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Laboratory EI?/}F:’Lv
ERL-based Light Source Project at KEK (2 Stages) RF frequency: 1.3 GHz
Beam current: 10-100 mA
@ 3-GeV ERL as X-ray and VUV SR source Bunch charge: 7.7-77 pC
@ 6-7 GeV XFEL Oscillator Normalized emittance: 0.1-1
mm-mrad
//’ i e Synch;“o\tron Radiation
I/ e Recirculation Loop i
7 N
ol 3GeV ERL Vo
" { Electron Gun (1st stage) / fomm T .~
l / Injector Linac £ XFEL-O
: / Beam dump /o
l 2 Superconducting Main Linac | (2nd stage)

-

[1] “Energy Recovery Linac Conceptual Design Report”, KEK Report 2012-4 (Oct. 2012);
http://ccdb5fs.kek.jp/tiff/2012/1224/1224004.pdf



3 GeV ERLMD/\FA—% (CDRIM&KY)

Table 5-1 Target parameters of the 3-GeV ERL which is integrated with the X-ray free-electron-laser oscillator (XFEL-O).

Operation modes

High-coherence

High-flux mode

Ultimate mode

Ultra short-pulse mode

XFEL-O

mode
Beam energy (E ) 3 GeV 6-7 GeV
Average beam Typically, 77 pA
current (1,) 10 mA 100 mA 100 mA (flexible) 20 pA
Typically, 77 pC
Charge/bunch (q,) 7.7 pC 77 pC 77 pC (flexible) 20 pC
Repetition rate of 13 GHz 13 GHz 13 GHz Typlcally, 1 MHz 1 MHz
bunches (f,.) (flexible)
Normalized beam To be investigated
emittances (z,, £, ) 0.1 mm-mrad 1 mm-mrad 0.1 mm-mrad (typically, 1-10 mm-mrad) 0.2 mm-mrad
Beam emittances at full To be investigated
beam energy (s, #) 17 pm-rad 170 pm-rad 17 pm-rad (typically, 0.2-2 nm-rad) 15 pm-rad
Energy spread of 4 4 4 : : 5
beams: in rms (,/E) 2x10 2x10 2x10 To be investigated 5x10
Bunch length; 2 ps 2 ps 2 ps 100 fs 1ps

inrms (o)

[1] “Energy Recovery Linac Conceptual Design Report”, KEK Report 2012-4, KEK, 2012.




Challenges in 3-GeV ERL @

PEARL
ERL-based light source CW Operation Common challenges with
(KEK-PERAL, Comnell, FSF at HzB, ...) | Low beam emittance high-repetition-rate FELs
High beam current (like LCLS-II)

Electron gun Superconducting cavities Beam dynamics

e CW beams (1.3 GHz) (Injector/Main-linac) e Injector design

e Low-emittance e CW operation e Emittance preservation

e High average current e HOM couplers or . zpsaée charge effect

e Long cathode lifetime absorbers i foousing

e High- \
High-power couplers e alignment errors

Photocathode DC guns (500 kV) (injector) e stray fields, ...
e High unloaded-Q (Qg) e BBU
(main-linac) e Beam losses
e Strong HOM damping o
(main-linac)
OV /NJRERLT®
SRl ZEtELT=

2-cell cavity 9-cell cavity for
(JAEA) (KEK) for ERL injector ERL main linac
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O INIRERLD /NS A—A
INSA—4 B2, (NIXEFEDBE a2 /\JMERL
BEE —LIRILT— 35 MeV I
(2258 T125 MeV)
AGIRILE— 5 MeV (10 MeV)
EHE—LER 10 mA (100 mA)
RBIETIVER <1 mm-mrad
KYBRE 7 B 1R (0.1 mm-mrad@7.7 pC)
(1 mm-mrad@77 pC)
INTFE (rms) 1-3ps
<150 fs : /N FIEHEHE
MEFE(E)=TYT) 15 MV/m
RF & i 31 1.3 GHz 8




