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Energy-recovery linac (ERL) is a promising device for future X-ray light sources, which can produce
coherent X-rays and femto-second X-ray pulses. In Japan, we have organized a collaboration team,
consisting of the members of KEK, JAEA, ISSP and other laboratories, toward realization of future ERL
light sources, and started R&D efforts to establish accelerator technologies relevant to the ERL light
source. In order to demonstrate all the accelerator technologies working together, we have decided to
build a small facility, the Compact ERL. This report presents a design study of the Compact ERL, which
includes R&D issues for each accelerator component, studies on the beam dynamics, performance of the

Compact ERL as a light source of THz and X-ray.
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Injector configuration
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Frequency 1.3 GHz
Total Accelerating Voltage 10 MV
Average Current 100 mA
Number of cells / cavity 1 1
Number of cavities 4 3
Parameters for each cavity
Effective Length 34.6 cm 23.0 cm 23.0 cm 11.5 cm 11.5 cm
Accelerating Voltage 5 MV 3.4 MV 5 MV 2.5 MV 3.4 MV
Accelerating Gradient 145 MV/m | 14.7 MV/m | 21.7 MV/m | 21.7 MV/m | 29.5 MV/m
R/Q 300 © 200 Q 200 Q 100 © 100 ©
Geometrical Factor G 270 Q 270 Q 270 Q 270 Q 270 Q
Unloaded Q 1 x 1010 1 x 1010 1 x 1010 1 x 1010 1 x 1010
Cavity Loss 8.3 W 5.8 W 125 W 6.3 W 11.5 W
Beam Power 500 kW 340 kW 500 kW 250 kW 340 kW
Optimum Coupler Q *) 1.7 x 10° 1.7 x 10° 2.5 x 10° 2.5 x 10° 3.4 % 10°
Half Bandwidth 3.8 kHz 3.8 kHz 2.6 kHz 2.6 kHz 1.9 kHz
Number of Input Coupler 2 2 2 2 2
Coupler Power 250 kW 170 kW 250 kW 125 kW 170 kW
Number of HOM Coupler <6 <6 <6 <6 <6
2K dynamicload 14.3 W 9.6 W 18.5 W 9.3 W 15.1 W
2K static load | 1.1 W 0.9 W 1L.1W 0.8 W 0.9 W
4.5K dynamic load f 40 W 27 W 40 W 20 W 27 W
4.5K static load f 4.5 W 4 W 4.5 W 4 W 4 W
80K dynamic load 450 W 300 W 450 W 225 W 300 W
80K static load T 40 W 30 W 40 W 25 W 30 W

(x) 00000 100000 QUO0O00D0O0O0000O0000O000U0O00O0OO00oOO
t0ooooooo000ooo
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1300MHz ERL 2-cell cavity (ImpSTFB0Baseline/End44 -full model) F = 1300.9702 MHz
1 l 1 1 1 1 1 1 1

2+  Frequency = 1300.97 MHz Three 2-cell Cavities 30
R/Q =204.0 Q Beam Energy = 10 MeV

_ G =287.8Q L (effec.) = 0.23 m/cav. _

"1 Esp/Eacc=225 Eacc = 14.5 MV/m -

Hsp / Eacc = 42.2 Oe/MV/m
x4 K (coupling) = 1.94 % |2
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Accelerator Frequency Diameter Operation Operating Max. Power Number of
mode Power Tested Couplers
TRISTAN 0.5 GHz 170 mm CW 60 kW 0.8 MW 36
KEK-B 0.5 GHz 170 mm CW 400 kW 1 MW 8
1.3 ms
SNS 0.8 GHz 108 mm 60 Hz 550 kW 2 MW 81
0.6 ms
JPARC(ADS) 0.97 GHz 136 mm 25 Hz 500 kW 2.2 MW 4
90 mm (cold) 1.5 ms
STF-BL 1.3 GHz 112 mm (warm) 5 Hz 350 kW 1 MW 4
ERL Injector 1.3 GHz 120 mm CwW 250 kW 500 kW 6
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Eacc = 14.7 MV/m, Vacc = 3.4 MV Two Input Couplers
Ib = 100 mA, Pb = 340 kW Qin = 3.33x 105
R/Q =204. 2, Qin (opt.) = 1.67 x 10° Pin = 170 kW / cw
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D= 88. mm
Li=65. mm
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15 MV/m

| 20MV/m

| 25 MV /m

ERL Antenna type: new, improve inner conductor (probe tip=10mm from HOM coupler center)

(1) c=10mm
u=5mm

probe gap=0.5mm
offset=0mm

850 ~ 1000 A/m

1150 ~ 1350 A /m

1400 ~ 1650 A/m

ERL Antenna type: old, (probe tip=5mm from HOM coupler center)

(0) c=0mm

u=0mm

probe gap=0.5mm
offset=0mm

2400 ~ 2850 A/m

3000 ~ 3500 A/m

3700 ~ 4400 A/m

ERL Loop type: new, improve inner conductor (probe tip=13mm from HOM coupler center)

(1) c=10mm
u=3mm

probe gap=0.5mm
offset=6mm

1800 ~ 2050 A/m

2400 ~ 2720 A/m

3000 ~ 3360 A/m

ERL Loop type: old, (probe tip=10mm from HOM coupler center)

(0) c=0mm

u=0mm

probe gap=0.5mm
offset=6mm

2200 ~ 2400 A/m

2900 ~ 3150 A/m

3500 ~ 3850 A/m

STF type: (probe tip=13mm from

HOM coupler center)

(0) c=0mm

u=0mm

probe gap=0.5mm
offset=10mm

4000 ~ 4250 A/m

5200 ~ 5600 A/m

6800 ~ 7200 A/m
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S21 [dB]
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loop type S21 [dB] measurement
loop type S21 [dB] calculation

loop_broadband

| Loop type
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35 4 4.5

frequency|GHz]|

loop type S21 [dB] measurement
loop type S21 [dB] calculation

S21 [dB]

easurement
Iculation

dipole_broadband

antenna type S21 [dB] measuremel
antenna type S21 [dB] calculation
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029 TESLAOOOO HOMOOOOOOOOOOOOO HOMO Q.. D000

mode Frequency | Antenna type, Qey¢ | Loop type, Qeze | STF 1.5 Loop type,
(MHz) (30-deg. rotation) Qext

TE-111 (L) | 1670.6 5.4 x 10* 5.0 x 10% 1.8 x 10*

TE-111 (H) | 1671.6 1.3 x 10* 1.5 x 10* -

TM-110 (L) | 1834.9 4.3 x 10% 3.9 x 10* 1.9 x 10%

TM-110 (H) | 1834.9 2.2 x 10* 1.5 x 10% 5.1 x 10*

TM-011 2426.2 1.6 x 105 3.2 x 10* 4.1 x 104

insert length 28 mm 27.5 mm 29.5 mm

0 2.10: HFSSOO0O00000O0 HOMO OO OO O Quuy

mode Frequency | Antenna type, Qezt | Loop type, Qest | STF 1.5 Loop type,
(MHz) (30-deg. rotation) Qext

TE-111 (L) | 1599.6 2.9 x 103 2.8 x 10* 1.2 x 10°

TE-111 (H) | 1603.9 1.2 x 10* 9.7 x 10* 3.1 x 103

TM-110 (L) | 1836.7 1.1 x 10* 5.4 x 10° 2.3 x 103

TM-110 (H) | 1837.9 9.9 x 103 6.3 x 103 4.4 x 10*

TM-011 2328.4 8.3 x 10* 8.2 x 10° 2.3 x 10*

insert length 30 mm 30 mm 31 mm
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Water cooled inner conductor
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“Input coupler for ERL injector cavities”, V. Veshcherevich, I. Bazarov, S. Belomestnykh, M. Liepe,
H. Padamsee, V. Shemelin, Proc. of the 2003 Particle Accel. Conf. (PAC-2003), May 12-16, 2003,
Portland, OR, USA, pp. 1201-1203.

“Construction of the baseline SC cavity system for STF at KEK”, E. Kako, H. Hayano, S. Noguchi,
T. Shishido, K. Watanabe, Y. Yamamoto, Proc. of the 2007 Particle Accel. Conf. (PAC-2007),
Jun. 25-29, 2007, Albuquerque, NM, USA, pp. 2107-2109.

“Poisson, Superfish”, James H. Billen and Lloyd M. Young, Los Alamos National Laboratory, LA-
UR-96-1834.

“The variable power coupler for the LHC superconducting cavity”, H.P. Kindermann, M. Stirbet,
Proc. of the 9th Workshop on RF Superconductivity (SRF-1999), Santa Fe, NM, USA, Nov. 1-5,
1999.

“Input coupler of superconducting cavity for KEKB”, Y. Kijima, S. Mitsunobu, T. Furuya,
T. Tajima, T. Tanaka, Proc. of the 2000 European Particle Accel. Conf. (EPAC-2000), June 26-
30, 2000, Vienna, Austria, pp. 2040-2042.

“RF conditioning and testing of fundamental power couplers for SNS superconducting cavity pro-
duction”, M. Stirbet, K.M. Wilson, M. Wiseman, J. Henry, M. Drury, G.K. Davis, C. Grenoble,
T. Powers, G. Myneni, I.LE. Campisi, Y. Kang, D. Stout, Proc. of the 2005 Particle Accel. Conf.
(PAC-2005), May 16-20, 2005, Knoxville, TN, USA, pp. 4132-4134.

“Transverse emittance dilution due to coupler kicks in linear accelerators”, B Buckley, G.H. Hoffs-
taetter, Phys. Rev. ST Accel. Beams 10, 111002 (2007).

“Higher order mode study of superconducting cavity for ILC baseline”, K. Watanabe, H. Hayano,
S. Noguchi, E. Kako T. Shishido, Proc of the 2006 European Particle Accel. Conf. (EPAC-2006),
June 26-30, 2006, Edinburgh, UK, pp. 747-749.

HFSS is a 3D full-wave electromagnetic field simulation code available from Ansoft Corporation.
http://www.ansoft.com/products/hf/hfss/
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[1] “Merger designs for ERLs”, V.N. Litvinenko, R. Hajima, D. Kayran, Nucl. Instr. Meth. A557,
pp. 165-175 (2006).

[2] “Design principles for high current beam injection lines”, H. Liu, D. Neuffer, Proc. of the 1995
Particle Accel. Conf. (PAC-1995), May 1-5, 1995, Dallas, TX, USA, pp. 1867-1869.
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0 2.12: TESLAOOO TESLAOOODOOOOOOOOOO00OO0O0O0D000000D000000000
0000000 [

(a) Dipole modes.

Mode Frequency — R:/Q Qext  (Rt/Q)Qext  (Ri/Q)(Qewt/f)
[GHZ] [Qem 2] [Qem 2] [Qem—2GHz ]
TM110-67/9 1.865 6.5 50600 3.3 x 10° 1.8 x 10°
TM110-57/9 1.875 8.8 51100 4.5 x 109 2.3 x 10°
TE-iris 2.575 23.8 50000 1.2 x 10° 4.6 x 10°

(b) Monopole modes.

Mode Frequency — R/Q Qert  (R/Q)Qeat
[GHz] [€2] €]

TMO11-7/9 2.454 159 58600 9.3 x 10

TMO12-87/9 ? 3.845 44 240000 1.1 x 107

O 213: OOODOKEK-ERL model- 1000000000000 D0OCO0O00ODDOOOODOOO

(a) Dipole modes.

Mode Frequency — R;/Q Qeat  (Rt/Q)Qeat  (Ri/Q)(Qext/f)
[GHz] [Qem ™2 [Qem ™2 [Qcm—2GHz ]

TM110-57/9 O 1.873 9 10700 9.4 x 10* 5.1 x 104

TE-iris 2.575 23 4256 9.6 x 104 3.8 x 104

(b) Monopole modes.

Mode Frequency — R/Q  Qewt  (R/Q)Qeut
[GHz] €] €]
TMO11-7/9 2.453 159 1730 2.8 x 10°

TMO012-87/9 ? 3.852 46 118000 5.4 x 10°
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(TMO020-like) (TE-iris modes)
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Ppara = (k// - kO)ql%fba (29)
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0 2.16: KEK-ERL model- 2000000000 dipole000000000DO0O0ODOOOOOODOOO
gbooboooobooboooooboboooom

god Freq. Qext R /Q (Re/Q)Qext  (Rt/Q)(Qext/[)
[GHZ] [Qem 2] [Qem 2] [Qem~2GHz 1]
TE111-77/9 1.628  4.66 x 102 9.11 4245 2608
TE1117871'/9 1.662 4.69 x 102 7.48 3509 2111
TM110-77/9  1.808 8.04 x 102 1.73 1389 768
TM110-67/9  1.835 1.10 x 103 8.09 8904 4852
TM110-57/9 1.856 1.70 x 103 7.31 12418 6691
TM110-47/9 1.870 2.65 x 103 0.994 2636 1410
TE-iris-37/9 2.419 9.07 x 102 3.01 2729 1128
TE-iris-27/9 2.427 1.08 x 103 7.89 8548 3522
TE-iris—7/9 2.428 1.69 x 103 6.80 11489 4732
TE121?7-67/9 2982 6.79 x 10° 0.005 3393 1138
TE1217-47/9 2.986 4.18 x 104 0.166 6941 2324
TE1217-37/9 2.991 1.96 x 10% 0.413 8099 2708
TE121?7-27/9 3.002  3.00 x 104 0.325 9746 3246
TE1217-7 3.022 1.48 x 10* 0.183 2704 895
TM1207-7 3.280 1.11 x 10* 0.535 5923 1806
TM1217—7 3.956 1.74 x 10* 0.134 2332 590
TE1127—7 4.011 1.14 x 10* 3.21 36641 9135
74w /9 4.328 1.52 x 106 0.002 3043 703
?7-57/9 4.330 6.07 x 10° 0.018 10922 2522
?7-67/9 4.332  2.86 x 10° 0.012 3426 791

Electromagnetic [ield data from [ile ERL
Problem title line 1: Sample problem for tuaing ell
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0O 2.36: KEK-ERL model-2 0000000000000 O0OODO0O0ODOO0DOO0ODOO0O0OOKy ~ 1.83
v/pCOO0OO0O00OOO

0 2.17: KEK-ERL model-2 00000000000 O0TESLAODOODOOOOOOO

googn KEK-ERL model-2 TESLA 00O
00000 [MHg 1300 1300
000000 [mm] 80 70
00000000 [mm] 206.6 206.6
00000000 [mm] 100/120 78
000 [mm] 1328 1256
R/Q [ 897 1030
Geometrical factor [ 289 270
Ep/Eace 3.0 2.0
H,/Eqcc [Oe/(MV/m)] 42.5 42.6
0000000 (%) 3.8 1.9
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Quadrupole Magnet for Compact ERL (axes : [cm])
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[1] “Microbunch Radiative Tail-head Interaction”, Y.S. Derbenev et al., TESLA-FEL 95-05.
[2] T. Agoh, Doctoral thesis, University of Tokyo (2004).

[3] elegant version 17.1.1 ; M. Borland, Argonne National Laboratory Advanced Photon Source Report
No. LS-287 (2000).

[4] “Third-Order TRANSPORT with MAD Input A Computer Program for Designing Charged Particle
Beam Transport Systems”, D.C. Carey, K.L. Brown and F. Rothacker, FERMILAB-Pub-98/310
(1998).

