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Abstract: We demonstrate multimodal nonlinear optical imaging of
historical artifacts by combining Second Harmonic Generation (SHG) and
Two-Photon Excited Fluorescence (2PEF) microscopies. We first identify
the nonlinear optical response of materials commonly encountered in
coatings of cultural heritage artifacts by analyzing one- and multi-layered
model samples. We observe 2PEF signals from cochineal lake and sandarac
and show that pigments and varnish films can be discriminated by
exploiting their different emission spectral ranges as in luminescence linear
spectroscopy. We then demonstrate SHG imaging of a filler, plaster,
composed of bassanite particles which exhibit a non centrosymmetric
crystal structure. We also show that SHG/2PEF imaging enables the
visualization of wood microstructure through typically 60 pm-thick
coatings by revealing crystalline cellulose (SHG signal) and lignin (2PEF
signal) in the wood cell walls. Finally, in situ multimodal nonlinear imaging
is demonstrated in a historical violin. SHG/2PEF imaging thus appears as a
promising non-destructive and contactless tool for in situ 3D investigation
of historical coatings and more generally for wood characterization and
coating analysis at micrometer scale.

©2012 Optical Society of America

OCIS codes: (180.4315) Nonlinear microscopy; (300.6280) Spectroscopy, fluorescence and
luminescence; (310.3840) Materials and process characterization; (190.4180) Multiphoton
processes; (180.6900) Three-dimensional microscopy.
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1. Introduction

Characterization of coatings is of the utmost importance for the understanding and
conservation of artworks — easel paintings, sculptures, etc. — and more generally of cultural
heritage artifacts — furniture, musical instruments, etc. In order to give a specific appearance
to the pieces they produced, artists and craftsmen developed elaborate painting and finishing
techniques, mostly based on multilayer coatings. These layers are named ground or
preparation layer, paint layers, glaze or varnish depending on their function or their location
in the stratigraphy, and each of them may have a specific composition. The organic film-
making materials can be of animal origin (collagen derivatives from cartilage, bones, and
skin, i.e. animal glues, as well as albumin or casein) or vegetal origin (oils, resins, gums).
They may also contain a wide range of powdered inorganic fillers or pigments. For art
historians, curators, conservators and conservation scientists, the chemical and structural
characterization of the different layers, or coating stratigraphy, represents valuable data to
determine the materials and techniques used by the artists or craftsmen to elaborate their
work.

Traditional and still commonly used examination of coatings involves sampling of the
coating, preparation of polished cross sections and characterization by techniques such as
reflected light and UV-visible epiluminescence microscopy, scanning electron microscopy
coupled to energy-dispersive X-ray spectroscopy (EDX), laser-induced breakdown
spectroscopy (LIBS), micro-IR imaging spectroscopy, micro-Raman spectroscopy or micro-
imaging luminescence spectroscopy. Investigation of cultural heritage artifacts would
however strongly benefit from in situ and non-destructive techniques overcoming the
limitations of conventional analysis tools and providing the following key information:

(i) determination of the number of layers, their respective thickness and surface/interface
topography, with a description of cracks in underlayers,

(ii) localization, concentration, shape and orientation of particles,

(iii) optical properties (absorption, diffusion, color, luminescence) of each component of
the various layers: binding media and particles,

(iv) chemical characterization of each component and identification of the materials.

Recently, alternative techniques have been developed to fulfill these requirements.
Confocal Raman microscopy advantageously provides three-dimensional (3D) images with
chemical selectivity, but it is a quite slow technique, in practice limited to two-dimensional
(2D) images in scattering media [1]. Optical Coherence Tomography (OCT) is based on low-
coherence interferometry and provides 3D structural imaging based on the spatial variation of
the refractive index. This technique is today well-established for the research on cultural
heritage artifacts [2, 3]. However, despite recent advances into spectral selectivity and
spectroscopy [4, 5], OCT still lacks specificity to assess the nature of materials used since any
scattering or reflecting particles or interfaces within the sample is detected. Moreover, in
scattering media such as paint layers, images are blurred due to multiple scattering events.

