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Abstract: In this work, using a time domain spectrometer, we have investigated the reflection of THz pulses from surfaces 

that exhibit a variable degree of roughness. The study was mainly aimed at assessing the influence of the surface texture 

on the amplitude and shape of the pulses reflected by stratified materials, and at exploring the potential of this technique 

for achieving quantitative information on the roughness of the material interfaces hit by the THz beam. The behaviour of 

the reflected THz pulses was investigated by considering angular measurements on a set of suitable mock-ups. 

Measurements were carried out on an authentic archaeological Roman coin that exhibited different corrosion situations. 

An electromagnetic model was used for estimating the roughness of outer and inner surfaces. The comparison of the 

results with those provided by other techniques made it possible to parameterise the surface texture such as the traditional 

contact micro-profilometry and the more recently used 3D digital microscopy.  

Keywords: THz Time Domain Spectroscopy, reflectometry, roughness, scattering mean power, corroded metal 

1. Introduction

During the last decades, the potential of THz waves has been thoroughly explored in several fields, including fundamental 

disciplines such as physics and chemistry and a number of application contexts where they have been tested for 

tomographic and compositional characterizations. Some of these applications, for example those concerning security, 

have undergone relevant applicative developments and spreading, whereas in many other cases THz spectroscopy is still 

far from the current practices and basic insights are needed.  

THz waves can answer questions regarding material characterization that have been left unsolved by complementary 

techniques such as Vis-NIR optical microtomography, which can only be used for thin translucid material layers (Optical 

Coherence Tomography) or Vis-IR imaging, which is not able to recognize the difference between inner material 

interfaces, or Vis-IR spectroscopy, which cannot provide compositional information on disguised material layers. 

Thus, there are two main appealing [1] features that stimulate a continuous increase in studies on the THz approach: THz 

waves can penetrate dielectric materials, with thickness ranging from some tens of microns to some millimeters, and can 

identify them from their spectral signature. 

Thus for example, in automotive industry the thickness of multi-layer paintings can be accurately measured [2, 3] using 

THz spectroscopy in order to assess whether adjacent layers are detached, which is an important piece of information 

since to work properly protective coating should not penetrate the inner painting. In medicine, cancer diagnosis by means 

of THz imaging has recently been demonstrated with both ex-vivo and in-vivo images [4]. In construction and building 

industry, manufacturing imperfections and internal structures can be visualized with THz waves [5]. There the technique 

has been proposed for testing existing insulating layered structures, as well as for developing novel materials characterized 

by higher performances [6]. The potential of THz waves appears even more intriguing in the field of cultural heritage 

where the variety of materials and state of conservation should be known by restorers and curators in order to allow them 

to decide the best conservation strategy [7-9]. In this field, there are successful examples of characterization of paint 

layers [10, 11], parchment and papyrus manuscripts [12, 13], whereas only preliminary works were reported on 

archaeological metal surfaces [14, 15].  

Since the modulations of the latter often fall in the order of magnitude of the THz wavelengths (typically from mm down 

to m), the reflected pulses can be significantly attenuated and altered by surface scattering. This effect can result in 

serious limitations for the tomographic characterization of corroded archaeological metal artefacts but, at the same time, 

it can be exploited for collecting micromorfological data on the surfaces under study. To this end, the main challenge is 

to correlate the THz reflected pulses to the surface texture parameters and then (in perspective) to its state of conservation. 

Following a preliminary study, in which the possibility of detecting the presence of a metal surface beneath thick corrosion 

layers was investigated, here, further insights on the potential of THz analysis for characterizing archaeological artefacts 

are reported. In particular we investigated the possibility of extracting information on the surface roughness of outer and 

inner surfaces from THz reflectometry. To this aim, samples of different roughness were prepared using a set of abrasive 

paper samples. These were successfully characterized using the Beckman-Spizzichino (BS) [16, 17] then the method was 

validated on a heavily corroded silver alloy Roman coin.  

