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The ENSURE project

Laser-driven ion acceleration
Theoretical/numerical & experimental investigation

Materials science
Development of low-density foams & advanced targets for
laser-plasma experiments

Applications in materials and nuclear science
Materials characterization (e.g. PIXE) with laser-driven ions
Secondary neutron sources for radiography and detection]...

)

Fundamental physics and laboratory astrophysics
Laser interaction with (near-critical) nanostructured plasmas
Collisionless shock acceleration of ions
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Our numerical tools

Opén Source Tﬁf s |de__

https://github.com/ALaDyn/piccante

774 a4 MARCONI (12™in TOP500 as of Nov 2016)
CINECA CINECA Cluster, Intel Xeon Phi 7250 68C

- 3¢ P ;;j_jjﬁ 1.4GHz, Intel Omni-Path (241.000 cores)
<& TET Linpack Performance: 6.2 PetaFlops
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Nanostructured near-critical plasmas
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Laser interaction with near-critical plasmas is
Interesting for several applications...

Why bother with near-critical
plasmas?

Several interesting applications:

* Enhanced ion acceleration

* Laboratory astrophysics

* y-ray sources

* Inertial confinement fusion

* Electron acceleration

* High angular momentum electron
bunches
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...but they are challenging from a “targetry” point

of view!
High density gas-jets Solids
' Cryogenic
hydrogen -
0.1 1 10 100

n/n
v (A~800nm)
How do we fill the gap?
* Pre-heating
* Very low-density
nanostructured
materials

(177)) POLITECNICO MILANO 1863



...but they are challenging from a “targetry” point

of view!
High density gas-jets Solids
' Cryogenic
hydrogen -
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v (A~800nm)

How do we fill the gap?
* Pre-heating

Y | densit * Aerogels
ery (:w- tenSIdy * Nanotube arrays
nanos. ructure . PLD Foams
materials
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An example of a “foam-attached” target

Target conceived for a collision-less
shock experiment

@ ¢

D. Dellasega A. Maffini

" OSAKA UNIVERSITY
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An example of a “foam-attached” target

Mag= 95X 1 mm 6.0 mm EHT = 5.00 kv NEMAS

ManoEgineered MAterials

Date :28 Oct 2016 l—' Signal A = InLens POLITECNICO DI MILANO
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Foam has a porous, complex nanostructure

2 A Zani et al. Carbon 56, 358-365 (2013)
|.Prencipe et al. Sci.Tech.Adv.Mat. 16, 25007 (2015)

o

Mag= S000KX 1 Hm WD= 4mm EHT = 5.00 kv
Date :25 Oct 2013 | —— Signal A = InLens
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We’ve used these targets for some experimental
activities...

2014/2015

PULSER laser at GIST
(Gwangju, South Korea)

| ~5x10° W/cm?*, T ~ 30 fs
FWHM

Consiglio
Nazionale delle
Ricerche
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H* max. energy (MeV)

C® max. energy (MeV)
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|.Prencipe et al. PPCF 58 (2016)
M.Passoni et al. PRAB 19 (2016)




And we still have several ongoing experimental
activities involving foam-attached targets

May 2017: ion acceleration, electron heating,

Acur foam homogenization, reflected light...
¢ 2017/2018: ion acceleration, collision-less
shocks
Se%fzis‘w”imw 2017/2018 : pulsed neutron generation

Sourcell  2017/2018 : compact ion and neutron
_erc ERC-PoC: INTER
sources
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How do we simulate these targets?
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Idealized modeling vs “realistic” modeling
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Idealized modeling

b
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Idealized modeling

Laser propagation in uniform and
nanostructured near-critical plasmas

L.Fedeli, A.Formenti, C.E.Bottani & M.Passoni EPJD
Topical Issue on “Relativistic Laser Plasma
Interactions” (accepted) 2017

Electron heating in foam-attached targets
|| ¥ LcCialfi, L.Fedeli & M.Passoni Phys.Rev.E 94 (2016)

-3 0.1 -30 01
-15-10-5 0 5 1015 -15-10 -5 0 5 10 15

x/A X/
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Idealized modeling

Laser propagation in uniform and
. nanostructured near-critical plasmas
L.Fedeli, A.Formenti, C.E.Bottani & M.Passoni EPJD
Topical Issue on “Relativistic Laser Plasma
Interactions” (accepted) 2017

0.01
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We studied three very idealized plasma models

uniform plasmas nanostructured plasmas

“mixed” plasmas
o0 ...‘. ... 09

2D numerical
simulation
campaign
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In a wide range of laser intensities and average
densities

a) 1 5 15 45 135




In a wide range of laser intensities and average
densities
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nefng
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Main differences appear for partitioning of
absorbed energy...

