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Abstract 

 
 Terahertz (THz) spectroscopy and THz imaging techniques are expected to have great potential for carrying out 
the non-invasive and non-contact observation of defects in dielectric materials.  THz waves can penetrate opaque 
materials and they can perform three-dimensional material mapping non-destructively by spectroscopic imaging.  We 
have proved that THz imaging can detect defects in multi-layer objects, such as artworks, and the results can be used to 
develop algorithms of ageing diagnosis, failure prediction and lifetime estimation of various infrastructure constructions 
as well as cultural heritage. 
 

1. Introduction 
 
 Wide frequency wave range of electromagnetic field has been used for nondestructive test (NDT).  Ultrasound is 
one of the most common tool for detecting internal defects with contact, and microwave radar is used to find objects 
under soil or pavements (Fig. 1). THz waves have been used in academic research fields, for example radio astronomy, 
and has not been practically used as an instrument for NDT.   Because of progress in laser technology, stable THz 
sources have been developed over the past ten years, and THz spectroscopy and imaging techniques have become a 
focus of attention in optics research fields. [1, 2]  THz spectroscopy and THz imaging techniques are expected to have 
great potential for analysing multi-layer objects. The main advantage of THz waves is that they can penetrate beneath 
the surface of artworks, reaching the preparation layers noninvasively. Without use of a device coming in contact with 
the artwork, spectroscopic imaging can create three-dimensional maps of materials. This paper introduces some results 
of imaging results using a TDS scanning imaging system in THz and mmwave frequency range and propose diagnosis 
techniques in time domain and spectroscopic approach. 
 

 
2. Multi-layer structure observation  

 
 Separation and cracks in multi-layer objects shown in Figure 2 are the most common defects to be detected in 
infrastructure and cultural heritage, such as historical buildings.  In many cases, synthetic materials are used for 
conservation, and sometimes they cause problems in decades.  When these defects exist between two dielectric 
materials which have similar mechanical properties, acoustic methods cannot detect them. X-ray examination is not 

 
 

Fig. 1 Terahertz gap in non-destructive test (NDT) research field. 
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very efficient to observe internal structure of soft materials, such as plastics.  The use electromagnetic waves for 
artwork analysis can clearly show the role of each frequency range. Fig. 3 (a) compares electromagnetic waves used to 
analyse artworks. UV is useful for examining varnish; IR can reveal the underdrawing; and, X-rays pass through most 
nonmetal materials. The THz technique can complement those established methods.  In particular, time domain 
reflection imaging uses THz pulses, which act as a probe and propagate through an artwork to determine its internal 
structure without requiring sampling of the specimen. They also can provide non-destructive cross-sectional images. 
 The map (area information) of the layer of interest in a multilayer structure is of practical use because 
conservators can estimate the presence of internal defects to be fixed.  Fig. 3(b) is an example that shows the internal 
structure observation of the preparation layer of a Japanese panel screen.  The rear side is made of four papers that were 
glued, mainly, at the lattice wooden mount. The reflection signal is generated at the interface between the air and paper 
along with the propagation of the THz pulse, as shown in four peaks.  

 
 
 
 
 
 
 
 
 
 
 

 
 For the conservation purpose, the most important part of paintings is the preparation layer.  THz imaging can 
provide non-destructive cross-section image that helps conservators to understand the techniques and repainted layer in 
the previous conservation.  
 We had the opportunity to analyse a real masterpiece at the Galleria degli Uffizi.  Polittico di Badia, by Giotto di 
Bondone, is a tempera painted on wood panels. THz images observed by a THz TDS imaging system (Picometrix T-
Ray 4000) are shown in grey scale, and high values for either transmission or reflection are shown in white.  Fig. 4 
compares the cross-section image obtained non-destructively by THz imaging and that observed with a microscope by 
sampling.  The layer structure was in good agreement. Sampling is not always possible, and the cross-sectional 
information is limited by the position of sampling.  THz imaging can provide cross section at any point of the artwork.  
In addition, by extracting each pulse, information over an area of the layer of interest can be obtained non-destructively.  
This information cannot be obtained from other existing methods.  For example, tool marks were clearly observed on 
the surface of the wood support, and we confirmed that there was a canvas between the two gesso layers, because the 
image obtained at the interface between the two layers has a regular pattern that indicates the material used is cloth.  
THz imaging added the scientific evidence that Giotto followed the medieval manner.  This technique used two gesso 
layers, and the motif resembled a human being.  This fact revealed that Polittico di Badia is a milestone work from the 
medieval to the Renaissance era.  The results prove that the THz analysis provides valuable information for both 
historians and conservators [3]. 
 
 There is an attempt to discover hidden painting under plasters [4, 5].  We have asked the possibility of detecting 
mosaic patterns under the plaster.  Fig 5 shows a trial examination by using a model mosaic and a plain plaster board.  
The mosaic pattern is made of glass pieces called tessera, and each tessera is about 5 mm cubic, but irregular  shape.  
We have observed a tessera placed under the plaster board from the opposite side of the plaster by using mmwave (up to 
60 GHz) TDS imaging system developed at NICT. [6]  As shown in Fig. 5(c) the tessera was clearly observed and the 

 
 

 
Fig. 2 Common defects to be detected in infrastructure and cultural heritage 

 
 

Fig. 3 Electromagnetic waves used for artwork analysis. 



resolution will be high enough to distinguish each tessera.  This result proves the potential use of mmwave for non 
destructive investigation of mosaic patterns under the plaster. 

 
 

3. Diagnosis based on THz imaging 
 

 Common users of non-destructive test instruments are not experts in optics or electromagnetic waves.  Therefore, 
the results should be described as alert from the instrument.  Since the THz technology has been progressed and has 
become the focus of public attention, it is desired that the data directly give answers to end users.  Fig. 6 shows an 
example of interpretation of THz images of three types of defects in a polymer sheet.   The THz image clearly gives the 
position of each defects.  When the air gap exist in the polymer sheet, two peaks are obtained from both side of the air, 
and the phase of the output signal changes.  When defects are reflective, as in the case of metal or water, the output 
signals show only one peak.   Here water channel in polymer sheet is a model of a main failure causes of high voltage 
cables, called water tree.  The preferred on-destructive testing tool should provide the alert as the cause of peaks, as 
shown in Fig. 6. 
 
 NICT has developed a real-time imaging system by using a quantum cascade laser (QCL) source and a 
microbolometer focal plane detector array shown in Fig. 7. [7-10]  The obtained results suggested that the THz imaging 
system can identify materials with a spatial resolution of about 300 µm. Since the  size of the system is similar to a 
common portable infrared camera, it is expected to be used in the on-site examination in various fields.  Although QCL 
is a mono frequency source, multi-colour imaging can be possible by using several QCLs of different frequency f1, f2, 
f3, for example.  Integrating the images obtained at different frequencies, spectroscopic imaging can be performed to 
realise the material mapping.  We believe that this is one of the most desirable real-time NDT instruments.  
 

4. Conclusion 
 

 THz imaging has a high potential to be a useful common NDT instruments  which can observe internal structure 
of infrastructure and cultural heritage, and will become a complementary to conventional techniques such as X-ray and 
infrared examinations.   

 
 

 
Fig. 4 Internal structure observation of a tempera masterpiece by THz imaging. 

 

 
Fig. 5 Trial observation of mosaic tessera under plaster. 
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Fig. 6 Observation of defects in polymer sheets and diagnosis in time domain analysis. 
 

            
 

  
 

 
 

Fig. 7 THz real time imaging system (THz camera) and possible multi colour imaging. 
 


