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Atomic Processes in Plasmas at Politecnico di Milano

Plasma-Wall Interaction in Fusion Devices
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Plasma in High-Power Impulse Magnetron Sputtermg
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Plasma-Based Electric Propulsion MSe Student

Microwave Electrothermal Thruster operating with nitrous oxide
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Laser-Plasma Interaction with Double-Layer Targets (DLTs)

Interesting for Enhanced Acceleration/Generation of electrons, ions, photons, neutrons, positrons, ...

e fs duration
e focal spot of pm
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OF Few mg/cm nanofoam. Appl. Surf. Sci., 599, 153859.
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Laser-Plasma Interaction with Double-Layer Targets (DLTs)
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Simulate Atomic Processes in Laser-Plasma Interaction

Basic Physics
Plasma Species (electrons, ions, neutrals)
+Electromagnetic Fields
Described by the Vlasov-Maxwell system
Approximately solved with Particle-in-cell (PIC)

simulations

Macro-Particles and

Fields on a Grid

@,

o °

Atomic Processes Physics
Collisional/Field lonization, Recombination, Excitation,
Bremsstrahlung, Disexcitation,
Spontaneous Emission, Charge Exchange, Bethe-Heitler
Pair Production, ...

Driven by atom/ion collisions with electrons, atoms, ions and photons
Evaluated analytically or simulated with Monte Carlo methods
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Very challenging to consider all of them!
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Continuous High-Energy Photon Emission

Enhanced Acceleration of Electrons in Foam + Dense Substrate

l

Emission of High-Energy Photons (keV-MeV) by Free Electrons .