[56] “Bunch compression and the emittance growth due to CSR”, M. Shimada, K. Harada, R. Hajima,
Proc. of the 41st Advanced ICFA Beam Dynamics Workshop on Energy Recovery Linacs (ERL-2007),
May 21-25, 2007, Daresbury Laboratory, Warrington, UK, (to be published).
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3.4.3 HOM-BBUUOOOOOOO

HOM-BBU OOODOOODODOOOOOOODODODOOOOOoOoooDHOMOODOOODOOOODODO
0 (0000000)000000000000000000000000 (D0DO0O0)0Do0O00oDUooOoO
gooopoooooo HoM-BBU OOOOOOO

000000000000 HOMOOOODOOOO0OO0O0D 20000 Up(n,M)00000000DOO
pOO0D000O0r,00000O0MOODOODOOOOODOODOOODOOODOOODOODOOO
U,(n—1,M)00000000000DOO0 Tﬁﬁz_1DDDDDDDDHOMDDDDDDDDDDDDD
ooo

Up(n, M) = T Uy(n—1,M) (3.41)
np M+(p—r)Mo—1
+ TP\ GIZy 1) > Un(n—1,M + (p— )My + k)sp(w,)  (3.42)
r=1 k=1

0 0
G:<1 0> (3.43)

ooboorooobooobZz, 0 HOMOODOOOOOOOM, ODOOODOOODOOOIOODOOOO
sp(wp,r) 0 HOM ODODOUOOOOOUOOODUODHOMO QUUOUDDOUOOO kODOO

ggbogooan

Skp(wnT) = exp(—kw,7/2Q) sin(kw, 1) (3.44)

goooog
000000000oo0oUooHOMOUOOOOOOO BBUOOOODOOHOMOOOOOO (R/Q)A\O
Q\Ow0O0ODODODDOOOODODOOOO T 000000000000 DOOOOOOO 20

2¢2 1
 e(R/Q)AQxwx Tiasinwyt,
gooooooooooooHOM ODOO0OO0OO0O0OO0ODOO0O0O0DOO0O000000D0O0 ThODOOOOoDOO
0o0d0odDoo0ooooooooooD  HOMOODODODODOOOoO0OOoOoO0oOooooooooooaon
00000000000000000 HOMOOOOOOOO (HOM frequency randomization) 0 HOM
00000000 (polarized cavity) 000D O00O00O BBUOOOOOOOUOOOOOOOOOOOO
0000000000 HOM-BBU OOOOUOOOOOJLABO TDBBU[3]O JAEA O BBU-R[4]0 Cornell O
bi2l 0000000000000 0O0O0O0O0O0O0UO0OO0O0DOO0OO

Iy, =

(3.45)

3.44 5 GeV ERLUOOUOO HOM-BBU 00O

000000000 ERLOODOOHOMO QUUOOOUCOOOUOOOOOOOOOUOOOO (OO
000 EZA0000)05GeVERLOODODUOOOOODERLODOO TESLAOOOOOOOOO HOM-BBU
000000000000 0B3I0000ERLUOOOOTN6ADODONDONODOODODOOOOODDOOODO
0ooo [Ho

HOM randomization 0 00 000000000000000RB34000 BlO00O0O00 HOM frequency
randomization OO OOHOM ODOOCOO0O ms DO0O0D0O0O0O0O0O0O0O000O0 vpi O BBU-ROOODODO
DESY TTFOO0O0OO0ODOODOOODOODO MHzO HOMOOOOOOOOODOOERLOOOOOOO
ooo0Doo0o0oO0oBBUOOODODOOOODOOOODOOO



34. 0000U0O0O0OOUOOOOOUOOOOOOOO (HOM-BBU) 125

BBU threshold current (A)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

TESLA

Model-2

Model-1

———— 00—, o, o

0 50 100 150 200 250 300 350 400

phase advance (degree)

0 3.33: 5-GeVERLOOUOUO HOM-BBUOUOOOOOOO (biOOD)DERLOOOTODOO model-2
00000000 (loomA)J000C00O0O00OO0OOO0OOOOOOOOOOOOOOOCOOOOOOO

oood

25

BBU threshold current (A)

bi (minimum beam size)
BBU-R (minimum beam size) ———

bi (constaﬁt K1) —— ‘

1 15 2
HOM randomization (MHz)

O 3.34: HOM frequency randomization D 000 5-GeV ERL 0000 HOM-BBU OO OOOODOOO

(biOBBU-RO O O) [5]O0



126 030 O0O0o0ooboooog

34.5 00000 ERLOOOO HOM-BBU

00000 ERLOOOHOM-BBUOOOOOODOOOOOODOO BBUOOOOOOODOOOOOOO
O0000B3y0000000 ERLO HOM-BBUOOOOOOOOOOODOOOOOOOOO 10 MeVO
0000000 1.3GHzO0O0OOOOOO 70 MeV(15MeVx400)000D000O0OO 170 MeV(20 MeV x
800)00000000DO »biODODOOOOOOOHOM frequency randomization 00 000 070 MeVO
170MeV 000DD0OD0O000OODOO 3A00000000000 ERLOOODODO 100mADOOO0O
0000000000000 00000O00000U000() 0000000 D(2)UD0DOoOoUoDOO
00000000003 2000000000000000000D0000DOOO0UOOO0ODOOOO
000o0o0o00ooooooDoooooDoOoooooooooDoooooDoo

5 T . T T T
8 cavities, 170 MeV ——+—
4 cavities, 70 MeV
< 4 |
= n
3 371 | i
) T
Is) T
o 27 A .
£ . VA
2 X X\ 7
m 1 \ S / S
> i R
%‘MHH*»HM
0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
phase advance (deg)

0 33: 00000 ERLOCOO HOM-BBUOOOOOOOOOOOOOOOOOOo4o4ooooood
gooooog

good

[1] “Multipass beam breakup in energy recovery linacs”, E. Pozdeyev et al., Nucl. Instr. Meth. A557,
pp. 176-188 (2006).

[2] “Beam-breakup instability theory for energy recovery linacs”, Georg H. Hoffstaetter and
Ivan V. Bazarov, Phys. Rev. ST Accel. Beams 7, 054401 (2004).

[3] “Two Dimensional Simulations of Multipass Beam Breakup”, G.A. Krafft, J.J. Bisognano, Proc. of
the 1987 Particle Accel. Conf. (PAC-1987), Mar. 16-19, 1987, Washington, D.C., USA, pp. 1356—
1358.

[4] “Linac optics optimization for energy recovery linacs”, R. Nagai, R. Hajima, et al., Proc. of the 2003
Particle Accel. Conf. (PAC-2003), May 12-16, 2003, Portland, OR, USA, pp. 3443-3445.

[56] “Analysis of HOM-BBU with newly designed cavities for a multi-GeV ERL light source”, R. Hajima
and R. Nagai, Proc. of the 41st Advanced ICFA Beam Dynamics Workshop on Energy Recovery
Linacs (ERL-2007), May 21-25, 2007, Daresbury Laboratory, Warrington, UK, (to be published).



35. 000U00O0O0OOUOOOOOOO (CSR)ooO 127

3.5 0000000O000DOODOOO(CSR)OOO

3.5.1 0OUO0O0OOERLUOOOOOOOODOOODOO

00000000000 0000 (Coherent Synchrotron Radiation; CSR) 000000000000
00000000000000000000000O0000000000O000000000O00000O0
0020000000000000000000000000000O000OO0O0OOOOOODO0ODOOO
gboboobobobobooooboobooboboboobooobooboobo1opsdoon
O0000000000000000 CcSROOOO0O0OOO0OOO0O0OO0OO0bOOO0OO0OO0OOO0O0BO
O00000000000000 ERLOO0O0OO0O0OCSROOO0O0O0000O00O0000000000B00O0
gboaboaboooboobobboaoboabod

00000 ERLODODODOOCOOODODODOCOOO CSROOoOOoOoOoOoOocCcSsROpDOoOoooOoOoOoOooo
00000000000000000000000000000ERLOOOO (5GeVOOD)DOD0ODO
0000000000000O0O00cSROO0O00O0OOO00O0O0O0O0OO00O0O00O000O000O0
gboaboaboogbogobobooaoboa

00000000 ERLOODOCSROO0O0O0O0O0ODODOOOOOOO0OOODDOODODOOOODOOO
O1psO0000000O0O0O0CSROOOOOOOOOOOOOOOOOOOOCSROOOOOOOOO
0000000000000000000000 ERLOOOO0O0O00O0000000000 CSROO
gboooboobooboobobbooboobooboobooobooboo

3.5.2 CSROODO

gboobooooboobooooooboooooboobobobobobOobobobooboooobooOooboon
goboobobooooooooooobOboOobobOoooboooooooooooooooobooobooon
000000000000 0000B360000000000000000000DO000DUOoooUOO
oooobooobooooobooobooboooboobobogoobD 2000b0o0oOo0obOOoDOobOobooOoooOoo
000000000000000000000B370000000000000O0ERLO 3000000
0000000000000 0000000000U0O00D0O0O0U0O0 MUERLOOODOOOOOOO
ooboobboooooobooobboooboooboboooo0ooooobbooooooooboobobooooD
000000000000o0 (N)D0UDo000DoDO0OU0o0DoOoUoo

ooooooooOoOoOoOoO0oOoOoOoOoOooOoOoooOoOobObOOOObObObOOOOODOOOOODODOBOERLO
0000000000000 0000000O0000000O000000UO0O0DOUOO0OU 2looooo

aE—L > St A4>ae—L 2 Mikst

Px N° Poc N

0336 00000000000 0000000DO000DOO00DO0O0DOOO0DOODOOODObOODOOOD
gboogoboooboobg 20000000



128 030 O0O0o0ooboooog

PHOTON ENERGY (&V)
9 0.001 0.01 0.1 1 10
10 ' | ' [ ' ’ [ ' ' T T
SR from ERL -
107 - 150MeV, 100mA, 100fs |-
1.3GHz, p=10m i
90 (H) =90 (V)mrad

INTENSITY (W/0.1%b.w.)
=}
&
|

KURR I-L INAC ]

6 - coherent TR -
10 - ]

8 [ i
107 LI -
10-10 N 1 1 |

1 10 100 1000 10000 100000

WAVENUMBER (em™")

033 Jo0bo0ooooboooobobob00bERLOODODOODODOODOOOODODOODOOD
00000000000000000000000000000000000 5x1020000000(]

3.5.3 CSROUODOOOOOOOOODODODO

gbobooobooooooobooobooobooobooooboOoooboboooboobooOooooboaoon
goopoooocsrROO0ODOOoOoO0OooOOOoOoO0DOOOO0OOOO0O0OOOO0O0DOOOOOODbOOOO
gooooooooboooboboobooboooooooobooooboooobooobooooobooboobo
gpoooogo

csROOOOOOOOOOOO0OO0OO0OO0O0O000O0O0O00O0O0O0O0O0O0O00O0Oooooooooooo
goooooooooooooOoOOOODOOO0000000000000O0OOOOoOoOoOoOggg CSr
0000000000000 BoooooooooE3o00o00onoooooooooooooo
gbooooboboooooboooobobooog

"bunch ——
1t CSR wake 1

CSR wake potential (a.u.)

-6 -4 -2 0 2 4 6
longitudinal position (o)

033 00000000000 CcSROofboooooooooooo0ooo0oooXmoooooo
gbooooboobooooobobooogooon

CSROOO0OO0U0ODO0O0O0U0ODO0O0O0UOO0O0O0NUO0 ms00000000000 6= (p—po)/po O



35. 0000UO0OOUOOOOOOOO (CSR)oOO 129

O0o00oo0ooooooooo Mo

1/6 [0(2/3))° L L
5y = =3 LCHAN 1@y a5ps TeQLo
o0 ey(p2ot)1/3 ey(p2ot)l/3

%MS:3U6E@B”2 reQ@Ly ) oy59 QLo

2on (P T AP

0000»000000000QO000000L, 000000,0000000000 (rms)0000

D000O00ODOO0O0ERLODOO (5GeV) 000000 ERL(65MeV)OOOD CSROOOOOD
000000000000000000000B@0000

(3.46)

(3.47)

O 36: ERLOOODOOOOOOO ERLOOOOCSROOOOOOOOODOOOOODOOOO

Jdd0d0n0 OdOoOoOooo RMSOODOO gooog (0)
5 GeV 25 m 2 ps 77 pC 1.76 x 107°
5 GeV 25 m 0.1 ps 77 pC 9.57 x 104
65 MeV 1m 2 ps 77 pC 4.64 x 1074
65 MeV 1m 0.1 ps 77 pC 2.52 x 1072

gbooooobobobooooboobobolpsbobbooobO0bOOODODOOOOOODO
0000000000000 000000BEUO00000000000D0O000D0o000OUO0OoOo
O0000 ERLOODOOOUOOOOOOOOOOO 2ps—0.1ps) 00000O0O0OOOOOOOCSR
0000000000000 000000O0O00oB20o0o0000ooo

3.54 CSROOOODOOOOOOOOOOODOO
00000000000

csROOOOOOOOOOOOOOOOOOO0OOOOO0OO0O0O0O0OOOOOOOOOoOoOoooooon
oobooobooobooooobooobooOoooobOoooobooooooooooooboooooboooboooon
csROO0OOO0OOOOO0OOOOOO0O0ODOOO0O0ODOOO0ODOOOODOOOOO0ODODOOODOO
obooboboooooobooboboobooooooboooboooooooboobooobooooooDooon
0000000000000 00O0000O00U0oo0O0B3ID

csrROOOOOOOOOO0ODOOOO0ODOOOOODOOO0OOOOOODOOOO0 XOFELOODOOOO
0000000000000 00 BEOoo0000000000000O0 ERLODOOO0O0U0OOOO

oooooooo
CSR kick
bw

0339: 000000000000000CSROOOOOOOO0O0O000000000000000O0O
gboboboboobooooooooooooboooooooboooboobooboobOobobOoboboboan
obooooooooooon

bunch
slices

CSR kick X



130 030 O0O0o0ooboooog

CSRUOOOOOOOOOOO

CSROO0O0000D0D000000DO00000O0O000000O00000000000000000
0oooo [o

TraFiC! 0000000000000000000000000000000000000000000
0000000000000000000000000000 CSROOOOOD00000000 oo
000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000

elegant 001 00000000000000000000000 CSROODOOOOODOO00O0OOO0
0000000000000 @O000000000 Gauwsien 000000000000000000
000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000Saldin0000 [§]
0000000000000000000000000000000 note-PCOO000000000

