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itage, yet measurements of curved objects remain prone to geometric artefacts. This
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tive mug using four modes: 2D, 2D with a fixed offset, 3D utilising three degrees of
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fitting of data produced spectral and elemental maps, allowing for the qualitative com-
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and count behaviour, showcasing the influence of detection geometry on the MA-
XRF acquisitions. Overall, scans adhering to the object curvature have substantially
improved spatial fidelity and signal robustness in the imaging, showcasing the prac-
ticality of the solution.”

Supervisor: Dr. Alfeld, M
Project Duration: March 2025 – October 2025
Faculty: Mechanical Engineering
Department: Materials Science and Engineering



Contents

1 Introduction 1

2 Literature Review 2
2.1 X-Ray Fluorescence (XRF) Theory . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1.1 Characteristic Fluorescent Radiation . . . . . . . . . . . . . . . . . . . . 2
2.1.2 Material Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3 Compton & Rayleigh Scattering . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 X-Ray Fluorescence Spectrometers . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 XRF Setups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.2 Excitation Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.3 Synchrotron X-ray sources . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.4 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.5 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Spectrum Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 Components of an X-ray Spectrum . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Hyperspectral Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Processing Large Datasets . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.4 Spectrum Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 X-Ray Fluorescence for Cultural Objects . . . . . . . . . . . . . . . . . . . . . . 26
2.4.1 Past and Present Methods of MA-XRF . . . . . . . . . . . . . . . . . . . 26
2.4.2 Effect of Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.3 MA-XRF Solutions for 3D Objects . . . . . . . . . . . . . . . . . . . . . 31

2.5 Literature Review Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 Research Methodology 39
3.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Research Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Methods 42
4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.1.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2.1 Sample Description: A decorative mug . . . . . . . . . . . . . . . . . . . 49
4.2.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Data Handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

i



Contents ii

4.3.1 Data Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5 Results & Discussion 59
5.1 Spectral Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.1 Pixel-wise difference maps: 3D & 2D . . . . . . . . . . . . . . . . . . . . 61
5.1.2 Pixel-wise difference maps: Rotating Scan as reference . . . . . . . . . 62

5.2 Elemental Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2.1 Air absorption: Argon Signal . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2.2 Decorative Enamel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2.3 Ceramic Body . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2.4 Elemental Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.1 Summary of Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.2 Lateral Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3.3 Working Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3.4 Surface Tilt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6 Conclusions & Recommendations 74



1
Introduction

X-ray fluorescence spectrometry (XRF) has been established as a rapid, non-invasive, and ver-
satile atomic technique for qualitative and quantitative elemental analysis of materials. XRF
can be used to characterise the thickness and composition of samples in various forms, in-
cluding solids, liquids, and powders. Not only is this technique fast and accurate, but it is also
non-destructive and requires little to no sample preparation. XRF is used in various industries
and fields, including geology [1], mineralogy [2], environmental analysis [3], medicine [4], and
material research [5].

In recent years, Macro XRF (MA-XRF) has become a vital tool in cultural heritage studies;
the technique has been used in studies of cultural objects such as paintings [6], manuscripts [7]
and ceramics [8]. Modern MA-XRF techniques have enabled the creation of detailed elemen-
tal distributions across surfaces of cultural objects. These spectral images can reveal hidden
features, showcase material compositions, and support conservation efforts for heritage items.
Despite the successes of MA-XRF, the influence of sample geometry on MA-XRF measure-
ments remains generally unaccounted for, especially when performing two-dimensional imag-
ing. A sample’s curved surface yields variations in signal intensities due to inconsistent working
distances and tilt, which can complicate both qualitative and quantitative analysis. Previous
studies have addressed this issue using a variety of experimental approaches.

The proposed solutions to the geometric problem in MA-XRF imaging vary in applicability,
with some requiring a thorough understanding of the detection parameters in one’s instrument
to perform fundamental simulations, and others being prohibitively costly. A relatively cheap
and straightforward working solution is demonstrated in this thesis in the form of three lin-
ear stage motors, whose purpose is to follow an object’s curvature during MA-XRF scanning,
maintaining a fixed working distance. The effect of surface tilt is addressed by rotating the
curved objects during the scanning process. Tasks in this project involve developing the in-
strument, testing its capability to acquire MA-XRF scans of curved objects, and evaluating its
effectiveness in mitigating geometric spectral artefacts.
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2
Literature Review

The literature review will cover the topic of Macro X-ray Fluorescence (MA-XRF) applications
for three-dimensional objects within the scope of cultural heritage. The review aims to establish
an understanding of the theoretical principles, standard instrumentation, and data processing
methods used in this technique, demonstrating the working pipeline from acquiring surface
scans to converting spectral data into interpretable maps of elemental distribution. Elemental
studies of cultural objects are showcased, with an emphasis on the effect of sample geome-
try on MA-XRF measurements and spectral maps. Finally, the current efforts in research to
develop scanning methods for three-dimensional objects are highlighted. The purpose of this
review is to review current knowledge in the field and identify the research opportunities for
improving methods of MA-XRF imaging for 3D objects.

2.1. X-Ray Fluorescence (XRF) Theory
2.1.1. Characteristic Fluorescent Radiation
The principle of XRF relies on the underlying interactions of X-rays with matter. When X-rays
strike matter, three main interactions occur: The photoelectric effect, Compton Scatter, and
Rayleigh Scatter. When X-ray photons in a beam are directed towards a slab of material, a
fraction of Xray is transmitted through, a fraction is absorbed (producing fluorescent radiation),
and a fraction scatters back. Compton scatter refers to the scatter occurring with energy loss,
and Rayliegh scatter refers to the scatter occurring without energy loss. The photoelectric ef-
fect and scatter are directly dependent on the material’s thickness, density, and composition,
as well as on the energy of incoming X-rays. In a classical atomic model, the nucleus is sur-
rounded by electrons grouped in distinct shells or orbitals. The inner shells are called K-shells,
then moving outwards, L-shells, M-shells, etc. Shell may contain subshells; for example, L-
shells contain three sub-shells (L1, L2, and L3), and M-shells contain five sub-shells (M1,M2,
M3, M4, M5). Each shell contains a known number of electrons, and the energy of each elec-
tron depends on the shell it occupies and the element it belongs to. Therefore, when an atom

2



2.1. X-Ray Fluorescence (XRF) Theory 3

is irradiated with X-ray photons at sufficient energies, the electron can be expelled from the
atom, as shown in Figure 2.a, where an X-ray photon expels an electron from the K-shell. In
this instance, a ’hole’ in the shell is produced, leaving the atom in an unstable, excited state.
Due to a higher energy state, the atom restores the original configuration by transferring an
electron from an outer shell to the hole in the K-shell. Since outer shells contain less binding
energy and are at higher energy when transferred to an inner shell, they emit the energy sur-
plus as an X-ray photon with a distinct energy. In an XRF spectrum, this is seen as an energy
line.

The energy of the emitted X-ray depends on the shell-transfer difference in energy and the
energy of the electron that fills the hole. Since each element’s atoms have specific energy level
configurations, the emitted radiation is characteristic of that atom. An atommay emit more than
a single energy (or lines) due to the possibility of different holes and different electrons filling
these holes. The collection of emitted energies (or lines) from an element can be defined as its
fingerprint, allowing its determination by looking at the acquired X-ray spectrum. The energy
of the incoming X-ray is detrimental to the expelling process; if an electron is expelled, the
incoming radiation is absorbed, and higher absorption produces higher fluorescence. However,
if the energy level is too high, the X-ray photons will transmit through the atom, and only
a few electrons will be expelled. Figure 2.b showcases the relation between the energy of
the incoming X-ray particles and the consequent absorption. For higher X-ray energies, less
absorption occurs, and less fluorescence is created. For instance, lower energies close to the
binding energy of the K-shell electrons lead to more radiation absorbed, indicated by higher
fluorescence, the closer the energy is to the K-edge. Once the X-ray energy is lower than
the binding energy of the K-shell, an edge can be seen where the energy is too low to expel
electrons from the K-shell and too high to interact with lower energetic shells, such as the
L-shell.

Figure 2.a: Diagram of the XRF process. Left: incoming X-rays remove an electron from the inner shell, creating a hole. Centre:
L- and M-shell electrons fill the hole in the K-shell. Excess energies emit characteristic fluorescent X-rays. Holes are made in L

and M shells. Right: M- or N-shell electrons fill the holes in the L shell, leading to L-fluorescent emission lines [9].

The naming of characteristic lines in XRF is related to the many transition pathways that
occur when an element is irradiated. In an example where a hole is created in the K-shell,
the L-shell electron filling it leaves behind a hole, which an M-shell electron may then fill. For
each instance of electron transition, an X-ray photon is emitted, and several emission lines are
detected. The Siegbahn notation is used to track and describe the nature of the emission for
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Figure 2.b: Mass attenuation coefficient (MAC) graph for Barium (B=56) [9].

each electron. The primary designation of an X-ray line is the shell being filled (e.g K, L, M) is,
followed by the secondary designation (e.g α, β) referring to the specific transition. A transition
from an L-shell electron to fill a K-shell hole produces line Kα, while a transition of an M-shell
electron to fill a K-shell hole. Due to the sub-orbitals in L and M shells, the notation is not as
straightforward as for K series lines. Table 2.a describes the notation corresponding to K, L,
and M series emission lines. Due to quantum mechanics, not all transitions are possible, such
as the transition from the L1 orbital to the K-shell. Since a series of lines represents multiple
possible transitions to fill a hole in a given shell, all lines will occur if any emission line occurs.

K Series L Series M Series
Siegbahn Transition Siegbahn Transition Siegbahn Transition

Kα1,2 L2,3-K Lα1 M5-L3 Mα1,2 N6,7-M5

Kα1 L3-K Lα2 M4-L3 Mβ N6-M4

Kα2 L2-K Lβ1 M4-L2
Kβ1 M3-K Lβ2 N5-L3
Kβ1,3 M2,3-K Lγ1 N4-L2
Kβ2,4 N2,3-K Lη M1-L2

Lℓ M1-L3

Table 2.a: X-ray Emission Lines labelling and their Siegbahn Notation [10]

It is important to note that not all transitions produce X-rays of the same intensity; the K
series lines usually make the strongest intensities, with subsequent shells producing weaker
intensities. Many other factors influence the intensity of an XRF line. For instance, an alter-
native de-excitation mechanism, referred to as the Auger electron process, may occur. In this
case, the electron filling the hole does not emit a corresponding X-ray photon but instead trans-
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Figure 2.c: Fluorescence yield as a function of atomic number Z. Lighter elements are more susceptible to the Auger effect
due to low binding energies. Therefore, fewer X-rays are emitted [11].

fers the excess energy to another electron from the same or a higher shell, which is then itself
ejected from the atom. These secondary electrons are known as Auger electrons and do not
emit radiation. This process is more relevant for elements with low atomic numbers (Low-Z),
where the Auger process is more likely than X-ray emission due to lower binding energies and
higher probability of energy transfer to electrons than X-ray photon emission. As a result, less
characteristic X-rays are emitted and detected for lighter elements, as shown on Figure 2.c.
Characteristic lines appear stronger with increasing atomic number Z, as shown in Figure 2.d.
The Figure showcases the most intense line from each series, but generally, it can be seen
that energy levels are directly correlated with atomic numbers. For instance, Kα for As (Z=33)
appears at 10.543 keV, almost equal to the Lα line of Pb (Z=82) at 10.549 keV.

Figure 2.d: Graph of highest K, L, and M energies as a function of atomic number Z. A notable line is As’s Kα, which overlap
with Pb’s Lα line at nearly the same energy [9].
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2.1.2. Material Effects
Absorption & Enhancement
X-rays are absorbed in a sample during the XRF process in several ways. As mentioned
previously, the atoms absorb part of the incoming X-rays and eject electrons, initiating the
fluorescence emission process. These produced fluorescent X-rays may also be absorbed
by neighbouring atoms, initiating the photoelectric process. Thus, as fluorescent X-rays pass
through the sample to reach the detector, some are absorbed in their path. Therefore, the
amount of secondary absorption is related to thematerial’s properties through which the X-rays
are passing. The absorption can be described mathematically by the following relationship:

I = I0e
−µ·ρ·t (2.1.1)

Where I is the measured intensity, I0 is the incident intensity, µ/ρ is the mass attenua-
tion coefficient in cm2/g, and ρ is the density of the absorbing material in g/cm3, and t is the
thickness in cm. µ/ρ, the mass attenuation coefficient or the mass absorption coefficient, is
a crucial paramater to describe the absorption of X-rays by atoms. MAC is directly related to
the density of the atom (i.e the atomic number Z) and the energy of the absorbed X-rays; n
increase in X-ray energy leads to a decrease in µ/ρ (or the subsequent absorption) for any
element. Another specific example is shown in Figure 2.b, where the µ/ρ of barium (Ba, Z=56)
is plotted against X-ray energy. The sharp discontinuities, referred to as absorption edges, are
abrupt as they define the separation in energy levels of the electron shells. The K-shell edge
is at the highest energy since K-shell electrons are the most tightly bound to the atom and
require more energy to remove than L- and M-shell electrons. In the case of Ba, 37.4 keV is
needed to unbind K-shell electrons, 6.0 keV for L-shell electrons, and 1.2 keV for M-shells.
Therefore, characteristic fluorescent X-rays of the element should ideally be produced with
X-rays containing energies higher than the absorption edge for each shell of the analyte. The
most efficient approach is to use X-rays, which have energies slightly higher than the absorp-
tion edges. Although it is theoretically possible to determine the ideal energy to excite each
specific shell of an element, typical X-ray tubes produce a wide range of energies to excite all
possible shells.

Absorption edges aid in understanding and predicting inter-element matrix effects; if the
energy of the primary fluorescence produced by an element in the sample is higher than the
absorption edge of the second element present in the matrix, then the second element’s elec-
trons are excited. An example of this is shown in Figure 2.e, where a stainless steel sample
contains Cr, Fe, and Ni. The K-shell absorption edges are at 6.0, 7.1, and 8.3 keV, respectively,
and each element produces characteristic peaks corresponding to their Kα at 5.4, 6.4, and 7.5
keV. When excited, Ni Kα ’s X-ray photon may be absorbed by the Fe-atom since its energy
is higher than Fe’s K-shell absorption edge. This leads to secondary fluorescence from X-rays
produced internally, and the detector then measures more Fe Kα photons than usual. Conse-
quently, the measured peak corresponding to Ni Kα will appear smaller than expected. Due
to this matrix effect, the measured intensities of X-ray peaks will not accurately reflect the rel-
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Figure 2.e: Diagram illustrating matrix effect during XRF process. Fluorescent radiation from Ni contains any energy higher
than Fe’s K edge, leading to excitation in Fe, characterised by secondary fluorescent radiation [9].

ative elemental quantities in the sample, since secondary fluorescence ’enhances’ the signal
of some elements. These matrix effects can be accounted for when predicting and correcting
obtained XRF spectra [12]. In any case, they are of concern only if quantifying the amount of
elements is of interest.

