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Characterization of materials via radiation sources

nly (PAA) *  Concentrations & Depth profiles (differential
Y pthp
- — PIXE) at surface.
o @f
© o= . .
X-rays, y-rays, n 9 ) *  Bulk analysis of large objects.
Q ™
(&) E@ * Imaging and elemental radiography of non-

homogeneous samples.

IR HCORORE)

' Different sources / accelerators, lack of flexibility (e.g.

® energy control).

H. R. Verma, Atomic and nuclear analytical methods. Springer, 2007. P.A. Mando, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 239.1-2 (2005): 71-76.
E. H. Lehmann, J. Archaeol. Sci. Rep. 19 (2018): 397-404. J. Salomon, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 266.10 (2008): 2273-2278.
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Laser-driven particle acceleration

Single-layer target
(1-10 pm foil)

| e  Emission of electrons and ions.
ons

* 10 -10" protons/shot accelerated
(depending on laser and target properties).

R

v

.
.

-
L

e e—

i, *  Broad energy spectra (max ~ 1 - 10s MeV).

Superintense e Control target properties (e.g. thickness)

laser pulse

LA N NoNoNoNoNoNoNeRoNoRoRORoNONONONONCRON N NN ]

Electrons — tune the energy.

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020. M. Passoni, et al. PPCF 62.1(2019): 014022.
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Laser-driven particle acceleration

w
o

>
Single-layer target L . é’ 25},
(1-10 urn foll *  Emission of electrons and ions. =
-10 pm foil) lons -
220
s * 10 -10" protons/shot accelerated g
i | { . . 1
A 2 (depending on laser and target properties). = .
.H E':t ) {}H "é 10l[© © RCF data i o
e o o o Th Paraboladataw/PM | | D\
qney *  Broad energy spectra (max ~ 1 - 10s MeV). c [ed Haaon Peisbole dola i PM } !
: I h O (averaged)
2 e 5 i1 Thomsgon Parabola data w/o PM I IR
. - o o o (averaged)
Superintense * Control target properties (e.g. thickness) — 1D Mora Scalng with a,=16
2 -1 0
laser pulse Electrons — tune the energy. 10 10 10

target thickness / ym

P. L. Poole, et al. New J. Phys. 20.1 (2018): 013019. M. Passoni, et al. PPCF 62.1(2019): 014022.
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Laser-driven particle acceleration with Double-Layer Targets

DLT

1110 )

Superintense
laser pulse

e  Emission of electrons and ions.

* 10 -10" protons/shot accelerated
(depending on laser and target properties).

* Double-Layer Target (DLT) — Increase the
energy and number of the particles — Mitigate
laser requirements.

Electrons

1E+9

dN/dE [1/MeV]
;

1E+7

T

—Al 1.5 um
~——foam 4 um
——foam 12 um

4

. Prencipe, et al. New J. Phys. 23.9 (2021): 093015.
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8 10 12 14 16 18 20
Proton energy [MeV]

M. Passoni, et al. PPCF 621 (2019): 014022.
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Laser-driven particle acceleration

DLT .. . 1E+9
e  Emission of electrons and ions. —AI 1.5 um
= ——foam 4 um
e 109-10"2 protons/shot accelerated o 3
. . g ——foam 12 um
(depending on laser and target properties). T 1E+8
&g g
& ' * Double-Layer Target (DLT) — Increase the >
energy and number of the particles — N\itigate -
1E+7 .

laser requirements.
4 6 8 10 12 14 16 18 20

Electrons Proton energy [MeV]

|nvestigate applications of laser-driven particle acceleration to materials characterization.

Superintense
laser pulse

..many potential appealing features:

:.': Compactness @ Cheapness TlT Energy tunability (flexibility) 61}) Multiple radiation fields
- 1

| B

. Prencipe, et al. New J. Phys. 23.9 (2021): 093015. M. Passoni, et al. PPCF 621 (2019): 014022.
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Activities (@ Politecnico di Milano

Theoretical studies; Q Experimental campaigns.

