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Abstract: Detectors are a key feature of the contemporary scientific approach to cultural heritage
(CH), both for diagnostics and conservation. INFN-CHNet is the network of the Italian National
Institute of Nuclear Physics that develops and applies new instrumentation for the study of CH. This
process results in both optimized traditional state-of-the-art and highly innovative detection setups
for spectrometric techniques. Examples of the former are X-rays, gamma-rays, visible-light and
particles spectrometers tailored for CH applications, with optimized performances, reliability, weight,
transportability, cost, absorbed power, and complementarity with other techniques. Regarding the
latter, examples are ARDESIA, the array of detectors at the DAΦNE-Light facility, the MAXRS detec-
tion setup at the Riken-RAL muon beamline and the imaging facilities at the LENA Laboratory. Paths
for next-generation instruments have been suggested, as in the case of the X-ray Superconductive
Detectors and X-ray Microcalorimeter Spectrometers, allowing astonishing improvement in energy
resolution. Many issues in CH can now be addressed thanks to scientific techniques exploiting the
existing detectors, while many others are still to be addressed and require the development of new
approaches and detectors.

Keywords: X-ray detectors; gamma-ray detectors; photon-counting detectors; particle detectors;
neutron detectors; detectors for mass spectrometry; detectors for cultural heritage

1. Introduction

A scientific approach to cultural heritage (CH) has led to the development and use
of non-destructive or micro-destructive techniques to characterize the object under study.
All these techniques are based on the detection of radiation, either emitted, transmitted, or
diffracted by the sample material, which carries the information about the sample itself.
Thus, analytical techniques need detectors, which are therefore the pillars of the scientific
approach to CH. Over the years, detectors have undergone extraordinary improvements in
terms of the type and energy of detected radiation, performances, portability, cost reduction,
ease of use, and applications. This evolution has gone so far that it is now possible to have
restoration laboratories where detector-based techniques are routinely used.

INFN-CHNet (https://chnet.infn.it, accessed on 31 March 2012), the Cultural Heritage
Network of the Italian National Institute for Nuclear Physics (INFN), has the mission of har-
monizing and enhancing the expertise of the Institute in the development and application
of analytical techniques for the study and diagnostics of CH. This expertise is distributed in
many of the INFN structures throughout the country. INFN-CHNet is composed of approx-
imately twenty INFN laboratories and also includes institutions with complementary skills
to those of INFN, such as restoration centers, university departments and associations.
Some international research centers (currently in the United Arab Emirates, Iran, Myanmar,
and Argentina) are also part of the network, making it an international infrastructure. The
laboratories of INFN-CHNet have been developing and using new detectors in order to ad-
dress the many questions raised by CH researchers, regarding, e.g., the correct procedures
for restoration/conservation, materials and manufacturing techniques, provenance of the
raw materials and material authenticity.

INFN-CHNet can now offer a wide set of analytical techniques, ranging from the
most consolidated to the most innovative. This paper gives an overview of the most used
techniques in the INFN-CHNet network, with special focus on the detection systems and
on the choice of the solutions that best fit our needs.

https://chnet.infn.it
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2. X-ray Detectors

X-ray detectors can be divided into two main categories, photon counters and spectro-
scopic (energy dispersive, ED) detectors.

Photon counters are typically used in scattering experiments (e.g., XRD) or X-ray
absorption measurements (number of photons impinging on the sample and transmitted
photons), whereas energy dispersive detectors are most often used for X-ray emission spec-
trometry techniques (e.g., XRF and PIXE). Photon counters are typically gas ionization or
scintillation detectors, where the photons generated in scintillating material are converted
in an electrical signal by a photomultiplier (either in more conventional PM tube or in
more innovative Si PM), or solid-state semiconductor detectors such as strip-detectors or
hybrid pixel detectors, where the number of pixel can extend up to Mpixel and the lateral
resolutions can go down to 50 µm.

Spectroscopic ED semiconductor detectors are generally based on a P-I-N diode
structure. When the diode is reverse biased, a large, depleted region is formed where
charges, created upon interaction with the photons, are collected by the electrodes. Designs
differ mainly for the geometry of the electrodes which define the charge collection scheme.
Thick P-I-N structures can be obtained by lithium diffusion into p-type silicon (SiLi detector)
or germanium (GeLi detector). High-purity germanium (HPGe detector) can also be used
to have thick intrinsic regions. High-resistivity silicon wafers may be used to produce
P-I-N detectors up to a thickness of 1 mm. In typical designs of P-I-N-based detectors,
charge travels mostly perpendicularly to the electrodes. A breakthrough in ED detectors
has been the development of silicon drift detectors (SDDs). Silicon drift detectors adopt
a design scheme where electrons travel laterally to reach a very small anode, compared
to the sensitive area, with a great advantage in terms of capacitance and the associated
noise term. The P-I-N structure is also the basis of semiconductor strip and pixel detectors,
where one or both sides are segmented to obtain isolated contacts allowing the collection
of charge only from a limited portion of the sensor and achieve laterally resolved detection.
Every channel has then to be read independently from the others and hence independently
connected to the read-out ASIC. In pixelated detectors with a high density of pixels, wire
bonding becomes impossible and flip-chip (bump bonding) technologies are adopted; such
detectors, called hybrid pixel or hybrid photon-counting detectors, are ideal for imaging
and scattering applications. Well-known detectors in this category are those combined
in ASICs, developed by the Medipix collaboration, and the detectors based on chips,
developed at the Paul Scherrer Institut (PSI), which will be presented in the following
Section 2.4. For a review on readout ASICs for hybrid pixel detectors, see [1].

Two parameters of crucial importance for detectors are the intrinsic detection efficiency
(DE) and energy resolution (ER). The intrinsic DE is defined as DE = (number of pulses
recorded)/(number of radiation quanta incident on detector). For X-rays, ER is normally
defined as the full width at half maximum (FWHM) of the MnKα (5.9 keV) line of the 55Fe
X source. The Fano limit for energy resolution at MnKα (5.9 keV) for Ge is approximately
100 eV and it is approximately 115 eV for Si. Better energy resolutions can be obtained
in superconducting detectors (transition-edge-sensor bolometer (TES), kinetic inductance
detector (KID), and superconducting tunnel junction detector (STJ)). The energy of the
pairing in Cooper Pairs is in the meV range and energy resolutions down to a few eVs at
MnKα can be obtained.

Beyond ER and DE, key performance indicators for X-ray detectors are sensitive
area, spectral range (low energies, high energies), count rate capability, ‘cleanliness’ of
the detector response function (peak to background or peak to tale), stability versus
temperature, durability, and toughness to different environmental conditions. Depending
on the application, one of the parameters may be deemed more important than others.

For energy dispersive X-ray detection, only solid-state devices are now used. Si(Li)
detectors were normally exploited in the past; high-purity Ge (HPGe) detectors are still
sometimes used because of the higher detection efficiency for high-energy X-rays, due to
the higher Z of the active element with respect to Si detectors. Both need to be LN (Liquid



Appl. Sci. 2021, 11, 3462 4 of 51

Nitrogen) cooled. Si-PIN detectors are also used, but are generally less interesting, due to
their globally worse performances.

Presently, the state-of-the-art detectors for X-ray spectroscopy are SDDs, which have
become the typical choice in low-cost to high-end spectrometers for X-ray based analyses.
They are characterized by a very low output capacitance (order of few hundreds of fF),
which does not depend on the active area of the device [2]. This feature enables SDDs
to have lower electronic noise with respect to conventional silicon diodes of equivalent
area and thickness. Technological advancements contributed to a substantial decrease in
the detectors leakage current and to design highly customized ultra-low-noise front-end
electronics [3,4]. It is thus possible to obtain good energy resolution even at high counting
rates and low energies. SDDs offer excellent energy resolutions (even down to 120–130 eV
at 5.9 keV) at short shaping times (1 µs or less) and now even wide active areas (up to
150 mm2) are available. Maximum affordable count rates can be as high as 105 counts s−1

and above [5].
SDDs are normally Peltier cooled (operational temperature down to −30 ◦C/−50 ◦C),

thus no liquid-nitrogen (LN) cooling is required, a big advantage over conventional solid-
state detectors in terms of ease of use, weight, and compactness. With respect to SDDs,
Si(Li)s have higher cost and lower maximum count rate, lower energy resolution and need
LN cooling. However, they can feature higher efficiency for high-energy X-rays than SDDs,
due to the thickness, which can reach some mm instead of the ~0.5 mm typical thickness of
SDDs (1 mm thick SDDs are now also commercially available). Si-PINs are used in low-end
XRF spectrometers, especially for their low cost but have low performances. HP-Ges need
LN cooling. In addition, as Ge lines have higher energies than the corresponding Si lines,
Ge-K escape lines (Peak Energy—9.89 keV) are much more intense than Si-K escape lines
(Peak energy—1.74 keV), thus worsening the spectral response when working at excitation
energies above the Ge K-edge. HpGe detectors have not been very popular, due to the
higher background with respect to Si detectors, caused by to the Compton scattering in the
detector active element (Compton scattering cross section is proportional to Z, the atomic
number of the crossed medium, where ZSi = 14. ZGe = 32). Furthermore, they are typically
bulkier, heavier, and more expensive. However, they are characterized by higher detection
efficiency for higher energy radiation, due to the higher Z with respect to Si.

SDD arrays allow reducing the probability of detecting multiple photons at once
i.e., they are good for high-intensity applications. Two configurations are possible: multi-
channel SDD arrays, where arrays of independent detectors are assembled in a single
device, and single or multiple SDD arrays, where each array is built on a single silicon
wafer [6]. Multi-channel SDD arrays have been presented in a commercially available
solution. Each element of the array is equipped with independent preamplifiers and digital
pulse processors. These systems can reach active areas as large as 500 mm2 [7]. This solution,
however, leaves some dead space between detector elements and has a quite large diameter
(45 mm) without a passage for the beam. This configuration does not allow the optimization
of the detector solid angle and makes it necessary to have the detector far from the beam
impact point on sample. On the other side, single or multiple SDD arrays allow covering
wide solid angles, much wider than in the previous configuration, minimizing dead space
between detector elements. In addition, these detectors have dedicated electronics for each
element and thus allow achieving high statistics in a short acquisition time with a very-high
count rate. To give an example, using a 0.9 µs peaking time, while conventional SDDs
typically afford a maximum output count rate (OCR) of approcimately 100 kcounts/s, a
complete multi-element SDD array can result in an OCR as high as 8 Mcounts/s [8], while
maximizing the collection solid angle. However, at present, they are not as widespread as
expected, due to their high cost. In this regard, it is worth mentioning MAIA, a sensor array
of 384 diodes, 1 × 1 mm2, built on high-resistivity silicon, which is 400 µm thick, arranged
symmetrically around a central (with a diameter of 2.4 mm) hole for the beam, which has
been developed mainly for earth sciences problems [9,10]. Large spectroscopic detector
arrays based on the pn-CCD (Charge Coupled Device) architecture are also available,
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offering hundreds of thousand 75 µm pixels with energy resolution as good as 145 eV
at MnKα [11].

As already mentioned, SDDs have excellent energy resolution when compared to all
the other ED detectors. However, there are cases where lines overlap, thus limiting the
capacity of the X-ray based analytical techniques; see, e.g., the S K lines (2308 eV) and
the Pb M lines (2346 eV). X-ray Superconductive Detectors (SD) may allow overcoming
many of these problems, due to their superior energy resolution, typically below 20 eV and
which can be as low as few eV [12]. These systems are very expensive, cumbersome, heavy
and of big dimensions, but are nevertheless appealing for their high resolution. SDs are
not very common in the community working with techniques exploiting X-ray detection,
but they have started to be used. Since 2010, some applications of high-resolution PIXE
have been presented [13–16]. Very recently, an application to a problem of interest in CH
has been presented. Quantitative speciation of chemical elements in cultural heritage
samples is a challenging issue, of great interest for example for unravelling forgeries. In
PIXE with SDDs, the determination of chemical species is in principle not possible, due
to insufficient energy resolution, but high-resolution PIXE, based on state-of-the-art X-ray
Microcalorimeter Spectrometers (XMSs), has demonstrated to be able to study chemical
speciation [17]. SDDs allow for simultaneous detection of all the elements from Na (Z = 11)
up. Element detection is accomplished using either K or L lines, depending on energy.
SDDs active elements have a typical thickness of approximately 500 µm, which corresponds
to 100% detection efficiency for X-ray energies below 10 keV (~1.5 10−7 transmission). The
efficiency decrease for high-energy X-ray detection is due to the decrease in the X-ray
absorption with increasing energy. However, quite recently (see below for example the
Ardesia description), 100% detection efficiency beyond 10 keV has been achieved, thanks
to the development of innovative SDD detectors with thickness increased up to 1000 µm
(~1.5 10−7 transmission).

The decrease in detection efficiency below 1 keV is due to the absorption of low-
energy X-rays in the path from the emission point to the detector active area. Absorption
in the entrance window in front of the detector active element is the critical issue for low
Z elements detection in vacuum and also for external detection setups its effect cannot
be typically neglected. The window must provide high mechanical robustness and gas
tightness, in addition to low absorption of low-energy X-rays. The standard solution to
meet all these requirements is provided by coated (e.g., Paralyne coated), passivated, thin
(from 7–8 µm up) Beryllium foils [18,19].

However, thin Be windows are highly toxic and extremely brittle, a feature strongly
limiting their use. Alternatives have been proposed and are also commercially avail-
able. High-performance polymers allow for low Z element detection down to Be [20,21].
Diamond membranes are also used. Silicon nitride Si3N4 windows have been intro-
duced [22,23]. Recently, the use of light-tight, ultra-thin graphene windows supported by a
silicon grid has been demonstrated [24]. A study where the performances of graphenic,
Si3N4 and polymeric windows are compared is reported in [25].

As a whole, available SDD detectors are now easily able to detect elements down
to C and, in special cases, even to lower Z elements. However, although having a good
transmission of low-energy X-rays is also of high interest for CH, it has to be remembered
that X-ray absorption takes place also in the sample, normally thick, and in the atmosphere
from sample to detector, two effects which make of limited interest further reducing the
window thickness.

2.1. X-ray Detectors—PIXE

Based on the detection of characteristic X-rays induced in the target material by MeV
particle beams, Particle-Induced X-ray Emission (PIXE) is an analytical technique that
enables detecting/quantifying elemental composition of sample [26,27]. PIXE is possi-
bly the most used ion beam analysis technique for CH. Easy to setup and to use, ion
beam analysis can detect all the elements from Na onwards. PIXE can provide qualita-
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tive/quantitative results and is characterized by high sensitivity and accuracy. Analyses
can be performed in relatively short times, in a non-destructive and non-invasive way. This
last feature is mainly due to the adoption of external beam setup, where both detectors
and sample are maintained out of vacuum, thus avoiding/limiting effects such as heating,
selective sublimation/evaporation, charging etc. This technique has been used for CH
to study many different samples, such as paintings [28–34], metal point drawings [35,36],
precious [37–40] and semi-precious stones [41–45], ancient coins [46–48], precious met-
als [49–52], ancient bronze statues [53,54], terracotta, pottery, and clay [55–59], and ancient
manuscripts [60–63].

In the PIXE technique, X-rays produced by low Z elements, and thus with low energy,
can escape from the sample only if they are produced in the shallower layers of the sample.
On the contrary, the higher the atomic number of the emitting element, the higher the
energy and thus the depth from which they can escape. To sum, low Z elements can
be detected only in the shallower part of the sample and heavy elements also in deeper
layers (just to give a few examples, in a SiO2 matrix, 3 MeV protons have a range of
80 µm. Transmission of the X-rays produced at this depth, for different elements, are:
Na (~1 keV)−→10−10, K(~3.3 keV)−→10−4, Fe(~6.4 keV)−→0.25, Pb(~10.6 keV)−→0.76.

PIXE has limits of detection which can be easily down to the tens of ppm or even
better, in favorable conditions. This noticeable result can be obtained by optimizing the
detector setup. This point is not a trivial task, due to the different production cross sections
of the diverse lines of the elements. If in the sample to analyze, both light elements (low Z,
thus higher X-ray production cross sections) and heavy elements (high Z, therefore lower
cross section) are present, especially in the case of a light matrix with a low amount of
heavy elements, as is most often the case in CH, the detection count rate will be dominated
by low-energy X-rays and high Z element identification can become challenging, if not
impossible [64]. To solve this problem, typically a two-detector setup is used, where one
detector (SMALL, optimized for low-energy X-rays) has a small active area crystal and
a small solid angle, while the other (BIG, optimized for high-energy X-rays) covers the
largest possible solid angle, to compensate the low X-ray production cross section, and
has a thin absorber(s) installed in front of the entrance window, to limit the count rate of
low-energy X-rays.

Absorbers are usually made of organic material (e.g., Mylar, Kapton) or of light-
element metal foils (Be and Al). Using these absorbers, detectors are not sensitive to
low-energy X-rays, which are instead counted by the other detector. For the detector
optimized for low-energy X-rays, on the contrary, X-ray absorption is minimized, normally
by creating a He atmosphere along the X-ray path from sample to detector, while the
acceptance solid angle is small, to reduce the number of X-rays impinging on the active
elements and thus reducing the count rate. With this solution, the count rate can be
roughly the same for low- and high-energy X-ray detectors. Two-detector PIXE setup
has become very popular; see, for example, [65–75]. This is the adopted solution also
at INFN-LABEC, within the INFN-CHNet network. The two-detector setup will also be
exploited for the MACHINA accelerator, the first transportable accelerator, purposely
developed for IBA analysis in CH [76]. Over time, this idea has been further developed,
and now three-detector [77–79], four-detector [80], and five-detector [81] PIXE setups have
been introduced.

Instead of using several detectors, optimized for the different energy ranges, a less
expensive solution is given by a single detector in front of which an absorber with a
pinhole (funny filter in the PIXE community) is placed. The pinhole enables a small fraction
(e.g., a few per cent) of the low-energy X-rays to reach the detector [82]; this part of the
detector, with smaller solid angle, acts as the SMALL detector in the two-detectors setup,
while the part with the absorber in front of it is the equivalent of the BIG.
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2.2. X-ray Detectors—Conventional XRF

Similar to PIXE, as concerns the detected radiation, X-ray fluorescence (XRF) is an
analytical technique based on the detection of characteristic X-rays induced in the target
material by primary X-ray beams, with typical energy spectrum ranges of hundreds of
eVs to tens of keVs. XRF is an analytical technique that enables detecting/quantifying
elemental composition of the sample under investigation.

XRF [83–87] can be carried out with handheld instruments, laboratory spectrometers
or large facilities. In XRF applied to CH, many applications now exploit macro-XRF (MA-
XRF) scanners to provide both elemental imaging and point analyses and we will limit our
discussion to them, being the most advanced and best-performing instruments, preferred
because they allow for a better understanding of sample composition and structure [88].
Many custom and commercial MA-XRF scanners have been presented and are currently
used, most of them based on a single SDD detector; see, for example, [89–94]. A custom
ultra-portable MA-XRF scanner was developed also within INFN-CHNet, exploiting a
single SDD detector and battery powered [95–97].

Actually, differently from the particle X-ray production cross sections, which have a
decreasing behavior with increasing atomic number (Z) of target atom, when ionization
is induced by a given X-ray beam, both the ionization cross sections and the fluorescence
yields increase with increasing Z of target atoms, so increasing the number of detectors
does not help to balance the detection count rates of low and high energy. However,
multi-detector instruments are very appealing also in XRF applied to CH, where analyses
are normally carried out in the imaging mode. In this way, it is possible to reduce the
measurement time, which can easily be of several hours or even more when big samples
are studied, such as paintings of great dimensions. Moreover, increasing the number of
detectors is of great interest when high-intensity radiation sources are available, because
while a single large-area detector would be affected by noticeable pile-up and saturation
effects, adopting multi-element detectors of the same area, these effects can be avoided,
reducing the collection solid angle, and so the data throughput of each single element of
the detector. Two-SDD detector MA-XRF scanners have been recently developed; see, for
example, [98–100].

A three-SDD detector MA-XRF scanner has been developed within the INFN-CHNet
in the framework of the Mu.S.A. (Multi-Channel Scanner for Artworks) project, which
involved INFN Roma Tre in collaboration with Ars Mensurae, an enterprise working in
the field of diagnostics. The energy resolution is approximately 127 eV at the MnKα energy,
and the image resolution is approximately 1 mm2 per pixel. The use of three SDD detectors
enables faster measurements, maintaining a good S/N ratio (2 mm/s, using a 100 µA X-ray
tube). In 2020, the three-detector MA-XRF scanner was used for the first time on the famous
masterpiece “La Fornarina” painted by Raffaello (manuscript in preparation); see Figure 1.

The previous two-detector version of the scanner was tested on a variety of different
materials and samples [101–103].

It is also worth mentioning an approach based on a conventional CCD detector, the
Full Field X-ray Pinhole Camera, not widely used yet, but promising [104]. It consists
of a CCD detector coupled to a pinhole collimator of small diameter, with the X-ray
fluorescence induced on the samples by an external X-ray tube. This approach enables
good energy resolution (133 eV @ 5.9 keV MnKα line) and makes possible the acquisition
of two-dimensional elemental maps of the irradiated samples. Depending on the pin-hole
diameter, two configurations have been presented, where larger (up to 4 × 4 cm2) and
smaller area samples (up 2.5 × 2.5 mm2) are studied with spatial resolutions down to 140
and 30 µm, respectively.

2.3. X-ray Detectors—Synchrotron-Based Techniques—XRF and XAS

It is worth mentioning here that third- and fourth-generation synchrotron light sources
have revolutionized scientific and technological research in many fields. Projects have been
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presented to develop new energy resolving imaging systems based on SDD, able to cope
with the high photon count rates provided by the new light sources [105].

Figure 1. Schematic representation of the three-SDD MA-XRF scanner of INFN-CHNet (left). Picture
of the measuring head taken during the acquisition of elemental maps on the Raffaello’s Fornarina,
80 × 60 cm2 panel at Palazzo Barberini, Galleria Nazionale Arte Antica, Rome (right). Two of the
three detectors are visible, as well as the two laser beams (which allow for the correct aiming of the
point of interest).

Synchrotron radiation sources offer brilliance which is orders of magnitude higher
than X-ray tubes. XRF end stations are typically equipped with monochromators which
grant tunable monochromatic primary beams, important to perform selective excitation
of the elements to be studied, maximizing the sensitivity of detection, in particular for
light elements which are more difficult to detect. The energy tunability achievable with
synchrotron radiation gives the possibility to also gain information on the local atomic
coordination, thanks to the use of X-ray Absorption Spectroscopy (XAS) (see [106] for a
summary of the XAS technique and the XAS experimental setup at the DAΦNE-Light
experimental facility). XAS studies the valence states but can also monitor the chemical
transformation to which original materials, constituting CH artifacts, were subjected. XAS
spectra, that are element-specific, can be studied finely varying the X-ray beam energy in
detail around the X-ray absorption edges of the atomic elements to be studied. Depending
on the sample nature, measurements can be performed in transmission the mode, detecting
the incoming and the transmitted X-ray beams; otherwise, e.g., in the presence of diluted or
supported samples in the fluorescence mode, monitoring the incoming X-ray beam and the
fluorescence signal, using a detector set at 90 degrees with respect to the incoming beam to
reduce contributions due to elastic scattering.

Within INFN-CHNet, at the DAΦNE-Light synchrotron radiation facility of the Fras-
cati National Laboratory (INFN-LNF), there is a soft X-ray beamline, DXR1, used to study
all elements with X-ray absorption edges in the energy range between 900 eV and 3000 eV.
Some XAS spectra of samples containing Si, S, Cl, that have a relevant interest in the CH
field, have been measured. As an example, in Figure 2 we report the XAS spectrum at
the S K-edge of a reference lazurite sample [107], a mineral used for ages to produce the
most famous blue pigment, the ultramarine blue. This spectrum was acquired during an
ongoing study on ultramarine pigments.

In order to decrease the XAS spectra scan times and collect measurements with high
signal to noise ratios, a four-channel silicon drift detector, ARDESIA, financed by INFN and
developed by INFN, the Politecnico di Milano and Fondazione Bruno Kessler (FBK) [108]
has been installed at the DXR1 beamline in 2019. ARDESIA is very useful when dealing
with low and high count rates (>1 Mcps per channel) due to all the elements present in the
sample, contributing to the total XRF signal and when good energy resolution (e.g., below
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150 eV of full width at half maximum at peaking times faster than 200 ns) is needed. The
ARDESIA detector is composed of a monolithic array of SDDs, with a squared geometry
of 5 mm × 5 mm each and each one collimated to an area of 20.3 mm2. The standard
thickness of the SDDs is approximately 450 µm. ARDESIA has been engineered in a
finger-like structure that gives the possibility to place it very near to the sample using a
specific vacuum-tight translating system. The ARDESIA finger can be closed with different
vacuum windows as a function of the energy range of interest and in the soft X-ray region
a thin polymer window insures the needed high X-ray transmission [109,110]. Using
ARDESIA with this configuration, many XAS measurements were performed, not only at
the DAΦNE-Light facility but also at the LISA CRG beamline at ESRF (Grenoble, France)
and at the P65 beamline at PETRA (DESY, Hamburg, Germany), as shown in Figure 3 (see
all the above references in this paragraph and [111]).

Figure 2. XAS near edge region spectrum of a lazurite sample with its typical pre-edge peak over
2470 eV, measured in the transmission mode.

Figure 3. The ARDESIA four-channel SDD detector installed on the experimental chamber of a
synchrotron radiation beamline. Its finger-like structure, visible in the red circle, makes its use in
vacuum-tight chambers easy.

ARDESIA has also been tested for XRF measurements at the DXR1 beamline. As an
example, in Figure 4 is reported the XRF spectrum acquired on a graphite sample using
for the detector the thin polymer window. Besides C, ARDESIA was able to detect the
presence of trace elements such as O, Na, Mg and Al in a test sample.

In order to improve the performances of the ARDESIA detector, new developments
were carried out in 2019. The detection efficiency at high energies (over 10 keV) was
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improved and tested increasing SDD thickness from the standard 450 µm to 800 µm and
1 mm, the first thicker SDDs developed at the FBK. To maximize the signal to noise ratio,
with the possibility to measure more than 4 spectra at the same time, the design and
implementation of a new prototype based on an array of 16 SDDs, instead of 4, obtaining a
four-fold increase in the maximum output count rate, was implemented and characterized
in terms of energy resolution. Hopefully, it will soon be possible to also test this new
prototype with XAS measurements at synchrotron radiation beamlines including the INFN
DAΦNE-Light DXR1. A detector based on 64 SDDs (9 mm2 active area each) has been
built in a joint effort led by INFN within the ReDSoX collaboration for the XAS beamline of
Synchrotron-light for Experimental Science and Application in the Middle East (SESAME).

Figure 4. XRF measurement of a graphite sheet with an excitation energy of 2100 eV performed at
the DXR1 beamline (CPS = counts/s).

Among the large detector arrays for XRF installed worldwide, very recently, a MAIA
detector (the abovementioned array of 384 detectors) has been used for CH. MAIA, installed
at a synchrotron facility, has been exploited to study a landscape present underneath a
painting (the “Exit from the Theater” attributed to Honoré Daumier) [112].

2.4. X-ray Detectors (XRDs)

X-ray diffraction is a scattering-based technique aimed at the characterization of crys-
talline phases. XRD exploits Bragg’s law to measure interplanar crystal distances and
hence it needs the simultaneous and well-resolved determination/knowledge of radiation
wavelength (or energy) and angle of scattering. In CH, XRD is used for qualitative and
quantitative phase determination. Similarly to XRF, basic setups provide an averaged mea-
surement over ‘large’ areas, but the development of X-ray optics has enabled micro X-ray
diffraction typically combined with a scanning stage to perform X-ray diffraction imaging.
Applications encompass paintings, manuscripts, ceramics, metallic alloys, fossils, studied
to understand origin, counterfeiting, realization processes or degradation phenomena.
A review on the application of XRD imaging for CH studies has recently been published
by V. Gonzalezet al. [113].

Standard XRD setups use monochromators (or Kb filters) to perform angle scattering
measurements at a well-defined known wavelength. When using single-element (0D)
detectors, the monochromator is usually preferred on the diffracted beam to remove X-
ray fluorescence, which is a source of background for XRD. For segmented detectors
(1D: strips, 2D: pixels), a monochromator on the diffracted beam cannot be implemented
and monochromatic sources are typically used. Hence, for XRD detectors, energy dis-
crimination is not really necessary and X-ray counters are used. As single-element de-
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tectors, scintillation detectors are often used. They may offer counting capabilities up to
1 Mcounts/s. Position-sensitive detectors are most often based on solid-state semiconduc-
tor detectors segmented to define the point of detection. The advances in CMOS technology
have allowed the fabrication of dedicated Application-Specific Integrated Circuits (ASICs)
to analyze the charge collected by the sensors and convert the signal into the corresponding
number of photons and in some cases energy. Preamplification of the signals, which used
to be performed by either integrated or external JFET charge amplifiers, is now often
accomplished by CMOS charge preamplifier ASICs. Charge preamplification can also be
combined in a single ASIC. The coupling of segmented semiconductor sensors with multi-
channel ASICs with matching pitch constitutes hybrid (pixel) detectors. Integration of a full
signal analysis chain enabling energy resolution is not trivial and typically these detectors
are used as photon counters (hybrid photon-counting detectors, HPCDs). Nowadays, they
are the most used in XRD and, depending on the instrumental range, can go from 1D strips
with only tens of channels to 2D detectors with 16 M pixels. Well known in this category
are detectors based on the Medipix readout chips (the latest is Medipix3) developed under
the auspices of CERN by the Medipix collaboration [114] and detectors based on chips
developed at the Paul Scherrer Institut (PSI) [115].

A curved position-sensitive detector based on a (curved) gas ionization chamber is
commercially available and has recently been used to characterize Mayan green stones [116].
Recently, FBK fabricated a Si strip sensor for the development of a spectroscopic 1D detector,
specifically designed for the combined analysis of X-ray diffraction and X-ray fluorescence.
The paired-X project consortium has proposed this strip detector with spectroscopic capa-
bility and a novel concept of data analysis based on Rietveld refinement of an angle-energy
map [117]. This methodology, developed for mineralogical characterization (EIT RawMate-
rials consortium funds), can be exploited for the characterization of CH artifacts, and in
particular when scanning µ-XRD measurements are required and the XRD patterns have
to be collected as quickly as possible.

2.5. X-ray Detectors—XCT

Until recently, computed X-ray tomography (XCT) was confined to the medical and
industrial field, but nowadays its application is expanding in several other fields, including
CH. The high penetration power of X-rays and their safety for non-living items make this
imaging technique the optimal approach to analyze the entire volume of works of art and
archaeological findings in a non-invasive and non-destructive way. XCT imaging reveals
crucial information about artifacts, such as inner morphological features, conservation
status, manufacturing technique and constituent materials [118–121].

Radiographs are commonly acquired using indirect-conversion detectors, exploiting
suitable scintillator screens to convert photons from X-rays to Visible light and then collect
them by optical systems and CCD cameras.

X-ray tomography is achieved by acquiring multiple radiographic projections of the
item over 360 (or 180) degrees. The elaboration and reconstruction of the projections with
ad hoc algorithms result in a set of cross-sectional images, the so-called slices, from which
a rendering software re-creates a complete 3D imaging of the object, from the outside
morphology to the inner details.

Similarly to the other techniques borrowed from more traditional research fields, the
setups, the instrumentations, and especially the detectors, have been optimized for the
new scope. In medicine, the XCT facilities are generally designed to acquire the projections
rotating the source–detector system over 360 degrees around the patient. In this configu-
ration, the source–detector distance is fixed, resulting in an optimized but limited space
available for the patient, and different acquisition procedures can be used, from circular
acquisition to a spiral path with the use of single or multi-slice detectors [122,123]. Being
the patient safety of primary importance, to avoid any unnecessary dose, the X-ray beams
are generally highly collimated. Additionally, the energy ranges are optimized for the
human body and the spatial resolution commonly achievable with this kind of apparatus
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is quite limited—generally 0.5 mm. For specific anatomical investigations, such as dental
XCT or head XCT, systems with a higher resolution are used, typically 0.2–0.3 mm [124].

These characteristics are the result of decades of design to optimize the XCT for
the human body and, as can be easily understood, the use of these instruments for CH
investigations poses severe limitations. The large variety of sizes and compositions that
is typical of CH objects—from tiny jewels to 2 m high wooden statues, from canvas to
ceramics and metals—needs peculiar designs.

In these investigations, similarly to industrial XCT, the dose requirements are less
stringent than in the medical field, but, more crucially, the availability of an in situ diagnos-
tic technique is requested, which can be applied directly inside museums or restoration
laboratories, in order to avoid the transfer of precious and fragile artifacts to an external lab-
oratory.

For these reasons, the facilities devoted to CH are generally designed with flexible
mechanics. Ideally un-bounded, these structures are more easily transportable on-site and
with the possibility to vary the source–detector and the object–detector distances to fit a
large variety of objects and to accord the voxel size to the object peculiarities.

Figure 5 shows two examples of the transportable facilities for CH investigation devel-
oped by the INFN-CHNet X-ray tomography laboratory of Bologna, especially designed
for medium-size (Figure 5a) [125], and large-size (Figure 5b) [126] works of art. In this case,
the projections are acquired rotating the investigated objects and several are the possible
configurations and detectors.

Figure 5. X-ray tomography facilities devoted to in situ CH investigations, developed by the X-ray
tomography laboratory of Bologna. (a) picture of the setup designed for medium-size objects (up to
50 by 50 cm) during the analysis of ancient Japanese theatre masks in Rome; (b) photo of the facility
for large-size objects, up to 150 by 150 cm, during the investigation of a Celestial Globe in Venice.

The CCD-based detector systems, quite widespread some years ago, consist of a
CCD camera optically coupled, through a lens and a 45◦ mirror, with a scintillator screen
(columnar CsI(Tl), or Gadolinium Oxysulfide Gd2O2S:Tb), positioned in a light-tight
box [127]. In this configuration, X-rays interact with the scintillator, producing visible-light
photons, deflected by the mirror and directed on the CCD. This design avoids the direct
irradiation of the CCD—ideal configuration for high-energy X-ray imaging [128]—and for
this reason similar systems are still in use in Neutron tomography [129].

Nowadays, most of the systems for XCT adopt an in-line configuration, with CCD
and flat-panel detectors [130].

The CCDs exploited are generally coupled with a scintillator plate for an indirect
conversion and can be small-size detectors, with an area of some square centimeters
and a pixel size of few microns, for high-resolution imaging such as micro-XCT [131], or
linear detectors. The latter are bigger detectors, with a length of some tens of centimeters
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and a pixel size from tens to hundreds of microns and are commonly used for in-line
inspections. However, thanks to their large dimension and their fast acquisition, they have
been successfully applied in a XCT facility for investigations of large CH objects [132,133].

Indubitably, flat-panel detectors are the most common detectors for works of art
investigations. Characterized by a large detection area, up to 45 × 45 cm2, and good spatial
resolution, with a pixel size from tens to a few hundred microns, these detectors generally
exploit a CMOS or an Amorphous Silicon technology and take advantage of scintillator
plates (CsI(Tl) or GOS (Gd2O2S:Tb) for indirect conversion [134]). Direct conversion FDPs
are also available, which exploit an amorphous Se layer to directly convert X-rays to charge.
The use of this kind of detector can overcome the intermediate step of X-ray conversion
into visible light and generally enables achieving better spatial resolution than indirect
FDPs for the same pixel size.

The emerging technique of the dual-energy XCT is opening new perspectives to X-ray
imaging: the use of two carefully chosen irradiating spectra of the primary X-rays—or
acquired energy ranges—enables the enhancement of the small differences in absorption
of two or more materials, such as human tissue and a contrast agent in medical imaging.
This can be achieved using several configurations, from the use of two orthogonal source–
detector systems to acquire simultaneously two XCT datasets with different spectra, to the
acquisition of two successive CTs by switching the voltage of one X-ray tube [135].

For its applications in the CH field, where the investigated materials are disparate
and the acquisition of two spectra can be reductive, the most promising setup involves the
use of large-area hybrid photon-counting detectors (HPCDs). Similarly to detectors used
for X-ray spectroscopy, these solid-state detectors allow the simultaneous readout of X-ray
fluxes and spectral energies, enabling the acquisition of an energy resolved tomography,
the so-called spectroscopic or “color” tomography.

In recent years, some large-area HPCDs have been developed, with a high spatial res-
olution and fully spectroscopic capabilities [136] or with spectral discrimination achieved
using two/four energy thresholds to be opportunely set [137,138]. Moreover, different sen-
sor configurations and materials have been developed, from a more standard thickness of
the Si sensor for low–medium X-ray energies to thicker Si or CdTe sensors, for higher X-ray
energies, such as those required by XCT for CH investigations. Although some commercial
instruments mounting photon-counting detectors are available on the market [139], the cost
of this powerful technology is nowadays an obstacle to its large diffusion. However, thanks
to its appealing features, in the near future, an impressive expansion of its applications in
new fields such as CH is expected.

2.6. Muonic Atom X-ray Spectroscopy (MAXRS)

Muonic atom X-ray spectroscopy (MAXRS) is based on sample exposure to a col-
limated muon beam and the detection of characteristic X-rays, emitted following the
implantation/formation of muonic atoms inside the target.

Muon mass is 200 times bigger than electron mass, thus characteristic muonic X-rays
have energies much higher than those of the corresponding characteristic X-rays generated
in electronic transitions. Although they are referred to as muonic X-rays, they actually
have energies detectable by detectors normally used for γ-ray spectroscopy. Thus, by using
high-energy muon beams, we can probe elements well inside the sample (up to several
millimeters depth) and the EM radiation generated even deeply inside the sample can
easily emerge out thanks to its higher energy (i.e., less self-absorption). Elements can be
detected inside the samples with very limited (if any) sample activation, differently from
what happens with neutron irradiations for PGNAA analysis, where materials can be
probed in depth, thanks to the use of neutrons, but with remarkable indeed activation. The
MAXRS technique can be used for CH applications as it enables non-destructive analyses.
Using intense double pulsed muon beams at the RIKEN-RAL facility, MAXRS can be used
to discover the provenance of raw materials, the manufacturing processes, the past trading
patterns and/or the persistence of particular past cultural traditions.
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The main features of the MAXRS technique are:

• Non-invasive, simultaneous, multi-elemental analytical technique;
• High-energy characteristic X-rays emission (small autoabsorption also for low Z elements);
• Potentially applicable for all elements (from Li to U);
• External analyses possible (no vacuum system required);
• Suitable for a wide variety of samples;
• Depth profiling possible by changing muon beam momentum/energy;
• 2D mapping;
• Very high specificity (energy and temporal signatures);
• Negligible radioactivation;
• Complementary technique to other non-invasive analytical techniques for bulk (PG-

NAA) or surface analysis (PIXE, XRF, . . . ).

This technique, still under development, has already been employed on a wide range
of materials, including Japanese coins [140], different animal tissues ([141–143] and ancient
Chinese mirrors [144]. Very recently, the negative muons at J-PARC were used to examine
extra-terrestrial material and meteorites [145]. In a proof-in-principle experiment [146],
a new instrument was setup, built, and installed on port 4 of the RIKEN-RAL facility.
After detector calibration, standard samples (Au standards, Bronze Standards, and pure
elements) were measured. Since then, this instrument has been upgraded to look at
archaeological artifacts, such as Roman and Islamic coins, Bronze Age artifacts and ancient
swords [147] and, within INFN-CHNet, for the in-depth analysis of archaeological finds
(fragments of votive bronze boats from the Nuragic age). Results have pointed out the use
of lead as an additive in the Cu and Sn alloy, especially in some particular junction areas
(bow of the ships) [148].

The MAXRS detection setup of INFN-CHNet makes use of two beam hodoscopes, orig-
inally developed for the FAMU experiment at RAL. These detectors are based on single-clad
square 1 mm or 3 mm PMMA Bicron BCF scintillating fibers, arranged along x/y coordi-
nates, and read at one extreme by ASD RGB SiPM from Advansid or S12752-025P SiPM from
Hamamatsu. They are designed to deliver position, shape, and timing information for the
low-energy Riken-RAL muon beam, with a fiducial area of 96 × 96 mm2 and 32 × 32 mm2,
respectively. A picture of the 1 mm pitch detector is shown in Figure 6 [149,150].

Figure 6. Top left panel: Picture of the PCBs with 1 mm SiPM soldered on. Top right panel: Picture of
one fiber holder with some 1 mm fibers inside. The two PCBs with SiPM are shown. Bottom left panel:
Mechanics layout of the 1 mm beam hodoscope. Bottom right panel: Image of the mounted detector.
Signal/power cables are fanned out through the feedthrough along the lateral side of the structure.
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Considering that the used SiPMs have been selected in order to have similar break-
down voltages as shown in Figure 7, a simple readout scheme was developed, giving the
same supply voltage to all SiPMs.

Figure 7. Left panel: Distribution of breakdown voltage for the SiPM used in the 1 mm pitch
hodoscope. Right panel: Breakdown voltage curve for a typical Advansid ASD RGB SiPM.

For the readout, CAEN V1742 digitizers are used, one for each detector, providing
both amplitude/charge and timing information for each channel. No amplification for the
SiPM signal is needed. More details are presented in references [151,152].

The beam hodoscope is used to estimate the impinging muon rate per second and the
X–Y beam profile; see Figure 8 for an example.

Figure 8. Left panel: Incoming muon rate per second at RiKEN RAL as estimated with one beam hodoscope. Right panel:
X–Y beam profile in a typical run.

In the 2018 data taken for CHNET-FAMU, the first hodoscope was used for defining
the beam spot for the sample under study, and the second for determining the beam focus
position and the beam direction. This muon beam characterization is essential for the
implementation of the Monte Carlo simulation used in the sample quantitative analysis.
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As shown in Figure 9, the experimental setup exploits 5 HpGe detectors for the
detection of the (low-, medium- and high-energy X-ray) characteristic muonic X-rays
generated by the objects irradiated with the negative muon beams.

Figure 9. Experimental setup for MAXRS at RIKEN-RAL: 5 HpGe for low-, medium-, and high-energy X-ray detection and
scintillating fibers hodoscope placed instead of the sample, for muon beam monitoring.

In Figure 10, typical spectra obtained with the setup shown in Figure 9 on the above-
mentioned standard samples are reported.

These detectors are typically used for the analysis of high-energy EM radiation and
are described in the next paragraph.
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Figure 10. X-ray spectra acquired at different energies of the muon beam in order to scan several depths inside the sample.
The sample consisted of several layers of materials (Teflon, Al, Si, Cu, Zn, Ag, Ta, Au) with different thickness placed one
after the other in sequence.

3. Gamma-Ray Detectors

Similarly to X-ray detectors, for gamma ray detectors, a crucial feature is ER, normally
defined for gamma rays as the ratio of full width at half maximum (FWHM) to the peak
energy, typically at 662 keV line of the 137Cs gamma source. Additionally, intrinsic detection
efficiency (DE) (which has the same definition used for X-rays, i.e., the ratio of the number of
interactions registered by the detector to the number of photons incident on the detector) is
normally of crucial importance for detector characterization, but, for CH studies, it is most
often not as critical as in other fields, due to the typically limited energies of the gamma
rays of interest (a few MeV), and thus it will only be touched upon below. In addition to
these two parameters, there are many other features, such as timing resolution, which are
important for detector characterization, but they are normally not critical for our topic and
will not be discussed here.

For gamma ray detection [153] in CH, scintillators are typically exploited for depth
profiling studies, thanks to their higher efficiency and because energy resolution in these
applications is not critical. Solid-state detectors are instead preferred for bulk analysis,
where high-energy resolution is a plus.

ER in contemporary scintillation detectors may vary from 2% to approximately
4% [154]. To the best of our knowledge, the best ever recorded energy resolution with a scin-
tillation detector has been obtained with a small Sr2+ co-doped LaBr3:5%Ce3+ scintillator,
which showed a 2.04% energy resolution [155].

ER in solid-state detectors is typically much better than in scintillators and is reported
even down to 0.2%. Among solid-state detectors, HPGe normally display the best ER values
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(~0.2%@662 keV) [156] but can only be used at cryogenic temperature (liquid nitrogen).
On the contrary, Cadmium Zinc Telluride (CZT), Cadmium Manganese Telluride (CMT),
Cadmium Telluride (CdTe) and Thallium Bromide (TlBr) are all solid-state detectors which
can be used at room temperature, although normally they are scarcely used in CH. They
are characterized by good ER [157,158], although not as good as HPGe. CdTe detectors,
in particular, have shown interesting ER, down to 0.42% [159]. CdTe present appealing
features for CH applications, especially for mobile instrumentation, where HPGe detectors
are normally not feasible, due to cost, fragility, dimensions, cooling, and weight.

3.1. Gamma-Ray Detectors—PIGE

The Particle-Induced Gamma Ray Emission (PIGE) technique is based on the detection
of the prompt gamma rays emitted by the nuclei of the target atoms in nuclear reactions
caused by ion beams. With MeV ion beams (typically protons with energies in the (1–3 MeV)
energy range for IBA analyses), PIGE is typically limited to Z < 15–20, because heavier
elements need higher beam energies for the projectiles to interact with the target nuclei.
For a given atom/nucleus, gamma rays have higher energies than X-rays and absorption
in the target depth probed by the beam particles is normally negligible, which makes the
PIGE technique ideally suited for detection/quantification of low Z elements [160].

In CH applications, PIGE often complements PIXE, because it enables obtaining
information about the low Z elements, non-detectable by PIXE because their X-rays have
too low energy to be detected or are absorbed before reaching the detector(s).

Examples of the complementary use of the PIXE and PIGE techniques are quite
common; see, for example, [161,162]. However, production cross sections for gamma rays
are much smaller than those for X-rays, which makes the sensitivity of PIGE generally
worse than that of PIXE [163–167].

A recent development, interesting for PIGE measurements, has been proposed in [168].
Following this approach, considering the detailed angular dependence of the gamma ray
production cross sections, when a specific element is under study, the detector is set in the
position where the gamma-ray yield has its maximum. In this way, a gain in the intensity up
to 70% can be achieved. This approach enables lowering the limit of detection, minimizing
the measurement time and the radiation dose delivered to the sample.

In PIGE measurements, semiconductors detectors are normally used, and, though the
first application in the CH field exploited Ge(Li) for obsidian characterization [169], recently
only HPGe are applied [170]. Additionally, CdTe detectors are used for high-energy X-
ray/low-energy gamma-ray detection, thanks to their compactness and low weight. CdTe
detectors with the same configuration (form factor, footprint, and front-end electronics)
of SDDs have been presented. They can be used both for low-energy gamma rays (e.g.,
F gamma rays) and for high-energy X-rays. For example, a 3 × 3 mm2 CdTe detector
with FWHM = 850 eV@122 keV line of 57Co and FWHM = 290 eV@5.9 keV line of 55Fe is
commercially available (to be compared with ER down to 480 eV and 165 eV respectively
for the most performing low-energy HPGe detectors). Their DE is higher than that of HPGe,
for the same thickness, due to the higher Z of both Cd and Te with respect to Ge. However,
being typically available in small dimensions and thickness, CdTe detectors have good DE
only for photons with energies up to a few hundreds of keV (10% DE @ 300 keV).

These CdTe detectors can be configured to use the same power supply, preamplifier,
cooling, and mechanics of SDDs. A detection setup based on SDDs and CdTe detectors in
the same configuration described above is going to be installed on the abovementioned
MACHINA beamline, thus enabling an extremely compact, lightweight, and low-cost
detection system, of crucial importance for a transportable apparatus.

In CH applications, the PIGE technique is most often applied for the study of
glasses [171–174]. Interesting studies concerning rock and minerals have also been re-
ported [175,176], as well as about ivory and bones [177–179].

Most often the exploited reaction is based on the inelastic scattering, typically (p,p′γ).
The elements more frequently detected by the PIGE techniques are F (exploiting the
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19F(p,p′γ)19F reaction where gamma rays at 110 and 197 keV are emitted) and Na
(23Na(p,p′γ)23Na reaction where 440 keV gamma rays are produced). However, also
Mg (975 keV gamma rays from the 25Mg(p,p′γ)25Mg reaction), Al (1014 keV gamma rays
from the 27Al(p,p’γ)27Al reaction), Si (28Si(p,p′γ)28Si reaction, gamma rays at 1778 keV)
and P (31P(p,p′γ)31P reaction, gamma line at 1266 keV) have been evidenced thanks to the
use of the PIGE techniques in CH studies, as reported in the above papers.

3.2. Gamma-Ray Detectors-PGNAA

The Prompt Gamma Neutron Activation Analysis is based on the detection of prompt
emissions of nuclear electromagnetic radiation (nuclear de-excitation), following the radia-
tive capture of a neutron by a nucleus. PGNAA enables both qualitative and quantitative
analysis, the former consisting in the identification of the elements present in a sample,
the latter aiming at determining the concentration (or, equivalently, the mass) of each of
the elements traced. A very appealing feature of PGNAA is the possibility to carry out
simultaneous non-destructive and non-invasive bulk analysis, without sample preparation.
PGNAA enables potentially detecting all the elements of the periodic table and in particular
the elements with low Z and those with a high neutron capture cross section, such as B,
Cd, Sm and Gd. It has allowed the analysis of a wide range of materials, such as metals,
rocks and minerals, ceramics and glass, stone objects (obsidian, flint, porphyry, metabasic
rocks, etc.).

The PGNAA facility installed at the LENA Laboratory of the University of Pavia,
devoted to studies in CH, is a unique installation in the national scenario and was funded
and developed within the CHNET_TANDEM project, a collaboration between INFN-
CHNet and LENA. The horizontal channel B of the TRIGA Mark II nuclear research
reactor was selected, due to higher thermal-to-fast neutron flux ratio with respect to other
channels. For the PGNAA facility construction, a campaign of Monte Carlo simulations
was performed with the MCNP code using a complete model of the TRIGA MARK II
nuclear reactor of LENA. The model was implemented adding the geometry and materials
of the PGNAA facility, shown in Figure 11.

Figure 11. Left-hand side: The PGNAA facility at LENA. Right-hand side: The design of the PGNAA facility used for
Monte Carlo simulations.

Two groups of calculations were performed: one to optimize the collimators and to
characterize the neutron beam, and another to evaluate the shielding of the facility for
radioprotection purposes.
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The main components of the facility are the collimators and the filters inserted in
the beam hole, two shutters, the shielding labyrinth made of baritic concrete, the HPGe
detector (n-type) and the data acquisition system in a separate room. The thermal flux
available at the irradiation position is approximately 5 × 106 cm−2 s−1. The detector is
a hyper-pure germanium (HPGe) n-type detector, i.e., with a reverse electrode in coaxial
geometry. The main characteristic of this HPGe is that the positive electrode is on the
outer surface of the Ge crystal and consists of a thin layer of Ge with implanted boron
ions (thickness: 0.3 µm). The negative electrode is on the surface of the internal cavity of
the crystal and consists of a thin layer of Ge with diffused lithium ions (thickness: 700
µm). The reverse configuration enables a much longer detector life in the presence of high
neutron fluxes, indeed the external contact consisting of implanted boron ions, has not only
the function of guaranteeing the low-energy (up to 3 keV) photons detection, but also of
protecting the crystal from the effects of radiation damage, that causes hole trapping in Ge.
Unlike the case of p-type coaxial detectors, holes are collected by the external electrode of
the n-type detector and thus they have less distance to travel. With less distance to travel,
they are less probable to be trapped in the detector material damaged by irradiation. The
consequence is an extension of the life-time of the detector. Of course, the resistance to
radiation damage depends also on other factors, but experimental evidence suggests that
the n-type detectors are approxi[mately ten times more resistant to damage with respect to
conventional Coaxial Ge detectors.

Detector signals are fed to a Canberra 2002 CS preamplifier, whose gain has been
reduced from 500 mV/MeV down to 100 mV/MeV. While the former value allowed
handling signals corresponding to energies in the [0–3.2 MeV] range, the latter enables
expanding this range up to 15.7 MeV, as needed to use the PGNAA technique, where most
(approximately 75%) of the prompt photons do not have energies limited to 3 MeV but
which extend up to 15 MeV [180–183].

4. UV-VIS-IR Radiation Detectors
4.1. Luminescence Induced by Electrons, Ions and X-rays

The emission of photons in the UV-VIS-IR range can be induced by different probes
(e.g., electrons, ions, X-rays), and it is not uncommon to find the acquisition of the lumines-
cence signal coupled with the simultaneous acquisition of signals of other type of radiation.
The properties of the constitutive materials in the CH field can be investigated also by
means of their induced luminescence. At present, many experimental configurations for
luminescence measurements can be used, depending on many parameters, such as the
desired wavelength or wavelength range, kind of result provided (map, spectrum, etc.),
efficiency, time required for a measurement, dimensions and weight of the instrumentation,
portability, need to darken the room, ease of use and costs. In the following discussion
we will focus only on the setups used in the CH field. Cathodoluminescence (CL) is the
emission of a luminous signal from a target hit by an electron beam. This technique finds
frequent application in the geological field but can be as well used in the art market for the
authentication of gems, such as yellow diamonds [184], or in provenance studies for gems
and stones [185–187].

As luminescence can be a fingerprint of the compound and its structural state, CL
has also been employed in the characterization of mineral crusts developed on cave paint-
ing [188] or for distinguishing original and restoration material in marble façades. The
electron beam is accelerated in vacuum, in a dedicated cold cathode stage [189] or directly
in the chamber of a Scanning Electron Microscope (SEM), where microprobe elemental
analysis can also be performed [190].

Imaging is the most common output for CL analysis, as the different wavelengths
of the emitted light may allow for a rapid identification of minerals. For the acquisition
of CL images, a digital camera is usually coupled with an optical microscope (in some
cases equipped with a polarizer). In some studies, CL is collected both as photograph and
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spectrum, arranging on the same SEM a CCD camera and a spectrometer that can range
from 200 to 900 nm.

Differently from CL, ionoluminescence (IL) exploits MeV ion beams to induce light
emission. It offers two important advantages over CL: a deeper region of analysis and a
higher sensitivity [191]. This allows, for example, the use of features such as trace element
which act as light emission activators for provenance purposes [192,193].

In addition, taking advantage of the sensitivity of IL to small changes in the material
structure, IL is a good monitor of radiation damage for pigments and varnish in paint-
ings [194,195] (no IL spectrum change→ no or negligible damage). IL can be applied for
authentication studies of gemstones [196], characterization and correct assignment of ce-
ramic productions [197]. Moreover, external beam IL enables non-invasive measurements
in air or in controlled atmosphere (usually He), that better meet the needs for archaeological
and artistic samples. IL imaging is not particularly common: when applied, the setup is
similar to the one for CL, combining a microscope and a CCD camera. Definitely more
frequent is the acquisition of the IL spectrum [198]: an example is shown in Figure 12.

Figure 12. IL spectrum of a diopside crystal contained in lapis lazuli, acquired at the Legnaro
National Laboratories of INFN with an Ocean Optics QEPro thermoelectrically cooled spectrometer.

The basic setup consists of an optical fiber (or a bundle of them) which leads the signal
to a spectrometer; the fiber has a diameter that varies between 400 µm and 1 mm. In some
cases, a collimating lens can be added at the entrance of the fiber, to maximize the captured
luminescence. In most studies, IL and PIXE are used simultaneously. In the application
of IL, there is a wide use of cooled spectrometers (thermoelectrically or nitrogen cooled):
this option enables obtaining a better signal-to-noise ratio, with sharp peaks that facilitate
their attribution. The use of a CCD detector enables collecting the full spectrum at once,
decreasing the acquisition time. This feature offers a great advantage over measurements
with a monochromator, scanning one wavelength at a time, and in addition, enables
avoiding spectral distortions due to the creation of luminescence centers during irradiation
in small areas in some materials. The detected wavelength range frequently extends up to
1000–1100 nm, to reveal the features in the NIR region (typically with a 1 nm resolution).
The implementation of an IL setup on a scanning apparatus gives the opportunity to
acquire wavelength-selective bidimensional IL maps, similar to the PIXE elemental maps,
a feature which enhances the complementarity of the two techniques.

Considering that X-ray based analytical techniques are very popular in the archaeomet-
ric community, especially X-ray fluorescence (XRF) for elemental analysis and Radiography
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(RX) or X-ray Computed Tomography (XCT) for structural information, the use of X-rays
also as source of luminescence excitation is starting to take hold. X-ray luminescence (XRL)
can be recorded as image, for example as an easy tool, complementary to RX, for discrimi-
nating saltwater and freshwater cultivated pearls [199]; otherwise an XRL spectrum can
be acquired with a setup similar to IL one, composed by an optical fiber system for signal
collection and transportation to the spectrometer.

Very few applications to CH items have been performed so far, finding some examples
in lapis lazuli characterization [200,201].

The INFN-CHNet network instrumentation covers most of the techniques presented
above. For IL, in particular, several setups have been developed, to exploit both the broad-
and the micro-beams available at the INFN accelerators. IL microscopy and imaging can
be performed at INFN-LABEC, where, working in air with a broad beam (with ~6 mm2

area, obtained defocusing a micro-beam), the image is captured by a Prosilica GC2450C
CCD color camera equipped with a zoom lens set at a 45◦ angle with the beam direction.
The objective, a TECHSPEC VZM 1000 Zoom Imaging Lens, enables magnifications from
2.5× to 10×, with a working distance of 35 mm [202]. The components employed to
implement this setup have been selected in order to obtain information of the same kind of
that provided by in-vacuum CL microscopy, but with the great advantage of performing
the analysis in air without any sample pre-treatment. This setup has already proven its
potential in the study of lapis lazuli provenance, both on semi-thin sections (approximately
100 µm) and on artworks. On the same external scanning microbeam line, µ-IL spectroscopy
has also been developed. The optical system is based on a collimating lens set at ~60◦

with respect to the incident beam while the collected photons are focused on the common
end of a Y-shape optical fiber with diameter of 200 µm. The luminescent signal is then
split in two different paths: the 85% of the signal reaches a CCD based OO USB2000
spectrometer (bandwidth 200–900 nm, spectral resolution 2 nm) for spectra acquisition,
whereas the remaining 15% follows the other branch of the fiber to a PMT HAMAMATSU
R376 photomultiplier, connected to the microbeam acquisition system. This second setup
can produce panchromatic IL maps, or monochromatic ones if wavelength-selective filters
are interposed between the fiber and the PMT [203,204].

The versatility of this system is the main reason that drove the design of the instru-
ment: all the luminescence outputs can be collected, depending on which aspect has to be
highlighted; if a complete characterization of a point is needed, the whole luminescence
spectrum of a single point can be recorded; if the luminescence characteristics of the sample
are already known and only the distribution of the different luminescent phases is needed,
then a mono or pan-chromatic maps can be quickly acquired.

A simpler removable apparatus for luminescence has been developed by the Turin
node in collaboration with the INFN-LNL, where it is usually setup at the AN2000 acceler-
ator microbeam line in a µ-IL version. An Ocean Optics 74-UV collimating lens is fixed
inside the high-vacuum chamber and connected to a spectrometer through two optical
fibers, one inside and one outside the chamber (both with diameter of 600 µm), linked by
a vacuum feed-through [205]. The spectrometer currently in use is a thermoelectrically
cooled Ocean Optics QEPro, with a bandwidth from 300 to 1000 nm and interchange-
able entrance slits, that provides spectra with an optimal signal to noise ratio that can be
calibrated in efficiency [206].

At both INFN-LABEC and INFN-LNL facilities, IL can be coupled with PIXE anal-
ysis, as well as RBS and PIGE. Additionally, first attempts to exploit non-continuous ion
beams have been performed applying time-resolved ion beam-induced luminescence (TRI-
BIL) [207] at DEFEL [208], the pulsed beam facility of INFN-LABEC. These measurements,
carried out in vacuum, enable studying the time evolution of IL, revealing diverse av-
erage decay time for different dose rates, and thus resolving in some cases overlapping
features that would be indistinguishable using a continuous beam. Since the acquisition
has to be fast and synchronized with the ion beam, the whole spectrum is not acquired at
once, but the luminescence signal is detected using a photomultiplier tube (PMT, Electron
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Tubes/9256 KB) with a spectral range between 290 and 680 nm and enhanced green sensi-
tivity. Additionally, in this case, optical filters can be used for wavelength selection before
the PMT output is sent to a sampling digitizer VME module (CAEN/V1720).

Aiming at investigating the potential of XRL technique in the CH field, the Turin node
also designed and implemented two different setups, one for laboratory measurements
and the second dedicated to in situ analysis. In laboratory, XRL signal is collected through
a modified Ocean Optics ISP-REF integrating sphere and led to the spectrometer (Ocean
Optics USB4000 fitted with a 600 L/mm grating blazed at 500 nm) through a 1 m long
optical fiber with a diameter of 600 µm. For the portable apparatus, the setup is exactly the
same used for µ-IL at LNL, except for the vacuum feed-through, not needed in air: signals
are gathered by an Ocean Optics 74-UV collimating lens, at ~105◦ with respect to the beam
direction, linked to the Ocean Optics QEPro spectrometer through the same optical fiber of
the previously described setup. The possibility to use the same setup for different kinds
of measurements is really useful, both for the direct comparison of data acquired with
different probes and in the speed-up of the intensity calibration process.

The research on XRL for archaeometry is still at its very beginning and one of the next
steps might be the application of the time-resolved mode, using a pulsed X-ray source.

4.2. Photometric and Colorimetric Detectors

Photometric and colorimetric techniques are widely used in diagnostic studies and
in conservation and restoration programs. The most performed measurements are light
characterization and color specification, which use the luminous efficiency function, V(λ), as
a weight function, that describes the average spectral sensitivity of human visual perception
of brightness [209].

Photometric techniques (limited to the visible range, 380–780 nm) are of great im-
portance in terms of fruition and valorization of works of art, because they allow for
the characterization of the emission spectrum of light sources and thus the evaluation of
chromatic light rendering. Photometric measurements consist in the characterization of
light sources in terms of illuminance (lx), light intensity (cd) and luminance (cd/m2) and
are made by illuminometers and spectroradiometers.

Colorimetric techniques are crucial for conservation because they allow for evaluating
changes in the optical properties of polychrome artworks, such as paintings. As is well
known, the color of an object depends on its ability to reflect, transmit and absorb light.

The knowledge of the spectrum of reflected light, acquired under the standard condi-
tions defined by the Commission Internationale de l’Eclairage (CIE) [210–212], enables the
color specification and the quantification of the color differences. In color measurements,
both colorimeters and spectrophotometers are used to acquire optical information in terms
of Spectral Reflectance Factor (SRF%) and color coordinates, useful to the color specification
and the color difference quantification [213,214].

The instruments listed in Table 1 are equipped with silicon photon counters. In pho-
todiodes, the measured current is proportional to the radiant power of the incident light.
Recently, PIN photodiodes are also used to increase the speed of response, the responsivity,
and the linearity over the pn ones. In photometric applications, photodiodes operating in
the photovoltaic mode are the most used because they ensure lower noise signal and are
less sensitive to changes in environment temperature. Their spectral response, based on
human eye perception, is in the range 380–780 nm, the peak sensitivity wavelength is set at
550 nm and the photosensitivity at approximately 0.24 A/W considering a photosensitive
area size of max 3.6 nm × 3.6 nm [215,216].

The color measurements, performed by colorimeters, are carried out by RGB color sen-
sors that are three-element silicon photodiodes specifically designed for red (590–720 nm),
green (480–600 nm) and blue (400–540 nm) spectral regions. The peak sensitivity wave-
lengths are, respectively, set at 620 nm for Red, 540 nm for green and 460 nm for blue with a
photosensitivity between 0.2 to 0.5 A/W [217]. Colorimeters are designed to automatically
provide the chromaticity coordinates in different color spaces codified by CIE. Colorimeters



Appl. Sci. 2021, 11, 3462 24 of 51

are generally constituted by a light source, an optical device for illuminating the sample and
detecting the emitted light under standard geometries according to CIE recommendations.
An optoelectronic device is also present in order to analyze the light signals [218].

Table 1. Type of measurements, detectors, instruments and measured photometric and colorimetric quantities.

Type of Measurement Detectors Instruments Photometric and Colorimetric
Quantities Measured

Light characterization
(photometric techniques)

Silicon photocell Illuminometer Illuminance (lx)

Silicon photodiode array Spectroradiometer Light intensity (cd)
Luminance (cd/m2)

Color specification
(colorimetric techniques)

RGB sensors Colorimeter Color coordinates

Silicon array photodiode Spectrophotometer SRF (%)
Color coordinates

Portable spectrophotometers and spectroradiometers for CH applications make use of
spectrometers equipped by fixed diffraction gratings, that allow detection of light signals at
different wavelengths using different elements of the photodiode array. The silicon photo-
diode array consists of multiple elements of the same size, formed at equal spacing in one
package. In particular, the recent models of spectrophotometers mount dual 40-elements
while spectroradiometers have generally a photodetector composed of 512 linear image sen-
sor elements. Only in the spectrophotometers is the lighting system, generally a xenon-flash
lamp, integrated on the instrument together with an optical apparatus to illuminate and to
collect the reflected light according to CIE standard geometries. In the spectroradiometer
measurements, instead, the CIE standard geometries must be set by the user.

The Catania section currently uses silicon photodetectors embedded in commercial
instrumentations that are satisfactorily precise, easy to operate and fast enough to measure
many samples a day, an important requirement in CH, especially for in situ measurements.
All the instrumentations are portable and, thanks to non-destructive and non- invasive
methodologies, are applied in a lot of diagnostic campaigns and conservation and restora-
tion programs on many types of archeomaterials and works of art, in association to other
techniques in interdisciplinary and multidisciplinary studies.

The perspectives of the photometric and colorimetric techniques and the related
instrumentations concern the development of new systems allowing, at the same time and
possibly in remote use, the lighting control also in terms of emission spectrum, and the
color specification in order to monitor the conservation state of the artifacts.

4.3. Infrared Detectors for Fourier-Transform Infrared (FT-IR) Spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) is a molecular technique that exploits
the interaction of IR radiation with matter by absorption, emission, or reflection. It is used
to study and identify in a solid, liquid, or gas. Absorption of IR radiation results in small
energy differences in the vibrational and rotational states of molecules. Typical frequency
units used in IR spectra are reciprocal centimeters (wave numbers), with the symbol cm−1.
IR wavelength units are commonly given in micrometers, symbol µm, which are related to
wave numbers in a reciprocal way.

Molecular bonds with an electric dipole moment that can change due to atomic
displacement are IR active. These vibrational modes are quantitatively measurable by IR
spectroscopy, providing a unique, label-free tool for studying molecular composition and
dynamics without perturbing the sample. The IR region of the electromagnetic spectrum
is conventionally divided into three regions: near infrared (NIR: 14000–4000 cm−1), to
study the harmonic and combined modes of molecular vibrations; mid-Infrared (MIR:
4000–400 cm−1), the region most used to detect fundamental vibrations; finally, the far
infrared (FIR: 400–10 cm−1), to study low-frequency vibrations.

The infrared sources used for FT-IR analysis are generally thermal sources, electri-
cally heated (between 1500–2200 K) inert solid filaments. For example, Globar sources
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(silicon carbide filament, SiC) have a spectrum of approximately 4000 cm−1 in the mid-IR,
while mercury arc lamps emit in the far-IR region. In addition to the abovementioned
conventional sources, synchrotron radiation (SR) sources are used to analyze samples
offering huge advantages in terms of brilliance, spectral quality (signal/noise ratio, lateral
resolution) and extended spectral range from NIR to FIR [219–223].

The INFN DaΦne-Light synchrotron radiation IR source [224] offers beam time to
users from different disciplines, including cultural heritage material analyses.

FT-IR spectroscopy is usually used in the field of CH for the characterization of the
main constituents of works of art, such as pigments, binders, degradation products and
synthetic materials due to restoration treatments. [225,226]. The IR region of the electro-
magnetic spectrum is conventionally divided into near infrared (NIR: 14000–4000 cm−1) to
to study the harmonic and combined modes of molecular vibrations; mid-infrared (MIR:
4000–400 cm−1), the region most used in the field of CH to detect fundamental vibrations;
finally, the far infrared (FIR: 400–10 cm−1), to study low-frequency vibrations.

FT-IR spectroscopy can be performed in different modalities, depending on the shape
and size of the sample: macro-FT-IR, single point micro-FT-IR and mapping or imaging.
Different detectors are used depending on the acquisition mode. Therefore, each config-
uration of the FT-IR experiment, and consequently the choice of the detector, is strictly
dependent on several factors: the characteristics of the analyzed sample (shape, size, etc.),
the spectral range of the analyses, the spectral resolution, and the optical throughput
(percentage of the beam reaching the detector) [227,228].

Infrared detectors can be classified into two classes: thermal detectors and photonic
(quantum) detectors [229]. The former uses the infrared energy as heat and their pho-
tosensitivity is independent from wavelength; they do not require cooling but have the
disadvantage that response time is slow, and the detection capability is low. On the contrary,
quantum detectors offer higher detection performance and a faster response speed (ms)
although their photosensitivity is dependent on wavelength. In general, quantum detectors
must be nitrogen cooled for accurate measurement, except for detectors used in the NIR
range [230]. A wide variety of detector materials have been adopted for the fabrication of
photon- and thermal detectors. Traditional materials for cooled detectors are InSb for MIR
and HgCdTe for MIR and NIR. Extrinsic doped and deeply cooled semiconductors, such
as Si and Ge, are operated in the far-infrared spectral region.

The most significant figure of merit used to compare detectors is the detectivity (D*), a
figure of merit used to characterize performance, equal to the reciprocal of noise-equivalent
power (NEP), normalized per square root of sensor area and frequency bandwidth (recip-
rocal of twice the integration time)

D* = [cm × Hz1/2/W]

A is the area of the photosensitive region of the detector, f is the bandwidth and Noise
Equivalent Power (NEP) is the quantity of incident light equal to the intrinsic noise level of
a detector.

Pyroelectric detectors such as Deuterated Triglycine Sulfate (DTGS) are widely used
in analyzing CH materials, despite their low D*, due to several advantages such as the
capability to work at room temperature, without the need for cryogenic cooling. This
can overcome difficulties related to operator safety and enables installation on portable
instruments for in situ measurements. In addition, the possibility to cover a wide spectral
range (10000–100 cm−1) in one shot enables the identification of some inorganic compounds
that are not active in the MIR range (i.e., oxides or sulfides) [231–233].

Some issues related to the high signal/noise ratio can be avoided by increasing
acquisition time and opening the field aperture, in order to increase the light flux to the
detector element.

When dealing with micrometric-size samples, higher D* detectors are required. HgCdTe
(MCT) is a photoconductive detector, the spectral response of which changes with detector
element temperatures: as the temperature increases, the D* decreases and the spectral
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response shifts to the shorter wavelength region. The D* of MCT is inversely proportional
to the amplitude of the band and it is therefore possible to compare detectors of the same
type, but with different areas, from their D* values [234], as shown in Table 2:

Table 2. Comparison of detectors of different areas basing on their D* values.

Detector Type Spectral Range (cm−1) D* (cm Hz 1
2 W−1)

DTGS 10,000–370 >2 × 108

MCT Narrow-Band 10,000–750 >4 × 1010

MCT Mid-Band 10,000–600 >2.5 × 1010

MCT Wide-Band 10,000–420 >5 × 109

MCT Photovoltaic 4800–850 >3 × 1010

A wide-band MCT detector offers approximately four times higher sensitivity than
a DTGS, while the narrow-band MCT detectors has the highest mid-IR sensitivity and
is ideal for low throughput analysis when high sampling rates are required [10]. Using
a MCT, the spatial resolution cannot be smaller than the theoretical diffraction limit of
approximately 10 µm, leading to a low signal/noise ratio for beam aperture dimensions of
10 × 10 µm2 [235].

In recent years, the development of scanning systems or imaging devices has enabled
obtaining chemical maps at a micrometric scale. Single-element detectors are used to obtain
point by point maps by using a motorized stage (X,Y,Z) and apertures to select the spatial
resolution; alternatively, 1-D or 2-D imaging systems are much faster thanks to the use
of multiple element detectors arranged in an array, with a linear or a rectangular/square
format (Linear Array (LA) and Focal Plane Array (FPA), respectively) (Figure 13).

Figure 13. FT-IR principle of image formation using single-element detectors, 1-D (LA) or 2-D (FPA)
systems. As an example, the image obtained on a cross section of a pictorial layer sample is shown.

Chemical imaging enables a detailed and spatially resolved chemical analysis, based
on the sample spectroscopic properties, where each pixel of the image detects an entire
FT-IR spectrum. FT-IR imaging systems have been largely employed in CH by using
FPA detectors that collect typically 64 × 64 infrared spectra simultaneously, significantly
reducing the acquisition times [236,237].
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Despite the very appealing features of FPA detectors, the obtained spectra are affected
by thermal noise and show lower signal/noise ratio, especially in the reflection mode and
in the presence of poorly reflective sample surfaces. Moreover, the 900 cm−1 cut-off of
FPA detectors does not allow for the identification of substances that show characteristic
absorption bands below this wavenumber.

Future development of IR detector arrays regards the improvement of pixel sensitivity,
the increase in pixel density, the cost reduction in IR imaging array systems through the
use of less cooling sensor technology combined with integration of detectors and signal-
processing functions. Finally, the improvement in the functionality of IR imaging systems
passes through the development of multispectral and hyperspectral sensors.

In the framework of the INFN-CHNet network, the DAΦNE-Light synchrotron radia-
tion laboratory is a facility open to external users, able to provide chemical analyses on
cultural heritage materials, namely pigments, binders, and degradation products. A Ver-
tex70 V FT-IR interferometer is coupled with an Hyperion3000 IR microscope equipped
with a 64 × 64 pixel Focal Plane Array MCT detector, giving access to micro and macro
analyses, mapping, and imaging on different materials.

A portable FT-IR spectrometer, equipped with a room-temperature DTGS detector, is
as well available for in situ analyses.

5. Particle Detectors
5.1. Neutron Detectors

Thermal- and cold-neutron scattering and adsorption methods are widely used in all
material science fields since they can characterize structural, compositional, and dynamic
properties of matter. Among the several techniques, some of them exhibit high potential
in the application to CH: neutron diffraction and neutron imaging [238]. They are both
non-invasive techniques, able to provide quantitative and morphological information on
the bulk of the analyzed samples.

Neutron diffraction is based on the elastic (Bragg) scattering phenomenon and pro-
vides quantitative multiphase analysis of selected gauge volumes in different types of
samples, without sample preparation. Polycrystalline phases generate a diffraction pattern
with a peak position that is related to the sample structure and the intensity of which is
proportional to the scattering power, depending on the nature and relative position of
the constituting atomic species. The scattering power is known, and it is then possible
to determine the relative concentration of the different crystalline phases via Rietveld
refinement [239]. The neutron signal in diffraction instruments is revealed by the use of
neutron detectors located at ad hoc angular orientation and distance with respect to the
primary neutron beam and the sample position.

Neutron diffraction is a quantitatively reliable method and can be exploited in CH
applications for investigative and conservative diagnostics. Investigation of the different
phases and their relative concentration in the sample under study can provide useful
information about manufacturing procedures. This is particularly effective in metal artifacts
analysis for Cu alloys and steel artifacts. In the former, it is possible to determine the alloy
composition and its microstructure (dendrites, segregation, etc., . . . ) [240]; and in the latter,
it is possible to determine the C content and the thermal treatments of steel [241]. It has
also been successfully applied to determine the elemental content in ancient coins made
in Ag–Cu alloys [242]. Regarding conservative diagnostics, neutron diffraction enables
quantification and localization in the bulk material of crystalline mineralization phases,
giving hunts about correct conservation treatments [243].

Neutron imaging is based on the radiographic analysis of samples by measuring the
intensity of the transmitted neutron beam passing through a sample. The beam attenuation
will be generated by the different thickness, nature, and microstructure of the components
within a sample, so that morphological characterization will be provided. Neutrons interact
quite weakly with the different atoms and structures into the sample so that it is possible
to obtain neutron radiographies also when a specimen is composed of heavy elements
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and has thickness of some cm. Radiographies are obtained by using detection systems
with imaging capability, located behind the samples, and connected to an optic imaging
system. Neutron imaging provides morphological and microstructural characterization
of dense materials whenever X-ray radiography fails because either of the size or of the
high Z number of the atomic species involved. Furthermore, neutrons can penetrate most
metals while creating high contrast for many light elements, thus showing a behavior often
the opposite of that of X-rays. For example, using neutrons, hydrogen (and thus organic
materials) can be evidenced even when buried in ceramics or metals, fossilized bones in
chalk rock or in ferrous “red” beds. Similarly, neutrons are often able to put into evidence
the difference between very similar materials, such as enamel and dentine in fossil teeth.
Even isotopes of the same element can be distinguished using neutrons. An overview
about neutron methods in CH is given in [244].

A typical neutron imaging system is represented in Figure 14, where a scintillator
screen is positioned perpendicular to the neutron beam and the light emitted is brought,
via a 45◦ tilted mirror, to a lens, which focuses the scintillator image on a CCD camera.
The mirror is necessary for easy positioning the camera out of the primary beam, so that a
reduced amount of soft error or pixel damage occurs.

Figure 14. Typical neutron imaging system. The scintillator screen is perpendicular to the neutron
beam. The emitted light is reflected, via a 45◦ tilted mirror, to a lens focusing the scintillator image
on a CCD camera.

Neutron detectors are based on the conversion of neutrons into other charged particles
through nuclear reactions, followed by their direct detection or by their conversion into
photons with wavelength in the visible range. The first category of detectors is well repre-
sented by gas detectors, as 3He detectors. They are widely used in scattering experiments
as neutron diffraction. 3He has a very high absorption cross section for thermal and cold
neutrons (5333 barn at 25 meV neutron energy). This nuclear reaction is characterized by
the emission of charged particles:

n + 3He→ 3H + 1H + 0.764 MeV

The assembly typically consists of a grounded steel chamber filled with pressurized
3He gas with anode wire along the axis of the tube, at high gas pressure (10–50 bar).
Between the wire and the chamber walls, a high voltage (few thousands of Volts) is applied.
When a neutron enters the chamber and undergoes a nuclear reaction, a proton and a triton
are produced and cause further ionization. The produced electrons are accelerated towards
the anode by the potential difference between the anode and the external wall and generate
an electron avalanche, which produces a high signal gain and enables the detection of single
neutrons. 3He detectors have the highest efficiency among neutron-to-charged particle
conversion processes, but, due to the rarity of this isotope, many alternatives have been
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studied and used, such as boron-based detectors or GEM gas electron multiplier (GEM)
detectors [245].

The other category of thermal- and cold-neutron detectors is based on the use of
scintillators, being the elements which undergo nuclear reaction with neutrons in direct
contact with the fluorescent material, so that light signals are generated. Beyond being
used in scattering experiments, scintillator detectors are the preferred detectors in neutron
imaging. Usually the double conversion, neutron to charged particle to light, is performed
using a chemical vapor deposition (CVD) of a mixture of a neutron-absorbing component
(e.g., LiF) and a fluorescent compound (e.g., ZnS). Although the use of self-supporting
neutron detectors would be definitely preferable, the present detectors need a substrate.
Typically, a thin (order of 1 mm or less) Al sheet is used, which results quite transparent
to thermal neutrons (Al attenuation coefficient 0.1 cm−1), minimizing the unavoidable
spatial resolution worsening, due to neutron scattering in between sample and scintillator.
The neutron absorption takes place thanks to the 6Li nuclei present (isotopic abundance is
approximately 7.5%), according to the reaction:

n + 6Li→ 3H + 4He + 4.79 MeV

The thickness of this compound is a compromise between the need to increase the
light output (which would suggest increasing the thickness of the fluorescent compound)
and the requirement to improve the light transmission (for which it would be better to
reduce the thickness of the compound). Optimizing the detection system is thus carried
out by optimizing the thickness of the scintillator screen and tailoring the neutron-sensitive
element composition and its relative concentration with respect to the fluorescent one. If
necessary/useful, it is also possible to add dopant elements to the fluorescent material, in
order to shift the wavelength of the light output towards the maximum sensitivity range of
the imaging system.

The typical scintillator screen, providing the best performances, can be composed
using the following:

• A neutron-absorbing component: LiF (6Li is a high neutron absorber, 940 barn of
absorption cross section);

• A scintillation component: ZnS;
• A dopant: Ag, Cu (moving maximum light output wavelength to approximately 550 nm);
• A composition ratio of LiF:ZnS ranging from 1:1 to 1:2;
• A scintillator thickness range of 50–250 µm;
• The substrate material and thickness: aluminium 0.5–1 mm.

Imaging applications sometimes need higher spatial resolutions than those provided
by LiF/ZnS scintillators; it is thus necessary to reduce the thickness. As such, it is possible
to use gadolinium oxide, both as a neutron absorber and scintillator material. By decreasing
the thickness down to 15 µm, a 3-fold increase in terms of resolution with respect to the
thinnest LiF/ZnS scintillators can be obtained. In general, the neutron-absorbing efficiency
per unit volume is also increased with Gd, but light conversion is heavily hindered, so that
the light output per absorbed neutron is 2–3-fold lower than the LiF-ZnS scintillator (at
the same thickness). Consequently, Gadox is only used when high resolution is the most
critical parameter. It is important to underline that spatial resolution in neutron imaging is
limited not only by the detectors, but it often depends also on the limited neutron flux and
especially by the fact that neutron optics is virtually non-existent, so that image blurring of
the beam limits the resolution of neutron imaging. Another issue is the presence of gamma
radiation in almost all neutron imaging facilities, making it difficult to obtain very good
contrast images at very high spatial resolution.

In the reference frame of INFN-CHNet, the NICHE experiment is developing a neutron
imaging station at the gate B of the TRIGA reactor of the LENA Laboratory in Pavia. NICHE
aims at creating the first imaging system (radiography and neutron tomography) in Italy,
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specifically designed for the diagnostics of CH, to provide important information in many
case studies, in particular in the archaeological and artistic fields.

Detector development in neutron imaging applications, thanks to the increased inten-
sity of the new neutron sources, goes into the direction of spatial resolution improvement
and energy/wavelength discrimination for microstructure analysis of crystalline systems.
For example, Gadolinium oxysulfide (GOS) is indicated as a novel scintillator for ultra-high
spatial resolution detectors in neutron imaging, with the perspective of achieving spatial
resolution down to the micron level. The drawback of this system is an extremely reduced
light output (~100 times lower than that of ZnS/LiF:Ag scintillators), which requires highly
increasing the neutron flux to reduce the exposure time to reasonable levels [246].

5.2. Mass Spectrometry

Mass spectrometry (MS) is a set of analytical techniques used to discriminate charged
particles, based on their different mass-to-charge ratios, which result in different trajectories
in EM fields [247]. It is possible to discriminate different masses and measure relative
concentrations of isotopes, atoms, or molecules, so, as a whole, mass spectrometers can be
considered as versatile and highly sensitive detectors. A mass spectrometer is basically
composed of three main modules:

• An ion source (e.g., inductively coupled plasma source, thermal ionization source, glow
discharge source, CS sputter source) to produce ions from the sample to be analyzed,

• A mass analyzer (e.g., quadrupole mass filter, magnetic sector field, a combination of
magnetic and electrostatic sector fields) to separate ions of different types, and

• A detector (e.g., electron multipliers in general used for single collector instruments,
or Faraday cups/combination of electron multipliers and Faraday cups for multi-
collector devices) for the transmitted ions.

Mass spectrometry is widely used in several fields of science and technology. In partic-
ular, the elemental fingerprinting and the isotopic composition of archaeological materials
and artifacts offer scientists information about the origin, provenance, use, chronology,
authenticity, and manufacture [248–253]. MS analytical techniques are destructive, since
the sample needs to be converted in the most appropriate chemical form for the analysis,
and for this reason are bulk analytical methods. However, only a very small amount of
sample, typically from a few to a few hundred mg, is required, and thus, in many cases,
destructivity is not a real obstacle for the application of MS techniques in CH.

Within INFN-CHNet, the mass spectrometric techniques used are high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS) for elemental analysis at
trace level, and thermal ionization mass spectrometry (TIMS) and stable isotope ratio mass
spectrometry (IRMS) for the determination of isotope ratios of heavy (Sr, Pb, Nd, . . . ) and
light (C, N, O, S) elements, respectively. A surface analysis mass spectrometric technique,
time of flight-secondary ion mass spectrometry (ToF-SIMS), is also available, enabling the
detection of all organic and inorganic species, with their relative isotopes, in the mass
range from 1 to 10,000 AMU. In addition, a particle accelerator is routinely used for
accelerator mass spectrometry (AMS), which enables measuring rare isotopes in ultra-low
concentrations and is mainly used for 14C dating.

5.2.1. HR-ICP-MS

High-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) is con-
sidered the most versatile technique for fast, sensitive, and multi-elemental analysis at
trace and ultra-trace levels [254]. The inductively coupled plasma (ICP) is an effective ion
source for elemental mass spectrometry operating at atmospheric pressure [255].

Normally, all commercially available instruments operate with Ar plasma obtained
applying a radiofrequency of 27 MHz and a plasma temperature of approximately 8000 K.
This setup enables the decomposition of the chemical compounds contained in the sample
solution into their atomic constituents that are immediately and efficiently ionized in the
plasma. In general, all elements with a first ionization potential below 8 eV are ionized more
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than 90%, while those with a first ionization potential between 8 and 12 eV are ionized by
more than 10%. The ICP involves a ‘hard’ ionization because most molecules in the sample
are completely atomized [256]. During the ionization process singly and doubly charged
atomic ions as well as polyatomic ions are formed in the ion source. So, in addition to the
singly charged atomic ions of the analyte of interest, other atomic and molecular ions are
formed, thus resulting in potentially interfering species. Although quadrupole-based ICP-
MS equipped with a collision/reaction cell is the most used worldwide, the development
of high-resolution mass spectrometers, such as double-focusing sector field ICP-MS with
single or multiple ion collectors, has been necessary to overcome limitations caused by spec-
tral interferences (isobaric overlap, polyatomic ion interferences and double charged ions).
By using an HR-ICP-MS operating in the high resolution mode (m/∆m = 10000), most
target elements may be resolved from polyatomic interferences. However, the enhanced
mass resolution results in a reduced ion transmission and, therefore, the improvement in
selectivity comes along with a loss of sensitivity [257].

A typical HR-ICP-MS system is as follows: the sample, previously digested, thus
having an acidic aqueous solution, is aspirated by a peristaltic pump, converted to an
aerosol by a nebulizer in a cyclonic spray chamber and transported to the plasma torch
through an Ar gas stream. Here, desolvation, vaporization, atomization and subsequent
ionization occur. The positively charged ions are extracted from the plasma at atmospheric
pressure and focused into the high vacuum of the double-focusing analyzer via the ion
transfer optics, which accelerates sampled ions to 8 keV kinetic energy, while shaping
and focusing the ion beam on the entrance slit. The system is designed for maximum ion
transmission efficiency, stability, low mass bias and low background. Among all available
geometries coming from the different exploited combination of the magnetic with the
electrostatic sector, Mattauch–Herzog and Nier–Johnson geometries are the most important
to mention here [258]. The combination of the magnetic and electrostatic fields results in
the high-resolution properties of the HR-ICP-MS. These instruments can operate at a mass
resolution of approximately m/∆m = 10000, sufficient to resolve many interferences.

Within INFN-CHNet, a HR-ICP-MS setup is installed at INFN-LNGS, based on a
Thermo Element 2 double-focusing sector field, with a magnet designed for maximum
speed measurements. Less than 150 ms is required for a 7Li–238U–7Li switch. The magnet
coils are water cooled, for maximum mass stability. Element 2 combines a small mag-
netic sector with a radius of 16 cm and a 10.5 cm radius toroidal electrostatic sector in a
reverse Nier–Johnson geometry. The magnetic sector field is employed for a directional
focusing and the electrostatic one for energy focusing of ion beams respectively [259,260].
A schematic of Element 2 high-resolution double-focusing ICP-MS is reported in Figure 15.

The instrument is equipped with a guard electrode inserted between the torch and
load coil in order to eliminate secondary discharge in the plasma and to decrease the ion
energy spread, thus increasing ion transmission. This and the high acceleration voltage both
contribute to the enhancement of the overall sensitivity. The guard electrode is particularly
useful to perform cold plasma measurements. The computer controlled slit system of
Element 2 consists of a single slit holder with three fixed slits. Therefore, according to the
mass resolution settings and thus using different slit systems, measurements can be carried
out at low mass resolution (m/∆m = 300), medium mass resolution (m/∆m = 4000) and/or
high mass resolution (m/∆m = 10000) guaranteeing unambiguous elemental spectra.
An electron multiplier is commonly used as a collector and detector of the ions. It consists
of a series of electrodes in cascade. When an ion arrives on the first electrode, the emitted
electrons hit the second electrode, which in turn emits a greater quantity of electrons and
so on, resulting in a strong amplification of the signal. The signal is then digitized and
organized in the mass spectrum.

Element 2 is equipped with a discrete dynode detection system, enabling both trace-
and major element quantification in a single analysis. The ion beam does not directly strike
the detector to initiate the electron cascade. In Element 2, the secondary electron multiplier
uses a conversion dynode at −8 kV, which produces a uniform response across the mass
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range, operating in both the counting and analog modes according to the signal intensity.
The detector switches from the counting to the analog mode. The high acceleration to
−8 kV results in a mass-independent detector response, enabling fully automatic cross
calibration between the counting and analog modes. The automatic cross calibration
ensures a constantly updated detector response, allowing the linear dynamic range to be
extended to 10 orders of magnitude. The dark noise measured with this instrument is
less than 0.2 cps and the sensitivity achieved in the low mass resolution mode is greater
than 106 cps/ppb (injecting a solution containing indium at 1 ngml−1 with a standard
inlet system). This enables quantification from 10−6 to less than 10−15 (from ppm to
sub-ppq concentrations).

Figure 15. Scheme of Element 2 high-resolution double-focusing ICP-MS (Thermo Fischer Scientific).

HR-ICP-MS has the advantage to provide a rapid multi-elemental analysis, in addition
to a high sample throughput, excellent sensitivity, precision and accuracy. Several studies
in the CH field have been performed on metals and alloys, such as coins and lead ingots,
to investigate particular aspects concerning the coin production, to reconstruct mining
activities or to discover the origin of the lead used in a specific mint as well as to identify
the geographical origin of raw materials and ancient trade routes [261,262].

Gomes et al. analyzed a set of lead artifacts [263] using quadrupole-based ICP-MS to
determine minor and trace element composition and lead isotope ratios to establish the
geological origin of the raw materials and the metallurgical technique used on the lead
production. The elemental compositions and lead isotope ratios have been used to assess
the degree of standardization and the question of source of brass ingots by Merkel [264].
At INFN-LNGS, HR-ICP-MS has been applied to CH findings to determine major, minor,
trace and ultra-trace elements, thus providing their elemental fingerprint. These data,
together with Pb and/or Sr isotope ratios, provide a useful method to discriminate between
samples of different origin.

5.2.2. TIMS

Thermal ionization mass spectrometry (TIMS) is a highly sensitive mass spectromet-
ric technique able to perform very precise isotope ratio measurements despite a time-
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consuming sample preparation and analysis. Its main application is the measurement of
isotope ratios of stable isotopes and radioisotopes, especially for heavy elements such as U,
Sr, Th or Pb, which vary within small ranges and thus require high-sensitivity, precise and
accurate measurements. Precision values of 0.005% or better are routinely measured.

Thermal ionization is the process whereby ionization occurs on the surface of heated
metal filaments (typical temperature in the range 1000–2000 K). They are usually made
of refractory metals with relatively high work functions and high melting points; due to
the necessary purity and mechanical properties Pt, Rh, Ta or W filaments are the most
used. All elements with first ionization potentials below 7 eV may be efficiently evaporated
and ionized, otherwise special ion-emitting reagents such as silica gel and H3PO4 and/or
H3BO3 are used to make the formation of ions possible, in order that an enhancement
of ionization by at least one order of magnitude is achieved. Both positive and negative
thermal ionization can be applied. The ion source operates in high-vacuum conditions and
it consists of the filaments, the acceleration voltage supply and the focusing plates. The
ion source is separated by the analyzer flight tube and the detector units by means of the
isolation valve to ensure a continuous high vacuum in the analyzer during the installation
of the sample holder. The thermal surface ions formed in the ion source, characterized
by low initial energies of approximately 0.1–0.2 eV, are accelerated towards the single
magnetic sector field mass spectrometer using the extraction electrode together with the
beam-focusing electrostatic lenses. Subsequently, accelerated ions enter the magnetic field
through the flight tube and they are separated according to their mass to charge ratios.
Along the focal plane, whereon ions of each m/z ratio are focused, multiple Faraday cups
are arrayed in order to measure all isotopes of interest simultaneously. The flight tube and
the detector units are kept under vacuum by means of two ion getter pumps. Each Faraday
cup, connected to an amplifier, collects its own isotope and the resulting current measured
is directly proportional to the number of ions hitting the cup.

As TIMS makes use of multiple detectors, it can simultaneously measure different
isotopes, which is not possible for example with HR-ICP-MS. In addition, TIMS uses
Faraday detectors, in contrast to single-collector ICP-MS, typically fitted with a single
secondary electron multiplier (SEM) detector. SEM detectors have worse long-term stability,
compared to Faraday detectors, and also suffer from other issues, such as dead time, which
can heavily affect measurements (e.g., when used to measure ratios for elements with very
different isotopic abundances [265]).

The strengths of the TIMS compared to ICP-MS include its high sensitivities for
elements that ionize easily (in this case TIMS is able to analyze smaller sample size without
affecting precision, for instance an isotope ratio precisions better than 0.1% can be obtained
for Pb with few pg sample), the limited energy spread of the ions produced, the relatively
low production of molecular interferences and doubly charged ions. In addition, the cross
contamination from sample to sample is negligible, thus the limiting factor comes from
potential contaminants introduced during the chemical separation of the element of interest
from the matrix. On the other hand, the main disadvantages of TIMS include the need for
extensive sample preparation prior to analysis, very low sensitivities for elements that do
not thermally ionize efficiently, and particularly, the isotopic mass fractionation. The use of
isotopic standard reference material is essential to obtain accurate results considering the
inherent effects as mass discrimination related to ion optical system or ion detector and
mass fractionation effects caused during the evaporation of the sample [266,267].

The use of isotope ratios of certain elements such as Sr, Pb and Nd is a well-established
tool in geochemistry, to date and trace the origin of rocks and minerals, as well as in CH
studies to trace the provenance of ancient findings.

Some elements show very small variations in the isotope composition, depending on
the mineral origin from which they were extracted. This peculiarity can be explained by
the radiogenic contribution on at least one of their isotopes which affects the primordial
isotope composition. For instance, 87Sr is affected by the radiogenic contribution due to
the radioactive decay of the nuclide 87Rb as well as three of the four stable isotopes of
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lead (206Pb, 207Pb, 208Pb) are the final products of the 238U, 235U and 232Th decay chains,
respectively. The variations of the isotope ratio due to radiogenic origin depends on the
geological age of the mineral and the concentration of the relative precursors in the mineral
itself. The naturally occurring variations of the isotope ratios are very small because of the
long half-life time of involved radionuclides (billions of years), therefore, very precise, and
accurate measurements are needed. In order to investigate the origin of ancient findings,
the measured isotope ratios have to be compared with a database containing the isotope
marker of the mines or geographical area expected to be the source of the related mineral.
Moreover, this information needs to be integrated with historical evaluations about the
place of finding as well as possible trade routes.

Pb is present in metal objects such as coins and bronze artifacts as well as pigments. Pb
isotope has been measured on different Pb ingots of Roman age to establish their origin. Sr
isotope ratio measurements in bone and teeth have been used to study the migration of ancient
populations. Strontium is chemically related to calcium and therefore, it partially replaces
Ca in biomineralization processes such as those occurring during human bone and teeth
formation. Furthermore, Sr isotope analysis in provenance studies of ancient ceramics and
Chinese glazes has been examined by Makarona et al. [268] and Ma et. al. [269] respectively.

At the Laboratory for Isotope Mass Spectrometry (LIMS) facility located at the INFN-
LNGS (Gran Sasso National Laboratory), prior to analysis, a small volume of sample
solution containing few micrograms of the analyte is loaded on a “zone refined” Rh
filament and evaporated to dryness. Concerning lead isotope ratio measurements, single
filament and silica gel techniques are adopted for sample loading (approximately 1 µg of
Pb loaded on each filament). The detection system for isotope analysis consists of a Thermo
Finnigan 262 VMC mass spectrometer, with updated electronics. The entire old electronics
has been replaced by the TI-Box supplied by Spectromat as well as the dedicated software
used for data acquisition and analysis. Thirteen filaments can be placed in one rotational
block called “barrel”, that is housed into the source under vacuum and then thermally
heated by the passage of an electric current. The instrument is equipped with 5 Faraday
cups in a variable multi-collector, with extensive optical geometry, but corresponding to
a system that has a conventional geometry, with a 64 cm deflection radius. Normally, six
blocks of ten replicates are acquired for each measurement with an associated average
internal precision ≤ 30 ppm. Mass calibration and gain calibration are performed before
each set of analyses.

5.2.3. IRMS

Isotope ratio mass spectrometry (IRMS) enables the measurement of natural isotopic
abundance of stable elements in solid, liquid, and gaseous samples, with high degree
of accuracy and precision, and is particularly well-suited for light isotopes (C, N, H, O,
and S). The typical sensitivity of this technique is in the order of 10−4 and the sample
mass required is very small, in the order of hundreds of milligrams. The potential of
this methodology lies in its ability to determine the origin and the pathway of a given
substance in the environment, exploiting the natural effect of fractionation. Fractionation is
the discrimination between the isotopes of an element as a consequence of the chemical-
physical processes of translocation and transformation of the compounds of the element
itself, from one environmental compartment to another one. As a result of fractionation,
there may be an enrichment or decrease in a heavier isotope in the compound of interest,
compared to a lighter one (normally the more abundant in nature) [270]. A typical example
where fractionation takes place is the process of water evaporation: the lighter isotopes of
H2O (1H e 16O) go preferentially into the vapor phase, while the heavier isotopes (2H and
18O) remain in liquid water.

Since the differences in isotope abundance are typically very small in nature, by
convention, the isotope ratio of a sample to a standard is measured in units per thousand
(delta notion δ), where the ratio R refers to that of the heavier isotope with respect to the
lighter isotope; the most frequently measured isotopes are 13C/12C (carbon), 15N/14N
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(nitrogen), 34S/32S (sulfur), 18O/16O (oxygen) and 2H/1H (hydrogen). Therefore, the delta
notion is: δ(‰) = (Rs/Rstd − 1) × 1000, where Rs is the isotopic ratio of the sample
and Rstd is that of the reference standard. All isotope ratios are referred to in terms of a
primary standard.

In the CH field, IRMS is widely exploited, as it provides new information about the
diet and migrations of ancient populations, as well as the provenance of the raw materials
used in archeological artifacts. Measurements of δ13C and δ15N [271,272] on bone collagen
have allowed reconstructing the type of diet followed by the ancient populations, thus
providing a contribution to the social study of our ancestors (for example, it has been
possible to establish which individuals had easier access to more valuable foods, with a
high protein content, and to identify the different social classes) [273,274]. The analysis of
13C in fatty acids (C16:0 and C18:0) in the cooking residues of archaeological ceramic finds
enables tracing the type of food used by the ancients, distinguishing between vegetable and
animal fats [275,276]. δ13C and δ18O on marbles enable tracing their origin, and, further,
the quarries from which they were extracted. Again, the carbon isotopic characterization of
the mortars is used to identify the carbon source origin [277] and the analysis of the oxygen
isotopes can be useful to study the inorganic phase of bones, thanks to the link between the
O isotopes relative abundances and the water drunk by an individual, making it possible
to trace back its origin [278,279].

IRMS instrumentation is equipped with a multi-collector detection system, which en-
ables continuous and simultaneous measurements. The advantage lies in the measurement
of multiple isotopes in a single sample and in a single run.

In the framework of INFN-CHNet, at the iCONa lab (isotopic C, O and N analysis
laboratory) of the Distabif (Department of Environmental, Biological and Pharmaceutical
Sciences and Technologies), University of Campania “Luigi Vanvitelli”, an Isotopic Ratio
Mass Spectrometer (IRMS Delta V Advantage, Thermo Scientific) enables measuring very
small samples, with a typical sensitivity of 10−4. Depending on the type of sample to
be analyzed and the isotopic ratio to be measured, a different device is connected to the
spectrometer, so that the sample can arrive to the instrument in the gaseous state:

- For δ15N and δ13C analysis, an Elemental Analyzer is used (CN Flash EA 1112 Series,
Thermo Scientific, Finningan), where a flash combustion occurs at 1020 ◦C, in oxygen
presence. Solid samples are combusted and subject to red-ox reactions to produce
CO2 and N2, chromatographically separated.

- For δ18O analysis, a High Temperature Conversion/Elemental Analyzer (TC/EA,
Thermo Scientific, Finningan) is used, where a pyrolysis occurs at 1350–1450 ◦C. The
reaction takes place on glassy carbon substrates, in complete absence of oxygen.

- For compound-specific δ15N and δ13C analysis, gas chromatography (GC Isolink II,
Thermo Scientific, Finningan) is adopted, which enables the measurements of isotopic
ratio on specific molecules, isolated and separated upstream from organic material
(i.e., fatty acids).

All of the peripherals are connected to the spectrometer via a ConFlo IV (Continuous-
Flow Interface, Thermo Scientific, Finningan), which modulates sample- and standard-gas
flows, enabling autodilution of the different flows and an easy switching between applications.

After ionization, the ions are accelerated by an electric field and deflected by a mag-
netic field, where the different masses are separated, in order to be then collected in the
Faraday cups of the IRMS detecting system. A multi-collector detection system enables
continuous and simultaneous measurements of multiple isotopes in a single run. Faraday
cups measure the current intensity of the ion beams. Our IRMS spectrometer is equipped
with a triple collector (3 Faraday cups) for N2, CO, NO, O2, CO2, N2O and SO2, able to
detect masses 46 and 30 (cup 2), 45 and 29 (cup3), 44 and 28 (cup 4). Every cup is connected
to its own amplifier, each of which has a gain such that ion ratios at natural abundance
levels produce similar signals. Signals from each amplifier are recorded simultaneously,
typically every tenth of a second, digitized and recorded by the IRMS data system. This
creates a “chromatogram” for ions of given M/Z, where the peak areas are proportional to
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the number of ions detected and the cups signals are represented as voltage signals in a
range from 0 to 50 V, with typical optimal values of approximately 20–30 V. This instrument
has a high sensitivity, which enables measurement on very small mass samples, down to
the order of 50 µg. Typical standard deviations, at iCONa lab, are: 0.1‰ for δ13C, 0.2‰ for
δ15N and 0.4‰ for δ18O analysis [280].

5.2.4. ToF-SIMS

Time of flight-secondary ion mass spectrometry (ToF-SIMS) is a surface-sensitive
technique providing elemental and molecular information from the uppermost one or
two monolayers of solid surfaces, with limits of detection down to 10−12 and less (in the
ppb- sub ppb range). It enables the detection and localization of all elements, molecules,
and their isotopes in the mass range 1–12,000 AMU. This is obtained by raster scanning a
nano-focused primary ion beam over the surface of the sample. The impact of the primary
ions of some keV energy (30 keV with a Bi Liquid Metal Ion Gun) on the target atoms
generates a collision cascade, with the consequent emission of particles; most of them are
neutral, only a very low percentage (1–3%) is positively or negatively charged (secondary
ions). These charged particles can then be extracted, collected, and identified by a ToF
detector. In the case of TOF.SIMS5 (IONTOF,Munster, Germany) operating at the LASR3
Surface Laboratory Roma Tre (INFN-CHNet and Roma Tre University), the voltage for the
secondary ion extraction is 2 ÷ 3 kV. The ToF detection system exploits the combination
of a linear drift path and an ion mirror. The latter, a non-linear field reflectron doubling
the pathlength run by the extracted ions and curving the trajectory, enables reaching a
mass resolution M/∆M > 30,000. At the end of the flight path, the secondary ions are then
post-accelerated using a 10 kV voltage onto a Multichannel Plate, where a scintillator and a
photomultiplier are located. The scheme of the instrument is reported in Figure 16.

Figure 16. Schematic layout of the ToF analyzer with reflectron ion mirror at the LASR3 Surface
Laboratory Roma Tre.

Chemical maps with a lateral resolution of less than 50 nm can be obtained, correlating
mass spectra to each pixel of the image as a function of position. Combining the primary
ion beam with a sputter ion beam (dual-beam mode) in repeated cycles, the in-depth
distribution of elements and molecules can be also determined, with a nominal lateral
resolution of less than 1 nm along the z-axis. In the last decade, ToF-SIMS technique was
used in both the non-destructive (static) and destructive (dynamic) modes, taking advan-
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tage of the possibility of obtaining chemical maps of organic [281] and inorganic [282,283]
materials with high lateral resolution. In the INFN-CHNet experience, ToF-SIMS was
employed to investigate dyes and pigments, metal layers and plates, corrosion phenomena
and degradation products on both inorganic and organic samples [284–292]. Very recently,
ToF-SIMS has also been used to identify biomarkers and reveal their spatial localization in
organic archaeological remains.

5.2.5. AMS

A great breakthrough in detection capabilities in MS has been the development of
accelerator-based systems, which enabled overcoming the limits of conventional spec-
trometers when detecting rare isotopes in ultra-low concentrations [293,294]. With the
expression of rare isotopes, we indicate those radioactive isotopes that are characterized by
long, or medium-long, half-lives and by a very low abundance. Indeed, the combination of
both the long half-life and the low concentration makes their measurement by traditional
spectroscopic methods (such as beta counting) not as efficient and sensitive as needed.
Accelerator mass spectrometry (AMS) enables obtaining very good sensitivity, keeping
sample mass very small (normally, a few tens of milligrams, considering the mass of the
collected sample) and, at the same time, keeping measurement time quite short (30 min per
sample for the AMS measurement are enough).

Among all the possible isotopes for which concentration can be measured by AMS,
the most well known is 14C, or radiocarbon, used in dating and environmental applications.
14C measurements can be carried out coupling the magnetic and electrostatic elements,
which are common also to mass spectrometry, to a small particle accelerator, most often
a tandem electrostatic one, as the 3 MV tandem accelerator installed in Florence [295],
where radiocarbon measurements are routinely performed in the framework of the INFN-
CHNet network. A tandem accelerator is necessary to obtain the required high sensitivity
(typically down to 10−15): the most important and abundant isobars are suppressed either
in the source, through extraction of negative ions, or at the high-voltage terminal of the
accelerator, thanks to the stripping process and its capability to contribute to the breakup of
molecules. After acceleration, while the more abundant stable isotopes (e.g., 12C and 13C in
the case of radiocarbon measurements) are collected through Faraday cups, the rare isotope
ions (14C in radiocarbon) are counted via a particle detector. In our 14C experimental setup
in Florence, typical count rates for modern samples are of the order of few tens of Hz, with
the required counts statistics (approximately 40,000 counts at least for each of the certified
concentration standard samples) acquired in approximately 30 min. In some cases, when
isobars cannot be fully suppressed along the beam line, for instance in the case of 10Be, the
final detector is also used as a further discrimination element [296].

Even though, in the early times, measurements were performed with terminal volt-
ages of few tens of MV, research has moved to smaller and smaller accelerator machines,
with terminal voltages even as low as 200 kV, now 0.5–3 MV, the typical voltage range.
In such conditions, the most probable charge states after stripping are relatively low, with
the consequence of an accelerated beam on the high-energy side consisting of very low
MeV/AMU ions. The ideal detector is thus a device with a very thin entrance interface,
so that energy loss and straggling of impinging ions are minimized, able to withstand the
direct irradiation of the incoming rare-isotope beam. Typically, gas ionization detectors are
used (see, e.g., [297]), possibly with a segmented anode to allow for the measurement of
both dE/dx and the residual E, to discriminate the ions with respect to their atomic number.
Typical filling gas is isobutane. An entrance window, a material which can withstand high
pressure differences, even when arranged in very thin foils, is used: in higher terminal
voltage setups, 1 µm thick Mylar was normally chosen; in recent times, with the typical
terminal voltage being lower, new silicon nitride windows of few tens of nm thickness have
been introduced, minimizing energy straggling and thus improving energy resolution.

When the typical MeV/AMU of accelerated ions is not so low as in the most recent
200 kV tandem machines, considering that in AMS the expected counting rate is in the
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order of some tens of Hz, solid-state detectors can be used as an alternative to gas ionization
chambers. Energy resolution and timing response can clearly suffer for radiation damage:
using a solid-state detector in front of a stable ion beam would not be possible. The detector
is thus installed on a retractable arm in order to be inserted on the beam axis only when the
rare isotope beam is injected (the detector is also protected by a beam stopper when not in
use). An example is represented by the setup installed at the aforementioned laboratory
in Florence, where a simple and low-cost 10 × 10 mm Hamamatsu nude photodiode is
installed on a bellows to count the 14C ions.

When residual interferences are somehow expected in the final detector, a Time-of-
Flight (ToF) system [298] can be used. The basic idea of ToF is relatively simple: different
ions with the same energy but different masses have different speeds and thus travel the
same distance in different amounts of time. Measuring these intervals can allow us to
discriminate the type of the particles. A better and further criterium can be added while
also measuring the residual ion energies. What is challenging in a ToF setup for AMS is
the required timing resolution; in particular, the START signal has to be generated without
affecting too much the energy loss and energy straggling of the beam (a deterioration of
these characteristics would result in a broadening of the measured times of flight, with the
consequence of worsening the timing resolution). As an example, we report the Florence
setup, where the START signal is generated by secondary electrons produced by the ion
beam impinging on a 50 nm thick carbon foil and amplified by a microchannel plate. The
STOP signal is given by the same mechanism or, as an alternative, by the silicon diode
already mentioned. The overall timing resolution achieved is 0.7 ns with a 10 MeV C
beam, on a flight path of 1.75 m, and the system enables easy discrimination of the 14C ions
from the unwanted 12C and 13C contaminants present even after the very last filter, the
electrostatic analyzer [299].

The AMS feature of working with very low-intensity rare-isotope beams can be the key
to exploit particle detectors not only as the final detectors or counters, but also to monitor
the transmission of the beam itself. Indeed, optimizing the beam transport is highly
mandatory in AMS, since the count rate in the final detector is expected to be relatively
low if compared to other nuclear setup. Nevertheless, some of the typical monitoring
devices installed along a tandem beam line, e.g., the beam profile monitors based on the
measurement on the induced current on two oscillating filaments, do not have enough
sensitivity. In this context, position-sensitive particle detectors can be used to monitor the
spread of the beam in the transversal plane and its relative position with respect to the
beam reference trajectory. Of course, such detectors should be either as much transparent
as possible or mounted on a retractable arm, just not to interfere with the detection of the
rare isotope particles during the “real” acquisition time. The latter is for instance the path
followed by the Florence group, where both gas and solid-state detectors have been used
as 14C beam profile monitors.

In [300], the use of a multiwire gas proportional chamber allowed us to monitor both
the dimension of the beam spot and its position. The device consisted of a central cathode
made of a double-sided aluminized Mylar foil placed between 2 grids of anode wires,
oriented perpendicular one to each other. In each plane, 40 gold-plated tungsten wires,
with a pitch of 1 mm, were mounted. Entrance and exit windows were 40 × 40 mm2,
1.3 µm thick Mylar foils. The detector was filled with heptane, continuously flowing, and
kept at a constant pressure of approximately 3.5 mbar. The identification of the “switched
on” wire or wires was based on the measurement of the delay of the collected electrical
signals. In fact, each wire of the 2 grids was connected to a delay-line chain: the impact
point was derived for example by measuring the timing difference between collection of
signal at cathode and collection of the signal at one end of the delay line.

Concerning solid-state detectors as beam profile monitors, the possible use of a
50 × 50 mm2, 300 µm thick silicon photodiode as a position-sensitive devices, is reported
in [301]. This detector was divided into four independent sectors: the comparison among
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the four independent spectra allowed us to identify the possible centering of the beam with
respect to the system axis.

In the framework of INFN-CHNet, we exploit 14C both in archaeometric and environ-
mental contexts. As far as CH applications are concerned, measurement campaigns span
from archaeological sites (see, e.g., [302]) to historical issues (see, e.g., [303]), including
authenticity applications [304]. Radiocarbon dating is also applied in environmental prob-
lems, for example to date sediments and accumulation rates by dating organic materials
that can be found within them (see, e.g., [305,306]).

6. Conclusions

Detectors are a key issue of the contemporary scientific approach to CH, both for
diagnostics and conservation. INFN has always been developing detectors and instru-
mentation and INFN-CHNet, which has inherited this philosophy, keeps developing and
applying new instrumentation to the study of CH. In the paper, an overview of the most
used detector-based techniques in the INFN-CHNet network has been provided. As de-
scribed above, the research activity carried by INFN-CHNet aims at developing optimized
setups for spectrometric techniques, which use both traditional state-of-the-art and highly
innovative detectors.

As for the former, examples are PIXE, XRF, XRD, XCT (X-rays), PIGE, PGNAA (gamma
rays), UV-VIS-IR (light), and MS spectrometers (particles). For these techniques, measure-
ment setups have been tailored for CH applications optimizing performances, reliability,
weight, transportability, cost, absorbed power, integrability and complementarity with
other techniques. So, focusing on the INFN-CHNet laboratories, we now find instruments
purposely optimized/designed for CH measurements, such as multi-detector PIXE setups,
little and easily transportable MA-XRF scanners for elemental imaging, µ-X-ray Diffrac-
tometers, transportable X-ray tomographs, very compact and light CdTe detectors, with
interesting performances in high-energy X-ray/low-energy gamma-ray detection, portable
XRL spectrometers, spectrophotometers and spectroradiometers, macro-FT-IR/single point
micro-FT-IR/mapping-IR spectrometers, MS and AMS systems.

Regarding innovative detectors, we can remember highly innovative detectors specif-
ically developed within INFN-CHNet, such as ARDESIA, the monolithic array of SDD
detectors for XAS studies at the INFN-LNF DAΦNE-Light synchrotron radiation fa-
cility, the MAXRS detection setup at the low-energy Riken-RAL muon beam and the
PGNAA/neutron-imaging facilities at the LENA Laboratory.

Together with the description of the used experimental setups, paths for next-generation
instruments have been suggested, when possible, as in the case of X-ray Superconductive
Detectors and X-ray Microcalorimeter Spectrometers, which open up new, exciting per-
spectives, as they enable exploring CH with astonishing improvement in energy resolution
with respect to the values of standard X-ray detectors.

As we have shown in this review, the study, characterization, and conservation of
CH are closely interlaced with detector design, implementation, and use. Many issues
in CH can now be addressed thanks to scientific techniques exploiting the existing detec-
tors. However, several questions still remain unresolved; R&D of new techniques/new
detectors and the optimization of the existing devices is driven by the necessity to answer
those questions.
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