Sample Layering & Thickness
An important consideration when studying non-homogenous samples is the effect of layer
thickness and depth distribution of materials. While XRF generally gathers surface information
of samples (due to the low energy of characteristic radiation), methods have been established
to examine complex layer compositions to determine the homogeneity (or non-homogeneity)
of samples. One method involves tilting the sample to the X-ray beam axis and measuring at
different angles. As the tilt increases, beam penetration becomes deeper, and the volume of
excitation encompasses a greater portion of the bulk material. In layered samples, the ratio
of responses from the individual layers changes, allowing for the analysis of layer thickness,
composition, or contamination [13]. The simplicity of this method is only suitable for straight-
forward layered structures, providing qualitative analysis. Without modelling the XRF system,
exact depth profiles cannot be obtained. Another method relies on the use of the Kα/Kβ (or
Lα/Lβ) ratio to obtain depth information [14]; for instance, lower-energy lines (Kα) are more at-
tenuated than higher-energy lines (Kβ) in deeper layers, affecting the Kα/Kβ ratio. This method
works well for elements in district layers and is heavily influenced by the matrix effect & self-
absorption.

A more robust depth-resolved analysis method is Confocal XRF. In this case, the focused
X-ray optics isolate a small, defined volume inside the sample. The confocal volume (shown in
Fig 2.f is comprised of the overlap of the incident X-ray beam and the fluorescence detection
beam, guided by the optics from the X-ray source and detector. Since only X-rays from the
confocal volume are detected, the confocal point can be moved deeper to obtain measure-
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Figure 2.f: Diagram illustrating confocal volume in confocal XRF [15].

ments of deeper layers. Confocal XRF has been used to obtain depth-resolved information on
the elemental distribution of painting layers [16] [15] [17].

2.1.3. Compton & Rayleigh Scattering
Scattering is another significant X-ray interaction when performing XRF. Scattering occurs
when an incoming X-ray photon encounters a shell electron and scatters off; if it does not lose
any of its energy, the scattering is referred to as Rayleigh or elastic, and the X-ray photon
emerges in a new direction. Alternatively, if the x-ray transfers some of its energy and ejects
the electron, the scattering is called Compton or inelastic scattering. No resulting fluorescence
photon is produced since no higher orbital transitions are possible. Scattering is more promi-
nent in low-Z elements, due to fewer protons strongly binding outer electrons. The intensity of
Compton scatter is directly proportional to the material’s density and average atomic number
in its matrix, which is reflected in the mass attenuation coefficient. In experimental measure-
ments, it is possible to correct for this effect using known Compton and Rayleigh ratios from a
reference sample [18]. Scattering can occur for X-rays from tubes and X-rays generated in the
sample. Since the former often appears in the measured XRF spectrum, it is more significant
when analysing acquired data. This is due to broad continuum radiation with superimposed
characteristic lines emitted from the anode (further explanation of X-ray tubes is found in sec-
tion 2.2.2). Although scattering can occur from continuum radiation, it is more prominent in the
characteristic lines. Since the amount of energy lost during scattering is not fixed, Compton
peaks appear broader, to the left (low-energy) side of corresponding Rayleigh lines. This is
clearly seen in Figure 2.g, where Rayleigh and Compton scattering of Rh K lines is measured
from a Rh anode X-ray tube. It is also noted that the lower Z sample (”Teflon”) experiences
more scattering than the higher Z sample (iron). Scattering in general is undesirable when per-
forming XRF spectroscopy; however, it can be useful in investigating the output of an X-ray
tube. This is achieved by using a low atomic material like polyethene foam to induce scattering
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of incoming X-rays without introducing significant characteristic peaks [19]. Low Z elements
exhibit stronger scattering due to a large ratio of electron cloud per atom weight, and lack
of prominent characteristic fluorescence lines in typical XRF ranges. This setup allows for
studying the X-rays produced by tubes, and evaluating their configurations in terms of voltage,
current, and material build without interference from X-rays from the sample’s fluorescence.

Figure 2.g: Graph comparing an X-ray spectrum of an Rh anode obtained from Teflon and Fe samples. Compton peaks of
Rh-Kα and K-β appear broader than their respective Rayleigh peaks. Iron exhibits less scattering due to its higher atomic Z

number than Teflon’s average atomic Z number [9].
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2.2. X-Ray Fluorescence Spectrometers
2.2.1. XRF Setups
XRF spectrometers, handheld or laboratory-based, contain the same primary components:
an X-ray source, beam modifiers (or filters), a detector, signal processors, and a device to
record the data. A basic illustration of an XRF spectrometer process is shown in Figure 2.h;
the experiment begins with an X-ray tube (further discussed in Section 2.2), which generates
X-rays that pass through a window and, in some cases, beam filters. Once the X-rays strike
the sample, Fluorescent radiation is produced and then detected. The signals are preampli-
fied and processed in a digital processor or multichannel analyser (MCA). Finally, the data is
compiled and stored in a device as an XRF spectrum. HDF5 is a standard, versatile file format
capable of storing multidimensional arrays. There are two primary types of XRF spectrome-
ters: energy-dispersive systems (EDXRF) and wavelength-dispersive systems (WDXRF). The
main difference lies in the detection system. EDXRF spectrometers use detectors that directly
distinguish the radiation coming from the sample. Although the dispersion process is more
straightforward, the system suffers from the resulting background profile, making it challeng-
ing to detect elements at low concentrations. This is due to the scatter tube radiation, which
interferes with fluorescent radiation. WDXRF, on the other hand, uses a diffraction crystal to
separate incoming X-rays by wavelength (similar to the working principle of a prism dispersing
light). Each element’s fluorescence is isolated one at a time by scanning through angles. A
notable drawback, however, is the high cost and power requirements. All XRF components
and their processes will be discussed in the following sections.

Figure 2.h: An illustration of a common XRF setup.

2.2.2. Excitation Sources
X-Ray Tubes
The basic principle of X-ray tubes begins with electrons emitted from a cathode, which are
accelerated towards the anode under an electric field created by the positive potential of the
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anode relative to the cathode. As electrons strike the anode material, they interact with the
present atoms and lose their energy through several processes. Firstly, Incident electrons
may undergo elastic or inelastic scattering on the target nuclei and can be backscattered
in the opposite direction. Since elastic scattering is independent of energy loss, it is more
dominant than inelastic scattering. The small number of incident electrons undergoing inelastic
scattering decelerate continuously in a strong Columb field of nuclei, gradually losing their
energy. Such an effect gives rise to the continuous spectrum, known as Bremsstrahlung (a
German term for ”braking radiation”). Secondly, incident electrons interact with target electrons,
leading to an energy transfer. This is the dominant process, consisting of many collisions with
outermost electrons, resulting in small energy losses at each collision. Occasionally, an inner
electron is removed from its position in the orbit due to a collision, causing the atom to ionise.
Then, as another orbital electron fills the vacancy, it radiates an X-ray quantum. Such a process
is the basis for characteristic lines in X-ray emission spectra.

Figure 2.i: Obtained spectra from an X-ray tube with a tungsten anode [20]

Figure 2.j: Design of an X-ray tube with a side-window geometry. Typically used in dental applications [10]
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Figure 2.i showcases an example of typical X-ray tube spectra obtained using a tungsten
anode for different anode voltages [20]. Each spectrum is a ’superposition’ of the continuous
part and characteristic lines, which are seen as peaks on the spectra. The intensity, form, and
maximum energy of each distinct line depend on the high voltage value U. The position of
the discrete line is characteristic of the anode material. It should be noted that for every line,
there is an excitation threshold, meaning a minimum energy is required to excite an electron
from a lower energy level to a higher energy level. This threshold corresponds to a specific
absorption edge, where a sharp increase in X-ray absorption occurs. A characteristic line will
not be emitted unless the acceleration voltage exceeds such a threshold. It can be observed
that the intensity of a line increases with an increase in accelerating voltage. The leftmost
fallout is due to X-ray absorption in the exit window (and thus in the air) [10] [21].

The general design of a modern X-ray tube consists of a cathode and an anode mounted in
a high vacuum (< 10−6 Torr) chamber, where the tube is either sealed or perpetually pumped.
The cathode is a contained, heated filament, usually tungsten, which is the basis for controlling
the emission current. The anode is typically an elemental metal, such as chromium, copper,
molybdenum, or tungsten. Figure 2.j illustrates a standard X-ray tube design. A tungsten-based
electron emitter is directly heated and focused onto an anode. The target consists of a thin
tungsten disk embedded in a copper block, allowing heat dissipation away from the target.
Emitted electrons accelerate using an electric field (applying a negative potential to the cath-
ode while the anode is grounded). The tube is sealed in a vacuum via the glass housing.
Although X-rays are emitted in all directions, they emerge from the device through an exit
window. In other designs, specifically for spectroscopy applications, a thin beryllium film is
used as an exit window to minimise X-ray absorption at the low ends. The distance between
the exit window and the anode can dictate the beam’s intensity; bringing the anode closer to
the window intensifies the beam. However, a design concern is the exit window heating due
to scattered anode electrons, which is imminent when both the anode and the window are
grounded. Other tube designs include end-window tubes, which make use of shorter anode-
window distances for better low-energy outputs. Another device type, shown on Figure 2.k is
the transmission-anode that makes use of thin targets on the window with intrinsic filtrations
of continuum at low power.

Figure 2.k: Diagram of a Micro-focus transmission X-ray tube, used for high resolution applications [22].
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A common challenge when using X-ray tubes is the presence of secondary (or off-focal)
radiation originating from electrons that backscatter off the target and interact with the tube
housing. This effect has been shown to have a non-negligible contribution to the X-ray spec-
trum [23]. Figure 2.l showcases an X-ray spectrum of a modelled transmission tube with and
without the inner molybdenum structures, highlighting the contribution of secondary radiation
on the total spectrum. Many hardware and software corrections have been proposed to tackle
this effect, including using a collimator to shape or focus the X-ray beam and software correc-
tions aided by behavioural models of secondary radiation created using Monte Carlo simula-
tions [24].

Figure 2.l: (a) Simulated X-ray Spectrum of a tube system without inner molybdenum structure (b) Simulated X-ray spectrum
of the tube system with the inner structures and the difference between the total spectrum and primary spectrum, showcasing

the spectrum of secondary radiation [24]

X-ray fluorescence included by the anode in X-ray tubes produces characteristic lines (as
shown previously in Figure 2.i) which may interfere with detecting the elements in the samples.
Although choosing between standard anodematerials (Rhodium, Silver, or Tungsten) is a good
approach to address this challenge, it is not always possible, and other strategies are needed
to deal with the anode’s emission peaks. The primary strategy is shaping the output of the
X-ray beam to reduce potential interferences. One method of controlling the tube output is
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the choice of voltage. The voltage in X-ray tubes directly determines the maximum energy
of the X-ray continuum: providing sufficient energy (greater than the absorption edge of the
anode) leads to the removal of core electrons from the anode material. The voltage needed
to supply this energy is called the ’excitation’ potential (in kV). Any element’s most significant
excitation potential value corresponds with the energy needed to remove an innermost (K-
shell) electron. It is then possible to operate at a voltage that selectively excites a specific shell
and the corresponding outer shells. For instance, operating tungsten (W) at 40-50 kV (standard
maximum for handheld XRF spectrometers) will not result in the excitation of K-shell electrons,
which require a 69.5 kV potential to remove. In this case, only L- and M-shell electrons will
be excited. On the other hand, using a Rhodium anode, with a K-shell excitation potential
VK = 22.2 kV, its K-shell electrons will be excited, and Rh K lines will appear in the obtained
spectrum. The intensity of these lines also correlates with the voltage applied, due to more
electrons produced (up to a certain maximum Emax). The effect of voltage can be observed in
Figure 2.m, showcasing the spectra of CuZn50 obtained with an Rh tube at 40 kV and 15 kV
and a constant current of 5 mA. It can be seen that higher voltage facilitates more excitation.
Similarly, the quantity of electrons flowing through the filament wire, i.e, the current, affects
the intensity of X-rays and the continuum, influencing the XRF spectrum. The output of an
X-ray tube can be understood as a combination of the continuum and the characteristic lines;
therefore, the applied current and voltage directly influence the range of energies produced
and distinct lines. More specifically, the intensity of the continuum is generally proportional to
the square of the tube’s operating voltage (V) and directly proportional to the applied current
(A).

Figure 2.m: CuZn XRF Spectra obtained using XMIM-SIM. The spectra are simulated using different voltage values on the Rh
tube.

In summary, the X-ray tube’s output shape is essential for producing a desired range of
energies and intensity in the acquired XRF spectra. While continuum determines the range
of excited elements, only energetic parts, i.e energies above the absorption edge, aid in the
excitation of an element. On the other hand, the characteristic anode lines contribute additional
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excitations of elements with absorption edges just below the characteristic lines.

Radioisotope X-ray sources
Radioactive X-ray sources use sealed isotopes that emit radiation through natural decay.
Their main advantage is stable emission despite temperature, pressure, and other environ-
mental factors. These sources are compact, cost-effective, and require no external power,
making them suitable for portable and handheld instruments. The main drawbacks of radioac-
tive sources are their fixed energy ranges and intensities. Additionally, radiation safety reg-
ulations and procedures restrict their use further. The radiation can be emitted as discrete
lines from nuclear decay (gamma or characteristic X-rays) or as a continuous spectrum from
bremsstrahlung, when beta particles interact with matter. The choice of a radioactive source
is made based on the binding energy of the targeted atoms, where the binding energy must
be exceeded. However, if the excitation energy is too high above the binding energy, the pho-
toelectric effect becomes inefficient.

The emitted spectrum from such a source is affected by source size, shape, and coating.
High-Z coatings, for instance, can absorb low-energy photons [25]. Background contributions
from scattering (Coherent and Compton) can also reduce sensitivity for weak signals. Different
isotopes are chosen depending on the element range of interest. Beta-based sources cover
wider energy ranges but suffer from high background noise. Photon-excited sources, where
the isotope excites a target material, allow control of the output energy; however, their photon
yield is relatively low. Their most common use is calibration, as in the case of 241Am exciting
Cu, Rb, Mo, Ag, Ba, and Tb to produce multiple characteristic lines, as shown in Figure 2.n.

Figure 2.n: Emission spectrum of 241Am [10]

2.2.3. Synchrotron X-ray sources
Synchrotrons are exceptionally bright, high-energy radiation sources useful for analysis tech-
niques such as absorption and phase contrast imaging, diffraction and spectroscopy. They are
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often used for cutting-edge research in material science [26], biology [27], and chemistry [28].
In synchrotrons, electrons are produced and injected into a booster ring and accelerated to
nearly the speed of light. Then, they are transferred to a large circular storage ring, where they
travel in a continuous loop. Powerful electromagnets bend the electrons to follow the curved
path, leading them to emit intense synchrotron radiation. Other devices, such as Wigglers
and Undulators, can be used to enhance the intensity and brightness (respectively), providing
highly collimated synchrotron X-rays [29]. Figure 2.o showcases the photon flux against pho-
ton energy for different X-ray sources, showcasing the superior flux provided by synchotron
components compared to conventional X-ray tubes. The graph also highlights the differences
between the various magnetic components of a synchrotron, since they operate based on dis-
tinct physical principles and provide different radiation characteristics. Wigglers provide high-
flux X-ray beams via large electron oscillations with a broad and continuous spectrum. These
radiation characteristics are used for hard X-ray imaging. Conversely, through small controlled
oscillations, undulators provide bright and coherent radiation with narrow spectral bandwidths.
These extremely bright and monochromatic X-ray beams are used for phase-contrast imag-
ing and high-resolution X-ray diffraction. Magnetics beams are relatively cheaper components,
providing moderate intensity and brightness, and are useful for general-purpose X-ray spec-
troscopy, imaging, and absorption studies.