The use of abrasive papers as roughness standards for THz measurements was proposed by some authors [18-20]. In [18] 

sandpaper was used as it is, thus neglecting the effects of the specific material superposition (grains, glue, and paper) and 
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associated multiple scattering contributions. These were prevented in [19] with copper coating while in [20] sandpaper 

was used in order to impress its roughness on a pellet of lactose. Here, gilded sandpaper samples were used. 

The applicability of the BS model to the THz reflectometry was shown in [21] by comparing the texture parameters 

provided by the theory with the roughness measurements carried out using the confocal microscopy. In this study, which 

was carried out in order to estimate the effects of diffuse reflection in indoor THz links, the validity of the mentioned BS 

model for diffuse THz scattering from plaster and wallpaper surfaces was verified. Similar comparisons between 

roughness parameters derived from the theory and those directly measured were also reported in [18] and [20]. Moreover, 

the use of the BS model was exploited in previous works in order to study the relation between the frequency, reflectivity, 

and roughness of conductors [22], the refractive index and thickness of ceramic coating on metal substrate [23], spectral 

feature of rough dielectric materials [20, 24]; and reflectivity of optically thick building materials [25].  

Here, after optimizing the angular configuration that maximized the reflected signal, the validity of the BS model was 

demonstrated once again in the THz range through a systematic characterization of the mentioned gilded sandpapers. 

Moreover, this work reports the first application of THz Time Domain Spectrometry (TDS) in order to estimate the 

roughness parameters of both outer and inner interfaces of a material layer. The results achieved were congruent with the 

corresponding ones measured using standard profilometry and 3D digital microscopy. Finally, the surface roughness of 

the corroded Roman coin mentioned above was successfully carried out using the BS method. The extension of the use 

of the THz reflectometry to the estimation of interface roughness represents an enrichment of the present approach that 

can stimulate its use in study and conservation of the metal heritage.  

2. Materials and methods

A THz Time Domain Spectrometer (TDS) was used in the present study [26, 27]. This pulsed system was equipped with 

a 70 fs fiber laser source operating at 1550 nm exciting two photoconductive antennas (PCA) via fiber optic, whose 

emission spectra was between 0.1-1 THz (0.3-3 mm corresponding wavelength range). The two PCAs were used for THz 

generation and detection in reflection geometry. The THz pulse was focused with a Teflon lens (f=30 mm) on the sample 

at an incident angle i with respect to the normal direction, and the reflected signals were collected at different angles (r) 

using a goniometer and focusing optics. In order to measure the spot size, we considered a Gaussian beam and the edge 

technique; a spot of about 1.2 mm was measured at 1/e amplitude attenuation. A very good reproducibility of THz parts 

alignment was achieved with this setup. This instrument was used to characterize several samples described hereafter in 

some details.  

2.1 Samples 

The effect of surface texture on THz reflection measurements was systematically studied using a set of prepared samples 

then, a real corroded archaeological object was characterised. The former were devised in order to achieve a reasonably 

homogeneous surface textures in the mm size range. For this purpose, abrasive sheets presenting spatial modulations 

within the order of magnitude of the wavelengths corresponding to the THz spectral range were considered. 

Conventionally speaking, abrasive papers are named according to ISO Grit standards with “Pn”, where “n” is the number 

of lines/inch of the sieve used, which corresponds to a similar amount of sharp particles/inch2 and to a specific average 

size (f.i. P40 indicates 40 lines/inch and an average size of 438 µm)  

Even if in most cases the manufacturer does not declare the roughness degree [28] it is important to keep in mind that the 

fabrication process guarantees only that the mean grain size is relatively constant and, therefore, reproducible according 

to ISO standards. This could be interpreted as a relatively constant roughness degree that should be measured. 

Five pieces of abrasive paper measuring about 1 cm2, with average grains size ranging between 82-425 µm (P180-P40) 

were used (3M™ 314D series). All the information provided by the manufacturer was reported in tab. 1. Since the work 

was focused on the investigation of the dependence of the reflected temporal profile of the THz pulse, multiple reflections 

from the particle interfaces and the back surface of the paper were avoided by the metallization of the front surface of the 

samples. They were coated with a thin layer of gold that was sputtered by means of a typical glow discharge device 

(EMITECH K550X) used for the preparation of samples for SEM examinations. Moreover, a flat polished glass plate was 

sputtered together with the abrasive paper samples, and this was used as reference mirror.  



