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We present an appropriate methodology and results for using third-
harmonic generation (THG) modality for nondestructive high resolution
imaging measurements of varnished structures in model painted artifacts.
Detection takes place in the reflection mode, demonstrating the ability of
the technique to be applied to the evaluation of original artworks.
Furthermore, multi-photon excitation fluorescence images were obtained,
providing complementary information related to the identification of the
chemical composition of the artifacts.
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INTRODUCTION

One major problem in the conservation of painted artifacts is
the determination of the precise thickness of the outer layer of
varnish. Natural varnish layers (resins) are historically one of
the most usual materials employed to protect painted surfaces
from atmospheric pollution and oxidation and to improve the
appearance of the artifact. However, varnishes suffer from
progressive deterioration due to continuous exposure to
aggressive environmental conditions, giving rise to oxidation
and polymerization products.'=> This may affect the aesthetic
appearance of the artifact and in some cases may diminish its
lifetime. Therefore, varnishes usually need to be removed and
replaced during regular conservation practice. Traditionally,
this process occurs by applying chemical materials to dissolve
the old varnish, an approach that is not easily controlled and
may be harmful to the paintings.

Laser spectroscopic technologies have become an important
tool in art conservation studies for determining the thickness of
the varnish layers and for the on-line monitoring of the removal
procedure. For thickness measurements, it is important to
implement techniques that are nondestructive and highly
sensitive in detecting small concentrations of pigments.
Spectroscopic techniques such as laser-induced breakdown
spectroscopy (LIBS)>™* or laser ablation and time-of-flight
mass spectrometry (LAMS),> which are based on a semi-
destructive approach, have been implemented. Furthermore,
other techniques, such as laser-induced fluorescence (LIF)® and
optical coherence tomography (OCT),’”~® have been employed
to measure the varnish thickness. More recently, THG
spectroscopy has been introduced, providing promising results
for the precise detection of transparent multilayer structures. '”

Nonlinear imaging methodologies such as multi-photon
excitation fluorescence (MPEF), second-harmonic generation
(SHG), and third-harmonic generation (THG) are well-
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established, nondestructive techniques that have been used as
tools for the in vivo imaging and mapping of sub-cellular
biological structures and processes'!~'* and have also been
employed for studies in the area of archaeology.'> Nonlinear
imaging modalities present the capability of intrinsic three-
dimensionality, high axial resolution, the ability to section deep
within the sample, and the reduction of “out-of-focal-plane”
photobleaching in the specimens. These features are desirable
for art conservation studies. Additionally, the use of femto-
second (fs) lasers enables high peak powers for efficient
nonlinear excitation, but at low enough energies so that
samples are not damaged. Furthermore, in exploiting multi-
photon processes, the wavelength of the illuminating source is
located in the near-infrared (NIR) part of the spectrum. This
helps further the reduction of risk for photodamage and makes
filtering of the NIR excitation wavelengths from the fluorescent
signal wavelengths extremely easy, improving the overall
sensitivity of the detection system.

In previous work!'® we have shown that the precise detection
of different layers of natural and synthetic varnishes is feasible
by employing an imaging system that combines three-photon
excitation fluorescence (3PEF) and THG modalities in a single
tool. THG is associated with the real part of ¥® susceptibility,
and it is reinforced when the focus of the laser beam is at an
interface between two media with different refractive indi-
ces.!'>1® This allows imaging based on THG to resolve
otherwise transparent interfaces and inhomogeneities within
the resolution of the confocal parameter and without the use of
external dyes. Thus, THG has been used to image the interfaces
between different layers of a transparent sample with a three-
dimensional (3D) microscopy capability, while the 3PEF signal
was confined to the natural varnish layer.!® In our previous
series of measurements, THG was measured in the forward
direction, where the signal is stronger due to its coherent
nature. This required the use of transparent samples. However,
real painted artifacts are not transparent structures, including
multi-layers of pigments, varnishes, and other materials, so for
real applications the reflection mode of operation is imposed. In
this study, we present the analysis of five different model
painting samples showing the capability for the precise
determination (resolution is on the order of a few micrometers)
of the thicknesses of the protective varnish layers in painting
materials using a combination of THG and MPEF imaging
modalities in the reflection mode.

