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Abstract

:

We present a broad literature review on the uses of terahertz radiation for the inspection architectural art, as well as building structures. As an example of the uses of terahertz in this field, we also include original results on a non-destructive assessment of a conservation intervention on murals of the Konstantinbasilika in Trier, Germany while using terahertz time-of-flight spectroscopy.
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1. Introduction


Electromagnetic waves in the frequency region between 300 GHz and 10 THz (wavelenght between 30 μm and 1 mm remained unexplored until about three decades ago, when ultrafast lasers were introduced [1]. Since then, this band of the electromagnetic spectrum, known as terahertz (THz) radiation or T-Rays, has found a plethora of applications in both scientific disciplines that range from semiconductor physics [2], to chemistry [3] and biology [4], to non-destructive testing in many fields, such as industry [5], and even in cultural heritage inspection [6]. Terahertz waves have three characteristics that make it very attractive for the inspection of culturally valuable objects:



	
It penetrates a broad selection of materials, including textiles, polymers, ceramics, pigments, wood, etc.



	
It is non-ionizing, therefore it represents no occupational hazard to the users of this technology, and to the chemical, and therefore aesthetic, integrity of artworks.



	
It can produce cross-sectional images of layered structures, such as the ones present in multi-layer paintings.






Since about 20 years ago, a hand-full of research groups around the world have explored the potential of terahertz for the inspection of many forms of art, which go from oil-on-canvas paintings to mummies, and even a few examples of architectural art. Furthermore, a few examples of demonstrations of this same technique in the evaluation of the structural integrity of buildings have been presented. In this article we will present an overview of therahertz technology, followed by a detailed literature review of applications of T-Rays in architectural art and structural inspection. Finally, we present some new results of our own, in which we monitored in-situ the evolution of a conservation intervention on some murals from the Konstantinbasilika in Trier, Germany.



Overview of Terahertz Technology


Terahertz time-domain spectroscopy (THz-TDS) was first demonstrated in 1988 by Smith and coworkers [7] who used a colliding pulse mode-mocked dye laser to gate photoconductive antennas on the basis of radiation damaged silicon-on-sapphire (SOS). Grischkowsky improved this technique, such that it allows for high-quality spectroscopy in the lower terahertz range [8]. Further improvements became possible with the advent of mode-locked titanium sapphire in the early 1990s and the use of low-temperature grown GaAs (LT-GaAs) as antenna substrate.



Figure 1a illustrates the working principle of a typical free-space THz time-domain spectrometer: a Ti:sapphire laser that is pumped by a frequency doubled Nd:YVO4 laser which produces ∼100 fs pulses with a repetition rate of around 80 MHz. These laser pulses are used to gate both the generation and detection photoconductive antennas that consist of a semiconductor substrate and a pair of coplanar metal striplines. The laser pulse with a photon energy above the semiconductor’s band gap energy is focused in between the two striplines. It optically excites electrons and holes. The striplines of the emitter antenna are biased, such that a constant field existed between them with a field strength of around 5 kV/cm. The optically excited carriers are accelerated in this field, leading to a short current pulse that is the source of the emitted THz pulse. After passing through some optical components, such as silicon hyperspherical lenses, off-axis parabolic mirrors, and the sample, the transmitted THz radiation is focused onto the detector antenna, which also consists of two striplines on a semiconductor material. The detector gated by another 100 fs laser pulse. The semiconductor material chosen for this antenna must have a very short carrier life time, such as SOS or LT-GaAs. In contrast to the emitter antenna, the optically excited carriers are not accelerated by an applied external field, but instead by the field of the incident THz pulse. This leads to a weak current which is amplified and monitored. By varying the delay between the gating laser pulse and the incoming THz pulse, one can sample the THz field via a cross correlation process. See [9] for details. In order to accumulate an image of the THz transmission though an extended object, one can, in the simplest case, translate the sample through the focus of the THz beam in a raster pattern [10]. An image is then acquired pixel-by-pixel. Yet, there have been several other schemes demonstrated over the years (see [11] for a review).



It is worth mentioning that, although all TDS systems operate conceptually in the manner that we explained here, most of the studies related to cultural heritage with terahertz have been performed with fiber-coupled TDS systems, in those cases, the Ti:sapphire laser is replaced by a rare-earth:fiber laser and most of the laser optics are implemented in optical fibers, instead of free-space. Picometrix were the first demonstrated fibre-coupled THz systems in the year 2000. Such systems allow to position THz antennas more freely. In 2007 Wilk and coworkers presented a THz-TDS system based on a cost-effective fibre laser operating at 1.55 μm [13]. These lasers are based on low-cost telecom components developed for long-term operation. As antenna material, low-temperature grown InGaAs/InAlAs multiple-quantum wells were used. On the basis of this technology, a variety of different companies today offer fibre-coupled THz-TDS systems with a good signal to noise ratio and a reasonable bandwidth [14,15].