‘2 Detectors development; @ Production of DLTs;

i

<

@ BLIN
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Activities (@ Politecnico di Milano

Theoretical studies; (‘\ Experimental campaigns.

‘2 Detectors development; @ Production of DLTs;

i

@ BLIN @ TARG

Particle Induced X-ray Emission Photon Activation Analysis Fast Neutron Resonance Radiography Computed Tomography
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Particle Induced X-ray Emission (PIXE)

100 F

Real s
° - HP Retrieved NN
Characteristic o 2-5 MeV monoenergetic ions (protons).
X-rays / *  Detection of the emitted X-rays. 3
o
B
\ \ . * Concentrations & Depth profiles (differentia/ PIXE) Z
Sample ) ) ) g
*  Probed thickness ~1-10 pm in solids. o
£
o 1
o 80 50
S Ag 440
60+ ——2t1
= ] 430 g
25;;’ 404 A (_)u 1 YSI
. i
i =&
v 20 : : _,___!"-'10
[ i ™
1 i ! lo- 1
______ -0 g ) i
0+ v "" Vedwr < T 0
0 1 2 3
h (um)
£==| No standard materials are required — Spectra analysed with software in literature (theoretical description of PIXE).
=
H. R. Verma, Atomic and nuclear analytical methods. Springer, 2007. Z.Smit, et al. Nucl Instrum Methods Phys Res B 266.10 (2008): 2329-2333.

POLITECNICO
MILANO 1863

Francesco Mirani




Laser-driven particle induced X-ray emission

* Experiment performed (@ k\P\”’w with 200 TW.

Slit (2 mm)

Al foil B
Target (10 pm) Bi-ler
(6 um)
sample
I Proton
[ Electron Andor CCD
[ X-ray Screen
*  Vega-2 laser intensity = 2x1020 W/em?, ' 4 }
* 30 fs time duration, 3 J on target. .|
. s 4 Slit
* 6 pm thick Al target. (i, ‘
i IF
* Proton energies up to 6 MeV. T R ¢

BAfoll EE — e

F. Mirani, et al. Sci. Adv. 7.3 (2021): eabc8660.
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with bare targets

* Sample irradiation with both e- and protons up to 6 MeV.

Bi-layer sample (Cr layer

+ Cu substrate)

Substrate

- Fitted spectrum
Fitted peaks
¢ Exper. points

Cu-kp

counts/shot
(o]

Fast elemental
analysis

N

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




Laser-driven particle induced X-ray emission with bare targets

* Experiment performed (@ ‘*MWW with 200 TW.

.A

Shielding

\ Al foil
. Target Dipole Maanet (10 um) Bi-|e|—
(6 um)
sample
[ Proton Andor CCD
I Electron Screen

[ X-ray

* |rradiation perFormed

only with protons.

* Retrieve the thickness of a
micrometric thick |ayer.

P. Pilar, et al. Sci. Rep. 111 (2021):1-10.

F. Mirani, et al. Sci. Adv. 7.3 (2021): eabc8660. F. Boivin, et al. New J. Phys. 24.5 (2022): 053018.
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Laser-driven particle induced X-ray emission with bare targets

* Experiment performed (@ CMRM\/V with 200 TW.

i 1
I

Shielding

\ Al foil
Dipole Maanet (10 um)

Bi-layer
sample

[ Proton Andor CCD
I Electron Screen
[ X-ray

* |rradiation perFormed

only with protons.

* Retrieve the thickness of a

micrometric thick |ayer.

F. Mirani, et al. Sci. Adv. 7.3 (2021): eabc8660.
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Mass concentrations c¢; [%]

Sample irradiation with both photons and protons.

100 TW laser.
. Protons: f,(€)
wwwn X-Rays: Ixq, Ixs !
#« # Elementi: ¢,
Retrieve concentrations O Oy M Be 500 pm

in homogeneous samples.