EXPERIMENTAL

The experimental setup is outlined in Fig. 1. The laser source
used throughout this work was a diode-pumped Ytterbium-
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Fic. 1. Schematic representation of the experimental setup.

doped solid state laser (t-Pulse, Amplitude Systemes), with a
repetition rate of 50 MHz, operating at a central wavelength of
1028 nm. The average power at the laser output was 1 W and
the pulse duration was 200 fs. The average power at the sample
plane was less than 20 mW in order to avoid ablation effects
and burnings into the specimens. A dichroic mirror was used to
send the light to the sample. A two-lens arrangement served to
expand the laser beam to fill the aperture of the objective lens
(Carl Zeiss, Plan-Apochromat 100X, N.A. 1.4).

The same setup was used to measure both THG and MPEF
signals, in distinct sets of measurements. A 340 nm colored
glass filter (Hoya U340) and a short pass filter at 650 nm (SPF
650 nm CVI) were used for the THG and MPEF measure-
ments, respectively. The reflected signal was measured with a
photomultiplier tube (PMT Hamamatsu H9305-04) connected
to a lock-in amplifier (SR810 Stanford Research Systems). The
sample position was controlled by an x-y-z motorized stage
(Standa 8MT167-100) with minimum steps of 1 pm in each
direction.

Sample Preparation. Pigments, the main component of
painted artworks, are derived from a wide variety of organic
and inorganic substances, both natural and artificial.! They are
granular solids and a small amount of them is sufficient to give
color to the paint. Oil, acrylic, and egg are some of the main
binding materials (mediums) that hold together pigment
particles in paints and fix them to the painting surface. The
final touch to an artwork is given with one or more layers of
varnishes. Varnish is a solution of a resin in a solvent, which is
used to protect and preserve the artifact from atmospheric
pollution; it also improves the aesthetic appearance by
providing an even surface finish, brilliance, and depth to the
colors.

On round glass plates 35 mm in diameter and ~45 pum thick
(Marienfeld), five different model samples reproducing the
properties of a real artwork have been prepared. These samples
represent the three main categories of painted artworks, oil
paint from the Renaissance period, egg tempera from the
Byzantine era, and acrylic paint from modern time.

The first two samples were prepared with ready-made acrylic
paint (Rowney CRYLA, artistic acrylic color). Sample #I is
lemon yellow, a barium chromate (BaCrQO,), and sample #2 is
an ochre yellow (Fe,O3 *nH,0, SiO,, Al,O3). Sample #3 is an
oil color paint made by mixing ochre yellow (Fe,O3; *nH»O,
Si0,, AlxO3) pigment with linseed oil. In samples #4 and #5
egg yolk was employed as a binding medium. Sample #4
contains titanium white (TiO,) pigments and sample #5
contains barium chromate (BaCrO4) pigments. All the above
model painting samples were covered with one layer of natural
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Fic. 2. Sectioning of a transparent sample containing a layer of synthetic
varnish and a layer of natural varnish: (a) THG in transmission mode and (b)
THG in reflection mode. The lateral dimension of the scanning area of the
recorded images is 10 pm with 1 pm resolution.

varnish (colophony dissolved in white spirit), in order to
produce multilayer structures.

Finally, for testing reasons a transparent sample (#6) was
studied, containing one layer of natural varnish (mastic
dissolved in turpentine) and another layer of synthetic varnish
(vinavil, a polyvinyl acetate homopolymer, dissolved in water).

All the samples were cast to produce layers of even
thickness. The measurements have been performed on fresh
samples.

