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$EVWUDFW

$ PHWKRG RI FRPSXWLQJ WKH HOHFWURPDJQHWLF

FKDUDFWHULVWLFV RI D FRPSOH[ �' FDYLW\ FRQVLVWLQJ RI

VHULHV RI ZDYHJXLGHV ZLWK DUELWUDU\ FURVV VHFWLRQ LV

GHULYHG� 7KH VFDWWHULQJ PDWUL[ IRUPXODWLRQ LV XVHG IRU WKH

VLPXODWLRQ� )RU FDOFXODWLRQV RI PRGHV LQ ZDYHJXLGH ZLWK

DUELWUDU\ FURVV VHFWLRQV D ILQLWH HOHPHQW FRGH 6/$16 LV

DSSOLHG� 7KH FRPSXWHU FRGH EDVHG RQ WKH PHWKRG LV XVHG

WR FDOFXODWH VFDWWHULQJ SDUDPHWHUV� GLVSHUVLRQ

FKDUDFWHULVWLFV RI SHULRGLFDO VWUXFWXUHV� UHVRQDQFHV�

ORQJLWXGLQDO DQG WUDQVYHUVH LPSHGDQFHV� 7KH PHWKRG ZDV

RULJLQDOO\ GHYHORSHG IRU VLPXODWLRQV RI ORQJ UDQJH ZDNH

ILHOGV LQ DFFHOHUDWRU VWUXFWXUHV DQG IRU FDOFXODWLRQV RI 5)

ZLQGRZV� $GYDQWDJHV RI WKH WHFKQRORJ\ PDNH SRVVLEOH WR

VLPXODWH ORQJ RSHQ FDYLWLHV VXFK DV DFFHOHUDWLQJ

VWUXFWXUHV DQG FRPSOH[ YDFXXP FKDPEHUV� 7KH PHWKRG

DQG VRPH UHVXOWV DUH SUHVHQWHG�

 1 INTRODUCTION

'HVLJQ RI PRGHUQ DFFHOHUDWRUV UHTXLUHV H[WHQVLYH

VLPXODWLRQ RI DQ LQIOXHQFH RI DFFHOHUDWRU FRPSRQHQWV RQ

WKH EHDP� 7KLV LQIOXHQFH FDQ EH FKDUDFWHULVHG E\ VXFK

SDUDPHWHUV DV UHVRQDQW IUHTXHQF\� UHVRQDQW VKXQW

LPSHGDQFH� FRXSOLQJ LPSHGDQFH� $ ORW RI ZHOO HVWDEOLVKHG

PHWKRGV DQG FRPSXWHU FRGHV ZHUH GHYHORSHG WR REWDLQ

WKH SDUDPHWHUV RI 5) FDYLWLHV� SHULRGLFDO VWUXFWXUHV� DQG

REVWDFOHV LQ D EHDP SLSH� ,Q JHQHUDO WKH PHWKRGV FDQ EH

GLYLGHG LQWR WKUHH SDUWV� 7KLV DUH JULG DQG ILQLWH HOHPHQW

EDVHG PHWKRGV� WKHQ PRGH�PDWFKLQJ EDVHG DQG

HTXLYDOHQW FLUFXLW EDVHG PHWKRGV� 8S WR QRZ� FDOFXODWLRQ

RI FRPSOH[ DQG �' VWUXFWXUHV E\ WKH ILUVW PHWKRGV LV

PHPRU\�VSDFH DQG FRPSXWHU WLPH FRQVXPLQJ SUREOHP�

(TXLYDOHQW FLUFXLW PHWKRG LV D YHU\ HIIHFWLYH RQH EXW

OLPLWHG PRVWO\ LQ XVH IRU VWUXFWXUHV ZLWK VLPSOH FRXSOLQJ

VXFK DV VLQJOH�PRGH ZDYHJXLGHV RU ORZHU SDVVEDQGV RI

DFFHOHUDWLQJ VWUXFWXUH� 0RGH�PDWFKLQJ PHWKRG KDV

VHYHUDO DGYDQWDJHV WKDW PDNH LW XVHIXO IRU WKH

VLPXODWLRQV� 7KH PHWKRG SHUPLWV WR VLPXODWH FRPSOH[ �'

