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Abstract This paper reports on the instrumentation and expertise developed within the INFN-CHNet network for X-ray and neutron
imaging, which enable non-invasive identification of materials and production processes in the field of cultural heritage. INFN-
CHNet is the network of the Italian National Institute of Nuclear Physics specifically dedicated to the development and application
of scientific methods and technologies to cultural heritage. This article focuses on portable MA-XRF scanners, often complemented
by additional techniques, PIXE imaging on a newly developed portable accelerator, X-ray radiography and tomography, exploited
to their full potential also through the use of portable systems, and neutron radiography and tomography, which require large-
scale facilities. In many respects, the information obtained from X-ray and neutron-based methods is complementary, facilitating a
comprehensive characterisation of materials, structures, and manufacturing techniques.
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1 Introduction

A wide range of scientific techniques based on different physical phenomena can be exploited to investigate artworks and cultural
artefacts. Indeed, Heritage Science is a growing field, as it provides scientific support to the study of artworks and, in general,
all natural and human production that is deemed valuable to mankind. An ever-increasing number of scientific papers to date
demonstrates the successful cooperation between science and the humanities; some bibliographic references are provided in the
following, though a full list is beyond the scope of this work [1–10].

In this framework, the Italian National Institute of Nuclear Physics (INFN) created its Cultural Heritage Network, known as INFN-
CHNet [11], to promote the application of scientific methods and technologies developed by INFN to cultural heritage. CHNet is a
multidisciplinary international infrastructure, based on the INFN laboratories’ work on the development of analytical methods for
the study and characterisation of cultural heritage artefacts [12], as well as on international research centres and institutions with
complementary skills to those of INFN, such as conservation centres, university departments, and archaeometric associations. The
structure of the network is organised into three level nodes:

1. INFN facilities throughout Italy;
2. Italian partners (conservation institutes, universities, and associations);
3. Research centres abroad.

The techniques available to CHNet can be broadly divided into dating techniques, methods for in situ analysis, and fixed
laboratories for high-precision/sensitivity measurements. In addition, digital laboratories available to users are currently being
developed. This is a short list of some of the INFN-CHNet scientific methods: radiocarbon dating as a dating technique, mass
spectrometry, X-ray fluorescence (XRF), X-ray radiography and tomography, multispectral imaging, Raman spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), and ion beam analysis (IBA) as in situ and/or laboratory-based analysis.

Specifically, this paper aims at showcasing the X-ray and neutron-based techniques available within INFN-CHNet, with a special
focus on macro-X-ray fluorescence (MA-XRF) coupled with other analytical techniques, particle-induced X-ray emission (PIXE)
imaging, as well as X-ray and neutron radiography and tomography. One of the advantages of X-rays and neutron-based methods
lies in their virtually non-invasive and non-destructive nature, a feature of primary importance when dealing with unique objects
such as those related to cultural heritage studies. Also, neutron and X-ray imaging can be considered as complementary methods,
as explained in more detail below. One of the differences between the two methods is that X-ray-based techniques allow the use of
portable instrumentation, while those based on neutrons require the availability of large-scale facilities.

Results provided in the form of images are undoubtedly powerful and easy to read even for non-experts, a feature that widens
the methods’ accessibility. Indeed, images convey immediate information to conservators and scholars in the arts and humanities,
facilitating the collaboration between professionals with different expertise.

Imaging can be performed either by scanning the primary beam over the sample surface and reconstructing the image pixel by
pixel or by using a position-sensitive detector and obtaining a “proper” image in one shot. When adopting a scanning mode approach,
spectra acquired from each point of the sample are related to the position of the beam during the scan: a datacube (X , Y , spectrum)
is recorded and the images are reconstructed by plotting in false colour a slice of the spectrum (e.g. the peak area corresponding
to an element in the XRF or PIXE spectrum) for each (X ,Y ) point (pixel). On the other hand, when employing a position-sensitive
detector (commonly consisting of a discrete 2D pixel matrix) and a relatively large incident beam, an image of the irradiated area
is obtained directly, typically in a significantly shorter time compared to scanning systems.

The XRF and PIXE imaging systems available to CHNet are scanning systems, in which the source and the detector are located
on the same side of the object. On the other hand, radiography and tomography employ a position-sensitive detector. In these latter
cases, the object is located between the source (producing a wide beam) and the detector (transmission mode). The primary beam
is transmitted through the sample and the detected radiation is registered as a grey-scale image.

2 MA-XRF and complementary other techniques

Briefly, XRF uses a primary X-ray beam to prompt the emission of secondary X-rays from the target atoms. As the energies of
the secondary X-rays are characteristic of each chemical element, the secondary X-ray spectrum yields insight into the sample’s
elemental composition, with the only exception of the lightest elements (normally XRF is limited to elements whose atomic number
is greater than 10). The main advantages of XRF lie in the fact that it is a fast and multi-elemental technique; in addition, the
possibility of employing X-ray tubes as a source of the primary beam enables the use of portable instrumentation, a crucial feature
for in situ analysis [13–15]; furthermore, X-ray tube-based XRF is a low-cost instrumentation when compared to PIXE and Neutron
imaging. On the contrary, when a synchrotron is used as a source of the primary beam, it allows for very low detection limits and
very high spatial resolutions, but does not offer the possibility of in situ measurements.

The main limitation of this technique is its inability to provide data on the molecular composition and to detect organic compounds.
In some cases, information regarding depth distribution can be obtained, but usually with little reliability especially for complex
cultural heritage objects [16, 17].
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MA-XRF is a scanning evolution of XRF that enables researchers to scan the sample surface and obtain distribution maps of the
chemical elements detected. Typical map sizes range from tens to hundreds or even thousands of cm2, depending on the type of
equipment that is being used. The combined information on the elemental composition of each spot analysed and its spatial location
allows one to shed light on the materials and production techniques employed.

For all these reasons, MA-XRF has been successfully applied to a great variety of objects to date [18–23], and MA-XRF scanners
with different features have been developed both by scientific laboratories and private companies [24–26]. At CHNet, several MA-
XRF scanners have been designed with a specific focus on Heritage Science applications, based on the expertise available at the
various network nodes and within the framework of different projects, which have sometimes required combining XRF with other
physical methodologies. In the following sections, the main characteristics of these instruments are described in detail.

2.1 The ultraportable MA-XRF scanner developed at INFN-Florence

This MA-XRF scanner [27] has been developed thanks to the collaboration among different nodes of the network [28]. It is a modular
system, designed to be compact, lightweight, and low cost. Its mechanical parts are custom-designed (many of them 3D-printed)
and controlled via open software, allowing for a complete customisation and continuous updating of the system to meet a variety
of requirements that are specific to the cultural heritage field. Moreover, the use of a low-power X-ray tube and of a 4-mm-thick
additional brass shielding make it a radio-safe system.

The scanner, which absorbs less than 100 W, can also be battery powered, which is a notable advantage for in situ campaigns, as
those in archaeological fields with no power supply available.

All these features make this equipment accessible to a broader range of users, when compared to commercial instruments, and
is suitable to be replicated in other nodes and for educational activities.

The main components of this instrument are the following:

• X-ray tube: a compact MAGNUM® by Moxtek, 40 kV maximum voltage, 0.1 mA maximum anode current. A set of eight
collimators with diameters between 0.3 and 1 mm can be mounted on the tube head;

• Detection system: Amptek XR100 SDD, 25 mm2 effective active area, 500 μm thickness, connected to a PA-210 preamplifier,
in the customisable OEM configuration (heat-sinking through a home-built board; power supplies, shaping amplifier and MCA
through a CAEN DT5780 digitiser);

• Autofocus system: a telemeter (Keyence IA-100) connected to a linear stage (Z-axis) to keep the sample–instrument distance
constant;

• Camera to control the measuring area;
• Motion system: three linear stages by Physik Instrumente typically allowing for a maximum scanned area (XY plane) of 300×

300 mm2 (though it can be extended up to 600×400 mm2), with a range along the focus direction (Z-axis) of 50 mm.

Motor controllers, digitiser, power supplies, electronics, and auxiliary elements are placed inside a carbon fibre box, on which
the motors are installed. It is also possible to use a helium flow in between the tube and detector to mitigate the effect of absorption
of the low-energy X-rays (< 1 keV), thus improving the detectability of low atomic number elements.

Acquisition in scan and point modes and data analysis are carried out through in-house developed software, based on Qt [29].
The beam size can be varied by changing the brass collimator in front of the tube. The usual size of the collimated beam on

the target is 1 mm, which is obtained by using a 0.8-mm collimator, yet smaller beams can be achieved through the use of smaller
collimators.

Parameters that can be set by the user include pixel dimension (�X � �Y ) and scanning velocity. In general, the choice of
parameters depends on the type of objects and materials. Below, typical values for two different applications are reported:

Oil on canvas/panel: velocity 10 mm/s, �X � �Y � 1 mm, acquisition time 2.5 h for 300×300 mm2.
Ink on paper: velocity 0.5 mm/s, �X � �Y � 0.25 mm, 30 min for 10×17 mm2.
This device has been successfully used on different kinds of artefacts (Fig. 1) [30–34].
As an example, the MA-XRF map of lead acquired on a painting by Andrea del Verrocchio, San Girolamo, from Palazzo Pitti

collection in Florence is reported in Fig. 2. This map shows the use of lead white to build the volumes of the figure’s face, used
especially for the highlights and the white hair.

Currently, replicas of the Florence scanner are present in the following network nodes: INFN-Turin; INFN-National Laboratories
of Legnaro (LNL) and INFN-Frascati (LNF); Universidad de San Martín, Buenos Aires, Argentina; New York University of Abu
Dhabi (NYUAD), United Arab Emirates.

Some of them are true replicas, others have slightly different features, depending on the needs of the node.

2.1.1 The system developed at New York University Abu Dhabi

The system in use at NYUAD was initially developed as a close replica of the Florence version back in 2016. Over the years, as
our research group acquired more experience with the XRF technique and equipment, new lines of research were pursued in terms
of instrumental advances. In particular, the NYUAD version of the MA-XRF instrument utilises two independent detectors for
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Fig. 1 a CHNet MA-XRF system developed in Florence. b Analysis of the Battle of Issus Mosaic at the Museo Archeologico Nazionale di Napoli, Italy,
during a campaign funded by IPERION CH.it. c Analysis of manuscripts in San Giorgio Maggiore in Venice, during a campaign funded by the MINIARE
project

Fig. 2 Painting by Andrea del
Verrocchio, San Girolamo (ca.
1460), mixed media on paper
glued on board, 40.5×27 cm,
conserved in the Galleria Palatina
in Florence. Superimposed to the
painting, the MA-XRF map of
lead (white corresponds to the
maximum number of PbLa X-rays
detected in the area, while black to
the minimum)

the X-rays emitted in the interaction between the beam and the material under analysis. The development of this bi-detector setup
prompted the integration with specific software, mechanics (support), and electronics for the management, implementation, and
handling of two detectors and for the acquisition of spectroscopic signals that are synchronised and coherent with each other.

The choice to develop a bi-detector setup was motivated by the materials encountered in our collaborative projects and applications.
Indeed, most of the materials analysed consisted primarily of earthenware, including shards of both glazed and unglazed pottery
obtained from either surface surveys in archaeological regions, or rescued from shipwrecks. Given the relevant number of requests
related to pottery shards, an efficient and fast detection of such low atomic number materials became of key interest to our research
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Fig. 3 a CHNet MA-XRF system developed in Turin. The main components are highlighted with different colours as follows: X-ray tube (yellow), sample
(cyan), XRF detector (red), XRL detector (green), and DR detector (blue). b Instrument configuration for XRF and XRL. c Instrument configuration for DR

team. In other words, we aimed to increase as much as possible the amount of collected statistics during the typical duration of a
scan.

With these considerations in mind, the NYUAD instrument was designed to match the technical specifications of the Florence
system, already described in Sect. 2.1, apart from the hardware features listed in the following:

• Detection system: two compact Amptek AXR-SDD detectors with an effective active area of 25 mm2 and thickness of 500 μm,
inside a standard TO-8 package, each connected to a PA-210 preamplifier;

• Data acquisition system: a digitiser (CAEN DT5780) converting the analogue signal from the preamplification stage of each
detector into a digital signal. The digitiser then applies a digital shaping algorithm, which enables to bin the pulse amplitudes into
a single histogram for each detector. After calibration, this histogram can be interpreted as an X-ray energy spectrum;

• Helium flow system: a microcontroller (STM32F0) to adjust the helium flow to the instrument head, used to mitigate the effect
of absorption of the low-energy X-rays (< 1 keV), thus increasing the signal-to-noise ratio for low atomic number elements;

• Motion system: three linear stages by Physik Instrumente, allowing typically for a maximum scanned area (XY plane) of 200×
200 mm2, with a focus distance (Z-axis) of 50 mm.

Additionally, the measurement head and the scanning system are enclosed within a lead-glass box interlocked with the controller
of the X-ray tube to meet the local requirements for radio-safety (if the glass window is opened, the X-ray tube is automatically
powered off).

2.1.2 The system developed at INFN-Turin

A modified version of the MA-XRF scanner was developed by researchers of the INFN-CHNet Turin node (Fig. 3). This apparatus,
too, is lightweight and compact, with the additional possibility to perform multiple X-ray-based techniques using the same tunable
X-ray source. The techniques currently available within this system are MA-XRF, X-ray-induced luminescence (XRL), and digital
radiography (DR).

The main differences in the hardware compared to the MA-XRF Florence scanner described in Sect. 2.1 are related to the
possibility of performing DR. Indeed, the instrument-object distance required in radiography is higher with respect to XRF, and
an X-ray tube with a slightly higher voltage and power was necessary, given the mean thickness of the artworks examined. The
Z-axis, used in the original instrument to keep the distance between the measuring head and the sample constant, is here used also
to increase the sample to X-ray tube distance, to obtain a wider beam, able to invest the whole area of the sample that can be imaged
by the radiography detector (at the maximum distance of about 250 mm from the artwork and without collimators, an area of about
20 cm in diameter is illuminated by the X-ray beam). For this task, the Z distance needs to be varied over a significantly larger
distance with respect to that needed in the Florence scanner. With this instrument, it is possible to obtain the radiography and XRF
map of the same area of an object simultaneously, without moving the system.

In addition, a detection system for XRL was added.
These new features have prompted changes in the hardware, always paying attention to maintaining the whole system compact

and lightweight so as not to compromise its portability.
In light of these considerations, the Turin instrument was also developed with the same technical features as the Florence

equipment, except for the items described below:

• X-Ray tube: Moxtek 12 W MAGPRO [35], 60 kV maximum voltage, 1 mA maximum anode current;
• Motion System: a linear stage by Physik Instrumente with a travel range of 200 mm in the Z-axis;
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Fig. 4 a Visible image of a mock-up painting on canvas. b MA-XRF elemental maps of an area of 100×100 mm2, acquired using the following parameters:
X-ray tube 50 kV and 200 μA, instrument-object distance 10 mm, collimator 1 mm, scanning speed 5 mm/s, pixel size 500 μm. c Radiography, acquired
using the following parameters: X-ray tube 40 kV and 100 μA, source-detector distance 185 mm, acquisition time 1 s

Fig. 5 Left, visible image of a
wooden sculpture from Palazzo
Granieri. Right, radiograph of the
same object, acquired using the
following parameters: X-ray tube
60 kV and 150 μA,
source-detector distance 600 mm,
acquisition time 7 s

• XRL detection system: UV-74 collimating lens coupled with the QEPro spectrometer by OceanOptics [36] (wavelength range
250–1100 nm);

• DR detection system: Shad-o-Box HS model 6 K by Teledyne [37]. It is a 2D CMOS detector with an active area of 11.4 cm×
14.6 cm, a pixel size of 49.5 μm, and maximum integration time of 65 s.

The device has been tested on various types of objects and materials [38, 39]. Radiography and elemental maps were acquired
for a mock-up painting on canvas (Fig. 4). The elemental maps revealed a different composition on the two sides of the work. In
particular, the left part is characterised by the presence of multiple elements, whereas on the right side, no medium–high atomic
number element was detected, such as those characteristics of mineral pigments, attesting the use of organic materials such as lake
pigments. The difference between the two sides is also highlighted in DR.

Thanks to its versatility, the instrument also enables the radiography of three-dimensional objects. As an example, Fig. 5 shows
the radiograph of a wooden sculpture in the collection of “Gabinetto verso la via” at Palazzo Granieri (Turin, Italy). This object was
produced around the mid-eighteenth century by the workshop of Pietro Massa, who specialised in the production of Chinese-style
artefacts [40].

The XRL detection system was also tested on two lapis lazuli rocks, one from Chile and one from Afghanistan, to study the
minerals’ luminescence signals, which serve as markers to identify the rocks’ provenance [41, 42]. The samples’ signal was collected
with a UV-74 lens and sent to the spectrometer via the QP1000-2-UV–VIS optical fibre, yielding the results shown in Fig. 6a, b. As
observed in the images, the spectrum for the Chilean rock shows a double band at 560 nm and 620 nm, while one band only, located
at 585 nm, can be detected for the Afghan mineral. These results suggest the presence of wollastonite (CaSiO3) in the Chilean
samples and of diopside (CaMgSi2O6) in the Afghanistan specimens, as also obtained in a previous study (Fig. 6c) [43].

2.1.3 The MA-XRF system coupled with FTIR and UV techniques at INFN-LNF

The coupling of XRF with other imaging techniques is crucial to integrate complementary pieces of information on organic com-
pounds and on their molecular composition. For this reason, recent technological advances have been focused on the development
of multi-sensor scanning systems operating in an extended spectral range [44, 45] and coupled with data fusion approaches to obtain
multi-level information on the artwork analysed [46, 47].
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Fig. 6 XRL spectra for Chilean (a) and Afghan (b) lapis lazuli, acquired using the following parameters: X-ray tube 20 kV and 600 μA; c luminescence
spectra for Chilean and Afghan samples from a previous study [42] acquired using the following parameters: X-ray tube 20 kV and 600 μA

Fig. 7 Multi-sensor scanning
system with its multiple
components: a XRF,
b UV-induced fluorescence,
c FTIR, and d position sensor
mounted on the FTIR
spectrometer

An integrated scanning system able to perform measurements using different spectroscopic techniques (XRF, UV-induced fluores-
cence spectroscopy and FTIR spectroscopy in reflection mode) has been developed at the DAFNE-Light laboratory of INFN-Frascati
National Laboratory (LNF) within the ARTEMISIA (ARTificial intelligence Extended-Multispectral Imaging Scanner for In situ
Artwork analysis) project funded by the Lazio Region Technological District of Cultural Heritage (DTC).

The scanning system is composed by a 3-axes motorised translator (Standa), which enables data collection in the X–Y directions
by focusing the probing beam onto the analysed surface (in the Z direction, as illustrated in Fig. 7). The maximum dimension of the
recorded maps is 200×200 mm2.

The composite instrument, shown in Fig. 7, yields data on the elemental and molecular composition of the same area of a given
object. In detail, the scanning system includes the following components:

a. XRF: an X-ray source and a silicon drift detector (SDD) with preamplifier and cooling system for the XRF measurements;
b. LED-UV: the optical probe for the LED-UV-induced fluorescence measurements;
c. FTIR: a spectrometer for the FTIR measurements;
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Fig. 8 a Schematic representation of the X-ray scanning head and the profilometer sensor head. b Transportable scanning system with its components: (1)
Laser profilometer; (2) motorised X–Y stages; (3) inclination adaptor; (4) laser distance metres

d. A position-sensitive sensor (IL-65, Keyence), used to map and record the X , Y , and Z positions of the area to be analysed before
the acquisition. These recorded positions are then employed for the three techniques (X-rays, UV, and IR), as the distance among
the three measuring heads is known and fixed.

All the other components (i.e. electronics, UV source, UV–Vis spectrometer, etc.) are located on a working table.
The spectral acquisitions are synchronised with the scanner movements by means of a LabVIEW software developed in-house,

whereas the images are reconstructed through a dedicated software (ARTEMISIA software) developed by X-Team Software Solu-
tions.

The setup for each spectroscopic technique is briefly described below:

• XRF: X-ray tube and detection system as in the Florence version (see Sect. 2.1). The beam spot size is approximately 1 mm;
• LED-UV: LED-UV source, centred at 280 nm (Ocean Insight), and a UV–Vis spectrometer (FLAME Ocean Insight). The

spectrometer is equipped with a 600 lines/mm diffraction grating, blazed at 300 nm, covering a 200–850 nm spectral range,
and a linear silicon charge coupled device (CCD) array detector. The spectral resolution is 1.5 nm. An optical probe excites and
collects light in a position perpendicular to the sample and two optical fibres are connected to the UV source and spectrometer,
respectively. The beam spot size is approximately 1 mm;

• FTIR: a commercial Bruker Alpha FTIR spectrometer, equipped with a reflection module (20°/20° geometry) and a coaxial digital
camera. The camera acquires one image for each acquisition point, which allows assigning spectra to specific spots on the map.
The lateral resolution is approximately 1.5 mm, and the spectral range is 7000–350 cm−1.

2.2 The combined MA-XRF and profilometry scanner at INFN-Roma Tre

An integrated system for chemical and morphological analysis is being developed in the framework of the PERSEPOLY (Protecting
hEritage by x-Ray SpEctroscopy and PrOfiLometrY) project, conceived as a continuation of the Mu.S.A. (Multi-Channel Scanner
for Artworks) project, which was conducted from 2019 to 2021, which was devoted to developing a MA-XRF scanning system [12,
48–51]. A laser profilometry device was subsequently added (Fig. 8a), further enhancing the overall investigative capabilities of the
system.

Integrating non-destructive and non-invasive techniques into the available MA-XRF device can provide precious information
complementary to the elemental composition especially for the analysis of paintings. Laser profilometry offers several advantages
for addressing diagnostic needs in the study of cultural heritage. When scanning semi-flat surfaces of different composition, the
system’s lateral resolution of about ten microns allows for very precise and reproducible localisation of the features of interest, such
as hidden details, details related to the production techniques, or surface defects due to degradation processes [52, 53]. Thanks to the
micron-level vertical resolution (along the Z-axis perpendicular to the painting plane), the system enables the study of brushstrokes,
whose usual size is 20–30 microns in height and above 200 microns in width. Moreover, laser profilometry delivers quantitative
data, enabling the creation of topographical maps and 3D representations, along with conducting calculations of surface roughness
and statistical studies [54]. Alternatively, these data can be processed towards a format accessible also to conservators and art
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historians, displayed as a simulated raking light image, coloured scale topographic map, for more immediate interpretation of the
surface features, from the perspective of artistic gesture. These formats can be easily handled by any image viewer (i.e. GIMP and
Photoshop) and 3D viewer (i.e. MeshLab and Gwyddion). Finally, the possibility of repeating surveys at different times facilitates
the detection of changes in the object’s shape and variations in surface layer thickness during cleaning processes [55, 56].

The profilometry scanning system contains the following components:

• Profilometer: a high-resolution laser profilometer by Keyence (Controller Model: LJ-X8000A; Head Model: LJ-X8080). A laser
line (λ � 405 nm) measuring 39 mm×72 μm is projected on the object, and the sampling rate can vary from a minimum of
10 Hz to a maximum of 1 kHz. The CMOS captures the reflected light, leveraging it to generate a detailed surface profile. With
a working distance of 72 mm and a measurement range spanning±20.5 mm, the instrument delivers height data with a lateral
resolution of 12.5 μm [57];

• Motion system: two motorised linear axes (X , Y ) by IAI Corporation (Model: RCP6-SA6C-WA-42P-3-300-P3-R03), enabling a
maximum scanning area in the XY plane of 300 300 mm2 [58];

• Hydraulic Lifting Trolley: The entire setup has been transferred on a Columbus McKinnon elevating platform (Model: HF A
035-1575 DM), which can be raised up to 150 cm [59], facilitating the scanning of large-scale paintings. Additionally, it has
been modified by integrating a system that enables the adjustment of the eventual inclination angle, ensuring optimal scanning
conditions (Fig. 8b).

The technical specifications of the XRF system are reported elsewhere [12, 49–51]. The operational speed range of the current
setup is not congruent with the capabilities of the system developed in the Mu.S.A. project. As a result, the two instruments require
movement at different velocities, making consecutive runs necessary instead of simultaneous operation. The high reproducibility
of the head mechanical positioning (in the range of 10 microns, less than the profilometer lateral resolution) allows for precise
overlapping of the two levels of information, morphological and compositional.

As a preliminary phase, ad-hoc samples prepared with different materials and thicknesses were examined to verify the instrument’s
accuracy and compatibility with the MA-XRF scanner’s working conditions [60, 61]. Subsequently, a panel painting titled L’ebbrezza
di Noè (measuring 170 cm×120 cm), belonging to the Gallerie Nazionali di Arte Antica, Rome, was studied (Fig. 9a). Three
significant details of the work are shown in Fig. 9, along with the surface morphology of three areas. In Fig. 9c, in the corresponding
3D model, the thicker brushstrokes of the highlights on the hair, eye, and facial contours are clearly visible, as they were added at the
end of the creative process by applying a thick, clear paint that conveys a relief effect. The colour scale indicates a slight depression of
the panel, corresponding to the forehead. Figure 9d and e shows a junction between two wooden planks of the panel, affected by paint
detachments (red circle). Furthermore, the 3D model reveals warping of the two planks. Finally, Fig. 9f and g details the contours
of the seal with the letters “A S”, located at the bottom right corner and possibly signed by the unknown artist. The comparison also
highlights an additional advantage of the profilometric survey over the autopsic one, i.e. the absence of specular reflection (in this
case present on the red lateral surface of the lettering), which can hinder proper reading of the materials’ morphology. Each point
in Fig. 9g retains the height information and is fully legible.

The hyphenation of the two techniques proved to be highly effective in addressing a series of crucial issues for the study of
cultural heritage. From a conservation point of view, it is possible to follow the evolution of degradation phenomena in paintings,
such as the harmful interaction of oil media with pigments or drying additives containing metals such as Pb, Zn, Co, or Mn that may
induce craquelure or the crystallisation of metallic soaps granules, with consequent eruption on the painted surface. Other instances
of surface changes linked to specific elemental compositions include paint crumbling, observed for example in the case of As-based
colours such as realgar, orpiment, emerald green, or efflorescence phenomena related to the release of migrating ions from pigments,
as in the case of the leaching of alkali ions from the blue smalt. The technology presented herein may in the future simplify the
systematisation of knowledge about the phenomenology of craquelure in specific pigment-binder formulations. Furthermore, in the
context of stylistic and formal analysis of works of art, it will be possible to apply pattern recognition and classification algorithms
to the paintings investigated. For example, it will be possible to identify different hands within the same painting, later conservation
treatments or changes, and to evaluate a work’s authenticity thanks to the reconstruction and documentation of the pictorial phases
and the examination of the artist’s techniques.

In summary, the integration of MA-XRF and laser profilometry is a promising approach for the study and preservation of cultural
heritage. This synergistic combination contributes to addressing numerous challenges associated with degradation and understanding
of the artistic practices.

3 PIXE imaging

PIXE uses a particle beam of MeV energy (most typically, a 2–3 MeV proton beam) to excite the emission of X-rays from the
atoms of the target. Since the energies of these X-rays are characteristic of each chemical element, the X-ray spectrum provides the
elemental composition of the sample, with the only exception of the lightest elements (normally PIXE is limited to elements whose
atomic number is greater than 10). Proton beams with typical intensity ranging from a few tens of pA up to a few nA are the most
common choice; they are usually produced by electrostatic accelerators with terminal voltage of some MV.
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Fig. 9 a Visible light image of the panel painting ‘L’ebbrezza di Noè’, Gallerie Nazionali di Arte Antica, Roma (MiC) - Bibliotheca Hertziana, Istituto
Max Planck per la storia dell’arte/Enrico Fontolan; b area 1, superimposition of profilometry height image to the visible light image and c 3D model for
a documentation of the brushstrokes; d area 2, superimposition of profilometry height image to the visible light image and e 3D model for an integrated
documentation of surface defects; f area 3, visible light image and g 3D model of the seal with the letters “A S”

PIXE is a multi-elemental technique that enables high sensitivity measurements (down to trace elements), also in a quantitative
way, since all the physical parameters determining the X-ray yield (production cross section, beam energy loss in penetrating the
target, absorption of the produced X-rays) are well known. The sample can be kept in air, thanks to external beam setups [62], and
the beam current can be very low (tenths of pA are often sufficient with thick targets), preventing any damages to the object under
study [63].

The possibility of tuning the proton energy, and thus the proton range, into the sample allows one to obtain information on the
structure in depth; moreover, the simultaneous emission of additional radiation from the target can be exploited by complementary
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techniques (for instance, PIGE, when detecting gamma rays, IL when collecting visible light, EBS/RBS, in the case of elastically
backscattered particles) to integrate the wealth of information gathered in the analysis.

As already noted in the case of XRF, the main limitation of PIXE is its inability to yield information on the material’s molecular
composition and identity of the organic compounds. Moreover, the use of particle accelerators makes this technique typically not
suitable for in situ analysis, with a few notable exceptions discussed below.

Imaging can be performed either by scanning the beam over the sample surface using electrostatic or magnetic deflectors (typically
with areas up to some square mm) or by moving the sample in front of the beam, which is possible only if the artefact’s size and
weight allow it to be placed on a motorised frame. In the latter case, larger areas, typically of the order of tens or hundreds of cm2,
can be examined.

3.1 PIXE imaging system at the MACHINA portable accelerator

MACHINA is the first transportable particle accelerator ever built [64], developed within a project that involved INFN, the Conseil
Européen pour la Recherche Nucléaire (CERN), and the Opificio delle Pietre Dure (OPD) to perform elemental analysis of objects
of interest to cultural heritage.

MACHINA was designed to be installed in the OPD laboratories and moved, when needed, to museums, storages or conservation
sites. With this goal in mind, this system had to meet a number of requirements, including low weight, compactness, low power
consumption, low radiation impact, low cost, transportability, and ease of use.

As a whole, the accelerator system, which provides 2 MeV pulsed proton beams that can be used for PIXE and PIGE, weighs
under 500 kg, occupies a space approximately 2.5 m in length (beam axis) and 1 m in width, and consumes an average power of
less than 15 kW.

MACHINA consists of four main parts:

1. the radiofrequency (RF) ion source, producing a 20 keV proton beam;
2. the low energy beam transport line (LEBT), which drives the protons in ultra-high vacuum (UHV) from the source to the principal

accelerating structure; it contains a focusing system (Einzel lens) and a diagnostic station equipped with a Faraday cup;
3. the radiofrequency quadrupole (RF) cavities, where the beam is bunched, focused, and accelerated from 20 keV up to 2 MeV;
4. the High-Energy Beam Transport (HEBT), another UHV line driving the protons from the RFQ cavity to the beam extraction

window, which allows for the beam to be extracted from the high vacuum beamline into the atmosphere. In the HEBT, a beam
focusing system (based on two permanent quadrupole magnets) and a diagnostic station, to measure beam current, position, and
shape, are also present. In addition, a rotating carousel enables the introduction of aluminium foils of two different thicknesses
to reduce the beam energy. In detail, beams on target of 1.5 MeV and 1 MeV can be obtained by inserting, along the beam path,
aluminium foils of 9 μm and 22 μm, respectively.

The sample is placed a few millimetres after the exit nozzle. Here, a carbon fibre frame mounted on top of two precision motorised
stages from Physik Instrumente (PI) allows for a maximum scanned area of 600×200 mm2, with a maximum load of about 20 kg.
The beam diameter can be adjusted from some mm to some hundreds of micrometres. Exact characterisation of this system is still
in progress.

4 X-ray radiography and computed tomography

X-ray digital radiography (DR) and computed tomography (CT) are non-invasive testing techniques that use X-rays to investigate
the entire volume of an object.

Differently from MA-XRF, in X-ray radiography, the object is placed between the source and the detector, and the intensity of
the transmitted radiation, attenuated through the sample, is recorded as a grey-scale image. This intensity is related with physical
parameters such as density and atomic number of the object analysed, allowing researchers to reveal internal details and providing
morphological and physical data on its inner structure. The analysis can shed light on construction techniques, conservation state,
and materials distribution [65].

CT consists in acquiring a series of radiographies at different angles of the object with respect to the source-detector system;
information can be obtained as 2D cross-section images or 3D full-volume images, enabling the inspection and classification of the
structure of the object. Additionally, processing tomographic data can result in a 3D numerical model of the sample, suitable for
virtual reality applications or digital archive storage.

X-ray CT is limited by the objects’ material composition and size. Large metal works require high energy X-rays, which involves
issues related, for instance, to radio-safety and transportability of the dedicated instrumentation. Moreover, X-rays typically yield
poor contrast for organic materials, especially when they are embedded into objects with higher density.

The technique was first applied to cultural heritage analysis using medical CT scanners with hospital permission. However,
medical CT scanners only produce accurate results when analysing samples whose size and density is similar to that of the human
body. Unfortunately, with the notable exception of mummified individuals, this requirement is rarely met in the field of cultural
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heritage research, where artefacts exhibit different sizes and compositions. For maximum flexibility in terms of portability and
object dimensions, custom instrumentation is designed and developed with unbonded, independent components: source, object
sample stage, and detector. This configuration allows for 360° projections to be acquired by rotating the objects, as opposed to
medical systems. This involves using two orthogonal translation axes to move the detector on an X–Y plane and Z-translation to
move the source, so that the tile-scanning technique can be used to perform CT of artworks larger than the detector dimensions.
Over the years, INFN-CHNet researchers developed multiple acquisition systems for DR and X-ray CT [66, 67], starting from
instruments tailored for large objects up to a few metres in size and high-resolution micro-tomography for small artefacts (with a
voxel size of a few microns) [68–71].

4.1 CT systems at INFN-Bologna

The CHNet node in Bologna was born from the synergy between the University of Bologna, Department of Physics and Astronomy
(DIFA), and the INFN, Bologna division. Over the past decades, several CT systems were developed, four of which are fully
operational at the present moment. They are located in three different X-ray laboratories, two of which are based at DIFA in Bologna
and one in Ravenna.

Of these four systems, two are fixed (a micro-CT apparatus and a scanner for large-scale objects) and two are mobile (a medium-
sized scanner and a system for large objects). The two mobile systems described in the following are the most unique pieces of
equipment of the CHNet Bologna node. Decades of collaborative work with cultural heritage institutions such as museums and
conservation centres have highlighted a widespread need for on-site analytical capabilities. To meet this requirement, over several
years and through a series of subsequent adjustments, the team developed two additional setups for mobile X-ray CT, covering
both medium (a few tens of centimetres) and large (up to 1.5 m) dimensional scales, respectively. Both systems feature flat-panel
detectors, which are well suited for movable apparatuses thanks to their compactness. A combination of commercially available and
custom-designed mechanics completed the scanners’ structure.

A description of the four X-ray CT scanners is reported in the following, with a special focus on the two mobile systems.

4.1.1 Fixed CT system for large-scale objects in Ravenna

Formerly developed for on-site campaigns, the system was modified and eventually located in the Ravenna laboratory. The detector
is a scintillator-mirror-CCD camera mounted into a light-proof box. The components, updated multiple times over the years, are
now the following:

• X-ray tube: COMET Yxlon EVO200D (200 kV, 6 mA);
• Detection system: Apogee Alta U9000 CCD camera plus mirror and caesium iodide scintillating screen;
• Motion system:

• 3 m travel range horizontal high-load motorised linear stage;
• 80 cm travel range motorised vertical lifter;
• Newport RV160CC high-load rotation stage.

The system has been fully functional as a stationary CT scanner for large-scale objects since 2008. With a field of view of 45 cm×
45 cm that can be extended mechanically, this equipment is currently mainly used for teaching purposes.

4.1.2 Fixed micro-CT system in Bologna

The micro-CT system currently operating at the University of Bologna’s Department of Physics and Astronomy was developed
based on a high-resolution CCD camera.

The main components of the system are as follows:

• X-ray tube:

• low power and compact microfocus tube Thermo-Kevex PXS10-65W 130 kV;
• BOSELLO XRG120IT Industrial type X-ray tube 120 kV—7 mA;

• Detection system: Photonic Science VHR1:1 CCD camera (4000×2600—9 μm pixel) with GOS scintillator;
• Motion system:

• Physik Instrumente M-037 micrometric rotating stage;
• Physik Instrumente M-042 tip/tilt precision alignment goniometers;
• Physik Instrumente M-415 vertical translation axis for sample adjustment.

This system works for high-resolution sample scanning down to 4.5 μm voxel at maximum resolution, while the typical voxel
size used is between 9 and 12 μm. The field of view of the Photonics Science CCD camera sensor is 36 mm×23.4 mm, becoming
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Fig. 10 Schematic illustration of the mobile systems of the CHNet Bologna node (INFN-DIFA): a medium-size mobile system for small objects (flat-panel
motorised stage length 30 cm for both horizontal and vertical axis), and b large-size mobile system for large objects (flat-panel motorised stage length 1.5 m
for both horizontal and vertical axis)

9 mm×5.85 mm at the maximum resolution available with 4.5 μm voxel size. For that reason, the system is suitable for the analysis
of samples of quite small dimensions (< 3 cm).

4.1.3 Medium-size CT mobile system for small objects

The first mobile system setup (Fig. 10a) consists of a couple of wheel tables, on top of which the components are mounted. The first
table is dedicated to the flat-panel detector and rotation-tip/tilt sample manipulator block, while the second table holds the compact
X-ray tube and a vertical translation axis for height adjustment.

Listed below are the system’s main components:

• X-ray tube:

• COMET Yxlon EVO200D (200 kV, 6 mA) for high energy scanning;
• Thermo-Kevex PXS10-65W compact low-power X-ray tube for high-resolution scanning;

• Detection system: Varian PaxScan 2520D medium-size flat-panel detector with 1536×1920 image size and 127 μm pixel;
• Motion system:

• Physik Instrumente M-413 30-cm travel range motorised stages XZ detector translation system;
• Physik Instrumente M-038 precision rotary stage;
• Newport BGS80 precision goniometers pair;
• Physik Instrumente M-521 20 cm travel range vertical translation stage (for X-ray tube).

The flat-panel field of view, thus measuring about 20 cm×24 cm, can be extended to a 30-cm travel length each by means
of vertical and horizontal translation axes. The extended field of view reaches roughly an overall dimension of 50 cm×54 cm.
Extended field of view CT is possible by applying the tile-scanning method, which relies on a complete rotation of the sample over
360 degrees with related projection acquisition on a number of shifted overlapping detector positions belonging to a previously
established grid. In the present working configuration, our system allows a maximum grid of 3×3 detector positions. Anyway,
because of magnification, the maximum physical size of the object to scan is 40 cm.

With the microfocus X-ray tube, the mobile system shows good high-resolution capabilities, reaching a voxel size of around
30 μm, while normal operations entail a voxel size of 110 μm. The choice of experimental parameters depends, of course, on the
sample size and resolution requirements, and will affect the overall field of view achieved.

Easy to transport and set up, this medium-size mobile system has been used in several on-site measurement campaigns across
Italy. The ordinary way of transportation is through a van, although the components (without the tables) can also be shipped and
reassembled on-site. This is what was done, for instance, on the occasion of some analytical campaigns on the main Italian islands
(Sicily and Sardinia) or in remote locations (Calabria) [72].

4.1.4 Large-size CT mobile system for large objects

The second mobile system is based on a custom mechanics assembly, a detector, a rotation stage, and an X-ray tube (Fig. 10b).
A list of the system’s main components is reported below:
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Fig. 11 3D rendering of two CT scanning campaigns performed at the Museo Egizio in Turin: a a wooden box from the Tomb of Kha and Merit; b a small
vase from the Eliopolis material currently under study

• X-ray tube: COMET Yxlon EVO200D (200 kV, 6 mA);
• Detection system: Varian PaxScan 2520D flat panel;
• Motion system:

• CAD Project horizontal and vertical 1.5 m travel range translation axes;
• CAD Project 1.3 m travel range vertical translation axis for the X-ray source;
• PI-Micos PRS200 precision rotation stage, 50 kg centred load over an iron adjustable basement.

The system operates mostly in continuous scanning mode with hardware detector binning (pixel size 254 μm), especially for
large objects that require a wide scanning grid, to reduce the overall CT time. Typical single-position scanning time is 3 min in
this configuration, when it is possible to operate with a detector maximum frame rate of 10 fps. All components, including the
translation axes, can be disassembled and loaded separately in a van for transportation, although in this case system reassembly
requires significantly more work than for the previous scanner. While the alignment procedure is also more complicated and time
consuming, once mounted the system yields excellent performance and is capable of scanning several large-size objects within a
single day. While the resolution achievable for large objects is close to 200 μm, in most cases, for 3D rendering purposes of the CT
reconstructions, the obtained resolution is around 400 μm. It is possible to scan objects up to 1.2 m in size.

Recent applications of both mobile systems included, in 2023, a few on-site scanning campaigns at the Museo Egizio in Turin,
which houses one of the largest holdings of Egyptian antiquities and is considered the second most important collection in the world.
Different projects and artefacts required two distinct measurement campaigns, using different instruments and setups, respectively,
focusing on small pottery findings from Eliopolis and a number of bigger objects belonging to the tomb of Kha and Merit. On
both occasions, the two CT systems operated successfully and the measurement campaigns were completed with satisfying results,
confirming the versatile nature and high-performing capabilities of the CHNet Bologna mobile CT systems. An example of the
results is shown in Fig. 11.

4.2 X-ray imaging systems at INFN-Turin

Two X-ray imaging systems have been developed within the INFN-CHNet Turin node: one is a CT setup tailored to the analysis
of large-scale objects, up to a few metres in dimensions, while the second is a micro-CT setup for small objects. Both systems are
currently fixed and cannot be moved away from their location, although an update in terms of portability is being developed for the
micro-CT equipment.

4.2.1 Fixed CT system for large-scale objects at CCR “La Venaria Reale”

Located at the Centro per la Conservazione ed il Restauro dei Beni Culturali (CCR) “La Venaria Reale”, the setup for large objects
was developed between 2009 and 2013 in the framework of the neu_ART project [73], which received funding from the Piedmont
Region. Installed in an air-conditioned, shielded environment of about 5×5×3.5 m3, the system was specifically designed to enable
the DR analysis of paintings up to a few square metres and the CT acquisition of wooden artefacts up to 2.5 m high (Fig. 12a).

The system’s main components are described below:

• X-ray source: GE Eresco 42MF4 (200 kV maximum voltage and 3 mm focal spot size);
• Detection system: Hamamatsu C9750-20TCN linear detector (200 μm pixel size);
• Motion system:

• Newport RV PE 350 rotary stage;
• two vertical motorised mechanical axes with range of more than 2 m for source and detector;
• one horizontal axis with a range of 3.5 m and a speed range between 0.2 and 5.0 m/min for the detector.
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Fig. 12 X-ray imaging systems at the INFN-CHNet Turin node: a setup for large objects installed at the CCR “La Venaria Reale” and b micro-CT setup for
small objects

Fig. 13 a Visible photograph and b CT 3D image of the alveus of Taiefmutmut’s coffin (183 cm×49 cm×25 cm). c Frontal section of the coffin, selected
at about half depth. d, e Transversal sections acquired in correspondence respectively to the blue and red arrow in picture (b). CT acquisition parameters are
as follows: 180 kV voltage, 5 mA current, 1.2×magnification, and 0.5 mm voxel size

To limit the signal due to scattered X-rays, the linear detector is placed behind a vertical, 1-cm-thick lead collimator, and its
rotation is synchronised with the horizontal translation. The rotary stage is embedded in a structure mounted on a carriage, which
enables adjustment of the distance between the object under analysis and the detector according to the size of the object itself.

This setup proved to be very versatile, enabling the radiographic analysis of large paintings [74] and the tomographic investigation
of large wooden artefacts, including pieces of furniture [75] and the lid of Taiefmutmut’s coffin [76]. Smaller objects made of different
materials can also be analysed: for example, a soil block from an archaeological excavation, whose CT revealed a metal belt inside
[77]. Recently, the alveus of Taiefmutmut’s coffin (Cat. 2228/1 – Museo Egizio, Turin) was investigated: as can be seen in Fig. 13,
CT scanning is highly effective in providing insight into the technique used to create the object and its state of preservation. Data
collected includes the observation of the growth rings of the wood, useful in assessing the distribution and orientation of the blocks
and the joints between them, as well as the detection of any missing pieces, holes, cracks, and any material overlying the wood. In
addition, the dimensions and thickness of each element can be evaluated.

Over the last few years, a small flat-panel detector was coupled with different CT setups and other instrumentation (e.g. the
MA-XRF in Sect. 2.1.3): it is an 11 cm×14 cm Teledyne Dalsa Shad-o-Box 6K HS with 49.5 μm pixel (Fig. 12b). The panel can
be mounted together with the linear detector on the same mechanical axes, which are used in a fixed configuration and moved only
for alignment purposes. This approach is very useful for smaller objects, up to a few tens of cm maximum in each direction, that
require scanning at high resolution; good results have already been obtained on small wooden sculptures from the Museo Egizio in
Turin, namely two offering bearers [78] and a Taweret goddess showing traces of gilding [79].
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4.2.2 Fixed micro-CT system for small objects in Turin

A micro-CT setup was developed for acquisitions on smaller objects; the main components of its original configuration include the
following:

• X-ray source: Hamamatsu microfocus L8121-03 (150 kV maximum voltage and 5 μm minimum focal spot);
• Detection system: Hamamatsu C10650-321 “linear” TDI detector (220 mm×6 mm area and 48 μm pixel);
• Motion system:

• Newport URS150BPP rotary stage;
• two motorised axes for horizontal and vertical movements of the detector;
• a vertical axis for manual movement of the source.

The TDI detector can be used in two different ways: mounted vertically in “scan mode”, to acquire CT volumes of objects up to
a few tens of cm, such as an ancient toy from Cyprus known as tintinnabulum [80]; or mounted horizontally and held fix in “area
mode” to collect a few horizontal slices of small objects in a faster way, such as pearls, to determine whether they are of natural or
artificial origin based on their inner structures [81].

The flat-panel detector described above can be coupled with the micro-CT system instead of the TDI detector, yielding different
advantages: it operates more quickly than the TDI detector in “scan mode” and can capture the entire volume of an object, as opposed
to the TDI’s “area mode”, which is limited to acquiring only a few sections. This approach is also quite versatile: exploiting the
magnification, a micro-CT scan of cm-sized objects can be obtained with voxel size below 10 μm, such as beads made of both glass
[82] and shell [83]. Increasing the voxel size and using the tile scan, larger objects can be analysed, such as ancient wooden flutes
[84].

4.3 X-ray imaging system at INFN-Florence

In the framework of the PNRR PE5 project CHANGES: Cultural Heritage Active Innovation for Sustainable Society, a transportable
system for X-ray radiography/tomography is currently being developed. The system is designed for in situ measurements, exploiting
a shielding design to accomplish the current radio-safety rules. A low-power X-ray source (50 W) will be installed for this purpose.
The shielding will contain the object, the detector, and the translation stages, while the X-ray source will be facing on one side. These
characteristics make this equipment suitable for the analysis of small, light objects, such as wooden statuettes, ceramic samples, and
bones or shells, and could be employed also in external sites such as museum galleries and storages.

5 Neutron-based imaging

Neutron imaging (NI) techniques generally enable the creation of digital datasets related to the morphology and composition of
complex objects. Specifically, radiography entails measuring the intensity of neutrons passing through a sample, which provides
information on its density, internal morphology, and the relationship among different elements in a similar way to X-ray radiography.
With neutrons, however, it is also possible to analyse significant thicknesses (in the order of centimetres) of heavy materials such
as metals. As in the case of X-rays, a neutron tomography of the artefact can be obtained by combining various radiographs at
different orientations [85–87]. The possibility to reconstruct an object’s entire volume makes every constitutive and microstructural
detail virtually explorable [88, 89], proving this tool essential to investigate the manufacturing methodologies and to assess the
preservation state [90–92]. In this regard, neutrons offer an invaluable opportunity to map corrosion phenomena across a sample’s
entire volume in a completely non-invasive way, exploiting the strong interaction that this probe has with hydrogen. As shown in the
literature, through its association with other light elements such as oxygen, hydrogen can be used to identify the most mineralised
and corroded areas of a metallic artefact [93]. Moreover, for hollow metal objects such as bronze statues, the metal thickness, the
presence of fractures, gaps and defects, as well as the presence of inner elements such as support structures or casting cores, can
be investigated [94]. Starting from the projection data, it is also possible to reconstruct a 3D model of the entire volume of an
object, providing conservators with a highly informative and intuitive tool. Thanks to the different attenuations possibly shown by
the artefact components, it is also possible to virtually separate such components by digitally segmenting their distinct volumes.

Neutron imaging techniques, both white beam-NI (WB-NI) and monochromatic-NI (energy selective neutron imaging ES-NI,
and Bragg edge neutron transmission analysis, BENT), are currently the probes of choice for a totally non-invasive study of metal
artefacts, providing a wealth of information from morphological and microstructural data, to the characterisation of alloys, and to
the study of the manufacturing processes used to create cultural heritage objects. Although in Europe several research centres offer
the possibility to use beam time for NI experiments, until a few years ago in Italy there was no facility suitable for this purpose.
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Table 1 Set-up parameters and
performances in NICHE working
configurations

Parameter High flux configuration High-resolution configuration

Shutter to detector distance 1410 mm 1920 mm

L/D 140 190

FoV (field of view) Ø 65 mm (rounded)
45 mm (max square side)

Ø 95 mm (rounded)
65 mm (max square side)

Spatial resolution

PSI bar pattern at 40 mm from the
scintillator (typical working
distance)

180 μm 150 μm

PSI bar pattern sticked to the
scintillator (Best spatial
resolution)

150 μm 125 μm

Acquisition time

Optimal 600 s 1200 s

Typical 300 s 600 s

Tomography mode 120 s 240 s

5.1 CHNet-NICHE: the neutron imaging station for cultural heritage in Pavia

In this context, INFN-CHNet spearheaded a project titled Neutron Imaging in Cultural HEritage (NICHE), devoted to the devel-
opment and operation of a neutron imaging station at the 250 kW TRIGA Mark-II reactor managed by the Laboratorio Energia
Nucleare Applicata (LENA) in Pavia [89, 95, 96]. The NICHE imaging station is located on the TRIGA thermal beamline port B,
which has the best potential for imaging applications as it offers the highest ratio of thermal respect to epithermal + fast neutrons.
The epithermal and gamma flux are furthermore lowered by 70-mm bismuth and 100-mm sapphire filters contained in the flight
tube, making the neutron flux in the sample area on the order of 2×105 cm−2 s−1.

The main instrumental components are the following:

• experimental hutch, main area size: 2.5 m length, 0.6 m width, 2.1 m height, entrance area with maze double corner;
• remotely controlled beam shutter;—pin-hole selector made of interchangeable ceramic cartridges of 8 mm thick (10 or 20 mm

diameter aperture);
• manipulation: x–z–ω motorised movement (typical working sample-to-detector distance: 40 mm);
• acquisition system: Cu doped 300 μm thickness LiF/ZnS scintillator screen coupled with CMOS digital camera (16 bit), 20 mm

optic lens on a remotely controlled translation stage for focusing; camera pixel size corresponds on the scintillator to 50 μm×
50 μm area;

• LabVIEW-based remote control interface allowing to perform script sequence of commands (motor movement and acquisition).

Despite the limited dimensions of the experimental hutch, exploiting a rail system that allows the independent movement of the
camera box and sample holder, NICHE offers two working configurations (Table 1), with different L/D (collimation ratio) values,
where L represents the distance from the aperture to the image plane, and D is the diameter of the aperture. A lower L/D value
results in more pronounced blurring in the image compared to the inherent unsharpness caused by the imaging device. As the L/D
ratio increases, the level of unsharpness decreases, leading to an improvement in image quality. Due solely to geometric factors, the
neutron beam profile tends to become flatter at the image plane as the L/D ratio increases.

The station was established in April 2021, working for the equivalent of 30 beam time days to date. The components are easy to
remove and install and the complete setup takes about 2 h.

Numerous test experiments on different materials were performed including some objects that could be representative of archae-
ological samples. Figures 14 and 15 show two representative examples. Figure 14 illustrates the neutron radiograph of a fifth century
B.C. bronze decorative artefact from the Balkan area. The artefact’s thickness is nearly constant; this allows one to obtain relevant
information even with a simple radiogram, in which the contributions of the attenuations along the sample thickness are not resolved,
but are instead represented by an average of the attenuations of the various phases stacked in a two-dimensional image.

Despite this, some variations in the grey values can be noticed, which can be attributed to morphological differences (Fig. 14b).
Furthermore, it is possible to propose a mapping of the areas most affected by corrosion based on the H detection (dark grey-black
areas, Fig. 14c/orange–red–purple areas in the false coloured image).

The second example shows the result of the reconstructed data of a white beam—neutron tomography (WB-NT) experiment on a
19th-century Japanese copper alloy sword fitting (Fuchi) (Fig. 15). Figure 15b displays different slices orientation, exploiting, aside
from the orthogonal reorientation, a radial reslice that allows one to visualise, on a single plane, parts of the object that are lying
on different planes. This method [97] is used here to investigate the side of the Fuchi just a few micrometres below the object’s
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Fig. 14 a Ancient bronze spiral from South-East Europe, Balkan area, fifth century B.C.E. (private collection). b Normalised white beam neutron radiography:
high corroded areas appear darker due to a greater attenuation power of the mineralised phases that are rich in H. c False colour map of the attenuation power,
enabling the mapping of corrosion for this archaeological sample

Fig. 15 White Beam Neutron Tomography (WB-NT) of a copper alloy nineteenth century Japanese sword fitting (Fuchi): a picture of the object; b on the
top are shown axial (xy) and normal (zx) slices; on the bottom it is shown, in a single plane, the side decoration of the Fuchi, obtained exploiting a radial
reslice and unfolding process (as described in [97]). WB-NT 3D segmentation allows us to visualise the two different parts that constitute the Fuchi (c),
while in (d) the 3D corrosion map is shown

surface. In Fig. 15c and d, the artefact’s manufacturing technique (c) and the 3D corrosion map (d) were obtained by means of 3D
segmentation.

6 Conclusions and future perspectives

INFN created its Cultural Heritage Network, INFN-CHNet, to promote the development and application of scientific methods and
technologies to cultural heritage materials and artefacts. In this framework, a series of instruments with different technical features
and prospective applications have been developed by INFN researchers over the years. Among these, the wide array of X-ray and
neutron-based imaging techniques available within INFN-CHNet was showcased in this paper.

Concerning X-ray imaging, several MA-XRF systems are currently available within the network, allowing for in situ elemental
mapping of relatively large surfaces (up to 300×300 mm2) in a great variety of samples and objects, with a spatial resolution in
the hundreds of micrometres range. MA-XRF is a powerful technique mainly used for the elemental characterisation of pigments
in paintings and other bidimensional surfaces, but also successfully employed to identify inorganic materials in a large variety of
objects, such as furniture, pottery, mosaics, or metal artefacts.

Some of the instruments discussed above are based on the coupling of XRF with complementary techniques for a more compre-
hensive characterisation of the object’s materials:

XRL for the study of minerals and gemstones, whose luminescence properties can provide useful information for an exhaustive
materials characterisation. A provenance study on lapis lazuli artefacts was reported in this article as an example.

DR for the visualisation of a sample’s inner features. In the study of paintings, this technique might shed light on the structural
elements, preparation layer, and paint materials. In some cases, it may highlight the presence of hidden features and compositional
changes, such as pentimenti. In tridimensional objects like pottery and wooden artefacts, DR often yields valuable information on
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the fabrication techniques. In addition, radiography can be helpful in assessing an object’s preservation state and in the identification
of forgeries.

Reflection FTIR for the molecular characterisation of a sample’s organic and inorganic components, enabling the identification
of pigments, fillers, binders, and degradation products in various paint materials. This technique is also used to identify textile fibres
and, more broadly, to shed light on the chemical composition, deterioration processes, and conservation products across a wide
range of materials, including paper, polymers, stone, ceramic, and glass.

UV-induced fluorescence spectroscopy (or photoluminescence) allows the characterisation of both organic and inorganic materials
such as binders, dyes, pigments, and degradation products. This technique enables the discrimination of materials through their
characteristic emission spectra and decay times. It is useful to define the conservation state of the analysed artworks and to discriminate
among original and restored areas.

Laser profilometry to measure the sample’s surface roughness with micrometric resolution. This method allows for the identifi-
cation of concealed details, such as traces of the tools used by artists in the preliminary phases of a composition, providing valuable
insights into the techniques employed. By conducting repeated surveys at various times one can detect changes in the object shape
and variations in surface layer thickness, particularly during cleaning processes.

PIXE imaging is available at MACHINA, the newly developed transportable particle accelerator for cultural heritage applications;
here, the elemental imaging system is based on sample scanning under a fixed beam, with a spatial resolution in the range of some
hundreds of micrometres and a maximum scanned area currently corresponding to 600×200 mm2. Similarly to XRF, PIXE is
employed for the elemental characterisation of inorganic materials found in paintings and a wide range of different objects, including
furniture, pottery, mosaics, and metals. This technique enables quantitative measurements, even down to trace elements, and has
the capability to offer insight into the composition at varying depths by adjusting the proton energy and, consequently, the probed
depth.

In addition, X-ray DR and CT systems are also available for objects of different size, such as paintings up to a few square metres
and wooden artefacts up to 2.5 m high, and with different resolution, down to 4.5 μm voxel dimension for small objects. Some
of the instrumentation discussed in this article is portable, allowing for in situ analysis of the artefacts. DR and CT enable us to
reconstruct the inner structure of an artefact, thus shedding light on its construction techniques, preservation state, and materials
composition. They can be applied to nearly all types of artefacts, provided that the dimensions are appropriate for setup within the
system used. However, when using standard instrumentation, these techniques are scarcely informative in case of large high Z-high
density artefacts, such as large metal or stone sculptures, which typically completely absorb the X-rays produced by standard tubes
and would require higher energy sources, such as linac [98]. Furthermore, organic materials, especially when embedded in higher
density objects, are hardly evidenced.

All these limitations can be overcome by using the same techniques with neutron beams as probes. As in X-ray tomography, in
neutron tomography the entire volume of an object can be reconstructed, allowing for the virtual exploration of every constitutive
detail and thus offering a fundamental tool to investigate the manufacturing methods and assess the preservation state. Differently
from X-rays, neutrons allow one to analyse heavy materials such as metals with significant thicknesses (in the order of centimetres),
with the added ability to detect the inner presence of organic materials. Thanks to the high sensitivity to hydrogen, neutrons enable
to map the corrosion on a sample’s entire volume in a completely non-invasive manner, thus contributing to the assessment of an
artefact’s preservation state.

At INFN-CHNet, a neutron imaging station at the TRIGA Mark-II reactor of LENA in Pavia was developed within the NICHE
project. Tailored to the analysis of objects with mass within 5 kg, not highly radiopaque, and with dimensions up to about ten cm
in width and depth and about twenty in height (or more considering stitching procedure), with 125 μm resolution (best possible
configuration), NICHE is the first Italian neutron imaging station dedicated to cultural heritage. Despite the low flux and the limited
availability of beam time due to the radioprotection limits at LENA, NICHE has a great potential as a tool for the analysis of CH
artefacts via radiographs and neutron tomography.

All the above-discussed techniques provide an output in the form of images, which always require post-processing to interpret
the results correctly and to extract legible data to be shared with art historians, conservators, and other stakeholders. In the field
of image treatment, significant efforts are currently being focused on the application of statistical methods and deep learning to
imaging raw data. By identifying patterns and correlations in the data, these algorithms offer valuable insights into the composition,
age, and condition of the artefact [99–108] (for other Machine learning approaches in Cultural Heritage, see [109], and references
therein).
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