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Abstract

X-ray imaging is routinely used in medicine and scientific research,
yet conventional techniques, based solely on absorption contrast,
fail to provide sufficient soft tissue contrast or material specificity.
Spectral and phase-contrast X-ray methods address these limitations
by exploiting the energy-dependent attenuation and the wave nature
of X-rays, delivering material quantification and enhanced image
quality.

This thesis explores spectral and phase-contrast X-ray imaging
in laboratory and synchrotron environments, with a particular focus
on crystal-based spectral imaging and beam tracking phase-contrast
methods. The work is organized into two main sections: X-ray imaging
and Methods and Development.

X-ray imaging introduces the theoretical and mathematical frame-
work underlying X-ray imaging and describes in detail spectral and
phase-contrast imaging principles and techniques implemented through-
out this research.

Methods and Development presents the experimental and method-
ological studies using laboratory and synchrotron sources. Laboratory
experiments include spectral micro-computed tomography using an
energy resolving photon-counting detector for multiple material dis-
crimination, as well as the development of a novel membrane-stepping
approach for phase-contrast imaging which enhances image quality.

Synchrotron-based studies include source-based spectral phase-
contrast imaging with beam tracking, applied to thyroid tissue samples
for the localization and quantification of iodine and calcium. The final,
but central, part of this thesis focuses on crystal-based spectral imag-
ing with beam tracking, supported by simulation studies, crystal and
mask optimization, and algorithm development. The optimization
studies enhanced the performance and robustness of the spectral and
phase-contrast techniques, which were then implemented in imaging
experiments, using two distinct setups, demonstrating successful ma-
terial detection and quantification, as well as effective spectral-phase
decomposition that enabled simultaneous structural and elemental
characterization of samples.

Overall, these findings establish a framework for integrating spec-
tral and phase-contrast information in X-ray imaging. The devel-
oped methods lay a foundation for quantitative, high-resolution, and
material-specific imaging, paving the way toward more accurate X-ray
imaging approaches for biomedical and materials applications.
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Introduction

Since its discovery, X-ray imaging has evolved into a fundamental tool
in fields ranging from medicine to materials science, with its appli-
cations continuing to broaden and advance over the years. Conven-
tional X-ray imaging is based on absorption contrast, where contrast
is generated based on the density of materials. While this approach
is effective for imaging materials with large density differences, it
faces limitations in distinguishing materials with similar attenuation
properties and provides low intrinsic contrast in soft biological tissues.

To overcome these limitations, advanced X-ray methods have
emerged, such as spectral and phase-contrast imaging techniques.

Spectral imaging exploits the energy dependence of attenuation
to separate and quantify materials by acquiring images at two or more
different energies. Several approaches exist: source-based methods
tune the X-ray beam energy directly, while detector-based approaches,
enabled by the advances in photon-counting technology, now provide
energy discrimination at the detection level. Another implementation,
which will be thoroughly discussed in this thesis, is energy dispersive
crystal-based spectral imaging, typically employed in synchrotron
facilities, where a crystal diffracts photons on a continuous energy
spectrum. These techniques often take advantage of the K-edges of
high-Z elements to enhance contrast and improve material specificity.

Phase-contrast imaging, on the other hand, enhances the visibility
of weakly-absorbing structures by detecting the phase shifts induced
in X-rays as they traverse a sample. Among the various methods,
tracking-based methods rely on structured beam illumination to re-
trieve complementary information about absorption, refraction, and
ultra-small angle scattering properties. These methods provide con-
trast improvement for soft tissues and biological tissues that would
otherwise be scarcely visible with conventional X-ray imaging.

The combination of spectral and phase-contrast imaging offers a
comprehensive material characterization capability: spectral methods
providing elemental specificity and quantification, phase-contrast re-
vealing structural details in weakly-absorbing samples. Both methods
are active areas of research, with ongoing efforts to improve their
performance. Optimizing them is crucial for expanding their practical
applications in both laboratory and synchrotron environments.

This thesis aims to explore and advance spectral and phase-
contrast X-ray imaging through experimental and methodological
development. Various spectral and phase-contrast techniques have
been implemented, refined, and optimized for different setups, with a
dedicated focus to crystal-based beam-tracking techniques. Although

ix



the research carried out during this work spanned multiple experi-
mental setups and imaging modalities, two major objectives guided
this work. The first was centered on optimization, working on both
hardware and software aspects to improve performance of the tech-
niques individually. The second objective involved implementing a
unified spectral phase-contrast system, exploring the integration of
spectral and phase-contrast information with the aim of enhancing
overall imaging capabilities.

These objectives led to several contributions. In laboratory setups,
spectral and phase-contrast imaging were studied individually. Spec-
tral imaging experiments using a photon-counting detector demon-
strated multi-element discrimination and quantification, including
for unconventional contrast elements. Then, a membrane-stepping
optimization strategy for phase-contrast imaging showed an improved
image quality. At the synchrotron, a first spectral phase-contrast ex-
periment was carried out on human thyroid samples, demonstrating
the possibility of simultaneously accessing structural and elemental
information. Then, a comprehensive characterization of the crys-
tal for crystal-based spectral imaging was carried out, supported by
dedicated simulation tools to predict experimental outcomes and
guide the system design. The beam tracking algorithm was opti-
mized, achieving improved robustness and retrieval accuracy. Finally,
the first imaging results from both the original and an alternative
crystal-based setup were obtained, demonstrating the feasibility and
potential of combined crystal-based spectral phase-contrast imaging.

Together, these contributions support the broader goal of enabling
more versatile and efficient X-ray imaging systems in both laboratory
environments and large-scale synchrotron facilities.

The thesis is organized into four chapters.

Chapter 1 introduces the fundamentals of X-ray imaging, begin-
ning with the mechanisms of X-ray absorption and interaction with
matter, and progressing to a description of their wave-like nature. The
chapter continues describing the principles of computed tomography
and concludes with an overview of laboratory and synchrotron X-ray
sources.

Chapter 2 discusses spectral and phase-contrast X-ray imaging. It
explains the spectral techniques employed during this PhD, outlining
the mathematical formulation of the various material decomposition
algorithms used. The chapter also describes the main phase-contrast
methods and concludes with a discussion on the combination of
spectral and phase-contrast imaging approaches.

Chapter 3 presents the laboratory activities carried out over the
course of the PhD. It first details spectral imaging experiments per-
formed using a laboratory source coupled with an energy-resolving
photon-counting detector, demonstrating the capability to discrim-



inate among multiple elements within a sample. The second part
describes the work carried out during a six-month research period
in France, where a membrane-stepping optimization approach for
phase-contrast imaging was developed and tested to improve image
quality.

Chapter 4 talks about X-ray imaging at synchrotron facilities.
It begins with the description of combined source-based spectral
phase-contrast imaging performed on thyroid tissue samples and then
proceeds to the central part of the thesis, conducted in the context
of the Sphere-X project at the Elettra synchrotron of Trieste. This
chapter presents comprehensive studies of the experimental setups,
including crystal and mask characterization, simulation development
for predicting experimental outcomes, optimization of the beam-
tracking algorithm, and the final imaging results obtained from both
the original and an alternative setup.
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Part I

X-RAY IMAGING






Fundamentals of X-ray imaging

X-rays were discovered by Wilhelm Conrad Rontgen in 1896 [Rontgen
1896a; Rontgen 1896b]. Rontgen observed that these "new kind of
rays" had the capability to penetrate almost everything, including
the soft tissue of his wife Bertha’s hand, but not her bones or metal
objects, which instead cast a shadow on a photosensitive plate.

Following this discovery, the use and investigation of X-rays for
medical applications began. Diagnostic radiography emerged as an
application, based on the understanding that X-rays, just like visible
light, were characterized by wavelength and intensity. However,
Rontgen noted that despite this similarity, X-rays did not initially
appear to exhibit behaviors typically associated with waves, such as
diffraction, refraction, and interference, or, if such phenomena did
occur, they were too small to be detected. As a result, radiographic
imaging focused exclusively on absorption contrast, where differences
in X-ray attenuation between tissues produced the diagnostic image.

Over time, radiology established itself as a fundamental com-
ponent of clinical medicine, eventually achieving recognition as an
independent medical specialty in 1918. In the 1970s, the introduc-
tion of linear accelerators as X-ray sources and the discovery and
development of computerized tomography (CT) began yielding much
greater anatomical differentiation of body tissues [Hounsfield 1973].

Despite these advances, the basic principle of radiography-casting
a shadow image of the sample with a detector opposite the X-ray
source-has remained unchanged. However, there have been major
advances in digital imaging and computational analysis. A significant
development has been the recognition and utilization of the wave na-
ture of X-rays in phase-contrast imaging [Wilkins et al. 2014; Endrizzi
2018].

X-rays are electromagnetic waves with a wavelength between
0.01nm to 0.1 nm, about 10000 times smaller than visible light.
While conventional radiography relies on absorption contrast, where
denser materials attenuate X-rays more strongly, phase-contrast imag-

A e Regerr F e i

Figure i: One of the earliest
radiographs of the hand of Rontgen’s
wife, Bertha, with her wedding ring
clearly visible.



4 FUNDAMENTALS OF X-RAY IMAGING

1.1

ing captures the subtle, but measurable, phase shifts that X-rays
undergo when passing through materials with different refractive
indices. This technique enables visualization of soft tissues and fine
structures that would otherwise be invisible using conventional meth-
ods.

Today, X-rays are not only used routinely in medicine and in
academic and corporate research, but their range of applications has
broadened, including security screening, industrial inspection, and
art conservation.

This chapter begins by discussing the particle-like behavior of
X-rays, followed by an introduction to their wave-like properties
and the concept of coherence as relevant to phase-contrast imaging.
Next, the mathematical foundations of computed tomography are
presented. The chapter concludes with an overview of X-ray sources,
with particular focus on laboratory and synchrotron X-ray sources.

X-RAYS AS PARTICLES

X-rays are a type of electromagnetic radiation, typically having en-
ergies ranging from 10 keV to 150 keV within the diagnostic energy
range. There are two accurate ways of describing them: as electro-
magnetic waves or as discrete quanta of energy called photons. In this
section, we will focus on the particle-like nature of X-rays to better
understand how they interact with matter.

When an X-ray photon encounters matter, several interaction mech-
anisms can occur. The most significant processes in the diagnostic
energy range are:

1. Photoelectric effect - responsible for photon absorption

2. Compton scattering - an inelastic scattering process involving
partial energy and momentum transfer

3. Rayleigh scattering - an elastic scattering process where the
photon changes direction but its energy remains unchanged.

The total interaction cross section o is the sum of the individual
photon interaction cross sections for the relevant processes occurring
within this energy range:

O-=O-PE+0cs+O-RS (1.1)

where o, 0cg, and opg represent the cross sections for the
photoelectric effect, Compton scattering, and Rayleigh scattering,
respectively. In the context of this thesis, the focus will be mainly on
the photoelectric effect, due to its dominance at lower X-ray energies.



1.1.1

1.1.2

The Photelectric Effect and K-edges

Photoelectric absorption plays a key role in X-ray interactions at
energies relevant to imaging. This process occurs when a photon
transfers all its energy to a bound atomic electron, typically from an
inner shell, causing the electron to be ejected from the atom.

The K-edge energy corresponds to the binding energy of the in-
nermost electron shell (K-shell). The linear attenuation coefficient
indicates photon interaction probability and is proportional to the in-
teraction cross section. Thus, when a photon’s energy slightly exceeds
the K-shell binding energy, there is a sharp increase in absorption
probability, leading to a discontinuity in the linear attenuation coeffi-
cient called K-edge (see Figure 1.2b). This process is very significant
in elements with a high atomic number (high-Z), such as iodine and
barium, for X-rays in the diagnostic energy range. The theoretical
non-relativistic cross-section for a single, unscreened K-shell is propor-
tional to Z° [Heitler 1984], where Z is the atomic number. However,
for real atoms and far from the K-edge, the total photoelectric atomic
cross-section is empirically found to be proportional to Z*/E®, where
E is the photon energy. Consequently, the photoelectric mass atten-
uation coefficient upy/p is approximately proportional Z3/E3. In
contrast, Compton scattering has a minimal dependence on energy.
At lower photon energies, the photoelectric effect dominates due to
its strong energy dependence, while at higher energies, Compton
scattering becomes the primary interaction mechanism.

100
a) Incoming b) 5 Photoelectric effect
hoton M M T
4 o e o * o X-ray 5
- o L A €
o ° o
* ° K
J g
S e e P K o H D
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S i
° . ° = lodine
i °* e © g
° ° £
°
. o Y ] o
Ejected . o . ° ;’u
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20 40 60 80 100 120 140
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FIGURE 1.1: a) Photoelectric absorption: an incident photon is absorbed and causes
the ejection of an electron. An electron of an outer shell then takes its place emitting
a fluorescence X-ray. b) Photoelectric mass attenuation coefficients u/pp; for tissue
(Z,f fective = 7), and iodine (Z = 53) as a function of energy. Atomic absorption edge
of iodine at 33.2keV can be seen. Graph taken from [Bushberg et al. 1994].

Attenuation of X-rays

Attenuation is the decrease of the intensity of an X-ray beam as it
passes through matter, due to both photon absorption and scatter-
ing. The attenuation of a photon beam is quantified by the linear
absorption coefficient u, which represents the probability of photon
interaction per unit thickness of the material. It describes the fraction
of photons that interact with the material per unit of path length

X-RAYS AS PARTICLES
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6 FUNDAMENTALS OF X-RAY IMAGING

at a given energy. This quantity is often used when divided by the
mass density: this ratio is called the mass absorption coefficient. The
mass absorption coefficient u/p is independent of the density of the
material, and it can be related to the cross section ¢ through the
following formula:

p_ Ny
—=—0

A (1.2)

where N, is the Avogadro number and A is the atomic mass. This
implies that, just like cross section, that the total mass attenuation
coefficient can be expressed as the sum of the individual mass attenu-
ation coefficients of the relevant interaction processes:

S L L (1.3)

PP P P

In general, across the energies commonly used in diagnostic imag-
ing, which range from a few keV to hundreds of keV, photoelectric
and Compton effects are the most dominant interactions that occur.

Mass Attenuation Coefficients for Soft Tissue

cJ
£
A
T
2
%}
E 0.3
3
|
c
2
® 0.03
2 / Compton
[} Rayleigh
£ 001
a Pair production
~
g 0.003 |-
0.001 L L L
10 100 1,000 10,000

Energy (keV)

FIGURE 1.2: Graph of the Rayleigh, photoelectric, Compton, pair production, and
total mass attenuation coefficients for soft tissue (Z ~ 7) as a function of photon
energy. Pair production is another interaction process which is not mentioned in the
text as it occurs at energies >1000keV. Figure taken from [Bushberg et al. 1994]

The law that calculates photon transmission through a material
of thickness z for a monoenergetic beam is called Lambert-Beer law
and it states:

I(x,y)=1, e_fg:“(X,y,z) dz (1.4)

where I, is the initial intensity of the beam, I is the intensity after
exiting the material of thickness z, and u is the total attenuation
coefficient (cm™1).
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1.2 X-RAYS AS WAVES

While the particle-like behavior of X-rays explains discrete interac-
tion mechanisms such as the photoelectric effect, a more complete
understanding of X-ray propagation through matter requires consid-
ering their wave-like nature. We start from the Helmholtz equation,
which is the time-independent form of the wave equation, and can
be written, in scalar approximation, as:

V2 +n?k*p =0 (1.5)

where n is the index of refraction, k = 27t/ A is the wave number,
and A is the wavelength. For X-rays the index of refraction is complex
and can be expressed as n =1— 0 + i3, where 6 the refractive index
decrement and f3 is the absorption index. If the energy of X-rays is
sufficiently higher than the energy of the absorption edges of the
medium, 6 can be calculated in classical electrodynamics as:

5~ rop A% /2T (1.6)

where rq &~ 2.82 x 1071 is the classical electron radius and p, is
the electron density. The complex refraction index is very close to
unity, which means that both § and 3 are very small numbers.

If we consider a parallel, monochromatic X-ray wave traveling in
vacuum along the z axis, this corresponds to a plane wave that can
be expressed as:

P =W ek (1.7

If we insert the equation into the Helmholtz equation and simplify,
we obtain the following:

V20 +2ikd, ¥ + k*(n*—1)¥ =0

After adopting the projection approximation, which assumes that
the object’s refractive index distribution varies slowly along the beam
direction, the Laplacian term becomes negligible. Furthermore, the
refractive index n is very close to unity, leading to the approximation
1—n? ~ —28n = 2(6 —if). Applying these approximations and
integrating the equation yields:

Y(x,y,2) =¥(x,y,z=0) exp{%J (6—ip) dz} =
0

=¥(x,y,z2=0) exp{—ikf 6 dz—kf B dz} (1.8)
0

0
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The wave can therefore be expressed as the sum of two contri-
butions: a phase shift term, which depends on the refractive index
decrement 6 and an attenuation term, which depends on the absorp-
tion index 3. These effects are shown in Figure 1.3. The phase shift
of the wave is defined as:

d)z—kJ 6 dz (1.9)
0

and is associated with the passage of an X-ray wave through
the object, quantifying the wave-front deformations and associated

refractive properties of the object.

