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Abstract

WAKE is a code simulating multi-bunch, multi-particle beams in linac with wakefields
having high group velocity. The group velocity complicates the calculation because of
the constant relocation of the particles creating the field and because the path length of a
particle within the field of a preceding particle is not the length of the RF structure, but
depends on the distance between the particles. It is the potential, i.e. the product of the
field and the path length which is considered, rather than the field itself. In order to
account for the varying positions of the particles, the structure is divided into intervals at
the end of which the potentials are calculated. To save time, summing the potentials is
not repeated, but the vector sum is transformed by the difference in phase when a particle
replaces the preceding one at the same section end. A complementary update is necessary
because the transverse positions have changed. The equations of the dynamics are then
applied. In addition to this specific treatment for the wakefields, more conventional
operators for travelling wave acceleration and focusing are provided. The focusing forces
may be automatically adjusted for a decelerator or given at each focusing element. The
input list is simple and one can select output graphics representing the results of the
longitudinal and the transverse motions for the whole beam train, or for groups of
particles. The code, written in FORTRAN 77, is the result of years of studies of the CLIC
decelerator and of the CTF accelerator and decelerator. It has been tested against
experimental measurements in CTF. Examples are given for these machines.
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WAKE is a code simulating multi-bunch, multi-particle beams in linac with wakefields having high
group velocity. The group velocity complicates the calculation because of the constant relocation of the
particles creating the field and because the path length of a particle within the field of a preceding particle
is not the length of the RF structure, but depends on the distance between the particles. It is the potential,
i.e. the product of the field and the path length which is considered, rather than the field itself. In order to
account for the varying positions of the particles, the structure is divided into intervals at the end of which
the potentials are calculated. To save time, summing the potentials is not repeated, but the vector sum is
transformed by the difference in phase when a particle replaces the preceding one at the same section end.
A complementary update is necessary because the transverse positions have changed. The equations of the
dynamics are then applied. In addition to this specific treatment for the wakefields, more conventional
operators for travelling wave acceleration and focusing are provided. The focusing forces may be
automatically adjusted for a decelerator or given at each focusing element. The input list is simple and one
can select output graphics representing the results of the longitudinal and the transverse motions for the
whole beam train, or for groups of particles. The code, written in FORTRAN 77, is the result of years of
studies of the CLIC decelerator and of the CTF accelerator and decelerator. It has been tested against
experimental measurements in CTF. Examples are given for these machines.

I. INTRODUCTION

$�SDUWLFOH�ZLWK�ORQJLWXGLQDO�VSHHG�F�LQWHUDFWV�ZLWK�D�VWUXFWXUH�ZKHQ�FURVVLQJ�LW��7KH�ILHOG�RI
WKH�LQWHUDFWLRQ�SURSDJDWHV�EHKLQG�WKH�¶OHDGLQJ·�SDUWLFOH�/��ZLWK�JURXS�YHORFLW\�YJ�IURP�DOO�WKH
SRVLWLRQV� RI� LWV� WUDMHFWRU\�� :H� FRQVLGHU� RQO\� VWUXFWXUHV� ZLWK� YJ!��� 7KH� ¶WHVW·� SDUWLFOH� 7
FRPLQJ�EHKLQG�/�DW�VSHHG�F�RYHUWDNHV�WKH�ILHOG�/�KDG�JHQHUDWHG�ZKHQ�LW�ZDV�DW�WKH�HQWUDQFH
RI�WKH�VWUXFWXUH��DQG�WKHQ�WKH�ILHOGV�/�KDG�JHQHUDWHG�IXUWKHU�RQ��7KHUHIRUH�WKH�OHQJWK�RI�WKH
SDWK� DORQJ�ZKLFK� WKH� ILHOGV� DUH� DSSOLHG� WR�7� LV� GLIIHUHQW� IURP� WKH� OHQJWK� RI� WKH� VWUXFWXUH
LWVHOI��0RUHRYHU��DV�WKH�WHVW�SDUWLFOH�SURJUHVVHV�DORQJ�WKH�VWUXFWXUH��WKH�QXPEHU�RI�WKH�OHDGLQJ
SDUWLFOHV�YDULHV��(DFK�RI�WKHP�FUHDWHV�D�GLIIHUHQW�ILHOG�RQ�7��DQG�WKH�OHQJWK�RI�WKH�SDWK�DORQJ
ZKLFK�WKH�ILHOG�DSSOLHV�LV�DOVR�GLIIHUHQW��7R�VLPSOLI\�WKH�FDOFXODWLRQV��WKH�VWUXFWXUH�LV�GLYLGHG
LQWR�LQWHUYDOV��$W�WKH�HQG�RI�HDFK�LQWHUYDO��WKH�OHDGLQJ�SDUWLFOHV�DUH�LGHQWLILHG��DQG�WKH�ILHOG�
WKH� SDWK� OHQJWK� RQ� 7�� DQG� WKH� SRWHQWLDO� IRU� HDFK� OHDGLQJ� SDUWLFOH� DUH� HYDOXDWHG�� 7KHQ� WKH
PRWLRQ�RI�7�LV�FDOFXODWHG��7ZR�FRQVHFXWLYH�¶WHVW·�SDUWLFOHV��VHSDUDWHG�E\�∆W��DUULYH�DW�WKH�HQG
RI�WKH�VDPH�LQWHUYDO��$�JURXS�RI�SDUWLFOHV�OHDGV�ERWK�7��DQG�7���EXW�ZLWK�GLVWDQFHV�GLIIHULQJ
E\�∆W�F��7KH�VXP�RI�WKH�SRWHQWLDOV�RQ�7��FDQ�EH�GLUHFWO\�GHULYHG�IURP�WKH�RQH�RQ�7���ZLWK�D
FRUUHFWLRQ�WR�WDNH�LQWR�DFFRXQW�WKRVH�OHDGLQJ�SDUWLFOHV�ZKLFK�DUH�QRW�LQ�FRPPRQ�

,Q�:$.(��HDFK�EXQFK�LV�ORQJLWXGLQDOO\�GLYLGHG�LQWR�VOLFHV�ZLWK�GLVWULEXWHG�FKDUJHV�
HDFK�VOLFH�LQWR�HQHUJ\�ELQV�WR�VLPXODWH�DQ�LQLWLDO�LQFRKHUHQW�HQHUJ\�GLVWULEXWLRQ��HDFK�ELQ�LQWR
¶PDFUR�SDUWLFOHV·� WR� DFFRXQW� IRU� WKH� HPLWWDQFH�� 7KH� HTXDWLRQ� RI� WKH� WUDQVYHUVH� PRWLRQ� [
XQGHU�WKH�LQIOXHQFH�RI�UHVRQDQW�PRGH���ZDNH�ILHOG�FRQWDLQV�LQ�LWV�ULJKW�KDQG�VLGH�WKH�VXP�RI
WKH� IRUFHV� RI� WKH� OHDGLQJ� SDUWLFOHV�� 7KH� FKDUJH�ZHLJKWHG� DGGLWLRQ� RI� WKH� HTXDWLRQV� IRU� WKH
SDUWLFOHV�7L�RI� WKH�VDPH�HQHUJ\�ELQ� LQ�D�VOLFH�JLYHV� WKH�HTXDWLRQ�IRU� WKH�DYHUDJH��[L!��7KH
GLIIHUHQFH� RI� WKLV� HTXDWLRQ�ZLWK� WKH� RQH� RI� [L� JLYHV� WKH� HTXDWLRQ� IRU� WKH� EHWDWURQ�PRWLRQ



