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Abstract 

Terahertz (THz) imaging has recently become an emerging technique in heritage science research field, and has 

been applied to museum objects. THz pulse-echo imaging is particularly useful for layer structure observation of 

non-metallic objects such as gesso preparation layers of tempera panel paintings, mortar layers of fresco 

paintings as well as glued multiple paper layers of Japanese panel screens. 
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1.  Introduction 
 

In the research fields of art and archaeology, scientific observation and analysis are essential 

for both academic interest and practical conservation, and the results are used to investigate 

the materials and techniques used in original works as well as those used in previous 

interventions.  A conservation treatment is like a medical operation; scientific data provide 

important information for planning the procedure.  This paper introduces THz technology, 

which used in heritage science, with practical examples. 

 

2.  Electromagnetic waves for nondestructive testing of artworks 
 

For the scientific examination of cultural objects, especially those stored in museums, 

nondestructive analysis is desired [1].  Thus, electromagnetic waves from the microwave to 

X-ray regions have been used, and each frequency range has a specific role in heritage science, 

as shown in Fig. 1(a). Materials can be identified either by spectroscopy from the mid-

infrared to ultraviolet regions including Raman spectroscopy, or by element analyses using X-

ray fluorescence (XRF) and diffractometry (XRD).  The penetration depth of an 

electromagnetic wave depends on the frequency (Fig. 1(b)).  

 

 
 

Fig. 1. Electromagnetic waves used in heritage science, (a) frequency band map, (b) penetration characteristics. 
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Ultraviolet (UV) reflection is only applicable to surface analysis and is used to observe the 

condition of varnish. Infrared and Raman spectroscopy are commonly used for art material 

analyses as well as under-drawing investigation, and leading museums have established a 

spectral database (http://www.irug.org).  Fibre optic reflectometry has been used to analyze 

art materials based on spectroscopic information from the UV to infrared regions[2].  

Materials are usually identified at certain points in the object under test and the choice is 

based on visible information. Spectroscopic imaging techniques, including the use of infrared 

cameras, hyperspectral cameras, and XRF scanning systems are desired to understand the 

entire artwork in the form of an art material mapping, if time and cost allow.  Note that XRF 

and XRD detect secondary X-ray, therefore the energy from the source is much lower than X-

ray radiography. Thus, the penetration of X-ray for element analysis is limited to near the 

surface. Below these optical "ray" bands, there is a THz gap. In the lower-frequency region, 

microwaves are commonly used in ground penetration radar, especially in archaeological 

studies, to search for ruins and objects in jungles and under the ground [3].  

 

In addition to material identification, internal structure observation is particularly informative 

for conservators because it directly reveals the durability of artworks. For example, when part 

of a gesso preparation layer of a panel painting is detached from its wood support, the 

painting layer is likely to come off regardless of the pigments used on the surface.  X-ray 

radiography has been widely used to observe metallic parts and materials including heavy 

elements, such as lead white, at high resolution.  In the transmission mode, cross-sectional 

information, i.e., the position in the depth direction cannot be obtained. X-Ray CT can be 

used when artworks are transportable and sufficiently small to be placed in the system.  An 

ultrasonic or acoustic sensor is also a common tool to used to search for internal defects in 

various industries. However, am air-coupling technique is desired for application to heritage 

science.  Note that most art materials are dielectrics, which are almost transparent to X-rays 

and have similar mechanical characteristics. Thus, the layer structure of paintings has not 

been directly observed by X-ray-related procedures, and a cross-section image is obtained by 

sampling.  THz waves, the missing frequency band in Fig. 1(a), can penetrate into dielectric 

opaque materials without contact with the object under tests, and security applications, such 

as the detection of ceramic knives and plastic bombs under clothes, are being developed in 

many institutions.  In cultural heritage, THz imaging was initially applied for material 

mapping and for the discovery of hidden paintings [4-6].   

 

Among the THz imaging techniques, THz pulse-echo imaging, which uses a THz pulse 

propagating in an object as a probe, is particularly useful for the layer structure observation of 

nonmetallic objects such as gesso preparation layers of tempera panel paintings.  The first 

internal structure observation of a panel painting in a museum was performed in 2008 during 

the conservation of "Polittico di Badia" of Giotto [7].  In the last five years, various successful 

THz observations have been carried out on museum objects around the world, and the THz 

frequency range is expected to be used as an additional practical tool in heritage science [8,9].  

 

3.  THz spectroscopy and spectroscopic imaging 
 

Fig. 2(a) shows a schematic diagram of a TDS system in transmission mode.  Examples of 

output signals of a reference (polyethylene) and an azurite pigment in the time domain and 

frequency domain are shown in Figs. 2(b) and 2(c), respectively.  Compared with an FTIR-

based system, which covers the frequency range from 1 to 20 THz, the applicable frequency 



range of commercially available TDS systems is limited to 0.1 to 5 THz. Since the 

wavelength in the THz region is of 100 µm order, the particle size affects spectra considerably.  