00000 CSROOOO0O000D0000O0000000000000000000000000000
000000000000000000000CSROOO00000 @OO00000000000000
0SADOODOO0000O0DO000O0CSROOODNONO0O0ONO0DNON0000000000

ggboooboaobood

ooooooooooooocSsROOO0OOOOOOO0O0OOOODOOOOOOOOOOoODODOOb
0000000000000 0O0O0O0 CSROOUOOoOO ooooooo

goooooooooooooooo0ooooooobooOoooo csrROUboooDoDooooooDooodg
goooooooogoOoocsROogdgoopooooooopooooooooooooooooooooo

gbooouobdbz0b0000ODbO00O0ODbO0ODO
1

x”:—%—1—5(504—50534-%[3—30]), (3.48)
000 p0000006p 00000000 D00ODdspg0000D00O0O CSROODDODOODOOODODOO
kls—s) 0000000000 CSROODOUOUODOOOOOO s—so000000x0O CSROOODO
go0o0o0oooooobooooooooooooono
0000000000000 000OocsSROO0o0ooooOoooooboo0o0oOoOoooobonD kOo0Ooo
goooooooooboooooouoooo so0obooooooooooooobonobooon

fE(l‘ x' 50 (5051.3 IQ)T, (349)
f(Sl)ZRoi,l SE"(SQ), (350)
gboboooboobobooobOobobooobOobobbo x30b0oboboooooboooooooon

gobopoboboob sxsbOO00000000000O0
OooooOoOoOoOoOoOOODOmTOODbDD poooOOO 6

cos  psinf p(1—cosf) p(1—cosh) p*(@—sinf)

7% sinf cosf sin @ sin 0 p(1 — cosf)
Rpend = 0 0 1 0 0 . (3.51)
0 0 0 1 pb
0 0 0 0 1

Ooooog
Ri1 Ry

Ra1 Rao
(3.52)

=y

|

o

o
c o~ o o
o~ o o o
— o o o o



35. 0000UO0OOUOOOOOOOO (CSR)oOO 131

000000 000000 CSROOOOOOOOOOO0OOODOOCOOOODOOOUOOn, OO0
oocsSRO0O0O0O OOOoooog

(Co(s1) Ch(s1) 0 Ly(s1) 1)7
= Ro—1 (Co(s0) Chls0) 0 Lu(so) 1), (3.53)

000 Ly(s1) 0 0<s<s; 0000000OO00OOOOOOOOOO

ERLOOOOOO0OOO0O0OO0OO0O0DODODOOO0OOOOOOO0OOO00000O000O00000O0000000DOb
oooooooooooooog (n.,n,)=(0,0000000000000000000O00O0OOODOOOO
O00000000000000o00 CSROOODO (¢,¢,)00000oooouCSROOD0ODOUoooo
O000000B40005 GeV-ERLOOOOO TBAOOUOOOOOOOOOOOO CSROOOOoOoO
oooooo

By Ny (M), T (M)

0 340: ERLOOOOO TBAOOODOOOOODOOOOOO B,00000000 4,0CSROODOD ¢
0000 [go

0000000000000 000000d0000oo0ooo0 RMSOOOODOoOoOooooooooo
aoo
% = (e0f3n + D?)(e072 + D'*) — (600t — DD')? | (3.54)
0000(ag, Bz v.) 000000000 Courant-Snyder 0000 0O0eo 000000 OOOOOO(D,D)
OCSROODOOO ms 00000000 ODODOOOO

5rms /
(D,D") = I, (2, Cs) (3.55)

ooooL,000000000460ms 0 CSROOOOODOOOOODOOOODO

3.5.5 LUUguobobooooooboo

gooooboooboobooobooboooboooobooobooooboooobbOboWooooooo
goobooooobooobooboooooobboooboobobooooooboboooooooboobooobooon
ocoooooooooobocsRO0OooooooOoooooOoOooooDoooOooooOoboOoOoooDooOo
ooboooboooboooboobooboboobooooooooooobooboooboobobooobooDbo
gboooboobooo2000000000000A0

oooooobooooo

O00000oo0ooOocsRUOd0OOOOoU0OOO0OOd(x,2)00000000O0OODO0OOOODOOOO
gbobooooooobooooboo1boboboboboobooooooooooooooooboonbann



132 030 O0O0o0ooboooog

0 (e —¢Cae=0000000000 (&, ¢,)0CSROUDODDOOOOOOOOODOOOODOOOOOUO
goOocsrRO0OO0O000DOOOO00OOOO00DODOO0O0ODOOO00ODOOO0ODOOOOODOOOO
000000000000 0o00 (OB4DoooocsROU00OO000OOUOOOOOOOOooOoOn
gboooboooboooobooOoooboooobooobboobooboooooboooobooboobooOoonooo
goopoooooog o, 000000000C000DOOO0OODOOOODOOOODODOOOO
0000000 [[0O0000000000000000Uo0Uo0D @@ oooooouoouo
gboooao

small €

0 341: 000000000000 0OO00O0DOOOO0ODOOCSRO0O0O0ODOOO0OOODOOOODODOO
gboooobooooboboooobom

gobooooboon

ERLOOOOOOOODOOOO0ODOOOOOODOOOO0OODOO0ODOO0O0ODOOOOODOOO0OOOOO
goooooooooooooOooooobo csrRO0ooOooOoOoOooooOoboOoOoOooDooOooooo
000O00o0oooOooog AV, =2nr/mneNmeNOOOmOODOOODOOOODODOOOOOO
00000000 (z,2) 00000000000 0O0O0UOOOOOOOOOOOD (G, ¢)0O0DO0OOoOo
0000000000000 BA00D0000000O00U0O00O0O0 8»/30 000000000300
0000000000000 00000oo0ooooooon [eo

gooooobooooooboooobooooobbooboooooboobobooobooobboboooDbooDbo
gbobooobooobooobooboooboboobooboobooboobooboobooooboOooog
goopbooogocsrROO0ODOOoOoO0OoOoOOoO0O0DOOO0O0OoObOO0OoOoObO0OOoOoDObOOoOoOoDOoOoOo
gbobooobooboobooboooon

go0o0ooooOoUoooooOoo0ooooo0oooDooOoooDoogOoooO csrROOOODOO
gboboboboobobobobooboobooobooooooooooboooooboobOobOobobon
gboooooboooooog

3.5.6 UU00OOOOOOOOOO

csROOO00O0O000O0O0O0O0O0O0OOOOOOOOOOOODODOOOOOOOOOOOOOO000O0
gbooobo2000000000000000O00O0O00DOO0O0O0OO0O0DOOOOODOOn

M = % (%)3/2 % (3.56)

goooog
ns > 1, 000000O00O0OCSROODOOOOODOO

ns ~ 1, 0000000 CSROOOOOOOO0O
ns < 1, OO000O00O0O00O0O0O0O0DOO0000



35. 0000UO0OOUOOOOOOOO (CSR)oOO 133
30 10 T —
50 Y]X e Imatn);
”””” elegan
25 50 ——
o g = [
N £ == [
- 20t S I T o N O O
z £ [ L | |
E o o'r“\\‘“ “ | H | ‘ U ‘
- E L . |
o <& J g | ‘ | ‘
“ e e
01 RJ LALL
-5 . . . . . . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60

s (m)

0 342: ERLOO0OOOOOOODOOO0OO0ODOO0OOO0OO0OOoooobobooooobooooobooo
O0O00oO0o0o0oooo (8/3)yr 00000003000 TBAOOOOOOOOOOODDOOOOOODOO
000000000000 0000000 3GeVOOOOOO 770pCOOOOO 100 fs 00 [6]0

00000000000ADO20000000000p000000e, 00000 (rms)0000O0
00000000000 000 CSROOUUO0OoDO0oooUooooUooooo RMSOOO B46)0
B4)oOo000OU0000O00DO00DOOBAULOOUO0D0DO0D0O0DODOOOOOO0OOOO RMSO
ooboooooooooooOoooooooo0oOoOoooooOooDOObOOoOooooDbDObO csrROoOoOoOoO
ocoooooo0o0oooo0ooOoobo0o0oopooo0OooDoodoooooOoooDoogocCcsROOoOOd
gbobooboobooooboboooooboooobobooooboon
0000000000 (§),0drmse 00000000000 00O01<n,<1000000000000

0oooooo
(9)

L~ 4,205/ exp(—2n,) (3.57)
(0)o
b}
—BEMS 17601 exp(—1.60n, + 0.0975n — 0.002467) (3.58)
ORMS,0
1.2

<6>’6RMS

10

0 343: 0000000000000O0OO0CSROOOOOOOOOOOOOOOOOO (6O RMSOO
0 érvs 00000000 0000000000000000D0000000O0 CSROO (6,000
oooooooo



134 030 O0O0o0ooboooog

35,7 ODO0OODOERLOOOOOOOOCSROODOOOOOOOOO

oo0oo00ERLOOOOOOODOOOODOOOODOOO CSRODOOOOOOOOOODOOO
00000B3000000000000000000000000000000O000000O00o0O00
csROOOOOOOOOOOOOOOOO

O000O0 ERLOOOOOOO200 1800 TBAOOO (TBA; triple bend achromat) D0 0000
gboboooboobooooooooooooooooooooooboooboboobobooboooboooooo X
goooboooobooboobobobobOobobobobooooooboooobooooboobooDOoo
oooooOoOoOoOoOo cspROoOoOoOoOoooOoOoOOO0oO0OoOOooOoOoOooooOoOoOoooOoOooooon
O0ooQoOoOoOoOoD0OO0OD0 ERLO TBAOOOOOOOOOODODDODOOOOOOOOODOD 2000000
000(Q)TBAOUODOOODOOOOOTBAOOOOODOOOOODOOOOOOOOO((2) TBAOODO
000000000000U00o00o0o00o0o0O0o(2)DUo0DoD0oUD0OU000O0DOo0DOooDooUoOUD
O00OOelegant 0000 CSROOOOOOOOOOOOOODODODOOODOOOOOCOOOOOOOO
0000000000000 000oooooooOg 77pCO0O00OO 1ps(rms)J0000OOOODO
0.1l mm-mradd 0000000 65-200 MeV OOO00O0OO0O0000CO0OO03000000Rss=0000
gbobobooboobobooooooooooboooboobobobobOoboboboobobooboon
0000000000000 U0o0U0oB4Uuo0o0oooUoo0UoooooUoB4AUoooon
goooooooooboooooo0oOoooooooOoo csROopgooooooooooDoooooo
gboboooog

. 25
-@ — not-optimized
S —— optimized
E 2 initial emit (0.1 mm mrad)
3
15
g
g 1 \\\\\\\\
B —
N
T o5
S
e \,A\
0 I I | I I I
60 80 100 120 140 160 180 200
Electron Energy (MeV)

0344: 00000 ERLO 18000000000 OOCOCSROOOOOOOOOOOOOOOOOBOO
gbobooobooboooobooboooooobooboooooooo0oooboooboooooooDn
go0opDooOoopoooD 7mpCO1psODOOO



3.5.

000000000O00oOoooO (Csr)oon 135

12 ‘ T
— not-optimized
—— optimized
——initia_SigZ (1 ps)

=
[N

Bunch Length (ps)

o
©

0.8 L L L L L L
60 80 100 120 140 160 180 200
Electron Energy (MeV)
0 345 00000 ERLO 18000000000000CSROOOO0O0O0OOOOOOOOOO0 77pCO
lps 0000
oooo

[1]

“ObooooooobooOoOoOoOoO0oOoOooooOobOboOoOooooor,DoboDbD,0000,0000,0
obooooood, 20030 10.

“0000000007,0000,000 2, pp. 11-19 (2005).
“Microbanch Radiative Tail-Head Interaction”, Ya.S. Derbenev et al., TESLA-FEL-95-05 (2005).

“Simple method for particle tracking with coherent synchrotron radiation”, M. Borland, Phys. Rev.
ST Accel. Beams 4, 070701 (2001).

“Calculation of the noninertial space-charge force and the coherent synchrotron radiation force for
short electron bunches in circular motion using the retarded Green’s function technique”, B.E. Carl-
sten, Phys. Rev. E54, pp. 838-845 (1996).

“Overview of CSR codes”, G. Bassi, T. Agoh, M. Dolus, L. Giannessi, R. Hajima, A. Kabel, T. Lim-
berg, M. Quattromini, Nucl. Instr. Meth. A557, pp. 189-204 (2006).

“Using TraFiC4 to calculate and minimize emittance growth due to coherent synchrotron radiation”,
A. Kabel, M. Dohlus, T. Limberg, Nucl. Instr. Meth. A455, pp. 185-189 (2000).

“On the Coherent Radiation of an Electron Bunch Moving in an Arc of a Circle”, E.L. Saldin,
E.A. Schneidmiller, M.V. Yurkov, Nucl. Instr. Meth. A398, pp. 373-394 (1997).

“Calculation of coherent synchrotron radiation using mesh”, T. Agoh and K. Yokoya, Phys. Rev.
ST Accel. Beams 7, 054403 (2004).

“A first-order matrix approach to the analysis of electron beam emittance growth caused by coherent
synchrotron radiation”, R. Hajima, Jpn. J. Appl. Phys. 42, pp. L974-1L976 (2003).



136 030 O0O0o0ooboooog

3.6 UOOOO
3.6.1 0OO0OO0OO0OERLOOOOOOOOOODOO

ooo0o00o0ooo0o0o0O0ODO0OERLODODOODOOODOOOODOOOODOOOOODDOOODOOODO
oo0ooooo0oooooOOoo0oooooOoOo0oooDbOObO00oOo0ooooODO0O00 ERLOOOOO
gboobooooOobooobboobobOO0oO0obD ERLO0oOo0oboooboooboobooobooobooon
gboooobooooooboooooon

e 00 ERLODOOOODOODOOOOOOODOODOOOOOODOODOOOOOOODOODOODOO
000000000 1074108 Pa0 0000000000 DOOODODOOO

e JOO ERLOODDDOOOODDOOOODOOOODDO

e JO00D0O0OOO0ODOOOUODOOOODOOOODOOOODOOOODOOOOODOODOOOOn
ooooog

3.6.2 U00OO0OO0OOOOOOn

ERLOODOOOOOODOO0ODOO0ODOODOO0OODOOOOO0OO0OO00ODO000oooooooooooon
00000000000 0o0000o0U0o0O000O0O0oOoO0OU [M2Iboc00oC00000o00ooOoOo
0000000000 Ofast ion instability B 0000000000000 O0OOOOOOOOOOOOO
goooooooboooooooobDooooERLOOOODODOO0OOOO0OO0DDOO0OO0DODOOOODOO
00000000000 D0000 ERLOO0O0O0ODO0O0D0O0O0O0O000000000O000000O00bOOn
0000000000000 0O00D000bOO0D0DO0OD0O ERLOODOODOOO0ODOOD0OOoooOoooad

ERIOODOODOOD0O0OODOOODOOOOODO0O00DO0ODOOooDooooooboobooooboooooon
0000000000000000000000000 (ionization time) 00000000 (neutralization

time) 00000
1

oidmfBc’
goooooboodbo d, 000000000000, ;0000000000 DOO0OO0O0O00O00O0OBcO
00000000000000000000000 107" Pal0 COOOOOOOODOOO 100MeV OO
gooooboooooboooouobooodgo

gobooooooooobobooodoooobo oo b0 o0 n, ooooo
00o000000000000000 04,0, 0000000 rms. 0000000000000 4,0
0Z0OUOODOOOA/Z>A.000000000000000O0O00OO0O0OOOOOOOOO0O0O A.O
ooooo

(3.59)

T =

N T N, T
280y (0, + 0y) 200, (0, + 0y)
|:||:]DDTPDDDDDDDDNbDDDDDDDDDDDDDDDDD ERLOOOOOOOOOOO
000000000000 odoo0oooooooooDoooO100mADODODODOODOn
1.3GHz 0000000 100100y mO0000000000O00O0O0ODOO 1000000000000 0O000
goboooobooboobobooboobobooboobDbooboobDboobO0 W Ooboooo
go0ooooobooooooooooooobooobooon

A, = Max , (3.60)




