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The Livingstone Diagram

(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.)



Options towards higher energies

Compact and Cost 

Effective….              



Beam Quality Requirements

Future accelerators will require also high quality

beams :

==> High Luminosity & High Brightness,

==> High Energy & Low Energy Spread
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–Little spread in

transverse momentum and

angle => low emittance

–Short pulse (ps => fs)



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

(mm) spot to match high gradients



Lawson-Woodward Theorem

The net energy gain of a relativistic electron interacting  with an 
electromagnetic field in vacuum is zero

The theorem assumes that 
(i) the em field is in vacuum with no walls or boundaries present
(ii) the electron is highly relativistic (v ≈ c) along the acceleration path
(iii) no static electric or magnetic fields are present
(iv) the region of interaction is infinite
(v) ponderomotive effects (nonlinear forces, e.g. v x B force) are neglected

J.D. Lawson, IEEE Trans. Nucl. Sci. NS-26, 4217, 1979
P.M. Woodward, J. Inst. Electr. Eng. 93, 1554, 1947
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Acceleration mechanism must violate the Lawson-
Woodward theorem
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Reflection of plane waves
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Reflection of plane waves

  

z = z cosq - x sinq

  

z' = z cosq ' + x sinq '

  

E x,z,t( ) = E+ xo,zo, to( )eiwt-ikz +E- xo,zo, to( )eiwt-ikz '

x

z

Plane wave reflected by a perfectly conducting plane

In the plane xz the field is given by the superposition of 

the incident and reflected wave:

  

s =¥

And it has to fulfill the boundary conditions: no tangential E-field on the surface 

of the conducting plane
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Reflection of plane waves (a first boundary value problem)

   

Ez x,z, t( ) = E+ sinq( )e
iwt- ik z cosq -x sinq( )

- E+ sinq( )e
iwt- ik z cosq +x sinq( )

= 2iE+ sinq sin kx sinq( )eiwt- ikz cosq

Standing Wave 

pattern (along x) 

Guided wave 

pattern (along z)

Taking into account the boundary conditions the longitudinal component of 

the field becomes:

x

z
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From reflections to waveguides

   

vfz =
w

kz
=

w

k cosq
=

c

cosq
> c

Put a metallic boundary where the 

field is zero at a given distance from 

the wall.x

z

Between the two walls there must 

be an integer number of half 

wavelengths (at least one).

For a given distance, there is a 

maximum wavelength, i.e. there is 

cut-off frequency.

It can not be used as it is 

for particle acceleration



vj º c



Conventional RF accelerating structures



X-band RF structures – State of the Art

A limit on the acceptable Break-Down Rate
has been set at < 3 10-7 per pulse

• Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).

• A. Grudiev et al, PRST-AB 12, 102001 (2009)

• S. V. Dolgashev, et al. Appl. Phys. Lett. 97, 171501

2010.

• M. D. Forno, et al. PRAB. 19, 011301 (2016).

Max accelerating field: trf
-1/6

Stored energy: f -3
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dielectricfuture

The E.M. Spectrum of Accelerating 

Structures



Dielectric Laser Acceleration

DLA



Laser based dielectric accelerator





Dielectric Structures Applications

DLA module can be built onto

the end of a fiber-optic

catheter and attached to an

endoscope, allowing to deliver

controlled, high energy

radiation directly to organs,

tumors, or blood vessels within

the body.

Electrons with 1–3MeV have a

range of about a centimeter,

allowing for irradiation

volumes to be tightly

A combination of DLA modules

and optical undulator allows

dreaming for a compact table

top FEL



Dielectric Photonic Structure

 Why photonic structures? 

 Natural in dielectric 

 Advantages of burgeoning field 

 design possibilities

 Fabrication

 Dynamics concerns

 External coupling schemes

Biharmonic ~2D structure

e-beam

Laser pulses
180 degrees 
out of phase

Schematic of GALAXIE
monolithic photonic DLA



Laser-Structure Coupling: TW
GALAXIE Dual laser drive structure, large reservoir of power recycles 

e-beam

Laser pulses
(180 degrees 
out of phase)



Dielectric Wakefield Acceleration

DWA



Dielectric Wakefield Accelerator





Plasma Wakefield Acceleration





Surface charge density Surface electric field

Restoring force

Plasma frequency

Plasma oscillations



Looking for a plasma target



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
Break-Down Limit? 

