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Ø Very High Energy Electron (VHEE) for Radiotherapy

Ø Laser-plasma Acceleration (LPA) for VHEE

Ø Introducing I-LUCE Facility

Ø Plasma Module & Plasma Diagnostic

Ø Plasma Modelling in COMSOL Multiphysics
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VHEE: For RT
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Several Electron Beam Energies (all in MeV)

Several Electron Beam Widths (all in mm) at an 
Electron Energy of 250 MeV
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Proton VHEE

Advanced Radiotherapy
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VHEE: Toward Experimental Implementation via LPAs
VHEE can be generated using LPAs, which leverage plasma technology and intense laser pulses to
propel charged particles to very high energies over short distances (via gas jets or discharge capillaries).

Plasma capillary at BELLA (USA)

Plasma capillary  at INFN-LNF (Italy)

Plasma (Energy Booster):
Transfers energy from an intense 

laser pulse to particles

Laser Pulse:
Creates a strong electric field

in the plasma wake
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LPAs: Laser Wakefield Acceleration (LWFA)

Ø Laser Pulse Injection:
A powerful laser pulse is directed into a plasma.

Ø Creation of Plasma Wake:
The high-intensity laser pulse generates a strong
electric field in the plasma, known as the plasma
wake.

Ø Electron Displacement:
This electric field from the laser pulse pushes
electrons away from their original positions in the
plasma.

Ø Formation of Positive Charge Region:
This movement of electrons creates a region of
positive charge because the heavier ions remain
relatively stationary while the lighter electrons move
away.

Ø Electron Acceleration:
Electrons are accelerated as they ride the wake
created by laser and gain energy as they move
through these waves.

T. Tajima, J. Dowson, Phys. Rev. Lett, 43 (1979) 

Principal Acceleration Diagram

W.P. Leemans et al., Phys.  Rev. Lett, 113 (2014) 

LWFA Mechanism

An Experimental Setup Diagram

Electron Acceleration
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Acceleration Scheme: Laser Wakefield Acceleration (LWFA)

Wave Amplitude and Laser Pulse Length:
Ø The amplitude of the wakefield (the electric field generated behind the laser

pulse) depends on the length (vety short) and intensity of the laser pulse.
Ø Longer pulses generally excite larger wakefields.

Dependency on Plasma Wavelength:
Ø The maximum accelerating field that can be achieved is influenced by the

plasma wavelength (𝝀𝒑), which is related to the plasma density (𝒏𝒆).

Dependency on Plasma Density:
Ø A higher plasma density results in a shorter plasma wavelength.
Ø Higher plasma density leads to stronger collective effects, enhancing the

wakefield amplitude and the accelerating field.
Ø Higher density plasmas support stronger wakefields, leading to more efficient

acceleration

Regulation by Background Plasma Density:
Ø The background plasma density effectively regulates the accelerating field.
Ø The density determines the plasma wavelength, which affects the strength of the

wakefield and the efficiency of electron acceleration.

«Plasma density controls the strength of the accelerating field»

Plasma frequency:

Accelerating field: 

Plasma wavelength:
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I-LUCE at INFN-LNS (Laboratori Nazionali del Sud)

I-LU
C
E
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I-LUCE (INFN - Laser indUCEd radiation production) Facility

December 2024

December 2024

November 2026

July 2026

( )

Talk by: Dr. GAP Cirrone
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I-LUCE Facility: Plasma Source (Plasma-discharge Capillary)
A capillary is a small, narrow tube, often made of dielectric materials such as quartz, non-commercial 

plastic (VeroClear), sapphire, glass, or etc. that confines the plasma.

3 cm

2 cm

10 cm

Capillary Advantages

Extend the effective 
acceleration length, allowing 

electrons to gain more energy

High beam quality with narrow 
energy spreads and low 

emittance

Flexible Geometry:
mm-m/length, 𝛍m-

mm/diameter

Provides a more 
stable and uniform 

plasma column over 
longer distances

Reducing beam 
divergence and 

improving acceleration 
efficiency

Stable Plasma Channel:

Guidance and Focusing: 

Beam Quality:

Enhanced Acceleration Length:
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I-LUCE Facility: Plasma LAB 

Testing Vacuum 
Chamber (82x60 cm) for 

Capillaries up to 
10 cm/long capillaries

3D Printed 
VeroClear (𝑪𝟐𝑶𝟐𝑯𝟖) 

Plasma Discharge Capillary
(4 cm/long-1 mm/diameter)

A-A 

B ( 1 : 4 )

A

A

B

  

 

Materiale

Quote senza indicazione di tolleranza
UNI-EN 22768-F

Trattamento termico superficiale

Scala

1:8
N° di pezzi

 

Descrizione
ISO-K 630 C LAVORATA 02
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Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Sud
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I-LUCE Facility: Plasma LAB (Direct Current Plasma Discharge)

Ideal gas law:
𝑷 = 𝒏𝒎 𝒌𝑩 𝑻
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Plasma Diagnostic: Density Measurements

S. Arjmand et al., JINST,  18, P08003 (2023) 

• Emission Spectroscopy: Studies the light emitted by atoms, etc. during transitions from higher to lower energy states.
• Broadening Mechanism: Natural, Doppler, and Collisional (Stark) broadenings, that can allow us to measure the electron density.

