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.H\ZRUGV� $73��+H/D�FHOOV��/RZ�SRZHU�ODVHU�WKHUDS\ ��0LWRFKRQGULD
���,QWURGXFWLRQ6HYHUDO�OLQHV�RI�HYLGHQFH�VKRZ�WKDW�PLWRFKRQGULD�DUH�VHQVLWLYH�WRLUUDGLDWLRQ� ZLWK� PRQRFKURPDWLF� YLVLEOH� OLJKW�� 7KH� LOOXPLQDWLRQ� RILVRODWHG� UDW� OLYHU� PLWRFKRQGULD� LQFUHDVHV� DGHQRVLQH� WULSKRVSKDWH�$73�� V\QWKHVLV�DQG� WKH�FRQVXPSWLRQ�RI�2� >���@�� ,UUDGLDWLRQ�ZLWKOLJKW�DW�ZDYHOHQJWKV�RI�����QP�>,@������QP�>�@������QP�>�@������QP>�@�DQG�����QP�>�@�HQKDQFHV�$73�V\QWKHVLV��/LJKW� DW�ZDYHOHQJWKVRI� ����� ���� DQG� ���� QP� >�@� GRHV� QRW� LQIOXHQFH� WKH� UDWH� RI� WKLVSURFHVV�� 2[\JHQ� FRQVXPSWLRQ� LV� DFWLYDWHG� RQ� LOOXPLQDWLRQ� ZLWKOLJKW� DW� ���� DQG� ���� QP�� EXW� QRW� DW� ����� ���� DQG� ���� QP� >�@�,UUDGLDWLRQ� ZLWK� OLJKW� DW� ���� QP� LQFUHDVHV� WKH� PLWR�FKRQGULDOPHPEUDQH� SRWHQWLDO �'\� DQG� SURWRQ� JUDGLHQW� �'jG�� >�@� FDXVHVFKDQJHV�LQ�PLWRFKRQGULDO�RSWLFDO�SURSHUWLHV��PRGLILHV�VRPH�1$'+�OLQNHG��1$'+��UHGXFHG�IRUP�RI�QLFRWLQDPLGH�DGHQLQH�GLQXFOHRWLGH�GH�K\GURJHQDVH� UHDFWLRQV� >�@� DQG� LQFUHDVHV� WKH� UDWH� RI� $'3�$73H[FKDQJH��$'3��DGHQRVLQH�GLSKRVSKDWH��>�@�,QYHVWLJDWLRQV� LQWR� WKH H^ FRQVXPSWLRQ� DQG� $73� FRQWHQW� RIZKROH� FHOOV� �QRW� LVRODWHG� PLWRFKRQGULD�� KDYH� UHFHLYHG� PXFK� OHVVDWWHQWLRQ�� ,UUDGLDWLRQ� RI� \HDVW� FHOOV� DW� O   ���� QP� DFWLYDWHV� 2]FRQVXPSWLRQ� DQG� LQFUHDVHV� WKH� DFWLYLW\� RI� 1$'+� GHK\GURJHQDVHDQG�F\WRFKURPH�k R[LGDVH�>���@��$Q�LQFUHDVH�LQ�$73�V\QWKHVLV�RI
�������������������� �� ����� (OVHYLHU� 6FLHQFH� 6�$�� $OO� ULJKWV� UHVHUYHG66'� ��������������������

5����$&�PDPPDU\� DGHQRFDUFLQRPD� FHOOV� DIWHU� LUUDGLDWLRQ� DW O ����QP�ZDV�REVHUYHG�LQ��OLJKW�RQO\��FRQWURO�H[SHULPHQWV�GXULQJDQ� LQYHVWLJDWLRQ� RI� WKH� PHFKDQLVP� RI� SKRWRG\QDPLF� DFWLRQ� RIFHUWDLQ� FKHPLFDOV� >�@�� ,UUDGLDWLRQ� RI� KXPDQ� SHULSKHUDOO\PSKRF\WHV�ZLWK�OLJKW�DW�����QP�LQFUHDVHV�WKH�DPRXQW�RI�$73�LQWKHVH�FHOOV�>��@�7KH� DLP� RI� WKH� H[SHULPHQWV� UHSRUWHG� LQ� WKLV� SDSHU� ZDV� WRPHDVXUH�WKH�$73�OHYHO�LQ�SUHOLIHUDWLQJ�DQG�QRQ�SUROLIHUDWLQJ�+H/DFHOOV�� ,QLWLDOO\�� WKH� $73� OHYHOV� ZHUH� PHDVXUHG� LQ� FXOWXUH� DWGLIIHUHQW� WLPHV� IROORZLQJ� H[SRVXUH� WR� ������ QP� OLJKW�� 7KHDPRXQWV� RI� $73� V\QWKHVL]HG� E\� FHOOV� LQ� GLIIHUHQW� FHOO� FXOWXUHJURZWK�SKDVHV�ZHUH�FRPSDUHG��7KH�H[SHULPHQWV�ZHUH�SHUIRUPHGZLWK�+H/D�FHOOV��L�H��RQ�WKH�VDPH�PRGHO�DV�XVHG�SUHYLRXVO\�IRU�WKHLQYHVWLJDWLRQ�RI�WKH�DFWLYDWLRQ�RI�OLJKW�LQGXFHG�SUROLIHUDWLRQ�>,,@�
���0DWHULDOV�DQG�PHWKRGV
�����&HOOV+H/D� FHOOV�� LQLWLDOO\� REWDLQHG� IURP� WKH� ,QVWLWXWH� RI� 9LURORJ\�0RVFRZ��5XVVLD��ZHUH�JURZQ�DV�PRQROD\HUV�LQ�VFLQWLOODWLRQ�YLDOVLQ�PHGLXP�����ZLWK�WKH�DGGLWLRQ
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RI� ���� ERYLQH� VHUXP� DQG� ���� XQLWV� PO�� SHQLFLOOLQ� DQGVWUHSWRP\FLQ�� 7KH� FXOWLYDWLRQ� GHWDLOV� DQG� JURZWK� FKDUDFWHULVWLFV� RIWKH�FXOWXUH�DUH�GHVFULEHG�HOVHZKHUH�>,,@�
�����,UUDGLDWLRQ
)RU� LUUDGLDWLRQ�� DQ�+H�1H� ODVHU �O  � ������QP�� 6SHFWUD� 3K\VLFVPRGHO����$��ZDV�XVHG��7KH�EHDP�ZDV�H[SDQGHG�ZLWK�D�VKRUW�IRFXVSRVLWLYH� OHQV� WR� D� GLDPHWHU� RI� ��� PP� ZKLFK� FRUUHVSRQGHG� WR� WKHGLDPHWHU�RI�WKH�ERWWRP�RI�WKH�YLDO�FRYHUHG�ZLWK�WKH�PRQROD\HU��)LJ�����1HXWUDO�ILOWHUV�ZHUH�XVHG�WR�UHGXFH�WKH�LQWHQVLW\�RI�OLJKW�WR��� :P����7KH� LUUDGLDWLRQ� WLPH�ZDV����V��DQG� WKH� IOXHQFH�ZDV�����-�P���7KHVH�SDUDPHWHUV�KDYH�EHHQ�IRXQG� WR�EH�RSWLPDO� IRU� WKH�DFWLYDWLRQRI�SUROLIHUDWLRQ�RI�+H/D�FHOOV�JURZQ�LQ�D�PRQROD\HU�>,,@��$�6SHFWUD3K\VLFV�0����SRZHU�PHWHU�ZDV�XVHG�IRU�PHDVXUHPHQW�RI� WKH� OLJKWLQWHQVLW\��7KH� YLDO� ZDV� SODFHG� LQWR� D� VSHFLDO� KROGHU� DQG� UHPDLQHGFORVHG�GXULQJ� LUUDGLDWLRQ��7KH�PRQROD\HU�ZDV�QRW�FRYHUHG�ZLWK� WKHPHGLXP� GXH� WR� WKH� SRVLWLRQ� RI� WKH� YLDO� �)LJ�� ���� ,UUDGLDWLRQ� ZDVSHUIRUPHG� LQ� WKH�GDUN� WKURXJK� WKH� ERWWRP�RI� WKH� YLDO�� 7KH� FRQWUROVDPSOHV� ZHUH� WUHDWHG� LQ� H[DFWO\� WKH� VDPH� ZD\� EXW� ZHUH� QRWLUUDGLDWHG�

�����0HDVXUHPHQW�RI�$73�OHYHO�LQ�FHOOV
7KH� DPRXQW� RI� $73� ZDV� GHWHUPLQHG� E\� ELROXPLQHVFHQW� DVVD\EDVHG� RQ� WKH� PHDVXUHPHQW� RI�WKH� OLJKW� RXWSXW� RI� WKH� OXFLIHULQ�OXFLIHUDVH�UHDFWLRQ�>��@��7KH�OXFLIHULQ�OXFLIHUDVH�ZDV�SXUFKDVHG�DV�DNLW�IURP�/.%�:DOODF��7XUNX��)LQODQG���7KH�$73�PRXQWLQJ�NLW�DOVRFRQWDLQHG�1���K\GUR[\HWK\OSLSHUD]LQH�1¶ ���HWKDQHVXO�SKRQLF� DFLG�+(3(6�� EXIIHU�� WULFKORURDFHWLF� DFLG� DQG� $73� VWDQGDUGV�� 7KHOXPLQHVFHQFH� RI� WKH� VDPSOHV� ZDV� PHDVXUHG� ZLWK� D� %LROXPDW� /%������%HUWKROG��*HUPDQ\���7KH�DPRXQW�RI�$73�ZDV�GHWHUPLQHG�E\FDOLEUDWLRQ�XVLQJ�WKH�$73�VWDQGDUGV�

$W� GHILQLWH� WLPHV� DIWHU� LUUDGLDWLRQ� ������ PLQ��� WKH� QXWULHQWPHGLXP� ZDV� UHPRYHG�� WKH� PRQROD\HU� ZDV� ULQVHG� ZLWK� LFH�FROG+DQNV
�EDODQFHG�VDOW�VROXWLRQ�DQG�NHSW� IRU���PLQ� RQ� LFH�ZLWK����P0� RI� ��� WULFKORURDFHWLF� DFLG� �FRQWDLQLQJ� ��� P0HWK\OHQHGLDPLQHWHWUDDFHWLF� DFLG� �('7$��� ZLWKRXW� VKDNLQJ�� 7KHVDPSOH� ZDV� GLOXWHG� ZLWK� +(3(6� EXIIHU� �S+� ������� D� ���� P�VDPSOH�VROXWLRQ�ZDV�WUDQVIHUUHG�WR�D�%LROXPDW�WHVW�YLDO�FRQWDLQLQJ��� PO OXFLIHULQ�OXFLIHUDVH� DQG� WKH� OXPLQHVFHQFH� ZDV� PHDVXUHGGXULQJ� ��� V�� $OO� SURFHGXUHV� ZHUH� SHUIRUPHG� LQ� WKH� GDUN�� 7KHQXPEHU�RI� FHOOV�ZDV� FRXQWHG�E\� D� KDHPRF\WRPHWHU� DQG� WKH� GDWDZHUH�H[SUHVVHG�DV�WKH�QXPEHU�RI�PROHV�RI�$73�SHU�FHOO��PHDQ��VWDQGDUG�HUURU�RI�WKH�PHDQ��6(0���IRU�DW�OHDVW�WKUHH�VHSDUDWH�YLDOVSHU�SRLQW�SHU�H[SHULPHQW�
���5HVXOWV,Q� WKH� ILUVW� VHULHV� RI� H[SHULPHQWV�� WKH� DPRXQW� RI� $73� ZDVPHDVXUHG�LQ�WKH�ORJ�SKDVH�RI�FXOWXUHG�FHOOV�����K�DIWHU�SODWLQJ��DV�DIXQFWLRQ� RI� WKH� WLPH� HODSVHG� DIWHU� LUUDGLDWLRQ� RI� WKH� FHOOXODUPRQROD\HU�ZLWK�DQ�+H�1H�ODVHU������-�P�������V���7KH�DPRXQW�RI$73�SHU�LQGLYLGXDO�FHOO� LQ� WKH�FRQWUROV�ZDV� ��������������[������PRO� SHU� FHOO�� $