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�/�{��̩ȓÇ4Ǔ̕ŀøŽ 

  
I(t) = I0 exp − t

τ
⎛
⎝⎜

⎞
⎠⎟

 (2-18) 
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1
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=
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kT
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dI
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I(t) =

I0(Iτ )
I0t + (Iτ )

 (2-23) 
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2
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Fig. 4  PF-ring4�F 2Ǐ̕4˼˦4ǵŉ 
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σ g =σ R +σM +σ B  (2-25) 
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a =
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σ y σ x +σ y( )
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ŗÇ� 1®�.�F�/.�F�%�.�M4ī
ǜÇJλ1�λ2́λ1
λ2͂/"F/�īǜǌɡŽ 

  M − λ I = λ 2 − 2−τ ba( )λ +1= 0  (2-30) 

�D 

  λ1 ⋅λ2 = det M( ) = 1 (2-31) 

  λ1 + λ2 = Tr M( ) = 2−τ ba  (2-32) 
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λ1,2 = e± iµ  (2-33) 

.ʶ�GF×Ƈʼʀǅ.�F�"1I)µ�ŏǅ

.�G6/A2ʇŗÇ5 1/1E�īǜÇJ¸Ħ
��-AǜɃ/1F��4/��Ž 2-32�D 

  2cosµ = 2−τ ba  (2-34) 

"1I)� 

  2−τ ba ≤ 2  (2-35) 
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 (2-36) 
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2.2.  ǃśÓ4Ęĉ  
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 (2-38) 
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U0 [keV]= 88.46 E[GeV]4

ρ [m]
 (2-39) 

  
P [kW]= 88.46 E[GeV]4I [A]

ρ [m]
 (2-40) 
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2.3.  {��4ˑˢ"F̩ɛĻ4²˲  

x�k5̩ɛĻJˑˢ 1�D˵˽"F'@�

{��jYp5ʦŇ1ŜȐɴ/ -4ƇñAǧ

'�1�G61D1��ȶ2̩̽ʩ�ɔx�k{

��21F;0�{��jYp2ŗ -¶O�|

�j�cƘ�ʽȋ�GF� 
{��ˤ2ȃūBX�l���F/�x�k˵

˽2³*-PQ�YĻ�ôˢ�G�x�k5�̅

·��Jņ��PQ�YĻ�p�l��GB"�

Ǵ˷.�G6�ɆŰɇȲBǃ̩Jž�ˢ� '

E�Ɗʈ4x�k2Ɔ̮Jć< 'E"F�/�

�F� 
PQ�YĻ4ôˢ.x�k�ņ�·��5 

  P[W]= k[V/C] q[C] I[A]  (2-41) 
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P = kqI = k I 2

frf

 (2-43) 

CE�77 W4·���c/1F� 
{��ˤ25�GV B���d�}��b�c

p�l��O�ĳ RF WlU��{��cY��
·�ɐɦřǾĳM�b���i4ɛɕå10�ȃ

ūBɧˢȵ�Ń�ŊĮ -�E�X�l�Bȃū

J RF a��q.̣"104ŗɱJǍ -�F�

�����p25{��˹ʲǌĖJĖ�'ƶȈ

c�lpJˊ�-�F�='�̔Čƅȷ4Ɇ1F

ǹģ0� 5�n�·Jȿ�-Ǳò1(D�2Ƹ

ʈ�$-�F� 
HOM2CEǹģ�ƽÌ '½/ -�PF��

Z4 GV.ɆŰɇȲ2CEa��Ǡ4Rk���
�|��^�́EPDM͂�ɘƽ 'ǵŉJ Fig. 6
2ɞ"�2011 ų4̪ȫɍƊ2ɇȾ ''@�RF
}N�V��į̪.ƽÌ �a��qƘʝ�¶�

 '�/�ăħ/ƹŕ�G'� 
 

 
Fig. 6  \�px�~a��Ǡ4ɘƽ 

='�PF-AR2��-������p4ƶȈc
�lp�ƽÌ '½J Fig. 72ɞ"�̽ĚȐó˶
ɦʜ4˭Ê2ˊʕ�G-�'A4.�ŗɱ/ 

-�ɦʜ/4̕2ƅȷŀƻ̅Jˊ�- HOM 4²
ƾJ¶ș�$�c�lp4̟̕Jŝ�� '� 

 

 
Fig. 7 ƶȈ��pc�lp4ɘƽ 

 



ʏǌĖ2ȃūBX�l�41�]���u�

p.A�ŝ��̩Ȉ²ŜŹB�Ŀ�{��2˭�

Ļē5�%4ƬƫĿ/4Ɏ¦ºȿ2C*-PQ�

YĻJȾ!B"��{���ōŎƘJž�ˢ�"

