
Project co-financed by the European Regional Development Fund through the Competitiveness Operational Programme
“Investing in Sustainable Development”

Extreme Light Infrastructure (ELI-NP), Str. Reactorului no.30, P.O. box MG-6, Bucharest - Magurele, Romania

 

Paolo Tomassini and  Domenico Doria 

Cautionary note 1: 
PT is not a nuclear physicist 

Cautionary note 2:
PT was one of the proponents of the EUROGAMMAS consortium

 

High Intensity Laser-Matter interaction and 
Nuclear Physics

(with a view of what’s happening at ELI Nuclear Physics 
that might be on interest for EuPRAXIA)

We acknowledge support from  ELI-RO  project ELI-RO/5.9/14 2924-2027 
                                                      [Project Director P. Tomassini] 



The structure of the talk

Two distinct talks merged here:

“Laser-matter interactions”
[As we come from different research areas this was meant as an 
introduction and a survey on the main laser-plasma interactions 
that are/can be used in NP so as to trigger ideas for the discussion]

 Some of the topics have been already described by Alessio Del Dotto on yesterday

“Nuclear physics with laser”
[This part was presented in the last EuPRAXIA workshop in Elba. It’s 
mostly about what we are doing (or we might  do) at ELI-NP]



Interaction zoology (useful for NP studies) 
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TBS/CBS from structured pulses with OAM will generate  carrying OAM, thus opening channels for 
nuclear studies (say on isomers) which were forbidden by selection rules 
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The structure of the talk

Sections:

1. A survey on laser-matter interaction 

2. What’s going on at ELI-NP (experimentally wide)

3.  Some NP applications of laser-matter interactions



High-Intensity laser-plasma  interactions (a target density view) 

For a given laser  (wavelength, intensity), a characteristic 
(electron plasma) density setting the interplay between a 
transparent  and an absorbing/reflecting target is the 
critical density, at which the longitudinal plasma oscillation 
frequency (p) equals the pulse frequency ()

“SOLID”  DENSITY (TNSA/RPA…) 
Few microns at most

TNSA/RPA…
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UNDERDENSE (LWFA)

Might be of 10’s of cm overall scale

LWFA

NEAR CRITICAL (DLA) 

Few tens/hunderds of microns at most

FOAMNCD



The main laser parameter in ultraintense laser-electron interaction (we forget 
about QED effects here) is the normalized amplitude

which measures the amplitude of the electron transverse momentum oscillation 
while the particle is quivering in the laser field

and therefore sets a threshold for relativistic  effects in the electron dynamics in 
the laser field at  

   

High-Intensity laser matter interactions (the laser view) 



The Laser Wake Field Acceleration (LWFA) 

The original idea of Laser driven acceleration 
UNDERDENSE (LWFA)

LWFA



The Laser Wake Field Acceleration (LWFA) 

In LWFA the electron density is so small that the laser pulse propagates in a transparent medium, at speed very close to c

Transparent

Opaque

Critical 

The pulse excites a longitudinal plasma wave through its 
ponderomotive force.

The phase speed of the plasma wave is  the same of the group 
laser speed 



The Laser Wake Field Acceleration (LWFA) 

We are mostly interested in the “blow-out” or “bubble” deep nonlinear and in the quasi-linear regimes 

Quasilinear/weakly nonlinear



The Laser Wake Field Acceleration (LWFA) 

We are mostly interested in the “blow-out” or “bubble” deep nonlinear and in the quasi-linear regimes 

Blow-out/bubble regime                   V. Horny/LDED/TheoryGroup

Image credits: DESY



The Laser Wake Field Acceleration (LWFA) 

Particles are trapped in a 
wave when they reach 
the same speed of the 
wave  



C. Joshi, IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 45, NO. 12, DECEMBER 2017

Automatic process, once the threshold is reached.

Usually the beam quality is poor 

The Laser Wake Field Acceleration (LWFA) 

“Self” trapping in the bubble regime



• Compactness in phase-space (low energy spread, divergence…)
• High charge or high current
• Linear correlation in the transverse x-ux

and y-uy planes (low emittance)

Normalized emittance

Good Quality Excellent Quality

Normalized Brighness (5D) Normalized Brighness (6D)

The Laser Wake Field Acceleration (LWFA) 

Beam Quality



• Colliding pulses injection (E. Esarey et al., 1997; M.Chen et al, 2014 ) by ponderomotive assisted trapping

• Density downramp injection (S. Bulanov et al., 1998). Injection is caused by a local
decrease of the wave speed and this is obtained with a sudden decrease of the 
plasma density. First 2D PIC simulations (P. Tomassini et al., 2003) showed that
very low emittances (n=0.2 mm mrad) can be obtained in this way.

• Two Color and ReMPI injection (L. L. Yu et al., 2014, P. Tomassini, 2017) look very promising (more on next slides). 

E. Esarey et al., Phys. Rev. Lett. 79, 2682  (1997)
M. Chen et al., Phys. Rev. ST Accel. Beams 17, 051303 (2014)
Malka et al., PoP, DOI:10.1063/1.3079486 (2014)

New exciting results from Wang et al., 
obtained with downramp (shock) 

injection

The Laser Wake Field Acceleration (LWFA) 

High-Quality injection schemes (some of)

https://doi.org/10.1063/1.3079486


•
Two Color and ReMPI  Injections

The Laser Wake Field Acceleration (LWFA) 



•
Two Color and ReMPI  Injections

The Laser Wake Field Acceleration (LWFA) 



The Direct Laser Acceleration in plasmas (DLA) –[NOT in vacuum] 

The original idea of Direct Laser Acceleration in plasmas 
NEAR CRITICAL (DLA)

DLA
FOAM

Main message: as the density is more than 100x the one we have in LWFA, a huge amount of charge can be 
generated (nC + class), but the spectrum of the- bursts is broadband and the divergence is very high.

Transparent

Opaque

Critical 



The Direct Laser Acceleration in plasmas (DLA) –[NOT in vacuum] 

The evolution of Direct Laser Acceleration in plasmas 



The Direct Laser Acceleration in plasmas (DLA) –[NOT in vacuum] 

Latest results in Direct Laser Acceleration in plasmas 

2024

Experiments done with a 20TW  system

Direct application on neutron generation 
are foreseen  (see after in the presentation)



The laser-”solid” interaction

OVER DENSE (TNSA)

TNSA/RPA…

The basis: the Target Normal Sheath Acceleration 
of protons and ions

https://lasers.llnl.gov/news/powerful-
new-source-high-energy-protons

See the presentation by Alessio Del Dotto on yesterday



The laser-”solid” interaction

OVER DENSE (TNSA)

TNSA/RPA…

PREPULSE/PEDESTAL



The laser-”solid” interaction

OVER DENSE (TNSA/RPA/PEELER…)

Transparent

Opaque

Critical 

TNSA/RPA…

The basis: the Target Normal Sheath Acceleration 
of protons and ions

M. Roth and M . Shollmeier, Ion Acceleration - Target Normal 
Sheath Acceleration, DOI:10.5170/CERN-2016-001.231

https://doi.org/10.5170/CERN-2016-001.231


The laser-”solid” interaction

OVER DENSE (TNSA)

TNSA/RPA…

The basis: the Target Normal Sheath Acceleration of protons and ions

M. Roth and M . Shollmeier, Ion Acceleration - Target 
Normal Sheath Acceleration, DOI:10.5170/CERN-2016-
001.231

https://doi.org/10.5170/CERN-2016-001.231
https://doi.org/10.5170/CERN-2016-001.231


The laser-”solid” interaction

OVER DENSE (TNSA)

TNSA/RPA…

The basis: the Target Normal Sheath Acceleration of protons and ions

NANO STRUCTURED TARGETS

100TW experiment in CNR-INO



The laser-”solid” interaction

OVER DENSE (TNSA/RPA)

TNSA/RPA…

A. Macchi CNR-INO Pisa

Next level: the
Radiation Pressure 
Acceleration/Light 
Sail of protons and 
ions



The laser-”solid” interaction

OVER DENSE (TNSA/RPA)

TNSA/RPA…

Next level: the Radiation Pressure 
Acceleration/Light Sail of protons and ions

Experimental results a CoRELS 



The laser-”solid” interaction

OVER DENSE (PEELER) Next next  level: the 
PEELER acceleration
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The laser-”solid” interaction

OVER DENSE (PEELER)

Next next  level: the PEELER 
acceleration

200TW 3D PIC simulationP
EE

LE
R



The structure of the talk

Sections:

1. A survey on laser-matter interaction 

2. What’s going on at ELI-NP 

3.  Some NP applications of laser-matter interactions



Interaction zoology (useful for NP studies) at ELI-NP 

LWFA
NCD

 (a lot, but broad spectrum) p, Ions (broadband/monochromatic)
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TBS/CBS from structured pulses with OAM will generate  carrying OAM, thus opening channels for 
nuclear studies (say on isomers) which were forbidden by selection rules 
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Theory/Simulations

ELI-NP/LDED
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The SG@ELI-NP Simulation Group of the ELI-NP pillar was created (along with the other transversal 

groups) in March 2023 under initiative of the Scientific Director, V. Malka 

Group Coordinator    

P. Tomassini

Performs simulation 

researches and drives 

research for the whole 

ELI-NP pillar

The Simulation Group of ELI-NP
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The group is part of the LDED (Department Head: Domenico Doria)

Paolo Tomassini

Head of Research

Group Coordinator    

P. Tomassini

Performs theory and 

simulation researches 

(mostly) for LDED

• Nuclar Physics 

• Laser Solid 

• LWFA/DLA

• Radiation and 

secondary sources Dragana Dreghici

Ph. D. student

Vojtech Horny

Young Researcher

Bogdan Corobean

Ph. D. student

Federico Avella

Ph. D. student@CNR-INO

(co tutoring)

The Theory/Simulation Group of LDED Laser Driven Experiments Dep in  ELI-NP

Chieh-Jen Yang

Young Researcher

Nuclear Physicist
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Virtual Lab Infrastructure   VLI-LPIC package (VLI-Laser to PIC interface)

(P. Tomassini, F. Avella) 

P. Tomassini, F. Avella et al., “Automatic reconstruction of 

the laser transverse intensity and phase structures near the 

focal plane for advanced Particle In Cell modelling”, to be 

submitted on J. Comp. Physics 

Optimization
Currently a genetic

algorithm + pivot 

preceded by random 

sampling of the 28th 

dimensional space

TO PIC

(OUTPUT)

INPUT

INPUT

High-fidelity PIC simulations with aberrated/structured pulses

Federico Avella

Ph. D. student@INO

(co tutoring)

Add Masks 

NF Image

Z=[z1,…, z28 ]

List of Zernike

Polinomial 

coefficients 

Add aberrations 

Solve the Helmoltz equation for the propagation 



Virtual Lab Infrastructure   VLI-LPIC package (VLI-Laser to PIC interface)

3D rebuilt  pulse 

directly sent to PIC 

codes 

FB-
PIC

+ SMILEI  + EPOCH +….
READY READY

High-fidelity PIC simulations with aberrated/structured pulses

Federico Avella

Ph. D. student@INO

(co tutoring)



Interaction zoology at ELI-NP:  LWFA

LWFA

e-

• 100TW scale/10/100Hz multi nC low energy beams with the high-efficiency LWFA regime (efficiency 
of 50%) employing post-compressed pulses (V. Horny, G. Bleotu, D. Ursescu, V. Malka, P. Tomassini)

                                         Broad band X/, VHEE, n, RadioIsotopes

• <1PW High-brightness 1-2GeV w/wo ultrashort (sub fs) option with a two-subpulses ReMPI scheme 
(P. Tomassini, L.A.Gizzi+CNR-INO, D. Doria)

                                          FEL X and TBS quasi monochromatic   beams

• 1PW/10PW standard acceleration for high charge (nC class)/high energy (multi GeV)
 beams [guiding needed for E>5GeV, working on that] 
       (P. Ghenuche, D. Doria, V. Malka, P. Tomassini)

                                           Broad Band  and  generation 
                                           [see G. Sarri, D. Doria] 
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The first  FEL compliant version of ReMPI for 5GeV suffered from “gigantism”. 

8 pulses 
(1PW, EuPRAXIA )

30 pC  
 

P. Tomassini et al., High-quality 5GeV electron bunches with the resonant multi-pulse ionization injection, PPCF P 62 (2020) 014010

P. Tomassini et al., BRILLIANT X-RAY FREE ELECTRON LASER DRIVEN BY RESONANT MULTI-PULSE IONIZATION INJECTION ACCELERATOR,
proc. FEL 2022 conference, Trieste.

