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Abstract We present the use of novel nonlinear imaging,
terahertz time-domain spectroscopy and imaging as power-
ful diagnostic tools for studies of works of art. It is shown
that nonlinear imaging offers precise in-depth information,
while terahertz imaging can reveal hidden objects and un-
cover information on highly absorbing organic compounds
whose visualization is difficult in other parts of the spec-
trum.

1 Introduction

The removal of unwanted surface layers consists one of
the most delicate interventions in Cultural Heritage (CH)
conservation. In particular, both time and exposure to at-
mospheric conditions may irreversibly modify these layers,
calling thus for their removal. However, either by conven-
tional cleaning methods or lately by laser beam application,
the conservator interacts directly and irreparably with the
cultural material. The removal action gets further compli-
cated if the plurality of materials that may be found within a
painted artwork (often in ultrathin layers or traces) is taken
into account. Therefore, given the demanded high selectiv-
ity and special treatment, a detailed in-depth assessment of
the painting layers compounds is required. A variety of tech-
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niques has been employed towards the analysis and charac-
terization of materials spanning from X-rays up to the mid-
infrared.

In the present study, two femtosecond laser-based novel
approaches are described: nonlinear imaging and terahertz
(THz) time-domain spectroscopy and imaging. The former
relying on nonlinear phenomena taking place upon intense
laser irradiation, including Multi-Photon Excitation Fluo-
rescence (MPEF), Second Harmonic Generation (SHG) and
Third Harmonic Generation (THG), while the latter is based
on the use of femtosecond laser induced Terahertz radiation.

Both of the presented herein techniques are non-invasive
and can reliably and accurately reveal in-depth information
(e.g. structural modifications and hidden objects below the
original surface) of a cultural object layers leading to the
mapping of the artwork to be restored. We anticipate that
they can serve as monitoring tools to fine-tune the cleaning
protocol and safeguard the CH object.

2 Nonlinear imaging: principles and applications

MPEF, SHG and THG, are well-established, non-destructive
imaging techniques that recently have been used as diagnos-
tic tools for art conservation studies, providing very promis-
ing results [1, 2]. They have the potential to provide essential
information to the art conservation scientists for the assess-
ment of the appropriate conservation method that has to be
followed for a painted artwork [3].

The use of femtosecond (fs) lasers enables high peak
powers for efficient nonlinear excitation, but at low enough
energies so that samples are not damaged. The basic prin-
ciple underlying MPEF, SHG and THG imaging techniques
is that for tightly focused fs laser pulses, the photon den-
sity is high enough to induce multiphoton absorption or
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Fig. 1 Schematic of the
nonlinear imaging experimental
setup with two pathways of
detection one in the reflection
and the other in the transmission
mode. PMT is photomultiplier
tube

other nonlinear, coherent processes within the focal volume.
Nonlinear imaging modalities present the capability of in-
trinsic three-dimensionality (3-D), high axial resolution and
the ability to section deep within the sample. Out of focal
plane photobleaching and phototoxicity phenomena are dra-
matically reduced, diminishing damage of the studied ob-
ject. For SHG and THG (scattering coherent processes) an
additional advantage derives from the fact that no energy
is deposited on specimens, thus sample disturbance (e.g.,
thermal, mechanical side-effects) are minimal, which is de-
sirable for art conservation studies. MPEF imaging mea-
surements (Two or Three Photon Excitation Fluorescence
(2PEF/3PEF)) provide information related to the identifica-
tion of the chemical composition of artifacts. On the other
hand, SHG signal is produced from non-centrosymmetric
molecules. SHG modality provides information related to
structures with high degree of orientation and organization
but without inversion symmetry such as stacked membranes
and arranged proteins (e.g. collagen) [4]. THG is sensitive
to local differences in third-order nonlinear susceptibility
χ(3), refractive index and dispersion [5, 6]. Under tight fo-
cusing conditions, the extent of the THG signal increases
dramatically when the beam focus spans an interface be-
tween two optically different materials. This allows imag-
ing based on THG to resolve otherwise transparent inter-
faces and inhomogeneities within the resolution of the con-
focal parameter and without the use of external dyes. No
THG signal is collected when the laser beam is focused in-
side a homogeneous, normally dispersive medium. Conse-
quently, THG comprises an ideal diagnostic tool that gives
unique structural and morphological information for vari-
ous samples. In contrast to SHG modality that requires a
medium without inversion symmetry, THG is allowed in any
medium.