====  Undisturbed wavefront
= \Wavefront perturbed by sample
= Direction of propagation

AN NN AN AN NN
ﬂ'f \%. NANANAA A fﬂ\ f"r\"\ e
NANAWAY, M”\'/‘I\M [l [, vecuom
VRVRVRVRVRTRVRVAVA/RVAY
v VVVVVVYV VY \) VARY
Thickness of material = t 1> Phase shift:
> =t Wave
passing
through

_ material

A Attenuation
Iy = e*t

FIGURE 1.3: An X-ray wave that interacts with matter is subject to both amplitude
attenuation and phase shift. Figure taken from [Mayo and Endrizzi 2019]

The intensity of the wave is expressed as its squared modulus:

4

I1(x,y,2) = |¥(x,y,2)|> =1(x,y,z =0) exp{—Zkf p dz} =

0

z

=I(x,y,z=0) exp{—f ,udz} (1.10)
0

Equation 1.10 is the Lambert-Beer law of attenuation introduced
in Section 1.1.2, where u = 2k is the linear attenuation coefficient.
It is important to note that the phase information in this equation
cancels out due to the square modulus. As a result, in conventional
X-ray experiments where only the intensity of the wave is measured,
the phase information is typically lost and only the absorption is
accessible. Nevertheless, X-rays that interact with matter are subject
to both amplitude attenuation and phase shift. To access the phase



X-RAYS AS WAVES 9

information in X-ray imaging, phase-contrast imaging techniques
have been developed; these will be thoroughly described in the next

chapter.
At X-ray energies typical of biomedical imaging, the refractive il — Z
index decrement ¢ is typically 1000 times larger than the imaginary m::
part 3, making the effects due to phase shift substantially more rel- @ 12: s o
evant than those due to absorption. This is particularly relevant ° 10-10]
when imaging low-Z materials: while absorption scales strongly with 10-111
atomic number, phase shift is governed by electron density (see Equa- 10712
tion 1.6), making phase-based imaging especially advantageous for B @ 8 @ 206

visualizing soft tissues and other weakly absorbing structures. energy (keV)

However, as mentioned earlier, phase effects were not observed . .
. . . Figure ii: 6 and f of water as a
in the early experiments of Rontgen, and do not play any role in function of energy.
conventional X-ray imaging methods where only absorption is taken
into account.

1.2.1 Refraction and scattering of X-rays

As anticipated in this section, the real part & of the complex refractive
index is related to the refraction of X-rays. The phase shift for an
X-ray passing through an object is:

27ry

k

<I>(x,y,z)=—kJ6(x,y,z) dz =— f P.(x,y,2)dz (1.11)
0

A phase shift in the wavefront alters the direction of wave prop-
agation (see Figure 1.3). If we assume that the wave propagation
does not deviate much from the propagation axis z (i.e. Paraxial
approximation), then the gradient of the phase V& << k. We can
therefore express the angular deviation of the wavefront as [Wilkins
et al. 1996]:

1
Aar o V., ®(x,y,2)| = (1.12)

Viy J o6(x,y,z)ds

What is commonly referred to as scattering or dark-field signal
arises from the same underlying refraction phenomenon, but occurs
when the X-ray beam encounters a large number of interfaces in
matter. These interfaces induce multiple small-angle deflections,
eventually leading to an overall diffusion of the beam in all directions.
When the length scales of these structures are smaller than the spatial
resolution of the imaging system, their individual contribution cannot
be resolved. The system detects a broadening or blurring effect of
the beam profile. The average angular spread of the beam due to
this multiple refraction effect is given by [Nardroff 1926; How et al.
2023]:
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1.2.2

Agp = 26\|N (log% + 1) (1.13)

This expression quantifies the effective beam divergence a, where
0 is the refractive index of the micro-structures, and N is their number,
which is given by:

N = M (1.14)
4R

where p; is the packing fraction of the spheres, R is their radius,
and T is the traversed thickness.

Such diffusion is responsible for the contrast in dark-field imaging,
which enables sensitivity to sub-resolution structures that would oth-
erwise remain invisible in conventional absorption or phase-contrast
modalities. This will be better described in Chapter 2.

X-ray coherence

A fundamental concept in X-ray imaging is coherence, which is the
ability of a wave to produce interference effects. In imaging systems,
coherence refers to how well a wavefield can interfere with itself,
which is an essential requirement for advanced phase-contrast imag-
ing techniques. An imaging system has a certain degree of coherence
if it is able to produce visible interference patterns [Born and Wolf
2013].

We can define two types of coherence: Longitudinal coherence,
which is related to energy spread of the source, and Transverse co-
herence, which depends on the source size. An ideal imaging system,
composed of a monochromatic point-like source, would be perfectly
coherent. Real sources will obviously not be ideal, and their de-
gree of coherence will depend on how well they approximate these
conditions.

Longitudinal coherence - polychromaticity

X-ray sources are typically polychromatic, meaning that they emit a
range of wavelengths. Different wavelengths normally have no phase
relationship, hence all measurements made with polychromatic x-
rays are simply the sum, in intensity, of all the individual frequency
components, averaging out the interference terms. However, this
consideration is still compatible with the concept of longitudinal co-
herence, which quantifies the length scales over which a wavefield can
interfere with itself along the propagation direction. The longitudinal
coherence length L; is defined as:

AZ

L, = —
VY

(1.15)
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where A is the central wavelength, and AA is the spectral band-
width of the source. The smaller AA, i.e. the more monochromatic
is the source, the longer the coherence length is. Typical values for
laboratory X-ray sources are in the order of hundreds of nm, while
for synchrotron sources values can reach tens of microns.

Transverse coherence

Transverse coherence defines a scale for the coherence on the object
plane (perpendicular to the beam propagation direction). It mainly
depends on the spatial extent of the source and the propagation
distance. Transverse coherence length L, is given by:

(1.16)

where z; is the source to sample distance and S is the source
size. If the size of the object is smaller than this length, the object
will effectively experience the illumination as transversely coherent.
Typical values for a micro-focus laboratory X-ray source are in the
order of a micrometers, while for synchrotron sources values can
reach tens of microns. For effective phase-contrast imaging, the
sample features of interest should be comparable to or smaller than
both coherence lengths.

COMPUTED TOMOGRAPHY

Computed tomography (CT) is an imaging technique that allows re-
constructing cross sectional images of an object. It is based on the
transmission of X-rays through matter and, as opposed to planar radio-
graphy, which produces projection images, it generates tomographic
images. This is achieved by collecting many X-ray projection images
at different angles with respect to the sample, and using them to
reconstruct the distribution of the attenuation coefficient u(x, y) of
the sample. The mathematical methodology for image reconstruction
is described in the following paragraphs and is based on the approach
described in [Kharfi 2013].

A two-dimensional Cartesian coordinate system (x,y) is chosen to
define the reconstructed slice (see Figure 1.4).

A new rotational coordinate system (t,s) is introduced, related to
the Cartesian system (x,y) in the following way:

t= xcosB + ysinf

s =—xsinf + ycosO

COMPUTED TOMOGRAPHY 11
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ux,y)

Vs :

FIGURE 1.4: Tomographic reconstruction aims to recover the distribution of the
linear attenuation coefficients, on a section of the patient’s body. Sketch taken
from [Brahme 2014]
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FIGURE 1.5: Scanning of a layer in the plane (x,y). Py(t) is the obtained projection.

While scanning a slice of an object f (x, y) by varying the angle
0, projections Py(t) are obtained. The total attenuation of the X-ray
beam along each line of propagation is the line integral of u over that
line (from Equation 1.4):

pe(t)=—zn(li) =f ds u(x, y) (1.17)
path

0

Which can be written as:

+00o +00
Py(t) = f J 6(xcosO + ysin6 — t)u(x,y)dxdy (1.18)

where § is the Dirac delta function. The set of all projection data
Py(t) obtained as an output from a tomographic scan is called sino-
gram, or mathematically, the Radon transform of the object [Radon
2005]. Each row of the sinogram represents a radiographic projection
in one dimension, and the sinogram contains enough information to
analytically reconstruct a two-dimensional slice. The ultimate goal of
tomographic reconstruction is to invert the Radon transform in order
to obtain u(x, y).

The original distribution of the object can be recovered through
problem inversion making use of the Fourier Central Slice theorem.



The latter states that the data of the 1D Fourier transform of a projec-
tion Py(t) is a subset of the data of 2D Fourier transform F(u, v) of the
object function u(x, y): FT[Py(t)] = Fo(w) C FT[u(x,y)] =F(u,v),
where u =w - cos6 and v = w-sinf. This means that the values of
the Fourier transform of one projection coincide with the values of
the Fourier transform of the unknown distribution u(x, y) along that
scan line. In other words, each projection at a given angle gives us
access to a "slice" of the frequency spectrum of the object.
Therefore, the inverse transformation of the Fourier transform
of Py(t) can be used to produce the reconstructed layer of u(x,y).
This is also called backprojection (BP). Unfortunately, backprojection
alone is not able to reconstruct the object with high fidelity. This is
due to the radial sampling in Fourier space, where the sampling at
higher spatial frequencies is more sparse compared to the one at low
frequencies. It is therefore convienent to use polar coordinates rather
than cartesian ones.
The inverse Fourier transform u(x, y) of F(u, v) written in Cartesian
coordinates is given by:

+00 r+00
u(x,y)=J f F(u,v) ¥ @) qudy (1.19)

The same inverse transform in polar coordinates is given by:

27 +00

u(x,y)= f J F(w, 0) e2rielcost0+ysind) o, 4,d  (1.20)
0 —00

By substituting t = x cos8 + y sin9:

T 400
u(x,y)=J f F(w,0) e?™*t |w| dwdb =
0 —00

T +00
:J U F(w,0) e?™et |w] dw}d@ (1.21)
0 —00

The integral in brackets can be regarded as the inverse Fourier
transform Py(t) of Py(w). |w| is a filter in the frequency domain
called ramp filter. Because the sampling density decreases linearly
with the absolute value of the spatial frequency, the filtering function
must increase linearly with the absolute value of the spatial frequency.
Equation 1.21 is the so-called filtered back projection (FBP).

FBP is one of the most common CT reconstruction algorithms.
Nevertheless, there are various other algorithms that are used in
different contexts, but they will not be described in this work. Their
description can be found in [Hiriyannaiah 1997; Beister et al. 2012;
Russo 2017].

COMPUTED TOMOGRAPHY 13

Figure iii: Sampling in Fourier space:
the blue dots are the 1D Fourier
transform of the set of all projection
data Py(t), where each radial line
corresponds to a projection. It is
important to note that the radial
sampling is higher at lower
frequencies.
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1.4.1

X-RAY SOURCES

Since the discovery of X-rays, X-ray tubes have been the most com-
monly used source, widely used for medical diagnostics, industry and
science, owing to their availability and cost-effectiveness [Behling
and Griiner 2018].

One key parameter of X-ray sources is brightness, which refers to
the photon flux (photons/second) per unit area, and per unit solid
angle, or brilliance, which is the brightness per unit energy bandwidth.
It is no surprise that the higher the brilliance, the higher the quality of
the source. In recent years, the growing demand for higher brilliance
in laboratory settings has led to the development of compact high-
brightness light sources, such as liquid metal jet anode and inverse
compton scattering X-ray source sources. Liquid metal jet sources
exploit a focused electron beam which is directed onto a continuous
liquid metal jet, which replaces the traditional solid anode. These
sources can sustain higher termal loads, allowing for a higher electron
beam power density and resulting in a significantly increased X-ray
flux compared to traditional solid anodes [Hemberg et al. 2003]. In
alternative, inverse compton scattering sources generate X-rays by
colliding a high-power laser beam with a relativistic electron beam.
The photons from the laser are backscattered and gain energy from
the electron beam, producing highly collimated X-ray photons [ Graves
et al. 2014].

On the other hand, large-scale facilities such as synchrotrons and
X-ray free-electron lasers provide the highest levels of brightness and
spatial coherence. The highly-collimated synchrotron beams are ideal
for high-resolution spectroscopy and imaging applications [Willmott
2019].

Free-electron lasers use linear accelerators to generate femtosecond-
duration pulses of coherent X-rays with peak brightness several orders
of magnitude greater than that of synchrotrons [O’Shea and Freund
2001].

Within the scope of this thesis, two main categories of sources will
be described: conventional laboratory X-ray sources and synchrotron
radiation sources. Each offers different characteristics in terms of
beam quality, energy spectrum, flux, coherence, and accessibility.

Laboratory X-ray sources

X-rays are produced when highly energetic electrons interact and
are decelerated in matter, converting some of their kinetic energy
into electromagnetic radiation. A device that produces X-rays in
the diagnostic energy range typically contains an electron source,
or cathode, an evacuated path for electron acceleration, a target



electrode, or anode, and an external power source to provide a high
voltage to accelerate the electrons (see Figure 1.6).

The cathode generally contains one or more tungsten filaments.
When current passes through the filament, the latter is heated through
electrical resistance, leading to thermionic emission: the release of
electrons from the filament surface. These free electrons are then
accelerated across the vacuum by a high-voltage potential toward
the anode. When the emitted electrons reach the anode, electrical
forces attract and decelerate them changing their direction, causing a
loss of kinetic energy. This energy loss is emitted in the form of X-ray
photons through a process known as bremsstrahlung radiation. The
energy of each X-ray photon depends on the electron’s loss of energy.

The X-ray energy spectrum resulting from this type of interaction is
continuous, ranging from O to a maximum equal to the kinetic energy
of the incident electrons (determined by the tube voltage). In addition
to this spectrum, discrete X-ray energy peaks called characteristic
radiation can be produced when inner-shell electrons in a target atom
are ejected creating a vacancy, causing an outer-shell electron with less
binding energy to transition to fill the vacancy emitting a characteristic
X-ray. The energy of this X-ray is equal to the difference in the electron
binding energies of the two shells, and is called characteristic because
it depends on the target material.
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FIGURE 1.6: a) Sketch of the major components of a modern X-ray tube and housing
assembly. b) Filtered spectrum of bremsstrahlung and characteristic radiation from
a tungsten target with a potential difference of 90 kV. Figure taken from [Bushberg
et al. 1994]

Tungsten is the most commonly used anode material because of its
high melting point and high atomic number. Other anode materials,
such as molybdenum and rhodium, are also used as anode materials
in imaging applications where softer X-ray spectra are advantageous,
such as mammography. The target materials affect the efficiency of
bremsstrahlung radiation production, with the output exposure being
proportional to the square of the atomic number.

Conventional X-ray sources can have a fixed anode or a rotating
anode. Fixed anodes have the lowest brightness of all sources as they
have limited heat dissipation, with values around 10° photonss™
mm 2 mrad 2 0.1 % bandwidth. In contrast, rotating anode sources
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1.4.2

Figure vi: Generic scheme of a
synchrotron facility. Figure taken from
[Dubsky 2021].

dissipate heat more efficiently by distributing it over a larger surface
area, gaining an order of magnitude in brightness [Paganin 2006].
Another class of laboratory sources are microfocus X-ray tubes, which
produce X-rays from a very small focal spot size, typically in the range
of a few micrometers, allowing for high-resolution imaging [Mayo
et al. 2002].

Conventional X-ray tubes have the advantage of being compact,
cost-effective, and very accessible. However, they are limited in
performance compared to large-scale sources such as synchrotrons.
Specifically, laboratory tubes produce lower photon flux and intensity,
and are characterized by limited spatial and temporal coherence [Ou
et al. 2021].

Synchrotron X-ray sources

Synchrotron sources are based on a different physical process. In
synchrotron facilities, electrons are accelerated to relativistic speeds,
close to the speed of light, and are forced to travel on curved paths
using magnetic fields, such as bending magnets, wigglers, or undula-
tors. As electrons are deflected, they emit radiation tangentially to
their trajectory: this radiation is called synchrotron radiation. This
electromagnetic radiation goes from infrared to hard X-rays.

A synchrotron is composed of five main components: electron
source, booster ring, storage ring, radio frequency supply, and beam-
lines (see the margin Figure vi). Electrons are typically generated
via thermionic emission from a heated filament and are then pre-
accelerated and injected into a booster ring, where their energy is
increased to match that of the storage ring. Electrons are periodically
transferred from the booster to the storage ring to maintain beam
current.