3 

Tab. 1. Abrasive papers used for the preparation of samples. 

314 D series ISO Designation Average Grain Diameter (m) 

Coarse P40 425 

Medium P80 201 

Fine P100 162 

Fine P120 125 

Very fine P180 82 

The layer thickness was selected according to the skin depth of penetration for a conductor [29, 30]: 

𝛿 = √
𝜌

𝜋𝑓𝜇0𝜇𝑟
(1) 

where ρ is the resistivity of the metal to be sputtered (Ω m), f is the frequency (Hz), with μ0 the permeability constant and 

μr the relative permeability [31]. For gold ρ=2.2410-8 Ω m and μr=1 [32] skin depths of 75 and 238 nm are obtained at 1 

THz and 0.1 THz respectively. Thus a gold layer of about 200 nm was sputtered by controlling both the current and the 

deposition duration. This value was considered adequate for the present study because it prevented any absorption effects 

in the 1-0.1 THz range. In other words, all the THz energy was reflected at the surface and volume scattering could be 

considered as negligible. The THz pulse shape and amplitude were influenced, therefore, only by the texture of the outer 

surface, which was carefully characterised by means of surface texture measurements (see below).  

We also considered more complex systems such as dielectric layer on metal. An acrylic paint layer was applied on the 

gilded abrasive paper, thus achieving a very smooth outer interface (air/paint). In this way the THz pulse experienced two 

reflections (Fig. 1), and was attenuated by absorption and multiple scattering of the paint layer.  

Fig. 1 Paint layer on gilded rough surface: part of the incident pulse (I0) is reflected at the outer interface (I2), and part 

travels in the paint layer, the pulse I6 results attenuated by scattering at the inner interface and by propagation in the 

absorbing medium. 

After the systematic investigation carried out on the laboratory samples as described above, a silver alloy Roman coin (an 

Antoninianus, AD 230-260) was characterized using THz TDS. This finding was mostly stratified and corroded, while 

its silver alloy substrate was recognizable in a relatively small shining area (Fig. 2). There was no information available 

regarding the state of the bulk beneath the stratification. 
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Fig. 2. Left) Roman corroded coin. Right) investigated sites, the height profiles were extracted from red lines. The scale 

is expressed in cm. 

2.2 Surface texture characterization 

In order to achieve numerical evaluations of the surfaces understudy to be associated the THz investigation, texture 

parameters were measured with both optical and mechanical devices. Standard roughness parameters and the correlation 

function were considered, which parameterized profile and surface modulation, respectively. 

Generally, the height coordinate of the surface is mathematically expressed as a random function of the coordinate xy. 

The shape of the surface is then determined by the probability distribution of the height coordinate. A number of amplitude 

parameters can be extracted from the height distribution. The most commonly used ones are the mean (Ra) and the root 

mean squared (Rq) roughness, which are usually expressed in micrometers [33]. The former is defined as the arithmetical 

average of the absolute values of the profile height deviation from the mean line. Rq calculates the root mean square 

average of the profile height deviations from the mean line (i.e. the standard deviation of the height distribution) recorded 

within the measurement length. The latter is selected in order to include enough small irregularities for a meaningful 

calculation while excluding unimportant long-wavelength components. Guidelines for the selection of the measurement 

length are provided in the ISO 11562 standard; in the present study, a sampling length of 4.8 mm was selected.  

The statistical distribution of heights does not provide information about the distances between the peaks and valleys, and 

these could be provided by the autocorrelation length (). This is defined as the horizontal distance at which the 

autocorrelation function decays permanently to a certain minimum value: in the case of normally distributed surfaces, to 

1/e [34]. 