100 . ‘ 100 ® ap= 1, no/nc =
. ® ag= 5 noﬁncz n~0.8
<l o a= 15 no/nc=
=, E’.E“m ® w= b no/n.=1
S or Z & W 15 wyn =3 0 o0
iy [ @ g ARy e g
£ 40 + S
2 =G b gl = maiiee il
m 20 + 25 @ ang = 45, ?’Lo/nczs 1 = 0.09
® 3= 135, TL()/TLCZQ
0 uniform
- - - - nanostructured
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...and for the tail of electron energy spectra

9

no /e i ~ .09

For electron energy spectra we restrict ourselves
to this diagonal (highest transparency)
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dN/dE[a.u.]

...and for the tail of electron energy spectra
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A very similar approach was followed to
simulated electron heating in near-critical foam-
attached targets

Electron heating in foam-attached targets
L.Cialfi, L.Fedeli & M.Passoni Phys.Rev.E 94 (2016)
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A very similar approach was followed to
simulated electron heating in near-critical foam-
attached targets
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Why foam-attached targets?
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Why near-critical foam-attached targets?

100
e 10
| I 17
i | B
1| ' ‘ % 3

0.1

10 9) 0 9) 10 15 20
X/A

Higher laser absorption, higher
electron temperature,
enhanced ion acceleration...

Enhanced coupling in
the near-critical layer
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Setup of the physical scenario

» Laser: p-polarized, a, = 1-15,
30° incidence,

A A/

2D PIC
simulations

Simple flat target Unif. foam target Nanost. foam target
80 n,0.5um 80 n, 0.5 um + 80 n, 0.5 um +
1n,10um balls r=10 nm, n =100 n_

avg.1n, 10 um
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Uniform foam vs nanostructured foam

t=000 t =000
30 100 30 100
20 20
10 10
10 10
< 3 < c
S 0 1 3 5 iy
& \ &
0| __ 10 __
0.1 0.1
20 20
30 0.01 30 0.01
30020 10 n 0 20 30 10 20
X/A X/A
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Uniform foam vs nanostructured foam

t=010 t=010
30 100 30 100
20 20
10 10
10 10
< c < ¢
S 1 3 B Ty
\ \
-10 N 10 \\\\\\
1 01 ' 1 01
20 20
30 0.01 30 0.01
30 -20 10 20 30 20 10— 20
X/A X/A
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Uniform foam vs nanostructured foam

t=021 t=021
30 100 30 100
20 20
10 10
10 10
< £ < c
S 0 1 3 5 iy
-10 -10
f 0.1 f 0.1
20 -20
-30 0.01 -30 0.01
-30 1020 -30 020
XIA X/
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Uniform foam vs nanostructured foam

t=032 t=032
100 30 100
20
10 10
10
= < £
1 K = 0 1 K
-10
1 01 1 0.1
-20
0.01 -30 0.01
10 20 -30  -20 1020

XIA
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Uniform foam vs nanostructured foam

t=043

10 - 20
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Uniform foam vs nanostructured foam

t=054

10 - 20
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Uniform foam vs nanostructured foam

t =064 t =064
30 100 30 100
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10 10
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Uniform foam vs nanostructured foam

t=075 t=075
30 100 30 100
20 20
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Uniform foam vs nanostructured foam

t=086 t=086
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t=097 t=097

20 100 30 100
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Uniform foam vs nanostructured foam

t=108 t=108
30 100 30 100
20 20
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Results: T ..>T >T

if nano flat

)
> 3,0
1§ g —Hl-Homogeneous foam
= 5D Nanostructured foam | . """
o 25 Solid target
a 3 i i R i e ‘,
Biat e
S i
e 1,5 b G T
& i
1,0 b Ol
~ 1000 = =
b 055 N v
O i
100 @ : . . . : :
w 0,0 . : - : ; :
2 4 6 8 10 1= 14 16
10 a

For foam-attached targets we exclude the
escaping fast-electron population

0.1




Benchmark with experimental results

e temperature TNSA ion Benchmark with exp.
y &=

model acceleration model*

:o fffffffffffffffffff - Y
» ‘ I= - 4

I.PrenC|pe et al. PPCF 58 (2016)
M.Passoni et al. PRAB 19 (2016)

*guasi-static
Passoni-Lontano model
Phys. Rev. Lett. 101 (2008)
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Benchmark with experimental results

e temperature TNSA ion Benchmark with exp.
model accelration model*

|.Prencipe et al. PPCF 58 (2016)
35 M.Passoni et al. PRAB 19 (2016)

=M -Experimental results

=l - Nanostructured foam
30| -m- Homogeneous foam

*guasi-static
Passoni-Lontano model
Phys. Rev. Lett. 101 (2008)

Maximum proton energy (MeV)

TR
Intensity on target (10*° W/cm?)

