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ERLZFAWSFTE WS SR

5% S5 Ui 0D INE 2R BT . .
[ ' } J_F7YIFELTEXREINSEMELTE—L
. BREEIANIY—FEFH % . CWEEL CHEE AT BE.

. BHER-BEEINEZER ‘
. BOTPNSGMARIIVIVR, HiEF R

+ T3V Rz RIFFICEHRATEE
Energy Recovery Linac (ERL) . ERYIRLIZKY . E—LOKERIE
DavtTk
A TREL TOR S N
o EHFRFRXEHIE: e ~ RetumLoop
£,, = 10 - 100 pm-rad ir
| =10-100 mA Electron Gun
o FBIEE/NILAXERILIR // Injector Linac
21]2 =] 3 K = — =T Beam dump.
(i [’)J J@<L»JE oljfs *!flri‘ff'w‘*ﬁ-rz) Superconducting Main Linac 99 P
! Merger
Trep =0.8ns~o Accelerating Beam
o HIEBEXFEHREFL—Y(X-FELO) AN N[\ Repnase
Fully-coherent CW X-ray laser TAVAVAVAVA

Deccelerating Beam
cf. K.-J. Kim et al., PRL 100, 244802 (2008).




KEKIZE T55-GeV ERLETHE

Parameters of the ERL

400m

A

400 m

v

mu el 0 -Ii'[;r B
[LEL] o %K.. . A :x/

KEKB R, Beam energy 5 GeV
Average current 10 - 100 mA
Normalized emittance 0.1 -1 mm-mrad
Energy spread (rms) (0.5-2) x10+4
Bunch length (rms) 1-3ps (usual mode)

~ 100 fs (bunch compression)

RF frequency 1.3 GHz

Parameters of the light sources

Spectral range 30 eV - 30 keV
% e Average brilliance from 1021 - 10%
\a ] bl insertion devices ph/s/mm?2/mrad?/0.1%bw
V' East Counter Hall
(Compact ERL) ' - Average flux > 106 phs/s/0.1%bw

Number of ID’s 20 -30




ERLDEELE—F D5l

High Brilliance Short Pulses
— — — A
High coherence | High flux (HF) | Ultimate mode | Ultra short-
(HC) mode mode (in future) pulse mode
Beam energy 5 GeV
Beam current 10 mA 100 mA 100 mA 77 pA b
Charge/bunch 7.7 pC 77 pC 77 pC 77 pC
Bunch repetition rate 1.3 GHz 1.3 GHz 1.3 GHz 1 MHz D
Beam emittance 10 pm-rad 100 pm-rad 10 pm-rad 100 pm-rad
at5 GeV (g = ¢,)
Beam energy spread 2x104 2x104 2x104 3.4x103
(rms)
Bunch length (rms) 2 ps 2 ps 2 ps 100 fs

1) flexible
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High coherence mode

=10 mA, ¢,, =10 pmrad, L,=30m

Brilliance (ph0t0|1sfsf1nn1:f|nrad3f0. 1%bw)

ERL high coherence mode, 30 m undulator

EE=5GeV %, = 1.6 cm]
[ 1=10mA L =30m |
| & =¢ =10 pmrad / K“ {27
G /E = 2e-4 T

10°
Photon energy (eV)

High flux mode

| =100 mA, ¢,, = 100 pm-rad, L, =30 m

Brilliance (photonsfsfmm:fmradlfo. 1%bw)

ERL high flux mode, 30 m undulator

E E=5GeV

F =100 mA
| ¢ =¢ =100 pmrad
G /E = 2e-4

lu = 1.6 cm

L, =30m

max

Photon energy (eV)

10°




T %E E - yltimate mode

| =100 mA, g,, = 10 pm-rad
30 m undulator

ERL ultimate mode, 30 m undulator

- R
7&u=l.6cm5

_——h L, =5m ]
w /\K =1.273

A= 4 cm
23 i L“ =30m
E Knmt =3.02

=

o

X

S

=

s

=

—~ 22

e 107 E 3

g

@5

2 21

g 107k 3

2 E E=5GeV

§ 10 Es\=g‘_=10pmrad

© [ ’

