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'HSDUWPHQW RI &KHPLVWU\� .RQNXN 8QLYHUVLW\� 6HRXO �������� .RUHD
�'HSDUWPHQW RI &KHPLVWU\� *UDGXDWH 6FKRRO RI 6FLHQFH� 7KH 8QLYHUVLW\ RI 7RN\R� 7RN\R ��������� -DSDQ

°.XPKR &KHPLFDO /DERUDWRULHV� .XPKR 3HWURFKHPLFDO &R�� 3�2� %R[ ��� 7DHMRQ �������� .RUHD

5HFHRYHG )HEUXDU\ ��� ����

6WUXFWXUDO FKDQJHV RI DQ LURQ SKWKDORF\DQLQH �)H3&� PRQROD\HU LQGXFHG E\ DGVRUSWLRQ DQG H[WHUQDOO\ DSSOLHG
SRWHQWLDO RQ KLJK DUHD FDUERQ VXUIDFH KDYH EHHQ LQYHVWLJDWHG LQ VLWX E\ LURQ .�HGJH ;�UD\ DEVRUSWLRQ ILQH VWUXF�
WXUH �;$)6� LQ ��� 0 +�62�� )LQH VWUXFWXUHV VKRZQ LQ WKH ;�UD\ DEVRUSWLRQ QHDU HGJH VWUXFWXUH �;$1(6� IRU
PLFURFU\VWDOOLQH )H3& GHFUHDVHG XSRQ DGVRUSWLRQ DQG IXUWKHU GLPLQLVKHG XQGHU HOHFWURFKHPLFDO FRQGLWLRQV�
)H�,,�3&���� VKRZHG D �V → �S WUDQVLWLRQ DV SRRUO\ UHVROYHG VKRXOGHU WR WKH PDLQ DEVRUSWLRQ HGJH UDWKHU WKDQ
D GLVWLQFW SHDN DQG D ZHDN �V → �G WUDQVLWLRQ� 7KH DEVRUSWLRQ HGJH SRVLWLRQ PHDVXUHG DW KDOI PD[LPXP ZDV
VKLIWHG IURP ������ H9 IRU )H�,,�3&���� WR ������ H9 IRU >)H�,,,�3&����@� DV ZHOO DV WKH �V→ �G SUH�HGJH SHDN
EHLQJ VOLJKWO\ HQKDQFHG� +RZHYHU� HVVHQWLDOO\ QR DEVRUSWLRQ HGJH VKLIW ZDV REVHUYHG E\ WKH ��HOHFWURQ UHGXF�
WLRQ RI )H�,,�3&����� LQGLFDWLQJ WKDW WKH VSHFLHV IRUPHG LV >)H�,,�3&����@−� 6WUXFWXUDO SDUDPHWHUV ZHUH REWDLQHG
E\ DQDO\]LQJ H[WHQGHG ;�UD\ DEVRUSWLRQ ILQH VWUXFWXUH �(;$)6� RVFLOODWLRQV ZLWK WKHRUHWLFDO SKDVHV DQG DP�
SOLWXGHV FDOFXODWHG IURP )()) ���� XVLQJ PXOWLSOH�VFDWWHULQJ WKHRU\� :KHQ DSSOLHG WR WKH SRZGHU )H3&� WKH
DYHUDJH LURQ�WR�SKWKDORF\DQLQH QLWURJHQ GLVWDQFH� G�)H�1S� DQG WKH FRRUGLQDWLRQ QXPEHU ZHUH IRXQG WR EH
�����c DQG ���� UHVSHFWLYHO\� DQG WKHVH YDOXHV DUH WKH VDPH� ZLWKLQ H[SHULPHQWDO HUURU� DV WKRVH UHSRUWHG ������
c DQG ��� 9LUWXDOO\ QR VWUXFWXUDO FKDQJHV ZHUH IRXQG XSRQ DGVRUSWLRQ H[FHSW IRU WKH LQFUHDVHG 'HE\H�:DOOHU
IDFWRU RI ����� c� IURP ����� c�� 2[LGDWLRQ RI )H�,,�3&���� WR >)H�,,,�3&����@� \LHOGHG DQ LQFUHDVHG G�)H�1S�
����� c� DQG 'HE\H�:DOOHU IDFWRU ������ c��� 7KH IRUPDWLRQ RI >)H�,,�3&����@−� KRZHYHU� SURGXFHG D VKRUWHU
G�)H�1S� RI ���� c� WKH VDPH DV WKDW RI FU\VWDOOLQH )H3& ZLWKLQ H[SHULPHQWDO HUURU� DQG DERXW WKH VDPH 'HE\H�
:DOOHU IDFWRU ������ c���

,QWURGXFWLRQ

,W KDV EHHQ ZHOO NQRZQ WKDW VXUIDFHV PRGLILHG E\ IRUHLJQ
DWRPLF DQG PROHFXODU VSHFLHV VKRZ YHU\ GLIIHUHQW SK\VLFDO
DQG FKHPLFDO SURSHUWLHV IURP WKRVH RI XQPRGLILHG VXUIDFHV�
7KH\ RIWHQ� IRU H[DPSOH� SURPRWH WKH HOHFWURQ WUDQVIHU UDWH
DQG GLVSOD\ FDWDO\WLF EHKDYLRU� ,W LV WKHUHIRUH YHU\ LPSRUWDQW
WR HOXFLGDWH WKH HOHFWURQLF DQG VWUXFWXUDO FKDUDFWHULVWLFV RI
WKHVH VSHFLHV LQGXFHG E\ DGVRUSWLRQ�� 0DQ\ VXUIDFH WHFK�
QLTXHV GRZQ WR PRQROD\HU VHQVLWLYLW\ KDYH EHHQ GHYHORSHG
IRU WKLV SXUSRVH� DPRQJ ZKLFK DUH ;�UD\ SKRWRHOHFWURQ VSHF�
WURVFRS\ �;36�� ORZ�HQHUJ\ HOHFWURQ GLIIUDFWLRQ �/(('��
DQG HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\ �((/6�� 8QIRUWX�
QDWHO\ WKHVH PHWKRGV FDQQRW EH DSSOLHG WR WKH LQWHUIDFH
ZKHUH D OLTXLG SKDVH LV LQYROYHG� 0HDVXUHPHQWV DUH RQO\
SRVVLEOH DIWHU WKH OLTXLG SKDVH LV UHPRYHG� ZKLFK LQHYLWDEO\
LPSRVHV DQ XQFHUWDLQW\ IRU WKH VXUIDFH VWDWH GHWHUPLQDWLRQ�
+RZHYHU� WKH UDWKHU UHFHQW DGYHQW RI V\QFKURWURQ UDGLDWLRQ
KDV RSHQHG QHZ SURVSHFWV IRU WKH VWUXFWXUDO FKDUDFWHUL]DWLRQ
RI ERWK FU\VWDOOLQH DQG DPRUSKRXV PDWHULDOV HYHQ LQ D VROX�
WLRQ SKDVH� ZKLFK ZDV IRUPHUO\ LQDFFHVVLEOH���� 7KH LQWHQVH�
WXQDEOH ;�UD\ FDQ SHQHWUDWH D WKLQ OD\HU RI OLTXLG WR SUREH D
VROLG�OLTXLG LQWHUIDFH� 7KLV WHFKQLTXH KDV EHHQ DGDSWHG WR WKH
LQ VLWX VWXG\ RI HOHFWURGH VXUIDFHV KDYLQJ D PRQROD\HU FRYHU�
DJH�
,Q WKLV SDSHU� ZH SUHVHQW WKH HOHFWURQLF DQG VWUXFWXUDO

