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Preface

Preface

Cultural Heritage, defined by the UNESCO as “the legacy of physical artefacts and
intangible attributes of a group or society that are inherited from past generations, maintained in
the present and bestowed for the benefit of future generations” enriches our everyday lives in
countless ways: Cultural Heritage ranges from cherished historic monuments and museums to
traditional practices and contemporary art forms, includes new scientific discoveries and
constitutes a source of identity and cohesion for communities disrupted by bewildering change and
economic instability. This basic principle is again confirmed by the UNESCO when it says
“Heritage constitutes a source of identity and cohesion for communities disrupted by bewildering
change and economic instability. Creativity contributes to building open, inclusive and pluralistic
societies. Both heritage and creativity lay the foundations for vibrant, innovative and prosperous
knowledge societies.[...] No development can be sustainable without a strong culture component
[...] International treaties endeavor to protect and safeguard the world’s cultural and natural
heritage including ancient archaeological sites, intangible and underwater heritage, museum
collections, oral traditions and other forms of heritage, and to support creativity, innovation and
the emergence of dynamic cultural sectors. ”

Following these principles for the sustainable development, in the last years the scientific
communities put strong effort into research of innovative techniques in the field of Engineering,
Physics, and Chemistry applied to Cultural Heritage (CH) for both, diagnostic and conservations,
based on the applications of new materials and investigation methods.

The main challenge within this field is to obtain the greatest number of information without
provoking damage to the artifacts, i.e. having an efficient method for diagnostics. Another
challenge is the conservation of artifacts without modifying its aesthetical appearance. Chemical
and morphological information on artworks are mainly obtained using surface spectroscopies or
other methods based on particle accelerators and are most effective and sensible in laboratory. On
the other hand, conservation and restoration of artifacts without changes in aesthetical aspect or
chemical composition are currently obtained mostly using nanoscience and nanomaterials. The
enhancement in the nanoscience and in the growth of nanomaterials allows the production of
materials with new mechanical and optical properties and opens up new possibilities for the

consolidation and restoration.
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The ambitious aim of this Ph. D. thesis is to improve both fields of Diagnostic and Conservation
in the Cultural Heritage. The main objectives of this work are 1) the development of much more
sensitive and performing diagnostics and how this innovative diagnostics react on materials, 2) the

improvement of new nanomaterials for the consolidation and conservation of artifacts.

As methodology, for the first topic | use laser-driven particle sources (in application for Cultural
Heritage) and for the second topic the realization of thin nanostructured films and laser-generated
nanoparticles working as protective materials for artifact surfaces. My thesis opens the field of
new laser-driven particle accelerators for research in the field of Cultural Heritage. Moreover, the
study of new nanostructured materials for consolidation and conservation allows pursuing new
routes to sustainable and easily reversible restoration, without damages or irreversible changes in
artwork aesthetical.

UNIVERSITA
DELLA CALABRIA

) a ence Livermore
National Laboratory

Figure 1 - Main Facilities Involved in the Ph. D project

The Ph. D thesis has been performed in the framework of a Dual Ph.D. in collaboration
between University of Calabria (UNICAL — Italy // GAP Research Group) and the Institute
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National de la Recherche Scientifique — Centre Energie Materiaux and Communiction (INRS-
EMT- Canada // iPatLab Research Group). Moreover, all the research activities were performed
in strict collaboration between a network of National and International Collaboration: two partners
of the “Istituto Nazionale di Fisica Nucleare” (INFN-Italy, INFN-CS and INFN-RM1), the
“Lawrence Livermore National Laboratories” (LLNL - USA), the Laser Lab “LULI” (France),
the “Sovraintendenza ai Beni Culturali Regione Calabria” (Italy), the ELI-ALPS research center
(Hungary), and the ArcheoLab (Italy). Finally, the research activity related to this thesis was
performed in different periods spent at UNICAL (18 months total), INRS-EMT (16 months total),
and LLNL (2 months total) with the collaboration of researchers of all the involved institutions.

All the results obtained in this Ph. D work were published or accepted for publication in
prestigious international Peer-Review Journals (i.e. Scientific Reports, Applied Surface Science,
Applied Physics Letters, Applied Physics A, Surface and Coatings, Archeological Discovery), and
presented in many prestigious international Conferences of Laser-Plasma, Nanoscience, and
Cultural Heritage (see Appendix | for the detail of Publication).

All the project objectives were fully achieved including the challenging determination to
open the first research line on Physics Applied to Cultural Heritage at the INRS-EMT, with the
intention to setup dedicated experiment on CH investigation at the ALLS facility (the line is
currently in preparation and the first experiment is scheduled in the second half of 2017).

The thesis is presented in 5 Chapters which include the Scientific Context, the State of the
Art, the Objectives, the Results, the Conclusions of the Scientific Activities and the Future
Perspectives. In detail, the Chapter 1 introduces the context of the Physics Applied to the Cultural
Heritage, the Scientific Objectives with their relevance for the scientific communities (Canadian
and European) and summarizes the thesis project plan and the main results. The Chapter 2
describes The State of the Art while Chapters 3 and 4 illustrate and discuss all the scientific results.
The thesis closes with the General Conclusions and the Future Perspectives and, finally, the

Appendix shows the Scientific Publications and the participation to the International Conferences.
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Figure 2 - iPatLab Research Group during an experiment
at LLNL



Chapter 1

1. Context and Main Scientific Objectives

The world of Cultural Heritage, in particular the field of preservation and restoration of
Culture, is hindered by the lack of techniques and diagnostics suitable for the conservation and the
preservation of artworks or monuments. There is therefore a strong and urgent need for the
discovery and development of new techniques and methodologies for the conservation and
restoration’-2,

One of the main challenges in the conservation of artifacts is that they can be damaged by
a corrosive patina, which can change their aesthetical aspect. The patina can strongly modify the
chemical composition, provoking in the worst case the complete destruction of artwork as in the
case of biological films (biofilms) on ceramic and stones exposed to biological agents. Biofilm are
mostly generated in humid atmospheric conditions or underwater archeological sites. Similar to
the patina, this biofilm can deteriorate the artwork’s surface, causing in many cases the complete
destruction of decorations, colorations, and pigments®*. Several studies have demonstrated that
the role of biological agents is one of the main causes of the deterioration of stones>®.

Microorganism activity has a strong negative impact on the preservation on Cultural
Heritage, because they attack the material producing nitric and sulfuric acid’ and as a consequence
destroying the surface or generating green patina that covers completely the surface®. Moreover,
in previous works®, 1% it was found that the polymeric films, realized as protective film, do alter the
artwork’s aesthetics, changing brightness and coloration. In addition, their effects on biological
agents had not been tested. Great effort has been devoted to the employment of nanomaterials
(nanofiber, nanoparticles, and quantum dots) embedded in thin transparent films: Silicon dioxide
nanoparticles can be used for the consolidation of porous ceramics and stones while thin films of
titanium dioxide (pure or doped) can be used to realize protective and transparent films to be placed
on artworks. The research in these fields is in progress and several groups have proposed the
growth of new materials and their applications for different artwork substrates'''? (see Figure 1

as example of nanomaterial applications)
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Figure 1 - SEM image of Ca(OH); nanoparticles

However, in the world of cultural Heritage, there is not only the need of preservation of the
artworks, but also of diagnostic the status of an artwork. In fact, in the last years, strong exertion
has been put into the research of innovative techniques in the field of Physics and Chemistry
applied to Cultural Heritage for conservation and diagnostic too. Actually several groups explore
the possibility to realize equipment to be used directly on side in the archeological sites or in
museum. In fact, this need is due to that currently the best performing classical techniques of
diagnostics and conservation (restoration and consolidation) require, generally, to move the
artworks from museum, or archeological site, into a laboratory, or to make micro sampling of the
artifacts (i.e. extract a small part of the artifact to be analyzed).

Chemical information on artworks (ceramic, bronzes, metals, pigments) is mainly obtained
using surface spectroscopies (such as Photoluminescence, Raman, X-ray photoelectron
spectroscopy (XPS), X-Ray-Fluorescence (XRF), Energy Dispersive X-ray spectroscopy (EDX)
in SEM), while morphological information can be obtained with SEM. Complete chemistry of
material bulks is known using sophisticated techniques of nuclear physics such as Proton Induced
X-ray and Gamma Emission (PIXE and PIGE - see an example of PIXE analysis in Figure 2). All
these methods are based on particle accelerators such as, e.g. the Accélerateur Grand Louvre d'
Analyse Elémentaire -AGLAE in Paris and the Laboratory of Nuclear Techniques for Environment
and Cultural Heritage-LABEC in Florence. Raman and Photoluminescence spectroscopy
techniques, on the other side, require sophisticated spectrometers and lasers. SEM and XPS must
be taken under vacuum conditions and PIXE and PIGE require the employment of large particle

accelerators. Moreover, all these methods allow realizing only local analysis on artworks (beam

S. Veltri — Ph.D Thesis
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spot sizes are generally in the order of mm?). Several portable instrumentations, such as XRF and
Raman, have been realized to make diagnostics directly in situ. However, all this portable
equipment has efficiencies lower than when used in laboratory conditions. Moreover, they present
the limiting factor of not being very tunable and adaptable, making their use limited only to a
certain field of energy range and with that, to a certain field of interest.

The advent of lasers, which can produce compact bunches of coherent photons, has opened
up possibilities of laser-based particle acceleration, as foreseen in reference®®. The acceleration of
electrons has been studied since the 70°-80° through wake fields and has recently made a
breakthrough by reaching the GeV limit** in mono-energetic bunches®®. First evidence of proton
production by laser-target interaction was observed in experiments between 1978-1982, yielding
very low maximum proton energies of ~0.56 MeV. In 2000, evidence of laser-accelerated proton
beams with significantly improved beam characteristics was obtained, yielding maximum proton
energies of ~58 MeV®. Collimated high-current multi-MeV beams of protons generated by ultra-
intense (>10% W/cm?) short laser pulse (30 fs—10 ps) were discovered also by other research
groupst’. The investigation of laser-driven proton acceleration and its use is currently challenging
many research laboratories worldwide, with some significant results, in particular for the improved
characteristics of laser-based particle sources such as compactness, its efficiency, its versatility
and its tunability.

A Laser-based particle beam, moreover, presents the advantage of having a high current,
strong laminarity at the source, short duration, and small source side. Focusing on laser-driven
proton acceleration, today, existing multi-hundred-TW table-top laser systems generating on-
target intensities of ~ 10*°-10% W/cm?2 can routinely reach proton energies of ~15-20 MeV with a
typical laser-to-proton energy conversion efficiency of 1-6 %'1%20 a current in the kA regime and
a laminarity at the source 100 times better than conventional accelerators. These parameters make
them a desired candidate for innovative applications requiring one or more of the above-mentioned
properties, e.g. in the medical field?!, for inertial confinement fusion??, warm dense matter
studies? or hybrid accelerators?*. While there has been already many attempts to use and compare
these laser based protons to conventional accelerated particle in some applications (medical field,
etc), no effort has currently been put to test the efficiency and usage of laser-driven proton

acceleration for purposes of Cultural Heritage. This opens up new opportunities to apply the field

S. Veltri — Ph.D Thesis
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of laser-driven particle accelerators on this research domain and to test and develop innovative and

improved methods of diagnostics with new particle sources.

Figure 2 - Classical PIXE applied to the diagnostic of artworks of The Uffizi Museum
of Florence

In my thesis | want to overcome some of the above mentioned existing bottlenecks proposing
to improve new nanomaterials for the consolidation and conservation of the artifact and trying to
develop new diagnostics methods based on Laser-Plasma Acceleration which are more sensitive

and better performing.

In this scenario, there is the need to put emphasis in the research related to the following Activities
that are the main scientific mission of the current Ph. D Thesis (See Figure 3 below):
01 Study and realization of Nanostructured Thin Films and Nanomaterials for consolidation
and conservation of artworks
02 Study the use of Laser-Driven Particle sources for Cultural Heritage applications and
compare them to conventional accelerators
a. Study the influence of particle (protons) irradiation on the stability of the artwork
surface
b. Study of the effect of accumulated radiative dose during particle irradiation on

artifacts materials

S. Veltri — Ph.D Thesis
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To develop more sensitive
and performing diagnostics

To improve new
nanomaterials for

consolidation and
conservation of artworks

studying also their effects
on materials

Nanomaterial

synthesis Particles acceleration

Figure 3 - Schematic representation of Thesis Main Objectives

1.2 Relevance of the Research Activity for the European Union and for Canada

In the context of the Protection of Cultural Heritage, the European Commission and its
member states (including Italy) are undertaking a variety of actions with the aim of promoting and
stimulating the optimal use and the resources in science and technology. Not surprisingly,
HORIZON2020 is premised on the fundamental idea that setting up synergies between different
communities and research domains is a key element for guiding the development of science and
technology worldwide and enhancing its efficiency. In order to reinforce their statement, the
European Commission plans to name 2018 the “Year of the Cultural Heritage” (see Figure 4).In
the upcoming HORIZONZ2020 Program, the European Parliament has recently included “Cultural
Heritage” as a priority in the proposed funding program of €80 bn from 2013-2020. The inclusion
of Cultural Heritage in HORIZONZ2020 takes the form of a series of amendments focusing on the
contribution of culture to research excellence, social cohesion and growth. A key section reads:

“Accessibility and preservation of Cultural Heritage [..] is needed for the vitality of
engagement within and across European cultures by also considering the importance of Cultural
Heritage as strong economic driver in a post-industrial economy and its contribution to sustainable
economic growth.”

The sections of European interest in Cultural Heritage are specified in the “Carvalho Report
Specific Program”. In particular, it can be read in the CA 18 (Industrial Leadership) the objective:

“Applying design and the development of converging technologies to, create new business

S. Veltri — Ph.D Thesis
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opportunities, including the preservation of Europe’s heritage and materials with historical or
cultural value. Protecting the Cultural Heritage: assessment, monitoring and choice
of conservation materials and techniques, with reference to the environment and energy
management, use and maintenance, and integration into contemporary and historical urban
surroundings and archaeological and cultural contexts”.

The following project endorses fully these objectives of the European Commission. The
collaboration of Universities, Research Institutes, Regional and National Agencies and, indirectly,
Industry, ensures the correct use of European resources in science and technology. The research
in new Materials and Methods for Cultural Heritage will contribute to protect and preserve our
common historical and archaeological patrimony. Moreover, the optimization of diagnostic and
conservation technique can reduce the costs of restoration and conservation, favoring their usage
also for small museums and small archeological sites and ensuring the accessibility and the
preservation of Cultural Heritage for all European citizens.

Moreover, the project links different communities, such as the conventional accelerator

community, the nanomaterials community and the laser community, which allows for cross-linked
activities on different facilities and different fields of applications that build a unique compound,
currently not existing elsewhere.
The research Field of Science Applied to the Cultural Heritage is relatively new for Canada and
for the Quebec. New laws on the preservation of Cultural Heritage were introduced in 2012 and
the Canadian scientific community is starting to work in this new research field and new funding
programs have been opened in the last three years (e.g. Coopération Québec-Italie 2014-2017 and
2017-2019 Appel a projects en art et culture dans le cadre de la Sous-commission mixte).

This Ph.D. project is the first thesis in the field of the Physics Applied to the Cultural
Heritage at the INRS-EMT center and should allow for new experiments devoted to the field on
the proton beam line currently under setup, with the aim of producing a “laser-driven, few-shot
PIXE” diagnostic (first experiments were planned for second half of 2017).

S. Veltri — Ph.D Thesis
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s EUIOPEAN -YEQL,

Figure 4 — EU Commission proposes to designate 2018 as the European Year of Cultural Heritage

1.3 Thesis Plan and main Results

The entire research activity was organized in two main Activities, which are subdivided in
different subtask. Each task corresponds to a well-defined research activity to realize the objectives

mentioned before, and is structured as indicated below.

1.3.1 Activity 1 — Growth and Characterization of Nanostructured Thin Films and

Nanoparticles for Conservation of Cultural Heritage

The duplex goal of these scientific research was: (i) the study and the synthesis of
nanostructured protective films and nanoparticles for surface protection and the test of their
morphological and biological properties against the more common bacteria. (ii) the use of
equipment and methods that are proper of the domain of nanoscience and nanotechnology for the
diagnostic and the removal of the surface corrosive patina.

The Activity | will be discussed in the Chapter 3 and the research activity performed within this

topic can be summarized as followed:

01. Consolidation of ceramic artifacts using a colloidal solution of TiO2 and SiO2 NPs;

02. Selection of nanomaterials and hydrophobic agents for protective film realization;

S. Veltri — Ph.D Thesis
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03. Realization of protective film and deposition on different surfaces of interest for Cultural
Heritage;

04. Testing of several deposition methods;

05. Testing of bactericidal and hydrophobic properties of protective films;

06. Studying the use of a Atomic Force Microscope as diagnostic for corrosive patina at
nanometric scale;

07. Studying the use of Pulsed Laser Ablation as cleaning process on artworks and artifacts at

both, nanometric and micrometric scale.

The results of Activity | produced 4 papers published in International Peer-Reviewed Journal and
several participations in International Conferences (see Appendix I). The methodologies and the

results, discuss in detail in Chapter 3 can be summarized as follows:

- TiO2 and SiO, nanoparticle films for Cultural Heritage: conservation and consolidation of
ceramic and stone artifacts (Surface & Coatings Technology, 271 (2015) 174-180)

The work focuses on consolidating ceramic and stone artifacts with SiO2 and TiO>

nanoparticles. The nanoparticles were grown by laser ablation of a solution and their shape and
dimensions were monitored by optical absorption and AFM morphology studies. The colloidal
solutions are mainly made out of spherical nanoparticles with diameter of about 10 nm following
a LogNorm distribution with a standard deviation of about 5 nm.
The colloidal solution was then deposited on pottery and stone surfaces to obtain a transparent film
with thickness of about 100 nm. The work studies the influence of the nanoparticle deposition on
artifacts evaluating 1) the penetration depth of particles into porous materials with XRF and PIXE
spectroscopy, 2) the hydrophobicity of deposited film with contact angle measurements, and 3) the
influence of the deposition for thermoluminescence dating processes. The results show the
reversibility of the thin film deposition process with laser ablation in order to ensure that there are
no damages to the artifacts.

- Synthesis and characterization of thin-transparent nanostructured films for surface
protection  (Superlattices and Microstructures, 101 (2017) 209-218: DOI:

S. Veltri — Ph.D Thesis
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10.1016/j.spmi.2016.11.023; ICACC’15 Conference 2015 “39th International Conference
and Expo on Advanced Ceramics and Composites )

This work demonstrates that very thin and optically transparent nanocomposite films can be
conveniently applied on the surface of materials relevant for Cultural Heritage, including bronze,
granite, marble, and glass, and display potent antibacterial properties without affecting the
aesthetics of the underlying material. The films contain very small loadings of TiO2, graphene, or
fullerene, and can easily be applied on large surfaces using conventional brushes or air-brushes.
The antibacterial properties of the films are unaffected by two accelerated aging tests, suggesting
their longevity in a real world setting. These nanocomposite films are very promising candidates
for the preservation of statues, mosaics, floors, buildings, and other objects that are exposed to

challenging environmental conditions.

- Implementation of methods used in nanoscience as diagnostics in the field of Cultural

Heritage (AFM and Pulsed Laser Ablation Methods for Cultural Heritage: Application to
Archeometric Analysis of Stone Artifacts. Applied Physics A 120 (2015) 909-916; DOI
10.1007/s00339-015-9225-x)

This work introduce, for the first time, the use of the atomic force microscope (AFM) and of
the pulsed laser ablation (PLA) as methods for morphological diagnostic with nanoscale precision
of archeological artifacts and corrosive patina removal from stone artifacts extracted from the
Church of Sotterra (located in Calabria, South Italy). The AFM microscopy was compared with
different petrographic, chemical, optical and morphological analysis methods for identifying the
textural characteristics, evaluating the state of preservation and formulating some hypotheses
about the provenance and composition of the impurity patina located on the artifact surfaces. The
results demonstrate that with the nanometric precision obtained with AFM microscopy, it is
possible to distinguish the different states of preservation, much better than using conventional
petrographic methods. The surface’s roughness is evaluated from very small artifact’s fragments,
reducing the coring at micrometric scale with a minimal damage to the artworks. After the
diagnosis, we performed restoration tests using the PLA method and compared it with the more

common micro-sandblasting under dry conditions. The work demonstrates that the PLA is highly

S. Veltri — Ph.D Thesis
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effective for the removal of the superficial patina, with a control of a few hundreds of nanometers
in the cleaning of surface, without introducing chemical or morphological damages to the artifacts.
Moreover, PLA can be easily implemented in underwater conditions; this has the great advantage
that stone and pottery artifacts for marine archeological sites do not need to be removed from the
site.

- Laser Ablation Cleaning Effects on Thermoluminescence Dating Technigue
(Archaeological Discovery, 2 (2014) 58-64)

Here we present the study of laser ablation (LA) restoration techniques and of thermo
luminescence dating process (TL). The main aim of the work is to demonstrate that LA doesn’t
affect the possibility to date ceramic artifacts after restoration. We ablate Neolithic ceramics in air
with a first harmonic of laser YAG (1064 nm) and dating the artifacts before and after the cleanness
process. The obtained discrepancy before and after cleanness respectively is of about 200 years
(3300 B.C. and 3100 B.C.), value that is below the limits of the experimental error. Moreover, the
temperature of the artifacts during the LA was monitored in order to check that the temperature
stayed below a certain threshold value. The results indicated that the maximum temperature
reached was about 100°C, not enough to empty the metastable traps that cause the luminescence

signal. Therefore the artifact can still be used for dating techniques.

1.3.2 Activity 11 — Laser-driven proton sources for improved and innovative Applications in
Cultural Heritage

The aim of this activity is to improve the field of Diagnostic in Cultural Heritage using Laser-
accelerated beams and plasma. The work focuses in particular in the design and realization of
experiments on laser-driven few-shots PIXE and Cathodo-Luminescence. The experiments were
performed in the laser facilities of LLNL (one shot-PIXE) and ALLS (plasma induced
luminescence). The experiments design and realization are discussed in detail in the Chapter 4,

where the main research activity can be summarized as follows:

S. Veltri — Ph.D Thesis
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01. Study the use of laser-driven particle sources for Cultural Heritage applications and
compare them to conventional accelerators;

02. Perform numerical simulations for investigating the phenomena occurring during
irradiation, using Monte Carlo codes;

03. Measure the improvement and the tunability/versatility of laser-driven sources (e.g.
regarding penetration depth); Design the experimental setup, realizing preliminary tests on
commercial materials of interest for Cultural Heritage (i.e. bronzes, marbles, glass, etc.,);

04. Perform experiments on original artworks and artifacts, demonstrating the effectiveness of
new methodologies on some particular case studies; Realize monochromatic proton beams
designing and realizing dedicated nanostructured target suitable for improving laser-driven
proton acceleration experiments, in particular with regard to the Target-Normal-Sheath
Acceleration (TNSA) acceleration mechanism, and the use of an energy selector;

05. Study a new method for performing analysis of the chemical composition and optical

properties of materials using plasma induced luminescence in air.

The results of Activity Il produced 3 papers published in International Peer-Reviewed Journals
and several participations in International Conferences (see Appendix | with Publications and
Conferences). The methodologies and the results, discuss in detail in Chapter 4 can be summarized
as follows:

- Laser-Accelerated Proton Beams as Diagnostics for Cultural Heritage: One-Shot PIXE
(Scientific Report, 7 40415 (2017); DOI: 10.1038/srep40415)

The aim of this study is to improve the field of Diagnostic in Cultural Heritage using Laser-
accelerated beams developing of much sensitive and performing equipment for diagnostics on the
different materials of interest for Cultural Heritage (i.e., stones, bronzes, marbles, pottery, etc...).
This work introduces the first use of laser-generated proton beams as diagnostic for materials of
interest in the domain of Cultural Heritage. Using laser-acceleration protons, as generated by
interaction of a high-power short-pulse laser with a solid target, we are able to produce proton-
induced X-ray and Gamma-ray emission spectroscopies (PIXE/PIGE). Correctly tuning the proton

flux on the sample, we are able to perform the PIXE in a single shot without provoking more

S. Veltri — Ph.D Thesis
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damage to the sample than conventional methodologies. Modelling the interactions of high-fluxes
(10*2 particles shot) of ultra-short (ps-scale) tunable (keV - 60 MeV) laser-generated proton beams
with the most common Cultural Heritage materials, the results show that is possible to analyze
artifacts up to a depth of a few hundreds of microns with a very high precision and a beam current
at least three orders of magnitude higher than conventional accelerators. The results of this work
demonstrate that laser-accelerated protons can be successfully used in one-shot proton induced X-

ray spectroscopy thus strongly enhancing the diagnostic of many materials.

- Fabrication of nanostructured targets for improved laser-driven proton acceleration
(Superlattices and Microstructures, 95 (2016) 159-163)

Here we present a novel realization of nanostructured targets suitable for improving laser-driven
proton acceleration experiments, in particular with regard to the Target-Normal-Sheath
Acceleration (TNSA) acceleration mechanism. The nanostructured targets, produced as films, are
realized by a simpler and cheaper method which includes two step approach for the production of
the gold nanoparticle layers: 1) Laser Ablation in Solution and 2) Spray dry technique using a
colloidal solution on target surfaces of Aluminum and Mylar thin films and Carbon Nanotube
buckypaper. The obtained nanostructured films appear, at morphological and chemical analysis,
uniformly nanostructured without presence of oxides or external contaminants. The nanostructured
layer were grown on these three materials because the wetting properties between them and the
gold nanoparticles can ensure the realization of a uniform nanostructured film on the surface
without local aggregation of the NPs?®. Moreover, these are some of the most used target materials
in laser-driven proton acceleration. The obtained targets show a broad optical absorption in the
entire visible region and a surface roughness that is two times greater than non-nanostructured
targets, enabling a greater laser energy absorption during the laser-matter interaction experiments

producing the laser-driven proton acceleration.