2 pulses 

P. Tomassini et al., High-Brightness e-beams with the ReMPI scheme employing two driver pulses, in preparation

(200TW) 5-30 pC  
 

Interaction zoology at ELI-NP:  LWFA + High Brightness beams



Interaction zoology at ELI-NP: LWFA + High Brightness beams

UD
NC

e-

N=1 ring (efficiency 70%) 

N=20 rings (efficiency 50%) 

VLI-LPIC to FB-PIC
Full pulse description 

including aberrations

(with F. Avella CNR-INO)  

Two-Driver pulses

Electron beam
(N=5 modes: no aberrations,

with a lot of aberrations) 
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SINGLE Ti:Sa 200TW/300TW laser system, Circularly Polarised pulses

• 2x 23fs FWHM pulses,   w0=30 m ,   total 4.2J on TEM00, 
• 1x 30fs FWHM ionization pulse in III harmonics,  w0=3.5 m, on TEM00, 20mJ

• 100%Ar (8+) plasma, n0=0.75e18 1/cm^3, 
• 1mm plateau + 100He 10mm accelerating

structure, guided pulse with radially
parabolic density profile

Plasma lens after the downramp to reduce 
beam divergence

Interaction zoology at ELI-NP: LWFA + High Brightness beams
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Interaction zoology at ELI-NP: LWFA + High Brightness beams 

Projected, Q=20pC

FB-PIC q3D simulation N=3

Projected Quality

E/E (rms) 0.7%

n = 0.09 mrad 
(geom. mean)

L = 0.2 m

B6D =
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Q=20pCQ=6pC

Duration (rms) Projected Brighthess 6D E/E (rms)

250 as 0.6%

Duration (rms) Projected Brighthess 6D E/E (rms)

600 as 0.7%

FEL-oriented Thomson BS oriented 

Interaction zoology at ELI-NP: LWFA + High Brightness beams 



Interaction zoology at ELI-NP:  LWFA

UD
NC

e-

1. <1PW High-brightness 1-2GeV w/wo ultrashort (sub fs) option with a two-subpulses ReMPI scheme

2. 1PW/10PW standard acceleration for high charge (nC class)/high energy (multi GeV), beams [guiding 
needed for E>5GeV, working on that]  

3. 100TW scale/10/100Hz multi nC low energy beams with the high-efficiency LWFA regime (efficiency of 
50%) employing post-compressed pulses  

SMILEI q3D simulation by V. Horny >5nC with E>15Mev, 1.5J pulse in 6fs 

Vojtech Horny

Young Researcher



Interaction zoology at ELI-NP:  LWFA

100TW scale/10/100Hz multi nC low energy beams with the high-efficiency LWFA regime employing post-
compressed pulses  

Examples:  towards start-to-end simulations with post compressed Joulse-scale pulses (11fs FWHM, 1J)

Virtual Lab Infrastructure   VLI-LPIC package (VLI-Laser to PIC interface)

q3D simulations

 with FBPIC
LWFA

e-
>4nC with E>50 MeV

Electron bunches useful for broadband  conversion and VHEE 



Interaction zoology at ELI-NP:  Gamma ray bursts at NP 1/1

 (a lot, but broad spectrum)

“SOLID”

FOAM

“SOLID”
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A lot of  MeV scale photons can be generated, but at very low rep rate 

3D sim. By D. Dreghici, V. Horny ELI-NP/LDED

Conversion 

efficiency: 

laser to photons: 

12%

10PW case

In collaboration with 
A. Pukhov and 
E.   D’Humieres

Dragana Dreghici

Ph. D. student



Interaction zoology at ELI-NP:  Liquid targets for TNSA proton generation

p (broadband)

Protons can be used for neutron or fast decaying radionuclides generation
Here the key is a “high” rep-rate. We are 
optimizing the usage of water target leaf. 
Thickness of a few microns. 

Z. Cao et al., Front. Phys.,  2023 Nuclear Physics​
Volume 11 - 2023 | https://doi.org/10.3389/fphy.2023.1172075

2D PIC simulation by B. Corobean/ELI-NP

Bogdan 

Corobean

Ph. D. student

60 MeV

1011 p+

1PW

https://doi.org/10.3389/fphy.2023.1172075


Interaction zoology at ELI-NP:  PEELER proton and Carbon generation

p (monochromatic)

     C (poli-monochromatic)

Quasi monochromatic and low divergence Protons and Carbon ions can can  be generated with the 
peeler scheme 3D PIC simulation by B. Corobean/ELI-NP

Bogdan 

Corobean

Ph. D. student

P
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R

Work done withion a Ph.D. thesis project and and ELI-RO 
funded project ELI-RO/5.9/14 2924-2027 [P. Tomassini] 

B. Corobean, D. Doria, V. Horny and P. Tomassini, in prep.



Credits: P. Tomassini and coworkers
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2D PIC scan

