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Introduction

OEnergy Recovery Linac



Energy Recovery Linac for synchrotron light source

* Energy Recovery Linac

— Fresh electron beam is always generated by electron gun.
— Injected beam is accelerated by main linac.

— After recirculation, the beam is decelerated and energy is recovered by main
linac.

Advantage:
® Low emittance and short bunch, as linac
° ° based feature.
® High average current, thanks to energy
o ® recovery

K e Difficulties to be overcome:
M ® Generation of a low-emittance beam
' from an injector
® Stable acceleration of a high-average
current beam.




ERL projects in the world

O ERL projects in the world



JLab FEL System

Configuration

» 350 keV DC photocathode gun

* 9 MeV booster

* Penner bend merger

« 3 cryomodule SRF linac (1.497 GHz, 135 Me\/,

 Bates bend arcs

* Nonlinear, 6-d phase space control
(but IR/UV dynamics distinct) <<\'>°®

- oS
 Oscillator-based IR, UV FELs <
* High power THz source

Key Features

* high brightness
* high power
1+ MW ERL beam power

//S {({" ot 10+ kW CW IR
/? - 100 W+ CW visible/near
e
\./

uv
Courtesy: D. Douglas (JLAB) 10 eV VUV 3 harmonic

e onerational flexibility



BINP [The third and the fourth tracksJ

with IR FEL (commissioning)

The first and the second
tracks in horizontal plane with
bypass for the second FEL

(in operation)

\- J

Lasing (2) )

Common for all FELs
accelerating structure

Lasing (4) , P
! Lasing (1) ! P

[ One track in vertical plane ]

Courtesy: N. Vinokurov(BINP) with THz FEL (in operation)




The ALICE Facility @ Daresbury Laboratory

Accelerators and Lasers In Combined Experiments

m An accelerator R&D facility based on a
Alice superconducting energy recovery linac

Accelerators an rs
In Combined Experiments

photoinjector

SRF: 1.3 GHz

_ superconducting
Injector: 6.5 MeV booster

Loop: 12.0 — 26.0 (27.5) MeV

Bunch charge: 40-60 pC
Bunch rep: up to 81.25 MHz (variable)
Bunch train: 0 - 100 us x 1-10 Hz Courtesy: S. Smith (Daresbury)



Cornell University

ERL injector

WILSON
LABORATORY : CRYOPLANT

ERL main linac: 5 GeV, 100 mA
with energy recovery

New BUILDINGS  [JJJ] ExisTING BUILDING Undulators \
Beam Sto
100 200 andso?(- I’a'y 100 500 p 600 700 800
METERS : : . : ; ; ; .
beam lines

Courtesy: |. Bazarov (Cornell University)

slide credit: M. Liepe
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Cornell University

Injector

ERL main linac: 5 GeV, 100 mA
with energy recovery

ERL injector

WILSON
LABORATORY - : CRYOPLANT

New BUILDINGS  [JJJ] ExisTING BUILDING Undulators
Beam Stop

100 200 and}(]x- ra'y 100 500 600 700 800
beam lines

METERS!

Courtesy: |. Bazarov (Cornell University) slide credit: M. Liepe
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Cornell University

ERL injector

WILSON
LABORATORY : CRYOPLANT

ERL main linac: 5 GeV, 100 mA
with energy recovery

New BUILDINGS  [JJJ] ExisTING BUILDING Undulators \
Beam Sto
100 200 andso?(- I’a'y 100 500 p 600 700 800
METERS : : . : ; ; ; .
beam lines

Courtesy: |. Bazarov (Cornell University)

slide credit: M. Liepe
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ultra-low emittance beam at the Cornell injector

20 pC/bunch 80 pC/bunch
56 [(2013-01109 13:17:26) Biver si570 ' ' T 57, [2013-07-30 11:49:08) Blver. 570
= 8.00 = 8.15
Emf: 0.20mm-mrad Sn = 0.42mm-mrad
54 _UY: 0.15mm i 5410, 0.34mm

Uy'= 1.40mm

82 y»=-2 62mm
<y'»>=48.7drmm

Effective Charge = B56764.

o= 1.33mm

<y=E=-3.24mm
[<y'==43 27 mm
Effective Charge = B26165

ol vertical phase | i vertical phase
3.2 3 28 28 2PPacg 2 45 " 35 3 space

y (mrr)

y {mm)

Normalized rms emittance (horizontal/vertical) 90% beam, E ~ 8 MeV, 2-3 ps rms

0.22/0.15 mm-mrad 0.49/0.29 mm-mrad

Normalized rms core* emittance (horizontal/vertical) @ core fraction (%)
0.14/0.09 mm-mrad @ 68% 0.24/0.18 mm-mrad @ 61%