The trajectory of the electrons in the storage ring is controlled
by multiple magnetic components. Modern synchrotrons use a mod-
ular ring structure composed of alternating arched sections (with
bending magnets) and straight sections containing insertion devices
(undulators or wigglers) that generate highly collimated and intense
synchrotron radiation.

The emitted radiation is collected by beamlines, which work tan-
gentially to the bending magnet, and is conveyed to experimental
chambers.

Synchrotron X-rays are suitable for advanced imaging techniques,
such as phase-contrast imaging and X-ray microtomography, and are
considered the gold standard for these applications [Lewis 1997;
Sedigh Rahimabadi et al. 2020]. X-rays produced in synchrotrons

! mm~2 mrad™ 0.1

have high brilliance, reaching 10?° photonss™
% bandwidth, high angular collimation that confines the emission,

small effective source size, and high coherence. Additionally, beam-
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lines can select specific energies using monochromators, enabling
energy-resolved or monochromatic imaging. These properties allow
for the acquisition of images with low noise, high spatial resolution,
and enhanced contrast.

On the other hand, synchrotron facilities are less accessible, both
in terms of cost and availability, compared to laboratory-based X-ray
sources, which can limit their use in routine imaging applications.






2.1

Spectral and Phase-Contrast X-ray
Imaging

As introduced in Chapter 1, conventional X-ray imaging is based solely
on absorption contrast. Although this can provide optimal results
when visualizing highly absorbing structures, it performs poorly when
imaging weakly absorbing materials, such as those composed of low-
atomic-number (low-Z) elements.

To overcome these limitations, advances in X-ray imaging have
given rise to new imaging modalities that take advantage of additional
physical properties of X-rays. The interaction processes described
in Chapter 1 all have a dependence on the energy of the X-rays.
Spectral imaging exploits this energy dependence to differentiate
different materials based on their unique spectral properties. Mean-
while, phase-contrast imaging enhances the visibility of features with
weak absorption contrast by detecting phase shifts induced as X-rays
traverse the sample.

In this chapter, both spectral and phase-contrast X-ray imaging
methods are explored, including their underlying principles and com-
plementary advantages. The discussion begins with spectral imaging,
covering the material decomposition algorithm and providing detailed
description of the spectral methods used during my PhD research.
Following this, an overview of phase-contrast techniques is presented,
giving particular emphasis to the techniques employed during my
work. The chapter ends with a description of recent developments
that integrate spectral and phase information into imaging systems,
concluding with a unified spectral phase-contrast material decompo-
sition algorithm.

SPECTRAL TECHNIQUES

This section incorporates and extends content from my previous work
published in [Perion et al. 2024b]. Spectral X-ray imaging is an ad-
vanced imaging method whose aim is to obtain information about the

19



20 SPECTRAL AND PHASE-CONTRAST X-RAY IMAGING

elemental composition of an object by exploiting the energy depen-
dence of X-ray photon attenuation in matter. This procedure requires
the images to be acquired at multiple (at least two) X-ray energies,
and it can discriminate among different materials/compounds within
an object providing quantitative and material-specific maps [Alvarez
and Macovski 1976; Vries et al. 2015].

High-atomic-number contrast agents are being used in biomedi-
cal X-ray imaging applications to enhance the contrast of otherwise
scarcely visible target tissues or structures within the body. When
combined with spectral X-ray imaging, the use of contrast elements
greatly improves material differentiation and quantification by ex-
ploiting the element absorption edges, further increasing the visibility
of details of interest [Panahifar et al. 2016; Panta et al. 2018].

Spectral imaging has gained interest over the years because of
the rapidly increasing availability of spectral and dual-energy CT
systems and the introduction of energy-resolving photon-counting
detectors. Several spectral imaging approaches exist for conventional
sources. Spectral scanners used in medical applications typically use
a source-based approach, which involves running multiple standard
image acquisitions at different tube voltage settings, also in combina-
tion with different filtering to create spectral separation [Fredenberg
2018]. This can be implemented using a single source with sequential
scans [Leng et al. 2015], dual-source systems [Flohr et al. 2006], or
rapid kVp switching [Kalender et al. 1986]. Alternative techniques
include the use of energy discriminating detector technologies, such
as sandwich detectors [A. Brooks and Chiro 1978]. The recent advent
of photon-counting detectors has revolutionized spectral imaging by
allowing energy binning of individual photons, leading to a detector-
based spectral imaging approach, improving both spatial and spectral
resolution [Taguchi and Iwanczyk 2013]. Detector-based spectral
computed tomography scanners are also now becoming commercially
available in hospitals [Rajendran et al. 2022].

In synchrotron facilities, source-based spectral imaging is made
possible due to the possibility of making the beam monochromatic.
This enables very precise energy selection just above and below the
K-edge of a contrast element, exploiting the K-edge subtraction (KES)
technique [Jacobson 1953], a dual-energy imaging method that ac-
quires images near the absorption edges. On the other hand, crystal-
based implementations of KES are performed using a bent Laue crystal
in combination with a beam splitter to simultaneously generate and
separate two beams at different energies [ Thomlinson et al. 2018].
More recently, this concept has been extended to spectral K-edge sub-
traction (SKES), which employs a bent Laue crystal to acquire images
on a continuous energy spectrum surrounding the K-edge, opening the
door to more advanced applications such as multiple-contrast-agent
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imaging [Zhu et al. 2014].

For the scope of this thesis, source-based synchrotron imaging,
detector-based spectral imaging, and crystal-based SKES imaging
will be discussed thoroughly in the Sections 2.1.4, 2.1.5, and 2.1.6,
respectively.

K-edge imaging

K-edge imaging is an X-ray technique that takes advantage of the
sharp rise in the attenuation coefficient of certain contrast agents at
their K-edges to produce quantitative images of the components of
the analyzed object. Contrast agents used in clinical and pre-clinical
settings are typically elements with a high-Z, which are introduced in
the body to enhance visibility of specific tissues.

K-edge subtraction (KES), consists in acquiring two images at two
different energies, just above and below the K-edge of the contrast
element. While the mass attenuation coefficient of the embedding
material (usually water-like tissue) decreases as the X-ray energy
increases, the contrast element exhibits the opposite behaviour at
energies around its K-edge. Here, its mass attenuation coefficient
rises sharply, allowing to separate it from the embedding material
through specific image processing procedures.

An example of the energy selection for KES using iodine as contrast
agent and water as embedding material is illustrated in Figure 2.1.
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FIGURE 2.1: Mass attenuation coefficient u/p as a function of photon energy, for
iodine and water.

The two images taken above and below the K-edge can either be
processed through simple logarithmic subtraction or via a material
decomposition algorithm. In the first case, the low energy image
is subtracted from the high energy image, yielding an image where
the positive signal is only due to the contrast medium. In material
decomposition, two quantitative images are produced: one for the
contrast agent and one for the embedding material (typically water).
In tomographic imaging, these images display volumetric density,
while in radiographic imaging, they represent projected density. In

SPECTRAL TECHNIQUES
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2.1.2

this thesis, all images are processed via the material decomposition
algorithm approach.

This dual-energy decomposition is described in Section 2.1.2 Equa-
tions 2.3 and 2.4. It should be mentioned that this represents the
"simplest" case in a broader group of decomposition methods. This
concept can be extended to multi-energy decomposition, as in Spec-
tral K-Edge Subtraction (SKES), and to polychromatic sources, as
used in most laboratory X-ray systems.

SKES is a generalized version of KES in which material discrimi-
nation is performed using a continuous energy spectrum that encom-
passes the absorption edges of the target elements. As in KES, SKES
allows the quantification of the materials of an object thanks to the
high rise in mass attenuation coefficient at the K-edge. In contrast to
dual-energy approaches, SKES acquires data over tens to hundreds
of energy bins, with a relative energy resolution in the order of 1073,
allowing for multi-material decomposition when multiple K-edges
are included in the continuous energy spectrum. The multi-material
decomposition algorithm is described in Section 2.1.2 Equation 2.5.

While synchrotron-based implementations of KES and SKES typ-
ically rely on quasi-monochromatic illumination, most laboratory
systems employ polychromatic X-ray tube spectra. In such cases,
material decomposition requires additional corrections to account
for spectral weighting and detector energy response. The formula-
tion of this polychromatic decomposition approach is presented in
Section 2.1.3.

Further details on the SKES technique, including the preparation
and tuning of the energy spectrum, are provided in Section 2.1.6.

Material decomposition algorithm - monochromatic case

In this section, the material decomposition algorithm, in the case of
monochromatic image acquisitions, is described. Consider an X-ray
beam passing through an object consisting of two known materials: a
contrast agent (material 1) and a water-based material (material 2).
According to the Lambert-Beer law (Equation 1.4) the beam intensity
will be modulated as:

uE)

—@’pz— ‘pz
I(E,Z)=1Io(E)e * W77 7 L2

where I, is the incident intensity, E is the beam energy and Z is
the vector that contains the materials’ thicknesses z;, where i = 1, 2.
Let’s define S(E, Z) as follows:

2.1

S(E,Iz'):—zn(l(w))

Io(E)



The method involves acquiring two images at different X-ray
energies, resulting in two independent measurements. These mea-
surements can be expressed as a system of two equations:

high high

ghigh — [

U
‘P1%1+ — 0229

1 2

low

" P2Z2

low

Slow _ E
Jol

u
Pzt
P2

that can be written in matrix form as follows:
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where %", with i =1,2 and j = high, low are the mass attenua-

tion coefﬁcienlts of the two materials at the selected energies. Material
1 corresponds to the contrast agent, and material 2 to a water-based
substance. The terms high and low refer to energies chosen above and
below the K-edge of the contrast agent, respectively. For simplicity,
dependencies on energy and material thickness are omitted. The
mass attenuation coefficients are known, and are available in specific
databases [Berger et al. 2010]. Therefore, it should be noted that
the system has two equations and two unknowns: this makes the
algorithm applicable when decomposing in two materials only.

The matrix can be inverted allowing for the reconstruction of
two separate images representing the contrast agent and the water-
equivalent material:
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We now move to the material decomposition algorithm for SKES,
which is a generalized version of the algorithm just described for KES.
In SKES, images are acquired on a spectrum that typically contains
hundreds of energies, allowing material decomposition for more
than two materials. Assuming that the object consists of m known
materials and the spectrum is composed of n energies, the intensity
of the transmitted beam I; at the i-th energy is:

SPECTRAL TECHNIQUES
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I1(E,), = 1o(B), exp | Y- 2E)

j=1

PjEj

J

Here, I,(E); is incident intensity at energy E;, and Z = [24, ..., 2, ]
is the vector of materials’ thicknesses. Defining S(E,Z); as in Equa-
tion 2.1, the following matrix system is obtained:
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The matrix system is composed of n equations and m unknowns,
with m < n: by inverting it through a least-squares minimization
algorithm, the p -z maps, i.e. the line integrated densities in the case
of planar radiography, or the p maps, i.e. the densities, in the case of
tomography, are obtained for each chosen material.

The algorithm can be applied to any set of chosen materials. In
biomedical imaging applications, the most common choice consists
in the selection of water, of which soft tissues are mostly composed
of, and one or more contrast elements that typically target specific
anatomical districts.

It is worth mentioning that, like all matrix inversion algorithms,
basis material decomposition tends to amplify the noise of the output
data when applied to real (i.e. noisy) data. Several strategies have
been conceived to mitigate this effect. These include the use of princi-
pal component analysis [Butler et al. 2011], or the use of all available
energy bins to identify the main elements in each reconstructed voxel
prior the material decomposition [Di Trapani et al. 2022], or finally
by constrained minimization [Xie et al. 2019]. For this reason, for
best performance, the algorithm requires basis materials with rather
different energy dependencies (i.e. appreciably different atomic num-
bers) to avoid major noise amplification in the matrix inversion. For
this reason, spectral decomposition is particularly suited to quantify
and separate high-Z contrast media from the soft tissue background.

Finally, it should also be remarked that, by considering the sys-
tem’s geometry (i.e. relative distances and effective pixel size), the
applied decomposition procedure is inherently quantitative and does
not require any density calibration based on objects with known
concentrations.

2.1.3 Material decomposition algorithm - polychromatic case

The material decomposition algorithm described in Section 2.1.2 can
be extended to the case where the X-ray beam is polychromatic and
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the photons are separated in energy bins, which is the typical scenario
when using spectral detectors with laboratory sources. In this case,
we consider an energy spectra w(E) and a spectral detector with a
settable double threshold that allows image acquisition in two energy
bins. Denoting D(E); as the detector energy response of the j-th bin,
Equation 1.4 can be generalized as:

= f dE D(E); w(E) exp (—J ds ,u(ﬁ,E)) (2.6)
E

where j = high,low and u(#, E) is the mass attenuation coeffi-
cient that is a function of 2, the position vector and energy E. The
integral over § denotes the line integral for a ray passing through
the object. In the case of a detector with a number [ > 2 of settable
thresholds, 1 < j < [. Equation 2.6 can be normalized by dividing it
by I:

U _ [, dE D(E); w(E) exp (— [ d$ u(2, E))

I [ dE D(E); w(E)

2.7)

The decomposition algorithm proceeds as in the monochromatic
case: the logarithm of Equation 2.6 is taken and then the full rank
matrix system is inverted in order to find the p - z maps for each
chosen material.

Since the imaging system acquires each image in an energy bin
which is defined by the set thresholds, the mass attenuation coefficient
matrix is calculated by integrating the mass attenuation coefficient
over the energy spectrum in the specific bin, i.e.:

u fEdED(E)J-w(E)@ .
P, [ dE D(E); w(E) -

where % _ is the mass attenuation coefficient of the j-th bin.
j

Source-based

We now turn to the description of spectral X-ray imaging techniques.

Source-based spectral imaging relies on monochromator crystals
at synchrotron beamlines, which allow the generation of monochro-
matic beams. Narrow energy bands are separated from the polychro-
matic synchrotron radiation using a Bragg monochromator, which
uses a crystal (typically silicon) with a well-known lattice spacing.
This device is based on Bragg’s law of diffraction, which states:

nA = 2dsinfy (2.9)
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2.1.5

where n is the order of diffraction (an integer, usually 1), A is
the wavelength of the X-ray, d is the spacing between atomic planes
in the crystal, and 605 is the angle of incidence, called Bragg angle.
By rotating the crystal to a specific Bragg angle, only X-rays of a
particular energy, or wavelength, are diffracted according to Bragg’s
law. The typical energy resolution for these types of monochromators
is in the order of 10™*.

Synchrotron monochromators usually employ a double-crystal
configuration: the first crystal selects the desired energy, while the
second one redirects the beam back into the horizontal direction,
compensating for the angular deflection introduced by the first crystal
(see Figure 2.2). This setup ensures beam stability and alignment
during energy scans.

Monochromatic

ﬁ; \ beam
95\,

hcn

Polychromatic " 2dsindg
incident beam

e

FIGURE 2.2: Double crystal monochromator. The output monochromatic beam has
energy E = hcn/2dsin6y, where h is Planck’s constant, c is the speed of light, d is
the spacing between atomic planes in the crystal, and ; is the Bragg angle.

For KES imaging, the Bragg angle is first tuned to select an energy
just below the K-edge of the material of interest, and the image acqui-
sition is performed. Later, the angle is readjusted to select an energy
above the K-edge, followed by a second image acquisition. These two
acquisitions are then used as input in the material decomposition
algorithm outlined in Equations 2.3 and 2.4 as Sj,,, and Sp;gp,.

The main advantage of this approach lies in the acquisition of two
monochromatic images, which makes the material decomposition
process reliable, as no spectrum weighting is required. Additionally,
synchrotron sources allow for relatively fast acquisitions at a high
spatial resolution. However, the limitations of this technique include
the need for a sequential acquisition, which is not optimal for time-
resolved measurements, and the restricted accessibility of synchrotron
facilities.

Detector-based

A different approach is represented by X-ray photon-counting de-
tectors (XPCDs), which are direct conversion detectors that directly
convert X-ray photons to electric charge. Each detected photon on
the detector generates a pulse whose height is proportional to the
photon’s energy. This type of detector performs counting of single
events by selecting photons by means of single/double or multiple
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energy thresholds. If the photon releases an energy that exceeds the
selected threshold, one event is counted. As a function of the num-
ber of thresholds, the counts are grouped into different energy bins,
therefore providing spectral information through a single exposure.
Material decomposition can be performed on images acquired with
XPCDs by applying two energy thresholds: one below the K-edge of
the contrast agent energy and one at the K-edge energy.
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FIGURE 2.3: Example of X-ray spectrum obtained at 55 kVp. The first threshold is set
at 28 keV, while the second is set at 37 keV (barium’s K-edge is at 37.4keV). Two
ideal energy bins are generated: a low energy bin (in red) and a high energy bin
(in blue). In practice, due to finite energy resolution and fluorescence phenomenon,
the corresponding energy bins partially overlap. Photons with insufficient energy
remain undetected (gray).