Faster analysis of
thicker samples with

PIXE + XRF.
75 cm
80 T T T
[ JEDX
60 |EEXPIF . :
40t ]
|Stainless steel |
20t 7
0 [ ﬂl. I |—.—|I-
20 24 26 28

Atomic number Z

P. Pilar, et al. Sci. Rep. 111 (2021):1-10.
F. Boivin, et al. New J. Phys. 24.5 (2022): 053018.




Laser-driven particle induced X-ray emission with DLTs

? How do we make the PIXE suitable for the analysis of artworks (compact and flexible)?

@ Exploit Double Layer Targets to reduce the laser requirements!

. 20 TW laser;
- DLT target;

=t | Simulations of real-case scenarios of laser-

Laser-driven proton

source (PIC)

driven PIXE experiments.

(e 3D Particle-In-Cel

@ GE!\QLT4 Monte Carlo

-2.0e+00
CINECA | —

e - e B —— X-ray E [MeV]

M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202.
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Laser-driven particle induced X-ray emission with DLTs

Application to artworks analysis.

Process “synthetic” X-ray spectra and retrieve the sample composition.

L=

* Homogeneous sample (Roman * Complex structured samples (Medieval brooch and Renaissance painting) :
sword-scabbard):
Ag Lead white
100 ¢ 100 100
i N t'ReadI — Retrieved =
etrieved
g Real g |
£ 10f 8 7 =
£ i ® 77 g
.xﬁ; E ‘.\, 3 y E
S 1 S é
= 'I—|_I7 2 Retrieved s
Real
0 | 1 | | 0 | | I I
Fe Cu Zn Sn Pb 0 3 6 9 12 15 0 3 6 9 12 15
Element Areal density [mgfcmzl Areal density [rngfcmz]
Z.Smit, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 239.1-2, (2005): 27-34. L. De Viguerie, et al. Analytical chemistry 81.19, (2009): 7960-7966.
7. Smit, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 266.10, (2008): 2329-2333. M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202.
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Laser-driven particle induced X-ray emission with DLTs

@ Application to environmental analysis.

*  PIC simulations: 20 TW laser — DLT interaction.

* Broad scan of nc |ayer and substrate thicknesses.

-1
de/dEp [MeV ]
1010
10°
108
7
10 0.2
6
0 0.6 Substrate
10 5 thickness
20 25
30 2.0 [(pum]
Ep[MeV]
2D-PIC, 0.0 um === 2.0 um === 4.0 ym == 8.0 ym
Near-critical 0.0 pm == 2.0 ym == 4.0 yM o= 8.0 um
thickness: 0.0 M === 2.0 um === 4.0 ym o= 8.0 ym

“ ™ 3D-PIC, 4.0 um (nanostructured foam)

A. Maffini, et al., submitted at EPJ Technigues and Instrumentation (2023)
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Laser-driven particle induced X-ray emission with DLTs

— . : * & GEANT4 simulations of aerosol sample irradiation with monoenergetic and
Application to environmental analysis. s
laser-driven protons.
* PIC simulations: 20 TW laser — DLT interaction. Monoenergetic Laser-driven
10° Ca Vv Mn = 2% oy Ca V Mn = 00 m e

* Broad scan of nc layer and substrate thicknesses. Fo

Fe

T 100 Co Cu Pb
2 | Co cu Pb
a 3
\2; 10
g =
dNp/dEp [Mev™] 102
1
1010 10 14
Ey [keV] Eyx [keV]
10°
8
10 . . . o
*  Number of emitted X-rays comparable with that achieved with accelerators
7 [
10 0.2 107 5
e 2D-PIC, 2 um
106 Sub . ] substrate
=2 0.6 u. strate 10° 5 —e_ 2D-PIC,0.6um
15 5o thickness —_ ] substrate
25 3p 2.0 [um] 1 10° 4 —e 2D-PIC,0.2pm
Ep[MeV] y 3 substrate
= 104 - % 3D-PIC, nanostruc.
2D-PIC, 0.0 um == 2.0 um === 4.0 ym == 8.0 uym E foam
Near-critical 0.0 pm == 2.0 ym == 4.0 yM o= 8.0 um - Accelerator,
thickness: 0.0 pm === 2.0 pm === 4.0 ym o= 8.0 um 107 5 1-10nA