S. Veltri — Ph.D Thesis
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- Laser Stimulated Plasma-Induced Luminescence: a new method for on-air material
analysis (Applied Physics Letters, 110 021114 (2017); DOI: 10.1063/1.49734670)

In this research activity we develop a new method for performing analysis of the chemical
composition and optical properties of materials using In-Air Plasma-Induced Luminescence. This
is achieved by interaction of a focused high-energy laser with air, interaction that produces a sub-
millimetric plasma. The energetic electrons generated and accelerated in the plasma at energies
higher than 5 keV reach the target surface of the sample to be analyzed, causing luminescence
emission and plasmonic resonance. Each material is characterized by different chemical and
optical properties that can be determined with the above-described technigue. As such, our method
allows obtaining an exact analysis of the sample, covering surfaces in the range of tens of mm?, in
only a few minutes. The results show that the acquired information is identical to what obtained

with more sophisticated methods, such as SEM-Cathodoluminescence and Photoluminescence.
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Chapter 2

2. State of the Art

Cultural Heritage takes up a very important worldwide role because it represents the
memory, the history and the basis for the sustainable development of the human society. The world
is rich and abundant in various cultural heritage buildings, monuments and objects of different
sizes; each of these artworks is the fingerprint of a local culture. Our Heritage constitutes the root
of present and future cultures, and it can and has to be protected and transferred to the future
generations only through the scientific skills.

Physical methods applied to the Cultural Heritage became, in this general view,
increasingly important and more frequent. Today, it is necessary to perform any restoration process
using scientific criteria. In order to do so, there is the crucial need of having as much information
as possible about the artwork to get its knowledge framework of the past and current state.
Therefore, these methods allow answering questions about the state of deterioration of the work,
of any previous restorations, and the authenticity of the artefact etc. In recent times, the scientific
applications in archaeology are heavily increasing and their particular role in connection with
Cultural Heritage is also called Archaeometry. Literally, Archaeometry means measurement on
ancient objects and Physics and Chemistry give a fundamental contribution to solving problems
associated with the conservation and restoration. Archaeometry also includes the scientific study
of an artefact based on the radiation-matter interaction and allowing getting any kind of
information about the chemical compositions, the physical properties and the dating of the artefact.
The modern approach of studying Cultural Heritage is highly interdisciplinary and in the last
decades, strong effort has been put into this research area.

Many groups currently explore the possibility to realize equipment for diagnostic and
conservation that can be used directly in situ (i.e. in the archeological sites or in museums). As
mentioned in the previous chapter, chemical information on artwork (ceramic, bronzes, metals,
pigments) is, mainly, obtained using surface spectroscopies (as Photoluminescence, Raman, X-ray
photoelectron spectroscopy (XPS), X-Ray-Fluorescence (XRF), Energy Dispersive X-ray
Fluorescence (EDX)) in SEM), while morphological information can be gained with SEM.

Complete chemistry of material bulks is known using sophisticated techniques of nuclear
physics such as Proton Induced X-ray and Gamma Emission (PIXE and PIGE). Moreover, all these

methods present the limiting factor of not being very tunable and adaptable (as already specified
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in Chapter 1), making their use limited only to certain energy ranges and with that, to certain
areas/fields of interest.

Regarding the conservation field, in the last years many research groups have studied the
methods to improve materials for the consolidation and conservation of the artefacts. The current
research is based on the fabrication of different protective layers. Some of the layer developments
warrant the protection of the surface against condensed water®, or against organic contaminants
and environmental toxins?, others employ the well-known photo catalysts activity of some
nanomaterials to realize an hydrophobic and biocidal coating® Other layer developments include
Si-based resins* to realize a protective coating for atmospheric pollutants, Oil-in-water (o/w) micro
emulsions or micellar solutions® for the solubilization of acrylic and vinyl polymers and the
development of new safe systems with very low environmental impact, New cellulosic titanium
dioxide nanocomposite® for the protection of paper works of art to protect them against damaging
effect of ultraviolet radiation, pollutant gasses, mold and bacteria. All these methods allow to
preserve the surfaces; some, specifically, are dedicated to the hydrophobicity while others to the
bactericidal activity or to the polluted atmospheric environment.

This Chapter gives an overview of the main existing scientific methods applied to the

diagnostic, the restoration, and the protection of Cultural Heritage.

2.1 Diagnostic methods: state of the art and experimental setups

This first paragraph describes all the diagnostic techniques. The techniques will be
described from a theoretical point of view, besides the description of the experimental setups. The
paragraph closes with the description of the PIXE and Photoluminescence spectroscopies, which

are the two methods we have proposed to improve in the present study.

2.1.1 Energy Dispersive X-Ray (EDX) spectrometry under Scanning Electron Microscope
(SEM)

The scanning electron microscopy (SEM), is not only used to define the chemical composition of
the material but also the surface morphology. This technique allows to acquire information about
the topography of the sample underlining the texture (up to a few nm) and morphology: shape,

size and arrangement of the particles that make up the material. The ability of this instrument to
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provide very realistic images of the test sample with a high degree of definition is due to
employment of electronic waves instead of light waves (see Figure 1 below).

Figure 1 - SEM image

An electron gun (see Figure 2) contains a tungsten filament (cathode), which is displaced
in the vacuum. When traversed by a current, this filament becomes incandescent and starts
emitting electrons, which are accelerated and focused into a thin beam by means of
electromagnetic lenses. Moreover, the beam's impact position on the sample surface, and then the
scanning of the area, are controlled by deflection coils electronically driven. The image is acquired
by secondary electrons issued point by point from the sample surface struck by the electron beam
(primary)”®. Finally, the achieved image is a morphological image, constituted by secondary

electrons emitted from the surface point by point.
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Electron Gun

Figure 2 - Electron gun

The high-energy electron beam (20eV) interacting with the sample surface generates a series of
signals:

- Secondary electrons (SE): originate from a depth of a few nm, have low energy and are
mainly issued for Auger effect. The collision of primary electron creates an electronic
vacuum in a solid inner band. This band can be filled for decay of an electron from a higher
band, with transfer of the energy liberated to an electron so that it can be expelled from the
solid. The secondary electrons provide information on surface topography and electric or
magnetic fields distribution.

- Electron back-diffused (BSE): derived from elastic interactions of the primary beam with
the nuclei of the atoms in the sample, and possess higher energy. These electrons allow
obtaining information about the average atomic number of the area origin, the crystalline

structure and topography of the sample.
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- X-rays: produced by fluorescence. They are characteristic of the elements making up the
sample. The intensity of these radiation characteristics is proportional to the element

concentration in the sample®.

Microanalysis X-ray (Energy Dispersive X-ray- EDX) gives specific information on the chemical
composition of the elements in the sample, in terms of quantity and distribution, by measuring the
X-rays emission following the bombardment with a high-energy electron beam. The microanalysis
is realized by means of a microprobe applied to the scanning microscope, comprising a window
permeable to X-rays'®. All elements having atomic numbers from 4 (Be) to 92 (U) can be detected,
though not all instruments are equipped for 'light' elements (Z < 10). Qualitative analysis involves
the identification of the lines in the spectrum, which can be quite easily performed due to the
uniqueness of the X-ray spectra for each element. Quantitative analysis (determination of the
concentrations of the elements present in the sample) entails measuring the line intensities (height
of the line) for each element in the sample. Additional calibration allows measuring the percentage
contribution of each element.

The EDX spectrum (shown in 2D images or 'maps', see Figure 3) can be produced by

scanning the beam in a monitor raster and displaying the intensity of a selected X-ray line.

Three devices essentially constitute the experimental setup for EDX:

 Electron microprobe: it is a system for the beam formation. It generates electron beams
characterized by high density, current stability and small diameters, adapted to obtain the highest
possible resolution.

« X-ray detection systems: the detector is made of a single crystal of Si doped with Li. The detector
allows the realization of a graph, where each peak corresponds to a specific chemical element.

« Systems analysis of the X: the amplified signal from the detector is conveyed in a device called
multichannel analyzer (MCA), which acts as an analog-digital converter and sends the signal
coming from the amplifier in discrete energy channels, whose amplitude is usually of 10 or 20 eV.
The signals of the X-rays are then distributed according to their energy, thus obtaining the X-rays
spectrum. The MCA s integrated in a computerized system that allows to display the obtained

spectrum on a monitor and a post-processing of the data.
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Figure 3 - EDX spectrum

2.1.1.1 The SEM experimental setup used in this work

The equipment used for most of the analysis in this thesis is a FEI Quanta 200 SEM with
a variable-pressure scanning electron microscope (ESEM™), The SEM images are taken under a
STEREOSCAN SEM microscope working with an electron energy of 20 keV.
The Quanta SEM systems can be equipped with analytical systems, such as energy dispersive
spectrometer, wavelength dispersive x-ray spectroscopy and electron backscatter diffraction. In
addition, the field emission gun (FEG) systems contains a S/TEM detector for bright-field and
dark- field sample imaging. Another tunable parameter is the size of the motorized stage (50 mm,
100 mm, and 150 mm) and the motorized z-range (25 mm, 60 mm, and 65 mm, respectively).

Specimens for SEM analysis are often described as “bulk” specimens. They are typically
1-3 cm in diameter and often require little or no preparation. Different SEMs have different stage
sizes that limit the maximum size of the specimen. Typically, specimens are mounted on stubs
having a diameter of 1 inch (2.5 cm). All specimens must be normally a) dry and b) electrically
conductive.

For metallic specimens this is typically not a problem, however most other specimens are
not electrically conductive. Specimens are made electrically conductive by the application of a
thin coat of electrically conductive material, usually a metal (Au, Pt, Cr) or carbon. These coatings
are only a few nanometers thick and do not interfere with the structure of the specimen. Two
processes can apply coatings: sputtering and evaporation®. These processes are performed by the
technical support of the equipment.
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2.1.2 Raman

Raman microscopy is a spectroscopic technique used to observe vibrational, rotational, and
other low-frequency modes in a system®. It provides information on the atom vibrations in a
crystal lattice by studying the inelastic and Raman scattering of a monochromatic light (usually a
laser in the visible range). The laser light interacts with molecular vibrations, phonons, or other
excitations in the system, and the produced shift in energy gives information about the vibrational
modes in the system*2,

In this present work, we have not used this technique.
2.1.3 X-ray Photoelectron-XPS

The photoemission spectroscopy is a part of the ESCA techniques (Electron Spectroscopy for
Chemical Analysis-family X ray (XPS)). This technique allows the determination not only of the
chemical species present, but also the nature of the bonds in which they are involved, through the
position analysis (chemical shift) of photoelectric peaks compared with tabulated values referring
to the pure atomic species'**°. The XPS is based on the energy of the emitted electrons, in our case
from a solid struck by X-rays, then a radiation having energy of 1keV order causes the emission

of electrons from the core levels'® (see Figure 4).
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Figure 4 - Sketch of electron photoemission
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The XPS is based on the photoelectric effect: a photon, of well-defined energy hv and
hitting a solid material, penetrates into the surface and is then absorbed by an electron. If the photon
has a sufficiently high energy then the excited electron will emerge from the surface with a kinetic

energy approximately equal to:

Ex =hv—Ep — ¢s €Y)

where ¢ represents the work function of the solid, E the energy of the electron bond in the solid,

and hv the energy of the X-ray source.

From the equation is possible to conclude that, by measuring the kinetic energy (Ek) of the emitted
electrons, one can retrieve the initial state energy (previous excitation), provided that the electron
reaches the analyzer. Because of the difference between the sample and the analyzer work

functions, the electron will endure a variation of energy equal to:

EK:hV_EB_¢a (2)

From the description of the photoelectric effect, the distribution of electron energy photo issued
directly represents the distribution of the electronic states of the surface of the solid (less than an
amount equal to hv)'’. The photoelectron spectrum can then be interpreted as a reflection of the
orbital diagram: each band of the photoelectron spectrum corresponds to the ionization of a single
orbital and each orbital occupied with binding energy less than hv gives rise to a band in the
spectrum. Even if actually, , this play is complicated by the interaction effects between the emitted
photo-electrons and the surrounding lattice.

If an electron, excited by the radiation, has an energy exceeding the job's barrier function, it has
necessarily to interact with the surrounding matter in order to reach the surface. The electrons
having a kinetic energy between 10 and 1000 eV are subject to different diffusion processes within
the solid (i.e. phonon scattering, no elastic scattering) so that their mean free path A is of the order
of 10 A. Naturally, even in the case of elastically scattered electrons, they can leave the solid if
having enough energy, giving rise to the background signal in the photoemission spectrum?é. The

photoemission model described by equation (1) is known as an approximation to an electron.
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Considering the effects of the electrons-matter interaction, it should be emphasized that what is
actually measured is the difference in energy between the initial state and the final state (n electrons
and to (n-1) electrons), in which all the effects of correlation between the relaxation of electrons

are included. These effects have been neglected in the electron approximation.

Ep = Er(n—1) — E(n) (3)

The spectrum (typical of the metals of the second column) is usually dominated by a few very
narrow and intense peaks, which originate from the electrons emission from the core levels of the
surface atoms, by the emission of electrons from the valence band, by some secondary structures
that are attributable to the plasmons, to Auger electrons'® generated from vacation left after the
emission of an electron from a core layer and at secondary electrons derived from inelastic
processes. The appearance of these secondary structures in the spectrum cannot be justified with
the electron approximation hypothesis, based on the theorem of Koopman for which all the
electrons of the system, except the one photo-emitted, are in the same energy state before and after
the photoemission process. This situation does not occur in reality and the main reason is to be
attributed to the Relaxation Energy (caused by a reduction in the energy of the electrons
reorganization)?°. When a core hole is created after the photoionization, the electrons closest to
shield in order to shield a core hole, are subjected to an energy relaxation process towards lower
energies, releasing a certain amount of energy, available to the photo-emitted electron. In the case
of a free atom, considering the equation (2), the difference in energy from the Koopman, can be

represented by a shift of intra-atomic relaxation:

E’K=hv_ E,B_ Ea (4‘)

Where E’y and E'g are respectively the kinetic energy and the binding energy referred to a (n-1)
electrons system.

This description would be appropriate if the photoionization and the photoemission were slow
enough to allow the achievement of a stable equilibrium (adiabatic approximation). In reality, the
final state can have two configurations: 1) the electron is in an excited level of the atom, 2) the

electron is emitted leaving the atom doubly ionized.
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These processes take energy from the photo—emitted electron and give rise to satellite structures
with lower kinetic energy such shake-up and shake- off, respectively.

In summary, one can attribute the kinetic energy loss of the photo-emitted electrons to two
processes. The first one is an intrinsic process in which the energy loss takes place during the
photoemission and can be attributed to excitation of the final ion. The second one is linked to the
possibility of having energy loss during the process of photo-emitted electron transport in the solid.
In this last case the electron can be subjected to different diffusion processes, in which electron-
couples vacancies or plasma excitations are created. These give rise to the tails or satellites in the
adiabatic peaks due to plasmon.

The individual structures in an XPS spectrum can be classified as Plasmonic losses, Auger peaks
and Chemical shift.

The basic components of an apparatus ESCA are:

- Vacuum system: this system involves the use of three pumps, which work according to
three different principles (a mechanical rotary pump, a turbo molecular pump and a ionic
pump)

- Excitation source: as X-ray source, in the XPS instruments are used the emission lines of
a metal target called anode, which is subjected to bombardment with electrons having
energies of the order of tens of keV. The energy of these lines, resulting from electronic
transitions, depends only on the energy levels of the anode components atoms. The
bombarded anode causes the emission of characteristic radiation of bombarded element.
This characteristic radiation is superimposed on a continuous spectrum called
Bremsstrahlung, which depends on the energy of the incident electrons. Anodes available
on the instrument at our disposal are aluminum (Ka = 1486.6 eV)?! and magnesium (Ko =
1253.64 eV)?! since these two materials guarantee characteristic peaks with an energy that
allows to excite the deepest core level of all elements of the periodic table. To overcome
problems such as the increase of the background signal, the broadening of peaks, is

necessary to employ sources composed from a single line of the doublet K/,
(concentrated in a peak of = 1 €V). The K4/, line is accompanied by characteristic lines

with lower energy and intensity (satellite peaks) due to similar transitions and/or to

transitions between the valence band and the 1s level that could obscure the lines to low
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intensity generated by the primary radiation. For this reason, it is preferable to remove the
secondary radiation by a monochromator of X-rays that also allows removing the
continuous radiation. The principle used is the dispersion of the X-ray diffraction in a
crystal: radiations of different wavelengths are diffracted at different angles, in accordance

with Bragg's law:
nA = 2d sinf (5)

Where n is the order of diffraction, A the wavelength of the X-ray radiation, d is the distance

between the crystalline planes of the crystal used and @ is the Bragg angle?!

- Electron energy analyzer: the hemispherical electron analyzer (EA) is a tool that allows
measuring the energy of a charged particle. The EA consists of two metal hemispheres on
which a potential difference is applied so that only the charges with a determined energy
(E) are able to have a curvature that allow them to reach the other terminal of the analyzer.
The condition is:

NG

AV=V<———
Ry, Ry

Where E = qV

This passing energy is called Energy pass. Over the output terminal of the charges, there is a
channeltron. This consists of a glass tube, whose walls are coated with a highly resistive
materials. In this way, as the wall are struck by an electron, others are emitted and accelerated
towards the wall, and an avalanche breakdown mechanism will start. For each electron
entering in the channeltron, the number of generated electrons is about 10*. The resulting
current is then transformed into a series of pulses whose frequency is proportional to the

intensity of the initial current.

. A
The analyzer can operate in two modes: AE = cost and ?E = cost.
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- Acquisition system detection signal: the data acquisition is performed by employing a
computer with Keithley interface. Through the interface, one can send the voltage to the
analyzer lenses to fix the analytical power and receive its signals. Final data are the average

of several acquisitions in order to reduce the effects of noise.

2.1.3.1 The experimental setup used in this work

XPS experiments are conducted in a UHV chamber equipped for standard surface analysis with a
pressure in the range of 10~ torr by a non-monochromatic Mg-Ka X-ray (hv = 1253.64 eV). The
energies of XPS spectra are calibrated with the C 1s peak of a pure carbon sample (binding energy
of 284.6 eV).

2.1.4 X-Ray Fluorescence (XRF)

When a primary X-ray excitation source from an x-ray tube or a radioactive source strikes
a sample, the x-ray can either be absorbed by the atom or scattered through the material. The
process in which an x ray is absorbed by the atom by transferring all of its energy to an innermost
electron is called the “photoelectric effect.” During this process, if the primary x-ray had sufficient
energy, electrons are ejected from the inner shells, creating vacancies. These vacancies present an
unstable condition for the atom.

As the atom returns to its stable condition, electrons from the outer shells are transferred
to the inner shells and in the process, giving off a characteristic x-ray whose energy is the
difference between the two binding energies of the corresponding shells. The emitted x-rays
produced from this process are called “X-ray Fluorescence,” or XRF. The process of detecting and
analyzing the emitted x-rays is called “X-ray Fluorescence Analysis.” In most cases, the innermost
K and L shells are involved in XRF detection (see Figure 5). A typical x-ray spectrum from an

irradiated sample will display multiple peaks of different intensities (see Figure 6).
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Figure 5 - Sketch of X-ray Fluorescence spectroscopy
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Figure 6 — XRF spectrum of a bronze statue

The characteristic x-rays are labelled as K, L, M or N to denote the shells they originated
from. Another designation alpha (a), beta (f) or gamma (y) is made to mark the x-rays that
originated from the transitions of electrons from higher shells. Hence, a Ka x-ray is produced from

a transition of an electron from the L to the K shell, and a Kf x-ray is produced from a transition
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of an electron from the M to a K shell, etc. Since within the shells there are multiple orbits of
higher and lower binding energy electrons, a further designation is made as al, a2 or B1, B2, etc.
to denote transitions of electrons from these orbits into the same lower shell. The XRF method is
widely used to measure the elemental composition of materials. Since this method is fast and non-
destructive to the sample, it is the method of choice for field applications and industrial production.

In the Cultural Heritage it is often used for the analysis of materials.

2.1.4.1 Experimental setup used in this work

XRF measurements were conducted by the X-123 SDD apparatus by Amptek (USA), equipped by

a gold cathode and a beryllium revelator, operating at fixed angle.

Figure 7 - XRF portable setup

The device used for the XRF measurements is shown in Figure 7, and is composed by a Mini-X
mounted on MP1 with X-123SDD. Mini-X is the X-ray generator and X-123SDD is the detector.
Mini-X is a self-contained, miniature X-ray tube system, which includes the X-ray tube, high
voltage power supply and USB controller. This devide has been designed for X-ray fluorescence
analysis applications -XRF. It features a 50 kV/80 pnA power supply, a gold (Au) or silver (Ag)
transmission target, and a beryllium end window. The Mini-X is designed to generate voltages up
to 50 kV. Beryllium window is on the front of the unit. The Mini-X is provided with two

collimators.
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The X-123SDD combines in single package Amptek’s high performance X-ray
spectroscopy components: (1) the XR-100SDD silicon drift X-ray detector and preamplifier, (2)
the DP5 digital pulse processor and MCA, and (3) the PC5 power supply. The X-123SDD uses a
silicon drift detector (SDD) similar to a Si-PIN photodiode but with a unique electrode structure
to improve the energy resolution and increase the count rates. The SDD is mounted on a
thermoelectric cooler, with the input FET and coupled to a custom charge sensitive preamplifier.
The pulse processor is the DP5. The DP5 digitizes the preamplifier output, applies real-time digital
processing to the signal, detects the peak amplitude, and bins this in its histogram memory. The

spectrum is then transmitted to the user’s computer.

2.1.5 Photoluminescence

The Photoluminescence technique, widely used in the field of Cultural Heritage, is
employed to identify mineralogical phases present on the surface of the materials.

The luminescence isa phenomenon by which the radiative charge transitions happen with
emission of electromagnetic radiation in the visible region and close to it (infrared and ultraviolet)
as a result of the passage of radiative charged from the excited states to those with a lower energy.

In general, the luminescence is the transfer of energy of the incident radiation to electrons
of the solid, that are so excited from the ground state f to an excited state e. The emission of a
photon by luminescence occurs when an excited electron returns to its ground state. It is possible
to distinguish the natural luminescence, due to spontaneous emission of electromagnetic radiation,
from the stimulated luminescence, which is favored by external causes that have as effect the
reduction of the residence times of the electrons in the states involved.

By the absorption of radiation, the emission of light takes place after a characteristic time
tc, furthermore is possible to obtain different types of luminescence depending of the material
response times.

If the emission process stops with the cause exciter, i.e. between the absorption and re-
emission there is only the time interval necessary for the atomic transition (tc <10? s), then a
fluorescence process occurs. If the state of excitation is metastable and reissue is delayed (tc > 10
85) and the emergence issue continues even after the removal of the cause exciter, then a

phosphorescence process occurs.
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In relation to the phosphorescence the energy levels diagram phenomenon present a
metastable m level in the band gap between e and g (see Figure 8). Basically, an electron excited
to g can be trapped in m where it can remain until it receives an energy E sufficient to get it back

in e; from here there can be a transition tog with emission of light.

c
f.-I
m

() (i)

(a) (b)

Figure 8 - Energetic transition involved in the production of fluorescence (a) and
phosphorescence (b)

The delay that is observed in the phosphorescence phenomenon corresponds to the time that the
electron spends in the trap for electrons m. The average life spent in the trap at the temperature T

is given by:

E
T= S_l - ekT (7)

Where s is a constant called frequency factor, expressed in s*; E is called the trap depth (energy
difference between m and e); k is the Boltzmann constant.

The phosphorescence process has an exponential temperature dependence. The complete model,

based on the theory of energy bands is the result of the study by Randall and Wilkins.

Randall and Wilkins assume that, when the electron is freed from the trap (m — e, Figure 8b), the
probability that it returns to the ground state g(s — g) is much higher than the probability that it is

trapped. The intensity of phosphorescence is proportional to the rate of recombination (e — g). In
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this case the transitions involved are m — e, for which 1 (t) is proportional to the escape velocity

of electrons from the trap:

dn n
I(t):_CE:C? (8)

Where C is a constant of proportionality and n is the number of electrons trapped in m. Integrating,

we obtain:

1) = Iy. e @ 9)
Where 7 is the average life time, t is the time and I, is the intensity att =0
The equation represents the decay of phosphorescence after the end of irradiation, at a constant
temperature (Figure 8). The trend at constant temperature will be a simple exponential or a decay

of the first order.

2.1.5.1 Experimental setup used in this work

The implemeneted setup consists of a Horiba Jobyn Yvon Olympus microscope mounting
objectives 10x, 50x, 100x. The microscope is equipped with a laser source of 378 nm with a power
of 12mW for the generation of photo-luminescence, and a spectrometer Triax 320 (Horiba Jobyn
Yvon) that works in the range of 200-1500 nm for the processing of the optical signal. The optical
detection system is composed of a monochromator in series to a CCD; the monochromator is an
instrument with two slits: the first input for the collection of the signal coming from the sample
and the second output for the signal transfer to the CCD.

The sample was positioned in the housing of the microscope and focused via remote with
the 100x objective through a camera connected to a computer. After focusing the sample, due to
the optics of the microscope, the sample was sent on a UV laser beam (incidence angle zero), with
respect to the normal to the sample. The photoluminescence signal was then collected by the
objective 100x (incidence angle zero) and sent through an optical system (including a notch filter

that excludes the laser frequencies of departure, to avoid overlap between the input signal and
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signal output) to an optical fiber that is connected to the entrance slit of the spectrometer. It is

possible to see the apparatus used in Figure 9.

Figure 9 - Photoluminescence setup for our experiments

The monochromator is constituted by some toroid mirrors that focus the input signal on a
turret in which three different diffraction gratings are housed (each analysed intervals was looking
at wavelengths ranging from the UV up to the IR spectrum).

