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Qg ERL̀cERĹ[9]-ǚƉ;ǚƉʄɏ+$�&
:ċƶ+ʌ@?�(+�?�Ğ 7+˲ȮȪ:Ď9
 �-˒ɥ�ǚƉCȰ��cERL -Ì³ȟ*ʕ+
$�&. 8Ƚ'Ƥ9&ʺ3?�(+�?� 

 

 

 

5.1. ËŌˑ  

ËŌˑ.˲ĽC˲Ľ˖̀˲Ľȃ́+��&ȔƉ

��ËŌèˁȺǶ'èˁ�&đĚˑ-��u(Ċ

Ǹ�?ĊǸˑ2(ʴʼ�?�˲Ľ-Kk�P��

²�-'�Ⱥ˞˲ɶìǊ;�6�6*Ĵˑ�=-

ƆĞ�*�˲ȮĬ-Ű˶:Ă�;��ĬƋ':


?�Ğ 8+Ⱥ˞˲ɶìǊ-ǙƀĞCȰ���-
<�*Ű˶CĄɮˤ>Ěˏ�&�Ķ˲Ǹq�~C

²K}c`�[Ɂ-ĕʥCɝƖ�&×�jFc

Q̀×èˁȺǶ́+ʼ>ʶ8Žʄ�
?[10]� 

 

5.1.1. ˲Ľ˖ 

ERL ˲Ľ˖'.�ɲ+Ķ˲Ǹ'²K}c`�
[-˲Ľq�~CŁŃ+ȔƉ�?�(�Ȣǝ(

*?�˲Ľ˖.˲ĽCÚ�˦ǘ̀N_�h́(F

l�h̀˧ǘ́'ǚƉ�@�˦ǘ(˧ǘ-˞+˼

˲ĢC��&˦ǘ�=˲ĽCāÚ��˦ǘCȋ�

?�('ȋ˲ĽCȔƉ�?ȋ˲Ľ˖(��X�

ȊŌ*)'Ê˲ĽCȔƉ��?Ê˦ǘ˲Ľ˖�


?�ȔƉ� ˲ĽCèˁ�?ʉȇ�=.�ȣǸ
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Fig. 10 cERL- DCÊ˦ǘ˲Ľ˖�  
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˲Ľq�~̀ˆí˕ ṕ��ô�ȺǶ�ô�đĚ
̀đĚƶ˞ T́'̂$- HOM +Ŋ�? BBU -ˠ
À˲Ǹ.ʋǈȟ+Ǣ-Ũ'�
=@?� 

Ith = −
2pc2

e(R /Q)Qextω
1

R12 sin(ωT )         
(5-3) 

��'�R12.đĚʮˈ-ʯʼɺÜʄɏ�ω. HOM
-ʊđǳƧ'
?�ˠÀ˲ǸC��?+.Īǂȟ

+ȺǶ HOM-(R/Q); Qext*)-o���`ÀC

��?Žʄ
?�HOM-ďĀ�˥û+è
&�Q
À-²�;ƥŌɟ-įèCũ�ʨ��ȺǶ-s

G��hK}cY��-²ǿ:˓ʄ*ʛ˹'


?[27]� 

 

 
U�oQg ERL'.�HOM-ďĀ�˥û+˟

�&ȺǶ�Ⱦ-q�~oHuCŤ�&˼Ǣ��

hCʽ����+ HOM-ďĀ³̀ Ft_�n�́

Cʑ�& HOM CďĀ�?<�+� ��=+�
ȺǶɰ³:]�˞-FH�[̀oHuŲ́C�

70mm �=�80mm +Ķ���&˼Ǣ��h��
=+ʽ�?<�+]�ůȏ: TESLA Ĩ�=¾ǥ
� [28]�Ğ 20 +U�oQg ERL ×ȺǶ-ǞŨ
Ğ(ʂµ�@ 9 ]�ȺǶC�Ğ 21 +�- 2 ą
- 9 ]�ȺǶCĀɌ�& 2K +Öø�?Q�HM
�Z���CȰ��ŮÝ�15MV/m -èˁî˒C

Ȣǝ(�&ʂµ� ��sG��hK}cY��

CƐ
? 9+�Ȓģ.̂ąŮ>ɋ 8.5MV-èˁ
˲Ģ̀èˁî˒ɋ 8.2MV/ḿ'ˆʯ�&�?�ʩ
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 10mÁ-
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äʺ� <�+ǧĆȟ+:ɰȗ˲Ľ��X�

̀FEL (́ ERL-˟º.Ǽ��Ȓģ':ƽæ* ERL
àȕ-̂$'
?�:(:(�jFcQC�ż+

FELC˝Ȝ�&� ��ŠĦ˲ǸC��? 9+
ERLC¶�<�+*#&� �Ȏ+ʦĴɟ˸ĩ'
. ERLCàȕ� FELCƖ$Ưʑ�ĵ��Ğ 34
+ FEL-ǚƉCȰ��đƿȟ*ȮĬCƖ$F�Z
���`[38]C˲Ľq�~�ˀ?(Ȅôɴ-F�
Z���`Ê�ȜȔ��ÏƘĘ}��'�-ǳ˛

-ÊCįş�?�˼�ɤ>ʹ�đǳƧ(˼�°�

Q˲Ǹ�ʄǯ�@?��-ʉȇ' ERL.ƻˌ*è
ˁĘ(ʍ
?�ɈĠ- JLAB-ʦĴɟ FEL.ƽČ
'
>�10kW ¨�-ĶÚæ-ʦĴɟCȜȔ�à

ȕ�&�?[39]��-¥�ɵĠ-a�[w��ȫ
ȹƋ- ALICE ':ʦĴɟ FEL �ȶÈ�&�?�
�YF-BINP (Budkur Institute for Nuclear Physics)
- Novosibirsk ERL '.e�v�d�=ʦĴɟ6
'- 3ą- FELCƽ�?� 

 

 
Fig. 32 Up���gƥŌ-úȓ�n�b˛
<>:ȩǳ˛'.˲Ľ�=ȜȔ�?ÊĽ-

±Ȥ./=/=!��˛ǳ˛+*?(±Ȥ

�Ɵ��ÊĽƧ Nph�˲ĽƧ Ne-̃�+Ǭ
·�?Up���gƥŌ+*?�  

 
Fig. 33 cERL -Áč˲ȮȪ�=-Up��
�gƥŌÊ[xQg��˲Ľ-n�b˛+

ŭ�¹ľ�?�  

 
Fig. 34 FEL-ǚƉ�˲Ľq�~(ÏƘĘ+
<#&F�Z���`ÊCįş�?�  



ƻʸ'.�ɐĴɟ
?�.ǘɐĴɟ- FEL +
ERLCàȕ�?ʔ7:Ļ6#&�?�JLAB'.�
đĚˑC 2$+Ûŕ�&ʦĴɟ FEL-¥+ɐĴɟ
FELCʑɥ��ÏƘĘCȕ�&�-ȜƘ+Ɖç�
&�?[40]�×�jFcQ-įŭ'�=+ǘɐĴ
ɟ- FEL :ǖʏ�&�?�Ʊǂ': KEK C�ż
+ FEL Cȕ�&óŎ³�_R�sG�2-ſȕ
(�& 10kW Cʪ
? EUV-FEL̀ǳ˛ 13.5nḿ
�ơǑ�@&�?[41]��-ĬĊ- FEL(�&.�
SASE(Self-Amplified Spontaneous Emission)-FELC
¶��Ğ 35+ SASE-FEL-úȓC�Ğ 36+ʑʎ
ǖʏ�@&�? EUV-FEL -ǚƉCȰ��ȩǳ˛
- SASE'.�ɲ+˼�°�Q˲Ǹ(²�K}c
`�[�ǯ9=@?�óŎ³�_R�sG�'.