S F o/E=2e4

~ 10 ; ' """"4 ' 3
10 10 10

Photon energy (eV)




X-ray FEL Oscillator (X-FELO) M A #E4%

R. Hajima and N. Nishimori (JAEA), Proc. FEL2008, pp. 87-89.

Comparison of SASE-FEL and X-FELO

SASE = Self-Amplified Spontaneous Emission  +«r FEL spectrum (LCLS-CDR)
SIIIIIIIIIgau ;
AN Gl 2
B I H:0: I I H:H: G
£ 10
1TNRAT/AX D LEAFET (>1075) g
BF/\>F= 1nC, 100fs, 1mm-mrad, 104 o
XFEL- Oscillator cf. K.-J. Kim et al., PRL 100, 244802 (2008).
10 1n : |
P i3 . '\ 0,=0.77ps
0 ¢ o — Il - / \ c,=2.5meV
e h:rlw?i;:,;ﬁ;ﬂ (a) Z \ l

1N ADBIFE > 1 (B <BIBOEH) ‘ g
BF/\F= 20pC, 2ps, 0.1mm-mrad, 104 “time (ps)




X-ray FEL Oscillator (X-FELO) D =al—i 3>

00005

00005 L

0000 L
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00002 ¢

000 t

Darwin curve [ZE DY T EFEE

#igzF K oL=-100um

00035

FS
&)

photons/pulse™

1e+07 |
1e+06 |
100000

10000
0

" intra cavity

0003

00025

oo

0.00MS

0uo0d

R. Hajima and N. Nishimori (JAEA), Proc. FEL2008, pp. 87-89.

INLADIBIEEFEFIEE A RIRFICE S,

faFN1& (& Gaussian-like 7L FrfEE 2
N=100 - el N=150
. 1
"'-_'\‘\-\:-i 80
N\ w0 N=400

150 200

100
round trips (N)

250 300 350 400
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ERL X-FELO 3-SR SASE FEL

Beam energy (GeV) 5 7 6 -8 15 - 25
Average Brilliance B 1021 - 10%3 1026 -10%8 | 10%0-102t | 10%2- 10%
(photons/s/mm?2/mrad?/0.1%bw)
Peak brilliance B 1023 - 10% 1033 ~ 1022 ~ 1033
(photons/s/mm?2/mrad?/0.1%bw)
Repetition rate f,, (Hz) 1.3x10° 106 - 108 5x108 102 - 104
Coherent fraction 0.52 - 20% 100% 0.1% 100%
Bunch length (ps) 2-0.1 1 ps ~ 20 ps 0.1
Number of beamlines 20 - 30 Few ~ 30 Few
Typical undulator parameters A, =1.6cm A,=188cm | A,=3.2cm A,=3cCm

K=1.27 K=1414 K=1.03 K=3.9

L=30 m L=56 m L=25m L=100 m
Typical 1st harmonic g, (keV) 8.2 12 12.4 8.3

12




Spectral Brightness
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Peak Brightness (ph/s/mm2/mr 0.1% BW)

10-2008

ol A ﬁ
«JI—H\-&

NATIOMAL ACCELERATOR LAGDRATORY

=1 T rrriry T T T rrrrrg

1057

1025

1072 8§

Ilmmahll
Storage Rings
and ERLs

102!

