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5HFHLYHG�6HSWHPEHU���������
$VVRFLDWLRQ�RI�0J���DQG�/D���LRQV�ZLWK�5HL°KDUGW�EHWDLQH�G\HV�LQ�GHXWHUDWHG�'062�KDV

EHHQ�VWXGLHG�XVLQJ��+�105�PHWKRG��%DVLQJ�RQ�FKHPLFDO�VKLIWV�RI�WKH�EHWDLQH�SURWRQV� LQ
WKH� SUHVHQFH� RI� PHWDO� LRQV� DV� ZHOO� DV� RQ� WKH� FKHPLFDO� VKLIWV� RI� WKH� SURWRQDWHG� EHWDLQH
SURWRQV�� WKH�0J���DQG�/D��� LRQV� LQWHUDFWLRQ�ZLWK�WKH�G\H�PROHFXOH�KDV�EHHQ�FRQFOXGHG�WR
EH� RI� DFLG�EDVH� QDWXUH�� 7KH� GDWD� REWDLQHG� VXJJHVW� WKH� LQDGPLVVLELOLW\� RI� WKH� EHWDLQH
DFLG�EDVH�VHQVRUV�LQ�WKH�SUHVHQFH�RI�PXOWLFKDUJHG�PHWDO�LRQV�
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7KH� 5HL°KDUGW� EHWDLQH� G\HV� DUH� XVHG
ZLGHO\� GXH� WR� VROYDWRFKURPLF� SURSHUWLHV
WKHUHRI� >����@�� 7KH� EHWDLQH� VROXWLRQ� FRORU
FKDQJH�GHSHQGLQJ�RQ�WKH�PROHFXOH�PLFUR�HQ�
YLURQPHQW� LV� RIWHQ� WKH� RQO\� FKDUDFWHULVWLF
LQGLFDWLQJ�VRPH�SURSHUWLHV�RI�WKH�OLTXLG�PH�
GLXP��IRU�H[DPSOH�� LWV�SRODULW\��(7�����HP�SLULFDO� SDUDPHWHU� >�@��� 7KHVH� G\HV� PDNH� LW
SRVVLEOH� WR� VWXG\� YDULRXV� SURSHUWLHV� RI
PL[HG� VROYHQWV�� WKH� VXUIDFH� VWUXFWXUH� RI
PRGLILHG�DQG�XQPRGLILHG�VLOLFRQ�DQG�DOXPL�
QXP� R[LGHV�� ]HROLWHV�� DQG� SRO\PHUV�� 0RUH�
RYHU�� WKH� VROYDWRFKURPLF� HIIHFW� KDV� EHHQ
IRXQG�WR�EH�XVHIXO�IRU�HVWLPDWLQJ�WKH�DFWLY�
LW\�RI�VXUIDFHV�LQ�FKURPDWRJUDSKLF�VXSSRUWV
>�@�� 'XH� WR� KLJK� VHQVLWLYLW\� RI� EHWDLQHV� WR
PRLVWXUH� DQG� DFLGV�� WKH� FRUUHVSRQGLQJ� ILOP
RU�PLFUR�SRURXV�VHQVRUV�FDQ�EH�SUHSDUHG�>�@�
7KH� WKHUPRFKURPLVP� RI� WKH� VXEVWDQFHV� RI�

IHUV� VRPH� SURVSHFWV� WR� XVH� WKHUHRI� DV� WHP�
SHUDWXUH�VHQVRUV� >�@��7KH�EHWDLQH�LQGLFDWRUV
KDYH�EHHQ�IRXQG�WR�EH�XVHIXO�IRU�LQYHVWLJD�
WLRQ�RI�WKH�SKDVH�SURSHUWLHV� LQ�WKH�FRPSOH[
V\VWHPV� VXFK� DV� PLFHOODU� VROXWLRQV� DQG
PLFUR�HPXOVLRQV� >�Ü�@�� 7KH� H[SHULPHQWDO
WHFKQLTXHV� EHLQJ� UDWKHU� VLPSOH�� WKH� GDWD� RE�
WDLQHG� �WDNLQJ� LQWR� DFFRXQW� WKH� G\H� VSHFLILF
SURSHUWLHV��DUH�TXLWH�VXIILFLHQW�WR�H[SODLQ�VRPH
HIIHFWV�� ,W� LV� MXVW� WKH� ������WULSKHQ\O�1������
GLSKHQ\O���K\GUR[\SKHQ\O�S\ULGLQLXP� SUHVHQWHG
LQ� )LJ���� �IURP�KHUH� RQ�� EHWDLQH�� WKDW� LV� XVHG
ZLGHO\� GXH� WR� LWV� RSWLPXP� SK\VLFRFKHPLFDO
SURSHUWLHV� �JRRG� VROXELOLW\� LQ� PDQ\� VROYHQWV�
WKH�KLJKHVW�REVHUYDEOH�VROYDWRFKURPLF�HIIHFW��

:KLOH� WKH� 5HLFKDUGW� EHWDLQH� G\HV� DUH
UDWKHU� ORQJ�DJR� LQ�XVH�� VRPH�SK\VLFRFKHPL�
FDO�SURSHUWLHV�WKHUHRI�UHPDLQ�VWXGLHG�LQVXI�
ILFLHQWO\� WR� GDWH�� H�J��� WKHLU� EHKDYLRU� IHD�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

��� )XQFWLRQDO�PDWHULDOV�������������



WXUHV� LQ� WKH� SUHVHQFH� RI� PHWDO� LRQV� LQ� RU�
JDQLF� PHGLD�� 6RPH� LQYHVWLJDWLRQ� LQ� WKLV
ILHOG� ZHUH� FDUULHG� RXW� XVLQJ� DFHWRQLWULOH
>��Ü��@��DFHWRQH��1��1��GLPHWK\O�DFHWDPLGH�
GLPHWK\O� VXOIR[LGH�� D� VHULHV� RI� DOLSKDWLF� DO�
FRKROV� >�@�� GLHWK\O� HWKHU�� WHWUDK\GURIXUDQ
>��@��%LQDU\�PL[WXUHV�PHWKDQRO�ZDWHU��W�EX�
WDQRO�GLPHWK\O� VXOIR[LGH� DQG� W�EXWDQRO�DFH�
WRQLWULOH� ZHUH� XVHG�� WRR� >��@�� ,Q� WKH� SUHV�
HQFH�RI�PHWDO�LRQV��WKH�G\H�DEVRUSWLRQ�PD[L�
PXP� LQ� WKH� YLVLEOH� VSHFWUDO� UHJLRQ� ZDV
IRXQG�WR�VKLIW�WRZDUGV�VKRUWHU�ZDYHOHQJWKV�
7KLV� HIIHFW� LV�PRUH� SURQRXQFHG� IRU� LRQV� RI
VPDOO�UDGLL�DQG�ODUJH�SRVLWLYH�FKDUJH��6R�/L�
LRQV� FDXVH� D� K\SVRFKURPLF� VKLIW� RI� WKH� G\H
DEVRUSWLRQ� PD[LPXP� LQ� DFHWRQLWULOH� IURP
���� QP� WR� ���� QP� ZKLOH� 1D�� LRQV�� WR
����QP��0J���LRQV�UHQGHU�WKH�EHWDLQH�HVVHQ�
WLDOO\� FRORUOHVV�� 7KH� DVVRFLDWLRQ� RI� PHWDO
LRQV�RFFXUV�DW�R[\JHQ�DWRP�RI�WKH�SKHQRODWH
PROHFXODU� IUDJPHQW� ZKHUH� D� FRQVLGHUDEOH
HOHFWURQ�GHQVLW\�LV� ORFDOL]HG��GLSROH�PRPHQW
DERXW����'���7KH�DVVRFLDWLRQ�FRQVWDQW�RI�WKH
EHWDLQH�ZLWK� /L�� LRQV� LQ� DFHWRQLWULOH�� DV� GH�
WHUPLQHG� IURP� WKH� DEVRUSWLRQ� VSHFWUD�� LV
.DVV� ����������0Ü��>��@��0RUHRYHU��LW�LV�WR
QRWH�WKDW�WKHVH�HIIHFWV�DUH�PRVW�SURQRXQFHG
LQ� DSURWLF�PHGLD�KDYLQJ� ORZ�RU�PRGHUDWH�GL�
HOHFWULF� FRQVWDQWV� �GLHWK\O� HWKHU�� WHWUDK\GUR�
IXUDQ�� DFHWRQH�� DFHWRQLWULOH��� /RZHU� DOFRKROV
IRUPLQJ� VWURQJ�K\GURJHQ� ERQGV�ZLWK� WKH� EH�
WDLQH�PROHFXOH�DV�ZHOO�DV�WKH�VROYHQWV�KDYLQJ
D�KLJK�VROYDWDELOLW\��'062��KLQGHU�WKH�PHWDO
LRQ� DVVRFLDWLRQ� ZLWK� WKH� G\H�� 8VLQJ� 105
PHWKRG��ZH�KDYH�LGHQWLILHG�PRUH�SUHFLVHO\�WKH
LQWHUDFWLRQ� FKDUDFWHU� RI�0J��� DQG� /D��� LRQV
ZLWK�WKH�EHWDLQH�LQ�G�Ü'062�/DQWKDQXP� DQG� PDJQHVLXP� SHUFKORUDWHV
ZHUH� REWDLQHG� E\� QHXWUDOL]LQJ� WKH� FRUUH�
VSRQGLQJ� FDUERQDWHV� ZLWK� ��� �� SHUFKORULF
DFLG�� $IWHU� ILOWUDWLRQ�� WKH� VROXWLRQV� ZHUH
HYDSRUDWHG�XVLQJ�D�ZDWHU�EDWK�DQG�WKH�FU\V�
WDOV�REWDLQHG�ZHUH�UHFU\VWDOOL]HG�WKULFH�IURP
GLVWLOOHG�ZDWHU��0DJQHVLXP�SHUFKORUDWH�ZDV
GULHG�IRU����K�DW�����&�DQG�����PP�+J��ODQ�

WKDQXP� SHUFKORUDWH�� IRU� ��� K� DW� ����&�DQG
���� PP� +J�� 7KH� EHWDLQH� �GLK\GUDWH�� ZDV
NLQGO\� RIIHUHG� E\� 3URI�&KULVWLDQ� 5HLFKDUGW�
7KH� SURWRQDWHG� G\H� ZDV� REWDLQHG� E\� WUHDW�
LQJ� LWV� DOFRKROLF� VROXWLRQ� ZLWK� ��� �� SHU�
FKORULF� DFLG�� 7KH� FRORUOHVV� VROXWLRQ� VR� RE�
WDLQHG� ZDV� GLOXWHG� ZLWK� D� OLWWOH� GLVWLOOHG
ZDWHU�DQG�FRQFHQWUDWHG�E\�HYDSRUDWLRQ��7KH
SUHFLSLWDWHG� ILQH� FU\VWDOV� ZHUH� UHFU\VWDOOL]HG
WZLFH�IURP�DTXHRXV�HWKDQRO�DQG�GULHG�IRU���K
DW� ���&�� 7KH� SURWRQ� VSHFWUD� ZHUH� PHDVXUHG
XVLQJ� D� 0HUFXU\� 9DULDQ� 9;����� 105� VSHF�
WURPHWHU�DW�����0+]��7KH�PHDVXUHPHQWV�ZHUH
GRQH� LQ���PP�DPSRXOHV� FRQWDLQLQJ�����P/�RI
WKH�VROXWLRQV�DW����&��7KH�LQLWLDO�VXEVWDQFHV�ZHUH
ZHLJKHG�GLUHFWO\�LQ�WKH�DPSRXOH�DQG�WKHQ�VROYHQW
�����P/��ZDV�DGGHG��7KH�G�Ü'062�ZLWK�������GHXWHULXP�FRQWHQW�ZDV�XVHG��706�ZDV�XVHG�DV
WKH�H[WHUQDO�VWDQGDUG��7KH�VSHFWUD�ZHUH�UHFRUGHG
IRU�IRXU�V\VWHPV��VHH�7DEOH����

7DEOH��� SUHVHQWV� WKH� FKHPLFDO� VKLIWV� RI
WKH�EHWDLQH�SURWRQV��V\VWHPV�$��%��&��'���,Q
WKH� ZHDN� ILHOG� UHJLRQ� OLH� WKH� VLJQDOV� IURP
�E��E�SURWRQV��VLQJOHW��DV�ZHOO�DV�WKRVH�IURP
�F��F�DQG��F��F��F�RQHV�DV�D�GRXEOHW�RI�PXO�
WLSOHWV��7KH�SURWRQ�VLJQDO�VSOLWWLQJ�LQWR�WZR
FRPSRQHQWV�XQW\SLFDO�RI�SKHQ\O� VXEVWLWXHQW
HYLGHQFHV� D� FRQVLGHUDEOH� SRODUL]DELOLW\� RI
WKH�PROHFXOH�DORQJ�WKH�D[LV�FRQQHFWLQJ�QLWUR�
JHQ�DQG�R[\JHQ�DWRPV��7KH�PXOWLSOHW�VLJQDOV
IURP�SURWRQV�RI�WKH�SKHQ\O�VXEVWLWXHQWV�EHLQJ
LQ� WKH�RUWKR�SRVLWLRQV�RI� WKH�S\ULGLQLXP�DQG
SKHQRODWH� PROHFXODU� IUDJPHQWV� DUH� ZLWKLQ
����� WR� ����� SSP�UHJLRQ��7KH�PXOWLSOHWV� DUH
VOLJKWO\�VSOLW�DOVR�LQWR�WZR�FRPSRQHQWV�KDYLQJ
WKH� LQWHJUDO� LQWHQVLWLHV� �� DQG� �� IRU� HDFK
SKHQ\O� VXEVWLWXHQW�� ,Q� WKH� SUHVHQFH� RI�PHWDO
LRQV� DV� ZHOO� LQ� WKH� SURWRQDWHG� EHWDLQH�� WKH
ODUJHVW� VKLIW� LV� REVHUYHG� IRU� VLJQDOV� RI� WKH
SKHQRODWH� SURWRQV�� 6R�� WKH� VLJQDO� IURP��D��D
SURWRQV� LV� VKLIWHG� WRZDUGV� ZHDN� ILHOG� IURP
������WR�������SSP��)LJ����VKRZV�WKH�FKDQJHV
RI�WKH�FKHPLFDO�VKLIWV�IRU�WKH�EHWDLQH�SURWRQV
ZKHQ�SDVVLQJ�IURP�WKH�$�V\VWHP�WR�WKH�'�RQH�
7KH�0J���DQG�/D���LRQV�DUH�VHHQ�WR�FDXVH�WKH
VKLIW� RI� DOO� SURWRQ� VLJQDOV� �H[FHSW� IRU� �H��H

�

1

2

D

E

F

G G

H H
�

�

�

�

�� �

�

�

�

�
�

�

�

�

�
�

�
�

)LJ�����%HWDLQH��7KH�OHWWHUV�GHQRWH�WKH�FRUUH�
VSRQGLQJ� DURPDWLF� ULQJV�� WKH� QXPHUDOV�� WKH
SURWRQ�QXPEHUV�

7DEOH����&RPSRVLWLRQ� DQG� FRQFHQWUDWLRQ� RI
WKH�FRPSRQHQWV�LQ�WKH�$��%��&��'�V\VWHPV�

6\VWHP &��PRO�/
$ %HWDLQH ������Ü�
% %HWDLQH ������Ü�

0J�&O2��� ���
& %HWDLQH ������Ü�

/D�&O2��� ������Ü�
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RQHV�� WRZDUGV� ZHDN� ILHOG�� 7KH� VLJQDO� SRVL�
WLRQV� WHQG� WR� WKRVH� IRU� SURWRQDWHG� PROHFXOH�

7KXV�� WKH� VLPLODULW\�EHWZHHQ� WKH�VSHFWUD
RI� SURWRQDWHG� EHWDLQH� DQG� RI� WKDW� DVVRFLDWHG
ZLWK�0J��� DQG�/D��� LRQV� VXJJHVWV�D�SDUDOOHO�
LVP� EHWZHHQ� WKH� XVXDO� DFLG�EDVH� LQWHUDFWLRQ
DQG�WKDW�RI�WKH�EHWDLQH�ZLWK�/HZLV�DFLGV��WKH
PHWDO� LRQV� EHLQJ� WKH� ODWWHU�� ,Q� WKLV� FRQQHF�
WLRQ��LW�LV�WR�QRWH�WKDW�WKH�XVH�RI�EHWDLQH�G\HV
DV�DFLG�EDVH�VHQVRUV�RU�PHWDO�LRQ�RQHV�LV�DVVR�
FLDWHG�ZLWK�VRPH�GLIILFXOWLHV��PDLQO\�ZLWK�WKDW
WKHVH�LQWHUDFWLRQV�DUH�RI�WKH�VDPH�W\SH�

$XWKRUV� DFNQRZOHGJH� 3URI�1�2�0FKHGORY�
3HWURVV\DQ�IRU�KLV�IUXLWIXO�GLVFXVVLRQ�RI�UHVXOWV�
3URI�6�0�'HVHQNR� DQG� 'U�9�,�0XVDWRY� ZKR� DV�
VLVWHG�LQ�105�H[SHULPHQWV�DQG�3URI�&�5HLFKDUGW
�3KLOLSSV� 8QLYHUVLW\�� 0DUEXUJ�� *HUPDQ\�� ZKR
RIIHUHG�D�VDPSOH�RI�WKH�EHWDLQH�G\H�

5HIHUHQFHV
� ���&�5HLFKDUGW��&KLPLD�����������������
� ���&�5HLFKDUGW�� 6ROYHQWV� DQG� 6ROYHQW�(IIHFWV� LQ

2UJDQLF�&KHPLVWU\���QG�UHY��DQG�HQODUJ��HG��
9&+�9HUODJVJHVHOOVFKDIW��:HLQKHLP��������

� ���.�'LPURWK�� &�5HLFKDUG�� 7�6LHSPDQQ� HW� DO��
/LHE��$QQ��&KHP�����������������

� ���-�-�0LFKHOV�� -�*�'RUVH\�� /DQJPXLU�� ��� ���
�������

� ���6�)LRULOOL��%�2QLGD��'�0DFTXDUULH� HW�DO���6HQ�
VRUV�DQG�$FWXDWRUV�%�������������������

� ���$�6HHERWK�� -�.ULZDQHN�� 5�9HWWHU�� -��0DWHU�
&KHP������������������

� ���1�2�0FKHGORY�3HWURVV\DQ�� 1�$�9RGROD]ND\D�
&�5HLFKDUGW�� &ROORLGV� DQG� 6XUIDFHV� $�� ����
�����������

� ���1�$�9RGROD]ND\D�� 1�2�0FKHGORY�3HWURVV\DQ�
*�+HFNHQNHPSHU�HW�DO���-��0RO��/LT��������Ü��
�����������

� ���1�2�0FKHGORY�3HWURVV\DQ�� <X�9�,VDHQNR�
6�7�*RJD��=K��2EVK��.KLP�������������������

����*�+ROOPDQQ��)�9RJWOH��&KHP��%HU�������� ����
�������

����9�*DJHLUR�� 0�$LOWRQ�� 0�&�5H]HQGH�� -��&KHP�
6RF��)DUDGD\�7UDQV������������������

����&�5HLFKDUGW�� 6�$VKDULQ�)DULG�� *�6FKDIHU�
&KHP��%HU�������������������

����'�$�%LQGHU��0�0�.UHHYR\��-��3K\V��&KHP������
�������������

����<�3RFNHU�� -�&�&LXOD�� -��$P��&KHP��6RF��� ����
������������

�����D�� ,�$�.RSSHO�� -�%�.RSSHO�� 2UJ��5HDFW�
�7DUWX��� ���� ��� ������� �&KHP��$EVWU��� ����
�����S� ��������� �E�� ,�$�.RSSHO�� -�%�.RSSHO�
9�2�3LKO��2UJ��5HDFW���7DUWX��� ���� ���� ������
�&KHP��$EVWU�������������N���������

)LJ�����&KDQJHV� LQ�FKHPLFDO� VKLIWV�RI� WKH�EH�
WDLQH�PROHFXOH� SURWRQV�ZKHQ�SDVVLQJ� IURP�$
WR�'�V\VWHPV�

7DEOH����7KH�FKHPLFDO�VKLIWV�DQG�VSLQ�VSLQ�FRQVWDQWV�RI�WKH�EHWDLQ�SURWRQV��)LJ�����LQ�WKH�$��%�
&��'�V\VWHPV��

6\VWHP G+��SSP
�D���D �E���E �F���F �F���F���F �G���G���G �H���H���H�

�G���G �H���H
$ ����� ����� ����� ����� �������P���+� �������P���+�

�V� �V� �P� �P� �������P���+� �������P���+�
% ����� ����� ����� ����� �������P���+� �������P���+�

�V� �GP��-�����+]� �GP��-�����+]� �������P���+� �������P���+�
& ����� ����� ����� ����� �������P���+� �������P���+�

�V� �V� �GP��-�����+]� �GP��-�����+]� �������P���+� �������P���+�
' ����� ����� ����� ����� �������P���+� �������P���+�

�V� �V� �GP��-�����+]� �GP��-�����+]� �������P���+� �������P���+�
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