GHWHUPLQDWLRQ RI D )H3& PRQROD\HU DGVRUEHG RQ D FDUERQ

VXUIDFH XVLQJ ;$)6 DV D IXQFWLRQ RI SRWHQWLDO� )H3& �)LJXUH
�� LV D PROHFXOH WKDW FDWDO\]HV PDQ\ LQWHUHVWLQJ UHDFWLRQV RI
IXQGDPHQWDO DQG WHFKQRORJLFDO LPSRUWDQFH���� 5HDFWDQWV FDQ
ELQG WR LURQ DV DQ D[LDO OLJDQG DQG WKH HOHFWURQ WUDQVIHU WR DQG
IURP WKH VXUIDFH FDQ RFFXU� )H3& VKRZV WZR ZHOO�GHILQHG
RQH�HOHFWURQ WUDQVIHU SURFHVVHV LQ D FRQVHFXWLYH PDQQHU�
$OWKRXJK FKHPLFDO DQG RSWLFDO SURSHUWLHV RI )H3& KDYH EHHQ
WKRURXJKO\ VWXGLHG LQ DQ DTXHRXV SKDVH� WKH UHODWLRQVKLSV
EHWZHHQ HOHFWURQLF DQG VWUXFWXUDO DVSHFWV XQGHU WKH LQIOXHQFH
RI SRWHQWLDO DUH OLWWOH NQRZQ����� 7R VWXG\ )H3& PRQROD\HU
EHKDYLRU� ZH XVHG FDUERQ DV DQ DGVRUELQJ VXEVWUDWH� 7KH XVH
RI FDUERQ LV DGYDQWDJHRXV LQ ;$)6 H[SHULPHQWV LQ WKDW DV D
ORZ�= HOHPHQW� ;�UD\V FDQ IUHHO\ SHQHWUDWH LW WR SUREH WKH
)H3& PROHFXOHV� 7KLV VWUDWHJ\ KDV EHHQ VXFFHVVIXOO\ XVHG LQ
��)H 0RVVEDXHU�HIIHFW VSHFWURVFRS\��� $QRWKHU PHULW RI

)LJXUH �� 7KH VWUXFWXUH RI LURQ SKWKDORF\DQLQH� )H�,,�3&����� 1S�
1E� DQG &α DWRPV DUH LQGLFDWHG�
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XVLQJ FDUERQ LV WKDW LW SURYLGHV WKH )H3& PROHFXOHV ZLWK DQ
HTXL�SRWHQWLDO VXUIDFH VR WKDW WKH\ DUH LQ WKH VDPH R[LGDWLRQ
VWDWH� :H FDUULHG RXW ERWK ;$1(6 DQG (;$)6 WR H[WUDFW
H[DFW HOHFWURQLF DQG VWUXFWXUDO LQIRUPDWLRQ�

([SHULPHQWDO 6HFWLRQ

7KH DGVRUSWLRQ RI )H3& ZDV HIIHFWHG E\ DGGLQJ �� PJ RI
KLJK DUHD FDUERQ �.HWMHQ %ODFN (&���-' �.%�� ���� P��J�
/LRQ &RUS�� -DSDQ�� ZKLFK ZDV GLVSHUVHG LQ PHWKDQRO� WR D
VROXWLRQ RI �� PJ RI )H3& GLVVROYHG LQ PHWKDQRO� 7KH PL[�
WXUH ZDV XOWUDVRQLFDWHG IRU � PLQ� VXEMHFWHG WR YLJRURXV DJL�
WDWLRQ IRU � K DQG WKHQ ILOWHUHG XVLQJ :KDWPDQ QR� � ILOWHU
SDSHU� 7KH ILOWUDWH ZDV WKHQ ZDVKHG ZLWK PHWKDQRO XQWLO WKH
ILOWUDWH VROXWLRQ ZDV FRORUOHVV� 7KLV PDWHULDO ZDV GULHG LQ
YDFXXP DQG VWRUHG XQGHU QLWURJHQ DW URRP WHPSHUDWXUH
EHIRUH XVH� $OO RI WKH SURFHGXUHV ZHUH SHUIRUPHG LQ D QLWUR�
JHQ�ILOOHG JORYH EDJ DQG FDUH ZDV WDNHQ WR SUHYHQW WKH SRVVL�
EOH R[LGDWLRQ RI )H3&�
)RU HOHFWURFKHPLFDO PHDVXUHPHQWV� D VPDOO DPRXQW RI

)H3&�.% ZDV PL[HG ZLWK D GURS RI 7HIORQ HPXOVLRQ WR
LQFUHDVH WKH VWLFNLQHVV RI WKH SDUWLFOHV DQG DSSOLHG WR D FDU�
ERQ VKHHW �.DUDP &DUERQ� ��� PP WKLFN� .RUHD�� $Q RUGL�
QDU\ HOHFWURFKHPLFDO VHWXS ZLWK D SRWHQWLRVWDW �3LQH 5'(���
DQG D WKUHH�HOHFWURGH V\VWHP �$J�$J&O UHIHUHQFH DQG 3W
FRXQWHU HOHFWURGHV� ZDV HPSOR\HG� 9ROWDPPRJUDPV ZHUH
UHFRUGHG XVLQJ DQ ;�< UHFRUGHU �<RNRJDZD� -DSDQ��
$OO RI WKH LQ VLWX H[SHULPHQWV ZHUH FDUULHG RXW LQ WKH IOXR�

UHVFHQFH PRGH ZLWK D FHOO VFKHPDWLFDOO\ VKRZQ LQ )LJXUH ��
7KH FHOO GHVLJQ ZDV EDVHG RQ WKH OLWHUDWXUH ZLWK VRPH PRGL�
ILFDWLRQV������ &RPSDUHG ZLWK WKH SUHYLRXV GHVLJQ� WKH SUH�
VHQW FHOO GRHV QRW KDYH D WKLQ OD\HU JHRPHWU\ EHWZHHQ WKH
ZRUNLQJ HOHFWURGH DQG WKH FHOO ZLQGRZ� 7KXV� ZH DYRLGHG
WKH RKPLF SRODUL]DWLRQ HIIHFW GXH WR WKH ODUJH VROXWLRQ UHVLV�
WDQFH� ,Q WKLV GHVLJQ� WKH ZRUNLQJ HOHFWURGH DOVR VHUYHV DV D
ZLQGRZ� )H3&�DGVRUEHG FDUERQ ZDV DSSOLHG WR WKH FDUYHG
VHFWLRQ RI FD� � × �� PP� RI D FDUERQ VKHHW DQG RQO\ WKLV
VHFWLRQ ZDV H[SRVHG WR HOHFWURO\WH� 6HDOLQJ ZDV PDGH E\
HSR[\ UHVLQ EHWZHHQ WKH FHOO ERG\ PDGH RI 7HIORQ DQG WKH
ZRUNLQJ HOHFWURGH� 7KH HOHFWULFDO FRQQHFWLRQ ZDV GLUHFWO\
PDGH WR WKH FDUERQ VKHHW� %RWK UHIHUHQFH DQG FRXQWHU HOHF�
WURGHV ZHUH SODFHG LQ WKH EXON RI WKH HOHFWURO\WH RXW RI WKH
LQFRPLQJ EHDP SDWK� 7KH FHOO DQG WKH GHWHFWRU ZHUH
PRXQWHG DW ��� WR WKH EHDP GLUHFWLRQ IRU WKH HIILFLHQW GHWHF�
WLRQ RI IOXRUHVFHQFH�

'DWD &ROOHFWLRQ DQG $QDO\VLV

;$)6 GDWD ZHUH REWDLQHG DW EHDP OLQHV �&� DW 3/6
�3RKDQJ /LJKW 6RXUFH� DQG �& DW 3) �3KRWRQ )DFWRU\�� RSHU�
DWLQJ DW ��� *H9 ZLWK FD� ������� P$ DQG ������� P$ RI
VWRUHG FXUUHQW� UHVSHFWLYHO\� $ SDLU RI 6L����� FU\VWDOV ZDV
XVHG DV WKH PRQRFKURPDWRU� 3RZGHU VDPSOHV ZHUH PHDVXUHG
LQ WKH WUDQVPLVVLRQ PRGH ZLWK LRQ FKDPEHU GHWHFWRUV ZKLOH
WKH /\WOH�W\SH GHWHFWRU ZDV XVHG IRU WKH LQ VLWX IOXRUHVFHQFH
PHDVXUHPHQWV ZLWK D 0Q ILOWHU RI D WKUHH DEVRUSWLRQ OHQJWKV
LQWHUSRVHG EHWZHHQ WKH GHWHFWRU DQG WKH FHOO� 7KH KLJKHU KDU�

PRQLFV FRQWDLQHG LQ WKH LQFLGHQW EHDP LQWHQVLW\� ,�� ZHUH
PLQLPL]HG E\ GHWXQLQJ WKH FU\VWDOV WR SDVV DERXW ��� RI WKH
PD[LPXP ,�� 7KH ;$1(6 UHJLRQ ZDV VFDQQHG DW HTXDO
HQHUJ\ VWHSV RI ���� H9�SRLQW WR UHVROYH ILQH VWUXFWXUHV� 7KH
(;$)6 VSHFWUXP ZDV REWDLQHG DW HQHUJ\ LQWHUYDOV RI
FRQVWDQW SKRWRHOHFWURQ ZDYH YHFWRU N� ���� c−�� $ UDWKHU
UDSLG VFDQQLQJ VFKHPH ZDV XVHG LQ WKH ;$1(6 UHJLRQ
ZKLOH WLPH DYHUDJLQJ XS WR FD� �� V�SRLQW ZDV PDGH LQ WKH
(;$)6 UHJLRQ WR LQFUHDVH WKH 6�1 UDWLR� $Q LURQ IRLO RI WKUHH
DEVRUSWLRQ OHQJWKV ZDV XVHG WR FDOLEUDWH WKH HQHUJ\ EHIRUH
DQG DIWHU WKH H[SHULPHQWV� ���� H9 ZDV XVHG DV DQ HQHUJ\ UHI�
HUHQFH� (��
7KH SULPDU\ ;$)6 GDWD� /Q�,��,W� IRU WKH WUDQVPLVVLRQ DQG

,I�,� IRU WKH IOXRUHVFHQFH PHDVXUHPHQWV� ZHUH QRUPDOL]HG
DIWHU H[WHQGLQJ WKH SUH�HGJH UHJLRQ WR WKH SRVW�HGJH UHJLRQ
XVLQJ WKH 9LFWRUHHQ IRUPXOD� (;$)6 ZDV H[WUDFWHG IURP WKH
QRUPDOL]HG ;$)6 VSHFWUD� DIWHU FRQYHUWLQJ IURP H9 WR N�
VSDFH E\ WKH HTXDWLRQ� N  � DQG ILWWLQJ ZLWK
D URXWLQH �$872%.� SURYLGHG LQ WKH 8:;$)6 SDFNDJH��

�YHUVLRQ ����� 7KH (;$)6� χ�N�� LV GHVFULEHG E\ WKH IROORZ�
LQJ HTXDWLRQ�
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)LJXUH �� 6FKHPDWLF GLDJUDP RI WKH LQ VLWX VSHFWURHOHFWURFKHPLFDO
FHOO XVHG LQ WKLV H[SHULPHQW� �� LRQ FKDPEHU GHWHFWRU� �� /\WOH
GHWHFWRU� �� LQFLGHQW ;�UD\ EHDP� �� ;�UD\ IOXRUHVFHQFH �� FDUERQ
VKHHW� �� )H3&�.% �� FHOO FRYHU� �� FHOO ERG\� �� UHIHUHQFH
HOHFWURGH� ��� FRXQWHU HOHFWURGH� ��� VROXWLRQ LQOHW ��� VROXWLRQ
RXWOHW� ��� .DSWRQ WDSH�
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3DUDPHWHUV RI RXU SULPDU\ LQWHUHVW DUH WKH DEVRUEHU�VFDWWHUHU
GLVWDQFH� 5� WKH QXPEHU RI VFDWWHULQJ DWRPV� 15� DQG WKH
'HE\H�:DOOHU IDFWRU� σ �� 6�� IHII� φ �N�� DQG λ DUH UHGXFWLRQ
IDFWRU� HIIHFWLYH EDFNVFDWWHULQJ DPSOLWXGH� SKDVH VKLIW� DQG
HOHFWURQ PHDQ IUHH SDWK� UHVSHFWLYHO\� :H PXOWLSOLHG χ�N� E\
N� WR HQKDQFH WKH RVFLOODWRU\ SDUW DW KLJK N� :H SXW RXU
HPSKDVLV RQ WKH ILUVW VKHOO RQO\ DV WKH PRVW UHOLDEOH LQIRUPD�
WLRQ FRXOG EH DWWDLQHG� DOWKRXJK WKH VHFRQG DQG WKLUG VKHOOV
FDQ EH DQDO\]HG IRU SRZGHU VDPSOHV� :H DVVXPHG WKDW WKH
QHDUHVW QHLJKERU LV QLWURJHQ DQG WULHG WR ILW KLJKHU VKHOOV
EH\RQG WKH ILUVW VKHOO ZKHQHYHU QHFHVVDU\� 7KHRUHWLFDO SKDVH
DQG EDFNVFDWWHULQJ DPSOLWXGH DV D IXQFWLRQ RI N ZHUH FDOFX�
ODWHG IURP )()) ���� XVLQJ PXOWLSOH VFDWWHULQJ WKHRU\������ 5�
15� σ DQG (� ZHUH DOORZHG WR IORDW IRU WKH EHVW ILWWLQJ� )LWWLQJ
UHVXOWV ZHUH GLVSOD\HG LQ ERWK N� DQG 5�VSDFH�

5HVXOWV DQG 'LVFXVVLRQ

)LJXUH � LV D F\FOLF YROWDPPRJUDP RI )H3& DGVRUEHG RQ
.% LQ ��� 0 +�62�� 7ZR UHYHUVLEOH UHGR[ SHDNV DW ����� 9
DQG ����� 9 DUH GXH WR WKH FRQVHFXWLYH ��HOHFWURQ WUDQVIHU
SURFHVVHV FRUUHVSRQGLQJ UHVSHFWLYHO\ WR >)H�,,,�3F����@� � H−

↔ )H�,,�3&���� DQG )H�,,�3&���� � H− ↔ >)H�,,�3&����@−�
)LJXUHV � DQG � VKRZ LQ VLWX QRUPDOL]HG DQG ILUVW GLIIHUHQWLDO
;$1(6 DW WKUHH GLIIHUHQW R[LGDWLRQ VWDWHV RI )H3&� LQFOXG�
LQJ SRZGHU VSHFWUD� ;$1(6 RI PLFURFU\VWDOOLQH )H3& �)LJ�
XUH �� FXUYH $� VKRZV VHYHUDO ILQH VWUXFWXUHV ODEHOHG � WR ��
7KH ILUVW SHDN� EDUHO\ YLVLEOH� ZKLFK LV IRXQG LQ PRVW WUDQVL�
WLRQ PHWDOV RI XQILOOHG G�RUELWDOV� KDV EHHQ DVVLJQHG WR WKH �V
→ �G WUDQVLWLRQ� 7KLV WUDQVLWLRQ LV IRUELGGHQ E\ WKH GLSROH
VHOHFWLRQ UXOH EXW DOORZHG IURP WKH TXDGUXSROH�VHOHFWLRQ UXOH
E\ WKH RUELWDO PL[LQJ EHWZHHQ PHWDOOLF G� DQG OLJDQG S�FKDU�
DFWHU� 7KH ZHDNQHVV RI WKLV SHDN LQGLFDWHV WKDW )H3& SRV�
VHVVHV KLJK V\PPHWU\� '�K� 7KH RWKHU WUDQVLWLRQV ����� DOO
LQYROYH LURQ �S RUELWDOV� $V IRU &R3&��� WKHVH SHDNV DUH
DVVLJQHG DV IROORZV� D VKDNH�GRZQ VDWHOOLWH LQYROYLQJ �V →
�S] �SHDN ��� SXUH �V → �S] WUDQVLWLRQV �SHDNV � DQG ��� DQG D
�V → �S[\ WUDQVLWLRQ �SHDN ��� $OO RI WKHVH IHDWXUHV DUH
GLPLQLVKHG ZKHQ ;$1(6 ZDV WDNHQ RQ WKH )H3&�DGVRUEHG
FDUERQ SRZGHU �FXUYH %�� &RPSDULQJ FXUYHV $ DQG % LQ )LJ�

XUHV � DQG �� VHYHUDO WKLQJV DUH QRWLFHDEOH� 7KHUH ZDV D VPDOO
HQKDQFHPHQW LQ WKH �V → �G WUDQVLWLRQ �SHDN �� ZLWK D
VLPXOWDQHRXV GHFUHDVH LQ WUDQVLWLRQ �� $W OHDVW WZR IDFWRUV
DUH UHVSRQVLEOH IRU WKLV REVHUYDWLRQ� �L� 6RPH )H3& PROH�
FXOHV PD\ EH GLVWRUWHG XSRQ DGVRUSWLRQ VR WKDW '�K V\PPH�
WU\ LV QR ORQJHU PDLQWDLQHG� �LL� 0RUH SODXVLEO\� SDUW RI WKH
)H3& ZDV R[LGL]HG WR IRUP WKH µ�R[R GHULYDWLYH RI )H3&�
�)H3&��2� KDYLQJ D VTXDUH�S\UDPLGDO V\PPHWU\� EHFDXVH
)H3& LV NQRZQ WR EH HDVLO\ R[LGL]HG LQ DLU�
&XUYHV &� '� DQG ( DUH ;$1(6 RI )H3& REWDLQHG DIWHU

VHYHUDO SRWHQWLDO F\FOHV EHWZHHQ ���� 9 DQG ���� 9� $W ����
9 ZKHUH WKH )H�,,�3&���� VSHFLHV H[LVWV� WKH ;$1(6 ORRNV
TXLWH GLIIHUHQW IURP WKDW RI PLFURFU\VWDOOLQH )H3& DOWKRXJK

)LJXUH �� &\FOLF YROWDPPHWU\ RI )H3&�.% LQ ��� 0 VXOIXULF DFLG�
6FDQ UDWH� �� P9�V�

)LJXUH �� 1RUPDOL]HG )H .�HGJH ;$1(6 VSHFWUD� )H3& LQ
PLFURFU\VWDOOLQH �$� DQG DGVRUEHG �%� VWDWHV� &XUYHV &�( DUH LQ VLWX

UHVXOWV RI )H�,,�3&����� >)H�,,,�3&����@�� DQG >)H�,,�3&����@−�
UHVSHFWLYHO\� 7KH YHUWLFDO VFDOH LV RIIVHW IRU FODULW\�

)LJXUH �� )LUVW GLIIHUHQWLDO ;$1(6 VSHFWUD IRU WKH GDWD VKRZQ LQ
)LJXUH ��
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WKH IRUPDO R[LGDWLRQ VWDWH RI LURQ LV WKH VDPH �FXUYH &�� 0RVW
ILQH VWUXFWXUHV DUH JUHDWO\ GLPLQLVKHG� WKH �V → �S] WUDQVL�
WLRQ �SHDN �� DSSHDUV DV D VKRXOGHU� QRW D GLVWLQFW SHDN RQ WKH
PDLQ DEVRUSWLRQ HGJH� DQG WUDQVLWLRQV � DQG � DUH QRW
UHVROYHG EXW PHUJHG LQWR D VKDUS ZKLWH OLQH ODEHOHG DV 
�
7UDQVLWLRQ � LV VWLOO FOHDU� 7KH ORVV RI ILQH VWUXFWXUHV LV FDXVHG
E\ H[SRVXUH RI )H3& WR WKH HOHFWURO\WH� ZKHUH WKH D[LDO OLJD�
WLRQ RI ZDWHU PROHFXOHV IRUPV DQ RFWDKHGUDO �+�2��)H�,,��
3&����� :DWHU PROHFXOHV FRXOG GRQDWH HOHFWURQV WR WKH HPSW\
�S RUELWDOV RI LURQ� UHVXOWLQJ LQ GLPLQXWLRQ RI WKH �V → �S
WUDQVLWLRQ� 7KH R[LGDWLRQ VWDWH RI LURQ FRXOG EH LQIHUUHG IURP
WKH SRVLWLRQ RI WKH �V → �G WUDQVLWLRQ� 7KLV WUDQVLWLRQ KDV
EHHQ XVHG WR GHWHUPLQH WKH IRUPDO R[LGDWLRQ VWDWH RI WUDQVL�
WLRQ PHWDOV VXFK DV 9��� 0Q��� 1L��� DQG 0R��� DV ZHOO DV 6���

.XQ]O©V ODZ�� VWDWHV WKDW WKH SUH�HGJH SRVLWLRQ LV OLQHDUO\
UHODWHG WR WKH IRUPDO YDOHQFH RI WKH HOHPHQW� 7KH SRVLWLYH
VKLIW LQ HQHUJ\ DV WKH YDOHQF\ LQFUHDVHV LV GXH WR WKH LQFUHDVH
LQ WKH DWWUDFWLYH SRWHQWLDO RI WKH QXFOHXV RQ WKH �V HOHFWURQV�
$SSUR[LPDWHO\ � H9 GLIIHUHQFH LV REVHUYHG IRU HDFK YDOHQF\
FKDQJH� 7KH ������ H9 YDOXH IRU )H�,,�3&���� LV H[DFWO\ WKH
VDPH DV WKDW RI PLFURFU\VWDOOLQH )H3&�
$ ODUJH FKDQJH ZDV REVHUYHG ZKHQ WKH HOHFWURGH ZDV

SRODUL]HG DW ���� 9 WR IRUP >)H�,,,�3F����@� �FXUYH '�� 0RVW
QRWLFHDEOH DUH WKH GLVDSSHDUDQFH RI WKH SUH�HGJH SHDN DW
������ H9 �SHDN �� DQG WKH VKLIW RI WKH DEVRUSWLRQ HGJH SRVL�
WLRQ WRZDUG KLJKHU HQHUJ\� WR ������ H9 IURP ������ H9� DV
ZHOO DV DQ LQFUHDVHG SUH�HGJH SHDN DW ������ H9 �SHDN ���
7KH IDFW WKDW WKH SRVLWLRQ RI WKH SUH�HGJH GHWHUPLQHG IURP
WKH ILUVW GLIIHUHQWLDO VSHFWUXP LV DOPRVW LGHQWLFDO ZLWK WKDW RI
WKH UHIHUHQFH VDPSOH� )H�2� LQGLFDWHV WKDW WKH LURQ FHQWHU LV
IXOO\ R[LGL]HG WR WKH WULYDOHQW VWDWH� 7KH ODUJHU SUH�HGJH SHDN
DW ������ H9 LPSOLHV WKDW WKH PROHFXODU JHRPHWU\ GHYLDWHV
IURP '�K V\PPHWU\� 7KH IRUPDWLRQ RI WKH GLPHULF µ�R[R
VSHFLHV� >)H�,,,�3&����@�2 PD\ QRW EH SRVVLEOH EHFDXVH WKH
SHDN LQWHQVLW\ LV PXFK VPDOOHU WKDQ WKDW RI >)H3&@�2 �GDWD
QRW VKRZQ�� DQG WKHUH LV QR UHSRUW IRU WKH H[LVWHQFH RI WKH µ�
R[R VSHFLHV LQ VWURQJO\ DFLGLF FRQGLWLRQV� )XUWKHU GLVWRUWLRQ
RI WKH VWUXFWXUH XSRQ R[LGDWLRQ RI LURQ LV PRUH SODXVLEOH�
+RZHYHU� WKH LQWHUFRQYHUVLRQ RI PRQRPHU DQG µ�R[R
GLPHULF VSHFLHV KDV EHHQ REVHUYHG LQ �µ�R[R�ELV>LURQ PHVR�
WHWUDNLV���PHWKR[\SKHQ\O�SRUSK\ULQ@� >)H�7033�@�2��� LQ
QHXWUDO VROXWLRQV� FDXVLQJ DQ LQFUHDVHG G�)H�1S��
9LUWXDOO\ QR FKDQJHV KDYH EHHQ PDGH ZKHQ SRODUL]LQJ WKH

HOHFWURGH DW ����� 9 �FXUYH (�� $OPRVW WKH VDPH ;$1(6 DV
WKH RQH DW ���� 9 �FXUYH &� ZDV REWDLQHG� 7KH SRVLWLRQV RI
WKH �V → �G WUDQVLWLRQ DQG WKH PDLQ DEVRUSWLRQ HGJH
DSSHDUHG DW DOPRVW WKH VDPH HQHUJLHV DV WKRVH RI )H�,,�3&
����� VWURQJO\ LQGLFDWLQJ WKDW >)H�,,�3&����@− SRVVHVVHV D VLP�
LODU VWUXFWXUH ZLWK )H�,,�3&���� DQG LURQ UHPDLQV LQ D GLYD�
OHQW VWDWH� 6RPH GLIIHUHQFHV DUH IRXQG� KRZHYHU� WKH �V →
�S] WUDQVLWLRQ DSSHDUHG DW ������ H9 �SHDN �� EHFDPH QHJOL�
JLEOH DQG WKH ZKLWH OLQH ODEHOHG 
 ZDV HQKDQFHG� ,Q JHQHUDO�
DQ LQFUHDVH LQ WKH GHQVLW\ RI DQ XQRFFXSLHG ILQDO VWDWH� L�H��
WKH R[LGDWLRQ RI DQ DEVRUELQJ DWRP� FDXVHV DQ LQFUHDVH RI WKH
ZKLWH OLQH LQWHQVLW\� HVSHFLDOO\ LQ WKH /,,,�HGJHV RI YDULRXV �G
PHWDOV�� DQG 1L .�HGJH��� ,Q RXU FDVH� LW LV QRW FHUWDLQ DW WKH
PRPHQW ZK\ >)H�,,�3&����@− VKRZV KLJKHU ZKLWH OLQH LQWHQ�

VLW\� 7KH UHVXOW DW OHDVW UXOHV RXW WKH SRVVLELOLW\ RI LURQ EHLQJ
UHGXFHG WR WKH �� R[LGDWLRQ VWDWH� EHFDXVH WKDW VKRXOG UHVXOW
LQ HLWKHU QR FKDQJH RU D GLPLQXWLRQ RI WKH ZKLWH OLQH�
&KDQJHV LQ LRQLF HQYLURQPHQW DURXQG WKH )H3& PROHFXOHV
PD\ FDXVH WKLV SKHQRPHQRQ DV QRWHG LQ UHI� ��� 7KH LQMHFWHG
HOHFWURQ LV EHOLHYHG WR JR WR DQ HPSW\ HJ�π
� RUELWDO���PRVWO\
RI 3& ULQJ FKDUDFWHU WR PDNH >)H�,,�3&����@−� 7DEOH � OLVWV
YDULRXV )H .�HGJH SRVLWLRQV IRU WKH VSHFWUD VKRZQ LQ )LJXUH ��
'HWDLOHG VWUXFWXUDO LQIRUPDWLRQ FRXOG EH REWDLQHG IURP WKH

(;$)6 DQDO\VLV� )LJXUHV � WR �� DUH N��ZHLJKWHG (;$)6
VSHFWUD DQG WKH FRUUHVSRQGLQJ )RXULHU WUDQVIRUPV DQG ILWWLQJ
UHVXOWV� 7KH VROLG OLQHV �3DQHO $ LQ )LJXUHV � DQG �� H[KLELW
WKH FKDUDFWHULVWLF SHDN SDWWHUQ RI )H3& REWDLQHG IURP FXUYHV
$ DQG % LQ )LJXUH �� ,Q HDFK )7 SORW� WKH ILUVW VWURQJ SHDN DW
FD� ��� c �EHIRUH SKDVH VKLIW FRUUHFWLRQ� LV GXH WR EDFNVFDW�
WHULQJ IURP WKH IRXU 1S DWRPV� 7KH VHFRQG SHDN DW FD� ��� c
DQG WKH VKRXOGHU DW ��� c DUH GXH WR EDFNVFDWWHULQJ IURP WKH
HLJKW FDUERQ DWRPV RI WKH S\UUROH ULQJ ERQGHG WR QLWURJHQ�
&α� DQG WKH IRXU EULGJLQJ QLWURJHQ� 1E DWRPV� UHVSHFWLYHO\�
)RU WKH VWUXFWXUDO GHWHUPLQDWLRQ� WKH FXUYH�ILWWLQJ KDV EHHQ
GRQH RYHU WKH UDQJH IURP ��� c WR ��� c E\ DSSO\LQJ WKH
+DQQLQJ ZLQGRZ� HPSOR\LQJ PXOWLSOH�VFDWWHULQJ WKHRU\� 7KH
ILWWLQJ UHVXOWV DUH GLVSOD\HG DV GRWWHG FXUYHV LQ ERWK 5 DQG N�

7DEOH �� )H .�HGJH SRVLWLRQV LQ H9 IRU )H3& XQGHU YDULRXV FRQGL�
WLRQV

&RPSRXQG �V → �GD �V → �S]D (µW ���
E

)H3& PLFURFU\VWDOOLQH ������ ������ ������

)H3&�.% ������ ������ ������

>)H�,,,�3&����@� ������ ������

)H�,,�3&���� ������ ������ ������

>)H�,,�3&����@− ������ ������
D0HDVXUHG DV WKH HQHUJ\ RI WKH LQIOHFWLRQ SRLQW� E0HDVXUHG DV WKH HQHUJ\
DW ZKLFK WKH QRUPDOL]HG DEVRUSWLRQ LV HTXDO WR ����

)LJXUH �� %DFNJURXQG�VXEWUDFWHG )H .�HGJH (;$)6� N�χ�N�� IRU
)H3& LQ PLFURFU\VWDOOLQH �$�� DGVRUEHG �%� VWDWHV� DQG IRU
>)H�,,,�3&����@� �&� DQG >)H�,,�3&����@− �'��
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VSDFH �3DQHO %�� $OWKRXJK JRRG DJUHHPHQW EHWZHHQ WKHRU\
DQG GDWD KDV EHHQ REWDLQHG� ZH FRQILQHG RXU DQDO\VLV RQO\ WR
WKH ILUVW VKHOO� )LWWLQJ EH\RQG WKH ILUVW VKHOO PD\ FDXVH HUUR�
QHRXV UHVXOWV IRU WKH LQ VLWX GDWD� :H REWDLQHG ����� c RI
G�)H�1S� IRU )H3& ERWK LQ PLFURFU\VWDOOLQH DQG DGVRUEHG
VWDWHV� 7KLV LV LQ JRRG DJUHHPHQW ZLWK WKH UHSRUWHG YDOXH RI
����� c IRU )H3&� FRQILUPLQJ WKH YDOLGLW\ RI RXU DQDO\VLV�
7KH 'HE\H�:DOOHU IDFWRU IRU DGVRUEHG )H3& ������ c�� ZDV
VRPHZKDW ODUJHU WKDQ WKDW RI PLFURFU\VWDOOLQH )H3& ������
c��� 7KLV LQGLFDWHV WKDW PROHFXODU UHOD[DWLRQ KDV WDNHQ SODFH
XSRQ DGVRUSWLRQ DQG H[SODLQV VRPH ORVV RI ILQH VWUXFWXUH LQ
WKH ;$1(6� &RRUGLQDWLRQ QXPEHUV ZHUH FDOFXODWHG WR EH
��� DQG ��� IRU PLFURFU\VWDOOLQH DQG DGVRUEHG )H3&� UHVSHF�
WLYHO\� ZKLFK DUH QRW VLJQLILFDQWO\ GLIIHUHQW IURP �� 7DEOH �
VXPPDUL]HV WKH ILWWLQJ UHVXOWV IRU SRZGHU VDPSOHV DQG LQ VLWX

GDWD�
$OO LQ VLWX (;$)6 GDWD DUH UDWKHU QRLV\ GXH WR WKH VPDOO

DPRXQW RI )H3& FRQILQHG RQ WKH HOHFWURGH VXUIDFH DQG WKH
VFDWWHULQJ HIIHFW RI WKH HOHFWURO\WH� �FXUYHV & DQG ' LQ )LJXUH
��� 1HYHUWKHOHVV� LW LV SRVVLEOH WR DQDO\]H WKH ILUVW VKHOO�
>)H�,,,�3&����@� VKRZV D YHU\ GLVWLQFW ILUVW VKHOO DQG D VPDOO
VHFRQG VKHOO� 7KH EHVW ILWWHG YDOXHV IRU G�)H�1S�� 15� DQG σ
DUH ���� c� ���� DQG ����� c�� UHVSHFWLYHO\� 7KH LURQ�WR�
QLWURJHQ GLVWDQFH LV VOLJKWO\ ORQJHU WKDQ WKDW RI SXUH DQG
DGVRUEHG )H3&� 7KLV LV EHOLHYHG WR EH FDXVHG E\ GLVWRUWLRQ
RI WKH PROHFXOH E\ R[LGDWLRQ� ZKLFK ZDV DOVR HYLGHQFHG E\
WKH HQKDQFHG �V → �G SHDN LQ WKH ;$1(6� 7KH IRUPDWLRQ RI