Average Brightness (ph/sfmm2mr2 0.1% BW)

10'®
107 102
10-2008

Erergy (eV) 8777A23

10°
Energy (eV)

10*

EEIEROEFRKYE|IA:R. Hettel, “Performance Metrics of Future Light

Sources”, FLS2010, SLAC, March 1, 2010.
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ERL & XFEL-O DL Dol gEtE

5.0 GeV (a) 5-GeV ERL (2-loop ERL)
$\(outer loop) ERL-SR Usage 1stacc.  2nd acc.

2.5 GeV

AN
: /A N N B U RF Phase
(inner loop) i \ {{J "l“ JE !,a \\ ff .
f \ Vo
2-loop ERL I AR ;'* ‘\‘ /, H\_/f
) 2 WL PR VW VR ¥ (PRI ¥
@ 5MeV -> 25GeV (XFEL-0) .
2nd dec. 1stdec.
_ - (b) 7.5-GeV XFEL-O (recirculating linac)
Orblt Bump 2 2.5 GeV —7{0 GeV For XFEL-O  1stacc. 2ndacc. 3rd acc.
Section SC cavities B Injector T ‘f._\ ™ A
- ' / / [ /
Energy Recovery Mode XFEL-0 Mode B Dump ,/ R\l ,f'f \.“ ,f'f \ f \.\ fﬁ ‘H RF Phase
® 50GeV -> 2.5GeV o= Cadit B W A W A W A W A W
@ 25GeV -> 5MeV SHEOIGE = sice Y VoV [\ / \ x'f
@) 2oGev -> e m Bending Magnet \/ \J \/ \J v,
Possible scheme for compatibility of 2-loop ERL and XFEL-O
: Approximately 1 s
B Bending Magnet Time Structure I '
B Gusdeuncle Masmet ofBeams =~ ERluyse XFEL-O ERLUse XFEL-O ERLUse  XFEL-O
Insertion Device 2-|00p ERL

5 GeV 7.5 GeV 5 GeV

7.5 GeV 5 GeV 7.5 GeV
1
B Beam Cump 2.5 GoV inner loop //3 .
[ End Station _I{’{,' 50 GeV outer loop 15 GeV Dump Time
i ‘ )
e 75 GeV X-FELO Kicker Pulse

- £ /\ .

B XFEL-O Time

Bunch train and pulsed bump for hybrid operation

RFFEERDDNE/NVTEANDZET. 2)L—TERLE2DDE—F CEEEA[HE
- 5-GeV ERL(2[BIN:E . 2[E]EE)

14
- 7.5-GeV recirculating linac (3[E1/03&) — XFEL-O
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FELGERDORIDIEITH

HIREZER (A5EEH)

o KEHHYTS—: 170 kWicoupler
o IEA)EE: 15 MV/m

o KERE—LZENZE: 100 mA (CW)

BFHFSATL—F—:
o EHEAMNFLY: I5W CW
o #2URLFEKEL: 1.3 GHz, A ~ 800 nm

RENRFIR
e 1.3 GHz, 300 kW (CW) 454/ &XkO>
o EEETIAIL-O—LRILEIHT

Return Loop

BEREZER(EI=7v9)

o IEAE: 15-20 MV/m (CW)

e KER: 200 mA (energy recovery)

o BERE—FDEE (HOM-BBUX )
16

BIEE I+ Y —FRDCEF&:
e 500 kV, 10-100 mA
o HHILTIVALX:0.1-1 mmmrad




A /N RERLTHEMITD A &8I 3E5E

KIFRIFERLZEZ R T A<, ERLTRAV LN SRR T & & #IZRET ‘ [Compact ERL }

E—LWYE EOREN-RERENGONAE

s

Beam energy
Injection energy
Average current

Acc. gradient
(main linac)

Normalized
emittance

Bunch length
(rms)

RF frequency

Parameters of the Compact ERL

Parameters
35 - 245 MeV
5 MeV
10 - 100 mA
15 MV/m

0.1 -1 mm-mrad
1 - 3 ps (usual)

~ 100 fs (with B.C.)
1.3 GHz

~

T T

L Magnet | | Transformers f
—_ and L i
Power Supplies| | |

L el |0 T s




AVINIRERLDOLATORQIL—T DIHE)

AGtzs A == Bl 2

FU=7YYRARFIR HEAMERZU R A 5
RFJ&
' g I T 1 T
Preparat room 3, > \ Een:lrcly\Ruum / Egz;a&etmn E;ma;atinn
| ! 3 2
T T~ T [ 1.5 T I Reau| [
\ wheh | e Lu/y
\ — ¥
\ !l \ 1P [m] . (] :’""':E
Transformers 1 Liquid He iy B
an y Refrigerator ! W b
Power Supplies - L Laser Hut
pp 44;% 714552?5 L LI [H] [H] a
.

