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5HFHLYHG�1RYHPEHU���������
7KH�SRVVLELOLW\�WR�REWDLQ�D�KHWHURV\VWHP�FRQVLVWLQJ�RI�WKH�XSSHU�SDUWLDOO\�VWUDLQHG�DQG

ORZHU�UHOD[HG� OD\HUV�E\�JUDGLHQW� LQ�VLWX�GRSLQJ�RI�6L*H� OD\HUV�ZLWK�FDUERQ�LV�FRQVLGHUHG�
7KH�SURSHUWLHV�RI�WKH�DV�JURZQ�DQG�DQQHDOHG������WR������&��VDPSOHV�KDYH�EHHQ�VWXGLHG�E\
5DPDQ� VSHFWURVFRS\� DQG� DWRPLF� IRUFH� PLFURVFRS\�� 7KH� VWUDLQ� UHOD[DWLRQ� GHJUHH� LQ� WKH
DV�JURZQ�OD\HUV�DV�HVWLPDWHG�IURP�WKH�5DPDQ�VSHFWUD�DPRXQWV������IRU�6L���±\*H���&\�DQG����IRU�6L���±\*H���&\��'XULQJ�WKH�DQQHDOLQJ��WKH�VWUDLQ�KDV�EHHQ�IRXQG�WR�EH�UHOD[HG�QRWKRPRJHQHRXVO\� RYHU� WKH�ZKROH� VWUXFWXUH� EXW� LQ� D� OD\HU�E\�OD\HU�ZD\��7KH� VHJUHJDWLRQ� RI
FDUERQ�DWRPV� LV�REVHUYHG� IRU�ERWK� W\SHV�RI�DV�JURZQ�6L�±[±\*H[&\� OD\HUV� LQ� WKH�QHDU�VXE�VWUDWH�UHJLRQV�
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0RGHUQ� VHPLFRQGXFWRU� HOHFWURQLFV� LV
EDVHG� SUHGRPLQDQWO\� RQ� VLOLFRQ� WHFKQRORJ\�
7KH� XVH� RI� 6L*H� DOOR\V� LV� RQH� RI� WKH� PRVW
HIILFLHQW� DQG� SURPLVLQJ� ZD\V� WR� H[SDQVLRQ
DQG� LPSURYHPHQW� RI� WKH� SDUDPHWHUV� RI� 6L�
EDVHG�HOHFWURQLF�GHYLFHV�>�Ü�@��7KH�6L*H�RQ�
6L� WHFKQRORJ\� LV� GHYHORSHG� LQ� WKUHH� PDLQ
GLUHFWLRQV�� DLPHG� DW� IRUPDWLRQ� RI� �L�� IXOO\
UHOD[HG�EXIIHU� OD\HUV� >�@�� �LL�� IXOO\�VWUDLQHG
OD\HUV� IRU� DFWLYH� ,&� HOHPHQWV� >�@�� DQG� �LLL�
VHOI�DVVHPEOHG� TXDVL�]HUR�GLPHQVLRQDO� QDQR�
LVODQGV� IRU� DSSOLFDWLRQ� LQ� ERWK� QDQR�� DQG
RSWRHOHFWURQLFV� >����@�� 7KH� VWUDLQ�IUHH� �UH�
OD[HG�� 6L�±[*H[� EXIIHU� OD\HUV� �EXIIHUV�� DUHXVHG�ZLGHO\�IRU�VXEVHTXHQW�JURZLQJ�RI�WKLQ
FRKHUHQW� 6L� OD\HUV� ZLWK� EDQG� VWUXFWXUH
PRGLILHG�E\� WHQVLOH� VWUDLQV� H[LVWLQJ� WKHUHLQ
>�@�� 7KXV�� HOHFWULFDO� DQG� RSWLFDO� SURSHUWLHV

RI�VXFK�DFWLYH�6L� OD\HUV�FDQ�EH�WXQHG�HDVLO\
E\�YDU\LQJ�WKH�VWUDLQ�YDOXH�ZKLFK�LV�GHILQHG
E\�WKH�ODWWLFH�PLVPDWFK�ZLWK�WKH�XQGHUO\LQJ
EXIIHU�� L�H��E\�WKH�EXIIHU�FKHPLFDO�FRPSRVL�
WLRQ�[�DQG�RU�LWV�VWUDLQ�UHOD[DWLRQ�GHJUHH�

)RU� DSSOLFDWLRQ� LQ� GHYLFHV�� WKH� 6L�±[*H[EXIIHU� VKRXOG� VDWLVI\� VHYHUDO� FRQGLWLRQV�
)LUVW�� LW�VKRXOG�EH�UHOD[HG��6HFRQG��LWV�VXU�
IDFH� URXJKQHVV� VKRXOG� EH� ORZ� HQRXJK� WR
DYRLG�WKH�TXDOLW\�GHWHULRUDWLRQ�RI�WKH�XSSHU
DFWLYH�6L�OD\HU��7KLUG��WR�SURYLGH�KLJK�TXDO�
LW\�GHYLFH�VWUXFWXUHV��WKH�VXUIDFH�GHQVLW\�RI
WKUHDGLQJ� GLVORFDWLRQV� �7'V�� VKRXOG� EH� DV
ORZ�DV�SRVVLEOH��QRW�H[FHHGLQJ�����Ü�����FPÜ�
>�@�� 7KH� EXIIHU� OD\HUV� DUH� XVXDOO\� 6L�±[*H[DOOR\V�ZLWK�*H�FRQWHQW�LQFUHDVLQJ�IURP�ERW�
WRP� WR� WRS�� VR�FDOOHG� JUDGLHQW� OD\HUV� >�@�
7KH� ODWWLFH� FRQVWDQW�RQ� WKH�VXUIDFH� RI� VXFK
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D�IXOO\�UHOD[HG�EXIIHU�GHSHQGV�RQO\�RQ�WKH�[
YDOXH��DQG�WKH�WKUHDGLQJ�GLVORFDWLRQ�GHQVLW\
LV�PLQLPL]HG� E\� D� YHU\� VPRRWK� JUDGLHQW� RI
*H�FRQWHQW��DERXW������*H�PP���'XH�WR�WKH
YHU\� VPDOO� YDULDWLRQ� RI� VWUDLQ� ZLWKLQ� WKH
OD\HU�� FDXVHG� E\� WKH� VPRRWK� *H� JUDGLHQW�
WKH�PLVILW� GLVORFDWLRQ� �0'�� QXFOHDWLRQ� UDWH
LV�ORZHUHG��$V�D�UHVXOW��WKH�0'V�DUH�GLVWULE�
XWHG�RYHU�WKH�ZKROH� OD\HU�WKLFNQHVV��UHGXF�
LQJ� WKH� SUREDELOLW\� RI� EORFNLQJ� RI� PRYDEOH
7'V�� 0RUHRYHU�� GXULQJ� WKH� JURZWK�� WKH
PRVW� VWUDLQHG� WRS� OD\HU� FUHDWHV� IRUFHV
VWLPXODWLQJ� RI� WKH� 7'� VOLGLQJ� RXW� RI� WKH
OD\HU�� 2QH� RI� WKH� GLVDGYDQWDJHV� RI� WKH
JUDGHG�6L*H�EXIIHUV�LV�WKHLU�LQHYLWDEO\�ODUJH
WKLFNQHVV� ��Ü��� PP��� FDXVHG� E\� WKH� VPDOO
*H� JUDGLHQW�� DQG� UHVXOWLQJ� LQ� KLJK� VXUIDFH
URXJKQHVV�

,Q� WKLV� ZRUN�� WKH� SRVVLELOLW\� WR� REWDLQ
WKLQ�6L*H�EXIIHUV�E\�LQ�VLWX�VWHSZLVH�GRSLQJ
ZLWK�FDUERQ� LV� FRQVLGHUHG��7KH�FRYDOHQW� UD�
GLXV� RI� FDUERQ� DWRP� LV� NQRZQ� WR� EH� PXFK
VPDOOHU� ������c�� WKDQ� WKRVH� RI� 6L� �����c�
DQG�*H�������c���7KXV��UHSODFHPHQW�RI�6L�RU
*H�DWRPV�LQ�6L*H�OD\HU�E\�FDUERQ�UHVXOWV�LQ
D�UHGXFWLRQ�RI�WKH�DYHUDJH� ODWWLFH�FRQVWDQW�
%RWK� VLPXODWLRQV� DQG� H[SHULPHQWV� VKRZ
WKDW�����RI�VXEVWLWXWLYH�FDUERQ�DWRPV�FRP�
SHQVDWHV������WR������RI�*H�>����@��7KHUH�
IRUH�� WKH� GHVLUDEOH� YDOXH� RI� 6L�±[±\*H[&\OD\HU�ODWWLFH�FRQVWDQW�FDQ�EH�DFKLHYHG�E\�WKH
DSSURSULDWH� FKRLFH�RI� WKH�FDUERQ�FRQFHQWUD�
WLRQ�\��7KLV�ZRUN�ZDV�DLPHG�DW�WKH�LQYHVWL�
JDWLRQ� RI� VDPSOHV� JURZQ�ZLWK� WKH� VWHSZLVH
GHFUHDVH� RI� \� YDOXH� LQ� WKH� FRXUVH� RI� JURZ�
WLQJ� DW� FRQVWDQW� [� LQVWHDG� RI� XVXDOO\� HP�
SOR\HG�LQFUHDVH�RI�[��$Q�LGHQWLFDO�YDULDWLRQ
RI�FDUERQ�FRQWHQW�\�IURP�����WR�������ZDV
SHUIRUPHG�IRU�WZR�FRQFHQWUDWLRQV�RI�*H����
DQG�������

7KH� VDPSOHV� XQGHU� LQYHVWLJDWLRQ� ZHUH
���QP�WKLFN�6L���*H���� DQG�6L���*H���� OD\HUVJURZQ� RQ� 6L������ VXEVWUDWHV� E\� FKHPLFDO
YDSRU� GHSRVLWLRQ�� ,Q� WKH� FRXUVH� RI� JURZWK�
WKH�OD\HUV�ZHUH�GRSHG�ZLWK�FDUERQ�LQ�D�VWHS�
E\�VWHS�PDQQHU��UHVXOWLQJ�LQ�IRXU�VXEOD\HUV�
HDFK� DERXW� ��� QP� WKLFN�� ZLWK� FDUERQ� FRQ�
WHQW� RI� ������� ������� ������ DQG� ������
UHVSHFWLYHO\� �)LJ����� È��� 6RPH� VDPSOHV�ZHUH
DQQHDOHG�GXULQJ����PLQ�DW�����WR������&�LQ
1��DWPRVSKHUH��7KH�VWUXFWXUHV�ZHUH�VWXGLHGE\� 5DPDQ� VFDWWHULQJ� VSHFWURVFRS\� DQG
DWRPLF�IRUFH�PLFURVFRS\��$)0���7KH�5DPDQ
VSHFWUD� ZHUH� WDNHQ� XVLQJ� D� GRXEOH�JUDWLQJ
/202� ')6���� VSHFWURPHWHU� DW� URRP� WHP�
SHUDWXUH�� 7KH� ������ QP�$U�� ODVHU� OLQH� ZDV
XVHG� WR� H[FLWH� WKH� VSHFWUD�� 7KH� VLJQDO� ZDV
UHJLVWHUHG�ZLWK�D�FRROHG�)(8�����SKRWRPXO�

WLSOLHU� RSHUDWHG� LQ� WKH� SKRWRQ� FRXQWLQJ
PRGH�� 7KH� NQRZQ� IUHTXHQFLHV� RI� WKH� $U�
ODVHU� GLVFKDUJH� OLQHV�ZHUH� XVHG� WR�PHDVXUH
H[DFWO\� WKH� 5DPDQ� EDQG� IUHTXHQFLHV�� 7KH
VXUIDFH�PRUSKRORJ\� RI� WKH�6L*H� OD\HUV�ZDV
VWXGLHG� XVLQJ� 'LJLWDO� ,QVWUXPHQWV
1DQR6FRSH�,,,D�DWRPLF�IRUFH�PLFURVFRSH�RS�
HUDWHG�LQ�WKH�WDSSLQJ�PRGH��

7KH� $)0� LPDJH� RI� WKH� 6L���±\*H���&\OD\HU�VXUIDFH�LV�VKRZQ�LQ�)LJ���D��7KH�OD\HU
VXUIDFH�LV�RI�KLJK�TXDOLW\��DV�WKH�URXJKQHVV
GRHV� QRW� H[FHHG� �� QP� �)LJ���E��� )XUWKHU�
PRUH�� WKH� DEVHQFH� RI� VR� FDOOHG� �FURVV�
KDWFKHG�� VWUXFWXUH� LV� DQ� HYLGHQFH� IRU� ORZ
7'� GHQVLW\�� 7KH� $)0� VWXGLHV� RI� WKH
6L���±\*H���&\� VXUIDFH� UHYHDOHG� HYHQ� ORZHUVXUIDFH�URXJKQHVV�

)LJ���� VKRZV� 5DPDQ� VSHFWUD� RI
6L���±\*H���&\� � �FXUYH� ��� DQG� 6L���±\*H���&\�FXUYH� ��� OD\HUV�� ,Q� ERWK� VSHFWUD�� D� ORZHU�
IUHTXHQF\� EDQG� DWWULEXWHG� WR� 6L±6L� YLEUD�
WLRQV� LQ� WKH�6L�±[±\*H[&\� DOOR\� OD\HU� LV� RE�VHUYHG�DORQJ�ZLWK�D�EDQG�DW�������FPÜ��GXH
WR� WKH� VFDWWHULQJ� RQ� WKH� VXEVWUDWH� /2� SKR�
QRQV��7KH�GHSHQGHQFH�RI�WKH�6L±6L�PRGH�IUH�
TXHQF\�IRU�6L�±[*H[�OD\HUV�RQ�6L�RQ�WKH�FRP�SRVLWLRQ�[�DQG�VWUDLQ�LV�ZHOO�NQRZQ�>������@�

Z� �Z���������[���������H�[���� ���
ZKHUH� Z�� LV� WKH� /2� SKRQRQ� IUHTXHQF\� LQ
EXON� VLOLFRQ� ������� FPÜ���� H�[��� WKH� HODVWLF
VWUDLQ� LQ� WKH� 6L�±[*H[� OD\HU�� HTXDO� WR� LWVODWWLFH�PLVPDWFK�WR�WKH�6L�VXEVWUDWH��

H�[�� �D6L���D6L*HD6L
���

ZKHUH�D6L� DQG�D6L*H� DUH� WKH� ODWWLFH�SDUDPH�WHUV�RI�6L�DQG�6L�±[*H[�OD\HU��UHVSHFWLYHO\��7R� GHVFULEH� WKH� 6L±6L� PRGH� GHSHQGHQFH
IRU�6L�±[±\*H[&\�OD\HU��WKH�IROORZLQJ�HPSLUL�FDO�H[SUHVVLRQ�ZDV�XVHG�LQ�>��@��

Z� �Z���������[���������H�[�\��� ���

)LJ�����6FKHPH�RI�WKH�DV�JURZQ�6L���±\*H���&\VDPSOH��D��DQG�WKH�ZHGJH�OLNH�VDPSOH�SUHSDUHG
E\�LRQ�VSXWWHULQJ�IRU�WKH�PHDVXUHPHQWV�RI�VWUDLQ
GLVWULEXWLRQ�RYHU�WKH�OD\HU�WKLFNQHVV��E��

0�<D�9DODNK�HW�DO����6WUDLQ�UHOD[DWLRQ�LQ�WKLQ����
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ZKHUH

H�[�\�� �D6L���D6L*H&D6L �� ���

+RZHYHU�� WKH� H[SHULPHQWDO� Z6L±6L� YDOXHVIRU� IXOO\� VWUDLQHG� 6L�±[±\*H[&\� OD\HUV� ZLWKGLIIHUHQW�\�OLH�DERYH�WKH�WKHRUHWLFDO�OLQH����
>��@�� 7KLV� GLVFUHSDQF\� FDQ� EH� GXH� WR� WZR
UHDVRQV�� WKH� ODWWLFH� GLVWRUWLRQ� FDXVHG� E\� D
VLJQLILFDQW� GLIIHUHQFH� LQ� ERQG� OHQJWKV� RI
6L±6L��*H±6L��DQG�&±6L��UHVXOWLQJ� LQ�WKH�UH�
GXFWLRQ�RI�WKH�6L±6L�ERQG�OHQJWK�DQG�RU�DG�
GLWLRQDO�FRPSUHVVLRQ�RI�WKH�ODWWLFH�E\�LQWHU�
VWLWLDO� FDUERQ�DWRPV��$Q�HPSLULFDO�HTXDWLRQ
GHULYHG�LQ�>��@�LV�D�EHWWHU�ILW�WR�WKH�H[SHUL�
PHQWDO�GDWD�WKDQ�(T������

Z� �Z���������[���������\���������H�[�\�� ���
,Q� WKLV� ZRUN�� ZH� XVH� (T����� WR� GHWHU�

PLQH�WKH�VWUDLQ�YDOXHV�LQ�RXU�6L�±[±\*H[&\OD\HUV��)URP�WKH�H[SHULPHQWDO�5DPDQ�VSHF�
WUD� RI� WKH�6L���±\*H���&\� VWUXFWXUH�� ZH� GH�ULYHG� Z6L±6L� �������FPÜ�� �)LJ����� FXUYH����
,Q�RUGHU�WR�DQDO\]H�WKH�VWUDLQ�YDOXH�LQ�WKH
OD\HU�EDVLQJ�RQ�WKH�H[SHULPHQWDO�GDWD��ZH
FDOFXODWHG� Z6L±6L� IRU� WKH� WZR� OLPLWLQJ

FDVHV�� IXOO\� UHOD[HG� DQG� IXOO\� VWUDLQHG
6L���±\*H���&\�OD\HU���,Q� WKH�ILUVW�FDVH� �H�[��\�� ����\� ��������
DFFRUGLQJ� WR�(T������Z6L±6L� �������FPÜ��� ,Q
WKH�VHFRQG�FDVH��WKH�VXEVWLWXWLYH�FDUERQ�FRQ�
WHQW� ZDV� VXSSRVHG� WR� EH� ���� �� DW� WKH
6L�±[±\*H[&\�6L�LQWHUIDFH�DQG��������������

)LJ����� $)0� LPDJH� RI� WKH� 6L���±\*H���&\� OD\HU� VXUIDFH� �D�� DQG� FRUUHVSRQGLQJ� VXUIDFH� URXJKQHVVSURILOH� �E���$)0�LPDJHV�RI�WKH�6L���±\*H���&\� �F��DQG�6L���±\*H���&\� �G��VXUIDFHV�LQ�FUDWHUV�QHDU�WKHVXEVWUDWH�

)LJ����� 5DPDQ� VSHFWUD� RI� WKH� DV�JURZQ
6L���±\*H���&\�6L� ���� DQG� 6L���±\*H���&\�6L� ���OD\HUV�� 7KH� DVWHULVNV� GHQRWH� WKH� $U�� SODVPD
OLQHV�

0�<D�9DODNK�HW�DO����6WUDLQ�UHOD[DWLRQ�LQ�WKLQ����
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DQG� ���� �� LQ� WKH� WKUHH� XSSHU� VXEOD\HUV�
7KH� DYHUDJH� ODWWLFH� SDUDPHWHU� YDOXHV� IRU
VXEOD\HUV�ZLWK�GLIIHUHQW�FDUERQ�FRQFHQWUDWLRQ
ZHUH�GHWHUPLQHG�DFFRUGLQJ�WR�9HJDUG�ODZ��
D6L*H&� ������[���\����D6L���[���D*H���\���D&�������
,Q�(T������D&�ZDV�DVVXPHG�WR�EH�HTXDO�WRGLDPRQG� ODWWLFH� SDUDPHWHU�� ZKLFK� LV� WKH

EHVW� ILW�RI� WKH�9HJDUG� ODZ�WR� WKH�UHDO� VLWX�
DWLRQ� >�@�� 7KH� VWUDLQ� YDOXHV� WKDW� HTXDO� WR
WKH� ODWWLFH� PLVILW� DW� WKH� DEVHQFH� RI� SODVWLF
UHOD[DWLRQ�ZHUH�GHWHUPLQHG�IURP�(T�����IRU
HDFK�RI�WKH�IRXU�VXEOD\HUV��)LJ���È��DQG�DUH
OLVWHG�LQ�7DEOH��)RU�WKH�IXOO\�VWUDLQHG�LQWHU�
IDFLDO� VXEOD\HU� ZLWK� \� �������� DFFRUGLQJ
WR� (T������ Z6L±6L� �������FPÜ��� 7KH� H[SHUL�
PHQWDO� YDOXH� ������ FPÜ�� LV� PXFK� VPDOOHU
DQG� UHYHDOV� D� VLJQLILFDQW� SODVWLF� UHOD[DWLRQ
RI� WKH� OD\HU�� 7KH� SODVWLF� UHOD[DWLRQ� GHJUHH
G�IRU�WKH�6L�±[±\*H[&\�VXEOD\HUV�ZDV�TXDQWL�WDWLYHO\�HVWLPDWHG�DV�>��@

