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$PRQJ� RSWLFDOO\� WUDQVSDUHQW� SRO\PHUV�
SRO\�PHWK\O� PHWKDFU\ODWH�� �300$�� LV� UH�
PDUNDEOH� IRU� LWV� KLJK� RSWLFDO� DQG� SK\VLFR�
PHFKDQLFDO� FKDUDFWHULVWLFV� DQG� WKXV� LW� LV� D
PDWHULDO� RI� JRRG� SURPLVH� DV� WKH� SRO\PHU
PDWUL[�RI�SODVWLF�VFLQWLOODWRUV�>�@��+RZHYHU�
300$� GRHV� QRW� FRQWDLQ� FRQMXJDWHG� GRXEOH
ERQGV� LQ� WKH� SRO\PHU� FKDLQ�� WKDW� LV� ZK\
VRPH�DURPDWLF�RU�KHWHURDURPDWLF�PROHFXOHV�
PRVW� RIWHQ� QDSKWKDOHQH� DV� VROLG� VROXWLRQ�
DUH�DGGHG�WKHUHWR�DV�VHFRQGDU\�OXPLQRSKRUV
>�@�� 7KLV� ZD\� WR� LQWURGXFH� D� FKURPRSKRUH
LQWR�WKH�PDWUL[�\LHOGV�WR�WKH�FKHPLFDO�PRGL�
ILFDWLRQ� RI� PDFURPROHFXOHV� ZLWK� FKURPR�

SKRUH� JURXSV� LQ� VXFK� LPSRUWDQW� FKDUDF�
WHULVWLFV� DV� WKH� �EOHHGLQJ�� UHVLVWDQFH� DQG
SKRWRFKHPLFDO� UHVLVWDQFH� >�@�� $V� IDU� DV� ZH
NQRZ�� WKH� SRO\PHUV� FKHPLFDOO\� PRGLILHG
ZLWK� FKURPRSKRUHV� DUH� VWLOO� LQVXIILFLHQWO\
VWXGLHG� IURP� WKH� YLHZSRLQW� RI� WKHLU� XVH� DV
WKH�SODVWLF�VFLQWLOODWRU�PDWULFHV�
,W� LV� WR� EHOLHYH� WKDW� WKH�PHWKRG�RI� D� OX�

PLQRSKRU� DGGLWLYH� LQWURGXFWLRQ� LQWR� SODVWLF
VFLQWLOODWRUV� LQIOXHQFHV� WKH� HIILFLHQF\� RI
SKRWRSK\VLFDO� SURFHVVHV� UXQQLQJ� WKHUHLQ
DQG��DV�D�UHVXOW��WKH�VFLQWLOODWLRQ�HIILFLHQF\�
,Q�WKLV�ZRUN��ZH�KDYH�VWXGLHG�WKH�SRO\PHULF
VFLQWLOODWLRQ� FRPSRVLWLRQV� EDVHG� RQ� 300$
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ZLWK� FKHPLFDOO\� JUDIWHG� FKURPRSKRUH�� 7KH
VWXG\� ZDV� DLPHG� DW� WKH� HIILFLHQF\� HVWLPD�
WLRQ�RI�WKH�QRQ�UDGLDWLYH�HOHFWURQ�H[FLWDWLRQ
HQHUJ\�WUDQVIHU�IURP�WKH�VHFRQGDU\�OXPLQR�
SKRU� DGGLWLYH� WR� WKH� OXPLQRSKRU� DQG� WKH
HIIHFW�RI�WKH�VHFRQGDU\�OXPLQRSKRU�DGGLWLYH
FKHPLFDO�ELQGLQJ�ZLWK�WKH�SRO\PHU�
7KH� H[SHULPHQWV� ZHUH� FDUULHG� RXW� XVLQJ