Multiphoton microscopy (MPM), also called nonlinear optical microscopy, is an attractive
alternative method for investigating cultural heritage artifacts. This technique has been
developed for biomedical imaging and is now widely used in that field. It is based on the
nonlinear optical interaction between a laser beam and the studied material [6]. This
interaction is confined to the focal volume where the intensity is large enough to induce a
nonlinear response of the sample. It leads to so-called optical sectioning, which provides
intrinsic 3D resolution at the micrometer scale. The excitation wavelength is usually in the
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near-infrared range, typically between 700 and 1000 nm, improving the penetration depth due
to weaker scattering in this spectral range, and limiting possible photodamage. A key
advantage of MPM is the possibility to combine several modes of contrast, mainly two- or
three-photon excited fluorescence (2PEF, 3PEF) from fluorophores, second harmonic
generation (SHG) from non centrosymmetric structures and third harmonic generation (THG)
from interfaces [7]. All these signals are emitted at different wavelengths and can be
simultaneously recorded in different spectral detection channels to obtain multimodal images.
Moreover, coherent anti-Stokes Raman scattering (CARS) microscopy provides chemical
specificity [8], although this nonlinear vibrational technique requires an elaborated setup for
pump and Stokes excitations.

Despite these advantages, few MPM studies have been performed on cultural heritage
artifacts [9]. 2PEF was used to recover lost writing on a Roman amphora [10] and 3PEF was
used to determine the stratigraphy on model coatings [11]. The only application of SHG was
the identification of a starch-containing layer in a model coating through depth intensity
profiles [12]. THG was used to determine interfaces in multilayered samples by recording
intensity depth profiles in a transdetection configuration [11, 12]. Nevertheless, THG signals
could not be detected in the backward direction, preventing any measurement on a bulk
sample. Finally, pump-probe imaging was recently shown to enable identification of
historical pigments from their chemical signatures [13]. Most of these MPM studies were
performed in model samples.

Here, we present combined backward-detected 2PEF/SHG images of model samples and
of a violin and attribute these two types of signals to specific components in the samples. To
that end, we first analyze separately various coatings and wood shavings, and we then study a
multilayer model sample that mimics multilayered systems encountered in historical artifacts.
This MPM study therefore represents a major step ahead toward the fulfilling of the key
requirements listed above. It shows that 2PEF/SHG imaging is a non-destructive and
contactless technique for 3D specific and contrasted mapping of various key components of
historical artifacts with a micrometer scale resolution. Finally, the analysis of the varnish on a
century-old violin demonstrates the potential of this technique for in situ investigation of
artworks.

2. Materials and methods
2.1. Multiphoton microscopy setup

A custom-built multiphoton upright microscope was used to perform these experiments as
previously described [14] (Fig. 1(a)). The laser source was a femtosecond titanium:sapphire
laser (Tsunami, SpectraPhysics) tuned to 860 nm and scanned within the sample to record
pixel-wise images. The incident beam was circularly polarized using a quarter waveplate to
image all components in a similar way regardless of their orientation in the focal plane [14].
A high numerical aperture air objective (20x, NA 0.75, Olympus) was used to achieve
approximately 0.45 um lateral by 1.6 um axial resolutions near the sample surface. 2PEF
signals were backward detected either with no spectral selection (GG455 high-pass filter,
Schott), or in two distinct spectral bands, respectively, around 485 nm (485/70 bandpass
filter, Semrock) and above 590 nm (RG590 high-pass filter, Schott) (see Fig. 1(b)). SHG
signals were backward detected at half the incident excitation wavelength (427/10
interferential filter, Semrock). Forward SHG signals were also recorded in the case of
transparent thin samples. Suitable filters were used to reject the excitation laser beam (FFO1-
680/SP and FF01-720SP short-pass filters, Semrock). Both 2PEF and SHG signals were
detected using photon-counting photomultiplier tubes (P25PC, Electron Tubes). In all the
figures, 2PEF and SHG signals are represented in red and green, respectively.