Injectir| SCC Module [N 7 :
il | Area ]
A :
]
: Main SCC modules
s ~@: %~ & i
: - NI DR
H HH Hif— S
Stock Area : / — !
for Activated ] / =
Devices 1 Llliiiiiiiiiiiiiiiiiiiiiiiiivn
]
1 -
1 ] . . . . =
- iy Radiation Shielding
— 1 f I
| 1 N 5
Ava C‘] Space
" -
n ' 7 DL=-vEEI-F
. om T Ty s 3
2F G
1 e ; Moy B . 7 3 o R R e,
\ju‘ [ \_I [ \JJ

s
HBEE e RMAH I TH =
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CERLOL A7k (BlEmX)

ViKE

AKTF
L T i [ L Crane N
= —_— r ——
s = _
emen reom ~ouleve hut Radiation shielding H
I | | el Y -
ERL s — ] [ 20 Co ldBox] e . S
[ A ) » = |
Control roomg || 1 — 1 / > — ¢
i — = - , 2 L
T Main SCC Cryomodule |, 3
Electricity - P o
Room =
it 77

OO RN
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CERLDFFEDT7YIT I L—FK -5 1)A

1. 1JL—JERL: 35 MeV, 10 mA (or lower)
C EUZ T b0t LI X 24 Py
- ASTE: 2EILZR X 34 (RS 5 MeV) S
2. aA3via=— 4y HEREEx

- IHEIBFDRAT 4

-+ 535 LAt EE AT, FIAERL T SR
+ Compton backscatteringZ FiL = #8587 VL AX IR IR g
- CSRZRAWSKEET INILYILIR
3. IRILF—TFvT:65MeV T .
- FUZTUVIZ9IL X 2B AYED 2—/LEIEM -
4. 2)L—TJ1k: 125 MeV _
5. IFILF—TvT:245 MeV (e . 2
- OB XABAYES—LEEM " )
E > 100 MeV 1281+ AFELO ATREMHS &L 1=0 i




O INJRERLDE —

—LAFELEDRA

1 m from exit of merger, =80 pC, 5 k particles

0.6
Injector e Layout of ¢ERL injector with rectangular magnets [ 2 100Smays Wil mncdab mepey
P : : : = 1} BCAOL scr01 sCAGE ?é
e Optimized design using multi- ) DCGUll U g
objective method G v 3 osk.,
. . E 4 “'; %""n .
e Emittance compensation under £ b schm omaortomacs  Brtaos S . S
space-charge effect and rf-focusing 8 -1t SEAOL SLAG2 - SCAOZ - QMAOL-QMAG>  BMa%2 1 B Bemy Ty,
I 1 1 L 1 1 I 1 = 8g, =
. 0 2 4 6 3 ° Rog o
Longitudinal distance from cathode, z (m) 06 0.7 0.8 0.9

Rms bunch length, o. (mm)

Main Linac
,33“ é;; ""f% 2
:, Compact ERL 3 % Return Loops
“ .x"?
“Bup ‘- LT LI unl’ v’

“M

SN T

Design study of 2-loop ERLs Beam instabilities due to: Beam optics in the return loop

e Optics optimization under influence

e Establishing the design strategy f coh t-SR effect
of coherent-SR effects

e cavity HOMs

e resistive-wall impedances . . .
e Efficient bunch compression while

e ion trapping preserving beam emittance

Simulation of the compact ERL (3) R o
T i ?V‘"'"Lr_,;f“""‘y I jl' ...-t o 's.,‘
g P lLuJ“‘ _w =~ ‘-w.»-— ,,_n:j
Dy - . [T
oy ! i i

