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$PRUSKRXV� PHWDO� DOOR\V� �$0$�� RQ� WKH
EDVLV�RI�LURQ�DUH�LQWHQVLYHO\�LQYHVWLJDWHG�LQ
FRQQHFWLRQ�ZLWK�WKHLU�SRWHQWLDO�ZLGH�SUDFWL�
FDO� DSSOLFDWLRQV�� &KHPLFDO�� WKHUPRG\QDPLF�
PDJQHWLF��PHFKDQLFDO�� DQG� RWKHU� SURSHUWLHV
RI�WKH�$0$�ULEERQV�SUHSDUHG�IURP�WKH�PHOW
E\� VSLQQLQJ� PHWKRG� GLIIHU� FRQVLGHUDEO\
IURP� WKRVH� RI� WKH� RUGHUHG� PDWHULDO�� 7KHVH
SURSHUWLHV�DUH�GHILQHG�QRW�RQO\�E\�VWUXFWXUH
IHDWXUHV� IRUPHG� GXULQJ� PDQXIDFWXULQJ� RI
VXFK�PDWHULDO�EXW�E\�WKH�IXUWKHU�KHDW�WUHDW�
PHQW�DV�ZHOO�>�@��7KH�IRUPHU�LV�PDLQ�IDFWRU
LQIOXHQFLQJ� WKH� SK\VLFDO� SURSHUWLHV� RI� VXFK
PDWHULDOV� DQG�QDQRVWUXFWXUHV�ZKLFK�GHSHQG
VWURQJO\� RQ� WKH� SUHSDUDWLRQ� FRQGLWLRQV�
7KDW� LV�ZK\�IRU�WKHVH�REMHFWV�RIWHQ�QRW�WKH
SK\VLFV�RI�D�SKHQRPHQRQ�DV�VXFK�LV�VWXGLHG
EXW� WKH�SK\VLFV�RI�D� VSHFLILF� VDPSOH� LV� MXVW
WDNHQ� LQWR� DFFRXQW�� VLQFH� VR�FDOOHG� WHFKQR�
ORJLFDO� SRO\PRUSKLVP� >�@� LV� PDQLIHVWHG� IRU
WKH� VDPSOH� VWUXFWXUH� DW� WKH� VDPH� FRPSRVL�
WLRQ� RI� LWV� FKHPLFDO� FRPSRQHQWV� GXH� WR
QRQLGHQWLFDO� SUHSDUDWLRQ� FRQGLWLRQV�� $V� D
FRQVHTXHQFH��WKH�SK\VLFDO�SURSHUWLHV�RI�VXFK
PDWHULDOV�DUH�GLIILFXOW�WR�SUHGLFW��DQG�WKHLU
QHFHVVDU\�SUHFLVLRQ�DV�IXQFWLRQDO�RQHV�LV�QRW
\HW�UHDFKHG��VR�WKH�ILHOGV�RI�WKHLU�XVDJH�DUH

QDUURZHG��%HVLGHV��WKH�HODVWLF�VWUHVVHG�VWDWH
ZLWKLQ� VXEVXUIDFH� OD\HU� RI� WKH� DPRUSKRXV
DOOR\�ULEERQV�PD\�EH�IRUPHG�>�@�

0HDQZKLOH�� WR� LGHQWLI\� FRUUHFWO\� WKH
DPRUSKRXV�VWDWH�RI�D�PDWHULDO��WKH�H[LVWHQFH
RI�VLPLODU�LQIOXHQFH�RI�WZR�LQGHSHQGHQW�IDF�
WRUV�� QDPHO\� WKHUPDO� DQG� GHIRUPDWLRQDO
RQHV��RQ�WKH�VWUXFWXUH�RI�LWV�QHDUHVW�DWRPLF
DUUDQJHPHQW�LV�WR�EH�WDNHQ�LQWR�DFFRXQW�>�@�
7KDW� LV� ZK\� WKH� DLP� RI� WKLV� ZRUN� LV� WR
GLVFULPLQDWH� WKH� WZR�PHQWLRQHG�FRQVWLWXHQW
IDFWRUV�WR�SURYLGH�D�FRUUHFW�LGHQWLILFDWLRQ�RI
LQLWLDO� DPRUSKRXV� VWDWH� LQ� D� PDWHULDO� LQ�
GXFHG� E\� LWV� SUHFHGLQJ� SUHSDUDWLRQ� SURFH�
GXUH��DQG�WKHQ�WR�GHVFULEH�FRUUHFWO\�WKH�IXU�
WKHU�VWUXFWXUDO�PRGLILFDWLRQV� LQ�VXFK�GLVRU�
GHUHG� PDWHULDO� WDNLQJ� LQWR� DFFRXQW� WKH
H[LVWHQFH�RI�DQ�HODVWLF�VWUHVVHG�VWDWH�ZLWKLQ
WKH�VXEVXUIDFH�OD\HU�

%HLQJ� PDGH� IURP� WKH� PHOW� E\� PHDQV� RI
UDSLG� TXHQFKLQJ� RQ� D� UXQQLQJ� GLVN� DW� D
FRROLQJ�UDWH�RI�����.�V��D�VHW�RI�VDPSOHV�RI
DPRUSKRXV� PHWDO� DOOR\V� )H��1L�0R�6L�%���0*�� DQG� )H��%��� ZDV� SUHSDUHG� DV� ULEERQVRI� ��� WR� ��� PP� ZLGWK� DQG� ��� WR� ��� PP
WKLFNQHVV��G���7KH�PHOW�WHPSHUDWXUH�ZDV�DG�
MXVWHG� WR� ��Ü���� .� DERYH� WKH� PHOWLQJ
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SRLQW��%RWK�FRQWDFW� VLGH� RI� WKH� VDPSOH� �L�H�
WKDW� EHLQJ� LQ� FRQWDFW� ZLWK� FRROHU� GXULQJ
SUHSDUDWLRQ��DQG�QRQFRQWDFW�RQH��UHPDLQLQJ
IUHH� GXULQJ� SUHSDUDWLRQ��ZHUH� LQYHVWLJDWHG�
2SWLFDO� SURSHUWLHV� ZHUH� VWXGLHG� XVLQJ� D
KRPH�PDGH� UHIOHFWRPHWHU�JRQLRPHWHU� RI
RULJLQDO�GHVLJQ� WR�WHVW�WKH�IUHVKO\�SUHSDUHG
ULEERQV�RI�$0$�)H��1L�0R�6L�%����0*��DQG)H��%����7KH�DQJXODU�HOOLSVRPHWU\�KDV�EHHQSURSRVHG� DV� DQ� HIIHFWLYH� UHVHDUFK�PHWKRG� RI
VWUXFWXUDO� RUGHULQJ� LQ� VXEVXUIDFH� OD\HUV� RI
DPRUSKRXV� ULEERQV� DQG� WKHLU� VWUHVV� KRPRJH�
QHLW\� >�@��7KH�UHVHDUFK�RI� WKH�UHIOHFWHG� OLJKW
SRODUL]DWLRQ� DOORZV� WR� REWDLQ� WKH� PRVW� FRP�
SOHWH�LQIRUPDWLRQ�RQ�WKH�GLHOHFWULF�IXQFWLRQ�RI
WKH� VXEVXUIDFH� OD\HU�� $QJXODU� HOOLSVRPHWULF
PHDVXUHPHQWV� IRU� WKH� VDPSOHV� RI� WKH� PHQ�
WLRQHG� DOOR\V�ZHUH� IXOILOOHG�XVLQJ�D� VWDQGDUG
/()��l�ODVHU�HOOLSVRPHWHU��$V�D�OLJKW�VRXUFH�
D� +H±1H� ODVHU� ������� QP� ZDYHOHQJWK�� ZDV
XVHG��$FFRUGLQJ�WR�WKH�RSWLFDO�VFKHPH�RI�WKLV
PHDVXULQJ�GHYLFH�� WKH�SKDVH� VKLIW�'� EHWZHHQ
S�� DQG� V�FRPSRQHQWV� RI� WKH� SRODUL]DWLRQ� YHF�
WRU�DQG�WKH�D]LPXWK�<�RI�WKH�UHVWRUHG�OLQHDU
SRODUL]DWLRQ�ZHUH�FDOFXODWHG�

:H� KDYH� VWXGLHG� ERWK� ULEERQ� VLGHV�
QDPHO\�� WKH� IUHHO\� IRUPHG� �RU� QRQFRQWDFW�
VLGH�DQG�WKDW�ZDV�GLUHFWO\�FRQWDFWHG�WKH�UR�
WDWLQJ�GLVN�LQ�WKH�FRXUVH�RI�PDQXIDFWXULQJ�
9LVXDOO\�� WKH� UHIOHFWHG� OLJKW� DW� QRQFRQWDFW
VXUIDFH�SUHVHQWV�D�SUHGRPLQDQW�PLUURU�FRP�
SRQHQW� DV� FRPSDUHG� WR� WKDW� DW� WKH� FRQWDFW
VXUIDFH�� ZKLFK� VFDWWHUV� OLJKW� PXFK� PRUH�
7KLV� LQGLFDWHV� WKDW� WKH� URRW�PHDQ�VTXDUH
URXJKQHVV�RI�WKH�ODWWHU�VXUIDFH�LV�VHYHUDO�RU�
GHUV� RI� PDJQLWXGH� KLJKHU� WKDQ� WKH� FRUUH�
VSRQGLQJ� YDOXH� RI� RSSRVLWH� �QRQFRQWDFW�� VLGH
RI�WKH�ULEERQ�>�@��7KH�YDOXH�RI�URXJKQHVV�DQG
VWUXFWXUDO� IHDWXUHV� RI� WKH� FRQWDFW� VXUIDFH� LV
GHILQHG� RQO\� E\� WKH� LQWHUDFWLRQ� FKDUDFWHU� RI
WKH� PHOW� RI� $0$� )H��1L�0R�6L�%��� DQG)H��%��� ZLWK� WKH� URWDWLQJ� GLVN� VXUIDFH�� DQGWKXV�E\�WKH�GLVN�VXUIDFH�URXJKQHVV��

2SWLFDO� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW
IRU� VDPSOHV� RI� )H�EDVHG� DPRUSKRXV� PHWDO
DOOR\V� DW� ���RULHQWDWLRQV� RI� WKH� ULEERQ� ORQ�
JLWXGLQDO� D[LV� UHODWLYHO\� WR� WKH� SODQH� RI
OLJKW� LQFLGHQFH��+DYLQJ� GHWHUPLQHG� WKH� GH�
YLDWLRQV� RI� HOOLSVRPHWULFDO� SDUDPHWHUV� IRU
WKH� OLJKW� UHIOHFWHG� IURP� WKH� ULEERQ� VXUIDFH
DV�D�IXQFWLRQ�RI�LWV�RULHQWDWLRQ�LQ�WKH�ULEERQ
SODQH�� WKH� OHYHO� RI� VWUDLQ� FKDQJHV� LQ� WKH
VXEVXUIDFH� OD\HU� RI�DPRUSKRXV�ULEERQV� IDE�
ULFDWHG�E\�UDSLG�PHOW�TXHQFKLQJ�FDQ�EH�HVWL�
PDWHG�� 7KH� H[LVWHQFH� RI� HODVWLF�VWUHVVHG
VWDWH� ZLWKLQ� VXEVXUIDFH� OD\HU� IRU� HDFK� ULE�
ERQ� VLGH� DQG� WKH� GLIIHUHQFH� RI� WKH� VWDWH
FKDUDFWHULVWLFV� LQ� DV�FDVW� ULEERQV� RI� DPRU�
SKRXV� DOOR\V� RQ� ERWK� VLGHV� FDQ� EH� DOVR� UH�

YHDOHG��7R�WKDW�HQG��ERWK�VLGHV�RI�DQ�DPRU�
SKRXV� DOOR\V� ULEERQ� ZHUH� SUREHG� E\� OLJKW
XVLQJ�H[SHULPHQWDO�PHWKRGV�EDVHG�RQ�DQJX�
ODU� DQG� D]LPXWKDO� HOOLSVRPHWULF� PHDVXUH�
PHQWV� RQ� URWDWLQJ� VDPSOHV� >�@��%\� URWDWLQJ
D� ULEERQ� DURXQG� D� QRUPDO� WR� LWV� VXUIDFH
ZLWKLQ������� RQH�FDQ�DFTXLUH� WKH�SRODU�GLD�
JUDPV� �VR�FDOOHG� LQGLFDWULFHV� RI� HOOLSVRPHW�
ULF� SDUDPHWHUV� RYHU� WKH� ORQJLWXGLQDO� D[LV
D]LPXWK�ZLWK� UHJDUG� WR� WKH� SODQH� �S�SODQH�
RI�OLJKW�LQFLGHQFH��DV�D�UHVXOW�RI�VXFK�RULHQ�
WDWLRQ�PHDVXUHPHQWV�

7KH� SURFHGXUH� RI� WKHVH� HOOLSVRPHWULF� H[�
SHULPHQWV�FRPSULVHV�DGMXVWLQJ�RI�WKH�ORQJL�
WXGLQDO�ULEERQ�D[LV� LQ� LWV�SODQH�DW����IL[HG
D]LPXWKV�VXFK�DV�T�� �����WKH�D[LV�GLUHFWLRQFRLQFLGHQW� ZLWK� S�SODQH��� DQG� WKHQ� DW� IXU�
WKHU�VHW�RI�D]LPXWKV�DW�����VWHSV�XS�WR�T� �����
�DW�T�� ������WKH�GLUHFWLRQ�RI�WKH�PHQWLRQHGD[LV� FRLQFLGHV� ZLWK� V�SODQH� RI� WKH� VDPSOH
UHIOHFWLQJ� OLJKW��� 7KH� DQJXODU� GHSHQGHQFHV
RI�HOOLSVRPHWULF�SDUDPHWHUV�'�DQG�<�IRU�WKH
QRQFRQWDFW� DQG� FRQWDFW� VXUIDFHV� RI� DV�FDVW
ULEERQ� VDPSOH� DW� YDULRXV� D]LPXWKDO� DQJOHV
T� IRU� GLIIHUHQW� DQJOHV� M� RI� OLJKW� LQFLGHQFH
ZHUH� PHDVXUHG� WR� GHWHUPLQH� WKH� SULQFLSDO
DQJOH�M��RI�LQFLGHQFH�DW�HDFK�D]LPXWK�T�RI�WKHORQJLWXGLQDO�ULEERQ�D[LV�LQ�LWV�SODQH��6XFK�DQ�
JXODU� GHSHQGHQFHV� '�M�� IRU� ERWK� VLGHV� RI� D
)H��1L�0R�6L�%����0*��$0$�ULEERQ�DUH�VKRZQLQ� )LJ����ZKHUH� VWUDLJKW� OLQHV� DUH� FHUWDLQ� DS�
SUR[LPDWLRQV�RI�WKHVH�GHSHQGHQFHV�IRU�VHYHUDO
D]LPXWKV�T�LQ�WKH�ULEERQ�SODQH�

([SHULPHQWDO� GHSHQGHQFHV� M��T�� LQ� WKHSRODU� DQG� &DUWHVLDQ� FRRUGLQDWH� V\VWHPV� DUH
VKRZQ�LQ�)LJ����� L�H��D]LPXWKDO�GLVWULEXWLRQ
IRU� M�� LV� VKRZQ� LQ� WKH� IRUPHU� V\VWHP� E\FORVHG� FXUYHV� �LQGLFDWULFHV�� LQ� WKH� ULEERQ
SODQH��7KH�D]LPXWKDO�DQJOHV�TL� �L� ����������DUH�PHDVXUHG�IURP�WKH�GLUHFWLRQ�RI�WKH�ULE�
ERQ� ORQJLWXGLQDO� D[LV�� 6LPLODU� PHDVXUH�
PHQWV�RI�WKH�'�M��GHSHQGHQFH�IRU�D�)H��%��$0$� ULEERQ� �XVLQJ� ���� D]LPXWKDO� URWDWLRQ
RI�WKH�VDPSOH�LQ�LWV�SODQH��KDYH�EHHQ�FDUULHG
RXW�� 7KH� QRQFLUFXODU� IRUP� RI� VXFK� LQGLFD�
WULFHV� UHYHDOV� DQ� RULHQWDWLRQ� HIIHFW�� ,W� LV
SRVVLEOH�WR�DOORFDWH�WZR�FKDUDFWHULVWLF�GLUHF�
WLRQV�RI�RSWLFDO�DQLVRWURS\��IRU�M��YDOXH��RIVXFK�D� VXUIDFH� OD\HU� IRU� WKH�ULEERQ�FRQWDFW
VLGH�DW�DQJOHV�T� �����DQG������UHODWLYHO\�WR
WKH�ULEERQ�ORQJLWXGLQDO�D[LV��+HQFH��WKH�SRODU
GHSHQGHQFH�M��T�� LV� YHU\� VHQVLWLYH� WR� D� YDUL�DWLRQ� RI� WKH� LQWHUQDO� VWUHVVHV� DULVLQJ� LQ� WKH
FRXUVH�RI�WKH�ULEERQ�SUHSDUDWLRQ��0HDQZKLOH�
EHFDXVH� VDPSOHV� ZHUH� QRW� SROLVKHG� DGGLWLRQ�
DOO\�WKH�GHYLDWLRQ�RI�<�YDOXHV�LV�WRR�ODUJH�

/�9�3RSHUHQNR��0�9�2]HURY���(OOLSVRPHWULF�FRQWURO����
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)RU� QRQFRQWDFW� ULEERQ� VXUIDFH�� D� FKDQJH
RI� WKH� PLFURUHOLHI� SDUDPHWHUV� PD\� DOVR
RFFXU� DV� D� UHVXOW� RI� DSSURSULDWH� WKHUPRG\�
QDPLF� SURFHVVLQJ� XQGHU� LQIOXHQFH� RI� LQWHU�
QDO� PHFKDQLFDO� VWUHVV� ILHOGV� LQ� WKH� ULEERQ�
7KHVH�FKDQJHV�DUH�FDXVHG�E\�GLIIXVLRQ�SURF�
HVVHV� DW� WKH� VXUIDFH� OD\HU� DQG� VWUXFWXUDO
SKDVH� WUDQVIRUPDWLRQV� LQ� WKH� VXSHUILFLDO
OD\HU�� 6XFK� SURFHVVHV� DUH� DFFRPSDQLHG� E\
PLJUDWLRQ�RI� VHSDUDWH�DWRPV�RQ� WKH�VXUIDFH
DV� ZHOO� DV� RI� WKHLU� DVVRFLDWLRQV� LQFOXGLQJ
KXQGUHGV� DQG� WKRXVDQGV� DWRPV� >�@�� 7KXV�
RQH� RI� WKH� IHDVLEOH� FDXVHV� RI� VXFK� VXUIDFH
VWDWH� DV� LW� LV� VXJJHVWHG� XS�WR�GDWH� >����@
PLJKW� EH� WKH� GLYHUVLW\� RI� DWRPLF� FRRUGLQD�
WLRQ�GXH� WR� VWUXFWXUDO� VWUHVVHG� VWDWH� LQ� WKH
QHDUHVW�RUGHU�WRSRORJ\�DW�WKH�VDPH�PDWHULDO
FRPSRVLWLRQ��7KHUHIRUH��DQ\�FKDQJH�RI�VXFK
VWDWH� XQGHU� H[WHUQDO� DFWLRQ� PD\� EH� UHJLV�
WHUHG� H[SHULPHQWDOO\�� 6SHFLILFDOO\�� D� GH�
WDLOHG� VWXG\� RI� UDGLDO� GLVWULEXWLRQ� IXQFWLRQ
IRU�DWRPV�LQ�DV�FDVW�ELQDU\�DPRUSKRXV�DOOR\
FRQVLVWLQJ�RI�D� WUDQVLWLRQ�PHWDO�DQG�D�PHW�
DOORLG� �H�J��� QLFNHO�SKRVSKRUXV� >�@�� DQG� LWV
FKDQJHV�IRU�VXFK�W\SH�RI�PDWHULDOV�DIWHU�DQ�
QHDOLQJ� �7� �����&� IRU� ��� PLQ�� SURYHV� D
GLVWLQFW� GLIIHUHQFH� EHWZHHQ� VWUXFWXUDO� SD�
UDPHWHUV� LQ� WKH� QHDUHVW� DWRPLF� DUUDQJH�
PHQW��2QO\�GXH�WR�VXFK�WKHUPDO�IDFWRU��WKH
ZKROH�VWUXFWXUH�RI�WKLV�DUUDQJHPHQW�KDV�DO�
UHDG\�EHHQ�UHEXLOW�ZLWKLQ�WKH�ILUVW���FRRUGL�
QDWLRQ�VSKHUHV�DW�FRUUHVSRQGLQJ�LQWHUDWRPLF
GLVWDQFHV�U�IURP�U� ���RU���c��WKH��VW�FRRU�
GLQDWLRQ�VSKHUH��WR���Ü���c��WKH��WK�FRRUGL�
QDWLRQ�VSKHUH��

,Q� RXU� RSLQLRQ�� WKH� UHVXOW� REWDLQHG� WHVWL�
ILHV� WKH� SUHVHQFH� RI� VWUXFWXUDO� PLFURKHWHUR�
JHQHLW\�LQ�WKH�ULEERQV�IRUPHG�DW�WKHLU�SUHSD�
UDWLRQ�DQG�RFFXUULQJ�DV�HOHPHQWDU\�VWUXFWXUDO
XQLWV� ZKLFK� FDQ� DFW� OLNH� D� FOXVWHU� RU�PLFUR�
FU\VWDOOLQH�IRUP�>�@��7KH�M��T��GHSHQGHQFH�IRUWKH�ULEERQ�FRQWDFW�VLGH�FRUUHODWHV�DSSUHFLDEO\

ZLWK� M��T�� GHSHQGHQFH� IRU� QRQFRQWDFW� RQH�)LJ������%XW�IRU�WKH�ODWWHU��WKH�RSWLFDO�DQLVRW�
URS\� LV�PXFK� ODUJHU� WKDQ� LQ� WKH� IRUPHU�� WKH
DSSURSULDWH� DPSOLWXGH� GHYLDWLRQV� LQ� ERWK
FXUYHV� FRQILUP� WKLV� VWDWHPHQW�� 6XFK� D� UHOD�
WLRQ� WHVWLILHV� WKH� SUHVHQFH� RI� D� VWURQJHU
VWUDLQLQJ� IDFWRU� IRU� WKH� QRQFRQWDFW� ULEERQ
VLGH�FDXVHG�E\�WKH�SUHSDUDWLRQ�FRQGLWLRQV��$W
WKH� ULEERQ� IRUPDWLRQ�� RZLQJ� WR� D� RI� FRROLQJ
VSHHG�JUDGLHQW�DORQJ�LWV�WKLFNQHVV��WKH�LQWHUQDO
VWUHVV�ILHOGV�DULVH�LQ�WKH�VXUIDFH�OD\HU�DQG�ORFDO
PLFURKHWHURJHQHLWLHV�DUH�IRUPHG�LQ�VXFK�DPRU�
SKRXV� VWUXFWXUH��7KHVH� VWUHVVHV� LQ� WKH� VXUIDFH
OD\HU�FDQ�EH�GHFUHDVHG�E\�VXEMHFWLQJ�WKH�kl$
ULEERQV�WR�DGGLWLRQDO�KHDW�WUHDWPHQW�

7KXV�� WKH� HOOLSVRPHWULF� PHDVXUHPHQWV
SURYH� WKDW� DIWHU� PDQXIDFWXULQJ� ULEERQV� RI
$0$� )H��1L�0R�6L�%��� �0*�� DQG� )H��%���WKHLU� VXUIDFHV� DUH� LQ� DQ� LQWHQVH� VWUHVVHG
VWDWH� DQG� WKH� OHYHO� RI� VXFK� VWUDLQV� FDQ� EH
HVWLPDWHG� IURP�WKH�SDUDPHWHUV�RI�SRODU�GH�
SHQGHQFH� RI� WKH� SULQFLSDO� DQJOH� LQ� WKH� ULE�
ERQ� SODQH�� 7KHQ�� UHVLGXDO� VWUDLQV� DUH
IRUPHG�LQ�WKH�ULEERQ�GXH�WR�UDSLG�FRROLQJ�RI
WKH�PHOW��DQG�VSDWLDO�GLVWULEXWLRQ�RI�WKH�LQ�

)LJ����� 'HSHQGHQFH� M��T�� IRU� DPRUSKRXV
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