In Figure 2.3, an example of X-ray spectrum obtained at 55 kVp
containing the K-edge of barium is shown. The two energy thresholds,
set at 28 keV and 37 keV, generate two energy bins, illustrated as
ideal in the figure. A single exposure therefore yields two images
corresponding to these energy bins. In practice, however, the finite
energy resolution of the detector causes partial overlap between the
bins. In addition, fluorescence and escape peaks can lead to incorrect
photon energy assignment.

The main advantage of XPCDs is the ability to perform spectral
imaging and material discrimination using conventional X-ray tubes.
Spectral data is acquired in a single exposure, which ensures spatial
consistency between datasets at different energies. A limitation of
XPCDs is their limited sensitive area, typically of a few cm?, which
requires a multi-module architecture to achieve larger fields of view.
Additionally, XPCDs’ time resolution is limited by their deadtime 7,
which imposes a limit on the maximum achievable count rate. More-
over, the limited energy resolution and non-ideal spectral response
causes imperfect energy discrimination, resulting in partial overlap
between adjacent energy bins and incorrect energy assignment caused
by fluorescence and escape peaks, reducing the accuracy of spectral
separation [Faby et al. 2015].
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2.1.6 Laue crystal-based

The experimental implementation of SKES imaging is based on the use
of bent Laue monochromators with good focal and energy dispersive
properties. This method is well suited for synchrotron beamlines with
white beam access. In this kind of setup, a bent Laue crystal is placed
at a chosen Bragg angle and acts as a monochromator, diffracting
the incoming polychromatic beam. This allows the selection of a
continuous energy spectrum containing the K-edge of the contrast
element of interest. Due to the crystal’s curvature, the diffracted
beam geometrically focuses onto a line (where the sample is placed)
and then diverges towards the detector.

It is important to note that the beam is dispersed in energy along
the diffraction plane, meaning that different energies are mapped
onto different pixel rows of the detector. The energy dispersion
along the vertical axis means that each row of the detector captures
photons of a different energy, while the horizontal direction captures
spatial information. Thus, a single exposure acquires spatial data
(one "line" of the sample) across a wide energy range. The energy
bandwidth comprises tens to hundreds of energy bins, also opening
up the possibility of imaging multiple K-edges simultaneously [Bassey
et al. 2016].

The resulting images can be processed through the SKES material
decomposition algorithm described in Section 2.1.2 to obtain quan-
titative maps of two or more elements of interest. In Figure 2.4, a
schematic representation of the SKES setup is shown.

Detector

Sample at
focus

/ Beny crystal

White beam from bending
magnet (23 m)

FIGURE 2.4: Sketch of a SKES setup. A polychromatic synchrotron beam reaches a
bent Laue crystal and is diffracted. The diffracted beam is focused onto a line and
then diverges onto the detector. The energetic dispersion occurs in the diffraction
plane.

In the implementation of a SKES setup, both the diffracted spec-
trum bandwidth and the energy resolution are fundamental param-
eters defining the overall imaging performance. The spectral band-
width determines the number and the type of contrast media that
can be simultaneously imaged: for fixed geometrical and crystal
parameters, the spectral bandwidth is inversely proportional to the



bending radius of the crystal. The energy resolution influences the
blurring of the K-edge, thus the accuracy of the material decomposi-
tion [Samadi et al. 2016]. In general, the energy resolution of a bent
Laue crystal depends on several parameters including the reflection
type, the lattice d-spacing variation across the crystal due to its cur-
vature, beam divergence, and the effect of the finite source size [Qi
et al. 2021]. Nonetheless, it has been demonstrated that by choosing
asymmetrically cut crystals matching a focusing criterion referred to
as magic condition [Martinson et al. 2015; Qi et al. 2019] optimal
energy resolution can be reached. This brings a significant reduction
of edge-crossing blurring [Samadi et al. 2016].

In conventional KES, a splitter blocks approximately 1/3 of the
vertical beam size to create two energy beams. These beams cross
the sample at slightly different angles, introducing crossover artifacts.
This artifact arises because the two beams intersect the object at
slightly different angles, and due to the inevitable spatial extension of
the sample around the focus, some parts of the object are out of focus
when imaged, leading to inconsistencies during image decomposition.
SKES minimizes artifacts by narrowing down the vertical beam size
and producing a smaller crossover angle. Moreover, having a higher
imaging flux is possible since the full beam’s height is used without
the need for beam splitter systems. Another advantage of this tech-
nique is the reduction of motion artifacts due to the acquisition of the
image at multiple energies in only one shot rather than sequentially,
allowing the imaging of living systems [Elleaume et al. 2002]. Finally,
the intrinsically high energy resolution of bent crystals, which is in
the order of a few tens of electronvolts, enables enhanced sensitivity
to low concentrations of contrast agents, opening the door to quanti-
tative imaging in cases where photon-counting detectors, which are
restricted to an energy resolution of 1-2 keV, do not provide sufficient
energy resolution [Elleaume et al. 2000].

Some limitations of spectral imaging with bent monochromators
are that having the object placed at the beam focus allows the acqui-
sition of only one row of the sample at a time, so a vertical scan is
necessary to examine the whole object. Moreover, as of now this type
of spectral imaging is limited to synchrotron facilities, and the overall
setup is more complex compared to other types of spectral imaging
configurations.

The following sections provide a more detailed discussion of bent
Laue crystal diffraction, energy bandwidth, energy calibration, focus
dimension, and the magic condition.

Bent Laue diffraction

A crystal is a solid with a highly ordered atomic structure. X-ray
diffraction in a crystal occurs when the solid selectively reflects or
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transmits X-rays from specific atomic planes.

A crystalline lattice is built by translating a unit cell characterized
by three primitive translation vectors d;, d, and d5. The orientation
of the planes in a solid is defined by the Miller indices h, k and [,
which are a sequence of three integer numbers obtained by taking the
reciprocals of the intercepts of the plane with the crystal axes. These
indices identify families of parallel planes in the crystal structure.
In crystallographic notation, Miller indices are enclosed in different
types of brackets to denote distinct crystallographic elements: round
brackets (hkl) indicate a specific set of lattice planes, while angle
brackets (hkl) denote a crystallographic direction perpendicular to
those planes.

For crystals having a cubic unit cell with side a,, the distance
between planes is given by:

o

iRl

The condition for constructive interference is given by Bragg’s Law
(see Equation 2.9): it is satisfied when the path difference between
X-rays reflected from successive planes is equal to a integer multiple
of the wavelength nA.

X-ray diffraction can be performed in two main geometries:

1. Bragg (reflection) geometry: the incident wave is reflected and
the diffracted wave exits the solid from the same surface of
incidence; the planes in the solid are parallel to the surface.

2. Laue (transmission) geometry: the wave passes through the
crystal exiting from the opposite surface; the planes of the
crystal are typically perpendicular to the crystal’s surface.

These two geometries are shown in Figure 2.5.

As previously mentioned, SKES setups employ Laue-type crystals
and therefore operate in transmission geometry. If the planes are
perpendicular to the crystal surface, but tilted by an angle y with
respect to the surface normal, it is referred to as the asymmetric Laue
case and the angle y is called asymmetry angle.

Energy calibration

As noted before, the X-ray photons diffracted by the crystal are dis-
persed in energy along the diffraction plane, meaning that different
energies are mapped onto different pixel rows of the detector. Each
pixel row therefore encodes the energy information of the captured
photons. Establishing an accurate correspondence between pixel
rows and their exact energy values is thus essential.



________ @d ISP IS N A
$d

a) Bragg b) Laue

FIGURE 2.5: Bragg and Laue geometries. In the first one, the wave is reflected, thus
exits the same surface it entered from. In the second one, the wave is transmitted
through the crystal and is diffracted through the opposite surface.

This calibration can be done by using an analytical equation which
requires the knowledge of the geometry of the crystal-detector system
and the position of the K-edge in the image. In this way, the energy-
position information for every pixel in the diffraction plane can be
determined. An example of two X-ray images of some cuvettes filled
with different contrast media is shown in Figure 2.6.
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FIGURE 2.6: Top: projection image of 7 plastic cuvettes filled with different dilutions
of water and iodine. Iodine’s K-edge, at 33.2keV, is clearly visible at around the
center of the image. Bottom: projection image of 4 plastic cuvettes filled with
dilutions of water with iodine or barium, and one plastic cuvette filled with xenon.
The K-edges of iodine, barium, and xenon, at 33.2keV, 34.6keV, and 37.5keV
respectively, are clearly visible at different vertical positions of the image.

The equation that relates the energy of the X-ray photons to the
i-th pixel on the detector is given by:

E, = he (2.10)

2dpsin (QK + Stanl (JE—:K))

where E; is the energy at the i-th pixel of the detector, h is the
Planck constant, c is the speed of light, dy;; is the d-spacing of the
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crystal, 6y is the Bragg diffraction angle of the X-rays at the K-edge
energy, d is the focus-to-detector distance, yi is the detector pixel
location of the K-edge energy and y; is the i-th detector pixel location.
For a known K-edge energy Ey, the Bragg angle 0y is given by the
following formula:

hc
GKzasin(—) (2.11)
2Eg dp
In cases where two K-edges are within the field of view, the pre-
vious analytical equation can be modified to remove the explicit

dependence on the focus-to-detector distance, resulting in:

hc
E. J—

[ — ,—
2dp;;sin (QK + %z‘_an—1 ((y' yK);,i,ng,iK ZQK)))

(2.12)

where yy. is the location of the pixel of the second K-edge. The
geometry behind Equations 2.10 and 2.12 is shown in Figure 2.7.
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FIGURE 2.7: The geometry for relating the pixel positions on the detector to their
energy values with (a) one reference energy and (b) two reference energies. [Qi
et al. 2021]

Energy bandwidth

Energy bandwidth is a fundamental parameter in crystal-based spec-
tral imaging, as it ultimately determines both the number and the
type of contrast media that can be simultaneously imaged. Once
the geometrical and crystal parameters have been fixed, the spectral
bandwidth is found to be inversely proportional to the bending ra-
dius, whose lower bound (i.e., maximum bending) corresponds to
the rupture of the crystal itself:

Fy
AE=E 2) _—+1 2.13
x cot(6s) G(Rcos(;( +05) * ) ( )



where 0 is the Bragg angle, o is the vertical angular divergence,
Fy is the source to crystal distance, R is the bending radius, and y is
the asymmetry angle.

Considering a flat crystal, i.e. R — 00, the energy dispersion can
be rewritten as:

AE A6
Ex  tanb

where A6 corresponds to the divergence of the beam o. This
equation can be easily obtained from the Bragg equation.

The original work introducing the SKES by [Zhu et al. 2014]
reported a small energy bandwidth of 0.56 keV. These results were
obtained by employing the (311) reflection of a 600 pm thick Si crystal
curved to a 1 m bending radius.

More recently, [Bassey et al. 2016] reported an exceptionally
wide bandwidth reaching 15.0keV using the (111) reflection of a
600 um thick crystal curved to 1 m bending radius. As shown in
Equation 2.13, the energy bandwidth scales linearly with the beam
divergence. In this case, the extreme bandwidth was achieved by
exploiting the horizontal divergence of the beam (order of 1072 rad),
which in bending magnet sources is one order of magnitude larger
than the vertical divergence (order of 10~* rad). However, using
the higher divergence for energy dispersion implies that the smaller
divergence is used for imaging. As a result, the useful field of view
(FOV) for imaging is determined by the smaller vertical divergence,
yielding only ~6 mm. A FOV this small does not allow, for instance,
to perform tomographic imaging of large samples (e.g., small animal
studies).

Conversely, the ~5 keV bandwidth reported in one of my previ-
ous papers [Perion et al. 2024b], was obtained employing the (111)
reflection of a 600 pm thick Si crystal curved to a 1 m bending radius.
The bandwidth was obtained across the vertical direction, using the
small beam divergence for energy dispersion and exploiting the larger
horizontal divergence for imaging. This configuration guaranteed
a large FOV (50 mm in the work, which can reach 150 mm at the
SYRMEP beamline): this is largest energy bandwidth reported so
far over a several centimeter FOV, making the system suitable for
biomedical imaging applications.

Focus dimension

Monochromator crystals are placed in the path of a polychromatic X-
ray beam to selectively diffract specific wavelengths. When bent, such
crystals can yield focusing, increased energy bandwidth or increased
flux.
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In Bent Laue diffraction, a polychromatic X-ray beam passes
through the crystal, the resulting beam converges in a focus. The
focal properties of the bent crystal generate two distinct foci: a geo-
metric focus, which arises from the overall curvature of the lattice,
and a single-ray focus, appearing from the intersection of each ray
with the crystal, which generates a fan of focusing diffracted rays.
These are illustrated in Figure 2.8. In both cases, the crystal curvature
makes the planes have different angles with respect to the beam, so
according to Bragg’s law each ray will be diffracted differently.

fe Ji
a.

FIGURE 2.8: Bent Laue crystal focusing. (a) Geometric focusing: the source at a
distance f;, the Laue crystal is bent with radius R, and the focus is generated at
distance f,,. (b) Single-ray focus caused by diffraction of a polychromatic beam at
an angle O relative to the Bragg planes. [Qi et al. 2021]

Typically, these two foci do not coincide with each other. It has
been reported that both the energy resolution and the focal size
are optimized when the geometric focus and the single-ray focus
match [Qi et al. 2021]. This is known as magic condition.

Because the beam focuses onto a line, only a thin line of the
sample is acquired in a single image acquisition. In order to build a
complete image, the sample must be scanned vertically. The size of
the focus S; is given by [Qi et al. 2021]:

_[(a68?), w* 7]’
o

Here, S is the size of the source, g, is the crystal’s focal distance,
and W is the spread of the nearly parallel diffracted rays.

The focal size defines the vertical spatial resolution of the final
reconstructed image of the sample. For this reason, achieving the
magic condition is critical, as it minimizes the focal size and maximizes
the imaging performance of the system.

Magic condition

When using bent Laue crystals, reaching the magic condition is es-
sential for the optimization of both spatial resolution and energy
resolution. When a Laue-type crystal is bent around an axis perpen-
dicular to the diffraction plane, parallel X-rays incident on the convex
side of the crystal will be focused on the concave side of the crystal.
This effect is analogous to a lens but with a modified focal equation
given by [Samadi et al. 2016]:
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where y is the asymmetry angle, 0 is the angle of the incident
beam with respect to the lattice planes (Bragg angle), f; and f,,
are defined as in Figure 2.8 and R is the bending radius. The signs
indicate the location of the Bragg planes in relation to the source and
focus locations. If the Bragg planes are between the source and focus
the upper sign is used, otherwise, the lower sign is used. Thus the
geometric focus can be expressed by the following equation:

fo = R ficos(x ¥6)
2 2f +Rcos(y £6)

On the other hand, an infinitesimally small polychromatic beam
that meets the crystal produces a fan beam on the exit surface (Bor-
rmann fan, Figure 2.8.b). The generated focus f,, can be real or
virtual and is given by:

Jﬁ - sin(20)
R 2sin(y £0)+ (1 + v)sin(2y)cos(y = 60)

where v is the Poisson ratio for the crystal type and orienta-
tion [Greaves et al. 2011]. A simple equation links the asymmetry
angle y to the Bragg angle 6 under the assumption that the source-
crystal distance is large (f; >> f,,) and the Bragg angle is small
(0 << 1). The latter is satisfied when high photon energies are
considered. The equation states:

0
2+ v

Xmagic =~

When the magic condition is satisfied, diffracted X-rays form a
perfect fan beam.

In summary, the magic condition ensures that the geometric and
single-ray foci coincide, optimizing both spatial and energy resolution.
Carefully selecting the asymmetry angle y based on this condition
allows for high-resolution SKES imaging.
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Figure vii: L is the single-ray focus
while f, is the geometrical focus. (a)
L < f,, (b) L = f, (magic condition),
(¢) L > f,. Figure taken from [Samadi
et al. 2016]
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2.2 PHASE-CONTRAST METHODS

Phase-contrast X-ray imaging detects the phase shifts that occur in
X-rays as they traverse matter. Unlike conventional absorption-based
X-ray imaging, phase-contrast offers higher visibility of low-absorbing
materials, such as soft tissues, as it is sensitive to the small variations
in the refraction index.

As discussed in the previous chapter, the index of refraction of X-
rays is complex and can be expressed asn =1—06+if3: the refractive
decrement 6 is typically three orders of magnitude greater than the
imaginary part 3, making the effects due to phase shift generally
more relevant than those due to absorption. For this reason, phase-
contrast imaging provides significantly enhanced contrast, especially
in regions where conventional absorption imaging fails to distinguish
between materials with similar attenuation coefficients.

Thanks to the availability of high-brilliance synchrotron sources
and, more recently, advanced X-ray laboratory sources, it has become
routine to observe and exploit refraction and interference phenomena
in X-ray fields. As a consequence, X-ray phase effects in imaging are
now effectively used in combination with traditional attenuation ef-
fects as they can provide complementary information about a sample’s
internal structure. The term differential phase-contrast is often used
in this context to refer to imaging approaches that directly detect the
angular deviation of the X-ray beam, corresponding to the gradient
of the phase, as defined in Equation 1.12.

Image

Absorption ‘

Refraction

Scattering

FIGURE 2.9: Absorption imaging (top), and phase-contrast imaging (middle and
bottom). The refraction image results from the change in direction of the X-rays
due to phase-shift, while the scattering (or dark-field) image arises from multiple
small-angle refraction that cause blurring without significantly altering the overall
beam direction.

Phase-contrast imaging is particularly valuable in fields such as
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biomedical imaging, materials science, and non-destructive testing.
Various techniques exist to convert the phase shifts of X-rays into
modulations of intensity recorded at the detector.

Among them, Free-space propagation is probably the simplest, re-
quiring only an appropriate propagation distance between the sample
and the detector to make phase effects detectable [ Snigirev et al. 1995;
Wilkins et al. 1996]. Another method is synchrotron-based Analyzer-
based imaging. This approach employs two crystals: the first serves as
monochromator and collimator, while the second acts as an angular
filter that translates phase-induced deviations into intensity modu-
lations [Chapman et al. 1997]. Grating-based methods use periodic
structures to encode and analyze the X-ray wavefront. Initially devel-
oped at synchrotron facilites using two gratings [Clauser and Reinsch
1992], this method has been extended to low-brilliance sources by
adding a third grating [Pfeiffer et al. 2006]. Another category of X-ray
phase-contrast imaging techniques is based on the use of structured
illumination to extract information about absorption, refraction, and
dark-field, these are referred to as tracking-based methods. A known
pattern, such as an absorption grid [Vittoria et al. 2015b] or a speckle
pattern [Morgan et al. 2012] is imposed on the beam. Phase shifts in-
troduced by the sample distort the pattern, while absorption reduces
the overall intensity of the pattern. By tracking these modifications,
it is possible to recover absorption and refraction images. These ap-
proaches can have two-dimensional sensitivity [Wen et al. 2010] and
can be sensitive to dark-field signals [Berujon et al. 2012]. When the
detector pixel size is too large to directly resolve the imposed pattern,
the edge illumination method can be employed [Olivo and Speller
2007]. This technique uses two absorbing masks: a sample mask
that divides the beam into beamlets and a detector mask that creates
insensitive regions between adjacent pixels, and it is particularly well
suited for incoherent and polychromatic X-ray sources.

In this thesis, the phase-contrast imaging techniques that I used
during my PhD will be described: propagation-based phase-contrast,
and tracking-based methods using absorption grids or speckle pat-
terns.

Propagation-based

Propagation-based imaging is the most used technique in synchrotrons
and the simplest phase-contrast method, as it only requires a source,
a sample, and a detector. The key requirements for this technique are
sufficient sample-to-detector distance and high lateral coherence of
the beam, meaning that the amplitude of the waves must be highly
correlated in the direction perpendicular to the beam propagation.
This requirement makes this technique particularly suited for syn-
chrotron setups.

PHASE-CONTRAST METHODS
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As anticipated in Chapter 1, variations in thickness and refractive
index within a sample lead to a change in the shape of an X-ray
wavefront. By recording the intensity of the wavefront at sufficient
distance from the sample, the wavefront distortions are converted into
detectable intensity variations due to Fresnel diffraction (see Figure
2.10). By analyzing the resulting intensity pattern at the detector
plane, information about the phase of the object can be retrieved.
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Object

X-ray
source

—

FIGURE 2.10: Sketch of a propagation-based imaging setup.
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A rigorous treatment of this phenomenon requires a wave-optical
approach. This leads, for a pure phase object and assuming a point
source, to the following expression [Wilkins et al. 1996]:

I(x,y,M,A)=

I [ RyA
2nM

e 1+ ——V2o(x, y,Rl,)L)] (2.15)

where R, is the sample-to-detector distance, and M = (R;+R,)/R;
is the magnification, with R, being the source-to-sample distance. The
phase-contrast vanishes when R, — 0, which is the typical condition
for conventional radiography.

In practice, most samples are not purely phase objects, they also
attenuate the beam to some extent. As a result, the intensity pro-
jection image will contain a mixture of both absorption and phase
shift. The process of separating and quantitatively recovering the
phase and amplitude at the exit surface of the sample is known as
phase retrieval. Since the aim is to recover both absorption and phase,
usually more than a single measurement, either at different prop-
agation distances or at different energies, is required unless some
constraints are imposed on the sample [Nugent et al. 1996; Gureyev
et al. 2001]. Quantitative phase retrieval with a single measurement
can be performed by assuming an homogeneous object, which is a
reasonable approximation in most cases [Paganin et al. 2002].
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2.2.2 Tracking-based

Multiple tracking-based techniques exist in phase-contrast imaging.
These methods rely on the creation of a radiation field with a well-
known structure and tracking its modifications to extract absorption,
refraction, and dark-field information. Specifically, absorption is
linked to the reduction of the field’s intensity, refraction to its dis-
placement in space, and dark-field to its blurring.
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FIGURE 2.11: Sketch of a tracking-based imaging setup.

Figure 2.11 illustrates a typical tracking-based experimental setup.
A grid or structured object that produces a known reference pattern
is placed in the beam path. First, reference images of this pattern are
acquired without the sample. When the sample is inserted, it alters
the wavefront, and the resulting pattern is recorded. By comparing
the reference and sample images, absorption, phase, and dark-field
information can be retrieved. The technique is single shot, although
to increase the resolution of the reconstructed image, several pairs
of reference/sample images are typically acquired by moving the
membrane between each pair of acquisitions.

In this thesis, particular attention will be given to the Beam Track-
ing and modulation-based/speckle methods which will be described
in the following sections.

Modulation-based/speckles

One type of tracking-based approach consists in modulating the beam
by introducing randomly distributed intensity patterns. A speckle pat-
tern is the random granular pattern that is generated when a coherent
beam impinges on an element with a rough surface (such as sand-
paper) [Morgan et al. 2012]. Speckle size is an important property
of the speckle pattern that affects the quality of the reconstructed
images. Since speckles generally have irregular shapes and random
distribution of sizes, small, well-defined speckles that cover a few
pixels in the detector plane are usually preferred [Zdora 2018].
Recently, alternatives to sandpaper modulators have been ex-
plored with the aim of optimizing membrane modulation patterns [Magnin
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et al. 2025]. These include the use of structured membranes designed
to produce specific hole patterns in different geometries.

The goal in modulation-based imaging is to effectively track how
the sample distorts the modulator pattern. To do this, a reference
image is initially acquired when only the membrane is present be-
tween the source and the detector. Then, the object is added and
a second image, called sample image, is acquired. By comparing
the two images and analyzing the local distortions of the modulator
pattern, information about attenuation, refraction, and dark-field
induced by the sample can be retrieved.

Detector

Sandpaper/
structured .
membrane Object

— reference scan (sample out)
’ — sample scan (sample in)

X-ray
source

N

Optional stepping

intensity [a.u.]
o

0 20 40 60 80 100
pixel

FIGURE 2.12: Sketch of a tracking-based imaging setup with sandpaper as modulator.
In the plot, adapted from [Zdora 2018], profile plots of the reference scan (blue)
and sample scan (red) are shown.

The advantages of this technique are that it brings no limitations
in terms of field of view and spatial resolution (which are governed by
the detector), and the relatively simple setup. Although the method
is in principle single-shot, the membrane is typically scanned and
multiple exposures are recorded to improve spatial resolution.

Modulation-based imaging using speckles usually requires enough
transverse coherence to resolve grain structure of the mask, but it is
tolerant of low longitudinal coherence. As a result, it is compatible
with the polychromatic spectra produced by conventional X-ray tubes.
In practice, achieving visible speckle patterns typically requires an
X-ray source with a small focal spot, generally below 50 pm [Zanette
et al. 2014].

One of the challenges of this approach is the accurate extraction
of displacement and dark-field information from the speckle patterns.
Several algorithms have been developed to address this, categorized
in explicit and implicit tracking methods.

Explicit algorithms directly detect the local displacement of the
patterns by comparing small groups of pixels from the reference
images and the sample images. This procedure is repeated for each



pixel across the image. An example of explicit tracking algorithm is
the Unified Modulated Pattern Analysis (UMPA) [Zanette et al. 2014;
Zdora et al. 2017], which estimates local displacements by minimizing
the local mean squared error of a cost function £(x, y).

On the other hand, implicit tracking algorithms are based on a
mathematical model, assuming the conservation of the optical wave
flow. An example of implicit algorithm is the Low Coherence System
(LCS) algorithm [Paganin and Morgan 2019; Morgan and Paganin
2019; Quénot et al. 2021]. LCS is based on flux conservation: the
model relates the reference and sample images to the absorption I,
the displacement fields D, and D, (representing refraction), and a dif-
fusion term Dy (corresponding to the dark-field signal). The approach
is based on the Transport of Intensity equation, which describes the
intensity evolution of a paraxial complex coherent scalar wave field
as it propagates, expressing local energy conservation [ Teague 1983].
Adding a loss term I,,;,; to account for the object’s attenuation we get:

Looy)— 29 G pi(ey)] (2.16)
Iobj(x:y)

where I, is the reference image, I, is the sample image, and
D, =[D,,D,]. This equation becomes the Fokker-Plank equation
when completed by a diffusion term Dy:

1oy )= 1 e yIDy G, )12 V2 D4 (x, )L ()]

Iobj(xzy) ( )
2.17

where z, is the sample-to-detector distance. After expanding
this equation, the term I.(x, y)VD, (x, y) is neglected as it describes
the interference fringes and the LCS algorithm is designed for low
coherent sources. Then the equation simplifies to:

L(x,y)

I —
r(x’y) Iobj(X,)’)

= DJ_(X,_)/)VI,-(X,_)/) _Z2Df(x).y)vi['[r(x)y)]
(2.18)

In order to solve for the four unknowns (I,;;,D,,D,, and D),
at least four independent equations are needed. This is typically
achieved by acquiring images at at least four different membrane
positions, yielding:
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where I and I are the reference and sample images of the i-th
membrane position. Solving the system allows for the retrieval of
absorption, refraction and dark-field signals.

Beam Tracking

The beam tracking technique uses a structured absorbing mask, placed
in the X-ray beam, to shape it into an array of narrow beamlets, each
featuring a width that can range from 1 to tens of micrometers [Vit-
toria et al. 2015a]. A key requirement is that the absorbing regions
of the mask attenuate the beam completely, ensuring that only the
beamlets transmitted through the apertures contribute to the detected
signal. After exiting the mask, the beamlets propagate and reach the
detector, where their intensity distribution is mapped. When a sam-
ple is introduced into the beam, it modifies the beamlets’ profiles in
terms of intensity, spatial shift, and broadening. These changes cor-
respond, respectively, to absorption, refraction (proportional to the
gradient of the phase shift), and ultra-small-angle scattering (dark-
field). To accurately capture these effects, the technique requires a
high-resolution detector with a pixel size smaller than 10 pm, unless
geometric magnification is used to effectively increase the sampling
resolution.

Two important mask parameters are the width of the mask aper-
ture (corresponding to the beamlet width), called aperture, and the
distance between one beamlet and the other, called period.

The effects of absorption, refraction, and dark-field on the recorded
intensity profiles can be mathematically formulated as:

I(x) =TIy(x—56x)*s(x)



where I and I, are the beamlet intensities acquired with and
without the sample, respectively, T is the transmission (absorption
effect), 6x is the lateral shift of the beamlet due to refraction, and
s(x) is a scattering function which accounts for the effect of dark-field.
Each beamlet is detected and analyzed independently, and is modeled
as a Gaussian function:

1 =)
fx)=A e 22
va2no

Here, A is the amplitude, u is the beamlet center (related to refrac-
tion), and o is the standard deviation (related to dark-field). These
parameters can be calculated either by fitting a Gaussian curve to the
beamlet profile, which provides high accuracy but is computationally
intensive, or by computing the moments (centroid and variance) of
the profile, which is faster and less resource demanding, although
potentially less robust in low signal-to-noise conditions. The beamlet
is modeled as a Gaussian function because its intensity distribution
results from the convolution of the finite source size, mask apertures,
and detector point spread function, which collectively lead to an ap-
proximately Gaussian profile under typical experimental conditions.
The transmission is computed as the ratio I(x)/I,(x) between the
integrals of the Gaussians with and without the sample. The beam-
let displacements on the detector plane are related to the refraction
angles through:

Ax
Aa = tan 1=

Z

where Ax is shift of the beamlet calculated from parameter u,
and g is the sample-to-detector distance. As previously discussed, this
angle is proportional to the first derivative of the phase shift.

To achieve full sample illumination, the mask is scanned in small
increments, smaller than its period, in a process known as dithering.
The step size usually corresponds to the mask’s aperture width, which
ultimately defines the system’s effective spatial resolution [Lioliou
et al. 2023]. As a result, the final resolution is not governed by
the detector pixel size but by the number of mask steps, with the
resolution being equal to the mask aperture when the mask is stepped
by half the aperture width [Esposito et al. 2022].

To ensure complete illumination of the sample, the mask is trans-
lated in small increments—smaller than its period—in a process
known as dithering. The step size is typically set by the mask aper-
ture width, which ultimately determines the system’s effective spatial
resolution [Lioliou et al. 2023]. Consequently, the final resolution
is governed not by the detector pixel size but by the mask stepping
scheme. When the mask is stepped by half the aperture width, the
maximum achievable resolution equals the aperture size itself.

PHASE-CONTRAST METHODS 43
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FIGURE 2.13: Sketch of a tracking-based imaging setup with an absorbing membrane
as modulator. On the bottom right, beamlet profiles with no sample (blue), and
beamlet profile changes due to absorption, refraction, and dark-field (pink) are
shown.
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If a reference mask with two-dimensional features (i.e., struc-
tured in both horizontal and vertical directions) is used, differential
phase-contrast can be extracted in both directions from a single ex-
posure. In this thesis, however, only one-dimensional beam tracking
measurements will be discussed.

Beam tracking is an accessible phase-contrast technique: it is
compatible with both coherent and conventional polychromatic X-
ray sources, and it enables quantitative imaging of refraction, which
can relate directly to electron density. Differently from other phase-
contrast techniques, beam tracking directly measures beamlet dis-
placement and broadening, avoiding reliance on approximated math-
ematical models. On the other hand, it has its limitations, including
mask fabrication which can be expensive, and spatial resolution which
is limited to the mask’s aperture size.
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2.3 SPECTRAL PHASE-CONTRAST IMAGING

In the last two sections, spectral X-ray imaging and phase-contrast
X-ray imaging have been discussed individually and in detail. In
this section, the advantages of combining these two techniques are
addressed.

It has already been covered how conventional absorption-based
X-ray imaging methods can fail to provide sufficient contrast when dif-
ferent structures inside an object are similarly attenuating, such as in
soft tissues. To overcome this limitation, high-Z contrast elements can
be introduced to selectively enhance the contrast of regions of interest.
Spectral X-ray imaging takes advantage of the energy dependence of
high-Z elements, whose mass attenuation coefficient exhibits a sharp
rise at their K-edge. By acquiring images at two or more energies
above and below the K-edge of the contrast element, spectral imaging
allows material-specific discrimination and quantification through
spectral decomposition [Alvarez and Macovski 1976]. In contrast,
X-ray phase-contrast imaging detects the phase shifts in X-rays as they
traverse matter. Unlike conventional absorption-based X-ray imaging,
this technique offers higher visibility of low-Z materials, such as soft
tissues, as it is sensitive to their refraction properties.

It is clear how these two imaging modalities provide comple-
mentary information: spectral imaging providing high-Z material
specificity and phase-contrast imaging discriminating among low-Z
materials. Their integration can enhance material discrimination
by benefitting from the strengths of the individual methods while
mitigating their weaknesses.

