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Abstract: The non-invasive depth-resolved imaging of pictorial layers in paintings by means of
linear optical techniques represents a challenge in the field of Cultural Heritage (CH). The presence
of opaque and/or highly-scattering materials may obstruct the penetration of the radiation probe,
thus impeding the visualization of the stratigraphy of paintings. Nonlinear Optical Microscopy
(NLOM), which makes use of tightly-focused femtosecond pulsed lasers as illumination sources, is
an emerging technique for the analysis of painted objects enabling micrometric three-dimensional
(3D) resolution with good penetration capability in semi-transparent materials. In this work, we
evaluated the potential of NLOM, specifically in the modality of Multi-Photon Excitation
Fluorescence (MPEF), to probe the stratigraphy of egg-tempera mock-up paintings. A multi-
analytical non-invasive approach, involving ultraviolet-visible-near infrared (UV-Vis-NIR) Fiber
Optics Reflectance Spectroscopy, Vis-NIR photoluminescence, and Laser Induced Fluorescence,
yielded key-information for the characterization of the constituting materials and for the
interpretation of the nonlinear results. Furthermore, the use of three nonlinear optical systems
allowed evaluation of the response of the analyzed paints to different excitation wavelengths and
photon doses, which proved useful for the definition of the most suitable measurement conditions.
The micrometric thickness of the paint layers, which was not measurable by means of Optical
Coherence Tomography (OCT), was instead assessed by MPEF, thus demonstrating the
effectiveness of this nonlinear modality in probing highly-scattering media, while ensuring the
minimal photochemical disturbance to the examined materials.

Keywords: nonlinear optical microscopy, multi-photon excitation fluorescence, optical coherence
tomography, egg-tempera paintings, non-invasive stratigraphy
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1. Introduction

Nonlinear optical microscopy, in the modalities of Multi-Photon Excitation Fluorescence (MPEF)
and Second and Third Harmonic Generation (SHG, THG), is based on nonlinear optical processes, in
which multiple photons simultaneously interact with atoms or molecules of the irradiated material
within the same quantum event. Such phenomena may be observed when a given material is excited
by a tightly-focused near infrared femtosecond pulsed laser, propagating through a high numerical
aperture microscope objective [1]. Nonlinear Optical Microscopy (NLOM) may provide
compositional and structural information with micrometric axial resolution, based on the detection
of fluorophores (by MPEF) [2], of crystalline or highly organized structures without inversion
symmetry (by SHG) [3,4], and of local differences in refractive index and dispersion—i.e., interfaces
between different materials (by THG) [5]. The application of NLOM was originally restricted to the
biomedical field, mainly for in vivo imaging and mapping of subcellular structures such as stacked
membranes, arranged proteins (e.g., collagen) [6], and dipolar molecules [7]. Specifically, since 1990
[8], MPEF has been playing a pivotal role in the study of biological matter, in conjunction with
confocal microscopy, for a variety of applications ranging from the tracking of individual molecules
within living cells to the observation of whole organisms [9].

In more recent years, the promising results provided by NLOM have encouraged its
implementation in the diagnosis of Cultural Heritage (CH) for the non-destructive analysis of several
types of samples and artworks [10,11]. The increasing use of NLOM is due to the several advantages
offered by this technique, which may allow it to overcome the detection limits of other more
established ones, such as Optical Coherence Tomography (OCT) [12,13]. Specifically, OCT has proven
particularly effective in the cross-sectional analysis of varnish layers, even highly reflective ones [14],
in some cases also enabling the discrimination between aged and new varnishes [15]. However, the
two major observed drawbacks of this technique are the limited probing depth in highly turbid
media, such as paint layers [16], and the need to apply complementary techniques to chemically
characterize the examined material [17]. By contrast, NLOM may provide structural, morphological,
and compositional information in one single measurement, based on the simultaneous acquisition of
different nonlinear signals (MPEF, SHG, THG) generated inside the material through interaction with
the tightly focused femtosecond laser. Furthermore, the nonlinear dependence of the processes on
the intensity of the excitation laser entails intrinsic sub-diffraction limited axial resolution, as all
nonlinear interactions are confined within the focal volume of the laser beam (with dimensions in the
micron range). In such a manner, photo-bleaching phenomena and out-of-focus damages are
drastically diminished, which is a priority for CH studies. Among nonlinear processes, the minimal
disturbance to the analyzed specimen is ensured by nonlinear scattering (SHG and THG), in which
no energy is deposited in the medium [18]. As regards nonlinear absorption processes (MPEF), safe
measurement conditions can be achieved by keeping the laser power within specific limits that are
related to the optical properties and chemical composition of each material. More specifically, by
monitoring the photo-damage induced by MPEF upon repetitive irradiation on a series of modern
acrylic painted samples, it was highlighted that the photon dose used for irradiation is a crucial
parameter for preventing damage [19]. The power threshold—i.e., the laser power at which the
fluorescence intensity starts to decrease after consecutive irradiations—sets the limit for safe cross-
sectional imaging of paint layers by MPEF, while still gathering enough nonlinear optical signals at
a suitable signal-to-noise ratio. Moreover, it has to be underlined that, thanks to the use of near
infrared laser wavelengths, the probing capability of NLOM is generally high in most pictorial
materials. Besides, the possibility to perform MPEF measurement in the reflection mode enlarges its
applicability to a wide range of real cases, i.e., painting materials lying on opaque substrates (board,
wood, canvas, etc.). In order to enable in situ analysis on artworks, the development of a transportable
prototype system is also envisaged. The design and construction project of a transportable nonlinear
microscope are described in detail in [20].