Figure 2.o: Brightnesses of Synchrotrons of conventional lab sources and of compact compton sources projects. [30]

Advantages of using Synchtoron as an X-ray source include High brightness, precise tun-
ability, and elevated spatial resolution. The drawbacks of such technology include its high
costs and complexity, which make it impractical for routine laboratory XRF. Nonetheless, they
offer unparalleled brightness and resolution for advanced material analysis.
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2.2.4. Detectors
X-ray detectors are devices that convert X-ray photons into electrical signals in the form of
pulses. Semiconductor-based detectors commonly use Silicon (Si) and Germanium (Ge) as
detector materials. When an incoming X-ray strikes the detector material, the three main in-
teractions are the Photoelectric effect, Compton scattering, and Rayleigh scattering. In semi-
conductor materials, the photoelectric effect is dominant up to 100 keV. Compton scattering is
relevant above 100 keV, while Rayleigh scattering becomesmore prominent below 50 keV [10].
The contribution of these effects is shown in Figure 2.p for Silicon (Si) and Germanium (Ge),
where the mass attenuation coefficient of each effect is plotted against the energy of the col-
lected photons [31].

The ’generation’ time of carriers in detectors can range from a few ps in semiconductors
to a few μs in some inorganic scintillators. In gas-filled or semiconductor detectors, carriers
’collection’ time depends on their mobility, the applied electric field, and the travel distance,
which can range from nanoseconds in conventional silicon detectors to microseconds for gas-
filled detectors. Consequently, the generated signal shape at the output of the detector is
typically represented as a current pulse; the integral of the pulse is equal to charge Q, and
the width is equal to collection time (while assuming negligible generation time). An important
consideration about detector parameters is the maximum count rate (per second) that the
detector may record. When multiple X-rays strike the detector, it may reach its maximum count
rate, which momentarily ’saturates’ the detector and cannot collect or process spectra reliably.
In this case, lowering the current and collecting spectra data over an extended period is needed
to avoid saturating the detector.

Figure 2.p: Mass Attenuation Coefficient for Argon, Silicon, and Germanium with photoelectric, Rayleigh, and Compton
components separated and shown across the 100 keV energy range [31].

Finally, the signal pulses are typically processed through a multichannel analyser (MCA),
which determines the X-ray’s energy. During XRF acquisition, the MCA counts the instances of
X-ray energies, recording them into ’bins’ of a certain width. The detector’s resolution is directly
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related to the width of the bins, with narrower bins resulting in a higher spectral resolution.
The digital process then builds up a spectrum, consisting of count rates associated with each
energy channel. Developments in detector technology have enabled improved resolutions and
high effective count ranges, especially for portable devices. For instance, silicon-drift detectors
(SSDs) and silicon PIN diodes (SiPINs) use Peltier or electronic cooling [32]. In the case that
a detector struggles to separate two close-by peaks effectively due to insufficient spectral
resolution, software can assist in resolving spectral line overlaps. This may be done in the
process of deconvolution to differentiate close-by peaks.

2.2.5. Optics
Optics in XRFXRFmeasurements often demand high spatial resolution, which can be achieved
by shaping the X-ray beam. Many devices, such as optics and collimators, are used to achieve
desired beam shapes and features. A traditional method for defining a small aperture utilises
pinhole collimators. They are used to produce precise spots of sizes less than 50 μm. This
method, however, reduces beam intensity, necessitating longer acquisition times [33]. This
can be partly compensated for by using high-power X-ray sources. That said, a more modern
approach relies on polycapillary optics. Polycapillary optics are bundles of thousands of glass
tubes, called capillaries, which are gently curved to reflect X-rays, as sketched on Figre 2.q.
They can focus, collimate, or redirect the beam, providing much higher intensity than pinhole
or crystal-based optics. Polycapillary optics can increase flux by one or two orders of mag-
nitude when compared to monocapillary systems. [34]. Their performance depends strongly
on photon energy. X-rays with low energy transmit efficiently, while higher energies may be
lost due to critical-angle limits within the polycapillary. [35]. This feature behaves as a natural
low-pass filter in pollycapillaries, allowing them to reduce high-order harmonics [36]. Optics,
especially polycapillaries, are essential tools for achieving high-intensity X-ray beams with
high resolutions in some modern XRF systems.

Figure 2.q: Sketch of the inner channels of a polycapillary optics. Features include short input and long output focal
lengths [36].
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2.3. Spectrum Evaluation
Spectrum evaluation is an essential step in X-ray Fluorescence Spectroscopy (XRF). Spec-
trometers rely on mathematical procedures to extract relevant information from the acquired
X-ray spectra. Methods such as graph smoothing and peak search aid the human observer in
interpreting the spectra and identifying elements in the sample. Further analysis of the fluores-
cence lines’ net peak areas can be achieved using various methods, ranging from simple sum-
mations to sophisticated least-square-fitting. That said, extracting analytically relevant informa-
tion from experimental spectral data is never straightforward due to expected measurement
noise, such as energy and electronic noise [10]. Experimental conditions should, therefore,
be optimised (as much as possible) to reduce noise; this can be done using a stronger pri-
mary beam, good-quality detectors and electronics, and enhanced X-ray shielding with longer
acquisition times. One should not rely on mathematical procedures alone without optimising
experimental conditions. In addition, inevitable spectral artefacts appearing in the spectrum
must be accounted for when processing the information present in the spectrum.

2.3.1. Components of an X-ray Spectrum
Understanding all the components and phenomena contributing to the acquired final spec-
trum shape is crucial for evaluating any XRF spectrum correctly. A typical spectrum includes
two main features: characteristic fluorescence lines and a continuum, as well as a variety of
spectral artefacts. Characteristic fluorescence lines arise from electronic transitions within the
atom and are the most prominent feature in the XRF spectra. The transitions yield discrete,
well-known peaks, such as Kα and Lα lines, specific to each element. The natural emission
shape is Lorentzian; however, due to the energy resolution characteristics of some detectors,
the shape is broadened and becomes more Gaussian in nature. For practical purposes, the
Gaussian approximation is often sufficient with mid to low-Z elements; Lorentzian contribu-
tion is more pronounced for heavier elements [37]. A continuum background is also present
in the spectra. In XRF applications where the sample is excited by primary X-ray beams, the
continuum results from scattered coherent (Rayleigh) and incoherent (Compton) radiation. The
presence of absorption edges due to materials in the sample or detector also contributes to the
background; additionally, self-absorption further complicates the background. Consequently,
the shape and magnitude of the background are strongly influenced by the excitation source
(in this case, X-rays) and the sample’s composition.

Various spectral artefacts are expected in a realistic X-ray spectrum, which complicates
data interpretation, especially during trace element analysis studies [37]. For instance, the in-
teraction of X-ray fluorescence with the detector can result in absorption within the detector
itself, generating artefacts such as escape peaks. Escape peak probabilities are related to
the detector angle, type of present elements, and count rate [38]. For example, the absorp-
tion of some of the photon energy by a Si atom in the detector reduces the apparent energy
of the acquired peak by 1.74 keV (equal to Si-Kα’s energy line). This is shown in Figure 2.r
of Fe escape peaks using a silicon-based detector, which appears 1.74 keV below the Fe
K-lines. Another common artefact is sum peaks, which occur when two or more photons ar-
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Figure 2.r: Fe XRF Spectrum simulated using XMI-MSIM. Simulation includes escape peak support, yielding escape peaks
due to absorption within the silicon-based detector.

rive at the detector simultaneously so that their energies are recorded as a single, combined
event. This yields a false peak located at two times the energy of the incoming photons. The
system’s pulse processing time (or dead time) determines the likelihood of photons overlap-
ping. Factors affecting sum peak also include count rate and element concentration, where the
possibility of summation increases with high X-ray flux for highly concentrated elements in the
sample. The interference of these false peaks with real acquired signals stands in the way of
spectrum interpretation. Mitigating such artefacts can be done by modifying the experimental
conditions; for instance, strategies such as reducing count rates, restricting beam intensity,
and using enhanced detector systems with shorter dead times can mitigate some of the ef-
fects of sum peaks [39]. With escape peaks, the choice of detector material and geometry can
help reduce such artefacts. Further artefact peaks from the X-ray tube source target, such as
Bremsstrahlung backscatter, Compton scattering, and Rayleigh scattering peaks, may appear
and should be accounted for.

Figure 2.s: XRF Spectra of samples containing Pb and Bi, simulated on XMI-MSIM and using a Silicon Drift Detector SSD
(Left), and Lithium-Doped Silicon detector Si(Li) (Right). The SSD detector shows better peak separation of L-lines due to its

superior resolution.
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Another factor to account for in a multi-element sample is peak overlap, a consequence
of limited detector resolution (shown on Figure 2.s). However, other lines from the overlapped
elements can help confirm their presence or absence in a more complex XRF spectrum. There-
fore, careful spectrum evaluation is necessary when there is a lack of sufficient detector resolu-
tion. On the computational side, mathematical corrections in the software should be employed
to identify and correct spectral artefacts wherever possible.

2.3.2. Hyperspectral Imaging
XRF has undergone technical advancements in the field of X-ray sources, optics, and detec-
tors. Modern XRF systems can acquire elemental distribution images and data with dwell times
of a few milliseconds per pixel [40]. Further developments in full-field [41] imaging have also
witnessed significant technical progress, with studies capable of acquiring XRF datasets with
several tens of millions of pixels [42].

Hyperspectral imaging has been a common approach for XRF. When using a ’Whisk-
Broom’ scanning method, the XRF scanner acquires data point-by-point. The detector collects
a full spectrum of emitted X-rays at each scanned pixel, resulting in a hyperspectral data cube
of many spectra. A hyperspectral data cube is visualised in Figure 2.t. Sampling intervals de-
termine the spatial resolution achieved during measurements, directly dependent on the beam
and step size. In some cases, using step sizes smaller than the beam in one or two directions
can result in smoother interpolation, improving apparent spatial fidelity without actually improv-
ing the data [43]. Dwell time is thus measured as the time of each pixel measurement, allowing
for the estimation of the total scanning time of the object; a tradeoff between spectral quality
and acquisition time is commonly made to find a good balance.

Once acquired, the XRF data cube can be explored by inspecting the sum and maximum
pixel spectra. An example of this is shown in the plot of Figure 2.u, where the sum of the
spectra allows for identifying elements present via their signature fluorescence lines; maximum
pixel spectra corresponding to the highest intensity of any energy channel allow for identifying
locally present elements. For each spectrum in the hypercube, the profile of fluorescence lines
with a spectral continuum below them can be combined and linearly expressed. This yields
a final representation in the form of qualitative elemental distribution images, with brightness
indicating the intensity of the measured fluorescence (Figure 2.u). Quantification is possible in
principle, requiring, however, good statistics and knowledge of layer thickness and composition
[43].

2.3.3. Processing Large Datasets
As beneficial as hyperspectral imaging can be, evaluating several millions of pixels can be chal-
lenging: first, timely data processing is needed to aid the planning of follow-up experiments,
and second, the present spectral features and artefacts must be accounted for. For instance,
Complex backgrounds due to polychromatic excitation and heterogeneity of samples can com-
plicate the analysis. This is especially relevant for recently developed mobile Macro-XRF in-
struments investigating paintings in situ at museums or galleries. Small scanning areas of 10
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Figure 2.t: A visual representation of a hyperspectral XRF data cube with 200 x 160 x 400 pixels of data. Data acquired at
Theban Necropolis in Egypt [43].

x 10 cm2 with step size 100 μm can produce upwards of 1 million energy dispersive XRF spec-
tra (with 2-49 or 4096 channels) [42], thus a timely processing and data evaluation is critical,
especially since full artworks not typically fully scanned, but instead several sub-sections.

Many software packages for data evaluations have been developed to meet the demand
for timely data processing that considers potential spectral artefacts and backgrounds. De-
sired features, such as the fast processing of extensive datasets, production of artefact-free
elemental distribution images, and batch job scheduling and automation, have been incorpo-
rated in various extents across many software packages. One commonly used software is
PyMCA [44], an open-source package developed by the European Synchrotron Radiation Fa-
cility (ESRF) for analysing XRF spectra. PyMCA offers a user-friendly interface while maintain-
ing robust spectral fitting tools that support quantitative and qualitative analysis. For instance,
it can model L- M- lines using fundamental parameters. It also includes quick data inspection
and processing tools, such as region of interest (ROI) imaging, plug-ins for fitting, and back-
ground correction. Many other tailored software, such as GeoPIXE [45] and Datamuncher [42],
offer similar advantages and more, such as batch processing and dynamic analysis. Overall,
there is no single software which meets all needs. In any case, constant improvements to
modern XRF software tools are needed so that data analysis matches the progress made in
acquisition capabilities.

2.3.4. Spectrum Processing
An XRF spectrum S can be described by a function f (equation 2.3.1), a linear combination of
the spectral background B and peak profiles ye corresponding to elements e included in the
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Figure 2.u: Elemental distribution images of the same data presented in Figure 2.t. Bottom left shows a plot of maximum and
summed pixel spectra.

fit. ye depends on non-linear parameters p, such as energy calibration, decor resolution, and
peak shape. On the other hand, ae is comprised of linear factors representing the intensity of
the recorded fluorescence lines. The main goal of fitting in qualitative imaging is determining
the coefficients ae (i.e. how much of each element is present for each spectrum).

f = B +
e∑

e=0

aeye(p0, p1, . . .) (2.3.1)

Region of interest (ROI) integration is a quick approach to estimating peak intensities and
allows for fast visualisation of element distribution. ROI imaging integrates the spectrum S

over selected energy ranges. However, this only works well if the target peak dominates in
intensity over the sum of all interfering lines k and the spectral background B; this condition for
correct ROI estimate from ROI(0) to ROI(1) is shown in equation 2.3.2. Another consideration
is the fluctuation of the spectral background B throughout the scanned area, which does not
significantly affect the qualitative imaging of element e if it remains relatively uniform. When
equation 2.3.2 does not hold, the contribution of interfering lines and the background will lead
to misleading ROI images. It is possible to correct for inter-element interference when using
ROI imaging if the compositions of the investigated object are well-known, requiring direct user
intervention [42].
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ROI(1)∑
i=ROI(0)

aeyi,e ≫
ROI(1)∑

i=ROI(0)

Bi +

ROI(1)∑
i=ROI(0)

∑
k=0
k ̸=e

akyi,k (2.3.2)

Proper spectra fitting can be done using a least-squares approach to minimise the discrep-
ancy between the measured and modelled spectra; a and p are determined by minimising the
value of the reduced weighted squared difference χ2

r summed over a user-defined range of
channels i (shown on equation 2.3.3. With the n, the number of channels, andm, the number
of parameters, the degrees of freedom are defined as n −m. Weighting with wi, the inverse
variance, to emphasise (or de-emphasise) parts of the spectrum is typically approximated as
wi = 1/Si. However, it has been shown that this can be inaccurate at low counts, and wi =
1/fi should be taken in such a case [46]. Weighting ensures stronger intensity peaks do not
overshadow weaker intensity peaks; when not weighing the data (wi = 1), the most intense
peaks determine the quality of the fit. In this case, a relatively small error in an intense peak
contributes a significant error value in the total fit quality, rendering absolute differences dom-
inant.

