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a possible route for enhanced laser-driven 1on sources
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[
Nanostructured Modeling of laser Enhanced laser-
low-density interaction with driven ion
materials nanostructures acceleration
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Nanostructured Modeling of laser Enhanced laser-
low-density interaction with driven ion
materials nanostructures acceleration
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Near-critical plasmas are of great
interest for a number of applications

X Axis

* Laboratory astrophysics

* Enhanced ion acceleration

* y-ray sources

* Inertial confinement fusion

* Electron acceleration

* High-order harmonic generation

* [...]




For a Ti:Sapphire laser and A/Z~2,
near-critical density means a very low mass density

pc(i)=)t21['2;]

A) "= p (0.8um)~6"%
Z | cm cm
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For a Ti:Sapphire laser and A/Z~2,
near-critical density means a very low mass density

p.(0.8um)~6-"%

3

AVSE

Z | cm’® cm

A)mg:/
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For a Ti:Sapphire laser and A/Z~2,
near-critical density means a very low mass density

LO7 0.(0.8um)~6""9

3

A ) mg
=
Z | cm® cm

AVSE

 A[um]




“Easy” to have under-critical or
over-critical plasmas

Under-critical Near critical Over-critical
easy with gas-jets easy with solids

0.1 1 10
n/n_

(A~800nm)

.Prencipe et al. High Power Laser Science and Engineering, Vol. 5, e1/ (2017/)
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There is a “targetry” gap for
near-critical densities

Under-critical Near critical Over-critical
easy with gas-jets easy with solids

1 10

n/n_
Not so many (A~800nm)
solutions here!

.Prencipe et al. High Power Laser Science and Engineering, Vol. 5, e1/ (2017/)
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Nanostructured Carbon foams
with Pulsed Laser Deposition

{ ot -‘ " -
4 |
e 7. " i
- i-l‘ i

A. Zani et al. Carbon. 56: 358-365 (2013)

Pulsed laser beam

Focusing lens #
Chamber window
Vacuum chamber

- Substrate
1 Plasma
Plume

Bl Target

™
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Very porous structures. Locally at the
solid density but With_many voids.

£

A. Zani et al. Carbon. 56: 358-365 (2013)

Pulsed laser beam

Focusing lens #
Chamber window
Vacuum chamber

- Substrate
1 Plasma
Plume

Bl Target
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Nanostructured foams
can have a very low density

Lowest achievable
density ~ 10 mg/cm3

Near-critical density!

mg
3
cm

0.(0.8 um)~




Great flexibility: deposition
on virtually any substrate!

200 nm thin CH substrate
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Great flexibility: deposition
on virtually any substrate!

200 nm thin CH substrate

Mag= 5000KX 1 pum o
Date 25 Oct 2013 e ign: POLITECNICO DI MILANO
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Great flexibility: deposition
on (virtually) any substrate!

Mag= 95X
Date :28 Oct 2016

1 mm

WD = 6.0 mm

EHT = 5.00 kV
Signal A = InLens

NEMAS

Mano Bgineered MAtenals and Surfaces
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Great flexibility: density gradients!

, ~ 10 mg/cm3

="

_":

- " 5

A y = Ty ¥ *

3 d - -

- B o )
Py - A N T . S ¥

- : Ca & o L
5 1 - { g NP

3 T b - " =
- b i oy

b3 r
L
= B o

- ~ 150 mg/cm?

A I am s g —— " Solid substrate



Laser ”

—

Near-critical plasma

Foams can be used as
near-critical targets
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Very high laser contrast:
nanostructures might 1
survive the interaction

Intensity

Time
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Laser

—

Near-critical plasma

When | consider laser-interaction
with a near-critical
nanostructured target...
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——
—— ]

Laser

—

Homogeneous : DLCA Foam

VS

...should | consider the role
of the nanostructure?
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Particle-In-Cell (PIC)
simulations could be
very useful!




Nanostructured Modeling of laser Enhanced laser-
low-density interaction with driven ion
materials nanostructures acceleration
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We simulated
<ne> = 3 nc

a,= 5,15, 45

(No pre-pulse,
pre-ionized plasma)

| |

CINECA

Opéen Soutice PIC|Code
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We perfOrmEd an eXtenSive StUdy Of L.Fedeli et al. Sci. Rep. 8 3834 (2018)
laser-interaction with these plasmas _Fedeli et al. Eur.Phys.J. D, 71: 202 (2017)

DLCCA Foam Ordered Wires Random Wires Homogeneous

S o

a)

¢ '-' B
4 ot E o
» g
\ : L 1 %
32 uym oo ¥ | © pm
@i o
o *.- i Rk
] ‘,:\‘-“ 5 34 * Sy




We even tested 2 different foam | Fedeli et al. Sci. Rep. 8 3834 (2018)
mOrphOIOgieS |.Fedeli et al. Eur.Phys.J. D, 71: 202 (2017)

DLCCA Foam Ordered Wires Random Wires Homogeneous

weoy
via VvoJi1d

weoy




There are differences in pulse propagation

n_e/n_c
n_e/n_c b) 9.000e+00
a) 9.000e+00
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Lasera, =5
<n_>=3n_
structures
lead to
higher
absorption

DLA Foam DLCCA Foam

Ordered Wires

Random Wires

- 80
- 60

- 40 rle/n
C

- 20

Ee/Etot

0.6

0.5

0.4

0.3

0.2

0.1

t [A/c]
F Uniform s
DLCCA Foam s
= DLA Foam ==
Ordered Wires ==

Random Wires

0 b 10 15 20 25 30 35

t [Mc]




Laser ao - 5 E 1 03 F Uniform =
<n >=3n S 08 DLCCA Foam =
e C - -0.6 y 0.25 | DLA Foam =
: 04 ' Ordered Wires ===
ngher - -0.2 Random Wires =
® @ 0 0.2
absorption ¢
efficiency & 0,15
L
Into : .
lon kinetic  :
energy 8 DT
g - 20 I
: =
g ° 0O 5 10 15 20 25 30 35
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Laser ao - 5 E 1 03 F Uniform =
<n >=3n S 08 DLCCA Foam =
e C - -0.6 y 0.25 | DLA Foam =
: 04 ' Ordered Wires ===
ngher - -0.2 Random Wires =
® @ 0 0.2
absorption ¢
efficiency & 0,15
L
Into : .
lon kinetic  :
energy 8 DT
g - 20 I
: =
g ° 0O 5 10 15 20 25 30 35
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Laser a, = 5

: 109
<n >»= 3 N é Uniform =
€ C A DLCCA Foam ==
I DLA Foam =
[-)tlﬁ:e-rl;ent = £ 10°3 Ordered Wires =
Structures & e Random Wires -
lead to : S |
e
S|.gn|ﬁcant ; 5ol
differences ¢ = |
in the 8 _
electron : 109 i
spectra 5 0 5 10 15 20 25

E [MeV]
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Laser a, = 45
<n >=30n
e C
This scenario is suitable for electron
acceleration in the plasma channel

200

10
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Laser a, = 45 (C-pol & P-pol) t NGl

<n_>=3n_ o Uniform C-Pol =———
Nanostructure E oo Zgj -
Lowers the m 10° DLCCA Foam P-pol ———
temperature of 2
electron energy 5 g6
spectra <
Uniform DLCCA foam

| PR 10°

i - u : 0 100 200 300 400

., BEEIEE = E [MeV]
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Provided that the pulse contrast is sufficiently high,
the nanostructure seems to play a role

OLITECNICO MILANO 1863



[
Nanostructured Modeling of laser Enhanced laser-
low-density interaction with driven ion
materials nanostructures acceleration
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Double-layer targets are
a promising target concept
for laser-driven ion acceleration

Laser pulse

M.Passoni et al Phys. Rev. Accel. Beams 19, 061301 (2016)
. Prencipe et al Plasma Phys. Control. Fusion 58 034019 (2016)

M Passoni et al 2014 Plasma Phys. Control. Fusion 56 045001 (2014)
A. Sgattoni et al Phys. Rev. E 85, 036405 (2012)

J.H. Bin et al Phys. Rev. Lett. 120, 074801 (2018)
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This is due to the higher absorption
efficiency