�=+ FEL -˼�ŠĦÚæ(q�~a�u+<
?ƥŌï-²ǿ�ǯ9=@?-'�Kk�P�Ě

ĀCɺ� ERL�ƻ:ˌ� èˁĘ(ʍ
?� 
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�hÊCè
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Ġ- SLAC 'ƭ +ʧ>Ú� LCLS-II ʎȘ[42]
'.ʩ­Ŏ�jFcQCȕ�& FEL -˼ɤ>ʹ
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@':ƚ&=@?q�~o��(ƥŌï-įĶ

�
#&�ɤ>ʹ�đǳƧ;q�~o��+.ˤ

ș�
?�ERLCàȕ�?�('ƚ&=@?q�
~o��(ƥŌï-Ķş*²ǿ�'�?-'��

=*?˼ɤ>ʹ��Ąɮ+*>�ōǆ.<>ŠĦ

ŭť-˼� X ɟ FEL �ńȒĄɮ+*?:-(ƿ
ų�?��=+�Xɟ˸ĩ'-ÿŌ}��(ʩ²
K}c`�[ ERL˲Ľ˖-˝Ȝ�˄9/�ÏƘĘ
Ĩ- X ɟ FEL̀XFEL-Ó+<#&łÌ+ƶ˞U
p���[CƖ$Xɟ��X��ńȒ�?ĄɮƂ
:
?[43]�Ğ 37+ XFEL-O-ǚƉĞCȰ��¢
ŵ�ERL-ȩǳ˛ FEL2-àȕ�ƿų�@?� 

 

 

7.3. ��X�U�ug�Ʀ� X/γɟȃ  

˼Kk�P�-˲Ľq�~(��X�-U�

ug�Ʀ�'���X�-ÊĽ.˲Ľ�=Kk�

P�Cŷ&<>ȩǳ˛-ÊĽ+ĳB?̀Ğ 38 �́
Kk�P�εi-ËŌÊĽ�Kk�P�γmc2-˲Ľ

(45ǥ˵ɼȻ� ƶ�ÊĽ.ŵƮ+Ʀ��@&

�-Kk�P�εf.� 

ε f =
4γ 2εi

1+γ 2θ 2 + 4γεi /mc
2

           
(7-1) 

(*?̀Ʀ�ʊ θ << 1 �́�-Ũ�=���X�
U�ug�Ʀ�̀LCS: Laser Compton Scatterinǵ
+<#&ȔƉ�@?ÊĽ.ËŌÊĽ-Kk�P

�-ɋ 4γ2 ¿+*?�(�B�?���X�-ǳ

˛.˛ǳ˛':Ʀ�+<#&̇ɟ
?�.γɟ-

ǳ˛CƖ$ÊĽ+ĳB?�ÊĽKk�P�1.24eV

 
Fig. 35 SASE-FEL-úȓ�˛�F�Z��
�`-�'˲Ľq�~�|HQ�n�b�

RCʨ��&F�Z���`ÊCįş�

?�  

 
Fig. 36óŎ³�_R�sG�ȕ+ʑʎǖʏ
�@ ERLCàȕ� EUV(13.5nm) FEL-
ǚƉ�  

 
Fig. 37 ÏƘĘĨ Xɟ FEL̀XFEL-Ó-ǚ
Ɖ[44]�  



̀ǳ˛ 1µḿ-��X�� 40MeV-˲Ľ(ɼȻ�
?ĬĊ�Kk�P�ɋ 30keV-Xɟ�ȔƉ�@?�
Ğ 39 +�-ĬĊ-Ʀ�ʊ(Ʀ��@ ÊĽ-K
k�P�(-˟ºCȰ��·
/ 1mrad-Ʀ�ʊ
+ɗ@/�Xɟ-Kk�P�Ť�>. 0.6%¨Ò+
*#&Ȅôɴ- Xɟ�ŷ=@?� 
 

 

 
 
Ƨò keV - X ɟ. GeV Q�[-ƥŌÊȃ'Ȝ

Ȕ'�?��LCS Cȕ�?(Ƨò MeV -Kk�
P�-²�èˁĘ'Ȅôɴ-XɟCȜȔ�?�(
�'�?�1MeV Q�[-γɟ(*?( GeV Q�
[-ƥŌÊȃ':ȜȔ�?�(.˱����LCS
+<#&ƧȞ MeV ȴť-èˁĘ':ńȒ'�?
�(+*?�˲ Ľq�~èˁĘ(�& ERLCàȕ
�?�('�Ķ˲Ǹ�²K}c`�[�ȩn�b

+*? 9+ȜȔ�?ÊĽŭť�Ǐǩ+įĶ�

?�(�ʅʶ6@?�Ş+ƭ˽*q�~C¸ɘ�

?�(�'�?-'�Ʀ�'Ȕ�?ĕʥ-éïC

ŵ+ũ��?�(:*��ŏĨ- Xɟȃ(�&±
ȤU�g�[gH��Z�R+<?ñŀ*)2

-ſȕ�ƿų�@&�?�γɟȃ(�&:ǎÏ˾ɹ

ÊƦ�Càȕ� ǎȍʥ-˴ȬıǖȨ*)-ſ

ȕ�ǖʏ�@&�?[45]�Ğ 40 + ERL Cȕ� 
ŏĨ X/γɟȃ-ǚƉ·CȰ��U�oQg ERL'
:�20MeV -˲Ľq�~(ǳ˛ɋ 1µm -��X
�(��X�ÏƘĘC¶#&ɋ 7keV- XɟCȔ
Ɖ�?�(+Ɖç�&�?[46]�X ɟ-ȁŃ+<
#& 10kW o��-��X�( 58µA -˲Ľq�
~'ÊĽƧ.ɋ 4x107 ph/s '
?�(�ʅȸ:=
@ �˲Ǹ 10mA6'-įŭ(��X�o��-
�=*?įŭ' 1010 ph/s-ÊĽƧ-ȜȔ�ƿų�
@?� 

