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D. Moncton, FLS-2006 WS.

Contribution of Emittance 
is dominant
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Energy Recovery Linac

Acceleration

Deceleratio
n

main linac
(superconducting)

injector linac
(superconducting)electron gun

FEL

merger

dump

16.8 MeV16.8 MeV
17 MeV17 MeV

electron � laser
energy conversion ~ 1%

2.5 MeV2.5 MeV

17 MeV17 MeVJAEA 17MeV-ERL

2.3 MeV2.3 MeV

� Energy conversion at FEL ~1% � the spent beam still has ~99% energy.
� Recycling the remaining energy is possible by “deceleration”.
� High-average current beams with small RF sources.
� Fresh electrons every turn � high brightness beams

loop
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layout of a 2-loop 1-GeV ERL

~ 80 m

g-ray experimental
station

~ 25 m

cryogenic plant

~ 20 m

magnet and RF
power supply

ceiling height ~ 5m

injector
main linac

low energy dump

500 MeV

1 GeV
high energy
dump

1.5 GeV

1 GeV, 1 mA with Energy-Recovery Mode  (2-pass acc., 2-pass dec.)

1.5 GeV,  < 0.1mA with Recirculation Mode (3-pass acc.)
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next-gen. light source @ UK

high-power FEL@ JLAB
11-year operation

multi-turn ERL-FEL
@ Russia

electron cooler @ BNL

next-gen. X-ray source @ Cornell

next-gen. X-ray source @ KEK

and more from
Berlin, Beijing …

ICFA Intl. ERL WS
2005 at JLAB
2007 at Daresbury
2009 at Cornell
2011 at Japan

��� s �� the world
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Superconducting Linac

CEBAF C100 module (1.5GHz, 7-cell x 8 cavity, > 108MV, ~1mA)

8.5 m

energyfinalElengthElossheat accacc ´=´µ 2

cost = linac + refrigerator
lower gradient saves refrigerator cost
higher gradient saves linac cost

Eacc=15-20MV/m generally gives the minimum total cost

we need 5 modules for 500-MeV acceleration / loop.
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ERL Injector

photocathod DC guninjector linac

Cornell injector

a semiconductor cathode with NEA surface produces an electron bunch of small initial
emittance, typically thermal emittance equivalent to 50meV.

normalized emittance 1mm-mrad for 100pC bunch and 0.1mm-mrad for 10pC bunch.

emission of photo-electrons
from a NEA cathode.

photocathode DC gun at JAEA



ERL gun performance
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20pC, 0.45 mm-mrad
beam was obtained 
at a Cornell 250-kV gun

good agreement between
exp. and simulations

emittance is limited by gun voltage.

ceramic
support rod

field emission

guard rings A 500-kV gun has been
developed at JAEA.

With a 500-kV gun,
0.1 mm-mrad / 10 pC is
becoming  a feasible target.

R. Nagai at al., Rev. Sci. Instr. (2010)

I.V. Bazarov et al., Phys. Rev. ST-AB (2008).
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Expected performance

high-flux mode high-brilliance mode

electron beam 1 GeV 1 GeV

bunch charge 100 pC 10 pC

bunch length (rms) 3 ps 3 ps

normalized emittance (rms) 1 mm-mrad 0.1 mm-mrad

energy spread (rms) 4x10-4 4x10-4

bunch repetition 10 MHz 100 MHz

average current 1 mA 1 mA

laser 1 mm 1 mm

pulse energy (intra cavity) 36 mJ 3.6 mJ

pulse duration (rms) 5 ps 5 ps

pulse repetition 10 MHz 100 MHz

cavity stored power 360 kW 360 kW

Compton scattering [1] 19 MeV 19 MeV

collision spot size (rms) 15 mm 10 mm

total flux (ph/s) 5x1013 1x1013

peak brilliance (ph/mm2/mrad2/s/0.1%) 8x1019 6x1022

ave. brilliance (ph/mm2/mrad2/s/0.1%) 3x1015 3x1019

[1] head-on collisions are assumed
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On-axis peak brilliance
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is equal to the effect of
photon divergence.
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calculation by using a formula in [1].
[1] F.V. Hartemann et at. Phys. Rev. ST AB 8, 100702 (2005).
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Monte Carlo Simulations by CAIN

electron beam � high-flux mode parameters (en=1mm-mrad)

laser beam � 1J, 1ps (rms)
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Monte Carlo Simulations by CAIN

electron beam � high-brilliance mode parameters (en=0.1mm-mrad)
laser beam � 1J, 1ps (rms)
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Monte Carlo Simulations by CAIN
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Monte Carlo Simulations by CAIN

electron beam � high-flux mode parameters (en=1mm-mrad)

laser beam � 1J, 1ps (rms)
crossing angle = 2 deg.
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on-axis gggg-ray bandwidth (present design)
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RF system for the ERL