O INIRERLDERL (/SR F)

(£17—7)

SEE LT

FERED 21—
(BIEZER)

ASTEED1—)IL

4 GEBIREZER)
(E27="0
(c)Rey.Hori/KEK A %@*@DC%%%-&L

AGHER



AV INIRERLDEZEIE LT
20084F E 2009 2010 2011 2012 2013 2014 2015
ROV A—FR—ILEE | WEHEME 1T ﬁ&%ﬂ‘ﬁb—)blﬁﬁéﬁ

AGHERE %

ASEROSvia=25 (5 MeV, 1 pA)

[E

[E B &R a2 2%

EIEOZY3=2% (20 MeV, 10 pA)

LCS# &%

ERiE®R (100 pA) . LCSIIH EIF

]

N7




sERL-a> /3 FERL

FIEBDCE F#i

AStZRaZoM1Y =
ASIB/ES 21— ==

IE?IEI:EQJ—)L_é

=
-




. ASTERaZwi 3= OE
(2013%F4-6 )




[1]1 AEBFES 4. 5 10E40

CERLASERE AT ZRZMT AN zrssayn 7o

J X, SUP010, SUPO11.

_ TIyAVRBIE R N FRAIER
AT —VE=F— . gl 2.6 GHz {R M2
(MS1 - MST) P
MS1
MS2 MS3 MS4 MS5 &
Faraday cup MS6 MS7
l BPM l BPM BPM
\/ = % l l l l
: 3 | ) \
el ] ) I
T‘ll_&. : &@@@@6 V. = DT —
B A
] e || |
JtfEHEDC AGtERO54 .
BT FES2—L OB Beam . T
FI/IN— E—LA2T

CERL A5 R ABRZES M1

A
v
A
v



AFEIZYI 3= DRE

E—/L%5 MeVETIRL, ASERA T ETHET 5
CWE —L (5 X1 pA) DNk, &%
5 MeV, 0.2-0.3 pA THHHERL NILORREG N &
— HBERREICEKRTS
E—LD6XITTH HRESTE
— E—LIZSYAUR(X,Y)

— N\FE

- EFELNY
E—L®DMERER EDT-H DEFEE
— WA ER

— KEM

T 19 EF D1 (B E SR~ ASTES)

1

14



ASERTOHOE —LINRIZHKDI, T=5.6 MeV (201354 A22-26H)

BB 390 KV Bunch repetition rate 1.3 GHz
A LT8R 70! E,..=7.1 MV/m Macropulse widths 1 us or 1.6 ms (for high current)
<TO0/8)LRE—L Repetition of macropulses 5 Hz
4R DERKXE: 200 nA Charge/bunch Typically 20 fC
MS2 MS3 MS4 MS6 MS7 (after BM)
T=390 keV T~5 MeV Accelerated beam (before BM) ~ h=0.825m

e P P P ey

Beam-current signal at a
~faraday cup

P 90 ke Beam 5.6 MeV Beam
] [ fa @@1 l
© N il
o . 1 (s} ;""u_r"'\ l
mﬁﬂ_g - &@—'—@;} *{1,}0— - y.L 1] [CC [T ="
= fmalli = ot | [T | e
Photo- Injector .
cathode cryomodule Injector
beam dump

DC gun
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‘ Solenoid SL1 Screen MS1 SL2 MS2 g (dataset 1) (dataset 2) (dataset 3)
Steering  ZHV1 ZHV2 ZHV3 = 0 oL . oL ! Slo .
(o) scan scan scan
e MS1 measure MS2 measure MS3 measure
~ . S ) L i I "E
1A RRRE L DB (SL2ERF v . MS3THIE) 31" DRIE
e Horizontal 22/ ndi 11/ 11 Vertical e P ;E*% 1 t I E \\J 9 ‘\/Z :
E - . a 1,552 = 0.02687 Ez's, ; 263201138 - O 07 mrad
2 HOI’IZOﬂta| b 1.039.£0.004894 @ | : b 0.8845 +0.0103 B & L 2
% 25 © 0.1435 £0.003419 % 2; Vertlcal c 1966 +0.01127 (at T :390 keV)
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ASHERTHEL F=E—LDIIVHE2 X(T=5.6 MeV, {B/\UFERT) zasarins—7ooz,