20x the brightness at 5 GeV of the best storage ring (1nm-rad hor. emittance 100 mA)!
Similar to the best NCRF guns emittance but with > 10° repetition rate (duty factor = 1)

Courtesy: |. Bazarov (Cornell University) *Phys. Rev. ST-AB 15 (2012) 050703



BERLinPro at Helmholtz-Zentrum Berlin (HZB)

BERLIinPro = Berlin Energy Recovery Linac Project
100mA / low emittance technology demonstrator (covering key aspects of large scale ERL)

beam dump
6.5MeV, 100mA = 650kW

modified Cornell booster
3 x 2-cell srf cavities, 4.5MeV

/

linac module
3 x 7-cell srf cavities, 44MeV

v, | srf-gun
I, S = O—O— O 8- 1.5-2MeV,
&,}v A o ._,. single
-~ \amérger #_ solenoid,
dogleg \:no buncher
f ' cavity
=, o
A 8
‘{.\‘\‘—l—l ——8— o——n—t—u—\‘/’k
recirculation arc :
Basic Parameter
max. beam energy 50MeV
Project start 2011, max. current 100mA (77pC/bunch)
fU”y funded (365 M€) normalized emittance 17 mm mrad
bunch length (straight) 2 ps or smaller

rep. rate 1.3GHz

Courtesy: A. Jankowiak (HZB)

losses <10°




Beljing Advanced Photon Source at IHEP
(BAPS and Future Plan)

15t Phase (BAPS, 5 GeV):

Low emittance 3 light source
2"d Phase :

XERL or USR (5 GeV)

LY
LY
“
F,DW &1
Distence between RING and LINAC: 78m

650m for 5GeV SC-LINAC 600m(UNDULATOR & FEL BEAMLINE)

Dump ERL injection /
\ /| IHEP-ERL Test Facility
FEL line FEL injection
: ot (35 MeV- 10 mA)

//‘
undulator ./ x
v '

Conceptual design and gun construction
‘\ ERL line X ¥ arein progress

¢ — mmm——— K
undulator Courtesy: S. H. Wang, J. Q. Wang (IHEP)
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PKU-ERL (Peking University)

Clean room

30-MeV ERL for 5-10um FEL 1
RF power laser |r — ,

Cool ing water system - M - v

PKU-ERL consists of DC-SRF photocathode injector, main superconducting
accelerator, beam transport loop, undulater and beam dump

Courtesy: L. X. Liu (Peking U.) IHIP, Peking University, China
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The R&D Energy Recovery Linac at BNL BROOKHREUVEN

A test facility for high energy electron cooling and electron ion colliders.

High High charge
Current
Charge per bunch, nC 0.5 5
Numbers of passes 1 1
Energy maximum/injection, MeV 20/2.5 20/3.0
Bunch rep-rate, MHz 700 9.383
Average current, mA 350 50
Injected/ejected beam power, KW 750 15
R.m.s. Normalized emittances 1.4/1.4 4.8/5.3
ex/ey, mm*mrad
R.m.s. Energy spread, SE/E 3.5x103 1x10?
R.m.s. Bunch length, ps 18 31

SRF Linac CET (done 2009)
SRF Gun CET (done 2012)
First beam test: Summer of 2013
Courtesy: D. Kayran (BNL)
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3 GeV ERL project at KEK



3GeV ERL Light Source Plan at KEK

Shogo Sakanaka
FLS2012

Needs for future light source at KEK |
. Driving cutting-edge science 3-GeV ERL that is upgradable

. Succeeding research at the Photon to an XFEL oscillator
Factory (2.5 GeV and 6.5 GeV rings)

Synchrotron Radiation

Layout and beam optics

Return Loop } are under design.

Electron Gun

// Injector Linac

Beam dump

\

_——————

I 10m
1
ARO, uneulator AlLOy
0030 00030
I i

7 Superconducting Main Linac /Q |

i A¢l2 path-length ! i
' changer Merger ) 6 (7) GeV ! was R=09 :
Accelerating Beam Lo T ;

