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OLJKW� SURSHUWLHV�� VXFK� DV� FRKHUHQFH�� LV� HVVHQWLDO� RQO\� LQUHJDUG� WR� H[SODLQLQJ� WKH� DFWLRQ� PHFKDQLVP� RI� ORZ�SRZHUODVHU�OLJKW�

���48$17,7$7,9(�'$7$�$%2873+272%,2/2*,&$/�())(&76�$7�7+(&(//8/$5�/(9(/'XULQJ� WKH� ODVW� VL[� \HDUV�� V\VWHPDWLF� VWXGLHV� �)LJ�� ��KDYH� EHHQ� FRQGXFWHG� ZLWK� REMHFWV� RI� YDU\LQJ� FRPSOH[LW\OHYHOV²EDFWHULD� �.DUX� HW� DO�� ������ 7LSKORYD� DQG� .DUX����������D������E���������\HDVWV��)HGRVH\HYD�HW�DO������������� ����D��� DQG� PDPPDOLDQ� FHOOV� �.DUX� HW� DO�� ���������D�� ����E�� ����F�� ����D�� ����E�� )HGRVH\HYD� HW� DO�������WR�FODULI\�WKH�PROHFXODU�PHFKDQLVP�DQG�TXDQWLWDWLYHODZV� RI� ORZ�LQWHQVLW\� YLVLEOH� OLJKW� DFWLRQ� DW� WKH� FHOOXODUOHYHO�6RPH�UHVXOWV�RI�WKHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�)LJV������)LJXUH���VKRZV�WKH�DFWLRQ�VSHFWUD� �WKH�GHSHQGHQFH�RIWKH� SKRWRELRORJLFDO� HIIHFW� RQ� ZDYHOHQJWK�� RI� YLVLEOH� OLJKWIRU� VWLPXODWLRQ� RI� '1$� V\QWKHVLV� LQ� +H/D� FHOOV� DQG� IRUJURZWK� VWLPXODWLRQ� RI� 7RUXORSVLV� VSKDHULFD DQG� (VFKH�ULFKLD�FROL� 6RPH�RWKHU�H[DPSOHV�RI�YDULRXV�DFWLRQ�VSHFWUDDUH� UHYLHZHG� LQ� .DUX� ������ $OO� WKHVH� DFWLRQ� VSHFWUD� DUHSUDFWLFDOO\� RI� WKH� VDPH� W\SH�� KDYLQJ� PD[LPD� LQ� DOPRVWHYHU\� YLVLEOH� OLJKW� EDQG� �DW� DERXW� ��������� ����� ���� DQG����QP��� ,I� WKHUH�H[LVWV�D�FRUUHODWLRQ�EHWZHHQ� WKH�PD[LPDLQ�DQ�DFWLRQ� VSHFWUD�DQG� WKH� WKHUDSHXWLF� HIIHFW�RI� GLIIHUHQWZDYHOHQJWKV�RI�YLVLEOH�OLJKW��WKH�UHG�OLJKW�QHDU�����QP�PXVWQRW� EH� WKH� RQO\� VXFFHVVIXO� ZDYHOHQJWK� IRU� ODVHU� ELR�VWLPXODWLRQ�� ,QGHHG�� WKLV� LV� VXSSRUWHG� E\� WKH� VXFFHVVIXOFOLQLFDO�XVH�RI�ORZ�LQWHQVLW\�UDGLDWLRQ�RI�+H�&G�ODVHUV��O  ������QP���.U\XN�HW�DO��������DQG�RI�VHPLFRQGXFWRU�ODVHUVRSHUDWLQJ� DW� YDULRXV� ZDYHOHQJWKV� LQ� WKH� IDU� UHG� DQG� QHDULQIUDUHG�UHJLRQV��%DVIRUG�������
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'DWD� RQ� WKH� VWLPXODWLRQ� RI� PHWDEROLF� SURFHVVHV� LQFHOOV�DV�D�IXQFWLRQ�RI�HQHUJ\�GRVHV�IRU�YDULRXV�ZDYHOHQJWKVDUH� VKRZQ� LQ� )LJV�� �� DQG� ��� )URP� WKH� DQDO\VLV� RI� WKHVHGRVH�HIIHFW� FXUYHV�� RQH� FDQ� FRQFOXGH� WKDW� WKHUH� DUH� WZRJURXSV� RI� DFWLYH� VSHFWUDO� UHJLRQV�� 7KH� ILUVW� JURXS²OLJKWZLWK�ZDYHOHQJWKV�RI���������������QP��VHH�)LJ����IRU�O  ���� QP� DV� DQ� H[DPSOH�� DQG� ���� QP� �)LJ�� ��²KDV� DVWLPXODWLYH�DFWLRQ��������WLPHV�ORZHU�WKDQ�GRVHV�IURP�WKHVHFRQG�JURXS�RI�ZDYHOHQJWKV���������������������DQG����QP���,Q�RWKHU�ZRUGV��WKH�VDPH�HIIHFW�FDQ�EH�DFKLHYHG�ZLWKOLJKW�LQ�WKH�QHDU�89�DQG�EOXH��DV�ZHOO�DV�WKH�IDU�UHG�UHJLRQ�XVLQJ�RQH�WHQWK�WKH�GRVHV�UHTXLUHG��H�J���ZLWK�UHG�OLJKW�7KH� UHVXOWV� RI� PHDVXULQJ� WKH� LQIOXHQFH� RI� OLJKW� LQ�WHQVLW\� �DQG� LUUDGLDWLRQ� WLPH�� DUH� SUHVHQWHG� LQ� )LJ�� ��� ,QWKHVH�H[SHULPHQWV�� WKH�UDGLDWLRQ�GRVH�ZDV� FRQVWDQW��ZKLOHWKH�LQWHQVLW\�RI�OLJKW�DQG�LUUDGLDWLRQ�WLPH�ZHUH�YDULHG�6R�� LW� LV� SRVVLEOH� WR� FRQFOXGH� WKDW� LUUDGLDWLRQ� ZLWKPRQRFKURPDWLF� YLVLEOH� OLJKW� LQ� WKH� EOXH�� UHG� DQG�IDU� UHGUHJLRQV�FDQ� HQKDQFH�PHWDEROLF�SURFHVVHV� LQ� WKH� FHOO�� 7KHSKRWRELRORJLFDO� HIIHFWV� RI� VWLPXODWLRQ� GHSHQG� RQ� WKHZDYHOHQJWKV��GRVH�DQG�LQWHQVLW\�RI�WKH�OLJKW�7KH� H[SHULPHQWDO� GDWD� VKRZ� WKDW� FRPSDUDWLYHO\� ORZGRVHV� ������� -�P��� DQG� VKRUW� SHULRGV� �������� V�� RI� LU�UDGLDWLRQ� FDXVH� D� PDFURHIIHFW� ZKLFK� UHPDLQV� IRU� D� ORQJWLPH��:KHQ�DQ�+H/D�FHOO�FXOWXUH� LQ� WKH�VWDWLRQDU\� JURZWKSKDVH�ZDV� LUUDGLDWHG� DV� D� PRQROD\HU� ZLWK� D� +H�1H� ODVHUDQG� WKH� FHOOV� ZHUH� WKHQ� SODWHG� DW� YDULRXV� LQWHUYDOV� DIWHULUUDGLDWLRQ� �IURP� ������ PLQ��� WKH� FXOWXUH� JURZWK� VWLPX�ODWLRQ� LQ� WKH� H[SRQHQWLDO� JURZWK� SKDVH� ZDV� REVHUYHG� WRODVW� IRU� ���� G� �)LJ�� �D��� 6WLPXODWLRQ� ZDV� QRWHG� ZKHQ� WKHLQWHUYDO� EHWZHHQ� LUUDGLDWLRQ� DQG� SODWLQJ� ZDV� ��� PLQ� RUPRUH� �.DUX� HW� DO�� ����F��� ,UUDGLDWLRQ� RI� FHOOV� ZLWK� VWLP�XODWLYH�GRVHV�RI�UHG�OLJKW�FDQ�SURWHFW�WKHP�IURP�GDPDJLQJGRVHV�RII�UDGLDWLRQ��,Q�)LJ���E�LV�VKRZQ�RQH�UHVXOW�RI�WKLV



