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Laser-driven particle acceleration

Super-intense laser ““"l ml" Taroet Electronand ion
pulse 8 bunch

Laser parameters: QUARK 30 TW, Thales Group ELI-NP laser, 10 PW (Romania)
v Highpowers~10 TW - 10 PW
v" Ultra-short durations ~ 10 fs

v" Repetitionrate ~10-3 - 10s Hz

v" Smallareas focal spot ~1-100 pm?
v Intensity ~ 108 — 1023 W/cm?

Daido, H., et al. (2012). Reportson progressin physics, 75(5), 056401.
Macchi, A., et al. (2013) Reviews of Modern Physics, 85(2), 751.
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Laser-driven particle acceleration from solid targets
* Target Normal Sheath Acceleration (TNSA) — Super-intense ultra-short laser pulse + Micrometric thick foil

pm-thick
solid foils
Super-intense
ultra-short laser
pulse

Macchi, A, et al. (2013) Reviews of Modern Physics, 85(2), 751.
(1D Rosmej, O. N, et al PPCF 6211 (2020): 115024.
(2) Prencipe, |, etal. PPCF, 58(3), (2016): 034019.
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Laser-driven particle acceleration from solid targets
* Target Normal Sheath Acceleration (TNSA) — Super-intense ultra-short laser pulse + Micrometric thick foil

pm-thick

o * Formation of plasma — Particle acceleration driven by
solid 1ol1s

Super-intense chargeseparation.

ultra-short laser

N T . 8
8 rd
g *
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f
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Hot electron

pulse

cloud

Macchi, A, et al. (2013) Reviews of Modern Physics, 85(2), 751.
(1D Rosmej, O. N, et al PPCF 6211 (2020): 115024.
(2) Prencipe, |, etal. PPCF, 58(3), (2016): 034019.
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Laser-driven particle acceleration from solid targets

* Target Normal Sheath Acceleration (TNSA) — Super-intense ultra-short laser pulse + Micrometric thick foil

pm-thick

solid foils

Super-intense
ultra-short laser

v ik
»
§ 3
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f
A ]
‘s

Hot electron

pulse

cloud
Accelerated

jons

Macchi, A., et al. (2013) Reviews of Modern Physics, 85(2), 751.
(1D Rosmej, O. N, et al PPCF 6211 (2020): 115024.
(2) Prencipe, |, etal. PPCF, 58(3), (2016): 034019.
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v" Electron spectrum:

Particlesemittedin short bunches ( £ ns time duration)
Huge accelerating field gradients: MV/pm
Broad energy spectra (~ exponential)

Maximumenergy ~1-10s MeV

v" Proton spectrum:

1E+09 4,

2) 10°F
bare Al
10umTi
10" Wem2
0 10 20 30 40 50 60 70 80 90 100 20 25 30
E [MeV] Energy (MeV)




Laser-driven particle acceleration from solid targets
* Enhanced Target Normal Sheath Acceleration — Advanced near-critical double-layertargets (DLTs)

Near-critical pm-thick o

Low density (~ mg/cm?3), near-critical material to
solid foils

Super—intense .
enhancelaser absorptlon

ultra-short laser

|ayer

lﬂ] Increase the energyand number of the particles

v" Electron spectrum: v" Proton spectrum:
1 - 2) 10°F
. i @ 3 bare Al
£~1E#10 — —— 12 um foam
- S 10° L
otter electron s s f ——— 8 um foam
Accelerated < —
cloud . > 1E+09 - 2
1oNs ) 3 foam + 10 ym Au £ 10°L
=, 10" Wem2 = 3
g S
Y 1E+08 X 102 L
> 10 pm Ti : F
R o} 1019 Wem2 3s i
Macchi, A., et al. (2013) Reviews of Modern Physics, 85(2), 751. —_— 1o -
74 T T T T T T | T T L . L L . = 1
©) Rosmej, O. N, et al PPCF 62.11(2020):115024. 0O 10 20 30 40 50 60 70 80 90 100 5 10 15 20 25 30
Ener MeV
(2) Prencipe, |, et al. PPCF, 58(3), (2016): 034019, E [MeV] gy (MeV)
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Laser-driven particle acceleration from solid targets

------

protection

TH' Energy tunability (flexibility) 61? Multiple radiation fields G) Ultrafast temporalduration
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Laser-driven particle acceleration from solid targets

TH' Energy tunability (flexibility) éF) Multiple radiation fields G) Ultrafast temporalduration

. Severalapplicationsunderinvestigation:

200um
v" Protonimaging
L. Romagnani, et .
al., Phys. Rev. Lett. 95,
195001 (2005)
-4 ps

v" Nuclear Fusion (ICF)

proton—ion based
Fast |gnitor

Fernandez, J. C,, et al.
Nuclear fusion,

49(6), 065004 (2009).

