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EuPRAXIA Framework

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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1. Beams Plasma Matching 

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Motivation: PWFA beams handling 

A plasma acceleration stage consist in three sections:

Injection Acceleration Exctraction

Specific matching 
conditions are required

Beam handling to reduce 
large angular divergence and 

control emittance growth

Plasma Booster section

Witness

Driver

𝐺𝐺 𝑀𝑀𝑀𝑀/𝑚𝑚 =
𝐹𝐹𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒 ∼ 3𝑛𝑛𝑝𝑝 [𝑂𝑂(1015−16 )]

[*]M. Migliorati et al., PRST AB 16, 011302 (2013)

𝛽𝛽𝑒𝑒𝑒𝑒 =
𝛾𝛾

2𝜋𝜋𝑟𝑟𝑒𝑒𝑛𝑛𝑝𝑝
𝜎𝜎𝑟𝑟 = 𝛽𝛽𝑒𝑒𝑒𝑒𝜖𝜖𝑛𝑛/𝛾𝛾 ~ 𝜇𝜇𝜇𝜇 

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Injection/Extraction scheme in PWFA
PMQs currently represent the sate of the art:

Focus multiple bunches 
into PWFA module

Extraction of the accelerated 
bunch

[*]Pompili et al., Rev. Sci. Instrum. 89, 033302 (2018)

𝛽𝛽𝑓𝑓 ≈
𝑓𝑓2

𝛽𝛽𝑖𝑖

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines

Symmetric focusing is achieved with a triplet system
• focusing strength: K∝ 1/𝛾𝛾
• focal length ~ 10 cm (not easily tunable focal length)
•  a single system covers only a narrow range of energy
•  non-trivial adjustable holder are needed to remotely control the 

focal length
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Plasma Lens
Plasma Lenses: Focusing Mechanisms

1.Passive Plasma Lens:
• Mechanism: Self-focusing.
• Process: Shielding produced by background plasma, which 

reorganizes to maintain overall neutrality after the passage of a 
driver beam.

2.Active Plasma Lens:
• Mechanism: Azimuthal magnetic field.
• Process: Generated by an externally driven axial current.

[*]R.Pompili, et al., Experimental 
characterization of active plasma 
lensing for electron beams, Appl. 
Phys. Lett. 110 (10) (2017) 104101. 

[*]E. Chiadroni et al. Overview of 
plasma lens experiments and recent 
results at SPARC_LAB, Nuclear Inst. 
and Methods in Physics Research, A 
909 (2018) 16–20 

𝐵𝐵𝜙𝜙 𝑟𝑟 =
𝜇𝜇0
𝑟𝑟 �0

𝑟𝑟
𝐽𝐽 𝑟𝑟′ 𝑟𝑟′𝑑𝑑𝑑𝑑𝑑

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines

 Cylindrical symmetry
•  purely radial focusing effect

 Tunability
 Focusing strength: K∝ 1/𝛾𝛾
 High focusing gradient ~ kT/m

•  short focal length
•  weak chromaticity
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Compact Plasma Device for Acceleration and Focusing

APLAPL PWFA

driftdrift
INFNpatentbyA.Biagioni,R.Pompili,V.Lollo,D.Pellegrini,M.Ferrario

PWFA APLAPL
e-beam

DDG
DDG

DDG

HV gen

• 19 cm capillary length and 2 mm 
diameter

• Laser pre-ionizes the gas, 
stabilizing the discharge and 
reducing jitter to a few 
nanoseconds

• The high-voltage discharge 
currents are provided by three 
pulsers capable of generating up 
to 1.6 kA peak current

The discharge current 
and plasma density can 
be independently tuned 
and controlled in each 
plasma stage.

[*]R. Pompili et al., Phys. Rev. E 109, 055202 – Published 3 May 2024

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Experimental Results

Driver Witness

Energy [MeV] 71.6± 0.1 71.9±0.1

Energy spread [MeV] 0.49 ±0.03 0.72 ±0.04

Duration [fs] 185 ±39 55 ±32 

Emittance [𝜇𝜇mrad] 6.2±0.7 4.8±0.4

Dealy [ps] 1.15±0.03

𝑛𝑛𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴,1
≈ 2 × 1017𝑐𝑐𝑚𝑚−3

𝑛𝑛𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
≈ 4 × 1015𝑐𝑐𝑚𝑚−3

SPARC_LAB RF photinjector beams:

Witness Energy gain of 
4.5 MeV over a 

distance of 3 cm

A proof-of-principle experiment 
merged three plasma stages 
into a compact device that can 
focus, accelerate, and extract a 
witness bunch in a plasma-
based accelerator.

[*]R. Pompili et 
al., Phys. Rev. 

E 109, 055202 – 
Published 3 May 

2024
Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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2. Driver removal system

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines



Funded by the 
European Union

www.eupraxia-pp.org 11

Motivation: PWFA driver removal system

Driver Removal
System 

AQUA-FEL Beam line

One of the most significant drawbacks occurs at the end of the acceleration process: the need to remove the depleted 
high-charge driver beams while maintaining the key characteristics (emittance and peak current) of the accelerated 
witness bunch.