Spectral Line

Balmer 𝜶 (H_alpha):
Ø Lower excitation energy

Ø Higher probability of being emitted
Ø Higher sensitivity to light
Ø Self-absorption effect

Balmer 𝜷 (H_beta):
Ø Higher excitation energy 

Ø Lower probability of being emitted
Ø Less sensitive to light 
Ø Less self-absorption
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S. Arjmand et al., JINST,  18, C05007 (2023) 

HR Griem, Academic Press Inc, App. III (1974)

𝒏𝒆 = 𝟖. 𝟎𝟐 × 𝟏𝟎𝟏𝟐(
Δ𝝀_𝑺𝒕𝒂𝒓𝒌 $𝟏 𝟐

𝜶 $𝟏 𝟐

) $𝟑 𝟐 𝒄𝒎&𝟑
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Plasma Diagnostic: Temperature Measurements

S. Arjmand et al., JINST,  18, P08003 (2023) 

Intensity Ratios: Using the intensity ratios of different spectral lines to infer the electron temperature.

• Lower ionization stage: 𝑰, 𝒈, 𝒇, 𝝀
• Higher ionization stage:  𝑰', 𝒈', 𝒇', 𝝀'

S. S. Harilal et al.,  52, 3 (1998) 

Is the statistical weigth 
and is given through J 
value (total electronic 
angular momentum)
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Plasma Diagnostic: Temperature Measurements

Spectral Line

Plasma Density: 𝟏𝟎𝟏𝟕 𝒄𝒎#𝟑 Temperature: 1 - 4 eV  

Evolution of the Oxygen Ions in a 1 mm Diameter
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Two mechanisms:
ØAblation: Typically generated by intense laser pulse focused on 

solid target (in our case small amount of surface ablation), causing 
material to be ejected/melted from the surface. 

ØDesorption: Refers to when atoms or molecules leave the surface 
of material without fully vaporizing the surface (the most dominant 
mechanism. 

HR Griem, Academic Press Inc, App. III (1974)

Emitted Spectral Lines Considered Spectral Lines
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Plasma Diagnostic: Temperature Measurements

Spectral Line

NIST Database (https://physics.nist.gov/PhysRefData/ASD/levels_form.html)

https://physics.nist.gov/PhysRefData/ASD/levels_form.html
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Plasma Diagnostic: Temperature Measurements (Oxygen Ions)

Spectral Line

S. Arjmand et al., JINST,  18, P08003 (2023) 

3 cm length
2 mm diameter
Double-inlets

20 mbar
12 kV – 400 A

3 cm length
1 mm diameter
Double-inlets

20 mbar
12 kV – 400 A

A. J. Gonsalves et al., Journal of Applied Physics,  119, 033302 (2016) 

C
om
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ris

on

1 mm/diameter 2 mm/diameter
• 3 cm long

• 1/2 mm diameter
• 20 mbar

• 12 kV – 400 A
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Plasma Diagnostic: Temperature Simulation (O & N Ions)

NIST Database (https://physics.nist.gov/PhysRefData/ASD/levels_form.html)

VeroClear (𝑪𝟓𝑶𝟐𝑯𝟖):
82.92% Carbon 
16.50% Oxygen

0.57% Nitrogen due to impurity 

Nitrogen II Nitrogen III

Oxygen II Oxygen III

S. Arjmand et al., JINST,  18, P08003 (2023) 

https://physics.nist.gov/PhysRefData/ASD/levels_form.html
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Plasma Diagnostic: 2D Discharge Modelling in COMSOL Multiphysics

Spectral Line

Particle-particle reaction (excitations, ionisations, chrage exchange)
Reactions (ionisations, recombinations) on cathode and capillary 

surface.

Ar collision processes
Ar: Atom, Ar*: Excited Argon, Ar+: Ionized Argon

1) e + Ar => e + Ar* (Elastic Scattering) 
2) e + Ar => e + Ar* => e + Ar + photon (Excitation)

3) e + Ar* => e + Ar (Superelastic)
4) e + Ar => 2e + Ar+ (Ionization)
5) e + Ar* => 2e + Ar+ (Ionization)

6) Ar* + Ar* => e + Ar + Ar+ (Penning Ionization)
7) Ar* + Ar => Ar + Ar (Metastable Quenching)

Surface Reactions:
Ar atoms or metastable atoms intercat with the wall and transition 

back to ground state

1) Ar+ => Ar
2) Ar* => Ar

Paschen curve for different gases in electrical discharge

B. Radjenovic et al., Acta Physica Slovaca 63(3):105-205

https://www.comsol.com/

𝑽𝒗𝒐𝒍𝒕 = f (𝒑𝑻𝒐𝒓𝒓 x 𝒅𝒄𝒎)
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Plasma Diagnostic: 2D Modelling in COMSOL Multiphysics

Spectral Line

Ø A capillary of length L = 3 cm and diameter of d = 1 and
2 mm, filled with Argon at the pressure p = 7.5 Torr (10
mbar) is considered, to generate a plasma in the range of
𝟏𝟎𝟏𝟕 𝒄𝒎#𝟑.