JLAB-ERL operated at QL=1.2x108

M. Liepe, ERL-09

5.5 kW klystron (CPI)

45
 c

m

10 MW klystron (Thales)
height = 2.5m
weight = 2.5t (with magnet)

non-ERL superconducting linac
(TESLA-FLASH, European XFEL, ILC)

5.5 mA beam is accelerated with
small RF power < 1kW for each cavity
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Estimation of machine cost

2-loop 1-GeV ERL 2-loop 600-MeV ERL [1]

Superconducting linac [2] 6.9M 4.2M

Cryogenics [2] 27M 20M

Injector 4.7M 4.7M

RF power source 9.2M 5.5M

RF low-level control 1.4M 0.8M

Beam transport 8.1M 5.8M

DC power system for magnets 1.4M 1.0M

Control, timing & synchronization 0.3M 0.3M

Diagnostics & safety system 1.3M 1.3M

Total 60.3M 43.6M

[1] numbers retrieved from JLAMP proposal (Jefferson Lab, Dec. 2009) and use conversion
1 euro = 1.3 USD. The cost of RF power source is estimated independently, because JLAMP re-uses existing
RF sources.

[2] The cost of SC linac and cryogenics depends on regulation of high-pressure gas. We assume the regulation
in Romania is similar to USA. 

in Euro



Conclusions

� The ERL option provides g-rays of narrow bandwidth
~ 10-3 (rms).

� a 1-mA ERL can be constructed by technologies 
available today.

� there remains unresolved issues such as beam 
manipulation in a multi-loop configuration.

� however, we can mitigate the risk by staged approach.
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possible staged approach

� (1st stage) start with a single-loop configuration
� 400 MeV, 50mA 1-pass acceleration (non-ERL)

� 800 MeV, 50mA 2-pass acceleration (non-ERL)
� 400 MeV, 1mA 1-loop ERL

� (2nd stage) better optimization for the narrower BW g-ray
� BW of 10-4, 10-5

� (3rd stage) adding the second loop
� 800 MeV, 1mA 2-loop ERL

� 1.2 GeV, 30mA 3-pass acceleration (non-ERL)

� (4th stage) adopting 100-mA technology
� 800 MeV, 100mA 2-loop ERL

R. Hajima, ELI-NP, Apr. 12-13, 2010 20
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for the narrower bandwidth

“diffraction limited” electron beam is required.
for 1mm laser wavelength, en < 0.08 mm-mrad.
en = 0.1 mm-mrad for a bunch charge q=8pC will be obtained from a
photocathode DC gun. 
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electron energy spread

energy spread of an electron bunch in ERL is determined by
(1) longitudinal emittance at the injector exit
(2) energy spread introduced by RF curvature in the main linac
(3) collective effects such as space charge force and wakefield
(4) recoil of synchrotron radiation
(5) scattering with residual gas

........
energy stability is also limited by

(6) accuracy of accelerator voltage and phase

In a 5GeV-ERL X-ray facility, they assume sE/E=4x10-4 for 2.5 ps bunch.
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for the narrower bandwidth

electron energy spread (cont.)

In the “ultimate ERL injector”, longitudinal emittance of a few mm-keV will be obtained for a 10pC,
1ps bunch (see figure). After acceleration up to 1GeV, the longitudinal emittance
corresponds to the energy spread of ~10-5.

longitudinal emittance

I.V. Bazarov, PRST-AB 8, 034202 (2005)
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for the narrower bandwidth

electron energy spread (cont.)

In the case of on-crest acceleration, energy spread due to the RF curvature shows a quadratic
dependence on the bunch length. 
For 1.5GHz RF, a 400fs bunch has RF energy spread of 1x10-5.

RF curvature
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on-axis gggg-ray bandwidth (future upgrade)
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future upgrade

1x10-5

1x10-5

1x10-5

4x10-5

on-axis g-ray bandwidth
~ 4x10-5

collision spot size = 25 mm

normalized emittance = 0.08 mm-mrad
collision spot size = 25 mm

long pulse laser or CW laser
pulse length > 250 ps

injection of short bunch (400 fs)
and good stabilization of RF

flux ??
laser power is unknown.


