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7KH FRGH &/$16� LV DQ LPSURYHG YHUVLRQ RI 6XSHU/$16

FRGH >�@ IRU FDOFXODWLRQ RI D[LV\PPHWULF FDYLWLHV� 7KLV

FRGH SHUPLWV WKH HYDOXDWLRQ RI PXOWLSROH PRGHV LQ FDYLWLHV

ZLWK SDUWLDOO\ ORVV GLHOHFWULF DQG IHUULWH ILOOLQJV� 7KH FRGH

VROYHV D FRPSOH[ HLJHQPRGH SUREOHP� $ VHOI�FRQVLVWHQW

SUREOHP LV VROYHG IRU IUHTXHQF\�GHSHQGHQW GLHOHFWULF

SHUPLWWLYLW\ DQG PDJQHWLF SHUPHDELOLW\�

���,1752'8&7,21

7KH FDYLWLHV ZLWK KLJK ORVV IHUULWH ILOOLQJ DUH XVHG LQ PDQ\

DUHDV� )HUULWH LQVHUWLRQV DUH XVHG� IRU H[DPSOH� LQ

VXSHUFRQGXFWLQJ DFFHOHUDWLQJ FDYLWLHV IRU +20 GDPSLQJ

>�@ DQG LQ KLJK SRZHU 5) DPSOLILHUV IRU VHOI�H[FLWDWLRQ

GDPSLQJ �VHH� IRU H[DPSOH� >�@�� 0RVW 5) FDYLWLHV KDYH

URWDWLRQDO V\PPHWU\� ZLWK D VPDOO DPRXQW RI ZHDN

GLVWRUWLRQ SURGXFHG E\ FRXSOLQJ HOHPHQWV� 6R �' FRGHV

FRQWLQXH WR SOD\ DQ LPSRUWDQW UROH LQ SUDFWLFDO

FDOFXODWLRQV� $ FDOFXODWLRQ RI WKH PRQRSROH PRGHV LQ WKH

SUHVHQFH RI KLJK ORVV PDWHULDOV FDQ EH SURGXFHG XVLQJ

FRGHV� VXFK DV &),6+ >�@ DQG &/$16 >�@� ,Q WKH SUHVHQW

SDSHU ZH GHVFULEH D QHZ FRGH� &/$16�� IRU PXOWLSROH

PRGH FDOFXODWLRQV LQ D[LV\PPHWULF V\VWHPV� 7KH

PXOWLSROH PRGH FDOFXODWLRQ LV QHFHVVDU\� IRU H[DPSOH� IRU

DQDO\VLV DQG RSWLPLVDWLRQ RI WUDQVYHUVH LPSHGDQFH RI

DFFHOHUDWLQJ FDYLWLHV ZLWK IHUULWH +20 GDPSHUV LQ F\FOLF

DFFHOHUDWRUV >�@� ,W PD\ DOVR EH XVHIXO IRU GHVLJQ DQG

RSWLPLVDWLRQ RI 5) VRXUFHV� ZKHUH RSHUDWLQJ PRGHV KDYH

D]LPXWKDO YDULDWLRQV� L�H�� J\URWURQV� J\URNO\VWURQ� HWF�

���62/87,21�0(7+2'

&/$16� LV EDVHG RQ WKH VDPH PHWKRG DV 6/$16� >�@�

8QOLNH WKH VFDODU SUREOHP IRU PRQRSROH PRGHV� WKH

SUREOHP RI PXOWLSROH PRGH FDOFXODWLRQ LV D YHFWRU

SUREOHP� )RU H[DPSOH� WKH PDJQHWLF ILHOG LV GHVFULEHG E\

ZDYH HTXDWLRQ�
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ZKHUH H DQG P DUH FRPSOH[ SHUPLWWLYLW\ DQG SHUPHDELOLW\�

(OLPLQDWLQJ D]LPXWKDO ILHOG FRPSRQHQW� ZH REWDLQ D

V\VWHP RI WKH WZR HTXDWLRQV IRU +] DQG +U� ZKLFK KDV QR

VSXULRXV VROXWLRQV >���@� 7KH ERXQGDU\ FRQGLWLRQV IRU

PDJQHWLF ILHOG RQ D PHWDOOLF VXUIDFH KDYH WKH IROORZLQJ

IRUP >�@�
w

w

W

W

+

Q
. + +

Q
� �   � �� ����

ZKHUH . � LV WKH FXUYDWXUH RI VXUIDFH LQ �U� ]� SODQH�

6ROYLQJ WKH HLJHQYHFWRU SUREOHP IRU UDGLDO DQG D[LDO

FRPSRQHQWV RI PDJQHWLF ILHOG� ZH FDQ UHFRQVWUXFW WKH

D]LPXWKDO FRPSRQHQW RI PDJQHWLF ILHOG DQG DOO

FRPSRQHQWV RI HOHFWULF ILHOG XVLQJ 0D[ZHOO HTXDWLRQV�

1RWLFH WKDW LW LV DOVR SRVVLEOH WR VROYH WKH HLJHQPRGH

SUREOHP IRU WKH VDPH FRPSRQHQWV RI HOHFWULF ILHOG� ,Q WKLV

FDVH WKH ILHOG HTXDWLRQV KDYH WKH VDPH IRUP� H[FHSW WKDW

WKH ERXQGDU\ FRQGLWLRQV RQ D PHWDOOLF VXUIDFH DUH >�@�
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ZKHUH QU LV UDGLDO FRPSRQHQW RI XQLW YHFWRU QRUPDO WR

