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New Technology: Plasma Accelerators I

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

Overcome high-field limitations of metallic walls with dynamic plasma structures (undestructible)

New : Wakefields inside a 
homogenous plasma can convert 

into

Options for driving wakefields:

• Lasers: Industrially available, steep progress, path to low cost
Limited energy per drive pulse (up to )

• Electron bunch: Short bunches (need μm) available, need long RF accelerator
More energy per drive pulse (up to )

• Proton bunch: Only long (inefficient) bunches, need very long RF accelerator
Maximum energy per drive pulse (up to )

Ponderomotive force 
of a laser pulse and 

restoring force of ion 
channel

Space charge force of a 
charged particle bunch 
(e-, p+) and restoring 
force of ion channel

or
Accelerating gradients of 

10 GeV/m to 
1,000 GeV/m

Courtesy M. Kaluza
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New Technology: Plasma Accelerators II
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Like wakes left behind 
by a boat in water
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Plasma Accelerator: Natural Photon Source
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Wiggling electrons emit X rays  a plasma accelerator as accelerator and undulator at once

Electrons travel in the ion channel of the 
plasma accelerator:

 experience ultra-strong transverse focusing 
forces, they oscillate and emit photons
Can enhance with beta mismatch oscillations of 
the beam size or offsets.

We studied this in 2002 at SLAC.
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Progress in Particle Accelerators: New Technology

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

Nobel prize 
Physics 2018

Bob Siemann, 
SLAC

I. Blumenfeld et al, 
Nature 445, p. 741 
(2007)

E167 collaboration
SLAC, UCLA, USC

LBNL and collaborators
Gonsalves et al, PRL 122, 084801 (2019)



Funded by the 
European Union

Progress in Particle Accelerators: New Technology

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

Nobel prize 
Physics 2018

Shows potential of plasma 
acceleration for very high 

energies  HEP
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Nobel prize 
Physics 2018

Shows potential of plasma 
acceleration for very high 

energies  HEP

Plasma acc. today in regime 
required for FEL’s 
 Photon Science!
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Progress in Particle Accelerators: New Technology
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Nobel prize Physics 
2018

Shows potential of plasma 
acceleration for very high 

energies  HEP

Plasma acc. today in regime 
required for FEL’s 
 Photon Science!

Acceleration length (new 
versus conventional):

9 cm versus 100 m
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Major Experimental Demonstrations
for both laser-driven (LWFA) and beam-driven (PWFA) plasma acc.
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2021: 
LWFA 
FEL
Shanghai, 
China
Nature

2021: 
PWFA 
seeded
FEL
LNF/INFN 
Italy
PRL

2021: 
PWFA 
FEL 
LNF/INFN
Italy
Nature

2022:
LWFA 
seeded
FEL
HZDR, 
Soleil, … 
Germany
France
Nat. 
Phot.
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The EuPRAXIA Project

• 1st ever design of a plasma accelerator facility. 1st ESFRI
plasma acc. project. 1st ESFRI acc. project since 2016.

• Conceptual Design Report for a distributed research 
infrastructure funded by EU Horizon2020 program. 
Completed by 16+25 institutes.

• Challenges addressed by EuPRAXIA since 2015:
• Can plasma accelerators produce usable electron beams?

• For what can we use those beams 

• Next phase consortium: > 50 institutes

• Preparatory Phase project: 2022 – 2026 (ongoing)

• Start of 1st operation: 2028

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

600+ page CDR, 240 scientists contributed

http://www.eupraxia-project.eu/
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A New European High-Tech Research Facility 
Delivering Frontier Science
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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

1

2
High QualityLaser & Industry Plasma Accelerator RF

http://www.eupraxia-project.eu/
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EuPRAXIA Facility Size:   C O M P A C T
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EuPRAXIA Facility Size:   C O M P A C T
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EuPRAXIA at 
Frascati

EuPRAXIA at ELI-Beamlines or EPAC 
or Pisa or Salamanca or ?

• Distributed
• 2 Construction Sites
• Several Excellence 

Centers

IMPORTANT: 
EuPRAXIA design includes
innovative concepts & 
solutions 
but also lab space, RF 
injectors, transfer lines, 
undulator lines, shielding, ... 
(the real space needed)
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Producing particle and photon pulses to
support several urgent and timely science

cases

Enable frontier science in new regions and 
parameter regimes

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

1

2

A New European High-Tech Research Facility 
Delivering Frontier Science



European Plasma Research Accelerator with eXcellence In Applications

Versatile – Designed for Users in Multiple Science Fields

Topics of research: proteins, viruses, bacteria, cells, 
metals, semiconductors, superconductors, magnetic 
materials, organic molecules

Delivers 10-100 Hz ultra-
short pulses
• Electrons

(0.1-5 GeV, 30 pC) 
• Positrons

(0.5-10 MeV, 106)
• Positrons (GeV source)
• Lasers

(100 J, 50 fs, 10-100 Hz)
• Betatron X rays

(1-110 keV, 1010)
• FEL light 

(0.2-36 nm, 109-1013)

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 
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Achieved with Technical Innovations

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

and many
others…
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Why Another Photon Science 
Facility? (smaller size, lower power, less performance intially)

Make it Fit! 
 Enable Additional Science!
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EuPRAXIA: Enabling Additional Science

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

1 μm        100 nm 10 nm 1 nm 100 pm 10 pm 1 pm 100 fm          10 fm

Ultraviolet light

Soft X Rays

Hard X Rays

Gamma Rays

Visible 
light

In addition: Compact 
plasma-based FEL´s

• Beautiful and highly optimized
masterpieces of science.