A YRR Xk
TE 11 0.02 pC/bunch
angle [rad)] (/{ya—_’v_ OFF)

Horizontal phase-space distribution

angle [rad]

-0.0004

-0.0002 -

0.0002

0.0004

-1 -0.5 0

05 1

position [mm]
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AR R 394 BITE S
| 5 IR 2013468218
Slit scanner Screen monitor REGAB D HIANL S R 78
\ 00 olfl =
I I I I /N> Fv—: OFF or ON (Vc=40 kV)
| I L—H—: 58/\LX (~3 ps rms)
Slit width: e . @ NFH-YDETR: 0.02,0.77 pC
0.1 mm &FC Beam .
T|1a1: 0.77 pC/bunch
@ angle [rad]
.E 04 -0.001
é 035 -0.0005 |
O]
2 o3} ol
S 1
= o025}
E 0.0005 F
O o2 I
(7)) 0.001
g 0.15 14 Buncher OFF A 08 0 05 poswt?on[mm]
2 o ol —
ﬁ ' Buncher ON Horizontal phase-space
g o | | o = B
§ 0 0.2 0.4 0.6 0.8 1 0
Charge/bunch (pC) |
BIERER |
g, ~ 0.17 um-rad at 0.02 pC
g,~0.3 pm-rad at0.77 pC

position [mm]

Vertical phase-space

position [mm]

Vertical phase-space



h/N\FERFTOE—LIZSVAU R (FEHEER)
(T=5.6 MeV, 7.7 pC/bunchZE T)

A 7E & 14
R = S So
291)—MS6TD NOFE
. . Meas. Date Bunch charge Width of laser Buncher  Solenoids 16 ps
E=LTRI7ML (pC) pulse Ve (kv) = BELSE2 3 56 jaser serrrii-flat
21-June-2013 0.02, 0.77 3 ps (rms, 40 7.8/8.7, .
Gaussian) 3.0 ¥ ‘ T gusss
26-June-2013 31,77 3 ps (rms, 50 8.3,499 - '" -
Gaussian) \ - ‘
28-June-2013 15,7.7 16 ps (FWHM, 50 8.3, 4.99 ) ) :
semi-flat)
Summary of measurements P -
RIBIETIVA X (BREFR)
:'g "1 16 ps (FWHM, fla) | | | g, ~ 0.8 um-rad at 7.7 pC
7.7 pC/bunch % oy hOrizoRal —— (SERILIZHET S)
= 08 1 |
3 ps (RMS, gauss)
§ (260uny hOriZONtAl =——t k I SRV N
S 06l rorn | e mgLE—LTOT7LAELR
é ’ (21Jun) Cgrr;iz&?ta\ —_— T: (Jﬁ[ifﬁf:igﬁg Lfb\fd:l:\)
o : SNECDH, L—F—/LRIBERBIELT
g 04 ! . H.E—LIZSVAVR[EHFEY/NSKEST
5 L LVEELY,
N . * L—H—/NLRBIZIEHEVEFLELY,
£ 02 1 * BFHMEE (390kv) #3¥EHE (500
= KV) ETEFNIE, HESN S ALEM
= HY
% 2 4 6 8 10
1.5 pC/bunch Charge/bunch (pC) 18

E—LEAE (\TA—2xE1L) [EF & R FE



cERL:EER##ET (1) : 2013F4A ~68 AS&Eazsyia=>y

A I SEL NS E — L ONB§fE?) QUL FNG L5 SEL i
(hours) (hours) (hours)
ASEaZIv 3 =24 (20135%F4-68)
201344 A 92 24 185
20134%5H 111 70 291
201346 A 157 106 315
INET 360 200 791

