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7KH WKHUPRG\QDPLF VWDELOLW\ RI WKH PL[HG YDOHQFH �RQH HOHFWURQ UHGXFHG� VWDWH EHWZHHQ OLQNHG 5X�
XQLWV ZDV VWXGLHG E\ PHDQV RI HOHFWURFKHPLFDO PHWKRGV IRU WKH VHULHV RI WKH OLJDQG�EULGJHG WULUXWKHQLXP
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GLD]DS\UHQH� /  GPDS ��D�� %/  ����GLD]DELF\FOR>�����@RFWDQH� /  GPDS ��D�� S\ ��E�� FS\ ��F��� 7KH

PL[HG YDOHQFH VWDWHV XQGHUJRLQJ UDSLG LQWUDPROHFXODU HOHFWURQ WUDQVIHUV ZHUH REVHUYHG E\ ,5 VSHFWUR�

HOHFWURFKHPLVWU\� %\ VLPXODWLQJ G\QDPLFDO HIIHFWV RQ WKH REVHUYHG Q�&2� DEVRUSWLRQ EDQGVKDSHV� WKH UDWH

FRQVWDQWV NH IRU HOHFWURQ WUDQVIHU LQ WKH PL[HG YDOHQFH VWDWHV RI �D� �E� �F DQG �G ZHUH HVWLPDWHG WR EH �u��
�� V±�

�DW URRP WHPSHUDWXUH �UW��� �u���� V±� �DW UW�� F�D��u���� V±� �DW UW�� DQG �u��
��
V
±�
�DW ±�� �&�� UHVSHFWLYHO\� 3RVVL�

EOH DSSOLFDWLRQV RI WKLV DSSURDFK WR DV\PPHWULF PL[HG YDOHQFH V\VWHPV ZHUH GLVFXVVVHG�

���,QWURGXFWLRQ

6SHFWURVFRSLF WHFKQLTXHV IRU GHWHUPLQDWLRQ RI PROHFXODU VWUXFWXUH KDYH WKHLU RZQ

WLPHVFDOHV� $V LV ZHOO NQRZQ� VSHFWUDO FRDOHVFHQFH LQ QXFOHDU PDJQHWLF UHVRQDQFH

�105� LV RQ WKH RUGHU RI PLOOLVHFRQGV� ,Q LQIUDUHG �,5� VSHFWURVFRS\� WKH WLPHVFDOH LV

RQ WKH RUGHU RI SLFRVHFRQGV� ,QWUDPROHFXODU SURFHVVHV VXFK DV HOHFWURQ DQG HQHUJ\

WUDQVIHU FDQ RFFXU RQ WKH SLFRVHFRQG WLPHVFDOH� :H UHFHQWO\ UHSRUWHG RXU REVHUYDWLRQV

RI FRDOHVFHQFH RI WKH &±2 VWUHWFKLQJ EDQGV RI FDUERQ PRQR[LGH �Q�&2�� OLJDQGV LQ

WKH PRVW UDSLGO\ H[FKDQJLQJ PL[HG YDOHQFH FRPSOH[HV RI KH[DQXFOHDU UXWKHQLXP

FOXVWHUV >�±�@� 7KH PL[HG YDOHQFH FRPSOH[HV DUH RQH�HOHFWURQ UHGXFHG VSHFLHV RI

OLJDQG EULGJHG GLPHUV RI WULUXWKHQLXP FOXVWHUV RI WKH >5X��P��2��P�&+�&2����&2��/�

�P�%/�5X��P��2��P�&+�&2����&2��/�@ W\SH� VKRZQ LQ )LJ� �� ZKHUH %/ GHQRWHV
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EULGJLQJ OLJDQG� ,Q WKH QHXWUDO LVRODWHG VWDWHV RI DOO WKH FRPSRXQGV� HDFK WULQXFOHDU