�/��F� 
PF-ring 4̒ɍʋ̅2ˊʕ 'ƴÔÓȟ4cn

��cʻ{��jYpBƸʈɴ.���ǌĖ4M

·�k�� 15 mm/ŝ��{��jYp25�̩
Ȉ²ŜȺJ��FɌɈ.Ṷ̂2̐�lWJǍ 

-�F��4{��jYp4ˊʕƊA�ƬƫĿ2

ˢħ"Fx�kʆēĳ{���ōŎƘ5˂Ȝ�

G-�1�� 
ERL 4C�2̽ʔEˮ .ń̩ȓ4{��J

ĚĦ�$Fó˶ģ.5� Resistive-Wall Beam 
BreakuṕRWBBU͂Jž�ˢ�"ĎʝƘ��F�
[9]�ˊˇǓ4ǯˈ.5�cn��cʻ4{��j

Yp.AÛƈ� 50 mm �G6ń�1ġ̶/51
D1�/4ˇɳʆǧ�ƌDG-�F� 
ǚ˭.5�ȶ2M·�k�4ŝ��{��jY

p2ŗ -�ǅ 100 nm ®�4̭ɺŹ�ʽȋ�G
FĻē��E�%GJŏȻ"Fʶ̭áȼ/ -�

ɻŔøŌɖɜB Abrasive Flow PolishinǵAFP͂/
Ĝ6GFɗɹȓ÷ɖɜƨʳ�Ŷ+�4ó˶ģ.

Ʒȿ�G-�F� 
 

2.4.  ̩ɛɕɛĻ4²˿  

̩ɛɕ4ɛĻJșʷ�$'E�£ 'E$#{

��2š�F'@2�{��jYp5ɛĻ2ŗ 

-˴ǒ.1�G61D1���4'@�{��j

Yp5̬ɛƘ.�F�/�ʽȋ�GF� 
M��ē̊BȮ̇ʀ̐�ki�.�G6ġ̶1

���cn��c4Ļē5ȑƟ�Ɠʽ.�F�ó

˶ģ.˵Ű¼ȿ�GFcn��c5�̬ɛƘ4

SUS316LB SUS304104T�cnrOpɼ.�
F��óũ2CEƕòˑˢ��n�_OpŀƠJ

ˢ� 'E�}Q�OpʄʓJė?ȣƸǮJ¼ȿ

 'E"F/ɛø"FĻē��F�ŏ̡2Ŷ+�

4ó˶ģ.ġ̶/1*-�E�½�6�2014ų2
]�la�±�ZJ̔ň 'ďȝ4 TPS.5�~
�ci�a�Y�p��ȿcn��cjYp4

Ȇ˴ɛȺ�ǚń. 1.8 =.21*-�''@�{
��J�=�ĚĦ�$DG1�*'�%�.�{

��jYpJ�ǐĊEł �ńĳȬÛ. 1000�ɡ
Ź4óȲȕɛJʲ*-ŗá -�F[10]� 
%4«�e��lYjYpB{��µʕ�±i

́BPM͂ȿ}N�qc��104̊ţƸē̅2�
e��lYBV�c4ȲʠƂȺ2˭�ɛƘ·4

]x��́29Ni-17Co-Fe͂J¼ȿ"FĻē5ȑƟ
�Ɠʽ.�F� 
̩ɛɕB{��jYp4Ǩď2+�-5�˵

Ű�ɛĻ4ǜö̲ĵ�Dǅ 10 cm®�̦G-�G
6�̍J¼ȿ -Aġ̶251D1�� 

10MeV T�j�®�4Ȇ˩Ɉ¶Ru�X�4
̩ŉó˶ģ.5�]��qUg�q\�b́ CCG͂
Bc·liOT����́ SIP 4͂Ȋ¢ɛɕ�D4

Ȧ˻ɛĻ�{��2Ɔ̮Jć<"Ļē��E�

cERLB SACLA4Ôś̅2ˊʕ�G' CCG25
Śȿ2ˊˇ�G'ɛȈa��qJǍ -�F[11]

́Fig. 8 �͂ 
 

 
Fig. 8  cERL4 CCGȿ·���OɛȈa��q 

˶�ŀø"FɛĻJ{��2²�1�G61

D1�ʹʕ.5�̩Ȉ²ŜŹ4ń�1M��ē̊

BȮ̇ʀ̐4{��jYp5�γ̩ȓ�ȓG-�

ɛĻȐƅ�̌E�='ɇȲ4ġ̶��F4.́�

1�� 



�4'@�½�6�~�ci�a�Y�p��

25˵Ű�ʯʛ4cn��c{��jYp�ȿ�

DG�='�J-PARC4 RCS.5e��lYjY
p�¼ȿ�G-�F�2014 ų2˼˦J̔ň '
NSLS-II 4 fast corrector ȿjYp25�cn��
c4ɽ 1.8 Ä̩ȈƬƫȺ4ń��O�]u�́Ă
� 1 mm͂�ȿ�DG-�F�='�TPS .5
out-vacuumĳ4e�i��Zulp�Ʒȿ�G�
0.4 mm 4ʯʛcn��cjYp�¼ȿ�G-�
F[12]� 

 

