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Abstract. Optical frequencies, from mid-infrared to X-ray, have been used to 

investigate artistic objects, while microwave radar technique (GPR: ground 

penetration radar) has been used in archaeological field.  Recently, the far-infrared 

region that is now often called terahertz (THz) has been expected to be useful for 

material analyses by spectroscopy and internal structure imaging in the field of 

heritage science.  

 In the case of spectroscopy for identification of paints, some sharp absorption 

peaks due to phonon appear in mineral pigments. However, element analysis by 

XRF or XRD, as well as Raman spectroscopy are practically sufficient. On the other 

hand, imaging technique by using THz pulse echo technique in time domain (THz 

pulsed TDI) has a big advantage in structural analysis of artistic objects because it 

can give cross section image nondestructively.  We applied THz pulsed TDI firstly 

to a museum object; Giotto's tempera masterpiece in 2008, and now many research 

groups around the world actively use the technique. Experimental results with 

different types of objects, such as panel paintings, wall paintings, and archaeological 

vases, have proved the high potential of THz pulsed TDI for examination of 

artworks before conservation planning. 

 To introduce new techniques, such as THz pulsed TDI, comparison with 

classical methods is essential. We observed various artworks by THz pulsed TDI as 

well as several other methods, including microwave radar, near-infrared camera, 

X-ray radiography and also microscope observation when micro-sampling was 

allowed. Experimental results prove that layer structure of preparation layers and 

internal interfaces are only visible by THz pulsed TDI, although the spatial 

resolution is insufficiently for very surface area, including varnish.  In this 

presentation, several case studies, from an Egyptian mummy to an oil painting by 

Pablo Picasso, were introduced, and discuss potential and limitations of THz 

technology at present. 

Introduction  

Electromagnetic waves are widely used in nondestructive testing (NDT) in heritage science 

[1, 2]. For example ground penetration radar in microwave region has been used to discover 

object or ruins buried in the ground, and the optical frequency range has been used for 

material analysis and spectroscopic imaging. Fourier Transform Infrared spectroscopy 
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(FTIR) is a common tool to identify materials, although it often requires micro sampling. A 

commonly used infrared camera can detect carbon black at high sensitivity, so that 

drawings under paints and faded texts written by carbon black can be visualised. Some 

organic dyes and varnish materials can be examined by using the ultraviolet (UV) light with 

a limited risk of photochemical reactions. X-ray radiography, X-ray fluorescence (XRF) 

and X-ray diffraction (XRD) are commonly used for element analyses, especially mineral 

pigment analyses. These scientific analyses methods in heritage science using 

electromagnetic waves have been studied since 1960s, and are well established, except the 

unexplored frequency region from approximately 10 GHz to 15 THz, as shown in Fig. 1 (a). 

THz spectroscopy and imaging are one of the emerging technologies in heritage science, 

and international projects includes their investigations [3].  

Terahertz time domain imaging in general  

1.1 Principles  

The frequency of terahertz (THz) waves is typically referred to the rage from 0.1 to 10 THz  

(1 THz = 300 mm, 33.3 wavenumber = 4.2 meV, 48 K), which was used only for 

specialized high profile academic works, such as astrophysics and semiconductor physics in 

the last century [4]. The internal observation of opaque object by THz pulsed time domain 

imaging (TDI), which was realised in the mid-1990s, encouraged the research and 

development towards industrial applications [5]. The THz pulsed TDI can give internal 

structure of opaque objects based on the Time-of-Flight technique. Fig. 1(b) describes 

penetration depth of electromagnetic waves with a typical painting model. THz waves can 

penetrate deeper than infrared, and obtain structural information in dielectric materials. 

Since 1990s, research activities in THz frequency range are dominated by the development 

of THz TDS and THz pulsed TDI systems. Details of THz technology from devices to 

systems are explained in various books and review papers [6].  

 

 

 

 

 

 

 

 

 

 
Fig. 1. The use of electromagmetic waves in heritage science, (a) frequency band and THz gap, 

 (b) comparison of penetration depth depending on the frequency band. 

 

Fig. 2 shows schematic principle of THz pulsed TDI and a commercial setup.  When a THz 

pulse is applied to a double layer object made of materials A and B, as shown in Fig. 2(a), 

the first reflection is generated at the interface of air and the material A, followed by the 

reflection at the internal interface of the materials A and B, then the reflection at the surface 

of B appear at the end. An example of raw output signal is shown in Fig. 2(b). The delay 

corresponds to the thickness and physical property of each material, and then this THz 

pulse sequence indicates the depth profile of the object. Fig. 2(c) shows an example of 

transportable commercially available system (T-Ray 4000, API Ltd. Ann Arbor) [7] 

operating at the conservation site in Florence. By scanning the object with the sensing unit, 

a cross section image along the line is obtained. As shown in Fig. 3(a), each waveform of 
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the output signal shows the depth profile at the measurement point, as a pulse sequence. 

Then, by moving the scanning unit along the line a-a', a set of depth profiles is obtained. By 

setting maximum value as white and minimum value as black, cross section image along 

the line a-a' is obtained. The area image of the layer of interest can be obtained by 

integrating the particular reflection pulse as described in Fig. 3 (b).  

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. THz time domain imaging and measurement setup, (a) schematic diagram, (b) example of an output 

signal, (c) on-site measurement of a panel painting by using a commercial system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. Obtaining images from reflection signals, (a) cross section image from waveforms, (b) THz reflection 

image of the layer of interests in the object. 

 

 

1.2 Examples of model sample observation  

Fig.4 introduces an example of defect observation in a plastic plate model. The sample has 

three types of internal defects and all defects were clearly observed as shown in Figs. 4(a) 

and 4(b). In addition, the single reflection signal (Fig. 4(c)) suggests the type of on the 

defects.  For example double layered signal and additional multiple reflection signal were 

observed in the case of air void.  Since the void has lower refractive index than plastic, 

resulting in the change of polarity.  
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Fig. 5 is a sample with model defects of a traditional Japanese painting on paper. It has a 

preparation layer of gofun (CaCO3 pigment from shells) on a support, which is made by 

paper glued on a wood plate with animal glue.  Separation can be generated between the 

preparation layer and the painting layer, and/or support and preparation layer. THz area 

image shown in Fig. 5(b) reveal internal defects as strongly reflected parts, and the cross 

section image in Fig. 5(c) confirms the air gap between the painting and the preparation 

layers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. THz pulsed TDI of a plastic plate with model defects, (a) sample configuration, (b) THz cross section 

image, (c) typical output waveform from each defects. 

 

 

 

 

 

 

 

 

 
Fig. 5. THz pulsed TDI of a Japanese traditional painting model, (a) sample made of paper, animal glue and 

inorganic pigments, (b) THz area image obtained by integrating each entire signal. 

 

2. Comparison of THz pulsed TDI with commonly used methods  

To introduce new technique, it is essential to compare existing classic methods. Recent 

review papers explain various effective methods above THz frequency range to X-ray. [8] 

In this paper, THz pulsed TDI results are compared with X-ray, ultraviolet and near 

infrared examinations.  

2.1 X-Ray examinations 

X-ray techniques are commonly used in heritage science in two purposes.  One is to 

perform material analysis by XRF and/or XRD, and the other is to obtain internal structure 

as radiography. A fragment from the wall painting of the Dazhao Monastrey (Fig. 6(a)) has 
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been analysed by Nara National Research Institute for Cultural Properties. THz reflection 

image shown in Fig. 6(b) reveal that the orange part painted is more reflective than the red 

part. However, the orange belt in the white dotted square unexpectedly did not appear in 

THz reflection image, while similar orange colour of armlets and bracelets are clearly 

detected. Thus, XRF element mapping was performed to investigate the orange colour that 

took several hours. The orange parts were painted by lead based pigment, and it is most 

likely minium (Pb3O4). The red part is painted by mercury-based pigment, i.e. cinnabar 

(HgS). In the white dotted square, only arsenic based pigments, such as orpiment, are found, 

and there's no specific mineral is found on the orange belt.  Thus, the orange could be 

painted by using an organic dye.  Although the THz reflection spectra are not clear enough 

to identify substances, THz pulsed TDI can show the difference in a short time (around 20 

min.), and it is useful to find the points to be measured by XRF. [9] 

  

 

 

 

 

 

 

 

 

 

 
Fig. 6. Comparison of THz pulsed TDI and XRF mapping, (a) fragment of East Asian wall painting from the 

Dazhao Monastrey, (b) obtained by integrating each entire signal, (c) XRF mapping (Pb, Hg, As). 

