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Abstract: Analytical techniques play a fundamental role in heritage science. Among them, Particle
Induced X-ray Emission (PIXE) and X-ray Fluorescence (XRF) techniques are widely used in many
laboratories for elemental composition analysis. Although they are well-established, a strong effort
is put on their upgrade, making them suitable for more and more applications. Over the years, at
the INFN-LABEC (the laboratory of nuclear techniques for the environment and cultural heritage
of the Italian National Institute of Nuclear Physics), the INFN-CHNet group, the network devoted
to cultural heritage, has carried out many technological improvements to the PIXE and XRF set-
ups for the analysis of works of art and archaeological finds. Among the many, we recall here the
scanning external microbeam facility at the TANDEM accelerator and the MA-XRF scanner. The
two instruments have shown complementary features: the former permits quantitative analysis of
elements heavier than sodium, which is not possible with the latter in most of the case studies. On
the contrary, the scanner has the undeniable advantage of portability, allowing it to work in situ. In
this framework of technological developments in heritage science, INFN, CERN, and OPD are jointly
carrying on the MACHINA (Movable Accelerator for Cultural Heritage In-situ Non-destructive
Analysis) project for on-site Ion Beam Analysis (IBA) studies on cultural heritage.

Keywords: PIXE; MA-XRF; IBA; material analysis; heritage science

1. Introduction

IBA activities related to fundamental physics and other disciplines have been carried
out at the INFN-LABEC since its foundation in 2004. Tests of detectors for nuclear and
particle physics [1–3], studies of ion-matter interaction for solid state physics [4] and compo-
sitional measurements for heritage science (HS) [5], and environmental aerosol science [6]
are just some examples of the diverse applications. Those activities have been conducted
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thanks to the six beamlines of the TANDETRON accelerator: the external beamline for
aerosol measurements [7]; the external microbeam line [8]; the pulsed beamline [9,10]; the
ion beam analysis beamline in vacuum [11]; the external beamline for cultural heritage
measurements; and the atomic mass spectrometry beamline for 14C dating [12]. Reviews
on past and current activities at the INFN-LABEC are found in [13,14].

On the other side, especially in the field of HS, the possibility of performing measure-
ments on site is more and more required due to the problems of transporting a work of art
and the invaluable support of analytical techniques. For this reason, in 2011, a transportable
XRF device was developed. Moreover, thanks to the expertise within the INFN-CHNet
group, in the last ten years, a constant effort has been put in R&D for cultural heritage
applications [15,16]; therefore, several instruments have been developed and others are
presently in progress.

In this review, after a brief recall of the PIXE and XRF techniques, salient aspects of
the dedicated facilities (XRF device and microbeam facility) at the INFN-LABEC labora-
tory are presented towards several applications. The INFN-CHNet MA-XRF scanner, a
transportable device capable of mapping non-planar surfaces, is then described. The article
closes with an introduction of the MACHINA project, for the development of the first
transportable accelerator for IBA inside conservation centres and museums.

2. Brief Overview of the Particle Induced X-ray Emission and X-ray
Fluorescence Techniques

PIXE and XRF techniques have in common the emission of X-rays equal in energy to
the difference between atomic shells. In the first, the probes are ions, typically few MeV
protons provided by an accelerator, whereas in the latter they are X-rays, indicated as
primary X-rays, and are provided by synchrotrons, radioactive sources, or X-ray tubes [17].

Due to the specific energy levels of each atomic species, X-rays emitted from a target
are characteristic of the impinged atoms; therefore, different elements can be simultaneously
identified, acquiring an X-ray spectrum. It is worth mentioning that elements lighter than
sodium cannot be normally detected with those techniques because of the absorption of
low energy X-rays between their emission and their detection [18]. Therefore, they are best-
suited for detecting pigments made of medium/high Z elements. Some examples can be
cinnabar, lead white, lead-tin yellow, and bismuth black. On the contrary, other techniques,
such as FORS (Fiber Optics Reflectance Spectroscopy) and RAMAN spectroscopy may
also be used for detecting organic pigments or dyes and may be successfully used in
combination for a comprehensive analysis of the materials [19].

To overcome this limitation of PIXE, it is used in combination with other IBA tech-
niques that may provide complementary information on lighter elements as Particle In-
duced Gamma-ray Emission (PIGE) [20] and on stratigraphy such as Rutherford Backscat-
tering (RBS) [21].

Both PIXE and XRF analysis are non-destructive (or not deliberatively destructive in
the case of PIXE) and non-invasive multi-analytical techniques and are therefore largely
in use in HS. An important difference between them is the penetration depths of primary
probes. In XRF spectroscopy, in typical conditions, due to the radiation matter interaction,
the probed depth is much bigger than in PIXE. Just to give an example, the range of a
3 MeV proton beam in a carbon matrix (somehow simulating light organic medium) is
about 74 µm. Conversely, 20 keV X-rays (half of the maximum energy of the typical X-ray
beams used at INFN-LABEC, where beam intensity is still quite high, see e.g., [22]), through
the same carbon thickness, have a 100% transmission factor, which slowly decreases down
to 92% for a 740 µm slab and to 48% for 7.4 mm (from [23], see also [24] for a comparison of
PIXE and XRF probed depth in the study of metal samples).

Therefore, roughly, PIXE analysis can be considered a surface technique, or in a way
more superficial than XRF, although it depends on the energy of the X-ray considered [25].
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Another crucial difference is the quantitative analysis that can be carried out with
PIXE technique, and it is not typically possible with XRF analysis in HS [26]. Experimental
aspects of the PIXE and XRF techniques are reported in [27].

Both techniques are largely in use in many laboratories [28–31] and, recently, they
were combined in a single facility [32].

3. PIXE: From Point Analysis to Elemental Maps: An Example

At the INFN-LABEC, the PIXE technique was employed for many works of art. One
of the earliest case studies was the study of the inks of Galileo’s handwritten letters, for
determining their chronological order by studying their elemental composition [33,34].

One of the works of art, presented here, is a parchment, a bifolio originally belonging
to an antiphonary. It contains a musical notation composed of a system of six tetragrams on
each page, with neumes and the text of the chant. It is decorated with calligraphic initials
and a figured illuminated letter. Details of the irradiated areas are presented in Figure 1.
Measurements were carried out to characterise the elemental composition of the pigments
of the inks.
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Figure 1. Areas in which PIXE measurements were performed.

At the time, the X-rays emitted were detected by two Si(Li) detectors, whose absorbers
and whose distances from the sample were chosen so that one was primarily sensitive
to elements lighter than Z = 25 and the other to heavier elements. Helium flux was
continuously flown in front of the measuring set-up for minimising the argon K-lines
production from the atmosphere and to reduce the absorption of low energy X-rays.

The proton current was of the order of a few hundred pA and the energy around
3 MeV; typical acquisition time ranged from a few seconds to a few minutes, with no risk
of damaging the target. The proton beam intensity was monitored by rotating a stage with
a thin nickel surface layer regularly through the beam and measuring the nickel K X-rays.

For what concerns the pigments, blue and red areas were characterised by the pres-
ence of copper and mercury, respectively, suggesting the use of azurite [35], and of
cinnabar/vermilion [36].

The PIXE spectra of the yellow areas showed the presence of tin, lead, and a significant
amount of silicon. After correcting for self-absorption of X-rays within the paint layer,
the measured atomic ratio Pb:Sn:Si approximates to 1:0–25:0–65, a result that suggests the
presence of lead-tin yellow of type II, Pb(Sn, Si)O3. This result allows an indirect dating of
the miniature since, from studies of lead-tin yellow samples from Italian paintings of the
fourteenth and fifteenth centuries, the transition from the use of type II to type I (Pb2SnO4)
had taken place in Italy around the second quarter of the fifteenth century, as stated in [37].
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The atomic ratio of lead-tin yellow detected here is compatible with type II. Therefore,
determining which of these was used may indicate, in a non-destructive and non-invasive
way, a terminus ante quem the miniature was painted.

Green areas showed the presence of copper, lead, tin, and silicon. The Pb:Sn ratio is
the same as that in yellow areas. This result led to the hypothesis that green was obtained
by mixing lead-tin yellow and a copper-based pigment, such as blue azurite or green
malachite [35]. Further information on this study is included in [38].

