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1) Beam Lorentz factor 𝛾𝑏 ≫ 1

2) Beam-to-plasma density ratio 𝛼 = ൗ
𝑛𝑏

𝑛𝑝 > 1

3) Beam sizes 𝜎𝑟 , 𝜎𝑧 < 𝑘𝑝
−1

Beam-driven plasma wakefield acceleration (PWFA)

Beam-plasma instabilities
In the context of plasma accelerators

Taken from EuPRAXIA CDR

1

Courtesy of S. Corde

For an efficient PWFA
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For an efficient PWFA For beam-plasma instabilities

1) Beam Lorentz factor 𝛾𝑏 ≫ 1

2) Beam-to-plasma density ratio 𝛼 = ൗ
𝑛𝑏

𝑛𝑝 < 1 *

3) Beam sizes 𝜎𝑟 , 𝜎𝑧 > 𝑘𝑝
−1

* Unless neutral beam, e.g. 𝑒± fireball beam [Arrowsmith, C.D., Nat Commun 15, 5029 
(2024)]

Filamented beam density due 

to exponential growth of EM 

fields
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Why are beam-plasma instabilities important?

Laser-plasma interactions Astrophysics

Mediators of radiation-particle energy 

exchange 

Sketch of a black hole engine powering a classical Gamma Ray Burst, Credit: NASA's Goddard Space Flight Center.

Sketch of a black hole engine powering a classical Gamma Ray Burst, Credit: NASA's Goddard Space Flight Center.

NIF hohlraum. Credits to LLNL

Inertial 

Confinement 

Fusion

Particle and 

radiation sources

Giant collimated gamma-ray flashes
A. Benedetti, et. al. Nat. Phot. (2018),
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Beam-plasma instabilities
Unbounded systems

𝑣𝑏

𝒌

Two-Stream Instability 

(TSI)

Electrostatic longitudinal mode
Growthrate

(Kinetic theory for 

cold unbounded 

systems)

Current Filament. Instability (CFI) Oblique Instability (OTSI)

𝒌
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𝜆𝑝

𝜆𝑝

𝜆𝑝

“Three instabilities”

Magnetic transverse mode

𝒌 𝒌

(Quasi-)electrostatic oblique mode

3

Momentum 

spacePlasma 𝑒−

Beam 𝑒−

P. San Miguel Claveria | EuPRAXIA-DN Camp II: Science | July 15, 

2025 

EM fields + three species:

• Plasma electrons

• Ions (stationary background)

• Beam particles (𝑒−)
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Unbounded system

Beam-plasma instabilities
Bounded systems

𝑣𝑏

𝑣𝑏
𝝈𝒚

𝝈𝒙

Finite beam
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Unbounded system

Beam-plasma instabilities
Bounded systems

Finite beam
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Spatiotemporal growth with finite-size beams

Current Filament. Instability (CFI)

Oblique Instability (OTSI)

𝜆𝑝

𝜆𝑝

𝒌

𝒌

𝜕𝜏
3 + 𝜕𝜉𝜕𝜏

2 − 𝑖ΓObl
3 𝛿𝑛𝑏

(1)
= 0

𝑛𝑏
1

𝜉, 𝑦, 𝜏 ∝ ቐ
𝑒Γ O TSI𝜏 for 𝑣𝑏𝜏 < 𝜉

𝑒Γ O TSI𝜏
2/3𝜉1/3 for 𝑣𝑏𝜏 > 𝜉

Asymptotic solutions:

*V B Pathak et al 2015 New J. Phys. 17 043049

Purely electrostatic model**

Purely electromagnetic model*

𝜕𝜏
2 + 𝑄 ⋅ 𝜕𝜉𝜕𝜏 − ΓCFI

2 𝛿𝑛𝑏
(1)

= 0 𝑄 ∝
1

𝛾𝑏
3

𝑛𝑏
1

𝜉, 𝑦, 𝜏 ∝ cosh ΓCFI𝜏 + 𝑒
ΓCFI𝜏

1
2
𝜉
𝑄

1
2

Asymptotic solutions:

**P. San Miguel Claveria, et al., Phys. Rev. Research 4, 
023085, 2022

Co-moving variables

𝜉 = 𝑧 − 𝑣𝑏𝑡
𝜏 = 𝑡
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Quasi-static PIC codes:

Q. Labro et al. Simulating ultrarelativistic beam-plasma 

instabilities with a quasistatic particle-in-cell code, 

https://arxiv.org/abs/2506.18567
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Beam parameters

QuaSSis simulations

P. San Miguel Claveria | E305-europe| May 05, 2025 

Gaussian 𝑒− beam

• 𝐸 = 500 MeV

• 𝑄 = 200 𝑝𝐶

• 𝜎𝑧 = 10 μm

• 𝜎𝑟 = 300 μm, 600 μm

• 𝜀𝑛 = 5mm ⋅ mrad

Quasi-static model of beam-plasma instabilities

10

Plasma parameters

Uniform density

• 𝑛𝑝 = 1017 cm−3

• 𝐿 = 1 m ≈ 50 𝑐Γ−1

𝛼 ≈ 0.001

𝛾𝑏 ≈ 103

𝑘𝑝𝜎𝑧 ≈ 1

𝑘𝑝𝜎𝑟 ≈ 30, 60

Reaching saturation of CFI modes at the core of the 

beamUnique opportunity to study non-linear 

evolution!

𝜎𝑟 = 600 μm

𝜎𝑟 = 300 μm
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