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DOE BES Science Grand Challenges

Directing Matter and Energy; 5 Challenges for Science & the Imagination

1. How do we control materials processes at the level of the electrons?
Pump-probe time dependent dynamics

2. How do we design and perfect atom- and energy-efficient synthesis of new forms of matter with 
tailored properties?

PLD, photo-chemistry, XRS
3. How do remarkable properties of matter emerge from the complex correlations of atomic and 
electronic constituents and how can we control these properties?

Pump-probe time dependent dynamics, XRS
4. How can we master energy and information on the nanoscale to create new technologies with 
capabilities rivaling those of living things?

Pump-probe time dependent dynamics, XRS

5. How do we characterize and control matter away -- especially very far away -- from equilibrium?
Non-linear dynamics, ultra-bright sources

Report  - Graham Fleming and Mark Ratner (Chairs).
Ultrafast, ultrabright, tunable THz/IR/UV/X-Ray light 

from next generation light sources
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Implications

Currents over ~ 1mA the cost of RF power favors recovering beam 

power in an ERL rather than dumping beam

Please note that:

a) 4th Generation Sources do not displace need for 3rd Generation
b) ERL operation does not preclude FEL operation

C) ERLs without FELs suffer a large decrease in light 
produced per bunch due to lack of longitudinal bunching 

D) mitigated by: Operate at lower charge but very high 
repetition rate:  minimizes space-charge-driven emittance 
growth to achieve ultimate emittance, short pulse length



Slide 5

Applications need high repetition rate

From W. Eberhardt
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Applications need high repetition rate

ERL FEL
From W. Eberhardt
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ERL Advantages

Flexible bunch structure + very short pulses possible
Ability to independently optimize electron optics for  

each insertion device (or vary with time) although 
multiple in-line insertion devices make changes 
complex to manage

Small energy spreads – more photons in narrow band
Nearly equal and small transverse emittances for nearly 

round beams – higher usable brightness, transverse 
coherence

CW operation is more stable than a pulsed linac 
{but not as stable or reliable as a ring – must work to 

stabilize source + educate users! }
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Major R&D Efforts Around the World

Injector, injector, injector!  No existing injector delivers required CW 

brightness.  Many groups are working on this:  LBNL, Cornell, 

Wisconsin, JLab, KEK, Daresbury, BNL, PKU…
Brightness preservation: Solutions to coherent synchrotron radiation (CSR) 

emittance  degradation, longitudinal space charge (LSC) in pulse 
compression

Halo control essential for CW – non-Gaussian tails!!!
High order mode & beam breakup control in cavities
Wakefield and propagating mode damping
Handling sizeable (~ 20 kW! @ 100 mA) THz radiation in bends
Resistive wall heating in undulators
Reducing srf dynamic load to lower refrigerator costs; probably more 

important than increasing gradient

< 1µA local loss allowed
High HOM power lost at 
srf temps?

100W/m at 4mA on JLab IR FEL
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ERL R&D
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JLab Inverted DC Gun

The injector is a crucial technology– but none 
working yet at desired brightness

K. Baptiste

LBNL Low Frequency RF Gun

J. Bisognano

C. Hernandez-Garcia

WiFEL/Niowave 
SRF Gun

In assembly 
with RF

In component 
testing

In fabrication
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Cornell

Encouraging results with good 
emittance and 4 mA  current

Further work underway to increase 
gun voltage using KEK-style 
insulator

Achieved desired brightness at 70 pC
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JAEA
Major advance in high voltage operation!
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Cathode 
isolation
Valve

Cathode 
installation
assembly

Beam line
isolation valve

Top cover with
facilities 
feedthru

Cavity
assembly

Internal
Helium dewar

Adjustable 
supports

Magnetic 
and 
thermal
shielding

HOM Load

Power
coupler

BNL High-current SRF electron-gun



Merminga, ERL2007, May 21-25 2007

JLab Ampere-class Cavity

1500 MHz Cu prototype
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Cavity test result

Cryomodule concept

Courtesy: R. Rimmer

100 MeV cryomodule under 
construction but w/o strong 
HOM damping
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KEK

Based on Cornell design modifications of DESY cavity at 1.3 GHz
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ERL Facilities
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ERL layout. 
Straight section is 7m long
Important for very high 
average current transport

BNL 0.5 Amp electron cooling ERL 
(not a light source but relevant technologies)
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JLab IR/UV ERL Light Source

Ultra-fast (150 fs) 
Ultra-bright  
(1023 ph/sec/mm2/mrad2/0.1%BW) 
UV harmonics exceed FLASH 
average brightness (1021 average, 
1027 peak 
ph/sec/mm2/mrad2/0.1%BW)