These mirrors split the signal into its components in various wavelengths. The turret is
controlled by remote. Via software, we can choose the diffraction grating that best suits the
analysis of the incoming spectra. The output signal from the tower is collected by another toroidal
mirror and sent to the CCD. The CCD detector is a Si wafer with a resolution of 1024 x 128 pixels
that has the task of transforming the incoming optical signal into an electrical signal by

photoelectric effect, so that it is interpretable by the appropriate software.
2.1.6 Proton Induced X-ray Emission- PIXE

When a beam of heavy charged particles of a few MeV per atomic mass unit penetrates
into matter (considered a compound), it gradually loses its energy with depth, until it is finally
stopped. The energy loss occurs mainly through inelastic Coulombic encounters with bound
electrons, and in contrast to the case of electron beams, the direction of travel of an ion beam is
scarcely altered during the slowing-down process. The stopping power S(E) of an ion with energy

E is defined as the energy loss per unit mass thickness traversed:

S(E) = 1dE 10
()——Ea (10)
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where @ is the density of the stopping material and x is the distance. As defined here, S(E) is
expressed in units of kiloelectron volt per gram per square centimeter. For the energy range of 1-
4 MeV, which is the most important in PIXE, the uncertainty of the values calculated with the

semiempirical equation is estimated to be less than 3%.

The stopping power for compounds or more complex matrices is obtained from those of

the constituent elements throught the Bragg-Kleeman additivity rule:

Smaer(F) = Y wiS(B) (1)
i=1

where w; and S;(E) are the mass fraction and stopping power of costituent element i, respectively.

The total path length R of an ion may easily be obtained by integration of the stopping powers:

0
sz ab - 2E (12)
5 TS

where E, is the incident ion energy. Althought the total path length is larger than the projected
range, the difference between the two is smaller than 1% for the incident protons of a few
megaelectron volts (MeV).

Many of the Coulombic interactions between protons or heavier ions and matter results in
the ejection of inner-shell electrons. Those interactions and their cross sections are important in
PIXE. Calculation of the x-ray production cross section from the ionization cross sections involves
different atomic parameters; that is, fluorescence yields and fractional radiative widths in the case
of the K shell, and fluorescence yield, Coster-Kronig yields, and fractional radiative widths for the
L shell. As to the K fractional radiative widths, either the experimental data of Salem et al? or the
theoretical values of Scofield? that are derived from Dirac-Hartree-Fock (DHF) calculations are
considered accurate whitin 1%.
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There is, however, a small failure of the theory in the atomic number region 22< Z <30,
where experimenters? agree on a deviation of a few percent. The K fluorescence yields are usually
taken from Krause?®. These data are quite accurate for atomic numbers aboce Z=20, but the
situation for the lighter elements is less clear®®. For these lighter elements, one currently prefers
the data from Hubbell?’. From the case of the L x-rays, Cohen and Clyton?%and Cohen?®suggest
employing the fractional radiative widths of Salem et al'?, and the Krause'® fluorescence and
Coster-Kronig yields, and Cohen and Harrigan®® used this approach to convert their table of
ECPSSR L ionization cross section®into a very useful table of production cross sections for up to
16 individual L x-ray lines.

A very practical alternative to tabulated theoretical ionization and x-ray production cross
sections, particularly with computer calculations in mind, are parameterized or analytical formulas
which are obtained by fitting polynomial expressions to theoretical or empirical cross-sectional
data. The equations derived by Johansson and Johansonn®? have been widely used for the PIXE
analysis in the past, but it is now known that they progressively underpredict cross sections with

increasing Z of the target element.
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Figure 10 - K and L shell ionization cross sections in barns (1 barn=10-24 cm?) as a
function of proton energy and target atom. The values are theoretical ECPSSR
predictions (Cohen and Harring, 1985)
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For the proton energy range of 1-4 MeV typically used in PIXE, the ionization (and x-ray
production) cross sections increase with increasing proton energy and decrease with increasing
atomic number of the target atom. This is illustred in Figure 10, which displays theoretical K and
L shell ionization cross sections?! for the selected target elements.

The very steep fall in the K ionization cross section with Z is particularly notable. Protons
or other heavy charged particles that pass near atomic nuclei can be scattered elastically (i.e.,
without causing nuclear or atomic excitation). The cross section for the elastic scattering is strongly
dependent on the scattering angle and on the atomic number (Z) of the scattering nuclide; it
decreases with increasing angle and increases with increasing Z. The energy of the scattered
particles also increases with Z. By measuring the elastically scattered particles, information can be
obtained on the elemental composition of the sample and on the distribution of the elements within
a certain depth.

In addition to elastic encounters between incident particles and target nuclei, various
inelastic interactions or nuclear reactions are possible. These both include (p,y)(p,p’y) and
(p, ay) nuclear reactions when protons are used as incident particles. The cross sections for those
reactions do not vary in a regular way with target nuclide and with incident particle energy. The
cross sections generally increase with increasing incident particle energy but may exhibit intense
resonance peaks at particular energies. In addition, because of the Coulomb barrier, the cross
sections are smaller for the heavier target elements than for lighter ones.

By detecting the promptly emitted y-rays or charged particles for the above-mentioned
nuclear reactions, an elemental analysis and the depth profiling of certain elements is possible. The

analytical technique that employs these possibilities is referred to as nuclear reaction analysis.

2.1.6.1 Classical instrumentation

The ion beam used for the PIXE analysis is produced by a conventional accelerator. The
energy range required, 1-4 MeV/u, means that relatively small (i.e. Accélérateur Grand Louvre d'
Analyse Elémentaire called AGLAE - C2RMF in France allows to obtain several beam spot
diameters from 20 pm to 500 pm, current intensities from 2 to 10 nA, with dimension of about 40
meters) accelerators are sufficient. Electrostatic accelerators are suitable sources®® and electrostatic

accelerators are most commonly used for this purpose. They may be of a regular or modified Van
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de Graaff type, in which a high-voltage terminal is charged by a belt or a metallic chain. A second
type of electrostatic accelerators uses a high-frequency voltage multiplication stage to charge a
cavity, with the ions being accelerated in the electrostatic field created by the cavity.

Usually, in order to perform PIXE, a single-ended or tandem electrostatic machine of 2-3
MeV is chosen. Certain types of analysis, such as analyses by micro beam techniques, impose
special requirements on ion source brightness, energy stability, beam emittance, and minimum
scattering of the ion beam. Such requirements may play an important role in selecting an
accelerator.

Commercially available vacuum chambers used as scattering chambers in nuclear physics
experiments are generally not well suited for PIXE. Their shapes and dimensions hamper obtaining

large solid angles for detection and introducing multi specimen holders and sample charges. As a

absorbers X-ray detector

[Farsdegons | \ I
Faraday cup *

sample . . Ion beam from accelerator

collimators

Gamma ray detector

Figure 11 - Typical experiment arrangement for routine PIXE, with detectors
for x-rays and y-rays

consequence, few existing PIXE chambers are of commercial origin. Figure 11 shows the design
and principal components of a “typical” setup for PIXE analysis. The ion beam emerging from the
accelerator first passes through an analyzing magnet, which sorts out the ions with the desired
mass and velocity, and then is focused by electrostatic or magnetic quadrupole lenses onto the
specimen.

After exiting the gun, the round ion beam is confined by a pair of quadrupoles (collimators)
which are placed approximately 100-200 mm apart, just before the entrance to the irradiation
chamber. A target holder defines the proper position of the sample during the analysis. The

samples are irradiated to a variable angle (to detect the x-rays)
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PIXE spectra have most of their x-ray intensity in the low-energy region, so that the spectral
shape can advantageously be modulated by placing an x-ray absorber between the sample and the
detector. The aim of absorbers is to reduce or eliminate unwanted continuum background and /or
intense x-ray peaks and their associated pileup peaks. At the same time, the absorbers allow for
ion bombardments at higher beam intensities, so that the elements of interest can be measured in
shorter bombardment times and with fewer spectral interferences.

The absorbers are usually made from organic material (e.g., Mylar) or from light-element
metal foils (Be and Al). Plain absorbers are employed if a complete elimination of the low-energy
part of the spectrum is desired. In PIXE of thin specimens, the ions pass through and are dumped
in a Faraday cup for charge integration. The charge integration itself is accomplished by

connecting the Faraday cup to a sensitive current integration/digitizer.

2.2 Conservation Methods

Artifacts are often exposed to humidity and to harsh environmental conditions (chemical
and biological). This results in the formation of a corrosive patina on the surface which
irremediably damages the artifacts (as in the case of the bronze where the formation of a bronze
disease can damage the artifacts until its complete destruction). Usually the restoration and
conservation process consists in the removal of the corrosive patina, the consolidation with mortar
(for stone and ceramic) and in the coating of a hydrophobic and bactericidal film. Therefore, the
materials used for this purpose strongly modify the artifacts surfaces, covering decoration and
pigments. Furthermore, the process is often irreversible.

Recently, Nanomaterials have been proposed as substitute to resins and mortar in a
reversible restoration process®*. Such NPs can have dimensions between a few nm to tens of
microns, so that it is possible to choose the adequate size to allow the NPs to penetrate into the
porous surface to consolidate the medium.

In the following, we present an overview of Nanoscience-based Conservation methods

followed by a collection of main existing results on the development of bactericidal materials.
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2.2.1 Conservation techniques for Cultural Heritage and Nanoscience: an overview

Stone, ceramic and bronze monuments exposed outdoors are susceptible to several decay
phenomena, including microorganisms colonization and its consequent surface transformation
(color degradation, corrosive patina formation, etc.)***%%". A common restoration intervention
includes the following phases:

a) Removal of pre-existing alterations (deposits, crusts, biological patinas....);

b) Consolidation through application of suitable inorganic and organic products;

c) Filling cracks and fissures with compatible products that do not alter the stability and the general
vision of the monuments itself;

d) Application of biocide products alone, or in combination with protective or consolidants to
prevent further colonization38:3%40,

This latter aspect, which aims to prevent the re-colonization of restored surfaces, is very important
and has gained more attention due to the fact that the products used for the conservative purpose
may serve themselves as nutrient and thus support the re-colonization of the newly restored
surface. Several studies evaluate the bio deterioration resistance of already available products used
in the different phases of the conservative process*42,

Moreover, photo-inactivation properties of titanium oxide (TiO2) have been extensively
evaluated in the last 25 years in attempt to develop new alternative safety and environmental
friendliness approaches for disinfection*®#*. In this context, TiO; is one of the most fascinating
materials characterized by chemical stability, non-toxicity, high photo-reactivity, broad-spectrum
antibiosis and cheapness, and it has been used extensively as biocide against various
microorganisms: bacteria, fungi and viruses*>.

When TiO2 is exposed to ultraviolet (UV) light (A<400 nm), holes (h+) and excited
electrons (e-) are generated. The holes are capable of oxidizing water or hydroxide anions into
hydroxyl radicals (-OH). The produced free radicals can decompose a wide range of organic
compounds. The antibacterial efficiency is determined by the competition between the
recombination (occurring in nanoseconds scale) of the photo-excited charge carriers, electrons and
holes, and the transfer of those to the bacteria. Photodecomposition is not the only photochemical
effect due to fact that TiO is activated also by solar UV light. Under ultraviolet irradiation,

titanium dioxide develops super-hydrophilic features.
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This feature allows to increase the contact angle and to form a uniform protective water
film on the surfaces treated with TiO,?. While under visible irradiation, TiO, becomes
hydrophobic with a contact angle of about 60-70 degree. Recently new classes of biocides based
on doped titanium oxide nanoparticles were proposed in the field of Cultural Heritage?’.

Ag and Fe ions are reported to be used as electron acceptor to decrease the e — h*
recombination*’. The modification of TiO, using metal ions to improve the electron mobility of
TiO; that exhibits high reactivity under visible light (1 > 400 nm) allowing to use a larger range
of the solar spectrum, even under poor UV lighting. Fe®" is defined*’ to be the best anti-
bacteriological candidate due to its band-gap (~2.6 eV) and similar size to that of Ti** and Fe*'-
doped nanostructured TiO, has showed an antibacterial behavior. Fe3* cations may insert into the
TiO; structure and locate at interstices or occupy lattice positions.

Moreover, there are several applications of Ag-TiO> for photo catalyst, antibacterial and
optical surface treatments*®. Silver can: 1) trap the excited electrons from titanium dioxide and
vacate the holes for the degradation reaction of organic species; 2) extend TiO2 wavelength
response towards the visible region*. In addition, silver ions are known to cause denaturation of
proteins present in bacterial cell walls and slow down the bacterial growth®.

Recently, alkaline-earth metal ions have been considered a promising, efficient and
economic approach for doping the TiO2°L. There are many reports on transition metal, rare earth
and noble metal ion doping of TiO, but studies on alkaline-earth metal ion doping of TiO2 and
their photocatalytic properties have seldom been reported. Some authors report good results
obtained by using strontium ions to switch the absorption of TiO2 to a longer wavelength®2%3,
Indeed, doping TiO. with Sr results in lower PL intensity in the range 325-575 nm which, in turn,
leads to an higher separation efficiency. As a consequence, Sr-doped TiO> shows an enhanced
photocatalytic activity. Based on these considerations, doped TiO2 can be more effective in the
protection and maintenance of stone surfaces with respect to pure TiO», reducing thus the bio
deterioration processes.

However, as stressed by Nugari and Salvadori® before any application on monument
surfaces, the products must be tested not only for their biocide efficacy but also for being harmless
to cultural heritage material. The protective layer of an artifact must be at the same time biocide,
hydrophobic, transparent, easily removable and constituted by materials which do not damage the

artifacts.
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2.2.2 Antibacterial materials and nanoscience

Attack and growth of microorganism on the surfaces can cause its degradation. The most
used antimicrobial agents are chemical reagents or exposure to UV radiation. However, the effect
of chemicals reagent is not lasting long, while the UV radiation is cures while irradiating.
Therefore, photo catalysis is an alternative antimicrobial efficacy as illustrated in Ref.®.

In general, the inorganic antibacterial materials consist of two categories: those, such as
silver, that make contact with bacteria to inhibit their proliferation, and those, as hydroxyl free
radical or active oxygen, that produce secondary bactericidal agents®®, under visible light, in order
to kill the bacteria instead of making contact with them. The bactericidal potencies depend on the

cellular structure of the tested bacteria and on the semi conductive nature of the nanomaterials®.

In details, the studied semiconductors are:
- Titanium dioxide
- Zinc oxide
- Tinoxide

- Graphene - based materials

Concerning the first semiconductor, as the titanium dioxide is exposed to UV light irradiation,
holes (h™) and excited electron (e") are generated. The antibacterial properties of TiO2 are conferred
to the redox reaction of the surface species, offering oxidation of bacteria (the holes are trapped
by water or hydroxyl groups adsorbed on the surface to generate hydroxyl radicals, which are
powerful and oxidizing agents for degrading a wide range of materials®’). The antibacterial
efficiency is determined by the recombination of the charge carriers and the transfer of those
carriers to the bacteria®’.

Concerning the other nanomaterials cited above, even though the antibacterial mechanism is not
fully known yet, the possibilities of a cells membrane disruption caused by direct interaction
between nanomaterial and bacteria have been reported®>°in literature.

The choice to employ nanomaterials as antibacterial agents through the growth of the films is due

to the several advantages that this combination display. The combined use of nanomaterials with
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protective layer (usually realized with silicon, sol gel or resins) allows not only to have a good
application of the nanomaterial on the surface to be protected against bacteria but also to safeguard
the same surface from other attacks due to the environmental conditions. In fact, the protective
film plays an important role on the conservation from mechanical damage, physical, chemical and

microbiological activities.
Antibacterial activity of Fe* doped TiO; thin film against Escherichia Coli

Fe3*ions favor the film's photocatalytic reaction through the formation of hydroxyl free radicals.

In fact Fe®* combined with TiO- exhibits excellent antibacterial effect.

Characterization of the thin film
The Fe** doped TiO: film is porous because of the expelling of organic compounds. The porous

structure (Figure 12) increases the surface area of the catalyst, thus enhancing the antibacterial
efficiency*’. Absorption spectra (Figure 13) show that the primary luminous energy, which causes

the transition of electron during the photocatalytic process, is very high in the UV region®’. a4
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Figure 12 - Sem image of Fe** doped TiO;

film

The absorption of the Fe** doped TiO: film has a red shift respect to that of the pure TiO2
film (Figure 13) caused by the fact that the iron ion replace the Ti** in the TiO, crystal lattice. This
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IS an easy process due to similar radius’ of both ions species. The antibacterial activity is enhanced

in presence of both TiO- and fluorescent light (Figure 14)*".
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Figure 13 - UV-Vis absorption spectrum irradiation time (min)

Figure 14 - Antibacterial efficiency as a function of
time for (&) TiO2 film irradiated with fluorescent
light and control experiments :(=)TiO thin film only; (
@) fluorescent light irradiation only

As can be seen of the Figure 15, the antibacterial efficiency of a Fe** doped film, after a
first phase of improvement with increasing iron ion content, decreases for a higher ion 45
concentration. The optimum concentration is 0.5 % (mol) with an efficiency of 95% reached after
120 minutes of irradiation. The SEM images of E. Coli show that after 120 minutes the number of
germs is much less than the one before irradiation (Figure 16b). After 240 minutes of irradiation
there are no bacteria on the substrate (Figure 16¢)*’.
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Figure 15 - Antibacterial efficiency as a
function of the concentration of Fe®* dopant
(mol) after 120 min irradiation
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Figure 16 - SEM images of bacteria on the Fe** doped TiO; film
surfaces: a) irradiated 0 min; b) irradiated for 120 min; c)
irradiated for 240 min; d) single bacteria irradiated for 0 min
and e) single bacteria irradiated for 120 min

From this information, we can see that iron ion present excellent antibacterial properties and the
optimum concentration is about 0.5% (mol). Expansion and cell wall damage were found on the

bacteria after about 120 min of antibacterial treatment.
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Antibacterial activity of Fe* doped TiO2/35n02 NPs against Escherichia Coli

SnO- is among the best photo catalytic material due to its high absorption in the UV region®.

Doping with metal or metal oxide shows improvements in the photo catalytic activity®:.

Characterization of the doped SnO»

As well known®-%2 the anatase is a better phase of TiO, compared to rutile. The crystalline size of
Fe3* with doping in the range of 0.3 — 1.2 % (mol) and after calcination at 400°C for 2 h, exhibits

nearly the same crystalline size as the anatase phase (Table 1),

Table 1: Crystalline size and phases of TiO2/3SnO2/Fe®" powders synthesized with various Fe®*
quantities after calcination at 400°C for 2 h.

Fe3* content (mol %) Crystallite size (nm) Phase content (%)
Anatase Rutile Anatase Rutile
0.3 18.46 - 100 0
0.5 16.53 - 100 0
0.8 20.59 - 100 0
1.0 16.52 - 100 0
1.2 18.44 - 100 0

The photocatalytic activity of Fe** doping (evaluated by degradation of Methylene Blue
Dye - MB) indicates that in some concentration Fe®* has a better efficiency than those of pure
TiO2/Sn0O2 °L. The number of viable colonies of E. Coli when added TiO2/3Sn0,/0.5 Fe®*" and

exposed to UV and visible light decreased with increasing time (see Figure 17).
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Figure 17 - TiO»/3Sn0/0.5Fe** photo catalysis against E. Coli

Figure 18 - Growth of E. coli on Nutrient Agar (NA) plate with the presence of TiO2/35n0,/0.5Fe®" under UV
irradiation or visible light and control (a) after visible light irradiation for 90 min and (b) after UV irradiation for 90
min

The bacteria E. Coli with the presence of TiO2/3Sn0O,/Fe®" was completely inactivated
within 90 min under UV irradiation, as shown in Figure 18a, and the degradation reaches 99.7%
when exposed to visible light for 90 minutes, as shown Figure 18b%%. In conclusion, Fe** doping
acts as obstacle for anatase crystal growth, therefore the crystalline size of the TiO2/3SnO/Fe®*
nanoparticles (16-20 nm) are smaller than those of pure TiO2 (33nm) and un-doped TiO2/3Sn0;
(25nm)°! and this leads to an enhancement of the photocatalytic activity due to larger specific
surface area of the TiO2/3Sn02/Fe* nanoparticles. These nanoparticles have demonstrated strong

antimicrobial properties through a mechanism including the production of reactive oxygen species
that damage cell components and viruses®®.
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Antibacterial activity of Boron doped TiO> against E. Coli

Boric acid is a typical microbicides. However, due to its low melting (185°C) and boiling (300°C)
points it cannot be applied in high temperature environment. As known,® the boron atoms are
often replaced by oxygen atoms or incorporated into the TiO: lattice. Therefore, boron-doped TiO>

can improve the photocatalytic efficiency®.

Characterization of Boron doped TiO»

XRD patterns demonstrate that the phase transformation of anatase to rutile occurs at
700°C%2. The proportion of the rutile phase becomes larger as the calcination temperature
increases. Calcinated at 900°C, the anatase phase disappears and the rutile phases becomes
predominant. The crystalline and the crystal phase are crucial factors in the antibacterial activity
of TiO2, where the crystalline anatase phase is considered to be the most active form of TiO2, while
rutile and amorphous TiO2 are believed to be relatively inactive®->2, Table 2 shows how boron
doped TiO- inhibits the grain growth, since boron ions may enter the interstitial site of the TiO>
anatase crystal structure and therefore lead to the growth of a unit cell volume®

Table 2: Effect of calcination temperature on lattice parameters of B/TiOx.

Catalysts Crystallite Unit-cell
diameter (nm) parameter (101)

a (b) (hm) ¢ (hm) V (nm3)
TiO2-500 -C 70 3.7820 9.5076 135.992
B/TiO2-500 -C 40 3.7801 9.2531 132.219
B/TiO2-600 -C 18 3.7821 9.3874 134.280
B/TiO2-700 -C 48 3.7803 9.7237 138.958
B/TiO2-800 -C 73 3.7897 9.5298 136.865

B/TiO,-900 -C - - -

TEM analysis demonstrate that the grains of TiO> are of a round shape, and after doping

the particle with boron, sizes become smaller and have a better dispersion. This shows that doping
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with boron ions prevents the agglomeration of the particles in the heat treatment process; thereby

increases the specific surface area of the antibacterial materials (see Figure 19)%2.

Figure 19 - TEM images of TiO (a) and B/TiO; (b)

The performed XPS measurements show:
B1s peak that consist of three peaks
- 193 eV B-O-B bonds in B20s3 50
- 192 eV Ti-O-B (related to boron probably penetrating into the interstitial TiO> structure)
- 191 eV O-Ti-B (boron incorporates into the TiO- lattice through occupying O sites)
O1s peak that consist of three peaks
- 532eV B-O-B
- 531 eV corresponds to oxygen into TiO2 crystal lattice.
- 529eV B-O-B
The oxygen O1s confirms that boron atoms incorporate into the TiO2 matrix.
TiOz exhibits two lines
- 459 eV Ti(IV)2par
- 464 eV Ti (IV) 2p1e2

A blue shift is observed in the Ti (IV) lines with the increasing of the calcination temperature.
This suggests that oxygen atoms in the lattice of TiO> may be partially substituted by boron
atoms®2. FT-IR measurements show the presence of two lines at 3400 and 1650 cm™ corresponding

to the surface adsorbed water and hydroxyl groups. This indicates the presence of free hydroxyl
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groups of all the materials®. The production of the some free groups (OH" and O?) on the material
surface causes the destruction of the bacteria membrane and the change of its morphology®.

UV-Vis diffused reflectance spectra of Boron doped antibacterial materials calcinated at 500-
900°C compared to TiO, at 500°C demonstrate that the absorption edge positions of all boron-
doped materials extend into the visible region®2. Consequently, this absorption suggests that the
photo catalyst antibacterial can be activated by visible light®2.

Moreover, the band gap decreases (rutile phase) with increasing temperature, as observed when
comparing the absorption of boron-doped materials at low temperatures with those at high
temperature. Boron doped TiO2 nanoparticles can destroy or inhibit the growth of E. Coli. The
Boron atoms can be weaved into the interstitial TiO2 structure or incorporated into the TiO: lattice
by occupying O sites (this is a metastable configuration which evolves into a new structure where
the Boron ion is displaced from the O lattice position, occupying an interstitial site and inducing
absorption in the visible region). In the contrary, the B* electron deficient character hydroxyl ions
(OH) increase. In this case hydroxyl ions can capture electron hole pairs and transform them into

free groups (OH"), causing the rapture of the cell membrane®?.

Antibacterial activity of Nano crystalline Zinc Oxide by doping Mg(Il) and Sb(lll) against

Escherichia coli, Staphylococcus aureus, Saccharomyces and Aspergillus niger

Generally, antimicrobials can be classified into three categories: organic, inorganic and polymeric.
The organic and polymeric antimicrobials are rarely used due to their low fire resistant properties*®.
In comparison, Nano size inorganic antimicrobials are photocatalytic materials, such as ZnO.
These materials are capable of producing hydroxyl radicals (OH) under light irradiation, and the
resultant radicals can kill or inhibit the proliferation of microbes*. ZnO is a semiconductor with a
wide band gap (3.3eV) and n-type conductivity: these characteristics make this material attractive

for many applications among those photo catalysis and antibacterial coatings®.

Characterization of Nano crystalline Zinc Oxide by doping Mq(Il) and Sb(ll1)

As can be seen in the Table 3, the non-doped ZnO powder shows considerable inhibition potencies
on E. Coli and S. Aereus*. Moreover, under the same incubational conditions, the antibacterial

potencies of Sb doped ZnO crystal are greater than those of Mg doped ZnO. In particular the
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doping of Sb (I11) in ZnO leads to more lattice defects in ZnO than those caused by Mg(ll), which
increase the photocatalytic activity of Sb doped ZnO*®. In the case of fungi, the bacteriostatic effect
are lower, which implies that the physiological characteristic is different in bacteria and fungi. The
bactericidal effect of the powder on yeast is better than that on mold, because the cell wall of mold

is thicker; hence the effect of ZnO nano powder against it is limited.