¥ " i
Tiome s



cERL ASTHEBDERE

* Injector components of cERL » Parameters optimization

— Photocathode DC gun

— Two solenoids

— Bunching cavity (Buncher)
— Three SC cavities

— Five quadrupole magnets

— Generic algorithm

— Tracking code GPT

— Space charge effects included
— No CSR in merger

» Optimization result

— Merger (using three bending magnets) — Rectangular type gives smaller emittance

* |nitial Conditions

— Electron distribution on cathode: beer-can shape

— Initial charge: 80 pC

(1) Sector type (bending angles:

Layout of cERL injector with sector magnets

-19, 22, -19 degree) 0.6 : ;

than the sector type.

— Normalized emittance 0.4 — 0.5 mm mrad
for 2 — 3 ps bunch length.

1 m from exit of merger, —80 pC, 5 k particles

o 16 deg merger with sector magnets
o 16 deg merger with rectangular magnets

= I 1 1 1

0.5F

x (m)

h & h

~0.5k

o 1 1 1 L

L I 1 T ~
E

0 2 4

)

£

) =
B %\g\)“’ Normalized rms emittance
= o5k 0.4 ~ 0.5 mm mrad ]

Longitudinal distance from cathode, z (m) 2 0.5p00,
W M © @ o
5 Gl ® o
(2) Rectangular type (bending angles:-16, 16, -16 degree & "Wy %% o
Layout of cERL injector with rectangular magnets o O, : 8 % ® @0 g
— 0'5 - T T T T T T T | — 3 Og a
E o . DO oo
= _0_5- 1 ] 1 1 1 ! | 1 06 0.7 0.8 0.9
0 2 + 6 8 Rms bunch length, ¢, (mm)

Longitudinal distance from cathode, z (m)




CERL ASFFITERINSABZIEIS—DLHk

- Layout of cERL injector with rectangular magnets Amplitude error Phase error in

g ' ; : . . T 7 ™ in RF cavity RF cavity

= 1L | Bcaol BMAOL, BMAGS. - -

» o f A0l SCA e =-16°]

& | SC IO SC| 03 QMBOI ' //l

5 ol v v g e| |/ 2

3 | ¢ / ,f

s [ |+ ¢ | A -

N1k SLAO1 SLAO2 SCA02 QMAOI - QMAO5 gn_a?goz b \ ) /

E 1 1 1 1 1 1 _I 1 | \\\\ /// \\\ //

0 2 4 6 8 o \\ //
Longitudinal distance from cathode, z (m) .
VEaL—2avILB T —~DEREDEE
1.0'm from exit of merger Gunripple RF amplitude RF phase
o02F = o BCAOL V,=115kV
N ©  SCAOL, E=72MV/m Error 0.1% 0.1% 0.1 degree

= - ; " 4 SCA02, E;=15.0 MV/m
< PSRN S ALY B Difference of -120fs -100fs -120fs
2 CIF : :
‘d;:Ci 0_0”“”023”“0 arrival time
§ " e 2. Kinetic energy 99.96 % 100.05 % 99.98 %
I KD o
£ it Emittance 3.5% 1.5% 2.5%

o2 B (for £0.1% (for £0.1% (for 0.1

0993 0999 1 00l 1002 error) error) degree error)

Fluctuation of amplitude, E/E,
An example of error analysis results

(Arrival time offset vs RE amplitude eror) ~ GUN ripple < 0.1 %, RF amplitude error < 0.1 %, RF phase error < 0.1 °

23



1-loop CERLDE —LIF R

Chicane Long straight section

1st TBA arc 2nd TBA arc

Beams

o

Main SC cavities

Extractor <€

Beam dump

Compact ERL(1-loop model)