V� FDQ� EH� VHHQ� IURP� )LJ�� ��� WKH� DPRXQW� RI� $73�H[SUHVVHG� DV� D� SHUFHQWDJH� RI� WKH� DERYH� FRQWURO� YDOXH�� UHPDLQVSUDFWLFDOO\�DW�WKH�FRQWURO�OHYHO�IRU�VHYHUDO�PLQXWHV�DIWHU�LUUDGLDWLRQ�$Q� LQVLJQLILFDQW� LQFUHDVH� LV� REVHUYHG� IRU� WKH� ILUVW� ��� PLQ� DIWHULUUDGLDWLRQ�� IROORZHG� E\� D� VWURQJ� LQFUHDVH� RYHU� WKH� QH[W� IHZPLQXWHV�� $IWHU� D� PD[LPXP� LV� UHDFKHG� ��������� ��� PLQ� DIWHULUUDGLDWLRQ���WKH�$73�OHYHO�GHFUHDVHV�VORZO\�WR�WKH�FRQWURO�OHYHO�,Q� WKH� QH[W� VHULHV� RI� H[SHULPHQWV�� ZH� LQYHVWLJDWHG� WKHGHSHQGHQFH�RI�WKH�LQFUHDVH�LQ�WKH�$73�OHYHO�RQ�WKH�JURZWK�SKDVHRI�WKH�FXOWXUH��7R�WKLV�HQG��WKH�VDPH�H[SHULPHQW�ZDV�SHUIRUPHG�RQGLIIHUHQW�GD\V�DIWHU�SODWLQJ��WKH�PRQROD\HU�ZDV�LUUDGLDWHG�IRU����V�����-�P����
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WKH� DPRXQW� RI�$73�ZDV� PHDVXUHG� ���PLQ� DIWHU� H[SRVXUH� DQG� WKLVYDOXH�ZDV�FRPSDUHG�ZLWK� WKH�DPRXQW�RI�$73� LQ� WKH� QRQ�LUUDGLDWHGFHOOV��7KH� UHVXOWV�RI� WKHVH�PHDVXUHPHQWV� DUH� SUHVHQWHG� LQ�)LJ����� ,WFDQ�EH� VHHQ� IURP�)LJ���� �FXUYH���� WKDW� WKH� DPRXQW�RI�$73� LQ�QRQ�LUUDGLDWHG� FHOOV� UHPDLQV� ORZ� GXULQJ� WKH� ODJ� SKDVH� ������ K� DIWHUSODWLQJ�� VHH� WKH� JURZWK� FXUYH� LQ� WKH� LQVHW� RI� )LJ�� ��� DQG� DW� WKHEHJLQQLQJ�RI� WKH� ORJ�SKDVH� �������K�SRVW�SODWLQJ��� ,Q� WKH�PLGGOH�RIWKH� ORJ� SKDVH� ���� K� SRVW�SODWLQJ��� WKH� DPRXQW� RI� $73� UHDFKHV� DPD[LPXP� ���������������[������ PRO� SHU� FHOO�� DQG� GHFUHDVHV� DW� WKHRQVHW�RI�WKH�SODWHDX�SKDVH������GD\V�DIWHU�SODWLQJ���7KLV�FKDQJH�LQ�WKH$73�FRQWHQW�RI�WKH�FHOOV�LV�FRQVLVWHQW�ZLWK�OLWHUDWXUH�GDWD�>��@�&XUYH� �� LQ� )LJ�� �� SUHVHQWV� WKH� $73� GDWD� LQ� LUUDGLDWHG� FHOOV�� $FRPSDULVRQ�EHWZHHQ�FXUYHV���DQG���RI�)LJ����HQDEOHV�WKH� IROORZLQJFRQFOXVLRQV� WR� EH� GUDZQ�� ,Q� WKH� FHOOV� LQ� WKH� ODJ� SKDVH� DQG� DW� WKHEHJLQQLQJ�RI�WKH�ORJ�SKDVH������GD\V�DIWHU�SODWLQJ���WKH�SKRWRLQGXFHGLQFUHDVH� LQ� WKH�DPRXQW�RI�$73�SHU�FHOO� LV� LQVLJQLILFDQW��$73� OHYHOVDUH� HQKDQFHG� LQ� LUUDGLDWHG� FHOOV� LQ� WKH� ORJ� SKDVH� ����� GD\V�� DQGSODWHDX� SKDVH� ��WK� GD\� DIWHU� SODWLQJ�� RI� JURZWK�� 