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Equivalent 
Energy

Energy of colliders is plotted in terms of the laboratory energy of particles colliding with a proton at rest to reach the same center 
of mass energy.

Livingstone Diagram



Options towards higher energies

Compact and Cost 
Effective….              



High Gradient Options

Metallic accelerating structures => 
100 MV/m < Eacc< 1 GV/m

Dielectrict structures, laser or particle driven => 
Eacc < 10 GV/m

Plasma accelerator, laser or particle driven  => 
Eacc < 100 GV/m

Related Issues: Power Sources and Efficiency, Stability, Reliability, Staging, 
Synchronization, Rep. Rate and short (fs) bunches with small (µm) spot to match high 
gradients



Courtesy R. Assmann

Livingstone Diagram with PWFA



Principle of plasma acceleration

Courtesy of BELLA

Laser Wakefield 
Accelerator (LWFA): 

Drive beam = laser beam

Plasma WakeField 
Accelerator (PWFA):

Drive beam = high energy 
electron or proton beamCourtesy Sci. Am
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plasma temperature and density



PWFA beam line at SPARC_LAB 



Basic beam  quality achieved in pilot FEL experiments



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

Distributed Research Infrastructure 
and Phased Implementation

Laser-driven Beam-driven

Phase 1 ü FEL beamline to 1 GeV 
+ user area 1

ü Ultracompact positron 
source beamline + 
positron user area

ü FEL beamline to 1 
GeV + user area 1

ü GeV-class positrons 
beamline + positron 
user area

Phase 2 ü X-ray imaging 
beamline + user area

ü Table-top test beams 
user area

ü FEL user area 2

ü FEL to 5 GeV

ü ICS source beamline + 
user area

ü HEP detector tests 
user area

ü FEL user area 2

ü FEL to 5 GeV

Phase 3 ü High-field physics 
beamline / user area

ü Other future 
developments

ü Medical imaging 
beamline / user area

ü Other future 
developments

Phased Implementation 



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)



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_LABEuPRAXIA@SPARC_LAB

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @4nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources



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



To operate at high repetition rate the key point is the thermal 
dissipation

1. Solid-state high repetition-rate discharge system

2. Strong materials capable of dissipating thermal energy

3. Vacuum systems suitable for continuous flow gas injection 
(turbo and primary pumps cooling system)

High repetition Rate capillary for EuPRAXIA 

Test of strong materials (sapphire and ceramics)

High repRATE can cause a rapid 
degradation of unsuitable soft 
materials

50 Hz repetition rate discharges 

Courtesy A. Biagioni, L. Crincoli



Radiation Generation: FEL

Courtesy L. Giannessi
40 m

50-100



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)
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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
Parameter Unit PWFA Full

X-band
Electron Energy GeV 1-1.2 1

Bunch Charge pC 30-50 200-500

Peak Current kA 1-2 1-2

RMS Energy Spread % 0.1 0.1

RMS Bunch Length 𝜇m 6-3 24-20

RMS norm. Emittance 𝜇m 1 1

Slice Energy Spread % ≤0.05 ≤0.05

Slice norm Emittance mm-mrad 0.5 0.5

Parameter Unit PWFA Full
X-band

Radiation
Wavelength

nm 3-4 4

Photons per 
Pulse

×10!" 0.1- 0.25 1

Photon
Bandwith

% 0.1 0.5

Undulator Area 
Length

m 30

𝜌(1D/3D) ×10#$ 2 2

Photon
Brilliance per 
shot

𝑠 𝑚𝑚"𝑚𝑟𝑎𝑑"
𝑏𝑤 0.1%

1−𝟐 ×
𝟏𝟎𝟐𝟖

1 ×10"'

Courtesy C. Vaccarezza/L. Giannessi



High Precision X-Ray Measurements 2023 – F. Villa – The EuPRAXIA@SPARC_LAB project              .

at SPARC_LAB

AQUA beamline scientific case

Coherent imaging

X-ray spectroscopy

Raman spectroscopy

Photo-fragmentation of molecules
    

(Large) Viruses
Organelles

Bacteria/Cells
Metals

Semiconductors
Superconductors

Magnetic materials
Organic molecules

    

Experimental techniques and typology of samples

Courtesy F. Stellato 23



High Precision X-Ray Measurements 2023 – F. Villa – The EuPRAXIA@SPARC_LAB project              .

at SPARC_LAB

ARIA beamline scientific case

Courtesy F. Stellato

Photoemission 
Spectroscopy

Photoelectron Circular
Dichroism

Raman spectroscopy

Photo-fragmentation of molecules
Time of Flight Spectroscopy
    

Gas phase & Atmosphere 
(Earth & Planets)

Aerosols 
(Pollution, nanoparticles)

Molecules & gases 
(spectroscopies, time-of-flight)

Proteins 
(spectroscopies)

Surfaces 
(ablation & deposition)

Defining experimental techniques and typology of samples (and applications)

24



Betatron Radiation Source at SPARC_LAB 
Electron beam Energy [MeV] 50-800

Plasma Density [cm-3] 1017 - 1019

Photon Critical Energy [keV] 1 - 10

Nuber of Photons/pulse 106 – 109

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



EuPRAXIA@SPARC_LAB baseline updating



Cost Review



From European Strategy for Particle Physics
Accelerator R&D Roadmap (2022)

• Development of Plasma Sources for High-Repetition Rate, Multi-GeV 
Stages

• High Average Power, High Efficiency Laser Drivers and Schemes

• Staging of Electron Plasma Accelerators Including In- and Out-Coupling

• High Transformer Ratio in PWFA for High Efficiency and Low Energy 
Spread

• Polarised Electrons

• Positron Bunch Acceleration



30Update on ESPP Roadmap – EAAC 2003 - Wim Leemans & Rajeev Pattathil

ESPP Roadmap Update – Plasma Accelerators

4Update on ESPP Roadmap – EAAC 2003 - Wim Leemans & Rajeev Pattathil

Timelines for R&D on plasma-based 
colliders: how does the other HALF fit in? 

R&D on EuPRAXIA will de-risk HALHF and other 
plasma-based collider concepts considerably

EuPRAXIA Paves the way to LC:
R&D on critical Components,  High Rep. Rate, Staging,
Training, Shorter time perspective, Motivations,
Financial Support already on common interest components

Positron Acceleration using Dielectric Structures



Funded by the 
European Union

• Plasma accelerators have advanced considerably in 
beam quality, achieving FEL lasing.

• EuPRAXIA is a design and an ESFRI project for a 
distributed European Research Infrastructure, 
building two plasma-driven FEL´s in Europe. 

• EuPRAXIA FEL site in Frascati LNF-INFN is sufficiently
funded for first FEL user operation in 2029.

• Second EuPRAXIA FEL site will be selected in next 12 
months, among 4 excellent candidate sites.

• Concept today works in design and in reality. Expect
(solvable) problems in stability for 24/7 user
operation. Facility needed to demonstrate!

• Paves the way to Linear Collider 
• Additional fund raising is continuosly going on

Conclusions



Thank for your attention