2D scan and full 3D PIC simulations were  performed, the 

latter with the E5 + PM parameters assuming a 75% 
encircled energy

3D PIC simulation

E/E (FWHM) = 8%
N(in 10%BW)=5x107

10%BW

Interaction zoology at ELI-NP:  PEELER proton and Carbon generation

B. Corobean, D. Doria, V. Horny and P. Tomassini, in prep.



Commissioning experiments  

ELI-NP
P.I. D. Doria, M. Cernaianu, P. Ghenuche



NC



1 PW LASER-SOLID commissioning: Helical laser beam

Helical laser beam (Laguerre-Gaussian beam)

Laguerre modes

l=0 l=1 l=2 l=3

Experimental results (far-field: focal spot at full power with but 25 µJ)

Near-field high power 
shot 23 J, 900 TW

Helical mirror element

Helical PM
Mid-field
full power with 25 µJ

Some shots
M. Cernaianu et al., in prep



10 PW E1 LASER-SOLID experimental area commissioning

List of diagnostics of E1
- Laser Diagnostics: pulse duration (PDS), laser near-field 

(LNF), laser far-field (LFF), back-reflection diagnostics 
(BRD), laser transmission near-field (LTNF),

- Target Alignment System (TAS),
- Radiochromic films & CR39 stack (RCF),

Commissioning goals: TNSA >200 MeV protons

- Thomson Parabola (TP),
- Time-of-flight with diamond (ToF),
- Optical Probe/Pump (OP),
- X-ray spectrometer (XRS),
- e.m.p. diagnostic (EMPD).
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Far-field measurement and optimization

Video

HPLS at low power

~2%

FWHM ~ 2.8 µm

Gaussian fit
Far-field

40 µJ, 25 fs

Best focal spot

Movie  of pointing fluctuation

10 PW with 2.8 µm FWHM focal spot              -> ~1.0 x 1023 Wcm-2

with an encircled energy @ 1/e2 of ~ 55%       -> ~5.5 x 1022 Wcm-2

with PM ~ 75% reflectivity                                  -> ~4.1 x 1022 Wcm-2

Laser peak intensity



High-power shots on Al foils - parametric scan

10 PW LASER-SOLID TNSA/RPA laser shots

No transmitted light was observed, but during these shots our diagnostic was not sensitive to signals below 10% transmission



Simulations performed with effective laser energy of 240 J * 0.55 * 0.75 =  100J in the TEM00 mode with 22 fs pulse 
duration and 3 µm FWHM laser spot, and peak intensity of 5x1022W/cm2 (a0=150), and with perpendicular incidence

PIC simulation with the 10 PW of ELI-NP

1-D Hydro simulation have been done on a 200nm Al target using 3 different contrasts for a prepulse at -20ns

q3D PIC simulations have been performed using FB-PIC with 3 rotational modes.
Resolution of 5nm longitudinal, and 10nm radial, with 48ppc

Using a single PM the prepulses on target can have a contrast of: _________________________________________________

10-9 -> ~ 5x1013 W/cm2 

Proton spectrum Angular distribution

Electric field z, x Input target density

10-10 -> ~ 5x1012 W/cm2 

Proton spectrum Angular distribution

Electric field z, x Input target density

10-11 -> ~ 5x1011 W/cm2 

Proton spectrum Angular distribution

Input target densityElectric field z, x

Led by P. Tomassini10 PW Hydro and PIC simulation with prepulses contribution

Critical electron density
Critical electron density

Critical electron density



10 PW commissioning with gas targets (LWFA investigation)

Latest performance of the ELI-NP 10 PW on laser-driven electron acceleration

Laser characteristics with the shot focal mirror 

   Parabolic mirror:     30 mt focal length (F# ~28)

   Spot size diameter: ~ 60.0 ± 2 µm at FWHM

   Laser max. energy: 243±1 J on target

   Encircled energy: ~ 50% @ 1/e2  (ideal Gaussian beam is 86%)

   Pulse duration :           23±1 fs on target

   Laser energy stability at full power: ±2%

   Laser pointing stability on target: < 2 µrad

Focal spot RAW imageFocal spot image

µm

Pointing fluctuation

Laser best focal spot profile

60um 
FWHM

Typical focal spot

40 µJ, 25 
fs

Less than 1 urad FWHM focus pointing
(0.5 - 1 focal spot)

X-axis

Y-axis

Near-filed

Laser energy up to 185 J in E6, Nominal 8PW 

FROG 
1/e2

Estimated encircled energy ~40%

Pulse duration measurement



• Commissioning experiment: stable multi-GeV electron acceleration at multi-PW
• 2x10PW laser exp.: Collision of multi-GeV electron beam with I>1022 W/cm2 laser
         QED effects: radiation reaction, BW pairs, Inverse non-linear Thomson/Compton  
         scattering with 2x10 PW laser beams
• Generation of muon/anti-muon beams

10 PW multi-GeV electron acceleration commissioning run Nov2023 
PI: P Ghenuche
Collaboration: LDED, LGED, GDED, LSD, Weizmann Institute (Israel), QUB (UK)

Conceptual  Design by D. Doria et al.

