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Pigment darkening as case study of In-Air
Plasma-Induced Luminescence
M. Barberio1,2, E. Skantzakis3, S. Sorieul4, P. Antici1*

We introduce the use of an In-Air Plasma-Induced Luminescence (In-Air-PIL) spectroscopy as an alternative to
classical chemical and crystallographic methods used in materials science. The In-Air-PIL is evaluated on a case
study investigating the effect of light aging on the darkening of five pristine yellow pigments commonly used in
artworks. We show that the darkening is not associated to changes in the chemical composition, but to a loss in
crystallinity, indicating an amorphization process of the pigments induced and catalyzed by the light irradiation.
This favors the interaction of the pigment molecules with oxygen and carbon adsorbed from the environment or
solved in the binding agent, subsequently leading to the formation of oxalates and carbonates as observed in
other works. We demonstrate that the In-Air-PIL results are in perfect agreement with more complex classical
materials science analysis methods, making our plasma-driven method a potentially easier and faster technique.
INTRODUCTION
Obtaining exact information about the chemical composition, mor-
phology, and crystal habit of differentmaterials is ofmajor importance
in materials science. Classical methods unveiling morphological
information include scanning electronmicroscope (SEM) and atomic
forcemicroscope (1), whereas chemical information about thematerials
is obtained by different techniques such as x-ray absorption near-edge
structure (2, 3), time-of-flight secondary ion mass spectrometry (4, 5),
Raman, x-ray photoelectron spectroscopy, x-ray fluorescence (XRF),
and energy-dispersive x-ray (EDX) spectroscopy in SEM. A more
sophisticated and costly method for a comprehensive chemical anal-
ysis of bulk material is the use of nuclear physics techniques such as
particle-induced x-ray emission (PIXE) and particle-induced gamma
emission (PIGE) techniques, either driven by a conventional (6) or
laser-based accelerator (7). Recently, we introduced an alternative
method suitable to assess the chemical composition, crystal habit, and
optical properties ofmaterials using In-Air Plasma-Induced Lumines-
cence (In-Air-PIL) (8). We demonstrated in a proof-of-principle ex-
periment that the information acquiredwith ourmethodwas identical
to that obtained with the more sophisticated techniques mentioned
above (excluding the PIXE and PIGE techniques). Our In-Air-PIL
was achieved by the interaction of a focused high-energy laser with
air, an interaction that produces a submillimetric plasma. The energetic
electrons generated in the plasma and accelerated to energies higher
than 5 keV (in our case) reached the sample surface under investigation,
causing luminescence emission and plasmonic resonance. This enabled
the characterization of various chemical and optical properties. Hence,
our In-Air-PIL method allowed for the exact analysis of the sample in
terms of chemical composition and crystal habit, covering surfaces in
the range of tens of squared millimeter and in the time span of only a
fewminutes (8). In this previous work, we focused solely on themethod
itself, i.e., how the In-Air-PIL results compared to the classical lumines-
cence techniques. This was carried out to better understand the relevant
components that induce the luminescence.
Here, we investigate a possible application of the In-Air-PIL in
materials science, choosing the field of cultural heritage, and demon-
strate that the technique offers a straight-forward approach to support
several more complex spectroscopic methods (e.g., PIXE). This was
achieved by using the In-Air-PIL to investigate the darkening process
of pictorial pigment layers. Our In-Air-PIL also further provides in-
formation about the underlying causes in the darkening effect provoked
by light aging, which may explain some observations found in other
studies [e.g., (9)].