Table 3: Bactericidal Potencies of Different Nano-ZnO Powders

Bactericidal potencies (%)
Nanocrystal Doping ratio Escherichia  Staphylococcus Saccharomyces Aspergillus
coli aureus niger
Zn0O 65.4 70.2 36.2 8.2
Sb-doped ZnO 1: 45 75.3 78.1 53.3 16.3
1:15 91.5 94.8 61.6 18.4
1:10 934 95.9 65.4 18.2
1:5 83.5 88.2 55.5 12.9
Mg-doped ZnO 1:45 70.1 77.3 47.3 115
1:15 81.6 90.1 49.1 135
1:10 84.7 91.4 52.9 14.2
15 74.4 84.6 46.4 10.8

Visible light irradiation tests show that the lighting in incubation considerably improves
the bactericidal potencies of un-doped and doped materials*®, as such, light plays an important role
in the antibacterial behavior of the tested nanomaterials. Such antibacterial behaviors are due to
the radical produced by the reaction between nanoparticles and water molecules under visible light
irradiation®. A free radical is a highly active bactericidal agent that can oxide a variety of organic
materials. Zone inhibition tests show that ZnO, unlike some antibacterial agents that Kkill
microorganisms by ion dissolution, has a similar effect as the photo catalysis. In Figure 20 one can
see that the size of the halon depends on the amount of free radicals produced by ZnO

nanomaterials*e.
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Figure 20 - Zone of inhibition test of nano ZnO crystals doped with Mg (B) and Sb (C) at
different concentrations on Escherichia coli. The upper one (A) shows the inhibiting zone
of a non-doped ZnO nanocrystal

The XRD patters demonstrate (as can see in Figure 21) that with the higher doping level (higher
than 1/10 mole ratio) the crystal lattice of the zinc oxide underwent a significant change. The XRD
patterns of the doping ratio at 1:5 for Mg-doped and Sb-doped ZnO crystals and 1:10 for Sb-doped

ZnO indicate the formation of a new crystal phase.
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Figure 21 - XRD patterns of a ZnO nanoparticle doped with SB3+ or Mg2+ under heavy doping

Figure 22 (an enlarged figure of partial patterns) shows that the new crystal phase caused by Sb
doping is different from the new phase resulting from Mg doping in the crystal structure, which
might be one the major reasons that led to the difference in the bacteriostatic potency between Mg
doped and Sb doped ZnO crystals. The Mg doping contributed to the appearance of five new XRD
peaks at 17.0, 22.4, 25.5, 28.6, and 38.31 (2y), while the Sb doping gave rise to three new peaks

at 17.0, 24.6, and 38.31 (2y)
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Figure 22 - XRD patterns of a ZnO nanoparticle doped with Sbh31or Mg2lunder heavy doping
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Based on the TEM pictures (see Figure 23), it is believed that the new crystalline phases were not
independent crystal forms but some regional aberrations on the original ZnO crystal.

Figure 21 and 22 indicate that these peaks of new crystalline phases have low intensities while the
main peaks still belong to ZnO, and the positions and the numbers of the peaks are varied between
doping elements Mg and Sb and at different doping levels. All of this demonstrates that the new

crystalline phases have no definite crystal lattice and form.

Figure 23 - TEM images of doped and non-doped zinc oxides. (A) is a pure ZnO, (B) Zn:Sh51:15,
(C) Zn:Sb51:10, and (D) Zn:Sh51:5. The low group, (E) is a pure ZnO, (F) Mg:Zn51:10, and (G)
Mg:Zn51:5.

TEM images (see Figure 23) show the variation induced by Mg and Sb doping. The images
demonstrate that the crystals of non-doped ZnO are characterized by Nano rods and larger size
crystals (see subplot A and E), while the size of the Sb doped ZnO crystal decreases with increasing
amount of doping (see subplot B-D) and the crystals present an high number of grained crystals.
In addition to the size of the Mg-doped ZnO crystal did not change considerably*, but the
crystalline form varied from six-rowed rods to six-rowed lamellar. The lamellar crystal appeared
in a very small amount at a low doping level (see Figure 23E, indicted by arrow), and in a huge
amount as the doping ratio reached 1:5 (see Figure 23F). Therefore, when the doping was heavy,

the differences in the number of outer-shell electrons and in the ionic radius between the doping
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element and the matrix element will be more distinct, contributing to the transformation of original
six-rowed columnar crystals of zinc oxide into a new crystal phase.

The most important cause for the variation in the crystalline form is the different valence
of the doping elements from the matrix element*. When the element Mg (l1) is doped into matrix
element Zn (1), the distortion of the ZnO- lattice results from the difference in the ionic radius
between the matrix and the doping elements®. In the case of Sb(l11) doped ZnO crystal, the cause
for the variation of the crystal is relatively complex. Sb (111) within the crystal has one more oxygen
atom around it than Zn (1), which, as Sb was doped into the Zn matrix, caused a hanging bond on
Sb atom, or unbounding valence electrons.

These unbounding electrons within the crystal lattice facilitate the formation of an n-type
semiconductor with a lower band gap energy*®®. Consequently Sh doping promotes the
semiconductor characteristic of ZnO crystal, conferring a more effective photo catalysis nature
than Mg doped ZnO and leading to the variation o ZnO crystal more obvious than when doped
with magnesium. In addition, the obvious difference in the ionic radius also aided the distortion
of the crystal lattice. The analysis here suggested that the new phases found in the XRD patterns
are just regional crystalline distortions caused by doping instead of a new crystalline form, as the
distortion can lead to hanging bonds and unbounding electrons but a new crystal cannot.

The bacteria tests is performed on both types of bacteria: prokaryote and eukaryote. In
details, E.coli and S. aureus are prokaryote, while Saccharomyces and A. niger are eukaryotes.
The cellular properties of prokaryotes and eukaryotes are different*. Although both E. coli and S.
aureus are prokaryotes, E. coli is a Gram-negative organism and S. aureus is a Gram-positive
organism, which suggests that there are differences between them in the cell wall*®. In particular
antibacterial potencies of Sb doped ZnO are found to be 93.4% for E. coli, 95.9% for S. aureus,
65.4% for Saccharomyces and 18.2% A. niger. While those of non-doped ZnO are found to be
65.4%, 70.2%, 36.2%, 8.2%, respectively.

The antibacterial strength of Sb doped ZnO and Mg doped ZnO are stronger on a
prokaryote than on a eukaryote®8. Therefore, the reduction of size of ZnO crystal confers enhanced
photocatalytic activity to the crystal. Probably, the bacterial strength of the inorganic nanomaterial
depends on the amount of OH free radical produced under irradiation. Whit a smaller size, the
specific surface area of nanosized metal oxides increase and therefore the photocatalytic activity

of materials increase too. The doping contributes to reduce the grain size of the ZnO crystal
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increasing its photocatalytic activity. Both Mg doped and Sb doped ZnO crystals show excellent

bactericidal strength, especially on E. coli and S. aereus*,

Antibacterial activity of ZnO and Co doped ZnO nanoparticles toward bacteria cells

Characterization of ZnO and Co doped ZnO nanoparticles
The XRD patterns of the pure ZnO and 5% -10% Co doped ZnO (see Figure 24) show how the Co

doping in ZnO increase the crystalline size. This can be due to the less solubility of Co in ZnO
matrix>4. Since that the doped Co concentration is far below the solubility limit of Co in ZnO
matrix, this can effectively diminish the possibility of secondary impurity phases®.

The increase of ZnO in the crystalline size indicates that the Co?* ions has substituted Zn?*
ions in the samples without changing its crystal structure. The increase in cell parameters may be
due to the octahedral coordination of the Co?* ions, which replace Zn?* ions in ZnO matrix. This
means that Co doping has only a small effect on the lattice parameters of ZnO and this result is
attributed due to a small mismatch in radius between Zn?* and Co?*. The SEM images (see Figure
25) show how the size of un-doped ZnO crystal is slightly lesser than the Co-doped ZnO **. In
addition, the same images reveal that the crystallinity is in the order of nm without changes in the

grain size %,
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Figure 24 - XRD of a) ZnO; Figure 25 - SEM images of a)ZnO;
b)zno,oos Co; C)ZnOoylo Co b)ZnOo,oos; C) ZNOQOg,10 CO

In the ZnO absorption spectra the shift toward shorter wavelengths grows with the increase
of the concentration of doping Co®*. The shift indicates that the band gap of ZnO increases with
the doping concentration of Co?* ions. The increase in the band gap or blue shift can be explained
by the Burstein—Moss effect. According to the latter, Fermi level merges into the conduction band
with the increase of carrier concentration The photo catalytic activity of ZnO and Co-doped ZnO
are investigate using MB and reveal that un-doped ZnO decolorize the MB faster than doped ZnO.

Photo catalytic activity of un-doped ZnO is attributed both to the donor states (which are

caused by the large number of defect sites such as oxygen vacancies and interstitial zinc atom) and
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to the acceptor states (which arise from zinc vacancies and interstitial oxygen atoms). Lower
photo-degradation of MB with UV and doped ZnO (ZnO:Co?*) may be attributed to the change in
absorption characteristics caused by Co?* doping®*. The antibacterial activity of pure and Co doped
ZnO are investigated on different bacterial strain of Escherichia coli, Klebsiella pneumoniae,
Shigella dysenteriae, Salmonella typhi, Pseudomonas aeruginosa, Bacillus subtilis and
Staphylococcus aureus. Co doped ZnO exhibite remarkable antibacterial activity against all tested
bacterial strains®*. Then the doping of Co enhances the antibacterial property of ZnO. These results
suggest that ZnO with Co?* nanoparticles can be used as immobilized photo catalysts for water

and environmental detoxification from bacteria®.

Antibacterial activity of silver modified graphene oxide (GO)

The antibacterial activity of GO has been attributed to membrane stress induced by sharp
edges of graphene nano sheets, which may result in physical damages on cell membranes, leading
to the loss of bacterial membrane integrity and the leakage of RNA®®,

The silver nanoparticles, through the release of silver ions, can inactivate the
microorganism cells by increased membrane permeability, leakage of cellular content, disruption
DNA replication and later death®’. The mechanisms behind the activity of silver and bacteria can
be summarized in:

1) Uptake of free silver ions followed disruption of ATP production and DNA replication;

2) Generation of reactive oxygen species -ROS (Ag" can interact with thiol groups in proteins,
resulting in inactivation of respiratory enzymes and leading to the production of ROS*°) between
silver NPs and silver ions (if excess ROS production may produce oxidative stress®);

3) Damage to cell membranes®®.

In Figure 26 hypothetical interaction between silver nanomaterials and bacteria cells are shown®,
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Figure 26 - Diagram summarizing silver interaction with bacteria cells

Characterization of silver modified graphene oxide (GO)

The Figure 27a shows the UV-Vis spectra of GO (which is prepared from natural graphite by using
a modified Hummers method®®) and Ag-GO composite (which is obtained employing Ag NPs by
using a glucose reduction method in the presence of ammonia at room temperature®®). In particular

the UV-Vis spectrum of the Ag GO composite displays an absorption band at about 415 nm, which
is the characteristic absorption band of Ag nanoparticle due to plasmon resonance®. Figure 27b in
addition to the peak of GO at 10.4°, shows the other peaks typical of the diffractions of metallic

Ag suggesting the formation of metallic Ag nanoparticles®®.
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Figure 27 - UV-Vis absorption spectra

S. Veltri — Ph.D Thesis



State of the Art

The performed XPS measurements indicate that the peaks of Ag 3d core level at 368.1 eV
and at 374.1 eV are assigned to Ag 3ds2 and Ag3ds2 photoelectrons respectively®®. The splitting
of the 3d doublet of Ag is 6.0 eV, indicating the formation of metallic silver®®. The antibacterial
activity was evaluated by using Escherichia Coli: Gram negative.

As can be seen in the Figure 28, the composite Ag-GO exhibits a very high bactericidal
activity; this composite is able to form colonies after 5 minutes of contact and without more cells

viable after 10 minutes®®.

Figure 28 - Bacterial colonies formed by E. coli cells (a) in the

absence of Ag-GO (control experiment) and bacterial colonies

treated with Ag-GO for b) 5 min, (c) 10 min in a slurry system
and (d) 30 min and (e) 60 min in a partition setup system

As we can see in the Figure 28, there are still plenty of bacteria cells survived also after
treatment for 30 and 60 minutes. Finally Ag* exhibits antibacterial properties at high
concentration®®. The TEM images (see Figure 29) demonstrate that E. Coli is a bacterium with an

elongated shape and intact surface (a), while after being in contact with Ag-GO for 30 minutes the
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ends of cells are destroyed (b)**®8, indicating that the external and internal membranes are

damaged.
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Figure 29 - FESEM images of E. Coli cells (a) Figure 30 - TEM images of E. Coli cells after

without being treated (control) an_d (b) treated with the control experiment (a) and treated with
Ag-GO for 30 min Ag-GO for (b) 5 min, (c and d) 20 min, and (e
and f) 30 min

62
Antibacterial Activity of Graphite, Graphite Oxide, Graphene Oxide, and Reduced Graphene

Oxide against E. Coli

A comparison of antibacterial activity of four types of graphene-based materials against a bacterial

model E. Coli is carried out.

Characterization of four types of graphene-based materials

E. Coli is incubated to evaluate antibacterial activity of four types of graphene-based materials. E.
Coli cells are incubated with the same concentration (40 pg/mL) of Gt, GtO, GO, and rGO
dispersions in isotonic saline solution for 2 h, respectively®® . As one can clearly see in Figure 31a,
GO and rGO exhibit a higher bacterial activity than Gr and GrO. Moreover, Figure 31b shows that

the loss of E. Coli viability steadily increases with incubation time.
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Figure 31 - a) Cell viability measurement after incubation with Gt, GtO, GO, and rGO
dispersions; b)Time-dependent antibacterial activities of GO and rGO and «c)
Concentration dependent antibacterial activities of GO and rGO

For both materials, a large fraction of the cells dies in the first hour of incubation. Comparing GO
and rGO dispersions, the first ones have much higher antibacterial activity than the second ones,
for all tested incubation intervals®®.

Lastly, the loss of E. Coli viability progressively increases with GO and rGO
concentration, as showed in Figure 31c. These results suggest that antibacterial activity of
graphene-based materials is concentration dependent too. .

SEM images showed in Figure 32, illustrate the interactions between graphene-based materials
and E. Coli cells. The panels in Figure c-d and e-f show the different behavior of the GO and rGO,

respectively.
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Figure 32 - SEM images of (a, b) E. coli after incubation with saline solution for
2 h without graphene-based materials, (c, d) E. coli cells after incubation with
GO dispersion and E. coli cells after incubation with rGO dispersion

In fact the panels c and d show that thin layers of GO Nano sheets are wrapped on E. Coli
cells, while the panels e and f show that E. Coli cells are embedded in large rGO aggregates®®.
The different behavior of GO and rGO observed in SEM images suggests that the
aggregation/dispersion of graphene-based materials may play an important role in their
antibacterial activity. Moreover, after exposure to GO or rGO dispersions®, E. Coli cells become
flattened and lose their cellular integrity: it is important to understand that this damage on bacterial
cells is irreversible®®.

The correlation among antibacterial activity, oxidative stress (GHS oxidation) and aggregate size

are summarized in Table 4 below.

Table 4 : Correlation among Antibacterial Activity, Oxidative Stress (GSH), and Particle Size

loss of cells (%) loss of GSH (%) particle size («m)
GtO 15.0+3.7 214+11 6.28 + 2.50
Gt 26.1+4.8 29.9+0.7 6.87 +3.12
rGO 459 +4.8 942+1.1 2.75+£1.18
GO 69.3+6.6 222+0.7 0.31+£0.20
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Comparing GtO and GO, they have similar capacities in oxidizing GSH, but GO dispersion
can kill much higher fraction of E. Coli than GtO dispersion. GtO and GO contain almost the same
chemical functional groups. Their difference is that GO is individual Nano sheets with average
size of 0.31 £ 0.20 um, while GtO is aggregated stacks of GO Nano sheets with average particle
size of 6.28 +2.50 um®®.

Their distinct antibacterial activities suggest that the aggregation of graphene Nano sheets
is important in the antibacterial mechanism. Materials having smaller size (as GO), have higher
cytotoxicity than those with larger size (GtO). However, the antibacterial activity of Gt (26.1
4.8%) is much higher than that of GtO (15.0 £ 3.7%). This is correlated with their different GSH
oxidation capacities. Metallic Gt can oxidize more GSH than insulating GtO, suggesting that the
metallicity of graphene materials also plays a role in their antibacterial activity. Comparing GO
with rGO, although rGO shows much stronger oxidation capacity toward GSH, smaller size GO
has much higher antibacterial activity than rGO.

Results in Table 4 suggest that the antibacterial activities of graphene-based materials are
attributed to their dispersibility, size, and oxidization capacity °. In conclusion GO has the highest
antibacterial activities, followed by rGO, Gt and GtO under the same dispersion concentration.
Their antibacterial activities is time and concentration dependent. In general, graphene materials,
which contain a higher density of functional groups, have smaller sizes and have more chances to
interact with bacterial cells. By direct contact, graphene Nano sheets can induce membrane stress

by disrupting and damaging cell membranes, leading to cell death.

Antibacterial activity of Graphene based antibacterial paper

The antibacterial activity of this nanomaterial carbon based has been attributed to membrane stress
induced by sharp edges of graphene nanosheets, which may result in physical damage to cell

membranes, leading to the loss of bacterial membrane integrity and the leakage of RNA.

Characterization of Graphene

The TEM measurements demonstrate that GO nanosheets are inside the endosome of the
cytoplasm (see Figure 33), suggesting that GO nanosheets itself could be internalized within

cells’,
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Figure 33 - Cellular uptake and cytotoxicity of GO nanosheets.
(a) TEM images of A549 cell incubated with 85 g/mL GO
nanosheets for 6 h. GO nanosheets were internalized in A549
cells

The antibacterial activity of GO nanosheets is evaluated by the interaction between E. Coli
cells with GO nano sheets. The results of metabolic activity of E. Coli cells in presence of GO
nanosheets suggests a strong inhibition ability of GO nanosheets to E. Coli *°.

The microbial viability of E. Coli is evaluated employing a classic colony counting method.
The results show that GO almost completely suppressed the growth of E. Coli, leading to a viability
loss up to 98.5%. TEM images revealed that E. Coli lost its cellular integrity, in fact the cell

membrane being destroyed and the cytoplasm flowing out (see Figures 34 a and b )>°.

Figure 34 - a) TEM images of E. Coli (a) and E. Coli exposed to GO
nanosheets at 37 °C for 2 h (b)
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In conclusion graphene based nanomaterials have been found be excellent antibacterial materials
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Chapter 3

3. Growth and Characterization of Nanomaterials and

Nanostructured Materials for Conservation of Cultural Heritage

Artifacts are often exposed to humidity and to harsh environmental conditions (chemical
and biological). This results in the formation afarosive patina on surfaces which irremediable
damages to the artifacts (as in the case of the bronze where the formation of a bronze disease can
damage the artifacts until its complete destruction). Usutilly restoration and conservation
process consts in the removal of the corrosive pat{oéen by laser ablation process as indicated
in Chapter 2) the consolidation with mortar (for stone and ceramic) and in the coating of a
hydrophobic and bactericidal film. Therefore, the materials used fopuhi®se strongly modify
the artifacts surfaces, covering decoration and pigments, and the process is often irrelersible.
the following we discuss the results obtained in the research of new innovative materials for

surfaceprotection.

68
3.1 Synthesis ad Characterization of thin-transparent nanostructured films

for surface protection

This thesis sectiodemonstrates that very thin and optically transparent nanocomposite
films can be conveniently applied on surface materials, displaginggantibacteial properties
without affecting the aesthetics of the underlying material. In our appresgcipropose new
composite materials, which ensure the surface protection by inactivating the bacteria before a
biofilm can be formed. The films contain very snia@dldings of TiQ, graphene, or fullerene, and
can easily be applied on large surfaces using conventional brushesboushies. These
nanocomposite films are very promising candidates for the preservation of statues, mosaics, floors,
buildings, and othreobjects that are exposed to challenging environmental conditions such as
Architectonical Heritage or building materials (materials featuring stone, pigments, bronze,

granite, marble, and glass).
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3.1.1 Nanostructured protective films for CH surfaces: tle idea

The use of embedded nanmterials has become popular in many fields such as medicine,
biochemistry, nan&lectronics, energetics, andaterial sciencesince they can improve the
properties of macrmaterials without provoking changes in the cheahicomposition. Strong
interest has been devoted to the growth of nanostructured films with enhanced capabilities in
optical transparency, supkydrophobicity and bactericidal activity. These materials can form
protective layers on surfageshich can beaiseful for many applications: protection of artworks,
realization of durable surfaces in civil engineering or in architecttgaljzation of new
hydrophobic fabric to the coating of biological and medical devices, or in the food industry.
Damages on matel surfaces are, oftemttributedto the metabolic activity connected with the
growth of living organism's3456,

Thereforepne of the major challengessarfaces conservatidies in the development of
antibacterial protective coatinggich do not alter the aesthetic, physical, or chemical propertie
of the underlying materidf. The problem ofsurfaces preservatiobecomes particularly
challenging for materials exposed to harsh atmospheric conditions or located underwater. For gaese
conditions very typical in thearchitectureand building materialsfields, the formation of
microorganisms rfiicrobes)in the biofilms has a strong negative impé&ct® 112 sincethe
microbes attack the material by producing nitric and sulfuric &cidfiese acidslestroy the
surface or generategreen patinavhich completely covers the surfaéeFurthermore, biofilms
can deteriorate the material surface, leading in many cases to the complete destruction of
decorations, colours, and pigméats. By forming a biofim on the surface, microorganisms
provoke aesthetic and structural damage: they produce extracellular polymeric substances that
cause swelling and contraction insithe pore system, which results in altered pore sizes and
mechanical stress on its struetr

The biological deteriorationlevel, observed for different materialdepends on several
factors, such as the chemical and mineralogical composition (i.e., mineral constituents, pH, relative
percentage of various minerals, salinity, texture), enu@mtal factors (temperature, humidity,
light conditions, atmospheric pollution), and exposure m&he biofilm formation process
begins with the attachment of frleating microorganisms onto a surface. These first colonists

adhere to the surface iniliathrough weak, reversible adhesj@uch avan der Waals forces. If
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the colonists are not immediately separated from the surface, they can anchor themselves more
permanently usingell adhesiorstructures such asg@k. Hydrophobicityalso plays an ifportant
role in determining the ability of bacteria to form biofilms, as biofilms with increased
hydrophobicity have reduced repulsion betwiderextracellular matrixand the bacterium. Many
different bacteria form biofilms, including grapositive (e.gBacillusspp,Listeria
monocytogeneStaphylococcuspp  andlactic  acid  bacteria, includingactobacillus
plantarumandLactococcus lactls and grarmmnegative species (e.§scherichia coli
or Pseudomonas aerugingsaBiofiims are also formed by bacteridbat colonize plants,
e.g.Pseudomonas putig®seudomonas fluorescenand relatedPseudomonadswvhich are
common plantssociated bacteria found on leaves, roots, and in the soil.

A large amountof work has been devoted to the surface protection of outdoor heritage
asset®. In particular since the preservation of objects of interest for Civil Architecture represents
a major challenge in current research, has more sttimgewitions than other surfaces, and has
therefore attracted great attention by policy makers, industry and the scientific community. One of
the most studied preservation methods is the application of hydrophobic coatings. However, these
hydrophobic coatigs, which are commonly composed of polymeric films, often alter the objeg
aesthetics by changing brightness and coloration. For instance, Manoudi$ retival.evaluated
superhydrophobic composite protective layers composed of Syloxane anch&iOpatitles for
three types of stones used for the restoration of the Prague Castle.

The authors only observed swsmdrophobicity when the stonie treated with high
loading dispersions (>0.5%). Unfortunately, the coloration and brightness of the thresttestsd
was highly affected by the protective | ayer,
Moreover, the protection of the film from microbial agents was not tested. Bactericidal properties
of nanomateriabased bactericidal agentsuch asnanoparticles, nansheets, nantubes, and
quantum dots, have already been examined for many other applications. While establishing the
mechanisms behind their bactericidal activity remains a topic of active investigation, these
bactericidal properties ke most commonly been related to the nanomaterial causing a physical
stress to the cell 6s membrane in additi?on to
22,23,24,25.

In this paper we propose a new composite matdvaded on bactericidal namaterials

ading as protection for surfaces, which aamy efficiently protect a variety of materials of current
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interest for Civil Engineering, Architecture, and Cultural Heritage in general, from exposhes
most commorbacteria.The resulting coatgs are very thin and can be easily deposited on large
surfaces (statues, mosaics, walls, and floors). Furthermore, they do not affect the aesthetics of the

underlying material.

3.1.2 Preparation and Characterization of Protective Films

The protectiveifms are realized with a process of mixing and sonication of two different
solutions containing the hydrophobic and nanomaterial compgmespectively, followed by a
high-temperature heating phase on a hot plate in air for favouring matrix polymeriZaifierent
amounts of the obtained solutioaet hen deposited on the materi e
method to perform the laboratory tests. The sphgydepositionis performed with a precision
airbrush or using a conventional paintbrush, in otddest the deposition of the protective film
on large areas. The effectiveness of the protective féitessted on five materials of interdet
engineering and architectuiglass, granite, bronze, marble, and ceramic.

Nanomaterials (Ti@P2s nanopartiles, fullerenes &, and graphene flakea)e purchased 74
from Plasm&hem, GmbH andredispersed as follows: T&kd1 mg/mL) and graphene (1 mg/mL)
are dispersed in distilled water and sonicated (Branson 2510) for 30 minutes and 4 hours,
respectively, in ader to obtain fine colloids with well separated Ti@anoparticles and graphene
flakes. Fullerene (1 mg/mliy dispersed in dichlorobenzene and sonicated for 30 mintites.
bactericidal action mechanism of selected mateisai®ll known for NMs colloi@l solution and
investigated in many literature worRg"282°,

Titania nanoparticl es smalledirhendiohdam tikoseeficall a g gr ¢
membranes, therefore they attack directly the external cell membrane, causing a disruption of the
menbrane itself, preventing exchanges between the bacterium and the external environdnents an
causing the death of the ¢8Il Moreover, TiQ nanoparticles penetrate into the membrane
interacting between the proteins and trel DNA as indicated itt. Grapheneflakes have
dimensions similar to those of bacterium (in the order of 1 micron) and have a planar structure.
This generates the following interaction mechanism: first an initial cell deposition or adhesion on
the graphene sheet, then a stress in theratteell membrane caused by the direct interaction

between sharp micribakes, causing looser contacts between the bacterium and the nutritive
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buffer’?33 34 Moreover, all the investigated nanomaterials cause an oxidative®stassed by
reactive oxygenpecies generated during the interactiomieein nanomaterials and bacteriam

by the disruption of some specific microbial process and the oxidation of vital cellular structures
(see in Figure 5 a sketch of méiactericidal effects of investigated nanaenels.