VWUXFWXUHV DQ HIILFLHQW ZD\ DQG PDNH TXDOLWDWLYH DQDO\VLV

RI WKH UHVXOWV VLPSOHU WKHQ WKH RWKHU PHWKRGV� ,W FDQ EH

XVHG DOVR IRU QRQ�UHODWLYLVWLF SDUWLFOHV ZLWK FXUYHG

WUDMHFWRULHV� 5HVXOWV RI VLPXODWLRQ E\ JULG RU ILQLWH

HOHPHQW FRGHV FDQ EH QDWXUDOO\ LQFRUSRUDWHG LQWR WKH

PHWKRG� 7KH PHWKRG DOORZV WR FDOFXODWH D VWUXFWXUH

SDUWLDOO\ DV ZHOO� $Q H[DPSOH RI VXFK FDOFXODWLRQ LV D

PDWFKLQJ RI DFFHOHUDWRU VWUXFWXUH FRXSOHUV� 'XULQJ WKH

PDWFKLQJ RQH QHHGV WR FDOFXODWH VFDWWHULQJ PDWUL[ RI WKH

VWUXFWXUH RQFH DQG WKHQ UHFDOFXODWH RQO\ FRXSOHUV�

7KH SUHVHQW SDSHU GLVFXVVHV D PRGH�PDWFKLQJ EDVHG

PHWKRG� 7KH PHWKRG XVHV D VFDWWHULQJ PDWUL[ WHFKQRORJ\

WR GHWHUPLQH FRXSOLQJ LPSHGDQFH� VFDWWHULQJ SDUDPHWHUV�

UHVRQDQW IUHTXHQF\� TXDOLW\ IDFWRU� DQG ILHOGV LQ D 5)

FDYLW\� DV ZHOO DV SHULRGLFDO VWUXFWXUH SDUDPHWHUV� 7KH

FRGH XVLQJ WKH PHWKRG ZDV GHYHORSHG� 7KH DLP RI WKH

FRGH ZDV VLPXODWLRQ RI �' VWUXFWXUHV VXFK DV 5)

ZLQGRZV DQG DFFHOHUDWLQJ VWUXFWXUHV ZLWK �' FRXSOHUV�

6RPH UHVXOWV ZHUH SUHVHQWHG LQ >�@� 7KH LQWHUDFWLYH FRGH

ZDV ZULWWHQ RQ REMHFW RULHQWHG ODQJXDJH &�� DQG

FRPSLOHG IRU 3&� 7KH VLPLODU DSSURDFK ZDV GHYHORSHG E\

6�$�+HLIHWV DQG 6�$�.KHLIHWV >�@� DQG E\ 8UVXOD 9DQ

5HLQHQ>�@ IRU FDOFXODWLRQ RI URWDWLRQDOO\ V\PPHWULFDO

GHWXQHG DFFHOHUDWRU VWUXFWXUH�

 2 SCATTERING MATRIX FORMULATION

7KHRU\ RI PRGH�PDWFKLQJ DQG PXOWLPRGH VFDWWHULQJ

PDWUL[HV LV ZHOO NQRZQ LQ HOHFWULFDO HQJLQHHULQJ DQG ZLOO

EH GHVFULEHG EULHIO\� 0DLQ VWHSV RI WKH FDOFXODWLRQ DUH� WR

EXLOG PXOWLPRGH VFDWWHULQJ PDWUL[ IRU HDFK ZDYHJXLGH

MXQFWLRQ� WKHQ WR DSSO\ WKH VFDWWHULQJ PDWUL[ WHFKQRORJ\

WR UHVROYH FKDUDFWHULVWLFV RI WKH ZKROH VWUXFWXUH� DQG WKHQ

WR SRVW�SURFHVV WKH UHVXOWHG ILHOGV� 7KH GHULYDWLRQ EHJLQV

E\ DVVXPLQJ DQ H[SDQVLRQ RI WKH WUDQVYHUVH ILHOGV ( ⊥ DQG
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ZKHUH $ LV D PRGDO DPSOLWXGH RI WKH LQFLGHQW ZDYH DQG %
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ZKHUH NO
H
LV FXW�RII ZDYH YDOXH RI WKH PRGH� γOH LV

SURSDJDWLRQ YDOXH IRU WKH SDUWLFXODU IUHTXHQF\� DQG H]O LV

QRUPDOL]HG DV�
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'HULYDWLRQ RI WKH HLQJHQPRGHV FDQ EH GRQH DQDO\WLFDOO\