G� �H[\���HH[SHUH[\
��� ���

ZKHUH� H[\� LV� WKH� �FDOFXODWHG�� VWUDLQ� LQ� WKH6L�±[±\*H[&\� VXEOD\HU� GXH� WR� LWV� PLVILW� WR
WKH� VXEVWUDWH� �7DEOH��� HH[SHU�� WKH� VWUDLQ� GH�
ULYHG�IURP�WKH�H[SHULPHQWDO�Z6L±6L�YDOXHV�LQWKH� 5DPDQ� VSHFWUXP� E\� VROYLQJ� HTXDWLRQ
�����Ü�����������\Ü����HH[SHU� ������� �FPÜ
���� %\� VXEVWLWXWLQJ� H[\� DQG� HH[SHU� IRU6L�����*H���&������ LQWR� (T������ ZH� REWDLQHG
WKH�YDOXH�RI�G� �������7KHUHIRUH��WKH�LQ�VLWX
GRSLQJ�RI�6L���*H����OD\HU�ZLWK�WKH�LQGLFDWHGFDUERQ� FRQFHQWUDWLRQ� UHGXFHV� WKH� OD\HU� ODW�
WLFH�PLVILW� WR� WKH� VXEVWUDWH�� EXW� VLPXOWDQH�
RXVO\�D�VLJQLILFDQW��������SODVWLF�UHOD[DWLRQ
RFFXUV��7KH�UHDO�G�YDOXH�FDQ�EH�HYHQ�KLJKHU
EHFDXVH� QRW� DOO� FDUERQ� DWRPV� DUH� LQFRUSR�
UDWHG� VXEVWLWXWLRQDOO\� DQG� FRQWULEXWH� WR� UH�
OD[DWLRQ��DV�ZDV�VXSSRVHG�LQ�FDOFXODWLRQV�

,W�VKRXOG�EH�QRWHG�WKDW�WKH�H[SHULPHQWDO
5DPDQ�EDQG��)LJ�����FXUYH����LV�DV\PPHWULF
KDYLQJ� D� IXOO� ZLGWK� DW� KDOI� PD[LPXP

�):+0��RI� DERXW��� WLPHV� ODUJHU� WKDQ� WKDW
RI� WKH�6L� VXEVWUDWH��6XFK�D� EDQG� VKDSH� FDQ
EH�FDXVHG�E\�FRQWULEXWLRQV�IURP�WKH�VXEOD\�
HUV�ZLWK�GLIIHUHQW�G�DQG�RU�KLJK�GHQVLW\�RI
VWUXFWXUDO�GHIHFWV��7R�PDS�WKH�VWUDLQ�GLVWUL�
EXWLRQ�RYHU� WKH�ZKROH�6L�±[±\*H[&\� OD\HU��DZHGJH�OLNH�VDPSOH�ZDV�SUHSDUHG�E\�LRQ�VSXW�
WHULQJ� �)LJ���E��� 7KH� UHODWLYH� LQWHQVLW\� RI
WKH� HSLOD\HU�UHODWHG� 5DPDQ� SHDN� GHFUHDVHV�
ZKHQ�JRLQJ�IURP�SRLQW��� WR�SRLQW���RQ� WKH
ZHGJH�OLNH� VDPSOH�� DQG� WKH� Z6LÜ6L� VKLIWVVOLJKWO\�WR�ORZHU�IUHTXHQFLHV��)LJ�����FXUYHV
�Ü����7KH�):+0�RI�WKH�5DPDQ�SHDN�LV�WKH
VDPH� IRU� DOO� VXEOD\HUV� ZKDW� LV� DQ� HYLGHQFH
RI� WKH� REVHUYHG� SHDN� EURDGHQLQJ� WR� EH
FDXVHG�E\�VWUXFWXUDO�GHIHFWV�DQG�VLJQLILFDQW
ORFDO�VWUDLQV��,QGHHG��LW�ZDV�VKRZQ�LQ�>�����@
WKDW�� GHVSLWH� WKH� PDFURVFRSLF� VWUDLQ� LQ
6L�±[±\*H[&\� OD\HU� FDQ� EH� FRPSOHWHO\� HOLPL�QDWHG� E\� DQ� DSSURSULDWH� FKRLFH� RI� FDUERQ
FRQFHQWUDWLRQ�� D� KLJK� ORFDO� VWUDLQ� DURXQG
WKH�FDUERQ�DWRPV�UHPDLQV��

)RU� WKH� VDPSOH� ZLWK� WKH� ORZHU�*H� FRQ�
WHQW��6L���±\*H���&m���WKH�FDOFXODWHG�YDOXH�RIZ6L±6L� �������FPÜ�� DOPRVW� FRLQFLGHV� ZLWK
WKH�H[SHULPHQWDO�YDOXH�RI�������FPÜ���)LJ����
FXUYH�����7KXV��QR�SODVWLF�UHOD[DWLRQ�RFFXUV
LQ�WKLV�FDVH�EHFDXVH�RI�WKH�VXEFULWLFDO� OD\HU
WKLFNQHVV�IRU�WKH�JLYHQ�[�>��@��DQG�WKH�SUHV�

)LJ�����5DPDQ�VSHFWUD�WDNHQ�IURP�WKH�SRLQWV
��� ��� ��� �� RQ� WKH� 6L���±\*H���&\� ZHGJH�OLNHVWUXFWXUH�RI�)LJ����
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HQFH� RI� FDUERQ� DWRPV� IXUWKHU� UHGXFHV� WKH
PLVPDWFK��7KLV� FRQFOXVLRQ�ZDV� DGGLWLRQDOO\
FRQILUPHG� E\�$)0�PHDVXUHPHQWV��7KH� FUD�
WHUV� SHQHWUDWLQJ� WKH� ZKROH� 6L���±\*H���&\OD\HU� ZHUH� PDGH� E\� LRQ� VSXWWHULQJ�� 7KH
$)0�LPDJHV�IURP�WKH�QHDU�LQWHUIDFH�UHJLRQV
RI�WKH�VWUXFWXUH�UHYHDO�WKH�DEVHQFH�RI�FURVV�
KDWFKHV�� ZKLOH� FKDLQV� RI� LVODQGV� �)LJ���°�
ZHUH�REVHUYHG�EHLQJ�PRVW�OLNHO\�FDUERQ�SUH�
FLSLWDWHV�� )RU�6L���±\*H���&\� OD\HU�� WKH� GHQ�VLW\� RI� WKH� LVODQGV� ZDV� PXFK� ORZHU�� DO�
WKRXJK� WKHLU� VL]H� ZDV� ODUJHU� �)LJ���G��
0RUHRYHU��WKH�FURVV�KDWFK�QHWZRUN��)LJ���G�
HYLGHQFLQJ� D� KLJK� 0'� GHQVLW\� LQ� WKH
6L���±\*H���&\�VWUXFWXUH�2QH� RI� WKH� PRVW� LPSRUWDQW� IHDWXUHV� RI
6L�±[±\*H[&\� LV� LWV� WKHUPDO� VWDELOLW\�� 7KHWHPSHUDWXUH� HIIHFW� RQ� WKH� OD\HU� VWUXFWXUH
ZDV� VWXGLHG� E\� DQQHDOLQJ� WKH� VDPSOHV� DW
WHPSHUDWXUHV� IURP� ���� WR� �����&� GXULQJ
���PLQ�LQ�1��DWPRVSKHUH��7KH�5DPDQ�VSHF�WUD� RI� WKH� DV�JURZQ� DQG� DQQHDOHG� VDPSOHV
ZLWK�[� �����DUH� VKRZQ� LQ�)LJ�����7KH� WHP�
SHUDWXUH�LQGXFHG�VWUDLQ�UHOD[DWLRQ�LV�VHHQ�WR
VWDUW� DW�����&� �FXUYH�����PDQLIHVWLQJ� LWVHOI
LQ� WKH� ORZ�IUHTXHQF\� VKLIW� DQG� EURDGHQLQJ
RI� WKH� 5DPDQ� EDQG�� )RU� WKH� VDPSOH� DQ�
QHDOHG� DW� ����&� �FXUYH� ���� WKH� 6L±6L� EDQG
DSSHDUV� DV� D� VXSHUSRVLWLRQ� RI� WZR� SHDNV� DW
���� DQG� ���� FPÜ��� 7KH� ORZHU�IUHTXHQF\
PD[LPXP� FRUUHVSRQGV� WR� WKH� IXOO\� UHOD[HG
6L���*H���&\�DOOR\�DQG�LV�REYLRXVO\�UHODWHG�WRWKH�QHDU�LQWHUIDFH� OD\HU�ZLWK�\� �������DQG
WKH�QH[W�RQH�ZLWK�\� ��������7ZR�XSSHU�OD\�
HUV� UHPDLQ�SDUWLDOO\� VWUDLQHG� DQG� FDXVH� WKH
SHDN�DW�����FPÜ���:H�H[SODLQ�WKH�REVHUYHG
GRXEOHW� VWUXFWXUH� RI� WKH�6L±6L� 5DPDQ� EDQG
DV� IROORZV��$V� WKH� ODUJHVW� ODWWLFH�PLVPDWFK
WDNHV� SODFH� EHWZHHQ� WKH� �LQWHUIDFLDO�
VXEOD\HU� ,� DQG� WKH� VXEVWUDWH� DQG� EHWZHHQ
WKH�VXEOD\HUV�,,�DQG�,,,��7DEOH���WKH�DQQHDO�
LQJ�DW�WHPSHUDWXUHV�QRW�H[FHHGLQJ�����&�LQ�
LWLDWHV� 0'V� PDLQO\� DW� WKH� 6L*H&�6L� LQWHU�
IDFH��DQG�WKLV�KHOSV�WKH�VWUDLQ�UHOD[DWLRQ�RI
WKH� 6L*H&� OD\HU� DV� D� ZKROH�� $QQHDOLQJ� DW
����&�OHDGV�WR�D�VXEVWDQWLDO� LQFUHDVH�RI�WKH
0'� GHQVLW\� DW� WKH� LQWHUIDFH� EHWZHHQ� WKH
VXEOD\HUV�,,�DQG�,,,��$V�D�UHVXOW��WKH�VXEOD\�
HUV� ,� DQG� ,,� UHOD[� FRPSOHWHO\�ZKLOH� ,,,� DQG
,9� RQHV� UHPDLQ� SDUWLDOO\� VWUDLQHG� ZKDW� LV
UHYHDOHG�LQ�WKH�VWUXFWXUH�RI�WKH�5DPDQ�EDQG
�)LJ�����FXUYH�����$V�D�OLPLWLQJ�FDVH�RI�VXFK
D�NLQG�RI�VWHSZLVH�GRSLQJ��D�VWUXFWXUH�ZLWK
RQO\� WZR� VXEOD\HUV�GLIIHULQJ� LQ�FDUERQ�FRQ�
WHQW�FDQ�EH�REWDLQHG��ZLWK�XSSHU�OD\HU�EHLQJ
SDUWLDOO\�VWUDLQHG�DQG�WKH�ORZHU�RQH��ZLWK�D
KLJKHU� &� FRQWHQW�� FRPSOHWHO\� UHOD[HG�� 7KH
IUHTXHQF\�SRVLWLRQ�RI�WKH�6L±6L�EDQG�IRU�WKH
VDPSOHV�DQQHDOHG�DW������&��)LJ�����FXUYH���

UHYHDOV� WKH� IXOO� UHOD[DWLRQ� RI� WKH� ZKROH
6L�±[±\*H[&\�OD\HU��,Q�FRQFOXVLRQV��WKH�SRVVLELOLW\�WR�REWDLQ�D
KHWHURV\VWHP� FRQVLVWLQJ� RI� WKH� XSSHU� SDU�
WLDOO\�VWUDLQHG�DQG�WKH�ORZHU�UHOD[HG�VXEOD\�
HUV�E\�VWHSZLVH�LQ�VLWX�GRSLQJ�RI�6L*H�OD\HUV
E\� FDUERQ� ZDV� GHPRQVWUDWHG�� 7KH� VXUIDFH
TXDOLW\� RI� WKH� DV�JURZQ� VWUXFWXUHV� LV� YHU\
KLJK�� ZLWK� WKH� VXUIDFH� URXJKQHVV� QRW� H[�
FHHGLQJ���QP��7KH� VWUDLQ� UHOD[DWLRQ�GHJUHH
LQ� WKH� DV�JURZQ� OD\HUV� ZDV� HVWLPDWHG� IURP
WKH� 5DPDQ� VSHFWUD� DV� ��� �� IRU
6L���±\*H���&\� DQG� ]HUR� IRU� 6L���±\*H���&\�7KH� 6L���±\*H���&\� OD\HU� ZDV� VKRZQ� WR� EHVWDEOH� WR� DQQHDOLQJ�XS� WR� ����&��0RUHRYHU�
WKH�VWUDLQ�UHOD[HV�GXULQJ�DQQHDOLQJ�QRW�KR�
PRJHQRXVO\�RYHU�WKH�ZKROH�VWUXFWXUH�EXW�LQ
D� OD\HU�E\�OD\HU� ZD\�� 7KH� VHJUHJDWLRQ� RI
FDUERQ� DWRPV� LV� REVHUYHG� IRU� ERWK� W\SHV� RI
DV�JURZQ� 6L�±[±\*H[&\� OD\HUV� LQ� WKH� QHDU�VXEVWUDWH�UHJLRQV����
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