WKH� FRPSRVLWLRQV� FRQVLVWLQJ� RI� PHWK\O
PHWKDFU\ODWH� �00$����E�QDSKWK\O� PHWKDFU\�
ODWH� �1S0$��������ELV���SKHQ\O� R[D]RO\O�
��EHQ]HQH� �32323��� 7KH� FRPSRVLWLRQV� ZHUH
REWDLQHG� E\� PDVV� SRO\PHUL]DWLRQ� XVLQJ� WKH
WZR�VWDJH� WHPSHUDWXUH� FRQGLWLRQV� ����&� IRU
��� K� IROORZHG� E\� DGGLWLRQDO� SRO\PHUL]DWLRQ
DW�����&���$]R�LVREXW\URQLWULOH�������PROH���
ZDV�XVHG�DV� WKH� LQLWLDWRU��7KH�llk�1S0$
PRODU�UDWLR�YDOXHV�LQ�WKH�FRPSRVLWLRQV�ZHUH
���������� ���������� ���������� ���������
����������DQG������������32323�ZDV�DGGHG
WR� WKH� PL[WXUHV� WR� EH� SRO\PHUL]HG� LQ� DQ
DPRXQW�RI�����ZW�����7KH�V\QWKHVL]HG�VDP�
SOHV� ZHUH� VKDSHG� DV� ��PP� WKLFN� SRO\PHULF
JODVVHV�� 7KH� DEVRUSWLRQ� VSHFWUD� ZHUH� UH�
FRUGHG�XVLQJ�D�3HUNLQ�(OPHU�����VSHFWURPH�
WHU� DQG� WKH� IOXRUHVFHQFH� RQHV�� RQ� D� 6'/��
�/202�� VSHFWURSKRWRPHWHU� XQGHU� IURQWDO
VDPSOH� H[FLWDWLRQ�� 7KH� PHDVXUHPHQWV� ZHUH
GRQH� DW� URRP� WHPSHUDWXUH�� 7KH� FRQFHQWUD�
WLRQ� GHSHQGHQFH� RI� WKH� HQHUJ\� WUDQVIHU� LQ
WKH�VFLQWLOODWLRQ�FRPSRVLWLRQV�IURP�QDSKWKD�
OHQH�IUDJPHQWV��GRQRU��WR�32323��DFFHSWRU�
ZDV� GHWHUPLQHG�DV�GHVFULEHG� LQ� >�@��:LWKLQ
WKDW� DSSURDFK�� WKH� FRQFHQWUDWLRQ� GHSHQG�
HQFHV�ZHUH�FRQVLGHUHG�ERWK�LQ�WKH�VWDWLRQDU\
IOXRUHVFHQFH�VSHFWUD�DQG�LQ�WKH�V\QFKURQRXV
VFDQQLQJ� IOXRUHVFHQFH� VSHFWUD� �66)�� RI� WKH
VWXGLHG� V\VWHPV�� 7KH� ODWWHU� UHFRUGLQJ
PHWKRG�RI� WKH� IOXRUHVFHQFH� VSHFWUD�FRQVLVWV
LQ�D�VLPXOWDQHRXV�VFDQQLQJ�E\�PRQRFKURPD�
WRUV�RI�H[FLWDWLRQ�DQG�UHFRUGLQJ� �OUHF� �OH[F��'O��� WKXV� DOORZLQJ� WR� LGHQWLI\� LQGLYLGXDO
VSHFWUDO� FHQWHUV� LQ� PXOWLFRPSRQHQW� PL[�
WXUHV� >����@�� (DFK� VSHFWUDO� FHQWHU� LV� UH�
IOHFWHG�LQ�VXFK�D�VSHFWUXP�DV�D�VLQJOH�EDQG�
$V�DQ�H[DPSOH��)LJV���D���E�LOOXVWUDWH�WKH

VWDWLRQDU\�IOXRUHVFHQFH�DQG�66)�VSHFWUD�IRU
WKH�llk����������1S0$����������c|c|c
����� ��� FRPSRVLWLRQ�� 7KH� VSHFWUD� DUH� VHHQ
WR� EH� FKDUDFWHUL]HG� E\� TXDQWLWLHV� 5I� 
,$I�,'I� DQG�5V� �,$V�,'V��ZKHUH�,$I� DQG�,$VDUH�LQWHQVLWLHV�FKDUDFWHUL]LQJ�WKH�HQHUJ\�DF�
FHSWRU� HPLVVLRQ� EDQGV� LQ� WKH� VWDWLRQDU\
IOXRUHVFHQFH� DQG� 66)� VSHFWUD�� UHVSHFWLYHO\�
,'I�DQG�,'V�GHQRWH�WKH�UHVSHFWLYH�LQWHQVLWLHVIRU� WKH� HQHUJ\� GRQRU�� :KHQ� WKH� DFFHSWRU
FRQFHQWUDWLRQ�LV�FRQVWDQW��DV�LV�WKH�FDVH�IRU
WKH�VDPSOHV�VWXGLHG�KHUH��WKH�FRQFHQWUDWLRQ
GHSHQGHQFH� RI� ��5V� LV� LQ� SURSRUWLRQ� ZLWK