3.6. 0O0OODO 137

1 1MHz, ImA

Critical mass A

1 130MHz, 100mA
3 130MHz 10mA
1 1.3GHz, 100mA
i 1.3GHz, 10mA

10°

1
1
F
s
3
F
F
:
F
:
3

10° 10
rms beam size ¢ =c = S, (m)

0O 346: OO000ODOOOO0ODOOOO0OOODOOOOOOOO0ODOOOO0 ERLOOOODOODOOO
oboboobOoboooooboooobooboooooboooobooboooonog

gtbdoolddodoooobdooboobouooboobobooboooboooboooooag
0000O000oDOOo0oooOoo0obOoooooo0oooooOoooooMDOODOO0oO0ooOOoOoon
afuafulsls o
oy(oy +0y)
oy(0z +0y)’
ooooooooodooooooooog o, 0, 000000000 a;,a;DDDDDDDDDDD
0O (-\)000000000O0O000OO0O0O0DODOO0O0OO0OO0OOOO0ODODOOOOOODOOO
o000 b0 oo oo oooooooa
0000000 0OPF25GeVOOOOORFOODOOODOOOODOOOOOODOOOOO 1000000
oot oooobo oo b oooobooooooa
dbofdddobobooobooooobooooobooooO oo b0 o000 oooOo LD ooobooooOoo
gofddoboboooboooooboooobooooboooooooobOb0ooobO LD ooooboooon
gdodooboooobdooboobooooooobuoob oo obLoOobDoOobouOooo
bbb ooob b oo ooooouoooon
gobbodddoobboooooobobo0oooo oo bL0bOboooOooooo
ERLOODOO0OOOOO0O0O0O0OO0OOOOO0O0O0OO0OOOOO00oOoObOooooooobooooon
000000000000 oooOo000ooooOo00oooDooo0o0oooDoooOo zOooooo
000000000000 (0000000000000 0000O000O0OO00O0O0O0O00

A < Ae (361)

Te B B
(mﬂm:%w%écﬂ@+@ﬂ& (3.62)
goocoooodbooor,0000DO0ODOOyODOODOOOODOODOODeOODOOOB, O000DOO
O0o0000o0oo0oo0oo00o00 LOooo0oo0oooooooooooooboooo (y)DDDDDDD
00000 B62)0 0 y000000000000D0OO0O0O0DOOO0ODOOODOOOOUOOOOOD
0do0o0o0o0doOobO0obO0ooOOo0bOoboOodbOobDo0 g, 0000000DO0D0O00DOODO0OODOO0OO
O000000000000000000000 fu(s)=X(s)/X (00 sOO0D0OOOOOOOOOOOO

ooooo
rod

Avg ).  ~ —————
(A2 )ion 43 cee,

(fe) L, (3.63)



138 030 O0O0o0ooboooog

00000000000, 00000000000/ 0000000000O00000 ERLOOOOI=0.1 AO
sn:10_6m~rad|]L:100mDDDDDDD(Aui’y)iOHN46<fe>DDDDDDDDDDDDDDDD 0.1
000000000000000000002x1030000000000000000000000O0
gboboobobooobooboooooooooooooboooboobOobOobOobobobobooooon
gobooobobooooobooooboboobooobooo

OO00O0O0O0O0000000000000O0DOfastioninstability 0000000000 OCOCOOOOO
oo0bOo0o0o0ooOoOO0oO0 ERLO0ODO0OO0O00O0OOO0O000OOO000OOO00ODOOO0ODOObOOO00O

obooob ERLOOOOOOOOOOOOOOOODOOO0OOO0O0OO0O0OO0OOO0O0OO0DOOO0OOn
00000000000000 ERLOOO0O0OO0O0OO0O0000000000010° 8 Pa00000O0OO0O0O
gbobobobobooooooooooooboooboooobobobOobobobobobobooooo
gooooooooooobOoo0oOoooDOOOO00 ERLOODOOOODODOOOOODODOOOOO
gooooooobboobooobobooboooboobooobooobooooobooboooboooobooooDooo
gbooooooooooooo

3.6.3 UUOUOOOOOOO

o0o0o0oooooooooooooo000000ooooo0o0o0o0o00000ERLOOO0O0O0O0O
oboboooobooooboooobooobobooobooobooOoooboooboOoobOoobooboobooooo
0000000000000 0O0000 MoOo0D0O0D00O0000000U0O0D00 ERLOOOOOO
gboboboboboobooooooooboooboooobobobobobobobobobooooo
gbbooooboooobooboooobooooboobooobooooOooobooboooboooobooobooon
gbooobooobO0o0obO0o0 ERLO00O00bO0ooboooooboobooboobooooooboobo
gobooooboooboooooboobooboooooboooboobobboobDOoooOOoobDOooDobbo

ooboooooo0oooOoo0ooOoOooooooo0ooo0ooO0o0oDObOO0oDO0ODOO0b0b0OO RED
0ooooos010%000000000000000000000000U00O0UOo0O0oUooOoOn
0000000000000 oooooooooooooooB4a0000000oooooon
000000000000000 1.3GH2 0000000000 77pCO0000OO 50ns010%0000
000000500 ns000000000000O00O00O0O0UO0OOOO0OO0OUOO0OBAROOO [HO
0000 ERLOOOOO0OOOCOOO0O0IOlmmO00000O00O0O0O0O0OCOOOOOOODOOO
gooooooooboooobooboooboboooooooooobooooboboobooooooobooDoo
gbobobooboooobooobooboboooboobooooooooooboobobooboooog
gboooobooooboobooooobooog

L1

0347 00000000000




3.6. 0O0OODO 139

2 MHz, 10% gap

)RR YY BT TY
i , i ”
40 .

T
N .*-. i '_
20l =; Loy :;l ‘ l |
Unstable o . '!! ]

1or ! ..8°"'s:! ; "
SR 3'?3?.’.'2
1E-6 1E-5 1E-4 1E-3

r.m.s. beam size ¢ (m)

0 348 10%000000000000000O00O0O0O0O0O0UODOO0OOOOOOODO (A/2)0booo
OoooogoooooboboooooDs00nsdOOOODOOOO0 mTpCO0O0ODOODODODOOOOOOO
goboboboboooobobobooboboooobobooobobobobooboobobooboobo

00000000 ERLOOOOO0OO0OOO0O0D0000000000000000 ERLOOOODOOO
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
0000 @0

0000000000000000000000000000000 0000000000000 10%0
000000000 2MH000000 100mA0O0D000O000000000000000000EZY
O0O0ORFODDOOOOonaest0 0000000000000000000000 RFOOOOOOO
E4U00000000000000000000000000000000000000000 0.4%00
000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
RFODDO000000D000410MHzO0O0OOO0000000000000000000000000
00000 filling timed T} = 2QL /w0 000000000000 RFOOOOODOD

AV, ~ wres(R/Q)Qb ng(np — ng)
Ve 2V; Np 7

(3.64)

0D000000000 ng, n, 0000000000000 0O0D00 RFOOOO0000Ow, 0OO0O
000000¢, 0000000000000000000000000000000 R=V2/P.O000O
000 @64 0000000000000 0o000o00oo0o0o0ooooUooUooUoooo
oood



140 030 O0O0o0ooboooog

2 MHz, 10% gap

5.05 T T T T T
Gap
1) 5.04 B ) (50 IIS)_
Bunch train (450 ns) ‘ |
5.03F ]

5.02

>

SOU Av v = 0.4%

Total cavity voltage V (MV)

5.00 N 1 N 1 N 1 N 1 N 1 N 1
0 100 200 300 400 500 600
Index of rf bucket n

0 349: 0000C00O0C0O00DOOOO0O0ODDOOOOOncrest0 000000 SSMVOS00 20000
000000 R/Q=2009,QL=5x10000000000000000000 2MHzO10%00000
gboooon

gboooooooboooobooboo RFOODODOOODOODOOOOODOODOODOODOOOD
gobobooobooboobooobooboooboobooooboobooooboobbooooOoobooDbon
o00o0oooo0o00o0oDO0O00000D00 KEKBOOOODODOOOOoooooooooooooooo
gboboooooboooooboooobobobooob0obobooooboooo

gooooooboooooboooobooboobooboooooboooboOoboboobboObbooboboOoo
00000000000000000000000000000 MODOO0D0OD0O0D0O0O0O0O0O0O0OOOo
gbobobobobooboooboobooooooboooooooooooOoooboobOOobOobobobooooon
oboooo

goooooooooboooooooboooobooobooobooobboooobDoobooooboogoo
gbboooboooboooboooboobobooboobooboobooobooooboooboo 200000
FERLOOOOOOOOOOOOOOOOOOO0OO0O00O00DO0DO000 ERLOOO0OO0O0O0O000d
goboooooooobooboooboobooooboboobooooboobooobobooooboboboooo

good

[1] DO0O0O0000000DOO0Neutralization of Accelerator Beams by Ionisation of the Residual Gas”,
Y. Baconnier, A. Poncet, and P. F. Tavares, Proc. CERN Accelerator School, CERN 94-01 (1994)
Vol. 11, pp. 525-564.

2l ERLOOO0O0O0OO00OO0OO0O0 “lon clearing in an ERL”, G. H. Hoffstaetter and M. Liepe, Nucl.
Instr. Meth. A557, pp. 205-212 (2006).

[3] O OO0 “Fast beam-ion instability. I. Linear theory and simulations”, T. O. Raubenheimer and
F. Zimmermann, Phys. Rev. E52, pp. 5487-5498 (1995).

[4] “Ions in ERLs”, G. H. Hoffstaetter, Proc. of the 41st Advanced ICFA Beam Dynamics Workshop
on Energy Recovery Linacs (ERL-2007), May 21-25, 2007, Daresbury Laboratory, Warrington, UK,
(to be published).



3.6. 0O0OODO 141

[5] “Investigation of Bunch-Gap Effects for Curing Ion Trapping in Energy Recovery Linacs”,
S. Sakanaka, Proc. of the 41st Advanced ICFA Beam Dynamics Workshop on Energy Recovery
Linacs (ERL-2007), May 21-25, 2007, Daresbury Laboratory, Warrington, UK, (to be published).

[6] Andrew Hutton D0 0000 [2] O Acknowledgements O O O

[7] At Mini-Workshop for ERL under the collaboration meeting between CLASSE and KEK, March
12-13, 2007, at Cornell University.



142 030 O0O0o0ooboooog

3.7 000000000 0ODOOO0O0DOOOO00 (RWBBU)

3.71 0O0O0OO

0000000000000 (ERL:Energy Recovery Linac) 00O 00000O0O000ODO0OOOOOO
o0o000ooo0o000ooo0omAO0O0O0OO0OOOOOOOOOOOCOOOOOOOOOOOO0O0O0
oo0oooooOooo0oOo0oo0oOo0oooo0oooo0oooooooooooooooooon
O0o0o0o0oo0ooOoo0o0ooo0oO0oo0oo0ooO0oO0o0oo0ooo0oo0oo0oooooo
(RWBBU: Resistive-Wall Beam Breakup) 00 0000000000000000O000O0O0OOOERL
oo0o0ooOoO0ooooooooOooooooooo

3.7.2 0OO00OO0OOOOOODOODOO

goooodJdoooyoooogog e00O0OD peOoooOOOODDODOOOOOOO0OOOOO0O0O000d
0000000000000000000000000000 (impedance) D 000000 (wakefunction)
gbobobobooooooooooooooooooboobobOobobOoboboboobooooon
0ooooooooo [mo

—i

Zilw) = meoch® {A(1+ 25 ) - %} (3.65)
0= ZOONOb ) — SO0+ DN 566)
JIA)N1(A(b+d)) — J1(A(D+ d))N1(Ab) '
_ i+ sgn(w) 2
OXx= 5 ( = au0|w|> (3.67)

0000c, €,w, s 000000000000000C0C000COO00skin depth[ Ji, Ny, Jo, No 00O
00000000000000sgn(w)000000000000000000000

b
Ab>1, |Ad> 1, |M>ii (3.68)

000000000000 @) 0000000000 O Zzo,0oooo

Zyd .
ZJ_(LU)22 & {sgn(w) —i} (3.69)
000000000000 00000000000000000000000000BR0000000
0 @Ee)0000000o0o0o0oooooooooo
gdobodobooodoboououooooboobouoooobooon

W4z<m:5;/224@awﬂw; (3.70)
iﬁm&wgmmmwkmu (3.71)

0000z2(<0)0000000000000000O000OO0O0ODO0OO0Ot=12|/c000000000O0O
0000000000000 0000 @Y UOOULDOOODUOODO (ODODUOOO)OODUOODOtOO
gboooobooobooog

1 CZO
mb3t/2 N wo

000000 @6 00000 ¢+0000000 fO000000¢t000O0O0OO0OOOOOOOOO0

Wo(t) =— (3.72)



37 00000O0O0O0OUOOOUOOOOOUOOOO (RWBBU) 143

2 b2
T <t 2 poob?, t < 2mpood? (3.73)
c UZO

0 @E@)U0000o00000d00000o0oU0o00000o0oUL0 7p000000DOO0ODODOOOOO
gbobobgobooboooooboboboboboboboboboooobooboboobooooobaon
000000000000000000000000000BBA0 0000000000 ooooooon
gboboobOoboooobooooooboooon

5.4 x 107" < tsec] < 1.1 x 107° (SS pipe, b =3 mm, d =1 mm) (3.74)
7.6 x 1071 < t[sec] < 1.1 x 1072 (Al pipe, b= 25 mm, d = 6 mm) (3.75)

0000000000 ERLO0OO0O0O00O0O000O000O0O0O00UO0O0ODoU @ea)0ooooo
000000000000000000000000000000000BRIU 00000000 UoOOn
0000000000000 00000000 @@2)0000000000U00D0D000o0DoDoUOoOo
000000000 00000 @2 0000000000000 oo0o0ooUoooooUooo
obooooobooooooooon

101
10°
107
105

T T T T T T F T T 17
1
’

I

& 108
£ :
a 1o
10
N,
2 103
a s |77 Re[Z,](b=3mm, SS)
B Re[Z,](b=3mm, d=1mm, SS)
1075 - Re[Z,](b=25mm, Al)
107 | Re[Z ](b=25mm, d=6mm, Al)

10.1 1 | | | | | | | | | | | | | | | | |
103 10" 10° 10® 10° 107 10° 10" 10" 10V
Frequency[Hz]

0 350: 000000000000 DOOO0000000O0ODODDODO0000000ODODODmMDDO0O
000 @Beyoooo

3.7.3 RwWBBUOOUO

ERLOOOOOODOOOOOODOOOOOO0O0ODOODOOO0O0ODODOOO0OO0O0OMDOOOOOOM >20
gbooooOooooooboooooon

Y1 (s) + Ky(s)yi(s) = 0 (3.76)
M-1
/" a(s)
() + Ky (umls) = 3 —2yns) (M > 9) (3.77)
Vit ym Nz::l ———yn
e2N, c e cT
“= }JJV N 7570 - %g\/ 7570 (3.78)



144 030 O0O0o0ooboooog

Oo0d0ywm, 8, Ky, N, EO0 MOOOOO0O00000O0O0O0O0O0OOOOOERLOOOO0O000O00O0O
00000000000000000Ig0 eN/rp 000000000000 O0OO0ODOOODOODOOO
00000000000 0o0O0000o0O000000000O0O000O0oO0O0O0OD @B oooooo