The recorded image size was 480 x 480 pixels with 0.8 um pixel size, corresponding to a
380 x 380 pum? field of view. 3D data were recorded by axially shifting the objective mounted
on a translation stage with 0.5 pum axial steps. The acquisition pixel rate was 200 kHz, or
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approximately one image per second. Laser power at the objective focus was 8 to 20 mWw,
without any observable damage in the studied samples.

mirrors

a Power b

i XY scannin 485/70 RG 590 +
- - ?.dJ_USt_mg]tl 8 SHG filter 2PEF  g80/sp filters Excitation

Ti:sapphire 4 42710 e (iR ]
. 1
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1
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Filters o

Objective

Backward-SHG
I z
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Sample

Condenser

Filters

Forward-SHG

Fig. 1. Experimental setup. (a) Scheme of the multiphoton microscope with air objective (20x,
NA 0.75) and three detection channels with well-suited filters for the different modes of
contrast: 2PEF and backward-SHG for non-transparent and bulky samples, and forward SHG
for thin samples. (b) Detection spectral ranges for excitation at 860 nm: half the excitation
wavelength for SHG and two spectral bands for 2PEF. (c) Experimental setup adapted for in
situ analysis of a historical violin.

2.2. Samples

We investigated the 2PEF and SHG properties of a set of compounds that were widely used
as artists’ materials. Figure 2 summarizes the composition of these model samples, along with
the observed signals.

Maple wood (Acer pseudoplatanus) is an important structural and finishing material used
in furniture, musical instruments and decorative objects. For this study, we first imaged thin
wood shavings, cut along conventional wood planes, and then in bulky samples finished with
different coatings. Note that wood shavings were flattened between two glass coverslips and
imaged using a water-immersion objective (20x, NA 0.95, Olympus).

Various model paint and glaze layers, a few tenths of micrometer thick, were prepared
using film-making materials, pigments and mineral fillers. Gelatin-based glue (GT58,
Laverdure, Paris) and sandarac resin from restoration materials (Musée de la musique
laboratory) were prepared as dried films. One red lake pigment, cochineal on alumina
(prepared at the Musée de la musique laboratory according to a historical recipe), and one
filler, plaster of Paris (Staturoc, Rougier & PIlé, Paris) were incorporated in these binders:
plaster in gelatin film, cochineal lake pigment in gelatin film and in sandarac film. A multi-
layered system was also prepared in the following way: wood (substrate), plaster in gelatin
(lower layer), cochineal lake pigment in sandarac (upper layer) (see scheme in Fig. 2).

Finally, the coating of a violin (Neuner & Hornsteiner, Mittenwald, Germany, early 20th
century, private collection) was analyzed in situ. For these experiments, the sample stage and
forward-SHG detection module were removed to have enough space to put the instrument at
the objective focus (see picture in Fig. 1(c)).
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Samples Emitted multiphoton signals
2PEF SHG

Wood (Acer) I

(thickness = 30 um) lignin cellulose

Gelatin-based film

containing plaster No signal plaster
(thickness = 30 um)

Gelatin-based film
containing cochineallake =+ = % - " s s /.° cochineal lake (above 590 nm) No signal
(thickness = 27 um)

.s?ndarac f."m 5 c cochineal lake (above 590 nm) .
containing cochineal lake = = - » s . No signal
(thickness = 23 um) sandarac (around 485 nm)

Lif~25pum) « =% o ° o " 5 ;.°
o cochineal lake (above 590 nm
Multilayer L2 (720m) ( ) plaster
sandarac (around 485 nm)
model sample L cellulose
L3 lignin

Fig. 2. Model samples and nonlinear signals collected. Description of the model samples
(composition, thickness and scheme) and origin of the corresponding 2PEF and SHG signals.