RQO\ IRU VLPSOH JHRPHWULHV VXFK DV FLUFOH RU UHFWDQJOH�

6R� IRU DUELWUDU\ FURVV VHFWLRQ DQRWKHU PHWKRG KDV WR EH

DSSOLHG� 7KH PHWKRG VKRXOG EH DEOH WR FDOFXODWH �' IODW

VFDODU IXQFWLRQ WKDW UHSUHVHQWV ] � FRPSRQHQW RI WKH ILHOG

LQ D ZDYHJXLGH DQG FRUUHVSRQGHQW FXW�RII IUHTXHQF\� ,Q

WKLV SDUWLFXODU FDVH D ILQLWH HOHPHQW FRGH 6/$16 >�@ ZDV

XVHG� $IWHU GHULYDWLRQ RI HLJHQPRGHV� DSSO\LQJ

FRQWLQXLW\ RI ILHOGV LQ FRPPRQ DSHUWXUH DUHD \LHOGV WKH

UHODWLRQ EHWZHHQ LQFLGHQW DQG UHIOHFWHG ZDYHV L�H�

VFDWWHULQJ 6 PDWUL[� /HW XV DVVXPH WKDW ULJKW ZDYHJXLGH

KDV VPDOOHU FURVV�VHFWLRQ WKDQ WKH OHIW RQH �)LJ����
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)LJXUH �� 0RGHV LQ VFDWWHULQJ PDWUL[ IRUPXODWLRQ

$W ILUVW� ZH QHHG WR EXLOG WZR FRXSOLQJ PDWULFHV ZLWK WKH

HOHPHQWV�
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ZKHUH D  ���0OHIW� E  ���0ULJWK� 7KH YDOXHV RI 0OHIW

DQG 0ULJWK DUH JRYHUQHG E\ WKH UHODWLYH FRQYHUJHQFH

SKHQRPHQD DQG VWURQJO\ GHSHQG RQ WKH JHRPHWU\�
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ZKHUH D� E  ���0ULJWK� LQWHJUDWLRQ RYHU FRPPRQ FURVV�

VHFWLRQ� HD
OHIW

LV WKH D�WK HLJHQPRGH RI WKH OHIW ZDYHJXLGH

DQG HE
ULJKW

LV E�WK HLJHQPRGH RI WKH ULJKW ZDYHJXLGH� 7KH

LQWHJUDWLRQ FDQ EH SURYLGHG HLWKHU DQDO\WLFDOO\� IRU VLPSOH

FURVV�VHFWLRQ� RU QXPHULFDOO\� IRU DUELWUDU\ RQHV� 1H[W

VWHS LV GHULYDWLRQ RI DGPLWWDQFH PDWUL[HV�
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ZKHUH P� O  ���0ULJW� (TXDWLRQ IRU WKH IXOO DGPLWWDQFH

PDWUL[ LV Y Y Yleft right= + � 6FDWWHULQJ PDWUL[ RI WKH

MXQFWLRQ LV�
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7KHUH DUH VHYHUDO DGYDQWDJHV RI DSSOLFDWLRQ RI VFDWWHULQJ

PDWULFHV LQVWHDG RI WUDQVIHU RU $%&' PDWULFHV>�@� 7KH

ILUVW RQH LV WKDW RQ HYHU\ VWHS RI WKH FDOFXODWLRQ ZH KDYH

SDUDPHWHUV WKDW FDQ EH HDVLO\ PHDVXUHG E\ D QHWZRUN

DQDO\VHU� $QRWKHU RQH LV WKDW E\ WKH PHWKRG ZH FDQ DYRLG

QXPHULFDO LQVWDELOLWLHV WKDW DSSHDU IRU IUHTXHQFLHV IDU

DERYH FXW�RII� 1H[W VWHSV LQ WKH FDOFXODWLRQ GHSHQG RQ

UHTXLUHG UHVXOWV� 7KHUH DUH WZR PHWKRGV LPSOHPHQWHG LQ

WKH GLVFXVVHG FRGH� 2QH LV FDVFDGLQJ DQG RWKHU VSDUVH

PDWUL[ /8 WHFKQRORJ\� &DVFDGLQJ OHDGV WR HIIHFWLYH

FDOFXODWLRQ RI GHQVH PDWULFHV� DQG LW LV XVHG IRU

FDOFXODWLRQ RI VFDWWHULQJ SDUDPHWHUV DQG SHULRGLFDO

VWUXFWXUHV� )RU WKH LPSHGDQFH FDOFXODWLRQ D VSDUVH PDWUL[

WHFKQRORJ\ >�@ ZDV XVHG�
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EXQFK

