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neutral plasma

Vb ~ c

1. Transverse E field expels plasma 
electrons

2. Positively charged region behind
the bunch head 
→ restoring force

lack of electrons

(inspired by P. Muggli’s CAS lecture)

+ e-

• Let’s take a plasma with density npe
• Let’s take a relativistic charged bunch (e.g. e-) with density nb<<npe

Plasma Wakefield Acceleration -Linear 
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neutral plasma

Vb ~ c

lack of electrons
excess of electrons

𝜆𝑝𝑒 =
2𝜋𝑐
𝜔𝑝𝑒

 

1. Transverse E field expels plasma 
electrons

2. Positively charged region behind
the bunch head 
→ restoring force

3. Oscillation of plasma e- with 𝜔pe
→ periodic density variation

(inspired by P. Muggli’s CAS lecture)

++ -- e-

• Let’s take a plasma with density npe
• Let’s take a relativistic charged bunch (e.g. e-) with density nb<<npe

Plasma Wakefield Acceleration -Linear 
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• Let’s take a plasma with density npe
• Let’s take a relativistic charged bunch (e.g. e-) with density nb<<npe

(inspired by P. Muggli’s CAS lecture)

neutral plasma

Vb ~ c

lack of electrons
excess of electrons

𝜆𝑝𝑒 =
2𝜋𝑐
𝜔𝑝𝑒

 

1. Transverse E field expels plasma 
electrons

2. Positively charged region behind
the bunch head 
→ restoring force

3. Oscillation of plasma e- with 𝜔pe
→ periodic density variation

𝜵 ∙ 𝑬 =
𝝆
𝜺𝟎

→Wakefields

++ -- e-

Plasma Wakefield Acceleration -Linear 
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(inspired by P. Muggli’s CAS lecture)

neutral plasma

e-

Vb ~ c

𝜆𝑝𝑒 =
2𝜋𝑐
𝜔𝑝𝑒

 

++ --

• Let’s take a plasma with density npe
• Let’s take a relativistic charged bunch (e.g. e-) with density nb<<npe

Plasma Wakefield Acceleration -Linear 

• Limit: cold wave-breaking field: 𝐸𝑊𝐵 = 𝑚𝑒 𝑐 𝜔𝑝𝑒
𝑞

 

• for npe = (1014 – 1018) cm-3, 𝐸𝑊𝐵~ 100 𝑉
𝑚

𝑛𝑝𝑒[ 𝑐𝑚−3] = (1 – 100 GV /m)

1. Transverse E field expels plasma 
electrons

2. Positively charged region behind
the bunch head 
→ restoring force

3. Oscillation of plasma e- with 𝜔pe
→ periodic density variation

𝜵 ∙ 𝑬 =
𝝆
𝜺𝟎

→Wakefields



neutral plasma

e-

Vb ~ c

++ --
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1. Transverse E field expels plasma 
electrons

2. Positively charged region behind
the bunch head 
→ restoring force

Linear regime: trajectory of plasma electrons DO NOT cross each other: PERTURBATION!!
Blowout (non-linear) regime: trajectories DO cross each other

(inspired by P. Muggli’s CAS lecture)

• Let’s take a plasma with density npe
• Let’s take a relativistic charged bunch (e.g. e-) with density nb<<npe

Plasma Wakefield Acceleration - Linear 
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• Accelerating field not uniform along the bubble
→ Energy spread increasing upon acceleration

• Solution: “loading” the wake with the presence of the   
       witness bunch itself

Uniform accelerating field within the witness bunch
J. B. Rosenzweig et al., Phys. Rev. A 44, R6189(R) (1991)

M. Tzoufras et al., PRL 101, 145002 (2008)

(non-linear regime)

Plasma Wakefield Acceleration – Nonlinear 
nb>>npe



Too large
Too small

➔Ion column provides linear focusing force

Radial electric field: 𝐸𝑟 𝑟 = 𝑒𝑛𝑝𝑒

2𝜀0
 𝑟

(Gauss’ law on cylinder of ions)