 Wave-Breaking 

field:



Principle of plasma acceleration



PWFA vacuum chamber at SPARC_LAB 





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
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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
Break-Down Limit? 

 Wave-Breaking 

field:



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-
cusing as function of 
longitudinal position z

p/2 out of 
phase













Plasma Source

PH2 = 10 mbar
Total discharge duration: 800 ns
Voltage: 20 kV
Peak current: 200 A 
Capacitor: 6 nF

Courtesy of M. P. Anania, A. Biagioni, D. Di Giovenale, F. Filippi, S. Pella



• 20 images separated by 100 ns, so 2 µs of total observation time of the plasma plumes
• The ICCD camera area is 1024 x 256 pixel 

Plasma plumes

Discharge voltage 18 kV
Capillary

Electrode

Plasma 
channel

20 mm/2 μs

▪ Both plama plumes can reach a total expansion length around 40 mm (20 mm each 
one) that is comparable with the channel length of 30 mm, so they can strongly 
affect the beam properties that passes through the capillary

▪ Temperature, pressure and plasma density, inside and outside the gas-filled 
capillary plasma source, represent essential parameters that have to be 
investigated to understand the plasma evolution and how it can affect the electron 
beam.

Vacuum

Angelo.Biagioni@lnf.infn.it
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Tapered capillaries

Local control of the plasma density is required to match the laser/electron beam into the 

plasma. 

Tapering the capillary diameter is the easiest way to change locally the density. 

TAPERING OF: 0° 5° 10° 15° CAPILL

ARY

TAPERI

NG 

ANGLE



Laser Driven

LWFA



Laser beam

Electron beam

1 mm

Direct production of e-beam



Chirped Pulse 

Amplification



Diffraction - Self injection - Dephasing – Depletion





















Active Plasma Lens





Beam Manipulation







Beam Driven

PWFA



Blumenfeld, I. et al. Energy doubling of 42 GeV
electrons in a metre-scale plasma wakefield
accelerator. Nature 445, 741–744 (2007).

Litos, M. et al. High-efficiency acceleration of an
electron beam in a plasma wakefield accelerator.
Nature 515, 92–95 (2014).







Positron Acceleration, FACET

73

➔ Emittance blow-up is an issue! → Use hollow-channel, so no plasma on-axis, no complicated forces 
from plasma electrons streaming through the plasma → but then strong transverse wakefields when beams 
are misaligned.

Two-bunch positron beam: First demonstration of 

controlled beam in positron-driven wake
S. Doche et al., Nat. Sci. Rep. 7, 14180 (2017)

First demonstration of positron acceleration in plasma (FFTB)

B.E. Blue et al., Phys. Rev. Lett. 90, 214801 (2003)
M. J. Hogan et. al. Phys. Rev. Lett. 90 205002 (2003).

High-density, compressed positron beam for non-linear PWFA 
experiments. Energy transfer from the front to the back part of 
the bunch. 

Energy gain of 5 GeV. Energy 
spread can be as low as 1.8%
S. Corde et al., Nature 524, 442 (2015)

Measurement of transverse wakefields in a hollow 
plasma channel due to off-axis drive bunch propagation. 

C. A. Lindstrøm et. al. Phys. Rev. Lett. 120 124802 (2018).

Vacuum

Plasma

Drive Beam e+Witness Beam e+

𝜀 < 0
𝜀 = 1

Hollow plasma channel: positron 
propagation, wake excitation, 
acceleration in 30 cm channel.
S. Gessner et. al. Nat. Comm. 7, 11785 (2016)







FLASHForward>>, DESY

SYNCHRONIZED 25 TW LASER 

1.2 GEV BEAMS

FROM FLASH

CENTRAL IN
TERACTION AREA

FINAL FOCUSSING SECTION

DISPERSIVE SECTION

DIFFERENTIAL PUMPING

FLASH 2

 → A. Aschikhin et al., NIM A 806, 175 (2016) 

 unique FLASH facility features for PWFA 

- FEL-quality drive and witness beams  

- up to 1 MHz repetition rate 

- 3rd harmonic cavity for phase-space linearization  
→ tailoring of beam current profile 