χ2
r =

1

n−m

n∑
i=0

wi (Si − fi(a0, a1, . . . , p0, p1, . . .))
2 (2.3.3)

Non-linear Least Squares fitting (NL-L) can be realised for the minimisation of chi2r and
determining a and p.However, NL-Ls is constrained by two significant limitations, especially
when applied to large datasets with low statistics. Firstly, individual spectra with low counts
are insufficient for refining non-linear parameters p. Secondly, NL-LS requires intensive com-
putational power and time due to its iterative nature, deeming it impractical for datasets with
millions of spectra. The first issue can be addressed by fixing the non-linear parameters at the
start of each spectrum’s fit, preventing parameter drift during processing [42]. Faster process-
ing to determine non-linear parameters (p) can also be achieved by relying on a high-quality
spectrum representative of the entire dataset, which is kept fixed during the processing of the
data by Linear Least Squares fitting (L-LS) [44]. An essential aspect of fitting with NL-LS is
using constraints to retain physically meaningful results. For instance, linear parameters can
be constrained to be positive; a well-defined model to fit an XRF spectrum should not produce
significantly negative values for a, and constraints can introduce bias when not used carefully,
masking issues with the fit model.

Instead of iterative fitting a model to each spectrum, dynamic analysis (DA) [47] is a pro-
posed computational method for extracting elemental intensity values from spectra using ma-
trix multiplication. Such an approach relies on a mathematically correct yet counter-intuitive
pre-defined DA matrix that contains negative values to cancel out overlapping peaks. This
method yields speedy analysis of extensive hyperspectral data but with less flexibility due to
assumed fixed peak shapes and ratios. Another benefit of DA analysis is its applicability to
per-pixel spectra [42].

Accurate background handling is essential in XRF data processing since background B is
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not defined in equation 2.3.1. Instead, a few approaches can be used to approximate back-
ground signals: Firstly, the background shape can derived from a sum spectrum and fixed
during scanning. This method is appropriately fast for homogenous and/or weakly scatter-
ing samples. Secondly, the background can estimated through digital filtering and subtracted
before deconvolution. A commonly used filter is Statistics-sensitive Non-linear Iterative Peak-
clipping (SNIP), which operates on the principle of iteratively removing peaks from the spec-
trum to isolate the background. The algorithm assumes a background B = S and then com-
pares the average of two neighbouring channels with the channel’s current value. If the latter
is lower than the average value, it is replaced with such value, effectively ’clipping’ peaks away.
Such process is governed by a parameter n, which determines how far apart the neighbouring
channels are, as is reduced during each iteration; after a limited number of iterations (less than
25 [37], the peaks are eroded, and the background is approximated. Finally, a third method is
mathematically modelling the background during the fitting process for every pixel, avoiding
iterative computation. For this, polynomial functions are used with either linear or exponential
variables. Despite this approach’s speed and resistance to low background statistics, it in-
creases the number of parameters in the fit, reducing its stability, especially for higher-degree
polynomials. Low-degree polynomials should also be avoided as they do not represent the
background data well. Therefore, choosing a polynomial degree is critical to modelling com-
plex, noisy backgrounds without overfitting or creating artefacts.
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2.4. X-Ray Fluorescence for Cultural Objects
Development of MA-XRF X-ray fluorescence imaging has been a valuable tool for heritage
science for obtaining elemental analysis and distribution of various cultural objects, including
historical paintings [48], manuscripts [49], metal artefacts [50], archaeological sites [51], and
many others. Its non-destructive nature is appropriate for carefully investigating historical ob-
jects, making it useful for restoration and conservation efforts. While the technique is ideal
for microscopic samples, it is also employed to examine larger objects by macroscopic XRF
imaging (MA-XRF). MA-XRF provides elemental distribution maps of a scanned area on an
object, such as a historical painting. Combining produced spectra and images is instrumental
in material characterisation and understanding the artist’s painting and production techniques.

2.4.1. Past and Present Methods of MA-XRF
Synchotron MA-XRF
Early outcomes of MA-XRF studies began with synchrotron sources. One of the first prominent
experiments was conducted at theGerman Synchrotron DESY in Hamburg, which investigated
the surface beneath Vincent Van Gogh’s painting ”Patch of Grass”, characterising a discarded
and overpainted layer of a female peasant [48]. The study demonstrates the capabilities of
Synchatron MA-XRF in elemental mapping of buried composition in high detail. Using a quasi-
monochromatic synchrotron pencil beam of size 0.5 × 0.5 mm2, a 17.5 × 17.5 cm2 area was
scanned, and elemental maps were created of key elements, such as Pb in white pigment or
Hg in vermilion, to identify pigment distribution (Figure 2.v).

Figure 2.v: a) Distribution of Pb L measured with SR-based XRF (black, low intensity; white, high intensity). (b) Hg L showing
distribution of vermillion. (c) Sb K showing distribution of Naples yellow. (d) Zn K showing distribution of zinc white [48].

Such a study showcases a prominent feature of this technique in that the penetrative char-
acter of X-rays allows the probing of all paint layers; the heavy elements in the hidden layers
produce high-energy fluorescence signals that are not significantly attenuated by surface lay-
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ers, therefore allowing the study and visualising of both major and minor components of the
painting. That said, the extended acquisition times of this study ( 2 days with a 2-second
per-pixel dwell time) resulted in compromises to the overall scan size. Synchrotron-based
sources have proven advantageous in achieving high lateral resolution in MA-XRF, with the
straightforward installation of advanced optics [52]. Despite the demonstrated success of syn-
chrotron sources for MA-XRF, the dependence on the infrastructure of synchrotron facilities
has brought about logistical challenges related to the transport of artefacts, including insur-
ance, unfavourable climatic conditions, and theft. Moreover, access to a synchrotron source
is scarce; therefore, the number of paintings that could be analysed was limited. Finally, it is
challenging to incorporate larger-sized paintings without special adjustments to the beam line
scanning stages.

Figure 2.w: Bruker M6 JETSTREAM, a mobile XRF scanning system, built to obtain non-invasive high resolution elemental
scans of large objects, such as artworks, hertiage pieces, and samples [53].

Mobile MA-XRF
The first MA-XRF experiments using synchrotron sources did not necessarily require the char-
acter of the radiation produced by such a source; X-ray tubes were more than capable of
exciting heavy elements in paintings. The practical limitations of using Synchatron-based MA-
XRF experiments mentioned previously were a driving force in establishing and developing
mobile MA-XRF systems. Such mobile instruments benefited from portability, allowing for in
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situ investigations of cultural artefacts, such as historical paintings, without the associated
risks of transport and inherent limitations related to the size of the artwork. In this case, the
artwork would remain stationary, and the measurement head would move relative to it. The
convenience of such systems allows them to be easily deployed to museums and galleries, ini-
tiating in situ investigations of cultural items. Several mobile MA-XRF instruments have been
developed, such as the Bruker M6 Jetstream [53], (Figure 2.w), for the purpose of perform-
ing scanning procedures on historical items at the host institute [6] [54]. The versatility and
mobility of these instruments have prompted museums to acquire them for their workshops.
However, when scanning non-flat objects with irregular geometries, the data obtained suffers
from artefacts due to variations in working distances, leading to attenuation in signal intensi-
ties. For example, geometric distortion was observed when scanning a Medusa head in the
frieze of the Siphnian Treasury in the Sanctuary of Delphi (Greece) [55]. Although not always
addressed in modern MA-XRF imaging, the effect of varying geometries (explained later in
Section 4.3) leads to artefacts in the acquired data, and unless directly addressed (Show-
cased later in Section 4.4), can present an obstacle for interpreting imaging results and data
analysis.

2.4.2. Effect of Geometry
In X-Ray Fluorescence imaging (XRF), the information obtained is a combination of legitimate
signals from the sample and artefacts originating from the scanning setup. Measurement ge-
ometry significantly impacts the accuracy of results, and careful understanding of potential
artefacts is essential for accurate elemental analysis. There are three relevant components
to consider when evaluating the effect of geometry on MA-XRF: the excitation path from the
source to the sample surface, the interaction with the sample, and the detection path from
the surface to the detector. A spectrometer’s design defines an optimised detection geometry,
where any deviations affect the recorded signals. Such deviations from the intended detection
geometry are relevant when scanning objects with curved or irregular surfaces. Important ge-
ometric factors include working distance and surface, which are separate but related effects
influencing recorded XRF signals.

Working Distance
Working on working, other distances than the designed working distance impact the excita-
tion and detection paths in an XRF scan setup. For instance, when the distance is larger than
intended, part of the main radiation is absorbed in the path from the X-ray source to the sam-
ple in the air. Therefore, fewer X-rays are absorbed in the sample, and fewer XRF signals
are emitted. Although the scattered Bremsstrahlung X-ray tube continuum contributes to the
background noise in XRF spectra, Argon (Ar) is the only excited element in the air with suf-
ficiently high characteristic radiation and quantity to be detected. Figure 2.x showcases the
pronounced effect of working distance and solid angle variations in XRF measurements. The
measured fluorescence line intensity (in triangle), the solid angle including the collimator (dot-
ted line), and the simulated line intensity (dashed line) of various elements are represented. It
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can be noticed that for Zn (main line: 8.63 keV), the acquired intensity matches well through-
out. However, the data do not match expected intensities as higher distances are used for Si
(main line: 1.74 keV) and Ca (main line: 3.69 keV). This is the pronounced effect of absorption
in the air, as less energetic fluorescence radiation is considerably more absorbed by air. For
higher energy elements, such as Zr (main line: 15.75 keV), absorption is negligible, and the
seen effect is related to the quantum efficiency of the detector [56].

Figure 2.x: The component dependence of fluorescence intensity versus the working distance for several elements. Measured
data in spotted lines, simulated model in dashed lines, and the solid angle curve in triangles [56].

In addition to air absorption, working distance impacts the detection side by changing
the solid angle. The Solid angles determine the amount of emitted fluorescence the detec-
tor ”sees”, thus the amount of photons detected. The solid angle (Ω) of a detector is affected
byAdet, the active area of the detector, and the distance d from the sample to the detector. With
increased working distance, the fraction of emitted radiation reaching the detector decreases,
reducing detected signals. This relation is understood as:

Ω(d) =
Adet

d2
(2.4.1)

Figure 2.y illustrates this problem with working distance while considering the effect of
absorption and the role of collimation. Detector collimations are used to reduce background
noise and partial signals, which often have a fixed or narrow field of view calibrated for a
specific design distance. The effect of a closer sample is the blocking of emitted light by the
collimator, reducing the apparent solid angle. Although reducing the working distance may
seem beneficial for decreasing air absorption, the detector calibration may restrict the field of
view for closer objects. Consequently, the solid angle effectively shrinks again.
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Figure 2.y: Example of Measurement Geometry and variation in working distance. Note: the illustration is exaggerated for
demonstration. (a) illustrates the designed working geometry. (b) and (c) show the effect of the detector being too close or too

far, respectively. Yellow lines represent the X-ray beam, and red lines represent the detector angle [56].

Surface Tilt
The effect of surface tilt occurs in two ways: in the excitation path, the tilt leads to a longer
path for primary radiation, leading to a less accurate ratio of fluorescence line and an overes-
timated layer thickness. Furthermore, the detection path from the sample to the detector may
be larger or smaller (depending on the placement of the detector), influencing the recorded
signal strength. The effect of tilt is demonstrated in Figure 2.z. The red and green beams rep-
resent the excitation and detection paths. In the upper half of the diagram, A* denotes the
desired measurement geometry as per the design of the spectrometer. C shows an increase
in working distance. B and D demonstrate the effect of working distance and surface tilt in
combination. For B, the surface is tilted away from the detector. Thus, weaker signals are
measured compared to D, and the sample surface is aligned with the detector. In the case
of E, no data is recorded, as the extreme geometry of the sample blocks any emitted fluores-
cence from reaching the detector. The lower half of the diagram illustrates the ideal setup for
each scenario. The primary beam and detector are adapted to the surface case, maintaining
the detection geometry throughout. Case E, however, is unsolvable in the shown experimental
setup.

Since X-ray attenuation is energy-dependent, surface tilt can disproportionately affect fluo-
rescence lines. Fluorescence lines with low energy are disproportionately absorbed at shallow
detection angles in the sample; high-energy lines, on the other hand, may still escape. The ap-
parent increase in surface thickness, therefore, attenuates elements differently and can result
in an inaccurate ratio between different elements, especially in layered samples. An example
of the element-dependence tilt effect is shown in Figure 2.aa. In this study by Orsilli & Galli
(2024) [58], surface tilt attenuation of element lines is investigated when measuring a 0.8 µm
thick layer of gold alloy (Au-Ag) placed on top of a copper substrate. When the detector is
shallow (less than 15°), the detector is almost looking sideways across the surface, therefore
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Figure 2.z: diagram illustrating the geometric problem with varying working distances and surface tilts (upper part) and the
correct adaptation for each scenario (lower part) to acquire. ’*’ marks a setup adhering to the working design of the

experimental setup. [57].

measuring signals which have to travel longer through the gold before reaching the detector.
In this case, copper Kα (8.04 keV) signals are absorbed and barely detected. At 45°, on the
other hand, the detector is steeper, and the escape path for copper fluorescence is shorter;
thus, they are detected up to 10̃ µm.

Figure 2.aa: The penetration depth of beams with different energies in a sample of gold alloy (Au and Ag) 0.8 µm thick on top
of a substrate of copper [58]

2.4.3. MA-XRF Solutions for 3D Objects
Macroscopic X-ray Fluorescence Imaging (MA-XRF) of historical objects is mostly done using
scan heads moving in two dimensions, leading to the aforementioned geometric discrepan-
cies, which significantly affect the quality of the acquired data. The inconsistent excitation and
detection of fluorescence signals across a scan manifest as data artefacts, and appear as ac-
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quired elemental distribution data; variations of a few millimetres can contribute to observable
deviations in sensitivity for [56]. This is especially relevant for curved or irregularly shaped
objects, such as ceramics. Even XRF acquisition of historical paintings or manuscripts may
suffer due to their slightly curved or uneven surfaces [59].

Several authors in the field have addressed the geometric effect of scanning a 3D ob-
ject, and various solutions are being developed and proposed, which rely on computational
modelling, versatile scanning methods, or a combination of both. Experimental approaches to
address geometric effects are highlighted in the following subsections, addressing effects due
to variation in working distance, surface tilt, or both.

Data-intrinsic correction

Figure 2.ab: Left: Ar intensity measurements (triangle) and simulated (dashed line) versus working distance. Right: Correction
factors for multiple elements derived from the simulation [56]

A significant consequence of variation in working distance is the change in the air path of
X-rays, and thus the amount of air absorption during the scan. This manifests in the detected
Argon (Ar) signals, where an increase in working distance leads to the generation of more Ar
signals and vice versa. Ar, the only element of air with high enough characteristic fluorescence
to be detected, can serve as a proxy to estimate variation in distance since its intensity is influ-
enced by path length (therefore, the working distance). One can utilise the variation of the Ar
signal across a scanned area to develop signal correction factors for other elements. Alfeld et
al. [56] presented this novel approach by leveraging the Ar signal intrinsic to the data. Thus, a
model was developed that considers the non-linear relationship between distance and Ar exci-
tation and estimates local variations in the working distance during scanning. The model also
finds solid angle calculations for the detector’s field of view to achieve accuracy, incorporat-
ing detector geometry, collimator shape, and overall alignment. Detector quantum efficiency
was also considered during modelling since the angle and working distance influence it. The
resulting analytical tool is used to measure the intensity of each element.

Calibration was done using step-wise distance measurements of a NIST 610 reference
glass, contactingmany elements with known concentrations. Themodel parameters were then
optimised to fit measured data for different elements such as Zn, Ca, Si, and Zr, adjusting for
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physical effects like air attenuation and detector response. The Ar signal distance dependence
is then characterised, and correction factors are calculated for each pixel in a scan based on
the Ar signal present. These correction factors are then applied to other elemental signals
to adjust their recorded intensity as if measured at a constant ideal working distance (shown
in Figure 2.ab). Noise propagation into the corrected elemental images was prevented by
applying a Savitzky–Golay filter, smoothing the Ar maps.

This approach was tested on scans of Rembrandt’s ”Portrait of Oopjen Coppit.” Due to ge-
ometric constraints, the painting was imaged in multiple sections, with one section scanned at
a shorter relative distance, yielding a visibly reduced calcium signal. Once corrected using the
Ar signal, the intensity in the treated section aligned much better, and histograms of signal in-
tensity confirmed improved consistency in overlapping regions, observed in Figure 2.ac. While
the model suits the presented case, it has a few limitations. For instance, the model does not
consider the self-absorption effect of tilted or thick layers and assumes homogeneous sample
layers with perpendicular surfaces. Additionally, the model does not take the impact of beam
broadening at different distances, which results in slight residual artefacts due to differences
in spatial resolution. Nonetheless, the approach offers a practical solution which requires no
additional hardware or external measurements, which may be applied retroactively to existing
MA-XRF data in the case of well-characterised instruments.

Figure 2.ac: Left: Area of joint histograms, showcasing Ca distribution map. Right: before and after correction of Ca using Ar
signal [56]

Robotic repositioning and adaptive scanning
A standard solution to the geometric problem of XRF scanning is the use of adaptive scan-
ning methods to account for the sample’s geometry. With this approach, the scan head or
the sample is repositioned such that the detector geometry remains consistent throughout the
scanning area. This can be typically done using a variety of motorised components, such as
robotics arms, stages, and hexapods.

An example of a robotic solution is a cable-driven robot, named CaRISA, which is in-
troduced as an alternative to conventional stacked linear stages for MA-XRF imaging [57].
CaRISA overcomes geometric discrepancies by using eight motorised cables that move a
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lightweight platform with five degrees of freedom, maintaining the scan head in the ideal geom-
etry. The system is lightweight, modular, and portable, with a 150 × 100 × 30 cm workspace
and ±35° tilt. The mobility of the setup deems it appropriate for in situ heritage object stud-
ies. Tests included scanning around a pottery jug, tilting to inspect cracks in a painting, and
running resolution patterns at different speeds. The systems showed some drift during large
movements due to open-loop control and cable elasticity. Despite this, the use of cables to
manoeuvre a scan head allows for flexible and accurate imaging of cultural heritage objects.
However, the system is incapable of addressing significant variations in working distance and
is not suitable for moving around objects.

Figure 2.ad: CaRISA fully assembled [57]

Robotic arms are another versatile method of positioning scan heads such that they ac-
count for an object’s geometry. Typical XYZ motion can be paired with a tilting mechanism,
such as a hexapod stage or a robotic joint, to tilt the scan head, can produce accurate surface
scans of curved objects. A recent development by Xu et al. [59] showcases the application of
this solution: A developed device, shown in Figure 2.ae, consists of a six-axis robotic arm that
can maintain a working distance and remain perpendicular to the local surface while acquir-
ing XRF data. The system is equipped with a depth camera, which can produce a 3D point
cloud, measuring the required adjustments to working distance and tilt relative during scan.
Test scans carried out on heritage objects demonstrated more realistic elemental maps of un-
even surfaces. For instance, elements on a convex painted fragment from an ancient building
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Figure 2.ae: A surface Adaptive XRF Scanner [59].

were mapped, as shown in Figure 2.af. Overall, robotic solutions offer an effective method for
resolving artefacts induced by geometric effects.

Fundamental Parameter and model-based corrections
The use of fundamental modelling can aid in distinguishing elemental data from artefacts due
to geometric distortions caused by the sample’s irregular surface. When the sample composi-
tion is known, it is then possible to simulate accurate XRF signals from complex surfaces. This
method was applied to Medusa’s head on the Siphnian Treasury frieze, measured using a mo-
bile XRF scanner [55]. In this case, the distortion affects the reliability of elemental maps and
can lead to misinterpretation of the presence (or lack thereof) and distribution of pigments. In
addition to the previously discussed complications of varying working distances and changes in
surface orientation, this study encounters the effects of shadowing and self-absorption, which
are caused by curved features blocking and absorbing the emitted fluorescence, thereby skew-
ing measurements. This approach relied on combining 3D photogrammetry with Fundamental
Parameter (FP) modelling to correct for geometric effects.

Photogrammetry is a valuable technique for reconstructing 3D models of real objects from
a series of 2D photographs. The method relies on the principle of triangulation: Image acquisi-
tion is done by capturing multiple overlapping photographs taken from different angles around
the object. The photos differ slightly in perspective, allowing them to capture the 3D shape
of the target object. In this study, a 24-megapixel camera was used, with natural lighting be-
ing sufficient enough for the photos. A companion software was then used to match points,
estimating the relative position and orientation of the camera for each shot. A 3D point cloud
is generated, and a mesh is processed, forming a continuous surface repressing the object’s
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Figure 2.af: Elemental maps of fallen paint, showcasing maps of Hg, Au, S, As, Ca, Cu, Fe, K, and Pb across a curved sample
surface. The data was acquired using a surface adaptive device presented by Xu et al. [59]

geometric shape and texture. The resulting lateral resolution of the model was estimated to
be 200 μm, much smaller than the pixel size of the obtained XRF (500 μm).

After obtaining the object’s model, Fundamental Parameter (FP) simulation was a key com-
ponent for correcting and interpreting X-ray fluorescence (XRF). The use of FP is relatively
straightforward due to the well-characterised instrument under a known geometry. Addition-
ally, the knownmaterial composition (e.g., calcium carbonate for marble) aids in calculating the
expected elemental signals. Surface geometry, obtained from the 3D photogrammetry model,
provides the input for the angle between the detector and the local surface normal, as well as
the distance from the X-ray tube.

In the case of Medusa’s head, it was difficult to determine whether dark spots on the ele-
mental maps were due to a lack of pigment or just a tilt in the surface. The previously discussed
method was therefore applied, simulating the modelled surface as 1) pure marble (for a clean
case) and 2) marble coated 10 µm Fe2O3 pigment layer (for a painted case). The expected
XRF intensities for Ca and Fe were calculated for each pixel based on the geometry and known
materials. The simulated pixel data was then compared with measurement data, yielding ratio
maps of measured signals divided by simulated signals 2.ag.

The use of FP simulation is demonstrated to be useful in distinguishing between geometry
effects and the real elemental composition of historical objects when performing in-situ XRF
measurements. This approach enabled researchers to correct for surface curvature and tilt and
to determine subtle pigment traces in ancient marble sculptures without the need for complex
scanning methods. That said, careful assumptions about material composition are required,
in this case, the variability in layer thickness, compositions, or roughness. Another limitation
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is the lack of real-time analysis in compact form; the approach requires several specialised
software programs for photogrammetry, XRF processing, and custom FP scripts, which are
not standardised nor integrated into a single commercial software tool.

Figure 2.ag: Ratio of experimentally acquired elemental distribution images of Ca and Fe. A value above 1.0 indicates
exposed surface marble, and a value below 1.0 indicates an absorbing layer on the surface [55].
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2.5. Literature Review Discussion
The literature highlights the advancements in the application of MA-XRF for cultural heritage
studies. The developments for this technique have been on two fronts: Firstly, mobile instru-
mentation setups have been developed and deployed for in-situ measurements, allowing valu-
able objects to remain in their ideal conditions and avoiding the risks and costs associated with
transport. Secondly, data handling software and methods have been significantly improved,
enabling the processing of datasets containing thousands of spectra into hyperspectral cubes
that contain spatial elemental information of a sample area.While extensive research has been
conducted on the use of XRF scanning in two dimensions on flat objects, such as paintings,
there exists less research on three-dimensional scanning methods for non-flat objects.

The sample geometry has a pronounced effect on MA-XRF imaging, appearing as arte-
facts in the spectral data. Traditional methods of XRF imaging do not account for the vari-
ation in three-dimensional surfaces, producing data that contains artefacts due to the sam-
ple’s geometry. Variation in working distance and tilt due to a sample’s curved surface can
attenuate elemental signals [56]. Methods using intrinsic data corrections, such as corrections
based on the Argon profile due to X-ray absorption in the air, have been demonstrated for
two-dimensional scanners. That said, this approach requires careful characterisation of the
instrument, relying on clearly defined detection geometries and calibration of signals using a
reference sample [56]. Additionally, the surface tilt is not accounted for when relying on intrin-
sic data features. Adaptive scanners utilising robots or motors have been introduced in the
field to manoeuvre the scan head, ensuring it accounts for variations in working distance and
sample tilt [57] [59]. These acquisition methods add additional degrees of freedom for XRF
scanners, yielding more representative elemental data. That said, they tend to be more costly
and are challenging to adapt to the existing two-dimensional scanning setup.

The current state of the literature warrants the continuation of research into MA-XRF scan-
ning methods for three-dimensional objects. The use of 3D adaptive scanning methods util-
ising motorised stage platforms is notably absent from the proposed solutions found in the
literature. The use of three platform stages is a straightforward adaptation from a standard
two-dimensional axis scanning setup. It is also relatively simple to implement for a standard
benchtop XRF scanner. This method of stage platforms is therefore investigated in this thesis,
with the methodology being based on developing and testing a custom three-axis linear mo-
torised stage instrument. The aim is to evaluate the solution by comparing 2D and 3D scans of
the same target. This research opportunity is relevant for developing simple and more effective
scanning solutions for geometrically complex cultural heritage objects.
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Research Methodology

3.1. Problem Statement

Figure 3.a: (a) Ideal detection geometry of a sample’s surface, at the intended working distance. (b) Geometric effect of
working distance and surface tilt, due to the sample’s curved nature.

An important factor when performing Macro X-ray fluorescence (MA-XRF) analysis is the
detection geometry between the sample and the scanning head. When studying objects of ir-
regular geometry and curved surfaces using standard two-dimensional MA-XRF imaging, geo-
metric effects arise due to inconsistencies in the detection geometry, as explained in Chapter
2.4.3. Figure 3.a summarises this problem in the case of a curved object. Situation (a) de-
notes the ideal detection geometry when scanning the top-most point of the sample surface.
In this case, the acquisition is done with the intended working distance and geometry, where
no surface tilt is present. When scanning the sample in two-dimensional scanning, situation
(b) arises where the effective working distance increases due to a sample’s curved surface.
This effect attenuates the fluorescence signals and produces unwanted signals from elements
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in the air. Another effect here is the surface tilt of the sample in relation to the scanning head,
increasing the effective penetration in the sample and thus the escape path of fluorescence
in the sample. The effect of geometry can present a challenge for researchers, especially
in cases of MA-XRF for three-dimensional objects where scan areas extend across varying
surface geometries, or when comparing related surface elements of different geometries.

3.2. Research Approach
Several solutions have been proposed, as outlined in Chapter 2.4.3, of instruments introducing
additional degrees of freedom to the typical whisk-broom scanning method used in MA-XRF.
Such adaptive scanning allows acquisitions which account for the geometric nature of the sam-
ple. Figure 3.b illustrates two scenarios that account for a curved sample. When the working
distance is accounted for, as shown in (c), the absorption in the air is minimised; however, the
surface tilt is not accounted for. The tilt effect is dealt with in (d), where the scan head tilts to
maintain the ideal geometry.

Figure 3.b: (c) A scenario where the working distance is accounted during measurement of a curved surface. (d) A better
scenario where the tilt effect is also accounted for.

This project showcases a straightforward, albeit not simple, solution to scanning three-
dimensional objects using a three-axis linear motorised stage instrument and a rotating stage.
The addition of a third lateral degree of freedom allows for maintaining the working distance
between the measurement head throughout the scan. Additionally, a rotating stage will be
used during scans, accounting for the tilt effect. A mug was chosen as a test subject due to
its cylindrical shape, which facilitates the straightforward generation of scan paths and repeat-
able scanning experiments. A typical flat scan of a mug surface presents the aforementioned
geometric challenges in macro-XRF analysis, while three-dimensional scanning can account
for them. To investigate mitigations approach to these effects, three scanning strategies, as
seen in the figure 3.c, were performed on one half of the mug’s outer surface:

1. Two-dimensional Scan: The first scan type serves as a baseline for the other experi-
ments. Engaging only X and Y motors, a conventional two-dimensional scan can be per-
formed across the projected mug surface. The effective working distance varies across
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the face of the mug, increasing by the radius of the mug when scanning the edges. The
scan path is a ”snake” patterns, following a continious line throughout the scanning pro-
cedure.

2. Three-dimensional Scan: This scan conforms to the curvature of the mug, following a
scan path which maintains a fixed working distance. In this case, the scan path engages
the Z motor, which forwards and retracts the scan head such that it follows the cylindrical
profile of the object. The scan also follows a snake path.

3. Rotating Stage Scan: Utilising a rotating stage, this scan performs scans across each
of the mug’s columns; the X and Z positions are fixed, while the Ymotors execute a linear
scan on each column. The use of a motorised stage ensures uniform coverage and a
consistent scan geometry when acquiring data, maintaining both the working distance
and the surface tilt across the sample.

Figure 3.c: Three Scan strategies.From left to right: 2D scan, 3D scan, and a rotating stage scan. The latter two scans account
for the geometric nature of the mug.

All scans will be point-scan measurements, where acquisition is performed at each point
along the scan path, and the scanner rests during the scan. These scanning strategies aim to
demonstrate scan artefacts due to the curved nature of the sample object, and the effect of mit-
igating them by maintaining a fixed working distance and/or surface tilt. The end goal of these
experiments is to assess directly the viability of using a three-axis system in improving spectral
clarity, reducing signal attenuation, and providing consistent, repeatable measurements.
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Methods

4.1. Experimental Setup
To implement the scanning strategies introduced in Chapter 3, a custom three-axis linear mo-
torised stage instrument was designed to achieve surface-adaptive scanning of curved objects.
The instrument mounts a scanhead consisting of an X-ray tube and a solid-state detector; ad-
ditionally, the scanhead mounts a Dinolight microscope camera for image capturing. Accom-
panying code was written to generate scan paths, control the motors, and trigger the detector
acquisition. The software writes the data into HDF5 files, creating hyperspectral data cubes,
which are in turn processed and fitted to produce elemental maps. The following section details
instrumentation and software developed for this project.