10 PW E6 experimental area commissioning experiments

E6 Commissioning goals and long-term goals:

Electron Spectrometer Plasma Diagnostics

E6 interaction chamber setup

First run done in 2+5 weeks, but only 5 days of high power shots; second rum coming in Nov 2024 

Credits: Eng. M. Risca



• Longer target and guiding will increase considerably the accelerated electron energy

Preliminary data analysis S. Balascuta, S.Ter-Avetisian, R. Iovanescu
Lanex calibration Prof. V. Malka’s group 

0 point

800mm Electron Spectrometer

B.Diaconescu, C. Ticos, F. D’Souza, L.Tudor, 
S.Ter-Avetisian, V. Nastasa, S. Balascuta 

Electrons 
deflection

Lanex 2 Lanex 1

• Good Charge and Divergence, up to 4 GeV at nominal max 8 PW, as predicted by simulations (Dr. P. Tomassini)

nC+

15 mm gas length 40 mm gas length

First Multi-GeV beams at E6

10 PW E6 experimental area commissioning experiments

Results of the first run



15 mm gas length, He+N2 2% gasUsing 60 mm gas length , He+N2 2% gas

Electron spectrum

Zero-pointRAW  image of the 
Lanex scintillator screen

Gamma from Inverse Compton 
Scattering – LYSO matrix detector

Gas-jet

Nozzle

Mylar
PM

INCS

e-

Laser

Gamma

Sketch of the NICS setup 

LWFA of electron via 10 PW laser beam



Muon experiment on Dec 2024

ELI-NP

P.I. D. Doria
Co-P.I. P. Ghenuche



Contact Person: Petru Ghenuche
Email: petru.ghenuche@eli-np.ro

LDED department
(Head of LDED: Domenico Doria)

The 10 PW experimental area

HPLS: 1 arm of 240 J, 23 fs, 1/60 Hz

E6: 10 PW experimental area

The muon generation experiment will be performed in the E6 area.
Recently there is an interest in muons generation via laser-driven and very few 
experiments with no clear results have been performed with ~ 1 GeV electron beam.
Recently, in March 2024, an experiment on laser generated muon via LWFA electrons and Bethe-Heitler pair 
production was conducted at the Colorado State University‘s L-ALEPH in the framework of the “Intense and 
Compact Muon Sources for Science and Security (ICMuS2)” project —Led by Lawrence Livermore National 
Laboratory (LLNL) with ELI-Beamlines as partner. The have achieved ~5 GeV electron and produced muons’ pairs. 
Similar parameters will be achieved at E6 but with much more muons production.



Conversion efficiency for an electron energy of
2 GeV -> (7 ± 1) × 10–8 muons per electron
5 GeV -> (1.85 ± 0.10) × 10–6 muons per electron

- 2 cm lead converter
- assuming a 1 nC electron charge

We obtain a total of 400 ± 60 muons for a 2 GeV electron beam 
and (1.16 ± 0.06) × 104 muons for a 5 GeV electron beam

Example:

Conversion efficiency scaling for 2 cm lead 

Muon generation via bremsstrahlung 

10 PW E6 experimental area commissioning experiments

Conversion efficiency scaling with lead length 

2 GeV primary electron 5 GeV primary electron

We have already proven to be able to generate about up to 5 GeV 
electron with a charge of about 2 nC using 8 PW laser beam.

LWFA Electron RAW image obtained at E6 recently

L. Calvin et al., Front. Phys., 19 June 202311|
https://doi.org/10.3389/fphy.2023.1177486

https://doi.org/10.3389/fphy.2023.1177486


Muon generation

10 PW E6 experimental area commissioning experiments

2 GeV 5 GeV 10 GeV

Muons’ energy spectra distribution for 2 cm lead converter 

Muon total spectral emission 

Muon energy angular distribution

L. Calvin et al., Front. Phys., 19 June 202311|
https://doi.org/10.3389/fphy.2023.1177486

https://doi.org/10.3389/fphy.2023.1177486


The 10 PW experimental areas

We can use the ~ 10 m long corridor to install detectors

Muon detectors will be placed inside and outside the experimental area
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The structure of the talk

Sections:

1. A survey on laser-matter interaction 

2. What’s going on at ELI-NP 

3.  Some NP applications of laser-matter interactions



Interaction zoology (useful for NP studies) at ELI-NP 
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TBS/CBS from structured pulses with OAM will generate  carrying OAM, thus opening channels for 
nuclear studies (say on isomers) which were forbidden by selection rules 

“SOLID”

FOAM

“SOLID”

P
EE

L
ER

SUBSTRATE

Nuclear Target

Transmutating 
material



Transmutating 
material

p

Pitcher-Catcher 
Nuclear Reactions

Nuclear 
Target

p

C 

Nuclear 
Target

Isomers generation



e-
IN SITU 

Nuclear Reactions



Nuclear Physics with Compton/Thomson BS gamma beams 



The missing EUROGAMMAS gamma beam (now being substituted)

TBS with high-brightness beams  

Gamma Beam System

While waiting for a gamma beam system, studies with Compton/Thomson 
backscattered radiation can be done

We cannot expect the same spectral density/flux/energy spread of the 
gamma beam system, but at least quasi-monochromatic beams must be 
generated

The minimum attainable energy spread of the gamma beam is  
                      [P. Tomassini et al., Appl. Phys. B 80 (2005)]

Therefore, a high brightness LWFA 100’s MeV/GeV  must be employed so as 
to get monochromatic and low transverse momentum electron beam.  

(=0, negligible pulse BW)

Very useful definition of the normalized acceptance 



0        30        60        90      120      150     175

Acceptance (rad)
68

2x107 ph/shot

48MeV

600 as source

Quasi monochromatic and brilliant gamma beam with ReMPI+TBS

Projected beam quality (ReMPI/2pulses)  
(E)/E Q (u perp.) ( x perp.) ( z long.)

0.7% 20pC 0.12 1 m m

Energy Duration w0 a0

1J 2ps 12.5 m 0.2

Counterpropagating pulse Yb:YAG (1.053 m) 

Expected minimum

    energy spread

The peak brilliance is very large

But the (average) spectral 

density and photon number are 

low (we don’t have any 

recirculation)

S = 50 /eV/s   (10 Hz)

𝐵 =
𝑁𝑝ℎ‰𝑏𝑤

𝛿𝑡𝛾 𝑠 𝑆 𝑚𝑚2 𝜃𝑚𝑎𝑥
2 𝑚𝑟𝑎𝑑2

=

𝟐 ⋅ 𝟏𝟎𝟐𝟖 Τ𝑝ℎ 𝑠 ⋅ 𝑚𝑚2 ⋅ 𝑚𝑟𝑎𝑑2 ⋅ ‰𝑏𝑤

Vortex (LG with OAM) gamma 

beams can also be generated 

P. Tomassini, 2022
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Quasi monochromatic and brilliant OAM gamma beam with TBS

Beside the standard gamma beams with flat/quasi-flat phase fronts and quasi TEM00 spatial distribution, 
backscattering with structured beams carrying Orbital Angular Momentum (OAM)  can be made, thus 
generating  beams with OAM 

Vortex (LG with OAM) gamma 

beams can also be simulated 

P. Tomassini,2022

T. M Olaye et al., 10.3390/photonics10060664

https://www.mdpi.com/2304-6732/10/6/664
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Quasi monochromatic and brilliant OAM gamma beam with TBS: Application to NP

Study of the influence of OAM on the Giant Dipole 
Resonance of some nuclei

https://indico.cern.ch/event/666960/contributions/2726609/
attachments/1526494/2387021/19SEP17MDI.pdf

Change by orders of magnitude of the cross 
sections for the cases w/wo OAM are expected 

https://indico.cern.ch/event/666960/contributions/2726609/
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Isomer pumping via multiphoton  absorption

With ultrashort  bursts multiphoton absorption 
can be not negligible and excite isomer states

Chieh-Jen Yang

Young Researcher

Nuclear Physicist

 (a lot, but broad spectrum)
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C.-J. Yang, K.M. Spohr, M. Cernaianu, D. Doria, P. Ghenuche, 

V. Horny, arXiv:2404.07909 [nucl-th] (under review) 



Fast Radio Isotopes generation



Paths to use HPLS for fast decaying Medical Radioisotope Production 
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Towards Societal Applications: Laser-driven radioisotope production 

Slide by Andi Cocuanes

➢ Several studies (review: Z.Sun AIP Adv. 2021) shown isotope production based on single/few shots events, and 
then extrapolated to hours beamtime.