1) (LIMITIKEE) F7/= (X (KEEPOUTIKRE) D &EETHFME, BEREE(R - TP T & B E s
2) (KEEPOUTYREE) MDD (BEF#HHV ON) mD (EFHL—H—ON) DB
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AGTERAS Y 3= T DFER 2013548-6R)

ING A=A EREINT-{E BR{E E R
E—LDEFHIRILF— T 5.6 MeV (typ.), 5.9 MeV (max.) 5 MeV (typical) OK
FHE—LER I 300 nA (max.) BHEHGFIE: 1 uA P HA B B

[E Bl &R TR FE R (Z 1858

EFHEE V,,, 390 kV (typ.) 500 kV 5340
AStERZE R TOIEDE E, 7 MV/m (typ.) OK
BFHE—LDORABIELIIVEVR ~ 0.07 pm-rad 0.1 pm-rad OK
(ML EH) (@~10 fC/bunch, T=390 keV)
MNIRE —LDFRBILTIVEVR ~0.17 pm-rad 0.1 pm-rad OK
(M ERD (@0.02 pC/bunch, T=5.6 MeV)
MIRE —LDFREIETIVEUR ~ 0.8 um-rad <1um-rad (Zm) OK
(RER (@7.7 pCl/bunch, T=5.6 MeV) 0.1 pm-rad (¥kELAY) e el
MEE —LDIREIETIVI R FAIE (@77 pCl/bunch) 1 um-rad FEFER
(KRER)
SEEE LY (0,/0)me <103 (< 1 pC/bunch) <104 (3GeV ERLT) | mEdhid

(1.5 - 2.5)x10-3 (@7.7 pC/bunch) OK®D L7
EHE S YE— (ADP)me 6x105 <10 (3 GeV ERLT) OK
INF R o ~2ps (@1.5pC) 2 ps (typical) KERA

~7 ps (@7.7 pC) FRRA
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E—L%35MeVETHEL., BEESZRBRSE. BELTE—L
FTIZEL (ZEFEIZ(F20 MeVTESR)
CWE —L (%&K10 pA) @ H0:ZE, E[El., #EE
20 MeV, 2-3 pA THREHRL N ILORREZZ LN &
— MERREIZCERT D
E—L®D6XRITTH M4 gEFTh (B EIHR)

- E—LIZYAVRA(X,Y)

- N\UFE

- EEELMNY
E—L®DMEER LD T-6 DEFE

— WA ER

— KREM

R R, BB EMX
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I: _-L\O)JEI H ‘:E‘ZDJ Burst mode Beam pulses (r_nacropulse)
_ J s e peak current: ~20 pA(~ 20fC)
(E=19.9 MeV. /NER - » e macropulse width: 1.2 us
~1us e repetition of bunches: 1.3 GHz
E—LIELITIERIZ/HELN (1300bunch) e repetition frequency: 5 Hz
e average beam current: ~ 120 pA
Dump FC i MS31 (dump line) MS3 Gun FC ( ) MS1

o I MS11
beam current

faraday cup
\ beam current

©The 1starc g cormen

Beam profiles

on screen ic ciic Giiiz

monitors.

[ beam current

N

MS15 MS17 MS19 r Movable FC MS26 MS27

After several e small beam profiles
tuning: e ~100% beam transmission to the dump e short bunches (~ 500 fs)



CW 6.5 pA E—LDEEIZHY, HEEREEIZEH (&A26 MeV, 10 pA)
(20143 A7H =&, 3A 128+ &%)