2.5.  {��4̽�µʕɻŹ/ōŎŹ4ŏȻ  

Óȟó˶ģ4¶R�li�cø2³��{��

µʕɻŹB%4ōŎŹ2ŗ"Fʽȋ�ľ -�

-�F��4'@�{��jYp25̽�ǹǭó

ũɻŹ/ˊʕɻŹ��C7˼˦Ǔ4ōŎƘ�ʽȋ

�GF�/21F� 
 � 1�D�":-4{��jYpB]��

�u�pJĎʝ1̚E̽�ɻŹ.óũ �ˊʕ"

F45�̬Ű2]cpBõò4��Fºǰ/1

F� '�*-�ó˶ģ4ƘʝJȞ'"ɶĩ.ˋ

ŒÇJȌ@F�/21F�%4̡�{��˥˾4

ōŎøJƮ� BPM B�ǃśÓˤJȌ@FY�l

kM~g�x10�ǃśÓµʕ4ōŎø2œ�"

F]���u�p�̈ʽˁ�GF� 
{��jYp4ÙĳɈ1ǸǌĖˊʕɻŹ5��

100 µmɡŹ�ȻŏɈ.�H�� '�*-�óũ
ɻŹA%4˫E�ɌǶ21F� 

2015ųCE˼˦J̔ň"F MAX-IV.5�̩ ɛ

ɕɛǱ/{��jYp/4Y�M��c� 0.5 
mm  �ˋŒ�G#�̒şjYp2ŗ"F̽�ó
ũ/ˊʕɻŹ�ȋ@DG-�F� 
�ǌ�µʕ4ōŎŹ2ŗ"FʽȋA�ó˶ģ4

ƘʝĖ�2³*-ľ -�-�F�½�6�

NSLS-II.5�vertical emittance�  εy = 8 pm·rad.
�E�low-β ɍʋ̅́<βy> ~ 0.85 m͂.4{��
_Od5 

 
σ y = ε yβy =2.6µm  (2-44) 

/1F��4'@�BPM25 1 µm®�4ȜŎɻ
Ź/�100 nmɡŹ4ōŎŹ�ȋ@DG-�F� 
Ń�4Ļē�BPM4īŎȿǨď25�țŹŀ÷

2CFŀµJ̘�ɌɈ.�ȲʠƂ¿ǅ4ŝ��O

�x�BU���}LOx�ȿ�DGF�='�

Òɫó˶ģ.5�ó˶ģŐÛ4ɦ˖Bßāȉ4ț

Ź2ŗ -A�Ą �ōŎø�ȋ@DGF�/2

1F� 
̩ɛɕÛ4{��jYp4īŎ2̖ -5�̩

Ȉ²ŜŹ4̽�{��jYp4Ļē�ßāȉ2C

FƳ÷.γ̩ȓ�ɇȾ �{��ŀ÷Jž�ˢ�

"�/��F�˽ą2 SPring-84M��ē̊jY
p.�4ġ̶�ɇȾ �{��jYp4īŎƃø

/ßāȉ4˖ǆ.˄Ȍ�$'/4�/.�F� 

 

2.6.  ǃśʋ́ǃśÓ͂4̂ʮ  

{��jYpJ˴˽ 'Ru�X�4̽�ǃ

śÓ́Xʋ͂5�Ě˫4[�~�BǹģJƽÌ�
$F��4'@�ó˶ģp�u�Û.¼ȿ"F[

�~�Bǹģ25ʚǃśʋƘ�ȋ@DGF�Ø·

Ɉ25�[�~�4ʇʎǠ/ -n}��5¼ȿ

.�#���Rk��B PEEKJ¼ȿ"FƓʽ�
�F�ǃśʋ4Ɔ̮.ˇȜǹģ4̩ȈÂđ2vO

dJĻēA�F��4C�1ġ̶J¶ș�$F'

@25�{��jYp�ǃśʋ̂ʮʝò2ÏG-

�Fǌ�Ň= �� 
{��jYp4ˊˇ.5�Ǡ˟BĂ��04C

�2ǃśÓ4̂ʮ2ö��Jǯˈ -���/

�̈ʽ.�F��4/��ÈĖ̩ɛɕ�D4ǃś

Óc�Yp�2��FʶɈ1Ru�X�.�

FʡɃRu�X�εc5�ǚÄʽ1·���i.

�F�Ž 2-4 4ưƀÛ2�FʡɃRu�X�4Ž
JŏȿɈ1ýµ.Ǚ�ƻ�F/ 

  
εc[keV] = 2.218 E[GeV]3

ρ[m]
  (2-45) 

/1E�½�6�PF-rinǵ E = 2.5 GeV�ρ = 8.663 m͂
4Ļē5 4.00 keV4 Xʋ�PF-AŔE = 6.5 GeV�
ρ = 23.708 m͂4Ļē5 25.7 keV4ə Xʋ/1F� 

Xʋ4Ru�X�B{��jYp4Ǡ˟2C*
-�%GD�04C�1Ɏ¦ºȿJˢ� �='�



04ɡŹ˴˽"F��Ɇ1F�ˏʁ1a����

a��5Geant4B FLUKA10Jȿ�-ʲ��/
�.�F��ń̥Ʃ25�M��4Ļē. 60 keV
˫E=.�cn��c/̐4Ļē. 100 keV˫E
=.5Ó̩öǧ�¡·.�%GCE̽�1F/]

