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Main fields of research

- Theoretical & experimental investigation of ¢ Advanced target production (low-density foams
laser-driven ion acceleration & multilayer targets) for laser-plasma interaction

experiments

Fast ions

Electron cloud

« Fundamental physics and laboratory astrophysics
(collisionless shock waves & laser-driven
secondary radiation (e.g. Neutron))

CB* phasespace

« Application of TNSA scheme to

Px/mec

20 0 20 40 60 80 100
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Numerical Tools

« Particle-In-Cell (PIC)  Monte Carlo simulations « Diffusion Limited Cluster-
simulations to study laser of particles propagation Cluster Aggregation (DLCA)
plasma interaction through matter to model the foam growing

TRTIVN process

« Open source codes: ;;;; « Open source code GGeant 4

CINECA
« Marconi @ CINECA, Bologna HPC facility - Intel OmniPath Cluster access through
ISCRA C & LISA & PoliMi grants (~ 100 kCPUhours each)
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Laser-driven ion sources: main features
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Laser-driven ion sources: main features

e Ultrashort Preplasma
(7=30fs—1 ps) o B - Protons Electron =10
 Superintense \ W © ®
© o— sheath 31012
I > 108 W/cm? =>
Pl %8 °ee 2 o
% ce e 210
- @®
Sege © &1010
; P =
.’. 2 100
| > 10 W/cm? © g 108 p = TITAN Experiment
Laser c e Zeil et al. (2010)
c 7 ~— Green et al. (2014)
pulse g 107 ¥ —— Fuchs etal. (2005)
12 2 ,“I‘; a 108 ; * ‘
| =10% W/cm s - 0 10 20 30 40

Proton energy (MeV)

ns

 Proton bunches emitted along the target normal direction (few degrees’ divergence)
* Energies from few MeV to almost 100 MeV

« Broad energy spectrum

« Well defined cut-off energy
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Possible applications in material science

* lon Beam Analysis:

* Primary particles == lons (MeV) :
Particle
Type (2) accelerator ——)
* Multi-elem. analysis Concent. (ppm) beam |
Depth profile (sub-pum) 2 | X
* Non-destructive = Cultural Heritage Studies
. Neutron source: Sample
Particle

* Neutron Activation Analysis (NAA)

accelerator

* Neutron Radiography

Converter
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Particle Induced X-ray Emission (PIXE)

« Homogeneous sample

Detector
Homogeneous

N sample

P / P NX-ray 1
Ep

Particle | j‘>

X-ray spectrum Sample composition

l E X-ray

»

accelerator

Monoenergetic
proton beam

v
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Particle Induced X-ray Emission (PIXE)

« Homogeneous sample

Detector
Homogeneous

N sample

P / P N X-ray 4
Ep

Particle . j‘>

accelerator

X-ray spectrum Sample composition

>

Mononergetic proton

beam
Y, A0 Ny [ dE' 1 dE
° I Tell| . —j= oy 2Av ) ) —
Theoretical description of PIXE: N, = a9y j 0; (E) exp( K j S(E)COS(9)> S(E)
Ep Ep
. : : : _ X- ray yields Iterative process Sample
Numerical iterative procedure: (Vo Yo o V) — (Gupix, GeoPixe) — composition
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Particle Induced X-ray Emission (PIXE)

« Generic sample X-ray spectra

N X-ray 1 .
Detector Depth profiles
Generic
Np sample E X-ray C %] T
N X-ray 1
_ Ep um
Particle j‘> jl> >
accelerator Mononergetic proton E X-ray C (% ]‘
beams
N X-ray um
_
E X-ray
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...what about Laser-driven PIXE?

« Homogeneous sample analysis

Ep

[T
Broad spectrum

Laser-driven
source
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...what about Laser-driven PIXE?

« Homogeneous sample analysis

Ep
I———

Broad spectrum

Laser-driven proton source
 Pure exponential

Laser-driven
source

function Shaping function:
« PIC simulation result _Ep  (Epmax
WE - ], =

E pmin
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...what about Laser-driven PIXE?

« Homogeneous sample analysis

Detector
Homogeneous

Np / sample
Ep '
Laser-driven

source

Broad spectrum

Laser-driven proton source ﬁ
. Pure exponential Sample: 15 um, Ni, Cr, Mo
function Shaping function:
* PIC simulation result B Ep max
fr(Ep) ~e ™, _[ fo(Ep)dE, =1

pmin
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...what about Laser-driven PIXE?

« Homogeneous sample analysis

Detector
Homogeneous

Np / sample
Ep
Laser-driven

source

Broad spectrum

Laser-driven proton source ﬁ
* Pure exponential Sample: 15 um, Ni, Cr, Mo |
function Shaping function:
* PIC simulation result E, Epmax .
fo(Ep) ~e T, L fo(Ep)dE» =1 Monte Carlo simulation

pmin
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 PIXE simulation with

t a

Proton energy Inverse Transform Sampling method Primary particle
spectrum > energy

1) Primary particle generation

2) Primary particle transport & X-ray generation

Sequence of steps lonization (ECPSSR)

Emstandardopt_3 De-excitation (EADL)

X-ray incident on Application of detector Collection in

3) X-ray detection , .
detection volume efficiency spectrum
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Synthetic X-ray spectrum from Monte Carlo

simulations
5
35 }{10 | | | [ |
3+ | i
MO Lﬂf *‘_C",Kﬂf
o051 Mo, LS | -
Ni, Ka
w
=
315+ n |
Q
1L Cr, K3 | | _
l Ni, K3 Mo, Ka
05}F l l -
0. ‘U - | |A | | | | —
2 4 6 8 10 12 14 16 18
X-ray energy [kev]
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Laser-driven PIXE

« Homogeneous sample analysis

Detector
Homogeneous

sample

X-ray spectrum Sample composition
s+N X-ray

Laser-driven

source

Broad spectrum

Laser-driven proton source S ﬁl Ny i .
i ample. -ray yields . ample
* Pure exponentlal 15 p.m,pNi, Cr, Mo (Yi) wees Yjo oees Yi) ‘ New lterative process ‘ composition
function i ) )
pmax
» PIC simulation result i A0 o N j J | | o J dE' 1 '\ dE
Np,tot o 41T SJVV] M] . fp(Ep) ; O-](E) wWj exp Hj S(E/) COS(Q) S(E) dEp
pmin /] 14
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Laser-driven PIXE allows to retrieve target composition...

« Homogeneous sample analysis

2N p/d Ep Element W ea | W, laser
a=0.6 S
MeV~1 Ni 40.0 41.6

Cr 30.0 30.3

Ep [MEV] Mo 30.0 28.1
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...with the same accuracy of traditional PIXE

« Homogeneous sample analysis

dN/dE,
A Element Wj, real Wj, laser Wj, mono
9=06 %) | ) | (%
Ni 40.0 41.6 40.5
Cr 30.0 30.3 29.8
Mo 30.0 28.1 29.7
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. and what about stability with respect the incident
spectrum parameters?

« Homogeneous sample analysis (sword scabbard composition)
« Pure exponential energy spectrum

100 ¢

Heal _

. Retrieved
1 O
| I I
0.1

Element

Concentration[%]
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... and what about stability with respect the incident
spectrum parameters?

« Homogeneous sample analysis (sword scabbard composition)
« Pure exponential energy spectrum

100 - 2 Fe Cu Zn Sn Pb
Rea' — ; Tg=0.7 MeV, Eqyt = 5.0 MV 20 - ! ! !
" Retrieved i : : :
| | |
210 T i — 10 | ! |
s < : = : | |
= : r 5
g § oo Y — :
8 S f 2 ' . :
8 1 £ - s . o !
0.001 - & | . .
E -10 — I | I
: | 1 |
L | 1 |
| 1 |
0.1 0.0001 [ i | | | |
0 25 5 7.5 10 20
' ' -20% -10% exact +10% +20%
Element E [MeV]

0
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Laser driven differential PIXE

« Generic sample

Detector
Generic

sample

Np

Laser-driven
source

Broad spectra

Protons /MeV /sr /min

—100 TW
—40TW
—20TW
—6 TW

N X-ray 1

A

>

X-ray spectra

E X-ray

E X-ray

E X-ray

Depth profiles

A
C[%]
m
. >
j} ,
C[%]
m
>

M. Gauthier, et al. High repetition rate, multi-MeV proton source from
cryogenic hydrogen jets. Applied Physics Letters, 111(11):114102, 2017.

Energy (MeV)
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Laser driven differential PIXE

100 —
ot 2= I ! Au
— 80 —
> I Hg
C
O
& 60
c
[6)]
(&)
5 n
3 40
[7)]
(7]
[+
=__ ==
0L \
0 2 4
Depth [um]
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- retrieved

- retrieved

Au-real — - -

Hg -real — - -

Mass Concentration [%]

15

10

Z. Smit, J. Istenic, and T. Knific. Plating of archaeological
metallic objects — studies by differential pixe. ~ Nuclear
Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms, 266(10):2329 —
2333, 2008. Accelerators in Applied Research and Technology

Cu-real — - - Ag-real — - -
Cu - retrieved Ag - retrieved

Depth [um]




...toward a more realistic laser-driven PIXE
simulation...
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Compact laser system

e Laser-driven proton acceleration experiments with 10s
TWs lasers documented in literature.

.

Proton energies suitable for PIXE:

—‘100TW . . oy
—40TW M. Gauthier, et al. High repetition

ew rate, multi-MeV proton source
from cryogenic hydrogen jets.

Applied Physics Letters,

111(11):114102, 2017.

Protons /MeV /sr /min

Energy (MeV)
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Compact laser system

e Laser-drinven proton acceleration experiments with 10s
TWs lasers documented in literature.

.

Proton energies suitable for PIXE:

ALPHA 10/XS 45 TW Typical layout
Table size: 1.5 x4.2 m? (4.9 x 13.8 ft?)

-—1100TW . . oy
—40TW M. Gauthier, et al. High repetition

—emw rate, multi-MeV proton source
from cryogenic hydrogen jets.

Applied Physics Letters,

111(11):114102, 2017.

Protons /MeV /sr /min

Energy (MeV)

* 10s TW compact / table—top systems are
already available
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To further increase the proton energy and number ...

Nanostructured targets
can be employed.

M. Passoni, at al. Toward high-energy laser-driven ion beams: Nanostructured
double-layer targets. Phys. Rev. Accel. Beams, 19:061301, Jun 2016.
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1) Particle In Cell simulations
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2) Choice of appropriate X-ray detectors

» Si(Li) detector usually employed in PIXE experiments are unsuitable for laser-driven
PIXE

VS X-ray emission time

Dead time ~ uys :
H window ~ 10s ns
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2) Choice of appropriate X-ray detectors

» Si(Li) detector usually employed in PIXE experiments are unsuitable for laser-driven
PIXE

VS X-ray emission time

window ~ 10s ns

Possible solutions:

Dead time ~ us

a) Passive X-ray Von Hamos spectromer

Lars Anklamm et al. A novel von Hamos spectrometer for efficient X-ray emission spectroscopy in the laboratory, 2014

b) Ultrafast X-ray CCD working in single shot X-ray absorption spectroscopy

Wei Hong, et al. Detailed calibration of the pi-lcx:1300 high performance single photon counting
hard x-ray ccd camera. Chinese Physics B, 26(2):025204, 2017.
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a) Full cylinder Von Hamos spectrometer configuration

Crystal

(D) )] screen @
e Post-focal

sceen

 Bragg reflection: nAd = 2dsiné

1500 b < Cu, Ka
= 21000 :
5, | 2
> 5 J \ Zn, Ka cy, KB
S 500[ 1 znk
Yooy nl B
N | PN :
7.5 8 8.5 9 8.5
X-ray energy [keV]
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b) In-air laser-driven PIXE with CCD: ...work in progress

Recorded X-ray spectrum

Cu concentration profile 105 ' : CCD Sc[een
1_ . | - N 1
A ot M 1

g ' ' T o, Painting
2 Element 10| D
£04 . - z | Oy L S
3 cencentration | MA l

. profile 1 1 .