4.1.1. Instrumentation
The three-axis linear motorised stages instrument, named ”BLB MK 2.1”, was designed, con-
structed, and programmed to acquire Macro X-ray Fluorescence (MA-XRF) measurements
along curved surfaces of 3D objects for cultural heritage. BLB MK 2.1, shown in figure 4.a, is
a modification of a two-dimensional scanning setup, consisting of two linear stages mounted
with a right-angle bracket placed on top of a third linear motorised stage to introduce an ad-
ditional degree of freedom.This configuration of motors allows for the scan head to move in
the Z axis (towards or away from the object surface) during a typical scan loop in the X-Y
plane. The instrument carries a scan head consisting of an X-ray tube and a solid-state detec-
tor (SSD). A Dino-light microscope holder is also attached to the scanhead plate, allowing for
the imaging of the sample’s surface. The instrument is housed in a lead boxed designed for
the previous insturment (a two-dimensional XRF scanner), where each wall consists of two
aluminium sheets, 1 mm thick, sandwiching a 0.8 mm lead sheet. When closed, the box door
triggers a safety interlock directly connected to the X-ray tube’s operation. The designated pur-
pose of the instrument is to carry out investigative MA-XRF measurements of curved objects
and demonstrate the effectiveness of mitigating geometric effects.
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Motorised Stages
The movement stages used are ThorLabs’s LTS300C/M, a 300 mm linear translation stage
with an integrated controller and a stepper motor (Shown in Figure 4.c). The travel range of
300mm in each axis covers a reasonable range for moderately sized objects, with the motors
allowing a minimum achievable incremental movement of 0.1 µm. Maximum velocities are
50 mm/s for horizontal movement and 3 mm/s for vertical movement. The load capacities
and velocity specification for the motors are easily sufficient for this application, since the
instrument is intended to perform point-by-point acquisition of XRF spectra at moderate speeds
whilst carrying a lightweight (kg) scanner part.

Figure 4.a: Side view of BLB ML2.1 inside the lead box, showcasing the detection head, the offset Dinolight microscope, the
rotating stage, and the mug placed on a pillar seat.

The motorised precision rotation stage model from Thorlabs, PRMTZ8/M, is used for rotat-
ing scanmeasurements. Shown in Figure 4.a, the entire experimental setup places the mug on
a platformed seat (3D printed with PLA), which is inserted in the top holes of the circular stage.
The precision rotation stage, similar to the Thorlab stage motors, can be controlled directly via
Kensis or its own code wrapper. Additionally, the stage comes with a KDC101 K-Cube servo
motor controller, which enables direct rotation of the stage without the need for software.

Scan head
The scanner part of the instrument consists of a scan head plate which allows for the mounting
of an SSD detector, an X-ray tube, and the dinolite microscope. The scanner head configu-
ration and design were taken from the previously built 2D MA-XRF scanner, and modified by
incorporating an L-bracket to mount the scan head plate to the Y motor’s stage platform. Ad-
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ditionally, a Dino Lite microscope holder extension was designed and fitted, allowing for the
microscope to be mounted and aligned alongside the X-ray tube’s head at a 100 mm offset.
The addition of the Dino-Lite microscope enables digital imaging of the scanned object. It can
also be used to verify positioning using a fixed-depth-of-focus approach (explained in Section
4.2.1). The detector used the Amptek FAST SDD®, a high-performance silicon drift detector.
The throughput is relatively high, handing over 1 million counts per second. The energy reso-
lution is at 123 eV FWHM at Mn Kα (5.9 keV). The provided low-noise and sensitive detection
is ideal for a basic benchtop spectroscopy instrument. The X-ray tube used is a 50 kV Mini-X2
Amptek X-ray Tube System consisting of a Rhodium anode and a 125 μm Berreliym (Be) win-
dow. The X-ray was operated at a current of 200 μA and a voltage of 30 kV. The X-ray tube is
initiated and activated on a separate device, connected to the interlock system in the lead box.
The detection geometry is sketched in Figure 4.b, where the detector is positioned above the
X-ray tube to record the intensity and energy of the emitted X-rays. The take-off angle between
the sample surface and the detector path is at 40° relative to the incident beam.

Figure 4.b: Schematic of the XRF detection head setup. The detector is oriented above the X-ray tube, with the take-off angle
at θ = 40°.

4.1.2. Software
The control software performs an entire scanning routine of the mug’s face. It handles all tasks,
including scan path generation, linear stages motor control, spectra acquisition, and logging
data. The code compiles the generated spectra and detector statistics into an HDF5 (.h5) file,
compiling all the data obtained during the scan. The code was developed in Python and run
using the integrated development environment, Spyder.

Reference Point
In the software, the scan trajectories are defined relative to a reference coordinate located on
the closest column to the scan head, at the midpoint of the mug’s height. Therefore, before
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running the scanning script, the position of this reference point was determined in the form
of three absolute coordinates of the three-stage motors. Kensis (ThorLabs motor control soft-
ware) was used to control the motors and the rotating stage at this point, allowing the X-ray
tube head to be manually positioned to the reference point measured with callipers.

Figure 4.c: 3D Schematic of BLB MK2.1, showcasing the three motors and the scan head, which includes the X-ray tube, SDD
detector, and the Dinolight Microscope holder.

Figure 4.d: Laplacian Variance focus score as a function of horizontal displacement across the central row of the mug. The
maximum sharpness x position is determined to be 1.15 mm to the right of the current reference point.

The Dinolight microscope’s limited depth of focus was also used to confirm the position of
the reference point. Images are captured across several rows of the mug, and a focus score
is computed based on the Laplacian operator, a standard method in image processing that
determines the sharpness (or blurriness) of an image. The variance of the Laplacian value,
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obtained using the OpenCV Python package, was computed during horizontal imaging. The
Laplacian score is determined based on the clarity of edges or texture, which produces strong
Laplacian responses. Computing the focus score across the mug’s surface allows for selecting
the most ”sharp image,” which corresponds to the column closest to the scan head (Figure
4.d).

One must be careful when performing this test, however, since the most ”in-focus” position
depends on the fixed depth of focus set by the microscope; the focal plane may happen to lie
slightly behind the closest point on the mug surface. The depth of focus, therefore, is set such
that the plane of focus is in front of the theoretical reference point. Additionally, the middle
well-focused region of the mug was broad (2.5 mm) due to the finite but not infinitesimal depth
of focus. That said, confirmation of this middle point along the X-axis was validated by hands-
on measurements, as well as by the obtained XRF spectra across several rows of the mug,
which allowed for the computation of the Argonk signals and the determination of the point
with the minimum signal measured. The reference is finally determined on the XY plane; a
slight margin of error is acceptable since the chosen exact scan area in that plane is not too
important as long as it covers the entire length of the mug in the spectral image. Finally, a
working distance of roughly 9 mm was then measured using a labelled string while adjusting
the Z motor. This value of working distance was chosen for the scan head since it uses the
same scan head plate configuration as the previous instrument.

Scan Path Generation

Figure 4.e: 3D sketch illustrating how a flat grid maps onto the curved surface, creating the scan grid.

The code generates a scan path needed to perform each scanning method, and the sub-
sequent motor coordinates that are applied to manoeuvre the scan head along the scan path
of a curved mug. This is achieved by projecting a canonical flat grid, where scan points are
spaced by 1 mm and the origin point (0, 0) corresponds to the reference point in (u, v), onto a
mug’s cylindrical surface. (as is shown in Figure 4.e). The step size is defined in the flat (u, v)
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grid, with increments of∆u = 1mm and∆v = 1mm. In the vertical direction (v), steps remain
unchanged, since this corresponds directly to motion along the height of the cylinder. In the
lateral direction (u), however, the scan points spacing is equal to 1mm arc length on the cylin-
der but not 1 mm in real space; when viewed in Cartesian X, the effective step size appears
smaller near the edges and larger at the centre columns. The computed grid thus acts as a
canonical sampling lattice, where any scanning method adheres to the same columns on the
mug surface, allowing for a direct comparison of scanned columns and rows.

Since motor movements are in real space, real coordinates must be computed directly
from the projection. The scanning order is chosen to start at the top-right corner of the grid
and follow a snake-like path; the same path applies to the rotating scan, scanning columns
then rotating the equivelant of 1 mm arch length. the motor coordinates for each scanning
mode are calculated as follows:

a) Two-dimensional Scan

x = xref +R sin
(
u
R

)
, y = yref + v, z = zref

(b) Three-dimensional Scan

x = xref +R sin
(
u
R

)
, y = yref + v, z = zref −

(
R−R cos

(
u
R

) )

(c) Rotating Stage Scan

x = xref, y = yref + v, z = zref, θ(u) =
u

R

with,

∆θ =
s

R
· 180

π
,

Where (u) is lateral offset (arch length in mm), (v) is vertical offset (in mm), R is the mug
radius and xref, yref, and zref correspond to the reference coordinates in Cartesian space. θ is
the rotation angle applied by the stage, and s is the step size in the flat grid, set in this code
as ∆u = ∆v = s = 1mm. This code then plugs in the selected scan area as length, L, and
height, H, to define the extent of the grid:

u ∈
[
−L

2 , +
L
2

]
, v ∈

[
−H

2 , +
H
2

]
,

In the code, once the reference point is loaded and scan paths are processed, indexes of
each step count (totalling u x v) are generated, and each motor position is calculated.
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Motor Control
A Thorlabs wrapper is used to control the motion of the three-stage motors. Motors, identified
by their individual serial numbers, are detected via USB and assigned to X, Y, and Z; then
they are homed to their zero positions before the scan begins. To avoid collision with the lead
box housing, homing the motors is done in the order of X, Y, and then Z. Once the motors are
homed, the scanning begins with movement commands performed as absolute moves in the
sequence of the scan path, with short rest times between moves to ensure system stability
and sufficient spectral acquisition time. The control code also enforces predefined travel limits
to avoid collision with the lead box housing the instrument. The total scan volume allowed by
the instrument is:

(x, y, z) ∈ [0, 290]× [0, 90]× [0, 150] mm

The scanning procedure is interrupted if the motion sequence crosses the defined limits.
Error handling and resource management are programmed into the script through try/excep-
t/finally blocks, ensuring that scan interruptions are handled safely, with all motors and the
detector shutting down safely.

Data Collection
Scans are executed point-by-point, with the Amptek detector triggering for a fixed measure-
ment time at each scan point. The acquired spectra are processed and written to disk in CSV
format, with indexed spectra filenames according to the scan order. While acquisitions take
place, a log is compiled by the software, containing records of step size, total counts, and rest
time during acquisitions. Additionally, the log stores detector data related to the detector, such
as the measured voltage applied to the detector, the detector crustal temperature, and the
electronics board temperature. The code generates a directory of the scan session, contain-
ing all the acquired spectra and scan data, providing a complete record of the measurement
run. When the Dino-lite microscopy was used to capture images, it was moved by a known
fixed offset of 10.2 mm to the right of the X-ray tube in the X-direction during the scan, and the
images were saved in a separate directory.

HDF5(.h5) file creation
The collected raw XRF data is processed as a series of individual spectrum files, where each
measurement point corresponds to a full spectrum in CSV format.The code reads the scan
log of each scan session to determine the grid layout, number of channels, and pixel order,
ensuring that spatial order is preserved when creating the hyperspectral cube. The spectra
are then loaded into memory and written into three-dimensional arrays to store the data sets
(such as channel counts, detector status etc..) in the correct position of the data cube. The
complete scan is written in HDF5 format, compacting full spectral information, pixel positions,
and associated metadata into a single file. Subsequent fitting and elemental visualisation rou-
tines can then be done on the said HDF5 files, accessing spectral data across the scanned
area.
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4.2. Experimental Procedure
The experimental procedure involved conducting different scan tests on the same three-dimensional
object. Experimental scans were done with the instrument on a decorative glazed mug, shown
in Figure 4.f, obtained from a second-hand store. The cylindrical shape deems the test sample
helpful in testing the different scanning strategies and observing the effect of surface curvature
on the XRF acquisitions.

Figure 4.f: Front face of the decorative mug, chosen as the test sample for scans in this project.

4.2.1. Sample Description: A decorative mug
The sample’s shape is a standard mug with a handle, and an illustration repeated on opposite
sides of the outside surface. The ceramic mug, with a diameter of 50.2 mm and a height of 53.2
mm, features a smooth, glazed exterior surface with a decorative layer applied on top. The
mug decoration is made of thin ceramic enamel, depicting a scene of a lady in a dress seated
in a garden surrounded by green foliage, and to her left sits a bird on a hanging stick. On the
far left, a tree truck with leaves is present, and on the far right, a blue structure is noted. Many
colours are present in the illustration: Her dress is painted pink and red with streaks of yellow,
while the bench is a combination of blue and brown. A gold-coloured strip is seen under the
rim of the mug with pink flowers and green leaves painted on top. A warning label is printed
on the bottom of the mug, advising against consuming the contents due to the presence of
harmful materials.

Before the start of the project, preliminary 2D XRF scans were conducted on the mug to
investigate its composition and build-up. Many features of the mug can be observed from ele-
mental distribution maps, shown in Figure 4.g. For instance, silicon (Si) has a higher presence
in areas around the paint, as it is a primary material in clay silicate. Gold (Au) is visible on
the mug’s rim, interrupted by the paint. And iron (Fe) is used as a colourant for the reds and
browns, while cobalt (Co) is used in the hair, and so on. The argon K (Ar-K) signal is due to the
excited argon atoms present in the air between the sample and detector. The intensity corre-
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sponds to the curvature around the mug, showcasing the effect of varying working distance on
the attenuation of this signal. Visual inspection alongside the elemental maps obtained from
preliminary tests helps explain the makeup of the ceramic decorative mug. A mug’s body is
made of clay mixed with silica, which is fired to create a hardened body. A layer of glaze, likely
containing silicates, is then applied. Finally, the picture on the mug appears to be decorated
with pigment enamel, found in the lady’s hair and dress, as well as ametallic overglaze, evident
in the cup’s rim. The full elemental list is showcased in section 4.3.1.

Figure 4.g: Elemental Distribution Maps of Argon, Cobalt, Silicon, Iron, and Au, alongside an image of the mug. The scans
were obtained using a raster scan with BLB 2.0 and processed in PyMCA.
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4.2.2. Experiments
Four point-by-point XRF scan experiments were conducted using the BLB MK 2.1 on the
test mug. Before each scan, the homing procedure described in section 4.2 was followed.
The scanning area, measuring 55 x 54 mm2, was kept constant in all four experiments, but
measured with scanning strategies outlined in section 3.2. The scan steps of X were 1 mm
in arch length, and the scan steps of Y were 1 mm in the vertical direction, adhering to the
projected shape of the cylindrical mug. The X-ray tube was controlled on a separate device,
set to 200 kV and 30 A, and the rest time between scan points was 1 s. The following table in
Figure 4.h summarises the four experiments:

Figure 4.h: A summary of the experiment parameters for each XRF acquistion conducted with BLB MK 2.1

Figure 4.i: Raw XRF total count maps for all the scans.

4.3. Data Handling
After the data were acquired and converted into HDF5 files, the spectra were loaded in PyMCA
for quick inspection. When examining the raw stacked count maps, shown in Figure 4.i, it is
immediately apparent that the count totals appear to increase throughout the scan (the scan
path being a snake path column-wise starting on the top left), more prominently in the 3D scan
and the 2D scan. This effect was suspected to be due to variations in the detector’s response
throughout the scan. After inspecting the detector status data in the spectral cube, a noticeable
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drift in detector temperature was observed during the scans, as shown in Figure 4.j. This drift
seems to have caused the observed gradient in total counts. It is acknowledged as a detector
artefact, and its effects could be a source of bias when interpreting the data.

Figure 4.j: Plots of detector temperature and total counts per second for each of the scans, showcasing a drift in detector
response. A significant increase in temperature is observed, most prominently in the 3D and 2D scans, which seems to

correspond to a gradual rise in count totals.

4.3.1. Data Fitting
The hyperspectral data were stitched together for the purpose of fitting the data and produc-
ing comparable elemental maps. Fitting the data involves decomposing the measured spectra
into their underlying components. Raw spectra contain characteristic peak elements, back-
ground signals, and detector artefacts that must be accounted for when inspecting the data.
Additionally, overlapping features must be carefully resolved. This process is done by apply-
ing background subtraction, estimating peaks, and correcting for detector responses. Once
a good fit is achieved, the data is processed by batch fitting, applying the configured fitting
to the whole set of spectra automatically. The fitting was also used in ’Fast Linear Fit’ mode
using different weighing policies. Finally, net intensities of each present characteristic X-ray
line were determined across each pixel on the scan grid of the data cube, and elemental maps
were produced.

Fit Configuration
The fitting process begins with creating a fit configuration on PyMCA; for this, the stacked
spectrum was chosen as the representative of the data. The stacked spectrum is a quick way
of checking peak mismatch and configuring the overall fit. The elemental peaks were identified
in the representative spectrum (or stacked spectrum) of the dataset using the Advanced Fit
tool. Known elemental peaks are verified by toggling their characteristic X-ray lines in the
peak selection window, and the fit is manually checked during the process to confirm the
selections. This process is illustrated in Figure 4.k, where chromium and iron, identified by
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their signature energy peaks, are toggled. Preliminary scans during characterisation of the
mug aided in determining the list of present elements.

Figure 4.k: Pymca Advanced Fit tool preview. Top: stacked data fit without including Fe and Cr peaks. Bottom: After toggling
Fe and Cr peaks.

Figure 4.l: Demonstration of MCA Hypermet fits onto the representative spectrum with SNIP algorithm to estimate background.
The effect of the SNIP background width (BW) parameter is shown: (top) BW = 20 and (bottom) BW = 50. A narrower BW

follows peaks more closely, while a wider BW smooths the continuum.

Once all the elemental peaks were determined, the fit parameters were optimised to match
the found peak shapes. The MCA Hypermet function, PyMCA’s peak shape model, was cho-
sen as the fit function. Hypermet takes into account both the Gaussian shape expected from
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the detector resolution and the low-energy tails that appear due to incomplete charge collection.
Figure 4.l illustrates the operation of the Hypermet function on a representative spectrum. The
figure also showcases the background estimation; the background was modelled using Sensi-
tive Nonlinear Iterative Peak-clipping (SNIP), where the baseline background was estimated.
The SNIP algorithm applies a progressive estimation of a smooth underlying background be-
neath the peaks by clipping away sharp features. SNIP’s background width parameter deter-
mines how broad the smoothing window is: if set too narrow, the baseline is too close to the
peak, undermining its intensity. If set too wide, this could result in oversmoothing and cutting
of peaks. Figure 4.l shows the effect of SNIP background width (BW) on the background con-
tinuum. The SNIP background width was iteratively adjusted until the background estimation
seemed appropriate, ensuring that the elemental peaks could be accurately separated from
the continuum.

Finally, counting statistics were determined using Poisson (1/Y) weighting, with 40 itera-
tions allowed at a stopping criterion of a minimum χ² difference of 0.001%. Poisson weighting
is set such that channels with higher counts are more statistically significant, and therefore
weigh more strongly during the fit. Iterative fitting is governed by , a statistical measure of
the quality of the fit, calculated from the difference between the raw data and the model and
scaled to match expected statistical uncertainty in each channel. Lower values indicate that a
fit resembles the data closely, while larger values suggest a mismatch, unresolved peaks, or
inaccurate background estimation.

Table 4.a summarises the fit configuration; the resulting fit can be seen in Figure 4.m,
showcasing the elemental peak positions. The listed elements are interpreted to be part of the
mug’s ceramic body, enamel, and glaze. Argon is the contribution from the air between the
scanner and the sample, whilst rhodium comes from the anode.

Parameter Value

Fit function MCA Hypermet (No continuum)
Background algorithm SNIP (BW=30)
Statistical weighting Poisson (1/Y)
Number of iterations 40
Stopping criterion Minimum χ2 difference of 0.001%
Fitting region Channels 123–1284

Corrections included Stripping, Escape peaks, Short tail

Fitted elements Si_K, S_K, Cl_K, Ar_K, K_K, Ca_K
Ti_K, V_K, Cr_K, Mn_K, Fe_K, Co_K

Ni_K, Cu_K, Zn_K, As_K, Se_K
Rb_K, Sr_K, Zr_K, Rh_L, Sn_L
Ba_L, Au_L, Au_M, Pb_L, Pb_M

Table 4.a: PyMCA fit configuration and fitted elements used in the analysis.
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Figure 4.m: The final fit of the representative XRF spectra. Elemental peaks are labelled.

Element Line(s) Notes

Si K Ceramic/glaze matrix
S K Trace element
Cl K Impurity
Ar K Air path contribution
K K Flux in glaze or clay
Ca K Flux or stabiliser
Ti K Clay impurity
V K Trace component
Cr K Pigment (hair)
Mn K Pigment (brown/purple)
Fe K Pigment (dress, bench)
Co K Pigment (blue)
Ni K Trace in glaze
Cu K Trace in glaze
Zn K Flux or stabiliser
As K Trace in glaze
Se K Trace in glaze
Rb K Raw material trace
Sr K Flux in glaze
Zr K Opacifier
Rh L Tube anode
Sn L Opacifier (tin oxide)
Ba L Flux in glaze
Au L, M Decoration (rim)
Pb L, M Glaze flux / pigment

Table 4.b: Characteristic XRF emission lines and the role of detected elements.
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Batch Fitting
Batch fitting is the process of fitting every spectrum in the data with a single fitting model (in
this case, the model configured in the previous section). This was done using PyMCA’s batch
fitting tool, which loops through the entire data set and automatically applies the fitting, extracts
peak areas for each element, and saves them in a results file. While this allows for mass fitting
of a large amount of data, any errors present in the model will manifest in the entire dataset,
resulting in a mismatch.

Once the fitting was applied to the data, the quality of the fit can be checked by examin-
ing the residuals (i.e., the differences between the measured spectrum and the fitted model)
across all channels. Residual maps show areas of over- or underestimation of the signal, al-
lowing for the identification of poorly fitted regions. Additionally, the variance across the fit is
examined by computing the χ2 statistic, which measures how well the fit matches the data.
The residual maps, seen in Figure 4.n, are defined as:

1. RMS Residuals

ri = ymeasuredi − yfiti , RMS =

√√√√ 1

N

N∑
i=1

r2i .

With ri being the raw difference between the acquired and fitted counts (ymeasuredi and yfiti
respectively) across the channels (indexed with i). The root mean square for each pixel is
then computed by summing across channels (totalling N ). This calculation does not account
for statistical noise, thus regions with counts tend to dominate in count.

2. RMS Standardised Residuals

zi =
ymeasuredi − yfiti

σi
, RMS standardized =

√√√√ 1

N

N∑
i=1

z2i .

Here, the residuals are divided by the statistical error, σi ≈
√
ymeasuredi , producing a di-

mensionless value zi. The deviations in this case can be compared across pixels, showcasing
systematic misfits more clearly.

3. χ2 Statistic

χ2 =
N∑
i=1

(
ymeasuredi − yfiti

)2
σ2
i

.

χ2 is calculated by squaring the raw difference between the measured and fit counts, then
dividing by σi ≈

√
ymeasuredi ; the sum in this case accounts for the statistical weight of each

channel. A reduced 2 value near 1 indicates that the fit is well consistent with counting statistics.
In contrast, higher values indicate a mismatch or missing model component (for instance,
missing elements in the fit configuration).
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When observing the raw residual map, it can be observed that the areas with high differ-
ence correspond to high count regions (seen on figure 4.i). These regions align with the painted
enamel placed on the mug. The result of adhering to counting statistics is evident on the stan-
dardised residual map, where the structures seen in the raw maps are less pronounced. After
normalising, the values mostly fall within the range of 1-2 across the map, suggesting a good
enough fit. The slight mismatch is likely due to peak overlap or background handling.χ2 dis-
tribution across the scan shows no extreme mismatch between the fit and the values. This is
confirmed by the histogram of χ2 distribution across all the scans, shown in Figure 4.o), where
the values are narrowly clustered around 1.25 with the mean equal to 1.26, and the median
equal to 1.25. The slight increase in value reflects regions of localised mismatches (likely due
to overlapping peaks or background effects). Overall, the fit quality is statistically consistent
across the majority of pixels, with no widespread or severe misfits in the dataset.

Figure 4.n: Fit quality maps across the four scan modes. Top: RMS residuals; Middle: RMS standardized residuals; Bottom:
reduced . Scans are stitched together, with boundaries indicated by the red dashed lines.
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Figure 4.o: Histogram of χ2 values of the all the pixels across all scans.



5
Results & Discussion

This section reports the results obtained from the four scanning methods (Rotating, 3D, 2D,
and 2D +mm), performed on the curved mug. The section covers the spectral images ob-
tained from the experiment, analysing the visual effects and artefacts caused by the different
geometric approaches. Elemental maps and profiles are also investigated, showcasing the
argon artefact signal as well as elements from the mug’s decorative enamel and clay body.
What follows is a discussion on the interpretation of results, implications and limitations.

5.1. Spectral Images
The final spectral images are shown in Figure 5.a, where the scan methods are presented
for direct comparison with a real image of the mug. The picture design on the mug can be
distinguished due to the high-count regions associated with elements in the drawing; the scene
of the lady and the garden can be recognised, with her hair containing a strong signal element
seen in the middle column, underneath which her dress can be seen. The bird on its hanging
stick to her left is also outlined. The counts on the exposed ceramic patches are relatively
lower than the coloured design, producing a contrast that helps outline some of the parts of
the illustration on the mug’s surface. Other aspects of the drawings, such as the leafage and
the small bird, are harder to see from the sum spectral image. The result of maintaining the
detection geometry throughout the curved surface is the projection of the curved decorative
illustration onto a flat plane, producing an ”unwrapped appearance of the mug’s design.

It can be observed that the features around the middle columns throughout the scans are
identical, which is expected since the scanning methods share the exact working distances
at the central column, except for the 2D+3mm scan, which is performed 3mm further away
from the other scans, thus appearing less pronounced. An imaging artefact can be directly
observed when comparing two-dimensional and three-dimensional scans near the edges: the
right and leftmost edges of the spectral images in the two-dimensional scans appear blurrier,
obscuring the shapes that remain well-defined in the three-dimensional scans. For instance,

59
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the tree trunk to the far left with its leaves is easier to spot in the three-dimensional scans;
the same applies to the blue structure to the far right. Overall, whilst the central features are
comparable across all scans, the edge regions are softer and less clear in two-dimensional
scans when compared to three-dimensional scans.

Figure 5.a: A grid of summed Spectral Images for the four scan methods. A photograph of the mug is shown for reference.

The column-summed data points shown in Figure 5.b, compare the count profiles across
the columns. The profiles near the central column closely match (with an observed offset for
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2D+3mm). The divergence in total count between scan methods becomes apparent for data
points closer to the edge columns: Two-dimensional scan counts drop significantly compared
to their central column values, while three-dimensional scans achieve higher counts for the
same regions.

Another observation made from the plot is that features, such as peaks and valleys, across
scan modes are not precisely aligned in lateral position; however, they do roughly match each
other in shape, with the distinction appearing in relative amplitudes of the signals. This offset
may be due to a human error in referencing or the positioning of the mug, as experiments were
conducted on different days, and the stage setup may not have been consistent. This offset is
further addressed in the next section when inspecting pixel-wise difference maps.

Figure 5.b: Plot of the column-summed count profiles of each scanning method.

5.1.1. Pixel-wise difference maps: 3D & 2D
To inspect each scan category (3D and 2D), pixel-wise difference maps and profiles are plotted
(Figure 5.c). The left side of the figure illustrates the difference between the 3D scan and the
rotating stage scan, with a plot of their difference below. It can be seen that the residuals near
the central column are close to zero, and the two profiles share the same peak/valley positions.
However, when inspecting regions closer to the edge, a clear difference in the imaging is
evident. The 3D scan appears to distort the features in those regions, shrinking the observed
shapes at the edges. This effect is correlated with amismatch in peak positions in edge regions,
suggesting that a shape distortion is taking place.

Additionally, the 3D scan produces more counts in scan areas further from the centre,
especially over regions with strong features in the decorative enamel. The count divergence
appears higher at the left edge than at the right edge.When plotting the difference value across
columns, a constant offset is observed near the middle columns that becomes less stable as
the edges are approached for columns with indices less than 15 and greater than 30. That
said, the rotating stage counts dominate in a small region near column 50. Overall, the central
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areas show close agreement whilst the separation increases towards the sides of the maps,
with a lateral offset between peaks increasing as edge scans are approached.

The same map was produced for the two-dimensional scans, shown on the right side of
the figure. In this case, there is an almost constant difference between the maps for pixel
regions corresponding to the decoration. The line plot across the columns reflects this be-
haviour, where a stable value is observed across the mug in the lateral direction. However,
it is worth noting that regions associated with the exposed ceramics exhibited a lower shift
in counts when performing the 2D+3mm experiment, indicating that signal attenuation affects
the elements in the mug decoration more strongly.

Figure 5.c: Top: Pixel-wise difference maps between 3D and 2D scans. Bottom: Column-summed count profiles plotted with
the difference shown as a dashed line.

5.1.2. Pixel-wise difference maps: Rotating Scan as reference
To examine the imaging discrepancies between the rotating scan (taken as the most repre-
sentative scan) and the two-dimensional scans, the pixel-wise difference maps are plotted in
Figure 5.d, as well as the column-summed profiles. What was observed previously in terms of
a slight displacement between the peak positions yields misalignment in the difference maps,
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more evident on the [Rotating] - [2D] image, where a hysterisis (or lagging) effect obscures
what is expected to be a relatively flat residual in the middle area of the scan areas.

Figure 5.d: Top: Pixel-wise difference maps between the rotating stage scan and both 2D scans. Bottom: Column-summed
count profiles plotted with the difference shown as a dashed line.

In an attempt to mitigate this effect, 1-D cubic interpolation was applied along the image
rows, and the entire 2D maps were shifted horizontally to match the local dominant sum peak
observed in the profiles. A subpixel shift of -0.4px was applied to both two-dimensional scans,
resulting in a reduction of lagging effect near the centre of the mug; the difference maps after
shifting exhibit reduced hysteresis around the image centre, as shown in Figure 5.e. The inter-
polated profiles show a more aligned sum peak in the centre, and the difference map yields
relatively less noisy features. While the central features appear flatter in residuals, the edge
features of the spectral images seem underrepresented during two-dimensional scans. The
rotating scan appears to capture sharper images when scanning the curved surface that a
traditional 2D scan would miss. That said, some pixels in the 2D scan yield slightly stronger
signals than the rotating scan near edge columns, suggesting further misalignment or noise
in the signals due to the airpath. This is less prevalent in the 2D+3mm scan, where the intro-
duction of surface tilt appears to improve the surface signals from the decration, especially
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on the sides of the scanned area. Overall, while helpful in improving the spectral look of the
data, interpolation of the data should be treated with caution, since it reweights intensities and
oversmoothes the spectral features, introducing artefacts in the data.

Figure 5.e: Top: Pixel-wise difference maps between the rotating stage scan and both 2D scans (after sub-pixel alignment).
Bottom: Column-summed count profiles plotted with the difference shown as a dashed line.

5.2. Elemental Maps
To visualise the effect of geometry on the elemental signals in the sample, elemental maps
were produced, visualising their distribution across the scan area. Although 30 spectral chan-
nels were fitted for the 25 elements detected in the sample, only a few prevalent ones are
shown in this section, which showcases the effect of the proposed scanning methods on ma-
terial signals associated with the airpath, enamel decoration, and the ceramic body of the
mug.

5.2.1. Air absorption: Argon Signal
The argon elemental maps and profiles (shown in Figure 5.f showcase the geometric nature
of the respective XRF scans. Three-dimensional scans produce a flatter and almost feature-
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less map, yielding more uniform argon signals. The argon line reflects this fact, showcasing
relatively stable counts per pixel of 292.1056 ± 0.7151 (σ=38.6150) for the Rotating Scan, and
315.9460 ± 0.7539 (σ=40.7112) for the 3D scan. The two-dimensional scans, on the other
hand, showcase a gradient, with a trough corresponding to the middle of the scan, where the
acquisition is closest to the mug; this trough minimum for the 2D scan matches closely to
the three-dimensional scans (while 2D+3mm shows increased counts). The parabolic curves
of two-dimensional scans are roughly symmetric for the 2D+3mm scan, whilst the 2D scan
appears skewed, with the left edge value appearing higher than the right edge.

Figure 5.f: Top: Elemental Distribution map of Argon (Ar-K) in the scanned area for each scanning method. Bottom: The
column-summed signal profile of argon for each scanning method.

Although the Ar-K signals are consistent (weather gradient or flat), the argon distribution
map shows a notable feature, particularly near the top strip of the image. The top band patterns
appear across the whole width for the three-dimensional scans, while fading away near the
edges for the two-dimensional scans. This feature appears in the same regions and is of similar
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shape to the gold signal Au-M along the top strip, as seen in Figure 5.g. This artefact could be
due to a scattering impact when striking the golden rim, leading to an enhanced count in the
argon signal in those areas.

Figure 5.g: Elemental Distribution map of Gold (Au-M) in the scanned area for each scanning method

5.2.2. Decorative Enamel
Some elements in the decorative enamel material are investigated to inspect the geometric
distortion observed in the spectral images. Figure 5.h plots the distribution maps of lead (Pb-
L3), zinc (Zn-K), and chromium (Cr-K), which seem to be present in the paint on the mug’s
surface when visually comparing the reference image with the elements above. The lead sig-
nals are strong and are emitted from all the painted parts, covering the decoration across the
mug except for the exposed gold strip at the top of the mug. Zinc signals can be observed for
areas corresponding to the greens and blues, such as the grass and foliage, as well as the
blue in the bench and the structure on the far right. Chromium is mainly concentrated in the
hair of the lady in the figure; however, traces of it are detected in most of the painted areas.

Although the distributions of these elements are consistent across scan methods, the con-
trast between the centre of the scan and further edges is not comparable between the three-
dimensional scans and the two-dimensional scans. For instance, the lead signals in the 2D
and 2D+3mm scans exhibit a blurring effect, which weakens the signal as the sides are ap-
proached. The addition of the third dimension enhances the clarity of the zinc elements, partic-
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ularly showcasing a sharper outline of the structure on the right and the leaves on the far left.
Chromium signals also show the gradual blur effect on the sides, whilst showing comparable
signals in the central columns of the scans. It can also be observed across all elements that
whilst the 3D scan produces sharper features on the sides of the scan area, it appears both
stronger and slightly distorted in shape when compared to the rotating scan. Additionally, the
fixed offset in the 2D+3mm scan from the 2D scan seems to produce weaker signals. Over-
all, the elemental signals correspond to the visual effect observed in the sum spectra image,
suggesting that the impact of geometry is prevalent for elements in the enamel.

Figure 5.h: Elemental Distribution map of Lead (Pb-L3), Zinc (Zn-K), and Chromium (Cr-K) in the scanned area for each
scanning method. A photograph of the mug is shown for reference.

5.2.3. Ceramic Body
Potassium present in the clay ceramic matrix and/or glaze is mapped in Figures 5.i. While the
distribution maps suggest that these elements might be partly present in some of the decora-
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tive layers of the mug, they appear to be attenuated in these maps, showing contrast between
the mug surface and the painted figure on the surface. As with the case of the decorative layer
and spectral images, a gradual blur appears in the two-dimensional scans, increasing toward
the sides of the scanned area. In the case of the 2D+3mm scan, the added offset results in
further fading of the exposed ceramic on the far right, blending the structure with the exposed
ceramic on the surface.

Figure 5.i: Top: Elemental Distribution map of Potassium (K-K) in the scanned area for each scanning method.
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5.2.4. Elemental Profiles
The column-summed profiles for Pb, Zn, Cr, and K (Figure 5.j) show broadly aligned features
in position, with the slight lateral offset seen previously in the total sum plots. The stacking
order tends to be consistent across much of the scan, where the 3D and rotating profiles are
typically higher and match closely, whilst the 2D is lower, and 2D+3mm is the lowest. There
is general agreement across modes around the middle column. The behaviour at the edge is
distinguished, where the rotating stage and 3D scan appear to maintain signal strength whilst
2D and 2D+3mm scans are weakened. That said, the three-dimensional scans exhibit slight
differences in edge behaviour between elements, with the 3D scan marginally higher at the
sides for Pb/Cr/Zn, and rotating seemingly higher for K.

Figure 5.j: The column-summed signal profile of Pb, Zn, Cr, and K for each scanning method.
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5.3. Discussion
5.3.1. Summary of Findings
The results from the four scanning methods demonstrate the impact of scanning strategies
on XRF acquisition. It is observed that when the scan strategies approximate around the cen-
tral columns, the image clarity and the count profiles are comparable, matching closely in
clarity and in profile features. The main differences emerge towards the lateral edges of the
scan area, where the signal from the flat-plane scans (2D and 2D+3 mm) appears weaker,
resulting in blurred edges in the spectral images. Non-flat scans (Rotating and 3D), on the
other hand, show no blurring maintain focus and clarity. The difference between the three-
dimensional scans becomes apparent only when inspecting the pixel-wise difference map,
which reveals that the 3D scan produces slightly higher counts of edge features. This geo-
metric effect is reflected in the count profiles across the lateral direction, showcasing a strong
distinction between the scan approaches at edge counts. The same qualitative observations
carry over in the elemental distribution images of elements in the enamelled decoration and
the ceramic matrix, with minor element-dependent signal variations at the edge between the
three-dimensional scans.

5.3.2. Lateral Resolution
It is evident from the results that the curved surface of the mug has a direct impact on the
scanning geometry of the scans, governing the resolution and clarity of the obtained spectra.
The variation in apparent intensity and edge sharpness between scans (seen in Figures 5.k)
indicates an effect related to the scanning geometry. Scanning methods which maintain the
working distance between the scanner and the curved sample surface produce a more con-
sistent and focused image across the scan area, whilst flat-plane scans produce inconsistent
images, where the clarity is directly affected by the change in scan geometry due to the ob-
ject’s curved surface. The dissimilarity in the acquired counts correlates with the discrepancy
in real detection geometry across the scan area, where the counts at the edges of the scan
areas for flat scans reduce significantly compared to the non-flat scans.

Figure 5.k: Left and Right edge regions stitched together from the different scan methods, showcasing a blurring artefact in the
data.
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5.3.3. Working Distance
The cylindrical geometry of the sample results in a progressive increase in signal attenuation
and airpath when scanning further from the central columns closest to the scan head. The
same impact is observed in elemental scans, where edge features are blurred in flat-plane
scans. Scanned areas where the working distances match at the central columns appear com-
parable between all scanmodes, suggesting that the working distance is an unassuming driver
of the apparent intensity and feature sharpness of the curved surface. The effect of offsetting
the two-dimensional scan in the 2D+3mm scan results in a non-uniform reduction in the count
rate, further evident in the differencemap between the flat scans; instead of a constant residual
across the map, the difference map produces the pattern of the mug, showcasing the areas
with decorative enamel. This suggests that working distance does not influence the present
elements evenly.

Analysis of the total counts across the scanned columns reflects the effects of working
distance on the acquisitions. All scanning modes exhibit features (such as peaks and valleys)
in their column sum profiles, albeit with slightly different relative amplitudes depending on
their position in the scanned area (therefore, the effective working distance). It is difficult to
comment on the absolute differences in counts across the columns or rows between scans,
as the instrument is not well-calibrated and has been shown to fluctuate in count rate due to
detector temperature drift (as observed in section 4.3, Figure 4.j). However, the results show
that the rate follows the order: 3D > Rotating Stage > 2D > 2D + 3 mm. When comparing local
sum spectra (Figure 5.l), the energy gaps between each scan at the elemental peaks reflect
the hierarchy in count rate. However, it can also be seen that the Argon peaks do not follow this
order, where the flat scans produce higher argon counts; the contribution from the Rhodium
tube appears equivalent throughout the scans. Altogether, an increase in working distance
seems to reduce the total counts, which is observed in the visual map, the column-summed
plots and the local summed spectra.

5.3.4. Surface Tilt
Surface tilt is the only physical distinction between the three-dimensional scan modes. It is
expected that the increase in detection volume in the 3D scan, as the apparent mug sidewall
thickness increases on the sides, would produce higher counts and slightly distort the spectral
image. This effect, however, is harder to observe from the summed spectra and elemental
maps. The distinction can only be qualitatively observed on the pixel-wise difference map be-
tween the rotating and 3D scan, highlighting a fundamental difference in the count of edge
features, where the 3D scan appears to exceed in total counts. Although the total spectra sug-
gest that the 3D scan produces higher counts for edge features, this is not always reflected
in the elemental maps, particularly in those of elements found in the ceramic matrix. The in-
terpretations regarding tilt, therefore, are treated with uncertainty, given the observed residual
misalignment, limited calibration, and detector drift.
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Figure 5.l: Local summed XRF spectra for all scans. The top panel shows the full 1.5–16 keV range with major elemental
peaks labeled, while the bottom panels highlight selected regions.

5.3.5. Limitations
Although some conclusive statements can be drawn from the data, limitations exist that inhibit
further interpretation. Upon inspection of the instrument response, the Argon signal shape rea-
sonably reflects the geometric nature of the approaches. However, there is a notable residual
in the distribution map which appears across scan mods in the top strip. This indicates the
misfit or noisy regions of the data that were not resolved during batch fitting.

Another shortcoming of these experiments is the lack of characterisation and calibration
of the instrument, which questions the reliability of the scans and prohibits numerical analysis.
Furthermore, the effect of detector temperature drift has influenced the detector response,
producing inconsistent count rates between scan experiments. This is evident, for example, in
the inconsistent patterns between the three-dimensional scans’ elemental profiles, suggesting
that the detector response artefact may bias the results.

The noted misalignment of central features between scans adds a layer of uncertainty to
the data set. The source of misalignment can be due to inconsistent referencing of scan setup
between the experiments, for example, due to human error in mispositioning the mug. This is
further suggested by the skewness observed for the 2D scan in the argon signal. That said, this
was easily addressed using 1-D cubic interpolation of the data in the lateral direction, which
mitigated the effects of misalignment. That said, reweighting of intensities using interpolation,
if not done carefully, can result in oversmoothing in the data and may introduce artificial fea-
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tures in the results. Although not precise, interpolation-based aligned difference maps have
improved the qualitative inspection of the pixel-wise differences.

Overall, these results must be taken with a level of uncertainty due to limitations emerging
from the lack of instrument characterisation, poor referencing, detector response drift, and
slight fitting residuals. Despite all these limitations, the geometric effect is directly visible in the
spectral and elemental distribution and corroborated by trends in the column-summed profiles.
Within these limits, the qualitative observations made in this project remain valid.



6
Conclusions & Recommendations

Conclusions
The field of cultural heritage relies on macro X-ray fluorescence imaging (MA-XRF) for the
study of objects of various shapes. This thesis examines the effect of geometry when scanning
the surface of a curved object with MA-XRF. Curved surfaces can complicate XRF acquisition
when done in two dimensions due to variation in working distance and surface tilt across the
scanned area, which alters the acquired signals and spatial fidelity. To address this problem,
the project aims to demonstrate the effects of varying scan geometries on the MA-XRF acqui-
sitions while also showcasing scanning strategies which improve acquisitions by adhering to
the curved surface of three-dimensional objects.

A methodology was developed to scan a cylindrical test object in 2D, 3D, and 3D again
while adhering to surface tilt. Thesemethods were tested using a straightforward benchtopMA-
XRF instrument that was built for this project. The instrument consists of three motorised linear
stages, a scanhead, and a rotating stage to rotate the tested sample. Software was developed
to control motor positioning, acquisition, and process data into H5 files. A decorative glazed
ceramic mug from a secondhand store, featuring enamelled decorations, was scanned in the
different geometric modes. The scans were conducted on the same 55x54 mm2 area on the
face of the mug, twice in flat scans at different offsets, and then twice using three-dimensional
approaches (with and without the rotating stage). The data were batch fitted using PyMCA,
and elemental and spectral distribution maps were produced.

The resulting spectral images show agreement near the central scanned area, where the
working distance and tilt are matched, and then diverge towards the sides of the scanned area,
correlating with the curvature of the mug. The flat plane scans reflect the effect of varying
working distance as the sides of the mug are scanned, showcasing a progressive softening in
the apparent image at the edges as the signals attenuate. The three-dimensional scans, on
the other hand, retain clearer details across the image, showcasing relatively stronger signals
at the edges. This trend carries over across multiple elements, both in the enamel and the
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ceramic body. Column summed profiles of the total and elemental counts reflect these patterns,
showing higher edge counts for the geometrically-aware scanning experiments. Pixel-wise
difference maps further showcase these effects, revealing substantial divergence in the data
at the edges.

The dataset’s limitations introduce uncertainties regarding the extent of these geometric
effects in the spectral and elemental data. Notable shortcomings of the experiments include
slight misfitting shown in the argon signal and a varying detector response influenced by a
change in temperature throughout the scan. Furthermore, subpixel misalignment between the
two-dimensional and three-dimensional scans limits pixel comparisons unless the data is in-
terpolated.

Despite these limitations, the qualitative analysis of the results remains valid and provides
valuable insight into the effect of geometry in MA-XRF imaging. Altogether, the results support
the conclusion that adhering to the curved surface of objects when conducting MA-XRF acqui-
sitions extensively improves image and signal accuracy. The approach of maintaining working
distance and/or surface tilt preserves spectral fidelity and yields accurate representations of a
curved sample surface. The solution presented in this thesis offers a valid and straightforward
approach to capturing accurate representations of the surface of a cylindrical object.

Recommendations
For future work, improving the current instrument is recommended by characterising its re-
sponse and detection geometry with a known reference sample. This will further validate
acquisitions which investigate geometric effects, allowing for more reliable qualitative (and
even quantitative) analysis, and avoiding the use of post-hoc data interpolation. Further im-
provements can be made by developing adaptive scan paths to follow more complex three-
dimensional shapes. This could be done using well-referenced laser or imaging positioning. Al-
ternatively, 3D imaging using photogrammetry or other capturing techniques could be adopted
to generate scan paths of any three-dimensional objects.
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