An improvement for scanning an area of the target was achieved using two motor
stages (Micos KR-33) and a home-made software for the acquisition. The system was
based on continuous motion of the target in the plane perpendicular to the beam direction
designed and developed for the beamline, as presented in Figure 2. Furthermore, a software
for the analysis was developed in-home. The spatial distribution of the elements in an area
of a few cm2 was obtained by recording the spectra for each position and selecting the
corresponding energy peaks.
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Figure 2. Scanning system at the end of the PIXE beamline.

The spiral was the scanning mode used since it brings some fundamental advantages.
There is no periodical sharp direction change that would impose high acceleration to the
sample as in each strip of a raster scan, and the time spent by the beam on each position is
rather uniform. The motors complete the first spiral anticlockwise, then stop and retrace
the same trajectory clockwise, returning to the initial position. The whole path is inserted
in a loop.

Here a blue penwork initial of the same parchment is reported. The aim is to evaluate
the spatial resolution of the scan. To do this, the red decoration was analysed with a proton
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beam diameter of 0.2 mm. The proton energy was set to 3 MeV and the beam current to
few pA. The whole scan lasted about 20 min.

As can be seen in Figure 3, the blue area is realised with a copper-based pigment, most
likely azurite [35], whereas the red scrolling pattern is made with an Hg-based compound
as cinnabar [36]. The pattern is rather well resolved, despite some local non-homogeneity
of the red lines, probably due to the variability of the red ink thickness.

1 
 

 
Figure 3. PIXE spectrum of the area around a letter and elemental maps of Cu and Hg.

As will be explained in the next section this is, in practice, the lower limit of the spatial
resolution achievable by means of mechanical collimation; otherwise, a microbeam facility
needs to be used.

It is worth mentioning that in recent years, the Si(Li) detectors have been replaced
by Silicon drift detectors [39]. Their higher efficiency due to the higher solid angle they
cover in the set-up, together with their higher energy resolution, and the higher sustainable
counting rate, lowers the detection limits, even for shorter measurement times [40].

4. Technological Advance: The Micro-PIXE Technique at the INFN-LABEC

The capability to produce ion beams with size lower than 100 µm, known as mi-
crobeams, has been a natural development of PIXE technique. This is of great importance
for samples with microstructures such as biological tissues, geological materials, micro-
electronic devices, or small specimens such as cultured individual cells, microcrystals, and
single aerosol particles.

The simplest way of producing a small beam spot is clearly to use a very fine collimator
to select a portion of the beam, as in the case of Section 3. However, this method presents
several drawbacks, the most evident of which is a strong reduction of beam intensity. A
second important problem arises because the X-ray detectors’ background increases due
the interactions of the stopped beam particles in the collimator bulk. As the collimator
aperture is reduced, the stopped beam fraction increases and so the originated background
can become unacceptable. In addition, the power dissipated by the stopped beam can
noticeably heat the collimator, thus changing its geometrical properties and making the
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beam size reduction unreliable (especially for very small aperture). Furthermore, the
large number of particles hitting the collimator can rapidly deteriorate the aperture edges
compromising the quality of the transmitted beam.

However, as a consequence of particle scattering in the aperture, the beam acquires a
divergence passing the collimator, one consequence of which is the formation, at a certain
distance from the collimator exit, of a scattered beam halo, the size of which depends on the
distance from the collimator. As the aperture radius is reduced, the ratio of halo intensity
to transmitted beam intensity increases, so that the final effective beam spot size can be
much larger than the aperture dimension. Therefore, it is possible to have a fine beam only
very close to the collimator, which implies that the distance between sample and collimator
should be very short, and this can result in a serious limitation in setting up the detectors.

An ion beam focusing system typically allows overcoming the above mentioned
problems with collimated beams. The idea was proposed in 1972 [41] and it is now at the
basis of almost all ion microprobes currently in use. Moreover, the scanning ability, which
allows for mapping spatial distribution of the sample elements, was planned to be used.
There are two approaches for scanning an area of the sample: sweeping the beam over a
static target or moving the target relative to a fixed beam.

Sweeping the beam by electrostatic or magnetic deflection has the advantage that the
mechanical design of the target holder is much simplified. In addition, the response time of
a swept beam is usually faster than the one of a mechanical stage. When larger areas have
to be scanned, the alternative approach is that of sweeping the target under a fixed beam.
This also has, in principle, the advantage that the resolution of the beam is not degraded
by a worsening of the focusing system; in practice, repeatable mechanical movements
are not trivial to achieve to the degree of accuracy implied by the use of a high spatial
resolution beam. This method therefore requires careful design and construction, and is
much slower than deflecting the beam over the sample using electrostatic or magnetic
dipole fields. In addition, the long time required for a mechanical full scan can result in
artefacts in elemental maps if long-term beam intensity fluctuations are present and beam
charge normalisation is not carried out in every analysed point.

In the scanning system of the microbeam facility at the INFN-LABEC, the beam was
swept over the target in horizontal and vertical directions by a magnetic field, perpendicular
to the beam direction, generated by ferrite-cored coils positioned immediately before the
lens. The magnetic deflector coils allowed, in principle, a maximum scanned area of
several mm2 for 3 MeV protons but was, however, limited by the exit window aperture
(2 × 2 mm2, typically).

Furthermore, the facility was developed for exploiting and combining the advantages
of the two scanning modes, magnetic and mechanical. The magnetic scanning allowed
for collecting elemental maps in times faster than the mechanical scanning but within an
area limited to ~1 × 1 mm2 by the beam exit window size, whereas the travel range of the
motorised stages permitted the possibility to analyse an area on the sample surface up to
25 × 25 mm2. Depending on the case study and on the query, one or both systems could
be used.

The number of the beam particles impinging in each point was indirectly measured
by counting the number of Si X-rays produced by the beam in the exit window and was
used to normalise X-ray yield during measurements. As results from an extensive series of
tests, for a given window, the emitted X-rays from the exit window to the collected charge
ratio kept constant within 1%, varying the current of two orders of magnitude, from about
10 nA down to about 100 pA.

A summary of the results of the beam profile characteristics, in air or in a helium
atmosphere, is shown in Table 1. The effect of the width of the grid bar (10 µm), used for
the measurements, on the profiles is already taken into account [42].
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Table 1. Experimental FWHM of lateral microbeam profiles measured after traversing 2 mm in
different atmospheres.

Atmosphere FWHM X × Y (µm × µm)

Vacuum ~7 × 5
Helium ~9 × 8

Air ~15 × 15

Among the different applications, this beamline was used to analyse lapis lazuli [43,44],
a blue semi-precious stone used for more than 7000 years for carved jewels, decorative
objects, as well for pigments. This study, besides increasing the knowledge on this blue
rock, could shed light on many unresolved questions, especially regarding the trade routes
exploited in ancient times.

For those measurements, both µ-PIXE and µ-IBIL (micro–Ion Beam Luminescence)
techniques were performed. They allow for analysing single crystals of different mineral
phases, a fundamental aspect in a heterogeneous material as lapis lazuli, and they are
non-invasive, a necessary feature since it is impossible to take samples from artworks.
In this study, different markers were found and proposed to distinguish among the four
possible provenances: Afghanistan (Badakhshan), Tajikistan (Pamir Mountains), Siberia
(near Lake Baikal), and Chile (Ovalle) [45].

For example, the presence of diopside (CaMgSi2O6) or wollastonite (CaSiO3) was
studied as a potential marker for the Chilean provenance. The presence of wollastonite,
due to the double band at 560 and 620 nm, is a clear indication of the Chilean provenance,
quickly distinguishable even only by means of luminescence with this set-up. Instead,
diopside shows its main IBIL signal band at 585 nm.

As an example of application, six objects of the Collezione Medicea carved in lapis
lazuli were studied in order to obtain some indications about the provenance of the raw
material used for their execution [45]. The absence of wollastonite allowed excluding the
Chilean provenance for all the lapis lazuli in these artworks, whereas diopside was detected.
Moreover, µ-PIXE results obtained for diopside crystals of these samples show that the
titanium, vanadium, and chromium amount are comparable with that in the Afghan rock
samples of certain provenance [46].

Further information about the micro-beam line at INFN-LABEC and additional results
can be found in [47,48].

5. XRF: From Point Analysis to Elemental Maps with Portable Equipment

The main limit of the PIXE and the other IBA techniques is the lack of portability, a
feature that is a severe limitation when a work of art cannot be moved to a laboratory. The
XRF technique preserves non-invasive, non-destructive, and multi-elemental characteristics;
moreover, it exploits portable instrumentation. For this reason, it is one of the most widely
used techniques for material analysis in the field of cultural heritage. Its main drawback is
a much lower sensitivity than PIXE to light elements [49] and the limited possibility of a
quantitative analysis in HS [26].

At INFN-LABEC, a portable XRF spectrometer was designed and assembled, exploit-
ing the experience acquired over the years with X-ray spectroscopy using ion beams. In
this device, different tubes (Mo, Ti and W anodes available) were used for maximising
the efficiency of the production of X-rays over a wide range of energies, as it depends on
the main emission lines of the anode material. In addition, since any source emits its own
X-rays, and they can hide X-rays emitted by the sample in spectra, the combination of more
tubes with different materials limits this effect. For example, the M-lines of Molybdenum
at 2.3 keV overlap with the sulphur, whereas the K-lines of Ti (4.5 keV and 4.9 keV) overlap
with the L-lines of Barium; therefore, for detecting sulphur, the Ti anode is preferable to
Mo, and vice-versa for detecting titanium.

The detector installed was an SDD by Ketek GmbH with an energy resolution of
139 eV at the Mn Kα line. The electronic chain was also supplied by Ketek GmbH and was
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assembled on the top of the detector case. The entrance window (8 µm thick in beryllium)
was located at about 20 mm from the measuring point. Despite the collimation and the quite
large distance between tubes and target, the X-ray rate on the detector was satisfactory with
current values around 0.3 mA, thanks to the limited target-detector distance. Furthermore,
a continuous helium flow in front of the tubes and the detector enhanced the production
and detection of low-energy X-rays. The angle between the tubes was reduced as much as
possible, to minimise the difference of the two irradiated volumes.

During the measurements, the positioning of the measuring head was obtained
through the superposition, on the target surface, of the spots of two appropriately aimed
lasers. The measuring area was continuously monitored through a camera. The instrument
is presented in Figure 4.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 16 
 

at 2.3 keV overlap with the sulphur, whereas the K-lines of Ti (4.5 keV and 4.9 keV) over-
lap with the L-lines of Barium; therefore, for detecting sulphur, the Ti anode is preferable 
to Mo, and vice-versa for detecting titanium. 

The detector installed was an SDD by Ketek GmbH with an energy resolution of 139 
eV at the Mn Kα line. The electronic chain was also supplied by Ketek GmbH and was 
assembled on the top of the detector case. The entrance window (8 µm thick in beryllium) 
was located at about 20 mm from the measuring point. Despite the collimation and the 
quite large distance between tubes and target, the X-ray rate on the detector was satisfac-
tory with current values around 0.3 mA, thanks to the limited target-detector distance. 
Furthermore, a continuous helium flow in front of the tubes and the detector enhanced 
the production and detection of low-energy X-rays. The angle between the tubes was re-
duced as much as possible, to minimise the difference of the two irradiated volumes. 

During the measurements, the positioning of the measuring head was obtained 
through the superposition, on the target surface, of the spots of two appropriately aimed 
lasers. The measuring area was continuously monitored through a camera. The instru-
ment is presented in Figure 4. 

 
Figure 4. Picture of the measuring head: X-ray tubes (1,2); SDD detector (3); pipe for helium flow 
(4); lasers (5,6); camera (7). 

Among the many applications, see for example [50,51]. This instrument was also suc-
cessfully employed for the discrimination between polishing methods of Japanese 
swords, or “katanas”. 

Katanas have the high features of hardness and elasticity of steel and require a long 
polishing process traditionally carried out with a layer of clay mixed with charcoal after 
forging. Polishing of the blade can be repeated for maintenance during their life. A fast 
method to visually imitate a traditional polishing process is to use an acid bath to mimic 
the aspect of the undamaged blade but, in spite of a good appearance, the martensitic 
structure of the sword becomes severely damaged. It is worth noting that on the market 
their price can vary from a few k€ for a damaged blade to tens of k€ for a well-preserved 
one. Thus, a doable way to analytically distinguish the two methods is to detect silicon 
traces left by the stone-based traditional polishing method. 

For the study, a set of katanas, both damaged and well-conserved, from the Stibbert 
Museum of Florence, were analysed, exploiting the XRF spectrometer. The measurements 

Figure 4. Picture of the measuring head: X-ray tubes (1,2); SDD detector (3); pipe for helium flow (4);
lasers (5,6); camera (7).

Among the many applications, see for example [50,51]. This instrument was also
successfully employed for the discrimination between polishing methods of Japanese
swords, or “katanas”.

Katanas have the high features of hardness and elasticity of steel and require a long
polishing process traditionally carried out with a layer of clay mixed with charcoal after
forging. Polishing of the blade can be repeated for maintenance during their life. A fast
method to visually imitate a traditional polishing process is to use an acid bath to mimic the
aspect of the undamaged blade but, in spite of a good appearance, the martensitic structure
of the sword becomes severely damaged. It is worth noting that on the market their price
can vary from a few k€ for a damaged blade to tens of k€ for a well-preserved one. Thus, a
doable way to analytically distinguish the two methods is to detect silicon traces left by the
stone-based traditional polishing method.

For the study, a set of katanas, both damaged and well-conserved, from the Stibbert
Museum of Florence, were analysed, exploiting the XRF spectrometer. The measurements
were conducted with Mo anode at 9 kV and 25 kV anode voltages. As can be seen from
Figure 5, the silicon peak is present in the blade conserved with traditional methods,
whereas the other does not show any evidence of the presence of silicon.
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Figure 5. Spectra of a katana treated with acid (a) and of a well-polished katana (b). Two anode
voltages (9 kV in blue and 25 kV in red) were used for each measuring point.

The measurements were conducted on a set of 13 katanas, confirming the goodness
of this method to distinguish between the two groups of katanas. Further information is
available in the publication [52].

6. Comparison between PIXE and XRF Techniques at the INFN-LABEC

As a practical example, here, the same area of the parchment irradiated at the PIXE
beamline described in Section 3 is reported and with the XRF spectrometer presented in
Section 5. The scan was conducted with the motor system shown in Figure 2. Experimental
parameters are reported in Table 2 and the areas measured are presented in Figure 6.

Table 2. Experimental parameters of PIXE and XRF techniques.

Technique Probe Energy Current Diameter

PIXE Proton beam 4 MeV tens of pA 0.5 mm

XRF X-rays Mo
anodes 26 keV max. 0.8 mA 0.5 mm
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On the contrary, with the PIXE technique, only the ink on the front side was clearly
detected, whereas the letter on the other side is not clearly visible from the map of mercury.

This result is a consequence of the higher penetration depth of XRF in comparison with
PIXE. This can be considered an example of the advantage of matching the two techniques;
indeed, the detection of the materials on the verso of the folio together with those on
the recto may complicate the reading. On the other hand, two materials can be detected
with only one measurement (easily distinguishable thanks to the mapping methods) and,
moreover, the eventual interaction with these materials may be observed.

7. Technological Advances: INFN-CHNet MA-XRF Scanner

As for the PIXE technique, a natural development of the XRF technique is to allow
scanning without disclaiming the portability of the device. With this aim, within the
INFN-CHNet group, a MA-XRF scanner was designed with a special focus on portability
and lightness. The technical characteristics and analytical capabilities (detection efficiency,
spatial resolution, etc.) of this equipment are thoroughly described in [53], and only the
main characteristics are reported here. The measuring head of the instrument is composed
of an X-ray tube by Moxtek (40 kV maximum voltage, 0.1 mA maximum anode current)
and an SDD detector by Amptek (XR100 SDD, 25 mm2 effective active surface, 500 µm
thickness). A telemeter by Keyence (model IA-100) is also placed on the measuring head for
the on-line control and adjustment of the sample-instrument distance. This measuring head
is mounted on three linear motor stages by Physik Instrumente, with a 200 mm travel range
in the x and y directions for this version, plus a 50 mm stage along the z perpendicular
direction. The whole system is placed on a carbon-fibre box containing motor controllers,
a multi-channel analyser (model CAEN DT-5780), and other electrical components. The
software controlling acquisition and data analysis is entirely developed by researchers of
the INFN-CHNet group. The instrument has been successfully employed in several HS
applications over the years and, thanks to its versatility, it is a matter of continuous upgrade.

With the use of the scanner, the painting techniques of the Old Masters, such as Raf-
faello [54] and Van der Weyden [55] were conducted. In the painting La Muta by Raffaello,
the painting palette was characterised and a pentimento—the presence or emergence of ear-
lier images, forms, or strokes that have been changed and painted over by the author—was
found. In the work Entombment of Christ by Van der Weyden, the painting technique—in
particular the use of powdered glass in mixture with the pigments—was studied.