Multiphoton excitation microscopy measurements have
been used to recover lost information in the area of archae-
ology [7]. Additionally, SHG imaging measurements have

been applied for the evaluation of corrosion of painted met-
als [8]. Recently, higher harmonic generation (SHG-THG)
spot measurements were implemented for the extraction of
information related to thickness determination and compo-
sition discrimination of various types of natural and syn-
thetic glue used for lining of painted artworks [9]. Nonlinear
imaging modalities were employed for the precise and non-
destructive thickness detection and composition identifica-
tion of complex, multilayer structures used in model painted
artworks. Specifically, via the detection of THG and MPEF
signals from model painted artworks, the precise thickness
determination of varnish protective layers and the identi-
fication of the chemical composition of the artifacts were
achieved [1, 2]. Detection takes place in both transmission
and reflection mode, demonstrating the ability to apply this
non-destructive technique on the evaluation of original art-
works [2].

2.1 Nonlinear microscopy setup

The nonlinear signals (MPEF, SHG and THG) are generated
simultaneously from the focal volume at the sample plane.
The development of an experimental apparatus that allows
the collection of different nonlinear optical signals simulta-
neously (in the reflection and in the transmission mode) in
order to obtain complementary information from the sam-
ples is depicted in Fig. 1 and is described in detail in previ-
ous reports [1]. Briefly, the system consists of an Amplitude
Systems femtosecond laser operating at 1028 nm, with aver-
age power of 1 Watt, delivering 200 fs pulses at a repetition
rate of 50 MHz. Since the third harmonic of the laser system
is in the near ultraviolet (UV) region of the electromagnetic
spectrum (∼343 nm), there is no need to use UV optics with
special coatings for the collection of the THG signal. The
focal plane is selected with the motorized translation stage
(1 µm resolution). In order to get high resolution images,
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Fig. 2 Precise sectioning of a multilayer sample ((a) THG and
(b) 3PEF) containing a layer of vinavil and a layer of mastic. The lat-
eral dimension of the scanning area of the recorded images is 15 µm

the scanning is performed by a pair of galvanometric mir-
rors. Lab View interface used to control both scanning and
data acquisition procedures. MPEF signals are collected in
the backward direction using a photomultiplier tube (PMT)
connected to a Lock in Amplifier ensuring thus high signal-
to-noise ratio. THG signals are detected simultaneously in
the forward direction, by employing a second PMT and a
Lock in Amplifier. Additionally, the detection of THG sig-
nals in the reflection mode is feasible. In this case THG and
MPEF signals are collected in distinct set of measurements.

This experimental setup (with two pathways of detection)
has been employed for carrying out nonlinear imaging mea-
surements in model painting samples: a multilayer varnish
sample and artifacts simulating real case artworks.

2.2 Multilayer varnish sample

Figure 2 shows a sample combining layers of vinavil
and mastic varnishes of different thickness. The sample
was placed on a glass plate. Through THG measurements
(Fig. 2(a)) four different layers can be distinguished indi-
cating the interface between the different media. The upper
one corresponds to the air/vinavil interface and the lower
one to the glass/air interface. The other two represent the
vinavil/mastic and mastic/glass interfaces, respectively. The
precise sectioning of the multilayer sample can be achieved
(measured thickness of the vinavil layer ∼63 µm, thickness
of the mastic layer ∼22 µm). The axial resolution is of the
order of 2 microns. The energy per pulse on the sample is
less than 1 nJ. The MPEF signals from the sample are de-
picted in Fig. 2(b). It can be observed that signals only arise
from the layer of mastic, providing complementary informa-
tion for the multilayer sample. These measurements would

Fig. 3 Sections of samples with a layer of colophony and a layer of
pigment: (a) barium chromate in acrylic medium and (b) ochre yellow
in acrylic medium. Blue represents THG and green MPEF signals. The
lateral dimension of the scanning area of the recorded images is 10 µm.
Detection took place in the reflection mode

be extremely helpful in a variety of applications, such as
the identification of new and old varnish layers of complex
multilayer structures and the recognition of polymerized or
oxidized varnish and more generally organic layers.

2.3 Model painted artifacts

Figure 3, presents the two dimensional section of two model
samples. These simulations of real artworks were composed
with ready-made acrylic paint (Rowney CRYLA, artistic
acrylic color) as binding medium and different kinds of pig-
ment. Sample 1 (Fig. 3(a)) is lemon yellow (BaCrO4) and
sample 2 (Fig. 3(b)) is an ochre yellow (Fe2O3∗nH2O, SiO2,
Al2O3) pigment. Both model samples were covered with the
same natural varnish protective material (colophony). Com-
bining THG (blue) and MPEF (green) signals are depicted
in Fig. 3. It should be pointed out that both nonlinear signals
are detected in the reflection mode.