7KXV� WKH�PD[LPDO$73�OHYHO�LQGXFHG�LQ�FHOOV�E\�LUUDGLDWLRQ�LV�GHSHQGHQW�RQ�WKH�JURZWKSKDVH�RI�WKH�FXOWXUH�
���'LVFXVVLRQ
7KH� GDWD� REWDLQHG� VKRZ� WKDW� WKH� LUUDGLDWLRQ �E  � ������ QP�� RIFHOOV�FXOWLYDWHG�LQ�YLWUR�LQFUHDVHV�WKH�DPRXQW�RI�$73��7KLV�UHVXOW�LVQRW� VXUSULVLQJ�� JLYHQ� WKH� UHVXOWV� RQ� OLJKW�LQGXFHG� $73H[WUDV\QWKHVLV� LQ� LVRODWHG�PLWRFKRQGULD� >���@�� 0RUH� XQH[SHFWHG� LVWKH�VKDSH�RI�WKH

FRUUHVSRQGLQJ� FXUYH� �)LJ�� ���� WKH� FHOOXODU� $73� FRQWHQW� GRHV� QRWFKDQJH� GXULQJ� WKH� ILUVW� ��� PLQ� DIWHU� LUUDGLDWLRQ� DQG� LQFUHDVHVVLJQLILFDQWO\� RQO\� ������ PLQ� DIWHU� LUUDGLDWLRQ�� 7KH� UHVXOWV� RIH[SHULPHQWV�RQ�LVRODWHG�OLYHU�PLWRFKRQGULD�FOHDUO\�VKRZ�WKDW�ERWK2� FRQVXPSWLRQ� DQG� $73� H[WUDV\QWKHVLV� VWDUW� DV� VRRQ� DV� WKHLOOXPLQDWLRQ�LV�VZLWFKHG�RQ�DQG�VWRS�ZKHQ�WKH�OLJKW�LV�VZLWFKHG�RII>���@��6RPH�H[SHULPHQWDO�UHVXOWV�VKRZ�WKDW�$73�V\QWKHVLVLQ� LUUDGLDWHG� FHOOV� PD\� FRQWLQXH� DW� HQKDQFHG� UDWHV� DIWHU� WKHLOOXPLQDWLRQ� LV� VZLWFKHG� RII�� 7KLV� VXJJHVWLRQ� LV� EDVHG� RQ� WKHIROORZLQJ� H[SHULPHQWDO� GDWD�� $IWHU� D� SHULRG� RI� ��� K DIWHU� WKHLUUDGLDWLRQ� RI� \HDVW� FHOOV� DW� ������ QP� IRU� D� VKRUW� WLPH� �D� IHZPLQXWHV��� WKH� DFWLYLWLHV� RI� WKH� PLWRFKRQGULDO� HQ]\PHV� 1$'+GHK\GURJHQDVH� DQG� F\WRFKURPH k R[LGDVH�ZHUH� ����� DQG�����FRPSDUHG� ZLWK� WKDW� LQ� FRQWURO� FHOOV� ������� >�@�� (OHFWURQPLFURVFRS\�LQYHVWLJDWLRQV�GHPRQVWUDWH�WKDW�VLPLODU�FKDQJHV�RFFXULQ�LVRODWHG�PLWRFKRQGULD�>�����@��KXPDQ�O\PSKRF\WHV�>�����@�DQGSUHV\QDSWLF� WHUPLQDOV� RI� WKH� GRUVDO� KRUQ� RI� FDWV� >��@� DIWHULUUDGLDWLRQ� ZLWK� UHG� OLJKW� DW� ������ QP�� 7KH� UHFRQVWUXFWLRQ� RIPLWRFKRQGULD�IURP�XOWUDWKLQ�VHFWLRQV�WKURXJK�D�ZKROH�O\PSKRF\WHKDV�VKRZQ�WKDW����K