VXUIDFH LQ �U� ]� SODQH� 7KH WZR�FRPSRQHQW ILHOG HTXDWLRQ

LV VROYHG XVLQJ WKH ILQLWH HOHPHQW PHWKRG� :H XVH D VFDODU

HLJKW�QRGH UHFWDQJXODU LVRSDUDPHWULF HOHPHQWV� 7KHVH

FXUYLOLQHDU HOHPHQWV SURYLGH D VHFRQG�RUGHU

DSSUR[LPDWLRQ� DQG SHUPLW WKH GHVFULELQJ RI WKH JHRPHWU\

ZLWK KLJK DFFXUDF\� 7KH DOJHEUDLF V\VWHP RI HTXDWLRQV IRU

WKH PHVK QRGH ILHOG YDOXHV LV REWDLQHG XVLQJ *DOHUNLQ
V

PHWKRG� 7KH PDWUL[ V\VWHP LQ RXU FDVH LV FRPSOH[ DQG

DV\PPHWULF� 7R VDWLVI\ WKH ERXQGDU\ FRQGLWLRQ RQ D

PHWDOOLF VXUIDFH ZH XVH WKH PHWKRG GHVFULEHG LQ >�@� :H

UHZULWH WKH HTXDWLRQV IRU WKH PHVK QRGHV RQ PHWDOOLF

VXUIDFHV IRU WKH QRUPDO DQG WDQJHQWLDO ILHOG FRPSRQHQWV�

+Q� +W RU (Q� (W DQG FRPELQH WKHVH HTXDWLRQV WR VDWLVI\

�� RU �
�� 2Q IHUULWH RU GLHOHFWULF VXUIDFHV WKH SUREOHP RI

VDWLVI\LQJ WKH ERXQGDU\ FRQGLWLRQV LV PRUH FRPSOLFDWHG�

,Q �U� ]� SODQH RQO\ WKH WDQJHQWLDO ILHOG FRPSRQHQWV+W DQG

(W DUH FRQWLQXRXV� 6R ZH UHZULWH WKH HTXDWLRQV IRU %Q� +W

RU 'Q� (W �LQVWHDG RI +Q� +W RU (Q� (W � IRU WKH PHVK QRGHV

RQ IHUULWH RU GLHOHFWULF ERXQGDU\ WR VDWLVI\ WKH ERXQGDU\

FRQGLWLRQV >�@� 7KLV PHWKRG DOORZV WKH XVH RI D UHJXODU

ILQLWH HOHPHQW PHVK� 7R ILQG VHYHUDO PRGHV

VLPXOWDQHRXVO\ LQ DQ DUELWUDU\ VSHFWUXP GRPDLQ� ZH XVH

VXEVSDFH LWHUDWLRQ PHWKRG ZLWK IUHTXHQF\ VKLIW IRU DQ

DV\PPHWULF DOJHEUDLF SUREOHP >�@� ,I WKH SHUPLWWLYLW\ DQG

SHUPHDELOLW\ RI WKH ORVV\ ILOOLQJ GHSHQG RQ IUHTXHQF\� WKH

VHOI�FRQVLVWHQW SUREOHP LV VROYHG� 7KH LWHUDWLRQV DUH

SURGXFHG LQ WKH IROORZLQJ ZD\� 7KH VROXWLRQ IRU IL[HG

SHUPLWWLYLW\ DQG SHUPHDELOLW\ LV XVHG DV DQ LQLWLDO
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DSSUR[LPDWLRQ� 7KHQ IRU WKLV IUHTXHQF\ WKH QHZ YDOXHV RI

SHUPHDELOLW\ DQG SHUPLWWLYLW\ DUH FKRVHQ� 8VLQJ WKHVH

YDOXHV RI SHUPLWWLYLW\ DQG SHUPHDELOLW\� ZH ILQG WKH QHZ

IUHTXHQF\ E\ WKH PHWKRG RI LQYHUVH LWHUDWLRQ ZLWK

IUHTXHQF\ VKLIW� ZKLFK SURYLGHV WKH HIIHFWLYH VHSDUDWLRQ RI

UHTXLUHG PRGH� DQG VR RQ XWLOO FRQYHUJHQFH� :H XVH WKH

IUHTXHQF\ RI WKH SUHYLRXV LWHUDWLRQ DV D QHZ IUHTXHQF\

VKLIW� $V D UXOH� VHYHUDO LWHUDWLRQV DUH HQRXJK WR REWDLQ WKH

VHOI�FRQVLVWHQW VROXWLRQ� ,WHUDWLRQV DUH SURGXFHG

DXWRPDWLFDOO\ LI D ILOH ZLWK SHUPLWWLYLW\ DQG SHUPHDELOLW\

IUHTXHQF\ GHSHQGHQFLHV LV SUHSDUHG�

���7(676�$1'�(;$03/(6�2)
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$ VSKHULFDO FDYLW\ ZLWK FRQFHQWULF VSKHULFDO GLHOHFWULF RU