- differentially pumped, windowless plasma sour ces 

- 2019: X-band deflector of 1 fs resolution post-plasma 

(collaboration with FALSH 2, SINBAD, CERN & PSI) 

- Future: up to 800 bunches (~MHz spacing) at 10 Hz 
macro-pulse rate, few 10 kW average power.   

plasma source
30 mm long (up to 450 mm possible) 

→ (12.3 ± 1.7) GV/m wakefield generated in 30 

mm plasma cell

→ 12.7% total energy loss to plasma wakefield















The near future



Horizon 2020

Quality: Example Energy Spread

M. Migliorati et al, Physical Review Special Topics,Accelerators and Beams 16, 011302 (2013)
K. Floettmann, PRSTAB,6, 034202 (2003) 84

FEL Territory

Compact 
FEL’s?

Lower quality

Higher quality

Courtesy R. 

Assmann



EUROPEAN

PLASMA RESEARCH

ACCELERATOR 

WITH

EXCELLENCE IN

APPLICATIONS

This project has received funding from the European Union´s Horizon 
Europe research and innovation programme under grant agreement 
No. 101079773



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

1

Producing particle and photon pulses to 
support several urgent and timely science 

cases

Enable frontier science in new regions and 
parameter regimes 

2

A New European High-Tech User Facility

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)

Linac Coherent Light Source (LCLS) Conceptual Design Report - SLAC–R–593 April 2002 UC-414
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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



Energy spread compensation with beam loading



Assisted beam-loading technique

Pre-chirp to compensate wakefield slope

D

W

R. Pompili et al., Energy spread minimization in a beam-driven plasma wakefield accelerator, Nature Physics volume 17, pages 499–503 (2021)

https://www.nature.com/nphys


Basic beam  quality achieved in pilot FEL experiments



PWFA beam line at SPARC_LAB 
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Required Bunch Energy Stability

FEL requirement

Plasma density

Bunch charge/length

Driver/Witness separation

93



Funded by the 

European Union

• 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)



Funded by the 

European Union

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)



Funded by the 

European Union
Distributed Research Infrastructure

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)



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



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



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)



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



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



𝜆𝛽 = 2𝛾𝜆𝑝

𝐾𝑢 = 𝛾𝑘𝛽𝑟𝛽

𝑟𝛽 =
2 𝑎0𝑐

𝜔𝑝

𝜔𝑐 = 3𝐾𝑢𝛾
2𝜔𝛽

𝑁𝑝ℎ ∝ 𝑁𝑒𝑁𝛽𝐾𝑢

Ku<1

Ku>1

Ku>>1

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



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

Example: a0 = 5; laser spot-size: 3 microns; laser duration: 12fs; plasma density = 
6x10^19.



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

107

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)



Conclusions

• Accelerator-based High Energy Physics will at some point become practically limited by the size and

cost of the proposed e+e- colliders for the energy frontier.

• Novel Acceleration Techniques and Plasma-based, high gradient accelerators open the realistic

vision of very compact accelerators for scientific, commercial and medical applications.

• The R&D now concentrates on beam quality, stability, staging and continuous operation. These are

necessary steps towards various technological applications.

• The progress in advanced accelerators benefits from strong synergy with general advances in

technology, for example in the laser and/or high gradient RF structures industry.

• A major milestone is an operational, 1 GeV compact accelerator. Challenges in repetition rate

and stability must be addressed. This unit could become a stage in a high-energy accelerator..

• ➔ PILOT USER FACILITIES Under Constraction (EuPRAXIA)



Thank for your attention





SPARC_LAB is the test and training facility at

LNF for Advanced Accelerator Developments

(since 2005)



High Brightness Photo-injector with Velocity Bunching
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PWFA vacuum chamber at SPARC_LAB 



Assisted Beam Loading Energy Spread Compensation



Free Electron Laser



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









Ig Nobel Prize 2022 in 
Physics

EuroNNAc Special Topics Workshop, 
Sept 18-24  2022

E. Gschwendtner, CERN 122

15 September

AWAKE Collaboration