GLPHULF µ�R[R VSHFLHV PD\ QRW EH SRVVLEOH IRU UHDVRQV GLV�
FXVVHG LQ WKH ;$1(6 VHFWLRQ� ,URQ WHWUDNLV���PHWKR[\SKH�
Q\O�SRUSK\ULQ� )H7033��� VKRZV VLPLODU EHKDYLRU LQ DFLGLF
FRQGLWLRQV� 2QFH WKH µ�R[R VSHFLHV IRUPHG� G�)H�1S�
LQFUHDVHG E\ ���� c LQ WKLV FDVH� DV ZHOO DV WKH VKRXOGHU WR
WKH )H�1S VKHOO DW ORZ U LQ WKH )7 VSHFWUXP� ,Q RXU FDVH� WKHUH
LV QR LQGLFDWLRQ RI D VKRXOGHU SHDN DQG WKH ILWWLQJ UHVXOW ZDV
JRRG ZLWKRXW DVVXPLQJ DQ DGGLWLRQDO VKHOO� 7KH 15 REWDLQHG
LV D UHDVRQDEOH JRRG YDOXH DV D FRRUGLQDWLRQ QXPEHU DQG QRW
PXFK VWUHVV KDV EHHQ SODFHG RQ LW� 7KH LQFUHDVHG 'HE\H�
:DOOHU IDFWRU LQGLFDWHV WKDW WKH )H3& PROHFXOHV XQGHUJR
PXFK PROHFXODU UHOD[DWLRQ GXH WR DGVRUSWLRQ DQG H[SRVXUH
WR WKH HOHFWURO\WH�
7KH FDVH RI >)H�,,�3&����@− LV UDWKHU SHFXOLDU LQ WKDW WKH )7

)LJXUH �� )7 �VROLG OLQH� 3DQHO $� IRU (;$)6 RI PLFURFU\VWDOOLQH
)H3& VKRZQ LQ FXUYH $� )LJXUH � DQG FRUUHVSRQGLQJ )RXULHU�
ILOWHUHG EDFN�)7 �VROLG OLQH� 3DQHO %� VSHFWUD� 'RWWHG OLQHV DUH ILWWHG
UHVXOWV LQ 5� �3DQHO $� DQG N�VSDFHV �3DQHO %��

)LJXUH �� )7 �VROLG OLQH� 3DQHO $� IRU (;$)6 RI DGVRUEHG )H3&
VKRZQ LQ FXUYH %� )LJXUH � DQG FRUUHVSRQGLQJ )RXULHU�ILOWHUHG
EDFN�)7 �VROLG OLQH� 3DQHO %� VSHFWUD� 'RWWHG OLQHV DUH ILWWHG UHVXOWV
LQ 5� �3DQHO $� DQG N�VSDFHV �3DQHO %��

7DEOH �� &XUYH ILWWLQJ UHVXOWV IRU WKH )RXULHU ILOWHUHG N
�χ�N� )H .�

HGJH (;$)6 RI )H3& XQGHU YDULRXV FRQGLWLRQV

&RPSRXQGV G�)H�1S�� c 15 σ �� c�

)H3& PLFURFU\VWDOOLQH ���� ��� �����

)H3&�.% ���� ��� �����

>)H�,,,�3&����@� ���� ��� �����

>)H�,,�3&����@− ���� ��� �����

1RWH� 7KH EDFNVFDWWHULQJ DPSOLWXGHV DQG SKDVH VKLIWV ZHUH REWDLQHG
IURP )()) ����� ∆N UDQJHV ZHUH ���� c−� IRU LQ VLWX GDWD DQG �� c−� IRU
WKH SRZGHU VDPSOHV RYHU ZKLFK WKH ILWWLQJ ZDV SHUIRUPHG� ,Q VLWX UHVXOWV
IRU )H�,,�3&���� ZHUH QRW OLVWHG GXH WR WKH QRLV\ QDWXUH RI (;$)6� 7KH
XQFHUWDLQW\ LQ G�)H�1S� LV DERXW � ���� c�
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VSHFWUXP VKRZV D UDWKHU SURQRXQFHG VKRXOGHU RQ WKH )H�1S

VKHOO �3DQHO $� )LJXUH ���� 7KH VLQJOH VKHOO ILWWLQJ JDYH RQO\
SRRU UHVXOWV� 7KH LQWHUDWRPLF GLVWDQFH REWDLQHG� ���� c� LV
XQUHDVRQDEO\ ODUJH IRU G�)H�1S�� 6LQFH WKH U� SRVLWLRQ RI WKH
VKRXOGHU SHDN DSSHDUV EHORZ WKDW RI )H�&α VKHOO� ZH DVVXPH
WKDW ZDWHU PROHFXOHV DUH ERQGHG WR LURQ DV D[LDO OLJDQGV�
$OWKRXJK QR FU\VWDO VWUXFWXUH RI >)H3&�2+���@− KDV QRW EHHQ
UHSRUWHG� D QRQ�µ�R[R FRPSOH[ KDYLQJ ZDWHU PROHFXOHV DV
D[LDO OLJDQGV FDQ EH IRXQG LQ LURQ SRUSK\ULQ� >)H�733��
�2+���@���� 7KH DYHUDJH LURQ�WR�OLJDQG GLVWDQFHV DUH �����
IRU G�)H�1S� DQG ����� c IRU G�)H�2�� ,Q RXU FDVH� WKH GLIIHU�
HQFH � G�)H�2��G�)H�1S�� IRU >)H3&�2+���@− VHHPV PXFK
ODUJHU IURP WKH )7 VSHFWUXP� ,W LV JHQHUDOO\ DFFHSWHG WKDW
VKHOOV VHSDUDWHG E\ OHVV WKDQ π ��∆N FDQQRW EH UHVROYHG� :LWK
∆N RI ���� c−� LQ WKLV DQDO\VLV� WKH PLQLPXP GLVWDQFH VKRXOG
EH ODUJHU WKDQ FD� ���� c� $W DQ\ UDWH� ZH SURFHHGHG ZLWK D
WZR�VKHOO ILWWLQJ� +RZHYHU� ZH GLG QRW H[WHQVLYHO\ SXUVXH
WKH VHDUFK IRU D[LDO OLJDQGV� 7KH EHVW ILWWHG YDOXH RI ���� c
IRU G�)H�1S� LV WKH VDPH DV WKH FU\VWDOOLQH YDOXH ZLWKLQ
H[SHULPHQWDO HUURU� LQGLFDWLQJ WKDW WKH )H3& VWUXFWXUH LV
PDLQWDLQHG� 7KH 15 RI ��� DOVR LPSOLHV WKDW IRXU QLWURJHQ
DWRPV DUH FRRUGLQDWHG WR LURQ� 7KH LQFUHDVHG 'HE\H�:DOOHU
IDFWRU RI ����� c� LQGLFDWHV WKH VDPH NLQG RI PROHFXODU
UHOD[DWLRQ DV LQ >)H�,,,�3&����@� WDNLQJ SODFH�

&RQFOXVLRQV

,Q WKLV SDSHU ZH KDYH GHPRQVWUDWHG KRZ ;�UD\ DEVRUSWLRQ

VSHFWURVFRS\ FRXOG EH DSSOLHG LQ VLWX WR HOHFWURFKHPLVWU\ WR
VWXG\ VWUXFWXUDO DQG HOHFWURQLF DVSHFWV RI )H3& DGVRUEHG RQ
DQ HOHFWURGH VXUIDFH� ,Q FRPELQDWLRQ ZLWK F\FOLF YROWDPPH�
WU\� LQ VLWX ;$1(6 DQG (;$)6 VWXGLHV \LHOGHG WKH IROORZ�
LQJ UHVXOWV� �L� 7KH DGVRUSWLRQ RI )H3& DQG WKH H[SRVXUH WR
HOHFWURO\WH JLYHV ULVH WR D PROHFXODU UHOD[DWLRQ� OHDGLQJ WR
GLPLQXWLRQ LQ ILQH VWUXFWXUH DQG ODUJHU 'HE\H�:DOOHU IDFWRUV
DV D UHVXOW� �LL� 7KH IRUPDWLRQ RI >)H�,,,�3&����@� ORZHUV WKH
PROHFXODU V\PPHWU\ DQG FDXVHV D ODUJH DEVRUSWLRQ HGJH VKLIW
WRZDUG KLJKHU HQHUJ\� �LLL� >)H�,,�3&����@− LV IRUPHG ZKHQ
UHGXFLQJ )H�,,�3&���� ZLWK QR FKDQJH LQ DEVRUSWLRQ HGJH
SRVLWLRQ� �LY� 7KH LURQ�WR�QLWURJHQ GLVWDQFH GRHV QRW FKDQJH
ZLWKLQ H[SHULPHQWDO HUURU XQGHU HOHFWURFKHPLFDO FRQGLWLRQV�
7KH SUHVHQW ZRUN VKRZV WKDW ;$)6 FDQ EH D XVHIXO WRRO

IRU WKH LQ VLWX VWXG\ RI VWUXFWXUDO DVSHFWV RI DGVRUEHG VSHFLHV
LQ HOHFWURFKHPLFDO FHOOV� 0RUH GHWDLOHG LQIRUPDWLRQ EH\RQG
WKH ILUVW VKHOO PD\ EH DYDLODEOH ZLWK KLJKHU TXDOLW\ GDWD�
ZKLFK FDQ EH REWDLQHG ZLWK D EHWWHU FHOO GHVLJQ DQG GHWHFWLRQ
V\VWHP�
$FNQRZOHGJPHQW� 7KH DXWKRUV ZLVK WR DFNQRZOHGJH

WKH ILQDQFLDO VXSSRUW RI WKH .RUHD 5HVHDUFK )RXQGDWLRQ
PDGH LQ WKH SURJUDP \HDU RI ���� �*UDQW QR� ���������
'������� ([SHULPHQWV DW 3/6 ZHUH VXSSRUWHG LQ SDUW E\
0267 DQG 326&2�

5HIHUHQFHV

�� )RU D FROOHFWLRQ RI PRQRJUDSKV LQ WKH DUHD RI LQ VLWX DSSOL�

)LJXUH �� )7 �VROLG OLQH� 3DQHO $� IRU (;$)6 RI >)H�,,,�3&����@�

VKRZQ LQ FXUYH &� )LJXUH � DQG FRUUHVSRQGLQJ )RXULHU�ILOWHUHG
EDFN�)7 �VROLG OLQH� 3DQHO %� VSHFWUD� 'RWWHG OLQHV DUH ILWWHG UHVXOWV
LQ 5� �3DQHO $� DQG N�VSDFHV �3DQHO %��

)LJXUH ��� )7 �VROLG OLQH� 3DQHO $� IRU (;$)6 RI >)H�,,�3&����@−

VKRZQ LQ FXUYH '� )LJXUH � DQG FRUUHVSRQGLQJ )RXULHU�ILOWHUHG
EDFN�)7 �VROLG OLQH� 3DQHO %� VSHFWUD� 'RWWHG OLQHV DUH ILWWHG UHVXOWV
LQ 5� �3DQHO $� DQG N�VSDFHV �3DQHO %��
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FDWLRQV WR VSHFWURVFRSLF WHFKQLTXHV WR WKH VWXG\ RI HOHF�

WURGH�HOHFWURO\WH LQWHUIDFHV� VHH� 6SHFWURHOHFWURFKHPLVWU\�
7KHRU\ DQG 3UDFWLFHV� *DOH� 5�� (G�� 3OHQXP 3UHVV� 1HZ

<RUN� �����

�� (OHFWURFKHPLFDO ,QWHUIDFHV� 0RGHUQ 7HFKQLTXHV IRU LQ VLWX
,QWHUIDFH &KDUDFWHUL]DWLRQ� $EUXQD� +� '�� (G�� 9&+

3XEOLVKHUV� 1HZ <RUN� �����

�� ,QYHVWLJDWLRQV RI 6XUIDFHV DQG ,QWHUIDFHV� 5RVVLWHU� %� :��
%DHW]ROG� 5� &�� (GV�� 3K\VLFDO 0HWKRGV LQ &KHPLVWU\� �QG

HG�� -RKQ :LOH\ 	 6RQV ,QF�� 1HZ <RUN� ����� 9RO ,;%�

�� 6KDUSH� /� 5�� +HLQHPDQ� :� 5�� (OGHU� 5� &� &KHP� 5HY�

����� ��� ����
�� 9DQ GHU %ULQN� )�� %DUHQGUHFKW� (�� 9LVVFKHU� :� 5HFO�� -�

5� 1HWK� &KHP� 6RF� ����� ��� ����

�� $SSO\E\� $� -�� 6DY\� 0�� &DUR� 3� -� (OHFWURDQDO� &KHP�
����� ���� ���

�� 7DQDND� $� $�� )LHUUR� &�� 6FKHUVRQ� '�� <HDJHU� (� 0DW�

&KHP� 3K\V� ����� ��� ����
�� =DJDO� -�� %LQGUD� 3�� <HDJHU� (� -� (OHFWURFKHP� 6RF� �����

���� �����

�� (O]LQJ� $�� YDQ GHU 3XWWHQ� $�� 9LVVFKHU� :�� %DUHQGUHFKW�
(� -� (OHFWURDQDO� &KHP� ����� ���� ���

��� 1HYLQ� :� $�� /LX� :�� 0HOQLN� 0�� /HYHU� $� %� 3� -� (OHF�

WURDQDO� &KHP� ����� ���� ����
��� )LHUUR� &� $�� 0RKDQ� 0�� 6FKHUVRQ� '� /DQJPXLU ����� ��

�����
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