��p�Ǆ£�¡·21*-�F� 
��.5�3 ɢ̷4Ǡǈ4˟̉Ęĉ¿ǅJȿ�

-�{��jYp4̂ʮʝòJȆ˩ ->F�ɷ

ý4'@�ǃśÓ�{��jYp2Ĳɍ2ȱś"

FĻē4>Jʘ�F́ŏ̡4ó˶ģ.5�ǃśÓ

5ǉ@2Ôś"F'@�ŏöɈ1Ă>5ľ -�

F/ʘ�DGF �͂ 
{��jYp2Ôś"FǃśÓ4}�lYc

� F0 [photons/s]4/��Ă� d [cm]4{��jY
pJ˴˽ 'Ɗ4}�lYc F [photons/s]5ǼŽ
.��DGF� 

  F = F0 exp −µmρd( )  (2-46) 

��.�µm [cm2/g]5˟̉Ęĉ¿ǅ�ρ [g/cm3] 5
ŔŹ.�F́ɍï4Ž4ǗȺûƈ/ɿDI �

� �͂ 

 
PF-ring / PF-AR 4%G&G4ÈĖ̩ɛɕ�D

4ǃśÓc�Yp�2ŗ -�Ž 2-46Jȿ�-˴
˽}�lYcJˇɳ 'ʆǧJ Fig. 9/ Fig. 102
ɞ"�{��jYpǠǈ/ -�M���̍́c

n��c4 �͂̐4 3 ɢ̷JƞŎ '�PF-ring 4
ÙĳɈ1{��jYp5 4.5 mmĂ4M��ē̊�
PF-AR5 6 mmĂ4Ȯ̇ʀ̐.�F� 

 
 
 
 
 
 
 
 

 
Fig. 9  PF-ring��qÓ4˴˽}�lYcȆ˩ 

 

 
Fig. 10  PF-AR��qÓ4˴˽}�lYcȆ˩ 

 
3 ɢ̷4Ǡǈ.˴˽}�lYcJȆ˩"F/�

M��2ŗ"F̍/̐4̂ʮʝò4̽����F

ɡŹŎ̉Ɉ2ã�F�='�2 +4��Z.Ȇ˩
"F/�PF-AR4ǌ�5F�2˴˽ǃśÓ4ƃŹ
�ń���Ru�X�A̽��/�ã�F��#

G4ĻēA�˴ ˽ǃśÓ4;/K05ǅ 10 keV®
�4ə Xʋ.�F� 

 
3 ɢ̷4Ǡǈ�04C�1ó˶ģ4{��jY

p2Ʒȿ�G-�F��ĒǠǈ4éȭ/ǻȭ//

A2 Table 12ɞ"� 
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Table 1  {��jYpǠǈ4Ȇ˩  

 éȭ ǻȭ Ʒȿ½ 

M��ē̊ 

óũƘ́ǹǭóũ�ƭâƢƅ  ͂
̩̽Ȉ²ŜȺ�̽Ȳ²ŜȺ 
̬ɛƘ 
¶ȂɄǃśʝ 
˨̉ 

̽Ź1ȣƸƨʳ 
ǃśʋ˴˽ 
}��bƸʈ 
¶��W�ZțŹ 
̽ȲʠƂȺ 

MbM̈́PF-ring, SPring-8, TLS, 

� TPS, PLS-II, SKEKB LER 
ǽŨ̈́SOLEIL, PETRA III 
ɸĬ̈́ALS, APS, NSLS-II 

cn��c 

óũƘ́ǹǭóũ�ȣƸ͂ 
¶Vcǃâ 
ƃŹ 
}��bƸʈ 

¶Ȳ²ŜȺ 
¶̩Ȉ²ŜȺ 
óũƊ4˴ɛȺ 

MbM̈́ SSRF, ASP, UVSOR-III, 

� cERL 
ǽŨ̈́BESSY II, DIAMOND, 
� ELLETRA, ESRF, SLS,  
� ALBA, ANKA, CANDLE,  
ùüɸ̈́CLS, LNLS 

Ȯ̇ʀ̐ 

̩̽Ȉ²ŜȺ�̽Ȳ²ŜȺ 
óũƘ́�P¬��ƭâƢƅ  ͂
¶Vcǃâ 
̬ɛƘ 
ǃśʋ̂ʮ 

}��bƸʈ 
¶��W�ZțŹ 
̽¾ 
ŀƅ B"� 

MbM̈́PF-AR, SKEKB HER 
ǽŨ̈́MAX IV, LHCɍʋ̅ 
ɸĬ̈́SPEAR-3 

 
ˎJ Xʋ4˴˽2ƣ%��˴ ˽ǃśÓ5ɐɦǹ

ģ2AŶ+�4ƛƆ̮Jć<"�½�6�̩̦ɐ

ɦˇ4]uYi2˴˽ǃśÓ�Ƅ'E�̩̦�G

'ɦȈ�OT�̩ȓ/ -ȜŎ�G�ǿɚ1ĭò

ȜŎ�.�1�1F��4¥½5 SPring-8.ɇȾ
 �ɐɦˇB[�~�2̎̂ʮJ˱ó"F�/.

