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Abstract

The application of non-destructive methods in cultural heritage re-
search is crucial for preserving artifacts while obtaining valuable informa-
tion about their preservation state. Terahertz (THz) radiation has proven
effective in investigating the internal structure and composition of heritage
objects, revealing underlying layers and hidden features. This aids in the
development of informed conservation strategies for the long-term protec-
tion of cultural heritage. Additionally, multiphoton excited fluorescence
(MPEF) offers a novel approach to studying pigments, enabling molecular-
level characterization and revealing fluorescence signals from specific ma-
terials. This work presents an investigation using THz time-domain spec-
troscopy and MPEF, showcasing a stratigraphic study of a Russian icon and
a Cubist painting through digital processing of THz signals using sparse
deconvolution. We also demonstrate how the decay of spectral amplitude
at noise level in the THz spectrum was used for pigment mapping in THz
images. Finally, we highlight key results from the analysis of titanium diox-
ide, zinc sulfide, and cadmium sulfide using MPEF, where Second Harmonic

Generation (SHG) and three-photon absorption phenomena were detected.
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Chapter 1

Introduction

Art is considered a way for expressing our culture, beliefs, ideas, emotios
or desires. When discussing tangible forms of art, such as paintings or
sculptures, these objects serve as evidence of the intellectual and cultural
evolution of our species over the years. Given the vital role that tangible art
plays in history, culture and society, historians, conservators and restorers
have the crucial mission of preserving these significant objects for future

generations.

Over the last three decades, advancemenets in science and technology
have led historians, curators and restorers to incorporate scientific tech-
niques into their research methodologies. This approach helps them to
understand the deterioration processes in various types of artifacts and im-
plement suitable methodologies to prevent further degradation of artworks.
From this perspective, scientific techniques provide a reliable approach to
analyze cultural heritage (CH) objects, resulting in an interdisciplinary
field known as conservation science. In this field, different areas of re-
search collaborate, with the aim of preserving our cultural heritage in the

most appropriate way.



Thanks to the scientific development in the last century, both theoreti-
cal and technological, our understanding of the nature of light has allowed
us to apply the principles of optics and of radiation-matter interaction to
the study of various objects, including artistic artifacts. In this context, this
thesis focuses in the application of optics, specifically at terahertz (THz)
and visible frequencies, to the evaluation of cultural heritage artifacts and
materials by analyzing their optical response through their interaction with

radiation.

1.1. Conservation of Cultural Heritage

Considering that this thesis is an interdisciplinary work, we find it neces-
sary to introduce certain terms that will be consistently employed through-
out this document but are not typically used in the field of optics. This
will also help in establishing an appropriate context for the development
of this work.

Cultural heritage, as defined by UNESCO [I], encompasses a wide spec-
trum of items and places with symbolic, historical, artistic, aesthetic, eth-
nological, anthropological, scientific, and social significance. Given the def-
inition, there are three categories of cultural heritage, tangible, intangible
and natural. Since this work focuses on the study of tangible CH, which
includes artifacts, works of art and buildings, in the rest of this document
when we mention CH we will refer exclusively to tangible CH.

On the other hand, Conservation refers to all measures taken to extend
the life of tangible cultural heritage [2]. Conservation, in turn, includes
Preventive Conservation, which aims to avoid and minimize future deteri-
oration, Remedial Conservation, which refers to all measures aimed to stop
current damaging processes or to reinforce the structure, and Restorarion,
which refers to all actions applied directly to an item, aimed at facilitating

its appreciation, understanding and use.



With these terms in mind, we can define conservation science as the
field where scientific knowledge, methodologies, techniques, and technolo-
gies are applied to conservation efforts, thereby offering art conservators
and restorers new perspectives into the analysis of artistic artifacts. Fur-
thermore, it provides modern technological tools capable of analyzing ob-
jects and buildings without the risk of damaging them, utilizing non-
destructive and non-invasive techniques. Thus, conservation science emerges
as a bridge between traditional art restoration and modern scientific ad-

vances.

1.2. Electromagnetic Radiation Applied in Cul-

tural Heritage Science

One of the earliest effors to apply scientific principles to the study of
historical objects emerged within the field of Archeometry, a term pro-
posed by Martin Aitken and Christopher Hawks in the mid-1950s, as an
interdisciplinary field for the study of archeology with different scientific
perspectives [3]. Since then, different branches of physics have been applied
to study objects of interest in other fileds, including optics and photonics
for analyzing cultural artifacts.

Generally speaking, the entire electromagnetic (EM) spectrum can be
used to analyze and characterize all types of materials and objects, since
each range of frecuencies interact in a specific way with matter. For this
reason, experts can select the most suitable technique using a specific range
of the EM spectrum based on their research objectives, with the primary
goal of preserving the integrity of the work under study. The following is a
brief description of the four most commonly used techniques in conservation
science related to electromagnetic radiation.

X-ray Fluorescence (XRF) is one of the most widely used techniques for

element identification in conservation science. In this technique, the sample
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is irradiated with high-energy X-ray photons, which ionize electrons in the
inner orbitals of atoms present in the sample. Then, electrons in higher en-
ergy orbitals decay to lower energy states, filling the “holes” created by the
ionized electrons, thus producing a high-energy radiative emission. Pho-
tons generated in this process are analyzed, since each chemical element
excited by X-ray radiation emits photons with specific energies. This makes
it possible to identify the chemical composition of different samples. Cur-
rently, Macro-XRF (MA-XRF), together with the development of portable
XRF devices allow to construct chemical element maps in easel paintings
[4, 5, [6], panel paintings [7), 8], icons [9, [10], among many others.
Ultraviolet-Visible (UV-Vis) spectroscopy is another technique used to
study artistic objects, which includes measurements of transmitance, re-
flectance and fluorescence, using the UV-Vis regions of the EM spectrum
(200 nm - 750 nm, typically). Since most molecules absorb energy in the
UV-Vis range, it is possible to analyze and identify different organic com-
pounds, allowing to study organic colorants in manuscripts [11], 12, 13| [14],

textiles [15, [16],and even mosaics [17].

Raman spectroscopy is useful for molecular identification by analyzing
the response of chemical bonds to light, using lasers in the Near Infrared
(NIR), visible or UV range as excitation sources. Features such as its
high spatial resolution, capability to analyze both organic and inorganic
molecules, and non-destructive nature make Raman spectroscopy a ver-
satile and indispensable analytical technique in conservation science. In
addition, the development of portable Raman instruments has allowed for
in situ analysis [I8] 19] , which is ideal for artifacts that cannot be trans-
ported to the laboratory for study. Raman spectroscopy is one of the most
used technique for pigment identification, providing crucial information
about the materials used by artists throughout history [20], 21| 22} 23].

Fourier Transform Infrared Spectroscopy (FTIR spectroscopy) is an-

other important technique, where IR radiation (2.5 pm - 25 um) is used to
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analyze and identify both organic and inorganic chemical compunds. As
a vibrational spectroscopic tecnique, FTIR spectroscopy offers a practical
method to analyze pigments, as their chemical composition is associated
with a specific vibrational patterns in the IR spectrum. Some other appli-
cations in CH science using FTIR spectroscopy include identifying binding
media [24], analysis of coatings [25], study of deterioration in objects [26],
and cross-sectional analysis from artistic samples [27), 28].

The list of scientific techniques with application in the field of conserva-
tion continues to grow, year by year, such as the recent approach offered by
nonlinear optics to study historical and artistic objects [29] 30, [31], which
invites further exploration of new optical approaches in the study of CH

objects.

1.3. THz radiation and Conservation Science

Since the first demonstrations of sub-picosecond light pulse generation
in the late 1980s, THz technology emerged as a innovative technique that
has found applications in several fields of study, including the analysis of
artistic objects. Before discussing some applications of THz spectroscopy in
cultural heritage science and why it has become a complementary technique
in this field, let us first define what THz radiation is.

We usually refer to THz radiation as the frequency range of the electro-
magnetic spectrum between 0.3 THz and 10 THz (A ~ 1 mm - 0.03 mm),
known as “terahertz band”. At these frequencies, light exhibits unique
properties, as THz radiation is highly reflective in metals, can peneterate
optically opaque materials and is strongly absorbed by water molecules. In
addition, the non-iozing nature of THz radiation, combined with its high
chemical selectivity, makes it an interesting area of research.

In the past, accessing this band was challenging; however, this sce-

nario changed when in 1988 photoconductive antennas were introduced for



generating and detecting subpicosecond pulses [32], thus enableing Tera-
hertz Time-Domain Spectrospy (THz-TDS). Since then, THz-TDS appli-
cations have been expanded to diverse fields of study, including medicine
[33, 34, 35], engineering [36, 37], agronomy [38, [39], architecture [40, 41}, 142],
pharmaceutics [43] [44], among others.

Not surprisingly, THz-TDS also has applications in conservation sci-
ence, given its features. Since some chemical compounds exhibit spectral
fingerprints at THz frequencies, it is possible to idenfity certain pigments
[45, 146l 47]. In addition, given that THz radiation can penetrate dielec-
tric materials, it is possible to perform cross-sectional analysis in a non-
destructive way, allowing the study of layer distributions on multilayered
samples [48, 49]. There is an extensive list of objects that have been an-
alyzed and studied by means of THz-TDS, including easel paintings [50],
wall paintings [51] 52], panel paintings [53] [54], stone artworks [55], build-
ings [56], just to mention a few.

It is worth mentioning that in cultural heritage research, analyzing
objects typically involves using various measurement techniques to obtain
objective information that contributes to the historical record or aids in
successful restoration. Recently, THz-TDS has been increasingly adopted
by scientists in this field as a complementary tool to existing methods,
making this technique a valuable addition to the range of available tools

for the study and conservation of CH.

1.4. Objectives

Given the advantages of THz spectroscopy for research in cultural her-
itage sciences, the aim of this work focuses on the applications of THz-TDS
for analysis of objects of artistic interest. Terahertz Time-Domain Imaging
(THz-TDI) is also applied for analysis of areas of interest in paintings and

objects, allowing to analyze cross-sectional images or B-Scans. This work
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also shows the role that data processing plays for a correct interpretation
of THz signals. In addition, we present a first approach of pigment identifi-
cation using multiphoton exited fluorescence (MPEF) microscopy in three
pigments of historical interest.

With the above in mind, in Chapter 2 we discuss the theory behind
THz-TDS and THz-TDI, briefly explaining how THz radiation is gener-
ated and recorded in the time-domain and how optical parameters are
calculated.

In Chapter 3, we introduce a data processing method for calculating
the usable bandwidth in THz signal. The algorithm is based on smoothing
and multiplying spectra by funcions of n-powers, generating a minimum at
a frequency where the amplitude of usable bandwidth decays to the noise
floor.

In Chapter 4, we present the results of our analysis of two artworks: a
Russian icon titled Our Lady of Kazan and an oil painting titled Homme au
Chapeau [57] using THz-TDI. We apply the algorithm for calculating the
cutoff frequency, which helps us in generating pigment maps. Additionally,
we show the results of applying sparse deconvolution, a digital processing
technique that helps recover overlapping echoes in THz signals.

Chapter 5 focuses on introducing a novel imaging technique known as
3D THz-TDS Synthetic Aperture Radar (SAR) Imaging, which enables the
scanning of complex-shaped samples using THz radiation. We apply this
method to study the stratigraphy of cultural heritage artifacts.

In Chapter 6, we shift to nonlinear optics, investigating its role in pig-
ment characterization. Here, we examine three pigments of interest, re-
porting on the phenomenon of multiphoton absorption and fluorescence in
one pigment and identifying evidence of second harmonic generation (SHG)
in two others.

Finally, Chapter 7 concludes the thesis by summarizing the advantages

and limitations of each technique presented.






Chapter 2
Terahertz spectroscopy

THz spectroscopy was introduced in the late 1980s as an innovative
technique using sub-picosecond pulses containing THz frequencies . The
generation and detection of THz beams were achieved through the devel-
opment of Photoconductive Antennas (PCA), devices that are still used
in THz spectroscopy to this day. This chapter introduces the principles of
THz spectroscopy, technique used to analyze the response of a wide range
of materials at THz frequencies. Additionally, THz spectroscopy allows to
analyze echoes reflected from buried surfaces to examine the inner struc-
ture of multilayered objects, making it valuable in conservation science due
to its non-invasive nature. It is important to mention that this work ex-
clusively centers on PCA as mechanism for generating and detecting THz
radiation since the measurements presented in this thesis were performed

using THz systems employing PCA technology.