→ Plug it in envelope equation: 𝜎𝑟
′′ 𝑧 + 𝜎𝑟(𝑧) 𝐾 − 𝜖𝑔

2

𝜎𝑟
4 𝑧

= 0

Matching Conditions:

• 𝛽 = 𝜎2 0
𝜖𝑔

= 2𝜀0𝑚𝑒𝑐2𝛾
𝑛𝑝𝑒𝑒2  ~ 𝑂(mm)

• Injection at waist: 𝛼 𝑧 = 0 = 0 

Note: the matching condition is given by 𝛽! 
→ Stronger focusing required for higher density 10

ion column

Equilibrium 
between focusing

force and 
emittance

=0: 
Matching condition

(L. Verra et al 2020 J. Phys.: Conf. Ser. 1596 012007)

Plasma Wakefield Acceleration – Nonlinear 



Energy Spread Preservation
sub-% level
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Plasma Wakefield Acceleration – Results 

Lindstrøm et al.,  Nat. Comm. 15, 6097 (2024)

Lindstrøm et al.,  PRL 126  014801 (2024)

Pompili et al.,  Nat. Phys. 17, 499-503 (2021)

Extremely high gradient
>40GV/m

Blumenfeld et al., Nature  445 (2007)

Emittance Preservation
µm level



• The maximum net energy gain of the witness bunch is in general limited to:
Δ𝐸 ~ 2 × 𝐸𝑑   

(and for energy conservation 𝑄𝑊Δ𝐸𝑊 ≤ 𝑄𝐷Δ𝐸𝐷)

e.g: 1 GeV drive bunch drives 1 GV/m accelerating field
→ Depleted after 2m (500MV/m decelerating field)
→ Maximum energy gain of witness: 2GeV

To reach VERY high energy (e.g. 5 TeV):

• One highly energetic driver to accelerate witness 
in a single stage (afterburner):

Assuming  energy tripling of witness bunch 
→ need a 1.7 TeV driver and witness couple 
→ CLIC-scale main linac

PWFA

• Many low-energy (cheaper) drivers in multiple stages
Using e.g. 30 GeV drive bunches (requiring a > 300 m-long linac)
→ ΔE < 60 GeV (R<2 for single symmetric driver)

→ Need > 83 stages

J. Rosenzweig et al., NIM A 410 
(1998) 532—543 

PWFA- Energy Gain 
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In each of them:
• Inject the driver bunch
• Inject and match the witness bunch with appropriate beam loading
• Accelerated with high gradient and high net energy gain
• Extract (i.e., reduce divergence)
• Dispose of spent driver



• The most outstanding challenge in PWFA:

In each of them:
• Inject the driver bunch
• Inject and match the witness bunch with appropriate beam loading
• Accelerated with high gradient and high net energy gain
• Extract (i.e., reduce divergence)
• Dispose of spent driver

From HALHF design
Foster et al 2023 New J. Phys. 25 093037

→ Repeat as many time as needed to reach the target 
energy

→ Preserve the beam quality all along

PWFA- Staging 



Witness bunch injection - extraction 
• Witness leaves the plasma at waist with new 𝛽 = 𝛽𝑚(𝛾𝑒𝑥𝑖𝑡) 
→ Same as needed in the following stage

➔ The interstage optics must deliver the witness with 1:1 magnification

nth PWFA (n+1)th PWFA

Ideally:
(thin lens, no energy spread)

L = 𝛽 L = 𝛽

f = 𝛽

18



1st coupling – E = 60 GeV Last coupling= 4.94 TeV

Chosen an optical system, it will scale as 𝛾 along the linac 
→need to keep short to maintain effective gradient

19

Witness bunch injection - extraction 



1st coupling – E = 60 GeV Last coupling= 4.94 TeV

Chosen an optical system, it will scale as 𝛾 along the linac 
→need to keep short to maintain effective gradient

→ Work backwards: what is the length of the last IN/OUT coupling? 
→ This defines the gradient needed in the PWFA 20

Witness bunch injection - extraction 



Witness bunch - chromaticity  
Another reality layer:
• Bunch leaves the plasma with large divergence 

