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Plenary Program
• Welcome and Goals of Workshop - M. Poole (ASTeC)/S. Chattopadhyay 

(Cockcroft)
• Operating ERL-Based FELs and Future Upgrades - L. Merminga (JLAB) 
• Future ERL-Based FELs - J. Clarke (ASTeC) 
• ERLs as Hard X-ray Sources - G. Hoffstaetter (Cornell University)
• ERLs in HENP - V. Litvinenko (BNL)
• High Current Research and Development ERLs - I. Ben-Zvi (BNL)
• ERL Prototype at Daresbury - S. Smith (ASTeC) Daresbury
• New Developments In Injectors - J. Lewellen (ANL)
• High Current Superconducting RF and RF Control - T. Grimm (Niowave/MSU)
• Synchronization - G. Hirst (STFC)
• Diagnostics - K. Jordan (JLAB)
• Drive Lasers for Photoinjectors - I.Will (MBI)
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Working Groups

Working Group 1: 
Electron Guns and Injector Designs
A. Burrill (BNL), Matt Poelker (JLab)

Working Group 2: 
Optics and Beam Transport 
R. Hajima (JAEA), Hywel Owen (DL)

Working Group 3: 
Superconducting RF and RF Control 
T. Smith (Stanford University), Bob Rimmer (JLab)

Working Group 4: 
Synchronization and Diagnostics/Instrumentation
K. Jordan (JLAB)
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Daresbury  Campus

Cockcroft Institute
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Cockcroft Institute Building

Accelerator Science and Technology

An International Centre

for

http://www.pparc.ac.uk/home.asp
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Demonstrator Project - ERLP Layout
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ERLP Status
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ERLP as an Accelerator Test Facility

£5.6M    (£3.8M capital     £1.8M staff)
Duration  3.5 years   (2.5 to beam)

Novel form of FFAG – CONFORM project funded from April 2007

EMMA = 20 MeV demonstrator
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Workshop Planning

• Build on success of 1st International Workshop at JLab (March 2005)

• Dates agreed at EPAC06       (DIPAC not known)

• ICFA umbrella includes JACOW decision - Open Access publishing

• Thanks to Sponsors:           STFC   CI    e2v     JLab APS

• Valuable advice - especially  
– Ilan Ben-Zvi,  Georg Hoffstaetter,  Lia Merminga

• Please help your Convenors in the Working Group sessions

• 105 registered  (host + 61) (JLab was 159 - host + 51)
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Workshop Goals

• Review state of art ERL developments

• Understand proposed project demands

• Examine R&D challenges - ERLs and associated features

• Summarise future development priorities

• Recommend necessary steps - physics and technology

• Strengthen international collaborations
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The Jefferson Lab IR FEL UpgradeThe Jefferson Lab IR FEL Upgrade

JLab IR FEL Electron Beam 
Parameters Design Achieved

Energy (MeV) 145 160
Bunch charge (pC) 135 270
Average current (mA) 10 9.1
Bunch length* (fs) 500 150
Norm. emittance* (mm-mrad) 30 7
Max. Bunch rep. rate (MHz) 74.85 74.85

*Quantities are rms

Injector 

Beam dump 

IR wiggler 

Superconducting  rf  linac 

UV wiggler 

Injector 

Beam dump 

IR wiggler 

Superconducting  rf  linac 

UV wiggler 

Energy recovered up to 9.1 Energy recovered up to 9.1 mAmA at 150 at 150 MeVMeV
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JAEA ERL Upgrade since 2004JAEA ERL Upgrade since 2004
1. Doubled bunch repetition rate of the gun grid pulser to 20.8 MHz (10mA)
2. Increase of RF sources for the injector SCAs from 8 kW to 50kW 

Improvement of low-level RF controller
3. Doubled energy acceptance of the return arc from 7% to 15%

A grid pulser developed at BINP is used.
N. Nishimori et al., APAC2004, 625 (2004)

Two 50 kW IOT RF sources are used.
M. Sawamura et al., EPAC2004, 1723 (2004).

