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A monochromatic millimeter-wave imaging system coupled with an infrared temperature sensor has
been used to investigate historic objects preserved at the Museum of Aquitaine (France). In particular,
two-dimensional and three-dimensional analyses have been performed in order to reveal the internal

structure of nearly 3500-year-old sealed Egyptian jars.
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1. Introduction

Art scientists, historians, and curators have always
been interested in the precise determination of the
material composition and substructure analysis of
historic objects. This scientific approach is essential
as it can be employed to reveal the history of the
sample, investigate the original material properties,
and even discover how the object has been restored in
past centuries.

In this field of art conservation, terahertz (THz)
imaging techniques have already been applied for
the analysis of artworks such as fresco [1,2], canvas
paintings [3,4], and old parchments [5]. However,
very few studies can be found on THz imaging in
anthropology and paleontology [6] but this spectral
range can offer unique advantages compared to the
x-ray gold standard, which is not recommended
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owing to the fragility/uniqueness of the samples and
the problem of sample radiometric dating after x-ray
irradiation [7].

In most THz imaging systems, a broadband time—
domain spectrometer is employed to record the THz
electric field transmitted (or reflected) by the sample.
Although the main advantage of such THz-pulsed
imaging is to provide a spectroscopic analysis of the
object, this technique is also complicated, expensive,
and time consuming. Recently, we developed an al-
ternative THz imaging system based on a millimeter
continuous-wave source coupled with an infrared
thermal sensor. This device has especially been used
for three-dimensional (3D) THz imaging of opaque
objects using computed tomography (CT) [8], which
was first demonstrated in 2002 [9].

The CT method makes it possible to obtain cross-
sectional images by measuring the transmitted
amplitude of the THz wave at multiple projection
angles. Although THz CT seems powerful, most of
the published results concerned the investigation of



simple manufactured phantom objects, such as foam
or polyethylene cylinders, drilled with metallic bars
[10,11] or filled with specific chemical substances
such as lactose or lactose powder [12,13]. The main
reason is the limitation caused by the diffraction ef-
fects and Fresnel losses experienced by the propaga-
tion of the THz wave through the sample. As soon as
the refractive index of the sample is in the order or
greater than 1.5, which represents the majority of
realistic samples, the THz beam is strongly refracted
by the sample and the transmitted signal is very
difficult to detect.

In this paper, we demonstrate that, in spite of this
inevitable limitation, it is possible to efficiently use
THz CT with real objects of interest for THz radia-
tion, such as antiquities. As pointed out previously,
such an application of THz imaging has been under-
developed up to this time. The portable THz scanner
has been transferred to the Museum of Aquitaine in
Bordeaux (France) in order to perform in situ two-
dimensional (2D) and 3D imaging of real artworks,
such as pieces of pottery, jars, amulets, etc. Two
ancient Egyptian pottery bottles there have been
specially selected in order to demonstrate the poten-
tial of THz imaging for the detection of hidden
materials in historic museum pieces.

2. Experimental Setup

The millimeter-wave tomographic scanner (shortly
called “THz scanner”) is based on a compact milli-
meter-wave Gunn diode (110 GHz, 20 mW) coupled
with a horn antenna [Fig. 1(a)l. The output beam is
collimated using an off-axis parabolic mirror M (/' =
150 mm) and then focused with a Teflon lens L (f' =
60mm) on the sample S, which is positioned on a
three-axes XY-0 motorized stage. The angle 6 corre-
sponds to a rotation around the vertical Y-axis.
Figure 1(b) shows the 2D transversal profile of the
THzbeam at the beam waist visualized using a photo-
thermal THz convertor (TeraCAM-ALPhANOYV,
[14]). This result shows that, at the sample position
S, the beam profile is homogeneous with a Gaussian
circular shape (4 mm beam diameter, measured at
FWHM) in agreement with the theoretical values ob-
tained from the propagation of Gaussian beams. This
indicates that the spatial resolution of the THz scan-
ner is limited to a few millimeters owing to the long
wavelength of the emitting source. Consequently,
the system is more adapted for the visualization of
subcentimeter structures within larger-sized objects,
typically more than 100mm x 100 mm x 100 mm.
Symmetrically, the focal volume is imaged using a si-
milar arrangement on a commercial low-cost pyro-
electric sensor (Spectrum Detector, Inc.). For final
data acquisition, the THz beam is modulated at
20 Hz by an optical chopper and the amplitude of the
transmitted THz is acquired with a lock-in amplifier.