There are only a few reported examples of spectral phase-contrast
imaging in the literature. Among them, [Mechlem et al. 2019] inves-
tigate the combination of grating-based phase-contrast with spectral
detectors through a numerical simulation. Their results show that
incorporating phase shift information leads to highly reduced basis
material image noise levels compared to conventional spectral X-ray
imaging. Additionally, the extraction of information about the mi-
crostructure via the dark-field image can be beneficial for clinical
diagnosis. [Schaff et al. 2020] perform propagation-based phase-
contrast imaging at two monochromatic energies at the synchrotron.
[Ji et al. 2020] employ a dual-energy differential phase-contrast CT
system, combining a grating interferometer with a photon count-
ing CT scanner with two energy bins. They compare this scan with
a triple spectra CT scan, showing that the combination of the two
techniques correctly differentiates the bone structure, iodine, and
the soft tissue in the biological samples with a much lower quan-
tification noise. Finally, in a study I contributed to, we report the
first integration of spectral phase-contrast in a tomographic edge-
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2.3.1

illumination setup. Applied to a test phantom and an ex-vivo murine
model perfused post-mortem with an iodine-based contrast agent, the
study demonstrates the advantages of this integration showing that
the signal-to-noise ratio in the soft tissue channel is 9 times greater
compared to a conventional spectral algorithm [Brombal et al. 2024].
This chapter concludes with the theoretical formulation of the
spectral material decomposition algorithm extended to account for
phase information, which is presented in the following section.

Spectral-Phase decomposition algorithm

In Section 1.2 the complex index of refraction for X-rays was intro-
duced as:

n=1-56+ip (2.19)

where 6 is the refractive index decrement, and f3 is the absorption
index. These quantities can be expressed as:

B=— 5 N TopA%/2m (2.20)

The expression for ¢ is an approximation that holds for forward
scattering and when the photon energy is sufficiently far from the
absorption edges. A more complete description requires the atomic
form factor to be taken into account. Here, 6 is directly proportional
to the electron density p,, while f is related to the linear attenuation
coefficient u. Consequently, absorption measurements provide infor-
mation about a material’s attenuation properties which is linked to its
effective atomic number, whereas phase measurements are directly
linked to its electron density.

As previously discussed in Section 2.1.2, material discrimination
and quantification can be achieved through decomposition algorithms.
The same linear decomposition formalism applied to the attenuation
coefficient u in spectral imaging can be extended to the phase com-
ponent §. Specifically, the phase signal can be represented as a linear
combination of mass-specific refractive index decrements for a given
basis set of materials:

5=Zpi(g) (2.21)

1

Thus, the material decomposition framework can be expanded
to include phase information alongside spectral data. The system of
equations becomes:
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P3Z3

Here, the incorporation of a third input (i.e. the phase image)
allows for the decomposition of three distinct materials. It is important
to note that while the energy dependence of 6 differs from that of u, it
is nearly identical across different materials. As a result, the inclusion
of a single phase measurement contributes a linearly independent
row to the decomposition matrix. However, incorporating additional
phase measurements at different energies would yield rows that are
approximately linearly dependent, limiting their contribution to the

decomposition matrix.






Part II

METHODS AND DEVELOPMENT






3.1

Laboratory-based Spectral and
Phase-Contrast Imaging

In this chapter, laboratory-based measurements performed during my
PhD are presented. The measurements are based on the techniques
introduced in the previous chapters.

Section 3.1 focuses on spectral imaging using an energy-resolving
detector, carried out at the PEPI laboratory at INFN Trieste [Brom-
bal et al. 2023], with part of the work published in [Perion et al.
2024a]. These experiments were conducted to evaluate the abil-
ity of the system to perform quantitative multiple-material spectral
decomposition.

Section 3.2 describes phase-contrast imaging experiments per-
formed at Xenocs SAS in Grenoble, France, during my six-month PhD
stay at the STROBE laboratory, University of Grenoble. The study
consisted of optimizing the motion of membranes in phase-contrast
imaging. The results of this work are submitted for publication in
Physical Review A.

SPECTRAL IMAGING WITH LABORATORY SOURCE

AND ENERGY-RESOLVING DETECTOR

All measurements described in this section were performed at the
PEPI laboratory of INFN Trieste.

PEPI laboratory

The PEPI (Photon-counting Edge-illumination Phase-contrast imag-
ing) laboratory is a compact multi-modal imaging setup, which en-
ables both X-ray phase-contrast imaging with edge illumination tech-
nique and spectral imaging through a chromatic detector [Brombal
et al. 2023]. The system enables multiple imaging modalities: among

51
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3.1.1

these, spectral micro-tomography has been used for the measure-
ments described in this thesis.

The X-ray source is a Hamamatsu micro-focus tube operating at
voltages from 40 to 100 kV and currents between from 10 to 200 pA.
The maximum power output is 20 W, and the X-ray focal spot size
ranges between 5 to 30 um scaling linearly with power.

The detector in the laboratory is Pixirad-1/Pixie-III, which is a
large-area direct detection photon-counting device. This detector is
built with a hybrid architecture, where a high-Z sensor is coupled to
the ASIC (Application Specific Integrated Circuit) through the flip-
chip bonding technique [Bellazzini et al. 2015]. The CdTe sensor is
a 650 um thick Schottky type diode. The active area is of 32 mm? x
25 mm? and the chip is organized as a matrix of 512's x 402 square
pixels at 62 pm pitch. The detector features two independent energy
thresholds allowing the acquisition of two images over different en-
ergy bins in a single shot, therefore enabling spectral imaging. When
two thresholds are applied, events are counted in the first counter
if their energy falls inside the window defined by the lower and the
upper threshold. Instead, they are counted into the second counter if
their energy is higher than the upper threshold. The Pixirad-1/Pixie-
I1I detector is sensitive in a broad energy range (from 2 to 100 keV),
features a high frame rate (around 100 fps), a high detection effi-
ciency (high-Z sensor) and a good energy resolution (between 3 and
4keV). Relevant system specifications are summarized in Table 3.1.

TABLE 3.1: PEPI laboratory specifications.

X-ray source Spectrum (kVp) 40-100
Power (W) 20 (maximum)
Focal Spot (jnm) 5-30
Detector Pixel size (pm) 62
Field of View (pixels) 512x402
Sensor (pm) 650, CdTe
Dimensions (cm) 50-120
Geometry Magnification 1.3-2.8

Resolution (PSF) (um) 20-50

Multiple-energy-bin micro-CT for gold and iodine detection

Parts of this section are adapted from my previously published con-
ference contribution [Perion et al. 2024a].

This study demonstrates spectral micro-CT imaging using a multiple-
energy-bin approach, performed at the PEPI laboratory of INFN Tri-
este. The measurement involved multiple scans, each using a different
energy threshold which was optimized for the discrimination of iodine
and gold.
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FIGURE 3.1: Schematic representation of the experimental setup implemented at the
PEPI laboratory.

As anticipated in the previous chapters, high-atomic-number con-
trast agents enhance the visibility of specific tissues or structures in
the body. Their attenuation profiles exhibit a distinct dependence
on energy, characterized by sudden increases of absorption at K-
edges, making them suitable for spectral imaging purposes [Roessl
and Proksa 2007]. Specifically, iodinated contrast media are the most
commonly used in cardiovascular imaging [Hallouard et al. 2010],
while gold nanoparticles are emerging as a CT contrast agent due to
their high X-ray absorption, low toxicity, high biocompatibility, and
their specificity in targeting tumors [Hainfeld et al. 2006; Sousa et al.
2010; Menk et al. 2011].

To explore this potential, a sub-100 pm resolution spectral micro-
CT scan was performed on a test sample using multiple energy thresh-
olds. The results demonstrate the feasibility of multi-material de-
composition, holding potential for improving material detectability
and quantification in a range of pre-clinical applications, including
cardiovascular and oncologic imaging.

Data acquisition and reconstruction

The images were acquired through multiple acquisitions in 5 energy
bins defined by the applied energy thresholds. These were chosen
at 26, 33, 42, 70 and 92keV (see Figure 3.2(a)). A CT scan of the

102 —— lodine

object, in a 1.3 cm® x 1.8 cm® x 1.4 cm® volume, was acquired with — o
720 projections over 360°, for a total scan time of 75 minutes per s e, Wbt
energy bin. The sample consisted of three plastic cuvettes, filled with 57

water, a calcium salt (CaCl,) and a 50 mgmL ™! iodine dilution, all %

inserted in a spool of 25 pm-thick gold wire, as visible in Figure 3.2(b).
The magnification factor was 1.8, reducing the effective voxel size
down to 35 pm.
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A detector-specific pre-processing procedure and an image-denoising . . .

. . . . . Figure ix: Mass attenuation
technique [Di Trapani et al. 2022] were applied to the projection coefficients of iodine, gold, calcium
images before tomographic reconstruction. The images were then and water.
processed through the material decomposition algorithm described
in Section 2.1.3 to obtain independent distributions of each chosen
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FIGURE 3.2: a) Simulated X-ray spectrum at 100 kVp voltage (black line). The energy
thresholds were set at 26, 33, 42, 70 and 92 keV. These delimit the shaded regions,
which correspond to the fraction of photons in each energy bin. b) X-ray projection
of the sample composed of three plastic cuvettes, filled with water, a calcium salt
and an iodine dilution respectively, all inserted in a spool of gold wire.

material. Each mass attenuation coefficient was integrated over the
energy spectrum w(E); and the detector energy response D(E); in
the specific bin, both derived from detector characterization measure-
ments and Geant4-based simulations [Brombal et al. 2022; Di Trapani
et al. 2020].

Results and discussion

A four-element material decomposition was applied to the recon-
structed slices. Notably, the results demonstrate the successful sep-
aration of iodine, gold, calcium and water into four distinct maps,
with minimal cross-contamination between channels, as shown in
Figure 3.3.

It is important to note that all decomposition images are quanti-
tative, as indicated by the colour bars in Figure 3.3. The density of
the elements was determined by selecting a circular region of interest
(ROI) inside each cuvette and by measuring its mean intensity. The
uncertainty associated with each measurement was calculated as the
standard deviation within the chosen ROI. Water and iodine inside
the cuvettes are accurately quantified, with a relative error of 6.8 %
for iodine and of 2 % for water. Measurement results are reported in
table 3.2. The actual density of calcium is unknown because it was
not diluted in water, and the density of gold could not be assessed as
the gold wire diameter is smaller than the voxel size of the imaging
system.

TABLE 3.2: Expected and measured densities of iodine, water, and calcium inside the
cuvettes.

expected measured

Iodine (mg/mL) 50 46.6 + 1.3
Water (mg/mL) 1000 1020 £ 115
Calcum (mg/ml) - 134.6 £ 44.6

The material decomposition into calcium failed to accurately lo-
calize the element when it was surrounded by gold (see Figure 3.3,



SPECTRAL IMAGING WITH LABORATORY SOURCE AND ENERGY-RESOLVING DETECTOR 55

a) Gold distribution map b) Calcium distribution map

rendered

volume
rendered

volume

5 mm

c) lodine distribution map d)

rendered

volume rendered

volume

mg?ml

e) Gold + Calcium + lodine

rendered
volume

FIGURE 3.3: a), b), ¢), and d): 3D rendered volumes along with single tomographic
slices of gold, calcium, iodine, and water decompositions, respectively. ) 3D ren-
dered volume of gold, calcium and iodine together.

top right). This is likely due to beam hardening effects introduced
by the gold wire, which, owing to its high atomic number and strong
attenuation, significantly alters the X-ray spectrum and affects the
measured absorption. This lead to an underestimation of calcium
density in regions near the gold wire.

In contrast, iodine decomposition was more robust in the presence
of gold. Although the decomposition exhibited an increase in noise
in this region, the high absorption of iodine and the presence of its
K-edge allowed for a more precise localization and quantification of
the element.
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3.1.2 Dual-energy-bin micro-CT for iodine detection

A whole-body atlas of a murine model using spectral X-ray micro-CT
was performed at the PEPI laboratory of INFN Trieste. The goal of
the experiment was to map both the bone structure and the iodine-
perfused organs to evaluate the feasibility of a subsequent dissection.
The dissection was later performed at the Cattinara Hospital in Trieste,
where multiple organs were extracted and subsequently transported
to the ESRF synchrotron in Grenoble for further measurements. The
analysis demonstrated successful discrimination between iodine and
bone, allowing a high-resolution visualization of the vascular structure
of the murine model at a voxel size of 38 pm.

Data acquisition and reconstruction

The following description of the sample is adapted from [Brombal
et al. 2024]. The sample was an ex vivo 7 week old female athymic
nude mouse (Charles River Laboratories, Wilmington, MA, USA), that
received post-mortem perfusion with uAngiofil® (Fumedica AG, Muri,
Switzerland), a polymerizing iodine-based vascular contrast agent.
The mouse was euthanized and afterwards perfused with warm dPBS
and contrast agent through the descending aorta. The euthanasia was
performed according to the Helmholtz Zentrum Munich Animal Care
and Use Committee guidelines. After euthanasia the uAngiofil® was
left to polymerize for one hour at room temperature. The sample was
then shortly rinsed with dPBS, fixed in 4% paraformaldehyde, and
stored at 4°C until ex vivo u-CT scanning, for which it was inserted
in a standard 50 mL Falcon tube. A schematic of a transversal slice of
the mouse sample is shown in Figure 3.4.

FIGURE 3.4: Schematic of a slice of the murine sample.

The micro-CT was acquired with 720 projections over 360°. The
images were acquired in two energy bins, setting the low threshold
at 26 keV and the high threshold at 33 keV. The high threshold was
set at iodine’s K-edge, in order to obtain an energy bin below and the
other above this energy. Three shots were acquired for each projection
with an exposure time of 3 s. The X-ray tube voltage was set to 50 kVp
and the tube current to 2 mA. Given that the detector’s active area is
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32mm x 25 mm and that the volume of the whole murine model is
30 mm x 30 mm x 96 mm, 7 acquisitions at different vertical positions
of the sample were necessary. The source-to-detector distance was
65 cm and the sample-to-detector distance was 25 cm, making the
magnification 1.61 and the voxel size 38 pm.

After acquisitions, the projections were reconstructed using the AS-
TRA toolbox [Van Aarle et al. 2016] and then the reconstructions from
the 7 different acquisitions were stitched together. A two-material
decomposition was performed on the stitched volume, using iodine
and water as basis materials.

Results and discussion

The results indicate that both the bone structure and the iodinated
vasculature were successfully discriminated in the murine body atlas.
It is worth mentioning that, although the material decomposition was
performed choosing iodine and water as basis material, the entire
bone structure falls in the water channel, as its attenuation depen-
dence on energy is more similar to water compared to iodine. This
approach thus enabled simultaneous visualization of skeletal tissue
and vascular structure at high resolution, providing a comprehensive
anatomical reference of the specimen.

lodine Composite

FIGURE 3.5: Bone, iodine, and composite decomposition maps with zoom-ins.
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3.2 PHASE-CONTRAST IMAGING WITH LABORA-
TORY SOURCE AND MODULATORS

The work presented in this section is currently submitted for publica-
tion in Physical Review A, with the title "Membrane stepping optimiza-
tion in Modulation Based Imaging".

Among the different X-ray phase-contrast imaging techniques
mentioned in the previous chapters, tracking-based methods rely
on the use of structured illumination to extract information about
absorption, refraction and scattering. First, reference images of the
known pattern are acquired with no sample. Then, after placing the
sample, the altered wavefront is recorded. Phase shifts introduced by
the sample distort the modulation pattern, while absorption reduces
its overall intensity. By tracking these modifications, it is possible to
recover absorption, refraction, and dark-field images.

In general, modulation-based imaging (MoBI) is the term used
when referring to X-ray phase-contrast imaging performed using an
intensity modulator (or membrane) placed in the beam. Among the
existing membranes, sandpaper produces randomly distributed in-
tensity patterns (or speckles if coherent light is employed), which
generally have irregular shapes and random distribution of sizes.
Small, well-defined speckles that cover a few pixels in the detector
plane are usually preferred [Morgan et al. 2012; Zdora 2018]. Re-
cently, alternatives to sandpaper membranes have been explored with
the aim of optimizing membrane modulation patterns [Magnin et al.
2025]. These include the use of structured membranes designed to
produce specific hole patterns in different geometries.

Although MoBI can, in principle, be performed in a single expo-
sure [Pavlov et al. 2020; Génz et al. 2022], image quality is typically
improved by acquiring several pairs of reference and sample images
while moving the membrane between exposures, since repeated mea-
surements reduce noise and provide diverse modulation patterns that
strengthen the retrieval. In most implementations of MoBI, this shift
is performed in a regular stepping pattern, mainly for practicality
reasons. This shift can be performed either one- or two-dimensionally,
depending on the experimental setup. Similar strategies are used
in related techniques, such as beam tracking using 2D absorption
grids, where the regular stepping corresponds to a fraction of the
period and the total motion naturally matches the periodic grid struc-
ture [Navarrete-Leon et al. 2023]. Alternative motions schemes have
also been investigated: for example, spiral trajectory of sandpaper
membranes have been employed to improve sampling across the field
of view [Savatovié et al. 2025].

While some alternative motion schemes have been explored in
the literature, the specific impact of different membrane movement
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patterns in MoBI remains unexplored. In this work, we investigate
this to determine if, and to what extent, the choice of motion type
affects the quality of the final image in MoBI reconstructions, with the
aim of optimizing the movement strategy to maximize image quality.

The analysis was conducted experimentally to evaluate the feasi-
bility of optimizing the membrane stepping procedure. The following
sections describe the experimental setup, the stepping optimization
procedure, and the final data analysis.

Experimental setup

The experimental setup is shown in Figure 3.6. Measurements were
performed at Xenocs SAS in Grenoble, France, using the Xeuss 3.0
instrument. For this work, its polychromatic cone-beam imaging
source, featuring a copper target and operating at 30 kVp with 8.6 keV
mean energy, was used. Four different types of membrane were tested
in the setup:

1. Sandpaper membrane

2. Archimede: nickel membrane featuring holes arranged in an
Archimedean spiral pattern

3. Honeycomb: nickel membrane with holes organized in a hexag-
onal matrix

4. Vogel: nickel membrane with holes arranged in a spiral pattern
that mimics the arrangement of sunflower seeds.

The membrane patterns can be seen in Figure 3.6. The membranes
were obtained by laser micro drilling using a fiber laser and was
processed by STPgroup (STPgroup, Saint Ismier, France). They were
made of Ni foil of 30 pm in thickness, which was then drilled with a
circular apertures of 80 pm in diameter.

The scanned sample is a 3D-printed object that follows Julia’s
fractal geometry, fabricated in resin with dimensions 18 mm x 10 mm
and maximum height of 5mm. The in-plane resolution used was
18 nm, below the spatial resolution of our system. This sample was
chosen because it presents features of many different sizes, allowing
a better evaluation of the quality of the image.

The detector used was the Eiger2 500k [Donath et al. 2023],
which has a 1030 x 514 matrix of 75 pm pixels and a 450 um thick
silicon sensor. The membranes, sample, and detector were placed in
the primary vacuum. The relevant distances in the setup can be seen
in Figure 3.6.

A total of 200 reference images (I,) and 200 sample images ()
were acquired for each membrane while the membrane was stepped
in the vertical direction with respect to the X-ray propagation axis.
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FIGURE 3.6: Experimental setup sketch showing the relevant distances.

Owing to experimental constraints, this motion was restricted to a
single direction.

Stepping optimization procedure

A dataset of 200 pairs of reference and sample images was acquired for
each membrane, covering a wide range of stepping positions with step
size of 70 ym. This large dataset allowed for the selection of subsets
that simulate different membrane movement patterns, allowing for
a comparative analysis of how different stepping procedures affect
image quality.

To do this, four distinct stepping strategies were tested (see Fig-
ure 3.7). For each of these, subsets of N images were extracted from
the full set of 200 reference images:

1. Random stepping: N membrane images were randomly chosen
from the large dataset to simulate a random movement of the
membrane.

2. Regular stepping: N consecutive membrane positions were
selected, mimicking a regular, stepwise membrane motion.

3. Global standard deviation minimization: the subset of N im-
ages whose sum had the lowest global standard deviation was
selected, with the goal of achieving the lowest global standard
deviation across the entire image.

4. Local standard deviation minimization: This method focuses
on local uniformity. The sum of N selected membranes was
computed, and a local standard deviation map was generated
over 7x7 pixel regions. The subset of N membranes that ex-
hibited the smallest standard deviation of this map was chosen.
The aim was to avoid localized intensity fluctuations.
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FIGURE 3.7: Stepping optimization procedure. For each membrane type, 200 ref-
erence/sample image pairs were acquired. Subsets of size N were extracted using
different stepping methods: subsets (1) are extracted randomly, subsets (2) are com-
posed of consecutive images, subsets (3) were chosen by minimizing the standard
deviation of their average image, and subsets (4) were selected by averaging the
images, thus minimizing the standard deviation of their local standard deviation.

In both optimization-based methods (3 and 4), the objective was
to maximize illumination uniformity on the sample, both globally
and locally, using standard deviation as an optimization metric to
quantify intensity variation. A lower standard deviation in the sum
image indicates an overall more homogeneous illumination. The local
standard deviation stepping method was thought to prevent small
pixel regions with high intensity variation.

Data analysis

The stepping optimization procedure described in the previous section
was applied for each of the four membrane types shown in Figure 3.6.
For every combination of membrane type and stepping strategy, seven
subsets were extracted from the full set of 200 reference/sample
pairs of images. Each subset contained a number N of pairs of refer-
ence/sample images, with N=4, 5, 7, 10, 15, 20 and 30. This range
was chosen to evaluate how the number of stepping positions affects
image quality across different membrane types and stepping methods.
This data handling is summarized in Table 3.3.

For each subset, absorption, refraction, and dark field images
were recovered from reference and sample images using the implicit
Low Coherence System (LCS) algorithm [Quénot et al. 2021; Morgan

Local standard
deviation image
of average image

Average has
the smallest
standard
deviation

Local standard
deviation image
of average has
the smallest
standard
deviation
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TABLE 3.3: Overview of the data handling. For each of the four membrane types,
a dataset of 200 reference/sample image pairs was acquired. From each dataset,
subsets of size N =4,5,7,10, 15,20, 30 were extracted using four different stepping

strategies.
Membrane Total Images Stepping Subset Sizes
Type Strategies (N)
Archimede 200 pairs Random, 4,5,7,10, 15,
Regular, 20, 30
Global Std,
Local Std
Honeycomb 200 pairs Random, 4,5,7,10, 15,
Regular, 20, 30
Global Std,
Local Std
Sandpaper 200 pairs Random, 4,5,7,10, 15,
Regular, 20, 30
Global Std,
Local Std
Vogel 200 pairs Random, 4,5,7,10, 15,
Regular, 20, 30
Global Std,
Local Std

and Paganin 2019; Paganin and Morgan 2019].

In general, modulation-based imaging algorithms compare ref-
erence and sample images by analyzing how the reference pattern
is distorted when the sample is inserted. LCS is based on flux con-
servation: the model relates the reference and sample images to the
absorption, the displacement fields (representing refraction), and a
diffusion term (corresponding to the dark field signal). The algorithm
is formulated as a system of equations presenting 4 unknowns, indi-
cating that a minimum of 4 membrane positions is required in order
to solve it.

Once absorption, refraction, and dark field images are retrieved,
image quality is evaluated using the contrast-to-noise ratio (CNR) for
absorption and dark field images and angular sensitivity for refraction
images. The total CNR is calculated as the average CNR measured
across six different 30 pixel x 30 pixel regions inside the sample and
six 30 pixel x 30 pixel regions in the background:

CNR = M (3.1)
O bg

where (i; and {i;, are the means of the individual mean intensity
values of the regions respectively inside the sample and in the back-
ground, and &, is the mean standard deviation of the regions of
pixels in the background. The associated error is evaluated through
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propagation of the error. Multiple regions were chosen to give a more
global estimate of image quality.

The angular sensitivity o is assessed in a region of the image
without the sample by calculating the mean and standard error of the
standard deviation of the refraction angles in twelve 45 pixel x 45 pixel
regions (091,):

1 &

i=1

Og

Quantifying the dispersion of noise, the angular sensitivity deter-
mines the minimum detectable refraction angle of the system.

Finally, spatial resolution was calculated with an approach similar
to that described in [Modregger et al. 2007]. The method determines
spatial resolution by identifying the point in the frequency domain
at which the signal becomes indistinguishable from noise. The noise
power spectrum is calculated from the 2D image as a function of
spatial frequency, the noise baseline is then identified from high-
frequency components where only noise exists, and the resolution
is calculated from the maximum spatial frequency where the total
spectral power equals twice the noise baseline.

These quality metrics were evaluated for each membrane type,
stepping method, and subset with a number of N reference/sample
pairs.

Results and discussion

The experiment involved four different membranes types [Magnin
et al. 2025], aiming not only to validate the proposed optimization
approach but also to assess its consistency across various membrane
types. Subsets containing 4, 5, 7, 10, 15, 20 and 30 membrane posi-
tions each were extracted from each dataset of 200 reference/sample
pairs, using each of the four stepping procedures (regular, random,
global standard deviation and local standard deviation). This allowed
for an evaluation of how the number of stepping positions affects
image quality.

Figure 3.8 shows the results obtained using the honeycomb mem-
brane and a subset size of five positions. The graphs display the
quality metrics measured from the images as a function of the mem-
brane stepping method. A cropped region of the image for each
stepping method is displayed for visual comparison.

The results indicate that the global standard deviation and the
local standard deviation stepping procedures generally produced the
highest image quality whatever the modulation topology. Specifically,
these methods achieved the highest CNR values both in absorption
and dark field images, as well as the lowest angular sensitivity values
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FIGURE 3.8: a) Dark field image of the full sample obtained with a subset size of
5 and the honeycomb membrane. b) Absorption, dark field, horizontal refraction,
and vertical refraction images retrieved using each optimization procedure: regular,
random, global standard deviation, and local standard deviation. Only a cropped
region of the image is shown for clarity. ¢) Quantitative evaluation: graphs displaying

the quality metrics measured from the images as a function of the membrane stepping
method.

in refraction. For both vertical and horizontal refraction, angular
sensitivity values around 0.1 prad were achieved with the optimized
stepping methods, approximately twice as low as those obtained with
regular and random stepping.

Given its overall better performance, the local standard deviation
method was selected to evaluate the performance of the different
membrane types. The results obtained using this method for each
membrane, with a subset size of 5, are presented in Figure 3.9. The
same quality metrics were computed and plotted as a function of
the membrane type. Again, only a cropped region of the image is
displayed for visual comparison.
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FIGURE 3.9: a) Dark field image of the full sample obtained with a subset size of
5 and the local standard deviation method. b) Absorption, dark field, horizontal
refraction, and vertical refraction images retrieved using each membrane: archimede,
honeycomb, sandpaper, and Vogel. Only a cropped region of the image is shown for
clarity. ¢) Quantitative evaluation: graphs displaying the quality metrics measured
from the images.

The results indicate that the honeycomb membrane consistently
yields the best results, with the highest CNR values in both absorption
and dark field images, as well as the lowest angular sensitivity in
refraction images. Specifically, the honeycomb membrane achieves
angular sensitivity values around 0.1 prad, whereas the other mem-
branes range between 0.3 and 0.8 prad. This suggests stronger com-
patibility between the honeycomb membrane and the optimization
procedure. It is also worth noting that the sandpaper membrane did
not produce usable images. The retrieved images in this case are
dominated by noise and do not contain any meaningful information.
While the noise estimation in the background was reliable for all other
membranes, the sandpaper membrane exhibits significantly higher
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noise within the sample.

The results presented above are all obtained from a fixed subset
size of five pairs of sample/membrane images. However, as men-
tioned earlier, the study was conducted across multiple subsets sizes.
Figure 3.10 presents the results obtained for each membrane using
the local standard deviation procedure, showing how the quality met-
rics vary with the number of membrane positions included in each

subset.
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FIGURE 3.10: Quality metrics measured from the absorption, refraction and dark-field
images for each membrane type, plotted as a function of the number of membrane
positions included in the subset.

Again, the honeycomb membrane delivers the best overall per-
formance, showing a rapid increase in CNR when the number of
membrane positions increases from 4 to 5 in the absorption images.
The same trend is seen in angular sensitivity as the number of po-
sitions increases. These trends are observed across all membranes
types, although with a more gradual improvement in quality metrics.
Notably, for the dark field CNR, the honeycomb membrane exhibits a
rapid initial increase, but the Vogel membrane outperforms it when
more than 10 membrane positions are used.

Finally, spatial resolution was evaluated through the noise power
spectrum method. Figure 3.11 shows the noise power spectra derived
from the vertical refraction images, using a subset of five honey-
comb membrane positions. In the plot, the noise power spectrum
obtained for the random stepping is not showed as it did not con-
verge. The corresponding resolution values, reported in Table 3.4,
are reported for horizontal and vertical refraction, and dark-field,
allowing a comparison of the performance across different membrane
stepping methods.

The noise power spectra clearly show the superiority of the global
and local standard deviation stepping methods compared to the ran-
dom and regular approaches. Both the local and global methods
achieve consistent spatial resolution values across all modalities, sup-
porting the effectiveness of the proposed stepping optimization strat-
egy. The global standard deviation method exhibits greater variability,
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FIGURE 3.11: Radial noise power spectrum calculated from vertical refraction images
for each membrane stepping method. The noise baseline is identified from high-
frequency components where only noise exists, and the resolution is calculated from
the maximum spatial frequency where the total spectral power equals twice the noise
baseline (dots on spectrum).

TABLE 3.4: Spatial resolution values for each membrane stepping method across
refraction and dark-field images. The value for the random stepping method in the
case of vertical refraction is not displayed as it did not converge. HR: Horizontal
Refraction; VR: Vertical Refraction; DF: Dark Field

Method HR VR DF
(mm) (mm) (mm)

Random 1.67 £ 0.22 - 1.47 £0.17

Regular 1.32 £ 0.14 0.329 £ 0.013 0.463 £ 0.036

Global std 0.202 £ 0.028 0.298 £ 0.079 0.218 £ 0.106
Local std 0.266 £+ 0.022 0.232 £ 0.020 0.221 £ 0.008

indicating a higher sensitivity to local fluctuations. In contrast, the reg-
ular and random methods yield poorer resolutions, ranging between
0.3 mm and 2 mm. Notably, the random method fails to converge for
vertical refraction. One important thing to note is that the reported
spatial resolution values are derived from an "arbitrary" method and
should not be interpreted as an absolute measure of spatial resolution.
Rather, they should be regarded as a qualitative indicator for compar-
ing different images (for example, to assess which image performs
better or worse). In this context, a more meaningful approach is to
compare the overall behavior of the noise power spectrum, consider-
ing it as a whole function rather than extracting a resolution value
from a single, arbitrarily chosen point on the curve. The selection of
a single point is adopted solely for clarity and conciseness, in order
to summarize the results without the need to display a large number
of noise power spectra.

The findings of this work suggest the advantage of optimizing the
membrane stepping strategy at the beginning of an experiment. By
initially sampling a large number of different membrane positions,
the local or global standard deviation methods can be applied to
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identify the optimal stepping pattern. Once this is determined, the
corresponding motor positions can be recorded and used consistently
throughout the experiment. This procedure ensures that data ac-
quisition is performed under optimized and reproducible conditions,
ensuring an optimized and stable image quality.

This work demonstrated the effectiveness of optimized movement
strategies in MoBI through an experimental study. The results show
that the two optimized stepping procedures consistently produced the
highest image quality, achieving the highest CNR in the absorption
and dark field images, the best angular sensitivity in refraction images,
and superior spatial resolution overall.

The study was performed using four different types of membranes:
the honeycomb membrane yielded the best results overall, suggesting
a stronger compatibility with the optimization procedure compared
to the other membranes. In addition, the quality analysis conducted
using the noise power spectrum method confirmed the superiority of
both the global and local standard deviation stepping methods.

Future work may extend this study exploring alternative optimiza-
tion procedures, also including a broader range of membrane types
or different experimental conditions including directional dark-field
sensitivity. Ultimately, the optimization of membrane movement in
MoBI has the potential of enhancing image quality without increasing
experimental complexity, thereby strengthening the technique’s over-
all performance and potentially reducing the number of exposures
required to achieve the same image quality.



4.1

Synchrotron-Based Imaging

Synchrotron X-ray imaging exploits the unique properties of syn-
chrotron radiation to achieve high-quality imaging of biological sam-
ples and materials. The main advantages of synchrotron-based imag-
ing are the enhanced spatial resolution and contrast, due to the high
brilliance, small effective source size, and high coherence of the beam.

This chapter presents the research conducted during my PhD in
synchrotron-based imaging.

The first section describes a source-based spectral phase-contrast
experiment performed at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. Human thyroid specimens were scanned using
the beam tracking phase-contrast technique at two monochromatic
energies, with the goal of performing spectral decomposition to assess
the distribution of iodine within the samples.

The second, more extensive section focuses on my primary PhD
research project Spectral PHasE REtrieval X-ray imaging (SPHERE-X).
The aim of the project was to develop and implement a combined
spectral and phase-contrast imaging setup at the SYRMEP beamline of
the Elettra synchrotron in Trieste. Phase-contrast was achieved using
the beam tracking technique, while spectral imaging was performed
using an energy-dispersive Laue crystal. This section presents simu-
lation development, crystal characterization (energy resolution and
focus dimension), as well as studies on the beam tracking absorbing
mask. The chapter concludes with the imaging results obtained from
the main experimental setup, along with additional results obtained
from an alternative configuration.

