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(OHFWURFKHPLFDO�*UDIWLQJ�RI�&KLWRVDQ�RQ�3RO\DQLOLQH�
DQG�,WV�&KDUDFWHUL]DWLRQ�

'HHSVKLNKD�5DL���6KRYD�1HXSDQH���+DUL�%KDNWD�2OL���'LSDN�.�*XSWD��DQG�$PDU�3�<DGDY�

�&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��.LUWLSXU��.DWKPDQGX��1HSDO���
�'HSDUWPHQW�RI�&KHPLVWU\��7UL�FKDQGUD�0XOWLSOH�&DPSXV��.DWKPDQGX��1HSDO�

�$PULW�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��/DLQFKRXU��.DWKPDQGX��1HSDO�
�8QLYHUVLW\�RI�+DVVHOW��'LHSHQEHHN��%HOJLXP�

(�PDLO��DPDU�\#\DKRR�FRP

$EVWUDFW

&KLWRVDQ� ZDV� JUDIWHG� ZLWK� SRO\DQLOLQH� E\� HOHFWURFKHPLFDO� SRO\PHUL]DWLRQ�� (OHFWURFKHPLFDO�
SRO\PHUL]DWLRQ�ZDV�FDUULHG�RXW�E\�FRDWLQJ�FKLWRVDQ�RQ�WKH�VXUIDFH�RI�JUDSKLWH�ZRUNLQJ�HOHFWURGH�E\�F\FOLF�
YROWDPPHWU\� WKHQ� 3$1L� JUHZ� RQWR� FKLWRVDQ� LQ� DFLGLF� VROXWLRQ� DQG� D� JUDIW� FRSRO\PHU� ZDV� SURGXFHG��
3UHSDUHG�VDPSOH�REWDLQHG�IURP�HOHFWURFKHPLFDO�SRO\PHUL]DWLRQ�ZDV�FKDUDFWHUL]HG�E\�)7,5�VSHFWURVFRS\�
ZKLFK�FRQILUPHG�WKDW�FKLWRVDQ�JUDIWHG�SRO\DQLOLQH�ZDV�IRUPHG��&\FOLF�YROWDPPRJUDPV�JDYH�UHGR[�SHDNV�
RI�3$1L�ZKLFK�GHYHORSHG�DW�����9�DQG������9�DQG�RI�FKLW�J�3$1L�DW�����9�DQG������9�DQG�FXUUHQW�ZDV�
IRXQG�WR�EH�SURSRUWLRQDO�WR�WKH�VFDQ�UDWHV��6SHFLILF�FDSDFLWDQFH�ZHUH�IRXQG�WR�EH����������������)�J�DQG�
�������)J���IRU�FKLWRVDQ��3$1L�DQG�FKLW�J�3$1L�UHVSHFWLHO\�ZKLFK�LQGLFDWH�WKDW�FKLW�J�3$1L�KDV�KLJKHVW�
VSHFLILF� FDSDFLWDQFH�� 7KLV� FKLW�J�3$1L� RQ� WKH� VXUIDFH� RI� JUDSKLWH� ZDV� DSSOLHG� WR� PHDVXUH� WKH� S+� RI�
GLIIHUHQW�VROXWLRQ�KDYLQJ�GLIIHUHQW�FRQFHQWUDWLRQ�XVLQJ�D�S+�PHWHU��D�OLQHDU�WUHQG�ZDV�REWDLQHG�IURP�S+���
WR����DQG�VORSHV�RI��������DQG������P9�S+�ZHUH�IRXQG�IRU�DFLGLF������S+��DQG�EDVLF�������S+��VROXWWLRQV�
UHVSHFWLYHO\��7KH�VORSH�RI��������P9�S+�ZDV�IRXQG�LQ�JODVV�HOHFWURGH�IRU���WR����S+��

.H\ZRUG�� FKLWRVDQ�� FKLWLQ�� SRO\DQLOLQH�� JUDIW� FRSRO\PHU�� HOHFWURFKHPLFDO� SRO\PHUL]DWLRQ�� FRQGXFWLQJ�
SRO\PHU�

,QWURGXFWLRQ�

&KLWRVDQ� LV� D� ELRGHJUDGDEOH�� QRQ�WR[LF�� QRQ�DOOHUJHQLF�� QDWXUDOO\� RFXUULQJ� KLJK� PROHFXODU� � ZHLJKW�
ELRSRO\VDFFKDULGH��� 'XH� WR� WKH� ELRGHJUDGDELOLW\� DQG� VWUXFWXUDO� SURSHUWLHV� RI� FKLWRVDQ�� LW� LV� DOVR�ZLGHO\�
XVHG�LQ�ZDVWHZDWHU� WUHDWPHQWV��VHSDUDWLRQ�PHPEUDQHV��GUXJ�GHOLYHU\�V\VWHPV��DQG�ELRVHQVRUV���&KLWRVDQ�
FDQ�UHPRYH�DQLRQLF�PHWDOV�VSHFLHV��FKURPDWH��SKRVSKDWH��DQG�QLWUDWH�� WKURXJK�HOHFWURVWDWLF�DWWUDFWLRQ�RU�
K\GURJHQ�ERQGLQJ�GXH�WR�WKH�SUHVHQFH�RI�DPLQH���1+���DQG�K\GUR[\O���2+��IXQFWLRQDO�JURXSV��DQG�DOVR�
WKH�SUHVHQFH�RI�WKHVH�JURXSV�PDNHV�FKLWRVDQ�DV�D�SRWHQWLDO�DGVRUEHQW�IRU�DQFKRULQJ�D�YDULHW\�RI�WUDQVLWLRQ�
PHWDOV���

&RUUHVSRQGLQJ�DXWKRU
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3RO\DQLOLQH� LV� WKH� ROGHVW� SRO\PHUV� DPRQJ� RWKHU� NQRZQ� LQWULQVLFDOO\� FRQGXFWLQJ� SRO\PHU� �,&3���
3RO\DQLOLQH�ZDV�IRXQG�IRU�WKH�ILUVW�WLPH�GXULQJ�DQRGLF�R[LGDWLRQ�RI�DQLOLQH�LQ�VXOIXULF�DFLG�DW������E\�+��
/HWKHE\�RI� WKH�&ROOHJH�RI�/RQGRQ�+RVSLWDO� DQG�DW� WKDW� WLPH�D�SDUWO\�FRQGXFWLYH�PDWHULDO�ZDV�REWDLQHG�
ZKLFK�ZDV�SUREDEO\�SRO\DQLOLQH���'XH�WR�LWV�HDVH�RI�V\QWKHVLV�WKLV�FRQGXFWLQJ�SRO\DQLOLQH�ZDV�ZHOO�NQRZQ�
DQG�LW�KDV�RWKHU�LQWHUHVWLQJ�SURSHUW\�OLNH�HQYLURQPHQWDO�VWDELOLW\��XQLTXH�DFLG��EDVH�GRSLQJ��GHGRSLQJ�DQG�
R[LGDWLRQ�FKHPLVWU\����

6FKHPH����6WUXFWXUH�RI�FKLWRVDQ�ZLWK�FKLWLQ�������������6FKHPH�����D��$QLOLQH�PRQRPHU��������E��3RO\DQLOLQH�

3RO\DQLOLQH� JUDIWHG� FKLWRVDQ� FDQ� EH� XVHG� DV� DQ� DGVRUELQJ�PDWHULDO� IRU� FXSSHU� LRQV���%LR�FRQGXFWLQJ�
FRPSRVLWH�PDWHULDOV� KDYH� EHHQ� XVHG� DV� HIIHFWLYH� DGVRUEHQW� IRU� WKH� UHPRYDO� RI� G\HV�� KHDY\�PHWDOV� DQG�
IOXRULGH� LRQV� IURP� DTXHRXV� VROXWLRQ��� &KLWRVDQ� JUDIWHG� SRO\DQLOLQH� ZDV� V\QWKHVL]HG� E\� FKHPLFDO� DQG�
HOHFWURFKHPLFDO�SRO\PHUL]DWLRQ��&KLWRVDQ�JUDIWHG�SRO\DQLOLQH�LV�ZULWWHQ�DV�FKLW�J�3$1L�

6FKHPH����6FKHPDWLF�LOOXVWUDWLRQ�RI�FKHPLFDO�DQG�HOHFWURFKHPLFDO�IRUPDWLRQ�RI�FKLWDOLQ��FKL�J�3$1L��

([SHULPHQWDO�0HWKRGV�

0DWHULDOV�

7KH�VDPSOH�RI�SXUH�FKLWRVDQ��DQLOLQH�PRQRPHU��0ROHFXODU�:W��������J��VSHFLILF�GHQVLW\�������J�/���

ZDV�GRXEOH�GLVWLOOHG���DPPRQLXP�SHUVXOIDWH��$36���DFHWLF�DFLG��QLWURJHQ�JDV��JUDSKLWH�URG�IURP�EDWWHULHV��
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VXOSKXULF� DFLG� �����0��� K\GURFKORULF� DFLG� ��� DQG���0��� VRGLXP�K\GUR[LGH� ���0���1D�+32���1D+�32���
VRGLXP�DPPRQLXP�K\GUR[LGH��7KHUPR�)LVKHU�VFLHQWLILF�,QGLD��ZHUH�DYDLODEOH�IURP�ODERUDWRU\�RI�&HQWUDO�
'HSDUWPHQW�RI�&KHPLVWU\��78�DQG�DOO�WKHVH�FKHPLFDOV�ZHUH�RI�DQDO\WLFDO�JUDGH�DQG�UHTXLUHG�FRQFHQWUDWLRQ�
RI�VROXWLRQV�ZHUH�GLOXWHG�LQ�GLVWLOOHG�ZDWHU��

3UHSDUDWLRQ�RI�&KLW�J�3$1L�E\�(OHFWURFKHPLFDO�3RO\PHUL]DWLRQ�

([DFW������P/�RI�FRQF��DFHWLF�DFLG�ZDV�DGGHG�LQ�����P/�YROXPHWULF�IODVN�IRU�PDNLQJ�������DFHWLF�
DFLG����J�FKLWRVDQ�DQG�����P/�RI�������DFHWLF�DFLG�ZDV�PL[HG�LQ�EHDNHU�DQG�WKHQ�VWLUUHG�IRU���KRXUV�LQ�
PDJQHWLF�VWLUUHU�DQG�WKHQ�SUHSDUHG�FKLWRVDQ�VROXWLRQ�ZDV�ILOWHUHG�E\�FRWWRQ�SDG�RU�FRWWRQ�FORWK�WR�UHPRYH�
WKH�XQ�GLVVROYHG�SDUWLFOHV��(OHFWURFKHPLFDO�SRO\PHUL]DWLRQ�ZDV�FDUULHG�RXW�E\�FRDWLQJ�FKLWRVDQ�RQ�VXUIDFH�
RI�JUDSKLWH� URG�ZRUNLQJ�HOHFWURGH�DQG� WKHQ�3$1L�ZDV�JURZQ�RQWR�FKLWRVDQ� LQ�DFLGLF�VROXWLRQ��*UDSKLWH�
HOHFWURGH� ZDV� PDGH� E\� MRLQLQJ� FLUFXLW� RQ� JUDSKLWH� URG� RI� EDWWHULHV�� &KLWRVDQ� JUDIW� SRO\DQLOLQH� ZDV�
SUHSDUHG�E\�DSSO\LQJ� LQWHQGHG�SRWHQWLDO� WR� WKH�HOHFWURGH�XVLQJ�SRWHQWLRVWDWH�� �3$1L�ZDV�GHSRVLWHG�RQWR�
FKLWRVDQ�FRDWHG�JUDSKLWH� URG�ZKHUH�HOHFWURO\WLF� VROXWLRQ�FRQVLVWHG�RI�����0�DQLOLQH� LQ� ����P/�RI� HTXDO�
UDWLR�PL[WXUHV���������RI�����0�VXOSKXULF�DFLG�DQG���0�K\GURFKORULF�DFLG�LQ�ZDWHU��L�H�����P/�RI�����0�
VXOSKXULF�DFLG�DQG����PO�RI�K\GURFKORULF�DFLG���7KH�SRWHQWLDO� UDQJH� IRU�HOHFWURFKHPLFDO�SRO\PHUL]DWLRQ�
DQG� WKH� VFDQ� UDWHV�ZHUH� ������ WR���9�DQG����P9V��� UHVSHFWLYHO\� IRU����F\FOHV��$�GDUN�JUHHQ� OD\HU�ZDV�
REVHUYHG�RQ�WKH�VXUIDFH�RI�WKH�JUDSKLWH�URG��

7KH� PHDVXUHPHQW� RI� F\FOLF� YROWDPPHWU\� ZDV� GRQH� LQ� GLIIHUHQW� VFDQ� UDWHV� ���� P9V���� ��� P9V����
��P9V���� ���P9V���� ����P9V���� IRU� ��� F\FOHV�� 7KH� SRWHQWLDO� UDQJH�ZDV� ���� WR� ����9� DQG� RSHQ� FLUFXLW�
SRWHQWLDO��2&3��ZDV��������9��

0HDVXUHPHQW�RI�S+�E\�&KLW�J�3$1L�&RDWHG�*UDSKLWH�(OHFWURGH��

3RWHQWLDOV�RI�WKHVH�EXIIHU�VROXWLRQV�ZHUH�PHDVXUHG�IURP�S+�����WR������ZLWK�WKH�FKLW�J�3$1L�FRDWHG�
JUDSKLWH� HOHFWURGH� DV� LQGLFDWRU� HOHFWURGH� DQG� WKH� VWDQGDUG� FDORPHO� HOHFWURGH� �6&(�� DV� D� UHIHUHQFH�
HOHFWURGH��$� )LVKHU�$FFXPHW� S+�PHWHU�ZDV� XVHG� WR�PHDVXUH� DOO� WKH� S+� DQG� SRWHQWLDO� RI� WKH� SUHSDUHG�
VROXWLRQV��*ODVV�HOHFWURGH�ZDV�DOVR�XVHG� WR�PHDVXUH� WKH�SRWHQWLDO�RI� WKH�SUHSDUHG�VROXWLRQV�ZKLFK�ZHUH�
DOUHDG\�PHDVXUHG�E\� FKLW�J�3$1L� FRDWHG�JUDSKLWH� HOHFWURGH� WR� H[SHULPHQW� WKH� UHVSRQVH�RI� FKLW�J�3$1L�
FRDWHG�JUDSKLWH�HOHFWURGH�LQ�FRPSDULVRQ�ZLWK�JODVV�HOHFWURGH��

5HVXOWV�DQG�'LVFXVVLRQ��

)7,5�VSHFWUD�RI�DOO�VDPSOHV�ZHUH�UHFRUGHG�E\�XVLQJ�,57UDFHU�����RI�6+,0$'=8�VSHFWURSKRWRPHWHU�
DW� URRP� WHPSHUDWXUH� LQ� WKH� UDQJH� RI� ����±���� FP���%XW� RQO\� WKH�PLG� VSHFWUXP� ,5� UDQJH� FRQWDLQV� WKH�
FKDUDFWHULVWLF� SHDNV� RI� FKLW�J�� 3$1L�� 6DPSOH� RI� FKLW�J�� 3$1L� REWDLQHG� IURP� HOHFWURFKHPLFDO�
SRO\PHUL]DWLRQ�JDYH�VSHFWUD��,Q�FKLW�J�3$1L��WKH�SHDN�DW�����������FP���ZDV�RI�TXLWH�UHGXFHG�LQWHQVLW\�
DQG�EURDG�GXH�WR�WKH�RYHUODSSLQJ�RI�2�+�VWUHWFKLQJ�RI�FKLWRVDQ�DQG�1�+�VWUHWFKLQJ�RI�DQLOLQH�JURXSV�DW�
3$1L�*UDIWV���
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3RWHQWLDO�9�YV�6&(

)LJXUH����)7,5�VSHFWUXP�RI�FKLW�J�3$1L�REWDLQHG�IURP�HOHWURFKHPLFDO�SRO\PHUL]DWLRQ�

&KLWRVDQ� JDYH� VWURQJ� SHDN� DURXQG������ FP��� LQ� ,5� VSHFWUXP�GXH� WR� WKH� VWUHWFKLQJ� YDULDWLRQ� RI�2�+�� WKH�
H[WHQVLRQ�RI�1�+��DQG�LQWHU�K\GURJHQ�ERQGV�RI�WKH�SRO\VDFFKDULGH��7KH�SHDN�DW�����������FP���ZDV�RI�TXLWH�
UHGXFHG�LQWHQVLW\�DQG�EURDG�LQ�JUDIW�FRSRO\PHU�GXH�WR�RYHUODSSLQJ�RI�2�+�VWUHWFKLQJ�RI�FKLWRVDQ�DQG�1�+�
VWUHWFKLQJ�RI�DQLOLQH�JURXSV�DW�3$1L�*UDIWV��,QWHQVLW\�RI�WKLV�SHDN�ZLWK�UHVSHFW�WR�FKLWRVDQ�UHGXFHV�GXH�WR�WKH�
DSSUHFLDEOH�DPRXQWV�RI�2�+�ERQGV�DQG�1�+�ERQGV�DW�FKLWRVDQ�KDYH�EHHQ�JUDIWHG�ZLWK�3$1L�FKDLQ��

&\FOLF�9ROWDPPHWU\��&9��RI�&KLW�J�3$1L�

7KH� &9� RI� YDULRXV� VDPSOHV� ZDV� SORWWHG� E\� XVLQJ� 3RWHQWLRVWDW�*DOYDQRVWDW� FRQWUROOHG� E\� 3RODUL]DWLRQ�
VRIWZDUH� LQWHUIDFHG� ZLWK� ,%0� FRPSXWHU�� )LJXUH� ���� �D�� VKRZV� F\FOLF� YROWDPPRJUDPPV� RI� FKLWRVDQ�
JUDIWLQJ�RQ�JUDSKLWH�HOHFWURGH���

)LUVW� FXUYH� VKRZV� WKH� R[LGDWLRQ� RI� FKLWRVDQ� PRLHWLHV� LQ� WKH� SUHFXUVRU� VWDUWV� WR� EH� R[LGL]HG� IRU�
SRO\PHUL]DWLRQ� DQG� IRU� UHGR[� EHKDYLRU� DQG� ZKLFK� DUH� VKRZHG� LQ� WKH� ILUVW� FXUYH� DQG� LW� LV� FRPSOHWHO\�
HOHFWURDFWLYH��7KHVH�SHDNV�DSSHDUHG�DJDLQ�DIWHU�VHYHUDO�F\FOHV���

3$1L�IRUPDWLRQ�KDV�VWDUWHG�DW�WKH�FKLWRVDQ�LQ�WKH�SUHFXUVRU�ILOP�DQG�WKH�RKPLF�FRQGXFWLRQ�RFFXUV�EHWZHHQ�
WKH� HOHFWURGH�ZKLFK� LV� LPSOLHG�E\� WKH�KLJKHU� LQFUHDVH� RI�PD[LPXP�FXUUHQW� DQG� VKLIWLQJ�RI� LWV� SHDNV� WR�
KLJKHU�SRWHQWLDO�DQG� WKH�SRO\PHUL]DWLRQ� UDWH� LQFUHDVHV� IRU� WKH� VXFFHHGLQJ�SRWHQWLDO�F\FOHV��7KH�JUDSKLWH�
HOHFWURGH�LV�FRYHUHG�ZLWK�D�WKLFN�OD\HU�DQG�WKH�VROXWLRQ�QHDU�WKH�JUDSKLWH�HOHFWURGH�VXUIDFH�KDV�EHFRPH�DQ�
LQWHQVLYH�JUHHQ�FRORU��

)LJXUH����&\FOLF�YROWDPPRJUDPV�RI�FKLWRVDQ�GHSRVLWLRQ�
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�

2[LGDWLRQ RI�FKLWRVVDQ

3$1L�IRUPDWLRQ�DW�
FKLWRVDQ PRHWLHV

+HUH�LQ�ILJXUH����WZR�SDLUV�RI�UHGR[�SHDNV�DUH�VHHQ�DQG�WKH�YROWDPPRJUDPV�VKRZ�VLPLODU�VKDSHV�DV�LQ�WKH�
FDVH� IRU� 3$1L��� ,W� FDQ� EH� VDLG� WKDW� GXULQJ� F\FOLQJ� RI� WKHVH� WZR� SRO\PHUV�� WKH� LGHQWLFDO� UHGR[� SURFHVV�
RFFXUV��7ZR�SDLUV�RI�UHGR[�SHDNV�$�D�DQG�%�E�GHYHORS�DW�����DQG������ZKLFK�FDQ�EH�VHHQ�LQ�WKH�ILJXUH���
WKDW� UHVHPEOH� WKH�EHKDYLRU�RI�3$1L��7KH� FXUYH� VKDSHV�RI� FKLW�J�3$1L� DOPRVW�JLYH� WKH�HOHFWURFKHPLFDO�
EHKDYLRU�RI�3$1L�ZLWK� WKH� VDPH�FRQGLWLRQV�RI� HOHFWURFKHPLVWU\��&XUUHQW� LV�KLJKHVW� LQ�YDOXH�ZKHQ�VFDQ�
UDWH�LV�����P9V���EXW�ORZHVW�FXUUHQW�ZDV�REVHUYHG�LQ�ORZHU�VFDQ�UDWH�L�H������P9V����

)LJXUH����&\FOLF�YROWDPPRJUDPV�RI�����0�DQLOLQH�

)LJXUH����&\FOLF�YROWDPPRJUDPV�RI�JUDIW�FRSRO\PHU�IRUPDWLRQ�RI�FKLW�J�3$1L�
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)LJXUH����&\FOLF�YROWDPPRJUDPV�RI�EODQN�RI�FKLW�J�3$1L�LQ�GLIIHUHQW�VFDQ�UDWHV�

&DSDFLWLYH�VWXG\�

&DSDFLWDQFH��&�� �� ««««««�����Y�

6SHFLILF�&DSDFLWDQFH��6&�� � «««««����YL�

7DEOH����6SHFLILF�FDSDFLWDQFH�RI�VDPSOHV�IURP�&9�

6DPSOHV� 6SHFLILF�&DSDFLWDQFH��)J����

&KLWRVDQ� ��������

3$1L� ��������

&KLW�J�3$1L� ��������

)URP� WKH�VWXG\�RI�)LJXUH�RI�&9��FKLW�J�3$1L�KDV� ODUJHU�YROWDPPHWU\�RXWSXW�FXUUHQW�� VR�FDSDFLWRU�ZLWK�
JRRG�FDSDFLWDQFH�FDQ�EH�DQWLFLSDWHG�ZLWK�WKH�XVH�RI�WKLV�PDWHULDO��6SHFLILF�FDSDFLWDQFH�IRU�WKH�FRPSRVLWH�
PDWHULDO�ZDV�FDOFXODWHG�E\�WDNLQJ�DYHUDJH�FXUUHQW�REWDLQHG�IURP�WKH�&9��7KH�VSHFLILF�FDSDFLWDQFH�YDOXH�
WKXV�FDOFXODWHG�IURP�WKH�&9�FXUYH�LV�VKRZQ�LQ�WDEOH������7KH�VSHFLILF�FDSDFLWDQFH�IRU�VDPSOH�FKLW�J�3$1L�
ZDV�IRXQG�WR�EH�KLJKHVW����������)�J����ZKLOH�ORZHVW�IRU�FKLWRVDQ����������)J������

S+�6HQVLQJ�E\�&KLW�J�3$1L�(OHFWURGH�

&KLW�J�3$1L�FRDWHG�JUDSKLWH�HOHFWURGH�JDYH�WKH�VLJQLILFDQW�UHVSRQVH�ZKHQ�SRWHQWLDOV�ZHUH�UHFRUGHG�IURP�
DFLGLF� VROXWLRQV� WR� EDVLF� VROXWLRQV�� $� OLQHDU� WUHQG� IURP� S+� �� WR� ��� ZDV� REWDLQHG�� $� VORSH� RI� �������
P9�S+�LQ�DFLGLF�VROXWLRQ������S+��DQG������P9�S+�LQ�EDVLF�VROXWLRQ�������S+��ZHUH�REVHUYHG�IRU�FKLW�J�
3$1L�FRDWHG�JUDSKLWH� HOHFWURGH�� ,W�ZDV�REVHUYHG� WKDW� WKH� VXUIDFH�RI� WKH�SRO\DQLOLQH� ILOP�ZDV�GHSRVLWHG�
YHU\�VPRRWKO\�RQ�JUDSKLWH�URG��
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)LJXUH����5HVSRQVH�RI�WKH�FKLW�J�3$1L�HOHFWURGH�

)LJXUH����5HVSRQVH�RI�WKH�JODVV�HOHFWURGH�

&RQFOXVLRQV�

&KLWRVDQ� JUDIW� 3$1L� ZDV� PDGH� E\� � HOHFWURFKHPLFDO� SRO\PHUL]DWLRQ�� &KLW�J�3$1L� V\QWKHVL]HG� E\�
HOHFWURFKHPLFDO� PHWKRG� KDV� KLJKHU� FRQGXFWLYLW\� DQG� SK\VLFDO� SURSHUWLHV�� &KLWRVDQ� JUDIW� 3$1L� ZDV�
FKDUDFWHUL]HG� E\� )7,5� � ZKLFK� JDYH� GLIIHUHQW� VSHFWUXP� WKDW� FRQILUPHG� WKH� IRUPDWLRQ� RI� FKLW�J�3$1L�
FRSRO\PHU�ZDV�REWDLQHG��1R�UHVLGXDO�PRQRPHU�ZDV�IRXQG�LQ�WKH�JUDIW�FRSRO\PHU��HYHQ�DIWHU�VWRUDJH�IRU�
ORQJ�SHULRGV���

&\FOLF�YROWDPPRJUDPV�JDYH�UHGR[�SHDNV�RI�3$1L�ZKLFK�GHYHORSHG�DW�����9�DQG������9�DQG�RI�FKLW�J�
3$1L� DW� ���� 9� DQG� ����� 9� DQG� EODQN� RI� FKLW�J�3$1L� ZDV� GRQH� LQ� GLIIHUHQW� VFDQ� UDWHV�� 7KH� YDOXH� RI�
VSHFLILF�FDSDFLWDQFH�RI�FKLW�J�3$1L�ZDV�IRXQG�WR�EH���������)�J�ZKLFK�LV�KLJKHU�WKDQ�WKDW�RI�3$1L�DQG�
FKLWRVDQ�ZKRVH�YDOXHV�ZHUH���������)�J�DQG����������)�J�UHVSHFWLYHO\��
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&KLW�J�3$1L� FRDWHG� JUDSKLWH� HOHFWURGH�ZDV�PDGH� IRU� WKH�PHDVXUHPHQW� RI� S+�ZKLFK� LV� D� QRQ�JODVV� S+�
HOHFWURGH�� S+� RI� WKH� DFLGLF� DQG� EDVLF� VROXWLRQV� ZHUH� PHDVXUHG� E\� XVLQJ� REWDLQHG� FRSO\PHU� JUDSKLWH�
HOHFWURGH� DQG� DOVR� E\� JODVV� HOHFWURGH�� ,Q� WKLV�PHDVXUHPHQW�� D� OLQHDU� WUHQG�ZDV� REWDLQHG� DQG� VORSHV� RI�
�������P9�S+�IRU�DFLGLF�VROXWLRQV�DQG������P9�S+�IRU�EDVLF�VROXWLRQV�ZHUH�REVHUYHG��6ORSH�RI��������
PY�S+�ZDV�REVHUYHG�IURP�JODVV�HOHFWURGH�IRU�GLIIHUHQW�EXIIHU�VROXWLRQV��3UHSDUHG�FKLW�J�3$1L�HOHFWURGH�
FDQ�EH�XVHG�IRU�WKH�PHDVXUHPHQW�RI�S+�ZLWK�VHYHUDO�SUHFDXWLRQV��

5HIHUHQFHV�

�� $��7LZDUL��9��6LQJK��([SUHVV�3RO\PHU�/HWWHUV������� ���������������
�� $��*��<DYX]��$��8\JXQ��+��.�&DQ���&DUERK\GUDWH�5HVHDUFK����������������������������
�� .��5DWKLQDP��0�� 6DQNDUDQ�� ,QWHUQDWLRQDO� -RXUQDO� RI� %LRORJLFDO�0DFURPROHFXOHV��������

�������������
�� 6��+��+RVVHLQ��-��6LPLDUL��%��)DUKDGSRXU��,UDQLDQ�SRO\PHU�-RXUQDO���������������������
�� $��-��+HHJHU��$��*��0DF'LDUPLG��+��6KLUDNDZD��FRQGXFWLYH�SRO\PHUV��6WRFNKROP��6ZHGHQ��5R\DO�

6ZHGLVK�$FDGHP\�RI�6FLHQFHV��������S��������
�� -��1L]LRO��0��6QLHFKRZVNL��3�*��$QQD��-��3LHOLFKRZVNL��3RO\PHU�%XOOHWLQ� �������������������

�� ,JEHUDVH� (��� 2VLIR� 3��� 2IRPDMD� $��� -RXUQDO� RI� (QYLURQPHQWDO� &KHPLFDO� (QJLQHHULQJ��
����� ��������������

�� 5DWKLQDP�.���6DQNDUDQ�0���&KHPLFDO�(QJLQHHULQJ�-RXUQDO���������������������


