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Abstract: In the cultural heritage field, non-invasive analyses are becoming more important as they
avoid any sampling, allowing in situ measurements to be performed. XRF is one of the most com-
mon among those techniques, as it allows elemental speciation of the sample with a range that goes
from F to U. However, the main limitation of this technique on cultural heritage objects is due to
their intrinsic inhomogeneity, both lateral and in-depth. If MA-XRF has overcome the lateral inho-
mogeneity through the collection of multiple XRF spectra in different positions, it is more difficult
to find an optimal way to perform in-depth analyses. Now, only confocal micro XRF allows for
precise 3D analyses, as other techniques are limited to certain kinds of samples. In recent years,
however, angle-resolved XRF has given promising results in the analysis of layered samples. In this
study, we will review the information about this new analytical technique and its advantages and
disadvantages in studying cultural heritage objects following our recent studies.
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1. Introduction

Cultural heritage artifacts are the manifestation of humankind’s evolution, both in
terms of technology and inner expression. They comprehend a wide variety of objects:
paintings, vases, jewels, weapons, and parchments, and are made of very different mate-
rials, e.g., wood, metals, stone, pottery, and glass. The study of the materials composing
the archeological and historical artifacts has become more and more important in the last
century, along with the scientific evolution, as it helps to answer many questions on the
technology of production, the raw materials provenance [1-6], the trading routes [7-11],
and degradation processes [12-14].

To achieve this goal, scientists have started employing different analytical techniques
to obtain information on their elemental composition and molecular or crystalline struc-
ture. With the evolution of such techniques, the scientific community has tried to retrieve
more precise data and avoid altering the sample.

Moreover, we must consider that cultural heritage artifacts are not only very rare or
unique, but they can be very fragile. As they represent a part of our history, their preser-
vation, even during their study, is of the utmost importance. Considering the damage
produced on the samples, analytical techniques are usually divided into three groups: (I)
destructive techniques: a specimen is taken from the objects and is consumed during the
analysis; (II) invasive techniques: a specimen is taken from the object but is not consumed,
thus is possible to perform more analyses without collecting any other specimen; and (III)
non-invasive techniques: no specimen is taken from the object, and the object is not altered
during the analysis (or is altered under a reasonable level).

Non-invasive analysis stands as a pivotal methodology in the field of characterizing
cultural heritage, offering a green and sustainable approach that circumvents the need for
damaging extractions. This form of analysis allows the characterization of artifacts
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without compromising their integrity, providing deep insight into their composition with-
out the necessity of moving or harming the examined sample [15-18].

The sustainability of these techniques lies in their limited impact on the art object, as
they do not require the extraction of parts of the sample. Moreover, non-invasive analyses
enable multiple investigations without causing permanent damage to cultural heritage,
thereby promoting responsible conservation.

However, challenges arise when dealing with layered samples, which are common
cultural artifacts. The need to non-invasively characterize layers of gilding, paintings,
enamels, glass, and metals presents a dilemma. The complexity of such stratifications and
the variety of thicknesses involved make it challenging to obtain precise results without
compromising the artifact’s integrity.

Different methods can be employed to analyze layered samples, where IBAs (ion
beam analyses) offer the best results. These techniques, coupled with induced X-ray emis-
sion (PIXE), characterize the layers composing the sample, evaluating the energy distri-
bution of the backscattered particles, which depends on the nature of the elements com-
posing the layers and the layers’ thickness [19-23]. Additionally, as the volume of interac-
tion of the particle depends on the particle energy, a variation of this energy (differential
PIXE) allows for discrimination of the composition at different depths of the sample [24-
27]. The problem with the application of these techniques is that they both require access
to a particle accelerator, which is not feasible for many laboratories.

X-ray fluorescence (XRF) analysis is a well-established and widespread technique in
the field of cultural heritage, and it can be considered sustainable for several reasons,
aligning with environmentally conscious and responsible conservation practices.

First, it is a non-invasive technique that ensures the preservation of the object’s integ-
rity, contributing to sustainable conservation practices. Unlike some other analytical meth-
ods that may necessitate extracting samples or applying chemical treatments, XRF allows for
analysis in situ without the need for invasive procedures. This minimizes the impact on the
cultural artifact and supports sustainable conservation efforts [28-32].