 

 

When observation of internal structure of an object is required, the first method to think of 

is the X-ray radiography. X-ray CT is also used in heritage science to observe internal 

structure of three-dimensional objects, such as statures and mummies. Fig. 7 shows X-ray 

radiography with a CT image and THz images of a wrapped mummy [10]. By comparing 

Figs. 7(a) and 7(b), X-ray shows inside the body, besides THz image revealed the wrapping 

technique.  The cross section images in Fig. 7(d) clearly indicate that THz pulsed TDI can 

see details of wrapping very close to the surface and is absorbed in the resin saturated 

layers. There are also informative references, which compares THz-CT and X-ray CT. [11, 

12] 

2.2 Ultraviolet 

The ultra violet (UV) imaging is commonly used to observe condition of varnish as well as 

materials that emit fluorescence.  For conservation planning, it is important to clarify 

previous treatments, and the UV image is useful, because it suggests newly painted area in 

dark color. Fig. 8 shows UV and THz images of a part of Polittico di Badia of Giotto. Fig. 

8(b) suggests around the holy child face was re-painted by a previous conservator. The 

information is limited to the surface. Fig. 8(c) shows the THz reflection image of the same 

area, which clearly indicates the existence of gold foil under paint, thanks to the high 

reflection from metal. In addition, the cross section image proved that Giotto used medieval 

technique that requires two gesso layers. This structural information helps conservators in 

practice. Details of this research can be found in a reference [13]. 
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Fig. 7. Comparison of THz pulsed TDI and X-ray radiography of an Egyptian mummy, (a) observation area 

by THz pulsed TDI, (b) X-ray radiography, (c) THz area image by integrating each entire signal, (d) X-ray 

CT image and THz cross section image in the observation area. 

 

 

 

 

 

 

 

 
Fig. 8. Comparison of THz and UV imaging of a tempera panel painting, (a) observation area, (b) UV image, 

(b) THz area image by integrating each entire signal, (d) an example of cross section image 

 

2.3 Near Infrared 

The oil painting on canvas has commonly very thin preparation and painting layers. To 

observe layer structure in the thickness less than 0.2 mm, recent optical coherent 

tomography technique in near infrared (NIR) region can be the most effective way. [14] 

However, recent works using THz spectroscopic imaging give successful results [15], and 

there are some particular cases that THz pulsed TDI can be useful for practical conservation 

planning and confirmation, for example a painting which has been repainted and/or 

mounted in a new canvas for conservation purpose. Fig. 9 compares THz and NIR images 

of a part of an oil painting on canvas, "Homme au Chapeau", 1915, by Pablo Picasso, a 

collection of Tokyo Station Gallery. The original canvas of the artwork was extremely thin, 

and was remounted on a new thick canvas, in previous conservation. THz pulsed TDI was 

employed to examine the structure of the painting.  Fig. 9 (b) shows the THz area image 

and cross section along the white broken line. There are three difference layer structures in 

this area, and the interface between the original canvas and the new canvas is clearly 

observed.  The pale rectangular area in Fig. 9 (a) has one layer with a possible separation at 

the edge. The red area, on the other hand, has complicated internal structure. Original 

canvas and paint layer appears one or two layers with possible separations. Fig. 9(c) shows 

the NIR image, of which wavelength is 1200 nm.  As NIR images often discover 

underdawings, there are various lines that are considered to be painted in his cubism era. 

Details of this work can be found in a reference [16] 
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Fig. 9. Comparison of THz and NIR imaging of a canvas oil painting, (a) observation area, (b) THz area 

image obtained by integrating each entire signal and cross section along the broken white line, (c) NIR image. 

3. Conclusions and future works  

Various examples around the world prove that THz pulsed TDI has high potential to 

become a common tool in heritage science. The biggest advantage of THz pulsed TDI is 

that it can give cross section images of objects, nondestructively. However future works are 

required in signal processing to avoid miss-interpretation, and to extract much more 

information from output signals. For example, we use power integration of the waveform to 

draw images. In many cases, however, peak-peak values are used without concerning the 

position of the peak in time axis, resulting in an image without information from the object. 

In addition, the waveform itself contains rich information, such as phase and frequency 

response, which are not well analysed. Although THz experts may continue the 

development of hardware such as sources and detectors, users should concern advanced 

signal analysis. 
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