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7KLV�IDFW�DQG�DOVR��DERYH�QRWHG�VHOI�VLPLODULW\��RI�WKH�SURFHVV�LV�EDVH�RI��IXUWKHU�LQTXLU\�
:H�VKDOO�VWXG\�DQ�HQHUJ\�FXPXODWLRQ�SKHQRPHQRQ�LQ�WKH�UHVXOW�RI�D�GHQVLW\�MXPS�DSSHDUDQFH
RQ�WKH�D[LV�DW�ILQDO�VWDJH�RI�FDVFDGH�LPSORVLRQ��,Q�DFFRUGDQFH�RI�>�@��WKH�6:�IURQW�VWUXFWXUH
LQ�SODVPD�LV�GHWHUPLQHG�E\�WKH�IROORZLQJ�VSDWLDO�VFDOHV��HL�UHOD[DWLRQ�OHQJWK�EHKLQG�D�GHQVLW\
MXPS�DQG�H�KHDW�FRQGXFWLYLW\�EHIRUH�LW�FVWHL !! FVWHL �=��VL]H�RI�DUHD�RI�HQHUJ\�WUDQVIHU�IURP
LRQV�WR�HOHFWURQV��!!�Y7LWLL �ZLGWK�RI�FRPSUHVVLRQ�MXPS���KHUH�� �� �>�� � � � � @V L H LF 7 =7 P � LV�D
VRXQG� VSHHG��:KHQ� SODVPD� FRPSUHVVHG� WR� UDGLXV� V HLD F W� �� HOHFWURQV� DUH� KHDWHG� LQ� ZKROH
YROXPH�RI�QHFN�� DQG� WKHLU� WHPSHUDWXUH� LV� GLVWULEXWHG�PRUH�XQLIRUP�� WKDQ� EHWWHU� DERYH� SUH�
VHQWHG� LQHTXDOLW\� LV� � UHDOL]HG�� WKH� SRVVLELOLW\� RI� HOHFWURQ� KHDWLQJ� LV� VDWXUDWHG�� DQG� D� VXEVH�
TXHQW�FXPXODWLRQ�FRQVLVWV� LQ� WKH�KHDWLQJ�RI�GHFHOHUDWLQJ� LRQV��7KH� UHJLRQ�RI�FRUUHVSRQGLQJ
SURFHVVHV�ORFDOL]HG�LQ�D�WKLQ�OD\HU�RI�FRPSUHVVLRQ��ZKLFK�RQH�PD\�FRQVLGHU�DV� MXPS��+HUH�
YLVFRXV� LRQ� KHDWLQJ� LV� LQ� �L HP =P WLPHV� JUHDWHU� WKDQ� � HOHFWURQ� RQH�� DQG� WKH� WHPSHUDWXUH

�H H7 7| LV��DSSUR[LPDWHO\��FRQWLQXRXV��SODVPD�GHQVLW\�LQFUHDVHV�LQ�DERXW���WLPHV��DQG��WKHUH�
IRUH��WKH�WLPH�RI�UHOD[DWLRQ�WHL �=a7H��� �=�U GHFUHDVHV�DV� �� U ��%HKLQG�RI�MXPS��WKDW�PRYHV
WRZDUG� WKH�D[LV�ZLWK�YHORFLW\ �VF| �� WKH� WHPSHUDWXUH�RI� LRQV�7L !�7H LV� OLPLWHG�E\� WKH�YDOXH

�
� � � �L L V7 P F|  � � � �H= 7 ��,RQV�WUDQVIHU�LWV�HQHUJ\�WR�HOHFWURQV�GXULQJ�WKH�WLPH� �HL =W ��)RU�UD�

GLXV� RI� QHFN� D | �V HLF =W ��ZKROH� YROXPH� RI� SODVPD� LV� LQYROYHG� LQWR� WKH� SURFHVV�� $QG� WKH
SURFHVV��FDQ¶W��EH�FRPSOHWHG�EHIRUH�GHQVLW\�MXPS�UHWXUQLQJ�DIWHU�LWV�UHIOHFWLRQ�IURP�WKH�D[LV�
,Q� FRPSDULVRQ�ZLWK� SUHYLRXV� FDVH�� WKLV� MXPS�PRYHV� IDVWHU�� EHFDXVH� RI� WKH� VRXQG� VSHHG� LV
KLJKHU��7KHUHIRUH��WKH�LRQV�DUH�KHDWHG�XS�WR�WKH�WHPSHUDWXUH� � � �L H7 = 7| ��)RU�H[DPSOH��IRU�7H�

 �����NH9��ZKHQ�=�  ���y���� �L7  ���y����NH9�DQG� �L7  �y����NH9��7KH�KHDWLQJ�RI�HOHF�
WURQV�LV�PRUH�FRPSOLFDWHG�E\�WKH�UDGLDWLRQ�DQG�LRQL]DWLRQ�SURFHVV��7KH�QXPEHU�RI�HOHFWURQV
LQ�= WLPHV�PRUH��WKDQ�LRQV�RQH��DQG�HOHFWURQV�WDNH�DZD\�WKH�HQHUJ\�PRUH�VORZO\�
$SSHDUDQFH�RI� WKH�REOLTXH�6:�IURQW�RQ� WKH�D[LV� LV�KDSSHQ�QRW�VLPXOWDQHRXVO\��DQG�RQ� WKLV
UHDVRQ�FXPXODWLRQ�SURFHVV�KDV��'�FKDUDFWHU�� ,W�LV�QHFHVVDU\� WR�GLVWLQJXLVK�WKH�VWDJH�RI�PR�
WLRQ�RI�6:�WR�WKH�D[LV�EHIRUH�WKH�IRUPDWLRQ�RI�FXPXODWLRQ�UHJLRQ�DQG�DIWHU� WKDW��ZKHQ� WZR
DUHDV�RI� UHIOHFWHG�PDWWHU�H[SDQGLQJ� LQ� �RSSRVLWH�GLUHFWLRQV�DSSHDUV��7KH� D[LDO�SODVPD� IORZ
WDNHV�SODFH�LQ�WKH�UHJLRQ�EHWZHHQ�WKH�GHQVLW\�MXPSV��DQG�DQ�H[SDQVLRQ�RI�;�SLQFK�QHFN��EH�
JLQV�ZKHQ�UHIOHFWHG�6:�UHDFK��LWV�VXUIDFH��'HFHOHUDWLRQ�RI�WKH�H[SDQVLRQ�E\�PDJQHWLF�ILHOG
OHDGV�WR�GHYHORSPHQW�RI�LQVWDELOLW\�LQ�WKLV�UHJLRQ��DQG�D�QHZ�LPSORVLRQ�VWDUWV�ZKHQ�WKH���GHQ�
VLW\�LQ�WKH�YROXPH�EHWZHHQ�WZR�FXPXODWLRQ�UHJLRQV�GHFUHDVHV��7KH�IRUPDWLRQ�RI�KRW�VSRW�DQG
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)LJ���� 7KH�IRUP�RI�WKH�QHFN�RI
;�SLQFK�DW�VWDUWLQJ�RI�ILQDO�LP�
SORVLRQ��FRPSXWHG�LQ�>�@�

LWV�VSDUN�DUH�KDSSHQ�RQ WKLV�
��UG�VWDJH�RI�HYROXWLRQ�
7KDW� SLFWXUH�ZDV� UHSURGXFHG
LQ� QXPHULFDO� VLPXODWLRQ� E\
PRGHO� >�@�� DSSOLHG� WR� SDUD�
EROLF� LQLWLDO� FRQILJXUDWLRQ� RI
0R�SODVPD��7KH�UHVXOWV�DUH

GHPRQVWUDWHG�RQ�)LJ�����7KH�IUDJPHQW�RI�QHFN�FRUUHVSRQGV�WR�D�PRPHQW�FORVHG�WR�ILQLVK�RI
FRPSXWDWLRQ�RI�>�@��)LJ������7KH�VWDWHPHQW�SDUDPHWHUV�ZHUH�IROORZLQJ��FXUUHQW������N$��LRQ
GHQVLW\��QL  ��������� FP����DYHUDJH�FKDUJH��=  ����WKH�WHPSHUDWXUHV��7H  �7L  ����H9��6SDWLDO
GLVWULEXWLRQV� RI� SODVPD� SDUDPHWHUV�ZHUH� XQLIRUP�ZLWK� � UDQGRP� GLVWXUEDQFHV� RI� ��� YDOXH�
6:�DSSHDUV�RQ�WKH�D[LV�DW�����SV��DQG�PD[LPDO�YDOXHV�RI�SODVPD�SDUDPHWHUV�DUH�DFKLHYHG�DW
����SV��ZKHQ�WZR�EULJKW�VSRWV�RI�GHQVLW\�MXPSV�DUH�DSSHDUHG��,QVWDELOLW\�VLJQLILFDQWO\�GHYHO�
RSV�DIWHU�����SV��DQG�;�UD\�VSDUN�LV�REVHUYHG�DW�����SV��7KH�PD[LPDO�YDOXHV�RI�SODVPD�SD�
UDPHWHUV�SUHVHQWHG�LQ�7DEOH���

W���SV D� PP 7H ��NH9 7L ��NH9 7J ��NH9 QH ��FP�� =
��� � ���� ���� ���� �������� ����
��� ��� ��� � ��� ������ ����

6R��WKHUH�DUH�WZR�;�UD\�VSDUNV�IURP�;�SLQFK�SODVPD��7KH�ILUVW�RQH�LV�DVVRFLDWHG�ZLWK�FXPX�
ODWLRQ�UHJLRQV�GXH�WR�DSSHDUDQFH�RI�FXUYHG�IURQW�RI�6:�RQ�WKH�D[LV��7KH�SDUDPHWHUV�=��7L ��D�
7H DQG� QH DFKLHYH� WKH� �PD[LPDO� YDOXHV� DW� WKLV� ILUVW� VSDUN�� 7KH� GLIIHUHQFH� RI� WHPSHUDWXUHV
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7L � 7H ����y���H9�LQ�WKLV�VWDJH��WKDW�LVQ¶W�VXFK�ODUJH��DV�DW�WKH�VHFRQG�VSDUN���6HFRQG�VSDUN
FDQ�EH�H[SODLQHG�E\�IDVW�LPSORVLRQ�EHWZHHQ�WKH�FXPXODWLRQ�UHJLRQV��6HFRQG�VSDUN�EHJLQV�DW
����SV��ZKHQ�WKH�QHFN�UDGLXV�LV�D | ��PP��7HPSHUDWXUH�DQG�GHQVLW\�RI�VHFRQG�KRW�VSRW�DUH
KLJKHU�WKDQ��WKRVH�DW� �6:�DSSHDUDQFH�RQ�WKH�D[LV��'XULQJ�WKH�IROORZLQJ���SV�;�SLQFK�QHFN
UDGLXV��GHFUHDVHV�E\�IDFWRU�����DQG�LW��LV�FRPSDUDEOH�QRZ�ZLWK�3ODQNLDQ�IUHH�SDWK�RI�SKRWRQV�
7KH�H[LVWHQFH�RI�WZR�VSDUNV�KDYH�EHHQ�REVHUYHG�LQ�H[SHULPHQWV�>�@��,Q�DFFRUGDQFH�ZLWK�QX�
PHULFDO�UHVXOWV���WKH�ILUVW�RQH�UHVSRQGHG�WR�HPLVVLRQ�IURP�PRUH�GHQVH�DQG�FROG�SODVPD��7H ���
NH9���WKDQ�WKH�VHFRQG�RQH��7H !���NH9���7KH�LQYHVWLJDWLRQV�RI�WLPH�UHVROYHG�UDGLDWLRQ�VSHF�
WUXP� VKRZQ� WKH� JUDGXDO� LQFUHDVH� RI� OLQHDU� FRPSRQHQW� IUDFWLRQ� ZKLOH�� LQLWLDOO\�� FRQWLQXXP
FRPSRQHQW� KDYH� EHHQ� GRPLQDQW�� )RU� W\SLFDO� H[SHULPHQWDOO\� PHDVXUHG� YDOXH� RI� UDGLDWLRQ
\LHOG� LV�� DSSUR[LPDWHO\������ -� DQG� LWV� GXUDWLRQ� ���� SV�� 6R� WKH� UDGLDWLRQ� SRZHU� FORVHV� WR� ��
*:��)RU�VL]H�RI�HPLVVLRQ�UHJLRQ�OHVV�WKDQ���PP��WKH�UDGLDWLRQ�LQWHQVLW\�H[FHHGV����� :�FP��
7KXV��LW�LV�VKRZQ��WKDW�KRW�DQG�GHQVH�SODVPD�RI�;�SLQFK�FDQ�EH�FRQVLGHUHG�DV�DQ�LQWHUHVW�H[�
DPSOH�RI�VWURQJ�QRQ�HTXLOLEULXP�SODVPD�REMHFW�ZLWK�KLJK�GLIIHUHQFH�EHWZHHQ�HOHFWURQV���LRQV
DQG�SKRWRQV�WHPSHUDWXUHV��KLJK�GHJUHH�RI�LRQL]DWLRQ�DQG�UDGLDWLRQ�WUDQVIHU��ZKLFK�LV�LQWHUPH�
GLDWH�EHWZHHQ�EODFN�ERG\�DQG�WUDQVSDUHQW�PHGLXP�FDVHV��
This research was supported by grant ,67&�1R�������
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