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Laser driven proton beams for precise
nanoparticle synthesis



Motivation: Nanomaterials in medicine and nano-

Imaging
N PATLAB

“Detection of cancer biomarkers in
serum using a hybrid mechanical
and optoplasmonic nanosensor”,
Nature Nanotechnology 9,1047-
1053, (2014) - Gold nanoparticles act
as biosensors in cancer cell
detection

“A targeted approach to cancer imaging and
therapy”, Nature Materials 13,110-115 (2014)

Nanoparticle-based imaging plays a crucial
role in cancer diagnosis and treatment. Here,
we discuss the modalities used for molecular
imaging of the tumour microenvironment and
image-guided interventions including drug
delivery, surgery and ablation therapy.




...and recently also there Is a call for applications
iIn Material Science... |
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Methods for nanomaterials using Chemical methods

INRS PAT AL

Chemical methods: the I:D
nucleation phase starts with a
chemical reaction

Advantage: Good control of nucleation
phase (time of reaction in the order of ns).
Problem: formation of a surfactant shell on
the nanomaterials which strongly affect the
nanoparticle’s properties

(Stage 1)
o2 & L}
NaBH, reduction o ¢ ”n CCoaIescencn . ’
Agt ————
Instant nucleation @ 0 O O
0% e ¢
Y OO ) Citrate ions ™
Ag® nuclei Ag clusters Newly synthesized
Ag nanoparticles
Unspent___
Ag' (Stage II)
% Citrate reduction | .~ -
e
pH 10.5 =
( JL
| |
Fine tuning in nanoparticle shape Homogeneous Growth Citrate stabilized

Silver nanoparticle



Methods for nanomaterials using Physical methods
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Physical methods (i.e. laser
based): the nucleation phase
starts with an evaporation of
atoms from a surface

—

Nanosecond laser ablation

Femtosecond laser ablation
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Advantage: Good control on the chemical
composition of nanomaterials.

Problem: the control of particle dimensions
and shape is difficult. The particle
aggregation is slow with the consequent
formation of big particles and aggregates

R=3.07nm

R=7.77Tnm R=8.28 nm

R=3.19 nm

3.7om

23nm

Height Sensor 1.0 ym



Principle of Laser-D n Ablation (LDPA)
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Energy Deposition ¢ s Explosive Boiling
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First experimental verification on TITAN laser (LLNL,
USA)

i PAT.LAB
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Explosive Boili he gold target
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Nanoparticle Silver target

INRS PAT AL

UNIVERSITE DE RECHERCHE
RESEARCH UNIVERSITY

.

Siiver Target  Gold Target
py & ¢

Proton beam
/ center
\ 0.0 Height Sensor  20.0 ym
>
=
Au . 7))
EDX: high gold S
percentage c
) (200)
=
Ag I
O
h = I N 1 " 1 i 1
1.0 20 3.0 40 50 6.0 7.0 80 9.0 10.0 11.012.0{13.0 29 20 40 60 80
Photon energy (keV)




Statistics oparticles
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M. Barberio, M. Sciscio, S. Valliéres, S. Veltri, A. Morabito, P. Antici, Sci. Rep. 7, 12522 (2017)
P. Antici, M. Barberio, Patent Pending US 14448.128
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Laser driven proton beams for cultural
heritage diagnostics



Context and motivation: chemistry and

physics for Cultural Heritage (CH) analysis

INRS

: #EuropeForCulture

“Accessibility and preservation of
cultural heritage is needed for the
vitality of engagement within and
across European cultures by also d
considering the importance of cultural
heritage as strong economic driver in

a post-industrial economy and its
contribution to sustainable economic y
growth.”

E)

Current Challenge in CH:

.Pncw\-iﬁ"a-‘

M. Barberio, ..., P. Antici: TiO2 and SiO2 nanoparticles
film for cultural heritage: Conservation and
consolidation of ceramic artifacts

Surface and Coatings Technology, 271, 174 (2015)

M. Barberio,..., P. Antici: AFM and Pulsed Laser Ablation
Methods for Cultural Heritage: Application to
Archeometric Analysis of Stone Artifacts

Appl. Physics A 0947, 8396 (2015)

S. Veltri, ..., P. Antici: Synthesis and Characterization of
thin-transparent nanostructured films for surface
protection

Superlattices and Microstructures 101, 209 (2017)

M. Barberio, ..., P. Antici: Pigment darkening as case
study of In-Air Plasma Induced Luminescence
Sciences Advances (in press)

Chemical analysis: Morphological analysis:
. . X-ray photoelectron Spectroscopy (XPS) SEM
Physics and Chemistry for X-ray fluorescence (XRF) AFM

Cultural Heritage: obtain a
complete chemical/

Energy Dispersive Spectroscopy (EDX)
Photoluminescence

morphological analysis of Particle induced X-Ray Emission (PIXE)

artifacts, preventing damage



What is Particle In

({M :

ive Porticle Accel

PIXE: proton beams stimulate the emission of A technique used in the Cultural Heritage

X-rays (Gamma), which allows performing a analysis, medicine, industry
chemical analysis of the material.

—
rays
Iightion yey
13 MeV

characteristic
X-rays

Example of PIXE to analyze the pigment's composition of The Trivulzio portrait by Antonello da Messina

16
14 -
» Advantage over X-Ray 2 12 Cu
N . c
Prton \ Fluorescence: detection 3 104
@ 6 08
* of low Z elements and £ 05] Ca o
R higher spatial precision g 04 L - /
. 1/ e
e *// > Detection of elements ol U |
O _/’.// up to 10 ppm 305 7 9 11 13 15 1
\‘ - . . . X-ray energy (keV)
= » Little invasive

K and L shell X-ray emission Analysis performed at LABEC (Florence)



Current PIXE analysi ntional accelerators

PATLAB
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DR-N
Total Pixel

Scan size 1% 1 mm?
Pixel resolution 10 um
Beam charge 18 uC T.8nC
Av. current 8 nA
Acquisition time 35min 210 ms :
Matrix count rate — TTKCJs A well establlshed technique in many

4 Trace countrate  69kcfs laboratories: AGLAE (France), LABEC
A CI @R RGN/ Average counts =8 (Florence), CENBG (Bordeaux) etc.

L. Pichon et al., Nucl. Instr. Methods Phys. Res. B 363, 48-54 (2015)
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Laser-driven PIXE
accelerator sourc

ce a conventional

ser plasma based-
PATLA

Mirror

C. Hargoues CERMF [ Aglaé/ CHRSPh otothi:que

Une statuette en bronze du forum
de Bavay analysée avec Aglae.




Numerical simulat ial sample heating

I\NszerSnz 'i 6T-LHB.
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Experimental setup: fir

sensitive
INRS

Mirror

Artifact

Emission angle (10°)

Incidence angle (10°)

High-
power
laser 1t

Protonvs}urce Cult. H sample

e damage on the most

n the CH :
PATLAB

ive Porticle Accel

Ceramics artifact from AD 1650
(archeological situ of Nicastro), provided by
the Ministry of Culture in collabration with
the Regione Calabria



Investigation of d a ceramic sample

uﬁaT-l_HB’

Chemical analysis: Conventional XRF
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Before irradiation  Afteriradiation spectroscopy and Thermoluminescence
2
—— After proton irradiation n L ;
— Before proton irradiation 2o 5 5 Hairal age: 321 years
= Delected age: 140000 years
! E 4|
5 Ca Cu 8
: g S K =
£ §:! ]
0 = @
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» XRF: no chemical modifications of
the irradiated sample

» Absorbed dose alters the
thermoluminescence of the
materials: the age of the sample is
artificially increased

Y ot .ll s N E
No aesthetlcal change after irradiation



Incidence angle (10°)

High-
power
laser 18

Proton‘gurce CH sample

| inch

Proton beam center

» Chemical composition of the sample
successfully retrieved (Ag 97%, impurities of Ti,

Cr and Cu)

RCF

PIXE emission (a.u.)

Spectrometer
alignhment
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« Laser-driven proton acceleration produces routinely energies 1-11
MeV, is this useful - can you do volumetric testing ?

« What materials can be analyzed ?

« Can you go beyond 10 ppm ? How quick is the analysis ?
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ELI Beamlines and its new project: Non-Destructive
Laser-driven Heritage Testing
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Laser-PIXE

Laser driven Particle Induced X-ray Emission:

source development and X-ray spectral/spatial analvsis

The PIXE (Particle Induced X-ray Emission) is a multi-elemental, quantitative, highly s E NSU R E

ments with concentrations in parts-per-million), rapid, non-invasive and non-destructive
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Optimizati

INF\’S

‘(HZ YE WE fR HE
ESEA RC

CCD DETECTOR (4 cm x 4 cm x 250 pm)
(solid angle ~0.81 str)

Proton beam 500 pm Homogeneus target
Emitted X-Rays

Qi
__Surface of >0 pmt
the X-ray 300 ”ri bi-layer target
source
material

GEANT4 with the package G4ParticleGun, cylindrical symmetry,
number of particles between 104 and 10'3. The proton beam diameter

= 1 um (typical applications)

M. Pia, et al, PIXE simulations with Geant, IEEE Trans. Nucl. Sci., 56, 3614 (2009)



Reproducing th tal results on a
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Optimization of the incident angle: 60 degrees
incident angle favors Bremsstrahlung for 3

INRS MeV incident protons on SiO, PATLAB
L i \ Optimized angle for the detection of the K_alfa is around 30°
[
- Significant Bremsstrahlung
90 F
. incident angle
R - 50 _ 80 _ SI Ko 1.74 rESpECtt su?face
[ @ 70| I 30
‘S incident angle *S 60 | B ©0
o respect surface o L
£ £
: :
1 ' T

5 0 1 2 3 4 5 6

Photon energy (keV) Photon energy (keV)

One of the most analyzed materials: Ceramics (SiO,), Mean energy 3 MeV, 10° protons,
3 cm distance



30° incident
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following we
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protons, 3 cm distance
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One of the most analyzed materials: Ceramics (SiO,)
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Emitted X-rays (X-rays / 10° protons)
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deposited energy (MeV)
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For other multilayer targets !

INRS PATLAB

» For example Pb//SiO, or Ti//SiO,) the transmittance of photons
generated in the SiO, layer is extremely low (close to zero) due to

the very low energy of the SiO, K_alfa photons.

« Multilayers consisting of Pigments//Ceramic and Pigments//Canvas,
simulated as a PbO layer on SiO, (or CaCO, for the canvas), or Ti0,
layer on SiO, is the same.

Laser-PIXE very difficult for multilayers with
Kot < 6 keV...

M. Barberio et al., Submitted
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For other multilayer targets !

» For example Pb//SiO, or Ti//SIO,) the transmittance
of photons generated in the SiO, layer is extremely
low (close to zero) due to the very low energy of the
SiO, K_alfa photons.

« Multilayers consisting of Pigments//Ceramic and
Pigments//Canvas, simulated as a PbO layer on
SiO, (or CaCO, for the canvas), or Ti0, layer on
SiO, is the same.

Laser-PIXE very difficult for K _alfas < 6 keV...
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Application to CH

I PATTAD

Novel Ti:Saphire laser systems operate at multi-Hz
repetition rate and generate proton bunches in the nC
range (~10'' protons/MeV for a mean energy of 3 MeV).

Choosing an energy spread of FWHM 20 % (3 MeV %30
keV) leads to a penetration depth of about 36 £ 6 Um
into a Silver sample

With an overall transmission efficiency of 17 = 1.2%, a
final beam charge of ~7.2 108 protons/bunch, i.e. ~ 0.12
nC/bunch.

At repetition rate of 10 Hz allows irradiating the sample
with a proton flux of 1.2 nC/s, scanning an area of about
|0 mm

SCIENTIFIC REPLIRTS

Design and optimization of a *
compact laser-driven proton

beamline M. Sciscio et al., Sci. Rep. 8, 6299 (2018)
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