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0XOWLOD\HU�WDSHV�FRQWDLQLQJ�1E±7L�����DQG����ZW�����DOOR\�OD\HUV�VHSDUDWHG�E\�QLRELXP

OD\HUV�KDV�EHHQ�LQYHVWLJDWHG��7KH�WKLFNQHVV�RI�OD\HUV�ZDV�IURP�a����WR����QP��7KH�WDSHV
ZHUH�SURGXFHG�E\�WKH���F\FOH�UROOLQJ�RI�WKH�PXOWLOD\HUHG�SDFNHWV��7KH�HIIHFWLYH�SLQQLQJ�RI
WKH�YRUWLFH�WKUHDGV�ZDV�RFFXUUHG�DW�WKH�LQWHUOD\HU�1E�1E7L�ERXQGDULHV��7KH�VHFRQG�FULWLFDO
PDJQHWLF�ILHOG�KDV�EHHQ�IRXQG�WR�GHFUHDVH�ZLWK�GHFUHDVLQJ�WKLFNQHVV�RI�WKH�OD\HUV��$W�VPDOO
OD\HU� WKLFNQHVV�� LWV� YDOXH�GHSHQGHG� RQ� WKH� WDSH� UROOLQJ�SODQH� RULHQWDWLRQ�ZLWK� UHVSHFW� WR
H[WHUQDO�PDJQHWLF�ILHOG��7KH�UHVXOWV�DUH�H[SODLQHG�E\�WKH�SUR[LPLW\�HIIHFW�
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���,QWURGXFWLRQ
,Q� WKH� PL[HG� VWDWH� RI� W\SH� ,,� VXSHUFRQ�

GXFWRUV��D�PDJQHWLF�ILHOG�FDQ�SHQHWUDWH�LQWR
D� VDPSOH� DV� TXDQWXP� YRUWLFH� WKUHDGV�� 7KH
YRUWLFHV� KDYH� D� QRUPDO� FRUH� ZLWK� D� UDGLXV
DERXW� FRKHUHQFH� OHQJWK� [� DQG� H[WHQG� DORQJ
WKH� PDJQHWLF� ILHOG� GLUHFWLRQ�� $URXQG� WKH
YRUWLFHV��D�VXSHUFRQGXFWLQJ�FXUUHQW�IORZV�LQ
DUHD�ZLWK�D�UDGLXV�DERXW�WKH�PDJQHWLF�ILHOG
SHQHWUDWLRQ�GHSWK�O�ZKLFK�FDQ�H[FHHG�[�FRQ�
VLGHUDEO\�

$� /RUHQW]� IRUFH� DFWV� RQ� WKH� YRUWLFHV
ZKHQ� DQ� HOHFWULF� FXUUHQW� IORZV� WKURXJK� VX�
SHUFRQGXFWRU�� 7KH� YRUWLFHV� VKRXOG� VWDUW� WR
PRYH�DW�DQ�LQGHILQLWHO\�VPDOO�/RUHQW]�IRUFH
LQ� D� VXSHUFRQGXFWRU� IUHH� RI� VWUXFWXUDO� GH�
IHFWV� WKDW� UHVXOWV� LQ� HQHUJ\� GLVVLSDWLRQ�� VR

WKH� VXSHUFRQGXFWRU� ORVHV� WKH� SRVVLELOLW\� WR
FRQGXFW�WKH�HOHFWULF�FXUUHQW��+RZHYHU��WKHUH
DUH�VWUXFWXUDO�GHIHFWV� LQ�DQ\�UHDO�VXSHUFRQ�
GXFWRUV� DW� ZKLFK� WKH� YRUWLFHV� DUH� SLQQHG�
7KH� SLQQLQJ� HIILFLHQF\� GHSHQGV� RQ� WKH� VL]H
DQG�FKDUDFWHU�RI�GHIHFWV��7KH�PRVW�HIIHFWLYH
SLQQLQJ� FHQWHUV� FDSDEOH� WR� SURYLGH� D� KLJK
FULWLFDO�FXUUHQW�GHQVLW\�MF�LQ�D�VXSHUFRQGXF�WRU� DUH� QRUPDO�PHWDO� LQFOXVLRQV� RI� WKH� VL]H
DERXW�[��6PDOOHU�GHIHFWV��VXFK�DV�YDFDQFLHV�
VLQJOH� DWRP�GHIHFWV� HW� DO��� DUH�QRW� WKH�HIIL�
FLHQW�SLQQLQJ�FHQWHUV�

7KHRUHWLFDO� FRQVLGHUDWLRQ� RI� WKH� LQWHUDF�
WLRQ�EHWZHHQ�WKH�YRUWLFHV�DQG�WKH�VXSHUFRQ�
GXFWRU� VXUIDFH� KDV� VKRZQ� WKDW� WKH� ERUGHUV
RI� VXSHUFRQGXFWRU� OD\HUV� DUH� WKH� HIIHFWLYH
SLQQLQJ� FHQWHUV� >�@�� 7KHUHIRUH�� D� OD\HUHG
VWUXFWXUH� ZKHUH� VXSHUFRQGXFWLQJ� OD\HUV� DO�
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WHUQDWH�ZLWK� WKRVH� RI� D� GLHOHFWULF� RU� D�QRU�
PDO� � PHWDO� DUH� FDSDEOH� WR� FDUU\� D� UDWKHU
KLJK� VXSHUFRQGXFWLQJ� FXUUHQW� RI� DERXW
����$�FP��

,Q�RXU�SUHYLRXV�ZRUN�>�@��VXFK�D�OD\HUHG
VWUXFWXUH� KDV� EHHQ� UHDOL]HG� LQ�PXOWLOD\HUHG
&X�1E� FRPSRVLWHV� ZKHUH� QLRELXP� OD\HUV� DO�
WHUQDWH�ZLWK� FRSSHU� RQHV��0HDVXUHPHQWV� LQ
���Ü���� 7�PDJQHWLF� ILHOGV� KDYH� VKRZQ� WKDW
LQ� FDVH� RI� SDUDOOHO� RULHQWDWLRQ� RI� WKH� PDJ�
QHWLF� ILHOG� DQG� WKH� OD\HU� SODQH�� MF� LV� ���WLPHV�KLJKHU� WKDQ�DW� WKH�SHUSHQGLFXODU�RUL�
HQWDWLRQ�>�@��7KH�ODUJH�DQLVRWURS\�RI�FULWLFDO
FXUUHQW� GHQVLW\� WHVWLILHV� WR� WKH� YRUWH[� SLQ�
QLQJ� RQ� H[WHQGHG� IODW� FRSSHU�QLRELXP� EXQ�
GDULHV��)XUWKHU�VLPLODU�UHVXOWV�KDYH�EHHQ�RE�
WDLQHG� LQ� PXOWLOD\HUHG� WDSHV� ZLWK� VXSHUFRQ�
GXFWLQJ�QLRELXP�WLWDQLXP�DOOR\�OD\HUV�>����@�

7KH� FULWLFDO� FXUUHQW� GHQVLW\� MF� LQFUHDVHVZLWK� WKH� OD\HU� WKLFNQHVV� UHGXFWLRQ� EHFDXVH
RI� LQFUHDVLQJ� GHQVLW\� RI� ERXQGDULHV� EHLQJ
WKH�SLQQLQJ�FHQWHUV��+RZHYHU��LQ�WKH�PXOWL�
OD\HUHG�WDSHV�ZLWK�YHU\�VPDOO�OD\HU�WKLFNQHVV
�Gd��� QP��� MF� H[FHHGHG� WKDW� LQ� WKRVH� RI� DJUHDWHU� WKLFNQHVV� RQO\� LQ� UDWKHU� VPDOO� PDJ�
QHWLF�ILHOGV�+�����7��,Q�KLJKHU�ILHOGV�+�!���7�
WKH�MF�YDOXH�IRU�WKH�PXOWLOD\HUHG�WDSHV�ZLWK
Gd��� QP� GHFUHDVHV� VKDUSO\� �)LJ�� ��E�� DQG
EHFRPHV�ORZHU�WKDQ�WKDW�LQ�WKH�PXOWLOD\HUHG
WDSHV� ZLWK� WKLFNHU� OD\HUV� RI� G|��Ü����QP
�)LJ����D��� 7KH� VKDUS� MF� UHGXFWLRQ� LQ� WKHKLJK� ILHOGV�+�!���7�PD\�EH�FRQQHFWHG�ZLWK
WKH� UHGXFWLRQ� RI� VHFRQG� FULWLFDO� PDJQHWLF
ILHOG� +F�� RI� WKH� PXOWLOD\HUHG� WDSHV� ZLWK
WKLQ�OD\HUV�G|���QP��,Q�RUGHU�WR�YHULI\�WKLV
DVVXPSWLRQ�� ZH� KDYH� PHDVXUHG� WKH� VHFRQG
FULWLFDO� ILHOG�+F�� RI� WKH�PXOWLOD\HUHG� WDSHVFRQWDLQLQJ� WKH�PLQLPDO� DQG� PD[LPDO� QXP�
EHU�RI�OD\HUV����

���7KH�VWXG\�REMHFW
6WXGLHG� ZHUH� PXOWLOD\HUHG� &X�1E�1E7L

WDSHV�ZKHUH�WKH�OD\HUV�RI�1E����DQG����ZW���
7L� DOOR\V� RI� QDQR�GLPHQVLRQDO� WKLFNQHVV� DO�
WHUQDWH� ZLWK� QLRELXP� OD\HUV�� &RSSHU� ZDV
FRQWDLQHG� LQ� WKH� FRPSRVLWH� DV� WZR� H[WHUQDO
OD\HUV�

7KH� WDSHV�ZHUH� SUHSDUHG�XVLQJ� VWDJH�E\�
VWDJH� UROOLQJ� >�@�� (DFK� VWDJH� LQFOXGHG� WKH
DVVHPEOLQJ�RI�D�PXOWLOD\HUHG�SDFNHW��LWV�KRW
UROOLQJ� DQG� IROORZLQJ� UROOLQJ� DW� URRP� WHP�
SHUDWXUH��$W�WKH�ILUVW�VWDJH��WKH�SDFNHW�ZDV
FROOHFWHG� IURP� QLRELXP� DQG� DQ� DOOR\� IRLOV�
7R� REWDLQ� D� VHW� RI� PXOWLOD\HUHG� WDSHV� ZLWK
YDULRXV�WKLFNQHVV�RI�VHSDUDWH�OD\HUV��WKH�LQ�
LWLDO�SDFNHWV�DUH�IRUPHG�RI�YDULRXV�QXPEHUV
RI� QLRELXP� DQG� D� QLRELXP�WLWDQLXP� DOOR\
IRLOV�� )RU� H[DPSOH�� IRU� FRPSRVLWH
&X�1E�1E��7L� ZLWK� WKH� PLQLPDO� QXPEHU� RI
OD\HUV������QLRELXP������WKH�DOOR\��WKXV��ZLWK
WKHLU� PD[LPDO� WKLFNQHVV�� WKH� QXPEHU� RI� 1E
IRLOV�ZDV����WKH�QXPEHU�RI�DOOR\�RQHV�����)RU
D� WDSH� ZLWK� WKH�PD[LPDO� QXPEHU� RI� OD\HUV
������ Û� 1E�� ����� Û� DQ� DOOR\�� DQG� WKHLU
PLQLPDO�WKLFNQHVV��WKH�LQLWLDO�QXPEHU�RI�1E
IRLOV�ZDV�����WKH�QXPEHU�RI�DOOR\�IRLOV�����
$W� WKH� VHFRQG� VWDJH�� WKH� SDFNHW� ZDV� FRO�
OHFWHG� IURP� �� DQG� ���PXOWLOD\HUHG� IRLOV� RI
RI�����PP�WKLFNQHVV�REWDLQHG�DIWHU�WKH�ILUVW
VWDJH��$W� WKH� WKLUG� VWDJH�� WKH� SDFNHWV� FRQ�
VLVWHG� RI� ��� PXOWLOD\HUHG� WDSHV� REWDLQHG
DIWHU�WKH�VHFRQG�VWDJH��DQG�FRSSHU�IRLOV�IRU
ERWK� FRPSRVLWHV��7R� ILQLVK� WKH� WKLFNQHVV�RI
QLRELXP�DQG�DOOR\�OD\HUV�WR�a��DQG�a����QP�
UHVSHFWLYHO\�� WKH� &X�1E�1E��7L� FRPSRVLWH
ZLWK� WKH� PD[LPDO� QXPEHU� RI� OD\HUV� ZDV
UROOHG� DGGLWLRQDOO\� GRZQ� WR� ����� DQG
������PP�WKLFNQHVV�

)LJ����D� VKRZV� WKH� FURVV�VHFWLRQ� PLFUR�
VWUXFWXUH� RI� WKH�PXOWLOD\HUHG� WDSH� FRQWDLQ�
LQJ� ����� QLRELXP� OD\HUV� DQG� ����� 1E�

)LJ�����'HSHQGHQFHV� MF�+�� IRU�&X�1E�1E��7L� FRPSRVLWHV�DW� ����.��D� DQG�E�� WKH�1E� DQG� DOOR\� OD\HU
WKLFNQHVV�a���DQG�a����QP��a��DQG�a���QP��UHVSHFWLYHO\�
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���ZW��7L� RQHV�� 7KH� VHFWLRQ� LV� DUUDQJHG
DORQJ� WKH� UROOLQJ� GLUHFWLRQ�� 8QGHU� UDVWHU
HOHFWURQ�PLFURVFRSH��WKH�QLRELXP�OD\HUV�ORRN
DV�OLJKW�VWULSV��WKH�DOOR\�RQHV�DUH�GDUN��7KH
PLFURVWUXFWXUH� SKRWR� �)LJ����� E� DQG� F�� RE�
WDLQHG� XVLQJ� WUDQVPLVVLRQ� HOHFWURQ� PLFURV�
FRS\� VKRZV� WKDW� WKH� OD\HUV� DUH� QRW� LQWHU�
PL[HG� DIWHU� FROG� GHIRUPDWLRQ� DQG� ORZ�WHP�
SHUDWXUH�DQQHDOLQJ��7KH�HVWLPDWHG�WKLFNQHVV
RI� OD\HUV� LQ� WKLV� WDSH� GLG� QRW� H[FHHG
���� QP�� DQG� LQ� PRVW� FDVHV� DPRXQWHG� ��Ü
���QP� WKDW� FRUUHVSRQGHG�ZHOO� WR� WKH� FDOFX�
ODWHG�WKLFNQHVV�RI�QLRELXP�DQG�DOOR\�OD\HUV�

���0HDVXUHPHQW�RI�WKH�VHFRQG
FULWLFDO�PDJQHWLF�ILHOG

7KH� VHFRQG� FULWLFDO� PDJQHWLF� ILHOG� +F�ZDV� GHWHUPLQHG� H[SHULPHQWDOO\� E\� PHDVXU�
LQJ�+F��QHDU�WKH�FULWLFDO�WHPSHUDWXUH�7F�>�@�WKDW�LV��DW�IL[HG�YDOXHV�RI�PDJQHWLF�ILHOG�+
SURGXFHG� E\� D� VXSHUFRQGXFWLQJ� VROHQRLG�
7KH� PHDVXULQJ� FXUUHQW� ZDV� DERXW� �� P$�
7KH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH
ZDV� PHDVXUHG� XVLQJ� SRVLWLRQV� RI� WKH� UHVLV�
WLYH�WUDQVLWLRQV�VKRZQ�LQ�)LJ�����7KH�+F��7�GHSHQGHQFH� ZDV� IXUWKHU� SORWWHG�� EHLQJ� OLQ�
HDU�QHDU� WKH� FULWLFDO� WHPSHUDWXUH��7KHQ� WKH
VORSH� �ÜG+F��G7�7 7F� ZDV� FDOFXODWHG�� 7KHVHFRQG� FULWLFDO� PDJQHWLF� ILHOG� ZDV� IRXQG
XVLQJ� WKH� IRUPXOD� +F����� �����7F�ÜG+F��G7�7 7F� >�@�� 7KH� +F�� DW� ���� .DPRXQWV�a�����RI�WKH�+F��YDOXH�DW���.��7KHVHFRQG� FULWLFDO� ILHOG� +F��� DV� ZHOO� DV� WKHFULWLFDO� FXUUHQW� �VHH� )LJ����� ZDV� PHDVXUHG
ERWK� DW� SHUSHQGLFXODU� ��� DQG���� DQG� SDUDOOHO
��� DQG���� RULHQWDWLRQV� UROOLQJ� SODQH�ZLWK� UH�
VSHFW�WR�WKH�PDJQHWLF�ILHOG�GLUHFWLRQ��)LJ�����
�

���([SHULPHQWDO�UHVXOWV
7KH�GDWD�RI�PHDVXUHPHQWV�DV�ZHOO�DV�WKH

�ÜG+F��G7�7 7F� DQG�+F�� �����.��YDOXHV�DUHVXPPDUL]HG�LQ�WKH�7DEOH��,Q�WKH�WKUHH�XSSHU

)LJ�����&URVV�VHFWLRQ�PLFURVWUXFWXUH�RI�PXOWLOD\HUHG�&X�1E�1E��7L�WDSHV��D��UDVWHU�HOHFWURQLF�PLFURV�
FRS\��XQDQQHDOHG��E�DQG�F��WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�DIWHU�DQQHDOLQJ�DW�����&�IRU���K�

)LJ����� 6XSHUFRQGXFWLQJ� WUDQVLWLRQV� RI� WKH
&X�1E�1E��7L�FRPSRVLWH�PHDVXUHG�E\�D�UHVLV�
WLYH�PHWKRG�DW�WKH�PHDVXULQJ�FXUUHQW�a��P$
DW�GLIIHUHQW�YDOXHV�RI�WKH�PDJQHWLF�ILHOG�SHU�
SHQGLFXODU� WR� UROOLQJ� SODQH� �IURP� ULJKW� WR
OHIW��������������������������DQG���7��$QQHDO�
LQJ������&�IRU���K�

)LJ�����'HSHQGHQFHV�+F��7�� IRU�&X�1E�1E��7LFRPSRVLWHV� DW� SHUSHQGLFXODU� ��� DQG� ��� DQG
SDUDOOHO� ��� DQG� ��� UROOLQJ� SODQH� RULHQWDWLRQV
UHODWLYH�WR�PDJQHWLF�ILHOG�GLUHFWLRQ����DQG���
DIWHU� FROG� GHIRUPDWLRQ�� �� DQG� ��� DIWHU� FROG
GHIRUPDWLRQ� DQG� DQQHDOLQJ� DW� ����&� IRU
���� K�� 7KH� WDSH� WKLFNQHVV� ����� PP�� 6HH
7DEOH��OLQHV���DQG���
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OLQHV�RI�WKH�7DEOH��ZH�FRPSDUH�WKH�PHDVXUH�
PHQW� UHVXOWV� IRU� &X�1E�1E��7L� FRPSRVLWHV
KDYLQJ� GLIIHUHQW� WKLFNQHVV� RI� OD\HUV�� 7KH
IROORZLQJ� OLQHV�SUHVHQW� WKH�GDWD� IRU�D��VLQ�
JOH�OD\HUHG�� WDSH� RI� 1E�����7L� DOOR\� ����
&X�1E��7L�1E��7L� FRPSRVLWH� ���� DQG
&X�1E�1E��7L� FRPSRVLWHV� KHDW� WUHDWHG� LQ
YDULRXV�PDQQHUV������7KH�QXPEHU�RI�����QP
WKLFN�1E�����7L�OD\HUV�LQ�&X�1E��7L�1E��7L
FRPSRVLWH� ZDV� ������� WKXV� DSSUR[LPDWHO\
FRUUHVSRQGHG� WR� WKH� WRWDO� QXPEHU� RI� QLR�
ELXP�DQG�DOOR\�OD\HUV�LQ�&X�1E�1E��7L�FRP�

SRVLWH��7KH�FRPSRVLWH�&X�1E�1E��7L�DUH�VXE�
MHFWHG� WR� ORZ� WHPSHUDWXUH� DQQHDOLQJ� DIWHU
WKH� GHIRUPDWLRQ� DW� WKH� URRP� WHPSHUDWXUH
DQG� DIWHU� KHDW� WUHDWPHQW� DW� ����&��$OO� WKH
VDPSOHV�KDG�DSSUR[LPDWHO\�LGHQWLFDO�FULWLFDO
WHPSHUDWXUHV� LQ� ]HUR� PDJQHWLF� ILHOG�� )RU
&X�1E�1E��7L� FRPSRVLWH�ZLWK� OD\HUV�RI�1E±7L
DOOR\� RI� PLQLPDO� ������ QP�� WKLFNQHVV�� DQ�
LVRWURS\�RI�VHFRQG�FULWLFDO�ILHOG�ZLWK�UHVSHFW
WR� WKH� RULHQWDWLRQ� RI� OD\HUV� LQ� PDJQHWLF
ILHOG�ZDV�REVHUYHG��7KH�VORSH�RI�+F��7��GH�SHQGHQFH� DQG� FRQVHTXHQWO\� +F������ 7��� DWWKH� UROOLQJ� SODQH� RULHQWDWLRQ� SHUSHQGLFXODU

)LJ�����'HSHQGHQFHV�+F��7��IRU�&X�1E�1E��7L�FRPSRVLWHV�ZLWK�WKH�DOOR\�OD\HU�WKLFNQHVV������D��DQG���QP��E��DW�SDUDOOHO�����DQG�SHUSHQGLFXODU�����UROOLQJ�SODQH�RULHQWDWLRQV�UHODWLYH�WR�PDJQHWLF�ILHOG
GLUHFWLRQ��$QQHDOLQJ������&����K�

7DEOH��5HVXOWV�RI�+F��PHDVXUHPHQWV�QHDU�7F

6DPSOH�FKDUDFWHULVWLF
�ÜG+F��G7�7 7F��7�. +F������.���7
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SODQH

+�__�UROOLQJ
SODQH +�A�UROOLQJ

SODQH
+�__�UROOLQJ
SODQH�
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�������������QP�
����&X�1E�1E��7L�XQDQQHDOHG ���� ���� ��� ����

���7KH�VDPH�DV�1R���EXW�DQQHDOHG�DW
�������&����K ���� ���� ��� ����

�������PP�WKLFN�WDSH�RI�1E�����7L�DOOR\
���XQDQQHDOHG ���� ���� ���� ����

���a������OD\HUV�����QP�&X�1E��7L�1E��7L
���$QQHDO�����&����K ���� ���� ���� ����

����������������QP
���&X�1E�1E��7L�XQDQQHDOHG ���� ���� ���� �����

���7KH�VDPH�DQQHDOHG�DW�����&������K ���� ���� ��� ����
���7KH�VDPH�DQQHDOHG�DW�����&����K ���� ���� ��� ����
���7KH�VDPH�DQQHDOHG�DW�����&��
�����K�������&������K ���� ���� ��� ����

����7KH�VDPH�DQQHDOHG�DW�����&������K ���� ���� ��� ����
����������������QP
����&X�1E�1E��7L�DQQHDOHG�����&������K ���� ���� ��� ����

9�3�.RU]KRY�HW�DO����7KH�VHFRQG�FULWLFDO�PDJQHWLF����

� )XQFWLRQDO�PDWHULDOV�������������



WR�PDJQHWLF� ILHOG� GLUHFWLRQ�ZDV� DSSUHFLDEO\
OHVV�WKDQ�IRU�SDUDOOHO�RULHQWDWLRQ��)LJ�����E��
6XFK� DQLVRWURS\� ZDV� QRW� REVHUYHG� IRU� D
FRPSRVLWH� ZLWK� PD[LPDO� ������� QP�� WKLFN�
QHVV�RI�OD\HUV��)LJ�����D��

7KH� PHDVXUHPHQWV� KDYH� FRQILUPHG� WKH
DERYH�PHQWLRQHG� UHGXFWLRQ� RI� WKH� VHFRQG
FULWLFDO� ILHOG� LQ� FRPSRVLWH� WDSHV� ZLWK� WKLQ
OD\HUV�� )RU� WKH� SDUDOOHO� RULHQWDWLRQ�
+F������ .�� ������ 7� IRU� WKH� WDSH� ZLWK� WKHPLQLPXP�OD\HU�WKLFNQHVV�G|���QP�LV�DSSUH�
FLDEO\� ORZHU� WKDQ� IRU� D� �VLQJOH�OD\HUHG�
�PDVVLYH�� WDSH� RI�1E�����7L� DOOR\� ������7�
DQG� WDSHV� ZLWK� WKH�1E�����7L� OD\HU� WKLFN�
QHVV� G|���� QP� ������ 7��� 7KH� DQQHDOLQJ� DW
����&� UHVXOWLQJ� LQ� WKH� D�SKDVH� VHJUHJDWLRQ
LQ� DOOR\� OD\HUV� SUDFWLFDOO\� KDV� QRW� FKDQJHG
WKH� VHFRQG� FULWLFDO� ILHOG� EHLQJ� ����� 7�� ,Q
FDVH� RI� WKH� UROOLQJ� SODQH� SHUSHQGLFXODU� WR
PDJQHWLF� ILHOG�� WKH�+F�� UHGXFWLRQ�ZDV�HYHQ

PRUH�� +F������ .�� ������ 7� DW� G�|�����QPDQG�����7�DW�G�|����QP��
7KH� FULWLFDO� FXUUHQW� GHQVLW\� MF� IRU� WKH&X�1E��7L�1E��7L� FRPSRVLWH� LQ� PDJQHWLF

ILHOGV��Ü��7��)LJ�����ZDV�E\�WKH�RUGHU�ORZHU
WKDQ�LQ�WDSHV�ZLWK�1E�OD\HUV��VHH�)LJ�����E��
+RZHYHU�� QR� VKDUS� MF� GURS� VWDUWLQJ� IURP����7�LW�ZDV�QRW�REVHUYHG��7KH�GHSHQGHQFHV
+F��7�� IRU� WKH�&X�1E��7L�1E��7L� WDSH� VKRZVXEVWDQWLDOO\�WKH�VDPH�VORSH��ÜG+F��G7�7 7F� ����Ü����� 7�.� DW� GLIIHUHQW� WDSH� SODQH� RUL�
HQWDWLRQV� LQ� PDJQHWLF� ILHOG� �)LJ����� D�� DQG
WKXV� WKH� VDPH� +F�� �����.�� �����Ü�����7�7KH� YDOXHV� RI� �ÜG+F��G7�7 7F� DQG� +F������.�� IRU� WKH�&X�1E��7L�1E��7L� FRPSRVLWH
GR�QRW�GLIIHU�IURP�VLPLODU�SDUDPHWHUV�IRU�D
���� PP� WKLFN� �VLQJOH�OD\HUHG�� DOOR\� 1E�
����7L�WDSH��)LJ�����E���

7KXV�� RXU�PHDVXUHPHQWV�KDYH� FRQILUPHG
WKDW� WKH� VHFRQG� FULWLFDO�PDJQHWLF� ILHOG�+F�RI� WKH� &X�1E�1E��7L� FRPSRVLWH� WDSHV� FRQ�
WDLQLQJ� 1E� OD\HUV� GHFUHDVHV� DW� VPDOO� OD\HU
WKLFNQHVV�G|���QP�FRPSDUDEOH�ZLWK�WKH�VX�
SHUFRQGXFWRU�FRKHUHQFH�OHQJWK�[�7��>�@��7KH
PHDVXUHPHQWV� KDYH� VKRZQ�DOVR� WKDW�+F�� RIWKH�&X�1E��7L�1E��7L�FRPSRVLWH�IRUPHG�RQO\
E\�1E�����7L�DOOR\��VXSHUFRQGXFWLQJ�LQ�WKH
KLJK�PDJQHWLF�ILHOGV�� FRLQFLGHV�ZLWK�+F�� RID�PDVVLYH�WDSH�RI�WKH�VDPH�DOOR\��7KHUHIRUH�
LW� LV� REYLRXV� WKDW� VLJQLILFDQW� GHFUHDVH� RI
+F�� LQ� WKH� &X�1E�1E��7L� FRPSRVLWH� VKRXOGEH�FRQQHFWHG�ZLWK�WKH�SUHVHQFH�RI�1E�OD\HUV
ZKLFK� LV� LQ� QRUPDO� �QRW� VXSHUFRQGXFWLQJ�
VWDWH� DW� KLJK� PDJQHWLF� ILHOGV� DQG� WKDW� GH�
FUHDVH� FDQ� EH� H[SODLQHG� E\� WKH� SUR[LPLW\
HIIHFW�� 7KH�1E� OD\HUV� KDYLQJ� D� ORZ� VHFRQG
FULWLFDO�ILHOG�DQG�FRQVHTXHQWO\�WKXV�EHLQJ�LQ
WKH� QRUPDO� VWDWH� LQ� KLJK� PDJQHWLF� ILHOGV�
VXSSUHVV� WKH� VXSHUFRQGXFWLYLW\� LQ� 1E�
����7L�OD\HUV�LQ�WKH�GHSWK�DERXW�WKH�FRKHU�

)LJ�����'HSHQGHQFHV�MF�+��DW�����.�IRU�PXOWL�
OD\HUHG� WDSH�IUHH�RI�1E�OD\HUV�DW�SHUSHQGLFX�
ODU� ���� DQG� SDUDOOHO� ��� DQG� ��� UROOLQJ� SODQH
RULHQWDWLRQV� UHODWLYH� WR�PDJQHWLF� ILHOG� GLUHF�
WLRQ� DIWHU� UROOLQJ� ���� DQG� DIWHU� UROOLQJ� DQG
DQQHDOLQJ�DW�����&�IRU���K����DQG�����

)LJ�����'HSHQGHQFHV�+F��7��DW�SHUSHQGLFXODU�����DQG�SDUDOOHO�����UROOLQJ�SODQH�RULHQWDWLRQV�UHODWLYH�WRPDJQHWLF� ILHOG� GLUHFWLRQ� IRU� WKH� FRPSRVLWH� IUHH� RI�1E�OD\HUV� DIWHU� FROG�GHIRUPDWLRQ� DQG� DQQHDOLQJ� DW
����&�IRU���K��D��DQG�D��VLQJOH�OD\HUHG��1E�����7L�DOOR\�WDSH��E���
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HQFH�OHQJWK�>�@��7KLV�HIIHFW�FDQQRW�UHVXOW�LQ
UHGXFWLRQ�RI�WKH�PHDVXUHG�+F��YDOXH�DW�WKHOD\HU�WKLFNQHVV�ODUJHU�WKDQ�GRXEOH�FRKHUHQFH
OHQJWK� G�!!��[�7��� ,Q� WKLV� FDVH�� WKH� VXSHU�
FRQGXFWLYLW\� UHPDLQV� XQVXSSUHVVHG� LQVLGH
WKH� OD\HU�� %XW� DW� G� d� �[�7��� WKH� VXSHUFRQ�
GXFWLYLW\� LV� VXSSUHVVHG� LQ� WKH� ZKROH� OD\HU
DQG� WKXV��+F�� VKRXOG� GHFUHDVH�� 7KH� VL]H� RI[�7��DW�WKH�VSHFLILHG�WHPSHUDWXUH�FDQ�EH�FDO�
FXODWHG� IURP� UHVXOWV� RI� +F�� PHDVXUHPHQWXVLQJ� WKH� IRUPXOD�[�7�� ��)���S+F������ >�@�
ZKHUH� )�� |� �������Ü���7�P�� LV� WKH� IOX[
TXDQWXP��$W�PD[LPDO�YDOXH�+F�� ���7�WKDWZH� ZHUH� DEOH� WR� PHDVXUH�� WKH� FRUUHODWLRQ
OHQJWK� [�7�� |� �� QP� DW� WKH� PHDVXUHPHQW
WHPSHUDWXUH� DERXW� ���� .�� )RU� WKH
&X�1E�1E��7L� FRPSRVLWH� ZLWK� WKH� PD[L�
PDO� OD\HU� WKLFNQHVV� G� |� ���� QP� H[FHHGV
FRQVLGHUDEO\� �[�7�� � |� ��� QP�� ZKLOH� IRU� WKH
FRPSRVLWH�ZLWK�WKH�PLQLPXP�OD\HU�WKLFNQHVV�
G�|����QP����[�7��|����QP��7KXV�� WKH�+F�YDOXH�UHGXFWLRQ�IRXQG�IRU�WKH�&X�1E�1E��7L
FRPSRVLWHV�ZLWK� OD\HU� WKLFNQHVV�G� |����QP
FDQ� EH� H[SODLQHG� E\� WKH� VXSSUHVVLRQ� RI� VX�
SHUFRQGXFWLYLW\�EHFDXVH�RI�WKH�SUR[LPLW\�HI�
IHFW��7KH�VKDUS�UHGXFWLRQ�RI�WKH�FULWLFDO�FXU�
UHQW� GHQVLW\� MF� PHDVXUHG� DW� ���� .� LQ� WKHILHOGV� H[FHHGLQJ� ���Ü���� 7� �IURP� KLJK� YDO�
XHV� RI� ����$�FP�� DW� +� ��� 7� GRZQ� WR
a����$�FP��� REVHUYHG� IRU� WKH�&X�1E�1E��7L
FRPSRVLWHV�ZLWK�G�|����QP�LV�GXH�WR�WKH�+F�UHGXFWLRQ� EHFDXVH� RI� WKH� SUR[LPLW\� HIIHFW�
$W�+F��a����7�GHWHUPLQHG�E\�XV�IRU�7� �����.�WKH� GRXEOH� FRKHUHQFH� OHQJWK� �[�7�� |����QP
LV� DSSUR[LPDWHO\� HTXDO� WR� WKH� OD\HU� WKLFN�
QHVV��

$W� VPDOO� OD\HU� WKLFNQHVV�� WKH�+F�� YDOXHGHSHQGV� RQ� WKH� WDSH� UROOLQJ� SODQH� RULHQWD�
WLRQ� ZLWK� UHVSHFW� WR� WKH�PDJQHWLF� ILHOG� GL�
UHFWLRQ��7KH�REVHUYHG�+F��DQLVRWURS\�FDQ�EHH[SODLQHG�E\� DQ� LQFUHDVH�RI� WKH� FULWLFDO� ILHOG
YDOXH� DW� WKH� SDUDOOHO� RULHQWDWLRQ�ZLWK� UHGXF�
WLRQ�RI�SODWH�WKLFNQHVV�>�@��:KLOH�WKH�SUR[LP�
LW\�HIIHFW�LV�LQGHSHQGHQW�RI�WKH�RULHQWDWLRQ�

���&RQFOXVLRQV
7KXV�� WKH�PHDVXUHPHQWV� RI� VHFRQG� FULWL�

FDO� PDJQHWLF� ILHOG� +F�� QHDU� 7F� KDYH� FRQ�ILUPHG� WKH� +F�� UHGXFWLRQ� LQ� PXOWLOD\HUHG&X�1E�1E��7L� WDSHV� FRQWDLQLQJ�1E±7L� QDQR�
OD\HUV�ZLWK�GHFUHDVLQJ� OD\HU�WKLFNQHVV��)RU�D
WDSH�ZLWK� WKH� OD\HU� WKLFNQHVV�G�|����QP��WKH
+F�� LV�DSSUHFLDEO\� ORZHU� WKDQ�IRU�WKRVH�ZLWK�RXW�1E� OD\HUV� ERWK� IRU� SDUDOOHO� �����Ü�����7�
DQG� SHUSHQGLFXODU� RULHQWDWLRQ� ����Ü���� 7��
7KH� UHGXFWLRQ� RI� WKH� VHFRQG� FULWLFDO� PDJ�
QHWLF� ILHOG� H[SODLQV� D� VKDUS� GURS� RI� WKH
FULWLFDO� FXUUHQW�GHQVLW\� LQ� WKH�PXOWLOD\HUHG
WDSHV�FRQWDLQLQJ�a���QP�WKLFN�OD\HUV�LQ�WKH
PDJQHWLF�ILHOGV�H[FHHGLQJ����Ü��7��

5HIHUHQFHV
� ���9�9�6FKPLGW�� ,QWURGXFWLRQ� LQ� 3K\VLFV� RI

6XSHUFRQGXFWRUV��1DXND��0RVFRZ�������
>LQ�5XVVLDQ@�
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