[ | 3D-PIC, 4.0 S1ag] (nanostructured foam) . T T T T T T T T T T T T
1.0 2.5 4.0 55 1.0 2.5 4.0 5.5 1.0 2.5 4.0 5.5

E, [MeV] E, [MeV] E, [MeV]

A. Maffini, et al., submitted at EPJ Technigues and Instrumentation (2023)
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Photon Activation Analysis

* 10s MeV e- on converter — high-energy
bremsstrahlung photons.

. Sample activation due to photonuclear
reactions — Characteristic y-rays.

* ldentification of the elements and

bulk analysis.

0

10°

10 E

Counts

10’

10°

Energy (keV)

wlln

L 1
[ 500 1000 1500 2000

dN / dE / Ne. [1/MeV]

=
o
o

=
2
-

107 |
103 |

104

T T I

T I
Mo-100 (y,n)
Cu-65 (y,n) |
s Co-59 (y,n)
Photon
spectum

10 15 20 25 30

Ey [MeV]

E\e C“ o™

ped™

E@ Standard materials usually required to retrieve concentrations.

C. Segebade, et al., Photon activation analysis. de Gruyter, 1987.
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100
80
60
40
20
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. \C
oW
xel
aC

Cet
\) - a\{ s

C. Segebade, et al. J. Radioanal. Nucl. Chem. 312 (2017): 443-459.

MILANO 1863



Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis.

1.

Super-intense laser interacting with near-critical layer (model

from literature and 3D PIC).

””C‘Ffa(@_

Convg,tp’

@ 200 TW laser (8x102° W/cm?)

. Near-critical |ayer

12 ]
10 —— Electrons (PIC)
<7 1010
>
v
s o8
E 1071 ) ) Super—intense
> e Hote- generation with
o £ 2110 MeV laser pulse 7
10°% max ~ ev. Near-critical
layer
10 30 50 70 90 110
F. Mirani, et al. Commun Phys 4.1, (2021): 1-13

Energy [MeV]

A. Pazzaglia, et al. Commun Phys 3.1 (2020): 133.

zlcel_dgfgylco Francesco Mirani




Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis.

2. Hot e- interaction with mm-thick W converter —
Bremsstrahlung photons generation (Monte Carlo

W-converter

* Broad scan to retrieve the optimal target and converter
parameters (maximum Bremsstrahlung photon emission)
exploiting the model from literature.

25 0.007

18.0 - L =5
_ 10 2 0.006
= = = 20
o 17.51 lg & @ 0.005
v =
L] Py o
E s o 15 0.004
2 17.0 6 o 5 .
K, g =
£ T E o 0.003 >
T 16.5 T
£ L4 E .
= = 5 0.002 Super-intense
& 16.0 o g s

' L2 2 0.001 laser pulse >
w 0.000 —— Optimum L .
15.5 . . . 3 A A A 1o 0000 Near-critical
10 20 30 40 50
Converter Thickness [mm] |ayer
a0 Bremsstrahlung
photons
A. Pazzaglia, et al. Commun Phys 3.1 (2020): 133. F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis.

Calibration
Sample material

3. Sample and comparative material irradiation (Monte

Carlo GAUKA )

* Photonuclear reaction cross sections:

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

160 Cu-65 (y,n)

140 - mmm Co-59 (y,n)

120 + —
Q9 100 - -
£
= 80

60

40

20 Super-intense

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

photons

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis.

