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Abstract. The goal of this study was to detect and inspect the paint layers below the surface
independently of any surface features. Using the for THz-TDS imaging system, we obtained
contrast images of layers of paint applied to the back side of the canvas. The most difficult task
that the researchers have set themselves has not yet been fully resolved. When we try to read
the signatures through several layers of paint, background and canvas, we cannot get a clear
image of the letters, but we can accurately determine the location of all the signatures.

1. Introduction

One of the most difficult problems for restorers and technologists is non-destructive studies of
multilayer coatings. Traditional methods, such as x-ray radiography, infrared reflectography, give a
summary picture of all layers and it is almost impossible to determine the sequence of layers and
highlight the layer of interest. Terahertz (THz) radiation in the frequency range 0.1 - 10 THz began to
be used for the analysis of works of art in 2006 [1, 2]. For this purpose, various THz devices have
been tested. The most common systems at that time were terahertz time-domain spectroscopy (THz-
TDS-based) systems. Due to the non-invasive properties of THz radiation, such systems allow
obtaining data on the structure of an object of art. To obtain such data, it is necessary to detect the
reflected THz signal coming from the inner layers of the research object [3-5]. To receive more details
about the cultural heritage objects, such as replicas of panels and paintings, ceramic objects, mummies
[6] and real paintings [7], continuous terahertz imaging systems (CW-THz) were tested. Just a few
years ago, researchers began to apply in the work with objects of art frequency-modulated continuous-
wave terahertz (FMCW-THz) systems, which were used to scan ancient mummified samples [8] and
paintings [9]. FMCW-THz systems that operate in the reflection mode allows to detect the optical
properties of the object structure with a high accuracy level [9] [10]. On the images of the paintings,
received from the FMCW systems, the changes which have occurred with the painting over the years
of its existence can be clearly seen. Modern terahertz systems for the diagnosis of objects are mainly
based on the principles of THz pulse time-domain spectroscopy and raster-scanning focal-plane
imaging (RSFPI). The widespread use of these systems is due to their coherent detection approach that
allows to provide both the real and the imaginary part of index of refraction [11].

The main goal of this study was to identify layers of paint (test-object) below surface, using
the THz object visualization system. In this work, we used a test object, a picture of a human head,
(The State Russian Museum, Saint-Petersburg) to check the possibility of detecting inner paint layers
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using a THz imaging system. On the back of the test object were the signatures of the museum
restorers. The signatures are made with paints of different colours and compositions. All signatures are
covered with a thick layer of brown paint This study was devoted to investigation of using a terahertz
time-domain system for imaging a painting with features both on its surface as well as buried below its
surface. Thus, we can demonstrate the efficiency of this method of detecting the inner layers of a
picture without violating the integrity of the material. To solve this problem, we needed to make a
scan from the front side of canvas, and detect structures on back side of canvas.

2. Materials and methods

It is convenient to study the properties of items of the museum collections and objects of
cultural heritage on test-objects that imitate their internal structure, chemical composition, and optical
properties in the studied range of electromagnetic waves. The test-object is a matrix material selected
for reasons of its proximity to natural objects. Pure pigments without a binder are used as the simplest
test-objects, which can be used to study the main parameters of reflection and transmission of
electromagnetic waves of different wavelengths. The experiment can be complicated by adding a
different type of binder (oil, glue, varnish, resin, wax, etc.) to the dry pigment in order to bring it
closer to natural painting. The next step is the application of a pigment with a binder on various
substrates that imitate the real bases of paintings and icons (canvas, wood, cardboard, metal, etc.). The
most difficult stage, as close as possible to really works, is a creation of multi-layer test-objects, where
the layer-by-layer structure of the painting will be reproduced: base, background, paint layer and
varnish coating.

Together with the restorers of the State Russian Museum, a complex test object was made,
which simulates real tasks that museum specialists must solve. As a basis, a piece of canvas was taken,
covered with light background and a painting layer dating from the 19th century. On the back of the
canvas, a red-brown background was applied, and on top of this layer was painted a man's head. After
that, the sample was turned over and on the other side, our restorers of the oil painting wrote their
names and surnames in various colors. When the signatures were dry, they were covered with a thick
layer of brown paint so that the relief of the letters was not visible (fig.1). One of the signatures, which
was painted in brown paint, was coated with green pigment.
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Figure 1. Image of the reverse side of the canvas with signatures applied under brown and green
layers of paint (a) and the front side of the canvas with the image of a human head (b).

