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Equivalent
Energy

Energyof collidersis plotted in termsof the laboratoryenergyof particlescollidingwith a proton at rest to reachthe samecenter
of massenergy.

Livingstone Diagram
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Livingstone Diagram with PWFA



Surface charge density Surfaceelectric field

Restoring force

Plasma frequency

Plasma oscillations



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



Principle of plasma acceleration



Horizon2020

Plasma Wake-Acceleration
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Plasma Wake-Acceleration
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Plasma Wake-Acceleration
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Plasma Wake-Acceleration
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~100

(~330 fs)



Horizon2020

Plasma Wake-Acceleration



Diffraction - Self injection - Dephasing ïDepletion



PWFA beam line at SPARC_LAB 





Plasma Temperature and Density



Principle of plasma acceleration

LWFA limitations : Diffraction, Dephasing,

Depletion

PWFA limitations : Head Erosion, Hose

Instability

Driven by Radiation Pressure

Driven by Space Charge

Linear Regime

Non Linear Regime



Horizon2020

Linear Wakefields
(R. Ruth / P. Chen 1986)

Accelerating field

Transverse field

Depends on 
radial position r

Changes between accelerating 
and decelerating as function of 
longitudinal position z

Depends on radial 
position r

Changes between 
focusing and defo-
cusingas function of 
longitudinal position z

p/2 out of 
phase
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Non Linear Regime ςEllipsoidal Bubble Model

Courtesy of BELLA
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fm : current neutralisation factor

fe : charge neutralisation factor

R

z

r

Uniform Cylindrical Beam Model with ionized gas background



Lorentz Force
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Generalized Envelope Equation



Matching in a Plasma Accelerator with fe=np/ne and fm=0

Let consider the charge screening effect of the plasma background with particle density np , 

by defining fe=np/ne, where ne is the bunch particle density and fm=0. We also do not include 

any external focusing element so that kext=0. The envelope equation can be recast as:

or by recalling the definition of the Alfven current IA and of the beam current I=ecneps
2 it can be 

written in a more familiar form as:

I A =
4peomoc

3
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Courtesy P. Tomassini

Transverse beam dynamics inside the plasma



With the typical beam parametersin a plasmaaccelerator: 1 kA peak current, 1 mm normalized

emittance,injectionenergygo=300andspotsizeabout5mm, thelaminarityparameter(43) resultsto be

r< 1, i.e. the beamis emittancedominated. We have also to neglectthe adiabaticdampingterm,

settinggô=0 i.e. no acceleration. This approximationis quitestrongbut it will allow usto find at leasta

propermatchingconditionthatholdsat theentranceof theplasmacolumn. It follows that theenvelope

equationcanbeapproximatedby thereducedexpression:





The near future
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APPLICATIONS



Funded by the 

European Union

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

1 ς100 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/

EuPRAXIAis the first Europeanproject that developsa dedicatedparticle acceleratorresearchinfrastructure
basedon novelplasmaaccelerationconceptsdriven by innovative laserand linactechnologies.

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)

LinacCoherent Light Source (LCLS) Conceptual Design Report - SLACấRấ593 April 2002 UC-414



34

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



Basic beam  quality achieved in pilot FELexperiments



Funded by the 

European Union

ÅThe EuPRAXIA Consortium today: 54 institutes from 18 countries plus CERN 

ÅIncluded in the ESFRIRoad Map

Wide International Collaboration

ÅEfficient 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

Å Frascati`s future facility
Å Ҕ мол aϵ ƛƴǾŜǎǘ ŦǳƴŘƛƴƎ
Å Beam-driven plasma 

accelerator
Å Europe`s most compact 

and most southern FEL
Å The world`s most 

compact RF accelerator 
(X band with CERN)



EuPRAXIA@SPARC_LAB

RF powermodules

1 GeV LINAC

Beamuserareas

FEL user area @4nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources



In the Energy region between Oxygen and
CarbonK-edge2.34 nmς4.4 nm (530 eV-280
eV) water is almost transparent to radiation
while nitrogen and carbonare 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



Single Protein Imaging with hard x-rays



Static picture of 

a macro-

molecule 

- Short wavelength (X-ray) 

- High energy per pulse 

- Ultra-short pulse (few femtoseconds)

- Coherence 

Required properties 

Single Protein Imaging with hard x-rays



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



Courtesy J. Osterhoff


