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Abstract 

The spectroscopy and imaging techniques using the terahertz (THz) range have progressed rapidly, and are 

expected to become useful examination tools in heritage science. Its nondestructive cross-section images are 

especially useful to understand the techniques of artworks, especially panel paintings. 
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1. Introduction

To maintain our cultural heritage, scientific analysis takes an important role, especially for 

planning conservation.  Conservation is like a medical operation for artworks, so that the 

condition can be well examined. Various nondestructive and micro-destructive testing 

methods have been used to identify materials and techniques of original artworks and 

previous conservation. The analysis provides useful data for conservators and historians to 

decide the conservation methods, for example how to clean, support, retouch, varnish, as well 

as how to store the objects. Electromagnetic waves have been widely used because of its non-

destructive features. 

2. Missing frequency bands in heritage science

As shown in Fig. 1, electromagnetic waves below and above terahertz (THz) region have been 

used in heritage science, for material characterisation as spectroscopy and for imaging and 

depth profiling. [1] 

Fig. 1 Terahertz gap in heritage science 

13th International Symposium on Nondestructive Characterization of Materials (NDCM-XIII) , 20-24 May 2013, Le Mans, France

www.ndt.net/?id=15546
M

or
e 

In
fo

 a
t O

pe
n 

A
cc

es
s 

D
at

ab
as

e 
w

w
w

.n
dt

.n
et

/?
id

=
15

54
6



Lower frequency region from microwave to mmwave has been used in large scale imaging as 

ground penetration radar and synthetic aperture radar.  They contribute in archaeology by 

finding lost ruins in the jungle and objects under the soil. [2] The frequency range is not 

suitable for precise material analysis such as pigment identification because art materials 

behave rather similar, except metals. 

In the higher frequency from infrared to X-ray, both spectroscopy and imaging have been 

used.  Although X-ray is an ionizing radiation, it is considered as non-destructive technique in 

heritage science.  X-ray radiography is commonly used to observe the internal structure. 

However, X-ray is basically used in transmission mode, so that layers are all superimposed 

and cannot be distinguished. X-Ray computed tomography (CT) can reveal internal structure 

as a three dimensional image only if the object can be placed into a CT system.  UV imaging 

is useful to do quick check of the condition of varnish, although UV has a risk of damaging, 

especially objects made of paper.     

FTIR spectroscopy is commonly used to identify materials by micro-sampling, and the 

international spectral database of artists' materials has been established, and is available 

online by the IR Raman Users Group (http://www.irug.org). For in-situ analysis, Fiber Optics 

Reflectometry (FORS), of which frequency range is from UV to mid-infrared, can provide 

most information of materials on the surface, such as pigments. Since FORS works as a point-

measurement, near- and mid-infrared camera and X-ray radiography are often used together.  

Those images are useful to specify points to perform FORS, XRF, or other non-invasive point 

analysis. Near infrared and infrared imaging is especially useful to observe underdrawings, 

such as carbon black drawing. 

3. THz spectroscopy and spectroscopic imaging

The frequency range of THz waves, called as T-rays, Sub mm waves, or far-infrared, are 

approximately from 100 GHz to 10 THz. There are many earlier literatures on spectroscopy of 

pigments in early 70s by using Fourier Transform Interferometric technique which is used in 

common FTIR systems. For example, Kerr et al. investigate various mineral pigments, such 

as cinnabar, and discuss phonon absorption [3].  

We have collected a spectra of painting materials in THz range since 2007 and have 

been recognized in the THz spectral database website established by the NICT and Riken 

in 2009. (http://www.thzdb.org) Most mineral pigments show particular sharp peaks which 

are considered to be phonon absorption.  Organic dyes are almost transparent and binders 

have broad absorption spectra.  The THz spectroscopy technology, at present, is useful only 

if it can give new information which other existing techniques cannot because, at present, few 

examples exist when micro-sampling is allowed.   

Fig. 2 shows an example of spectra of cobalt blue pigments and paints available in the market. 

It is interesting that the visible colour depends on products, only two types of spectra in 

THz region are recognized. Since XRF shows only the presence of cobalt and no 

difference was found in all samples, THz could have advantage in this particular case.  

However, Raman or mid-infrared spectroscopy could find the same difference.  Presence 

of varnish sometimes becomes an obstacle in mid-infrared spectroscopy. Organic 

materials used in varnish are transparent in THz frequency or have no specific finger 

print. Thus THz spectroscopy might be useful to identify pigments before cleaning, although 

spectral features in reflection mode is not as clear as those obtained in transmission mode, 
shown in Fig. 2. 



THz time domain system (THz-TDS), using a narrow pulse, has been actively developed in 

these ten years around the world [4, 5], and imaging system using a X-Y stage to be a scanner 

has been used for non-destructive testing, including thermal panel of Space Shuttle of NASA. 

Schematic diagram of THz-TDS system and its reflection mode unit are shown in Fig. 3. 

THz-TDS technique can provide spectra in frequency domain from the time domain signal by 

Fourier transform (Fig. 4), either in transmission or in reflection mode.  Although the 

frequency range is limited up to approximately 3 THz and little fingerprint spectra appear in 

reflection mode, at least in imaging, the reflection level can distinguish materials which look 

similar in visible ray even though substance is not known. Fig. 5 shows the THz reflection 

image of two wood plates painted by calcite and lead white.  

3. Depth profiling

The biggest advantage of THz-TDS is its pulse-echo itself can give the useful information as 

time-of-flight method. When a narrow pulse is applied to an object which has layer structure 

made of different materials, the pulse reflects at the interface depending on each refractive 

index, Fig. 6.  Depth profiling by THz-TDS (a) schematic diagram, (b) output signals from 

multi-layer samples before deconvolution, shows an example of output signal from a multi-

layer sheet. Each pulse corresponds to each layer.  Signal post process such as deconvolution 

is often required to improve resolution and signal to noise ratio.  This technique has been used 

to investigate artworks around the world.[6-8] As shown in Fig. 6, The reflection pulse 

sequence in time domain corresponds to internal layer structure, and defects, such as air gap 

or metal contamination between dielectric layers can be easily located because the reflective 

index of air or metal is far different from other artists' materials which are mostly dielectrics.  

X-ray radiography, on the other hand, the transmission image cannot determine the position 

along the depth direction, and X-Ray CT requires the artwork to be set inside the system.   

The resolution of the depth profiling depends on the material's refractive index, and it can be 

around several tens microns in the case of gesso layer. The spatial resolution in lateral 

direction is limited by the wavelength, resulting in around 300 µm.  When pigments, fillers or 

surface roughness has the size around 200 µm or more, scattering disturbs the penetration of 

THz waves into the artworks.  

4. Case study

We have investigated another masterpiece by Masaccio, Trittico di San Giovennale panel 

painting (1422) during its conservation treatment in 2010. As shown in Fig. 7, the layer 

structure of the panel painting is clearly obtained from the wood support, gesso preparation 

layer, and painting layer. From the surface condition where some convex parts were 

recognized, it was expected that the artwork had many small internal separations.  The 

irregular layer structure and small additional reflections suggested internal defects in the 

artwork.   

5. Conclusions

THz spectroscopy and imaging are useful for analyzing artworks.  We believe that 

methodological examinations, by using models, are essential to make THz technique  a 

common tool which fills the gap between microwave and mid-infrared in heritage science. 
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Fig. 2 Spectra of cobalt blue pigments and paints. 

 

 
Fig. 3 Output signals of THz-TDS system (a) time domain, (b) frequency domain. 

 

 
 

Fig. 4 THz-TDS system (a) schematic diagram,  

(b) measurement unit for imaging in reflection mode. 

 

 



 

Fig. 5 THz reflection imaging example of wood plates painted by calcite and lead white, (a) 

transmission spectra observed by FT-THz, (b) reflection spectra observed by FT-THz, (c) 

imaging results by THz-TDS. 

 

 

 

Fig. 6  Depth profiling by THz-TDS (a) schematic diagram, (b) output signals from multi-

layer samples before deconvolution. 

 

 

 

 

Fig. 7 THz imaging of a panel painting masterpiece by Masaccio, (a) observation area in 

visible image (b) THz image by reflection power integration, (c) noninvasive cross section 

image along the yellow dotted line in (b). 

 

 


