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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 , Cost 

Effective and 

Improved 

Sustainability



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
Break-Down Limit? 

 Wave-Breaking 

field:



Principle of plasma acceleration



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration
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Plasma Wake-Acceleration
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Horizon2020

Plasma Wake-Acceleration
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~100

(~330 fs)



Horizon2020

Plasma Wake-Acceleration



PWFA beam line at SPARC_LAB 





Looking for a plasma target



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



Plasma source properties and implementation_Gas-filled discharge capillaries

Gas injection

Plasma/Gas 
ramps

Plasma channel

HV

Electrodes

Discharge Plasma sources properties

o Region of uniform neutral gas contained by 

differential pumping at two input/output 

extremities and realized by a thin capillary

o Modulation of longitudinal gas distribution by 

special geometric shapes

o Small gas flow to operate in steady state 

regime with continuous flow (P < 1 bar)

o There is no movable parts

o Small dimension of the HV source to produce 

plasma

o Plume of gas from front and back of cell, 

plasma ramps to be controlled

o Density easily adjusted by controlling gas flow, 

geometry or voltage in the range: 1015 - 1019

cm-3

o Erosion of the plasma channel due to the 

electrical discharges to form plasma

Angelo.Biagioni@lnf.infn.it | EuPRAXIA_DN School on Plasma accelerators

Gas inlets

Electrode
HV pulse

Plasma channel

Density profile

x1017

Time profile

Spatial
profile

Acceleration



• 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



25F. Filippi

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



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











➔ BEAM LOADING: 
The presence of the witness bunch affects the wakefields

Non-linear regime

The bubble closes later

Linear regime

32

(P. Muggli, CAS 2014)

Beam Loading 



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



Plasma source properties and implementation_Gas-filled discharge capillaries

Active PlasmA alens
(APL)
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Focusing

Time profile

J. van Tilborg et Al, Active Plasma Lensing for Relativistic Laser-
Plasma-Accelerated Electron Beams, PRL 115, 184802 (2015)

• R capillary radius
• I0 peak current 



➔Ion column provides linear focusing force

Radial electric field: 𝐸𝑟 𝑟 =
𝑒𝑛𝑝𝑒

2𝜀0
𝑟 (Gauss’ law on cylinder of ions)

→ Plug it in envelope equation: 𝜎𝑟
′′ 𝑧 + 𝜎𝑟(𝑧) 𝐾 −

𝜖𝑔
2

𝜎𝑟
4 𝑧

= 0

• 𝛽 =
𝜎2 0

𝜖𝑔
=

2𝜀0𝑚𝑒𝑐
2𝛾

𝑛𝑝𝑒𝑒
2

• Injection at waist: 𝜎′ 𝑧 = 0 = 0

Note: the matching condition is given by 𝛽! 
→ Stronger focusing required for higher density

Equilibrium 
between focusing
force and emittance

51

Beam Quality Preservation requires proper matching – Focusing

=0: 
Matching condition

Matched→ no envelope oscillations

Too large
Too small

(L. Verra et al 2020 J. Phys.: Conf. Ser. 1596 012007)

Beam leaves the 
plasma at waist
→matched➔constant
size



➔Ion column provides linear focusing force

Radial electric field: 𝐸𝑟 𝑟 =
𝑒𝑛𝑝𝑒

2𝜀0
𝑟 (Gauss’ law on cylinder of ions)

→ Plug it in envelope equation: 𝜎𝑟
′′ 𝑧 + 𝜎𝑟(𝑧) 𝐾 −

𝜖𝑔
2

𝜎𝑟
4 𝑧

= 0

Equilibrium 
between focusing
force and emittance

Beam Quality Preservation requires proper matching – Focusing

=0: 
Matching condition

Q: WHY IS IMPORTANT TO MATCH THE BEAM ENVELOPE?

(C.A. Lindstrøm and M. Thévenet 2022 JINST 17 P05016 )

• Finite energy spread:
→ different energy slices rotate at different rates in transverse phase space
→ slice emittance preserved (linear focusing)
→ projected (i.e., overall) emittance grows!

52



Plasma source properties and implementation_Gas-filled discharge capillaries
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Lens ON        Acc ON Lens ON

3 us

Acc-200A

Lens-500A

Integrated capillary

Very long capillary

Curved capillary for APD

Design of m-scale capillaries for EuPRAXIA project by using segmented 

capillaries: design of HV-voltage circuits and discharge synchronization

Design of new geometries for curved
channels: HV-circuits to allow high current
pulses

Studies on cross-talk effects:

Design of electrodes and HV-circuits to 

reduce the interaction among discharges 

through plsam ramps 

Segmented capillary

Pompili, Riccardo, et Al, Guiding of charged particle beams in curved capillary-discharge

waveguides, AIP Advances 8.1 (2018)







Courtesy J. Osterhoff



Funded by the 

European Union

n. 20 POST-DOCTORAL SENIOR LEVEL 3 RESEARCH GRANT 
IN EXPERIMENTAL PHYSICS at INFN

https://jobs.dsi.infn.it/dettagli_job.php?id=4180

Dead line: November 15



Funded by the 

European Union

LPAW 2025 – Ischia Island

https://agenda.infn.it/event/42311/

The Laser and Plasma Accelerators Workshop 2025 (LPAW 2025) 
will be held at Hotel Continental Ischia, in the Ischia Island 
(Campania, Italy), from Monday 14 to Friday 18 April 2025.

The Laser and Plasma Accelerators Workshop (LPAW) series is one 
of the leading workshops in the field of plasma-based acceleration 
and radiation generation. 

The following scientific topics will be the main focus of the 
conference:
•Plasma-based lepton acceleration (experiments, simulations, 
theory, diagnostics...).
•Plasma-based ion acceleration (experiments, simulations, theory, 
diagnostics...).
•Secondary radiation generation and applications (experiments, 
simulations, theory, diagnostics...).

John Dawson Thesis Prize
“John Dawson Thesis Prize” is awarded on a biannual basis to the 
best PhD thesis in the area of plasma accelerators driven by laser 
or particle beams. The prize will be awarded for fundamental 
(theoretical or experimental) or applied aspects.
Each prize winner will receive a certificate of merit, up to 500 
Euros, and financial support to attend the “Laser and Plasma 
Accelerators Workshop,” where the prize will be awarded.



Beam Driven

PWFA


