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,��6KRUW�SURMHFW�SUHVHQWDWLRQ��
�
,������2YHUDOO�REMHFWLYHV��
�
7KH�PLFURHOHFWURQLFV�LQGXVWU\�VWDUWV�WR�IDFH�UHVROXWLRQ�OLPLWV�RI�WKH�SUHVHQW�WHFKQRORJ\�DQG�LW�
KDV�WR�EH�GHFLGHG�LQ�WKH�QHDUHVW�IXWXUH��OLNHO\�LQ�WKH�SHUVSHFWLYH�RI����WR���\HDUV��ZKLFK�RI�WZR�
VRXUFH� WHFKQRORJLHV�� L�H�� HLWKHU� GLVFKDUJH� RU� ODVHU� SODVPD�� LV� WKH� EHVW� RQH� DQG� VKRXOG� EH�
LPSOHPHQWHG� LQ� WKH� QHZ� VKRUW�ZDYHOHQJWK� OLWKRJUDSK\��2Q� WKH� RWKHU� KDQG� OLIH� DQG�PDWHULDO�
VFLHQFHV� QHHG� DOVR� D� GHHS� ORRN� LQWR� WKH� QDQR�DQG� IHPWRZRUOG�� $� VKRUW�ZDYHOHQJWK� DQG� LQ�
VRPH�FDVHV� VKRUW�SXOVH� VRXUFH� LV�RI�SDUDPRXQW� LPSRUWDQFH� IRU�HDFK�RI� WKHVH�DSSOLFDWLRQV�DV�
WKLV�GRPLQDQWO\�GHFLGHV�DERXW� WKH�VSDWLDO�DQG�WHPSRUDO�UHVROXWLRQV�� � ,W� LV�H[SHFWHG�WKDW�ERWK��
FRKHUHQW�DQG�LQFRKHUHQW�VRIW�;�UD\�VRXUFHV�FRXOG�KHOS�WR�VROYH�PDQ\�RI�WKH�SUREOHPV�IDFHG��
�
/DVHU� SODVPDV� DUH� YHU\� DWWUDFWLYH� DV� VRIW� ;�UD\� VRXUFHV� IRU� SURMHFWLRQ� OLWKRJUDSK\��
PLFURVFRS\��LQWHUIHURPHWU\�DQG�PDQ\�RWKHUV�DSSOLFDWLRQV�GXH�WR�WKHLU�FRPSDFWQHVV��IOH[LELOLW\�
DQG�VLPSOLFLW\��0XFK�ZRUN�RQ�VXFK�LQFRKHUHQW�VRXUFHV�KDV�EHHQ�GRQH�GXULQJ�WKH�ODVW�GHFDGH��
PRVWO\�RQ�FODVVLF�JDV�DQG�VROLG�VWDWH�WDUJHWV�LQWHUDFWLQJ�ZLWK�ORQJ��QDQRVHFRQG�ODVHU�SXOVHV��,I�
UHOLDEOH� DQG� UHSURGXFLEOH�� VXFK� D� VRXUFH� FRXOG� EH� LQWHUHVWLQJ� IRU� WKH� LQGXVWULDO� DSSOLFDWLRQV��
2QH�GHFDGH�DJR�FOXVWHUV�UHFHLYHG��DV�RQH�RI� WKH�SRVVLEOH� WDUJHWV��DWWHQWLRQ�RI�VHYHUDO�VWXGLHV�
DQG�WKH�QXPEHU�RI�SXEOLFDWLRQV�H[SORGHG�LQ�WKH�ODVW�IHZ�\HDUV�DV�WKH\�FRPELQH�LQ�DQ�XQLTXH�
ZD\� IHDWXUHV� RI� ERWK� VROLGV� DQG� JDVHV�� $V� D� FRQVHTXHQFH�� WKH\� SURPLVH� KLJK� FRQYHUVLRQ�
HIILFLHQF\�RI�WKH�VROLGV�DQG�VWURQJO\�OLPLWHG��FRQWDPLQDWLRQ�RI�WKH�[�UD\�RSWLFV�GXH�WR�QHDUO\�
GHEULV�IUHH�ZRUN�� W\SLFDO� IRU� JDVHV�� � ,Q� VRPH� H[WUHPH� FDVHV� LW� FRXOG� EH� VSRNHQ� DERXW� D� KRW�
QDQRSODVPD���
2XU�PDLQ�JRDO�LV�WR�REWDLQ��ZHOO�FKDUDFWHULVHG��HIILFLHQW�VRXUFH��ZRUNLQJ�ZLWK�LQFUHDVHG��PLQ��
���+]��UHSHWLWLRQ�UDWH�LQ�WKH�VSHFWUDO�UDQJH�EHWZHHQ����DQG����QP��ZKHUH�UHODWLYHO\�HIILFLHQW�
;�UD\�RSWLFV�H[LVWV��3ODVPD�LQ�WZR�GLIIHUHQW�H[FLWDWLRQV�VFKHPHV�LV�WR�EH�LQYHVWLJDWHG��

�
D��2SWLFDO�ILHOG�LQGXFHG� LRQL]DWLRQ��2),��DSSHDUG�DV�DQ�H[SHULPHQWDO�IDFW�ZLWK�WKH�DGYHQW�RI�

KLJK� LQWHQVLW\� ORZ� HQHUJ\� IV�ODVHUV�� 7KLV� PHWKRG� RI� WKH� SODVPD� FUHDWLRQ� VWDUWHG� WR� EH�
DSSOLHG� WR� WKH� [�UD\� VRXUFHV� GHGLFDWHG� WR� WKH� SUDFWLFDO� DSSOLFDWLRQV� RQO\� UHFHQWO\�� 8VLQJ�
SRODULVDWLRQ��ZDYHOHQJWK�DQG�SXOVH�OHQJWK�GHSHQGHQW�VWDWH�RI�WKH�SODVPD�FUHDWHG�ZH�KRSH�WR�
LQIOXHQFH�DQG�H[DFWO\�FRQWURO�WKH�VSHFWUD�HPLWWHG�DQG�WKH�VDPH�WR�PDWFK�WKH�SDUDPHWHUV�RI�
HPLWWHG�UDGLDWLRQ�WR�WKH�[�UD\�RSWLFV�DQG�SRWHQWLDO�DSSOLFDWLRQ�UHTXLUHPHQWV��%RWK��FOXVWHUV�
DQG�GHQVH�JDVHV�DUH�IRUHVHHQ�DV�WDUJHWV��

E��&ROOLVLRQDO�LRQLVDWLRQ�RI�WKH�FOXVWHUV�LQLWLDWHG�E\��SLFR��DQG�QDQRVHFRQG�ODVHU�LUUDGLDWLRQ��
�

1PG� QH� VJG� OQUV� KORQTVCPV� CURGEVU� QH� VJG� UQWTEGU� CRRNKECDNG� KP� RTCEVKEG� KU� VJG� VCTIGV�
RTGRCTCVKQP�VQ�GPUWTG�JKIJ�FKTGEVKQPCNKV[��TGSWKTGF�URGEVTCN�EQPVGPV��IQQF�DGCO�SWCNKV[�QH�VJG�
QWVRWV� TCFKCVKQP� CPF� TGCUQPCDNG� KPVGTCEVKQP� XQNWOG�� (QT� VJKU� TGCUQP�YG� CTG� IQKPI� VQ� EJGEM�
RQUUKDKNKV[� VQ� EQPHKPG� VJG� ENWUVGT� OGFKWO� KP� C� ECRKNNCT[�� 5WEJ� C� EQPHKPOGPV� UJQWNF� CNUQ�
KORTQXG�VJG�QWVRWV�DGCO�FKXGTIGPEG�CPF�FKTGEVKQPCNKV[��
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�+V�YCU�UJQYP�TGEGPVN[�D[�DQVJ�J[FTQF[PCOKE�UKOWNCVKQPU�CPF�GZRGTKOGPVCN�URGEVTCN�CPCN[UKU��
VJCV�C�EQNF�JQOQIGPGQWU�QRVKECNN[�VJKP�RNCUOC�EQTG��ENQUG�VQ�UQNKF�FGPUKV[��ECP�DG��ETGCVGF�CV�
GCTN[� RJCUG� QH� VJG� KPVGTCEVKQP�� YJGTG� J[FTQ�F[PCOKECN� EJCPIGU� JCF� PQV� DGGP� UVTQPIN[�
FGXGNQRGF�[GV��6JKU�EQTG�NQECNK\GF�KP�DQVJ�URCEG�CPF�VKOG�KU�VJGTGHQTG�CP�QRVKECNN[�VJKP�.6'�
UQWTEG�QH��TCFKCVKQP�YKVJ�YGNN�FGHKPGF�FGPUKV[�CPF�C�TGNCVKXGN[�UOCNN�VGORGTCVWTG�URTGCF�QH�PQ�
OQTG� VJCP�����G8��6JKU�RNCUOC�UVCVG�YCU� VQ�DG� KPXGUVKICVGF� KP�FGVCKN��9G�CTG�CNUQ�IQKPI� VQ�
GZVGPF�UQOG�RTGXKQWU�TGUWNVU�QP�C�HKPG�GPGTI[�VWPKPI�YKVJKP�VJG��F�UJGNN�QH�JKIJ�<�OCVGTKCNU�
VQ� VJG� ECRNKNNCT[� EQPHKPGF�:G�ENWUVGT� KP�QTFGT� VQ� NQECNK\G�:�TC[� GOKUUKQP� CPF� VQ�QDVCKP�JKIJ�
DTKIJVPGUU�YJKEJ�KU�C�FQOKPCPV�EQPUKFGTCVKQP�KP�VJG�FGUKIP�QH�GHHKEKGPV�:�TC[�UQWTEG��
#U�KPEQJGTGPV�:78�UQWTEGU�CV�JKIJGT�TGRGVKVKQP�TCVG�KPHNWGPEG�UVTQPIN[�VJG�:�TC[�QRVKEU�CPF�
VJG�DCPFYKVJ�RTQDNGOU�UVCTV�VQ�DG�ETWEKCN�HQT�VJG�U[UVGO�RGTHQTOCPEG�YG�YGTG�IQKPI�VQ�EJGEM�
KP� C� UWRNGOGPVCT[� GZRGTKOGPV� CNUQ� EQWRNKPI� GHHKEKGPE[� VQ� VJG� Z�TC[� QRVKEU�� KH� C� EQJGTGPV��
PCTTQY�DCPFYKVJ�UQWTEG�CU�0K�NKMG�#I�:�TC[�NCUGT�CV������PO�KU�WUGF��6JKU�:�TC[�NCUGT�KU�CV�
VJG�OQOGPV�C�UKPING�UJQV�V[RG�FGXKEG��DWV�C�EQODKPCVKQP�QH�VJG�:�TC[�NCUGT�CPF�:�TC[�QRVKEU�
KP�VJG�URGEVTCN�TCPIG�DGVYGGP����CPF����PO�EQWNF�GHHGEVKXGN[�DG�EJGEMGF�CNTGCF[�PQY���
�
,������6FLHQWLILF�DQG�WHFKQLFDO�JRDOV�
�
$�YHU\� ULFK�ZRUOG�RI�FOXVWHU� VWUXFWXUHV�GHOLYHUV� D�QHZ� IDVFLQDWLQJ�SKHQRPHQD� LQ� LQWHUDFWLRQ�
ZLWK� DQ� LQWHQVH� ODVHU� UDGLDWLRQ�� 7KHUH� H[LVWHG� VRPH� FRQWURYHUVHV� UHJDUGLQJ� WKH� DEVRUSWLRQ�
PHFKDQLVPV�DQG�IDVW�H[SDQVLRQ�RI�WKH�FOXVWHUV��&RXORPE�H[SORVLRQ�RU�K\GURG\QDPLF�GULYHQ���
7KHUH�ZHUH�VWLOO�XQFOHDUHG�GLIIHUHQFHV�LQ�EHKDYLRXU�EHWZHHQ�WKH�ELJ��D�IHZ�KXQGUHGV�WRXVHQGV�
RI�DWRPV��DQG�VPDOO��D�IHZ�KXQGUHGV�RI�DWRPV��FOXVWHUV��$W�WKH�VDPH�WLPH�DQ�XQLTXH�IHDWXUH�
FRPELQLQJ�VROLG�DQG�JDV�VWDWHV�LQ�RQH�WHPSWDWHG�WR�XVH�FOXVWHUV�DOV�D�WDUJHW�PDWHULDO�WR�LQFUHDVH�
HIILFLHQF\�RI�WKH�HQHUJ\�WUDQVIRUPDWLRQ�LQWR�UHSHWLWLYH�VKRUW�ZDYHOHQJWK�EXUVWV��7KH�UDGLDWLRQ�
HPLVVLRQ�EHLQJ�D�IXQFWLRQ�RI�WKH�VWDWH�RI�WKH�SODVPD�FUHDWHG�LQ�WKH�LQWHUDFWLRQ�SURFHVV�FRXOG�EH�
FRQWUROOHG�E\�WKH�SDUDPHWHUV�RI�WKH�SXPSLQJ�UDGLDWLRQ��7KH�SXOVH�OHQJWK��LWV�SHDN�LQWHQVLW\�DQG�
SRODULVDWLRQ� VWDWH� GHWHUPLQH� WKH� UHVXOWLQJ� SODVPD� WHPSHUDWXUH� DQG� WKH� HOHFWURQ� GLVWULEXWLRQ�
IXQFWLRQ��ZKLFK�DUH�GHFLGLQJ��IRU��WKH�H[FLWDWLRQ�DQG�VXEVHTXHQW�HPLVVLRQ�SURFHVVHV��+DYLQJ�
FKDQJHG�SRODULVDWLRQ�VWDWH�EHWZHHQ�WKH�OLQHDU�DQG�FLUFXODU�RQH�ZH�DUH�DEOH�WR�PRYH��LQ�WKH�FDVH�
RI�GHQVH�JDVHV��IURP�D�EL�0D[ZHOOLDQ�HOHFWURQ�HQHUJ\�GLVWULEXWLRQ��FROG�SODVPD��WR�D�SODVPD�
FRPELQDWLRQ� RI� QHDU�PRQRHQHUJHWLF� FRPSRQHQWV� �KRW� SODVPD��� 7KLV� GHSHQGHQFH� IRU� WKH�
FOXVWHUV�LV�ZHHNHU��OHVV�H[SORUHG�DQG�XQGHUVWRRG��$�ZHOO�FKDUDFWHULVHG�SODVPD�VWDWH�EHLQJ�WKH�
LQWHUDFWLRQ�HIIHFW�DQG�WKH�UHVXOWLQJ�HPLVVLRQ�RI�D�VKRUW�ZDYHOHQJWK�UDGLDWLRQ�ZHUH�PDLQ�JRDOV�
RI� WKLV� SDUW� RI� WKH� SURMHFW�� 7KH� XOWLPDWH� WDUJHW�� LQWHUDFWLRQ� VFKHPH� DQG� DQG� WKH� RXWSXW�
FKDUDFWHULVWLFV�RI�WKH�VRXUFH�ZLOO�EH�GHWHUPLQHG�LQ�WKH�FRDUVH�RI�WKH�SURMHFW�DV�D�UHVXOW�RI�WKH�
FRPSDUDWLYH� DQDO\VLV�� $� PDMRU� H[SHULPHQWDO� HIIRUW� KDV� WR� EH� SXW� LQ� WKH� WHFKQRORJLFDO�
GHYHORSPHQW�� 7KH� FOXVWHULQJ� OHYHO� RI� ;H�FOXVWHUV� KDV� WR� EH� PRQLWRUHG� E\� WKH� 5D\OHLJK�
VFDWWHULQJ�� &RROLQJ� E\� RQO\� WKH� JDV� H[SDQVLRQ� FRXOG� EH� LQVXIILFLHQW� LQ� VRPH� FDVHV� DQG�
FU\RJHQLF� JDV� MHWV� KDV� WR� EH� LQYROYHG�� 'HHSO\� FRROHG� � JDV� MHWV� UHTXLUH� YHU\� UHOLDEOH� DQG�
VRILVWLFDWHG� KLJK� YDFXXP� V\VWHP�� 7KH� IRFXVLQJ� V\VWHP� KDV� WR� HQVXUH� PD[LPDO� LQWHUDFWLRQ�
OHQJWK�DW�UHTXLUHG�ODVHU�SXOVH�LQWHQVLW\��7KXV�WKH�IRFXVLQJ�V\VWHP�DQG�LWV�SRVLWLRQ�UHODWLYH�WR�
WKH�FOXVWHU�ODXQFK�KDYH�WR�EH�DQDO\VHG�DQG�RSWLPLVHG��$QRWKHU�SRVVLELOLW\�EHLQJ�VXEMHFW�WR�WKH�
H[SHULPHQWDO�FKHFN�LV�DSSO\LQJ�D�FDSLOODU\�IRU�WKH�FOXVWHU�FRQILQHPHQW��7KLV�SUREDEO\�WKH�PRVW�
FKDOOHQJLQJ�SDUW�RI�WKH�SURMHFW��,I�VXFFHHGHG��GLUHFWLRQDOLW\�RI�WKH�VRIW�[�UD\��RXWSXW�VKRXOG�EH�
LPSURYHG� LQ� D� UHPDUNDEOH� ZD\�� 7KH� SXPS� ODVHU� V\VWHP� LV� VRXUFH� RI� � DQRWKHU� FKDOOHQJH��
6WDELOLW\�LVW�H[WUHPHO\�LPSRUWDQW�IRU�WKH�V\VWHP��ZRUNLQJ�DV�D�SXPSLQJ�VRXUFH��7KH�UHSHWLWRQ�
UDWH�KDV�WR�LQFUHDVH�WR�REWDLQ�VLJQLILFDQW�YDOXH�RI�WKH�DYHUDJH�SRZHU���
$V�DQ\�LQFRKHUHQW�VRXUFH�HPLWV�ZLWKLQ�D�EURDG�EDQGZLWK�ZKLFK�LV�VLJQLILFDQWO\�EURDGHU� WKDQ�
WKH� EDQGZLWK� RI� WKH� [�UD\� RSWLFV� HOHPHQWV�� WKHUH� DSSHDUV� D� GDQJHU� WKDW� WKLV� RSWLFV� FRXOG� EH�
RYHUORDGHG��RYHUKHDWHG����,W�LV�DQ�LQWHUHVW�WR�GHYHORS�FRKHUHQW�VRXUFHV�ZLWK�D�QDUURZ�EDQGZLWK�
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PDWFKLQJ�WKDW�RI�WKH�RSWLFV�DYDLODEOH��)RU�WKLV�UHDVRQ�ZH�DUH�JRLQJ�WR�FKHFN�SRVVLELOLW\�WR�XVH�
DQ� 1L�OLNH� $J� VRIW� ;�UD\� ODVHU� DQG� HVWLPDWH� LWV� FRXSOLQJ� HIILFLHQF\� WR� WKH� [�UD\� RSWLFV�� ,I�
VXFFHHG�PXFK�HIIRUW�FRXOG�EH�IRFXVHG�RQ�WKH�VWDELOLW\�LPSURYHPHQW�ZKLFK�LV�LQ�WXUQ�VWURQJO\�
GHSHQGHQW�RQ�WKH�VWDELOLW\�RI�WKH�RSWLFDO�ODVHU�GULYHU��7KH�ODWWHU�LV�DW�WKH�PRPHQW�D�VLQJOH�VKRW�
GHYLFH�DQG�LQFUHDVH�RI�WKH�UHSHWLWLRQ�UDWH�ZRXOG�EH�UHTXLUHG��7KLV�ZRXOG�EH�D�QHZ�LPSDFW�RQ�
WKH�GHYHORSPHQW�RI�ERWK� WKH�[�UD\� ODVHUV�DQG�FODVVLF�GULYHUV�DW�YLVLEOHDQG�1,5�ZDYHOHQWJKV��
'XH�WR�WKH�H[WUHPHO\�KDUG�FRQVWUDLQWV�RQ�WKH�LQGXVWULDOO\�DSSOLFDEOH�VRXUFHV�WKH�LQYHVWLJDWLRQ�
VKRXOG� EH� IRFXVHG� RQ� WKH� EURDG� VSHFWUXP� RI� WDUJHWV� DQG� LQWHUDFWLRQ�PHWKRGV� WR� JLYH� D� ULFK�
LQIRUPDWLRQ�DERXW�WKH�SRWHQWLDO�ZD\�WR�WKH�FRPPHUFLDO�VRXUFH�LQ�WKH�IXWXUH���
�
,������5HOHYDQFH�WR�WKH�JRDOV�RI�WKH�IXQGLQJ�SURJUDPP�
�
7KH�PRVW�JHQHUDO�JRDO�RI�WKH�IXQGLQJ�SURJUDPPH�LV�VXSSRUW�RI�WKH��SUHFRPSHWLWLYH�UHVHDUFK�LQ�
WKH�ILHOG�RI��IHPWRVHFRQG�WHFKQRORJ\��)67����,Q�WKH�SURMHFW��DUH�LQFOXGHG�ERWK�JHQHUDWLRQ�DQG�
FKDUDFWHULVDWLRQ� � RI� XOWUDVKRUW� UDGLDWLRQ� SXOVHV� DW� VRIW� ;89� VSHFWUDO� UDQJH� ZKLFK� FRXOG� EH�
DSSOLHG� LQ� WKH� OLIH� DQG� PDWHULDO� VFLHQFHV�� 6LJQLILFDQW� HIIRUW� KDV� EHHQ� UHFHQWO\� SXW� LQWR�
GHYHORSPHQW� RI� UDGLDWLRQ� VRXUFHV� ZLWK� H[WUHPH� VKRUW�ZDYHOHQJWK� � DQG� GXUDWLRQ� WLPH�� 6XFK�
VRXUFHV�ZRXOG�EH�EHQHILFLDO� QRW� RQO\� IRU� WKH�PLFUROLWRJUDSK\�EXW� DOVR� LQ�[�UD\�PLFURVFRS\��
UHIOHFWRPHWU\� DQG� WLPH�UHVROYHG�;�UD\� DSSOLFDWLRQV� LQ� GLIIHUHQW� EUDQFKHV� RI� WHFKQRORJ\� DQG��
VFLHQFH��7KXV��WKH�GHYHORSPHQW�RI�VXFK�UDGLDWLRQ�VRXUFH�EHORQJV�WR�ZRUN�RQ�WKH�OHDGLQJ�IURQW�
RI� DSSOLHG� VFLHQFHV� DQG� UHTXLUHV� LQWHUGLVFLSOLQDU\� FRRSHUDWLRQ� DQG� DSSOLFDWLRQ� KLJKO\�
VRILVWLFDWHG�WHFKQRORJLHV��

�
,����3UH�FRQGLWLRQV�RI�WKH�FRQGXFWHG�UHVHDUFK��
�
&KDQFHV�RI�VXFFHVV�GXULQJ�WKH�PDLQ�SKDVH�RI�WKH�SURMHFW��L�H��FUHDWLRQ�DQG�RSWLPLVLQJ�RI�D�VRIW�
;�UD\�VRXUFH�IURP�;H�FOXVWHUV��ZHUH�JRRG�EXW�UHTXLUHG�PXFK�HIIRUW�SXW�LQWR�WKH�WHFKQRORJLFDO�
GHYHORSPHQW�� 7KH� WDUJHW�� L�H�� WKH� ;H� FOXVWHU� LV� ZHOO� NQRZQ� DQG� REMHFW� RI� H[WHQVLYH�
LQYHVWLJDWLRQV� JLYLQJ�PXFK� RI� WKH� UHIHUHQFH�PDWHULDO��2XU� ODE�ZDV�ZHOO� HTXLSSHG� UHJDUGLQJ�
GLDJQRVWLF� DQG� WKH� LUUDGLDWLQJ� VRXUFHV� DQG� WKH� VWDII� ZDV� H[SHULHQFHG� LQ� WKH� VSHFWURVFRSLF�
LQYHVWLJDWLRQV� XQGHU� KLJK�LQWHQVLW\� LUUDGLDWLRQ�� 7KH� LQWHUDFWLRQ� FKDPEHU� WRJHWKHU� ZLWK� WKH�
FRROHG�FOXVWHU� ODXQFK�ZHUH�FRQVWUXFWHG� LQ� WKH�SUHSDUDWLRQ�SKDVH��7KH�DWWHPSW� WR�FRQILQH� WKH�
FOXVWHUV�LQ�D�FDSLOODU\�ZDV�DEVROXWHO\�QHZ��DQG�FRQVLGHUHG�DV�DQ�DOWHUQDWLYH�RQH��7KLV�ZDV�DOVR�
WKH�PRVW�GLIILFXOW�WHFKQRORJLFDO�SDUW�RI�WKH�SURMHFW��+RZHYHU��WKH�+HEUHZ�8QLYHUVLW\�JURXS�LV�
YHU\�H[SHULHQFHG�LQ�WKH�GHQVH�SODVPD�LQYHVWLJDWLRQV�ERWK�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\��
7KH�VHFRQG�SDUW�RI�WKH�SURMHFW�ZDV�SODQQHG�DV�D�SUHOLPLQDU\�H[SHULPHQW�ZKLFK�FRXOG�KDYH��LI�
VXFFHHGHG��HQRUPRXV�LPSDFW�RQ�WKH�VRIW�;�UD\�VRXUFHV�GHYHORSPHQW��0RUHRYHU��LW�ZRXOG�JLYH�
QHZ�SXOVHV�LQ�WKH�&3$�ODVHU�V\VWHP�GHYHORSPHQW���+RZHYHU��WKH�ULVN�WR�IDLO�ZDV��KLJKHU�DV�WKH�
;�UD\�ODVHU�RXWSXW�ZDV�OHVV�NQRZQ��:H��H[SHFWHG�IURP�WKH�$J�;5/�D�IHZ�PLFURMRXOHV�RI�WKH�
RXWSXW� HQHUJ\� DQG� LQWHQVLW\� a�����:�FP��� 7KH� GXUDELOLW\� DQG� TXDOLW\� RI� WKH� DYDLODEOH� [�UD\�
RSWLFV�ZHUH�DOVR�XQNQRZQ��
�
,����2SHUDWLRQV�SODQQLQJ�

�
,�����:RUN�SDFNDJHV�
�
:3��
&OXVWHU� EHDP� SURGXFWLRQ� ZLWK� ZHOO� GHWHUPLQHG� DQG� FRQWUROOHG� SDUDPHWHUV�� &RROHG� MHWV� DQG�
WKHLU�LQIOXHQFH�RQ�FOXVWHU�FUHDWLRQ��'HYHORSPHQW�RI�WKH�FOXVWHU�GLPHQVLRQ�GLDJQRVWLF��5D\OHLJK�
VFDWWHULQJ��� 3UHSDUDWLRQ� RI� WKH� VSHFWUDO�PHDVXUHPHQWV� RQ� WKH� FOXVWHUV� DQG� WKH� SODVPD�RI� WKH�
SRVW�H[SDQVLRQ�SKDVH���
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�
:3��
&RPSUHKHQVLYH�PHDVXUHPHQWV�RQ�WKH�SODVPD�SDUDPHWHUV�DQG�VSHFWUDO�HPLVVLRQ�RI��;H�FOXVWHUV�
FUHDWHG�XQGHU�GLIIHUHQW�FRQGLWLRQV��7KHVH�FRQGLWLRQV�DUH�GHWHUPLQHG�E\�WKH�FOXVWHU�GLPHQVLRQV��
ODVHU� ZDYHOHQJUWK�� ODVHU� SXOVH� OHQJWK�� LQWHQVLW\� DQG� SRODULVDWLRQ�� 7KH� VSHFWUDO� UDQJH� RI� WKH�
HPLVVLRQ� LQFOXGHV�ERWK� VRIW�;�UD\� HPLVVLRQ�EHWZHHQ���� DQG����QP�DQG� WKH� UHVRQDQFH� OLQHV�
EHORZ���QP��7HPSRUDOO\�UHVROYHG�VSHFWUD�ZLOO�EH�REWDLQHG�ZLWK�D�;�UD\�VWUHDN�FDPHUD��

�
:3��
&KDUDFWHULVWLFV�RI�D�GHQVH��WHPSRUDOO\�DQG�VSDWLDOO\�ORFDOL]HG��RSWLFDOO\�WKLQ�/7(�SODVPD�ZLWK�
D�FROG�FRUH��7KH�WHFKQLTXHV�DSSOLHG�LQ�:3��ZLOO�EH�DSSOLHG�KHUH�WR�WKH�SODVPD�LQ�D�IUHH�VSDFH�
DQG�;H�FOXVWHUV�FRQILQHG�LQ�D�FDSLOODU\��6RPH�VSHFLILF� WHFKQLTXHV�IURP�WKH�LQYHVWLJDWLRQV�RI�
DQ�LRQL]HG�KLJK�=�PDWHULDO�ZLOO�EH�DSSOLHG�WR�REWDLQ�ILQH�WXQLQJ�RI�WKH�WUDQVLWLRQ�HQHUJ\�ZLWKLQ�
WKH��G�VKHOO��

�
:3��
:H�DUH�JRLQJ� WR�XVH�$J�VRIW�;�UD\� ODVHU�ZRUNLQJ�DW������QP� LQ�1L�OLNH� LRQV�DQG�GHWHUPLQH�
RSWLFDO� FKDUDFWHULVWLFV� RI� LWV� RXWSXW� EHDP� �GLPHQVLRQV�� GLYHUJHQFH�� LQWHQVLW\� GLVWULEXWLRQ��
FRKHUHQFH�� DQG� VXEVHTXHQWO\� FRXSOH� WKLV� EHDP� WR� WKH� ;�UD\� RSWLFV�� 7KH� HQHUJ\� RI� D� IHZ�
PLFURMRXOHV�DQG�SHDN�LQWHQVLW\�RI������:�FP��DUH�H[SHFWHG��7KXV��VRPH�TXDVL�FRKHUHQW�VRXUFH�
ZRXOG�EH�DYDLODEOH�IRU�VRPH�DSSOLFDWLRQV��

�
�

,�������3URMHFW�VFKHGXOH�
� �
:RUN�SDFNDJH� �� ����&RPSOHWHG�
����:3���� � ���� �����������
����:3���� � ���� �����������
����:3���� � ���� �����������
����:3����� � ���� �����������
�
�7KH�GHDGOLQHV�LQFOXGH�WLPH�QHFHVVDU\�WR�SURFHVV�WKH�GDWD�REWDLQHG�LQ�WKH�H[SHULPHQW��
�

��,������0LOHVWRQHV�
�

x� ;H�FOXVWHU�SURGXFLQJ�IURP�D�FU\RJHQLF�VRXUFH���VW�KDOI�RI�������
x� VSHFWUDO�LQYHVWLJDWLRQ�RI�WKH�LUUDGLDWHG�FOXVWHUV���������FRQYHUVLRQ�HIILFLHQF\�IRU�VRPH�

LPSRUWDQW�HPLVVLRQ�OLQHV��������
x� FUHDWLRQ�RI�WKH�GHQVH��FROG��RSWLFDOO\�WKLQ�KLJK�=�SODVPD��HQG�������
x� FKHFNLQJ�RI�WKH�FOXVWHU�FRQILQPHQW��DQG�HPLVVLRQ�IURP�KLJK�GHQVLW\�SODVPD����������
x� FRXSOLQJ�HIILFLHQF\�EHWZHHQ�WKH�$J�[�UD\�ODVHU�DQG�[�UD\�RSWLFV��HQG�������
x� GHWHUPLQDWLRQ�RI�WKH�EULJKWQHV�RI�WKH�RSWLPXP�VFKHPH��PLG�������
x� $GGLWLRQDOO\��DPSOLILFDWLRQ�LQ�D�UHFRPELQLQJ�SODVPD��ODVLQJ�
�
�

�
,�����6FLHQWLILF�DQG�WHFKQLFDO�VWDWH�RI��WKH�DUW�
�
7KH�VRIW�;�UD\� VRXUFHV� IRU� WKH�DSSOLFDWLRQ��KDYH� H[WHQVLYHO\�EHHQ�GHYHORSHG�GXULQJ� WKH� ODVW�
GHFDGH�� :KLOH� � UHTXLUHPHQWV� ZKLFK� DQ\� DSSOLFDEOH� VRXUFH� KDV� WR� IXOILO� DUH� UHODWLYHO\� ZHOO�
GHILQHG�WKH�ZD\�WRZDUGV�VXFK�D�VRXUFH�LV�VWLOO�QRW�IRXQG��7KH�LQFRKHUHQW�VRXUFHV�ZHUH�DQG�DUH�
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WKH�PDLQ�VWUHDP�RI�WKH�LQYHVWLJDWLRQV�DV�[�UD\�ODVHUV�DUH�DW�WKH�PRPHQW�QRW�VXIILFLHQWO\�VWDEOH�
DQG� HYHQ� LI� VXLWDEOH� HQHUJHWLFDOO\� WKHQ� DUH� RSHUDWLQJ� � LQ� D� VLQJOH� SXOVH� UHJLPH�� 2QH� RI� WKH�
PDMRU�OLPLWDWLRQ�IRU�WKH�VRIW�[�UD\�VRXUFHV�LV�GHEULV�HIIHFW�EHLQJ�GDQJHU�GXH�WR�WKH�[�UD\�RSWLFV�
FRQWDPLQDWLRQ��7KLV�HIIHFW�HOLPLQDWHV�� LQ� IDFW�� VROLG� WDUJHWV� � IURP�WKH�UDFH�HYHQ� LI� WKH\�RIIHU�
UHODWLYHO\�KLJK�FRQYHUVLRQ�HIILFLHQF\��&OXVWHUV�WXUQHG�UHFHQWO\�FRPPRQ�DWWHQWLRQ�DV�D�SRWHQWLDO�
YHU\�HIILFLHQW�VRXUFH�RI�WKH�VRIW�[�UD\V�LI�LUUDGLDWHG�ZLWK�XOWUDVKRUW�ODVHU�SXOVHV��L�H��DOVR�ZLWK�
LQFUHDVHG�UHSHWLWRQ�UDWH��)LUVW�H[SHULPHQWV�FRQGXFWHG�PDLQO\�RQ�;H�FRQILUPHG�SRWHQWLDO�RI�WKLV�
HOHPHQW� DV� D� SRVVLEOH� WDUJHW�� +RZHYHU�� WKHVH� H[SHULPHQWV� FRQFHQWUDWHG� PRVWO\� RQ� WKH� WKH�
SDUWLFOH� HPLVVLRQ� RU� H[WUHPH� VKRUW�ZDYHOHQJWK� UDGLDWLRQ� DQG� KDUGO\� H[SORLWHG� WKH� SXPSLQJ�
ZLWK�SXOVH�OHQJWKV�DERXW�DQG�VKRUWHU�WKDQ�����IV�IRU��HPLVVLRQ�LQYHVWLJDWLRQ�LQ�WKH�VRIW�;89�
VSHFWUDO�UDQJH�>�@��7KH�QXPEHU�RI�SXEOLFDWLRQV�RQ�FOXVWHU�LQWHUDFWLRQ�LQFUHDVHV�ZLWK�HQRUPRXV�
UDWH��+RZHYHU��WKH��SODVPD�FUHDWHG�E\�YHU\�VKRUW�ODVHU�SXOVHV�DIWHU�WKH�ELJ�FOXVWHUV�H[SDQVLRQ�
LV�QRW� VXIILFLHQWO\�FKDUDFWHUWLVHG�XS� WR�GDWH��7KH�SXOVHV�EHORZ����� IV�ZHUH�XVHG� WR� LUUDGLDWH�
RQO\�YHU\�VPDOO�FOXVWHUV�>�@��7KH�GDWD�UHJDUGLQJ�HPLVVLRQ�IHDWXUHV�RI��D�YHU\�GHQVH�SODVPD�LV�
YHU\�VSDUVH��8VLQJ�WKH�GHQVH�SODVPD�ZLWK�D�FROG�FRUH�ZH�DUH�JRLQJ�WR�DFFHVV�D�QHZ�FODVV�RI�WKH�
LQWHUDFWLRQ�DSSO\LQJ�WDEOH�WRS�IHPWRVHFRQG�SXPS�ODVHUV�� �7KH�ZRUN�ZLWKLQ�WKLV�SURMHFW�FRXOG�
KHOS�WR�PDNH�D�IHZ�YHU\�LPSRUWDQW�VWHSV�IRUZDUG�LQ�XQGHUVWDQGLQJ�RI�UDGLDWLYH�IHDWXUHV�RI�WKH�
GHQVH�SODVPDV��
7KH� 0%,� JURXS� KDV� D� ORQJ�VWDQGLQJ� H[SHULHQFH� LQ� ODVHU� GHYHORSPHQW� DQG� ODVHU� SODVPD�
UHVHDUFK�DQG�WKHUHIRUH�QHFHVVDU\�GULYHU�ODVHUV�DQG�FRUUHVSRQGLQJ�GLDJQRVWLFV�FRXOG�EH�XVHG�LQ�
WKH� IUDPH� RI� WKH� SURMHFW�� 7KH� LVUDHOLF� JURXS� KDV� EURXJKW� LQWR� WKH� SURMHFW� LWV� H[SHULHQFH� LQ�
SODVPD� VSHFWURVFRS\� DQG� HVSHFLDOO\� LWV� GLVFKDUJH� FDSLOODU\� DUUDQJHPHQWV��ZKLFK�ZKHUH� DOVR�
FUXFLDO�IRU�VHYHUDO�LPSRUWDQW�WRSLFV�LQYHVWLJDWHG�����
�
3DWHQW�VLWXDWLRQ�
�
�7KH�VLQJOH�VKRW�SXPSHG�;�UD\�ODVHU�KDV�DOUHDG\�EHHQ�SDWHQWHG��SHQGLQJ��E\�WKH�0%,�JURXS�
DQG�WKH�VXSSRUW�RI�WKLV�JUDQW�KDV�KHOSHG�WR�FKDUDFWHULVH�IXOO\�WKH�SDWHQWHG�VRXUFH�6RPH�RI�WKH�
;�UD\� VRXUFHV� SURSRVHG� HDUOLHU� E\� RWKHU� JURXSV�� IRU� H[DPSOH� OLTXLG� WDUJHWV� LQ� WKH� IRUP� RI�
GURSOHWV��KDYH�DOUHDG\�EHHQ�SDWHQWHG���
��
�
,����&RRSHUDWLRQ�
�
7KH�FRPSUHKHQVLYH�VFLHQWLILF�SURJUDP�LQFOXGHG�LQ�WKH�SURSRVDO�UHTXLUHG�EURDG�FRRSHUDWLRQ�WR�
UHDOL]H� WKH� SODQV�� 7KH� JURXS� FRRSHUDWHG� ZLWK� VHYHUDO� RWKHU� H[WHUQDO� JURXSV� ZRUNLQJ� RQ�
VSHFWURPHWHU� GHYHORSPHQW� DQG� FDOLEUDWLRQ� �IRU� H[DPSOH� %HVV\� ,,�� %HUOLQ�� JURXS� RI� 3URI��
:LOKHLQ�5HPDJHQ��'U��$��(JEHUW�/=+�+DQQRYHU� D�R��� DV�ZHOO� DV�ZLWK� LQWHUQDO�0%,�JURXSV�
ZRUNLQJ� RQ� FOXVWHU� FUHDWLRQ� DQG� SXPS� ODVHU� GULYHUV� ZLWK� KLJK� UHSHWLWLRQ� UDWHV� DQG� VSHFLILF�
GLDJQRVWLFV���
0HPEHUV� RI� ERWK� SURMHFW� JURXSV� YLVLWHG� SDUWQHU
V� ODERUDWRU\� DQG� � WRRN� SDUW� LQ� FRPPRQ�
H[SHULPHQWV���
�
,,��'HWDLOOHG�UHSRUW��
�
,,���6FLHQWLILF�UHVXOWV�
�
:3���
&OXVWHU� EHDP� SURGXFWLRQ� ZLWK� ZHOO� GHWHUPLQHG� DQG� FRQWUROOHG� SDUDPHWHUV�� &RROHG� MHWV� DQG�
WKHLU�LQIOXHQFH�RQ�FOXVWHU�FUHDWLRQ��'HYHORSPHQW�RI�WKH�FOXVWHU�GLPHQVLRQ�GLDJQRVWLF��5D\OHLJK�
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VFDWWHULQJ��� 3UHSDUDWLRQ� RI� WKH� VSHFWUDO�PHDVXUHPHQWV� RQ� WKH� FOXVWHUV� DQG� WKH� SODVPD�RI� WKH�
SRVW�H[SDQVLRQ�SKDVH��

�
&OXVWHU�FUHDWLRQ�DQG�FKDUDFWHUL]DWLRQ�
�
)RU� WKH� FOXVWHU� EHDP� SURGXFWLRQ� DQG� LWV� FKDUDFWHUL]DWLRQ� DV� ZHOO� DV� IRU� WKH� [�UD\� HPLVVLRQ�
PHDVXUHPHQWV� �VHH�:3���� DQ� H[SHULPHQWDO�VHWXS�ZDV�GHYHORSHG��ZKLFK� LV� VKRZQ� LQ�)LJ�� ���
7KH� H[SHULPHQWV� KDYH� EHHQ� PDLQO\� FDUULHG� RXW� ZLWK� ��� IV� ODVHU� SXOVHV� DW� ���� QP� FHQWHU�
ZDYHOHQJWK�IURP�D����+]�UHSHWLWLRQ�UDWH�PXOWL±7:�7L�6D�ODVHU�>�@�DW�0D[±%RUQ±,QVWLWXWH��:H�
XVHG�D����7:������P-��EHDP�RI����PP�LQ�GLDPHWHU��ZKLFK�ZDV�GHOLYHUHG�YLD�HYDFXDWHG�WXEHV�
IURP�WKH�YDFXXP�FRPSUHVVRU�FKDPEHU�WR�WKH�LQWHUDFWLRQ�FKDPEHU��7KH�EHDP�LV�IRFXVHG�ZLWK�
DQ� I��� RII�D[LV� SDUDEROLF� PLUURU� KDYLQJ� D� IRFDO� OHQJWK� RI� ���� PP�� 7KH� IRFXV� VL]H� ZDV�
GHWHUPLQHG�E\�LPDJLQJ�WKH�DWWHQXDWHG�EHDP�RQWR�D�QRUPDO�YLGHR���ELW�&&'�FDPHUD��:LWK�D�
EHDP�ZDLVW�RI�Z�� ���PP�DQG�WKH�HVWLPDWHG�HQHUJ\�FRQWHQW�LQ�D�VSRW�RI�D�G� ��Z��GLDPHWHU�DQ�
LQWHUDFWLRQ�LQWHQVLW\�RI�a��u�����:�FP��ZDV�LQIHUUHG��7KLV�LQWHQVLW\�OHYHO�ZDV�YHULILHG�XQGHU�
FRPSDUDEOH�FRQGLWLRQV�LQ�VLQJOH�DWRP�LRQL]DWLRQ�H[SHULPHQWV�>�@��7KH�;H±FOXVWHU� WDUJHW�ZDV�
IRUPHG� E\� H[SDQGLQJ� WKH� JDV� IURP� SUHVVXUHV� XS� WR� ��� EDU� DQG� WHPSHUDWXUH� RI� 7��  � ����.�
WKURXJK�D�K\SHUVRQLF�FRQLFDO�QR]]OH�ZLWK�D�FRQH�DQJOH��T� ��R�� WKURDW�GLDPHWHU�RI�����PP�
DQG�DQ���PP�ORQJ�FRQLFDO�VHFWLRQ��)RU�WKH�WDUJHW�RSWLPL]DWLRQ�DQG�V\VWHP�V\QFKURQL]DWLRQ�WKH�
FOXVWHU�EHDP�LV�SXOVHG�E\�DQ�HOHFWURPDJQHWLF�YDOYH�IRU�HYHU\���VHF�ZLWK�D�SXOVH�GXUDWLRQ�RI���
PV��ZKLFK� NHHSV� WKH� EDFNJURXQG� SUHVVXUH� EHIRUH� HDFK� JDV� SXOVH� RQ� D� �����PEDU� OHYHO��7KH�
ODVHU�IRFXV�LV�SODFHG�DSSUR[LPDWHO\���PP�EHORZ�WKH�RULILFH�RI�WKH�QR]]OH�DQG�WKH�ODVHU�EHDP�
D[LV�FURVVHV�WKH�FOXVWHU�EHDP�DW�ULJKW�DQJOH���
�

��
�

)LJXUH� ��� ([SHULPHQWDO� VHWXS�� 7DUJHW� DQG� GLDJQRVWLF� VHWXS� IRU� WKH� ;H�FOXVWHU� H[SHULPHQW��
)RFXVVLQJ� IRU� WKH� ���� QP� 7L�6D� VKRUW� SXOVH� H[SHULPHQW� ���IV�� ZDV� GRQH� ZLWK� DQ� RII�D[LV�
SDUDEROLF�PLUURU��IRU�WKH�ORQJ�QV�ODVHU�SXOVHV�DW������QP�DQ�DVSKHULFDO�OHQV�ZDV�DSSOLHG���7KH�
VLQJOH�VKRW�SODQH�JUDWLQJ�VSHFWURJUDSK��3*6��ZDV�XVHG�LQ�DOLJQHPHQW�SURFHGXUHV��7KH�����QP�
GLDJQRVWLF�SXOVH�ZDV�DSSOLHG�IRU�DQ�LQWHUIHURPHWU\�RI�WKH�;H�SODVPD�
�
6RIW�[±UD\�VSHFWUD�ZHUH�PHDVXUHG�ZLWK� WZR� WUDQVPLVVLRQ�JUDWLQJ� VSHFWURPHWHUV�DQG�RQH� IODW�
ILHOG� JUD]LQJ� LQFLGHQFH� VSHFWURPHWHU� DOORZLQJ� XV� WKH� VLPXOWDQHRXV� UHJLVWUDWLRQ� RI� [±UD\�
HPLVVLRQ�DW�GLIIHUHQW�DQJOHV�UHODWLYH�WR�WKH�LQFLGHQW�ODVHU�EHDP�D[LV��2QH�WUDQVPLVVLRQ�JUDWLQJ�
VSHFWURPHWHU��7*6����RQ±D[LV��LV�ORRNLQJ�DW�WKH�WDUJHW�DORQJ�WKH�ODVHU�EHDP�LQ�D[LDO��GLUHFWLRQ�
�JUDWLQJ������O�PP��UHVROXWLRQ�O�'O ����DW����QP��FRYHULQJ�WKH�VSHFWUDO�UHJLRQ���±����QP��$W�
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�����WR�WKH�ODVHU�EHDP�D[LV�D�VHFRQG�WUDQVPLVVLRQ�JUDWLQJ�VSHFWURPHWHU��7*6����RII�D[LV��ZDV�
LQVWDOOHG� �JUDWLQJ� ������ O�PP�� UHVROXWLRQ� �O�'O�  � ���� DW� ��� QP�� FRPSDUDEOH� WR� WKRVH�
GHVFULEHG�LQ�>�@���ZKLFK�ZDV�FDOLEUDWHG�LQ�DEVROXWH�WHUPV�LQ�WKH�ZDYHOHQJWK�UDQJH�EHWZHHQ����
QP� DQG� ��� QP� DW� WKH� V\QFKURWURQ� IDFLOLW\� %(66<� ,,� �37%� ±� EHDPOLQH��� ,Q� ERWK� FDVHV� WKH�
VSHFWUD� DUH� UHJLVWHUHG� ZLWK� EDFN�LOOXPLQDWHG� WKLQQHG� ���u����SL[HO� &&'� [�UD\� FDPHUDV�
�3KRWRPHWULFV��6FLHQWLILF�,QVWUXPHQWV����
2SWLFDO�OLJKW�LV�EORFNHG�ZLWK�����QP�=U�ILOWHUV��:H�LQWHJUDWHG�WKH�VSHFWUD�RYHU���ODVHU�VKRWV�IRU�
TXDQWLWDWLYH�DQDO\VLV�DOWKRXJK�LW�ZDV�DOVR�SRVVLEOH�WR�PRQLWRU�WKH�[±UD\�HPLVVLRQ�RQ�HDFK�VKRW��
$�WKLUG�IODW�ILHOG�JUD]LQJ�LQFLGHQFH�(89�VSHFWURJUDSK�ZLWK�D�YDULHG�VSDFLQJ�JUDWLQJ��DYHUDJH�
VSDFLQJ�����O�PP��UHVROXWLRQ�O�'O �����DW����QP��ZDV�XVHG�DW�WKH�VDPH�DQJOH�DV�WKH�7*6��
DFWLQJ�LQ�VLQJOH�VKRW�PRGH�IRU�TXDOLWDWLYH�FRPSDULVRQ�RI�WKH�(89�HPLVVLRQ�ZLWKLQ�WDUJHW�DQG�
ODVHU� EHDP� DOLJQPHQW�� +HUH� WKH� GHWHFWLRQ� V\VWHP� LV� UHDOL]HG� ZLWK� D� PXOWLFKDQQHO� SODWH� ±�
SKRVSKRURXV�VFUHHQ�FRPELQDWLRQ��ZKLFK�LV�UHG�RXW�ZLWK�DQ�RSWLFDO�VHQVLWLYH�&&'�±�FDPHUD���
�
&OXVWHU�VL]H�FKDUDFWHUL]DWLRQ��
7KH�FOXVWHUV� LQ� WKH�EHDP�ZHUH�IRUPHG�E\�DGLDEDWLF�H[SDQVLRQ�RI�D�VXSHUVRQLF�JDV�WKURXJK�D�
SXOVHG� FRQLFDO� QR]]OH� LQ� WR� YDFXXP�� 7KHUPDO� HQHUJ\� LV� WUDQVIRUPHG� LQWR� GLUHFWHG� NLQHWLF�
HQHUJ\�DQG�WKH�JDV�EHFRPHV�RYHUFULWLFDO�DQG�FRQGHQVDWHV��7KLV�EHKDYLRXU�FDQ�EH�FKDUDFWHUL]HG�
E\� WKH� FRQGHQVDWLRQ� VFDOLQJ� SDUDPHWHU� *� RI� +DJHQD� >���@� DOORZLQJ� WR� FRPSDUH� GLIIHUHQW�
QR]]OH�JHRPHWULHV��

� � � � � ��������������������� � � � � ����
�
ZLWK�G��QR]]OH����PP���D�H[SDQVLRQ�KDOI�DQJOH��S��EDFNLQJ�SUHVVXUH��PEDU���VWDUW�WHPSHUDWXUH�
7����.���
�
�

�
�
�
)LJXUH����+\SHUVRXQG�QR]]OH��D� �������G� ����PP��O� ��PP�
�
�
,W�IROORZV�IURP�HTXDWLRQ�����WKDW�WKH�FOXVWHU�VL]H�LQFUHDVHV�ZLWK�JDV�SUHVVXUH�S��DQG�GHFUHDVLQJ�
WHPSHUDWXU�7���7KH�HPSLULFDO�FRQVWDQW�N�LQ�WKH�+DJHQD�IRUPXOD�LQFUHDVHV�ZLWK�=�DQG�LW�KROGV�
IRU�GLIIHUHQW�DWRPV��+H��N ����$U���������.U��������DQG�;H���������:LWK�RWKHU�ZRUGV��ZLWK�
WKH�HPSLULFDO�FRQVWDQW�N�WKH�FOXVWHU�VL]H�GHSHQGV�RQ�PDWHULDO��ORZ�=�DWRPV��FUHDWH�IDYRXUDEO\��
VPDOO�FOXVWHUV�DQG��KLJK�=�DWRPV�ODUJH�FOXVWHUV��(PSOR\LQJ�+DJHQDV�IRUPXOD�IURP�>�@�DQG�WKH�
FRQFHSW�RI�HTXLYDOHQW�QR]]OHV�D�YDOXH�RI��u����DWRPV�FOXVWHU�DW���EDU�LV�GHULYHG��
7KH�VHWXS�IRU�WKH�FOXVWHU�FUHDWLRQ��QR]]OH�FURVV�VHFWLRQ��LV�GHSLFWHG�)LJXUH����7KH�YHORFLW\�Y�RI�
WKH�JDV�MHW�EHORZ�WKH�QR]]OH�IRU�PRQRDWRPLF�JDVHV�ZLWK�DWRP�PDVV�P�LV�JLYHQ�E\�>�@��
� � � � � ��������������������� � � � � � �
�� � � � � � � � � � � � �������
�
G��UHGXFHG�GLVWDQFH�WR�VRXUFH�DQG�GHSHQGV�RQ�WKH�GLVWDQFH�[�WR�WKH�QR]]OH��D��KDOI�RSHQLQJ��
�
DQJOH�RI�QR]]OH�FRQH��� ��������������������������������������������� � � � � �������
�
7KH�JDV�GHQVLW\�DW�WKLV�SRLQW�LV�

� � � � � ���������������������
�
Q���JDV�GHQVLW\�LQ�UHVHUYRLU�GHWHUPLQHG�E\�WHPSHUDWXUH�DQG�EDFNLQJ�SUHVVXUH��

O�
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�
� � � � ���������������������������������������������

�
7KH�FKDUDFWHULVWLF�SDUDPHWHUV�IRU�WKH�XVHG�QR]]OH�JHRPHWU\�DUH�JLYHQ�LQ�WDEOH���
�
7DEOH����&KDUDFWHULVWLF�SDUDPHWHUV�RI�WKH�XVHG�QR]]OH�IRU�D�WHPSHUDWXUH�RI�����.��7KH�GHQVLW\�
YDOXHV�Q�IRU�WKH���GLIIHUHQW�JDV�SUHVVXUHV�DUH�HVWLPDWHG�DW�D�GLVWDQFH�RI��PP�EHORZ�WKH�QR]]OH��

�L�H��[� ��PP���
�
�
�
�
�
�
$V� DOUHDG\� PHQWLRQHG�� WKH� FOXVWHU� VL]H� ZDV� GHWHUPLQHG� E\� OLJKW� VFDWWHULQJ� PHDVXUHPHQWV�
�5D\OHLJK� VFDWWHULQJ��� ,Q� SULQFLSOH� � DUH� UHODWLYH� PHDVXUHPHQWV� >�@� E\� WKLV� PHWKRG� UDWKHU�
VLPSOH��DQ�DEVROXWH�GHWHUPLQDWLRQ�LV�KRZHYHU�FRQQHFWHG�ZLWK�VRPH�XQFHUWDLQWLHV�>�@�
,I�WKH�UDGLXV�U�RI�WKH�VFDWWHULQJ�SDUWLFOHV�LV�VPDOOHU�WKDQ�ZDYHOHQJWK��O��RI��WKH�VFDWWHUHG�OLJKW��
L�H��U���O����������>��@��RQH�FDQ�XVH�WKH�5D\OHLJK�WKHRU\�IRU�GLHOHFWULF�VSKHUHV��,Q�WKLV�FDVH�LV�
WKH�FURVV�VHFWLRQ�V�IRU�D�VLQJOH�SDUWLFOH�ZLWK�YROXPH�9�JLYHQ�E\�>�����@��

�
� � � � � �������������������

����
�
�
Q��UHIUDFWLRQ�LQGH[��RI��WKH�SDUWLFOHV��7KH�5D\OHLJK�VFDWWHULQJ�KDV�DQ���O��GHSHQGHQFH��EOXH�VN\�
���� � )RU� DQ� HQVHPEOH� RI� 1� SDUWLFOHV�� ZKLFK� DUH� LQGHSHQGHQW� HDFK� L�H� WKH\� DUH� VFDWWHULQJ�
LQFRKHUHQWO\�� RQH� FDQ� REWDLQ� D� � FURVV� VHFWLRQ� � E\� PXOWLSO\LQJ� WKH� FURVV� VHFWLRQ� IRU� VLQJOH�
SDUWLFOH�V�ZLWK�SDUWLFOH�QXPEHU�1��
,Q� D� ILUVW� VWHS� LW� LV�SRVVLEOH� WR�FKHFN�TXDOLWDWLYHO\�� �ZKHWKHU� FOXVWHUV�DUH� FUHDWHG�RU�QRW��7KH�
VFDWWHUHG�VLJQDO�,V� WR�EH�PHDVXUHG�GHSHQGV�RQ�WKH�LPSLQJLQJ�UDGLDWLRQ�,R�� WKH�FOXVWHU�QXPEHU�
1FOXVW�DQG�QXPEHU�RI�DWRPV�SHU�FOXVWHU��1DW�FOXVW�DV�IROORZV��
�
�

� � � �������������������
�
�
)URP�RWKHU�H[SHULPHQWV�LW��LV�NQRZQ���WKDW��1DW�FOXVW�VFDOHV�TXDGUDWLFDOO\�ZLWK�EDFNLQJ�SUHVVXUH�
S��RI��WKH�JDV��$VVXPLQJ���WKDW�WKH�JDV�FOXVWHUL]HV�WR�a������ZKLFK�LV�QHDUO\�IXOILOOHG�LQ�WKH�
H[SHULPHQW��WKDQ�WKH�QXPEHU�RI�DWRPV�SHU�FOXVWHU�LV��
�

� � � � � ����������������������
�
6LQFH�JDV�GHQVLW\�Q��VFDOHV�OLQHDUO\��ZLWK�WKH�EDFNLQJ�SUHVVXUH�����LW�KROGV�IRU��WKH�VFDWWHUHG�
VLJQDO��
�

� � � � � ��������������������
7KDW�PHDQV��LQ�RUGHU�WR�GHWHUPLQH�WKH�FOXVWHU�VL]H�RQH�KDV�WR��PHDVXUH�WKH��VFDWWHUHG�VLJQDO�LQ�
GHSHQGHQFH�RQ�WKH�EDFNLQJ�SUHVVXUH���
,Q�SULQFLSOH�DOVR�DQ�DEVROXWH�GHWHUPLQDWLRQ�RI�FOXVWHU�VL]H��ZLWK�DLG�RI�5D\OHLJK�VFDWWHULQJ�LV�
SRVVLEOH��$VVXPLQJ�WKH��VFDWWHUHG�VLJQDO�LV�YHUWLFDOO\��SRODUL]HG�DQG�WKH�VLJQDO�LV�GHWHFWHG�LQ�D�
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SODQH�RUWKRJRQDOO\� WR� WKH�SRODULVDWLRQ�GLUHFWLRQ�� WKHQ� WKH� VFDWWHUHG� VLJQDO� LQ� WKH� VSDFH� DQJOH�
G:��LV�LQ��WKLV�VSHFLDO�FDVH�JLYHQ�E\�>��@��
�

� � � � � ���������������������
�
ZLWK�5��GLVWDQFH�GHWHFWRU�VFDWWHULQJ�VRXUFH��+HUH�LW�LV�DVVXPHG�WKDW�FOXVWHULQJ��LV������DQG�DOO�
FOXVWHUV�DUH�RI�VDPH�VL]H��7R�HYDOXDWH�WKH�QXPEHU��RI�DWRPV�SHU�FOXVWHU�DGGLWLRQDOO\�IROORZ�
UHODWLRQV�DUH�WR�EH�XVHG��
�

� � � � � ���������������������
� � � � � �����������������

�����
��������������������������������������������������������������������������������������������������������������������������
�
9VWUHX�� VFDWWHULQJ� YROXPH�� UJDV�� GHQVLW\� RI� WKH�;H�� JDV��1$��$YRJDGUR� FRQVWDQW��PPRO��PRO��
PDVV�RI�;H�DQG�UIO��GHQVLW\�RI�OLTXLG�;H�LV�DVVXPHG�DV�GHQVLW\�LQ�WKH��FOXVWHU��,QVHUWLQJ��WKHVH�
HTXDWLRQV�LQWR������DQG�VROYLQJ��IRU�1DW�FOXVW�UHVXOWV�LQ�
�
�

� � � � � ��������������
�

$Q� HYDOXDWLRQ� RI� � WKH� FOXVWHU� VL]H� UHTXLUHV� � D� � PHDVXUHPHQW� RI� ERWK� WKH� LQWHQVLW\� RI� � WKH�
VFDWWHUHG�VLJQDO� ,V�DQG�RI� WKH� LQFLGHQW�VLJQDO� ,���8QFHUWDLQWLHV�PD\�FRPH�IURP�WKH�VFDWWHULQJ�
YROXPH�DQG�WKH�UHIUDFWLRQ�LQGH[�RI��WKH�FOXVWHU��$GGLWLRQDOO\�LW�LV�QRW�WDNHQ�LQWR�DFFRXQW�WKH�LQ�
SULQFLSOH�DOVR�FOXVWHUV�ZLWK�GLIIHUHQW� VL]H�FRXOG�H[LVW�� �7KHUHIRUH� WKH�DFFXUDF\�RI� WKH�FOXVWHU�
VL]H�GHWHUPLQDWLRQ�LV�QRW�YHU\�KLJK�DQG�VKRXOG�EH�SRVVLEOH�RQO\�ZLWKLQ�D�UDQJH�RI�RQH�RUGHU�RI�
PDJQLWXGH��
$� SURRI� RI� WKH� DSSOLFDELOLW\� RI� WKH� 5D\OHLJK� VFDWWHULQJ� PRGHO� LV� WR� PHDVXUH� WKH� DQJXODU�
GHSHQGHQFH� RI� WKH� VFDWWHUHG� VLJQDO� � ,V�� LQ� WKH� FDVH� RI� WKH� 5D\OHLJK� VFDWWHULQJ� WKH� VLJQDO� LV�
LVRWURSLF�ZKLOH�IRU�WKH�0LH��VFDWWHULQJ�LW��VKRZV�D�PD[LPXP�LQ�WKH�IRUZDUG�GLUHFWLRQ���
$V�LW�LV�VHHQ�LQ�)LJXUH��D�WKH�PHDVXUHG�VFDWWHULQJ�VLJQDOLV�QHDUO\�LVRWURSLF�DQG�WKHUHIRUH�LW�LV�
OHJLWLPH�WR�DSSO\�WKH�5D\OHLJK�VFDWWHULQJ�PRGHO�IRU�WKH�HYDOXDWLRQ�RI�WKH�FOXVWHU�VL]H���
�
,Q�WKH�IROORZLQJ�ZH�GHVFULEH�WKH�H[SHULPHQWDO�SURFHGXUH�WR�HYDOXDWH�WKH�FOXVWHU�VL]H�XQGHU�RXU�
UHDO�FRQGLWLRQV��%HFDXVH�WKH�DFWXDO�YDOXHV�PD\�EH�LQIOXHQFHG�E\�IXUWKHU�VSHFLILFV�>�@��ZKLFK�
DUH� QRW� LQFOXGHG� LQ�+DJHQDV� IRUPXODV�� WKH� SUHVHQFH� RI� FOXVWHUV� LQ� WKH� JDV� MHW�ZDV� DQDO\]HG�
ZLWK�D�5D\OHLJK�VFDWWHULQJ� WHFKQLTXH� >�@��7KH�5D\OHLJK�VFDWWHULQJ�FURVV� VHFWLRQ� LV�DV� VKRZQ�
DERYH�SURSRUWLRQDO�WR�O��DQG�WKXV�WKH�FOXVWHU�JDV�MHW�ZDV�SUREHG�E\�D�GRXEOHG�ODVHU�IUHTXHQF\�
�Z�������QP��EHDP�KDYLQJ�D�SXOVH�HQHUJ\�RI�����P-�DQG�D�SXOVH�ZLGWK�RI�����SV��7KH�EHDP�
GLDPHWHU� ZDV� ���� PP�� ,Q� RUGHU� WR� UHGXFH� WKH� EDFNJURXQG� RI� XQZDQWHG� VFDWWHUHG� OLJKW� WKH�
HQWUDQFH�DQG�WKH�H[LW�ZLQGRZV�RI�WKH�FKDPEHU��ZKLFK�DUH�SDVVHG�E\�WKH�GLDJQRVWLF�EHDP��DUH�
PRXQWHG�ZLWK�WZR�DGGLWLRQDO�WXEHV�DW�D�GLVWDQFH�RI���P�IURP�WKH�JDV�MHW��7KH�OLJKW�VFDWWHUHG�E\�
WKH�FOXVWHUV�ZDV�FROOHFWHG�ZLWK�D�����PP�GLDPHWHU�DSHUWXUH�RI�D�JODVV�ILEHU�FDEOH�ORRNLQJ�DW�����
�
GHJUHHV�ZLWK�UHVSHFW�WR�WKH�GLDJQRVWLF�EHDP�D[LV��7KH�VFDWWHUHG�SKRWRQV�ZHUH�UHJLVWHUHG�ZLWK�D�
SKRWRPXOWLSOLHU� WXEH� �+DPDPDWVX� 5����� DQG� DGGLWLRQDOO\� IRU� VRPH� EDFNLQJ� SUHVVXUHV� LQ�
DEVROXWH� WHUPV� XVLQJ� D� FRROHG� &&'±FDPHUD� ZLWK� NQRZQ� TXDQWXP� HIILFLHQF\�� ,Q� RUGHU� WR�
H[FOXGH�VKRW�WR�VKRW�ODVHU�HQHUJ\�IOXFWXDWLRQ�WKH��VFDWWHUHG�OLJKW���LQFLGHQW�ODVHU�OLJKW��UHODWLRQ�
ZDV� PHDVXUHG�� )LJ��� VKRZV� WKH� VFDWWHUHG� OLJKW� VLJQDO� DV� D� IXQFWLRQ� RI� EDFNLQJ� SUHVVXUH��
6FDWWHUHG� VLJQDOV� DERYH� WKH� QRLVH� OHYHO� ZHUH� REVHUYHG� VWDUWLQJ� IURP� �� EDU� DQG� WKH\� DUH�
LQFUHDVLQJ� QRQOLQHDUO\� ZLWK� EDFNLQJ� SUHVVXUH�� ,Q� VRPH� ZRUN� ZKHUH� QR]]OHV� ZLWK� ODUJH�
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H[SDQVLRQ� DQJOHV� KDYH� EHHQ� DSSOLHG� WKH� REVHUYHG� VFDWWHUHG� VLJQDOV� 6� VFDOHG� ZLWK� EDFNLQJ�
SUHVVXUH�S��DV�6aS���>��@��2XU�PHDVXUHPHQWV�EHWZHHQ���DQG����EDU�LQGLFDWH�WKDW�WKH�VFDWWHUHG�
VLJQDO�VFDOHV�ZLWK�EDFNLQJ�SUHVVXUH�DV�aS����� WKDW�JLYHV�DQ�H[SRQHQW�VRPHZKDW�ORZHU�WKDQ�LQ�
>�@��

��
)LJXUH����D���$QJXODU�GHSHQGHQFH�RI�WKH�VFDWWHUHG�VLJQDO��7KHUH�LV�XS�WR�S� ����EDU�D�QHDUO\�
LVRWURSLF�DQJXODU�GHSHQGHQFH�RI�WKH�VFDWWHUHG�VLJQDO��7KH�5D\OHLJK�VFDWWHULQJ�LV�GRPLQDQW���QR�
0LH��VFDWWHULQJ�E���1RQOLQHDU�VLJQDO�JURZ��&OXVWHUL]DWLRQ�WDNHV�SODFH��DQG�WKH�VL]H�VFDOHV�ZLWK�
SUHVVXUH�7KH�H[S�����LQVWHDG�RI�H[S���FDQ�EH�H[SODLQHG�ZLWK�WKH�DVVXPSWLRQ�WKDW�QRW�DOO�
FOXVWHUV�KDYH�WKH�VDPH�VL]H��
�
7KLV�GHYLDWLRQ�SURPSWHG�XV�WR�FRPSDUH�SUHGLFWHG�YDOXHV�E\�+DJHQDV�IRUPXOD�ZLWK�DQ�DEVROXWH�
FOXVWHU� VL]H� GHWHUPLQDWLRQ�� ,Q� JHQHUDO� RQH� PHHWV� VHYHUDO� GLIILFXOWLHV� LQ� RUGHU� WR� DFFHVV� DOO�
SDUDPHWHUV�ZKLFK�GHWHUPLQH�WKH�DEVROXWH�VL]H�RI� WKH�VFDWWHULQJ�VLJQDO� �VHH�>�@�DQG�>������@���
:H�GHWHUPLQHG�DW� VRPH�EDFNLQJ�SUHVVXUHV� VFDWWHUHG�SKRWRQ�QXPEHUV� LQ�DEVROXWH� WHUPV��7KH�
GHFUHDVH� RI� WKH� DYHUDJH� GHQVLW\� LQ� D� QR]]OH� IORZ� >�@�ZDV� XVHG��ZKLFK� JLYHV� WKH� QXPEHU� RI�
DWRPV�LQ� WKH�VFDWWHULQJ�YROXPH�LI� LWV�DSSURSULDWH�VL]H�LV�WDNHQ��7KHUHIRUH�RXU�HVWLPDWLRQV�DUH�
VXEMHFWHG�WR�UHODWLYHO\�ODUJH�XQFHUWDLQWLHV��$�TXDQWLWDWLYH�HVWLPDWLRQ�RI�WKH�FOXVWHU�VL]H�EDVHG�
RQ�VFDWWHUHG�SKRWRQ�QXPEHUV�DQG�DVVXPWLRQ�RI������FRQGHQVDWLRQ�LQWR�FOXVWHUV�JLYHV�D�OLQHDU�
UHODWLRQ� EHWZHHQ� FOXVWHU� QXPEHU� DQG� EDFNLQJ� SUHVVXUH�� 2XU� PHDVXUHPHQWV� FRQILUP� WKLV�
GHSHQGHQFH�DV�WKH�VFDWWHUHG�VLJQDO�6�LQGLFDWHV�WKH�FOXVWHU�VL]HV�EHWZHHQ����±���u����DWRPV�DW�
��EDU�DQG���±���u����DWRPV�DW����EDU�RI��WKH�EDFNLQJ�SUHVVXUH���
$�VWDEOH�FUHDWLRQ�RI� ODUJH�FOXVWHUV�KDV�WR�EH�VXSSRUWHG�E\�DQ�HIILFLHQW�VRXUFH�� L�H�� LW� UHTXLUHV�
DOVR� DQ� RSWLFDO� WKLFN� WDUJHW��7KH� ODWWHU� LV� D� SUH�UHTXLVLWH� IRU� JRRG� ODVHU� OLJKW� DEVRUSWLRQ� DQG�
HIILFLHQW� LRQL]DWLRQ� DW� VKRUW� ZDYHOHQJWKV� HPLVVLRQ� RI� GHVLUHG� LRQLF� VSHFLHV�� 7KH� DEVRUSWLRQ�
EHKDYLRXU� ZDV� GHWHUPLQHG� E\� D� PHDVXUHPHQW� RI� WKH� ODVHU� HQHUJ\� WUDQVPLWWHG� WKURXJK� WKH�
WDUJHW� DV� D� IXQFWLRQ� RI� WKH� EDFNLQJ� SUHVVXUH�� +RZHYHU�� WKLV�PHWKRG� LPSOLHV� D� ORZ� OHYHO� RI�
VFDWWHULQJ�DQG�UHIOHFWLRQ�RI�WKH�KLJK�LQWHQVLW\�ODVHU�EHDP��6HYHUDO�ZRUN�>�����@�KDYH�UHOLHG�RQ�
WKLV�� =ZHLEDFN� HW� DO�� >��@� PHDVXUHG� QHJOLJLEOH� DQG� EHORZ� ��� VFDWWHUHG� LQWHQVLW\� LQ� ERWK�
IRUZDUG�� DQG� EDFNVFDWWHUV� IRU� WDUJHWV� FRQWDLQLQJ� ODUJH� FOXVWHUV� �XS� WR� �u����
DWRPV�FOXVWHU��7KHUHIRUH�WKH�WUDQVPLWWHG�HQHUJ\�RI�WKH�GULYLQJ�ODVHU�WKURXJK�WKH�FOXVWHU�WDUJHW�
FDQ�EH�UHODWHG�WR�WKH�DEVRUSWLRQ�FKDUDFWHULVWLF��,Q�FDVH�RI�RXU�PHDVXUHPHQW�ZH�PDNH�DOVR�XVH�
RI�WKH�GHWHFWRU��%HFDXVH�WKH�HQWUDQFH�SLQKROH�����PP�GLDPHWHU��RI�WKH�VSHFWURJUDSK�LV�DOLJQHG�
DORQJ� WKH� ODVHU� EHDP� D[LV� VRPH� ODVHU� OLJKW� SHQHWUDWLQJ� WKURXJK� WKH� ���� QP� =U±ILOWHU� �IHZ�
SHUFHQW�WUDQVPLVVLRQ�DW�����QP��DQG�GLIIUDFWHG�E\�WKH�SLQKROH�FDQ�EH�GHWHFWHG�RQ�WKH�&&'�LQ�
WKH�VXUURXQGLQJ�RI�WKH�]HUR�RUGHU�RI�WKH�JUDWLQJ�VSHFWURPHWHU��7KLV�LOOXPLQDWHG�DUHD�LV�FOHDUO\�
GLVWLQJXLVKDEOH�IURP�WKH�(89±VSHFWUDO�WUDFHV�DQG�FDQ�EH�XVHG�WR�GHULYH�D�VLJQDO�ZKLFK�VFDOHV�
OLQHDUO\�ZLWK�WKH�ODVHU�OLJKW�VLJQDO�KDYLQJ�SDVVHG�WKH�WDUJHW�DQG�LPSLQJHV�WR�WKH�HQWUDQFH�RI�WKH�
VSHFWURJUDSK��7KH�LQ�VXFK�D�ZD\�REWDLQHG��ODVHU�OLJKW�WUDQVPLVVLRQ�FXUYH��)LJ����VKRZV��WKDW�
WKH�FOXVWHU�WDUJHW�FDQ�UHDOO\�IRUP�D�GHQVH�REMHFW�IRU�SRZHUIXO�RSWLFDO�IHPWRVHFRQG�ODVHU�SXOVHV�
>�����@�DQG�DOUHDG\�DW�ORZ�SUHVVXUHV�D�VKDUS�GHFUHDVH�LQ�WKH�WUDQVPLVVLRQ�LV�HYLGHQW��7KH�GURS�
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LQ�WUDQVPLVVLRQ�DV�GLVFXVVHG�DERYH�LV�PDLQO\�GXH�WR�HQKDQFHG�ODVHU� OLJKW�DEVRUSWLRQ�EHFDXVH�
EDFN�DQG�VLGH�VFDWWHULQJ�VHHPV�WR�EH�QRW�SUHGRPLQDQW�>��@��7KH�REWDLQHG�FKDUDFWHULVWLFV�ZLOO�
EH�UHODWHG�WR�WKH�(89±HPLVVLRQ�UHVXOWV�ZKLFK�DUH�GLVFXVVHG�LQ�WKH�QH[W�SDUDJUDSK��7KH�YLVLEOH�
VPDOO�PD[LPXP�EHWZHHQ����EDU� � WR����EDU� LQ� WKH� WUDQVPLVVLRQ� FXUYH�ZDV� UHSURGXFLEOH� DQG�
SUREDEO\� QRW� D� EDUH� YDOYH� FKDUDFWHULVWLF�� ,WV� RULJLQ�ZDV� QRW� LQYHVWLJDWHG� IXUWKHU� EHFDXVH� QR�
VSHFLDO�[±UD\�VLJQDO�YDULDWLRQ�KDV�EHHQ�IRXQG�LQ�UHODWLRQ�WR�LW��
�

��
�

)LJXUH����0HDVXUHG�WUDQVPLVVLRQ�RI�WKH����IV������QP�7L�6D�ODVHU��IRFXVHG�DW�a�u�����:�FP��
LQ�WR�WKH�;H�FOXVWHU�WDUJHW�LQ�GHSHQGHQFH�IURP�;H�EDFNLQJ�SUHVVXUH��
�
:3���
�
&RPSUHKHQVLYH�PHDVXUHPHQWV�RQ�WKH�SODVPD�SDUDPHWHUV�DQG�VSHFWUDO�HPLVVLRQ�RI��;H�FOXVWHUV�
FUHDWHG�XQGHU�GLIIHUHQW�FRQGLWLRQV��7KHVH�FRQGLWLRQV�DUH�GHWHUPLQHG�E\�WKH�FOXVWHU�GLPHQVLRQV��
ODVHU� ZDYHOHQJUWK�� ODVHU� SXOVH� OHQJWK�� LQWHQVLW\� DQG� SRODULVDWLRQ�� 7KH� VSHFWUDO� UDQJH� RI� WKH�
HPLVVLRQ� LQFOXGHV�ERWK� VRIW�;�UD\� HPLVVLRQ�EHWZHHQ���� DQG����QP�DQG� WKH� UHVRQDQFH� OLQHV�
EHORZ���QP���
�
�
(89���\LHOG�LQ�GHSHQGHQFH�RQ�WKH��WDUJHW�FKDUDFWHULVWLFV��
,Q� )LJ�� �� ZH� GHSLFW� VSHFWUD� IURP� WKH� RQ�D[LV� VSHFWURPHWHU� REWDLQHG�ZLWK� GLIIHUHQW� EDFNLQJ�
SUHVVXUHV��7KUHH�EURDGEDQG�HPLVVLRQ�SHDNV�ZHUH�REVHUYHG�LQ�WKH���QP�WR����QP�ZDYHOHQJWKV�
UDQJH��7KH�HPLVVLRQ�EHWZHHQ������QP�DQG����QP�LV�ZHOO�NQRZQ�IURP�OLWHUDWXUH�>�����@��)RXU�
HPLVVLRQ�SHDNV�ZHUH�REVHUYHG�LQ�WKLV�UHJLRQ�ZKLFK�FRPH�IURP�;H���WR�;H����LRQV��0RVW�RI�WKH�
LQWHQVLYH� (89±HPLVVLRQ� RFFXUV� DW� FHUWDLQ� ;HQRQ� LRQ� VWDJHV� DQG� UHODWHV� JHQHUDOO\� WR�
WUDQVLWLRQV� IURP� UHVRQDQFH� OHYHOV� WR� WKH� JURXQG� VWDWH� RI� WKH� UHVSHFWLYH� LRQ�� 7KH� HPLVVLRQ�
UHJLRQ�IURP�������QP������������H9��KDV�EHHQ�REVHUYHG�LQ�VRPH�VSHFWUDO�PHDVXUHPHQWV�>����
��@��EXW�LW�ZDV�QRW�DGGUHVVHG�LQ�IXUWKHU�GLVFXVVLRQV��7DNLQJ�LQWR�DFFRXQW�WKDW�D�W\SLFDO�UHODWLRQ�
EHWZHHQ� WKH� HQHUJ\� RI�PDLQ� FRQWULEXWLQJ� UHVRQDQFH� VWDWHV� DQG� WKH� LRQL]DWLRQ� HQHUJ\� LV�a�ò�
>��@��;H� �;9�±�;9,,��DQG�KLJKHU� LRQ� VWDJHV�FDQ�KDYH�VWURQJ�FRQWULEXWLRQV� LQ� WKLV�HPLVVLRQ�
UHJLRQ�� %HWZHHQ� �� QP� DQG� �� QP� WKH� UHFRUGHG� VLJQDO� GHFUHDVHV� GXH� WR� WKH� WUDQVPLVVLRQ�
FKDUDFWHULVWLF�RI� WKH�=U±ILOWHU��6WURQJ� HPLVVLRQ� LQ� WKH���QP� WR���QP�ZDYHOHQJWK� UHJLRQ� �;H�
;;9,,� WR�;H�;;;�� >��@�ZDV� REVHUYHG� WRR� �VHH�)LJ�� ��� EXW� QRW� LQYHVWLJDWHG� IXUWKHU� LQ� WKLV�
SURMHFW��VHH�)LJ���DQG�H[SODQDWLRQ�LQ�WKH�WH[W���
��
�
�
�
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�
)LJXUH����6SHFWUD�DW��������DQG����EDU�;H�EDFNLQJ�SUHVVXUH�UHJLVWHUHG�ZLWK�WKH�RQ�D[LV�7*6���
DQG�PDUNV�RI�HPLVVLRQ�OLQH�EDQGV�IURP�GLIIHUHQW�;H�LRQ�VWDJHV��(PLVVLRQ�EHWZHHQ���QP�DQG���
QP�LV�QRW�VKRZQ�IRU�ORZ�SUHVVXUH�YDOXHV�EHFDXVH�RI�DQ�DSSDUHQW�RSWLFDO�EDFNJURXQG�VLJQDO��
�
$�VWURQJ�LQIOXHQFH�RI� WKH�EDFNLQJ�SUHVVXUH�DQG�UHODWHG�WDUJHW�FKDUDFWHULVWLFV�RQ�WKH�VKDSH�RI�
WKH� VSHFWUXP� LV� DOUHDG\� YLVLEOH� LQ� )LJ�� ���:H� LQYHVWLJDWHG� WKLV� EHKDYLRU� LQ� GHWDLO� DQG� SXW� D�
W\SLFDO�FROOHFWLRQ�RI� VSHFWUD� LQWR�)LJ�����7KH� IXOO� OLQH� UHSUHVHQWV� WKH� VLJQDO� IURP� WKH�RQ�D[LV�
7*6� ��QP±��QP�� DQG� WKH� GRWWHG� RQH� IURP� WKH� ���� RII�D[LV� 7*6�� ���QP±��QP��ZKLFK� LV�
DEVROXWHO\� FDOLEUDWHG� LQ� WKLV� UDQJH��:LWK� WKH� KHOS� RI� D� VSHFLDO� FURVV� FDOLEUDWLRQ� H[SHULPHQW�
ZKHUH�ERWK�VSHFWURPHWHUV�ORRNHG�DW�WKH�VDPH�DQJOH�WR�WKH�UDGLDWLQJ�SODVPD�REMHFW�ZH�FDQ�LQIHU�
DEVROXWH� SKRWRQ� QXPEHUV� DOVR� IURP� WKH� VHFRQG� 7*6�� 7KH� VLJQDOV� EHORZ� ��� QP� UHIHU� WR� D�
UHODWLYH� VFDOH� LQ� )LJ���� 6WDUWLQJ� IURP� �� EDU� ZH� IRXQG� DQ� RSWLPXP� SUHVVXUH� IRU�PD[LPL]HG�
HPLVVLRQ�DURXQG����QP�DQG����QP��7KH�PD[LPXP�\LHOG�LQ�RQ±D[LV�HPLVVLRQ�ZDV�UHJLVWHUHG�DW�
�� EDU� DQG� WKDW� LQ� ����� RII±D[LV� GLUHFWLRQ� DW� ��� EDU� EDFNLQJ� SUHVVXUH�� � $� IXUWKHU� SUHVVXUH�
LQFUHDVH� OHDG� WR�D�FRQWLQXRXV�GURS�RI� WKH����QP�WR����QP�HPLVVLRQ�EDQG�XS� WR�D�YDQLVKLQJ�
VLJQDO�LQ�RQ�D[LV�GLUHFWLRQ�ZKLOH�LQ�RII�D[LV�GLUHFWLRQ�WKLV�VSHFWUDO�VLJQDO�NHHSV�YLVLEOH�DW�D���Ü�
��WLPHV�UHGXFHG�OHYHO��2Q�WKH�RWKHU�KDQG�ZH�REVHUYHG�D�FRQWLQXRXV�LQFUHDVH�RI�WKH���������QP�
EDQG�ZLWK� LQFUHDVLQJ� SUHVVXUH� XS� WR� ��� EDU� DQG� D� VOLJKWO\� IROORZLQJ� GHFUHDVH� XS� WR� ��� EDU�
SUHVVXUH��7KLV�SDUW�RI�VSHFWUD��ZDV�RQO\�PHDVXUHG�ZLWK�WKH�ORZHU�GLVSHUVLYH�7*6�LQ�RQ±D[LV�
GLUHFWLRQ�EHFDXVH�ZH�SDLG�PRUH� FRPSDUDWLYH� DWWHQWLRQ� WR� WKH����QP� UHJLRQ� LQ� WKLV� VHULHV�RI�
H[SHULPHQWV��)RU�LQWHQVH�ODVHU�SXOVH�LQWHUDFWLRQ�ZLWK�JDVHRXV�WDUJHWV�FRQWDLQLQJ�ODUJH�DWRPLF�
FOXVWHUV�D�IRUPDWLRQ�RI�KLJK�GHQVLW\�SODVPD�³EDOOV´�LV�DQWLFLSDWHG�ZKLFK�OHDGV�WR�DQ�HIILFLHQW�
ODVHU�HQHUJ\�DEVRUSWLRQ��FI��)LJ������)XUWKHUPRUH� LQ�DQDORJ\�WR�SODVPDV�SURGXFHG�IURP�VROLG�
VWDWH� WDUJHWV� KLJK� LRQL]DWLRQ� VWDWHV� FDQ� EH� SURGXFHG� YLD� FROOLVLRQV� EHIRUH� H[SDQVLRQ�
GLVDVVHPEOHV�WKH�VPDOO�SODVPD�FOXVWHU�EDOO��$IWHU�H[SDQVLRQ�WKH�SURSHUWLHV�RI�RXU�SODVPD�ZLOO�
EH� VLPLODU� WR� D� ORZ� GHQVLW\� SODVPD�� ,Q� FDVH� RI� RXU� UHOHYDQW� FOXVWHU� VL]HV� K\GURG\QDPLF�
H[SDQVLRQ�LV�SUHGRPLQDQW�DQG�WKH�FOXVWHU�H[SDQVLRQ�WLPH�WH[S�LV�DSSUR[LPDWHO\�>��@�
�

�WH[S�ª�UF��PL��=�N7H�������QF�QV����� � � ���������������������
�
ZKHUH�UF��QF�LV�WKH�LQLWLDO�FOXVWHU�UDGLXV�DQG�GHQVLW\��UHVSHFWLYHO\��QV�LV�WKH�VXUURXQGLQJ��DYHUDJH�
JDV�GHQVLW\��N7H�LV�WKH�FOXVWHU�HOHFWURQ�WHPSHUDWXUH�DQG�=�LV�WKH�DYHUDJH�FKDUJH�SHU�LRQ�ZLWK�D�
PDVV�PL�LQ�WKH�FOXVWHU���
,Q�FDVH�RI�D�;H±FOXVWHU�ZLWK�D����QP�GLDPHWHU��a�����DWRPV�FOXVWHU��DQG�KHDWHG�WR�DQ�LQLWLDO�
HOHFWURQ� WHPSHUDWXUH� RI� N7H�  � ����� H9� >��@� RQH� REWDLQV� DQ� H[SDQVLRQ� WLPH� RI� a� �� SV�� ,Q�
JHQHUDO� RQH� FDQ� FRQFOXGH� WKDW� LQFUHDVHG� FOXVWHU� VL]H� LQFUHDVHV� WKH� ODVHU� OLJKW� DEVRUSWLRQ�
EHFDXVH� WKH� LRQV� LQ� WKH� FOXVWHU� KROG� WRJHWKHU� IRU� D� ORQJHU� WLPH� DQG� IDYRULQJ� WKXV� HQHUJ\�
WUDQVIHU�SURFHVVHV�ZKLFK�DFW�HIILFLHQWO\�DW�KLJK�HOHFWURQ�DQG�LRQ�GHQVLWLHV���
�
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)LJXUH����2Q�D[LV��VROLG�OLQH��DQG�RII�D[LV��GRWWHG�OLQH��VSHFWUD�ZLWK�DEVROXWH�SKRWRQ�QXPEHUV�
�ULJKW�D[LV��IRU�ZDYHOHQJWKV�DERYH����QP�DW�UHOHYDQW�;H�EDFNLQJ�SUHVVXUHV���2Q�D[LV�VSHFWUD�
KDYH� EHHQ� VFDOHG� GRZQ� IRU� EHWWHU� FRPSDULVRQ���9DOXHV� EHORZ���� QP� �GDVKHG� GLYLVLRQ� OLQH��
UHIHU�WR�WKH�UHODWLYH�LQWHQVLW\�VFDOH��OHIW�D[LV���
�
$W� DOUHDG\� ORZ� SUHVVXUHV� ZLWK� WKH� RQVHW� RI� FOXVWHU� IRUPDWLRQ� D� VKDUS� GHFUHDVH� LQ� WKH�
WUDQVPLVVLRQ�RI�WKH�KHDWLQJ�ODVHU�EHDP�WKURXJK�WKH�FOXVWHU�WDUJHW�RFFXUV�DV�VHHQ�LQ�)LJ����7KLV�
ILWV� ZHOO� JURZLQJ� FOXVWHU� VL]H� DV� LW� LV� PDQLIHVWHG� LQ� )LJ��� IURP� WKH� 5D\OHLJK� VFDWWHULQJ�
H[SHULPHQWV�� 7KH� FROOHFWLRQ� RI� RXU� VSHFWUD� LQ� )LJ��� DQG� )LJ��� VKRZV� WKH� HPLVVLRQ�
FKDUDFWHULVWLFV�RI�RXU�WDUJHW�DV�D�IXQFWLRQ�RI�WKH�EDFNLQJ�SUHVVXUH��4XDOLWDWLYH�FKDQJHV�LQ�WKH�
VSHFWUD� DUH� REVHUYHG� ZLWK� ERWK� RXU� VSHFWURPHWHUV�� WKH� RQ±D[LV� DQG� RII±D[LV� RQH�� %XW� WKH�
SUHVVXUH� UDQJHV�ZKHUH�PD[LPXP�DQG�PLQLPXP�HPLVVLRQ�RFFXU�DUH�GLIIHUHQW�� ,Q�FDVH�RI� WKH�
RQ±D[LV� VSHFWURPHWHU� WKH�HPLVVLRQ�VLJQDO�EHWZHHQ���QP�DQG���QP�LV�YHU\� ORZ�DW�SUHVVXUHV�
DERYH���EDU�� ,Q�FRQWUDVW� WR� ORZHU�SUHVVXUHV� WKH�PD[LPXP�RQ�D[LV�VLJQDO� LV�����WLPHV�KLJKHU�
FRPSDUHG�WR�WKH�PD[LPXP�VLJQDO�IURP�WKH�RII±D[LV�VSHFWURPHWHU��$OWKRXJK�ZH�FDQQRW�JLYH�D�
GHWDLOHG�VROXWLRQ�RQ�WKLV�TXHVWLRQ�ZH�ZDQW�WR�PDNH�VRPH�DUJXPHQWV�DQG�VLPSOH�FDOFXODWLRQV�
ZKLFK�FRXOG�FRXQW�IRU�WKLV�GLIIHULQJ�EHKDYLRU���
2XU�JDV±FOXVWHU�WDUJHW�KDV�DQ�H[WHQVLRQ�RI�DSSUR[LPDWHO\����PP��RULILFH�GLDPHWHU���,QVLGH�ZH�
SURGXFH� WKH� KHDWHG� SODVPD� HPLVVLRQ� VRXUFH�� ,I� ZH� UHODWH� WKH� IRFXVLQJ� FRQGLWLRQV� �FRQIRFDO�
OHQJWK� �SZ�

��O�� GLDPHWHU� �Z��� WR� � WKH� H[WHQVLRQV� RI� WKH� SURGXFHG� SODVPD� REMHFW�� WKH�
VSHFWURPHWHUV�ORRN�WR�DQ�REMHFW��ZKLFK�KDV�SUREDEO\�D�PXFK�VKRUWHU�����Ü����WLPHV��WUDQVYHUVH�
GLPHQVLRQ� FRPSDUHG� WR� LWV� PDLQ� D[LV� �{� ODVHU� D[LV�� �VLPLODU� WR� VRXUFH� SLFWXUHV� LQ� >��@���
%HFDXVH� WKH� REVHUYDWLRQ� VROLG� DQJOHV� RI� WKH� VSHFWURPHWHUV� DUH� ODUJH� HQRXJK� RQH�ZRXOG� QRW�
H[SHFW�GLIIHUHQW�VLJQDOV�GXH�WR�WKH�GHWHFWLRQ�JHRPHWU\�5HJLVWHUHG�VLJQDOV�PD\�EH�LQIOXHQFHG�LI�
DEVRUSWLRQ�FRPHV�VLJQLILFDQWO\�LQWR�SOD\��%DVHG�RQ�+DJHQDV�VFDOLQJ�ODZV�>���@�ZH�HVWLPDWH�D�
FRQFHQWUDWLRQ� GURS� RI� ;H� WR� D� �� �� OHYHO� LQ� WKH� WDUJHW� UHJLRQ� FRPSDUHG� WR� WKH� VWDJQDWLRQ�
FKDPEHU��7KXV�KLJK�EDFNLQJ�SUHVVXUHV� ���EDU��JLYH�DYHUDJH�DWRP�GHQVLWLHV�RI�[HQRQ��ZKLFK�
UHODWH� WR� DOUHDG\� VKRUW� DEVRUSWLRQ� OHQJWK��$W� ��EDU� DQG� SKRWRQ� HQHUJLHV� RI� ��H9� WR� ���H9�
������ QP� WR� ��QP�� WKH� DEVRUSWLRQ� OHQJWK� DPRXQWV� WR� ���� Ü� ���PP�� DW� ���H9� ��QP�� WKH�
DEVRUSWLRQ�OHQJWK�LV����PP�>��@��
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'LIIHUHQW�UHJLVWHUHG�VLJQDOV�FDQ�UHVXOW�LI�WKH�UDGLDWLRQ�SDVVHV�GLIIHUHQW�OHQJWK�RI�WKH�DEVRUELQJ�
PHGLXP��,Q�RXU�WDUJHW�VXFK�D�VLWXDWLRQ�FDQ�RFFXU�LI�WKH�UDGLDWLRQ�HPLWWLQJ�SODVPD�REMHFW�LV�QRW�
SODFHG� LQ� WKH� FHQWHU� RI� WKH� DPELHQW� FOXVWHU� JDV��0LXUD� HW� DO�� >��@� VKRZHG�ZLWK� D� VHULHV� RI�
VRXUFH� LPDJHV� KRZ� DQ� XOWUDIDVW� ODVHU� ����IV� SXOVH� OHQJWK��.U)±ODVHU�� IRFDO� LQWHQVLW\� �u�����
:�FP��� IRUPV� D� SODVPD� LQ� DQ� H[WHQGHG�;H�FOXVWHU� JDV� SOXPH� DV� D� IXQFWLRQ� RI� WKH� EDFNLQJ�
SUHVVXUH��$W�KLJKHU�EDFNLQJ�SUHVVXUHV��WKH�ODVHU�DEVRUSWLRQ�LV�VWURQJHU�LQ�WKH�ILUVW�SDUW�RI�WKH�
FOXVWHU�JDV�SOXPH�ZKLFK�VKRUWHQV�WKH�OHQJWK�RI�WKH�SODVPD�DQG�PRYHV�LW�RXW�RI�WKH�FHQWHU�RI�
WKH�SOXPH��
%HFDXVH�RXU�ODVHU�DQG�FOXVWHU�JDV�SDUDPHWHUV�DUH�QRW�IDU�IURP�0LXUDV�RQHV�ZH�VHW�XS�D�VLPSOH�
VRXUFH�PRGHO�ZKLFK�LV�EDVHG�TXDOLWDWLYHO\�RQ�WKH�H[SHULPHQWDO�ILQGLQJV�RI�0LXUD��:H�UHJDUG�
RQO\�D�RQH�GLPHQVLRQDO�SODVPD�FROXPQ�LQ�D�����PP�GLDPHWHU�FOXVWHU�JDV�SOXPH��)URP�>��@�DQ�
H[SRQHQWLDO� GHFUHDVH� RI� WKH� SODVPD� VRXUFH� OHQJWK� YHUVXV� EDFNLQJ� SUHVVXUH� DQG� D� UHVSHFWLYH�
VRXUFH�PRYHPHQW�LV�DSSUR[LPDWHG��$W�YHU\�ORZ�EDFNLQJ�SUHVVXUHV�D�FHQWHUHG�SRVLWLRQ�RI�WKH�
SODVPD�FROXPQ�LV�JLYHQ�� ,Q�YLHZ�RI� WKH� ODVHU�SURSDJDWLRQ� WKH�SODVPD�VWDUW�SRLQW� LV�NHSW�DW�D�
IL[HG� SRVLWLRQ� ZKHUHDV� WKH� HQG� SRLQW� RI� WKH� SODVPD� FROXPQ�PRYHV� FORVHU� WR� WKH� VWDUW� ZLWK�
LQFUHDVLQJ�GHQVLW\�DQG�FOXVWHU�VL]H���
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�

)LJXUH� ��� � 5HJLVWHUHG� RQ�D[LV� �FORVHG� VTXDUH�� DQG� RII�D[LV� �RSHQ� VTXDUH�� HPLVVLRQ� GDWD� DW�
����QP��LQ�FRPSDULVRQ�WR�D�FRPSXWHG�VLJQDO��VROLG�OLQH�±�RQ�D[LV��GRWWHG�OLQH�±�RII�D[LV��
�
2Q� WKH� EDVLV� RI� D� VLPSOH� JHRPHWULF� WDUJHW� PRGHO� ZKLFK� LV� VXSSRUWHG� E\� WKH� H[SHULPHQWDO�
ILQGLQJV�RI�>��@��GHWDLOV�VHH�LQ�WH[W���LQVHUW�VKRZV�GHWHFWLRQ�JHRPHWU\��2XU�GHWHFWLRQ�JHRPHWU\�
LV� VFKHPDWLFDOO\� GHSLFWHG� LQ� WKH� LQVHUW� RI� )LJ�� ��� 7KH� VLJQDO� RI� WKH� SODVPD� VRXUFH� LV� VFDOHG�
OLQHDUO\�ZLWK�WKH�DYHUDJH�DWRP�GHQVLW\�DQG�WKH�DEVRUSWLRQ�>��@��RI�WKH�DPELHQW�FOXVWHU�JDV�LV�
FDOFXODWHG� LQ�GHSHQGHQFH�RI� WKH�YLHZLQJ� DQJOH�RI�HDFK�VRXUFH�SRLQW��%HFDXVH�RI� LQDGHTXDWH�
NQRZOHGJH�RI�WKH�(89±DEVRUSWLRQ�LQ�WKH�LRQL]HG�SODVPD�LW�LV�VHW�WR�]HUR��,Q�)LJ����ZH�GHSLFW�
WKH� UHJLVWHUHG�HPLVVLRQ�DW������QP�YHUVXV�EDFNLQJ�SUHVVXUH� WRJHWKHU�ZLWK�D� IXQFWLRQ�SORW�RI�
RXU�VLPSOH�WDUJHW�PRGHO��%RWK�FXUYHV�DUH�ILWWHG�WRJHWKHU�LQ�GHSHQGHQFH�RQ�RQH�SDUDPHWHU�IRU�
WKH�VLJQDO�KHLJKW�DQG�RQH�IRU�WKH�VRXUFH��H[WHQVLRQ��)URP�)LJ����LW�LV�YLVLEOH�WKDW�WKH�JHQHUDO�
EHKDYLRU� RI� VLJQDO� LQFUHDVH� DQG� GHFUHDVH� FDQ� EH� UHIOHFWHG�ZLWK� WKH� VLPSOH�PRGHO��ZKLFK� RI�
FRXUVH�FDQ�QRW�DFFRXQW�IRU�DOO�WKH�GHWDLOV�RI�WKH�H[SHULPHQW��
�
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(89±\LHOG�LQ�GHSHQGHQFH�RQ�WKH�ODVHU�SRODUL]DWLRQ���
�
6HYHUDO� H[SHULPHQWV� �VHH� >�����@�� KDYH� UHYHDOHG� WKDW� FROOLVLRQDO� SURFHVVHV� FDQ� SOD\� DQ�
LPSRUWDQW�UROH�IRU�FOXVWHU�KHDWLQJ�UHVXOWLQJ�LQ�WKH�UHOHDVH�RI�KLJKO\�HQHUJHWLF�LRQV�XS�WR�0H9�
HQHUJLHV�DQG�KDUG�[�UD\�HPLVVLRQ��7KHUHIRUH�LW�LV�RI�LQWHUHVW�WR�ZKDW�H[WHQG�FROOLVLRQDO�KHDWLQJ�
RI�WKH�HOHFWURQV�E\�LQYHUVH�EUHPVVWUDKOXQJ�DQG�VWLPXODWHG�5DPDQ�VFDWWHULQJ�>��@�LQIOXHQFH�WKH�
LRQ�VSHFLHV�EHLQJ�UHVSRQVLEOH�IRU�WKH�(89±HPLVVLRQ�ORRNHG�DW�WKLV�ZRUN�LQ�WKH�IUDPH�RI�WKH�
SURMHFW��
%HIRUH�FROOLVLRQDO�KHDWLQJ�RI�WKH�ODVHU�SODVPD�FDQ�RFFXU�DQ�LQLWLDO�LRQL]DWLRQ�RI�WKH�V\VWHP�KDV�
WR�WDNH�SODFH��2SWLFDO�ILHOG�LRQL]DWLRQ�LV�WKH�UHOHYDQW�SURFHVV�LI�KLJK��LQWHQVLW\��!����:�FP���
XOWUDVKRUW�ODVHU�SXOVHV�DUH�DSSOLHG��)RU�RXU�IRFDO�LQWHQVLW\�RIa��u����:�FP��LW�LV�REYLRXV�WKDW�
LRQL]DWLRQ� UDWHV� >��@� IURP� ;H� WR� ;H� ;,,� DUH� VHYHUDO� RUGHUV� RI� PDJQLWXGH� KLJKHU� WKDQ� DQ�
HVWLPDWHG�PD[LPXP�FROOLVLRQDO�LRQL]DWLRQ�UDWH�IURP�;H�;�WR�;H�;,,�ZKLFK�LV�LQ�D�UDQJH�RI�����
�����V��� >��@�� ,QGHHG� WKH� ODVHU� LQWHQVLW\� DSSOLHG� KHUH� LV� FDSDEOH� WR� SURGXFH� LRQV� XS� WR� ;H�
;;9,��7KHUHIRUH� LW� LV�ZRUWKZKLOH� WR� WKLQN�DERXW�D�FKDQJH�RI� WKH� ODVHU�SDUDPHWHUV� LQ�VXFK�D�
ZD\�WKDW�WKH�ODVHU�ILHOG�DQG�WKH�IROORZLQJ�WXQQHOLQJ�SURFHVV�GLUHFWO\�LQIOXHQFH�WKH�VSHFWUXP�RI�
WKH�LQLWLDOO\�LRQL]HG�HOHFWURQV��7KLV�FDQ�EH�GRQH�E\�FKDQJLQJ�WKH�ODVHU�SRODUL]DWLRQ�IURP�OLQHDU�
WR�FLUFXODU�>��@��7KH�H[SHULPHQW�PD\�VKRZ�ZKHWKHU�WKLV�FKDQJH�LV�YLVLEOH�RU���ZDVKHG�RXW���E\�
IROORZLQJ�FROOLVLRQV��)URP�WKHRUHWLFDO�FRQVLGHUDWLRQV��KRZHYHU��(89�VSHFWUD�JHQHUDWHG�ZLWK�
OLQHDUO\� DQG� HOOLSWLFDOO\� SRODUL]HG� ODVHU� OLJKW� VKRXOG� VKRZ� D� VLJQLILFDQW� GLIIHUHQFH� GXH� WR�
UHVXOWLQJ�KLJKHU�HQHUJLHV�RI�HOHFWURQV�ILHOG�LRQL]HG�ZLWK�FLUFXODUO\�SRODUL]HG�OLJKW�>�����@��8S�
WR�QRZ�H[SHULPHQWV�KDYH�YHULILHG�WKLV�PHFKDQLVP�LQ�ORZ�GHQVLW\�JDV�WDUJHWV�>��@��ZKHUH�RWKHU�
KHDWLQJ�PHFKDQLVPV� � DUH� LQHIIHFWLYH��&RQWUDU\� WR� WKLV� LQ� FDVH� RI� KLJK� GHQVLW\� JDV� MHWV� RU� LQ�
FOXVWHU� WDUJHWV� WKH� LQLWLDO� ILHOG� LRQL]DWLRQ� LV� WKRXJKW� WR� EH� IROORZHG� E\� IXUWKHU� FROOLVLRQDO�
SURFHVVHV� ZKLFK� LQ� WXUQ� PRGLI\� WKH� LRQLF� VWDWH� GLVWULEXWLRQ�� )XUWKHUPRUH� GHIRFXVLQJ� DULVHV�
IURP�D� UHIUDFWLYH� LQGH[�JUDGLHQW�ZKLFK� LV�FDXVHG�E\�DQ� LRQL]DWLRQ�YDULDWLRQ�DFURVV� WKH�EHDP�
>��@� DQG� WKDW� PDNHV� WKH� SLFWXUH� PRUH� FRPSOLFDWHG�� %HFDXVH� RI� WKHVH� GLIILFXOWLHV� QR�
FRQFOXVLRQV�FRXOG�EH�GUDZQ�KRZ�VHQVLWLYH�WKH�SRODUL]DWLRQ�LQIOXHQFHV�WKH�LRQL]DWLRQ�RI�D�ODUJH�
;H±FOXVWHU� WDUJHW� DQG� WKH� UHODWHG� (89±\LHOG�� 7KHUHIRUH� ZH� SURFHHG� ZLWK� D� SRODUL]DWLRQ�
GHSHQGHQW�H[FLWDWLRQ�H[SHULPHQW�ZKLFK�ZDV�QRW�UHSRUWHG�VR�IDU�IRU�;H±FOXVWHUV���
&LUFXODUO\�SRODUL]HG�ODVHU�OLJKW�ZDV�SURGXFHG�E\�LQVHUWLQJ�D�O��±SODWH�LQ�WKH�EHDP��$Q�REYLRXV�
GLIIHUHQFH�LQ�WKH�HPLVVLRQ�\LHOG�XVLQJ�WKH�WZR�GLIIHUHQW�SRODUL]DWLRQ�VWDWHV�ZDV�GHWHFWHG�ZLWK�
WKH� RII�D[LV� VSHFWURPHWHU� DV� GHSLFWHG� LQ� )LJ���� ,Q� WKH� ZKROH� UDQJH� RI� UHOHYDQW� ;H� EDFNLQJ�
SUHVVXUHV�WKH�HPLVVLRQ�DURXQG�����QP�LV�DERXW���WLPHV�KLJKHU�LI�FLUFXODUO\�LQVWHDG�RI�OLQHDUO\�
SRODUL]HG� OLJKW� LV� XVHG�� $W� ��EDU� WKH� UDWLR� LV� DERXW� WKUHH� WLPHV�� 7KH� VDPH� IHDWXUH� ZDV�
UHJLVWHUHG� IRU� WKH� ��������QP�HPLVVLRQ�EDQG� LQ�RII�D[LV�GLUHFWLRQ�� ,Q�)LJ��� HPLVVLRQ�GDWD� DW�
����QP������QP�DQG����QP�IURP�WKH�RQ�D[LV�VSHFWURPHWHU�DUH�FROOHFWHG��$W�����QP�DQG������
QP�WKHUH�LV�VWLOO�VRPH�HQKDQFHPHQW�ZLWK�WKH�FLUFXODU�SRODUL]DWLRQ�YLVLEOH��EXW�LW�LV�RQO\�D�IDFWRU�
EHWZHHQ�����DQG�����DW�SHDN�VLJQDO��2QFH�PRUH��VLPLODU� WR� WKH�GLVFXVVLRQ�FRQFHUQLQJ�)LJ�����
WKH� SHDN� VLJQDO� OHYHO� GHWHFWHG� ZLWK� WKH� RQ�D[LV� VSHFWURPHWHU� LV� XS� WR� �� ��� WLPHV� KLJKHU�
FRPSDUHG� WR� WKH� SUHVVXUH� RSWLPL]HG� YDOXH� IRU� WKH� RII�D[LV� RQH�� )URP� RXU� H[SHULPHQWDO�
ILQGLQJV�ZH�FDQ�WKXV�FRQFOXGH�WKDW� WKH�HPLVVLRQ�VLJQDWXUH�LQ� WKH���QP�WR���QP�ZDYHOHQJWK�
UHJLRQ� LV� QRW� WRWDOO\� GHWHUPLQHG� E\� FROOLVLRQDO� SURFHVVHV�� 7KH� LQIOXHQFH� RI� WKH� LQLWLDO� ILHOG�
LRQL]DWLRQ� LV� YLVLEOH� DQG� D� FKDQJH� LQ� ODVHU� SRODUL]DWLRQ� FDQ� EH� XVHG� IRU� (89±\LHOG�
RSWLPL]DWLRQ���
�
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�
�
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)LJXUH� ���&RQYHUVLRQ� HIILFLHQF\� DW� ����� QP� UHODWHG� WR� UHFRUGHG� RII�D[LV�(89�HPLVVLRQ� DQG�
LQFLGHQW� ODVHU� HQHUJ\� (/� DW� GLIIHUHQW�;H� EDFNLQJ� SUHVVXUH�ZKHQ� OLQHDUO\� �(/ � ����P-�� DQG�
FLUFXODUO\� �(/ ����P-�� SRODUL]HG� ���� QP� ODVHU� OLJKW� LV� XVHG� IRU� H[FLWDWLRQ��&KDQJH� LQ� ODVHU�
HQHUJ\� ZDV� GXH� WR� RSHUDWLRQDO� UHDVRQV�� ,Q� WKLV� UDQJH� WKH� FRQYHUVLRQ� HIILFLHQF\� GRHV� QRW�
FKDQJH�DW�FRQVWDQW�SRODUL]DWLRQ��

�
�
�

7DEOH����&RQYHUVLRQ�HIILFLHQF\�DV�IXQFWLRQ�RI�SXOVH�GXUDWLRQ�DQG�SRODUL]DLRQ�RI�WKH�ODVHU��
SXOVH�
�
�
3XOVH�GXUDWLRQ��SRODUL]DWLRQ� &RQYHUVLRQ�HIILFLHQF\�

��LQ��SVU�����EZ�
;H�SUHVVXUH�
EDU�

���IV��OLQHDU� ���� ���
��SV��OLQHDU� ���� ���
���IV��FLUFXODU� ���� ���
��SV��FLUFXODU� ���� ���
�
�
,Q�RII±D[LV�HPLVVLRQ�GLUHFWLRQ��SRVVLEOH�IHDWXUHV�PD\�EH�DOVR�FRQFHDOHG�E\�DEVRUSWLRQ�LQ�WKH�
SODVPD�UHJDUGLQJ�WKH�VLJQDOV�DW����QP�DQG������QP���)RU�VLPSOLFLW\�WKLV�KDV�EHHQ�H[FOXGHG�LQ�
WKH�VLPSOH�WDUJHW�PRGHO�GLVFXVVHG�DERYH�EXW�LW�PD\�EH�D�WRR�FUXGH�DVVXPSWLRQ�IRU�H[SODLQLQJ�
DOO�WKH�GDWD���$W�����QP�WKH�DEVRUSWLRQ�LQ�WKH�DPELHQW�JDV�LV�PXFK�ZHDNHU�DQG�WKH�HPLVVLRQ�LV�
REVHUYHG�XS�WR�PD[LPXP�SUHVVXUH�LQ�RII±D[LV�GLUHFWLRQ��RQ±D[LV�WKH�VSHFWURPHWHU�FXWV�DW����
QP��� 7KH� ���� QP� VLJQDO� LQ� )LJ�� �� VKRZV� QR� FOHDU� GHSHQGHQFH� IURP� SRODUL]DWLRQ�� +HUH� WKH�
HPLVVLRQ�LV�DOUHDG\�FDUULHG�E\�KLJKHU�;H±LRQL]DWLRQ�VWDJHV��ZKLFK�VXIIHU�SUREDEO\��D�VWURQJHU�
LQIOXHQFH� E\� FROOLVLRQDO� SURFHVVHV�� ZKLFK� ��ZDVKHV� RXW��� WKH� LQLWLDO� LRQL]DWLRQ� LPSULQW��
&ROOLVLRQDO� H[FLWDWLRQ� RI� KLJKHU� LRQL]DWLRQ� VWDJHV� EHFRPHV� LPSRUWDQW� DIWHU� LQLWLDO� LRQL]DWLRQ�
GXH� WR�KLJK�HQHUJ\� HOHFWURQV� �WKH� UDWH�FRHIILFLHQWV� IRU� FROOLVLRQDO� LRQL]DWLRQ�EHFRPHV�KLJKHU�
ZLWK� LQFUHDVLQJ� HOHFWURQ� WHPSHUDWXUH� >��@���5HFHQWO\�.XPDUDSSDQ� HW� DO�� >��@� IRXQG� WKDW� WKH�
.D±HPLVVLRQ� LQ� WKH� NH9�UDQJH� IURP� $U�FOXVWHUV� GRHV� QRW� YDU\� ZLWK� WKH� ODVHU� SRODUL]DWLRQ��
ZKLFK�ZRXOG� VXSSRUW� WKH� REVHUYHG� WUHQG� E\� XV�� 7KH� VLJQDO� YDULDWLRQ� LQ�)LJ�� �� �ERWWRP��ZH�
ZRXOG�QRW�DWWULEXWH� WR�VLPSOH�GDWD� IOXFWXDWLRQ�FRYHULQJ�D� UDQJH�RI�DERXW������EXW� LWV�RULJLQ�
NHHSV�XQUHYHDOHG� LQ� WKLV�ZRUN��:LWK� LQFUHDVLQJ�SUHVVXUH� DQG�JURZLQJ�FOXVWHU� VL]H�FROOLVLRQV�
IDYRU� WKH�SURGXFWLRQ�RI�KLJKHU� LRQL]HG�VWDWHV�DQG� WKXV� WKH�HPLVVLRQ�FHQWHU�RI�JUDYLW\�FDQ�EH�
VKLIWHG� WR� VKRUWHU�ZDYHOHQJWK��7KLV� HIIHFW� FRXOG� QRW�EH�GHWHFWHG� FRQFOXVLYHO\� LQ�RXU� OLPLWHG�
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ZDYHOHQJWK� UDQJH� RI� REVHUYDWLRQ� DQG� SRVVLEOH� LQGLFDWLRQV� PD\� EH� FRYHUHG� E\� (89±
DEVRUSWLRQ�DV�GLVFXVVHG�DERYH��
�
�
�
�
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�
)LJXUH���� 2EVHUYHG� RQ�D[LV� FRQYHUVLRQ� HIILFLHQF\� IRU� ����QP�� ����QP� DQG� UHODWLYH�
LQWHQVLW\�IRU����QP�IURP�;H�FOXVWHU�WDUJHWV�DW�GLIIHUHQW�ODVHU�SRODUL]DWLRQV��
�
�
&RQYHUVLRQ�HIILFLHQFLHV�DV�IXQFWLRQ�RI�WKH��SXOVH�GXUDWLRQ�
1RZ�UHVXOWV�DUH�LQWURGXFHG�RQ�WKH�H[DPLQDWLRQ�RI��WKH�LQWHUDFWLRQ�RI�SV��XS�WR�QV��ODVHU�SXOVHV�
ZLWK�WKH�ODUJH�;H�FOXVWHUV��2QH�VXUSULVLQJ�UHVXOW�LV�WKDW�D����QV�ODVHU�SXOVH�ZLWK�DQ�LQWHQVLW\�RI�
����:�FP��FDQ�SURGXFH�DQ�(89�HPLVVLRQ������QP��ZLWK�D�FRPSDUDEOH�FRQYHUVLRQ�HIILFLHQF\�
RI�������LQ��S�VWHUDGLDQ��VU��DQG������EDQGZLGWK��%:��DV� LW�ZDV�UHFRUGHG�IRU�D���SV�ODVHU�
SXOVH�ZLWK� DQ� LQWHQVLW\� RI� DW� OHDVW� ����:�FP���:KHUHDV� WKH� FRQYHUVLRQ� HIILFLHQF\� DOORZV� WR�
HVWLPDWH�(89�SKRWRQ�QXPEHU�SHU�ODVHU�SXOVH��GHSHQGHQFH�RQ�ODVHU�UHSHWLWLRQ�UDWH�GHWHUPLQHV�
WKH�PD[LPXP�LUUDGLDWLRQ�IUHTXHQF\�IRU�WKH�WDUJHW�DQG�WKXV�ZLOO�JLYH�XV�LQIRUPDWLRQ�DERXW�WKH�
DYHUDJH� IOX[�� ZKLFK�� DV� PHQWLRQHG� HDUOLHU�� KDV� LPSRUWDQW� LPSOLFDWLRQ� IRU� SRWHQWLDO�
DSSOLFDWLRQV���
7KH� H[SHULPHQWV� ZHUH� FDUULHG� RXW� ZLWK� RXU� � 1G�</)� EXUVW� ODVHU� V\VWHP� �O � ����QP��
GHVFULEHG�LQ�>��@��7KLV�ODVHU�SURYLGHV�DQ�DYHUDJH�SRZHU�SHU�EXUVW�XS�WR��N:�FRUUHVSRQGLQJ�WR�
�-�WRWDO�EXUVW�HQHUJ\��7KH�OHQJWK�RI�WKH�EXUVW�ZDV�����V��7KH�QXPEHU�RI�VLQJOH�ODVHU�SXOVHV�SHU�
EXUVW� FDQ� EH� DGMXVWHG� IURP� ��� WR� ���� SHU� EXUVW�� L�H�� UHSHWLWLRQ� UDWHV� XS� WR� D� PD[LPXP� RI�
����N+]�DUH�SRVVLEOH��,Q�RXU�H[SHULPHQWV�ZH�XVHG�VLQJOH�SXOVH�GXUDWLRQV�RI���SV�����SV�DQG�
����SV��%\�FKDQJLQJ�RI�WKH�ODVHU�HQHUJ\�DQ�LQWHQVLW\�UDQJH�EHWZHHQ����������:�FP��FRXOG�EH�
FRYHUHG���
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6RIW�;�UD\�DQG�(89�VSHFWUD�IURP�WKH�;H�FOXVWHU�WDUJHW�ZHUH�PHDVXUHG�DW�IL[HG�ODVHU�HQHUJ\�RI�
���-�SHU�EXUVW��ZLWK�����SXOVHV�SHU�EXUVW��XQGHU�DQ�DQJOH�RI�������WR�WKH�ODVHU�EHDP�EDFNZDUG�
GLUHFWLRQ� �7*6���� DQG� DORQJ� WKH� ODVHU� EHDP� D[LV� �7*6����� 7KH� SXOVH� GXUDWLRQ� ZDV� YDULHG�
EHWZHHQ� ��� SV� DQG� �� QV�� 7KH� QR]]OH� EDFNLQJ� SUHVVXUH� ZDV� �����EDU�� :KLOH� WKH� 7*6���
UHFRUGHG�WKH�(89�HPLVVLRQ�LQ�WKH������QP�ZDYHOHQJWKV�UDQJH��)LJ���E���WKH�7*6���FRYHUHG�
WKH�HPLVVLRQ�LQ�WKH�ZKROH�ZDYHOHQJWK�UHJLRQ�IURP�����QP��)LJ���D����
�

�
�
)LJXUH�����;�UD\��D��DQG�(89���E��HPLVVLRQ�VSHFWUD�RI�D�;H�SODVPD�PHDVXUHG�FRUUHVSRQGLQJO\�
ZLWK� 7*6��� DQG� 7*6��� VSHFWURJUDSKV� DW� ���� ���� DQG� ����� SV� ODVHU� SXOVH� GXUDWLRQ� ZLWK�
LQWHQVLW\�RI��u������:�FP����u�����:�FP��DQG��u�����:�FP���UHVSHFWLYHO\��
�
�
,Q�)LJ����D��WKUHH�HPLVVLRQ�EDQGV�FDQ�EH�FOHDUO\�UHFRJQL]HG��RQH�DW�����QP��DQRWKHU�DW����QP��
DQG�D�WKLUG�RQH�DW�����QP��,Q�D�WKHRUHWLFDO�PRGHO�GHVFULELQJ�WKH�KLJKO\�UHVROYHG�VSHFWUXP�RI�
WKH�HPLVVLRQ�DURXQG������QP�>��@��JHQHUDWHG�DW�VLPLODU� ODVHU� LUUDGLDWLRQ�FRQGLWLRQV�DV� LQ�RXU�
H[SHULPHQW�� LW�ZDV�VKRZQ�WKDW�VWURQJ�GLHOHFWULF�UHFRPELQDWLRQ�RI�������WLPHV�LRQL]HG�[HQRQ�
FDQ�HIILFLHQWO\�FRQWULEXWH�WR�WKH�HPLVVLRQ�LQ�WKH�FRROLQJ�SKDVH�RI�WKH�SODVPD��&KDUDFWHULVWLFV�
RI��;�UD\�HPLVVLRQ�LQ�WKH���������QP�UDQJH�IURP�D�;H�FOXVWHUV�WDUJHW�LUUDGLDWHG�E\��SV�ODVHU�
SXOVHV�DW�LQWHQVLWLHV�QHDU�����:�FP��ZHUH�LQYHVWLJDWHG�LQ�>��@��
7KH�DXWKRUV�RI� >�@� VWDWHG� WKDW�D� VLJQDO�FRXOG�EH�PHDVXUHG�RQO\� LQ�FDVH�RI� LUUDGLDWLRQ�ZLWK� D�
VKRUW� ZDYHOHQJWK� .U)� ����QP�� ODVHU� LQVWHDG� RI� 7L�6D� ����QP�� ODVHU� ZLWK� FRPSDUDEOH�
LQWHQVLWLHV��,Q�FRQWUDVW�WR�WKDW�VKRUW�ZDYHOHQJWK�KLJK�LQWHQVLW\�LUUDGLDWLRQ�H[SHULPHQW�ZH�KDYH�
VHHQ� WKH�HPLVVLRQ�EHWZHHQ����QP�ZHOO�SURQRXQFHG�DOVR�DW�PXFK� ORZHU� ODVHU� LQWHQVLWLHV�DQG�
HYHQ�DW�QV�ODVHU�SXOVHV��0RUHRYHU��ZKHUHDV�LQ�>�@�WKH�UHODWLYH�LQWHQVLWLHV�RI�WKH�����DQG�WKH�����
QP�SHDNV�DUH�TXLWH�GLIIHUHQW�LQ�RXU�VSHFWUD�WKH�GLIIHUHQFH�LV�RQO\�RI�D�IDFWRU�RI�a����,Q�)LJ���E�
LW� LV� YLVXDOL]HG� KRZ� WKH� HPLVVLRQ� VSHFWUXP� YDULHV�ZLWK� ODVHU� LQWHQVLW\� DW� WKH� WKUHH� GLIIHUHQW�
SXOVH�GXUDWLRQV�RI����SV������SV�7KH�HPLVVLRQ� LQ� WKH� UHJLRQ�EHWZHHQ���������QP�H[FLWHG�E\�
���IV� ODVHU� SXOVHV� DW� LQWHQVLWLHV� ������u����:�FP��ZDV� UHSRUWHG� LQ� >��@��7KH� WKLUG� HPLVVLRQ�
EDQG� DURXQG� ���QP�ZDV� RQO\� VOLJKWO\� YLVLEOH� LQ�;�UD\� VSHFWUD� VKRZQ� LQ� )LJ��� LQ� >��@�� 7KH�
DXWKRUV� VWDWHG� WKHUH� WKDW�D� VLJQDO�FRXOG�EH�PHDVXUHG�RQO\� LQ�FDVH�RI� LUUDGLDWLRQ�ZLWK�D� VKRUW�
ZDYHOHQJWK�.U)������QP��ODVHU�LQVWHDG�RI��7L�6D������QP��ODVHU�ZLWK�FRPSDUDEOH�LQWHQVLWLHV��
,Q� FRQWUDVW� WR� WKDW� VKRUW�ZDYHOHQJWK� KLJK�LQWHQVLW\� LUUDGLDWLRQ� H[SHULPHQW�ZH� KDYH� VHHQ� WKH�
HPLVVLRQ�EHWZHHQ�����QP�ZHOO�SURQRXQFHG�DOVR�DW�PXFK�ORZHU�ODVHU�LQWHQVLWLHV�DQG�HYHQ�DW�QV�
ODVHU�SXOVHV��0RUHRYHU��ZKHUHDV�LQ�>��@�WKH�UHODWLYH�LQWHQVLWLHV�RI�WKH�����DQG�WKH�����QP�SHDNV�
DUH� TXLWH� GLIIHUHQW� LQ� RXU� VSHFWUD� WKH� GLIIHUHQFH� LV� RQO\� RI� D� IDFWRU� RI� a� ��� ,Q� )LJ���E� LW� LV�
YLVXDOL]HG�KRZ�WKH�HPLVVLRQ�VSHFWUXP�YDULHV�ZLWK� ODVHU� LQWHQVLW\�DW� WKH� WKUHH�GLIIHUHQW�SXOVH�
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GXUDWLRQV�RI����SV������SV�DQG������SV�DW�WKH�VDPH�ODVHU�HQHUJ\��$OWKRXJK�WKH�ODVHU�LQWHQVLW\�
DW�WKH�WKUHH�GLIIHUHQW�SXOVH�GXUDWLRQ�GURSV�GRZQ�E\�D�IDFWRU�RI����RQH�FRXOG�VHH�D�FRQVLGHUDEOH�
FKDQJH�LQ�D�ZDYHOHQJWK�UHJLRQ�RI����QP�RQO\�ZKHQ�D��QV�SXOVH�DQG�ORZHVW�ODVHU�LQWHQVLW\�ZDV�
XVHG��7KH�PHDVXUHG�VWURQJ�HPLVVLRQ�IURP�WKH�KLJKO\�FKDUJHG�;H�LRQV��XS�WR�;H����LRQV��VHH�
DOVR�>��@���LV�DOVR�OLNHO\�FDXVHG�E\�WKH�KLJKO\�HIILFLHQW�ODVHU�HQHUJ\�GHSRVLWLRQ�LQ�WKH�FOXVWHU�
WDUJHW�� ,W�VKRXOG�EH�QRWHG�WKDW�ZH�FRXOG�QRW�LQYHVWLJDWH�WKH�ZDYHOHQJWK�UHJLRQ�EHWZHHQ�������
QP�GXH�WR�KLJK�DEVRUSWLRQ�RI�WKH�XVHG�=U�ILOWHU�LQ�WKLV�HPLVVLRQ�UHJLRQ��
+RZHYHU�� WR�PDNH� D� GHFLVLRQ�ZKHWKHU� D�;H�FOXVWHU� MHW� FRXOG� EH� D� IDYRUHG� WDUJHW� V\VWHP� LWV�
FDSDELOLW\� WR� FRQYHUW� ODVHU� HQHUJ\� LQ� WR� WKH� ����QP� HPLVVLRQ� PXVW� EH� LQYHVWLJDWHG� LQ�
GHSHQGHQFH� RQ� ODVHU� SXOVH� GXUDWLRQ� DV� ZHOO� DV� UHSHWLWLRQ� UDWH�� � )RU� WKH� HYDOXDWLRQ� RI� WKH�
FRQYHUVLRQ�HIILFLHQF\�ZH�DQDO\]HG�WKH�VSHFWUD�IURP�WKH�7*6���VSHFWURPHWHU�LQ�WKH�EDQGZLGWK�
�%:�� RI� ������ DURXQG� WKH� ����QP� VLJQDO� HPLWWHG� LQWR� D� VROLG� DQJOH� RI� �S� VWHUDGLDQ�� 7KH�
PHDVXUHPHQWV� VKRZHG� WKDW� DW� GLIIHUHQW� ODVHU� SXOVH� GXUDWLRQ� WKH� HIILFLHQF\� GHSHQGV� RQ� WKH�
VRXUFH�SUHVVXUH��UHVSHFWLYHO\�FOXVWHU�VL]H��7KHUHIRUH�WKH�HYDOXDWLRQ�ZDV�PDGH�XVLQJ�WKH�VLJQDOV�
IRU�RSWLPXP�SUHVVXUH��7KHVH�SDUDPHWHUV�ZHUH���EDU� DW� ��SV�� ��EDU� DW� ���SV� DQG� DW� ����SV�
SXOVH�GXUDWLRQ��VHH�)LJXUH���D���7KH�UHVXOWV�RI�WKH�PHDVXUHG�HIILFLHQF\�LQ�GHSHQGHQFH�RQ�WKH�
ODVHU�LQWHQVLW\�DQG�SXOVH�GXUDWLRQ�DUH�VKRZQ�LQ�)LJ�����,W�LV�H[SHFWHG�WKDW�WKH�HIILFLHQF\�VKRXOG�
KDYH�DQ�RSWLPXP�GHSHQGLQJ�RQ� WKH� ODVHU�SXOVH� LQWHQVLW\� DV�REVHUYHG�ZLWK�D�ZDWHU� MHW� WDUJHW�
>��@��+RZHYHU��LQ�RXU�FDVH�WKH�HIILFLHQF\�LQFUHDVHV�VWLOO�FRQWLQXRXVO\�ZLWK�WKH�ODVHU�LQWHQVLW\���
2EYLRXVO\�� WKH� LQWHQVLW\� RI� D� VLQJOH� SXOVH� LQ� WKH� EXUVW� ZDV� QRW� KLJK� HQRXJK� WR� FRYHU� WKH�
RSWLPXP� UDQJH�� $V� RQH� FDQ� HDVLO\� UHFRJQL]H� LQ� WKH� FDVH� RI� FRPSDUDEOH� LQWHQVLWLHV� ORQJHU�
SXOVHV�DUH�SURGXFLQJ�KLJKHU�FRQYHUVLRQ�HIILFLHQF\��:KHUHDV�LW�LV�QRW�VR�ZHOO�SURQRXQFHG�IRU�
��SV�DQG����SV�SXOVH�GXUDWLRQV��IRU�SXOVHV�ZLWK����SV�DQG�����SV�WKH�ORQJHU�SXOVHV�FOHDUO\�
FUHDWH� KLJKHU� FRQYHUVLRQ� HIILFLHQF\�� 7KHUHIRUH� ZH� XVHG� DQ� ��� +]� 1G�<$*� ODVHU� ZLWK�
PD[LPXP� SXOVH� HQHUJ\� RI� � �����-� DQG� D� SXOVH� GXUDWLRQ� RI� ��QV� LQ� RUGHU� WR� H[DPLQH� WKH�
LQWHQVLW\� VFDOLQJ� RI� WKH� HIILFLHQF\� IRU� ORQJHU� SXOVHV�� 7KH� ODVHU� EHDP� ZDV� IRFXVHG� WR� DQ�
LQWHQVLW\�RI�DOPRVW�����:�FP��LQ�WKH�VDPH����P�VSRW�VL]H��):+0��DV�WKH�EXUVW�PRGH�ODVHU��
$OWKRXJK�WKH�1G�<$*�ODVHU�SDUDPHWHUV�DUH�YHU\�GLIIHUHQW�IURP�WKDW�RI�WKH�EXUVW�PRGH�ODVHU��
WKH��HIILFLHQF\�IRU�WKH�����QP�HPLVVLRQ�ZDV�������LQ��S�VWHUDGLDQ�DQG������%:��ZKLFK�ILWV�
ZHOO� LQ� WKH� LQWHQVLW\� VFDOLQJ� GHULYHG� IURP� WKH� EXUVW� PRGH� ODVHU� �)LJ������ ,Q� WKH� SDUDPHWHU�
UDQJH�FRYHUHG�KHUH�D�KLJKHU�SXOVH�LQWHQVLW\�UHVXOWV�LQ�VWLOO�KLJKHU�HIILFLHQF\��+RZHYHU�IRU�WKH�
ORQJ����QV�SXOVH�GXUDWLRQ�WKH�PD[LPXP�HIILFLHQF\�LV� ODUJHU� WKDQ�WKH�EHVW�RQH�DFKLHYHG�ZLWK�
WKH�EXUVW�PRGH�ODVHU�EXW�DW�WKH�RQH�RUGHU�RI�PDJQLWXGH�KLJKHU�LQWHQVLW\��,W�LV�ZRUWK�WR�QRWH�WKDW�
WKH�PHDVXUHG�HIILFLHQF\�ZDV�LQ�WKH�UDQJH�RI�WKH�KLJKHVW�YDOXHV�UHSRUWHG�LQ�WKH�OLWHUDWXUH�XVLQJ�
;H�FOXVWHU�RU�;H�JDV�WDUJHW�V\VWHP�DQG�ODVHU�SXOVHV�ZLWK�PRGHUDWH�LQWHQVLWLHV�>��������@��7KH�
LQIOXHQFH�RI�ODVHU�SXOVH�GXUDWLRQ�RQ�;H�SODVPD�SURGXFWLRQ�DQG�UHODWHG�(89�HPLVVLRQ�FDQ�EH�
GLVFXVVHG� LQ� FRQWH[W� ZLWK� WKH� SODVPD� H[SDQVLRQ� WLPH� >��@�� ,QVLGH� WKH� FOXVWHU� PHGLD� ODVHU�
HQHUJ\�FDQ�EH�HIIHFWLYHO\�DEVRUEHG�LI�SXOVHV�DUH�VKRUWHU�RU�FRPSDUDEOH�WR�WKH�GLVDVVHPEO\�WLPH�
RI�WKH�FOXVWHUV��7KLV�LV�MXVW�LQ�WKH�UDQJH�RI�IHZ�SLFRVHFRQGV�>�����@��:KHQ�XVLQJ�ODVHU�SXOVHV�
LQ�WKH�SV�UDQJH�WKH�;H�SODVPD�FUHDWLRQ�DQG�UHODWHG�(89�HPLVVLRQ�GHSHQG�RQ�WKH�LQLWLDO�FOXVWHU�
VWDWH�RI� WKH�WDUJHW��7KXV�ZH�SXW�HPSKDVLV�RQ�FOXVWHU� WDUJHW�FKDUDFWHUL]DWLRQ�DQG�RSWLPLVDWLRQ�
WRR��,Q�FDVH�RI�ODVHU�SXOVHV�ZLWK�QV�ZLGWK�RQO\�WKH�OHDGLQJ�HGJH�RI�WKH�SXOVH�FDQ�LQWHUDFW�ZLWK�D�
FOXVWHU��/DWHU�RQ� WKH�FOXVWHU�GLVDVVHPEOHV�DQG� WKH� UHVXOWLQJ�XQGHUGHQVH�XQLIRUP�SODVPD�ZLOO�
GHWHUPLQH�WKH�SODVPD�G\QDPLFV��$�FRPSOHWH�XQGHUVWDQGLQJ�RI�WKH�REVHUYHG�GLIIHUHQFHV�LQ�SV��
DQG�QV�SXOVH�LQWHUDFWLRQ��FI��)LJ�����FDQQRW�EH�REWDLQHG�ZLWKRXW�D�PRGHOOLQJ�RI�WKH�FRPSOH[�
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)LJXUH����D���&RQYHUVLRQ�HIILFLHQF\�DW�����QP�ZDYHOHQJWK�LQ�GHSHQGHQFH�RI�WKH�ODVHU�LQWHQVLW\�
DW�SXOVH�GXUDWLRQV���7KH�HYDOXDWLRQ�ZDV�PDGH�XVLQJ�WKH�VLJQDOV�IRU�RSWLPXP�SUHVVXUH��7KHVH�
SDUDPHWHUV�ZHUH���EDU�DW���SV��WULDQJOHV�����EDU�DW����SV��FLUFOHV�������SV��VTXDUHV��DQG���QV�
�GLDPRQGV��SXOVH�GXUDWLRQ��E���(PLWWHG�SKRWRQ�QXPEHU��RII�D[LV��DW������QP�LQ�GHSHQGHQFH�RI�
;H�EDFNLQJ�SUHVVXUH�DQG�GLIIHUHQW�ODVHU�SXOVH�ZLGWKV�DQG�ODVHU�HQHUJLHV��
�
�
HQHUJ\� WUDQVIHU� SURFHVVHV� LQ� WKH� WDUJHW�� +RZHYHU� KHUH� ZH� VXJJHVW� KRZ� WKH� (89� HPLVVLRQ�
FKDUDFWHULVWLFV�FDQ�EH�XQGHUVWRRG� LQ�DQ�HPSLULFDO�SLFWXUH�RI� WKH�SODVPD�G\QDPLFV�ZKHUH� WKH�
PDLQ� SDUW� RI� WKH� ODVHU� HQHUJ\� LV� WUDQVIHUUHG� WR� WKDW� XQGHUGHQVH� XQLIRUP� SODVPD�� 7KLV� PD\�
SURYLGH� D� VLPSOH� PRGHO� WR� H[SODLQ�� DW� OHDVW� SDUWLDOO\�� WKH� REVHUYHG� ODUJH� GLIIHUHQFH� LQ� WKH�
FRQYHUVLRQ�HIILFLHQF\�IRU������QP�HPLVVLRQ�DW�GLIIHUHQW�ODVHU�SXOVH�ZLGWK��%HFDXVH�RI�ERWK�WKH�
ELJ�FOXVWHUV�DQG�WKH�PRGHUDWH�ODVHU�LQWHQVLW\�WKH�WDUJHW�ZLOO�EH�LRQL]HG�GXULQJ�WKH�OHDGLQJ�HGJH�
RI� WKH�ODVHU�SXOVH��EXW� WKH�SODVPD�GRHV�QRW�UDULI\�DW�QV� WLPH�VFDOH�DQG�WKHUHIRUH�ODVHU�HQHUJ\�
FDQ�EH�HIILFLHQWO\�DEVRUEHG��7KH�ILUVW�SDUW�RI�DQ�QV�SXOVH�FRXOG�SUHSDUH�D�SODVPD�VWDWH�ZKLFK�
SURYLGHV�D�PRUH�HIILFLHQW�H[FLWDWLRQ� IRU� WKH� IROORZLQJ�SDUW� HYHQ�DW� UHGXFHG�GHQVLW\�� �7KLV� LV�
VLPLODU� WR� WKH�ZHOO�NQRZQ�SODVPD�SUHSDUDWLRQ�E\�GLIIHUHQW�SUHSXOVH� WHFKQLTXHV� IRU�RSWLPXP�
H[FLWDWLRQ���
,Q�>��@�WKH�DXWKRUV�UHSRUWHG�WKDW�WKH�SUHSXOVH�WHFKQLTXH�DSSOLHG�WR�D���EDU�EDFNHG�;H�JDV�MHW�
KDV� JRW� D� ���� IROG� HPLVVLRQ� HQKDQFHPHQW� DW� DERXW� D� WLPH� GHOD\� RI� ���QV�� )RU� WKH� IXUWKHU�
GLVFXVVLRQ�ZH�WU\�WR�DSSUR[LPDWH�WKH�SODVPD�GHQVLW\�HYROXWLRQ�RI�WKH�VRXUFH�ZKHQ�WKH�VRXUFH�
VL]H�LV�LQ�WKH�RUGHU�RI����PP���7KH�VRXUFH�VL]H�ZDV�PHDVXUHG�WR�EH�VLJQLILFDQWO\�ODUJHU�DV�WKH�
ODVHU� IRFXV� H[WHQVLRQ�� 3HUSHQGLFXODU� WR� WKH� ODVHU� SURSDJDWLRQ� D[LV� ZH� PHDVXUHG� D� VRXUFH�
H[WHQVLRQ�RI�DERXW����PP��:H�DOVR�FRXOG�QRW�REVHUYH�DQ\�VL]H�HIIHFWV�LQ�GHSHQGHQFH�RQ�WKH�
SXOVH� GXUDWLRQ��� )URP� RXU� VSHFWUDO� PHDVXUHPHQWV� �GLIIHUHQW� OLQH� UDGLDWLRQ� IURP� GLIIHUHQW�
FKDUJH�VWDWHV�DV�GLVFXVVHG�DERYH��ZH�FDQ�DVVXPH� WR�KDYH�DQ�DYHUDJH�FKDUJH�VWDWH�=DY� LQ� WKH�
RUGHU�RI����IRU�WKH�UDGLDWLQJ�;H�SODVPD��
7KLV�DYHUDJHG�LRQL]DWLRQ�RI�;H�LV�DSSUR[LPDWHO\� UHODWHG�WR�DQ�HOHFWURQ�WHPSHUDWXUH�N7H�LQ�D�
UDQJH�EHWZHHQ����H9�DQG�����H9��7KH�WKHUPDO�SODVPD�H[SDQVLRQ�YHORFLW\�YSO�FDQ�EH�HVWLPDWHG�
IURP�

�
DQG�UHDFKHV�KHUH�D�YDOXH�RI�YSO�!!����u����FP�V�ZKLFK�LV�QRW�YHU\�KLJK�GXH�WR�WKH�PDVVLYH�;H�
LRQV��,I�ZH�QRZ�ORRN�DW�WKH�SODVPD�GHQVLW\�HYROXWLRQ�DSSUR[LPDWHG�E\���
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DQG�KDYLQJ�XVHG�DQ�LQLWLDO�UDGLXV�U��RI�����P�WKH�H[SDQGHG�UDGLXV�DIWHU���QV�ZLOO�EH���������
�P�DQG�WKH�DYHUDJH�SODVPD�GHQVLW\�GHFUHDVHV�E\�D�IDFWRU�RI�a��������7KH�LQLWLDO�SODVPD�GHQVLW\��
FRUUHVSRQGV� WR� WKH� DYHUDJH� ;H�GHQVLW\� SURYLGHG� E\� RXU� � WDUJHW� V\VWHP�� ,W� LV� WR� QHa� ���
���u����FP���DW���±��EDU�>�@�DQG�ILWV�ZHOO�WKH�GDWD�H[WUDSRODWHG�IURP�>��@��:LWKLQ�WKLV�SLFWXUH�
WKH�GHQVLW\�UHPDLQV�QHDUO\�FRQVWDQW��LQ�WKH�ILUVW�����SV�DQG�GHFUHDVHV�VORZO\�LQ�WKH�IROORZLQJ�
��QV�� 7KXV� LW� VHHPV� WR� EH� UHDVRQDEOH� WKDW� IRU� ��SV� DQG� ���SV� SXOVHV� EXW�ZLWK� FRPSDUDEOH�
LQWHQVLWLHV�RI�a�����:�FP��WKH�FRQYHUVLRQ�HIILFLHQF\�DW�����QP�DUH�VLPLODU��)LJ������$W�WKH��
DYDLODEOH� GHQVLW\� OHYHO� RI� QH �u����FP��� RQH� FDQ� HVWLPDWH� D� SRVVLEOH� ODVHU� UDGLDWLRQ�
DEVRUSWLRQ�YLD�HOHFWURQ�LRQ�FROOLVLRQV�>��@��7KH�DEVRUSWLRQ�FRHIILFLHQW��LV�
�
�

ZLWK� ZS�� WKH� SODVPD� DQG� Z/�� WKH� ODVHU� IUHTXHQF\�� UHVSHFWLYHO\�� 7KH� HOHFWURQ�LRQ� FROOLVLRQ�
IUHTXHQF\��LV���
�
�

�
�
>��@��ZKHUH�WKH�&RXORPE�ORJDULWKP�LV�DSSUR[LPDWHG�E\�OQ/ ���OQ���QH>FP��@�����7H>H9@���)RU�
WKH�DEVRUSWLRQ�$ ��H[S��DDEV�G��ZH�REWDLQ�YDOXHV�EHWZHHQ����DQG�����IRU�D�VRXUFH�H[WHQVLRQ�
RI�����P�DQG�XVLQJ�LRQ�GHQVLW\�YDOXHV�QL�EHWZHHQ������u����FP����DQ�HOHFWURQ�WHPSHUDWXUH�RI�
��H9�DQG�DQ�DYHUDJH�FKDUJH�VWDWH�����$W�OHDVW�WKLV�URXJK�HVWLPDWLRQ�VKRZV�WKDW�HIILFLHQW�ODVHU�
OLJKW�DEVRUSWLRQ�FDQ�RFFXU�IRU�RXU�WDUJHW�SDUDPHWHUV�GXULQJ�D�UHODWLYHO\�ORQJ�QV�WLPHVFDOH��7KLV�
LV� FRUURERUDWHG� E\� WKH� H[SHULPHQWDO� ILQGLQJV� LQ� )LJ���� DQG� E\� RXU� SUHYLRXV� LQYHVWLJDWLRQV�
>��@��7KH�QV�SXOVH�LQWHUDFWLRQ�UHVXOWV�LQ�D�KLJKHU�FRQYHUVLRQ�HIILFLHQF\�FRPSDUHG�WR�SV�SXOVH�
LQWHUDFWLRQ�DW�DQ�LQWHQVLW\� OHYHO�RI�����:�FP���7KH�REWDLQHG�H[SHULPHQWDO�UHVXOWV�GHSLFWHG�LQ�
)LJ����DGYLVH�WKDW�WKH�ODVHU�LQWHQVLW\�SOD\V�WKH�FUXFLDO�UROH�IRU�WKH�LQWHUDFWLRQ�HIILFLHQF\��ZLWK�
FOXVWHU�MHW� WDUJHWV��2WKHU� H[SHULPHQWV� >��@� IRXQG� VLPLODU� WR� XV� WKDW� WKH� HIILFLHQF\�PLQLPXP�
ZKHQ�XVLQJ�QV�SXOVHV�DW�D�����:�FP��OHYHO��%XW�KHUH�ZH�FRXOG�SHUIRUP�H[SHULPHQWV�DW�KLJKHU�
LQWHQVLW\�� 7KXV� SUREDEO\� D� KLJKHU� LRQL]DWLRQ� RFFXUV� RYHU� D� ORQJHU� WLPHVFDOH�� ZKLFK� ERRVWV�
ILQDOO\� WKH� (89�HPLVVLRQ� HIILFLHQF\�� +RZHYHU� ZH� � FRXOG� QRW� UHDFK� WKH� LQWHQVLW\� IRU� DQ�
H[FLWDWLRQ� RSWLPXP�� QHLWKHU� IRU� QV�� QRU� SV�SXOVHV�� ,W� VKRXOG� EH� � UHPHPEHUHG� KHUH� WKDW� LQ� D�
SUHYLRXV�ZRUN�>������@�ZH�VKRZHG�KLJKHU�HIILFLHQFLHV��EXW�IRU�UHPDUNDEO\�KLJKHU�LQWHQVLWLHV�LQ�
WKH�UDQJH�EHWZHHQ�����±����:�FP��DQG�ZLWK��SV��DQG�IV�ODVHU�SXOVHV�DV�GHVFULEHG�DERYH����
7KH�UHVXOWV�LPSOLFDWH�WKDW�FOXVWHU�WDUJHW��KHDWLQJ�RQ�GLIIHUHQW�WLPH�VFDOHV�FKDQJH�WKH�LQWHUDFWLRQ�
W\SH� IURP� WKH� FRPPRQ� FOXVWHU� G\QDPLFV� RQ� D� SV�WLPHVFDOH� WR� D� GHQVH� JDV� LQWHUDFWLRQ�
FKDUDFWHUL]HG� E\� D� QV�WLPHVFDOH�� 7KH� ODWWHU� RQH� FDQ� EH� HIIHFWLYH� RQ� WKH� SUHFRQGLWLRQ� WKDW�
VXIILFLHQW� DYHUDJH� GHQVLW\� DQG� ODVHU� LQWHQVLW\� ZLOO� EH� SURYLGHG�� � (IIHFWV�� ZKLFK� FRXOG� QRZ�
LQFUHDVH� WKH� FRQYHUVLRQ� HIILFLHQF\� ZLWKLQ� WKH� GLVFXVVHG� TXDOLWDWLYH� PRGHO� RI� SODVPD�
H[SDQVLRQ��FDQ�EH�FRQQHFWHG�HLWKHU�ZLWK�D�PRUH�HIILFLHQW�FUHDWLRQ�RI�WKH�UHTXLUHG�LRQ�VSHFLHV�LI�
WKH� SODVPD� FDQ� EH� KHDWHG� RYHU� D� ORQJHU� WLPHVFDOH� RU� ZLWK� DQ� HIILFLHQW� VXSSUHVVLRQ� RI� WKH�
TXHQFKLQJ�RI� WKH� UHOHYDQW� H[FLWHG� VWDWHV�E\� WKUHH�ERG\� FROOLVLRQV�GXH� WR� WKH�GHFUHDVH�RI� WKH�
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GHQVLW\� GXULQJ� WKH� H[SDQVLRQ�� 7KLV� PD\� SURYLGH� D� DUJXPHQWDWLRQ� IRU� WKH� REVHUYHG� ODUJH�
GLIIHUHQFH�LQ�WKH�FRQYHUVLRQ�HIILFLHQF\�IRU�����QP�HPLVVLRQ�DW�GLIIHUHQW�ODVHU�SXOVH�ZLGWK����
�
�
�
&RQYHUVLRQ�HIILFLHQFLHV�DQG�FRPSDULVRQ�WR�RWKHU�ODVHU�GULYHQ�;H±VRXUFHV�
�
:LWKLQ� D� ����� EDQGZLGWK� FHQWHUHG� DW� ����QP�� D� ZDYHOHQJWK� EDQG�ZKHUH�0R�6L�PXOWLOD\HU�
PLUURUV�ZLWK�KLJKHVW�UHIOHFWLYLW\��a�����FDQ�EH�SURYLGHG��WKH�WRWDO�LQWHJUDWHG�RII�D[LV�IOX[�LQ�
UHODWLRQ� WR� WKH� LQFLGHQW� ODVHU� HQHUJ\� �FRQYHUVLRQ� HIILFLHQF\�� LV� VKRZQ� LQ� )LJ�� ���� +HUH� ZH�
H[WUDSRODWHG�WKH�HPLVVLRQ�LQ��S�VU�VROLG�DQJOH�XVLQJ�WKH�REVHUYDWLRQ�DQJOH�RI�����PVU�RI� WKH�
RII�D[LV�VSHFWURPHWHU��$YHUDJLQJ�WKH�RII�D[LV�DQG�RQ�D[LV�GDWD�ZH�FDQ�LQIHU�D�PD[LPXP�ODVHU�
OLJKW�LQWR�(89�HPLVVLRQ�FRQYHUVLRQ�HIILFLHQF\��&(��RI������LQ��S�VU�VROLG�DQJOH��$W�DURXQG�
����QP�LQ�UHVSHFW�WR�0R�%H�PXOWLOD\HU�PLUURUV�ZLWK�KLJKHVW�UHIOHFWLYLW\�WKH�&(�DPRXQWV�WR���
��LQ�LQ��S�VU�VROLG�DQJOH��FI��)LJ����0RUHRYHU�LQ�WKH�ZDYHOHQJWK�UHJLRQ�IURP���QP�WR���QP�D�
&(� XS� WR� ����� LQ� �S� VU� KDV� EHHQ� DFKLHYHG�� 2XU� GDWD� H[FHHG� WKH� FRQYHUVLRQ� HIILFLHQFLHV�
REWDLQHG�LQ�H[SHULPHQWV�ZKHUH�;H�FOXVWHU�WDUJHWV�ZHUH�LUUDGLDWHG�E\�.U)�ODVHU�SXOVHV�ZLWK�����
IV�SXOVH�OHQJWK�>��@��&RQYHUVLRQ�HIILFLHQFLHV�RI�������LQ��S�VU�DW����������QP�DQG�XS�WR����LQ�
�S� VU� LQ� WKH� UHJLRQ� IURP� �QP� WR� ��QP�� KDYH� EHHQ� UHSRUWHG�� 6RPH� DSSOLFDWLRQV� �H�J��
OLWKRJUDSK\�� UHTXLUH� FRQWLQXRXV� RU� TXDVL� FRQWLQXRXV� ±� KLJK� UHSHWLWLRQ� UDWH� ±� LOOXPLQDWLRQ�
ZKHUH� WKH� VLQJOH� WHPSRUDO� SXOVH� ZLGWK� GRHV� QRW� DQG� RQO\� WKH� DYHUDJH� SRZHU� GRHV� PDWWHU��
7KHUHIRUH�LW�LV�LPSRUWDQW�WR�FRPSDUH�RXU�FRQYHUVLRQ�HIILFLHQLHV�ZLWK�HIILFLHQFLHV�RI��RWKHU�;H±
DJJUHJDWLRQV� �H�J�� OLTXLG�� LQ� D�GLIIHUHQW� ODVHU� LQWHUDFWLRQ�SDUDPHWHU� UHJLPH� �QV�ODVHU�SXOVHV���
2XU�&(�DW�����QP�LV�YHU\�VLPLODU��WR�WKH�UHODWHG�YDOXH�JLYHQ�E\�'�$��7LFKHQRU�HW�DO��>��@�ZKR�
KDV� IRXQG� IRU�QV�±� LUUDGLDWHG�;H�FOXVWHU�PLFURGURSOHW�WDUJHWV� �FI�� FRPPHQW� LQ� >��@��D�&(�RI�
DERXW������LQ��S�VU�DQG������EDQGZLGWK��%:���,Q�FRQWUDVW��IRU�D�;H�MHW�WDUJHW�LUUDGLDWHG�E\�
<$*�ODVHU�SXOVHV�RI���QV�GXUDWLRQ�&(¶V�ZHUH�UHSRUWHG�>��@��RI�������LQ��S�VU�DQG������LQ��S�
VU�DW�����QP�����%:��DQG�����QP�����%:���UHVSHFWLYHO\��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
)LJXUH� ���� &RPSDULVRQ� RI� SXEOLVKHG� FRQYHUVLRQ� HIILFLHQF\� YDOXHV� RI� ;H�JDV�SXOVHG�FOXVWHU�
WDUJHWV�DW�WKH������QP�ZDYHOHQJWK�
�
)LQDOO\��LQ�WKH�IROORZLQJ�DQ�HVWLPDWLRQ�RI�WKH�HIILFLHQF\�ZLOO�EH�PDGH�EDVHG�RQ�WKH�DVVXPSWLRQ�
WKDW�WKH�SODVPD�LV�LQ�DQ�ORFDO�WKHUPRG\QDPLF�HTXLOLEULXP��/7(���,Q�FRQWUDVW�WR�ZDWHU��IRU�WKH�
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;H� LV� WKH� HVWLPDWH�RI� � WKH� UHTXLUHG� LRQL]DWLRQ� HQHUJ\�GLIILFXOW�� EHFDXVH� VHYHUDO� GLIIHUHQW� LRQ�
VSHFLHV� FRQWULEXWH� WR� WKH� HPLVVLRQ� �ZLWK� D� EDQGZLGWK� RI� ����EHFDXVH� VHYHUDO� GLIIHUHQW� LRQ�
VSHFLHV� FRQWULEXWH� WR� WKH� HPLVVLRQ� LQ� WKH� EDQGZLGWK� RI� ����� DW� WKH� ����QP� ZDYHOHQJWK��
0RUHRYHU��WKH�HQHUJ\�RI�DOO�SRVVLEOH�WUDQVLWLRQV�FRQWULEXWLQJ�WR�WKH�HPLVVLRQ�LQ�WKLV�UDQJH�DUH�
QRW�NQRZQ��QRW�DFFHVVLEOH�����7KHUHIRUH�IROORZLQJ�DVVXPSWLRQV�KDYH�EHHQ��PDGH��
7KH�HPLVVLRQ�LQ�WKH�(89�UDQJH�VWHPV��PDLQO\�IURP�WKH�;H���;H����LRQ�VSHFLHV��:H�WDNH�IRU�
WKH� HVWLPDWLRQ� RI� WKH� HIILFLHQF\� DQ� DYHUDJHG� LRQL]DWLRQ� HQHUJ\� YDOXH� IRU� WKH� ;H����
¦(W��|���H9��$GGLWLRQDOO\�LW�LV�SUHVXPHG�WKDW�WKH�WHQ�IROG�;H�LRQ��HPLWV�PDLQO\�LQ�WKH�UDQJH�
EHWZHHQ� �����QP��ZKLFK� LV� FRYHUHG� E\� WUDQVPLVVLRQ� JUDWLQJ� VSHFWURPHWHU�7*6����1RZ�ZH�
FDQ�FRPSDUH�WKH�UDGLDWHG�HQHUJ\�LQ�WKH�ZKROH�UDQJH��ZLWK�WKDW�IURP�WKH�����QP�LQ�EDQG�UDQJH��
,W� IROORZV� IURP� WKH� FRPSDULVRQ� RI� WKH� HQHUJ\� FRQWDLQHG� LQ� WKH�ZKROH� UDQJH� WR� WKH� LQ�EDQG�
HQHUJ\�D�YDOXH�RI�¦M DZ�JMKQ�|�����H9��
7KH� LRQ� DQG� HOHFWURQ� WHPSHUDWXUH� LV� DSSUR[LPDWHG� WR� N%7M�|���H9��:LWK� DOO� WKDW� SK\VLFDOO\�
MXVWLILHG� DSSUR[LPDWLRQV� RQH� UHFHLYHV� DQ� (PLQ� |�����H9� DQG� UHVSHFWLYHO\� D� WKHRUHWLFDOO\�
SRVVLEOH�FRQYHUVLRQ�HIILFLHQF\�RI�K�|������LQ��SVU�DQG�������EDQGZLGWK�RU�DERXW����LQ��SVU���
7KHVH�YDOXHV�IRU�WKH�FRQYHUVLRQ�HIILFLHQF\�DUH�LQ�FRLQFLGHQFH�ZLWK�RWKHU�FDOFXODWLRQV�UHSRUWHG�
LQ�WKH�OLWHUDWXUH�>��@��7KH\�UHSUHVHQW�DQ�XSSHU�OLPLW�VLQFH�LW�LV�EXW�QRW�WDNHQ�LQWR�DFFRXQW�RWKHU�
IDFWRUV� DV� DQ� LPSHUIHFW� ODVHU� SXOVH� FRXSOLQJ� WR� WKH� SODVPD�� ,W� VHHPV� WR� EH� UHDVRQDEOH� WR�
SURFHHG�IURP�WKH�DVVXPSWLRQ�WKDW�WKH�PD[LPDO�FRQYHUVLRQ�HIILFLHQF\�VKRXOG�QRW�VXUSDVV��WKH�
YDOXH� RI� ���� 7KH� H[SHULPHQWDOO\� GHWHUPLQHG� HIILFLHQF\� IRU� LUUDGLDWLRQ� ZLWK� D� � FLUFXODUO\�
SRODUL]HG�ODVHU�SXOVH�FRPHV�DOUHDG\�FORVH�WR�WKLV�HVWLPDWHG�YDOXH��$Q�LPSRUWDQW�SUREOHP�DW�WKH�
RSWLPL]DWLRQ�RI�WKH�HIILFLHQF\�LV�REYLRXVO\�WKH�DEVRUSWLRQ�RI�WKH�FUHDWHG�(89�HPLVVLRQ�LQ�WKH�
SODVPD��$�ZD\�RXW�RI�WKLV�VLWXDWLRQ�FRXOG�EH�D�VXEVWLWXWLRQ�RI�WKH�FOXVWHU�JDV�WDUJHW�E\�DQ�;H�
MHW�WDUJHW��ZKLFK�LV�LQGHHG�LQ�SURJUHVV��,W�LV�ZRUWK�WR�XQGHUOLQH��WKDW�D�PRUH�H[DFW�FDOFXODWLRQ�
ZRXOG�UHTXLUH�D�VRSKLVWLFDWHG�K\GURG\QDPLFV�DQG�UDGLDWLRQ�SURSDJDWLRQ�FRGH��ZKLFK�ZDV�QRW�
DYDLODEOH���
/DUJH�;H±FOXVWHUV� ���������DWRPV�SHU�FOXVWHU��KDYH�EHHQ�H[SRVHG�ZLWK�XOWUDVKRUW� ���IV��DQG�
KLJK� LQWHQVLW\� ��±��u����:�FP�� SXOVHV� IURP� D� 7L�6D�ODVHU�� 6FDOLQJ� DQG� DEVROXWH� \LHOG�
PHDVXUHPHQWV� RI� (89±HPLVVLRQ� LQ� D� ZDYHOHQJWK� UDQJH� EHWZHHQ� �QP� DQG� ��QP� LQ�
FRPELQDWLRQ�ZLWK�FOXVWHU�WDUJHW�FKDUDFWHUL]DWLRQ�GHPRQVWUDWH�WKH�UROH�RI�FOXVWHU�VL]H��DYHUDJH�
GHQVLW\� DQG� WDUJHW� FRQILJXUDWLRQ� IRU� \LHOG� RSWLPL]DWLRQ��0D[LPXP�HPLVVLRQ� LQ� WKH� ��QP� WR�
��QP� HPLVVLRQ� EDQG� KDV� EHHQ� IRXQG� ZLWK� EDFNLQJ� SUHVVXUHV� EHWZHHQ� �� DQG� ��� EDU�� 7KH�
UHJLVWHUHG�DQLVRWURS\�RI�RQ�D[LV�DQG�RII�D[LV�HPLVVLRQ�VXJJHVWV�DQ�LPSRUWDQW�LQIOXHQFH�RI�WKH�
VRXUFH�VL]H��LRQ�GLVWULEXWLRQ�DQG�UDGLDWLRQ�DEVRUSWLRQ�ZLWKLQ�WKH�DPELHQW�FOXVWHU�JDV��$�VLPSOH�
PRGHO�RI�D�SRVVLEOH�VRXUFH�JHRPHWU\�FDQ�H[SODLQ�PDLQ�IHDWXUHV�RI�WKH�REVHUYHG�VLJQDOV��:LWK�
WKH�ODVHU�SDUDPHWHUV�XVHG�KHUH�;H���;H���±LRQV�DUH�SURGXFHG�YLD�RSWLFDO�ILHOG�LRQL]DWLRQ�DQG�
DUH� SUREDEO\� QRW� HVVHQWLDOO\� FRYHUHG� E\� IXUWKHU� FROOLVLRQV�� 7KHUHIRUH� WKH� XVH� RI� FLUFXODUO\�
SRODUL]HG�ODVHU�OLJKW�UHVXOWV�LQ�HQKDQFHPHQW�RI�WKH�UDGLDWLRQ�VLJQDOV�LQ�FRPSDULVRQ�WR�OLQHDUO\�
SRODUL]HG� OLJKW�� $Q� DEVROXWH� HPLVVLRQ� HIILFLHQF\� XS� WR� ����� LQ� �S� VU� DW� DERXW� ����QP�
ZDYHOHQJWK� DQG� ����� EDQGZLGWK� ZDV� UHDOL]HG�� :LWK� � ORQJHU� ��SV±��QV� ODVHU� SXOVHV� DW�
PRGHUDWH�LQWHQVLWLHV��������:�FP���FRXOG�DOVR�EH�GHPRQVWUDWHG�DQ�HIILFLHQW�FRQYHUVLRQ�RI�WKH�
ODVHU�HQHUJ\�LQ�WR�(89�HPLVVLRQ��)RU�WKH�;H�SODVPD�D�KLJK�FRQYHUVLRQ�HIILFLHQF\�RI��������S�
VU�� �����%:�� LQ� WR� ����QP� UDGLDWLRQ�ZDV�PHDVXUHG� DW� ODVHU� SXOVH� GXUDWLRQ� RI� ��SV� DQG� DQ�
LQWHQVLW\� RI� ����:�FP��� ,W� LV� HVSHFLDOO\� LPSRUWDQW� WKDW� LQ� FDVH� RI� ��QV� ODVHU� SXOVHV� DW� �����
:�FP��D�VWLOO�KLJKHU�FRQYHUVLRQ�HIILFLHQF\�RI���������S�VU��������%:��FRXOG�EH�UHDFKHG��,Q�
JHQHUDO�� WKH� UDGLDWLRQ� HIILFLHQF\� ULVHV�ZLWK� LQFUHDVLQJ� LQWHQVLW\�� ,W�ZDV� VKRZQ� WKDW� WKH� �;H�
FOXVWHU� MHW� WDUJHW�KDYLQJ�D�KLJK�IORZ�YHORFLW\� LV�ZHOO�VXLWHG�IRU�HIILFLHQW�(89�HPLVVLRQ�ZLWK�
KLJK�UHSHWLWLRQ�RI�XS�WR�����N+]��%RWK�WKH�KLJK�FRQYHUVLRQ�HIILFLHQF\�DQG�WKH�KLJK�UHSHWLWLRQ�
UDWH�PDNH� WKLV� W\SH� RI�;H�WDUJHW� DWWUDFWLYH� IRU� KLJK� DYHUDJH�(89�SRZHU� VRXUFHV��%DVHG� RQ�
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DYDLODEOH�ODVHU�WHFKQRORJ\��IXUWKHU�WHFKQLFDO�DQG�DSSOLFDWLRQ�UHTXLUHPHQWV�FDQ�EH�FKRVHQ�IRU�D�
VXLWDEOH�;H±WDUJHW�V\VWHP�IRU�EULJKW�(89±UDGLDWLRQ��
�
�
:3���
�
�
;H�FOXVWHUV�FRQILQHG�LQ�D�FDSLOODU\�
&KDUDFWHULVWLFV�RI�D�GHQVH��WHPSRUDOO\�DQG�VSDWLDOO\�ORFDOL]HG��RSWLFDOO\�WKLQ�/7(�SODVPD�ZLWK�
D�FROG�FRUH��7KH�WHFKQLTXHV�DSSOLHG�LQ�:3��ZLOO�EH�DSSOLHG�KHUH�WR�WKH�SODVPD�LQ�D�IUHH�VSDFH�
DQG�;H�FOXVWHUV�FRQILQHG�LQ�D�FDSLOODU\��6RPH�VSHFLILF� WHFKQLTXHV�IURP�WKH�LQYHVWLJDWLRQV�RI�
DQ�LRQL]HG�KLJK�=�PDWHULDO�ZLOO�EH�DSSOLHG�WR�REWDLQ�ILQH�WXQLQJ�RI�WKH�WUDQVLWLRQ�HQHUJ\�ZLWKLQ�
WKH��G�VKHOO��

�
7KH�H[SHULPHQWV�WR�FRQILQH�FOXVWHUV�LQ�D�FDSLOODU\�GLVFKDUJH�LQ�RUGHU�WR�SURGXFH�DQ�HORQJDWHG�
HIILFLHQWO\�H[FLWHG�SODVPD�WXEH��ZKLFK�FRXOG�EH�RI�LPSRUWDQFH�IRU�LQFUHDVH�LQ�WKH�HIILFLHQF\�RI�
WKH� LQFRKHUHQW� ODVHU� SODVPD� VRXUFHV� LQ� WKH� ;89� UDQJH� IDLOHG�� 2XU� DWWHPSWV� DSSO\LQJ�
GLDJQRVWLFV�IRU�WKH�FOXVWHU�FKDUDFWHUL]DWLRQ�DV�GHVFULEHG�LQ�WKH�:3��KDYH�VKRZQ��WKDW�FOXVWHUV�
ZLOO� EH� DOUHDG\� GDPDJHG� RQ� WKH�ZD\� WR� WKH� LQWHUDFWLRQ� UHJLRQ� E\� LQWHUDFWLRQ�ZLWK� WKH� FROG�
SODVPD�H[LVWLQJ� LQ� WKH�FDSLOODU\��7KLV� UHVXOW� VHHPV� WR�EH�RI�JHQHUDO�FKDUDFWHU�RQFH� LW�PHDQV�
WKDW�WKH�FOXVWHU�FDQ�EH�FUHDWHG�LQ�D�VWDEOH�DQG�FRQWURODEOH�ZD\�RQO\�LQ�D�IUHH�VWUHDPLQJ�MHW��
�
�
:3��
�
�
:H�DUH�JRLQJ� WR�XVH�$J�VRIW�;�UD\� ODVHU�ZRUNLQJ�DW������QP� LQ�1L�OLNH� LRQV�DQG�GHWHUPLQH�
RSWLFDO� FKDUDFWHULVWLFV� RI� LVW� RXWSXW� EHDP� �GLPHQVLRQV�� GLYHUJHQFH�� LQWHQVLW\� GLVWULEXWLRQ��
FRKHUHQFH�� DQG� VXEVHTXHQWO\� FRXSOH� WKLV� EHDP� WR� WKH� ;�UD\� RSWLFV�� 7KH� HQHUJ\� RI� D� IHZ�
PLFURMRXOHV�DQG�SHDN�LQWHQVLW\�RI������:�FP��DUH�H[SHFWHG��7KXV��VRPH�TXDVL�FRKHUHQW�VRXUFH�
ZRXOG�EH�DYDLODEOH�IRU�VRPH�DSSOLFDWLRQV��

�
5HDOL]DWLRQ�RI�D�WUDQVLHQW�FROOLVLRQDO�[�UD\�ODVHU�
�
9HU\�UHFHQWO\�LQ�FRQWUDVW�WR�WKH�FRPPRQ�WUDQVLHQW�VFKHPHV�ZLWK�WZR�SXOVHV��D�QHZ�PRGLILHG�
WUDQVLHQW� VFKHPH�ZDV� GHPRQVWUDWHG� XVLQJ� RQO\� RQH� VKDSHG� VKRUW� SXPSLQJ� SXOVH�� 7KH� SXOVH�
ZDV� GHOLEHUDWHO\� VKDSHG� WR� PHHW� WKH� UHTXLUHPHQWV� IRU� WKH� FUHDWLRQ� RI� D� SUHSODVPD� DQG�
IROORZLQJ�UDSLG�KHDWLQJ�SKDVH��7KLV�PHWKRG�WDNHV�WKH�DGYDQWDJH�WKDW�WKH�SODVPD�FUHDWHG�LQ�WKLV�
ZD\�LV�PRUH�V\PPHWULFDO�DQG�KRPRJHQHRXV��7KLV�HIIHFW��UHVXOWHG�LQ�VDWXUDWHG�ODVLQJ�LQ�1L�OLNH�
$J� DW� ����P� ZLWK� RQO\� a�-� RI� SXPSLQJ� HQHUJ\� >��@�� 2QH� RI� WKH� VSHFLILF� IHDWXUHV� RI� WKLV�
VFKHPH� LV�� WKDW� WKH�RSWLPXP�GXUDWLRQ�RI� WKH�SXPS�SXOVH� �):+0�� LV�EHWZHHQ�����SV��7KDW�
PHDQV��WKH�V\VWHP�FDQ�VKRZ�D�PRGHUDWH�WUDQVLHQW�EHKDYLRXU��7KLV�KDV�DOVR�EHHQ�FRQILUPHG�E\�
(+<%5,'�VLPXODWLRQV��7KH�WHPSRUDO�GHSHQGHQFH�RI�WKH�JDLQ�RI�D�1L�OLNH�$J�;5/�DW�����QP�
IRU�WKH�SXPSLQJ�SDUDPHWHUV����P-�LQ�WKH���QV�EDFNJURXQG�DQG����-�LQ�WKH���SV�PDLQ�SDUW�RI�WKH�
SXOVH�LV�VKRZQ�LQ�)LJXUH�����,W�KDV�EHHQ�HDVLO\�VHHQ��WKDW�WKH�JDLQ�LV�YHU\�KLJK�HYHQ�DIWHU���SV��
ZKLFK�LV��LQ�FRQWUDVW�WR�WKH�FRPPRQ�GRXEOH�SXOVH�SXPSHG�WUDQVLHQW�VFKHPHV��7KH�GXUDWLRQ�RI�
WKH� RXWSXW� SXOVH� LV� H[SHFWHG� WR� EH� RI� WKH� VDPH� RUGHU� RI�PDJQLWXGH�� 7KLV�ZDV� FRQILUPHG� LQ�
H[SHULPHQWV� >��@�� 7KHVH� SXPS� SXOVH� SDUDPHWHUV� DUH� PRGHUDWH� DQG� FORVH� WR� WKRVH� RI�
FRPPHUFLDOO\�DYDLODEOH�ODVHU�V\VWHPV�ZLWK�KLJKHU�UHSHWLWLRQ�UDWH��7KHUHIRUH��VKRUW�SXOVH�WDEOH�
WRS�;�UD\�ODVHUV�RI�UHGXFHG�VL]H�DQG�KLJK�UHSHWLWLRQ�UDWH�DUH�QRZ�UHDOLVWLF��
7KH�DGYDQWDJH�RI�WKLV�VKDSHG�VLQJOH�SXOVH�SXPSLQJ�LV�HYLGHQW��KLJK�SODVPD�KRPRJHQHLW\��FDQ�
EH� SURGXFHG�� LQ� FRQWUDVW� WR� WKH� FRPPRQ� GRXEOH� SXOVH� VFKHPHV�� ZKHUH� DQ� H[DFW� VSDWLDO�
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VXSHULPSRVLQJ�LV�UHTXLUHG��7KLV�KRPRJHQHRXV�SODVPD�GLVWULEXWLRQ�LV�D�SUHUHTXLVLWH�IRU�D�KLJK�
DPSOLILFDWLRQ�LQ�ORZ�SXPSHG�V\VWHP�DOORZLQJ�WR�GULYH�WKH�V\VWHP�LQWR�VDWXUDWLRQ��$V�D�UHVXOW�
WKH�RSHUDWLRQ�SDUDPHWHUV�RI�WKLV�VDWXUDWHG�1L�OLNH�$J��[�UD\�ODVHU�DUH�TXLWH�LPSUHVVLYH��3XPS�
HQHUJ\����-�RQ����PP�WDUJHW�OHQJWK��SXPS�SXOVH�GXUDWLRQ�a�SV��ZLWK�SHGHVWDO�RI���P-�LQ��QV���
JO!���VDWXUDWLRQ�� RXWSXW� HQHUJ\�a����-�� L�H�� SKRWRQ�QXPEHU�SHU�SXOVH� �� ����������7KH�SXPS�
EHDP�ZDV�IRFXVHG�GRZQ�WR�D�OLQH�RI�D�OHQJWK�RI�a���PP�DQG�D�ZLGWK�RI����PP�E\�D�
FRPELQDWLRQ�RI�DQ�RII�D[LV�SDUDEROD�DQG�D�VSKHULFDO�PLUURU���7KH�SXOVHV�LUUDGLDWHG�PDVVLYH�IODW�
VLOYHU�VODEV�RI��PP�DQG�����PP�LQ�OHQJWK��UHVSHFWLYHO\��7KH�IRFDO�OLQH�ZDV�ORQJHU�WKDQ�WKH�
WDUJHW�OHQJWK�WR�NHHS�WKH�HQHUJ\�GHQVLW\�QHDUO\�FRQVWDQW�RYHU�WKH�ZKROH�WDUJHW�OHQJWK�DYRLGLQJ�
WKH�FUHDWLRQ�RI�FROG�SODVPD�DW�WKH�WDUJHW�HQGV��

�)LJXUH�����6FKHPH�RI�D�VKRUW�SXOVH�SXPSHG�K\EULG�FDSLOODU\�GLVFKDUJH�;5/�ZLWK�D�FRXSOHG�
VRIW�[�UD\�IODW�ILHOG�VSHFWURPHWHU�>��@��7KH�LQVHW�VKRZV�WKH�VSHFLILFDOO\�VKDSHG�SXPS�SXOVH��
�
�
,Q�)LJXUH����WKH�DPSOLILFDWLRQ�EHKDYLRU�RI�WKLV�[�UD\�ODVHU�LQ�GHSHQGHQFH�RQ�WKH�WDUJHW�OHQJWK�
LV�JLYHQ�IRU� WKH�WZR�FDVHV��XQPDWFKHG�WUDYHOLQJ�ZDYH�YHORFLW\� ��IXOO�EOXH�GRWV��DQG�PDWFKHG�
YHORFLW\��UHG�VSKHUHV���$V�H[SHFWHG��WKH�JO��IDFWRU�LV�KLJKHU�IRU�WKH�PDWFKHG�YHORFLW\��KRZHYHU�
VRPHZKDW� VPDOOHU� WKDQ� LW� IROORZV� IURP� FDOFXODWLRQV�� 7KLV� GLVFUHSDQF\� LV� DWWULEXWHG� WR� WKH�
UHODWLYH� ORQJ� SXOVH� GXUDWLRQ� RI� a�SV� DQG� WKH� VWHSOLNH� WUDYHOLQJ�ZDYH� DUUDQJHPHQW�� 7KH� IXOO�
DGYDQWDJH� RI� WKH� WUDYHOLQJ� ZDYH� ZRXOG� ZRXOG� EH� DSSDUHQW� IRU� VKRUWHU� SXPS� SXOVHV� DQG� D�
FRQWLQXRXV�PRYHPHQW�RI�WKH�SXPS�SXOVH�DORQJ�WKH�IRFXV�OLQH��&OHDUO\�YLVLEOH�LV�WKH�UROO�RYHU�
RI�WKH�JO�YDOXH�DW�D�WDUJHW�OHQJWK�RI�DERXW��PP��ZKLFK�FDQ�EH�XQGHUVWRRG�DV�WKH��WUDQVLWLRQ�LQWR�
D�VDWXUDWHG�DPSOLILFDWLRQ��
+RZHYHU�� LQVSLWH� WKHVH� QRWDEOH� UHVXOWV� WKH� SURSDJDWLRQ� RI� WKH� ;�UD\� ODVHU� EHDP� LQ� WKH�
DPSOLI\LQJ� PHGLXP� DQG� WKH� GHSHQGHQFH� RI� WKH� [�UD\� ODVHU� EHDP� TXDOLW\� �GHIOHFWLRQ��
GLYHUJHQFH�� ZDYHIURQW�� RQ� SXPS� EHDP� SDUDPHWHUV� LV� VWLOO� QRW� ZHOO� LQYHVWLJDWHG� >�����@�� $�
EHWWHU�XQGHUVWDQGLQJ�RI�WKH�WUDQVLHQW�FROOLVLRQDO�VFKHPH�FDQ�EH�JDLQHG�IURP�WKH�PHDVXUHPHQW�
RI�WKH�FRKHUHQFH�RI�WKH�[�UD\�RXWSXW�EHDP��$PRQJ�WKH�YDULRXV�PHWKRGV�WR�PHDVXUH�WKH�VSDWLDO�
FRKHUHQFH�RI�[�UD\�ODVHUV��RI�SDUWLFXODU�LQWHUHVW�LV�WKH�XVDJH�RI�PXOWL�VOLW�DUUD\V�>��@��GRXEOH�
VOLW� JUDWLQJV>��@�� NQLIH� HGJHV� >��@�� WZR�SLQKROH� PDVNV� >��@� RU� GRXEOH�VOLWV� >��@�� ,QFUHDVLQJ�
FRKHUHQFH�ZLWK�LQFUHDVLQJ�JDLQ�OHQJWK�KDV�EHHQ�GHPRQVWUDWHG�IRU�D�QHRQ�OLNH�$U�;�UD\�ODVHU�
SXPSHG�E\�D�FDSLOODU\�GLVFKDUJH�>�����@��
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,Q�RUGHU�WR�JHW�PRUH�LQIRUPDWLRQ�DERXW�WKH�SURSDJDWLRQ�DQG�DPSOLILFDWLRQ�RI�WKH�[�UD\�EHDP�LQ�
WKH� VLOYHU�SODVPD�FROXPQ�SURGXFHG�ZLWK�RXU� VKDSHG� VLQJOH�SXOVH� WHFKQLTXH�ZH�KDYH� ORRNHG�
PRUH�LQ�GHWDLO�IRU��WKH�VSDWLDO�FRKHUHQFH�SURSHUWLHV�RI��WKH�1L�OLNH�$J�[�UD\�ODVHU�DW������QP��
:H�XVH� WKH�PHWKRG�RI�<RXQJ¶V�GRXEOH�VOLW� LQWHUIHURPHWU\� WR�PHDVXUH� WKH� VSDWLDO� FRKHUHQFH��
7KH�EULJKWQHVV�RI�WKH�WUDQVLHQW�[�UD\�ODVHU�LV�KLJK�HQRXJK�WR�SURGXFH�IULQJHV�ZLWK�DQ�H[FHOOHQW�
FRQWUDVW� LQ�D�VLQJOH�VKRW��7KH� LQWHUIHURJUDPV�REVHUYHG�KHUH�DUH� WKH� ILUVW�HYHU�SURGXFHG�IRU�D�
WUDQVLHQW� FROOLVLRQDO� H[FLWHG� [�UD\� ODVHU� SXPSHG� E\� D� VLQJOH� SLFRVHFRQG� ODVHU� SXOVH�� :H�
EHOLHYH�WKH�FRPSDFWQHVV�RI�WKH�ODVHU�GULYHU�DQG�WKH�����QP�ZDYHOHQJWK�RI�WKH�[�UD\�UDGLDWLRQ��
FORVH� WR� WKH� RSWLPXP� RI� WKH� ;89� UHIOHFWLYH� RSWLFV� QRZ� DYDLODEOH�� PDNHV� VXFK� V\VWHP�
SDUWLFXODUO\�DWWUDFWLYH�IRU�DSSOLFDWLRQV��
�
�
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�
�
)LJXUH����� $PSOLILFDWLRQ� �JO�YDOXH�� RI� WKH� QLFNHO�OLNH� VLOYHU� [�UD\� ODVHU� DW� ����� QP� IRU� DQ�
XQPDWFKHG�WUDYHOLQJ�ZDYH�SXPSLQJ��EOXH�GRWV��DQG�D�PDWFKHG�YHORFLW\�ZLWK�YSXPS Y[�UD\��UHG�
VSKHUHV����
�
7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�ZLWK�WKH�&3$�1G�JODVV�ODVHU�V\VWHP�RI�WKH�+LJK�)LHOG�/DVHU�
$SSOLFDWLRQ� /DERUDWRU\� DW� WKH� 0D[�%RUQ�,QVWLWXWH�� 7KLV� ODVHU�� RSHUDWLQJ� DW� ����QP�
ZDYHOHQJWK��SURGXFHV�SXOVHV�ZLWK�GXUDWLRQV�WKDW�FDQ�EH�YDULHG�EHWZHHQ����SV�DQG���SV�LQ�HDFK�
VKRW��,Q�WKH�H[SHULPHQWV��WKH�&3$�SXOVH�ZDV�OHQJWKHQHG�WR�a���SV�ZLWK�DQ�HQHUJ\�RI�a����-�LQ�
WKH� WDUJHW� FKDPEHU� >��@��7KH� SXOVH� GXUDWLRQ�ZDV�PRQLWRUHG� DW� HDFK� VKRW� E\� D� VHFRQG�RUGHU�
DXWRFRUUHODWRU��DGGLWLRQDOO\�WKH�SXOVH�VKDSH�ZDV�YLVXDOL]HG�E\�D�23&3$�WKLUG�RUGHU�FRUUHODWRU���
7KH� ;�UD\� ODVHU� RXWSXW� ZDV� DQDO\]HG� E\�PHDQV� RI� D� IODW�ILHOG� JUDWLQJ� VSHFWURPHWHU� ZLWK� D�
�����OLQHV�PP� $X�FRDWHG�� +DUDGD�W\SH� FRQFDYH� GLIIUDFWLRQ� JUDWLQJ�� FRXSOHG� ZLWK� D� ���ELW�
EDFN� LOOXPLQDWHG�;�UD\�&&'�FDPHUD�� ,Q�RUGHU� WR�SURGXFH� IULQJHV�RQ� WKH�&&'�GHWHFWRU��ZH�
XVHG�D�SDLU�RI��PP�ZLGH�VOLWV�SODFHG�����PP�DZD\�IURP�WKH�WDUJHW��VHH�)LJ������7KH�GRXEOH�
VOLW� ZDV� RULHQWHG� ZLWK� WKH� WZR� VOLWV� SDUDOOHO� WR� WKH� WDUJHW� VXUIDFH� DQG� SHUSHQGLFXODU� WR� WKH�
GLUHFWLRQ�RI�WKH�HQWUDQFH�VOLW�RI�WKH�IODW�ILHOG�VSHFWURPHWHU��:H�XVHG�D�VHW�RI�WKUHH�GLIIHUHQW�VOLW�
SDLUV�ZLWK� GLVWDQFHV� RI� ���� ��� DQG� ���PP�EHWZHHQ� WKHP�� )ULQJH� SDWWHUQV� RI� WKH� [�UD\� ODVHU�
ZHUH�UHFRUGHG�E\�DQ�[�UD\�&&'�FDPHUD�SODFHG�����PP�DZD\�IURP�WKH�GRXEOH�VOLW�SDLU�OHQJWK�
WDUJHW�ZDV�����-�LQ���SV���
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)LJXUH� ���� D��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� H[SHULPHQWDO� VHWXS� XVHG� LQ� WKH� �<RXQJV��
GRXEOH�VOLW�LQWHUIHUHQFH�FRKHUHQFH�PHDVXUHPHQWV��E���)ULQJH�SDWWHUQ�IURP�D����PP�VHSDUDWLRQ�
VOLW�SDLU�IRU�WKH��G��S��-� ��±��OLQH�DW�����QP�LQ�1L�OLNH�$J��7KH�SXPS�HQHUJ\�RQ�WKH�����PP�
F���/LQH�RXW�RI�WKH�IULQJH�SDWWHUQ�VKRZLQJ�IXOO�PRGXODWLRQ�RI�WKH�IULQJHV��
�
�
$�W\SLFDO�H[DPSOH�RI�WKH�LQWHUIHURJUDPV�REWDLQHG�IURP�WKLV�H[SHULPHQWDO�VHW�XS�ZLWK�D�WDUJHW�
OHQJWK�RI�����PP�LV�VKRZQ�LQ�)LJ���E��,W�KDV�WR�EH�QRWHG�WKDW�ZLWK�WKLV�WDUJHW�OHQJWK�WKH�;�UD\�
ODVHU�ZRUNHG� LQ� WKH� UHJLPH�RI� VDWXUDWHG� DPSOLILFDWLRQ�ZLWK� RXWSXW� HQHUJLHV� LQ� WKH�P-� UDQJH��
7KH�GLVWDQFH�EHWZHHQ�WKH�VOLWV�LV����PP��,W�LOOXVWUDWHV�WKH�KLJK�YLVLELOLW\�RI�WKH�IULQJHV��DQG�WKH�
V\PPHWULF� GHSHQGHQFH� RI� WKH� YLVLELOLW\� DURXQG� WKH� PD[LPXP� DORQJ� WKH� VOLW� GLUHFWLRQ�� 7KH�
IULQJH�YLVLELOLW\��9��LV�GHILQHG�DV���

� � � � � � � � � � � �
SDWWHUQ�DQG�WKH�DGMDFHQW�PLQLPXP�LQWHQVLW\��UHVSHFWLYHO\��7KH�H[SHULPHQWDO�GHWHUPLQDWLRQ�RI�
WKH�YLVLELOLW\�9�DOORZV�WR�HVWLPDWH�WKH�GHJUHH�RI�VSDWLDO�FRKHUHQFH�RI�WKH�;�UD\�ODVHU�UDGLDWLRQ��
)RU�D�TXDVL�PRQRFKURPDWLF�OLJKW�VRXUFH�WKH�GHJUHH�RI�VSDWLDO�FRKHUHQFH�LV�FKDUDFWHUL]HG�E\�WKH�
FURVV�FRUUHODWLRQ�RI�ILHOGV�DFURVV�WKH�RXWSXW�ZDYHIURQW��ZKLFK�FDQ�EH�QRUPDOL]HG�WR�\LHOG�WKH�
FRPSOH[�FRKHUHQFH� IDFWRU�P� >��@�� ,Q� D�GRXEOH�VOLW� LQWHUIHUHQFH�H[SHULPHQW��ZKHUH�ERWK� VOLWV�
DUH� HTXDOO\� LOOXPLQDWHG�� WKH�PRGXOXV� RI� WKH� FRPSOH[� FRKHUHQFH� IDFWRU�� _P_�� LV� HTXDO� WR� WKH�
IULQJH� YLVLELOLW\�� 9�� 7KH� HTXDOLW\� EHWZHHQ� _P_� DQG� 9� LV� YDOLG� IRU� HYHU\� VOLW� VHSDUDWLRQ��'[��
7KHUHIRUH���������������������������������������������
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�
)URP� WKH� IULQJH� YLVLELOLW\� DV� D� IXQFWLRQ� RI� VOLW� VSDFLQJ�� WKH� GLDPHWHU� RI� WKH� HTXLYDOHQW�
LQFRKHUHQW� VRXUFH� RI� WKH� [�UD\� ODVHU� FDQ� EH� FDOFXODWHG�� 7KH� FRPSOH[� FRKHUHQFH� IDFWRU� DV� D�
IXQFWLRQ�RI�WKH�VOLW�VSDFLQJ�LV�JLYHQ�E\�WKH�9DQ�&LWWHUW�=HUQLNH�WKHRUHP�>��@�DV�

�

ZKHUH�'[�LV�WKH�VOLW�VSDFLQJ��G6�LV�WKH�GLDPHWHU�RI�WKH�VRXUFH��]�WKH�GLVWDQFH�EHWZHHQ�WKH�VRXUFH�
DQG�WKH�GRXEOH�VOLW��DQG�-��[��LV�WKH�%HVVHO�IXQFWLRQ�RI�WKH�ILUVW�NLQG��RUGHU����)LJXUH�����VKRZV�
WKH�H[SHULPHQWDO�GDWD�RI�WKH�YLVLELOLW\�9�DV�D�IXQFWLRQ�RI�WKH�VOLW�VHSDUDWLRQ�IRU�WKH���PP�DQG�
WKH� ���PP� WDUJHW� OHQJWK�� ,Q� )LJXUH� ��� UHVXOWV� DUH� JLYHQ� RQ� WKH�PHDVXUHPHQWV� RI� WKH� IULQJH�
YLVLELOLW\�IRU��������DQG���PP�VOLW�SDLU�VHSDUDWLRQV�LQ�D���PP�DQG�LQ�D���PP�OHQJWK�$J�WDUJHW��
7KH�GDVKHG�OLQH�UHSUHVHQWV�WKH�ILWWLQJ�RI�WKH�H[SHULPHQWDO�GDWD�ZLWK�D�³OHDVW�VTXDUH�ILW´�WR�WKH�
HTXDWLRQ� ������ $Q� LQWHUHVWLQJ� DQG� LPSRUWDQW� SRLQW� LV� WKDW� IRU� ERWK� WDUJHWV� DQG� ��� PP� VOLW�
VSDFLQJ�� WKH� IULQJH� YLVLELOLW\� UHDFKHV� WKH� XQXVXDOO\� KLJK� YDOXH� RI� � ������ 7KH� YDOXHV� RI� WKH�
VRXUFH� GLDPHWHU� G6� � REWDLQHG� IURP� WKH� ILWWLQJ� DUH� ��PP� IRU� ERWK� WKH� ��PP�DQG� WKH� ���PP�
WDUJHW� OHQJWK��7KLV� UHVXOW�VKRZV�IRU� WKH� ILUVW� WLPH� WKDW�D�FROOLVLRQDO�;5/�FDQ�SURGXFH�D�KLJK�
GHJUHH�RI�VSDWLDO�FRKHUHQFH�DW�D�IHZ�PP�OHQJWK�RI�WKH�DPSOLI\LQJ�PHGLXP��,W�LV�ZRUWK�WR�QRWH�
WKDW�RXU�;5/�RXWSXW�EHDP�LV�JHQHUDWHG�ZLWK�D�KLJK�UHSURGXFLELOLW\�RI�ERWK�VDWXUDWLRQ�DV�ZHOO�
DV�RI�IXOO�VSDWLDO� �FRKHUHQFH��:H�LQWHUSUHW�WKLV�EHKDYLRU�DV�D�UHVXOW�RI�WKH�VSHFLILF�LUUDGLDWLRQ�
FRQGLWLRQV��ZKLFK�UHVXOW�LQ�WKH�SURGXFWLRQ�RI�D�KLJK�DPSOLI\LQJ�SODVPD�RI�JRRG�V\PPHWU\�DQG�
KRPRJHQHLW\��

�
)LJ�����0HDVXUHPHQW�RI� WKH�IULQJH�YLVLELOLW\�IRU��������DQG���PP�VOLW�SDLU�VHSDUDWLRQV�LQ�D���
PP�DQG�LQ�D���PP�OHQJWK�$J�WDUJHW��7KH�GDVKHG�OLQHV�VKRZ�WKH�EHVW�ILW��DFFRUGLQJ�WR�(T��������
�
�
,Q�VXPPDU\��ZH�KDYH�UHDOL]HG�D�FRPSDFW�DQG�VDWXUDWHG�QLFNHO�OLNH�$J�;�UD\�ODVHU�DW�����QP�
ZLWK�D�KLJK�GHJUHH�RI�VSDWLDO�FRKHUHQFH��7KLV�UHVXOW��WRJHWKHU�ZLWK�WKH�ORZ�SXPS�HQHUJ\�RI�OHVV�
WKDQ��-�GHOLYHUHG�LQ�D�VLQJOH�SXOVH��PDNHV�WKLV�;5/�DQ�DWWUDFWLYH�WRRO�IRU�DSSOLFDWLRQV�LQ�WKH�
SK\VLFDO�DQG�OLIH�VFLHQFHV��7KH�VFDODELOLW\�RI�WKH�UHTXLUHG�ODVHU�GULYHU�WR�VWLOO�KLJKHU�UHSHWLWLRQ�
UDWHV� ZLOO� IXUWKHU� LQFUHDVH� WKH� DSSOLFDWLRQ� SRWHQWLDO� RI� VXFK� ;89� VRXUFH� ZLWK� KLJK� SHDN�
EULJKWQHVV�DQG�PRGHUDWH�DYHUDJH�SRZHU��
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�
$GGLWLRQDOO\� WR� WKH� DFWLYLWLHV� RQ� FROOLVLRQDOO\� H[FLWHG� ;�UD\� ODVHUV� UHVXOWLQJ� LQ� D�
VDWXUDWHG� �QLFNHO�OLNH�$J�;5/�RI�KLJK�VSDWLDO� FRKHUHQFH�DW�����QP�� DOVR� ILUVW� DWWHPSWV�KDYH�
EHHQ� PDGH� LQ� RUGHU� WR� ORRN� IRU� DPSOLILFDWLRQ� LQ� UHFRPELQDWLRQ� H[FLWHG� V\VWHPV�� )RU� WKLV�
SXUSRVH� HORQJDWHG� PRGHUDWH� GHQVH� SODVPDV� ZKHUH� SURGXFHG� XVLQJ� WKH� FDSLOODU\� GLVFKDUJH�
WHFKQLTXH��ZKLFK�IDLOHG�LQ�:3��IRU�WKH�FRQILQHPHQW�RI�FOXVWHUV���7KH�FDSLOODU\�SODVPD�LV�RI�D��
UHODWLYHO\� FROG� WHPSHUDWXUH� HQDEOHLQJ� WKXV� WKH� FUHDWLRQ� RI� D� SRSXODWLRQ� LQYHUVLRQ� YLD� DQ�
HOHFWURQ�FDVFDGH�SURGXFHG�E\�DQ�XOWUD�LQWHQVH�IV�SXOVH��,Q�WKH�IROORZLQJ�ZH�GHVFULEH�WKH�ILUVW�
UHVXOWV�RI�DQ�RSWLFDO�ILHOG�LRQL]HG�UHFRPELQDWLRQ�H[FLWHG�;5/�SXPSHG�E\�D�OLQHDUO\�SRODUL]HG�
IV�SXPS�SXOVH��
7KLV� W\SH� RI�2),�ODVHU� DOVR� UHTXLUHV� �VLPLODUO\� WR� WKH� FRQYHQWLRQDO� UHFRPELQDWLRQ� VFKHPH� D�
KLJK� HOHFWURQ� GHQVLW\� �QH!����FP���� DQG� D� YHU\� ORZ� WHPSHUDWXUH� �7H���H9��� ,Q� WKH� FDVH� RI�
OLQHDUO\�SRODUL]HG�GULYLQJ�ODVHU�SXOVH�WKH�ILHOG�LRQL]DWLRQ�OHDYHV�WKH�HOHFWURQV�D�ZLWK�UHODWLYHO\�
ORZ� HQHUJ\�� 7KH� PRVW� LPSRUWDQW� SURFHVV� KHUH� LQ� WKH� FUHDWLRQ� RI� D� SRSXODWLRQ� LQYHUVLRQ� LV�
WKUHH�ERG\� HOHFWURQ�LRQ� UHFRPELQDWLRQ� WKDW� VWURQJO\� GHSHQGV� RQ� HOHFWURQ� HQHUJ\�
�WHPSHUDWXUH��� 7KH� UHFRPELQDWLRQ� UDWH� LV� SURSRUWLRQDO� WR� 7H

����� >�����@�� ,Q� FRQWUDVW� WR� WKH�
FRQYHQWLRQDO�UHFRPELQDWLRQ�ODVHU��VHH�UHFRPELQDWLRQ�VFKHPH�FRROLQJ�LQ�WKH�2),�;5/�SODVPD�
LV� LQ� SULQFLSOH�� QRW� UHTXLUHG�� EHFDXVH� ILHOG� LRQL]DWLRQ� SURGXFHV� ORZ�HQHUJHWLF� UDSLGO\�
UHFRPELQLQJ�HOHFWURQV���
2),�H[FLWDWLRQ�DOORZV�IRU�ODVLQJ�GRZQ�WR�WKH�JURXQG�VWDWH�RI�WKH�ODVDQW�LRQV��+RZHYHU��QHDUO\�
FRPSOHWH�HPSW\LQJ�RI�WKH�JURXQG�VWDWH�GXULQJ�LRQL]DWLRQ�LV�UHTXLUHG��)UDFWLRQDO�SRSXODWLRQ�RI�
�����RU�JUHDWHU�UHPDLQLQJ�LQ�WKH�JURXQG�VWDWH�FDQ�VLJQLILFDQWO\�UHGXFH�WKH�SUHGLFWHG�JDLQ�>��@��
+RZHYHU�� VLQFH� LRQL]DWLRQ� LV� VWURQJO\�GHSHQGHQW�RQ� WKH� LQWHQVLW\��RQO\�D�PRGHVW� LQFUHDVH� LQ�
LQWHQVLW\� DERYH� WKH� LRQL]DWLRQ� WKUHVKROG� LV� UHTXLUHG� WR� REWDLQ� QHDUO\� FRPSOHWH� LRQL]DWLRQ��$�
GLVDGYDQWDJH�RI�ODVLQJ�LQWR�WKH�JURXQG�VWDWH�DUH�WKH�VORZ�H[LW�FKDQQHOV�RXW�RI�WKH�JURXQG�VWDWH�
UHVXOWLQJ�LQ�D�VKRUW�GXUDWLRQ�RI�SRSXODWLRQ�LQYHUVLRQ�DQG�D�UHGXFWLRQ�LQ�WKH�VDWXUDWLRQ�LQWHQVLW\��
)URP�DQRWKHU�SRLQW�RI�YLHZ�WKLV�VKRUW�OLIH�WLPH�RI�WKH�SRSXODWLRQ�LQYHUVLRQ�KDV�WKH�DGYDQWDJH�
WR�UHVXOW�LQ�YHU\�VKRUW�;5/�RXWSXW�SXOVHV��
2QH� RI� WKH� GUDZEDFNV� RI� WKH� SUHVHQW� 2),�V\VWHPV� LV� WKHLU� ORZ� HQHUJ\� HIILFLHQF\�
�DSSUR[LPDWHO\� Ka������� ,Q� WKH� IROORZLQJ� RXU� QHZ� UHVXOWV� RQ� WKH� ZD\� WR� DQ� RSWLFDO� ILHOG�
LRQL]DWLRQ�UHFRPELQDWLRQ�[�UD\�ODVHU�XVLQJ�OLQHDUO\�SRODUL]HG�ODVHU�OLJKW�DUH�LQWURGXFHG��
�
(QKDQFHPHQW� RI� D� ������ QP� OLQH� HPLWWHG� E\� SODVPD� RI� ERURQ�QLWULGH� FDSLOODU\� GLVFKDUJH�
LUUDGLDWHG�E\�KLJK�LQWHQVLW\�XOWUDVKRUW�ODVHU�SXOVH�
�
,QYHVWLJDWLRQV� RI� SODVPD� SURGXFHG� E\� D� ERURQ�QLWULGH� FDSLOODU\� GLVFKDUJH� LUUDGLDWHG� ZLWK� D�
JXLGHG���7:�7L�6DSSKLUH� ODVHU�SXOVH�DW�SHDN� LQWHQVLW\�RI� ��[����:�FP��DUH�SUHVHQWHG��7KH�
JXLGHG� ODVHU� UDGLDWLRQ� LQ� WKH� SODVPD� FKDQQHO� JHQHUDWHG� /L�OLNH� QLWURJHQ� LRQV� DQG� DPSOLI\� D�
VKRUW�ZDYHOHQJWK� UDGLDWLRQ� DW� D�ZDYHOHQJWK� RI� �����QP�� LQGLFDWLQJ� D� SRVVLEOH� ODVLQJ� DW� WKH�
�G���±�S����WUDQVLWLRQ�LQ�/L�OLNH�QLWURJHQ���
;�UD\� ODVHUV�K\EULG�VFKHPHV�FRPELQLQJ�HOHFWULF�GLVFKDUJH�DQG� ODVHU� LUUDGLDWLRQ� LQ�RQH��ZHUH�
GHPRQVWUDWHG� LQ� SUHYLRXV� ZRUNV� >�����@�� 7KH� LQKHUHQW� DGYDQWDJH� RI� WKLV� ORQJLWXGLQDO�
DUUDQJHPHQW�DV�GHVFULEHG�DERYH�LV�DQ�HORQJDWHG�PHGLXP�HIILFLHQWO\�SXPSHG�E\�D�ODVHU�SXOVH�
GXULQJ�WKH�JXLGLQJ�SKDVH�RI�WKH�SODVPD�FKDQQHO�FUHDWHG�E\�WKH�GLVFKDUJH�>��������@��+RZHYHU��
WKH�HORQJDWHG�PHGLXP�LQFUHDVHV�ERWK�WKH�DEVRUSWLRQ�DQG�LRQL]DWLRQ�ORVVHV�RI�WKH�SXPS�EHDP�
GXULQJ� WKH� SURSDJDWLRQ�� >��@�� ,W� ZDV� FRQFOXGHG�� WKDW� DQ� H[FHVV� RI� WKH� SHDN� LQWHQVLW\�� LI�
FRPSDUHG� WR� WKH� WKUHVKROG� YDOXH� RI� WKH� H[SHFWHG� LRQL]DWLRQ� VWDJH� LV� QHFHVVDU\� WR� HQVXUH�
HIILFLHQW�DQG�UHODWLYHO\�XQLIRUP�SXPSLQJ�DORQJ�WKH�SODVPD�FKDQQHO��,W�LV�ZHOO�NQRZQ�WKDW�ERWK�
UHFRPELQDWLRQ� DQG� FROOLVLRQDO� SXPSLQJ� VFKHPHV� FDQ� EH� UHDOL]HG� LQ� VXFK� D� SODVPD� SLSH�
SURYLGHG�WKDW�WKH�RSWLFDO�ILHOG�LRQL]DWLRQ��2),��LV�WKH�PDLQ�PHFKDQLVP��LQ�FUHDWLRQ�RI�KLJKO\�
LRQL]HG�DFWLYH�PHGLXP�>��@���7KH�GHWDLOHG�DQDO\VLV�RI�WKH�FRQWURO�RYHU�WKH�SODVPD�SDUDPHWHUV�
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UHODWHG� WR� 2),�;�UD\� ODVHUV� LV� JLYHQ� LQ� >��@�� � ,Q� WKH� UHFHQW� \HDUV� D� VLJQLILFDQW� SURJUHVV� LQ�
GHYHORSPHQW� RI� WKH� FROOLVLRQDOO\� SXPSHG� 2),� ODVHU� ZDV� GHPRQVWUDWHG� >��������@�� 7KH�
UHFRPELQDWLRQ� VFKHPH� DSSO\LQJ� WKH� SODVPD� SLSHV� ZDV� VXFFHVVIXOO\� WHVWHG� RQO\� IRU� +�OLNH�
OLWKLXP�>��@�EXW�PRVWO\�ZLWK�D�OLPLWHG�RXWSXW�IURP�D�VKRUW�PHGLXP�GXH�WR�WKH�LQFUHDVHG�ODVHU�
DEVRUSWLRQ� ORVVHV�� 2QH� RI� WKH�PRVW� IUHTXHQWO\� GLVFXVVHG� EXW� QHYHU� UHDOL]HG� VFKHPHV�ZDV� D�
UHFRPELQDWLRQ�;�UD\�ODVHU�LQ�/L�OLNH�QLWURJHQ�PDLQO\�GXH�WR�WKH�HQHUJ\�VWUXFWXUH�EHQHILFLDO�WR�
UHGXFWLRQ� LQ� WKH� $7,� UHVLGXDO� HQHUJ\� >�����@��,Q� WKH� SUHVHQW� UHSRUW� ZH� LQWURGXFH� VWURQJ�
HQKDQFHPHQW�RI�WKH�������QP�OLQH�LQ�/L�OLNH�QLWURJHQ��19��REWDLQHG�E\�LUUDGLDWLRQ�RI�D�ERURQ�
QLWULGH��%1��FDSLOODU\�GLVFKDUJH�SODVPD�E\�D�KLJK�LQWHQVLW\��XOWUD�VKRUW�ODVHU�SXOVH�DW�����QP��
7KH� SRVVLEOH� H[SODQDWLRQ� RI� WKH� HQKDQFHPHQW� FDQ� EH� DVFULEHG� WR� ODVLQJ� ZLWKLQ� WKH�
UHFRPELQDWLRQ�SXPS�VFKHPH����
,Q�WKH�H[SHULPHQW�WKH�FDSLOODU\�GLVFKDUJH�IRUPHG�D�SUH�SODVPD�DQG�VXEVHTXHQWO\�LRQL]HG�E\�D�
VKRUW� �):+0a� ��� IV��� OLQHDUO\� SRODUL]HG� ODVHU� SXOVH� LW� E\� WXQQHOLQJ�� 7KH� VHWXS� RI� WKH�
H[SHULPHQW�LV�VKRZQ�LQ�)LJXUH�����7KH�FDSLOODU\�ZDV�WULJJHUHG�E\�������P-�����QV�DX[LOLDU\�
1G�<$*�ODVHU��DIWHU�FROOLQHDU�DOLJQPHQW�ZLWK�WKH�PDLQ�ODVHU�SXOVH�>������@��7KH�MLWWHU�EHWZHHQ�
WKH�GLVFKDUJH�DQG�WKH�PDLQ�ODVHU�SXOVH�ZDV�GRZQ�WR�OHVV�WKDQ��QV��7KH�SODVPD�ZDV�IRUPHG�E\�
GLVFKDUJLQJ� �����)� FDSDFLWRU� FKDUJHG� XS� WR� �N9� WKURXJK� ��� PP� ORQJ� %1� FDSLOODU\� ZLWK�
GLDPHWHU�RI�����P�� �7KH�GLVFKDUJH� FXUUHQW�PRQLWRUHG�E\� D�5RJRZVNL� FRLO� KDG� D�KDOI�F\FOH�
HTXDO�WR����QV�ZLWK�D�ULVH�WLPH�RI����QV��7KH�FXUUHQW�DPSOLWXGH�ZDV�EHWZHHQ����$�DQG����$��
7KH�WHPSHUDWXUH�RI�WKH�SODVPD�IRUPHG�E\�WKH�GLVFKDUJH�RQO\��ZDV�HVWLPDWHG�IURP�WKH�LQWHQVLW\�
UDWLR�RI�WZR�HPLVVLRQ�OLQHV�RI�LRQ�%,,�DW������QP�DQG������QP�PHDVXUHG�E\�D�6SHFWUD�3UR�����
$FWRQ� VSHFWURJUDSK� FRXSOHG� WR� WKH�JDWHG� LQWHQVLILHG�SKRWRGLRGH� DUUD\�GHWHFWRU� �,3'$���7KH�
V\VWHP� HQVXUHG� WKH� VSHFWUDO� UHVROXWLRQ� a� ���QP� DQG� WHPSRUDO� UHVROXWLRQ� RI� ��QVHF�� ,W� ZDV�
IRXQG�WKDW� WKH�SODVPD�WHPSHUDWXUH�YDULHV�EHWZHHQ�����DQG��H9�GXULQJ�WKH�ILUVW�KDOI�F\FOH�RI�
WKH� FXUUHQW�� $Q� LQWHQVH� IHPWRVHFRQG� SXOVH� GHOLYHUHG� LQWR� WKH� FDSLOODU\� ZKHQ� WKH� SODVPD�
WHPSHUDWXUH�ZDV�EHWZHHQ����DQG��H9��
�
�
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�
)LJXUH� ���� ([SHULPHQWDO� VHWXS�� 8SSHU� WUDFH� VKRZV� WHPSRUDO� KLVWRU\� RI� WKH� HOHFWULFDO�
SDUDPHWHUV��
�
7KH� VKRUW�ZDYHOHQJWK� VSHFWUXP� RI� WKH� SODVPD� ZDV� UHFRUGHG� ZLWK� D� IODW�ILHOG� VSHFWURPHWHU�
FRQVLVWLQJ� RI� +DUDGD�W\SH� GLIIUDFWLRQ� JUDWLQJ� ������ O�PP��� PXOWL�FKDQQHO� SODWH� �0&3���
SKRVSKRU�VFUHHQ�DQG�D�FRROHG����ELW�EDFN�LOOXPLQDWHG�&&'�FDPHUD��7KH�FRPELQDWLRQ�RI�WKH�
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0&3� ZLWK� WKH� SKRVSKRU� VFUHHQ� UHGXFHG� VOLJKWO\� WKH� V\VWHP� UHVROXWLRQ� EXW� LQFUHDVHG� LWV�
VHQVLWLYLW\�� 6XFK� D� GHWHFWRU� V\VWHP� UHTXLUHG� WHPSRUDO� JDWLQJ� RI� WKH� DFTXLVLWLRQ� SURFHVV� WR�
UHGXFH� WKH� ORQJ�GXUDWLRQ� �LI� FRPSDUHG� WR� VXE�QDQRVHFRQG�VFDOH�RI� WKH�SURFHVVHV�RI� LQWHUHVW��
HPLVVLRQ�RI�WKH�GLVFKDUJH�SODVPD��+HUH�WKH�JDWH�GXUDWLRQ�ZDV�HTXDO�WR���QV��7KH�VSHFWURPHWHU�
ZDV�FDOLEUDWHG�ZLWK�WKH�29,�R[\JHQ�OLQH�DW�����QP�DQG�D�YHU\�FORVHO\�VLWXDWHG��DW������QP��
DEVRUSWLRQ�HGJH�RI�DOXPLQXP��$O��XVHG�DV�D�ILOWHU�ZLWK�D�OHDI�WKLFNQHVV�RI����QP��7KH�PDLQ�
SXOVH�ZDV�IRFXVHG�ZLWK�D�I����RII�D[LV��SDUDEROD��2$3��RQWR�WKH�FDSLOODU\�HQWUDQFH��$�IOLSSHU�
PLUURU� ZDV� SRVLWLRQHG� FORVHO\� WR� WKH� FDSLOODU\� H[LW� WR� HQDEOH� D� TXLFN� FKDQJH� IURP�
VSHFWURVFRSLF� PHDVXUHPHQWV� WR� PRQLWRULQJ� RI� JXLGLQJ�� 7KH� ODVHU� SXOVHV� DSSOLHG� LQ� WKH�
GHVFULEHG� H[SHULPHQW�ZHUH� VXIILFLHQWO\� VKRUW� WR� DYRLG� VLJQLILFDQW� FROOLVLRQDO� KHDWLQJ� HYHQ� LI�
WKH�KLJK�HOHFWURQ�GHQVLW\�LQ�WKH�UDQJH�RI��î����FP���ZDV�H[SHFWHG�RQ�WKH�FDSLOODU\�D[LV��7KH�
H[SHULPHQWDOO\�XVHG�SHDN�LQWHQVLW\�RI�WKH�LRQL]LQJ�EHDP�DW�WKH�FDSLOODU\�HQWUDQFH�ZDV�HTXDO�WR�
,/a���î����:�FP���7KH�������QP� OLQH� LQWHQVLW\� HQKDQFHPHQW�RFFXUV�DW� WKH� WLPH�ZKHQ�RQO\�
���� ODVHU� HQHUJ\� ZDV� WUDQVPLWWHG�� 7KH� UHVXOWLQJ� VSHFWUD� DUH� VKRZQ� LQ�

��
)LJXUH�����7KH�VSHFWUXP�RI�ERURQ�QLWULGH�SODVPD�PHDVXUHG�DW����QP�GHOD\�UHODWLYH�WR�FXUUHQW�
EHJLQQLQJ�� D��� IRU� FDSLOODU\� GLVFKDUJH� LUUDGLDWHG� E\� D� IHPWRVHFRQG� ODVHU� SXOVH� E��� IRU� SXUH�
FDSLOODU\�GLVFKDUJH��
�
/RZHU�WUDFH�VKRZV�WKH�WHPSRUDOO\�LQWHJUDWHG��ZLWKLQ�WKH�JDWH�GXUDWLRQ��HPLVVLRQ�VSHFWUXP�RI�
WKH�QRQ�LUUDGLDWHG�SODVPD�FKDQQHO�FUHDWHG�E\� WKH�GLVFKDUJH�RQO\��7KLV�VSHFWUD�GRPLQDWHG�E\�
WKH�QLWURJHQ�OLQHV��7KHUH�DUH�QR�ERURQ�OLQHV�REVHUYHG�LQ�WKH�VSHFWUXP�GXH�WR�WKH�ORZ�WUDQVLWLRQ�
VWUHQJWKV�RI�WKH�OLQHV�SUHVHQW�LQ�WKH�REVHUYHG�VSHFWUDO�UDQJH��7KH�VSHFWUXP�LV�GRPLQDWHG�E\�WKH�
OLQHV�HPLWWHG�E\�1,,,�DQG�1,9�LRQV�LQGLFDWLQJ�WKH�DYHUDJH�
,RQL]DWLRQ� LRQL]DWLRQ� VWDJH�RI�= ���� WKDW� FRUUHVSRQGHG� WR� WKH�PHDVXUHG�SODVPD�FRQGLWLRQV��
:KHQ� WKLV� SODVPD� LUUDGLDWHG�ZLWK� D� YHU\� LQWHQVH� ODVHU� SXOVH� LWV� HPLVVLRQ� VSHFWUXP� FKDQJHG�
GUDPDWLFDOO\��$�YHU\�VWURQJ�OLQH�FRUUHVSRQGLQJ�WR�WKH��G�����S����WUDQVLWLRQ�LQ�/L�OLNH�QLWURJHQ�
�19��DW������QP�ZDV�REVHUYHG��7KLV� OLQH�ZDV�DEVHQW� LQ� WKH�GLVFKDUJH�VSHFWUXP�� ,W� LV�ZRUWK�
QRWLQJ�WKDW�WKH�QXPEHU�RI�REVHUYHG�OLQHV�IURP�1,9�KDV�EHHQ�UHGXFHG��HYHQ�LI�VRPH�RI�WKHP�
EHFDPH�D�ELW�VWURQJHU��7KLV�LQGLFDWHV�DQ�HIILFLHQW�LRQL]DWLRQ�SURFHVV��,I�WKLV�H[WUHPHO\�VWURQJ��
LQFUHDVH�LQ�WKH�OLQH�LQWHQVLW\�ZDV�RI��WKHUPDO�RULJLQ�WZR�RWKHU�OLQHV�IURP�19�LRQV�HPLWWLQJ�DW�
������QP�DQG������QP�FRUUHVSRQGLQJ�WR�WKH�WUDQVLWLRQV��S±�V�DQG��V±�S��UHVSHFWLYHO\��KDYH�
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WR� EH� VHHQ� DV� ZHOO�� � 7KHVH� WZR� OLQHV� HPLW� LQ� DQ� HTXLOLEULXP� SODVPD� ZLWK� WKH� LQWHQVLW\�
FRPSDUDEOH��DERYH������ZLWK�WKDW�RI� WKH������QP�OLQH��+RZHYHU�� WKH\�GR�QRW�DSSHDU� LQ� WKH�
UHFRUGHG�VSHFWUXP�RI�WKH�LUUDGLDWHG�SODVPD��LQGLFDWLQJ�SRVVLELOLW\�WKDW�ODVLQJ�LV�UHVSRQVLEOH�IRU��
REVHUYHG�HIIHFW��7KH�YHU\�KLJK�ODVHU�LQWHQVLW\�XVHG�LQ�WKH�H[SHULPHQW�ZDV�FDSDEOH�WR�UHDFK�WKH�
UHTXLUHG�LRQL]DWLRQ�OHYHO�DORQJ�WKH�ZKROH�FDSLOODU\�OHQJWK��7KLV�UHVXOWV�IURP�WKH�IDFW�WKDW�WKH�
PD[LPXP� LRQL]DWLRQ� VWDJH� DYDLODEOH� LQ� PHGLXP� ZDV� KHOLXP�OLNH� QLWURJHQ� �19,�� ZLWK� WKH�
WKUHVKROG�LQWHQVLW\�IRU�LRQL]DWLRQ�RI�,WK�19,� �î����:�FP���7KLV�LRQL]DWLRQ�VWDJH�LV�UHTXLUHG�
WR�ZRUN�ZLWKLQ�WKH�UHFRPELQDWLRQ�VFKHPH�ZLWK�OLWKLXP�OLNH�LRQV��19���,WK ���î����:�FP����,W�
LV�FOHDUO\�VHHQ�WKDW�WKH�UHTXLUHG�LRQL]DWLRQ�VWDJH�LV�VWDEOH�LQ�D�ZLGH�UDQJH�RI�LQWHQVLWLHV�DV�WKH�
WKUHVKROG� LQWHQVLW\� RI�19,� LV� VLJQLILFDQWO\� KLJKHU� WKDQ� WKH� DYDLODEOH� ODVHU� SHDN� LQWHQVLW\��$�
YHU\�KLJK�LQWHQVLW\�EHLQJ�ZHOO�DERYH�WKH�UHODWLYLVWLF�OLPLW��,/|����:�FP���KDV�EHHQ�IRU�WKH�ILUVW�
WLPH�XVHG�LQ�WKH�H[SHULPHQW�RQ�UHFRPELQDWLRQ�2),�;�UD\�ODVHUV���
�,Q� VXPPDU\��ZH� KDYH� GHPRQVWUDWHG� VWURQJ� HQKDQFHPHQW� RI� WKH� HPLVVLRQ� OLQH� DW� ������ QP�
FRUUHVSRQGLQJ� WR� WKH��G����±�S���� WUDQVLWLRQ�LQ�/L�OLNH�QLWURJHQ��$Q�XOWUD�KLJK� ODVHU� � LQWHQVLW\�
ZDV�XVHG� WR� LRQL]H�TXDVL�XQLIRUPO\� WKH�SODVPD�FKDQQHO�GXULQJ�JXLGLQJ��7KH�KLJK� LRQL]DWLRQ�
OHYHO�RI�WKH�SUH�SODVPD�SUHYHQWHG�WKH�LRQL]LQJ�EHDP�IURP�WRR�VWURQJ�GLVWRUWLRQ�FDXVHG�E\�YHU\�
LQWHQVH� LRQL]DWLRQ� SURFHVV�� ,W� KDV� EHHQ� VKRZQ� WKDW� SXPS� SXOVH� VKDSH� FDQ� EH� GHFLGLQJ� IRU�
UHGXFWLRQ� LQ� WKH� HOHFWURQ� UHVLGXDO� HQHUJ\�� 3UHVHQWO\� WKH� RXWSXW� VLJQDO� DV� IXQFWLRQ� RI� WKH�
FDSLOODU\�OHQJWK�LV�LQYHVWLJDWHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�DPSOLILFDWLRQ�IDFWRU�DFFRUGLQJ�WR�WKH�
PRGLILHG�/LQIRUG�IRUPXOD��
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,,���� 9RUDXVVLFKWOLFKHU� 1XW]HQV�� LQVEHVRQGHUH� GLH� 9HUZHUWEDUNHLW� GHV� (UJHEQLVVHV� LP� 6LQQH�
GHV�IRUWJHVFKULHEHQHQ�9HUZHUWXQJVSODQHV�
�
7KH�UHVXOWV�RI� WKH�ZRUN�RQ�(89�HPLVVLRQ�RI�;H�FOXVWHUV�KDYH�VKRZQ�� WKDW�;H���;H����JLYHV�
WKH�PDLQ�FRQWULEXWLRQ�WR�WKH������QP�HPLVVLRQ��$W�ORQJ�QV�SXOVHV�DQG�LQWHQVLWLHV�EHWZHHQ�
���������:�FP�� DQ� RSWLPXP� FRQYHUVLRQ� HIILFLHQF\� FDQ� EH� UHDFKHG�� 7KLV� UHVXOW� LV� YHU\�
LPSRUWDQW� IRU� WKH� UHDOL]DWLRQ� RI� DQ� LQGXVWULDO� ���:� ����� QP� VRXUFH� IRU� OLWKRJUDSK\�
DSSOLFDWLRQV��VLQFH�WKHVH�UHTXLUHPHQWV�VHHPV�WR�EH�VRRQ�FRYHUDEOH�E\�QHZ�FRPPHUFLDOO\�
DYDLODEOH�VWDWH�I�WKH�DUW�SXPS�ODVHUV�ZLWK�KLJK�UHSHWLWLRQ�UDWH��7KH�HIILFLHQF\�VFDOLQJ�FDQ�DOVR�
EH� XVHG� IRU� RWKHU� ;H�WDUJHWV� OLNH� ;H�MHWV�� 7KH� PD[LPXP� HIILFLHQF\� YDOXH� RI� ����� IRU�
FLUFXODUO\�SRODUL]HG�KLJKO\�LQWHQVH�IV�ODVHU�SXOVHV�VKRZV�DQRWKHU�SRVVLELOLW\�WR�IXUWKHU�LQFUHDVH�
WKH�HIILFLHQF\��HYHQ�LI�DW�WKH�PRPHQW�FRUUHVSRQGLQJ�IV�&3$�ODVHUV�DUH�VWLOO�IDU�IURP�LQGXVWULDO�
XVH��
7KH�;�UD\�ODVHU�UHVXOWV�XVLQJ�D�VKDSHG�SV�SXOVH�VKRZ�WKH�SRVVLELOLW\�RI�GRZQ�VL]LQJ�WKH�;5/�
GULYHUV��ZKLFK�FRXOG�UHVXOW�LQ�WKH�QH[W�IXWXUH�LQ�D�VWDEOH�ZRUNLQJ�;�UD\�ODVHU�ZLWK�KLJK�
DYHUDJHG�SRZHU��GXH�WR�SXPS�ODVHUV�ZLWK�UHSHWLWLRQ�UDWH��7KH�VSDWLDO�FRKHUHQFH�RI�VXFK�D�
V\VWHP�LV�DOUHDG\�QRZ�XVDEOH�IRU�YDULRXV�DSSOLFDWLRQV��
$W�WKH�PRPHQW�WKHUH�DUH�QR�LQGXVWULDO�DSSOLFDWLRQV�LGHQWLILDEOH��
�
,,���:lKUHQG�GHU�'XUFKI�KUXQJ�EHNDQQW�JHZRUGHQHU�)RUWVFKULWW�
�
'XULQJ�WKH�SHULRG�RI�WKH�SURMHFW�ZRUN�DFWLYLWLHV�KDYH�EHHQ�VWDUWHG�LQ�LQGXVWULDO�ODERUDWRULHV�
ZLWK�;H�MHWV��EDVHG�RQ�H[SHULHQFHV�ZLWK�;H�JDV�DQG�FOXVWHUV��WR�UHDOL]H�DQ�(89�VRXUFH�
DFFRUGLQJ�WR�WKH�OLWKRJUDSK\�URDGPDS��5HVXOWV�DUH�RQO\�SDUWO\�SXEOLVKHG��$GGLWLRQDOO\�DOVR�
RWKHU�WDUJHW�V\VWHPV�IRU�WKH���QP�EDQG�DUH�XQGHU�FRQVLGHUDWLRQ��5HFHQWO\�1LVKLPXUD��SULYDWH�
FRPPXQLFDWLRQ��KDV�VKRZQ�D�FRQYHUVLRQ�HIILFLHQF\�XS�WR����XVLQJ�7L�IRDP�WDUJHWV��+RZHYHU�
LW�LV�QRW�FOHDU�ZKHWKHU�WKH���QP�HPLVVLRQ�EDQG�FRXOG�JDLQ�DQ�LPSRUWDQFH�IRU�LQGXVWULDO�
DSSOLFDWLRQ�GXH�WR�WKH�QHFHVVLW\�RI�PXOWLOD\HUV�FRQWDLQLQJ�%H��
�
,,���9HU|IIHQWOLFKXQJHQ�
�
��0��6FKQ�UHU��6��7HU�$YHWLV\DQ��+��6WLHO��8��9RJW��:��5DGORII��0��.DODFKQLNRY��:��6DQGQHU��
DQG�3��9��1LFNOHV�³,QIOXHQFH�RI�ODVHU�SXOVH�ZLGWK�RQ�DEVROXWH�(89�\LHOG�IURP�;H�FOXVWHUV´��
(XU��3K\V��-��'���������������������
�
��6��7HU�$YHWLV\DQ��0��6FKQ�UHU��+��6WLHO��8��9RLJW��:��5DGORII��:��.DUSRY��:��6DQGQHU��DQG�
3�� 9�� 1LFNOHV� ³$EVROXWH� (89�\LHOG� IURP� IV� ODVHU� H[FLWHG� ;H�FOXVWHUV´�� � 3K\V�� 5HY�� (� ����
���������������
�
��3��9��1LFNOHV��0��6FKQ�UHU��+��6WLHO��8��9RJW��6��7HU�$YHWLV\DQ�DQG�:��6DQGQHU��³$EVROXWH�
(89�\LHOG� RI� � ODVHU�LUUDGLDWHG� ;H�FOXVWHUV� LQ� GHSHQGHQFH� RQ� WKH� SXOVH� ZLGWK´�� 63,(� 3URF��
���������������������
��0��6FKQ�UHU��+��6WLHO��8��9RJW��6��$YHWLV\DQ�� ,��:LOO��0��3��.DODFKQLNRY��:��5DGORII��3��
1LFNOHV�DQG�:��6DQGQHU��³/DVHU�SODVPD�VRXUFHV�IRU�H[WUHPH�XOWUDYLROHW��(89��OLWKRJUDSK\´��
/DVHU�2SWR����������������������
�
��+��6WLHO��8��9RJW��6��7HU�$YHWLV\DQ��0��6FKQ�UHU��,��:LOO��DQG�3��9��1LFNOHV�³(89�HPLVVLRQ�
RI�;HQRQ�FOXVWHUV� H[FLWHG�E\� D�KLJK� UHSHWLWLRQ� UDWH�EXUVW�PRGH� ODVHU´�63,(�3URF�� ������ ���
���%HOOLQJKDP��������
�
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��3�9��1LFNOHV��6��7HU�$YHWLV\DQ��+��6WLHO��:��6DQGQHU�� DQG�0��6FKQ�UHU� � ³$EVROXWH�;�UD\�
\LHOG� VWXGLHV� IURP�;H�FOXVWHUV�ZLWK�XOWUDVKRUW�7L�VDSSKLUH� ODVHU�SXOVHV�DW� �[�����:�FP�´� LQ��
$,3�&RQIHUHQFHV�3URFHHGLQJV�9RO�������� �0HOYLOOH��1HZ�<RUN�� �����1HZ�<RUN�������SS��
����������
�
��6��7HU�$YHWLV\DQ��8��9RJW��+��6WLHO��0��6FKQ�UHU��,��:LOO��DQG�3�9��1LFNOHV�³(IILFLHQW�(89�
HPLVVLRQ�IURP�;HQRQ�FOXVWHU� MHW� WDUJHWV�DW�KLJK�UHSHWLWLRQ�UDWH� ODVHU� LOOXPLQDWLRQ´�-RXUQDO�RI�
$SSOLHG�3K\VLFV�����������������������
�
��.��$��-DQXOHZLF]��*��3ULHEH��$��/XFLDQHWWL��5��.U|PHU��:��6DQGQHU��5��(��.LQJ��*��-��3HUW��
3��9��1LFNOHV���2XWSXW�FKDUDFWHULVWLFV�RI�D�WUDQVLHQW�1L�OLNH�$J�VRIW�;�UD\�ODVHU�SXPSHG�E\�D�
VLQJOH�SLFRVHFRQG�ODVHU�SUREH��63,(�3URF������������������������
�
��3�9��1LFNOHV��.��$��-DQXOHZLF]��*��3ULHEH��$��/XFLDQHWWL��5��.U|PHU��$��.��*HUOLW]NH��:��
6DQGQHU���6WDWXV�RI�0%,�DFWLYLWLHV���:LOO�WUDQVLHQW�FROOLVLRQDO�;�UD\�ODVHU�ZLWK�KLJK�UHSHWLWLRQ�
UDWH�FDPH�VRRQ"���63,(�3URF�����������������������
�
�.��$��-DQXOHZLF]��$��/XFLDQHWWL��*��3ULHEH��:��6DQGQHU��3��9��1LFNOHV���6DWXUDWHG�1L�OLNH�$J�
;�UD\�ODVHU�DW������QP�SXPSHG�E\�D�VLQJOH�SLFRVHFRQG�ODVHU�SXOVH���3K\V��5HY��$�������������
����������
�
��.��$��-DQXOHZLF]��)��%RUWRORWWR��$��/XFLDQHWWL��:��6DQGQHU��3��9��1LFNOHV��-��-��5RFFD��1��
%REURYD�� 3�� 9�� 6DVRURY�� �)DVW� FDSLOODU\� GLVFKDUJH� SODVPD� DV� D� SUHIRUPHG� PHGLXP� IRU�
ORQJLWXGLQDOO\�SXPSHG�FROOLVLRQDO�[�UD\�ODVHUV���-��2SW��6RF��$P��%����������������������
�
��.��$�� -DQXOHZLF]��$��/XFLDQHWWL��:��6DQGQHU�� 3��9��1LFNOHV��;�UD\� ODVHUV� DW�0%,���/DVHU�
7HFKQRORJ\�9,,��3URJUHVV�LQ�/DVHUV��63,(�3URFHHGLQJV������������������������
�
��.��$�� -DQXOHZLF]��$��/XFLDQHWWL��*�� 3ULHEH�� 3��9��1LFNOHV��5HYLHZ� RI� VWDWH�RI�WKH�DUW� DQG�
DERXW�FKDUDFWHULVWLFV�WDEOH�WRS�VRI�;�UD\�ODVHUV��;�UD\�6SHFWURPHWU\����������������������
�
��.��$��-DQXOHZLF]��3��9��1LFNOHV��5��(��.LQJ��*��-��3HUW���,QIOXHQFH�RI�SXPS�SXOVH�VWUXFWXUH�
RQ� D� WUDQVLHQW� FROOLVLRQDOO\� SXPSHG�1L�OLNH�$J�;�UD\� ODVHU���3K\V�� 5HY�� $������ �����������
��������
�
�� $�� /XFLDQHWWL�� .��$�� -DQXOHZLF]�� 5��.URHPHU��*�� 3ULHEH�� -�� 7�PPOHU��:�� 6DQGQHU�� 3��9��
1LFNOHV��9��,��5HGNRUHFKHY���7UDQVYHUVH�VSDWLDO�FRKHUHQFH�RI�D�WUDQVLHQW�QLFNHOOLNH�VLOYHU�VRIW�
[�UD\�ODVHU�SXPSHG�E\�D�VLQJOH�SLFRVHFRQG�ODVHU�SXOVH����2SW��/HWW�����������������������
�
�� .�$�� -DQXOHZLF]�� *�� 3ULHEH�� -�� 7�PPOHU�� 3�9�� 1LFNOHV�´� 6LQJOH�SXOVH� ORZ�HQHUJ\�GULYHQ�
WUDQVLHQW�LQYHUVLRQ�;�UD\�ODVHUV´��,(((�-��6HO��7RS��4XDQW��(OHFWURQ����LQ�SUHVV��
�
��.�$��-DQXOHZLF]��0DWWKLDV�6FKQ�UHU�� -RKDQQHV�7�PPOHU��*HUG�3ULHEH��(QULFR�5LVVH��3HWHU�
9�� 1LFNOHV�� %RULV� *UHHQEHUJ�� 0LVKD� /HYLQ�� $QDWRO\� 3XNKRY�� 3LQFKDV� 0DQGHOEDXP�� $ULH�
=LJOHU�� ³(QKDQFHPHQW� RI� D� ������ QP� OLQH� HPLWWHG� E\� SODVPD� RI� ERURQ�QLWULGH� FDSLOODU\�
GLVFKDUJH�LUUDGLDWHG�E\�KLJK�LQWHQVLW\�XOWUDVKRUW�ODVHU�SXOVH´��2SW��/HWW����LQ�SUHVV��
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�
,,,��.XU]HU�(UIROJVNRQWUROOEHULFKW�
�
,,,���%HLWUDJ�GHV�(UJHEQLVVHV�]X�I|UGHUSROLWLVFKHQ�0DVVQDKPHQ�
�
7KH�SURMHFW�DFWLYLWLHV�KDYH�VKRZQ�ERWK�WKH�SRWHQWLDOV��DQG�OLPLWDWLRQV��RI�ODVHU�GULYHQ�VKRUW�
SXOVH�(89��DQG�;�UD\�VRXUFHV�RQ�WKH�EDVH�RI�ODUJH�;H�FOXVWHUV�DQG�FROOLVLRQDO�[�UD\�ODVHUV��
7KH�UHVXOWV�DOORZV�RQH�WR�VFDOH�UHTXLUHPHQWV�IRU�SXPSLQJ�ODVHU�V\VWHPV�QHFHVVDU\�IRU�
VFLHQWLILF�DQG�LQGXVWULDO�DSSOLFDWLRQV�RI�WKHVH�LQFRKHUHQW�UHVSHFWLYHO\�FRKHUHQW�VRXUFHV�
�
,,,���:LVVHQVFKDIWOLFK�WHFKQLVFKH�(UJHEQLVVH�
�
/DUJH�;H±FOXVWHUV� ���������DWRPV�SHU�FOXVWHU��KDYH�EHHQ�H[SRVHG�ZLWK�XOWUDVKRUW� ���IV��DQG�
KLJK� LQWHQVLW\� ��±��u����:�FP�� SXOVHV� IURP� D� 7L�6D�ODVHU�� 6FDOLQJ� DQG� DEVROXWH� \LHOG�
PHDVXUHPHQWV� RI� (89±HPLVVLRQ� LQ� D� ZDYHOHQJWK� UDQJH� EHWZHHQ� �QP� DQG� ��QP� LQ�
FRPELQDWLRQ�ZLWK�FOXVWHU�WDUJHW�FKDUDFWHUL]DWLRQ�GHPRQVWUDWH�WKH�UROH�RI�FOXVWHU�VL]H��DYHUDJH�
GHQVLW\� DQG� WDUJHW� FRQILJXUDWLRQ� IRU� \LHOG� RSWLPL]DWLRQ��0D[LPXP�HPLVVLRQ� LQ� WKH� ��QP� WR�
��QP� HPLVVLRQ� EDQG� KDV� EHHQ� IRXQG� ZLWK� EDFNLQJ� SUHVVXUHV� EHWZHHQ� �� DQG� ��� EDU�� 7KH�
UHJLVWHUHG�DQLVRWURS\�RI�RQ�D[LV�DQG�RII�D[LV�HPLVVLRQ�VXJJHVWV�DQ�LPSRUWDQW�LQIOXHQFH�RI�WKH�
VRXUFH�VL]H��LRQ�GLVWULEXWLRQ�DQG�UDGLDWLRQ�DEVRUSWLRQ�ZLWKLQ�WKH�DPELHQW�FOXVWHU�JDV��$�VLPSOH�
PRGHO�RI�D�SRVVLEOH�VRXUFH�JHRPHWU\�FDQ�H[SODLQ�PDLQ�IHDWXUHV�RI�WKH�REVHUYHG�VLJQDOV��:LWK�
WKH�ODVHU�SDUDPHWHUV�XVHG�KHUH�;H���;H���±LRQV�DUH�SURGXFHG�YLD�RSWLFDO�ILHOG�LRQL]DWLRQ�DQG�
DUH� SUREDEO\� QRW� HVVHQWLDOO\� FRYHUHG� E\� IXUWKHU� FROOLVLRQV�� 7KHUHIRUH� WKH� XVH� RI� FLUFXODUO\�
SRODUL]HG�ODVHU�OLJKW�UHVXOWV�LQ�HQKDQFHPHQW�RI�WKH�UDGLDWLRQ�VLJQDOV�LQ�FRPSDULVRQ�WR�OLQHDUO\�
SRODUL]HG� OLJKW�� $Q� DEVROXWH� HPLVVLRQ� HIILFLHQF\� XS� WR� ����� LQ� �S� VU� DW� DERXW� ����QP�
ZDYHOHQJWK� DQG� ����� EDQGZLGWK� ZDV� UHDOL]HG�� :LWK� � ORQJHU� ��� SV±��� QV� ODVHU� SXOVHV� DW�
PRGHUDWH�LQWHQVLWLHV�������:�FP���FRXOG�DOVR�EH�GHPRQVWUDWHG�DQ�HIILFLHQW�FRQYHUVLRQ�RI�WKH�
ODVHU�HQHUJ\�LQ�WR�(89�HPLVVLRQ��)RU�WKH�;H�SODVPD�D�KLJK�FRQYHUVLRQ�HIILFLHQF\�RI��������S�
VU�� ����%:�� LQ� WR� ����QP� UDGLDWLRQ� ZDV�PHDVXUHG� DW� ODVHU� SXOVH� GXUDWLRQ� RI� ��SV� DQG� DQ�
LQWHQVLW\� RI� ����:�FP��� ,W� LV� HVSHFLDOO\� LPSRUWDQW� WKDW� LQ� FDVH� RI� ��QV� ODVHU� SXOVHV� DW� �����
:�FP��D�VWLOO�KLJKHU�FRQYHUVLRQ�HIILFLHQF\�RI���������S�VU��������%:��FRXOG�EH�UHDFKHG��,Q�
JHQHUDO�� WKH� UDGLDWLRQ� HIILFLHQF\� ULVHV�ZLWK� LQFUHDVLQJ� LQWHQVLW\�� ,W�ZDV� VKRZQ� WKDW� WKH� �;H�
FOXVWHU� MHW� WDUJHW�KDYLQJ�D�KLJK�IORZ�YHORFLW\� LV�ZHOO�VXLWHG�IRU�HIILFLHQW�(89�HPLVVLRQ�ZLWK�
KLJK�UHSHWLWLRQ�RI�XS�WR����N+]��%RWK�WKH�KLJK�FRQYHUVLRQ�HIILFLHQF\�DQG�WKH�KLJK�UHSHWLWLRQ�
UDWH�PDNH� WKLV� W\SH� RI�;H�WDUJHW� DWWUDFWLYH� IRU� KLJK� DYHUDJH�(89�SRZHU� VRXUFHV��%DVHG� RQ�
DYDLODEOH�ODVHU�WHFKQRORJ\��IXUWKHU�WHFKQLFDO�DQG�DSSOLFDWLRQ�UHTXLUHPHQWV�FDQ�EH�FKRVHQ�IRU�D�
VXLWDEOH�;H±WDUJHW�V\VWHP�IRU�EULJKW�(89±UDGLDWLRQ��$V�D�FRKHUHQW�VRXUFH�ZH�KDYH�UHDOL]HG�D�
FRPSDFW� DQG� VDWXUDWHG� QLFNHO�OLNH� $J� ;�UD\� ODVHU� DW� ����QP�ZLWK� D� KLJK� GHJUHH� RI� VSDWLDO�
FRKHUHQFH��7KLV�UHVXOW��WRJHWKHU�ZLWK�WKH�ORZ�SXPS�HQHUJ\�RI�OHVV�WKDQ��-�GHOLYHUHG�LQ�D�VLQJOH�
SXOVH��PDNHV�WKLV�;5/�DQ�DWWUDFWLYH�WRRO�IRU�DSSOLFDWLRQV�LQ�WKH�SK\VLFDO�DQG�OLIH�VFLHQFHV��7KH�
VFDODELOLW\�RI� WKH�UHTXLUHG�ODVHU�GULYHU� WR�VWLOO�KLJKHU�UHSHWLWLRQ�UDWHV�ZLOO�IXUWKHU� LQFUHDVH�WKH�
DSSOLFDWLRQ� SRWHQWLDO� RI� VXFK�;89� VRXUFH�ZLWK� KLJK� SHDN� EULJKWQHVV� DQG�PRGHUDWH� DYHUDJH�
SRZHU��
$GGLWLRQDOO\� LW� ZDV� GHPRQVWUDWHG� D� VWURQJ� HQKDQFHPHQW� RI� WKH� HPLVVLRQ� OLQH� DW� ������ QP�
FRUUHVSRQGLQJ�WR�WKH��G����±�S����WUDQVLWLRQ�LQ�/L�OLNH�QLWURJHQ�FUHDWHG�LQ�D�FDSLOODU\�GLVFKDUJH�
SODVPD�XVLQJ�D�ZHOO�GHYHORSHG�WHFKQRORJ\�RI�RXU�LVUDHOL�SURMHFW�SDUWQHUV��$Q�XOWUD�KLJK�ODVHU��
LQWHQVLW\� ZDV� XVHG� WR� LRQL]H� TXDVL�XQLIRUPO\� WKH� SODVPD� FKDQQHO� GXULQJ� JXLGLQJ�� 7KH� KLJK�
LRQL]DWLRQ� OHYHO� RI� WKH� SUH�SODVPD� SUHYHQWHG� WKH� LRQL]LQJ� EHDP� IURP� WRR� VWURQJ� GLVWRUWLRQ�
FDXVHG�E\�YHU\� LQWHQVH� LRQL]DWLRQ�SURFHVV�� ,W�KDV�EHHQ�VKRZQ�WKDW�SXPS�SXOVH�VKDSH�FDQ�EH�
GHFLGLQJ�IRU�UHGXFWLRQ�LQ�WKH�HOHFWURQ�UHVLGXDO�HQHUJ\��7KLV�UHVXOW�FRXOG�RSHQ�D�ZD\�IRU�ERWK�
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WKH� UHFRPELQDWLRQ� DV� ZHOO� DV� FROOLVLRQDO� H[FLWHG� [�UD\� ODVHUV� FKDUDFWHUL]HG� E\� ORZ� SXPS�
HQHUJ\�DQG�KLJK�SRLQWLQJ�VWDELOLW\��7KH�ODWWHU�FRXOG�KDYH�LPSRUWDQFH�IRU�PDQ\�DSSOLFDWLRQV��
�
7KH� PRVW� SDUW� RI� WKH� H[SHULPHQWDO� HQYLURQPHQW� LV� RQ� VLWH�� &OXVWHU� QR]]OHV�� GLVFKDUJH�
FDSLOODULHV��GLDJQRVWLFV�D�R��DUH�VWLOO�DYDLODEOH��7KH�ZRUN�RQ�WKH�[�UD\�ODVHUV�LV�EHLQJ�FRQWLQXHG��
�
,,,���)RUWVFKUHLEXQJ�GHV�9HUZHUWXQJVSODQV�
�
7KH�SXEOLVKHG�UHVXOWV�RQ�LQFRKHUHQW�;�UD\�DQG�HVSHFLDOO\�(89�HPLVVLRQ�RI�;H�FOXVWHUV�FRXOG�
FHUWDLQO\�KHOS�WR�ILQG�PRUH�LQGXVWULDO�UHODWHG�VROXWLRQV�IRU�D�KLJK�DYHUDJH�SRZHU����QP�
OLWKRJUDSK\�VRXUFH��+RZHYHU�WKHVH�DFWLYLWLHV�KDYH�EHHQ�PRUH�DQG�PRUH�PRYHG�WR�WKH�VSHFLILF�
ODERUDWRULHV�RI�WKH�ELJ�SOD\HUV�OLNH�3KLOOLSV��-HQRSWLN�D�R��
7KH�UHVXOW�RQ�WKH�FROOLVLRQDOO\�SXPSHG�$J�;�UD\�ODVHU�KDV�D�SRWHQWLDO�IRU�IXWXUH�DSSOLFDWLRQV�
VXSSRVLQJ�D�IXUWKHU�UHGXFWLRQ�RI�WKH�SXPS�HQHUJ\�FRXOG�EH�GHPRQVWUDWHG��ZKLFK�ZRXOG�DOORZ�
WKH�XVH�RI�SXPS�ODVHUV�ZLWK�KLJK�UHSHWLWLRQ�UDWH��6XFK�ODVHUV�DUH�XQGHU�GHYHORSPHQW�DQG�
HVSHFLDOO\�WKH�QHZ�WKLQ�GLVN�ODVHU�WHFKQRORJ\�FRXOG�RSHQ�WKH�ZD\�IRU�VXFK�GULYHUV��7KHUHIRUH�
ZH�DUH�WU\LQJ�WR�FROODERUDWH�ZLWK�WKH�JURXS�RI�'U��*LHVHQ�IURP�,QVWLWXWH�RI�6WUDKOZHUN]HXJH��
8QLYHUVLW\�6WXWWJDUW��ZKR�KDV�SLRQHHUHG�WKH�WKLQ�GLVN�ODVHU�GHYHORSPHQW��LQ�RUGHU�WR�UHDOL]H�D�
FRUUHVSRQGLQJ�N+]�GULYHU�ODVHU��$�N+]�;�UD\�ODVHU�FRXOG�EH�D�LQWHUHVWLQJ�VPDOO�VL]HG�
FRPSOHPHQWDU\�FRKHUHQW��EULJKW�VRXUFH�WR�WKH�7HVOD�IUHH�HOHFWURQ�ODVHU�IDFLOLW\�ZKLFK�ZLOO�EH�
FRPPLVVLRQHG�LQ������LQ�+DPEXUJ��
�
,,,���$UEHLWHQ��GLH�]X�NHLQHU�/|VXQJ�JHI�KUW�KDEHQ�
�
,W�PXVW�EH�QRWHG�WKDW�WKH�KLJK�ULVN�WRSLF�FRQILQHPHQW�RI�FOXVWHUV�LQ�D�GLVFKDUJH�FDSLOODU\�WR�
FUHDWH�D�HIILFLHQWO\�H[FLWHG�HORQJDWHG�SODVPD�FROXPQ�DV�DFWLYH�PHGLD�IRU�D�IXWXUH�[�UD\�ODVHU��
IDLOHG��7KH�UHDVRQ�ZDV�WKH�GLIILFXOW\�WR�FUHDWH�VWDEOH�FOXVWHUV�LQ�WKH�FDSLOODU\�JHRPHWU\�DQG�
NHHS�WKHP�VWDEOH�HQRXJK�IRU�DQ�LUUDGLDWLRQ�ZLWK�D�VKRUW�ODVHU�SXOVH��
�
,,,���3UlVHQWDWLRQVP|JOLFKNHLWHQ�I�U�1XW]HU�
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	FKZ: 13N7961
	The microelectronics industry starts to face resolution limits of the present technology and it has to be decided in the nearest future (likely in the perspective of  5 to 6 years) which of two source technologies, i.e. either discharge or laser plasma, is the best one and should be implemented in the new short-wavelength lithography. On the other hand life and material sciences need also a deep look into the nano-and femtoworld. A short-wavelength and in some cases short-pulse source is of paramount importance for each of these applications as this dominantly decides about the spatial and temporal resolutions.  It is expected that both, coherent and incoherent soft X-ray sources could help to solve many of the problems faced.
	Patent situation
	Figure 2: Hypersound nozzle, a = 3.5°, d = 400mm, l = 7mm

	The gas density at this point is
	Large Xe-clusters (105-106 atoms per cluster) have been exposed with ultrashort (50fs) and high intensity (2-4)(1018W/cm2 pulses from a Ti:Sa-laser. Scaling and absolute yield measurements of EUV-emission in a wavelength range between 7nm and 15nm in combination with cluster target characterization demonstrate the role of cluster size, average density and target configuration for yield optimization. Maximum emission in the 11nm to 13nm emission band has been found with backing pressures between 5 and 15 bar. The registered anisotropy of on-axis and off-axis emission suggests an important influence of the source size, ion distribution and radiation absorption within the ambient cluster gas. A simple model of a possible source geometry can explain main features of the observed signals. With the laser parameters used here Xe9+-Xe11+-ions are produced via optical field ionization and are probably not essentially covered by further collisions. Therefore the use of circularly polarized laser light results in enhancement of the radiation signals in comparison to linearly polarized light. An absolute emission efficiency up to 0.5% in 2? sr at about 13.4nm wavelength and 2.2% bandwidth was realized. With  longer 30ps-10ns laser pulses at moderate intensities (<1015 W/cm2) could also be demonstrated an efficient conversion of the laser energy in to EUV-emission. For the Xe-plasma a high conversion efficiency of 0.2% (2? sr, 2.2% BW) in to 13.4nm radiation was measured at laser pulse duration of 30ps and an intensity of 1015W/cm2. It is especially important that in case of 10ns laser pulses at 1014 W/cm2 a still higher conversion efficiency of 0.26% (2? sr, 2.2 % BW) could be reached. In general, the radiation efficiency rises with increasing intensity. It was shown that the  Xe-cluster jet target having a high flow velocity is well suited for efficient EUV-emission with high repetition of up to 125 kHz. Both the high conversion efficiency and the high repetition rate make this type of Xe-target attractive for high average EUV-power sources. Based on available laser technology, further technical and application requirements can be chosen for a suitable Xe-target system for bright EUV-radiation.
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	III.1 Beitrag des Ergebnisses zu förderpolitischen Massnahmen
	The project activities have shown both the potentials (and limitations) of laser driven short
	pulse EUV- and X-ray sources on the base of large Xe-clusters and collisional x-ray lasers.
	The results allows one to scale requirements for pumping laser systems necessary for
	scientific and industrial applications of these incoherent respectively coherent sources
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