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High Intensity Accelerators
• A high intensity driver delivering several MW of average beam power to 

a production target
• Applications to 

– spallation neutron sources 
– nuclear waste transmutation
– energy amplifier
– radioactive ion beams
– secondary particle production
– neutrino superbeams
– neutrino factories

• For a Neutrino Factory: 
– 4 MW at ~50 Hz, ~10 GeV 
– bunches of ~1 ns rms duration.

• For a Neutron Source 
– 4-5 MW at ~50 Hz, 1-3 GeV
– bunches of ~1 !s to ~2 ms

Materials & Life Sciences at ~3 GeV

Nuclear & Particle Physics at ~50 GeV

R&D for ADS at ~0.5 GeV
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N = number of particles in bunch, f = frequency of bunches

or

N = number of particles in machine, f = repetition rate

Power = average beam current × kinetic energy

P = IE = (Nef)E

Beam Power

• Beam power is a balance of energy against current
– depends on purpose of the machine (the application/science)
– takes account of general accelerator limitations
– also allows for economic considerations
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Power Energy
Condensed matter 

studies spallation neutrons ~1-5 MW ~1 GeV

Materials irradiation neutrons with stripping 
reaction 2!5 MW 40 MeV

Secondary beams, 
particle physics

muons, neutrino 
production 4 MW 5-15 GeV

RIBS for nuclear & 
astro-physics with neutrons 4 MW ~1 GeV

Sub-critical reactors 
for energy generation 

and transmutation

MYRRHA 
demonstrator; thorium 

cycle
5-10 MW 0.6-1 GeV

Multiple Applications
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Projects Worldwide
! Multi-purpose facilities

LANSCE (US), J-PARC (Japan), PEFP (Korea), FAIR (GSI)

! Spallation neutron sources

SINQ@PSI (Switzerland), ISIS (UK), SNS (US), CSNS (China), ESS (Sweden)

! Radioactive ion beams

FRIB (US), EURISOL (Europe), RIKEN (Japan), SPIRAL2 (France), SPES 
(Italy), SARAF (Israel) …….

! Secondary beams  (Neutrino/muon factories)

Linac4+SPL (CERN), Project-X (US), IDS-NF

! Irradiation facilities

IFMIF (Europe/US/Japan) + prototype EVEDA (CEA)

! Accelerator Driven Systems (ADS)

EUROTRANS (Europe), TRASCO (Italy),  ADS (China), ThorEA (UK)
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Beam Power Frontier
Average beam current v Energy

operating
planned
study
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" Huge step from current status to the level of anticipated future 
facilities

" Developments at each laboratory take advantage of progress at 
other laboratories around the world

SNS, ORNL J-PARC
CSNS, Dongguan

CERN, LHC & PS

FNAL, Project-X
ESS

PSI upgrades

Other studies, e.g. 
AGS upgrade @ BNL,
Indian SNS

ISIS
TRIUMF IFMIF

FRIB

LANSCE SARAF
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Different Approaches

• Linac or cw/high rep rate ring directing 
beam onto a target
– technological challenges
– beam dynamics issues

• Linac injecting into accumulator ring
– additional challenges from accumulation and 

intensity
Safety paramount: very low beam loss, minimise 
radiation hazards. Hence demand for very good 
quality beam. 1 W/m is the accepted goal for 
uncontrolled beam loss.
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A stepping stone to other high power facilities

• A short-pulse neutron source, 
driven by a 1.4 MW proton 
accelerator

• 1 GeV superconducting H- 
linac

• Accumulator ring with ~1000 
turn charge exchange injection

• 60 Hz rep. rate

• Operation started October 
2006

• Now routinely operating at 
~1 MW for almost 5000 hrs/yr, 
with 85% availability

• 13 neutron scattering 
instruments

SNS, Spallation Neutron Source
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Oak Ridge, Tennessee
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SNS Accelerator Operation
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945 ns

1 ms macropulse

Cu
rre

nt mini-pulse

H- stripped 
to protons

Cu
rre

nt
1ms

Front-End: 
Produces a 
1 ms long, 
chopped, H- 
beam 

LINAC: 
Accelerates 
the beam to 
1 GeV

Accumulator Ring: 
Compresses 1 ms 
long pulse to 700 nsec

Delivers 
beam to 
Target

Chopper system 
makes gaps

Ion Source
2.5 MeV 1000 MeV87 MeV

CCL SRF, !=0.61 SRF, !=0.81

186 MeV 387 MeV

DTLRFQ

65 keV
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Linac bunch train � � � � �� �. . . . . . . . .

chopped beam

∼100 bunches removed

� � � � � � � � � �
� �� �

∼250 microbunches

. . . . . .
2.5 ns

Injection × 1000 turns, 1ms

Accumulator ring after injection

� �� �300 ns

� �� �
700 ns

❄
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SNS Linac Overview

!"#$%&'()%*+, !""#$%&'()*+,%-%(-%./*0)1234)5******'$,-.&/01/23&4556 7$8+&96

"6"

Injector 2.5 MeV

RFQ

1 GeV
ββββ=0.87

DTL

86.8 MeV

To Ring

CCL

402.5 MHz 805 MHz

SCL, ß=0.61

186 MeV
ββββ=0.55

HEBT

MEBT SCL, ß=0.81

391 MeV
ββββ=0.71

Linac dump

! Length ~260 m, 96 independently phased RF cavity/tanks  

! Normal conducting linac from the H- ion source to 186 MeV

! Superconducting linac from 186 MeV to 1 GeV

! Beam commissioning of the SCL began in August 2005

! Achieved the design repetition rate 60 Hz, maximum beam 
energy 1.01 GeV, peak beam current 40 mA, pulse length 1 ms, 
beam power on the mercury target 520 kW.

