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+RW�SUHVV� DQG� VXEVHTXHQW�GLH�XSVHW� >�±�@� RI� UDSLGO\� TXHQFKHG�1G)H%� DOOR\V� LQ�

GXFHV�PDJQHWLF�DQLVRWURS\�DQG�D�KLJK�HQHUJ\�SURGXFW��+LJK�FRHUFLYLW\�ZLWK�ILQH�JUDLQ
VWUXFWXUH�LV� WKH�PHULW�RI� WKH�SURFHVV��5HFHQWO\��ZH�KDYH� LQYHVWLJDWHG�D�PRGLILHG�KRW�
ZRUNLQJ�SURFHVV�WR�REWDLQ�DQLVRWURSLF�1G)H%�PDJQHWV�>����@��7KH�SURFHVV��UHIHUUHG�WR
DV� FXUUHQW�DSSOLHG� SUHVVXUH�DVVLVWHG� �&$3$�� SURFHVV� KHUHLQDIWHU�� LV� TXLFN� EHFDXVH
KLJK�HOHFWULF�FXUUHQW�LV�DSSOLHG�WR�KHDW�WKH�VSHFLPHQ��DQG�D�KLJK�FRHUFLYLW\�ZLWK�KLJK�
HQHUJ\�SURGXFW�LV�HDVLO\�REWDLQHG�
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,Q�WKLV�ZRUN��ZH�UHSRUW�WKH�SURFHGXUH�RI�WKH�SURFHVV�DQG�WKH�PDJQHWLF�SURSHUWLHV�
WH[WXUH�DQG�PLFURVWUXFWXUHV�RI�WKH�PDJQHWV�REWDLQHG�

���([SHULPHQWDO�SURFHGXUH
5DZ�PDWHULDOV�XVHG�LQ�WKH�H[SHULPHQWV�ZHUH�FRPPHUFLDO�SRZGHUV�043$��043%

DQG�048*��0DJQHTXHQFK��ZLWK�FRPSRVLWLRQV�VKRZQ�LQ�7DEOH����)RU�FRQVROLGDWLRQ
RI�WKH�SRZGHUV����±���J�RI�WKH�UDZ�PDWHULDOV�ZHUH�SRXUHG�LQWR�D�JUDSKLWH�PROG��2'�
���PP�� ,'�� ���PP��+�� ���PP��� WKHQ��'&� FXUUHQW� �����±�����$�� DQG�PHFKDQLFDO
SUHVVXUH� ���±���� 03D�� ZHUH� DSSOLHG� VLPXOWDQHRXVO\� WKURXJK� WKH� XSSHU� DQG� ORZHU
SXQFKHV�XQGHU� WKH� HYDFXDWHG�$U� DWPRVSKHUH��7KH�SRZGHU�ZDV� WKXV�KHDWHG�E\� -RXOH
KHDW�DQG�FRPSDFWHG�XQWLO�GHQVLILFDWLRQ�ZDV�DWWDLQHG��7KLV�SURFHVV��UHIHUUHG�WR�DV�FXU�
UHQW�DSSOLHG�SUHVV��&$�SUHVV��KHUHLQDIWHU��LV�VKRZQ�LQ�)LJ���D��,Q�RUGHU�WR�HQGRZ�WKH
DQLVRWURS\��WKH�&$�SUHVVHG�PDJQHW�ZDV�SODFHG�EHWZHHQ�WKH�XSSHU�DQG�ORZHU�JUDSKLWH
SXQFKHV�LQ�DQ�RSHQ�GLH��WKHQ�SUHVVHG�WR�GHIRUP�ZKLOH�FXUUHQW�ZDV�DSSOLHG��7KLV�SUR�
FHGXUH� LV� VKRZQ� LQ� )LJ�� �E� DQG� UHIHUUHG� WR� DV� FXUUHQW� DSSOLHG� GHIRUPDWLRQ� �&$�
GHIRUPDWLRQ�� SURFHVV�� 'XULQJ� WKH� SURFHVVHV�� WKH� VKULQNDJH� RI� VSHFLPHQ�� PROG� WHP�
SHUDWXUH��DSSOLHG�ORDG�DQG�FXUUHQW�ZHUH�PRQLWRUHG�

7DEOH����1RPLQDO�FRPSRVLWLRQ�RI�UDZ�SRZGHUV��ZW�����
7KH�QXPEHUV�LQ�SDUHQWKHVHV�FRUUHVSRQG�WR�DWRPLF�SHUFHQWDJH
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7R�GHWHUPLQH�PDJQHWLF�SURSHUWLHV��D�SXOVHG�ILHOG�PDJQHWRPHWHU�DQG�D�K\VWHUHVLV�
JUDSK� V\VWHP�ZHUH� XVHG�� 7KH� FU\VWDO� SKDVH� ZDV� LGHQWLILHG� E\� ;�UD\� GLIIUDFWRPHWU\
ZLWK�&X. � � UDGLDWLRQ��3ROH� ILJXUHV� FRUUHVSRQGLQJ� WR� ������ UHIOHFWLRQV�ZHUH� REWDLQHG
XVLQJ�D�3KLOLSV�;�UD\�GLIIUDFWRPHWHU�E\�HPSOR\LQJ�WKH�JHRPHWU\�RI�6FKXO]�UHIOHFWLRQ
PHWKRG�>�@��7KH�GHWHFWRU�ZDV�VHW�DW�IL[HG�DQJOHV��q� �������DQG�������UHODWLYH�WR�WKH
LQFLGHQW�EHDP�IRU�WKH�PHDVXUHPHQW�RI�WKH�LQWHQVLW\�RI�������DQG�������UHIOHFWLRQV��7KH
WLOW�DQJOH��a��ZDV�YDULHG�IURP����WR�����LQ�VWHSV�RI�����7KH�VHFRQG�URWDWLRQ�D[LV��D]L�
PXWK�DQJOH��b���ZDV�YDULHG�IURP����WR������LQ�VWHSV�RI�����

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUHV��D�DQG�E�VKRZ�WKH�H[DPSOHV�RI�WKH�FKDQJH�RI�IDEULFDWLRQ�SDUDPHWHUV�GXU�

LQJ�&$�SUHVV�DQG�&$�GHIRUPDWLRQ��UHVSHFWLYHO\��7KH�VKULQNDJH�RI�SRZGHU�GXULQJ�&$�
SUHVV�RFFXUV�LQ�WZR�VWHSV��7KH�ILUVW�VKULQNDJH�REVHUYHG�DW�WKH�LQLWLDO�VWDJH�LV�FROG�SUHVV
RI�SRZGHU��DQG�WKH�VHFRQG�VKULQNDJH�RFFXUULQJ�IRU�W� ���±����V�LV�GXH�WR�WKH�SRZGHU
ERQGLQJ� WKURXJK�1G�ULFK� OLTXLG�SKDVH� IRUPHG�E\� WKH� -RXOH�KHDWLQJ��7KH�GHFUHDVH�RI
WKH�ORDG�DSSOLHG�DW�W������V�DQG�WKH�LQFUHDVH�RI�WKH�WHPSHUDWXUH�IRU�W� ���±����V�FRLQ�
FLGH�ZHOO�ZLWK� WKH� WUDFH�RI� VKULQNDJH�� ,Q� WKH� FDVH�RI�&$�GHIRUPDWLRQ�� WKH� VKULQNDJH
DOVR�RFFXUV�LQ�WZR�VWHSV��7KH�ILUVW�VWHS�LV�D�UDSLG�GHIRUPDWLRQ�DW�D�UDWH�RI�a����PP�V�
ZKLFK�RFFXUV�GXULQJ��±��V�DW�WKH�LQLWLDO�VWDJH��DQG���±����RI�WKH�ZKROH�GHIRUPDWLRQ
LV�DFKLHYHG��7KH�VHFRQG�VWHS�LV�D�VORZHU�GHIRUPDWLRQ�DW�D�UDWH�RI�a�����PP�V��DQG�WKH
UHVW�RI�GHIRUPDWLRQ�SURFHHGV�IRU�DERXW����V�

)LJ�����&KDQJHV�RI�H[SHULPHQWDO�SDUDPHWHUV�GXULQJ�&$�SUHVV��D��DQG�&$�GHIRUPDWLRQ��E��SURFHVV

)LJXUHV��D�DQG�E�VKRZ�WKH�PDJQHWLF�SURSHUWLHV�DQG�GHQVLW\�RI�&$�SUHVVHG�PDJQHWV
DV�D� IXQFWLRQ�RI� WKH�SUHVVXUH�DSSOLHG�DQG�HOHFWULF�FXUUHQW�� UHVSHFWLYHO\��$V�VKRZQ� LQ
)LJ���D��QHDUO\�D�IXOO�GHQVH�PDJQHW�LV�REWDLQHG�DW�3 � �Ë����03D��DQG�WKH�UHPDQHQFH�DQG
HQHUJ\�SURGXFW�UHDFK�WKH�PD[LPXP�DW�3 � � ���±���03D��$�IXUWKHU�LQFUHDVH�RI�3 � �UH�
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VXOWV� LQ�D�FRQWLQXRXV� LQFUHDVH�RI� �+ � ��7KH� LQFUHDVH�RI� FRHUFLYLW\� LV�GXH� WR� WKH�JUDLQ
UHILQHPHQW�E\�KLJK�SUHVVXUH���7KH�IXOO�GHQVLW\�LV�REWDLQHG�DERYH�,� ������$��)LJ���E��
$�IXUWKHU�LQFUHDVH�RI�WKH�FXUUHQW��KRZHYHU��GHFUHDVHV�WKH�FRHUFLYLW\��SUREDEO\�GXH�WR
WKH�GLVFORVXUH�RI�WKH�VSHFLPHQ�WR�KLJK�WHPSHUDWXUH�E\�KLJK�FXUUHQW�IORZLQJ�

)LJ�����0DJQHWLF�SURSHUWLHV�DQG�GHQVLW\�RI�&$�SUHVVHG�PDJQHWV
DV�D�IXQFWLRQ�RI�SUHVVXUH�DSSOLHG��D��DQG�HOHFWULF�FXUUHQW��E�

)LJXUH� �� VKRZV� WKH� GHPDJQHWL]DWLRQ� FXUYHV� RI� WKH� 043$� SRZGHU� DQG� LWV� &$�
SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV��7KH�&$�SUHVVHG�PDJQHW�PDLQWDLQV�WKH�KLJK�FRHU�
FLYLW\�RI�UDZ�SRZGHU��ZKLOH�WKH�UHPDQHQFH�LQFUHDVHV�E\�������7KH�KLJK�FRHUFLYLW\�RI
&$�SUHVV� PDJQHW�� ZKLFK� LV� FRPSDUDEOH� WR� WKH� FRHUFLYLW\� RI� UDZ� SRZGHU�� LV� GXH� WR
D�VPDOO� JUDLQ� VL]H� DOPRVW� XQFKDQJHG� FRPSDUHG� WR� WKH� RULJLQDO� VWDWH�� $IWHU� &$�
GHIRUPDWLRQ��WKH�UHPDQHQFH�LQFUHDVHV�FRQVLGHUDEO\�ZLWK�WKH�H[SHQVH�RI�WKH�FRHUFLYLW\�
7KH�6(0�PLFURJUDSK�VKRZV�ZHOO�DOLJQHG�SODWHOHW�JUDLQV�RI����±����QP�LQ�GLDPHWHU
JURZQ�SHUSHQGLFXODU�WR�WKH�SUHVV�GLUHFWLRQ��)LJ�����
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)LJ�����'HPDJQHWL]DWLRQ�FXUYHV�RI�043$�SRZGHU�
&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV
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IRU�&$�SUHVVHG��D��DQG�&$�GHIRUPHG��E��PDJQHWV

7DEOH����0DJQHWLF�SURSHUWLHV�RI�UDZ�SRZGHUV��&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV
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&$�SUHVVHG ���� ��� ���� ���� ��� ����043$
&$�GHIRUPHG ���� ���� ��� ���� ��� ����
UDZ�SRZGHU ���� ��� ��� ��� ��� ����
&$�SUHVVHG ���� ��� ��� ��� �� ����043%
&$�GHIRUPHG ���� ���� ��� ��� �� ���
UDZ�SRZGHU ���� ��� ���� ���� �� ���
&$�SUHVVHG ���� ��� ���� ���� ��� ����048*
&$�GHIRUPHG ���� ���� ���� ���� ��� ����

,Q�7DEOH����WKH�PDJQHWLF�SURSHUWLHV�RI�&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV
REWDLQHG�IURP�YDULRXV�UDZ�SRZGHUV�DUH�VXPPDUL]HG��7KH�PDJQHWV�IDEULFDWHG�IURP
048*�SRZGHU�VKRZ�SDUWLFXODUO\�KLJK�FRHUFLYLW\�RI������N$�P�IRU�&$�SUHVVHG�DQG
RI������N$�P�IRU�&$�GHIRUPHG�PDJQHWV��SRVVLEO\�GXH� WR� WKH�ILQH�JUDLQ� VWUXFWXUH�DV
ZHOO�DV�WKH�LQFUHDVH�RI�FU\VWDO�DQLVRWURS\�E\�'\�DGGLWLRQ��7KH�PDJQHWV�REWDLQHG�IURP
043%� SRZGHU�� KRZHYHU�� VKRZ� ORZ� FRHUFLYLW\� DQG� ORZ� UHPDQHQFH�� 7KH� WH[WXUH� RI
&$�GHIRUPHG�PDJQHWV� H[DPLQHG� E\� ������ SROH� ILJXUH� VKRZV� ZHOO�GHYHORSHG� F�D[LV
DOLJQPHQW� IRU� WKH�PDJQHW�REWDLQHG� IURP�043$��EXW�SRRU� DOLJQPHQW� IRU� WKH�PDJQHW
REWDLQHG�IURP�043%��)LJ������7KH�6(0�PLFURJUDSKV�REVHUYHG�DORQJ�WKH�SUHVV�GLUHF�
WLRQ�UHYHDO�WKDW�WKH�PDJQHW�LV�FRPSRVHG�RI�WZR�UHJLRQV��DV�VKRZQ�LQ�)LJ�����2QH�DUHD
±�GDUN��D���LV�WKH�UHJLRQ�ZLWK�QR�WH[WXUH��DQG�WKH�RWKHU�±�EULJKW��E��±�LV�WKH�UHJLRQ�ZHOO�
WH[WXUHG�EXW�FRPSRVHG�RI�ODUJH�JUDLQV�RI��±��mP�LQ�GLDPHWHU��&OHDUO\�� WKH�ORZ�FRHU�
FLYLW\� LV� GXH� WR� ODUJH� JUDLQV� DQG� WKH� ORZ� UHPDQHQFH� LV� FDXVHG� E\� ODUJH� YROXPH� RI
XQWH[WXUHG�DUHD�
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)LJ�����������SROH�ILJXUHV�RI�&$�GHIRUPHG�PDJQHWV
REWDLQHG�IURP�043$��D��DQG�043%��E��SRZGHUV
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)LJ�����6(0�PLFURJUDSKV�RI�WKH�IUDFWXUH�VXUIDFH�RI�&$�GHIRUPHG�PDJQHW
�REWDLQHG�IURP�043%�SRZGHU��7KH�WZR�PDJQLILFDWLRQV��L�H���E��DQG��F��

FRUUHVSRQG�WR�WKH�]RQHV�D��DQG�E��RI��D���UHVSHFWLYHO\

���&RQFOXVLRQ
1DQRFU\VWDOOLQH�1G)H%�PDJQHWV�ZLWK�KLJK�HQHUJ\�SURGXFW�KDYH�EHHQ�REWDLQHG�E\

DSSO\LQJ� WKH�&$3$�SURFHVV�� 'XULQJ�&$�SUHVV�� WKH� LQFUHDVH� RI� WKH� SUHVVXUH� DSSOLHG
LQFUHDVHV� WKH� FRHUFLYLW\��+RZHYHU�� WKH� LQFUHDVH� RI� WKH� FXUUHQW� DSSOLHG� GHFUHDVHV� WKH
FRHUFLYLW\��%\�&$�GHIRUPDWLRQ� WUHDWPHQW�� WKH� SODWHOHW� JUDLQV�ZLWK� WKH� F�D[LV� WH[WXUH
SDUDOOHO�WR�WKH�SUHVV�GLUHFWLRQ�DUH�REWDLQHG��7KH�EHVW�SURSHUWLHV�REWDLQHG�IRU�043$�SRZGHU
ZHUH�� %�  � ����� 7� ������ N*��� �+ �  � ���� N$�P� ������ N2H�� DQG� �%+���� �  � ���� N-�P �
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