)LJXUH �� ([FLWDWLRQ RI D ZDYHJXLGH EHWZHHQ WZR

REVWDFOHV�

 3 COUPLING IMPEDANCE

,QWHQVLW\ RI EHDPV LQ DQ DFFHOHUDWRU LV OLPLWHG PRVWO\ E\

WKH FRXSOLQJ EHDP LPSHGDQFH� 7KHUHIRUH VWXG\ DQG

PLQLPL]DWLRQ RI WKH LPSHGDQFH DUH LPSRUWDQWV SDUW RI

DFFHOHUDWRU GHVLJQ� 7KH LPSHGDQFH FDQ EH REWDLQHG

DQDO\WLFDOO\ IRU UDWKHU VLPSOH JHRPHWULHV RQO\� VR

QXPHULFDO PHWKRGV DUH DSSOLHG� $SSOLFDWLRQ RI WLPH

GRPDLQ PHWKRGV IRU �' RU ORQJ VWUXFWXUHV LV OLPLWHG E\

FRPSXWLQJ WLPH� 7KH XVH RI FDYLW\ FRGHV IRU WKH

FDOFXODWLRQ RI WKH LPSHGDQFH LV OLPLWHG E\ KLJK�4

VWUXFWXUHV DQG FDQ EH FDUHIXOO\ DSSOLHG IRU IUHTXHQFLHV

DERYH EHDP�SLSH FXW�RII� $W WKH VDPH WLPH SURSHUWLHV RI

WKH VFDWWHULQJ PDWUL[ DSSURDFK DOORZ RQH WR FDOFXODWH

IUHTXHQF\ GHSHQGHQW LPSHGDQFH IRU �' ORQJ VWUXFWXUHV�

IUHTXHQFLHV EHORZ DQG DERYH FXW�RII� DQG WR VLPXODWH

QRQ�UHODWLYLVWLF SDUWLFOHV� &RPSXWDWLRQ WLPH IRU WKH

PHWKRG GRHV QRW GHSHQG RQ WKH OHQJWK RI WKH VWUXFWXUH�

/HW XV FRQVLGHU D ZDYHJXGH EHWZHHQ WZR REVWDFOHV DV

VKRZQ RQ )LJ���



7KH EHDP H[FLWHV ZDYHJXLGH PRGHV� 7KH ZHOO NQRZQ

IRUPXOD IRU WKH DPSOLWXGH RI WKH H[FLWHG PRGH LV >�@�
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KHUH LQGH[HV E� I GHQRWH WKH PRGHV SURSDJDWLQJ DORQJ

IRUZDUG ��]� DQG EDFNZDUG ��]� GLUHFWLRQ�
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HLJHQPRGH ILHOGV� 8VLQJ ���� DPSOLWXGH RI PRGHV LQ WKH
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7KH LQWHJUDWLRQ ���� LV SHUIRUPHG DORQJ D ZLWQHVV EXQFK