Bremsstrahlung

’
----------
4

~~~_ Scattering in the Coulomb field of
nucler inside the target
Improved by mm-thick high-Z
substrate!
Several cross-sections available:
e Seltzer-Berger (tabulated)
o Bethe-Heitler (analytic)...

Koch, H. W. & Motz, J. W. (1959). Bremsstrahlung Cross-Section Formulas and Related Data.
Rev. Mod. Phys., 31,920-955.

Synchrotron-like Emission
(Non-linear Inverse Compton Scattering)

Scattering in the electromagnetic fields and head-on
collision with the reflected laser pulse

raGia ||| APP2I-oMayzoss |9




Motivations of Research on High-Energy Photon Emission

Interests
Complete Description of Laser-Plasma Interaction

Tunable Laser-Driven High-Energy Photon Sources

Applications: Radiography, Tomography, Interrogation of Materials, Diagnostic for laser-plasma
Advantages: compactness, ultrafast duration, small source size, high energy and high flux

Challenges

® Inclusion of all the relevant physics
® Choice of modelling and simulation strategies
e Limited computational resources

e Novelty of non-conventional targets

raGia ||| APPaI-oMayzozs | (10




Methods: Monte Carlo inside Particle-In-Cell (PIC)

Evaluation of High-Energy Photon Emission and Radiation

Reaction at PIC simulation run-time SZ:LattI;Onn '/'
e Time interval between two emission events: non-homogeneous
exponential distribution with a time-dependent Rate of Photon \‘\
Emission

p(t) — )\(t)e_f(t) A(t) = dN/dt 7(t) =]0 A(t")at’ N\acro-Pho‘ton ’

Bremsstrahlung Synchrotron-like emission
aN _ AN _ V3emeex [T F(w,X)
o i~ o ;/0 S
Computational Challenges in PIC:
e Sampling of Photon Energy and Back-Reaction ® ps duration
o r— (4 hw ® thick (1-10 mm) targets Required resources
Pph = —p e ® solid densities (100-1000 n ) AlTi Ta W Au
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Methods: Monte Carlo inside PIC code EPOCH

Il o V o

EPOCH

Arber, T. D, et al., (2015). Contemporary particle-in-cell approach to laser-
plasma modelling. Plasma Phys. Control., 57(11), 113001.

Seltzer- Berger tabulated cross-sections

Seltzer, S. M., & Berger, M. J. (1986). Bremsstrahlung energy
spectra from electrons with kinetic energy 1keV-10 GeV incident
on screened nuclei and orbital electrons of neutral atoms with Z =

1-100. Atomic Data and Nuclear Data Tables, 35(3), 345-418.

® from theoretical and experimental results

® range of electron energies: from m_c? up to
10 GeV

® atomic screening

® electron-electron bremsstrahlung

e Self-consistent treatment of particle dynamics

® Mean-Field Approach to Bremsstrahlung simulation
dN

—— = N;0V

dt

e No collisions among electrons and ions — collisional

approach not available in open-source codes!
Martinez, B., Lobet, M., Duclous, R., d’Humieres, E., & Gremillet, L. (2019).

High-energy radiation and pair production by Coulomb processes in particle-in-

cell simulations. Phys. Plasmas, 26(10),103109.

o) Screening Effects not taken into account properly

"
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Methods: Alternatives

Evaluation of High-Energy Photon Emission after PIC simulation

® Feed a standard Monte Carlo code with the electron distribution computed by the PIC.

Standard mean-field approach

lgnores plasma environment

Neglects electron dynamics (recirculation)
Need to think about PIC coupling

Thick targets — Yes!

& GEANT4

A SIMULATION TOOLKIT

i

Y Analytical estimates



Bremsstrahlung in DLTs
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Analytical estimates for Bremsstrahlung
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Bremsstrahlung and Field lonization
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Posthumus et al. (1997). Molecular dissociative ionisation using a classical over-the-
barrier approach. IOP Conference, 154, 298-307.
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Bremsstrahlung vs Synchrotron-like emission (NICS)
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Bremsstrahlung vs Synchrotron-like emission (NICS)

Angular Distribution of Photons
First Row — Bremsstrahlung

Second Row — Synchrotron-like emission
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Bremsstrahlung vs Synchrotron-like emission (NICS)

. . 2D Simulations with DLTs
Spectra in energy of all emitted Photons by Electrons
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Galbiati, M., Formenti, A., Grech, M., & Passoni, M. (2023).
T Numerical investigation of non-linear inverse Compton scattering
|| | in double-layer targets. Front. Phys., 11.
| 400 Derouillat, J. et al. (2018). Smilei : A collaborative, open-source,

200 400 O 200 400 O 200
E, [MeV] E, [MeV] E, [MeV] E, [MeV] multi-purpose particle-in-cell code for plasma simulation.
Comput. Phys. Commun., 222, 351-373.
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Photon-Activation Analysis

e Llaserinteraction with near-critical material (3D PIC) Calbration
8 %1020 W/cm? Sample | material

® Hot electrons passing through 2.6 mm W —

W-converter

Bremsstrahlung photons generation (MC:Fluka)
e Sample and comparative material irradiation —
Delayed emission of characteristic y-rays (MC:Fluka)

® Retrieve the elemental composition of a cm-thick

homogeneous sample 10°] o
1012/ o v
—— Electrons (PIC) 104 '
—— Photons (MC) 101 -
—— 12 hours cooling ‘l B
T 10104 T — SRS
|> 10 % 10°4 ¥ ) "‘\_‘ . B ]
g 5 10% ! SuPer-intense O £ 5"
= o 10%4 .o
W 108 & 104 ‘J‘L"Lu—d_ujﬂhl I ' I |||l“||| ‘ laser pulse Characteristic
> Z 5 — 1 week cooling E U Near-critical y-rays
® 108 o layer Bremsstrahl
106 . remsstrahlung
100 photons
T T T T T T 10-1.
L B%ne?gy [I_J\:'IoeV]go 110 "(; lmomh:zng o5 '1-0‘ - 12 - Mirani, F., Calzolari, D., Formenti, A., & Passoni, M. (2021). Superintense

E [Mev] laser-driven photon activation analysis. Commun. Phys., 4, 1.

POLITECNICO MILANO 1863 Marta Galbiati APiP-21 - 16 May 2023



Laser-Driven Tomography

3D imaging by sections using

laser-driven x-rays from a y _§
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Conclusions

Bremsstrahlung Is a relevant process in laser-plasma interaction and is

interesting for tunable laser-driven high-energy photon sources

e DLTs can be optimized for emission changing target parameters.
o Complementary modelling strategies for bremsstrahlung with advantages

and disadvantages.

Perspectives
o) lnvestigation of bremsstrahlung In very compact lasers
° Improve bremsstrahlung simulation in PIC

® Include other atomic processes (emission of characteristic x-rays)

e We have plannecl experimentsl




21st meeting on
Atomic Processes
In Plasmas

15-19 May 2023 - Vienna

Thank you for your attention! ®
marta.galbiati(@polimi.it C
www.ensure.polimi.it C

ERC-2022-PoC

@) POLITECNICO  erG to owearn
4 \9?&? o
L0 MILANO 1863 NanoLab  ravian

DIPARTIMENTO DI ENERGIA c I N E CA



	Diapositiva 1
	Diapositiva 2: Laser-Plasma Team
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6: Laser-Plasma Interaction with Double-Layer Targets (DLTs)
	Diapositiva 7: Laser-Plasma Interaction with Double-Layer Targets (DLTs)
	Diapositiva 8: Simulate Atomic Processes in Laser-Plasma Interaction
	Diapositiva 9: Continuous High-Energy Photon Emission
	Diapositiva 10: Motivations of Research on High-Energy Photon Emission
	Diapositiva 11: Methods: Monte Carlo inside Particle-In-Cell (PIC) 
	Diapositiva 12: Methods: Monte Carlo inside PIC code EPOCH
	Diapositiva 13: Methods: Alternatives 
	Diapositiva 14: Bremsstrahlung in DLTs 
	Diapositiva 15: Analytical estimates for Bremsstrahlung
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19: Bremsstrahlung vs Synchrotron-like emission (NICS)
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22: Conclusions
	Diapositiva 23