ǂĢ '/4�/.�F[13]� 
='�Ȇ˩Ɉǃśʋ̉4̽�/�H.5�c·

liOT����́ SIP 4͂̽ĭ]uYi̅.ʟ̺

�ɇȾ"F�/��F�ăħ4�+/ -�]u

YiÛ4Ŕ̓ɦ̕2�FɦȈ�ǃśʋCEȒƘ

ø�G�ʟ̺Ƙ4 NOXBTh��ȾƢ�GF�/

�ʘ�DGF�='�ÿó̩ĭJ��F/ǂĢ"

F�/�D�]�rǃ̩/4Ɏ̖Aʘ�DGF� 
̽Ru�X�4̩ŉ�{��jYp2Ƅ'*

-�c"FĻē5�ʋB ƘŉJɇȾ�$F�{

��jYp5%GD2ŗ"F̂ʮʝò51��{

���c4ń��/�H25�̎~�lY104

̂ʮ·�Ɠʽ21F�='�{��jYp4ǃś

ø4ġ̶�ɇȾ"F4.�¶ǃśøǠǈ4M��

ē̊Bki�J¼ȿ"F4Aǜö1ŗɱ/1F� 

2.7.  jcp}��ȽĽ4ŏȻ  

{��jYpÛ2jcp�ŊĮ"F/ǵ1

ƛƆ̮Jć<"4.�":-4]���u�p5

.�F̚EY���1ȽĽ.ʻ˷�ɴȼ�ˊʕ"

FƓʽ��F� 
̩ŉ{��2ŗ -5�jcpp�l|�Z/

Ĝ6GFɧȯ4ȩ �{���ć{��Řĝ4

Ɨʪ͂Jž�ˢ�"�/��F� 
̩̽ɃJéȿ"Fó˶ɦʜB̩ŉ̏2jcp

�ȗÔ - =�/�̩Ƀ̤ 2CFǖ̩ȓǃâ

Bǃ̩4ȟ21E�ƘʝJʫ �¶��$F�Ń

�4Ļē�ʹʕ2/*-ʤĝɈ1ġ̶/1F4

.�Y������Û.4ʄ>ɩ-2ó�-�ˊ

ʕ4̡2AȻĻ2Y���~�cJʕ�-�ƑŸ

 'Y���ȽĽ.ºǰJʲI1�G61D1

�� 
�GD4ʹʕ.4ǖ̩ȓBǃ̩2+�-5�ǟ
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jcp4ɇȾȟ/ -5�{��ˤ2ȍ*-̆

ʕ�G'ãŭĳOT����́Distributed Ion 
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2.8.  ó˶ģ]���u�p4Á˚  

ó˶ģ5ńĳ4ɐɦʹʕ.�E�ɐɦ��Y�

ɇȾ 'Ļē2ŗá�˺GF/�Ń�4ǹģ2ʸ

őJć< - =��ńȈBȉ���Y 'Ļē

5�ŷ�ɶĩ.��W�Z�Ɠʽ21FĻēA�

F�ʸőJǚŝ̚2̺�Ǿ@F'@25�ŰǓɐ

ɦˇ.ĭòɊˁJʲ��ɆŰǯâƊ�ɒǓ2{�

�Jʪ/ - GVJ̓!F�/4.�FÂ̵Ƙ4
̽�O�i��lY��Ďǻ.�F� 
ĭò4Ɋˁ5˵Ű�Bayard-AlpertĳȲ̜Ǳ̩̦

ɐɦˇ́BAG͂��ß̜Ǳ̩̦ɐɦˇ́CCG͂.
ʲ��CCG 4Ļē5�±�Zǃ̩Jéȿ"F'
@��ōŎ21EB"� 10-8 Paď.Aǃ̩4Ʊʈ
"Fˣ̽ɐɦŗƕĳ.1�G61D1�� 
Ń�4Ļē�ɐɦˇ]�p����D4ÂđJ

a�[�_́PLC͂2̤@-�PLC Û4��Z�
�2Ƌ*-�GV J̓!F104O�i��lY
ëƍJʲ�� 
ĀǊx�~́Fast Closing Valve; FCV͂J̛��

˵Ű4 GV4̓÷ºǓ̕5ǅɟ14.�ɆŰÂđ
4ǯâ�%G®�2.�FC�2ɐɦˇJ̆ʕ

"F4�Ň= ��Óȟ��Z4Ļē�˵Ű 5 m
2 1ÃɡŹ�{���O�ķŵ̅25�D2Ŕ2
̆ʕ -�F� 
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A204C�2ŀø"F�J��nU��ȏ.
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Fig. 12  ·O�Û4��YVc4²ƾ 

 
{��jYp5̒� 5 m�Ûƈ 50 mm4Üɯƅ

.���Yȟ4ĈŗÉ4ɫ2 2.3 L/s4ɐɦ���
Jʕ�-�F���Y5�0.1 Pa . 0.1 ĹpV = 
1×10-5 Pa·m3 4͂ɨʀ��Ź2ȧGÔ*'ĻēJƞ

