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���,QWURGXFWLRQ
$V�LW�LV�NQRZQ�>����@��WKH�DUFKLWHFWXUH�RI

QHZ� JHQHUDWLRQ� WDSH� KLJK�WHPSHUDWXUH� VX�
SHUFRQGXFWRUV���*�+76�WDSHV��ZLWK�FUXFLDO�FXU�
UHQW�GHQVLW\� MF�a�����$�FP��DW� OLTXLG�QLWURJHQ
WHPSHUDWXUH�������.��LV�UDWKHU�FRPSOH[��3UDF�
WLFDOO\� DOZD\V�� WKH� IROORZLQJ� WKUHH�PDLQ� FRP�
SRQHQWV�SUHVHQW�LQ�WKH�+76�FRQGXFWRU�

��� D� EDVH� �D� WKLQ� WDSH� IURP� 1L±:� DOOR\
ZLWK� GLIIHUHQW� FRPSRVLWLRQV�� RU� UDUHU��+DV�
WHOOR\��VWDLQOHVV�VWHHO��HWF���

��� QRQ�VXSHUFRQGXFWLQJ� EXIIHU� OD\HU�OD\�
HUV��R[LGHV��QLWULGHV��HWF��

��� D� VXSHUFRQGXFWLQJ� <%D�&X�2�±G� ILOPFRDWLQJ� �IRU� �*� +76&�� WKLV� LV� D� WKLQ� WH[�
WXUHG�<%D�&X�2�±G�OD\HU����7KH� YDOXH� RI� WKH� WUDQVSRUW� FXUUHQW� ,
IORZLQJ� ZLWKRXW� GLVVLSDWLRQ� WKURXJK� WKH
+76� FRQGXFWRU�� GHSHQGV� QRW� RQO\� RQ� WKH
<%D�&X�2�±G�ILOP�FULWLFDO�FXUUHQW�GHQVLW\�MF�EXW�WR�D�JUHDW�H[WHQW�� LV�GHWHUPLQHG�E\�WKH
VWUXFWXUH��PDJQHWLF�DQG�PHFKDQLFDO�SURSHU�
WLHV�RI�WKH�PHWDOOLF�WDSH�Û�WKH�VXEVWUDWH�IRU
WKH�EXIIHU�OD\HU�DQG�+76�WDSHV�>�@���

)URP� WKH� PDWHULDOV� SUDFWLFDOO\� XVHG� DV
VXEVWUDWHV� IRU� +76� WDSHV� SUHSDUDWLRQ�� WKH
PRVW� SURPLVLQJ� DUH� WKH� )&&� ODWWLFH� QLFNHO�
WXQJVWHQ� DOOR\V� LQ� WKH� FRPSRVLWLRQ� UDQJH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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IURP��� WR�a�����DW����:�GXH� WR�WKHLU�KLJK
PHFKDQLFDO� SURSHUWLHV�� 7KH�1L±:� DOOR\V� DUH
V\QWKHVL]HG� XVLQJ� SRZGHU� PHWDOOXUJ\� >�@�
LQGXFWLRQ�PHOWLQJ�>����@��HOHFWURO\WLF�GHSRVL�
WLRQ� >�@��HWF��1RWH��WKDW�WKH� LQIRUPDWLRQ�RQ
H[WUHPH� PHWKRGV� RI� 1L±:� DOOR\� V\QWKHVLV
JLYLQJ� D� SRVVLELOLW\� WR� PRGLI\� WKH� PDFUR�
DQG�PLFURVWUXFWXUH� RI� WKH� LQJRWV� LV� SUDFWL�
FDOO\�DEVHQW�LQ�WKH�OLWHUDWXUH��$V�LQLWLDO�VXE�
VWDQFHV� IRU�1L±:� DOOR\� V\QWKHVLV�� WKH� KLJK�
SXULW\�1L�DQG�:�SRZGHUV�DUH�XVHG��

7KH� HIIHFWLYHQHVV� RI�1L±:� DOOR\� WDSHV� DV
�*� +76� WDSHV� FRPSRQHQWV� LV� VXEVWDQWLDOO\
LQIOXHQFHG� E\� WKH� DOOR\� PDJQHWLF� VWUXFWXUH
�FROOLQHDU� IHUURPDJQHWLF� RQH� DW� ORZ�:� FRQ�
WHQW��RU�SDUDPDJQHWLF�RQH�Û�DW�KLJK�:�>����@��
DV� ZHOO�� E\� VXEVWUDWH� FU\VWDOORJUDSKLF� WH[�
WXUH� IRUPHG� GXULQJ� PHFKDQLFDO� DQG� VXE�
VHTXHQW� KHDW� WUHDWPHQW� RI� WKH� WDSH� >�Ü��@�
7R�SURYLGH�WKH�KLJK�FXUUHQW�FDUU\LQJ�DELOLW\
IRU��*�+76&�� WKH�PRVW� IDYRXU� LV� WKH� ^���`
����!�W\SH�FXELF�VWUXFWXUH��VHH��H�J��>�������@�
JLYLQJ� WKH� SRVVLELOLW\� RI� VXSHUFRQGXFWRU
OD\HU� HSLWD[LDO� � ^���`1L±:� __� ^���`<%D�&X�2�±GJURZWK��

5HFHQWO\��WLWDQLXP�QLWULGH�7L1�ZLWK�1D&O
W\SH� )&&� ODWWLFH� LV� FRQVLGHUHG� DV� D� UDWKHU
SURPLVLQJ�PDWHULDO�IRU�EXIIHU�OD\HUV�>������
��@� �DORQJ� ZLWK� �WUDGLWLRQDO�� <�2��� &H2��HWF���� GXH� WR� WKH� SRVVLELOLW\� WR�PRQLWRU� WKH
7L1�OD\HU�WH[WXUH��DQG�DV�D�FRQVHTXHQFH��WKH
WH[WXUH� RI� <%D�&X�2�±G� +76&� ILOP� FRDWHGRQWR� WKH�7L1� OD\HU�� YDU\LQJ� WKH� FRDWLQJ� UH�
JLPHV��7KH�REMHFWLYH�RI�WKH�ZRUN�LV�GHYHORSPHQW
RI� RSWLPXP� ZD\V� WR� SUHSDUH� KLJK�TXDOLW\
VXEVWUDWHV� EDVHG� RQ� 1L±:� DOOR\V� LQ� WKH� :
FRQFHQWUDWLRQ�UDQJH��Ü����DW����IRU��*�+76
WDSHV��$OVR��WKH�QHYHU�EHIRUH�FRQVLGHUHG�SRV�
VLELOLW\�RI�WH[WXUH�PRQLWRULQJ�LQ�KLJK�:�FRQ�
WDLQLQJ�1L±:�DOOR\�WKLQ�WDSHV�E\�YDU\LQJ�WKH
7L1�FRDWLQJ�UHJLPHV�LV�VWXGLHG�����

7R� DFKLHYH� WKH� DLP�� WKH� SURJUDP� RI� LQ�
YHVWLJDWLRQV� DQG� GHYHORSPHQWV�ZDV� UHDOL]HG
LQ�IROORZLQJ�VWDJHV��

Û� WKRURXJK� SXULILFDWLRQ� RI� 1L� DQG� :
SRZGHUV�IURP�JDVHRXV�LPSXULWLHV�

Û� FRPSDFWLQJ� WKH� 1L� DQG� :� SRZGHUV
ZLWK�YDULRXV�FRPSRVLWLRQV�

Û�VPHOWLQJ�1L±:�DOOR\V�LQ�YDFXXP��WKHU�
PDO� KHDWLQJ�� RU� YDFXXP� DUF�VPHOWLQJ� IRO�
ORZHG�E\�TXHQFKLQJ�IURP�OLTXLG�SKDVH�

Û�UROOLQJ�WKH�1L±:� LQJRWV�ZLWK�LQWHUPH�
GLDWH�DQQHDOLQJ�IRU�SUHSDULQJ�WKH�WDSH�ZLWK
VHW�VL]HV�

Û�PHFKDQLFDO�DQG�FKHPLFDO�SROLVKLQJ�WKH
1L±:�DOOR\�WDSH�

Û� ILQDO� KLJK�WHPSHUDWXUH� DQQHDOLQJ� WKH
1L±:�WDSH�

Û� FRDWLQJ� WKH�1L±:� WDSH� ZLWK� 7L1� WKLQ
OD\HUV�

Û�YDOLGDWLRQ�RI�WKH�WDSH�EHIRUH�DQG�DIWHU
7L1�FRDWLQJ��

7KH�VFKHPH�RI�WKH�1±:�VXEVWUDWH�SUHSD�
UDWLRQ�ZLWK�7L1�FRDWLQJ�IRU�+76�WDSHV�GHSR�
VLWLRQ�LV�VKRZQ�LQ�)LJ������

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�JLYHQ�EHORZ�UHVXOWV�RI�UHVHDUFKHV�DQG

GHYHORSPHQWV� LQ� WKUHH� PDLQ� GLUHFWLRQV� RI
WKH� ZRUN� RQ� FUHDWLRQ� RI� KLJK� TXDOLW\� VXE�
VWUDWHV� IRU��*�+76&�DUH� IROORZLQJ�� V\QWKH�
VLV� RI� 1L±:� DOOR\V�� SUHSDUDWLRQ� RI� WDSHV
IURP� 1L±:� DOOR\V�� DQG� GHSRVLWLRQ� RI� 7L1
WKLQ�OD\HUV�RQWR�1L±:�WDSHV�

�����6\QWKHVLV�RI�1LÜ:�DOOR\V
7KH� LQLWLDO� PDWHULDOV� IRU� REWDLQLQJ� WKH

1L±:� DOOR\V� ZHUH� WKH� 1L� DQG� :� SRZGHUV
ZLWK� �����Ü������ �� SXULW\� �E\� PHWDOOLF
LPSXULWLHV���,Q�VXFK�SRZGHUV��WKH�PDLQ�LP�
SXULW\� LV� R[\JHQ� SUHVHQW� DV� QLFNHO� DQG
WXQJVWHQ�R[LGHV��

$V� LW� LV� NQRZQ�� WKH� 1L2� GHFRPSRVHV� LQ
HOHPHQWV�LQ�WKH�WHPSHUDWXUH�UDQJH�IURP����

)LJ����� 7KH� VFKHPH� RI� SURGXFLQJ� WKH� 1L±:
DOOR\V� VXEVWUDWHV� ZLWK� 7L1� FRDWLQJ�� 6KRUWHQ�
LQJV�� ;5'� Û� ;�UD\� GLIIUDFWLRQ� DQDO\VLV�
6(0� Û� VFDQQLQJ� HOHFWURQ� PLFURVFRS\�
7(0�Û�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��

9�$�)LQNHO�HW�DO����5HVHDUFKHV�DQG�GHYHORSPHQWV����
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WR�����&�>��@��)RU�SXULILFDWLRQ�RI�1L�SRZGHU
IURP�JDVHRXV�LPSXULWLHV�WKH�KHDW�WUHDWPHQW
DW�WHPSHUDWXUHV�KLJKHU�����&�ZDV�XVHG��

)RU�UHILQHPHQW�RI�:�SRZGHU�IURP�R[\JHQ
LQ� QXPHURXV� R[LGHV�� WKH� KLJK�WHPSHUDWXUH
WUHDWPHQW��IURP�a�����WR������&��LQ�UHGXF�
LQJ� $U�������+�� JDVHRXV� PL[WXUH� IORZ� >�@ZDV�DSSOLHG��7KH�UHILQHPHQW�ZDV�FDUULHG�RXW
LQ�WKH�VSHFLDOO\�PDGH�WXEH�IXUQDFH��WKURXJK
ZKLFK� WKH�JDVHRXV�PL[WXUH� IOX[�ZDV�SDVVHG
DW� WKH� SUHVVXUH� VRPHZKDW� KLJKHU� WKDQ� DW�
PRVSKHULF� RQH�� $WWHPSWV� WR� XVH� FKHPLFDO
PHWKRGV�IRU�:�SRZGHU�SXULILFDWLRQ�IURP�R[�
LGHV�ZHUH�IRXQG�WR�EH�OHVV�HIIHFWLYH�����

$IWHU� UHILQHPHQW� IURP� JDVHRXV� LPSXUL�
WLHV��WKH�1L�DQG�:�SRZGHUV�ZHUH�WKRURXJKO\
PL[HG� LQ� QHFHVVDU\� SURSRUWLRQV� �IURP� �� WR
���� DW�� �� :�� XVLQJ� PLOO�PRUWDU� �3XOYHU�
L]HWWH��� 7KHQ� WKH� SRZGHU� PL[WXUHV� ZHUH
SUHVVHG�LQ�SHOOHWV�IRU�VXEVHTXHQW�PHOWLQJ���

�������9DFXXP�PHOWLQJ�
RI�1L±:�DOOR\V

7KH�1L±:�DOOR\V�ZHUH�V\QWKHVL]HG�XVLQJ�WKHU�
PDO�KHDWLQJ� LQ�GHHS�YDFXXP��S�a���Ü��7RUU��LQ
WKH� UHVLVWDQFH� IXUQDFH� ZLWK� PRO\EGHQXP
ZLQG�SODFHG� LQ� ODUJH�YROXPH�YDFXXP�FKDP�
EHU� �V\VWHP� �980�� >��@��� 7KH� SUHVVHG� SHO�
OHWV�RI�a����J�PDVV�ZHUH�SXW�LQWR�KRUL]RQWDO
DOXQGXP� FUXFLEOHV� ��ERDWV���� 7KH� PHOWLQJ
ZDV� FDUULHG� RXW� DW� a������&� WHPSHUDWXUH�
EH\RQG�OLTXLGXV�OLQH�������&��LQ�1L±:�SKDVH
GLDJUDP� IRU� PD[LPXP� WXQJVWHQ� FRQWHQW
>��@�� GXULQJ� VHYHUDO� KRXUV� ZLWK� VXEVHTXHQW
VORZ�FRROLQJ��

�������$UF�PHOWLQJ�RI�1L±:�DOOR\V
7KH� DUF�PHOWLQJ� RI� WKH� YDULRXV� FRPSRVL�

WLRQV�1L±:� DOOR\� SUHVVHG� SHOOHWV� ZLWK� PDVV
XS� WR� a���� J� ZDV� UHDOL]HG� LQ� WKH� YDFXXP
DUF�IXUQDFH� ZLWK� SHUPDQHQW� WXQJVWHQ� HOHF�
WURGH� >��@��7R�SURYLGH� WKH� LQJRW�KRPRJHQH�
LW\��WKH\�ZHUH�WKUHH�WLPHV�PHOWHG�DQG�RYHU�
WXUQHG�� $W� HYHU\� VWDJH� RI� WKH�PHOWLQJ�� WKH
VDPSOH�PDVV�FKDQJHV�ZHUH�FRQWUROOHG��

)RUPDWLRQ�RI� WKH�ZRUN�PDWHULDO�IRU�UROO�
LQJ� ZDV� GRQH� LQ� WKH� �/HQWD�� IDFLOLW\� LQ
DUJRQ� DWPRVSKHUH� >��@�� )RU� DUJRQ� SXULILFD�
WLRQ��GLUHFWO\�EHIRUH�WKH�VDPSOH�PHOWLQJ��WKH
UHPHOWLQJ�RI�D�]LUFRQLXP�LQJRW�SODFHG�LQ�WKH
VDPH� EXON� FRSSHU� FU\VWDOOL]HU�ZDV� IXOILOOHG�
7KH�DUF�FXUUHQW�ZDV�a�����$��DQG�WKH�H[FHVV
SUHVVXUH� LQ� WKH� VPHOWLQJ� FKDPEHU� ZDV
����NJ�FP��� 7KH� PHOW� ZLWK� PDVV� XS� WR� a
��� J�ZDV� SRXUHG� LQ� WKH� VSHFLDOO\� GHYHORSHG
VOLW�OLNH�ZDWHU�FRROHG�FRSSHU�FU\VWDOOL]HU����

7KH� VOLW�OLNH� FU\VWDOOL]HU� FRQVLVWV� RI� WZR
FKDPEHUV� Û� XSSHU� DQG� ERWWRP� RQHV�� VHSD�

UDWHG� E\� WKH� UHIUDFWRU\� RXWIORZ� MHW�� ,Q� WKH
XSSHU� FKDPEHU�� WKH� VDPSOH� LV� PHOWHG�� DQG
WKHQ�WKH�PHOW�SDVVHV�WKURXJK�WKH�UHIUDFWRU\
RXWIORZ� MHW� LQWR� WKH� FRSSHU� FU\VWDOOL]HU� IRU
FRROLQJ�

9DU\LQJ� WKH� PHOW� RYHUKHDWLQJ� OHYHO� DQG
WKH� SUHVVXUH� RYHU� VPHOW� LW� LV� SRVVLEOH� WR
UHJXODWH� WKH� FRROLQJ� UDWH�� 7KH� VDPSOH� SUH�
SDUHG� LQ� VXFK� ZD\� ORRNV� OLNH� D� SDUDOOHOHSL�
SHG� ZLWK� VL]HV�� DOORZLQJ� PHFKDQLFDO� WUHDW�
PHQW�Û�UROOLQJ�Û�XVLQJ�URXWLQH�HTXLSPHQW�

�����3URGXFWLRQ�DQG�WUHDWPHQW�RI
1L±:�DOOR\�WDSH�

7KH� LQJRWV� SUHSDUHG� E\� YDFXXP�� RU� DUF�
PHOWLQJ� ZHUH� XVHG� IRU� SURGXFWLRQ� RI� 1L±:
DOOR\�WDSHV�ZLWK�YDULRXV�FRPSRVLWLRQV��$V�D
UXOH�� WKH� DOOR\� ZRUNSLHFH� WKLFNQHVV� ZDV� a
�� PP�� DQG� WKH� ILQDO� WDSH� WKLFNQHVV� G�a
����PP�� 7UDGLWLRQDO� PHWKRGV� RI� URRP� WHP�
SHUDWXUH� UROOLQJ�ZHUH� DSSOLHG� �VHH�� H�J�� >�Ü
���������@��XVLQJ�WKH�PXOWLIROG�UROOLQJ�PLOO��

,W�LV�NQRZQ�WKDW�WKH�UROOLQJ�RI�QLFNHO�DQG
WKHLU� DOOR\V� LQFOXGLQJ� WKH�1L±:� DOOR\V� SUH�
VHQWV�JUHDW�GLIILFXOWLHV�FDXVHG�E\�KLJK�OHYHO
VWUHVV�DULVLQJ�XQGHU�GHIRUPDWLRQ�SURFHVV��,Q
WKLV� FRQQHFWLRQ�� XQGHU� FROG� UROOLQJ�� DV� D
UXOH��LW�LV�QHFHVVDU\�WR�DOWHUQDWH�WKH��GHIRU�
PDWLRQ� Û� DQQHDOLQJ�� F\FOHV� >��@�� 7KH� UH�
VHDUFKHV� KDYH� VKRZQ�� WKDW� WKH� RSWLPDO� UH�
JLPH�IRU�WKH�FROG�UROOLQJ�RI�WKH�1L±:�DOOR\V
ZLWK�:�FRQWHQW�XS�WR�����DW����LV�WKH�F\FOH
�a���� �� GHIRUPDWLRQ� Û� LQWHUPHGLDWH
����&���K�YDFXXP�DQQHDOLQJ��

,Q�)LJ����WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQ�RI
1L�Û���DW����:�DOOR\�WDSH�ZLWK�WKLFNQHVV�G
a�����PP�SURGXFHG�E\�WKH�VLPLODU�F\FOH�UROO�
LQJ�SURFHVVLQJ�LV�VKRZQ��2QO\�WKH�IRUPDWLRQ
RI�WKH�VWUDLQ�WH[WXUH�VLPLODU�WR�E�EUDVV�W\SH
^���`� ����!� LV� UHYHDOHG� >��@�� 7KH� WH[WXUH
FKDUDFWHU� GRHV� QRW� GHSHQG� VXEVWDQWLDOO\� RQ

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� 1L� Û
��DW����:� DOOR\� WDSH�DIWHU� FROG�UROOLQJ��'LI�
IUDFWRPHWHU�'521�80����&X.D�LUUDGLDWLRQ��

9�$�)LQNHO�HW�DO����5HVHDUFKHV�DQG�GHYHORSPHQWV����
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WKH� DOOR\� FRPSRVLWLRQ�� � )XUWKHU�� WKH� PH�
FKDQLFDO�DQG�RU�FKHPLFDO�SROLVKLQJ�WKH�WDSH
VXUIDFH�ZHUH�PDGH�

7KH�UHVXOWLQJ�RSHUDWLRQ�GXULQJ�WKH�1L±:
DOOR\�WDSH�SURGXFWLRQ�ZDV�WKH�KLJK�WHPSHUD�
WXUH�DQQHDOLQJ��WKH�VFKHPH�LV�VKRZQ�LQ�)LJ�����
7KH� QHFHVVDU\� FRQGLWLRQV� RI� WKH� ILQDO� KHDW
WUHDWPHQW� ZHUH� HVWDEOLVKHG� DV� IROORZLQJ�
����Ü�����&��Ü�� K�� $V� D� UHVXOW�� WKH� UH�
FU\VWDOOL]DWLRQ�^���`�����!�FXELF�WH[WXUH�LV
IRUPHG� ZKLFK� LV� IDYRUDEOH� WR� VXEVHTXHQW
HSLWD[LDO� JURZWK� RI� <%D�&X�2�±G� VXSHUFRQ�GXFWRU� �VHH�DERYH���)URP�WKH�;�UD\�GLIIUDF�
WLRQ�SDWWHUQ�RI�1L�Û���DW����:�DOOR\V�DIWHU
WKH�UROOLQJ�DQG�WKH� ODVW�DQQHDOLQJ�VKRZQ�LQ
)LJ����� LW� LV� VHHQ� WKDW� WKH� UHFU\VWDOOL]DWLRQ
WH[WXUH�KDV�TXLWH�KLJK�SHUIHFWLRQ��

7KH�REWDLQHG�UHVXOWV�RI�VWUXFWXUH�LQYHVWL�
JDWLRQV�VXSSRUW�WKH�ZHOO�NQRZQ�IDFW�WKDW�LQ
1L±:� WDSHV� ZLWK� KLJK�:� FRQWHQW� WKH� FXELF
WH[WXUH� LV� QRW� IRUPHG� DIWHU� KLJK�WHPSHUD�
WXUH� DQQHDOLQJ� �VHH� H�J�� >�Ü��@��� 8VXDOO\�
WKLV� HIIHFW� LV� FRQVLGHUHG� WR� EH� FRQQHFWHG
ZLWK� ORZHULQJ� VWDFNLQJ� IDXOW� HQHUJ\� LQ� WKH
DOOR\V� DV� WKH�:� FRQWHQW� LQFUHDVHV� >��@�� ,Q
WKH�QH[W�VHFWLRQ��VRPH�SRVVLELOLWLHV�WR�FUHDWH
WKH�FXELF�WH[WXUH�LQ�1L�Û�����DW����:�DOOR\
WKLQ�WDSHV�ZLOO�EH�GLVFXVVHG�

7KH�PDLQ�UHVXOWV�RQ�UHVHDUFKLQJ� WKH� IRO�
ORZLQJ�PHFKDQLFDO� SURSHUWLHV� RI�1L±:� DOOR\

WDSHV� ZLWK� YDULRXV� FRPSRVLWLRQV�� \LHOG
VWUHVV��VI��XOWLPDWH�VWUHVV��VE��DQG�WKH�UHOD�WLYH�H[WHQVLRQ��G��DUH�JLYHQ� LQ�7DEOH����7KH
HYLGHQW�HIIHFWV�RI�LQFUHDVHG�\LHOG�VWUHVV�DQG
XOWLPDWH� VWUHVV� XQGHU� LQFUHDVLQJ�:� FRQWHQW
LQ�WKH�DOOR\V�DUH�UHYHDOHG���

�����'HSRVLWLRQ�RI�7L1�WKLQ�OD\HUV
RQWR�1L±:�DOOR\�WDSH�

)RU� GHSRVLWLRQ� RI� WLWDQLXP� QLWULGH� FRDW�
LQJ�RQWR�WKH�1L±:�WDSH�VXUIDFH��WKH�PHWKRG
RI�VXEVWDQFH�FRQGHQVDWLRQ�IURP�SODVPD�IOX[
JHQHUDWHG� E\� ORZ� SUHVVXUH� DUF� ZDV� DSSOLHG
>��@�7KH�PHWKRG�DOORZV�WUHDWLQJ�WKH�VXUIDFH
E\� KLJK�HQHUJ\� LRQV� H[WUDFWHG� IURP� WKH
SODVPD� E\� VXSSO\LQJ� KLJK� SRWHQWLDO�8� RQWR
WKH� VXUIDFH�� WKDW� SURYLGHV� WKH� VDPSOH� VXU�
IDFH� OD\HU� HIIHFWLYH� FOHDQLQJ� IURP� FRQWDPL�
QDWLRQV� DQG� LPSXULWLHV� DQG� FDXVHV� KLJK�DG�
KHVLRQ�SURSHUWLHV�RI� WKH�FRDWLQJV�� ,QWURGXF�
WLRQ� RI� FKHPLFDOO\� DFWLYH� JDVHV� LQWR� WKH
ZRUN�YROXPH�SHUPLWV�WR�REWDLQ�WKH�FRDWLQJV
RI� YDULRXV� FRPSRVLWLRQV�Û� QLWULGHV�� R[LGHV
HWF�� +LJK� UDWH� RI� WKH� FKHPLFDO� UHDFWLRQV� LV
FDXVHG� E\� WKH� SUHVHQFH� RI� PHWDOOLF� LRQV� LQ
WKH� FRQGHQVDWLRQ� ]RQH� DV� ZHOO� DV� JDVHRXV
DWRPV�DQG�PROHFXOHV�DFWLYDWHG�GXULQJ�LQWHU�
DFWLRQV�ZLWK�SODVPD�LRQV�DQG�HOHFWURQV��

7KH� PDLQ� GLVDGYDQWDJH� OLPLWLQJ� DSSOLFD�
WLRQ�RI�WKH�YDFXXP�DUF�PHWKRG�IRU�7L1�FRDW�
LQJ� GHSRVLWLRQ� RQWR� WKH� 1L±:� DOOR\� WDSHV
XVHG�DV�VXEVWUDWHV�IRU��*�+76&�LV�WKH�SUHV�
HQFH� RI� PDFUR�SDUWLFOHV�GURSV� DQG� VROLG
SLHFHV�RI�WKH�FDWKRGH�PDWHULDO�LQ�WKH�SODVPD
IOX[�� 6XFK� GHIHFWV� FDQ� LPSHGH� WKH� IORZ� RI
GLVVLSDWLRQ�IUHH� VXSHUFRQGXFWLRQ� FXUUHQW�
)RU� UHPRYLQJ� WKH�PDFUR�SDUWLFOHV� IURP� WKH
FRQGHQVDWLRQ� PDWHULDO� IOX[� GXULQJ� WKHLU
PRYHPHQW� IURP� FDWKRGH� WR� SODVPD� VRXUFH
H[LW�� GLIIHUHQW� HOHFWURPDJQHWLF� V\VWHPV� IRU
FKDUJHG� SDUWLFOH� WXUQLQJ� DUH� DSSOLHG� >���
��@�� +RZHYHU�� WKH� SODVPD� ILOWHUV� GHYHORSHG
WR�GDWH�DUH�FKDUDFWHUL]HG�E\� ORZ�FRHIILFLHQW
RI� ZRUNLQJ� PDWHULDO� XWLOL]DWLRQ�� DV� ZHOO� DV
DUH�EXON\�DQG�KLJK�H[SHQVLYH�

$Q� DOWHUQDWLYH� WR� WKH�PHWKRG� RI� FRDWLQJ
GHSRVLWLRQ� XVLQJ� SODVPD� ILOWHUV� PD\� EH� WKH
WHFKQLTXH�RI�GHSRVLWLRQ�XQGHU�KLJKHU�ZRUN�
LQJ�JDV�SUHVVXUHV��S1�!���3D���$W�VXFK�SUHV�

7DEOH����0HFKDQLFDO�SURSHUWLHV�RI�1L±:�DOOR\�WDSHV�DW�URRP�WHPSHUDWXUH
$OOR\�FRPSRVLWLRQ VI��NJ�PP� VE��NJ�PP� G���

1L ��� ���� ����
1L���DW����: ���� ���� ����
1L�����DW����: ���� ���� ����
1L�����DW����: ���� ���� ����

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� 1L� Û
�� DW����:� DOOR\� WDSH� DIWHU� FROG� UROOLQJ� DQG
YDFXXP�DQQHDOLQJ�������&���K���'LIIUDFWRPH�
WHU�'521�80����&X.D�LUUDGLDWLRQ�
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VXUHV�� WKH� GHSRVLWLRQ� LV� RFFXUUHG� IURP� UDQ�
GRPL]HG� SODVPD� IOX[� LQFOXGLQJ� RXW� RI� WKH
GLUHFW� YLVLRQ� ]RQH� RI� WKH� SODVPD� VRXUFH
FDWKRGH� �VXEVWUDWH� XQGHUVLGH��� 7KLV� IDFW� DO�
ORZV� SURGXFLQJ� WKH� GURS�IUHH� FRDWLQJV�ZLWK
UDWKHU�KLJK�GHSRVLWLRQ�UDWHV� ���Ü����PP�K�
ZLWKRXW� DSSOLFDWLRQ� RI� DQ\� V\VWHPV� RI� WKH
SODVPD�VHSDUDWLRQ�>��@��������

8QGHU� VXFK� SUHVVXUHV�� WKH� FRDWLQJ� GHSR�
VLWLRQ� WDNHV� SODFH� IURP� WKH� UDQGRPL]HG
SODVPD�IOX[�LQFOXGLQJ�RXWVLGH�WKH�GLUHFW�YL�
VLRQ�]RQH�RI�WKH�SODVPD�VRXUFH�FDWKRGH��VXE�
VWUDWH� XQGHUVLGH��� 7KLV� IDFW� DOORZV� SURGXF�
LQJ� GURS�IUHH� FRDWLQJV� ZLWK� UDWKHU� KLJK
GHSRVLWLRQ� UDWH� ZLWKRXW� DSSOLFDWLRQ� RI
SODVPD�VHSDUDWLRQ�V\VWHPV�

,Q� WKH� H[SHULPHQWV� RQ� GHSRVLWLRQ� RI�7L1
WKLQ� OD\HUV� RQWR� WKH� 1L±:� DOOR\� WDSH� VXU�
IDFH��97���JUDGH�WLWDQLXP�ZDV�XVHG�IRU�WKH
FDWKRGH�PDWHULDO�� ,Q� D� VHULHV� RI� WKH� H[SHUL�
PHQWV�� WKH� 1L� Û� �� DW�� �� :� DQG� 1L� Û
����DW����:�DOOR\V�WDSH�VDPSOHV�ZLWK�WKLFN�
QHVV�G�a�����PP�ZHUH� VWXGLHG��7KH� VDPSOHV
ORRNHG� OLNH� DV� WZR� SODWHV� FORVHO\� SUHVVHG� WR
RQH�DQRWKHU�WKDW�JDYH�DQ�RSSRUWXQLW\�WR�LQ�
YHVWLJDWH�WKH�VWUXFWXUH�DQG�SURSHUWLHV�RI�H[�
WHULRU� DQG� VKDG\� VXUIDFHV� �GURS�IUHH� UH�
JLPH���DV�ZHOO�DV�WKH�LQWHULRU�VLGHV�RI�WKHVH
VXUIDFHV�� 7KH� VDPSOHV� ZHUH� SRVLWLRQHG� LQ

WKH� FHQWHU� RI� WKH� YDFXXP� FKDPEHU�� DW� WKH
D[LV�RI�WKH�SRVLWLRQLQJ�IL[WXUH��DQG�KDYH�WKH
SRVVLELOLW\�WR� UHYROYH�RQ�WKH�QRUPDO�WR�VXU�
IDFH� D[LV�� 7KH� WUHDWPHQW� UHJLPHV� IRU� WKH
VDPSOHV� RI� WKLV� H[SHULPHQW� VHULHV� RQ� WLWD�
QLXP� QLWULGH� OD\HU� GHSRVLWLRQ� DUH� JLYHQ� LQ
7DEOH����

,Q�)LJ�����D�W\SLFDO�;�UD\�GLIIUDFWLRQ�SDW�
WHUQ�LV�VKRZQ�IRU�WKH�1L�Û���DW����:�DOOR\
WDSH� VDPSOH� ZLWK� 7L1� FRDWLQJ� �GHSRVLWLRQ
WLPH�W� ����V��

7ZR� V\VWHPV� RI� GLIIUDFWLRQ� OLQHV� DUH� RE�
VHUYHG�� WKH�)&&� ODWWLFH� OLQHV� RI�1L�Û���DW�
��:�DOOR\� �D� ��������c���DQG�WKH� OLQHV�RI
1DLO�W\SH�ODWWLFH�EHORQJLQJ�WR�7L1�FRPSRXQG
�D� ��������c��� )RU� ERWK� SKDVHV�� WKH� SUHV�
HQFH� RI� RSHQ� FXELF� WH[WXUH� ^���`� ����!� LV
FKDUDFWHULVWLF�����

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� 1L� Û
��DW����:� DOOR\� WDSH�ZLWK�7L1� FRDWLQJ��'LI�
IUDFWRPHWHU�'521�80����&X.D�LUUDGLDWLRQ�

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� 1L� Û
���� DW����:� DOOR\� WDSH�� �� Û� DIWHU� UROOLQJ�
��Û� DIWHU� YDFXXP�KLJK� WHPSHUDWXUH� DQQHDO�
LQJ����Û�DIWHU�7L1�FRDWLQJ�GHSRVLWLRQ��GHSRVL�
WLRQ�WLPH�W7L1� ����V�����Û�DIWHU�7L1�FRDWLQJ
GHSRVLWLRQ��GHSRVLWLRQ�WLPH�W7L1� �����V�����ÛDIWHU�7L1� FRDWLQJ�GHSRVLWLRQ� �GHSRVLWLRQ� WLPH
W7L1� ����� V����� Û� DIWHU� 7L1� FRDWLQJ� GHSRVL�
WLRQ� �GHSRVLWLRQ� WLPH� W7L1� ����� V��� 'LIIUDF�WRPHWHU� '521�80���� &X.D� LUUDGLDWLRQ�
$ERYH��)&&�ODWWLFH�LQGLFHV�RI�1L�Û�����DW���
:�DOOR\��

7DEOH����5HJLPHV�IRU�7L1�GHSRVLWLRQ�RQWR�1L�Û���DW����:�DOOR\�WDSH�VXUIDFHV
6XEVWUDWH�QHJDWLYH
SRWHQWLDO�8��9

$UF�FXUUHQW�,��$ 1LWURJHQ�SUHVVXUH
S1��3D

'HSRVLWLRQ�WLPH
W7L1��V

1RWHV�

��� �� ��� ��
��� �� ��� ��
��� �� ��� ��
��� �� ��� �� 6DPSOHV�UHYROYHG
��� �� ��� ���
��� �� ��� ���
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7KH� GLIIUDFWLRQ� SDWWHUQ� HYROXWLRQ� IRU�1L
Û� ���� DW�� ��:� DOOR\� WDSH� DV� D� UHVXOW� RI
DQQHDOLQJ� DQG�7L1� OD\HU� GHSRVLWLRQ� LV� VKRZ
LQ�)LJ�������������

,W� LV� REVHUYHG� WKDW�� DV� WKH� 7L1� FRDWLQJ
GHSRVLWLRQ� WLPH� �W7L1�� LQFUHDVH�� LQ� RWKHUZRUGV��DV�WKH�7L1�WKLFNQHVV��G7L1��JURZV��WKHUHODWLYH� LQWHQVLWLHV� RI� �K� �� ��� W\SH� GLIIUDF�
WLRQ� OLQHV� LQFUHDVH��ZKLOH� WKH� LQWHQVLWLHV� RI
UHIOHFWLRQV� IURP�GLDJRQDO� �K�K����DQG�RWKHU
)&&� ODWWLFH�SODQHV�GHFUHDVH��6XFK�FKDUDFWHU
RI� WKH� GLIIUDFWLRQ� SDWWHUQ� HYROXWLRQ� LQGL�
FDWHV�TXDOLWDWLYHO\� WKH� VXEVWDQWLDO� LQWHQVLIL�
FDWLRQ� RI� ^���`� ����!� W\SH� FXELF� WH[WXUH
GHJUHH� LQ� WKH�1L�Û����� DW����:� SDUDPDJ�
QHWLF�DOOR\�WDSH��

9HU\� LQIRUPDWLYH� ZDV� WKH� EHKDYLRXU� RI
WKH� FXELF� �K� �� ��� DQG� GLDJRQDO� �K�K� ��� GLI�
IUDFWLRQ� OLQH� LQWHQVLW\�UDWLR��,����W7L1��,����FKDUDFWHUL]LQJ� WKH� FXELF� WH[WXUH� GHJUHH� GH�
SHQGLQJ�RQ� WKH�GHSRVLWLRQ� WLPH� �)LJ������$V
LW�LV�REVHUYHG��WKH�^���`�����!�WH[WXUH�HYR�
OXWLRQ� GHJUHH� ULVHV� VWHHSO\� ZLWK� LQFUHDVLQJ
GHSRVLWLRQ�WLPH��W7L1��DQG�WKH�PD[LPXP�H[�WHQW� LV� DFKLHYHG� DW� W7L1� FORVH� WR� WKH� OD\HUWKLFNQHVV�a�����PP��2EYLRXVO\��WKH�PHFKDQL�
FDO� VWUHVVHV� RFFXUULQJ� LQ� WKH� V\VWHP� �1L�Û
����DW����:� DOOR\� WDSH�Û�7L1� FRDWLQJ�� UH�
VXOW�LQ�WKH�FXELF�WH[WXUH�LQWHQVLILFDWLRQ��DQG
DW�FHUWDLQ�7L1�OD\HU�WKLFNQHVV��WKH�RSWLPXP
FRQGLWLRQV�IRU�^���`�����!�W\SH�WH[WXUH�IRU�
PDWLRQ� DUH� UHDOL]HG�� ,Q� RXU� FDVH�� VXFK� WKH
FRQGLWLRQV�VHHP�WR�DSSHDU�QHDU�a�����PP�

7KH�LPSRUWDQW�IDFW�LV�ZRUWK�WR�QRWH�WKDW
WKH�GDWD�VKRZQ�LQ�)LJV����DQG���FRQFHUQ�WKH
WDSH� SURGXFHG� E\� UROOLQJ� RI� WKH� YDFXXP
PHOWHG�1L�Û�����DW����:�DOOR\��7KH�HIIHFWV
RI� WKH� UHFU\VWDOOL]DWLRQ� WH[WXUH� IRUPDWLRQ
XQGHU� KLJK� WHPSHUDWXUH� DQQHDOLQJ� DQG� LQ�
IOXHQFH�RI�WKH�7L1�GHSRVLWHG�OD\HUV�LQ�WKH�1L
Û�����DW����:�DOOR\�WDSHV�SUHSDUHG�E\�DUF�

VPHOW�� TXHQFKLQJ� DQG� VXEVHTXHQW� DQQHDOLQJ
DUH�VXEVWDQWLDOO\�VPDOOHU���

���&RQFOXVLRQV�
7KXV�� WKH� DLP� RI� WKH� ZRUN� DFKLHYHPHQW

ZDV� UHGXFHG� WR� GHYHORSLQJ� WKH� FUHDWLRQ
VWUDWHJ\� RI� WKH� VXEVWUDWHV�Û� EXIIHU� FRDWHG
1L±:� DOOR\� WDSHV�� FRPELQLQJ� WKH� FU\VWDO�
ORJUDSKLF� WH[WXUH� IDYRXU� IRU� HSLWD[LDO
JURZWK� RI� <%D�&X�2�±G� +76&� OD\HUV�� DQGDEVHQFH� RI� IHUURPDJQHWLVP� UHVXOWLQJ� LQ� GH�
FUHDVHG� GHQVLW\� RI� VXSHUFRQGXFWLQJ� FXUUHQW
IORZLQJ�LQ�WKH�+7�VXSHUFRQGXFWRU��7KH�VHUL�
RXV� REVWDFOH� IRU� FUHDWLRQ� RI� WKH� VXEVWUDWHV
ZLWK� VXFK� FRPELQDWLRQ� RI� WH[WXUH� �QDPHO\�
^���`�����!�W\SH�FXELF�WH[WXUH��DQG�SDUDP�
DJQHWLVP� LV� ORZ� HQHUJ\� RI� WKH� VWDFNLQJ
IDXOWV�KLQGHULQJ�IURP�WKH�FXELF�WH[WXUH�IRU�
PDWLRQ�LQ�WKH�SDUDPDJQHWLF�KLJK�:�FRQWHQW
1L±:� DOOR\� WDSHV�� 2Q� WKH� VDPH� DFFRXQW�
WKHUH� WDNHV� SODFH� WKH� �JLDQW�� \LHOG� VWUHVV
ZLWK� LQFUHDVLQJ�:� FRQWHQW� LQ� 1±:� DOOR\V�
DQG�DV�D�UHVXOW��KHDY\�KDUGHQLQJ�XQGHU�FROG
GHIRUPDWLRQ� PDNLQJ� GLIILFXOW� WKH� UROOLQJ
SURFHVV��

7KH� UHVXOWV� RI� UHVHDUFKHV� DQG� GHYHORS�
PHQWV� FDUULHG� RXW� LQ� DERYHPHQWLRQHG� WKUHH
PDLQ� GLUHFWLRQV� Û� 1L±:� DOOR\� PHWDOOXUJ\
�VHFWLRQ������� UROOLQJ�DQG�KHDW� WUHDWPHQW�RI
1L±:� DOOR\� WDSHV� �VHFWLRQ� ������ 7L1� OD\HU
GHSRVLWLRQ� RQWR� WKH� WDSH� E\� FRQGHQVDWLRQ
IURP�SODVPD�IOX[��VHFWLRQ�������Û�LQGLFDWHV
WKH� SRVVLELOLW\� WR� PDGH� VXIILFLHQWO\� SHUIHFW
VXEVWUDWHV� IRU��*�+76&�ZKLFK� FRPELQH� WKH
FU\VWDOORJUDSKLF� WH[WXUH� IDYRUDEOH� WR�+76&
ILOP� HSLWD[LDO� JURZWK�� WKH� SDUDPDJQHWLF
VWDWH�RI�WKH�PDWUL[��DQG�WKH�HIIHFWLYH�EXIIHU
OD\HU����

2QH�VKRXOG�FRQVLGHU��WKDW�RSWLPL]DWLRQ�RI
FRQGLWLRQV� IRU�1L±:�DOOR\�PHOWLQJ��WKH�WDSH
SUHSDUDWLRQ�DQG�KHDW�WUHDWPHQW��DQG�WKH�7L1
EXIIHU� OD\HU� GHSRVLWLRQ� ZLOO� JLYH� WKH� SRVVL�
ELOLW\� RI� VFDOH� SURGXFWLRQ� RI� VXEVWUDWHV� IRU
�*�+76&��

7KH� ZRUN� LV� GRQH� XQGHU� VXSSRUW� RI
8NUDLQLDQ� 6FLHQFH� DQG� 7HFKQRORJ\� &HQWHU
�3URMHFW�67&8���3�����

5HIHUHQFHV
� ���'�/DUEDOHVWLHU�� $�*XUHYLFK�� '�0�)HOGPDQQ�

$�3RO\DQVNL��1DWXUH�����������������
� ���*�&HOHQWDQR��9�*DOOX]]L��$�0DQHLDQL�HW�DO���-�

3K\V��&RQI��6HU������������������
� ���-�(LFNHQPHLHU�� 5�+XKQH�� $�*XWK� HW� DO��� 6X�

SHUFRQG��6FL��/���������������������
� ���+�/�6XR��<�=KDR��0�/LX�HW�DO���6XSHUFRQG��6FL�

7HFKQRO����������������������
� ���'�3�5RGLRQRY�� ,�9�*HUYDV\HYD�� -X�9�.KOHE�

QLNRY�HW�DO���7HFKQ��3K\V��/HWW�����������������

)LJ�����7KH�LQWHQVLW\�UDWLR�RI�������DQG������
GLIIUDFWLRQ� OLQHV� YHUVXV� 7L1� OD\HU� GHSRVLWLRQ
WLPH�RQWR�1L�Û�����DW����:�DOOR\�WDSH�

9�$�)LQNHO�HW�DO����5HVHDUFKHV�DQG�GHYHORSPHQWV����
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� ���1�(OLD]��7�0�6ULGKDU��(�*LOHDGL��(OHFWURFKHP�
$FWD��������������������

� ���$�2�,MRGROD�� -�5�7KRPVRQ�� $�*R\DO� HW� DO��
3K\VLFD�&������������������

� ���<�$�*DQHQNR�� +�5DXK�� 3�.UXJHU��$SSO��3K\V�
/HWW����������������������

� ���0��:�.LP�� %��+�-XQ�� %�.L� -L� HW� DO��� -��.R�
UHDQ�3RZGHU�0HW��,QVW������������������

����3�3�%KDWWDFKDUMHH�� 5�.�5D\�� $�8SDGK\D\D�
0DWHU��6FL��(QJ��$�����������������

����0�0�*DR��+�/�6XR�� 3�.�*DR� HW� DO���-�� 3K\V��
&RQI��6HULHV���������������������

����+�6DNDPRWR�� <�1DJDVX�� <�2KDVKL� HW� DO��
3K\VLFD�&�����Ü�����������������

����&�&�&OLFNQHU�� -�:�(NLQ�� 1�&KHJJRXU� HW� DO��
&U\RJHQLFV������������������

����&�&DQWRQL��$�*R\DO��;�/L�HW�DO���,(((�7UDQV�
$SSO��6XSHUFRQG�������������������

����-�;LRQJ�� 9�0DWLDV�� +�:DQJ� HW� DO��� -��$SSO�
3K\V�������������������������

����)�3�/DUNLQV��3�-�)HQVKDP��1DWXUH�����������
�������

����9�$�)LQNHO�� /�3�'HJW\DUHQNR�� 9�9�'HUHY\�
DQNR� HW� DO��� 3UREOHPV� �$WRP�6FL��	�7HFKQ��6H�
ULHV� RI� 5DG�� (IIHFWV�	�5DG��0HWDO� 6FL��� 1R���
�����������

����)�+�(OLQJHU��:�3�6\NHV��7UDQV��$P��6RF��0HW��
����������������

����$�0�%RYGD�� 9�$�%RYGD�� 9�9�'HUHY\DQNR� HW
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