(short 𝛽) and finite (%level) energy spread

• Single-lens device is subject to strong chromaticity
→ Energy slices are focused differently

Δ𝜖2

𝜖2 =
4𝐿2

𝛽𝑚
2 𝜎𝛿

2

➔ Need to compensate for chromaticity

Lindstrøm, PRAB 24, 014801 (2021) 
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Witness bunch - chromaticity  
Another reality layer:
• Bunch leaves the plasma with large divergence 

(short 𝛽) and finite (%level) energy spread

• Single-lens device is subject to strong chromaticity
→ Energy slices are focused differently

Δ𝜖2

𝜖2 =
4𝐿2

𝛽𝑚
2 𝜎𝛿

2

➔ Need to compensate for chromaticity
➔ Possible solutions: 

• Apochromatic system

• Local chromaticity correction 
(Final focus linear colliders) 

P. Raimondi and A. Seryi, PRL 86, 3779 (2001) 

C. A. Lindstrøm and E. Adli, PRAB 19, 071002 (2016)
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Witness bunch - chromaticity  
Another reality layer:
• Bunch leaves the plasma with large divergence 

(short 𝛽) and finite (%level) energy spread
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→ Energy slices are focused differently
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➔ Need to compensate for chromaticity
➔ Possible solutions: 

• Apochromatic system

• Local chromaticity correction 
(Final focus linear colliders) 

Increasing number of elements, length, complexity P. Raimondi and A. Seryi, PRL 86, 3779 (2001) 

C. A. Lindstrøm and E. Adli, PRAB 19, 071002 (2016)
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Witness bunch - chromaticity  
Another reality layer:
• Bunch leaves the plasma with large divergence 

(short 𝛽) and finite (%level) energy spread

• Single-lens device is subject to strong chromaticity
→ Energy slices are focused differently

Δ𝜖2

𝜖2 =
4𝐿2

𝛽𝑚
2 𝜎𝛿

2

➔ Need to compensate for chromaticity
➔ Possible solutions: 

• Apochromatic system

• Local chromaticity correction 
(Final focus linear colliders) 

Increasing number of elements, length, complexity

→ Still to inject the drivers..

P. Raimondi and A. Seryi, PRL 86, 3779 (2001) 

C. A. Lindstrøm and E. Adli, PRAB 19, 071002 (2016)

24



Driver bunches in- and out-coupling  
→ Separation with dipoles 
→ Δ = 𝐵𝑒𝑐𝐿2 1

𝐸𝑤
− 1

𝐸𝐷
 : separation and max B field gives the length of the magnet

Length of 1-T dipole to obtain 1-cm offset between spent driver and witness

If equal dipole is used for injection 
→ at least 2 m between stage

25
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Driver bunches in- and out-coupling  
→ Separation with dipoles 
→ Δ = 𝐵𝑒𝑐𝐿2 1

𝐸𝑤
− 1

𝐸𝐷
 : separation and max B field gives the length of the magnet

→ Septum-like dipole to bend the spent driver even further (similar to extraction in rings)

Adapted from : M.J. Barnes et al, arXiv:1103.1062

Length of 1-T dipole to obtain 1-cm offset between spent driver and witness

If equal dipole is used for injection 
→ at least 2 m between stage
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Driver bunches in- and out-coupling  
→ Separation with dipoles 
→ Δ = 𝐵𝑒𝑐𝐿2 1

𝐸𝑤
− 1

𝐸𝐷
 : separation and max B field gives the length of the magnet

→ Septum-like dipole to bend the spent driver even further (similar to extraction in rings)

Once dispersion is introduced: 
→ Emittance growth 

Δ𝜖𝐷 ∼ 𝐷𝑥
2

𝛽𝑚
+ 𝛽𝑚𝐷𝑥′

2 𝜎𝛿
2 

→ Need to carefully cancel dispersion to avoid over-budget growth 

→ Synchrotron Radiation

Chicane

x

x

27

𝑈0 =
𝑞2

6𝜋𝜀0
𝛽3𝛾4𝐿 𝑚

 𝐵 𝑇
3.3𝑝𝑐 𝐺𝑒𝑉

2

➔ Average energy loss due to SR in dipole with length L and magnetic field B

L. Verra et al., arXiv:2601.02272 (2026)



Summary of Main Challenges 
• Strong focusing
→ Matching in
→ Large divergence out 
➔ Chromaticity 