IHUULWH LQVHUWLRQ ZLWK KLJK ORVVHV �WJG  �� ZDV XVHG DV D

WHVW� )RU D PHVK FRQWDLQLQJ RQO\ ��� HOHPHQWV WKH

GLIIHUHQFH EHWZHHQ DQDO\WLFDO FDOFXODWLRQV DQG &/$16�

UHVXOWV LV OHVV WKDQ ���� IRU WKH IUHTXHQFLHV RI WKH ILUVW ��

GLSROH PRGHV� 7KH FRGH &/$16� LV FXUUHQWO\ XVHG IRU

PXOWLSROH VSHFWUXP VLPXODWLRQV LQ &(65 VXSHUFRQGXFWLQJ

FDYLW\ KDYLQJ IHUULWH +20 GDPSHUV >��@� 7KH ILQLWH

HOHPHQW PHVK� ZKLFK LV XVHG IRU GLSROH PRGH FDOFXODWLRQV�

LV VKRZQ LQ WKH )LJ��� 7KH OLQHV� ZKHUH UÂ(M  FRQVW� DUH

VKRZQ IRU WZR PRGHV LQ WKH )LJV� ���� 6HFRQG PRGH LV D

³JKRVW´ PRGH� ZKLFK LV ORFDWHG QHDU WKH IHUULWH LQVHUWLRQ

DQG KDV YHU\ ORZ TXDOLW\ IDFWRU� 7KH ILHOG PDS UÂ(M  

FRQVW IRU PXOWLSROH PRGHV LV QRW� RI FRXUVH� D SK\VLFDO

YHFWRU ILHOG� DV IRU PRQRSROH PRGHV� EXW LW LV KHOSIXO IRU

PRGH LGHQWLILFDWLRQ� 7KH FRGH FDOFXODWHV WKH WUDQVYHUVH

LPSHGDQFH IRU PRGHV� ZKLFK LV XVHG IRU FDOFXODWLRQ RI WKH

EHDP LQVWDELOLW\ JURZWK UDWHV� $QRWKHU H[DPSOH RI WKH

PXOWLSROH FDOFXODWLRQ LV D YDULDQW RI WKH URRP�WHPSHUDWXUH

�VLQJOH PRGH� FDYLW\� SURSRVHG E\ 9�0� 3HWURY >��@� $

FRD[LDO OLQH ZLWK DEVRUEHU LV XVHG WR GDPS +20V� ERWK

ORQJLWXGLQDO DQG WUDQVYHUVH� 7KH SRVLWLRQ DQG VL]H RI WKH

FRD[LDO OLQH LV FKRVHQ LQ VXFK D ZD\ WKDW WKH IXQGDPHQWDO

PRGH GRHV QRW SURSDJDWH LQWR WKH FRD[LDO OLQH� 7KH

SHUIHFWO\ PDWFKHG ORDG LV VLPXODWHG E\ WKH ORVV\ IHUULWH

ILOOLQJ RI WKH HQG SDUW RI WKH FRD[LDO OLQH �VHH )LJ� � DQG

��� 7KH ILOOLQJ SDUDPHWHUV DUH FKRVHQ LQ VXFK D ZD\ DV WR

HOLPLQDWH UHIOHFWLRQ� 7KH FDYLW\ VSHFWUXP DQG WUDQVYHUVH

LPSHGDQFH IRU PXOWLSROH PRGHV ZDV FDOFXODWHG E\

&/$16�� 7KH ILHOG PDS RI WKH ORZHVW GLSROH PRGH�

ZKLFK LV GDPSHG E\ WKH FRD[LO ORDG� LV VKRZQ RQ )LJ�� DQG

)LJ���

���&21&/86,216

$ FRGH KDV EHHQ GHYHORSHG WKDW SHUPLWV WKH GHHUPLQDWLRQ

RI PXOWLSROH PRGHV LQ FDYLWLHV ZLWK SDUWLDOO\ ORVV

GLHOHFWULF DQG IHUULWH ILOOLQJV� ,W PD\ EH XVHG WR VROYH WKH

IROORZLQJ SUREOHPV�

x FDOFXODWLRQ RI PXOWLSROH PRGHV LQ 5) FDYLWLHV ZLWK

IHUULWH +20 GDPSHUV �

x VLPXODWLRQ RI WKH FDYLWLHV RI 5) VRXUFHV KDYLQJ ORVV\

LQVHUWLRQV �

x VLPXODWLRQ RI WKH 5) FDYLWLHV ZLWK D PDWFKHG H[WHUQDO

ORDG�

7KH FRGH LV ZULWWHQ IRU :LQGRZV DQG 81,; SODWIRUPV�

���$&.12:/('*0(176

7KH DXWKRUV ZRXOG OLNH WR WKDQN 'U� %� +DIL]L IRU FDUHIXO

UHDGLQJ RI WKH PDQXVFULSW�
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>�@ '�*� 0\DNLVKHY� 9�3� <DNRYOHY� ³$Q ,QWHUDFWLYH &RGH
6XSHU/$16 IRU (YDOXDWLRQ RI 5)�FDYLWLHV DQG $FFHOHUDWLRQ
6WUXFWXUHV´� LQ ,((( 3DUWLFOH $FFHOHUDWRU &RQI� 5HF�������
YRO���� SS�����������

>�@ 6� %HORPHVWQ\NK HW DO� 6XSHUFRQGXFWLQJ 5) 6\VWHP IRU WKH
&(65 /XPLQRVLW\ 8SJUDGH� 'HVLJQ� 6WDWXV� $QG 3ODQV� LQ
3URF� RI (3$&�� &RQI�� SS ���������

>�@ +�:� 0DWWKHZV� :� /DZVRQ� -�3� &DODPH� 0�.�(� )ODKHUW\�
%� +RJDQ� -� &KHQJ� DQG 3�(� /DWKDP� �([SHULPHQWDO
6WXGLHV RI 6WDELOLW\ DQG $PSOLILFDWLRQ LQ D 7ZR�&DYLW\
6HFRQG +DUPRQLF *\URNO\VWURQ�� ,((( 7UDQV� LQ 3ODVPD
6FL�� Y� ��� 1�� SS� ������� ������

>�@ 0�6� GH -RQJ HW DO�� -� 0LFURZ� 3RZHU (OHFWURPDJQ� (QHUJ\�
���������� ������

>�@ '�*� 0\DNLVKHY� 9�3� <DNRYOHY� ³7KH 1HZ 3RVVLELOLWLHV RI
6XSHU/$16 &RGH IRU (YDOXDWLRQ RI $[LV\PPHWULF
&DYLWLHV´� LQ 3URF� RI 3$&�� � SS ���������

>�@ 0�0� .DUOLQHU� %�0� )RPHO� 9�3� <DNRYOHY� ³/$16� � $
&RGH IRU &DOFXODWLRQ RI 2VFLOODWLRQ ZLWK $]LPXWKDO )LHOG
9DULDWLRQV LQ $[LV\PPHWULF &DYLWLHV�´ 3UHSULQW %XGNHU ,13
������ �LQ 5XVVLDQ��

>�@ 7� :HLODQG� �Transverse Beam Cavity Interaction, Part 2.
Long Range Forces (On The Computation of Resonant
Modes in Cylindrically Symmetric Cavities),"3UHSULQW
'(6< �����������.

>�@ <X� 3RUWXJDORY� ³0HWKRG RI (LJHQPRGH &DOFXODWLRQ LQ
&DYLWLHV RI $UELWUDU\ 6KDSH³� 3UHSULQW ,+(3 �����
6HUSXNKRY �LQ 5XVVLDQ��

>�@ $�,� )HGRVHHY� ³6XEVSDFH ,WHUDWLRQ 0HWKRG IRU $V\PPHWULF
*HQHUDO (LJHQYDOXH 3UREOHPV³� 3UHSULQW ,+(3 ������
6HUSXNKRY �LQ 5XVVLDQ��

>��@ 6� %HORPHVWQ\NK� SULYDWH FRPPXQLFDWLRQ�
>��@ 9�0� 3HWURY� 9�1� 9RONRY� (� .HQMHEXODWRY� SULYDWH

FRPPXQLFDWLRQ�

)LJXUH �� )LQLWH HOHPHQW PHVK IRU &(65 VXSHUFRQGXFWLQJ

FDYLW\�
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)LJXUH �� )LHOG SDWWHUQ RI UHDO SDUW RI D GLSROH PRGH RI

&(65 VXSHUFRQGXFWLQJ FDYLW\�

)LJXUH �� )LHOG SDWWHUQ RI UHDO SDUW RI D GLSROH �JKRVW�

PRGH RI &(65 VXSHUFRQGXFWLQJ FDYLW\�

)LJXUH �� )LHOG SDWWHUQ RI UHDO SDUW RI D GLSROH PRGH RI

URRP�WHPSHUDWXUH �VLQJOH PRGH� FDYLW\�

)LJXUH �� )LHOG SDWWHUQ RI LPDJLQDU\ SDUW RI D GLSROH PRGH

RI &(65 VXSHUFRQGXFWLQJ FDYLW\

)LJXUH �� )LHOG SDWWHUQ RI LPDJLQDU\ SDUW RI D GLSROH

�JKRVW� PRGH RI &(65 VXSHUFRQGXFWLQJ FDYLW\�

)LJXUH �� )LHOG SDWWHUQ RI UHDO SDUW RI D GLSROH PRGH RI

URRP�WHPSHUDWXUH �VLQJOH PRGH� FDYLW\�
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