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Abstract In this work, we present a novel application of the full-field energy-dispersive X-
ray fluorescence (EDXRF) imaging system based on a MicroPattern Gaseous Detector (2D-
THCOBRA) in the cultural heritage field. The detector has an intrinsic imaging capability
with spatial resolution of 400µm FWHM, and is energy sensitive, presenting an energy
resolution of approximately 1 keV FWHM at 5.9 keV. The full-field XRF scanner based
on the 2D-THCOBRA detector allows mapping the distribution of elements in large area
samples with high detection efficiency (75% at 5.9 keV), being a very promising choice for
elemental mapping analysis of large area cultural heritage samples. In this work, we have
demonstrated the imaging capabilities of the full-field XRF scanner and used it to assess the
restoration of a Portuguese faience piece.

1 Introduction

Energy-dispersive X-ray fluorescence (EDXRF) analysis techniques are used in several
research fields and industrial applications, as they enable non-destructive elemental iden-
tification and quantification. Recently, EDXRF imaging (EDXRFI) has become a promising
method to obtain positional distribution of specific elements and can be used in several appli-
cations, such as food science [1], electronics [2], life sciences [3], and cultural heritage [4].

To obtain the elemental distribution of a sample, specific instrumentation that provides
precise positioning and good energy resolution must be used. Micro-X-ray fluorescence
(Micro-XRF) imaging spectrometers rely on scanning samples along the X and Y directions,
with a micro-X-ray beam irradiating a region of interest (ROI), point by point. The charac-
teristic X-ray photons are detected at each point by means of an energy-dispersive detector
(e.g., silicon drift detector). Despite presenting good energy resolution (a few hundred eV)
and position resolution (tens of µm range), values considered for laboratory instruments,
the acquisition times for large area samples may be quite high, which prompted the devel-
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opment of alternative systems that enable quicker analyses of these kinds of samples. This
is particularly important for cultural heritage applications, where the mapping of large area
paintings is usually needed, in order to identify pigments, and acquire information regarding
changes made to a painting during its production or after restoration [5,6]. Another concern
was the need for portable systems for in situ analyses that avoid the constraints of transport-
ing priceless artwork from the dedicated museum environment. Alfeld et al. [5] developed
scanning macro-XRF spectrometers, based on X-ray tubes and silicon drift detectors (SDD)
mounted on translation stages, that were then tested on different paintings. Scanning speeds
of 0.5 cm2 per minute, with a step size of 1 mm, allowing the mapping of samples with areas
up to 1500 cm2, were achieved. Romano et al. [7] presented a mobile macro-XRF scanner
based on a microfocus X-ray tube and two SDDs simultaneously operated that are mounted
on a 3-axis system. The scanner can cover dimensions up to 110 × 70 × 20 cm3 with a
maximum speed of 100 mm/s, and it was employed to analyse the chemical composition of
a painted wood panel (45 × 35 cm2).

On the other hand, full-field X-ray fluorescence (FF-XRF) spectrometers eliminate the
need for scanning mechanisms by employing broad X-ray beams to irradiate a whole ROI on
a sample and simultaneously detecting the emitted radiation with two-dimensional energy-
dispersive detectors, such as charge-coupled devices [8] or Medipix and Timepix detec-
tors [9].

