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Abstract: Nondestructive evaluation techniques using infrared and terahertz waves were em-
ployed to examine an aged violin and an inlaid dish. The results suggest that active thermography
can rapidly reveal the general features of deterioration, while optical coherence tomography and
THz imaging visualise cross-sectional images by scanning. These techniques are complementary
and provide useful information for conservation planning.
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1. Introduction

Nondestructive techniques for observing internal structures using pulsed terahertz
waves and infrared rays have been used in cultural heritage studies for more than two
decades. This presentation discusses the complementary use of three transportable non-
destructive evaluation (NDE) devices: active thermography, optical coherence tomog-
raphy (OCT), and THz time-domain imaging (THz-TDI), from a practical viewpoint.

2. Experiments

The objects used in this study are a top plate of a violin made by Eugene Charteux
and an alabaster inlaid dish, shown in Figs. 1(a) and 1(b), respectively. The deteriorated
top plate of the violin is examined using active thermography and THz-TDI. The inlaid
dish, which was examined by THz-TDI and OCT, has no notable defects except for a

small crack on the surface.
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Figure 1. Objects under examination, (a) aged violin, (b) inlaid dish.

Active thermography is a technology for observing the internal structure of an ob-
ject in quasi real-time by irradiating it with an optical pulse containing infrared frequen-
cies. The propagation of the thermal pulse is recorded by an infrared camera as the time
dependence of the temperature change [1]. This technique has recently been applied to
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artwork examinations [2, 3]. Unlike conventional passive thermography, the propagation
of the thermal pulse can potentially provide information on the approximate location of
the defect in the depth profile, based on the detected delay time. In this study, an active
thermography system with two xenon lamps and an InSb infrared camera was used [4].
OCT is a technique used to observe the internal structure of an object. It irradiates the
object with infrared light and detects the interferometric signal of the reflected waves
generated at the reference mirror and the interface between materials with different re-
fractive indices in the object under test [5, 6]. The OCT system used in this study uses an
optical source that sweeps a narrow pulse over the range at the centre wavelength of
1700 nm [7]. The Fourier transformation is used to obtain the depth profile from the in-
terferogram. THz-TDI is a technique that uses a THz pulse to observe the internal struc-
ture of an object. When an object is irradiated with a THz pulse, reflection pulses are
generated from the surface and internal interfaces with a delay depending on their dif-
ferences in refractive index. The depth profile is obtained by detecting the reflection
pulse sequence [8, 9]. The THz-TDI system used in this study is equipped with a two
dimensional scanning system [10]. To verify the results of violin, the interior of the wood
panel was observed using X-ray CT [11].

3. Aged violin observation

The aged violin was examined by using active thermography dividing three parts as
shown in thin solid, thick solid, and dashed rectangles in Fig. 2(a). Fig. 2(b) and 2(c) show
examples of the phase images obtained by performing a Fourier transform on the time
response to the temperature change during cooling after irradiation. Images acquired
shortly after the start of the observation, i.e. analysed at higher frequencies show
near-surface conditions, while images at lower frequencies reveal more internal condi-
tions. Black specks, which indicate areas of low heat conductivity, were observed in both
images obtained at 1.079 Hz (Fig. 2(b)) and at 0.196 Hz (Fig. 2(c)), where no surface de-
fects were recognised. In particular, there are cavities in a deeper position around the

F-hole, as indicated by the dotted rectangles in Fig. 2(c).

Figure 2. Observation of a top plate of an aged violin by active thermography, (a) three observation
areas, (b) phase images at 1.079 Hz, (c) phase images at 0.196 Hz.

