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1. Introduction
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Future Plan: ERL Light Source Project at KEK

pp—" ——Qa,, Synchrotron Radiation
e Recirculation Loop

i N\

(Ref.) “Energy Recovery Linac

i Conceptual Design Report”,
/ 3GeV ERL \ KEK Report 2012-4.
\  Electron Gun (1st stage) /
/ Injector Linac XFEL-O
X / Beam dump /
2 Superconducting Main Linac (2nd stage)

Accelerating Beam 6 (7) Gev%j -------- oo
/T /T /T /T /T RF Phase |

A2 path-length

changer \/ \ / \ / \ / \ / Normalized emittance 0.1-1 mm-mrad
Deccelerating Beam Beam current 10 - 100 mA
Bunch charge 7.7-77pC
RF frequency 1.3 GHz
3 GeV ERL The Compact ERL

demonstrate Injector (low g, high |,)
Main linac (CW, ~15 MV/m)
Beam dynamics

Beam losses

e Diffraction-limited X-ray source

e Ultra-short-pulse light source -
e Driver for XFEL-O (2nd stage)



The Compact ERL (cERL)

The cERL contains all important technologies.

Injector diagnostic beamline

Recirculation loop

The second arc .
njector cryomodule

Photocathode DC gun

©Rey.Hori/KEK (JAEA)

Circumference: ~90 m

Main-linac cryomodule

The first arc

Beam dump
Dump chicane

Parameters of the cERL

Design In operation
Beam energy E 35 MeV 20 MeV
Injector energy Ej; 5 MeV 2.9-6 MeV
Gun high voltage 500 kV 390 kV
E.cc in main linac 15 MV/Im 8.2 MV/Im
Beam current 10 mA 80 pA
Normalized emittance 0.1 @7.7 pC See, page 21
[mm-mrad] 1 @77 pC
Repetition frequency of 1.3 GHz 1.3 GHz (usual)

bunches

162.5 MHz (for LCS)

RMS bunch length

1-3 ps (usual)
~ 100 fs (compress.)

1-3 ps (usual)

Max. heat load at 2K

80 W

80 -100 W




Critical Components

Photocathode DC gun Injector Cryomodule Main-Linac Cryomodule

« GaAs photocathode, * Three 2-cell cavities « Two 9-cell cavities

* Drive laser: 532 nm » Conditioned up to E,..=8 MV/m - Demonstrated E,..=13.5 MV/m
« Conditioned up to 550 kV (CW); limited by heating-up of (CW)
(at JAEA) hiGMicotplens » In stable operation at E,.=8.2
- In stable operation at 390 kv~ * In stable operation at E,,,=3.2 - MV/m at cERL; limited by field-
(at cERL) 7 MV/m at cERL emission

Nishimori’s talk Sakai’s talk
(Tuesday) (Wednesday)



Beam Optics of cERL

Bl dipoles Beam dum . Injector
[ m quadrupoles} > Main-linac (ML) module

module

Dump chicane

The first arc The second arc

Injector diagnostic line

Path-length control chicane X-ray beamline
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0 ... 10 20 cavities
Longitudinal distance from cathode, z (m)

Injector (gun — exit of main linac). Recirculation loop (exit of main linac — beam dump).



Construction and Commissioning of cERL

2008

2009

2010 2011

2012

2013

Refurbishment
of building

Clearing radioactive
materials

- Construction

- Commissioning/Operation

Construction of

radiation shielding

=_

Construction of

injector

ERL2013

¢

Commissioning of injector

Construction of recirculation loop

Commissioni

| —
C

_

Construction of LCS system

ng of cERL (with loop)

| =

ommissioning of LCS system

| 8

ERL2015




2. Construction of Recirculation Loop



Construction of Recirculation Loop (Jul. - Nov. 2013)

Determine beam energy (E = 20 MeV,

Pioop/Pinj = 6-7) — determine the coordinates
of all magnets

Y

Survey and marking beamline

Installation of girders and magnets

A 4

Alignment of magnets

A\ 4

Installation of vacuum chambers. Wiring

i

Survey of magnets

Cool-down and conditioning of SC cavities

A\ 4

Commissioning

Finished (Nov. 2013)



Precise Prediction of Path Length of the Loop

1) speed (pc) of particles

oCl(pc) = (2n+1)x (C: circumference)

Optimum path length depends on:

2) heights in injection and dump chicanes (depends on py.,/Pir;)

analysis

A

Tuning range (£20 mm)