�

DURXQG� WKH� WUDMHFWRU\�REWDLQHG�IRU� WKH�DYHUDJH��7KH�HQYHORSH� LV� WKHUHIRUH�NQRZQ���)RU� WKH
RWKHU�PRGHV��WKH�HQYHORSH�LV�REWDLQHG�E\�WUDFNLQJ�PDQ\�WUDMHFWRULHV�

�,Q�FKDSWHU����WKH�UROH�RI�WKH�JURXS�YHORFLW\�LV�DQDO\]HG��7KH�SRWHQWLDOV�DUH�FDOFXODWHG
DQG� WKH� HTXDWLRQV� IRU� WKH� SDUWLFOH� G\QDPLF� DUH� VHW� IRU� SDUWLFOHV� LQ� VWUXFWXUHV� ZLWK� IXOO
URWDWLRQDO�V\PPHWU\��RU�ZLWK�URWDWLRQDO�V\PPHWU\�PRGXOR��π�P��&/,&�GULYH�EHDP���7KHQ�D
VROXWLRQ� LV�SURSRVHG� IRU�PDWFKLQJ� WKH� IRFXVLQJ� WR� WKH�KXJH� HQHUJ\� VSUHDG�RI� WKH�SDUWLFOHV
DORQJ�D�GHFHOHUDWRU��&KDSWHU���GHVFULEHV�WKH�LQSXW�GDWD�VHWWLQJ��6RPH�RXWSXW�JUDSKV�IRU�WKH
&/,&� VWXGLHV� DUH� VKRZQ� LQ� FKDSWHU� ��� 7KH� ILHOG� IRUPXODWLRQ� IRU� V\PPHWULFDO� VWUXFWXUHV� LV
UHFDOOHG�LQ�$SSHQGL[����IRU�FRPSOHWLRQ��([DPSOHV�RI�LQSXW�GDWD�IRU�&7)�DQG�IRU�WKH�&/,&
GHFHOHUDWRU�DUH�JLYHQ�LQ�$SSHQGL[����WR���

II. DYNAMICS IN A STRUCTURE

II.1 ROLE OF GROUP VELOCITY

7HVW�SDUWLFOH�7�FURVVHV�WKH�VWUXFWXUH�DW�GLVWDQFH�V�EHKLQG�OHDGLQJ�SDUWLFOH�/��DW�WKH�VDPH�VSHHG
F��7KH�GLVWDQFH�WR�WKH�HQWUDQFH�RI�WKH�VWUXFWXUH�LV�UHSUHVHQWHG�YHUVXV�WLPH�LQ�)LJ����LQ�ZKLFK�F
DQG�JURXS�YHORFLW\�YJ!��DUH�TXRWHG�LQVWHDG�RI�WKH�WDQJHQWV�RI�WKH�DQJOHV��7KH�SRZHU�RI�WKH
LQWHUDFWLRQ�RI�/�ZLWK�WKH�VWUXFWXUH�SURSDJDWHV�WRZDUGV�WKH�H[LW�RI� WKH�VWUXFWXUH�DW�VSHHG�YJ
�F��7KHUHIRUH�WKH�ILHOG�DW�SDUWLFOH�7�IURP�SDUWLFOH�/�LV�WKDW�HPLWWHG�ZKHQ�/�ZDV�DW�/·��$W�WKDW
WLPH�� 7� ZDV� DW� 7·�� 7KH� WRWDO� SDWK� OHQJWK� RI� 7� LQ� WKH� ILHOG� LV� QHHGHG� IRU� HYDOXDWLQJ� WKH
SRWHQWLDO��,W�LV�QRW�WKH�WRWDO�OHQJWK�OF�RI�WKH�VWUXFWXUH��EXW�O� �OF�²�V�YJ����F��YJ���EHFDXVH�7�KDV
WR�RYHUWDNH�WKH�ILHOG�RI�/�

FIG. 1. Role of group velocity

6KLIWLQJ�EDFN in z the triangle L’ T L until L’ is on the z=0 axis gives the first position of
T in the field of L and then the path length l.

II.2 WAKE FIELDS AND POTENTIALS FOR CYLINDRICALLY SYMMETRIC STRUCTURES

7KH� HIIHFW� RI� WKH� SRWHQWLDO� RQ� WKH� G\QDPLFV� RI� SDUWLFOH� 7� IRU� DQ� LQWHUYDO� LV� HYDOXDWHG� E\
DSSO\LQJ�DQ�LPSXOVH�PDWUL[�RQ�WKH��[��S[��YHFWRU�FRRUGLQDWHV�LI�WKH�IRUFH�YDULHV�LQ�SURSRUWLRQ
ZLWK�WKH�SRVLWLRQ�[���,I�WKLV�LV�QRW�WKH�FDVH��WKH��[��S[��YHFWRU�LV�WUDQVIRUPHG�E\�D�NLFN�RQ�S[�
7KLV�NLFN�PD\�PH�DSSOLHG�DW�DQ\�HQG�RI�WKH�LQWHUYDO�RI�VKDUHG�EHWZHHQ�ERWK�HQGV�

,,�����0RGH���ZDNH�ILHOG��ORQJLWXGLQDO�PRPHQWXP�FKDQJH�DQG�UDGLDO�HIIHFWV
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8VLQJ�ω��DQG�N��IRU�WKH�IUHTXHQF\�DQG�ORVV�IDFWRU��TL�IRU�WKH�FKDUJH�RI�WKH�OHDGLQJ�SDUWLFOH�/L�
WKH�ORQJLWXGLQDO�ZDNH�ILHOG�DW�D�WHVW�SDUWLFOH�7�EHKLQG�/L�LV

��

(]�L� ����TL�N��FRV�ω��VL���F�� ���

7KH�SRWHQWLDO�FKDQJH�LV�HYDOXDWHG�HDFK�WLPH�7�FURVVHV�DQ�LQWHUYDO�∆O�RI�WKH�VWUXFWXUH��E\�WKH
DSSOLFDWLRQ�RI�WKH�ZDNH�ILHOG�IRUFHV�GXH�WR�SDUWLFOHV�/L�DORQJ�SDWK�OHQJWK�∆]L�≤�∆O�VSHFLILF�WR
HDFK�RI�WKHP��7KH�PRPHQWXP�FKDQJH�LV�

∆��βγ�]� ��H���P�F
���ΣL�∆]L�(]L ���

$OO�WKHVH�ORQJLWXGLQDO�ILHOGV�DOVR�KDYH�D�UDGLDO�HIIHFW�WKDW�FDQ�EH�DFFRXQWHG�IRU�DV�IROORZV�

$�WUDYHOOLQJ�ZDYH�PDWUL[�0�JLYHV�WKH�WUDQVYHUVH�HIIHFW�RI�WKH�ILHOG�DYHUDJHG�RYHU�∆O�

� /Q�>����∆�βγ��]����βγ�]�@��∆O���βγ�]���∆��βγ��]

� �βγ�]����>�βγ�]���∆�βγ��]@ ���

$Q� LPSXOVH� PDWUL[� 0H� JLYHV� WKH� HIIHFWV� RI� WKH� JUDGLHQW� RI� WKH� ILHOG� REWDLQHG� ZLWK� WKH
GLIIHUHQFH�∆(]� �(]N���(]N���RI�WKH�ORQJLWXGLQDO�SRWHQWLDOV�EHWZHHQ�WKH�OLPLWV�RI�DQ�LQWHUYDO�N�

� �

��>H�P��F
�@�∆(]���>���βγ�]@ � ���

7KLV�LV�EHFDXVH��E\�WKH�FRQVHUYDWLRQ�RI�WKH�PDJQHWLF�IOX[��WKH�UDGLDO�SRWHQWLDO�DVVRFLDWHG�ZLWK
∆(]�LV�

∆]�([�a����[�������∆(]