The THz-TDI system used in this study could not maintain a constant incident angle
of 90 degrees on curved surfaces, so that the relatively flat area around the F-hole, indi-
cated by the white dotted rectangle in Fig. 3 (a), has been chosen as an example. The cross
sectional images along the lines a-a' and b-b' are shown in Fig. 3(b). Both images show
numerous internal reflections, suggesting that this area is porous. In particular, along the
line b-b' in Fig. 3(b)-(i), a significant discontinuity is recognised 10 ps after reflection from
the surface, as indicated by the yellow circle. This corresponds to a depth of 1.5 mm,
calculated with a refractive index of 1. Fig. 3(c)-(i) shows a sliced image near the surface,
obtained by integrating the THz pulses from 4 ps to 8 ps after the first reflection at the

surface. Some cavities, estimated to be insect paths, appeared in the vicinity of the surface.

Fig. 3(c)-(ii) shows the sliced image of the area between the two white dotted lines in Fig.
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3(b)-(ii), i.e. between 10 ps and 20 ps from the reflection at the surface. The large discon-
tinuity, which appeared in Fig. 3(b)-(ii), is visible on the slice plane, as indicated by the
yellow circle.

Front surface

/
Back surface

120 mm

Figure 3. Observation of a top plate of an aged violin by THz-TD], (a) observation areas, (b)
cross-sectional images along the lines a-a' and b-b' indicated in (a), (c) sliced images (i) near the
surface and (ii) between two white dotted lines in (b)-(ii).

The results obtained with active thermography and THz-TDI were compared with
sliced images by X-Ray CT, one of the most well-established and widely used NDE
methods for industrial and medical applications. The regions in Fig. 2(c) where black
specks are visible correspond to areas with cavities in the X-ray CT images shown in Figs.
4(a) and 4(b). Since active thermography can rapidly reveal the general features of dete-
rioration, it has the potential to be used as an in-situ assessment tool. THz-TDI, on the
other hand, has a high enough spatial resolution to recognise insect paths. For example,
the paths that appear in the white solid rectangle in Fig. 4(c) can also be seen in Fig. 3(c).
However, a device applicable to curved objects is likely to be a robot-mounted system,
which makes in-situ evaluation difficult [12]. In practical applications, a handheld system
would facilitate precise inspection of a limited area [13].

—
10 mm

Figure 4. Examples of X-ray CT images of a top plate of an aged violin, (a) near the f-hole, (b)
bottom part, (c) near the f-hole at a different depth to (a).

4. Inlaid dish observation

Both THz-TDI and OCT techniques were used to observe an inlaid alabaster dish. To
avoid the influence of variations in incident angles, only the results for the bottom flat
part of the dish are discussed. Fig. 5(b) shows a cross-sectional image obtained by
THz-TD], along the black dotted lines in Fig. 5(a). The THz pulse can pass through the
entire dish, and shells and stones at different depths are recognised as internal interfaces.

Fig. 5(c) shows a cross-sectional image obtained by OCT along the yellow solid line in Fig.

5(a). The black area with no reflection seen around the shell on the right-hand side of the
image is presumed to be a cavity. OCT revealed the gap of several tens of microns in the
central part, but due to a lack of resolution in the depth direction, THz-TDI can only
suggest the presence of an internal interface. The thickness of the inlaid shells and stones
is approximately 2 mm and is consistent with the results of both techniques. These results
demonstrate that THz-TDI is effective in understanding the internal structure of the dish
as a whole, while OCT is particularly useful for observing the shape of embedded mate-
rials and their interfaces with alabaster base.
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Figure 5. Observation of inlaid alabaster dish by THz-TDI and OCT, (a) observation area, (b)
cross-sectional image obtained by THz-TDI image, (c) cross-sectional image obtained OCT.

5. Conclusions

Three commercial and transportable systems using electromagnetic waves were
compared as practical examination tools in the field of cultural heritage research. Ex-
perimental results show that active thermography can reveal the general features of de-
terioration. OCT is suitable for depth profiling near the surface at a high resolution, and
THz-TDI, can be used to roughly examine the internal structure of objects. Since each
NDE technique has its own advantages and limitations, combining and comparing data
from various techniques is desirable for the diagnosis of cultural heritage.
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