Further type of works of art analysed with this instrument are Venetian illuminated
manuscripts [56], furniture of the XVIII century [57], and French ceramics [58].

Here are presented elemental maps of two areas around the initial of the same parch-
ment presented in Section 3. During the measurements, a preliminary version of the
scanner was used with a chromium anode. The operating conditions of the X-ray tube for
all measurements were: 30 kV anode voltage, 0.1 mA current, and an 800 µm diameter
collimator was used. The scanning velocity was set to 1 mm/s.

Comparing the maps with the measurements conducted in Sections 3 and 5, the
advantage of a scanning system is evident: it is straightforward to match the visible pattern
with the elemental distribution and therefore to identify the material that was probably
used for the painting layer.

The elemental maps are shown in Figure 9. The blue colour—the background and the
body of the peacock—is painted with a copper-based pigment, most likely azurite [35]. The
tail of the peacock is characterised by the presence of tin, in this case probably indicating
the presence of mosaic gold [59]. Blue eyespots of the feathers are likely painted with
azurite as the body of the peacock. Lead and tin are detected in the yellow outline of the
initial, suggesting the use of lead-tin yellow [59]. The light grey wings and decorative
leaves are characterised by the presence of lead and of copper traces, most likely due to
the use of lead white and little amount of azurite. It is worth noting that the use of other
organic compounds cannot be conclusively identified with this technique, but the fact that



Appl. Sci. 2022, 12, 6585 12 of 16

the pink initial is characterised only by the presence of lead (usually lead white or red lead)
is a strong hint of the use of a red organic dye.
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Thanks to the versatility of the scanner, further developments of it are under study.
As an example, the likely combination of different techniques using the same X-ray source
is under study. Results of the combination of the XRF with digital radiography is pre-
sented in [60].

The limit of this technique is of course related to the fact that it allows only elemental
analysis. This is of course a limit for the analysis of a number of materials, such as glasses,
for which it is important to determine the polymerisation degree of enamels successfully
evaluated with Raman spectroscopy [61].

8. The MACHINA Project

The strong demand of scientific analysis for conservation and preservation of works
of art led to the project of an instrument with the same performance as the standard IBA
techniques (effectiveness and sensitivity, non-invasiveness and non-destructiveness), with
the additional features of transportability, lightness, and low power consumption. To
answer the query, the INFN-CHNet group, in collaboration with the Conseil Europèen
pour la Recherce Nuclèaire (CERN) and the Opificio delle Pietre Dure (OPD) in Florence,
a world-renowned conservation institution, has started the MACHINA project [62], an
accelerator of about 600 kg weight, with a footprint of about 2.5 m × 1.6 m, services
included, and a power consumption of a few kW. It will produce 2 MeV proton beams
thanks to a RadioFrequency source and an high-frequency RFQ accelerating part. The RF
source produces 20 keV protons that will be delivered into the Low Energy Beam Transport
(LEBT) line, which consists of a focusing stage and a diagnostic station. The beam will then
be injected in the HF-RFQ, where it is focused and accelerated to the final energy of 2 MeV.
A permanent magnet quadrupole doublet focusing system and a second diagnostic station
will be installed downstream before the beam extraction in air. Moreover, it will be possible
to insert two beam energy degraders to lower the proton beam energy.
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The detection system of MACHINA has been designed to hold two SDD detectors
for PIXE analysis, each optimised for the acquisition of different X-ray ranges, and one
CdTe detector for Particle Induced Gamma-ray emission (PIGE) analysis. Another SDD
detector will monitor the beam current detecting the X-rays emitted by the exit window. As
underlined in the article [27], with the expertise of the INFN-CHNet group with detector
systems, other techniques can be added to the ones already planned.

9. Conclusions

In this review, the facilities dedicated to PIXE and XRF techniques in air developed at
the INFN-LABEC laboratory have been described. Starting from the first PIXE beamline,
thanks to the expertise of the group, the equipment for the irradiation of micrometric areas
(the microbeam line) and for in situ analysis (XRF spectrometer) were developed.

Currently, within the INFN-CHNet collaboration, a MA-XRF scanner is fully operative
for mapping works of art. Furthermore, a device for in-situ PIXE analysis is in progress.
It will be the first transportable accelerator based on the RFQ technique and will make
available IBA techniques in museums and conservation centres.
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