Moreover, XRF instruments do not involve the use of harmful chemicals or solvents,
reducing the environmental impact associated with the analysis. This aligns with sustain-
ability goals by minimizing the generation of hazardous waste and promoting environ-
mentally friendly analytical practices. It provides a versatile tool for characterizing a wide
range of materials, including metals, ceramics, pigments, and more. Its capability to per-
form multi-elemental analysis in a single scan enhances efficiency, reducing the need for
multiple analyses with different techniques. This efficiency contributes to time and re-
source conservation.

Indeed, XRF exploits X-rays to analyze the elemental composition of the sample. The
energy of the electrons bonded to the atom falls in the order of hundreds/thousands of
electronvolts, i.e., the same energy as X-rays. If the sample is irradiated with photons with
enough energy, the atoms composing the sample can be ionized, losing a bond electron.
The vacancy created during the ionization is immediately filled through a relaxation pro-
cess involving another electron from an outer shell. The energy excess from the former
and the final shells is emitted as an X-ray photon [33,34]. As the energy of each electronic
shell is characteristic of each atomic species, the photons emitted following the ionization
process can be employed to characterize the elemental composition of the sample.

An XRF spectrometer is made of two essential parts: the X-ray source and the detec-
tor. The former irradiates the sample, and the latter collects the fluorescence signal emitted
by the sample. In principle, no other requirements are needed; for this reason, XRF can be
conducted in situ, directly on the artifact [35-41], without the need for sample transporta-
tion. Due to the absorption of air and the detector efficiency, XRF can generally detect
atoms heavier than silicon, up to uranium; however, some spectrometers can detect ele-
ments as light as fluorine [42].

The possibility to perform in situ measurements is particularly beneficial for large or
delicate objects that may be challenging to move. In situ analysis not only preserves the
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artifact but also reduces the risk of damage during transportation, aligning with sustain-
able conservation practices.

Finally, this analysis can be employed for long-term monitoring of cultural artifacts.
By periodically assessing the elemental composition over time, conservators can track
changes and implement preventive conservation measures. This proactive approach con-
tributes to the sustainable preservation of cultural heritage.

In summary, XRF analyses in the cultural heritage field are sustainable due to their
non-destructive nature, minimal sample preparation requirements, reduced environmen-
tal impact, versatility, efficiency, capability for in situ analysis, and suitability for long-
term monitoring. These characteristics make XRF a valuable tool for understanding and
preserving cultural artifacts while minimizing the ecological footprint associated with an-
alytical techniques.

While X-ray fluorescence (XRF) analysis is generally considered a sustainable and
non-destructive technique in the cultural heritage field, there are certain scenarios or con-
siderations where it may be perceived as less sustainable or may face limitations. As an
example, XRF has a limited depth of penetration, which can be a limitation when analyz-
ing multi-layered cultural artifacts. However, if the layers are thick or if the composition
needs to be examined deep within the object, XRF may not provide comprehensive results,
necessitating the use of additional techniques that could be more invasive. Moreover, in
cases where the composition of the outer layers differs significantly from the inner layers,
XRF may not capture the complete picture. This limitation might require supplementary
analyses, potentially involving more invasive methods.

It is important to note that while XRF may face limitations, it is often part of a broader
analytical strategy in the cultural heritage field. The choice of analytical methods should
be tailored to the specific needs of the artifact under investigation, and a combination of
techniques may be employed to achieve a comprehensive understanding while minimiz-
ing the impact on cultural heritage objects.

Throughout this analysis, we will explore specific challenges related to characterizing
layered samples in cultural heritage with XRF, examining examples of common layers and
significant thicknesses at play. We will also identify current limitations in non-invasive
techniques, understanding why, despite advancements, some characterizations remain
inaccessible without resorting to more invasive methods.

2. Angle-Dependent XRF Techniques

In XREF, the data collected reflects the overall composition of the whole volume inves-
tigated, as this volume can be several hundreds of micrometers deep. Depending on the
sample and the energies, XRF is considered a bulk analysis. This gives an overall compo-
sition of the sample investigated, which is close to reality if the sample is homogeneous.
However, this seldom happens in cultural heritage artifacts, as they are often layered due
to the alteration layers that are formed on the surface or due to their manufacture [43-49].
For this reason, distinguishing the composition of each layer can be of the utmost im-
portance, as it can give information on the nature of the alteration or also on the techno-
logical process.