Backward-Reflected Third-Harmonic Generation Sig-
nal. In order to evaluate the possibility for the precise
discrimination of the different layers of material (of a real
artifact) through the detection of THG modality in the
reflection mode, a transparent sample (sample #6) has been
analyzed and compared in both transmission and reflection
modes. Figure 2a depicts a THG image detected in the forward
direction using the setup described in Ref. 10 but scanning the
sample with an x-y-z motorized stage. Figure 2b shows THG
signals obtained in the reflection mode setup from the same
sample.
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Fic. 3. (a) White light picture of sample that contains barium chromate in an

acrylic medium. (b) Smaller area of the same sample imaged through THG in
reflection mode with 1 pm resolution. White color corresponds to the maximum
and black color to the minimum THG intensity signals.
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Fic. 4.

(a) Absorption spectra, and normalized emission spectra with excitation at (b) 343 nm and (¢) 514 nm, respectively. Sample #1 contains barium chromate in

acrylic medium (solid curve), sample #2 contains ochre yellow in acrylic (dotted curve), and sample #3 contains ochre yellow in oil (dashed curve). The colophony

varnish spectrum (dashed-dotted curve) is also shown.

Although the THG signal is lower in reflection mode (Fig.
2b) compared with transmission mode (Fig. 2a), four different
layers can be distinguished, indicating the interfaces between
the different materials. The upper one corresponds to the air—
synthetic varnish interface and the lower one corresponds to the
glass—air interface. The other two represent the synthetic
varnish-mastic and mastic—glass interfaces, respectively. The
thicknesses of the mastic and synthetic varnish layers measured

in reflection mode compared with those measured in
transmission mode are: 22 um in transmission and 29 um in
reflection mode for the mastic layer, and ~54 pm for the
synthetic varnish layer in both modes. The measured thickness
of the glass is always around 45 pum. It should be mentioned
that the THG signal on each interface presents a Gaussian-like
shape and the estimated thickness is the distance between the
maximal values of each interface.
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(a) Absorption spectra, and normalized emission spectra with excitation at (b) 343 nm and (¢) 514 nm, respectively. Sample #4 contains titanium white

pigments in egg yolk medium (solid curve) and sample #5 contains barium chromate in egg yolk (dotted curve). The colophony varnish spectrum (dashed curve) is

also shown.
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Sections of samples with a layer of colophony and a layer of pigment: (a) barium chromate in acrylic medium, (b) ochre yellow in acrylic medium, and (c)

ochre yellow in oil medium. Blue represents THG and green represents MPEF signals. The lateral dimension of the scanning area of the recorded images is 10 pm

with 1 pm resolution.

Due to technical reasons, the THG data in reflection mode
and in transmission mode were obtained in distinct sets of
measurements at different time periods. Moreover, slight
differentiations of the thicknesses of the varnish layers is
expected owing to the casting preparation method of the
sample. Therefore, the small deviation of the measured
thickness of the mastic layer can be attributed to the fact that
the scanning procedure was performed at different positions on
this kind of sample.

It is important to notice that this sample (#6) is made by
using uniform materials, without the use of any pigment, so the
interface between media can be detected by a uniform THG
signal. Also, both synthetic varnish and natural resins (mastic
or colophony) are completely transparent in the infrared range
and in a wide part of the visible range of wavelengths.

In the following subsections we analyze the nonlinear
behavior, in terms of THG signal and multiphoton fluores-
cence, of five different model samples. These simulations of
real artworks are composed of different kinds of binding
mediums and pigments, covered with the same natural varnish
protective material (colophony).

Oil and Acrylic Binding Mediums. In Fig. 3a is shown a
picture of a sample containing barium chromate particles in an
acrylic medium. It can be observed that the size of these
particles ranges from submicrometer to several micrometers.

One consequence of the addition of pigments is that the
interfaces between different layers are no longer homogeneous.
A scan of the surface of the sample shows, in Fig. 3b, how the
intensity of the THG signal is position dependent. Due to the
coherent nature of THG, most of the signal is created in the
forward direction, but the presence of metallic components and

nanoparticles also makes possible the detection of a THG
signal in the reflection mode.!”