WKH� FRQFHQWUDWLRQ� GHSHQGHQFH� RI� WKH� GRQRU
HPLVVLRQ� LQWHQVLW\�� ZKLOH� WKH� 5I�5V� UDWLR
YDOXH� FKDUDFWHUL]HV� WKH� FRQFHQWUDWLRQ� GH�
SHQGHQFH�RI�WKH�DFFHSWRU�HPLVVLRQ� LQWHQVLW\
>�@�� 7KXV�� ZKHQ�PHDVXULQJ� WKH�5I�5V� UDWLR
YDOXHV� IRU� D� VHULHV� RI� VDPSOHV�� WKH� JDLQ� LQ
WKH�DFFHSWRU�HPLVVLRQ�LQWHQVLW\�LV�FDXVHG�E\
WKH�HQHUJ\�WUDQVIHU�WKHUHWR�IURP�WKH�GRQRU�
7KH� VSHFWUDO� LQYHVWLJDWLRQV� RI� V\VWHPV

ZLWK� KLJK� FKURPRSKRUH� FRQFHQWUDWLRQV� DUH

)LJ����� �D�� )OXRUHVFHQFH� VSHFWUD� RI� 32323
����� ZW� ��� VROLG� VROXWLRQ� LQ� 300$� ���� DQG
��� �� llk������ �� 1S0$����� �� c|c|c
SRO\PHU������OH[F� �����QP��&XUYH���LV�WKH�GLI�IHUHQFH�EHWZHHQ�VSHFWUD���DQG�����E��66)�VSHF�
WUXP� RI� �����llk��������1S0$��������
c|c|c�SRO\PHU�REWDLQHG�LQ�WKH�VFDQQLQJ�PRGH
OUHF� �OH[F������QP��7KH�ZDYHOHQJWKV�DUH�LQGL�FDWHG�DFFRUGLQJ�WR�WKH�UHFRUG�VFDOH���F��$EVRUS�
WLRQ�VSHFWUXP�RI��������llk���������1S0$
FRSRO\PHU������IOXRUHVFHQFH��������DQG�66)�������
VSHFWUD�RI��������llk���������1S0$�������
Ò� ����� �� llk������� �� 1S0$� ���� ���� 7KH
66)�VSHFWUD�DUH�REWDLQHG�LQ�WKH�VFDQQLQJ�PRGH
OUHF� �OH[F������QP��7KH�ZDYHOHQJWKV�DUH�LQGL�FDWHG�DFFRUGLQJ�WR�WKH�UHFRUG�VFDOH�
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DOZD\V�GLIILFXOW�GXH�WR�WKH�UHDEVRUSWLRQ�DQG
RWKHU� VSHFWUXP� GLVWRUWLRQV�� 0RUHRYHU�� WKH
FKURPRSKRUH� DJJUHJDWLRQ� LQ� WKH� JURXQG
DQG�RU� H[FLWHG� VWDWH� LV� SRVVLEOH� LQ� VXFK� V\V�
WHPV�� WKXV�� WKH� SKRWRSK\VLFDO� SURFHVV� LPDJH
EHFRPHV� FRPSOLFDWHG�� 7KH� VSHFWUDO� REVHUYD�
WLRQV� HYLGHQFH� WKDW� 32323� LQ� WKH� SRO\PHUV
XQGHU� VWXG\� LV� LQ� WKH�PROHFXODU� IRUP��+RZ�
HYHU��QDSKWKDOHQH� LQ� WKH� VFLQWLOODWLRQ�FRPSR�
VLWLRQV� H[KLELWV� DJJUHJDWLRQ� IHDWXUHV� LQ� LWV
JURXQG�VWDWH��6R��WKH�IOXRUHVFHQFH�FRPSRQHQW
EHORQJLQJ� WR� WKH� VHFRQGDU\� OXPLQRSKRU� DGGL�
WLYH� FDQ� EH� GLVFULPLQDWHG� E\� VXEWUDFWLQJ� WKH
32323� IOXRUHVFHQFH� FRPSRQHQW� IURP� WKH
WRWDO� SRO\PHU� HPLVVLRQ� VSHFWUXP�� ,Q�)LJ���D�
FXUYH� �� VKRZV� WKH� IOXRUHVFHQFH� VSHFWUXP� RI
WKH�32323�VROLG�VROXWLRQ�LQ�300$�QRW�PRGL�
ILHG� E\� QDSKWKDOHQH� IUDJPHQWV��7KH� VXEWUDF�
WLRQ� UHVXOW� RI� WKDW� VSHFWUXP� IURP� WKH� VSHF�
WUXP���SUHVHQWLQJ�WKH�WRWDO�SRO\PHU�HPLVVLRQ
LV�VKRZQ�DV�WKH�GHSHQGHQFH���LQ�)LJ���D�
,Q�WKH�66)�VSHFWUXP�RI�WKH�SRO\PHU��)LJ�

�F�� WKH� FRPSRQHQWV� RI� WZR� VSHFWUDO� FHQWHUV
DUH� VHHQ� FOHDUO\�� QDPHO\�� WKH� ORQJHU�ZDYH�
OHQJWK� RQH� EHORQJLQJ� WR� 32323�� 7KH� VHFRQG
FRPSRQHQW� FDQ� EH� DVVRFLDWHG� WR� WKH� HQHUJ\
GRQRU�KDYLQJ�WKH�IOXRUHVFHQFH�VSHFWUXP�VKRZQ
DV� FXUYH��� LQ�)LJ���D��2EYLRXVO\� WKLV� EDQG� LV
QRW�WKH�QDSKWKDOHQH�PRQRPHU�IOXRUHVFHQFH�EXW
PRVW� OLNHO\� WKDW� RI� QDSKWKDOHQH� GLPHUV�� 7KH
PRQRPHU� QDSKWKDOHQH� HPLVVLRQ� LV� SUHVHQW� LQ
WKH�VSHFWUD�FRQVLGHUHG�DV�ZHDN�EDQGV�DW�WKHLU
VKRUW�ZDYHOHQJWK�HGJH��O� �����WR�����QP��
4XDOLWDWLYHO\�� WKH� VSHFWUD� RI� )LJ���D� DUH

VLPLODU� WR� HDFK� RWKHU� IRU� DOO� WKH� llk��
1S0$���32323� VDPSOHV� VWDUWLQJ� IURP� WKH
PLQLPXP� VWXGLHG� 1S0$� FRQFHQWUDWLRQ
����� PROH� ���� 7KH� HPLVVLRQ� EDQGV� RI
32323�DQG�DJJUHJDWHG�QDSKWKDOHQH�DUH�SUH�
GRPLQDQW� WKHUHLQ�� 7KH� QDSKWKDOHQH� PRQR�
PHU� FRPSRQHQWV� DUH� VHHQ� LQ� WKRVH� VSHFWUD
RQO\�DV�ZHDN�EDQGV� LQ�VKRUW�ZDYHOHQJWK�UH�
JLRQ�� 7KH� QDSKWKDOHQH� IUDJPHQWV� EHJLQ� DJ�
JUHJDWH�LQ�WKH�FRSRO\PHUV�VWDUWLQJ�IURP�ORZ
1S0$� FRQFHQWUDWLRQV�� )LJ���F� LOOXVWUDWHV
WKH� VSHFWUD� IRU� ����� �� llk������� �
1S0$� DQG� ����� �� llk������� �� 1S0$
GHPRQVWUDWLQJ� WKDW� IDFW�� $OWKRXJK� WKH� DJ�
JUHJDWH�EDQG�LV�QRWLFHDEOH�LQ�WKH�DEVRUSWLRQ
VSHFWUXP� RI� WKH� ����� �� llk������� �
1S0$�FRSRO\PHU��FXUYH����DV�D��WDLO��LQ�WKH
EDWKRFKURPLF� UHJLRQ� IURP� WKH� ILUVW� YLEUD�
WLRQDO�PD[LPXP��O� �����QP��LQ�WKH�6��DE�VRUSWLRQ�EDQG�RI�QDSKWKDOHQH�PRQRPHU��WKH
IOXRUHVFHQFH� VSHFWUXP� RI� WKDW� FRSRO\PHU
�FXUYH� ��� FRQWDLQV� PDLQO\� WKH� QDSKWKDOHQH
PRQRPHU�FRPSRQHQW��ZKDW�LV�FRQILUPHG�DOVR
E\� WKH� VLQJOH� FRPSRQHQW� LQ� LWV� 66)� VSHFWUXP
�FXUYH� ���� 7KH� IOXRUHVFHQFH� VSHFWUD� RI

