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Il diagramma di Livingstone

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.



Electrostatic Accelerator: Van de Graff



T=qDV

Possible Higher energy DC accelerator?
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DVT=0

Forbidden by Maxwell



B can vary in a RF cavity







Microtron - Synchronization



Energy gain/revolution

• In a microtron, due to the electrons' increasing momentum, the
particle paths are different for each pass. The time needed for
that must be an integer multiple k of the RF period. The allowed
energy gain/pass must fulfill the above condition.



The Lawrence Cyclotron



The Cyclotron concept





The Synchrotron concept
The main principle is to keep separated the bending and focusing devices 
(magnets of various types) from the ones that accelerates (resonant cavities). 

There is main difference from cyclotrons: the particles always ride on the same 
orbit. Therefore: 
• the cavities field must be synchronous with particle crossing and
• the bending magnet field must change in order to keep constant the radius of 

curvature.



Phase stability and longitudinal focusing

v





MAGNETIC QUADRUPOLE
Quadrupoles are used to focalize the beam in the transverse
plane. It is a 4 poles magnet:

ÞB=0 in the center of the quadrupole

ÞThe B intensity increases linearly with the off-axis
displacement.

ÞIf the quadrupole is focusing in one plane is defocusing in the
other plane
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Electromagnetic quadrupoles G <50-100 T/m
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Fermi’s Globatron: ~5000 TeV Proton beam
1954 the ultimate synchrotron

Bmax 2 Tesla 
r 8000 km 
fixed target 
3 TeV c.m.
170 G$
1994 



212 mEECM ≈

EECM 2≈

Touschek’s Anello Di Accumulazione (ADA)
1961 the first e+e- Collider



LHC few data



Synchrotron Radiation

F

v

Laboratory frame



Courtesy R. Assmann





Surface charge density Surface electric field

Restoring force

Plasma frequency

Plasma oscillations



Principle of plasma acceleration

Laser Wakefield Accelerator 
(LWFA): 

Drive beam = laser beam

Plasma WakeField
Accelerator (PWFA):

Drive beam = high energy 
electron or proton beam

ω p =
noe

2

εome

no = 1017 cm-3 è lp = 100 µm ~ 330 fs



Principle of plasma acceleration

Break-Down Limit? 
Þ Wave-Breaking field: Ewb ≈ 100 GeV /m[ ] no cm
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Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration
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Horizon2020

Plasma Wake-Acceleration
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~100
(~330 fs)



Horizon2020

Plasma Wake-Acceleration



Principle of plasma acceleration
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LWFA limitations: Diffraction, Dephasing, Depletion
PWFA limitations: Head Erosion, Hose Instability

Driven by Radiation Pressure

Driven by Space Charge

Linear Regime

Non Linear Regime

Beam Loading



Diffraction - Self injection - Dephasing – Depletion



Break-Down Limit? 
Þ Wave-Breaking field: Ewb ≈ 100 GeV /m[ ] no cm
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EUROPEAN
PLASMA RESEARCH
ACCELERATOR WITH
EXCELLENCE IN
APPLICATIONS

This project has received funding from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 653782.

http://eupraxia-project.eu

EuPRAXIA Design Study started on Novemebr 2015
Approved as HORIZON 2020 INFRADEV, 4 years, 3 M€

Coordinator: Ralph Assmann (DESY)



Horizon2020
Motivations

PRESENT EXPERIMENTS

Demonstrating 
100 GV/m routinely
Demonstrating GeV
electron beams
Demonstrating basic 
quality

EuPRAXIA INFRASTRUCTURE

Engineering a high 
quality, compact 
plasma accelerator
5 GeV electron beam 
for the 2020’s
Demonstrating user 
readiness
Pilot users from FEL, 
HEP, medicine, ...

PRODUCTION FACILITIES

Plasma-based linear 
collider in 2040’s
Plasma-based FEL in 
2030’s
Medical, industrial
applications soon

Courtesy R. Assmann









EuPRAXIA@SPARC_LAB
EuPRAXIA@SPARC_LAB

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

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



Long undulators chain



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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Radiation Simulator – T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm
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Lpulse = Nuλrad < 1ps

Nu = 5{ {{ { {



X-FEL based on last 1-km of existing SLAC linac

LCLS at SLAC- First Lasing 2009
1.5-15 Å



Electron source and acceleration



Beam Driven

Dw



March 2022 - First discharge in EuPRAXIA @ SPARC_LAB 
plasma acceleration module turned on

Image captured during the formation of plasma in the capillary 40 cm long and 2 mm in
diameter, installed inside a vacuum chamber specially created to accommodate large plasma
sources. The applied voltage pulse is 9 kV and the peak current reaches about 500 A.

Courtesy Angelo Biagioni



Long undulators chain



Beam separation



Experimental hall (Single Protein Imaging)

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



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



XFEL first lasing – Hamburg May 2017 



xfel.desy.de



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



First Lasing with LWFA at SIOM



71

First Beam Driven SASE-FEL Lasing at SPARC_LAB
(May 2021)

Accepted by Nature



Betatron Radiation Source

EuAPS First Day Meeting, 27/06/2022 72
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Thank for your attention