5X� XQLW IRUPDOO\ FRQWDLQV RQH 5X�,,� DQG WZR 5X�,,,� FHQWUHV DQG WKH FDUERQ\O OLJDQG

LV FR�RUGLQDWHG WR WKH IRUPDOO\ GLYDOHQW FHQWUH� :H GHVFULEH WKH FKDUDFWHULVWLFV RI WKH

,5 VSHFWUD RI �D±�G DQG �D±�E DORQJ ZLWK HOHFWURFKHPLFDO GDWD RI DOO WKH FRPSRXQGV

VKRZQ LQ )LJ� � >�@� 3RVVLEOH DSSOLFDWLRQV RI LQIUDUHG VSHFWURHOHFWURFKHPLVWU\ IRU WKH

HVWLPDWLRQ RI WKH UDWH FRQVWDQWV RI LQWUDPROHFXODU HOHFWURQ WUDQVIHU LQ DV\PPHWULF

PL[HG YDOHQFH V\VWHP ZLOO DOVR EH GLVFXVVHG�
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DQG QXPEHULQJ RI WKH FRPSRXQGV� S] ± ����S\UD]LQH� ES\ ± ���c�ELS\ULGLQH� GDS ± ����GLD]DS\UHQH�

GDEFR ± ����GLD]DELF\FOR>�����@RFWDQH� DEFR ± ��D]DELF\FOR�>�����@RFWDQH

���(OHFWURFKHPLFDOO\�JHQHUDWHG�PL[HG�YDOHQFH�VWDWHV

DQG�WKHLU�WKHUPRG\QDPLF�VWDELOLWLHV

)LJXUH � VKRZV F\FOLF YROWDPPRJUDPV �&9� RI D VHULHV RI 5X� GLPHUV ZKHUH WKH

EULGJLQJ OLJDQG LV IL[HG WR S\UD]LQH DQG WKH WHUPLQDO OLJDQGV DUH YDULHG� )LJXUH � VKRZV

&9¶V RI D VHULHV RI 5X� GLPHUV ZKHUH WKH EULGJLQJ OLJDQG LV YDULHG DQG WKH WHUPLQDO OL�

JDQG LV IL[HG WR GPDS� ,Q DOO WKH &9¶V LQ )LJV� � DQG �� WZR�HOHFWURQ R[LGDWLRQ ZDYHV DUH

REVHUYHG DW DSSUR[LPDWHO\ (��������  ���� DQG (��������  ��� 9 YV� 66&(� +HUH� WKH

RYHUDOO FKDUJHV RI WKH FRPSOH[HV DUH H[SUHVVHG LQ SDUHQWKHVHV� 2Q WKH RWKHU KDQG� HDFK

FRPSRXQG JHQHUDOO\ GLVSOD\V WZR VLQJOH HOHFWURQ UHGXFWLRQ ZDYHV WKDW FRUUHVSRQG IRU�

PDOO\ WR 5X�
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�±��±��� ,Q WKH FDVH RI �D� WKH VSOLWWLQJ EHWZHHQ WKH ���±��

DQG �±��±�� VWDWHV LV WRR VPDOO �'( | � P9� WR UHVROYH E\ F\FOLF YROWDPPHWU\� 2QH LP�

SRUWDQW FRQWULEXWLRQ WR WKH PDJQLWXGH RI WKH VSOLWWLQJ EHWZHHQ WKH VLQJOH HOHFWURQ ���±��

DQG �±��±�� UHGXFWLRQ ZDYHV� '(� LV WKH VWDELOL]DWLRQ HQHUJ\ LPSDUWHG WR WKH ±� VWDWH E\

HOHFWURQ GHORFDOL]DWLRQ� &RPSURSRUWLRQDWLRQ FRQVWDQWV� .F  H[S �'()�57�� HVWLPDWHG

IURP '( DUH DOVR JLYHQ LQ )LJV� � DQG �� 7KH PL[HG YDOHQFH VSHFLHV� L�H�� WKH ±� VWDWH

H[LVWV LQ WKH UHJLRQ RI '( EHWZHHQ WKH ���±�� DQG �±��±�� ZDYHV DQG WKH PDJQLWXGH RI

'(� DQG WKHUHE\ .F� UHIOHFWV VWDELOLW\ RI WKH PL[HG YDOHQFH VWDWH� 5HGR[ SRWHQWLDO GDWD IRU

WKH ���±�� DQG �±��±�� SURFHVVHV DUH VXPPDUL]HG LQ 7DEOH ��
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$Q LQWHUHVWLQJ DVSHFW RI WKHVH FRPSOH[HV LV WKDW WKH VSOLWWLQJ '( GHSHQGV VWURQJO\