DIWHU�LUUDGLDWLRQ�ZLWK�DQ�+H�1H�ODVHU��IRU����V��WKH�QXPEHU�RI�PLWRFKRQGULD�LV�UHGXFHG�WR������FRPSDUHG�ZLWK������� LQ� FRQWURO� FHOOV�� ���� EUDQFKLQJ� JLDQW� PLWRFKRQGULD� ZHUH� DOVRREWDLQHG�>��@��(OHFWURQ�PLFURVFRS\�GLG�QRW�UHYHDO�DQ\�FKDQJHV�LQWKH� PLWRFKRQGULD� RI� LUUDGLDWHG� FHOOV� ZKLFK� PLJKW� EH� FRQVLGHUHGGHJHQHUDWLYH�� ,Q� FRQWUDVW�� ZLWKLQ� WKH� IUDPHZRUN� RI� 6NXODFKHY
VWKHRU\�RI�D�SRZHU�WUDQVPLWWLQJ�SURWRQ�FDEOH��WKH�IRUPDWLRQ�RI�JLDQWPLWRFKRQGULD� SURYLGHV� D� KLJKHU� OHYHO� RI� UHVSLUDWLRQ� DQG� HQHUJ\WXUQRYHU� >��@�� ,UUDGLDWLRQ� ZLWK� DQ� +H�1H� ODVHU� UHVXOWV� LQ� DQLQFUHDVH�LQ�ERWK�PLWRFKRQGULDO�51$�DQG�SURWHLQ�V\QWKHVLV�>��@��,WZDV�FRQFOXGHG�LQ�5HI��>��@�WKDW�WKHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWKD�VLJQLILFDQW�PRGLILFDWLRQ�RI�WKH�PLWRFKRQGULDO�V\QWKHWLF�DSSDUDWXVUDWKHU� WKDQ� PLQRU� FKDQJHV� LQ� HQ]\PDWLF� DFWLYLW\�� 7KH� GDWDSUHVHQWHG� LQ� 5HIV�� >�����@� VXJJHVW� WKDW� $73� V\QWKHVLV� LQ� ZKROHFHOOV�GRHV�QRW�VWRS�ZKHQ�WKH�LOOXPLQDWLRQ�LV�VZLWFKHG�RII�8VXDOO\� WKH�HQHUJ\� FKDUJH�RI� FHOOV� LQ� FXOWXUH� LV� DSSUR[LPDWHO\���� RU�PRUH� >��@�� LQGLFDWLQJ� WKDW�PRUH� WKDQ� ���� RI� WKH� DGHQLQHQXFOHRWLGHV� ZLOO� EH� $73�� ,I� WKLV� LV� WKH� FDVH� XQGHU� WKH� SUHVHQWFRQGLWLRQV��WKH�LQFUHDVH�LQ�WKH�FHOOXODU�$73�OHYHO�LQGXFHG�E\������QP�OLJKW�PXVW�EH�GXH�WR�WKH�V\QWKHVLV�RI�QHZ�DGHQLQH�QXFOHRWLGHVDQG� WKH� SKRVSKRU\ODWLRQ� RI� $'3� DQG� DGHQRVLQH� PRQRSKRVSKDWH�$03���7KH� V\QWKHVLV� RI� QHZ�DGHQLQH� QXFOHRWLGH�PROHFXOHV�PD\H[SODLQ� WKH� GHOD\HG� LQFUHDVH� LQ� FHOOXODU�$73�� 7KHVH� SRVVLELOLWLHVPD\�EH�GLVWLQJXLVKHG�E\�PHDVXULQJ�$'3�DQG�$03�ZKLFK�ZDV�QRWFDUULHG�RXW�LQ�WKLV�ZRUN�7KH�PHFKDQLVP�LQYROYHG�LQ�WKH�LQFUHDVH�LQ�WKH�DPRXQW�RI�$73LQ� FHOOV� LUUDGLDWHG� ZLWK� YLVLEOH� OLJKW� LV� XQNQRZQ�� $W� OHDVW� IRXUSRVVLELOLWLHV�KDYH�EHHQ�GLVFXVVHG�LQ�UHFHQW
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