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Medicine               Industry              Fundamental physics          Producing energy

 Increasing particle energies probe smaller and smaller scales of matter

 Increasing energies makes particles of larger and larger mass accessible

Discoveries went hand in hand with theoretical understanding of underlying laws of 

nature

30’000 accelerators worldwide!

Motivation

Particle accelerators use electric and magnetic fields to speed up to light velocity.
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Conventional Accelerating Technology

Today’s RF cavities or microwave technology: 

Very successfully used in all accelerators (hospitals, scientific labs,…) in the last 100 years. 

• Typical gradients:

• LHC: 5 MV/m   ,  27 km ,  7 TeV

• ILC: 35 MV/m   ,  20 km ,  1 TeV

• CLIC: 100 MV/m ,  48 km  , 3 TeV

However:

• Accelerating fields are limited to <100 MV/m

• In metallic structures, a too high field level leads to break down of surfaces, creating electric discharge.

• Fields cannot be sustained, structures might be damaged.

• several tens of kilometers for future linear colliders and longer means more expensive.

Motivation

4



With this new technology: 

No magnets, no RF, no vacuum needed

1 m =>  100  MeV  (gain)

Accelerating electric field  <  100 

MeV/m

Accelerating electric field < 100 GeV/m

Motivation
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Plasma-Based Wakefield Acceleration

1979, T. Tajima, J. Dawson

Use a plasma to convert the transverse space charge force of a beam driver into a longitudinal 

electrical field in the plasma
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Plasma is already ionized or “broken-down” and can 

sustain electric fields up to 100 GV/m.

• Quasi-neutrality: the overall charge of a plasma is about zero.

• Collective effects: Charged particles must be close enough together that each particle 

influences many nearby charged particles.

• Electrostatic interactions dominate over collisions or ordinary gas kinetics.

What is a plasma?

Wakefields created by collective motion of

plasma particles are called plasma wakefields.
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How to create a plasma wakefield ?

when a boat travels through water it produces a 

wave behind it - a “wake”.

The phase velocity of the wave is just the speed of 

the boat.

What we want: 

Longitudinal electric field to 

accelerate charged particles.

Our Tool:

A plasma

Our driver:

Charged particle bunches or Laser pulses
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Charged particle drive beam  (Plasma wakefield accelerators , PWFAs)

Transverse space charge field

Laser drive beam (Laser wakefield accelerators , LWFAs ) 
Ponderomotive force

Plasma wave/wake excited by a laser pulse or a 

relativistic particle bunch

•Plasma e- are expelled by space charge force

•Plasma e- rush back on axis

Principle of Plasma Wakefield Acceleration
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Where to Place the Witness Beam ?

10



From linear to nonlinear regime

Linear regime:

nb <<  np

a < 1

Non-linear wakes:

nb ~  np

a =1 

Blow-out regime:

nb >>  np

a > 1
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Injection mechanisms

Internal injection

Various mechanisms more or less complex to
implement

Issues:

to achieve high charge > 100 pC, and low energy
spread

 the trapping of e- by the plasma wave should
be highly localized

Injector is of prime importance

Determines the performances of the overall accelerator : charge, energy spread, emittance

Better to decouple the injection mechanism from the acceleration mechanism

Indivudual adjustment of parameters, stability, control

External injection

Fine definition of beams delivered by conventional

photo-injectors

Issues:

to achieve an ultra-short bunch < p/4 10m (30 fs)

Synchronization between laser and injected beam
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Internal injection
Optical injection
Laser pulses colliding

Main pulse : to excite plasma wave 
below the self-injection threshold
Counter-propagating injection 
pulse: to generate a beating with 
main pulse  triggers the injection

Faure et al, Nature  444 (2006)

Needs strong wakefield to 
trap the cold plasma e-

• On-axis or off-axis injection
• Non-linear regime
• Self-guiding
 Uneasy to control

Self-injection

Vph  Vg cold e- of plasma

Density downramp
● soft gradient Lgrad >> p

 slows down the plasma wave

A.J. Gonsalves et al, Nature Physics (2011)

● sharp density ramp Lgrad  p

 Increase of the bubble size
places e- at the right phase

 Localize injection  reduce E spread

movable blade

Pure He
E = 256,5 MeV
E/E = 6%
Q = 3.2 pC
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Ionization Injection

electrons of background plasma
from He + outer shell of N atoms

Inner shell electrons
of N atoms (N5+, N6+, N7+ )

