQHQWV RI WKH
VWUHVV WHQVRU �FRPSRQHQWV σUU DQG σ]] EHLQJ FRPSDUD�
WLYHO\ VPDOO�� ,Q WKH FDVH RI D SXUHO\ DXVWHQLWLF GHSRVLW
�YDULDQWV 1R�� DQG � IURP 7DEOH ��� WHQVLOH VWUHVVHV
σββ DQG σ]] GHYHORS LQ WKH DUHD RI WKH SHQHWUDWLRQ
]RQH� ,W VKRXOG EH QRWHG� KRZHYHU� WKDW IRU YDULDQW
1R�� LQ WKH VWDEOH SDUW RI WKH GHSRVLW DIWHU WKH ILUVW
OD\HU� σββ DQG σ]] VWUHVVHV DUH FRPSUHVVLYH LQ WKH PL�
FURVWUXFWXUH RI WKLV ]RQH DW WKH H[SHQVH RI WKH PDUWHQ�
VLWH FRPSRQHQW� $IWHU WKH IRXUWK SDVV� KRZHYHU �)L�
JXUHV �� D DQG �� D�� WKH\ EHFRPH WHQVLOH� 7KH DERYH
FLUFXPVWDQFH� LQ FRPELQDWLRQ ZLWK WKH PHQWLRQHG XQ�
IDYRXUDEOH IDFWRUV �SUHVHQFH RI PDUWHQVLWH DQG K\GUR�
JHQ�� FDQ IDFLOLWDWH FROG FUDFNLQJ DQG ORZHU WKH IDWLJXH
UHVLVWDQFH RI WKH VXUIDFHG SDUW� UHVSHFWLYHO\�

,Q FDVH RI DQ XQGHUOD\HU RI D PDUWHQVLWLF PDWHULDO
�YDULDQWV 1R�� DQG ��� GXULQJ GHSRVLWLRQ RI WKH ILUVW
OD\HU �XQGHUOD\HU� RI D PDUWHQVLWLF PDWHULDO �)L�
JXUHV �� E DQG �� E� σββDQGσ]] VWUHVVHV DUH FRPSUHVVLYH
LQ WKH DUHD RI WKH IXVLRQ ]RQH �EHJLQQLQJ RI WKH GHSRVLW�
L�H� VHFWLRQV � DQG �� LV DQ H[FHSWLRQ�� ,Q GHSRVLWLRQ
RI VXEVHTXHQW OD\HUV RI DXVWHQLWLF PHWDO �)LJXUHV ��
F� G DQG �� F� G� WKH FRPSUHVVLYH QDWXUH RI σββ DQG
σ]] VWUHVVHV LQ WKLV ]RQH GRHV QRW FKDQJH� ZKLFK ZLWK
RWKHU FRQGLWLRQV EHLQJ HTXDO� VKRXOG SURPRWH DQ LP�
SURYHPHQW RI WKH VXUIDFHG VKDIW IDWLJXH UHVLVWDQFH�

&RQVLGHULQJ WKH LPSRUWDQFH RI WKH REWDLQHG LQIRU�
PDWLRQ RQ UHVLGXDO VWUHVV GLVWULEXWLRQ LQ VKDIW VXUIDF�
LQJ� H[SHULPHQWDO PHDVXUHPHQWV ZHUH WDNHQ RI UHVLG�
XDO VWUHVVHV LQ WKH GLVFV FXW RXW RI PRGHOV RI VXUIDFHG
VKDIWV �YDULDQWV 1R�� DQG � IURP 7DEOH ��� $V VKRZQ
DERYH� =DNV PHWKRG ZDV DSSOLHG� L�H� VXFFHVVLYH ERU�
LQJ RI WKH FHQWUDO KROH RI UE UDGLXV LQ WKH GLVF �)L�

JXUH �� D�� WR GHWHUPLQH UHVLGXDO VWUHVVHV σUU
G �UE� E\

WKH DYHUDJH UHDGLQJ RI WKUHH VWUDLQ JDXJHV RQ VXUIDFH
U  5R� 7KH PHDVXUHG HODVWLF FLUFXPIHUHQWLDO GHIRU�

PDWLRQ εββ
H �5R� ZDV XVHG WR ILQG σUU�UE��

σUU
G (UE) = w

( εββ
H (5R)
�







5R

�

UE
�
w �







� � < UE < 5E� ����

%RULQJ ZDV ILQLVKHG ZKHQ UE UHDFKHG WKH YDOXHV
RI5E ≈5R��� 7KLV ZDV IROORZHG E\ VXFFHVVLYH WXUQLQJ
WR D UDGLXV RI UW DW 5R ! UW ! 5E�

6WUDLQ JDXJHV ZHUH DOVR PRXQWHG RQ WKH VXUIDFH

U  5E� ,Q WKLV FDVH GHIRUPDWLRQV εββ
H �5E� ZHUH PHDV�

XUHG�

6WUHVVHV σUU�UW� ZHUH FDOFXODWHG E\ εββ
H �5E� YDOXHV�

GHSHQGLQJ RQ UW� IURP WKH IROORZLQJ HTXDWLRQ�

σUU
G (UW) = σUU

E (5E)
5E
�

5R
�(� w 5E

� ⁄ 5R
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� 5R > U > 5E�
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ZKHUH σUU
E �5E� DUH WKH VWUHVVHV RQ VXUIDFH U  5E GH�

YHORSLQJ GXULQJ ERULQJ� +DYLQJ GHWHUPLQHG UHODWLYH

UHVLGXDO VWUHVVHV σUU
G �U� IURP UHODWLRQVKLSV ����� �����

OHW XV ILQG σββ
G (U) VWUHVVHV E\ QXPHULFDO GLIIHUHQWLDWLRQ

σββ
G (U) =

∂
∂U

 U σUU
E (U) � ����

7KH UHVXOWV RI SURFHVVLQJ WKH H[SHULPHQWDO GDWD E\
H[SUHVVLRQV ���� w ����� LQ FRPELQDWLRQ ZLWK WKH FDO�
FXODWHG GDWD IRU YDULDQWV 1R�� DQG � �VHH 7DEOH �� DUH
JLYHQ LQ )LJXUH �� E� F� $V ZH FDQ VHH� WKHLU DJUHHPHQW
LV TXLWH JRRG�

&RQVLGHULQJ WKDW WKH GHVFULEHG PRGHOV RI FDOFXOD�
WLRQ RI WKH WKHUPDO GHIRUPDWLRQ SURFHVVHV KDYH EHHQ
YHULILHG PRUH WKDQ RQFH LQ YDULRXV VWXGLHV >��� ���
��� HWF�@� DV ZHOO DV WKH DJUHHPHQW RI WKH FDOFXODWLRQ
DQG H[SHULPHQWDO GDWD JLYHQ LQ WKLV SDSHU� LW FDQ EH
TXLWH FRQILGHQWO\ VWDWHG WKDW WKH VWUHVVHG VWDWH IHDWXUHV
GHWHUPLQHG DERYH LQ GHSRVLWLRQ RI DQ DXVWHQLWLF PHWDO
RQ D VKDIW RI �� W\SH VWHHO ZLWKRXW DQ XQGHUOD\HU DQG
ZLWK WKH FRQVLGHUHG XQGHUOD\HU� DUH YDOLG�

&21&/86,216

�� %DVHG RQ WKH PRGHUQ DSSURDFKHV WR D PDWKHPDWLFDO
GHVFULSWLRQ RI WKHUPDO GHIRUPDWLRQ SURFHVVHV LQ FRU�
URVLRQ�UHVLVWDQW VXUIDFLQJ DORQJ D VPDOO OHDG KHOL[ RI
SDUWV RI WKH W\SH RI VKDIWV� LW LV SRVVLEOH� XVLQJ FRP�
SXWHU PHDQV� WR IRUHFDVW WKH GLPHQVLRQV DQG VKDSH RI
WKH SHQHWUDWLRQ ]RQH� LWV FKHPLFDO FRPSRVLWLRQ DQG
PLFURVWUXFWXUH� DQG DVVHVV WKH ULVN RI KRW FUDFNLQJ�
,Q D VLPLODU ZD\ LW LV SRVVLEOH WR FRPSXWH WKH EDVH
PHWDO PLFURVWUXFWXUH LQ WKH +$= DQG WKH GHIRUPDWLRQ
NLQHWLFV� UHVSHFWLYHO\� XS WR WKH UHVLGXDO VWDWH� DVVHVV
WKH ULVN RI FROG FUDFNLQJ DQG� WKXV� VHDUFK IRU PRUH
IDYRXUDEOH YDULDQWV LQ WHUPV RI SURYLVLRQ RI D KLJK
IDWLJXH UHVLVWDQFH RI WKH VXUIDFHG VKDIWV�

�� 1XPHULFDO VWXGLHV SHUIRUPHG LQ WKLV ZRUN GHP�
RQVWUDWH WKDW LQ DUF VXUIDFLQJ �ZLWKRXW SUHKHDWLQJ�
RI VKDIWV RI �� W\SH VWHHO ZLWK DXVWHQLWLF ZLUH 6Y�
��.K��1�6�%7<X� WKH UHTXLUHG IDWLJXH UHVLVWDQFH
YDOXHV FDQ EH DFKLHYHG LI DQ XQGHUOD\HU GHSRVLWHG ZLWK
33�$1��� ZLUH LV XVHG� 7KLV GUDVWLFDOO\ UHGXFHV WKH
ULVN RI KRW FUDFNLQJ DW WKH H[SHQVH RI LQFUHDVH RI κ:

LQGH[� DQG D IDYRXUDEOH GLVWULEXWLRQ RI UHVLGXDO
VWUHVVHV LV FUHDWHG LQ WKH SRWHQWLDO ]RQH RI IDWLJXH
GDPDJH LQLWLDWLRQ�

5()(5(1&(6

�� )UXPLQ� ,�,� ������ $XWRPDWLF HOHFWULF DUF VXUIDFLQJ�

.KDUNLY� 0HWDOOXUJLD�

�� .UDYWVRY� 7�*�� 6WDOQLFKHQNR� 2�,�� 2OHMQLN� 1�9� ������

3DUWV UHVWRUDWLRQ E\ VXUIDFLQJ DQG DVVHVVPHQW RI WKHLU

VWUHQJWK� .\LY� 9\VKFKD 6KNROD�

�� 0DNKQHQNR� 9�,�� .UDYWVRY� 7�*� ������ 7KHUPDO SURFHVVHV

LQ PHFKDQLVHG VXUIDFLQJ RI SDUWV RI URXQG F\OLQGHU W\SH�

.\LY� 1DXNRYD 'XPND�

�� 9DMQHUPDQ� $�(�� )LOLPRQRY� *�1�� =DNKDURY� 9�)� HW DO�

������ )DWLJXH DQG FRUURVLRQ�IDWLJXH VWUHQJWK RI VXUIDFHG

SDUWV� )L]LND L .KLPLD 0HNKDQLNL 0DWHULDORY� �� �� w ���
�� 7DOLDW� %�� =DFKDULD� 7�� :DQJ� ;��/� HW DO� ������ 1XPHUL�

FDO DQDO\VLV RI UHVLGXDO VWUHVV GLVWULEXWLRQ LQ WXEHV ZLWK VSL�

UDO ZHOG FODGGLQJ� :HOGLQJ -�� �� ��� w ����

������ �



�� 0XUXJDQ� 1�� 3DUPDU� 5�6� ������ (IIHFW RI ZHOGLQJ FRQGL�

WLRQV RQ PLFURVWUXFWXUH DQG SURSHUWLHV RI W\SH ���/ VWDLQOHVV

VWHHO VXEPHUJHG DUF FODGGLQJ� ,ELG�� �� ��� w ����
�� 6H\IIDUWK� 3�� .DVVDWNLQ� 2� ������ &DOFXODWLRQ RI VWUXFWXUDO

WUDQVIRUPDWLRQ LQ WKH ZHOGLQJ SURFHVV� ,,: 'RF� ,;w���

�� 8HGD� -�� 0XUDNDZD� +�� /XR -X� ������ $ FRPSXWDWLRQ

PRGHO RI SKDVH WUDQVIRUPDWLRQ IRU ZHOGLQJ SURFHVVHV� 7UDQV�

DFW� -:5� �� �� w ����
�� 'LOWKH\� 8�� 3DYO\N� 9� ������ 5HFHQW DGYDQFHV LQ FRP�

SXWHU PRGHOOLQJ RI PLFURVWUXFWXUH� ,Q� 3URF� RI ��WK ,QW�

&RQI� RQ &RPSXWHU 7HFKQRORJ\ LQ :HOGLQJ DQG 0DQXIDF�

WXULQJ� &RSHQKDJHQ� -XQH � w � �WR EH SXEO���

��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 5R]\QND� *�)� HW

DO� ������ 6HOHFWLRQ RI UDWLRQDO GLPHQVLRQV RI ZHOGHG FRP�

SRQHQW PRFN�XSV LQ GHYHORSPHQW RI ZHOGLQJ WHFKQRORJ\�

$YWRPDWLFKHVND\D 6YDUND� �� � w ���
��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 5R]\QND� *�)� HW DO�

������ &RPSXWHU PRGHOOLQJ RI ZHOGLQJ SURFHVVHV DV D WRRO IRU

SUHGLFWLQJ GHIHFWV LQ ZHOGHG MRLQWV� ,ELG�� ��� �� w ���
��� 6H\IIDUWK� 3�� 0H\HU� %�� 6FKDUII� $� ������ *URβHU $WODV

6FKZHLβ�=78�6FKDXELOGHU� 'X
..
VVHOGRUI�

��� ������ $WODV RI WLPH�WHPSHUDWXUH GLDJUDPV IRU LURQV DQG

VWHHOV� (G� E\ *�)� 9DQGHU 9RRUW� $60 3XEO�

��� %HUHV� /� ������ 3URSRVHG PRGLILFDWLRQ WR 6FKDHIIOHU GLDJ�

UDP IRU FKURPH HTXLYDOHQWV DQG FDUERQ IRU PRUH DFFXUDWH

SUHGLFWLRQ RI PDUWHQVLWH FRQWHQW� :HOGLQJ -�� �� ��� w ����
��� 0DNKQHQNR� 9�,� ������ &RPSXWDWLRQDO PHWKRGV RI LQYHVWL�

JDWLRQ RI WKH NLQHWLFV RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� .\LY�

1DXNRYD 'XPND�

��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 3RFKLQRN� 9�(� HW

DO� ������ 1XPHULFDO PHWKRGV RI WKH SUHGLFWLRQV RI ZHOGLQJ

VWUHVVHV DQG GLVWRUWLRQV� :HOGLQJ DQG 6XUIDFLQJ 5HY��

SDUW �� � w ����

��� <XULHY� 6�)� ������ 6SHFLILF YROXPHV RI SKDVHV LQ PDUWHQVL�

WLF WUDQVIRUPDWLRQ RI DXVWHQLWH� 0RVFRZ� 0HWDOOXUJL]GDW�

��� %HQDX� )�$�� 'RJGDQRY� $�0� ������ ,QYHVWLJDWLRQ RI UHVL�

GXDO VWUHVVHV LQ VXUIDFHG VKLS VKDIWV� 5HFKQRM 7UDQVSRUW� ��
� w ��

��� ������ :HOGLQJ KDQGERRN� 3DUW �� 0LDPL� $:6�

��� 0HGRYDU� %�,�� 6KHYWVRY� 9�/�� 0DULLQVN\� *�6� HW DO�

������ 7KHUPDO SURFHVVHV LQ HOHFWURVODJ UHPHOWLQJ� .\LY�

1DXNRYD 'XPND�

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

$%675$&7

7KHRUHWLFDO DQG H[SHULPHQWDO LQYHVWLJDWLRQV RI ZHOG SRRO LQ FRPSDULVRQ ZLWK DQ H[LVWLQJ TXDVL�VWDWLF PRGHO DUH DQDO\]HG�

&RQWUDGLFWLRQV DQG GUDZEDFNV� W\SLFDO RI WKLV PRGHO� DUH RXWOLQHG� 7KH PRUH SHUIHFW G\QDPLF PRGHO ZDV FRQVWUXFWHG

DQG GHVFULEHG RQ WKH EDVLV RI DYDLODEOH GDWD� ODZV RI PRWLRQ RI OLTXLGV DQG JDVHV DQG HTXDWLRQV RI HOHFWURG\QDPLFV�

.H\ ZRU G V � DUF ZHOGLQJ� ZHOG SRRO� HOHFWURPDJQHWLF DQG

DHURG\QDPLF IRUFHV

7KH ZHOG SRRO LV DQ LPSRUWDQW LQWHUPHGLDWH SURGXFW
RI WKH ZHOGLQJ SURFHVV� ,WV VL]HV� SRVLWLRQ LQ VSDFH�
WLPH RI H[LVWHQFH� DQG DOVR PRWLRQ DV D ZKROH REMHFW
DQG OLTXLG LQVLGH RI LW� DQG SURFHVVHV RI FU\VWDOOL]DWLRQ
GHWHUPLQH WKH TXDOLW\ RI ZHOGV� HIILFLHQF\ RI ZHOGLQJ
DQG HQHUJ\ FRQVXPSWLRQ� ([SHULPHQWDO DQG WKHRUHWL�
FDO LQYHVWLJDWLRQV RI IDFWRUV FKDUDFWHUL]LQJ WKH SUR�
FHVVHV LQ WKH SRRO DQG WKHLU HIIHFW RQ WKH ZHOG TXDOLW\
GDWHG EDFN WR WKH WLPH RI LQYHQWLRQ RI ZHOGLQJ DQG
FRQWLQXH WR WKH SUHVHQW GD\� 2YHU WKLV SHULRG KXQGUHGV
RI ZRUNV GHYRWHG WR WKHPHQWLRQHG LQYHVWLJDWLRQVZHUH
SXEOLVKHG� 7KH\ FDQ EH GLYLGHG LQ WZR JURXSV DV WKRVH�

• GHVFULELQJ PHWDOOXUJLFDO SURFHVVHV LQ WKH SRRO
DQG LWV FU\VWDOOL]DWLRQ� ZKLFK GHILQH PDLQO\ WKH ZHOG
PHWDO TXDOLW\�

• GHYRWLQJ WR VWXG\ RI SKHQRPHQD ZKLFK LQIOXHQFH
WKH JHRPHWU\� ILUVW RI DOO� WKH SRRO GHSWK K DQG� UH�
VSHFWLYHO\� WKH ZHOGLQJ SURGXFWLYLW\�

6 = KYZ� ���

ZKHUH 6 LV WKH DUHD RI HGJHV ZHOGHG SHU WLPH XQLW\�
YZ LV WKH UDWH RI SRRO GLVSODFHPHQW DORQJ WKH ZRUN�
SLHFH�

7KH LQYHVWLJDWLRQV RI WKH ILUVW JURXS KDYH UHVXOWHG
LQ WKH GHYHORSPHQW RI KLJK�TXDOLW\ ZHOGLQJ FRQVX�
PDEOHV� VXFK DV VROLG DQG IOX[�FRUHG ZLUHV� IOX[HV DQG
HOHFWURGH FRDWLQJV� VKLHOGLQJ JDVHV DQG DOVR GHILQLWLRQ
RI FRQGLWLRQV RI WKHLU DSSOLFDWLRQ� ,Q DGGLWLRQ� LQ PRVW
FDVHV WKH ZHOGV ZHUH SURGXFHG ZLWK SURSHUWLHV VLPLODU
WR WKRVH RI WKH SDUHQW PHWDO� 7KHVH LQYHVWLJDWLRQV DUH
VXPPDUL]HG LQ PDQXVFULSWV >� w �@�

$PRQJ WKUHH JHRPHWULF FKDUDFWHULVWLFV RI WKH SRRO
�OHQJWK� ZLGWK DQG GHSWK�� WKH ILUVW WZR FKDUDF�
WHULVWLFV DUH VWXGLHG FRPSUHKHQVLYHO\ >�� �@�

7KHUH DUH QRW \HW FRQYLQFLQJ LGHDV DERXW SK\VLFDO
SKHQRPHQD ZKLFK GHWHUPLQH WKH SRRO GHSWK K� DVVR�
FLDWHG ZLWK D GHSWK RI FUDWHU KF DQG WKLFNQHVV RI D
OLTXLG OD\HU δO XQGHU LW �K  KF � δO�� 7KH DFFXPXODWHG
H[SHULPHQWDO GDWD DQG K\SRWKHVHV SXW IRUZDUG DUH

JHQHUDOL]HG LQ PRVW FDVHV LQ WKH IRUP RI D TXDVL�VWDWLF
PRGHO RI WKH SRRO� ,Q FDVH RI WKH IODW LPPHUVHG DUF
ZHOGLQJ WKLV PRGHO LV LOOXVWUDWHG LQ )LJXUH ��

7KLV PRGHO LV EDVHG RQ D FRQFHSWLRQ DERXW WKH
D[LDO V\PPHWU\ RI IRUFHV DQG SUHVVXUH DFWLQJ RQ WKH
SRRO� ZKHQ DQ DUF VSRW LV ORFDWHG RQ WKH FUDWHU ERWWRP
>�� �� �� �@� 7KH VWHDG\ VWDWH RI WKLV SRRO LV GHWHUPLQHG
E\ WKH HTXDOLW\

SD  SP� ���

ZKHUH SD LV WKH DUF SUHVVXUH� SP  ρJ�K  KS� LV WKH
PHWDOORVWDWLF SUHVVXUH RI WKH OLTXLG PHWDO�

(OHFWURPDJQHWLF IRUFHV ZKLFK FDXVH WKH SUHVVXUH
SD DW D[LV\PPHWULF VSUHDGLQJ RI DUF FXUUHQW LQ WKH
SRRO DUH FRQVLGHUHG LQ WKLV PRGHO PRVW FRPSOHWHO\ >��
�@�

7KH SURFHVVHV RI PHOWLQJ WKH IURQW ZDOO RI WKH
FUDWHU DQG IRUFHV ZKLFK FDXVH WKH PRWLRQ RI OLTXLG
PHWDO DORQJ LW WR WKH ]RQH RI WKH KLJKHVW DUF SUHVVXUH
SD� KDYH QRW \HW DQDO\]HG RQ WKH EDVLV RI ODZV RI
K\GURG\QDPLFV DQG GLVWULEXWLRQ RI WKH DUF SRZHU� ,W
LV FRQVLGHUHG WKDW PHOWLQJ RI WKLV ZDOO LV RFFXUUHG E\
D UDGLDWLRQ RI WKH DUF FROXPQ� DQG WKH HQHUJ\ RI WKH
KLJKHVW FRQFHQWUDWLRQ HYROYLQJ LQ WKH DUF VSRW RQ WKH
FUDWHU ERWWRP GRHV QRW FDXVH WKH IXUWKHU GHHSHQLQJ
RI WKH ODWWHU� 7KLV SDUDGR[ UHPDLQV WR EH H[SODLQHG
E\ WKH SUHVHQFH RI D OD\HU RI δO WKLFN OLTXLG PHWDO ZLWK
D ORZ KHDW FRQGXFWLYLW\� +RZHYHU� LW LV NQRZQ WKDW
WKH UDWH RI PHOWLQJ RI WKH ZLUH HOHFWURGH DERYH LWV
DFWLYH VSRW GRHV QRW GHSHQG RQ WKH WKLFNQHVV RI WKH

� *�,� /(6.29 DQG 6�9� 3867292-7� ����

)LJXUH �� 6FKHPH RI D TXDVL�VWDWLF PRGHO RI SRRO LQ HOHFWULF DUF

ZHOGLQJ� � x HOHFWURGH� � x IURQW ZDOO RI WKH ZHOG SRRO� � x

OLTXLG OD\HU RI PHWDO� � x FU\VWDOOL]LQJ OD\HU

������ ��



OLTXLG OD\HU >��@� 7KH D[LDO V\PPHWU\ RI SUHVVXUH KDV
WR FDXVH WKH PRYHPHQW RI WKH OLTXLG PHWDO LQ DOO GL�
UHFWLRQV� LQFOXGLQJ XSZDUG WKH IURQW ZDOO RI WKH FUD�
WHU� WKDW FRQWUDGLFWV WKH H[SHULHQFH� 7KH DERYH�PHQ�
WLRQHG GUDZEDFNV DQG FRQWUDGLFWLRQV RI D TXDVL�VWDWLF
D[LV\PPHWULF PRGHO RI WKH ZHOG SRRO UHTXLUH WKH PRUH
WKRURXJK DQDO\VLV RI LWV VWDELOLW\ LQ WKH IRUP EHLQJ
FRQVLGHUHG�

7KH GLVWULEXWLRQ RI DUF SRZHU LQ WKH FUDWHU GXULQJ
LPPHUVHG DUF ZHOGLQJ FDQ EH HYDOXDWHG IURP WKH VKDSH
RI LWV IURQW ZDOO� &URVVLQJ RI WKH ODWWHU E\ D V\PPHWU\
SODQH� EHLQJ IRUPHG E\ WKH D[LV RI WKH PRYLQJ HOHF�
WURGH� UHSUHVHQWV D FXUYH ZLWK DSSUR[LPDWHO\ VLPLODU
UDGLXV RI FXUYDWXUH 5F >��@� KDYLQJ D FHQWHU DW WKH
ZLUH HOHFWURGH HGJH �)LJXUH ���

$W D VWHDG\ FRQGLWLRQ WKH VXUIDFH RI WKH IURQW ZDOO
LV PRYHG� SUHVHUYLQJ LWV VKDSH� LQ WKH GLUHFWLRQ RI
ZHOGLQJ ZLWK WKH VSHHG YZ� &RQVHTXHQWO\� HDFK LWV
HOHPHQW RI GV VHFWLRQ �)LJXUH �� LQ WKH VDPH GLUHFWLRQ
UHFHLYHV� RQ DYHUDJH� WKH VDPH SRZHU IURP WKH DUF
GT  εDYGI FRQVW� ZKHUH εDY LV WKHPHDQ FRQFHQWUDWLRQ
RI WKH ODWWHU DW WKH HGJH RI HOHPHQW RI GI DUHD� $V WKH
DUF ZDQGHUV FRQWLQXRXVO\ DORQJ WKH VXUIDFH EHLQJ
PHOWHG ZLWK DQ DYHUDJH SHULRG τ� VWD\LQJ DW HDFK LWV
HOHPHQW GXULQJ WLPH ∆W� WKHQ

εDY = εV
∆W
τ �

���

ZKHUH εV LV WKH PHDQ FRQFHQWUDWLRQ RI SRZHU LQ D KHDW
VSRW�

&RQVHTXHQWO\�

εV
∆W
τ GI = GT�

$V DOO WKH HOHPHQWV RI GV DUHD DUH VXEMHFWHG WR WKH
DFWLRQ RI DUF ZLWK VLPLODU FKDUDFWHULVWLFV �GT� τ� εV�
DQG GI  GV�VLQ α� ZH REWDLQ

∆W =
τGT
εVGV

VLQ α = N VLQ α� ���

,W IROORZV IURP H[SUHVVLRQ ��� DQG )LJXUH � WKDW
WKH ZDQGHULQJ KHDW VSRW GRHV QRW SUDFWLFDOO\ HQWHU
WKH ORZHUPRVW HOHPHQW RI WKH IURQW ZDOO RI WKH FUDWHU
ZKHUH α DQG VLQ α DUH FORVH WR ]HUR� DQG VWD\V IRU WKH
PRVW WLPH DW DERYH�ORFDWHG LWV HOHPHQWV IRU ZKLFK
VLQ α ! �� 7KLV FRQFOXVLRQ LV FRQILUPHG E\ ;�UD\ SKR�
WRJUDSKV RI WKH DUF XQGHU WKH IOX[ >��@ DQG DOVR E\
FRORUHG SKRWRJUDSKV >��@ RI DUF EHWZHHQ WKH ZLUH
HOHFWURGH DQG �PP WKLFN SODWH HGJH� ZKLFK LV FODPSHG
EHWZHHQ WKH TXDUW] JODVVHV �)LJXUH ��� (DFK RI WKHP
KDV D UHFRUGHG SRVLWLRQ RI WKH FROXPQ ZKLFK LV QRW
D[LDO WR WKH HOHFWURGH EXW VKLIWHG WR WKH VLGH RI WKH
FUDWHU IURQW ZDOO� 7KH ZLUH HOHFWURGHV DUH PHOWHG IURP
WKH VLGH RI WKLV ZDOO DQG WKH FROXPQ SODVPD LV DOVR
GLUHFWHG WR LW �)LJXUH �� E�� 7KH ZDY\ VKDSH RI WKH
OLTXLG PHWDO DW WKH VXUIDFH RI WKH DERYH�PHQWLRQHG
ZDOO RI D PD[LPXP WKLFNQHVV �DERXW � PP� DQG D
OHQJWK RI ZDYH� HTXDO WR � PP� LV ZRUWK\ RI QRWLFH�
([SHULPHQWDO GDWD >��@ DERXW WKH FXUUHQW GLVWULEXWLRQ
LQ WKH SRRO FRQILUPHG WKH ZDQGHULQJ RI WKH DUF VSRW
DQG KHDW VSRW� DVVRFLDWHG ZLWK LW� DW WKH FUDWHU IURQW
ZDOO PDLQO\� 8VLQJ D PDJQHWLF EHOW RI 5RJRYVN\�
SDVVHG WKURXJK WKH KROH LQ SODWHV EHLQJ ZHOGHG DKHDG
RI WKH DUF DW WKH GLVWDQFH RI WKH ZHOG ZLGWK� LW ZDV
HVWDEOLVKHG WKDW XS WR �� � RI FXUUHQW LV SDVVHG LQ
WKLV GLUHFWLRQ QHDU WKH FUDWHU QRW GHSHQGLQJ RQ WKH
SRVLWLRQ RI WKH FXUUHQW FRQQHFWRU�

7KH DEVHQFH RI D[LDO V\PPHWU\ LQ GLVWULEXWLRQ RI
DUF FXUUHQW LQ WKH SRRO UHTXLUHV WKH QHZ DSSURDFK WR
WKH HYDOXDWLQJ RI IRUFHV DQG SUHVVXUHV RI DQ HOHFWUR�
PDJQHWLF RULJLQ ZKLFK DFW RQ LWV HOHPHQWV GHSHQGLQJ
RQ WKH SRVLWLRQ RI WKH HOHFWURGH� L�H� YHUWLFDO� IRUZDUG
RU EDFNZDUG�

7KH VLPSOLILHG HOHFWURPDJQHWLF VFKHPH RI D ZHOG�
LQJ FLUFXLW ZLWK D YHUWLFDO HOHFWURGH FRUUHVSRQGV WR
WKDW VKRZQ LQ )LJXUH �� ,Q DGGLWLRQ� WKH FXUUHQW FLUFXLW
LQ WKH ]RQH RI ZHOGLQJ FRQWDLQV WZR GHIRUPDEOH HOH�
PHQWV� DUF FROXPQ DQG LQWHUOD\HU RI OLTXLG PHWDO RI
δO WKLFNQHVV� 7KH HOHFWURPDJQHWLF IRUFH )HP� DFWLQJ RQ
WKLV HOHPHQW LQ D VWHDG\ FRQGLWLRQ DW ,D  FRQVW� LV
GHWHUPLQHG E\ H[SUHVVLRQ >��@

)HP = ,
�

�

G/

Gγ �
���

)LJXUH �� &URVVLQJ RI WKH FUDWHU IURQW ZDOO ZLWK D SODQH RI WKH SRRO
V\PPHWU\ �GHVLJQDWLRQV DUH WKH VDPH DV LQ )LJXUH ��

)LJXUH �� ;�UD\ SKRWRJUDSK RI DUF XQGHU IOX[ �D� DQG SKRWRJUDSK
RI RSHQ DUF �E�� �×��� WLPH RI H[SRVXUH LV �� µV �UHGXFHG E\ ����

�� ������



,W VWLSXODWHV WKH GHIRUPDWLRQ Gγ RI WKH FLUFXLW LQ
WKH GLUHFWLRQ RI D JURZWK RI LWV LQGXFWDQFH /� 7KLV LV
IHDVLEOH ZKHQ WKH FLUFXLW VL]HV DUH LQFUHDVHG� L�H� LQ
VKLIWLQJ RI SRLQW $ �VHH )LJXUH �� GRZQZDUGV� 'XH
WR D FRPSOH[ FDOFXODWLRQ RI GHULYDWLYH G/�Gγ LW LV
GLIILFXOW WR GHWHUPLQH )HP XVLQJ HTXDWLRQ ���� +RZ�
HYHU� LW LV SRVVLEOH WR HVWLPDWH WKH RUGHU RI YDOXH )HP�
DFWLQJ RQ LQWHUOD\HU RI OLTXLG RI WKLFNQHVV δO ZLWK
FXUUHQW ,D LQ WKH DFWLYH VSRW ZLWK D SRLQW $ FHQWHU�
XVLQJ WKH ODZV RI $PSHUH DQG %LRWw6DYDUW�

)HP = ,DδO% VLQ (,D� %)� ���

G+ =
,D

�πU�
>GO
→ ⋅ U→@ =

,DGO

�πU�
VLQ β�

���

%\ LQWHJUDWLQJ H[SUHVVLRQ ���� ZH REWDLQ WKH LQ�
WHQVLW\ LQ SRLQW $ ZKHQ LW LV D FHQWHU RI WKH DFWLYH
VSRW

+ =
,D

�πE (VLQ
π
�
w VLQ α)�

$W E  �⋅��w� P� δO  ��w� P� ,D  ��� $� VLQ α  
 π�� )HP  ���⋅��w� 1�

,Q WKH WUDQVYHUVH VHFWLRQ RI WKH LQWHUOD\HU RI ��w� P�

DUHD� QRUPDO WR )HP� WKH SUHVVXUH RQ LW ZLOO EH SP  
 ���� 3D� ,W H[FHHGV VLJQLILFDQWO\ WKH PHWDOORVWDWLF
SUHVVXUH SP �)LJXUH �� LQ D WDLO SDUW RI WKH SRRO� ZKLFK
LV HTXDO WR ��� 3D DW K � KS  ��

w�P� 7KH ODWWHU PHDQV
WKDW IRUFH )HP DFWLQJ RQ WKH OLTXLG PHWDO LQWHUOD\HU
DW WKH FUDWHU IURQW ZDOO LV VXIILFLHQW WR DFFHOHUDWH WKLV
LQWHUOD\HU� WR RYHUFRPH WKH YLVFRXV IRUFHV GXULQJ LWV
GRZQZDUG PRYHPHQW DQG PHWDOORVWDWLF SUHVVXUH LQ
WKH SRRO WDLO SDUW�

&KDUJHV PRYLQJ LQ WKH DUF FROXPQ DGMDFHQW WR
SRLQW $ DUH VXEMHFWHG WR WKH DFWLRQ RI WKH /RUHQW]
IRUFH

)/ = HYH%� ���

ZKLFK VKLIWV WKHP IURP WKLV SRLQW WR WKH HOHFWURGH
D[LV� DQG DOVR WR WKH HOHFWURVWDWLF IRUFH

)H = H(� ���

ZKLFK GLUHFWV FKDUJHV DORQJ WKH FROXPQ D[LV� 7KH DY�
HUDJH UDWH RI D GLUHFWHG PRYHPHQW RI HOHFWURQV YH LQ
WKH FROXPQ FDQ EH HVWLPDWHG IURP WKH FXUUHQW GHQVLW\
LQ LW M  HQYH� DW FRQFHQWUDWLRQ RI HOHFWURQV Q  

 ����⋅����γS
7
>��@� ZKHUH γ  �⋅��w� LV WKH GHJUHH RI

JDV LRQL]LQJ LQ ZHOGLQJ DUFV�
$W S  ��� 3D� 7  �⋅��� . DQG M  �⋅��� $�P�

WKH UDWH RI PRYHPHQW RI HOHFWURQV LV YH  ���⋅��� P�V�
DQG )/  ���⋅��w�� 1� $W WKH ILHOG LQWHQVLW\ LQ FROXPQ
(  �⋅���9�P� WKH HOHFWURVWDWLF IRUFH)H  ���⋅��w�� 1
WKDW LV E\ RQH RUGHU KLJKHU WKDQ WKH /RUHQW] IRUFH�
7KHUHIRUH� WKH FROXPQ LV PDLQWDLQHG LQ WKH GLUHFWLRQ
RI WKH HOHFWULFDO ILHOG� L�H� LQ WKH ]RQH RI D PLQLPXP
GLVWDQFH EHWZHHQ HOHFWURGHV� ,WV SUHVVXUH SD DJDLQVW
WKH IURQW ZDOO RI WKH FUDWHU PHHWV NQRZQ ODZV >�@ DQG
FDXVHV GHIRUPDWLRQ DQG PRYHPHQW RI HOHPHQWV RI WKH

OLTXLG LQWHUOD\HU RQ LW LQ DFFRUGDQFH ZLWK D EDVLF ODZ
RI PRYHPHQW RI DQ LGHDO OLTXLG >��@

ρ
Gν
GW

= w
GS

GU
� ����

$V WKH SUHVVXUH LV PD[LPXP DW WKH FROXPQ D[LV
DQG GHFUHDVHV LQ UDGLXV� WKHQ WKH OLTXLG PHWDO LV VSUHDG
WR DOO WKH VLGHV ZLWKRXW DFFHOHUDWLRQ� EHLQJ GLUHFWHG
WR WKH FUDWHU ERWWRP DQG WR WKH SRRO WDLO SDUW� 7KH
ZDQGHULQJ ]RQH RI WKH PD[LPXP SUHVVXUH SURPRWHV
WKH IRUPDWLRQ RI ZDYHV RQO\ LQ WKH SRRO KHDG SDUW�
ZKLFK DUH VSUHDGLQJ ZLWK VRPH GDPSLQJ DOO RYHU LWV
YROXPH�

7KH HOHFWURPDJQHWLF IRUFH )HP� FDXVLQJ WKH GL�
UHFWHG PRYHPHQW RI OLTXLG LQ DFFRUGDQFH ZLWK HTXD�
WLRQV ��� DQG ���� GHSHQGV RQ WKH SRVLWLRQ RI D ZLUH
HOHFWURGH ZLWK FXUUHQW ,D DV WKH ILHOG LQWHQVLW\ DW WKH
FUDWHU IURQW ZDOO GHSHQGV LQ LWV WXUQ RQ WKH ODWWHU� ,Q
EDFNZDUG ZHOGLQJ DW θ � ��� �VHH )LJXUH �� DOO WKH
HOHPHQWV GO RI WKH HOHFWURGH DSSURDFK WKH ZDOO� WKXV
FDXVLQJ WKH JURZWK LQ WKH ILHOG LQWHQVLW\ QHDU LWV VXU�
IDFH DQG� FRQVHTXHQWO\� WKH HOHFWURPDJQHWLF IRUFH� 7KH
KLJKHVW HIIHFW LV REVHUYHG DW θ ��� L�H� DW D ILUH�FUDFNHU
ZHOGLQJ >��@� ZKHQ WKH GULIW RI OLTXLG PHWDO DKHDG RI
DUF XQGHU WKH DFWLRQ RI )HP DQG WKH SHQHWUDWLRQ GHSWK
DUH PD[LPXP� ,Q IRUZDUGZHOGLQJ �θ! ���� WKH YDOXHV
+ DQG )HP DUH GHFUHDVHG� WKXV ZHDNHQLQJ WKH OLTXLG
PHWDO VSUHDGLQJ DQG WKH SRRO GHSWK LV GHFUHDVHG� 7KLV
FRQFOXVLRQ LV FRQILUPHG E\ QXPHURXV H[SHULPHQWV LQ
VXEPHUJHG DUF ZHOGLQJ >�@�

$QDO\VLV RI H[SHULPHQWDO GDWD DERXW WKH VKDSH RI
WKH ZHOG SRRO� FXUUHQW GLVWULEXWLRQ LQ LW� HIIHFW RI
LQFOLQDWLRQ RI ZLUH HOHFWURGH IRU D GHSWK RI SHQHWUD�
WLRQ� DV ZHOO DV GUDZEDFNV RI D TXDVL�VWDWLF PRGHO RI
WKH SRRO PDNHV LW SRVVLEOH WR FRQVWUXFW WKH PRUH SHU�
IHFW LWV G\QDPLF PRGHO� ZKRVH JHQHUDO YLHZ LV SUH�
VHQWHG LQ )LJXUH �� 7KH DUF KHDW VSRW ZDQGHUV FRQ�
WLQXRXVO\ RYHU WKH IURQW ZDOO RI WKH FUDWHU DQG� LQ
DFFRUGDQFH ZLWK D �SULQFLSOH RI PLQLPXP� LV DUUDQJHG
LQ WKH ]RQHV� PRVWO\ DGMDFHQW WR WKH ZLUH HOHFWURGH�
$OO WKH HOHPHQWV RI WKLV ZDOO DUH PHOWHG ZLWK DQ DY�
HUDJH UDWH HTXDO WR WKH ZHOGLQJ VSHHG� 7KH OD\HU RI
WKH OLTXLG PHWDO LV GHIRUPHG� L�H VKRUW�WLPH VPDOO GH�
SUHVVLRQV DSSHDU LQ GLIIHUHQW ]RQHV RI WKH IURQW ZDOO�
)RUFHV ZKLFK FDXVH WKHVH GHIRUPDWLRQV GR QRW LQIOX�
HQFH WKH OLTXLG PRYHPHQW RQ WKH FUDWHU ERWWRP DQG
LQ WKH SRRO WDLO SDUW� 7KH ODWWHU ZDV VWLSXODWHG E\
DFWLRQ RI WKH $PSHUH IRUFH RFFXUULQJ LQ D OLTXLG OD\HU
ZLWK FXUUHQW ,D ORFDWHG LQ D FXUUHQW PDJQHWLF ILHOG RI
WKH ZLUH HOHFWURGH� ,Q DFFRUGDQFH ZLWK WKH �OHIW�KDQG
UXOH� WKLV IRUFH LV DOZD\V GLUHFWHG WR WKH FUDWHU ERWWRP�

7KH IORZ RI WKH FRQLFDO DUF SODVPD� EHLQJ GHIRUPHG
LQ WKH FUDWHU >�@� FUHDWHV D KLJK�VSHHG SUHVVXUH WR DOO
WKH HOHPHQWV RI LWV VXUIDFH� LQFOXGLQJ WKH ERWWRP SDUW�

)ORZV RI OLTXLG DQG JDV� RFFXUULQJ XQGHU WKH DFWLRQ
RI WKH DERYH�PHQWLRQHG IRUFHV� IORZ URXQG WKH SHQH�
WUDWHG QRQ�GHIRUPHG VXUIDFH DQG FRQWDFW LW XQGHU WKH
DFWLRQ RI IRUFHV RI D PROHFXODU LQWHUDFWLRQ DQG D KLJK�
VSHHG SUHVVXUH�
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)ROORZLQJ WKH FRQGLWLRQV RI VWDELOLW\� WKH ZHOGLQJ
SRRO VKRXOG EH DQDO\]HG LQ WZR LWV SDUWV� WRS SDUW x
LQ WKH VHFWLRQ EHWZHHQ SRLQWV % DQG & �)LJXUH �� DQG
WDLO SDUW x EHWZHHQ SRLQWV & DQG '� 7KH UDWH RI
OLTXLG PRYHPHQW YO LQ SRLQW & LV SURSRUWLRQDO WR WKH
ZHOGLQJ VSHHG YZ >��@� WKH FRHIILFLHQW RI SURSRUWLRQ�
DOLW\ N LV LQFUHDVLQJ ZLWK WKH FXUUHQW ULVH� $W YZ  
 �� P�K� ,D  ��� DQG ���� $ DQG� UHVSHFWLYHO\�
N  ��� DQG ���� WKLFNQHVV RI D OD\HU RI WKH PRYLQJ
OLTXLG LV ZLWKLQ WKH QDUURZ UDQJHV x δO  ���� w
���� PP >��@ LQ GRZQZDUG DQG XSZDUG ZHOGLQJ�
7KHUHIRUH� WKH HIIHFW RI WKLV IDFWRU RQ WKH FKDQJH LQ
SHQHWUDWLRQ GHSWK ERWK LQ WKH JLYHQ ZHOGLQJ FRQGL�
WLRQV DQG LQ FKDQJH RI DQJOH RI HOHFWURGH LQFOLQDWLRQ
IRUZDUGV DQG EDFNZDUGV >�@ GRHV QRW FRUUHVSRQG WR
WKH FRQFHSWLRQV RI D TXDVL�VWDWLF PRGHO RI WKH SRRO�
'HSHQGHQFH RI YO RQ YZ DQG ,D LQGLFDWHV WKH GLIIHUHQFH
LQ WUDMHFWRULHV RI WKH OLTXLG PRYHPHQW �DORQJ WKH FXU�
YLOLQHDU VXUIDFH RI WKH FUDWHU� DQGZHOGLQJ KHDG �DORQJ
WKH VWUDLJKW OLQH�� 7KH FRQGLWLRQV RI VWDELOLW\ RI WKH
SRRO WDLO SDUW EHWZHHQ WKH SRLQWV & DQG ' WDNLQJ LQWR
DFFRXQW YDOXH δO LQ WKH SRLQW & FDQ EH HYDOXDWHG XVLQJ
%HUQRXOOLsV WKHRUHP IRU WKH VWDWLRQDU\ IORZLQJ RI D
SHUIHFW LQFRPSUHVVLEOH OLTXLG >��@

S + ρJK + ρ Y
�

�
= FRQVW� ����

ZKHUH S LV WKH VWDWLF SUHVVXUH� ρY
�

�
LV WKH G\QDPLF

SUHVVXUH� ρJK LV WKH LQFUHPHQW RI SUHVVXUH DW FKDQJH
RI KHLJKW K�

:KHQ K LV FDOFXODWHG IURP SRLQW & ZLWK D PD[L�
PXP GHSWK RI SHQHWUDWLRQ XQGHU WKH FUDWHU ERWWRP
IRU WKH SRLQWV RI WKH WDLO SDUW� ORFDWHG EHWZHHQ WKH
SRLQWV & DQG '� ZKHUH Y&  YO� DQG Y'  �� ZH VKDOO
REWDLQ

SDWP + S¯ + ρ
YO
�

�
= SDWP + ρJ(K + KS)� ����

+HUH� SDWP LV WKH SUHVVXUH RI DWPRVSKHUH� VLPLODU
WR DOO WKH SRRO VHFWLRQV�

)RU WKH SRRO HTXLOLEULXP LQ SRLQW & WKH SUHVVXUH
VKRXOG EH

S¯ = ρJ(K + KS) w ρ
YO
�

�
�

����

$W YO  ��� YZρ
YO
�

�
�� ρJ�K � KS� DQG YZ  

 �� P�K  ��w� P�V� DQG WKH SUHVVXUH S& DW WKH
FUDWHU ERWWRP VKRXOG EH HTXDO WR WKH PHWDOORVWDWLF
SUHVVXUH RI WKH SRRO� ,Q SRLQW ' WKH SUHVVXUH S'  ��
7KH GLDJUDP RI SUHVVXUHV RQ WKH HOHPHQWV RI WKH SRRO
WDLO SDUW LV JLYHQ LQ )LJXUH � RQ WKH ULJKW� ,Q DGGLWLRQ�

YHFWRU w
GS
→

GK
LV GLUHFWHG XSZDUGV WKDW VDWLVILHV WKH ODZ

RI OLTXLG PRYHPHQW LQ WKLV SDUW�
$W WKH IURQW ZDOO WKH OLTXLG PRYHPHQW IURP SRLQW

% WR SRLQW & LV SRVVLEOH LI WKH GHULYDWLYH
GS

GK
LQ WKLV

VHFWLRQ RI LWV SDWK LV DOVR QHJDWLYH� 7KH SUHVVXUH GLD�
JUDP DW WKLV ZDOO LV JLYHQ LQ )LJXUH � RQ WKH OHIW�
*URZWK RI S RQ LW DV FRPSDUHG ZLWK S& LV GXH WR WKH
SUHVVXUH RI WKH DUF >�@� ZKRVH DFWLYH VSRW ZDQGHUV
URXQG DOO WKH SRLQWV ORFDWHG EHWZHHQ% DQG&� 3UHVVXUH
S& WR WKH FUDWHU ERWWRP� ZKHUH WKH ORFDWLRQ RI WKH
DFWLYH VSRW LQ DFFRUGDQFH ZLWK HTXDWLRQ ��� LV ORZ�
SUREDEOH� LV UHDFWLYH� RFFXUULQJ LQ FKDQJLQJ RI SODVPD
IORZ GLUHFWLRQ� DQG� UHVSHFWLYHO\� LWV DPRXQW RI PRYH�
PHQW . LQ WKLV ]RQH� 7KH IRUFH� DFWLQJ WR WKH FUDWHU
ERWWRP >��@ ZLOO EH

)U

→
= .¯

→
w .%

→
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9HFWRUV RI WKHVH YDOXHV DW .%  .& DQG FKDQJH LQ
WKHLU GLUHFWLRQ DW WKH FUDWHU EDVH IRU π�� DUH VKRZQ
LQ )LJXUH �� )RU WKH SODVPD MHW RI 6S VHFWLRQ� IORZLQJ
URXQG WKH FUDWHU ERWWRP ZLWK D UDWH YS

. = ρS6SYS
�
� ����

7KH GHQVLW\ ρS RI SODVPD ZLWK µ  �� >��@� DYHUDJH
WHPSHUDWXUH 7  �⋅��� . DW DWPRVSKHULF SUHVVXUH S  
 ��� 3D LV HTXDO WR ���⋅��w� NJ�P��

$VVXPLQJ WKH VKDSH RI WKH MHW VHFWLRQ WR EH URXQG
ZLWK D � PP UDGLXV� FORVH WR WKH UDGLXV RI FXUYDWXUH
RI ZHOG URRWV DQG ZLWK D GHSWK RI DERXW � FP� DQG
LWV UDWH YS  ��� P�V DQG WDNLQJ LQWR DFFRXQW WKH
GDWD >��� ��@� ZH VKDOO REWDLQ

)U = √ � ρS6SYS
� = ���⋅��w� 1�

7KLV IRUFH LV DFWLQJ LQ YHUWLFDO GLUHFWLRQ �VHH )L�
JXUH ��� WKXV SURYLGLQJ SUHVVXUH S  ��� 3D WR WKH
ORZHU SDUW RI WKH FUDWHU RI ��w� P� DUHD� 7KLV SUHVVXUH
LV VXIILFLHQW IRU HTXDOL]LQJ WKH PD[LPXPPHWDOORVWDWLF
SUHVVXUH RI WKH OLTXLG VWHHO RI GHQVLW\ ρO  
 ���⋅��� NJ�P� LQ WKH SRRO WDLO SDUW DW WKH SHQHWUD�
WLRQ GHSWK K  � FP� KS  ��� FP� ZKHQ SOJ�K � KS�  
 ��� 3D�

$V WKH UHDFWLYH SUHVVXUH RI WKH SODVPD WR FUDWHU
ERWWRP LQ DFFRUGDQFH ZLWK HTXDWLRQV ���� DQG ����
GHSHQGV RQ WKH VTXDUH RI LWV UDWH� WKHQ LW LV FORVHO\
FRQQHFWHG ZLWK WKH FXUUHQW GHQVLW\ LQ WKH ZLUH HOHF�
WURGH� 7KH KLJKHU WKH ODWWHU� WKH KLJKHU WKH DQJOH DW
WKH DUF FROXPQ DSH[ >��@� UDWH RI SODVPD LQ WKH FRQH
DQG JHQHUDWHG SUHVVXUH� 7KH SRRO HTXLOLEULXP EHFRPHV

)LJXUH �� 6FKHPH RI D G\QDPLF PRGHO RI WKH ZHOG SRRO

�� ������



IHDVLEOH DW D ODUJH GHSWK RI SHQHWUDWLRQ WKDW LV ZHOO
FRUUHODWHG ZLWK H[SHULPHQWDO GDWD >�@�

&21&/86,216

�� 7KH NQRZQ TXDVL�VWDWLF D[LV\PPHWULF PRGHO RI WKH
SRRO LV QRW FRUUHODWHG ZLWK WKH PDLQ ODZ RI OLTXLG RU
JDV PRWLRQ� H[SHULPHQWDO GDWD DERXW WKH SURFHVVHV RI
PHOWLQJ� PHWDO WUDQVIHU LQ SRRO DQG IRUPDWLRQ RI
ZHOGV� +RZHYHU� WKH HOHFWURPDJQHWLF IRUFHV� GH�
VFULEHG ZLWKLQ WKH VFRSH RI WKLV PRGHOV DQG IRUPLQJ
WKH SODVPD IORZV LQ WKH DUF FROXPQ DQG OLTXLG PHWDO
LQ WKH DFWLYH VSRW ]RQH DUH DOVR ODZIXO LQ LWV G\QDPLF
PRGHO� LI WR FRQVLGHU WKH ]RQH RI WKHLU DFWLRQ QRW WR
EH WKH FUDWHU EDVH EXW LWV IURQW ZDOO�

�� ,W LV VKRZQ LQ WKH PRGHO VXJJHVWHG WKDW GXULQJ
LPPHUVHG DUF ZHOGLQJ WKH D[LV RI DUF FROXPQ FRLQFLGHV
VRPHWLPHV ZLWK WKH D[LV RI WKH ZLUH HOHFWURGH� 7KH
DFWLYH VSRW DW WKH ZRUNSLHFH ZHOGHG WRJHWKHU ZLWK D
VXUURXQGLQJ KHDW VSRW LV ZDQGHULQJ DORQJ WKH FUDWHU
IURQW ZDOO� +HUH� WKH UDWH RI PHOWLQJ RI DOO LWV HOHPHQWV
LV HTXDO WR WKH ZHOGLQJ VSHHG�

�� 7KH PHQWLRQHG ZDOO FDQ EH SUHVHQWHG LQ WKH
IRUP RI D SDUW RI WKH VSKHUH ZLWK D FHQWHU DW WKH ZLUH
HOHFWURGH HQG�

�� 7KH DUF FROXPQ GLUHFWLRQ LV GHWHUPLQHG E\ WKH
HOHFWULFDO ILHOG EHWZHHQ WKH HOHFWURGHV� ZKRVH DFWLRQ
RQ WKH PRWLRQ RI HOHFWURQV LV E\ RQH RUGHU KLJKHU WKDQ
WKDW RI WKH PDJQHWLF ILHOG�

�� 7KH OLTXLG PHWDO IURP WKH IURQW ZDOO RI WKH
FUDWHU WR WKH ]RQH RI D KLJKHU SUHVVXUH DW WKH FUDWHU
ERWWRP LV WUDQVIHUUHG E\ WKH $PSHUHsV IRUFH RFFXUULQJ
LQ WKH PDJQHWLF ILHOG RI WKH DUF FXUUHQW ERWK LQ WKH
HOHFWURGH VWLFNRXW DQG LQ WKH QR]]OH� 7KLV IRUFH LQ�
FUHDVHV ZLWK WKH LQFUHDVH LQ WKH DUF FXUUHQW DQG GH�
FUHDVH LQ WKH DQJOH RI HOHFWURGH LQFOLQDWLRQ WR WKH
ZRUNSLHFH GXULQJ WKH EDFNZDUG ZHOGLQJ�

�� 7KH FUDWHU GHSWK DQG SHQHWUDWLRQ RI WKH PHWDO
ZHOGHG LV GHWHUPLQHG� ILUVW RI DOO� E\ WKH UHDFWLYH
SUHVVXUH WR WKH SODVPD MHW� ZKLFK LV SURSRUWLRQDO WR
LWV GHQVLW\ DQG VTXDUH RI WKH UDWH� $V LW JURZV ZLWK
LQFUHDVH LQ WKH FROXPQ FRQLFLW\� GHSHQGLQJ RQ WKH
ZLUH HOHFWURGH GLDPHWHU� WKHQ WKH LQFUHDVH LQ WKH SHQH�

WUDWLRQ GHSWK LV UHDFKHG DW PD[LPXP GHQVLW\ RI FXU�
UHQW LQ LW�

5()(5(1&(6

�� ������ 6XEPHUJHG DUF ZHOGLQJ� (G� E\ (�2� 3DWRQ� .\LY�

0RVFRZ� 0DVKJL]�

�� ������ 7HFKQRORJ\ RI HOHFWULF ZHOGLQJ RI PHWDOV DQG DOOR\V

E\ IXVLRQ� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKJL]�

�� ������ :HOGLQJ LQ PDFKLQH�EXLOGLQJ� +DQGERRN� (G� E\

,�$� 2OVKDQVN\� 0RVFRZ� 0DVKJL]�

�� ������ 0HWDOOXUJ\ RI DUF ZHOGLQJ� (G� E\ ,�.� 3RNKRGQ\D�

.\LY� 1DXNRYD 'XPND�

�� 5\NDOLQ� 1�1� ������ &DOFXODWLRQ RI KHDW SURFHVVHV LQ ZHOG�

LQJ� 0RVFRZ� 0DVKJL]�

�� ������ 3URFHVVHV RI SDUHQW PHWDO PHOWLQJ LQ ZHOGLQJ� 0RV�

FRZ� $1 6665�

�� ������ 0HWDO WUDQVIHU DQG PDVV IORZ LQ WKH ZHOG SRRO� ,,:

'RF� �������w���

�� /HEHGHY� 9�.�� 3HQWHJRY� ,�9� ������ )RUFH DFWLRQ RI WKH

ZHOGLQJ DUF� $YWRPDWLFKHVND\D 6YDUND� �� � w ���

�� 3HQWHJRY� ,�9� ������ )RUFH DFWLRQ RI DUF �QRQ�FKDQQHO

PRGHO�� ,ELG�� �� �� w ���

��� 3RNKRGQ\D� ,�.� ������ 0HWKRG RI LQYHVWLJDWLRQ RI SURFHVV

RI PHOWLQJ DQG WUDQVIHU RI HOHFWURGH PHWDO LQ ZHOGLQJ� ,ELG��

�� � w ��

��� 5D]P\VKO\DHY� $�'�� /HVKFKLQVN\� /�.�� 1HVWHUHQNR� .�$�

������ 'LVWULEXWLRQ RI WKLFNQHVV RI OLTXLG PHWDO OD\HU RYHU

WKH OHQJWK RI ZHOG SRRO FUDWHU� ,ELG�� ��� �� w ���

��� 2VWDSHQNR� 1�*�� 0HGRYDU� %�,� ������ ;�UD\ H[DPLQDWLRQ

RI DUF EXUQLQJ XQGHU WKH IOX[� $YWRJHQQR\H 'HOR� ��� � w
���

��� =HPOHYVN\� /�$�� /HVNRY� *�,� ������ ,QYHVWLJDWLRQ RI SUR�

FHVV RI PHWDO PHOWLQJ LQ LPPHUVHG DUF ZHOGLQJ� $YWR�

PDWLFKHVND\D 6YDUND� �� �� w ���

��� 5DMFKXN� <X�,� ������ &XUUHQW GLVWULEXWLRQ LQ SODWH GXULQJ

DUF ZHOGLQJ� ,ELG�� �� �� w ���

��� 1HMPDQ� /�5�� 'HPLUFK\DQ� .�6� ������ 7KHRUHWLFDO EDVHV

RI HOHFWULFDO HQJLQHHULQJ� /HQLQJUDG� (QHUJLD�

��� /HVNRY� *�,� ������ (OHFWULF ZHOGLQJ DUF� 0RVFRZ� 0DVK�

JL]�

��� 6WUHONRY� 6�3� ������ 0HFKDQLFV� 0RVFRZ� *,77/�

��� 0DNDUD� $�0� ������ 3URFHVV RI SDUHQW PHWDO PHOWLQJ LQ

VXEPHUJHG DUF ZHOGLQJ� ,Q� 7UDQVDFW� RQ (OHFWULF :HOGLQJ�

.\LY� 3:,�

��� 5D]P\VKO\DHY� $�'� ������ ,QYHVWLJDWLRQ RI UDWH RI PROWHQ

PHWDO PRWLRQ LQ ZHOG SRRO LQ VXEPHUJHG DUF VXUIDFLQJ�

6YDURFKQR\H 3URL]YRGVWYR� �� � w ��

��� /RMWV\DQVN\� /�*� ������ 0HFKDQLFV RI IOXLG DQG JDV� 0RV�

FRZ� 1DXND�

��� .XODJLQ� ,�'�� 1LNRODHY� $�9� ������ +HDW EDODQFH RI '&

ZHOGLQJ DUF LQ JDVHV LQ WKH SHULRG RI GURS IRUPDWLRQ� ,]Y�

$1 6665� 'LYLV� RI (QJ� 6FL�� ��� �� w ���

��� )LQNHOEXUJ� 9�� 0HNNHU� *� ������ (OHFWULFDO DUFV DQG

WKHUPDO SODVPD� 0RVFRZ� ,]G� ,QRVWU� /LWHUDWXU\�

��� 3XVWRYRMW� 6�9�� /HVNRY� *�,� ������ ,PSURYHPHQW RI DUF

ZHOGLQJ XVLQJ HOHFWURPDJQHWLF PHWKRGV� $YWRPDWLFKHVND\D

6YDUND� �� �� w ���

������ ��
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$FDGHP\ RI 6FLHQFHV� 0LQVN� %HODUXV

�
0HFKDQLFDO (QJLQHHULQJ ,QVWLWXWH� 0RJLO\RY� %HODUXV

$%675$&7

0HWKRG RI VHOHFWLRQ RI LQLWLDO HOHPHQWV DQG SUHGLFWLRQ RI SKDVH FRPSRVLWLRQ RI WKH GLVSHUVLRQ�VWUHQJWKHQHG FRSSHU LV

GHVFULEHG� 7HFKQRORJ\ RI PDQXIDFWXUH RI WKH PDWHULDO XVLQJ WKH PHWKRG RI D PHFKDQLFDO DOOR\LQJ LV RSWLPL]HG� 3KDVH

FRPSRVLWLRQ� VWUXFWXUH DQG SURSHUWLHV RI WKH SURGXFHG PDWHULDO DUH H[DPLQHG DQG RSWLPXP FRQGLWLRQV RI WKH UHVLVWDQFH

ZHOGLQJ ZLWK HOHFWURGHV PDGH IURP WKLV PDWHULDO DUH HVWDEOLVKHG� ,W LV VKRZQ WKDW WKH DSSOLFDWLRQ RI WKH GLVSHUVLRQ�

VWUHQJWKHQHG FRSSHU SURYLGHV LQFUHDVH LQ OLIH RI SURGXFWV E\ � w � WLPHV�

.H\ ZRU G V � PHFKDQLFDO DOOR\LQJ� GLVSHUVLRQ�VWUHQJWKHQHG

PDWHULDOV� WUDQVIRUPDWLRQV� FRPSRVLWLRQ� VWUXFWXUH� SURSHUWLHV�

UHVLVWDQFH ZHOGLQJ HOHFWURGHV� OLIH

,PSOHPHQWDWLRQ RI KLJK�HIILFLHQF\ URERWV DQG DXWR�
PDWLF PDFKLQHV LQ WKH ZHOGLQJ LQGXVWU\� DQG DOVR D
FRPSHWLWLYHQHVV RI SURGXFWV PDQXIDFWXUHG E\ WKH UH�
VLVWDQFH ZHOGLQJ LV OLPLWHG PDLQO\ E\ D ORZ OLIH RI
HOHFWURGHV� 0DWHULDOV� XVHG IRU WKHLU PDQXIDFWXUH�
VKRXOG SRVVHVV D FRPSOH[ RI SK\VLFDO DQG PHFKDQLFDO
SURSHUWLHV� PXWXDOO\ H[FOXGLQJ HDFK RWKHU� FRPLQJ
IURP WKH FRQFHSWV RI D FODVVLF PDWHULDOV VFLHQFH� 7KXV�
LQ SDUDOOHO ZLWK D KHDW UHVLVWDQFH� WKH\ VKRXOG KDYH
KLJK YDOXHV RI HOHFWULFDO DQG KHDW FRQGXFWLYLW\� WKH
HOHFWURHURVLRQ DQG KLJK�WHPSHUDWXUH FRUURVLRQ UHVLV�
WDQFH� 7KH XVH RI FDVW GLVSHUVLRQ�KDUGHQHG EURQ]HV DV
PDWHULDOV IRU WKH UHVLVWDQFH ZHOGLQJ HOHFWURGHV H[�
KDXVWHG LWV SRVVLELOLWLHV E\ QRZ� 7KLV LV GXH WR WKH
IDFW WKDW FKURPLXP� ]HULXP� EHU\OOLXP� LQFOXGHG LQWR
WKH FRPSRVLWLRQ RI EURQ]HV� KDYH D OLPLWHG VROXELOLW\
LQ FRSSHU�

,Q DGGLWLRQ� LQ FDVH RI D PLQLPXP YDOXH RI D UHOD�
WLYH HOHFWULF FRQGXFWLYLW\� DSSUR[LPDWHO\ HTXDO WR
�� �� ZKLFK LV DGPLVVLEOH IRU PDWHULDOV RI WKLV SXU�
SRVH� WKH DWWDLQHG FRPSOH[ RI PHFKDQLFDO SURSHUWLHV
LV W\SLFDO RI WKH IROORZLQJ FKDUDFWHULVWLFV� KDUGQHVV LV
≤ +% ���� WHQVLOH VWUHQJWK DW �� �& LV σW ≤ ��� 03D�

����KRXU VWUHQJWK DW ��� �& LV σ���
��� ≤ ��� 03D� WHP�

SHUDWXUH RI UHFU\VWDOOL]DWLRQ LV 7U ≤ ��� �&� 7KH LQ�
FUHDVH LQ KDUGQHVV WR +% ��� DQG WHQVLOH VWUHQJWK WR
��� 03D� W\SLFDO RI FRPSOH[O\�DOOR\HG DOOR\V ZLWK D
KLJK FRQWHQW RI DOOR\LQJ HOHPHQWV� LV DFFRPSDQLHG E\
WKH UHGXFWLRQ LQ UHODWLYH HOHFWULF FRQGXFWLYLW\ WR �� �
DQG GRHV QRW OHDG WR D JUHDW LQFUHDVH LQ PHFKDQLFDO
FKDUDFWHULVWLFV RI KHDW UHVLVWDQFH DQG WHPSHUDWXUH RI
UHFU\VWDOOL]DWLRQ� 7KH ODFN RI FDVW HOHFWURGH PDWHULDOV
ZLWK DQ RSWLPXP FRPSOH[ RI SK\VLFDO DQG PHFKDQLFDO
SURSHUWLHV EHFRPHV D EUDNH RQ WKH ZD\ RI LPSOHPHQ�
WDWLRQ RI KLJK�HIILFLHQF\ WHFKQRORJLFDO SURFHVVHV RI

WKH UHVLVWDQFH ZHOGLQJ DQG LPSURYHPHQW RI WKH TXDOLW\
RI SURGXFWV PDQXIDFWXUHG E\ ZHOGLQJ�

7KH SUREOHP FDQ EH VROYHG E\ WKH XVH RI QHZ PH�
WKRGV RI PDQXIDFWXUH RI PDWHULDOV DQG PHWKRGV RI
WKHLU VWUHQJWKHQLQJ� ,Q VHYHUDO ZRUNV >� w �@ WKH OLIH
RI WKH UHVLVWDQFH ZHOGLQJ HOHFWURGHV LV LQFUHDVHG E\
GHSRVLWLRQ RI D FRDWLQJ RQ WKH HOHFWURGH ZRUNLQJ VXU�
IDFH� WKXV H[FOXGLQJ LWV LQWHUDFWLRQ ZLWK D PDWHULDO
ZHOGHG� 7KXV� D UHVLVWDQFH ZHOGLQJ HOHFWURGH LV RIIHUHG
>�@� ZKRVH ZRUNLQJ SDUW LV FRDWHG ZLWK D WXQJVWHQ
GLVXOILGH SUHFLSLWDWHG IURP D YDSRXU SKDVH� $Q HOHF�
WURGH >�@ FRDWHG ZLWK D OD\HU RI QLWULGH RI WLWDQLXP
RU PRO\EGHQXP RI ≤� µP WKLFNQHVV� GHSRVLWHG E\ DQ
LRQ LPSODQWDWLRQ LV DOVR RIIHUHG�

6HYHUDO PHWKRGV RI LPSURYHPHQW RI OLIH RI WKH PD�
WHULDOV KDYH EHHQ VXJJHVWHG >� w ��@ E\ WKH UHLQIRUFH�
PHQW ZLWK KLJK�VWUHQJWK� KHDW�UHVLVWDQW� LQHUW LQFOX�
VLRQV� 7KXV� WKH HOHFWURGH ZDV PDQXIDFWXUHG >�@� FRQ�
VLVWLQJ RI D PHWDO FDVLQJ DQG D ZRUNLQJ LQVHUW� 7KH
ODWWHU FRQWDLQV HOHPHQWV RI DQ LQFUHDVHG KDUGQHVV DQG
HOHPHQWV RI DQ LQFUHDVHG HOHFWULF FRQGXFWLYLW\� 7KH
GLDPRQG JUDLQV FDQ EH XVHG DV WKH ILUVW HOHPHQWV�
ZKLFK DUH SXW LQWR D VKHDWK RI VLOLFRQ FDUELGH XVLQJ
D ELQGHU RI FREDOW RU QLFNHO VLOLFLGHV� 7HFKQRORJ\ RI
SURGXFLQJ WKH HOHFWURGH PDWHULDO >�@ ZKRVH OLIH LV LQ�
FUHDVHG GXH WR XVH RI D SRZGHUHG FKURPLXP EURQ]H�
UHLQIRUFHG ZLWK D VSLUDO PDGH IURP D &X�SODWHG WXQJ�
VWHQ ZLUH� LV SUHVHQWHG�

$V LV VHHQ IURP WKH DERYH�JLYHQ H[DPSOHV� WKH VXJ�
JHVWHG PHWKRGV DUH H[SHQVLYH LQ PDQ\ FDVHV� EHLQJ
�H[RWLF� DQG KDUGO\�UHDOL]HG LQ WKH LQGXVWULDO VFDOH�
7KH SURJUHVV LQ WKLV ILHOG LV FRQQHFWHG PDLQO\ ZLWK D
SRZGHUHG PHWDOOXUJ\�

7HFKQRORJ\ RI SURGXFLQJ GLVSHUVLRQ�VWUHQJWKHQHG
FRPSRVLWH PDWHULDOV �'6&0� RI FRSSHU SUHVHQWV D
JUHDW LQWHUHVW� 7KHLU VWUXFWXUH UHSUHVHQWV D PDWUL[ RI
PHWDO RU DOOR\� LQ ZKLFK WKH GLVSHUVHG SDUWLFOHV RI WKH
VWUHQJWKHQLQJ SKDVH DUH GLVWULEXWHG XQLIRUPO\� $V D
ODWWHU� WKH WKHUPRG\QDPLFDOO\�VWDEOH FRPSRXQGV �R[�
LGHV� FDUELGHV� QLWULGHV� LQWHUPHWDOOLFV� ZLWK D KLJK
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YDOXH RI D VKHDU PRGXOXV DUH XVHG� 7DNLQJ LQWR DFFRXQW
WKH SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV� ORZHU SULFHV
DQG HFRORJLFDO VDIHW\� R[LGHV RI DOXPLQLXP DQG PDJ�
QHVLXP DUH PRVW VXLWDEOH IRU WKLV SXUSRVH�7KH OLPLWLQJ
VWUHQJWKHQLQJ FDQ EH H[SHFWHG LQ PDWHULDOV ZLWK D
PD[LPXP GHYHORSHG VXUIDFH RI JUDLQV DQG VXEJUDLQV�
IL[HG DQG VWDELOL]HG E\ GLVSHUVHG SDUWLFOHV RI WKH
VWUHQJWKHQLQJ SKDVH� &RPLQJ IURP WKH DQDO\VLV RI
WKHRULHV RI D GLVSHUVHG VWUHQJWKHQLQJ >�� w ��@� D
VWUXFWXUH RI D PLFURFU\VWDOOLQH W\SH ZLWK � � µP VL]H
RI JUDLQV VHHPV WR EH RSWLPXP� 3DUWLFOHV RI WKH
VWUHQJWKHQLQJ SKDVH VKRXOG KDYH WKH VL]H RI � ��� µP�
DQG WKHLU WRWDO YROXPH RI � �� �� 7KH GLVSHUVLRQ
VWUHQJWKHQLQJ KDV UHPDUNDEOH DGYDQWDJHV DV FRPSDUHG
WR RWKHU W\SHV ZLWKLQ WKH UDQJH RI ���� w ���� 7P RI
WKH EDVH� 7KH SUHVHQFH RI FKHPLFDOO\�VWDEOH LQFOXVLRQV
RI WKH VWUHQJWKHQLQJ SKDVH LQ WKH YROXPH VKDUH RI
� �� � GRHV QRW JUHDWO\ LQIOXHQFH WKH HOHFWULF DQG
WKHUPDO FRQGXFWLYLW\� DQG DOVR FRUURVLRQ UHVLVWDQFH RI
WKH PDWHULDO�

7KH NQRZQ PHWKRGV RI SURGXFLQJ '6&0� ZKLFK

IRXQG WKH LQGXVWULDO DSSOLFDWLRQ� DUH DV IROORZV�

FKHPLFDO PL[LQJ� GHFRPSRVLWLRQ RI PL[WXUH RI VDOWV�

K\GURJHQ UHFRYHU\ LQ VROXWLRQV� FKHPLFDO SUHFLSLWD�

WLRQ IURP VROXWLRQV� LQQHU R[LGL]LQJ� PHFKDQLFDO DO�

OR\LQJ >�� w ��@� 7HFKQRORJ\ RI SURGXFLQJ PDWHULDOV

EDVHG RQ DOO WKH OLVWHG PHWKRGV� H[FOXGLQJ WKH ODVW

PHWKRG� LV H[SHQVLYH DQG FRXOG QRW UHDOL]H DOO WKH

DGYDQWDJHV RI WKH GLVSHUVHG VWUHQJWKHQLQJ� &KHPLFDO

PHWKRGV DUH DOVR QRW VDIH HFRORJLFDOO\� ,Q WKLV FRQ�

QHFWLRQ� WKH SURFHVV EDVHG RQ D UHDFWLYH PHFKDQLFDO

DOOR\LQJ� VXSSRVLQJ WKH LQWHUDFWLRQ EHWZHHQ FRPSR�

QHQWV DQG IRUPDWLRQ RI VWUHQJWKHQLQJ SKDVHV DW WKH

VWDJH RI WUHDWPHQW RI D SRZGHUHG FRPSRVLWLRQ LQ D

PHFKDQLFDO UHDFWRU DQG DW D VXEVHTXHQW WKHUPDO DFWLRQ

RI WKH SURGXFHG JUDQXODWHG FRPSRVLWLRQ >�� w ��@�

ZKRVH UHDOL]DWLRQ FUHDWHV SUHPLVHV IRU WKH IRUPDWLRQ

RI WKH PDWHULDO ZLWK RSWLPXP SDUDPHWHUV RI WKH VWUXF�

WXUH DQG SURSHUWLHV� SUHVHQWV D JUHDW LQWHUHVW�

7KH SUHVHQW ZRUN ZDV DLPHG DW WKH GHYHORSPHQW

RI QHZ KLJK�UHVLVWDQW '6&0 IRU WKH UHVLVWDQFH ZHOG�

LQJ HOHFWURGHV� 7R DFKLHYH WKH DLP� LW ZDV QHFHVVDU\

WR GHYHORS WKH PHWKRG RI VHOHFWLRQ RI LQLWLDO FRPSR�

QHQWV DQG SUHGLFWLRQ RI WKH SKDVH FRPSRVLWLRQ RI WKH

PDWHULDOV� WR GHWHUPLQH WKH PRVW SURPLVLQJ FRPSRVL�

WLRQV� WR VWXG\ WKHLU SK\VLFDO DQG PHFKDQLFDO SURSHU�

WLHV DQG WR VHW WKH RSWLPXP SDUDPHWHUV RI VHUYLFH RI

WKH SURGXFWV PDQXIDFWXUHG IURP WKHP�
0HWKRGRORJ\ RI UHVHDUFK� PDWHULDOV DQG HTXLS�

PHQW� 7HFKQRORJLFDO SURFHVV RI PDQXIDFWXUH RI PH�
FKDQLFDOO\�DOOR\HG PDWHULDOV LQFOXGHV WKH IROORZLQJ
VWDJHV� GHVLJQLQJ RI LQLWLDO FRPSRVLWLRQ RI WKH FKDUJH�
WUHDWPHQW RI WKH FKDUJH LQ D PHFKDQLFDO UHDFWRU DQG
SURGXFLQJ '6&0� FROG SUHVVLQJ RI EULTXHWWHV� WKHLU
DQQHDOLQJ DQG KRW H[WUXVLRQ RI VHPL�ILQLVKHG SURGXFWV�

7KH SURFHGXUH VXJJHVWHG IRUPRGHOOLQJ RI WKH SKDVH
FRPSRVLWLRQ RI PDWHULDOV LV EDVHG RQ D WKHUPRG\QDPLF
DQDO\VLV RI HTXLOLEULXP SURFHVVHV ZKRVH SURFHHGLQJ LQ
WKLV V\VWHP LV H[SHFWHG� ,Q DGGLWLRQ� LW LV EDVHG RQ
WKH VWDWHPHQW WKDW ZKHQ WKH FRQGLWLRQV RI WKH PH�

FKDQLFDO DOOR\LQJ UHDOL]HG LQ SUDFWLFH DQG FKDUDF�
WHUL]HG E\ UHODWLYHO\ ORZ HQHUJ\ LQWHQVLW\ DUH XVHG�
WKHQ RQO\ WKRVH WUDQVIRUPDWLRQ ZLOO KDYH D UHPDUNDEOH
SURJUHVV LQ GLOXWHG KHWHURSKDVH V\VWHPV ZKLFK DUH GL�
UHFWHG WR WKH GHFUHDVH LQ *LEEsV HQHUJ\� ,Q DGGLWLRQ�
WKH ORQJ KLJK�WHPSHUDWXUH DFWLRQ WR ZKLFK WKH PH�
FKDQLFDOO\�DOOR\HG FRPSRVLWLRQV DUH VXEMHFWHG LQ SURF�
HVVLQJ WR WKH VHPL�ILQLVKHG SURGXFWV� ZLOO OHDG WR WKH
IRUPDWLRQ RI WKH PDWHULDO ZLWK D SKDVH FRPSRVLWLRQ
ZKLFK LV FORVH WR HTXLOLEULXP FRPSRVLWLRQ� ,Q WKLV FDVH
WKH FRPSRQHQWV FDSDEOH WR LQWHUDFW LQ VROLG VWDWH EH�
WZHHQ HDFK RWKHU RU ZLWK D EDVH WR IRUP SKDVHV SRV�
VHVVLQJ KLJK YDOXHV RI D VKHDU PRGXOXV DQG WKHUPR�
G\QDPLF VWDELOLW\� FRPLQJ IURP WKH WKHUPRG\QDPLFV
RI HTXLOLEULXP SURFHVVHV� VKRXOG EH XVHG DV DOOR\LQJ
HOHPHQWV� 7R V\QWKHVL]H DOXPLQLXP � ZKLFK VWUHQJWK�
HQV FRSSHU HIIHFWLYHO\ >��@� WKH LQLWLDO FKDUJH VKRXOG
FRQWDLQ DOXPLQLXP IURP WKH RQH VLGH DQG R[\JHQ IURP
WKH RWKHU VLGH� DV DOOR\LQJ HOHPHQWV� WKXV IRUPLQJ D
FRPSRXQG ZLWK D UHODWLYHO\ ORZ WKHUPRG\QDPLF VWD�
ELOLW\� 7R FUHDWH VLPSOH DQG UHSURGXFLEOH WHFKQRORJ\
RI D UHDFWLYH PHFKDQLFDO DOOR\LQJ� WKH ODWWHU VKRXOG
EH LQ OLTXLG RU VROLG VWDWH XQGHU WKH QRUPDO FRQGLWLRQV�
,QWHUHVW LV DWWUDFWHG� ILUVW RI DOO� E\ R[LGHV RI HOHPHQWV
KDYLQJ ODUJHU YDOXHV RI *LEEsV HQHUJ\ RI IRUPDWLRQ
WKDQ $O�2�� 7DNLQJ LQWR DFFRXQW WKDW HOHPHQW �(�
ZKLFK LV UHFRYHUHG GXULQJ SURFHHGLQJ RI WKH UHGR[
UHDFWLRQ

�Q$O � �(P2Q  Q$O�2� � �P(

IURP WKH DOOR\HG R[LGH �(P2Q�� VKRXOG QRW LQIOXHQFH
QHJDWLYHO\ RQ WKH SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV
RI WKH PDWHULDO GHVLJQHG� WKH UDQJH RI VXEVWDQFHV XVHG
IRU WKLV SXUSRVH LV OLPLWHG� ,W FDQ LQFOXGH WKH R[LGHV
RI HOHPHQWV KDYLQJ D QHJOLJLEOH VROXELOLW\ LQ FRSSHU
WKDW LV DQ REOLJDWRU\ FRQGLWLRQ RI SURGXFLQJ PDWHULDO
ZLWK HOHFWULF FRQGXFWLYLW\ FORVH WR WKDW RI WKH EDVH�
([FHSW WKH FRSSHU R[LGHV� WKH R[LGHV RI WKH UHIUDFWRU\
HOHPHQWV �0R� :� 1E� 9� &U� =U� DQG DOVR QLWURJHQ
R[LGHV DUH ZRUWK\ RI DWWHQWLRQ� 'XULQJ UHFRYHU\ IURP
R[LGHV WKH UHIUDFWRU\ PHWDOV DUH FDSDEOH WR SOD\ D UROH
RI VWUHQJWKHQLQJ SKDVHV� 7KH DOXPLQLXP QLWULGH
�$O1�� ZKRVH IRUPDWLRQ LV WKHUPRG\QDPLFDOO\ SURE�
DEOH LQ WKH FRPSRVLWLRQ DOOR\HG ZLWK QLWURJHQ R[LGHV�
DOVR PHHWV WKH UHTXLUHPHQWV VSHFLILHG WR WKHP�

7KH DOXPLQLXP FRQWHQW LQ EDVH FRPSRVLWLRQV ZDV
��� �� &RQFHQWUDWLRQ RI R[\JHQ LQWURGXFHG ZLWK DQ
DOOR\LQJ R[LGH ZDV ���� � �IURP VWRLFKLRPHWULF UDWLR
RI DOXPLQLXP WR R[\JHQ�� $FFRUGLQJ WR WKH FDOFXOD�
WLRQV WKLV SULYLGHV D IRUPDWLRQ RI $O�2� LQ DPRXQW RI
≈ ��� ZW�� RU ≈ ��� YRO��� $V DOOR\LQJ R[LGHV� 12��
&X2�0R2�� 9�2�� 1E2� &U�2�� =U2� DUH XVHGZKRVH

*LEEsV HQHUJ\ RI IRUPDWLRQ ∆*7

R
LV YDULHG ZLWKLQ D

ZLGH UDQJH IURP ����� R[\JHQ DWRPV LQ 12� WR XS WR
w��� N-�PROH RI R[\JHQ DWRPV LQ =U2� WKDW PDNHV
LW SRVVLEOH WR GHILQH WKH UROH RI D WKHUPRG\QDPLF IDFWRU
LQ SURFHHGLQJ SKDVH WUDQVIRUPDWLRQV LQ WKH V\VWHPV�

7KH WKHUPRG\QDPLF FDOFXODWLRQ LV UHGXFHG WR WKH
VHDUFK RI FRPSRXQGV ZKLFK FDQ EH IRUPHG IURP HOH�
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PHQWV LQFOXGHG LQWR WKH FRPSRVLWLRQ RI LQLWLDO VXE�
VWDQFHV DQG GHWHUPLQDWLRQ RI WKHLU TXDQWLWDWLYH UDWLR�
(OHPHQWDU\ VWDWH RI WKH V\VWHP FRUUHVSRQGV WR WKH

]HUR YDOXH RI ∆*7

R
� &KDQJH LQ ∆*7

R
GXULQJ UHDFWLRQV

ZDV FDOFXODWHG XVLQJ WKH PHWKRG RI DEVROXWH HQWURSLHV
LQ LWV PRVW SUHFLVH WKLUG DSSUR[LPDWLRQ >��@�

7R SURGXFH PDWHULDOV� WKH SRZGHUV RI FRSSHU 306�
�� DOXPLQLXP 3$� DQG R[LGHV RI JUDGH �&K� ZHUH
XVHG� 2SWLPL]LQJ RI WKH SURFHVV RI SURGXFLQJPDWHULDOV
DQG FRQGLWLRQV RI ZHOGLQJ ZLWK HOHFWURGHV PDQXIDF�
WXUHG IURP WKHP ZDV PDGH LQ WZR VWDJHV� $W WKH ILUVW
VWDJH WKH PHWKRG RI D VLQJOH�IDFWRU SODQQLQJ ZDV XVHG�
ZKLOH DW WKH VHFRQG VWDJH x WKH PHWKRG RI %R[w:LO�
VRQ� 3DUDPHWHUV RI RSWLPL]LQJ ZHUH DV IROORZV� KDUG�
QHVV� WHQVLOH VWUHQJWK� HOHFWULF LPSHGDQFH RI PDWHULDOV
DQG OLIH RI HOHFWURGHV�

&RQGLWLRQV RI WUHDWPHQW LQ D PHFKDQLFDO UHDFWRU�
D YLEUDWLQJ PLOO RI D JLUDWRU\ W\SH� ZHUH FKDQJHG
ZLWKLQ WKH IROORZLQJ UDQJHV� DPSOLWXGH RI RVFLOODWLRQ
RI D ZRUNLQJ FKDPEHU U  � w � PP� IUHTXHQF\ RI
RVFLOODWLRQV ω  �� w �� Vw�� QRUPDO DFFHOHUDWLRQ RI
EDOOV D  �� w ��� P⋅Vw�� GHJUHH RI ILOOLQJ RI WKH ZRUN�
LQJ FKDPEHU ZLWK EDOOV ε  �� w �� �� UDWLR RI YROXPHV
RFFXSLHG ZLWK EDOOV DQG FKDUJH N  � w ��� WHPSHUD�
WXUH RI WKH SURFHVV 7  �� w ��� �&� GLDPHWHU RI EDOOV�

G  ����� PP� GXUDWLRQ RI WUHDWPHQW τ  � w �� K�
%ULTXHWWLQJ WR �� w �� � ZDV PDGH E\ D FROG SUHVVLQJ�
7KH VHPL�ILQLVKHG SURGXFWV ZHUH SURGXFHG E\ KRW H[�
WUXVLRQ� 7KH UDWH RI PDWHULDO IORZ ZDV ���� w
���� P⋅Vw�� &RHIILFLHQW RI GUDZLQJ ZDV � w ��� 7HP�
SHUDWXUH RI EULTXHWWH KHDWLQJ ZDV ��� w ��� �&� WHP�
SHUDWXUH RI KHDWLQJ RI D SUHVV WRRO ZDV YDULHG ZLWKLQ
��� w ��� �&� 7HFKQRORJLFDO IDFWRUV LQ ZHOGLQJ� VXFK
DV FRPSUHVVLRQ IRUFH RI HOHFWURGHV )� ZHOGLQJ FXUUHQW
,� WLPH RI ZHOGLQJ FXUUHQW SDVVLQJ τZ DQG ZHOGLQJ
WLPH Q� ZHUH YDULHG ZLWKLQ WKH IROORZLQJ UDQJHV� )  
 � w � N1� ,  � w �� N$� τZ  ��� w ��� V� Q  �� w
�� PLQw�� 6WUXFWXUH DQG SURSHUWLHV ZHUH VWXGLHG XVLQJ
VWDQGDUG WHFKQLTXHV DQG HTXLSPHQW�

5HVXOWV RI LQYHVWLJDWLRQ DQG GLVFXVVLRQ� $FFRUG�
LQJ WR WKH WKHUPRG\QDPLF DQDO\VLV WKH PDLQ UHDFWLRQ
LQ PRVW RI LQYHVWLJDWHG V\VWHPV LQ WKH WHPSHUDWXUH
UDQJH RI ��� w ���� . LV WKH DOXPLQLXP LQWHUDFWLRQ
ZLWK DOOR\LQJ R[LGH ZLWK D IRUPDWLRQ RI $O�2� DQG
WKH UHFRYHUHG HOHPHQW �7DEOH ���

$V D UHVXOW RI SURFHHGLQJ RI WKH UHGR[ UHDFWLRQ
ZLWK SDUWLFLSDWLRQ RI 1�2�&X2�0R2�� &U�2�� 9�2��
1E2� =U2� WKH FKDQJH LQ WKH *LEEsV HQHUJ\ XQGHU
WKH QRUPDO FRQGLWLRQV LV� UHVSHFWLYHO\� HTXDO WR w����
w���� w���� w���� w���� w���� w�� N-�PROH RI R[\JHQ
DWRPV� 7KH FKDQJH LQ WHPSHUDWXUH ZLWKLQ WKH PHQ�

7DEOH �� &RPSRXQG FRPSRVLWLRQ� PDLQ UHDFWLRQ DQG VWUHQJWKHQLQJ SKDVH

&RPSRXQG FRPSRVLWLRQ 0DLQ UHDFWLRQ

&X w ��� $O w 1�2 ��� $O � 1�2  ��� $O�2� � 1�

&X w ��� $O w &X2 ��� $O � &X2  ��� $O�2� � &X

&X w ��� $O w ��� 0R2� ��� $O � ��� 0R2�  ��� $O�2� � ��� 0R

&X w ��� $O w ��� 9�2� ��� $O � ��� 9�2�  ��� $O�2� � ��� 9

&X w ��� $O w 1E2 ��� $O � ��� 1E2  ��� $O�2� � 1E

&X w ��� $O w ��� &U�2� ��� $O � ��� &U�2�  ��� $O�2� � ��� &U

&X w ��� $O w ��� =U2� ��� &X � ��� $O  ��� &X$O�

)LJXUH �� (IIHFW RI WHPSHUDWXUH RQ YDOXH RI D WKHUPRG\QDPLF SRWHQWLDO RI UHDFWLRQ LQ V\VWHPV &Xw$Ow1�2 �D� DQG &Xw$Ow0R2� �E�

�� ������



WLRQHG LQWHUYDO GRHV QRW SUDFWLFDOO\ LQIOXHQFH ∆*7

R
RI

WKH V\VWHP� ,Q FRPSRXQG ZLWK =U2� WKH LQWHUDFWLRQ
RI DOXPLQLXP QRW ZLWK DOOR\LQJ R[LGH EXW ZLWK D FRS�
SHU WR IRUP &X$O� LV PRVW SUREDEOH WKHUPRG\QDPL�
FDOO\ RYHU WKH HQWLUH WHPSHUDWXUH LQWHUYDO WKDW PDNHV
LWV DSSOLFDWLRQ QRW MXVWLILHG WKHUPRG\QDPLFDOO\ DV DQ
2�FRQWDLQLQJ DGGLWLRQ�

,W FDQ EH DVVXPHG WKDW WKH LQWHUDFWLRQ EHWZHHQ
WKH LQLWLDO FRPSRQHQWV RFFXUV WKURXJK WKH LQWHUPHGL�
DWH VWDJHV DQG WKH V\VWHP GRHV QRW UHDFK HTXLOLEULXP
LQ VRPH FDVHV� $OO WKH WKHUPRG\QDPLFDOO\ SRVVLEOH
WUDQVIRUPDWLRQV DUH HVWDEOLVKHG IRU WKH FRPSRVLWLRQV
LQYHVWLJDWHG LQ WKLV ZRUN� $V DQ H[DPSOH� )LJXUH �
SUHVHQWV D JUDSKLFDO LQWHUSUHWDWLRQ RI WKH WHPSHUDWXUH

UHODWLRQVKLS RI YDOXH ∆*7

R
RI WKHVH WUDQVIRUPDWLRQV LQ

FRPSRXQGV ZLWK 1�2 DQG 0R2�� 7KH EHORZ FRPSDUL�
VRQ RI UHVXOWV RI WKH WKHUPRG\QDPLF DQDO\VLV DQG H[�
SHULPHQWDO GDWD RI WKH SKDVH FRPSRVLWLRQ FDQ MXGJH
DERXW WKH GLUHFWLRQ RI SURFHHGLQJ RI WUDQVIRUPDWLRQV
LQ UHDO FRQGLWLRQV DQG GHJUHH RI WKH FRPSOHWLRQ�

,Q WKLV ZRUN WKH RSWLPXP FRQGLWLRQV RI UHDOL]DWLRQ
RI WKH PDLQ VWDJHV RI WKH WHFKQRORJLFDO SURFHVV RI
SURGXFLQJ '6&0� EDVHG RQ D UHDFWLYH PHFKDQLFDO
DOOR\LQJ� ZHUH HVWDEOLVKHG� 'HSHQGLQJ RQ WKH QDWXUH
RI WKH DOOR\LQJ R[LGH WKH FRQGLWLRQV RI WUHDWPHQW DUH
FKDQJHG ZLWKLQ WKH IROORZLQJ UDQJHV� �� UHDFWLYH PH�
FKDQLFDO DOOR\LQJ� D  ��� w ��� P⋅Vw�� ε  �� w �� ��
N  � w ��� 7  �� w �� �&� τ  � w �� K� �� KHDW
WUHDWPHQW RI FROG�SUHVVHG EULTXHWWHV� 7  ��� w
��� �&� τ  � w � K� �� KRW SUHVVLQJ RI VHPL�ILQLVKHG
SURGXFWV� WHPSHUDWXUH RI KHDWLQJ RI WKH EULTXHWWHV