Five materialcommonly used in statues, mosaics, and historical buildiregested:(i) fApi n Kk
graniteodo (granit e wphaldespan)ii)ghrrara whitenarblet {ii)&Gteéko n o f
roman bronze (an historical alloy constitutgdd® % copper, 10 % tin, and lead impurities); (iv)
ceramic with composition typical of Greegman artworksgluminiumsilicates with inclusions

of quartz, feldspar, calcium carbonate, and iron oxides); and (v) a silicon dioxide based glass. All
these madrials are obtained from the consumer market drale dimensions of 3 cm x 3 cm.
Sylgard 184s purchased from Sigmaldrich in a Silicone Elastomer Kit, which is comprised of

Base/Curing Agent to be mixed in a 10 (base) :1 (curing agent) ratio by waigh&hual mixing.
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Figurel - AFM images of nanomaterials used for Film preparation

Synthesis and deposition on surfaces

3 g of Sylgard 184 (containing 10 wt% of curing agent for catalyzing the polymerization
reaction)aredissolved in 30 mL acetone Isgnicaion for 30 min3® Sylgard 184schosen for its
well-known properties of hydrophobicity and transpareficyAn appropriate volume of the
nanomaterial dispersions (1 mg/mik)then added to the Sylgafdd4 solution (100 mg/mL) so
that the final weight percentage of the nanomaterial relative to Syigdnd 0.1 wt% 0.5 wt%,
or 1 wt%. The mixtures sonicated for 30 minutes in air at room temperature. For the sample
containing both Ti@ and graphene flakes (ratio 1:1), an equal volume of the mixtures above

containing the individual nanomaterials aleeeombined ad sonicated for 30 minutes. Different
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amounts of the final solutions (from 0.1 to 3 mL; total voluae)d e posi t e d

surface by drop casting, painting, or by spdaying.

The area covered by the filmmfixed using a metallic maséf 1 an x 1 cm on the central

on

region of each surface. Sprdyying is performed ug precision airbrush (Genesis from
GREX) or painted using a classic paintbrush (CWR, ART. K577/8). The depositecdadstipen

heated on a hot plate in air at 100 °C for @ito induce polymerization. Polymerization on large

surfacess achieved by maintaining the system at room temperature for 48 h.
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mar bl e r epr odu ofMichelangebof (C)BEMIimaye of nafive granite, and (D) grapher
loaded film on granite surface; (E) transmittance (in %) obtained opo@us (glass) surfaces. Data
presented as average + standard deviation (n = 10). The lines are showing thedrefit ¢ihthe data points
Inset in E: Film thickness (in um) obtained on raorous (glass) and porous (granite) surfaces (respect

Aging method

black and red dots).
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Aged filmsare prepared according to the standard European procedures for artwork and

architecturéd®®®, Two acelerated aging procedurese evaluated, as suggested by European

regulations. The first process simulates the effect of solar irradiation by exposing the film to a solar

lamp (1.5 SUN) for 12 hThe used solar lamp isSmlar3A by Oriel operating with power at the
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sampl eds sur f 3 whchwak codstl in th&\&ntorentight spot size (70¢).cthe
second aging method simulates exposure to several cycles of freezing and thawing. Safestrates
soaked for 1 week in cold water (constant tentpeeaof 4 °C), which corresponds to the

equivalent of 25 freezthaw cycles.

Analytical techniqgues

Mor phol ogical analysis of the material 6s s
areperformed by scanning electron microscopy (SEM) and atfmrde microscopy (AFM). AFM
imagesare obtained using an ICON AFM microscope from Bruker working in tapping mode. Each
imageistaken with a resolution of 512 x 512 pixels and a frequency of about 1 Hz. The shape and
dimensions of the NPare analysed bymage analysis of a droplet of nanomaterial dispersion
deposited onto a silicon substrate (~300 nanoparticles were analysed for each material). SEM
analysisare conductedusing a field emission SEM microscope (Quanta 200 F FEI/Philips)
working with an energof 20 keV.

Chemical information of all samplese obtained by Electron Dispersion-rdy (EDX)
spectroscopy, under SEM conditions, simultaneously to the image acquisition, -emd X74
Fluorescence Spectroscopy (XRF). The weight percent of each elenteafilm is obtained by
the standard oxide analysis of the EDX data.

The optical transmittance of the films with different thicknessemeasured by depositing the
films with different thicknesses on a glass substrateimadiating the films with a whé lamp
(Energetiq LDLS, Laser Driven Light Source) under confocal microscope conditions (Olympus
900 by Horiba). The transmitted spectee taken by a Triax 320 (Horibbdobyr Yvon)
spectrometer working in the 30800 nm range. The transmittanisethen ewaluated using the

standardequation:

wherelt andlo are, respectively, the transmitted and source intensity at each wavelength. The total

transmittances evaluated as the integral @f ) on the whole visibleange.
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The hydrophobicity of the filmsinvestigated by measuring the contact angle of a distilled
water droplet of 3rl. (using a KSV NIMA Instruments Ltd CAM 200 optical contact mpeEsach
sampleis measured 10 times to ensure data robustness andomednduring 24 h hours to

determine how this parameter changes during the period allotted for exposure to bacteria.

Biological Tests

Preliminary test of tha bactericidal activity of the filmare performecgainstE. colistrain
B in a st-cas @a E.@¢ddiilichosenpecause itis a common bacteria, present in most
environments anth contaminated wat&*% 2. Moreover, the inactivation &. coliis crucial for
preventing the bidilm formation caused by the contact between surface and roovated
waterd344,

Finally, E. coli is the best candidate for testing new materials because, differently from
other bacteria, its action mechanism in biofilm formation and its interaction with graphene,
fullerene, and Ti@are weltknown. An inoculumfron f r ozen gl ycer olisst ock
streaked onto a LB agar plate and incubated at 37 °C overnight. A single colbongotifcellsis
grown in a culture tube containing 7.5 mL of nutrient LB broth and incubated overnight on a rotzgy
shaker (200pm) at 37 °C. A 50 L droplet of bacteria solutionY&6lony forming unit/mL) in
PBSisdeposited on each film to be analysed. The sanapt¢ken left at room temperature in the
dark for 24 h. After exposure, the bacteria drojetashed from the sface using 5 mL PBS and
poured into a sterile culture tube. Finally, different volumes (1 pL, 10 pL, and 100 pL) of the
resulting bacterial suspensi@re deposited on the surface of an LB agar plate and incubated
overnight at 37° C. The number of bactecalonies on the Petri dishescounted after incubation.

Biological testsare performed on materials freshly coated with Sylga8d, materials
freshly coated with the bactericidal coatings, on correspondingly aged coatings, and on dispersions
of nanonaterials in water (0.5%). The bactericidal properaesquantified as the percentage of
bacterial colonies to survive after the 24 hours exposure, compared to the initial number in the
bacterial test solution. The exposure timsechosen taking into corderation what typically
performed in literature and in conventional tests of bactericidal ageris ¢oti in water. These
indicate a bacteria inactivatiooccurringin about 56 hours of contacwith the bactericidal

element> 45,
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Finally, the analysi®f the bacteria evolution as function of the exposure time to nanomaterials
was performed on films loaded with 0.5 wt% Ti@eposited on granite. A series of bacteria
dropletsis deposited on 10 different samples. At given time intervals between 1 h dndHzt

dropletisremoved and the morphology of the film (and any bacteria prasamalysed by AFM.

76

Figure3 - (A) Survival (in %) of bacteria after 24 h of exposure toif left to right) nanomaterial
dispersions (water solution 0.5%), Sylgard films (500 nm), and films containing TiO2 (0.5%) (as f
of film thickness). Data presented as average + standard deviation (n = 3), error bars fall within t
point. (B) Survival (in %) of bacteria after a 24 h exposure to nanomatesdkd films. The value 15 %
corresponds to case when no live bacteria were detected. Data presented as average + standard
= 3), error bars fall within the data point

3.1.3 Effectiveness of Protective Films

The thickness and uniformity of the films prepared by the different deposition metlkods
verified usingSEM measurements. The representative SEM images shown in Biguieate
that the film is uniformly depositedhathe material surface (Figuré&2and2B) and covers the
porous and disordered $ace of the materials (Figures 2C and) 2The upper surfacef the film
appears smooth, without cracks or fractures that could allow the penetration of bacteria into the
matrix. Measurements of the film thicksseby SEM (Inset in FigureeE2or glass and granite) show
that different thicknesses are obtained for psr@and nosporous surfaces under identical

deposition conditions. This suggests absorption of the uncured Syi§drahto the porous
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materials (granite, ceramic, and marble) prior to polymerization. Finally, iidgesof the films
containing nanomatermishow the presence of graphene flakes with dimensions of the order of
severalmm? and thicknesses of 2 nm (graphene multilayer composedi Byldyers), TiQ
nanoparticles, or fullerenes aggregates with diameters of ~40(sem Figurel). Films
transmittaceon glass shows the expected linear behaviouf@sctéion of thickness (FigureB),
passing from 95% for nanometric films to 10% for thicknesses in the hundreds of microns.

The lack of changes to the spectrum of light when passing through the filicastés that
the latter are colourless. In addition, the films can be considered almost transparent up to 200 nm,
while the transparency is reduced by about 30 % when reaching a thickaés45fm. The
thickness of the films generated by spdaying, brushing, and drepastingare comparable for a
given initial amount of uncured solution, suggesting that this coating can be reproducibly deposited
on large surfaces by a variety of techniquel®X and XRFanalysis conducted before and after
bacteria exposure indicate the absence of changes in the chemical composition of the film

Preliminary liological testsrefirst conducted by directly mixing the bacteria solution with
the nanomaterialispersons (in water, Figure A, left panel). After 24 h, no live bacteria remained
when the bacteriare exposed to Ti@nanoparticles or fullerene aggregates, while a reduction in7
the survival ratdas beenobserved for bacteria exposed to graphene flakedeBa exposed to
both graphene flakes and titania simultaneously, show a lower bactericidal effettehame
obtainedvhenusing only TiQ nanopatrticles, but a higher effect thha oneobtained when using
only graphene. Differently from what is typity reported in the literature, a bactericidal action of
titania nanoparticless observed, despite the absence of-Ui¥ible irradiation

This suggests that in this case bacterial cell death occurs due to an alternative mechanism,
such as one linked tthé¢ dimensions of the nanoparticles and to the stress that is known to be
induced by the interaction between small nanoparticles and the cell membrane. Analysis of the
evolution of films containing 0.5 wt% Ti#Jon granite) by AFM geeFigure 4\) indicates no
obvious change to their morphology over 24 h. In addition, while isolated baatedbserved
after a 2 hours time point, leading to the formation of aggregates (~15 um) after 3 hours, all traces
of bacteriadisappeasfter 6 h.

The bactericidal propges of films composed solely with SylgaitB4 (chosen as
reference/control sampl@je dependent on the material on which the Syldg8dis deposited.
Strong bactericidal properti@se observed for granite and bronze, while for ceramic, marble, and
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glass, the bacteriare able to proliferate. The bactericidal properties of films containing &e®
independent of their thickness for both porous andpwnous srfaces (Figure A, central panel),
suggesting that the interaction between the nanomatandlbacteria occurs directly at the film
water interface, without involving materials present in the bulk matrix of the material, such as
residual Sylgard.84 monomers/oligomers. This result indicates that wkny and thus invisible
films can be employetb protect surfaces without changing their esthetical properties.

To confirm this statement, the bactericidal properties of thin films (200 nm) containing
different loadings of nanomateriase examined when appliesh different materialsseeFigure
3B). Films containing fullerenes and titania nanopartietesound to be more antibacterial than

graphene. This is consistent to whas beerfiound when testing only the NPs, without loading
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Figure4 - (A) 2D AFM images of TiG-loaded (0.5 wt%) films deposed on granite (as well as ads

bacteria) as function of exposure time. (B) Survival (in %) of bacteria after 24 h of exposure to

films (0.5 wt%) on granite for kb, before and after accelerated aging processes. Data present
average * standard deviation (n = 3).

them into a film.It should be noted that only very low loads (0.1 wt%) of nanomateriadse
necessary to observe potent antibacterial properties (no living bacteria detected), which is
beneficial for maintaining transparency and colourlessness of the film. Films on porous ceramic
surfaces behave differently froather materials, and show cell proliferation for all investigated
nanomaterial s. This suggests that diffusion
to polymerization may be occurring, leaving only a minimal amount of nanomaterial gentstit

on the unmodified exposed surface. This strongly reduces the hydrophobic effect and the amount
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of nanomaterials at the interface with the bacteria. The value of the contact angle on the surface
ceramig in fact, is lower if comparetb theones of tle other coated substrates

Furthermore, all bronze samples (containing nanomaterials or not) display strong
antibacterial properties. Indeed, XRF analysis indithée copper atoms and iomge able to
diffuse into the Sylgar@84solution mixture, evehefore polymerizationanoccur. These species
are weltknown antibacterial agents. Thus, the deposition of a thin film of Sylg&dn bronze
could be used to confer hydrophobicity, while diffusion of copper into the film act as an intrinsic
antibacteral agent.

Finally, antibacterial tests performed before affi@raaccelerated aging (FigureB¥%
indicate the stability of the films for an equivalent of 25 frethwav cycles and under solar
irradiation. The bactericidal properties of the films are idahthefore and after the aging process
(ANOVA, Tukey test, significance level <0.001 for both series of data).

In conclusion, this study demonstrates that very thin and optically transparent coatings can
be conveniently prepared on the surface of matewélselevance for Civil Engineering,
Architectonical Heritageand building materials including materials such as bronze, granite,
marble, and glass. The films display potent antibacterial properties, and prevent the formatio of

biofilms under differentest conditions. In addition, the antibacterial properties are unaffected by

two accelerated aging tests, suggesting longevity in the real world setting.
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Figure5 - Sketch of main bactericidal effects of istigated nanomaterials

Figure 6 - Contact agle measurements for testing the fligdrophobicity
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3.2 TiO2 and SiO; nanoparticles film for cultural heritage: conservation and

consolidation of ceramic artifacts

In the following it is described study of consolidation of ceramics artifacts with Sa@d
TiO2 nanopatrticles. The nanopartickee grown by laser ablation in solution and their shape and
dimensionsare monitored by opticabbsorption and AFM morphology studies. The colloidal
solutions are mainly made of spherical nanoparticles with dimensions of aband106nm
following a LogNorm distribution witla standard deviation less than 1.nm

The colloidal solutionsthen depos#on pottery surfaces to obtain a transparent film with
thickness of aboufl micron All chemical and morphological analysis indicate that the NPs
consolidate the artifact penetrating in the deeper layer of surface and forming a transparent and
hydrophobidilm on surface. The adsorption process is a typical physisorption without formation
of chemical bonds between NPs and constitutive elements of ceramic or introduction of external
impurities, which can damage the materials.

Following the idea at the bagi$ nanostructured films growtthe main idea of this work
is to realize highly roughness film on artifact surface using i@ SiQ NPs without causing
chemical, morphological or aesthetichhages on artifactShe difference in two works is thatin 81
the first case the particle are embedded int&¥hgard matrix, while now they are isolated on the
artworks substratdhe NPsin fact,are prepared as colloidal solution and then deposed on ceramic

artifact.

Table 1 : El eme nt Gofdepphprofleent age as function

1.4 nm 1nm 0.17 nm
Si | 9.69 9.82 4.6
C | 64.6 66.4 8.02
Ca| 8.12 41 2.8
O 154 17.9 11.9
Ti | 1.67 0.88 0.36
Sn | 0.44 0.84
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3.2.1 Particle preparation and characterization

TiO2 and SiQ nanoparticlesareproduced by a laser ahilan in solution (LASIS) methad
250 mg of TiQ grains,or a wafer of Si@(both purchased from Godellow with a purity greater
than 90%)aredeposed on the bottom of a cuvette, filled with 10 ml of acetone, and then irradiated
with the first harmoni€1064 nm) of a Laser Nd:YAG (fluence of 500 m¥¢cpulse of 7 ns and
a frequency of 20 Hz).

Shape and dimensions of produced nanopartatesontrolled measuring the optical
absorption of solution during irradiation and comparing the measured exticobiss section with
that expected from electrodynamics thééf§(a sketch of experimental setup is showed in Figure
7A). Theoretical data for Tigand SiQ NP areevaluated implementing the exact algorithm of
Mie-Gans theory and using as chemical patanfer both materials the data in Palik Handd8ok
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Figure7 - A) Sketch of experimental setup for LASIS; B;]
Picture of the altar of Sotterra Church (archeological site)
altardos fragment a
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Two different amounts of colloidal solutions (5 ml and 50 auigcollected in the first 30
s of laser irradiation and spdried on several fragments of ceramic artifact (extracted from the
altarof t heer riaScoot €h ur c h, ure @) while aodfoplet af &0 gf colloklal g
solutionis deposed on a silicon wafer for morphological and chemical analysis.

The two different amountaredeposed in order to study the penetration depth of NP in
artifact (5 ml) and the formation of a NP layer on surface (50 A#).in previous work,
morphological analysis of both NBseconducted by AFM microscopies, while SEM microscopy
is used to study the morphology of particle layer deposed on ceramic artifact. Measurements of
optical absorption during laser irradiatiane obtaned by irradiating the solutiorwith a white
lamp (Energetig LDLS, Laser Driven Light Sourcahdtakingthe transmitted spectra Inyeans
of a Triax 320 (Horibalobyn Yvon) spetrometer which worksin the 3086800nm range.

The extinction crossection ad optical absorptioarethen evaluated using the standard

equations:

N DER (2
83

W P —

Where Iy, lo, a, ande are, respectively, the transmitted and source intensity, the absorpt

coefficient and the extinction cresection at each wavelength.
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Figure8 - Extinction cross section in the first 30 s of irradiation for Si&) and TiG: (B) NP.
Particle concentration evolution during LASIS for (@) and TiQ (D).

Particle concentration in solutioils evaluated from optical absorption of colloidal solution

usinghe Lamber and Berr law:

Where c is the particle oncentration,s the molar extinction cross sectiqobtained from

chemistry handbodR) andl the optical path length in our experimental setupm)
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Chemical information on all samplaseobtained from Ectron Dispersion Xay (EDX)
spectroscopy, under SEM conditions (realized simultaneously to images acquisition}yand X
photoelectron spectroscopy (XPZPS eperimentsareconducted in a UHV chamber equipped
for standard surface analysis with a pres in theorderof 10° torr. Nonmonochromatic Meka
X-ray (m=1253.64 eV)s used as excitation souredile XPS spectrarecalibrated with the C1s
peak of a pure carbon sample (energy position 284.6 eV).

All XPS spectraarecorrected for analyzer transmission and the backgrausdbtracted using

the straightline subtraction moddn order to evaluate the penetration depth of NP on surface we
evaluate the depth profile of TiOThe measuremengsetaken using data acquired in an angular
dependent XPS experiméfiwherewe measur@photoemission at tiee different photoemission
angles (45°, 60° and 80°) evaluating the penetration length with the Hill m&thod

0 wé i+ av
- i +p Gy v
Wheret is the penetration length aidhe mean free path of photoelectron. 85
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Figure 9 - AFM and SEM images for SKJA B C) and TiQ (D E F). Distribution of particle radius for SiO
(G) and TiQ (H). EDX measurements taken on a single NP for$icand TiG (L) 86

We assume that the ceramic matrix is mainly constituted by amorphous Silicon Dioxide
and assume thahté mean free path of Ti 2p photoelectron in this network is 2.04 nm
In order to verify the influence of NP introduction on natural luminescence emission and, then, on
thermoluminescencfl'L) dating processhotoluminescence (Plopeasurementaretaken PL
spectroscopis performedby an Olympus microscope (Hor#dabyn Yvon) mounting objectives
with 10X, 50X and 100X magnifications. The microscope is equipped by a 3#&semsource
with a power of 15 m\\/for PL,and by a Triax 320 (Horibaobyri Yvon) spectrometer working
in the 2001500 nm rangekinally, the hydrophobic properties of artifasimeasured by contact

angle measurements obtained deposing a dropletrodi2 artifact surface.
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Figure10- SEM and optical images (A) of Tidayer on ceramic surface, contact angtelayer (A) anc
EDX measurements before (B) and after (C) NP deposition

3.2.3 Nanoparticles effectiveness in artwork consolid@n process 87

Analysis of extinction cressection during irradiation {(ures8A and8B) and of temporal
evolution of particle concentration (@tires 8C and8D) indicate the formation of particle with
radius of 10 nm for Si@and 15 nm for TIQNP in the frst 25 s of irradiation. After that time, an
aggregation between NP start and particles with greater dimensions nucleate in solution. In the
first 25 s the extinction crossection increases in intensity while the plasmonic peak is fixed at
position 397 m for SiQ and 410 nm for TiQ@ indicating that particles with wedtlefined
dimensions are present in solution and their concentration increases linearly (as imisible
concentration evolution iniures8C and8D).

We can conclude that in thesiseonly the primary particles produced by laser irradiation
are present in solution. For irradiation tergreater than 25 s, the solutibecomesdark, the
plasmonic peakhows aed-shift, and the concentration of primary particles resehsaturation
level: therefore, we calconclude that at 280 s a process of particle aggregation starts in solution.
Only the particles
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Figure 11 - XPS survey spectrum (A), Si 2p (B) and Ti(@) details

produced in the first 25 aredeposed on artifact surface and characterized by AFM and SEM
microscopiesAFM andSEM images (Fgures from9A to 9F) confirm the previsions of extinction
cross section analysis showing the presence of particles with dimension distributed as a LogNorm
distributiorr® (see Histograms inifure 9G and ®), with averages at 9.82 nm and 14.83 nm for
SiOz and TiQ NPs respectivelyand very low standard deviations (in the range of 0.02 nm for
both particles sgries). EDX measurements (fig. 91 arid 8onducted on a series of NPs indicated
the only presence on particle of titanium, oxygen, and silicon, without preséredernal
impurities introduced during the growth process.

SEM and EDX analysis conducted on ceramic artifacts with deposeth#? (50 ml of
colloidal solution, kgures 10A, 10B and 1Q for the deposition of TiENPs as example for both
species of NB), indicate the formation on sample surface of a uniform layer of NPs, without

introduction of external impurities or damage on surfadereover the layer is perfectly
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transparent. The results of depth profile analysis, taken on fragments with a dapusitiml| of

solution are summarized drigurell and Table 1.

The XPS spectra, as EDX, show the only presence on surface of constituting elements of ceramic
and of NPs, confirming the absence of external impurities. Ti 2p and Si 2p lines are centered at
positions typical of corresponding dioxic, indicating the absence of chemical bonds between
NPs and chemical elements in artifacts and the physisorption nature of NPs adsorption. The depth
profile, taken for Ti 2p photoelectromdicatesthat, aftera deposition of a small amount of

colloidal solution (5 ml), the NP are prevalently concentrated itothiestlayer of surface. This

89

Figure 12 - Photoluminescence spectrun
taken afer deposition of solution

suggedst that NP penetrasethe pore of ceramic consolidating the Photoluminescence spectra
material 6s surface

PL measwements (Figure 12) indicate a decrease in natural luminescence emission of
about 27% after deposition of both NPs without shift in band position which keep these typical of
ceramic artifacts and ascribed amorphous silicon diéxid® The shift absence irPL
bandsconfirm the absence of chemical bonds obtained by XPS measurements while the decreases
of PL intensity is caused by the reconstruction of ceramic pores which can change the network
structure (PL intensity is strongly related to the network corditium of a material). These results
suggest atrong influence of insertion of NP on the possibility of dating by thermoluminescence
measuremenFinally, contact angle measurements (Figurd)liddicate that only the formation
of NP layer on surface cangure the hydrophobicity; in fact, only the fragments with a deposition

of 50 ml and a formation of NP layer show a great contact angle.
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3.3 AFM and Pulsed Laser Ablation Methods for Cultural Heritage:

Application to Arch aeometric Analysis of Stone Artifacts

This section introducghe use of the Atomic Force Microscope (AFM) and of the Pulsed
Laser Ablation(PLA) as methods for morphological diagnostic with nanoscale precision of
archeological artifacts and corrosive patina removal from stone artifdetest our methodology
on stone artifacts extracted from the Church of Sotterra (located in Calabria, south of ftaly). T
AFM microscopyis compared withdifferent petrographicchemical optical and morphological
analysismethodsfor identifying the texural characteristics, evaluating the state of preservation,
and formulating some hypotheses about the provenanceoamgosition of the impuritypatina

locatedon the artifactsurfaces

We demonstrate that with the nanometric precision obtained with Akivbscopy it is
possible to distinguish the different states of preservation, much better than using conventional
petrographic methods. The surfacebds roughness
reducing the coring at micrometric scale lwa minimal damage for the artworks. After the
diagnosis, we performed restoration tests using the PLA method and compared it with the @wore
common micro sand blasting under dry conditiodge find that the PLA is highly effective for
the removal of the sficial patina, with a control of a few hundreds of muring the surface
cleaning without introducing chemical or morphological damages on the artifacts. Moreover, PLA
can be easily implemented in underwater conditions; this has the great advantage¢and

pottery artifacts for marine archeol ogi cal S i

3.3.1 Nanoscience Methods for Protection and Restoration: the idea

Correct interpretation on thegeand the history of Cultural Heritage requires tis2of very
sensitivediagnostic techniques, whidilow identification of theconstituent materials and, from
there,the understanding dhe artwork origin This information is required when designing a
restoration project, which preserves not only theblesaspect of the artworks but also their

original chemical and mineralogical composition
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The Diagnostiand Restoratiomethods are, generallpased on physicand chemical
methodsfor defining artifacts propertieand betterconceivingthe restoratim and conservation
project$”%8%°, Unfortunately, in most cases, they give only a macroscopic description of the
artifacts on a scale in the order of mm or microns, without being able to control the corrosive patina
on the surfaces and the damage causdtéyestoration processes with higher spatial precision,
e.g. on a nanometric scale. A nanometric control is highly desirable since it tleovesnoval of
the corrosive patina in its initial phase of formation with a strong reductioterms oftime and
costi in therestoration process, thus making all conservation actions more efficient.