3. Results
3.1. Wood

MPM was first performed in a thin shaving (about 30 um thick) of Acer pseudoplatanus
wood. 2PEF images (using high-pass GG455 filter) revealed the well-known wood structure,
specifically the wood fibers (see the lower part of Fig. 3(a)) and groups of medullar rays (see
the top part of Fig. 3(a)). These 2PEF signals are emitted by lignin in wood fibers as
described previously [15]. SHG signals were detected both in forward and backward
directions (Fig. 3(b) and 3(c) respectively) with similar signal intensities (forward/backward
~ 0.6 after correction by the channel sensitivities). These signals have been reported to be
specific to crystalline cellulose [15, 16]. 3D reconstructions were also performed (Fig. 3(e)
and Media 1). SHG and 2PEF images thus provided complementary information by revealing
different components of the wood fibers.

3.2. Gelatin-based film containing plaster

No fluorescence was detected from the 30 um thick gelatin-based film (as detailed in part
3.3), whereas plaster radiated strong SHG signals both in forward and backward directions.
Figures 4(a) and 4(b) display an optically sectioned slice 20 um deep within the sample. The
same area was observed using transmitted light microscopy (TLM, see Fig. 4(c)) and plaster
particles were easily recognized. Comparison of SHG and TLM images showed that only the
particles contained within the focal plane were observed in MPM, highlighting the optical
sectioning performed by this technique. Nevertheless, it was possible to visualize all the
particles contained within the coating using SHG microscopy by summing all the images
recorded at increasing depth, as shown in Fig. 4(d) and 4(e) for forward and backward signals
respectively. These z-projections were similar to the TLM view, confirming that all the
plaster particles were SHG emitters. Finally, 3D renderings were generated from the same
SHG image stack and revealed the 3D distribution of plaster particles (see Fig. 4(f)).
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2PEF (GGS5 filter) Forward-SHG Backward-SHG

Merged 2PEF and Forward-SHG 3D reconstruction

Fig. 3. MPM imaging of a thin wood shaving. (a) 2PEF signals from lignin. (b) Forward and
(c) backward SHG signals from crystalline cellulose. (d) Merged 2PEF (red) and forward-SHG
(green) image and (e) 3D reconstruction of the same region (see also Media 1). Scale bar: 100
pm.

Forward-SHG Backward-SHG transmitted light microscopy

z-slice

sum of z-slices

Fig. 4. SHG and TLM imaging of plaster particles dispersed in gelatin-based film. (a, d)
Forward and (b, e) backward SHG images compared to (c) TLM image in the same area. (a-b)
Optically sectioned SHG images at depth z = 20 um within the sample and (d-e) sum of 120
SHG images in a 40 um-thick z-stack, providing projected images similar to the TLM one. (f)
3D reconstruction of the forward SHG image z-stack that allows the spatial localization of the
plaster particles within the layer. Scale bar: 100um.
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3.3. Gelatin-based and sandarac films containing cochineal lake pigments

Cochineal lake pigments in a 27 um thick gelatin-based film and in a 30 um thick sandarac
film (Fig. 5(a-c) and Fig. 5(d-f) respectively) were observed using two distinct 2PEF spectral
bands, respectively around 485 nm (Fig. 5(a) and 5(d)) and above 590 nm (Fig. 5(b) and
5(e)). Around 485 nm, there was no fluorescence from the gelatin-based film (Fig. 5(a)), as
already observed in the previous gelatin-based film containing plaster, whereas sandarac
emitted strong 2PEF signals (Fig. 5(d)). In this case, the cochineal lake particles were
observed in negative contrast due to the absence of 2PEF signals from these particles in this
spectral band. In the second spectral band, above 590 nm, pigment particles exhibited intense
2PEF signals, strongly contrasting with the weak or null emission of the binder (Fig. 5(b) and
5(e)). This observation was confirmed by comparison to TLM (Fig. 5(c) and 5(f)). The shapes
of the different particles were recognized; however, as in the plaster imaging, only few
pigment particles were observed per image due to the optical sectioning of MPM. It therefore
enabled 3D localization of the pigments within the binding layer with a micrometer spatial
resolution. Note that no SHG signal was observed from these components.
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Fig. 5. 2PEF and TLM imaging of cochineal lake pigments dispersed in gelatin-based glue and
sandarac films. Cochineal lake pigments (a-c) in gelatin-based glue film and (d-f) in sandarac
film observed by (a-b, d-e) 2PEF microscopy and compared to (c, f) TLM. 2PEF signals were
detected in two spectral bands: (a, d) around 485 nm and (d, €) above 590 nm. Scale bar: 100
pm.