A 2D transmission image of the sample is obtained
by moving the object in the X and Y directions with
a scan step of generally 1mm in both directions.
With a scan speed of 5 pixels/s, the acquisition time
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Fig. 1. (Color online) (a) Experimental setup. C, optical chopper;
L, Teflon lens (f/ =60mm); M, off-axis parabolic mirror
(f’ = 150mm); S, sample; D, pyroelectric detector coupled to a
lock-in amplifier. (b) 2D spatial profile of the THz beam waist at
the sample position visualized with a photothermal THz convertor
(Teracam).

for a 100 pixels x 100 pixels 2D image size is about
30 min. For 3D reconstruction, the sample is rotated
in order to provide a different visualization of the ob-
ject. From these tilted series, we are able to construct
the sinogram of the object that represents, for a given
horizontal slice, the evolution of the transmitted THz
amplitude as a function of the rotation angle. Here,
to get a reasonable acquisition time for 3D imaging,
we selected a rotation step of 10°. In this case, we ob-
tained the corresponding 18 projections in nearly 9 h.

This limited number of projections induces an-
other important limitation for THz CT. Usually, the
back-projection of the filtered projections (BFP) is
employed as the standard 3D reconstruction method
[15]. This reconstruction process is based on the in-
verse Radon transform [16], which computes the fi-
nal pixel values from the filtered projections. It is
widely developed in x-ray CT scan imaging and also
commonly used in THz CT since it is proposed in
most of CT software tools. However, in x-ray CT, it
is well-known that BFP suffers from several disad-
vantages, such as beam hardening, noise sensitivity,
and geometric degradation in case of an insufficient
number of projections. We recently pointed out that
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alternative iterative reconstruction methods, such as
the simultaneous algebraic reconstruction technique
(SART) [17], can be applied to THz CT with equiva-
lent accuracy and quality as BFP [8]. Especially for a
limited number of projections (typically less than 25),
we emphasized a quantitative degradation of the
BFP reconstruction, whereas the SART method can
already offer optimized reconstruction quality. Con-
sequently, in this paper, we selected the SART itera-
tive method for 3D reconstruction in order to reduce
the acquisition time (i.e., the projection number)
without noticeable quality and accuracy losses.

3. Results and Discussion

At the Museum of Aquitaine, many historic art sam-
ples have been scanned, from ancient Egyptian and
Roman objects to more contemporary ones such as an
apothecary jar (from ~1920). However, in this paper,
we will only focus on two sealed Egyptian pieces of
pottery from the XVIIIth Dynasty (New Kingdom
period).

The original use of these two jars remains a mys-
tery for curators. Without any specific decoration,
they look like simple red clay vessels hermetically
sealed with a clay cork [Figs. 2(a) and 3(a)]. Their
shape (a jar with a neck) indicates that they were
most likely used for liquids, not ointment, perfumed
cream, or unguent, because it would not allow easy
access to these less liquid contents for skin appli-
cation. However, the existence of Menkheperre
Tuthmosis IIT’s cartouche (1479-1425 B.C.) on the
pottery’s clay corks allow us to infer that these
objects were probably very important, maybe used
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Fig. 2. (Color online) (a) Photograph of the Egyptian jar (inven-

tory number 8606). (b) 2D THz transmission image and intensity
profiles (absorbance) along the horizontal and vertical red lines.
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during funerary rituals. Indeed, a sticker under one
of the objects indicates that they were purchased in
1861 in Gournah, on the famous necropolis of Thebes
(on the west bank of Luxor) [18]. Thus, according to
experts, these nearly 3500-year-old pottery bottles
probably did not contain viscera—usually preserved
in canopic jars—but most likely food offerings.

A. 2D THz Transmission Imaging

The first sealed jar (museum inventory number
8606) is shown in Fig. 2(a). It is worth mentioning
that, by gently shaking the object, it was not possible
to conclude if it was filled or not. Neither internal
sound nor moving materials could be noticed. For
the THz experiment, the object was horizontally po-
sitioned inside the THz scanner in order to deter-
mine the presence of internal contents. Indeed, due
to gravitation effects, mobile contents should have
spread along the internal volume of the jar.
Figure 2(b) represents the THz transmission image
plotted in logarithmic scale with the white color in-
dicating a decrease of the transmitted signal. The
image can be decomposed into three parts: (1) the
sealed clay cork where the THz transmission is very
low probably due to the large thickness of the object
in this area, (2) the neck which seems empty owing
to the higher THz transmission, (3) the bottom of
the jar which is certainly filled with a solid material
owing to the low THz transmission. Moreover, this
material seems to be attached to the bottom since
a liquid or mobile contents would have spread owing
to the horizontal orientation of the object. The solid
contents fill the bottom cavity of the jar but not
the upper neck. A more precise analysis of the THz-
transmitted signal can be obtained from the horizon-
tal and vertical intensity profiles measured along
the red lines drawn in Fig. 2(b). Corresponding
absorbance plots (measured at 110 GHz) are asso-
ciated with Fig. 2(b), with the classical calculation
Absorbance = log(Iy/I), where I is the transmitted
THz signal measured out of the sample and [ is the
transmitted THz signal measured along the horizon-
tal or vertical profile. Inside the jar, the absorbance
varies from 1.2 (empty neck) to 3.9 (full bottom). The
measurement of the absorbance in the bottom of the
jar is limited by the sensitivity of the detector, which
attains the noise level owing to the large thickness of
the object in this area (approximately 8 cm). Surpris-
ingly, a lower signal intensity region (absorbance
around 2.5) can be observed in the bottom part of
the jar (see 2D image and vertical slice around ab-
scissa 2.5). This nearly 1 cm? area may be attributed
to the presence of a lower density material, although
its origin and composition remain unknown.

The second jar (museum inventory number 8608)
is presented in Fig. 3(a). According to curators,
shaking the object indicates that it contains an inter-
nal material that is not attached to the pottery.
However, as explained in Sec. 1, x-ray imaging
cannot be performed on this historic and unique
object in order to reveal its internal contents due
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Fig. 3. (Color online) (a) Photograph of the Egyptian jar (inven-
tory number 8608). (b) 2D THz transmission image from the hor-
izontal jar. (¢) 2D THz transmission image from the jar turned
upside-down and intensity profiles (absorbance) along the horizon-
tal and vertical red lines (Media 1).

to irreversible irradiation and consecutive dating al-
teration. Figures 3(b) and 3(c) present the THz trans-
mission images of the horizontal jar and the jar
turned upside-down, respectively. These positions
have been selected in order to determine the pre-
sence of the internal contents. As previously ex-
plained, due to gravitation effects, mobile contents
should move depending on the orientation of the
sample. Both images clearly reveal that the jar con-
tains two independent masses, one attached to the
bottom and another one free to move inside the inter-
nal cavity. Absorbance of both materials can be mea-
sured at 110 GHz from the horizontal and vertical
profiles along the red lines [Fig. 3(c)]. The fixed bot-
tom material exhibits a global absorbance around 3.4
with a lower absorbance zone (absorbance around
2.3) close to the base of the pot. The origin of the low-
er density area remains unknown. In the central part
of the pottery bottle, the mean absorbance is around
0.8, corresponding to an empty part of the jar. This
absorption is simply attributed to the thickness of
the pottery walls. At last, the area concerning the
mobile contents is characterized by a mean absor-
bance around 3. Here, we would like to emphasize
that THz analysis of the object reveals an important
feature concerning the physical aspect of the uniden-
tified mobile contents. From Figs. 3(b) and 3(c), we
can now surely affirm that the contents are deform-
able since their shape can fit the inner contour of the
pottery bottle. From these absorbance measure-

ments, and assuming a constant and homogeneous
pottery wall thickness, we can also estimate that
the absorbance corresponding to the fixed and mobile
contents themselves, without the contribution of the
pottery walls, should be around 2.6 and 2.2, respec-
tively. The 110 GHz absorption coefficients of the
materials characterizing these contents will be esti-
mated in Subsec. 3.B from the 3D THz imaging and
thickness measurements.