AR
Ee L
= -"59
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“Realistic” modeling
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“Realistic” modeling

More realistic models

M.Passoni et al. PRAB 19 (2016)
A |.Prencipe et al. PPCF 58 (2016)

A.Formenti PhD thesis (2017-?)
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981

POLITECNICO MILANO 1863



“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from | o« %
aggregation phenomena. & G
Witten&Sander,PRL 47, 1981
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from

aggregation phenomena.
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“Realistic” modeling based on DLA

Diffusion Limited Aggregation (DLA)
A simple and very well studied model
to reproduce structures resulting from

aggregation phenomena.
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
—|2|||| -1.4 -0.7 0 0.7 1.4 |||||2

O —
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
—|2|||| -1.4 -0.7 0 0.7 1.4 |||||2
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
—|2|||| -1.4 -0.7 0 0.7 1.4 |||||2
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
—|2|||| -1.4 -0.7 0 0.7 1.4 |||||2

O —
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
4
-2 -1.4 -0.7 0 0.7 1.4 2
[ |||.LWLI [
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
4
-2 -1.4 -0.7 0 0.7 1.4 2
I||||.LWJIIIII
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
4
-2 -1.4 -0.7 0 0.7 1.4 2
I||||.LWJIIIII
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“Realistic” modeling based on DLA

2 i) LoglO(n_e/n_c)
4
-2 -1.4 -0.7 0 0.7 1.4 2
I||||.LWJIIIII
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“Realistic” modeling based on DLA

Differences in the simulated ion spectra

Tppol.

110°

dN/dE
(arb. units)
2

--102
x\J 110°

10”

dN/dE (arb. units)

Energy (MeV)

POLITECNICO MILANO 1863




What’s next on this topic?
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Simulated diagnostics for realistic configurations

HOLE FOAM HILL FOARM

o
=

Bz —r)
i R I IR
AN i

A. Formenti




Simulations of the reflected light

Flat target Uniform foam DLA foam

4

)
- :';_h 25,
;5 74
i 3.000e+01
‘3( él E—|5
& N E
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An improved realistic foam model

Real foam

A. Pazzaglia

(177)) POLITECNICO MILANO 1863

Improved model

Laser beam
g

- Port with

— quartz window

Heatable

e sample stage

Laser plume

Rotating target Vacuum chamber

A model more closely based on the
physics of Pulsed Laser Deposition



An improved realistic foam model

Real foam Improved model

OLITECNICO DI MILAN

Laser beam

N \ =
A model more closely based on the of

physics of Pulsed Laser Deposition A
A. Pazzaglia

Vacuum chamber




An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

Target

= H \ :iple stage
A model more closely based on the f"__

physics of Pulsed Laser Deposition

Vacuum chamber




An improved realistic foam model

Real foam Improved model

ITECNICO DI MILAN

Laser beam

A model more closely based on the B |
physics of Pulsed Laser Deposition A
A. Pa Zzag“a Rotating target Vacuum chamber
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An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

Target

__‘ \ :iplesuage
A model more closely based on the f"__

physics of Pulsed Laser Deposition

Vacuum chamber




An improved realistic foam model

Real foam

Improved model

Laser beam

Port with
" quartz window
Target
carrousel

Tt Substrate :i"‘e stage
A model more closely based on the of
\ physics of Pulsed Laser Deposition ‘.
A. Pazzaglia

Vacuum chamber
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An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

_ | W
A model more closely based on the f"__

physics of Pulsed Laser Deposition

Vacuum chamber




An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

Target
carrousel

Heatable
sample stage

[ | (L
A model more closely based on the =
physics of Pulsed Laser Deposition "
A. Pazzaglia e
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An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

Target
carrousel

Heatable
sample stage

— I \
A model more closely based on the =
physics of Pulsed Laser Deposition "
A. Pa Zzag“a Rotating target Vacuum chamber
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An improved realistic foam model

Real foam Improved model

Laser beam

Port with
" quartz window

Target
carrousel

Heatable
sample stage

— I \
A model more closely based on the =
physics of Pulsed Laser Deposition "
A. Pa Zzag“a Rotating target Vacuum chamber
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Coupling of PIC spectra with Geant4

Lk“h——ﬁ__
::::?:zzg E I e Ct FO n S
et and ions

Secondary
target

| INTER - PoC

Laser-proton

accelerator ENSURE
naniarget MNeutron imaging
Source[lY) 2 i B
- erc ERC-PoC: INTER e & e

Laser source ! \P & 7 “°% ¢
(~10TW, 1J, 10 Hz)

Targetry (~ 50 cm) converter
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Conclusions
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Conclusions

@ Nanostructured foams are one of the few ways
to obtain a controlled near critical plasma

@ With very high pulse contrast nanostructure

might survive - simulations to understand what
happens

In numerical simulations the nanostructure is
@ found to affect experimental observables

AR
TR
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Thank you for your attention!

log10(n_e/n_c)
-1 .DOOefDD 0 1 2 3.000e+00
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which can have consequences on radiative

b) 15
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-10

-15

If we turn on radiation reaction...

-10

-10

x/A

x/A
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What we’ve learned

» Simple perturbations of the density can affect
the interaction

Nanostrcture leads to higher energy into ion
» population and lower e  energy
distribution tails

» For higher a : nanostructure affects radiative
losses

catls
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What we’ve learned

» Foam attached targets leads to higher electron
temperature than simple flat targets

» Nanostructure affects the interaction

[£77)) POLITECNICO MILANO 1863
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