Enhanced TNSA Conventional TNSA

G

ultra-intense ultra-intense
ultra-short ultra-short

laser pulse pm-thick laser pulse um-thick
solid foil solid foil

near-critical layer

i
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This is due to the higher absorption
efficiency

Enhanced TNSA Conventional TNSA

near-critical layer |-

bigger and hotter hot electron

_. electron cloud cloud
5 '.. / -:".- 1 “ ¥ e 2 i
....5:... ” A !‘L' B 4 : .: L
L NER 2 o g o 1
% i
‘ i
# -

E [MeV]
pm-thick C——— pm-thick
solid foil 0.511 5 solid foil
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This is due to the higher absorption
efficiency

Enhanced TNSA Conventional TNSA

near-critical layer [

6
E [MeV] more accelerated ions ' 1 accelerated
at higher energy  J ions
i
- QB pm-thick pm-thick
~ & solid foil solid foi
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Double-layer targets are ¢, 2014/2015
.| PULSER laser

a promising target concept | | 750 fee10m Wiem?
for laser-driven ion acceleration ..o’

S A
L . — --m-- Pol s
""‘;; i ey LIS === POI p
o e i - === Polaing |-
Lh] B A -
c 1 . P
© 20 -{, i‘q
> 3 ' -
3] i
E 16 R e e s e e o i T o o il Sk :':.'__"{' """
T ' 22,
L T L SR
B ? L i i L . " 1
0 6 12 18 24 30 36

foam thickness (um)




Double-layer targets are — 2017

. . ML) DRACO laser
a promising target concept 1J, 30 fs, =102 W/cm?

for laser-driven ion acceleration

25 T T
® 0° incidence
%'20 I optimal | % 45° incidence|
E. foam T
>,
(®)] n
o 157 1 n |
T
c WMno 1}
S 108 foam
o
o
S 5l %
=
0

0 5 10 156 20
Foam Thickness [um]
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Double-layer targets are — 2017

. . ML) DRACO laser
a promising target concept 1J, 30 fs, =102 W/cm?

for laser-driven ion acceleration

N
a0
3
=5 )
A%

$ 0°incidence : —Al 0°

optimal $ 45° incidence | —Foam 0°
foam | | === | 45° |
--- Foam 45°| |

N
o
—
=)
Za

] no
foam

AR
o

Max Proton Energy [MeV]
_ >
—a—
=
# Particles [1/(Mev*sr)]
o

-
o
w

9]
3

|
=
(00]

0 5 10 15 20 5 10 15 20 25 30
Foam Thickness [um] Energy [MeV]
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We are interested in
double-layer targets
irradiated at (relatively)

low laser intensities
(a0 ~ 4)
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We are interested in
double-layer targets
irradiated at (relatively)

low laser intensities
(a0 ~ 4)




Nanostructures influence H* energy spectra

1000
lon energy spectra : O for
i UNIFORM foam ===
_ 8 DLCCA foam ===
£ 100 | RAND. WIRES ~——
5 -
Q :
kS i
- _
S
) Z 10 &
© =
1
e 0 2 4 6
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Nanostructures influence Nofoam Uniform foam

500 6 500
[ ] [ ] [ ]
lon angular dIStrlbUtIOII 4 oo s
2 z 5 z
[ ] c =
H* WItI ' E > 1 MeV . 005 _ :
15 - - - :
S o o [ 4o
2008 2003
_2 NZ _2 NZ
= b
4 100 0 100
o 0 -6 0
6 4 2 0 2 4 6 6 4 2 0 2 4 6
8 (deg] 8 [deg)
—a 6 500 6 500
L
i 400 # 400
=z z
2 c 2 =
s B0 = 300 2
g 0 Pt =
S Y & 4
2008 2005
_2 NZ _2 NZ
= b
= P 100 r 100
L
5 0 -6 0
) 0 2 4 6 6oL D 0 2 4 6
Gldeg] Q[deg]
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Why do we care?