For THz measurements on buildings, a reflection geometry is needed. This technique was introduced in 1997 by Mittleman and it is called “THz tomography” [16]. Both beams, the one coming from the emitter that is focused onto the object under investigation and the one being reflected from the object and propagating to the receiver are focused or collimated, respectively, either with lenses or via off-axis parabolic mirrors, as shown in Figure 1b. At each interface between materials with different refractive index the pulses are reflected. From the pattern of theses "echoes", one can reconstruct the inner structure of the object. THz tomography is closely related to optical coherence tomography [17] and it has some similarities to ultrasound imaging, although sound waves are longitudinal pressure waves, while THz are transverse electromagnetic waves.



For many years THz tomography was limited to the investigation of flat samples that were moved through the focus of the beam in a raster pattern. In 2017, Stübling et al. introduced a fibre-coupled THz tomography unit attached to a robotic arm [18] as shown in Figure 1c. With this approach, the THz emitter and receiver can be positioned perpendicular and at defined distance to the sample surface. Hence, this system allows for the acquisition of reflection THz tomographic images of samples with an arbitrarily shaped surface.





2. Terahertz Uses in Architectural Art


The characterization of historical buildings is the key task for fields, such as conservation of architectural heritage, building science, and building archaeology. Today’s architectural conservation practice involves scientific survey based on specialized diagnostic methodologies and techniques aimed at understanding the conditions of conservation of architectural pieces as well as construction techniques. When dealing with culturally valuable objects, non-destructive testing is, of course, preferred. The use of non-destructive methods of scientific investigation have rapidly expanded thanks to the development and refinements of portable instruments which allow to collect large quantities of highly relevant data without the need for physical sampling. In many cases such portable devices, have capabilities analogous to larger laboratory-based systems. The most common techniques used in these fields include photogrammetric and geodetic endoscopy, ultrasound and thermographic analysis, and laser scanning. Other studies, like multispectral and hyperspectral tests, special photographic techniques (IR- and UV- based photography), and X-ray fluorescence spectrometry (XRF) for elemental analysis [19] are used, and also Raman spectroscopy, near-infrared spectroscopy (NIR) [20], among others, have been incorporated in the conservators toolboxes.



Terahertz spectroscopy and imaging is a powerful analytical method that can provide unique information about the inspected object non-invasively and contactelessly. As a spectroscopic technique has the merit of contributing to material characterization, while as imaging technique with depth profiling capabilities can reveal finer stratigraphy and evaluate the structural characteristics and conservation conditions of the investigated target. The technique has been tested for the characterization of cultural heritage, architectural heritage, and decorations made with different types of building materials and from different regions. This section aims to illustrate the results obtained, so far, from these first investigations. Wall painting is, by far, the typology of cultural heritage most studied with this technique, and this theme will therefore be widely discussed.



2.1. Wall Paintings


Wall paintings are the oldest known form of figurative artwork dating back to the prehistoric period [21]. The conservation of wall paintings inevitably concerns not only the paintings themselves, but also the supporting architectures and building materials [22]. Detailed knowledge of the internal structure supporting a wall painting may be considered fundamental for conservation purposes, allowing for the localization of cracks and layers detachments, as well as for identification of regions where filling or consolidation is needed.



In historical Europe, wall paintings were typically executed on wet (fresco) or dry (secco) plaster painted with pigments dissolved in limewater (fresco) and/or with organic binders (secco). Several plaster or mortar layers typically cover the wall structure before the paint application, normally characterized by increasing thicknesses and coarseness starting from the supporting structure. Aggregates within the mortar or plaster may vary and include stone, sand, straw, fibers etc. It has been established that THz radiation is generally able to provide information about the interim region of a wall painting up to approximately one centimeter into a plaster wall surface (for n = 2.2) [23]. However, this number needs to be adjusted, depending on the refractive index of the constituent material of the wall and the extent of the scattering effect caused by the granular surface and internal structure on the radiation.



To the best of our knowledge, a terahertz time-domain system (Picometrix T-ray 4000) was used to study wall painting replicas for the first time by Jackson et al. in 2008 [24]. They imaged graphite preliminary sketches (underdrawing) covered by layers of paint and a top thick layer of gypsum plaster; they, thus, demonstrated the feasibility of using the terahertz technique for inspecting wall paintings, specifically for imaging underdrawing and paint layers covered by a plaster topping layer. The first report on a real wall painting scanned with a THz-TDS system was a fragment about 25 cm in the width of a wall painting from Dazhao Monastery (Mongolia). The remain, representing a bust of a woman, was scanned in 2010 by Fukunaga et al. [25]. The distribution of different materials on the painting surface was mapped and the painting stratigraphy was reconstructed from the terahertz measurements. The surface depiction was clearly imaged in the reflection THz image thanks to the contrast given by pigments with relatively high reflectance (minimum, cinnabar, and lead white) as compared to the other ones (smalt, orpiment, malachite, and red ochre) present in the panting. In addition, the layers composing the multilayered painting support, i.e., the fine preparation layer, coarse preparation layer and clay wall, were identified in the non-invasive THz cross-sections (B-scans).



When compared to other painting typologies, such as paintings on canvas and wooden panel, scanning wall paintings with a reflection THz time-domain system is complicated by the fact that walls are typically rough and uneven, thus deviating the THz beam reflected at the surface from the detector and causing beam defocusing in the optical axis direction. In addition, the typical grain-like structure of wall painting surfaces causes scattering of THz waves, strongly influencing the output of the measurements. In fact, the spatial scale of refractive index fluctuations due to variations in surface roughness can be, in many cases, comparable to the wavelength of the THz signal.



Walker et al. [26] have defined a correction procedure for adjusting the THz data acquired by scanning the uneven wall paintings of the dwellings at the Neolithic Çatalhöyük archeological site (Turkey). THz scans were performed in a “pitch-catch” configuration. They first created a (x, y, z) three-dimensional surface profile based on the time delay difference of reflected signals from a zero plane defined by the time shift of the signal which gave the largest amplitude. After converting the profile into a spherical coordinate system, deviations from the focal plane have been computed in the zenith, azimuthal, and orthogonal projection dimensions. The resulting propagation of the beam to wall surface and its deflection from the optimum line of reflection were calculated and the misalignments were used to evaluate the overlap integral describing the coupling between the displaced reflected beam and the detector, which has been, in turn, used to correct the data for the percentage of radiation deviated from the detector.



Fukunaga et al. [27] studied the scattering effect caused by the mortar sand aggregates found in most of the wall paintings, whose presence prevents the THz radiation from penetrating deep into the wall. For the study, they created replicas of the wall paintings and scanned them with a terahertz time-domain system, such a study included a variety of styles of wall paintings, such as Pompeian, Etruscan, Byzantine, Buon Fresco, Sgraffiti, Egyptian, and Japanese. These kinds of wall paintings differ significantly in terms of materials used as support, preparation and paint layers. In addition to wide variations of the layer thicknesses and painting techniques. Significant results were obtained by analyzing THz B-scans. In all models, the THz reflections from the surface were more than ten times larger than those from internal boundaries. Yet, the THz reflection pulses were found above noise level in the layer, including large aggregate particles. Because the wavelength of the THz waves is comparable to the size of the sand particles (∼1 mm), scattering in layers rich in sand becomes strong and prevents THz waves from propagating deep into them. Thus, THz B-scans obtained from replicas having large sand aggregates were not clearly representing the internal structure, owing to high scattering. Small echoes appearing on the recorded THz depth profiles have been related to changes of the layers’ porosity or to interfaces between mortar with different aggregates.



Since the first applications, THz time-domain imaging has been employed on wall paintings for inspecting their structure and conservation state as well as for visualizing hidden depictions. Historically, it is, in fact, not rare to find wall paintings that have been overpainted or covered over time, hiding the original representation, for aesthetic or conservation reasons. Concerning hidden paintings, analyzes of THz B-scans have been proficiently used to detect subsurface depictions and underdrawings. The results in this sense have been obtained by Walker et al. [23] by THz scanning real wall paintings of different European Cathedrals, for instance, the Chartres Cathedral (France), the Riga Dome Cathedral (Latvia), and the Chartreuse du Val de Bénédiction (France) with a time-domain systems. Wall paintings of Chartres and Riga Cathedrals were covered by layers of plaster (Chartres) or lead white paint (Riga), while underdrawings sketched with sinopia were known to be under the paint layers of the paintings of the Church in Chartreuse du Val de Bénédiction. THz B-scans gave evidences about the presence of subsurface layers (Chartres and Riga), but also about subsurface layers losses (Riga). At Chartreuse, Sinopia underdrawing seemed to be detected in the THz B-scans at approximately 1 mm deep, together with the uneven stone surface upon which the wall plaster was applied, at depths calculated between 8 –15 mm.