-10 F

-20
ol /

40 | v

Correction of Circumference (mm)

50 - ploop/pinj =6 4
15 20 25
Beam energy E (MeV)

Dependence of the optimum
circumference on the beam energy

Precise prediction and installation of path length is essential for energy recovery:

Before the construction, we chose the nominal energy of E=20 MeV and p,,,,/pj, = 6-7
Trajectory length in each bending magnet was precisely predicted based on 3D field

rantar

0.06
0.05
E 0.04
& 003
0.02
0.01

By along trajectory \

T e \ 7
rrajecioty
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/
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Fringe-field

Design-orbit (without fringe field)

0.2 0.4 0.6 0.8 1 1.2 16 -0.6 0.4
s[m]

Precise prediction of trajectory-length in the bending

-0.2 0
X [m]

0.2 0.4

11

magnet, which is based on OPERA-3D calculation.

0.6




Picture of the cERL

Photocathode DC gun

Recirculation loop = TN e > )
> - ,L£<"' '/‘”- ; * ' - s
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/ e 4 v - Injector cryomodule ~
- . B 1 _"‘ >
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3. Commissioning of cERL

13



Time Structure of Beams

CW beam
(for high currents)

Gt =1-3 ps 13 GHZ
1.3 GHz AN 769.2 ps

769.2 7692 ps |

Expand

Peak current

(for beam tuning)

Burst beam

—
-}

Typical repetition rate
of macro-pulses: 5 Hz

1 us

—b‘_

I

o
L

Bunch charge: 7.7 pC — average current: 10 mA

Initial conditions are determined by the gun-drive laser.

Photocathode DC gun

2

R

electron bunch

cathode ( - -
\ '
\ 7_/- anode
I‘IM | laser




The First Transportation of Beams to the Dump (Feb. 6, 2014)

Beam pulses (macropulse)

peak current: ~24 uA
macropulse width: 1.2 us
repetition of bunches: 1.3 GHz
repetition frequency: 5 Hz
average beam current: ~ 140 pA

Parameters

e Gun voltage: 390 kV  Buncher: OFF

e Injector cavities: E,.. = (3.3, 3.3, 3.1) MV/m ®

e Main-Linac cavities: Vc = (8.57, 8.57) MV :
[ J

MS31 (dump line)

Beam energy (E)
e Injector: 2.9 MeV
e Recirculation loop: 19.9 MeV

Beam profiles on screen monitors.

Dump FC

beam current
MS11 MS3 Gun FC (faraday cup) MS

beam current |7—‘
15 WW&W

njector

® Screen

o e i i? E g ii’: :E:_Eéﬂ:: :: o i 'mlf'i’l@ @IE'@ ] . CCCCC
o I (YJ j} noe é o "® MS29

-HUTEE

MS15 MS17 MS19 Movable FC MS26 MS27



Procedure of Start-Up Tuning

(3) Main linac (2) Merger and beam transport (1) Injector
* Adjust rf phases (on-crest) - Steering to the centers of QMs « Steering beam to the centers of
« Steering beam to the centers of « Adjust beam energy at injector solenoids and QMs (optionally,
ML cavities (option) to the centers of cavities)
* Adjust beam energy + Adjust rf phases (on crest)
Beam dump Main-linac (ML) lmnf(;:lgcl)e: Gun
Dump line module :

Sm
i N —
_ Dump chicane Injection chicane
The first arc Injector diagnastic line The second arc

Path-length control chicane >~ linistactionibol X-ray beamline
o

et

South straight section

(4) Arcs and south-straight sections (5) Beam tuning for ML section (6) Path-length correction

- Steering beam to the centers of QMs (second passage) and dump line « Correct the path length so that

 Optics matching (option) - describe » Adjust steering coils of these QMs so the beam momentum take a
later that the beam passes the ML cavities minimum at the dump line

and appears at the dump line

» Adjust K-values of these QMs finely
to adjust the beam profiles at the
dump line

QM
Corrector T Screen 16
dipole

Modulation




Correction of Path Length for Optimum Energy Recovery

» Two measures for path-length correction were prepared
« Path length was corrected so that the beam momentum took a minimum at the dump line

Position at a screen monitor in the dump line
Photocathod A

Dump line DC zan oc (momentum at the dump line)