CERL/AZA—4 (Mar. 14, 2014) ISSA—A: E— L&t
E—LIRILF¥— (E) o BFHEE:390kV /NUFv—:1V,=30.7kV o CW (—H&F. E—LBHOD-HD/N\—
o ASTER: 2.9 MeV o ASERZER: E,.= (3.2, 3.3, 31)MV/m ARE—LEZER)
o F[EER: 19.9 MeV o FZE[: Ve =(8.58, 8.59) MV o NUFHEYRLE RS 1.3 GHz
S_ o aEms HBDOIN—XR: T+ T A4 —KT
E— LKA CW +burst + gap BHLI-L—Y—iER
Tus
23fC
/ Burst
CW Gap 23fC
Rise time 1~10ms
~1ms

d‘"]l]ms 1. UUI\IS/ ra H 1 Ma 2014‘
W 49.79 % 1M points 530my 104:50:31

(notice: above two pictures were taken in dlfferent day)

[Pa] E—LEERICAST=IEHN (I=6.5 pA)

1E-4 - _"_E:
. "1 "1 Beamcurrent
e 0100 N
s 122 |
1E-10 - . W i
< ’ ‘_ 20:20:38 20:24:00 :JT::T:- 20:32:00 20:35:38
Injector Main Linac Dump LASER_MON:PD_PEA || POWLIM:BEAM_CUR

Merger Recirculation Loop



F)ZT7IVICEFTEHIRILF—EROTE(CWE—L, 6.5 pA)

JEERL:EER (E— LB fIHY) ERLE#R (E—LER%GL)
ZoiE2 FuE Al IE ZERT, 24K hnik (18] B @@ )
(Vc=8.57 MV/cavity)\ (Ve=8.57 M]V/cawty? wg (2[EH JE H#)
E=2.9MeV B o
E=29 Mevaeam Dup W Beam Dump e ‘.-x

E=19.9 MeV

hicane

hicane
2nd Arc Section
LCS X-ray THz CSR o
Generation 3 ati A

eeeeeeeeee

111111

0.1 30 Acc. Voltage : Vc=8.57MV Beam current
(Pin - Pref) of cavity 1 —— (| ~ 6.5UA)
(Pin - Pref) of cavity 2 ——
0.05 | Beam current . 25 \
10min .
—p _
.")
E "Z
qé‘ 0.05 15 *é I:)ref Pin Pin: Input power to ML cavity
Q." e (Mar. 14’ 2014) g Pref: Reflected power from ML cavity
.9;.: -0.1 Beam loading test Energy recovery.testt 10 % \\_A *‘I? :¥:_ ll H# - i
- seeiel Bengemsl T2 OW, 65mAE —ATIRILA—EUREFZIE,
- JIL » SN
015 - 6.5 uA 5 E—L&RmIFIZFZFEOTHOT-
-0.2 L ol 1Y YO O O L D NV A IO

00:40 00:50 01:00 01:10 01:28 I*)L¥_@Wb§ménfb\é?%



BEREICEITHIE—LIZIVRIVADAE (A AR XUk, D ER)

HEIETIVAV R g, =0.140 mm-mrad, &, = 0.136 mm-mrad

(Bunch charge:14 fC)

FCH SR e

= 0.4
B

H
E ozt
0.2

o1

0

580um —> |

Flx)=sart(a*(x-b)**2+c) ——
data —a—

" Horiz

0.1

0 0.1

x= 0.358876 uy=  -0.0926923

0,2

Flx)=sart{a*(xb)**2r) —
data —e—

140um — =

0.3 0.4 0.5 0.6 0.7 0.8 A’UA -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

k-value [1/n]

k-value [1/n]

x=  -0.3B8B3E u= 0,119135

R. Takai



cERL:ZEER#RET (2) : 20135 11H ~2014%F6 A BRIFIZI VI 3=

A

AR 23 E S B ]

(hours)

E— L ONEffE2

(hours)

QUIPFNG ¥ L5 3L i

(hours)

32 /89MERLOS WS a=% (201345128 ~201446 )

*2013FE M BIXBIEEE ROV TA4a=V T % EE

20134118 59 0 489
20134128 113 36 480
2014418 49 11 418
201442R8 211 121 672
20144 3HA 113 71 345
2014%5H 120 952 590
201446 R 190 115 480