@Io) 000 @r0)000000000 (B0

7 _ CL(S) yN(S)
wm(8) + Ky(s)ém(s) = 2 =7 (M > 2) (3.79)
oOooo
&A@E@ﬂﬂgﬂﬁl (3.80)

0000¢0 MOOOOOOOOOODOD0000000000000000000 g 000000
00000000000000000000000000000000000000000000000
(¢ <1),000000000000000000

”(S)Rﬁ%§:1443ﬁfl—ny(s) (3.81)
M A= VM =N Yoo -
~ Qma(s)w (M > 1) (3.82)

Yoo

00 y4,(0) = 1,(0), yar(0) = y1(0)(= yoo), a(s) = 000000t~ Mrp 0000000000000

Enr o at'/? (3.83)
~ 051/2673IBE71T]13/2]51/2 (3.84)

gbobooobboboboboboboboboboobooboboboboboooboooboboboobo
000000o000o0oU0o0o00ooO0o0 1/200000000000000000O000O000OOODO
0000000000 @B8)000o0oooo

000000 yu Oy OODOOOODOOOODOO0OOMOOO0O0O0O0O0O0O0O0O0DOODODDOasymptotic
expression 00000 @) 0 0000000000000 @MOo000000oU0OooOooOooOoooooo
gobobooboobobboobooboobuoobobyobbobbOobO0oDbOO0ObLODOOD

Enm(s) = yuls) _ L (tvr " B exp ) (3.85)
M Yoo 5V 2 t 13393 tNF '
5
_ 7B 4 1
MF:4WQJ = (3.86)

0 @E)o0ooio0oo0o0oUo0oo0o0ooo0o0oUo0oo0oooDooooooOoo
gbooooboobooooobooooboboobooboooobooboo

3.74 RwWBBUOUOUOOOOOO

RWBBUOOOOOODODOOOOOOOOOOOODDODDOOOODODOO0OO0000000000DDOO
0000000000D0000000D0000D0D000000D0D00000O0D00 PBo0D00o
000000000000 000000O

00000000000000000000000 (b=3 mm, 0=1.4 x 105 Q~'m™!, L=56.44 m) O O
00000000 yw O0O000000000 (E=60 MeV, Ig=100 mA, frr=1/73=1.3 GHz) 000 O
0000000000000 0D0OBEI0D000000000000000000000D0 ERLODOO



37 00000O0O0O0OUOOOUOOOOOUOOOO (RWBBU) 145

0000000000000 00000000000000000 v 100000000000000
00000000000000000000000000000000000000 ¢=1.5 us0 M=2000,
t=M7rp000 3o 00 450000000y >70 pm 0000015000 RWBBUDOOODOOOO
00000000000000000000RBAI00 @8 00000000000000000000
000000000000000000000000000000

Bunch Number M

Position Displacement at Exit due to Wake

{.YM(L)')’I (L)}/yoo

50 —

10 L

500

1000

40 |

Simulation

— — - Asymptotic expression

1500

30

20 |

10

0.5

1

1.5

Time ¢ (=M7y) [us]

0351: 000000000000000000O00O00OO0O0O0O00O0O0O0OO0O0O0O0O0OO BXRY)
gooooobooog

0000000 ERLOOOD0ODOODOO0O00000000RBA000000 ERLOOOOODO0
00000000000000000000000000000000000000000000000
0000000000000 00000000000 40 100O00OOo0Ooooooooooooooao
00000 (E=60 MeV, Ip=100 mA, frr=1/73=1.3 GHz) 00 0000000000000 O0O0O00ODO
0000000000000000000000000 (b=25mm, o =3.5x 10" @ 'm~!, L=56.44 m)
000000000 3700000000000000000000000D00000O0000O00O00 @

BARE

ARBLE BTG

035200000 ERLOOOOOOOOOOOODOOO0OO0O00O0D0OAO0

OB 0000000000 OFFO0O000O0UO0DD0O0O0UO0UO0DDoOOoooUoooo
O0000000000000 1/2000000000077 wus00M=10000000000000000 yoo
03000000000000000000000000000O000O0D000U0 ERHoOoooooo
00000000000000BX000000oo000o0oooooonoo0n M OO0 M=10000,
M=1000000 O¢=7.7 usOt=77 us 00 000000000000 OCOOOOOO0OOCOOOOOO OFF/ON



146 030 O0O0o0ooboooog

goooooooooOoooOoOoooOooboooooNfgO0DOOO0ODOO00ODbDOOODOODOObODDOO
gbooooooooooobo0obooboobooboobooboooobOoOt=rTrus0ODooooo
0000 1000000000 OFFOOOOOODO 1/300000000

Bunch Number M
0 20000 40000 60000 80000 100000
§ Ml 77 7
§ I Q-magnets Off
}
2 I
E 0.05 [
= el
2 £ i oc 112
== Ly
RS F )
- \
e 2 'O
ES \ Simulation
g = \ — — - Asymptotic expression
= D N
[=% B ~
2 -0.05 S
a - SN
s L T T ____]
2
=
wv L
g _0.1....I....I....I....I....I....I....I...
0 10 20 30 40 50 60 70
Time ¢ [us]

0 353: 00000000 OFFOO0O00DOOOOO0ODOOO0ODODOOO0ODOOOOODOOODODODODODO
0000000000000 000 B)U00O0O0U0C00O0O0D @8)0OoU0ooOooooooooo
gboobooooooono

OB5000000ooNIO00O0N000000O0U0O0000U000o0UO0oOoUooooUoo
0000000000000 00000000000000000000000000DoOo00Oo00 —1/2
000000000000 0000O000000000000D000O00O000D000O0oOO /2000
0000000000000 B¥)0000000D0o0O00Uoo00oUOooOoOoOoUooooUooo
000000000 @3)oo00uoo0o0oooouooooo

OBX000000000000000000000 Lip=10m, 0000000 bip=10 mm, 000
gboboboobooooooooobooooboboboobobOobobOobobobooboboooo
000000000 BROODODUDD0O0O0O0DUOO0O0O0UDO0O0O0UD0O0O0O0OUDBEGa) OO0
gboboboboobobooooooooboobobOobobOobobOobOobOobOOobDOobDOoDbOoD
O00BSE(b) 000000000000 00D00K,=1m™?0000000000000000000O
gboobooooboobooboooboobooooboobooboooboooboobooboOoboboono
gboboboboboobobobobobOoboobOobOoboboOoOooboooobooooooboOoboOon
00o0000o0o0oo0o0o0oUo0o0ooUoO0oO0oooO0o0oooUooDoooDoOo BEeo

3.7.5 0O0O0O0OO

0000000000000 0000 @2)0000000000000000 E@)o0ooooo
gbboooobooobooobooboobooooboobooooboooooOooboobobooobooOoooboooa
@) 0000000000000 000000000U000oO00o0oO0U0oUOoOoUoooooOo
goooobooooooooobooboobooooobooooobobbobooooobooobboobooOooDo
gbooooogooo



37 00000O0O0O0OUOOOUOOOOOUOOOO (RWBBU) 147

2 0.035 o
15 (@) 0.03 g
- — Initial Orbit ‘ - -
- 1 0025 < ©
s 0.5 002 = 2
52" —— M=100000 e 5
= - e =0
E 3 0 M=10000 0.015 ;; g
£ .05 1001 = o
L S N e L R NSOt < £
a VT 0.005 = ©
15 e M 0 ;
2 -0.005 £
0 8 16 24 32 40 48 56 2
s[m]

2 @ ‘ 0.02 o
1.5 R : : 0.015 =
Initial Orbit| — M=100000 . -
= 1 \[ A [ I M=10000 | 001 o <
£ =05 \ — / A 0.005 = §
,9 = h,k """""" S A \/ ,\<,\ Ho + £

< 2 \'7 N —
53 = VA
2 S -05 0.005 = o
XU I
=]

15 -0.015
2 -0.02 §
0 8 16 24 32 40 48 56 2
s[m]

0 354: 000000 () OFFO (bh)ONDODOOOOODDOOOOODOODOOOOODOOOODOOOO
O0o0o0000M =10000, 0000 M = 1000000

o Bunch Number M ° Bunch Number M
=< 0 20000 40000 60000 80000 100000 i) 0 20000 40000 60000 80000 100000
= 0.01 : : : : ©8 g 0.002 : ] : : 513
2 F (a) ] - (b) ;
° 0 17 < 0 112
'g [ ] -"é’ b bl
E g -001f =6 = o -0.002 SRUIE-Y
H L : 1 m 55 \ Ratio(100mA/10mA) |1 8
= = : 1 &8 RX 1 2
8 Q -002f 155§ 35 0004 110 2
g = ¥ RatioSS/AD |1 5 B < 1 5
g Q -0.03F 142 & X 0006 19 >
g ¥ 1 » 5 sg 7 2
< [ 1= Q ]
= = 004f 13 = 2 0008 —— I;=100mA 13 E
2 : —— Al(0,=3.5x107) T 2 — I,=10mA T 2
g -0.05 — SS(o,=1.4x106) 12 = -0.01 17
o L =] ]
e L 4 .- 4
g -0.06 C 1 1 1 1 1 1 1 11 'E .0.012 1 1 1 1 1 1 1 1 6
[ 0 10 20 30 40 50 60 70 £ 0 10 20 30 40 50 60 70

Time #[us] Time #[us]

0 355: 00000ONODUOOOOODUOOOOOUOUODO0OOOO (p)D000O0O0D0oooooo
(h)0OOOUOOUOOO(a)UOOODOOOO0OOO0OO0OO0O0OoAIODOODOOOOoOoSSsooooMmoooo
o000 100mAD I0mMAODOOOCOOOOODOOOOOOODOOOOOODODODOOODODODOOO
goooog



148 030 O0O0o0ooboooog

2 004 O
(a) A \ 5
1 —— M=100000 A 0.02 c
5 ----- M=10000 /\ / fall=)
z ’ ) T 4
2 <\ = AR i s Z
5 § 0 NN y \/ o 0 : E
R Yo = 5
g =1 : 002 2 2
= [ — Initial Orbit | D \ 58
-2 ID Section 004 - =
..,
N 0.06 =
0 8 16 24 32 40 48 56 3

s[m]
2 0.04 @)
(b) /\ ’_‘—‘ }\% 3
1 \ — Initial Orbit 0.02 . 5
~— e i B =
£ s Jk / = S
5 0 T S S === 0 < =
S & \&\/ Iz
= e = &
g =1 002 2 2
£ -y —— M=100000 -
- ID Section | | M=10000 s °
2 1.004° 2
=
3 006 =
0 8 16 24 32 40 48 56 &

s[m]

0 356: 0000000000000 00O000OO, ip=10mm, Lip=10m)0000000000(a) 000
000000000000D00K,=0m™200 (b)0DO0O000OO000000000D00000K, =1m™20
obooobooooobooobooOoobooobooobobOOo0oobooOgM = 10000, 0000OM = 1000000

good

(1] 00000000000000 (ERL)O000000000000000,00 00,000000
000000000 (2007), pp. 640-642.

[2] “Study of resistive-wall beam breakup”, N. Nakamura, Proc. of the 41st Advanced ICFA Beam Dy-
namics Workshop on Energy Recovery Linacs (ERL-2007), May 21-25, 2007, Daresbury Laboratory,
Warrington, UK, (to be published).

[3] “Simulation study of resistive-wall beam breakup for ERLs”, N. Nakamura, Proc. of the 2007 Particle
Accel. Conf. (PAC-2007), Jun. 25-29, 2007, Albuquerque, NM, USA, pp. 1010-1012.

[4] “Cumulative beam breakup due to resistive-wall wake”, J. M. Wang and J. Wu, Phys. Rev. ST
Accel. Beams 7, 034402 (2004).

[5] “Reduction in Resistive-Wall Impedance of Insertion-Device Vacuum Chamber by Copper Coating”,
N. Nakamura, Y. Kamiya, T. Koseki, Y. Takiyama, K. Shinoe, M. Fujisawa, Y. Hori, S. Mandai, M.
Oishi, Proc. of the 1998 European Particle Accel. Conf. (EPAC-1998), June 22-26, 1998, Stockholm,
Sweden, pp. 984-986.

[6] “Development of Copper Coated Chamber for Third Generation Light Sources”, H. Sakai, I. Tto, H.
Kudo, N. Nakamura, K. Shinoe, H. Takaki, M. Kobayashi, Proc. of the 2005 Particle Accel. Conf.
(PAC-2005), May 16-20, 2005, Knoxville, TN, USA, pp. 2633-2635.



3.8. DO00O0O0OO0OOOOOOOOb0OOO 149

3.8 UOOOoooooobouoooboo
3.8.1 0040

gbobooobooboooooooooboobobobobOobobobooboboobooOoobOoOooboon
ooo0oo0o00o0ooObO00oDOoO000oDOOO000ERLOOOODOOOOODOODOOOODOOO
oboboooobooooooooooooobOoboboobobooboobooobooooboooooonoo
goboobobooooooooooooooooboboobooboobbooobobobobbbOoo
O000D0O0000000000000000D00O000000O0Touschek OODODOOOODODOOO
gbooobOobooooobooooboboooooboooon

3.8.2 UU0O0OODODOOO

00000000000 00000000000000000000000000000000000
00000 (Rutherford) 00 0000000000000000000000000 (Mdlle)00000O
00 (Bremsstrahlung) 0 0000000000000 sO00000 2 000000000000000
000000000000000000000000000000000000000000000000
00 6, (Ap/p). 0000000000000 [0

2,2
on(Ziys) = o e (3.87)
720 (s)
47TZ7;7'32 27TZZ‘7'52
om(Zi, s) = max , 3.88
i) {wexs)? v(Ap/p<s>>c} (359
aﬂzhg:4aagz+1y£{—§m@mym@)—Z}m(wwz*“) (3.89)

good~y, r.,a0000000O0DO0O0O0COOODOOOOODOODOOOOO

3.8.3 0UUOUOUOODO

ugboboobboooboobboobboobbooboobbooboobbooboooboaboo
gbooobobobobobooobooooboboboooobobobobobobobobobooooobo
ubooooOobooog sgbooooobooogooan

1 2 (8) B (5 s S
s = e P
ooo00a, ,00000000000000O0O0O0O0O0O0O0OO0OO0OCOOOOOOOOO0s000000
O0000o00oDooU0oooo {0 }00000000000O00DERLODOOODOOOOOOODOOO
obooooboooboooobooobooboooboooboooooooboooboooooboooooooooon
gooooooooooboooobooboobobooooooooooboobooboooooooboooon
oobobooobooOooobOoobooobooooobooobooOoooboboooooboooobooobooooonoo
goo
boboobobooooboooobooboooo

(3.90)

= min —aw(g)
Ap/p(s) = min { PREIE! h(&s)} (3.91)

O000OA(s,s) 00000000 sOO0O0OU00OOO0OO0OO0OOOOO0OODOOOOODODOOOOUOOO
sgooooog



150 030 O0O0o0ooboooog

h(s,s) = \/ ()12 (0 ()1a(5) + Balmer(5))° (3.92)

do00Oo0o0o0bOoOO0bO000bO0b0bO00o0bOo00o0o0bO0o00o0o0obOoO0o0oooOooooobooOooonoo
gooooooooooo