����� �� llk������� �� 1S0$� Ò� ����� �
llk���������1S0$�FRSRO\PHUV�LQ�)LJ���F
DUH� QRUPDOL]HG� LQ� WKH� VKRUW�ZDYHOHQJWK� UH�
JLRQ�� DQG� FRPSDULVRQ� WKHUHRI� HYLGHQFHV� WKH
DULVLQJ�HPLVVLRQ�FRPSRQHQWV�RI�QDSKWKDOHQH
DJJUHJDWHV� DV� WKH� 1S0$� FRQFHQWUDWLRQ� LQ�
FUHDVHV��FI��VSHFWUD������DQG������LQ�)LJ���F��
,Q�JHQHUDO�� WKH�FKURPRSKRUH�DJJUHJDWLRQ

LQ� SRO\PHUV� PD\� WDNH� QXPHURXV� IRUPV
>��� �@�� ,W� VKRXOG� EH� QRWHG�� KRZHYHU�� WKDW
RQO\� RQH� W\SH� RI� QDSKWKDOHQH� GLPHUV� DULVHV
LQ� WKH�llk�1S0$� FRSRO\PHUV��+HUH�� LW� LV
YDOLG� WR� FRQVLGHU� WKH� GLPHUV�� VLQFH� D� FKUR�
PRSKRUH� FKHPLFDOO\� JUDIWHG� WR� D� PDFUR�
PROHFXODU� FKDLQ� LV� KDUGO\� DEOH� WR� IRUP� WKH
FRQWDFWLQJ�VLWHV�FRQVLVWLQJ�RI�WKUHH�XQLWV�RU
PRUH�� 7KH� GLPHUV� VHHP� WR� EH� IRUPHG� EH�
WZHHQ� QHLJKERULQJ� FKURPRSKRUHV� LQ� WKH
EORFNFRSRO\PHUL]HG�1S0$�UHJLRQV�
7KXV�� LW� LV� QRW� RQO\� PRQRPHU� QDSKWKD�

OHQH�WKDW�DFWV�DV�WKH�HOHFWURQ�H[FLWDWLRQ�HQ�
HUJ\� GRQRU� IRU� 32323� LQ� WKH� llk��
1S0$���32323� VFLQWLOODWLRQ� FRPSRVLWLRQV
EXW�DOVR�LWV�GLPHUV�WKDW�PD\�EH�H[FLWHG�ERWK
GLUHFWO\� DQG� GXH� WR� WKH� HQHUJ\� WUDQVIHU
IURP�WKH�PRQRPHU��$V�WKH�QDSKWKDOHQH�FRQ�
FHQWUDWLRQ� LQFUHDVHV�� LWV� PRQRPHU� FRPSR�
QHQW� LQ� WKH� HPLVVLRQ� VSHFWUD� RI� WKH� FRSRO\�
PHUV�ZHDNHQV� VKDUSO\� DQG� LV� DOPRVW� DEVHQW

)LJ����� �D�� 'HSHQGHQFHV� RI� 5I�� 5V�� ��5V� DQG
5I�5V� IRU� llk���1S0$������� �� c|c|c
FRPSRVLWLRQV�DV�IXQFWLRQV�RI�1S0$�XQLW�FRQ�
FHQWUDWLRQ�� �E�� &RQFHQWUDWLRQ� GHSHQGHQFHV� RI
5I�5V� IRU� VROLG� VROXWLRQ� RI� QDSKWKDOHQH� DQG
32323� LQ� 300$� >�@� ���� DQG� IRU� llk��
1S0$���������c|c|c�FRSRO\PHUV�����
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DOUHDG\�LQ�WKH�VDPSOHV�ZLWK�����1S0$�FRQ�
WHQW��7KDW�LV�ZK\�ZH�KDYH�WDNHQ�WKH�LQWHQVLW\
YDOXHV�LQ�WKH�PD[LPD�RI�GLPHU�FRPSRQHQWV�LQ
VWDWLRQDU\� VSHFWUD� �O� ����� QP�� DQG� LQ� 66)
RQHV��O� �����QP��DV�WKH�,'I�DQG�,'V�YDOXHV�7KH� ,$I� DQG� ,$V� LQWHQVLWLHV� ZHUH� PHDVXUHGDOVR�LQ�WKH�EDQG�PD[LPD�RI�VWDWLRQDU\�32323
IOXRUHVFHQFH� �O� �����QP��DQG� LWV�FRPSRQHQW
LQ�WKH�66)�RQHV��O� �����QP���7KH�UHVXOWV�RI
WKRVH�PHDVXUHPHQWV� DUH�SUHVHQWHG� LQ�)LJ���D
DV� WKH� FRQFHQWUDWLRQ� GHSHQGHQFHV� RI� 5I�� 5V�
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