DQG�WKH�UDGLDO�PRPHQWXP�FKDQJH�LV�

∆��βγ�]� ���>H�P��F
�@�∆(]�[���>���βγ�]@

7KH�HIIHFW�LV�DSSOLHG�DW�WKH�HQWUDQFH�RI�WKH�LQWHUYDO��)RU�WKH�ILUVW�LQWHUYDO���(]�L��� ����$W�WKH
ODVW�LQWHUYDO��WKH�ILHOG�UHWXUQV�WR�]HUR��WKH�PDWUL[�LV�PXOWLSOLHG�E\�DQ�LPSXOVH�PDWUL[��ZLWK�(]

UHSODFLQJ��∆(]�

,,�����0RGH���UDGLDO�ZDNH�ILHOG

7KH� ORQJLWXGLQDO� ILHOG� LV� QHJOHFWHG�� 7KH� UDGLDO� ZDNH� ILHOG� GXH� WR� SDUWLFOH� /� RI� FKDUJH� T
GLVSODFHG�E\�[T�IURP�WKH�D[LV�LV�GDPSHG��)RU�WKH�SURSDJDWLRQ�WLPH�EHWZHHQ�/·�DQG�7��)LJ����
WKH�GDPSLQJ�WHUP�G�DQG�WKH�[�SURMHFWHG�ILHOG�([�DUH�

G� �H[S�>��ω��W������4�@� �H[S�>��ω��V������4�������YJ�²���F�����@

([� ���T��[T���D��>F���ω��D�@�N��VLQ��ω��V���F��H[S�>��ω��V�����4�������YJ�²���F�����@� ���
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7KH�SRWHQWLDO�UHVXOWLQJ�IURP�DOO�/·L�LV�FDOFXODWHG�ZLWK�WKH�FRUUHVSRQGLQJ�ILHOG�DQG�SDWK�OHQJWK�
7KHQ��LW�LV�GLVWULEXWHG�LQWR�WZR�HTXDO�NLFNV�DW�WKH�HQGV�RI�WKH�LQWHUYDO�

�

II.3 RECURRENCE OF FIELDS AND POTENTIALS AT ENDS OF INTERVALS

7KH�EHDP�SURJUHVVHV�E\�D�IL[HG�GLVWDQFH�∆V�EHWZHHQ�WZR�FRQVHFXWLYH�WHVW�SDUWLFOHV�7��DQG�7�
DV� REVHUYHG� DW� WKH� HQG�RI� WKH� LQWHUYDO� Q��7�� DQG�7�� VHH� WKH� FRPPRQ�ZDNH� ILHOG� HIIHFW� RI
SDUWLFOHV�WKDW�DUH�LQ�IURQW�RI�WKHP��+RZHYHU�WKH�SRWHQWLDO�VHHQ�E\�7���LV�WKDW�VHHQ�E\�7��SOXV
WKH�PRGLILFDWLRQ�GXH� WR� WKH� URWDWLRQ�ω�∆V��F�RI� WKH�SKDVH�� ,W� LV� DOVR�QHFHVVDU\� WR�DGG� WKH
DFWLRQ� RI� SDUWLFOH� 7��� ZKLFK� LV� D� QHZ� OHDGLQJ� SDUWLFOH� IRU� 7�� DQG� WR� UHPRYH� WKDW� RI� WKH
SDUWLFOHV�ZKRVH�ILHOGV�KDYH�OHIW�WKH�LQWHUYDO�

,,�����)LHOGV

8VLQJ� WKH� EULHI� FRPSOH[� QRWDWLRQ�� WKH� ORQJLWXGLQDO� ILHOG� RI� WKH� PRGH� �� LV� VXPPHG� RQ� S
SDUWLFOHV�WKDW�DUH�OHDGLQJ�7��

(]7�� ����N��Ρ{ΣL ��S�TL�H[S���ι�ω��VL���F�} ���

7KHUHIRUH��WKH�ILHOG�GXH�WR�WKH�VDPH�SDUWLFOHV�RQ�7��LV�

(]7�� �Ρ{�H[S�ι��ω��∆V���F��(]7�} �FRV��ω��∆V���F��Ρ{(]7�}���VLQ��ω��∆V���F��Ι{(]7�} ���

%\�LQFOXGLQJ�WKH�SDUWLFOH�7��LWVHOI�LQ�WKH�VXP��7��LV�WDNHQ�DV�D�OHDGLQJ�SDUWLFOH�IRU�7���7KH�VHOI�
ILHOG��WKDW�LV���N��T���VKRXOG�EH�UHPRYHG�IURP�WKH�VXP�IRU�WKH�FDOFXODWLRQ�RI�WKH�G\QDPLFV�

6LPLODUO\��IRU�PRGH����WKH�WUDQVYHUVH�ZDNH�ILHOG�RQ�7��LV�FDOFXODWHG�IURP�WKH�ILHOG�RQ�7���ZLWK

.�� �N��F����ω��D
���

([7�� ���.��Ι{ΣL ��S�[L�TL�H[S���ι�ω��VL���F��}�H[S�²>ω��VL������4����F���YJ���@ ���

([7�� �Ι{�H[S�ι��ω��∆V���F��([7��}�H[S�²>ω��∆V������4����F���YJ���@ ����

,,�����3RWHQWLDOV�

6XSSRVH�ILUVW�WKDW�WKH�ZDNH�SRWHQWLDO�LV�RQO\�FDOFXODWHG�ZKHQ�SDUWLFOH�7��LV�DW�WKH�HQG�RI�WKH
ODVW�LQWHUYDO��WKDW�LV�DW�OV� �Q�∆�O��7KH�SDWK�OHQJWK�IRU�WKH�ILHOG�RI�/L�LV��Q�∆O�²�VL�YJ����F���YJ���
$V�ZH�LQFOXGH�WKH�SDUWLFOH�7��LWVHOI��WKH�ORQJLWXGLQDO�SRWHQWLDO�3]�GXH�WR�S�OHDGLQJ�SDUWLFOHV�LV�

3]7�� ����N��ΣL ��S�{TL�FRV��ω��VL���F���>Q�∆O�²�VL�YJ�����F���YJ��@�} ����

,W�LV�HDV\�WR�VKRZ�WKDW�WKH�SRWHQWLDO�RQ�7��LV�REWDLQHG�IURP�WKH�SRWHQWLDO�RQ�7��E\�

3]7�� �(]7��Q∆O���Ρ{$3]7�}�YJ�����F���YJ�� ����

ZKHUH�$3]�LV�VRPH�NLQG�RI�¶DX[LOLDU\·�SRWHQWLDO�GHILQHG�ZLWK�VL��
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$3]7�� ����N��ΣL ��S��>�TL�H[S���ι�ω��VL��F��VL�@ ����

7KH�LWHUDWLRQ�IURP�7��WR�7��LV�VLPSO\�DFKLHYHG�E\�WUDQVIRUPLQJ�VL�WR�VL���∆V�

$3�]7�� �∆V�(]7���H[S�ι��ω��∆V���F��$3]7� ����

JLYLQJ�WKH�ORQJLWXGLQDO�SRWHQWLDO�XSGDWH�������7KH�UDGLDO�SRWHQWLDO�3[�LV�

3[7� ��.�ΣL ��S�{TL�[L�VLQ��ω�VL��F��>Q�∆O²VL�YJ���F���YJ�@�H[S²>ω��VL����4���F���YJ��@�} ����

$�VLPLODU�LWHUDWLRQ�RI�DQ�¶DX[LOLDU\·�UDGLDO�SRWHQWLDO�$3�[�GHILQHG�ZLWK�VL�LV�XVHG�

$3�[7�� ���.��ΣL ��S�^�TL�[L�H[S���ι�ω��VL��F��VL�H[S²>ω��VL����4���F���YJ��@�` ����

,WV�XSGDWH�GLIIHUV�IURP�WKH�RQH�RI�$3]�EHFDXVH�ZULWLQJ������LQVWHDG�RI������LQYROYHV�D�VLQH�WR
FRVLQH�VXEVWLWXWLRQ�DQG�D�PXOWLSOLFDWLRQ�E\�WKH�GDPSLQJ�WHUP��H[S²>ω��∆V����4���F���YJ��@�
7KH�XSGDWHG�UDGLDO�SRWHQWLDO�RQ�SDUWLFOH�7��LV�ILQDOO\�

3�[7�� �Ι{(�[7��}�Q�∆O����Ι{$3�[7��}�YJ���F���YJ��@�� ����

,,�����'LYLVLRQ�RI�VWUXFWXUH�LQ�Q�LQWHUYDOV

&RQVLGHU�SDUWLFOH�7�DW�WKH�HQG�RI�LQWHUYDO�Q��7KH�SRWHQWLDO�JDLQHG�E\�7�LQ�LQWHUYDO�Q�GHSHQGV
RQ�WKH�ILHOGV�GXH�WR�OHDGLQJ�SDUWLFOH�/L�DQG�RQ�WKH�FRPPRQ�SDUW�O/7L�RI�WKH�SDWK�OHQJWK�Q∆O²
VLYJ��F�YJ���ZLWK�DQ� LQWHUYDO�∆O�� )LJ��� VKRZV�7� DW� WKH� HQG�RI� LQWHUYDO� ���/� DW� GLVWDQFH�∆V� LQ
IURQW�RI�7��DQG�/·�LQ�LQWHUYDO����,Q�WKLV�FDVH��WKH�FRPPRQ�SDUW�RI�WKH�SDWK�OHQJWK�RI�7�ZLWK
LQWHUYDO���LV�WKH�LQWHUYDO���LWVHOI��7KH�OHDGLQJ�SDUWLFOHV�DUH�VHSDUDWHG�LQWR���FODVVHV��¶$·�LI�O/7L� 
∆O��DQG�¶%·�LI�O/7L�∆O��$FFRUGLQJO\��WKH�VXP�RI�WKH�ILHOGV�RQ�7�DUH�VHSDUDWHG�LQWR���WHUPV�($

DQG�(%��ZLWK� WKH�VDPH�H[SUHVVLRQV�DV� LQ� WKH�SUHFHGLQJ�SDUDJUDSK��EXW�ZLWK� LQGLFHV� L∈$�RU
L∈%�LQVWHDG�RI�L ��S��7KH�VXP�RI�WKH�SRWHQWLDOV�DUH�DOVR�VHSDUDWHG�LQWR�3$�DQG�3%��3$�LV�WKH
SURGXFW�∆O�($��7KH�XSGDWH�RI�3%�LV�PDGH�DFFRUGLQJ�WR�WKH�DERYH�HTXDWLRQV�

FIG.2. Path length lLT. T is at end of interval 2. Point L’ is not in interval 1
so lLT = ∆l (class A)
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:KHQ�7��UHSODFHV�7��DW�WKH�HQG�RI�LQWHUYDO����)LJ�����OHDGLQJ�SDUWLFOH�/�SURJUHVVHV�DOVR�E\�∆V�
7KHUHIRUH�� VRPH� RI� WKH� OHDGLQJ� SDUWLFOHV� RI� FODVV� %� IRU� 7�� DUH� LQ� FODVV� $� IRU� 7��� 7KHLU
LQGLYLGXDO� ILHOG� DQG� SRWHQWLDO� FRQWULEXWLRQ� IRU� 7�� VKRXOG� EH� UHFDOFXODWHG�� UHPRYHG� IURP
VWDFNV�%��FDOFXODWHG�IRU�WKH�QHZ�SDWK�OHQJWK�IRU�7���DQG�DGGHG�WR�VWDFNV�$��,Q�DGGLWLRQ��VRPH
SDUWLFOHV�DUH�RQO\�UHPRYHG��EHFDXVH�WKHLU�ILHOGV�KDYH�OHIW�WKH�VWUXFWXUH�

7UDQVYHUVH�FR�RUGLQDWHV�DUH�UHFRUGHG�DW�WKH�OLPLWV�RI�WKH�LQWHUYDOV��7UDQVYHUVH�PRGH���ILHOGV
DQG�SRWHQWLDOV�GHSHQG�RQ�WKH�FR�RUGLQDWHV�[L�RI�WKH�OHDGLQJ�SDUWLFOHV�/L��7KH�VXPV�LQ�VWDFNV�$
DQG�%�DUH�XSGDWHG�E\�VXEVWLWXWLRQ�RI�ILHOGV�DQG�SRWHQWLDOV�GXH�WR�/L�ZLWK�WKH�QHZ�YDOXHV�RI�[L
HDFK�WLPH�WKH�FRUUHVSRQGLQJ�SRLQW�/·L�FURVVHV�D�OLPLW�RI�DQ�LQWHUYDO�

7KHVH�VXEVWLWXWLRQV�DQG�UHPRYDOV�FDQ�EH�UHVXPHG�DV�IROORZV�

:KHQ�FRQVLGHULQJ�7��DIWHU�7���ERWK�W\SHV�RI�VWDFNV�DUH�XSGDWHG���,Q�DGGLWLRQ��/·�PD\�FURVV
WKH�OLPLW�RI�DQ�LQWHUYDO��7KHVH�OLPLWV�PD\�EH�

• ���WKH�XSSHU�OLPLW��EXW�QRW�RI�WKH�ILUVW�LQWHUYDO��6XEVWLWXWLRQ�LQ�VWDFNV�%�LV�PDGH�IRU
WKH�UDGLDO�ILHOGV�DQG�SRWHQWLDOV�UHFDOFXODWHG�ZLWK�SUHYLRXV�DQG�WKH�[�WUDQVYHUVH�SRVLWLRQV�

• ���WKH�XSSHU�OLPLW�RI�WKH�ILUVW�LQWHUYDO��7KH�ILHOG�DQG�WKH�SRWHQWLDO�DUH�UHFDOFXODWHG
ZLWK�SDWK�OHQJWK�∆O��UHPRYHG�IURP�%�VWDFNV��FDOFXODWHG�DJDLQ�ZLWK�WKH�SDWK�OHQJWK�O/7�DQG
DGGHG�LQ�$�VWDFNV��)RU�WKH�GLSROH�PRGH��WKH�FDOFXODWLRQV�DUH�PDGH�ZLWK�SURSHU�[�SRVLWLRQV�

• ���WKH�HQWUDQFH�RI�WKH�VWUXFWXUH��WKH�ILHOG�DQG�SRWHQWLDO�GXH�WR�/·�DUH�UHFDOFXODWHG�ZLWK
SDWK�OHQJWK�O/7�ZLWK�WUDQVYHUVH�SRVLWLRQ�DW�LQWHUYDO����DQG�UHPRYHG�IURP�$�VWDFNV�

II.4 WAKE FIELDS FOR STRUCTURES WITH CYLINDRICALLY SYMMETRY MODULO 2 PI / M

)RU�FROOHFWLQJ�WKH����*+]�SRZHU��WKH�GHFHOHUDWLQJ�VWUXFWXUHV�KDYH�P�ORQJLWXGLQDO�VOLWV�DORQJ
WKHLU� FRUH�� JHQHUDWLQJ� D� PRGXOR� �π�P� V\PPHWU\��� &DOFXODWLRQV� ZLWK� 0$),$� DQG
PHDVXUHPHQWV��VKRZ�WKDW�PRGH���DQG�PRGH���ZDNH�ILHOGV�DUH�FRPELQHG�ZLWK�PXOWLSOH�PRGH
ILHOGV�GHSHQGLQJ�RQ�WKH��U��φ��FR�RUGLQDWHV�RI�7�LQ�WKH�V\PPHWU\�D[LV�

(]� ���T�L��FRV��ω��V�L���F��ΣM�NM��U��D�
P�M��FRV��P�M�φ�� ����

7KH�3DQRIVN\�DQG�:HQW]HO�WKHRUHP��JLYHV�WKH�PRGH�P�WUDQVYHUVH�ILHOG�EHKLQG�/L�DV�

(W (U��ι�(φ ����T�L�VLQ�ω�V�L�F��ΣM�NM��U�D�
P�M���P�M�D���F�ω���>U�FRV�P�M�φ���φ�VLQ�P�M�φ�@����

7KH�XQLW�YHFWRUV�IRU�WKH�WHVW�SDUWLFOH�DUH�U�DQG�φ��,I�[�DQG�\�DUH�WKH�FR�RUGLQDWHV�RI�7�

([� ���T�L�VLQ�ω�V�L�F��ΣM�NM��[�D��
P�M���P�M�D���F�ω����FRV�>�P�M����φ@ ����

(\� �����T�L�VLQ�ω�V�L�F��ΣM�NM��\�D��
P�M���P�M�D���F�ω����VLQ�>�P�M����φ@ ����
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7KH�UHFXUUHQFH�RQ�WKH�SRWHQWLDOV�LV�VLPLODU�WR�WKH�UHFXUUHQFH�VKRZQ�IRU�UHVRQDQW�PRGHV��
DQG���

II.5 FIELDS FROM EXTERNAL SOURCES

7KLV�ILHOG�LV�GHVFULEHG�LQ�WKH�GDWD�IRU�D�SDUWLFOH�RQ�WKH�FUHVW�RI�WKH�YROWDJH��DQG�DSSUR[LPDWHG
OLQHDUO\� E\� D� VXFFHVVLRQ� RI� VHJPHQWV�� $� GHVFULSWLRQ� ZLWK� �� VHJPHQWV� IRU� HDFK� FHOO� VHHPV
FRQYHQLHQW�� 3KDVHV� IRU� WKH� VXFFHVVLYH� EXQFK�KHDGV� DUH� JLYHQ��$V� SDUWLFOH·V� VSHHG� LV� F�� WKH
SKDVHV� IRU�DOO�SDUWLFOHV�DUH�NQRZQ��2Q�)LJ��� DUH� UHSUHVHQWHG� WKH� ILHOG�(]��ZLWK�DQ�DUELWUDU\
VFDOH��SODLQ�OLQH��LQ����FHOOV�RI�D�VWUXFWXUH��βγ�DQG�WKH�[�WUDMHFWRU\�IRU�D�SDUWLFOH�HQWHULQJ�DVLGH
WKH�VWUXFWXUH�D[LV��ZLWK���VORSH�LQ�WKH�SODQH�FRQWDLQLQJ�WKH�LQLWLDO�PRPHQWXP�DQG�WKH�D[LV�

FIG.3 External source field in 16 cells of a TW structure (plain, arbitrary
scale), momentum and off-axis trajectory (dotted)

II.6 IMPLICIT VARIATION OF THE FOCUSING

,I�WKH�LQLWLDO�HQHUJ\�VSUHDG�LQ�WKH�EHDP�LV�VPDOO��WKH�EHVW�IRFXVLQJ�LV�IRXQG�E\�FKRRVLQJ�WKH
IRFXVLQJ�IRUFHV�DW�HDFK�TXDGUXSROH�IRU�WKH�SDUWLFOH�ZLWK�WKH�VPDOOHVW�HQHUJ\�� 7KH�WUDMHFWRU\
RI�D�SDUWLFOH�RI�PRPHQWXP�S�LQ�D�OLQDF�ZLWK�)2'2�IRFXVLQJ�RI�PHVK�OHQJWK�/�LV�UHSUHVHQWHG
LQ�D�GLDJUDP��)LJ�����ZKLFK�FR�RUGLQDWHV�DUH� WKH� IRFDO� OHQJWK�)� �S��T�*O��RI� WKH� IRFXVLQJ
TXDGUXSROH�ZLWK� LQWHJUDWHG�IRUFH�*O�DQG�WKH�7:,66�IXQFWLRQ�β)� �)�/���2QH�KDV� WR�FKRRVH
WKH�GHWDLOV�RI�WKH�ODWWLFH��.HHSLQJ�HTXDO�SKDVH�DGYDQFH�SHU�PHVK��WKH�WUDMHFWRU\�LV�D�VWUDLJKW
OLQH�LQ�WKH�GLDJUDP��)LJ����

β)��)��/�� ���)�>��VLQ��µ���@������>��VLQ��µ���@��� ����

.HHSLQJ�FRQVWDQW�WKH�GLVWDQFH�/�EHWZHHQ�WKH�TXDGUXSROHV��LW�LV�D�FXUYH�RQ�WKH�VDPH�ILJXUH�

β)��)��/�� ���)��)�/����
�������)�/������� ����
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�2QO\�VORZ�YDULDWLRQ�RI�SDUDPHWHUV�DORQJ�WKH�OLQDF�LV�DOORZHG��)RU�DQ\�FKRLFH��DW�D�JLYHQ�SRLQW
LQ� WKH� OLQDF�� /� DQG� *O� DUH� IL[HG�� 7KH� SDUWLFOHV� ZLWK� GLIIHUHQW� PRPHQWD� DW� WKDW� SRLQW� DUH
UHSUHVHQWHG�E\�D�VHJPHQW�RI�D�OLQH�ZLWK�FRQVWDQW�/��7KH�QRUPDOL]HG�HPLWWDQFH�ε�LV�FRQVWDQW�
WKH�WUDQVYHUVH�SRVLWLRQ�RI�WKH�SDUWLFOH�LV�

[� �β)�ε���S ����

$FFRUGLQJ�WR�WKH�SUHYLRXV�H[SUHVVLRQ��IRU�/�DQG�*O�JLYHQ��β)��S�LV�D�GHFUHDVLQJ�IXQFWLRQ�RI
S�

β)��>S�T�*O@� ���>S�T�*O���/��@
������>S�T�*O���/��@��� ����

,Q�RWKHU�ZRUGV��WKH�PD[LPXP�HQYHORSH�[�LV�REWDLQHG�IRU�S�PLQLPXP��SRLQW�0�RQ�)LJ�����$OO
WKH�RWKHU�SDUWLFOHV�DW�WKH�VDPH�ORFDWLRQ�LQ�WKH�OLQDF��KDYH�VPDOOHU�WUDQVYHUVH�SRVLWLRQV��HYHQ�LI
WKHLU�β)�YDOXHV�DUH�KLJKHU��DV�LW�PD\�KDSSHQ�RQ�WKH�ULJKW�RI�SRLQW�0��LQ�)LJ�����$V�WKH�SDUWLFOH
ZLWK�WKH�PLQLPXP�HQHUJ\�KDV�WKH�PD[LPXP�WUDQVYHUVH�SRVLWLRQ��LW�LV�HQRXJK�WR�FKRRVH�WKH
OLQH�UHSUHVHQWLQJ�WKH�WUDMHFWRU\�RI�WKH�SDUWLFOH�ZLWK�WKH�ORZHU�HQHUJ\�VXFK�WKDW� LW�VWD\V�DZD\
IURP�WKH�LQVWDELOLW\�RFFXUULQJ�DW�) /����IRU�µ �����2QH�FKRLFH�FRXOG�EH�WR�NHHS�WKH�VDPH
YDOXH�RI�/�DOO�DORQJ�WKH�OLQDF�

FIG.4 TWISS βF parameter and phase advance µ at a QF quadrupole as a function of
focus length F

)RU� D� PRUH� ULJRURXV� SURRI�� FRQVLGHU� WKH� FRHIILFLHQWV� ´Dµ� RI� D� WUDQVSRUW� PDWUL[� EXLOW� IRU
FRQMXJDWH�YDULDEOHV� �[��T� S[�G[�GV��� IRU�D�SHULRGLF�V\VWHP� OLNH� D�)2'2�PHVK��)URP�RQH
UHIHUHQFH� SODQH� WR� WKH� IROORZLQJ� RQH� �TXDGUXSROHV� ZLWK� LGHQWLFDO� SRVLWLRQ� LQ� VXFFHVVLYH
PHVKHV���WKH�TXDGUDWLF�IRUP�

�D���[
�����D���D����[�S[��D���S[

�� �8 ����

LV� LQYDULDQW��7KH�FRHIILFLHQWV�DUH�FKDQJLQJ�ZLWK� WKH�HQHUJ\�SDUDPHWHU�� ,I� WKH�YDULDWLRQ�ZLWK
WKH� HQHUJ\� LV� VORZ�� WKH� HOOLSVH� DUHD� LV� FRQVHUYHG�� 7KH� DUHD� LV� LQYDULDQW� IRU� DOO� ]� �L�H�� DOO
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UHIHUHQFH� SODQHV� DORQJ� WKH� OLQDF��� IRU� D� SDUWLFOH� ZLWK� D� JLYHQ� UDQN� LQ� WKH� WUDLQ�� ,W� LV� DOVR
LQYDULDQW�IRU�D�SDUWLFOH�ZLWK�D�GLIIHUHQW� UDQN��ZLWK�DQRWKHU�HQHUJ\�YDULDWLRQ�DORQJ� WKH� OLQDF�
%XW�DOO�WKHVH�SDUWLFOHV�KDG�WKH�VDPH�PRPHQWXP�YDOXH�S��DW�RULJLQ��VHH�)LJ����DQG�WKH�VDPH
LQLWLDO� HPLWWDQFH�� WKH� LQYDULDQW� FRQFHUQV� DOO� SDUWLFOHV� DW� DOO� SODFHV� LQ� WKH� EHDP��:LWK� WKHVH
FRQGLWLRQV��WKH�PD[LPXP�HQYHORSH�LV�IRXQG�IRU�WKH�SDUWLFOHV�ZLWK�PLQLPXP�PRPHQWXP�S�
7KHQ�� LI� WKH� IRFXVLQJ� LV� RUJDQL]HG� IRU� WKH� PLQLPXP� S� DW� DOO� WKH� TXDGUXSROH� VHWWLQJV�� DOO
SDUWLFOHV�ZLOO�EH�FRQWDLQHG�LQ�WKH�HQYHORSHV�IRXQG�IRU�SPLQ

��

,I�SPLQ�����DQG�*O�����DUH�UHVSHFWLYHO\�WKH�YDOXHV�IRXQG�IRU�WKH�PLQLPXP�PRPHQWXP�DQG�WKH
LQWHJUDWHG�JUDGLHQW� LQ�D� IRFXVLQJ�TXDGUXSROH� LQ� WKH� ILUVW�PHVK�RI� WKH� ODWWLFH�� WKH� LQWHJUDWHG
JUDGLHQW�LQ�D�FRUUHVSRQGLQJ�TXDGUXSROH�RI�D�IXUWKHU�PHVK�LV�

*O��]�� �*O�������>SPLQ��]�����SPLQ����@� ����

),*����0RPHQWD�DORQJ�D�GHFHOHUDWRU

III. INPUT DATA

7KH�LQSXW�GDWD�VHW� LV�VHOI�H[SODQDWRU\��EHFDXVH�D�FRPPHQW�FDUG�SUHFHGHV�HDFK�FDUG�KROGLQJ
SDUDPHWHUV��,QSXW�GDWD�DUH�GLYLGHG�LQWR���FKDSWHUV�

III.1 BEAM PARAMETERS

$W�VWDUW��DOO�EXQFKHV�KDYH�WKH�VDPH�QRUPDOL]HG�WUDQVYHUVH�HPLWWDQFH�DQG�7ZLVV�SDUDPHWHUV�
7KH� FKDUJH� SHU� EXQFK� DQG� WKHLU� HQHUJ\� PD\� EH� GLIIHUHQW� EHWZHHQ� EXQFKHV� RU� JURXSV� RI
EXQFKHV�� 7KH� GLVWULEXWLRQ� ZLWKLQ� EXQFKHV� LV� JDXVVLDQ�� 7KH� QXPEHU� RI� VXE�VOLFHV� KHOSV� WR
IROORZ���ELQV�RI�HQHUJ\�IURP�DQ�LQLWLDO�LQWUD�VOLFH�HQHUJ\�GLVWULEXWLRQ�

7KHUH�LV�WKH�SRVVLELOLW\�WR�VSHFLI\�WKH�SDUDPHWHUV�IRU�HDFK�EXQFK�RQ�DQ�DX[LOLDU\�ILOH�HOVH�WKDQ
WKH�GDWD� ILOH��7KLV�RSWLRQ� LV�FKRVHQ�E\� VHWWLQJ�D� IODJ� WR��� LQ� WKH�GDWD� ILOH�� DV� VKRZQ�E\� WKH
H[DPSOH��DQG�E\�SURYLGLQJ� LQ� WKH�DX[LOLDU\� ILOH�DV�PDQ\�GRXEOH�FDUGV�DV� WKHUH�DUH�EXQFKHV�
ZLWK�
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�EXQFK�LQGH[���βγ���σ[����[�[·!���σ[·�

EXQFK�LQGH[���βγ���σ\����\�\·!���σ\·��ZKHUH�[·�LV�IRU�G[�GV�

III.2 STRUCTURES

'LIIHUHQW�W\SH�RI�VWUXFWXUHV�PD\�EH�VSHFLILHG��$�OLQH�RI�FRPPHQWV�SUHFHGHV�HDFK�OLQH��ZKLFK
OLVWV�SDUDPHWHUV��$�VWUXFWXUH�ZLWK�YJ�a��PD\�EH�GLYLGHG� LQWR�VPDOOHU�VWUXFWXUHV��7KLV� LV�QRW
SRVVLEOH�LI�YJ�GLIIHUV�IURP����EHFDXVH�RI�WKH�SK\VLFDO�UHDVRQV�PHQWLRQHG�DERYH��7KH�QXPEHU
RI� LQWHUYDOV� IRU� D� GLYLVLRQ� LQWHUQDO� WR� WKH� SURFHVV� VKRXOG� EH� LQGLFDWHG�� 2QH� DOZD\V� JLYHV
PRGHV� �� DQG� �� IUHTXHQFLHV� DQG� DPSOLWXGHV�� )RU� VWUXFWXUHV�ZLWK�PRGXOR� �π�P� V\PPHWU\�
RQH�JLYHV�ILUVW�WKH�QXPEHU�RI�PXOWLSOHV�VSHFLILHG��DQG��LI�WKLV�QXPEHU�LV�QRW����DV�PDQ\�YDOXHV
IRU�MP�DQG�DPSOLWXGHV�DV�UHTXLUHG�

,I�WKH�ILHOG�LQ�WKH�VWUXFWXUH�GHSHQGV�RQ�DQ�H[WHUQDO�VRXUFH��WKLV�ILHOG�PXVW�EH�VSHFLILHG�DW�WKH
OLPLWV�RI�HDFK�VWHS�DQG�DW�WKH�HQG�RI�WKH�ODVW�RQH��IRU�WKH�SDUWLFOH�ZKLFK�VHHV�WKH�PD[LPXP
ILHOG��7KH�SKDVH��UHODWLYH�WR�WKLV�ILHOG��RI� WKH�ILUVW�VOLFH�RI�EXQFK����DQG� WKH�SKDVH�VKLIW�SHU
EXQFK�VKRXOG�EH�JLYHQ�IRU�WKH�H[DFW�FDOFXODWLRQV�RI�DOO�VOLFHV�RI�DOO�EXQFKHV�

III.3 ERRORS

2QO\� HUURUV� LQ� UHODWLRQ� ZLWK� D� V\VWHPDWLF� WUDQVYHUVH� GLVSODFHPHQW� RI� WKH� VWUXFWXUHV� DUH
LPSOHPHQWHG�LQ�SUHVHQW�YHUVLRQ�

III.4 INSTRUCTIONS FOR PLOTTED OUTPUTS

7KHUH�DUH���VRUWV�RI�SORWV�

• 3ORWV�DW�D�JLYHQ�]�SRVLWLRQ�DORQJ�WKH�EHDP�OLQH��ORFDO�SORW��

7KHVH�SRVLWLRQV�DUH�LQGLFDWHG�LQ�WKH�GHVFULSWLRQ�RI�WKH�ODWWLFH�E\�FRGH�·����·��2QH�PD\�SORW�
βγ��[��\��DV�D�IXQFWLRQ�RI�WKH�VOLFH�QXPEHUV�IRU�RQH�RU�VHYHUDO�EXQFK�FKRVHQ�D�SULRUL

βγ�IXQFWLRQ�RI�WKH�EXQFK�QXPEHU��G[�GV�YHUVXV�[��G\�GV�YHUVXV�\��IRU�VOLFHV�RI
VHOHFWHG�EXQFKHV��EXW�JLYHQ�WKH�VWHS�IRU�WKH�VHULHV�RI�VOLFHV�

• 3ORWV�DORQJ�WKH�EHDP�OLQH��2QH�PD\�SORW�

βγ��[�RU�\��PHDQ��PD[LPXP�DQG�PLQLPXP�YDOXHV���RU��ZLWK�VSHFLILFDWLRQ�RI�WKH
EXQFK�VWHS��WKH�ILUVW�EXQFK��WKH�ODVW�EXQFK��WKH�VWHS�IRU�WKH�VOLFHV�

[�RU�\�HQYHORSHV�RU�G[�GV�RU�G\�GV�DYHUDJHG�IRU�WKH�VOLFH��7KLV�PD\�EH�UHTXLUHG�ZLWK
DOO�EXQFKHV�WUDMHFWRULHV�VXSHUSRVHG�RU�ZLWK�RQH�EXQFK�SHU�SDJH�

III.5 LATTICE AND COMMANDS

7KHUH�LV�D�OLQH�IRU�HDFK�RI�WKH�HOHPHQWV�RI�WKH�ODWWLFH��XQOHVV�UHSHWLWLRQ�RI�D�OLVW�RI�HOHPHQW�LV
UHTXLUHG�EHWZHHQ�VSHFLILHG�EHJLQQLQJ�DQG�HQG�RI�D�ORRS��7KH�ILUVW�SDUDPHWHU�RI�DQ�HOHPHQW�LV
WKH�W\SH�FRGH��VHFRQG�DQG�WKLUG�SDUDPHWHUV�DUH�WKH�OHQJWK�DQG�WKH�ILHOG�SDUDPHWHU��7KH�IRUWK
SDUDPHWHU�JLYHV� WKH� LQGH[�RI� WKH�JURXS� WKH�HOHPHQW�EHORQJV� WR��$� OLQH�PD\�DOVR�FRQWDLQ� D
FRPPDQG�DV�VKRZQ�EHORZ�
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Lattice

&RGH 3DUDPHWHU�� 3DUDPHWHU�� 3DUDPHWHU�� &RPPHQW

�� /HQJWK��P� GXPP\ 'XPP\ 'ULIW

�� /HQJWK��P� ,QWHJUDWHG�JUDGLHQW��7� 4XDGUXSROH�LQGH[ 4XDGUXSROH

��� GXPP\ GXPP\ 'XPP\ 6WUXFWXUH

��� $QJOH��GHJ� �����´ �����´ 5RWDWLRQ

�� 1E��RI�LWHUDWLRQV �����´ �����´ %HJLQ�LWHUDW��/RRS

�� �� �����´ �����´ (QG�LWHUDW��/RRS

��� GXPP\ �����´ �����´ 6DYH�IRU�SORW

��� �����´ �����´ �����´ /RFDO�SORW

��� �����´ �����´ �����´ 3ORW�DORQJ�E��OLQH

��� %XQFK�� %XQFK�� �����´ 3ULQWHG�VWDWLVWLFV

�� � � � (QG�RI�ODWWLFH

IV. RESULTS

,Q�WKH�&/,&���EHDPV�DFFHOHUDWRU�SULQFLSOH���WKH����*+]�SRZHU�LV�H[WUDFWHG�IURP�WKH
VWUXFWXUHV�ORDGHG�E\�WKH�EXQFKHV�RI�WKH�GHFHOHUDWRU�EHDP�DQG�JXLGHG�WR�WKH�DFFHOHUDWLQJ
VWUXFWXUHV�RI�WKH�PDLQ�EHDP�ZKLFK�LV�LQVWDOOHG�SDUDOOHO�ZLWK�WKH�GHFHOHUDWRU��6RPH�UHVXOWV
REWDLQHG�IRU�WKH�G\QDPLFV�LQ�ERWK�&7)�DQG�&/,&�GHFHOHUDWRU�DUH�SUHVHQWHG�EHORZ�

)LJ���VKRZV�WKH���σ�HQYHORSHV�DORQJ�WKH�&/,&�7HVW�)DFLOLW\�EHDP�OLQH�IRU�DOO�WKH�SDUWLFOHV�RI
D�WUDLQ�ZLWK����EXQFKHV��ZKHQ�D�V\VWHPDWLF�����PP�WUDQVYHUVH�GLVSODFHPHQW�RI�WKH�VWUXFWXUHV
LV� VLPXODWHG�� ,ULVHV� OLPLWLQJ� WKH� DSHUWXUH� DUH� LQGLFDWHG�� 7KH� �� Q&� FKDUJH� SHU� EXQFK� LV
WUDQVPLWWHG�IRU�DOO�EXQFKHV��ZKLOH�WKH������Q&�FKDUJH�LV�VWRSSHG�RQ�WKH� LULV�RI� VWUXFWXUHV��
DQG�����
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FIG.6 X-projection envelope for all bunches in CTF decelerator, for 8 to 13.5 nC/ bunch

(QYHORSHV�IRU�HDFK�RI�WKH�HQHUJ\�ELQV�RI�HDFK�VOLFH�RI�D�EXQFK�PD\�EH�SORWWHG�DV�LQ�)LJ���
(QYHORSHV� IRU� �� σ� RI� WKH� �� HQHUJ\� ELQV� RI� WKH� ILUVW� VOLFH� DUH� LQWHUFHSWHG� E\� WKH� LULV� RI
GHFHOHUDWLQJ�VWUXFWXUHV�¶�&76��·�DQG�¶&76��·��7KH�UHVW�RI�WKH�EHDP�LV�GLVWRUWHG��EXW�UHDFKHV
WKH�HQG�OLQH�FKDUJH�PRQLWRU�

FIG.7 Bunch transverse envelope in CTF (10 nC/b). The envelopes are shown for each of
the 5 energy bins of each slice

7KH�PRPHQWXP� GHFUHDVH� DORQJ� WKH�&/,&� GULYH� EHDP� LV� VKRZQ� LQ� )LJ���� *URXS� YHORFLW\�
EXQFK� GLVWDQFH� DQG� VWUXFWXUH� DFWLYH� OHQJWK� GHWHUPLQH� WKH� QXPEHU� RI� EXQFKHV� �DERXW� ���
LQYROYHG� LQ� EXLOGLQJ� WKH� ZDNH�� :LWK� IRFXVLQJ� DGDSWHG� WR� WKH� PLQLPXP� HQHUJ\� DW� HDFK
TXDGUXSROH�� DQG� LI� WKH� HIIHFW�RI� WKH� WUDQVYHUVH�ZDNH� ILHOG� LV� ORZ�� WKH� WUDQVYHUVH�EHDP� VL]H
VWD\V� VPDOO� XQWLO� WKH� NLQHWLF� HQHUJ\� RI� VRPH� SDUWLFOHV� DSSURDFKHV� ��� 0RPHQWXP� DQG
PRPHQWXP�VSUHDG�DW�WKDW�SRLQW�DUH�VKRZQ�)LJ���
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FIG.8 Extremum and average momentum at CLIC decelerator end

�7KH���σ�HQYHORSH�UHFRUGHG�DW�WKH�TXDGUXSROHV�LV�VKRZQ�LQ�)LJ���IRU�WKH�EHDP�WUDLQ��$�EHDP
WUDQVYHUVH�RIIVHW�RI�����PP�DW�WKH�HQWUDQFH�RI�WKH�&/,&�GHFHOHUDWRU�OLQH�LV�WKH�VRXUFH�RI�WKH
WUDQVYHUVH�ILHOG��7KH�GHFHOHUDWRU�FRQWDLQV�����VWUXFWXUHV�

FIG.9 All beam X projected envelope along CLIC decelerator

IV. CONCLUSION

*URXS� YHORFLW\� JLYHV� VRPH� FRPSOLFDWLRQ� LQ� WKH� FDOFXODWLRQV� EHFDXVH� RI� WKH� QHHG� IRU
FRPSXWDWLRQ�WLPH�HFRQRP\��3UHFLVLRQ�UHTXLUHV�GLYLGLQJ�VWUXFWXUHV�LQWR�LQWHUYDOV��&DOFXODWLQJ
WKH�SRWHQWLDOV�ZLWK� WKH�PRUH� H[DFW�SDWK� OHQJWK�DOORZV�XVLQJ� D� IHZ� LQWHUYDOV��$Q� DXWRPDWLF
PDWFKLQJ� RI� WKH� TXDGUXSROH� IRUFHV� IRU� WKH� SDUWLFOHV�ZLWK� WKH� ORZHVW� HQHUJ\� JLYHV� WKH� EHVW
IRFXVLQJ�IRU�GHFHOHUDWRUV�OLNH�WKH�&/,&�¶GULYH�EHDP·�
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APPENDIX I

$�,��)LHOGV�IRU�VWUXFWXUHV�ZLWK�F\OLQGULFDO�V\PPHWU\

7KH�ORQJLWXGLQDO�ZDNH�ILHOG�DW�D�WHVW�SDUWLFOH�GLVWDQW�E\�V�IURP�WKH�OHDGLQJ�SRLQW�OLNH�FKDUJH�T
LV�WKH�VXPPDWLRQ�RQ�WKH�D]LPXWKDO�PRGH�RI�LQGH[�P�RI�WKH�VHULHV�

(]� ����T�ΣP��UT���D��
P��U���D��P�FRV��P�φ��ΣQ�NP�Q�FRV��ωP�Q�V���F� �$,���

,QGH[�Q�LV�WKH�UHVRQDQW�PRGH�LQGH[�DQG�ωP�Q���NP�Q��DUH�WKH�IUHTXHQF\�DQG�WKH�ORVV�SDUDPHWHUV
FRUUHVSRQGLQJ�WR�WKH�PRGH�Q�DQG�WR�LQGH[�P�

�D�LV�WKH�LULV�UDGLXV��U�DQG�UT�DUH�UHVSHFWLYHO\�WKH�WHVW�SDUWLFOH�DQG�WKH�OHDGLQJ�SDUWLFOHV�UDGLL�
7KH�DQJOH�EHWZHHQ�WKH�OHDGLQJ�DQG�WKH�WHVW�SDUWLFOH�LV�φ��7KH�WUDQVYHUVH�ZDNH�LV�GHULYHG
DFFRUGLQJ�WR�WKH�WKHRUHP�RI�3DQRIVN\�DQG�:HQW]HO�

>JUDG��(]�@W���∂�(W��∂�V� �� �$,���
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)URP�ZKLFK�

(U� ����T�ΣP��UT���D�
P��U���D��P���FRV��P�φ��ΣQ��P�D��F��ωP�Q��NP�Q�VLQ�ωP�Q�V���F�� �$,���

(φ� ����T�ΣP��UT���D�
P��U���D��P���VLQ��P�φ��ΣQ��P�D��F��ωP�Q��NP�Q�VLQ�ωP�Q�V���F�� �$,���

,I�U�DQG�φ�DUH�WKH�RUWKRJRQDO�XQLW�YHFWRUV�LQ�WKH�[�\�SODQH��ZLWK�U��SRLQWLQJ�WR�WHVW

SDUWLFOH�

(W �(U��(φ� ����T�ΣP��UT���D�
P��U���D��P���ΣQ��P�D���F��ωQ�P��NQ�P ����������������

�������������������������������������>�U�FRV�P�φ����φ�VLQ�P�φ�@�VLQ�ωQ�P�V���F�� �$,���

$V�

U� �H�Mφ�UT �$,���

φ� �M�U�� �M�H�Mφ�UT �$,���

�WKHQ�

U�FRV�P�φ����φ�VLQ�P�φ�� �H�Mφ�UT�H��MP
φ� �H�M���P�φ�UT� �$,���

)URP�WKHVH�QRWDWLRQV��OHW�XV�UHFDOO�WKH�H[SUHVVLRQV�IRU�WKH�D]LPXWKDO�PRGHV���DQG����

• P ��

(]� ����T�ΣQ�N��Q�FRV�ωQ���V���F�� �$,���

$FFRUGLQJ�WR�WKH�IXQGDPHQWDO�WKHRUHP�RI�WKH�EHDP�ORDGLQJ��WKH�¶VHOI�ILHOG·�LV�

(]��VHOI�� ���T�ΣQ�N��Q �$,����

7KHUH�LV�QR�WUDQVYHUVH�ZDNH�

• P ��

(]� ����T���UT���D���U���D��FRV�φ��ΣQ�N��Q�FRV�ω��Q�V���F�� �$,����

7KH�ORQJLWXGLQDO�ILHOG�H[LVWV�RQO\�LI�OHDGLQJ�DQG�WHVW�SDUWLFOHV�DUH�ERWK�RII�D[LV��7KLV�ILHOG�LV
JHQHUDOO\�QHJOHFWHG��EHFDXVH�LW�LV�VPDOO�FRPSDUHG�ZLWK�ORQJLWXGLQDO�ILHOG�IRU�PRGH����)URP
DERYH�UHODWLRQ��IRU�P ��

U�FRV�P�φ����φ�VLQ�P�φ��� �UT �$,����
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