3.8.4 00000

ERLOOOOOOOOOODODO0OOO00O000O000000000 ANss/NOOOOOO ANpss O
oo0oONODOOOOOODOOOOO0O0ODDOng0O00DOO0 ERLOOOOODODOOO LOOOO
obooooobooboooboobooooboooooaon

AJ\Zloss

= Z [/ ng(Zi,8){or(Zi, ) + om(Zi,s) + op(Zi, )} ds (3.93)

00000000000 Bs 00000000000 ERLOODODUOODO0O0O0O0O0OOOOOooooo
gboboooboooobooboooobobbo negO00OO0OO0 POODODTOOODOOOODODO

1024 P(Z;,s)[Torr]
T(Z;,s)[K]
o000 000000000000000000LO00O00LO0OO000000000O00DO0O0OOn
goooodoooodoooood 2sommO0000O0a,=a,=25mm000000000000000
0000d00ooOoO00ooooogeo-200MeVOOOOOODDODDODOOOOODDOOODOOOOODDODDOOOO
gboddobooooobuoooobuoo 2000000000000 b0 ooo0b0 b0 UoOooboOoOoon
0000000000000 00O000O0000O000O00O00oO0OExUOO0O0DOO0O00oOOOn
pgddodoodooooouoobooobooboooboooooooooooobouoooooooD 1
000000 ERLODOOODOOO0000000O0O0O0DOOOOO00000DO0000o0ooooon
gboddooboooooboooobooooobOoooo o000 Do oO L0 DoobLO LD UUOoOoonobooa
gddoodooboodoooboobouooboob oo b oo oL ooobouoa
goooobooo

ng(Zi,s)[m ™3] = 9.65 x (3.94)

035700000 ERLOOCOOODOO0O0OO0O00O0O00O0000O0

OBS000BREI0 0000000 OO E=60MeVO E=200MeVODOUOOO0OOOODOOOOO
goooooo0oooooooo0ooooobo0oOooooooOoO000 ERLOODOODODODODOOOO
gbob0Tr=30KOOoOoOOooOobOOoooobooooooobobooooboboooooboboooobooon
gooboboobooooooooooooooobooooboobDobDobDobDobDOobOobOobOoDbOoo
goobooOooooOoooobooooDbOooooooo0oooOo0o0oD POODOOOOODODOOO
000000000FE=200MeV, Ig=100mA0000000000000000 ANjss/N <10770
000000000 RI00000000000000000000 P<1077 Torr 0000 E=60 MeV,
Ip=100mA 000000000 100000000000000000000 P<108Torr0000



3.8. DO00O0O0OO0OOOOOOOOb0OOO 151

10-23 £ ; ; ; ; ; ; ; ; ; ; ‘

—_ — Rutherford
"‘E ’ i —— Moller

= 107 ¢ — Brems. E
E g Total

- L

3]

@ 10% ¢

7] £

7]

=)

< [

&} 1026 L

= F

5]

80

] [ ]

Gh) -27

2 107 ¢ .
< ]

10-28 I I | L L L | L L L | L L L 1 L L L
40 80 120 160 200
Beam Energy[MeV]

0358 0000000000000 0O0O0O0ODOOOO0OE=60MeVO

- 3102 ‘

é r — Rutherford -
g 210 Moller i
hsi — Brems. i
% 1102 Total |
g /

S5 o A N[ |

| | | | |
0.6 T T T T T T T T 7
%’ % 04 r 7
S 2 0.(2) B | o ]

70 : : : : : : : 1
. | I fos
i 40 i) i

%30
Q. 20 1-0.5—
10 i
0oL n N n I n n n I N n A n n n -1
0 8 16 24 32 40 48 56

Location[m]

0359 000000000O0C00O00O0DO0O0O0O0OD0OE=60MeVO



152

,a
S)
&

Beam Loss AN, /N

100 L

10 g

Beam Loss AN, /N

101 L

H
1S)
3

.ﬁ
<

100 L

10° |

ay:25mm

P=10° Torr |

P=10° Torr ]

P=10° Torr ]

P=10° Torr |

5

10 15 20 25 30
Horizontal Half Aperture a,[mm]

0 3.60: E=60 MeVOODOODOOOOODOODO

35

40

10° ;
107 ;

100 [

ay=25mm

P=10"° Torr |

P=10° Torr |

P=10% Torr 1

P=10° Torr 1

5

0 15 20 25 3.
Horizontal Half Aperturea,Jmm]

35

Beam Loss AN, /N

Beam Loss AN, /N

10% -\

1000 L

104 g

101 L

030 O0O0o0ooboooog

10°

P=10° Torr

P=10° Torr

10°¢
108

1010

5 10 15 20 25 3 3 40
Vertical Half Aperture a[mm]
ooooooobooooog
T
a,=25mm
P=10" Torr

P=10° Torr

P=108 Torr

P=10"° Torr

5

10 15 20 25 30

Vertical Half Aperture a[mm]

0 3.61: E=200 MeVOOOOOOOODOOOOODOOOOOOOOOOO



3.8. DO00O0O0OO0OOOOOOOOb0OOO 153

ooon
1] D0O0O0O0O00,00 00,0HO9,000000000000000019910.

2 OERLOOOOODO,000 00,080 ERLOOO, 20060 100.



154

40 00000 ERLOOQO

4.1 O0O0O0O0OOO0OO0OOOO

4.1.1 00

00000 ERLOOOOOOOCOOO0OO0UODOO 12GeV-PS (0000000 OOOOOOOOOO
gbooooooobooooooobobooboooboooboobbooboooobooobobobooobooo
00000000000000000000000000 20t/m?200000000000000000
gboboboboobooboobooboobobooboboboboboboboboobooboobooban
gbooooooobooooooboooooooooobooooooooooooooooooooaon
gooobobobooooooooooooooobooooboooobobobobOobOobOoboDbOon
gboobooboooboobooooboobooboooooooboooobooooboobooonoag
oo0ooooo0o0ooooOOoo0ooooooOO0o00ooDOO0O0O00oO0D ERLOOODOODOOO0

00 E I

o o o o o v o DEEE
m=sm g

‘ meeE® o 0

TN

................................................

041: 00000000000000DOC0O0O ERLOOOOOO

4.1.2 0OO00O0OO

ERLOOODOOOOODOOOOODOOOOODOOOODOOOOOobDOoobOobDobObOoDOobDOooo
ooo0oOOo0oO000ERLOOOODOOOODOOOOOOOOOOODOOOOODOOOODOODOOOO
obooooboO ERLOOOOOODOCOOODOOODOOOO0ODOOO0O0O00DOO0O0O0000O0000DbAO



41, 00O0O0O0OOOOOOO 155

oboo00o0O ERLOODOOOOOOOO0OOO0OOO0DOOO0OO0O0OO0O0OO0bOO0bOOo0o0ooboOooOoOon
ocoo0ooooO0UoOooOoOoO0oOoDooo0oUoUooooO0UoDoOoOg pADDOODOODODDOOOO
gooCoCOCOOCOOCOOO0O0OO0O0O00UO0OOUOOJLABDO ERL-FELODODO 115 MeVO 8 mA O ERL
00o0o0000U00ooooooooooooooOoCOD0D 10nADDDDODOOOCODODODOOOO
O000000000000o0o0oO 10nADDOOOODOOOOOOOODOO MO

0000000000060 MeVOOOODOOUOUO 1WOOODODODODOODODOOOODODMETIOODOO
goboooobooboooobooobooobooob 1 m0oobooOooooobooooooobooon
0000000000000 0010gkADODOOOOOD 600WOOOODOOOOOOOOOO 20 puSv/h
ooooboobooooobob 100em OO0 b0 em D0 0O000OOOODO

000000000000000000 1Sv/h00D00000O0O 22uSv/y00000O00O0OO
050 xSv/y00 20%0000000000000000000000O00O00O0O 45pSv/h 000000
ooooo

0 41: 0000000000 60MeVOODOOODO 1WOODOOODODOODOOODOOOODOOODOOODO
oooon0 1m0O

000000 000 (em) oo1wiooood ~»0O0,XO00b000
00 (cm) 000 (uSV/h/W)

100 0 32 95%

200 0 0.06 99%

300 0 1.4 x107* 100%

100 25 0.20 75%

100 o0 8.9 x 10~* 36%

100 100 7.2 x 107 96%

50 25 3.9 50%

00000 ERLOOOO0OO0OO0OO0O0OO0OO00O0000O000O0000O000bO00O0O00O00oO0o00oO
00000000000000000E20000000000000000000O0O0O000O60 MeV O
0000000000 1kw)oooooooooolopgAODOOODDODOOOOODDOODOOOOOODOO
gbobobooboooooooooooooboooooooooooooobOobobOobOoboban
001%000003.0x10°em®*0000000000000000000O0O0O0O0O ERLOOOOOD
gobooobboooooooboobboobooobobooooooooobbooboboooobooooDoOoD
gbobooboboooobooooboobooooobooooboboooooo

042 000000000060MeVOODOOOOOOOOO 1kW)0OOOODODO0OUOOODO10pADOODO

gbooobOdoboooogobooooogboooooogooooogoogn
0O 0O 00O 00000 U0O0ODOD0O0ODA OODOUOOOB OOO B/A

(00D) (GBa/kW) (Bg/cm?) (Bg/cm?)

H-3 (12y) 74 60 1.48 x 102 2.5

Be-7 (53d) 1.48 300 2.96 x 10! 0.10
C-11 (20.4m) 148 300 2.96 x 102 1.0

N-13 (9.97m)  3.70 5 7.4 x 10 15

O-15 (2.04m) 330 5 6.60 x 10° 1.3 x 10

0000000000000 00000000d3000000000000000 10mx38mx5m=
19x10°em®00000010pA 0000000000 O0O0DDOOODODOOODOOOON-1300000
gobooboboobooboboobooboboobooobooboboobbooboobboooobag
O000o0oO0o0o0ooOo0ooool/ilocooooOoOooooooo



156 040 O0OOO0OOOERLDOO

043: 0000000000000000O0O0O60MeVOOOOOOOOOODO 1kW)ODOOOOODO
00010p4A0000000000000000000000000000000O000O0O0O
o o oo ooobog pboo booobo oo obooo boOoo

(0oo) (GBq/kW) 00O A 00000 B/A ooo C B/C
(Bq/em3) O OO B (Bq/cm?)
(Bg/cm?)

H-3 (12y) 5.0 x 108 0.8 32x1073%  4.0x107% 53x107%  0.63
Be-7 (53d) 1.0 x 10° 0.5 6.3x107* 1.3x107* 2.0x107% 0.36
C-11 (20.4m) 1.0 x 107 0.2 6.3x 1073  3.2x107%2 7.0x10"* 9.0

N-13 (9.97m) 5.2 x 10% 0.2 0.33 1.6 7.0 x 107% 4.7 x 10?
O-15 (2.04m) 5.6 x 107 0.2 3.5x1072  0.18 70x107* 51

C1-39 (56m) 1.5 x 106 0.3 9.5x107%  32x107% 3.0x107%  0.32
Ar-41 (1.8h) — 0.1 9.8 x 1073  9.8x107% 5.0x107* 20

OZIo0oooooo0lopgA00OOOOOOOUOODODOOOOOOOOOOOOUOOOOOOOO
1mO0000000O0mO00 ERLOODDOOOOODOOO0ODO0O0O0O00O0O00DO00O0O0DbOO0DAO
0000000000000 00000@ENO00000000000000000000000000

uboobooboobo 1mOO00O00000 1 mOO0O02mO000000000C000O0C0ODOO0O
oooooooOooOo0ooooDoooOo0oOoooDooDooOoboCcub99MevOODODOOOODDODOOOOOO
goooboooooboobobo0o0 ERLOOO0DOO0OO0Oob0ooboobooboboobooooDbo
gboboboboobobobooooooooobooooobooboobOobobobOobooboboooboon
0000000000000 0000U00 10pwADODDDOOEICOOUO0O0Ol mO0OO0O00450 cm
oboooooboooon

gobooooboooooooobooooooboooboooooboobooooooboooboboooboboboooo
gbooboobooboobooooobooobooooboobooooboobooooboooboOobn
gooooooo0ooOoooboOoOo00O0 ERLO0O0OODOOO00O0OODOODOOOOOOOOOO0O
oooo

4.1.3 ERLOOO0OOOO0ODOOOO

ERLODOOO0O0O0O00ODOOO000000DO00O00000DO0O00000ERLOOOOODO
gbboooobooobooooboobooboooooooooobooboobooooooobooooag
obooooooboooon

gobobobobobobobooooboooboooooooobobobOobobooooboooboon
gbobobooboobooooooooboobooooooooooboooooooooooooobooooo
00000000000000000000000 10740000000000000000000000
gbobooboboboobobobobobOobOobOobOOooOoooOoobOOobOOobOobOobOobobon
O0JLABO ERL-FELOO0OOOOUODOOO0OOOOOOOOOOODOOODODOODOOODOOOODOO
1wAODOOO0ODO0ODO0O0O0O0UD 2IODESYO FLASHOOOOODOODOODOODOOOOOOOOOoOO
0000000000000 00o00o000o000000U0O00OD Boo0o000 ERLOOOOOOO
gboboooooboooooo

0000000000000 00000000000000000O0D0OU0OU0D EODOOOD (OO
gboboobolwsec0O00OO0OOODOODODODODODOODODOODODOOmMsec00O0O0O0OOO
goooooooo0o0oOoOoOoDOOORFOOODOOODOOOOODODOOOODOOOOOOODESY
FLASHODOOOOODOOOO 4pusec0D0000O0DOOO0O0ODDOOOODOOOODOOOODOO
goooog



41, 00O0O0O0OOOOOOO 157

gboboooobooooooooboooooobobobooboobooboooooooobooooobooobooon
gboboobooboooobooobooooobooooboooooooooDooDooDobobDoboboOoo
gboboboobooboobooobooboooooOoOooobOOobOOoOooOoOoOoOoboooooooooobobann
oboooboobOoobooobOoooobooobooooobooooobooboobobooboobooobooooon
gobooooooobooooobooobboobooooooboooboooboooobooobooDboOooboboOobo
gboboobooboooboobobooooboobooooboboooobobooooboobooboOobOobo

414 0O0O0O0O

O0000 ERLOOOOUOOOO0OOOO0OOO0O0OOOO0OUOO0O0OUOOOOUOO0OUOODE4dOO
obobooooooooboooooooooooboooobooooooboobobobobobOoobOoDn
5MeVOOOUOODODO 1I00mAODOOOOODOOOODOOSMWOOOOODDOOOODOOOODO
obooooboooboobooobooooooboooooooboobooboooobooooooOooonoo
0000000000000 0000OU0d4A000 0000000000000 000O0UOO0Oo
gboooboobooooboboboobooboooooobobobooooboobooobooboooon

044 00000 ERLOOOOODOO

oo 0ooo0o0o00o0
alalal= 0.2
00000000000000

000000 0.7~ 1
ooooo 0.5
ooo 0.1
ooo 0.4
oooooo0 0.05
ooooo *

0 1.95 ~ 2.25 + *

ocoooo2~25MWO0ODO0OO0DODOOO0OOOO0O0ODOOOOOOOO0OODOOODOOOODOO
0000000000000 000000000000O00OU0O0OO0 30°CO000000n1000L/min ~
1300 L/min 00000000000 O30CO0000000O0000DO0O000DOO0O0O0ODOO0OOO
oooobooboooobooboooooboboboooobooooo

4.1.5 0O0O0OO

0000000000000 00000000oooon 2st05°CO00O000OOOOOOOOOO
obobooooboooooooooooooooboobooboboobobobooboooboooooonoo
oboobooooooooooobooooooooooooobobobob0bobOoboboboobooo
oboooobooobooooboobooobooooo0oobooobooboobooobooooboOooonoo
A0000000D000000000000000000000 400W/m?20000000 100 W/m?0
ooooo

0000000o0o0oo0oooU0oboOoUOOo0 1/l00000000D000000L0O0O0O0O0OO0O0
gbobobooboooobooooooooooboooooobooooobooooboooobOooboOobOoban
4o°cCcOOO0O0O0OOO0ODODOOODODOOODOOOODOOO0ODOOODOOOODOOODOOODOOO
obooooOobooooboobobooobobooooooDo



158 040 O0OOO0OOOERLDOO

045 0000000

goo goo god
000000000000 0O 400 m? 160 kW
gboooboooobooog 150 m? 15 kW

4.1.6 DO0O0OOO

gboobooooboobooboobog 200000 sboboboobooobooobooooonoon
gbooboooboooobooooboboobooboooobooobobooboboboboboobooboobooon
goooboboobooboboobobooboooooooobooboooooDooobOobOobOobOoDbOoo
gboooobooon

good

[1] S. Benson et al., “High power operation of the JLAB IR FEL driver accelerator”, Proc. of the 2007
Particle Accel. Conf. (PAC-2007), Jun. 25-29, 2007, Albuquerque, NM, USA, pp. 79-81.