Following the technological improvements of gaseous radiation detectors, new devices
enable 2D detection emerged, namely gas electron multiplier (GEM) detectors with two-
dimensional readout [10], the 2D Micro-Hole and Strip Plate (2D-MHSP) [11], and the 2D
Thick COBRA (2D-THCOBRA) [12]. These detectors rely on the ionization of gas atoms,
contained in a chamber, by the incident radiation, resulting in the creation of electron–
ion pairs. The generated charge undergoes an amplification process, and the electrons are
collected in an anode, thus forming an electrical signal proportional to the energy of the
incident radiation [13]. They are characterised by the unlimited dynamic range, high rate
capability (> 1 MHz/mm2), high soft X-ray detection capability (< 1 keV), and large
detection areas (> 10 × 10 cm2), and have been successfully implemented in different
EDXRFI spectrometers [14]. An XRF imaging system for pigment distribution mapping of
large area cultural heritage samples was developed by Zielińska et al. [15]. It relies on a
triple GEM detector operating in a gas mixture of argon and carbon dioxide flowing through
the detector chamber, and a 2D-readout system. Silva et al. [16] successfully employed a
2D-MHSP detector for full field of view imaging of treated and healthy human teeth, having
evaluated the distribution of calcium, zinc, and mercury on the studied samples. The MHSP
structure is placed on a sealed chamber filled with xenon purified through the use of getters.
A large area EDXRFI system based on a 2D-THCOBRA detector was used to analyse a
single folio of an illuminated XV-XVI century Book of Tides [17]. This detector guarantees
greater charge amplification by using a Thick GEM (THGEM) plate and a THCOBRA
plate in a cascade configuration, inside an aluminium vessel through which a neon–methane
mixture flows. Distribution maps of calcium, copper, and gold, elements present in the used
paints, were obtained. Another EDXRFI system configuration based on a 2D-THCOBRA
detector (in a neon–methane atmosphere, with a 10 × 10 cm2 active area) was used to study
the elemental distribution in a contemporary Indian miniature [18]. Different regions were
analysed and the results compared with results from acquisitions made with a Micro-XRF
spectrometer, the M4 TORNADO (Bruker, Germany). The FF-XRF was shown to be a low-
cost alternative to scanning spectrometers, suitable for fast analysis, when only qualitative
information regarding the elemental distribution is needed.
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In this work, we use an EDXRFI system based on a 2D-THCOBRA detector with an active
area of 10 × 10 cm2 to analyse a restored Portuguese faience piece from the late XIX–early
XX century. Two contemporary tiles, manufactured according to traditional methods, are
also studied to illustrate the capabilities of the presented system.

2 Experimental set-up

Decorative glazed ceramic pieces from private collections, namely two contemporary tiles,
and a faience piece from the late XIX century–early XX century, were analysed with a FF-
XRF scanner based on a 2D-THCOBRA detector. For validation of results, two spectrom-
eter systems were used: a benchtop Micro-XRF imaging spectrometer, the M4 TORNADO
(Bruker, Germany), and a non-commercial portable XRF spectrometer.

2.1 Sample description

A glazed ceramic object can be divided in three main parts: the ceramic support, the glaze,
and the surface decoration. The surface decoration, the main feature under study in this paper,
can be more or less dispersed within the glassy matrix, depending on the kind of glaze (in
terms of chemical composition) and/or the firing temperature used [19].

2.1.1 Azulejos de Azeitão: contemporary handmade Portuguese tiles

Azulejos, the Portuguese word for ceramic tiles, have been a staple of Portuguese heritage,
ever since their introduction in the country by king D. Manuel I, during the XV century [20].
To this day, tiles are still used as a building material due to their functional capacity (e.g.
building insulation), but also as decorative elements, and can be found in many cultural
heritage sites or modern infrastructures.

To illustrate the performance and suitability of the FF-XRF scanner for cultural heritage
samples, we analysed two contemporary glazed tiles from the company Azulejos de Azeitão,
shown in Fig. 1. The company contributes to the preservation of the traditional manufacturing
process and manual painting of glazed tiles, using the same process since the XVIII century.
The tiles, both flat and relief, feature European, Islamic, Chinese, and Hispano-Moorish
designs [21–23].

2.1.2 Palangana from Ratinho Faience

Louça Ratinho, everyday glazed tableware, was produced at the Coimbra (Portugal) faience
factory from the XIX century to the early XX century. It was named Ratinho in allusion to
the rural workers from the Beiras region, who frequently bought the pieces due to its low cost
and durability [24]. Most pieces are decorated with motifs such as human figures, animals,
flowers, or feathers, painted with sponge and brush [25–27].

In this work, we analyse a palangana, a wide and shallow bowl typically used to serve
roasts, with a diameter of 31 cm and height of 7.5 cm. The presented piece (Fig. 2) was
broken years ago and underwent restoration at Laboratório de Conservação e Restauro (LCR)
of Escola Superior de Tecnologia de Tomar. However, after some time the piece began to
show some discolouration in the restored areas.
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Fig. 1 Azulejos de Azeitão

Fig. 2 Palangana from Ratinho Faience, and close-up of a region where it is possible to visualise discoloura-
tions due to the restoration, and deterioration of the glaze

2.2 Full-field XRF scanner based on a 2D-THCOBRA detector

The FF-XRF system, shown in Fig. 3a, uses an X-ray tube with a molybdenum anode (5000
Apogee series, Oxford Instruments) for sample excitation, a 1 mm lead pinhole to aid image
formation and magnification, and a 2D-THCOBRA detector for detection of the incident
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(a) Simplified representation of the FF-XRF spectrometer, high-
lighting the 2D-THCOBRA detector, the X-Ray tube, the pin-
hole structure, the sample, and the electronic components.
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(b) Top view of the FF-XRF spectrometer.

Fig. 3 FF-XRF spectrometer based on a 2D-THCOBRA

photons’ energies and 2D mapping. The pinhole, placed 13 cm away from the detector’s
window, is coupled to a stainless steel structure coated with a lead foil that absorbs the
photons that do not pass through the pinhole. The components are arranged in a planar
geometry, and the X-ray tube irradiates the sample with an angle ≈ 45◦, as shown in Fig. 3b.
We draw attention to the possibility of positioning the different system components to focus
on different ROIs of the samples, which can be helpful to analyse non-flat pieces such as
bowls or vases.
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Fig. 4 Simplified schematic
operation of the 2D-THCOBRA
detector

2.2.1 The 2D-THCOBRA detector

The 2D-THCOBRA structure consists of 0.4 mm G10 plate coated with a 50µm copper layer.
It has an hexagonal pattern of round holes; on the bottom face, there is a pattern of anode and
cathode strips, and on the top face, there are strips orthogonal to the bottom ones [12,28].

The principle of operation of the detector, represented in Fig. 4, is based upon the inter-
action of incoming X-ray photons with the gas medium, a mixture of Ne/CH4 flowing
continuously through the detector chamber, creating electrons. The electrons are focused on
the structure holes due to a weak electric field established in the drift region. Inside the holes,
a strong electric field due to the voltage difference between the top and cathode strips (VCT)
promotes charge multiplication. Again, an electric field due to the voltage difference between
the cathode and anode strips (VAC) leads to a second charge multiplication near the anode
strips, where the bulk of the charge is collected. A thorough description of the detector and
its operation can be found on works by Silva et al. [17] and Carramate et al. [29].

Besides determining the energy of each photon that reaches the detector’s active area,
its position of interaction can also be assessed, enabling 2D mapping. For this purpose, two
resistive strips connect the top, and the anode strips; the X and Y coordinates of the position of
interaction of the incident photon are calculated by the principle of resistive charge division,
and its energy, by summing the signal amplitudes at both ends of a single resistive strip
[28,30,31].

2.2.2 Figures of merit

In this section, the experimental determination of crucial performance parameters of the
detector and of the system, namely energy resolution, linearity, and position resolution, is
discussed. For these studies, the detector was operated at VAC = 200 V and VCT = 600 V,
with a Ne/CH4 flow of 20 mln/min; the X-ray tube was operated at 20 kV and 100 µA.

Energy resolution and linearity

The energy resolution (RE) can be defined as the detector’s response to a mono-energetic
radiation source. For a gaseous detector, it is defined by Eq. 1, where the ω value is the
required energy to create one ion pair, F is the Fano factor, characteristic of the used filling
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gas, and Einc. is the energy of the incident radiation [14].

RE = 2.35 ×
√

ωF

Einc.
(1)

To determine the energy resolution, the detector was irradiated with K fluorescence radiation
from five different elements (titanium, iron, nickel, copper, and zinc) chosen so that the
covered energy range contains the energy of the elements that are expected to be present in
the studied samples. The detector was irradiated through a lead collimator with a 4 mm hole.

Results are shown in Fig. 5. From the graph of Fig. 5a, depicting Eq. 1, we can ver-
ify the improvement of the energy resolution with the increase in the incident energy, and
determine the energy resolution of the detector as 16% FWHM@5.90 keV. The detector’s
linear response, i.e., the peak centroid as a function of the incident energy, is also confirmed
(Fig. 5b).

System position resolution

The position resolution (or spatial resolution) of the system (λs) can be defined as the mini-
mum size of an object that can be discriminated and seen in the obtained image [32]. It can
be calculated from Eq. 2 [33,34].

λs =
√

λ2
p + λ2

i + λ2
�x′ (2)

The first term of the equation refers to the pinhole contribution, the second, to the intrinsic
resolution of the detector, and the third takes into account an uncertainty due to oblique
penetration and different X-ray penetration depths. This last contribution is small for higher
magnification values and as such is not considered. Equation 2 is rewritten as

λs =
√
d2

p

(
1 + 1

M

)2

+ FWHM2
i

M2 (3)

where dp is the pinhole diameter, and FWHMi is the intrinsic resolution of the detector.
Both contributions are corrected for the magnification (M).

To experimentally determine the position resolution of the FF-XRF scanner, EDXRF
images of a 100 µm thick hexagonal stainless steel grid, with 2.8 mm side length and
360 µm septa thickness, were acquired, for different magnification values, achieved by
varying the distance between the sample and the pinhole. For a pinhole with 1 mm diameter,
a position resolution of approximately 400 µm can be achieved, as shown in Fig. 6. An
increase in magnification yields better position resolution values that will tend towards a value
approximate to the pinhole’s diameter. In practice, the position resolution value is smaller
than expected, due to the non-negligible thickness of the pinhole that causes the system to
“see” a smaller effective diameter. Furthermore, the use of smaller diameter pinholes can
lead to an improvement of the position resolution, at the expense of the system’s sensitivity
(i.e., fewer photons will reach the detector’s active area) and of the acquisition time.

2.3 Portable XRF and Micro-XRF

For the validation of the results obtained with the FF-XRF scanner for the analysis of the
glazed ceramic, two different EDXRF spectrometer systems were used. To map the elemental
distribution of the ceramic tiles, a Micro-XRF spectrometer, the M4 TORNADO (Bruker,
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(b) Linearity: Peak centroid as a function of the incident energy.
Error bars represent the uncertainty of the peak centroid values,
calculated via error propagation.

Fig. 5 Energy resolution and linear response of the 2D-THCOBRA detector

Germany), was used. Because the shape and dimensions of the faience piece inhibit the use
of the M4 TORNADO, a portable compact XRF system was used to assess its elemental
composition.

The XRF portable set-up consists of an X-ray generator, the Mini-X with a rhodium target,
(50 kV, 200µA, max.) from Amptek Inc., (Bedford, USA), and a X-123 Silicon Drift Detector
(SDD) (25 mm2 detection area, 500µm thickness, and a 12.5µm Be window) with an energy
resolution of 140 eV FWHM for the K line of manganese (5.90 keV), also from Amptek Inc.,
(Bedford, USA). The X-ray tube was operated at 40 kV and 40 µA, and the acquisition time
was of 60 s. The portable system is assembled using a polymethylmethacrylate plate mounted
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Fig. 6 Position resolution of the FF-XRF scanner based on the 2D-THCOBRA detector. a Representation of
the stainless steel grid. b EDXRF image of the grid, obtained with a 1 mm pinhole, and M = 4. c Position
resolution FWHM (mm) as a function of magnification. Error bars represent the uncertainty of the position
resolution and of the magnification values, calculated via error propagation

on a tripod. Different configuration geometries are allowed between the X-ray tube and the
detector; in this work, a 90◦ geometry was used.

The M4 TORNADO Micro-XRF spectrometer allows the analysis of small and large
samples (solids, particles, and liquids) with little preparation. It uses poly-capillary X-ray
optics with spot sizes under 25 µm for Mo-K radiation. The excitation of samples is achieved
by using an X-ray tube with a Rh target (operated at 50 kV, 300 µA). The spectrometer uses
a SDD with a sensitive area of 30 mm2, and energy resolution < 145 eV @ 5.9 keV. In order
to obtain the elemental distribution of the ceramic tiles, area acquisitions were performed:
mappings were made on different regions, using a step size of 35 µm and time per step of
1 ms.

3 Results and discussion

3.1 Mapping of the ceramic tiles

Results from the analysis of the ceramic tiles with the FF-XRF scanner are presented in
Figs. 7 and 8 . For the analysis of both tiles, the detector was set at VAC = 190 V and
VCT = 590 V. The image from the ceramic tile AA01 was acquired with a magnification
factor of ×2.6, and the acquisition was performed with the X-ray tube operating at 40 kV
and 40 µA, during 75 min; in the case of ceramic tile AA02, the magnification factor was of
×1.3, and the X-ray tube was operated at 35 kV and 40 µA, during 59 min.

In both spectra, it is possible to identify the Lα fluorescence lines of Pb from the glaze of
the tiles. If the energy range of the peak is selected, an image of its distribution is obtained.
In both maps (Figs. 7c and 8c), we can see that the distribution of Pb is uniform, as the glaze
coats the entire surface of the tiles. In the fluorescence spectra of tile AA01, the energy range
of copper was selected. The obtained map (Fig. 7c) shows the detail of the irradiated ROI,
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Fig. 7 Results from the analysis of tile AA01 with the FF-XRF scanner. a Intensity as a function of incident
energy, where the energy range of copper is selected, as well as the energy range of lead. b Analysed ROI. c
Cu and Pb map

the ribbons in light and dark green tones, whose pigments contain copper. In the fluorescence
spectra of tile AA02, the energy ranges of copper and zinc were selected. Because the K
fluorescence energies of these elements are close, there is an overlap of the characteristic
peaks. The obtained map (Fig. 8c) shows the details of the irradiated ROI: dark green leaves
and the teal rhombus, containing Cu and Zn.

In both elemental distribution maps, dark regions are also identified. These are due to
electric discharges of the detector. It must also be noted that the distribution maps are obtained
after the application of an amplitude correction method to each EDXRF spectrum. This
method compensates the non-uniform amplitude response of the detector, that is due to small
defects over the structure [31].

Analyses of the ceramic tiles with the M4 TORNADO spectrometer confirm the presence
of Pb throughout their surface. Moreover, the distribution maps of Cu in tile AA01 (Fig. 9a)
and of Cu and Zn in tile AA02 (Fig. 9b) were also obtained, confirming the results of the
FF-XRF scanner. Mappings of tiles AA01 and AA02 were acquired according to the set-up
and parameters described in Sect. 2.3: with areas of approximately 3×2 cm2 and 4×4 cm2,
respectively, overall acquisition times were of 30 min and 44 min. For larger areas, measure
times increase greatly, and memory constraints arise. The presented full-field scanner can
overcome these limitations—using appropriate pinhole optics and filling gases, larger areas
can be mapped with reduced measure times and no memory constraints.

These maps also highlight the contrast between the performance of the FF-XRF scanner
and of the Micro-XRF spectrometer. For the Cu and Zn K-alpha energies, the presented
scanner has energy resolution values of 1.1 keV FWHM and 1.0 keV FWHM, respectively,
whilst the M4 TORNADO presents values of a few hundred keV. Also, with the FF-XRF
system, position resolution values between 0.4 mm and 1 mm can be achieved; the M4
TORNADO allows mapping with a lateral resolution of 25 µm. It should be noted that both
energy and position resolution of the full-field scanner are limited by the physical principle
of charge production on the filling gas, as explained in detail in [35]. Furthermore, the M4
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Fig. 8 Results from the analysis of tile AA02 with the FF-XRF scanner. a Intensity as a function of incident
energy, where the energy ranges of copper and zinc are selected, as well as the energy range of lead. bAnalysed
ROI. c Cu, Zn, and Pb map

TORNADO allows for higher sensitivity and better detection limits, because of its operation
principle: a micro-X-ray beam irradiates a ROI point by point, being the emitted X-ray
photons detected at each point. With the full-field system, an entire ROI is irradiated at once,
and the emitted radiation is simultaneously detected, decreasing sensitivity and detection
limits. A more exhaustive discussion comparing the performance of both systems, including
sensitivity, image quality, and limits of detection, is presented by Silva et al. [18].

3.2 Analysis of the palangana’s restoration

Results from the analysis of the faience piece with the FF-XRF scanner are presented in
Fig. 10. For this analysis, the detector was set at VAC = 190 V and VCT = 590 V, and the
X-ray tube was operated at 40 kV and 300µA. The sample was placed at 7.5 cm from the
pinhole structure, yielding a magnification of 1.73. Acquisition time was of 100 min.

In the obtained spectrum (Fig. 10a), fluorescence peaks of titanium, iron, copper, and lead
are identified. Selecting the energy ranges of titanium and lead, a map of the distribution
of these elements is obtained (Fig. 10c and d). The presence of titanium along the restored
cracks is visible, indicating that this element comes from the material used for the restoration
of the piece, and is not present in its core material. Areas with lower concentrations of lead,
from the deterioration of the glazed with time, are also identified.

We can also infer the higher concentration of titanium in the restored areas through the
analysis of the intensity profile, obtained when a section of the individual distribution map is
selected (Fig. 11a). A high intensity peak is identified in the aforementioned profile. Doing
the same for the Pb distribution maps (Fig. 11b) highlights the deterioration of the lead glaze,
verified by the sharp decrease in intensity.

The comparison of the spectra acquired with the portable XRF set-up for the faience
piece, shown in Fig. 12, allows us to verify the elemental composition of the original piece
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Fig. 9 Area mappings obtained with the M4 TORNADO spectrometer

Fig. 10 Analysis of the faience piece with the FF-XRF scanner. a Intensity as a function of incident energy,
where the energy ranges of Ti (red) and Pb (green) are selected. b Analysed ROI—close-up of the bottom
of the piece, where it is possible to identify restored cracks. c and d Mapping of the Ti (red) and Pb (green)
distributions in the analysed ROI
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Fig. 11 Intensity profiles of selected regions in the individual elemental distribution images

Fig. 12 Comparison of spectra from two different ROIs of the palangana, obtained with the portable XRF. The
green spectrum corresponds to a restored area of the piece, and the red one to an untouched area. Characteristic
fluorescence peaks of the different Pb transitions can be identified, as well as peaks from other elements, such
as Ca, Ti, and Zn

and of its restored areas. As expected from the analysis with the FF-XRF spectrometer,
fluorescence peaks of titanium are identified only in the restored areas (corresponding to the
green spectrum). Furthermore, it is also possible to identify the presence of calcium and zinc
in the restored areas of the faience piece.

4 Conclusions

In this work, we have presented an EDXRF imaging spectrometer based on a 2D-THCOBRA
detector that allows the determination of the energy of incident photons and of their positions
of interaction, providing 2D elemental maps of large area samples. The presented system
achieves an energy resolution value of 16% for 5.90 keV X-ray photons, and position reso-
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lution of 400 µm using a 1 mm diameter pinhole. We have shown the system’s suitability
for cultural heritage applications through the analysis of Portuguese ceramic pieces.

Regarding the analysis of the glazed ceramic tiles, we were able to map the distribution of
lead, present in the glaze, and the distribution of copper, and zinc present in the pigments used
for decoration, obtaining images where some of the details of the tiles can be discriminated.
With respect to the analysis of the faience piece, we assessed its restoration, revealing the
presence of titanium in the restored areas that may have led to discolourations on the piece. We
have also assessed deterioration of the glaze, by analysing the lead distribution maps. These
results indicate the suitability of the full-field XRF scanner to identify chemical elements in
cultural heritage objects, and to evaluate differences of the compositions throughout samples,
which is, for example, a major issue for forgery proof.

The advantages of this system are clear: it presents a reduced cost (under tens of ke)
compared to the traditionally used systems relying on solid-state detectors, and fast acqui-
sitions of large area samples are possible. The system is also advantageous to analyse odd
shaped samples, as one can freely position the different components of the system to irradi-
ate different ROIs. However, there is room for improvement of the system’s performance by
changing the used filling gas/gas mixture to increase detection efficiency, energy resolution,
and position resolution, and by employing different optics such as multi-hole collimators that
better the sensitivity of the system, without increasing the acquisition time.
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