
/LQHDUL]DWLRQ�RI�,7(5�3ODVPD�(TXLOLEULXP�0RGHO�RQ�',1$�&RGH
<�9� 0LWULVKNLQ���9�1��'RNXND���5�5��.KD\UXWGLQRY�

�,QVW��RI�&RQWURO�6FLHQFHV�����3URIVR\X]QD\D�6W���0RVFRZ��5XVVLD
�65&�5)�75,1,7,��0RVFRZ�5HJLRQ��5XVVLD

$EVWUDFW��3ODVPD�LQ�,7(5�KDV�WKH�YHUWLFDO�SRVLWLRQ�LQVWDELOLW\�LQKHUHQW�LQ�YHUWLFDOO\�HORQJDWHG
SODVPDV�� WKHUHIRUH� LW� LV� D� SRWHQWLDOO\� GDQJHURXV� SODQW� XQGHU� FRQWURO� DQG� KDV� D� KLJK� ULVN� RI
FUDVKHV� >�@��7KLV� FLUFXPVWDQFH� UHTXLUHV� RI� DOO�URXQG� DQG� GHWDLOHG� GHYHORSPHQW� RI� WKH� ,7(5
SODVPD�PDJQHWLF�FRQWURO�V\VWHP��,Q�WKDW�FRQQHFWLRQ� WKH�SXUSRVH�RI� WKH�SDSHU�SUHVHQWHG� LV� WR
FDUU\�RXW�QXPHULFDO� OLQHDUL]DWLRQ�RI� ,7(5�SODVPD�QRQOLQHDU� HTXLOLEULXP�PRGHO�E\�PHDQV�RI
WKH�',1$�FRGH�>�@��FRPSDULVRQ�RI� OLQHDU�DQG�QRQOLQHDU�PRGHOV�EHKDYLRU� LQ�D� IHHGEDFN�ZLWK
WKH�VDPH�FRQWUROOHUV�DQG�GLVWXUEDQFHV��FRPSDULVRQ�RI�RSHQ�OLQHDU�PRGHOV�LQ�IUHTXHQF\�GRPDLQ
WR� ILQG� RXW� OLQHDUL]DWLRQ� DFFXUDF\� IHDWXUHV�� 7KH� OLQHDU� PRGHOV� REWDLQHG� FDQ� EH� XVHG� IRU
DQDO\VLV� DQG� RSWLPL]DWLRQ� RI� SODQW� IXQFWLRQDO� FRQWUROODELOLW\� >�@�� IRU� DQ� HVWLPDWLRQ� RI
DGPLVVLEOH� GLVWXUEDQFHV�� ZKLFK� GR� QRW� WDNH� RXW� WKH� XQVWDEOH� SODQW� IURP� WKH� OLPLWHG
FRQWUROODELOLW\� VWDWH� VSDFH� DUHD� >�@�� DQG� DOVR� IRU� V\QWKHVLV� DQG� DQDO\VLV� RI� ERWK� OLQHDU� DQG
QRQOLQHDU� UREXVW� FRQWUROOHUV� RI� SODVPD� SRVLWLRQ�� FXUUHQW�� DQG� VKDSH� WDNLQJ� LQWR� DFFRXQW� WKH
FRQVWUDLQWV�RQ�LQSXWV�DFWLRQV�DQG�RXWSXW�VLJQDOV�>�@�
7KH�PDWKHPDWLFDO�PRGHO�RI�SODVPD�HTXLOLEULXP� LQ WRNDPDN LV� UHSUHVHQWHG�E\� WKH� VHW�RI
LQWHUFRQQHFWHG� GLIIHUHQWLDO� HTXDWLRQV� �������� >�@�� 7KH� QRQOLQHDULW\� LQ� ���� LV� FDXVHG� E\� WKH
SUHVHQFH� RI�SODVPD� FRQWULEXWLRQ� L

SO< WR� WKH� SRORLGDO� IOX[� REWDLQHG� IURP� WKH� VROXWLRQ� RI� WKH
QRQOLQHDU�HTXDWLRQV���������

x *UDG�6KDIUDQRY�HTXDWLRQ

°°¯

°°®
­

��G�GS�
�S�

 w
<w�¹̧

·
©̈
§

w
<w

w
w <' ¦

 