)LJ�� ��� $FWLRQ� VSHFWUD� RI� YLVLEOH� PRQRFKURPDWLF� OLJKW� IRU� �D�� '1$V\QWKHVLV� VWLPXODWLRQ� LQ� H[SRQHQWLDOO\� JURZLQJ� +H/D� FHOOV�� �E�� SURWHLQV\QWKHVLV� VWLPXODWLRQ� RI� 6DFFKDURP\FRGHV� OXGZLJLL�� DQG� �F�� JURZWKVWLPXODWLRQ�RII��FROL� 7KH�H[SHULPHQWDO�FRQGLWLRQV�DUH�GHVFULEHG�LQ�SDSHUVRI�.DUX� HW� DO�� ����D�� )HGRVH\HYD� HW� DO�� ����D�� DQG�7LSKORYD� DQG�.DUX�����
NLQG� RI� H[SHULPHQW� �.DUX� HW� DO�� ����F��� $� PRQROD\HU� RI+H/D�FHOOV�LQ�WKH�VWDWLRQDU\�SKDVH�RI�JURZWK�ZDV�LUUDGLDWHGZLWK�D�+H�1H�ODVHU��'� ��� -�P���DQG�DIWHU�����PLQ�ZLWKJUDGLDWLRQ������*\���$IWHU����PLQ��WKH�FHOOV�ZHUH�UHSODWHG�LLQWR�D�IUHVK�QXWULHQW�PHGLXP��DQG�WKH�JURZWK�FXUYHV��FORQH�IRUPLQJ� DELOLW\� DQG� FORQH� VL]HV� ZHUH� VWXGLHG� �.DUX� HWDO�����F���7KH�UDGLRSURWHFWLYH�DELOLW\�RI�+H�1H�ODVHU�UDGLDWLRQDSSHDUHG�ZKHQ� WKH� LQWHUYDO� EHWZHHQ� ODVHU� DQG�� UDGLDWLRQZDV�ORQJHU�WKDQ����PLQ�

3KRWRELRORJ\�RI�ORZ�SRZHU�ODVHU�HIIHFWV�x 7�.DUX
$XWRUDGLRJUDSKLF� VWXGLHV� LQGLFDWHG� WKDW� LUUDGLDWLRQZLWK�D�+H�1H�ODVHU�FDXVHV�DQ�LQFUHDVH�LQ�WKH�QXPEHU�RI���SKDVH� FHOOV� �)LJ�� ���� FRQQHFWHG� ZLWK� HQKDQFHG� *
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WUDQVLWLRQ�RI�D�SDUW�RI�WKH�SRSXODWLRQ��DV�ZHOO�DV�WKH�LQFUHDVHRI� JUDLQ� FRXQW� RQ� WKH� ODEHOHG� QXFOHL�� UHODWHG� WR� HQKDQFH�PHQW� RI� '1$� V\QWKHVLV� LQ� 6�SKDVH� FHOOV� �.DUX� HW� DO�����D��,UUDGLDWLRQ� GRHV� QRW� LQIOXHQFH� WKH� SUROLIHUDWLRQ� RIYDULRXV� VXESRSXODWLRQV� WR� DQ� HTXDO� GHJUHH�� DV� VKRZQ� E\DQDO\]LQJ� WKH�FORQH�VL]H� GLVWULEXWLRQ� DIWHU� LUUDGLDWLRQ� �)LJ�����7KH�VWLPXODWLYH�HIIHFW�RI� LUUDGLDWLRQ� LV�PRVW� QRWLFHDEOHRU� WKH� SUROLIHUDWLRQ� DFWLYLW\� RI� VORZO\� JURZLQJ� VXESRSX�ODWLRQV�� ,UUDGLDWLRQ� ZLWK� D� +H�1H� ODVHU� DOVR� FDXVHG� D� GH�FUHDVH� LQ� WKH� JHQHUDWLRQ� WLPH� RI� \HDVW� FXOWXUHV� LQ� DQ� H[�SRQHQWLDO�SHULRG�RI� JURZWK� �)HGRVH\HYD� HW� DO�� ������.DUXDQG�/HWRNKRY�������,Q� D� VHULHV� RI� H[SHULPHQWV�� WKH� DFWLYLW\� RI� VRPH� HQ�]\PHV� ZDV� PHDVXUHG� LQ� D� VWLPXODWHG� FXOWXUH�� 7KH� FXOWXUH7RUXORSVLV�VSKDHULFD ZDV�LUUDGLDWHG�ZLWK�D�+H�1H�ODVHU�DQGLQFXEDWHG� IRU� ���K� �IRU� DW� OHDVW� WKUHH�GLYLVLRQV��� IROORZLQJZKLFK� WKH� DFWLYLW\� RI� YDULRXV� HQ]\PHV� ZDV� GHWHUPLQHG�)HGRVH\HYD� HW� DO�� ������� ,UUDGLDWLRQ� FDXVHG� FRQVLGHUDEOH

DFWLYDWLRQ� RI� UHVSLUDWRU\� FKDLQ� FRPSRQHQWV²� 1$'+GHK\GURJHQDVHV�DQG�F\WRFKURPH�F�R[LGDVH��7KH)LJ�����7KH�HIIHFW�RI�LUUDGLDWLRQ�GRVH�RQ�VWLPXODWLRQ�RI��D��'1$�V\QWKHVLVUDWH�LQ�H[SRQHQWLDOO\�JURZLQJ�+H/D�FHOOV����� O  ����QP�����O  ����QP����O �����QP�����O  �����QP���DQG��E��(��FROL FXOWXUH�JURZWK�����O ����QP������O  ����QP�����O �����QP�����O  ������QP�����O  ���� QP���7KHLUUDGLDWLRQ�FRQGLWLRQV�DUH�GHVFULEHG� LQ�SDSHUV� RI�.DUX� HW� DO�������� �����DQG�7LSKORYD�DQG�.DUX�����E�������



)LJ�����7KH�HIIHFW�RI�LUUDGLDWLRQ�GRVH��*D$O$V�ODVHU��O  ����QP�DW�IUHTXHQFLHV�RI�����+]�����RU������+]������-� ����������� :��P��RQ�WKH�VWLPXODWLRQ�RI�(��FROL JURZWK��7KH�LUUDGLDWLRQ�FRQGLWLRQV�DUHGHVFULEHG�LQ�WKH�SDSHU�=KDURY�HW�DO�������
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