Jackson B., Mourou G., Menu M., and Detalle V. used a THz time-domain system to scan a XIX century wall painting, Trois homes armés de lances, in the Louvre’s Campana collection. As reported in a ScienceDaily article [28], Campana was an Italian art collector and art historians who is believed to have painted the current depiction on a previous Roman fresco that was removed from its original location in Italy and entered his collection. The THz research team was able to image the previous ancient Roman fresco underneath the current depiction.



Radpour R. et al. [29] used a reflective pulsed THz medical imaging system based on direct detection to acquire imagery of painted plaster samples in order to assess the ability of the system to image the Byzantine wall paintings at the Enkleistra of St. Neophytos in Paphos (Cyprus). The walls of the Enkleistra feature several painting phases spanning from the XII to the XVIII century. The various painting phases are separated from each other by a thin plaster layer or a lead white paint. For the research, they prepared several wall painting mock-ups of both fresco and secco techniques. The two relevant samples were secco samples painted in the shape of a cross respectively with cinnabar and minimum and later obscured by lead-white and chalk (minimum). A stark contrast between the paintings and surrounding plaster material was observed in the THz pictures for both the pigments used. Despite the strong scattering of THz radiation by a covering chalk layer, the THz image of the minimum based paint obscured by the chalk reveals the major part of a four-arm cross while apart, one of the four arms, was not clearly imaged possibly due to an uneven application of the paint and/or uneven surface of the plaster. By utilizing the system’s confocal-like features, they acquired multiple THz images of the cinnabar based paint obscured with lead-white at increasing focal point locations (z values). Only partial images of the cross were visible at each z value, yet, a more complete THz image of the cross was obtained by combining the multiple THz z-scans, demonstrating how this method serves to better visualize hidden layers that are not perpendicular to the THz signal. The study on replicas demonstrate the feasibility of an in-situ investigation of the Byzantine paintings at Enkleistra. Reflection terahertz time-domain method has been used to obtain important information about plaster and internal structure of wall paintings, helping in determining their manufacturing and conservation state.



Inuzuka M. et al. [30] used a time-domain THz system to examine the plaster layer condition of the mural paintings of the Takamatsuzuka tumulus (Nara, Japan, end of VII beginning of VIII century). The paintings decorated the walls and ceiling made by tuff blocks and they are covered by few millimeters of plaster. For conservation reasons, in 2007 the stone chamber was disassembled and transported to a controlled environment space located near the Tumulus. The concerns were about the change of the hygrometric conditions from the old to the new location and the related reduced water content of the plaster, which caused material weakening and layer detachments because of its contraction. From the THz mesaurements, the areas where the plaster layer was well attached to the substrate, the reflection at the boundary of the plaster, and tuff stone could not be observed in the THz B-scans probably due to the similar refractive indices of both materials and to the absorbance of the reflected pulse. However, other regions displayed in the B-scans showed small reflected THz pulses displayed beneath the superficial one, indicating that the plaster layer had detached from the tuff stone, creating an air gap in between them. THz C-scans representing the absolute intensity integrated over increasing time intervals showed the subsurface air gap distribution within the scanned area. The detachment locations that were extracted in this manner were consistent with the ones recognized using other techniques by the restorers. Therefore, the terahertz imaging technique was proven to be a suitable method for noninvasive investigation of the conditions of a plaster layer.



Koch Dandolo and Jepsen [31] demonstrated the possibility to three-dimensionally (3D) visualize the surface profile of building elements buried inside the wall plaster by means of THz time-of-flight plot (ToF) and the volume rendering technique. An extended area of the apsidal Medieval wall painting of Nebbelunde Church (Rφdby, Lolland, Denmark) was scanned with a THz time-domain system. B-scans revealed the presence of two major in-depth anomalies. The first one was located at about 1 cm below the surface and positioned transverse at a steep angle into the plaster. The sign of the THz signals reflected at the anomalous interface indicated that the related material must have had a lower refractive index than the surrounding mortar. ToF offered additional insight by imaging, in detail, its surface morphology. The extremely sharp and regular texture of the buried interface indicated that it was not an accidental air gap, but rather a building element. The second anomaly was found at about 7–8 mm depth inside the plaster and it has been visualized in a volume rendering after data processing, first by windowing the relevant region of interest of the signals. Volume rendering allowed localizing the buried feature with respect to the wall painting surface. The sign of the reflected THz signal suggested that the material had a higher refractive index than the surrounding one, i.e., higher density than the mortar, excluding an air gap. A certain identification of the building elements found in depth in plaster was rather difficult, but their surface profiles have been 3D imaged in detail, demonstrating the high potentials of the technique for identifying hidden subsurface inclusions in lime-based plaster. All of this was possible by combining the proper data processing with the use of 3D visual rendering.



The localization of buried or concealed structures is important in the conservation field, since the presence of degrading, deforming, or moving components inside plaster layers can affect their integrity and, consequently, the conditions of the painting layers. Characterizing position, geometry, and appearance of internal structural elements may also help in understanding the building history and its construction phases, which is valuable information for building archaeology and architecture field.



A THz time domain system was used in 2019 by Catapano et al. [32] for scanning a wall painting “Annunciation” by Fra Angelico, one of the masterpieces of the early Italian Renaissance, located at the Museum of San Marco in Florence, Italy. The system has been used as complementary inspection tool of a multi-technique examination protocol, which included the use of technical photography (fluorescence induced by ultraviolet radiation), infrared refectography, and ground penetrating radar. THz C-scans allowed for imaging the fine decorative gold lines, the surface cracks, and repaintings in correspondence of painting lacunas. Two-dimensional (2D) time-of-flight plots at increasing depth towards the interior layers of the painting highlighted the presence of in-depth inhomogeneities.




2.2. Stone Artwork


In addition to mural paintings, there are other artistic features of architectural art that have been studied with terahertz. In particular, the state of conservation of stone objects [33] has been assessed in the past. In particular, there was a study by Krügener et al. [34] that inspected the conservation of a stone medallion which was part of the Castle of Celle (Germany). A number of internal fractures that were not possible to detect by other imaging methods was found in certain areas of this highly deteriorated object, as shown in Figure 2. Furthermore, the same publication reports on the assessment of the restoration process of stone delimitation in a stone windowsill from the St. Peter’s Cathedral of Trier.




2.3. Stucco Reliefs


Yet, another form of architectural decorations that have been studied with terahertz are stucco reliefs [35]. In 2017 Cheung Hoi Ching and coworkers presented a study in which the stucco relief from “Le Musée des Beaux-Arts de Strasbourg”, which is a piece from the XV century was analyzed. The artwork is from the artist Antonio Rossellino and it is titled “The Virgin and Child, with Saint John the Baptist and two angels”. The authors were able to find different interfaces that they attributed to cracks within the art piece.




2.4. Clay Decorations


In 2017, a study of the deterioration state of glazed terracota medallions from a XVI century house in Lüneburg, Germany, as shown in Figure 3a,b using THz ToF was reported [36]. These architectural decorations were common at that time in Germany. The clay decorations, which were glazed with a colour and varnish layer have undergone weather related deterioration for over 400 years, showing the delamination of the glazing layer, which gives them their bright and colorful appearance. The study successfully reports cross-sectional images of the delaminated layers, and determination of the dimensions of the underlying air gaps, as shown in Figure 3c, this was valuable for the restoration process of such objects.




2.5. Paint on Metal Structures


A rather different type of architectural object are Kiosks. These ornamental constructions which are usually found in the center of main squares, plazas or parks can be found in many parts of the world. The kiosk of Guadajara, Mexico, was studied using terahertz ToF spectroscopy recently [37]. This piece that dates from the end of the XIX century is formed by a structure of cast iron with ornaments made of the same material. The structure has been painted in many occasions for over a century. The terahertz study revealed a number of areas that show delamination between the historically accumulated paint layers, it was also possible to determine that the appearance of delamination correlates with the position in the structure, being more frequent on the eastern side than the western side, which can be explained as increased mechanical stress that is caused by the early morning sun rays heating up the outer paint layers that are on the cold iron core, which does not happen on the western side as the object heats up more slowly and evenly during the day.





3. Structural Integrity Inspection Of Buildings


As mentioned earlier, the inspection of the structural integrity of buildings is also a very important aspect. [38] Terahertz imaging has been proven useful in finding voids in concrete samples, as depicted in Figure 4 [39]. Other studies have reported the inspection of defects in materials as varied as wood, cement, and tile adhesives, which have been imaged with terahertz [40] (see Figure 5b,c). The use of water percolation process in cracks has been used to enhance the contrast in order to find them, as shown in Figure 5a,b. We finally want to mention that the THz-optical properties of a number of common building materials have been reported [41,42]. These properties are fundamental for the appropriate analysis and understanding of many of the studies that we have reviewed here, and some that may come in the future.



