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Laser beam

Electron beam

1 mm

Direct production of e-beam



Diffraction - Self injection - Dephasing – Depletion



Courtesy J. Vieira, R. Fonseca/GoLP/IST Lisbon

Example: a0 = 5; laser spot-size: 3 microns; laser duration: 12fs; plasma density = 
6x10^19.



Betatron Radiation Source at SPARC_LAB 

• Supported by PNRR 
funding

• Collaboration among 
INFN, CNR, University of 
Tor Vergata

• Operational facility at 
SPAClab by end of 2025

• EuPRAXIA pre-cursor for 
users

Electron beam Energy [MeV] 50-800

Plasma Density [cm-3] 1017 - 1019

Photon Critical Energy [keV] 1 - 10

Nuber of Photons/pulse 106 – 109



1) Ultrafast - laser pulse duration tens 
of fs useful for time resolved 
experiments (XFEL tens of fs, 
synchrotron tens to 100 ps).

2) Broad energy spectrum - important 
for X-ray spectroscopy.

3) High brightness - small source size 
and high photon flux for fast 
processes.

4) Large market - 50 synchrotron light 
sources worldwide, 6 hard XFEL’s 
and 3 soft-ray ones  (many 
accelerators operational and some 
under construction).

𝜔𝑐 = 3𝐾𝑢𝛾
2𝜔𝛽
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• EuPRAXIA laser advance (industry) 
will push rate from 1/min to 100 Hz. 

• Ultra-compact source of hard X rays → exposing from various directions 
simultaneously is possible in upgrades
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Betatron X Rays: Compact Medical Imaging

EuPRAXIA technology mCT Scanner

Macro-photography Radioactive source

J.M. Cole et al, “Laser-wakefield accelerators as hard x-ray sources for 3D medical imaging of human 
bone”. Nature Scientific Reports 5, 13244 (2015)

3D tomography of
human bone

Physics & Technology Background:

• Small EuPRAXIA accelerator → small 
emission volume for betatron X rays.

• Quasi-pointlike emission of X rays.

• Sharper image from base optical 
principle.

• Quality demonstrated and published, 
but takes a few hours for one image.

• Advancing flux rate with EuPRAXIA 
laser by factor > 1,000!

Added value

Sharper images with outstanding
contrast

Identify smaller features (e.g.
early detection of cancer at
micron-scale – calcification)

Laser advance in EuPRAXIA →

fast imaging (e.g. following
moving organs during surgery)



Courtesy J. Osterhoff



Beam Driven

PWFA



Principle of plasma acceleration

Courtesy of BELLACourtesy Sci. Am





~ 2.7 GeV in 10 cm 
npe = 2.8 x 1017 cm-3

~ 42 GeV in 85 cm 
npe = 2.8 x 1017 cm-3
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Beam Driven - Results





Beam Driven - Results

DRIVERWITNESS

~ 0.9 MeV in 6 mm

Generation of bunch
train with mask in 

dispersive section (and 
chirped bunch)

then
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Positron acceleration?

Courtesy of BELLACourtesy Sci. Am



Positron Acceleration, FACET
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➔ Emittance blow-up is an issue! → Use hollow-channel, so no plasma on-axis, no complicated forces 
from plasma electrons streaming through the plasma → but then strong transverse wakefields when beams 
are misaligned.

Two-bunch positron beam: First demonstration of 

controlled beam in positron-driven wake
S. Doche et al., Nat. Sci. Rep. 7, 14180 (2017)

First demonstration of positron acceleration in plasma (FFTB)

B.E. Blue et al., Phys. Rev. Lett. 90, 214801 (2003)
M. J. Hogan et. al. Phys. Rev. Lett. 90 205002 (2003).

High-density, compressed positron beam for non-linear PWFA 
experiments. Energy transfer from the front to the back part of 
the bunch. 

Energy gain of 5 GeV. Energy 
spread can be as low as 1.8%
S. Corde et al., Nature 524, 442 (2015)

Measurement of transverse wakefields in a hollow 
plasma channel due to off-axis drive bunch propagation. 

C. A. Lindstrøm et. al. Phys. Rev. Lett. 120 124802 (2018).

Vacuum

Plasma

Drive Beam e+Witness Beam e+

𝜀 < 0
𝜀 = 1

Hollow plasma channel: positron 
propagation, wake excitation, 
acceleration in 30 cm channel.
S. Gessner et. al. Nat. Comm. 7, 11785 (2016)



















The near future



EUROPEAN

PLASMA RESEARCH

ACCELERATOR 

WITH

EXCELLENCE IN

APPLICATIONS

This project has received funding from the European Union´s Horizon 
Europe research and innovation programme under grant agreement 
No. 101079773



Funded by the 

European Union

Building a facility with very high field plasma 
accelerators, driven by lasers or beams

1 – 100 GV/m accelerating field

Shrink down the facility size
Improve Sustainability

1

Producing particles and photons to support 
several urgent and timely science cases

Drive short wavelength FEL
Pave the way for future Linear Colliders

2

A New European High-Tech User Facility

https://www.eupraxia-facility.org/



Funded by the 

European Union

FEL is a well established technology
(But a widespread use of FEL is partially limited by its size and costs)

Linac Coherent Light Source (LCLS) Conceptual Design Report - SLAC–R–593 April 2002 UC-414



A Free Electron Laser is a device that converts a fraction of 

the electron kinetic energy into coherent radiation via a 

collective instability in a long undulator

(Tunability - Harmonics)



30

Plasma accelerated beam driven FEL

It's a CHALLENGE: the FEL is extremely sensitive to the beam quality. 