Typical trajectories of 
trapped electrons
via ionization

Internal injection

Gas mixture He + N (or Kr)

Ionization of inner shells of high Z atom (N,Kr,Ar) at the peak intensity of the laser pulse

 e- injected at the proper phase for trapping and acceleration to high energies

Potential for high charge  100 pC but high E_spread
A. Pak et al, Phys. Rev. Lett. 104 (2010) 15



External Injection
• Challenges for external injection schemes

• To synchronize injected beam and laser (a few fs)

• To inject ultrashort bunches 10 fs << p

 high-performance conventional accelerator using compression techniques

• To match the injected beam

to the strong focusing fields of the plasma

in order to avoid a strong emittance growth

Ez

Er

If external beam not matched to the plasma structure

 beam decoherence

Due to the scattering of betatron frequencies and energies between the different beam slices 16



 Finite Plasma length

 Dephasing length
𝐿𝑚𝑎𝑥 ∝ 𝑛0

−3/2

𝑛0 ↗⇒ 𝜆𝑝 ↘

 Energy depletion 𝐿𝑑𝑒𝑝𝑙𝑒𝑡𝑒 ∝ ൗ𝜆𝑝
3 𝜆𝐿

2 ∝ 𝑛0
−3/2

 Accelerating Gradient

 Energy Gain

 Laser peak power

𝐺~𝐸0 = Τ𝑚𝑐𝜔𝑝 𝑒 ∝ 𝑛0

𝑊 = 𝐺 × 𝐿𝑎𝑐𝑐 ∝ Τ1 𝑛0

To increase the energy gain in a plasma module:
Decrease the density and increase the laser power
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Energy gain limitations
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Multi-stage schemes

• For higher beam energy, laser depletion needs staging

• Challenges for staging scheme

• Large divergence + energy spread of beam produced by LPA
 strong demand on beam optics
 strong emittance growth in the drift after the plasma

• Coupling of laser beams to the plasma structures in a narrow and busy room

Under study: EuPRAXIA, Cilex-Apollon, …

e-beam

Laser 1

Laser 2

Injector

Accelerator

mirror symmetry

In addition to the two bending magnets and focusing 

quadrupoles, extra dipoles + sextupoles needed to satisfy 

synchronismand to cancel higher order terms
A. Chancé et al, NIM A 740 (2014)

To higher beam energy
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To higher beam energy

Proton drivers:

large energy content in proton bunches 

allows to consider single stage acceleration:
•A single SPS/LHC bunch could produce an electron 

bunch in a single PDWA stage.

AWAKE

19



• Larger energy & angular spreads (1-2 orders of magnitude)

• Smaller source size (1-2 orders of magnitude)

• Smaller transverse emittance (in principle)

• Shorter bunch length

Large divergence and energy spread lead to severe demand on 

beam optics at the exit of the plasma

Wakefield accelerators e-beams differ tremendously from those

produced by conventional accelerators
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LWFA – Energy gain world record 

Structure = 9 cm capillary discharge

Plasma density n0 6-7 × 1017 cm−3

Achieved with laser peak power  300TW

BELLA (Berkeley Lab Laser Accelerator)

Peta-Watt Laser 

U> 42 J     30 fs

W.P. Leemans et al, PRL 113, 245002 (2014)
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PWFA – Energy gain world record :  FACET (SLAC)

Plasma cell: lithium vapor        

• Length 80 cm, density 4 ×1017 cm-3

bunch

• Energy 23 GeV, Charge  1.02 nC, Emittance  100 mm mrad, 

Result

• Energy gain = 27 GeV

• Total efficiency  30%

• Final energy spread   0.7 %

• Emittance 130 mm mrad
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Summery

• Plasma-based wakefield accelerators are an exciting and growing field with a 

huge potential.

• High potential for various applications because of its compact size.

• Many encouraging results in plasma wakefield acceleration technology:

Energy 1-5 GeV (LWFA) & 80 GeV (PWFA), Charge 10-500 pC, Bunch length

5-10 fs, Energy spread 1-5%, Emittance (norm.) << 1 mm.mrad at source.
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WISH YOU HEALTH and WEALTH!
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