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Works of art, especially paintings, often involve successive layers of materials of diverse compositions and
properties. The current study explores the potentialities of the combination of femtosecond Laser Induced
Breakdown Spectroscopy (fs-LIBS) and Macro X-ray Fluorescence (MA-XRF) for the study of paintings. In
this framework, two mock-up samples that were manufactured by using traditional post-byzantine
painting methods and numerous inorganic and organic pigments was thoroughly investigated. The
selected pigments were either applied as single paint layers on top of a calcium carbonate substrate or
as a combination of two and/or three successive paint layers over the substrate. The authors attempt to
disclose the layered structure of the paints by inspecting some carefully chosen LIBS spectral features
(markers) as a function of the laser shot number. The various paint layers are identified by applying less
than ten laser shots while the diameter of the induced craters is limited to under 100 um. Additionally, it
is shown that through the proper treatment and evaluation of complementary MA-XRF data, one may
overcome some of the fs-LIBS limitations and thoroughly investigate a painting’s stratigraphy. Given the
micro-invasive character of fs-LIBS and the non-invasive character of MA-XRF, combining the selected
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Introduction

Understanding the constituent materials and structure of
a work of art (and especially paintings) is an essential prereq-
uisite for its proper preservation. It contributes considerably
towards a better assessment of its artistic and other (e.g,
historical) inherent values." With this knowledge, it is easier to
ensure whether an artwork is preserved in its original state and,
therefore, the potential restoration or conservation interven-
tions may be carried out correctly.

Conventionally, micro-samples are mainly collected from
artworks by means of surgical equipment (e.g., scalpels), and
through their proper manipulation (e.g., epoxy resin embed-
ment and creation of polished cross-sections), it is often
possible to achieve a rather thorough cross-sectional charac-
terization of a painting.>* Quite recently, innovative and far less
invasive methods for sample extraction have evolved, such as,
e.g., laser cutting using focused fs pulses, which minimizes the
induced collateral damage on the studies item.* Nevertheless,
being precious and rare objects, there is a tendency to investi-
gate paintings and other pertinent cultural heritage objects by
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analytical methods is a promising tool for painting investigation.

non-invasive analytical methods®® yet, quite often, these very
techniques may not be able to differentiate between successive
layers on an object, due to inherent limitations of the experi-
mental process.”*°

The non-destructive and non-invasive X-Ray Fluorescence
(XRF) allows rapid and thorough multi-elemental analysis, with
a probing depth in the order of few to hundreds of microme-
ters."* The measured photon intensity of characteristic transi-
tion is a complicated function of the pigment's complex
structure, which may consist of successive layers differing in
thickness, elemental composition, and density. The exact
correlation between the measured intensity and the specimen's
physical properties is described by the XRF fundamental
parameters theory.”” The probing depth depends not only on
the specimen'’s physical properties (structure, atomic elements
properties, atomic weight concentration, density), but also: (i)
on the spectral distribution of the incoming ionization radia-
tion and the energy of the recorded characteristic fluorescence
radiation, and (ii) from the radiation beam path relative to the
specimen's surface (incoming angle of the ionization radiation
and the outgoing characteristic transition). The dependence of
probing depth on the energy of characteristic radiation has
allowed the development of techniques to extract information
for the in-depth distribution by evaluating the intensity ratio of
different characteristics transitions of the same element, like
KB/Ka, LB/La, Ma/Lo transitions rates.'* Moreover, the depen-
dence of probing depth on the radiation beam path allowed the

This journal is © The Royal Society of Chemistry 2024
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implementation of XRF measurements using spectrometers
with variable geometry to extract in-depth information.*** The
inherent problem of conventional XRF spectroscopy to extract
differential in-depth information has been resolved by the
recently developed confocal micro-X-ray fluorescence spectros-
copy.’*"” Due to its capability to provide depth-resolved infor-
mation on the elemental distribution, confocal micro-XRF has
become a state-of-the-art technique for the study of cultural
heritage, like paintings.

On the other hand, MA-XRF imaging allows the fast extrac-
tion of the elemental intensity distribution maps across the
surface, with limited capability regarding the in-depth
elemental distribution, relative to the confocal pu-XRF. In the
present work, we applied MA-XRF to take advantage of its
imaging abilities combined with the fs-Laser Induced Break-
down Spectroscopy (LIBS), in order to overcome its drawback
for detailed in-depth information.

LIBS is a micro-destructive experimental technique that is
employed for the determination of the composition of multi-
layered analytes, as well as for the elemental analysis of
various materials,'**** and its main advantage over other
techniques is that it does not require removal and displacement
of part of the object for these purposes. In brief, this technique
involves the collection and analysis of the radiation emitted
after the ablation of the surface material of an object, induced
by a pulsed laser beam at intensities higher than 10° W cm ™2,
Additionally, the use of a tightly focused, low-energy, ultra-fast
(fs) laser system ensures that the surface damage is kept to
a minimum, due to limited thermalization of the area around
the beam spot.**'****3% Undoubtedly there are also other laser-
based analytical techniques that can provide information on the
layering of materials. Micro-SORS is an analytical technique
that can be used to non-destructively provide information on
the composition of thin layered materials.***° Although its
many benefits, a key advantage of the micro-destructive LIBS
technique, is the ability to simultaneously provide the atomic
and molecular composition of the sample, while micro-SORS is
mainly focused on the later.

Moreover, LIBS is substantially effective in the detection and
classification of lighter elements, such as carbon and nitrogen,
which may not be detected by conventional techniques that use
X-rays, and it can also directly detect molecular compounds and
fragments, such as C, and CN, with high efficacy.**** The
complementarity of LIBS and XRF is evident when considering
that the distinction between (or even the mere identification of)
some elements can be challenging using one of the techniques,
while it can be a straightforward process using the other, and
vice versa.

Overall, LIBS offers a very powerful tool for revealing the
stratigraphy of multi-layered items such as paintings. At the
same time, it provides a micro-invasive and highly effective
identification of the elemental composition of the studied
materials. In particular, its ability to detect and classify light
elements and molecular compounds, combined with its
complementarity with XRF, makes LIBS a valuable technique in
the field of conservation science, which currently experiences
a boost in applications.

This journal is © The Royal Society of Chemistry 2024
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In the present work authors thoroughly investigate the
composition and layered structure of several mock-up paint
layers by combining state-of-the-art fs-LIBS and MA-XRF.**>%¢
The samples were produced following the typical byzantine/
post-byzantine painting technique, i.e. by applying mixtures of
pigments plus egg yolk over an inert substrate/gesso that covers
a wooden substrate.”” The selected pigments include silicon,
aluminum, and titanium oxides (SiO,, Al,O3, TiO,), hematite
(iron oxides, Fe;O,, Fe,O;, FeOs), synthetic ultramarine/
sodium-aluminum-sulfo-silicate (Al4Nag0,,4S;Sis), lead,
mercury, and arsenic compounds, as well as synthetic organic
compounds, while the base/preparation layer is composed of
calcium carbonate (CaCO3) plus hide glue.

There is an extended literature on the complementarity of
XRF and LIBS techniques in cultural heritage,”'*'**>*® yet it has
been proved that the commonly employed ns laser LIBS systems
are prone to inducing thermal effects in the vicinity of the
irradiated area. These phenomena can be greatly reduced using
an ultra-fast (fs) laser system while maintaining LIBS's analyt-
ical advantages. The selection of the pigments employed in the
current work was due to their content in specific light elements
such as Si, Na, Al, C, and N, and molecular compounds that are
very difficult to detect using XRF methods; conversely, some of
the selected pigments contain atoms that are challenging to
detect using the LIBS method. The pigments were mixed with
egg yolk (binder) and deposited as a single layer and as
combinations of two successive layers over a calcium carbonate
plus hide glue substrate (see next for details).

Materials and methods
The mock-up

A 23 x 13 cm? piece of plywood was covered by a thin coating of
hide glue and then received numerous successive thin layers of
a CaCOj; plus hide glue priming; upon the setting of the
priming, its surface was treated using various grades of silicon
carbide sandpapers. Subsequently, small quantities of selected
pigments were mixed with a tempera medium (egg yolk : water -
1:1 v/v) and were applied in the form of thin paint layers on
small squares marked on the surface of the primed panel. In
particular, the selected pigments include contemporary
commercial products (Kremer Pigmente), namely mars black
(corresponding paint layer code: “A”, Kremer Pigmente code:
48400), synthetic ultramarine (B/45010), hematite (C/48600),
alizarin dark (D/23610), red mine ochre (E/40351), gold
French ochre (F/40070), caput mortum (G/48750), rutile Ti-
white (H/46200), terra Ercolano (1/41600) and raw sienna (J/
40392); for reference purposes, a small square on the bare
preparation was covered by the pure medium (egg yolk + water)
(Fig. 1). The paints were applied by using thin synthetic brushes
in pairs and in a standard sequence; for example, in the case of
the pigments' pair A & B, the corresponding paints were applied
in the following manner: from left to right, pure A (A), B over A
(B/A), A over B (A/B), pure B (B) (Fig. 1). Note that every single
paint layer was applied by successive thin brushstrokes on its
substrate until the latter was fully covered. A second mock-up
was also manufactured by using the same procedures and by
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Substrate

Fig. 1 A photo of the mock-up with single and double-layered
samples is presented.

employing three additional pigments, namely vermilion (paint
L/42000), lead white (M/46000) and orpiment (N/10700).

In order to accurately measure the mock up paint layers’
thickness, micro-samples were extracted (using surgical scalpel)
from all the painted squares and were embedded into epoxy
resin. Upon the curing of the resin, samples were subjected to
grinding and polishing and transformed into polished cross-
sections; the latter were subsequently examined and photo-
graphed under an optical microscope (OM, Leica, DMRXP) at
magnifications up to 200x.

The LIBS setup

The radiation source for the LIBS setup is a 30 fs, 5 mJ per pulse
laser system (DUO Legend Elite) centered at 800 nm, operating at
10 Hz. The laser beam has an initial diameter of 1 cm and is
focused using a convex lens with an effective focal distance of
23 cm (diameter of spot size ~26 pm). A constant flow of argon (6
1 min~") prevents chemical reactions between the atoms and ions
of the plume with atmospheric air;*** thus the resulting excited
moieties consist only of elements of the irradiated material.
Control over the peak intensity is achieved by employing a couple
of stepwise neutral density filters, which attenuate the beam to
150 pJ per pulse. These filters are also used as samplers, reflect-
ing part of the pulse to two photodiodes that trigger a shutter and
the spectrograph, which are described later.

856 | J Anal At. Spectrom., 2024, 39, 854-867
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The radiation emitted by the laser-induced plasma, is
collected by utilizing a collimator/collector (Andor ME-OPT-
0007) and then analyzed using a gated spectrograph (Andor
iStar). In order to be able to simultaneously study a wide part of
the emitted spectrum (200-600 nm), a 150 ] mm ™" grating is
utilized. This also guarantees better light collection efficiency
for the gated iCCD camera, although it admittedly lowers the
spectral resolution to around 0.6 nm. The width of the temporal
gate is set to 600 ns, opening approximately 30 ns after the white
light produced by the inverse bremsstrahlung has faded.
Furthermore, the setup incorporates an electronically
controlled bespoke and a 2-axis stage that enables accurate
selection of the ablation target over the mock-up.

A homemade, electronically controlled shutter is incorpo-
rated to ensure that the subject only interacts with a preset
number of pulses. This feature guarantees repeatability over the
experimental process. Finally, the diameter of the created
craters has been determined by utilizing a Leica DM-4000
optical microscope.

The MA-XRF set-up

The MA-XRF analysis of the mock-up samples was conducted by
using the M6-Jetstream scanner (Bruker), which is equipped
with a 30 W rhodium anode X-ray tube (maximum high voltage:
50 kV) with polycapillary optics and a silicon drift detector
(active area: 30 mm?, energy resolution: 139 eV at Mn Ka). The
polycapillary full lens focuses the X-ray radiation from the tube
on the target. For the mock-up study, the X-ray tube was oper-
ated in a voltage and current setting of 50 kV and 600 pA,
respectively. The beam spot size was set to a diameter of 100 pm
and the scanning step/pixel size to 300 um (no filter), while the
dwell time was set to 20 ms per pixel. These parameters resulted
in an overall scanning time of 90 minutes, a measuring time of
30 minutes, and in collecting 208 310 individual spectra from
the selected mock-up area. In all the cases, the collected spectra
were processed and visualized (i.e., transformed into elemental
distribution maps) using the built-in M6-Jetstream software.

Results and discussion
Study of the single paint layers

Table 1 includes the detailed list of the pigments used in the
mock-up under investigation. The latter consists of square
regions where either single paint layers or successive layers of
two distinct paints (each paint composed of a different, pure
pigment) have been applied (Fig. 1); note that no mixing of the
individual pigments has been performed. The first objective is
to investigate the elemental composition of the pure pigments,
to create an identification tool based on the LIBS fingerprinting.
This is achieved by inspecting the LIBS spectra collected from
the single-layered regions. Acquisition of the spectra from only
the top layer is accomplished by irradiating the desired target
with a very limited number of pulses: to record the emission
from plasma originating solely from the surface material, only
four shots are used, ensuring that the paint layer is not pene-
trated. However, for improved statistics, a total of 100 shots is

This journal is © The Royal Society of Chemistry 2024
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Table1 Name, composition, and markers of the studied paint layers (i.e. pigments + egg yolk medium). The 1 after an element signifies an atomic
transition, while the 11 a cationic transition. Information on the chemical formulae and name of the pigments are drawn from the website of the

manufacturer®°

Codename Pigment Chemical formulas of components Selected spectral peaks and bands
A Mars black Fe;0, Fe 1 274.7 nm

B Ultramarine blue Nag_gAlgSig054S5_4 Si1251.6 nm

C Hematite Fe, 0, Fe 1 274.7 nm

D Alizarine dark Organic, C;,HgO, CN band 386 nm

E English red ochre Unspecified composition inc. Fe,0; Fe n 274.7 nm

F Gold French ochre SiO, + AlO; + FeOs3 Fe 11 274.7 nm, Al II 559.3 nm
G Caput mortum Fe,03 Fe 1 274.7 nm

H Titanium white rutile TiO, Ti n 323.5, 335.0 & 453.4 nm
I Terra ercolano Fe, 03 Fe 1 274.7 nm

] French raw sienna Fe,0; + SiO, + Al,O4 Fe 1 274.7 nm

K Egg white + water Organic inc. Ca, Mg, S etc. CN band 386 nm

Substrate Calcium carbonate CaCO; Cau317.9 nm

recorded and averaged, resulting from the irradiation of 25
different points on each of the single-paint layer squares.

The first target to be investigated is the binding medium (egg
yolk and water) used to prepare the paints, codenamed “K”. The
relevant LIBS spectrum is seen in Fig. 2(a) and includes some
standard features observed in the spectra of the other paint
layers. These spectral lines are attributed to transitions of
carbon, calcium, and magnesium atoms, as well as some
molecular bands assigned to radiative transitions from excited
electronic states of molecular fragments like C, and CN. Carbon
and magnesium atoms are expected to exist as trace elements
within the egg yolk.** Nevertheless, due to the high cross-section
of these transitions, their contribution to the emission spectra
is stronger than that of elements like carbon, oxygen, nitrogen,

etc., which comprise a considerable percentage of the compo-
sition of the irradiated materials.

The structures mentioned above are more or less observed
within all of the spectra and even in the substrate, which
consists of hide glue (proteinaceous organic matter) and
calcium carbonate. Due to its composition, the spectrum ob-
tained from the substrate includes molecular bands, but over-
all, it is dominated by calcium atomic and ionic lines, as seen in
Fig. 2(d). This is somewhat problematic, as Ca and Ca" emission
spectra are exceptionally intense and may mask nearby atomic
spectral lines and molecular bands. It is, therefore, crucial to
find spectral areas which, on the one hand, contain atomic lines
from the elements found in the pigments, but on the other, are
not overwhelmed by calcium spectral lines. In this respect, the

T T T T
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Fig. 2 Typical LIBS spectra of the pigments. The item irradiated on each graph is: (a) the binder used for the production of the paints ("K") (b)
pigment containing iron oxides (the graph presents common spectral features of the pigments "A", "C", "E", “"F", “G", "I" and "J"), (c) organic pigment
“D" (d) calcium carbonate and gelatin (substrate), (e) pigment “H" (f) pigment "B".

This journal is © The Royal Society of Chemistry 2024
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presence of Ca in the material is validated by inspecting the
317.9 nm and 318.1 nm double ionic lines (the lines are seen as
one, due to limitations of the grating used for these series of
spectra) which correspond to the 3p®4p *P° (j = 3/2) < 3p°4d °D
(7 = 5/2) and 3p®4p *P° (j = 3/2) < 3p°4d D (j = 3/2) transitions.

Some of the chemical elements in the paint layers emit
brightly in the optical part of the spectrum (Na, Si, Al), while
others in the UV (Fe, Ca, Ti, CN). Typical LIBS spectra from the
paint layers in consideration are presented in Fig. 2(a)—(f). Each
one of the spectra is characteristic of the elemental composition
of the corresponding pigment. However, to study the layered
structure, one should pinpoint at least one part of the spectrum
which can be utilized for accurate identification of each paint
layer. The accurate assessment of the spectra recorded from
each painted square, lead us to use the following spectral
features as the identification criteria for the employed
pigments:*

e iron oxides are found in pigments A, C, E, F, G, I and J with
a particularly well-defined ionic line at 274.7 nm (3d°(5D)4s *D (j
= 3/2) « 3d°(5D)4p “F° (j = 5/2)) (Fig. 2b).

e For the organic pigment E and the binder K, the CN band
around 386 nm is particularly pronounced and therefore used
as a marker (Fig. 2(a)).

e Titanium dioxide (pigment H) is a quite easily distin-
guishable pigment, due to the strong spectral features of Ti and
Ti". Multiple lines are well separated from the rest of the
elements and can be seen in Fig. 2(e). Thus, as a Ti marker used
the spectral lines at 323.5 nm and 335.0 nm originated from the
3d*(3F)4s ‘F < 3d*(3F)4p “F°, 3d*(3F)4s ‘F « 3d*(3F)4p “G°
and transitions of Ti" ion respectively.

e Aluminum is found in pigments B, F and ], but is quite
a difficult element to distinguish, particularly in the presence of
calcium and iron. Only the feature at 559.3 nm can be safely
used as an Al marker because is attributed to the 3s4p 'P° «
3s4d 'D transition of Al* ion. Two sets of double lines, the first
at 308.2 nm and 309.2 nm, and another at 394.3 nm and
396.1 nm respectively appeared in the LIBS spectra, however,
they could not be considered as handy markers, because they
reside very close to strong atomic lines of Mg and Ca; the latter
elements exist within the egg yolk and were not distinguishable
under the present experimental conditions.

e Pigments B, F and J contain SiO,. Similarly, to the case of
Al, a strong atomic line is expected at 386.2 nm, however, is not
easily distinguishable from the Ca lines that are emitted from
the ablation of the substrate. The Si 3s23p? P, < 3s23p4s
transition 3P, is expected at 251,6 nm while the 3s°3p *P° «
3s’4d *D Si' transition in the atomic ion is expected at
505.6 nm. However, they are clearly distinguishable only in the
spectrum of pigment B.

e Finally, sodium is easily recognizable due to the (double)
line at 589.1 nm (2p®3s *S (j = 1/2) « 2p°®3p *P°j = 3/2, 1/2). It
seems that the binder (sample K) contained a detectable
amount of sodium and thus was observed in all the spectra.
Thus, for the case of pigment B, where Na, Al and Si coexist, the
study is based on the silicon emission lines mentioned above.

In Table 1 the spectral features used as markers for the
identification of each pigment/paint are presented.
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Once the individual “markers” (i.e., fingerprinting peaks)
have been defined, the response (durability) of each paint was
studied. A general goal of studying the layers of paints, is to
remove as little material per shot as possible, while collecting
the maximum amount of information form the emitted radia-
tion. By doing so, even very fine/thin paint layers can be indi-
vidually studied and at the same time, their relative thickness
can be deduced, given that the durability of each paint is
known, under certain experimental condition (pulse energy,
duration, focal length of the focusing lens, position after the
lens). In the current study, the number of laser pulses needed to
completely remove a single paint layer and thus reach the
substrate of the mock-up ranges from 8-14 pulses while, in the
case of the ablation of two successive paint layers, 10-26 pulses.
The spectra induced by two laser pulses was recorded and the
area under the appropriate peak is calculated. This quantity is
then used as an indicator of each element present in the paint
layer.

In Fig. 3, the peak intensities of iron and calcium, which are
used as markers for pigment A is presented as a function of the
laser shot number. We aim to study the composition of the
materials qualitatively, and therefore the signals are normalized
from zero to unity for eye-guiding purposes. In this case
(pigment A) it is evident that the upper layer has a high
concentration of iron, which starts to faint as the laser ablates it
after approximately eight shots. Once the laser starts interacting
with the substrate, the Ca emission lines become more
pronounced and then slowly disappear because the intensity of
the laser has been reduced due to defocusing. It should be
noted that this graph arises from spectra acquired by the same
point on the paint, while on the contrary, Fig. 3b depicts the
average of the spectra recorded from 10 different points of the
same pigment (A). The resemblance between the two graphs is
highly promising since a potential real-life application of LIBS
to works of art should be as less destructive as possible,
meaning that the number of irradiated spots should be as
limited as possible. Note however that in the following graphs,
only the ten-spot average will be presented for clarity reasons.

In Fig. 4 the signal variation of the peaks characterized as
pigment markers (Fig. 1) is presented as a function of the laser-
shot number. Most of the pigments exhibit similar tendencies,
lasting approximately eight pulses before the signal from the
substrate becomes dominant, apart from samples E, J and K,
where this transition is observed after approximately ten shots.
The latter is understandable assuming a small difference of the
layer thickness, which is expected given the free-hand
manufacturing of the mock-up.

In the case of the binder K and paint D, the signal assigned
to the CN fragment is affected by the substrate contribution as
the etching of the paint proceeds. This is because this band
resides closely with some strong lines of Ca, which distort the
characteristic shape of the band when the substrate is irradi-
ated. This is evident in Fig. 4K, where CN and Ca signals
increase in parallel. Nevertheless, the difference between the
paints and the substrate is revealed by plotting their signal
ratio. This approach can also be applied to distinguish the
contribution from two layers of materials that exhibit similar

This journal is © The Royal Society of Chemistry 2024
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compositions (the pigment, binder, and substrate incorporate
Ca atoms and CN compounds) and can be particularly useful for
studying the layered structure of multiple paint layers, even
when organic pigments (like D) are employed. In some cases,
the LIBS signal originating from the substrate decreases after 30
pulses. Initially it was inferred that this could imply laser
penetration and irradiation of the lower parts of the mock-up
(hide glue and plywood). To clarify that, we recorded the LIBS
signal of the mock-up for 60 pulses in various spots on the
mock-up, and then we analyzed the CN/Ca signal ratio, which
was expected to show a considerable variation between the

mock-up’s priming substrate (hide glue plus CaCO;) and the
first layer of pure hide glue that was applied on the bare wood.
However, we observed that even though the overall signal
decreases, the CN/Ca ratio remains constant throughout the 60
pulses, indicating thus that the substrate has not been pierced
even after 60 pulses.

It is clear that the identification of various pigments is
plausible by taking advantage of the proper markers in the LIBS
spectra as discussed in detail above. In the case of paints/
materials of similar composition, the identification is safer by
utilizing the signal ratio of these markers.
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Study of the superimposed paint layers

The next step is to investigate the potentialities of the employed
fs-LIBS set-up for the investigation of the superimposed paint
layers, i.e., the twelve square areas of the mock-up that were
painted with two consecutive (yet different in terms of compo-
sition) paint layers (paints A-J). In Fig. 5 the recorded peak
intensities corresponding to the defined markers (see above) are
depicted as a function of the laser shot number.

The etching rate of the paint layers is expected to be the same
regardless of the order of deposition/application, given that the
layers are sufficiently thin, ie., comparable to the Rayleigh
length of the focused laser beam. Therefore, variation in the
pulse number required for removing a layer is a clear indication
of thickness difference among the layers. Such differences are
observed in the cases where C & D and H & G paints are applied
on the mock-up and therefore, as illustrated in Fig. 5 for both
layer arrangements.

Furthermore, we found that the shots needed to penetrate
the ensemble of paints is about double than the single-layer
case. Of course, there are some exceptions, and this may be
attributed to the paint layers being inhomogeneous (i.e., of
varying thickness). For example, A/B shows that the markers of
first layer (paint A) are only seen in the six first pulses, and then
the emission lines corresponding to the marker of the lower
layer (B) begin to appear in the spectra. On the other hand, in
the case of H/G, titanium oxide (H) is evident in the spectra even
after 18 pulses, while in G/H (dotted line in Fig. 5 (H/G)) the
TiO, layer lasts 12 to 14 pulses. This incongruity could be

View Article Online

Paper

related to physical process associated with the width of each
layer. Similar conclusions are drawn from Fig. 5 (C/D) and (D/C),
where the organic pigment D is significantly thicker in the first
case, resisting for almost double the number of pulses
compared to the later. The latter case might well be linked to the
need to apply a significantly thicker layer of alizarin lake to fully
cover a white substrate (i.e., the preparation ground, case C/D)
than a dark red substrate (i.e., hematite, case D/C).

The above interpretation of the variation laser etching rate is
in agreement with paint layers thickness measured by inspect-
ing with an optical microscope the micro-samples extracted
from the mock-up. From Fig. 6 it is evident that the thickness of
the layers varies across the painted surface. In Table 2 the
thickness variation range of each pigment is presented.

Therefore, it is clear that for the vast majority of the two-
layered samples it is possible to safely identify the individual,
successive paint layers. Thus, the potential of LIBS for the
distinction of the layers containing some common elements is
revealed, as demonstrated in the case of the organic pigment D
and the inorganic pigment C. Even for layers that incorporate
similar elements like E/F and J/I combinations, in which cases
both pigments contain primarily iron oxides, LIBS spectra offer
the ability for discrimination by considering the emission
signal of accompanying elements, like silicon and aluminum.

XRF imaging measurements were performed to extract the
two-dimensional elemental maps of the under-investigation
mock-up. The Fe Ka intensities map shown in Fig. 7 (left)
contains about 200k pixels/spectra, while the measuring time
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Fig. 5 Depth profile of layered samples. Two paints (composed of discrete pigments) are applied in each sample/square. The inserts in graphs
are referred to markers used to investigate pigments (see Fig. 1 for indexing purposes). The combinations of paints are presented in each graph
too, with the first letter indicating the upper layer. In the case of H/G (i.e., H over G), the dotted lines represent the inverse layering case, i.e., G/H.
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Fig. 6 (Up) Paint layer E (red ochre) over paint layer F (gold French
ochre); OM, 200x. (Bottom) Paint layer H (Ti white) over the calcium
carbonate substrate; OM, 200x.

Table 2 Range of paint layers' thickness (min—-max) as measured in
corresponding samples’ cross-sections

Paint layer thickness

range (um)
Pigment Codename Minimum Maximum
Vermilion A 18 35
Ultramarine blue B 17 32
Hematite C 13 47
Alizarin dark D 17 38
Red ochre E 17 72
Gold French ochre F 10 42
Caput mortum G 20 37
Titanium white H 12 65
Terra ercolano I 27 73
French raw sienna J 24 66
Egg yolk + water K 64 82

per pixel/spectrum was 20 ms. Fe Ko intensity variations are
observed between the different pigment “squares”. These
intensity variations are related, through the X-ray fundamental
parameters theory, to the in-depth Fe weight concentration
distribution and matrix composition. The X-ray characteristic
intensities variations are observed not only between the
different pigment “squares” but also within the same “square”.

This journal is © The Royal Society of Chemistry 2024
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On the square “A/B”, in Fig. 7 (left), two marked areas (“1” and
“2”) differ in the Fe Ko brightness. Each area consists of 238
pixels, with a total measuring time of 4.8 s per area. The average
MA-XRF spectra (sum spectrum divided by the number of
pixels) of areas “1” and “2” are depicted in Fig. 7 (right).
Inspecting the XRF spectra, differences are observed concerning
the intensity of the characteristic transitions and scattered
radiation. The observed intensities variances are due to the
elemental distribution and the specimen’s structure across the
probing depth, without allowing the extraction of information
as a function of depth. The Fe and Mn K transitions are higher
in the spectrum of area “1” (spectrum “1”) relative to the spec-
trum of area “2” (spectrum “2”). In the rest of spectrum “1” the
intensity is lower than the spectrum “2”. The lower scattered
radiation intensity in spectrum “1” reveals a higher mean
atomic number in area “1” relative to area “2”.'>** This should
be attributed to higher “effective” Fe concentration across the
probing depth in area “1”. The acquired LIBS spectrum in the
square “A/B”, shown in Fig. 5 A, reveals the presence of a Fe-rich
top layer, followed in sequence by Si- and Ca-containing layers
(the LIBS measurement agrees with the structure of the mock-
up: mars black over ultramarine over the CaCO; preparation
ground). The LIBS point-extracted structure allows us to assume
that it is representative of the pigment's structure over all the
square “A/B”. The LIBS provided information that Fe is only on
the top layer, allowing us to conclude from the XRF spectra that
the top layer is thicker in area “1” relative to area “2”. The
observed top layer (mars black) thickness variations correspond
to the difference in brush strokes, which is expected given that
the paints were applied free-hand. The XRF spectrum “2” shows
higher intensities of the Si, S, K, and Ca K X-rays relative to the
spectrum “1”. The Si K X-rays originate from the second top
layer, as has been deduced from the LIBS measurement. The
presence of Si, Al, and Na in the LIBS spectra (Fig. 2f) (S is hardly
detected by LIBS), and the intensity correlation between S Ko
and the weak Si Ko transition in the XRF spectrum supports the
presence of ultramarine. Possible thickness variations of the
ultramarine layer are not expected to contribute to the intensity
variations S and Si Ka transitions, as a few um thick ultramarine
layer is infinite thick from these transition energies' (the
ultramarine thickness as extracted from the sample's cross-
section is in the range of about 20-30 pm). Consequently, the
higher intensity of S and Si Ka. transitions in the XRF spectrum
“2” confirms that the top layer is thinner in area “2”. Finally, the
Ca K transitions originate from the bulk CaCO; substrate/
preparation ground. The intensity variations as a function of
the position are attributed to the above-lying layers, while the
Ca K transition intensities are in anticorrelation with the Fe K
transition intensities.

Evaluation of the fs-laser interaction

Having shown that the irradiation of a single location on the
mock-up paints with only two pulses provides a solid ground for
the extraction of safe conclusions on their elemental composi-
tion and layering, the next step is to examine the size of the
induced damage on the subject. Therefore, photomicrographs
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Fig. 7 (Left) Fe Ka intensity map obtained in the framework of MA-XRF analysis. In specimen “"A/B" (mars black over ultramarine) two different in

Fe intensity areas are marked with blue ("1") and red ("2"). Each area consists of 238 pixels. (Right) MA-XRF mean spectra of areas "1" and “2".

of the produced craters on paints H and C are presented in
Fig. 8. Note that these two paints showed the smallest (~40 pm)
and largest crater (~110 pum) respectively, induced by the
employed laser beam (A = 800 nm, 30 fs pulse duration, 150 pJ
per pulse, ~10'* W cm™?). Additionally, in the case of paint H,
slight discoloration of the layer is observed around the crater
area. Moreover, in case of the paints A, D and E, authors were
unable to spot the induced craters through the employed
microscope. As for the paints B, F, G, I, J and K, the diameters of
the corresponding craters were found to be equal to 60, 80, 90,
90, 80 and 60 um respectively (estimated error &+ 10 pm) with
clear edges (no discoloration).

Compared to the values reported in the pertinent literature,
the diameters of the induced craters are considered acceptable.
Indeed, most of the previous reports have used ns laser systems
which despite having the advantage of being semi-portable,
cause thermal effects which create extensive damage on the
object.>*** Moreover, Bruder et al., studied ultramarine-based
paint layers using a macro-LIBS setup, creating holes that
where measured to range between 340 and 465 pm.** In
comparison, our measurement on the same paint layer is
approximately 60 um. Other studies,*****>%® reported diameters
in various paint layers that where near or above 100 um. At this
point we can make a rough estimation of the amount of
pigment that is removed by each laser pulse. By combining the
data in Table 2 and those of the Fig. 5 we can estimate that the
average thickness removed per laser pulse is roughly ~3 pm.

Fig. 8 Photos from the irradiated areas of paints "H" (a) and C (b),
captured using an optical microscope.

862 | J Anal At Spectrom., 2024, 39, 854-867

Of course, even such a micro-destruction is often consid-
ered problematic in case of an art/archaeological object. In
some instances, it can be avoided by applying XRF techniques.
In the current study, MA-XRF measurements were performed
alongside LIBS on the investigated mock-up, and the relevant
analytical results were comparatively assessed. Regarding the
presence of heavier elements, it is resolved absolute agree-
ment between LIBS and XRF data. Note, however, that even
though LIBS induces craters on the analyzed object, the
technique cannot be deemed as obsolete, mainly because it
offers (a) the ability to detect some lighter elements like Na
and Al (whose detection is rather problematic via conventional
XRF set-ups) and molecular fragments like C, and CN which
are of importance in many cases, and (b) the possibility to
study the elemental profiling of the analyzed object. On the
other hand, elements like chlorine and sulfur are difficult to
safely assign using LIBS (especially in the spectral region
examined in the current study), yet they can be easily detected
using XRF. For instance, the Ka X-ray characteristics transi-
tions of S (2.31 keV) and Cl (2.62 keV) are readily observable on
XRF spectra. The S and Cl MA-XRF elemental map for the
scanned mock-up is presented arr Fig. 9. The S distribution is
profoundly seen in target I (terra ercolano) and in target I/J
(terra ercolano over raw sienna), and it pertains to the pres-
ence of sulfur in gypsum which is a constituent of the terra
ercolano pigment. The intensity difference between targets I
and I/J should be attributed to the different thicknesses of the
terra ercolano layer. Moreover, the S vanishing in the target J/I
(raw sienna over terra ercolano) is attributed to the absorbance
of the substrate-emitting sulfur K X-ray characteristics from
the raw sienna overlayer. The S distribution is also profoundly
seen in target B (ultramarine) and target B/A (ultramarine over
mars black). The MA-XRF sum spectrum of target B is shown in
Fig. 9b.

The complementarity of LIBS and XRF techniques in the
present set of experiments, is also revealed in the case of
ultramarine blue where aluminum exists in the sample, yet as
seen in Fig. 9b, its detection is difficult in the XRF spectra.

This journal is © The Royal Society of Chemistry 2024
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shown.

Conversely, as seen in Fig. 2(f), tracing this element is
a straightforward process in LIBS.

Finally, an observation also indicative of the complemen-
tarity of the employed techniques is related to sodium detec-
tion. As mentioned earlier, sodium is found in all the paint
layers studied, although based on their presumable elemental
composition, it should only be detected in ultramarine (paint
B). Both techniques are important to validate the origin of the
detected sodium, as LIBS allows for the detection of sodium
and XRF for chlorine. Besides, the combination of the results
from both techniques indicates that the detected sodium
might reflect the presence of a sodium-chloride (NaCl)
component.

A step further: three-layered samples

From the above data analysis of two-layered samples, it is
evident that the use of the fs-LIBS technique offers very good
results in terms of pigment characterization, while the created
crater on the surface is rather significantly limited compared to
that reported by applying ns pulses.

This fact reinforces the belief that the technique could be
exploited for stratigraphy studies. As a first step in this direc-
tion, a new mockup was made by using the above-mentioned

I LINM I I M/LIN l
[ | [

Fig. 10 A photo of the mock-up with the three-layered samples is
presented.

This journal is © The Royal Society of Chemistry 2024

construction technique. The difference is that, in this case,
the samples under investigation consist of three paint layers
made of different pigments. In order to enlarge the number of
paint layers studied, three new pigments were used. In partic-
ular, single-layered samples of vermilion/cinnabar (HgS), lead
white (2PbCO;-Pb(OH),), and orpiment (As,S;) and their
combinations were applied on a panel primed with CaCO; pus
hide glue. A photograph of the mockup is depicted in Fig. 10,
while in Table 3, the codenames of the corresponding paint
layers and six-layer combinations of the three distinct paints in
different overlap sequences are noted.

Furthermore, in order to better interpret the LIBS and MA-
XRF data, the corresponding paint thickness of the layers was

Table 3 Name, composition, and the spectral features used as
markers of the studied pigments are presented. Information on the
chemical formulae and name of the pigments are drawn from the
website of the manufacturer®°

Selected spectral

Codename Pigment Chemical formula features

L Cinnabar HgS Hg 312.5 nm
M Lead white 2PbCO;-Pb(OH), Pb 261.4 nm
N Orpiment As,S; As 278.0 nm
Substrate  Calcium carbonate CaCO; Ca 317.9 nm

Fig. 11 (Left) Paint layer M (lead white) over paint layers L (cinnabar)
and N (orpiment); OM, 200 x. (Right) Paint layer N (orpiment) over paint
layers L (cinnabar) and M (lead white); OM, 200x.

J. Anal. At. Spectrom., 2024, 39, 854-867 | 863
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(Bottom) XRF-intensity distribution maps Ca Ka, Hg La, Pb La, and As Ka.

determined on cross-sections of microsamples extracted from
the second mock-up (Fig. 11). Thus, the thickness of the layers
found to vary in a value range of 8 to 33 um for cinnabar, 10 to
64 um for lead white and 10 to 56 pm for orpiment.

XRF imaging measurements were performed to extract the
two-dimensional elemental maps of the under-investigation
mock-up. The pixel size was 300 um, while the dwell time was
20 ms per pixel. The elemental transitions maps of the Ca Ka,
Hg Lo, As Ka, and Pb La are shown in Fig. 12. The Ca Ka
originates from the CaCO; preparation ground layer, while Hg
La, As Ka, and Pb La originate from the cinnabar, orpiment and
lead white, respectively. The XRF analysis in the case of the co-
existence of As, Hg, and Pb is not trivial due to the energy
overlap of the As Ko transition (10.54 keV) with the Pb La
transition (10.55 keV) and the As KB transition (11.73 keV) with
the Hg Lp transition (11.82 keV). The data analysis was
completed by applying spectral deconvolution using the Mé6-
Jetstream software. The intensity anti-correlation between the
Ca Ko and the rest of the transitions is apparent in the case of
single-layer samples. In the case of the multilayers, the Ca Ka is
not observed due to its attenuation. Intensity variations across
the samples allow information to be obtained about the

864 | J Anal. At. Spectrom., 2024, 39, 854-867

pigments' thickness not about the
stratigraphy.

Following the same methodology as before, we initially
determined applying LIBS measurements the characteristic
spectral feature of the elemental composition of each corre-
sponding pigment by investigating the single layered samples
(Fig. 12). Thus, the existence of cinnabar in the irradiated
sample is associated with the observation of a mercury (Hg)
transition (5d'°6s6p *P, < 5d'°6s6d *D,) at 312.5 nm while for
lead white and orpiment the spectral features at 261.4 nm
(6s*6p%(3/2,1/2) j = 1 —6s6p(> 1/2)6d2[3/2] j=1inPb)
and 278.0 nm (4s24p® ZP;/2<—4524p (*P)5s *P;, in As) are
respectively employed.

From the fs -LIBS spectra of the three-layered samples and by
utilizing these spectral features as markers it is possible to
identify the different paint layers that make up each sample. In
Fig. 13 the intensity of the characteristic spectral markers as

a function of the number of laser pulses incident to the surface

homogeneity but

is presented. Obviously, the number of pulses required to
penetrate each layer is a function of the laser beam intensity
and in this case, it is noted that the pulse energy of the 30 fs
pulse was 160 pJ focused on an area of ~550 um?.

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Depth profile of the three-layered samples. Three paints (composed of discrete pigments) are applied in each area. The inserts in graphs

are referred to the layer order (see Table 2).

Conclusions

In summary, the elemental composition of a mock-up painting
sample comprising ten pigments/paints, a painting medium,
and a painting substrate was investigated using Laser Induced
Breakdown Spectroscopy. Analyzing the recorded spectra of the
single-layered paints leads to tagging some spectral features as
characteristic markers of the pigments. A remarkable fact is that
sample irradiation by only a few low-energy fs laser pulses
results in accurate identification of the paints.

Taking it a step further, two- and three-layered samples were
investigated. Thus, accurate depth profile analysis can be safely
performed through LIBS based on the data collected from
mono-layer samples. It is important to note that the depth
profile analysis is independent of the paint placement order in
the multilayered sample. These results can be considered as
indicative of the potential of the fs-LIBS technique for stratig-
raphy studies. Obviously, there is a need for further investiga-
tion by performing experiments at different wavelength and
laser intensities.

The assessment of the possibilities of the fs-LIBS technique
is also strengthened by the fact that the well-known disadvan-
tage of LIBS ie., the creation of craters on the surface of the
sample under investigation, is minimized. In the present
experiments, it is found that the destruction of the paint surface
was kept to a minimum, with the diameter of the craters being
approximately 80 um for most of the paints.

XRF measurements were performed too. The results show
a good agreement between LIBS & XRF regarding the presence
of heavier elements; however, it has been shown that these
techniques are, in fact, complementary as some components

This journal is © The Royal Society of Chemistry 2024

were only clearly detected using LIBS (Na, Al, CN, etc.). In
contrast, others were identified solely by XRF spectroscopy (Cl,
S). Thus, the complementarity of LIBS and XRF spectroscopy is
revealed when comprehensive elemental and depth analysis is
concerned.
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