cochineal lake pigments in glue
z-slice

cochineal lake pigments in sandarac

3.4. Model multilayered coating

MPM imaging of the model multilayered sample revealed different structures at different
depths, distinguished by collecting two distinct 2PEF spectral bands (around 485 nm in Fig.
6(a), 6(d) and 6(g) and above 590 nm in Fig. 6(b), 6(¢e) and 6(h)) and backward SHG signals
simultaneously (Fig. 6(c), 6(f) and 6(i)) (see Media 2 for a z-stack of the three detection
channels). The first layer from the surface, which was composed of cochineal lake pigments
in sandarac, exhibited spectrally distinct 2PEF signals from the binding medium at 485 nm
and from the pigment particles at longer wavelengths (Fig. 6(a-c)). Images from the second
layer composed of plaster in gelatin-based glue were detected by focusing the laser beam
deeper in the sample (Fig. 6(d-f)). As expected, there was no fluorescence, neither from the
binding medium nor from the plaster particles, whereas strong SHG signals were collected
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from the plaster particles. Finally, MPM imaging revealed the wood features under the two
previous layers by combining 2PEF signals from the lignin and SHG signals from cellulose
(Fig. 6(g-1)).

Axial reconstructions were performed from the collected data stacks (Fig. 6(j) and 6(k)) to
characterize the layered system. The contributions of sandarac (2PEF at 485 nm), cochineal
lake pigments (2PEF above 590 nm) and plaster particles (SHG) were visible at different
depths. The wood signals were also observed in the bottom part of these reconstructions.
Using these views, we were able to determine the thickness of each layer without any
sampling of the model stratigraphy: around 25 pum for the fluorescent sandarac layer and 20
pum for the glue layer. 3D reconstructions were also performed and allowed spatial
localization and identification of the different particles by use of their MPM response (Fig.
6(l) and Media 3). It is worth noting that both 2PEF and SHG signals were detected up to a
depth of 80 um, through two different scattering layers. SHG/2PEF merged images of the
Acer wood, underneath the multi-layer coating, still revealed quite sharp features (Fig. 6(m))
as in wood shavings alone. SHG signals from cellulose were only radiated by thin structures
in the wood cell walls, whereas 2PEF signals from lignin appeared in larger areas. This
allowed the visualization of fine wood structures such as bordered pits (see inset Fig. 6(m))
[17].

2PEF (485/70) 2PEF (RG590) Backward-SHG 2PEF (485/70) + SHG

3D reconstruction 2PEF (RG590) + SHG
|

Fig. 6. Multiphoton microscopy of a multilayered coating system on wood. 2PEF (a, d, g)
around 485 nm and (b, e, h) above 590 nm and (c, f, i) SHG imaging at three different depths
(z1 = 27 pm, z2 = 43 pm and z3 = 60 pm) (Media 2). Scale bar: 100um. (j, k) Axial
reconstruction of MPM images combining SHG (green), revealing plaster particles and wood
cellulose, and 2PEF (red) in two spectral bands: (j) around 485 nm, revealing the sandarac film
and the wood lignin and (k) above 590 nm, revealing cochineal lake pigments. Scale bar: 100
um. (1) 3D reconstruction allowing identification and spatial localization of the particles. See
also Media 3 in another region. (m) 2PEF (red, around 485 nm) and SHG (green) imaging of
wood at 50 um depth, below the varnish coatings. Scale bar: 50 um. Inset: zoomed view of a
few wood fibers that enables the spatial localization of lignin and cellulose. Scale bar: 15 pum.
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3.5. Violin

In situ MPM was performed on a historical violin as shown in Fig. 1(c). Two areas were
studied: an area bearing a quite thick multilayer coating on the side of the soundbox (upper
rib on the treble side), and a locally damaged area, without any coating, on the head (see
scheme in Fig. 7()). 2PEF images collected at various depths in the coated area (Fig. 7(a-f)
and Media 4) illustrate the advantages of a setup enabling optical sectioning compared to
conventional fluorescence microscopy (Fig. 7(g-i)). At a depth of 9 um, 2PEF signals
collected in the two spectral ranges under study (around 485 nm in Fig. 7(c), and above 590
nm in Fig. 7(d)) were distinctly different. The cracks were clearly revealed in positive
contrast in the 485 nm spectral range, with few particles evidenced in negative contrast. In the
spectral range above 590 nm, the cracks were barely discernable in a continuous fluorescence
background, while much more particles were evidenced in negative contrast. Deeper in the
violin, 2PEF imaging revealed the structure of the wood (Fig. 7(e-f)), whereas in situ
conventional white light and fluorescence microscopies gave blurry images in the same area.
The wood structure was also observed in situ on the head of the violin with damaged coating.
2PEF and SHG signals from the wood fibers were detected as depicted in Fig. 7(j-k).

2PEF (485/70) 2PEF (RG590)

in situ microscopy
—

3 um

z
luminescence

z=-9um
dark field at surface

24 pm

z
dark field in depth

2PEF (485/70 Backward-SHG

Fig. 7. In situ observation of a historical violin by multiphoton microscopy. Observations were
performed in two areas: (a-i) the side of the soundbox and (j-k) the head of the violin as
represented in the scheme (I). Images of the side area by 2PEF microscopy (a, ¢, €) around 485
nm and (b, d, f) above 590 nm (Media 4) and by (g) luminescence and (h-i) dark field
microscopy. 2PEF microscopy was performed at three different depths: (a-b) 3 um, (c-d) 9 um
and (e-f) 24 um. Scale bar: 100 um. (j) 2PEF and (k) SHG images of wood on the head. Scale
bar: 30 pm.
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4. Discussion and perspectives
4.1. Multiphoton imaging for the study of cultural heritage artifacts

In situ 3D imaging techniques provide key information for the study of cultural heritage
artifacts, which explains the recent development of OCT in that field [3]. Nevertheless, few
OCT setups reach micrometer scale resolution allowing particle imaging and wood structure
characterization [2]. Moreover, this technique lacks chemical specificity, so that
complementary studies using invasive techniques are usually required to identify the
materials. In this work, we have demonstrated that 2PEF/SHG microscopy overcomes these
limitations by providing specific and contrasted 3D structural images, while preserving a low
invasive and user-friendly setup.

We showed that well-resolved and well-contrasted MPM images can be obtained with an
air objective rather than the water-immersion objectives commonly used in the biomedical
field. This is crucial because many materials encountered in artworks are liquid-sensitive and
sometimes porous. Moreover, our MPM images were recorded in the backward direction,
which enables the analysis of samples of any thickness. This backward-configuration is usual
for 2PEF signals that are emitted isotropically, whereas SHG radiation is generally more
efficient in the forward direction due to phase-matching conditions. Nevertheless, as in other
coherent microscopies, SHG signals can be recorded in the backward direction when SHG
backward radiation is enhanced by specific spatial structures or when forward-radiated SHG
signals are backscattered in thick scattering samples [18]. Practically, we showed that SHG
signals from both cellulose and plaster can be backward detected, opening the way to in situ
characterization. Finally, in our experimental conditions, with a power at the focal point
below 20 mW, no damage has been observed in any of the studied model samples and violin.
Nevertheless, modification could occur in light-sensitive materials after prolonged exposure.
For further studies, the power threshold should be adapted to each sample depending on the
absorption properties of the materials.

4.2. Multiphoton imaging of wood

MPM imaging of wood showed both 2PEF and SHG signals. SHG signals arise from
crystalline cellulose as already reported [8, 15, 16]. Cellulose is composed of polysaccharidic
chains that occur naturally in two forms I, (triclinic, space group P1) and Iz (monoclinic,
space group P2;). These well-ordered molecular chains are organized to form microfibrils
with typical diameter from 2 to 20 nm. This hierarchical ultrastructure and the parallel
orientation of the molecular chains explain the emission of SHG signals [8, 15, 16, 19]. SHG
signals, however, are not as strong as in starch because of the reverse orientation of glucose
residues in the polysaccharidic chains, as discussed in [15].

Wood fluorescence is attributed to lignin [15, 17]. In this work, we observed 2PEF in the
450-520 nm spectral range (485/70 bandpass filter) upon excitation at 860 nm. This is in
agreement with the spectroscopic fluorescence properties of lignin [20] and with previous
observations using nonlinear excited fluorescence [21].

Combined SHG/2PEF microscopy thus allows simultaneous imaging of cellulose and
lignin, two major components of wood, as reported previously in celery petiole [15]. Similar
multimodal imaging has been demonstrated with CARS microscopy by using C = C vibration
at 1600 cm ™ as a lignin marker and C-O-C vibration at 1100 cm™ as a cellulose marker [22].
However, implementation of CARS microscopy is not as straightforward as SHG and 2PEF
microscopies which require only one standard femtosecond laser beam. SHG/2PEF
microscopy thus provides a simple means for 3D in situ mapping of wood cell walls at the
sub-micrometer scale and should enable a better insight into their organization. It could be
further improved by using an objective with higher numerical aperture to increase the lateral
resolution, while fine wood structures such as bordered pits were already visible in the inset
of Fig. 6(m). Another perspective is to implement polarization-resolved SHG imaging to
determine the orientation of cellulose microfibrils [16, 23] and to gain insight into cellulose
organization in cell walls. In a similar way, polarization-resolved CARS microscopy enabled
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the determination of the molecular orientation in dry and hydrated cellulose fibers [8]. More
generally, polarization-resolved approaches are sensitive to the distribution of orientations at
the submicrometer scale, that is, below the optical resolution [14, 24]. Quantitative
information could thus be obtained using this technique to compare different wood species or
to study the effects of treatment or aging on wood microstructure.

It is worth noting that these microscopic properties are key parameters to better
characterize the macroscopic mechanical properties of wood [25, 26]. A previous study based
on Raman microscopy suggested changes at the molecular scale in zones of tension wood [1].
Determination of the relationship between the distribution of the cellulose and the wood
mechanical properties would be of great interest to characterize wooden artifacts such as
musical instruments, especially for their acoustic properties [25] or for the sensitivity of their
mechanical constraints to micro-environmental changes.

4.3. SHG imaging of plaster

We showed that plaster, that is, calcium-sulfate particles, is a strong emitter of SHG signals
which can be detected both in forward and backward directions. Note that there are 3 types of
calcium-sulfate crystals depending on the water content: anhydrite CaSO,4 hemihydrate
CaS0,.0,5H,0, also called bassanite, and dihydrate CaS0,.2H,0, also called gypsum.
Bassanite exhibits a pseudohexagonal monoclinic crystal structure that is non
centrosymmetric, while anhydrite and gypsum are centrosymmetric crystals. Given that SHG
vanishes for centrosymmetric materials, non zero SHG signals are only expected for bassanite
particles [27]. Accordingly, complementary analysis by powder X-ray diffraction (XRD)
showed that the plaster we used for the preparation of the samples was composed of very pure
hemihydrate calcium sulfate.

The calcium sulfate-based preparation layers (gesso) encountered on Italian panel
paintings before the 16th century are mostly anhydrite or gypsum. In some specific cases,
bassanite, which is obtained by the heating of gypsum, has also been detected by X-ray
diffraction, FTIR and Raman spectroscopy [28-30]. The relative ratios of these three
compounds may be an indicator of the preparation process of gesso materials. It may also be
used as an indicator of the degradation and transformation processes in mural decorations
[31]. The ability to specifically image bassanite by SHG microscopy therefore opens new
perspectives for conservation studies of the numerous works of art containing calcium-
sulfate-based materials.

4.4. 2PEF spectral properties

Fluorescence properties of pigments and binding media have been widely studied using
conventional setups based on linear excitation of these fluorophores. In particular, spectrally-
resolved excitation and emission studies paved the way toward non-invasive and non-
destructive identification of the components [32, 33]. However, most of the time, these
techniques do not allow spatial characterization. To overcome this limitation, synchrotron
multispectral luminescence studies have been recently reported and allowed mapping of
spectral properties with micrometer scale resolution [34]. Nevertheless, user-friendly
techniques are still needed that do not require access to a synchrotron source. In this paper,
we demonstrated that 2PEF microscopy both provides 3D localization at micrometer scale
and spectral properties of the fluorescence signals emitted by pigments and binding media, by
use of a benchtop instrument.

Lake pigments have been widely used in easel paintings and have also been reported in
the varnishes of 18th-century Italian violins by A. Stradivari [35, 36]. The coloring matter of
these lakes consists of anthraquinone molecules extracted from various vegetal and animal
species such as the cochineal Dactylopius Coccus Vast. which contains carminic acid, or the
madder root Rubia Tinctoria which contains alizarin and purpurin. The color is stabilized
with mineral treatments (for instance with potash alum), producing a complex between the
coloring molecules and the mineral substrate according to processes already used by textile
dyers in the Middle Ages. Most red lake pigments are fluorescent, with an emission in the
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600-640 nm spectral range, the wavelength maximum depending on the origin of the dye and
of the anthraquinone molecules in presence [37]. In accordance with these studies employing
linear excitation, our 2PEF images showed that fluorescence of cochineal lake pigment is
emitted in a spectral band above 590 nm.

Fluorescence spectra are usually broad in the visible range for protein-, resin- and oil-
based paintings and varnish binding media [33, 38]. Typical fluorescence emission of
sandarac upon linear excitation of 430 nm is a broad, bell-shaped spectrum, with a maximum
emission around 500 nm and a FWHM of about 130 nm [39]. Accordingly, we observed that
the sandarac 2PEF emission is intensely fluorescent beneath 590 nm when excited at 860 nm.

In this study, 2PEF emissions in two spectral bands were recorded sequentially by using
two suitable spectral filters. Nevertheless, simultaneous acquisition of two or more spectral
bands could be implemented in a straightforward way using appropriate dichroic mirrors and
spectral filters to collect 2PEF signals on parallel detectors. Furthermore, emission and
excitation 2PEF spectra could also be recorded as for biological fluorophores [40]. Such a
spectroscopic analysis of pigments and binding media 2PEF signals would enable comparison
with linear excitation and allow the optimization of the emission filters.

5. Conclusion

In this paper, we demonstrated key advantages of multiphoton microscopy for in situ
characterization of historical artifacts. We obtained highly contrasted 3D images at the
micrometer scale without any preparation or sampling of the artifacts. Specific signals were
collected as a function of the chemical nature of the studied materials: SHG signals were
obtained from cellulose and plaster and 2PEF signals were obtained from pigments such as
cochineal lake pigments and binding media such as sandarac. Furthermore, we showed that
spectral selection of 2PEF signals enables the discrimination of different pigments and
binding media by taking advantage of their emission spectral ranges. We also showed that
plaster particles composed of hemihydrate calcium sulphate, that is bassanite, exhibit SHG
signals, as expected from theoretical considerations about material symmetry. Finally, in situ
observations of a historical violin have been performed without any damage of the
instrument. This study paves the way for numerous promising applications to the fields of
ancient materials and conservation science, as well as, more generally, to the fields of coating
materials and wood science.
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