0 | B | | ’ | | , 5 10 1

0 05 1 15 2 25 3 35 4 45 5 Energy [keV]

3-Dim PIC
simulation

Proton
_spectrum
- on sample

t login_e/n_c)
— -20=+00 -1 0 1 20e+«0
a 4 J

dN/dE [arb.units] .
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Summary:

Extensive theoretical / numerical investigation of Laser-driven PIXE feasibility
» Monte Carlo simulations with exponential, pure analytical proton energy spectra
» Coupling of Monte Carlo simulations and Particle in Cell simulations

» Study of possible experimental setups

‘ Laser-driven Particle Induced X-ray Emission is really possible!
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More info on our website:
www.ensure.polimi.it
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https://www.ensure.polimi.it/
mailto:francesco.mirani@polimi.it

Thank you
for your kind attention
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« Si(Li) detector efficiency T e
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« Simulation of Differential PIXE experimental 45
results reported in literature [3] so]  OE°wmNi/Cu
[3] O. Smit: Differential PIXE measurements of thin metal 3'5__
layers, 2004 3.0
JZ 25-
- H‘: 2-0_
Ni >_0 i
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- =expected profile

-2—de-convoluted profile

I
(o2
o
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100-===-gg-=-
i B de-convoluted
L e fitted layer thickness
80 1 | 0.55 um {0.49 mg/cm?) Ni / Cu
60 .
o ||
20 1 ﬁll—‘
0 T L B A— E— T
0.0 0.5 1.0 1.5 2.0 25
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Binder

o Differential PIXE with monoenergetic protons Binder
Proton Varnish  |Lead White Lead White
[1] P. A. Mando: Differential PIXE measurements for the stratigraphic Beams H-g'is
analysis of the Madonna dei Fusi by Leonardo da Vinci, 2005 2.8 MeV
2.3 MeV
2.0 MeV
Ratio Yy, / Yy _ _ y
. @® Exp. ratio reported in .
for different E, 05|
— Theor. ratio evaluated 0l
assuming the sample £
- composition reported %025
in T 02}
>
. = =Theor. ratio evaluated 0.15¢
RatIO WHg/ WPb excluding the contribution g1} | | ; i )
for different toYe, given by the 3% layer 4157 2~ 22 24 26 28 3
h k Proton energy [MeV]
thicknesses .
o Comparison:
0.3
Assessment of the composition
0.25}
£
Reconstruction Developed model for o Laser- Sg 02 ‘
. . >
of the sample  =» non-monoenergetic =»  driven 0.15| |
composition protons PIXE o |

‘8 2 22 24 26 28 3
Maximum Proton Energy [MeV]
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Proton
Beams

2.8 MeV
2.3 MeV

Binder

Binder

Varnish  |Lead _l\_Nhite

HgS

Lead White

2.0 MeV

P>

0.4

0.35|
0.3}
> 0.25|
0.2|
0.15}
0.1}

Pb

i

No Pb in 3° layer

2.2

1.8 2
Proton energy [MeV]

Exper., Monoen.

Reasonable hp.

> )

Information in [5]

'} POLITECNICO MILANO 1863

2.4

26 28
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o Laser-driven PIXE:

No Pb in 3° layer

Model, Laser-driven

A .
1.8 2 22

24 26 28

Maximum Proton Energy [MeV]

Model., Monoen.

Assessment with
the model
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