This is because the loss of the transmitted signal due to Mie scattering is proportional to the 

particle size.  Fig. 2(d) shows the effect of the particle size on the spectrum for the same 

azurite pigment.  This result suggests that the particle size should be less than 30 µm to obtain 

the ideal spectrum of a powder specimen.  We compared the spectra of the same azurite 

specimen obtained by TDS and FTIR.  For FTIR measurement, the pigment was painted with 

a turpentine as a binder on a cyclo-olefin polymer plate as a support. Both the binder and 

support are transparent to THz wave.  Fig. 2(e) shows the spectra of the same azurite 

measured by FTIR based THz spectroscopy system.  From Figs. 2(d) and 2(e) it is confirmed 

that two sharp peaks appear at the same frequency below 3 THz in both spectra.  

 

 
Fig. 2. THz time domain spectroscopy; (a) schematic diagram, (b) output pulse in time domain, (c) output pulse 

in frequency domain, (d) influence of particle size on THz spectrum of azurite, (e) THz spectrum of azurite 

observed by FTIR-based system for comparison. 

 

In most cases, artworks are examined in the reflection mode.  Although the spectra in the 

reflection mode are not as clear as those in the transmission mode, the difference in the 

reflection level can be used to distinguish materials.  Fig. 3(a) shows the spectra of two white 

pigments, calcite (CaCO3) and lead white ((PbCO3)2·Pb(OH)2).  Lead white shows a much 

higher reflection level than calcite in the frequency range of a common THz imaging system; 

thus, the use of difference of substances can be revealed by THz reflection imaging as shown 

in Fig. 3(b).  Since the element analysis is performed by a point measurement, the 

approximate imaging of an entire artwork by THz imaging is helpful for choosing wchich 

point to measure [11]. 

 



 
Fig. 3. Example of spectroscopic imaging using two white mineral pigments,  

(a) transmission and reflection spectra, (b) THz reflection imaging. 

 

4.  Observation of multilayered specimens 
 

The main advantage of THz waves is that they can penetrate into opaque materials, reaching 

the preparation layers noninvasively, and THz pulse-echo imaging using a THz pulse as a 

probe provides the internal structure nondestructively by time-of-flight method.  Fig. 4 shows 

a schematic diagram and an example of the output signal in THz pulse-echo imaging.  When a 

THz pulse emitted from a photoconductive antenna reaches the interface between materials 

with different refractive indexes, the THz pulse is reflected and detected by another 

photoconductive antenna with a delay.  The delay is determined by the refractive index and 

the distance from the surface. When the object under test has a multilayer structure, the 

reflection pulse sequence in the time domain is observed, resulting in the depth profile at the 

point of measurement. By moving the measurement unit with a common X-Y position control 

system, the three-dimensional internal structure is obtained. In practice, cross-section and area 

images at the depth of interest are informative for conservators. To obtain images from 

reflection waveforms, false colouring (usually gray scale) is used.  For a cross-section image, 

the maximum positive and negative values in the waveform are set to white and black, 

respectively.  For an area image, the integrated reflection power is calculated at each 

measurement point, and the maximum and minimum values in the observed area are set to 

white and black respectively.   

Fig. 5(a) shows an example of a model panel screen using a preparation panel of a Japanese 

traditional panel screen made of multi-layered paper and glue. The internal structure is visible 

so that the THz imaging results can be confirmed. This multi-layered internal structure is 

required to reduce the tension of the surface painting layer caused by the changes in humidity 

and temperature.  Fig. 5(b) shows the pulses reflected from each piece of paper. When paper 

sheets are completely glued, they cannot be distinguished by THz imaging since they become 

a paper-glue composite object. The cross-section image in Fig. 5(c) clearly shows the layer 

structure visible in this model. 
 

 
 

Fig. 4. THz pulse-echo imaging: (a) schematic diagram, (b) output pulse sequence. 



 
 

Fig. 5. Multilayer structure observation: (a) model and photograph of on-site measurement, (b) reflection pulse 

sequence from paper layers, (c) cross-section image along the broken line with the arrow in (a). 

 

 

5.  Case studies 
 

5.1 Wall paintings 

 

The oldest painting in history are wall paintings from the Paleolithic era discovered in lime 

stone caves in the southern Europe.  Various techniques of wall painting have been developed 

in different regions and eras. A common defect to be observed by THz imaging is the 

detachment of each layer. We have measured eight models prepared by eight classical 

methods, such as Pompeian [12], and confirmed that THz imaging can be used to obtain 

precise information near the surface of a painting. However, the entire structure from the 

surface to the support is difficult to observe.  This is because the particle size of aggregates 

mixed into slaked lime is similar to the wavelength of the THz waves, thus, the scattering in 

the layer prevents their propagation. Fig. 6(a) shows an example of Pompeian style sample 

among eight models. The THz cross section image shows the interface between the layers of 

which aggregates are fine marble and fine sand. If the two layers had been separated, an air 

gap would have been detected. It is clear that a THz pulse cannot penetrate into layers 

containing coarse aggregates close to the support; thus the use of a lower frequency such as 

100 GHz should be considered.  A THz pulse can penetrate into preparation layer made of 

very fine aggregate materials. Thus, THz imaging should effective for discovering hidden 

paintings under a new wall [13].  In the case of Japanese a wall paintings, on the other hand, 

the preparation layer has a thickness of less than 5 mm, and no coarse aggregate is used, as 

shown in Fig. 6(b).  Thus a THz pulse can reach the tuff stone support, and a scratch made for 

anchoring to the mortar was observed in the cross-section image.  The preparation layer in 

this model was made by painting twice, and the internal interface of the preparation layer 

itself can be also observed.  

 

Wall painting fragments removed from the Kitora tomb, a national treasure of Japan, have 

been recently examined by THz imaging to observe preparation layer structure. Fig. 7 shows 

the photograph and THz pulse-echo imaging results of Byakko (white tiger), on the west wall.  

A previous XRF measurement indicated that the red pigment in Byakko is cinnabar (mercury 

sulphide) whose reflection in the THz region is much higher than that of other iron-based red 

pigments. However, most visible lines of Byakko including red lines along the belly was not 

visible in THz image, as shown in Fig. 7(b).  This is probably because the amount of pigments 

used in this wall painting is too small to be detected.  In the THz image, only the front legs of 

Byakko were clearly observed. It is considered that the black lines are detected owing to the 

decrease in the reflection level caused by the scattering at the edge of the engraved-style 

under-drawing lines, even though carbon black is almost transparent in THz region.  



Conservators estimated that the part containing the front legs was kept relatively dry for 

centuries, thus the surface engraving remained.  The surface of other area was wet, and the 

preparation layer probably expanded owing to the absorption of water, resulting in the loss of 

engraved lines.  

The cross section images in the bottom of Fig. 7(b) along the solid lines show that thte 

preparation was one layer.  In the right half of the image, many internal reflection signals 

appeared.  These reflections are considered to be generated by the internal scattering due to 

the porous structure of the preparation layer.  In the part with the front legs, in the left half 

area on the other hand, the preparation layer has less internal reflection.  This proves that this 

part is firmer than the other part.  Another cross-section image near the tail shows an internal 

interface, which may be a thin and wide air gap.  It was also noticed that the surface defect 

recognised in THz area image only exists at the surface, and the hole does not reach the 

support stone. 

 

 
 

Fig. 6. Examples of wall painting investigations: (a) Pompeian-style model, (b) Japanese style-model. 

 
 

 
 

Fig. 7. THz imaging of a Byakko fragment from the Kitora tumulus. 

 

5.2 Panel paintings and screens 

 

Panel paintings generally use a wood panel as a support, and a gesso layer with a thin canvas 

is used for preparation in western paintings. Decorative wooden furniture has a similar 

structure.  Shell powder (CaCO3, mainly aragonite) is often used in Japan for the preparation 

layer of decorative wooden walls, furniture, and panel screens made of paper and wood 



frames.  In 2008, we applied THz imaging to the panel painting "Polittico di Badia" (1300) by 

Giotto, which is part of the permanent collection of the Uffizi Gallery in Florence, Italy, 

during its conservation. Fig. 8(a) shows the observation area of the masterpiece. The 

noninvasive cross section image in Fig. 8(b) along line a-a' in Fig. 8(a) clearly showed that 

there were two gesso layers and a linen canvas between them; a gesso layer was directly 

applied on the wooden support to prepare the flat surface of the carved wood, while the other 

gesso layer was applied for painting.  In addition, by extracting each pulse in a THz pulse 

sequence, an area image at the depth of interest can be obtained nondestructively.  This 

information cannot be obtained from other existing methods.  For example, tool marks were 

clearly observed on the surface of the wood support in area A (Fig. 8 (c)), and the regular 

patterns in Fig. 8(d) suggest that the layer between the two gesso layers was canvas.  Fig. 8(e) 

shows an image of the area marked as square B in Fig. 8(a), slightly beneath the surface of the 

panel.  Owing to the strong reflection from the gold, the foil shape is visible despite it being 

under the paints.  This is very useful for conservators because they can pay closer attention to 

this area when they are cleaning the painting.  These results proved that Giotto followed a 

technique commonly used in medieval times. The results are reported in a book dedicated to 

the history and conservation procedures of this masterpiece [14].  We also investigated a 

panel painting by Masaccio, "Trittico di San Giovennale" (1422), as shown in Fig. 9(a), 

during its conservation treatment in 2010. Unlike Polittico di Badia, it has one gesso layer, 

similar to in the modern panel painting technique (Fig. 9(b)).  This suggests that flat wood 

panels for painting were already available in the 15th century. Some irregular internal 

structural patterns were recognised in Masaccio’s painting, such as missing canvas.  The area 

with no canvas appears as a dark area in the THz image shown in Fig. 9(c) at the depth 

indicated by B in Fig. 9(b). This is probably because of repeated conservations from the past. 
 