Ø From the Argon Paschen curve, the minimum voltage
required to initiate gas breakdown results V0 ~ 800 V for
a capillary of length L = 3 cm, at the pressure p = 7.5 Torr
(10 mbar) .

Ø At voltage lower than the one needed to initiate the
breakdown, no discharge occurs (the electron density is
lower than the initial one, fixed at nei = 107 cm-3).

Ø When the applied voltage is higher than the breakdown
one, the electron density starts to increase.

Ø All values taken in the simulation time t = 2 μs, at which
the density results almost stationary.
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https://www.comsol.com/

PRELIMINARY

Electron Density Vs Applied Voltage
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Plasma Diagnostic: 2D Modelling in COMSOL Multiphysics

Spectral Line

3cm/long-2mm/diameter
10 mbar, 10 kV, 2 μs

With Argon gas

Electron Density inside Capillary
Electron Density along Capillary 

Electron Temperature inside Capillary 

PRILIMINARY
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Plasma Diagnostic: 2D Modelling in COMSOL Multiphysics

3cm/long-2mm/diameter
10 mbar, 15 kV

Density
𝒎#𝟑

Temperature

3cm/long-1mm/diameter
10 mbar, 15 kV

Temperature
Density
𝒎#𝟑

PRELIMINARY
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Plasma Diagnostic: 2D Modelling in COMSOL Multiphysics

Spectral Line 3cm/long
1mm/diameter

7.5 Torr (10 mbar)
With Argon gas (Simulation)

With Hydrogen gas (Experimental)

Comparison of experimental & simulated Data

3cm/long
1mm and 2mm/diameter

7.5 Torr (10 mbar)
With Hydrogen gas

12 kV

3cm/long
1mm and 2mm/diameter

7.5 Torr (10 mbar)
With Argon gas

Experimental Data 

Simulated Data 

S. Arjmand et al., JINST 18, C04016 (2023) 
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Plasma Stability: Shot-to-shot Stability

~ 150 ns timing jitter ~ 20 ns timing jitter

100 consecutive current 
pulse waveforms acquired by 

an oscilloscope at a 1~Hz 
repetition rate.

Timing jitter: measuring the 
enlargement of the current 
pulse waveforms by setting 
the infinitive persistence on 

the oscilloscope 

S. Arjmand et al., JINST 18, C04016 (2023) 

25% 11%

Voltage: 5 kV
Current: 120 A

Pressure: 30 mbar

Voltage: 16 kV
Current: 670 A

Pressure: 30 mbar

Pulse inset ~ 1.2 after the discharge Pulse inset ~ 500 after the discharge
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Plasma Stability: Stabilization by a Laser Technique
3 cmx1mm

2 inlets
20 mbar

Voltage: 5 kV
Laser: 80 mJ

Current: 110 A

Amplitude jitter 10.7 A
Timing jitter 32 ns

Amplitude jitter 1 A
Timing jitter 1.7 ns

NO Laser

Laser 80 mJ
Few tens

of ns 
before
starting

the 
discharge 

1064 nm, 11 ns, 𝟏𝟎𝟏𝟎 𝐖
𝐜𝐦𝟐 A. Biagioni, S. Arjmand et al., Plasma Phys. Control Fusion, 63 115013 (2021) 
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I-LUCE Facility: Electron Beam Expectation

Laser Power 50 – 350 TW

Laser Energy per pulse 1 – 7 J

Laser Pulse Duration 23 – 150 fs

Laser Intensity 𝟏𝟎𝟏𝟕 – 𝟏𝟎𝟏𝟗 𝐖
𝐜𝐦𝟐

Repetition Rate 1 – 10 Hz

Plasma Density 𝟏𝟎𝟏𝟕 – 𝟏𝟎𝟏𝟗 𝐜𝐦*𝟑

Capillary Length 3 – 9 cm

Capillary Radius 500 µm – 0.5 mm

Beam Energy 100 MeV – 3 GeV

Beam Charge 30 – 400 pC

Particle per Pulse 𝟏𝟎𝟖 −𝟏𝟎𝟗

X. Wang et al., Nature Communications,  (2017) 

W.P. Leemans et al., Nature physics, 2 (2006) 

pC
/G

eV

GeV

S. Lee et al., Appl. Sci. 133, 2564,  (2022) 
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PRELIMINARY

200 MeV
100 pC

Dose 0.18 Gy

At 10 Hz: 1.8 gray at one second 

At 100 Hz: 18 gray at one second 

FLASH-RT:Ultra high dose rate region (8-9 Gy in less than one second)
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Medical Physics and Laser Group at LNS

Thanks for listening

Scan me J

J J