WUDMHFWRU\� 7KH LPSHGDQFH IRU VWUXFWXUHV ZLWK DUELWUDU\

FURVV�VHFWLRQ KDV UDWKHU FRPSOH[ �[�\� GHSHQGHQFH LQ WKH

WUDQVYHUVH SODQH>�@� 0DSSLQJ RI WKH LPSHGDQFH LV XVHG LQ

WKH FRGH� 7KH (] ILHOG LV LQWHJUDWHG DORQJ ILYH SDUDOOHO

WUDMHFWRULHV ZLWK FRRUGLQDWHV� �[Z�\Z�� �[Z�G[�\Z��

�[Z�\Z�G\�� �[Z�G[�\Z�� �[Z�\Z�G\�� 7KH WUDQVYHUVH

LPSHGDQFH IRU XOWUD�UHODWLYLVWLF SDUWLFOHV LV REWDLQHG E\

WDNLQJ WKH WUDQVYHUVH GHULYDWLYH RI =O�ω�� 'LUHFW

LQWHJUDWLRQ RI WKH WUDQVYHUVH IRUFHV FDQ EH XVHG IRU QRQ�

UHODWLYLVWLF SDUWLFOHV� 6XP RI =O�ω� RYHU DOO ZDYHJXLGHV�

WKDW IRUP WKH ZKROH VWUXFWXUH� JLYHV FRXSOLQJ LPSHGDQFH

IRU WKH VWUXFWXUH�

 4 THE USE OF CASCADING FOR IMPEDANCE
CALCULATION

1HZ WHFKQRORJ\ RI FDVFDGLQJ RI LPSHGDQFHV ZDV

GHYHORSHG� 7KH FDVFDGLQJ LV QRW UHVWULFWHG WR ³ZDYHJXLGH

WR ZDYHJXLGH´ MXQFWLRQ DQG WKHQ FDQ EH DSSOLHG IRU

DUELWUDU\ �' JHRPHWULHV� 7KH WHFKQRORJ\ LV EDVHG RQ

VHSDUDWH FDOFXODWLRQ RI SDUWV RI D VWUXFWXUH DQG WKHQ

FRPELQLQJ WKHP� 7KH UHVXOW RI WKH FDVFDGLQJ LQFOXGHV WKH

FRPSOHWH LPSHGDQFH DV ZHOO DV WRWDO VFDWWHULQJ PDWUL[�

7KH SDUDPHWHUV RI D SDUW RI WKH VWUXFWXUH DUH D IUHTXHQF\�

GHSHQGHQW PDWUL[ UHODWHG WR PRGH�PRGH �VFDWWHULQJ

PDWUL[�� EXQFK�PRGH� PRGH�EXQFK� EXQFK�EXQFK

LQWHUDFWLRQ� 7KLV PDWUL[ FDQ EH REWDLQHG E\ DQ\ FRGH�

FDSDEOH WR FDOFXODWH FXUUHQW�ILHOG DQG PRGH�PRGH

GHSHQGHQFLHV� )LQLWH�HOHPHQW RU JULG PHWKRGV FDQ EH

XVHG IRU WKH SXUSRVH� 7KH VL]H RI WKH PDWUL[ GHSHQGV RQ

TXDQWLW\ RI ZDYHJXLGH PRGHV DQG EXQFK WUDMHFWRULHV DQG

UDUHO\ H[FHHGV ���×���� %HFDXVH RI WKH VPDOO PDWUL[ VL]H
WKH SURFHVV RI FDVFDGLQJ UHTXLUHV PRGHVW FRPSXWLQJ

WLPH� 7KH FDVFDGLQJ LV SDUWLFXODUO\ HIIHFWLYH IRU

VLPXODWLRQ RI VWUXFWXUHV FRQVLVWLQJ RI VHYHUDO LGHQWLFDO

SDUWV VXFK DV SHULRGLFDO DFFHOHUDWLQJ VWUXFWXUHV RU

YDFXXP FKDPEHUV�

/HW XV VXSSRVH �IRU VLPSOLFLW\� WKDW WKH VWUXFWXUH FRQVLVWV

RI WZR LGHQWLFDO SDUWV ZLWK VFDWWHULQJ PDWUL[�
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7KHQ� DFFRUGLQJ WR ���� DPSOLWXGHV EHWZHHQ WKH SDUWV RI

WKH VWUXFWXUH DUH�
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8VLQJ ���� ZH FDQ REWDLQ HTXDWLRQ IRU FRPSOHWH
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ZKHUH ] LV OHQJWK RI WKH SDUW� N  �πω�βF� =S LV