3GeV ERL W /T /T /T N RF Phase . i | XFEL-O in 2nd stage | ;

in the first stage VRVAVAVAVA """"""""""""""""""" i

Deccelerating Beam

Tsukasa Miyajima May 17, 2013, IPAC2013 16



Expected Performance of the 3-GeV ERL

Spectral Brightness Tentative layout
107 - —— —
A, =1.8cm:
: 3-GeVERL — "\ |
= 4 =6cm Norio Nakamura
S 0 b om o
=
Q .
<E 1020
<§' 10 3GeV Energy Recovery Linac
= 3
E 108 ; PERING:.. ——— 1 D{np PR Injicotor
~ : dulat - =
2 o vrdiators . | 6-7 GeV XFELO
= : 100 m
=7 E ;
- - \ \ \ \ : PF-AR
g 100 :
15 . v

Z - undulators — : [ -]
= 1o Lol i PF Ring cERL Building

107 10° 10*
Photon Energy [eV]
Calculated by K. Tsuchiya

Tsukasa Miyajima May 17, 2013, IPAC2013 17



Expected Performance of the 3-GeV ERL

Spectral Brightness Tentative layout
10% by XFEL-O

1023 SR T T T T T T 171 T T T |I|| T 3
_ A, =1.8cm:
: 3-GeVERL =~ \—L=30m |
) 107 e 4 =6cm ! \ Norio Nakamura
S - L = 30m /‘>r>\ ] IPAC12
; 10" e 1 \
S \ _
< 20
g 10
S 10" 3GeV Energy Recovery Linac
<
° ; :
E o ] 5 .
,.E_ 108 PFdRIIng = =~ ! {np sl Inje/cotor
- undulators : >
z B { 1 6-7 GeV XFELO
& - 3
I T F-AR
g 10" = P ‘
= E i g
= o PE-AR
oo 107 & ; g
> g undulators — 5 EIIITTd"
= 14 [ i . PF Ring - uilding
10 -

107 10° 10*
Photon Energy [eV]
Calculated by K. Tsuchiya
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Compact ERL (cERL)

Construction and Commissioning



The Compact ERL for demonstrating our ERL technologies

Goals of the Compact ERL
. Demonstrate reliable operations of our R&D products (guns, SRF, ...)
. Demonstrate the generation and recirculation of ultra-low emittance beams

f”‘ﬂ{w T = Parameters of the Compact ERL
LA 1l T T 1 ) T w_=§ T+ -
i e = Beam energy 35 MeV
\Roﬂagnet | | Helium ji,_ | l RESdUteE oo © 4~ (upgradability) 125 MeV (single loop)
\OYLVG Supplies | —Refrig@matee ' —1— 30 I 245 MeV (double loops)
% LBtz ﬂﬂHF T 1 Injection energy 5 MeV
I njector 1l Average current 10 mA
=3 ' (100 mA in future)
Acc. gradient 15 MV/m
(main linac)
ihata | | S - A : |J Normalized 0.1 mm-mrad (7.7 pC)
—— . N LCS Lab. | emittance 1 mm-mrad (77 pC)
J: Raoom Radiation Shielding ] BunCh |ength l = 3 pS (usual)
— o B0 j 1 (rms) ~ 100 fs (with B.C.)
L[| peue _rL—VT—hu = ] I L | RF frequency 1.3 GHz
“ 1 L

Tsukasa Miyajima May 17, 2013, IPAC2013 19



Major Components for the cERL

DC photo Gun = L —— B0 sy i Injector SRF
(500 -kV, 10mA) . e -, ! (2- ceII X 3 caV|ty)

bk ;
l_ 5§ : ",f 2
S = . ____Main Linac SRF
Lig. He plant o : (9-cell x 2 cavity)
[ & . a e e - .

(600W@4K 80W@2K) i,

Tsukasa Miyajima May 17, 2013, IPAC2013 20



Major Components for the cERL

300 kW, 30 kW Kly.
20 KW 10T

Gun drive laser

. "
p N
q
| i w y
; ! Iy
. \

-

b |
\ :

i
o 1 8

Radiation shield
(1.5-m thick side, 1-m thick top)

B _ z See for detall
2 o WEPWAO015 (Sakanaka et al.)
and references therein

Tsukasa Miyajima May 17, 2013, IPAC2013 21



2 Stage Commissioning of cERL

Phase 1 : from April to June 2013

Max beam power (allowed by radiation center): 6MeV x 1uA

Gun
Injector

Diagnostic line

-
L

Phase 2 : from autumn 2013

Beam dump
35 MeV 5 MeV
EQ < %r

| | | |
SW Main linac 35 MeV
5 to 35 MeV S
35to 5 MeV

Tsukasa Miyajima May 17, 2013, IPAC2013 22



15t beam operation of cERL injector
* 1%t beam operation of cERL:April 2013

= =

2 L

)
\ \ 500kV DC gun

| " Buncher
Merger Injector Cryomodule k

Parameters of the Compact ERL Injector

iaghostic beamline

G It 500 kV .