➢ 2 examples: 11C with proton beams via 11B(p,n)11C and 62Cu with gamma beams via 63Cu(γ,n)62Cu :

Ref. 11C prod. E [J] Pulse T [fs] Rep. [Hz] Activ [MBq] Obs.

Tayyab et al. 2019 2.4 25 1 9 7-10 shots (2-3 min) meas. Cu,Al, Ni foils

Singth et al. 2018 3 30 1 7.6 Spectrum meas. Al foils, analysys in Penas et al.

Penas et al. 2024 25 250 1 21.7 174 shots at 0.1 Hz meas., Al foils

ELI-NP estim. 8 23 1 30 PIC +  TENDL21 CS, water-leaf tg.

Ref. 62Cu prod. E [J] Pulse T [fs] Rep. [Hz] Activ [MBq] Obs.

Ma et al. 2019 11.5 33 1 180 PIC + Geant4, Varlamov CS

Lobok et al. 2022 4 30 1 87 PIC + Geant4

ELI-NP estim. 2.3 23 1 35 PIC + Geant4, TENDL21 CS.

➢ The full chain of radioisotope production with lasers has never been demonstrated. Small laser 
(hundreds of TW) systems have the greatest potential.



Towards Laser-driven radioisotope production: Challenges 

➢ laser-based isotope production channels might be different wrt the cyclotron-
based reactions due to the different beam characteristics → need for fast 
radiochemistry of “non-traditional” channels.

➢ Need for isotope producing targets optimized for laser-based production and 
efficient focusing system (contaminants, specific activity, radiochemistry). 

11B(p,n)11C 63Cu(γ,n)62Cu

From 330 TW, water target

100 TW, gas target

p+ on B target 

Slide by Andi Cocuanes



Neutron sources
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p (broadband)

Paths for fast neutron generation at ELI-NP

LiF Catcher

7Li+p -> 7Be +n



Vojtech Horny

Young Researcher
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Photo nuclear neutron generation

Paths for fast neutron generation at ELI-NP

10.21203/rs.3.rs-3856955/v1

High efficient regime
1𝐽 , 6 − 11 𝑓𝑠 

4 × 109photoneutrons/shot
V. Horny et al, DOI: 10.21203/rs.3.rs-3856955/v1

http://dx.doi.org/10.21203/rs.3.rs-3856955/v1


Laser-Driven Nuclear Reactions



Aneutronic fusion of hydrogen with the boron isotope 11, H11B.

H. Hora et al., "Laser Boron Fusion Reactor With Picosecond Petawatt Block Ignition," in IEEE Transactions 
on Plasma Science, vol. 46, no. 5, pp. 1191-1197, May 2018, doi: 10.1109/TPS.2017.2787670.

Laser Boron Fusion Reactor

But at extreme nonequilibrium plasma conditions the fusion of H 11 B is comparable to DT fusion

At local thermal equilibrium, is 10 5 times more difficult than fusion of deuterium and tritium (DT)

Using a container electrostatically charged 
to -1.4 MV, it will be possible to generate 
about 277 kWh of energy per laser shot. 

- Main laser for driven-ignition: 30PW laser energy and ps pulse duration
- A second laser for magnetic field generation of ~10 kT: 1kJ energy and ns pulse duration

Method

Nuclear reaction schema
Magnetic
confinement

Energy extraction

- H11B rod a cm size

Laser-Driven Nuclear Reactions
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Comments

Super short overview of similarities with EuPRAXIA and ELI-NP lines of research on NP:

NP with electron acceleration (LWFA, NCD) PWFA:
✓ Neutron generation with LWFA + bremsstrahlung [Suitable for the 2nd site+Short parabola]
✓ Fast radioisotopes generation with gamma induced reactions [Suitable for 2nd site+Long parabola, 

Marginally suitable for the 1st site]
✓ Gaussian and Laguerre Gaussian gamma beams through CBS and isomers generation/NP studies [Suitable for 

both sites+Long parabola]

NP with laser/”solid” ion acceleration:
✓ In Target fusion preparation studies [Marginally suitable]
✓ Neutron generation from protons [Suitable for the 2nd site+Short parabola]
✓ Fast radioisotopes generation with protons induced reactions [Suitable for the 2nd site+Short parabola]
✓ Isomers generation by “nuclear excitation by electron capture” (NEEC) ” [Not shown, Marginally suitable]

Any collaboration between EuPRAXIA@LNF and ELI-NP is welcome, 
also for testing some acceleration modules.
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