Basic parameters S @
Beam energy 125 MeV E iz -
Beam current 10 — 100 mA . ;E -
Normalized emittance 1 mm-mrad (77 pC/bunch) w10l I
&, = &l(yB) 0.1 mm-mrad (7.7 pC/bunch) O -
Energy spread (rms) < 3 x104
' T ' il ' N
Bunch length (rms) 1 — 3 ps (normal recirculation) .61 l ; -
~ 100 fs (bunch compression) 'c o4t ' L
= gl o
High current mode: 100 mA, 1 mm mrad B e _ i
. =0.21 I i
Low emittance mode: 10 mA, 0.1 mm mrad 5 50 10 = 50 50
H g tm
Emittance almost preserved Optics functions
CSR effects included (in high-current and low-emittance modes)

T. Shiraga, N. Nakamura et al., PAC%Z‘:‘)




2-loop CERLDTH AU R T«

47.06m Adjustment chicane

A*»’IHI B HH - Hi — IH---- - - HH.,)
| /nu o o ""\ 125MeV |

X Merge “ Beam dump
r 65MeV . sMev 65MeV
2. ~

65MeV : ,
HE "

A
A

93m

Branch i 65MeV

%
Y

5
=
<
oMz ®®
Yy v

» 125MeV
chicane 5Mev - 65MeV 10m
DC aun Main superconductor cavities
gu B BendingMagnet [l Quadrupole Magnet Sextupole Magnet Superconductor Accelerating Cavity Extractor
Layout of 2-loop cERL

— (tentatlve)
\E 15F . 3
| = 10F 5{\ ;
e . oV Vot W w:f’ W = -W s

1.0 3
=it ¥ '
= .5E 3
'-E |:|r : : J'n‘s, :

= 10 150
‘='=I"'ml

Optics of 2-loop cERL (tentative)

%

M. Shimada et al., ERL09.

Optics design of 2-loop cERL in progress
25
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ERLIRETS
o 2006FE~I#E (Ft41ME)
e ERLELHBIZEE T AL &K
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. BER.EMETVIVITRH
http://pfwww.kek.jp/ERLoffice/index.html

ERI-HEHEEE

Bt rOject Office

s EERLEERT =
A 6B A 14:00~
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-sBaollERLEH S SEIF #AKERD
2A17EoK) 14:00~ HE E(kEw
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FETERIR (KEKD
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o 2006F~IRTE (§147[E)
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EEERSE £

. BER BEHEVIVITAH

E Bt EE
'aé'@m Project Office

Beasnsdynamics Wi |

WaS—Fa T AE WHE fEH#

SEATE] 2010. 3. 17 | XFEL-O (AU cERLASHER Canii T o dmEF =8 S (KEK
E-Faa AT M1

A6l 2010, 2. 16 |MZERBEEIAT DA dFc A vaF 24 R A (KEK)

L BT
ERL 2L

L ERLEh ST
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Ei AR (KEK)
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e w3 (KEK

Al 2000 12 24| cEF
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Il A BAEEH (ke

HE B (JAEN
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W= fhep WifE (kEK)
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(a2 /N9 FERLDERETFAZE |

200842 A ik (188H)
« KEK Report 2007-7

KK Hepert fi07.7
BAEA et 013
Hobruary 2008

3 > 282 F ERLD %GR
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CERLEZR D FE XEHE (2010~2012FF)

BEELH
= CERLEMIRZA T2 — L 2010FE 20115 % 2012 E
2010/4/16 EDES: TERE P FE
Fn—= I A 5 ] T 8 ] w | o | ez 1 2 a3 an | s ] 7 8 E 1w | n 12 1 2 a | 4B 5 5 1 ] ] w | o | oz 1 2
cERLE — Ll E—LEE
REFE
AL —LE ot o ot bt bt K1 et Rl Aot it Rttt i s P s L— I FHE
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