7.2 m

10 mA beam

1-4

R. Nagai et al., FEL2006, 312 (2006).

Courtesy R. Hajima

Energy            = 17MeV
FEL :            λ

 

= 22μm
Bunch charge =400pC
Bunch length  = 12ps (FWHM)
Bunch rep.     = 20.8 MHz
Macro pulse   = 0.23ms x 10Hz
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The Novosibirsk High Power THz FELThe Novosibirsk High Power THz FEL
Energy recovered highest average current to date: Energy recovered highest average current to date: 

20 20 mAmA at 1.7 at 1.7 nCnC per bunchper bunch

 May 2005 Plans 

RF frequency, MHz 180 180 
Bunch repetition rate, MHz 11.2 90 
Maximum average current, mA 20 150 
Maximum electron energy, MeV 12 14 
Normalized beam emittance, mm*mrad 30 15 
Electron bunch length in FEL,  ns 0.07 0.1 
Peak current in FEL, A 10 20 

 



Merminga, ERL2007, May 21-25 2007

OnOn--going R&D in Operating ERLgoing R&D in Operating ERL--FELsFELs

…includes:

High order transport measurements
BBU observation, characterization, and suppression
RF control tests at high QL

Beam loss measurements and control
Resistive wall wakefield effects 
LSC and CSR effects
Transverse and longitudinal acceptance of an ERL
High FEL extraction efficiency studies
ERL Diagnostics development
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BrightLight: Palletizable 100 kW FEL DriverBrightLight: Palletizable 100 kW FEL Driver

• ERL driven 1-1.6 mm 100 kW FEL 
• Considerable operational flexibility, but 

relatively compact
• Based on JLab 750 MHz “1 Amp 

Cryomodule” (in prototype)
• Supports either cavity oscillator 

(illustrated) or amplifier FEL

I 100 mA
(75 MHz X 1.4 nC or 
750 MHz X 135 pC)

Einj/full/dump 5, 100, 4 MeV

fRF 748.5 MHz

hFEL 1%

Pe - beam/FEL 10 MW/100 kW

-4

-3

-2

-1

0
-8 -6 -4 -2 0 2 4 6 8 10 12 14 16

inject 5 MeV/c 
("then, a miracle 
occurs…")

extract 4 MeV/c 
("don't believe in 
miracles, rely on 
them…")

16 m

 wiggler: λw= 3 cm, Nper=26

Courtesy: D. Douglas
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““MADMANMADMAN”” –– compact transportable systemcompact transportable system

• ERL driver for high power THz & FEL 
sources

• Extremely compact with low parts 
count; “turn-key” operation

• Based on JLab 750 MHz “1 A 
Cryomodule” (in prototype)

• Supports either cavity oscillator 
(illustrated) or amplifier FEL

• Uses “direct” injection/extraction (no 
merger)

I 100 mA+

Einj/full/dump 2, 100, 2 MeV

fRF 748.5 MHz

hFEL >1%

Pe - beam/FEL 10 MW+/100 kW+

Courtesy: D. Douglas
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Lasing (1)

Lasing (3)

Lasing (2)

Full scale Novosibirsk FEL (bottom view)

Four tracks in horizontal planeFour tracks in horizontal plane
with two groups of undulators and IR with two groups of undulators and IR FELsFELs
(under construction and fabrication)(under construction and fabrication)

One track in vertical planeOne track in vertical plane
with one undulator with one undulator 
(terahertz FEL (terahertz FEL --

 

exists)exists)

Common for all Common for all FELsFELs
accelerator systemaccelerator system
(exists)(exists)
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Future ERL-based FEL Projects

• NHMFL
• KAERI
• PKU-ERL-FEL
• ERLP
• Arc-en-Ciel
• 4GLS

Apologies to any project that has not been mentioned !
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‘CUFT’ = Coherent Undulator
for Terahertz Spectroscopy;

gives frequencies up to 10 THz.

NHMFL’s “Big Light” Source  - Conceptual View

MIRNIR

60 MeV Linac 10 MeV Injector

FIR

Three FEL Undulators
for NIR-MIR-FIR.

FIR driven by injector.
Broad-Band 

Terahertz Source;
to 3 THz approx.

10 m

NB Energy recycling- better efficiency, 
non-radioactive dump

Thanks to George Neil (Jlab); apologies to Dresden for (mis)use of their images.
John Singleton, NHMFL
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Draft design of PKU-ERL-FEL facility

Lu Xiangyang, PKU (from Beijing ILCWS 07)

PKU-ERL-FEL
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Status of KAERI Electron Accelerator Facility 

Ventilator
Ventilator

Cold Box
Compressor

Conveyor

Irradiation Cell

10 MeV

 

Accelerator

2 MeV

 

Accelerator

RFG

Compton X-ray beamline

30 m

40 m
* Radiation Shielding 3m Concrete Wall

Injection to SC Beamline

 

II

Injection to SC Beamline

 

I

2 MeV

 

Injectior

KAERI Electron Accelerator Facility

300 keV

 