Calibration

3. Sample and comparative material irradiation — Delayed .
material

emission of characteristic y-rays (Monte Carlo

Sample

W-converter

10 Pb icu
103 !
g |
101.
10—1<
—— 12 hours cooling
g 5 i =
% 10° Fe éNa Ni
s l s
: 100 : Peak
‘—: 10! - - ., . e
S intensities
%> 5 —— 1 week cooling : Ll
10° iCa
10% E Super-intense
10| laser pulse Characteristic
1071 : Near-critical y-rays
—— 1 month cooling . |ayer
0.4 0.6 0.8 1.0 12 14 Bremsstrahlung
e photons

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility
@ Development of a scheme to perform laser-driven Photon Activation Analysis.

3. Retrieve the elemental composition of a cm-thick Cahbraﬁlon
' Sample material
homogeneous sample (South-Levantine bronze sculpture).

. : . W-converter
B Sample
40 1 Bl Retrieved
= 20
5
E= —il
—_— —
. =
Comparison &
. (@] 2.
with the S
. . (@]
calibration
1) Super-intense
laser pulse Characteristic
Near-critical y-rays
04 : layer Bremsstrahlung
Cu Na Fe Pb Ni Ca
photons
Elements

B. Maroti, et al. J. Radioanal. Nucl. Chem. 312.2 (2017): 367-375.

POLITECNICO
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Pulsed Fast Neutron Resonance Radiography

ToF position
sensitive detector
. screen

*  Pulsed 1-10 MeV neutrons from accelerators or laser-driven source. - .
Lead shield ”/% | — L.
*  Exploit features in total absorption cross section of neutrons Sample ~omll =Tl
in low-Z elements (H,N,O and C). Pulsed fast — '

neutron source i
10 —— - 4
= E 'H(n, tot) L . |

f. - e
S 8 =3 2C(n, tot) = (R -
: 6 E 14N(n, tOt) \7-.\\;_ = |
S = *60(n, tot) : Gmm“uRm
O o ~_| = \\\
S 4 ¢ — — > LT
5cm >+ ¢ | =~
o | 3cm | — —

S S N
2 4 6 8 10 >0 .cm

Energy [MeV]

e Detection of energy and position of transmitted neutrons — elemental imaging
of drugs and explosives.

i

No standard materials are required.

D. Perticone, et al. Nucl. Instrum. Methods. Phys. Res. B NUCL INSTRUM METH A 922 (2019): 71-75.
|. Kishon, et al. Nucl. Instrum. Methods. Phys. Res. B NUCL INSTRUM METH A 932 (2019): 27-30.
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Numerical study of laser-driven FNRR feasibility
@ Exploit laser-driven neutron source to perform radiography of large samples

1.

Super-intense laser interacting with Double- Layer Target
(model from literature).

2. Accelerated protons interaction with cm-thick converter —
(p, n) reactions — fast neutron generation.

neutrons

cm-thick Be
converter

Double- : =

Layer Tar Ay = cu
ayer larget 4 : _ 0ol

' protons 3
S 0.6 1
0.3
Super-intense laser 0.0
P 10° 10! 102
pulse (100s TW) E, [MeV]

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.
A. Pazzaglia, et al. Commun Phys 3.1, (2020): 1-13.
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Numerical study of laser-driven FNRR feasibility

@ Exploit laser-driven neutron source to perForm radiography of |arge samples.

1.

Super-intense laser interacting with Double- Layer Target
(model from literature).

2. Accelerated protons interaction with cm-thick converter —
(p, n) reactions — fast neutron generation.

neutrons

cm-thick Be
converter

Double- : 2=
Layer Target | S, R
< 0.6
0.3
Super-intense laser 0.0+ " R
10 10 10
pulse (100s TW) E, [MeV]
POLITECNICO ‘ S
T Francesco Mirani

Monte Carlo 4" GEANT4 results:

Proton spectra:

Neutron spectra:

Broad spectrum up to 10s MeV.