:;4552&<!=8=)>&4552?&@$%&A.$%8

SC linac

NC linac

• Linac 260 m, 96 independently phased RF cavity/tanks
• Normal conducting from H- ion source to 186 MeV
• Superconducting from 186 MeV to 1 GeV
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SNS Accumulator Ring

HEBT
RTBT

Injection
Collimation

RF

Extraction

Target

16

• 90o achromat for transverse and 
longitudinal collimation.

• Ring circumference 248!m

• Beam injected over ~1000 turns via 
charge exchange injection.

• Final intensity 1.5"1014 ppp

• Pulse 0.2-1.0 ms compressed to ~700!ns.
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SNS Power Upgrades
• Plans in place to increase the beam power and availability to design 

values of 1.4!MW and 90% over the next two years.

• Number of instruments to be increased to 16.

• Two upgrade projects at the planning stage

– increase beam power to ~3!MW by increasing beam energy to 
1.3!GeV and increase beam current by 60% (1.4!mA to 2.3!mA) 
• requires additional high ß cavities and ion source upgrade

– construct a second target powered by sharing                            
beam pulses with the first target station
• 40 short pulses TS1(2!MW)
• 20 long pulses TS2 (1!MW, no accumulation)

17
29 Managed by UT-Battelle

for the U.S. Department of Energy APS Meeting, March 16, 2010

• Higher beam power will enable operation of two target stations, 
which in turn doubles the scientific productivity of the facility

• Optimized for intense beams of cold neutrons; likely to operate 
in long-pulse mode, taking beam directly from linac
– Joint US-European workshop on optimizing instruments for long-pulse 

sources held Aug 26-28, ‘09

SNS Second Target Station

• Reference concept calls 
for “pulse-sharing” 
operating mode:
– 40 short pulses/second to 

Target Station One (~2 MW)
– 20 long pulses/second to 

Target Station Two (~1MW, 
no ring accumulation)

• Critical Decision-0 
(Mission Need ) 
Approved in January 
2009.

Sunday, 14 October 2012



p-Therapy
250 MeV, <1µA

Swiss Light Source
2.4 GeV, 400mA

High Intensity Proton Accelerator
590 MeV, 2.2mA

XFEL Injector
250 MeV

central 
control room

!"#$%$&'()*+,$!-.*/$0*1,/-2$"-1/3*

• 2009 new maximum current: 2.3 mA 
achieved (1.36 MW).

• Upgrade plans to 1.8 MW by 2013 by 
improving rf systems.

• Major efforts to improve reliability above 
90% and reduce beam loss to 10-4.

• Operates CW
• Optimised for high intensity
• Based on cyclotrons

• 870 keV Cockcroft Walton Injector
• 72 MeV injector cyclotron
• 590 MeV main cyclotron

• Delivers 2.2 mA to spallation neutron 
target
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J-PARC Facility
(KEK/JAEA）

Birdʼs eye photo in January of 2008

South to North

Neutrino Beams　
(to Kamioka)

JFY2009 Beams

50 GeV Synchrotron

Hadron Exp. 
Facility

Materials and Life 
Experimental Facility

  JFY2008 Beams

3 GeV 
Synchrotron

 CY2007 Beams

Linac
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J-PARC H- Linac 

RFQ Chopper and MEBT

DTL: Linac commissioned June 2007 Additional structures to 400!MeV 
(2012), superconducting to 600!MeV

Phase1: 181!MeV, peak current 30!mA ⇒ 0.6!MW from RCS at 25!Hz

Phase II: 400!MeV, 50!mA ⇒ 1 MW from RCS
Ion source

S-DTLDTL
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Quadrupole transfer line from 
180 MeV linac being removed

New ACS accelerating structures 
for 180-400 MeV section; 
currently being installed.

Klystron gallery
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Slow cycling, 0.3 Hz, 15 "A, 50 GeV, 0.75 MW proton beam to hadron and neutrino beam 
facilities.
Beam commissioned May 2008. 30 GeV in Phase I. Eventual upgrade path to 5 MW

RF cavities RCS switchyard

50 GeV Main Ring
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Booster synchrotron, 25 Hz, 333 "A, 1 MW, fast extraction

3 GeV Rapid Cycling Synchrotron Ring
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Lund, Sweden

ESS, European 
Spallation Source
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! Optimised for 5 MW (upgradeable to 
7.5 MW)

! 2.9 ms pulses of protons
! 14 Hz rep. rate (!17 Hz?)
! 2.5 GeV energy (!3.5 GeV?)
! 60 mA ion source current (!100 mA?)
! Low losses <1 W/m
! High reliability, ! 95%
! Single target station; upgrade could 

include a second target with interleaved 
40 Hz operation

Facility cost 1377 M€ with 22 
instruments + 101 M€ site specific costs
Operating costs 89 M€2008 per year

Collaboration of 
European countries
Expected construction 
2013-2018
First neutrons 2019

ESS: A Long Pulse Facility
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Sunday, 14 October 2012



Include research, 
development & 
demonstration 
of emerging 
energy 
technologies.

Goal: carbon 
neutrality.

E.g. options on 
wind turbine 
farms

On Site Solar 
Systems

“Powerbox” - electricity 

from waste heat 

Seasonal storage
cool & heat 

District 
Heating 

ESS: A Green Facility
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Energy 2.5 GeV
Ion source current 60 mA  (upgrade to 100 mA)

ESS Linac

ESS prototyping: two half-wave resonators @325 MHz (β=0.17, β=0.31) and two 
spoke resonators @325 MHz (β=0.15, β=0.35) fabricated and successfully tested

26

Source

LEBT MEBT

RFQ DTL
Spokes
! = 0.50

Elliptical cavities
Medium ! = 0.70

HEBT

Target

352.21 MHz 704.42 MHz

3 MeV 50 MeV 188 MeV 606 MeV 2500 MeV

Elliptical cavities
High ! = 0.92
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Chinese SNS, Dongguan

27
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CSNS-I CSNS-II

Beam power (kW) 100 200

Repetition rate (Hz) 25 25

Average current (µA) 62.5 125

Proton energy (GeV) 1.6 1.6

Linac energy (MeV) 80 132

324 MHz RF linac providing 80 MeV H- 
beam to 1.6 GeV RCS

! Penning ion source 
under construction

! RFQ technology 
developed in ADS 
study

! Upgrade path to 
200!kW
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! Accelerator design options
Cyclotrons (PSI) or FFAGs

Full energy linac and accumulator/storage rings (e.g. SNS, ESS)

Low/intermediate energy linac, booster RCS, main accelerating ring 
(synchrotron or FFAG) (e.g. J-PARC, CSNS, ISIS)

! Requirement for very low uncontrolled beam loss throughout 
machine (0.1-1 W/m average)

fast beam chopper in linac, achromats and advanced collimation systems

! Beam characterisation, especially in the low energy stages
advanced diagnostics

! Halo formation, emittance growth and control in linacs
minimise longitudinal halo

! RF: Linac frequencies, choice of cavities, frequency jump, HOM, damage to SC 
cavities from beam loss

! Operational beam loss: Intra-beam stripping in H- linacs

Main Issues (1)
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Main Issues (2)
! Transverse and longitudinal matching

! Charge exchange injection H-#H+

Foil issues: Stripping efficiencies, Multiple Coulomb scattering, Large 
angle and Nuclear scattering, Energy straggling, Heating, Stress and 
buckling, Lifetime, Radiation, Stripped Electrons, Emittance Growth

Laser stripping (incl. cw beams)

Unstripped beam (H0, H-)

! Beam accumulation, phase space painting

Transverse and longitudinal coupling, options                                                
for transverse painting, options for                                                     
longitudinal painting

! Trapping and acceleration in rings

instability studies, space charge mitigation, halo, emittance growth, 
electron cloud

30
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Main Issues (2)
! Transverse and longitudinal matching

! Charge exchange injection H-#H+

Foil issues: Stripping efficiencies, Multiple Coulomb scattering, Large 
angle and Nuclear scattering, Energy straggling, Heating, Stress and 
buckling, Lifetime, Radiation, Stripped Electrons, Emittance Growth

Laser stripping (incl. cw beams)

Unstripped beam (H0, H-)

! Beam accumulation, phase space painting

Transverse and longitudinal coupling, options                                                
for transverse painting, options for                                                     
longitudinal painting

! Trapping and acceleration in rings

instability studies, space charge mitigation, halo, emittance growth, 
electron cloud
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µ
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ISIS   
Spallation Neutron Source
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ISIS - present

• 70.44 MeV H- linac
• Charge exchange injection into 

800 MeV RCS
• 50 Hz operation
• 200 "A, 160 kW

• Two target stations, at 40 Hz and 
10 Hz

• Dual harmonic RF system to 
upgrade to ~240 kW

• Otherwise intensity limited by 
space charge

32
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! Replacement linac with increase in injection 
energy to ~180 MeV

! Add new 3.2 GeV synchrotron

Bucket-bucket transfer (2 bunches) from 
ISIS 

Simple energy increase gives ~0.75 MW 
to new neutron production target (40 Hz)

! Add new 800 MeV H- linac (decommission 
the old ISIS?)

Charge exchange injection, phase space 
painting

2 MW at 30 Hz, ~5 MW at 50 Hz

All bunches for neutron production

or transfer some bunches to new ring for 
neutrino factory driver

ISIS Power Upgrades
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chopper

RFQ

LEBT

ion source

324 MHz, four vane 
RFQ, 65 keV-3 MeV

Linac Front-End Project, FETS
• H- Ion source development

– 60 mA, up to 2 ms pulse, lifetime >3 weeks
• RFQ design

– 4 vane, 324 MHz
• Fast beam chopper (tandem, distributed)
• Diagnostics

RAL Chopper

Penning H- ion source, 
60 mA, 2 ms, 50 Hz 34
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Rapid Cycling Synchrotron Upgrade Ring

35

Energy 0.8-3.2GeV

Repetition Rate 50 Hz

Circumference (2.5× ISIS) 408.4m

Transition γt 7.2

Harmonic number h 5

RF sweep fRF 6.1-7.1MHz

Peak RF voltage VRF ∼750 kV

Peak tune depression ∆Qsc ∼ 0.1

Longitudinal emittance �L ∼1.5 eV.s

Magnetic guide field B(t) sinusoidal
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800 MeV H- ISIS Upgrade Linac

RFQ MEBT DTL ScL1 ScL2 ScL3

3 3 75 196 412 800 MeV

324 MHz 648 MHz

236 m

IEBT
75

Thursday, 19 November 2009

• Based on J-PARC frequency, 324 MHz
• Intermediate energy beam transport section to remove longitudinal 

halo
• Superconducting from 75 MeV
• RFQ and MEBT chopper based on FETS

36

H- Ion 
source LEBT 4 Tank DTL (43 mA, 30 – 50 Hz) MEBT

3 MeV

RFQ IEBT

74.8 MeV

Wednesday, 6 January 2010
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Neutrino Factory
• Proton driver

– Primary beam on production 
target

• Target, capture channel
– Create ", decay to !

• Cooling
– Reduce transverse emittance

• Muon acceleration
– 130 MeV to 10-50 GeV

• Decay ring(s)
– Store for ~500 turns
– Long production straights

37

Additional requirements are that the proton pulse contains 1-3 
bunches and the driver must compress the proton bunches to 1-3 ns, 
then hold in a compressed state for ~150 µs.

Linac optionFFAG/synchrotron
option Proton Driver

Hg Target

Buncher

Bunch Rotation

Cooling

0.9-3.6 GeV
RLA

Linac to
0.9GeV

3.6-12.6 GeV RLA

12.6-25 GeV FFAG

µ+

µ+

µ−

µ−

Muon Storage Ring

Muon Storage Ring

755
m

Neutrino Beam

Neutrino Beam

C.R. Prior, July 2010
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NF Proton Drivers

38

4 MW, 50 Hz, energies in range 5-15 GeV
• Choice of energy dictated by pion production from 

target
• Specific models developed for NF/MC purposes

• Meet specific pulse structure requirements
– 3 bunches per pulse
– compressed to ~2 ns
– held in driver and sent to target at required time 

separation
• Could be linac plus accumulator and compressor rings 

(CERN) or combination of RCS booster (for 
accumulation) and synchrotron or FFAG main ring (for 
acceleration and compression) ideally have a purpose-
built design for NF
– but economic considerations may lead to compromise 

by adapting/extending existing machine

Meson Production → Proton Energy

• Maximum production at 8 GeV

• Requires ≈ 200 Tp in 2 nsec → Severe space charge tune shift in buncher

• But appears possible with 6-8 bunches & trombones (Ankenbrandt)

10
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FFAG Acceleration

39

• Fixed-Field Alternating Gradient accelerator
• Avoids magnet ramping so good for unstable particles (e.g. muons)
• Betatron tune varies; resonance crossing
• Likely to be robust; high power proton/ion applications?
• Much R&D needed.

EMMA - electron model of non-scaling muon FFAG at Daresbury 
Laboratory, UK

Sunday, 14 October 2012



EMMA Results

40

FFAG11, Sept.13-17, 2011, Oxford

SERPENTINE PATH 
• Two rf buckets below and above the transition energy are interfered in 

the strong focusing machine. Serpentine path between two buckets 
exist. (Sessler, Symon)

• In the scaling FFAG, hamiltonian of longitudinal motion can be obtained 
analytically. (Yamakawa, Uesugi, Mori)
• Either relativistic or non-relativistic beam can be accelerated with fixed frequency rf cavity
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EMMA demonstrated novel Serpentine 
(out of bucket) acceleration

Bruno Muratori

17th April
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FFAG Development
International collaboration 
established to carry out 
experimental tests on 150 
MeV FFAG at Kyoto 
University.
H- injection, stripping, 
proton acceleration, beam 
dynamics issues 
(resonances, emittance 
growth, space-charge
Should demonstrate/verify 
theory/codes and indicate 
possible use for high power 
and/or high rep.rate (~cw) 
use.

Further theoretical studies of 
isochronous proton FFAGs ongoing
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Main Issues (3)
! Nanosecond bunch compression for Neutrino Factory/Muon 

Collider

imposes additional considerations beyond (say) a neutron source.

! Multi-megawatt targets

solid targets, liquid mercury, powder jets

! High intensity proton FFAG ring development
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CERN Linac4 and SPL
• Upgrade to CERN injector 

complex
• Linac4 under construction to feed 

PS-Booster
• Proposals to extend to SPL, initially 

configured for low power as injector 
for new 50 GeV synchrotron
– ISOLDE, EURISOL
– Neutrino physics, radioactive ion 

beams
• Could later be configured for high 

power to serve as a multi-megawatt 
facility for future physics needs
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CERN LINAC4

New linac to inject into PS-Booster, 
replacing Linac2

• Length 86 m
• 4 different accelerating structures
• H- beam, chopped 62.5%
• 40 mA average current
• Focusing with 111 PM and 33 EM quadrupoles
• Transfer line and charge exchange into PSB.
• Designed to allow for future operation as part of high-

power SPL.
45
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Linac4 – An International Project

   H-
source RFQ  DTL

45 keV             3 MeV               50 MeV      100 MeV      160 MeV

chopper line  CCDTL  PIMS transfer line to PSBLEBT

80 m

Chopper line built 
in a EU Joint 
Research Activity

Participation of 
ESS-Bilbao in DTL  
construction

Construction of 
CCDTL in 
Russia, via an 
ISTC Project

Collaboration agreement 
with Soltan Institute 
(Poland) and FZ Julich (D) 
for PIMS construction.

Transfer line vacuum 
chambers and 
supports from 
Pakistan

Prototype modulator, RF 
tuners, couplers, 
waveguides from India

RFQ RF design, RF amplifiers, 
modulator construction from French 
Special Contribution

Network of agreements to support Linac4 construction.   Relatively small 
fraction of the overall budget, but access to specialised manpower ! 
Integration at the component level. 

Agreement with 
DESY on H- ion 
source

Sunday, 14 October 2012



Linac4 Construction Status
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Linac4 Construction Status
May 2012
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π-mode structure

Sunday, 14 October 2012



3 GeV CW Linac 1mA

>2 MW at 60-120 GeV 
for neutrinos

200 kW at 8 GeV for 
precision measurements

( National Project with International Collaboration )

Soudan

DUSEL

NOvA

The Intensity Frontier: Project X

Sunday, 14 October 2012



• A multi-MW proton source to support
– Long Baseline Neutrino Experiment (LBNE) via a                                                    

new beam line to DUSEL in Lead, South Dakota
– Broad suite of rare decay experiments. 

• Based on a 3 GeV, 1 mA CW superconducting linac
– Warm CW front end (H- ion source, RFQ, MEBT, chopper)

• Part (5-9%) of the H- beam will be accelerated in a SRF pulsed linac (5% duty cycle) 
or RCS (10 Hz) for injection to Recycler/Main Injector for multi-MW beams at 
60-120 GeV. 

• The main portion of H- beam from the 3 GeV linac will be directed to three different 
experiments at lower energies

• Flexible timing characteristics
• Project-X will also support development of a Muon Collider and Neutrino Factory

Project-X

52

An experimental programme built around 
Fermilab’s High Intensity Frontier
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An experimental programme built around 
Fermilab’s High Intensity Frontier

Sunday, 14 October 2012



3-8 GeV Pulsed Linac and RCS Options

53

! RCS to 3-8 GeV under study but looks to have a limited upgrade potential (for 
Muon collider and Neutrino Factory)

! Present work concentrated on a pulsed linac

1.3 GHz, 25 MV/m gradient, #5% duty cycle,1-30 ms pulse length
~250 cavities (28 ILC-type cryomodules) needed.

Sunday, 14 October 2012



Project-X Neutrino Factory/Muon Collider Strategy

! Project X shares features with the 
proton driver required for a Neutrino 
Factory or Muon Collider
" NF and MC require ~4 MW @ 5-15 GeV

! Primary issues are related to beam 
pulse structure
" NF wants proton beam on target 

consolidated in 1-3 bunches, separated by 
~150 "s  

" Muon Collider requires single bunch
! Project X linac will deliver 4 MW (with 

upgrades) but is not directly capable of 
this beam pulse format.

41

! New accumulator and compressor ring will be needed to produce the 
correct pulse structure on a NF or MC target. Possible idea of “trombone” 
delay lines and funnel to combine many bunches simultaneously at target.

Sunday, 14 October 2012



Fermilab PXIE
• Project-X Injector Experiment: Prototype for front-end
• Will accelerate 1 mA (average) H- beam to ~25 MeV
• Test reliable operation of a CW 2.1 MeV RFQ accelerator

• Demonstrate bunch-by-bunch chopping
• Test low-$ acceleration in SRF cryomodules
• Show sufficiently small emittance growth during initial 

acceleration
• Good particle extinction for the removed bunches

55
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FAIR (GSI)

Radioactive ion 
production target

Antiproton 
production target

A dedicated p-injector, required for the 
production of high intensity anti-proton beams

SIS 100/300

SIS 18

HESR

CR

NESR

FLAIR

UNILAC
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FAIR Proton Injector
• GSI proton injector - 70!MeV, 70!mA, 

352!MHz, 4!Hz repetition, 36!µs beam 
pulse length 

– first linac based on coupled H-Mode 
cavities combined with KONUS beam 
dynamics

• Tolerances comparable with other high 
intensity linacs

• Under construction. Commissioning 2013?

DRAFT 
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To explore ever-more exotic 
regions of the nuclear chart, 
towards limits of stability of nuclei.

Fragmentation
RIBs produced by fragmentation of a projectile on a 
thin target. Radioactive nuclei created are separated 
in flight.
Secondary beam: high energy and selectivity, but 
low intensity

ISOL: Isotope Separation On-Line
RIBs produced by spallation, fission or fragmentation 
reactions of a projectile with a thick target. Products 
of reaction diffuse out of target, are ionised, 
separated on-line and re-accelerated.
Secondary beams: very intense but short-lived nuclei 
not reachable

Heavy ion
accelerator

Thin
production target

Radioactive
ion beam

Fragment
separator

Experiment

Radioactive Ion Beams
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Radioactive nuclides are produced 
by spallation, fission or fragmentation 
reactions of a projectile with a 
thick target.The products of these 
reactions diffuse out of the target, 
are ionized, separated on-line, and 
reaccelerated. The secondary beams 

ISOL: Isotope Separation On-Line

Experiment

Driver
accelerator

Thick,
hot target

Isotope/isobar
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The n+ line transports the beam from the charge booster 
to an existing cyclotron CIME will be constructed with 
mechanical interfaces allowing the addition of remote-
operated valves and bellows in the future, when the RIB 
intensities reach the nominal values. 

The production building, which will host the RIB 
production caves and the RIB transport lines will be a 
nuclear type building. The safety requirements imply a 
double confinement in the whole building that will host 
the UCx production cave as well as the transport lines for 
the radioactive beams composed of fission products. The 
whole vacuum system will be connected to the gas 
storage system, and a public enquiry will be launched to 
get the authorization to release gas from the storage 
facility, after a suitable period of radioactivity decrease. 

SPIRAL2 DRIVER ACCELERATOR  

Beams to be accelerated 
In order to fulfil the physics requirements, the 

SPIRAL2 driver accelerator must be able to accelerate 
high-intensity beams of protons, deuterons, ions with 
A/q<3, and optionally ions with A/q<6. As indicated in 
table 1, a maximum beam power of 200kW is required for 
deuterons in CW mode. In order to transport and 
accelerate these intense beams with a minimum of losses, 
many beam dynamics calculations have been performed 
all along the machine, by using realistic source particle 
distributions, real 3D magnetic fields, compensation 
space charge effects in various situations, and also with 
systematic errors studies. The whole driver accelerator 
will be controlled using the EPICS software coupled with 
the TRACEWIN/PARTRAN code in order to implement 
the notion of a “virtual machine”. 

Injector-1 
The Injector-1, dedicated to protons, deuterons and  

ions of q/A=1/3, is mainly composed of two ECR ion 
sources with their associated LEBT lines, a warm RFQ 
and the MEBT line connected to the LINAC. 

The 2.45GHz ECR source for deuterons is a 
“simplified” SILHI-like source (100mA CW, 95kV), 
initially developed by the CEA/DAPNIA laboratory for 
the IPHI project. In 2005, the Saclay source demonstrated 
its capability to produce a very stable 6.7mA D+ CW 
beam with an rms normalised emittance less than 
0.1!.mm.mrad [5]. It will also produce protons (5mA) 
and H2

+, with a voltage of 20kV for protons and 40kV for 
D+ and H2

+ (β=0.0067). The ECR source for SPIRAL2 is 
now under construction. 

The objective for SPIRAL2 is also to produce a large 
diversity of heavy ions with intensities up to 1mA: noble 
gases like Ar12+, and metallic ions like Cr, Ni and Ca are 
required. During the initial DDS phase, an R&D program 
was conducted to measure the performances of the 
PHOENIX ECR heavy ion source from the LPSC 
laboratory  (Grenoble),  and  in  particular  to measure the  

Table 1: Beam Specifications 

transverse emittances obtained for 1mA of O6+ at 60kV 
(0.22 π.mm.mrad rms norm.) In parallel, a new ECR 
source design has recently been proposed by the LPSC: 
the so called “A-Phoenix” source [6]. It is a compact 
hybrid ECRIS with high-temperature superconducting 
(HTS) coils (3T axial magnetic field) and a permanent-
magnet design (2T hexapolar field). With a 28-GHz 
frequency, the goal is to approach 1-mA intensity for an 
Ar12+ ion beam. The components of the source are now 
assembled and the first plasma tests are being performed 
presently (Fig. 5).

beam p+ D+ ions ions 

Q/A 1 1/2 1/3 1/6 

Max.   I (mA) 5 5 1 1 

Min. output W (Mev/A) 2 2 2 2 

Max output W (Mev/A) 33 20 14.5 8.5 

CW Max.  beam power 
(KW) 165 200 44 48 
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SPIRAL-2
Radioactive beams facility at GANIL, Caen, France

• A superconducting linac driver, delivering deuterons with an energy up to 
40!MeV (up to 5 mA) and heavy ions with an energy up to 14.5!MeV/u (up to 
1!mA).

• Two families of quarter wave resonators: type A 
(optimized for beta=0.07, 1 per cryomodule) and B 
(beta=0.12, 2 per cryomodule). 

• The accelerator is under construction.
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Figure 5 :  The new heavy ions ECR source (A-Phoenix) 
in test at LPSC Grenoble 

Both light and heavy-ion ECR sources have their own 
chromatic transfer line able to separate the species 
extracted from the source and select the desired purified 
beam. These lines are connected to a common LEBT 
which contains a slow chopper, diagnostics and slits to 
redefine the emittance before connection to the RFQ. The 
magnetic elements are being manufactured, and their 
magnetic measurements will start by the end of 2007. 

Developed by the CEA/DAPNIA team, the RFQ [7] is 
a 4-vanes, 5-meter warm copper cavity (88Mhz) performs 
an adiabatic bunching of the continuous beam, and an 
acceleration at 0.75Mev/u (β=0.04). It is specially 
designed to give a transmission of better than 99%. A 1-
meter segment prototype was built during the APD phase  
and tested at Grenoble and Catania in order to check the 
feasibility. The construction of the RFQ is now starting 
and will take about two years. The RFQ cavity requires 
some 150kW and will be driven by four 50kW amplifiers 
equipped with circulators.  
    The MEBT line takes care of the beam transmission 
and matching between the RFQ exit and the LINAC 
entrance. Its function is also to allow future connection of 
the injector-2, and to operate a very clean fast chopping of 
the beam bunches for various AEL experiments. This 
explains the length of this part (8m) and the necessity to 
use three rebunchers in order to match the beam 
longitudinally. Most of the devices are completely 
designed and will be orded very soon. One exception is 
the challenging fast chopper and its associated 7.5kW 
beam stopper, which are under detailed study. 

Due to delays concerning the construction of the 
accelerator building, the whole Injector-1, in the 
configuration illustrated in the Fig. 6, will be installed at 
Saclay and tested with beam, before being transported to 
GANIL. In addition, a specific medium-energy diagnostic 
plate is under construction at the CNRS-IHC laboratory in 
Strasbourg, in order to prepare the beam commissioning 
of the RFQ and of the MEBT during this first phase, and 
to test various diagnostic devices on line. Associated with 

a phase length monitor, the first rebuncher will be used to 
determine the longitudinal emittance of the RFQ. 

Figure 6: View of the Spiral 2 Injector (phase 1) 

Injector-2 
The optional Injector-2 will be dedicated to q/A=1/6 

heavy ions connected to the LINAC via the MEBT line. 
This injector is under detailed study in order to prepare 
enough space in the accelerator building for the future. 
Although it will give only half the energy compared to 
Injector-1, there is much interest in having higher beam 
intensity for very heavy ions. A design study is being 
conducted in the frame of a MoU with the Argonne 
laboratory.

Superconducting Linac 
The LINAC accelerator is based on superconducting 

independently-phased resonators. It is composed of 2 
families of quarter-wave resonators (QWR) at 88MHz, 
(Fig. 7) developed respectively by the CEA/DAPNIA and 
the IN2P3/IPNO teams: 12 resonators with β0=0.07 (1 
cavity /cryomodule), and 16 resonators at β0=0.12 (2 
cavities/cryomodule). The transverse focusing is ensured 
by means of warm quadrupole doublets located between 
each cryomodule. Additional dipolar coils are installed 
into the Q-pole in order to compensate the steering effect 
of QWR cavities and eventually adjust the optimum beam 
position. These warm sections include also beam 
diagnostic boxes implementing different types of sensors 
(preliminary specifications are: 20 BPM, 10 TOF and 4 
phase length measurement devices) and  20 vacuum 
pumps. The total length of the SC Linac is 30 m. 

The maximum operational accelerating gradient of the 
QWR cavities is Eacc=Vacc/!"=6.5MV/m. To acceleration 
of a deuteron beam of 5 mA at a maximum energy of 40 
MeV with minimum losses, leads to an optimization of 
the operational gradients along the Linac: the β_0.07 
cavities between 1.3 and 6.5 MV/m, and the β_0.12 
cavities between 5.0 and 6.5 MV/m. The calculated 
transverse and longitudinal emittance are displayed in the 
Fig 8. The energy  gain along the Linac  is displayed in 
Fig. 9. The beam optics simulations were performed using 
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Toujours au mois de mars, une société spécialisée a installé un bâtiment temporaire 
d’entreposage pour les équipements du procédé. La surface est d’environ 800 m2.  
Ce bâtiment accueille depuis peu les premiers matériels. 

Le radier du bloc LHE a été réalisé ce même mois. Il est constitué de 120 tonnes d’acier et de 600 
m3 de béton. En parallèle débute le ferraillage du radier du bloc S3, ainsi que le ferraillage du bloc 
NFS (photo ci-dessous). 

 

Au mois d’Avril a commencé l'opération de mise en place des remblais périphériques avec du 
calcaire concassé ; ce calcaire est celui extrait lors du terrassement de la fouille. Cette 
opération s'est poursuivie pendant les mois de juin et juillet. 
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Rétrospective chantier SPIRAL2 Phase 1 depuis le 
dernier bulletin SPIRAL2 : janvier 2012 à juillet 2012 
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INFRASTRUCTURES ET BÂTIMENTS 

Le chantier continue sa progression, petit à petit le niveau des blocs s'élève, et nous pouvons 
observer la finalisation de certains locaux ! 
 
 
Pour les mois de Janvier et février 2012, le ferraillage des voiles du bloc ACC 2/2 a été mis en 
place. Il s’agit du tunnel du LINAC (au premier plan) avec ses 6 mètres de hauteur et 5 mètres de 
largeur. On aperçoit aussi le couloir 103 en arrière plan, couloir dans lequel les utilités passent 
(Electricité courant forts et faibles, fluides, ventilation, …). Le bétonnage de ces locaux a été 
effectué au mois d'avril, nécessitant 86 tonnes d’acier et 540 m3 de béton. 
 

 

Egalement pendant la période janvier/février, on effectue le premier passage d'un niveau à un 
autre. On voit sur la photo ci-dessous la préparation du plancher du niveau -1 du bloc ACC 1/2, il 
s’agit de tables de coulage sur lesquelles sont mis en place les ferraillages. On coule ensuite le 
béton, opération réalisée au mois de mars. Cela représente quelques 38 tonnes d'acier et 153 m3 
de béton. 
 

 

 
Article de  
M. Lambert-Wentzler 
wentzler@ganil.fr 
L. Roupsard 
roupsard@ganil.fr 
X. Hulin 
hulin@ganil.fr 
GANIL - Caen 
Photos 
L. Roupsard 

April/May 2012
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EURISOL (European ISOL Facility)
• 1 GeV superconducting linac, 5MW of 

protons on neutron converter target

• Also capable of accelerating deuterons, 3He 
and ions up to mass 40.

• Beams impinge simultaneously on two types 
of target
– direct target

– indirectly after conversion of protons into 
neutrons through a loop containing 1 ton of 
mercury surrounded by fissile material.

The Design Study includes fabrication and tests 
of fully-equipped superconductivity 
cavity prototypes and design, 
fabrication and test of a multipurpose 
cryomodule for the low-energy section 
of the proton driver linear accelerator.

Technical preparatory work and demonstration of 
principle for a high-power target station for production 
of beams of fission fragments using the mercury proton-
to-neutron converter-target and cooling technology is 
carried out in collaboration with the communities working 
on spallation neutron sources, accelerator-driven systems 
and neutrino factories. The converter will be surrounded by large amounts 
of fissile material.

Multi-MW target station

Superconducting cavity development

Unstable nuclei diffuse out of the target, 
are ionized and selected, and can be used 
directly at low energy or reaccelerated by 
another linac to energies up to 150!MeV 
per nucleon in order to induce nuclear 
reactions.
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FRIB - Facility for Rare Isotope Beams at MSU

• Agreement signed June 2009. Cost ~$600m and take ~10 years to design and 
build.

• Superconducting RF driver linac providing 400 kW for all beams with uranium 
accelerated to 200 MeV/u and lighter ions with increasing energy (protons at 
600 MeV).

• Upgrade possibilities to 400 MeV/u for uranium, to 1 GeV for protons
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IFMIF and IFMIF-EVEDA
• An international facility planned by Japan, EU, USA and Russia to produce a high 

energy, neutron-rich, environment to test materials for suitability for use in fusion 
energy reactors. 

• IFMIF will 
– calibrate data from fission reactor and other accelerator-based irradiation tests
– generate an engineering base of material-specific activation and radiological 

properties data
– support the analysis of materials for use in safety, maintenance, recycling, 

decommissioning, and waste disposal systems.

International Fusion Materials Irradiation Facility

Advanced
Energy

Systems, Inc. J. Rathke, FESAC Review, Jan 14, 2003, San Diego, CA 10

IFMIF Reduced Cost Design

0 20 40m

Ion Source
RFQ

Li Target

High Energy Beam
Transport

Li Loop

Test modules inside
Test Cell

PIE Facilities

A. Moslang - 19th IAEA Fusion Energy
Conference, Lyon, France, October, 2002
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• Two deuteron accelerators delivering 
beams of a total power of 10 MW on a 
liquid lithium source, generating intense 
flux of neutrons (1017 neutrons/s) at 
14 MeV

• IFMIF-EVEDA test facility, single 
deuteron accelerator to 9 MeV, 125 mA, 
1.2 MW. Under development at CEA
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IFMIF - Principles
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IFMIF-EVEDA
A 9 MeV Test Facility
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Facing the energy challenge

Electricity generation worldwide
(OECD, 2007)
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Accelerator Driven Systems
• Nuclear waste transmutation and nuclear energy generation 

using spallation neutron sources
– intense neutron flux produced from spallation reactions induced by a 

proton beam on a heavy target
– neutrons are moderated and used to drive a sub-critical blanket
– long-lived nuclear waste transmuted to stable or short-lived isotopes

• ADSR fuelled with non-enriched thorium (abundant); breeds and burns its 
own fuel in a plutonium-free cycle
– safety advantages that reactor is sub-critical and can be shut down very rapidly 

by switching off the accelerator
• World’s first ADS experiment March 2009 at KURRI, Japan. 100 MeV 

FFAG proton beam on heavy metal target; spallation neutrons bombarded 
into sub-critical fuel core

“ADSRs have the potential to replace carbon-free nuclear power stations with a 
more sustainable, cost-effective and safer form of nuclear power to the benefit of 
the consumer and the environment.”
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Accelerator Driven Systems
• Nuclear waste transmutation and nuclear energy generation 

using spallation neutron sources
– intense neutron flux produced from spallation reactions induced by a 

proton beam on a heavy target
– neutrons are moderated and used to drive a sub-critical blanket
– long-lived nuclear waste transmuted to stable or short-lived isotopes
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Reactor
 (Subcritical and Critical modes)

Proton Accelerator

Fast
Neutron
Source

Spallation Source

Lead-Bismuth
coolant

Transmutation 
or Reactor or 
Irradiation
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MYRRHA
Belgian Nuclear Research Centre (SCK.CEN); construction planned 2015. 
600!MeV, 2.5!mA proton beam on Pb-Bi target
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Beam availability:  an order of magnitude better than present day state-of-the-art. 
• Number of beam trips longer than 3 seconds to be reduced to less than 1 per week. 

– related to the thermal shocks which a beam interruption causes in an ADS, adversely 
affecting structural materials of the reactor and possibly causing safety issues. 

• Operability of the plant requires an extremely high availability of the proton beam.

ADSR: Reliability Issues
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UK-ThorEA approach: 
multiple accelerators with 
redundancy, current increased 
if one accelerator goes down. 
FFAGs proposed for reliability 
and reduced cost.
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Interruption
time 1� − 3� 3� − 15� 15� − 60� 1-2h 2-6h 6-12h 12-24h > 24h
Number 5245 524 93 19 21 6 4 4
Time sum (h) 92 42 42 25 75 45 70 167

PSI data 2001
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Energy 1.5GeV
Current 10mA
Beam power 15MW

Beam trips/year






1− 10 s (< 25000)
10 s− 5min (< 2500)
> 5min (< 25)

Chinese-ADS Study
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Summary
• There is very strong interest in high power proton and ion 

accelerators with a wide range of applications

• The designs of the various projects have many features in 
common (e.g. the use of superconducting RF), leading to large 
potential synergy between projects

• Two large-scale facilities have recently come into operation 
(SNS, J-PARC)

• These and others are being upgraded or have upgrade plans 
(PSI, ISIS, SNS, J-PARC, GSI)

• Many medium-scale facilities are in construction (Linac4, Saraf, 
Spiral2, PEFP, IFMIF-EVEDA)

• ESS, IFMIF, Project-X, MYRRHA may come into being in the 
coming decade. C-ADS looks set on an aggressive programme.
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