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Abstract Two paintings on metal support have been imaged by terahertz time-domain imaging (THz-TDI) in a
reflection setup and the X-ray radiographs were also recorded. The study was performed for testing the terahertz
radiation (THz) as an imaging method alternative to X-ray radiography, which suffers several limitations in imaging
paint layers on metal support. While the information regarding the paint layers of the paintings was almost lost in the
records provided by the X-ray radiography, THz-TDI demonstrates the ability to provide important information about
them, despite the presence of the underlying metal.
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1. Introduction

1.1 Painting on metal support and examination technologies

The time at which painting on metal support found their largest diffusion in Europe corresponds to the middle of the
16™ century, while the decline of this painting technique started at about the second half of the 17™ century [1].
Nevertheless, the use of painting on metal continued throughout the 18" century and later in Countries such as France,
Spain and, consequentially, in the Nueva Esparia (currently Mexico). A complete overview about the history of the
paintings on metal support can be found elsewhere [2].

Several investigation techniques are available for examining painting on metal support, most of which are also used
for examining paintings on different supports [1], [3]-[8], including imaging technologies. Among these last, those for
the examination of paintings at macroscopic level include well-established imaging methods, e.g. Infrared
reflectography (IRR) and photography of the Visible fluorescence induced by Ultraviolet light (UV-Vis) [9] and
advanced methods (e.g. UV-Vis, Mid and Near Infrared hyper- and full spectral imaging, Optical Coherence
Tomography etc.), which can be considered an improved versions of well-established methods [10]-{12].

Concerning more penetrative radiation such as the X-rays, X-ray radiography (XRR) at various acceleration voltages
presents some unique problem in imaging painting on metal support: in fact, due to the strong absorption of the X-rays
by the metal [13], the slight additional absorption from the paint layers will be all but lost in the radiograph [14]. This
problem was found so early in the history of conservation science that Bridgman and al. [14] used an alternative
imaging method in 1964 based on electron emission radiography for imaging a painting on metal support.

Almost as penetrative as the X-ray, terahertz radiation (THz) could be another valid and alternative imaging method
for overpassing the limit of imaging painting on metal by means of XRR. For this reason, we applied terahertz time-
domain imaging (THz-TDI) in reflection configuration for the investigation of paintings on metal supports, comparing
the THz records with those obtained by XRR.



1.2 Terahertz time domain imaging for inspecting painted metal

Terahertz is defined as the radiation ranging from about 0.1 to 10 THz (wavelength: 3 mm - 30 um, wavenumber: 3.3
~333cm™).

Even though they cannot penetrate metal and are strongly attenuated by water, THz waves can penetrate a wide
variety of nonconducting materials. They can pass through clothing, paper, cardboard, wood, masonry, plastic, ceramics
and also paint layers [15].

THz-TDI systems are based on terahertz time-domain spectroscopy, in which the properties of a material are probed
with short pulses of terahertz radiation. The THz generation and detection scheme is sensitive to the sample material's
effect on both the amplitude and the phase of the radiation. When used in reflection geometry, the system can be
exploited for extracting tomographic results and information about each reflecting layer of a sample [16]-[18].

Owing to the capacities of imaging single layers of a multilayered sample and to the existence of portable THz-TDI
systems, THz-TDI is finding application for examining paintings [19]-[23] and other cultural heritage objects [24],
[25]. In addition, contrary to X-ray, terahertz radiation has low photon energy and it is non-ionizing, thus it is safe for
the paintings and the operators working with it.

Regarding painted metals, THz imaging has been performed mainly to monitor the corrosion of the substrate behind
the paint. The corrosion under the paint layers can be detected by examining the terahertz response to paint thickness
and to surface roughness [26]-[32]. In addition, the reflection level of an oxidized metal is much lower than that of a
new metal, which means that corroded areas can be detected easily and the progress of corrosion can be monitored
using pulsed THz-TDI [20]. Paint layers on metal have been studied with THz mainly for car industry applications, to
measure the thickness and quality of car paints on metallic substrates [33]. So far, the THz response to paint thickness
showed that as the paint become thin, an individual paint surface echo cannot be resolved from the metal substrate
echoes, but the signal amplitude continues to be influenced by paint thickness [26].