2.1. Generation and Detection of THz Radiation

PCA is one of the most widely methods used for both, THz generation

and detection in THz spectroscopy. These small devices can operate at
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room temperature, are very compact and emit THz pulses efficiently. The
fabrication of PCAs in the late 1980s started a revolution in THz radiation

research and its applications in the following decades [58| 59].

In essence, PCA refers to a metal dipole antenna integrated onto a
semiconductor subtrate, whose conductivity changes when exposed to light.
Small electrodes, located on its surface are connected to a DC bias voltage
and are separated by an active region known as the antenna Gap. Ultra-
short optical pulse are indispensable for its operation as will be explained

later.

To this day, a standard way to generate THz radiation is using mode
locked lasers. Tipically, mode locked lasers use a sapphire crystal doped
with Titanium ions (Ti:Sapphire ) as active medium. The broad gain
spectrum of this active medium (ranging from 650 to 1100 nm) is crucial for
generating ultrashort pulses, as extremely short time pulses require broad
spectral bandwidths, given by the time-bandwidth product Av ~ 0.44/7,,
where Av is the bandwidth and 7, is the pulse duration. Moreover, the
term mode locked refers to the synchronization of phase of multiple different
modes of the laser cavity. When these modes are forced to have equal fixed
phases, they will interfer at specific periodic times, resulting in a train of
light pulses as output. Typically, mode-locked lasers produce pulses on the

order of tens of femtoseconds [60].

— Optical pulse
1 —Photocurrent Ipc
—Em,

a) Substrate b)

Q’ THz

-V (catode) o——

» Q
\* @ o 1
Optical | O R
Pump |® § E
-
/ 0a
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+V (anode) e——

Time [ps]

Figure 2.1: THz radiation generation process by means of PCA.

10



In the generation of THz radiation, fs pulses play a vital role since they
act as optical switches by illuminating the gap of the PCA, and thus al-
lowing the semiconductor substrate to generate free carriers (electrons and
holes), assuming that the energy of the photons is larger than the bandgap
of the material (see Fig. a ). Due to the DC bias voltage applied
to the electrodes, the free carriers generated by the pulse are accelerated
from the anode towards the cathode. After this short acceleration, the
charge density on the substrate decreases as free carriers begin to recom-
bine. The accelation and deceleration, which are in subpicoseconds scale,
generate pulses of radiation at THz frequecies. The THz electric field Ery,

generated can be written as

Bt (t) C”Z‘;(t), (2.1)

where Ipc is the photocurrent in the PCA gap. Fig. b) shows the
behavior of Ery, as a function of Ipc [61]. The THz beam propagates
along the axis of the optical pulse.

One of the most widely used substrates in PCA is low-temperature-
grown gallium arsenide (LT-GaAs) due to its short carrier lifetime (1-10 ps)
and carrier mobility (120-150 cm?/V-s). These properties allow it to gen-
erate picosecond and femtosecond electric pulses within the THz spectrum
when optically excited [62] 63].

a) Substrate b)
Current Optical
Incoming %0 Detection Pump : THz pulse
THz pulse g é ‘
"._;3.—1
S Time Del
Current ] tme Delay
Detection 6Lttt o

Figure 2.2: Detection of THz radiation using PCA.

On the other hand, for the detection of THz radiation, the optical
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pulse, initially divided by a beam splitter, is incident on the antenna gap
of another PCA, now operating as a receiver device. Similar to the trans-
mitter, free carriers are generated in the substrate by the optical pulse as
Fig a) shows. However, unlike the emitter PCA, the receiver PCA is
not connected to a DC bias voltage, instead the THz pulse to be mea-
sured is focused onto the dipole antenna, inducing a transient bias voltage
between the electrodes which can be measured with a lock-in amplifier.
Considering that the lifetime of the photoexcited carrier is of the order of
femtoseconds, the photocurrent generated in the PCA will be proportional
to the transient bias voltage at the time the optical pulse is injected into
the substrate. Using a delay stage, we can change the arrival time between
the THz pulse and the optical pulse, allowing us to record the photocurrent
at different time delays and mapping the complete THz pulse as illustrated
in Fig.[2.2]b). The photocurrent is expressed as [61]

T(t) = / " ot — ) Bt (2.2)

—00

where J(t) is the photocurrent and o(¢) is the transient surface conduc-
tivity of the PCA substrate. As we can see from Eq[2.2] the photocurrent
is a convolution between the THz field Ery,(t) and o4(t). If we take the
fourier transform, we obtain that the spectral distribution of J(¢) does
not contain the same espectral distribution of Ery,(t), as os(t) limits the

distribution of frequencies.

With all the above in mind, a typical THz time-domain system is show
in Fig. The spectroscopy technique using time-resolved THz fields
measurements is known as Terahertz Time-Domain Spectroscopy (THz-
TDS). As well as in other spectroscopic techniques, in THz-TDS we analyze
the THz signal from a sample against a reference signal in order to calculate

the optical parameters correspongind to the sample.

12



a b
) ) o1
\
DC Bias .
lj- 5 0 b | e
3 \/ "WMMI\’
)
=
Sample % 0.1
g
<
Detection 0.2
0 100 200 300
4

Time Delay [ps]

Figure 2.3: a) THz Time-Domain system. b) Experimental reference measure-
ment

2.2. Optical Parameter Calculation

To calculate the optical parameters of a sample, an electric field Fyee(t)
propagating in free space is recorded as a reference. The sample is then
placed between the transmitter and the receiver and the THz beam trans-
mitted through the sample Fg.p, is recorded. Using the Fourier transform,
we obtain their spectral distributions and phases as Fye(w) = Ayef(w)ePret(®)
and Esam(w) = Asam(w)eid’sam(“’). If we divide Egam by Eyef, we obtain the

complex transmission coeeficient T'(w), expressed as

T(w) = Zeam(@) _ Asam(©) ignan () @) (2.3)
Eref(CL)) Aref(w)
Furthermore, the complex transmission coefficient can be written in
terms of the complex refractive index 7 = n +ix and the Fresnel transmis-
sion coefficients t10 = 2/(R + 1), to; = 2n/(n+ 1) as

T = t1a(w)tar (w)e! s @-DFP(w), (2.4)

where d is the thickness of the sample, ¢ is the speed of light and FP(w)

is the Fabry-Perot term associated with multiple internal reflections. This
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term can be approximated to 1 by avoiding multiple reflections between
the interfaces of the sample. By combining and we obtain n(w)

and k(w) as

C((bsam(w) - (bref(w))

wd ’
¢ 1 1 Asam (W)
2wd t12 (w)tgl(w) Aref(w)

Using x(w) from Eq. we can calculate the absorption coefficient as

n(w)=1+
(2.5)

k(w) = —

alw) = 2w/z(w). (2.6)

Since THz-TDS measures amplitude and phase information, it is possi-

ble to calculate both the absorptive and refractive properties of the sample.

2.3. Multilayered Samples and reflection measure-

ments

For analyzing multilayered media, THz-TDS is a revelant technique
as THz radiation penetrates dielectric materials in a non-destructive way.
Since stratigrapic studies are typically performed in reflection geometry,
consider Fig. which shows a two-layer system. This system consists
of layers with thicknesses d; and da, and complex refractive indices n; and
ng, respectively. The layers have flat and parallel faces. In this example,
we assume that the sample is surrounded by air with a complex refractive
index ng; a THz pulse denoted by FE;(t) propagates through free space,
traveling perpendicular to the surface of the sample.

In general, the incident pulse E;(t) will be partially reflected and trans-
mitted at each interface, so the total reflected pulse E,(t), in terms of the

Fresnel coefficients, will be

E,(t) = ro1 Ei(t) + toariatio PLE (t) + toiti2raotaitio Pe Ei(t), (2.7)
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Figure 2.4: THz pulses reflected from a two layer system.

where the complex reflection and transmission Fresnel coefficients traveling

from a medium ¢ to a medium b at normal incidence are

ﬁa_ﬁb

= 2.8

Tab 5 +ﬁb’ ( )
2N

T R — 2.9

ab ﬁa + ﬁb’ ( )

where P| = e~ 2ikdiin p, — o=2ik(diint+dana) with = w/c, represent the
propagation of E;(t) through the layers.
From Egq. we note that, if n, > ny, then r, > 0; however if
Ng < Ny, then ry < 0. This is an interesting result as in the later case, the
polarity of the reflected pulse from the corresponding interface will shift.
One of the advantages of analyzing multilayer structures by THz-TDS is
that the reflected pulse is recorded in the time domain, so we can calculate

the thickness of individual layers, as the time between echoes is proportional
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to the distance between interfaces as
At = 2nd/c, (2.10)

where n is the refractive index of the layer, offering a practical way to study
layer distributions.

Another way to analyze a multilayer system is by a convolution. Since
we record reflections of the reference pulse from each interface, we can
model the train of echos as a convolution of the reference pulse E;(t) and

the impulse response function h(t) as

[e.e]
E.(t) = / Ei(t)h(t — 7)dT = E;(t) @ h(t). (2.11)
—o0

In a multilayered system, the impulse response function h(¢) would
correspond to a collection of Dirac deltas d(t — 7), where each Dirac delta

represents a interface in the sample, as Fig. 2.5 shows.

E.(t) Ei(t) h(t)
U —
Reflected Reference o 2 10
signal signal Sample

Figure 2.5: The recoded signal reflected from a multilayered sample can be ex-
pressed as a convolution between a reference signal E;(t) and the impulse response
function h(t).

This approach, as we will see in the following chapters, will allow us
to recover the impulse response function in complex samples where the
reflections from interfaces overlap, helping to remove the ambiguity in the

layer distribution calculation.
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2.4. THz Imaging

THz-TDS also offers the capability of generating images, a technique
called Teraherz Time-Domain Imaging or THz-TDI. In this technique, both
the transmitter and receiver are placed on a XY plataform in reflection
geometry, as Fig. a) shows. An area of interest is scanned by recording
the train of echoes of the THz beam reflected by the sample, resulting in a
data cube, where the XY plane represents the pixels of the image and the
7 axis represents the amplitude of the THz beam as function of the time,
as Fig. b) illustrates.

s
B
3
el
3

Figure 2.6: a)THz image data recording. A transceiver head is located in a XY
platform to scan an area of interest in reflection geometry. b) THz image. Each
pixel of a THz image corresponds to a waveform or trace of the echoes reflected
by the object.

THz-TDI represents an important tool in conservation science for study-
ing the inner structure of objects of interest, both in the time and spectral
domains. In a THz image, each pixel contains temporal information in
depth, allowing us to obtain cross-sectional images, or B-scans, by select-
ing the temporal information along the Z-axis of a row or column of pixels.
Fig. illustrates how we obtain B-scans from a THz image.

The THz image correspond to an oil painting on canvas by Pablo Pi-

17



YZ Plane

a) XZ Plane

100 200 300 100 200 300
Pixels Pixels

Figure 2.7: a) B-scan from the green line in the THz image. b) 3D THz image
recorded from ”Homme au chapeau” by Pablo Picasso [57]. ¢) B-scan from the blue
line in the THz image. The arrows show the complex stratigraphic distribution

beneath the paint surface.

casso titled ”Homme au chapeau”, part of the collection of Tokyo Station
Gallery, Japan [57]. The THz image was scanned by Dr. Kaory Fukunaga’s
group. As we can see, the layer distribution is easily distinguished on the
B-scans in both the XZ and YZ planes, indicated by arrows. In the next
chapter will explore how a digital processing technique can enhance the
accuracy and detail of stratigraphic analysis in a secondary study on this
artwork.