Tijector
SC linac

——\\7

P
Beam dump I -

Dump chicane

Main SC linac

Merger 40 | | |

T L
screen monitor
calculated —

o -]
Nd L
& ot

""" Diagnostic line

= |starc 2nd arc

00 L. Optimum T
., Path-length-control chicane H i H . I " ¥

20

(@) (b)

10

Horizontal position at cam 31 [mm]

-6 -4 -2 0 2 4 6
Change in path length [mm]

_ _ _ Determination of an optimum path length
Path-length control chicane Orbit bump in the arc

* Tuning range: +5 mm » Tuning range: £10 mm/arc
» Large hysteresis * Routinely used 17
* Currently fixed



Single-Kick Response Measurement

» Measured responses agreed with those calculated within a range of 20-30 m after the kick.
» Large differences in downstream locations suggested accumulation of gradient errors.

20 T T T T T

Measured on Ma)ll 30, 2014 |

Horizontal

1 -Dump Chicane Ist arc Vertical

0
-5+ T-
Kick
calculated (Horizontal) —
BPM response orizonta]

Sryn calculated EVerncal
BPM response (Vertical

Displacement [mm)]

2nd arc  Merger |

1 I
0 10 20 30 40 50 60 70 80

20 T T T T T

Measured on May 30, 2014 |

10 FDump Chicane Ist arc Vertical

| Lol ’
_Hr“““ﬂﬁirtn““‘r”‘nwm w T n

Kick  Horizontal

Displacement [mm]

calculated (Horizonta]) ——
BPM response orizontal)
45| calculated EVerncal
BPM response (Vertical

-20 L
0 10 20 30 40 50 60 70 80

s [m]

Measured (cross) and calculated (line) responses to single-kicks.



Sources of Magnetic-Field Errors

Ambient fields Leakage fields from Magnetic fields from Super-KEKB
Cold cathode gauges (shielded) neighboring magnets (due to cable of main dipoles)
Super
KEKB
Magnetic Shields cERL
BMAGO5  Circulating Beam Movable Faraday Cup ZE‘;I fﬁg} g
Merger section B ~ 20-30 mG (at cERL)
Remanent fields and hysteresis of quadrupoles
Countermeasures
* Remanent fields in quadrupoles Hysterisis QMIMO3 |:> (under study)
cause large gradient errors: 0 o )
0 Remanenttield _—| . . c
AK/K = 10-20% % [Zero feld N - Standardized excitation
- Gradient errors also accumulate | £ | _— - ST eiee e due
through daily operations 5 — : .
s0 = : to remanent fields (when
. we set K-values for
curren(4] operation)
Measured hysteresis curve 19

of a quadrupole (QMIMO3).



T. Miyajima

Method of Optics Matching IPAC'15

» Single quadrupole (Q5) is used
1 2 3 4
L to measure the quadrupole-scan

m I — Beam response (information of ¢, a, B)

_ » Adjust the upstream 4 QMs so
I Screen monitor that the response curve agrees
with the design one.

Four quadrupole magnets

to adjust optics Measure the response of Q-scan
Before the matching

Injector SC linac 2 b7

Beam dump Q o Hor, © Target ] L Vertical e
g [ o © Measurement ] 5 °
EL o 1 B4 o °® |
, £ 1+ °l E | _¢© 1
. ) \....: | o] o i \....r o m]

5 7 L |D o o i b‘_'z- B
{ EMI MP4 EM2 MP5  MP6 MP7 } [ o 5 o I N

’%‘—ﬁ——i———*‘i‘—Ii‘——'i‘—s" l i OO 0 l * U'_ 1 |E| s |n| |o |O| ] U o |o |0 |o |cr |o IO |O|
: ) 4 6 8 10 12 4 6 8 10 12

Locations of matching points (MP1 - MP7). ki (1/m’) _ ki (1/m’)
After the matching

2 T T T T T T T ) 6 T T _l T T T T T

[ Hor o Target 1 | Vertical _
o @ Measurement]
= [ ®© 1 = 4+ 1
= ] - E

é 1 . o 7 é i 7
(Right) Results of quadrupole-scan measurements S [ 6 o] e af -
before and after the optics matching at a location [ e oo a8 9°%f

U 1 1 1 1 Il | L I U al |B 1 1 1 1 1 1 Il

MP2”. 4 6 8 10 12 4 6 8 10 12
k, (1/m°) k, (1/m’)



Emittance Measurements

(normalized emittance: g, [mm-mrad] = Sye)

Injector (E = 6.1 MeV)