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines

Witness
Driver

Note del presentatore
Note di presentazione

"Nel contesto della generazione del Free Electron Laser (FEL), il fascio denominato 'witness' rappresenta l'unico fascio destinato a passare attraverso l'ondulatore. Questo passaggio è cruciale per la produzione del laser a elettroni liberi. Di conseguenza, è imperativo rimuovere i fasci 'driver' dalla beam line. La presenza di questi fasci driver nella beam line potrebbe interferire con la qualità e l'efficienza del processo di amplificazione del laser, rendendo necessaria la loro estrazione per garantire che solo il fascio witness attraversi l'ondulatore e contribuisca così in modo ottimale alla generazione del FEL."Il witness è l’unico fascio che deve andare nell’ondulatore per la generazione del Free electron Laser. Per questo motivo c’è la necessità di estrarre I driver dalla beam line 
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Magnetic Solution: Chicane & Dogleg

More energetic witness → smaller deflection angle
Less energetic driver → larger deflection angle

Transverse separation

𝑹𝑹𝟓𝟓𝟓𝟓 > 𝟎𝟎

𝑹𝑹𝟓𝟓𝟓𝟓 < 𝟎𝟎

Same principle of chicane 

MAGNETIC CHICANE

DOGLEG

More compact

𝑅𝑅56 =
Δ𝑧𝑧
𝛿𝛿 ≅ −2𝐿𝐿1𝜃𝜃02

for 𝜃𝜃0 ≪ 1

Length: from 3 𝑡𝑡𝑡𝑡 10 𝑚𝑚

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines

More magnetic elements (like 
quadrupoles) are needed
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Plasma Lens Solution: scheme

Two goals: 
(i) transport the witness bunch 

by preserving its charge, 
normalized emittance, and 
peak current; 

(ii) remove the high-charge 
driver bunch during the 
transport to completely 
discard it before the FEL 
undulator beamline. 

The focusing is 
provided by two 

active-plasma 
lenses (APLs) 

Collimator remove 
the driver bunch 
overfocused to a 
spot size much 
larger than the 
collimator clear 
aperture. 

𝑹𝑹𝟓𝟓𝟓𝟓 = 𝟎𝟎

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Plasma Lens Solution: simulations

The dynamics of the beam in the plasma lenses is then computed by a 2D code written to solve the wavefield equations in the linear regime 

Considering all the elements and drift spaces involved, 
the total length of the system is 1.4 m. 

[*]P.Iovine, PhD Thesis, Study of the transfer and matching line for PWFA-driven FEL

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines

[*]M. Migliorati et al., PRST AB 16, 011302 (2013)
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3. Plasma-Based Solutions for Beam 
Handling and Driver Extraction 

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Layout

~1.05 m

Active 
Plasma 
Lens 1

Active 
Plasma 
Lens 2

Plasma Wakefield Accelerator
Collimator

Driver Witenss

4 cm 44 cm 4 cm 2 
cm

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines



Funded by the 
European Union

www.eupraxia-pp.org 17

Beam Configuration

Driver Witness

Charge [𝑝𝑝𝑝𝑝] 500 50

Energy [𝑀𝑀𝑀𝑀𝑀𝑀] 540 540

Energy Spread [𝑀𝑀𝑀𝑀𝑀𝑀] 0.5 0.4

SpotSize [𝜇𝜇𝜇𝜇] 150 50

Bunch Length [𝑓𝑓𝑓𝑓] 100 20

Norm. emittance [𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇] 13 1

Input Beam Parameters:

*Beam Gaussian Distribution

Bunch distances: Δ𝑡𝑡 = 0.95 𝑝𝑝𝑝𝑝

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Active Plasma Lens 1

Peak Density 5 × 1018 cm−𝟑𝟑 
Lenght 3 𝑐𝑐𝑐𝑐 + 2 ∗ 0.5 𝑐𝑐𝑐𝑐 (ramps)

Current 2k𝐴𝐴

Plasma Simulation Parameters:

Continuos lines: Driver
Dashed lines: Witness

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Plasma WakeField Acceleration

Peak Density 3.8 × 1015 cm−𝟑𝟑 
Lenght 38 𝑐𝑐𝑐𝑐 + 2 ∗ 3 𝑐𝑐𝑐𝑐 (ramps)

Accelerating gradient: ∼ 𝟏𝟏.𝟒𝟒 𝑮𝑮𝑮𝑮𝑮𝑮/𝒎𝒎

Witness exit emittance 𝜖𝜖𝑛𝑛 = 4.2 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇
Witness exit spotsize 𝜎𝜎𝑥𝑥 ∼ 5 𝜇𝜇𝜇𝜇

Courtesy of S. Romeo and A. Del Dotto

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Active Plasma Lens 2

Peak Density 5 × 1018 cm−𝟑𝟑 
Lenght 3 𝑐𝑐𝑐𝑐 + 2 ∗ 0.5 𝑐𝑐𝑐𝑐 (ramps)

Current 5.5k𝐴𝐴

Plasma Simulation Parameters:

Second 
Active 
Plasma 
Lens

Drift Evolution:
20 cm long 𝜎𝜎𝑥𝑥 ≈ 10 𝜇𝜇𝜇𝜇

𝜖𝜖𝑛𝑛 ≈ 5.5 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇

Witness Output transverse 
parameters:

Driver spot size

Witness emittance

Witness spot size

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Collimator

98% of the driver 
charge has been 

removed

2 cm

r=0.15 mm

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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Improve the simulation studies and feasibility study:
• Study parametric scans for optimization
• Use more accurate simulation codes
• Analyze the interaction with the collimator
• Matching up to undulator and validation to FEL 

simulations

22

Conclusion

A new plasma-based model has been presented, featuring:
Beam handling and driver removal using APL
Compact structure (< 1.5 m)
Preservation of longitudinal dynamics (𝑅𝑅56 = 0)

Preliminary Simulation results: Good performance in terms of beam dynamics.

Next Steps:

Martina Carillo - EuPRAXIA@SPARC_LAB machine upgrade 
and additional beam lines
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