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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 beam

Courtesy Sci. Am
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PWFA beam line at SPARC_LAB 





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





Funded by the 

European Union

Animation: DNA replication

The dynamics and molecular shapes were based on X-ray crystallographic models and other published
scientific data sets.

Helicases are enzymes that bind and may even
remodel nucleic acid or nucleic acid protein
complexes.
There are DNA and RNA helicases. DNA helicases are
essential during DNA replication because they
separate double-stranded DNA into single strands
allowing each strand to be copied.
During DNA replication, DNA helicases unwind DNA at
positions called origins where synthesis will be
initiated. DNA helicase continues to unwind the DNA
forming a structure called the replication fork, which
is named for the forked appearance of the two
strands of DNA as they are unzipped apart.
The process of breaking the hydrogen bonds between
the nucleotide base pairs in double-stranded DNA
requires energy. To break the bonds, helicases use the
energy stored in a molecule called ATP, which serves
as the energy currency of cells.
DNA helicases also function in other cellular
processes where double-stranded DNA must be
separated, including DNA repair and transcription.
RNA helicases are involved in shaping the form of RNA
molecules, during all processes involving RNA, such as
transcription, splicing, and translation.
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To study single protein structures we need Light

We wish a Static Picture of the

acro-molecules involved

- Short wavelength (X-ray) 

- High energy per pulse 

- Ultra-short pulse (few femtoseconds)

- Coherence 

Light Required properties 
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Single Molecule Imaging with Intense ultra-short X-rays pulses



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



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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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
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Required Bunch Energy Stability

FEL requirement

Plasma density

Bunch charge/length

Driver/Witness separation

20
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Intense R&D Program on critical components

• Electrons
(0.1-5 GeV, 30 pC) 

• Positrons
(0.5-10 MeV, 106)

• Positrons (GeV source)

• Lasers
(100 J, 50 fs, 10-100 Hz)

• X-band RF Linac
(60 MV/m , up to 400 Hz)

• Plasma Targets

• Betatron X rays
(1-10 keV, 1010)

• FEL light 
(0.2-36 nm, 109-1013)



Basic beam  quality achieved in pilot FEL experiments
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Distributed Research Infrastructure
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Phased Implementation of Construction Sites

RF 
Injector

RF 
Accelerator

Plasma 
Accelerator

Plasma 
Accelerator

Conversion & 
conditioning

Undulator
FEL user area 1

ICS X-ray source 
user area (BU3)

laser

electrons

positrons

HEP detector test 
user area

Beamline BB-A: Radiation sources

Beamline BB-B: GeV-class positrons & HEP detector test stand

FEL user area 2

GeV-class positron 
user area

INFN (Italy): 
Facility for beam-driven

plasma accelerators
Undulator

Plasma Injector

Plasma Injector
Plasma 

Accelerator

Plasma 
Accelerator

RF Injector

Conversion & 
conditioning

Life-science & materials X-
ray imaging user area

Laser

Facility for laser-driven
plasma accelerators

Beamline LB-A: FEL

Beamline LB-B: Positron beam source & table-top test beam 

Beamline LB-C: X-ray imaging – life sciences & materials  

FEL user area 1

FEL user area 2

Table-top test beam 
user area

Ultracompact positron 
source user area

Undulator Undulator

Laser-driven Beam-driven

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

✓ Ultracompact positron 
source beamline + 
positron user area

✓ FEL beamline to 1 
GeV + user area 1

✓ GeV-class positrons 
beamline + positron 
user area

Phase 2 ✓ X-ray imaging 
beamline + user area

✓ Table-top test beams 
user area

✓ FEL user area 2

✓ FEL to 5 GeV

✓ ICS source beamline + 
user area

✓ HEP detector tests 
user area

✓ FEL user area 2

✓ FEL to 5 GeV

Phase 3 ✓ High-field physics 
beamline / user area

✓ Other future 
developments

✓Medical imaging 
beamline / user area

✓ Other future 
developments

EAAC 2023 - EuPRAXIA-PP   | Ralph Assmann | 19 Sep 2023 
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• 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)

−PACRI just approved 10 MEuro (funding EU, 
Switzerland)



Funded by the 

European Union

• Managerial WP`s

• Outreach to public, users, EU decision makers and industry

• Define legal model (how is EuPRAXIA governed?), financial 
model, rules, user services and membership extension for full 
implementation

• Works with project bodies and funding agencies→ Board of 
Financial Sponsors

• Technical WP‘s (correspond to Project Clusters):

• Update of CDR concepts and parameters, towards technical 
design (full technical design requires more funding)

• Specify in detail Excellence Centers and their required funding: 
TDR related R&D, prototyping, contributions to construction