Ŏ -�F� 
®�4ȼɁ�D�ɦ̕.4ãŉ0� 4ʴɧ5

ʘơ -�1��ĭò p[Pa]�țŹ T[K]4/��
Ȉ·ãŉ4ŲıʢɁʲɡλ 5 

  
λ = kT

2πd 2 p
= 3.108×10−24 T

d 2 p
[m]   (2-47) 

.��DGF���.�d [m]5ãŉɍƈ.�ɨʀ
4Ļē 0.375 nm14.�300 K�0.1 Pa4/��λ 
= 66 mm/1F�ŲıʢɁʲɡλ �jYp4Ûƈ D
CEAń��4.�ãŉȓǣ°́Yt�e�ǅ Kn 

= λ/D = 1.3 > 0.5 �͂ƢEɩ*-�F� '�*-�
Ȉ·ãŉ4ȓG5�ɦ̕ .4ãŉ0� 4ʴɧ

Jʘơ 1�-AC�ãŉȓ/ -Ƨ��/�

.�F� 
='�Ŀ̭.4ĘɑBȥĮǓ̕Aʘơ -�1

�� 
�D2�ŲʵȷƠ2�FȈ·ãŉ4˶Ź5

Maxwell-Boltzmann ãŭ2Ƌ�����.5�"
:-4Ȉ·ãŉ�%4Ųı˶Ź 

  
v = 8kT

πm
= 145.5 T

M
= 476 m/s   (2-48) 

.̹7¨*-�F/ -�F�����m5Ȉ·
ãŉ 1Ã4˟̉.�ɨʀ4ãŉ̉ M = 28.01 g/mol

/M�Vq�ǅ NA = 6.022×1023Ã/mol �D�m = 
4.65×10-26 kg.�F� 

 
Fig. 124ˇɳʆǧCE��4̉4��Y��*
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3. cERL ��	
�� 

3.1.  ǳʽ  

cERL4ɐɦacn�[15]5�2.1ɵ.˄˓ 'C
�2�{���cñēJ 10-7®�2ƪ�F/��

ʽ˗�D�ê˿ĭ 1×10-7 Pa®�JɌǶ2ˊˇ�G
'�'( �3.3 ɵ.˯:FC�2�ˣ²Ŝó˶
ɦʜĚ˫5 NEG ]�nN�ZjYpJˊʕ"F
�/.�1×10-8 Pa®�JɌǶ/ '� 
{��jYp4ƈ5�{���cJʘơ"F/

ń��ǌ�C���125 MeV4{��JȮȼ1�
ĚĦ.�F̩ɛɕ4�Mƈ 60 mm 2Ȯ̧1Y�
M��c.ĉ=FC��Ûƈ 50 mm.ǯˈJ̔ň
 '�% -�2.3 ɵ.˄˓ 'C�2�ƬƫĿ
2CF BBU �ġ̶/1D1��/ɚː - 50 
mm2ȌŎ '�{��jYp4Ă>J 1.5 mm/
 -�Y�M��c 3.5mmJɚÁ '� 
M�Y̅4{��jYp4M·�k�5�x ǌ

Ė4˥˾Jŀ�-Ě̒Jʺǿ.�FC�2�

70×404Ǹ̒Ö˃ƅ/ '� 
ș˶Ɗ4{���ÈĖ 'Ɗ2˵˽"Fj�

��O�5�{��4Ư�E�ƞŎ�GF4.�

{���c�ġ̶/1D1�C�2�{��_O

d4 5σ  ®�/1FÛƈ 85 mm/ '�)1>2�
̩ŉʭɣ��Z4Ļē�{��jYp4M·�k

�5�Ñã2̒�̉ŉŘĝJɚÁ"F/��˂ȭ

�D�ǚ¶ 6σ  ®��˵Ű 10σ  ®�/1FC�2
ȌŎ�GF� 

Fig. 132�ɍʋ̅�DM�Y̅2Ô*'/�H
4ÈĖ̩ɛɕ2ˊʕ"F BjYp4½Jɞ"� 

 

Fig. 13  cERLȿ BjYp 

cERL 5{��Ru�X��¶��ǃśÓȲ˜
ʩŗɱ4Ɠʽ�1��/�D�{��jYpǠǈ

/ -cn��cJƷȿ '�125 MeV�100 mA
4{���D4O�]z���p1ǃśÓ·�

�5ÕĚ. 2.2 W �1��CSR4·��A 125 
MeV�10 mA�x�k̒ 0.3 mḿ1 ps͂4Ļē�
ÕĚ. 77 WɡŹ.�F� 
'( �ǃśÓ2CFÓȰâ �ǝƉ.�1�

4.�ɌǶĭòJƌF'@25�":-4ɐɦǹ

ģJȻĻ.��W�Z"FƓʽ��F��4'

@�̩ɛɕÛ4{��jYp25�Ă� 250 µm
4U�p�}N��z�iJ˞¬ -�F� 

cERL4ǹģ�OMPpJ Fig. 14 2�ɐɦ��
±iǹģ�cpJ Table 22ɞ"� 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

