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Laser and Particle Driven Wakefield

Laser wakefield
ne=7 1018cm-3,τ = 30fs, a0 = 
0.5

E-beam wakefield
n b / n e = 0 . 1 1 , τ = 1 0 f s , 
dFWHM=4μm (Q=7pC)

The end o f the bunch 
experiments a modified 
wakefield
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Pulse durationCompactness of Laser Plasma Accelerators

RF Cavity

Electric field < 100 MV/m

1 m => 100 MeV Gain
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Pulse durationCompactness of Laser Plasma Accelerators

RF Cavity

Electric field < 100 MV/m

1 m => 100 MeV Gain

Plasma Cavity

Electric field > 100 GV/m

V. Malka et al., Science 298, 1596 (2002)

1mm => 100 MeV

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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 WakeField Accelerators Driven by Laser Beam
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  Very high gradient of hundreds of GV/m                                √
 Good beam quality & Monoenergetic dE/E down to 1 %	

         √
 Beam is very stable	

 	

 	

 	

 	

                                          √
 Energy is tunable: up to 400 MeV	

 	

                                     √
 Charge is tunable: 1 to tens of pC	

	

                                     √
 Energy spread is tunable: 1 to 10 %	

                                     √
 Ultra short e-bunch : 1,5 fs rms	

                                          √                   
 Low divergence : 2 mrad                                                       √
 Low emittance1-3 : < 𝜋.mm.mrad                                            √
With PW class laser : peak energy at 3 GeV                            √

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

All these, in the Non Linear Regime !
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Concept of Laser-Driven Plasma Linac: «Artistic view»

http://loa.ensta.fr/ UMR 7639 

W. Leemans et al., Phys. Today, March 2009

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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V. Malka Phys. of Plasma 19, 055501 (2012)

plasma accelerator 
stage 0.1 to 1m, 

laser :10x50 m + focal of 5-10 m, 𝜼 = few %

BT

Beam transport : 
1, 10 m to up to few 
km in the last stages 

𝜼 = 1%

𝜼 = ? %

overall wall-plug efficiency:10-3,10-4, 
i.e. for a 1 MW e, e+ beam, 
required power of 1-10 GW

100 of kHz-PW Laser reliability, 
plasma discharge reliability, 
etc..  

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

Concept of Laser-Driven Plasma Linac : Challenges
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Concept of Laser-Driven Plasma Linac : Challenges

1 PW laser at high rep rate (>100Hz): today in the best 1 Hz

Plasma and vacuum chambers

Transport between stages

Thermal effects on the guiding structure wall

External guiding/self-guiding

Collimation and beam filtering

Accelerating plasma structure: linear (<1GV/m) or non-linear (>few 

GV/m to 100s GV/m)

High efficiency laser driver : today in the best 1%
Courtesy of R.  Assmann

jeudi 13 juin 13



http://loa.ensta.fr/ UMR 7639 

Single bunch PWFA at SLAC/FACET

Doubling the energy in 85 cm 

Blumenfeld et al., Nature 445 (2007), P. Muggli et al., Comptes Rendus de Physique 10 (2009)

Courtesy of P. Muggli

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

jeudi 13 juin 13



http://loa.ensta.fr/ UMR 7639 

Double bunches PWFA at SLAC/FACET

The energy gain is almost linear up to a distance of 65 cm. 
At 80 cm, the 25 GeV witness bunch has doubled in energy
with an 3% energy spread.
The energy transfer efficiency from the wake to the witness bunch is almost 56%. 
The efficiency from the drive to the witness bunch is greater than 30%.

M. Hogan et al., NJP, 12 (2010) Courtesy of P. Muggli

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

work in progress
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Proton Driven PWFA at CERN : AWAKE project

=> SLAC, 20GeV bunch with 2x1010e- ~60J Driver

=> SLAC-like driver for staging (FACET= 1 stage, collider 10+ stages)

=> SPS, 450GeV bunch with 3x1011p+ ~22kJ Driver
LHC, 7TeV bunch with 3x1011p+ ~336kJ Driver

=> A single SPS or LHC p+ bunch could produce an ILC bunch in a 
single PWFA stage!

Large average gradient (~GeV/m, 100’s m)

Courtesy of P. Muggli

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Proton Driven PWFA at CERN : AWAKE project

Courtesy of P. Muggli

p+

E0=1 TeV
𝜎z=100𝜇m
N=1011p+

e-
E0=1 GeV
N=1011e-

e p

Gradient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than 1%

Caldwell et al., Nature Physics, 5, 363 (2009) 

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Proton Driven PWFA at CERN : AWAKE project

Courtesy of P. Muggli

p+

E0=1 TeV
𝜎z=100𝜇m
N=1011p+

e-
E0=1 GeV
N=1011e-

e p

Gradient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than 1%

Caldwell et al., Nature Physics, 5, 363 (2009) 
100 𝜇m long proton bunch with 1011  p

+  

does not exist !

