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7KH� HIIHFW� RI� OXWHWLXP� R[\RUWKRVLOLFDWH� �/62�� FU\VWDOV� FR�GRSLQJ� ZLWK� UDUH�HDUWK� HOH�

PHQWV� �&H��<E�� RQ� WKH� OXPLQHVFHQFH� HQHUJ\� DQG� NLQHWLF� SDUDPHWHUV� KDV� EHHQ� VWXGLHG��$
VLJQLILFDQW� GHFUHDVH� RI� OLJKW� VWRUDJH� �DIWHUJORZ� GURS� E\� ����� LV� REVHUYHG� DW� WKH� FHUWDLQ
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VSHFWUDO� FRPSRVLWLRQ� DQG� KLJK� OLJKW� \LHOG� YDOXH� DUH� UHWDLQHG�� DQG� VWDELOLW\� RI� RXWSXW
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&U\VWDOV� RI� &H� GRSHG� UDUH� HDUWK� �5(�
R[\RUWKRVLOLFDWHV�DUH�SURPLVLQJ�VFLQWLOODWRUV
ZLWK�KLJK� OLJKW�\LHOG�DQG�QDQRVHFRQG�GHFD\
WLPHV�� &HULXP� GRSHG� OXWHWLXP� R[\RUWKRVLOL�
FDWH� /X�6L2��&H��� /62�&H��� LV� DPRQJ� WKHVHPDWHULDOV� >����@�� +RZHYHU�� KLJK� DIWHUJORZ
OHYHO� �VHYHUDO� SHU� FHQW� LQ� WKH� PLOOLVHFRQG
UDQJH�� QDUURZV� WKH� DSSOLFDWLRQ� UDQJH� IRU
WKLV�PDWHULDO� LQ� VRPH�EUDQFKHV�� VXFK�DV�UD�
GLDWLRQ� LQWURVFRS\��ZKHUH� WKLV� SDUDPHWHU� LV
FULWLFDO��7KH�DIWHUJORZ�LV�XVXDOO\�DWWULEXWHG
WR�R[\JHQ�YDFDQFLHV�>�@�

2QH�RI�WKH�SRVVLEOH�ZD\V�WR�LPSURYH�RXW�
SXW� SDUDPHWHUV� RI� D� VFLQWLOODWRU� LV� LWV� FR�
GRSLQJ� ZLWK� LRQV� KDYLQJ� VSHFLILF� IHDWXUHV�
)RU� LQVWDQFH��SRVLWLYH�UHVXOWV�ZHUH�REWDLQHG
IRU�&V,�7O��GRSHG�ZLWK�(X�RU�6P�>�Ü�@��$�%�EDVHG� VFLQWLOODWRUV� GRSHG� ZLWK� 6P� >�@�
QDQRFU\VWDOOLQH� OXPLQRSKRUV� EDVHG� RQ� /62
ZLWK� <E� DQG�'\� GRSDQWV� >�@�� 7KH� HIIHFW� RI
FR�GRSLQJ�ZLWK�6F��/D��*G��<� RQ�SURSHUWLHV

RI� EXON� VLQJOH� FU\VWDO� VFLQWLOODWRU� /62�&H�
ZDV�VWXGLHG�LQ�>��@��KRZHYHU��QR�UHPDUNDEOH
LQIOXHQFH� RI� WKHVH� RSWLFDOO\� LQDFWLYH� HOH�
PHQWV� RQ� WKH� OXPLQHVFHQFH� OLJKW� \LHOG� DQG
GHFD\�ZDV�GLVFRYHUHG�

<E�LRQV��DV�ZHOO�DV�(X�DQG�6P�RQHV��SRV�
VHVV�VWDEOH�YDOHQF\�����WKXV��WKHVH�LRQV�FDQ
FDSWXUH� FKDUJH� FDUULHUV� �HOHFWURQV� LQ� RXU
FDVH�� ZKLFK� JLYH� ULVH� WR� DIWHUJORZ� LQ� FU\V�
WDOV��7KHQ�WKH�FDSWXUHG�FDUULHUV�PD\�DQQLKL�
ODWH�E\�QRQUDGLDWLYH�PHDQV��RU�FDOO�D�ORQJHU�
WLPH� DIWHUJORZ� �DFFRPSDQLHG� E\� D� GHFUHDVH
RI�VKRUW�WLPH�DIWHUJORZ���7KHVH�IDFWRUV�ZHUH
GHFLVLYH� DW� FKRLFH�RI� FR�GRSDQW� IRU�/62�&H�
FU\VWDOV�� 7KLV� ZRUN� LV� DLPHG� DW� VWXGLHV� RI
OXPLQHVFHQFH�FKDUDFWHULVWLFV�DQG�RXWSXW�SD�
UDPHWHUV� VWDELOLW\� LQ� EXON� /62�&H�� <E�� DV
IXQFWLRQV�RI�FR�DFWLYDWRU�FRQFHQWUDWLRQ��

$FWLYDWHG� EXON� /62�&H�� <E�� FU\VWDOV� RI
���PP�LQ�GLDPHWHU�DQG����WR����PP�OHQJWK
ZHUH� REWDLQHG�E\� WKH�&]RFKUDOVNL� WHFKQLTXH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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XVLQJ�LULGLXP�FUXFLEOHV�LQ�$U�DWPRVSKHUH�ZLWK
2�� DGPL[WXUH�� 5DUH�HDUWK� R[LGHV� /X�2��<E�2��� &H2��� 6L2�� RI� DW� OHDVW� �1� SXULW\PL[HG� DW� VWRLFKLRPHWULF� SURSRUWLRQV� ZHUH
XVHG� DV� VWDUWLQJ�PDWHULDOV� IRU� FU\VWDO� JURZ�
LQJ��7KH�SRVW�JURZWK�DQQHDOLQJ�RI�WKH�LQJRWV
ZDV� FDUULHG� RXW� LQ� LQHUW� DWPRVSKHUH� DW
�����&�� 6DPSOHV� RI� ��u��u�� PP�� DQG
��u��u����PP�� VL]H� ZLWK� SROLVKHG� ��u��
IDFHV� ZHUH� FXW� RXW� IURP� WKH� FU\VWDOV� IRU
PHDVXUHPHQWV�RI�OLJKW�\LHOG��DIWHUJORZ�NLQHW�
LFV�� WKHUPRVWLPXODWHG� OXPLQHVFHQFH� �76/��
DQG� OXPLQHVFHQFH� VSHFWUD�� &RQFHQWUDWLRQ� RI
&H�DQG�<E�LQ�FU\VWDOV�ZDV�FRQWUROOHG�E\�$(6
PHWKRG��VHH��IRU�H[DPSOH�>��@��

7KH� DIWHUJORZ� OHYHO�K�W�� RI� FU\VWDOV� DIWHU
;�UD\� LUUDGLDWLRQ�ZDV� GHWHUPLQHG�XVLQJ� SUR�
FHGXUHV�GHVFULEHG�LQ�>����@��DQG�FDOFXODWHG�DV

K�W�� �>,�W��e�,�@��������>�@�� ���
ZKHUH�,��LV�WKH�FU\VWDO�OXPLQHVFHQFH�LQWHQ�VLW\�DW�;�UD\�LUUDGLDWLRQ��,�W���DIWHUJORZ�LQ�
WHQVLW\� DIWHU� WKH� LUUDGLDWLRQ� LV� RYHU�
7KH�WKHUPRVWLPXODWHG�OXPLQHVFHQFH�SDUDPH�
WHUV� ZHUH� GHWHUPLQHG� XVLQJ� WKH� SURFHGXUH
>�@� DW� WHPSHUDWXUH� FKDQJH� UDWH� DERXW
��.�PLQ��7KH�DIWHUJORZ�NLQHWLFV�DIWHU�;�UD\
LUUDGLDWLRQ� �'[� ��� 5�� ZDV�PHDVXUHG� XVLQJD� VSHFLDOL]HG� PHDVXUHPHQW� VHWXS� >�@�� 7KH
UHVLGXDO� DIWHUJORZ�DW�89� LUUDGLDWLRQ�ZDV�GH�
WHUPLQHG� DIWHU� LUUDGLDWLRQ� E\� '57����� +J
ODPS�GXULQJ���PLQ�����V�DIWHU�WKH�LUUDGLDWLRQ
ZDV�RYHU��D�)'�����SKRWRGLRGH�ZDV�PRXQWHG
DW� WKH� VDPSOH�� DQG� LWV� RXWSXW� FXUUHQW� ZDV
UHJLVWHUHG�E\�D�%�����YROWPHWHU��;�UD\�OXPL�
QHVFHQFH� VSHFWUD� RI� VDPSOHV� ZHUH� VWXGLHG
XVLQJ�D�.698���PHDVXUHPHQW�FRPSOH[�

7KH� VSHFWUDO� FRPSRVLWLRQ� RI�;�UD\� OXPL�
QHVFHQFH� IRU� D� /62� FU\VWDO� DW� GLIIHUHQW
GRSDQW� FRQFHQWUDWLRQV� LV� VKRZQ� LQ� )LJ����
7KH� OXPLQHVFHQFH� VSHFWUD� DUH� FKDUDFWHUL]HG