An important factor to keep in mind in THz-TDI is the use of lenses
for focusing the THz radiaion. First, the THz beam is diffraction-limited.
Considering the THz beam as a Gaussian beam, the diameter of the beam

2wy is expressed as

2w = —=—= 2.12
wo 7TfD7 ( )

where c is the speed of light, f; is the focal length, D the diameter of the
lens and f is the frequency. From Eq. we note that the diameter
of the beam is larger for low frequencies than for high frequencies. This
information is crucial for determining the resolution of the THz image when

choosing a optimal scanning distance between raster pixels.
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Secondly, the focal plane. In a reflection measurement, the sample must
be located at the focal point of the transmitter/reciver, as the Signal-to-
Noise Ratio (SNR) decreases if the sample is not properly aligned. Ideally,
analyzing samples with completely flat surfaces is highly recomeded, since
the image quality of samples with complex shapes decreases. This problem

will be addressed in the next chapter.
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Chapter 3

Determination of usable
bandwidth in THz signals

As discussed in Chapter 2, THz-TDS uses photoconductive antennas
to generate THz monopulses with a full width at half maximum (FWHM)
of a few picoseconds in the time-domain. These pulses contain a broad
frequency range, typically from approximately 300 GHz to 2-5 THz, de-
pending on the system. This frequency distribution depends on specific
factors, such as the lens used for focusing the THz radiation, the system
alignment, and, of course, the analyzed sample. These factors influence the
range of frequency components in THz signals, also known as the usable
bandwidth.

Tipically, the calculation of the usable bandwidth is done empirically
when the volume of analyzed spectra allows it. However, when a large
volume of spectra is analyzed, such as in a THz image containing hundreds
of thousands of signals, it becomes necessary to automate the calculation
of the usable bandwidth. In this chapter, we introduce an algorithm for
determining the usable bandwidth in THz spectra. The algorithm identifies

the frequency at which the spectral amplitude decays to the noise floor in
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the frequency-domain.

3.1. Theory

In THz pulsed spectroscopy, the spectral amplitude decreases at high
frequencies until it becomes indistinguishable from the noise floor [64], such
as indicated by Fig. b). Although the frequency-domain covers 5 THz,
the usable bandwidth only covers a fraction of the total bandwidth. In
this analysis, the cutoff frequency defines the usable bandwidth for each
spectrum. In other words, the cuttoff frequency indicates the boundary
between the usable bandwidth and noise floor. For this analysis, we begin

by considering the function

gria(t) = (t — to)e™ 10/ (3.1)

as an analytical model of a single-cycle terahertz pulse in the time-domain.
For this analysis, we take tg = 0 and o = 1 ps; by adding white noise ny,,
the pulse is expressed as g(t) = te™ + ny. Taking the fouier transform we
obtain

C win
G(w) = —imswe T TN, (3.2)

where N is the Fourier transform of n,, which is constant for white noise
and represents the noise floor in the frequency-domain.

At low frequencies, G(w) increases proportionally to w . However, as w
increases. G(w) will decrease exponentially as e_WQTW; At some frequency,
which we call cutoff frequency w,, the spectral amplitude has values com-
parable to N. Beyond w,, the first term in Eq. becomes negligible and,
therefore G(w) =~ N.

If we now multiply G(w) by w as G1(w) = wG(w), this expression will
exhibit two different behaviors bounded by w.. For w < w, the first part of

G1(w) will have an w? multiplying the exponential, resulting in a gradual
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Figure 3.1: a) THz waveform. b) THz spectrum calculated using the Fourier
transform. The usable bandwidth in the spectrum ranges approximately from 100
GHz to 1.6 THz.

decay of the spectral amplitude. However, for w > w,, the frequency range
corresponding to the noise floor in the spectrum, G(w) will behave as a
linearly increasing function wN, generating a minimum at the frequency
We.

In general, we observed the same behavior with G,(w) = W"G(w),

generating minima at

1
—eW'T [r'w! — (n + )riw?] = N2 (3.3)
n

In practice, if we multiply a spectrum G(w) by w, it is sufficient to
estimate the minimum, as shown in Fig 3.2

As we can see from Fig. the frequency range corresponding to
the noise floor grows faster as n increases. In other words, as n increases,
the cutoff frequency w,. decreases. However, the shift in w, with increas-

ing n is not significant in this case. The shift using G1(w) and G4(w) is
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Figure 3.2: Estimation of w, using Gy (w) = w"G(w) for n = 1,2,3,4 and
N =0.0334. w, is indicated by a circle in each plot. Dashed lines represent w™N

only 160 GHz, representing 8.4% of the total bandwidth in the example, as
shown in the inset of Fig. [3.2

3.2. Experimental analysis

When analyzing experimental spectra, we must consider the random
oscillations of the noise floor that influence the performance of the method
applied in our investigation, leading to a miscalculation of w,.. This issues
can be aaddressed with appropriate smoothing.

The above consideration is included in the following analysis, where
spectra from three different spectrometers were analyzed, corresponding to
the spectra shown in Fig. in the same order:

a) A home-built spectrometer based on a Ti:Sapphire oscillator with a
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central wavelenght of 800 nm with a pulse duration of 35 fs, using a
SI-GaAs PCA as emitter and a 1 mm ZnTe crystal-based electro-optic

sensor as detector, recording 100 points over 6.6 ps delay.

b) A commercial TDS system based on an Yb:fiber laser centered at
1064 nm with a pulse duration of 90 fs, using a PCA both as emitter
and detector, recording 1600 points over 160 ps.

¢) A commercial TDS system based on an Yb:fiber laser centered at
1064 nm with a pulse duration of 90 fs, using a PCA both as emitter
and detector, recording 8000 points over 800 ps.

A set of reference measurements in transmission configuration were per-
formed following the same methodology. However, we will show only one
case for each system, as the result of the complete data set were compara-
ble. The smoothing applied to the data was done using the moving average

method, with a width ws corresponding to 3% of the complete number of

points recorded.
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Figure 3.3: Calculation of w, on references experimental data using G, (w)

w"G(w) for n =1,2,3,4.
As shown in Fig. a), there is no difference using G1(w) and Ga(w),
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with w. = 4.99 THz; however, it is evident that the cutoff frequency should
be lower. By increasing n to 3, w. decreases at 3.18 THz, providing a more
consistent result. Using G4(w), the cutoff frequency is calculated to be the

same frequency as with G3(w).

In the case of Fig. b), the small peak centered at 3.93 THz is
an artifact of the THz system, leading to a miscalculation of the cutoff
frequency with w, = 4.09 THz for both G;(w) and Ga2(w). On the other
hand, both G3(w) and G4(w) give w. = 3.29 THz, a result that is more in
line with the visual estimate.

For the last spectrum, shown in Fig. c), we obtained three different
values of w.. Similiar to the other systems, both Gz(w) and G4(w) yield
the same value with w, = 4.35 THz. Considering all this information, the
analysis suggests that it is sufficient to use G3(w) to calculate the cutoff
frequency in a reference spectrum.

As previously mentioned, smoothing is another crucial aspect of our
processing, as it simplifies the determination of the cutoff frequency by
eliminating random fluctuations in the experimental signal. To determine
an appropriate level of smoothing to apply to THz signas, Fig. shows
the spectra and their cutoff frequencies calculated using different values of
ws , and by multiplying the smoothed spectrum by w3. Considering that
the analysis included Savitzky-Golay, moving average and non-centered
moving average method, with the latter giving the best results, only the
results using the non-centered moving average method are shown.

For a spectrum recorded from a metallic flat surface in reflection ge-
ometry, shown in Fig. a), the w. calculated using a smoothing width
ws = 3% of the total elements of the signal was w. = 2.1 THz, decreasing
only 107 GHz for ws = 15%. However, for the spectrum in Fig.b),
which correspond to a metallic sample with an irregular face, results in-
dicate no further changes for ws > 9%, giving w. = 2.72 THz. Based on

these results, we established values for ws > 6% and n > 3 for processing
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Figure 3.4: Calculation of w. using wy; = 3%, 6%, 9%, 12% and 15% for n = 3,
applied to spectra corresponding to a a) flat metallic surface and an b) irregular

metallic surface. Insets show w, as a function of w;

most spectra, with no significant changes in the calculation of w,.

Additionally, we were also interested in analyzing signals from samples
placed out of the focal plane of the spectrometer which affects the range
of the usable bandwidth. For this analysis, signals from a high-density
polyethylene (HDPE) sample were recorded in reflection configuration. Us-
ing a 3-inch focal length lens, the sample was placed at the focal point and
moved +12 mm along the optical axis, recording waveforms every 3 mm.
As the sample moves away from the focal point, the amplitude spectrum
decays non-uniformly across the entire band, leading to a decrease in the
effective bandwidth. Cutoff frequencies were calculated using ws = 6% and
n = 3. The results are shown in Fig. a).

As we expected, the highest w. was 1.66 THz, corresponding to the
sample placed at the focal point. The same w,. was calculated when the

sample was displaced +3 mm, which is within the Rayleigh length of the

27



¢ Q
iy \ 1.5 { »
= (1] \ 3 / \
@, 10 N, |
o ' ) %
= |
; l4
3= °
= /
0.5 J
\‘ X o
2 M M ' ¥ : !
) T ) Yo 0P ¥ o=

Frequency [THz| 25 90—~ = SR Q SO DA

VR |~ S '

3 =, Displacement [mm] '

Displacement [mm]

Figure 3.5: a) Spectra of a HDPE sample. The sample was displaced + 12 mm
out of the focal length, recording the reflected signal every + 3 mm. Red circles
indicate the cuff-off frequency calculated in each position. b) w, as a function of

the sample displacement.

THz beam. Moreover, w. decreases as the sample moves away from the
focal point of the lens, falliing to 1 THz for -12 mm. This behaivor is

shown in Fig. b) where w, is shown as function of sample displacement.

3.3. Implementation of the estimation of w. in

noisy and HgS spectra

In order to evaluate the performance of the algorithm in different ex-
perimental scenarios, we focused on two specific cases, starting with the
analysis of spectra with poor usable bandwidth. This will allow us to iden-
tify and discard extremely noisy signals from the THz image, ensuring that
only spectra with a good SNR in the frequency range of interest are ana-
lyzed. The second case involves analyzing spectra that contain the mercury

sulfide (HgS) or vermilion, a reddish pigment with historycal and artistic
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relevance. Additionally, this pigment has the characteristic of exhibiting
an spectral fingerprint at 1.14 THz. This spectral feature will allowing us
to validate the accuracy of the method. The results of this analysis are
shown in Fig. using a smoothing width ws = 6% and n = 3.

In order to evaluate the performance of the algorithm in different ex-
perimental scenarios, we focused on two specific cases, starting with the
analysis of spectra with poor usable bandwidth. This approach allows us
to identify and discard extremely noisy signals from THz images, ensuring
that only spectra with a good SNR in the frequency range of interest are
analyzed. The second case involves analyzing spectra that contain mercury
sulfide (HgS), also known as vermilion, a reddish pigment with historical
and artistic relevance. Particularly, this pigment exhibits a spectral finger-
print at 1.14 THz, which will help us to validate the accuracy of the method.
The results of this analysis are shown in Fig. [3.6] using a smoothing width
wys = 6% and n = 3.

Spectra corresponding to the first case of interest are shown in Fig.a) -
¢), where it is easy to note that these signals are extremely noisy. In this
case, the algorithm calculates w,. between 0.51 THz and 0.71 THz, which we
would consider as spectra with a limited usable bandwidth for our analysis,
taking into account the absorption peak of vermilion at 1.14 THz.

For the second set of signals of interest, Fig. d)—f) shows spectra
of measurements where vermilion was present. Although the absorption
peak is easily distinguishable, the algorithm correctly calculates the cutoff
frequency in d) and f). However, in e), the cutoff frequency appears to be
incorrectly located at a higher frequency, as the spectral amplitude clearly
decays to the noise floor before reaching 2.2 THz. To correct the cutoff
frequency in this spectrum, the value of w, was increased to 9%, resulting
in w. = 1.5 THz.

From these results, we can establish a technique that automates the

estimation of the cutoff frequency in large volumes of spectra, such as
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Figure 3.6: a)-c) Spectra corresponding to extremely noisy signals.d)-e) Spectras
corresponding to a vermilion sample. The red solid lines represent the product
n3G(w), which generates a minimum indicated by the vertical dashed black lines

those in a THz image. In the next chapter, we will demonstrate the direct
application of the algorithm for calculating w. on a dataset corresponding to

a Russian Icon, which enabled us to generate an accurate map of vermilion.
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Chapter 4

THz-TDI for analyzing CH

paintings

When analyzing an artwork using any of the scientific methods men-
tioned in the first chapter, including terahertz time-domain imaging (THz-
TDI), valuable information can be obtained. These studies can reveal sig-
nificant details about the manufacturing process of the artwork, interve-
tions, restaurations, levels of degradation, or even uncover hidden features
within the object. This motivation drove the research presented in my mas-
ter’s thesis, an investigation done on the icon titled Our Lady of Kazan
using THz spectroscopy [65]. In that study, we identified a pigment and
analyzed the layer distribution of the artwork by processing THz signals.