A TeraPulse Lx system was used to produce ultrafast (~100s fs) terahertz (THz=10"Hz) pulse incident
through the front side of painting and to detect structures on the back side of painting (on canvas)
whilst the THz beam was scanned across the painting. The system was also used to detect signatures
and features hidden by the brown and green paint on the back side of the painting (on canvas).
Traditional optical methods used in the museum do not allow this. Investigated object was a test-paint
on canvas approximately 21x22 cm? with features on the front (portrait) and rear (painted stripes). The
TeraPulse system had a peak spectral range 0.06 THz — 6.00 THz, peak dynamic range > 95 dB, and
was operated in reflection mode using a scanning gantry with a maximum speed of 16 sec per cm?, and
user-adjustable spatial resolution in the range 0.25 - 0.50 mm, dependent in part on step size chosen.

3. Results and discussion
Two-dimensional images of different layers of the painting were detected and some features of layers

were discovered. The figure 2 demonstrates an image of a front surface of a painting in visible spectral
range and a THz image of its back-surface.
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Figure 2. The result of THz visualization of the reverse side of the canvas (a), the highest contrast was
achieved at a frequency of 0.5 THz. The right side of the image (b) shows the dependence of the
optical delay (from 0 to 25 ps, Y axis) on the spatial coordinate (from 0 to 100 mm, X axis). This plot
demonstrates the features of the structure of the object.

Features of the painting, which were located on the back side, were detected by scanning with THz
incident through front surface of painting. THz images detected in this manner match the visible image
done on the back side of object. In our work, we showed that the THz visualization method allows us
to determine the location of signatures with high accuracy, despite two layers of painting, two layers
of background and one layer of canvas. This method allows to obtain data on the structure of the
layers of painting, regardless of what material is used as the basis, even with a metal plate basis.

4. Conclusion

In this work, we obtained THz images of hidden signatures that were left by museum restorers on the
back side of the test-object’s canvas. It was demonstrated that in the image obtained at a frequency of
0.5 THz, the layers of paint applied on the other side are clearly distinguishable. Due to the high
sensitivity of THz radiation to the distinction between the optical properties of painting materials, this
method allows to obtain detailed information about the structure of layers of such objects and
determine the shape of invisible elements without damaging the canvas. Thus, the THz imaging
method can be very useful in restoration work designing, determining defects in the structure of
paintings materials, as well as when searching for hidden objects under layers of paint.

Acknowledgments

This work was supported by the Government of the Russian Federation (proposal no. Ne2020-220-08-
5053 to support scientific research projects implemented under the supervision of leading scientists at
Russian institutions and Russian institutions of higher education); and by RFBR and CNRS according
to the research project Ne18-51-16002.



3rd European conference on Smart Nanomaterials (SNAIA) 2020 IOP Publishing

Journal of Physics: Conference Series 1866 (2021) 012004  doi:10.1088/1742-6596/1866/1/012004

References

[10]

Fukunaga K, Thz technology applied to cultural heritage in practice. 2016 Springer

Panzner M, Klotzbach U, Beyer E, Rutz F, Jordens C, Koch M Non-destructive investigation of
paintings with THz-radiation. 2006 ECNDT

Arikawa T, Nagai M, and Tanaka K 2008 Chem. Phys. Lett. 457(1-3) 12-17

Jackson J B, Mourou M R, Whitaker J F, Duling I N, Williamson S L, Menu M, and Mourou G
A 2008 Opt. Soc. Am. CThN3

Koch-Dandolo C L, Filtenborg T, Fukunaga K, Skou-Hansen J, and Jepsen, P. U. 2015 Appl.

Opt. 54(16) 5123-5129

Younus A, Caumes J P, Salort S, Chassagne B, Pradere C, Dautant A, and Abraham, E 2011

Adv. Opt. Tech.

Zhang H, Sfarra S, Saluja K, Peeters J, Fleuret J, Duan Y, and Maldague X 2017 J. Nondestruct.

Eval. 36(2) 34

Ohrstrom L, Fischer B M, Bitzer A, Wallauer J, Walther M, and Riihli F 2015 The Anatom. Rec.

298(6) 1135-1143

Guillet J P, Roux M, Wang K, Ma X, Fauquet F, Balacey H, and Mounaix P 2017 Journal of
Infrared, Millimeter, and Terahertz Waves 38(4) 369-379

LinJJ,LiY P,Hsu W C, and Lee T S 2016 SpringerPlus 5(1) 42

[11] Grootendorst M R, Fitzgerald A J, De Koning S G B, Santaolalla A, Portieri A, Van Hemelrijck

M, Young M R, Owen J, Cariati M, Pepper M et al. 2017 Biomed. Opt. Express 8 2932-2945
(2017).