• Dispersion 
→ Emittance growth 

• In – and out-coupling of drivers
→Driver distribution 
→ Driver disposal (radiation)

• Alignment tolerances 

• Synchronization tolerances

• Synchrotron radiation (both coherent and incoherent)

• Effective gradient 

28

“Conventional” beam manipulation 
with extreme parameters
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Livio Verra 
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• Soft X-ray (~4nm) FEL based on Beam-Driven PWFA at INFN/Frascati

• 500 MeV 30 pC witness bunch boosted to 1 GeV in 60-cm-long discharge-plasma capillary

• Construction starting ~ end of 2026
• Installation starting ~ 2029
• Commissioning starting ~ 2030

RF gun

User-oriented plasma-based FEL

Transition from experiment to “real” 
accelerator

Building up from results and expertise from 
SPARC

Working on some of the main issues for a 
future wakefield linear collider 

(e.g. matching-extraction, driver-witness 
separation, etc..)

EuPRAXIA@SPARC_LAB 

EuPRAXIA@SPARC_LAB TDR 
https://doi.org/10.15161/oar.it/k57qz-5qk09
  

https://doi.org/10.15161/oar.it/k57qz-5qk09
https://doi.org/10.15161/oar.it/k57qz-5qk09
https://doi.org/10.15161/oar.it/k57qz-5qk09
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Plasma 
chamber: 3.5 m

Plasma capillary: 0.6  m

In-house R&D 
and final design 
of all 
components

EuPRAXIA@SPARC_LAB 



EuPRAXIA – Possible Experiments 

Galletti et al., PRL 129, 234801 (2022)
Pompili et al. Nature 605, 659–662 (2022)

1) Preserve witness beam quality after separation from driver in chicane and delivery to application 
→ included in Eupraxia’s goals (delivery to undulators)
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rise/decay time<<ns



EuPRAXIA – Possible Experiments 

Pompili et al., PRL 132, 215001 (2024) 

Azimuthal magnetic field 𝐵𝜙 = 𝜇0
𝑟 0׬

𝑟 𝐽 𝑟′ 𝑟′𝑑𝑟′ 
restoring force keeps bunch close to longitudinal axis

• 3D-printed plastic discharge capillary
• Rb = 1.6 m, Lc=10 cm
• I~1.6 kA, 20 kV
• npe ~ 2.5 x 1017 cm-3

Alesini et al., PR-STAB 13, 111002 (2010) 
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EuPRAXIA – Possible Experiments 
1) Preserve witness beam quality after separation from driver in chicane and delivery to application 
→ included in Eupraxia’s goals (delivery to undulators)

2) Development of VERY FAST deflection system for driver bunch distribution
→ Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and 
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

3) Staging experiment(s)

S-band Injector X-band Linac
Plasma 
module Undulators

D2D1W
I II

L. Verra et al., Phys. Rev. E 112, 045205 (2025)



Conclusions 
• Single-stage PWFA can provide high-gradient, high-quality acceleration

• Staging multiple plasmas to reach high energy is complicated due to the extreme beam 
parameters 

• Proof-of-principle, successive incremental demonstrations to  approach full-scale 
requirements

• Possible synergies with EuPRAXIA’s goals to have a real impact on future HEP machines

• INFN expertise in RF accelerators and storage rings can be instrumental for the 
development of staging proof-of-principle experiments and wakefield collider design 
study

Advanced LinEar collider study GROup
https://agenda.infn.it/e/alegro2026

10 TeV Wakefield Collider
https://arxiv.org/abs/2503.20214

https://agenda.infn.it/e/alegro2026
https://arxiv.org/abs/2503.20214


Thank you!
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