INRT 855 406 3474

1) (LIMITHKE®) F 1= L (KEEPOUTIRRE) D& ETEFE, B - TP VT 2 8L EERksME

2) (KEEPOUTHKEE) /D (BFHHV ON) hhD (BFHL—H—ON) DEFHE
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RIEEAZS Yy a=2T DFER (20135128-2014468)

ING A=A EREINT-{E BR{E 2= R RE
BRI THOEIRILF— E 19.9 MeV 35 MeV i
ASTRILE—(BEE) E, 2.9 MeV 5 MeV =t
FEHE—LER I, 6.5 yA(ZEH) . 10 pA (BERE) L9 10 yA OK

BiZ: 10 mA FEFEE

T ZTATOIEDER E, 8.2 MV/m 15 MV/m FEEE
FERTORBIETIVZIORX ~ 0.14 pm-rad 0.1 pm-rad OK
(> E ) (@~14 fC/bunch)
FEESTORBIETIVEVR FKAE? 0.1 um-rad
(/NETE) (@0.77 pC/bunch)
FEEHTORBIEIIVEOR ~ 5.8 um-rad <1pm-rad (L) e
(FRERD (@7.7 pC/bunch, E=19.9 MeV) 0.1 pm-rad (HkEKH) Eiet I
BB TORBIETIVEIVR RIATE 1 um-rad EJEI
(KERD (@77 pClbunch)
EBE DY (6,/0)me I <10 (3 GeV ERLT)
SEBE S vA— (ADIP),. T <10% (3 GeV ERLT)
NTFE o RKAIE 2 ps (typical)

28
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cERLEZM:ERE (1) ;5 5]

L—H—a T UBELERDILE EIF (Syiay)

BIE TETULVEWLE — L4 o 51 (B [E1ER)

— RERTOHOIZVAVAR(YVARFIVY)

— N\FE

- EFELHIY

E—L®DMHERER EDT-HDEFEE

— RERTHDEIZIVAVRIE

ASHERTHE —LMREEHE (AT T RILF—:E=2.9 MeVI[ZT)
— B BIICIEEE

E—LERD SR 1858

— 2015F 1A LIBE, BifR100 uAZZEIHL . [EEXRE

— REBEETIMA,. RREITIOMAZHIET
BEFHEE D500 kVEIEL., TNICLDE—LMHEEED R L
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CcERLE#ZMERE (2) A ~-

L—H—a T RRELXIRIRELTOMERER EEFI A
KBETINILYLBELTOEFEEL—T—FIF
FZERDHEEREE (15 MV/m)

— FEREOIRILF—[EE (35 MeV)

— ABIRILEX—METE (5 MeV)IZLBE—LEREDR L
E—LER100 mAIZ[E (F1-1E5R
FERED2A—IVERICEDIRILTF—1B5H
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AR T R AT-ODR KR EERH (1)

PRiE ¥R ., B Hf =ES
AGTER
REFRTHDEIIVA R{EDFEEE TR T 4
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Tentative Layout of 3-GeV ERL

Assumptions:
Beam energy
Full energy: 3 GeV
Injection and dump :10 MeV
XFEL-O: 6-7 GeV
Circumference : ~ 1600 m
Main linac
Eight 9-cell cavities in a cryomodule
28 cryomodules (224 cavities)
Cavity acc. gradient : 13.4 MV/m
Triplet QMs between cryomodules
Total length : ~470 m
(average acc. gardient : 6.4 MV/m)
TBA cells for ID’s
22 x 6 m short straight sections
6 x 30 m long straight sections
300-m long straight section

Norio Nakamura, IPAC12, May 22, 2012

3GeV Energy Recovery Linac

Dump L Injector
* Main Linac s

o e

6-7 GeV XFELO

PF-AR

PF Ring cERL Building

Layout at KEK Tsukuba Campus
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