The above described parameters were derived from height maps and profiles as measured using a 3D microscope based 

on the “shape from focus” technique [35, 36] and a commercial diamond stylus micro-profilometer. In the latter case, ten 

profiles were measured for each sample by setting a scan length of 4.8 mm, then considered the average texture parameters 

(Rq, ) and the maximum deviation as the error. By using the imaging approach to the roughness measurement, a 6.46.4 

mm 3D model was reconstructed for each sample. From the 3D reconstruction, ten profiles (4.8 mm length) were extracted 

along different directions and the texture parameters were calculated to enable comparison with micro-profilometer 

results. 

2.3 Background: effect of roughness on backscattering 

Light incident at the interface between two different media is reflected according to well-known laws. In general, an 

estimate of the surface roughness parameters using reflectance measurements can be achieved following two different 

approaches: undulatory or geometrical optics. The latter represents a suitable simplification whenever the wavelength is 
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small as compared to the typical sizes of the system understudy. However, since in the present case the wavelengths were 

of the same order of magnitude of the spatial modulations of the sample surfaces, the former approach must be used 

As anticipated above a description of the behavior of THz pulses reflected by rough surfaces can be based on the Beckman 

and Spizzichino (BS) model [16]. The mean power (Ps, square amplitude of the electric field) scattered by a rough surface, 

whose heights were normally distributed with standard deviation Rq, and correlation distance , is given for the mono 

dimensional case by: 

𝑃𝑠 = 𝑒−𝑔 (𝑠𝑖𝑛𝑐(𝑣𝐿) +
√𝜋𝐹2𝜏

2𝐿
∑

𝑔𝑚

𝑚!√𝑚
𝑒−

𝑣2𝜏2

4𝑚∞
𝑚=1 ), (2) 

where i and r are the incidence and reflection angles respectively, 

√𝑔 = 2𝜋
𝑅𝑞

𝜆
(𝑐𝑜𝑠𝜃𝑖 + 𝑐𝑜𝑠𝜃𝑟) (3) 

𝑣 =
2𝜋

𝜆
(𝑠𝑖𝑛𝜃𝑖 − 𝑠𝑖𝑛𝜃𝑟) (4) 

𝐹 = 𝑠𝑒𝑐𝜃𝑖
1+cos⁡(𝜃𝑖+𝜃𝑟)

𝑐𝑜𝑠𝜃𝑖+𝑐𝑜𝑠𝜃𝑟
(5) 

where L is the spot size, and m an integer number. The dependence of the mean power scattered on g,  and v can be 

studied according three scenarios: g<<1, g≈1, g>>1. Since √𝑔 is proportional to the roughness, these three cases 

correspond to a slightly, moderately and very rough surface. In the specular direction i=r, and for any roughness value, 

v=0 and F=1 were obtained. The roughness Rq can be extracted from the scattered mean power in the specular direction 

providing the wavelength, and the correlation length, but in practice, its measurement is not straightforward [37]. The 

formulae above are applicable rigorously in case of a plane wave incident on a rough surface, and must hence be 

considered a first approximation in practical cases.  

For each samples considered here, the mean power scattered in the specular direction was measured and then Rq was 

extracted from Eqs. 2-3. These roughness values were finally compared with those provided by digital microscopy and 

contact micro-profilometry. 

3. Results and discussion

Fig. 3. THz Imaging of a Roman coin in specular geometry at incident angle 30° (left), 40° (middle) and 50° (right). 

The colour scale is in a.u.. 

One of the main aims of this paper was to prove the ability of THz to image real archaeological surfaces with a different 

roughness degree. The first consideration to be done was about the setup geometry. The goniometer introduced in the 

setup enabled us to perform several angular measurements. In particular, with the sample fixed in a position, two situations 

were considered: in the first case in specular geometry, we varied the incident angle; in the second case we fixed the 

incident angle and varied the detection angle. These angular measurements were performed in order to study the most 

favourable geometry [38]. In the first case, we observed a strong decrease in the THz reflected signal as the incident angle 

grew. We thus chose as the incident angle, the mimimum permitted by geometrical constraints of the setup (30° to the 

normal to the sample surface). In Fig. 3 was reported the THz imaging of a real corroded Roman coin in specular 

geometry: the incident angles were 30°, 40° and 50°. Each pixel represented the peak-to-peak amplitude of the THz 

reflected pulse. The peak to peak amplitude decreased with an increase in the incident angle, thus the dark areas expanded. 

