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8QXVXDO�RSWLFDO�SURSHUWLHV�RI�VPDOO�SDUWL�
FOHV� DUH� NQRZQ� IRU� D� ORQJ� WLPH� >�@�� )RU
H[DPSOH�� FROORLGDO� VROXWLRQV� RI�PHWDO� SDUWL�
FOHV� H[KLELW� WKH� KLJKHVW� NQRZQ� �UG� RUGHU
VXVFHSWLELOLW\�� DEVRUSWLRQ� FRHIILFLHQW�� DQG
XOWUDIDVW� QRQOLQHDU� RSWLFDO� UHVSRQVH�� 7KHVH
SURSHUWLHV� DUH� LQWHUSUHWHG� XVXDOO\� LQ� WKH
IUDPH�RI�FRQFHSW�RI�VXUIDFH�PRGH�H[FLWDWLRQ
LQ� WKH� VPDOO� SDUWLFOHV�� LQ� SDUWLFXODU�� IRU
PHWDO� SDUWLFOHV�� ZLWKLQ� WKH� FRQFHSW� RI� WKH
VXUIDFH�SODVPRQ�H[FLWDWLRQ�

7KH� RSWLFDO� DEVRUSWLRQ� E\� KRPRJHQHRXV
VSKHULFDO� JROG� SDUWLFOHV� RI� D� ���� WR� ��� QP
UDGLXV�LV�NQRZQ�WR�H[KLELW�D�VSHFWUDO�PD[LPXP
QHDU� WR� WKH� )URHKOLFK� IUHTXHQF\� �ZW� �����QP��$V�WKH�UDGLXV�LQFUHDVHV�IURP����QP�XS��WKH
DEVRUSWLRQ� VSHFWUDO� FXUYH� LV� EURDGHQHG� VLJ�
QLILFDQWO\�ZKLOH�LWV�PD[LPXP�VKRZV�D�VKLIW
DV� VPDOO� DV� DERXW� ��� QP� WRZDUGV� ORQJHU

ZDYHOHQJWKV�� $V� WR� SDUWLFOHV� RI� D� UDGLXV
VPDOOHU� WKDQ� ���� QP�� WKH� DEVRUSWLRQ�PD[L�
PXP�SRVLWLRQ�LV�LQGHSHQGHQW�RI�WKH�SDUWLFOH
VL]H�EXW�WKH�VSHFWUDO�OLQH�VKDSH�FKDQJHV�VLJ�
QLILFDQWO\�� ,Q� WKLV� VL]H� UDQJH�� WKH� PHWDO
QDQRSDUWLFOHV�H[KLELW�WKH�GLPHQVLRQDO�TXDQ�
WXP� HIIHFWV� RI� WKH� FKDUJH� FDUULHU� PRWLRQ
FDXVHG� E\� WKH� VSDWLDOO\� UHVWULFWHG� SDWK
OHQJWK�RI�IUHH�HOHFWURQV��7KH�VOLJKW�GHSHQG�
HQFH�RI�WKH�SODVPRQ�UHVRQDQFH�IUHTXHQF\�RQ
WKH� VL]H� RI� VPDOO� KRPRJHQHRXV� PHWDO
VSKHUHV��DQG�WKXV�ODFN�RI�SRVVLELOLW\�WR�FRQ�
WURO� WKH� SODVPRQ� UHVRQDQFH� IUHTXHQF\
WKHUHLQ��UHVWULFWV�WKH�SUDFWLFDO�XVH�ILHOGV�RI
PDWHULDOV�EDVHG�RQ�VXFK�VWUXFWXUHV�

1RZ��V\QWKHWLF�PHWKRGV�KDYH�EHHQ�GHYHO�
RSHG� SURYLGLQJ� WKH� FRPSOH[� QDQRSDUWLFOHV
FRQVLVWLQJ� RI� D� WKLQ� PHWDO� VKHOO� �JROG� RU
VLOYHU�DV�D�UXOH��DQG�D�GLHOHFWULF�FRUH�>�Ü�@�
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7KH� RSWLFDO� SURSHUWLHV� RI� WKRVH� SDUWLFOHV
KDYH� EHHQ� VKRZQ� WR� GHSHQG� RQ� WKH� SDUWLFOH
VL]H� DQG� VKDSH�� WKH� QXPEHU� RI� FRDWLQJ� OD\�
HUV� DQG� VHTXHQFH� WKHUHRI�� DV�ZHOO� DV� RQ� GL�
HOHFWULF�FRQVWDQWV�RI� WKH�FRUH�DQG�VKHOO�PD�
WHULDOV�DQG�HQYLURQPHQW�

,Q� >�@�� WKH� IRUPDWLRQ� JURZWK� DQG� FRQGL�
WLRQV�RI�JROG�FOXVWHUV�DW�WKH�VXUIDFH�RI�ODUJH
QDQRSDUWLFOHV� RI� VLOLFRQ� GLR[LGH� KDYH� EHHQ
VWXGLHG�� 7KH� HIIHFWV� RI� VROYHQW� DQG� WKH� QD�
WXUH�RI�WKH�OLJDQG�IXQFWLRQDO�JURXSV�RQ�WKH
FOXVWHU� IRUPDWLRQ� DW� WKH� VXUIDFH� RI� IXQF�
WLRQDOL]HG�VLOLFD�KDV�EHHQ�VWXGLHG��$�JHQHUDO
DSSURDFK� WR� PHWDO� QDQRVKHOOV� EDVHG� RQ� WKH
PROHFXODU� VHOI�DVVHPEODJH� XVLQJ� WKH� FROORLG
FKHPLVWU\�PHWKRGV� LV� GHVFULEHG� LQ� >�@�� 7KH
RSWLFDO� VSHFWUD� FDOFXODWHG� LQ� WKH� IUDPH� RI
WKH� FODVVLFDO�0LH� WKHRU\� RI� HOHFWURPDJQHWLF
VFDWWHULQJ� KDYH� EHHQ� VKRZQ� WR� DJUHH� ZHOO
ZLWK�WKH�DEVRUSWLRQ�VSHFWUD�RI�WKH�REWDLQHG
FRUH�VKHOO� W\SH� FRPSOH[� QDQRSDUWLFOHV� FRQ�
VLVWLQJ�RI�D�GLHOHFWULF�VLOLFD�FRUH��RI�����DQG
����QP�GLDPHWHU��DQG�D�JROG�PHWDO�VKHOO�

,Q�VSLWH�RI�WKH�DYDLODEOH�SXEOLFDWLRQV��WKH
PHWKRGV� DQG� FRQGLWLRQV� IRU� WKH� GLHOHFWULF
FRUH�PHWDO� VKHOO� FRPSOH[� QDQRSDUWLFOHV� DQG
WKH�SURSHUWLHV�WKHUHRI��LQ�SDUWLFXODU��DW�WKH
GLHOHFWULF� FRUH� GLDPHWHU� VPDOOHU� WKDQ
���QP��DUH�VWLOO�LQVXIILFLHQWO\�VWXGLHG�LQ�H[�
SHULPHQW��7KH�DLP�RI�WKLV�ZRUN�LV�WR�REWDLQ
WKH�KHWHURJHQHRXV�QDQRSDUWLFOHV� FRQWDLQLQJ�D
VLOLFD�FRUH�LQ�D�JROG�VKHOO�ZLWK�GLIIHUHQW�FRUH
GLDPHWHUV� �LQFOXGLQJ� WKRVH� RI������PP�� DQG
WR� VWXG\� WKH� PDQLIHVWDWLRQV� RI� GLPHQVLRQDO
HIIHFWV�LQ�WKH�DEVRUSWLRQ�VSHFWUD�

7KH�PRQRGLVSHUVHG�VSKHULFDO�VLOLFD�SDUWL�
FOHV�ZHUH�SUHSDUHG�XVLQJ�D�WHFKQLTXH�VLPLODU
WR�WKDW�GHVFULEHG�LQ�>�@��7R�V\QWKHVL]H�6L2�����P/�RI�DEVROXWH�HWKDQRO�ZHUH�PL[HG� LQ�D
���� P/� FRQLFDO� IODVN� ZLWK� �� P/� RI� ����
DPPRQLD�VROXWLRQ��0DNURNKLP��.\LY��XQGHU
FRQWLQXRXV�VWLUULQJ�DW����&�DQG���P/�WHWUD�
HWK\O� RUWKRVLOLFDWH� �7(26�� �VSHFLDO� SXULW\
JUDGH�� 685(/�� 6W�� 3HWHUVEXUJ��� $VVXPLQJ
WKDW�WKH�ZKROH�7(26�LV�UHDFWHG�DQG�NQRZLQJ
WKH� 6L2�� QDQRSDUWLFOH� GHQVLW\� WR� EH� RI����J�FP�� >�@�� WKH�QXPEHU� RI�QDQRSDUWLFOHV
LQ� WKH� VROXWLRQ� FDQ� EH� GHWHUPLQHG� WR� EH
�������/Ü��

7R� SURYLGH� WKH� KHWHURJHQHRXV� QDQRSDUWL�
FOHV�� WKH� GLHOHFWULF� FRUH� �6L2�� QDQRSDUWLFOH�VXUIDFH�ZDV�PRGLILHG�XVLQJ�ELIXQFWLRQDO�RU�
JDQLF� PROHFXOHV�� QDPHO\�� ��DPLQRSURS\O�
WULHWKR[\VLODQH� �$37(6�� ��������� $OGULFK�
WKDW� SURYLGHV� WKH� DGKHVLRQ� RI� WKH� PHWDO
VKHOO�WR�WKH�FRUH��7R����P/�RI�6L2��VXVSHQ�VLRQ� LQ� DOFRKRO�� ����� P/� RI� $37(6� ZDV
DGGHG��WKH�VROXWLRQ�ZDV�VWLUUHG�DQG�UHIOX[HG
XQGHU� SHULRGLF� DGGLWLRQ� RI� HWKDQRO� WR� SUR�

YLGH�WKH�FRQVWDQW�PL[WXUH�YROXPH��7KHQ�WKH
VXVSHQVLRQ�ZDV�FHQWULIXJHG�XVLQJ�DQ�231��
FHQWULIXJH�������USP��IRU����PLQ��WKH�UHVL�
GXH� ZDV� UH�VXVSHQGHG� LQ� HWKDQRO� XVLQJ� XO�
WUDVRXQG��8='1���GHYLFH��WR�UHPRYH�WKH�RU�
JDQLF�LPSXULWLHV�

7KH� JROG� UHGXFWLRQ� PHWKRG� LQ� VROXWLRQ
>��@� ZDV� XVHG� WR� SUHSDUH� WKH� 6L2��$X� KHW�HURQDQRSDUWLFOHV�� 7HWUDNLV�K\GUR[\PHWK\O�
SKRVSKRQLXP�FKORULGH� �7+03�� ������DTXH�
RXV� VROXWLRQ�� $OGULFK�� ZDV� XVHG� DV� WKH� UH�
GXFLQJ�DJHQW� WR�SURYLGH� FROORLGDO�JROG��7KH
PL[WXUH� FRQWDLQLQJ� ZDWHU� ���� P/��� �� 0
1D2+� �����P/��� DQG� IUHVKO\� SUHSDUHG� ���
DTXHRXV�7+03�VROXWLRQ� ���P/��ZDV�VWLUUHG
IRU� ��� PLQ� DQG� WKHQ� �� P/� RI� �����Ü��0
+$X&O���+�2� ������� ��� $OGULFK�� ZHUH
DGGHG�� 7KH� V\QWKHVLV� SURFHVV� UHVXOWHG� LQ
IRUPDWLRQ� RI� D� VWDEOH� JROG� VROH� ZLWK� �� WR
�� QP�SDUWLFOH� VL]H�� 7KH� FROORLGDO� JROG� VROX�
WLRQ� ZDV� VWRUHG� LQ� D� UHIULJHUDWRU� DQG� XVHG
ZLWKLQ� �� GD\V� DIWHU� SUHSDUDWLRQ�� 7R� REWDLQ
WKH� 6L2��$X� QDQRSDUWLFOHV�� WKH� VXVSHQVLRQRI� 6L2�� QDQRSDUWLFOHV� PRGLILHG� ZLWK� RU�JDQRVLODQH� ZDV� PL[HG� ZLWK� WKH� FROORLGDO
JROG� VROXWLRQ�� 7KH�PL[WXUH� ZDV� VWLUUHG� IRU
�� K�� WKHQ� WKH� XQUHDFWHG� JROG� FROORLG� ZDV
VHSDUDWHG�IURP�WKH�6L2��$X�QDQRSDUWLFOHV�E\FHQWULIXJDWLRQ� DW������ USP�IRU���PLQ��7KH
KHWHURQDQRSDUWLFOHV�ZHUH� SXULILHG�E\� WZLFH�
UHSHDWHG� FHQWULIXJDWLRQ� DQG� GLVSHUVLRQ� LQ
HWKDQRO� XVLQJ� XOWUDVRXQG�� 7R� REWDLQ� WKH
6L2��$X� FRUH�VKHOO� QDQRSDUWLFOHV�� WKH� DOFR�KROLF� VROXWLRQ� RI� 6L2�� QDQRSDUWLFOHV� PRGL�ILHG� ZLWK� RUJDQRVLODQH�ZDV�PL[HG�ZLWK� WKH
DTXHRXV�VROXWLRQ�RI�FROORLGDO�JROG�ZLWK���WR
��QP�SDUWLFOH�VL]H��7KH�JROG�QDQRSDUWLFOHV�DUH
ERXQG� DW� WKH� VLOLFD� SDUWLFOH� VXUIDFH� GXH� WR
HOHFWURVWDWLF� LQWHUDFWLRQ� ZLWK� WKH� SRVLWLYHO\
FKDUJHG� DPLQR� JURXS� DW� WKH� PRGLILHG� VLOLFD
VXUIDFH�� 7KH� FRQFHQWUDWLRQ� DQG� VL]H� RI� WKH
PHWDO�FOXVWHUV�RQ�WKH�6L2��FRUH�FDQ�EH�YDULHGE\�FKDQJLQJ�WKH�+$X&O���+�2�FRQFHQWUDWLRQ�7KH� HOHFWURQ�PLFURVFRS\�ZDV� FDUULHG� RXW
XVLQJ� DQ�(0����� WUDQVPLVVLRQ� HOHFWURQ�PL�
FURVFRSH� ����� N9� DFFHOHUDWLQJ� YROWDJH�� DQG
D� -(2/����� VFDQQLQJ� HOHFWURQ� PLFURVFRSH�
7KH�VDPSOHV�ZHUH�SUHSDUHG�DFFRUGLQJ�WR�WKH
VWDQGDUG� SURFHGXUH� E\� DSSOLFDWLRQ� RI� WKH
QDQRSDUWLFOH� VROXWLRQV� RQWR� FRSSHU� ILOPV
FRDWHG�ZLWK� D� FDUERQ� ILOP�� WKH� H[FHVV� VROX�
WLRQ� ZDV� UHPRYHG� XVLQJ� ILOWHU� SDSHU�� 7KH
DEVRUSWLRQ� VSHFWUD� RI� WKH� REWDLQHG� FROORLGDO
QDQRSDUWLFOH� VROXWLRQV� ZHUH� WDNHQ� XVLQJ� D
6SHFRUG� 0���� VSHFWURSKRWRPHWHU� LQ� WKH
ZDYHOHQJWK� UDQJH� ���� WR� ���� QP� XVLQJ� D
�� FP� ORQJ� TXDUW]� FHOO�� DQ� HWKDQRO�ZDWHU
PL[WXUH�ZDV�XVHG�DV�WKH�UHIHUHQFH�VROXWLRQ�
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7KH� PRQRGLVSHUVH� VSKHULFDO� 6L2�QDQRSDUWLFOHV� H[KLELW� D� FRPSOH[� IUDFWDO
VWUXFWXUH��7KH�SDUWLFOH� VL]H� DQG�SRO\GLVSHU�
VLW\� GHSHQG� RQ� WKH� V\QWKHVLV� FRQGLWLRQV�
QDPHO\�� WKH� FRQFHQWUDWLRQV� RI� UHDJHQWV
�7(26�� HWKDQRO�� ZDWHU�� DPPRQLD� K\GUDWH�
DQG� WKH�PL[LQJ� VHTXHQFH� WKHUHRI�� WKH� VROX�
WLRQ� S+� YDOXH�� WKH� UHDFWLRQ� WHPSHUDWXUH�
HWF�� 7KH� V\QWKHVLV� RI� 6L2�� QDQRSDUWLFOHVFRQVLVWV� RI� WKH� IROORZLQJ� VWDJHV�� 7(26� K\�
GURO\VLV�� SRO\PHUL]DWLRQ� RI� WKH� PROHFXODU
6L2���FRQGHQVDWLRQ�RI�SRO\PHU�FOXVWHUV��DQGDJJUHJDWLRQ�RI�WKH�SULPDU\�6L2��QDQRSDUWL�FOHV�LQWR�PRQRGLVSHUVH�FROORLGDO�SDUWLFOHV�RI
DPRUSKRXV�6L2��>�@�:H� KDYH� VHOHFWHG� WKH� 7(26� K\GURO\VLV
FRQGLWLRQV� SURYLGLQJ� WKH� VSKHULFDO� VLOLFD
QDQRSDUWLFOHV� RI� ��� WR� ���� QP� LQ� GLDPHWHU
DW�D�JRRG�UHSURGXFLELOLW\�DQG�ORZ�GLVSHUVLW\�
7KH�FROORLGDO�VROXWLRQV�RI�6L2��QDQRSDUWLFOHVDUH� WUDQVSDUHQW� DQG� VWDEOH� IRU� SURORQJHG
WLPH�SHULRGV����WR���PRQWKV��

)LJ���� SUHVHQWV� WKH� HOHFWURQ�PLFURVFRSLF
LPDJHV�RI�6L2��QDQRSDUWLFOHV��7KH�QDQRSDU�WLFOHV� DUH� DOPRVW� LGHDO� VSKHUHV� DQG� D� KLJK
VL]H�XQLIRUPLW\��7KH�KLVWRJUDP�RI�WKH�SDUWL�
FOH�VL]H�GLVWULEXWLRQ�VKRZV�WKH�U�P�V��GHYLD�
WLRQ�GRHV�QRW�H[FHHG������IRU�HDFK�SDUWLFOH
VL]H�YDOXH�REWDLQHG�LQ�WKLV�ZRUN�

7KH� 6L2��$X� KHWHURQDQRSDUWLFOHV� ZHUHREWDLQHG� DW� GLIIHUHQW� ILOOLQJ� GHQVLW\� RI� WKH
GLHOHFWULF�FRUH�VXUIDFH�ZLWK�PHWDO�SDUWLFOHV�
7R�LQFUHDVH�WKH�PHWDO�VKHOO�WKLFNQHVV�DW�WKH
6L2�� QDQRSDUWLFOH� VXUIDFH�� WKH� FKHPLFDO� UH�GXFWLRQ� RI� JROG� K\GURJHQ� FKORULGH� LQ� VROX�
WLRQ� ZLWK� K\GUR[\ODPLQH� K\GURFKORULGH�
)LJ���� SUHVHQWV� WKH� HOHFWURQ� LPDJHV� RI
��� QP� GLDPHWHU� 6L2�� QDQRSDUWLFOHV� ZLWKJROG� SDUWLFOHV� IL[HG� DW� WKH� VXUIDFH�� ,W� LV
VHHQ�WKDW�WKH�PHWDO�VKHOO�LV�QRW�FRQWLQXRXV�

7KHUHIRUH�� WKH� VKHOO� WKLFNQHVV� KDV� EHHQ� GH�
ILQHG� DV� WKH� �HIIHFWLYH� WKLFNQHVV�� GHWHU�
PLQHG� DV� WKH� UDWLR� RI� WKH� WRWDO� YROXPH� RI
JROG�QDQRSDUWLFOHV�WR�WKH�FRUH�VXUIDFH�DUHD�

7KH� HOHFWURQ� GLIIUDFWLRQ� SDWWHUQ� RI
6L2��$X�KHWHURQDQRSDUWLFOHV�VKRZQ�LQ�)LJ���DOORZV� XV� WR� FRQFOXGH� WKDW� WKHUH� LV� D� SRO\�
FU\VWDOOLQH� JROG� FRDWLQJ� ZLWK� IFF� ODWWLFH� DW
WKH�DPRUSKRXV�6L2��VXUIDFH�7KH� DEVRUSWLRQ� VSHFWUD� RI� WKH� FRUH�VKHOO
QDQRSDUWLFOHV� KDYH� EHHQ� LQWHUSUHWHG� XVLQJ
WKH� WKHRU\� RI� OLJKW� DEVRUSWLRQ� DQG� VFDWWHU�
LQJ� E\� VPDOO� SDUWLFOHV� >��@�� 7KH� H[FLWDWLRQ
FRQGLWLRQ� RI� VXUIDFH� SODVPRQV� LQ� D� WKLQ
PHWDO� VKHOO� RI� D� WKLFNQHVV� G� DQG� GLHOHFWULF
FRQVWDQW�H��IRUPHG�DW�WKH�VXUIDFH�RI�D�VPDOOVSKHULFDO�SDUWLFOH�KDYLQJ�GLHOHFWULF�FRQVWDQW
H�� �U� LV� WKH� FRUH� UDGLXV��� O�� WKH� H[FLWLQJZDYHOHQJWK��U����O��LV