Gun176 MHz
NC cavities

Main Linac

Two 4-cell cavities
352 MHz/~15 MeV

Seong Hee Park, KAERI
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Beam Energy 35 MeV

Bunch Charge 77pC

Bunch Rep Rate 81.25 MHz

Output Wavelength 4.3 μm

Electron Bunch Length at FEL 0.6 ps

The ERLP IR-FEL

Neil Thompson, ASTeC
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The 4GLS Concept
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650m240m

JAEA Naka (East)

JAEA Naka (West)
6GeV-ERL

5GeV-ERL

KEK

Cornell / KEK / JAEA / APS ERLs

Cornell 5GeV ERL

APS 7GeV ERL
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Challenges for x-ray ERLs
• Production of low emittances + limiting emittance growth (WG1 / WG2)

– Limit coupler kicks / cavity misalignments
– Limit optics errors and adjust fields to radiated energy
– Low emittance growth optics similar to light sources

• Limit energy spread after deceleration, e.g. 5GeV to 10MeV (WG2)
– Accurate time of flight correction, including sextupoles
– Limit energy spread from wake fields
– Limit energy spread from intra beam scattering (IBS) and rest gas scattering
– Limit energy spread from incoherent / coherent synchrotron radiation (ISR / CSR)

• Manage user community
– Running with different modes, bunch patterns, currents

• Beam stabilization – as stable as rings (WG4)
– Limit beam breakup instability (BBU)
– Limit beam jitter by feedback
– Tolerances

• Beam loss concerns
– Beam loss from IBS / Tourschek
– Rest gas scattering
– Disturbance from ions / ion removal
– Halo development

• Superconducting RF challenges (WG 3)
– Phase and amplitude control for very narrow frequency window (10-8)
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from RHIC

30 MeV

54.5 MeV

4.7 MeVLaser

54.5 MeV

1

2 3

4
4’

5

7

8

to RHIC

E-cooler: 2 passes ERL layout

1. SRF Gun, 
2. Injection merger line 
3. SRF Linac two 5-cell cavities 

and 3rd harmonic cavity 
4, 4’. 180° achromatic turns

6

5, 6.  Transport lines to and from 
RHIC,

7. Ejection line and beam dump
8. Short-cut for independent run of

the ERL.

54 MeV, 5 nC at 9.4 MHz. RF 703.75 MHz. Gun 5 MeV
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Second objective: ERL based eRHIC

PHENIX

STAR

e-cooling

Four e-beam passes

Main ERL (3.9 GeV per pass)

High energy setup

p e

Energy, GeV 250 20

Bunch intensity, 1011 2 1.2

Beam current, mA 420 260

Peak Luminosity, 1.e33 cm-2s-1 2.6
Presented by Vladimir

High current
AND

High charge
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The BNL High-Current R&D ERL

• Aimed at pushing the limits for beam current: 0.5 
amperes

• Testing of novel components and techniques:
– Superconducting electron gun
– Diamond amplified photocathode
– Z-bend ERL beam merging
– High-current SRF cavity at 703.75 MHz
– Diagnostics and more.

• Working with industry (AES) on many aspects
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Some of the installed equipment
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Courtesy Xiangyun Chang. See talk by Triveni Rao.

Diamond amplified photocathode
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Gain measured in emission into vacuum

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5

field [MV/m]

ga
in Data

Plasma Model

Courtesy X. Chang
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ERLP Accelerator Layout

• Nominal Gun Energy 350keV

• Injector Energy 8.35 MeV

• Circulating Beam Energy 35 MeV

• Linac RF Frequency 1.3 GHz

• Bunch Repetition Rate 81.25 MHz

• Max Bunch Charge 80 pC 

• Bunch train 100 μs

• Max Average Current 13 µA

Presenter�
Presentation Notes�
All the components of an advance energy recovery machine
High brightness photoinjector
Super-conducting cavities
TBA arc 
Magnetic chicane for bunch compression
FEL
Return arc Recovery and Dump�
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ERLP Accelerator installation
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ERLP Ongoing work

• Baking of injector
• High gradient tests of linac module
• Commissioning of booster RF system for acceptance tests
• Cryo system optimisation with RF 
• Commissioning of beam transport system systems

• Controls
• Diagnostics
• Machine protection system
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Confirmation linac gradient this week 
Confirmation booster gradient end August
Gun & diag line studies finished mid August
Booster repositioned early Sept
Beam through booster Oct
Beam through the linac end  Nov
Energy recovery demonstrated Christmas!

2008
Compton backscatter phase 1
Install wiggler
Energy recovery from FEL-disrupted beam
Produce output from the FEL

ERLP Future Plans 
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Summary of Working Group 2
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Very much work in progress – just starting. 
 