The topic of pictorial pigment layer aging is a very active field of
investigation since great demand has been expressed bymuseums, re-
storers, and scientists in understanding the causes of color darkening
(10). This is based on the fact that darkening often results in serious
and irreversible damage to precious artwork. Consequently, further
insight into the process of pigment darkening is required to better
define the conservation and exhibition protocols for paints and
objects decorated with pictorial pigment layers. These layers typical-
ly consist of inorganic pigments mixed with binding agents, which
can be organic or inorganic in frescos, and applied onto a canvas sur-
face. Currently, the main factors that influence the deterioration of
pigments are light exposure, humidity, pollution, and microbial con-
tamination (11). This can result in different effects such as the forma-
tion of a black oxide on the material surface (12), the transition of
secondary crystalline phases with distinct crystallographic properties
(13), the absorption of gases from the atmosphere (CO2, N2, and O2),
or the formation of a thin biological film on the surface (14). The
darkening process can also be related to the binding agents and to
the structuralmodification of the supportingmaterials, i.e., the canvas,
wood panel, ceramic, porcelain, etc. (15). Typical binding agents used
by artists are egg tempera, linseed oil, water, or Arabic gum (16). In
this scenario, it is thus imperative to understand fully the factors that
contribute to the aging of the most important pigments and the sub-
sequent causes of deterioration and darkening. Among environmental
risks, light remains one of the most unique since it can never be elimi-
nated nor completely controlled. Light is necessary for viewing the
artwork but, since it involves the transmission of energy, can also dam-
age it (17).

The darkening of some specific yellow pigments has already been
studied. A representative case is chrome yellow, a pigment that is
mainly composed of lead chromate and sulfide and that has been ex-
tensively used by van Gogh (18 ,19). For instance, at the base of his
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famous painting “Les Aliscampes,” large yellow areas have completely
lost their brightness, thus becoming dark. The reasons for the yellow
deterioration in the van Gogh artwork have been attributed to the for-
mation of a Cr(III)-species and to the loss of orthorhombic crystallin-
ity (20). Additional studies have been undertaken in the works of
Matisse (9), where the authors found that cadmium yellow (CdS) deg-
radation was attributed to the formation of cadmium carbonates and
sulphates present in the altered paint layers (9). Through the use of a set
of spectroscopic and morphologic analysis tools, the authors demon-
strated that the deterioration of the yellow, observed in several parts of
the painting, was caused by photooxidation products. This effect could
also be provoked by residual starting reagents generated from an in-
direct wet process synthesis of cadmium yellow (9).

Currently, little is still known about the darkening mechanisms
due to light aging of other yellow pigments that are widely used in
paintings by artists ranging from the Babylonian era up to the 19th
century. These include the following: Naples yellow (O7Pb2Sb2), cad-
mium yellow (CdS), chrome yellow (PbCrO4), litharge (PbO), and or-
piment (As2O3). Many of the investigated yellow pigments had their
artistic peak in the paintings of the 16th to 19th century. In the paint-
ings “Sansone eDalila” by Rubens (1609) (21), “Ritratto di gentiluomo”
by Tiziano (1510) (22), and “La chambre à Arles” by van Gogh (1888)
(23), different pigments were preferred by the individual artists. For
instance, Naples yellow was mainly used by “The Old Masters” pain-
ters of skill whoworked in Europe before 1800 (see as an example “The
Sleeping Venus” by Giorgione).

Since the role of the main organic binding agent in the darkening
process is well known and has already been extensively studied in
other works (19, 20), we set our focus on the role of the linseed oil
related to the above mentioned five yellow pigments. We also em-
phasize that the difference between our study and most other papers
in the literature that deal with the darkening of pictorial layers is that
we concentrate only on the effect of the sunlight irradiation on the
pure and pristine pigments without considering the influences of the
exposure to environmental agents [as the wet process observed in
(9)]. Most other authors have analyzed the pigment degradation di-
rectly on the original paintings and its effect produced over years,
even hundreds of years, by the exposure to light and environmental
agents. We focus our attention merely on the effect of sunlight since
it is one of the principal causes of the degradation.
Barberio et al., Sci. Adv. 2019;5 : eaar6228 7 June 2019
RESULTS AND DISCUSSION
We performed our experiments on five pictorial layers composed of
two components: an inorganic pigment powder with linseed oil as
the binding agent. Details regarding the pigments and their prepara-
tion are provided in the Materials andMethods section. We used the
five yellow pigments mentioned above (i.e., Naples yellow, cadmium
yellow, chrome yellow, litharge, and orpiment) in combination with
the linseed oil–binding agent since it is the most commonly used.
Moreover, linseed oil has the advantage that its effects on the aging
of pictorial layers are well known and can be considered negligible in
our case. In addition, many reports including the important studies
on chrome yellow (18, 19, 20) indicate that the degradation of the
pictorial layer is independent of the binding agents. This paper is
organized as follows: First, we performed optical absorption measure-
ments to test changes in absorption during the aging process (details
regarding the experimental setup and measurements can be found in
the Materials and Methods section). We also verified the effect of the
absorption on the pictorial layers using chemical and morphological
analyses.We subsequently applied the In-Air-PIL technique to the dif-
ferent samples and compared the results obtained to other more con-
ventional techniques. Last, we evaluated changes in the crystallinity of
the pigments and compared the outcomes with those obtained from
the PIXE and luminescence techniques.

