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$EVWUDFW�
5HDFWLRQ�IRUPHG� 0Q=Q� IHUULWH� ZDV� SUHSDUHG� DQG� WKH� GHFUHDVH� LQ� VKULQNDJH� DIWHU�

VLQWHULQJ�GXH�WR�WKH�YROXPH�H[SDQVLRQ�DFFRPSDQ\LQJ�LURQ�R[LGDWLRQ�ZDV�VWXGLHG��

*UHHQ�FRPSDFWV�FRQVLVWLQJ�RI�WKH�PLOOHG�UDZ�R[LGHV�)H�2���0Q�2���=Q2�DQG�PHWDOOLF�

LURQ�SRZGHU�ZHUH�VLQWHUHG�DW�������&�LQ�DLU��'XULQJ�WKH�ILUVW�KROG�DW������&��)H�ZDV�R[LGL]HG�

WR�D�)H�2��DQG�=Q�IHUULWH�ZDV�IRUPHG��$ERYH�������&�WKH�UHDFWLRQ�ERQGLQJ�ZDV�FRPSOHWHG�

DQG�0Q=Q�IHUULWH��H[KLELWLQJ�D�UHODWLYHO\�ORZ�VKULQNDJH��ZDV�IRUPHG��7KH�FKHPLFDO�UHDFWLRQV�

LQYROYHG� GXULQJ� UHDFWLRQ� ERQGLQJ�ZHUH� DVVRFLDWHG�ZLWK� D� YROXPH� H[SDQVLRQ� DQG� SRURVLW\�

IRUPDWLRQ�� FRPSHQVDWLQJ� IRU� WKH� VKULQNDJH� RQ� VLQWHULQJ�� ,QWHQVLYH� PLOOLQJ� GHFUHDVHV� WKH�

SRURVLW\�DIWHU�VLQWHULQJ�EXW�LQGXFHV�WKH�R[LGDWLRQ�RI�LURQ��DQG�SDUWLDOO\�UHPRYHV�WKH�VKULQNDJH�

FRPSHQVDWLRQ�FDXVHG�E\�WKH�SUHVHQFH�RI�PHWDOOLF�LURQ��

�

�

,QWURGXFWLRQ�

7KH� PDJQHWLF� SURSHUWLHV� RI� 0Q=Q� IHUULWHV� GHSHQG� VWURQJO\� RQ� WKH� SURFHVVLQJ�

SDUDPHWHUV� DQG� WKH� WHFKQRORJ\� XVHG� GXULQJ� WKH� SURGXFWLRQ� RI� IHUULWH� FHUDPLFV�
�
� 7KH�

FHUDPLF� URXWH� LV� XVXDOO\� FKRVHQ� WR� SUHSDUH� IHUULWH� FRUHV� DV� WKLV� SURFHGXUH� LV� UHODWLYHO\�

VLPSOH� WR� SHUIRUP� DQG� FRQYHQLHQW� IRU� ODUJH�VFDOH� SURGXFWLRQ�� ,Q� VRPH� FDVHV� VR�FDOOHG�

�JUHHQ�� WHFKQRORJ\� FDQ� DOVR� EH� DSSOLHG� IRU� WKH� SURGXFWLRQ�RI� UHODWLYHO\� ODUJH� DQG� OHVV�

FRPSOH[�SURGXFWV��5HFHQWO\��WKH�UHDFWLRQ�VLQWHULQJ�ZKLFK�DFFRPSDQLHV�WKH�GHQVLILFDWLRQ�

RI��JUHHQ��FRPSDFWV�ZDV�VWXGLHG�
���
�7KLV�URXWH�VLPSOLILHV�WKH�IHUULWH�SURFHVVLQJ�VLQFH�WKH�

FDOFLQDWLRQ�GXULQJ� IHUULWH�SURGXFWLRQ� LV�RPLWWHG�� ,Q�JHQHUDO�� WKLV� WHFKQRORJ\� LV� DYRLGHG�

EHFDXVH�RI�WKH�GLIILFXOWLHV�DVVRFLDWHG�ZLWK�ORZ�SRZGHU�FRPSUHVVLELOLW\�DQG�WKH�UHODWLYHO\�

ODUJH� VKULQNDJH� DIWHU� VLQWHULQJ�� 7KH� LQKRPRJHQHLWLHV� LQGXFHG� GXULQJ� FRPSDFWLQJ�ZLWK�

SUHVVXUH� UHVXOW� LQ� YDULDEOH� VKULQNDJH�GXULQJ� VLQWHULQJ�� GHIRUPDWLRQ�RI� WKH� VDPSOHV� DQG�

FUDFN�IRUPDWLRQ��7KH�DSSOLFDWLRQ�RI�UDWH�FRQWUROOHG�VLQWHULQJ
�
�FDQ�LPSURYH�WKH�VLWXDWLRQ��

KRZHYHU��H[WHQVLYH�VDPSOH�VKULQNDJH�GXULQJ�GHQVLILFDWLRQ�VWLOO�FDQQRW�EH�HOLPLQDWHG��,Q�
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RUGHU� WR� GHFUHDVH� WKH� UHODWLYHO\� ODUJH� VKULQNDJH� RFFXUULQJ�� WKH� UHDFWLRQ� IRUPLQJ
���
� RI�

0Q=Q�IHUULWH�FDQ�LQYROYH�WKH�UHSODFHPHQW�RI�VRPH�RI�WKH�)H�2��E\�LURQ�LQ�WKH�RULJLQDO�

UDZ�PDWHULDO��

,Q�WKLV�WHFKQLTXH��KRPRJHQLVHG�DQG�PLOOHG�)H�2��)H��0Q2�DQG�=Q2�FRPSDFWV�DUH�

KHDWHG�LQ�DLU�VR�WKDW�LURQ�PHWDO�LV�R[LGLVHG�WR�KHPDWLWH��ZKLFK�WKHQ�UHDFWV�ZLWK�WKH�UHVW�RI�

WKH� R[LGHV� IRUPLQJ�0Q=Q� IHUULWH�� 7KH� R[LGDWLRQ� RI� LURQ� LV� DVVRFLDWHG� ZLWK� D� YROXPH�

H[SDQVLRQ��ZKLFK�FDQ�DFFHOHUDWH� WKH� UHDFWLRQ�DQG�FRPSHQVDWH� IRU� WKH�VKULQNDJH�GXULQJ�

GHQVLILFDWLRQ�� $� JHQHUDO� HTXDWLRQ�ZKLFK� FDQ� SUHGLFW� WKH� WRWDO� GLPHQVLRQDO� FKDQJH� �6��

DIWHU�WKH�UHDFWLRQ�IRUPLQJ�GXULQJ�VLQWHULQJ�LV�JLYHQ�E\���
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ZKHUH�Z�LV�WKH�YROXPH�H[SDQVLRQ�DFFRPSDQ\LQJ�WKH�UHVSHFWLYH�R[LGDWLRQ��L�H��Z� �������

9�LV�WKH�YROXPH�IUDFWLRQ�RI�WKH�PHWDO�DGGHG�WR�WKH�RULJLQDO�SRZGHU�PL[WXUH��I�LV�WKH�)H�

IUDFWLRQ� R[LGLVHG� GXULQJ� PLOOLQJ�� DQG� UR� DQG� U� DUH� WKH� �JUHHQ�� DQG� ILQDO� GHQVLWLHV��

UHVSHFWLYHO\��

7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH� UHDFWLRQ�VLQWHULQJ� SURFHVV� DQG� WKH�

PLFURVWUXFWXUDO�GHYHORSPHQW�RI�UHDFWLRQ�IRUPHG�0Q=Q�IHUULWH�FRUHV���

�

([SHULPHQWDO�

0Q=Q� IHUULWH� ZLWK� D� ILQDO� FRPSRVLWLRQ� 0Q���=Q���)H���2�� ZDV� SUHSDUHG� IURP�

VWDUWLQJ�R[LGHV��)H�2�����������6+�0LWVXELVKL���0Q�2�����������)HUPDF���=Q2����������

=LQNZHLVV�)HUPDF� $�� DQG� PHWDOOLF� LURQ� ������ ��� 9HQWURQ��� 3RZGHU� PDWHULDOV� ZLWK�

GLIIHUHQW�DPRXQWV�RI�PHWDOOLF�LURQ�SRZGHU��VHH�7DEOH�,��ZHUH�PLOOHG�LQ�D�EDOO�PLOO�DQG�LQ�

DQ�DWWULWRU�PLOO�ZLWK��DOFRKRO�IRU�YDULRXV�SHULRGV��$IWHU�GU\LQJ��WKH�SRZGHUV�ZHUH�SDVVHG�

WKURXJK�D�����PP�VLHYH��&RPSDFWV�RI�GLPHQVLRQV�2� ����PP��K� ����PP�ZHUH�SUHVVHG�

IURP�WKH�VLHYHG�SRZHU�DW�����03��7KH�H[DFW�GLPHQVLRQV�ZHUH�PHDVXUHG�EHIRUH�DQG�DIWHU�

WKH� KHDW� WUHDWPHQW�� �*UHHQ�� GHQVLWLHV� ZHUH� GHWHUPLQHG� IURP� WKH� VDPSOH� ZHLJKWV� DQG�

GLPHQVLRQV��
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7KH� KRPRJHQL]HG� DQG� PLOOHG� SRZGHUV� ZHUH� FKDUDFWHUL]HG� E\� 7*$�� '7$� DQG�

6(0��7KH�DYHUDJH�JUDLQ� VL]H� DQG� LWV�GLVWULEXWLRQ�ZDV�PHDVXUHG�XVLQJ�D�&LODV�$OFDWHO�

JUDQXORPHWHU��7KH�SRURVLW\�RI�WKH�JUHHQ�FRPSDFWV�DQG�VLQWHUHG�VDPSOHV�ZDV�GHWHUPLQHG�

XVLQJ� D� &DUOR� (UED� 3RURVLPHWHU�� 7KH� PLFURVWUXFWXUH� RI� SROLVKHG� DQG� HWFKHG� VLQWHUHG�

VDPSOHV�ZDV�LQVSHFWHG�E\�6(0�DQG�RSWLFDO�PLFURVFRS\��'LODWRPHWULF�H[SHULPHQWV�ZHUH�

FDUULHG�RXW�RQ�D�SXVK�URG�GLODWRPHWHU�ZLWK�D�WHPSHUDWXUH�OLPLW�RI�������&��7KH�VDPSOHV�

ZHUH� VLQWHUHG� LQ�DLU�DW�������&�IRU���KRXUV�� LQ� VRPH�FDVHV�D�QLWURJHQ�DWPRVSKHUH�ZDV�

DOVR�XVHG�GXULQJ�WKH�VLQWHULQJ��7KH�VDPSOHV�ZHUH�FRROHG�LQ�D�FRQWUROOHG�DWPRVSKHUH�ZLWK�

WKH�DPRXQW�R[\JHQ�DFFRUGLQJ�WR�ORJ�32�� ���������7���������ZKHUH�32��LV�LQ���DQG�7�LV�

LQ�.��2��1��PL[WXUHV�ZHUH�VXSSOLHG�E\�D�SDUWLDO�R[\JHQ�SUHVVXUH�XQLW��ZKLOH�KHDWLQJ�DQG�

FRROLQJ�ZHUH�FRQWUROOHG�ZLWK�D�GLJLWDO�WHPSHUDWXUH�FRQWUROOHU��

�

7DEOH�,���7KH�DPRXQW�RI�LURQ�R[LGH�DGGHG�WR�WKH�VWDUWLQJ�SRZGHU�PL[WXUH�DQG�WKH�DPRXQW�

RI�LURQ�R[LGH�IRUPHG�YLD�LURQ�R[LGDWLRQ�GXULQJ�UHDFWLRQ�IRUPLQJ�

6DPSOH�FRGH� )H�2�
�
� )H�2�
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�
�7KH�DPRXQW�RI�)H�2��DGGHG�WR�WKH�UDZ�PL[WXUH�

7KH�DPRXQW�RI�)H�2��IRUPHG�YLD�)H�R[LGDWLRQ�

�

5HVXOWV�DQG�'LVFXVVLRQ�

,Q� RUGHU� WR� KRPRJHQLVH� WKH� VWDUWLQJ� SRZGHU�PL[WXUHV� DQG� WR� UHGXFH� WKH� SDUWLFOH� VL]H��

SODQHWDU\� DQG� DWWULWRU� PLOOLQJ� ZDV� XVHG�� 7KH� SDUWLFOH� VL]H� GLVWULEXWLRQ� RI� WKH� PLOOHG�

SRZGHU�PL[WXUHV�YV��PLOOLQJ�WLPH�IRU�YDULRXV�EDWFK�FRPSRVLWLRQV�DQG�PLOOLQJ�SURFHGXUHV�

LV�VKRZQ�LQ�)LJXUH����$V�D�UHIHUHQFH��WKH�PLOOLQJ�DELOLW\�RI�D�SXUH�R[LGH�SRZGHU�PL[WXUH�

ZLWKRXW�DQ\�PHWDOOLF�)H�ZDV�H[DPLQHG�ILUVW��)LJXUH��D���,Q�VSLWH�RI�D�EURDG�SDUWLFOH�VL]H�

GLVWULEXWLRQ�RI�WKH�VWDUWLQJ�SRZGHU�EOHQG���GXH�WR�WKH�GLIIHUHQW�VL]HV�RI�LQGLYLGXDO�R[LGH�

SRZGHUV��PLOOLQJ�LQ�D�SODQHWDU\�PLOO�UHVXOWV�LQ�D�UDWKHU�XQLIRUP��L�H��QRUPDO�SDUWLFOH�VL]H�

GLVWULEXWLRQ��DIWHU���KRXUV�RI�PLOOLQJ���
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)LJ�� ���&XPXODWLYH� SDUWLFOH� VL]H� GLVWULEXWLRQ�RI�PLOOHG�SRZGHU�PL[WXUHV�� D�� SRZGHU� ��

�SXUH�R[LGHV��PLOOHG���������DQG����KRXUV�LQ�D�SODQHWDU\�PLOO��E��SRZGHU�%�PLOOHG�

��DQG���KRXUV�LQ�D�SODQHWDU\�PLOO�DQG���KRXUV�LQ�DQ�DWWULWRU�PLOO��F��SRZGHUV�$���

'��DQG�&�PLOOHG�LQ�DQ�DWWULWRU�PLOO���6HH�7DEOH�,,�IRU�VDPSOH�FRGHV��
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$Q\� IXUWKHU� LQFUHDVH� LQ� WKH� PLOOLQJ� WLPH� GRHV� QRW� EULQJ� DERXW� DQ\� VLJQLILFDQW�

LPSURYHPHQW��QRU�GRHV�LW�UHVXOW�LQ�D�UH�DJJORPHUDWLRQ�RI�SDUWLFOHV��7KH�SUHVHQFH�RI�PHWDO�

LURQ�SDUWLFOHV�LQ�WKH�VWDULQJ�SRZGHU�EOHQG�FKDQJHV�WKH�FRPPLQXLWLRQ�EHKDYLRXU�UHVXOWLQJ�

LQ� D�ELPRGDO�SDUWLFOH� VL]H�GLVWULEXWLRQ��7KH�SHUFHQWDJH�RI� WKH�FRDUVH� IUDFWLRQ� LQFUHDVHV�

ZLWK� LQFUHDVLQJ� PLOOLQJ� WLPH� DQG� PLOOLQJ� HIILFLHQF\� �)LJXUH� �E��� DV� ZHOO� DV� ZLWK�

LQFUHDVLQJ�)H�)H�2��UDWLR�LQ�WKH�VWDUWLQJ�SRZGHU�EOHQG��)LJXUH��F���7KH�PRUSKRORJ\�RI�

SRZGHUV�$�DQG�&�DIWHU�DWWULWRU�PLOOLQJ�LV�UHSUHVHQWHG�LQ�)LJXUHV��D�DQG��E��UHVSHFWLYHO\��

%DVHG�RQ�WKH�VKDSH�FRPSOH[LW\��ZKLFK�UHVHPEOHV�PHFKDQLFDOO\�DOOR\HG�PHWDO�SRZGHUV��LW�

LV� DVVXPHG� WKDW� PRVW� ODUJH� DJJORPHUDWHV� FRQVLVWLQJ� RI� VXE�PLFURQ� VL]H� SDUWLFOHV� DUH�

IRUPHG�E\�SODVWLF�GHIRUPDWLRQ�DQG�ZHOGLQJ�RI�PHWDOOLF�SDUWLFOHV���

�

� �

)LJ�����6(0�PLFURJUDSK�RI�SRZGHUV�$��D��DQG�&��E��DIWHU�DWWULWRU�PLOOLQJ�IRU���KRXUV�

�

$FFRUGLQJ�WR�WKH�UHVXOWV�RI�HOHFWURQ�GLIIUDFWLRQ��6$'��DQG�(';6�DQDO\VLV�ZLWK�D�

7(0� �)LJXUH� ���� WKHUH� DUH� WZR� W\SHV� RI� VXE�PLFURQ�VL]HG� SDUWLFOHV� IRUPLQJ� WKH� ILQH�

VWUXFWXUH� RI� WKH� PLOOHG� PHWDO�R[LGH� SRZGHU� PL[WXUH�� PRQROLWKLF� IUDJPHQWV� RI� WKH�

FRQVWLWXHQW� R[LGHV�� DQG�PHWDOOLF� SDUWLFOHV�ZLWK� D� GLIIUDFWLRQ� SDWWHUQ� FKDUDFWHULVWLF� RI�D�

)H��(';6�DQDO\VLV�RI�WKHVH�PHWDOOLF�SDUWLFOHV�UHYHDOHG�WKH�SUHVHQFH�RI�D�VPDOO�DPRXQW�RI�

R[\JHQ�LQGLFDWLQJ�WKH��SDUWLDO�R[LGDWLRQ�RI�LURQ�GXULQJ�PLOOLQJ��%DVHG�RQ�WKHVH�UHVXOWV�LW�

FDQ� EH� FRQFOXGHG� WKDW�� XQGHU� WKH� PLOOLQJ� FRQGLWLRQV� XVHG� LQ� WKLV� ZRUN�� QR� H[WHQVLYH�

PHFKDQRFKHPLFDO�UHDFWLRQ�KDV�WDNHQ�SODFH��H[FHSW�IRU�SDUWLDO�R[LGDWLRQ�DQG�RU�K\GUDWLRQ�

RI� LURQ� SDUWLFOHV�� ,Q� DQ� HDUOLHU� VWXG\
�
�ZH� VKRZHG� WKDW�=Q)H�2�� FDQ� UHDGLO\� EH� IRUPHG�

IURP�)H�2��DQG�=Q2�SRZGHUV��E\�GU\�PLOOLQJ�LQ�D�KLJK�HQHUJ\�VKDNHU�PLOO��LQ�D�VLPLODU�
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ZD\�QRQHTXLOLEULXP�)H2�DQG��)H�=Q�2�FDQ�EH�IRUPHG�IURP�)H�2��DQG�PHWDOOLF�)H�DQG�

=Q�SRZGHU��UHVSHFWLYHO\��6LQFH�QRQH�RI�WKHVH�SKDVHV�FRXOG�EH�GHWHFWHG�LQ�RXU�SRZGHUV��LW�

FDQ� EH� FRQFOXGHG� WKDW� WKH� PLOOLQJ� HIILFLHQF\� RI� WKH� GHYLFHV� XVHG� LQ� WKLV� ZRUN� LV� QRW�

VXIILFLHQWO\�KLJK�WR�LQLWLDWH�DQ\�RI�WKH�DERYH�PHFKDQRFKHPLFDO�UHDFWLRQV��

�

)LJ�����7(0�LPDJH�RI�SRZGHU�%�ZHW�PLOOHG�LQ�DQ�DWWULWRU�IRU���KRXUV�

�

,Q�RUGHU�WR�IROORZ�WKH�R[LGDWLRQ�EHKDYLRXU�RI�PLOOHG�SRZGHUV�GXULQJ�KHDWLQJ�LQ�DLU��

7*$�ZDV� SHUIRUPHG� DQG� WKH� UHVXOWV�DUH� SUHVHQWHG� LQ� )LJXUH� ��� 7KH�PDVV� JDLQ� RI� WKH�

SRZGHUV�PLOOHG�LQ�D�SODQHWDU\�PLOO�FRUUHVSRQGV�ZHOO�WR�WKH�SUHGLFWHG�YDOXH��ZKLFK�ZDV�

FDOFXODWHG�E\�DVVXPLQJ�WKH�FRPSOHWH�R[LGDWLRQ�RI�WKH�LURQ�LQ�WKH�VWDUWLQJ�SRZGHU�EOHQG�

DQG� WKH� 0Q
��o0Q

��
� FRQYHUVLRQ�� )RU� WKH� DWWULWRU�PLOOHG� SRZGHUV�� LQ� FRQWUDVW�� WKH�

PHDVXUHG�YDOXHV�DUH�ORZHU�WKDQ�SUHGLFWHG��FRQILUPLQJ�WKDW�GXULQJ�PLOOLQJ�WKHVH�SRZGHUV�

ZHUH� SDUWLDOO\� R[LGLVHG� DQG�RU� K\GUDWHG��$OVR�ZRUWK�PHQWLRQLQJ� LV� WKDW� WKH� KLJKHU� WKH�

)H�)H�2�� UDWLR� LQ� WKH� VWDUWLQJ� SRZGHU� EOHQG�� WKH� ORZHU� WKH� WHPSHUDWXUH� DW� ZKLFK� WKH�
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R[LGDWLRQ�VWDUWV��7KH�FRPSOH[LW\�RI�SDUWLDOO\�R[LGLVHG�DQG�RU�K\GUDWHG�SDUWLFOHV��ZKLFK�LV�

UHIOHFWHG�LQ�VWHS�ZLVH�PDVV�JDLQ�RI�WKH�DWWULWRU�PLOOHG�SRZGHUV�&�DQG�'��ZDV�QRW�VWXGLHG�

LQ� GHWDLOV�� 1HYHUWKHOHVV�� DW� DERXW� ���q&� WKH� R[LGDWLRQ� RI� DOO� VDPSOHV� LV� FRPSOHWHG��

UHJDUGOHVV�RQ�WKH�VWDUWLQJ�)H�)H�2��UDWLR�LQ�WKH�SRZGHU�EOHQG�DQG�WKH�PLOOLQJ�SURFHGXUH�

XVHG���

�

)LJ�����0DVV�JDLQ�RI�WKH�VWDUWLQJ�PL[WXUHV����$��%�DQG�'�PLOOHG�LQ�D�SODQHWDU\�EDOO�PLOO�

DQG�LQ�DQ�DWWULWRU�PLOO�IRU�YDULRXV�WLPHV�DV�LQGLFDWHG�LQ�7DEOH�,,��

�

'LODWRPHWULF�FXUYHV�RI�WKH�JUHHQ�FRPSDFWV�REWDLQHG�IURP�WKH�SRZGHU�EOHQG�%�DUH�

VKRZQ�LQ�)LJXUH����7KH\�LOOXVWUDWH�WKH�HIIHFW�RI�SRZGHU�PLOOLQJ�RQ�WKH�GLPHQVLRQDO�

FKDQJHV��ZKLFK�RFFXU�ZLWK�UHDFWLRQ�IRUPLQJ�RI�0Q=Q�IHUULWHV��

6DPSOH�%���ZKLFK�ZDV�PLOOHG�IRU���KRXU�LQ�D�SODQHWDU\�PLOO��H[KLELWV�D�QRWLFHDEOH�

H[SDQVLRQ�LQ�WKH�WHPSHUDWXUH�UDQJH�EHWZHHQ�����DQG����q&��,Q�WKLV�WHPSHUDWXUH�LQWHUYDO�

WKH�R[LGDWLRQ�RI�LURQ�LV�FRPSOHWHG��FI��)LJXUH����DQG�=Q�IHUULWH�LV�IRUPHG��7KLV�LV�FOHDU�

IURP� WKH� ;5'� SDWWHUQ� REWDLQHG� IURP� WKH� %�� SRZGHU� FRPSDFW� DIWHU� KHDW� WUHDWPHQW� DW�

���q&��)RU�ERWK�UHDFWLRQV�WKH�PRODU�YROXPH�RI�WKH�UHDFWLRQ�SURGXFW�LV�ODUJHU�WKDQ�WKDW�RI�

WKH�VROLG�UHDFWDQWV�LQYROYHG��)XUWKHUPRUH��WKH�UHDFWLRQ�SURGXFW�LV�IRUPHG�RQ�WKH�VXUIDFH�
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RI�UHODWLYHO\�ODUJH�UHDFWDQW�SDUWLFOHV��VHSDUDWLQJ�WKHP�XQWLO�WKH\�GLVDSSHDU���8QGHU�WKHVH�

FRQGLWLRQV�� FKHPLFDO� UHDFWLRQV� DUH� XVXDOO\� DVVRFLDWHG� ZLWK� DQ� REVHUYDEOH� H[SDQVLRQ��

7KHUHIRUH��ZLWK�SRZGHU�EOHQGV�&�DQG�'��LQ�ZKLFK�WKH�LURQ�FRQWHQW�LV�KLJK�DQG�WKH�FRDUVH�

DJJORPHUDWH�IUDFWLRQ�LV�SUHYDLOLQJ��D�VXEVWDQWLDO�H[SDQVLRQ�DVVRFLDWHG�ZLWK�WKH�R[LGDWLRQ�

RI�LURQ�FDQ�EH�H[SHFWHG�WRR��,I��KRZHYHU��WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�RI�WKH�UHDFWDQWV�LV�

EURDG�HQRXJK� WR�DOORZ�ILOOLQJ�RI� WKH�LQWHUVWLWLDO�YRLGV�EHWZHHQ� WKH� ODUJHU�SDUWLFOHV�ZLWK�

WKH�VPDOOHU�RQHV��WKH�OLQHDU�H[SDQVLRQ�RI�WKH�SRZGHU�FRPSDFW�GXH�WR�D�FKHPLFDO�UHDFWLRQ�

ZLOO�EH�OHVV�SURQRXQFHG�RU�HYHQ�QHJOLJLEOH��7KLV�VHHPV�WR�EH�WKH�FDVH�ZLWK�SRZGHUV�%��

DQG� %��� $OVR� ZLWK� UHIHUHQFH� WR� )LJXUH� ��� PLOOLQJ� RI� WKH� VWDUWLQJ� SRZGHU� EOHQG� KDV� D�

VWURQJ� LPSDFW� RQ� WKH� VXEVHTXHQW� GHQVLILFDWLRQ� RI� WKH� SRZGHU� FRPSDFWV�� 7KH�

DWWULWRU�PLOOHG�VDPSOH�%��VWDUWV�VLQWHULQJ�DW�D��ORZHU�WHPSHUDWXUH�WKDQ�SRZGHUV�%��DQG�

%��� ZKLFK� ZHUH� OHVV� LQWHQVLYHO\� PLOOHG�� DQG� H[KLELWV� KLJKHU� VKULQNDJH� XSRQ�

GHQVLILFDWLRQ��,PSURYHG�VLQWHULQJ�DELOLW\�DV�D�UHVXOW�RI�LQWHQVLYH�PLOOLQJ�LV�D�FRPPRQO\�

UHSRUWHG�REVHUYDWLRQ�DQG�UHODWHV� WR�D�UHGXFHG�GLIIXVLRQ�SDWK�EHWZHHQ�SRZGHU�SDUWLFOHV��

EHWWHU�KRPRJHQHLW\�DQG�DQ�LQFUHDVHG�VSHFLILF�VXUIDFH�DUHD�RI�WKH�SRZGHU��

�

)LJ�����'LPHQVLRQDO�FKDQJHV�RI� VDPSOHV�%���%���ZHW�PLOOHG� LQ�D�SODQHWDU\�PLOO� IRU���

DQG���KRXUV��UHVSHFWLYHO\��DQG�%���PLOOHG���KRXUV�LQ�DQ�DWWULWRU�PLOO��

�
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7KH� VLQWHULQJ� RI� JUHHQ� VDPSOHV� ZDV� SHUIRUPHG� ZLWK� D� WHPSHUDWXUH� SURILOH�

FKDUDFWHULVWLF� RI�0Q=Q� IHUULWH� �VHH�([SHULPHQWDO��� 7KH� HIIHFWV� RI� SRZGHU� FRPSRVLWLRQ�

DQG� PLOOLQJ� FRQGLWLRQV� RQ� VLQWHULQJ� VKULQNDJH� DQG� WKH� UHVXOWDQW� IUDFWLRQDO� GHQVLW\� RI�

VLQWHUHG�0Q=Q�IHUULWHV�DUH�VXPPDULVHG�LQ�7DEOH�,,��

�

7DEOH�,,���0LOOLQJ�WLPH��VSHFLILF�VXUIDFH�DUHD��JUHHQ�DQG�VLQWHUHG�GHQVLW\��VKULQNDJH�DQG�

WKH���RI�WKHRUHWLFDO�GHQVLW\��7�'���IRU�VDPSOHV�VLQWHUHG�DW�������&�IRU���K��

6DPSOH�

FRGH�

0LOOLQJ�

WLPH�

�KRXUV��

6SHFLILF�

VXUIDFH�DUHD�

�P
�
�J��

*UHHQ�

GHQVLW\�

�J�FP
�
��

6LQWHUHG�

GHQVLW\�

�J�FP
�
��

6KULQNDJH�

�

����

7�'��

�

����

2�� �� ���� ����� ����� ����� �����

2�� �� ���� ����� ����� ����� �����

2�� �� ���� ����� ����� ����� �����

2�� ��� ����� ����� ����� ����� �����

2�
�
� �� ����� ����� ����� ����� �����

$�� �� ���� ����� ����� ����� �����

$�� �� ���� ����� ����� ����� �����

$�� �� ���� ����� ����� ����� �����

$�� ��� ���� ����� ����� ����� �����

$�
�
� �� ����� ����� ����� ����� �����

%�� �� ���� ����� ����� ���� �����

%�� �� ���� ����� ����� ����� �����

%�� �� ���� ����� ����� ����� �����

%�
�
� �� ����� ����� ����� ����� �����

&
�
� �� ���� ����� ����� ���� �����

'�
�
� �� ���� ����� ����� ����� �����

'�� �� ���� ����� ����� ����� �����
�
DWWULWRU�PLOOLQJ�

�

6DPSOHV�H[KLELW�D�UHODWLYHO\�ODUJH�SHUFHQWDJH�RI�SRURVLW\��ZKLFK�LQFUHDVHV�ZLWK�WKH�

DPRXQW� RI� LURQ� DGGHG� WR� WKH� RULJLQDO� R[LGH� PL[WXUH� DQG� GHFUHDVHV� ZLWK� WKH� WLPH� RI�

PLOOLQJ��7DEOH�,,���,Q�)LJV�����DQG���W\SLFDO�PLFURVWUXFWXUHV�RI�VDPSOHV����PLOOHG�LQ�D�EDOO�

PLOO��DQG�%��PLOOHG�LQ�DQ�DWWULWRU�PLOO��DUH�VKRZQ��

)URP� WKH�PLFURVWUXFWXUHV� RI� VDPSOHV� SUHSDUHG� IURP� SRZGHUV�PLOOHG� IRU� YDULRXV�

WLPHV� LW�FDQ�EH�VHHQ�WKDW� WKH�SRURVLW\�RI�VLQWHUHG�VDPSOHV�GHFUHDVHV�ZLWK� WLPH��7KXV��D�

ODUJHU� LQLWLDO� VSHFLILF� VXUIDFH� DQG� D� KLJKHU� KRPRJHQHLW\� SURPRWH� WKH� GHQVLILFDWLRQ� RI�

IHUULWH� VDPSOHV�� ,Q� JUHHQ� VDPSOHV� ZLWKRXW� WKH� DGGLWLRQ� RI� LURQ� WKH� GHFUHDVH� LQ� WKH�

SRURVLW\� ZLWK� PLOOLQJ� WLPH� LV� UHPDUNDEOH�� VHH� )LJV�� �D�� �E�� :KHQ� WKH� PLOOLQJ� RI� WKH�
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VWDUWLQJ� SRZGHUV� FRQWDLQLQJ� LURQ� LV� SURORQJHG�� WKH� SRURVLW\� RI� WKH� VLQWHUHG� FRPSDFWV�

GHFUHDVHV�DV�ZHOO��KRZHYHU��WR�D�VRPHZKDW�VPDOOHU�H[WHQW��3DUWLFXODUO\�ZKHQ�WKH�DPRXQW�

RI� LURQ� LV� KLJKHU� D� SURORQJHG� WLPH� RI� SODQHWDU\� PLOOLQJ� LV� LQHIIHFWLYH�� VHH� WKH�

PLFURVWUXFWXUH�LQ�)LJV���D���E��DQG�7DEOH�,,��2Q�WKH�RWKHU�KDQG��ZKHQ�DWWULWRU�PLOOLQJ�LV�

XVHG�� ZKLFK� LQFUHDVHV� WKH� VSHFLILF� VXUIDFH� RI� WKH� VWDUWLQJ� SRZGHU�� WKH� SRURVLW\� DJDLQ�

VWDUWV� WR� GHFUHDVH� RQ� VLQWHULQJ�� VHH� 7DEOH� ,,�� ,Q� WKLV� FDVH� DEQRUPDO� JUDLQ� JURZWK�LV�

REVHUYHG��WKH�SRUHV�EHFRPH�VPDOOHU��EXW�DUH�WUDSSHG�LQ�ODUJHU�JUDLQV��)LJ���F��

�

� �

D�� E��

)LJ�����0LFURVWUXFWXUH�RI�VDPSOHV�2���D��DQG�2���E��PLOOHG�LQ�D�SODQHWDU\�PLOO�IRU���DQG

��KRXUV��UHVSHFWLYHO\��

�

� � �

D�� E�� F��

)LJ�����0LFURVWUXFWXUH�RI�VDPSOHV�%���D��DQG�%���E��PLOOHG�LQ�D�SODQHWDU\�PLOO�IRU���DQG

��KRXUV��UHVSHFWLYHO\��DQG�RI�VDPSOH�%���F��PLOOHG�LQ�DQ�DWWULWRU�PLOO�IRU���KRXUV��

�
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�

:KHQ�ZH�WU\�WR�FRPSHQVDWH�IRU�WKH�VKULQNDJH�GXULQJ�VLQWHULQJ�E\�XVLQJ�PHWDO�LURQ�

SRZGHUV�� WKH�H[WHQW�DQG� WKH�QXPEHU�RI�FKHPLFDO� UHDFWLRQV�GXULQJ� WKH�KHDW� WUHDWPHQW� LV�

LPSRUWDQW�DQG�PXVW�EH�FRQVLGHUHG��

7KUHH�PDLQ�UHDFWLRQV�JRYHUQ�WKH�IRUPDWLRQ�RI�IHUULWH�FRUHV��L��WKH�R[LGDWLRQ�RI�LURQ�

WR�KDHPDWLWH�EHWZHHQ�����±������&��)LJ�����LL��WKH�IRUPDWLRQ�RI�=Q�IHUULWH�EHWZHHQ�����

���� �&�� DQG� LLL�� WKH� IRUPDWLRQ�RI�PL[HG�0Q=Q� IHUULWH� DERYH����� �&��7KXV�� LW� LV� TXLWH�

UHDVRQDEOH�WR�H[SHFW�WKDW�WKH�SRURVLW\�LQGXFHG�GXULQJ�UHDFWLRQ�IRUPLQJ��ZKLFK�LV�D�UHVXOW�

RI� WKH� UHDFWLRQ� VLQWHULQJ� LQ� D� PHWDO�LURQ� FRQWDLQLQJ�0Q=Q�IHUULWH� FRPSRVLWH�� PXVW� EH�

UHODWLYHO\�ODUJH�DQG�VKRXOG�EH�FDUHIXOO\�FRQVLGHUHG��

7KH� SRURVLW\� LQ� JUHHQ� 0Q=Q�IHUULWH� FRPSRVLWHV� SUHSDUHG� IURP� FDOFLQHG� IHUULWH�

SRZGHUV� LV� LQGXFHG� GXULQJ� IHUULWH�SRZGHU� FRPSDFWLRQ�� 7KLV� LQLWLDO� SRURVLW\� WKHQ�

JUDGXDOO\�GHFUHDVHV�GXULQJ�VLQWHULQJ��GHSHQGLQJ�RQ�WKH�UHODWLRQVKLS�EHWZHHQ�FRDUVHQLQJ�

DQG�GHQVLILFDWLRQ��+RZHYHU�� LQ� SDUDOOHO�ZLWK� WKH� FKHPLFDO� UHDFWLRQV� DFFRPSDQ\LQJ� WKH�

IHUULWH� IRUPDWLRQ� DQG� VLQWHULQJ�� DQ� DGGLWLRQDO� SRURVLW\� LV� IRUPHG�� %HVLGHV�� WKH�

LQKRPRJHQHRXV� GHQVLILFDWLRQ� FDXVHG� E\� D� EURDG� SDUWLFOH� VL]H� GLVWULEXWLRQ�� DV� ZHOO� DV�

.LUKHQGDOO�SRURVLW\� LQGXFHG�E\�XQHTXDO�PXWXDO�GLIIXVLRQ�RI� WKH�UHDFWDQWV��FDQ�LQFUHDVH�

WKH� ILQDO�SRUH�VL]H��/DUJH�SRUHV��ZKHQ�IRUPHG��DUH�H[WUHPHO\�XQIDYRXUDEOH�� VLQFH� WKHLU�

HOLPLQDWLRQ�GXULQJ�VLQWHULQJ�LV�SUDFWLFDOO\�LPSRVVLEOH�
���
�

:H� REVHUYHG� GXULQJ� RXU� VWXG\� WKDW� WKH� PRVW� HIIHFWLYH� ZD\� WR� LPSURYH� WKH�

PLFURVWUXFWXUH� DQG� WR� GHFUHDVH� WKH� SRURVLW\� LV� E\� XVLQJ� LQWHQVLYH� PLOOLQJ�� +RZHYHU��

LQWHQVLYH�PLOOLQJ� DOVR� LQGXFHV� WKH� SDUWLDO� R[LGDWLRQ� RI� LURQ� GXH� WR�PHFKDQRFKHPLFDOO\�

LQGXFHG�UHDFWLRQV��

%DVHG�RQ� WKH�H[SHULPHQWDO�ZRUN�SHUIRUPHG�GXULQJ� WKLV� VWXG\��7DEOH� ,� DQG� ,,�� DQ��

LQWHUUHODWLRQ�EHWZHHQ�WKH�GHQVLW\�DQG�WKH�VKULQNDJH�RI�VLQWHUHG�FRPSRVLWH�VDPSOHV�2��$��

%��&�DQG�'� � FRQWDLQLQJ�YDULRXV�DPRXQWV�RI� �PHWDO� LURQ�FDQ�EH�PDWFKHG� LQ�D�JUDSK�DV�

VKRZQ�LQ�)LJ������

$V�ZDV�H[SHFWHG��DQG�WKHQ�H[SHULPHQWDOO\�YHULILHG��WKH�DPRXQW�RI�PHWDO�LURQ�LQ�WKH�

JUHHQ� 0Q=Q�IHUULWH� FRPSDFWV� UHPDUNDEO\� UHGXFHV� WKH� VKULQNDJH� GXULQJ� VLQWHULQJ��

XQIRUWXQDWHO\�KRZHYHU�� LW�DOVR�UHGXFHV� WKH�ILQDO�GHQVLW\��7KH�GHFUHDVH� LQ� WKH�VKULQNDJH��

RFFXUV�PRVWO\�EHFDXVH�RI� WKH�YROXPH�H[SDQVLRQ�GXH� WR� WKH�R[LGDWLRQ�RI� WKH�PHWDO� LURQ��
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GXULQJ� WKH� UHDFWLRQ� VLQWHULQJ� � ZKLOH� � D� ORZ� ILQDO� GHQVLW\� � LV� FDXVHG� PDLQO\� E\� WKH�

UHODWLYHO\�KLJK�UHVLGXDO�SRURVLW\��ZKLFK�LV�D�UHVXOW�RI�WKH�UHDFWLRQ�VLQWHULQJ���

�

�

)LJ�����7KH�GHSHQGHQFH�RI�WKH�VKULQNDJH�DQG�GHQVLW\�RI�DWWULWRU�PLOOHG�VDPSOHV�YV�WKHLU�

FRPSRVLWLRQV�� ���$�� %��&�� DQG�'�� �7DEOH� ,�� FRUUHFWHG� IRU� WKH� DPRXQW� RI� LURQ�

R[LGL]HG�GXULQJ�PLOOLQJ��)LJ�����7KH�LQFUHDVH�RI�)H�2��LQ�WKH�ILQDO�FRPSRVLWLRQ�

GXH�WR�WKH�HURVLRQ�RI�WKH�VWHHO�EDOOV�GXULQJ�PLOOLQJ�ZDV�HVWLPDWHG�WR�EH�DURXQG�

���� ZW�� �� SHU� KRXU�� �,�� WKH� GHQVLW\�� �,,�� WKH� VKULQNDJH�� �,,,�� WKH� VKULQNDJH�

FRUUHFWHG� IRU� WKH� UHVLGXDO� SRURVLW\�� �,9�� GLPHQVLRQDO� FKDQJH�� HVWLPDWHG� XVLQJ�

(T�������UHODWLYH�WR�WKH�PD[LPXP�VKULQNDJH��������RI�XQGRSHG�VDPSOHV�ZLWK����

��7'��

�

7KH� LQLWLDO� VKULQNDJH� RI� DERXW� ����REVHUYHG� GXULQJ� VLQWHULQJ� RI�PHWDO�LURQ�IUHH�

VDPSOHV�GHFUHDVHV�UHPDUNDEO\�ZKHQ�PHWDO�LURQ�LV�XVHG��,Q�WKH�FDVH��IRU�H[DPSOH��ZKHQ�

����� RI� )H�2�� QHHGHG� IRU� WKH� V\QWKHVHV� RI�0Q=Q� IHUULWH� ZDV� IRUPHG� YLD�PHWDO�LURQ�

R[LGDWLRQ�� WKH� LQLWLDO� VKULQNDJH�ZDV� FRPSOHWHO\� FRPSHQVDWHG�� VHH� FXUYH� ,,�� 3DUW� RI� WKH�

�
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VKULQNDJH�FRPSHQVDWLRQ�ZDV�DFKLHYHG�DV�D�UHVXOW�RI�WKH�H[SDQVLRQ�RI�WKH�VDPSOHV�GXULQJ�

WKH�R[LGDWLRQ�RI� WKH�PHWDO� LURQ� WR�KDHPDWLWH�� �7KLV�SDUW� FDQ�EH�HVWLPDWHG�E\�XVLQJ� WKH�

(T������ VHH� FXUYH� ,9� LQ� )LJ�� ��� 7KH� UHVW� RI� WKH� REVHUYHG� WRWDO� VKULQNDJH� LV� GXH� WR� WKH�

SUHVHQFH�RI�WKH�UHVLGXDO�SRURVLW\�LQGXFHG�GXULQJ�WKH�UHDFWLRQ�VLQWHULQJ��PDUNHG�DV�/��LQ�

)LJ������&XUYH�,,,�VKRZV�WKH�WRWDO�VKULQNDJH�FRUUHFWHG�IRU�UHVLGXDO�SRURVLW\���'/�/� �����

�UV��UR�
���
��KHUH�UV

�
LV� WKH�VLQWHUHG�GHQVLW\�DQG�UR�ZDV�WDNHQ�DV�WKH�³WKHRUHWLFDO�GHQVLW\´��

WKH�GHQVLW\�RI�WKH�PHWDO�LURQ�IUHH�VDPSOHV�ZLWK�D�VKULQNDJH�RI�������

,W�FDQ�EH�VHHQ�WKDW�FXUYH�,9��ZKLFK�VKRZV�WKH�HVWLPDWHG�VKULQNDJH�UHVXOWLQJ�IURP�

WKH�H[SDQVLRQ�FDXVHG�E\�WKH�)H�2��IRUPHG�GXULQJ�WKH�PHWDO±LURQ�R[LGDWLRQ�LQ�WKH�0Q=Q�

IHUULWHV� VDPSOHV� XVLQJ�(T������ ILWV� WKH� FXUYH� ,,�� VKRZLQJ� � WKH� H[SHULPHQWDO� YDOXHV�� L�H��

VKULQNDJH�FRUUHFWHG�IRU�WKH�UHVLGXDO�SRURVLW\��UHDVRQDEO\�ZHOO��

)LJ����VKRZV�WKDW�SDUW�RI�WKH�VKULQNDJH�FRPSHQVDWLRQ�KDV�LWV�RULJLQ�LQ�WKH�UHVLGXDO�

SRURVLW\��ZKLFK�VKRXOG�EH�HOLPLQDWHG�GXULQJ�VLQWHULQJ��:KHQ�ZH�DSSO\�LQWHQVLYH�PLOOLQJ�

LQ� RUGHU� WR� GHFUHDVH� WKH� UHVLGXDO� SRURVLW\�� WKH� EHQHILFLDO� LQIOXHQFH� RI� WKH� PHWDO� LURQ�

DSSOLHG� IRU� WKH� VKULQNDJH�FRPSHQVDWLRQ� GXULQJ� VLQWHULQJ� LV� ORVW�� $Q� LQWHQVLYH� DWWULWRU�

PLOOLQJ�GLPLQLVKHV�WKH�HIILFLHQF\��RI�WKH�PHWDO�LURQ�DGGHG�WR�WKH�RULJLQDO�PL[WXUH��GXH�WR�

WKH�PHFKDQRFKHPLFDO�R[LGDWLRQ�RI�LURQ��7KLV�PLJKW�HYHQ�GHVWUR\�WKH�VWDUWLQJ�REMHFWLYH��

L�H��WKDW�WKH�UHDFWLRQ�IRUPLQJ�FDXVHG�E\�WKH�PHWDO�LURQ�R[LGDWLRQ�GXULQJ�VLQWHULQJ�VKRXOG�

FRPSHQVDWH�RU�DW�OHDVW�VWURQJO\�GHFUHDVH�WKH�ILQDO�VKULQNDJH�GXULQJ�VLQWHULQJ��

7KXV�� LQ�RUGHU� WR�DFKLHYH� WKH�SUHGLFWHG�JRDO�DQG� WR�VXFFHVVIXOO\�FRQWURO� WKH�ILQDO�

VKULQNDJH� E\� XVLQJ� WKH� UHDFWLRQ�IRUPLQJ� WHFKQLTXH�� D� FRPSURPLVH� PXVW� EH� DFKLHYHG�

EHWZHHQ� WKH� DPRXQW� RI� PHWDO� LURQ� SUHVHQW� LQ� WKH� VWDUWLQJ� PL[WXUH� DQG� WKH� PLOOLQJ�

LQWHQVLW\� DSSOLHG� GXULQJ� WKH� SUHSDUDWLRQ� RI� � JUHHQ� FRPSDFWV� LQ� RUGHU� WR� RSWLPLVH� WKH�

PLFURVWUXFWXUH�DQG�WKH�ILQDO�VKULQNDJH���

�

&RQFOXVLRQV�

�� 7KH� DGGLWLRQ� RI� )H� WR�0Q=Q� IHUULWH� FDQ� VXEVWDQWLDOO\� GHFUHDVH� WKH� ILQDO� VKULQNDJH�

GXULQJ�VLQWHULQJ�RI�0Q=Q�IHUULWHV�LQ�DLU��

�� 0LOOLQJ�RI�WKH�VWDUWLQJ�UDZ�PDWHULDOV�LQFUHDVHV�WKH�ILQDO�GHQVLW\�RI�VLQWHUHG�VDPSOHV��

�� ,QWHQVLYH�DWWULWRU�PLOOLQJ�LQGXFHV�WKH�PHFKDQRFKHPLFDO�R[LGDWLRQ�RI�LURQ�JUDLQV�DQG�

UHPRYHV�WKH�H[SDQVLRQ�DELOLW\�RI�LURQ�R[LGDWLRQ�GXULQJ�VLQWHULQJ��
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9� GHOX� SRURþDPR� R� L]GHODYL� UHDNFLMVNR� YH]DQH� 0Q=Q� IHULWQH� NHUDPLNH� ]� PDQMãLP�

NUþHQMHP� PHG� VLQWUDQMHP� ]DUDGL� SRYHþDQMD� YROXPQD�� NL� VSUHPOMD� RNVLGDFLMR� NRYLQVNHJD�
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WHPSHUDWXUQHP� REPRþMX� ���� �&������ �&� SD� QDVWDMD� 0Q=Q� IHULW�� 3RYHþDQMH� YROXPQD�� NL�

VSUHPOMD� WH� UHDNFLMH�� LQ� UD]YRM� SRUR]QRVWL� PHG� UHDNFLMVNLP� VLQWUDQMHP� GHOQR� DOL� Y� FHORWL�
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