Bunch charge Atinjector  — “ met (T))d eswnn  acr@ woccro)
0.02 pC 0.17 mm-mrad
0.77 pC ~ 0.3 mm-mrad
7.7 pC 0.5-0.8 mm-mrad

0.7

IO IETE1 ) ' A A
_ E: ! £
Recirculation loop g ol ¥ _ };{é ]
(at injector energy of E = 2.9 MeV) Pioop/Pinj = 7 £ o % j; |
Bunch charge At injector At recirculation Ioép = 01 K@f 5
(E=2.9 MeV) (E=19.9 MeV) S o o T Tor s s
0.02 pC 0.14/0.14 Quadrupole field strength K [m']
0.5 pC - 0.32/0.28 <:| For LCS experiment
7.7 pC (2.5/2.9) (5.8/4.6) <: Very preliminary (under study)
(nx ! €ny)

Tuning for low-emittance at high charges is under study 21




4. High-Current Operation
and Other Important Topics

22



Beam Current (A)

Beam Currents: Achievement and Prospect

At present
0.01 g . , : | | _
; I 10mA 3
— Approved | Prospect
® Achi |
1E.3 L chieved : _ _:
| | 7 1 mA
I i With recirculation /
1E-4 ' loop Z i
: > 100 pA
1E-5 £ ' i _
é o | _
" Injector i
1E-6 i 4
1E-7 - ' l : l I
2013 2014 2015 2016 2017 2018

Year



Beam Current of 80 uA (CW) was Recirculated

Measured at the beam dump

April 2, 2015

Collimators were used to cut beam halo/tails

O BPM (45)

® Screen (32) m CT (4) @ DCCT (1)

— 4+ Collimator (5)

= QGate Valve (14)

—a Moyable Dump (1)

100 . T
~ 80 F
<
3.
p—
b= 60
(0]
5
O 40
£
o 20
an
0
| " 1
21:20 21:30
Time

| Collimator rod

‘ _~ (OFHC cu)

RF shield

Beam collimator

21:40 21450

e at arc section

e N=-1.28m e at straight section e at merger
e cut low-energy tails en=0 o iz m .
e cut halos (large ) e cutlow-energy tails

(not very effective)

cod e B . 00 PEE . 5000mm
It =
coL4 COL3

ChB Right ChB Righ
I

Cument positio

Temperature




Radiation and Beam Losses (at beam current of ~80 pA)

Unit: mSv/h

Radiation levels inside the accelerator room under two conditions:

Red: using collimators No. 2, 3, 4 (shown in the previous page), on April 2, 2015
Blue: using collimator No. 2 (right 2.0 mm, top 3.4 mm), on April 3, 2015

@ Radiation monitors (Organge1-6), pm—
for interlock (PPS) ‘
|

: for fast interlock —*
Loss (radiation) monitors, ; (MPS)
ALOKA MAR-782, — K <

Beam optics: LCS

3.4 3.1 197 1.00 78 0.32 0.017
0.38 1.5 232 0.71 82 0.20 0.16
I| ||5|/ | % @
! [
7 N2 1 1
N5 Nisss , '
N12 o — |
" S
N10 _ L
A

5.1 0.11
8.9 0.71

Fast loss monitors,

for interlock (MPS) \_,E’.""




Demonstration of Energy Recovery (I, = 30 pA)

ERL operation

Cavities 1 and 2: acceleration (1st pass) and
deceleration (2st pass)

DC Gun

Beam Dump

E=2.9MeV| fsnti'cgao\r‘ines ~
l l E=2.9 MeV %

MaW SC C

E=19.9 MeV

Chicane

Injector Diagnostic Line 2nd Arc Section

THz CSR

Generation &
’,

LCS X-ray

s \ :
Path-Length Control Generation

Chicane

—BORE———

Energy recovery: 100-98.6%
(within accuracy of the measurement)

No beam loading

Beam loading test with 30uA (2015/2/13 20:25-20:43)

120

Pin-Pref MLL)
Pin-Pref (ML2) ——
Beam current

Cavity 2: P;,-P ¢

0 AN

<4 80

T
3 / 3
E 200 - 160 g
£ Cavity 1: P;-P.s  Beam current 5
-400 - 40
It 5 UA

f

600 PRI
-800 1 rdl Il Il 1 I I I

20:26 20:28  20:30  20:32  20:34  20:36 20:33  20:40 20:42

Time [hour:min]