In this work, we propose the use of two watlown physical analysis methods, the AFM
and the PLA, as support to the more common Cultural Heritage analysis méttaydsy to have
a nanometric control on the morphological properties of the stone artifacts authi¢ve a
controlled removal of the nanometric patina layer. These two methods are routinely applied in the
field of nanoscience and nanotechnologyfananaterialsgrowth and characterization, with a
control in the few to hundreds of nanometers sddlese dimensions are comparable to the ones
of a corrosive and biological patina on the artifacts in its initial formation phase

In this paperwe demonstri@ the effectiveness of these methods in a particular case stughy
using some stone artifacts extracted from the ChurcBotterra(Paola Calabria- Italy). We
applied the AFM and PLA methods jointly with the common diagnostic methods (eitbign in
and n laboratory)jn order to characterize the materjatientify the pits of their origirgetect the
chemical composition ofsurface patina and define a strategy for the restoration and

conservatioff6t 62,

3.3.2 The case study: th8otterraChurch

The Church is located in an underground site onTiweheniancoast of South ltaly (see
the gegraphical collocation orfFigurel3A). Its architecture isPaleaChristian and can be
described as basilica witha singlenave, rectangular and slightly elongategiminating in an
apse, with smooth walls and divided up by three arches made of local(Bigme13B)%. In
addition the Church isconsideredas one of the mainrepresentation of Byzantine art in
Calabria®*®>, A strong moist environment, caused by frequflooding, characterizes the Church

atmosphere and contributes to the formation of a corrosive patina on the surface and in the
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deterioration of paints and stone artifacts. Several restoration processes, conducted since the

Middle Age, makat difficult to identify the original raterials and the dating of thdn@ch

Figure 13 - Archeological site: (A) geographical position, (B) the irsaf the Church, (C) 92
samplesand position where they have been found within the church

A dating ofthe Church based on the analysis sfmepaint pigmentsindicates that in the
first Middle Age the Churclvasalreadybuilt while someecclesiastic documents indicatatthe
consecration and construction of Chumtcurredonly in the late MiddleAge®®%®. A dating
process of the Church using direct methods such as ThermolumioesesieRadiocarbon is
impossible dueot he absence of any cer amic, wood, or
the only artifacts attributable to the original construction being the floor, the altar, and the paints.
Hence, a deeper analysis is necgsgabetter understand the pits of provenience of the materials
and to better define the origin of the Church.

Our analysis has been made basa® stondragments taken from the floor and the altar
and using 1) Opticamicroscopy(OM), 2) SEM and3) AFM microscopies4) EDX (energy
dispersive Xray analysis)5) XPS (X-ray photoelectron emissiar§) XRF (X-ray fluorescence)
and7) PL (photoluminescence) spectroscopMereover each samples restored with th@ulsed

laser ablatioff to check if this rethod can be considered alternative to thoseonventionally
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used insitw®’. For Italian Cultural Heritage, conventional restorative processes are regulated by
the UNI Normal standaf8
They suggest very different restorative processes: 1) laser ab(atiotinuous laser)
cleaning with water spray2) micro sandlastingunderdry condition, 3) ¢eanupby chemical
solvents (distilled water, solvents, andightly basic solutions such a&B57 the ICR and
ammonium carbonate), and &chnical extractio of soluble salts by chemical reactioithe
choice of the correct methodsapplyd e pends on the artifactds mat e

status.

Table 2: Sample Roughness evaluated from AFM images

Sample Roughness

(nm)
C1 89
C2 166
C3 61 93
ca 129
C5 52
C6 87
Cc7 16
C8 926
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Figure 14- SEM and AFM images of C1 and C7 samples as example for
samples 94

The experimentareconducted on a series of samples-(€&) withareasof 1 cm x 1cm
and thicknesss of about 2 cm Kigure 13C). All samples are composed, in a first analysis, b
stone, and are strongly deteriorated by moist and biological agents, as witnesseprbgehee
of a white patina on the surfacBhe sampleshave beerakenfrom different sites distributéon
the floor andon the altar of the Churglas indicated ifrigure 13C. Each samplés subjecedto
petrographicchemical, optical and morphological analysssngdifferent techniques (XPS,XRF,
-EDX, PL, SEM, AFM), in order to identify themineralogical andchemical composition of the
materials andheir alteratons. Moreover, aftesamples characterizatiptheir surfacehas been
treated bya PLA cleaning procesis order b eliminate the surface patfiia

This processs compared with the traditional method of micro sand blastingiected
under dry conditio®f- All the chemical, optical, and morphological analysis have been conducted
before and after the cleaning procédse mineralogical and petrographic sesbf the collected
samplesare performed byOM on thinsections using a Zeis&xioplane Microscope equipped

with polarizing and reflected optical ligh€hemical analysisre performed by XPSnd XRF
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spectroscopiet® obtain information on both surfaces (XPS) and the bulk (XRF) of the artifacts
XPS measuremésareconducted in an ultraigh vacuum (UHV) chamber equipped for standard
surface analysis with a pressure in the range 8fTdr. Nonmonochromatic Mek| X-ray (1
= 1,253.64 eV)s used as excitation source. The XPS spextaalibrated with the C1s peak of
a pure carbon sample (energy position 284.6 &\ thedataare fitted assuming a Gaussian
distribution. XRF measuremendse conductedwith a X-123 SDD apparatugAmptek - USA),
equipped by a gold cathode and a beryllium revelator, operating at fixed angle.

PL measurementretakenwith an Olympus microscope (Horikbyn Yvon) mounting
objectiveswith10x, 50x and 100x magnifications. The miscope is equippedith a 378 nm
laser source with a power of 12 mW and by a Triax 320 (Horikia Yolon) spectrometer working
in the 200- 1500 nm range.

Finally, morphologic informatiorhasbeen obtained by botBEM and AFM microscopies
The SEM imagesre takenusing a Cambridge Stereoscan Skfgrking witha 20 keV electron
beam and a current of 3.4 m# either secondary electron acquisition mode-§&M) and
backscattering acquisition mode (BSEEM). The AFM imagesare takenwith a Bruker AFM
microscope (Icon Bruker) working ithetapping mode. Each image was taken with a resolutiogg
of 512 x 512 pixel®n an area of a few microns (we took images with a maximum scan size of
5x5mm). The AFM imagesreanalyzed by the Nanoscope software by Bruker in order to retrieve
the surface roughness and control the damage on the surface on a hundreds of nm scale.

After characterization, the samples C1 anda@3subjected t@ PLA procesdn order to
evaluate its effectiveness in removing the surface patina awerifg a possible change in the
chemical compositiomr in morphology The pulsedlaser ablation proceduiie performedby
irradiating for 30 minutes each sampléth a Nd: YAG laser with energyof 550 mJ/pulse
operating at 1064 nm, 20 Handa pulse length of 7 ns (Commercial QuaGiant series 710
laser).

PLA processs performed in air and in watday vertically placingthe sample in a glass
vessel (transparent to the waveldn§j064 nm) filled with marine watefhe aim of testing PLA
in underwater condition is to verify its effectiveness in removing the patina surface in locations
with a high level of humidity (such as can be foun8atterrg or underwater (among the common

restoration methods, only the laser ablation can be performed inwatircondition).
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Figurel5 - Chemical analysis on samples: (A) XPS survey spectrum, XRF (B’
Photoluminescence (C), and Gaussian analysis of PL spectrum of C4 sample 96

Finally, the laser ablation cleaning proceisscomparedto the micro sandblasting
techniqué’, conventionallyused for the restoration bliildingsexternal wall&. The blastinglry
is performed with a micro sandblasting on whiedmounted nozzles with a diameter from a few
tens of microns up to 0.8 mm and with a working pressure o#tb#o.

Morphological imags ofthe samples surfasdsee Figurdl4 showingSEM andAFM images of
samples C1 and C7 as example for all sampiedicate that all samples show the same
morphology consising in a random distribution of the grains wistsizein the order ofa few
narometers.

Analysis of the surface roughness indicates that the conservation status of each artifact is
strongly dependent dheextraction zongin fact,areducedoughness isbserved osample C7
which comes from the altaséeTable?2) but, due to & intrinsic location within the church, is also
the less exposed to usuAs we describe in the following, all the diagnostic methods are in perfect

agreement with the AFM analysis and the roughness measurements, indicating that the items
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extracted fromhe floor show the same morphological composition and a conservation status
perfectly described by the roughness analysis.

Moreover, as indicated in the experimental section, the AFM analysis requires fragments
with dimensions of the order of few micronghile for petrographic and mineralogical analysis

we need thin sections with dimensions of the order of several mm.

97

Figure16 - Optical microscopy images for petrographic analysis (samples C1 a
as example for all samples)

Table3: Position of main XPS peaks for each element

C1 Cc2 C3 C4 CS5 C6 Cc7 C8
Si 2p ‘ 103.6 103.2 103.8 102.7 102.9 102.5 103.1 1039
C1s ‘ 284.2 284.8 283.4 284.1 284.8 284.2 284.2 283.9
O 1s ‘ 531.6 531.9 530.8 531.1 531.7 531.0 531.0 531.8
Caz2p ‘ 350.9 349.1 351.5 350.1 349.2 349.2 348.2
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The chemical composition informatiaf the samplesre obtainedfrom XRF and XPS
spectragee kgures15A and 1B). The spectra indicate that the main elements on the surface are
C, Si, O and Ca, with trace elements of F, Na, Mg, Al, CI, K, Cr an@iliteemain positions of the
XPS peaksdr each element, summarized iable 3 are those of purglements, without formation
of chemical bonds between impurities and the matrix. The only exception is represented by the
position of aCa2p ling at about 351 eMndicaing the presencef CaO or Ca=Ostructure®*

and then of a calciumcarbonatesnatrix (CaCQ)°>*.

98
Figure 17 - Variation of elements with LA and sand blasting cleaning on surface and bulk evalug

respectiely by XPS and XRF (A for LA and GD for sand blasting). Inset in D: a fragment of samg
broken after sand blasting cleaning

These conclusions are confirmed by petrographic and mineralogical analysis conducted
usingOM on thin sectionsThe optical images (Figure Bhows the images for samples C1 and
C7 as benchmark for all samples) indicate that all the samples are composed in genaedtiky a
of marl with silicacladic fragments of granite origin.

The different matrixes, as easily obtained from the roughness anbly$iFM images,
show a different status of conservation, clearly visible in the grain size of the granite, which varies
from gross to fine. In details, the fragments with higher roughness (C1, C2, and C4) appear, also
at petrographic analysis, as the indsteriorated, showing an altered matrix with secondary
porosity while C3, C7 and C8 (lower roughness) show a well presemaéik without sign of

band dissolution.
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The found items can therefore be classified as natural stones mainly composed by
sedimetary rocls of carbonate in a marl matrithhe different distribution of the aggregate may
indicate that théragmentswere picked up from different stratigraphic levelsadks
Finally, PL measurements inigare 15C show a lowe intensity of the PL sigral, with the
exception of C4, suggesting that the origin and the composititimeséfragments is different
from that ofthe othes. After a Gaussian analysi&igurelsD), the luminescence signal reveals
two main bandsround560 and 610 nm, which can léributed to quartinclusions(SiO;"%).

Indeed thesebands are both typicédr quartz and are intrinsic ¢tfie bulk structuré.

The comparison between the chemical and mineralogical composition of ouafidds
series of previous geological studies on the pits of Calabria, allows to conclude that the materials
used in the Church constructiarere taken from a quarry found along thgrheniancoast of
NorthernCalabria, rich in this natural stofie

As descibed in the experimental sectioRLA cleaningwas performedn air (C8) and
marine water (C1) to investigaprocess effectiveneder in-situ restorationfor both terrestrial
and underwater site%’3, In thefollowing, we demonstrate that PLA is much more efficient than
classical restoratiomethodsandmoreover it does not cause afgmages to the artifacts. In the gg
classical Laser Ablation the continuous irradiation withigh energetic laser beam cstnorgly
increase the surface temperature (the irradiated area can reach temperatures in the order of a few
thousand) "%,
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©

Figure 18- Variation of surface morphology and chemistriyh PLA 100
cleaning on surface; a) aihd SEM images of bitogical patina before ani
afterPLA, c) variation of chemical elements on surface verified by XI
analysis before and after PLA) 8EM images after sandblasting cleani

In PLA, however, the temperature increases only during the pulse interaction (with a
duration in the order of ns) and the averagepenature on the sample surface is in the order of a
few hundred K, without damaging the artifacts. Moreover, with PLA it is possible to remove only
the surface patina, controlling the thickness of the removed layer simply varying the duration of
the ablatbn and without changing the chemical composition of the artifacts matrix.

The white patina on the stones artifacts, with a thickness of about 500 nm, has been
completely removed after 30 seconds of irradiation in marine water and 40 secondd 'l air.
variation of the percentagef constitutiveelemens, obtainedoy XPSmeasurements before and
after the PLA ¢eeFigure 1&), demonstratethatPLA, as LA,is more effectiven waterthanin
air. In fact the pecentageof C on the surface increases on tample ablated in giindicating
absorption of C@from the atmosphere. Converselye sample ablaten water showan increase
of the percentage of Si and Ca, and a decrease of C and O.
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The percentage of the elemeataluatedy XRF (see Figire 17B) shows an increase of
the intensity of all constituents indicating the effectiveness d®ltiRein the removal of the patina
Cleaning process by micro sand blasting dry was performed on sampisiri@6grainswith
dimension of a fewaundreds of microns iagted at a pressure of 3 bar falumationof 10 seconds.
As it is well known, this method compléteemoves the surface patina (Figdr&C and 170or
XPS and XRF measurements) but creates some{fnaxrtureson the surfacevhich can seriously
damagehe artifact(see Inset in the Figure 17D¥RF results confirm those of XPS also for the
bulk, only Cu andCa increase in concentration (Figured).7

In conclusion, with PLA is possible to remove only the surface patina coatings without
altering the chemal composition of the samples or creating miftexctures, whickcould cause
damageo the artworks.

101

S. Veltrii Ph.D Thesis



Chapter 4

4. Innovative Laser-Plasma Diagnostics for Cultural Heritage

This Chapter discugs two innovative laserplasma baseddiagnostics for
applicationin the Qultural Heritage (€1) world. In details, idemonstrates the feasibility of a
oneshot PIXEspectroscopy andf Plasmalnduced LuminescencEor both diagnostics, the
Chapteistartsdescribing firsthe conceptal method then the design of the experimental setup
the theoretical simulationsWKH PHWKRGYfV IHDVLEILrésuly andViinaly H[SHUL
discusses the results. All the results are comparedthadeobtained by the corresponding
classical methods (see Chapter 2 for the details).

Furthermore, the desigof the proton beam line famneshot PIXEsuggests the
possibility to conceive new nanostructured tasgetmodel proton beams dedicated to CH
diagnostic. The discussion about these new nanostructuredsiaigetudedat the end of the
paragrapltabou OneShot PIXE.

4.1 Oneshot PIXE diagnostic

As previousy discussedduring the last yearsnany research groups hagarried
out several studie® improvediagnosticsableto investigate the Cultural Heritageased on
morphological and chemicahalysis he efforts aim to obtaithe highest possiblaumber of
chemicalinformationat the same timwithout causingany damageto the artifacias well as
revealing both the array elements and the trace eleméntsrder toobtain a complete
chemistryof the bulk material theuseof more sophisticated (and expensive) nuclear physics
techniques such as Proton Inducecy andGamma Emission (PIXE and PIGHS typically
required.

In the classic PIXE and PIGE, heavy charged particles (i.e. pratiphsparticles
or sometimes heavy ions) are used to create-simgt vacancies in the atoms of the specimen
This leads to the emission ofrays and Gammaays produced by dexcitation of thee
vacancies The X-ray and Gammarayadiation can be meased in order to havea
characteristic fingerprint of each chemical element present in the analyzed bulk sample.
conventional facilities, amall Van de Graff accelerator or a compact cyclotron produce the
incident chargegbarticle beam (typically corsting of protons with a mean energy eb1

MeV). The advantageof PIXE spectroscoppn the other Xray spectroscopies are various:
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- The protons beam can be focused and transported by electrostatic or electromagnetic
devices/optics over large distances without provoking any loss in the beam intensity.
This allows to have a higher fluengke incident fluencies on the samples are galyer
much higher in the PIXE than in ordinaryrgy spectroscopiesind a higher Xays

number yielding a good chemical information. TheE® OOHG 3SHQFLO VFDQQL

implemented, i.e. small portions of taealyzedsurface are scanned in sequendé w
a higher precision, if thparticle number is high enough.

- The analysis is characterized by a variable spatial resolution, since it is easier to
PDQLSXODWH D SURWRQ EHDPYYV JHRPHWU\ +HQFH
analysis

- The protons can reach an higher depth than that reached by-tagsXthat in the
Cultural Heritage case might mean, for example, to go back to the period of
construction or discovery of a different construction technique.

FurthermorePIXE allows peforming analysis wittahigh spatial resolution, since protons can

be focused up to a beam diameter in the micrometer range.

Currently, PIXE is used for the analysis of a widage of material§rom proteins 103
to cells and tissues, from polymers to antipigments and artefaciy/pically, in the classical
PIXE the mean energy of the proton beam is ~ 2.5 MeVbdaen current liegr the 10150

nA range and a spectrum with afmay count rate in the order of 82000 counts/seconds is
generatel In the Cultural Heritage field?IXE and PIGE spectroscopyeperformed infew
worldwide typical facilities such asAGLAES?, located at the French Louvre Laboratory
C2RMF or INFN-LABEC5 located in Florence with a conventional proton accelerator
(enegies 1 to 5 MeV, beam current from 10 pA to nA). Both these facilities are able to perform
measurements on spot areashe order of ~10 um (up to 500 um). This means that is necessary
to take numerous measurements, from 10 to 100 (where each poineéseround 1069000

s), to collect the complete chemigaformationretrieving the elemental composition of the
sample. The great disadvantagetbesefacilities isthe extremelyong analysis timéhat tey
require whichimpliesa potentiadamadng of the artefactinduced by the proton irradiatian

The maximum analysis depth that can be obtaiméldesefacilities is betweel -20 microns

due to the limited energy range of conventional facilities. This depth is typidailotdgical

film, surface patina, or bronze cancer (cuprite ad malacHibke) analysis ishereforelimited

to deteriorated layers without information on the pristine material bulk. Moreover, these

conventionaldiagnosticmethods are not easily tunabledaadaptablgtypically, tuning the
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accelerator energy requires at least tens of miphmteeh oftenreduce their application to

certain energy rangand to micrometric surface areas.
4.1.1 Laserdriven PIXE: the idea and the conception of theexperiment

The advent of higipower, ultrashort lasers has opened up possibilities of laser
based particle acceleration, including protdas a potential alternative to conventional
accelerators based on radiequency (RF) or electrostatic technofo@he investigation and
application of these las@ccelerated beams is currently challenging many research
laboratories especially for thatractive characteristiad these sources such as compactness,
efficiency, versatility andtunability. Laserbased particle beams present the advantage of
havinga high current (kA), strong laminarity at the source (emittance about 100 times better
than conventional accelerators), short duration (ps scale), and small source size (tef$ of um)
One of the mre commonly exploited lase@riven proton acceleration mechanisms is the
TNSA (Target NormaBheathAcceleratio) where a focused laser pulse irradiates a solid target
that acts as proton souras pictured in Figuré. In this acceleration process tlasér pulse
generates hot electrons that escape the bulk of the target and form a negatively charged %%ath
at yl um distance from the rear surface of the target. Over this short distance a charge
separation field (up to TV/m) is created, leading to theaiion and acceleration of the water
contaminants (mainly Hydrogen) that are present on the back surface. The ion beam is therefore
accelerated normally from the rear surface of the irradiated target.

Currenty, multi-hundredTW power,tabletop laser syiems can generate -¢arget intensities
of ~ 10:°-10?°W/cm? acceleratingprotonbeams up tenergies of ~120 MeV, with a typical

laserto-proton energy conversion efficiency of61%%'2 13 and apeakcurrent in the kA
regime (each laser shot produedsut 16° protons).
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Figurel - Basic scheme for the TNSA acceleration process from the n

surface of a solid target. Electrons from the bulk are accelerated and cr

strong electric field on the rear surface that ionizes water contaminants

accelerates them orthogonally frone thack side of the target. Extracted fr
the PhD thesis of P. Anti§61]

105
The main purposef the work that is presented this sectionis to studythe use of

laseraccelerated proton bearasa novelexcitationsource forperforming PIXEanalysis of
materials(see Figure &). The lseraccelerategbroton bearscan be used asdiagnostis

tool in the field of Cultural Heritagand, moreoveganimprove the techniques that are based

on conventioml PIXE and PIGE spectroscopids. details laserbased protons have the
advantage of allowing

1) a complete chemical analysis on a larger volume of the artworks, analyzing surthes

order of cm;

2) a scan of a larg&ulk volume allows a quicker identification if there are chenetainents

in it requiring further investigation (e.g. harmful elements)

3 D GHHSHU DQG PRUH SUHFL Vdihcéthedbdatd eaarggab belturied QD O \V
from few MeV to tens of MeV within a very short timescale;

4) a more precise investigatioartthen be performed with higher resolution, i.e. a smaller spot

size and a more precise depth, in the considered volume (e.g. in order to find harmful elements

or in the contrarg.qg. if no harmful elements could be detected on the larger volume, #ms me
WKDW WKH VFDQQHG DUHD LV 3FOHDQ KHDOWK\" DQG WKH

artefact)

S. Veltri #Ph.D Thesis



Innovative LasePlasma Diagnostics

5) depending on the facility, a higher punctual dose (obtained in one or more shots).

The thesis work focusesn improving diagnostic technigsi@erformed with non
portable, quite costly facilitieccelerators). iSce in this case the criteria of portability for
both technologies (conventiahand laser) is not applicable direct comparison is justified
(current tableop lasers obtaining las€ériven MeV protons are still far from being portable,
as well azonventional accelerators in this energy range). Our setup is similar to a typical PIXE
setup used in the Culturkleritagefield, with the only differencéeingthat the conventional
ion source is replaced with a ladmsed ongthe detailed setup is described latérhe high
power laser is impingingn a commercially available solid targethich acts ashe proton
source. The laseggenerated protons are used to irradiate a sample positioned at a variable
distance from the sourcas reported in Figure .2)

The X/Gammaerays produced in the interaction between the igseerated protons
and the sample to be probede detected bgn X/Gammaray detector that is monitoring the
interaction region. Our approach and experimental methodology has a strong technical
similarity with other recently developed techniques aiming at using¢gsesrated protons in

different aplications, particularly medical applicatidfs

Figure2 - Experimental Setup used for eakot PIXE

S. Veltri #Ph.D Thesis
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Different pioneering papers have tackled issues linked to our approach and
experimental methodology, such as:
1) availability in air (obtained e.g. using a 7.5 4tinick polyimide vacuum windoter 23 to
50 um Mylar or Kapton window?5
2) suppression of parasitic radiation (obtained e.g. using a deflecting magnet in order to avoid
unwanted Xray radiation from the target interfering with the dirsotirceaperture lineof-
sight-15or stopping potential contributions from laamergycarbon ions using a thick féi);
3) fast energy selection (obtained e.gngsihicane of magnetic dipol&or a combination of
RadioFrequencyCavity and quadrupolsequenc¥). In this thesisywe havenot emphasized
these adjustments since they have already been covered by thedbdveferences.

4.1.2 Numerical simulations: thefeasibility of the method

Using numericalsimulations, we reproduce the effects of irradiating materials of
interest for Cultural Heritage (CHyith laseraccelerated proton beams$he aim is to
reproduce thehermodynamically inducesdtresson the V D P S SuHief&in orderto testthe
possibleinduceddamage and tohoosehe best experimental conditions and parameters.

