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Outline of the presentation

. Introduction
- Laser induced 1on acceleration
- Electron heating: state of the art

Il. Proposal of scaling law for electron temperature
—> Different experimental paramenters

Ill.  Numerical Campaign
- Parametric study

V. Scaling law & lon acceleration model
- Benchmark with experimental results




Laser driven ion acceleration .
Laser
> 1019 W _
> 107 % oz Interesting features:
Duration < ps C "
Focal spot ~ um ompaciness
Choerence
/ Taget Tunable energy
Electron Thickness: pm/nm Cheaper (?)
Blown-off cloud Foils
plasma

Potential applications:
Proton imaging/radiography
Material irradiation
Isotope/neutron production
Fast ignition
Hadrontherapy A Macohi, M. Borghesi, M. Passorn

Required upgrades:
Better performances
> High repetition rate ( > Hz)
Better control over the technique

Rev. Mod. Phys., 85 751 (2013)
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N Target Normal Sheath Acceleration (TNSA)

Electron heating

$

Electron expansion

$

Hole Boring Return |
g e sheath

et (TNSA) Charge separation
Many acceleration mechanisms ‘
Target Normal Sheath lon acceleration

Acceleration (TNSA)
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N Target Normal Sheath Acceleration (TNSA)

Target 2ar (Vacuum)

Hot e
current

Electron heating [— T,

~ Forward
Accelerated lons

Electron expansion

4

12 Return

e ( PA)  current e sheath :
QPP Laser Pulse (TNSA) Charge separation
Many acceleration mechanisms
Target Normal Sheath - lon acceleration [~ E,ax

Acceleration (TNSA)
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Modelling TNSA

European Research Council

Possible approaches:

Quasi stationary models
: « B (¢".5)
Emax(ions) = Z;ik,T, [(P -1+ I((p*’g)e§+(p*]

M. Passoni and M. Lontano, Phys. Rev. Lett., vol. 101, p.
115001 (2008).

Fluid models

Emax(ions) = 2Z;k,T,In? (t + 12 + 1)

P. Mora, Physical Review Letters, V 90 N 18 (2003)

Hybrid models
Emax(ions) = Z;k, T, f(q)

B. J. Albright, et al., Physical Review Letters, 97:115002
(2006).




Modelling TNSA

European Research Council

[Electron temperature = key parameter }

Possible approaches:

Quasi stationary models

E,..x(ions) = Zik[(p* -1+

B (¢*,5)

1(@*5)eSte”

10° |
] ;

115001 (2008).

M. Passoni and M. Lontano, Phys. Rev. Lett., vol. 101, p.

T, [KeV]

Fluid models

E o (ions) = ZZl-an (T + /T2 + 1)

B Experiments

1015 1016 1017 1018 1019 1020

P. Mora, Physical Review Letters, V 90 N 18 (2003)

Hybrid models
Emax(ions) = Zik(CI)

IA? [Wem™2pum]

P. Gibbon:; Short Pulse Laser Interaction
with Matter; Imperial college press (2005)

(2006).

B. J. Albright, et al., Physical Review Letters, 97:115002

Laser intensity dependence
Other dependences ?
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I
|Electron temperature
||

3
Collisional heating = e-i collisions = v,; < Zn,(T,) 2In(A), T, < IY/3t/6 > not efficient for
high intensities and short pulses

Resonance heating > T, « (IA%)1/3-> efficient for long pulses (~ps) and plasma gradients (um)

Ultra-intense laser (1 > 108W /cm?) + Sharp-edged micrometric solid targets

jXB heating Brunel effect
BI Collisionless —
£ V
2

1
_ —— |1 2 42 a1 26 1/2 _ 1] ——
37 -1018 " Ta, [(1 + f2agsin®e) cos®

Ponderomotive scaling 2 _ .
- e Interaction efficiency
IA(pm)? sin®
T,[MeV] =0.511| |1+ 1 1
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I
|Electron temperature
||

Ultra-intense laser (1 > 108W /cm?) + Sharp-edged micrometric solid targets

jXB heating Brunel effect
By
BI Collisionless —
£ v
. . asl2
Ponderomotive scaling _ .
- . Interaction efficiency
IA(pm)? 1 sin®
T.[MeV] = 0.511] |1 -1 =—|[(1 + f2a3sin?0)V/2 — 1| —
e[MeV] \/ +[1.37-101§ N~ T, (1 + f2agsin®6) c0s0
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g R
| Micrometric plain solid targets: scaling law proposal e

|
(> jxB heating h f Brunel effect A
> hp: No angular dependence = Interaction efficiency
- Ponderomotive scaling > T,a %
N\ J - i J