 

 

7.4. XɟĚƒˤșÊȃ  

ERL�ȢƗ�&�?Ķ˲Ǹ�ʩ²K}c`�[
q�~C¶
/�Xɟ-Ěƒˤș+ˉ�?˼ʳť
ƥŌÊȃ�ńȒ�?ĄɮƂ�
?��-<�*Ê

ȃC X ɟĚƒˤșÊȃ(ē1�Ğ 41 -<�+�
˲Ľq�~-K}c`�[�ÊĽ-K}c`�

[(ċɁ¨�+*?(�ƥŌÊʳť.�@¨�˲

Ľ-K}c`�[C��&:ÊĽ-K}c`�

['ǰ6?<�+*? 9+�@¨���=*

�*?�ǮŠ�ħȣŠ˵Ò'.Ⱥ˞ȟ+̂$-ȇ

Êȃ(45ʅ*��(�'��Ê-Ⱥ˞Up��

�[. 100%ʸ�+*?�ERL� 100mÀ1.3GHz
ɤ>ʹ�' 77pC -n�b˲ɶ́'ȢƗ�ʆǏï
K}c`�[ 0.1-1mm·mrad-˲Ľq�~C 5GeV
ȴť6'èˁ�?(ţ´ŀK}c`�['

10-100pm·rad 6'ŏ��*?��@.�45
1-10keV- Xɟ˸ĩ-Ěƒˤș+ȤŮ�?�6 �
n�bĢɣ�&ɷȸ��R'.�Ąɮ* 100fs ¨
�-ʩȩn�bCȔƉ�&�ʩȩo�[ XɟC¸
ɘ�?�(: ERLƥŌÊȃ'.Ąɮ+*?� 

 
Fig. 38 ��X�U�ug�Ʀ�-úȓ�Ë
ŌÊĽ�˼Kk�P�˲Ľ(U�ug�Ʀ

��&ȩǳ˛-ÊĽ+*?�  

 
Fig. 39 ��X�U�ug�Ʀ�̀LCŚ+
��?Ʀ�ʊ(Ʀ�ŵ-ÊĽKk�P�-

˟º�˲ĽKk�P�40MeV���X�ǳ
˛C 1µm (� �  

 
Fig. 40 ERL(��X�ÏƘĘCȕ� ��
X�U�ug�Ʀ�γɟȃ-ǚƉ·[47]�  



ɈĠ-U�k�Ķŀ'. 5GeV ERL�Ʊǂ-
KEK'. 3GeV ERL+<?ƥŌÊȃC)"=:ƻ
Ķ˲Ǹ 100mA�ʆǏïK}c`�[ 1mm·mrad¨
��ƻŏn�b˛ 100fs ¨�CȢƗ�Êȃ(�&
ơǑ�ǖʏ�@&� [48][49]�6 �hHd-
HZB -R��u.�ƻĶKk�P�6GeV '�˲
Ǹ.ɋ 20mA ' 0.2/0.08mm·mrad -ǮŠ�ħȣ-
ʆǏïK}c`�[-ʩ˼ʳťÊ(˲ǸƧ mA'
n�b˛ 10fs¨�-ʩȩo�[ÊC|�b`��
èˁ- ERL C¶#&ńȒ�?ʎȘCơǑ�&�
?[50]�Ğ 42+U�k�Ķŀ 5GeV ERL-ƥŌÊ
ʳťCȰ��Ğ+Ȱ�<�+�ERLÊȃ�=-ƥ
ŌÊʳť.ưľƥŌÊȃ-ʳťCĶ��ʪ
?

ĄɮƂ�
?�(�B�?� 

 

 

7.5. ˼Kk�P�úĽǎ�ɏɉĽń˻  

˼Kk�P�úĽǎ�ɏɉĽń˻-àȕ(�

&�˲Ľ�HM�̀mh��́ɼȻń˻+��?

˲ĽèˁĘ2-ſȕ�
?�ERLC˲ĽèˁĘ+
¶ȕ�?�('�˲Ľɷȸ��R<>:K}c`

�[CǏǩ+ŏ���&�}lYeGC��?

�(�Ąɮ'
?�6 �[°�ÁǘťC��?

�(:'�?�ß-ſȕ(�&�HM�q�~-

˲ĽÖø�
?�Ȏ+�@6'-Ʈǲ'.Öø�

�Ąɮ'
# TeV ˸ĩ-˧Ľq�~-Öø+
Up���g˲ĽÖø(��ƭ��Ʈǲ�ơǑ

�@&�?[51]�Ğ 43+�-úȓCȰ�� 
˲Ľ�HM�ɼȻĨèˁĘ2-ſȕ·(�&

.�ŵ':ʺ3?��ɈĠt�cQvt�Ġȼȫ

ȹƋ̀ BNL -́ eRHICʎȘ( CERN- LHeCʎȘ
�
#&�˲ ĽèˁĘ(�& ERL-¶ȕCǖʏ�
&�? [52][53]�ERL -ƛȕ+<#& 1033-1034 

cm-2s-1 -�}lYeG( 80-90%-˲Ľ[°�Á
ǘťCńȒ�?�Ń!�JLAB - MEIC̀Medium 
Electron Ion CollideŕʎȘ[54]'.�HM�q�~
-˲ĽÖø+ ERLC¶��(�ǖʏ�@&�?�
6 �Up���g˲ĽÖø+$�&. 2016-2017
š+ BNL+&ńʓʔ˻�ɺB@?�Ń'
?� 

 

8. ��"� ERL(3  

��'.�ĠÒĴ- ERL Ưʑ+$�&ɒ£�
?� 

8.1. KEK Compact ERL (cERL) 

� cERL .�KEK C�ż+ōǆÊȃ+ʄǯ�@?
ɳʥ*q�~-ȔƉ�èˁ�đĚ-ńʓʔ˻Cɺ

� 9+ȼǑ�@�KEK-ƳǇNI�`�y��
̀Ȓ ERL˝Ȝǔ́Ò+ŧʑ�@ [9]�6 �˼ʳ

 
Fig. 41 X ɟĚƒˤșÊȃ(ɀ̄�§ƥŌÊ
ȃ-˲Ľq�~K}c`�[(ÊĽ̀ Xɟ́
K}c`�[Cɾ�ǗÓ�  

 
Fig. 42 Cornell 5-GeV ERL-ƥŌÊʳť[45]�
Ǭʱ- 9+�ưľÊȃ̀NSLS-II, Spring-8, 
APS, ESRF́-ʳť:Ȱ��  

 
Fig. 43 Up���g˲ĽÖø-ǙƀĞ
[48]�ɰȗ˲Ľ��X�C¶#&˲Ľn�
bÒ'|HQ�n�b�RCʨ����-

˲Ĭ'˧ĽCÖø�?�  



ť˲Ľ˖;Ķ˲Ǹ CWʩ­ŎèˁȺǶ*)-˚(
*?èˁĘʄɏ-˝Ȝ(ŁŃ*ˆʯþ0ʄǯƂ

ɮńȒ+˟˃�?q�~aHi}Q[-ʋƴ:

ȢƗ�&�?� 
� Ğ 44(ɾ 1+ cERL(Īǂo���`CȰ��
ư+ 5Ƚ'ʌ@ <�+�Ê˦ǘ DC˲Ľ˖�=
-˲Ľq�~. 3ą- 2]�ʩ­ŎèˁȺǶ�=
Ɖ?ËŌ�jFcQ̀ ËŌèˁȺǶ '́ƻĶ 6 MeV
6'èˁ�@�ĊǸˑ'đĚˑ+ËŌ�@?��

-ŵ�2 ą- 9 ]�ʩ­ŎèˁȺǶ�=Ɖ?×�
jFcQ̀×èˁȺǶ́'ƻĶ 35 MeV6'èˁ
��2 $-F�QˑCɕ&Ôť×�jFcQ6'
Kk�P�ĚĀ- 9+Ɗ#&�?�Kk�P�

ĚĀŵ�ǿˁ� q�~.a�u�H�+Ŏ�@

&q�~a�u'ƚ&=@?�ōǆ-×èˁȺǶ

-įʑ̀ʎ 8ą́+Å
&ƻĶ 125 MeV6'Ŋſ
'�?˲ȮȪ-ʑʎ+*#&�?��=+đĚˑ

C 2��u+�?�('ƻĶ 245 MeV6'q�~
Kk�P�C��?ǖʏ:ɺ# � 

 
Table 1 cERL Parameters 

ƻĶq�~Kk�P�  35 MeV  
ƻĶËŌˑKk�P�  6 MeV 
q�~˲Ǹ 10 mA 

(˛ƿȢǝ 100 mA) 

ʆǏïK}c`�[ 0.3 mm·mrad (7.7 pC)  
1 mm·mrad (77 pC) 

n�b˛ 1-3 ps (ˀŞˆʯ) 
~100 fs (n�bĢɣ) 

RFđǳƧ 1.3 GHz 

 

� Ğ 45+ cERLŧʑĬƋ̀ ERL˝Ȝǔ -́˒ɥĞ

CȰ��cERL .U�Q��g'ƥŌɟˍɸ�@
 èˁĘŅÒ+ʑɥ�@�ŅĴ+.v�I~Ö×

ʑÅ�Q�����~�RFȃ�ĉȵ˲ȃ���X
�Ņ�ń˻Ņ*)�˒Å�@&�?� 

 
2013 šǁ+ŧʑ�ɓ���2014 š 2 Ƽ6'+

.q�~-èˁ�đĚ(Kk�P�ĚĀ+Ɖç�

 [55]�q�~Kk�P�. 20MeV'ˆʯ�&�
?�Ů˵-Ȣǝ.n�b˲ɶ 7.7 pC̀1.3GHz -
CWˆʯ'q�~˲Ǹ 10 mAȤŮ́'ʆǏïK}
c`�[ 1 mm·mrad'
?�6 �q�~-ŠĦ
˲ǸCµA�w��=Ļ9& 10 mA6'ǩ˨ȟ+
į;�&���2015š 6Ƽ6'-ƻĶŠĦ˲Ǹ.
ɋ 80µA '�2016 š 3 Ƽ6'+.ƻĶ 1mA 6'
˲ǸC��?�Ń'
?[56]�2014 šťǁ+��
X�ÏƘĘ+ɷȸ�@ ��X�( ERL q�~
-ɼȻ+<#&Ȕ�?��X�U�ug�Ʀ�

̀LCŚXɟ-ȜȔ+Ɖç� [46]�ư+�- Xɟ
C¶#&H��Z�R-ń˻:ʔ˻ȟ+ɺB@

&�?�n�b˛.ˀŞ-ˆʯ'. 1-3 ps'
?
��n�bĢɣ��h' 100 fs¨�CȢƗ�&�
?[37]�2015 šťǁ+.n�bĢɣCàȕ� U
p���ge�v�dÊ-ȜȔń˻C�Ń�&

�?� 

8.2. JLAB ERL-FEL 

ɈĠ- JLAB - ERL .Ğ 46+
?<�+�ʦ
Ĵɟ̀IŔ(ɐĴɟ̀UV́- FEL��=+e�v
�d̀THź-Up���gƥŌÊCȜȔ��?

 
Fig. 44 KEK cERL 

 
Fig. 45 ERL˝Ȝǔ-˒ɥĞ̀Ğ+.ʑɥ�
Ń-:-:�ˑĎ6@? �́  



�(�'�?�ư+ʌ@ <�+�1999š+.�
q�~Kk�P�48MeV�ƻĶŠĦ˲Ǹɋ 5mA
' kWM�a�-ʦĴɟ FELCŁŃ+¸ɘ�?�
(+Ɖç� [57]��@.��@6'- FELÚæ
-ʐ˙C 2ǐ¨�Į>ƺ
?(��Șƿȟ*ɖǊ
(*# ��-ŵ:ʜƨ�Ƥ˂Cɺ#&�IR-FEL
' 10kWCʪ
?ÚæCˉƉ� �6 �đĚˑ
C 2$+Ûŕ�&ʑɥ� UV-FEL-ȜƘ+:Ɖ
ç�&�?[39][40]�UV-FEL'.�372nm�400nm�
700nm' FELȜƘ�ʉȁ�@�372nm- 3ǢÊ'

? 10eV̀124nḿ-Úæ:φʘ� �ɾ 2+ 2
$- FELˆʯ'-ˉƉ� o���`ÀCȰ��
NEA GaAsCN_�h(�? DCÊ˦ǘ˲Ľ˖-
˲Ģ. 350kV�ËŌˑ-Kk�P�.ƻĶ
10MeV�n�bɤ>ʹ�.ƻĶ 74.85MHz'
?� 

 
Table 2 JLAB ERL Achieved Parameters 

 IR-FEL UV-FEL 

Kk�P� 88 – 165 MeV 135 MeV 
ŠĦ˲Ǹ 9.1 mA 5 mA 
n�b˲ɶ 135 pC 60 pC 
K}c`�[ 
̀ʆǏḯ 8 mm·mrad 5 mm·mrad 

n�b˛ 125 fs 100 fs 
ˆí˕ş 0.4 % 0.35 % 
°�Q˲Ǹ 400 A 250 A 
ɤʹ�đǳƧ 

[MHz] 
0.58 – 74.85 1.17 – 74.85 

FELìȑ 2.5 % 0.7 % 

8.3. JAEA ERL 

ƱǂúĽæȫȹ˝ȜǠǚ̀ JAEA, Ůƶ.Ʊǂú
ĽæȫȹƋ JAERÍ.�ċ±³Û˰C.�9(�
?úĽæÛ˔+��?��X�-àȕCœ˝�

3��1994 š+Kk�P�ĚĀCʇ˔+ɥ� 
17MeV -ʩ­Ŏ�jFcQCŧʑ��1998 š+
. FEL -ȜƘ+Ɖç� �2001 š�=Kk�P
�ĚĀĨ�jFcQ2-Ƥ˂�ɺB@�2002š+
.Kk�P�ĚĀ( FEL-ȜƘ+Ɖç� [58]�
2008 š6'ˆʯ.ɜ�=@ �Ğ 47 + 17MeV 
JAEA ERL-ǞŨĞCȰ����'.ƱǂÝ-ʩ
­Ŏ�jFcQ-˝Ȝ(ˆʯ�ɺB@ �(�

FEL-˼ìȑ�˼ÚæȜƘ-ʐ˙ƸƭCɺ# �
(�FEL-ʩȩo�[-ʐ˙Ƹƭ� �(�JLAB
+ɜ�& ERL ˝Ȝ(�@+<? FEL ˆʯCɺ#
 �(*)-ƉǊC�� [59][60]�2005 š-Ʊ
ǂúĽæȫȹƋ(ǎȌƫWHQ�Ǡǚ-əĊŵ�

2009š+ JAEA ERL.ʋ³�@&Ȓľ.�&�*
�� 

 

 

8.4. Novosibirsk ERL (BINP) 

�YF-lzYq�[Q (Novosibirsk)+
?
BINP-Novosibirsk ERL': FEL-àȕ�ɺB@
&�?[61]��- ERL-�j�Q*ȇ.�CW�
jFcQ+��&đǳƧ 180MHz-Ş­ŎȺǶC
¶ȕ�&�?�(�|�b`��+<?èˁ(K

k�P�ĚĀCɺ#&�?�('
?�ËŌKk

�P�2MeV�×�jFcQ-̂Ě-èˁKk�
P�. 10MeV'
?�n�b˲ɶ. 1.5nC�ʆǏ
ïK}c`�[ 30mm·mrad '
?�Ğ 48 +Ȱ�
<�+��- ERL.ħȣƮč+ô�-��u(Ǯ
ŠƮč+ 4`��6'-èˁCɺ� 4$-��u
CƖ$�ħȣ��u+. THz-FELC�ǮŠ��u

 
Fig. 46 ɈĠ- JLAB ERL 

 
Fig. 47 JAEA 17MeV ERL 



+. 2��uȢ( 4��uȢ+�=+ 2$- FEL
CƖ#&�?��@�@'-q�~Kk�P�

.�12�24�42 MeV +*?�n�b˛.�ħȣ
��u' 100ps (˛��ǮŠ��u'.n�bĢ
ɣ�@& 10-20psȴť+*?�4��uȢ-ʦĴɟ
FEL̀ IR-FEL .́ȒģU}cY�j�R�'
>�

Ǩ>- 2$.ư+àȕń˻+¸�@&�?�ƻÝ
- THz-FEL. 2003š+ȜƘ+Ɖç�&�?[62]�
ˇû+ħȣ��u+��& ERL '.�șƻĶ-
ŠĦ˲Ǹ 30mACʐ˙� � 
�

 

8.5. ALICE (Daresbury Laboratry) 

ɵ Ġ - a � [ w � � ȫ ȹ Ƌ ̀ Daresbury 
Laboratorý+
? ERLƯʑ ALICÈAccelerators 
and Lasers In Combined ExperimentśCĞ 49+Ȱ
��:(:(.Ǣ�§- XUV/VUV/IRÊȃ'
?
4GLS -ʔ˻Ę(�& 2004 š�=ŧʑ�˝Ļ�
@�2006 š+ƻÝ-q�~ȔƉ�2008 š+.K
k�P�ĚĀ+Ɖç� �ǣŗ'ƻÝ- ERL':

?��@6'�ǂǆ-Ȣȟ'
? ERL-ʔ˻-
¥+�Up���ge�v�dÊ-ȜȔ�àȕń

˻�ʦĴɟ FEL-ȜȔ�àȕń˻�U�ug�Ʀ
� Xɟ-ȜȔʔ˻*)�ɺB@&� �2011š�
=e�v�d(ʦĴɟ FEL -ǂǏȟ*��X�
ˆʯ�Ļ6# [63]�2010 š+.�șƻÝ- NS 
FFAG ̀ Non-Scaling Fixed Field Alternating 
Gradient́'
? EMMA-ËŌĘ(�&�-ńʓ
ʔ˻+:àȕ�@ �Kk�P�.ƻĶ 27MeV

'
?�n�bɤ>ʹ�đǳƧ.ƻĶ 81.75MHz
'�CWˆʯ'.*�ɋ 85µs-|Q�o�[Cɤ
>ʹ� 10Hz'ˆʯ�?�ʩ­ŎȺǶ- RFđǳƧ
. 1.3GHz'
?� 

 

8.6. BNL R&D ERL 

ɈĠ- BNL'.�F�xFɎ-Ķ˲Ǹ ERLC
ȢƗ�& 20MeV- R&Dȕ ERLCŧʑ� [65]�
�@.ċ�� BNL 'ŧʑ�Ń�@&�? eRHIC
ʎȘ(:˟˃�&�?�Ğ 50 +�-˒ɥ�ǚƉ
CȰ��ĊǸˑ'.ħȣƮč-ZRXRĨ-˒ɥ

�¶B@&�?�2014š+˲Ľ˖-q�~U}c
Y�j�R�˝Ļ�@�2015š 5Ƽ+.đĚˑ:
ŧʑ�@ �˲Ľ˖(�&ʩ­Ŏ RF ˲Ľ˖�¶
B@&�?�ʩ­ŎȺǶ- RF đǳƧ.˲Ľ˖:
Ď9& 704MHz'
?�˲Ľ˖ëʨ��X�-o
�[ɤ>ʹ�. 9.4MHz '¢ŵđǳƧCį; 9
+Ƥ˂�&���Ń!�ʩ­Ŏ RF ˲Ľ˖�=-
q�~.φʘ�@��@¨ˣ-U}cY�j�R

C¢ŵɺ#&���U}cY�j�Rɓ�ŵ-

2017 š+.ȳʑ�@&�RHIC ȕ²Kk�P�˲
ĽÖøèˁĘ̀LEReĆ-�ˑ(�&¶B@?�
Ń'
?[66]� 

 

8.7. Cornell Injector Prototype 

ƻŵ+ɒ£�?Ưʑ.�U�k�Ķŀ̀Cornell 
Universitý'ȶÈ�&�? Injector Prototype'�
ERLȕ-ËŌĘu�g`Hu'
?[67]�Ğ 51+