Low relative energy spread       : 

Low (geometric) emittances: 

where

Exponential growth gain length

=> A  poor beam quality causes an increase of Lg and a reduction of PF

saturation

Low emittances
Low energy spread
High current



Energy spread compensation with beam loading



Assisted beam-loading technique

Pre-chirp to compensate wakefield slope

D

W

R. Pompili et al., Energy spread minimization in a beam-driven plasma wakefield accelerator, Nature Physics volume 17, pages 499–503 (2021)

https://www.nature.com/nphys


Basic beam  quality achieved in pilot FEL experiments



PWFA beam line at SPARC_LAB 



Funded by the 

European Union

• The EuPRAXIA Consortium today: 54 institutes from 18 countries plus CERN 

• Included in the ESFRI Road Map

Wide International Collaboration

• Efficient fund raising:

−Preparatory Phase consortium 
(funding EU, UK, Switzerland, in-kind)

−Doctoral Network (funding EU, UK, in-
kind)

−EuPRAXIA@SPARC_LAB (Italy, in-kind)

−EuAPS Project (Next Generation EU)



Funded by the 

European Union
Distributed Research Infrastructure

8 IASA, Athens



Headquarter and Site 1: EuPRAXIA@SPARC_LAB

• Frascati`s future facility
• > 130 M€ invest funding
• Beam-driven plasma 

accelerator
• Europe`s most compact 

and most southern FEL
• The world`s most 

compact RF accelerator 
(X band with CERN)



EuPRAXIA@SPARC_LAB

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @4nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources



High Brightness Photo-injector with Velocity Bunching







10 m

High Quality Electron Beams

Courtesy E. Chiadroni



World`s Most Compact RF Linac: X Band 

Courtesy D. Alesini

55 m



Plasma Module

Courtesy A. Biagioni, R. Pompili

3.5 m



Radiation Generation: FEL

Courtesy L. Giannessi

40 m

50-100



In the Energy region between Oxygen and
Carbon K-edge 2.34 nm – 4.4 nm (530 eV -280
eV) water is almost transparent to radiation
while nitrogen and carbon are absorbing (and
scattering)

Coherent Imaging of biological samples
protein clusters, VIRUSES and cells 

living in their native state 
Possibility to study dynamics
~10 11 photons/pulse needed

Expected SASE FEL performances



Towards Single Protein Imaging with hard x-rays



Static picture of 

a macro-

molecule 

Need light ! 

- Short wavelength (X-ray) 

- High energy per pulse 

- Ultra-short pulse (few femtoseconds)

- Coherence 

Required properties 



Single Protein Imaging

http://lcls.slac.stanford.edu/AnimationViewLCLS.asp

x



Coulomb Explosion of Lysozyme (50 fs)

J. Hajdu, Uppsala U.

Atomic and 

molecular 

dynamics occur 

at the fsec-scale

Single Molecule Imaging with Intense X-rays



Conclusions

• Accelerator-based High Energy Physics will at some point become practically limited by the size and

cost of the proposed e+e- colliders for the energy frontier.

• Novel Acceleration Techniques and Plasma-based, high gradient accelerators open the realistic

vision of very compact accelerators for scientific, commercial and medical applications.

• The R&D now concentrates on beam quality, stability, staging and continuous operation. These are

necessary steps towards various technological applications.

• The progress in advanced accelerators benefits from strong synergy with general advances in

technology, for example in the laser and/or high gradient RF structures industry.

• A major milestone is an operational, 1 GeV compact accelerator. Challenges in repetition rate

and stability must be addressed. This unit could become a stage in a high-energy accelerator..

• ➔ PILOT USER FACILITIES Under Constraction (EuPRAXIA)



Funded by the 

European Union

n. 20 POST-DOCTORAL SENIOR LEVEL 3 RESEARCH GRANT 
IN EXPERIMENTAL PHYSICS at INFN

https://jobs.dsi.infn.it/dettagli_job.php?id=4180

Dead line: November 15



Funded by the 

European Union

LPAW 2025 – Ischia Island

https://agenda.infn.it/event/42311/

The Laser and Plasma Accelerators Workshop 2025 (LPAW 2025) 
will be held at Hotel Continental Ischia, in the Ischia Island 
(Campania, Italy), from Monday 14 to Friday 18 April 2025.

The Laser and Plasma Accelerators Workshop (LPAW) series is one 
of the leading workshops in the field of plasma-based acceleration 
and radiation generation. 

The following scientific topics will be the main focus of the 
conference:
•Plasma-based lepton acceleration (experiments, simulations, 
theory, diagnostics...).
•Plasma-based ion acceleration (experiments, simulations, theory, 
diagnostics...).
•Secondary radiation generation and applications (experiments, 
simulations, theory, diagnostics...).

John Dawson Thesis Prize
“John Dawson Thesis Prize” is awarded on a biannual basis to the 
best PhD thesis in the area of plasma accelerators driven by laser 
or particle beams. The prize will be awarded for fundamental 
(theoretical or experimental) or applied aspects.
Each prize winner will receive a certificate of merit, up to 500 
Euros, and financial support to attend the “Laser and Plasma 
Accelerators Workshop,” where the prize will be awarded.



Thank for your attention