The two first interfaces, between different media, are de-
tectable via THG imaging measurements (blue). From the
reflected THG signal, the air/colophony and the colophony/
pigments interfaces can be distinguished for the two sam-
ples. The precise determination of the thicknesses of the
protective varnish layers in the two model painting mate-
rials (24 µm for sample 1 and 21 µm for sample 2) can
be achieved. There is a difference between the THG sig-
nal obtained from the two interfaces: while the former
(air/colophony) is a continuous line, since colophony var-
nish is a uniform material, the latter (colophony/pigment) is
not homogeneous and is only created at the pigments par-
ticles. Furthermore, the refractive index mismatch is higher
between ochre yellow and colophony interface compared to
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respective one of the barium chromate [10]. Consequently,
keeping the same illuminating conditions, the efficiency of
the THG process is higher for ochre yellow colophony in-
terface (sample 2) than that for barium chromate colophony
interface (sample 1). That comprises a possible explanation
why the second interface is more clearly distinguished in
Fig. 3(b) than in Fig. 3(a). Moreover, the different absorp-
tion of the THG signal from the various pigment layers must
be taken into account.

MPEF signals (green) present almost the same level of
intensity for the varnish and for the pigmented material
for sample 1 (Fig. 3(a)). On the contrary, the recorded
MPEF signal for sample 2 (Fig. 3(b)) arises only from the
colophony varnish. The pigmented material of sample 2 is
not generating any MPEF signal. Therefore, MPEF mea-
surements can provide complementary information that al-
lows the discrimination, rather than the determination, of the
composites of different painting media.

Nonlinear image contrast modalities (MPEF, SHG, THG)
comprise a powerful diagnostic tool for art conservation
studies facilitating the control of any cleaning interven-
tions. The combination of these modalities with other non-
invasive techniques such as Confocal Raman Microscopy
can give additional information for the analysis of differ-
ent layers and the identification of materials as a function of
depth [11].

We have to note that the compact size of the employed
excitation femtosecond sources and the reduced time of data
acquisition make this innovative technique ideal for in-situ
laser diagnosis of painted artworks.

3 Terahertz imaging and spectroscopy

As is mentioned above, up to date, several scientific tech-
niques are used in order to analyze and identify the materi-
als found in artworks (such as pigments, natural varnishes,
synthetic coatings and dyes, etc.), including also those used
in previous “interventions”. Such studies are essential since
in comparison to historic references facilitate art histori-
ans to draw conclusions about the period that the artwork
was created and the artists’ technique and thus potentially
verify the authenticity of an artwork. In addition, through
spectral imaging, significant information on the preserva-
tion state and previous interventions of the artwork can be
drawn which will assist conservators to decide on the neces-
sary conservation strategies.

Although there are many well-established techniques
[12–15], like mid-infrared, Raman spectroscopy and X-Rays
fluorescence which have been successfully used for identify-
ing organic and inorganic materials of art interest, in the past
few years, a rapidly increasing interest is noticed in terahertz
(THz) spectroscopy and imaging and their implementation

to CH studies [16–20]. THz radiation lies in the far-infrared
region of the electromagnetic spectrum ranging from 0.1 to
10 THz (3.3–333 cm−1) and in contrast to X-rays, it con-
stitutes a non-ionizing radiation (1 THz = 4.43 meV). Thus
it poses no health risk or radiation damage to the object
under study. The THz spectrum provides rich information
of low frequency vibrational modes such as crystalline lat-
tice or intermolecular vibrational modes, hydrogen bond-
ing stretches, and large-scale motions of an entire macro-
molecule. In other words, it is the structure of the molecules,
constituting the material, which determines the THz spec-
trum. Unlike mid- and near-infrared spectroscopy that ob-
serves the intramolecular behavior, THz spectroscopy can
discriminate the different materials mixed in a paint, com-
plementing the rather complicated IR spectra.

One of the biggest advantages of THz is that, as sub-
millimeter waves, they can penetrate through a wide va-
riety of materials such as paper, wood, masonry, clothing,
plastic and ceramics, which are usually opaque to both visi-
ble and infrared radiation. In comparison to X-rays and mi-
crowaves which can penetrate thick layers and are often used
to reveal hidden underdrawings below the painting layers of
an artwork, find dislocations, water damages and other de-
fects, THz exhibit better depth and lateral spatial resolution
[21, 22]. These transmission properties of the THz radiation
in combination with the fact that information can simulta-
neously be obtained for the internal structure of an artwork,
without requiring any sample specimen, point out the poten-
tial of THz waves to become an essential tool for art analysis
in the near future.