In the second case, at the incident angle of 30°, the reflected amplitude was measured at angles in the 30°-50° range at 5° 

step. As expected, the maximum THz reflected signal was obtained in the specular geometry. 
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Once the appropriate THz geometry (specular reflection at 30°) was selected, five pieces of abrasive papers were 

considered for THz measurements. They were gilded by sputtering. The deposited layers were observed under an electron 

scanning microscope; the original surfaces were completely covered and they appeared uniformly gilded. This was 

important in order to guarantee that the volume scattering would be negligible. 

 
Fig. 4. 3D reconstructions of two gilded abrasive papers: left) P180, right) P40. The vertical scales are expressed in mm. 

 

 

As mentioned above, the roughness of the gilded samples was measured using independent techniques: micro-

profilometry (A) and 3D microscopy (B) through average processes. The results were reported in Tab. 2, while Fig. 4 

displayed two examples of the 3D reconstructions of the prepared samples. As expected, the higher roughness degree 

corresponded to the low grit size designation, while the very good agreement between the results of the two techniques 

was rather surprising [36].  
 

 

Tab. 2. Rq measured using contact profilometry (A), Rq and measured with3D microscopy (B). 

 

 

 

 

 

 

 

The height distribution from each profile was calculated by using a normal distribution. It was observed that both the 

slightly and moderate rough cases could be fitted very well with this distribution, in these cases the goodness of the fit 

was measured by a R2 value near 1. On the other hand, for the rough case, the normal distribution could not be used and 

the R2 decreased. These two extreme situations (P180 and P40) were represented in Fig. 5. 

 

 Rq (m) (m) 

 A B B 

P40 69±10 71±9 296 

P80 65±6 62±8 293 

P100 57±13 57±9 291 

P120 49±11 46±9 288 

P180 38±10 36±9 121 



7 

Fig. 5. Histograms of the Gaussian distribution of heights extracted from a height profile of P180 (top) and P40 (bottom), 

R2 is 0.98 and 0.13 respectively. 

The normal distribution was not the most suitable distribution for all the samples. Nonetheless, the correlation length was 

calculated (Tab. 2) with an error of about 10%, which was estimated by repeating the measurements for all the profiles 

considered. However, the lack of Gaussian distribution for coarse and medium grit sizes makes the values found of limited 

meaning. 

Each gilded abrasive paper was placed in the THz TDS and kept in a constant position during the measurements. It was 

observed that with rougher surface less THz signal was reflected. For each sample, we repeated the measurement of the 

reflected THz pulse on different points. With this procedure, the stability of the system was monitored and the sample 

uniformity was controlled. The error obtained ranged from about few percent in the very fine (P180) to 15% with rougher 

sample (P40). 

For each sample, the amplitude of the THz pulses reflected at different angles, were normalized at its maximum value, 

and bell-shaped functions were fitted (Fig. 6). Interestingly, the measured FWHMs linear increased with the roughness 

value. This could be explained qualitatively by considering the transition from specular reflection to diffuse scattering. 

For very fine samples (P180), a narrow side lobe around the specular direction was reflected: in this case the specular 

components dominated. For fine and medium surfaces (P120-P80), the reflection lobe tended to lose its pronounced 

orientation and the diffuse components emerged. 