E\� ORQJ�ZDYHOHQJWK� ZLGHQLQJ� GHSHQGLQJ� RQ
<E�FRQFHQWUDWLRQ��7KH�REVHUYHG�ZLGHQLQJ�RI
ORQJ�ZDYHOHQJWK� OXPLQHVFHQFH� HGJH� �VHH
)LJ�� ��� FHUWLILHV� DQ� LQWHQVLW\� UHGLVWULEXWLRQ
IRU�WKH�EDQG�QHDU�����QP�FRUUHVSRQGLQJ�WR
VL[�IROG� R[\JHQ� FRRUGLQDWHG� &H��� �&H2�SRO\KHGUD�� DW� WKH� TXHQFKLQJ� RI�&H2�� OXPL�QHVFHQFH�QHDU�����QP�>��@��

2WKHU� EDVLF� FKDUDFWHULVWLFV� RI� VWXGLHG
FU\VWDOV�� VXFK� DV� FRQFHQWUDWLRQV� RI� GRSDQWV
&&H��&<E�� UHVSHFWLYH� OLJKW� RXWSXW�6��� DIWHU�
JORZ�OHYHO�K�DW�W� �����PV�DIWHU�LUUDGLDWLRQ
WHUPLQDWLRQ�DUH�SUHVHQWHG�LQ�7DEOH�

7KH� OLJKW� RXWSXW� RI� WKH� GRSHG� /62� GH�
FUHDVHV� JUDGXDOO\� ZLWK� LQFUHDVLQJ� <E� FRQFHQ�
WUDWLRQ��6��GURSV�VKDUSO\�DW�&<E�!�����PRO����
7KH�DIWHUJORZ�OHYHO�K� LQ�/62�<E�&H��DOVR�GH�
FUHDVHV� DW�&<E� FKDQJH� XS� WR� ���� DW����� DQGVWDELOL]HV�DW�&<E�!��������'LIIHUHQW�WUHQGV�LQ
K�W�� GHSHQGHQFHV� IRU� GLIIHUHQW� VDPSOHV
�)LJ����� DOVR� VKRXOG�EH� QRWHG�� ,Q�<E�FRQWDLQ�
LQJ� FU\VWDOV�� WKH� DIWHUJORZ� OHYHO� GURS� LV� OHVV
SURQRXQFHG� DW� WLPHV� VKRUWHU� WKDQ���PV�� DQG
WDNHV�SODFH�JHQHUDOO\�DIWHU����PV�

)LJ����� ;�UD\� OXPLQHVFHQFH� VSHFWUD�� ��� /62
�������&H�� ������ <E��� ��� /62� ����� �� &H�
���� �� <E��� ��� /62� ����� �� &H��� ��� /62
�������&H���������<E��

7DEOH��&KDUDFWHULVWLFV�RI�/62�EDVHG�FU\VWDOV
1R &U\VWDO &&H��DW�� &<E��DW�� 6���D�X� $IWHUJORZ�OHYHO��K����

DIWHU�����PV
� 8QGRSHG�/62 ������ ������ ���� ����
� /62�&H� ��� ������ � �������
� /62�&H�<E� ��� ���� ���� �����
� /62�&H�<E� ��� ��� ���� �����
� /62�&H�<E� ��� ��� ���� �����
� /62�&H�<E� ��� � ���� �����


QRPLQDOO\�XQGRSHG�/62�REWDLQHG� IURP�R[LGHV�/X�2��DQG�6L2���1�SXULW\� ����������FRQWDLQV�&H�DV
DQ�XQFRQWUROOHG�DGPL[WXUH�DW�WKH�OHYHO�DERXW���Ü�Ü��Ü��DW����
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7KXV��DW�WKH�RSWLPDO�FRQFHQWUDWLRQ��&<E�a���� PRO�� ���� /62� GRSHG� VFLQWLOODWRUV� ZLWK
DIWHUJORZ�OHYHO� ORZHU�E\���RUGHUV�RI�PDJQL�
WXGH� LQ� FRPSDULVRQ� ZLWK� XQGRSHG� VDPSOHV
FDQ�EH�REWDLQHG��$W�WKH�VDPH�WLPH��WKH�OLJKW
RXWSXW�GHFUHDVH�LV�DFFHSWDEOH��QRW�H[FHHGLQJ
�������

7KH�VWDELOLW\�RI�RXWSXW�SDUDPHWHUV�XQGHU
LRQL]LQJ�UDGLDWLRQ�LV�DQRWKHU�LPSRUWDQW�IHD�
WXUH� RI� VFLQWLOODWRUV��2XU� UHVXOWV� VKRZ� WKDW
/62�&H�<E��FU\VWDOV�ZLWK�RSWLPDO�FRQFHQWUD�
WLRQ� &<E� ����� PRO��� SRVVHVV� WKH� KLJKHVW
VWDELOLW\�RI� OLJKW�\LHOG�RQ�;�UD\� LUUDGLDWLRQ
GRVH�'[��7RJHWKHU� ZLWK� LQVWDELOLW\� RI� /62� OLJKW
\LHOG� RQ� GRVH� '[�� WKDW� LV�� � 6� �I�'[��� GH�SHQGHQFH�RI�K� RQ�'[�� WKDW� LV�KW IL[� �I�'[��LV�DOVR�REVHUYHG��)LJ������,W�LV�ZRUWK�WR�QRWH
WKDW� DW� WKH� FKRVHQ� LUUDGLDWLRQ�PRGH� �;�UD\
VRXUFH�� 8D� ����� N9��� D� PRQRWRQRXV� LQ�FUHDVH�RI�DIWHUJORZ�OHYHO� LV�REVHUYHG�IRU�DOO
/62�EDVHG� FU\VWDOV�� $W� WKH� VDPH� WLPH�� WKH
K� YDOXH� GURSV� ZLWK� LQFUHDVLQJ� LUUDGLDWLRQ
GRVH� '[� IRU� RWKHU� FU\VWDOV�� IRU� H[DPSOH�&V,�7O��

7R�GHWHUPLQH� WKH� OLJKW� FROOHFWLRQ�PHFKD�
QLVP� DQG� OLJKW� RXWSXW� LQVWDELOLW\� LQ� FR�
GRSHG� /62�� GHSHQGHQFHV� RI� 76/� DQG� DIWHU�
JORZ�DIWHU�89�LUUDGLDWLRQ�ZHUH�VWXGLHG��7KH
SORWV� RI� DIWHUJORZ� LQWHQVLW\� DIWHU� 89�LUUD�
GLDWLRQ��)LJ�����GHFUHDVH�JUDGXDOO\�DQG�KDYH
WKH� VDPH� WUHQG� DV� K� �K�W�� FXUYHV� REWDLQHG
DW�;�UD\�LUUDGLDWLRQ�

76/� VSHFWUD� GHPRQVWUDWH� FOHDUO\� �)LJ����
WKDW� FR�GRSLQJ� ZLWK� <E� FDXVHV� D� VXEVWDQWLDO
FKDQJH�RI�FDUULHU�WUDS�FRQFHQWUDWLRQ�EHLQJ�GH�
SOHWHG� LQ� WKH� WHPSHUDWXUH� UDQJH� ���Ü���� .
�DFWLYDWLRQ�HQHUJLHV�(D� ����Ü����H9��&H� GRSLQJ� UHVXOWV� LQ� D� VXEVWDQWLDO� GH�
FUHDVH�RI�VKDOORZ�DQG�GHHS�WUDS�QXPEHU��7KH

SHDN�DW�����.��(D� ������H9��GLVDSSHDUV�DW�<EDGGLWLRQ�� DQG� WKH� LQWHQVLW\� RI� KLJK� WHPSHUD�
WXUH� SHDNV� DW� ���� DQG� ����.� �(D� ������ DQG����� H9�� UHVSHFWLYHO\�� GHFUHDVHV� VLJQLILFDQWO\�
$W� <E� FRQFHQWUDWLRQ� LQFUHDVLQJ� XS� WR� ���� DW�
���WKH�LQWHQVLW\�UHGLVWULEXWLRQ�LV�REVHUYHG�EH�

)LJ�����.LQHWLFV�RI�/62�DIWHUJORZ�DIWHU�;�UD\
LUUDGLDWLRQ�� ��� XQGRSHG� /62�� ���/62� ������
&H������/62��������&H���������<E������/62
�������&H�� ������ <E��� ��� /62� �������&H�
����<E��

)LJ�����'HSHQGHQFHV�RI�OLJKW�\LHOG�6�RQ�;�UD\
LUUDGLDWLRQ�GRVH�'[�����XQGRSHG�/62�����/62������&H������/62��������&H���������<E�����
/62� �������&H�� ����� <E��� ��� /62� ����� �
&H������<E���8D� �����N9��,D� ���P$�

)LJ����� 'HSHQGHQFHV� RI� DIWHUJORZ� OHYHO� K�W� 
���� PV�� RI� /62� DQG� &V,�7O�� RQ� SUHOLPLQDU\
LUUDGLDWLRQ�GRVH�'[�����XQGRSHG�/62�����/62�������&H������/62��������&H���������<E��
���/62��������&H��������<E������/62�������
&H������<E������&V,�7O��

)LJ����� $IWHUJORZ� NLQHWLFV� DIWHU� 89�LUUDGLD�
WLRQ�����XQGRSHG�/62�����/62��������&H�����
/62� �������&H���������<E������/62�������
&H��������<E��
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WZHHQ�WKH�SHDN�DW�����.�DWWULEXWHG�WR�GHHS
WUDSV�EHLQJ�DVVRFLDWHG� WR� R[\JHQ�YDFDQFLHV�
DQG� SHDNV� DW� 7����� .� FDXVHG� E\� FDUULHU
GHORFDOL]DWLRQ� IURP� WUDSV�ZLWK� WKH� HQHUJLHV
XS� WR� ���� H9� DW� QRQ�VLOLFRQ�ERXQG� R[\JHQV
>��@�� 7KH� LQFUHDVHG� LQWHQVLW\� RI� 76/� SHDNV
DW������DQG�����H9�FDQ�EH�DWWULEXWHG�WR�IRU�
PDWLRQ�RI�QHZ�WUDSV�DW�R[\JHQV�VXUURXQGLQJ
<E�

&RPSDULQJ� WKH� UHVXOWV� LQ� )LJV���� DQG� ��
RQH� FDQ� QRWH� D� FRUUHODWLRQ� EHWZHHQ� OLJKW
RXWSXW�LQVWDELOLW\�DQG�OLJKW�VWRUDJH��1R�76/
SHDNV� DUH� REVHUYHG� DW� <E� FRQFHQWUDWLRQ
&<E�t��������

(QHUJ\�RI�RSWLFDO� �89��SKRWRQV� LV� LQVXI�
ILFLHQW�WR�LQLWLDWH�UDGLDWLRQ�VWLPXODWHG�SURF�
HVVHV� �6FKRWWN\� DQG� )UHQNHO� GHIHFW� IRUPD�
WLRQ��LQ�WKHVH�FU\VWDOV��7KHUHIRUH��LW�PD\�EH
DVVXPHG�WKDW�LQ�FDVH�RI�ERWK�89�DQG�;�UD\
LUUDGLDWLRQ��WKH�DIWHUJORZ�LV�GXH�QRW�RQO\�WR
UHFKDUJLQJ� RI� H[LVWLQJ� GHIHFWV�� $� YHU\
KHDY\� GHSHQGHQFH� RI� OLJKW� RXWSXW� IRU� VDP�
SOHV�ZLWK�QRQ�RSWLPL]HG�FRQFHQWUDWLRQ�RI�FR�
GRSDQW� �<E�� RQ� WKH� SUHOLPLQDU\� LUUDGLDWLRQ
GRVH�PD\�FHUWLI\�D�FRQWULEXWLRQ�IURP�UDGLD�
WLRQ�VWLPXODWHG� SURFHVVHV� UHVXOWLQJ� LQ� DGGL�
WLRQDO� OXPLQHVFHQFH� FHQWHU� IRUPDWLRQ� E\
VXE�WKUHVKROG� PHFKDQLVP� >�����@�� 7KH� LQ�
FUHDVH� RI� DIWHUJORZ� LQ� /62�EDVHG� VDPSOHV
ZLWK� SUHOLPLQDU\� LUUDGLDWLRQ� GRVH� DOVR� FRQ�
ILUPV� WKH� H[LVWHQFH� RI� VXFK� SURFHVVHV�� 7KH
GHFUHDVH�RI�&V,�7O��DIWHUJORZ�LQWHQVLW\�LQ�WKH
VDPH� FRQGLWLRQV�PD\� EH� DVFULEHG� E\� SDUWLDO
ILOOLQJ�RI�FDUULHU�WUDSV�JRYHUQLQJ�WKH�DIWHU�
JORZ�LQ�FU\VWDOV�RI�WKLV�W\SH�

7KH� DIWHUJORZ� OHYHO� GHFUHDVH� DQG� RWKHU
HIIHFWV� REVHUYHG� IRU� /62� FU\VWDOV� ZLWK� WKH
RSWLPDO� FR�GRSDQW�FRQFHQWUDWLRQ�PD\�EH�DV�
FULEHG� WR� ERWK� FU\VWDO�FKHPLFDO� DQG� HOHFWUR�
SK\VLFDO� IDFWRUV�� 7KH� DGGLWLRQ� RI� DQ� LVRYD�
OHQW��LVRHOHFWURQLF��GRSDQW��<E��LQWR�/62�&H�
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