 
Fig. 48 Novosibirsk ERL-˒ɥǚƉ�̃$-
FEL�ȶÈ�'�̄$Ȣ.U}cY�j�
R�'
?�  

 
Fig. 49 ɵĠa�[w��ȫȹƋ- ERL Ư
ʑ ALICÈEMMACĎ8́ [64]�  

 
Fig. 50 BNL R&D ERL 



�-˒ɥǚƉĞCȰ��ʩ­ŎȺǶ- RF đǳƧ
. 1.3GHz '
?�ËŌĘ-7-Ưʑ'
?��
ä+ʌ@ <�+�@6'ĵ�-ƉǊC��&

� �̂$. GaAs N_�h' 52mA�|�bF
�N�N_�h' 75mA-ƻĶŠĦ˲ǸCʐ˙�
?((:+�ċ��|�bF�N�' 65mA C 9
ƶ˞»Ɩ�$%�&ˆʯ�?�(+Ɖç�&�

?[17][18]�6 �8MeV'-ǮŠ/ħȣʆǏK}c
`�[:�n�b˲ɶ 19pC 'ɋ 0.33/0.20 
mm·mrad�n�b˲ɶ 77pC'ɋ 0.69/0.40 mm·mrad
CńȒ� [14]�ƻʸ'. LCLS-II*)- FELȕ
-ËŌĘ(�&-ń˻:ɺ#&�?[14]� 

 

9. ERL2/  

��'.�6!ŧʑ�ȶÈ�@&�*���ŧ

ʑ�Ń
?�.ơǑ�-ĠÒĴ- ERL ʎȘ+$
�&ʌ@?� 

9.1. bERLinPro 

bERLinPro ̀ Berlin Energy Recovery Linac 
Prototypé.hHd-w���+ŧʑ�Ń- HZB 
̀Helmholtz Zentrum Berliń- ERLʔ˻Ę'
?

[68][69]�Ğ 52 +�-łƉ�ƅĞCȰ��ŧʑ�
ŃĤ. BESSY-II +ˬƜ�?ƩĤĤ�'�2015 š
2 Ƽ�=Ĥ�Ř��˝Ļ�@ �q�~Kk�P
�50MeV 'ŠĦ˲Ǹ 100mA�ʆǏïK}c`�
[ 1mm·mradCȢƗ��2017š+ËŌĘ(a�u
�H�-U}cY�j�R�2019š+×�jFc
Q(đĚˑ-U}cY�j�RC�Ń�&�?�

˲Ľ˖.èˁî˒ 30MV/m-ʩ­Ŏ RF˲Ľ˖�
ËŌ�jFcQ. 3ą- 2]�ʩ­ŎȺǶ�×�
jFcQ'. 3ą- 7]�-ʩ­ŎȺǶCƛȕ�
&�?�èˁȺǶ- RFđǳƧ. 1.3GHz'�×è
ˁȺǶ.ŎǳɃ+<? HOM ǿɿƮŨCǖʏ�&
�?� 

 

9.2. Cornell 5-GeV ERL 

ɈĠ-U�k�Ķŀ'.ưľ-ƥŌÊ��R

CESRCā>ʶ8ů- 5GeV- ERLƥŌÊȃCŧ
ʑ�?ʎȘCơǑ�&�?[48]�ŠĦ˲Ǹ 100mA
'�ʆǏïK}c`�[ 0.3mm·mrad̀ ţ´ŀK}
c`�[' 30pm·rad+ȤŮ́CȢƗ��Ğ 53+
�-˒ɥĞCȰ��2 NƋ+ʩ­ŎèˁȺǶ-×
�jFcQ�˒Å�@�2 NƋ-K�F+ƥŌÊ
q�~�H��ƭ +ʑ�=@?�ƻĶ'

1023[phs/s/mm2/mrad2/0.1%b.w.]Cʪ
?˼ʳťƥ
ŌÊC¸ɘ'�?��- 9+�8 Ƚ'ʺ3 
Cornell Injector PrototypeCŧʑ�&˼ʳťËŌĘ
-˝ȜCɺ*#&� �6 �RF đǳƧ 1.3GHz
- CWȕ 7]�-ʩ­ŎȺǶ-˝Ȝ:ɺ��ǟȁ
Ńʔ˻' 16MV/m -èˁî˒' Q À 2×1010Cʪ


?ɖǊCŷ&�?[70]� 

 

9.3. KEK 3-GeV ERL 

KEK ' 30 šʸ�ȶÈ�&� ƥŌÊŋȕ��
R'
? PF��R( PF-AR��R-ŵɛǠ(�
& 3GeVQ�[- ERLCŧʑ�?ʎȘ�ơǑ�Ɲ
˄�@&� [49][71]�Ğ 54+�-ǙƀĞCȰ��
ʎȘ-ɀ̂ǩ˨'�3GeV- ERL'ȜȔ�?˼ʳ
ť�ȩo�[ƥŌÊC¸ɘ��ɀ 2ǩ˨'q�~

 
Fig. 51 Cornell Injector Prototype 

 
Fig. 52 bERLinPro 

 
Fig. 53 Cornell 5-GeV ERL�  



C 2Ěèˁ�& 6GeVQ�[-ÏƘĘĨ- Xɟɰ
ȗ˲Ľ��X�̀XFEL-ÓCįʑ�?ʎȘ'

?�ŠĦ˲Ǹ'. 100mA�ʆǏïK}c`�['
.ƻɓȟ+ 0.1mm·mrad CȢƗ��6 �˛ȣɟ
ˑ+ EEHG̀Echo Enhanced Harmonic Generatioń
*)-ƌǲ[72][73]Cȕ�&�Fgȱ-ȩo�[C
ȜȔ�?�(:ơǑ�&�?�Ğ 55 +�- ERL
Êȃ-ʳť(ƶ˞Ûʋɮ̀ n�b˛ ĆȰ��cERL
.�-ńʓʔ˻Ę(�&ŧʑ�@ � 

 

 

 

9.4. MESA 

MESÀMainz Energy-recovering Superconducting 
Accelerator -Ț́.Kk�P�ĚĀCɺ�ʩ­Ŏ
èˁĘ'�hHd-|H�dĶŀ+ɉĽȍȓŀń

˻- 9+ŧʑ�@?[74][75]�Ğ 56 +�-ǞŨ
ĞCȰ��100keV-Áǘ˲Ľ˖( 5MeV-Ş­Ŏ
ËŌ�jFcQCƽ��25MeV-èˁKk�P�
CƖ$ 2$-×�jFcQC 2$-ȣɟˑ+�@
�@˒Å�&�?�|�b`��-èǿˁCɺ�

 9+�F�Qˑ.q�~Kk�P�+ſ�&ħ

ȣƮč+˲ȮȪ' 3$+Ûŕ�@?�̃$-ˆʯ
��h�
>�ER ��h'. 105MeV�1mÀ ƻ

ɓȟ+ 10mÁ6'-˲Ľq�~CĴ+āÚ�&

`�Tcg+Ů& ŵ+èˁĘ+Ɗ�&Kk�

P�ĚĀ�?��EB ��h'.Kk�P�ĚĀ
��+�155MeV�ƻĶ 150µA -Áǘ˲ĽCĴ+
āÚ�&`�Tcg+Ů&?�2016š+˲Ľ˖C
Ď8ËŌˑ-àȕ�Ąɮ+*>�2017š+ʩ­Ŏ
ȺǶ�Z����ɌË�@?�Ń'
?� 

 

9.5. eRHIC 

BNL - eRHIC ʎȘ.mh��ċĲ-ɼȻĨè
ˁĘ'
?RHIC+ ERL˲ĽèˁĘCưľg�k
�+ŧʑ�&˲Ľ-mh��ɼȻĨèˁĘ+�?
ʎȘ'
?[52][76]�˧Ľ-Kk�P�250GeV�
˲Ľ-Kk�P�.ƻĶ 21.2GeV� 1033~1034 
[cm2s-1]-�}lYeGCȢƗ��Áǘť 80%-Á
ǘ˲Ľ�Žʄ*-'Áǘ˲Ľ˖Cȕ�?��-

ERL.̂`��'èˁKk�P�1.32GeV-ʩ­
Ŏ�jFcQ̀RFđǳƧ 422MHźCȕ�&|�
b`��èˁ�?�q�~˲Ǹ. 10mÀƻĶ
50mÁ'�ʆǏïK}c`�[ 23mm·mrad'

?��jFcQ-˲Ǹ.|�b`��- 9+è

ǿˁq�~CĊB�&ƻĶ' 700mA +ˉ�?�
ŮÝ.Kk�P�ǫ+ț*?F�QˑCˀ��

(Cɪ
&� ��ƻʸ'. 1.3-5.3GeV- 4q�
~( 6.6-21.2GeV- 12q�~.ˮɋ�& 2$-ğ
ŃȮĬŭĀǄĨ̀FFAǴq�~�H�'ʴʼ�
?ǖʏC�&�?�Ğ 57 + eRHIC ʎȘ-ǙʄC
Ȱ���-¥�ư+ʌ@ <�+Up���g˲

ĽÖøȕ- ERLCǖʏ�&�&�2016-2017š-
RHIC ˆʯƶ+�-ńʓń˻[77]Cɺ��Ń'

?� 
�ʺ- FFAG q�~�H�-ʔ˻- 9+�

BNL (U�k�Ķŀ�Ïċ'�U�k�Ķŀ+
FFAG - ERL èˁĘCŧʑ�?ơǑC�&�?
[78][79]�Ğ 58 +�-èˁĘ-ǞŨĞCȰ��
6MeV-ËŌq�~C 70MeV�jFcQ' 4Ěè

 
Fig. 54 KEK 3-GeV ERLʎȘ-Ǚʄ  

 
Fig. 55 KEK 3-GeVERL-ʳť(ƶ˞ȎƂ  

 
Fig. 56 MESAʎȘ  



ˁ��4 Ěǿˁ�&Kk�P�ĚĀ�?�4 `�
�-èǿˁ. eRHIC-ƻÝ- FFAGq�~�H�
+Ŋſ�?�ƻĶKk�P�. 286MeV+*?�
ËŌˑ.U�k�Ķŀ-ËŌĘu�g`HuC

ȕ��×�jFcQ.�ƻÝ+U�k�Ķŀ-Ⱥ

ǶC¶��ŵ' eRHICȺǶ̀RFđǳƧ. 1.3GHz
- 1/3 '
? 433MHz +ĊB�?́+Ë@ƺ
&
ˆʯ�?�Ń'
?� 

 

 

9.6. LHeC 

LHeC.�CERN' LHC- 7TeV˧Ľ( 60GeV
-˲ĽCɼȻ��?èˁĘʎȘ'
?[53][80]�˲
ĽèˁĘ-˲æƣĺC 100MW ¨�+��ƻɓȟ
+.�}lYeG 1033[cm2s-1]¨�CȢƗ��Ğ 59
+Ȱ�<�+�˲ĽèˁĘ(�&ɷȸ��RCȕ

�? Ring-Ring option( ERLCȕ�? Ring-Linac 
option�
?�Ring-Linac option-˲ĽèˁĘ(�
&ȕ�?-.���[g�cQĨ- 3`�� ERL
'�đ˛ 8.9km'˧Ľɷȸ��R- 1/3'
?̀ Ğ

60 �́ 10GeV ʩ­Ŏ�jFcQ̀RF đǳƧ
802MHźC 2$-ȣɟˑ+˒Å��2$-F�Q

ˑ.q�~Kk�P�+ſ�& 3 $+Ûŕ��
?�ŠĦ˲Ǹ. 6.4mA 'ʆǏïK}c`�[

50mm·mrad��jFcQÒ'.�- 6¿-q�~
˲Ǹ�ˀˇ�?�(+*?�eRHICċǛ+Áǘ˲
Ľ̀Áǘť 90%́CɼȻ��?� 

CERN'. LHeC+č�& ERLʔ˻èˁĘ-ŧ
ʑCʎȘ�&�?[81]�ʔ˻èˁĘ. LHeC (ċ
�� 3 `�� ERL '�5MeV�10mA -ËŌq�
~C 2$- 150MeV�jFcQCȕ�& 900MeV
6'èˁ�?�F�Qˑ.ńǠċǛ+ 3$+Ûŕ
�?ǚ˂'
?� 

 

 
 

A. ERL����#�!0  

��'.�ǂeO[g-ÒŇ(˟º�&�?

ERL-q�~æŀ-Īȯ+$�&ʁʫ�?�Īǂ
(*?˲ȮȪ'-ˆí�K}c`�[�ÛƦ+$

�&ɇô+ʚƴ�?�<>ʖɑ*ʐʺ+$�&

.�¥-ʞɨCüȊ�&� !� �� 

 
Fig. 57 eRHICʎȘ  

 
Fig. 58 Cornell-BNL FFAG ERLʎȘ  

 
Fig. 59 LHeC ʎȘ� 2 $-MuY��
̀Linac-Ring/Ring-Ring optionś�
?�ERL
Cȕ�? Linac-Ring option �Īǂ(*#&
ǖʏ�@&�?�  

 
Fig. 60 LHeCʎȘ- 3��u ERL 



A.1. Áč˲ȮȪ  

Áč˲ȮȪ.�Ǜ*ȮĬCƽ�?˲ȮȪ'�q

�~CƷ�? 9+¶B@?�Ğ 61 +�-ǚ˂
̀Ƭ˵Ğ́·CȰ��˲Ľq�~.Ğ 62+Ȱ�<
�+Áč˲ȮȪ�'�Ń-ƷȑóŲ-ÓʮˈC

Ơ���ǛȮĬ B0'����dæ+<?ˆíƮȴ

Ũ.�˲Ľ-ʥ˕C m�ˁťC v�����dě
ĽCγ(�?(� 

γmv2

ρ
= evB0                (A-1) 

