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Outline

• IFMIF-EVEDA project
• The RFQ
• The source
• LEBT Layout
• Beam simulation of the Source and LEBT
• Beam measurement on the Source and LEBT
• Beam simulation in the RFQ
• Which lesson have we learned ?
• Conclusion
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Equipment designed
and constructed in Europe

Installed and commissioned in Rokkasho

★ Rokkasho (JAPAN)

IFMIF EVEDA PROJECT

J. Knaster et al., CHALLENGES OF LIPAc
THE HIGH CURRENT PROTOTYPE ACCELERATOR OF 
IFMIF/EVEDA, IPAC 2016, Busan
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D-plate

RF PowerPower bay area

RFQ Installation at Rokkasho April 2016

Curtesy of E. Fagotti, not yet
published.
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• ECR H+/D+ source + LEBT developed by CEA Saclay

D+ (95% species fraction) 
Ion Source ECR (2.45 GHz) - CW

E = 100 keV
I = 140 mA

emittance of 0.25 π mm·mrad
Availability > 95%

Design based on SILHI, the High Intensity Light Ion Source of 100 mA 95 keV
that is operating in Saclay since 1996

P.Y. Beauvais et al, First beam of the CEA-Saclay CW high
Intensity microwave source, PAC 1997, Vancouver

Ion source + LEBT

R. Gobin et al., IFMIF injector
acceptance tests at CEA/Saclay:
140 mA/100 keV deuteron
beam characterization, Rev. Sci.
Instr. 85, 02A918 (2014)

N. Chauvin et al., Challenges in
IFMIF HB2016, Malmo
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• RFQ developed by INFN Legnaro

4-vanes RFQ at 175 MHz
Eoutput = 5 MeV

Ioutput = 125 mA in CW
9.7 m long (5.7λ)

Max surface field 25.2 MV/m (1.8 Kp)

A. Pisent et al., IFMIF/EVEDA 
RFQ design, EPAC 2008, Genova

3 supermodules
ready for transport

Dec 2015

M. Comunian et al., Beam dynamics redesign
of IFMIF/EVEDA RFQ for a larger input beam 
acceptance, IPAC 2011,  San Sebastian
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9.8 m long RFQ
bead pulling

May 2016

A. Palmieri, PRESERVING BEAM QUALITY
IN LONG RFQS ON THE RF SIDE:
VOLTAGE STABILIZATION AND TUNING ,
HB2014, East L.

M. Comunian, THE IFMIF-EVEDA RFQ:
BEAM DYNAMICS DESIGN, LINAC2008,
Victoria
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Present LEBT installation for beam commissioning
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• The neutralisation (99-90%, from FGA_H_50keV_20160324-1111.dat and trace-forward)  
implies after the extraction an emittance dominated beam.

• The major part of the BD is dominated by the thermal term in the LEBT.

• We are sensitive to a couple of percentage difference in the neutralisation, due to the fact 
that such difference is applied for almost 2 m.  

• From indirect calculation the exit of the extraction source seems to produce a too divergence 
beam at the first solenoid. Thus, the emittance growth is given mainly by the coupling from 
the solenoid nonlinearities (mainly) and space-charges. The emittance trend was confirmed 
experimentally (beam_report_23032016) and by simulations (COB20 presentation).

• Therefore, the main objective is to reduce the beam dimensions at the first solenoid.  

9

௫ߝ ൌ ௫,௥௠௦Qߝ4 Generalised perveance, ௌ஼	௧௘௥௠௧௛௘௥௠௔௟	௧௘௥௠ ൌ ఎ∙୕∙௥మఌమೣ ൌ 1=ߟ		3.4	 0.034 0.01=ߟ

௫ᇱᇱݎ ൅ ሺߛ௕ߚ௕ሻ′ߛ௕ߚ௕ ௫ᇱݎ ൅ ݇௫ݎ௫ െ ௫ݎQߟ െ ௫ଷݎ௫ଶߝ ൌ 0
=0

even less if emittance growth 
occurs ߝ௫	 ൌ 	௫ߝ ሺsሻ

௫ݎ ൌ :௬In the LEBTݎ ߟ neutralisation factor

LEBT behaviour:
beam dynamics background
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Simulation Procedure
• Variables to determine: initial input beam parameters
• Neutralisation along the LEBT and after the injection cone
Procedure
• First simulation of the extraction system.
• Emittance and Twiss parameters trace-forward with a measured 

neutralisation level before the cone and a guess after. (solenoid 1 and 
solenoid 2 fixed) 
• Adjustment of the input parameters and emittance.
• Change of the solenoid values, exploring another point of the scan plot. Are we able to 

predict the emittance and Twiss?