With this perspective, XRF does not seem to be recommended for the characterization
of the different layers; however, its application for this kind of problem is not a novelty.
Indeed, though XRF averages out the composition of the whole volume investigated, dif-
ferent attempts have been made to retrieve the elemental distribution inside a multi-lay-
ered sample. In particular, the ratio between different fluorescence lines (Ka/Kp or La/L
intensities ratio) is often applied on metallic artifacts to measure the thickness of gildings
[50-56] or the Monte Carlo simulations are used to create theoretical spectra of multi-lay-
ered samples, which are compared with the experimental data obtained on the unknown
samples [57-59]; and finally, confocal micro XRF (CuXRF), employs capillaries to select a
small volume of the sample to be analyzed, performing this task for more than twenty
years [60-65].
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A similar task can also be achieved by properly adjusting the geometry of analysis:
with angle-dependent XRF, we refer to all the XRF techniques that employ an angular
variation during the analysis of the sample; depending on the angular range, we can have
grazing techniques (i.e., grazing incident, GI, and grazing emission, GE-XRF) [66-72] and
the more general angle-resolved (AR) XRF [73-76].

In grazing techniques, the sample is analyzed with the source (grazing incidence) or
the detector (grazing emission) moving around the critical angles of total reflection, gen-
erally in the order of a few degrees. In this angular region, phenomena of interference are
the main players, causing the formation of a standing wave field inside (in case of GE-
XRF) or above the surface (in case of GI-XRF) of the sample, hence, allowing for probing
and characterizing the nanostructure in the surface of the sample. However, for this ap-
plication, we need the surface to be optically smooth for X-rays, and this is never the case
with cultural heritage samples. As a result, grazing techniques are mostly applied in ma-
terial science.

Despite the impossibility of employing interference to enhance the sample signal, we
can exploit another phenomenon: the change in path length crossed via the source/fluo-
rescence radiation inside the sample.

2.1. AR-XRF

A theoretical description of the functioning of AR-XRF can be given starting from the
well-known Lambert-Beer equation:

I = I, exp[—upx] (1)

where [, 1, are the transmitted and impinging radiation intensity, u is the massive atten-
uation coefficient, p is the material density, and x is the path length traveled by the ra-
diation. Given a layer of a thickness t and an angle of analysis 6, we can calculate the
absorbed intensity of the radiation as:

D)= 2
lOg(I) Mpsin@ @)

From Equation (2), it is immediate that we can change the path length of the radiation
inside the topmost layer of the sample just by changing the angle of irradiation or detec-
tion. For shallow angles of irradiation, most of the photons will be absorbed on the surface
of the sample; thus, we will have a higher surface sensitivity. Similarly, for shallow angles
of detection, most of the fluorescence photons emitted from the bulk will be highly atten-
uated before reaching the detector, and only those coming from the surface will be de-
tected. More concisely, we can reduce the penetration depth and the escape depth of the
photons, lowering the angles of irradiation and detection.

For example, if we analyze a gilding where a layer 0.8 um of 18 kt gold is on top of a
copper plate, we can observe how the probed volume varies if we consider the Cu Ka line
(8.04 keV), the Au La line (9.71 keV), or the primary energy (e.g., Mo Ka line, 17.45 keV).
If we collect the fluorescence signal at 45°, the Cu Ka line will escape for a maximum of 10
pum, while the Au La line will probe the entire volume of the golden layer. However, if we
change the angle of irradiation (with the hypothesis of a monochromatic, non-divergent
beam and a perfectly smooth surface), we will not detect any signal of the bulk until 7°, as
for shallower angles, only the golden layer will be excited. Similarly, if we irradiate the
sample at 45°, we will excite the sample 14 um deep. However, if we collect the fluores-
cence signal at different angles, we will not see the signal of copper until more than 15°.
As for shallower angles, the fluorescence signal will be highly attenuated by the covering
golden layer, as depicted in Figure 1.
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Figure 1. The penetration depth of beams with different energies inside a sample made of 18 kt gold
alloy (Au and Ag) 0.8 um thick and a bulk of copper.

The intensity of the fluorescence signal, thus, for an element present in the n** layer
will follow Shermans’ equation for multilayer samples, which is, without considering en-
hancements factors:

I = Gn(EJwP; [} 200D (1 —exp [y, (28 4 1nED)] )

Hn(E)+Hn(EL) sin 64 sin 6,
sinf1 sinf; (3)
ﬂj(E) ﬂ](EL))]
exp[ Z] 1 } }(sinel sin 6, dE

where G is the geometric factor considering the detector solid angle and the irradiated
area, n(E;) isthe detector efficiency at the fluorescence energy, w; is the element concen-
tration into the layer of interest, P; is the probability of emission of the fluorescence line,
I,(E) is the source intensity, 7;(E) is the element photoelectric absorption, u,(E) and
un(E;) are the attenuation of the layer at the source and fluorescence energy, 6; and 6,
are the irradiation and detection angles, p,, is the layer density, and x, is the layer thick-
ness. The first exponential corrects for the self-attenuation of the layer if it is not of infinite
thickness, while the second exponential corrects for the attenuation due to the covering
n —1 layers. An example of an AR-XRF profile is plotted in Figure 2, in which the scan-
ning on a lustered ceramic sample is shown. These ceramics present quite complex stra-
tigraphy and production technology: they are made of a high lead content glaze covered
with a metallic shine layer, the so-called luster. They were produced in the IX century in
the Middle East, and then the technique, which required a double firing at oxidizing and
reducing atmospheres of the ceramic, painted with a mixture of copper and silver salts,
was transmitted in North Africa, Spain, and then in Italy. On the surface, we can observe
the presence of a few nanometers’ thick silica layer, then the copper/silver metallic nano-
particle layer, which has a thickness of tens/hundreds of nanometers, and then the high
lead glaze. In this figure, it is possible to see the fluorescence signal collected at low ener-
gies, from 1 to 4 keV, using a source at 4.5 keV. The main peaks are the Si peak at 1.74 keV,
the lead M lines at 2.3 keV, the Ag L lines at 2.9 keV, and the K and Ca K lines, respectively,
at3.3 and 3.6 keV. In this sample, silver is present only on the first hundreds of nanometers
of the surface, yet at shallow angles, its intensity is in the same order of magnitude as the
other peaks, even though they are major elements composing the sample bulk.
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Example of AR-XRF raw data
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Figure 2. Example of XRF spectra collected in AR-XRF measurements, you can see the change in
intensity in the function of the angle of detection.

2.2. Instrumentation

AR-XRF can be performed in a laboratory, with a tabletop spectrometer, or in syn-
chrotron facilities; however, the technical requirements to apply this technique are not
very demanding compared to other techniques like confocal XRF. Other than the basic
equipment (source and detector), what we need are slits to collimate the radiation and a
motor to perform the scanning. The collimation and the motorized system are the crucial
parts concerning the development of the instrument; the first one limits the angular reso-
lution, which can be translated into an in-depth resolution, and the second one defines the
steps that the instrument can mechanically perform. Additionally, depending on the sam-
ples we want to analyze, we can choose if it is better to have the source moving, the detec-
tor, or the sample, Figure 3.

The advantage of having the source moving lies in the fact that for shallower angles,
we have a high footprint of the source on the sample surface; thus, a big area of the sample
is irradiated. The footprint of the beam is, if we consider its emission profile uniform,
proportional to:

w
A= (4)

sin 6,

where W is the width of the beam. The increase in the footprint at shallow angles will
compensate for the decrease in the signal caused by the thin volume excited. In that case,
however, we have to ensure a small divergence of the source with a collimator. The choice
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of moving the source is optimal if we want to analyze laterally homogenous samples; oth-
erwise, areas with different compositions will be excited at the same time. If we want to
increase the spatial resolution, we need instead to move the detector. In this case, indeed,
the irradiated spot will not change during the measurement; however, the decrease in the
signal at shallow angles will not be compensated by the footprint of the beam, so a higher
measurement time will be needed. In this second geometry, the collimator in front of the
detector will ensure a small divergence for the fluorescence beam.

A final and more versatile choice is to tilt the sample, keeping a scattering angle fixed
at 90°. In this case, we can choose each time if we want to analyze at shallow angles of
detection or shallow angles of excitation, exploiting the enhancement of the source foot-
print or the better spatial resolution of the two alternatives. In this case, a collimator to be
placed either in front of the detector or the source may be the better choice.

As high collimation is needed, with a divergence that should be at least in the order
or below milliradians, the best way to collimate is to use slits placed parallel to the rotation
axis so that even though the divergence is optimized, the flux is reduced only on the rota-
tion plane.

Figure 3. Alternatives for performing AR-XRF, the source is in dark green, and the fluorescence
detected beam is in yellow. From left to right: moving the source, the detector, or tilting the sample.

3. Data Collecting and Analysis

The main concerns regarding the data collection are due to the photon flux and the
sample alignment. The former is influenced by the set-up choice (rotation of the source or
the detector and subsequent need for collimation) and the source flux. This (coupled with
the sample matrix composition) inherently will define the lower detection limit of the
technique and which elements inside these layers can be employed to characterize the
sample. The alignment of the sample instead will define a correct assignment of the angu-
lar position and a good estimate of the probed depth. The sample alignment is also influ-
enced by the shape of the sample surface, which should be planar enough to allow the
collection of the data from grazing angles. This is extremely important as depression on
the sample surface cannot be analyzed as the fluorescence beam cannot penetrate in graz-
ing conditions, and, in the same way, the fluorescence signal cannot escape.

To perform the sample alignment, the most precise way is to apply the same method
employed for GI/GE-XRF, Figure 4. The detector is placed in front of the source, and the
sample is tilted so that the sample surface is parallel to the source-detector axis of the
rotation plane. The sample is moved on the z-axis until the source signal is halved, then it
is tilted. If, during the tilting, the source signal increases, it means that the sample was not
correctly aligned. The new angle of reference will be found where the source signal is at
its maximum; then again, the sample is moved on the z-axis to halve the source signal and
then tilted to find the new reference angle. This iterative process will place the sample
surface parallel to the source; then, the detector can be rotated 90°. If AR-XRF is performed
by tilting the source, the sample will be kept in this position; otherwise, it will also be
tilted at 90° so that its surface will be parallel to the detector and perpendicular to the
source. This alignment procedure is, however, optimal for perfectly flat surfaces and is
indeed employed for grazing techniques in laboratory-made samples. It will align the
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overall sample surface but will not consider the presence of hills and valleys on the sam-
ple. The former will also emit signals for negative angles, while the latter will emit no
signals in grazing conditions.

= =

Figure 4. Procedure of alignment of the sample: in the first step, the sample is moved along the z-
axis until the source intensity is halved, then it is rotated until the maximum intensity is reached,
and then again moved along the z-axis. The procedure is iterated until the sample is fully aligned.

For this reason, a correction of the data alignment may be necessary depending on
the analyzed spot. To proceed with this correction, one of the elements present on the
surface can be employed as a reference, and the rising of its signal can be used as 0 of the
angle scale. Indeed, as the surface of cultural heritage samples is not optically flat for
wavelengths in the range of X-rays, we have a low reflectivity also below the critical angle
of total reflection. For this very reason, a second way, even though less precise, is to per-
form a first scanning of the sample to find the angle from which the signal of an element
present on the surface starts to rise and to use this angle as zero.

During the data collection, we must also consider that because XRF is a bulk analysis,
we detect an average composition of the volume investigated; thus, the deeper we reach
inside the sample, the higher the inhomogeneities we will merge in the signal, and the
small variation in the composition will not be distinguished anymore. Instead, AR-XRF is
highly surface sensitive; thus, small variations will be distinguished in the surface com-
position, which is probed at shallower angles. For this reason, when collecting data, it may
be useful to change the angular step during the acquisition, with a denser data collection
for shallow angles and a higher angular step for steeper angles, always considering as a
limit the angular resolution (thus the divergence of the beam or the collected signal). This
variation in the angular step may also reflect a variation in acquisition time, allowing a
higher dwell time in regions where the signal is lower and optimizing the data collection
even more. Indeed, if, for a source rotating system, the lower signal at shallow angles is
compensated with a higher footprint, this does not happen for a detector rotating system.

3.1. Data Analysis

After collecting the data, we need to reconstruct the sample structure. To perform
this task, we employ the Sherman equation and, thus, the fundamental parameters
method. As the instruments employed are well characterized, and the geometry is known,
the only unknown parameter is indeed the sample structure.

Due to the amount of data and the possible complexity of the sample (both in terms
of composition and number of layers), some a priori knowledge may be needed. If not, it
should be acquired before the AR-XRF data analysis. In complex cases, the most important
information to obtain is the composition of the bulk, which, if not known, should be esti-
mated. We must keep in mind that we call bulk the maximum depth probed using the
analysis, which can be a non-oxidized layer in the case of metal artifacts, the ceramic glaze
or biscuit, or the preparation layer of a painting. Additionally, we also have to find ele-
ments that are characteristic of each layer that can be employed to probe the sample, i.e.,
if a sample presents one element in all its layers with just a slight variation in concentra-
tion, it will be nearly impossible to use that element to reconstruct the layers, instead if
one element is present only in the top layer or only in bulk, the change in intensity of that
same element can be used to characterize the sample structure.

The elements used as a reference to perform the characterization are usually abun-
dant elements characteristic of each layer; then, a first estimate of the composition is per-
formed, and the simulation procedure can begin. The more parameters are known, of
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course, the easier it will be to reconstruct the sample structure. The simulated data will
then be compared with the experimental data until convergence is found.

3.2. Case Studies

We applied AR-XRF for the analyses of metal and ceramic artifacts; the former sam-
ples are laboratory-made gildings with a thickness between 0.45 and 1.05 pm, made of a
copper plate covered with a variable number of golden leaves. The second sample was a
ceramic sherd coming from Puebla, Mexico (XVII-XVIII centuries), made of a ceramic bis-
cuit covered with a high-lead white glaze and different decorations.

In our first experiment [77], we tested if AR-XRF could be employed for samples that
present lateral inhomogeneities, as this is one of the main differences between samples in
the cultural heritage and samples in the field of material science. For this reason, we pre-
pared gilded metal samples using a copper sheet and covered them with a sequence of
golden leaves. The golden foils, made of 18 kt gold (75% gold and 25% silver alloy), have
been stacked and glued using an organic glue. Their mean thickness is 0.15 um, and we
prepared specimens with three, five, and seven golden foils. The samples have been ana-
lyzed at the Nuclear Science Instrumentation Laboratories (NSIL) of the International
Atomic Energy Agency (IAEA) [78]. The spectrometer was equipped with a Mo source,
collimated with capillaries. The sample was placed on a sample holder that allows for a
rotation, and the SDD detector, placed at 90° with respect to the source, was collimated
with a metallic slit with an opening of 60 pum, resulting in an angular resolution of nearly
5.5 mrad. For each sample, three spots have been measured, rotating the sample from 0°
to 30° with respect to the detector. The AR-XRF spectra of copper and gold were then
compared with theoretical AR-XRF profiles, calculated for different thicknesses of the
gold layer. The signal of copper, which is the bulk layer, is affected by the attenuation of
the layer of gold; thus, the thicker the layer of gold, the higher its attenuation; the signal
of gold, instead, is affected only by the layer self-attenuation and increases as the gold
layer thickens. In Figure 5 (taken from [77]), the calculated thicknesses of the golden layers
are plotted on top, on the bottom instead of the thickness of the single leaf, compared with
its nominal value. The thickness calculated using both the signal of copper (upward trian-
gles) and gold (downward triangles) agrees with the theoretical thickness, especially for
the samples with five and seven golden leaves, while in the sample with only three foils,
there is an overestimation, probably due to the leaves deposition that has caused the for-
mation of folds where the layer is thicker.
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Figure 5. Results of the measurements on gilded samples, from [77], on top the thickness of the
golden layer, on the bottom the thickness of the single foil. For the samples with five and seven foils,
the measures agree with the nominal thickness given by the manufacturer.

The second experiment instead aimed to push this technique to its limit, observing
what information we can obtain with layers of different thicknesses (in the order of tens
to hundreds of micrometers) [79] in the more complex case of painted ceramic, shown in
Figure 6 (coming from the same research paper). This ceramic sample has been previously
studied with other analytical techniques [80,81]; thus, the composition of the bulk (that
for X-rays is the white glaze) was known. The unknown parameters were instead the com-
position and thickness of the blue and black decorations.
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Figure 6. Puebla ceramic sample, picture from [79]. Over the white glaze, there are blue and black
decorations. Picture A front view of the shard, picture B and C lateral profiles of the shard, the
thickness of the black and blue decorations can be appreciated.

The experiment has been performed with the same spectrometer employed for the
gilded sample, in this case, collecting three points for each decoration. On the blue deco-
rations, we collected points on the central part of the blue stripe, which is thicker, and
three points on the border, where the color is lighter and the decoration is thinner. Simi-
larly, on the black decorations, we collected three points on the stripes, which have a
glassy shine, and on the spots with a metallic shine. The elements used as references to
study the AR-XRF profiles are those characteristic of each decoration, i.e., the chromo-
phores: cobalt for the blue and iron for the black, we finally used lead for the white glaze.
As the sample is more complex and more variables must be considered, the study was not
as straightforward as the one of the gildings.

The first consideration is on the shape of the ceramic and of the decorations, as they
are not flat, they affect the signal intensity; for this reason, we did not directly employ the
AR-XRF profile, but instead, we chose to calculate the ratio of each AR-XRF profile with
the one of lead. The second consideration is that we are not certain to penetrate inside the
white glaze, so we are not sure that we can retrieve the thickness of the colored glaze.
Finally, we do not know the composition of the blue and the black glaze, so we have to
estimate it.

To observe if we could penetrate inside the white glaze and have a meaningful dif-
ference in composition with the colored glaze, we looked at the ratio of AR-XRF of lead
Lp/La and at the ratio of the chromophore over the lead La. The lead ratio, Figure 7, taken
from [79], shows that the blue glaze has a very similar composition with respect to the
white glaze (the ratio is the same as the white glaze for the whole angular scanning), while
the black decorations have a different ratio.
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Fe Ka/Pb La

Co Ka/Pb La

Lead ratio calculated for the analyzed spots

—— Black decorations
—— QOther decorations

5 10 15 20 25 30 35 40
Tilting angle [°]

Figure 7. AR-XRF profile of the lead ratio, taken from [79]. As can be observed, the ratio of the black
decorations is different with respect to the ratio obtained in the white and blue decorations, which

The ratio of the chromophore over the lead, Figure 8 (from [79]), then showed that we
could not penetrate inside the white glaze for the blue decorations (the ratio was linear
over the angular scan, Figure 8 on the left), while we could enter the white glaze in the
case of the black decorations (the ratio was not linear, indicating a loss in concentration of
the chromophore as we penetrate, Figure 8 on the right). For this reason, we observed that
the blue glaze was either too thick or had diffused inside the white glaze, making it im-

Black Spots

‘ }  Weighted mean

Fe Ka/Pb La

1.50
1.25
& 1.00 1
—
0
& 0.751
- i |
o 1|
a 0.50 %
0.25 i
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0
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possible to distinguish them.
Dark blue glaze
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0.15 A1
0.10 ijsf
0.05 ||
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{  Weighted mean
0.06 fiift
0.04 jis
0.02 j|
0.00
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Tilting angle [°] Tilting angle [°]

Figure 8. Modified from [79]. On the left, AR-XRF ratios calculated for the dark blue glaze, using
iron and cobalt as characteristic elements. On the right, the ratio obtained on the black spots.

We then proceeded to calculate the thickness and estimate the composition of the
black decorations. We estimated the composition to be made up of the main components
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of the glaze, i.e., silicon oxide, lead oxide, and iron oxide. We then simulated the AR-XRF
profiles for different thicknesses and compositions to find the range that could describe
our sample. We observed that the black spots have a minimum thickness of 20 pm and
that they contain less lead oxide concerning the white glaze. Instead, the black stripes are
thinner, with a thickness between 25 and 75 pm depending on the point of analysis, with
an iron oxide concentration between 7 and 16% and a low concentration of lead oxide (1
to 4.5%).

3.3. Applicability and Limitation of the Technique

Our studies in the cultural heritage fields until now showed that AR-XRF is optimal
when (I) dealing with layers with a very different composition, as we observed with the
gilded sample or the black decorations, (II) when each layer contains a characteristic ele-
ment (for example a chromophore), and (III) when some a priori knowledge is present.
Instead, it becomes more difficult to interpret or even get good data when the thickness of
the layers increases (thus, when little information from the bulk is collected), as in the case
of blue decorations of the ceramic, and when a slight variation in composition differenti-
ates the layers. Indeed, as we probe inside the sample, we have to consider two factors: (I)
the information we obtain concerns the whole volume; thus, the information added at
each step must be weighted for the whole volume investigated with that step, and (II) the
signal coming from that volume is highly attenuated by the covering material. Thus, the
more we reach inside the sample, the lower the variation in fluorescence signal we can
detect. Additionally, we must consider that the maximum limit of depth reached using
this technique depends solely on the matrix composition and on the energies employed;
thus, it cannot be completely controlled unless we can choose from different fluorescence
lines (e.g., if we can detect both Sn K and L lines). This depth limit is the main difference
between the applicability of AR-XRF and cross-section, as stressed by Margreiter et al.
[82]. As for heavy matrix, it may be restrained only on the first micrometers of the sample.

With these considerations, we can try to compare AR-XRF with other similar tech-
niques. Firstly, we can consider AR-XRF as a complementary technique with respect to
CuXREF, as they are both non-invasive and can be applied in a laboratory. While AR is very
sensitive to the variations on the sample surface, CuXRF allows us to better distinguish
compositional variations deeper inside the sample. Additionally, as confocal XRF selects
the volume to be analyzed, it does not put other limitations on the layers’ composition
difference and thus gives more flexibility on the mapping of the elements. However, AR-
XRF has a better spatial resolution on the sample surface depth profiling, in the order of
hundreds of nanometers, while CuXRF has a bigger volume of analysis (generally in the
order of tens of micrometers). We must also consider that even the analysis of a cross-
section using a laboratory XRF spectrometer cannot give better results in terms of spatial
resolution (as, in this case, it is limited by the beam size). We must also remember that
even if CuXRF and AR-XRF give complementary results, they cannot be performed with
the same spectrometer, as the former deploys a highly divergent beam to maximize the
fluorescence signal coming from a small volume of the sample and requires a high diver-
gence also on the detecting system to maximize the fluorescence signal collected from the
small volume. In contrast, AR-XRF requires a small divergence to select the volume of
analysis.

To obtain a better spatial resolution, we must perform SEM (EDX) analyses or tech-
niques requiring particle beams (IBAs) or synchrotron radiation (thus accessing particular
facilities). However, we underline that these two options are not considered sustainable
as the first involves sampling, and the second requires access to a large facility.

Finally, the data analysis of multilayer samples made with AR-XRF requires the use
of simulations and a first estimation of the sample composition that becomes refined, the
same procedures that are employed for GE and GI-XRF. This is certainly a pitfall in the
case of cultural heritage samples, as the sample composition is usually very complex;
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however, the starting composition of the bulk can be estimated with different techniques
or with the data already present in the literature.

4. Conclusions

XRF is a diffuse, non-invasive elemental technique often applied in the field of cul-
tural heritage. It is very appreciated as it allows us to obtain fast information without any
sample pre-treatment. The avoidance of chemicals, the possibility of re-analyzing the sam-
ple with other techniques, and the fact that no part of the sample is altered during the
analysis allow us to include this technique in the sustainable and green analyses. One of
the limitations of this technique is the impossibility of completely characterizing inhomo-
geneous samples, as we obtain information on the whole volume analyzed, and we cannot
discriminate the contribution of the different layers. To overcome this, we can change the
geometry of the analysis, taking advantage of the variation in the path length crossed by
the radiation inside the sample and its consequent attenuation, applying the so-called AR-
XREF.

In this study, we have then reviewed the capability of AR-XRF to infer the composi-
tion and thickness of different layers in a multi-layered sample. This technique has the
advantage of being easily implemented in a laboratory, as it only requires a way to tilt
either the source, the detector, or the sample, and a collimator. This technique also has the
advantage of being very sensitive to the surface composition, allowing the observation of
small variations in concentration in the first micrometers of the sample. As the probed
volume increases, the technique loses sensitivity. For this reason, the application of this
technique is suggested only when major changes in the composition are expected. Con-
sidering these factors, AR-XRF can be considered a complementary technique of CuXRF,
which, on the other hand, has a bigger volume of analysis yet is more sensitive to small
changes even at deeper probed depths..

Cultural heritage artifacts are precious as they store information about our past. For
this reason, analyzing them with the lowest possible amount of damage is of the utmost
importance. To achieve this objective, non-invasive techniques have to be preferred, and
as limited information can be obtained from each technique without collecting samples, it
is essential to combine many techniques as reasonably practicable, integrating elemental,
molecular, and structural data, extrapolating information with imaging techniques, and
limiting the sampling only when strictly necessary. Collaboration and synergy of different
specialties and techniques are then the core keys for a more sustainable analytical protocol
of cultural heritage samples.
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