Considering new perspectives on stratigraphic and spectral analyses,
we decided to analyze two datasets; a painting by Pablo Picasso and the
Russian Icon presented in [65]. Additionally, we applied the algorithm for
stimating the cutoff frequency introduced in the previous chapter to accu-
rately identify vermillion in the Russian Icon. Futhermore, we present a
super-resolution stratrigraphy method to analyze layer distributions in a

non-destructive and non-invasive way. We will take the oportunity to ana-
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lyze the existing data from the icon again, as it is a particularly interesting
object in terms of the materials used in its construction, its stratigraphic
distribution, and the deformation of its wooden support. With these con-
siderations, this chapter focuses on the processing of frequency and time-

domain signals from the THz images of the aforementioned artworks.

4.1. Analyzing an icon: Time-of-flight and Peak-

to-Peak image

As explained in Chapter 2, since THz-TDS allows the emission and
recording of a single-cycle THz pulse, the technique is a powerful tool for
studying stratigraphy and topography, analysis done in the time-domain.
In addition, the information obtained from analyzing THz signal in the
time-domain can be relevant for assessing the conservation and deterio-
ration states of the artwork. To provide the reader with an appropiate
perspective on the usefulness and practicality of analyzing an artistic ob-
ject by THz-TDI, we will first present two simple imaging techniques: the
time-of-flight and the peak-to-peak imaging. These techniques will be ap-
plied to the surface analysis of the icon.

An icon is a religious artefact usually found in the Orthodox Church,
portraying relevant biblical characters. Because of its religious importance,
gold or even silver is often included as part of the materials used in icons
[66]. Additionally, icons are built on a wooden tablet, followed by a prepa-
ration layer, layers of paint and varnish [67], making this type of artifact
highly interesting for analysis by THz-TDI.

In our case, we will analyze a Russian Orthodox icon, a reproduction
of Our Lady of Kazan by an unknown artist, shown in Fig. The entire
artwork was scanned as a part of Emanuele d’Angelo’s master’s project in
2017 [68], under the supervision of Dr. Peter Uhd Jepsen and Dr. Falko

Kuesker. In summary, the icon was painted on a 21.5 x 27 cm wooden
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Figure 4.1: Photography of Our Lady of Kazan by an unknown artist. Profiles:
a) upper, b) front and c) bottom.

tablet, portraiting a bust of the Virgin Mary wearing a golden robe with
blue details and carrying the infant Jesus. In addition, from the study done
in [68], it is known that gold leaf was applied to cover the background of
the wooden tablet. Also, gold painting was applied as details on clothing
of both characters. Mercury sulfide (HgS, also known as vermilion) is also
present in the artwork. Moreover, from a visual inspection, as Fig. a)

and c) show, the wooden tablet exhibits a concave deformation.

We will start by analyzing the time-of-flight (ToF), which is useful for a
detailed examination of the spatial distribution of an interface by analyzing
the pixel-by-pixel time delay of a specific echo from the THz image. For

example, if we calculate the time delay of the first interface, the ToF will
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correspond to the surface of the sample, as shown in Fig. As expected,
the ToF of the icon revealed the concave deformation in the wooden tablet,
as shown in Fig. a) and c), corresponding to the upper and bottom
profiles of the icon. From ToF data, we calcuted that the icon exhibits a
maximum deformation of approximately 3.3 mm between the bottom left
corner and the center of the artwork. We also observed some small reliefs
on the surface of the faces and necks of the Virgin and the child, in addition
to the details on the clothing.
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Figure 4.2: ToF image of the icon in a) 3D and (b) 2D, showing the time delay
of the first reflection. The concave shape of the artwork is easy to notice in a),

while the relief details on the face, neck, and clothing are clearly visible in b)

On the other hand, the peak-to-peak image is obtained by calculating
the difference between the maximum and minimum amplitudes on a THz
trace. Tipycally, this difference corresponds to the the first reflection of
the measurement. This method provides an indirect but practical way to
measure the attenuation of the reflected THz beam at the surface. The
resulting image can help to identify metallic areas (highly reflective), zones

with some kind of degradation, or even previous interventions. Fig.
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shows the peak-to-peak image of the icon compared with the visible image.
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Figure 4.3: a) Peak-to-peak image of the first echo recorded compared with its

visible image, shown in b).

As we can see from Fig. a), it is easy to identify the strong reflection
from the gold leaf applied in the background, shown as white in the color
scale. Fig. a) also highlights the extraordinary artistic skill of the artist,
as the characters were painted with extreme precision in areas where the
gold leaf had to be removed. The peak-to-peak image confirms the use of
metallic paint on the clothing, as indicated by two areas labeled (1), where
the golden details now appeared as white.

Additionally, the peak-to-peak image reveals details about the state
of conservation, such as previous restoration work on the left side of the
Virgin’s head, indicated by (2), which appears as a large dark area against
the strong reflection of the background. A significant crack in the lower
part of the painting, labeled (3), as well as scratches and small areas where

the gold leaf has detached, labeled (4) and (5) respectively, appear as small
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dark spots throughout the icon. Moreover, a close visual inspection shows
clear evidence that the red frame, halos, and inscriptions were painted over
the gilding, as these areas exhibit a very low contrast in Fig. a). This is

particularly noticeable in (6), where the red inscriptions are barely visible.

4.2. Vermilion identification

From the investigation done in [68], a set of X-ray fluorescence mea-
surements revealed the presence of Mercury Sulfide (HgS), also known as
vermilion, as indicated in Fig. This pigment has been extensively used
across various cultures throughout history due to its suitable properties for
painting, including good adhesion, vibrant color, and low hardness, which

make it easy to grind [69).
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Figure 4.4: XRF spectrum measurement from the area of the child’s clothing,

indicating the presence of mercury.

Given the historical importance of vermilion, some researchers have
focused their investigations on understanding the degradation process of
this pigment, such as darkening, using optical techniques [70], [71]. These
studies provide new perspectives on understanding how pigments changes

the quality of a paiting over time. Considering the importance of analyzing
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pigments, in the last chapter we will introduce a serie of measurements to
explore the investigation of certain pigments by multiphoton absorption
and emission of light, also known as multi photon excited fluorescence.
Vermilion is also an interesting pigment for THz investigation, as it exhibits
absorption at THz frequencies, specifically at 1.14 THz. This absorption
process is caused by the translational motions of Hg and S atoms [72].

As part of the work done in [65], we developed an algorithm for de-
tecting vermilion in the THz image of the icon by identifying its charac-
teristic absorption peak and locating pixels where the vermilion was ap-
plied. However, the algorithm also detected the pigment in pixels where
the background noise extended to 1.14 THz, leading to misidentification
of vermilion. In other words, the algorithm also detected random noise
oscilations instead of the absortion peak from the pigment.

To address this problem, we applied the algorithm for determining us-
able bandwidth presented in the previous chapter. This analysis will allow
us to discard pixels where noise extends below 1.14 THz. By ensuring that
only spectra with a good SNR in the frequency range where the absorption

band of vermilion is present,are analyzed, we achieve more accurate results.

4.2.1. Mercury Sulfide (HgS) Distribution Mapping

The complete scanned THz image of the icon was analyzed to identify
waveforms where vermilion is present, including the calculation of w,.

Since the icon does not have a completely flat surface, we decided to use
ws to 12% in the smoothing. This adjustment allowed us to discard pixels
corresponding to areas of the icon that are out of the focal plane of the
system. Additionally, we decided to only analyze spectra with w, > 1.45
THz to ensure that the frequency range of our interest is free from noise.

To show the potential of the proposed method, Fig. shows the re-
sults of vermilion identification before and after applying the w, calculation

algorithm. Red pixels indicate points where the characteristic peak of the
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Figure 4.5: Vermilion map a) before and b) after applying the algoritm for w,

calculation

pigment was detected. The algorithm for vermilion detection, as described
in [65], was applied to the complete THz image dataset of the icon between
1.01 THz and 1.27 THz.

As seen in Fig. a), which shows the result without considering the
calculation of w,, vermilion was detected in pixels corresponding to the
outer frames of the icon and the face of the Virgin, despite no evidence
of the vermilion spectrum in these areas. This misidentification is due to

noise in the THz spectra.

In contrast, in Fig. b), where the w, calculation algorithm was ap-
plied, we can clearly observe clustered areas with red pixels. Moreover,
the algorithm has effectively reduced the presence of vermilion in pixels
corresponding to the frames and the face of the Virgin, removing 84% of
erroneously detected vermilion-positive pixels from the w, calculation. This

demonstrates the effectiveness of the w, calculation algorithm in reducing
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false positives and improving the accuracy of vermilion detection in THz

imaging.

Although Fig. b) clearly identifies areas where the vermilion absorp-
tion peak was detected, it is important to consider the discarded pixels as
waveforms where the vermilion absorption peak is likely present, but the
noise did not allow an objective detection of the characteristic peak. This
approach was considered because, despite Fig. b) shows no vermilion-
positive pixels in the clothing of the child, this pigment was detected in
that area by the XRF analysis, as shown in Fig. Considering this ap-
proach, Fig. a) shows a vermilion detection map where the red pixels
indicate areas with clear detection of the vermilion absorption peak, and
blue pixels represent areas where the presence of vermilion is probable but

inconclusive due to noise.

As seen in Fig. a total of six zones with clustered red pixels were
detected. These zones correspond to areas painted with a reddish pigment
in the icon, as shown in Fig. b). Furthermore, a direct observation

confirmed the absorption peak of vermilion, as shown by the spectra in

Figs. c)-d).

Based on the results from this analysis using THz-TDI, it is notable that
vermilion was identified only in specific areas, particularly in parts of the
halos and frames of the icon, as shown in Fig. a). From this analysis,
it can be inferred that these areas correspond to retouches made during
some stage of restoration or intervention on the artwork. Futhermore,
given that there are no visible differences between the mercury sulfide-
based pigment and the reddish pigment used in the rest of the icon, this
analysis is particularly signficant since THz-TDI allowed us to differentiate

between the two red pigments used in the work.
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Figure 4.6: a) Vermilion detected in the icon; we identified six areas where the
vermilion spectrum was detected. b) Visual photographs of the 6 zones in a),
painted with a reddish pigment. c-e) Spectra of waveforms corresponding to the
six zones enumerated in a), with the absorption band at 1.14 THz, indicated by

the dashed vertical line.

4.3. Stratigraphic analysis

As mentioned in Chapter 2, a significant advantage of THz-TDI in
conservation science is its ability of analyze stratigraphy non-invasively. In
principle, this type of analysis could be performed without the need for
post-processing of the recorded signals; however, an important aspect to
consider when studying the stratigraphy using raw data is the potential for
inaccuracies.

Suppose we analyze a paint layer with a refractive index n = 1.5 in
the THz range. If the THz pulse used has a Full Width at Half Maximum
(FWHM) of 0.45 ps with a Gaussian profile, the minimum paint layer thick-
ness required to distinguish between the two reflections at each interface

is approximately 45 pm. If the layer is thinner, it becomes challenging to
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correctly identify the two reflected echoes. In other words, if the layers are
optically thick compared to the wavelengths within the THz spectrum, it is
possible to perform a proper stratigraphic analysis without post-processing.

However, in practice, echoes often overlap partially or completely.

In this scenario, it is highly recommended to apply processing to tem-
porally separate the overlapping pulses. As introduced in Charper 2, the
reflected THz signal from a multilayered sample is the convolution of the
incoming THz pulse with the impulse response function, ideally consisting
of a series of ideal impulses corresponding to each interface of the sample.
The most common technique to retrieve the impulse response funtion for
performing accurate stratigraphic analysis is deconvolution. Basically, con-
ventional deconvolution involves applying the inverse Fourier transform of
the transfer function, which is the ratio of the reflected THz spectra to the
reference THz spectra. Additionally, spectral filtering can be applied to en-
hance the results [73].Another increasingly used technique in recent years
for studying stratigraphy in THz-TDI is sparse deconvolution, categorized

as a high-resolution technique.

4.3.1. Sparse Deconvolution

As with conventional deconvolution, sparse deconvolution aims to re-
cover the impulse response function from a THz reflected signal of a multi-
layered sample. However, sparse deconvolution is characterized by explot-
ing the sparsity of a signal, i.e., that has few non-zero elements. Unlike con-
ventional deconvolution, sparse deconvolution operates in the time-domain.

Mathematically, sparse deconvolution is expressed as follows.

The THz reflected signal in the time domain y(t), can be expressed as
a convolution of the incident THz pulse h(t) with the impulse response

function f(t), which corresponds to the structute of the sample [74]
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y(t) = ht) ® f(t) = / W) f(t — 7)dr. (4.)
In discrete form, which is our case, we can express Eq. as

M-1
Yn = Z hon fn—m + €n, (4'2)
m=0

where e, is noise originated from the system, m and n are the data
points indices and M is the length of the data points. Now, we can express
Eq. 2] as the matrix product

y = Hf +e. (4.3)

Here, H contains delay versions of h. The basic idea of sparse decon-
volution is to retrieve f by approximating the reference signal y to Hf,
considering that f has few nonzero elements. This problem can be solved
by considering Eq. as a optimization problem, which, in our case,
consist of minimizing a function by choosing values within an allowed set,

given by

1
min > || HE—y 37 £, (44)

where || z ||, is the [, —norm of z expressed as || x [[,= {/>_,_ [zp[" and A
is the regularization parameter with A > 0. To solve Eq. (4.4), an iterative

shrinkage algorithm was proposed given by

fi+1 = S,\.,- (fz - THT (Hfz - y)) (45)

where 7 is the iterative step size, following

2
< —
| H'H ||,

In this case, the soft thresholding operator S, is defined as
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fln] + A7 fln] < =A7

Sxr(fln]) =q 0 [f[nl] < AT (4.7)
fln] = A7 fln] = At

1

IH"H||2
iterations ¢ have to be carefully chosen to correctly calculate f.

In practice, 7 is chosen as 7 = . However, X\ and the number of

To show the potential of sparse deconvolution in stratigraphy analy-
sis, we present the following numerical simulation. We use a Gaussian
monopulse with a FWHM of 1.5 ps as reference, with a temporal resolu-
tion of 0.1 ps. In this example, we analyze a system with 3 interfaces,
simulating 2 layers. The first layer has a fixed temporal thickness of 10
ps. For the second layer, we examine four different thickness: 1.5 ps, 1ps,
0.7ps and 0.5 ps. In this case, no noise was added to the signals. We used
A= 30 || h |2 as described in [75], with 2000 iterations. The results are
shown in Fig. [£.7]

As we can see in Fig. [4.7] the first interface is correctly recovered in the
four cases. The second and third interface are also recovered in a) and b).
In ¢), although the last two interfaces are recovered, their amplitude is not
correctly retrieved. In scenario d), where we illustrated an extreme scenario
where reflections are nearly completely overlapped, sparse deconvolution
identifies them as a single reflection.

Now, to explore the effect of noise in the processing, we now focus on
analyzing scenario b) from Fig. where the second layer has a temporal
thickness of 1 ps. We will add different levels of white Gaussian noise,
specifically, the signals will have a SNR of 10, 5, 1 and 0.5. The results are
shown in Fig.

As we can see from Fig. the first two echoes at 0 ps and 10 ps are
correctly recovered in all cases, regardless of the noise level. However, only
the signal with an SNR of 10 recovered the last echo at 11 ps. For the other
signals analyzed, additional echoes at 9 ps, 10.9 ps and 11.1 ps appeared.
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Figure 4.7: Sparsly deconvolved signal from a two-layer system. Orange plots
indicate reflected echoes and blue plots indicate the recovered impulse response
function. Vertical dashed lines indicate each interface positions. At indicates the

temporal thickness of the second layer.

This behavior is related to random oscilations of the amplitude and the soft
thresholding operation. As shown in Eq. , soft thresholding operates
with the amplitude, making it very susceptible to noise. In this scenarios,
is recommendable to adjust the value of A or even increase the number of

iterations.

4.3.2. Sparse deconvolution applied to the analysis in paint-

ings.

Now, we will present two cases of study, where sparse deconvolution
is applied to analyze the stratigraphy. The first case correspond to the
"Homme au chapeau” by Pablo Picasso [57], introduced as an example
in Chapter 2. The THz image, consisting of 360 x 360 pixels and 800

datapoints in time-domiain with a resolution of ~ 0.1 ps, was provided
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Figure 4.8: Sparsly deconvolved signals from a system of two layers with a SNR
of a) 10, b) 5, ¢) 1 and d) 0.5. Orange plots represent the reflected train echos
with noise and blue plots are the recovered impulse response function f. Vertical

dashed lines indicates the temporal position of each interface

directly by Dr. Kaory Fukunaga. Fig. a) shows a visible image of the
painting and the peak-to-peak image of the scanned area is shown in b).
Some sections of the painting have a smooth surface with a thin layer of
paint, in contrast to other areas, such as the background. As explained in
[57], the original canvas was glued in a new thick canvas, making this data
set an interesting case to study the stratigraphy.

To analyze the stratigraphy of the painting, we processed a b-scan along
the X-axis, corresponding to the pixels 210, as incidated by the dashed line
in Fig. b). The complete b-scan was processed with sparse deconvo-
lution, using 5000 iterations, with 7 = HHTIH||2 and A = 0.75. The raw
b-scan and the sparsly deconvolved signals are shown in Fig. a) and
b), respectively.

In Fig. positive and negative peaks are represented as red and

blue, respectively. In case of b), which corresponds to the sparse decon-
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Pixels

Figure 4.9: a) "Homme au chapeau” by Pablo Picasso, oil painting on canvas
[57]. The black square corresponds to the area scanned by the THz system. b)

Peak-to-peak image from the raw THz data.
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L
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Figure 4.10: B-scans from the Y-Pixels 210, a) raw and b) sparse deconvolved.
Positive peaks are shown in red and negative peaks are shown in blue.

volved b-scan, it is easier to analyze the stratigraphic distribution of the

painting, as the interfaces found in the inner structure are cearly indicated
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by positive or negative peaks. Additionally, it is possible to identify the
original canvas and the canvas on which it was glued, as the thickness
of the new canvas remains constant, as indicated by the green arrows in
Fig. b). Moreover, as previously mentioned, the original canvas, in-
dicated by the black arrows, exhibits variations on its thickness, which are
clearly observable before and after X-pixel 100. To compare these thick-
ness changes,Fig. shows the waveforms from the pixels 50 and 126, as
indicated by the dashed lines on the b-scan.
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Figure 4.11: Waveforms showing the change of thickness in the original canvas.

Signals corresponding to pixels a) 50 and b) 126 of the sparse deconvolved b-scan.

In Fig. [4.11] the layer corresponding to the original canvas are indicated
by black arrows, and the new canvas is indicated by red arrows. The change
in thickness of the original canvas is obvious, from 1.2 ps in a), to 9 ps in
b). If we assume a mean refractive index of 1.5, the thickness changes from
120 pm to 900 pum. As for the new canvas, the variation in thickness from
10.6 ps to 9.17 ps is probably due to an inhomogeneous application of the

preparation layers on the canvas itself. Additionally, we can observe at
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least three interfaces within the original canvas in b).

The second case of interest is the Russian icon. In this case, since the
icon exhibit a concave deformation, we decided to analyze only b-scans
along the Y axis, where the wooden tablet remains relatively constant. For
sparse deconvolution, we achieved satisfactory results with 5000 iterations,
using A = 0.0047 and 7 calculated similarly to the previous analysis. In Fig.
4.12| we present the deconvolved b-scans, corresponding to the X-pixels 236
and 320, which include the faces and clothing of the Virgin and the child,

respectively.
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Figure 4.12: Sparse deconvolved b-scans corresponding to the areas of the faces
of the Virgin and Child are shown in a) for X-pixel 236 and b) for X-pixel 320.

Vertical lines in the insets indicate the areas where b-scans were extracted.

As shown in Fig. [4.12|a) and b), the b-scans reveal a multilayer struc-
ture only in the areas indicated by the black arrows,whereas outside these
regions, the gilding reflects the THz radiation. Additionally, an extra in-

terface was identified in the areas corresponding to the face and neck of
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the characters, indicated by green arrows in the b-scans. Furthermore, Fig.
a) and b) shows the waveforms corresponding to the pixels Y = 251
and 264, respectively, where up to seven interfaces or six layers were identi-
fied. The interface labeled as “I2”, indicated by green arrows, corresponds
to the additional interface found in the b-scans. This finding is consistent
with our observations in the ToF image, Fig. b), where it is possible to
distinguish reliefs on the areas of the face and neck of the characters, areas

where interface 12 was identified.
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Figure 4.13: Processed waveforms corresponding to pixels a) 251 and b) 264
from the b-scans. Interface labeled ”12” and indicated by the green arrows, is

only present in areas corresponding to faces and necks.

We have to mention that the analysis done in this chapter, the calcula-
tion of the cutoff frequency w. and the analysis performed to the Russian

icon were published in [76] and [77], respectively.
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4.4. Limitations of THz-TDI

As we have shown in this chapter, THz-TDI offers a safe method for
analyzing artistic objects, such as the paintings previously presented, as
provides detailed insights into their internal structure and composition.
However, the use of lenses to focus the THz beam implies a significant
limitation that must be considered. Only signals reflected from the surface
at the focal length will show a enough SNR for effective processing and
analysis. Out the focal length, the SNR decreases, making complicate to
perform a proper data processing. For example, as shown in Fig. the
spectrum corresponding to the sample placed at the focal plane shows a
we =1.66 THz, decreasing to w. ~1.3 THz at —3 mm out of focal plane,
and to w, ~1THz at —12 mm.

Due to these restrictions, only objects with completely or relatively flat
surfaces, such as paintings, buildings, or even sculptures, can be scanned
with a traditional THz-TDS system. For objects with complex shapes, the
irregular surface does not allow a normal incidence measurement, mak-
ing rather complicated to analyze this kind of objects. In this scenario,
spot measurements instead of b-scan measurements can be made in areas
of interest to explore the inner structure. In addition, the incorporation
of certain mechanisms such as robotic arms can facilitate measurements at
normal incidence, improving the accuracy of the analysis. In the next chap-
ter, we will introduce an alternative technique that enables the scanning of

objects with complex shapes.
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Chapter 5

3D THz-TDS Synthetic
Aperture Radar Imaging

As demonstrated in the previous chapter, THz-TDI offers valuable in-
sights by analyzing the stratigraphy of artistic objects. However, a signifi-
cant limitation when analyzing cultural heritage artifacts is the shape of the
object. THz-TDS uses lenses to focus the THz radiation, but only the THz
radiation reflected from the surface at a distance equal to the focal length
will exhibit an appropriate cutoff frequency we, typically w. > 1 THz. At
lower frequencies, the SNR decreases, complicating the interpretation and
processing of the signal. This scenario becomes more complicated when we
deal with samples with irregular shape, as the reflected THz beam will not
reflect at normal incidence, making the task of generating a THz image
more complex.

A recently introduced imaging technique using THz radiation offers
the ability to generate 3D images in a lensless configuration, allowing for
the analysis of objects with irregular surfaces and complex shapes. In this
chapter we will present 3-Dimensional THz -TDS Synthetic Aperture Radar

Imaging as an alternative imaging technique for heritage science, focusing
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on its application in stratigraphic analysis of cultural heritage objects.
This work was conducted during a research stay at the Faculty of En-

gineering, in the THz Systems Group at the University of Duisburg-Essen,

Germany. The laboratory equipment and code used in this analysis were

provided by the group led by Prof. Dr. Jan C. Balzer.

5.1. THz -TDS Synthetic Aperture Radar Imag-

ing

Synthetic Aperture Radar (SAR) is a radar-based technique introduced
by Carl Wiley in 1951 [78], which has been applied in various fields, includ-
ing astronomy [79, 80], weather forecasting [81], [82], and defense applica-
tions [83][84]. SAR allows for the reconstructions of high-resolution images
by moving the emitter/receiver antenna along a defined path, emitting mi-
crowave radiation towards a target, and recording the reflected echoes. The
idea behind SAR is to coherently assemble these recorded echoes into a sin-
gle image with higher resolution compared to conventional radar imaging
[85].

THz-TDS SAR imaging follows the same principles as conventional
SAR imaging but has the potential to achieve higher resolution images
compared to those obtained with microwave radiation. In recent years, the
THz community has shown increased interest in applying SAR imaging
within the THz range [806, [87, [88]. In this section, we explore the concept
of circular synthetic aperture, which has been introduced and detailed in
[89, 90, 9] for THz-TDS SAR imaging.

In a circular synthetic aperture, as shown in Fig. E and D represent
the positions of the THz emitter and detector antennas, respectively. Both
antennas are oriented towards the center of the circle, where the sample
is positioned for scanning. In this analysis, the term P; is used to denote

the position of the i-th point target. The emitter and detector are moved
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along the circle with a fixed step size A6, and a total of n measurements

are recorded.

Figure 5.1: Synthetic circular aperture configuration

Since the distance between the emitter and detector remains constant
for each measurement, 6,, denotes the position of E,, and D,, for the n-th

measurement. The recorded signal sq (0,,,1) is then expressed as

$a (On,t) = > 7 (Pi,0n) - s (t—tin), (5.1)

i
where s¢(t) is the emitted THz pulse, r (P;, 6,,) is the reflection coefficient
at P;, and ¢;, is the time-of-flight of the THz pulse traveling from E to P;
and back to D. Assuming the THz beam travels at the speed of light ¢,

t;n for the n-th measurement is defined as

_ [Pi—E.[+|P;—D,|
Co .

(5.2)

ti,n

This data acquisition allows us to record reflections from the sample at
different antenna positions given by n. The set of recorded signals sq (0, t)

is called radargram. A radargram is a 2D representation of THz reflections
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from the sample in the time-domain as a function of the antennas positions.
An example of an experimental radargram is shown in Fig. where the
X-axis represents time, the Y-axis indicates the #,, measurement over the
azimuth angle, and the pixel amplitude corresponds to the amplitude of

the THz trace recorded at each measurement.

0

0 50 0 150

10
Time [ps]

Figure 5.2: Experimental radargram. Multiple reflections can be observed as
black and white lines along the azimuthal angle 6

Given that the positions of the antennas in each measurement are
known and the time-delay of each echo is recorded in the radargram, image
reconstruction becomes possible. The resulting image I(x,y) is recovered
by

I(@,y) = sa(On,t —tryn) (5.3)

n
where ¢ — ¢, , , represents the time-of-flight from the emitter and detector
positions to each pixel in I(z,y) for the n-th measurement. The term

54 (On,t —tgyyn) is referred to as a subimage. A subimage is essentially a

two-dimensional spatial representation of a single trace contained in the
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radargram, where the amplitude of the THz trace is assigned to each pixel
of the subimage based on the distance traveled by the THz beam. To
obtain I(z,y), all subimages are summed.

Since this reconstruction is completely done in the time-domain, it is
called back-projection. In practice, it is often more convenient to fix the
emitter and detector and rotate the sample using a platform. In this case,
the technique is called inverse circular synthetic aperture.

In a circular synthetic aperture, the resolution will be the same in the
x and y directions. When a sample is scanned 360° over the azimuth angle
0, the resolutions is given by [90]

by =0, = (5.4)

2B’
where B is the frequency bandwidth of the system. As indicated by Eq.
, the resolution of the image is directly related to the bandwidth; a
wider bandwidth results in higher resolution. For commercial systems with
a typical bandwidth of B = 2 THz, the resolution is 6, = J, = 75um. In
contrast, THz images obtained via raster scanning depend on the step size
of the transceiver head on the XY platform, usually resulting in a resolution
of 500um. Compared with conventional THz-TDI, this technique offers an
enhencement in resolution.

Taking the same reasoning of the circular synthetic aperture, we can
extend the approch to a spherical synthetic aperture, where now a recon-
struction over the Z-axis is introduced. In this setup, the sample is scanned
not only around the azimuth angle # but also over the elevation angle ¢.
The resulting radargram, similar in structure to that of the circular syn-
thetic aperture, will stack for each ¢ a set of measurements over 6, as shown
in Fig. In this radargram, n represents both 6 and ¢, providing the
positions of the antennas during each measurement.

We can now express the recorded signal as sq (6, ¢n, t), where 0,, and ¢,

denote the positions of the emissor and detector at the n-th measurement.
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Figure 5.3: Radargram structure for a inverse spherical synthetic aperture

The volume reconstruction of the sample is then given by [91]

I(z,y,2) = Z 8d (Ons Pyt — tx,y,z,n) . (5.5)

Due to the symmetry of the spherical configuration, the resolution of
the 3D image is consistent with the resolution of the circular synthetic
aperture, as described in Eq. This applies to , and ¢,, and it extends

to 9, as well.

5.2. Experimental Results

Having theoretically introduced THz-TDS SAR circular and spherical
synthetic apertures, we will now discuss the experimental considerations
and present the results of analyzing objects of interest. To optimize the
3D image reconstruction, we implemented GPU parallel computing using
CUDA with MatLab in the back-projection algorithm.
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5.2.1. Data recording

The terahertz system used in this part of the work was a TeraK15
time-domain spectrometer from Menlo Systems. This system consist of a
fiber-coupled PCA as, both, emitter and detector, and is pumped with a
femtosecond laser pulse at a wavelength of 1560 nm. This system has a
speed of aproximately 22 traces per second when the temporal window is
100 ps. For recording the THz radiation over the azimuth 6 and elevation
¢ angles, a 3D printed device was used [91]. This device, shown in Fig. [5.4

a), uses two stepper motors to rotate the sample.

Center
of rotation

b)

Sample

Reference

point

ik
OAP D

mirror

Figure 5.4: a) 3D printed device used for rotate the sample in the inverse spher-
ical synthetic aperture [91]. b) Schematic diagram of the PCAs configuration for
recording the radargram of a sample.

Both PCAs, the emitter E and the detector D, were fixed as shown
in Fig. b). The angle between the propagation axis of the THz beam
A0 was 24.3° with [ = 16.25 cm. The THz beam was collimated using an
off-axis parabolic (OAP) mirror. A metal post was placed at the center
of rotation to record a reference trace. For this purpose, the emitter and

detector were aligned to point a reference point on the surface of the metal
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post, as shown in the illustration. By comparing the time delay between the
reference measurement and the sample measurements, the exact positions

of the echoes generated by the sample surface can be determined.

5.2.2. Back-projection

To reconstruct the image from the signals stored in the radargram, we
-used a back -proyection algorithm. This algoritm sums subimages, with
each subimage generated from individual traces recorded in the radargram.

The reconstruction process is described by the following equation

I(z,y) = Z 5d (On,t —toy.zm) - (5.6)

This approach applies to the circular synthetic aperture configuration.
Essentially, to construct a subimage, each pixel is assigned the amplitude
of a waveform based on the distance d that the THz beam travels from
the emitter to the pixel and then to the detector. Given that we used a
collimated THz beam, we can approximate the beam as a plane wavefront

traveling towards the pixel P, as shown in Fig. |5.5
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Figure 5.5: Geometry analysis for calculation of subimages. This calculation
depends on the positions of the THz emitter, detector and the time-of-flight of
each trace.

Therefore, the distance d is given by

+|D -7 (5.7)

= |[e& - (7= B)] | + 1D -7,

where

d};‘ and

JD) are the distances traveled by the THz beam from the
emitter to the pixel P and from P to the detector respectively. Here, E,

D and 7 represent the vector positions of the emitter, detector, and pixel
P respectively, while € is a unit pointing vector indicating the orientation
of the emitter.

After calculating d for each pixel, we assign to each pixel the amplitude
of the THz trace corresponding to that distance d. An example of a THz

subimage generated using this method is shown in Fig. |5.6
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Figure 5.6: Subimages generated using their corresponding traces from the
radargram for n=1, 101, 201 and 301, corresponding to 8 =0°, 90°, 180° and
270°

In total, the number of subimages will equal the number of measure-
ments stored in the radargram. By summing all these subimages, we will
recover the reflections of the interfaces from the scanned sample. The
waveforms contained in each subimage will interfere both constructively
and destructively, resulting in the reconstructed image. Fig. shows a
reconstruction of a 20-sided metal die, obtained at an elevation angle of
¢ = 0° and an azimuth angle of 6 = 360°, resulting in a b-scan in the XY

plane.

As shown, at an elevation angle of » = 0°, only 6 sides of the die are
visible in the reconstruction. To achieve a full 3D reconstruction, additional

measurements with varying ¢ are required.
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Figure 5.7: B-scan of a 20-sided die in the XY plane obtained by THz-TDS SAR
imaging. Only 6 sides are recovered in this b-scan.

5.2.3. Inverse spherical synthetic aperture

Using 3D THz-TDS SAR imaging with an inverse spherical synthetic
aperture, we aimed to explore two scenarios; stratigraphy analysis and
scanning of an object with an irregular and complex shape. For the first
scenario, we decided to follow the same geometry of the synthetic aperture
and to 3D print a sphere using PLA filament. The sphere, with a diameter
of 35 mm, was initially painted with a primer to ensure proper adhesion
of acrylic paint. In total, we painted three areas of interest (Aol) with
commercial acrylic paint, leaving a small reference area unpainted. The
first Aol was a rectangular layer of silver metallic acrylic paint, typically
made with aluminum particles. The second Aol was an arrow painted with
green acrylic paint. The final Aol consisted of a red triangle painted over
a green square, which was then covered with a yellow circle. Finally, the

sphere was entirely painted with blue paint, while preserving the reference
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area, as shown in Fig. a) and b).

For the radargram recording, the azimuth angle 6 varied from 0° to
360° in steps of A6 = 0.9°, while the elevation angle ¢ varied from —72° to
40.5° with a step size A¢ = 0.9°. This resulted in a total of 50,400 traces.
Each measurement had a temporal window of 140 ps with a resolution of
0.033 ps, and each trace in the radargram was averaged over 15 waveforms.
Although the direct recording time for the 50,400 traces is approximately
13 hours, when accounting the azimuthal and elevation movements of the
platform, along with the file recording time, the total acquisition time

increases to over 24 hours.

a)

Figure 5.8: 3D printed sample scanning. a) Sample with multiple paint layers.
b) Reference area. c) Scanning platform following a inverse spherical synthetic

aperture geometry.

To enhance the quality of the reconstructed image, we applied a band-
pass filter using Tukey windowing to each recorded trace, filtering fre-
quencies from 0.5 THz to 2.5 THz. This filtering process removes low-
frequency components in the time-domain data as well as high-frequency
noise. Fig.[5.9shows the radargram before and after filtering. After filtering
the radargram, we applied the back-projection algorithm to reconstruct the

object in 3D. The processing was performed on a laptop equipped with 32
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Figure 5.9: Radargram corresponding to ¢ = 0°, a) before and c) after the spec-
tral filtering. To better show the effect of the filtering, waveforms corresponding
to @ = 0° are shown in b) and d)

GB of RAM, an Intel Core i5-11400H processor, and an NVIDIA GeForce
RTX 3050 Ti graphics card. The total processing time was approximately
6 hours. The result, shown in Fig. |5.10] clearly reveals the spherical shape

of the sample.

Although the shape of the object was correctly recovered, the amplitude
of the echoes reflected from the surface was affected, likely due to errors in
the elevation angle ¢ introduced by the stepper motor during the recording
stage. This resulted in horizontal fringes with different intensities, as shown
in Fig. c) and d). By performing an intensity analysis on the data,
we were able to identify all the Aol on the sample. The reference area and
Aol 1 were the first to be identified, as shown in Fig. [5.11] a).

The reference area is easy to identify, specifically by the sharp edges that
appear as fine black lines in the SAR image. Additionally, the Aol 1, where

metallic paint was applied, is clearly visible due to its higher amplitude
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Figure 5.10: a) 3D THz image corresponding to our first sample. b) XY plane
view. ¢) XZ plane view. d) YZ plane view.

C) Ref

Figure 5.11: a) 3D SAR image of the sample corresponding to the reference
area and Aol 1. b) Aol 1 indicated by the arrow where silver metallic paint was

applied. c) Reference area where only primer was applied.

compared to other areas.