3.1 The terahertz-time domain spectroscopy (THz-TDS)
system

Nowadays, numerous techniques including photoconductive
antennas [23] and optical rectification [24] are widely used
for the generation of THz pulses. However, these techniques
have some important drawbacks related to the low power of
the source, the very narrow spectra of the pulses, as well
as the lack of tunability of the source. Here we employ a
different approach based on the photo-ionization of gases
using intense femtosecond pulses and laser filaments that
addresses all the above mentioned drawbacks.

In this approach, the THz emission is the result of a
transversal plasma photocurrent produced from a synthe-
sized 2-color (ω and 2ω) asymmetric laser field [25]. One
direct advantage of this technique is that controlling the
phase between the ω and 2ω laser fields one gains control
on the polarization of the THz field and for this different
possibilities have been proposed, via the positioning of the
frequency doubling crystal [26], or through the use of an
attosecond phase controller [27] and via the accurate con-
trol of the surrounding gas pressure [28]. Moreover using
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Fig. 4 Schematic
representation of the THz-TDS
experimental setup

filamentation tailoring techniques we have demonstrated the
ability to control the THz electric field shape, and thus, its
spectrum [29] as well as the intensity of the source [30].

Our THz-TDS system is based on a pump-probe, coher-
ent detection approach and is shown in Fig. 4. A powerful
amplified kHz Ti:Sa laser system delivering 35 fs pulses
at 800 nm central wavelength and energy of 1.45 mJ per
pulse is used. The initial beam is split in two arms (10%
and 90%, respectively). The most intense one, with energy
equal to 1.3 mJ and a Gaussian beam profile with a diam-
eter of 6.6 mm, is focused in ambient air with a positive
lens (f = +200 mm) and partially doubled in frequency in
a BBO crystal (50 µm thick) to produce a 2-color filament
and subsequently THz radiation. A ratio of 1/9 between the
fundamental and the second harmonic laser fields has been
indentified to be the optimum, above and below which the
strength of the emitted THz field is considerably lower. The
second arm, after being further attenuated, is used for prob-
ing the THz-induced birefringence in an electro-optic crys-
tal and monitoring the time profile of the THz electric field.
This coherent detection technique is known as electro-optic
sampling [31]. A balanced detection is used to measure the
induced phase delay on the probe beam. For the collection,
collimation and refocusing the generated THz beam to the
detection crystal, a set of four parabolic mirrors is used, as
depicted in Fig. 4. A high resistivity silicon wafer (1 mm
thick) placed at Brewster’s angle just after the first parabolic
mirror, insures that the residual laser beam is blocked from
the THz beam path. Finally, the whole setup is enclosed in
a purged gas (e.g. N2) chamber for eliminating THz absorp-
tion from water vapor.

3.2 THz imaging

The THz system we described above can be used for imag-
ing purposes by recording transmission or reflection THz

Fig. 5 THz imaging. (a) Photo of the black drawing (Mars Black
Acrylic) (b) Side view of the sample and direction of the THz radi-
ation, (c) the THz recomposed image of the drawing

spectra of the sample under study at different positions (e.g.
raster scanning the sample). In this work we demonstrate a
THz image as obtained by recording the transmission spec-
tra of the THz pulse through a one sided painted Teflon sam-
ple (20 × 20 mm2). The sample thickness is 10 mm and its
painted side, illustrating a simple Mars Black Acrylic paint
drawing, of 300–400 µm thick, is placed on the opposite di-
rection of the THz beam propagation in our THz-TDS sys-
tem. The raster scanning of the sample is achieved by the
aid of a computer controlled x–y translation stage and for
each pixel, the full THz electric field transient is recorded.
The reconstructed THz image of the drawing presented in
Fig. 5c, is the result of the integrated Fourier transformed
(FFT) amplitude of the transmitted THz electric field spectra
normalized to the initial amplitude of the THz electric field,
in the spectral range between 0.4 THz and 2.7 THz. The im-
age consists of 20 × 20 pixels with 1 mm spacing and for
each pixel, it takes about 30 s in order to measure the trans-
mitted THz electric field. Consequently, the full record of
the THz image lasts few hours but it could be essentially re-
duced by using a fast delay line. The lateral resolution is lim-
ited by the radiation wavelength and in our case is estimated
at about 0.5 mm. The resulting THz image demonstrates the
capability of our THz-TDS system to recognize successfully
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Fig. 6 Absorption spectra of
small polycyclic aromatic
hydrocarbons and their
halogenated compounds in the
region between 0.4 THz up to
2.7 THz

a model painting from the back side of on a thick Teflon sub-
strate which would be difficult to obtain with other imaging
techniques.