POLITECNICO
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* Laseraccelerators have many potential appealing features: ." Compactness @ Cheapness @ Moderateradiation
protection

-

v" Production of PET radioisotopes &
hadron-therapy

Sun, Z. AlIP Advances, 11(4), 040701(2021).

Bulanov, S. Vet al. (2014) Physics-
Uspekhi, 57(12), 1149 (2014).

electron

v Neutron production < cloud

& inspection

Brenner, C. M, et al. U+ =R
PPCF, 58(1), 014039 (2015).

Neutron
beam

Roth, M., atal. PRL, 110(4),
044802 (2013)

TNSA-driven ions
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Strategy and methods of the

- ierc-ENSURE project
|nvestigate the possibility to apply laser-accelerators to elemental characterization:

v" Particle Induced X-ray v" Energy Dispersive X-ray v" Photon Activation
Emission (PIXE) Spectroscopy (EDX) Analysis (PAA)

Passoni, M, et al. PPCF,62(1), (2019): 014022.
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Strategy and methods of the

. lerc-ENSURE project
|nvestigate the possibility to apply laser-accelerators to elemental characterization:

v" Particle Induced X-ray v" Energy Dispersive X-ray v" Photon Activation
Emission (PIXE) Spectroscopy (EDX) Analysis (PAA)

Advanced DTLsto efﬁciently accelerate pa rticles with reduced laser requirements

Passoni, M., et al. PPCF, 62(1), (2019): 014022.
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rc-ENSURE project

Strategy and methods of the -

|nvestigate the possibility to apply laser-accelerators to elemental characterization:

v" Particle Induced X-ray v" Energy Dispersive X-ray v" Photon Activation
Emission (PIXE) Spectroscopy (EDX) Analysis (PAA)

Advanced DTLsto efﬁciently accelerate pa rticles with reduced laser requirements

Qg Investigation through theoretical & experimental methods:

v' Laser-driven source: v Particle propagation in v Campaigns in laser
models, Particle-In-Cell matter: Monte Carlo facilities

Smilei) piccante

Passoni, M, et al. PPCF, 62(1), (2019): 014022.
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Numerical study of laser-driven PIXE feasibility

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

)

# | Simulations of real-case scenarios of laser-driven PIXE experiment coupling PIC

and Monte Carlo simulations

M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1(2019): 9202.

POLITECNICO ‘ Francesco Mirani 8 /17

MILANO 1863



Numerical study of laser-driven PIXE feasibility

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

.
=t

#* | Simulations of real-case scenarios of laser-driven PIXE experiment coupling PIC
= . .
and Monte Carlo simulations

« 3D Particle-In-Cell {ocante - Monte Carlo & GEeaNT4

@ 20 TW laser; v 0.2T magnet — deflect the
electrons
- DLT target;

=
Q
o

CINECA

no Selection
near 0° ——
near 3°

[ [
S 9
N -

7

-
=
&)

dN/dE [arb.units]

0 2 4 )
E [MeV] ¢ Laser-driven proton

source (PIC)

*  Particle momentum distribution
provided to the Monte Carlo

&= — H+ —— X-ray

E [MeV]

M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1(2019): 9202.
POLITECNICO

AL ANOTae3 ‘ Francesco Mirani 8/1/




Laser-driven PIXE code

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

BE| Dedicated software to process X-ray spectra and retrieve the sample composition.
=N
» Equation for the X-ray yields (e.g. homogeneous sample case) accounts for the broad energy spectrum:
E ] 0
b, min / ! 0
AD Ny, g [ELGEL cos0 g
= — . — . f (E ) .[O-(E) w;: e EoS(E")cosep __—— dE
i i i i i
41t Mi p\™p S(E) p
Ep max Ep
X-ray Elemental Proton X-ray production cross
yields  concentrations spectrum section, attenuation, etc.
M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1 (2019): 9202. Powell, M. J. (2009). Cambridge NA Report NA2009/06, University of Cambridge, 26-46.
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Laser-driven PIXE code

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

®Z| Dedicated software to process X-ray spectra and retrieve the sample composition.
L
» Equation for the X-ray yields (e.g. homogeneous sample case) accounts for the broad energy spectrum:
E 5 0
b, min ! ! 9
AQ Ny, _y; [FAE._cosb gp
= o v . . EoS(ENCosp _——_ gp
i € [ f E j 0, (E) w; e
At M P( p) l l S(E) p
Ep max Ep
X-ray Elemental Proton X-ray production cross
yields  concentrations spectrum section, attenuation, etc.
» X-square ycalc _ yexp 2 » D lib C++
minimization: X2 = z L L i . S
i exp Library Method for function optimization
Y; Bobyqa  appliedto the X? and perform iteration
M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1 (2019): 9202. Powell, M. J. (2009). Cambridge NA Report NA2009/06, University of Cambridge, 26-46.
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Numerical study of laser-driven PIXE feasibility

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

Dedicated software to process X—ray spectra and retrieve the sample composition.

l{b Tested on the “synthetic” X-ray spectra from the Monte Carlo 10° ol T JMI

0 2 4 6 8 10 12 14 16 18
EX-ray[keV]

. Homogeneous sam ple:
100 ¢

F Real .
i Retrieved

10

Concentration[%)]

Element

M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1 (2019): 9202.
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Numerical study of laser-driven PIXE feasibility

? Unconventional features of proton beam (ns duration, broad spectrum, mixed radiation).

s

F =N

lf) Tested on the “synthetic” X-ray spectra from the Monte Carlo

. Homogeneous sam ple:

e Com plex multilayer structured samples:

Dedicated software to process X—ray spectra and retrieve the sample composition.

Ag

100

f Real mmmmm 10t 3 1 100 _

Retrieved M = Retrieved ==

1010 £ : g Real

9 S - ® c 75

g 10¢ b 3 0 2

c - -

2 i S 107 -3 x(mm) 3 g
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g §
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i = 8 25
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100 ‘ 0 ! 1 :
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%

15
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| | I|| | | IJ I\
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100
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75
50
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3 6 9 12 15
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v" lrradiation with different proton spectra varying the laser intensity.

M. Passoni, L. Fedeli, F. Mirani. Scientific Reports, 9.1 (2019): 9202.
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ EDX setup — Sample irradiation with both e- & protons

Vega-2laserintensity = 2x102° W/em?
30 fs time duration, 3 J on target
Laser spot size (FWHM)=7 pm

Slit (2 mm)

Target

N

Al foil

(10 um) Cu e _ ] - Slit
sample .
I Proton 4 ~..
B Electron Andor CCD | ‘“%I‘ | !f ‘
[ X-ray Screen / A bk ‘ ',

Al foil to stop the debrisand C ions
Apertureslitin the middle of the sample

Time-oF—FIight spectrometer for proton characterization

CCD for X-ray detection

F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

® EDX setup — Sample irradiation with both e- & protons *  Proton spectrum characterization (from 6 pm thick
aluminum target)
Slit (2 mm)
ToF
" ] 1010
kA —— Average Spectrum
[ Stitistical Uncertainty
10°
.‘é"
3
Al foil £ 10°
(TZ‘rget) (10 pm) u
m —
b sample 5
I Proton 107
B Electron Andor CCD
[ X-ray Screen
1084 ——
1 2 3 4 5 6 7 8 9 10
Energy [MeV]

Al foil to stop the debrisand C ions
Apertureslitin the middle of the sample * Broadenergyspectrum

Time-oF—FIight spectrometer for proton characterization .

CCD for X-ray detection

Maximumenergy up to 6.3 MeV

F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

. . . . Single Pixel
@ EDX setup — Sample irradiation with both e- & protons Events
£
: z
=SlIE 2 ) ToF * Singlephotoncounting 2
" . B
spectra reconstruction. §
i:>:._<
Energy [keV]
Al foil 4 5 6 7 8 9 10 11
Target (10 pm) 16 | : : l Cuka] [—
(6 um) 0 | ¢ exp.data
sample 14 30 %
B Proton 12 25
I Electron Andor CCD m§
- X-fay Screen % 101 N © hd X_ray CCD e.nergy
"2 8 -10Pixe?VaIue1?cts] Callbl"atlon Wlth a
=3
. S 6/ Cu sample.
e Alfoilto stop the debrisand Cions "
. Aperture slit in the middle of the sample 2
. Time-oF—FIight spectrometer for proton characterization B0 200 280 300 380 400

Pixel value [cts]

CCD for X-ray detection
F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ EDX setup — Sample irradiation with both e- & protons * Bi-layersample (Cr layer+ Cu substrate)

Slit (2 mm)

o
o
a5

.5‘, i

_,‘(
1[‘[

i g | Produced with DCMS
fice!

z. ¥
it s

} =)
11 ‘.,'ll 4 A "a’&

i
| ?l; (controlled thickness and
Layer4 ]

!
."‘!'

t

A composition)

Substrate

Al foil

(10 pm) Bi-layer — Fitted spectrum .
sample 141 Hiited peci Form the peak energies:
- Proton i ‘ ;0 Exper. points
I Electron Andor CCD 10, |
1 X-ray Screen 2 CukB
‘2 8 E |
3 |
g 6 |
* Al foil to stop the debrisand C ions 4 é @ Elementsare
* Apertureslitin the middle of the sample 2 K correctly recognized
* Time-of-Flight spectrometer for proton characterization %% & 7 8 & 10 01 D

Energy [keV]

CCD for X-ray detection

F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ PIXE setup — Sample irradiation only with protons

Dipole Maanet

Al foil
(10 pm)

Bi-layer

sample
- Proton Andor CCD
I Electron Screen
[ X-ray

* Al foil tostop the debrisand C ions
* CCD for X-ray detection

Removal of the electrons withdipole magnet (0.26T)
and lead shielding

F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ PIXE setup — Sample irradiation only with protons

Al foil

Target Dipole Maqnet (10 um) Bi-layer
(6 um) -
sample
Britamn Andor CCD
[ Electron A
[ X-ray

* Al foil tostop the debrisand C ions
* CCD for X-ray detection

* Removalof the electronswithdipole magnet (0.26T)
and lead shielding

POLITECNICO
MILANO 1863
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@ Layer thickness reconstruction exploiting the software
developed for the laser-driven PIXE quantitative analysis

*  Totalnumberof protons :
O ) — not required
’ * Monoenergetlc spectrum

4.0
35 . ! - Fitted spectrum
’ Crka | Cu-ka | Aitted penks
! ! ¢ Exper. points
3.0 | i
= 2.5 ' Cu-kB | Pb-ka
£ 1 |
' | |
% 2.0 ————4
€ @ ———
9151 > oz
1.0 I 2 ]
0.5
0.0

4 5 6 7 8 9 10 11 12
Energy [keV]

F. Mirani, et al., Science Advances, eabc8660 (2021).




Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ PIXE setup — Sample irradiation only with protons

@ Layer thickness reconstruction exploiting the software
developed for the laser-driven PIXE quantitative analysis

O . Totalnumberofprotons
V4

— not required

Monoenergetic spectru m

Dipole Maanet

Al foil
(10 pm)

Bi-layer

sample
I Proton Andor CCD
I Electron Screen
1 X-ray

* Al foil tostop the debrisand C ions
* CCD for X-ray detection

Removal of the electrons withdipole magnet (0.26T)
and lead shielding

F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

@ Study the electron and proton contribution to the X-ray
production via & GEANT4 Monte Carlosimulations.

* 3D magnetic field distribution from Finite Element
Analysis (FEA) ¢

e
[ wel 2
(2N o) K

I I I
0.0 T 0.6 0.0 T 0.3 0.0 T 0.6

. Experimental spectrum — Proton energies

. Scaling law (Cialfi et al.) — electron temperature

L. Cialfi, et al. Physical Review E, 94(5):053201,2016. F. Mirani, et al., Science Advances, eabc8660 (2021).
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU
EDX setup

e- contributionis dominant

IO (~ 90 % of the X-rays)

|

@ Fast elemental analysis

@ Study the electron and proton contribution to the X-ray
production via & GEANT4 Monte Carlosimulations.

* 3D magnetic field distribution from Finite Element
Analysis (FEA) ¢

L) L
.8 ot
Dgo"

PIXE setup
O proton contributionis
[ S I 4 D
o 0.6 0.0 T 0.3 0.0 G 0.6 ' 4 dominant (~ 98 % of e-

removed)

|

* Experimental spectrum — Proton energies
o Quantitative analysis

. Scaling law (Cialfi et al.) — electron temperature

L. Cialfi, et al. Physical Review E, 94(5):053201,2016. F. Mirani, et al., Science Advances, eabc8660 (2021).

APMCI_)/!\'I\II;I;E&?"CO ‘ Francesco Mirani 14 /17



Numerical study of laser-driven PAA feasibility
@ Development of a scheme to perform laser-driven Photon Activation Analysis

1. Su per-intense laserinte racting with near-critical

material (3D PIC)

@D 200 TW laser (81020 W/cm?)