LPSHGDQFH RI WKH SDUW�

 5  EXAMPLES

5.1 Mode trapping above beam-pipe cut-off

7KH FRGH ZDV XVHG IRU FDOFXODWLRQ RI PRGHV WUDSSHG LQ D

EHDP SLSH DERYH LWV FXW�RII IUHTXHQF\� 1DUURZ�EDQG

KLJK � 4 LPSHGDQFH LV UHVSRQVLEOH IRU FRXSOLQJ EHWZHHQ

ILUVW EXQFK DQG VXFFHVVLYH EXQFKHV� 7KH VWDQGDUG ZD\ WR

GHVFULEH WKH LPSHGDQFH DERYH EHDP�SLSH FXW�RII LV ORZ�

4 UHVRQDQFHV� DVVXPLQJ WKH ORDGLQJ E\ UDGLDWLRQ LQWR WKH

EHDP SLSHV� %XW VLPXODWLRQ VKRZV WKDW ORZ�4 UHVRQDQFHV

FDQ WUDS ILHOGV ZLWK 4 ≈ ��
�
� *HRPHWU\ ZLWK URWDWLRQDO

V\PPHWU\ ZDV XVHG IRU WKH VLPXODWLRQ� /RQJLWXGLQDO

LPSHGDQFH IRU PRQRSROH PRGHV� UHVRQDQW IUHTXHQF\ DQG

4�YDOXH ZHUH FDOFXODWHG DVVXPLQJ SHUIHFWO\ FRQGXFWLQJ

ZDOOV� VR WKDW 4�YDOXHV DUH FDXVHG RQO\ E\ UDGLDWLRQ LQWR

EHDP�SLSHV� *HRPHWU\ FRQVLVWLQJ RI WZR LGHQWLFDO

SLOOER[HV ZDV VLPXODWHG �)LJ���� 'LPHQVLRQV RI WKH

SLOOER[HV DUH D  �FP� E  �FP� J  �FP� 7KH SLOOER[HV



DUH FRQQHFWHG E\ D ORQJ EHDP SLSH ZLWK D  �FP� OHQJWK

/  ��FP� DQG ORDGHG E\ WKH VDPH UDGLXV EHDP SLSH ZLWK

LQILQLWH OHQJWK� $W ILUVW� ORQJLWXGLQDO LPSHGDQFH IRU WKH

RQH VHSDUDWH SLOOER[ ZDV FDOFXODWHG IRU IUHTXHQFLHV

DERYH EHDP�SLSH FXW�RII� $V ZH FDQ VHH RQ WKH )LJ��

WKHUH DUH QR KLJK�4 UHVRQDQFHV DSSHDUHG RQ WKH

LPSHGDQFH FXUYH�

0 10 20 30 40 50 60
0

1

2

3

z [cm]

r [
cm

]

)LJXUH� � *HRPHWU\ RI WZR SLOOER[HV FRXSOHG WKURXJK

EHDP SLSH�

15 20 25 30
10

100

1000

1 104

Frequency [GHz]

Im
pe

da
nc

e 
[O

hm
]

σ z = 2.5 cm    σz = 0.4 cm   

coupling on

coupling off 

15 20 25 30
1

10

100

Frequency [GHz]