In order to study the effects of various pigments and binders,
three different model samples have been analyzed using
nonlinear imaging techniques. Two different kinds of binders
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FiG. 7. Sections of samples with a layer of colophony and a layer of pigment
in egg yolk medium: (a) titanium white and (b) barium chromate. Blue
represents THG and green represents MPEF signals. The lateral dimension of

the scanning area of the recorded images is 10 pm with 1 pm resolution.
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are taken into account, acrylic and oil, mixed with barium
chromate and ochre yellow pigments. Sample #1 is barium
chromate and sample #2 is ochre yellow in acrylic medium.
Sample #3 is ochre yellow with linseed oil.

In Fig. 4 the absorption and emission spectra for these three
samples are presented, along with the data corresponding to
colophony. The absorption spectra (Fig. 4a) were measured
with a UV/Vis Spectrometer (Perkin Elmer-Lambda 950). The
emission spectra (Figs. 4b and 4c) were taken using a
fluorometer (Jobin Yvon Horiba FluoroMax- P) with excitation
wavelengths at 343 nm and 514 nm, respectively. Figures 4b
and 4c present the normalized measured fluorescence intensi-
ties of the samples. The fluorescence intensity of colophony is
comparable with the intensities of the other three materials at
343 nm (Fig. 4b), but it is much weaker at 514 nm (Fig. 4c).

It can be observed that all the materials present high
absorption coefficients at UV wavelengths, while the absorp-
tion in the visible range (at 514 nm) depends strongly on the
pigment used. At 514 nm ochre yellow presents 80%
absorption, independently of the binding medium used, while
barium chromate only reaches 17%. Moreover, these materials
present absorption at the fundamental laser wavelength of 1028
nm (5% for sample #1 and around 25% for samples #2 and #3).
Thus, while for colophony (natural varnish) mainly three-
photon absorption is important, for the other painting materials
the absorption process is a combination of one-, two-, and
three-photon absorption. Consequently, it is easy to damage the
painting samples by burning. From our experiments it has been
observed that the damage threshold is not reached using
average powers at the sample plane of less than 20 mW (less
than 0.4 nJ per pulse). We have to note that nonlinear signals
appear in a small incident intensity window, below which the
signal is too low and above which the sample is damaged.
Therefore, the restricted numbers of data points within this
window are not enough to prove unambiguously the nonlinear
dependence of fluorescence on the input laser intensity.
However, the minimal absorption of colophony in the visible
and infrared spectral regions indicates that the main contribu-
tion to the fluorescence process is due to three-photon
excitation.

Figure 5, shows the two-dimensional section of the three
samples described above, with a layer of colophony of different
thicknesses on top of each. Both the THG (blue) and MPEF
(green) signals are depicted. The vertical axis corresponds to
the scanning depth with around 3 pm resolution and the
horizontal axis corresponds to ten different positions 1 pm
apart.

From the reflected THG signal the air—colophony and the
colophony—pigment interfaces can be clearly distinguished for
the three samples. The measured thicknesses of the varnish
(colophony) layers are 24, 21, and 35 pm for samples #1, #2,
and #3, respectively. As has been already pointed out (Fig. 3b),
there is a difference between the THG signal obtained from the
two interfaces: while the former (air—colophony) is a
continuous line since colophony varnish is a uniform material,
the latter (colophony—pigment) is not homogeneous and is only
created at the pigment particles. The refractive index mismatch
is higher between ochre yellow and the colophony at their
interface than the one between barium chromate and
colophony.! Consequently, keeping the same illuminating
conditions, the efficiency of the THG process is higher for
the ochre yellow—colophony interface (sample #2) than that for
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the barium chromate—colophony interface (sample #1). That is
the reason why the second interface is more clearly
distinguished in Fig. 5b than in Fig. 5a. Additionally, it is
worthwhile to notice that, due to the strong absorption of the
pigments for the three samples, only the detection of the outer
structures of the model paintings is feasible. The two first
interfaces (air—varnish, varnish—painting) via THG imaging
measurements and a portion of the pigmented layer through
multi-photon fluorescence are detectable. This fact makes
impossible the use of the transmission configuration, even for
testing purposes.

