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���,QWURGXFWLRQ
0DJQHWLWH�LQ�QDQRSDUWLFXODU�IRUP�LV�XVHG

ZLGHO\� LQ� GLIIHUHQW� DUHDV� VXFK� DV� OLTXLG
VHDOV�� RSWLFV�� VSLQWURQLFV�� VHQVRUV�� ELRORJ\
DQG�PHGLFLQH�GXH�WR�IOH[LELOLW\�LQ�PDQLSXOD�
WLRQ�E\�PDJQHWLF�ILHOG�DQG�ELRFRPSDWLELOLW\�
,W� PLJKW� EH� XVHG� IRU� PDJQHWLF� UHFRUGLQJ
PHGLD�LWVHOI�>�@�RU�DV�D�SUHFXUVRU�IRU�J�)H�2�>�@�� 6RPH� FRQGXFWLQJ� SRO\PHUV� ZLWK� )H�2�QDQRSDUWLFOHV� KDYH� EHHQ� SUHSDUHG� ZLWK� LQ�
WHUHVWLQJ� FRQGXFWLYH� DQG� PDJQHWLF� SURSHU�
WLHV� >�@�� $Q� LQWHUPHGLDWH� VWHS� EHWZHHQ� WKH
V\QWKHVLV� RI� QDQRSDUWLFOHV� DQG� WKHLU� XVH� LQ
SUDFWLFDO� GHYLFHV� LV� WKHLU� RUJDQL]DWLRQ
ZLWKLQ� VROLG� PDWULFHV�� VXFK� DV� SRO\PHUV�
JODVVHV��RU�FHUDPLFV��6XFK�FRPELQDWLRQV�RI�D
VROLG� PDWUL[� ZLWK� QDQRPHWHU� VL]HG� FRPSR�
QHQWV� RI� D� GLIIHUHQW� PDWHULDO� DUH� RIWHQ� UH�
IHUUHG� WR� DV� QDQRFRPSRVLWHV�� 7KH� RSWLFDO
SURSHUWLHV� RI� VXFK� QDQRFRPSRVLWHV� GHSHQG
VWURQJO\� RQ� WKH� VL]H�DQG�VKDSH�RI�PDJQHWLF
QDQRFU\VWDOV� DQG� WKHLU� DJJUHJDWHV� >�@�� 'LI�
IHUHQW�IDFWRUV�FDQ�LQIOXHQFH�WKH�DJJUHJDWLRQ
SURFHVV�� 7KHVH� LQFOXGH� WKH� VXUURXQGLQJ

PHGLD��WKH�VXUIDFWDQW�XVHG�WR�VHJUHJDWH�WKH
SDUWLFOHV�� WHPSHUDWXUH� DQG� PDJQHWLF� ILHOG�
5HFHQWO\�� WKH� PXOWLOD\HUHG� V\VWHPV� ZKHUH
PDJQHWLF� OD\HUV� DOWHUQDWH� ZLWK� GLHOHFWULF
RQHV� DWWUDFW� VLJQLILFDQW� DWWHQWLRQ� GXH� WR
WKHLU� VSHFLILF� LQWHUDFWLRQ� ZLWK� OLJKW�� 7KH
DLP�RI�WKLV�ZRUN� LV�WR�VWXG\�WKH�SRVVLELOLW\
WR� XVH� WKH� QDQRFRPSRVLWH� ILOPV�ZLWK�)H�2�LQ� SUHSDUDWLRQ� RI� PDJQHWLF� SKRWRQLF� FU\V�
WDOV�� 0DJQHWLF� PDWHULDOV� DUH� SURPLVLQJ� DV
SURVSHFWLYH� FRPSRQHQWV� RI� PDJQHWLF� SKR�
WRQLF�FU\VWDOV��EHFDXVH�WKH\�DOORZ�WXQLQJ�RI
WKHLU� RSWLFDO� SURSHUWLHV� XQGHU� GF� PDJQHWLF
ILHOG� DFWLRQ� >�@�� )RU� H[DPSOH�� WKH� OLJKW� SR�
ODUL]DWLRQ�VWDWH�FDQ�EH�FKDQJHG�IURP�HOOLSWL�
FDO� WR�FLUFXODU�RQH�E\�YDULDWLRQ�LQ�PDJQHWL�
]DWLRQ�YHFWRU�

���([SHULPHQWDO
,Q� WKLV� ZRUN�� WKH� VRO�JHO� PHWKRG� ZDV

XVHG�WR�REWDLQ�WKH�PDJQHWLWH�QDQRFU\VWDOV�RI
��� WR� ��� QP� DYHUDJH� VL]H� DV� FRQILUPHG� E\
7(0� PHDVXUHPHQWV� �)LJ������ 7KH� V\QWKHVLV
SURFHGXUH� IRU�)H�2��QDQRSDUWLFOHV�EDVHG�RQGDWD� IURP� >�@� FDQ� EH� GHVFULEHG� DV� IROORZV�
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)RU�6DPSOH���Ü�����PO�ZDWHU�VROXWLRQ�RI������0
)H���� ����� 0� )H��� �IURP� LURQ� FKORULGHV�
PL[HG� ZLWK� ��� PO� RI� 1+�2+� ���� ��� DQG
���PO�RI�ROHLF�DFLG��)RU�6DPSOH���Ü������PO
RI� ����� 0� )H���� ����� 0� )H��� PL[HG� ZLWK
��� PO� RI� 1+�2+� ���� ��� DQG� ��� PO� XQ�
GHF\OHQLF� DFLG�� 2OHLF� DQG� XQGHF\OHQLF� DFLGV
DUH�XVHG�KHUH� DV� VXUIDFWDQWV��7KH�UHDFWLRQV
RFFXUULQJ�FDQ�EH�ZULWWHQ�DV�

)H������2+��o�)H2�2+����+�2
)H������2+��o�)H�2+��

�)H2�2+����)H�2+���o�)H�2�����+�2�
7KH� VSLQ� FRDWLQJ� WHFKQLTXH� ZDV� XVHG� WR

GHSRVLW�WKH�ILOPV�FRQWDLQLQJ�)H�2��QDQRSDU�WLFOHV� RQWR� 6L� VXEVWUDWH�� ,Q� WKLV� FDVH�� WKH
SRO\YLQ\O� VW\UHQH� ZDV� XVHG� DV� WKH� FRDWLQJ
OD\HU� DQG� ELQGHU�� 7KH� 6DPSOH� �� ZDV� SUH�
SDUHG�E\�GHSRVLWLRQ�RI� VLQJOH� OD\HU�RI�PDJ�
QHWLWH� QDQRSDUWLFOHV� ZKLOH� ILYH� OD\HUV� KDYH
EHHQ� GHSRVLWHG� IRU� 6DPSOH� ��� 6RPH� ILOPV
ZHUH� WKLFN� DQG� IOH[LEOH� HQRXJK� WR� SHHO� RII
WKH� VXEVWUDWH�� VR� WKHUH�ZDV� D� SRVVLELOLW\� WR
PHDVXUH� WKH� OLJKW� WUDQVPLWWDQFH� WKHUH�
WKURXJK�� 7KH� UHIOHFWDQFH� RI� WKH� ILOPV� ZDV
DOVR�PHDVXUHG�LQ�WKH����Ü����PP�UDQJH��

0RUSKRORJLFDO� FKDUDFWHULVWLFV� DQG� VSH�
FLILF� SURSHUWLHV� RI� WKH� REWDLQHG� FRPSRVLWH
VWUXFWXUHV�ZHUH�VWXGLHG�E\�DWRPLF�IRUFH�PL�
FURVFRS\� �)LJ������ 7KH� 6DPSOH� �� �WKLQ� ILOP�
GHPRQVWUDWHV� D� ODUJH� UHOLHI� IRUPHG� E\� DJ�
JORPHUDWHV�RI�QDQRSDUWLFOHV�ZLWK�ODWHUDO�VL]H
DURXQG� a���� QP�� 7KH� 6DPSOH� �� VKRZV� D
VPRRWK� VXUIDFH� ZLWK� ORZ� URXJKQHVV�� SURE�
DEO\� EHFDXVH� RI� WRWDO� ILOP� WKLFNQHVV� ZKHUH
QDQRSDUWLFOHV� DQG� DJJORPHUDWHV� WKHUHRI
ZHUH�KLGGHQ�DQG�D�PRUH�VXLWDEOH�VXUIDFWDQW
XVHG��XQGHF\OHQLF�DFLG����

2SWLFDO� SURSHUWLHV� RI� WKLFN� ILOP� �6DP�
SOH����ZHUH�VWXGLHG�E\�PHDVXULQJ�WKH�WUDQV�
PLWWDQFH� �7�� DQG� UHIOHFWDQFH� �5�� RI� D� IUHH
QDQRFRPSRVLWH� ILOP�� 7KH� ILOP� ZDV� WKLFN

HQRXJK�DQG�LW�ZDV�SRVVLEOH�WR�SHHO�LW�RII�IURP
WKH�VXEVWUDWH��7KHQ�OLJKW�DEVRUSWLRQ��$���)LJ�
�D��IRU�WKH�ILOPV�ZDV�FDOFXODWHG�DV�$ �Ü5Ü
7��7KH�VSHFWUDO�GHSHQGHQFH�RI�H[WLQFWLRQ�FR�
HIILFLHQW� N�O�� �)LJ���E�� ZDV� FDOFXODWHG� IURP
WKH� DEVRUSWLRQ� $� XVLQJ� WKH� IROORZLQJ� UHOD�
WLRQV�

$� �����H[S���D���G�
D� �����SO ���N�

ZKHUH�D�LV�WKH�DEVRUSWLRQ�FRHIILFLHQW��G��WKH
ILOP�WKLFNQHVV��O��WKH�ZDYHOHQJWK��

2SWLFDO�SURSHUWLHV�RI�WKLQ�ILOP��6DPSOH���
ZHUH� VWXGLHG� E\�PHDVXULQJ� WKH� VSHFWUDO� GH�
SHQGHQFHHV� RI� SRODUL]HG� OLJKW� UHIOHFWDQFH
RQO\�DW�GLIIHUHQW�DQJOHV�RI�LQFLGHQFH��,W�ZDV
LPSRVVLEOH� WR� PHDVXUH� WKH� ILOP� WUDQVPLW�
WDQFH��WKHUHIRUH��WKH�FDOFXODWLRQV�ZHUH�PRUH
FRPSOLFDWHG��7KH� H[WLQFWLRQ� FRHIILFLHQW�N�O�
�)LJ���E�� FXUYH� ��� ZDV� HOLPLQDWHG� IURP� UH�
IOHFWDQFH� PHDVXUHPHQWV� E\� ILWWLQJ� XVLQJ
)UHVQHO� HTXDWLRQV� >�@�� 7KHQ� WKH� DEVRUSWLRQ
FRHIILFLHQW� D� DQG� DEVRUSWLRQ� $� ZHUH� RE�

)LJ����� 7(0� LPDJHV� RI� SUHSDUHG� )H�2�QDQRSDUWLFOHV�RI���Ü���QP�DYHUDJH�VL]H��7KH
SDUWLFOH�VKDSH�LV�RFWDKHGUDO�WKDW�LV�W\SLFDO�RI
PDJQHWLWH�

)LJ�����$)0�LPDJHV�RI�)H�2��FRPSRVLWH�ILOPVPDGH�RI�6DPSOHV����D��DQG����E��ZLWK���OD\HU
�D��DQG���OD\HU��E��WKLFNQHVV�
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WDLQHG� XVLQJ� WKH� DERYH� IRUPXODV�� 7KH� VLJ�
QLILFDQW� ILOP� URXJKQHVV� �)LJ����� FRPSDUDEOH
ZLWK� WKH� ILOP� WKLFNQHVV� DQG� D� QRQLGHDO� ILW�
WLQJ� UHVXOWLQJ� WKHUHIURP� SURYLGHV� D� UDWKHU
URXJK� HVWLPDWLRQ� RI� WKH� H[WLQFWLRQ� FRHIIL�
FLHQW��EXW�D� VLJQLILFDQW�GLIIHUHQFH� IURP�WKH
EXON� PDWHULDO� SURSHUWLHV� �)LJ���E�� FXUYH� ��
LV� QHYHUWKHOHVV� REYLRXV�� 7KH� FXUYH� VKDSHV
GLIIHU� PRVW� LQ� WKH� ,5� VSHFWUDO� UHJLRQ�� SHU�
KDSV�WKLV� LV�FRQQHFWHG�ZLWK�QDQRVL]HG�FKDU�
DFWHU� RI�PDJQHWLWH�� 7KH� IDFW� WKDW� WKH� DEVR�
OXWH� H[WLQFWLRQ� YDOXH� LV� HYHQ� KLJKHU� WKDQ
WKDW� IRU� EXON�PDWHULDO� >�@� LQ� VRPH� VSHFWUDO
UHJLRQV� FRXOG� EH� GXH� WR� OLJKW� VFDWWHULQJ�� LQ�
FUHDVHG�FRQFHQWUDWLRQ�RI�)H��)H2�FRPSRQHQWV
LQ� PDJQHWLWH� QDQRSDUWLFOHV�� DQG� SRVVLEO\� WR
LQFRUUHFW�HVWLPDWLRQ�RI�ILOP�WKLFNQHVV�

7KH� REWDLQHG� GHSHQGHQFH� N�O�� IRU� QDQR�
FRPSRVLWH� WKLFN� ILOP� GLIIHUV� VLJQLILFDQWO\
IURP� WKH� FRUUHVSRQGLQJ� GHSHQGHQFH� IRU� WKH
EXON�PDWHULDO� >�@� �)LJ���E��FXUYH����DQG�IRU
WKH�WKLQ�ILOP��FXUYH�����7KH�FXUYH�VKDSH�DQG
WKH� PLON\� FRORU� RI� VWXGLHG� ILOPV� VXJJHVWV
WKDW�WKH�OLJKW�VFDWWHULQJ�LV�KHUH�RI�D�FRQVLG�
HUDEOH�LPSRUWDQFH��7R�FKHFN�WKH�LQIOXHQFH�RI
WKH�VFDWWHULQJ��WKH�DEVRUSWLRQ�VSHFWUXP�$�O�
ZDV�GUDZQ�LQ�FRRUGLQDWHV���O���)LJ������7KH
OLQHDU�SDUW� RI� WKH� FXUYHV� FRQILUPV� WKH� LGHD
RI� OLJKW� VFDWWHULQJ� VLJQLILFDQW� LQIOXHQFH� RQ
WKH� ILOP� RSWLFDO� SURSHUWLHV�� 7KH� DEVRUSWLRQ
RI� WKLQ� ILOP� �6DPSOH� ��� �FXUYH� ��� H[FHHGV
VLJQLILFDQWO\� WKDW� RI� WKLFN� ILOP� �FXUYH� ���
7KLV� IDFW� FRUUHODWHV� ZLWK� LQFUHDVHG� VXUIDFH
URXJKQHVV� REVHUYHG� LQ� 6DPSOH� �� E\� $)0
�)LJ������7KH�OLJKW�VFDWWHULQJ�LV�SURSRUWLRQDO
WR�WKH�VL]H�RI�WKH�VWUXFWXUHV�UHVSRQVLEOH�IRU
WKH�VXUIDFH�URXJKQHVV��7KHUH�LV�D�SRZHU�GH�
SHQGHQFH� ZLWK� FRHIILFLHQW� �� >�@�� 7KHUHIRUH�

6DPSOH� �� ZKLFK� GHPRQVWUDWHV� D� ODUJHU
URXJKQHVV� VKRZV� DOVR� D� ODUJHU� VFDWWHULQJ
DQG�PHDVXUHG� DEVRUSWLRQ�� 7KH� EHQG� RQ� WKH
FXUYHV�DURXQG�����PP�LV�SUREDEO\�UHODWHG�WR
WKH� PD[LPXP� LQ� RSWLFDO� H[WLQFWLRQ� FRHIIL�
FLHQW� VSHFWUXP� N�O�� RI� EXON� PDWHULDO� �)LJ�
�E��FXUYH�����

���&RQFOXVLRQV�
7KH� RSWLFDO� SURSHUWLHV� RI� QDQRFRPSRVLWH

ILOPV� ZLWK� )H�2�� DUH� PDLQO\� GHILQHG� E\VFDWWHULQJ� RQ� ODUJH� �DV� FRPSDUHG� WR� OLJKW
ZDYHOHQJWK�� DJJORPHUDWHV� RI� QDQRSDUWLFOHV�
7KH� DYHUDJH� VL]H� RI� VXFK� DJJORPHUDWHV� DV
HVWLPDWHG� IURP� $)0� LPDJHV� LV� DERXW
���� QP�� 6XFK� DQ� LQFUHDVHG� VFDWWHULQJ� FDQ
EH� XVHG� IRU� UHIOHFWDQFH� GHFUHDVLQJ� DQG� DP�
SOLILFDWLRQ� RI� OLJKW� LQWHUDFWLRQ� ZLWK� VHPL�

)LJ����� 5HFDOFXODWHG� DEVRUSWLRQ�$� DV� D� IXQF�
WLRQ� RI� ��O�� IRU� VFDWWHULQJ� DQDO\VHV� LQ� WKLQ
ILOP� ���� RQ� 6L� VXEVWUDWH� �6DPSOH� ��� DQG� IRU
IUHH�ILOP�SUHSDUHG�IURP�6DPSOH����

)LJ����� 0HDVXUHG� VSHFWUDO� GHSHQGHQFHV� �D�� RI� WKH� OLJKW� DEVRUSWLRQ� �$�� IRU� WKLQ� ILOP� ���� RQ� 6L
VXEVWUDWH� �6DPSOH� ��� DQG� IRU� IUHH� ILOP� ���� SUHSDUHG� IURP� 6DPSOH� ��� 6SHFWUDO� GHSHQGHQFHV� �E�� RI
H[WLQFWLRQ�FRHIILFLHQW�N�IRU�WKH�WKLQ�ILOP������6DPSOH�����IUHH�ILOP����� �6DPSOH����DQG�IRU�WKH�EXON
PDWHULDO�>�@�����
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FRQGXFWRU� VXEVWUDWH� RI� VXUIDFH� EDUULHU� KHW�
HURVWUXFWXUHV�IRU�SKRWRHOHFWULF�DSSOLFDWLRQV�
7KHVH�LQYHVWLJDWLRQV�DUH�FRQWLQXHG���

$FNQRZOHGJPHQWV�� $XWKRUV� DUH� WKDQNIXO
WR� $�.RWNR� IRU� FDUHIXOO\� PDGH� 7(0� PHDV�
XUHPHQWV�
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0DJQ��0DWHU������Ü���������������
� ���4�:�&KHQ��<�7�4LDQ��=�<�&KHQ�HW�DO���0DWHU��/HWW��

��������������
� ���'�&�6XQ��'�6�6XQ��0DWHU��&KHP��DQG�3K\V�������

������������
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� ���,�/�/\XEFKDQVNLL�� 1�1�'DGRHQNRYD�� 0�,�/\XE�
FKDQVNLL� HW� DO���-��3K\V��'�$SSO��3K\V�������5���
��������

� ���3�%HUJHU��1�%�$GHOPDQ��.�-�%HFNPDQ�HW�DO��
-��&KHP��(GXFDW������������������

� ���5�0�$� $]]DP�� 1�0�%DVKDUD�� (OOLSVRPHWU\
DQG�3RODUL]HG�/LJKW��1RUWK�+ROODQG��$PVWHU�
GDP����������

� ���0�5�4XHUU\��2SWLFDO�&RQVWDQWV��3HQWDJRQ�5H�
SRUWV��&5'&�&5��������������

� ���&�)�%RKUHQ�� '�5�+XIIPDQ�� $EVRUSWLRQ� DQG
6FDWWHULQJ�RI�/LJKW�E\�6PDOO�3DUWLFOHV��:LOH\
,QWHUVFLHQFH��1HZ�<RUN��������
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