B. 3D THz Computed Tomography

To evaluate the volume of the internal materials of
the second jar, we finally performed a 3D computed
tomographic analysis of the object. The tomography
has been completed by rotating the object in an up-
side-down position around the vertical axis in order
to reveal the 3D geometrical aspects of both solid and
mobile contents, previously identified using 2D THz
imaging.

The media file associated with Fig. 3(c) presents
the tilted series obtained from 18 projections (rota-
tion step of 10°). From these projection data, we were
able to reconstruct and visualize the volume of the
jar. Figure 4(a) represents the 3D THz video record-
ing of the complete object obtained with a volume-
rendering software. From the reconstruction, the
internal volume of the bottle has been estimated to
be 650 cm?. With the volume-rendering software, it is
also possible to visualize independently the different
parts of the object. Figure 4(b) presents the 3D THz
video recording of the bottom solid contents of the
jar with an estimated volume of 125cm?®. Moreover,

Fig. 4. 3D THz computed tomography of the Egyptian jar (inven-
tory number 8608), turned upside-down. (a) Complete 3D recon-
struction of the jar (Media 2). (b) 3D reconstruction of bottom
jar contents (Media 3). (¢) 3D reconstruction of mobile contents
(Media 4).
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the 3D reconstruction makes it possible to reveal a
trough in the central part of the contents, which was
not visible from the 2D THz images in Fig. 3. Finally,
Fig. 4(c) presents the 3D THz video recording of the
deformable mobile contents with an estimated vo-
lume of 25cm?®. As explained previously, from the
tilted series and the 3D reconstructions (see the med-
ia files associated with Figs. 3(c) and 4(a)-4(c)), we
can measure the dimensions of the fixed and mobile
contents of the jar and the global thickness of the pot-
tery wall. Assuming that the thickness of the pottery
wall varies from 5 to 8 mm, we first can estimate the
110 GHz absorption coefficients « of the wall jar ac-
cording to the expression Absorbance = al, where [
is the distance the THz-wave travels through the ma-
terials. For the pottery wall, taking into account mea-
surement uncertainties, we found @ = 1.3 + 0.3cm™1,
the large uncertainty coming from the difficult eva-
luation of the wall thickness owing to the limited
transverse spatial resolution. Taking into account
this wall absorbance, we can finally deduce the
110 GHz absorption coefficients of the internal con-
tents. For the fixed and the mobile contents, taking
into account measurement uncertainties, we found
the same absorption coefficient: a = 0.7 = 0.15cm™".
This result indicates that the fixed and mobile con-
tents could be constituted of the same material, even
if its nature remains unknown. As previously ex-
plained, according to Egyptologists, these contents
could consist of residual dried materials, probably
organic, resulting from possible funerary offerings.
At present, to further investigate the pottery’s origin,
the irreversible opening of the jars would be neces-
sary in order to perform complementary chemical
analysis of the internal contents. After our analysis,
we can point out that THz imaging let us know that
the jars have to be opened in order to penetrate their
secrets deeper.

4. Conclusion

2D and 3D THz imaging revealed internal contents
in two XVIIIth Dynasty Egyptian sealed pieces of
pottery, preserved at the Museum of Aquitaine.
Although this presence could be also imaged using
x-ray imaging, we pointed out that this additional
measurement would alter the integrity of these un-
ique objects owing to the irreversible irradiation
action. We demonstrated here the potential of THz
imaging for the detection of hidden materials in his-
toric objects. Especially for the investigation of Egyp-
tian antiquities, the technique may be used in the
future for the noninvasive and nondestructive analy-
sis of canopic jars used as specific containers by the
Egyptians to store and preserve the viscera during
the rituals of mummification.
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the city of Bordeaux for the authorization to per-
form the measurements at the museum. They also
acknowledge Magalie Rouillon and Theo Goltzman
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