RQ WKH DQFLOODU\ OLJDQGV �GPDS� S\� FS\� DEFR� DQG RQ WKH EULGJLQJ OLJDQGV �S]� ES\�

GDS� GDEFR�� 7KXV� DV WKH DGMXVWDEOH S\ULG\O OLJDQG LQ WKH VHULHV �D±�F DQG �D±�F LV

FKDQJHG IURP GPDS LQ �D DQG �D WR DQ XQVXEVWLWXWHG S\ULGLQH IRU �E DQG �E WR DQ

HOHFWURQ ZLWKGUDZLQJ FS\ IRU �F DQG �F� WKH YDOXHV RI '( DQG .F GHFUHDVH FRQVLGHUD�

EO\ �7DEOH ��� &RPSRXQG �G ZLWK DEFR� ZKLFK KDV WKH ODUJHVW S.D RI ���� DPRQJ WKH

SUHVHQW VHULHV RI WHUPLQDO OLJDQGV� SRVVHVVHV WKH ODUJHVW '( DQG .F >�@� 7KH EULGJLQJ

OLJDQG S�HOHFWURQ V\VWHPV PHGLDWH HOHFWURQLF FRXSOLQJ EHWZHHQ WKH WZR 5X� FHQWUHV�

DQG WKH RYHUODS EHWZHHQ WKH 5X� FOXVWHU GS�HOHFWURQ V\VWHP DQG WKH EULGJLQJ OLJDQG S



V\VWHP DSSHDUV WR EH YHU\ IDYRXUDEOH� ,Q IDFW� WKH GDEFR EULGJHG FRPSRXQG �D� ZKLFK

KDV QR S�HOHFWURQ V\VWHP LQ WKH EULGJLQJ OLJDQG� VKRZV HVVHQWLDOO\ QR HOHFWURQLF FRX�

SOLQJ �'( | ��� 7KH UHOHYDQW 5X G OHYHO LV FORVHU WR WKH S] S


OHYHO LQ �D WKDQ LW LV LQ �F�

DQG FORVHU WR WKH ES\ S


OHYHO LQ �D WKDQ LW LV LQ �F� 7KLV GHVFULSWLRQ RI WKH HOHFWURQLF

VWUXFWXUH LV VXSSRUWHG E\ H[SHULPHQWDO HYLGHQFH >�@� ,Q JHQHUDO� HOHFWURQLF FRXSOLQJ

IDOOV RII H[SRQHQWLDOO\ ZLWK LQFUHDVLQJ GLVWDQFH EHWZHHQ HOHFWURQLFDOO\ LQWHUDFWLQJ

FHQWUHV� 7KH FHQWUH�WR�FHQWUH VHSDUDWLRQ EHWZHHQ 5X�2 XQLWV LQ WKH FU\VWDO VWUXFWXUH RI

�D LV ���� c >�@� DQG LW LV HVWLPDWHG DW FD� ���� c LQ ES\ EULGJHG FRPSOH[HV� 7KH

ORQJHU VHSDUDWLRQ EHWZHHQ 5X� FHQWUHV LQ �D±�F DQG �D GHFUHDVHV WKH LQWHUFOXVWHU

HOHFWURQLF FRXSOLQJ� WKHUHE\ GHFUHDVLQJ '( YDOXHV�

���,5�6SHFWUD�RI�WKH�PL[HG�YDOHQFH�VSHFLHV�LQ�WKH�Q�&2��UHJLRQ

7KH YLEUDWLRQDO VSHFWUD RI FRPSOH[HV �D±�G DQG �D±�F ZHUH REWDLQHG E\ XVLQJ UH�

IOHFWDQFH ,5 VSHFWURHOHFWURFKHPLVWU\ �6(&�� &RQWUROOHG SRWHQWLDOV ZHUH DSSOLHG WR

SUHSDUH WKH VLQJO\ �±�� DQG GRXEO\ �±�� UHGXFHG VWDWHV RI FOXVWHU IRU ,5 VSHFWURVFRSLF

REVHUYDWLRQ� 0HDVXUHPHQWV ZHUH FDUULHG RXW DW URRP WHPSHUDWXUH XQOHVV RWKHUZLVH

VWDWHG� ([SHULPHQWV RQ �G ZHUH FDUULHG RXW DW ±�� �&� EHFDXVH UHGXFHG VSHFLHV �WKH ±�

DQG ±� VWDWHV� RI WKLV FRPSRXQG ZHUH XQVWDEOH DW URRP WHPSHUDWXUH� )LJXUHV �D DQG E

VKRZ WKH ,5 VSHFWUD LQ WKH Q�&2� UHJLRQ RI S\UD]LQH ��D±�G� DQG ���c�ELS\ULGLQH

��D±�E� EULGJHG FRPSOH[HV� /HW XV GLVFXVV ILUVW WKH S\UD]LQH EULGJHG V\VWHPV� ,Q WKH

LVRODWHG ��� VWDWH� �G H[KLELWV D VLQJOH Q�&2� EDQG DW ���� FP
±�
�)LJ� �D WRS�� LQGLFDW�

LQJ WKDW WZR 5X� XQLWV LQ �G DUH SDLUZLVH HTXLYDOHQW� 7KH GRXEO\ UHGXFHG VSHFLHV DOVR

JLYHV ULVH WR D VLQJOH Q�&2� EDQG� EXW DW ���� FP
±�
� UHIOHFWLQJ LGHQWLFDO UHGR[ VWDWHV DW

HDFK 5X�
,,,�,,�,,

FOXVWHU� &RPSOH[HV �D±�F VLPLODUO\ H[KLELW VLQJOH Q�&2� EDQGV LQ WKH

QHXWUDO VWDWH DQG ±� VWDWH� UHVSHFWLYHO\� ,QWHUHVWLQJO\� KRZHYHU� WKH VLQJOH�HOHFWURQ

UHGXFHG VWDWH RI �G VKRZV D EURDG DEVRUSWLRQ EDQG DW WKH DYHUDJH HQHUJ\ RI WKH EDQGV

REVHUYHG IRU WKH QHXWUDO ��� DQG GRXEO\ UHGXFHG �±�� VWDWHV RI �G �)LJ� �D WRS�� 7KH

GHJUHH RI µFRDOHVFHQFH¶ RI WKH ,5 VSHFWUD GHSHQGV RQ WKH GHJUHH RI HOHFWURQLF FRXSOLQJ

EHWZHHQ WKH S\UD]LQH�OLQNHG 5X� FOXVWHUV �)LJ� �D�� $V '( �RU .F� GHFUHDVHV IURP

��� P9 ����u��
�
� IRU �G WR ��� P9 ����u��

�
� IRU �F� WZR GLVWLQFW Q�&2� EDQGV DW

���� FP
±�

DQG ���� FP
±�

EHFRPH UHVROYHG IRU �F� &OXVWHU �E ZLWK DQ LQWHUPHGLDWH
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YDOXH RI '( �.F� RI ��� P9 ����u���� VKRZV DQ LQWHUPHGLDWH GHJUHH RI VSHFWUDO µFRD�

OHVFHQFH¶ LQ WKH VLQJO\ UHGXFHG VWDWH�
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E� >^5X��P��2��P�&+�&2����&2��/�`��P�ES\�@
Q�
�Q  � �ÂÂÂ�� ±� �²�� ±� �� � ���

IRU /  GPDS ��D�� S\ ��E�

6LPLODUO\� ERWK WKH QHXWUDO DQG ±� VWDWHV RI WKH ES\ EULGJHG FRPSOH[HV �D±�F H[�

KLELW RQH VKDUS Q�&2� EDQG LQ WKH ,5 �)LJ� �E�� 7KH VSHFWUD RI WKH ±� VWDWHV RI �D DQG

�E FRQVLVW RI WZR ZHOO�UHVROYHG DQG ZHOO�VHSDUDWHG Q�&2� EDQGV� SHUWXUEHG RQO\

VOLJKWO\ UHODWLYH WR WKH VSHFWUD RI WKH QHXWUDO DQG ±� VWDWHV� )RU �F� D UHOLDEOH VSHFWUXP

RI WKH ±� VWDWH FRXOG QRW EH REWDLQHG GXH WR � �� P9 VHSDUDWLRQ EHWZHHQ WKH ���±��

DQG �±��±�� &9 ZDYHV� ,Q FOXVWHUV �D±�F� WKH HOHFWURQLF FRXSOLQJ LV VPDOO DV HYL�

GHQFHG E\ F\FOLF YROWDPPHWU\� 2YHUDOO� WKH VLQJO\ UHGXFHG VWDWHV RI �D±�F FDQ EH

YLHZHG DV YDOHQFH WUDSSHG RU ORFDOL]HG FRPSRXQGV�

7KH ,5 VSHFWUDO IHDWXUH LQ WKH Q�&2� UHJLRQ RI WKH ±� PL[HG YDOHQFH VWDWH LV YHU\

GLIIHUHQW EHWZHHQ S\UD]LQH EULGJHG FRPSOH[HV �D±�G DQG ���c�ELS\ULGLQH FRPSOH[HV

D

E
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�D±�F� 7KH YDVW GLIIHUHQFH LQ VSHFWUDO FKDUDFWHULVWLFV DULVHV IURP WKH HOHFWURQLF LQWHU�

DFWLRQV EHWZHHQ WZR 5X� XQLWV WKURXJK WKH EULGJLQJ OLJDQG� DV LV VHHQ LQ WKHLU

HOHFWURFKHPLFDO EHKDYLRXU� 7KH XVH RI ORQJHU ES\ EULGJHV LQ �D±�F DWWHQXDWHV WKH

HOHFWURQLF FRXSOLQJ WR WKH SRLQW WKDW LQ �F WKH ±� FKDUJH WUDQVIHU VWDWH LV QR ORQJHU

GHILQHG� 3UHOLPLQDU\ H[SHULPHQWV VKRZ HVVHQWLDOO\ QR WHPSHUDWXUH GHSHQGHQFH RI WKH

,5 VSHFWUD LQ WKH UDQJH IURP URRP WHPSHUDWXUH GRZQ WR ±�� �&�

���(VWLPDWLRQ�RI�UDWH�FRQVWDQWV�RI�LQWUDPROHFXODU

HOHFWURQ�WUDQVIHU�LQ�WKH�PL[HG�YDOHQFH�VWDWH

$W WKH SUHVHQW WLPH� ZH KDYH QR HYLGHQFH RI D SURFHVV RWKHU WKDQ LQWUDPROHFXODU

HOHFWURQ WUDQVIHU WR DFFRXQW IRU WKH FKDQJHV REVHUYHG LQ WKH ,5 VSHFWUDO OLQH VKDSHV RI

RXU V\VWHPV� :H FDUULHG RXW WKH %ORFK HTXDWLRQ W\SH DQDO\VLV IRU WKH ,5 OLQH EURDGHQ�

LQJ ZKLFK LV GHYHORSHG E\ 0F&OXQJ >�@�

2000 1900 18002000 1900 1800
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simulated
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2 × 1012 s1