Foam-attached targets could allow
to reduce size and cost of laser-driven ion
accelerators

We are interested in applications

* requiring modest energies (few MeVs)

* without stringent requirements on energy spectra
* requiring modest proton fluxes

POLITECNICO MILANO 1863



Laser-driven PIXE
(Proton Induced
X-ray Emission)
100 L S =l

0 2 4 6 8 10 12 14 16 18

¥
ogLn_e/n_C
< 2000 -1 0 1 20e+00
B

Passoni et al. Submitted to Scientific Reports (2018)
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Compact laser-driven
neutron sources

INTER - PoC

ENSURE
nanotarget

Laser-proton
accelerator

Neutron imaging

~5 MeV
unable protons

Laser source
(~10TW, 1, 10 Hz)

‘Be p-
converter

Targetry (~ 50 cm)
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Conclusions

ATy, Low-density nanostructured foams are
gea e a promising material

| Nanostructure might affect the
interaction

Foam-attached targets allow to enhance
laser-driven ion acceleration
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Thank you for
your time!
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Backup slides
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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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Cross-section Top-view
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Diffusion Limited Cluster-Cluster Aggregation (DLCA)

Brownian motion of nanoparticles
Irreversible sticking of nanoparticles

Formation of_
n aggregate.

Deposition of
aggregates on
substrate

1

used in laser-plasma simulations!

Fedeli, L., Formenti, A., Cialfi, L., Pazzaglia, A., & Passoni, M. (2018). Ultra-intense laser
interaction with nanostructured near-critical plasmas. Scientific reports, 8(1), 3834.
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ns-PLD CARBON FOAM

Laser fluence: 0.1 J/cm?2 to 20 J/cm?
A=266,532, 1064 nm

Pul rD ition "
ulsed Laser Depositio > s [Composition
- ( ; Can be controlled
r n ........................ o {He’ Ar“) w|th reactive gases

Reactive (0,)

Vacuum chamber ——

Virtually any kind of substrate!!

Plasma plume

Higher laser fluence
Toward ultra-low density
~ 2000 mg/cm? ~ 150 mg/cm? )

-

~ 10 mg/cm? (<10 x air density

E=150 ml
oo P=0Pa(Ar)

Zani, A., et al. "Ultra-low density carbon foams produced by pulsed laser deposition." Carbon 56 (2013): 358-365.

_ (£ = 130%n )"
2pm [ ? p ﬂ’:S_GO Pa (Ar)
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How to produce carbon foams

A=532 nm
K F=2.1 J/cm?2

o@

& 1000% |-/ [ {1724
:_6"'-‘\

=

o

—

c) (]
E =,
o1 WU E— {1z €
‘N

c

O

O

11 PR
| | i 1 |
0 200 800 1000
A. Zani et al., Carbon, 56 358 (2013) p P A. Maffini et al., On the growth dynamics of
. Prencipe et al., Sci. Technol. Adv. Mater. 16 (2015 FT€SSUre (Pa) low-density carbon foams, in preparation
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lon Beam Analysis (IBA)

aff / Tandem)

Sample = Detector

d 2-5 MeV/u monoenergetic ions.
4 Low currents (~ 100 pA)

J Elemental concentrations & Depth

profiles
O Cultural heritage, environmental and

biological and medical studies.
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Detector

& [‘ P 4
Ep
Particle

accelerator Mononergetic proton
beam

Homogeneous
sample

Detector

v [‘ ! P 4
! ,
Particle

accelerator

Generic
sample

| Monoenergetic proton
beams
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Mx

Mx

Mx

Mx

X-ray spectrum

=

X-ray spectra

Ex

E

233

Cl%]

C[%]

Sample compositivo

Depth profiles

- um




PIXE relies on an iterative

GUESS

Process to reconstruct

1I..-i"..
. %
sample compositions and 2

ompnmtmn

elemental de‘pth Pro{:lles Compare with Calculate x-ray
from x-ray yields. oo dats GO oo

Monochromatic  Laser-driven

Existing PIXE theory has been

w w developed for monochromatic

> -p > .