7EU  ��� w ��� �&� WHPSHUDWXUH RI KHDWLQJ RI D SUHVV
WRRO 7W  ��� w ��� �&� FRHIILFLHQW RI GUDZLQJ LV �� w

��� :LWK LQFUHDVH LQ ∆*7

R
RI WKH UHGR[ UHDFWLRQ� WKH

�ULJLGLW\� RI FRQGLWLRQV RI D PHFKDQLFDO DOOR\LQJ DQG
KHDW WUHDWPHQW VKRXOG LQFUHDVH� ZKLOH WKDW RI D KRW
SUHVVLQJ VKRXOG GHFUHDVH�

7KH SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI PDWH�
ULDOV SURGXFHG XVLQJ DQ RSWLPXP FRQGLWLRQ GHSHQG
RQ WKH QDWXUH RI DQ DOOR\LQJ R[LGH �7DEOH �� ZKLFK
GHWHUPLQHV WKH FRPSOHWHQHVV RI SURFHHGLQJ WKH UHGR[
WUDQVIRUPDWLRQV W\SLFDO RI WKH FRPSRVLWLRQV� &RPSDUL�
VRQ RI WKHRUHWLFDOO\�FDOFXODWHG DQG DFWXDO SKDVH FRP�
SRVLWLRQV� JLYHQ LQ 7DEOH �� FDQ MXGJH DERXW WKH GHJUHH
RI WKHLU FRPSOHWLRQ� $QDO\VLV RI UHVXOWV VKRZV WKDW
WKH SKDVH WUDQVIRUPDWLRQ DUH SURJUHVVLQJ LQ V\VWHPV

ZLWK ∆*7

R
� w��� N-�PROH RI WKH R[\JHQ DWRPV�

&RPSRVLWLRQV� DOOR\HG ZLWK 1D�2� &X2 DQG 0R2�

EHORQJ WR WKHP� ,Q V\VWHPV ZLWK 9�2�� 1E2� &U�2��
=U2� WKH LQWHUDFWLRQ EHWZHHQ WKH DOOR\LQJ DGGLWLRQV�
DOXPLQLXP DQG LQLWLDO R[LGH� LV SURFHHGLQJ SDUWLDOO\�
WKXV OHDGLQJ WR WKH GHFUHDVH LQ DPRXQW RI D PHFKDQL�
FDOO\�V\QWKHVL]HG VWUHQJWKHQLQJ SKDVH �$O�2�� DQG�
DV D FRQVHTXHQFH�WR WKH GHFUHDVH LQ KDUGQHVV DQG
VWUHQJWK RI WKH PDWHULDO� $OXPLQLXP� QRW ERXQG LQWR
R[LGH� LV GLVVROYHG LQ FRSSHU� WKXV LQFUHDVLQJ WKH HOHF�
WULF LPSHGDQFH RI WKH PDWHULDO� 1RQ�UHDFWLYH LQLWLDO
R[LGH H[LVWV LQ VWUXFWXUH LQ WKH IRUP RI LQFOXVLRQ RI
≈ � µP VL]H� &RPLQJ IURP WKH DQDO\VLV RI D V\VWHP RI
SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV �7DEOH �� PDWHUL�
DOV DOOR\HG ZLWK R[LGHV 1�2� &X2 DQG 0R2� FDQ EH

)LJXUH �� 0LFURVWUXFWXUH RI PDWHULDO SURGXFHG IURP FRPSRVLWLRQ
&Xw���$Ow����&X2� 7(0 �×������ �UHGXFHG E\ ����

7DEOH �� 3K\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI PHFKDQLFDOO\�DOOR\HG PDWHULDOV

&RPSRXQG FRPSRVLWLRQ ��� +%
σW �

03D

ρ⋅��w��
2KP⋅P

+9

DW 7  ��� �&

σ���
��� �

03D

σW
��� �

03D

7U �

�&

%U�.K7VU ��� ��� ����� �� ��� ��� ���

5HGR[ &X ��� ��� ! ����� w � ��� w ���

���$Ow����0R2� ��� ���� ����� �� ��� ��� ���

���$Ow����&X2 ��� ��� ����� �� ��� ��� ���

���$Ow����1�2 ��� ���� ����� �� ��� ��� ���

���$Ow����9�2� ��� ��� ����� w w w w

���$Ow����&U�2� ��� ��� ����� w w w w

���$Ow����=U2� ��� ��� ����� w w w w

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH PDWHULDO KDUGQHVV DQG WHVW
WHPSHUDWXUH� �x &Xw���$Ow����0R2�� �x &Xw���$Ow����&X2�
� x &Xw���=Uw���&� � x &Xw���=U� � x %U�.K7VU

������ ��



XVHG DV HOHFWURGH PDWHULDOV� +LJK YDOXHV RI KDUGQHVV�
VWUHQJWK DQG HOHFWULF FRQGXFWLYLW\ DUH GHWHUPLQHG E\
WKHLU SKDVH FRPSRVLWLRQ DQG VWUXFWXUH� 6WUXFWXUH� SUH�
VHQWHG LQ )LJXUH �� LV FKDUDFWHUL]HG E\ WKH IROORZLQJ
SDUDPHWHUV� VL]H RI WKH EDVH JUDLQV LV ≤ ��� µP� VL]H
RI EORFNV LV ≤ �� QP� 7KH EDVH UHSUHVHQWV D ORZ�FRQ�
FHQWUDWHG VROLG VROXWLRQ RI DOXPLQLXP LQ FRSSHU ZLWK
D ≤ ��� � FRQWHQW RI DOOR\LQJ HOHPHQW� %RXQGDULHV RI
JUDLQV DQG VXEJUDLQV DUH VWDELOL]HG ZLWK LQFOXVLRQV
$O�2� RI ≤ �� QP VL]H� 7KHUH DUH DOVR VHSDUDWH LQFOX�
VLRQV &X$O� RI ≤ �� QP VL]H� 7KH PLFURFU\VWDOOLQH W\SH
RI WKH VWUXFWXUH LV FKDUDFWHUL]HG E\ D GHYHORSHG VXUIDFH
RI ERXQGDULHV RI JUDLQV DQG VXEJUDLQV VWDELOL]HG ZLWK
GLVSHUVHG LQFOXVLRQV RI PHFKDQLFDOO\� DQG WKHUPDOO\�
VWDEOH SKDVHV� 6XFK VWUXFWXUH LV FKDUDFWHUL]HG E\ D
ORZ UDWH RI SURFHHGLQJ RI UHFU\VWDOOL]DWLRQ SURFHVVHV
DQG GHILQHV KLJK YDOXHV RI KDUGQHVV DQG VWUHQJWK QRW
RQO\ DW �� �&� EXW DOVR DW WKH WHPSHUDWXUHV UHDFKLQJ
��� �& �)LJXUHV � w ��� ,W IROORZV IURP GDWD SUHVHQWHG
LQ 7DEOH � DQG )LJXUHV � w �� WKDW WKH PDWHULDOV GH�
YHORSHG DUH VXSHULRU WR WKH EHVW FODVVLFDO HOHFWURGH
PDWHULDO� VXFK DV EURQ]H %U�.K7VU� DQG DOVR WKH H[�
SHULPHQWDO PHFKDQLFDOO\�DOOR\HG PDWHULDOV RI D FDU�
ELGH VWUHQJWKHQLQJ DQG D VWUHQJWKHQLQJ ZLWK UHIUDF�
WRU\ PHWDOV� E\ D V\VWHP RI SK\VLFDO DQG PHFKDQLFDO
SURSHUWLHV� 7KH ILUVW PDWHULDO ZDV SURGXFHG IURP WKH
FRPSRVLWLRQ &Xw���=Uw���&� WKH VHFRQG PDWHULDO x
IURP &Xw���=U�

2SWLPXP FRQGLWLRQV RI ZHOGLQJ ZLWK HOHFWURGHV

IURP WKH PDWHULDOV GHYHORSHG ZHUH DV IROORZV� )  

 � N1� ,  �� N$� τ  ���� V� Q  �� PLQw�� 7KH OLIH

RI WKH H[SHULPHQWDO HOHFWURGHV LV VXSHULRU WR WKDW RI

VWDQGDUG HOHFWURGHV E\ ��� w ��� WLPHV� (IIHFWLYHQHVV

RI WKHLU DSSOLFDWLRQ LQFUHDVHV ZLWK LQFUHDVH LQ ULJLGLW\

RI ZHOGLQJ FRQGLWLRQV� WKXV PDNLQJ LW SRVVLEOH WR LP�

SOHPHQW WKH DGYDQFHG ZHOGLQJ WHFKQRORJLHV� EDVHG RQ

WKH ULJLG FRQGLWLRQV RI WKH SURFHVV DW ) ≈ ��� N1� , ≈
≈ �� N$� τ ≈ ���� V� XVHG DW WKH DGYDQFHG IRUHLJQ

HQWHUSULVHV� LQ GRPHVWLF LQGXVWU\�

7KHPDWHULDOV DQGWHFKQRORJ\RI WKHLUSURGXFLQJKDYH

IRXQG LQGXVWULDO LPSOHPHQWDWLRQ�(OHFWURGHV�PDGH IURP

WKHP� DUH ZLGHO\ XVHG DW VXFK ODUJH PDFKLQH�EXLOGLQJ

HQWHUSULVHV RI 5HSXEOLF RI %HODUXV DV 0$=� 07=� %HO�

$=� 0R$=� %HOFDUG� %HOFRPPXQPDVK�

&21&/86,216

�� 7HFKQRORJ\ EDVHG RQ D UHDFWLYH PHFKDQLFDO DOOR\�
LQJ� SURYLGHV WKH SURGXFLQJ RI &X�EDVHG'6&0ZKLFK
DUH SURPLVLQJ IRU PDQXIDFWXUH RI WKH UHVLVWDQFH ZHOG�
LQJ HOHFWURGHV�

�� 0DWHULDOV SURGXFHG DW WKH RSWLPXP FRQGLWLRQV
XVLQJ DOXPLQLXP� IURP WKH RQH KDQG� DQG WKH R[LGHV
RI QLWURJHQ� FRSSHU DQG PRO\EGHQXP� IURP WKH RWKHU
KDQG� DV DOOR\LQJ FRPSRQHQWV� SRVVHVV KLJK SK\VLFDO�
PHFKDQLFDO DQG VHUYLFH SURSHUWLHV� 7HFKQRORJLFDO
SURFHVV RI SURGXFLQJ PDWHULDOV LV DFFRPSDQLHG E\ UH�
GR[ WUDQVIRUPDWLRQV ZKLFK FDXVH WKH IRUPDWLRQ RI
$O�2� SOD\LQJ HIIHFWLYHO\ WKH UROH RI WKH VWUHQJWKHQLQJ
SKDVH�

�� 6WUXFWXUH RI WKH PDWHULDO LV RSWLPXP LI LW KDV
WKH IROORZLQJ SDUDPHWHUV� VL]H RI WKH EDVH JUDLQV LV

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH ORQJ�WLPH �����K� VWUHQJWK RI
PDWHULDO DQG WHVW WHPSHUDWXUH� � x &Xw���$Ow����0R2�� � x
&Xw���$Ow����&X2� � x &Xw���=Uw���&� � x &Xw���=U� � x
%U�.K7VU

)LJXUH �� 5HODWLRQVKLS EHWZHHQ WKH PDWHULDO WHQVLOH VWUHQJWK DQG
WHVW WHPSHUDWXUH� � x &Xw���$Ow����0R2�� � x &Xw���$Ow����
&X2� � x &Xw���=Uw���&� � x &Xw���=U� � x %U�.K7VU

7DEOH �� 3KDVH FRPSRVLWLRQ RI PDWHULDOV

$OOR\LQJ R[LGH &DOFXODWHG $FWXDO

1�2 &X� $O�2� &X� &X$O�� $O�2�

&X2 &X� $O�2� &X� &X$O�� $O�2�

0R2� &X� $O�2�� 0R &X� &X$O�� $O�2�� 0R

9�2� &X� $O�2�� 9 &X�$O�� &X$O�� $O�2�� 9� 9�2�

1E2 &X� $O�2�� 1E &X�$O�� &X$O�� $O�2�� 1E� 1E2

&U�2� &X� $O�2�� &U &X�$O�� &X$O�� $O�2�� &U� &U�2�

=U2� &X� $O�2� &X�$O�� &X$O�� =U2� =U2�

�� ������



≈ ��� µP� VL]H RI EORFNV LV ≈ �� QP� VL]H RI LQFOXVLRQV
RI WKH VWUHQJWKHQLQJ SKDVH �$O�2�� LV ≈ �� QP�

�� 7KH &X�EDVHG '6&0 DUH VXSHULRU� E\ D V\VWHP
RI SK\VLFDO� PHFKDQLFDO DQG VHUYLFH SURSHUWLHV� WR WKH
FODVVLFDO HOHFWURGH EURQ]HV� WKXV SURYLGLQJ LQFUHDVH LQ
OLIH RI WKH SURGXFWV PDGH IURP WKHP E\ ��� w ���
WLPHV�

5()(5(1&(6

�� $QGHUVRQ� 6�/� 5HVLVWDQFH ZHOGLQJ HOHFWURGH FRDWHG ZLWK

FHUDPLF OD\HU� 3DW� ������� 86$� ,QW� &O� % �� . �����
3XEO� ���������

�� %ROOLQJHU� (�� *OREH]� 3�� 1RZDN� -�)� HW DO� (OHFWURGH GH

VRXGDJH SDU SRLQWV� 3DW� ������� )UDQFH� ,QW� &O� % �� .
������ 3XEO� ���������

�� .D]XWR\R� $�� 7DNHVKL� .�� <RVKLKDUX� 7� &RPSRVLWH HOHF�

WURGH IRU UHVLVWDQFH ZHOGLQJ� 3DW� ������� 86$� ,QW� &O� %
�� . ����� 3XEO� ���������

�� +LVDVKL� 6�� +LURVXPL� +�� 0DVDNL� .� (OHFWURGH IRU UHVLV�

WDQFH ZHOGLQJ� 3DW� ������� -DSDQ� ,QW� &O� % �� . ������
3XEO� ���������

�� 7RGDR� $�� 0LVDR� ,�� .D]X\RVKL� )� 0DQXIDFWXUH RI WLS IRU

UHVLVWDQFH ZHOGLQJ HOHFWURGH� 3DW� �������� -DSDQ� ,QW� &O�
& �� ' ����� % �� . ������ 3XEO� ���������

�� *VFKRVVPDQQ� 1�� (UUDV� 0�� 6FKXEHUW� )� HW DO�
3XQNWVFKZHLβ�(OHNWURGH� 3DW� ������� )5*� ,QW� &O� % ��
. ������ 3XEO� ���������

�� 7LPFKXN� $�*�� .ROXSDHYD� =�,�� .ROXSDHY� ,�1� HW DO� (OHF�
WURGH IRU UHVLVWDQFH VSRW ZHOGLQJ� 8665 DXWKRUsV FHUWLILFDWH
�������� ,QW� &O� % �� . ������ 3XEO����������

�� *ULJRULHY� 0�0�� 0DQXMORY� 9�)�� 3HWURY� $�3� HW DO�
������ (OHFWURGH PDWHULDO IRU VSRW ZHOGLQJ RI VWHHOV�
6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� +DOGHQZDQJHU� +�*�� .ORVH� 3� (OHNWURGH ]XP :LGHU�

VWDQGVFKZHLβHQ� 3DW� ������� )5*� ,QW� &O� % �� .
������ 3XEO� ���������

��� $]XPD� .�� ,QRXH� $� (OHFWURGHV IRU UHVLVWDQFH VSRW ZHOG�

LQJ� 3DW� �������� -DSDQ� ,QW� &O� % �� . ������ 3XEO�
���������

��� )LVKHU� -�&�� +DUW� (�:�� 3U\� .�0� ������ 'LVSHUVLRQ
VWUHQJWKHQHG PHWDOV� $FWD 0HWDOOXUJLFD� �� ��� w ����

��� $QVHOO� *�6�� /HQHO� )�9� ������ &ULWHULD IRU \LHOGLQJ RI
GLVSHUVLRQ�VWUHQJWKHQHG DOOR\V� ,ELG�� �� ��� w ����

��� $VKE\� 0�)�� $QVHOO� *�6�� &RRSHU� 7�'� ������ 7KHRU\ RI
FULWLFDO VKHDU VWUHVV DQG ZRUN KDUGHQLQJ RI GLVSHUVLRQ�KDUG�
HQHG FU\VWDOV� ,Q� 3URF� RI 0HWDOOXUJLFDO 6RFLHW\ &RQI� RQ

2[LGH 'LVSHUVLRQ 6WUHQJWKHQLQJ� 1HZ <RUN� *RU�
GHQ#%UHDFK�

��� ������ &RPSRVLWH PDWHULDOV� +DQGERRN� (G� E\ '�0� .DU�
SLQRV� .\LY� 1DXNRYD 'XPND�

��� )HGRUFKHQNR� ,�0�� )UDQWVHYLFK� ,�1�� 5DPRP\VHOVN\� ,�'�
HW DO� ������ 3RZGHUHG PHWDOOXUJ\� 0DWHULDOV� WHFKQRORJ\�

SURSHUWLHV� ILHOG RI DSSOLFDWRQ� +DQGERRN� .\LY� 1DXNRYD
'XPND�

��� 3RUWQRM� .�,�� %DELFK� %�1� ������ 'LVSHUVLRQ�VWUHQJWKHQHG
PDWHULDOV� 0RVFRZ� 0HWDOOXUJLD�

��� $YYDNXPRY� (�*� ������ 0HFKDQLFDO PHWKRGV RI DFWLYDWLRQ

RI FKHPLFDO SURFHVVHV� 1RYRVLELUVN� 1DXND�
��� .KDMQLNH� *� ������ 7ULERFKHPLVWU\� 0RVFRZ� 0LU�
��� 9LW\D]� 3�$�� /RYVKHQNR� )�*�� /RYVKHQNR� *�)� ������

0HFKDQLFDOO\�DOOR\HG DOOR\V RQ DOXPLQLXP DQG FRSSHU EDVH�
0LQVN� %HODUXV� 1DYXND�

��� .LUHHY� 9�$� ������ &RXUVH RI SK\VLFDO FKHPLVWU\� 0RVFRZ�
.KLPL\D�

������ ��
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$%675$&7

,QIOXHQFH RI D IOX[ DGGLWLYH �VRGLXP WHWUDERULGH� RQ WKH FRPSRVLWLRQ� VWUXFWXUH DQG WULERWHFKQLFDO SURSHUWLHV RI D

GHWRQDWLRQ FRDWLQJ RI 1Lw&Uw)Hw6Lw%w$Ow:& V\VWHP ZDV VWXGLHG� $W LWV RSWLPDO YROXPH IUDFWLRQ RI �� �� D IDYRXUDEOH

VWUXFWXUH RI WKH FRDWLQJ� ORZHU IULFWLRQ FRHIILFLHQW DQG LQFUHDVH RI WKH UHODWLYH ZHDU UHVLVWDQFH DUH DFKLHYHG�

.H\ ZRU G V � GHWRQDWLRQ FRDWLQJ� VSUD\LQJ� FRPSRVLWH SRZ�
GHU� VRGLXP WHWUDERULGH� VWUXFWXUH� SURSHUWLHV� VXUIDFH OD\HU�
IULFWLRQ FRHIILFLHQW� ZHDU UHVLVWDQFH� DGKHVLRQ

,PSURYHPHQW RI UHOLDELOLW\ DQG IDWLJXH OLIH RIPDFKLQHV
DQG PHFKDQLVPV LV RQH RI WKH PDLQ SUREOHPV LQ PH�
FKDQLFDO HQJLQHHULQJ� ,Q WKH PDMRULW\ RI FDVHV LW LV
VROYHG E\ DSSOLFDWLRQ RI GLIIHUHQW NLQGV RI SURWHFWLYH
FRDWLQJV�

7KH PRVW SURPLVLQJ PDWHULDOV IRU FRDWLQJ DSSOLFD�
WLRQ E\ GHWRQDWLRQ� DUH FRPSRVLWH SRZGHU PDWHULDOV�
LQ SDUWLFXODU� WKRVH EDVHG RQ QLFNHO DQG WKHLU PRGLIL�
FDWLRQV �DW WKH H[SHQVH RI DGGLWLRQ RI GLIIHUHQW IOX[HV
IRU EUD]LQJ�� ZKLFK KDYH KLJK SK\VLFDO�PHFKDQLFDO
SURSHUWLHV >� w �@� $OWKRXJK WKH VWUXFWXUH RI WKHVH
FRDWLQJV� VWUHQJWK RI DGKHVLRQ ZLWK WKH EDVH DQG RWKHU
SURSHUWLHV DQG SDUDPHWHUV KDYH EHHQ VWXGLHG WR D FHU�
WDLQ H[WHQW >�� �@� WKHLU WULERWHFKQLFDO SURSHUWLHV XQ�
GHU GLIIHUHQW FRQGLWLRQV RI FRQWDFW LQWHUDFWLRQ KDYH
QRW EHHQ WKRURXJKO\ LQYHVWLJDWHG VR IDU�

,Q RUGHU WR VWXG\ WKH LQIOXHQFH RI D IOX[ DGGLWLYH
LQ WKH IRUP RI VRGLXP WHWUDERULGH� 1D�%�2�� RQ WKH
WULERWHFKQLFDO SURSHUWLHV RI D GHWRQDWLRQ FRDWLQJ RI
1Lw&Uw)Hw6Lw%w$Ow:& V\VWHP� VDPSOHV ZLWK WKH
DERYH FRDWLQJV ZHUH WHVWHG LQ 807�� IULFWLRQ PD�
FKLQH� XVLQJ DQ HQG IDFH SDLU RI ULQJwULQJ W\SH� 7KH

FRHIILFLHQW RI RYHUODSSLQJ LQ DLU ZDV HTXDO WR ����
ZKLFK FRUUHVSRQGV WR WKH PRVW KHDY\�GXW\ RSHUDWLRQDO
FRQGLWLRQV RI WKH IULFWLRQ VXUIDFHV� 7KH ZHDU UHVLVWDQFH
SURSHUWLHV� DV ZHOO DV WKH LQIOXHQFH RI GHIHFWV LQ WKH
VXUIDFH OD\HU RI WKH PDWHULDOV� DUH UHYHDOHG WR WKH
JUHDWHVW H[WHQW >�@� 4XHQFKHG VWHHO �� �& x
���� ZW��� )H x EDODQFH� ZDV XVHG DV WKH PDWLQJ
ERG\ PDWHULDO�

)UDFWRJUDSKLF VWXGLHV ZHUH FRQGXFWHG E\ WKH
PHWKRG RI VFDQQLQJ HOHFWURQ PLFURVFRS\ LQ &DPVFDQ�
� '9 PLFURVFRSH�PLFURDQDO\VHU ZLWK DSSOLFDWLRQ RI
HQHUJ\�GLVSHUVLYH ;�UD\ DQDO\VLV ZLWK /LQN���� V\V�
WHP� 7KH IULFWLRQ VXUIDFHV RI VDPSOHV ZHUH VWXGLHG E\
WKH PHWKRGV RI TXDQWLWDWLYH DQDO\VLV �GHWHUPLQDWLRQ
RI FKHPLFDO HOHPHQW FRQWHQW E\ =$5���)/6 SUR�
JUDP� DQG TXDOLWDWLYH DQDO\VLV �GHWHUPLQDWLRQ RI WKH
FRPSRVLWLRQ� ZKLFK DOORZHG ILQGLQJ WKH GLIIHUHQFH LQ
WKH FRQWHQW RI LQGLYLGXDO HOHPHQWV��

;�UD\ DQDO\VLV RI WKH FRDWLQJV ZDV SHUIRUPHG LQ
DQ ;�UD\ GLIIUDFWRPHWHU '521����� )LOPLQJ ZDV FRQ�
GXFWHG LQ D EURDG DQJXODU UDQJH LQ PRQRFKURPDWLF
&X.α

�UDGLDWLRQ�

7KH VWXGLHG FRDWLQJV ZHUH DSSOLHG LQ GHWRQDWLRQ�
JDV XQLW 3HUXQ�6 DW D VSHHG RI ��� P�V DQG VSHFLILF
SUHVVXUH RI ��� 03D� 2[\JHQ DQG SURSDQH�EXWDQH
PL[WXUHV ZHUH XVHG DV WKH FRPSRQHQWV RI WKH GHWR�
QDWLQJ JDV PL[WXUH� 7KH GXUDWLRQ RI WKH FRDWLQJ F\FOHV
ZDV ���� V� 7HVWLQJ UHVXOWV �7DEOH �� VKRZHG WKDW
DGGLWLRQ RI VRGLXP WHWUDERULGH WR WKH LQLWLDO FRPSRVLWH
SRZGHU �QRW FRQWDLQLQJ DQ\ IOX[ DGGLWLYH�� OHDGV WR
D FRQVLGHUDEOH ORZHULQJ RI WKH IULFWLRQ FRHIILFLHQW I
DQG LQFUHDVH RI WKH UHODWLYH ZHDU UHVLVWDQFH ε RI WKH
GHWRQDWLRQ FRDWLQJ� 7KH PD[LPDO YDOXH RI WKH ODWWHU
DQG WKH PLQLPDO YDOXH RI WKH IULFWLRQ FRHIILFLHQW FRU�
UHVSRQG WR D PRGLILHG FRDWLQJ� WKH SRZGHU FRPSRVL�
WLRQ IRU ZKLFK KDV WKH YROXPH IUDFWLRQ RI VRGLXP
WHWUDERULGH RI DERXW �� ��

)UDFWRJUDSKLF VWXGLHV RI IULFWLRQ VXUIDFHV RI WKH
WHVWHG VDPSOHV UHYHDOHG WKDW WKH\ GHYHORS WKUHH FKDU�
DFWHULVWLF ]RQHV =� x =� �)LJXUH �� D�� 7KHLU ����IROG
PDJQLILFDWLRQ �)LJXUH �� E w G� DQG GHWHUPLQDWLRQ RI
WKH TXDQWLW\ RI DOOR\LQJ HOHPHQWV RQ WKH IULFWLRQ VXU�
IDFH �)LJXUH �� D�� GHPRQVWUDWHG WKDW KHWHURJHQHRXV� 9�(� 0$5&+8.� 9�)� /$%81(76 DQG ,�%� '(5(.� ����

,QIOXHQFH RI YROXPH IUDFWLRQ RI VRGLXP WHWUDERULGH LQ WKH SRZGHU

FRPSRVLWLRQ RQ WKH WULERWHFKQLFDO FKDUDFWHULVWLFV RI WKH VWXGLHG

FRDWLQJ

9ROXPH IUDFWLRQ� � ε I
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WKHUPDO DFWLYDWLRQ SURFHVVHV DUH REVHUYHG LQ HDFK ]RQH
RI WKH LQLWLDO FRDWLQJ� 7KLV LV GXH WR GLIIHUHQW FRQWDFW
WHPSHUDWXUH 7� � 7� � 7� RI =� x =� ]RQHV� WKH ULVH
RI ZKLFK LV SURPRWHG E\ WKH LQFUHDVH RI WKH DSSURSULDWH
DQJXODU YHORFLW\ ω� � ω� � ω�� 2Q WKH RWKHU KDQG�
QR VXFK ]RQHV DUH IRXQG RQ WKH IULFWLRQ VXUIDFH RI
PRGLILHG FRDWLQJV ZKLFK KDYH VRGLXP WHWUDERULGH
DGGHG WR WKHLU FRPSRVLWLRQ �)LJXUH �� D��

7KH IULFWLRQ VXUIDFHV RI VDPSOHV ZLWK LQLWLDO FRDW�
LQJV LQ ]RQH =� �)LJXUH �� E� ZHUH IRXQG WR KDYH D
ODUJH QXPEHU RI GDUN UHJLRQV ZKLFK DUH WKH GHVWUR\HG
VWUXFWXUHV IRUPHG DW WKH DV D UHVXOW RI XQGHVLUDEOH
SURFHVVHV RI DGKHVLRQ DQG WUDQVIHU RI WKH PDWLQJ ERG\
PDWHULDO WR WKH FRDWLQJ VXUIDFH� ,QFUHDVH RI DQJXODU
YHORFLW\ ω� � ω� � ω� UHVXOWV LQ UHGXFWLRQ RI WKH GDUN
DUHDV RQ WKH IULFWLRQ VXUIDFH �)LJXUH �� E w G�� 7KH

FRDWLQJ ZLWK VRGLXP WHWUDERULGH LQ WKH SRZGHU FRP�
SRVLWLRQ� GLIIHUV E\ D PXFK VPDOOHU QXPEHU RI GDUN
DUHDV� FRPSDUHG WR WKH LQLWLDO FRDWLQJ� ZKLFK LV SUDF�
WLFDOO\ WKH VDPH LQ DOO WKH ]RQHV �)LJXUH �� E w G��

%DVHG RQ WKH UHVXOWV RI ;�UD\ DQDO\VLV SHUIRUPHG
LQ &DPVFDQ�� '9 PLFURVFRSH�PLFURDQDO\VHU� LW ZDV
HVWDEOLVKHG WKDW WKH GDUN UHJLRQV REVHUYHG RQ WKH IULF�
WLRQ VXUIDFH RI WKH VWXGLHG FRDWLQJV� FRQWDLQ � w �
WLPHV PRUH R[\JHQ� WKDQ WKH OLJKW UHJLRQV �)LJXUH ���
)RU FRQYHQLHQFH RI REVHUYDWLRQ� WKH HQHUJ\ VSHFWUXP
ZDV H[SDQGHG XVLQJ /=�� GHWHFWRU�

3UHVHQFH RI D ODUJH DPRXQW RI R[\JHQ LQ WKH GDUN
UHJLRQV LV GXH WR IRUPDWLRQ RQ WKH VHFRQGDU\ VWUXFWXUH
IUDJPHQWV� RI SURWHFWLYH ILOPV UHVXOWLQJ IURP R[LGD�
WLRQ� 7KLV SURFHVV LV DFFRPSDQLHG E\ WKHLU HPEULWWOH�
PHQW� VRIWHQLQJ DQG VXEVHTXHQW IUDFWXUH�

)LJXUH �� 0LFURVWUXFWXUH RI WKH IULFWLRQ VXUIDFH RI WKH LQLWLDO FRDWLQJ� JHQHUDO YLHZ

�D� �×���� ]RQHV =� �E�� =� �F� DQG =� �G� �×���� �UHGXFHG E\ ����

)LJXUH �� 4XDQWLWDWLYH FRPSRVLWLRQ RI DOOR\LQJ HOHPHQWV RQ WKH IULFWLRQ VXUIDFH RI WKH LQLWLDO FRDWLQJ �D� DQG PRGLILHG FRDWLQJ �E� ZLWK
�� � YROXPH IUDFWLRQ RI VRGLXP WHWUDERULGH LQ WKH SRZGHU PL[WXUH

������ ��



%\ WKH GDWD RI ;�UD\ DQDO\VLV� WKH OLJKW VHFWLRQV
RQ WKH IULFWLRQ VXUIDFH� DUH D FRPSOH[ RI VWUXFWXUHV LQ
WKH IRUP RI ELQDU\ FRPSRXQGV RI VSLQHO W\SH EDVHG
RQ QLFNHO� FKURPLXP� WXQJVWHQ� DOXPLQLXP R[LGHV DQG
ERURQ DQK\GULGH�

4XDQWLWDWLYH DQDO\VLV RI DOOR\LQJ HOHPHQWV LQ WKH
FRDWLQJ VXUIDFH OD\HUV� GHPRQVWUDWHG WKH QRQ�XQLIRUP�
LW\ RI WKH IRUPHU LQ WKH VWXGLHG ]RQHV� 6R� WKH LQLWLDO
FRDWLQJ ]RQH =� �)LJXUH �� E� LV FKDUDFWHUL]HG E\ WKH
KLJKHVW FRQWHQW RI LURQ RQ WKH IULFWLRQ VXUIDFH ����� �
RI WKH RYHUDOO FRQWHQW RI DOOR\LQJ HOHPHQWV RQ WKH
VXUIDFH�� ZKLFK GURSV WR �� DQG �� �� UHVSHFWLYHO\�
ZKHQ JRLQJ RYHU WR ]RQH =� DQG IXUWKHU RQ WR =� ZLWK
DPLQRU LQFUHDVH RI WKH DPRXQW RI FKURPLXP DQG QLFNHO
�)LJXUH �� D��

7KH SURFHVV RI ZHDU RI WKH LQLWLDO FRDWLQJ LV FKD�
UDFWHUL]HG E\ WKH SUHYDLOLQJ R[LGL]LQJ SURFHVV� DFFRP�
SDQLHG E\ LQDGPLVVLEOH ZHDU� QDPHO\ DGKHVLRQ RI WKH
�VW NLQG� )RUPDWLRQ RI FHQWHUV UHVXOWV LQ WUDQVIHU RI
ZHDU SURGXFWV IURP WKH PDWLQJ ERG\ VXUIDFH RQWR WKH
VSHFLPHQ IULFWLRQ VXUIDFH LQ WKH IRUP RI HDUOLHU GH�
VFULEHG GDUN UHJLRQV� ZKLFK IURP WKH UHVXOWV RI ;�UD\

SKDVH DQDO\VLV DUH D PL[WXUH RI )H�2� DQG γ�)H�2��
7KH ILOPV IRUPHG RQ WKH IULFWLRQ VXUIDFH DUH EULWWOH�
DQG KDYH D ORZ DGKHVLRQ VWUHQJWK� $ FRQVLGHUDEOH DUHD
RFFXSLHG E\ WKHP RQ WKH IULFWLRQ VXUIDFH� SURPRWHV
LQWHQVLILFDWLRQ RI WKH DGKHVLRQ SURFHVVHV� ZKLFK OHDGV
WR D JUHDWHU IULFWLRQ FRHIILFLHQW DQG ORZHULQJ RI WKH
UHODWLYH ZHDU UHVLVWDQFH RI WKH LQLWLDO FRDWLQJ �VHH 7D�
EOH��

%DVHG RQ WKH UHVXOWV RI FKHPLFDO DQDO\VLV RI WKH
IULFWLRQ VXUIDFH RI VDPSOHV ZLWK WKH LQLWLDO FRDWLQJ
�)LJXUH �� D�� LW FDQ EH DQWLFLSDWHG WKDW WKH ZHDU LV
QRQ�XQLIRUP LQ HDFK RI WKH WKUHH ]RQHV� ,W LV WKH VWURQJ�
HVW LQ ]RQH =� DV WKH LQWHQVLW\ RI WKH SURFHVVHV RI
IUDFWXUH �DGKHVLRQ� DQG DUHD RFFXSLHG E\ LURQ R[LGHV�
DUH WKH JUHDWHVW� FRPSDUHG WR RWKHU ]RQHV� 7KH ZHDU
LV WKH VPDOOHVW LQ ]RQH =��

$FFRUGLQJ WR WKH UHVXOWV RI TXDQWLWDWLYH DQDO\VLV
RI WKH IULFWLRQ VXUIDFH RI VDPSOHV ZLWK WKH VWXGLHG
PRGLILHG GHWRQDWLRQ FRDWLQJ �)LJXUH �� E� WKH FRP�
SRVLWLRQ RI DOOR\LQJ HOHPHQWV LV FRQVWDQW LQ HDFK RI
WKH WKUHH ]RQHV� 1LFNHO SUHYDLOV LQ WKHP ��� ��� IRO�
ORZHG �LQ WKH RUGHU RI GHFUHDVLQJ� E\ FKURPLXP ��� w
�� ��� WXQJVWHQ �� ��� 7KHUHIRUH� WKH WKHUPDO DFWL�
YDWLRQ SURFHVVHV LQ HDFK ]RQH SURFHHG LQ D SUDFWLFDOO\
XQLIRUP IDVKLRQ� ,URQ FRQWHQW ZDV PDUNHGO\ UHGXFHG
�GRZQ WR �� �� RQ WKH VXUIDFH RI DOO WKH WKUHH ]RQHV�
ZLWK LURQ RFFXS\LQJ VPDOO UHJLRQV LQ WKH IRUP RI GDUN
VSRWV �)LJXUH �� E w G�� 7KLV OHDGV WR KLJK YDOXHV RI
UHODWLYH ZHDU UHVLVWDQFH DQG ORZ IULFWLRQ FRHIILFLHQWV
�VHH 7DEOH�� DV ZHOO DV WKH DEVHQFH RI DQ\ QRWLFHDEOH
WUDFHV RI DGKHVLRQ RQ WKH IULFWLRQ VXUIDFH RI VDPSOHV
ZLWK D PRGLILHG FRDWLQJ� FRPSDUHG WR WKH LQLWLDO FRDW�
LQJ LQ ZKLFK WKH DGKHVLRQ SURFHVVHV DUH LQWHQVLYH�

,QFUHDVH RI WKH YROXPH IUDFWLRQ RI VRGLXP
WHWUDERULGH �DERYH �� �� LQ WKH LQLWLDO SRZGHU FRP�
SRVLWLRQ� OHDGV WR D GHFUHDVH RI UHODWLYH ZHDU UHVLVWDQFH
DQG LQFUHDVH RI WKH FRHIILFLHQW RI IULFWLRQ RI WKH VWXGLHG
FRDWLQJ� 7KLV LV UHODWHG WR LQFUHDVH RI WKH FRDWLQJ GXF�
WLOLW\ DW WKH H[SHQVH RI PLFURKDUGQHVV GURS >�@� ZKLFK

)LJXUH ��0LFURVWUXFWXUH RI WKH IULFWLRQ VXUIDFH RI D PRGLILHG FRDWLQJ� FRQWDLQLQJ �� �

VRGLXP WHWUDERULGH LQ WKH SRZGHU FRPSRVLWLRQ� JHQHUDO YLHZ �D� �×���� ]RQHV =� �E��
=� �F� DQG =� �G� �×���� �UHGXFHG E\ ����

)LJXUH �� (QHUJ\ VSHFWUD RI HOHPHQW GLVWULEXWLRQ RYHU WKH IULFWLRQ
VXUIDFH RI WKH VWXGLHG GHWRQDWLRQ FRDWLQJ �GDVKHG FXUYH x GDUN

UHJLRQV� VROLG FXUYH x OLJKW UHJLRQV�

�� ������



OHDGV WR GHIRUPDWLRQ �FUXVKLQJ� RI VXEVXUIDFH OD\HUV�
3RVLWLYH LQIOXHQFH RI WKH ODWWHU LV PDQLIHVWHG RQO\ LQ
WKH LQLWLDO SURFHVV RI UXQQLQJ�LQ� ZKHQ LW VRPHZKDW
FRPSHQVDWHV WKH H[LVWLQJ GHYLDWLRQ IURP WKH VSHFLILHG
PDFUR� DQG PLFURJHRPHWU\ RI WKH VXUIDFHV DQG DOORZV
LPSURYLQJ WKH FRQWDFW EHWZHHQ WKH PDWLQJ SDUWV RI
WKH IULFWLRQ XQLW� 8QGHU WKH FRQGLWLRQV RI VWDEOH IULF�
WLRQ� VXEVXUIDFH GHIRUPDWLRQ KDV D PDUNHGO\ DGYHUVH
HIIHFW� DV LW EHFRPHV WKH VRXUFH RI LQDGPLVVLEOH SUR�
FHVVHV RI WKH SDUW VXUIDFH GDPDJLQJ >�@� 7KH VXUIDFH
OD\HU DOVR GHYHORSV LQDGPLVVLEOH YDOXHV RI SODVWLF IORZ�

&21&/86,216

�� $GGLWLRQ RI VRGLXP WHWUDERULGH WR WKH DSSOLHG 1L�
EDVH SRZGHU FRPSRVLWLRQ� HVVHQWLDOO\ FKDQJHV WKH WUL�
ERWHFKQLFDO FKDUDFWHULVWLFV RI GHWRQDWLRQ FRDWLQJV�

�� 7KH LQWHQVLW\ RI ZHDU DQG FRHIILFLHQW RI IULFWLRQ
RI FRDWLQJV GHSHQG RQ WKH VWUXFWXUH RI WKHLU VXUIDFH
OD\HUV� GHWHUPLQHG E\ WKH QDWXUH RI WKH DOOR\LQJ HOH�
PHQWV GLVWULEXWLRQ�

5()(5(1&(6

�� %RULVRY� <X�6�� .XOLN� $�<D�� 0QXNKLQ� $�6� HW DO� ������
7KHUPDO VSUD\LQJ RI FRPSRVLWH SRZGHUV� /HQLQJUDG� 0DVKL�

QRVWUR\HQL\H�

�� %RULVRY� <X�6�� .KDUODPRY� <X�$�� 6LGRUHQNR� 6�/� HW DO�
������ 7KHUPDOO\�VSUD\HG FRDWLQJV RI SRZGHUHG PDWHULDOV�
5HIHU� %RRN� .\LY� 1DXNRYD 'XPND�

�� /DEXQHWV� 9�)�� 0DUFKXN� 9�(�� 6KFKHSHWRY� 9�9� ������

'HWRQDWLRQ FRDWLQJV RI 1L�EDVHG FRPSRVLWH PDWHULDOV� ,QIRU�

PDWLRQ �� ,QIOXHQFH RI IOX[ DGGLWLYH RQ WKH FRPSRVLWLRQ�

VWUXFWXUH DQG SURSHUWLHV RI FRDWLQJV� $YWRPDWLFKHVND\D
6YDUND� ��� �� w ���

�� 0DUFKXN� 9�(�� /DEXQHWV� 9�)� ������ 'HWRQDWLRQ FRDWLQJV

RI 1L�EDVH FRPSRVLWH PDWHULDOV� ,QIRUPDWLRQ �� 3K\VLFR�PH�

FKDQLFDO SURSHUWLHV� ,ELG�� �� �� w ���

�� 1RVRYVN\� ,�*�� 6KFKHSHWRY� 9�9�� 0DUFKXN� 9�(� ������

'HWRQDWLRQ FRDWLQJV IRU SURWHFWLRQ RI WKH IULFWLRQ XQLWV IURP

ZHDU� 1DXND L 2ERURQD� �� ��� w ����

�� 9HQHGLNWRY� 9�$�� 6KDU\SRY� $�=�� .KRVKHQLQ� $�,� HW DO�
������ ,PSURYHPHQW RI WKH VHUYLFH OLIH RI FRPSUHVVRU EODGHV

E\ DSSOLFDWLRQ RI ZHDU�UHVLVWDQW GHWRQDWLRQ FRDWLQJV�

7UHQL\H L ,]QRV� �� ���� w �����

�� .RVWHWVN\� %�,�� 1RVRYVN\� ,�*�� %HUVKDGVN\� /�,� HW DO�
������ 5HOLDELOLW\ DQG IDWLJXH OLIH RI PDFKLQHV� .\LY�

7HNKQLND�

�� .RVWHWVN\� %�,�� 1RVRYVN\� ,�*�� %HUVKDGVN\� /�,� HW DO�
������ 6XUIDFH VWUHQJWK RI PDWHULDOV LQ IULFWLRQ� .\LY�

7HNKQLND�

������ ��
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2�.� 1$=$5(1.2� <X�9� 256$ DQG *�<D� 672/,.2

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

$%675$&7

$QDO\VHG LV WKH DELOLW\ RI 8NUDLQLDQ RUJDQLVDWLRQV WR VHW XS SURGXFWLRQ RI EDQG VDZV DQG KDFN�VDZV LQ WKH ELPHWDO

YDULDQW� ZKHQ WKH FXWWLQJ SDUW RI WKH WRRO LV PDGH RI KLJK�VSHHG VWHHO� DQG WKH EDVH x RI FDUERQ RU ORZ�DOOR\HG VWHHO�

*LYHQ DUH WKH UHVXOWV RI VWXG\LQJ WKH WHFKQRORJ\ RI HOHFWURQ EHDP ZHOGLQJ �(%:� DQG KHDW WUHDWPHQW RI YDULRXV

FRPELQDWLRQV RI VWHHO� DV ZHOO DV LQGXVWULDO DSSOLFDWLRQ RI WKH ORFDOO\�PDGH HTXLSPHQW�

.H\ ZRU G V � VDZ EODGHV� KDFN�VDZV� ELPHWDO EODQN� FXWWLQJ

HGJH� KLJK�VSHHG VWHHO� GUDZLQJ� EDVH� FXWWLQJ IRUFH� KHDW WUHDW�

PHQW� (%:� SLORW SURGXFWLRQ WULDOV� LQWURGXFWLRQ

7KH SUREOHP RI GHYHORSPHQW RI KLJKO\�HIILFLHQW DQG
DOVR LQH[SHQVLYH FXWWLQJ WRROV LV VWLOO XUJHQW QRZ� $
YHU\ FOHDU WHQGHQF\ RYHU WKH ODVW \HDUV KDV EHHQ WR
PDQXIDFWXUH PRVWO\ ELPHWDO YDULDQWV RI WKH WRROV�
ZKHQ WKHLU FXWWLQJ SDUW LV PDGH RI KLJK�VSHHG VWHHO�
DQG WKH EDVH x RI FDUERQ RU ORZ�DOOR\HG VWHHO� $
ZHOGHG ELPHWDO EDQG EODQN LV ZLGHO\ XVHG LQ PDQX�
IDFWXUH RI VDZ EODGHV� HVSHFLDOO\ RI FRQWLQXRXV FLUFXODU
VDZV IRU EDQG FXW�RII PDFKLQHV �)LJXUH ��� WKXV DO�
ORZLQJ �� WR �� � UHGXFWLRQ RI KLJK�VSHHG VWHHOV FRQ�
VXPSWLRQ� 7KHVH VR�FDOOHG EDQG VDZV KDYH VXFK DG�
YDQWDJHV DV KLJK HIILFLHQF\ ���� w ��� WLPHV KLJKHU
WKDQ WKDW RI PLOOLQJ�FXWWLQJ�RII PDFKLQHV DQG � w �
WLPHV KLJKHU WKDQ WKDW RI WKH VDZLQJ PDFKLQHV�� D
QDUURZ FXW ZLWK LWV KLJK SUHFLVLRQ DQG ILQLVK RI WKH
VXUIDFH�

'HVSLWH WKH SRVVLELOLW\ RI DSSO\LQJ D QXPEHU RI
SURFHVVHV IRU ZHOGLQJ WKH FXWWLQJ HGJH WR WKH EDQG
EDVH �PLFURSODVPD� ZLWK UHVLVWDQFH KHDWLQJ RI WKH

HGJHV E\ VOLGLQJ HOHFWURGHV� GLIIXVLRQ� KLJK�IUHTXHQF\
FXUUHQWV� (%: LV WKH PRVW ZLGHO\ DFFHSWHG PHWKRG
>� w �@� ,W SURYLGHV D KLJK TXDOLW\ RI WKH ZHOGHG MRLQW
ZLWK PD[LPDO HIILFLHQF\� DQG DOORZV FRPSOHWH DXWR�
PDWLRQ RI WKH HQWLUH WHFKQRORJLFDO F\FOH� $ QXPEHU
RI FRPSDQLHV LQ WKH 86$� )5*� *UHDW %ULWDLQ DQG
)UDQFH� GHYHORSHG WKH WHFKQRORJ\ DQG VSHFLDOLVHG
HTXLSPHQW IRU FRPPHUFLDO SURGXFWLRQ RI D ELPHWDO
EDQG EODQN E\ (%: SURFHVV >� w �@�

,Q WKH LQIRUPDWLRQ ERRNOHWV RI WKH FRPSDQLHV
PDQXIDFWXULQJ ELPHWDO EDQG VDZV DQG VDZ EODGHV LW
LV HPSKDVLVHG WKDW LQ DGGLWLRQ WR ORZHULQJ WKH FRVW RI
WKH FXWWLQJ WRRO� LPSURYHPHQW RI LWV TXDOLW\� UHOLDEL�
OLW\ DQG SHUIRUPDQFH LV DOVR SURYLGHG� 6R� IRU LQVWDQFH�
'RDOO &RPSDQ\ �86$� ZDV RQH RI WKH ILUVW WR XVH WKH
HOHFWURQ EHDP IRU MRLQLQJ FODVVLFDO KLJK�VSHHG VWHHOV
WR WKH WRXJK PDWHULDO RI WKH EDVH IRU PDQXIDFWXULQJ
KLJK�TXDOLW\ FXW�RII ELPHWDO VDZV� ,WV �,PSHULDO %L�
PHWDO %ODGHV� DUH GHVLJQHG IRU FXWWLQJ VSHFLDO DOOR\V
DQG GLVSHUVLRQ�KDUGHQLQJ PDWHULDOV� 7KH HQGV RI WKHLU
WHHWK DUH WUHDWHG XS WR WKH KDUGQHVV RI +5& �� w ���
ZLWK WKH FXWWLQJ SDUW KDYLQJ WKH UHVLVWDQFH WR YLEUD�
WLRQ DQG VKRFN ORDGV �� WLPHV KLJKHU WKDQ WKDW RI WKH
VWDQGDUG PRQROLWKLF VDZV� +DZNHU &RPSDQ\ �*UHDW
%ULWDLQ� DSSOLHV (%: RI WKH FXWWLQJ SDUW RI 0� KLJK�
VSHHG VWHHO WR WKH EDVH RI D GXFWLOH FKURPLXP�YDQD�
GLXP (Q��� VWHHO LQ PDQXIDFWXUH RI EDQG VDZV DQG
KDFN�VDZV� %\ WKH GDWD RI WKLV FRPSDQ\� VXFK ELPHWDO
VDZV DQG KDFN�VDZV DFFRPPRGDWH PXFK KLJKHU VSHHGV
DQG IRUFHV RI FXWWLQJ WKDQ WKH UHJXODU VDZV >�@�

)RUHLJQPDQXIDFWXUHUV XVH ORZ�DOOR\HG VWHHOV 6$(�
���� DQG'�$ �86$�� 6N��� �)5*�� (Q��� DQG(Q���
�*UHDW %ULWDLQ� DV WKHPDWHULDO IRU WKH EDFN �FDUU\LQJ�
SDUW RI ELPHWDO EDQG DQG KDFN�VDZV� )RU WKH FXWWLQJ
SDUW� D QDUURZ EDQG EODQN ��� w ��� PP ZLGH RI KLJK�
VSHHG ��� DQG ��� VWHHOV �$,6,�0 VHULHV� LV XVHG LQ
WKH 86$� DQG RI 6����� VWHHO LQ )5* DQG 0� DQG 0�
VWHHOV LQ *UHDW %ULWDLQ� &KHPLFDO FRPSRVLWLRQ RI WKHVH
VWHHOV LV JLYHQ LQ 7DEOH ��

$ IHDWXUH RI WKH ILUVW GHVLJQV RI VSHFLDOLVHG XQLWV
RI 6FLDN\ DQG 6WHLJHUZDOG 6WUDKOWHFKQLN &RPSDQLHV
IRU (%: RI EDQG EODQNV ZDV SODFLQJ WKH EODQN FRLOV
DQG WKH ZHOGHG ELPHWDO EDQG LQ SXPSHG�GRZQ ORDG� 2�.� 1$=$5(1.2� <X�9� 256$ DQG *�<D� 672/,.2� ����

)LJXUH �� +RUL]RQWDO EDQG FXW�RII PDFKLQH ZLWK ELPHWDO FLUFXODU

VDZ� SURGXFHG E\ (%: SURFHVV

�� ������



FKDPEHUV WR WKH OHIW DQG ULJKW RI WKH ZRUNLQJ FKDPEHU
�)LJXUH ��� ��� P ORQJ EODQN LV ZHOGHG LQ VXFK D XQLW
DW � w � P�PLQ VSHHG LQ RQH F\FOH� $IWHU ZHOGLQJ LV
RYHU� WKH FRLOV DUH UHSODFHG� DQG WKH F\FOH LV UHSHDWHG�

6WHLJHUZDOG 6WUDKOWHFKQLN &RPSDQ\� QRZ SDUW RI
,*0 5RERWHUV\VWHPH $* �)5*�� GHYHORSHG DQG SUR�
GXFHV LQ TXDQWLW\ DQ DXWRPDWLF ZHOGLQJ XQLW IRU PDN�
LQJ D ELPHWDO EODQN IRU EDQG VDZV DQG VDZ EODGHV�
7KH VFKHPDWLF RI WKLV XQLW� QDPHO\ DLUwYDFXXPwDLU�
ZKLFK KDV DOUHDG\ EHFRPH FODVVLFDO� LV JLYHQ LQ )L�
JXUH �� 7KH FRQWLQXLW\ RI (%: SURFHVV LV DFKLHYHG
E\ DSSOLFDWLRQ RI LQSXW DQG RXWSXW ORDG ORFNV� ZKLFK
DUH H[SRVHG WR YDFXXP RI GLIIHUHQW GHJUHHV RI UDUH�
IDFWLRQ� DV ZHOO DV D V\VWHP RI GLIIHUHQWLDO SXPSLQJ
GRZQ RI WKH JXQ� 0D[LPDO HIILFLHQF\ RI WKH XQLW LQ
SURGXFWLRQ RI WKH EODQNV LV XS WR ��� P�K� DQG WKH
SRZHU RI WKH DSSOLHG HOHFWURQ EHDP HTXLSPHQW LV
��� N: DW WKH DFFHOHUDWLQJ YROWDJH RI ��� N9 >��@�
7KH DSSHDUDQFH RI WKH ZHOGLQJ XQLW RI 6WHLJHUZDOG
6WUDKOWHFKQLN &RPSDQ\ LV VKRZQ LQ )LJXUH �� 7KH
XQLW IRU (%: RI EDQG EODQNV� PDQXIDFWXUHG E\ 7HFK�
PHWD &RPSDQ\ �)UDQFH� LV GHVLJQHG DORQJ VLPLODU
OLQHV�

$QDO\VLV RI WKH VWDWXV RI PDQXIDFWXULQJ DQG FRQ�
VXPSWLRQ RI WRRO SURGXFWV LQ 8NUDLQH GHPRQVWUDWHG
WKDW VR IDU LQ WKH ORFDO IDFWRULHV WKH EDUV DQG VWUXFWXUDO
VKDSHV DUH FXW E\ LPSRUWHG IURP 5XVVLD EDQG VDZV RI
9�) �&x ���� : x ���� 9 x ���� ZW��� WRRO VWHHO
DQG KLJK�VSHHG 5�0� �& x ���� &U x ���� : x
���� 0Qx ��� ZW��� VWHHOV� ([SHQVLYH .K�9) �&x
≤ ����� &U x ���� : x ���� 9 x ��� ZW��� VWHHO�
DOVR SURGXFHG LQ 5XVVLD� LV XVHG WR PDQXIDFWXUH KDFN�
VDZ EODGHV� 2Q WKH RWKHU KDQG� PDVWHULQJ WKH SUR�
GXFWLRQ RI ELPHWDO EDQG VDZV DQG VDZ EODGHV LQ
8NUDLQH FHUWDLQO\ DSSHDUV ERWK SRVVLEOH DQG UDWLRQDO�
FRQVLGHULQJ WKH KLJK GHPDQG IRU WKHVH SURGXFWV LQ WKH
ZRUOG�

2YHU WKH ODVW ILYH WR VL[ \HDUV� 3:,� LQ FR�RSHUD�
WLRQ ZLWK D QXPEHU RI 8NUDLQLDQ HQWHUSULVHV DQG RU�
JDQLVDWLRQV KDV SHUIRUPHG SUHSDUDWRU\ ZRUN IRU PDV�
WHULQJ WKH SURGXFWLRQ RI ELPHWDO VWULS EODQNV LQ
8NUDLQH� ,Q WKLV FDVH� WKH PDLQ DWWHQWLRQ ZDV JLYHQ
WR WKH IROORZLQJ LVVXHV�

6HOHFWLRQ RI PDWHULDOV IRU WKH ELPHWDO EODQN� 7KH
FRPSRVLWLRQ RI WKH VHOHFWHG PDWHULDOV VKRXOG FRUUH�
VSRQG WR WKH IROORZLQJ UHTXLUHPHQWV�

)LJXUH �� 'LDJUDP RI D F\FOLF�RSHUDWLRQ XQLW IRU (%: RI VWULS

EODQNV ZLWK WKH FRLOV ORFDWHG LQ SXPSHG�GRZQV FKDPEHUV

7DEOH �� &RPSRVLWLRQ RI VWHHOV XVHG E\ IRUHLJQ FRPSDQLHV IRU IDEULFDWLRQ RI WKH ELPHWDO EODQN

3DUW RI

EODQN
6WHHO JUDGH

&RQWHQW RI HOHPHQWV� ZW��
&RXQWU\
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• VDWLVIDFWRU\ ZHOGDELOLW\ RI WKH VHOHFWHG PHWDO
SDLU E\ WKH (%: SURFHVV�

• SRVVLELOLW\ RI WKHLU VLPXOWDQHRXV KHDW WUHDWPHQW
E\ D PRGH� SURYLGLQJ WKH RSWLPDO SURSHUWLHV LQ WKH
FXWWLQJ SDUW RI WKH VWULS DQG KLJK SHUIRUPDQFH RI WKH
EDVH SDUW�

• PDFKLQLQJ �VWDPSLQJ� VWUDLJKWHQLQJ� VDZ�WRRWK�
LQJ� VDZ�VHWWLQJ� RI WKH ELPHWDO VWULS LQ WKH HTXLSPHQW
DYDLODEOH LQ WKH ORFDO WRRO PDNLQJ IDFWRULHV VKRXOG
FRUUHVSRQG� DV WR ODERXU FRQVXPSWLRQ� WR PDFKLQLQJ
WKH WUDGLWLRQDOO\ XVHG PRQROLWKLF VWULS EODQN RI
.K�9)� 8���$� 9�) DQG 5�0� VWHHOV >��@�

• DOUHDG\ PDVWHUHG PHWDOOXUJLFDO SURGXFWLRQ RI WKH
VHOHFWHG VWHHOV�

3URFHHGLQJ IURP WKHVH UHTXLUHPHQWV� ZH KDYH VH�
OHFWHG VSULQJ VWHHO RI ��.K)$ JUDGH �*267 �����w
��� IRU WKH EDVH SDUW RI WKH VDZV DQG EODGHV� 3UHVHQFH
RI FKURPLXP DQG YDQDGLXP LQ LWV FRPSRVLWLRQ SUR�
PRWHV OHVV LQWHQVLYH JUDLQ JURZWK LQ KHDWLQJ DERYH
���� �&� )RU WKH FXWWLQJ SDUW RI WKH ELPHWDO VWULS�
SUHIHUHQFH LV JLYHQ WR HOHFWURVODJ UHPHOWHG KLJK�VSHHG
VWHHO 5�0�� ,W KDV EHWWHU GXFWLOLW\ �DW WKH WHPSHUD�
WXUHV RI ��� w ���� �&� DQG PXFK ORZHU FDUELGH LQ�
KRPRJHQHLW\� FRPSDUHG WR 5� �& x ���� &U x ����
: x���� 9 x ��� ZW��� DQG 5�� �& x ����� &U x
���� : x����� 9 x ��� ZW��� VWHHOV� EXW LV FORVH WR
WKHP LQ LWV FXWWLQJ SURSHUWLHV� 7KH FRPSRVLWLRQ RI
VWHHOV� VHOHFWHG IRU WKH ELPHWDO EODQN RI WKH EDQG DQG
KDFN�VDZV DQG VDZ EODGHV LV JLYHQ LQ 7DEOH ��

'HYHORSPHQW RI WKH WHFKQRORJ\ RI IDEULFDWLRQ RI
WKH VWULS EODQN IRU WKH FXWWLQJ HGJH RI 5�0� VWHHO�
,Q WKH EHVW IRUHLJQ EDQG VDZV DQG VDZ EODGHV WKH
ZLGWK RI WKH FXWWLQJ HGJH GRHV QRW H[FHHG ��� PP�

7KH PLQLPDO ZLGWK RI WKH SURGXFHG LQ 8NUDLQH VWULS
EODQN RI WRRO DQG KLJK�VSHHG VWHHOV LV �� PP DW WKH
UHTXLUHG WKLFNQHVV RI ��� w ��� PP �*267 ����w����
2Q WKH RWKHU KDQG� WKH ORFDO IDFWRULHV KDYH PDVWHUHG
WKH SURGXFWLRQ RI KLJK�VSHHG EDOO EHDULQJ VWHHO
5�0�VK LQ WKH IRUP RI ZLUH RI H[WUHPHO\ VPDOO FURVV�
VHFWLRQ �VPDOOHU WKDQ � PP��� 7KLV QHFHVVLWDWHG GH�
YHORSPHQW RI WKH WHFKQRORJ\ RI SURGXFWLRQ IURP WKLV
ZLUH RI UHFWDQJXODU VKDSHV RI WKH FXWWLQJ HGJH RI WKH
IROORZLQJ GLPHQVLRQV� ���� × ���� PP �IRU VDZ
EODGHV� DQG ���� × ����� ���� × ���� DQG ���� ×
× ���� PP �IRU EDQG VDZV��

:KHQ SUHSDULQJ WKH VSHFLILFDWLRQ IRU WKH FXWWLQJ

HGJH EODQN ZH XVHG DV WKH SURWRW\SH� VLPLODU SURGXFWV

RI 6DQGYLN &RPSDQ\ �6ZHGHQ� x ZRUOG OHDGHU LQ

WKH ILHOG RI ELPHWDO WRROV DQG HTXLSPHQW IRU LWV SUR�

GXFWLRQ� ,Q WKLV FDVH WKH PDLQ SDUDPHWHUV RI WKH FXW�

WLQJ HGJH EODQN� ZHOGHG WR WKH VWULS EDVH E\ (%:�

VKRXOG EH DV IROORZV�

OLPLW GHYLDWLRQ� PP

E\ ZLGWK ��������������������������������������� ±�����
E\ WKLFNQHVV ����������������������������������� ±�����

DGPLVVLEOH UDGLXV RI DQJOHV URXQGLQJ�RII�

PP� QRW PRUH WKDQ ������������������������������ ����

QRQ�SHUSHQGLFXODULW\ RI WKH YHUWLFDO DQG

KRUL]RQWDO VXUIDFHV RI WKH VWULS�

GHJU�� QRW PRUH WKDQ ���������������������������� ±���
VLGH VXUIDFH URXJKQHVV� 5D�

µP� QRW PRUH WKDQ ������������������������������� ���

GHSWK RI GHFDUEXUL]HG OD\HU RI WKH VWULS�

PP� QRW PRUH WKDQ ������������������������������ ����

1R ILOPV� UROOHG�LQ VFDOH RU WHDUV DUH DOORZHG RQ
WKH VWULS VXUIDFH� 7KH VL]H RI LVRODWHG VFUDWFKHV� PDUNV�
LPSULQWV DQG SLWWHG VXUIDFH VKRXOG QRW EH PRUH WKDQ
KDOI RI OLPLW GHYLDWLRQV RI WKLFNQHVV�

7KH GHYHORSHG WHFKQRORJ\ RI PDNLQJ WKH VWULS
EODQNVZDV EDVHG RQ WKH SURFHVV RI FRQWLQXRXV GUDZLQJ
WKURXJK � UROO GUDZLQJ GLHV� XVHG LQ UROOLQJ SURGXFWLRQ
�)LJXUH ��� ,QWHUPHGLDWH IODWWHQLQJ RI WKH VHFWLRQV
ZDV SHUIRUPHG LQ GULYH UROOV ZLWK VWUDQGV RI D FHUWDLQ
VHFWLRQ� 6WULS ZLQGLQJ DW WKH HQG RI D SDVV ZDV SHU�
IRUPHG ZLWK D GRXEOH FDSVWDQ IROORZHG E\ WXUQ�E\�
WXUQ ZLQGLQJ RQ WKH WDNH�XS VSRRO� 7KH GUDZLQJ SUR�
FHVV ZDV FRQGXFWHG LQ WZR SDVVHV �� SURFHVV VWDJHV��
7KH KHLJKW RI EXLOGLQJ�XS WKH KDUG�DOOR\ UROO GUDZLQJ
GLHV DQG UHSODFHDEOH UROO VWUDQGV WR SURGXFH WKH PDLQ
W\SH VL]HV RI WKH FXWWLQJ HGJH IURP 5�0�VK VWHHO ZLUH
LV JLYHQ LQ 7DEOH �� 7KH OXEULFDQW XVHGZDV DQ HPXOVLRQ
EDVHG RQ WKH ORFDO �/HRO�0� SUHSDUDWLRQ� ZKLFK HDVLO\
ZDVKHV RII ZLWK KRW ZDWHU�

)LJXUH �� %DWFK�SURGXFHG 6WHLJHUZDOG 6WUDKOWHFKQLN XQLW RI DLUw

YDFXXPwDLU W\SH IRU (%: RI ELPHWDO EODQNV

7DEOH �� &RPSRVLWLRQ RI ORFDO VWHHO JUDGHV VXLWDEOH IRU IDEULFDWLRQ RI ZHOGHG ELPHWDO VWULS

%ODQN

SDUW
6WHHO JUDGH

&RQWHQW RI HOHPHQWV� ZW��
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$V KLJK�VSHHG 5�0� VWHHO EHORQJV WR WKH JURXS RI
GLIILFXOW�WR�GHIRUP VWHHOV DQG WKH KDUGQHVV RI WKH VXU�
IDFH OD\HU RI WKH VWULS LV +9 ��� w ��� DIWHU WKH ILUVW
SDVV� WKH LQLWLDO VWULS EXQGOH ZDV VXEMHFWHG WR UHFU\V�
WDOOL]DWLRQ DQQHDOLQJ� LQ RUGHU WR UHOLHYH WKH ZRUN
KDUGHQLQJ� 7KH EODQN DQQHDOHG WR WKH KDUGQHVV RI
+9 ��� w ��� ZDV GUDZQ WR WKH ILQDO �ILQLVK� VL]H LQ
WKH VHFRQG SDVV�

&DUELGH WHPSHULQJ LV UHFRJQLVHG WR EH D PRUH DG�
YDQFHG WHFKQLTXH WR UHPRYH WKH ZRUN KDUGHQLQJ LQ
UROOLQJ RI GLIILFXOW�WR�GHIRUP VWHHOV� ZKLFK FRQVLVWV LQ
KHDWLQJ WKH FROG�UROOHG KLJK�VSHHG VWHHO WR WKH WHP�
SHUDWXUH RI ��� w ��� �& ZLWK VXEVHTXHQW UDSLG FRRO�
LQJ LQ ZDWHU RU RLO� ,Q WKLV FDVH� WKH ODWWHU RSHUDWLRQ
IL[HV WKH REVHUYHG SDUWLDO GLVVROXWLRQ RI ILQHO\ GLV�
SHUVHG FDUELGHV >��@� 6XFK D WHPSHULQJ UHVXOWV LQ ORZ�
HULQJ RI WKH VWHHO \LHOG SRLQW E\ �� WR �� �� ZKLFK
UDLVHV LWV GHIRUPDELOLW\ LQ WKH FROG VWDWH WR D VXIILFLHQW
GHJUHH� DQG HOLPLQDWHV WKH SUREDELOLW\ RI VXUIDFH
FUDFNLQJ� 7KH ODFN RI WKH DSSURSULDWH ORFDO HTXLSPHQW
�FRQWLQXRXV�RSHUDWLRQ PXOWLVWUDQG IXUQDFH ZLWK D
VKLHOGLQJ DWPRVSKHUH� SUHYHQWHG XV IURP DSSO\LQJ
WKLV PHWKRG LQ SUDFWLFH�

'HYHORSPHQW RI WKH WHFKQRORJ\ RI SURGXFWLRQ RI
D ZHOGHG ELPHWDO VWULS IRU IDEULFDWLRQ RI EODGH VDZV
DQG VDZ EODGHV� $ XQLW RI (/6���� W\SH ZDV XVHG IRU
GHYHORSPHQW RI WKH WHFKQRORJ\ RI FRQWLQXRXV ZHOGLQJ
RI WZR� RU WKUHH�VWULS EODQNV �)LJXUH ��� ,W LQFRUSR�
UDWHV GRXEOH XQFRLOHUV IRU VWULS EODQNV DQG WDNH�XS
XQLWV IRU WKH ZHOGHG VWULS� UHVSHFWLYHO\� DV ZHOO DV D
ORRS DFFXPXODWRU� 7KLV DOORZV DYRLGLQJ LQWHUUXSWLRQ
RI (%: SURFHVV ZKHQ WKH FRLOV DUH UHSODFHG� 7ZR
HOHFWURQ EHDP JXQV FDQ DOVR EH XVHG VLPXOWDQHRXVO\�

WKXV SHUPLWWLQJ ZHOGLQJ RI WKH EDVH VWULS RI D GRXEOH
ZLGWK WR WZR FXWWLQJ HGJH EODQNV VLPXOWDQHRXVO\� 7KH
WKXV SURGXFHG ZHOGHG EODQN LV FXW LQ KDOI DIWHU KHDW
WUHDWPHQW�

7KH WHFKQLTXH RI ZHOGLQJ ZLWK WKH EDFNZDUG�LQ�
FOLQHG EHDP ZDV XVHG� LQ RUGHU WR SURWHFW WKH FDWKRGH
VXUIDFH IURP WKH GHWULPHQWDO HIIHFW RI WKH YDSRXUV RI
WKH PHWDOV EHLQJ ZHOGHG XQGHU WKH FRQGLWLRQV RI LWV
ORQJ�WHUP DQG FRQWLQXRXV RSHUDWLRQ� 7KH EHDP D[LV
ZDV GHIOHFWHG IURP WKH YHUWLFDO WKURXJK DQ DQJOH RI
��� )L[DWLRQ RI WKH VWULSV WR EH ZHOGHG DQG WKHLU UHOD�
WLYH SRVLWLRQLQJ LQ WKH ZHOGLQJ ]RQH� ZHUH SURYLGHG
E\ DQ DOLJQLQJ GHYLFH� VHW XS IRU D FHUWDLQ VL]H RI WKH
EODQNV� 7KH DOLJQLQJ GHYLFH ZDV PRXQWHG RQ WKH PR�
ELOH ZDOO RI WKH YDFXXP FKDPEHU� )RU VHWWLQJ LW XS�
RU LWV UHDGMXVWPHQW ZKHQ VZLWFKLQJ WR DQRWKHU W\SH
VL]H RI WKH VWULSV� LW LV HQRXJK WR PRYH RXW WKH ZDOO
FKDPEHU DORQJ WKH VWULS D[LV LQ WKH GLUHFWLRQ RI ZHOG�
LQJ�

7KH VWULSVZHUH SUHSDUHG IRU ZHOGLQJ E\ GHJUHDVLQJ
WKHP ZLWK VXEVHTXHQW ZDVKLQJ LQ WKH FRQWLQXRXV
EDWKV DQG KRW GU\LQJ� 'LUHFWO\ EHIRUH ZHOGLQJ� WKH
EODQNV ZHUH GHPDJQHWLVHG E\ WKH PHWKRG RI SHULRGLFDO
UHYHUVDO RI WKH PDJQHWLVDWLRQ E\ DOWHUQDWLQJ FXUUHQW
RI D GHFUHDVLQJ DPSOLWXGH DQG FRPPHUFLDO IUHTXHQF\�
7KH ZRUNLQJ GLVWDQFH IURP WKH ORZHU HGJH RI WKH ZHOG�
LQJ JXQ WR WKH VWULS VXUIDFH LQ WKH DOLJQLQJ GHYLFH ZDV
�� PP� DW ��� 3D UHVLGXDO SUHVVXUH LQ WKH ZHOGLQJ
FKDPEHU�

7KH UHTXLUHPHQWV WR WKH TXDOLW\ RI WKH ZHOG� MRLQ�
LQJ WKH EDFN�EDVH WR WKH FXWWLQJ HGJH� DUH TXLWH KLJK�
DV LQ WKH VDZ RSHUDWLRQ� WHDULQJ DZD\ RI MXVW RQH WRRWK

7DEOH �� 'LPHQVLRQV RI UHFWDQJXODU VHFWLRQV RI WKH FXWWLQJ HGJH RI 5�0�VK ZLUH GXULQJ LWV UROOLQJ�GUDZLQJ

,QLWLDO ZLUH GL�

DPHWHU� PP

3DVV

1R�

$IWHU GUDZLQJ GLH 1R�� $IWHU UROO VWDQG $IWHU GUDZLQJ GLH 1R��

:LGWK� PP 7KLFNQHVV� PP :LGWK� PP 7KLFNQHVV� PP :LGWK� PP 7KLFNQHVV� PP

��� � ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

��� � ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

��� � ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

1R W H � /LPLW GHYLDWLRQ RI WKH DERYH GLPHQVLRQV RI WKH VHFWLRQ LQ ZLGWK DQG WKLFNQHVV LV ±����� PP�

)LJXUH �� )ORZ FKDUW RI GUDZLQJ UHFWDQJXODU VHFWLRQ RI WKH FXWWLQJ

HGJH RI ELPHWDO VDZV RI 5�0�VK ZLUH� �� � x � UROO GUDZLQJ GLHV�

�x GULYH UROO VWDQG� �x GRXEOH FDSVWDQ� �x WDNH�XS VSRRO ZLWK

OD\LQJ GHYLFH

)LJXUH �� (/6���� XQLW IRU ZHOGLQJ RI EL�� WULPHWDO VWULS EODQN

�GHYHORSHG E\ 3:,�

������ ��



LQYDULDEO\ OHDGV WR FKLSSLQJ RI WKH RWKHUV� +DYLQJ
DQDO\VHG IRUHLJQ SXEOLFDWLRQV >�� �@ DQG LQIRUPDWLRQ
SURYLGHG E\ WKH ORFDO EDQG VDZ SURGXFHUV� ZH KDYH
GHILQHG WKH IROORZLQJ UHTXLUHPHQWV WR WKH JHRPHWU\
DQG TXDOLW\ RI ZHOGHG MRLQWV� JXDUDQWHHG SHQHWUDWLRQ
RI WKH EXWW� SUHVHQFH RI ZHOG UHLQIRUFHPHQW ERWK IURP
WKH IDFH DQG WKH URRW VLGH RI WKH ZHOG� LQDGPLVVLELOLW\
RI FUDFNV DQG EXUQV�WKURXJK� OHYHO RI SRURVLW\ RI QRW
PRUH WKDQ WKUHH SRUHV� KDYLQJ WKH GLDPHWHU OHVV WKDQ
KDOI RI WKH ZHOG ZLGWK SHU ��� PP RI LWV OHQJWK� ZHOG
ZLGWK RI QRW PRUH WKDQ ��� PP IURP WKH IDFH VLGH
DQG ���� PP IURP WKH URRW VLGH� DQJOH RI LQFOLQDWLRQ
RI WKH IXVLRQ ERXQGDU\ �QRQ�SDUDOOHOLVP RI WKH HGJHV�
RI QRW PRUH WKDQ ���

,Q WKLV FDVH� (%:RI WKH VWULSV VKRXOG EH SHUIRUPHG
DW D VSHHG RI QRW OHVV WKDQ ��� P�K IRU WKH EDQG VDZ
EODQNV ���� w ���� PP WKLFN DQG ��� P�K� UHVSHF�
WLYHO\� IRU VDZ EODGH EODQNV ���� PP WKLFN�

7KH SHUIRUPHG H[SHULPHQWV UHYHDOHG WKDW ZKHQ
HOHFWURQ EHDP HTXLSPHQW ZLWK �� N9 DFFHOHUDWLQJ
YROWDJH LV XVHG� WKH DERYH UHTXLUHPHQWV FDQ RQO\ EH
VDWLVILHG LQ ZHOGLQJ VWULSV XS WR ��� PP WKLFN �W\SH
VL]H RI WKH VDZ EODGH EODQN�� (/$������ SRZHU XQLW
RI � N: SRZHU ZLWK DFFHOHUDWLQJ YROWDJH RI ��� N9�

ZDV GHYHORSHG IRU (%: RI EODQNV RI EODGH VDZV XS
WR ���� PP WKLFN� )LJXUH �� D JLYHV WKH WUDQVYHUVH
PDFURVHFWLRQ RI D ELPHWDO ZHOGHG EODQN IRU D EDQG
VDZ ���� PP WKLFN �ZHOGLQJ VSHHG RI ��� PP�PLQ�
EHDP FXUUHQW RI ���� P$��

0HWDOORJUDSKLF LQYHVWLJDWLRQV� LQFOXGLQJ HYDOX�
DWLRQ RI WKH PLFURVWUXFWXUH �DIWHU HWFKLQJ LQ � � VR�
OXWLRQ RI +12�� DQG KDUGQHVV GHWHUPLQDWLRQ LQ GLI�
IHUHQW ]RQHV RI WKH ZHOG� ZHUH SHUIRUPHG LQ RUGHU WR
HYDOXDWH WKH TXDOLW\ RI ZHOGV DQG DQDO\VH WKH VWUXF�
WXUDO FKDQJHV LQ ELPHWDO MRLQWV� 0LFURKDUGQHVV RI LQ�
GLYLGXDO VWUXFWXUDO FRPSRQHQWV ZDV PHDVXUHG LQ
0��� KDUGQHVV PHWHU RI /(&2 &RPSDQ\ DW WKH ORDG
RI ���� 1 IRU �� V� 3KRWRV ZHUH WDNHQ LQPHWDOORJUDSKLF
PLFURVFRSH 3RO\YDU�0HW ZLWK ×��� PDJQLILFDWLRQ�

,QYHVWLJDWLRQV ZHUH FRQGXFWHG RQ VDPSOHV RI VWULS

EODQNV DIWHU ZHOGLQJ� DV ZHOO DV FRPSOHWH KHDW WUHDW�

PHQW� ZKLFK ZDV SHUIRUPHG E\ D VWDQGDUG PRGH� XVHG

IRU WRROV RI VWHHO 5�0� �TXHQFKLQJ DQG WULSOH WHP�

SHULQJ�� ,Q DGGLWLRQ� LPPHGLDWHO\ IROORZLQJ (%:�

WKH ELPHWDO VWULS ZDV VXEMHFWHG WR LVRWKHUPDO DQQHDO�

LQJ� ZKLFK ZDV GRQH LQ QLWURJHQ DWPRVSKHUH LQ RUGHU

WR SUHYHQW GHFDUEXUL]LQJ RI WKH FXWWLQJ HGJH VXUIDFH�

7KH SRVVLELOLW\ RI UHSODFLQJ ORQJ�WHUP DQQHDOLQJ

��� K� RI WKH VWULS E\ D VKRUWHU �DERXW �� K� KLJK�

WHPSHUDWXUH WHPSHULQJ DW WKH WHPSHUDWXUH RI ��� �&�

ZDV ODWHU FRQILUPHG E\ SUDFWLFDO ZRUN� 7KLV DOORZHG

WKH KDUGQHVV LQ WKH YLFLQLW\ RI WKH ZHOGHG MRLQW WR EH

ORZHUHG WR WKH OHYHO RI +9 ��� w ���� UHTXLUHG IRU

VWUDLJKWHQLQJ WKH ZHOGHG VWULS� UROOLQJ IODW WKH ZHOG

UHLQIRUFHPHQWV� PLOOLQJ RXW WKH WHHWK DQG WKHLU VHWWLQJ�
4XHQFKLQJ ZDV SHUIRUPHG E\ WKH IROORZLQJ PRGH�

KHDWLQJ LQ WKH VDOW EDWK� QDPHO\ SUHOLPLQDU\ KHDWLQJ
XS WR ��� w ��� �& �VRDNLQJ IRU �� V� DQG ILQDO KHDWLQJ
XS WR ���� �& �VRDNLQJ IRU �� V�� FRROLQJ LQ D VDOWSHWHU
EDWK DW WKH WHPSHUDWXUH RI ��� �& �VRDNLQJ IRU � PLQ�
DQG IXUWKHU FRROLQJ LQ DLU�

7ULSOH WHPSHULQJ ZDV SHUIRUPHG DW ��� �&� ZLWK
VRDNLQJ IRU �� PLQ DQG FRROLQJ LQ DLU�

+HDW�WUHDWHG VDPSOHV ZHUH XVHG IRU KDUGQHVV PHD�
VXUHPHQWV� VWUXFWXUDO VWXGLHV� GHWHFWLRQ RI GHIHFWV LQ
ZHOGHG MRLQWV DQG GHWHUPLQDWLRQ RI WKH VXVFHSWLELOLW\
RI WKH ODWWHU WR FROG FUDFNLQJ�

7KH UHVXOWV RI PHWDOORJUDSKLF LQYHVWLJDWLRQV RI

VDPSOHV RI VWULS EODQNV UHYHDOHG WKH IROORZLQJ� $IWHU

ZHOGLQJ WKH ZHOG PHWDO KDUGQHVV LQ WKH IXVLRQ ]RQH�

ERWK IURP WKH VLGH RI 5�0�� DQG IURP WKH VLGH RI

��.K)$� LV HTXDO WR+9 ��� w ���� ,Q WKH+$= UHJLRQ

IURP WKH VLGH RI WKH EDVH SDUW� LW VPRRWKO\ GHFUHDVHV

WR +9 ��� w ���� DQG IURP WKH FXWWLQJ HGJH VLGH� LW

LV RQ WKH OHYHO RI +9 ��� w ��� �WURRVWLWH�PDUWHQVLWH

VWUXFWXUH� ZLWK D VXEVHTXHQW GHFUHDVH WR +9 ��� w

��� DW WKH HGJH �VRUELWH�OLNH SHDUOLWH�� 6XFK D KDUGQHVV

JUDGLHQW LQ WKH YLFLQLW\ RI WKH ZHOG� LV LQGLFDWLYH RI

D UDWKHU KLJK OHYHO RI LQWHUQDO VWUHVVHV�
7KH PLFURVWUXFWXUH RI WKH ZHOGHG MRLQW LQ DV�

ZHOGHG FRQGLWLRQ LV JLYHQ LQ )LJXUH �� E� :KHQ D
VHULHV RI PLFURVHFWLRQV ZHUH VWXGLHG� WKH ZHOGV DQG
WKH +$= GLG QRW UHYHDO DQ\ GHIHFWV �LQGLYLGXDO SRUHV
RI DQ DGPLVVLEOH VL]H� QDPHO\ RI WKH GLDPHWHU VPDOOHU

)LJXUH �� 0DFUR� �D� �×��� DQG PLFURVWUXFWXUH RI ZHOGHG MRLQWV

RI 5�0�w��.K)$ VWHHOV DIWHU ZHOGLQJ �E� DQG DIWHU KHDW WUHDW�

PHQW LQ WKH PRGH VWDQGDUG IRU 5�0� VWHHO �F� �×���� �UHGXFHG
E\ ����
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WKDQ KDOI RI WKH EODQN WKLFNQHVV� ZHUH IRXQG�� ,Q
RUGHU WR DYRLG WKH SRVVLEOH EULWWOH IUDFWXUH RI WKH EL�
PHWDO MRLQW RI 5�0�w��.K)$ LQ UHZLQGLQJ DQG WUDQV�
SRUWDWLRQ RI WKH ZHOGHG VWULS� WKH ODWWHU LV WR EH VXE�
MHFWHG WR KLJK�WHPSHUDWXUH WHPSHULQJ ULJKW DIWHU
ZHOGLQJ�

$IWHU FRPSOHWH KHDW WUHDWPHQW WKH KDUGQHVV RI WKH
FXWWLQJ HGJH ZDV +9 ��� w ���� WKDW RI WKH EDVH SDUW
+9 ��� w ���� 7KH ZHOG PHWDO KDUGQHVV LV KLJKO\
QRQ�XQLIRUPx WKLV YDOXH YDULHV IURP+9 ��� WR ����
1R UHJLRQV RI OHGHEXULWH HXWHFWLF ORZHULQJ WKH ZHOG
VWUHQJWK� ZHUH IRXQG� )LJXUH �� F JLYHV WKH PLFUR�
VWUXFWXUH RI WKH 5�0�w��.K)$ ZHOGHG MRLQW DIWHU
FRPSOHWH KHDW WUHDWPHQW�

6DPSOHV RI ELPHWDO ZHOGHG MRLQWV ZHUH DOVR WHVWHG
WR HYDOXDWH WKHLU FROG FUDFNLQJ UHVLVWDQFH� $W ORDGLQJ
XS WR VWUHVVHV HTXDO WR ��⋅��� 3D ��� � RI σ\ YDOXH
IRU ��.K)$ VWHHO�� DQG VRDNLQJ IRU � GD\V� WKH WHVWHG
MRLQWV GLG QRW KDYH DQ\ FUDFNV� 7KLV LV LQGLFDWLYH RI
WKHLU UDWKHU KLJK UHVLVWDQFH WR FROG FUDFNLQJ�

$IWHU PLOOLQJ DQG KHDW WUHDWPHQW WKH KDUGQHVV RI

EDQG VDZ WHHWK ZDV +5& �� w ��� 7KH ZHOG LQ WKHP

LV ORFDWHG DERYH WKH UHFHVV OLQH� WKH KHLJKW RI WKH

KLJK�VSHHG VWHHO SDUW RI WKH WRRWK EHLQJ ��� w ��� RI

LWV WRWDO KHLJKW� 0LOOLQJ RI WKH VDZ EDQG WHHWK ZDV

SHUIRUPHG ZLWKLQ WKH FXWWLQJ HGJH RI 5�0� �ZLWKRXW

FXWWLQJ LQWR WKH ZHOG��
7HVWLQJ RI SLORW VDPSOHV RI EDQG VDZV� PDGH RI D

ELPHWDO ZHOGHG EODQN RI ����� × ���� PP VL]H� ZDV
FRQGXFWHG LQ 5RPQ\ �3ROLJUDIPDVK� IDFWRU\ E\ WKH
IDFWRU\ SURFHGXUH� ,Q WKLV FDVH� WKH UHVLVWDQFH RI EL�
PHWDO VDZV �OLIH WR IDLOXUH� ZDV ��� w ��� P� SHU � P
OLQHDU OHQJWK RI WKH VDZ� GHSHQGLQJ RQ WKH SURFHVVLQJ
PRGH DQG PDWHULDO EHLQJ FXW� WKLV EHLQJ QRW OHVV WKDQ
�� � KLJKHU WKDQ WKH UHVLVWDQFH RI EDQG VDZV RI VWHHO
RI RQH JUDGH�

$ WHVW EDWFK RI ELPHWDO VDZ EODGHV ZDV PDGH RI D

ZHOGHG EODQN RI ����� × ���� PP VL]H DQG WHVWHG WR

*267 ����w�� LQ WKH /XJDQVN0DFKLQH�WRRO )DFWRU\�

,W WXUQHG RXW WKDW WKH UHVLVWDQFH RI WKH ELPHWDO VDZ

EDQGV H[FHHGHG WKDW RI WKH VWDQGDUG EDQGV RI .K�9)

GLH VWHHO DW OHDVW E\ ��� w ��� WLPHV� ZLWK LQFRPSDUD�

EO\ KLJKHU VHUYLFH UHOLDELOLW\ �WKH ELPHWDO EDQG GRHV

QRW EUHDN ZKHQ UROOHG XS LQWR D ULQJ� DQG WKHUH DUH

QR WUDFHV RI SODVWLF GHIRUPDWLRQ��

,QWURGXFWLRQ RI WKH GHYHORSHG WHFKQRORJ\ LQWR

LQGXVWU\� 7KH H[SHULHQFH JDLQHG E\ XV LQ GHYHORSPHQW

RI (/6���� XQLW DQG RSWLPLVDWLRQ RI WKH WHFKQRORJ\

RI FRQWLQXRXV KLJK�VSHHG (%: RI ELPHWDO VWULS

EODQNV� ZDV XVHG GXULQJ IXOILOPHQW RI D FRQWUDFW EH�

WZHHQ 3:, DQG 3$721�*/(6, -RLQW 9HQWXUH �*XL�

OLQJ� &KLQD� DQG RQH RI WKH WRRO�PDNLQJ IDFWRULHV LQ

6KDQJKDL�
7KH GHYHORSHG ZHOGLQJ XQLW �)LJXUH �� RI DLUwYD�

FXXPwDLU GHVLJQ� LV ILWWHG ZLWK GRXEOH XQFRLOHUV IRU
WKH VWULS EODQNV DQG WDNH�XS XQLWV IRU WKH ZHOGHG
VWULS� 7KH HOHFWURQ EHDP JXQ ZDV VSHFLDOO\ GHVLJQHG
IRU FRQWLQXRXV ORQJ�WHUP RSHUDWLRQ �QRW OHVV WKDQ
�� K�GD\�� 7KH KLJK�YROWDJH SRZHU VRXUFH LV ILWWHG
ZLWK D TXLFN�UHVSRQVH HOHFWURQLF V\VWHP RI SURWHFWLRQ

IURP SRVVLEOH EUHDNGRZQV LQ WKH ZHOGLQJ JXQ >��@�
$OLJQPHQW RI WKH HOHFWURQ EHDP ZLWK WKH EXWW RI WKH
VWULSV WR EH ZHOGHG� LV SHUIRUPHG E\ WUDQVYHUVH GLV�
SODFHPHQW RI WKH ZHOGLQJ JXQ UHODWLYH WR WKH D[LV RI
WKH VWULSV XVLQJ D VFDQQLQJ 79 V\VWHP ZLWK ���IROG
PDJQLILFDWLRQ RI WKH LPDJH� 7KH PD[LPDO RXWSXW
SRZHU RI WKH VRXUFH LV ��� N: DW WKH DFFHOHUDWLQJ
YROWDJH RI ��� N9�

7KLV XQLW� ZKLFK ZDV SXW LQWR FRPPHUFLDO RSHUD�

WLRQ DW WKH HQG RI ����� SURGXFHG PRUH WKDQ �� WRQV

RI ZHOGHG ELPHWDO EODQNV RI GLIIHUHQW W\SH VL]HV IURP

����� × ���� PP �IRU KDFN�VDZ EODGHV� XS WR ����� ×
× ���� PP �IRU PDFKLQH VDZV� LQ ����� 7KH PDLQ W\SH

VL]HV RI WKH SURGXFHG ZHOGHG EODQNV IRU EDQG VDZV

DUH DV IROORZV� ����� × ����� ����� × ���� DQG ����� ×
× ���� PP� 7KH ZHOGLQJ VSHHG LV �� P�K� DQG WKH

WLPH UHTXLUHG IRU UHDGMXVWPHQW RI WKH XQLW IURP RQH

W\SH VL]H RI WKH ELPHWDO VWULS WR DQRWKHU RQH� LV QRW

PRUH WKDQ RQH KRXU�

7KXV� WKH SRVLWLYH UHVXOWV RI WHFKQRORJLFDO DQG SL�

ORW�GHVLJQ GHYHORSPHQW SHUIRUPHG LQ WKH 3:,� LQ

SULQFLSOH� FRQILUP WKH SRVVLELOLW\ RI IDEULFDWLRQ RI

WRROV RI WKLV FODVV LQ 8NUDLQH ZLWK SDUWLFLSDWLRQ RI

WKH IROORZLQJ HQWHUSULVHV DQG RUJDQLVDWLRQV�

• 2$2 �'QHSURVSHWVVWDO� KDYLQJ WKH SURGXFWLRQ

FDSDELOLW\ IRU DQQXDO VXSSO\ RI XS WR ��� WRQV RI

EXQGOHV RI 5�0�VK RU 5�0�VS ZLUH�
• $�$� *DONLQ 'RQHWVN 3K\VLFR�7HFKQLFDO ,QVWL�

WXWH RI WKH 1$6 RI 8NUDLQH� ZKLFK GHYHORSHG WKH
WHFKQRORJ\ RI SURGXFWLRQ RI WKH FXWWLQJ HGJH EODQNV
RI WKH UHTXLUHG SURILOH DQG VL]H DQG ZKLFK KDV WKH
DSSURSULDWH SURGXFWLRQ IDFLOLWLHV�

• �=DSRUR]KVWDO� 0HWDOOXUJLFDO :RUNV� ZKLFK KDV
WKH WHFKQRORJ\� LQFOXGLQJ WKH HTXLSPHQW UHTXLUHG IRU
SURGXFWLRQ RI FXW FROG�UROOHG VWULS RI ��.K)$ VWHHO
�*267 �����w���� DQG LV UHDG\ WR PDVWHU LWV FRP�
PHUFLDO VFDOH SURGXFWLRQ �XQWLO UHFHQWO\ WKLV VWULS KDV

)LJXUH �� *HQHUDO YLHZ RI WKH XQLW IRU (%: RI D ELPHWDO VWULS SXW

LQWR RSHUDWLRQ LQ 6KDQJKDL �&KLQD�

������ 	�



EHHQ SURGXFHG LQ TXDQWLW\ E\ 5XVVLDQ �,]KVWDO�
:RUNV��

• (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH
1$6 RI 8NUDLQH� ZKLFK KDV WKH WHFKQRORJ\� LQFOXGLQJ
VSHFLDOLVHG HOHFWURQ EHDP ZHOGLQJ HTXLSPHQW IRU SUR�
GXFWLRQ RI ZHOGHG ELPHWDO EODQNV IRU EDQG VDZV DQG
VDZ EODGHV�

• 5RPQ\ �3ROLJUDIPDVK�� =KLWRPLU �$YWR]DS�
FKDVWL�� /XJDQVN 0DFKLQH�WRRO )DFWRU\� 9LQQLWVD DQG
RWKHU WRRO�PDNLQJ IDFWRULHV� ZKHUH WKH SURGXFWLRQ RI
ELPHWDO WRROV FDQ EH GHSOR\HG PRVWO\ XVLQJ WKH HTXLS�
PHQW DYDLODEOH LQ WKHVH IDFWRULHV�

5()(5(1&(6

�� /LQ� <�&�� 6XQ� &�<�� &KHQ� ;� ������ ,QYHVWLJDWLRQ RI WKH

HTXLSPHQW DQG WHFKQRORJ\ RI SDUWLDO YDFXXP HOHFWURQ EHDP

ZHOGLQJ LQ WKH FRQWLQXRXV PDQXIDFWXUH RI ELPHWDOOLF VDZ

EODGHV� 7UDQVDFW� RI &KLQD :HOGLQJ ,QVW�� �� �� w ���

�� 6RPPHULD� -� ������ &RQWLQXRXV HOHFWURQ EHDP ZHOGLQJ RI

ELPHWDOOLF VWULS� ,Q� 3URF� RI �QG ,QW� &ROORT� RQ (OHFWURQ

%HDP :HOGLQJ DQG 0HOWLQJ� $YLJQRQ� )UDQFH� 6HSW� � w ��

�� :LOFR[� 5�*�� <HUJHU� :�5� ������ )DFWRUV DIIHFWLQJ WKH

TXDOLW\ RI HOHFWURQ EHDP �(%� ZHOGLQJ� 0HWDO 3URJUHVV� ��
�� w ���

�� %XUQV� 7�(� ������ $SSOLFDWLRQV RI HOHFWURQ EHDP ZHOGLQJ�

0HWDO &RQVWUXFWLRQ� �� ��� w ����

�� /DIODPPH� *�� .XRHIHO� -� ������ $SSOLFDWLRQ RI HOHFWURQ

EHDP ZHOGLQJ� ,Q� 3URF� RI WKH ,QW� &RQI� RQ $SSOLFDWLRQV RI

(OHFWURQ DQG /DVHU %HDP :HOGLQJ� +DUWIRUG� 6HSW� �� w

��� 0LDPL� $:6�

�� (OOLRW� 6�� 'XQNHUWRQ� 6�%� ������ :HOGLQJ WHFKQLTXHV

VLPSOLI\ MRLQLQJ RI GLVVLPLODU PHWDOV� )DEULFDWRU� �� ��

�� w ���

�� 3ULFH� ,�*� ������ (OHFWURQ EHDP ZHOGLQJ x LQGXVWULDO DS�

SOLFDWLRQV� 0HWDO &RQVWUXFWLRQ� ��� ��� w ����

�� 3HUGXH� 5�-�� %LUQH� -�9� ������ 7KH XVH RI KLJK�YROWDJH

HOHFWURQ EHDP ZHOGLQJ PDFKLQHV IRU SURGXFWLRQ DSSOLFDWLRQV

LQ WKH 8.� ,Q� 3URF� RI WKH ,QW� &RQI� RQ ([SORLWLQJ :HOG�

LQJ LQ 3URGXFWLRQ 7HFKQRORJ\� &DPEULGJH� $SU� �� w ���

$ELQJWRQ� 7:,�

�� 'RZVH� 0� ������ /DWHVW GHYHORSPHQW LQ (%:� :HOGLQJ

DQG 0HWDO )DEULFDWLRQ� �� �� w ����

��� $QGHUO� 3�� .R\� -�� 6FKHIIHOV� :� ������ 2XWVWDQGLQJ IHD�

WXUHV DQG FRQWUROV IRU LQGXVWULDO HOHFWURQ EHDP ZHOGLQJ DS�

SOLFDWLRQV� ,Q� 3URF� RI WKH &RQI� RQ 7KH /DVHU YV� WKH (OHF�

WURQ %HDP� 86$� %DNLVK 0DWHULDOV &RUS� (QJOHZRRG�

1-������

��� 9RYN� 9�1�� 6XULQ� )�(� ������ 7HFKQRORJ\ RI PDQXIDFWXU�

LQJ EDQG VDZV RI KLJK�VSHHG VWHHO� 0DVKLQRVWURLWHO� �� �� w
���

��� *HOOHU� <X�$� ������ 7RRO VWHHOV� 0RVFRZ� 0HWDOOXUJLD�

��� 1D]DUHQNR� 2�.�� .DMGDORY� $�$�� .RYEDVHQNR� 6�1� HW DO�

������ (OHFWURQ EHDP ZHOGLQJ� (G� E\ %�(� 3DWRQ� .\LY�

1DXNRYD 'XPND�

	� ������



������������	
�����
����������
�

�����γ�����
$�1� <86+7,1� 9�1� =$0.29� 9�.� 6$%2.$5� 3�1� &+9(57.2 DQG ,�.� 3(75,&+(1.2

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

$%675$&7

3UHVVXUH ZHOGLQJ RI LQWHUPHWDOOLF DOOR\ γ�7L$O ZLWK DQG ZLWKRXW LQWHUOD\HUV ZDV VWXGLHG� ,W LV VKRZQ WKDW LQWHUOD\HUV RI
DOXPLQLXP DQG WLWDQLXP IDLO WR SURYLGH MRLQWV ZLWK SURSHUWLHV FORVH WR WKRVH RI WKH EDVH PHWDO� 7KH WHFKQRORJ\ LV VXJJHVWHG

IRU ZHOGLQJ ZLWKRXW DQ LQWHUOD\HU E\ KHDWLQJ JHQHUDWHG E\ WKH HOHFWULF FXUUHQW IORZ DQG SODVWLF GHIRUPDWLRQ DW D UDWH

RI XS WR � PP�V� 0HWDO RI WKH ZHOGHG MRLQWV PDGH E\ WKLV WHFKQRORJ\ KDV VWUHQJWK HTXDO WR WKDW RI WKH EDVH PHWDO�

.H\ ZRU G V � SUHVVXUH ZHOGLQJ� LQWHUPHWDOOLF DOOR\� LQWHU�

OD\HU� ODPHOODU VWUXFWXUH� γ�SKDVH� α��SKDVH

,QYHVWLJDWLRQ RI ZHOGDELOLW\ DQG GHYHORSPHQW RI WHFK�
QRORJLFDO SURFHVVHV RI ZHOGLQJ RI KHDW�UHVLVWDQW DOOR\V
RQ DQ LQWHUPHWDOOLF EDVH� VXFK DV γ�7L$O� DUH WKH WRSLFDO
SUREOHP� 7KHVH DOOR\V DUH FKDUDFWHUL]HG E\ VXSHULRU
KLJK�WHPSHUDWXUH VWUHQJWK �DW ��� w ��� �&�� KLJK
KHDW UHVLVWDQFH DQG UHODWLYHO\ ORZ GHQVLW\
���� J�FP�� >�� �@� 7KHVH SURSHUWLHV PDNH WKH DERYH
DOOR\V SURPLVLQJ IRU FRPPHUFLDO DSSOLFDWLRQ LQ WKH
HQJLQH FRQVWUXFWLRQ LQGXVWU\� 0DLQ FDXVHV RI D OLPLWHG
DSSOLFDWLRQ RI γ�7L$O DOOR\V LQ DLUFUDIW DQG FDU HQJLQHV
DUH WKHLU H[WUHPHO\ ORZ GXFWLOLW\ DW URRP WHPSHUDWXUH
DQG GLIILFXOWLHV DVVRFLDWHG ZLWK WHFKQRORJLFDO SURFHV�
VLQJ� $XWKRUV RI >�@ WKLQN WKDW IXVLRQ ZHOGLQJ RI WL�
WDQLXP DOXPLQLGH FDQ EH GRQH RQO\ E\ XVLQJ SUHKHDW�
LQJ WR D WHPSHUDWXUH RI ��� w ��� �&� 2WKHUZLVH WKH
ZHOGHG MRLQWV ZLOO KDYH FUDFNV� γ�7L$O DOOR\V FDQ DOVR
EH MRLQHG E\ GLIIXVLRQ ERQGLQJ >�@� 6XEMHFWLQJ WKH
VDPSOHV IRU D ORQJ WRPH �� K� WR SUHVVXUH ZLWKLQ D
WHPSHUDWXUH UDQJH RI ���� w ���� �& DQG VXEVHTXHQW
KHDW WUHDWPHQW DW ���� �& ���� K� UHVXOWHG LQ GHIHFW�
IUHH ZHOGHG MRLQWV LQ WLWDQLXP DOXPLQLGH >�@� +RZ�
HYHU� VWUHQJWK FKDUDFWHULVWLFV RI WKHVH ZHOGHG MRLQWV
ZHUH VXEVWDQWLDOO\ LQIHULRU WR WKRVH RI WKH EDVH PHWDO�

,QYHVWLJDWLRQV RI SUHVVXUH ZHOGLQJ RI γ�7L$O� WKH
UHVXOWV RI ZKLFK DUH JLYHQ LQ WKLV DUWLFOH� ZHUH DLPHG
DW VLPSOLILFDWLRQ DQG DFFHOHUDWLRQ RI WKH SURFHVV� DV
ZHOO DV DW LPSURYHPHQW RI TXDOLW\ RI WKH ZHOGHG MRLQWV�

7KH SRVVLELOLW\ RI ZHOGLQJ WLWDQLXPDOXPLQLGHZLWK
DQG ZLWKRXW D �VRIW� LQWHUOD\HU �DOXPLQLXP� WLWD�
QLXP� ZDV LQYHVWLJDWHG� ,W ZDV DVVXPHG WKDW VXEMHFW�
LQJ WKH ZRUNSLHFHV ZLWK DQ LQWHUOD\HU WR DQQHDOLQJ
DIWHU ZHOGLQJ ZRXOG OHDG WR LWV GLVVROXWLRQ LQ WKH EDVH
PHWDO DQG WR GLIIXVLRQ KRPRJHQL]LQJ RI FKHPLFDO FRP�
SRVLWLRQ LQ WKH MRLQLQJ ]RQH� 7KHUHIRUH� DOXPLQLXP
DQG WLWDQLXP� L�H� WKH PDLQ DOOR\LQJ HOHPHQWV RI WLWD�
QLXP DOXPLQLGH DOOR\� ZHUH VHOHFWHG DV WKH LQWHUOD\HU
PDWHULDOV� 6DPSOHV RI WLWDQLXP DOXPLQLGH �GLDPHWHU
DQG KHLJKWx ��PP� FXW RXW IURP WKH LQJRW VXEMHFWHG
WR LVRVWDWLF WUHDWPHQW DW D WHPSHUDWXUH RI ���� �& DQG
SUHVVXUH RI ��� 03D IRU � K ZLWK VXEVHTXHQW VWDELOL�

]DWLRQ DQQHDOLQJ DW ���� �& IRU �� K ZHUH XVHG IRU
WKH H[SHULPHQWV� 7KH FRQWHQW RI DOOR\LQJ HOHPHQWV
DQG LPSXULWLHV LQ WKH DOOR\ ZDV DV IROORZV� ZW��
�DW���� 7L x ������ �������� $O x ������ �������
1E x ����� 0Q x ����� % x ����� )H x ������
&x ������ 2x ����� 1x ����� +x �����:HOGLQJ
RI WKH VDPSOHV ZDV SHUIRUPHG XVLQJ WKH 3����PDFKLQH
SURYLGLQJ WKHLU UDGLDWLRQ KHDWLQJ WR D WHPSHUDWXUH RI
��� �& DQG DSSOLFDWLRQ RI D FRPSUHVVLRQ ORDG RI XS
WR ��� N1� 7KH PDFKLQH ZDV DGGLWLRQDOO\ HTXLSSHG
ZLWK D GHYLFH IRU KHDWLQJ WKH VDPSOHV E\ WKH HOHFWULF
FXUUHQW IORZ�

$IWHU WKH PDQXIDFWXUH �PDFKLQLQJ�� WKH VDPSOHV
WR EH ZHOGHG ZHUH VXEMHFWHG WR ;�UD\ DQG IOXRUHVFHQW
LQVSHFWLRQ WR UHYHDO LQWHUQDO DQG H[WHUQDO FUDFNV� 3ULRU
WR ZHOGLQJ WKH PDWLQJ VXUIDFHV ZHUH SROLVKHG DQG
HWFKHG LQ D FRQFHQWUDWHG K\GURIOXRULF DFLG� 3DUDPH�
WHUV XVHG IRU ZHOGLQJ WKH VDPSOHV DUH JLYHQ LQ 7DEOH ��

0LFURVWUXFWXUH RI ZHOGHG MRLQWV PDGH XVLQJ DQ
DOXPLQLXP IRLO DV WKH LQWHUOD\HU �VDPSOH �� LV VKRZQ
LQ )LJXUH �� ,Q WKH DV�ZHOGHG FRQGLWLRQ WKH MRLQLQJ
]RQH FRQVLVWV RI WKUHH OD\HUV ZLWK FOHDUO\ GHILQHG LQ�
WHUIDFHV EHWZHHQ WKHP �)LJXUH �� D�� 7ZR OD\HUV DUH
ORFDWHG DORQJ WKH OLQH RI FRQWDFW ZLWK WKH EDVH PHWDO
DQG WKH WKLUG OD\HU LV D FHQWUDO SDUW RI WKH MRLQW� 7KH
ODWWHU FRQWDLQV D ODUJH QXPEHU RI GHIHFWV LQ WKH IRUP
RI PLFURGLVFRQWLQXLWLHV DQG WUDQVYHUVH FUDFNV� ,W
VKRXOG EH QRWHG WKDW WKH OHQJWK RI D FUDFN LV OLPLWHG
E\ WKH ZLGWK RI WKLV UHJLRQ� 5HVXOWV RI LQYHVWLJDWLRQV
RI FKHPLFDO FRPSRVLWLRQ RI WKH MRLQLQJ ]RQH XVLQJ
;�UD\ PLFURDQDO\VLV VKRZHG WKDW LQ WKH UHJLRQV DG�
MRLQLQJ WKH EDVH PHWDO WKH FRQFHQWUDWLRQ RI DOXPLQLXP
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GHFUHDVHG �DV FRPSDUHG ZLWK WKH DOOR\� WR ���� DW��
������ ZW��� DQG WKDW RI WLWDQLXP LQFUHDVHG WR
����� DW�� ������ ZW���� $W WKH VDPH WLPH� WKH FRQ�
FHQWUDWLRQ RI QLRELXP GHFUHDVHG YHU\ LQVLJQLILFDQWO\
���� ZW���� 7KH GDWD REWDLQHG VXJJHVWHG WKH IROORZ�
LQJ�

• SKDVH FRPSRVLWLRQ RI PHWDO LQ WKHVH UHJLRQV RI
WKH MRLQLQJ ]RQH LV VLPLODU �DFFRUGLQJ WR WKH FRQVWL�
WXWLRQDO GLDJUDP RI 7Lw$O >�@� WR SKDVH FRPSRVLWLRQ
RI WKH �γ � α�� DOOR\� EXW WKH FRQWHQW RI WKH γ�SKDVH
LQ LW LV PXFK ORZHU�

• LW LV OLNHO\ WKDW PHWDO LQ WKHVH UHJLRQV RI WKH
MRLQLQJ ]RQH UHPDLQHG LQ D VROLG VWDWH GXULQJ WKH
HQWLUH ZHOGLQJ SURFHVV� 2WKHUZLVH D FRQVLGHUDEOH
KHWHURJHQHLW\ LQ GLVWULEXWLRQ RI QLRELXP ZRXOG EH
IL[HG�

7KH FRQWHQW RI DOXPLQLXP LV �� DW�� ��� ZW���
DQG WKDW RI WLWDQLXP LV �� DW�� � ��� � ZW��� LQ WKH
FHQWUDO SDUW RI WKH MRLQW� 7KLV UDWLR RI WKH DERYH HOH�
PHQWV LV YHU\ FORVH WR VWRLFKLRPHWULF FRPSRVLWLRQ RI
WKH 7L$O� LQWHUPHWDOOLF DOOR\ >�@� ,W VKRXOG EH QRWHG

WKDW KHUH WKH QLRELXP FRQWHQW LV DOPRVW WZLFH DV ORZ
DV WKDW RI WKH DOOR\�

7KH GLIIHUHQFH LQ WKHUPDO H[SDQVLRQ FRHIILFLHQWV
RI PHWDO LQ UHJLRQV ZLWK WKH �γ � α�� DQG 7L$O FU\V�
WDOOLQH VWUXFWXUHV FDXVHV GHYHORSPHQW RI WHQVLOH
VWUHVVHV �GXULQJ FRROLQJ� LQ WKH FHQWUDO ]RQH RI WKH
MRLQW� ZKLFK SUREDEO\ OHDGV WR IRUPDWLRQ RI WUDQVYHUVH
FUDFNV LQ WKLV ]RQH�

$V LW FDQ EH VHHQ IURP 7DEOH �� ZHOGLQJ LQ WKLV
FDVH ZDV SHUIRUPHG DW D WHPSHUDWXUH LQ H[FHVV RI WKH
PHOWLQJ SRLQW RI WKH DOXPLQLXP LQWHUOD\HU� 7KHUHIRUH�
WKH GHWHFWHG �ODPLQDU� VWUXFWXUH RI WKH MRLQLQJ ]RQH�
LQ ZKLFK WKH OD\HUV GLIIHU IURP HDFK RWKHU LQ WKH FRQ�
WHQW RI DOOR\LQJ HOHPHQWV DQG SKDVH FRPSRVLWLRQ� LV D
UHVXOW RI LQWHUDFWLRQ RI PROWHQ DOXPLQLXP ZLWK WKH
VROLG EDVH PHWDO� $Q LPSRUWDQW UROH LQ IRUPDWLRQ RI
WKLV VWUXFWXUH LQ SDUWLFXODU LV SOD\HG E\ SUHVVXUH WKDW
FRPSUHVVHV WKH VDPSOHV GXULQJ ZHOGLQJ� 'ULSV RI DOX�
PLQLXP ZHUH IL[HG RQ WKH VLGH VXUIDFHV RI WKH VDPSOHV
ZHOGHG� 7KHUHIRUH� DIWHU ZHWWLQJ WKH VDPSOHV ZLWK
PROWHQ DOXPLQLXP WKH PHOW VHHPHG WR EH SUHVVHG RXW
IURP WKH JDS� DQG RQO\ D FKDUDFWHULVWLF OD\HU RI OLTXLG
ZDV OHIW RQ WKH PDWLQJ VXUIDFHV�

$V WKH DOOR\ ZHOGHG LV WKH WZR�SKDVH RQH DQG KDV
D ODPLQDU VWUXFWXUH� ERWK α��7L�$O�� DQG γ�7L$O��
SKDVHV DUH LQ FRQWDFW ZLWK OLTXLG DOXPLQLXP� $FFRU�
GLQJ WR WKH FRQVWLWXWLRQDO GLDJUDP RI WKH 7Lw$O V\VWHP
WKH GLIIXVLRQ HQULFKPHQW RI WKH γ�7L$O��SKDVH ZLWK
DOXPLQLXP �IURP WKH PHOW� VKRXOG OHDG WR LWV SHUHX�
WHFWLF GHFRPSRVLWLRQ IROORZLQJ VXFK D UHDFWLRQ�

7L$OV + �$OO = 7L$O�V ���

ZLWK VXEVHTXHQW WUDQVLWLRQ RI 7L$O� LQWR WKH PHOW�
'LIIXVLRQ RI DOXPLQLXP LQWR α��7L�$O��SKDVH FDQ
FDXVH RQO\ WKH SHUHXWHFWRLG UHDFWLRQ

7L�$OV + �$OO = �7L$OV� ���

$QG RQO\ WKH IRUPDWLRQ RI 7L$O DOORZV LW WR IXUWKHU
LQWHUDFW ZLWK DOXPLQLXP E\ UHDFWLRQ ��� DQG WUDQVIHU
�LQ WKH IRUP RI 7L$O�� LQWR WKH PHOW�

7KHUHIRUH� LW FDQ EH VXJJHVWHG WKDW WKH DERYH UH�
DFWLRQV VKRXOG UHVXOW LQ D GHFUHDVH LQ WKH γ�SKDVH LQ
UHJLRQV RI WKH EDVH PHWDO LQ FRQWDFW ZLWK PROWHQ DOX�
PLQLXP RI WKH LQWHUOD\HU DQG� WKXV� D GHFUHDVH LQ WKH
DOXPLQLXP FRQWHQW� ,Q WXUQ� IRUPDWLRQ RI WKH 7L$O��
SKDVH DQG LWV WUDQVLWLRQ LQWR WKH PHOW IDYRXU WKH IRU�
PDWLRQ RI D VLQJOH�SKDVH �7L$O�� UHJLRQ DW WKH FHQWUH
RI WKH ZHOGHG MRLQW�

7KH VDPSOHV ZHUH VXEMHFWHG WR YDFXXP DQQHDOLQJ
DW D WHPSHUDWXUH RI ���� �& IRU �� K WR GHFUHDVH KH�
WHURJHQHLW\ IRUPHG GXULQJ ZHOGLQJ DQG KRPRJHQL]H
FKHPLFDO DQG SKDVH FRPSRVLWLRQ LQ WKH MRLQLQJ ]RQH�
7KLV WUHDWPHQW UHVXOWHG LQ D GUDVWLF FKDQJH LQ PLFUR�
VWUXFWXUH RI WKH MRLQLQJ ]RQH� ,W EHFDPH PRUH KRPR�
JHQHRXV� LQWHUIDFHV EHWZHHQ UHJLRQV YDQLVKHG DQG UH�
FU\VWDOOL]DWLRQ SURFHVVHV WRRN SODFH LQ LW �)LJXUH ��
E�� 2QO\ WKH FKDUDFWHU RI GHIHFWV GLG QRW FKDQJH �)L�
JXUH �� F�� ;�UD\ PLFURDQDO\VLV VKRZHG WKDW DQQHDOLQJ
GLG FDXVH D VXEVWDQWLDO GHFUHDVH LQ FKHPLFDO KHWHUR�
JHQHLW\ DFURVV WKH VHFWLRQ RI WKH ZHOGHG MRLQW�

)LJXUH �� 0LFURVWUXFWXUH RI D ZHOGHG MRLQW LQ DOOR\ γ�7L$O ZLWK DQ
DOXPLQLXP LQWHUOD\HU LQ DV�ZHOGHG FRQGLWLRQ �D� �×����� DIWHUZHOG�
LQJ DQG DQQHDOLQJ �E� �×���� DQG PLFURSRURVLW\ DORQJ WKH OLQH RI
FRQWDFW LQ WKH VDPSOH DIWHU DQQHDOLQJ �F� �×���� �UHGXFHG E\ ����
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,W ZDV HVWDEOLVKHG WKDW LQ WKH MRLQLQJ ]RQH �UHJLRQ
��� µP ZLGH ZDV LQYHVWLJDWHG� WKH FRQWHQW RI DOX�
PLQLXP ZDV ����� DW�� ����� ZW���� WKH FRQWHQW RI
WLWDQLXP ZDV ������ DW�� ����� ZW��� DQG WKDW RI
QLRELXP ZDV ���� DW�� ����� ZW���� ,W LV OLNHO\ WKDW
FRPSOHWH KRPRJHQL]LQJ RI WKH FRQFHQWUDWLRQ RI DOOR\�
LQJ HOHPHQWV FDQ EH DFKLHYHG E\ VHOHFWLQJ WKH RSWLPDO
WHFKQRORJ\ SDUDPHWHUV� VXFK DV WKLFNQHVV RI WKH DOX�
PLQLXP LQWHUOD\HU� WLPH RI DQQHDOLQJ� HWF� $V WR WKH
SKDVH FRPSRVLWLRQ� WKH UHVXOWV REWDLQHG VXJJHVW WKDW
WKH HQWLUH MRLQLQJ ]RQH FRQVLVWV RI WKH �γ� α���SKDVHV�
7KH DPRXQW RI WKH γ�SKDVH KHUH LV VRPHZKDW KLJKHU
WKDQ LWV FRQWHQW LQ WKH EDVH PHWDO� +RZHYHU� EHFDXVH
RI KLJK GHQVLW\ RI GHIHFWV LQ WKH MRLQLQJ ]RQH� GHVSLWH
VLPLODULW\ RI FKHPLFDO DQG SKDVH FRPSRVLWLRQV DV D
UHVXOW RI DQQHDOLQJ� WKH VDPSOHV VWLOO IUDFWXUHG GXULQJ
PDFKLQLQJ� 7KLV SUHYHQWHG QRW RQO\ PHFKDQLFDO SUR�
SHUWLHV RI WKH MRLQWV WR EH HYDOXDWHG� EXW DOVR WKH
WHQVLOH WHVW VSHFLPHQV WR EH PDGH�

0LFURVWUXFWXUH RI ZHOGHG MRLQWV PDGH ZLWK WKH
WLWDQLXP IRLO XVHG DV WKH LQWHUOD\HU LV VKRZQ LQ )L�
JXUH �� ,Q WKH DV�ZHOGHG FRQGLWLRQ �)LJXUH �� D� WKH

UHODWLYHO\ ZLGH DQG FOHDUO\ GHILQHG LQWHUIDFHV ZLWKRXW
YLVLEOH GHIHFWV ZHUH GHWHFWHG EHWZHHQ WKH EDVH PHWDO
DQG LQWHUOD\HU� ;�UD\ PLFURDQDO\VLV VKRZHG WKDW DW
WKH LQWHUIDFH EHWZHHQ WKH EDVHPHWDO DQG WKH LQWHUOD\HU
WKHUH RFFXUUHG D GUDPDWLF GHFUHDVH LQ WKH FRQFHQWUD�
WLRQ RI DOXPLQLXP �IURP �� w �� ZW�� LQ WKH DOOR\ WR
]HUR LQ WKH LQWHUOD\HU� DQG D FRUUHVSRQGLQJ LQFUHDVH
LQ WKH WLWDQLXP FRQWHQW x XS WR ��� ZW��� 7KHUHIRUH�
XQGHU WKH VHOHFWHG ZHOGLQJ FRQGLWLRQV �VDPSOH �� WKH
GLIIXVLRQ SURFHVVHV GLG QRW UHFHLYH DQ\ VLJQLILFDQW GH�
YHORSPHQW� &KHPLFDO FRPSRVLWLRQ RI WKH LQWHUOD\HU
DQG WKH DGMRLQLQJ UHJLRQV RI WKH EDVH PHWDO XQGHUZHQW
QR PDUNHG FKDQJHV� ,W FDQ EH VXSSRVHG �DQG WKLV LV
SURYHG E\ WKH FKDUDFWHU RI WKH FRQFHQWUDWLRQ FXUYHV�
WKDW WKH WKLFNHQHG LQWHUIDFHV EHWZHHQ WKH EDVH PHWDO
DQG LQWHUOD\HU DUH WKH α��7L�$O��SKDVH�

9DFXXP DQQHDOLQJ DW ���� �& IRU � K UHVXOWHG LQ
DQ LQFUHDVH LQ ZLGWK RI WKH MRLQLQJ ]RQH DOPRVW WR
��� µP �)LJXUH �� E�� 3HUFHQWDJH RI WLWDQLXP DQG
DOXPLQLXP LQ LW FRUUHVSRQGV WR WKHLU FRQWHQW LQ WKH
α��SKDVH� $Q LQVLJQLILFDQW GHFUHDVH LQ WKH FRQFHQWUD�
WLRQ RI QLRELXP DQG PDQJDQHVH GHWHFWHG LQ WKLV ]RQH

)LJXUH �� 0LFURVWUXFWXUH RI D γ�7L$O ZHOGHG MRLQW ZLWK D WLWDQLXP LQWHUOD\HU LQ DV�ZHOGHG FRQGLWLRQ �D� �×���� �UHGXFHG E\ ���� DQG
DIWHU ZHOGLQJ DQG DQQHDOLQJ �E� �×���� �UHGXFHG E\ ����

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV �DW �� �&�
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'LDPHWHU RI JDXJH OHQJWK RI WKH VDPSOH x � PP�


1XPEHUV LQ EUDFNHWV DUH WKH \LHOG VWUHQJWK YDOXHV�
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LV LQGLFDWLYH RI WKH IDFW WKDW LWV IRUPDWLRQ UHVXOWV IURP
GLIIXVLRQ RI WLWDQLXP IURP WKH LQWHUOD\HU LQWR WKH EDVH
PHWDO� 7KLV DOORZV D FRQFOXVLRQ WKDW LW LV XQUHDVRQDEOH
WR LQFUHDVH WKH WLPH RI DQQHDOLQJ� DV GLIIXVLRQ RI DOX�
PLQLXP LV UHTXLUHG IRU WUDQVIRUPDWLRQ RI SDUW RI WKH
γ�SKDVH LQ WKH MRLQLQJ ]RQH LQWR WKH α��SKDVH DQG IRU�
PDWLRQ RI WKH WZR�SKDVH �γ � α���VWUXFWXUH� LGHQWLFDO

WR WKDW RI WKH EDVH PHWDO� +RZHYHU� GHVSLWH VWUXFWXUDO
DQG FKHPLFDO KHWHURJHQHLW\ RI WKH ZHOGHG MRLQW PDGH
XVLQJ WKH WLWDQLXP LQWHUOD\HU� WKH DEVHQFH RI GHIHFWV
LQ WKH MRLQLQJ ]RQH DOORZHG WKH VSHFLPHQV IRU HYDOX�
DWLRQ RI VWDWLF VWUHQJWK WR EH PDGH�

7KH WHVW UHVXOWV VKRZHG WKDW LQ WKH DV�ZHOGHG FRQ�
GLWLRQ WKH MRLQW KDG D VXIILFLHQWO\ KLJK YDOXH RI WHQVLOH
VWUHQJWK� ZKLOH VRPH RI WKH VSHFLPHQV KDG VWUHQJWK
HTXDO WR WKDW RI WKH EDVH PHWDO �7DEOH ��� ,Q WKLV FDVH
WKLV VHHPV WR EH FDXVHG E\ FRQWDFW VWUHQJWKHQLQJ >�@
RI WKH WLWDQLXP LQWHUOD\HU� VLQFH DIWHU DQQHDOLQJ DOO
WKH VSHFLPHQV IUDFWXUHG LQ WKH MRLQW� 7KHLU VWUHQJWK
LV FORVH WR WKDW RI WKH α�SKDVH EDVHG DOOR\V >�� �@�

7KHUHIRUH� LW ZDV HVWDEOLVKHG WKDW ZHOGLQJ RI WKH
γ�7L$O EDVHG DOOR\V XVLQJ DOXPLQLXP DQG WLWDQLXP
IRLOV DV WKH LQWHUOD\HUV IDLOHG WR HQVXUH WKH UHTXLUHG
TXDOLW\ RI WKH MRLQWV� ,Q WKH FDVH RI WKH DOXPLQLXP
LQWHUOD\HU WKH MRLQWV �DIWHU ZHOGLQJ DQG DQQHDOLQJ�
KDYH FKHPLFDO DQG SKDVH FRPSRVLWLRQ FORVH WR WKDW RI
WKH EDVH PHWDO� %XW SHUIRUPDQFH RI WKHVH MRLQWV LV
LQDGHTXDWH EHFDXVH RI GHIHFWV �FUDFNV DQG PLFURSRURV�
LW\� IRUPHG GXULQJZHOGLQJ� ,Q WKH FDVH RI WKH WLWDQLXP
IRLO WKH ZHOGHG MRLQWV ERWK LQ WKH DV�ZHOGHG FRQGLWLRQ
DQG DIWHU ZHOGLQJ DQG DQQHDOLQJ KDYH D FHUWDLQ OHYHO
RI VWUHQJWK DW QRUPDO WHPSHUDWXUH� +RZHYHU� LW WXUQHG
RXW LPSRVVLEOH WR SURYLGH KHDW UHVLVWDQFH RI VXFK MRLQWV
FORVH WR WKDW RI WKH γ�7L$O DOOR\� EHFDXVH WKH MRLQLQJ
]RQH KDG D VLQJOH�SKDVH VWUXFWXUHx α��7L�$O�� 7KHUH�
IRUH� IXUWKHU LQYHVWLJDWLRQV ZHUH DLPHG DW GHYHORS�
PHQW RI WKH WHFKQRORJ\ IRU GLUHFW ZHOGLQJ RI WKH γ�7L$O
DOOR\�

$V LW LV JLYHQ LQ 7DEOH � �VDPSOH �� ZHOGLQJ RI
γ�7L$O ZDV SHUIRUPHG DW ��� �&� 7KH VDPSOHV ZHUH
KHDWHG WR WKLV WHPSHUDWXUH� KHOG IRU �� PLQ DQG WKHQ
SUHVVXUH ZDV DSSOLHG WR WKHP� ,QYHVWLJDWLRQ RI PLFUR�
VWUXFWXUH RI WKH MRLQWV LQ WKH DV�ZHOGHG FRQGLWLRQ �)L�
JXUH �� D� VKRZHG D FOHDUO\ GHILQHG LQWHUIDFH LQ FRQWDFW
RI WKH VXUIDFHV MRLQHG� 1R IRUPDWLRQ RI FRPPRQ JUDLQV
�DW WKH JLYHQ ZHOGLQJ SDUDPHWHUV� ZDV GHWHFWHG� ,Q
VRPH VDPSOHV ERWK LQGLYLGXDO PLFURSRUHV DQG WKHLU
FKDLQV ZHUH UHYHDOHG DORQJ WKH OLQH RI FRQWDFW� 7KH
SUHVHQFH RI VXFK GHIHFWV� LQ DGGLWLRQ WR WKH FKDUDF�
WHULVWLF LQWHUIDFH EHWZHHQ WKH VXUIDFHV MRLQHG� LV FDXVHG

)LJXUH �� 0LFURVWUXFWXUH RI D γ�7L$O ZHOGHG MRLQW �VDPSOH �� LQ
DV�ZHOGHG FRQGLWLRQ �D� �×����� DIWHU ZHOGLQJ DQG DQQHDOLQJ �E�
�×���� DQG WKH VDPH �F� �×����� �UHGXFHG E\ ����

)LJXUH �� 0LFURVWUXFWXUH RI D γ�7L$O
ZHOGHG MRLQW �VDPSOH �� LQ DV�ZHOGHG
FRQGLWLRQ �D w F� DQG DIWHU ZHOGLQJ DQG
DQQHDOLQJ �G� H�� D x EDVH PHWDO� E�
G x FRQWDFW ]RQH� F x UHJLRQ RI WKH
MRLQW DGMRLQLQJ WKH FRQWDFW ]RQH �UH�
GXFHG E\ ����

�� ������



SUREDEO\ E\ DQ H[WUHPHO\ ORZ VWUHQJWK RI WKH MRLQWV
LQ WKH DV�ZHOGHG FRQGLWLRQ �7DEOH ���

9DFXXP DQQHDOLQJ RI WKH VDPSOHV ZHOGHG IDYRXUHG
D VXEVWDQWLDO FKDQJH LQ VWUXFWXUH RI WKH PHWDO ZLWKLQ
WKH FRQWDFW ]RQH �)LJXUH �� E�� 5HFU\VWDOOL]DWLRQ SUR�
FHVVHV DQG IRUPDWLRQ RI FRPPRQ JUDLQV DORQJ WKH OLQH
RI FRQWDFW UHVXOWHG LQ GLVDSSHDUDQFH RI WKH LQWHUIDFH
EHWZHHQ WKH VXUIDFHV MRLQHG� ,QGLYLGXDO OLQHDJH SUH�
FLSLWDWHV �)LJXUH �� F� FDQ EH UHYHDOHG DORQJ WKH OLQH
RI FRQWDFW RQO\ DW ODUJH PDJQLILFDWLRQ� $W WKH VDPH
WLPH� WKHVH VWUXFWXUDO WUDQVIRUPDWLRQV LQ WKH MRLQLQJ
]RQH KDG DQ LQVLJQLILFDQW HIIHFW RQ PHFKDQLFDO SUR�
SHUWLHV RI WKH MRLQWV �VHH 7DEOH ��� 7KH UHVXOWV REWDLQHG
DQG GDWD RI >�@ SURYHG WKH NQRZQ DVVXPSWLRQ >��@
WKDW WKH FOHDUO\ GHILQHG LQWHUIDFH� LWV SUHVHQFH RU DE�
VHQFH GHSHQG XSRQ WKH GHJUHH RI ORFDO SODVWLF GHIRU�
PDWLRQ LQ WKH FRQWDFW ]RQH GXULQJ WKH ZHOGLQJ SURFHVV�
,Q WKLV FRQQHFWLRQ� IXUWKHU H[SHULPHQWV RQ GLUHFW
ZHOGLQJ RI WKH γ�7L$O DOOR\ ZHUH FRQGXFWHG XVLQJ WKH
VDPH PDFKLQH� EXW KHDWLQJ RI WKH VDPSOHV ZDV GRQH
E\ WKH HOHFWULF FXUUHQW IORZ �M  �� $�PP��� ,Q WKLV
FDVH D FRQVWDQW FRPSUHVVLRQ ORDG RI � N1 ZDV DSSOLHG
WR WKH VDPSOHV EHIRUH KHDWLQJ� 7KLV PHWKRG RI ZHOGLQJ
PDGH LW SRVVLEOH WR ORFDOL]H SODVWLF GHIRUPDWLRQ ZLWKLQ
WKH FRQWDFW ]RQH DQG HQVXUH �DW WKH SUHVHW SDUDPHWHUV�
WKH GHIRUPDWLRQ UDWH RI DERXW � PP�V�

0LFURVWUXFWXUH RI WKH ZHOGHG MRLQWV PDGH E\ WKH

DERYH PHWKRG LV VKRZQ LQ )LJXUH �� ,Q WKH DV�ZHOGHG

FRQGLWLRQ D FRPSOHWH WUDQVIRUPDWLRQ RI WKH ODPHOODU

�γ � α���VWUXFWXUH RI WKH EDVH PHWDO LQWR WKH ILEURXV�

W\SH RQH �)LJXUH �� E�� DJDLQVW WKH EDFNJURXQG RI

ZKLFK WKH LQGLYLGXDO ILQH UHFU\VWDOOL]HG JUDLQV DUH

VHHQ� ZDV IL[HG ZLWKLQ WKH FRQWDFW ]RQH DQG WKH DG�

MRLQLQJ UHJLRQV� :LWK GLVWDQFH IURP WKH SODQH RI FRQ�

WDFW WKH FKDUDFWHU RI WKH PLFURVWUXFWXUH SHUVLVWV� EXW

LWV HOHPHQWV DUH LQFUHDVHG LQ VL]H �)LJXUH �� F�� ,W

VKRXOG EH QRWHG WKDW PHWDO LQ WKLV UHJLRQ KDV D KLJKHU

PLFURKDUGQHVV WKDQ WKH EDVH PHWDO �)LJXUH ���

6KRUW�WLPH DQQHDOLQJ RI WKH VDPSOHV ZHOGHG

���� K� DW D WHPSHUDWXUH RI ���� �& IDYRXUHG UHFU\V�

WDOOL]DWLRQ RI WKH ILEURXV VWUXFWXUH WR IRUP ILQH

HTXLD[HG UHFU\VWDOOL]HG JUDLQV� %HVLGHV� GLUHFWO\ LQ WKH

FRQWDFW ]RQH WKH\ DUH ODUJHU LQ VL]H WKDQ LQ WKH ]RQH

DGMRLQLQJ LW �)LJXUH �� G�� 7KH UHFU\VWDOOL]HG JUDLQV

KDYH D ODPHOODU �γ � α���VWUXFWXUH� 7KH ODPHOODU PL�

FURVWUXFWXUH ZLWK D VXEVWDQWLDOO\ FKDQJHG VKDSH RI

WKH ODPHOODH ZDV GHWHFWHG EHWZHHQ WKH UHFU\VWDOOL]HG

UHJLRQ DGMRLQLQJ WKH FRQWDFW ]RQH DQG WKH EDVH PHWDO

�)LJXUH �� H��
,QYHVWLJDWLRQV VKRZHG WKDW ZHOGHG MRLQWV ZLWK

VXFK D VWUXFWXUH KDG VWUHQJWK HTXDO WR WKDW RI WKH EDVH
PHWDO ERWK LQ WKH DV�ZHOGHG FRQGLWLRQ DQG DIWHU ZHOG�
LQJ DQG DQQHDOLQJ� 0RUHRYHU� GXULQJ WKH SURFHVV RI
VWDWLF WHQVLOH WHVWV WKH \LHOG VWUHQJWK ZDV UHJLVWHUHG
LQ WKH GLDJUDPV �VHH 7DEOH ���

,W ZDV RI LQWHUHVW WR GHWHUPLQH VWUHQJWK RI PHWDO
GLUHFWO\ LQ WKH MRLQLQJ ]RQH� )RU WKLV DQ DQQXODU QRWFK
��� PP GHHS ZDV PDGH LQ WKH FRQWDFW ]RQH LQ WKH
JDXJH OHQJWK RI VRPH RI WKH WHVW VSHFLPHQV �FXW RXW
IURP ZHOGHG MRLQWV LQ WKH DV�ZHOGHG FRQGLWLRQ�� 7KHVH

VSHFLPHQV� OLNH VSHFLPHQVZLWK D VPRRWK JDXJH OHQJWK�
IUDFWXUHG LQ WKH EDVH PHWDO �DW D GLVWDQFH IURP WKH
QRWFK�� 7HQVLOH VWUHQJWK ZDV �DYHUDJH RYHU WKUHH
VSHFLPHQV� ��� 03D� 6WUHVVHV LQ WKH MRLQLQJ ]RQH RI
VSHFLPHQV GXULQJ WHVWLQJ ZHUH ��� 03D� L�H� WKH\
ZHUH LQ H[FHVV RI WHQVLOH VWUHQJWK RI WKH EDVH PHWDO�

&21&/86,216

�� 7KH SURFHVV RIZHOGLQJ RI γ�7L$O XVLQJ DQ DOXPLQLXP
LQWHUOD\HU UHVXOWV LQ WKH IRUPDWLRQ RI GHIHFWV LQ WKH
IRUP RI PLFURSRURVLW\ DQG FUDFNV LQ WKH FRQWDFW ]RQH�
DQG GHVSLWH VLPLODU FKHPLFDO DQG SKDVH FRPSRVLWLRQ
RI WKH MRLQLQJ ]RQH DQG EDVH PHWDO �DIWHU ZHOGLQJ DQG
DQQHDOLQJ� VXFK MRLQWV KDYH DQ H[WUHPHO\ ORZ
VWUHQJWK�

�� 7KH XVH RI D WLWDQLXP LQWHUOD\HU IRU ZHOGLQJ
PDNHV LW SRVVLEOH WR SURGXFH WKH GHIHFW�IUHH MRLQWV
FKDUDFWHUL]HG E\ D KLJK VWUHQJWK �LQ WKH DV�ZHOGHG
FRQGLWLRQ�� $QQHDOLQJ DIWHU ZHOGLQJ GRHV QRW KHOS
HOLPLQDWH FKHPLFDO DQG SKDVH KHWHURJHQHLW\ LQ WKH
ZHOGLQJ ]RQH DQG PDNHV VXFK MRLQWV XQVXLWDEOH IRU
RSHUDWLRQ XQGHU KLJK�WHPSHUDWXUH FRQGLWLRQV�

�� 7KH PHWKRG DQG SDUDPHWHUV IRU GLUHFW �ZLWKRXW
LQWHUOD\HUV� SUHVVXUH ZHOGLQJ DUH VXJJHVWHG� 7KH\ SUR�
YLGH WKH GHIHFW�IUHH ZHOGHG MRLQWV LQ WKH γ�7L$O DOOR\�
KDYLQJ VWUHQJWK HTXDO WR WKDW RI WKH EDVH PHWDO ERWK
LQ WKH DV�ZHOGHG FRQGLWLRQ DQG DIWHU ZHOGLQJ DQG DQ�
QHDOLQJ�

5()(5(1&(6

�� $OWXQLQ� <X�)�� *OD]XQRY� 6�*� ������ %LQDU\ WLWDQLXP

DQG DOXPLQLXP DOOR\V� 0RVFRZ� 2ERURQJL]�
�� 'LPLGXN� '�0� ������ *DPPD WLWDQLXP DOXPLQLGHV x DQ

HPHUJLQJ PDWHULDOV WHFKQRORJ\� ,Q� 3URF� RI $QQXDO 0HHWLQJ

706s�� RQ *DPPD 7LWDQLXP $OXPLQLGHV� /DV 9HJDV�
�� 3DWWHUVRQ� (�$� HW DO� ������ 7LWDQLXP DOXPLQLGH� HOHFWURQ

EHDP ZHOGDELOLW\� :HOGLQJ -�� �� �� w ���
�� &DP� *�� %RKP� .��+�� .RFDN� 0� ������ 'LIIX�

VLRQVFKZHLβHQ IHLQJHJRβHQHU 7LWDQDOXPLQLG� 6FKZHLβHQ XQG

6FKQHLGHQ� �� ��� w ����
�� ������ 2UGHUHG LQWHUPHWDOOLFV x SK\VLFDO PHWDOOXUJ\ DQG

PHFKDQLFDO EHKDYLRXU� .OXZHU� $FDGHPLF 3XEO�
�� +RQJ� 7�� :DWVRQ�<RXQJ� 7�-�� *XR� ;�4� HW DO� ������

&U\VWDO VWUXFWXUH� SKDVH VWDELOLW\ DQG HOHFWURQLF VWUXFWXUH RI
7L�$O LQWHUPHWDOOLFV� 7L�$O� 3K\V� 5HY� %�� �� ���� w �����

�� .DUDNR]RY� (�6� ������ 3UHVVXUH ZHOGLQJ RI PHWDOV� 0RV�
FRZ� 0DVKLQRVWUR\HQL\H�

�� .RUQLORY� ,�,�� 1DUWRYD� 7�7�� $QGUHHY� 2�1� ������ 6WUXF�
WXUH DQG SURSHUWLHV RI 7L�$O WLWDQLXP DOXPLQLGH DQG VRPH DO�
OR\V RQ LWV EDVH� ,Q� 6WUXFWXUH� SURSHUWLHV DQG DSSOLFDWLRQ RI

LQWHUPHWDOOLFV� 0RVFRZ� 1DXND�
�� ,PDHY� 5�0�� *DELGXOLQ� 1�*�� 6DOLVKFKHY� *�$� ������ (I�

IHFW RI GHIRUPDWLRQ WHPSHUDWXUH RQ PHFKDQLFDO SURSHUWLHV DQG
PLFURVWUXFWXUH RI LQWHUPHWDOOLF 7L�$O� 0HWDOO\� �� �� w ���

��� *HOPDQ� $�6� ������ 3ULQFLSOHV RI SUHVVXUH ZHOGLQJ� 0RV�
FRZ� 0DVKLQRVWUR\HQL\H�

)LJXUH �� 9DULDWLRQ LQ PLFURVWUXFWXUH DFURVV WKH VHFWLRQ RI WKH
ZHOGHG MRLQW �VDPSOH ��� � x LQ DV�ZHOGHG FRQGLWLRQ� � x DIWHU
ZHOGLQJ DQG KHDW WUHDWPHQW� O x GLVWDQFH

������ �	
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�
2SHQ 6WRFN�+ROGLQJ &RPSDQ\ �&KHUHSRYHWV 6WHHO�5ROOLQJ 3ODQW�� &KHUHSRYHWV� 5XVVLD