 

Fig. 14  cERLǹģ�OMPp 
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Table 2  cERLɐɦ��±iǹģ�cp 

Sputter Ion Pump (SIP) 1 (300SC) 
32 (75SC) 
18 (55SC) 

 RF-shielded Screen 
Monitor (MS) 

16 (φ50) 
6 (octagon) 
2 (φ100, dump line) 
2 (chicane duct) 

Non-Evaporable Getter 
(NEG) Pump 

52 (D200) 
12 (WP38/950) 
3 (coating) 

 Beam Position Monitor 
(BPM) 

27 (φ50) 
2 (φ50, button, LCS) 
10 (octagon) 
2 (φ85, dump line) 

Rough Pump (RP) 9 (fixed) 
6 (movable) 

 Beam Collimator 5 

Cold Cathode Gauge 
(CCG) 

37 (IKR070) 
14 (IKR060) 

 Current Transformer (CT) 4 

Residual Gas Analyzer 
(RGA) 

3  DC Current Transformer 
(DCCT) 

1 

RF-shielded Gate Valve 
(GV) 

8 (φ50) 
1 (φ100, dump line) 
2 (φ60, main cavity) 

 RF-shielded Movable 
Faraday Cup (MFC) 

1 

RF-shielded Bellows 36 (φ50) 
3 (φ100, dump line) 

 Main Beam Dump 1 

 

3.2.  ¶O�|�j�c]���u�p  

ǳʽ 
cERL5̩̽ʩ́77 pC/bunch͂.ɔx�ḱσz < 

2 ps͂4{��J̽ʔEˮ ́1.3 GHz͂.ĚĦ�
$FC�2ˊˇ�G-�F��4'@�2.3 ɵ.
˯:'C�2�{��jYp25¶O�|�j�

cƘ�ʽȋ�G�Ṷ̂4ȃūBX�l�J1�"

ŗɱJǍ�1�G61D1�� 
���d�GV 104Ď÷ǹǴJǜ"Fɐɦ]

���u�p5�Ñã1ƃŹ4 RF a��qJj
YpṶ̂�ȤD�2ʒ�FC�2̆ʕ"FƓʽ

��F�̽Ƙʝ4 RF a��q/ -5�ń̩ȓ
{��Jʭɣ"F KEKB2��-ǺȀĳ4 RFa
��q�̔ɇ�G-[16]�ďȝ4 TPS.AƷȿ�G
F10�Óȟó˶ģ.Aƕȿ�G-�F� 
��.5�¶O�|�j�c]���u�p4

̔ɇ½/ -�X�l�41�}��b́f�X

�l�}��b͂/ RF a��q¬�Ď÷}L�
o�Ul�́MFC͂Jʂª"F�MFC/Ĕǵ1Ǵ
˷4 RF a��q5�cY����±i2AƷȿ
�G-�E�̽§ȇ4˘ʖ.ˏ �˄˓�G-�

F� 
 

f�X�l�}��b 
{��jYpJʒ�}��b5�˵Ű4 ICF}

��b.5ʌʆƊAX�l��ȂF'@�PF-ring
.5X�l�JĴ@F'@2 BeCu ʻ4 RF ]�
iYpJĊE¬�-�F�PF-AR.5�{��j
YpǊ̭/Ĕ!ƅȷ4��]}�lYcJȿ�

-�ɐɦa��/ RFa��qJ�ɩ�$-�F� 
='�KEKBB SuperKEKB4MOĳ}��b[17]

B SACLA 4 ADESYĳ}��b[18]10�̐Vc

[lp�ɐɦa��/ RF a��qJÚ3Fȶȁ
}��bA̔ɇ�G-�F� 

Fig. 152 cERL.Ʒȿ 'ȶȁ}��b4Ǵ˷
Jɞ"��4iO�4ȶȁ}��b5�KEK4ˣ
²Ŝɦʜ.A¼ȿŏʑ��F[19]� 

 
 
 
 
 
 
 
 
 
 



(a) 

 
(b) 

 

Fig. 15  cERLȿȶȁ}��b4a��ǹǴ 
� � � � (a: ʌʆï�b: ʌʆƊ) 

 
cERL ȿȶȁ}��b4ȶƐ5®�4/�E.