Hp: combined heating

4 N )

2
T,[MeV] =[0.511 - C;(ay, pol) - \/1 + a% -1 )| +(0.511 - C,(a,, pol) - (\/1 + 2a,%sin2 6 —’I) - tan 0
N\ VRN _/

C1(ag, pol) & Cz(ay, pol): ?
- Numerical simulations = Temperature fit




Particle In Cell (PIC) simulations: Electron temperature

European Research Council

|
Target Laser
Composition : AI°T + H* (contaminants) Intensity: 1.5 < ay < 15
Thickness : 0,5 pm and 50 nm contaminants Incidence angle : 0 —-15-30-45-60°
Density: 80 n,. and 4 n, Polarization: P-, C-, S-
2D results: P polarization 2D results: C polarization
S 35 < 2,00
v -M-a=15 -Vy-a=5 v -M- a=15
2 30 -g- a=10 -®-a=3 2 175 - a;= 10
o ~A-a=75 a,=1.5 L 150| -@-as=75
> >
© @ 1,25 ®
S S 1,00F /-
S S -
) D 0,75 e fo A
— — -
S S 050p
B RO — —
kS g CI==Z—"
L 0 10 20 30 40 50 60 L 0.00 0 10 20 30 40 50 60
Incidence angle (°) Incidence angle (°)

LTTTT

Angular dependence: P and C polarization
S polarization (requires 3D simulations) constant temperature

¥
|
cel

do

C




Particle In Cell (PIC) simulations: Electron temperature

||
Target Laser
Composition : AI°T + H* (contaminants) Intensity: 1.5 < ay < 15
Thickness : 0,5 um and 50 nm contaminants Incidence angle : 0—-15-30-45 - 60°
Density: 80 n,. and 4 n, Polarization: P-, C-, S-
3D results
1,6
-@®-Ppola=10 -@-Cpola=10
14 -A- S pola =10 Cpola=5|
12| -y-Cpola=15 -M-Cpola=3
-@-Cpola=144 | o
1,0_ /.

Electron Temperature (MeV)

Angular dependence: P and C polarization
S polarization (requires 3D simulations) constant temperature
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Estimation of €, and C, coefficients ere
- Europ: Re h Ci |
C polarization P polarization
0.5 |l —u—C, 1,0 T ——————————————————————————————————————————————————————— —e—C,
e —o—C, 2 ogb || —u—C,
[ - Q _
2 03F @[ £ 0,60 ||
T | S
o @
O 02 0\ ———————————————————————————————————————————————————————————————————————————————— D 1 e ————
i ' | L D i _ 0\ ~g—n—81 u
01 @ :\l-—". fffffffffffffffffffffffff o 0,2 e
| —®—e—o o | *—eo—,4 o
0,0 T —— OO [ N (N R R R R SR R
o 2 4 6 8 10 12 14 16 "0 2 4 6 8 10 12 14 16
Normalized laser amplitude (a,) Normalized laser amplitude (a,)

Numerical fit:
T, = C;(ay, pol)T,(JxB) + C,(ay, pol)T,(Brunel)

C;, C, constant for a, > 3
C,(pol S) = 0 (no Brunel)
C;(pol S) = C;(pol P)




Estimation of €; and C, coefficients

||
C polarization
05 M| —a—C
| 2 |
L —e—C, 2 o8 | | ] —u—C,
<))
L) - 2 _
2 03w | R B
L | q) |
S 3 -
O 0,2 @\ | O 0,4 | g
= _ | o L . e [ " Em—um—B~ N
LL \. \
01 @ ’.:l-——' ————————————————————————— uo 0,2F O—g L
0,0 """"""" OO [ N (N R R R R SR R
O 244 6 8 10 12 14 16 " 0 244 6 8 10 12 14 16

Noralized laser amplitude (a,)

Numerical fit:
T, = C;(ay, po)T,(JxB) + C,(ay, pol)T,(Brynel)

Normalized laser amplitude (a,)

C;, C, constant for a, > 3
C,(pol S) = 0 (no Brunel)
C;(pol S) = C;(pol P)
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Numerical results: electron trajectories

0.5 um thick Al

0 walwil /.5
L ‘, 35 % -
25 S8 ,
weE \ -
-2 0 2 4 6 i 0 1
X/
Interaction:

|.  Normal oscillations
Il. Kick along the laser direction
lll. Injection at 2w

Thicker targets:
Similar temperatures (20% decrease)
No e~ recirculation - less confinement

European Research Council

15 pum thick Al

015 3 45 6
XIA
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Numerical results: electron trajectories

European Research Council

||
0.5 um thick Al 15 um thick Al
O K ‘ “‘ l‘-':’l i

- s, - '. _

» - o

25 S8

&y —— 00 B | i

2 0 2 4 6 1 0 1 0 153456 <L -0.5 0

KA XIA 0,9} | Thick foil normal incidence
Interaction: 0,61

. ) X
I.  Normal oscillations [ JXB heating |

Il. Kick along the laser direction

W

Electrons number (a.u.)

0,0 VY VLV VY
1. |njecti0n at 2w jXB injection at 2w 0’9; Thick foil 45° incidence
Thicker targets: Srunel it + t 08, AA
Similar temperatures (20% decrease) runel injections at w o8| N

No e~ recirculation = less confinement 0 1 2 3 4 5 6 7 8 9 10

Travelling distance (x/A
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& gy, I
Benchmarks with experiments II aerc
- European Research Council
Target: _ |
Simple plain foil Laser: Ti:Sapphire
Compositions: Al | <4.2-10%°W/  »

Thickness: 0.75 pm Laser polarization: P-, S-, C-

Benchmark with experimental results

S polarization

P polarization

C polarization

22
24| —m- Experimental results T - 20| —H-Experimental results
—-@- i 20 . . /
@- Proposed scaling law I 18 @- Proposed scaling law
20 —A- Ponderomotive scaling] £t 18 16 —A - Ponderomotive scaling /

/ 14 -
o / / L 2 [
) 2
Nz o o
6
8L u C — 1 — M- Experimenta results !
;// —A- Ponderomotive scaling = A
4 Proposed scaling 2

Maximum proton energy (MeV)

Maximum proton energy (MeV)
i

Maximum proton energy (MeV)

05 10 15 20 25 30 35 40 1.0 15 20 25 30 35 40 45 05 10 15 20 25 30 35 40

Intensity on target (10°° W/cm?) Intensity on target (10*° W/cm?) Intensity on target (10*° W/cm?)




N Foam-attached targets

NEARCRITICAL

LAYER ACCELERATED

IONS
LASER M
PULSE Il FAST ELECTRONS y

SOLID FOIL + LOW DENSITY LAYER
N Volume & Surface interaction mechanisms

~ Higher laser energy absorption
Foam deposition: Pulsed Laser Deposition ~ Enhanced electron production

(PLD) ~ Enhanced number and maximum
~ Micrometric-scale near-critical density energy of accelerated ions
~ Nanometric (~ 20-30 nm) over-dense clusters

Enhanced TNSA

T. Nakamura et al., Phys. Plasmas, 17 113107 (2010)
A. Sgattoni et al., Phys. Rev. E, 85 036405 (2012)
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Experimental results

G i I
i -. Ic
S European Régéarch Council

Role of laser polarization

Role of Foam thickness (p-pol.)

05 10 15 20 25 30 35 40 45

Intensity on target (10*° W/cm?)

/>\ 32 —— 9 P-, C-, S- polarization

% o8 | 8 pm foam { é’ 301 foam (8 pm, 1.2 ng) !

; N [ —e— A1(0.75 um) l/ : ’s '_on Al substrate (0.75 pm) P- pol

g | —*— 36 um foam / % Y (AI0.75 um)
i s 1

& 20 [ { S or . _ 1

” -

g 16 !/ !/ g 15 -

° ©

et /] et S- pol (Al 0.75 um)

g ol l/ /(’{;[/ g 10_1"%/ %/’i - -

) - S oA - - -

£ 8 I {/} I= 5F ) o C- pol (Al 0.75 um)

é 4r ! ’ é 0F o/

E 2 [P T REPRR S S R SR B

0,5 1,0 15 2,0 2,5 3,0 3,5 4,0 4,5

Intensity on target (10°° W/cm?)

. : Emax <1
Higher energies > Foam targets: no pol
More lons (>50%) dependence
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Electron heating in near critical plasmas

||
: ) 90 @ E,
Richer physics _ 100
‘ico‘ ‘
Magnetic dipole generation 30 780fs 9
90 @ = 50
Self focussing 3 wm w
. . S 0
Filamentations e R 0 50 100 150

X (x) X (l)

Two stream instabilities

063104 (2014)

Y. J. Gu, et al.; Physics Of Plasmas 21,

Simplified physical picture:

p~pyaag

X (um)

L. Willingale et al; Physics of Plasmas 18,
056706 (2011)

Pulse erosion T,~I

P~ Py adg

Ponderomotive expulsion T,~I/2

A P L Robinson et al; Plasma Phys. Control. Fusion 53
(2011) 065019
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Interaction with foam attached targets

European Research Council

|| LI —
Homogeneous foam Nanostructured foam
t =000 t =000
30 100 30 100
20 20
10 10
10 10
S 0 1 iq-, S 0 1 ia,
-10 -10
| 01 | 01
-20 I -20 |
-30 0.01 -30 0.01
-30  -20 10 20 30 -30 -20 -10 0 10 20 30
XIA X/IA

Random spheres
R, =10nm n, = 100 n,
Average density: n,=n,

Homogeneous foam
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Interaction with foam attached targets

European Research Council

|| S
t=010 t=010
30 100 30 100
20 20
10 10
10 10
f< (_:o < C(_)
S o0 1% s 0 L3
-10 -10
01 | 01
-20 i -20 ]
-30 0.01 -30 0.01
30 -20 10 20 30 30 -20 10 20 30
XA X/




Interaction with foam attached targets

European Research Council

|| S
t=021 t=021
30 100 30 100
20 20
10 10
10 10
f< (_:o < C(_)
S o0 1% s 0 L3
-10 -10
01 | 01
-20 i -20 ]
-30 0.01 -30 0.01
30 -20 10 20 30 30 -20 10 20 30
XA X/




N Interaction with foam attached targets

European Research Council

|
t=032 t=032
30 100 30 100
20 20
10 10
10 10
S o0 1 iq-, S o 1 i,
-10 -10
| 01 -4 01
-20 i -20
-30 0.01 -30 0.01
-30  -20 10 20 30 -30  -20 10 20 30

XIA




N Interaction with foam attached targets

European Research Council

|
=043 t=043
30 100 30 100
20 20
10 10
10 10
S o 15 S o0 1 3
-10 -10
o] 0.1 - 0.1
-20 i -20
-30 0.01 -30 0.01
30 -20 10 20 30 30 -20 10 20 30
X/




N Interaction with foam attached targets

European Research Council

]
t=054 t=054
30 100 30 100
20 20
10 10
10 10
S o 15 S o0 1 3
-10 -10
o] 0.1 - 0.1
-20 i -20
-30 0.01 -30 0.01
-30 -20 10 20 30 -30 -20 10 20 30
X/




N Interaction with foam attached targets

European Research Council

|
t =064 t =064
30 100 30 100
20 20
10 10
10 10
< I~ < O
S o 1 3 5 D L2
-10 -10
o] 0.1 - 0.1
-20 i -20
-30 0.01 -30 0.01
30 -20 10 20 30 30 -20 10 20 30
X/




N Interaction with foam attached targets

European Research Council

m
t=075 t=075
30 100 30 100
20 20
10 10
10 10
< I~ < O
S o 1 3 5 D L2
-10 -10
L 0.1 - 0.1
-20 i -20
-30 0.01 -30 0.01
-30 -20 10 20 30 -30 -20 10 20 30
X/




N Interaction with foam attached targets

European Research Council

||
t =086 t =086
30 100 30 100
20 20
10 10
10 10
< I~ < O
= 0 1 E, = 0 i E,,
-10 -10
-1 01 -1 01
-20 i -20
-30 0.01 -30 0.01
30 -20 10 20 30 -:30  -20 10 20 30
XIA




