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Abstract: The first experimental results obtained by the ion beam-induced luminescence technique
from the ceramic bodies of ancient tiles are reported in this work. The photon emission from the
ceramic bodjies is related to the starting minerals and the manufacturing conditions, particularly the
firing temperature and cooling processes. Moreover, the results indicate that this non-destructive
technique, performed under a helium-rich atmosphere instead of an in-vacuum setup and with
acquisition times of only a few seconds, presents a promising alternative to traditional, often de-
structive, compositional characterisation methods. Additionally, by adding other ion beam-based
techniques such as PIXE (Particle-Induced X-ray Emission) and PIGE (Particle-Induced Gamma-ray
Emission), compositional information from light elements such as Na can also be inferred, helping to
also identify the raw materials used.
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1. Introduction

Non-destructive and non-invasive characterisation techniques are in high demand, es-
pecially when the characterisation is focused on the study of unique or valuable cultural her-
itage (CH) artefacts. Ion beam analytical (IBA) techniques are among these non-destructive
and non-invasive techniques. They involve the use of highly energetic ion beams (usually
protons with energies in the order of MeV) which are directed towards the sample under
study. Thus, it will emit secondary radiation and particles which, when detected and
analysed, can provide valuable information about the sample. Particle-Induced X-ray
Emission (PIXE) and Particle-Induced Gamma-ray Emission (PIGE) are good examples of
IBA techniques which give information about the elemental composition of a sample with
high accuracy and sensitivity (to the ug/g level) [1,2]. Ion beam-induced luminescence
(IBIL), also known as ionoluminescence (IL), is another IBA technique based on the analysis
of the photons emitted by the sample in the UV-VIS region as a result of outer-shell electron
transitions, which provides extra information about the chemical state of the ions or the
local chemical bindings in the crystal lattice [3-5].

In general, IBA techniques have been applied to study different types of CH materials
including metals, stained glass, easel paintings, and manuscripts written with iron gall
inks [6-13]. In fact, the development of thin windows with enough mechanical strength to
withstand the pressure difference between atmospheric conditions and a vacuum allowed
the extraction of ion beams into air, and the performance of IBA measurements under
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atmospheric conditions. This approach eliminates, for example, limitations related to
sampling, such as the size/shape required of the objects in order for them to fit in the
vacuum analysis chamber [14-16].

Despite the fact that IBIL is a very powerful IBA technique, its applications to cultural
heritage have not been fully explored. In the field of archaeometry, most of the experiments
using IBIL have been focused on the study of minerals provenance [17-23] and help to dis-
tinguish between natural and artificial gemstones or precious stones such as sapphires and
diamonds [24,25]. It has been also applied to the study of inorganic painting pigments [26]
and the radiation hardness of white pigments, mostly those which include carbonate-based
natural painting pigments, through the formation of colour centres [27].

The ceramic body of tiles acts as support for the glaze layer. It is characterised by a
mixture of clay minerals, feldspars, metal oxides, and silica, as well as the potential addition
of other components, which is strongly dependent on the local geology [28], particularly
in the oldest tiles. During the firing process, the ceramic paste undergoes physical and
chemical changes, which depend on the temperature, heating cycles, firing time, and even
the atmosphere inside the kiln. These conditions will affect the colour, porosity, hardness,
and final composition of the ceramic, among other characteristics [29]. Beyond simple
aesthetics, ceramic tiles with dark colours were commonly undesired, whereas the creamy
and whiter pastes were preferable as they allow for more vivid surface glaze colours. To
achieve this, additives such as calcite were intentionally introduced to the starting mix
materials of the paste. During the firing process, calcite decomposes (at temperatures
above 800 °C), creating new compounds and incorporating iron ions into the lattice [30].
In this way, the concentration of iron oxides responsible for the red or brown colours are
reduced [31], thus decreasing the red hue.

Various techniques are documented in the literature for characterising archaeological
ceramics in terms of composition, firing temperature conditions, and pore size distribution.
Some of these techniques are considered destructive, such as X-ray diffraction (XRD), where
measurements are conducted on powdered samples. Others are micro-invasive, like laser-
induced breakdown spectroscopy (LIBS), which involves creating a small hole (typically in
the micrometer range) in the sample. There are also non-invasive techniques, including
X-ray fluorescence (XRF), scanning electron microscopy (SEM), small-angle neutron scatter-
ing (SANS), and Fourier Transform Infrared absorption (FI-IR) spectroscopy [29,32-36]. An
interesting and original approach is the use of coulometric analysis to correlate the water
content with the firing temperatures of ceramic fragments [37]. Additionally, some studies
have used colorimetric measurements to link changes in the raw material composition and
reactions during firing to key characteristics of the fired products [31].

In this original work, the use of IBA techniques is proposed, more specifically the IBIL
technique, to characterise the inorganic compounds present in the ceramic body of ancient
Portuguese tiles (a set of 17 tiles) dated from the seventeenth to the twentieth centuries. The
IBA data are complemented with colorimetry and X-ray diffraction (XRD) measurements,
and the data are also obtained in a non-invasive mode. Moreover, the IBIL results will
be correlated to the initial raw materials and manufacturing conditions of these ceramics,
such as firing temperature and cooling down processes. PIXE, PIGE, and IBIL spectra
can be collected simultaneously to provide both elemental and mineralogical information
with a single sample analysis. This compositional characterisation could be an attractive
and competitive alternative to other methods and techniques, most frequently used as
described above, if sampling is not allowed or if the material amount is scarce.

2. Materials and Methods

The IBA experiments were performed under a He-rich atmosphere using an external
3.3 MeV proton beam produced by the Pelletron accelerator from the Physics Institute in
UNAM (Mexico City, Mexico). The beam size is about 1 mm in diameter and the distance
from the exit window to the sample is about 10 mm. Two X-ray detectors were used to
record the low- and the high-energy X-ray signals coming from the sample. The low-energy
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X-ray detector, located at 135° from the beam direction and at a distance of 30 mm from
the sample, is a Si-PIN high performance detector (XR-100CR, Bedford, MA, USA) with
a 6 mm? active area and a 0.5 pm thick Be window, allowing the detection of elements
down to Na. High-energy X-rays were collected with a LEGe (Li) detector (Model GLO0O55F,
Canberra-Mirion, Atlanta, GA, USA) with a 50 mm? active area located at 135° from the
beam direction and at a 45 mm distance from the sample. An 80 um thick Al filter is added
in front of this detector to attenuate the entrance of low-energy X-rays [20]. This LEGe
detector also allows the simultaneous detection of gamma rays using a Princeton Gamma
Tech amplifier (Princeton, NJ, USA). The light emitted was collected through a 74-vis
lens collimator and a 600 pm diameter optical fibre connected to a USB2000 Ocean Optics
Spectrometer (Orlando, FL, USA) placed at 45° to the beam direction and at a distance of
3 cm from the sample. More experimental details can be found elsewhere [19,24]. While
IBIL spectra were recorded at 2.5 s, PIXE and PIGE spectra were recorded at 4 min on
the same region. Concentrations from PIXE spectra were obtained using the software
GUPIXWIN v 2.2.3. Standard sediment reference materials from NIST (SRM 2704 and SRM
2711) were also irradiated under the same conditions.

For colorimetric analysis, a portable colorimeter (NCS Colourpin, Stockholm, Sweden)
with a spot size of 4 mm was used. It uses full spectrum white LEDs as an illuminant; the
colour reflected by the sample simulates an observer at 2°, with an illuminant/observer an-
gle of 45°. The colour is determined through the L*a*b* colour space parameters, according
to the positive (or negative) values of the coordinates: positive a* values are for red colours
(negatives are for green), positive values of b* are for yellow colours (blue for negative
values), while the L* values (from 0 to 100) define lightness.

Additional X-ray diffraction measurements were performed using a D8-Bruker diffrac-
tometer without any surface preparations in order to avoid the use of powder and to
preserve the integrity of the sample.

The set of analysed tiles (the ceramic body) was supplied by the Department of
Cultural Heritage (DHC) of Lisbon City Hall, and the primary objective was to characterise
them without causing any damage or requiring sampling. This set includes tiles from the
mid-seventeenth century to the first half of the twentieth century, sourced from Lisbon and
Arrabida, Portugal (see Figure 1). In Figure 1, each tile is labelled with its date and a code
name that indicates its collection site. Additionally, the tiles in the figure are classified into
three groups to facilitate the discussion in the manuscript.

Mad 1, XVIiI FL1, XIX  Marc, XVIII

FA MR1 CSJ2P  ABS1 RSM1 RSM2B  SE1 Mad2 LisbEx LisbRes BA1 AA2P

Ewry F-we §F - F=BR N
Yole b S L B S . '
3 ‘E 4 ¢ ts & :". —

XIX XVl g XViI

Figure 1. The ceramic body of the tiles analysed.

Due to the lack of data available regarding the ionoluminescence emission bands
in some of the minerals found during the study, cathodoluminescence (CL) data were
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considered as references when needed. This assumption is based on the fact that IBIL, as an
analytical technique, is based on principles similar to those of CL, which is regularly used
for the analysis of minerals and semiconductors [38]. This similarity allows the use of CL
spectra databases for the analysis of IBIL features arising from different compounds [39].
It should be noted that available emission data are usually recorded from pure samples
specifically prepared for measurement, while in this work, the materials under study are a
mixture of minerals with minimal surface preparation. In this sense, this work also aims to
address the lack of available IBIL data.

3. Results and Discussion

The ceramic bodies analysed in this work present a creamy colour (see Figures 1 and 2),
except for two of them. The darker one (reddish) corresponds to a tile from the eighteenth
century (second half), denoted as FL1 in Figure 1. Despite its distinct appearance, no
remarkable differences in elemental composition were found when compared with the rest
of the tiles, as will be discussed later. On the other hand, the whitest ceramic (denoted
as T2P in Figure 1), with a L* value very close to 100, is from the most recent tile (second
quarter of the twentieth century).

® TypeA
Type B

® TypeC

Figure 2. A 3D representation of the colorimetric coordinates of the ceramics analysed. The colour
coding follows the scheme used throughout the manuscript; see text for details.

Representative IBIL spectra obtained during the analysis are presented in Figure 3,
where the intense, sharp emissions attributed to the He emission (from the atmosphere) are
highlighted. These He luminescence peaks can be used as a beam monitor as well as for
the normalization of the luminescence spectra. Based on the wavelength of the maximum
intensity of the light emitted when bombarded with the proton beam, the ceramics can be
classified into three main groups: A, B, and C. Type A ceramics have one main broad band
contribution centred in the orange-red region, with some sharp emissions throughout the
studied region. Only one ceramic, corresponding to the most recent tile, exhibits a sharp
emission at 695 nm and two broad emissions in the light and dark blue region (type B).
Finally, most of the ceramics fall into the type C category, where the maximum emission
intensity is found in the yellow region.

The IBIL spectrum classifies type A as a tile from the eighteenth century and is similar
to those recorded for the other two tiles from the eighteenth and nineteenth centuries, all
displaying a broad emission with a maximum centred at around 630 nm. Previous IBIL
analyses have associated this emission with the presence of calcite and, more specifically,
with the presence of Mn?* impurities and their related transitions from the excited states
4F, 4D, 4P, and %G to the lowest energy level 63 of the Mn2* ion [40,41].
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Figure 3. IBIL spectra of the ceramics (* indicates He emissions). Type A, from an eighteenth century
ceramic tile, is characterised by a broad emission band centred around 630 nm. Type B, from a ceramic
tile dating to the second quarter of the twentieth, is characterised by two broad emission bands and a
sharp emission at approximately 690 nm. Type C, which includes most of the ceramic tiles, shows a

band centred around 569 nm.

In these three ceramics, the presence of Na was identified at 440 keV by PIGE (see
Table 1 and Figure 4). This is a distinguishing factor compared to the other samples, where
Na was either not detected or present in very low concentrations. Sodium-rich fluxes,
such as soda feldspar or sodium carbonate, were commonly used to lower the melting
temperature during manufacturing. This could explain the presence of calcite in the type
A samples, as the temperature reached inside the kiln was insufficient to decompose
the carbonate minerals, which typically occurs between 800 and 950 °C. Additionally,
PIXE analysis detected relatively high concentrations of Si in these samples (see Table 1).
Considering the emission bands in the blue region of the IBIL spectrum, these can be
associated with the presence of quartz [41].

Table 1. Average chemical composition of ceramic bodies, obtained from PIXE (wt.%) for A, B and C
types. “-”: below the detection limits; Na identification (not quantified) was completed by means of
PIGE: D (detected), D * (detected with high standard variation and high uncertainties).

Na AlLO; SiO, P,05 S Cl  K,0 CaO Cr,0; Fe,03 TiO, MnO SrO  PbO
A D 370 5121 104 0047 108 109 753 001 117 001 001 001  0.09
B - 4352 5556  0.28 - 002 043 008 - 010 001 - - -
C D* 3789 4924 057 009 013 066 1033 001 099 - 001 001  0.08

The Type B IBIL spectrum was recorded from a ceramic tile dating to the second
quarter of the twentieth century, the most recent and whitest tile analysed in this work. The
spectrum’s main feature is a sharp emission at 695 nm, which is associated in the literature
with the presence of Cr®* ions (transitions from 2E; to level 4A,) [38]. Although Cr was not
identified by PIXE, its presence cannot be entirely ruled out, as IBIL is an extremely sensitive
technique capable of detecting light emitters present at sub-ppm concentrations [24]. The
spectrum also exhibits two bands in the blue region. Yang et al. [41] reported similar IBIL
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band structures in natural quartz samples, which were linked to the characteristic emissions
of igneous quartz. Additionally, cristobalite and tridymite, high-temperature polymorphs
of silica, have been reported to exhibit blue CL signals with an emission maximum at
450 nm [42]. According to the SiO, phase diagram, these two polymorphs are stable only
under low pressure and high temperature conditions (above 1000 °C for cristobalite and
1400 °C for tridymite) and become metastable if subjected to a fast cooling down process.

F —— Type A
Type B
—Type C
5 Ta
© Al
@ F
< |
o Al Al
|| Ta A

A
T T T T T T T . T ¥ T T T
200 400 600 800 1000 1200 1400
Energy, KeV

Figure 4. PIGE spectra recorded in the different types of ceramics with energy peaks marked for the
relevant elements. The corresponding energies are as follows: F (110 and 197 keV), Al (171, 844 and
1014 keV), Na (440 keV), and Ta (136 and 165 keV). The presence of Ta is related to tantalum energy
stabilizers in the beam line.

This tile differs in elemental composition (as shown by PIXE and PIGE data in Table 1),
having the lowest Ca and the highest Si and Al concentrations of the set, indicating a
different manufacturing method and starting materials. The results suggest that the tile
was produced under high-temperature conditions followed by a fast cooling, with SiO; as
the primary compound of the mixture. Furthermore, the compositional data imply that the
raw materials used for this tile were significantly different from those used for the other
tiles, as reflected by the notably low levels of Ca and K, and the elevated levels of Si and Al.

The high-intensity Type C emission displays a band with the maximum located at
560 nm. This emission is associated with silicon dioxide and is attributed to the triplet
luminescence of a twofold coordinate silicon or self-trapped excitons in an oxygen va-
cancy [43]. In this IBIL spectrum, which corresponds to a tile from the first quarter of the
twentieth century, the 560 nm band shows a shoulder centred at 625 nm (similar to type A
and the Mn?*-related emissions), indicating that the main constituent is SiO, and a low
concentration of calcite.

Most of the remaining tiles analysed exhibit IBIL spectra that can be described as a
combination of the emissions seen in the previously described reference IBIL types, such as
the one shown in Figure 5. These spectra feature a band centred at 560 nm, a shoulder at
625 nm (as in type C), and two additional emissions in the blue region (similar to type B).
These results suggest that high temperatures were used in the kiln to decompose almost
totally the initial carbonate minerals, followed by relatively slow annealing conditions that
allowed for the transformation of nearly all silica polymorphs into fused silica.
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Figure 5. IBIL spectrum recorded in one of the ceramic bodies characterised (* indicates He emissions).

The results and conclusions obtained with IBIL data can be compared to the X-ray
diffraction measurements performed on selected tiles from each group (see Figure 6). XRD
diffractograms confirm the presence of calcite, fused silica, and, depending on the tile,
polymorphs of silica. An XRD diffractogram for the type A ceramic shows signatures of
calcite and quartz, indicting a relatively low firing temperature during manufacturing, as
also concluded from IBIL data. On the other hand, the diffractograms for the other two
types reveal a mixture of quartz and other compounds, including mullite, cristobalite, and
tridymite, again suggesting the use of higher firing temperatures. The presence of mullite
(AlgSipO13), a high-temperature aluminium phase, can explain the elevated levels of Al
and Si elements obtained in these samples (Table 1), further supporting the use of different
raw materials.

Temperatures above 800 °C lead to shrinkage and reduced pore density in ceramics,
which affects their permeability. Although lead is not among the starting materials of
the paste, it was detected in almost all samples studied. The concentrations found (0.08-
0.09 wt.%) do not indicate that it is an impurity from the raw materials; rather, it may be
related to its diffusion from the glaze, where it is typically incorporated as PbO. Coroado
et al. [44] attributed the presence of Pb in the ceramic body of tiles as a consequence
of the capillarity effect. Lead can migrate into the porous body of the ceramic, moving
through the material until it reaches the bottom. The fact that the most recent tile shows
the lowest lead concentration suggests that it has lower porosity, indicating that higher
temperatures and firing times were used during its manufacturing process. Porosity is
a crucial factor that significantly influences the properties of ceramics, as it affects their
mechanical strength, resistance to chemical erosion, and various other characteristics. The
porosity of a ceramic material is primarily determined by the composition of the raw clay
and the firing temperature used during production [29].
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Figure 6. XRD diffractograms of selected tiles depending on the type of IL emission.

4. Conclusions

In conclusion, IBIL measurements, combined with the simultaneously obtained data
from PIXE and PIGE techniques, allowed the identification of inorganic minerals present
in Portuguese ceramic tiles from various centuries. The luminescence features provided
fingerprints of key minerals, allowing for insights into the manufacturing processes, partic-
ularly firing temperature and cooling conditions. IBA and XRD data were compared, and
the results demonstrate that IBA techniques, especially IBIL, are complementary valuable
tools to easily characterise geological samples and cultural heritage objects, identifying
the existing minerals and the overall inorganic composition while profiting from the non-
destructive nature of the techniques and the ability to do the measurements in air without
requiring sampling or conductive coatings.

Author Contributions: Conceptualization, V.C.,].L.R.-S.,, M.LP,, M.LLD. and L.C.A_; methodology, V.C.,
J.L.R.-S. and L.C.A ; formal analysis, V.C.; writing—original draft preparation, V.C.; writing—review
and editing, V.C., ].L.R.-S.,, M.LLP,, M.LLD. and L.C.A. All authors have read and agreed to the published
version of the manuscript.

Funding: V. Corregidor acknowledges the support from Santander Ibero-American scholarship.
C2TN-IST authors acknowledge FCT support through FCT-UIDB /04349 /2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available under request.

Acknowledgments: V. Corregidor acknowledges all the support given at UNAM. Authors thank the
technical support of K. Lopez, F. Jaimes Beristain and A. Mitrani at Pelletron Accelerator of [FUNAM.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Johansson, S.A.E.; Campbell, J.L. PIXE: A Novel Technique for Elemental Analysis; Wiley Company: New York, NY, USA, 1988.

2. Wang, Y.; Nastasi, M.A. Handbook of Modern Ion Beam Materials Analysis; Materials Research Society: Warrendale, PA, USA, 2009.

3. Huddle, J.R.; Grant, P.G.; Ludington, A.R.; Foster, R.L. Ion beam-induced luminescence. Nucl. Instrum. Methods Phys. Res. Sect. B
Beam Interact. Mater. At. 2007, 261, 475-476. [CrossRef]

4. Townsend, P.; Crespillo, M. An Ideal System for Analysis and Interpretation of Ion Beam Induced Luminescence. Phys. Procedia
2015, 66, 345-351. [CrossRef]

5. Chu, Y;; Wang, G.; Zheng, L.; Qiu, M.; Yin, P; Xu, M. In-situ luminescence studies of silica glass during low energy H+, He+ and
O+ irradiation. Surf. Coatings Technol. 2018, 348, 91-96. [CrossRef]


https://doi.org/10.1016/j.nimb.2007.04.025
https://doi.org/10.1016/j.phpro.2015.05.043
https://doi.org/10.1016/j.surfcoat.2018.05.008

Materials 2024, 17, 5075 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dran, J.-C.; Salomon, J.; Calligaro, T.; Walter, P. Ion beam analysis of art works: 14 years of use in the Louvre. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2004, 219, 7-15. [CrossRef]

Corregidor, V.; Oliveira, A.; Rodrigues, P.; Alves, L. Paintings on copper by the Flemish artist Frans Francken II: PIXE char-
acterization by external microbeam. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2015, 348, 291-295.
[CrossRef]

Chiari, M.; Barone, S.; Bombini, A.; Calzolai, G.; Carraresi, L.; Castelli, L.; Czelusniak, C.; Fedi, M.E.; Gelli, N.; Giambi, E,; et al.
LABEC, the INEN ion beam laboratory of nuclear techniques for environment and cultural heritage. Eur. Phys. ]. Plus 2021, 136,
472. [CrossRef]

Jeynes, C. Chapter 10—Ion Beam Analysis for Cultural Heritage. In Spectroscopy, Diffraction and Tomography in Art and Heritage
Science; Adriaens, M., Dowsett, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 335-364.

Goémez-Morén, M.A.; Palomar, T.; Alves, L.C.; Ortiz, P.; Vilarigues, M.; Schibille, N. Christian-Muslim contacts across the
Mediterranean: Byzantine glass mosaics in the Great Umayyad Mosque of Cérdoba (Spain). J. Archaeol. Sci. 2021, 129, 105370.
[CrossRef]

Chiari, M. External Beam IBA Measurements for Cultural Heritage. Appl. Sci. 2023, 13, 3366. [CrossRef]

Corregidor, V.; Viegas, R.; Ferreira, L.M.; Alves, L.C. Study of Iron Gall Inks, Ingredients and Paper Composition Using
Non-Destructive Techniques. Heritage 2019, 2, 2691-2703. [CrossRef]

Cruz, J.; Manso, M.; Corregidor, V; Silva, R.J.C.; Figueiredo, E.; Carvalho, M.; Alves, L.C. Surface analysis of corroded XV-XVI
century copper coins by p-XRF and p-PIXE/p-EBS self-consistent analysis. Mater. Charact. 2020, 161, 110170. [CrossRef]
Johnston, P.N.; Moser, M.; Bubb, L.E; Bouanani, M.E.; Stannard, W.B.; Short, R.C. Elemental Analyisis of Artefacts in Air. AICCM
Bull. 1997, 22, 73-77. [CrossRef]

Demortier, G.; Ruvalcaba Sil, J.L. Quantitative ion beam analysis of complex gold-based artefacts. Nucl. Instrum. Methods Phys.
Res. Sect. B Beam Interact. Mater. At. 2005, 239, 1-15. [CrossRef]

Calligaro, T.; Dran, J.C.; Salomon, J.; Walter, P. Review of accelerator gadgets for art and archaeology. Nucl. Instrum. Methods Phys.
Res. Sect. B Beam Interact. Mater. At. 2004, 226, 29-37. [CrossRef]

Giudice, A.L.; Re, A.; Calusi, S.; Giuntini, L.; Massi, M.; Olivero, P; Pratesi, G.; Albonico, M.; Conz, E. Multitechnique
characterization of lapis lazuli for provenance study. Anal. Bioanal. Chem. 2009, 395, 2211-2217. [CrossRef]

Calligaro, T.; Coquinot, Y.; Pichon, L.; Pierrat-Bonnefois, G.; de Campos, P; Re, A.; Angelici, D. Characterization of the lapis lazuli
from the Egyptian treasure of Téd and its alteration using external u-PIXE and p-IBIL. Nucl. Instrum. Methods Phys. Res. Sect. B
Beam Interact. Mater. At. 2014, 318, 139-144. [CrossRef]

Ruvalcaba-Sil, J.L.; Manzanilla, L.; Melgar, E.; Cruz, R.L.S. PIXE and ionoluminescence for Mesoamerican jadeite characterization.
X Ray Spectrom. 2008, 37, 96-99. [CrossRef]

Viggiano, A.M,; Sil, ].L.R; Ortega, M.D.M.; Berdasco, V.C. Non-Destructive Micro-Chemical and Micro-Luminescence Characteri-
zation of Jadeite. Microsc. Microanal. 2016, 22, 1304-1315. [CrossRef]

Czelusniak, C.; Palla, L.; Massi, M.; Carraresi, L.; Giuntini, L.; Re, A.; Giudice, A.L.; Pratesi, G.; Mazzinghi, A.; Ruberto, C.;
et al. Preliminary results on time-resolved ion beam induced luminescence applied to the provenance study of lapis lazuli. Nucl.
Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2015, 371, 336-339. [CrossRef]

Giudice, A.L.; Angelici, D.; Re, A.; Gariani, G.; Borghi, A.; Calusi, S.; Giuntini, L.; Massi, M.; Castelli, L.; Taccetti, F.; et al. Protocol
for lapis lazuli provenance determination: Evidence for an Afghan origin of the stones used for ancient carved artefacts kept at
the Egyptian Museum of Florence (Italy). Archaeol. Anthr. Sci. 2017, 9, 637-651. [CrossRef]

Guidorzi, L.; Re, A.; Magalini, M.; Angelici, D.; Borghi, A.; Vaggelli, G.; Fantino, F,; Rigato, V.; La Torre, L.; Lemasson, Q.; et al.
Micro-PIXE and micro-IBIL characterization of lapis lazuli samples from Myanmar mines and implications for provenance study.
Eur. Phys. J. Plus 2023, 138, 175. [CrossRef]

del Castillo, H.C.; Ruvalcaba, J.L.; Calderdn, T. Some new trends in the ionoluminescence of minerals. Anal. Bioanal. Chem. 2006,
387, 869-878. [CrossRef]

del Castillo, H.C.; Ruvalcaba-Sil, J.; Barboza-Flores, M.; Belmont, E.; Calderén, T. Ionoluminescence of diamond, synthetic
diamond and simulants. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2007, 580, 400—403.
[CrossRef]

Quaranta, A.; Salomon, J.; Dran, J.C.; Tonezzer, M.; Della Mea, G. Ion beam induced luminescence analysis of painting pigments.
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2007, 254, 289-294. [CrossRef]

Enguita, O.; Calderdn, T.; Ferndndez-Jiménez, M.; Beneitez, P.; Millan, A.; Garcia, G. Damage induced by proton irradiation in
carbonate based natural painting pigments. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2004, 219, 53-56.
[CrossRef]

Lisboa, J.V.; Carvalho, J.F.; Cunha, P,; Oliveira, A. Typological classification of clayey raw materials for ceramics manufacture, in
the Tabua region (central Portugal). Bull. Eng. Geol. Environ. 2013, 72, 225-232. [CrossRef]

Sugita, T.; Yoshida, H.; Kodama, H.; Ishigaki, T.; Oba, Y. Evaluation of the effect of composition and firing temperature on pore
size distribution of ceramics by SANS measurement. J. Ceram. Soc. [pn. 2024, 132, 548-554. [CrossRef]

Molera, J.; Pradell, T.; Vendrell-Saz, M. The colours of Ca-rich ceramic pastes: Origin and characterization. Appl. Clay Sci. 1998, 13,
187-202. [CrossRef]


https://doi.org/10.1016/j.nimb.2004.01.019
https://doi.org/10.1016/j.nimb.2014.12.072
https://doi.org/10.1140/epjp/s13360-021-01411-1
https://doi.org/10.1016/j.jas.2021.105370
https://doi.org/10.3390/app13053366
https://doi.org/10.3390/heritage2040166
https://doi.org/10.1016/j.matchar.2020.110170
https://doi.org/10.1179/bac.1997.22.1.015
https://doi.org/10.1016/j.nimb.2005.06.176
https://doi.org/10.1016/j.nimb.2004.04.176
https://doi.org/10.1007/s00216-009-3039-7
https://doi.org/10.1016/j.nimb.2013.06.063
https://doi.org/10.1002/xrs.1026
https://doi.org/10.1017/S1431927616012010
https://doi.org/10.1016/j.nimb.2015.10.053
https://doi.org/10.1007/s12520-016-0430-0
https://doi.org/10.1140/epjp/s13360-023-03768-x
https://doi.org/10.1007/s00216-006-0798-2
https://doi.org/10.1016/j.nima.2007.05.064
https://doi.org/10.1016/j.nimb.2006.11.072
https://doi.org/10.1016/j.nimb.2004.01.027
https://doi.org/10.1007/s10064-013-0468-5
https://doi.org/10.2109/jcersj2.24064
https://doi.org/10.1016/S0169-1317(98)00024-6

Materials 2024, 17, 5075 10 of 10

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Vasi¢, M.V.,; Radovanovi¢, L.; Pezo, L.; Radojevi¢, Z. Raw kaolinitic-illitic clays as high-mechanical-performance hydraulically
pressed refractories. J. Therm. Anal. Calorim. 2022, 148, 1783-1803. [CrossRef]

Botto, A.; Campanella, B.; Legnaioli, S.; Lezzerini, M.; Lorenzetti, G.; Pagnotta, S.; Poggialini, F; Palleschi, V. Applications of
laser-induced breakdown spectroscopy in cultural heritage and archaeology: A critical review. J. Anal. At. Spectrom. 2018, 34,
81-103. [CrossRef]

Lazic, V.; Vadrucci, M.; Fantoni, R.; Chiari, M.; Mazzinghi, A.; Gorghinian, A. Applications of laser-induced breakdown
spectroscopy for cultural heritage: A comparison with X-ray Fluorescence and Particle Induced X-ray Emission techniques.
Spectrochim. Acta Part B At. Spectrosc. 2018, 149, 1-14. [CrossRef]

Ferreira, L.E.V.; Machado, LE,; Gonzalez, A.; Pereira, M.FE.C.; Casimiro, T.M. A new fifteenth-to-sixteenth-century pottery kiln on
the Tagus basin, Portugal. Appl. Phys. A 2018, 124, 770. [CrossRef]

Vieira Ferreira, L.F.; Casimiro, TM.; Boavida, C.; Costa Pereira, M.E,; Ferreira Machado, I. An Archaeometric Study of Lead-Glazed
Medieval Ceramics (13th—14th Century) from Santarém, Portugal. Heritage 2024, 7, 2217-2238. [CrossRef]

Barone, G.; Crupi, V.; Longo, F.; Majolino, D.; Mazzoleni, P.; Venuti, V. Characterisation of archaeological pottery: The case of
Ionian Cups. J. Mol. Struct. 2011, 993, 142-146. [CrossRef]

Crupi, V.; Interdonato, M.; Longo, F.; Maisano, G.; Majolino, D.; Rossi, B.; Venuti, V. Coulometry for the detection of water content
in ar-chaeological findings. Atti. Accad. Peloritana Pericolanti CI. Sci. Fis. Mat. Nat. 2016, 94, 3. [CrossRef]

Gotze, J. Application of Cathodoluminescence Microscopy and Spectroscopy in Geosciences. Microsc. Microanal. 2012, 18,
1270-1284. [CrossRef]

Brooks, R.J.; Finch, A.A.; Hole, D.E.; Townsend, P.D.; Wu, Z.-L. The red to near-infrared luminescence in alkali feldspar. Contrib.
Miner. Pet. 2002, 143, 484-494. [CrossRef]

del Castillo, H.C.; Sil, J.R; Alvarez, M.; Beneitez, P; Millan, M.; Calderén, T. Relationship between ionoluminescence emission
and bond distance (M—O) in carbonates. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2006, 249, 217-220.
[CrossRef]

Yang, C.; Malmqvist, K.; Elfman, M.; Kristiansson, P.; Pallon, J.; Sjoland, A.; Utui, R. Ionoluminescence and PIXE study of
inorganic materials. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 1997, 130, 746-750. [CrossRef]

Kayama, M.; Nishido, H.; Ninagawa, K. Cathodoluminescence characterization of tridymite and cristobalite: Effects of electron
irradiation and sample temperature. Am. Mineral. 2009, 94, 1018-1028. [CrossRef]

Koyama, H. Cathodoluminescence study of SiO2. J. Appl. Phys. 1980, 51, 2228-2235. [CrossRef]

Coroado, J.; Gomes, E.C. Physical and chemical characterization of ceramic wall tiles, dated to the 17th century, from the Convento
de Cristo in Tomar, Portugal. In Proceedings of the 7th European Meeting on Ancient Ceramics, Lisabon, Portugal, 27-31 October
2003; pp. 33-39.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10973-022-11848-w
https://doi.org/10.1039/C8JA00319J
https://doi.org/10.1016/j.sab.2018.07.012
https://doi.org/10.1007/s00339-018-2197-x
https://doi.org/10.3390/heritage7050105
https://doi.org/10.1016/j.molstruc.2011.01.028
https://doi.org/10.1478/AAPP.942A3
https://doi.org/10.1017/S1431927612001122
https://doi.org/10.1007/s00410-002-0359-4
https://doi.org/10.1016/j.nimb.2006.04.001
https://doi.org/10.1016/S0168-583X(97)00379-0
https://doi.org/10.2138/am.2009.3133
https://doi.org/10.1063/1.327846

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