The interaction between the different lagenerated proton spectra and the sampIéLO?—
targetis simulated with a twalimensional Mntecarlo code, in which we inserted as proton
heating source a lasgenerated proton beam obtained in previous published experiments (see
references latgr The lasergenerated proton bears modelled as the projection of a proton
virtual point source with diverging rays, generating a proton source with diameter of 50 um.
This proton source modellinig similar tothe onedescribed in Ref!with the laminarity of the
beam alculated as indicated in R&fThehalf angledivergence of the protobeam . KDV
been adjusted depending on the considered proton energgpatedin RefC. Within the
opening angle, all particlese uniformly distributed. This modelling @standardn the field
of particlematterinteraction for measuringrotorrinduced heating effects

Regarding the proton spectra, since the ldseen proton yield is heavily
dependent on the lastacility, we need to consider different laser scenarios whibbr
simplicity +we rationalize abeing able to be represented by the following four different{aser
facilities:

1) Veryhigh-energy, long pulse lasecurrently difficult to obtain commercially such as the
LLNL-TITAN laser (maximum energy: up to 220 J, typical pulse duration: 700 fs, kentra
wavelength: 1.056 pum, repetitiate <<1 Hz}>?3;
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2) High-energy laser, long pulse lasezurrently difficult to obtain commercially, but not out
of reach for industry, such as the LUELFIE (30 J, 350 fs, 1.056 um, repte << 1 HZ}%,

3) High energy, shorpulse laser similar to what can be obtained commercially as 1 PW
laser (e.g. from Amplitude Technologies or Thales Optoelectronics), such as the ASTRA
GEMINI (10 J, 45 fs, 800 nm, envisioned segie for future facilities 8.0 Hz (e.g. at the
Extreme Lght Infrastructure);

4) High-energy, short pulse lasecommercially available as 18D0 TW laser (e.g. from
Amplitude technologies) such as the FEIRACO laser (5 J25 fs, 800 nm, repate 10
HZz)?®

A comparison of the different spectra obtained fitbwn different lasefacilities is shown in

Figure 3. The TITAN spectrum has been obtained during the experimental campaign

described lateon in this chapter

As astarting point for ousimulationswe use the spectra having tiighest number

of particles, i.e. th&ITAN spectrumwith 10" particlesproduced for each sh¢s you can

see in the Figur8), in order tohavea sufficient fluxto performD 3RQKIRW” ™ 3,;( DQDO\VL

On the other side, it is likely that this proton flwill heatthe irradiated target to the highest

WHPSHUDWXUHV 3ZRUVW FDVH VFHQDULR’ 108

Figure3 - Comparison of different proton spectra obtained for 4 diffe
laserfacilities operating in different energy/pulse duratianges. The
TITAN spectrum is obtained during the experimental campaign

We focus firstly on a few main material categories of interest in the Cultural Heritage, which
include bronzes, marbles (stone carbonates), noble metals (gold, silvegrandcs. In the

simulations we position the sample at different distances from the proton source and evaluate
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the heating effect. We need to ensure that the temperature within the sample stays safely below
the melting pointHowever as | mentioned beferthe more proton flux goes onto the sample,

the more Xray emission will occyrwhich will improve the signalo-noise ratio of the PIXE
diagnostic.

In our setup conditions and for the ceramic sample (which is one of the most critical
items haung amelting temperature 6f1600°C),the safe distance in order not to reach the
meting point of the samplées found to be about 6 cm from the proton soyseeFiguredA ).

In order to find the right distance to which the samples should be placed we did a series of
simulation. We chosen the minimum distance from the source that did not cause the melting
of all investigated materials.

The results of the numerical simulateoare shown in theemperature magof Figure 4B,

obtained forthe cases dfilver, ceramicandmarble sample(we took themas referencefor

the most common CH material3hese data have been obtaine8@psatfter the irradiation

using the TITAN proton spectrun®ne can see thatithin the whole analysed depth of the
samplesthe temperature stays safely (~25 %) below the melting point for all the considered
materials (the meltingemperature omarble silver and ceramic are respectively ab866,
1400 and 1600 °C)We check the temperature map 50gf®r the irradiation becaugke 109
heating onset time for the salepis in the order of 1480 pg’. .Therefore after about 50 ps

the materialshave reachedtheir maximum temperature during the heating procdsse
smulations also reveal that the temperature stays almost constant for about 1 ns before the

cooling phase starts and the samplaols down almost completely in a few tens of ns.

Figure4 +(A) Simulated maximum temperature vs. distance from the proton source for a ceramic artifact v
irradiated with the lasegenerated proton beam as obtained on the TITAN laser. (B) Temperature maps, obtait
the Montecarlo code, of a silver, ceramic and marble
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4.1.30neshot PIXE: the experiments

We validate thenumerical resultsobtained for the above mentioned cadmy
performing a series of experimentssing the TITAN laser of the Jupiter Laser facility
(Lawrence Livermore National LaboratoryLNL) . This laser system is capablepobducing
laser pulses of about 220 J in 700 fs and opwgat a wavelength of 1.054 @nThe laser
beam, focused down ta spot withy9 pm diamete(FWHM) andhaving an intensity df-10?°
W/ .. 8on the targetinteractswith a commercially available solid target in order to accelerate
protons in the lasdorward direction using the TNS#Zmechanism.The Amplified
Spontaneous EmissigASE) has been measured to d®&in contrast, i.e. delivering ~10 mJ
in energy. As proton source targets, we ws#d 15 umthick Au (or Al target9, manufactured
by Goodfellow depending on the artefact to be prolbée Al target has been used instead of
the Au target for those cases where a Gold sample has beenipradoated for performing
PIXE analysis. This allowed us to differentiate thea signal coming from the pi@n source
from the one coming from the irradiated samflbe incident lasewastilted by 10° with
respect to the target normal directiam order to differentiate between the trajectories of the
protons stemming out normally from the back surfaak the electrons following the laser 110
direction. As proton diagnostics, we used two calibrated Thomson parabolas (TPs) and
spectrometers located at 0° (TP 0°) and 9° (TP 9°) with respect to théasepulse axisin
orderto measure the forward generapgdton spectrum.

The TPswere placed respectively at a distance of 690 and 565 mm from the proton
source (distance to the entrance slit)e poton spectra measured by the TPs weseglout in
an absolute mann@r3%sing Image Plates (IP) of the tyBAS-TR 2025 from Fuji Photo Film
Co. Ltd, which wereanalyzed using a FUJIFILM FL&OOOreader Additional information
aboutthe proton spectravere obtained using Radio Chromic Films (RCFs) of the type HS
which alsoallowedto analyze théoeam spatial distributiorA typical lasergenerated proton
TITAN spectrum obtained during the experiment is showikigure5. The energy spectrum
here shown has been obtained with a proton beam energy from 1 to 5 MeV, using a Thomson
Parabola plackat O degree,

The spectrum shows energies starting from a few hundreds of keV to a maximum
energy cubff as high as tens of MeV and higher number of particlgd0'3) that allow us
WR KDYH D VXIILFLHQW IOXKRRWUaBayflIdRUPLQJ D 2RQH
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Figure5 - Typical energy spectrum of a TNSA accelerated proton bea
obtained on the TITAN laser facility in 2016. The number of protons d
exponentially, reaching a maximum energy of tens of MeV

As sample we used pure silver (97%, thickness 200 um, impurities of Cr, Ti and Cu,
manufacturer: Gootellow), gold and bronze (thickness 200 um, manufacturer: Goodfellow),
pure Carrara marble (provider: Le pietre srl), and one ancient ceramic (takehdroradieval 111
archaeological situ of Nicastr South of Italy, see FigueA; provider: Sovraintendenza ai
Beni Culturali of the Region of Calabria, ItalyThe latter is a decoratedagment of an
amphora (FiguréA) dated year 1650 AB. All the samplesverelocated at 6 cm from the
proton sourceand he lasergenerated protons were impinging the sample with an incidence
angle of 10°At first, we verify the effect of the proton irradiation on the target surfesmss
Figure 6) for the abovedescribedsetup(as you can see iRigure 2) This is performed by
morphological and chemical analysis on all the irradiated materials before and after the

irradiation(that is possible to see in the next paragraph).
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Figure6 - Archeological situ and details about the ceramics used for testing the damaging effect of-thenleisec
protons during the orghot PIXE; Images show the artifact before and after the irradiation

112

4.1.40ne-Shot PIXE Results and Discussion

All tests performed on the irradiated samples positioned in the al@®azibed setup
indicate norperturbative morphological or chemical changes on the artefacts. Bigune 7
show, asan example for all, the results obtained for the ceramic sample, which is the most
critical sample we irradiated’he norphological analysis, conducted ®M, indicates the
absence of fractures and cracks on surfegefirming then the possibility tase the proton
beam on fragile artefacts tgas you can see from the optical images in the Figur&\jile
thechemical analysis, conducted BpX analysis under SEM conditions, shethie absence
of chemical changes on the materials surface and inside the bulk (within an analysed depth of
10 microns)Verifying the XRF emission before anaffter irradiation (see Figui@A) shows a
slight decreasing of the Ca, Fe and Cu lifi&é&n the proton beam causes on the sample surface
a kind of ablation of the first micron of the surfac@wever, this effect is not recognizable by

eye anctan also occun the case of irradiation with conventional proton beams
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Figure7 = (A) XRF optical image of the sample before and after irradia{®nResults
of the dating process performed before and after irradiation

This said, ad is the casevhen applying conventional methods, it is no longer possible
to obtain the dating of the artefact, because the-tughulated dose during the PIXE strongly
affects the thermoluminescen@d.) of the material sample
As specified in Ref?, the TL techniquefor analysing most artefadsbased on the amount of
UDGLDWLYH GRVH FXPXODWHG GXULQJ WKH DUWHIDFWY{V O
is evaluated as the ratio between the Palsed&y) and the Dose Year (@gar) of the
archaetogical site. The irradiationwith high energetic protons can strongly change the
radiation cumulated into the finding, changing the Paleodose and affecting the dating process.
We checked the (non) applicability ®F dating techniques using the conventibmethod as
described in Re®. Figure7B shows the Tlemission before (dark lindd00x magnified) and
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after laserdriven proton irradiation (blue line). Our artefact would now be dated with an age
of 140000 years insteand 324.

However, conventional PIXE methodtsoinvalid the use othis datingmechanism
Thereforethere is no difference in using las#nven or conventional PIXEom the point of
view of the feasibility of TL analysisWe can conclude saying thtte irradiation of the
samples, even the most fragile ones such as ceramic, does not induce irreversible damage on
theartefacts Therefore, themme shot PIXEnethod can be used as diagnostic safely.

Once assessed the suitability of this distamceorderto cause any damage toe
samples, we now test tipeoton induced Xay emission

The PIXE produced by the lasgenerated protoris measured at an angle of f@8m
the sample, using spectrometethat issensitive to Xray emissiorranging from fewkeV to
50 ke\??. Asadetection mediunthe spectrometer we implemented ufsf the type BAS
TR2025 whichwerereadout by the same IP scanasifor the proton diagnostiaq discussed
before in the description of the experimental setBehind the artefacts we placed a stack of
RCFs(of the type HD) in order to verify thieajectoryof the proton beam onto the artefact.
Due to the limited sesibility range of the spectrometer, we tested the validity of our method

only on the silver sample, since ik other materialshat we tested for potential damaging by 114

the proton beamhave their K lines outside the main detectable spectral range of the

spectrometer. The results of a singleot PIXEanalysisperfamed on silver areshownin
Figure8As it is visible from the RCF positioned behind the sample @& the silver target

is fully covered by thempinging proton beam, i.e. the protons irradiate a surface of several
c?. The signal on thelP of the PIXE spectrometer (see insejrBB) shows three well
defined bands correspondiagergy of the Xray emitted from the material sample. The energy

has beemvduatedusingthe Bragg law

"L G%GE :t Where, GandE are the wavelength and the energy of the) the diffraction

angle x the distance of the line from the zevaler,d is the lattice parameter of the crystal (in
our case 0.68 nmR s the distancéhe IP and thecrystalin the spectrometdm our case 0.1

m)).
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The convoluted spectrum (Gaussian convolution, obtained using the cross sections for
each liné®) is shownjn Figure8C. The leftmost line, close to the zesader (heintense round
dot), corresponds to the first orderaifa line (22.2 keV) while the two adjacent lines on the
right side can b&-alpha lines of Ti and Cr respectively (4.93 and 5.94 keV). dritesshot
PIXE data are in perfect agreement with those obtained by conventional XRF on the same
sample insetin Figure8C), which indicate the presence of thalpha line of Silver (3 keV)
and K-alpha lines of Ti (4.93 keV), Cr (5.94 keV), and Cu (&®¥/). Theseresults confirm
the feasibility of lasedriven PIXE,which can be performed on a larger surface than what
performed conventionally, in addition to being obtained in a singlersuaser shot.

We have performed the experimental validationgisaisergenerated protons obtained
on the TITAN laser, whiclprobablyis not the most suitable lagerroutinely perfornthis kind
of analysis. More appropriate lasers for make ensuring a broader use of this application are
those commercially available @maving a higher repetition ratg®®. In those facilities, the
integrated number of protons is typically at least onder of magnitude lower thavhat is
obtainable with th@ITAN laser Eee Figure). However, the lack of proton flux can easily be

balanced by cumulating a certain number of shots, and with this reproducing the saye X
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signal as obtained during one single shot on the TITAN laser.
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Figure8 - A) Silver sanple mounted in front of the RCF (shown below) indicating the footprint of the las
generated proton beam; (B) Image Plate (IP) positioned behindithg spectrometer showing the different lir
and the zerarder; (C) Convoluted PIXE spectrum obtair®dBragg analysis on the IP shown in (B)

A proton flux deficit ratio of 100n a 10 Hz(an example could be the red spectrum
VKRZV LQ WKH )LIJXUH R E W D L Qbr&derLIséét acceteratiod Bodred) 'UD F
laser can be balanced with 100 consecutive shots, ideally lasting 10 s inragggtion rate

target setup. Given the lower proton flux, the temperature conditions (i.e. that the samples stays
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safely below melting poingre stillensuredEven when using higheepetition rate lasers, the
time interval between two consecutive shots is sufficiently long to ensure that the temperature
within the sample cools down and the cumulatffect of the shots does noauseany
damages to the artifact even at higher repetition rate operation.
A last point to consider is the more punctual analysis on different layers (depths) within
the material. This analysis recessaryif the sample exhibits zoneequiring further (more
predse) investigation (e.g. harmful elements). A potential way to perform this is using an
energy selector, i.e., a device that only selects a fraction of the proton beam within the entire
broadband spectrum around a tunable central energy and reducesethgspread of the
particle$*3®, Since protons deposit most of their energy at the end of their trajectory (Bragg
peak), this device allows performthe analysis on different layers with a depth precision
depending on thallowed energy spread. ADGGLWLRQDO DGYDQWDJH LV WKD
SODVPD” HQHUJ\ VHOHFWRU FDQ HDVLOYHh®mam debént farO\ FK D (
the energy selectiois a movable slit, which selects the central energy out of the {iraad
proton spectrunand that can potentially be moved with salvelocity Therefore, thisllows
a quicker scan than what obtained using conventional accelerahar®e each central energy
adjustment requires a full reassessment of the accelerator. 117
In the present study, ehave not considered other materials of interest for Cultural™
Heritage such as glasses (and silicates in general), wood, paper, and one of the most commonly
XVHG SLIPHQWYV WKH 35H D) belddusebthe\aaablE epenien@Gitsetiy
did not allow us to do otherwisé&or analyzinghose materials witkthe PIXE spectroscopy,
the best approach is testthem in air requiringa more sophisticated setup, which we did not

have at disposal. This will be part of future studies.

4.2 Design of nanostructured targets: enhanced proton beams fane-shot
PIXE

As indicated in the last sectipane of the improvemesbf the oneshot PIXEcould
be the use of a magnetic energy selector, which allows to obtain monochromatic beams and
then a PIXE analysis limited to a specific material lajteis unlikely for the currently used
magnetic selector® strongly reduce the particle number (ab®Q0 times), preventing the
possibility to have a good sensibilityame shot PIXE
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Neverthelessmany theoretical works indicate thaetuse of properly designadicro
structuredarges in the lasematter interactiorwould allowthetuningof the produced proton
spectrunfeaturesn terms ofan higher proton number in a weléfined energy range.

Onthe other hand, thenprovemenbf proton spectra in a specific energy range combined by
a simple magnetic energy selegtashich cus the particlesoutside the desired rangean
produce monochromatic beams with a proton number comparable with that of whole energy
range (640 MeV) proton beams.

In the following paragraphthe design and the realization of nanostructured tavg@th
enhancethe proton beam in the range eb3VieV, are describedl'he design of this type of
nanostructured target is only the first step to enh#medaser absorption on the targéhe
idea is to collect all thenergydataobtained from eachnanostructuredarget in order to
achieve the database that we could @diQHUJ\ WDUJHW GDWDEDVH"’

This study is only the first step, other targets are designingéterialize W Keidergy/target
databas€ | R U-sRADMXE.

4.2.1 Nanostructured Target: a new route forenhance proton beam acceleration
118

Nanostructured surfaces have attracted great attention because of their excellent
antireflection and light trapping effects. Patterning a smooth surface withpoaes or
nanostructures has shown to reduce the surfdleetien and hence to substantially increase
the optical absorption in the visible rafE3. Research on high absorption nanostructured
materials is of crucial interest in many fields of material science since improvements on the
material have a direcbnsequence on their applications. Therefore, in the last decades, strong
effort has been put in the realization of nanostructured sutbgcsuperposition of a
nanostructured layer onto a bulk surface or by the use of RX lithogfdfhwany of these
metods require very long and expensive processes without allowing a good control in the
shape or dimensions of the realized npatiern. These propertie§ nanostructured materials
are important for many applications such as optoelecspphotocatalysjsgyreen enerdy,
ZKHUH DQ HQKDQFHG DEVRUSWLRQ UHVXOWY LQ LQFUHDVL
operating efficiency.

A more recentesearch fieldwhere improved lightibsorption plays a crucial rols
the lasemmatter interaction fohigh-intensity lasers, in particular the field of laskiven
proton acceleration. One of the most common proton acceleration mechabtamed on

typical commercially available mutiundred TW laser systems is tle-called Target
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NormalSheath Accelation (TNSAJ? in which protons are accelerated at the rear target
surface of a solid foil (target) irradiated by a higtensity (I>168 W/cn?), short pulse (t<1
ps) laser operating at wavelengths around-BO®6 nm. Improving the acceleration
mechanismi.e. enhancing parameters such as maximum proton energy, laminarity, efficiency,
monocromaticy, and number of accelerated partictesne of the key challenges on which
researcher are currently working. In particular, the fas¢arget absorption, i.ehow much
energy is transferred from the laser to the target and from there to the particles, is a crucial
parameter since it allovts improve the acceleration mechanisfficiency.

Currently this efficiency is at most in the order of a few percentdapends on the
target and its structure. Several attempts have been made to tdenigity foamor micro- or
nane structured targets with the aim of improving the lasetarget absorptidi. These
targets optimize the mean energy, collimation, and ndrbb Rl HQHUJHWLF 3KRW’
are generated at the target front by the ponderomotive force, travel througtgdidulk and
establish at & rear surface the electrostatic field that drivesprotonacceleration proce¥s
Therefore theasearch on laser driven proton acceleration using solid taiget®cuses on
the production of targets with morphological and chemical characteristics, which can increase

the optical absorption, enhancing the physical properties (electrical condyctiethanical 119

resistance, thermal stability) and improving the driving electrostatic field at the target rear

su rface37Errore. Il segnalibro non & definito.

In this scenario, several grodp&+>“tlemonstrated that the use of nanostructured
targets could enhance thabsorption of the laser pulsén the following, we present
nanostructured layerargets able to increase tight absorptiorat least three times more than
what can be achieved withctassical solid aluminum (nemanostructured) target. We show
that this absorption enhancement is very favorable for being applied in thdriasearproton
acceleration mechanism and in particular for enhancing the Jemeygy proton yield.
Compared toexisting nanostructured targetequiring the use of complex and expensive
manufacturing procedures (e.g. lithographic methoois) targets present the advantage of
being both, simple and cheap to manufacture, and do not exhibit the stringemhdsser

alignment conditionsas required by micrstructured targets.
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4.2.2 Nanostructured target preparation: a simple, low cost, lasébased method

The nanostructured target is obtained growing a gold nanopatrticle film (nanoparticles
with a radius oR~5 nm adjacent to each other)Mylar, Carbon Nanotube buckypaper on
different solid target surfaces such as aluminum.(AWe considered these target materials
since they are the most used target materials intasamn proton acceleration and tvetting
properties between them and the gold nanoparticles can ensure the realization of a uniform
nanostructured film on the surface without local aggregation of-partles (NP¥. With our
technique, we are able to generate targatsng at the saméime, a high absorption, high
roughness and low cost. The low fabrication costs of all nanostructureddgiivesfrom a
simple process combination of Laser Ablation in solution and Spraywhich enhances the
surface roughness.

The gold nanoparticles (NPsje grown by the laser ablation in solution (LASIS)
method. A gold plate, withaminal purity greater than 99% (commercially available from
Goodfellow) and dimensions of 1 cm x 1 cim,placed on the bottom of a vessel cuvette
containing an agueous solution of acetone (99, 7%). The pkttated with the first harmonic

(1064 nm, 20 Hz) of a pulsed YAG:LASER100 series of QUANTA SYSTEM). The laser 120

spot covered the entire target surface with a fluence of 500 mJ/pulse. The growth iigrocess

monitored bymeasuing the solution{ ¥ptical absorptionThe analysis of optical akorption

and related extinction cross secti@s you can see in the Figure 98)a useful technique to

have rapidly information on the size of a nanopatrticle. The extinction cross section of a particle
is strictly dependent on its dimensions since tha&tpm of the plasmonic peak changes with

the particle diameter.

Figure9 - (A) Extinction spectra of a colloidal solution collected at regular intervals of 4 s during the |i

irradiation; (Inset A) Evolution of the particle concentration for primary particles produced during the

ablation as foction of the irradiation time; (B) Histogram of the particles radius distribution; (Inset B) 3D
images of Au NPs deposited on a Sgorface
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As you can see in the Figure i laser source for LASIS reached the target from the
top surface of the cuvette while the white lamp (Energetiq LDLS, Laser Driven Light Source)
and UMWVIS spectrometer (TRIAX 320 from HoribdobynfYvon) for optical absorption
measurements were placed normally to the electron beam, to illuminate the entire liquid region
occupied by the plasma plume. White source and optical transmissransferred between
the sample and the equipment with a series of optical lenses and fibers. All the Joftivere
optical absorption analystsve been prepared and tedt®uring the LASIS the droplets of
the colloidal solutiorare deposed, at different irradiation tisyen the silicon dioxide substrate

for ex-situ diagnostics (i.e., AFM, SEM, microscopy, and EDX gsialf®.

121

Figure10 £Sketch of LASIS setup

Nano structuratiomn the target surfads obtained by a controlled spralyy process.
The solutions VSUD\HG XVLQJ DQ DLUEUXVK ZRUNLQJ LQ 3ILQH O]
about 500 Fn from the working surface. Different amounts of gold NPs coming from the
solutionaredeposited on a surface of 1 ¢omto three different surfaces: Aluminum foil (fiy
greater than 99%, thickness of Z#), Mylar foil (thickness of 2,5Mn), and Multiwalled
Carbon Nanotube (MWCNT) buckypaper (nominal purity 95%, thickness d®80All the
surfacesare heated in Ultra High Vacuum condition before performing the Bjpodition in
order to remove the adsorbed impurities.
Chemical and morphological analysis on cleaned surfdoesotshow presence of
external impurities or oxide, which could react with Au NPs, influencing the characterization

of the nanostructured materials. Afténe deposition, each nanostructured mateirsl
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characterized for retrieving the morphological, chemiodl@tical propertiesMorphological
information (i.e; particle shape, dimensions, density and roughness) of the nanoparticles and
the nanostructured surfadeslirectly obtained by AFM and SEM microscopies.

The AFM imagesare obtained by the ICON AFM microscope from Bruker working in
tapping mode. Each image was taken with a resolution of 512 x 512 pixels and a frequency of
1 Hz. The dmensions of the NPare analyzed conducting a statistical analysis on several
nanoparticlesollectedby different AFM images. For each sample, we scanned several areas
(about 50) in windows of 500 nm x 500 nm (resolution of 1024 x 1024 pixels).

The imagesre elaborated by the Nanoscope software (1.40 version from Bruker) to
obtain morphologial information &d measureits dimensions.The morphology and
topography of nanostructured materiadsinvestigated in terms of roughness and fractal
dimensions. The roughness of nanmpanostructured surfacés obtained directly using

Nanoscope software,hile the fractal dimension for each substrate was evaluated as:

122

where Eis the slope of the 2D power spectral den@i$D) calculated in a log pl@D PSD
was estimated by a FACA ((fractal analysis by circular averagbagpgd approach.

Finally, thechemical composition of the NP and the nanostructured sugaoalyzed
by Energy Dispersive Xay (EDX) spectroscopy, taken under SEM conditions, afrdyX
photoelectron spectroscopy (XPS). XPS measurenamtenducted in a Ultrdigh-Vacuum
chamber equipped for standard surface analysis with a pressure in the rangeoaf. 10

The absorption of the particle filmstaken by an Olympus microscope (Horbabin
Yvon) mounting objectives of 10X, 50X and 100X magnifications. The microscope is equipped
with a white lamp (Energetiq LDLS, Laser Driven Light Source), and a 328 (Horiba
Jobin#Yvon) spectrometer working in the 20600 nm range.
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4.2.3 The Gold nanostructured target: morphological, chemical, and optical properties

As already shown in thigigure 9A, acollection of extinction crossectionsvastaken
during the laser irradiation, at regular intassof 4s. It is clearly visible that the position of
the plasmonic oscillatiordo not changduring the laser irradiation, while the extinction shape
is regular in the first 280 s of the irradiation anchanges for longer irradiation times.

In particular,one can observe that for longer irradiation times the spectra become
broader with a widening for wavelengths greater than 500 nm. The comparison with a
calculated extinction (following the Mi€ans theny*®), indicate the formation of Au NPs with
a radius of about 5 nm in the first 30 s of the irradiationth@dormation of a bigger aggregate
(with radius ranging from for 10 to 20 nm) for longer irradiation times.

These results are confirmed morphological studies conducted on colloidal droplets
deposed on a Sisurface for a laser ablatiagrme of 15 s (Inset in Figur@A). The AFM
images(see Figure 11Bghow the presence of many randomly distributed andis@hted
particles on the sur€a. A radius distribution histogram, obtained from a Bearing analysis on
the AFM images, is shown in Figu@B for a set of more than 200 nanoparticles.

The data can be fitted with a LogNorm distribution, obtaining a mean radius gs
<R>=5.15 nm and a standard deviationSi>=1.2 nm. The absence of clusters in the AFM—
images and the relatively lo8D clearly indicates that the deposited NPs are the primary
particles produced directly by the laser impact on the metal target without sgcprutesses
of selfaggregation in the solution. Analysis of the evolution time of the primary particle
FRQFHQWUDWLRQ SHUIRUPHG XVLQJ WKH /DPEHUW DQG ¢
indicates that the concentration of smaller particles lineadseases until 280 s and then
reaches a saturatielueof 10 particles/I (Inset in Figur@A).

EDX specta for a single NP (see Figut&A), taken under SEM conditions, show only
the band of gold, with negligible signs of oxygen or external imggtitindicating the
formation of pure nanoparticles without any growth of oxides or radicals due to the crack of
solvent molecules during the irradiation.