\»‘
'

. Near-critical layer N e
i
" |

" ;\

»

—— Electrons (PIC)

Super—intense

dN/dE[MeV~+]
=
o
@

v Hote- generation laser pulse
10°4 with EmaX =110 MeV Near-critical

|ayer

10 30 50 70 90 110
Energy [MeV]

Mirani, F., et al. Superintense laser-driven photon activation analysis. Commun Phys 4,185 (2021).
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Numerical study of laser-driven PAA feasibility
@ Developmentof a scheme to perform laser-driven Photon Activation Analysis

2. Hote- interactionwithmm-thick W converter —
Bremsstrahlung photons generation (MonteCarlo

* W-converterthickness=2.6 mm

12 |
10 —— Electrons (PIC)
—— Photons (MC)

_I: 1010_
C, v" Broad angular distribution
W 10°; Super-int
3 v Energy up to 100 MeV uper-intense
o laser pulse ‘

10°- Near-critical

|ayer Bremsstrahlung

10 30 50 70 90 110 hotons
Energy [MeV] P

Mirani, F., et al. Superintense laser-driven photon activation analysis. Commun Phys 4,185 (2021).
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Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electronaccelerators

Calibration
Sample material

3. Sample and com parative material irradiation (Monte

Carlo GAUKA )

* Photonuclear reactioncrosssections:

180 T | |
Mo-100 (y,n)

160 | Cu-65 (y,n)

140 - s Co-59 (y,n)

120 + —
a 100 - -
g
o 80 r ‘,“‘::» ]

60 - ,n |

40 -

20 F = Super-intense

0 laser pulse
5 10 15 20 25 30 35 Near-critical _
Ey [MeV] layer Bremsstrahlung

photons

Mirani, F., et al. Superintense laser-driven photon activation analysis. Commun Phys 4,185 (2021).
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Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electronaccelerators

Calibration

3. Sample and com parative material irradiation — Delayed Sample o]

emission of characteristic y-rays (Monte Carlo

W-converter

105{ b icu

1034, !
sy
101 1 1

1071+

—— 12 hours cooling

105 Fe Na INi

10° | Peak
—

101 4

10_1 g

intensities

dN,/dE/Q. _ [1/MeV/nC]

—— 1 week cooling LI

10° ca Super-intense

10° laser pulse
101.

10—1 X

_ Characteristic
Near-critical y-rays

|ayer

—— 1 month cooling

0.4 0.6 0.8 1.0 1.2 1.4
E [MeV]

Bremsstrahlung
photons

Mirani, F., et al. Superintense laser-driven photon activation analysis. Commun Phys 4,185 (2021).

POLITECNICO
MILANO 1863

Francesco Mirani




Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electronaccelerators

. .. . Calibrati
3. Retrieve the elemental composition of a cm-thick Sarmol alibration
ple material
homogeneous sample

(] Sample
401 B Retrieved
201
Comparison _

withthe —>

W-converter

calibration

Concentration [%]

Super—intense

laser pulse Characteristic

y-rays

Near-critical
|ayer

Bremsstrahlung

cu Na Fe Pb Ni Ca photons

Elements

Mirani, F., et al. Superintense laser-driven photon activation analysis. Commun Phys 4,185 (2021).
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Conclusions and perspectives

» Combinedtheoretical and experimental approach.
N

Suitable target solutionsand com pact lasers.

‘0 Investigate and perform laser-driven PIXE,
. EDX and PAA.

\@3 Multi-purpose acceleration system.

What next? Barberio M., et of Scientific reports7.1 (2017): 1-8.
Passoni M., et al. Scientific reports 9.1 (2019): 1-11,
Barberio M., et al. Science advances 5.6 (2019): eaar6228.
Passoni M., et al. Plasma Physics and Controlled Fusion 62.1 (2019): 014022,
Barberio M., and P. Antici. Scientific reports9.1 (2019): 1-9.
d RHYLHB ’ SL‘)UI’CG, c LP U’ =5 I Morabito A, et al. Laser and Partif/e Bezms 37.4(2019): 354-363.
Zimmer, M., et al. In EPJ Web of Conferences (Vol. 231, p. 01006). (2020). EDP Sciences.
Mirani F., et al. Science advances 7.3 (2021): eabc8660.
Puyuelo-Valdes P, et al. Scientific reports11.1 (2021): 1-10.
Mirani, F., et al. Communications Physics 4,185 (2021).
Brandi, F., et al. Applied Sciences, 11(14), . (2021): 6358.

o New experiments of laser-drivenparticle acceleration
5 P P )

PIXE,EDX and PAA also with compact lasersand DLTs.

Qg Optimization of the proof-of-principle setups.

{3 Investigatelaser-driven neutrongenerationand n-
©  based materials characterization.
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