2104 n/cm?/s at = 3 m distance for ay > 15 (= 250 TW).

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.
A. Pazzaglia, et al. Commun Phys 3.1, (2020): 1-13.




Numerical study of laser-driven FNRR feasibility

@ Exploit laser-driven neutron source to pencorm radiography of |arge samples. *  Transmitted neutron spectra
0.8
. . . . (C2H4)n
3. Irradiation of |arge samples with 1-10 MeV neutron S 067
@
pulses. g 0.41
w
g 0.24 &= Monte Carlo
. . ~ > .
4. Detection of transmitted neutrons for — Theoretical
L. o 0.0
1 min. irradiation at 5 Hz. H,O0
S 0.6
a
- € 0.4-
position a
- C 024, = Monte Carlo
ok B neutrons sensitive ToF ~ 0-2 15 — Theoretical
cm-thick Be G . n-detector 0.0 . " ' ; T
converter 10s cm thick 2 4 6 8 10
sample Energy [MeV]
Cross section
I H(n, tot) I(En)
8 12 —C Z o;Tj
Layer Target == 2C(n, tot) — 2 ~ e i OiTj
; 1 “N(n, tot) I (E )
6 == '50(n, tot) 0\~n

Sum over Projected
elements  mass thickness

Transmission

Cross Section [barn]

Super-intense laser

pulse (100s TW) o 2 4 6 8 10

Energy [MeV] F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.

A. Pazzaglia, et al. Commun Phys 3.1, (2020): 1-13.
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Numerical study of laser-driven FNRR feasibility
@ Exploit laser-driven neutron source to perform radiography of large samples.
3. Irradiation of large samples with 1-10 MeV neutron
pulses.

4. Detection of transmitted neutrons for
1 min. irradiation at 5 Hz.

position

neutrons sensitive ToF

cm-thick Be n-detector
converter 10s cm thick
sample
Double- = B H(n, tot)
) L.
Layer Target 58 =1 2¢(n, tot)
S — 3 “N(n, tot}
protons _§ 6 = '%0(n, tot)
§ 4
[%]
. S 2
Super-intense laser S
0

pulse (100s TW) 2 4 6 8 10
Energy [MeV]

POLITECNICO

Projected Mass Thickness [gicm?]

Projected Mass Thickness [g/cm?]

* Elemental imaging of O, C, N and H.

Sample: Transmission:
0.6
51 =
O.SE
@
§o £
0.4 &
=
_5_
(C,HY. 03
Oxygen: Carbon:
5 5 &
£
4 4 2
9
2
3 3%
&
2 2 é
3
1 1 E
<)
0 0
Nltro en: Hy dro en:

5

~

w

N

=

=} o o =
S = -]
Projected Mass Thickness [g/cm?]

o
N

| B

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.

o
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Numerical study of laser-driven computed tomography

DLT TmmW Test sample 5
. (2 n,16 pm) Converter etector Tomography
Super-intense c
laser pulse
(ao = 10) p
'."‘—

Pb, Astra
Fe, W Toolbox

Hot
electrons Bremsstrahlung
photons
= Opt|m|ze the source acting o = 3D imaging by sections using
on target parameters. — laser-driven x-rays from a
— =
‘E 10 = compact laser source.
. . S
= Simulation of the whole 2 3
LA ©
setup from laser to test g 0 T
. . = =[o
sample reconstruction with 10%2] S
WarpX RGN LNE -
0 500 1000 1500 2000 New activity
E [keV]
started

W. Van Aarle, et al. Ultramicroscopy, 157, (2015)¢ 35-47.
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Conclusions

* Laser-driven radiation sources are promising for e DLTs allow enhancing and controlling the energy of the
materials characterization and in particular for artworks. accelerated particles.
> Multiple radiations — multi-purpose (surface, bulk, > Mitigation of laser requirements.

stratigraphic analysis and imaging).

Thank you for the attention!
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