Q
 

)LJXUH �� 8SSHU SLFWXUH� &RPSDULVRQ RI ORQJLWXGLQDO

LPSHGDQFH IRU WZR SLOOER[HV DERYH EHDP�SLSH FXW�RII

IUHTXHQF\� 6ROLG OLQH � QR FRXSOLQJ RI WKH SLOOER[HV

WKURXJK WKH EHDP�SLSH� 'RW OLQH � FRXSOHG SLOOER[HV� 'RW�

GDVK OLQH � VKDSH RI EXQFK VSHFWUD >D�X�@ IRU σ] ��� FP�

8SSHU FXUYH � VKDSH RI EXQFK VSHFWUD >D�X�@ IRU σ] ���

FP� /RZHU SLFWXUH� 4 � YDOXH IRU UHVRQDQFHV LQ WKH RQH

VHSDUDWH SLOOER[ ORDGHG E\ WKH EHDP�SLSHV�

7KHQ� IUHTXHQFLHV DQG 4�YDOXHV ZHUH FDOFXODWHG� 7KH

ODUJHVW 4 GRHV QRW H[FHHG �� �ORZHU SLFWXUH RQ )LJ����

$IWHU WKDW� WKH WZR FRXSOHG SLOOER[HV ZHUH FDOFXODWHG�

7KH UHVXOWV VKRZ VKDUS UHVRQDQFHV ORFDWHG QHDU ORZ�4

UHVRQDQFHV RI WKH RQH SLOOER[� $GGLWLRQDO FXUYHV RQ WKH

)LJ�� SUHVHQW VKDSH RI EHDP VSHFWUD ZLWK U�P�V� ]�OHQJWK

���FP DQG ���FP WR HPSKDVLVH WKH HIIHFW RI WKH

LPSHGDQFH RQ VKRUW EXQFKHV� %ORZ�XS RI IUHTXHQF\

UDQJH QHDU WKH VHFRQG UHVRQDQFH RI WKH RQH SLOOER[ LV

VKRZQ RQ )LJ��� $V ZH FDQ VHH RQ WKH ORZHU SLFWXUH RI

)LJ�� WKH ORDGHG 4�YDOXH RI WKH WZR�SLOOER[ RSHQ FDYLW\

UHDFKHV WKH YDOXH RI ��
�
� $QG QR VSHFLILF EHKDYLRXU

DSSHDUV QHDU WKH VHFRQG FXW�RII IUHTXHQF\ RI �����*+]�

7KH QDUURZ UHVRQDQFHV FDQ FDXVH FRXSOHG EXQFK

PLFURZDYH LQVWDELOLW\� +HQFH� GXULQJ WKH YDFXXP

FKDPEHU GHVLJQ� RQH VKRXOG SD\ DWWHQWLRQ WR PRGHV

WUDSSHG E\ ORZ�4 ³FKRNHV´ DERYH EHDP SLSH FXW�RII

IUHTXHQF\�
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)LJXUH �� 8SSHU SLFWXUH� &RPSDULVRQ RI ORQJLWXGLQDO

LPSHGDQFHV IRU WZR SLOOER[HV DERYH EHDP�SLSH FXW�RII

IUHTXHQF\� %ORZ�XS RI FXUYHV IURP )LJ��� 6ROLG OLQH � QR

FRXSOLQJ RI WKH SLOOER[HV WKURXJK WKH EHDP�SLSH� 'RW OLQH

� FRXSOHG SLOOER[HV� /RZHU SLFWXUH� 4 � YDOXH IRU WKH

UHVRQDWRU FRQVLVWLQJ RI WZR FRXSOHG SLOOER[HV ORDGHG E\

WKH EHDP�SLSHV�

5.2 Transverse field caused by a  shifted cell

1H[W H[DPSOH FRQFHUQV DFFHOHUDWLQJ VWUXFWXUH GHVLJQ� $Q

DFFHOHUDWLQJ VWUXFWXUH IRU PRGHUQ SURMHFWV RI OLQHDU

FROOLGHUV LV D GLVN�ORDGHG ZDYHJXLGH>�@>�@� 3DUDPHWHUV RI

WKH VWUXFWXUH LV GHWHUPLQHG� EHWZHHQ RWKHUV� E\

UHTXLUHPHQWV RQ WKH HPLWWDQFH SUHVHUYDWLRQ DORQJ WKH

OLQDF� 7UDQVYHUVH IRUFHV LQVLGH D VWUXFWXUH FDXVH D

GLOXWLRQ RI WKH WUDQVYHUVH HPLWWDQFH� 7KH IRUFHV FDQ EH

JHQHUDWHG ERWK E\ EXQFKHV �ZDNH ILHOGV� DQG E\

DFFHOHUDWLQJ ILHOG� 7UDQVYHUVH IRUFH FUHDWHG E\ VKLIWLQJ RI

D FHOO RI DQ DFFHOHUDWLQJ VWUXFWXUH ZDV HVWLPDWHG� 7KH

VKLIWHG FHOO EUDNHV F\OLQGULFDO V\PPHWU\ RI WKH VWUXFWXUH

VR WKDW WKH KLJK JUDGLHQW DFFHOHUDWLQJ ILHOG JHQHUDWHV

WUDQVYHUVH ILHOG� 'LPHQVLRQV RI WKH ZDYHJXLGH DUH� GLVN

UDGLXV D  ���PP� GLVN ZLGWK W  �PP� FHOO UDGLXV E  

������PP� SHULRG '  ������PP� 7KDW GLPHQVLRQV

UHSUHVHQW PLGGOH FHOO IRU ;�EDQG ������� *+]� GHWXQHG

DFFHOHUDWRU VWUXFWXUH IRU -/& OLQHDU FROOLGHU >�@� )LUVW

VWHS ZDV PDWFKLQJ RI D GLVN�ORDGHG ZDYHJXLGH WR