The potential of NLOM in CH applications was initially tested for the three-dimensional (3D)
imaging of protective layers, in support of the cleaning operation performed on natural and synthetic
varnishes, which irreversibly modifies the morphology and thickness of the superficial layers [21,22].
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It was demonstrated that NLOM makes the in-depth monitoring of varnish degradation due to aging
[23] or laser ablation [24] feasible. Furthermore, wooden artefacts were analyzed through SHG and
MPEF, enabling both the imaging and the chemical characterization of wood microstructures [3].
Silver-based objects were also studied by means of MPEF imaging in order to identify and quantify
the presence of corrosion layers [25]. In the last few years, pictorial layers were examined with the
nonlinear modality of femtosecond pump-probe microscopy [26]. MPEF was also tested on paint
layers [2] for the monitoring of the laser-removal of organic and inorganic acrylic paints [21] and for
the evaluation of paint layer thickness with micrometric resolution [27,28]. As pointed out by these
previous studies, the presence of highly scattering and/or absorbing media (pigments) in multi-
layered painted systems tends to obstruct the detection of the NLOM signal, thus impeding the
visualization of the stratigraphy. Specifically, MPEF imaging, performed with a laser wavelength set
at 740 nm on the same set of samples analyzed in this study [28], enabled the visualization of the
micromorphology of the painting surfaces but provided underestimated thickness values of the paint
layers with respect to the real ones. Based on these results, it was hypothesized that a longer excitation
wavelength could provide more reliable cross-sectional measurements. Recently, it has been
demonstrated that NLOM with excitation of 800 nm in the MPEF modality serves to determine the
thickness of single-layered samples (acrylic paints laid on glass support) [27], despite the severe drop
in signal intensity with increasing depth. This suggests that the in-depth measurement of paint layers
is feasible, provided that paint materials have a sufficient degree of transparency to the excitation
wavelength and in the spectral range of the emitted fluorescence.

In this work, we assessed the capabilities of the NLOM modality of MPEF for the micrometric
surface mapping and the in-depth profiling of thin egg-tempera layers, using suitable measurement
conditions to ensure safe analysis of the sensitive paints. The samples, designed to simulate real egg-
tempera paintings on wooden support, were non-invasively characterized through the combined
application of well-established linear optical techniques, including ultraviolet-visible-near infrared
(UV-Vis-NIR) Fiber Optics Reflectance Spectroscopy (FORS) [29], Vis-NIR photoluminescence (PL)
[30], and Laser Induced Fluorescence (LIF) [31]. The optical characterization was used to address and
interpret the nonlinear results obtained by MPEF, and the comparison of MPEF with OCT
measurements allowed the potential of NLOM in the 3D survey of highly scattering painting media
to be highlighted.

2. Samples

The samples examined in this study are shown in Figure 1 (a detailed description of the samples
can be found in [28]). Three pigments by ©Kremer (Germany) were selected for the paint layers due
to their wide use in historical artworks, and also because of their specific optical properties. These
were red lead (Pb304, cod. 42500), cadmium yellow medium (cadmium sulphide, CdS, cod. 21051),
and Egyptian blue (blue copper silicate, chemically classified as the mineral cuprorivaite, CaCuSi«Ono,
cod. 10060). Pigments in the form of powder were finely ground and then mixed with the binder;
beaten and filtered egg yolk. The analyzed samples, labelled R, Y, and B (red, yellow, and blue,
respectively), consisted of a sequence of material layers as follows (from bottom to top): wooden
support (a “sandwich” structure made of fir and poplar), preparation layer (sifted gypsum dispersed
in a solution of rabbit skin glue and water), underdrawings (lead and tin stylus, natural carbon, iron-
gall ink), and pictorial layer (egg-tempera with the three different pigments).

Figure 1. Red, yellow, and blue (R, Y, and B) samples simulating egg-tempera painting on wooden
support.
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3. Methods

3.1. UV-Vis-NIR Fibre Optics Reflectance Spectroscopy

Fiber Optics Reflectance Spectroscopy (FORS) was performed with a Zeiss Multi-Channel
Spectrometer, available at the Istituto Nazionale di Ottica (INO), which included a MCS 521 VIS NIR-
extended module and a MCS 511 NIR 1.7 module with spectral sensitivity in the 304-1100 nm and
950-1700 nm ranges (spectral resolution of 3.2 nm and 6.0 nm in the visible and NIR region,
respectively). The illumination/observation geometry was 45°/0°. Each FORS spectrum was the
average of nine measurements performed in three different positions on each sample. The output
signal was processed with dedicated software.

3.2. Vis-NIR Photoluminescence

Photoluminescence (PL) measurements were performed at the University of Perugia (UNI-PG)
using two high-sensitivity calibrated charge-coupled device (CCD) spectrometers. The first was an
Avaspec-ULS2048 XL-RS-USB2 (300-1150 nm sensitivity range, spectral resolution 9.2 nm with 200
pum slit) and the second was an AvaSpec-NIR256-1.7TEC, equipped with two ultra-compact laser
diodes (Toptica Photonics AG, D, operating at 375 and 445 nm) and a pulsed Nd:YAG laser (Alphalas,
D, providing the 4th harmonic frequency—i.e. 266 nm). The three different excitation wavelengths
were selected with the aim of approximately reproducing, in a one-photon absorption scheme, the
excitation conditions of nonlinear absorption (of 2 or 3 photons) of the fs-laser wavelengths used for
MPEF (800, 1028 nm). The output power was measured with an irradiance-calibrated AvaSpec-2048-
2 spectrometer (Avantes, NL; 171-1100 nm range, spectral resolution, 1.2 nm) equipped with a 200
pum diameter optical fiber and an 8 mm active area cosine corrector placed at the sample position. The
powers used were 109 uW for the laser diodes (375 and 445 nm) and 40 uW for the pulsed Nd:YAG
laser (266 nm). The spot size at the sample position was approximately 1.8 mm?2. The PL profiles
collected by the AvaSpec-NIR256-1.7TEC spectrometer were scaled to match the Avaspec-ULS2048
XL-RS-USB2 data in the 950-1000 nm range.

3.3. Laser Induced Fluorescence

Laser Induced Fluorescence (LIF) spectra were collected at the Instituto de Quimica Fisica
Rocasolano (IQFR) using laser excitation wavelengths of 355 and 266 nm (3rd and 4th harmonic of a
Q-switched Nd:YAG laser, 15 ns pulses, 1 Hz repetition rate) and a 0.30 m spectrograph with a 300
lines/mm grating (TMc300 Bentham) coupled to an intensified charged coupled detector (ICCD) (2151
Andor Technologies). The acquisition of the LIF signal was temporally gated with zero-time delay
with respect to the arrival of the pulse to the surface of the sample and a width of 1 us. The sample
was illuminated with a 1.6 mm? (ellipsoidal shape) laser spot at an incidence angle of 45° with pulses
of around 1 m]J. For the results presented here, a 300 nm cut-off filter was set in front of the
spectrograph to block the second order signal. Each spectrum resulted from the accumulation of 25
measurements.

3.4. Optical Coherence Tomography

The analysis was performed at Nicolaus Copernicus University with a Spectral Domain (SD)
OCT prototype [32]. This high-resolution portable device comprises a broad-band light source made
up of super luminescent LEDs emitting in the 770-970 nm band. The radiation intensity at the surface
of the object never exceeded 1 mW, and it was focused at any given spot on the object for only 40 ms
due to the fast scanning time. To obtain the exploitable signal, light scattered and/or reflected by the
elements in the object’s structure interferes with light coming from the reference arm and transferred
(as always for SDOCT) to a spectrograph. In these experiments, a laboratory built device (with
volume phase holographic transmission grating optimized for 850 nm, 1200 grooves/mm from
Wasatch Photonics, and a single line CCD camera AVIIVA EM4 from e2v) was used.
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The lateral imaging resolution is about 12 um, whereas the axial one is 3.3 um in air, with an
axial imaging range of 1.4 mm. Depths values in OCT tomograms represent optical distances,
therefore real axial distances within the imaged structure may be obtained by dividing the apparent
thickness by the refractive index of the medium. Therefore, the axial resolution in a transparent
material (e.g., varnish layer with a refractive index of 1.5) may be estimated at around 2.2 um. The
distance between the object and the device was 43 mm, and during a single measurement an area of
5 x 10 mm? was scanned in about 12 s for a total of 50 axial scans for each sample. The images in
section 4.4 (Fig. 5) have been vertically stretched twelve-fold for better readability.

3.5. Nonlinear Optical Microscopy via Multi-Photon Excitation Fluorescence

Three different nonlinear optical microscopes were used for MPEF analysis. In all three systems
the laser spot had a diameter of around 1 um in the focal plane. MPEF imaging was performed using

the device developed at the Institute of Electronic Structure and Laser-Foundation for Research and
Technology (IESL-FORTH), consisting of a modified inverted Zeiss Axio Observer Z1 microscope
and a pair of galvanometric scanning mirrors from Cambridge Technology for raster-scanning. A
description of the apparatus can be found in [33,34]. The excitation source was a Yb:KGW Pharos SP
laser from Light Conversion, centered at 1028 nm and delivering pulses of 90 fs at a repetition rate of
76 MHz. The objective lens used for the excitation and collection of the nonlinear signals was a Zeiss
Plan-Apochromat 20 x 0.8 NA. In this system, damage of the samples upon NIR excitation was
avoided by employing average powers below 25 mW at the sample plane [2]. All images were
acquired in the backward direction, collecting the signals in the visible region of the spectrum. The
emitted fluorescence was recorded using a photomultiplier tube (PMT) (Hamamatsu H9305-04). A
short-pass filter (FF01-790/SP, Semrock) was placed in front of the PMT to cut off the reflected laser
light and solely detect the fluorescence arising from the samples. Typical time duration for obtaining
a two-dimensional 500 x 500 pixel MPEF image was approximately one second. The photon dose,
namely the number of laser pulses per irradiated point on the sample surface, was 320 pulses/point.

The second device used was a nonlinear optical microscope developed at IQFR, which allows
for the point-wise collection of MPEF signals in epi-detection mode. A detailed description of this
device can be found in [19,27]. Briefly, the excitation light source is a mode-locked Ti:Sapphire
femtosecond laser emitting at 800 nm, releasing 70 fs pulses at a repetition rate of 80 MHz. The laser
beam passes through a set of two continuously variable metallic neutral density filters arranged in a
serial mode (Thorlabs, NDC-50C-2M) in order to get average powers below 5 mW (which is below
the damage threshold of the paints [19]). The laser beam was focused on the sample by a microscope
objective lens (M Plan Apo HL 50X, Mitutoyo, NA 0.42). The MPEF signals were collected in the
backward direction through the microscope objective and a beam splitter (70/30) and measured using
a photomultiplier tube (9783B, ET Enterprises) connected to a lock-in amplifier (SR810 DSP, Stanford
Research Systems) to ensure high amplification and signal-to-noise ratio. A short pass filter (335-610
nm, Thorlabs FGB37S) was placed at the entrance of the photomultiplier to cut off the reflected laser
light. The remaining 30% of the MPEF signal was sent to a CCD camera (Thorlabs DCC1645C) for
online visualization of the sample surface. The photon dose applied on the sample surface was 80 x
106 pulses/point.

The third system, a custom-made laser-scanning nonlinear optical microscope developed at
ING, is described in detail elsewhere [19,35,36]. The source is an optical parametric oscillator OPO
pumped by a doubled Yb-based pulsed laser with 80 MHz repetition rate (Chameleon Discovery,
Coherent). For this application, the excitation wavelength was fixed at 800 nm with short pulses (100
fs). The beam was focused on the sample by an air-immersion Plan-Apochromat 10x objective lens,
(NA, 0.45; WD, 2.1 mm, Carl Zeiss Microscopy) mounted on a piezoelectric scanning system for axial
positioning (P-725KHDS PIFOC, Physik Instrumente). The MPEF signal was acquired in epi-
detection and measured using a photomultiplier tube (H7422-40, Hamamatsu) with sensitivity in the
spectral range of 360—-660 nm, upon proper filtering. The applied photon dose was 200 pulses/point,
and the laser power was set below 10 mW to ensure safe measurement conditions.
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4. Results

4.1. UV-Vis-NIR Fiber Optics Reflectance Spectroscopy

FORS spectra are shown in Figure 2 and were used to characterize the optical properties of the
three paint systems in view of the following MPEF analysis. Red lead shows a typical sigmoidal shape
with an inflection point at 570 nm, which corresponds to an indirect band gap of about 2.2 eV [37]. A
sigmoidal shape is also observed in the reflectance profile of the semiconductor cadmium yellow
[38,39], with an inflection point at 530 nm. Reflectance profiles collected on the Egyptian blue sample
show absorption bands in the Vis-NIR range. Specifically, the shoulder at 540 nm and the two bands
centered at about 630 and 795 nm are attributable to three electronic transitions (2B1g — 2B2g, 2Eg,
2Alg) related to Cu?* ions in an octahedral ligand field with a square-planar (D4h) symmetry [40,41].

Within the spectral range of interest, in which the absorption of the IR excitation wavelength
and the emission of the MPEF signal are expected, red lead and cadmium yellow show similar
behavior. In fact, both paints exhibit an absorption band between 350 and 550 nm, with a following
rapid increase of the reflectance (probably due to the gypsum background), reaching 90% at around
600-650 nm and remaining between 100% and 80% up to 1300 nm. With reference to the Egyptian
blue, the reflectance spectrum shows a low reflectance at 800 nm (about 15%), which increases at 1028
nm (R = 30%). These variable absorption and reflectance features represent favorable conditions for
both the excitation and signal collection through MPEF.
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Figure 2. Reflectance spectra of red (R), yellow (Y), and blue (B) tempera paint samples. The excitation
wavelengths (800 and 1028 nm) and the spectral range for detection used for Multi-Photon Excitation
Fluorescence (MPEF) measurements (335-800 nm, dashed green rectangle) are highlighted in the
reflectance spectra.

4.2. Vis-NIR photoluminescence

The spectral identification of the PL emission from the three tempera samples (R, Y, and B) is
particularly relevant to ensure the proper detection range of the MPEF signals attributed to the paint
layer. The PL was measured upon excitation at 266, 375, and 445 wavelengths, which were chosen to
characterize the fluorescence spectra that would be expected under two- and three-photon absorption
at the two NIR wavelengths of the femtosecond laser sources used here (800 and 1028 nm). The
detection range of PL analysis, 300-1600 nm, includes the spectral windows for the detection of the
MPEF signals (see Section 3.5). The results of these measurements are reported in Fig 3. Inorganic
pigments are generally characterized by a low fluorescence quantum yield, as can be observed in the
data reported. Red lead, specifically, is an indirect semiconductor, and thus it is not considered an
efficient fluorescent emitter. The very weak PL signals recorded on the red sample (Figure 3) are
ascribable to a weak luminescence of the pigment at around 600 nm, which could be assigned to the
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Near Band Edge (NBE) emission of the semiconductor, although previous studies [42] associate
emission in this region with irregularities in the crystal structure or the presence of impurities. The
PL of this sample also includes the contribution of the binder emission, centered at about 450 nm,
whose longer wavelength could be partially filtered by pigment absorption [43—47].

Cadmium pigments are generally characterized by radiative recombination with the NBE
emission of fluorescence in the visible range, as well as emission attributed to Deep Level Emissions
(DLE) in the near infrared range. The weak PL band in the visible range observed for the yellow
tempera paint is red-shifted with respect to the absorption edge, which is likely due to the cadmium
yellow pigment, which filters the emission of the organic binder and/or the contribution of the
excitation source [48]. By using the 375 and 445 nm excitation wavelengths, the DLE emission of the
cadmium-based pigments is clearly detectable and characterized by a shoulder at 760 nm and a
maximum at 1020 nm. This emission is generally more detectable at the low excitation fluences used
for PL measurements, while, at higher fluences, the saturation of the defects from which the DLE is
originated induces an enhancement of the NBE signal, as shown in the LIF measurements (see below).

Photoluminescence profiles of Egyptian blue show an intense emission band centered at about
910 nm attributable to the lowest energy electronic transition (2B2s-2B1g) [41]. Upon excitation at 266
nm, a severe decrease of the emission intensity is observed in the blue sample, mainly due to the
competitive absorption of a relevant portion of the excitation light by the binder.

The reflectance spectra measured in the spectral detection range of the nonlinear optical
microscopes used in this study (reported in Section 4.1) clearly indicate that the three paint systems
display absorption bands in the region of their fluorescence emission range determined by PL. Hence,
the possible reduction of the MPEF signal by auto-absorption has to be taken into account during
NLOM analysis.
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Figure 3. Fluorescence spectra of red, yellow, and blue samples, acquired after excitation at 266 nm
(a), 375 nm (b), and 445 nm (c).

4.3. Laser Induced Fluorescence

The fluorescence behavior of the three pigments was further examined with LIF using two
excitation wavelengths, i.e., 266 and 355 nm. Signals were acquired in the 300-700 nm spectral range,
in consistency with the detection range of the nonlinear optical microscopes. As for PL analysis, the
two excitation wavelengths used for LIF are expected to produce similar fluorescence than those
collected by three-photon absorption at 800 and 1028 nm, respectively.

To facilitate analysis of the results, LIF spectra of all samples acquired at the same excitation
wavelengths were normalized to the maximum intensity and displayed together in two graphs
(Figure 4a,b). The common broad emission band between 400 and 500 nm is attributed to the egg
binder, and it is consistent with PL results and previously published studies [45-47]. In relative terms,
and upon excitation at both 266 and 355 nm, the fluorescence attributed to the egg binder in the
spectrum of the yellow sample appears weaker than the emission at longer wavelengths, as compared
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with the blue and red ones. This is due to the contribution of the cadmium yellow pigment, centered
at 520 nm (NBE) [49], which is enhanced by the excitation laser fluences used for LIF measurements.

Regarding the red sample, the spectra show a weak shoulder centered at around 585 nm,
superimposed on the tail of the binder fluorescence, especially visible upon excitation at 355 nm
(Figure 4b). In this case, the contribution from the binder could be filtered and modified in shape by
the red pigment absorption but, according to previous LIF studies of this pigment in its raw form or
in mixtures with binders [42,49,50], the feature at around 585 nm could be ascribed to the NBE
emission of the semiconductor and/or irregularities in the crystal structure and presence of
impurities, in agreement with the PL results. In turn, the LIF spectra of Egyptian blue includes the
emission of the binder, although the contribution of additional pigment emission in this region cannot
be ruled out [42].

The LIF emissions detected for the three colored samples fall into the detection range of the
nonlinear optical microscopes used in this work, implying that the possible MPEF signals would
result in contributions from both the binder and the pigments, although to different extents for each
colored tempera.
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Figure 4. Laser Induced Fluorescence (LIF) spectra acquired by laser excitation at 266 nm (a) and 355
nm (b) of red, yellow, and blue tempera samples.

4.4. Optical Coherence Tomography

OCT results did not enable visualization of the interface between the paint and the preparation
layers, and therefore did not allowing the measurement of the thickness of the former (Figure 5). This
was attributed to the significant refractive index mismatch between pigment particles and egg binder,
causing (especially in the case of the red and yellow pigments) an intense multiple scattering of the
incident and reflected light components. In the case of Egyptian blue, the OCT probing light was able
to penetrate, due to the strong absorption, only down to the first 50 um of the paint, but even if the
scattering was less intense in this case, it was not possible to discern the bottom of the paint layer.

100 mnl’ ( 100 pml- 100 .uml-

Figure 5. Optical Coherence Tomography (OCT) tomograms of red, yellow, and blue samples with
vertical scale bars (in white).

Given the above results and in order to determine the thickness of the paint layers, UV-Vis cross-
section analysis was performed, in collaboration with the Opificio delle Pietre Dure (OPD) Scientific
Laboratory (Florence, Italy), using a modular microscope (Carl Zeiss Microlmaging) equipped with
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a Colibri LED light source system and an externally coupled metal halide (HXP) white light source.
Micro-samples were taken from the edge of each sample and subsequently embedded in polyester
resin. According to the measurements performed (Figure 6), the thickness of the painted layers
resulted in 48 + 3 um, 53 + 7 um, and 98 + 7 um for red, yellow, and blue temperas, respectively.

Figure 6. Cross-section images of R, Y, and B samples under visible (a) and UV (b) light (magnification

20x), showing the thickness of the paint layers.

4.5. Multi-photon Excitation Fluorescence

Based on the fluorescence behavior examined by PL and LIF (Sections 4.2 and 4.3), the excitation
wavelengths chosen for MPEF analysis were expected to generate nonlinear signals in both the binder
and the pigments, which were likely to fall in the detection range of the nonlinear optical microscopes
used. Moreover, the reflectance and absorption properties analyzed in Section 4.1 suggested that a
possible scattering of the incident laser light and/or an attenuation of the generated nonlinear signal
should be taken into account during the analysis.

MPEF imaging performed with the IESL system upon excitation at 1028 nm did not allow for
the measurement of the paint layers’ thickness, and this was attributed to auto-absorption of the
generated nonlinear signal from deeper layers and to the concurrent intense scattering of laser light
obstructing its penetration. However, the emission generated at the surface of each sample enabled
the collection of multi-photon fluorescence images and thus allowed visualization of the micro-
features of each sample characterized by micrometric sized pigments’ particles and their distribution.
A consistent variability in signal intensity was observed, due to the different optical properties of
each paint (Figure 7a). Specifically, the most intense emission was detected in the yellow sample,
whereas weaker nonlinear signals were collected from the red and blue samples, in accordance with
the fluorescent behavior analyzed in PL and LIF analysis. The structural morphology of the surface
of the samples was screened by stereomicroscopy (representative stereomicrographs are reported in
Figure 7b), showing the micrometric roughness of each paint surface and highlighting the presence
of microgrooves on the red and yellow paints.
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a) iy

Figure 7. a) MPEF imaging of the examined samples excited with a laser wavelength of 1028 nm. b)
Stereomicrographs of tempera samples.

The in-depth analysis of paint layers by MPEF was performed using the 800 nm excitation
wavelength of the IQFR and INO setups. For a proper comparison with the previously applied
techniques, measurements were carried out in the same selected area of the samples. As indicated in
Section 3.5, and based on the signal intensity of each colored paint, detection was optimized by setting
the laser power to the most suitable range, though it never exceeded 10 mW in order to ensure safe
measuring conditions [18,19]. MPEF intensity profiles were measured as a function of depth,
normalized, and fitted with a Lorentzian function. For all the profiles, the full width at half maximum
(FWHM) was taken as an estimation of the apparent thickness of the paint layer. The real thickness
was then calculated by correcting the FWHM values with the apparent depth correction factor (F)
[27,51], which considers the refractive index of the analyzed material (n = 1.5-1.6) and the effective
numerical aperture (NA) of the focusing objective lens (0.42 or 0.45, depending on the setup).
Thickness values provided by the IQFR nonlinear microscope resulted in agreement with cross-
section analysis in the case of the blue sample (116 + 5 pm), although values obtained for the red and
yellow samples (17 + 5 um and 14 + 5 pm, respectively) were underestimated. Thickness values
measured with the INO setup showed good agreement with the cross-sections for all three colored
samples. Representative MPEF imaging data acquired with the INO microscope are reported in
Figure 8. MPEF emitted by each paint layer was measured in regions of interest (ROI =200 x 200 um?)
with a scanning z-step of 1 um. MPEF z-profiles extracted from the stack images are shown together
with their respective fit functions (Figure 8a—c). The measured FWHM values, after refractive index
correction, resulted in values of 45 + 5 um, 48 + 5 um, and 103 + 5 um, for red, yellow, and blue paints,
respectively, which was in good agreement with the paint thickness measurements by UV-Vis cross-
section analysis. Fluorescence intensity xy images (Figure 8d—-f), corresponding to the maximum
signal intensity registered in the in-depth scanning, are reported together with the respective volume
reconstructions (Figure 8g-i) to allow the 3D visualization of both the morphology and the thickness
of each paint layer.
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Figure 8. MPEF imaging results: (a—c) z-scans of the MPEF signals of R, Y, B (in black), fits by
Lorentzian functions (in red), and full width at half maximum (FWHM) values after refractive index
correction, corresponding to the paint thickness (indicated in blue); (d—f) fluorescence intensity xy
images (200 @ 200 em, 256 x 256 pixels) extracted from the MPEF stacks at a depth corresponding to
the maximum signal intensity; (g-i) Three-dimensional (3D) fluorescence reconstructions showing
the thickness of each paint layer.

5. Discussion and Conclusions

In this study, we have evaluated the usefulness of MPEF microscopy for the analysis of egg-
tempera paint systems simulating real paintings. Previous and complementary characterization of
the pictorial materials was obtained using a multi-analytical approach, where the spectral
information provided through FORS, LIF, and PL measurements allowed determination of the
NLOM measurement conditions and supported the interpretation of the results.

Three different NLOM systems were tested; one with a laser excitation wavelength of 1028 nm
and detection in the visible range, and the other two with excitation at 800 nm and detection in the
350-650 nm range. No MPEF profiles could be obtained with the former (IESL system), due to the
strong scattering at the surface of the samples resulting from the 1028 nm excitation. However, the
other two nonlinear microscopes based on 800 nm excitation provided MPEF profiles for all three
colored samples. A possible explanation for this discrepancy is that two- or three-photon fluorescence
excitation processes can be more effectively initiated by employing the shorter excitation wavelength
(800 nm). Moreover, according to the spectral behavior of the three paints, the nonlinear optical
signals generated after the interaction with this excitation wavelength likely undergo negligible auto-
absorption while transmitting through the paint layer, thus allowing the signal detection. In respect
of the two systems employing 800 nm excitation, the INO setup allowed measurement of the
thickness of the paints, resulting in good agreement with the results obtained by UV-Vis cross-section
analysis. The thickness values provided by the IQFR setup compared well with those retrieved by
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UV-VIS cross section for the blue sample but resulted in underestimation for the red and yellow
paints. These diverging results may be explained by considering the scanning modality of the two
setups (area-wise versus point-wise and for the INO and IQFR setups, respectively), which reflects
in significantly different photon doses (200 pulses/point and 80 x 10° pulses/point for INO and IQFR,
respectively). Although both nonlinear systems used the same laser power (which was the minimum
necessary to obtain a measurable MPEF signal), the dissimilarly applied photon doses could have
affected, to a diverse extent, the chemical stability of the paint layers according to the chemical
composition of the pigments. Specifically, we hypothesize that the high photon dose applied with the
IQFR setup could have caused chemical alterations in the red and yellow paints, thus providing
underestimated measurements of thickness. Red lead is known to be naturally unstable under laser
irradiation, causing a blackening effect mainly due to the transformation into plattnerite (PbO2) or
galena (PbS) [52]. Similarly, the low thickness value obtained for the yellow tempera under
irradiation with high photon dose is likely due to photo-oxidative degradation of the pigment, the
semiconductor cadmium sulphide [53]. A deeper investigation on these possible laser-induced
degradation effects is envisaged for future studies. Conversely, we assume that no photochemical
alteration was produced in the Egyptian blue tempera, given the well-known high photostability of
this pigment [54]. In fact, the thickness of the blue tempera paint of around 100 microns could be
measured with both NLOM systems.

Based on these results, we can conclude that, for tempera paints such as the ones studied here,
cross-sectional analysis by MPEEF yields satisfactory results if the photon dose is set below safe limits.
This parameter is as crucial as the laser power applied, as already stated in [19]. Moreover,
photochemical changes inside the focal volume of the laser beam should be monitored during MPEF
measurements by simply observing the variation in the signal intensity, which has been proven to be
a sign of possible damage [19]. This can be achieved by using an imaging NLOM system enabling
faster scanning and quasi-real-time visual monitoring.

With this contribution, we have demonstrated the capability of MPEF in overcoming the
detection limit of other linear optical techniques in probing highly scattering media, while ensuring
the minimal photochemical disturbance to the examined materials. To the best of our knowledge, this
is the first time that the potential of MPEF to provide 3D surveys of mock-up paintings has been
extensively explored through the synergic application of a number of non-invasive techniques and
through the comparison of three different nonlinear optical microscope setups.
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