��'�ρ.˲Ľʮˈ-ƷȑóŲ'�˲Ľ-ˆí

˕ p 
?�.Kk�P�E 'ǢŨ-<�+ɾ��
(�'�?� 

ρ[m]= p
eB0

≈
γmc
eB0

=
E[GeV ]
0.3B0[T ]

v ≈ c( )    (A-2) 

 

 
 

 
�-ǮŠ-ÓʮˈCȓƅʮˈ̀
?�.ʑʎʮ

ˈ (́�&����=Ő��@ ˲Ľ-ʮˈ r=ρ+x 
(x�ρ)Cɪ
?�Ğ 63+Ȱ�<�*ŦǝɊCɪ


?(�ǮŠ(x)�<0ħȣ(y)Ʈč-ˆíƮȴŨ.�
ƶ˞-§B>+˄ɺƮč-Ŧǝ sC¶#&� 

!!x +
1
ρ 2

x = 0, !!y = 0 !!x ≡
d 2x
ds2

, s = vt
#

$
%

&

'
(

  
(A-3) 

(*?� 

 

 

A.2. ęǘ˲ȮȪ  

ęǘ˲ȮȪ.Ğ 64 +Ȱ�<�+�N ǘ( S ǘ
�¡�+ 2ǘ�$˒ɥ�@ ˲ȮȪ'�ǮŠ�ħ
ȣ-ȮĬ Bx, By.�Ǜ*ȮĬî˒ gCƖ"�Ǣ-
<�+ƹ��(�'�?� 

Bx = gy, By = gx g ≡
∂By

∂x
=
∂Bx

∂y
"

#
$

%

&
'

    
(A-4) 

�żʰ�=ǮŠ+�@?(ĀǄµȕC�ħȣ+�

@?(ȜƦµȕ�È��Ğ' Nǘ( SǘCË@ƺ

?(�¢ť.ǮŠ+ȜƦµȕC�ħȣ+ĀǄµ

ȕ�È��˲Ľ-ęǘ˲ȮȪ�-ˆí.ǢŨ'ƹ

��(�'�?� 

!!x +Kxx = 0, !!y +Kyy = 0

Kx = Ky = −
e
p
g

      

(A-5)
 

ęǘ˲ȮȪ.˲ĽCĀǄ��?-+ȕ�=@?� 

 
Fig. 61 Áč˲ȮȪ-ǙƀĞ  

 
Fig. 62 Áč˲ȮȪ+<?˲Ľ-ʮˈ  

 
Fig. 63 ȓƅʮˈ(˲Ľ-ŦǝɊ  



 

A.3. w�`g��Ƙí  

�ʺ� Áč˲ȮȪ(ęǘ˲ȮȪCĪȯ(�

?èˁĘ-ˆíƮȴŨ.� 

!!x + Kx (s)+
1

ρ(s)2
"
#
$

%
&
'
x = 0

!!y +Ky (s)y = 0         

(A-6) 

(*?�ǮŠ�ħȣÏ+ċ�ůC�&�&��-

ƮȴŨ-ʋ.�ɲȟ+Ǣ-<�+ƹ�?� 

xβ (s) = βx (s)εex sin ϕ x (s)+ϕ x0{ }

yβ (s) = βy (s)εey sin ϕ y (s)+ϕ y0{ }      

(A-7) 

�@Cw�`g��Ƙí(ē1���'βx,y.�w

�`g��˟Ƨ(ē/@�˲ȮȪ-˒ɥ;�-Ȯ

Ĭ-ŭ�+¹ľ��Ǣ-ƮȴŨ-ʋ'
?� 

1
2
β1 !!β1 −

1
4

!β1
2 +K1β1

2 −1= 0
        

(A-8) 

K1 = Kx +
1
ρ2

(β1 = βx )

= Ky (β1 = βy )        

(A-9) 

ϕx,y .ǮŠ�ħȣ-w�`g��±Ȥ(ē/@�

w�`g��˟ƧCȕ�&ǢŨ'ɾ�@?� 

ϕ x,y (s) =
1

βx,y (s)0

s
∫ ds

          
(A-10) 

ϕx0,y0.Ýƿ±Ȥ'
?�6 �εex,eyC˲Ľ-K}

c`�[ē0�Ýƿǅ«+<#&ǰ6?ŃƧ'


?� 
 w�`g��Ƙí-˄ɺƮč+Ŋ�?ǮŠ�ħ
ȣƮč-Ç�.Ũ(A-7)C s'źÛ�& 

!xβ =
εex
βx

cos ϕ x +ϕ x0{ }−αx sin ϕ x +ϕ x0{ }#$ %&

!yβ =
εey
βy

cos ϕ y +ϕ y0{ }−αy sin ϕ y +ϕ y0{ }#$ %&

αx,y ≡ −
1
2

!βx,y
 

(A-11) 

(ƹ�?�˲Ľ-K}c`�[.�±ɥ(Ç�C

¶�(Ǣ-<�+ƹ�?� 

γ xx
2 + 2αxx !x +βx !x

2 = εex γ x ≡
1+αx

2

βx

#

$
%

&

'
(

  
(A-12) 

�@.±ȤȺ˞(x, x’)�'-˵ȸπεex -ǗÓ-Ũ

+¥*=*��ħȣƮč:ċǛ'
?�K}c`

�[�ċ�'
@/�Ýƿ±Ȥ�ˊ#&�&:˲

Ľ.ċ�ǗÓ�-ȇCˀ?�(+*?� βx, αx, γx

. Twiss parameter(ē/@&�&�èˁĘ-ĬƋ
+<#&ĳï�?���-ǗÓ-˵ȸ.πεex̀Ń

Ƨ́*-'ĳB=*��(�B�?� 

A.4. q�~-K}c`�[  

 ��'�̂˲Ľ'.*�ĵƧ-˲Ľ�ˮ6# 
˲Ľq�~Cɪ
?�4 Ƚ':ʺ3 ��q�~
-K}c`�[εx.Ǣ-<�+Ńɨ�?̀ħȣƮ

č:ċǛ �́ 

εx ≡ x2 "x 2 − x "x 2

          
(A-13) 

A .q�~Ò'-˲Ľ-o���`À A -ŠĦ

Cɾ��ĉ˲Ľ�w�`g��Ƙí-ˆíƮȴŨ

(A-6)CȂ �ĬĊ�εx
2- s+˟�?źÛ.^�+

*#&q�~-K}c`�[�»ľ˕'
?�

(�B�?�q�~Ò-˲Ľ�w�`g��Ƙí

C�&�&�˲ Ľ-Ýƿ±Ȥ� 0~2π6'q�~Ò
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