Fig. 6. Normalized THz peak amplitude vs reflection angle. 
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THz reflected waveforms were deconvoluted as described above, then the measured mean scattered power Ps was used 

to derive g and therefore Rq from Eqs 2-3. Since the peak of the THz band used (Fourier Transform of the incident pulse) 

was at 0.2 THz, we put =1500 m in Eq. 3. The approximation g<<1 was considered since 0.07<g<0.26 for the roughness 

range of Tab. 2. In this case, the series in Eq. 2 converges very quickly thus allowing its approximation with the first term 

of the sum. This, along with the first order approximation of the exponential factor, allows deriving the estimation of Rq 

analytically: 

𝑃𝑠 ≅ 1 + 𝑔 ∙ [
√𝜋𝜏

2𝐿
− 1], 𝑅𝑞 ≅

𝜆

2𝜋√3
√
2𝐿(𝑃𝑠−1)

√𝜋𝜏−2𝐿
. (6) 

Here, L1.2 mm was measured thus, according to Tab. 2, /L0.25, which made g almost independent on. This condition 

is equivalent to neglect the sum term in Eq. 2 when L>>which provides Pse-g. This simplified expression for roughness 

estimations was used in [18]. 

The comparison between Rq derived from the theory and those measured (Tab. 2) is shown in Fig. 7. In the cases of 

relatively fine grain (P180-P100) Rq values were below 55 m and the agreement was satisfactory, while in the medium 

and coarse cases (P80, P40) significant differences were found. This was due to the BS assumption’s not being fulfilled 

by the two latter samples: the height distribution in this case could not be fitted with a normal distribution. Moreover, it 

should be noted that the Rq value from which the BS model predicted well Ps (i.e. below 60 m) corresponds to Rq defined 

by the Fraunhofer criterion [20], Rq<l/32cos, which provides for a wavelength of 1500 m and an incident angle of 30°, 

Rq = 54 m. Thus, for the present application the validity condition of the BS model corresponds to the limit of moderate 

scattering regime. 

Fig. 7. Mean power scattered by the gilded samples in specular geometry: theoretical and experimental comparison. 

Roughness measurements were also carried out on a more complex system: paint layer on gilded abrasive papers. In this 

case, a number of pulses were observed in specular geometry. In Fig. 8 the measured waveforms for the painted samples 

P180 and P120 are displayed along with the corresponding deconvolutions. The latter were calculated according to the 

method reported in [39]. For both samples the first two peaks are ascribable to the air/paint and paint/gold interfaces, 

while the others are interpretable as a result of the etalon effects introduced by the paint layer [40]. 
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Fig. 8. Paint layer on gilded sandpaper surface: left) reflected THz pulses for P180 (up) and P120 (down); right) 

deconvoluted reflected waveforms for P180 (up) and P120 (down). 

 

 

The reflection from the mentioned painted samples were compared with that from a flat and smooth gold surface (used 

as a reference mirror) in order to extract information on the roughness of the inner interface. In both cases, the same 

thickness of a few hundred of microns was considered. Thus, both the real (n) and imaginary (k) part of the refractive 

index of the paint were calculated from reflection measurements according to Kramers-Kronig relations. At 0.2 THz 

n=2.16 and k= 0.16 were achieved. In particular, the real part of the refractive index was compatible with acrylic paint 

group refractive index reported in the literature [3]. 

Once the imaginary part of the refractive index was known [41], in the model sketched in Fig. 1, the absorption loss 

introduced by propagation in the paint layer (I4) was estimated by means of simulation. In this case, the Fresnel coefficient 

for perpendicular polarization, and absorption introduced by propagation were used in order to evaluate the signal that 

hits the detector (I6). We assumed that the mean scattered power Ps was the ratio I6/I4. It was found for sample P180 

Ps=0.943, thus Rq=35 and for sample P120 Ps=0.896 thus Rqm. The calculation has been repeated with the 

deconvoluted signals: for sample P180 it was found Ps=0.937, thus Rq=37 m and for sample P120 Ps=0.906 thus 

Rqm. These values were compatible with the measurements of the gilded abrasive paper without paint layers.  

Finally, roughness measurements were carried out also on the Roman coin described above. Two areas apparently 

exhibiting different roughness were selected, within the stratified and metallic zone, respectively (see the rectangles in 

Fig. 2). The corresponding mean scattered power of the outer surface of the former zone was slightly less than that of the 

uncovered metal (Fig. 9). By considering the same L and  taken into consideration for the abrasive papers, we derived 

roughness estimations (Rq) of 80±2 and 117±4 m, respectively. The error was estimated by changing the correlation 

length in the 100-200 m range.  