Q

N
SONNN

SOW

6]U]]UUU,F

6]UMF
]UUUU

�

�

�

�

�



���������
�����

� ���

�� �� �� �����W
G )GSM U F G FU GS <<

< <
ªª ºº¬¬ ¼¼  �� �

x 0DJQHWLF�ILHOG�GLIIXVLRQ�HTXDWLRQ
� � � �

S
W

6

G G G) G-- ) - M GUG]G G G G
S UU U V U U

) << ) ªª ºº��   ��   «« »»cccc ¬¬ ¼¼ ³³³³� � ���

x 3ODVPD�FRQILJXUDWLRQ�ZLWK�D� IUHH�ERXQGDU\� DW� JLYHQ�SODVPD�FXUUHQW�DQG� LWV�SURILOH� LV
GHILQHG� E\� FXUUHQWV� LQ� SRORLGDO� DFWLYH� FRLOV� DQG� SDVVLYH� FRQWRXUV�� 7KH� G\QDPLFV� RI
WKHVH� FXUUHQWV� LV� GHVFULEHG� E\� WKH� .LUFKRII� HTXDWLRQV�
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7KH�OLQHDUL]DWLRQ RI�,7(5�SODVPD�HTXLOLEULXP�PRGHO���������ZDV�FDUULHG�RXW�ZLWK�WKH�XVH�RI
',1$�FRGH� LQ� WKH�DVVXPSWLRQ�RI� LGHDO�FRQGXFWLYLW\�RI�SODVPD� ,Q� WKH� OLQHDU�PRGHO�REWDLQHG
���

� � � ��G G, $ , % 8 ( \ & , ' 8 )GW G WG G G G[ G G G[ � �  � � ���

32nd EPS Conference on Plasma Phys. Tarragona, 27 June - 1 July 2005 ECA Vol.29C, P-5.080  (2005)