UV Lasing with 
high brightness 
harmonics

E = 135 MeV
135 pC pulses @ 75 MHz

20 μJ/pulse in 250–700 nm UV-VIS 
120 μJ/pulse in 1-10 μm IR
1 μJ/pulse in THz

The first high current ERL
14 kW average power
In IR



ALICE Facility @ Daresbury Laboratory
Accelerators and Lasers In Combined Experiments

superconducting ERL-prototype operating in ER mode since 2008 

EMMA

superconducting linac

superconducting
booster

DC gun

500KV PSU

photoinjector
laserTW laser

THz beamline

bunch 
compressor
chicane

1st arc (translatable)

2nd arc
(fixed)

beam 
dump

Accelerated Beam Parameters
Operating bunch charge 40pC

Injector energy 6.5 MeV

Total beam energy 27.5 MeV

RF frequency 1.3 GHz

Bunch repetition freq. 81.25 MHz 

Maximum train length 100 ms

Train repetition freq. 1-10Hz 

Transverse emittance 10-20 mm mrad

Compressed bunch length <2 ps

Courtesy S. Smith
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Examples ERLs
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Cornell design booster



Merminga, ERL2007, May 21-25 2007

Lasing (1)

Lasing (3)

Lasing (2)

Full scale Novosibirsk FEL (bottom view)
Four tracks in horizontal plane
with two groups of undulators
and IR FELs  



1-st stage (in 
operation)

2-nd stage 
(assembly)

Electron beam energy, 
MeV

12 40

Number of orbits 1 4

Maximum bunch repetition 
frequency, MHz 

11.2 90

Beam average current, mA 20 150

RF frequency, MHz 180 180

Year of commissioning 2002 2007

Recent lasing on 3rd harmonic!
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CW Linac X-FELS 

• Higher energies  =>  longer linacs =>  higher cost
• More FELs/linac is better 

– Multiplicity by way of RF separation (a la CEBAF)?

• Recirculation may make systems more affordable
– Cuts required srf length
– Cuts conventional facility (tunnel)
– Cuts cryogenic plant
– Cuts operating cost
– Perhaps adds synchrotron ports
– but  adds transport lattice and perhaps tunnel….
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CW Linac X-FELS 

• Recirculation may make systems more affordable
• Key issue: can you still achieve ultimate beam brightness? Will 

require extensive study and creative design to ensure beam 
quality preserved, optimum cost/benefit achieved.

Solution of recirculation physics issues of high brightness beams 
may have even more important impact on field than ERL!

ARC-en-Ciel Courtesy M. E. Couprie
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• 600 MeV,  2 pass acceleration
• 200 pC, 1 mm mrad injector
• Up to 4.68 MHz CW repetition rate
• Recirculation and energy recovery
• 10 nm fundamental output, 10 nm/H harmonic
• 50 fs-1000 fs near-Fourier-limited pulses

Addresses open questions about recirculation…

JLAMP FEL proposal for unparalleled 
average brightness of 10-100 eV photons 

• Baseline: seeded amplifier operation using HHG
• HGHG amplifier + oscillator capability
• THz Wiggler for  synchronized pump/probe
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CW operation gives high average brightness in both 
fundamental and harmonics

4th Gen

3rd Gen

2nd Gen

NLS  
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New: Soft X-ray Oscillator Proposal
- existing technology with modest optical tolerances

Different than K-J. Kim hard X-ray oscillator (ANL-AAI-PUB-2008-004)
Near-term, low-risk, soft X-ray oscillator possible using conventional 

mirrors with high gain undulator .  Gain is high so reflectivity, mirror 
figure, and alignment are all insensitive in regenerated oscillation

Wiggler period (cm) 2.5 

Number of periods 240 

Wiggler gap (cm) 7 

Emittance (microns) 2 

Energy spread (%) 0.15 

Peak current (kA) 1.44 

Cavity length (m) 32.04196 

Mirror radii (cm) 1.27 

High reflector mirror radius of curvature (m) flat 

Output coupler mirror radius of curvature (m) 23.5 

Hole radius (cm) 0.03 

Mirror reflectivity (%)  70 

 Genesis/OPC modeling courtesy M. Shinn
- submitted to J. Modern Optics , Benson et al.
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Summary

• ERLs offer many advantages over existing X-ray sources
– CW beams of very high brightness
– Flexible format very short pulses
– Small emittance and round beams
– Capability for synchrotron emission or FEL operation or both

• but have some as yet unresolved issues
– CW injectors at ultimate brightness
– Transport challenges in maintaining brightness and handling beam
– Cost and practicality challenges due to lack of multi-particle 

(longitudinal) coherence
• Can recirculating linacs help address cost barrier to 

CW X-FELs?
• Can soft X-ray oscillator blast through presently achievable 

brightness or even seed harder X-ray amplifiers???
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We invite you to 
5th Int. ICFA ERL Workshop 
ERL2011, October 16-21, 2011 
Tsukuba, Japan 
http://erl2011.kek.jp
We hope our Japanese colleagues 
continue to recover from the 
devastating natural disaster

We also invite you to 
3rd Int. ICFA Workshop on 
Future Light Sources
FLS2012, March 5-9, 2012. 
Jefferson Lab, Newport News ,VA
http://conferences.jlab.org/FLS2012/
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