N Interaction with foam attached targets

European Research Council

m
t =097 t =097
30 100 30 100
20 20
10 10
10 10
< I~ < O
S o 1 3 5 D L2
-10 -10
L 0.1 - 0.1
-20 i -20
-30 0.01 -30 0.01
-30 -20 10 20 30 -30 -20 10 20 30
X/




N Interaction with foam attached targets

European Research Council

||
t=108 t=108
30 100 30 100
20 20
, 10 10
10 10
< & < O
S o 1 3 E L2
-10 -10
-] 01 -] 01
-0 i -20
-30 0.01 -30 0.01
30  -20 10 20 30 30 -20 10 20 30
X/IA




Electron heating in foam attached targets

t= 108

{ 0.1

0.01

Two populations:
Fast escaping electrons
Confined electrons

1000

100

% 10

1

0.1

20 -10 0 10 20
X/IA
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Electron heating in foam attached targets

Two populations:
Fast escaping electrons
Confined electrons

Fast electrons
Prompt escape (t < 100fs)

2
pmax a aO

Px/A

-20 -10 0 10 20

Lorenzo Cialf ICHEDP2016 25/09/2016 [
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Electron heating in foam attached targets

European Research Council

o Two populations:

Fast escaping electrons —— Homogeneous all electrons
: 10° —— Nanostructured all electrons
Confined electrons 10° —— Homogeneous confined e
- Nanostructured confined e

Intensity (a.u.)

0 5 10 15 20 25 30 35 40 45 50

Energy (MeV)

80
60
40
20

Confined electrons:
More energetic than solid foil e~
Spectrum dependant to the nanostructure
Long confinement time (> 100 fs)

Py/A
o

20
40
60

% ¥ o ' Hp: confined electrons - enhanched TNSA |

-20 -10 0 10 20




Temperature scaling and benchmark rc

European Research Council

Hp: ponderomotive heated confined electrons

[Te — C3Tpond + 641

3,5
— M- Homogeneous foam

3.0 -&- Nanostructured foam | o
—@- Solid target

2,5

Electron Temperature (MeV)

Electron heating dependant to the target nanostructure
Nanostructure - lower electron temperature




Temperature scaling and benchmark r°

European Research Council

Hp: ponderomotive heated confined electrons

[Te = C3Tyong + 641 éxperimental results and benchmarg
32 —m- Homogeneous foam 35 =M~ Experimental results
3.0 —&- Nanostructured foam | o 30 :::Egnmogreuncetz[]esdf;?
-@- Solid target

2,5
i 251

20
15

10

Electron Temperature (MeV)

0,0

Maximum proton energy (MeV)

1 1 L 1 L 1 L 1 L 1 L 1 L 5 1 N 1 N 1 N 1 N 1 N 1 N 1
2 4 6 8 10 12 14 16 05 10 15 20 25 30 35
4, Intensity on target (10*° W/cm?)

Electron heating dependant to the target nanostructure
Nanostructure - lower electron temperature

Lorenzo Cialf ICHEDP2016 25/09/2016 [
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Conclusion and future perspectives

Interaction with over-dense plasma:
Brunel effect and jxB heating = combined heating
Ponderomotive scaling over-estimates electron temperture in this regime
Very good agreement with TNSA experiments

Interaction with near-critical plasma:
Production of fast-escaping and confined electrons
TNSA should be due to the confined electrons
Nanostructure is a key parameter in laser-matter interaction

Future prespectives:

|.  Numerical 3D campaign with foam attached targets

ll. More realistic nanostructure design

lll. Theoretical model for ponderomotive heating in near critical targets
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Recent works

|. L Cialfi, L Fedeli and M Passoni, Electron heating in sub-picosecond laser interaction with
over-dense and near-critical plasmas, submitted.

Il. M Passoni, A Sgattoni, | Prencipe, et al., Toward high-energy laserdriven ion beams:
Nanostructured double-layer targets, Physical Review Accelerators and Beams 19, 061301
(2016).

Ill. | Prencipe, A Sgattoni, M Passoni et al., Development of foam-based layered targets for
laser-driven ion beam production, Plasma Physics and Controlled Fusion 58, 034019 (2016).
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Thank you for your attention




Sub picosecond ultra-intense lasers

||
Laser parameters considered: |. Matter ionization - Laser- plasma interaction
| > 1019 W/sz
Pulse duration (FWHM) < 100 fs IIl. Critical density
Focal spot ~ um ,
P>100TW n, = VTZ::Z for Ti:Saphire n.~™/_ .,

Pulse energy > J - n > n, : Over dense plasma

- n < n. : Under dense plasma

Example: CoRelLS, IBS (Gwangju, S. Korea)
Relativistic transparency 11> n.4

Laser wavelenght: 800 nm (Ti:Sapphire)

0.5 -10%°W/ ,<1<42-102°W/ , l1l. Skin depth
Pulse duration (FWHM) < 30 fs
Focal spot =5 um Asa = cY/wpe (~10—50 nm)

1 <Energy ontarget>7.5J




Electron temperature estimation

10"
6 1
10° T, = —
slope - In(10)

Intensity (a.u.)

1 2 3 45 6 7 8 9 10111213

Energy (MeV)




Acceleration experiment @ PULSER | GIST

Role of target properties (s-polarization, full power)

nearcritical foam thickness: Al (0.75 um) + foam (6.8 mg/cm3, 0-36 um)

180 ~ 5
N —H~-H" maximum energy ; > 10 Atoams il Aa(E>O MEV) = 7.3 e A
g ~@- C* maximum energy | 160 S Avan 12 ! Au(E>5 MeV) =31 - Igzm éz
= > —
>
3 - 2
= >
= = =
@ ©
& =
T 0
Lll | EIS | EI3 I1I0I1I2I1I4I1I6 1I8I2I0I2I2I2I4I2I6I2I8I3IOI32
Target thickness (um) Enerav (MeV)
T E o Protons: 30 MeV 1 proton temperature 7.3 MeV
[vs 18 MeV (s), 22 MeV (p)] (vs 3.5 MeV for Al)
T E, o C®*: 130-140 MeV T number of protons
[vs 80 MeV (s), --- MeV (p)] (gain factor 7.3 above 5 MeV (vs 3))




Acceleration experiment @ PULSER | GIST

Role of target properties (s-polarization, full power)

foam density: Al (0.75 um) + foam (6.8 — 25 mg/cm3, 12 um)

27.5

Maximum proton energy (MeV)

25.0 5
22.5 -
20.0 -
17.5 -
15.0 -
12.5 -

10.0

—u— 4 3 n,
—u— 172 n,

05 10 15 20 25 30 35 40 45

Intensity on target (10°° W/cm®)
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Acceleration experiment @ PULSER | GIST

Role of target properties (s-polarization, full power)
substrate thickness: Al (0.75 and 1.5 pm) + foam (6.8 mg/cm3, 12 pum)

26 | 26 |
S L | 075 o[ | = 075um
© T | _a—15um > 1 =15
~§; 22 : é 22 b L /
g 20 > 20
© 18) §/+ g 181 }
S 16} : 216t
= [ [
5 14f i / 2 1l
E ol . S o /
E 0] — 5 ol
§ 8l /i/ ; _ }ﬁ
T !
6 i 1 L 1 L 1 L 1 1 6 i 1 L 1 L 1 1 1 1
1 2 3 4 5 1 2 3 4 5
Intensity on target (10*° W/cm?) Intensity on target (10%° W/cm?)
Bare Al targets Foam-attached targets
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I
| Foam attached targets: production
||

BUFFER GAS
Ar/He 0-1000 Pa

LASER BEAM
532nm 0.8Jcm?
5-7 ns 10 Hz

O\ @\/
PYROLITIC SUBSTRATE
GRAPHITE 0 Si <100>
TARGET 0 Al (0.7-12 pum)
0 C (3 nm)

45-85cm

A. Zani et al., Carbon, 56 358 (2013); I. Prencipe et al., J. Phys. Conf. Ser., (2015)
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- 2-AX5 .

More realistic: nanostructured-foam layer

= Limited Diffusion Aggregation (LDA) model
= same mean thickness & density
= nanoparticles: 50 n_(2%filling factor)

z
SIxy-X

Density (log10)

Tl

g
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N 3D-PIC simulations of the experiment 50
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3D-PIC simulations of the experiment

2-AXIS .

0w 8 6 4 2 0

4
SIXY-X

| :

W o7 o 8 9

Density (log10)
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3D-PIC simulations of the experiment

9 ¥
SIXY-X
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Density (log10)
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3D-PIC simulations of the experiment

SIXY-X

W o7 o 8 9

Density (log10)
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