Aol 2>

L €
Figure 5.12: a) Aol 2 observed in the SAR image indicated by the red rectangle.

b) Green arrow painted on the sample corresponding to the Aol 2.
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The Aol 2 is also visible, as shown in Fig. However, the tip of the
arrow was not recovered because the north pole of the sphere was not fully
scanned. In the case of Aol 3, although a clear attenuation in amplitude
is observed in this area, as shown in Fig. [5.13] no distinctions were found

between the individual figures painted on it.

b)

x
Al 37—
RV

L4

Figure 5.13: a) Area corresponding to the Aol 3. b) Sequence of shapes painted
on the sphere corresponding to the Aol 3: first, a green rectangle was painted;
next, a red triangle was added; finally, a yellow circle was applied to cover the

previous shapes.

In the stratigraphyc analysis, while Aol 1 and 2 were clearly observed
and Aol 3 was partially recognized, only two interfaces were identified in
the entire SAR image, labeled as I1 and I2 in Fig.

This behavior could be due to different factors, including the overlaping
of echoes reflected from the paint layers and the high level of noise in each
trace in the radargram. It is likely that the two layers observed in the b-scan
correspond to the air/paint and paint/PLA interfaces. Moreover, since the
sphere was 3D printed, there are air gaps in the inner structure, which were
also observed in the b-scans, indicated by black arrows in Fig.[5.14] In the
3D SAR image, these two layers were also identified, as shown in Fig. [5.15
where I1 and 12 are displayed as shells in the surface of the sphere.

The second sample analyzed is a small metallic toy, as shown in Fig.|5.16

Initially, the sample was completely painted. We decided to remove the
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Figure 5.14: B-scans with the stratigraphic distribution of the sphere. Only
interfaces I1 and 12 from the paint layers were idenfitied. Additionally, the inner
structure of the 3D printed sample is also identified, labeled as P in the b-scans.
a) XY plane view. b) XZ plane view. ¢) YZ plane view.

Figure 5.15: Interfaces I1 and 12 idenfitied in different cuts in the 3D SAR image

data set.

paint from half of the object with the intention of comparing the areas
where the paint layer remains with those where it has been removed. The
sample was placed in the scanning station with its head positioned at the
center of rotation.

Following the same data processing as with the previous sample, the
complete radragram was filtered using a Tukey window from 0.5 THz to 2.5

THz. In the registration of the radargram, the azimuth angle 6 varied from
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Figure 5.16: Sample two; small metallic toy with complex shape. a) Front view.

b) Top view.

0° to 360° with a step size of Af = 0.9°, and the elevation angle ¢ varied
from —72° to 84.5° with A¢ = 0.9°. The radargram contained a total of
69,600 traces, each with a temporal window of 190 ps and a resolution of
0.033 ps. The total recording time for the radargram was approximately 48
hours. Using the same computer specifications as in the first sample, the
processing time was around 9 hours. After applying the back-projection
algorithm, the 3D SAR image of the second sample is shown in Fig.

Figure 5.17: 3D SAR image corresponding to the second sample. a) XZ plane

view. b) ZY plane view. ¢) YX plane view.

As shown in Fig. the shape of the head is accurately retrieved,
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including sharp edges like the nose. Other features, such as the ears, are
also well recovered, even though these parts have a concave/concave shape.
Additionally, part of the right arm and the body are visible in the 3D im-
age. However, since the sample was positioned with the head aligned with
the center of rotation on the scanning platform, this section was the only

part properly recovered.

One important aspect to consider with this technique is that 3D THz-
TDS SAR imaging relies on the constructuve and destrutive interference
of each trace contained in a subimage. This implies that the stronger re-
flections will be preserved in the final result, while weaker reflections are
more likely to be attenuated. In objects like this example, with small cor-
ners, sharp edges, and concave/convex areas, the THz detector will record
multiple reflections not only from the surface facing the detector but also
from other parts of the sample. As a result, when the back-projection
algorithm is applied, false echoes may be reconstructed due to those ad-
ditional reflections recorded in the radargram. Due to this consideration,

the stratigraphic analysis in this sample was inconclusive.

Although the shape of the sample is correctly reconstructed, more than
two interfaces appear in the SAR image. Fig. [5.18 shows a B-scan in the
XZ plane, which includes the areas where the paint was removed and where
it remains. However, multiple reflections are identified, even in the region
where the paint layer was removed. This is a significant observation since
the sample has a metallic core, and we expected to detect only one echo in

this side of the sample.

In this analysis, we found no distinction between the left and right sides
of the sample. We only identified the surface interface as the strongest re-
flection in the SAR image. Since echoes were also detected within the inner

part of the metallic core, we suppose that this misconception is originated
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Figure 5.18: B-scan in the XZ plane corresponding to the head of the sample.

Multiples reflections are identified, even in the side where the paint was removed

from multiple reflections recorded at different points in the radargram, as
described above.

Throughout the whole 3D SAR image, false echoes were consistently
identified within the inner part of the sample. In Fig. [5.19| we present three
b-scans from different plane cuts. Fig. [5.19a) shows a b-scan corresponding
to the head of the sample in the ZY plane, where it is easy to note the shape
of the head and nose. Similarly, in Fig. b) and c), which correspond to

b-scans in the YX plane at different heights, we observed the same features.

5.3. Future work

As demonstrated in this chapter, 3D THz-TDS SAR imaging offers
a viable alternative for generating three-dimensional images using THz
radiation, with the notable advantage of being able to analyze objects with
complex surfaces. From this initial exploration, which focused on proof of

principle of measurements, we can draw some general observations that may
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Figure 5.19: B-scans corresponding to the head of the sample showing multiple
reflections located in the metal core. a) YZ plane view. b) - ¢) YX plane view at

Z= 7.25 mm and 5.13 mm respectively.

guide the examination of artistic and historical objects in future research.

In general, reflected echoes from optically thin interfaces often overlap,
as observed with our first sample. This problem has been addressed in the
past through deconvolution techniques [92), 93], [73]. In this context, imple-
menting deconvolution algorithms could be used as an alternative to the
bandpass filtering presented in this chapter for processing and reconstruct-
ing 3D images. Two potential methods are deconvolution with spectral
filtering and sparse deconvolution, as discussed in the previous chapter.

It is also possible to explore edge detection algorithms within the radar-
gram to selectively identify the stronger echoes. This process could help

remove multiple reflections that are recovered in the final result, which
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can introduce misconceptions in the stratigraphic analysis, as seen in our
second sample.

One important factor to consider is the noise present in the waveforms.
Since 3D THz-TDS SAR imaging is a lensless system, the SNR decreases,
leading to increased noise across the whole radargram. To address this, we
can apply denoising techniques, such as wavelet denoising, which has been
successfully used in THz signal processing [94, 95]. This approach would
allow a clearer visualization of the echoes reflected from the interfaces of
the object of interest

Finally, the rotation and scanning station can also be improved. Al-
though it works properly for the radargram recording, upgrading to a more
stable platform would minimize significant variations when varying the az-

imuthal and elevation angles.
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Chapter 6

Multiphoton and second
harmonic studies of

pigments

Following our exploration of THz radiation for the evaluation of cultural
heritage artifacts, this chapter will briefly discuss our investigation into
multiphoton excited fluorescence (MPEF) and second harmonic generation
(SHQG), specifically aimed at characterizing pigments used in artworks. It
is important to mention that this research, done at an early stage in my
PhD, is only briefly covered due to a shift in topical focus that occurred
over the course of the project. As a result, we will focus on presenting only

the most relevant findings.

6.1. Multiphoton Excitation Fluorescence

Fluorescence spectroscopy is one of the most important and widely used
techniques for characterizing pigments in art [96] 14), 97, [98] [99]. This phe-

nomenon, which is based on the energy transfer between light and matter,

73



allows the identification of specific pigments by analyzing their emission
spectra. The mechanism of fluorescence, illustrated in Fig. a), in-
volves the absorption of a photon with energy E = hv, where h is Planck’s
constant and v is the frequency of the light. When a molecule absorbs a
photon, it is excited from its ground state to a singlet excited state. Fol-
lowing excitation, the molecule undergoes relaxation through non-radiative
transitions before eventually returning to the ground state, releasing energy
in the form of light. The emitted light, called fluorescence, has a longer

wavelength than the light used to excite the molecule.

Singlet excited state Singlet excited state
Non-radiative Non-radiative
8,) relaxation b) relaxation
S) =g = S o e e
- 1T V3
. hv. v\ /Y
Absorption 2 £
ph ) whl LK
Vi hvy Multiphoton _| '3 hvy
VW A% 4 Absorption A& VYV A
Fluorescence hv, _1_ | Fluorescence
Emission AAS| by X Emission
VAVA 4
S()::_: S(] “E=D==
Ground state Ground state

Figure 6.1: Jablonski diagrams of a) conventional fluorescence and b) multi-
photon excited fluorescence (green: 2-photon excited fluorescence; red: 3-photon

excited fluorescence).

In 1990, Winfried Denk et al. introduced a novel microscopy fluores-
cence technique based on a nonlinear process, where instead of using a
single photon to excite a sample, two photons were used. This technique,
known as two-photon fluorescence microscopy (2PFM) [100], differs from
conventional fluorescence as it involves multiphoton absorption (MPA). In
multiphoton excited fluorescence (MPEF), N photons with longer wave-
lengths are simultaneously absorbed to reach the same energy level as that
of a single photon, as illustrated in Fig. b).

Theoretically, this nonlinear process, in which N photons are simultane-
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ously absorbed, is described by the high-order electric susceptibility y2V~!

(V) , which determines

of the material, and by the N-photon cross-section o
the transition rate per atom RW) [I0I]. The multiphoton transition rate
is given by

RW) = (NN (6.1)

where I represents the intensity of the laser field. As shown in Eq.
MPA depends on the laser intensity; therefore, lasers with high peak power
are required to induce this nonlinear phenomenon.

Experimentally, MPEF offers some advantages over conventional fluo-
rescence. In multiphoton excitation microscopy, the laser source is focused
to achieve MPA within the sample. In this setup, the laser beam is focused
in a small region of the focal plane, where the intensity is high enough
to induce multiphoton excitation. Outside this focal region, the photon
flux is too low to generate any residual fluorescence signal, as shown in
Fig.[6.2] This characteristic of the MPE process enables optical sectioning
and improves spatial resolution. Moreover, the significant separation be-
tween excitation and emission wavelengths results in a high signal-to-noise
ratio.

In Heritage Sciences, MPE has been applied in various investigations, as
it allows both structural and compositional studies. The technique allows
for the analysis of multilayered samples since MPE microscopy enables
depth scans with high axial resolution [102} T03]. With this in mind, MPEF
has been successfully applied to materials such as stained glass [103], wood
[104], and pigments, including barium chromate, ochre yellow, titanium
white [105], red lead, cadmium yellow, and Egyptian blue [102], among
others. MPEF has also been proposed for use in archaeological research
[106].

Since MPEF uses long wavelengths, it is considered a non-invasive tech-
nique. However, the requirement for high-power sources to induce MPE

presents a significant challenge, as it can lead to photochemical damage to
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fluorescence
emission

Figure 6.2: Schematic comparison between a) one-photon fluorescence and b)
multiphoton fluorescence. Unlike linear fluorescence, in multiphoton fluorescence,
the sample is excited in a small region where the laser beam is focused.

the samples [I07]. This limitation is one of the most critical challenges in
applying this multiphoton phenomenon to Heritage Sciences, but it also

represents an opportunity to further explore and refine the technique.

6.1.1. MPEF investigation

To explore MPEF in our facilities, we focused on three commercially
available Kremer pigments: cadmium sulfide (CdS), also known as cad-
mium yellow; zinc sulfide (ZnSO4); and titanium dioxide (TiO2), also
known as titanium white. The pigments were prepared as tempera paint,
using a binder made with 700 ul of egg yolk, 300 ul of distilled water, and
200 pl of linseed oil. The amount of pigment for each sample was chosen
to give the paint a proper consistency. The tempera paint was applied to
microscope slides, and an additional sample of binder was also prepared.
The four samples are shown in Fig. [6.3

To generate MPA, we used a Zeiss LSM-710-NLO confocal microscope.