2 The investigated paintings

We have investigated two paintings on metal support possibly dated to the 18" century and belonging to the Templo
de Santa Teresa collection (Guadalajara, Jalisco, Mexico). The first one (oil on iron foil, 15 cm x 11.5 cm, Fig.l1a-b)
represents a crowned Virgin standing in a countryside. The second painting (oil on tin sheet, 25 cm x 20 cm, Fig.1c-d)
represents San Geronimo holding a Crucifix.
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Fig.1 a. Front of the painting representing the Virgin. b. Back of the painting representing the Virgin. ¢. Front of the painting representing
San Geronimo. d. Back of the painting representing San Geronimo. e. Scheme of the transceiver unit



3 Analytical instrumentation and methods

X-ray radiography was performed with a SOYEE Product Inc. © portable X-Ray unit (model 54-31-100p). The
painting with the Virgin was scanned at 100 kV, 10 mA, 12 seconds exposure time, while San Geronimo was scanned at
70 kV, 25 mA, 20 seconds exposure time. X-radiographs were acquired without the intensifying screen.

The THz-TDI investigations of the paintings were performed with a portable Picometrix T-Ray 5000 device,
consisting of a femtosecond fiber laser coupled to a photoconductive transceiver head mounted on an XY-scanning
stage and a rapid-scanning normal incidence system for generating and detecting terahertz frequency pulses within the
range of 0.1 — 1 THz. The transceiver unit operates, shown in Fig. le, as follows: the terahertz radiation produced by the
emitter is sent through a 50% beam splitter, the fraction transmitted through it is focused by a 1” polyethylene lens onto
the sample under investigation, subsequently the radiation reflected off the sample is collected by the same lens which
then is partly reflected by the beam splitter again, the fraction that is reflected is finally sent onto the detector for its
measurement. For data acquisition the scan velocity was set to 80 mm/s (0.5 mm pixel size, 160 pixels/s, 6.25 temporal
waveforms averaged per pixel at a data acquisition rate of 1000 scans/s). The 160 ps measurement window (1600 data
points) has a temporal resolution of 0.1 ps. A deconvolution algorithm was selectively applied that consisted of
interpolating the recorded signals in the time domain, filtering the signals in the frequency domain, and then inverse
transforming the ratio between the recorded reflected signal and the incidence pulse (impulse response function) back
into the time domain [35], [36].

In the text we will present THz C- and B-scans, using a nomenclature in common with that used for ultrasonic
testing [37], and Time-Of-Flight (TOF) plots. The B-scan presentation is a profile (cross-sectional) view of the test
specimen. The time-of-flight (travel time) of the THz signals is displayed along the vertical axis and the linear position
of the transceiver is displayed along the horizontal axis. The strength of the reflected electric field is encoded into a
colormap. The TOF is a 3D presentation obtained by plotting the time (ps) that it takes for THz waves to travel the
distance from the emitter through the air, being reflected by the object under investigation and travel back to the
detector. The C-scan presentation provides a frontal view of the test specimen features. Each pixel of the C-scan gave
information about the magnitude of the THz calculated parameters. Depending on the THz image shown in the text, the
calculated parameters at each pixel are the signal global maximum |E(t) | max the amplitude of the signal within a
certain time delay E(t;) and the integral of spectral amplitude calculate as folllT ;I;Z FFT(E(®)) | df (Fig.2a-c).

If not indicated otherwise within the text, the pixel values of the THz images are represented as a 0-255 (black-
white) grayscale color map. When used, contrast enhancement has been obtained by means of Contrast Limited
Adaptive Histogram Equalization (CLAHE) algorithm [38].
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Fig. 2 a Waveform (x, y) = 100,100 and signal global maximum (red point); b Waveform (x, y) = 100,100 and THz amplitude value at 1.70
ps after the signal global maximum (red point). ¢ Fourier transform of the waveform (x, y) = 100,100 and the integral

[ | FET(E() | df (violet area).

4 Results and discussion

Figure 3a shows the visible image of the painting, while figure 3b the X-ray radiography. Clearly, the X-ray record
couldn’t provide any information about the paint layers overlying on the metal support. On the other hand, the THz
records (Fig. 3c-f) gave simultaneous information about the original painting technique, the presence of overpainting
and the condition of the iron sheet underneath.

In fact, despite the presence of the metal foil under the paint layers, the depiction is clearly visible in the THz images
plotted by using the global maximum of the reflected signal (Fig. 2¢). The black spots visible in the THz image,
especially at the right border of the painting, corresponds to the highly-corroded areas of the metal underneath the pain
layers, where the THz reflectivity is reduced compared to the better preserved areas.



By producing a sequence of THz images of the value of the signal reflected at increasing time delays (i.e. from the
surface to the interior of the paint layers), it has been notice that the shown depiction is first fading away and then
reappearing in a greater level of details at about 1.70 ps from the location of the signal global maximum (Fig. 3d and
Fig. 4a), while it diminishes again for greater time delays (Fig. 3e and Fig. 4a) until it is not visible anymore. By
assuming an average refractive index of the paint materials of 1.5, it has been roughly estimated that the depiction is
best visible at the surface and at a depth of 0,2 mm (Ad = cAt/2n, with Ad layer thickness, At time delay, n refractive
index). It is hard to interpret this as the consequence of a step-by-step construction of the depiction by the same artist or
the presence of two different ‘hands’, even though the similarity of the depictions imaged at the surface and at 0,2 mm
under the surface it is such that the first hypothesis seems to be the most likely. A global vision of the depiction is given
in the THz image of figure 3f, which is the sum of the two THz images presented in figures 3d and 3e.

The THz B-scan in figure 4a shows the temporal locations at which the THz parameter has been calculated for
plotting the images of figure 3c-e. By looking at the B-scan of figure 4a, it can be observed how the globality of the
paint layers is included within 1.70 ps. In addition, even if the THz pulses cannot be transmitted through the metal
support due to the large terahertz wave reflection by metals, the inflections of the metal surface appear with clarity.
Some of these inflections depend upon accidental deformation or erosion of the metal, while others correspond to the
engravings made by the artist directly on the support to trace the depictions, as can be observed in the time-of-flight
plots of figure 4b-c, where engravings have been used to trace the outlines of the Virgin’s dress (Fig. 4c).

Fig. 3 a. visible image of the painting, b. X-ray radiography of the painting. c-e. THz images plotted by using the global maximum of the
electric field (¢) and the maximum of the electric field at 1.02 ps (d) and 1.70 ps (e) after the location of the signals global maxima. f. Image
resulting from the sum of the images shown in Fig.3d and Fig.3e
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Fig. 4 a. B-scan at the scanline y = 200, located as shown by the red dashed line in Fig. 3e. The waveform (x, y) = 50,200 is shown in white
hue. From top to bottom, the three black lines which follows the signals profile represent the locations at which the THz parameter has been
calculated for plotting the images presented in Fig. 3c-e respectively; distances between two contiguous lines have been reported in
picoseconds. b, ¢ THz TOF plots

The area of the painting corresponding to an overpainting is very well discernable in THz images. In fact, the
overpainting is characterized by a high and uniform value of THz reflectivity, as can be observed on the left and top
sides of the THz images (Fig.3c, on the left of the dashed magenta line) where, contrarily to what is observed on the rest
of the painting (Fig.3d, on the right of the dashed magenta line), the brushstroke signs and the paint shades are not
discernable.

In addition, the THz C-scans revealed that the Virgin has been depicted after the background completion, over it:
while in the visible image (Fig. 3a) the figure hides the background standing over it, in the THz images (Fig. 3c-f) the
brushstrokes of the cloud overpass her neck, while those corresponding to the limits of the mountains, of the grass and
of the ground pass through her dress.

Different kinds of whites seem to have been used by the artist for making the sky, each of those is characterized by a
different THz reflectivity value, as observed in the THz images even on the areas where the amount of pigments used
seems the same (Fig. 3c-f). Carefully looking at the THz images suggests that some pentimenti are present in the
painting. A sketch with different features from those observed in the visible image appears in the THz image: the
cloudy sky visible on the top-right part of the painting (Fig. 5a) appears extremely dissimilar from what it is observed in
the THz image (Fig. 5b), more resembling a natural landscape. Furthermore, the THz images show some confused lines
in the area corresponding to the breast of the Virgin (Fig. Se), which cannot be observed in the visible image (Fig.5d).
We can exclude that they depend upon irregularities of the metal surface by checking the THz image plotted at
increasing time delays. These lines are only visible at time delays and depths corresponding to the pictorial layers and
the beginning of the surface of the metal support. Even if the presence of these shaped lines is hard to explain, a
hypothesis is that the artist changed mind regarding the painting composition, which at the beginning may have possibly
included a further decoration or a figure, which remained incomplete and covered with the progress of the depiction.

Figure 6a shows the visible image of the painting with San Geronimo, its X-ray radiography (Fig. 6b) and the THz
images plotted by using the value of the integral of the THz spectral amplitude (Fig. 6¢), the global maximum (Fig. 6d)
and its TOF representation (Fig. 6¢).

Few details of the depiction are visible in X-ray radiography (Fig. 6b), especially the Christ of the crucifix held by
the Saint and the skull lying close to him, both appearing white in the visible image. On the other hand, other details of
the depiction dominate the THz images: the last trump on the top-right corner of the painting, the lines bordering the
interior of the Saint’s dress, at the height of his knees and the rays of his halo (Fig. 6¢). All these details are made of
mica powder, which must have a great absorption within the 0.1-1 THz range, appearing very dark in the gray-intensity
THz image. After contrast enhancement, further details of the depiction are revealed by THz (Fig. 6d), especially the
tree crowns. As observed for the previous painting, the black spots visible in the THz images corresponds to the highly-
corroded areas of the metal underneath the pain layers. Also in this case, the TOF presentation shows the location of the
engravings made on the metal by the artist to trace the lines of the depiction (Fig. 6e) and the areas in which the metal is
eroded.



Fig. 5 a First relevant detail of the visible image. b. THz image of the same detail, located as shown in Fig. 3d and 3e by the dashed red
squares. d Second relevant detail of the visible image. e THz image of the detail, located as shown in Fig. 3¢ by the red square.

Time delay (ps)

Fig. 6 a. Visible image of the painting representing San Geronimo. b. X-ray radiography of the painting. ¢. THz image of the painting
(spectral amplitude). d. THz image of the painting (temporal global maximum). e. TOF representation of the painting.



5 Conclusions

THz-TDI has been demonstrated to be a valid aid for imaging paintings on metal supports as regard as the study of
the paint layers. Despite the large reflectivity value of the underlying metals within the exploited THz range (0.1-1
THz), the features characterizing the overlying paint layers are still detectable, while almost lost in the X-ray
conventional radiographs.

Analyzing a painting on iron plate dated at the 18" century and representing a standing Virgin by THz imaging, it
has been possible to identify the presence of pentimenti within the painting composition, the presence of two main
overlapped layers composing the original depiction and the presence and extension of a later overpainting.

Some details of a painting on tin sheet representing San Geronimo have clearly been imaged by THz, because of the
characteristic reflection of the THz radiation on the areas treated with the mica pigment and in correspondence of the
trees crowns, respectively showing lower and higher THz reflection compared to the surrounding areas. The metal
supports underneath the paint layers have been also inspected by THz-TDI, localizing original engravings but also
eroded and corroded parts.
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