3.3 THz spectroscopy for molecular identification

Beyond the imaging capabilities, this powerful THz-TDS
system is used for detecting and rapidly discriminating the
molecular structure of highly absorbing, across the electro-
magnetic spectrum, organic compounds. In this work we
present our studies on polycyclic aromatic hydrocarbons
(PAHs: such as naphthalene, anthracene, phenanthrene, pen-
tacene, as well as some of their halogenated compounds).
Naphthalene and anthracene are two of the five basic raw
materials used for the fabrication of coal tar dyes. Upon re-
placement of one or more of their peripheral hydrogen atoms
with some other chemical groups, for example an amino acid
(–NH2) or an alcohol (–OH) group, a great number of in-
termediates (such as aniline and phenol etc.) are made and
various dyes and pigments are then created by combining
these intermediates [10]. PAHs compounds are also known
to be highly carcinogenic, mutagenic and dioxin-like toxic
and their identification is of critical issue since the last years
they exhibit noticeable increased concentrations in polluted
soil and marine environments [32].

The THz spectra of naphthalene, anthracene, pentacene,
phenanthrene (Phen-H), 9-bromo-phenanthrene (Phen-Br)
and 9-iodo-phenanthrene (Phen-I) in their crystalline form
are shown in Fig. 6. All samples were purchased from
Sigma-Aldrich and used without any further purification. In
order to avoid scattering losses, the powder samples, before
being pressed to pellets (0.5 MPa for 10 minutes), were care-
fully ground by the aid of a mortar. The thickness of the

pellets was ranging between 1.5 and 2.16 mm. As shown in
Fig. 6, distinct characteristic absorption peaks can be seen
for all the samples. In specific, naphthalene exhibits a res-
onance peak at 2 THz (67 cm−1) which is in accordance
with observations of previous reports [33]. The observed
absorption peak is slightly shifted towards lower frequen-
cies in the case of anthracene to 1.84 THz (61 cm−1) and to
1.8 THz (59 cm−1) for phenanthrene. Although the absorp-
tion peaks of these three different polyaromatic compounds
are located in the frequency range around the 2 THz, the
distinction between them is easily seen, since not only the
peaks are red-shifted as the number of the aromatic cycles
of the compound is increased, but a clear difference on their
relative intensity is observed. In case of pentacene, consist-
ing of five linearly fused benzene rings, the THz spectrum
becomes more complicated and additional absorption peaks
appear at 1.71 THz and around 1 THz.

A remarkable influence on the recorded THz spectra has
been observed by replacing a hydrogen atom of a precise po-
sition on the aromatic nucleus by halogen atoms. As shown
in Fig. 6, the bromination at the 9-position of phenanthrene
results to a distinct resonance peak at 1.5 THz (50 cm−1)
which is red-shifted to 1.0 THz (33.3 cm−1) if bromium is
replaced by the heavier iodide atom. The evident difference
in the absorption band position between the two halogenated
compounds of phenanthrene is also accompanied by a con-
siderable higher absorbance compared to the resonance peak
of the non-halogenated phenanthrene. In order to confirm
that the observed resonances are correlated to intermolecu-
lar vibrational modes, we performed THz transmission mea-
surements at low temperatures. In Fig. 7 are shown the THz
absorption spectra of a 9-iodo-phenanthrene at two different
temperatures. One can clearly see that the discrete resonance
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Fig. 7 Absorption spectra of a 9-Iodo-phenanthrene pellet (1.53 mm
thick) at two different temperatures

features present at room temperature at 1 THz, 1.46 THz
and 1.66 THz become sharper and are shifted towards higher
frequencies at lower temperatures. This behavior is associ-
ated to the fact that at 294 K the available thermal energy
of 25 meV is equivalent to a frequency of 6.12 THz and
several vibrational levels are significantly populated. These
results in combination with the observation that all absorp-
tion peaks disappear completely when the aromatic hydro-
carbons are dissolved in solutions provide a clear proof that
the observed resonances can be assigned to intermolecular
vibrational modes of the microcrystals.

4 Conclusions

In summary we have shown that the use of nonlinear imag-
ing contrast techniques (MPEF, THG) comprise powerful
diagnostic tools for art conservation studies since they pro-
vide precise in-depth information and the discrimination of
the chemical composition of the artifacts. We have also pre-
sented the ability of THz imaging in revealing hidden ob-
jects as well as the capability of the technique to distinguish
strongly absorbing organic compounds like small polycyclic
aromatic hydrocarbons and their halogenated compounds.
The combination of the above modalities can prove valuable
for the non-destructive analysis of different Cultural Her-
itage related objects and the identification of their composi-
tion as a function of depth.
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