Yes

Explore a far point in term of 
solenoid plan

No

Change the input beam 
and/or the neutralisation 
after the cone. 
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Simulation of LEBT by TraceWin
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• Uniform 4D distribution with 5 eV as energy spread used 
as input beam.

• ௡,௥௠௦ߝ ൌ 0.053677	mm	mrad, ߙ ൌ െ38.5, ߚ ൌ9	mm/mrad
• 55 mA protons (intermediate commissioning)

• 0 neutralisation ramp close to the repeller cone
• Solenoid field map and repeller field map
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LEBT behaviour

12

Strong focusing

Weak focusing

Hyper
focusing

Hyper
weak 
focusing

Focus before the cone hole
Focus after the cone hole

Smaller beam size 
after the cone holeLarger beam size 

in the cone hole

Match zone 
for the RFQ
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Emittance behaviour in the LEBT

13

The emittance growth is given by two contributes:
• Unneutralised beam potential
• Non-linearity in the solenoids

January work point

Emittance 
growth

Same trend of simulation confirmed by march 
2016 measurements with very different source 
settings:
• Emittance of the beam @ emittancemeter

increases within the same direction (black iso-
emittancelines of the plot)

March work point

simulation

௫ᇱᇱݎ ൅ ሺߛ௕ߚ௕ሻ′ߛ௕ߚ௕ ௫ᇱݎ ൅ ݇௫ݎ௫ െ 2Qݎ௫ ൅ ௬ݎ െ ௫ଷݎ௫ଶߝ ൌ 0=0

ௌ஼	௧௘௥௠௧௛௘௥௠௔௟	௧௘௥௠ ൌ ఎ∙୕∙௥మఌమೣ ൌ 1=ߟ		3.4	

The emittance growth is mainly given by the coupling between 
the space-charge forces and the first solenoid non-linearity.

March measurement
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Simulation       measurement

14

Emittance

• Neutralisation after the cone 
and input beam parameters

Neutralisation

• 0 neutralisation beam potential 
estimation

Not uncorrelated 
quantities!

The neutralization level change as function
of solenoids values



Istituto Nazionale di Fisica Nucleare (Italy) Beam Dynamics Group

Other points of comparison measurement <-> simulation

15
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Mismatch at RFQ input 
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The emittance growth is given by two contributes:
• Unneutralised beam potential
• Non-linearity in the solenoids

ௌ஼	௧௘௥௠௧௛௘௥௠௔௟	௧௘௥௠ ൌ ఎ∙୕∙௥మఌమೣ ൌ 1=ߟ		3.4	
• The mismatch follows manly the opposite trend of 

the emittance. 
• State that the 0 mismatch is not always in the upper 

left corner, its minimum stays always in the upper 
left quadrant, in the so called strong focusing zone.

• The 0 mismatch point position depends on the 
Twiss parameters, neutralization.

simulation

simulation
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Effects on the RFQ transmission

17

93% transmission

Solenoids scan around the nominal point.
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Which lesson do we learn?
• Simulations are mandatory.
• Measurement must be done after the simulations and compare to it.
• Measurements must be fully understood with the simulations especially if 

there are not in agreement.
• Very difficult to simulate the source beam creation: missing a match 

between the plasma codes and the PIC codes.
• A part from the extraction column and the RFQ repeller cone the LEBT 

transport is emittance dominated (proton 50 keV, 50 – 90 mA) due to the 
neutralization.
• The extraction system dictate the beam behavior in the LEBT.
• Design the next RFQ for larger emittance and lower initial focusing force.
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Conclusion

• The commissioning of IFMIF-EVEDA source is on-going.
• The LEBT behavior is well reproduced by the simulation, but some 

details are still to be investigated.
• The main emittance growth occurs in the LEBT.
• The matching to the RFQ is not “easy”, must be prepared with a good 

campaign on the LEBT.
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