[2] G.R. Neil, “Beam Loss and Beam Abort Strategies”, Proc. of the 37th ICFA Advanced Beam
Dynamics Workshop on Future Light Sources (FLS-2006), May 15-19, 2006, Hamburg, Germany,
http://adweb.desy.de/mpy/FLS2006/proceedings/TALKS/WG215_TALK.PDF.

[3] L. Frohlich et al., “First experience with the machine protection system of FLASH”, Proc. of the
28th International FEL Conf. (FEL-2006), Aug. 27-Sep. 1, 2006, Berlin, Germany, pp. 587-589.


http://adweb.desy.de/mpy/FLS2006/proceedings/TALKS/WG215_TALK.PDF

42, 0000 159

4.2 0OO0O0OO

ooOoO0OERLOOCOOOOOODODOOOOOO0O0O0O0O0O0O0O0O0O0O000000OOODODOOO0OOO
oobooobooboobooboooboooboooooooobooobooooooobobooboooobooOooobooon
oooooobooooogo



040 O0OOO0OOOERLDOO

160

W YBOTLY A—G—AN—\ )L HEIORRE) S
¥HEv-—3 FHEOREEFC HEEOE—17EHD L
> < p < >
¥2unb-AN008 FEUNB-AN00S 2£0 - 4252UNG-AN00S
BLE
W7 —23 HHEH— A —10unbB-A062 ¥ - TTRRUNB-A)0S2
> < > < >
e —23 THEE EEMEY eyl
> < > < > < > Lt
EBLTOGILARE—SY2EYE ¥4i0—8K2LNREMT LY~ 1T LY 4
¥ - FELOI £ VEEE] Ol £\ ¥EE
< » —> 4 —>
ek
v —23 ER RN Yl N 7 EPN-du N 7
> <« > < >
W - JRERE ¥—cL i ULY
< EBON—TLIK )L G R Y
v -2 HBRTE R BV — L L 4 LINOH
W FERE YMO—L—TL,/ —\MAENOH/ —C LAY
GALyEEHRLR
Wy -2 R - IO —T LIK VLG W 40T CHBIRGGE
> < > « >
HE-HOL | H6-Hy | HE-HOL | H6-Hy | HS-HOL | H6-HY | He-HOL | H6-Hv | HE-HOL | Ho-Hy | HE-HOL | H6-HY
HE % fEne H % HEne 3 Hgne 523 Hgne HH % Hgne H% fEne B
FHE2102 FHE1102 F+E0102 E+6002 F#3002 FE/002

(1) BEYHNIN ¢4



161

oood

4.2.

gl LnrL—T

EEF LGP L—T

ERHY EEEYT
<> < > rLnrL—rT-
W o 0 LB JEP<E b 7]
44— p < >
. W QHBS P F LA VLG LM
TEHEE ERZ  TOREE
« > 4 —p
N ) fo|ad) BY g R A g #£TxE DT T
jas o (RUE) METWIMIRMREN  WHIEIEMEE GaWRE g
YT - ERORLAS
Wy — 2 47 - 1252 - 34
« < ﬂ R 1
HEY -3 47 - 122 - 30
FeE - 2
) > TLY ATH
wEy -2 WiE - b s
B - B - 29w
YR - DS
%Wy —2 478 - o
«—> < >
HEY—3 (PEWE) EHOVEBE - HIZET-A EHOPEBE - WAEOT—A
—p <« >4 >
W7 — 2
(PEWENI) Y S LC (REE fEY) lemey b Lo
He-HOL | Ho-Hv | HE-HOL | H6-HY | HEe-HOL | He-Hv | HE-HOL | H6-Hb | He-HOL | H6-Hy | HE-HOL | H6-HY
% foe % f e e g0 e f0g e fig e fig Hir
EH2102 HH1102 #0102 E#6002 E£8002 #0027

(2) BEYEHMNIN ¢v/AC




162

o0 O0OOUOO0OO0OONO ERL

5.1 0O000000U0UoOooOonOoXodd
5.1.1 00000 ERLOOOOOOOOOOOOXOOOOOODO

00000 ERLOOOO ERLODODDOOOOOOOO0OOOOOODOOOOOOOOOODOOOOODO
obobooobD ERLOOCODOODOOOOODOOOOOOO0ODOOOOODOObOOOOODOOn

gobooo0ooooooo Xgooooooooooooooooooooooooooobooog ERL
oo0DoO0o0o0oo0O10-50keVOODDO XOOODOOOOODOOOOODOOOXOOOOODOOOOO
gboboboboobobooobooboobooboooooooboooooooooooooOoooooboooaon
UOOERLOOOODOOOOOOOODOOODOOOOODOO0OOOXOOOOoobOooooooboooDoooo
ooooooooooDOoO0O00 ERLODODODOOOOOO0OD XOOODOOOOOOoOoOoooooo
O0000O0o0oOooooooo Mo

obob0o0oooob0obobo XooooOooboooooobooo ERLO00OOo Xgoooooooo
gbobooooobooooooo

5.1.2 UO000obooooogoon

000 XO0oooooooooo XbOboooooooo Xobooobooboboboobooobooooo
000000 oO00000000X000000ooooooooooooooooo Xoooo
A000 XO0O0O0O0 0000060000000

h
As — A = —(1 - 0 1
mc( cos t) (5.1)

oooboooooooo Xooooooooooooo

€
(1 —cosby)(e;/mec?) +1

(5.2)

€s =

O000e¢ =hw0e =h; 000 XO0O00OO XO00OOOOOOOOODO

scattered photon

incident photon

051:0000000000000X000000000X0000000000000O00O0O0O0O0O00O

gboboobobobobobobobooboooobOOoOooOooOoOoboOobooooobooooobooobooonoog
00000000 R2AT000000000000000000000000000000000 ¢, 00

goooooobon g 0O
€;(1 — Bcosby)

(1 —cosby)(e;/E:) +1— Bcosb

(5.3)

€s =



51. 000O0OO0OO0ODOOOOOOXOOO 163

cooooogopU0O0OOOO0O0OOOO0O0ODOO0E. DO0ODODOOOODDOO

scattered photo
electron
‘91
incident photon

052 00000000000DODOOODDODODODOOOOOOOX0O0O0O000000 XO0O0O0Oooooo

00000000~y >»10~10000000000000Q00O00DO0O00ODOG, ~0,~naOOODO0O
0000000 1O0000OooooOoo
4’72@

o 4
T Ir (02 4ve; /mc? (5:4)

000000000000 4y°0000000000000000000000000000O00000O000
000D00DOoO00o00ooDoDo0oo00Dooo0oOo0booO00DoD00ooOoo0ooDooooooDooDOo
00000000 inverse Compton scatteringd0 0 0000000000000 O0DOODODODOODOOO
goboobOoOoOoobo0ooooooobOo0o0ooOOoobOOoobOo0oO0O00obODooboOoooOoooo
O (/me2<1)0000000000000000O0O000O0O0O0OOOO0OOOO0OOOO0O0O0O00
00o0oDooooooDooooooooon

XOooooo

()0000000000DO0DO00O00OO(M)O00O0DO0ODO0DYO0OD0DOD0OD0O0ODOUOUOO
00000000000000000000000000 B3

(a) head-on collision (b) 90-deg collision

scattered photon

Lo o ﬂ]%ﬁi«—_o

i >
electron

N

VARV, V‘/‘ :
incident photon electron scattered photon
053 000000000000000(()UOODOOOM9YOTOO

0000000000000 000000 E@OOooooooooooooon E3)0 6, =0, =m/2
oooo0y>»100000000
27%€;

T 1+ (v8)2 + 2v¢; /mc? (5:5)

€

obooooOoboboooboboooooboobooobooboobooboboooonog



164 050 0OO0OO0ODOOOOODO ERL

goopoooosoonmiIDOOCO0O00OD0OOO0OO0ODODOOD p=000000000000O00D0OO
000000000000000000000000000EB4A00000009 0000000000
Oo00D0 30-60MeVOOUOO 10-40keVOO XOOOOOOODODOOOOD

90

head-on
80 90-deg ——

70

60

50

40

30

20

Scattered Photon Energy (keV)

10

0 -
0 10 20 30 40 50 60

Electron Energy (MeV)

0bs4: 0000000O0ODOODO0ODOSOOmO0O000O0ODO0ODOOOOOOOOOOODODODOO
gboobooboooobooboooobobooboobooooboboooon

0O EdU@EI) 0000000000000 X0ooooooooooo é0000o0o0ooooooo
gb40MeVOOOODODO SOOnmOOOO0OO0OODOOOO0O0ODO0OOOODOODO0OOO XODO
0000000000000 000000Do00Do0OoBEAIOOOD

40 w

T head-on
35 90-deg ——— E
2
x 30
>
o
o 25
c
i}
§ 20
o
£ |
s 15
o
g ™
g 10
5 T -
\
0
0 5 10 15 20 25 30

Scattering Angle, 8 (mrad)

gsb6:0000000000DO00DOOO0DOOOOODOOO0OOO0DbOOoOOODbOOODOOOOODOObObOOD
obooooo40MeVOOODOODOO 800 nm OO OO

XOOooo

oooooo0oo Xooooooooooobooooooooooooooo

_ NpNeo,

F
¢ A



51. 000O0OO0OO0ODOOOOOOXOOO 165

N, OOO0O0O0o0o0o0o0o0o0o000doN O000000o0ooooooob0e. 000000000000
AO0O0OOO0O00OODOOOOOO000ODDOOOOO0OOe. 0000000000 e,0O00O0DDOOO

0oo00o0ooooooo
€ € € 2
(es) = dmr2—— |1 -2 5 2 s
7 (6) ﬂ_TO €Emax [ <€maw> + (emaw)

Ubob0Odr 0000000 ODen,, 000000000 ODOO0OOOODOOOOODOOODOOOOODn
ooo

=€ (5.7)

8
Oc = ?ﬂ-rg (5.8)

good
gbooobooobooboobooobooboobooobooobooboboooboobooboooboooobooon
gbobooooooooooooooboooooooooobOobOoboobobooboboobooooooon
gboabooaoadgod N
W R

A=T- - ZE (5.9)
00000000000wO00000000000 P(r)=Pyexp(—2r2/w?) 0000000000000
000000 Mp=m?00000000000000000000 RMSOOO0O0OOOODOOOOO
Oe, 00000O0O0ODOpB*O0O0ODO Je:WDDDDJe:w/ZDDDDDDDDDDDDDD
ooooooooon
ooboooboboooobOoboooooboboooobobOoooOobobOoooobOobooon
000000o0ooooooooog (RMS)0O o, =w/2000 (RMS)U o, 0000000000O0ODO

O RMS)O o.000 (RMS)O ¢, 000000000 OOOOOOOOO

o N,No. ow\/ 0%+ 0% (5.10)

© 2moy, (024 02)(02 + o 02 +0})

oooooo 2o

XO0oooo

gboooboooboo Xoooooobooooboooboooobooobeooboobooooooo
oooooooooooooboo0oo Xoooooooooooooooooooooooooooo
000000000 XO0U0OoOoOOoooooooo 2o

0=Vl o 0] (5.11)

c\/af+ag+afv+0%

or

XOOoooooooo

O00000000 XoooooooooooooooooooooXoooooooooooooo
oobooboooobooobooboobooobooooobooo Xoooooooooobooooo Xooo
gboboboobooboooooooooooooooooooooobobobobOoDbOobOoDbOoD
gboboobooooooobooooboboooogooboa

D0E3000000000000000000000000000000000000000000000
As Ai
o 2 (5.12)

€s €i

0000000000000 00000000000000D0Gaussian 00000 AtAw=0411000
0000000000 O00oo0o0o0 FWHMMO A0 sOmmsO0000000D0CO0OOOCOOOODOOO
O0000000ms000 1%0000



166 050 0OO0OO0ODOOOOODO ERL

ooo0ooOoOoOooooopooooo
Aes  2Ay

_ 227 5.13
o B (5.13)
00000D0000000000000000
A
s — 5" cot(6:/2) (5.14)
JAN 1
s = Lol (5.15)

000000, 00000000000 O0DO0OOODOO0OG, DO0O0DO0OOOO

5.1.3 00000 ERLOODOOODO0ODO0ODOO XDODOODOOO

00000 ERLO0OO0OO0O0OO0O0OO0O0O0OO XODOoooooobooboboobobooboboboobo
oo0oboo0ooooOo0ooDboo Xoooooooooooobooooobooooooboooooooo
0000000 XO0OOoOooDoooooooDOutratast 00000000 0OO0OOOOOOOOOO
gbobooobobooobO0obO0ob00O0b0O0ERLOOOODOODOOODOODOOOODOODOODOOD
0000000000000 high-flux0 00

ultrafast 00O

ultrafast 00 0000000000000 OOOOOOOOOOOOOOOOOOOOOOOOOO0O0
gbobooboooboooboooboobooooboooooooboooooooobooooOoon
gboboooooobooboobobooooobOoboooooobooboobOoooboOoDbO0oD 1I0mJOOODO
0 1kHzO0OOOOOODODOOOOOOODOOOOERLOOOOODOODOOOOOOODDOODOOOO
0000000ooooooooooods0 MHzO013 GHzOOOOOOOOOOOOO0O0oOo0ooooo
o0oooooo0o0oo XooooooooooooooooooooooooooooXoopooooo
O000OOultrafast 000000000000 XO0OOUOOOOOOOOOOOBHOOOO ultrafast
00000000000000 X00ooO0ooooooooooooENoOooO

X-ray pulse ¢ laser

electron

»

0 5.6:ultrafast OOOOOOOOODOO0O XOOOOOOOOOOOoOoOv0oo0ooooono



51. 000O0OO0OO0ODOOOOOOXOOO 167

O5l:ultrafast 00000000000 XOOOOOOOOOOOOOOO0O XO0O0O0OOO0OoOo0OOd
oo

agoog gooon
do0: X=800nm gogoog: E=60MeV
0oo00: E,=10mJ/pulse O0: ¢=0.1nC

oood: f=1kHz
0000 (rms): orp=15pum (50fs) | 0000 (rms): o, =300 pm (1 ps)
000 (rms): 0y =20 ym 000 (rms): 0. =20 ym
oooooo: e, =1 mm-mrad

o000 9000
000000000000 N, (photons/pulse) 4.0 x 10*¢ 4.0 x 101°
ooooooodgo Ny, (electrons/bunch) 6.2x10% 6.2 x 108
000000 Xoo00 F. (ph./collision - 100% bw) 6.7 x 10> 3.9 x 10*
0oDo0oo00X0ooo0 F. (ph./collision - 3% bw) 6.0 x 10* 3.5 x 10°

Xgoooooooo F = fF. (ph./s - 100% bw) 6.7 x 108 3.9 x 107
XOOooooooo F = fF. (ph./s - 3% bw) 6.0 x 107 3.5 x 10°
XOooooooooo Fpear (Ph./s - 3% bw) 2.4 x 101 1.3 x 1016
XO0O0OOOO (rms) or 1 ps 110 fs

00000000000000000000000000000000000000CAINB]OD0DOOO0
0000000000000 BI00000D00000000000000000000 0.1% (rms) O
000000009 0000000000000000000000D00000000D000000O0
0000000000000000 3mradd0.6mrad 0 200000000000 XO0O0OOOOOOO
ENE3NEI000000000000000 XOO0OO00000O000000000000000000
3.5x107/sec 00000

Electron:60MeV, LASER:800nm, Angle:90.0deg. 20080111(150836)  CAIN2.35
oton knergy Sgpectrum

108 4 :

1.2 1 r

0.8 r

0.6 r

Spectral Density (a.u.)