The results of the optical absorption measurements are summar-
ized in Fig. 1 and Table 1 for all pigments. It is clear that the absorb-
ance, for all analyzed pictorial layers, increases with aging time in the
entire visible range (Fig. 1A), reaching a saturation value that is strictly
dependent on the pigment type. The aging causes a decrease in the
reflectivity for all spectra in the visible range with a stronger effect
at wavelengths approximately 600 nm (yellow) (see Fig. 1A). All the
pictorial layers reach a total absorbance (calculated as the normalized
integral of the absorbance in the considered spectrum) between 0.8 and
1 (see Fig. 1B). The variation with respect to the nonaged layers varies
from 8% for orpiment to 55% for Naples yellow (Table 1). The time to
reach saturation, as estimated from the curves in Fig. 1C, varies between
20 and 150 min. (Table 1), indicating a fast aging process for pigments
with a low variation in absorbance (chrome yellow and orpiment) and a
slow process for the pigments with a very high level of variation (Naples
yellow, cadmiumyellow, and litharge). No changeswere observed in the
absorption of pure linseed oil during the 6-hour aging process.
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Fig. 1. Optical absorbance. (A) Absorbance spectra for Naples yellow taken at regular intervals of 30 min. (B) Total absorbance a in the entire visible range, obtained
as integral of a(l), evaluated between 400 and 800 nm. (C) Variation of the total absorbance with respect to the nonaged layers as function of aging time.
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Subsequently, we performed chemical analysis of all samples using
EDX spectroscopy before and after aging for all the pigment types
(see details in the Materials and Method section, the Supplementary
Materials, andTable 2). For all the pictorial layers, EDX spectra indicate
the presence of the main chemical components that are characteristic
for pigments and canvas, i.e., Pb, Sb, S, Cd, Cr, and O, with a small
amount of Zn and Ba impurities that are present in the Naples yellow
and cadmiumyellowpigments (the pigments that show greater changes
in absorption). The presence of carbon observed in all pigments was
attributed to carbon absorbed from the atmosphere (present in all
the materials exposed to atmospheric conditions) by the linseed oil
and canvas. Evaluated with the standard oxide method, the chemical
composition in all samples (in percent) remains unaffected by aging.
Minor variations below 5% are within the limit of experimental error
and negligible for this discussion (see the Supplementary Materials).
The chemical results undoubtedly indicate the absence of chemical
changes during the aging [within the detection limit of our EDX:
1000 parts per million (ppm)], suggesting that the darkening process
of the pigments is unrelated to chemical changes, oxide formation, or
adsorption-desorption of elements and impurities during aging. The
conclusion that the chemical composition does not change is supported
by the chemical andmorphological analysis of the surface. SEM images
of all pigments, obtained before and after aging, indicate that the struc-
ture of the pictorial layer surface remains unchanged during the aging
process since nomacroscopic changes (cracks and fractures) are visible
(see the Supplementary Materials).

Having assessed the absorption of the different pigments and the
chemical changes during the aging process, we proceeded to irradiate
Barberio et al., Sci. Adv. 2019;5 : eaar6228 7 June 2019
the samples with our In-Air-PIL technique (for details about the ex-
perimental setup and the method, see the Supplementary Materials).
The plasma used for the In-Air-PIL was generated by the interaction
of a focused high-energy laser with air. The laser was operating at a
wavelength of 800 nm at a 10-Hz rate delivering pulses of 4 mJ in a
duration of 20 fs. The plasma produced in this interaction illumi-
nated our samples over a surface of about 3 cm2. The In-Air-PIL
results are displayed in Fig. 2. The spectra maintained the same
structure before and after light irradiation. In particular, we observed
four bands for Naples yellow (654, 707, 714, and 762 nm), five bands
for orpiment (654, 720, 756, 765, and 773nm), three bands for chrome
yellow (641, 703, and 760 nm), and three bands for cadmium yellow
(661, 729, and 768 nm); for litharge, we found bands at 656, 722, and
776 nm. The luminescence band positions, obtained by a Gaussian fit
of the original spectra, indicate that the chemical composition of each
pigment is unchanged before and after irradiation (see the insets of the
different subpanels and the table in Fig. 2). With the exception of one
band in the litharge sample (approximately 722 nm), no band shift was
observed due to the irradiation, confirming the results of the EDX and
PIXE chemical analyses (see below). The band shift before and after
irradiation for the second peak of litharge (approximately 722 nm) can
be caused by some evaporation of oxygen (as observed also in the PIXE
analysis), which causes oxygen vacancies in the lattice structure, result-
ing in changes in the luminescence emission. In all pigments, all ob-
served bands are comparable with the data available in the classical
cathodoluminescence database [CSIRO (24) and see also (25)] and
can be attributed to the intrinsic defects of the crystal lattices (i.e., ox-
ygen and lattice vacancies or extrinsic impurities). For example, the
peaks in the orange-red wavelength range (570 to 630 nm) are charac-
teristic of lead oxide composites (orpiment basis) and are usually
attributed to oxygen interstitials in PbO (24, 25, 26), while the band
approximately 760 nm in chrome yellow is usually attributed to the
CrO4 emitter (24). In all pigments, the strong intensity decrease ob-
served for all bands after the aging process indicates a strong changes
in the lattice structure, as confirmed by x-ray diffraction (XRD) anal-
ysis (see below). Nevertheless, the In-Air-PIL spectra indicate a strong
change in the width of the bands after aging. The red bands located
about 650 and 720 nm increase in width by approximately 35% after
irradiation. The broadening of the luminescence lines indicate a re-
laxation in the structural lattice (25), which translates from an ordered
to a disordered phase. This is in agreement with our crystallographic
measurements.

The results obtained on the chemical composition of the surface
using both EDX and In-Air-PIL are confirmed by the PIXE analysis
Table 1. Summary of changes in the total absorbance as function of
aging time.
Pigments
 Increase in absorbance when
at saturation value (%)
Aging time for
saturation (min)
Naples yellow
 55%
 150
Cadmium yellow
 40%
 150
Litharge
 25%
 150
Chromium yellow
 15%
 20
Orpiment
 8%
 20
Table 2. Summary of the EDX results for major constituents (in %).
Naples yellow
 Cadmium yellow
 Litharge
 Chrome yellow
 Orpiment
O7Pb2Sb2
 CdS
 PbO
 PbCrO4
 As2S3

Before
 After
 Before
 After
 Before
 After
 Before
 After
 Before
 After
PbO2
 62.70
 63.19
 SO3
 37.04
 37.38
 PbO2
 20.88
 22.20
 PbO2
 80.96
 78.81
 As2O3
 50.78
 51.16
Sb2O3
 33.58
 33.16
 CdO
 45.23
 44.68
 CO2
 79.12
 77.80
 Cr2O3
 19.04
 21.19
 SO3
 49.22
 48.84
ZnO
 3.72
 3.65
 BaO
 7.23
 7.25
ZnO
 10.50
 10.69
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performed on the pigment bulk layer by irradiating the surface with
3-MeV protons (for details regarding the PIXE analysis, refer to the
Materials and Method section). Compared to EDX, which provides
the surface chemical composition within the first 1 to 2 mm, the PIXE
analysis allows determining the elemental chemical composition
for deeper depths. For our materials, 3-MeV protons penetrated
to depths up to 20 mm (27). Representative PIXE data for the Naples
yellow, chrome yellow, and orpiment pigments are shown in Fig. 3.
All the data indicate that, with enlightening, both the concentration
of impurities and trace elements stay constant or decrease. In the case of
Naples yellow, e.g., the contribution of Si remains stable at/around ap-
proximately 0.65%. S decreases from 2.3 to 1.7%, while the contribu-
tions of Fe and Ni decrease from approximately 0.06 and 0.01%,
respectively, to below the detection threshold. In addition, the contribu-
tion of Ca, likely to be attributed to the canvas or external
environmental contamination, decreases from 0.6 to 0.3%. However,
there is a marked increase in the concentration of the main compo-
nent Pb, which increases from 85.2 to 97.3%, partially attributed to
the evaporation of elements adsorbed in the pictorial layer such as O
and H. Note that, as displayed in Fig. 3, the concentration of Pb de-
creases with aging. The total number of other elements, detectable
and not detectable (our PIXE detector was able to detect elements
with atomic weight heavier than that of Na), is reduced with aging.
Hence, the total percentage concentration of Pb increases in the
aging process. Together, these findings indicate that the light ir-
radiation does not change the chemical composition of the pigment
but only reduces the presence of impurities (which can desorb during
the light irradiation) and enhances the presence of themajor elements.
Moreover, the enlightening can change the chemical arrangement of
Barberio et al., Sci. Adv. 2019;5 : eaar6228 7 June 2019
the atoms in the crystalline structure. The analysis of the other pig-
ments, particularly chrome yellow and orpiment, shows very similar
results with an unchanged chemical structure before and after aging.
Again, in all the pigments, the evaporation of O and H causes an in-
crease in the concentration of the othermain elements and impurities.

We performed XRD analysis to shed light onto possible crystal-
line structure modifications (all details, including graphical figures,
can be found in the Supplementary Materials). The XRD patterns of
all pigments obtained before aging show a polycrystalline structure
composed of the pigment crystalline structure and CaSO4. Again,
taking the Naples yellow pigment as a representative example for
all pigments, Fig. 4A displays the diffraction pattern for the layers
with higher darkening before and after 6 hours of aging. The reflec-
tions assigned to the canvas and to the pigment are indicated by the
“C” and “P” letters, respectively. The strong CaSO4 presence can be
assigned to the canvas, as confirmed by the XRF analysis on the
blank canvas illustrated in Fig. 4B. This graph merely indicates the
presence of Ca on the white canvas, which is confirmed by the EDX
analysis (see the SupplementaryMaterials). Note that the elements C
and S are not detectable using the XRF technique. In the XRD pat-
tern, we do not observe bands that can be attributed to the crystalline
nature of the linseed oil. This indicates that the amorphous structure
of the binding agent is identical before and after aging and excludes
its possible crystallization during the light aging process. The analy-
sis of the XRD patterns of all pigments indicates that, after aging, the
CaSO4 line completely disappears or decreases in intensity by at least
90%. This is observed in Fig. 4 and fig. S3 that compare the XRD
patterns before (black line) and after (red line) aging. Similarly, all
the other bands decrease due to the crystalline nature of the pigments,
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Fig. 2. In-Air-PIL spectra for the different pigments. In-Air-PIL spectra between 580 and 760 nm for all the analyzed elements (as indicated on top of each panel)
before aging (black line) and after light irradiation (red line). The insets show the Gaussian analysis on the spectra for identifying the band position and its width. The
PIL band positions are listed in the table at the bottom right.
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causing a loss of crystallinity ranging from 30 to 90%. Moreover, we
observe a general increase in the crystalline size, which varies from a
few Ångstrom to nanometers, indicating a coalescence/aggregation
of the pigments’ grains, which are too small to be identified in the
SEM images but important enough to modify the optical properties
of the pigments (XRD results are summarized in the Supplementary
Materials). In addition, the crystallographic analysis indicates that,
during aging, the crystallinity of the pigments changes from being
well-defined to disordered, having identical elemental andmolecular
composition compared to the original pigment. Similar conclusions
can be made for all other pigments (see the XRD tables for all other
pigments in the Supplementary Materials).

The decrease in the crystallinity and the increase in the crystal size
indicate a general relaxation in the structural lattice, which results in
the increase of optical scattering of the pictorial layer and, conse-
quently, in a strong loss of reflectivity. It is well known that when light
is irradiated onto nonoriented structures, the light reflectance de-
creases since a large quantity of light is dispersed in the grain boundary
(28, 29, 30). A direct consequence of the light dispersion is an increase
in the absorbance and the bulk scattering, which causes the darkening
of the pictorial layer. Moreover, the increase of scattering in the re-
laxed lattices can easily explain the quenching of the CaSO4 lines after
aging. The transmittance through the pictorial layer is strongly re-
duced, and the x-ray beam does not reach the canvas (the lines that
are characteristic of the canvas disappear). We can therefore deduce
that the darkening of the yellow pigments under consideration is
caused by a strong change in their crystallinity. In addition, we observe
an amorphization of the pigments, which lose up to 90 to 95% of their
crystallinity. This is confirmed by the saturation of the absorbance
curves displayed in Fig. 1. Contrary to other works on yellow pigment
darkening (19, 20), we do not observe any formation of oxides or
changes in chemical composition within the detection limit of the
spectroscopic techniques used [1000 ppm, 0.1weight% (wt%)].How-
ever, it is likely that the consequence of the lattice deterioration in a
real exposure scenario (i.e., including other external environmental
agents such as humidity) can favor the interaction of the pigmentmo-
lecules with O and C adsorbed from the environment or dissolved in
the binding agents. As a result, this can lead to the formation of oxa-
lates and carbonates observed, e.g., in other works [see (9)].
CONCLUSIONS
In this work, we introduce the use of In-Air-PIL as an alternative to
classical chemical and crystallographic techniques used in materials
Barberio et al., Sci. Adv. 2019;5 : eaar6228 7 June 2019
science. We compare the techniques on a series of five yellow pig-
ments, painted as pictorial layers on canvas, to understand the effects
of the light aging in atmospheric conditions and at room temperature.
The analysis was performed under constant experimental conditions
(temperature, humidity, and bacteria presence). We compare mor-
phological, chemical, and crystalline properties of all pigments before
and after aging and monitor the optical absorption during the entire
light aging process. Our results indicate that the primary effects of the
light aging is the darkening of pigments with an increase in optical
absorption of about 55% in 120min for Naples yellow, a pigment with
a higher darkening effect. This change in reflectivity is not directly re-
lated to chemical or morphological changes, since we do not observe
any changes in the chemical composition or in the morphological
structure. However, we observe a strong change in the crystallinity
of the pictorial layers. The polycrystalline structure of the pigments
is reduced by approximately 30 to 90%, while the crystallite size in-
creases by an average value of 35%, indicating a relaxation in the
crystal lattice. The structural relaxation causes an increase in the light
scattering and absorption into the pictorial bulk and, subsequently,
darkening of the layers. In-Air-PIL results, obtained in 5 min, display
a luminescence emission having the same bands before and after the
light irradiation. This indicates that the chemical composition of the
materials remains unaltered; however, changes in their concentration
are present. Moreover, a strong variation in the luminescence after
irradiation substantiates the transition to a disordered phase. This
confirms that the cause of the darkening is strictly related to the
changes in the crystal lattice, which favors the effect of other external
environmental agents.
MATERIALS AND METHODS
Pictorial layer preparation
We performed our experiments on five pictorial layers composed of
two components: (i) the inorganic pigment powder and (ii) linseed
oil as binding agent. The enlightening aging behavior of five different
yellow pigments (Kremer Pigmente, Germany and Ditta G.Poggi Srl,
Via del Gesù, 74/75, 00186 Roma, Italy), i.e., Naples yellow (Kremer
pigment no. PY 41.77588), cadmium yellow (Kremer pigment
no. PY 35.77205), chrome yellow (Ditta G.Poggi), litharge (Kremer
pigment no. PY 46.77577), and orpiment (Kremer pigment no. PY
39.77086), was performed on commercial pigment powder samples
(50 mg) mixed with 30 mg of linseed oil. The pictorial solution was
subsequently deposited on a commercial canvas holder [mainly com-
posed of calcium sulfate (CaSO4∙2H2O)] with dimensions of 2 cm by
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Fig. 4. XRD pattern and XRF spectrum. (A) XRD patterns of Naples yellow
before (black line) and after (red line) aging, as a representative example for all
pictorial layers. The letter P indicates the crystalline lines of the pigments, and C
indicates those of the canvas. (B) XRF spectrum of the white canvas.
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2 cm. The drying time for the pictorial layerswas fixed to 15 days, while
the thickness of the deposited layers was on the order of hundreds of
microns. All pigments studied were pure, i.e., without the presence of
external impurities caused by the synthesis processes. Chemical anal-
ysis conducted on pigment powders (XRF, EDX, and XRD) revealed
the absence of impurities within the detection limit of each method
(0.1% of weight %).

Light aging
The light aging of pigments was induced by several hours of light ex-
posure at room temperature and in atmospheric conditions, under a
white lamp (Scanlite) working in the spectral range between 300 and
800 nm, with a stable power of 3 mW/cm2 over the entire spectrum.
This power corresponds to about 30 times the average irradiation of a
4-m2 surface (size of a large canvas) in typical exposition conditions;
1 hour of our exposure can be considered equivalent to 1 month of
full-time exposure by the commonly used lamps in museums. The
lamp power was chosen to prevent the melting of the pictorial layers
obtained using the different pigments. The temperature on the canvas
was monitored during the entire aging process and was kept stable
between 25° and 30°C without reaching temperatures capable ofmelt-
ing the pictorial layers, and thatwould strongly influence the aging pro-
cess. A blank canvas and a canvas with a simple deposition of 30mg of
linseed oil also underwent the aging process to investigate their pos-
sible influence on the darkening process. All the samples (i.e., the five
pictorial layers related to the pigments, the white canvas, and the lin-
seed oil canvas) were submitted simultaneously to the aging process to
exclude the influence of experimental and environmental conditions
when comparing the aging results. The aging process was stopped af-
ter 6 hours of light exposure when all the materials reached a stable
saturation value in the optical absorbance. All the aging processes were
repeated three times for testing the reproducibility of the results. The
optical absorption of the pictorial layers was monitored during the
entire aging process at regular time intervals of 15 min. The absorb-
ance reached a saturation value in about 2 hours and remained stable
during the successive irradiation. Moreover, we monitored the stabil-
ity on all pictorial layers for about 4 hours. Our analysis was stopped
after 6 hours since additional irradiation times did not affect our
measurements.

Optical absorption
Measurements of the optical reflectance during the laser irradiation
were obtained, irradiating the pictorial layers with a white lamp
(Energetiq LDLS, Laser-Driven Light Source) under confocal micro-
scope conditions (Olympus 900, HORIBA), and the reflected spectra
were taken by a TRIAX 320 (HORIBA Jobin Yvon) spectrometer
working in the 300 to 800 nm range. The optical absorption was then
evaluated using the standard equation

aðlÞ ¼ 1� IrðlÞ
I0ðlÞ ð1Þ

where Ir and I0 are the reflected and source intensity at each wave-
length, respectively. The total optical absorption was evaluated from
the integral of a(l) on the whole visible range and normalized to have the
maximum value of 1 for a constant value of a(l) = 1 in the entire 300- to
800-nm spectral range. We are aware that our formula is simplifying
the real physical phenomena, better described by the Kubelka-Munk
formula. However, scattering in pigments is most pronounced when
the particle diameter is about half that of the light wavelength. In the
Barberio et al., Sci. Adv. 2019;5 : eaar6228 7 June 2019
present case, as the structures have a dimension in the hundreds of
nanometers, scattering effects may be neglected.

Analysis using classical morphological and
chemical methods
Morphological information on the pictorial layers before and after
aging was obtained with SEM microscopy using a Stereoscan SEM
microscope working with an energy of 20 keV. Chemical informa-
tion on all samples was acquired using EDX spectroscopy, under SEM
conditions, and realized simultaneously to the image acquisition. The
weight % of each element in the pictorial layers was obtained by the
standard oxide analysis of the EDX data. The chemical composition
of the canvas had been verified by both EDX andXRF. XRFmeasure-
ments were conducted with an X-123 SDD apparatus (Amptek, USA),
equipped with a gold cathode and a beryllium revelator operating at
a fixed angle. The PIXE analysis was conducted using the AIFIRA
(Applications Interdisciplinaires de Faisceaux d’Ions en Région
Aquitaine) accelerator facility of the CENBG(Centre d’EtudesNucléaires
de Bordeaux-Gradignan) located in Bordeaux. The samples were
irradiated in air by a proton beam with a nominal energy of 3 MeV,
beam current of 500 pA, and beam size with diameter 500 mm for
20min inHe flux. ThePIXE spectrawere analyzedwith a Si(Li) detector
Gresham equipped with a “funny filter” (Al foil thickness, 100 mm; hole
size, 500 mm) (31) to keep the dead time below 10%. Last, the crystal-
linity of the surfaces was investigated by XRD using a monochromatic
Bruker XRD spectrometer working with the Cu Ka line and using a
2Q configuration at 3° of incident x-ray beam to analyze simply the first
nanometers of the target surface. XRD spectra were analyzed using the
EVA software distributed by Bruker to determine the crystallinity. A
Gaussian model fit was used to evaluate the band centers and full
widths at half maximum to obtain the crystallinity size following
the well-known Debye-Scherer law.

Analysis using the In-Air-PIL method
The in-air plasma was generated by interaction of a strongly focused-
down laser with air (see experimental setup in Fig. 5).We used the Ti:
S laser system located at FORTH, which delivered at a 10-Hz repeti-
tion rate, 20-fs pulses with carrier wavelength of 800 nm, and an
energy of approximately 4 mJ per pulse. This energy corresponds
to less than the nominal laser energy (400 mJ) but was chosen to
be consistent with the previous In-Air-PIL experimental setup, as
described in (8), which consisted of a series of transport optics, an
on-axis parabola, a series of imaging lines for the plasma analysis,
and luminescence collection. The luminescence emission was stimu-
lated by the portion of plasma radiation collected on the sample sur-
face, which was round with a diameter of 2 cm. This size can be
reduced with the use of irises or other shielding methods. We per-
formed In-Air-PIL measurements of the pure canvas to evaluate its
effect around the pictorial layer. The contribution of the canvas was
found to be negligible and was filtered as background from the pure
signal. Luminescence emission at an angle of 45° was collected by a
lens positioned at 4.5 cm from the irradiated target (focal distance)
and transferred through an optical fiber to a spectrometer working in
the visible wavelength (VIS) range (OceanOptics USB4000). Each
luminescence spectrum was collected with an acquisition time of
500 ms to allow for a sufficient signal-to-noise ratio. For each sam-
ple, we collected about 600 spectra to assess the reproducibility of the
measurements. Spectra were taken in the dark to eliminate possible
sources of background light that would add noise to the measurement.
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Given very similar laser parameters to what was used in (8), the plasma
produced in the interaction between the laser beam and air was similar
to the one described in (8) and displayed a spheroidal shapewith axes of
2 and 3 mm and a photon emission in the visible and near-infrared
region with five lines positioned at 1.5, 1.97, 2.12, 2.23, and 2.44 eV.
The absence of an ultraviolet line in the plasma excluded the possibility
of photoluminescence emission coming from the target sample. The
plasma electron current, measured as indicated in (8), was about 40 nA
in the entire region around the plasma, at a distance of 3 cm from the
plasma center, indicating the presence of electrons produced in the plasma
and isotropically accelerated.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaar6228/DC1
EDX spectra
SEM Images
XRD results
Fig. S1. Summary of EDX spectra for all pigments.
Fig. S2. Summary of SEM image for all pigments.
Fig. S3. Summary of XRD spectra for different pigments.
Table S1. Summary of XRD results for Naples yellow.
Table S2. Summary of XRD results for the cadmium yellow.
Table S3. Summary of XRD results for the litharge.
Table S4. Summary of XRD results for the chrome yellow.
Table S5. Summary of XRD results for the orpiment.
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