VLPXODWH D WUDYHOOLQJ ZDYH� ��FHOO VWDFN ZDV H[FLWHG E\

PRQRSROH PRGH� 5DGLXV E RI WKH HQG�FHOOV DQG UDGLXVHV

RI WKH RXWHU GLVFV ZHUH FKDQJHG WR REWDLQ UHIOHFWLRQ

FRHIILFLHQW OHVV WKDQ ����� 0DWFKHG GLPHQVLRQV ZDV E  

������PP� D ����PP� 7KHQ WKH PLGGOH FHOO ZDV VKLIWHG

DV VKRZQ RQ )LJ��� (OHFWULF ILHOG ZDV LQWHJUDWHG DORQJ �



WUDMHFWRULHV WR REWDLQ PDS RI WKH UHVXOWHG ILHOGV� )LWWLQJ

YDOXH 9VK IURP OLQHDU ILWWLQJ RI WKH UHVXOWV LV HTXDO WR ���

9�PP�VTUW�:�� 7KHQ ZH FDQ HVWLPDWH WUDQVYHUVH YROWDJH

V⊥ IRU IXOO DFFHOHUDWRU VWUXFWXUH XVLQJ IROORZLQJ

SDUDPHWHUV� QXPEHU RI FHOOV 1 ���� LQSXW SRZHU 3 ��

0:� DYHUDJH VKLIW RI FHOOV G\ �µP� 8VLQJ WKH HTXDWLRQ�

V dyV N Psh⊥ = � ZH FDQ REWDLQ V V⊥ = 720 �

)LJXUH �� *HRPHWU\ RI WKH PDWFKHG GLVN�ORDGHG

ZDYHJXLGH ZLWK VKLIWHG PLGGOH FHOO �G\ �PP��

)LJXUH �� 'XPS RI WKH SUHSURFHVVRU ZLQGRZ� 2XWHU SDUW

RI WKH JHRPHWU\ LV VKRZQ� 7KH JHRPHWU\ ZDV XVHG IRU

FDOFXODWLRQ RI WKH ORQJLWXGLQDO LPSHGDQFH RI WKH YDFXXP

FKDPEHU�
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FKDPEHU� 6ROLG OLQH � ,P�=�� GDVKHG OLQH � 5H�=��

5.3 Impedance of a vacuum chamber

6\QFKURWURQ UDGLDWLRQ VRXUFH ´6LEHULD��´ ZDV GHVLJQHG

DQG SURGXFHG E\ %XGNHU ,13� 7KH ORQJLWXGLQDO FRXSOLQJ

LPSHGDQFH ZDV FDOFXODWHG IRU YDFXXP FKDPEHU ORFDWHG

LQVLGH D TXDGUXSROH OHQV� 7KH YDFXXP FKDPEHU KDV

OHQJWK RI �����FP DQG FURVV�VHFWLRQ DERXW

���FP×����FP� 7KH FURVV�VHFWLRQ LV ILWWHG WR WKH SROHV RI

WKH OHQV� %RWK VLGHV RI WKH FKDPEHU DUH FRQQHFWHG WR

GLSROH PDJQHW¶V FKDPEHU E\ LQVHUWLRQ WKDW LV XVHG IRU

DGMXVWLQJ RI WKH FURVV�VHFWLRQV� 7KH JHRPHWU\ RI WKH

MXQFWLRQ LV VKRZQ RQ )LJ��� 5HVXOWHG LPSHGDQFH ZH FDQ

VHH RQ )LJ��� 7KH FKDPEHU KDV D UHDFK VSHFWUXP DERYH

�*+] RI WKH PRGHV WUDSSHG LQVLGH� LQ VSLWH RI WKDW WKH

ORZHVW FXW�RII PRGH KDV IUHTXHQF\ DERXW � *+]�

 6   CONCLUSION

7KH LQWHUDFWLYH FRGH ZDV GHYHORSHG IRU VLPXODWLRQ RI �'

DFFHOHUDWRU FRPSRQHQWV� 7KH FRGH XVHV VFDWWHULQJ PDWUL[

PHWKRG� 3HUIRUPDQFH RI WKH FRGH DOORZV WR FDOFXODWH

FRXSOLQJ LPSHGDQFH IRU FRPSOLFDWH VWUXFWXUHV ZLWK

DUELWUDU\ FURVV VHFWLRQV� 8VLQJ WKH FRGH D WHFKQRORJ\ RI

FDVFDGLQJ RI LPSHGDQFHV ZDV WHVWHG� 7KH FDVFDGLQJ FDQ

EH XVHG LQ FRPELQDWLRQ ZLWK D ILQLWH HOHPHQW RU JULG

PHWKRGV� 7KH FDVFDGLQJ LV D XQLYHUVDO PHWKRG DQG LW FDQ

VHUYH DV SRZHUIXO WRRO IRU VLPXODWLRQV RI FRPSOH[ �'

VWUXFWXUHV� 7KH FRGH ZDV DSSOLHG IRU RSHQ FDYLW\

FRQVLVWLQJ RI WZR SLOOER[HV ORDGHG E\ EHDP SLSH� 7KH

FDOFXODWLRQV VKRZ WKDW ILHOGV FDQ EH WUDSSHG E\ ORZ 4

UHVRQDQFHV DERYH WKH EHDP�SLSH FXW�RII IUHTXHQF\�

7UDQVYHUVH YROWDJH FDXVHG E\ VKLIW RI D FHOO LQ D GLVN�

ORDGHG ZDYHJXLGH ZDV REWDLQHG� &DOFXODWLRQ RI D SDUW RI

WKH ³6LEHULD��´ YDFXXP FKDPEHU VKRZV VKDUS UHVRQDQFHV

IDU DERYH WKH ILUVW FXW�RII IUHTXHQF\�
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