$%675$&7

7KH UHVRXUFH�VDYLQJ WHFKQRORJ\ KDV EHHQ GHYHORSHG IRU SXOVH�SODVPD KDUGHQLQJ RI WRROV� 7KH WHFKQRORJ\ LV FKDUDFWHUL]HG

E\ ORZ FRQVXPSWLRQ RI DOOR\LQJ HOHPHQWV DQG HOHFWULF SRZHU DQG KLJK SURGXFWLYLW\ �XS WR ��� P
�
�K�� ,W DOORZV KDUGHQLQJ

�KHDWLQJ� RI RQO\ WKH ZRUNLQJ �FXWWLQJ� VXUIDFHV� ZKLFK OHDGV WR DQ LQFUHDVH LQ ZHDU UHVLVWDQFH ZLWKRXW DQ\ FKDQJH LQ

VWUXFWXUDO VWDWH RI D ZRUNSLHFH DV D ZKROH� 3RZHU FRQVXPSWLRQ RI WKH PDFKLQH LV �� N:�

.H\ ZRU G V � VXUIDFH KDUGHQLQJ� DOOR\LQJ� SXOVH SODVPD�

WHFKQRORJ\� HTXLSPHQW� PHWDO FXWWLQJ WRROV� GLHV� EODQNLQJ GLHV�

FDOFXODWLRQ� HIILFLHQF\� H[SHULPHQWDO VWXGLHV

7UHDWPHQW RI VXUIDFHV E\ FRQFHQWUDWHG HQHUJ\ VRXUFHV
�ODVHU� HOHFWURQ EHDP� SODVPD� HWF�� LV H[WHQVLYHO\
XVHG LQ PDFKLQH EXLOGLQJ IRU KDUGHQLQJ RI WRROV >� w
�@� ,W SURYLGHV XQLTXH PHFKDQLFDO DQG SK\VLFDO SUR�
SHUWLHV RI VXUIDFHV RI SDUWV �KLJK KDUGQHVV� ZHDU UH�
VLVWDQFH� IDWLJXH VWUHQJWK� FRUURVLRQ UHVLVWDQFH� HWF��

&RQFHQWUDWHG HQHUJ\ VRXUFHV FDXVH UDSLG KHDWLQJ
�WLPH RI KHDWLQJ x �⋅��w� w �⋅��w� V� RI WKH VXUIDFH
OD\HU RI PHWDO IROORZHG E\ LWV LQWHQVLYH FRROLQJ
WKURXJK UHPRYDO RI KHDW ERWK LQWR WKH EXON RI PHWDO
DQG LQWR WKH HQYLURQPHQW� +LJK UDWHV RI KHDWLQJ DQG
FRROLQJ RI WKH VXUIDFH OD\HU RI PHWDO ��⋅��� w
�⋅���.�V� OHDG WR IRUPDWLRQ RI D GLVSHUVHG FU\VWDOOLQH
VWUXFWXUH� KLJK GHQVLW\ RI GLVORFDWLRQV DQG YDULDWLRQV
LQ WKH FDUERQ DQG QLWURJHQ FRQFHQWUDWLRQV >�� �@�

7KHUPDO HIIHFW H[HUWHG E\ WKH FRQFHQWUDWHG HQHUJ\

VRXUFHV LV FRPELQHG ZLWK DOOR\LQJ SURFHVVHV� 6XUIDFHV

RI SDUWV DUH DOOR\HG E\ PHOWLQJ RI WKH SUHOLPLQDULO\

KHDWHG FRDWLQJV >�� ��@ RU E\ DGGLQJ JDVHRXV DOOR\LQJ

HOHPHQWV� VXFK DV QLWURJHQ� K\GURFDUERQ JDVHV� F\D�

QLGHV� LQWR WKH ZRUNLQJ PHGLXP �SODVPD� >�� w ��@�

$V VKRZQ E\ LQYHVWLJDWLRQV >� w ��@� WKH SXOVHG DFWLRQ

RQ WKH ZRUNSLHFH VXUIDFH LV PRVW HIILFLHQW� 7KLV LV

DWWULEXWDEOH WR LQFUHDVHG KHDWLQJ DQG FRROLQJ UDWHV�

HODVWR�SODVWLF GHIRUPDWLRQ RI WKH VXUIDFH DQG� WKXV�

LQWHQVLILFDWLRQ RI WKH GLIIXVLRQ PHFKDQLVPV >�@�

$Q LQFUHDVH LQ WKH GLIIXVLRQ FRHIILFLHQWV DW D KLJK�

UDWH HODVWR�SODVWLF GHIRUPDWLRQ� ε =
∆K�K

τ ≥ �� Vw�

�ZKHUH ∆K�K LV WKH GHJUHH RI GHIRUPDWLRQ DQG τ LV

WKH WLPH RI GHIRUPDWLRQ� LV FDXVHG E\ DQ LQFUHDVH LQ

WKH PHDQ FRQFHQWUDWLRQ RI YDFDQFLHV� ZKLFK LV LQ H[�

FHVV RI WKH HTXLOLEULXP RQH >��@� ,QYHVWLJDWLRQ UHVXOWV

JLYHQ LQ >��@ VKRZ WKDW DW D KLJK�UDWH SODVWLF GHIRU�

PDWLRQ RI FU\VWDOOLQH ERGLHV WKH UDWH RI PLJUDWLRQ RI

DWRPV LQ WKHP LV KLJKHU WKDQ WKH UDWH RI D GLIIXVLRQ

WUDQVIHU RI HOHPHQWV LQWR OLTXLG PHWDO� ,Q WKH KDUG SLQ

LPSDFW DIIHFWHG ]RQH RQ WKH VDPSOH VXUIDFH �WLPH RI

GHIRUPDWLRQ τ  �⋅��w� V� GHJUHH RI GHIRUPDWLRQ x

�� � DQG WHPSHUDWXUH LQ WKH FRQWDFW ]RQH x ��� �&�

WKH GLIIXVLRQ FRHIILFLHQW �'  ���⋅��w� FP��V� LV

KLJKHU E\ WZR RUGHUV RI PDJQLWXGH WKDQ LQ OLTXLG

PHWDO >��@� +LJK�UDWH GHIRUPDWLRQ LQ WKH SXOVHG PDJ�

QHWLF ILHOG DOVR FDXVHV DQ LQFUHDVH LQ PDVV WUDQVIHU

>��� ��@�

$V VKRZQ E\ WKH GDWD JLYHQ LQ >��� ��@� DW DQ\

SXOVHG WUHDWPHQW RI WKH ZRUNSLHFH VXUIDFH WKH PDVV

WUDQVIHU FRHIILFLHQW LQFUHDVHV DQG KDUGO\ GHSHQGV XSRQ

WKH JUDLQ VL]H� 7KH PDVV WUDQVIHU FRHIILFLHQW PRQRWR�

QRXVO\ GHFUHDVHV ZLWK DQ LQFUHDVH LQ WKH QXPEHU RI

SXOVHV� 7KH PRVW LQWHUHVWLQJ IDFW LV WKDW WKH VLPXOWD�

QHRXV HIIHFW RQ WKH VXUIDFH E\ GLIIHUHQW PHWKRGV RI

SXOVH WUHDWPHQW OHDGV WR D VXEVWDQWLDO LQFUHDVH LQ PDVV

WUDQVIHU� ZKLFK LV RI D V\QHUJLF FKDUDFWHU�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH GHYH�

ORSHG WKH WHFKQRORJ\ IRU SXOVH�SODVPD WUHDWPHQW RI

PDWHULDOV� ZKLFK DOORZV GLIIHUHQW PHWKRGV RI DIIHFWLQJ

WKH ZRUNSLHFH VXUIDFH� VXFK DV HODVWR�SODVWLF GHIRUPD�

WLRQ� HIIHFW E\ VRXQG DQG SXOVHG PDJQHWLF ILHOG� KHDW

DQG HOHFWULF�SXOVH WUHDWPHQW DQG GHIRUPDWLRQ RI PH�

WDOV DQG DOOR\V GXULQJ WKH SURFHVV RI UHYHUVLEOH �α ↔
↔ γ� WUDQVIRUPDWLRQV� WR EH VLPXOWDQHRXVO\ LPSOH�

PHQWHG�

)RUPDWLRQ RI SXOVH�SODVPD MHWV� 1RQ�VWDWLRQDU\

GHWRQDWLRQ FRQGLWLRQV RI FRPEXVWLRQ RI IXHO JDV PL[�

WXUHV ZHUH XVHG IRU IRUPDWLRQ RI WKH KLJK�SRZHU

SODVPD MHWV�

(QHUJ\ SDUDPHWHUV RI WKH QRQ�VWDWLRQDU\ GHWRQD�

WLRQ FRPEXVWLRQ SURGXFWV �SXOVH�SODVPD MHW� FDQ EH

GHWHUPLQHG E\ VROYLQJ WKH NQRZQ WZR�GLPHQVLRQDO

QRQ�VWDWLRQDU\ SUREOHP RI SURSDJDWLRQ RI WKH GHWRQD�

WLRQ ZDYH LQ WKH HOHFWULF ILHOG EHWZHHQ WZR FR�D[LDO

HOHFWURGHV� 7R GHULYH D QXPHULFDO VROXWLRQ� WKH SURE�

OHP ZDV VLPSOLILHG� DQG WKH PHDQ YDOXHV RI WHPSHUD�

WXUH� YHORFLW\� SUHVVXUH DQG GHQVLW\ RI WKH FRPEXVWLRQ

SURGXFWV DORQJ WKH D[LV RI WKH HOHFWURGHV ZHUH GHWHU�

PLQHG ZLWKRXW DOORZDQFH IRU WKHLU YDULDWLRQV DFURVV

WKH VHFWLRQ >��� ��@�

7KH UHVXOW RI WKH VROXWLRQ LV D SURJUDP IRU FDOFX�

ODWLRQ RI WKH FRPEXVWLRQ FKDPEHU IRU D SXOVH SODVPD�

WURQ �)LJXUH ��� 7KH SODVPDWURQ FRQVLVWV RI GHWRQDWLRQ

FKDPEHU �� ZKHUH WKH IXHO JDV PL[WXUH LV IRUPHG DQG
LWV GHWRQDWLRQ FRPEXVWLRQ LV LQLWLDWHG� FHQWUDO HOHF�

WURGH�DQRGH �� FRQLFDO HOHFWURGH�FDWKRGH �� LQWHU�HOHF�
� <X�1� 7<85,1� 2�9� .2/,61,&+(1.2 DQG 1�*� 76<*$1.29� ����

�� ������



WURGH JDS �� FRQVXPDEOH HOHFWURGH � DQG SRZHU VXSSO\
��

$W LQLWLDWLRQ RI WKH GHWRQDWLRQ WKH LRQL]HG FRP�
EXVWLRQ SURGXFWV DUH IHG IURP GHWRQDWLRQ FKDPEHU �
WR LQWHU�HOHFWURGH JDS �� WKXV FRPSOHWLQJ WKH HOHFWULF
FLUFXLW� 7KLV OHDGV WR IRUPDWLRQ RI FRQGXFWLQJ OD\HU �
RI WKH FRPEXVWLRQ SURGXFWV� ZKLFK LV DFFHOHUDWHG XQ�
GHU WKH HIIHFW RI JDV�G\QDPLF DQG HOHFWURPDJQHWLF
IRUFHV� &RQVXPDEOH PHWDO URG � LV IL[HG LQ D SRVLWLRQ
DORQJ WKH D[LV RI FHQWUDO HOHFWURGH �� 7KH HQG RI WKH
URG LV HYDSRUDWHG GXULQJ KHDWLQJ DQG WKXV SURYLGHV
LQWURGXFWLRQ RI DOOR\LQJ HOHPHQWV LQWR WKH SODVPD MHW�

%HLQJ HMHFWHG IURP WKH SODVPDWURQ� SODVPD MHW �
FRPSOHWHV WKH FLUFXLW EHWZHHQ WKH DQRGH HOHFWURGH DQG
WKH ZRUNSLHFH VXUIDFH �FDWKRGH ��� $V D UHVXOW RI WKH
FXUUHQW IORZLQJ WKURXJK WKH MHW WKH SODVPD LV KHDWHG
GXH WR -RXOHDQ KHDW �4  σ(�� :�P���

(QHUJ\ FKDUDFWHULVWLFV RI WKH SODVPD MHWV DW WKH
H[LW IURP WKH SODVPDWURQ� FDOFXODWHG IURP WKHRUHWLFDO
IRUPXODH >��� ��@� KDYH D OLQHDU GHSHQGHQFH XSRQ WKH
HOHFWULF ILHOG LQWHQVLW\ ( DQG LQWHU�HOHFWURGH OHQJWK O
�)LJXUH ��� $W O  ��� PP DQG (  ��� N9�P WKH
SODVPD MHW FDQ KDYH WHPSHUDWXUH RI ������ . DQG
YHORFLW\ RI � NP�V�

([SHULPHQWDO HYDOXDWLRQ RI FKDUDFWHULVWLFV RI WKH
SODVPD MHW ZDV FDUULHG RXW XVLQJ DQ LQGXVWULDO SODV�
PDWURQ ZLWK DQ LQWHU�HOHFWURGH JDS ��� PP ORQJ� 7KH
WLPH�DYHUDJHG WHPSHUDWXUH RI WKH SODVPD MHW ZDV GH�
WHUPLQHG E\ WKH UHVXOWV RI VSHFWUDO DQDO\VLV RI WKH MHW�
7KH WHPSHUDWXUH RI WKH SODVPD ZDV GHWHUPLQHG E\ D
UHODWLYH LQWHQVLW\ RI LURQ OLQHV� 3ODVPD UDGLDWLRQ VSHF�
WUD LQWHJUDWHG E\ WLPH VKRZHG WKDW WHPSHUDWXUH RI WKH
SODVPD DW WKH SODVPDWURQ H[LW ZDV ������ w ������ .�

,QYHVWLJDWLRQV RI VFDQV RI WKH SODVPD MHWV PDNH LW
SRVVLEOH WR UHYHDO LQ WKHP DEUXSW FKDQJHV RU MXPSV
LQ GHQVLW\ DQG SHULRGLFDO VWUXFWXUH �)LJXUH ��� 0HD�
VXUHPHQWV RI WKH LQLWLDO GLDPHWHU RI WKH MHW �GLDPHWHU
RI WKH JHQHUDWRU QR]]OH� DQG GLVWDQFH WR WKH ILUVW GHQ�
VLW\ MXPS DOORZ WKH YHORFLW\ RI WKH MHW WR EH FDOFXODWHG�
,W FDQ EH VHHQ IURP WKH )LJXUH WKDW LQ IDFW WKH ILUVW
MXPS FRQVLVWV RI WZR MXPSV� ZKLFK LV DWWULEXWDEOH WR
QRQ�XQLIRUPLW\ RI WKH SODVPD MHW FRQVLVWLQJ RI MHWV
ZLWK GLIIHUHQW YHORFLWLHV� 9HORFLW\ RI WKH MHW� Y� LV
HVWLPDWHG IURP WKH IROORZLQJ IRUPXOD >��@�
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ZKHUH G
D
 ����� P LV WKH SODVPDWURQ QR]]OH GLDPHWHU�

0  Y�D� LV WKH 0DFK QXPEHU� /
Z
 �� DQG �� PP

LV WKH ZDYH OHQJWK RI WKH SHULRGLFDO VWUXFWXUH� WKH
SKRWR RI ZKLFK ZDV PDGH E\ KLJK�VSHHG ILOPLQJ �)L�
JXUH ��� 6RXQG YHORFLW\ D� LV GHWHUPLQHG IURP WKH
IRUPXOD�

D� = √γ57 � ���

ZKHUH γ  ��� LV WKH DGLDEDWLF FRQVWDQW� 5  
 ��� -��NJ⋅.� LV WKH JDV FRQVWDQW� 7  ������ . LV
WKH MHW WHPSHUDWXUH�

6XEVWLWXWLQJ H[SUHVVLRQ ��� LQWR IRUPXOD ��� \LHOGV

Y�  ��� NP�V DQG Y�  ��� NP�V� ZKLFK LV LQ DJUHH�
PHQW ZLWK WKHRUHWLFDO GDWD�

)LJXUH �� 6FKHPDWLF RI SODVPDWURQ IRU SXOVH�SODVPD WUHDWPHQW �GH�
VLJQDWLRQV � w � DUH JLYHQ LQ WKH WH[W�� $x GLVWDQFH IURP WKH H[LW

VHFWLRQ RI WKH QR]]OH WR WKH HYDSRUDWHG HOHFWURGH WLS� %x GLVWDQFH

WR ZRUNSLHFH

)LJXUH �� 7HPSHUDWXUH 7 �D� DQG YHORFLW\ Y �E� RI WKH SXOVH SODVPD GHSHQGLQJ XSRQ WKH HOHFWULF ILHOG LQWHQVLW\ ( LQ WKH LQWHU�HOHFWURGH

JDS DQG LWV OHQJWK O� � x ���� � x ���� � x ��� PP

������ ��



6WUXFWXUH RI WKH SODVPD MHW VKRZQ LQ )LJXUH � LV
FKDUDFWHULVWLF RI D VXSHUVRQLF PRGH ZLWK WKH XQGHU�
H[SDQGHG IORZ RI WKH MHW DQG FRUUHVSRQGV WR WKH GHWR�
QDWLRQ FKDUDFWHU RI RSHUDWLRQ RI WKH SODVPDWURQ� DW
ZKLFK SUHVVXUH LQ WKH FKDPEHU FDQ EH PXFK LQ H[FHVV
RI WKH DWPRVSKHULF RQH� 7KH SDWWHUQ RI LQWHUDFWLRQ RI
WKH SODVPD MHW ZLWK D EDUULHU LV FKDUDFWHUL]HG E\ WKH
SUHVHQFH RI MHW � DQG UHJLRQ � RI WKH VKRFN�FRPSUHVVHG
OD\HU �6&/�� ZKLFK LV D UDWKHU W\SLFDO FDVH �)LJXUH ��
>��@�

$IWHU EUHDN�GRZQ RI 6&/ WKH HOHFWULF FXUUHQW ZLOO
IORZ DORQJ WKH SODVPD MHW IURP WKH FHQWUDO HOHFWURGH
LQ WKH SODVPDWURQ WR WKH ZRUNSLHFH VXUIDFH �)LJXUH ���
'HQVLW\ RI WKH HOHFWULF FXUUHQW LQ WKH SODVPD MHW� M� LV
�� w ��⋅��� $�FP� DQG WHPSHUDWXUH 7 LV ������ w
������ .� 7KH KHDW IORZ LQWR D ZRUNSLHFH GHSHQGV
XSRQ WKH FXUUHQW GHQVLW\ DQG YDULHV ZLWKLQ D UDQJH RI
T  ���� w ����⋅��� :�FP�� (YDOXDWLRQ RI KHDW IORZV
ZDV GRQH RQ WKH EDVLV RI WKHRUHWLFDO DQDO\VLV RI WKH
QRQ�VWDWLRQDU\ HTXDWLRQ RI WKHUPDO FRQGXFWLYLW\

WKURXJK WKLFNQHVV RI WKH KDUGHQHG OD\HUV RI VWHHOV RI
WKH PDUWHQVLWLF JUDGH >��@�

7KH WLPH RI LQWHUDFWLRQ RI WKH SODVPD SXOVH DQG
LWV HQHUJ\ SDUDPHWHUV ZHUH FRQWUROOHG E\ YDU\LQJ FD�
SDFLWDQFH & RI WKH FDSDFLWRUV� YROWDJH 8FK DW SODWHV
RI WKH FDSDFLWRU EDQN� LQGXFWDQFH / LQ WKH GLVFKDUJH
FLUFXLW� GLVWDQFH % WR WKH ZRUNSLHFH VXUIDFH DQG YDUL�
DWLRQ LQ VL]H RI WKH DFWLYH VSRW RI LQWHUDFWLRQ RI WKH
SODVPD MHW ZLWK WKH ZRUNSLHFH VXUIDFH�

([SHULPHQWV ZHUH FRQGXFWHG WR PHDVXUH WKH WLPH
YDULDWLRQV RI WKH HOHFWULF FXUUHQW LQ WKH LQWHU�HOHFWURGH
JDS� DQG FXUUHQW EHWZHHQ WKH FHQWUDO HOHFWURGH DQG
ZRUNSLHFH VXUIDFH XVLQJ WKH 5RJRYVN\ EHOW E\ WKH
PHWKRG GHVFULEHG LQ >��@�

)LJXUH � VKRZV YDULDWLRQV LQ WKH FXUUHQW LQ IRUPD�
WLRQ RI WKH SODVPD SXOVH DQG LWV LQWHUDFWLRQ ZLWK WKH
ZRUNSLHFH VXUIDFH� 7KH H[SHULPHQW ZDV SHUIRUPHG XQ�
GHU WKH IROORZLQJ FRQGLWLRQV� &  ���� µ)� 8FK  
 ���� 9� %  �� PP DQG /  �⋅��w� +� $QDO\VLV RI
WKH WLPH GLVWULEXWLRQ RI WKH FXUUHQWV VKRZV WKDW 6&/
IRUPHG DW WKH SODVPD MHW IORZLQJ RQWR WKH ZRUNSLHFH
VXUIDFH KDV D PXFK KLJKHU HOHFWULFDO UHVLVWDQFH WKDQ
UHVLVWDQFH RI WKH GLVFKDUJH JDS EHWZHHQ WKH FR�D[LDO
HOHFWURGHV� $V VKRZQ E\ PHDVXUHPHQWV� EUHDN�GRZQ
RI 6&/ RFFXUV RQO\ DIWHU ��� PV� 7KLV WLPH LV HQRXJK
IRU UH�FKDUJLQJ RI WKH FDSDFLWRUV� DQG FRQVXPDEOH HOHF�
WURGH � �)LJXUH �� ZLOO EH D FDWKRGH IRU ��� PV DQG
WKHQ DJDLQ ZLOO EHFRPH WKH DQRGH IRU ��� w ��� PV�

7KH H[SHULPHQWV LQGLFDWHG WKDW DW WKH LQLWLDO PR�
PHQW WKH ZRUNSLHFH VXUIDFH LV LQ HODVWR�SODVWLF LQWHU�
DFWLRQ ZLWK D VKRFN ZDYH DQG WKH SXOVHG SODVPD MHW�
7KHQ� DW EUHDN�GRZQ RI 6&/ WKH VXUIDFH LV DIIHFWHG
E\ WKH HOHFWULF FXUUHQW �DPSOLWXGH YDOXH RI WKH FXUUHQW
LV � N$�� 7KLV UHVXOWV LQ D IRUPDWLRQ RI WKH SXOVHG
PDJQHWLF ILHOG ZLWK DQ LQWHQVLW\ RI XS WR ���⋅���$�P�
)XUWKHU RQ �ZLWKLQ � w � PV� WKH VXUIDFH ZLOO EH DI�
IHFWHG E\ WKH IORZV RI WKH FRPEXVWLRQ DQG HOHFWURGH
HURVLRQ SURGXFWV�

5HVXOWV RI SODVPDwZRUNSLHFH VXUIDFH LQWHUDF�
WLRQ� $V LQGLFDWHG E\ WKH H[SHULPHQWV DQG VKRZQ E\
WKH FDOFXODWLRQ GDWD� WUHDWPHQW RI WKH ZRUNSLHFH VXU�
IDFH E\ WKH SXOVHG SODVPD FRQWDLQLQJ DOOR\LQJ HOH�

)LJXUH �� )UHH�IORZLQJ SODVPD MHW HPLWWHG IURP WKH SODVPDWURQ

QR]]OH

)LJXUH �� 3ODVPD MHW UXQQLQJ RQ D IODW EDUULHU �GHVLJQDWLRQV � DQG
� DUH JLYHQ LQ WKH WH[W�

)LJXUH �� 9DULDWLRQV LQ WKH HOHFWULF FXUUHQW GHSHQGLQJ XSRQ WKH

WLPH RI LWV IORZLQJ LQ WKH LQWHU�HOHFWURGH JDS �P� DQG EHWZHHQ WKH
FHQWUDO HOHFWURGH DQG D ZRUNSLHFH �O�

�� ������



PHQWV LV DFFRPSDQLHG E\ D FRPSOH[ �WKHUPDO� HOHF�
WURPDJQHWLF DQG GHIRUPDWLRQ� SXOVHG HIIHFW� 7KLV SUR�
YLGHV DOOR\LQJ RI WKH ZRUNSLHFH VXUIDFH ZLWK FRPSR�
QHQWV RI WKH SODVPD DQG KDUGHQLQJ RI WKLV VXUIDFH�
$OOR\LQJ HOHPHQWV DUH DGGHG LQWR WKH SODVPD LQ WKH
IRUP RI PHWDO HOHFWURGH �URG� HURVLRQ SURGXFWV DQG
JDV �SURSDQH� QLWURJHQ��

3XOVH�SODVPD WUHDWPHQW RI D ZRUNSLHFH RI )H�EDVHG
DOOR\ UHVXOWV LQ WKH IRUPDWLRQ RI D PLFURFU\VWDOOLQH
DOOR\HG OD\HU �)LJXUH ��� 6WUXFWXUH RI WKH OD\HU GH�
SHQGV XSRQ WKH SODVPD FRPSRVLWLRQ DQG TXDQWLW\ RI
WKH WUHDWPHQW SXOVHV� &RPSRVLWLRQ RI WKH SODVPD LV
GHWHUPLQHG E\ D R[LGL]HU WR IXHO UDWLR� ,Q D JHQHUDO
FDVH RI FRPEXVWLRQ RI K\GURFDUERQV &

Q
+
P
LQ QLWUR�

JHQ�R[\JHQ PL[WXUHV WKH OHIW SDUW RI WKH UHDFWLRQ HTXD�
WLRQ KDV WKH IROORZLQJ IRUP >��@�
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ZKHUH ; LV WKH R[\JHQ FRQWHQW RI WKH QLWURJHQ�R[\JHQ
PL[WXUH DQG α LV WKH H[FHVV R[LGL]HU FRHIILFLHQW�

2[LGH LQFOXVLRQV �)LJXUH �� E� ZHUH IL[HG LQ WKH
OD\HU DIWHU WUHDWPHQW E\ WKH SODVPD ZLWK DQ LQFUHDVHG
R[\JHQ FRQWHQW �α ! ��� ZKLOH DW α � ��� QR VXFK
LQFOXVLRQV ZHUH GHWHFWHG �)LJXUH �� D�� 7KH KDUGHQHG
OD\HU LV WKLFNHU DQG PRUH XQLIRUP DIWHU PXOWLSOH ��
SXOVHV� SXOVH�SODVPD WUHDWPHQW �)LJXUH �� F��

7KH KLJKHVW YDOXH RI PLFURKDUQHVV RI WKH KDUGHQHG
OD\HU RQ VDPSOHV RI VWHHO 8�� �& x ���� w �����
0Q x ��� w ���� 6L x ���� w ����� &U x XS WR
��� ZW���� ZKLFK ZHUH SUHOLPLQDULO\ VXEMHFWHG WR
TXHQFKLQJ DQG KLJK WHPSHULQJ� ZDV DFKLHYHG LQ WKH
FDVH RI XVLQJ WXQJVWHQ DQG PRO\EGHQXP HOHFWURGHV
�)LJXUH ��� 7UHDWPHQW ZDV SHUIRUPHG ZLWKRXW VXUIDFH
PHOWLQJ� VSHFLILF SRZHU RI WKH MHW ZDV �⋅��� :�FP��
0LFURKDUGQHVV ZDV PHDVXUHG RQ WUDQVYHUVH VHFWLRQV
XVLQJ WKH 307�� KDUGQHVV PHWHU� 7KH .QRRS GLDPRQG
S\UDPLG ZDV XVHG IRU WKH PHDVXUHPHQWV� 7KH ORDG RQ
WKH S\UDPLG ZDV � 1�

;�UD\ SKDVH DQDO\VLV RI WKH SXOVH�SODVPD KDUGHQHG
OD\HUV RQ VDPSOHV RI FDUERQ VWHHOV GHWHFWV ZLGHQLQJ
RI WKH α�)H OLQHV DQG HPHUJHQFH RI WKH UHVLGXDO
DXVWHQLWH OLQHV� $Q LQFUHDVH LQ WKH QXPEHU RI SXOVHV
IDYRXUV IXUWKHU ZLGHQLQJ RI WKH α�)H OLQHV ZLWK D
GHFUHDVH LQ WKHLU LQWHQVLW\� DV ZHOO DV DQ LQFUHDVH LQ
WKH UHODWLYH LQWHQVLW\ RI WKH γ�)H OLQHV� &RPSDULVRQ
RI WKH LQWHQVLWLHV RI WKH UHVLGXDO DXVWHQLWH DQG IHUULWH
OLQHV VKRZV WKDW WKH DPRXQW RI DXVWHQLWH XQGHU WKH
VDPH WUHDWPHQW FRQGLWLRQV LV PD[LPXP LQ WKH FDVH RI
XVLQJ D WXQJVWHQ HOHFWURGH� ;�UD\ VSHFWURPHWU\ LQGL�
FDWHG WKDW WKH FRQVXPDEOH HOHFWURGH PDWHULDO SHQH�
WUDWHG LQWR WKH KDUGHQHG OD\HU RQ D ZRUNSLHFH� )RU
H[DPSOH� LQ WKH FDVH RI XVLQJ D WLWDQLXP FRQVXPDEOH
HOHFWURGH WLWDQLXP ZDV GHWHFWHG DW D GHSWK RI GRZQ
WR �� µP LQ WKH KDUGHQHG OD\HU >��@�

'HWHUPLQDWLRQ RI PDVV WUDQVIHU RI OLJKW HOHPHQWV
ZDV GRQH E\ WKH $XJHU�VSHFWURVFRS\ PHWKRGV� 6DP�
SOHV ZHUH PDGH IURP WRRO VWHHO �.K6 �& x �����
6L x ���� &U x ���� 1L x ����� 0Q x ���� 6x
����� 3 x ���� ZW���� 'LVWULEXWLRQ RI WKH FRQFHQ�

WUDWLRQ RI QLWURJHQ WKURXJK WKLFNQHVV RI WKH OD\HU �)L�
JXUH �� ZDV LQYHVWLJDWHG XVLQJ WKH /$6����� XQLW RQ
REOLTXH VHFWLRQV DW DQ DQJOH RI �� WR WKH VXUIDFH�
5HVXOWV RIPHDVXUHPHQWV ZHUH DYHUDJHG E\ SRO\QRPLDO
LQ WKH �WK SRZHU E\ ILQGLQJ RQ D FRPSXWHU D PLQLPXP
RI WKH HIILFLHQF\ IXQFWLRQ �VWDQGDUG GHYLDWLRQ� LQ WKH
0DWKFDG � 3URIHVVLRQDO HQYLURQPHQW�

7KH H[SHULPHQWV VKRZHG WKDW DIWHU DIIHFWLQJ WKH
VXUIDFH ZLWK �� SODVPD SXOVHV �τ  ��� PV� WKH FRQ�

)LJXUH �� +DUGHQHG OD\HU RQ WKH VXUIDFH RI D VDPSOH RI LURQ DOOR\

���� � &�� D� E x � WUHDWPHQW SXOVH� F x � WUHDWPHQW SXOVHV�

E x SODVPD ZLWK H[FHVVLYH DPRXQW RI R[\JHQ

)LJXUH �� 'LVWULEXWLRQ RI PLFURKDUGQHVV LQ WKH KDUGHQHG OD\HU RI

D VDPSOH RI LURQ DOOR\ ���� � &� DIWHU SXOVH�SODVPD WUHDWPHQW XVLQJ

GLIIHUHQW HOHFWURGHV� K x OD\HU WKLFNQHVV



,QYHVWLJDWLRQV ZHUH FDUULHG RXW E\ 2�'� 6PL\DQ�

������ ��



FHQWUDWLRQ RI QLWURJHQ DW D GHSWK RI �� µP ZDV XS WR
��� DW�� �)LJXUH ��� 6LPLODU GLVWULEXWLRQ RI WKH FRQ�
FHQWUDWLRQV RI HOHPHQWV FDQ EH DFKLHYHG LQ WKH FDVH RI
WKHUPDO GLIIXVLRQ LI WKH PDVV WUDQVIHU FRHIILFLHQW LV
�⋅��w� w �⋅��w� FP��V�

([SHULHQFH RI DSSOLFDWLRQ RI WKH WHFKQRORJ\�
0D[LPXP PLFURKDUGQHVV RI WKH VXUIDFH OD\HU ZDV RE�
WDLQHG LQ WUHDWPHQW E\ WKH SODVPD FRQWDLQLQJ WXQJVWHQ
RU PRO\EGHQXP YDSRXUV DQG DW H[FHVVLYH QLWURJHQ DQG
FDUERQ FRQWHQW RI WKH SODVPD� ,Q DGGLWLRQ WR WKH DERYH
SURFHVV SDUDPHWHUV� WKH OHYHO RI PLFURKDUGQHVV LV DI�
IHFWHG DOVR E\ WKH TXDQWLW\ RI WKH SODVPD SXOVHV� $Q
LQFUHDVH LQ WKHLU QXPEHU OHDGV WR DQ LQFUHDVH LQ WKLFN�
QHVV RI WKH KDUGHQHG OD\HU DQG LWV XQLIRUPLW\�

+LJK YDOXHV RI VHUYLFH SURSHUWLHV RI DOOR\V XVHG
IRU WKH PDQXIDFWXUH RI WRROV DUH SURYLGHG E\ DOOR\LQJ
WKHP ZLWK WXQJVWHQ� PRO\EGHQXP DQG YDQDGLXP� 7KH
FKURPLXP FRQWHQW RI DOOR\V LV ��� w ��� ��

'LHV IRU KRW GHIRUPDWLRQ RIPDFKLQH SDUWV DUH PDGH
IURP DOOR\V �.K9�6 �& x ���� w ����� 0Q x ��� w
���� 6L x ��� w ���� &U x ��� w ���� : x ��� w
��� ZW���� �.K�9�) �& x ��� w ���� 0Q x ��� w
���� 6L x ≤ ����� &U x ��� w ���� : x ��� w

��� ZW��� DQG DOOR\V ZLWK �� w �� �:�0RO\EGHQXP
LV WKH HOHPHQW WKDW SURYLGHV DQ HIILFLHQW LPSURYHPHQW
LQ SURSHUWLHV RI DOOR\V� ,W LQFUHDVHV WRXJKQHVV FDXVLQJ
QR GHFUHDVH LQ KHDW UHVLVWDQFH DQG LQFUHDVHV HURVLRQ
UHVLVWDQFH� 0RO\EGHQXP DOOR\V �� w � �0R� DUH YHU\
VHQVLWLYH WR GHFDUEXUL]DWLRQ� 7KHUHIRUH� IRU WKHLU VXU�
IDFH DOOR\LQJ LW LV QHFHVVDU\ WR XVH� LQ DGGLWLRQ WR WKH
FRQVXPDEOH PRO\EGHQXP HOHFWURGH� DOVR WKH SODVPD
JDV LQ WKH IRUP RI D PL[WXUH ZLWK DQ H[FHVV R[LGL]HU
FRHIILFLHQW �α � �����

3XOVH�SODVPD WUHDWPHQW RI SDUWV RI KLJK�VSHHG DO�
OR\V RI WKH 5�0� �& x ���� w ����� &U x ��� w ����
: x ��� w ���� 0R x ��� w ���� 9 x ��� w
��� ZW��� DQG 5��)�.� �& x ���� w ����� &U x
��� w ���� :x ���� w ����� 0Rx ≤ ���� 9 x ��� w
���� &R x ��� w ��� ZW��� JUDGHV VKRXOG EH SHU�
IRUPHG ZLWKRXW VXUIDFH PHOWLQJ� 8QGHU VXFK WUHDW�
PHQW FRQGLWLRQV WKH SHUIRUPDQFH RI WRROV LQFUHDVHV
� w � WLPHV >�� �� �� ��@� 7KXV� LQ SXOVH�ODVHU WUHDWPHQW
>�@ DQ LQFUHDVH LQ KDUGQHVV RI WKH VXUIDFH DQG ZHDU
UHVLVWDQFH RI WKH WRRO RI KLJK�VSHHG VWHHO LV DFKLHYHG
RQO\ LQ WKH FDVH ZKHUH VSHFLILF SRZHU RI SXOVHV LV
�⋅��� � :S � �⋅��� :�FP� DQG WKH WLPH RI WUHDW�
PHQW LV τ  �⋅��w� V� 7KHVH WUHDWPHQW FRQGLWLRQV
SURYLGH WKH XOWLPDWH VXUIDFH WHPSHUDWXUH ZKLFK LV
FORVH WR WKH PHOWLQJ SRLQW�

3XOVH�SODVPD KDUGHQLQJ RI WKH WRROV DW WKH 2SHQ
6WRFN�+ROGLQJ &RPSDQ\ �&KHUHSRYHWV 6WHHO�5ROOLQJ
3ODQW� LV GRQH XVLQJ DQ XSJUDGHG PLOOLQJ PDFKLQH
WRRO �)LJXUH ��� 3XOVH SODVPDWURQ � LV XVHG LQVWHDG
RI YHUWLFDO VSLQGOH � RI WKH PDFKLQH WRRO� 7KH SODV�
PDWURQ KDV D EXLOW�LQ GHWRQDWLRQ JXQ � ZLWK FKDPEHU
� IRU JDV PL[LQJ DQG LQLWLDWLRQ RI GHWRQDWLRQ� 7KH
HOHFWULF FXUUHQW LV IHG WR WKH SODVPDWURQ WKURXJK LQ�
GXFWRU � YLD FRSSHU EXVEDU �� 7KH SODVPDWURQ DQG
LQGXFWRU DUH FRROHG E\ ZDWHU ZKLFK LV IHG WR WKH SODV�
PDWURQ WKURXJK WKH LQGXFWRU YLD GXFW �� $OOR\LQJ
HOHPHQWV DUH DGGHG DORQJ WKH D[LV RI WKH SODVPDWURQ
LQ WKH IRUP RI URG � DQG WKURXJK FKDPEHU � LQ WKH
IRUP RI JDV� 7KH WRRO LV IL[HV LQ GHYLFH � DQG LWV
PRYHPHQW LV SURYLGHG IURP PDFKLQH WRRO GULYH ���

(TXLSPHQW IRU SXOVH�SODVPD KDUGHQLQJ �)L�
JXUH ��� LV LQVWDOOHG LQ D VSHFLDO URRP ZKLFK KDV GRX�
EOH QRLVH�SURRI GRRUV DQG DZDWFK KROH� 7KH HTXLSPHQW
FRPSULVHV SODVPDWURQ �� VWDQGDUG ZRUNSLHFH PDQLSX�
ODWRU � DQG SRZHU VXSSO\ �� 7KH URRP LV HTXLSSHG

)LJXUH �� 6FKHPDWLF RI WKH SXOVH�SODVPD XQLW �GHVLJQDWLRQV � w ��

DUH JLYHQ LQ WKH WH[W�

)LJXUH ��� 8QLW IRU SXOVH�SODVPD WUHDWPHQW RI WRROV �GHVLJQDWLRQV
� w � DUH JLYHQ LQ WKH WH[W�

)LJXUH �� 'LVWULEXWLRQ RI QLWURJHQ WKURXJK WKLFNQHVV RI WKH OD\HU

GHSHQGLQJ XSRQ WKH QXPEHU RI SODVPD SXOVHV� � x ��� � x ���

� x �� SXOVHV

�� ������



ZLWK HOHFWURPDJQHWLF UDGLDWLRQ DQG QRLVH SURWHFWLRQ
V\VWHPV� $V D UXOH� WKHVH DUH WKH NQRZQ W\SLFDO GH�
VLJQV� (OHFWURPDJQHWLF VWRS YDOYHV DUH LQVWDOOHG LQ JDV
GXFWV DQG D IORZ UHOD\ LV PRXQWHG RQ WKH ZDWHU GXFW�
7KH XQLW LV UHPRWHGO\ FRQWUROOHG IURP WKH SDQHO ZKLFK
LV ORFDWHG RXWVLGH WKH URRP�

0HWDO FXWWLQJ WRROV� GLHV DQG SXQFKHV IRU KRW DQG

FROG GHIRUPDWLRQ RI PHWDO ZHUH VXEMHFWHG WR KDUGHQ�

LQJ� 3ULRU WR KDUGHQLQJ� WKH SDUWV ZHUH VXEMHFWHG WR

VWDQGDUG KHDW WUHDWPHQW DQG PDFKLQLQJ� 3XOVH�SODVPD

WUHDWPHQW ZDV XVHG DV D ILQDO RSHUDWLRQ� +DUGHQLQJ

ZDV GRQH RQO\ WR VXUIDFHV RI FXWWLQJ HGJHV RI WKH WRROV

�)LJXUH ���� 3URGXFWLYLW\ RI KDUGHQLQJ ZDV XS WR

��� P��K� ZKLFK LQ UH�FDOFXODWLRQ WR DFWXDO WRROV

DPRXQWV XS WR ��� SXQFKHV SHU KRXU� 7KH WRRO VXUIDFH

UHTXLUHV QR FOHDQLQJ RU DQ\ RWKHU SUHSDUDWRU\ RSHUD�

WLRQ IRU KDUGHQLQJ�
8QOLNH PHWDO FXWWLQJ WRROV RI KLJK�VSHHG VWHHOV�

GLH WRROV SHUPLW VXUIDFH PHOWLQJ >��� ��@� 7KH SURFHVV
SDUDPHWHUV IRU GLIIHUHQW W\SHV RI SXQFKHV� GLHV DQG
PRXOGV ZHUH VHOHFWHG VR WKDW WKH\ KDYH D PLQLPXP
SRZHU GHQVLW\� VXIILFLHQW IRU VXUIDFH KHDWLQJ WR PHOW�
LQJ� 6XFK FRQGLWLRQV SURYLGHG DOOR\LQJ RI WKH PROWHQ
VXUIDFH RI D SDUW ZLWK HOHPHQWV FRQWDLQHG LQ WKH SODVPD
MHW� 7KH FRQVXPDEOH WXQJVWHQ HOHFWURGH ZDV XVHG IRU
KDUGHQLQJ� WKH SODVPD JDV FRQWDLQHG H[FHVV SURSDQH
�α  ����� 7UHDWPHQW ZDV SHUIRUPHG ZLWK D WKUHH�IROG
HIIHFW E\ WKH SXOVHG SODVPD RQ WKH VXUIDFH EHLQJ KDU�
GHQHG� )RU KDUGHQLQJ RI PHWDO FXWWLQJ WRROV �WDSV�
WKUHDGLQJ GLHV� EURDFKHV� WKH SRZHU GHQVLW\ ZDV VH�
OHFWHG VR WKDW LW ZDV LQVXIILFLHQW IRU PHOWLQJ DQG EOXQW�
LQJ RI FXWWLQJ HGJHV� 7KH FRQVXPDEOH PRO\EGHQXP
HOHFWURGHV ZHUH XVHG DQG WKH SODVPD JDV FRQWDLQHG
H[FHVV SURSDQH DQG QLWURJHQ �α  ����� 0LOOV� GULOOV�
FXWWHUV� HWF� ZHUH WUHDWHG XVLQJ D WLWDQLXP HOHFWURGH
E\ D � w ���IROG HIIHFW E\ WKH SODVPD RQ WKH VXUIDFH
EHLQJ KDUGHQHG�

7KH WHFKQRORJ\ DQG WHFKQRORJLFDO HTXLSPHQW IRU

SXOVH�SODVPD KDUGHQLQJ RI WRROV DUH HPSOR\HG XQGHU

FRQGLWLRQV RI PHWDOZDUH SURGXFWLRQ DQG PDVV PHWDO�

OXUJLFDO SURGXFWLRQ DW WKH &KHUHSRYHWV 6WHHO�5ROOLQJ

3ODQW� 7KH H[SHULHQFH RI FRPPHUFLDO DSSOLFDWLRQ

VKRZHG WKDW SHUIRUPDQFH RI WKH WRROV LQFUHDVHG � w �

WLPHV�

&21&/86,216

�� 7KH RIIHUHG SXOVH�SODVPD WHFKQRORJ\ LV D UHVRXUFH�
VDYLQJ RQH� ZKLFK LV SURYLGHG E\ D ORZ FRQVXPSWLRQ

RI DOOR\LQJ HOHPHQWV DQG HOHFWULF SRZHU LQ FRPELQD�
WLRQ ZLWK KLJK SURGXFWLYLW\ �XS WR ��� P��K��

�� 7KH WHFKQRORJ\ PDNHV LW SRVVLEOH WR WUHDW �KHDW�
RQO\ ZRUNLQJ �FXWWLQJ� VXUIDFHV� ZKLFK VROYHV WKH
SUREOHP RI LQFUHDVLQJ ZHDU UHVLVWDQFH ZLWKRXW DQ\
FKDQJH LQ VWUXFWXUDO VWDWH RI WKH HQWLUH ZRUNSLHFH�

�� 7UHDWPHQW RI VXUIDFHV RI WRROV E\ WKH SXOVHG
SODVPD FRQWDLQLQJ DOOR\LQJ HOHPHQWV LV DFFRPSDQLHG
E\ HOHFWURPDJQHWLF �XS WR 1  ���⋅��� $�P� DQG
WKHUPDO �XS WR T  �⋅��� :�FP�� HIIHFWV� 7KLV DFFH�
OHUDWHV PDVV WUDQVIHU RI HOHPHQWV IURP WKH SODVPD GHHS
LQWR WKH VXUIDFH EHLQJ KDUGHQHG�

�� &RPPHUFLDO DSSOLFDWLRQ RI WKH SXOVH�SODVPD
WHFKQRORJ\ SURYHV LWV HIILFLHQF\�

5()(5(1&(6

�� *XULHY� 9�$�� 7HVNHU� 9�,� ������ $SSOLFDWLRQ RI ODVHU WUHDW�

PHQW IRU IRUPDWLRQ RI D VXUIDFH OD\HU RQ QRUPDOL]HG VWHHO

ZLWK KLJK WULERORJLFDO DQG WRXJK SURSHUWLHV� )L]LND L

.KLPL\D 2EUDE� 0DWHULDORY� �� �� w ���

�� 6DIRQRY� $�1� ������ %DVLF DUHDV RI HIILFLHQW DSSOLFDWLRQ RI

ODVHU WHFKQRORJ\ IRU KHDW WUHDWPHQW RI DOOR\V� 0DWHULD�

ORYHGHQL\H L 7HUP� 2EUDE� 0HWDOORY� �� � w ��

�� /HVKFKLQVN\� /�.�� 6DPRWXJLQ� 6�6�� 3LUFK� ,�,� ������

3ODVPD VXUIDFH KDUGHQLQJ� .\LY� 7HNKQLND�

�� *XVHY� 2�$�� /D]DUHQNR� $�9�� ,YDQRY� %�$� HW DO� ������

$SSOLFDWLRQ RI SXOVHG HOHFWURQ EHDP IRU KHDW WUHDWPHQW RI

PHWDOV� 0DWHULDORYHGHQL\H L 7HUP� 2EUDE� 0HWDOORY� ��
�� w ���

�� /HEHGHY� 9�.�� .DOHNR� '�0� ������ 3XOVH�DUF KHDW WUHDW�

PHQW RI PHWDO VXUIDFHV� ,ELG�� �� � w ���

�� %RMNR� 9�,�� 9DO\DHY� $�1�� 3RJUHEQ\DN� $�'� ������

0RGLILFDWLRQ RI PHWDO PDWHULDOV E\ SXOVHG KLJK�SRZHU SDUWL�

FOHV EHDPV� 8VSHNKL )L]� 1DXN� ��� � w ���

�� $QDVWDVLDGL� *�3� ������ )RUPDWLRQ RI FKHPLFDO PLFURKH�

WHURJHQHLW\ LQ FDVWLQJ DOOR\V� 6��3HWHUEXUJ� 3ROLWHNKQLND�

�� *ULJRU\DQWV� $�*�� 6DIRQRY� $�1� ������ 0HWKRGV IRU VXU�

IDFH ODVHU WUHDWPHQW� 0RVFRZ� 9\VVKD\D 6KNROD�

�� .RYDOHQNR� 9�6�� *RORYNR� /�)�� &KHUQHQNR� 9�6� ������

+DUGHQLQJ DQG DOOR\LQJ RI PDFKLQH SDUWV E\ ODVHU EHDP�

.\LY� 7HNKQLND�

��� &RUGLHU� 5�&�� &UDPSRQ� -�� )RFW� -� ������ 6XUIDFH DOOR\�

LQJ RI LURQ E\ ODVHU PHOWLQJ� PLFURVWUXFWXUH DQG PHFKDQLFDO

SURSHUWLHV� 6XUIDFH (QJ�� �� ��� w ����

��� (VNLQ� 6�� =DKDYL� -� ������ /D]HUV (QJ�� �� ��� w ����

��� 5\NDOLQ� 1�1�� 8JORY� $�$�� .RNRUD� $�1� ������ /DVHU

WUHDWPHQW RI PDWHULDOV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

��� 9RORVKLQ� 0�1�� *DVLQ� '�$�� .RUDEOHYD� ,�5� HW DO� ������

9DULDWLRQ LQ VWUXFWXUH RI DUPFR�LURQ LQ SXOVH QLWURJHQ�SODVPD

WUHDWPHQW� )L]LND L .KLPL\D 2EUDE� 0DWHULDORY� �� �� w ���

��� /DULNRY� /�1�� )DOFKHQNR� 9�0�� 0D]DQNR� 9�)� ������ $E�

QRUPDO DFFHOHUDWLRQ RI GLIIXVLRQ LQ SXOVH ORDGLQJ� 'RNODG\

$1 6665� �� �����
��� /DULNRY� /�1�� 0D]DQNR� 9�)�� 1HPRVKNDOHQNR� 9�9� HW DO�

������ ,QYHVWLJDWLRQ RI DEQRUPDO PDVV WUDQVIHU XQGHU FRQGL�

WLRQV RI LPSDFW ORDGLQJ RI GLVVLPLODU PHWDOV� )L]LND L

.KLPL\D 2EUDE� 0DWHULDORY� �� �� w ���

��� *HUWVULNHQ� '�6�� 6NULSQLFKHQNR� $�/�� 7LVKNHYLFK� 9�0� HW

DO� ������ (IIHFW RI SXOVH PDJQHWLF ILHOG DQG WHQVLOH VWUHVVHV

RQ PRELOLW\ RI QLFNHO DQG FRSSHU DWRPV� 9HVWVL $1 %665�

�� �� w ���

)LJXUH ��� 3XQFKHV KDUGHQHG E\ SXOVH�SODVPD WUHDWPHQW� D x SXVKLQJ SXQFKHV� E x SXQFKHV IRU KRW GHIRUPDWLRQ RI QXWV� F x KROH

SXQFKHV

������ ��



��� *HUWVULNHQ� '�6�� .RVW\XFKHQNR� 9�*�� 7LVKNHYLFK� 9�0� HW

DO� ������ (IIHFW RI SODVWLF GHIRUPDWLRQ LQ SXOVHG PDJQHWLF

ILHOG RQ PLJUDWLRQ RI DWRPV LQ PHWDOV� 'RNODG\ 1$1 8NUD�

LQ\� �� �� w ���

��� *HUWVULNHQ� '�6�� 0D]DQNR� 9�)�� )DOFKHQNR� 9�0� ������

3XOVH WUHDWPHQW DQG PDVV WUDQVIHU LQ PHWDOV DW ORZ WHPSH�

UDWXUHV� .\LY� 1DXNRYD 'XPND�

��� 7\XULQ� <X�1� ������ ,PSURYHPHQW RI HTXLSPHQW DQG WHFK�

QRORJLHV IRU GHWRQDWLRQ FRDWLQJ� $YWRPDWLFKHVND\D 6YDUND�

�� �� w ���

��� <XVKFKHQNR� .�$�� %RULVRY� <X�6�� 7\XULQ� <X�1� ������

7KHRU\ DQG SUDFWLFH RI SODVPD�GHWRQDWLRQ PRGLILFDWLRQ RI

VXUIDFHV RI PDFKLQH SDUWV DQG WRROV� 6YDURFKQR\H 3URL]YRG�

VWYR� �� �� w ���

��� %DL 6KL�L� ������ 7KHRU\ RI MHWV� 0RVFRZ� )L]PDWJL]�

��� 6XOWDQRY� 0�$� ������ 6KRFN�FRPSUHVVHG SODVPD LQ KLJK�

SRZHU SXOVH GLVFKDUJHV� 'XVKDQEH� 'RQLVK�

��� /\NRY� $�0�� 3RFKHSDHY� 9�*�� 5HGNLQ� <X�*� HW DO�

������ 3ODVPD KHDW WUHDWPHQW RI VWHHOV� )L]LND L .KLPL\D

2EUDE� 0DWHULDORY� �� �� w ���

��� /HEHGHY� $�'�� 8U\XNRY� %�$� ������ 3XOVH DFFHOHUDWRUV RI

KLJK�SUHVVXUH SODVPD� 1RYRVLELUVN� ,QVWLWXWH RI 7KHUPDO

3K\VLFV RI WKH 8665 $FDGHP\ RI 6FLHQFHV�

��� 3HWURY� 6�9�� .DUS� ,�1� ������ 3ODVPD DLU�JDV VSUD\LQJ�

.\LY� 1DXNRYD 'XPND�

��� 0RUGRYHWV� 1�0�� %RULVRY� <X�6�� 5DFKHN� $�3� HW DO�

������ 6WUXFWXUH� FU\VWDOOLQH WH[WXUH DQG PLFURKDUGQHVV LQ

WKH VXEVXUIDFH OD\HU RI FDUERQ VWHHO PRGLILHG E\ WKH SODVPD�

GHWRQDWLRQ PHWKRG� .\LY� 1DXNRYD 'XPND�

��� *ULJRU\DQWV� $�*�� 6DIRQRY� $�1�� ,YDVKRY� *�3� HW DO�

������ ,QYHVWLJDWLRQ RI SXOVH ODVHU TXHQFKLQJ RI GLH IL[WXUH�

.X]QHFKQR�VKWDPS� 3URL]YRGVWYR� ��� �� w ���

��� %XUDNRY� 9�9�� )HGRVHHQNR� 6�6� ������ )RUPDWLRQ RI

VWUXFWXUH RI LQFUHDVHG ZHDU UHVLVWDQFH LQ ODVHU TXHQFKLQJ RI

PHWDO ZRUNLQJ WRROV� 0DWHULDORYHGHQL\H L 7HUP� 2EUDE�

0HWDOORY� �� �� w ���

�� ������
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<X�6� %25,629� 0�7� 3$1.2� /�,� $'((9$� 9�/� 583&+(9 DQG 9�*� %2%5,.

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

$%675$&7

(IIHFW RI WKH WHFKQRORJ\ IRU SURGXFWLRQ RI SRZGHUV RI WKH $Ow&Xw)H V\VWHP RQ WKHLU VWUXFWXUH� SKDVH FRPSRVLWLRQ�

SK\VLFDO DQG WHFKQRORJLFDO SURSHUWLHV ZDV LQYHVWLJDWHG� 7KH HIIHFW RI DQQHDOLQJ RI WKH VSUD\ SRZGHUV RQ WKHLU FRQWHQW

RI WKH TXDVLFU\VWDOOLQH ψ�SKDVH ZDV HVWDEOLVKHG�

.H\ ZRU G V � SRZGHUV� TXDVLFU\VWDOOLQH SKDVH� VWUXFWXUH�

SURSHUWLHV RI SRZGHUV� WKHUPDO VSUD\LQJ

7KH ILUVW SDSHU >�@ GHGLFDWHG WR GLVFRYHU\ RI TXDVL�
FU\VWDOV FKDUDFWHUL]HG E\ WKH V\PPHWU\ D[LV RI WKH
ILIWK RUGHU �EHIRUH WKDW LW ZDV FRQVLGHUHG SURKLELWHG
IRU FU\VWDOV DFFRUGLQJ WR WKH FODVVLFDO FU\VWDOORJUDSK\
ODZV� ZDV SXEOLVKHG LQ �����

7KHUH DUH PRUH WKDQ D KXQGUHG RI DOOR\V LQ ZKLFK
WKH SUHVHQFH RI WKH TXDVLFU\VWDOOLQH SKDVH ZDV GH�
WHFWHG� WKH PDMRULW\ RI WKHP DUH $O�EDVH DOOR\V >� w
�@� 7KLV FODVV RI PDWHULDOV� WDNLQJ D SRVLWLRQ EHWZHHQ
DPRUSKRXV DQG FU\VWDOOLQH DOOR\V� KDV D YHU\ LQWHUHVW�
LQJ FRPELQDWLRQ RI SK\VLFDO SURSHUWLHV� )RU H[DPSOH�
TXDVLFU\VWDOOLQH ψ�SKDVHV LQ DOOR\V RI WKH $Ow&Xw)H
V\VWHP DUH FKDUDFWHUL]HG E\ KLJK YDOXHV RI PLFURKDUG�
QHVV �+9 � w �� *3D�� DELOLW\ RI HODVWLF UHVWRUDWLRQ
�+�( ! ����� >�@� VSHFLILF HOHFWULFDO UHVLVWDQFH ��� w
��� µ2KP⋅P >�@�� FRUURVLRQ >�@ DQG ZHDU UHVLVWDQFH�
,Q DGGLWLRQ� WKH\ IHDWXUH ORZ WKHUPDO FRQGXFWLYLW\ RI
� w � :��P⋅.� >�@ DQG IULFWLRQ FRHIILFLHQW >�@�

)RUPDWLRQ RI TXDVLFU\VWDOV DQG TXDVLFU\VWDOOLQH

SKDVHV LQ VROLGLILFDWLRQ RI DOOR\V RFFXUV XQGHU FRQGL�

WLRQV RI VXSHU UDSLG FRROLQJ DW UDWHV RI ��� w ��� �&�V�

7KLV OHYHO RI WKH FRROLQJ UDWHV LV REVHUYHG GXULQJ WKHU�

PDO VSUD\LQJ �76�� ZKLFKPDNHV LW SRVVLEOH WR SURGXFH

FRDWLQJV FRQWDLQLQJ TXDVLFU\VWDOOLQH SKDVHV LQ WKHLU

VWUXFWXUH�

%DVHG RQ SHFXOLDULWLHV RI WKH WHFKQRORJ\ RI 76 RI

VXFK FRDWLQJV� WKH $Ow&Xw)H DOOR\V� KDYLQJ WKH IRO�

ORZLQJ FRPSRVLWLRQ� DW��� )H x � w ��� &X x �� w

��� $O x �� w ��� KROG WKH KLJKHVW SURPLVH�

4XDOLW\� VWUXFWXUH DQG SURSHUWLHV RI WKHUPDO VSUD\
FRDWLQJV JUHDWO\ GHSHQG XSRQ VXFK FKDUDFWHULVWLFV RI
WKH VSUD\ SRZGHUV DV SKDVH DQG FKHPLFDO FRPSRVLWLRQ�
DQG VKDSH DQG VL]H RI SDUWLFOHV >��@� ,Q DGGLWLRQ� WKH
ODVW WZR FKDUDFWHULVWLFV VKRXOG SURYLGH WKH VWDEOH DQG
FRQWURODEOH IHHG RI WKH SDUWLFOHV WR D KLJK�WHPSHUDWXUH
JDV MHW� ZKLFK GHWHUPLQHV WKH SURGXFWLYLW\ RI WKH
VSUD\LQJ SURFHVV�

&KDUDFWHULVWLFV RI SRZGHUV GHSHQG XSRQ WKH WHFK�
QRORJ\ XVHG IRU WKHLU SURGXFWLRQ�:LWK UDUH H[FHSWLRQV
>��@� DOPRVW QR LQIRUPDWLRQ RQ LQYHVWLJDWLRQ LQWR WKH
HIIHFW RI FKDUDFWHULVWLFV RI WKH LQLWLDO SRZGHUV SUR�
GXFHG E\ GLIIHUHQW WHFKQRORJLHV RQ VWUXFWXUH DQG SUR�
SHUWLHV RI WKHUPDO VSUD\ FRDWLQJV LV DYDLODEOH LQ WKH
OLWHUDWXUH� 7KLV SDSHU GHVFULEHV WKH ZRUN GRQH WR ILOO
RXW WKLV JDS�

7KUHH W\SHV RI SRZGHUV �7DEOH �� ZHUH PDGH WR
LQYHVWLJDWH WKH HIIHFW RI WKH WHFKQRORJ\ IRU SURGXFLQJ
SRZGHUV IURP DOOR\ RI WKH $Ow&Xw)H V\VWHP RQ WKHLU
VWUXFWXUH� SK\VLFDO DQG WHFKQRORJLFDO SURSHUWLHV� 7KH
ILUVW WZR ZHUH SURGXFHG E\ KLJK�SUHVVXUH ZDWHU �W\SH
$� DQG FRPSUHVVHG DLU �W\SH %� DWRPL]DWLRQ RI WKH
PHOW� 3RZGHU RI W\SH & ZDV SURGXFHG E\ WKH PHWKRG
RI VSRQWDQHRXV GHFRPSRVLWLRQ RI WKH MHW DQG ZDWHU
FRROLQJ RI GURSOHWV� IROORZHG E\ GU\LQJ DQG FUXVKLQJ
RI WKH JUDQXOHV� &DOFXODWLRQ RI FRPSRVLWLRQ RI WKH
FKDUJH LQ DOO FDVHV ZDV PDGH RQ WKH EDVLV RI FRPSR�
VLWLRQ RI WKH $O��&X��)H�� DOOR\� LQ ZKLFK WKH TXDVL�
FU\VWDOOLQH SKDVH KDG WKH KLJKHVW WKHUPRG\QDPLF VWD�
ELOLW\ >��@� $OORZLQJ IRU WKH SUREDELOLW\ RI SDUWLDO
HYDSRUDWLRQ RI DOXPLQLXPGXULQJ 76 DQG LQ WKH SURFHVV
RI PDQXIDFWXUH RI WKH SRZGHUV� WKH DFWXDO FRQWHQW RI

� <X�6� %25,629� 0�7� 3$1.2� /�,� $'((9$� 9�/� 583&+(9 DQG 9�*� %2%5,.� ����

7DEOH �� 3DUDPHWHUV RI GLIIHUHQW WHFKQRORJLHV IRU PDQXIDFWXUH RI SRZGHUV RI $O��&X��)H�� DOOR\

3RZGHU

W\SH
3URGXFWLRQ PHWKRG

&RROLQJ UDWH RI GURSOHWV�

�&�V

(QHUJ\

VXSSO\

$WRPL]DWLRQ

SUHVVXUH� 03D

$ +LJK�SUHVVXUH ZDWHU DWRPL]DWLRQ ��� w �⋅��� :DWHU �

% &RPSUHVVHG DLU DWRPL]DWLRQ ��� w �⋅��� $LU �

& 6SRQWDQHRXV GHFRPSRVLWLRQ RI WKH MHW� PHFKDQLFDO FUXVKLQJ � ���

������ ��



DOXPLQLXP LQ WKH DOOR\ ZDV LQFUHDVHG E\ � ZW��� DV
FRPSDUHG ZLWK WKH FDOFXODWHG RQH�

$OXPLQLXP ������ ��� FRSSHU ������ �� DQG LURQ

������ �� ZHUH XVHG DV WKH UDZ PDWHULDOV�

7KH PHOW ZDV SURGXFHG E\ LQGXFWLRQ PHOWLQJ RI

WKH FKDUJH LQ D JUDSKLWH FUXFLEOH LQ WKH DLU DWPRVSKHUH

ZLWK D KRPRJHQL]LQJ KROGLQJ DW D WHPSHUDWXUH RI

���� ± �� �& IRU �� PLQ� ,Q WKLV FDVH WKH PHOW ZDV

FRQVLGHUDEO\ RYHUKHDWHG �E\ ��� w ��� �& KLJKHU WKDQ

WKH PHOWLQJ SRLQW�� ZKLFK� DFFRUGLQJ WR >��@� VWDEL�

OL]HG WKH ψ�SKDVH DQG OHG WR LWV SUHGRPLQDQFH LQ VWUXF�
WXUH RI WKH FRROHG SRZGHU SDUWLFOHV� ,VRWKHUPDO KROG�

LQJ SURPRWHV DYHUDJLQJ RI FKHPLFDO FRPSRVLWLRQ DQG

HQKDQFHV VWDELOL]DWLRQ� $IWHU UHPRYDO RI VODJ IURP WKH

VXUIDFH DQG PHFKDQLFDO PL[LQJ� WKH PHOW ZDV IHG WR

WKH PHWDO FROOHFWRU DQG WKHQ� WKURXJK D GLVFKDUJH

RSHQLQJ ZLWK D GLDPHWHU RI � PP� WR WKH FUXVKLQJ

]RQH RI WKH DWRPL]DWLRQ FKDPEHU�

'LIIHUHQW DWRPL]HUV� FDOFXODWHG DQG GHVLJQHG DF�

FRUGLQJ WR WKH UHFRPPHQGDWLRQV >��@� ZHUH XVHG IRU

DWRPL]DWLRQ RI WKH $Ow&Xw)H V\VWHP PHOW E\ KLJK�

SUHVVXUH ZDWHU DQG FRPSUHVVHG DLU� ,Q WKH ILUVW FDVH

WKH FUXVKLQJ GLDJUDP XVHGZDV WKDW GRQH E\ LQGLYLGXDO

ZDWHU MHWV DUUDQJHG DORQJ WKH ULQJ DURXQG D IUHH IORZ

RI WKH PHOW� 7KH SRZGHU WKXV SURGXFHG �W\SH $� ZDV

VXEMHFWHG WR GU\LQJ DW D WHPSHUDWXUH RI ��� �& IRU

� K IROORZHG E\ FODVVLILFDWLRQ LQWR IUDFWLRQV�

,Q WKH VHFRQG FDVH DQ DWRPL]HU ZLWK DQ DQQXODU

JDV QR]]OH ZDV XVHG� 7KH PHOW ZDV IHG WR WKH JDV IORZ

WKURXJK D GLVFKDUJH RSHQLQJ ZKLFK� DW WKH VDPH WLPH�

VHUYHG DV WKH �FHQWUDO ERG\� RI WKH DQQXODU JDV QR]]OH�

7KH SRZGHU SURGXFHG �W\SH %� ZDV FODVVLILHG LQWR

IUDFWLRQV ZLWKRXW SUHOLPLQDU\ GU\LQJ�

3RZGHU RI W\SH & ZDV SURGXFHG E\ IHHGLQJ RI WKH

PHOW WKURXJK D FLUFXODU RSHQLQJ� ,Q WKLV FDVH� DFFRUG�

LQJ WR WKH 5D\OHLJK ODZ >��@� XQGHU WKH HIIHFW RI VPDOO

GLVWXUEDQFHV WKH F\OLQGULFDO IORZ GHFRPSRVHG LQWR LQ�

GLYLGXDO IUDJPHQWV ZKLFK ZHUH WKHQ IRUPHG LQWR GURS�

OHWV XQGHU WKH HIIHFW RI VXUIDFH WHQVLRQ� &RROHG LQ

ZDWHU� WKH\ KDG DQ LUUHJXODU VKDSH DQG VL]H RI DERXW

�� w �� PP� $IWHU GU\LQJ DW D WHPSHUDWXUH RI ��� �&

IRU � K WKH SDUWLFOHV WKXV SURGXFHG ZHUH VXEMHFWHG WR

PHFKDQLFDO FUXVKLQJ WR D VL]H RI OHVV WKDQ � PP DQG

JULQGLQJ LQ D EDOO PLOO IRU �� PLQ WR D VL]H RI OHVV WKDQ

��� µP�

3RZGHUV RI W\SH &� ZHUH SURGXFHG IURP WKH PHOW
DW D WHPSHUDWXUH RI ���� ± �� �& ZLWKRXW LVRWKHUPDO
KROGLQJ WR LQYHVWLJDWH WKH HIIHFW RI KRPRJHQL]LQJ
KROGLQJ RQ SKDVH FRPSRVLWLRQ�

*UDQXORPHWULF FRPSRVLWLRQ RI WKH SRZGHUV RI DOOR\
RI WKH $Ow&Xw)H V\VWHP LV JLYHQ LQ 7DEOH ��

3KDVH DQG VWUXFWXUH RI WKH SRZGHUV ZHUH LQYHV�
WLJDWHG E\ PHWDOORJUDSK\� PLFURGXURPHWU\� FKHPL�
FDO DQG ;�UD\ SKDVH DQDO\VLV DQG ;�UD\ PLFURDQD�
O\VLV�

0HWDOORJUDSK\ RI SROLVKHG VDPSOHV DIWHU HOHFWUR�
FKHPLFDO HWFKLQJ LQ D UHDJHQW �� O RI �� � DTXHRXV
VROXWLRQ RI FKURPLF DFLG� �� PO RI K\GURIOXRULF DFLG
DQG �� PO RI VXOSKXULF DFLG� ZDV GRQH XVLQJ RSWLFDO
PLFURVFRSH 1(23+27����

0LFURKDUGQHVV RI VWUXFWXUDO FRPSRQHQWV RI WKH
SRZGHUV ZDV GHWHUPLQHG XVLQJ WKH /(&2 LQVWUXPHQW
0���� XQGHU D ORDG RI ����� DQG ����� 1 IRU �� V�

;�UD\ SKDVH DQDO\VLV ZDV FRQGXFWHG XVLQJ WKH
'521�80� GLIIUDFWRPHWHU LQ D PRQRFKURPDWL]HG
FRSSHU UDGLDWLRQ &X.α

ZLWKLQ D UDQJH RI DQJOHV IURP

�� WR ����� 7KH DPRXQW RI WKHψ�SKDVH ZDV GHWHUPLQHG
E\ WKH SURFHGXUH GHVFULEHG LQ >��@�

&KHPLFDO FRPSRVLWLRQ RI WKH SRZGHUV ZDV GHWHU�
PLQHG E\ VWDQGDUG PHWKRGV DQG WKDW RI VWUXFWXUDO
FRPSRQHQWV x XVLQJ WKH -60���� VFDQQLQJ PLFUR�
VFRSH ZLWK DQ ;�UD\ DWWDFKPHQW� 7KLV GHYLFH ZDV DOVR
XVHG IRU SKRWRJUDSK\ RI WKH DSSHDUDQFH RI WKH SRZ�
GHUV�

7KH R[\JHQ FRQWHQW RI WKH DOOR\ ZDV HVWLPDWHG
XVLQJ WKH 52���� JDV DQDO\VHU E\ WKH PHWKRG RI UH�
GXFWLRQ PHOWLQJ LQ D QLWURJHQ IORZ�

7KH XQLW WKH SULQFLSOH RI RSHUDWLRQ RI ZKLFK LV
EDVHG RQ WKH XVH RI WKH WKHUPDO EDODQFH HTXDWLRQ ZDV
HPSOR\HG WR GHWHUPLQH KHDW FRQWHQW� 7KH WHVW VDPSOHV
ZHUH PDGH E\ WZR PHWKRGV� SUHVVLQJ RI WKH KLJK�SUHV�
VXUH ZDWHU DWRPL]HG SRZGHU ZLWK SDUWLFOHV �� w
�� µP LQ VL]H XQGHU D SUHVVXUH RI ����⋅��� 1 DQG VLQ�
WHULQJ RI WKH FKDUJH PDWHULDOV LQ DQ LQHUW JDV DW D
WHPSHUDWXUH RI ��� �& IRU � K�

,QYHVWLJDWLRQ RI DSSHDUDQFH RI WKH SRZGHUV VKRZHG

WKDW W\SHV $ DQG % KDG FHUWDLQ VLPLODULW\ LQ VWUXFWXUH

RI WKHLU SDUWLFOHV� 3DUWLFOHV ZLWK D VL]H RI RYHU ��� µP
KDG D YHU\ FRPOH[ VWUXFWXUH DQG LUUHJXODU VKDSH� DQG

ZHUH FKDUDFWHUL]HG E\ D VXEVWDQWLDO SRURVLW\ �)L�

JXUH �� D� G�� :LWK D GHFUHDVH LQ SDUWLFOH VL]H� WKH

SRZGHUV EHFDPH RI D VLPSOHU VKDSH DQG FRQWDLQHG OHVV

SRUHV �)LJXUH �� E� H�� 3DUWLFOHV RI WKH VPDOOHVW VL]H

�OHVV WKDQ �� µP� ZHUH FKDUDFWHUL]HG E\ D VSKHULFDO

RU VSLQGOH�OLNH VKDSH DQG WKH ORZHVW SRURVLW\ �)L�

JXUH �� F� I��
0HWDOORJUDSK\ RI VWUXFWXUH RI WKH DWRPL]HG SDUWLFOHV

LQ DQ XQHWFKHG VWDWH �)LJXUH �� D� VKRZHG WKH SUHVHQFH
RI RSHQ DQG FORVHG SRUHV IURP � WR �� µP LQ VL]H� (WFKLQJ
UHYHDOHG WKH WZR�SKDVH VWUXFWXUH RI WKH SDUWLFOHV� FRQ�
VLVWLQJ RI ILQHO\ GLVSHUVHG SUHFLSLWDWHV DJDLQVW WKH EDFN�
JURXQG RI WKH OLJKW PDWUL[ �)LJXUH �� E��

$FFRUGLQJ WR WKH GDWD RI ;�UD\ SKDVH DQDO\VLV� WKH
DWRPL]HG SRZGHUV KDYH D WZR�SKDVH �ψ� β��VWUXFWXUH�
ZKHUH WKH TXDVLFU\VWDOOLQH ψ�$O��&X��)H����SKDVH LV

7DEOH �� *UDQXORPHWLF FRPSRVLWLRQ RI SRZGHUV

3DUWLFOH VL]H� µP
&RQWHQW� ZW��

7\SH $ 7\SH % 7\SH &
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GRPLQDQW �7DEOH ��� ,W LV FRQWDLQHG LQ WKH FU\VWDOOLQH
β�$O��&X��)H���PDWUL[ LQ WKH IRUP RI ILQHO\ GLVSHUVHG
SUHFLSLWDWHV� +LJK FRROLQJ UDWHV GXULQJ WKH DWRPL]D�
WLRQ SURFHVV OHDG WR FKHPLFDO KHWHURJHQHLW\ RI WKH
DWRPL]HG SDUWLFOHV� %RWK SKDVHV� FXELF β DQG LFRVDKH�
GUDOψ� DUH FORVH WR HDFK RWKHU LQ FKHPLFDO FRPSRVLWLRQ�
EXW VXEVWDQWLDOO\ GLIIHUHQW LQ FU\VWDOOLQH VWUXFWXUH�
0DVV IUDFWLRQ RI WKH TXDVLFU\VWDOOLQH SKDVH LQ SRZGHUV
RI W\SHV $ DQG % LV �� w �� DQG �� w �� ZW��� UHVSHF�
WLYHO\�

0LFURKDUGQHVV RI WKH SRZGHUV LV LQ GLUHFW GHSHQ�
GHQFH XSRQ WKH DPRXQW RI WKH ψ�SKDVH� )RU SRZGHUV
RI W\SHV $ DQG % LW HTXDOV ��� w ��� DQG ��� w
��� *3D� UHVSHFWLYHO\� &RQWHQW RI R[\JHQ LQ SRZGHUV
RI W\SH $ LV ���� w ���� DQG LQ SRZGHUV RI W\SH % x
���� w ���� ZW��� UHVSHFWLYHO\�

3DUWLFOHV RI WKH FUXVKHG SRZGHUV �W\SH & DQG &��
KDYH DQ LUUHJXODU IUDJPHQWDWLRQ VKDSH DQG IDFHV ZLWK
W\SLFDO EULWWOH IUDFWXUH IUDJPHQWV �FOHDYDJHV� �)L�
JXUH �� D�� $ GHQGULWLF VWUXFWXUH RI FDVW JUDQXOHV RI
WKH DOOR\ FDQ EH VHHQ RQ VXUIDFHV RI VRPH RI WKHP
�)LJXUH �� E��

0LFURVWUXFWXUH RI SRZGHU RI W\SH &� ZDV VWXGLHG
RQ JUDQXOHV RI WKH DOOR\ EHIRUH FUXVKLQJ� 7KH\ KDG D
FDVW GHQGULWLF PXOWL�SKDVH VWUXFWXUH FRQVLVWLQJ RI SDU�
WLFOHV RI DFLFXODU DQG UHJXODU JHRPHWULFDO VKDSHV �SR�
VLWLRQ � LQ )LJXUH �� F�� L�H� FU\VWDOOLQH λ�$O��&X�)H����
SKDVH ZLWK PLFURKDUGQHVV RI ��� w ��� *3D� /LJKW
VSKHULFDO JUDLQV DQG URVHWWHV ZLWK IOLQHO\ GLVSHUVHG
SUHFLSLWDWHV �SRVLWLRQ � LQ )LJXUH �� F� DUH WKH WZR�
SKDVH �ψ � β� VWUXFWXUDO FRPSRQHQW ZLWK PLFURKDUG�
QHVV RI ��� w ��� *3D� )LQH JUDLQV DQG LQWHUOD\HUV RI
WKH θ�$O�&X��SKDVH �SRVLWLRQ � LQ )LJXUH �� F� ZLWK
PLFURKDUGQHVV RI ��� w ��� *3D DUH VHHQ DORQJ WKH
ERXQGDULHV RI WKH VSKHULFDO JUDLQV�

3RZGHUV RI W\SH &�� DFFRUGLQJ WR WKH GDWD RI ;�UD\
SKDVH DQDO\VLV� FRQWDLQ β�� ψ�� λ� DQG θ�SKDVHV� SRZ�
GHUV RI W\SH & FRQWDLQ QR θ�SKDVH� 7KHVH SRZGHUV
GLIIHU IURP W\SHV$ DQG % QRW RQO\ LQ WKHLU PXOWL�SKDVH
QDWXUH� EXW DOVR LQ WKH SUHVHQFH RI WKH FU\VWDOOLQH
β�SKDVH GRPLQDWLQJ LQ WKHLU VWUXFWXUH� ,Q SRZGHUV RI

W\SH & WKH FRQWHQW RI WKH TXDVLFU\VWDOOLQH ψ�SKDVH LV
PXFK KLJKHU ��� �� DV FRPSDUHG ZLWK �� w �� ZW��
LQ SRZGHUV RI W\SH &��� ,Q DGGLWLRQ� WKHVH SRZGHUV
DUH PRUH KRPRJHQHRXV� 7KHUHIRUH� LW FDQ EH FRQFOXGHG
WKDW KRPRJHQL]LQJ KROGLQJ DW D WHPSHUDWXUH RI
���� ± �� �& \LHOGV SRVLWLYH UHVXOWV�

&RQWHQW RI R[\JHQ LQ WKH FUXVKHG SRZGHUV �W\SHV
& DQG &�� LV QRW LQ H[FHVV RI ���� ZW���

7HFKQRORJLFDO SURSHUWLHV RI WKH SRZGHUV �IORZDEL�
OLW\� DSSDUHQW GHQVLW\� GHWHUPLQHG DFFRUGLQJ WR
*267 �����w�� DQG �����w�� DUH JLYHQ LQ 7DEOH ��
$SSDUHQW GHQVLW\ RI SRZGHUV RI W\SH$ DQG% LQFUHDVHV
ZLWK D GHFUHDVH LQ VL]H RI WKH SDUWLFOHV DQG GHSHQGV
XSRQ WKHLU VKDSH DQG LQWHUQDO SRURVLW\� )RU SRZGHUV
RI W\SHV $ DQG % ZLWK SDUWLFOHV QRW OHVV WKDQ �� µP

)LJXUH �� $SSHDUDQFH RI SRZGHUV RI W\SHV $ �D w F� DQG % �G w I� ZLWK SDUWLFOH VL]HV RI ��� w ��� �D� G�� ��� w �� �E� H� DQG OHVV WKDQ

�� µP �F� I� �×���� �UHGXFHG E\ ����

)LJXUH ��0LFURVWUXFWXUH RI SDUWLFOHV RI SRZGHUV RI W\SH $ ZLWKRXW

HWFKLQJ �D� DQG W\SH % DIWHU HWFKLQJ �E� �×���� �UHGXFHG E\ ����

������ ��



LQ VL]H LW LV ���� DQG ���� J�FP�� UHVSHFWLYHO\� 3RZ�
GHUV RI W\SHV & DQG &� KDYH DSSDUHQW GHQVLW\ RI ��� w
��� J�FP�� DQG� XQOLNH SRZGHUV RI W\SHV $ DQG %�
WKH\ IHDWXUH QR IORZDELOLW\�

$GGLWLYH VSHFLILF KHDW RI WKH $O��&X��)H�� DOOR\ LV
��� -��NJ⋅.�� ([SHULPHQWDO YDOXHV RI VSHFLILF KHDW
RI WKH SUHVVHG VDPSOHV DUH ��� -��NJ⋅.� DQG WKRVH
RI WKH VLQWHUHG VDPSOHV x ��� -��NJ⋅.��

&RPSDULVRQ RI WKH DWRPL]HG DQG FUXVKHG SRZGHUV
SURYHV WKH IRUPHU WR EH DGYDQWDJHRXV� 7KH DWRPL]HG
SRZGHUV FRQWDLQ D ODUJHU DPRXQW RI WKH TXDVLFU\V�
WDOOLQH SKDVH �XS WR �� ZW��� DQG DUH FKDUDFWHUL]HG
E\ D KLJKHU SKDVH DQG FKHPLFDO KRPRJHQHLW\� DV FRP�
SDUHG ZLWK WKH FUXVKHG SRZGHUV� 7KLV LV FDXVHG E\
GLIIHUHQW UDWHV RI FRROLQJ RI WKH SRZGHU SDUWLFOHV IURP
WKH PHOW�

7KH FRQWHQW RI WKH TXDVLFU\VWDOOLQH SKDVH LV LQ GL�
UHFW GHSHQGHQFH XSRQ WKH FRROLQJ UDWH� ,W LV PD[LPXP
LQ SRZGHUV RI W\SH $ FRROHG DW WKH KLJKHVW UDWHV ���� w
����⋅��� �&�V�

$V LW LV NQRZQ IURP >��� ��@� WKH FRQWHQW RI WKH
TXDVLFU\VWDOOLQH SKDVH LQ SRZGHUV FDQ EH LQFUHDVHG
DOVR E\ KRPRJHQL]LQJ DQQHDOLQJ DW D WHPSHUDWXUH RI
��� �& IRU VHYHUDO KRXUV� 3RZGHUV RI DOO W\SHV ZLWK
SDUWLFOHV ��� w �� µP LQ VL]H ZHUH DQQHDOHG LQ YDFXXP
DW D WHPSHUDWXUH RI ��� �& IRU � K� $V D UHVXOW RI
DQQHDOLQJ WKH ψ�SKDVH FRQWHQW RI SRZGHUV RI W\SHV $
DQG % LQFUHDVHG IURP �� DQG ��� UHVSHFWLYHO\� WR
��� ZW��� 6WUXFWXUH RI WKH SRZGHUV EHFDPH VLQJOH�
SKDVH �TXDVLFU\VWDOOLQH��

$QQHDOLQJ RI SRZGHUV RI W\SH& OHDGV WR DQ LQFUHDVH
LQ WKHPDVV IUDFWLRQ RI WKHψ�SKDVH IURP �� WR �� ZW���

DQG DQQHDOLQJ RI SRZGHUV RI W\SH&� FDXVHV DQ LQFUHDVH
LQ WKH PDVV IUDFWLRQ RI WKH SKDVH IURP �� WR �� ZW���
,Q WKLV FDVH WKHLU VWUXFWXUH LV WUDQIRUPHG IURP PXOWL�
SKDVH WR WKH WZR�SKDVH RQH� FRQVLVWLQJ RI WKH ψ� DQG
β�SKDVHV� $WWHPSWV WR DFKLHYH FRPSOHWH KRPRJHQL]D�
WLRQ IDLOHG� 1HYHUWKHOHVV� DQQHDOLQJ LV DQ HIILFLHQW
PHWKRG ZKLFK DOORZV WKH TXDVLFU\VWDOOLQH SKDVH FRQ�
WHQW RI WKH 76 SRZGHUV WR EH VXEVWDQWLDOO\ LQFUHDVHG�

,QLWLDO SRZGHUV GHWHUPLQH WR D VXEVWDQWLDO GHJUHH
WKH TXDOLW\� VWUXFWXUH DQG SURSHUWLHV RI WKH VSUD\HG
FRDWLQJV >��� ��@� 7KXV� WKHUH LV D GLUHFW UHODWLRQVKLS
EHWZHHQ WKH DPRXQW RI WKH TXDVLFU\VWDOOLQH SKDVH LQ
SRZGHUV DQG FRDWLQJV� 3RZGHUV RI D VSKHULFDO VKDSH�
ZKLFK DUH PRUH KRPRJHQHRXV LQ FKHPLFDO FRPSRVL�
WLRQ� SURPRWH IRUPDWLRQ RI PRUH KRPRJHQHRXV ORZ�
SRURVLW\ FRDWLQJV� 3RZGHUV SURGXFHG E\ ZDWHU DQG
JDV DWRPL]DWLRQ GLIIHU VXEVWDEWLDOO\ IURP WKRVH SUR�
GXFHG E\ FUXVKLQJ RI LQJRWV QRW RQO\ LQ WKH VKDSH RI
WKH SDUWLFOHV EXW DOVR LQ WKDW WKH ODWWHU LQKHULW D ODUJH�
VFDOH FKHPLFDO KHWHURJHQHLW\� ,W FDXVHV DFFHOHUDWLRQ
RI WKH R[LGDWLRQ DQG FRUURVLRQ SURFHVVHV� HVSHFLDOO\
LQ UHJLRQV RI IRUPDWLRQ RI D JDOYDQLF FRXSOH�

2Q WKH RWKHU KDQG� WKH XQIDYRXUDEOH PRUSKRORJ\
RI D SRZGHU OHDGV WR DQ LQFUHDVH LQ SRURVLW\ RI FRDWLQJV�
ZKLFK FDXVHV GHFUHDVH LQ WKHLU UHVLVWDQFH WR ZHDU DQG
WKHUPDO F\FOLF IDWLJXH�

,Q WKHUPDO VSUD\LQJ RI SRZGHUV RI WKH $Ow&Xw)H
V\VWHP WKH EDVLF FDXVH RI D GHFUHDVH LQ WKH TXDVLFU\V�
WDOOLQH SKDVH FRQWHQW FDQ EH WKH ORVV RI D ORZ�PHOWLQJ
SRLQW FRPSRQHQW� L�H� DOXPLQLXP� DV D UHVXOW RI LWV
VHOHFWLYH HYDSRUDWLRQ RU R[LGDWLRQ LQ D KLJK�WHPSHUD�
WXUH MHW� 7KXV� DV LW LV NQRZQ IURP >��@� WKH FU\VWDOOLQH

7DEOH �� &KDUDFWHULVWLFV RI WKH LQYHVWLJDWHG SRZGHUV

3DUWLFOH VL]H�

µP

&RQWHQW RI HOHPHQWV� ZW��
3KDVH

FRPSRVLWLRQ

&RQWHQW RI

ψ�SKDVH�
ZW��

)ORZDELOLW\�

V��� J

$SSDUHQW

GHQVLW\�

J�FP�$O &X )H >2@

7\SH $
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β�SKDVH LV GRPLQDWLQJ LQ VWUXFWXUH RI WKH FRDWLQJV� LQ
ZKLFK WKH PDVV FRQWHQW RI DOXPLQLXP ZDV GHFUHDVHG
E\ � ZW��� 7KHUHIRUH� IRU WKH IRUPDWLRQ RI WKHUPDO
VSUD\ TXDVLFU\VWDOOLQH FRDWLQJV LW LV QHFHVVDU\ WR WU\
WR GHFUHDVH WKH WKHUPDO IDFWRU� H�J� E\ LQFUHDVLQJ WKH
LQSXW RI WKH NLQHWLF HQHUJ\ RI WKH VSUD\ SDUWLFOHV
WKURXJK XVLQJ WKH KLJK�YHORFLW\ 76 PHWKRGV �VXSHU�
VRQLF SODVPD� GHWRQDWLRQ��

%HKDYLRXU RI WKH SRZGHUV ZDV LQYHVWLJDWHG XQGHU
WKH HIIHFW RI WKH SODVPD MHW GXULQJ DLU�JDV SODVPD
VSUD\LQJ �$*36� DQG VXSHUVRQLF DLU�JDV SODVPD
VSUD\LQJ �6$*36�� 3DUWLFOHV RI SRZGHU RI W\SH % QRW
PRUH WKDQ �� µP LQ VL]H DQG ZLWK WKH ψ�SKDVH FRQWHQW
RI �� ZW�� �7DEOH �� ZHUH WUDSSHG E\ ZDWHU LQ $*36
DQG 6$*36� 6L]H RI WKH LQLWLDO SRZGHU SDUWLFOHV �PRUH
WKDQ �� µP� ZDV VHOHFWHG DFFRUGLQJ WR WKH UHFRPPHQ�
GDWLRQV >��@ EHFDXVH RI VHOHFWLYH HYDSRUDWLRQ RI DOX�
PLQLXP� ,W ZDV IRXQG WKDW SDUWLFOHV WUDSSHG E\ ZDWHU
KDG D PHOWHG VXUIDFH �)LJXUH ��� EXW LQ WKHLU VKDSH
WKH\ ZHUH VLPLODU WR WKH LQLWLDO SRZGHU SDUWLFOHV �VHH
)LJXUH �� E�� 7KH DPRXQW RI WKH TXDVLFU\VWDOOLQH SKDVH
GHFUHDVHG LQVLJQLILFDQWO\ DQG ZDV �� DQG �� ZW�� LQ

$*36 DQG 6$*36� UHVSHFWLYHO\� 7KLV LV LQGLFDWLYH RI
WKH FRUUHFWO\ VHOHFWHG VSUD\LQJ FRQGLWLWLRQ DQG WKH
RSWLPDO VL]H RI WKH SDUWLFOHV�

&21&/86,216

�� 3KDVH FRPSRVLWLRQ RI SRZGHUV� LQ SDUWLFXODU� WKH
TXDVLFU\VWDOOLQH SKDVH FRQWHQW RI WKH $O��&X��)H�� DO�
OR\� LV GHWHUPLQHG E\ WKH UDWH RI FRROLQJ RI WKHLU SDU�
WLFOHV�

�� 3RZGHUV SURGXFHG E\ DWRPL]DWLRQ KDYH D WZR�
SKDVH �ψ � β� FRPSRVLWLRQ ZLWK D SUHGRPLQDQW TXD�
VLFU\VWDOOLQH SKDVH� 7KH ZDWHU DWRPL]HG SRZGHUV KDYH
WKH KLJKHVW FRQWHQW �XS WR �� �� RI WKLV SKDVH�

�� 3RZGHUV SURGXFHG E\ FUXVKLQJ RI LQJRWV KDYH
D FRQVLGHUDEOH SKDVH �β�� ψ�� λ� DQG θ�SKDVHV� DQG
VWUXFWXUDO KHWHURJHQHLW\� 7KHLU ψ�SKDVH FRQWHQW LV QRW
PRUH WKDQ �� ��

�� 7KH HIILFLHQW PHWKRG IRU LQFUHDVLQJ WKH TXD�
VLFU\VWDOOLQH SKDVH FRQWHQW RI WKH SRZGHUV LV WKHLU
DQQHDOLQJ DW D WHPSHUDWXUH RI ��� �& IRU � K� 7KLV
UHVXOWV LQ WKH IRUPDWLRQ RI WKH DWRPL]HG SRZGHUV
ZLWK D VWUXFWXUH ZKLFK DOPRVW FRPSOHWHO\ FRQVLVWV
RI WKH ψ�SKDVH�

5()(5(1&(6

�� 6KHFKPDQ� '�� %OHFK� -�� *UDWLVV� '� HW DO� ������ 0HWDOOLF

SKDVH ZLWK ORQJ�UDQJH RULHQWDWLRQ RUGHU DQG WUDQVODWLRQDO

V\PPHWU\� 3K\V� 5HY� /HW�� ��� ���� w �����

�� %DQFHO� 3�$�� +HLQF\� 3�$� ������ ,FRVDKHGUDO DOXPLQLXP�

WUDQVLWLRQ�PHWDO DOOR\V� 3K\V� 5HY�� ��� ���� w �����

�� /L� ;�=�� .XR� .�+� ������ 'HFDJRQDO TXDVLFU\VWDOV ZLWK

GLIIHUHQW SHULRGLFLWLHV DORQJ WKH WHQIROG D[LV LQ UDSLGO\ VR�

OLGLILHG $Ow1L DOOR\� 3KLO� 0DJ� /HW�� �� ��� w ����

�� .XR� .�+� ������ $Q RYHUYLHZ RI TXDVLFU\VWDOV LQ DOX�

PLQLXP�WUDQVLWLRQ PHWDO DOOR\V� -� /HVV� &RPPRQ 0HWDOV� ��
� w ���

)LJXUH �� $SSHDUDQFH RI WKH DWRPL]HG SRZGHUV ZLWK SDUWLFOHV

≤ �� µP LQ VL]H� PHOWHG GXULQJ $*36 �D� DQG 6$*36 �E� �×����
�UHGXFHG E\ ����

)LJXUH �� $SSHDUDQFH �D� E� �×��� DQG ×���� UHVSHFWLYHO\� DQG

PLFURVWUXFWXUH DIWHU HWFKLQJ RI SRZGHUV RI W\SH &� �F� �×����
�UHGXFHG E\ ����� VHH GHVLJQDWLRQV LQ WKH WH[W

������ �




�� .RVWHU� 8�� /LX� :�� /LHEHUW]� +� HW DO� ������ 0HFKDQLFDO

SURSHUWLHV RI TXDVLFU\VWDOOLQH DQG FU\VWDOOLQH SKDVHV LQ $Ow

&Xw)H DOOR\V� -� 1RQ�FU\VWDOOLQH 6ROLGV� �������� ��� w

����

�� .OHLQ� 7�� %HUJHU� &�� 0DJRQ� '� HW DO� ������ 3UR[LPLW\ RI

D PHWDO�LQVXODWRU WUDQVLWLRQ LQ LFRVDKHGUDO SKDVHV RI KLJK

VWUXFWXUDO TXDOLW\� 3K\V� 5HY� /HW�� ��� ���� w �����

�� 'XERLV� -�0�� .DQJ� 6�6�� 0DVVLQL� <� ������ $SSKHDWLRQ

RI TXDVLFU\VWDOOLQH DOOR\V WR VXUIDFH FRDWLQJV RI VRIW PHWDOV�

-� 1RQ�FU\VWDOOLQH 6ROLGV� �������� ��� w ����

�� 'XERLV� -�0�� .DQJ� 6�6�� $UFKDPEDXWW� 3� HW DO� ������

-� 0DWHU� 5HV�� �� ���
�� 3DOR� 6�� 8VPDQL� 6�� 6DPSDWK� 6� ������ )ULFWLRQ DQG ZHDU

EHKDYLRXU RI WKHUPDOO\ VSUD\HG $Ow&Xw)H TXDVLFU\VWDO FRD�

WLQJV� ,Q� 3URF� RI 8Q� )RUXP IRU 6FLHQWLILF DQG 7HFKQROR�

JLFDO $GYDQFHV RQ 7KHUPDO 6SUD\� 2KLR� 0DWHU� 3DUN�

��� %RULVRY� <X�6�� .KDUODPRY� <X�$�� 6LGRUHQNR� 6�/� HW DO�

������ 7KHUPDO VSUD\ FRDWLQJV RI SRZGHU PDWHULDOV� +DQG�

ERRN� .\LY� 1DXNRYD 'XPND�

��� 6RUGHOHW� '�-�� .UDPHU� 0�-�� 8QDO� 2� ������ (IIHFW RI

VWDUWLQJ SRZGHUV RQ WKH FRQWURO RI PLFURVWUXFWXUDO GHYHORS�

PHQW RI $Ow&Xw)H TXDVLFU\VWDOOLQH SODVPD�VSUD\HG FRDWLQJV�

-� 7KHUPDO 6SUD\ 7HFKQRORJ\� �� ��� w ����

��� *D\OH� )�:�� 6KDSLUR� %�-�� %LDQFDQLHOOR� )�%� HW DO�

������ 7KH $Ow&Xw)H SKDVH GLDJUDP� � WR �� DW�� )H DQG

�� WR �� DW�� $O x HTXLOLEULD LQYROYLQJ WKH LFRVDKHGUDO

SKDVH� 0HWDOOXUJLFDO 7UDQVDFW�� ��� ���� w �����

��� *UDWLDV� '�� &DOYD\UDF� <�� 'HYDQG�5]HQVN\� -� HW DO�

������ 7KH SKDVH GLDJUDP DQG VWUXFWXUHV RI WKH WHUQDU\ $Ow

&Xw)H V\VWHP LQ WKH YLFLQLW\ RI WKH LFRVDKHGUDO UHJLRQ� -�

1RQ�FU\VWDOOLQH 6ROLGV� �������� ��� w ����

��� 1HFKLSRUHQNR� 2�6�� 1DMGD� <X�,�� 0HGYHGRYVN\� $�%�

������ $WRPL]HG PHWDO SRZGHUV� .\LY� 1DXNRYD 'XPND�

��� 5D\OHLJK� '�-� ������ 7KHRU\ RI 6RXQG� 0RVFRZ� 2*,=�

��� 6RUGHOHW� '�-�� %HVVHU� 0�)�� $QGHUVRQ� -�(� ������ 3DUWL�

FOH VL]H HIIHFWV RQ FKHPLVWU\ DQG VWUXFWXUH RI $Ow&Xw)H TXD�

VLFU\VWDOOLQH FRDWLQJV� -� 7KHUPDO 6SUD\ 7HFKQRORJ\� ��
��� w����

��� 6RUGHOHW� '�-�� %HVVHU� 0�)� ������ 3DUWLFOH VL]H HIIHFWV RQ

FKHPLVWU\ DQG VWUXFWXUH RI $Ow&Xw)H TXDVLFU\VWDOOLQH

SODVPD VSUD\HG FRDWLQJV� ,Q� 3URF� RI 3UDFWLFH 6ROXWLRQV IRU

(QJLQHHULQJ 3UREOHPV RQ 7KHUPDO 6SUD\� 2KLR� 0DWHU�

3DUN�

�� ������
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9�*� 3(786+.29� $�*� %5<=*$/,1 DQG 9�$� 7,729

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

$%675$&7

3URFHGXUH RI DSSUR[LPDWH FDOFXODWLRQ RI VWUHVVHV DQG VWUDLQV LQ WKH WUDFH IRUPHG LQ D UHOD[LQJ PDWHULDO E\ D VLQJOH

VKRFN�ZDYH FRPSUHVVLRQ LV GHVFULEHG� 7KH UHVXOWV REWDLQHG FDQ EH XVHG LQ GHWHUPLQDWLRQ RI SDUDPHWHUV RI H[SORVLRQ

ORDGLQJ WR UHOLHYH WKH UHVLGXDO VWUHVVHV LQ ZHOGHG MRLQWV RI PHWDO VWUXFWXUHV�

.H\ ZRU G V � UHVLGXDO VWUHVVHV� H[SORVLRQ WUHDWPHQW� UHOD[D�

WLRQ RI VWUHVVHV� VWUHVV�VWUDLQ WUDFH� VKRFN ZDYH

7R H[SODLQ WKH HIIHFW RI UHGXFLQJ UHVLGXDO VWUHVVHV
XVLQJ WKH H[SORVLRQ WUHDWPHQW� WKH SKHQRPHQRQ RI
RFFXUUHQFH RI D VWUHVVHG WUDFH LQ WKH PHWDO GXULQJ D
VKRFN�ZDYH ORDGLQJ ZDV XVHG LQ >�@� 7KH DSSHDUDQFH
RI WKLV WUDFH ZDV FDXVHG E\ D UHOD[DWLRQ RI VKHDU
VWUHVVHV� 7KH IXUWKHU LQYHVWLJDWLRQV >�@ PDGH LW SRV�
VLEOH WR HVWDEOLVK WKDW D FRQFHSWLRQ DERXW VWUHVV�VWUDLQ
WUDFH �667� LQWHUDFWLQJ ZLWK D ILHOG RI UHVLGXDO VWUHVVHV
DQG VWUDLQV LQ D IDU ]RQH RI H[SORVLRQ DQG OHDGLQJ WR
WKHLU GHFUHDVH LQ D ZHOGPHQW DV D ZKROH� LV PRVW FRP�
SUHKHQVLYH�

/HW XV PDNH WKH TXDQWLWDWLYH DVVHVVPHQW RI D YDOXH
RI VWUHVVHV DQG VWUDLQV LQ 667� DQG DOVR SUHVVXUHV RI
D VKRFN FRPSUHVVLRQ� UHTXLUHG IRU WKH FUHDWLRQ RI 667
RI D SUHVHW LQWHQVLW\ XVLQJ WKH VLPSOHVW FDVH� L�H� ORDG�
LQJ RI D PHWDO KDOI�VSDFH RI SHUIHFW HODVWR�SODVWLF SUR�
SHUWLHV ZLWK D SODQH ZDYH� +RZHYHU� WKH UHVXOWV RE�
WDLQHG KDYH D PRUH JHQHUDO QDWXUH DQG� WR D FHUWDLQ
H[WHQW� FRUUHVSRQG WR VLWXDWLRQV ZKLFK RFFXU DW QRW�
VLQJOH VFKHPHV RI ORDGLQJ RI UHOD[LQJ PDWHULDOV >�� �@
UHDOL]HG LQ SUDFWLFH >� w �@�

7KH SURFHVV RI 667 IRUPDWLRQ ZLOO EH FRQVLGHUHG
XVLQJ D +XJRQLRWsV FXUYH LQ FRRUGLQDWHV σ�� ε\ >�@�
ZKHUH σ� LV WKH VWUHVV� DQG ε\ LV WKH VWUDLQ LQ WKH
GLUHFWLRQ RI QRUPDO WR WKH VKRFN ZDYH IURQW� ,Q )L�
JXUH � WKH OLQH �K+� FRUUHVSRQGV WR WKH PHWDO VWDWH
XQGHU ORDGLQJ� �6 LV WKH VWUDLJKW OLQH RI WKH K\GURVWDWLF
FRPSUHVVLRQ� P�

∗ U� DQG 5�U� DUH WKH OLQHV RI HODVWLF

DQG SODVWLF XQORDGLQJ�
,I WKH FRQGLWLRQV RI D XQLD[LDO GHIRUPDWLRQ DUH

IXOILOOHG DW WKH VWDJH RI ORDGLQJ DQG XQORDGLQJ� WKHQ

DIWHU XQORDGLQJ σ�
� WKH VWUHVV�VWUDLQ VWDWH RI PHWDO GXH

WR UHOD[DWLRQ RI VKHDU VWUHVVHV LQ WKH VKRFN ZDYH ZLOO

GLIIHU JUHDWO\ IURP WKH LQLWLDO VWDWH� $W σ�
� WKH PHWDO

ZLOO SUHVHUYH WKH UHVLGXDO SUHVVXUH S�� VWLSXODWHG E\

D UHVLGXDO VKULQNDJH GHIRUPDWLRQ ε�� �DW SUHVVXUH σ�
� LQ

D VKRFN ZDYH�� 0RUHRYHU� GXH WR σ�
�� σ�

�  σ�
� WKH YDOXH

S
� =

σ�
� + σ�

� + σ�
�

�
= �

�
σ�
�
�

���

$V S� = .ε��� WKHQ

ε�
� = �

�

σ�
�

.
� ���

ZKHUH . LV WKH PRGXOXV RI D YROXPH FRPSUHVVLRQ�

σ�
� LV WKH UHVLGXDO VWUHVV LQ WKH VKRFN ZDYH SODQH�

7KH YDOXH RI WKH UHVLGXDO GHIRUPDWLRQ ε�� FDQ DOVR
EH REWDLQHG IURP WKH HTXDWLRQ RI D GLUHFW XQORDGLQJ
P�

∗
U� >�@� +HUH�

σ�
� = σ�

� = σG� ���

ZKHUH σG LV WKH G\QDPLF \LHOG VWUHQJWK� FRUUHVSRQGLQJ
WR D FKDUDFWHULVWLF UDWH RI GHIRUPDWLRQ DW WKH VWDJH RI
ORDGLQJ DQG XQORDGLQJ�

7KXV� WKH SDVVLQJ RI D VLQJOH FRPSUHVVLRQ ZDYH
DORQJ WKH PHWDO DQG VXEVHTXHQW VLQJOH ORDGLQJ DUH
DFFRPSDQLHG E\ LQGXFLQJ RUWKRJRQDO �UHODWLYH WR WKH
ZDYH IURQW SODQH� DUHDV RI UHVLGXDO FRPSUHVVLRQ
VWUHVVHV FRPSDUDEOH ZLWK D G\QDPLF \LHOG VWUHQJWK�

7KH UDWH RI GHIRUPDWLRQ ε. DW WKH VKRFN ZDYH IURQW
DQG WKH ZDYH RI XQORDGLQJ UHDFKHV KLJK YDOXHV >�@
ZKHQ WKH PDQLIHVWDWLRQ RI PDWHULDO WRXJK SURSHUWLHV

� 9�*� 3(786+.29� $�*� %5<=*$/,1 DQG 9�$� 7,729� ����

)LJXUH �� 3DWK RI PDWHULDO XQORDGLQJ LQ WKH +XJRQLRWsV DGLDEDWLF

FXUYH LQ WKH GLUHFWLRQ RI QRUPDO WR WKH IURQW RI D SODQH VKRFN ZDYH

������ ��



EHFRPHV HYLGHQW >�@� +RZHYHU� DIWHU XQORDGLQJ FRP�
SOHWLRQ ε. ≈ �� DQG� FRQVHTXHQWO\� WKH VWDWH ��� LV XQ�

VWDEOH� DQG PDWHULDO EHFRPHV RYHUVWUHVVHG� 'XH WR
WKLV� D VORZ SURFHVV RI WKH VXEVHTXHQW UHOD[DWLRQ RI
VKHDU VWUHVVHV VKRXOG SURFHHG� DW ZKLFK

σ�
� → σ�

�� = σ\ ���

�SDWK U�U�′ LQ )LJXUH ��� 7KLV OHDGV WR DQ DGGLWLRQDO

SODVWLF \LHOGLQJ RI WKH PHWDO LQ WKH GLUHFWLRQ RI D IUHH
VXUIDFH RI WKH KDOI�VSDFH� PHWDO LV H[SDQGHG WKDW LV
H[SUHVVHG LQ �GULIW� RI SRLQW U�′ �)LJXUH �� WR WKH D[LV
RI DEVFLVVD �SRLQWV U� WR SRLQW U�′� UHVSHFWLYHO\�� XQWLO
WKH UHVLGXDO GHIRUPDWLRQ EHFRPHV HTXDO WR

ε�
�� = �

�

σ\
.
�

���

7KXV� WKH SURFHVV RI IRUPDWLRQ RI 667 LQ WKH KDOI�
VSDFH FRQVLVWV RI WZR VWDJHV� FUHDWLRQ RI LQVWDQWDQHRXV
VWUHVV�VWUDLQ VWDWH DQG IROORZHG UHOD[DWLRQ� OHDGLQJ WR
DQ HTXLOLEULXP �VWDWLF� VWDWH RI WKH PHWDO� 7KHUH LV
DOVR D WKLUG VWDJH IRU D ERG\ RI ILQLWH VL]HV� LQFOXGLQJ
LWV ORFDO H[SORVLRQ ORDGLQJ� 7KLV VWDJH FRQVLVWV LQ LQ�
WHUDFWLRQ RI DQ HTXLOLEULXP 667 HLWKHU ZLWK WKH ERG\

ERXQGDULHV� DFFRPSDQLHG E\ GHFUHDVH LQ σ�
�� DQG IRU�

PDWLRQ RI WUDQVYHUVH UHODWLYH GHIRUPDWLRQ� RU �LI WKH
XQORDGLQJ LV OLPLWHG� ZLWK UHVLGXDO VWUHVVHV LQ WKH QHDU
]RQH RI WKH H[SORVLRQ ZKLFK OHDGV WR WKH OHYHOOLQJ RI
VWUHVVHV LQ WKH ERG\ DV D ZKROH�

/HW XV UHWXUQ WR )LJXUH �� ([SUHVVLRQ ��� ZDV
REWDLQHG LQ DVVXPSWLRQ WKDW WKH SUHVVXUH LQ WKH VKRFN
ZDYH σ�  σ�

∗
� ZKHUH σ�

∗
LV WKH SUHVVXUH DW ZKLFK WKH

XQORDGLQJ LV HODVWLF DQG KDV D PD[LPXP DPSOLWXGH
∆σ�PD[ >�@� ,W LV HYLGHQW� WKDW DW σ�  σ�′ ! σ�

∗
WKH

XQORDGLQJ ZLOO EH WZR�VWDJH� LQFOXGLQJ D SODVWLF
EUDQFK U�U�′� DQG WKH LQVWDQWDQHRXV ILQLWH VWDWH ZLOO

EH GHVFULEHG E\ WKH VDPH H[SUHVVLRQ ���� $W σ��
� σ�

∗
WKH LQVWDQWDQHRXV UHVLGXDO VWUDLQ LQ 667 LV SUR�

SRUWLRQDO WR WKH SUHVVXUH LQ WKH VKRFN ZDYH WKDW LV

IROORZHG IURP WKH HTXDWLRQ RI WKH GLUHFW HODVWLF XQ�
ORDGLQJ >�@

σ�
∗ = σ� = (λ + �µ) (ε�⋅ w ε�)� ���

ZKHUH λ� µ DUH WKH /DPHsV FRQVWDQWV� $W σ1  �

ε�
� = ε�

′′
w

σ�
′′

λ + �µ�
���

8VLQJ DQ HYLGHQW UDWLR �)LJXUH ��

ε�
′′ = ε�K w

σ�
′′
w σ�K
.

� ���

WKH H[SUHVVLRQ ��� FDQ EH ZULWWHQ LQ WKH PRUH FRQ�
YHQLHQW IRUP �KDWFKLQJ LV RPLWWHG�

ε�
� =

�µ
�.(λ + �µ) (σ� w σ�K)� ���

7KH YDOXH RI WKH LQVWDQWDQHRXV UHVLGXDO GHIRUPD�
WLRQ LQ 667 LV GHWHUPLQHG E\ D YDOXH RI +XJRQLRWsV
\LHOG VWUHQJWK σ�K ZKLFK LQ LWV WXUQ GHSHQGV JUHDWO\
RQ WKH GHIRUPDWLRQ UDWH DW WKH VKRFN IURQW >�@�

/HW XV FRQVLGHU IXUWKHU WKH SURFHVV RI XQORDGLQJ
DW WKH DUHDV EHLQJ RUWKRJRQDO UHODWLYH WR WKH SODQH RI
WKH VKRFN ZDYH IURQW �)LJXUH �� ��� /LQHV 5�� 5�� �6�
+�� P�

∗ U� GHQRWH� UHVSHFWLYHO\� D SODVWLF DUHD RI DGL�

DEDWLF FXUYH σ� w ε�� SODVWLF EUDQFK RI XQORDGLQJ RI
VWUHVV σ�  σ�� K\GURVWDWLF D[LV� SODVWLF DUHD RI DGL�
DEDWLF FXUYH σ� w ε� DQG HODVWLF EUDQFK RI XQORDGLQJ
RI VWUHVV σ�  σ�� /LQH P�

∗ U�� FRUUHVSRQGV� DV EHIRUH�

WR WKH HODVWLF XQORDGLQJ RI VWUHVV σ� ZKLFK LV WDNHQ
HTXDO WR σ�

∗
IRU WKH VLPSOLFLW\�

7KH HTXDWLRQ RI WKH HODVWLF EUDQFK RI XQORDGLQJ RI
VWUHVV σ� KDV D IRUP >�@

σ�
∗
w σ� =

ν
� w ν (σ�

∗
w σ�)� ����

ZKHUH ν LV WKH 3RLVVRQsV UDWLR� $W WKH PRPHQW RI FRP�
SOHWLRQ RI XQORDGLQJ σ�  �� DQG WKH XQORDGLQJ RI
VWUHVV σ� LV FRPSOHWHG LQ WKH SRLQW U� ZLWK FRRUGLQDWHV

σ�
� ε���
,W IROORZV IURP WKH 0LVHVsV \LHOGLQJ FRQGLWLRQV

σ�
∗
w σ�

∗ = σG� ����

)URP FRPELQDWLRQ RI ODVW H[SUHVVLRQV DQG WDNLQJ
LQWR DFFRXQW WKDW

� w �ν
� w ν =

σG
σ�K� ����

ZH VKDOO REWDLQ

σ�
�

σG =
σ�

∗

σ�K w �� ����

)URP ���� WKH FRQGLWLRQ RI IRUPDWLRQ RI 667 LV
IROORZHG�

σ� > σ�K =
� w �ν
� w ν = σG� ����

)LJXUH �� 3DWK RI PDWHULDO XQORDGLQJ LQ WKH +XJRQLRWsV DGLDEDWLF

FXUYH LQ WKH SODQH RI WKH VKRFN ZDYH IURQW

�� ������



ZKLFK SURYLGHV WKH HVWLPDWH RI PLQLPXP SUHVVXUH RI
WKH VKRFN ZDYH�

$V DW σ� ! ∆σ�PD[ WKHUH LV DOVR D SODVWLF VWDJH RI
XQORDGLQJ� H[FHSW WKH HODVWLF VWDJH� ZKLFK OHDGV WKH
PHWDO LQWR D VWDWH ZKLFK LV FKDUDFWHUL]HG E\ FRRUGL�
QDWHV RI SRLQWV U� DQG U�� WKHQ WKH UDQJH RI HIIHFWLYH
SUHVVXUHV LQ WKH VKRFN ZDYH ZLOO EH

� <
σ�
σ�K ≤ ��

RU

� w ν
� w �ν <

σ�
σG ≤

�(� w ν)
� w �ν �

����

7R GHWHUPLQH WKH RUGHU RI YDOXH RI WKH SUHVVXUHV
UHTXLUHG IRU SURGXFLQJ� IRU H[DPSOH� D PD[LPXP LQ�
VWDQWDQHRXV LQWHQVLW\ LQ VWHHO 6W�� �& x ���� ZW���
)Hx EDODQFH�� WKH GDWD RI >�� ��@ ZLOO EH XVHG LQ ZKLFK
YDOXH σG IRU WKH GHIRUPDWLRQ UDWHV ε

.
≅ ��� Vw�� W\SLFDO

RI ORDGLQJ ZLWK D FRQWDFW H[SORVLRQ� LV HYDOXDWHG E\
DSSUR[LPDWHO\ ��� 03D� $VVXPLQJ ν  ����� ZH VKDOO
REWDLQ

���� � σ� ≤ ����� ����

7KLV UDQJH FDQ EH DGGLWLRQDOO\ OLPLWHG LI WR H[FOXGH
D SDUW RI VWUHVVHV LQ 667 ZKLFK LV UHOD[HG DW WKH VHFRQG
VWDJH RI LWV IRUPDWLRQ LQ DFFRUGDQFH ZLWK H[SUHVVLRQ
���� L�H�

σ�
�� =





σ�
σ�K w �





σGσ\� ����

,QWURGXFLQJ σG  ασ\� IURP ���� DQG ���� ZH VKDOO
REWDLQ

� <
σ�
σ�K ≤

� + α
α � ����

+HQFH� ZH VKDOO ILQG ���� � σ� � ���� 03D IRU
VWHHO 6W���

7KXV� WR SURGXFH 667 RI D PD[LPXP HTXLOLEULXP
LQWHQVLW\ WKH SUHVVXUH LQ D SODQH ZDYH VKRXOG E\ DS�
SUR[LPDWHO\ �� w �� � KLJKHU WKDQ WKH +XJRQLRWsV
OLPLW RI HODVWLFLW\ ZKLFK UHDFKHV ���� w ���� 03D IRU
PRVW PHWDOV >�@�

/HW XV HYDOXDWH WKH VHTXHQFH RI GHIRUPDWLRQV JH�
QHUDWHG LQ PHWDO E\ VXFK ORDGLQJ� )URP ���� WDNLQJ
LQWR DFFRXQW ����� ZH VKDOO KDYH

ε�PD[

∗ = ε�K +
σ�K
.

� ����

DQG IURP ��� x

ε� PD[
∗ =

�µσ�K
�.(λ + �µ)�

����

+HUH� WKH DVWHULVN GHQRWHV PD[LPXP GHIRUPDWLRQV
ZKLFK FRUUHVSRQG WR WKH FRQGLWLRQV RI IRUPDWLRQ RI
667 RI HTXLOLEULXP LQWHQVLW\� QRW OHDGLQJ WR WKH SODVWLF
XQORDGLQJ�

$VVXPLQJ IRU VWHHO 6W�� WKDW .  ����⋅��� 03D�
λ  ��� 03D� µ  ����⋅��� 03D� α  �� σ�K  
 ���� 03D� ZH VKDOH KDYH ε�PD[∗  ���� � DQG

ε�PD[�  ���� �� ZH FDQ DOVR REWDLQ IURP ��� WKH YDOXH

RI D SODVWLF FRQVWLWXHQW RI WKH GHIRUPDWLRQ JHQHUDWHG
E\ D VLQJOH VKRFN FRPSUHVVLRQ

ε�SO
∗ =

σ�S
.

≅ ��� �� ε�SO
∗ = �

�
ε�SO
∗ ≅ ���� ��

����

$QDO\VLV RI 667 LQWHUDFWLRQ ZLWK D ILHOG RI UHVLGXDO
ZHOGLQJ VWUHVVHV LV PDGH XVLQJ UHODWLRQV REWDLQHG LQ
ZRUNV >�� ��@�

7KXV� WKH SURFHGXUH GHVFULEHG RQ WKH EDVLV RI D
VLQJOH DSSUR[LPDWLRQ PDNHV LW SRVVLEOH WR REWDLQ WKH
FDOFXODWHG UHODWLRQ ZKLFK GHVFULEHV WKH VWUHVVHV DQG
VWUDLQV LQ 667� ZKLFK DUH FUHDWHG E\ D VKRFN�ZDYH
ORDGLQJ� 7KH\ FDQ EH XVHG LQ GHWHUPLQDWLRQ RI SD�
UDPHWHUV RI FKDUJHV RI H[SORVLYH WR UHOLHYH WKH UHVLGXDO
VWUHVVHV LQ ZHOGHG MRLQWV RI GLIIHUHQW FODVVHV RI PDWH�
ULDOV�

5()(5(1&(6

�� 3HWXVKNRY� 9�*�� )DGHHQNR� <X�,� ������ $ERXW WKH H[SOR�

VLRQ WUHDWPHQW RI ZHOGHG MRLQWV� )L]LND *RUHQL\D L 9]U\YD�

�� �� w ���

�� 3HWXVKNRY� 9�*� ������ ([SORVLRQ WUHDWPHQW RI ZHOGHG

MRLQWV� :HOGLQJ DQG VXUIDFLQJ UHYLHZ� (G� E\ %�(� 3DWRQ�

+DUZRRG $FDG� 3XEO�

�� *DNNHQKDLPHU� '�� 0LFORYLWV� '� ������ 1RQ�VWHDG\ H[FLW�

LQJ RI HODVWLF KDOI�VSDFH E\ VSRW ORDGLQJ PRYLQJ DORQJ LWV

VXUIDFH� 3URF� $6(0� 6HU� (� $SSOLHG 0HFKDQLFV� �� ��� w

����

�� 3HWXVKNRY� 9�*�� .XGLQRY� 9�0�� %HUH]LQD� 1�9� ������

0HFKDQLVP RI UHGLVWULEXWLRQ RI UHVLGXDO VWUHVVHV DW H[SORVLRQ

ORDGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� .XGLQRY� 9�0�� 7UXI\DNRY� 9�,�� 3HWXVKNRY� 9�*� HW DO�

������ 3DUDPHWHUV RI FKDUJHV RI H[SORVLYH WR UHOLHYH UHVLGXDO

VWUHVVHV LQ ZHOGHG EXWW MRLQWV� ,ELG�� �� �� w ���

�� 0LNKHHY� 3�3�� 7UXI\DNRY� 9�,�� %XVKWHGW� <X�3� ������

$SSOLFDWLRQ RI SXOVHG WUHDWPHQW WR LPSURYH WKH IDWLJXH OLIH

RI ZHOGHG MRLQWV� ,ELG�� ��� �� w ���

�� ������ 3K\VLFV RI H[SORVLRQ� (G� E\ .�3� 6WDQ\XNRYLFK�

0RVFRZ� 1DXND�

�� 1RYLNRY� 6�$�� ,YDQRY� $�*�� 9DVLOLHY� /�9� ������ (ODVWLF�

SODVWLF SURSHUWLHV RI VRPH PHWDOV GXULQJ H[SORVLRQ ORDGLQJ�

)L]LND 0HWDOORY DQG 0HWDOORYHGHQL\H� ��� ��� w ����

�� 3HWXVKNRY� 9�*� ������ ([DPLQDWLRQ RI FKDUDFWHULVWLFV RI

VWUHQJWK DQG GXFWLOLW\ RI VRPH PDWHULDOV DW KLJK�UDWH WHQ�

VLRQ� $EVWUDFW RI WKHVLV IRU &DQG� RI 7HFKQ� 6FL� .\LY�

��� 6WHSDQRY� *�9� ������ (ODVWLF�SODVWLF GHIRUPDWLRQ RI PDWH�

ULDOV XQGHU WKH DFWLRQ RI SXOVHG ORDGLQJ� .\LY� 1DXNRYD

'XPND�

��� 3HWXVKNRY� 9�*�� 3DVKFKLQ� $�1� ������ (YDOXDWLRQ RI HI�

IHFWLYHQHVV RI UHGXFLQJ ZHOGLQJ VWUHVVHV E\ DSSO\LQJ H[WHUQDO

ORDG� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

������ ��
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*�9� %856.< DQG 0�0� 6$9,76.<

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

$%675$&7

7KH HIIHFW RI WZLQ�DUF ZHOGLQJ RQ K\GURJHQ FRQWHQW LQ ORZ�DOOR\HG ZHOG PHWDO ZDV LQYHVWLJDWHG� ,W ZDV HVWDEOLVKHG WKDW�

DV FRPSDUHG ZLWK D VLQJOH�DUF ZHOGLQJ� WKH WZLQ�DUF ZHOGLQJ FDQ GHFUHDVH VLJQLILFDQWO\ WKH DPRXQW RI >+@
GLII

LQ ZHOG

PHWDO WKDW LV GXH JUHDWO\ WR WKH SHFXOLDULWLHV RI WKH WKHUPDO F\FOH�

.H\ ZRU G V � K\GURJHQ� VLQJOH�DUF ZHOG GHSRVLW� WZLQ�DUF
ZHOG GHSRVLW� WKHUPDO F\FOH� FROG FUDFNV� KXPLGLW\ RI VKLHOGLQJ
PL[WXUH� WLPH RI K\GURJHQ HYROXWLRQ

$V LV VKRZQ LQ >� w �@� WKH WZLQ�DUF ZHOGLQJ SURPRWHV
WKH LQFUHDVH LQ UHVLVWDQFH RI PHWDO RI WKH +$= RI
KDUGHQLQJ VWHHOV WR WKH FROG FUDFNLQJ� 7KH GDWD RI
WKHVH ZRUNV SURYH WKDW WKH GHFUHDVH LQ SUREDELOLW\ RI
IRUPDWLRQ RI GHIHFWV RI WKLV W\SH LV JUHDWO\ GXH WR WKH
+$= VWUXFWXUH� ZKLFK ZDV IRUPHG DV D UHVXOW RI DFWLRQ
RI WKH WZLQ�DUF ZHOGLQJ WKHUPDO F\FOH RQ WKH PHWDO�

,Q DGGLWLRQ� LW LV NQRZQ >�� �@ WKDW WKH K\GURJHQ
FRQWHQW LQ ZHOG PHWDO LQIOXHQFHV WKH UHVLVWDQFH RI
+$= PHWDO WR FROG FUDFNLQJ� +\GURJHQ GLIIXVHV IURP
WKH ZHOG WR WKH +$= DQG� ZKHQ LWV FRQFHQWUDWLRQ LV
KLJKHU WKDQ FULWLFDO YDOXHV� FDXVHV WKH LQLWLDWLRQ RI
FUDFNV� ZKRVH SK\VLFDO RULJLQ ZDV VWXGLHG LQ >�@� ,Q
WKH ILUVW DSSUR[LPDWLRQ� LW LV SRVVLEOH WR FRQVLGHU WKDW
ZLWK LQFUHDVH LQ K\GURJHQ FRQWHQW LQ ZHOG PHWDO LWV
FRQFHQWUDWLRQ LQ +$= PHWDO LV LQFUHDVHG� RWKHU FRQ�
GLWLRQV EHLQJ HTXDO� ,Q WKLV FRQQHFWLRQ WKH SUREOHP
RI K\GURJHQ FRQWHQW GHFUHDVH LQ ZHOG PHWDO LV UDWKHU
DFWXDO LQ ZHOGLQJ VWHHOV SURQH WR FUDFNLQJ�

0DLQ UHJXODULWLHV RI K\GURJHQ DEVRUSWLRQ ZLWK WKH
HOHFWURGH PHWDO GURSV DQG ZHOG SRRO KDYH EHHQ HVWDE�
OLVKHG IRU WKH VKLHOGHG�JDV VLQJOH�DUF RQH� RU PXOWLSDVV
ZHOGLQJ� ,W LV VKRZQ WKDWZDWHU YDSRXUV LQ WKHZHOGLQJ
]RQH DUH RQH RI PDLQ LWV VRXUFHV >�� �@� 7KHUH DUH QR
GDWD DERXW WKH EHKDYLRXU RI WKLV VRXUFH LQ WKH VKLHOGHG�
JDV WZLQ�DUF ZHOGLQJ XVLQJ WKH �WDQGHP� PHWKRG�
KRZHYHU� WKH\ SUHVHQW SUDFWLFDO DQG VFLHQWLILF LQWHUHVW�

7KHUHIRUH� WKLV ZRUN LV DLPHG DW WKH FRPSDUDWLYH
H[DPLQDWLRQ RI K\GURJHQ FRQWHQW LQ ZHOG PHWDO LQ
VLQJOH� DQG WZLQ�DUF ZHOGLQJ DQG GLIIHUHQW KXPLGLW\
RI WKH VKLHOGLQJ JDV� FRQWDLQLQJ �� � $U � �� � &2��

6DPSOHV IRU PHDVXULQJ K\GURJHQ LQ ZHOG PHWDO
�W\SH ,,� ZHUH PDQXIDFWXUHG IURP VWHHO RI
��.K1�0'$ DQG ��.K*6$ W\SHV LQ DFFRUGDQFH ZLWK
UHTXLUHPHQWV RI*267 �����w��� 'HSRVLWV RQ VDPSOHV
ZHUH PDGH ZLWK � PP GLDPHWHU ZLUHV RI 6Y�
��*1�60' DQG 6Y���*607 W\SHV �FKHPLFDO FRP�
SRVLWLRQ RI WKH PDWHULDOV XVHG LV JLYHQ LQ WKH 7DEOH��
&RQGLWLRQV RI ZHOGLQJ ZLWK VLQJOH DQG WZLQ DUFV ZHUH�

� *�9� %856.< DQG 0�0� 6$9,76.<� ����

)LJXUH �� 6FKHPH RI UHFRUGLQJ RI WKHUPDO F\FOHV LQ GHSRVLWLRQ RI

FRQWURO VDPSOHV� $� x VHFRQG DUF� 7�� 7� x WKHUPRFRXSOH ZKLFK

UHFRUGV� UHVSHFWLYHO\� WKHUPDO F\FOHV LQ WKH IXVLRQ OLQH DQG FXUYH

RI FRROLQJ WKH PHWDO RI GHSRVLW PDGH ZLWK WZR DUFV
)LJXUH �� 'HSHQGHQFH RI FRQWHQW RI >+@GLII LQ PHWDO GXULQJ VLQJOH�

��� DQG WZLQ�DUF ��� GHSRVLWLRQ� D x VWHHO RI ��.K1�0'$ W\SH�

ZLUH 6Y���*1�60'� E x VWHHO ��.K*6$� ZLUH 6Y���*607

�� ������



UHVSHFWLYHO\� WKH IROORZLQJ� ,Z  ��� w ��� $� 8D  
�� w �� 9� YZ  �� P�K� ,Z�  ,Z�  ��� w ��� $�
8D�  8D�  �� w �� 9� YZ�  YZ�  �� P�K� /� w �  
 ��� PP� ZKHUH /� w � LV WKH GLVWDQFH EHWZHHQ WKH
DUFV� 7KH KXPLGLW\ RI WKH VKLHOGLQJ JDV ZDV PHDVXUHG
ZLWK WKH KHOS RI D VSHFLDO GHYLFH� LQ ZKLFK D VLOLFD JHO
ZDV XVHG DV DQ DFWLYH VXEVWDQFH� 7KH KXPLGLW\ ZDV
FRQWUROOHG IURP WKH GHZ SRLQW 7G� GHWHUPLQHG E\ D
FRQGHQVDWLRQ PHWKRG� 7KH KXPLGLW\ RI PL[WXUH ZDV
FRQWUROOHG EHIRUH DQG DIWHU ZHOGLQJ RI HDFK VDPSOH�
7KHUPDO F\FOHV ZHUH UHFRUGHG E\ WXQJVWHQ�UKHQLXP
WKHUPRFRXSOHV DQG DQ RVFLOORJUDSK RI WKH 1���� W\SH�
+HUH� WKH WKHUPRFRXSOH 7� ZDV LQWURGXFHG IURP EH�
QHDWK WKH VDPSOH �)LJXUH �� DQG LW UHFRUGHG WKH WKHU�
PDO F\FOHV DW WKH IXVLRQ OLQH� ZKLOH WKH VHFRQG WKHU�
PRFRXSOH 7� ZDV LQWURGXFHG WR WKH WDLO SDUW RI WKH
PROWHQ PHWDO SRRO DQG LW UHFRUGHG WKH F\FOH RI FRROLQJ
WKH GHSRVLWV PDGH E\ WZLQ DUFV�

&RQWHQW RI GLIIXVHO\�PRELOH K\GURJHQ >+@GLII LQ
ZHOG PHWDO� ZKLFK ZDV GHWHUPLQHG E\ D FKURPD�
WRJUDSKLF PHWKRG XVLQJ D XQLW 2%����� DFFRUGLQJ WR
*267 �����w��� ZDV VHOHFWHG DV DPDLQ FKDUDFWHULVWLF
RI PHWDO VDWXUDWLRQ ZLWK K\GURJHQ� 7KH PHWKRG RI
GHWHUPLQDWLRQ RI >+@GLII DVVXPHV GHSRVLWLRQ RI VDP�
SOHV� WKHLU FRROLQJ LQ ZDWHU� DQG WKHQ LQ D OLTXLG QL�
WURJHQ ZLWK D VXEVHTXHQW DQDO\VLV� 7KH WHPSHUDWXUH
RI EHJLQQLQJ WKH VDPSOH FRROLQJ 7F ZDV FRQWUROOHG E\
D FRQWDFW PHWKRG XVLQJ D FKURPHO�DOXPHO WKHUPRFRX�
SOH�

7KH UHVXOWV RI GHWHUPLQDWLRQ RI DPRXQW RI >+@GLII
GHSHQGLQJ RQ 7G DUH JLYHQ LQ )LJXUH �� ,W LV VHHQ WKDW
WKH KXPLGLW\ RI WKH VKLHOGLQJ JDV LQ WZLQ�DUF ZHOGLQJ

LQIOXHQFHV JUHDWO\ WKH FRQWHQW RI >+@GLII LQ WKH ZHOG
PHWDO� ,Q VLQJOH�DUF ZHOGLQJ LW LV PRUH FOHDUO\ H[�
SUHVVHG DV FRPSDUHG ZLWK WKH WZLQ�DUF ZHOGLQJ� +RZ�
HYHU� WKH FRQWHQW RI WKH UHVLGXDO K\GURJHQ >+@U LQ
ZHOGV PDGH E\ WKH VLQJOH� DQG WZLQ�DUF ZHOGLQJ LV
DOPRVW VLPLODU� )RU H[DPSOH� ZKHQ WKH VKLHOGLQJ JDV
ZLWK 7G  w�� DQG w�� �& LV XVHG� LW LV ≈ ��� FP����� J
ERWK LQ VLQJOH� DQG WZLQ�DUF ZHOGLQJ XVLQJ ZLUH 6Y�
��*1�60'�

:HOG PHWDO LV VDWXUDWHG ZLWK K\GURJHQ GXULQJ
ZHOGLQJ ZKHQ WKH HOHFWURGH PHWDO GURSV DUH SDVVHG
WKURXJK WKH DUF DQG K\GURJHQ LV DEVRUEHG E\ WKH ZHOG
SRRO� ,W LV GLIILFXOW WR GHWHUPLQH WKH LQLWLDO FRQWHQW RI
K\GURJHQ LQ ZHOGV ZLWKRXW VSHFLDO LQVWUXPHQWV� EH�
FDXVH WKH SURFHVV RI K\GURJHQ HYROXWLRQ VWDUWV HYHQ
DW WKH VWDJH RI WKH ZHOG SRRO FU\VWDOOL]LQJ GXH WR DQ
DEUXSW UHGXFWLRQ LQ LWV VROXELOLW\� $W D IXUWKHU GHFUHDVH
LQ WHPSHUDWXUH WKH SURFHVV RI K\GURJHQ UHPRYDO IURP
WKH ZHOG LV FRQWLQXHG� 7KH DPRXQW RI K\GURJHQ
HYROYHG GHSHQGV RQ D QXPEHU RI IDFWRUV� LQFOXGLQJ
DOVR WKH WLPH RI LWV HYROXWLRQ�

0HWDO GHSRVLWHG ZLWK RQH DUF LV FRROHG WR WKH WHP�
SHUDWXUH ��� �& GXULQJ WLPH τ� �)LJXUH �� D��ZKHQ D
SDUW RI K\GURJHQ LV HYROYHG WR WKH HQYLURQPHQW� 'XU�
LQJ WZLQ�DUF ZHOGLQJ WKH WLPH RI K\GURJHQ HYROXWLRQ
IURP WKH GHSRVLW� PDGH E\ WKH ILUVW DUF� LV τ� ! τ� DQG
GHSHQGV RQ WKH GLVWDQFH EHWZHHQ WKH DUFV DQG WKH
ZHOGLQJ VSHHG� 7KH DPRXQW RI WKH HYROYLQJ K\GURJHQ
LV� UHVSHFWLYHO\� LQFUHDVHG� $IWHU WKH KHDW DFWLRQ RI
WKH VHFRQG DUF DQG GHSRVLWLRQ RI WKH VHFRQG EHDG D
SDUW RI PHWDO RI WKH ILUVW EHDG LV UHPHOWHG �≈ �� ���
DQG LWV ORZHU OD\HUV DUH VXEMHFWHG WR D UHSHDWHG KHDWLQJ

)LJXUH �� 7KHUPDO F\FOHV �D�� UHFRUGHG LQ IXVLRQ OLQH �� w 7� x VLQJOH�� � w 7� x WZLQ�DUF GHSRVLWLRQ� DQG FXUYH RI FRROLQJ WKH GHSRVLW

�E� PDGH ZLWK WZR DUFV �� w 7��

0DWHULDO
&RQWHQW RI HOHPHQWV� ZW��

& 6L 0Q &U 1L 0R &X 7L

��.K1�0'$ ���� ���� ���� ���� ���� ���� ����

��.K*6$ ���� w ���� ���� w ���� ���� w ����

6Y���*1�60' ���� w ���� ���� w ���� ���� w ���� ���� w ���� ���� w ���� ���� w ���� ���� w ����

6Y���*607 ���� w ���� ���� w ���� ���� w ���� ≤ ���� ≤ ���� ���� w ���� ���� w ����

������ ��



WR UHODWLYHO\ KLJK WHPSHUDWXUHV� $Q DGGLWLRQDO VDWX�
UDWLRQ RI PHWDO� GHSRVLWHG ZLWK WKH ILUVW DUF� ZLWK
K\GURJHQ LV RFFXUUHG� +RZHYHU� WKH WLPH XQWLO WKH
WHPSHUDWXUH RI FRROLQJPHWDO� GHSRVLWHGZLWK WZR DUFV�
τ� �)LJXUH �� E� LV PXFK KLJKHU WKDQ τ�� WKXV OHDGLQJ
WR PRUH FRPSOHWH UHPRYDO RI K\GURJHQ IURP WKH GH�
SRVLW�

7KXV� UHGXFWLRQ RI >+@GLII LQ ORZ�DOOR\HG ZHOG

PHWDO PDGH E\ WZLQ DUFV LV JUHDWO\ VWLSXODWHG E\

LQFUHDVH LQ WLPH RI K\GURJHQ HYROXWLRQ ERWK IURP

WKH ILUVW EHDG DQG IURP WKH ZHOG PHWDO DV D ZKROH�

,Q DGGLWLRQ� WKH WLPH RI HYROXWLRQ GHSHQGV RQ WKH

FRQGLWLRQ RI ZHOGLQJ ZLWK HDFK RI WKH DUFV DQG WKH

GLVWDQFH EHWZHHQ WKHP�

&21&/86,216

�� 7ZLQ�DUF ZHOGLQJ KDV D SRVLWLYH HIIHFW RQ FRQWHQW
RI >+@GLII LQ WKH ORZ�DOOR\HG ZHOG PHWDO� $PRXQW RI
>+@GLII LQ ZHOG PHWDO LQ WZLQ�DUF ZHOGLQJ� DV FRPSDUHG
ZLWK D VLQJOH�DUF ZHOGLQJ� LV PXFK ORZHU DW DOO WKH
H[DPLQHG YDOXHV 7G�

�� 5HGXFWLRQ RI >+@GLII LQ WZLQ�DUF ZHOGLQJ LV VWLSX�
ODWHG JUHDWO\ E\ LQFUHDVH LQ WLPH RI K\GURJHQ HYROXWLRQ
IURP WKH ZHOG PHWDO DW WKH VWDJH RI LWV FU\VWDOOL]LQJ
DQG FRROLQJ�

�� 7KH DPRXQW RI K\GURJHQ HYROYHG LQ WZLQ�DUF
ZHOGLQJ LV GHWHUPLQHG E\ LWV WKHUPDO F\FOH� $W RSWL�
PXP VHOHFWLRQ RI FRQGLWLRQV RI ZHOGLQJ ZLWK HDFK RI
WKH DUFV DQG GLVWDQFH EHWZHHQ WKHP LW LV SRVVLEOH WR
GHFUHDVH VLJQLILFDQWO\ WKH FRQWHQW RI >+@GLII LQ ZHOG
PHWDO�

5()(5(1&(6

�� %XUVN\� *�9�� 'RY]KHQNR� 9�$�� 6WHUHQERJHQ� <X�$�

������ &ROG FUDFN UHVLVWDQFH RI +$= RI ��.K1�0'$ VWHHO

MRLQWV PDGH E\ QDUURZ�JDS WZLQ�DUF ZHOGLQJ� $YWRPDWLFKHV�
ND\D 6YDUND� �� �� w ���

�� %XUVN\� *�9�� 1RYLNRYD� '�3�� 6WHUHQERJHQ� <X�$� ������

5HVLVWDQFH RI ��.K1�0'$ W\SH VWHHO WR D GHOD\HG IUDFWXUH

GXULQJ WZLQ�DUF ZHOGLQJ� ,ELG�� �� � w ���

�� *RUEDFKHY� <X�,�� 0HWHOHY� $�9�� .RYDOHYVN\� %�$� HW DO�
������ 7ZLQ�DUF DXWRPDWLF ZHOGLQJ RI VWHHO �� ZLWKRXW SUH�

KHDWLQJ� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���

�� .R]ORY� 5�$� ������ +\GURJHQ LQ ZHOGLQJ RI KXOO VWHHOV�
/HQLQJUDG� 6XGRVWUR\HQL\H�

�� %XUVN\� *�9�� 6DYLWVN\� 0�0�� 1RYLNRYD� '�3� ������ 5H�

VLVWDQFH RI +$= RI ZHOGHG MRLQWV PDGH IURP KDUGHQLQJ

VWHHOV WR D GHOD\HG IUDFWXUH LQ WZLQ�DUF ZHOGLQJ� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,� ������ 3K\VLFDO RULJLQ RI

K\GURJHQ�LQGXFHG FROG FUDFNV LQ VWUXFWXUDO VWHHO ZHOGHG

MRLQWV� ,ELG�� �� � w ���

�� 3RNKRGQ\D� ,�.� ������ *DVHV LQ ZHOGV� 0RVFRZ� 0DVKL�

QRVWUR\HQL\H�

�� $VQLV� $�(�� *XWPDQ� /�0�� 3RNODGLM� 2�5� HW DO� ������
:HOGLQJ LQ PL[WXUH RI DFWLYH JDVHV� .\LY� 1DXNRYD

'XPND�

�� ������




