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1. General description of  SPIRAL-2 facility

2. Ion sources and low energybeam transport line (Lignes Basse-Energie)

3. The RFQ

4. The Medium EnergyBeam Transport line (Ligne Moyenne-Energie)

5. The superconductingLINAC

6. The High EnergyBeam Transport line (Ligne Haute Energie)
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SPIRAL2 (Systèmede Production d'Ions RAdioactifs enLigne de 2ème génération) is a 

project of linear particles for studies in

fundamental nuclear physicsand interdisciplinary research

The facility, larger than existing facility at GANIL Caen will produce ñexoticò ions beams
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ÅIn white : 291 natural nuclides

ÅSky blue : 2000 nuclides already produced in laboratory

ÅIn red : nuclides produce with the SPIRAL2 accelerator
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The ISOL method(Isotope 
On-Line) to produceRare 

Isotope Beams
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Existing GANIL

SP2-phase 2: 
Postponed since 

2013

SP2-phase 1: 
in construction since 
2008, commissioning 

started in 2014

SP2-phase 1+: 
operation will start 

in 2021

Underground at level
ωȢυά

133 m
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SPIRAL2 linacaccelerate stable ions at very high intensity.

By nuclear reactions, it will produce extremely rare isotopes 

like very heavy, super heavy elements or deficient neutrons 

nuclides.

S3 (Super SéparateurSpectromètre) is design for accept 

these high intensity and provide a precise separation degree 

in order to reject the contaminants and permit the 

identification of the interest nucleus.

Target

Spectrometer

Detection

AcceleratedProtonsand Deuteronsby the SPIRAL2

linaccangenerateaneutronssourceextremelyintense

NFS (Neutrons For Science) are will use these

neutrons for fundamental physics experimentsand

others applications(ex: cross sectionsmeasurements

for nextreactorsgeneration,fusioné)
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Low Energy Beam 
Transport lines (LEBT)

LEBT = LBE (in French)
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Accelerated ions beam

Plasma Chamber

vacuum

Atoms ;
Metallic 
vapors

HF power
Magnetic field lines

ZONE ECR 

PLASMA

‫ ‫
Ὡὄ

ά

Ὁ

ECR = Electron Cyclotron Resonance

ü Secondary vacuum ρπ ÔÏρπÍÂÁÒ
ü Magnetic confinement

ü Hot electrons

ü Cold ions

ü Multi -ionization of ions

ü Extraction of ions and acceleration (30-60kV)
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2T magnetic field
60kV

High voltage

Polariser

High Frequency : 18GHz Atoms Injection

Plasma confinementIons

acceleration

Plasma

optimization

Chauffagedes électrons
Plasma density

Chemical element
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Å Operational since 2009 (CEA-Saclay)

Å 2kW 2.45GHz magnetron Pulsed or CW mode

Å Up to 50kV bias potential

Å 0,15 to 10mA Proton/Deuteron beams
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Å Why LEBT ?

ï Collection of beams from the 2 sources, 

ï Selectionof ion needed,

ï Ensure a good transport, 

ï Adaptationto entrance of RFQ

× Lines Configuration

~ 16 m

~ 5 m
Beam level : 1500mm

Standard aperture of beam pipes ~ Å160mm
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Room nϲ2

Room nϲ3

Room nϲ1

Level -2

Local nϲ4

Room nϲ5

RFQ

LINAC access 
by stairs or 
elevator

Source H+/D+ 
(40 kV)

Access to 
sources by 
stairs or 
elevator

Ions source with 
A/Q=3 (60 kV)
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× Protons/Deuterons (LBE2): simple magnetic separation

V Dipole LBE2-D11 (with water cooled vacuum chambers)

× Heavy Ions (LBE1): spectrometer like

V Dipole LBE1-D11 (with water cooled vacuum chambers)

V Optical system Object / Image (resolving power better than 1/100) 

V Selection slits (cooled)

Ex. spectre en Oxygène issu de Phoenix V2

Beam profile measurement 

on LBE1-PR13
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RFQ

Ex. beam transport in LBE1+LBEC+RFQ (envelopes at Õ6 RMS, ~95%)

Å Transmission optimization and emittance preservation

Å Give a stable and well adapted beam to RFQ entrance

Å Magnetic transport : dipoles, solenoids, quadrupolesé

Å Key role of beam instrumentation (diagnostics, slits é)

LBE1-SOL11 LBEC-SOL11LBE1-D11 LBE1-D12

LBE1-Q11/13 LBE1-Q14/16 LBE1-Q21/23 LBE1-Q24/26 LBEC-Q31/34

CF PR

Fentes

DCCTAFEM
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Faraday Cup
Water cooled

P max: 1,2 kW ( 250°)
P densitymax: 2120 W/Cm2

DCCT
Shielding: (µ-métal + Armco+ copper)

B.W.: 0 ς10 kHz ; Noise: 1 µA / Hz½

C.W. + LowDutyFactor PulsedMode Operation

Profiler
Secondaryemissionmonitor
47 Tungstenwires ø 150 ˃ m
Maximum beamsize: 80 mm

Imax: 0.1-1 mA cw

Emittance-meter
Allison scanner

Max. diameter beam: 80 mm

Max measurable angle: Ñ100mrad

H.V. max: 2.8 kV

Max Beam power: 300 W
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× Crucial role for a high power machine

V Protection machine, safety, radioprotection

V Commissioning machine

V Power increasing on targets

× Control of the peak current

V From Imin (typically 100 µA) 

to Imax (6.5 mA)

V Controledby a system to 3 slits in 

horizontal and vertical axis

V Coupling with definition of beam 

emittances: when I ®, e®

Phases of the power increasing during the commissioning

Software dedicated to emittances 

definition

Measurement of υπʈ!Deuterons beam at 

Saclay
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× Crucial role for a high power machine

V Protection machine, safety, radioprotection

V Commissioning machine

V Power increasing on targets

Phases of the power increasing during the commissioning

Hacheur(chopper) electrodes Beam profiler and associated ñscrapperò

× Control of duty cycle

V Using electrostatic : provide a 

pulsed beam

V V and f max : 10 kV, 1.5 kHz

V Duty cycle : typically for the first 

linacbeams : 0.1% 

(500µs @2Hz)
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ü Type

Å LBE1+LBEC: heavy ions with A/q = 3 max (ex: 12C4+, 16O6+, 20Ne7+, 40Ar14+, 58Ni19+) 

Å LBE2+LBEC: Deuterons, Protons, H2
+

ü Energy

V Ions speed must be adapted to first modulations of RFQ

V Required source potential

Ex. Protons: 20.15 kV, Deuterons: 40.27 kV, 16O6+: 53.31 kV, 12O4+: 59.99 kV

V LEBT beam energy
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ü Emittances

Å Transverses:0.1 ¨ 0.3 ˊ.mm.mrad(Normalized RMS emittance) 

200 ¨ 500 ˊ.mm.mrad(Marginal emittance not normalized)

Å Longitudinal:Continuous beam 

ü Peak current

V Protons, deuterons: more than 6.5 mA for obtain 5 mA max in the LINAC 

V Heavy ions: 1.3 mA (if possible) for obtain 1 mA max in the LINAC

Ex. 16O6+ 1.3 mA, 20Ne7+ 0.4 mA, 40Ar14+ 50 µA, 58Ni19+ 20 µA

V At these low energy at relatively high current, Coulomb repulsion contribute on the beam 

(ie: this is the charge space)

V In a magnetic transport line, these forces are compensate :

=> beam tuning depend slowly to the current level(first tuning using the ὄ”scaling is 

possible J)
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Calculation of the transcient
compensation (by N. Chauvin)

× Compensation phenomena

V Residual gas ionisation

V Electron trapping by the beam

(@potential positif)

V Neutralization of space charges forces

× Not well controlled aspects

V Compensation level (close to 100%)

V Transients aspectsin pulsed mode (the 

neutralization is not instantaneous)

V High contribution of the residual gaz

nature (type) and pressure level

Emittances measurement at RFQ 
SPIRAL2 entrance (by D. Uriot)
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Å Vacuum level have to be carefully choose

ï Between 10-6 and few 10-5 mbar for Protons/Deuterons particles

ï Between 10-8 and few 10-7 mbar for working with heavy ions

1.2 10-5 mbar
(Argon)

× Sufficiently good

in order to suppress losses by 

electronic capture

× Not to good

For decrease the time of the 

increasing of the compensation

(and ameliorate the emittances)

Transmission (calculation) and transients compensation (Deuterons case) 

as a function of the residual gas pressure

0

800µs

600µs

400µs

200µs
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Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

LBE1 
(ions A/q=3)

to RFQ

Source

LBE1-CF11

LBE1-SOL11

LBE1-Q11/12/13

Solenoid + 
quadrupoletriplet 
(& steerers)

CF
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LBE1 
(ions A/q=3)

to RFQ

Solenoid + 
quadrupoletriplet 
(& steerers)

CF LBE1-Q11/12/13

LBE1-FH12

LBE1-HX11

LBE1-D11

Cleaning slit

Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

Hexapole

90° dipole
(r= 60 cm, 
a=26.565°)
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LBE1 
(ions A/q=3)

to RFQ

Solenoid + 
quadrupoletriplet 
(& steerers)

CF

LBE1-FH12

LBE1-PR13

LBE1-D11

Cleaning slit

Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

Hexapole

90° dipole
(r= 60 cm, 
a=26.565°)

LBE1-CF13

Achromatic double-deviation
double-focusing dipoles + 
quadrupoletriplet (& steerers)

Selection slit
CF

PR

PR

LBE1-PR12?

LBE1-Q14/15/16
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LBE1 
(ions A/q=3)

to RFQ

Solenoid + 
quadrupoletriplet 
(& steerers)

CF

LBE1-D12

LBE1-PR14

Cleaning slit

Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

Hexapole

90° dipole
(r= 60 cm, 
a=26.565°)

LBE1-AF11

Achromatic double-deviation
double-focusing dipoles + 
quadrupoletriplet (& steerers)

Selection slit
CF

PR

PR

LBE1-HX12

AF

EM

PR Emittance-
mètres

90° dipole
(r= 60 cm, 
a=26.565°)

Hexapole
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LBE1 
(ions A/q=3)

to RFQ

Solenoid + 
quadrupoletriplet 
(& steerers)

CF

LBE1-PR22

Cleaning slit

Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

Hexapole

90° dipole
(r= 60 cm, 
a=26.565°)

Achromatic double-deviation
double-focusing dipoles + 
quadrupoletriplet (& steerers)

Selection slit
CF

PR

PR

LBE1-HX12

AF

EM

PR

90° dipole
(r= 60 cm, 
a=26.565°)

Hexapole

PR

LBE1-Q21/22/23

Quadrupoletriplets         
(& steerers)
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LBE1 
(ions A/q=3)

to RFQ

Solenoid + 
quadrupoletriplet 
(& steerers)

CF

LBE1-AF21

Cleaning slit

Source A/q=3
PHOENIX V2 (18 GHz)
60 kV max ς1.3 mAmax

Hexapole

90° dipole
(r= 60 cm, 
a=26.565°)

Achromatic double-deviation
double-focusing dipoles + 
quadrupoletriplet (& steerers)

Selection slit
CF

PR

PR

AF

EM

PR

90° dipole
(r= 60 cm, 
a=26.565°)

Hexapole

PR

LBE1-Q23

Quadrupoletriplets         
(& steerers)

LBE1-PR24

LBE1-Q24/24/26

PRAF

PR
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H+/D+ source
ECR 2.45 GHz

40.3 kV max ς6.5 mAmax

Double-coil 
solenoid + 
steerers

to RFQ

LBE2 
(H+, D+)

Source

CF

LBE2-CF11

LBE2-SOL11/12

LBE2-DC11 
(HO+VE)

LBEC 
(H+, D+, A/q=3 ions)
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H+/D+ source
ECR 2.45 GHz

40.3 kV max ς6.5 mAmax

Double-coil 
solenoid + 
steerers

to RFQ

LBE2 
(H+, D+)

LBE2-D11

CF

LBE2-PR12

LBE2-CF12

LBE2-Q14/15/16

CF

45° dipole
(r= 50 cm, a=0°)

Achromatic double-deviation
dipoles + quadrupoletriplet 
(& steerers) PR

LBEC 
(H+, D+, A/q=3 ions)
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Double-coil 
solenoid + 
steerers

to RFQ

LBE2 
(H+, D+)

LBE2-D12

CF

Hacheur

LBEC-PR31
LBE2-Q15/16

CF

45° dipole
(r= 50 cm, a=0°)

Achromatic double-deviation
dipoles + quadrupoletriplet 
(& steerers) PR

PR

LBE2-PR13

45° dipole
(r= 50 cm, a=0°)

LBEC 
(H+, D+, A/q=3 ions)

10 kV slow chopper

PR

Quadrupolequadruplet (& 
steerers)

LBEC-
Q31/32/33/34

H+/D+ source
ECR 2.45 GHz

40.3 kV max ς6.5 mAmax
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H+/D+ source
ECR 2.45 GHz

40.3 kV max ς6.5 mAmax

Double-coil 
solenoid + 
steerers

to RFQ

LBE2 
(H+, D+)

CF

Emittance-
mètres

LBEC-PR32

CF

45° dipole
(r= 50 cm, a=0°)

Achromatic double-deviation
dipoles + quadrupoletriplet 
(& steerers) PR

PR

LBEC-CF34

45° dipole
(r= 50 cm, a=0°)

LBEC 
(H+, D+, A/q=3 ions)

10 kV slow chopper

PR

Quadrupolequadruplet (& 
steerers)

LBEC-PR33 LBEC-PR34

LBEC-PR35

LBEC-FH32/33/34
LBEC-FV32/33/34

PR PR PR PR

3-slit system

EM

CF

Double-coil solenoid

LBEC-
SOL31/32

DCCT
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RFQ



35

What we have to put between the source and the LINAC for :

#1 : obtain a good transmission of the LINAC (ILINAC = ISource)

#2 : obtain a good efficiency of the LINAC (energy gain per cavity)

?
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Production of ions by the source is a continuous beam

LINAC need particles bunches

Phase acceptance ~ 3 ūs (acceleration)

Continuous beam produce by the source have to be 

regroup in bunches (frf )

Numerical application :

ɮί σπЈ efficiency σὼσπȾσφπ ςυϷ

χυϷof particles are lost if no bunches
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Particles must be in synchronism with the 

accelerating field in order to have a maximum energy 

gain per cavity.

Ions speed is imposed by the geometry and the 

frequency of the LINAC cavities

Numerical application :

ψψὓὌᾀ=> ‗ὶὪ σȢτά Ὠᾀ ρπὧά

‍ πȢπφ =>       ╦╟►▫◄▫▪▼Ȣ╜▄╥

dz