• Go here for best possible 
performance.

• Issue: Only few FEL´s can be
built due to their size and cost. 
Access to beam time is strongly
limited.
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“Unlimited“ Number of Study Objects with
Strong Impacts on Our Lives

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 

1 μm        100 nm 10 nm 1 nm 100 pm 10 pm 1 pm 100 fm          10 fm

Ultraviolet light

Soft X Rays

Hard X Rays

Gamma Rays

Visible 
light

Need for access and 
screening time – work 
for students at 
many universities
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The EuPRAXIA Consortium Today

• 54 institutes (in addition > 3 asked to join us presently)

• from 18 countries plus CERN 

• signed on one or several presently active EuPRAXIA consortia:

− ESFRI consortium (funding in-kind)

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

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

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 
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EuPRAXIA: Cost/Budget Status Aug 2023
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Cost item
Invest 
(M€)

Personnel 
(M€)

Total cost 
(M€)

Obtained 
(M€)

Coverage 
(%)

Missing (§)
(M€)

Site 1 (*), Frascati 151,0 23,0 174,0 138,8 80% 35,2

Site 2 (**), tbd 149,0 29,0 178,0 0,0 0% 178,0
Termination 1,0 2,0 3,0 0,0 0% 3,0

CDR 0,2 2,8 3,0 3,0 100% 0,0
Preparation, incl. 
excellence centers 137,0 74,0 211,0 34,6 16% 176,4

Total 438,2 130,8 569,0 176,4 31% 392,6

(*) includes estimate of 240 FTE-y of personpower from LNF-INFN
(**) cost will be reduced in case of relevant pre-invests (exisiting infrastructure, equipment)
(§) for full implementation, phased EuRAXIA approach allows user operation without full funding
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Distributed Research Infrastructure (June 23)

2

2

2

4

2

3

5

1

6

2

Beam-driven plasma user facility
EuPRAXIA Headquarter
Laser-driven plasma user facility: 
candidates
Excellence Center

Horizon Europe

Second site will be decided in Preparatory 
Phase project.
Excellence centers (EC) perform technical 
developments, prototyping and component 
construction. Number of EC’s, locations, 
roles, responsibilities reviewed in Prep. 
Phase. Beam-driven plasma user facility

EuPRAXIA Headquarter

Technology 
Incubator (CZ - ELI)

User Data Center (H)

Theory & 
simulations 
(P)

Advanced 
Applications 
Beamlines (UK)

Laser-Plasma Acc. 
& 1 GeV FEL (F)

Plasma Acc. & 
High Rep. Rate 
Dev. (D)

2

Today`s status

Excellence centers: 
several (6 – 10) 
assumed to be
realized

Second site: one to be
selected

Connect with WP´s to
Horizon Europe and 
national funding lines
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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)

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 
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It Fits the Frascati Site
(also fits sites at a large university, hospital, company, …)

Directorate building

INFN central
administra-
tion

Canteen

SPARClab (seeding
with plasma acc.)

@ SPARClab
(European site 1)

Tor Raubenheimer
SLAC, Stanford University, 
USA

Vladimir Shiltsev, Fermilab National Laboratory, USA
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Layout

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023

Courtesy F.Cioeta & 
E.Di Pasquale
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High Quality Electron Beams
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55 m

Courtesy E. Chiadroni
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World`s Most Compact RF Linac: X Band 
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55 m

Courtesy D. Alesini
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Plasma Module

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 Courtesy A. Biagioni, R. Pompili
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Radiation Generation: FEL

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 Courtesy L. Giannessi
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Expected SASE FEL Performance

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023

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

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

ൈ 10ଵଶ 0.1-
0.25

1

Photon
Bandwith

% 0.1 0.5

Undulator
Area Length

m 30𝜌(1D/3D) ൈ 10ିଷ 2 2

Photon
Brilliance per 
shot

𝑚𝑚ଶ𝑚𝑟𝑎𝑑ଶ𝑏𝑤 0.1% 1െ𝟐 ൈ𝟏𝟎𝟐𝟖 1 ൈ 10ଶ଻
Courtesy C. Vaccarezza



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
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Distributed Research Infrastructure (June 23)
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Beam-driven plasma user facility
EuPRAXIA Headquarter
Laser-driven plasma user facility: 
candidates
Excellence Center

Horizon Europe

Second site will be decided in Preparatory 
Phase project.
Excellence centers (EC) perform technical 
developments, prototyping and component 
construction. Number of EC’s, locations, 
roles, responsibilities reviewed in Prep. 
Phase. Beam-driven plasma user facility

EuPRAXIA Headquarter

Technology 
Incubator (CZ - ELI)

User Data Center (H)

Theory & 
simulations 
(P)
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Applications 
Beamlines (UK)
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High Rep. Rate 
Dev. (D)

2

Today`s status

Excellence centers: 
several (6 – 10) 
assumed to be
realized

Second site: one to be
selected

Connect with WP´s to
Horizon Europe and 
national funding lines



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



Funded by the 
European Union

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 



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 18 
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!

• Many thanks to all my EuPRAXIA colleagues and close
friends, especially Massimo Ferrario from INFN.

Conclusion

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 
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Thank You

FLS23: EuPRAXIA   | Ralph Assmann | 28 Aug 2023 
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