
EXCITATION OF PLASMAEXCITATION OF PLASMA 
WAKEFIELDS



Basics: definition of laser peak intensity

• Consider a EM field as a plane wave
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• Peak intensity is defined as
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• For a Gaussian pulse (at focus)
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• Example: E=1 J, w0=20 µm, τ0=30 fs
I 5 1018 W/ 2
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I0=5×1018 W/cm2



a: the normalized vector potential 

• Laser E field linked to potential vector a by
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• In practical units ]/[][105.8 22/1
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• Example: I0=2×1018 W/cm2 (λ=1µm) a=1.2



Relativistic regime of laser-plasma 
interaction

• Electron in laser field:
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Relativistic regime is entered when a ~ 1 (I0 ~ 1018 W/cm2)



Basics: gaussian beam propagation
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Rayleigh length: from I0 to I0/2

Example: λ=1 µm w0=20 µm zR=1 2 mmExample: λ 1 µm, w0 20 µm zR 1.2 mm



Fluid model: hypothesis (1)



Fluid model: hypothesis (2)



Definition of drivers

• Laser driver

envelope– envelope

• Electron beam driver



Poisson equation

with (electron beam driver: q=-e)

Rewrite as:



Physical meaning of potential



Fluid equations



Ponderomotive force 

Some algebra

Motion of electrons in plasma after
averaging over fast oscillations



Illustration of ponderomotive force

• Solving the motion of an electron in a laser field (propagating along 
d l i d l )z and polarized along x):

a0=0.1a0=2    00



Plasma wakefield equation

Some algebra



Laser driver case

• Assume no electron beam nb=0

• Write equation on potential using: q p g



Moving window

Considering laser driver onlyConsidering laser driver only



Quasi-static approximation

• Neglect derivatives in τ compared to derivatives in ζ
• Physical meaning: the plasma responds adiabatically to slow 

changes of the driver
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Solutions

• Solution behind the pulse 
(gaussian shape)(gaussian shape)

– Potential

– Electric field

– Longitudinal

– Transverse

– E0 wavebreaking field 2/1
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Solutions

• Using Poisson equation, compute density perturbation

– Longitudinal

– Transverse

E /E δ /φ, Ez/E0, δnz/n0 are normalized quantities and have the same amplitude



Resonance condition

• Find optimimum pulse duration 
f l it ti 0/ 0 =∂∂ Lφfor plasma wave excitation

• Broad resonance condition: 20 =Lk

0/ 0∂∂ Lφ

Broad resonance condition:

• Practical units
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Accelerating and focusing fields
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1D nonlinear theory (fully relativistic)

• Basic equation: 

• No limit on a (until wavebreaking )• No limit on a (until wavebreaking…)

1D
• Wavebreaking field: 0
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• Fields higher than E0 are possible 



1D nonlinear plasma waves

30 fs pulse30 fs pulse
a=2



Limit of 1D nonlinear fluid theory: wave breaking

30 fs pulse30 fs pulse
a=5



3D nonlinear wakefields
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FocusingRequires more complex models (fluid or kinetic)FocusingRequires more complex models (fluid or kinetic) 
+ computer simulations



Beam loading considerations

No particle beam with particle beam



Charge limit

• Limit on beam density: nb ~ n0â2

• Limit on charge: N = V ×n â2• Limit on charge: Npart= Vbeam ×n0â2

• Typical example: bunch 5 µm × 5 µm × 10 µm â=1 n0=1019 cm-3Typical example: bunch 5 µm × 5 µm × 10 µm, â=1, n0=10 cm

Q=400 pC



Summary

• Intensity and a: ]/[][105.8 22/1
0
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• Wakefield amplitude: proportional to laser intensity

• Wakefield max at resonance

• Linear regime: sinusoidal field + radial fields
• Nonlinear regime: focusing phase is longer

• Charge limited by beam loading:  Npart= Vbeam ×n0â2

â2/ /• Scaling law with particle beam, replace â2/4 by nb/n0