0.4+ r

0.2 1 r

0 T T T T # of macro particles

10 20 30 40 50 in bin range 17009

out of range 0
# of real particles
in  3.522D+07

X-ray Energy (keV) out 0,0000+00

O 5.7 ultrafast 00009000000 cCAINODODO XOOOOOOOOOOOOOOOOoOoogooooo
00000 35x107/sec 0000



168 050 0OO0O0OOOOOO0OOO ERL

Blectron:60MeV, LASER:800nm, Angle:90.0deg. 20071212(172656)  CAIN2.35
Photon Energy Sgpectrum
10° |
4 L
—
wn
=
(=]
=3
ES) 3 r
=
=
>~
o
=
w
=}
5
a 2 L
-
ol
—
=]
(9]
(<5}
o
[7p]
14 L
o= 77— # of macro particles
37 38 39 40 41 42 43 44 'in bin range 1232

out of range 0
# of real particles
in  2.551D+06
out 0.000D+00

X-ray Energy (keV)

0 5.8 ultrafast 10009000000 CAINODDDO XODDOODOOOOOOOoODOooooOoOooooooo
0000 XO00O0U0OO0ooooooooooo0 3mrad (000 < 15mrad) 0000000000
00000 2.6 x10%/sec0000

Blectron;80MeV, LASER:800nm, Angle:90.0deg, 20071212(170822)  CAINZ.36
Photon Energy Spectrum
4
10
7] L
w 67 F
=
=
=1
s 9] r
o
&
=
= 4 -
=}
)
[
= 34 L
o
5
()
2
n 27 r
11 L
0 T T T T T T # of macro particles
37 38 39 40 41 42 43 44 in bin range 64
out of range 0

# of real particles
in  1.325D+05
out 0.000D+00

X-ray Energy (keV)

0 5.9 ultrafast 10009000000 CAINODDODO XODOODOOOOOOooooooooooooooo
0000 X0O0OO00O00OO0o0ooo0oo0oo0o0O0 06mrad (000 #<03mrad)D0000000O0O
000000 1.3x10%/sec 0000



51. 000O0OO0OO0ODOOOOOOXOOO 169

Electron:60MeV, LASER:800nm, Angle:90.0deg. 20071212(172656)  CAIN2.35
Photon Pulse Shape

105 | I
3.0 r

2.5 r

Spectral Density(arb. units)

0.6 r

=TT+ # of macro particles
-300 —200 -100 0 100 200 300 in bin range 1232
out of range 0
# of real particles

, in 2551D+06
Time (fs) out 0.000D+00

O 5.10: ultrafast 00009000000 cAINOD OO XOOOOOOODOOOOOOOOOOOOO 3 mradd

0 @EINU00D0000000000003mrad 0000 < 15mrad00000000000 3%0 X
0000000000000 28x108/sec00000000D00D0DO0O0O0O0OOODODOODODOOOOO
gO0o000O00O0bO0bOO00b00obO0bDO0bOOobO0oO0O0obDO0bOoOobOOO0d 3 mrad D0ODO XOOO
oooOoo0 10%0000000000000000000000000000000 0.6 mrad 0000
O0oo00oon0 1kevO 1.3><105/SecDDDDDDDDDDDDDDDDDDDDDDmDDDDDD
OO000000000rmsO 100 fs00000000O00O0O

00000000 (on-axis peak brilliance) 00 0000000000000 EBIA000O0O0O0O0O0O0OOO
|:||:||:|1X104/Sec/0.1%bw|:][||:]DDDDDDDDDDDDDDDDDD(QWOE)DDDDDDDDDDD
0000000 B=5x10%/(sec mm? mrad? 0.1%bw) 0000

00000 XO0O0Ooooooooooooooooooooooodo olnCcO0ODDODODODOOOOO
0000bOO00o0O0DOO0O0oo00oOOoboo 1nCO00ODOD0O1I0O0DO0 XOOOOoOoooobooooooo
Cornel 00D 0O0ODOODOOO @MOUDODCOOODOOD 1 nCOO0OO0O0OOO0OUOODDOODODOODO
gooobooobooooo

O0000 ERLOOCOOOOOO XOOOOOOoOOoooooB20000



170 050 0OO0O0OOOOOO0OOO ERL

0 52:.00000000000000000 X000
X-ray Energy  Rep. Pulse divergence Ave. Flux Peak Brilliance *  ref.

00000 ERL (0.1 nC, 90-deg. collision)

20-40 keV 1kHz 110 fs 8 mrad 10°/s/0.1%bw 5 x 1016
00000 ERL (1 nC, 90-deg. collision)
20-40 keV 1kHz 110fs 8 mrad  10°/s/0.1%bw 5 x 1017
APS Linac (small angle Thomson scattering)
8-40 keV 6 Hz 20 fs 3 mrad 10%/5/0.1%bw ~ 1020 5]
ALS (90-deg Thomson scattering)
30 keV 100 Hz 300 fs 10 mrad  10°/s/0.1%bw 3 x 1015 6]
ALS (laser bunch slicing)
2 keV 10kHz 100fs 0.6 mrad  107/s/0.1%bw ~ 1019 I
SPPS (undulator)
810keV ~ 10Hz 100fs 20 urad  105/s/0.1%bw 8]
Laser Plasma Sources
1-12 keV 10 Hz 300 fs 47 10%/5/0.1%bw ~ 1018 9]

*photons/(sec mm? mrad? 0.1%bw)

high-flux 0O 0

00000oooooopooooboOohigh-luxO000OODOOOO0OO00O0ODODODODOOCODODOOOOOO0O0
gbbooooboooobooobooboobooooooobooboobooOoooboobooboooonn
oboo0ooOuobOOoO0OO0OERLOOOOOOOOOOOOOODOOOOODOOOOOOOOOODbOOO0OOn
00000000000 Olaser supercavityl 00000002300 000000000

gboboobooobobooboobobo 200000000000 bO00O0o0obO0bObo0obOooO2000
gbobobobooobooooboooooooboooooooOoooboOobOobOobOobOobOobOobobon
gbooboooboooboooooboooboooobooooooobooooooooooOoooboobooooooDn
gobooooboTrTocobog ROOOO T

GZ*(I—R)Q (5.16)

O0O0000OO0OO0O0OKEK-ATFOOOOOOO0OO0O0010300000000000000 [A00

gboboboboboboboboboobooooooOoooooobooboooooboooobooboono
000 ERLOO0OODOOOO0O00DOOOO0O00O0DOOODOODOOO000ODOOOO0O0OOObO0O0O000O
gboobooobooobooooobobobooboobooobooboooboobooooooooboooobobo0oooDooDbo
goboooooooogoooo

0000000000000 00000 X000 ooooEIIMooooXooooooooooooo
uboboooooobooooobooooboobooooobOobooobooboooobOoboobooonoog

gboooobooooooboboboooooobobooooooD 18 pJx130MH2 DO ODOODOOODOOO
3000000000 01 nCx130 MHz2O0OOOOOOOO0O 1mm-mrad0000000000O0CCODO 0.11m
0000000 XO00O0O0OO0ooooooooRE3000000o0ooo0oo0o0oooooouoooo
ogoood



51. 000O0OO0OO0ODOOOOOOXOOO 171

laser

X-ray pulse
4 electron

O

super-cavity ]

re

0511: 000000000C000DOOC0O0O0DOO XOOODODoOoooooo

O 53: high-fluxOOOOO0OO0O0O0O0OO XOOOOOOOOOOOOOoOO0O Xooooooood
oo

gooo agooog
O0: A=1064 nm googo: E=60MeV
oo0: E,=1.8 puJ/pulse O0: ¢=0.1nC
oooo0:  f=130 MHz oooo:  f=130 MHz
O0OO0OUOORMSO: o0,=300pum (1ps) | DOOOORMSO: o, =900 um (3 ps)
o000 (RMS): o, =30 um o000 (RMS): o =30 um
gooooo: 3000 0o00000: e, =1 mm-mrad
000000000000 N, (photons/pulse) 2.9 x 1016
00ooooooo Ny (electrons/bunch) 6.2 x 108

ooo0oDoOo XOoooo F.
obooooo Xoooo F,

ph./collision - 100% bw) 2.1 x 10°

(
(ph. /collision - 3% bw) 1.9 x 10*

XO0ooooooo F = fF. (ph./s - 100% bw) 2.7 x 10'3
XO0Oooooooo F = fF. (ph./s - 3% bw) 2.5 x 1012
XODoOoO (RMS) or 3 ps

O00o00oooooDoo0Ob0 ERLO0O0O0ODODODOOOOO00000oooooDooboo Xoooooo
0oE40000



172 050 0O000O0O0OOOO0O0O0O ERL
054 00000000000000000000X00
Laboratory Geometry Energy Rep. Rate  ph./pulse ph./sec  ref.
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ultrafast 180° 40-80 keV 1 kHz 10° 108
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LBL 90° 30 keV 2 Hz 10%-10° 10%-10° [0
BNL 180° 6 keV 0.03 Hz 107-108 10°-105  [11]
LLNL (PLEIADES) 180° 40-140 keV 10 Hz 10° 107 [12]
AIST 90°/165° 40 keV 10 Hz 10°/105  10%/107  [13]
oooooo
Vanderbilit Univ. 180° 10-50 keV ~ 0.01 Hz 10°-101°  107-10%  [14]
Univ. Tokyo 180° 40 keV 10 Hz 107 1 108 [15]
KEK-ATF 160° 33 keV 12.5 Hz 103 1 10* [16]
LLNL (T-REX) 180° 0.1-1 MeV 10 Hz 108-10°  10°-10'°  [17]
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MIT (high-flux) 180° 12 keV 10 MHz 10° 1012 [20]
MIT (low-rep.) 180° 12 keV 10 Hz 109 1010 [20]
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Source Band Pulse Rep rate Average Pulse Peak

type width width power energy E-field
Table-top ~5 THz ~100 fs ~1 kHz nW to uW  nJ to pJ ~10kV/cm
lasers

Linac ~2 THz ~300 fs ~10 Hz ~mW ~ 100 ~1MV/cm
(NC)

Linac ~2 THz ~300 fs 75 MHz 100s W ~ pd ~10kV/cm
(SC)

Storage ~1 THz ~1 ps 500 MHz 1W ~nJ ~10 V/cm
Ring

CIRCE* ~0.2 THz  ~3 ps 1.5 GHz 1 kW 650 nJ ~70kV/cm
cERL ~5 THz ~100 fs 130 MHz 1 kW 10 pJ ~1MV/cm
(13 mA)

cERL ~5 THz ~100 fs 260 MHz 10 kW 40 pJ ~2MV /em
(52 mA)

*IBNLOO0OOO0ODOO0OO0OO0OOOO0OoO @

godd

[1]

2]

“ERLODOCDO0OOCO0O0O ERLOOOO0O0O”,0000000,20070 70 9-100,0000000
000000, KEK Proceedings 20078, December 2007.

“Intense Terahertz Synchrotron Radiation by Laser Bunch Slicing at UVSOR-II Electron Storage
Ring”, M. Shimada, M. Katoh, S. Kimura, A. Mochihashi, M. Hosaka, Y. Takashima, T. Hara,
T. Takahashi, Jpn. J. App. Phys. 46, pp. 7939-7944 (2007).

“Brilliant, Coherent Far-Infrared (THz) Synchrotron Radiation”, M. Abo-Bakr, J. Feikes, K. Holl-
dack, P. Kuske, W.B. Peatman, U. Schade, G. Wustefeld, H.-W. Hubers, Phys. Rev. Lett. 90, 094801
(2003).

“Observation of Intense Bursts of Terahertz Synchrotron Radiation at UVSOR-IT”, Y. Takashima,
M. Katoh, M. Hosaka, A. Mochihashi, S. Kimura, T. Takahashi, Jpn. J. Appl. Phys. 44, pp. L1131-
L1133 (2005).

“0000000007,0000,000 2, pp. 11-19 (2005).

“Focusing all the synchrotron radiation (27 radians) from an electron storage ring on a single point
without time distortion”, Ricardo Lopez-Delgado and Henri Szwarc, Opt. Commun. 19, pp. 286-291
(1976).

“Infrared and terahertz spectromicroscopy beam line BL6B(IR) at UVSOR-II”, S. Kimura, E. Naka-
mura, T. Nishi, Y. Sakurai, K. Hayashi, J. Yamazaki, M. Katoh, Infrared Physics & Technology 49,
pp. 147-151 (2006).

“DOE-NSF-NIH Workshop on Opportunities in THz Science”, Report of a DOE-NSF-NIH Work-
shop held February 12-14, 2004, Arlington, VA, Edited by M.S. Sherwin, C.A. Schmuttenmaer,
P.H. Bucksbaum.
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[9] “CIRCE, The Coherent Infrared Center at the ALS”, J. M. Byrd et al., Proc. of the 2004 European
Particle Accel. Conf. (EPAC-2004), July 5-9, 2004, Lucerne, Switzerland, pp. 2436-2438.
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[1] “MARS - A project of the diffraction limited fourth generation X-ray source”, D.A. Kayran, V.N. Ko-
rchuganov, G.N. Kulipanov, E.B. Levichev, V.V. Sajaev, A.N. Skrinsky, P.D. Vobly, N.A. Vinokurov,
Proc. of the 1998 Asian Particle Accel. Conf. (APAC-1998), March 23-27, 1998, Tsukuba, Japan,
pp. 704-706.
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ERL based light source; 100MeV
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ERL based light source; 100MeV
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ERL based light source; 200MeV
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