�F� 
1) {���DX�l�Bȃū�ʿ�1� 
2) ICFVc[lp/Ĕǵ1 2 mmĂ4Üƅ̐V
c[lpJ¼ȿ"F 

3) 90 Ź4Rlb�Vc[lp2̺�ˬ?�/
.�ʦŇ1a��ƘʝJƌF 

4) 45 Ź4n�·̅�Vc[lpJW��k�
 �ƕòJÁƱ"F�/.���W�Z4

ʔEˮ 2CFVc[lp4ļƘŀƅJ̘

� 
5) Üƅ®ł4Ǌ̭ƅȷ2Aŗƕ.�F 
6) Vc[lpȢ4ŲȤ̭Jéȿ -��i�

O��Z.A¼ȿ.�F 
7) Vc[lpȢ̅4ɐɦÉ2.�Fɦ̕5�2
+4|����J˵ -{��jYpÉ2

ƶȈ�GF 
 

ȃūJ1�"'@25�}��b0� �Ĕƒ

˧�2ʒ�FƓʽ��F�Ƅæ�}��bɫ̭2

µʕȌ@|�JĴ@ˬ?iO�Jˍ̼ '��Ñ

ã1ɻŹ�ƌDG1�*'4.�ɻŹʦ�óũ 

'}��błĚJéȿ"F�/2 '�ʌʆǓ2

ł�Dɯȷb�[lpJʸ$-�}��b4ʧJ

ēI$F��4'@�Ħ˦}��b5¼ȿ.�#�

��pɤƈJ 8.4mm�D 10mm2Ư�F�/.�
ŃŞ4Ħ˦5Ęĉ.�FC�2 '�Ö˃ƅjY

p5Ħ˦Aˋ�G1�4.�łĚ4��ŪĐ2ä

Eǻ�JǍ �%4̭Jéȿ -µʕȌ@Jʲ

�� 
Fig. 16/ Fig. 175�%G&Gɍʋ̅ȿÜɯ}

��b/�M�Y̅ȿÖ˃ƅ}��b4Þɐ.�

F�cERL 4żˊ.5 160 �Ƥ®�4}��bʌ
ʆJʲ����Y5ǯâ�G1�*'� 

 

Fig. 16  ɍʋ̅jYpȿȶȁ}��b 

 

Fig. 17  M�Y̅jYpȿȶȁ}��b 
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RFa��q¬�Ď÷}L�o�Ul� 
cERL 25�ó˶{��4ĚĦƊ�¡ɦʜ2Ý

Ôś"Fï4̩ʩ̉JȜF'@2�RFa��q¬
�Ď÷}L�o�Ul�́MFC͂�ˊʕ�G-�
F�ɽ 30 ď4cY����±i2AĔ!Ǵ˷4
RFa��q�Ʒȿ�G-�F� 
�4Ǵ˷5�JlabB BNL.ǎ2Ʒȿ�G-�'

A4.�cERL .5%GJƕȿ -�CEɻŔ1
RFa��qJ̔ɇ '�ȜŎJ 1�ȷƠ.5�
�É2 Vĳ4n�·̭JA+ RFa��q���
ɫ4{��·O�2 0.1 mm4ɻŹ.ĉ=F� 
µʕ4ÝȻƘJƌF'@2�óũǓ2ȡ=*'

ƕòJ 800�Ȳáȼ.̛ą '� 
cERL ȿcY����±i4�c}LYi5�

x�k̒ 1 mmJƞŎ 'Ļē�GdfidL 2CE�
10 mV/pC /ˇɳ�G'�RFa��q�1�Ļē
4 1/100®�2¶ș�GF[20]� 

Fig. 18/ Fig. 192�%G&G̩ʩȜŎǓ/{
��˵˽Ǔ4ÞɐJɞ"� 

 

Fig. 18  Ď÷}L�o�Ul�́ȜŎǓ͂ 

 

Fig. 19� Ď÷}L�o�Ul�́�¼ȿǓ͂ 
 

3.3.  NEG ]�nN�Z  

ǳʽ 
Óȟó˶ģ.ȿ�Fɐɦ���5�ƶȈƘʝ2

ó��ǀºƘB��nr�cƘ�ɏ̩òƘJÚ3

Ë�FƓʽ��E�˵Ű�'@ˬ>Ž4c·li

OT����́ SIP /͂\li����4ʄē$.

ˣ̽ɐɦJ̒ǝ̕ōŎ2ʉƱ"F�\li���

�25�ki�_~���a�����́TSP͂
B NEG����Ʒȿ�GF� 
ǚ˭.5�ȶ2ǽŨ4Óȟó˶ģ2��-�{

��jYp4Ṷ̂2 TiZrV 4 NEG ǠJ�Zup
��c·li��Z.]�nN�Z ' NEG ]
�nN�Z/Ĝ6GFƥȏ�Ʒȿ�G-�-�

F�ǟǤVcǃâȟ.�F{��jYpÛĿJɐ

ɦ���/ -éȿ.�F�/�D������

p4ˊʕ�Ĩ̧.�FɲƤ.AöǧɈ2ƶȈ˶

ŹJA'$F�/�Ďʝ21F�='�2.1 ɵ.
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Fig. 26  NEG]�nN�ZȒƘø 4Vcǃâ 
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İ , OHO86˘ʖnWcp 
 ǡ, OHO91˘ʖnWcp 
óʰ, OHO93˘ʖnWcp 
ǞǼ, OHO94˘ʖnWcp 
̀ʰ, OHO01˘ʖnWcp 
̊ǿ, OHO01˘ʖnWcp 
ǩɀ, OHO04˘ʖnWcp 
̊ρ, OHO09˘ʖnWcp 
̾ɀ, OHO10˘ʖnWcp 
ɬ 55ĦɐɦŁŋńŌnWcp 