WKH� FXUUHQWV� LQFUHPHQWV� ����� ,W,W, � G DERXW� WKHLU� VHWSRLQW� YDOXHV� LQ� SRORLGDO� FRLOV� DQG
SDVVLYH�FRQWRXUV�DSSURSULDWH�WR�WKH�H[DPLQHG�HTXLOLEULXP�DUH�XVHG�DV�VWDWHV�ZKHUH ,�W� LV�WKH
FXUUHQWV�YHFWRU�DW�WKH�PRPHQW�W� ,�� LV�WKH�FXUUHQWV�YHFWRU�RI�VHWSRLQW�SODVPD�FRQILJXUDWLRQ�DW
WKH�PRPHQW�W W�� 7KH�LQSXW�YHFWRU 8�W� FRQVLVWV�RI�YROWDJHV�RQ�3)�FRLOV��7KH�GLPHQVLRQ�RI�WKH
VWDWH�YHFWRU�G, LV�HTXDO�WR�QSI�QYY��ZKHUH�QSI LV�D�QXPEHU�RI�3)�FRLOV�DQG�QYY LV�D�QXPEHU�RI
SDVVLYH�FRQWRXUV��7KH�SUHVHQFH�RI�ES DQG�OL SHUWXUEDWLRQV�LV�WDNHQ�LQWR�DFFRXQW�E\�LQWURGXFLQJ
D�YHFWRU�G[ ZLWK ��GLP�  G[ ��+HQFH�WKH�VL]HV�RI�PDWULFHV� LQ�HTXDWLRQV�����DUH�DV�IROORZV�$�
�QSI�QYY�u�QSI�QYY���%���QSI�QYY�u QSI��(���QSI�QYY�uGLP�G[�� 2XWSXW�YHFWRU�\ >GJ��G5PDJ��G=PDJ�
G,SO@�LV�IRUPHG�IURP�YDULDWLRQV�RI�REVHUYHG�YDOXHV�DERXW�WKHLU�UHIHUHQFH�RXWSXWV�QDPHO\�JDSV
J�y� EHWZHHQ�SODVPD�ERXQGDU\�DQG�WKH�ILUVW�ZDOO��FRRUGLQDWHV�RI�PDJQHWLF�D[LV��5PDJ��=PDJ��DQG
SODVPD�FXUUHQW�,SO��7KHUHIRUH�WKH�GLPHQVLRQ�RI�RXWSXW�YHFWRU�\ LV�HTXDO�WR���DQG�WKH�GLPHQVLRQV
RI�PDWUL[HV�&��' DQG�) DUH�HTXDO�WR�GLP�\�u�QSI�QYY���GLP�\�u�QSI�QYY� DQG GLP�\�u GLP�G[�
DFFRUGLQJO\��7KH�OLQHDUL]DWLRQ�SURFHGXUH�LV�UHGXFHG�WR�WKH�FDOFXODWLRQ�RI�PDWULFHV�$��%��&��'�
(��) LQ�����>�@��,Q�GRLQJ�VR��WKH�GHYLDWLRQV�RI�FXUUHQWV�DQG�GLVWXUEDQFHV�IURP�WKHLU�VHWSRLQWV�DUH
SUHVFULEHG��QHZ�SODVPD�HTXLOLEULXP�FRQILJXUDWLRQ� LV�FDOFXODWHG�E\�WKH�',1$�FRGH��DQG�WKHQ
WKH�GHYLDWLRQV�REWDLQHG�RI�SRORLGDO� IOX[HV� LQ�FRQWRXUV�DQG�RI�FRPSRQHQWV� LQ�RXWSXW�YHFWRU�\
DUH� XVHG� WR� GHWHUPLQH� WKH� PDWULFHV� LQ� ����� /LQHDUL]DWLRQ� LV� FDUULHG� RXW� IRU� YDULRXV� 5�=
FDOFXODWLRQ�JULGV�RI�WKH�DUHD�RI�WKH�*UDG�6KDIUDQRY�HTXDWLRQ�VROXWLRQ�DQG�GLIIHUHQW�QXPEHUV�RI
SDVVLYH�FRQWRXUV�� WKDW�DUH�����u�������������u�������������u�������������u���������� ���u���
������WKH�ODVW�RQH�GRHV�QRW�FRQWDLQ�PXWXDO�LQGXFWDQFHV�RI�FRQWRXUV���7KH�DLP�RI�WKH�VWXG\�RI
YDULRXV�GLYLVLRQV�RI�SDVVLYH�VWUXFWXUHV�DQG�WKH�DUHD�RI�WKH�HTXLOLEULXP�HTXDWLRQ�VROXWLRQ�LV�WR
FOHDU�XS�WKHLU�LQIOXHQFH�RQ�OLQHDUL]DWLRQ�DFFXUDF\�RI�WKH�ZRUNLQJ�OLQHDU�PRGHO�
&RPSDULVRQ� RI� OLQHDU� PRGHOV� LQ� WLPH� DQG� IUHTXHQF\� GRPDLQV� 7KH� FRPSDULVRQ� RI� WKH

VSHFLILHG�YDULDQWV�RI�',1$�OLQHDU�PRGHOV
DQG�3(7�OLQHDU�PRGHO�ZHUH�SHUIRUPHG�LQ
D�IHHGEDFN�ORRS�DW�VWDELOL]DWLRQ�RI�SODVPD
YHUWLFDO�VSHHG�DERXW�]HUR��2Q�WKH�FRQWURO
V\VWHP� EORFN� GLDJUDP� LQ� )LJ�� � WKH
VZLWFK�6 LV�LQ�WKH�XSSHU�SRVLWLRQ�FUHDWLQJ
D� FORVHG� ORRS� ZLWK� D� VSHHG� SURSRUWLRQDO
FRQWUROOHU��7KH�UHVXOWV�RI�FRPSDULVRQ�DUH
VKRZQ� LQ� )LJ�� ��� 2EYLRXVO\� WKH

SURSRUWLRQDO� FRQWUROOHU� PDLQWDLQV� SODVPD� PDJQHWLF� D[LV� VSHHG� QHDU� WR� ]HUR� IRU� DOO� OLQHDU
PRGHOV� LQYHVWLJDWHG� +RZHYHU� WKHUH� DUH
VRPH� GLVWLQFWLRQV� LQ� SODVPD� SRVLWLRQ
EHKDYLRXU� IRU� YDULRXV� PRGHOV� GXH� WR
GLIIHUHQW� DFFXUDF\� RI� OLQHDU� PRGHOV� DQG
VWDELOLVDWLRQ� RI� WKH� SODVPD� VSHHG� EXW� QRW
LWV� SRVLWLRQ� 3ODVPD� SRVLWLRQ� WHQGV� WR� D
VORZ� FKDQJH� EHFDXVH� LW� LV� LPSRVVLEOH� WR
VWDELOL]H� VSHHG� QHDU� ]HUR� SUHFLVHO\� E\� D
SURSRUWLRQDO�FRQWUROOHU�

)RU� FRPSDULVRQ� RI� OLQHDU� PRGHOV� LQ
IUHTXHQF\� GRPDLQ� WKH� IUHTXHQF\� VLQJXODU
YDOXHV� FKDUDFWHULVWLFV� RI� SODQW� VFDOHG
PDWUL[� WUDQVIHU� IXQFWLRQ� * ZHUH� XVHG

ZKHUH�* ZDV� REWDLQHG� IURP� ���� QDPHO\� � � � � �* V & V, $ % '� � � DW�(�  � ���)�  � ��� 7KH
VLQJXODU�YDOXHV� LV RI�* DUH�JDLQV�RI�PXOWLYDULDEOH� OLQHDU�SODQW� LQ�YDULRXV�GLUHFWLRQV�DQG�DUH
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JLYHQ� E\� WKH� H[SUHVVLRQ
� �**+
LL OV � � � � � �+ 7* V * V �

7KH� FRQGLWLRQ� QXPEHU
PD[ PLQ� � > � �@� > � �@* M * MJ Z V Z V Z  ZDV

FKRVHQ� DV� D� FULWHULRQ� RI� IUHTXHQF\
FRPSDULVRQ� RI� OLQHDU� PRGHOV�� ZKLFK
UHIOHFWV� WKH� UDQJH� RI� SODQW� JDLQV
FKDQJH��7KH�IUHTXHQF\� FKDUDFWHULVWLFV
RI� J DUH� VKRZQ� LQ�)LJ�� ��� 7KHUH� LV� D
JRRG� FRLQFLGHQFH� RI� J IRU� DOO�PRGHOV
DW� ORZHU� IUHTXHQFLHV�XS� WR�a�� UDG�VHF
ZLWK� DERXW� ���� GLVSHUVDO� DW� ���
UDG�VHF�� 7KLV� LV� DFFHSWDEOH� IRU

HQJLQHHULQJ�HVWLPDWLRQV�EHFDXVH�WKH�FRQWUROOHU�GHVLJQ�LV�GRQH�DW�UHODWLYHO\� ORZHU�IUHTXHQFLHV
WR�DFKLHYH�JRRG�SHUIRUPDQFH�RI�FORVHG�ORRS�V\VWHP�
&RPSDULVRQ�RI�OLQHDU�DQG�QRQOLQHDU�PRGHOV�LQ�WLPH�GRPDLQ� 7KH�FRPSDULVRQ�RI�HYROXWLRQ
RI�= IRU�OLQHDU�PRGHO�����DQG�QRQOLQHDU�PRGHO���������LQ�D�IHHGEDFN�E\�XVLQJ�D�VSHHG�FRQWUROOHU
IRU�WKH�FDVH����u���������LV�VKRZQ�RQ�LQ�)LJ��� ZLWK�D�GHGXFWLRQ�RI�UHVXOWV�RI��XQGLVWXUEHG�
VROXWLRQ�IURP��GLVWXUEHG��RQH�IRU�WKH�FDVH�RI�',1$�VLPXODWLRQ� ,Q�WKH�QRQOLQHDU�FDVH�WKH
UHVXOWV� ZHUH� REWDLQHG� RQ� ',1$� FRGH� IRU� ���� ES GURS�� ZKLFK� RFFXUUHG� LQ� WKH� PLGGOH� RI
VLPXODWLRQ� WLPH�� G= LV� D� GLVSODFHPHQW� RI� D� SODVPD� YHUWLFDO� SRVLWLRQ� IURP� WKH� JLYHQ� YDOXH�
G�G=��GW LV�LWV�GHULYDWLYH��896&��LV�D�YROWDJH�RQ�9HUWLFDO�6WDELOLW\�&RQYHUWHU��+HUH��DV�ZHOO�DV�LQ
WKH�SUHYLRXV�FDVH��WKHUH�LV�D�UDWKHU�LQH[DFW�FRLQFLGHQFH�RI�WUDQVLHQW�UHVSRQVH�IRU�G=�

)RU� WKLV� UHDVRQ� LQVWHDG� RI� VSHHG
FRQWUROOHU�� D� QHZ� +f FRQWUROOHU� >�@� IRU
VWDELOL]DWLRQ� RI� D� SURSHU� YHUWLFDO
SRVLWLRQ�RI�PDJQHWLF�D[LV�RI�SODVPD�ZDV
GHVLJQHG�� 7KH� EORFN� GLDJUDP� RI� WKH
V\VWHP� IRU� WKLV� FDVH� ZLWK� D� ORZHU
SRVLWLRQ�RI� WKH�VZLWFK�6 LV�SUHVHQWHG� LQ
)LJ���� 7KH�FRPSDULVRQ�RI�SURFHVVHV�RI
SODVPD� YHUWLFDO� SRVLWLRQ� FRQWURO� IRU
OLQHDUL]HG�PRGHO� DQG�',1$� FRGH�ZHUH
FDUULHG� RXW�� 7KH� SURFHVVHV� RI� WUDFNLQJ
VWHSSHG� FRPPDQG� G=UHI E\� WKH� FRQWURO
V\VWHP�IRU� OLQHDU�DQG�QRQOLQHDU�PRGHOV
DUH� VKRZQ� LQ� )LJ�� ��� 7KH� FRPPDQG

VLJQDO�G=UHI KDV�WKH�DPSOLWXGH�RI���FP�DQG�LV�PDUNHG�E\�JUHHQ�FRORXU�LQ�WKH�XSSHU�SDUW�RI�)LJ�
��� 7KH� UHG� DQG� EOXH� OLQHV� FRUUHVSRQG� WR� WKH� RXWSXWV�G= DQG�G=QRQ IRU� OLQHDUL]HG�PRGHO� DQG
',1$�FRGH�DFFRUGLQJO\�

)LJ���

)LJ���
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,Q�WKH�ORZHU�SDUW�RI�)LJ��� WKH�G\QDPLF�HUURUV
UHIH = =G G  �� IRU� WKH� FRQWURO� V\VWHP� ZLWK

OLQHDU� PRGHO� �UHG� FRORXU�� DQG� ',1$� FRGH
�EOXH� FRORXU�� DUH� VKRZQ�� $FFRUGLQJ� )LJ�� �
WKH� WUDQVLHQW� UHVSRQVHV� DW� VWHSV� LQ� G=UHI
WHUPLQDWH� ZLWKLQ� ���� V�� 7KXV� WKH� WUDQVLHQW
UHVSRQVHV� RI� SODVPD� YHUWLFDO� FRQWURO� IRU
OLQHDU�PRGHO� DQG�',1$�FRGH� FRLQFLGH� ZLWK
KLJK�DFFXUDF\��DERXW�����WKDW�FRQILUPV�KLJK
DFFXUDF\� RI�FDOFXODWLRQ�RI�PDWUL[HV�$��%��&�
' RI�OLQHDU�PRGHO �����0RUHRYHU�� WKH� IDFW�RI
JRRG�DJUHHPHQW�RI�VLPXODWLRQ�UHVXOWV�RQ�QRQ�
OLQHDU�DQG�OLQHDU�PRGHOV�ZLWK�XVLQJ�WKH�VDPH

FRQWUROOHU� RI� =�SRVLWLRQ� V\QWKHVL]HG� RQ� WKH� EDVH� RI� $�� %�� &�� ' PDWULFHV�� DOVR� JLYHV� WKH
HYLGHQFH�DERXW�KLJK�DFFXUDF\�RI�WKHLU�FDOFXODWLRQ��7KH�PDWUL[HV�(��) GLG�QRW�SDUWLFLSDWH�LQ�WKH
V\QWKHVLV�RI�WKH�+f FRQWUROOHU�
&RQFOXVLRQV
i 7KH� VHW� RI� OLQHDU� PRGHOV ZLWK� GLIIHUHQW� JULG� VL]HV� RI� DUHD� RI� VROXWLRQ� RI� WKH� *UDG� �

6KDIUDQRY� HTXDWLRQ� ���� DQG� GLIIHUHQW� QXPEHUV� RI� FRQWRXUV� IRU� SDVVLYH� VWUXFWXUHV� LQ� WKH
.LUFKRII�HTXDWLRQ�����ZDV�REWDLQHG�E\�PHDQV�RI�WKH�FUHDWHG�OLQHDUL]DWLRQ�SURFHGXUH�RI�WKH
QRQ�OLQHDU�PRGHO���������RI�SODVPD�HTXLOLEULXP�LQ�,7(5�EDVHG�RQ�WKH�',1$�FRGH�

i 7KH� FRPSDULVRQ� RI� OLQHDU�PRGHOV� LQ� WLPH� DQG� IUHTXHQF\� GRPDLQV� ZDV� FDUULHG� RXW�� WKDW
DOORZHG�WR�FKRRVH�ZHOO�JURXQGHG�ZRUNLQJ�OLQHDU�PRGHO�IRU�V\QWKHVLV�RI�FRQWUROOHUV�

i 7KH� FRPSDULVRQ� RI� OLQHDUL]HG�PRGHO� DQG�',1$�FRGH� LQ� D� IHHGEDFN� IRU� SODVPD� YHUWLFDO
SRVLWLRQ�VWDELOL]DWLRQ�E\�WKH�XVDJH�RI�WKH� +f FRQWUROOHU�V\QWKHVL]HG�DQG�IRU�SURSRUWLRQDO
VWDELOL]DWLRQ�RI�G=�GW DURXQG�]HUR�LQ�D�FORVHG�ORRS�ZDV�SHUIRUPHG�

i 7KH�FRPSDULVRQ�VKRZHG�KLJK�DFFXUDF\�RI�DJUHHPHQW�RI�WUDQVLHQW�UHVSRQVHV�DW�VWDELOL]DWLRQ
=��WKDW�FRQILUPHG�KLJK�DFFXUDF\�RI�JHWWLQJ�$��%��&��' PDWULFHV�RI�OLQHDU�PRGHO�����ZLWK�WKH
KHOS�RI�WKH�FUHDWHG�OLQHDUL]DWLRQ�SURFHGXUH�RQ�',1$�FRGH��DQG�DOVR�ZHDN�FRLQFLGHQFH�RI
WUDQVLHQW� UHVSRQVHV� DW� VWDELOL]DWLRQ�RI�G=�GW EHFDXVH� LQ� WKLV� FDVH� WKHUH�ZDV�QRW� FRPSOHWH
FRQWURO�RI�FRRUGLQDWH�=�

5HIHUHQFHV
�� 6WHLQ�*���,(((�&RQWURO�6\VWHPV��9RO������1R�����SS��������������
�� .KD\UXWGLQRY�5�5���/XNDVK�9�(���-RXUQDO�RI�&RPSXWDWLRQDO�3K\VLFV����������SS����������

�����
�� 0LWULVKNLQ� <�9��� 3URF�� RI� 9,,,� ,QWHUQDWLRQDO�:RUNVKRS� RQ� 6WDELOLW\� DQG� 2VFLOODWLRQV� RI

1RQ�OLQHDU� &RQWURO� 6\VWHPV�� ,QVW�� RI� &RQWURO� 6FLHQFHV�� 0RVFRZ�� 5XVVLD�� SS�� ��������
�����

�� 0LWULVKNLQ�<�9���3ODVPD�'HYLFHV�DQG�2SHUDWLRQV��9RO�����SS����������������
�� 0LWULVKNLQ�<�9���3URF��RI�7KH��WK :RUOG�0XOWL�&RQIHUHQFH�RQ�6\VWHPLFV��&\EHUQHWLFV�DQG

,QIRUPDWLFV��2UODQGR��)/��86$��9RO��;9��SS����������������
�� %HO\DNRY� 9��� .DYLQ� $�� 3URF�� RI� ,QWHUQDWLRQDO� &RQI�� RQ� 3K\VLFV� DQG� &RQWURO�� 6W��

3HWHUVEXUJ��SS������������������

)LJ���
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