It is worth pointing out that there is still a broad number of construction materials that have not been properly characterized in the terahertz band, and this is a pending task that will be of importance not only in building measurements, but in other areas, like terahertz telecommunications. Terahertz waves have also been used as non-contact inspection tool for measuring the water content of concrete, which is an important parameter in terms durability of structures made from it [43,44]. Furthermore, terahertz has been used to characterize metal objects. It has been demonstrated to provide quantitative information on the roughness of archeological metal surfaces [45] and for distinguishing corroded/mineralized layers in metal artifacts [46].




4. Monitoring of the Conservation Process of a Mural


An original study that we present as part of this contribution is the evaluation of the restoration process of the mural paintings of the Konstantinbasilika (The Basilica of Constantius). The Basilica was built in the III and IV centuries by the Roman emperors Constantius (293–306) and Constantine (306–337) as a reception hall of the imperial palace. This large Roman building has evolved from being a castle to episcopal residence and protestant church (since 1856). On it, remain some of its colorful Roman facade decorations, primarily found in the window reveals. As part of a varied history, the Konstantinbasilika has undergone many architectural changes. During the restoration of the building in the XIX century, the remaining Roman plaster and painting fragments of the facade were uncovered. Only a few connected plastered areas survived to this day. This includes larger original plasterwork in the northeast. They show a warm, flat white tone with dividing painting elements in an intense red. In addition, larger painted surfaces, including remains of floral and figurative decoration, have been preserved in the window reveals of the west side and the apse [47]. These paintings have been exposed to weather deterioration since the XIX century. Yet, different efforts have been made to prevent the deterioration of the paintings as a consequence of color weakening, pigment alteration, mainly owing to the formation of black crusts (sulfation) and the accumulation of dirt as well as climate variations and wind-related erosion.



A series of potential restoration/conservation strategies were evaluated for these mural paintings. It was decided to apply a removable protective cover in order to protect them against further deterioration. A fundamental consideration for this decision was the fact that existing climatic influence on the surfaces can often only be effectively reverted to a limited extent. A protective removable cover, on the other hand, represents an alternative that can preserve the artwork on the long term. The concepts for covering wall paintings for conservation purposes were developed in Germany in the nineteen hundreds, but a systematic follow-up and examination of various techniques is currently a topic of debate and active research. An effort aiming to contribute to this discussion is promoted by some research projects at the Department of Conservation and Restoration of Wall Painting and Architectural Surface of HAWK in Hildesheim, in collaboration with the federal state Rhineland-Palatinate and the Directorate-General for Cultural Heritage. A specific objective is to further develop, adapt, and optimize conservation measures, such as long-term protection of weather-exposed surfaces. For our investigation, we selected an area of the mural of the Basilica, which was in the process of being covered; this section lies on the west facade and was intervened in 2016.



The conservation system was used at the Konstantinbasilika, as shown in Figure 6. The original mural paint was covered by a cyclododecane (C12H24) layer, then a reinforcement with para-aramid fibres (KEVLAR) was placed and finally the sacrificial render layer, made of Roman cement, was applied. Cyclododecane was chosen as the separating layer, because it temporally seals the historical surface but subsequently sublimates without leaving traces on the original artwork. Depending on the processing temperature and the addition of benzine, molten cyclododecane can be applied on a relatively thin layer in order to better match the shape of the covering plaster to the original historic surface. After sublimation, it is assumed that a thin air-gap remains between the original artwork and the new reinforced plaster. In an early series of investigations on the first sample area at the Konstntinbasilika in 2015, a destructive examination of the sublimation of cyclododecane was carried out. A circular drill was used to cut an area from the surface of the protective plaster. The sample removal resulted in severe damage to the reinforcing material; therefore, THz-TDS was used for the first time in 2016 in order to prevent further damage and weakening of the protective plaster. Other methods, such as ultrasonic examination, were not considered because the depth resolution is inappropriate for the small cavities formed. So far, the evolution of the cyclododecane/air layer has never been non-destructively probed on a real sacrificial render system. The aim of our measurements with THz-TDS was to determine the size and dimension of the cyclododecane layer and the airgap that forms after its sublimation process between the original surface and the covering sacrificial render system. In this section we present the results of non-destructive measurements performed by terahertz time-domain spectroscopy (THz-TDS) both on mockups and in-situ on the conservation intervened mural of the Konstatninbasilika.