Cavity 2: deceleration Cavity 1: acceleration
(Vc=8.57 MV/cavity) (Vc=8.57 MV/cavity)

Injector DC Gun —
SC Cavities #

E=29MeV  1g

E=2.9 Me\P=gm

M% SC CPities

Dump Chicane

Chicane

Ist Arc Section Injector Diagnostic Line 2nd Arc Section

THz CSR
Generation "

LCS X-ray

- . :
Path-Length Control Generation

Chicane
T

Beam loading (+ and -)

Cavity 1
B . . - Al I:)in'l:)ref
eam loading test with 30uA (2015/2/13 21:35-24:55)
400 T I T T T T 120
Pin-Pref (ML1)
Pin-Pref ML2) ———
Beam current /WW
/ 1 100
30 —
3 E)
- o0 L
e g
]
£ &
; J 4w &
20
[
-800 bbbl L L Il 1 1 1 ‘ [ I L 0

21:36  21:38 2140 21:42 21:44 21:46 2148 21:50 21:52  21:54

Time [hour:min]

(Power lost in cavity) = (P, : input power to cavity) - (P, : reflected power from cavity) 26




Other Important Topics

Successful Production of X-ray From
Laser Compton Scattering (LCS)

Electron gun

Beam dump Tl
First arc . Main linac njector m"i,ﬁ
] o

SR, a4 ¥ ST - =)
r ) ' TS I; = m.“vtzecond ard|
. H
e T TR S '@ﬁﬁfallplmA -—
3 Beamline
Laser enhancement cavity

Experimental hut

E=691 kev
| AE =173 eV (FWHM)
- 11200 cps @ 4.6 mm

- Hajima’s talk
(Wednesday)

Development of the Second Photocathode DC Gun

2nd Gun HV Conditioning History

Trip voltage [kV]
.
2

Yamamoto’s talk
(Tuesday)

420 [« i

0 10 20 30 40 50

Number of trips

Achievement of High RF Stability
Using Sophlstlcated Digital LLRF System

066, - 48
75 962
To64| - -

E o p—y £ - i 2 1
TO60| @ InJ ] 958 52 In], 2&3
7058, _ S g, 5936 =

(0 E R W0 40 i 20 o 0 20 W
 time [ms] time fris] time [ms] ime frs)
Legast 10 | 1298
R rero— bt i
£
@ -130f 1
16625 MLI
o 200 400 o 200 00
time [rs] time [ms]

i
T

Waveform  Command

Non-destructive Beam Position Monitoring
in Two-Beam Section

pulse beam
Before
circulation
Time Glass-sealed  Alignment Boss
=} Phase difference of = Feedthrough
After Stripline Electrode
circulation (length: 28.8 mm)
I I Time
03ps 03us
PN PRl
13 GHz 26GHz 1.3 GHz
Time
o signals
o, 29MeV  20MeV MeV  29MeV

I LF =

Upstream of of Main Linac

Gapless Flanges (¢114)

Downsiream of M Linae

Obina’s talk
(Wednesday)




Statistics of Operation Time (per month)

~ 300
< Hehum refreglrator
£ 600 |
e
g 400
s
3 200 III
O
0
400
= Accelerator *Includlngcondltlonmg
\; 3(0(0 F Commissioning Commlss[onlng Beam-current upgrade,
= of injector ~ ofrecirculationloop LCES experiment
; 200 F Construction of loop Installation of
g LCS system
£ 100
L
o
© ofimm
2013 2014 2015
Apr. Apr. . Apr.
Japanese Fiscal Year: Japenese Flscal Year

April - March

28



Summary and Outlook

« The Compact ERL was commissioned and is in stable operation.
« Learned many lessons from the commissioning.

» The photocathode DC gun and both (injector and ML) SC cavities are
operating very stably.

* Achieved beam current of 80 pA.

» Achieved low beam emittance (< 1 mm-mrad) at low bunch charges (< 0.5
pC/bunch).

« X-ray production from Laser Compton Scattering was successfully
demonstrated.

Subjects in the near future

« Lower emittance at high buhch-charges (g, > 7.7 pC)
« Beam current: 1 mA ( —> 10 mA)
« Bunch compression (o, ~ 100 fs) and THz production

We have established many important technologies for the ERL light source.
We continue to conduct R&D effort on remaining issues such as:

— Improved cavity-assembly technique for higher accelerating gradient
— Mass-production technique for main-linac cavities

29
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