.HII�����[������ [��� ���� ���

ZKHUH�

)LJ����� (OHFWURQ� GLIIUDFWLRQ� SDWWHUQ� RI� D
6L2��$X�KHWHURQDQRSDUWLFOH�

)LJ�����(OHFWURQ�PLFURVFRSLF�LPDJHV�RI�6L2��$X�KHWHURQDQRSDUWLFOHV��6L2��GLDPHWHU����QP��$X�VKHOOWKLFNQHVV���QP���LQGLYLGXDO�FOXVWHUV�������������������
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ZKHUH�ZSI�LV�WKH�FRQWULEXWLRQ�WR�WKH�SODVPRQ
IUHTXHQF\� GXH� WR� IUHH� HOHFWURQV�� ZSE�� WKDW
IURP� WKH� ERXQG� HOHFWURQV� RI� WKH�PHWDO��Z��WKH� UHVRQDQFH� IUHTXHQF\� RI� WKH� ERXQG� HOHF�
WURQV�� JI�� JE�� WKH� GDPSLQJ� FRQVWDQWV� RI� WKHIUHH� DQG� ERXQG� HOHFWURQV�� UHVSHFWLYHO\�� 7KH
VROXWLRQ�RI�(T�����WDNLQJ�LQWR�DFFRXQW�����LV
WKH� IUHTXHQF\�Z� �Z)� �)URHKOLFK� IUHTXHQF\�WKDW� GHSHQGV� ERWK� RQ� WKH� YROXPH� UDWLR� RI
WKH�ZKROH�VSKHULFDO�QDQRSDUWLFOH�WR�WKH�FRUH
DQG� RQ� GLHOHFWULF� FRQVWDQWV� RI� WKH� FRUH� DQG
VKHOO� PDWHULDOV� DQG� WKH� VXUURXQGLQJ� PH�
GLXP�

$VVXPLQJ� WKH� FRQWULEXWLRQ� IURP� ERXQG
HOHFWURQV�WR�WKH�PHWDO�GLHOHFWULF�FRQVWDQW�WR
EH�VPDOO�DV�FRPSDUHG�WR�WKDW�IURP�IUHH�HOHF�
WURQV�� WKH� UHDO� DQG� LPDJLQDU\� SDUWV� RI� WKH
PHWDO� VKHOO�� Hc��Z)�� Hcc��Z)��� UHVSHFWLYHO\�FDQ�EH�SUHVHQWHG�DV�Hc��Z)�� ���Ü�ZSI��Z5���JI���� Hcc��Z)�� �� ZSI�J�Z.� �Z)����JI���� ZKHUHIRU� JROG�� ZSI� ���������� +]�� J� 
����������+]�>��@�

6XEVWLWXWLQJ� WKH� H[SUHVVLRQV� IRU� H�c� DQG
H�cc� LQWR� ���� DQG� VROYLQJ� WKH�(T�����ZLWK�UH�
VSHFW�WR�Z)��ZH�REWDLQ�DQ�DQDO\WLFDO�H[SUHV�VLRQ�IRU�DV�D�IXQFWLRQ�RI�WKH�FRUH�DQG�VKHOO
VL]HV�

)LJ����SUHVHQWV�WKH�FDOFXODWHG�GHSHQGHQFH
RI�WKH�DEVRUSWLRQ�PD[LPXP�SRVLWLRQ�RQ�WKH
GLHOHFWULF� FRUH�GLDPHWHU�UDWLRQ�WR�WKH�PHWDO
VKHOO�WKLFNQHVV�

7KH� RSWLFDO� DEVRUSWLRQ� VSHFWUD� RI� FROORLG
VROXWLRQV� FRQWDLQLQJ� WKH� REWDLQHG� KHWHUR�
QDQRSDUWLFOHV�KDYLQJ�YDULRXV�GLHOHFWULF�FRUH
GLDPHWHUV� DQG� WKH� PHWDO� VKHOO� WKLFNQHVV
ZHUH� VWXGLHG�� )LJ���� VKRZV� WKH� DEVRUSWLRQ
VSHFWUD� RI� VXFK� VROXWLRQV� FRQWDLQLQJ� WKH
6L2��$X� QDQRSDUWLFOHV� RI� ���� ����� DQG���� QP� LQ� GLDPHWHU� DW� WKH� HIIHFWLYH� VKHOO
WKLFNQHVV�RI���QP��,W� LV�VHHQ�IURP�WKH�)LJ�
XUH�� DV� WKH� GLHOHFWULF� FRUH� GLDPHWHU� LQ�
FUHDVHV�� WKH�PHWDO�VKHOO� WKLFNQHVV�EHLQJ� WKH
VDPH�� WKH� DEVRUSWLRQ� PD[LPXP� EHFRPHV
VKLIWHG� WRZDUGV� ORQJHU�ZDYHOHQJWKV�DW�D�VL�

)LJ����� 'HSHQGHQFH� RI� WKH� RSWLFDO� DEVRUSWLRQ
PD[LPXP� SRVLWLRQ� IRU� D� KHWHURQDQRSDUWLFOH
RQ� WKH� FRUH� GLDPHWHU� �'�� UDWLR� WR� WKH� PHWDO
VKHOO�WKLFNQHVV��G��

)LJ����� $EVRUSWLRQ� VSHFWUD� �SODVPRQ� UHVR�
QDQFH�� IRU� 6L2��$X� KHWHURQDQRSDUWLFOHV� ZLWKWKH�FRUH�GLDPHWHU��QP����������������������������
6KHOO�WKLFNQHVV���QP�

)LJ����� $EVRUSWLRQ� VSHFWUD� RI� 6L2��$X� KHWHUR�QDQRSDUWLFOHV�� 6L2�� GLDPHWHU� ��� QP�� $X� VKHOOWKLFNQHVV��QP���LQGLYLGXDO�FOXVWHUV�������������������
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PXOWDQHRXV� FRQVLGHUDEOH� EURDGHQLQJ� RI� WKH
DEVRUSWLRQ�EDQG�

)LJ���� SUHVHQWV� VLPLODU� DEVRUSWLRQ� VSHF�
WUD� IRU� D� FRQVWDQW� GLHOHFWULF� FRUH� GLDPHWHU
RI� ��� QP� DQG� YDULRXV� WKLFNQHVV� RI� WKH� $X
VKHOO�� $V� IROORZV� IURP� WKH� )LJXUH�� WKH� DE�
VRUSWLRQ� PD[LPXP� SRVLWLRQ� LV� GHILQHG� E\
WKH� VXUIDFH� GHQVLW\� RI� WKH� JROG�PHWDO� FOXV�
WHUV� RQ� WKH� FRUH�� 7KH� FRUH� VL]H� EHLQJ� WKH
VDPH�� WKH� KLJKHU� WKH� VXUIDFH� GHQVLW\� RI
PHWDO� FOXVWHUV� LV�� WKH� ODUJHU� LV� WKH� DEVRUS�
WLRQ�PD[LPXP� VKLIW� WRZDUGV� VKRUWHU�ZDYH�
OHQJWKV�� $V� WKH� HIIHFWLYH� WKLFNQHVV� RI� WKH
JROG�VKHOO�LQFUHDVHV�XS�WR���RU����QP�DW�WKH
VPDOO� GLHOHFWULF� FRUH� GLDPHWHU�� WKH� DEVRUS�
WLRQ�PD[LPXP�SRVLWLRQ�EHFRPHV�VKLIWHG�LQWR
WKH� DEVRUSWLRQ� UHJLRQ�RI� FROORLGDO� JROG�SDU�
WLFOHV�� ,W� LV� REYLRXV� WKDW� DW� D� UHODWLYHO\
WKLFN�PHWDO�VKHOO��WKH�VXUIDFH�SODVPRQV�ZLOO
EH� H[FLWHG� DW� WKH� PHWDO�VROXWLRQ� LQWHUIDFH
DQG�WKH�HIIHFW�RI�WKH�VPDOO�GLHOHFWULF�FRUH�RQ
WKH�SRVLWLRQ�RI�WKH�SODVPRQ�UHVRQDQFH�PD[L�
PXP� IRU� WKH� KHWHURQDQRSDUWLFOH�ZLOO� EH� LQ�
VLJQLILFDQW�

,Q�)LJ�����SUHVHQWHG�DUH�WKH�REWDLQHG�H[�
SHULPHQWDO� GHSHQGHQFHV� RI� WKH� SODVPRQ
UHVRQDQFH� PD[LPXP� SRVLWLRQ� RQ� WKH� 6L2�FRUH� GLDPHWHU� UDWLR� WR� WKH� VKHOO� WKLFNQHVV
IRU� YDULRXV� FRUH� GLDPHWHUV� DW� D� FRQVWDQW
PHWDO�VKHOO�WKLFNQHVV��FXUYH����DQG�IRU�YDUL�
RXV� VKHOO� WKLFNQHVV� DW� D� FRQVWDQW� VPDOO
���� QP�� FRUH� GLDPHWHU� �FXUYH� ���� 7KH� SODV�
PRQ� UHVRQDQFH� PD[LPXP� SRVLWLRQ� GHSHQG�
HQFH�RQ�WKH�FRUH�GLDPHWHU�VKHOO�WKLFNQHVV�LQ
WKH�ILUVW�FDVH�LV�VHHQ�WR�EH�OLQHDU�ZLWKLQ�WKH
VWXGLHG� ZDYHOHQJWK� UDQJH�� WKXV� DJUHHLQJ
ZHOO� ZLWK� WKH� WKHRUHWLFDOO\� FDOFXODWHG� GH�
SHQGHQFH�� ,Q� WKH� VHFRQG� FDVH� �WKH� VDPH
VPDOO�FRUH�VL]H�DQG�YDU\LQJ�VKHOO�WKLFNQHVV��
WKH� DERYH�PHQWLRQHG� GHSHQGHQFH� LV� OLQHDU�
WRR��7KH�VPDOO�GLHOHFWULF�FRUH�GLDPHWHU�SUR�
YLGHV�WKH�SODVPRQ�UHVRQDQFH�PD[LPXP�VKLIW
HYHQ�LI�WKH�PHWDO�VKHOO�WKLFNQHVV�LV�FKDQJHG
LQVLJQLILFDQWO\�� 7KH� PD[LPXP� SRVLWLRQ� LV
GHILQHG�E\�WKH�JROG�VKHOO�WKLFNQHVV�

7KXV�� WKH� PRQRGLVSHUVH� VSKHULFDO
QDQRSDUWLFOHV� RI� VLOLFD� KDYH� EHHQ� REWDLQHG
ZLWKLQ� D� ZLGH� GLDPHWHU� UDQJH� ���� WR
����QP�� DQG�DQ� LQVLJQLILFDQW� �������� VL]H
GLVSHUVLRQ� DV� ZHOO� DV� 6L2��$X� KHWHUR�QDQRSDUWLFOHV�RI�FRUH�VKHOO�W\SH�ZLWK�YDULRXV
RXWHU�WR�LQQHU� GLDPHWHU� UDWLR�� 7KH� GLPHQ�
VLRQDO�HIIHFWV�KDYH�EHHQ�UHYHDOHG� LQ�WKH�DE�
VRUSWLRQ�VSHFWUD�RI�WKH�KHWHURQDQRSDUWLFOHV�
7KH�DEVRUSWLRQ�PD[LPXP�SRVLWLRQ� �SODVPRQ
UHVRQDQFH�� LV� GHILQHG� E\� WKH� GLHOHFWULF� FRUH
GLDPHWHU�PHWDO�VKHOO�WKLFNQHVV�UDWLR��$V�WKH
GLHOHFWULF� FRUH� GLDPHWHU� LQFUHDVHV� DW� D� FRQ�

VWDQW� PHWDO� VKHOO� WKLFNQHVV�� WKH� VSHFWUDO
PD[LPXP�SRVLWLRQ�EHFRPHV�VKLIWHG� WRZDUGV
ORQJHU� ZDYHOHQJWKV� DW� D� VLPXOWDQHRXV� FRQ�
VLGHUDEOH� EURDGHQLQJ� RI� WKH� DEVRUSWLRQ
EDQG��:KHQ�WKH�FRUH�VL]H�LV�VPDOO������QP��
WKH�SODVPRQ�UHVRQDQFH�PD[LPXP�SRVLWLRQ�LV
GHILQHG� E\� WKH� JROG� VKHOO� WKLFNQHVV��$V� WKH
HIIHFWLYH� WKLFNQHVV� RI� WKH�PHWDO� VKHOO� LV� LQ�
FUHDVHG� XS� WR� �Ü��� QP�� WKH� DEVRUSWLRQ
PD[LPXP� SRVLWLRQ� LV� VKLIWHG� LQWR� WKH� DE�
VRUSWLRQ�UHJLRQ�RI�FROORLGDO�JROG�SDUWLFOHV�
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)LJ�����'HSHQGHQFHV�RI�WKH�SODVPRQ�UHVRQDQFH
PD[LPXP� SRVLWLRQ� RQ� WKH� FRUH� GLDPHWHU� �'�
UDWLR� WR� WKH� PHWDO� VKHOO� WKLFNQHVV� �G��� FRQ�
VWDQW� G� ���QP��'� ���� WR� ���� QP� ����� FRQ�
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