1 × 1012 s1
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1 × 1011 s1

ν / cm-1 ν / cm-1~ ~

)LJ� �� &RPSDULVRQ RI REVHUYHG WR VLPXODWHG LQIUDUHG VSHFWUD LQ WKH Q�&2� UHJLRQ

IRU �D± DV D IXQFWLRQ RI WKH LQWUDPROHFXODU HOHFWURQ WUDQVIHU UDWH FRQVWDQW N
H

)LJXUH � VKRZV DQ H[DPSOH RI WKH VLPXODWHG VSHFWUDO OLQH VKDSHV DV D IXQFWLRQ RI

WKH UDWH FRQVWDQW NH DQG D FRPSDULVRQ WR WKH REVHUYHG VSHFWUXP RI �D
±

� 6LPLODU DQDO\�

VHV ZHUH FDUULHG RXW IRU �D
±

±�F
±

DQG �D
±

>�@� 7KH UDWH FRQVWDQWV NH RI HOHFWURQ WUDQVIHU



,QWUDPROHFXODU HOHFWURQ WUDQVIHU RQ WKH YLEUDWLRQDO WLPHVFDOH ���

HVWLPDWHG E\ WKLV W\SH RI VLPXODWLRQ IRU �G
±� �D±� �E±� DQG �F

± DUH ������u���� DW

±�� �&� �����u����� �����u����� FD� �u���� V
±�
� UHVSHFWLYHO\� 6LPXODWHG VSHFWUD DV

D IXQFWLRQ RI NH IRU �F
±
VKRZ WKDW NH IRU �F

±
LV FORVH WR WKH ORZHU OLPLW WKDW FDQ EH GH�

WHUPLQHG UHOLDEO\ E\ WKLV DSSURDFK >�@�

���3RVVLEOH�DSSOLFDWLRQV�RI�,5�6(&�IRU�WKH�HVWLPDWLRQ

RI�WKH�UDWH�FRQVWDQWV�RI�LQWUDPROHFXODU�HOHFWURQ�WUDQVIHU

LQ�DV\PPHWULF�PL[HG�YDOHQFH�VWDWH

8VLQJ GLIIHUHQW WHUPLQDO OLJDQGV DW WKH /
�
DQG /

�
VLWHV� ZH FDQ SUHSDUH D VHULHV RI

DV\PPHWWULF 5X� GLPHUV �H±�J �)LJ� ��� 7KH\ VKRZ &9 VLPLODU WR WKH V\PPHWULF 5X�
GLPHUV �D±�G� JLYLQJ UHGR[ ZDYH VSOLWWLQJ '( ����� ���� DQG ��� P9 IRU �H� �I� DQG