S S sources, thus modifications are
i i needed for laser-driven PIXE[5]

h o)
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.&.ﬂ N E'f E" dE' cos® dE
KZN i ﬂvwﬂ'/ i FE i }’*J[E' S(E") cos ¢ —
P 4w M; Eo 7i{Buwse ﬂ S(E)

p,max 0 E! f cos
Y; = m N””W f Tp(Ep) f oi(B)wie " I St 22y,
Ep S(E)

Yi: x-ray yie|c|. &Q: subtended solid angle, €i: detector efficiency, Nav: Avogadros
number, Ef: final proton energy, Gi(E): ionization cross section, Wi: fluorescence yield,
S(E): proton stopping power, Oi: X-ray attenuation coefficient, 8: proton impact
angle, @: X-ray emission angle, fp(Ep): proton energy distribution ( Ep,min and

Ep,max : lower and upper cut-offs)

}‘J LT

Ui POLITECNICO MILANO 1863




A simulated laser-driven differential-PIXE experiment[5]

Elemental concetration profiles retrieved from
; X-ray Spectrum
x-ray yield (=====) vs real profiles (= ) 100 —— -
g e
Mass
Concentration
[%] , :
100
P i
80 | ,
w | Aj
40 | 21 ! e b
20 : 2 4 6 8 10 12 14 16 18 _
[ ) / Ex_ray [ke .
0 )/V T hendings YT ‘“
g o | Beam N2 ; :
Ca A
Fe
Varnish g
Lead :
white H8S
i T -
100 ¢
2cm g 10
= :
3
—E 1f¢
e S A e Geant4 Monte Carlo ]
 — . . i i
simulations of beam handling, 3 o1
3D PIC simulation of a . .
o x-ray generation and detection ,
laser-driven ion source based e - — H+ X-ray 0.01 . s
on a foam-attached target E [MeV]

1981e3 UO

wni3oads uojoly

e,

L —
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Rho eon (N r) t =12.56329280833141

2D simulations 200° ’
with a, = 0.05 173 |
impinging onto o
a nanowire target  _ 2 oo
—='100 - ~
T~5fs 2o
50 -
—4
25 -
0 T T T T T -5
0 20 40 00 80 100

x (L_r)
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Rho eon (N r) t =251.2658561666282

2D simulations 2001 °
with a_ = 0.05
impinging onto o
a nanowire target  _ o
—=' 100 ~
” -
T~ 107 fs °
50
25 1
0 | | | I
0 20 40 60 80 100

x (L_r)
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Rho _eon (N _r) t =502.5317123332564

2D simulations 200° _ :
with a_ = 0.05
impinging onto o
a nanowire target  _ o
—=' 100 ~
” >
T~213fs & °
50 A
25 1
0 T | | |
0 20 40 60 80 100

x (L_r)
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Rho _eon (N _r) t = 753.7975684998846

2D simulations 2001
with a, = 0.05
impinging onto o
a nanowire target  _ o
—='100 ~
” -
T~ 320 fs = °
50
25 1
0 | | I
0 20 80 100

x (L_r)
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Rho eon (N r) t =1005.0634246665128

2D simulations 2001 °
with a_ = 0.05 ]
impinging onto o
a nanowire target  _ ? oo
='100 ~
” . 3D
T ~ 427 fs o
50 1
—4
25 1
0 | | | -5
0 20 80 100

x (L_r)
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Rho eon (N r) t =1256.329280833141

2D simulations 200
with a, = 0.05
impinging onto o
a nanowire target  _ o
='100 ~
” -
T~ 533 fs = °
50
25 1
0 | | I
0 20 80 100

x (L_r)
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Rho eon (N r) t =1507.5951369997692

2D simulations 2001
with a, = 0.05
impinging onto o
a nanowire target  _ o
='100 ~
” -
T ~ 640 fs °
50 1
25 1
0 | | I
0 20 80 100

x (L_r)
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Rho_eon (N_r)

758.8609931663973

2D simulations 200
with a, = 0.05 175-
Impinging onto =0
a nanowire target  _ =
='100 -
) -
T~746fs 75+ i
50 A
25 1
0 | - g | |
0 20 40 60 80 100

X (L_r)
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Rho eon (N r) t =2010.1268493330256

2D simulations 200- —
with a_ = 0.05
impinging onto o
a nanowire target .
—='100

T ~853fs s

0 20 40 60 80 100
X (L_r)

“EE%,} POLITECNICO MILANO 1863



2D simulations

With a0 = 0.05 200
Impinging onto 175
a nanowire target 150

125

Rho eon (N r) t =2261.392705499654

y (L r)
=
o
o

DU/SU

T~ 960 fs S

50

x (L_r)
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