Multi-photon excitation fluorescence signals present almost
the same level of intensity for the varnish and for the
pigmented material for sample #1 (Fig. 5a). From this sample
it can be pointed out that MPEF measurements alone are not
enough for measuring the thickness of varnish. The detected
THG signals provide the proper information for the precise
thickness determination of the varnish protective layer.

Moreover, comparing the MPEF signals from samples #2
and #3 (both containing ochre yellow pigments), it can be
observed that the main contributor to the fluorescence is the
binding media. While oil creates a higher level of signal (Fig.
5c¢), acrylic is not generating any (Fig. 5b). The recorded MPEF
signal from sample #2 (acrylic binding medium) arises from
the colophony varnish. This observation is in agreement with
previously reported studies showing that the fluorescence
detected in paint based on metallic compounds is generated by
the binding mediums, while the pigment actually may inhibit
the generation of fluorescence.'®

Egg Yolk Binding Medium. Another type of artistic paint is
tempera. In this technique the binding medium in which the
pigment is embedded is egg yolk.

In order to analyze the behavior of paintings containing
egg yolk, two different samples have been prepared. Sample
#4 contains titanium white (TiO,) pigments and sample #5
contains barium chromate (BaCrO,) pigments. Figure 6a
shows the absorption spectra and Figs. 6b and 6¢ show the
emission spectra exciting at 343 nm and 514 nm, respective-
ly. It can be observed that the absorption of the materials is
higher at 343 nm (~91%) than at 514 nm (~10%). The
fluorescence curves (Figs. 6b and 6c¢) show that the
contribution to the MPEF is due to both two- and three-photon
absorption.

Figure 7 shows the combination of THG (blue) and MPEF
(green) measurements for these two samples. On top of the
pigments a layer of colophony varnish has been introduced. As
in the previous measurements, the lateral dimension of the scan
is 10 pm. From the THG measurements it can be observed that
the thickness of the varnish layer is 35 pm for sample #4
containing titanium white (Fig. 7a). For sample #5, with
barium chromate (Fig. 7b), the thickness is 12 pm. In the case
of sample #4 some inhomogeneities inside the painting
material also generate THG signal. However, the main
difference from the samples analyzed in the previous section
containing oil or acrylic as a binding media is the behavior of
the MPEF signal. The level of the signal arising from the
painting layer is much stronger than the signal from the
colophony. Thus, while the THG signal gives the information
about the position of the layer interfaces, MPEF would provide
complementary information about the painting technique that
has been used, since, compared with the fluorescence of the
colophony, the total fluorescence coming from the painting



material is higher. Consequently, this technique represents a
new qualitative way to detect the thicknesses of varnish
protective layers. Furthermore, it allows the discrimination,
rather than the determination, of the composition between
different painting media.

CONCLUSION

The possibility of measuring THG signals in the reflection
mode in model painted materials has been demonstrated. The
precise determination of the thickness of a varnish protective
layer through THG imaging measurements was achieved. Five
different widespread painted materials were studied. THG
imaging modality is an appropriate technique for realistic
diagnostic applications in painted artifacts, since it provides
minimum sample disturbance. By combining the information
recorded through THG with that obtained from MPEF
measurements, complementary information such as discrimi-
nating the chemical composition of painting materials and
understanding the painting techniques employed can be
extracted using the same simple setup.

Additionally, since the ablation and removal of varnish
surfaces is possible using femtosecond lasers,'® we anticipate
that these diagnostic nonlinear imaging modalities, which
present comparable accuracy with other techniques (e.g.,
OCT), can be integrated in a single novel instrument with the
capabilities of diagnosis and laser cleaning for art restoration
purposes. The compact size and the reduced dimensions of the
employed excitation source allows its integration in a
transportable device with the capabilities of in sifu laser
diagnosis and cleaning of painted artworks. The construction of
a laser cleaning apparatus that integrates these nondestructive
diagnostic modalities has the potential to provide precise online
control of the cleaning procedure of artifacts and can help to
avoid damage to the exposed painted surface.
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