• Help in defining funding applications for various agencies

• Output defined in milestones & deliverables with dates

Preparatory Phase Main Goals

EAAC 2023 - EuPRAXIA-PP   | Ralph Assmann | 19 Sep 2023 

Collaboration Board
1 representative per Member & Observer

1 Chair and 1 Deputy Chair

Project Coordinator

+ Management Team
Steering Committee

Project Clusters (WPs)

Theory & 

Simulation
Laser 

Technology

Plasma 

Components 

& Systems

RF 

Technology

Magnets & 

Other 

Beamline 

Components

Diagnostics Applications

Transfor-

mative

Innovation 

Paths

Training, 

Outreach 

& Dissemi-

nation

Implemen-

tation & 

Layout

Central EuPRAXIA Management

EUROPEAN

PLASMA RESEARCH ACCELERATOR WITH

EXCELLENCE IN APPLICATIONS

National projects and facilities
Individual groups at universities

and laboratories

Technical Design 

Report

Construction Site
(tbd in 2023)

Laser-driven plasma accelerator

Delivers FEL light, X rays, electrons, 

positrons

Life sciences, medicine, materials

Four candidate sites described in 

conceptual design report

EuPRAXIA Organisation Chart

Construction Site Frascati

Beam-driven plasma accelerator

Delivers FEL light, X rays, electrons, positrons

Life sciences, particle physics, medicine, materials

Location: metropolitan 

area Rome, Italy

Excellence Centres

Technical design 

tests, prototyping, 

production

EuPRAXIA 

user e-needs

infrastructure

Plasma 

Simulations & 

Theory

Plasma 

Acceleration & 

High-Rep-Rate 

Developments

Technology 

Incubator to 

Laser Science 

Users

Laser-Plasma 

Acceleration & 

FEL 

Developments

Advanced 

Application 

Beamlines

Organization for initial Preparatory Phase in dark blue

Features to be added with decision on second site or in later 
phases are indicated in lighter shades

Scientific & Technical Advisory Committee

Open Innovation Forum

User Meetings & Program Committees

Resource Review Board

Quality Assurance Panel

Ethical Advisory Board

Advisory & Oversight Boards Co-funded by the 

European Union



Current Candidates for EuPRAXIA Laser Site 



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







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
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Operating properties

• Discharges synchronization
➢ Lenses synchronized with 

the beam entrance
➢ Central discharge applied 

3 µs before for plasma 
acceleration

• 10 kV voltage resulting in:
➢ 500 A on the lenses
➢ 250 A in the accelerator

Lucio Crincoli   |   PhD in Accelerator Physics, Sapienza Università di Roma 

Novel schemes for long sources and staged acceleration



12/14

Beam acceleration in the integrated plasma module 

Driver Witness

▪ 5 MeV/3cm acceleration in 19 cm long integrated plasma 
module with 200 pC driver/50 pC witness

• 3 cm long accelerator with 200 A ionization current

• 3 cm long plasma lenses with 500 A ionization current  

• Plasma density inside the accelerator set to 2x1015 cm-3

• ~150 MV/m accelerating gradient

• Stability of the accelerated beam 

200 consecutive shots taken with accelerated beam 



Radiation Generation: FEL

Courtesy L. Giannessi

40 m

50-100
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Towards a Plasma Undulator for FEL

➔ Neutral plasma creation through ionization laser

➔ Blowout of the plasma electrons through the driver 
beam

◆plasma electrons are expelled from the plasma 
region toward the neutral gas region

●negligible restoring force outside column

●negligible accelerating force inside column

●linear restoring force inside column 

E. Chiadroni et al., INFN-CSN5 project “Beta-test” at 
SPARC_LAB



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

at SPARC_LAB

FEL Beamlines

XGDM
Mirror
BDA

Spectrometer

Solid attenuators

Polarization/time measure

Monochromator

Split & delay line

Gas absorber

K-B mirrors

Exp. Chamber

Valves
BPM/screens

Laser hutch

AQUA beamline

ARIA beamline

50 m

39



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

× 1012 0.1- 0.25 1

Photon
Bandwith

% 0.1 0.5

Undulator Area 
Length

m 30

𝜌(1D/3D) × 10−3 2 2

Photon
Brilliance per 
shot

𝑠 𝑚𝑚2𝑚𝑟𝑎𝑑2

𝑏𝑤 0.1%
1−𝟐 ×

𝟏𝟎𝟐𝟖
1 × 1027

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 41



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)

42



Cost Review
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EuPRAXIA@SPARC_LAB baseline updating



A. Cianchi (Uni ToV) P. Cirrone (INFN-LNS) L. Labate (CNR-INO)

EuAPS: EuPRAXIA Advance Photon Sources - Principal Investigator: M. Ferrario, 
- Infrastructure Manager: C. Bortolin,
- Management and Dissemination: A. Falone