 
Fig. 8. THz imaging of a part of "Polittico di Badia" by Giotto: (a) observation area, (b) non-invasive cross-

section image, (c) wood support surface, (d) canvas layer, (e) gold leaf under paint. 

 

 
Fig. 9. THz imaging of a part of "Trittico di San Giovennale" by Masaccio: (a) observation area,  

(b) noninvasive cross section image, (c) THz image at depth B shown in (b). 

 



Most of the 16th to 19th century Japanese masterpieces have gold leaf on the preparation 

layer made of shell powder and animal glue. Thus, to observe the internal structure, which is 

important for conservation planning, THz imaging must be performed from the rear side.  

 

Fig. 10(a) shows the observation area of a part of "Eight-Planked Bridge" by Ogata Korin, 

part of the collection of the Metropolitan Museum of Art. As shown in Fig. 10(b), the THz 

area image focused at the centre indicates a wooden mount, the edge of the paper, and wide 

vertical and narrow horizontal lines. The cross section of the rear half of the panel along line 

a-a' revealed that the vertical wide line is due to the glued area on the rear surface. The set of 

internal paper layers may not have stuck to the wooden mount.  Fig. 10(c) shows a THz area 

image focused at the surface.  The cross section image of the front half of the panel along line 

b-b' revealed that some visible holes are scratches of the surface and the paper layer was not 

affected.  Here, if the surface was only earth coloured, the reflection from the surface would 

have been small. The reflection at the front side observed from the rear side is almost uniform 

in this panel screen.  This result revealed that "Eight-Planked Bridge" has gold finishing 

surface on the preparation layer in the entire surface [15]. 

 

Measurements from the front side are useful for detecting defects on gold leaf. Since the 

reflection from the gold leaf is much larger than that from pigments or dyes, THz imaging 

indicates the holes fixed with paint, as shown in Fig. 11(a).  When there is no gold leaf under 

the paint of the panel, the painted part becomes almost black owing to the large difference in 

the reflection level as shown in Fig. 11(b).  In the case of "Eight-Planked Bridge", shown in 

Fig. 11(c), the reflection is even higher in the painted area.  This may be because that the gold 

surface was protected from being worn thin by paints, or because the preparation treatment for 

the painting on gold might have increased the reflection.  Further investigation by using 

models is required to clarify the reason. 
 

 
 

Fig. 10. THz imaging of a part of a panel screen, " Eight-Planked Bridge", by Ogata Korin: (a) area observed by 

THz imaging, (b) THz image with the focus at the wood frame and cross section image near the rear surface, (c) 

THz image with the focus at the front surface and cross-section image near the front surface. 

 

 
Fig. 11. THz imaging of a part of panel screens: (a) previous restoration by paint, (b) partial covering with gold, 

(c) entire coverage with gold. 

 



5.3 Archaeological objects 

 

There are various examples of THz imaging being applied to mummies. We have observed a 

wrapped mummy and found that THz time domain imaging can reveal the surface layer 

structure, i.e., the final stage of mummification (Fig. 12), which is not very informative to 

researhcers who investigate ancient human bodies [16].  The advantage of THz imaging was 

proved by the observation of a wrapped bird mummy. The cartilage tissue of the feet was is 

clearly observed in a THz reflection image, bur not by X-ray radiography.  However, most 

archaeological objects are not as flat as paintings.  Thus, THz imaging should be performed 

by either rotating the sensor unit or the object under test.  The latter configuration was used in 

the observation of Egyptian vases [17] and revealed that THz imaging can detect organic 

substances, such as dried plants, through a thick ceramic layer, which was not visible using X-

ray techniques. 

 

 
Fig. 12. THz imaging of a wrapped mummy. 

 

 

6.  Conclusions 
The THz spectroscopy and imaging techniques applied to heritage science has been 

introduced.  Various experiments prove that THz pulse-echo imaging can provide useful data 

for the study of artefacts in the field of cultural heritage and also for practical conservation 

planning.  Information from conservators and historians is essential to interpret scientific data. 

We believe that further collaborative works will make THz imaging one of the most common 

analytical tools in heritage science. 
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