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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.

Livingstone Diagram



Options towards higher energies

Compact and Cost 

Effective….              



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



Beam Quality Requirements

Future accelerators will require also high quality

beams :

==> High Luminosity & High Brightness,

==> High Energy & Low Energy Spread
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Courtesy R. Assmann

Livingstone Diagram with PWFA



Principles of plasma physics

Definition of Plasma: a quasi-neutral gas of charged particles showing

collective behaviour

=> a plasma responds to external forces as a single entity

The Debye length is a fundamental property of nearly all plasmas of interest

and depends equally on its temperature and density:

=> An ideal plasma has many particles per Debye sphere, a prerequisite for

the collective behaviour:



Plasma Temperature and Density



Surface charge density Surface electric 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

10



Horizon2020

Plasma Wake-Acceleration
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(~330 fs)



Horizon2020

Plasma Wake-Acceleration



PWFA beam line at SPARC_LAB 







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. 
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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











Courtesy Sci. Am

Non Linear Regime – Ellipsoidal Bubble Model

Courtesy of BELLA
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Laser Driven

LWFA



Laser beam

Electron beam

1 mm

Direct production of e-beam



Chirped Pulse 

Amplification



Diffraction - Self injection - Dephasing – Depletion









The colliding of two laser pulses

EuPRAXIA-DN School on Plasma Accelerators, Orto Botanico di Roma, Roma, Italia, Aprile 22-26 (2024)















Active Plasma Lens





Beam Manipulation







Beam Driven

PWFA
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Positron Acceleration, FACET

54

➔ 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)



















The near future



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/



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 like 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..

• ➔ FIRST PLASMA BASED USER FACILITIES Under Construction (EuPRAXIA)



Thank for your attention
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