The laser source was a Chameleon Vision II titanium-sapphire tunable
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Binder Cadmium Titanium Zinc
sulfide dioxide sulfide

Figure 6.3: Tempera samples analyzed using multiphoton excited fluorescence.

pulsed laser (140 fs) with a wavelength range of 680-1080 nm. The laser was
focused using an EC EpiPlan 10X/0.2 objective in transmission geometry.
The emission spectrum was recorded using a 32-channel photomultiplier
tube, with a detection range from 431.3 nm to 727.4 nm and a resolution
of approximately 9.7 nm. The excitation wavelength (Aexc) was varied in
20 nm steps, from 760 nm to 940 nm. The laser power depended on the
selected wavelength, with a maximum power at the sample of 3 mW at
800 nm. All measurements were performed using 3% of the laser power as
indicated by the software, though the actual laser power incident on the
sample was not specified. The results of our measurements are shown in
Fig.

The binder spectra, shown in Fig. a), exhibit a maximum emission
at 480 nm, with the amplitude decreasing as the excitation wavelength
(Mexc) decreases. The presence of random noise in the recorded signals
indicates low fluorescence emission. The same emission spectrum was ob-
served in the recorded signals for titanium dioxide and zinc sulfide, as shown
in Fig. c¢) and d), respectively. In all samples, the peak near 750 nm
corresponds to Aexe = 760 nm, with variations in amplitude attributed to
rescaling applied by the software during each sample measurement.

Our main observations were for cadmium sulfide and zinc sulfide, where
we detected both fluorescence emission and second harmonic generation
(SHG). For cadmium sulfide, we observed fluorescence emission peaks at

approximately 509 nm and 793 nm, as shown in Fig. b). The maximum
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Figure 6.4: Emission spectra for a) binder, b) cadmium sulfide, ¢) titanium

dioxide, and d) zinc sulfide.

amplitude emission was recorded with an excitation wavelength (Aexc) of
800 nm. To study the photon absorption of cadmium sulfide, we measured
the laser power reaching the sample using a power meter at Aexe = 800 nm.
The subsequent analysis focused on the peak emission at 509 nm. The
results are presented in Fig. a).

Since the fluorescence intensity gy, is power-dependent on the incident
laser intensity, following the relation Ig,, oc IY, [108], where N is the
number of photons simultaneously absorbed and Iy is the laser intensity,
we can take the natural logarithm of both the excitation and emission
intensities and fit a linear function. The slope of this linear fit gives us the
number of simultaneous photons absorbed in cadmium sulfide. The results,
shown in Fig. b), indicate a slope of 3.07 4+ 0.01, corresponding to a
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Figure 6.5: Three-photon absorption of cadmium sulfide. a) Fluorescence emis-
sion as a function of laser power. b) Linear fit of the natural logarithm of both
emission and laser power, yielding a slope of 3.06, corresponding to three-photon

absorption.

cubic dependence or three-photon absorption phenomenon. This behavior
has been reported previously in cultural heritage investigations [102] and in
CdS nanocrystals [I09]. On the other hand, the emission band at 793 nm,
which was not studied in this work, corresponds to trap states in the CdS
particles. Trap states are defined as crystalline defects in semiconductors
and do not depend on the cube of the incident intensity [110} T09].

Additionally, we observed evidence of second harmonic generation (SHG)
in both cadmium sulfide and zinc sulfide. SHG is a nonlinear optical process
in which a sample irradiated with a laser beam of frequency w generates
radiation at the second-harmonic frequency 2w, as illustrated in the inset
of Fig. a). The second-order nonlinear susceptibility, @, of a medium
determines its tendency to generate SHG. In the emission spectra of cad-
mium sulfide, shown in Fig. b), SHG is not observed due to the strong
emission at 509 nm. However, in another dataset, presented in Fig.

a), where excitation wavelengths Aexe of 900, 950, 1000, and 1050 nm were
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used, we observed emission peaks at 450, 470, 500, and 528 nm, respec-

tively.
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Figure 6.6: SHG in a) cadmium sulphide and b) zinc sulfide. The inset in a)

illustrates the SHG mechanism

The reason we did not observe emission exactly at half of Aeyc is at-
tributed to the resolution of the photodetection system. We recorded the
maximum emission with Aexe = 1050 nm. Although SHG has been reported
in cadmium sulfide nanowires [I11] and microcrystals [I12] using the same
range of Aexe that we used, there is no documented evidence of SHG in

commercial pigments or within the field of cultural heritage.

Regarding zinc sulfide, in addition to the spectra shown in Fig. d),
we also measured emission spectra with Aexe = 900, 950, 1000 and 1050 nm.
The results are presented in Fig. b). Unlike cadmium sulfide, which
exhibits maximum emission with Aexe = 1050 nm, the optimal excitation
wavelength for generating maximum emission in zinc sulfide is not clear.
While SHG in zinc sulfide has been reported in optically polished polycrys-
talline samples [I13], thin films [IT4], and nanowires [I15], there is a lack
of evidence for SHG in zinc sulfide pigments.

This result offers a new approach to analyzing pigments in uncontrolled
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environments, distinct from the above-mentioned investigations conducted
on highly controlled nanostructures or thin films. In this study, we observed
SHG and MPEF in commercially available pigments, which suggests the
possibility of applying these non-linear optical techniques directly to real-
world cultural heritage objects where pigments are often degraded, mixed,
or applied in complex stratigraphies. Moreover, this discovery opens the
door to using SHG as a non-invasive tool for pigment characterization in
the field of cultural heritage, offering valuable insights into the material
properties of historical artworks and artifacts. In addition, these results
provide a basis for further exploration of how these optical phenomena
manifest in commercial pigments under different environmental conditions
and excitation wavelengths, potentially leading to new methodologies for

pigment identification and conservation practices.

6.2. Future work

As mentioned at the beginning of this chapter, we have presented only
the most relevant results; however, there are several potential avenues for
future work.

In the case of cadmium sulfide, although we confirmed three-photon
absorption and fluorescence emission, the emission peak center differs from
other reported studies [116], where peaks were observed between 550 and
570 nm. It is likely that the particle size of the pigment in this study
may have caused a shift in the emission peaks. Additionally, the emission
corresponding to trap states is of interest as it provides morphological in-
formation about the pigment. The relevance of studying the interaction
of light with this pigment using the mechanism exposed in this chapter
lies in the fact that cadmium sulfide tends to lose color when exposed to
light, making it subject of interest for studying degradation mechanisms
[116, [117].
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Regarding SHG in cadmium sulfide, this phenomenon has been mini-
mally explored in cultural heritage science, offering an opportunity to in-
vestigate cadmium sulfide identification mechanisms further. It will be
necessary to carefully study this nonlinear phenomenon to establish pa-
rameters for efficient SHG generation. Moreover, SHG could be applied to
stratigraphic studies, as demonstrated in [102], where non-invasive tech-
niques were used to analyze layered structures in artworks. By leveraging
SHG in stratigraphic investigations, it may be possible to detect the pres-
ence of cadmium sulfide in complex, multilayered materials.

Finally, since both MPEF and SHG are nonlinear phenomena that re-
quire high power for generation, it is crucial to investigate potential photo-
damage caused by using such power levels. Given that one of the primary
goals of these studies is to provide information that aids in the preservation
and restoration of artistic and historical artifacts, it is essential to ensure
that no damage is inflicted during the analysis. This requires a meticu-
lous evaluation of the power thresholds that can be safely applied without

compromising the integrity of the materials being studied.
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Chapter 7

Conclusions

In this thesis, we have demonstrated the potential of non-destructive
techniques, specifically THz-TDS and MPEF, for investigating culturral
heritage objects, with a particular focus on stratigraphy analysis and pig-
ment characterization. Through the development and implementation of
signal processing algorithms, alongside the application of nonlinear optics
as a potential tool in cultural heritage field, this research has shown the
capability of these methods to reveal hidden layers and identify material

compositions, aiming to minimize direct intervention in heritage artifacts.

The relevance of signal processing in THz signals was showed in Chapter
3, where an algoritm for calculation the cutoff frequency was presented. We
found that by smoothing and multiplying THz spectra by a cubic function,
it is possible to determine the frequency at which the usable bandwidth
decays to the noise floor. This method can be applied to any signal from any
THz-TDS system, since this method analyzes the spectrum itself and does
not depend on either the system configuration or the optical parameters of
the sample. Moreover, the algorithm proves practical for analyzing large

volumes of spectra, such as those found in a THz image.

The analysis of the wooden gilded tablet Our Lady of Kazan, presented
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in Chapter 4, exemplifies the utility of THz-TDI for pigment mapping, par-
ticularly for pigments exhibiting spectral features in the THz range. In this
study, involving approximately 250,000 THz traces, we implemented the al-
gorithm for Chapter 3 to calculate the cutoff frequency. This allowed us to
generate a mercury sulfide (HgS) map, which presents a spectral footprint
at 1.14 THz, by analyzing spectra with a cutoff frequency beyond 1.45 THz.
This method enhanced the precision of non-invasive pigment identification
through THz imaging, as presented in my master’s thesis, by eliminat-
ing 84% of the noisy spectra that were originally considered as positive to
HgS. It is important to highlight that this technique is completely safe for
both the artwork and the operator, in contrast to other pigment mapping

methods such as Macro-XRF imaging, which uses ionizing radiation.

Furthermore, THz-TDI proved highly effective for studying multilayer
systems via cross-sectional imaging. By employing algorithms such as
sparse deconvolution, presented also in Chapter 4, we were able to iden-
tify overlapping echoes, allowing for accurate stratigraphic analysis as an
alternative to traditional deconvolution techniques and spectral filtering.
When applied to the Russian Icon THz image, the algorithm revealed at
least seven layers, including one visible only in specific areas of the faces
of the characters. Additionally, this approach helped distinguish the orig-
inal canvas from the new canvas in Pablo Picasso’s painting Homme au
chapeau, enhancing contrast in the raw THz images previously presented
by Dr. Fukunaga. This further highlights the technique’s applicability in
examining complex structures within cultural heritage objects, providing a

non-invasive method for stratigraphy composition analysis.

In Chapter 5, we presented 3D SAR THz-TDS imaging, with a focus on
multilayered samples and complex-shaped objects. We demonstrated the
capability of this technique to identify hidden layers and painted figures
while also reconstructing intricate shapes of these objects. This study high-

lights how 3D SAR THz-TDS overcomes previous limitations in scanning
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cultural heritage objects with irregular geometries, expanding the range
of items that can be analyzed using THz techniques without requiring
additional engineering, such as robotic arms previously reported in the

literature.

Regarding pigment identification through nonlinear optics, as presented
in the final Chapter, we confirmed the use of MPEF to identify cadmium
sulfide via a three-photon absorption mechanism. Additionally, we pro-
vided preliminary results indicating SHG in both cadmium sulfide and
zinc sulfide in commercial pigments, a phenomenon that has not been pre-
viously reported in the field. These findings open new insights into the
nonlinear optical properties of these materials and expanding the analyti-

cal techniques available for pigment characterization

While this thesis presents significant results, there are limitations and
challenges that remain. Although sparse deconvolution assists in identify-
ing overlapping echoes, it does not account for the dispersion of the reflected
echoes, which, in some cases, can lead to misinterpretations. Additionally,
there is no established protocol for defining the regularization parameter
A, a critical factor in the iteration process for interface identification in raw
data.

Similarly, while 3D THz-TDS SAR imaging represents a promising al-
ternative to THz-TDI for analyzing objects with irregular shapes, the low
SNR caused by the absence of focusing lenses can lead to inaccuracies in
stratigraphic analysis, as demonstrated with Sample two in Chapter 5.
Denoising algorithms and edge detection methods applied to traces and
radargrams could address this issue on the resulting images. An important
factor to consider is the total data acquisition time required for radargram
recording. In the cases presented here, the acquisition time ranged between
24 and 48 hours, which could be impractical for in situ measurements. Ad-
ditionally, it is essential to have adequate computer resources to minimize

data processing time.
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In the case of nonlinear optics applied to pigment studies, it is crucial to
further investigate the potential photochemical damage caused by the high-
power laser sources used in these techniques. Understanding the threshold
at which laser exposure begins to alter the chemical structure of pigments or
cause degradation is essential for ensuring that these methods remain non-
invasive. Additionally, the cumulative effects of repeated measurements on
fragile or sensitive materials should be explored.

In conclusion, this thesis has demonstrated the efficacy of advanced op-
tical techniques in preventive conservation and art preservation research.
By providing new insights into non-invasive diagnostic tools, it contributes
to the broader goal of preserving cultural heritage for future generations.
These findings serve as a foundation for continued exploration of how op-
tical methods can be integrated into conservation practices, ultimately im-

proving the sustainability of cultural heritage management.
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