
Advanced Accelerator Activities at 
SPARC_LAB 

(Sources for Plasma Accelerators and Radiation Compton with Lasers And Beams) 
 

Massimo Ferrario 
INFN-LNF 

 

John Adams Institute for Accelerator Science - Oxford - June 21, 2012 

FLAME

Future?





FLAME Laser 



FLAME Target Area 



Self Injection: 
spectrum of the accelerated electrons



Q ≅ 0.6 nC 
σ z ≅1.8 µm (I ≅ 45 kA)
σ x ≅ 0.5 µm εn ≅ 2 µmCourtesy C. Benedetti



EXIN (EXternal INjection) 
 

Courtesy L. Serafini



SPARC bunker 
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Modern accelerators require high quality beams:   ==>     
High Luminosity & High Brightness  

– Small spot size => low emittance

– N of particles per pulse => 109

– High rep. rate fr=>  bunch trains

– Little spread in transverse momentum 
and angle => low emittance

– Short pulse (ps to fs)
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Velocity Bunching�





Bunch length in the moving frame S’

Inverse Lorentz transformations:
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leading for the tail particle to: and for the head particle to:
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The key point is that as seen from S’ the decelerating force is not applied 
simultaneously along  the bunch but with a delay given by: 
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V
c

# γ oLo < 0

More interesting is the bunch dynamics as seen by a moving reference frame 
S’, that we assume it has a relative velocity V with respect to S such that at the 
end of the process the accelerated bunch will be at rest in the moving frame S’. 
It is actually a deceleration process as seen by S’



Velocity bunching concept (RF Compressor) 

If the beam  injected in a long accelerating 
structure at the crossing field phase and it is 
slightly slower than the phase velocity of the 
RF wave ,  it will slip back to phases where 
the field is accelerating,  but at the same time 
it will be chirped and compressed. 





Space Charge induced 
emittance oscillations in a 

laminar beam �




Surface charge density 	
 Surface electric field	


Restoring force	


Plasma frequency	


Plasma oscillations	


Neutral Plasma



Neutral Plasma

Magnetic focusing

Magnetic focusing

Single Component Cold 
Relativistic Plasma

• Oscillations

• Instabilities

• EM Wave propagation



Single Component 
Relativistic Plasma
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2δσ s( ) = 0

€ 

σ eq s,γ( ) =
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ks

Equilibrium solution:	
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σ ζ( ) =σ eq s( ) +δσ s( )

Small perturbation:	
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σ s( ) =σ eq s( ) +δσ o s( )cos 2ksz( )

Perturbed trajectories oscillate around the equilibrium with the same frequency but 
with different amplitudes:	
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δσ s( ) = δσ o s( )cos 2ksz( )
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Envelope oscillations drive Emittance oscillations 

δγ
γ
= 0

! σ = 0
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2 −σ xx'
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Emittance Oscillations are driven by space charge differential 
defocusing in core and tails of the beam 
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Projected Phase Space	
 Slice Phase 
Spaces	




Emittance evolution for different pulse shapes 

Optimum injection in to the linac with: 
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Particle Wake Field Acc.



New installations 

Thomson	  source	   Plasma	  accelera/on	  



EXIN (EXternal INjection) 
 

Courtesy L. Serafini



Courtesy P. Tomassini
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Looking for an equilibrium solution of the form: σε = γ
nσ o

We get the matching condition with acceleration: 
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γ
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Using a high charge driving bunch to accelerate a 
low charge witness bunch 



Ultra high gradient (40 GV/m) experiment 
at SLAC 
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σ r, z << λ p



•  Weak blowout regime with resonant amplification of plasma wave by a 
train of high Brightness electron bunches produced by Laser Comb 
technique? 

•  Ramped bunch train configuration to enhance tranformer ratio? 

•  High quality bunch preservation during acceleration and transport? 

Resonant plasma excitation by a Train of Bunches 



e- Train 

Plasma wave 

€ 

λ p = 190µm

Weak Blowout Regime: operation in the quasi-nonlinear regime, where one uses beam with relatively 
low charge and longitudinal and transverse beam size smaller than a plasma wavelength 

                         In this case, the beam density may exceed that of the plasma, producing blowout, but 
due to the small total charge, producing a disturbance that behaves in many ways as linear, having 
frequency essentially that of linear plasma oscillations. 
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σ z ,σ r << λ p

Nb=4 
Q=16 pC 
Ne=108 
ne=3 1022 m-3 

λp=190 µm 
==> 3 GV/m 







Laser Comb technique



Laser Comb: beam echo generation of a train bunches 

 
- P.O.Shea et al., Proc. of 2001 IEEE PAC, Chicago, USA (2001) p.704. 
- M. Ferrario. M. Boscolo et al., Int. J. of Mod. Phys. B, 2006 (Taipei 05 Workshop)
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10 ps← → $ $ 



The technique used for this purpose relies on a birefringent crystal, where the 
input pulse is decomposed in two orthogonally polarized pulses with a time 
separation proportional to the crystal length.  

 
Different crystal thickness are available (10.353 mm in this case). 
Using more than one crystals, one can generate bunch trains (e.g. 4 bunches). 
The intensity along the pulse train can be modulated 

A train of  laser pulses at the cathode 



c. ronsivalle & a. mostacci

On Crest



Overcompression



4-pulses-time-structure 
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Laser COMB technique



Overcompression



Total projected emittance: 5.68 
µm ( 4.09 µm )











A FEL driven by Plasma Accelerator at SPARC_LAB? 





λw = 2.8cm
λw =180nm
K = 2
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Parameter Simulated value Target value
Plasma gradient 1.2 GV/m
Matched spot 5 µm
Charge 20 pC 10 pC
rms Bunch length  10 µm (33 fs) 3 µm (10 fs)

Beam energy 255 MeV
Norm. emittance 1.6 µm
Energy spread 9 x10-3 4 x10-3
Peak current  240 A 400 A
K undulator 2
λu 2.8 cm
Radiation 
wavelength

180 nm

ρ	
 3 x 10-3 4.5 x 10-3



SPARC_LAB contribution to: 



Undulators	  

Injector	   600	  MeV	  C-‐Band	  

Magn	  Comp	  

Advanced	  Exp	   Undulators	  

A hard X-ray FEL with the SuperB linac 



320+50+10 m~150 m





•  The possibility to drive a SASE X-ray FEL using the 6 GeV electron linac 
foreseen by the SuperB project has been very  recently considered. 

•  A preliminary design study, based on FEL scaling laws supported by 
HOMDYN and GENESIS simulations, shows that an FEL source in the 
range of 1-3 Angstrom can be implemented preserving the compatibility 
with the standard SuperB operation. 
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Preliminary GENESIS simulations 



CONCLUSIONS
SPARC_LAB, a facility based on the unique combination of high 
brightness electron beams with high intensity ultra-short laser 
pulses, will be soon available for the entire scientific 
community, such to allow the investigation of all the different 
configurations of plasma accelerator and the development of a 
wide spectrum inter-disciplinary leading-edge research activity 
with advanced radiation sources.

In collaboration with University of Roma  the first Accelerator 
Physics PhD course is now open. Submission of application 
until July 15.