Purpose of the exercise:  
 

• Identify opportunities for international collaboration – avoid unnecessa
duplication of limited resources. 

• Identify existing test facilities and maximize/optimize their use for ERL
studies.  

• Identify topics that are not addressed in existing or planned R&D facili
• Identify new facilities needed to address these topics.  

  

ERL R&D Roadmap
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ERL R&D Roadmap 
 

1. Top level users requirements 
      (e.g. X-ray energy, X-ray flux, X-ray spectral brightness, pulse repetition, ion cooling rate,..) 
2. Top-Level Accelerator/Beam Parameters 
      (e.g. Energy, current, bunch length, bunch repetition, emittances, energy spread, …) 
3. Design choices 

3.1 RF frequency choice 
3.2 Bunch structure/patterns 
3.3 Layout 

3.3.1 Single pass  
[JLab FEL, BNL R&D ERL Feb 2009, ERLP 2008, BINP, JAEA] 

3.3.2 Multi-pass 
[BINP 2008, CEBAF-Multipass ER, induce BBU?] 

3.3.3 Reverse-direction ERL 
4. Beam Dynamics: Theory,  Design, Simulations, Experimental validation of codes – Review of co

4.1 RF focusing model development/validation 
[JLab FEL] 

4.2 SC dynamics / validation incl. sensitivity studies  
4.3 SC/CSR model development / validation [merger] 

[JLab FEL, BNL ERL, APS, SLAC-LCLS, Cornell ERL, PITZ] 
4.4 BBU code validation incl. multipass 

4.4.1 Suppression 
4.5 Halo: Model development/validation 

[JLAB FEL, CEBAF, BNL ERL, Cornell, PITZ – APS Model development] 
4.6 Ions: Model development/Validation/Cure  

[JLab FEL, APS, Cornell ERL (2008), BNL, CESR: Fast ion instabilities] 
4.7 CSR: Model extension/validation 
4.8 QBBU: Model development/validation/Suppression 
4.9 Impedance budget 
4.10 Wakefield effects (incl. RWBBU: Validation) [very short bunches] 
4.11 Lattice optics corrections – tuning, non-linear corrections, sensitivity 
4.12 S2E Self-consistent simulations 

ERL R&D Roadmap
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1. Technology 

1.1 Injector – One-pass systems? 
1.1.1 Energy choice – energy ratio 
1.1.2 Polarization [JLab, MIT] 
1.1.3 Guns 

1.1.3.1 DC [Cornell, 4GLS, Jlab, JAEA] 
1.1.3.2 SRF [BNL, FZD] 
1.1.3.3 RF [Los Alamos] 

Cathode quantum efficiency and lifetime 
Cathode material 

 Laser 
- Pulse shaping 
- Rep rate 

1.1.4 Injector SRF 
1.1.4.1 Cavity shape /CM 
1.1.4.2 Tuners 
1.1.4.3 High power couplers [for 1.3 GHz] 

Cornell, BNL,  
1.1.4.4 HOM couplers/absorbers 

Cornell, BNL, Daresbury, JLab 
1.1.4.5 RF Power sources 
1.1.4.6 Cryostat [New system development] 

1.1.5 Dump design 

ERL R&D Roadmap
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ERL R&D Roadmap
 

1.1 Linac and return loop Technology 
1.1.1 SRF cavities/CMs 

5.2.2. Q0 at field 
 Cornell, ANL 
5.2.3. Cavity shape 
5.2.4  HOM couplers/absorbers 
 Cornell, BNL, Daresbury 
5.2.5. RF control  
           [Single vs. multiple cavities per klystron, Ferro-electric shifters] 
 [JLab, BNL, APS] 

1.1.2 Cryo 
1.1.2.1 Optimum T 

JLab, ANL 
1.1.2.2 System optimization 

1.1.3 SRF Integration 
1.2 Global systems 

1.2.1 Diagnostics –  
Cornell, APS, BNL, JLab, ERLP 

1.2.2 Synchronization 
 Cornell, ERLP 

1.2.3 Stability/Feedback 
Transverse  

    Energy  
 Energy spread  

1.2.4 Collimation 
1.2.5 Reliability 

[ERLP/Cornell/LBNL, JLab FEL, ILC] 
1.2.6 Radiation protection 
1.2.7 Machine protection 

2. Users/Light 
2.1 Undulators 
2.2 Photon diagnostics 
2.3 Optical cavity/mirrors 

3. Global optimization [risk/cost/performance] 
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