M. Ferrario et al. INFN-23-12-LNF (2023)

Milano

Potenza



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



𝜆𝛽 = 2𝛾𝜆𝑝

𝐾𝑢 = 𝛾𝑘𝛽𝑟𝛽

𝑟𝛽 =
2 𝑎0𝑐

𝜔𝑝

EuAPS Kick-off Meeting Roma , 28 February 2023, INFN Head quarter



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

𝑁𝑝ℎ ∝ 𝑁𝑒𝑁𝛽𝐾𝑢

Ku<1

Ku>1

Ku>>1



• 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

49

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)



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



51Update 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





EuPRAXIA Workshop
22-27 September 2024

Elba Island, Tuscany, Italy

• EuPRAXIA_PP Annual Meeting

• Workshop on “EuPRAXIA@SPARC_LAB machine upgrade and 
additional beam lines“ 

• Outreach Workshop

• https://agenda.infn.it/event/41613/



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 2028.

• Second EuPRAXIA FEL site will be selected in next 6 
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
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• HORIZON-INFRA-2024-TECH-01-01: R&D for the next generation of scientific instrumentation, tools, methods,
solutions for RI upgrade

• Dead line 12 March 2024

• Target Budget ~10 MEuro

New Proposal Just Accepted (score 14.4/15) : PACRI

# Partner Acronym

1 Elettra - Sincrotrone Trieste SCpA(Coordinator) ST

2 EuropeanOrganization for Nuclear Research CERN

3 Istituto Nazionale FisicaNucleare INFN

4 University of Liverpool ULIV

5 Thales-MIS Th-MIS

6 ScandinovaSystems AB SCND

7 VDLETGTechnology & DevelopmentBV VDL

8 COMEB COMEB

9 United KingdomResearchand Innovation UKRI

10 Consiglio Nazionaledelle Ricerche CNR

11 Extreme Light Infrastructure ERIC ELI-ERIC

12 CentreNational de la RechercheScientifiqueCNRS CNRS

13 Thales LASFranceSAS Th-LAS

14 Amplitude Amplitude

15 Centrode LÁSERESPulsados CLPU

16 Ferdinand-Braun-Institut gGmbH, Leibniz-Institut für 

Hoechstfrequenztechnik

FBH

17 Associacao do instituto superiorTecnico paraa Investigacao e

Desenvolvimento

IST

18 Universitàdegli Studi di RomaLaSapienza USAP

19 Heinrich-Heine-Universitaet Duesseldorf UDUS

20 Deutsches Elektronen-Synchrotron DESY DESY

21 TheChancellor,Masters andScholarsof the Univ. of Oxford UOX

22 Ludwig-Maximilians-Universitaet Muenchen LMU

23 GSIHelmholtz Centrefor Heavy Ion Research GSI

24 Universitàdegli Studi di RomaTorVergata UTOR

25 SourceLAB SourceLAB

26 PaulScherrer Institut (Associatedpartner) PSI

WP 
No.

Work Package Title
Lead Partic. 
Short Name

1 Coordination and project management ELETTRA

2 Scientific and industrial exploitation ULIV

3 Plasma accelerator theory and simulations IST

4 High repetition rate plasma structures INFN

5 Plasma acceleration diagnostics and instrumentation CNRS

6 High efficiency RF generator Thales-MIS

7 High repetition rate modulator Scandinova

8 X-band RF Pulse Compressor (BOC) INFN

9 RF tests and validation CERN

10 High repetition rate high power Ti:Sa amplifier module UKRI

11
Efficient kHz laser driver modules for plasma
acceleration

CNR

12 High-rep rate pump sources for laser drivers ELI-ERIC

13 Prototype of high average power optical compressor Thales-LAS

14
Laser Driver System Architecture,transport and
engineering

CNRS

25 Members

+

1 Associated partner

19 Universities and Scientific Labs.

+

7 Industries

Plasma Accelerators for Compact Research Infrastructures
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The objective of the PACRI project is to develop innovative breakthrough technologies, increasing their Technology
Readiness Level (TRL) for electron accelerators while taking energy consumption, resource efficiency, costs, and
environmental impact into due account. This includes the following draft non-exclusive goals:

• developing high rep-rate plasma modules, as required for the EuPRAXIA project, extending its scientific
domain from high average brightness radiation sources up to high energy physics;

• developing key laser components required to upscale high-power high repetition rate Laser technology
as required by the EuPRAXIA and ELI Research Infrastructure.

• improving the performance of normal conducting technology for X-band linac drivers, extending them to
the kHz regime, with focus on efficiency and energy consumption;

• supporting development towards compact linear colliders and nuclear physics facilities;

• developing compact advanced undulator modules, in order to reduce the overall size of the future FEL
facilities.

• supporting the availability of compact X-ray facilities (FELs, ICSs, Betatron) to serve a larger number of
users in many scientific fields, industry and society;

Plasma Accelerators for Compact Research Infrastructures
(PACRI)