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Proton Driven PWFA at CERN : SMI

Gradient ~1.5GV/m (av.): Gain of 0.6 TeV in 500 meter
Reasonable energy spread of less than 1%

Caldwell et al., Nature Physics, 5, 363 (2009) 

Self-Modulation Instability (SMI)

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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SMI : previously demonstrated with Laser Beam
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enveloppe modulation

enhances

laser

plasma wave

Self modulated laser wakefield scheme : cτlaser >> Tp 
(Andreev et al.,  Antonsen et al., Sprangle et al. 1992)

A. Modena et al., Nature (1995)

PL>Pc(GW)=17 nc/ne then wavebreaking can occured

z1 z2 z3

excites

Tp

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Relativistic wave breaking (RAL/IC/UCLA/LULI)
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A. Modena et al., Nature (2005)
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ne=1.5×1019cm-3
ne=1.5×1019cm-3

ne=0.5×1019cm-3

ne=0.5×1019cm-3

Multiple satellites : high amplitude plasma waves
Broadening at higher densities
Loss of coherence of the relativistic plasma waves

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Experimental Set-up at CERN : controlling the SMI
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1st European Advanced  Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

Based-Line Experimental Set-up

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Experimental Set-up at CERN
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1st European Advanced  Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

  Side Injection Simulation Results

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

jeudi 13 juin 13



Ultra-Bright Electron Beams with PWFA and Laser
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•Plasma bubble (wake) can act as a high-frequency, high-field, high-brightness 
electron source
•Ultra-high brightness beams for BES applications:
- Unprecedented emittance (down to 10-9 m rad)
- Sub-µm spot size
- fs pulses

• Ingredients: electron & laser pulse (synchronized to fs 
level), plasma source with mixed ionization threshold
• Release laser pulse is strongly focused, needs 100 µJ, 

only, to ionize medium locally in focus at 1015 W/cm2

Leverages efficiency and rep rate of conventional 
accelerators to produce beams with very high brightness for  

XFEL applications

Laser & Particle beams

Courtesy of M. Hogan

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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Perspectives for Laser Driven Wakefield Acceleration
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Long term possible applications (>40-50 years):
High energy physics that will depend on the laser technology 
evolution, on laser to electron transfer efficiency, on progress of 
multistage design, acceleration of positron, etc...)

Relevant applications in medicine, radiobology, material science
Compact FEL with moderate average power (10 Hz system)
Compact X ray source (Thomson, Compton, Betatron, or FEL)

Short term perspective (< 10 years):

V. Malka et al., Nature Physics 4 (2008), V. Malka Phys. of Plasma 19, 055501 (2012)
E. Esarey et al. , Rev. Mod. Phys. 81 (2009), S. Corde et al., Rev. Mod. Phys. 85 (2013)

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)
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 Proton beam seems today the best driver             	

              
 Proton beam will be benefit of shortness                               
 2 GeV high quality e- beam (4 m & GV/m)                              
 Doubling 42 GeV electron energy in less than 1m                   
 Positron acceleration is demonstrated                                                       
 Increasing activities (FACET, CLARA, INFN, DESY)                  

European Coordination for  Accelerator Research & Development EUCARD2, CERN, June 10-14 (2013)

Perspectives for Particle Driven Wake Field Acceleration  

Many challenges/open questions : 
Producing stable, reliable and long plasma devices
Synchronization/jitter issues
Beam loading effects
Emittance and energy spread measurements are requested
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From Plasma Acceleration to Plasma Accelerators
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Laser-PWAs allow today to explore several applications with the 
hope of compactness and cost reduction. They allow to produce 
secondary sources for many applications (particularly for pump-
probe experiments, bright X-rays beam, electron diffraction, 
radiotherapy, non destructive material inspection, compact FEL, 
etc...)
Particle-PWAs appear today as the best candidates for future 
accelerators of interest for HEP
Proton beam driver exist and allow a single stage efficient 
accelerator
The involvement of accelerators community will be a key element 
of success of this wonderful and exciting research
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From Plasma Acceleration to Plasma Accelerators
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Laser-PWAs allow today to explore several applications with the 
hope of compactness and cost reduction. They allow to produce 
secondary sources for many applications (particularly for pump-
probe experiments, bright X-rays beam, electron diffraction, 
radiotherapy, non destructive material inspection, compact FEL, 
etc...)
Particle-PWAs appear today as the best candidates for future 
accelerators of interest for HEP
Proton beam driver exist and allow a single stage efficient 
accelerator
The involvement of accelerators community will be a key element 
of success of this wonderful and exciting research

It is a very exciting time for plasma 
accelerators !
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