For the growth of the nanostructured filmse selectedhe NPs obtained after an
irradiation time of 15 s. At this irradiation time, we are confident of selecting only the primary
particles produced by the laser ablation, thus excluding big and amorphous NP clusters, which
aggregate for loger times. AFM imags (Figurel1B) show the deposition of a uniform film
of Au NPs on all surfaces when depositing the NPs on a layer using the[8Bgranethod.

The surface roughness increases with particle density on the surface (see Table 1 for the case
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of gold nanoparties on aluminum substrate (AP/AI)) and reaches a deposition saturation
value of about 10 nm for 5 x ¥particles/cr, indicating the formation of a monolayer of NPs

on the target surface.

124

Figurell- (A) SEM image of Au NPs deposed on a Silicon substrate and EDX analysis on a RFMB)
Image of a Nanostructured Film on aluminum (Au NP/AI)

Table I Roughness properties of the nanostructured target obtained using different Au NP

densities

Density(x 10 particles/cn?) Roughness (nm)
0 1.48
1 4.10
5 8.99
10 11.8
20 11.9
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The morphological properties of the nanostructured materials are strongly different
from those of a pure surface (see Table 2). The fractal dimebDsigimows values greater than
those of a pure surface, while the roughness increases of about two times for all nanostructured
surfaces, clearly indicating the growth ofsanoother topograpf{ This can favor the
absorption of the laser irradiation during $A experiments, enhancing the generation of laser
driven proton beams.

XPS measurements on our NP films indicate an increased presence of gold on the film
surface (88%) and only a little amount of C and O (5% and 7% respectively), which can be
attributed © atmosphere absorption during the analysis processes. The gold 4f line is centered
at 84 eV, without chemical shifts, indicating the formation of chemical B&hdsveen NPs

and substrate and showing the physisorption nature of the grown film.

Table 2:Morphological properties of the pure and nanostructured surfaces

Roughness (nm) Fractal dimension
Pure MWCNT 62 2.88
125
AuU/MWCNT 120 3.03 -
Pure Myler 7.66 2.03
Au/Myler 17.2 2.16
Pure Al 8.15 2.01
Au/Al 19.3 2.13

Finally, we compare UWIS-NIR (see Figurd.2C) optical absorption for the uncoated
and nanostructured coated surfaddg optical absorption of nanostructured materials is very
different from these of pure surface (Figtg&: Au/Al, Au/Mylar, AUMWCNT respectively)
Considering the dependence of the NP concentration on the absorption, we see that for the
coated surface the optical absorption increaséiseirentireVIS region, reaching a saturation
value for NP concentrations of about 20 x“1particles/cn?, we therefore will take this
concentration as baseline for oueasurements. As seen in Figd&€, the optical absorption
of the coated materials is higher in the spectral region ranging from ca. 450 to 1200 nm and for

all different substrates.
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In particular, the AINP/AI coated material shows the best results among all considered
substrates. For the region of interest of most {pigiver lasers operating at fundamental
IUHTXHQF\ & EEHWZAPQDQG & E HS0Zr ®e find a very strgn
enhancement of the absorption. For the regietveen800and1000 nm the improvement is
~30% while for the region around 600 nm our material almost triplicate the absorption. The
optical absorption of nanostructured materials is characterized by a straature, which
covers all the visible range, with five absorption peal&3&t 574, 635, 691, and 776 nm (see
Figure12C).

The same structure hasde observed in many other wotksusing a substrate
composed by noble metal nanopatrticles or nanoclusters randomly disposed on a layer and can
be associated to the absorption and scattering in the nanoparticles network. In particular, the
spectral absorption around 550 nm corresponds & plasmonic resonance of gold

nanoparticles with a radius of about 5 nm.
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Figurel2 - Optical absorption in VIS and IR rang
for Au NPs structured films (solid lines) and put
substrates (dot lines), from theptto the bottom:

aluminum, Mylar, and CNT substrates
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The broadbandabsorption structure visible at about 650 nm can be justified as a
superposition of the absorption of AlPs centered at about 670 nm, the aluminum substrate
oneat 680 nm and the broad absorption of the aluminum bulk in the red spectral region.

The enhancement of absorption in all visible range can ensure the improvement of Laser

adsorption and, then, of particle production in TNSA experiments.

4.2.4Nanostructured target: the experiment at LLNL facility

As for the case obne shofPIXE we tested the nanostructured targets experimentally
using TITAN laser facility located at the kaence Livermore National Laboratory (LLNL),
Livermore (USA).The TITAN laser has an energy of about 180 J, pulse duratiows0o fs,
wavelength@&1.054 um, 8 um focal spot diameter (FWHM), producing an intensity of about
I~5x10'° W/cm. The laseis used for interacting with the target in order to accelerate protons

in the laseifforward direction using thENSA*? mechanism
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Nanostructured arget TP 9° -

High Intensity Laser

Figure13- Experimental setup used for nanostructured target tests

The Amplified Spontaneous EmissiOASE) has been measured to be 2 ifDcontrast,
i.e. delivering ~10 mih energy.As targes for the proton generatiome use the produced Au
NP/Al target and, as comparison, a pure Al 15 micron taFgetdetecting the proton beam,
we use two calibrated Thomson parabolas (TPs) and spectrometated at 0° (TP 0°) and
9° (TP 9°) with respect to the main pulse laser axg(re 13) to measure the forward

generated proton spectrum.. Proton spectra measured by the TPs were readout in an absolute
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manne?®! using ImagePlates (BASTR 2025 from FujPhoto Film Coltd) analyzed using
a FUJIFILM FLA-7000 reader.

Additional measurements of the proton speatesobtained using RadiGhromic Films
(RCFs) of the type MD that allowed having a spatial distribution of the beam. On most shots,
the target was placed occupying only half of the proton beam so that the TP could readout the
spectrum using the other halfthe proton beam (seégkre8).

Finally, we measure the laser absorption on target surfallee reflection and

transmission of laser from surfaseemeasured by an Ocean optical spectrometer working in

the range 20200 nm. Theabsorptions then evaluated using tltéassical equation:

=48 LsFP&FNZ3 TV,

Wherea (@ t( @ andr( @ are respectively the laser absorption, transmission ahe

reflectionat laser wavelength.
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The results of the absdrpn obtained from the comparison between the classical Aluminum

target and the Au NP on Aluminum targdgarly indicate amimprovement, in terms of laser
absorptionIn fact, as you can see in the figure 14 the improvement of laser absorption is of a
factor 4 : from 0.2 of Al target to 0.8 of Au NP/Al target.
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Figure14 - Laser absorption from Al (red curve) and Au NP/AI ta
(black curve)

InsteadtheFigurel5belowshows the comparison between the two targets: Al and Au NP/AL.

As you can see the nanostructured target shows an improvement in terms of proton numb&29of

2 times: from 0.8 of Al target to 1.6 of Au NP/Al in the energy range betweg@iv2V.

Figurel5- Proton spectrum from Al (red curve) and Au NP/Al target (bl:
curve)
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4.3 Plasma Induced Luminescence in air: a new diagnostic method based on

laser-plasmainteraction

The following section introdusghe second diagnostic method based on {peama
physics developed inéframework of this thesi¥he method can be appliedt@any analyses
in material science and it is particjasuitable for the analysis of largeworks, whiclcannot
be movedfrom the museum sites or inserted in a vacuum chanilbes. is achieved by
interaction of a focusedigh-energylaser with air, producing a suhillimetric plasma. The
energetic electrons generated and accelerated in the plasma at energies highemMheach ke
the target surface of the sample to be analyzed, causing luminescence emission and plasmonic
resonance.

Each material is characterized by different chemical and optical properties that can be
determined with th@bovementionedtechniques.As such, our method allowts obtainan
exact analysis of the samples, covering surfaces in the rangé,afi@mly a few minutes. We
demonstratehis by showing that the acquired information is identical to what obtained with

more sophisticated methqdaich as SEMCathoaluminescence and Photoluminersce.
130

4.3.1 PlasmaLuminescence in the framework of Luminescence spectroscopie

As indicated in Chapter2, luminescence methods (cathodoluminescence,
photoluminescence, and ionoluminescerfééf*+°>® assume particular relevance in different
scientific fields (from mineralogy to semiconductor physics to nanotechnology) for their ability
to identify the chemical composition of materials with a resolution of a few ppm and the
individuation of plasmonic sonancesLuminescent materials are mostly solid inorganic
materials consisting of a host lattice with impurities. The impurity concentrations generally are
low in view of the fact that at higher concentrations the efficiency of the luminescence process
usually decreases (concentration quenching). €hergy absorptignused to excite the
luminescence, takes place by either the host lattice or by impurities. In most cases, the emission
takes place on the impurity ions, which, when they generate also the desired emission, are
called activator ions.

The luminescence ensi®n can be induceth different ways(i.e. high energetic

electron or ion irradiation, heating in temperature range between 300 and 600 °C, or by UV
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laser irradiation). While photoluminescence can be taken in air in simple UV laser setups, most
complicatel methods as cathodo or ichoninescence need to more complicated setup under
SEM and Vacuum conditions. Nevertheless, these latter methods are crucial to distinguish
structures as plasmon emission in metals or in nanostructured materials.

The aim of thighesis sectiois to introduce a new method in lagskdicated setup for
obtaining an irair complete chemical analysis of the materials surface and its bulk (within a
depthof about 2 m from the surface) based on the study of luminescence emissiorednduc
by the plasma radiatioPlasmalnduced Luminescence BIlPlasma induced luminescence
event is ascribed to the interaction between the electrons produced and accelerated around the
plasma (laser air interaction) and the materidlhe idea is to uséé beta radiation produced
in the laseiplasma interactioto generateathodeluminescence and plasmonic emission and
then from therg to obtain the chemical composition of materials.

We test the method on three different materials with diverse density and chemical
properties (Gold, Aluminum Oxide, and Marble) to explore the effectiveness of the method on
metals (Gold), insulators (Aluminum Oxide), and minerals (marble). We demorikaitaur
method reveals the plasmonic emission from metals as well as the intrinsic luminescence of
oxide or the emission induced by impurities in minerals. In addition, while convention1 I1
luminescence techniques are able to characterize surface atkander of a few microns
(invested area from laser, electron, or ion beaRkssmalnduced Luminescends able to

analyze a surface area in the order of enonly a few minutes.

4.3.2 The design of experimental setugt the ALLS facility

A sketchof the experimentadetup is illustrated in FiguE6A and B.The air plasmas
generated by interaction of a strongly focused down-biggrgy laser with air. The Advanced
Laser Light Source (ALLS) feweycle infrared (IR) beamlines used to obtain the air plasma.
The source provides a 3 mJ, 15 fs pulse, centered at 1.8 um with a repetition rate of 100 Hz.
The energy stability of the pulse is approximately 2.5%%riT$e experimental setup, shown
in Figure 16 A and B, consists of a ses of transport optics, an @xis parabola, a series of
imaging lines for the plasma analysis and luminescence collection.

The luminescence emissigmstimulated by the portion of plasma radiation collected
through a hole with a diameter of 5 mm ddli@side a mirror placedt a distance of 5 mm
from the center of the plasma. The investigated area on the target surface can be modulated

simply by changing dimension of the hole, allowing to analyze areas from &réto cnt.
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Figurel6- (A) Experimental setup for air plasma generation and plasma images, (B) sketch of experimer

for plasmainduced luminescence generation and analysis, (C) spectra of the photon emission obtained f

plasma. Themission is concentrated in the VNER region, excluding the possibility of photoluminescence
generation from the target surface

132

Luminescence emission at an angle of #5Collected by a lens positioned at 4.5 cm
from the irradiated target (focal distance) and transferred through an optical fiber to a
spectrometer working in the UVIS range (VIS140 Horiba). Each luminescence spectism
collected with an acquisition timd ©20 s in order to allow for a sufficient signal/noise ratio.

All the experiments are conducted in darkness, in order to eliminate possible
background light source, whiclwould add noise to the measurement. We irradiate three
samples (Gold, Alumimm, and Marble) having a welkknown luminescence emission
stimulated by both photons and electrons. This allows a direct comparison of our results with
those present in literature and from there to attribute the emitted luminescence to different
componentsvithin the plasma radiation (all the data well compared withuimerlescence data

base (see Réf.and reference therein).

4.3.3 The Experimenal results in ALLS facility

The plasma produced in the interaction between laser beam and air is visible in optical images

in Figurel7. It shows a spheroidal shape with axes of 2 and 3 mm and a photon emission in
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the visibleNIR region with 5 lines at 1.5, 1.97, 2.12, 2.23, and 2.44 eV. The absence of UV

line inthe plasmapectrunexclude the possibility of photoluminescence emissiom fiarget.
Furthermore, a Faraday cup read a negative current of about 40 pA in all the regions

around the plasma, until a distance of 20 cm from the plasma center, indicating the presence of

electrons produced in the plasma asdtropically acceleratedThe first evidence of air

plasmainducel luminescences visible in Figurel7where the image of plasma, through a slit,

istaken on the surface of aluminum oxide powdesised scintillator. The gregad emission

shows a spectrum (collected on a solidea of ALOs) compaed by 10 bands (summarized in

Table 3shown below typical of Aluminum cathodoluminescence and plasmonic resonance.

In particular, the 237, 333, 403, 507, 750, and 770 nm bands are attributed to CL emission from

intrinsic defects (anio vacancies) from ADs thin films on surfaces’ (and reference therein).

All the lines in literature are observed only under8EM, this indicate that they are induced

by electrons with aninimum energy of about 20 k&% The 576, 540, and 670 bands are

attributed to plasmonic resonance on aluminum, generated by electrons with a minimum energy

of 5 ke\Ps,

133

Figurel7 - Luminescence emission
from Al,Os powder scintillator, image
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Table 3:Summary of plasm&duced luminescence bands

Gold Aluminum Marble
530 nm 237 nm 305 nm
599 nm 333 nm 337 nm
403 nm 398 nm
507 nm 519 nm
576 nm 506 nm
540 nm 577 nm
670 nm
750 nm
770 nm
811 nm

EDX spectrageeFigure18A) of scintillator indicate the only presence of Al, O and C134

on surface confirming the assignation of luminescence bands. Similar results are dbtained

all the analyzed mateis@a

Figurel8 +(A) EDX analysis of chemical composition of scintillgtB) Luminescence
emission from AJOs powder scintillatorspectrum
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Luminescence of marble (Figut®A) reveal six bands in the region 3600 nm. All
the bands can be attributed to -SEM (20 keV) emission from intrinsic defects (lattice
vacancies) or to Mg external impurities (the presence of Mg impurities was iomed by
EDX spectra in Figrel9B)>°. We can exclude the presence of photoluminescence emission
because the absence of bands in the range from 600 to 7@@mnthe other handhe plasma
spectrum &s you can see iAgure 18B abovg doesnot show photons in the UV region (> 3
eV). Luminescence enm#d from the pure Gold targetigfare 19Cfor luminescence spectrum
and 19D for EDX analysis) indicates the presence of two bands at 530 and 599 nm, both
attributed to Gold Plasmon resonance induced by irradiation of 5 keV (minimum energy) // 30
keV electron beafi. The probability of plasmon emiss from gold (Plasmon 530 nm and
considering electrons with energy between 5 and 30 keV), is about &htllons for incident

electroif®
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Figure19- Luminescence emission and chemical composition of marb&n@2B) and gold target (¢
andD)
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The photon number calculated frdominescence spectra (collected in a time of 120
s) is of 2.5 x 18 photons/s at 530 nm, this indicates an electron incidence of 28 x
electrons/s (about 40 pA), whidk in perfect agreement with the current measured on the
Faraday cup placed in the sample positibime exact correspondence between the measured
electron current on sample surface and the photon rate/production clearly indicates that the
plasmainduced lummnescence can be exclusively attributed to the electrons produced and

accelerated by the plasma.

Concluding in this thesis section we proved tlitais possible to obtain a precise analysis of
the material compositionsing a plasma generated in air by a high intensity.l&séact,the
luminescencgenerated fronthe materialgthat wereexposed tdhe plasmaallows obtaining
information aboutthe chemical compositionfo the sample. The datacquired with our
techngue are identical to thosibtained withmore sophisticated and complex methadich

as SEM cathodoluminescermedphotoluminescencef-urthermorewe can assert that for all

the materialswhich we have investigatede. aluminum oxide, gold and marplie laser
generated plasma able to induce luminescence emission from structural defects and plasmon
resonanceConcerning the surface area that can be analyzed with our techniguehave 136
shownthat we areable to reach within 2 minutesof time, a large surface ofnvestigated
material,the order of tens of mtn Moreover, beinghe electron energy in the range between

5 and 30 Keyit is possible to reachdifferent penetration depth according to thaterialof

the irradiated sample§Ve observe an increase in the penetration depth, which goes from 2
micron in the case of Gold and Marble samples up to 6 microns in the case of Aluminum

Oxide samples.
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Chapter 5

5. General Conclusions and Future Perspectives

The ambitious goal of this Ph. D thesssto improve both fields of Diagnostic and
Conservationof Artistic and Cultural Heritageapplying the methods of both Ladelasma
Physics and Nanoscience.

The detailed discussion of previous chapters clearly demonstrates the innovation of
proposed techniques in comparison with conventionad. @aring the project, new experimental
setugs were conceived, designed, and realized. New diagnostic methspised to laseplasma
world, have beeradapted and modulated for analysis of archeological finds and artwork, while
nanomaterials and nanostructured filhes/e beenealized and applied tthe conservation and
restoration of artwork surfaces.

The main results of the presented work can be summarized as follows:

1. This thesis shows the effectiveness of nanomateriajgasctive surfacegdgesting the
bactericidal effects of some nanomateridlbe materialshave been combined by a
hydrophobic matrix and deposited on the surface of materials of interest for Cultural
Heritage.The workdemonstratethe possibility to use nanomateriatsorder to protect
precious artworks and archeological findsthout changing their aesthetical or physical
properties.The worktest the effectiveness of Titania nanoparticles and catiased
nanomaterials (graphene and fullerenes) embedded in a Sylgard matrix. The realized
protective films show good transpacenproperties with a transmittanasound95% for
films havingthicknesgsof 200 nm. Biological tests, conducted against Escherichia Coli,
indicate that the interaction between cells and nanomateredsesan interface between
the film surface and thexternal environment, preventing the penetration of bacteria into
WKH PDWHULDOYY EXON ORUHRYHU WKH FRPELQHG DFW
stress on the cell membrane strongly limits the bacteria proliferatiamsing the
destruction of thdacterial colonies after 4 hours of exposure and a complete death of all
cells after 9 hours. Finally, biological tests after aging indicate the stability of our films in

25 freezethaw cycles.
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2. This thesisintroduces the first use of lasgenerated pron beams as diagnostic for
materials of interest in the domain of Cultural Heritage. Using-asegleration protons,
as generated by interaction of a higbwer shorpulse laser with a solid target, we are
able to produce protemduced Xray and Gammaay emission spectroscopies
(PIXE/PIGE).By correctlytuning the proton flux on the sample, we are able to perform
the PIXE in a single shptprovoking less damage to the sample than conventional
methodologiesin order to verify this feature, materialsioferest in the Cultural Heritage
field have been experimentally irradiatedith laseraccelerated protonsthereby
measuring the PIXE emission. The morphological and chemical analysis of the sample
before and after irradiation are compared in order sesssthe damage provoked to the
artifact. Montecarlo simulations confirm that the temperature in the sample stays safely
below the melting point. Compared to conventional diagnostic methodologies)laser

PIXE has the advantage of being potentiallicker and more efficient.

3. This work presentfor the first timethe realization of a series different nanostructured ;3g
targetswhich enhance laser absorptiand then the proton laser acceleration procHss
nanostructures the targethave beenealized with a method simpler and cheaper than
conventional lithographic prossesThe @tical absorption of the nanostructure is broad
band, and covers the entire visible region up to the-nefla This absorption improvement
is particularly interestig for different applicationssuch as the las@lriven proton
acceleration and the TNSA accelerating process. Finally, PIC simulations confirm an
improved accelerating process with an increase of up to 10% in proton number, an
enhancement of 17% in the abtabsorbed laser energy and an increase of 32% in the

electron energy density.

4. This thesis demonstratdbat it is possible to generate luminescence from materials
exposed to a laser generated-@asma, obtaining a precise analysis of the material
composition. The results related to the chemical composition of the materials obtained with
our technique ar@entical to those of more complicated and complex methods such as

SEM Cathodoluminescence, Photoluminescence, and analysis of plasmonic resonance. We
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tesedthree different materials, Aluminum Oxide, Gold and Marble, confirming that for all
materials Plamainduced luminescence is able to induce luminescence emission from
structural defects and plasmon resonance. Plsduced Luminescence is attributed to

the interactions between the electrons produced and accelerated around the plasma in the
laserair interaction and the sample material. Finally, if one estimates the electron energy
between 5 and 30 keVWhen is possibléo investigate within 2 minutes a large surface in

the order oftens of mm, with a penetration depth varying fromu2n, for the Goldand

Marble samplesup to 6um for the Aluminum Oxide sample.

5. This work introducs, for the first time, the use of the atomic force microscope (ARM) a
of the pulsed laser ablation (PLA$ methods for morphological diagnostic with nanoscale
precision of archeological artifacts and corrosive patina removal from stone artifacts
extracted from the Church of Sotterra (located in Calabria, South Italy). The AFM
microscopy was compared with f#ifent petrographic, chemical, optical and
morphological analysis methods for identifying the textural characteristics, evaluating the
state of preservation and formulating some hypotheses about the provenance jagd
composition of the impurity patina located the artifact surfaces. The results demonstrate
that with the nanometric precision obtained with AFM microscopy, it is possible to
distinguish the different states of preservation, much better than using conventional
SHWURJUDSKLF PHWKWRRAIKDDKHH WXV HFHDIO/XDWHG ITURP Y
fragments, reducing the coring at micrometric scale with a minimal damage to the artworks.
After the diagnosis, restoration tebisve been performedsing the pulsed laser ablation
method and compared Wwithe more common micisandblasting under dry conditions.
The work demonstrates that the PLA is highly effective for the removal of the surficial
patina, with a control of a few hundreds of nanometers irstinice cleaningwithout
introducing chemicabr morphological damages to the artifacts. Moreover, PLA can be
easily implemented in underwater conditions; this has the great advantage that stone and
pottery artifacts for marine archeological sites do not need to be removed from the site.
Moreover, thevork presents the study of laser ablation (LA) restoration techniques and of
thermoeluminescence dating process (TL). The main aim of the work is to demonstrate that

LA does notaffect the possibility to date ceramic artifacts after restoration. We ablate
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Neolithic ceramics in air with Bser YAGfirst harmonic (1064 nnyating the artifacts

before and after thelearing process. The obtained discrepancy before and #feer
cleaning procesggespectivelyis of about 200 years (3300 B.C. and 3100 B.@)ye

which is in below limits of experimental error. Moreover, the temperature of artifacts
during the LA was monitored at the point of sampling for dating. The results indicated that
WKH PD[LPXP WHPSHUDWXUH UHDFKHG LV Dé&&staine U&

traps that cause the luminescence signal.

The obtained reswdtallowto project and design future works. Several experiments are already
scheduled foSpringSummer 2017Morein detail:

X The implementation of proton beam line dedicated toshmd PIXE in ALLS facilities
and PIXE experiments on Silicon based material (i.e. ceramic, pottery, painting)

x Oneshot PIXE analysis on artwork provided by different museums. Research protocols
are in preparation with the main European museum: Louvre, Vatican Museum, Egizian
Museum of Turin

x Test of oneshot PIXE on Laser Facilities with characteristic differeatfrTitan 140

X SHDOL]DWLRQRRI" &1mMEDGRAUXER QH

x Layer by Layeranalysisby laserdriven PIXE, integrating an energy selector in the beam
line

x Test of protective films w#h different bacteria and exposuoa artworks and building

surface

All the obtainedresults were presented to Scientific International Community in several
International Conferences and were published in prestigious Internationaibpiesved journa
(i.e. Scientific Reports, Applied Surface Science, Applied Physics Le&ppied Physics A,
Surface and Coatings). The complete publication list is indicated in the Appendix I.

Finally, I think thatthe main result of this Ph. D. thesis is the integration of three different
scientific communities, methods and cultyr@aserplasma, material science, Restoration and
Conservation sciencep achieve the commogoalto protect, preserve, artdansferour cultural

heritageto the future generation
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| can conclude this work stating with UNESCO:

37TKH LQWHUQDWL RIQ BddcattoR,Rs8iendd) \aulilRe) and communication
strengthens the ties between nations and societies, and mobilizes the wider public so that each
child and citizen:

¥ KDV DFFHVV WR TXDOLW\ HGXFDWLRQ D EDVLF KXPDQ
for sustainable development;

¥ PD\ JURZ DQG OLYH LQ D FXOWXUDO HQYLURQPHQW U
heritage serves as a bridge between generations and peoples;

tf FDQ IXOO\ EHQHILW IURP VFLHQWLILF DGYDQFHYV

f DQG FDQ HQMR\ |XO On;ltdHbasisRoP dérodrbc@dyélopivient and
KXPDQ GLJQLW\’
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A Massimiliano,chenel corsodi questianninonsoloha sopportata mieirepentinisbalzidi umore
facendomoltevolteda valvoladi sfogo,masoprattuttoperchéha saputosempreconsigliarmi
pensandgrimadi tutto al mio beneedal mio futuro, incoraggandomisempread intraprendere
nuoveavventure.

A Simoe Manule mieamichesorelle,a loro possosolodire graziedi essercsemprestatee di far
partedellamiavita.

Un ultimo Grazievaarte llario Amorelmmensalellamiavita. Sonoorgogliosadi aver avutoun
fratello comete, un combattenteun 3/ H R @bietutti ti definivano.Porterosemprenel mio
cuorei momentissutiinsiemeguelli mai nessungotra portarmelivia, sappicheli conservo

gelosamentael mio cuore.Sperotu possaessereorgogliosodi me.

Simona