�J� UHVSHFWLYHO\�� 7KH PL[HG YDOHQW ±� VWDWHV RI �H±�J DOVR VKRZ VLPLODU LQWHUYDOHQFH

WUDQVLWLRQ EDQG �DW ������� ������� DQG ����� FP
±�
� IRU �H� �I� DQG �J� UHVSHFWLYHO\��

7KHVH REVHUYDWLRQV VWURQJO\ VXJJHVW D SRVVLEOH DSSOLFDWLRQ RI WKH DERYH�PHQWLRQHG

WHFKQLTXH WR DV\PPHWULF PL[HG YDOHQFH V\VWHPV�
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0� ,0$, HW DO����

7KH TXHVWLRQ RI ZKHWKHU VXFK DQ DV\PPHWULF PL[HG YDOHQFH VWDWH XQGHUJRHV LQ�

WUDPROHFXODU HOHFWURQ WUDQVIHU �ORFDOL]HG RU GHORFDOL]HG� GHSHQGV RQ WZR IDFWRUV� ���

WKH SRWHQWLDO GLIIHUHQFH� '*�� DQG ��� WKH HOHFWURQLF FRXSOLQJ� +$%� /DUJHU FRQWULEX�

WLRQV RI +$% WHQG WR GHORFDOL]H WKH V\VWHP� ZKHUHDV D ODUJHU '*� WHQGV WR ORFDOL]H WKH

V\VWHP� :KHQ +$% DQG '*� DUH RI DSSURSULDWH PDJQLWXGH� WZR PL[HG YDOHQFH LVRPHUV

VKRXOG H[LVW ZKHUH RQH LV D PDMRU LVRPHU DQG WKH RWKHU D PLQRU RQH� DQG LQWUD�

PROHFXODU HOHFWURQ WUDQVIHU RFFXUV ZLWKLQ HDFK LVRPHU� 7KH LQWUDPROHFXODU HOHFWURQ

WUDQVIHU LQ WKH PDMRU LVRPHU UHVXOWV LQ WKH IRUPDWLRQ RI WKH PLQRU LVRPHU DQG YLFH

YHUVD� 7KXV IDU� WKLV EHKDYLRXU LQ DQ DV\PPHWULF PL[HG YDOHQFH VWDWH KDV QRW EHHQ

UHSRUWHG WR RXU EHVW NQRZOHGJH� :H IRXQG SUHOLPLQDULO\ WKDW RQH HOHFWURQ UHGXFHG

IRUPV RI WKH DV\PPHWULFDOO\ VXEVWLWXWHG GLPHUV RI UXWKHQLXP WULPHUV� �H±�J� H[KLELW

WKH DERYH�PHQWLRQHG DV\PPHWULF PL[HG YDOHQFH EHKDYLRXU� PDMRU DQG PLQRU VSHFLHV

LQ D VLQJOH PL[HG YDOHQFH VWDWH H[LVW� DQG LQWUDPROHFXODU HOHFWURQ WUDQVIHU FDXVHV LQIUD�

UHG OLQH FRDOHVFHQFH LQ WKH Q�&2� UHJLRQ� $ GHWDLOHG VWXG\ LV QRZ LQ SURJUHVV�

���&RQFOXVLRQV

7KHUH DUH XQFHUWDLQWLHV LQ WKH UDWHV RI HOHFWURQ WUDQVIHU HVWLPDWHG E\ %ORFK HTXD�

WLRQ VLPXODWLRQ RI WKH ,5 EDQG VKDSH� 7KH SUHFLVH UHODWLRQVKLS EHWZHHQ ,5 OLQH VKDSH

DQG HOHFWURQ�WUDQVIHU G\QDPLFV VWLOO QHHGV WR EH UHILQHG� %XW ,5 EDQG FRDOHVFHQFH SKH�

QRPHQD REVHUYHG LQ WKLV VWXG\ VXJJHVW WKDW LQWUDPROHFXODU HOHFWURQ WUDQVIHU GRHV RFFXU

RQ WKH ,5 WLPHVFDOH DQG RIIHUV JUHDW DGYDQWDJHV IRU FRPSDULQJ WKHRU\ DQG H[SHULPHQW�

$FNQRZOHGJPHQW

7KLV ZRUN ZDV VXSSRUWHG E\ *UDQWV�LQ�$LG IRU 6FLHQWLILF 5HVHDUFK �3ULRULW\ $UHDV 1R� ��������

µ0HWDO�DVVHPEOHG &RPSOH[HV¶� DQG IRU ,QWHUQDWLRQDO 6FLHQWLILF 5HVHDUFK �-RLQW 5HVHDUFK 1R� ���������

IURP WKH 0LQLVWU\ RI (GXFDWLRQ� 6FLHQFH� DQG &XOWXUH� -DSDQ� :H DOVR WKDQN FROODERUDWRUV JLYHQ LQ WKH
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