Although in principle, as shown above for the painted abrasive paper sample, the roughness estimate for encrusted metals 

could be extended to the second possible interface between the mineral stratification and metal substrate, in practical 

cases this seems rather hard. To date we have investigated several archaeological artefacts presenting deep corrosion 

phenomena and the internal reflections were detected only in relatively a few cases. This was due to various possible 

attenuation causes of the THz beam including local absorption by metal minerals and trapping within the intergranular 

and transgranular corrosion. On the other hand, when reflections from internal interfaces are detected the waveforms are 

often rather complex because of the material stratification. Figure 10 shows the detected reflection from outer and inner 

interfaces of a corroded zone of the present ancient coin, along with the corresponding deconvolution [39]. As shown, 

three main peaks were detected associated to the outer surface, mineral-mineral interface, and mineral-metal interface, 

respectively. Similarly to the prepared samples, the latter peaks could be exploited for roughness calculations if data on 

of the refraction indexes are available. For the present silver and copper minerals stratification we have not sufficient data 

for reliable estimations. Nevertheless, the deconvoluted waveform of Fig. 10 provided evidence of a double layer mineral 

stratification and of the presence of the metal substrate underneath.  
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Fig. 9. THz pulses reflected from metallic and mineralized areas, respectively, of the Roman coin. 

 

 

The same areas analysed with THz were studied with 3D digital microscopy, by reconstructing height maps and 

calculating the root mean squared roughness. Rq=115 and 69 m were found for mineralized and metallic surfaces, 

respectively. The corresponding roughness values derived using THz reflection measurements were in good agreement 

only for the former site and metallic zones, respectively. 

 

 

 

 

 
 

Fig. 10. THz reflections from a stratified zone on the Roman coin: left) detected signal; right) deconvoluted signal. 

 

 

 

4. Conclusions 

In this work we explored the potential of THz reflection measurements in order to derive quantitative information on the 

surface roughness of single or multilayer systems using the Beckman-Spizzichino scattering theory. Despite the fact that 

such a model was strictly true for a plane wavefront and normal distribution of the surface heights, the results achieved 

showed that the lack of the former conditions did not completely affect the relation between surface roughness and mean 

scattering power that it provides. Conversely, the presence of a normal distribution is crucial for the exploitation of the 

method. 

Reflection measurements were performed on prepared samples of different roughness and a Roman coin. The root mean 

squared roughness, derived from the aforesaid theory was compared with the corresponding ones directly measured using 

a contact profilometer and calculated by means of 3D digital microscopy, respectively. A very good agreement was 

achieved for abrasive papers thinner than P100, which presented almost normal height distributions. Very interestingly, 

the roughness measurements carried out on the ancient coin using the scattering model and 3D imaging also provided 

congruent results. The best agreement (as for the abrasive papers) was achieved in the case of normal height distribution, 

but even in the case of not normal distribution, the results obtained are not completely out of range and can be useful as 

an order of magnitude. Thus suggesting that the condition of normal height distribution is not really limiting. 

This proves that, in addition to tomographic and spectroscopic information, THz reflectometry can also be exploited for 

quantitative calculations of the surface roughness. Such a feature becomes particularly interesting whenever a roughness 

estimate can be extended to surfaces beneath the outer one. This possibility has been successfully demonstrated in this 

study on prepared samples and it could be exploited in comparative measurements associated with conservation treatments 

(ex. to compare the roughness parameter before and after cleaning using different material removal techniques). It is also 
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important to underline that, as explained in the text, Rq is here derived from single spot-reflectometry, which is something 

much more practicable in concrete applications than tomographic imaging requiring very long measurement times. 

Further studies will be dedicated to extend the approach proposed to a variety of surface texture measurement needs, 

within the characterization of the state of conservation and the assessment of conservation treatments carried out on a 

variety of artefacts of historical and artistic interest. 
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