Figure 6 shows the area that we used for monitoring. The images show the mural before the conservation intervention, and the result after the intervention. Aluminum foils can be seen on the surface of the protective plaster layer that were used to generate nearly-perfect terahertz reflections, to be used in the data processing as reference. The stratigraphic measurements were taken in the areas delimited by the aluminium foil squares.



In parallel with the conservation intervention, mockups were fabricated for laboratory measurements. Wooden molds of 14.5 cm × 12 cm were prepared, a base of Roman cement was placed at the bottom; subsequently, cyclododecane was applied with a brush to the surfaces by double coating reaching a thickness of approximately 0.6 mm, over it a reinforcing mesh made of para-aramid fibres (KEVLAR) was placed. Finally a plaster layer of ∼7 mm up to the edge of the mold was applied. The thickness of the upper protective plaster and the layer of cyclododecane corresponded approximately to the real conservation measure at the Konstantinbasilika. While the mock-ups were kept in a laboratory with a controlled temperature of ∼20 °C, the mural was exposed to the uncontrolled outdoor conditions that prevailed in Trier during the year that passed between measurements.



All of the measurements were performed with a fiber-coupled terahertz time-domain spectrometer using a “pitch-catch” terahertz path like the one shown in Figure 1b but using high density polyethylene lenses instead of off-axis parabolic mirrors. The spectrometer is based on a mode-locked ultrafast Er:fiber laser which is used to gate both, an emitting and a receiving, photoconductive antennas. The transceiver ensemble was mounted on an “x-y” motorized stage that allowed automated multiple point measurements.



Various measurements over the course of 300 days were taken on the mockups. A typical terahertz waveform from one of the mockups is shown in Figure 7a, the first pulse, at t = 0, corresponds to the air-plaster interface, while the second pulse corresponds to a superposition of two echoes from the gap initially generated by the cyclododecane layer. By using sparse deconvolution [48] on the signal, we obtain the impulse response function shown in Figure 7b, where it is clear that the second pulse is actually the superposition of two echoes, which are shown in more detail in Figure 7c. The separation between these two echoes depends on the physical separation between the plasters as well as the refractive index of the material in between. Therefore if the cyclododecane, whose refractive index is n∼1.53 ± 0.02 with negligible dispersion, sublimates as expected over the course of several months, the separation between these two echoes is expected to decrease. The separation between echoes as function of time after the sample preparation is shown in Figure 7d. From an exponential fit as function of time T of the form


  Δ t  ( T )  =  T ∞  +  T i   e  − T / τ   ,  



(1)




where the parameters   T ∞  ,   T i   and they were obtained for each data set finding that the parameter   Δ t   decays with a time constant of   τ = 111 ± 26   days, which implies that the sublimation half-life of the cyclododecane under those conditions is    t  1 / 2   = 76 ± 18   days. The disappearance of the cyclododecane layer was confirmed by cutting the samples after the experiment and taking micrographs, such as the one shown in Figure 7e, where a free-space gap can be seen between the two plaster layers.



In situ measurements could not be performed as frequently for practical reasons; however, a set of initial measurements within a few days of the cyclododecane and plaster coating procedure were taken and another set was obtained one year after. The waveforms and deconvolved impulse response functions show a similar pattern to the one from the mockups and the duration of t. Measurements were made in two different positions that we identify as A and B, as shown in Figure 6. The separation for the two peaks that correspond to the interfaces around the cyclododecane/air gap changed, in A, from 3.4 ± 0.3 ps to 2.8 ± 0.1 ps, and in B, from 4.0 ± 0.2 ps to 2.7 ± 0.1 ps demonstrating that the cyclododecane content in the layer disappeared, at least partially, leaving an air-gap behind between the original artwork and the protective coating applied. This is consistent with the estimation that we can perform from the mockup measurements, which is that between 93% and 99% of the cyclododecane would have sublimated over a year.



In conclusion, we were able to monitor the changes of the cyclododecane-plaster material system used for the conservation intervention in-situ at the Konstantinbasilika in Trier, Germany. We could confirm that the cyclododecane layer used as a spacer between the original artwork and the protective plaster coating almost completely disappeared over the course of one year. Furthermore, this is the first report of non-destructive monitoring of the evolution of the cyclododecane layer on mockups, which allowed us to determine that the sublimation half-life of cyclododecane under these conditions is between 58 and 94 days. These numbers are, of course, dependent on the temperature and atmospheric pressure, but they give a good estimate of the times that are involved in the sublimation process. This is, to the best of our knowledge, the first report of an in-situ conservation intervention monitored in a non-destructive way using terahertz time-domain spectroscopy.




5. Final Remarks


In this contribution, we presented an overview of the state-of-the-art on the use of terahertz electromagnetic waves for the non-destructive-testing of buildings with particular emphasis on the inspection of architectural art. From the literature review presented, it is clear that terahertz technology opens new and interesting possibilities for the deterioration assessment and conservation process of buildings, both from the structural and artistic point of view. In addition, we presented new results on the inspection of the conservation intervention that took place on the murals of the Konstantiuns Basilika in Trier, Germany. These results show that the layer of cyclododecane, used in the intervention as a spacer between the mural itself, and the protective plaster layer disappeared over the course of a year. Furthermore, we were able to determine that the sublimation half-life of the cyclododecane is of the order of 76 days.



The capacity of terahertz radiation for stratigraphic imaging, its relatively good penetration depth, and innocuity make us foresee that terahertz spectroscopy will continue to find interesting applications in the inspection of both structural and aesthetic aspects of architectural objects. Furthermore, if the costs of this technology maintain their decreasing trend in the coming years, it might even become a common tool for those who routinely perform assessment of architectural objects.
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Figure 1. (a) Schematic of a free-space THz time-domain spectrometer in transmission geometry. (b) Schematic representation of a reflection geometry of a terahertz system. (c) Render of a THz reflection setup mounted on a robotic arm while doing a scan of an arbitrarily shaped object. Panels (b,c). Adapted with permission from E.M. Stübling PhD thesis, 2019 [12]. 
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Figure 2. Panels (a–d) are the reflected terahertz pulses from various locations on the medallion, the positions that correspond to each measurement are marked on panel (e). It is easy to see that the area where points (a–c) lay presents an internal air gap that generates an echo 35 ps to 45 ps from the surface, which corresponds to a depth of 2.3 mm to 3.4 mm from the surface. The measurement at point (d) shows that the stone is solid and has no internal structure at that position [34]. 
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Figure 3. (a) Façade of the townhouse in Lünerstrasse 3, Lüneburg, Lower Saxony where the medallion (shown in b) was removed from for analysis and restoration [photo by Gerhard D’ham]. (b) Polychrome glazed Terracotta medallion-portrait of a man-from the 16th century. The red lines indicate the examined area. (c) A tomographic cut of the air gap obtained from the terahertz time-of-flight measurements. Adapted with permission from Journal of Infrared Millimeter and Terahertz Waves 38, 495 (2017) [36] Adapted with permission from [Journal of Infrared, Millimeter, and Terahertz Waves], Springer, 2017. 
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Figure 4. (a) Photograph and (b) terahertz image of a defect-free concrete sample. (c) Photograph and (d) terahertz image of a concrete sample with defects. Adapted with permission from 38th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz) [39]. Adapted with permission from [38th International Conference on Infrared, Millimeter, and Terahertz Waves], IEEE, 2013. 
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Figure 5. (a) Terahertz imaging of cracks in concrete, in which water diffuses along the cracks which enhances the detection sensitivity of the defect. (b) Is an illustration that depicts the process of water percolation which increases the contrast around the crack. (c) Is a terahertz image of the voids of the adhesive cement under a tile. (d) illustrates the geometry of the measurement shown in (c) [40]. Adapted with permission from [NDT & E International], Elsevier, 2009. 
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Figure 6. Photographs from the Konstantinbasilika identifying the area where the conservation intervention was performed. The right-hand-side bottom panel shows the area after conservation with the aluminium foil references around the positions studied. 
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Figure 7. Measurements on a mockup sample. (a) Electric field time-domain signal as function of the delay, the vertical dashed lines show the positions where ecoes were found by using the deconvolved data. (b) Impulse function obtained from sparse deconvolution of the time-domain signal, the vertical dashed lines are provided in order to identify the main features that correspond to the air-mortar reflection, mortar-gap and gap-mortar interfaces. (c) is a closeup of the data in (b) in the 45 to 70 ps window, in which the parameter δt that corresponds to the delay between the two interfaces around the gap is indicated. (d) The evolution of the temporal separation δt between the peaks. The evolution is caused by the sublimation of the cyclododecane layer. (e) The micrograph of cross-section of one of the mock-ups showing that the cyclododecane layer disappeared after 300 days. 
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