N Yorage At the 15t beam operation
Beam energy 5-10 MeV

Beam current < 1pA

Beam current 10-100 mA
Normalized rms 1 mm-mrad (77 pC/bunch) (Gun drive laser with macro
emittance &, = &(yf) 0.1 mm-mrad (7.7 pC/bunch) oulse mode)
Bunch length (rms) 1-3ps (0.3-0.9 mm)

Tsukasa Miyajima et.al. May 17, 2013, IPAC2013 23



Monitors in the cERL injector beamline

Beam diagnostics

Beam current (Gun HV power
supply, Faraday-cup and dump
current)

Beam energy (after bending and
time of flight)

Beam profile (Screen)

Beam position (Screen and BPM)
Emittance (Q-scan and Slit-scan)

Bunch length (RF deflection)

=

- a‘% ??i;f’iih - i g,ﬁ
[ may el |
BPM Screen
Screen
— [ omes |\ \ l \
4545, 975 ",|" \_"' \ \"'
Slits (H, V)

Screen, Faraday cup

\ \

Tsukasa Miyajima

May 17, 2013, IPAC2013

BPM
Screen(and

mirror to cathode
surface)

BPM
Screen

p—

24



Beam

Generation from the Gun (22, April)

Gun voltage: 390 kV
Beam current: 150 pA (pulse train =1.3 GHz x 1 us x5 Hz)

— We generated a 390-keV beam from the DC photo cathode gun.

— The electron beam with 390 keV passed through the center of screens

(&5 GigEMain.opi &3

Change Camera

Beam profile on screen 1

o -
50
1ﬂﬂ—j
15071
20071

zae-i

4004
450
500
550

i
|

600

659+
0ED

30031

3501 -

1E5 2EH 3EB
3E5

[ AutoScaleY [ AutoScaleX

H L L
248 325

74412 62278

258 343
34,357 15, 875

95 132

434 585
7,558, 040 7,558, 040

ColorSpectrum

-l
I 0
A '
’F Y -l ",
......... : g [ s
® 5@ 100 150 280 258 300 350 400 483 g = 1_‘ .J_I; |
| ) !,
.'- G
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Turned on #1 cavity (24, April)

* The electron beam was accelerated by #1 cavity with Eacc = 1.6 MV/m.
 The accelerated beam was observed on screen 3 (MS3).

 We succeeded in acceleration from 390 keV to 600 keV.

 We succeeded in transporting the beam to dump without any beam loss.

MS6
MS7 Bending MS5 MS4 MS3 MS2

dump magnet Faraday cup 600 keV 390 keV




Beam Acceleration by Injector SRF (25, April)

* The electron beam was accelerated by #1,2,3 cavities.
e Successful acceleration to 5 MeV with Eacc of 7.1 MV/m.

MS5
Beam current on Faraday cup

MS7 MS6 MS4 MS3 MS2
dump Bending magnet 5 MeV 390 keV




RF Phase

370-

50 -

3001
250]
200
150-

100

How to adjust cavity phase

Response of steering
magnet on the screen 3

(MS3) was measured

varying the cavity phase.

Difference of the position
on MS3: minimum =
maximum acceleration
phase

1. Drive a steering coil with sinusoidal current
2. Measure beam deflection on the screen with
varying the cavity phase.

Maximum-acceleration phase

Example of phase tuning
Horizontal axis: beam position
Vertical axis: phase of cavity

LERAREN EERLE LEARNELERY RAREN LR
16 18 20 22 24 26 28 30

Peak Position [mm]

o CERL:LLRF:FB2:REF_P_SET

Tsukasa Miyajima May 17, 2013, IPAC2013 28



Increasing the Beam Current (26, April)

* Beam current increased from 150 pA to 200 nA (macropulse 1 us = 1.6 ms)
e Successful beam transport to the dump without any beam loss.

MS7 MS6 MS5 MS4 MS3 MS2 MS1
Exit of SRF Entrance of SRF Gun




Summary

 ERL Projects around the World

— 10 - 100 MeV ERLs established as high-power IR and THz
sources

— R&D toward future VUV to X-ray light sources and colliders

— Significant progress in ERL technologies and operational
experiences

* Beam commissioning of cERL phase 1 in KEK
— 390 keV beam generation from the photo cathode DC gun
— Acceleration by injector SRF cavities to 5 MeV
— 200 nA operation for the radiation safety inspection.

— In this summer, we are going to construct a return loop, and
start the beam commissioning phase 2 for the whole cERL.
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