SOURCE-BASED SPECTRAL PHASE-CONTRAST
IMAGING WITH BEAM TRACKING
Virtual histology is an emerging imaging tool used in medical imaging

that uses X-rays to provide three-dimensional, high-resolution images
of soft-tissue specimens. Conventional histology is used to study
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the detailed structure of tissues and cells using optical microscopy
and is the standard diagnostic procedure in pathology [D’Avanzo
et al. 2004]. While this method is still the gold standard for tissue
pathology as it is widely accessible and highly specific for particular
tissue regions or cells [Alturkistani et al. 2015], it is time-intensive,
and requires mechanical sectioning of the specimens. In addition,
regions of interest cannot be located beforehand and the analysis
is intrinsically two-dimensional [Albers et al. 2018]. These prob-
lems are potentially overcome by virtual histology. Virtual histology
uses X-ray micro-tomography to provide three-dimensional images
at high resolution and allows for quantification of tissue structures,
as well as the localization of small regions of interest, while being
non-destructive [Frohn et al. 2020]. Moreover, this technique enables
virtual slicing, allowing for the localization and analysis of regions
of interest without prior physical intervention. However, the limited
accessibility of synchrotron facilities restricts the routine medical use
of these methods, though laboratory-based implementations are also
being investigated [ Topperwien et al. 2017; Scott et al. 2015].

The X-ray modality which allows for effective virtual histology
is phase-contrast imaging, which measures the phase shifts of X-
rays which are generally 2 or 3 orders of magnitude larger than
X-ray attenuation. This enhances the visibility of soft tissues, which
normally exhibit low absorption contrast in conventional absorption-
based X-ray imaging. When phase-contrast imaging is combined with
spectral imaging, they allow not only for structural visualization but
also for material differentiation, providing compositional information
about the sample [Lee et al. 2019].

In this section, source-based spectral phase-contrast imaging was
applied to human thyroid tissue samples to investigate its potential
for the characterization of thyroid microstructure. The thyroid is
an organ of particular interest due to its complex architecture, as
well as its critical physiological role in endocrine regulation. The
thyroid synthesizes two iodine-containing hormones, triiodothyro-
nine (T3) and thyroxine (T4), which regulate metabolism, growth,
and development. Iodine is an essential, rate-limiting element in
this process: it is actively accumulated by the thyroid gland and in-
corporated into the precursors of T3 and T4 [Chung 2014; Sorrenti
et al. 2021]. The local distribution and concentration of iodine within
thyroid tissue can therefore serve as an important marker of both
normal and pathological states.

The following sections describe in detail the experimental setup,
data acquisition, and image processing, followed by the presentation
and discussion of some of the results obtained from the spectral
phase-contrast imaging of thyroid samples.
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4.1.1 Experimental setup, acquisition, and image processing

The experiment was carried out at the BMO5 beamline of the European
Synchrotron Radiation Facility (ESRE Grenoble, France) [Ziegler et al.
2004].

X-rays were produced by a 2-pole wiggler and monochromatized
at the desired energy using a double-crystal monochromator. The
acquisition was performed at two monochromatic energies brack-
eting the K-edge of iodine (33.2keV), specifically at 33.05 keV and
33.29keV. For each energy, 2000 projections were acquired over 360°
in extended field-of-view modality and continuous rotation mode,
with an exposure time of 0.5 s per projection.

The acquisition was performed using the beam tracking technique
by inserting an absorbing mask made of a 350 pm thick gold substrate
about 20 cm before the sample. The mask featured 10 pm apertures
with a 61 pm pitch, thus six dithering steps of the absorbing mask
were necessary to cover the whole sample.

The detector consisted of a PCO.edge 5.5 sCMOS camera [Exceli-
tas Technologies Corp. 2019] with a pixel size of 6.5 nm, coupled
to an optical system. The sample-to-detector distance was 1.4m,
resulting in an effective pixel size of 6.34 pm after accounting for
magnification.

The samples consisted of multiple formalin-fixed and paraffin-
embedded human thyroid tissue blocks. In total, five thyroid tissue
blocks were scanned during the experiment; however, only two rep-
resentative samples are presented in this thesis. The first (Thyroid 1),
contained an invasive follicular carcinoma with multiple foci of cap-
sular infiltration, while the second (Thyroid 2) presented a minimally
invasive follicular carcinoma.

Photographs of both the two samples and the sample stage with
the absorbing mask in the beamline are shown in Figure 4.1.

The acquired images were first preprocessed through dark subtrac-
tion and flat-field correction. Each beam tracking projection was then
analyzed in MATLAB [Inc. 2022] to extract the absorption, refraction,
and dark-field signals. The refraction projections were subsequently
integrated using a Wiener-filter regularized phase retrieval algorithm
to generate the corresponding phase projections. All projection sets
were reconstructed via filtered back projection, yielding three tomo-
graphic volumes (absorption, phase, and dark-field) for each of the
two acquisition energies. Finally, the absorption images at both en-
ergies, together with the phase images, were used as inputs for the
spectral phase-contrast decomposition algorithm, employing water,
calcium, and iodine as basis materials.
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4.1.2

FIGURE 4.1: Left: photographs of the two histological cassettes containing the
specimens. Right: photograph of the sample stage of the beamline, where the
absorbing mask can be seen too.

Results and discussion

The imaging results obtained for Thyroid 1 are presented in Figure 4.2.

The figure shows the total phase image, obtained by summing
the phase images acquired below and above the K-edge, along with
the decomposition maps of calcium and iodine, as well as an overlay
of these maps on the phase image. Panels (a) and (b) display a zoom
in of the phase image and the overlay, respectively.

The results demonstrate high-fidelity visualization of tissue struc-
tures in the phase map and effective separation of elemental compo-
nents in the iodine and calcium maps. Notably, both small follicles and
macro-follicles containing iodine are clearly visible, while a large high-
contrast feature within the thick capsule is observed in the calcium
map. Histological analysis independently confirmed the presence of a
macro-calcification in this region, and consistently, the corresponding
signal in the material decomposition is assigned to calcium. In the
zoom in, the high-intensity features in the phase map are confirmed
to correspond to calcium. The mean iodine concentration and total
iodine content of the thyroid were determined over a volume of 30
slices (corresponding to 0.023 cm?), yielding values of 0.83 mgmL ™
and 19.5ng, respectively. A threshold-based mask was applied to
segment the thyroid volume from the background.

The results for Thyroid 2 are shown in Figure 4.3.

Similar to Thyroid 1, the figure shows the total phase image, the
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FIGURE 4.2: Imaging results for Thyroid 1. Top left: total phase image, with the
tumor capsule indicated by a yellow dashed line. Top right: elemental decomposition
map for iodine, with micro- and macro-follicules highlighted by red arrows; the zoom
in shows a macro-follicle. Center left: elemental decomposition map for calcium,
with a macro-calcification indicated by a blue arrow; the zoom in shows the macro-
calcification. Center right: overlay of the elemental maps on the phase image. (a)
Shows a zoom in of the phase image, and (b) shows a zoom in of the overlay.

decomposition maps of calcium and iodine, and an overlay of the
elemental maps on the phase image. Panels (a), (b), and (c) display a
zoom in of the phase image, the calcium overlay, and the total overlay,
respectively.

In Thyroid 2, the healthy tissue maintains the ability to accu-
mulate iodine, whereas the lesion shows a loss of iodine uptake,
highlighting the altered functionality of the affected region. Multi-
ple small calcifications are also evident in the healthy tissue from
the calcium map. Compared to Thyroid 1, which also contained a
follicular carcinoma, only the healthy regions in Thyroid 2 exhibit
iodine accumulation, while the lesion does not. Again, the mean
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FIGURE 4.3: Imaging results for Thyroid 2. Top left: total phase image, with the
lesion capsule indicated by a yellow dashed line. Top right: elemental decomposition
map for iodine; the zoom in follicles filled with iodine. Center left: elemental
decomposition map for calcium; the zoom in shows multiple micro-calcifications
indicated by a blue arrow. Center right: overlay of the elemental maps on the phase
image. (a) Shows a zoom in of the phase image, (b) shows a zoom in of the phase
image with calcium overlaid, and (c) shows a zoom in of the phase image with
calcium and iodine overlaid.

iodine concentration and total iodine content of the thyroid were
determined over a volume of 30 slices (corresponding to 0.021 cm®),
yielding values of 1.10 mgmL™' and 23.05 jig, respectively.

It is important to note that the inclusion of the phase map in the
decomposition process allows for the generation of three quantita-
tive maps rather than only two. This is particularly significant for
thyroid tissue, where conventional absorption-based imaging may
not distinguish iodine-filled follicules from calcifications, as both can
exhibit similar absorption. By combining spectral and phase-contrast
information, iodine and calcium can be accurately separated, provid-
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ing a more comprehensive and quantitative characterization of the
sample’s composition.

While conventional histology remains the gold standard for tissue
pathology, these results demonstrate the potential of spectral virtual
histology, which is capable of providing 3D volumes at a micrometer-
scale resolution. The volumetric data allows lesions and microstruc-
tures to be examined in their full spatial extension, while the spectral
information provides quantitative insight into the sample’s composi-
tion. Together, both offer a more comprehensive characterization of
tissue morphology and material distribution.

CRYSTAL-BASED SPECTRAL PHASE-CONTRAST
IMAGING WITH BEAM TRACKING

Crystal-based spectral imaging, or SKES, is a spectrum-based imaging
method conceived to acquire images of an object across typically
hundreds of energies [Zhu et al. 2014]. The acquisition of a portion
of a sample at hundreds of different energies with a high energy
resolution can bring several advantages for chemical imaging by
enabling spatial discrimination of different contrast elements.

The beam tracking phase-contrast technique has been introduced
in Chapter 2, and will be thoroughly discussed in this section. This
method employs a structured absorbing mask positioned in the X-ray
beam to shape it into an array of narrow beamlets, whose intensity
distribution is mapped on the detector. When a sample is introduced
into the beam, it alters the beamlet profiles by changing their intensity,
spatial position, and width. These variations correspond respectively
to absorption, refraction, and ultra-small-angle scattering.

The goal of the SPHERE-X project, carried out during my PhD, was
to develop a novel experimental setup that combined crystal-based
spectral imaging with beam tracking phase-contrast imaging at the
SYRMEP beamline of the Elettra synchrotron in Trieste. My contribu-
tion included simulation development, crystal characterization, mask
and image retrieval algorithm optimization, the execution of multiple
imaging experiments at Elettra, and data analysis. In this framework,
the first ever images combining beam tracking phase-contrast with
energy-dispersive Laue crystal imaging were performed. In addition,
alternative imaging setups with multiple detectors were also designed
and implemented for multi-modal imaging.

The following sections present this work in detail. They begin
with crystal characterization (energy resolution and focus dimension),
the development of a simulation for SKES, mask optimization through
a visibility study, and beam tracking algorithm refinement, before
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4.2.1

concluding with the description of the setup design and results.

A crystal study
The benders

The bending of the crystals is achieved using a custom-designed two-
bar bender, shown in Figure 4.4. The bender consists of two main
frames: the first one is an aluminum block with a slotted aperture
(8 mm x 80 mm), machined along the bending direction to the desired
radius. To ensure a more homogeneous stress distribution on the
crystal, a 1 mm thick politetrafluoroetilene (teflon) layer is attached
to the curved surface of the bender.

_______

< TN / i— "1 Slotted aperture

i — -1 Hexapod

FIGURE 4.4: From left to right: CAD figures of the bending frames, picture of the
whole frame mounted in the experimental setup, and CAD sketch of the whole frame
mounted on the hexapod.

The second frame consists of an aluminum block featuring a wide
aperture and two Teflon rods. The crystal is positioned on the curved
frame while the second frame is placed on top and coupled to the
first by using two screws. When pressure is applied by the rods, the
crystal bends and adapts to the curvature of the underlying surface.
Once the crystal is bent and the two frames are screwed together, the
first frame is screwed onto a larger support that enables mounting
on a positioning stage and tilting to the desired Bragg angle. The
inclination of the frame system is fixed according to the desired
diffracted energy spectrum.

The entire bending frame is positioned onto a six-degrees-of-
freedom hexapod positioning stage, located at approximately 23 m
downstream from the bending magnet source.

Benders with radii of 0.3 m, 0.5m, 1.0m, and 1.5 m are available
for use in the experiments.
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Energy resolution

An energy resolution study was carried out at different energies to
evaluate the performance of the system. In theory, the intensity
transition at the K-edge energy is sharp and has a width of a few
electronvolts due to intrinsic lifetime broadening effects [ Nicolas and
Miron 2012]. In spectral systems making use of bent crystals, the en-
ergy resolution is typically broader. As a result, the K-edge transition
is spread over a wider energy range. Several factors contribute to
this broadening [Qi et al. 2021]:

1. Crystal properties: non-uniformity of the d-spacing due to the
crystal’s curvature

2. Source characteristics: finite source size and distance from the
crystal

3. Detector: pixel size and spatial resolution

These factors are thoroughly described in Appendix B.1.

Both the crystal bending radius and the Bragg angle are funda-
mental crystal properties that affect energy resolution. The energy res-
olution of the system was measured by retrieving the intensity profile
plot along the energy (i.e. vertical) axis at a position corresponding to
the absorption edges. Four elements relevant to biomedical imaging,
namely molybdenum, silver, iodine and barium, were investigated,
covering a representative range of K-edge energies. Each profile was
fitted with the following Erf function:

f(x):a+bErf(xd_C) 4.1)
where a, b, ¢, and d are the fit parameters, and the variable x
corresponds to energy. The Erf function describes a smooth, symmet-
ric transition centered in c, representing the cumulative form of a
Gaussian distribution. By assuming a Gaussian energy blurring, the
full width at half maximum (FWHM) in pixel units is computed as:

FWHM =2 21n2i 4.2)
V2

The used crystal is a 300 pm thick silicon wafer. The surface pole
was oriented along (110) and cut at a 2.5 deg angle relative to the
utilized (220) reflection. The crystal bending radius was varied using
different benders, reaching the radii of 0.5m, 1.0m, and 1.5m. The
Bragg angle was adjusted depending on the contrast element used,

in order for the energy spectrum to encompass its K-edge energy.
The pixel to energy conversion was obtained from the energy
calibration. By multiplying the energy pixel equivalent by the FWHM
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estimated as in Equation 4.2, the system’s absolute (dE) and relative
(dE/E) energy resolutions were evaluated.

Molybdenum Silver lodine Barium

Intensity
o o
Intensity
Intensity
&
o

o
o
&
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FIGURE 4.5: Top: K-edge images of molybdenum, silver, iodine, and barium obtained
with a crystal bending radius of 1.0 m. Bottom: corresponding vertical profile plots
fitted with an Erf function.

In Figure 4.5, the K-edge images of molybdenum, silver, iodine,
and barium, along with their Erf function fits, are shown. These
images were obtained with a crystal bending radius of 1.0 m.

Table 4.1 reports the absolute and relative energy resolutions
obtained for molybdenum, silver, iodine, and barium at three crystal
bending radii.

TABLE 4.1: Energy resolution values for each contrast element used, with their K-edge
energy. The relative resolution is indicated as well.

Crystal Contrast K-edge AE (eV) AE/E-1073

bending material energy
radius (keV)
(m)

0.5 Mo 20.0 16.85 £ 0.45 0.84 £ 0.02

Ag 25.5 22.58 £ 1.00 0.89 + 0.04

I 33.2 36.61 £ 1.36 1.10 £ 0.04

Ba 37.5 44.58 £ 4.11 1.19 £ 0.11

1.0 Mo 20.0 10.86 £ 0.36 0.54 £ 0.02

Ag 25.5 16.25 £ 0.98 0.64 £ 0.04

I 33.2 20.07 £1.57 0.61 £ 0.05

Ba 37.5 26.75 £ 3.53 0.71 £ 0.09

1.5 Mo 20.0 8.45 + 0.42 0.42 £ 0.02

Ag 25.5 14.99 £ 1.16 0.59 £ 0.05

I 33.2 16.50 £ 1.40 0.50 £ 0.04

Ba 37.5 19.94 £ 2.89 0.53 £ 0.08

From the results, it is clear how the energy resolution worsens
progressively as the bending radius decreases. This is expected, since
the more the crystal is bent, the larger the non-uniformities in the
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crystal d-spacing are, which constitute a fundamental contribution to
the broadening of the energy response.

The relative energy resolution values remain within the order of
1073, demonstrating the system’s high spectral resolution within the
investigated energy range.

However, another fundamental quantity in crystal-based spectral
imaging is the transmitted energy bandwidth (see Section 2.1.6). A
larger bending radius produces a narrower energy bandwidth, which
improves the energy resolution, but hinders the ability to cover mul-
tiple K-edges simultaneously. Conversely, a smaller radius broadens
the bandwidth, enabling multiple-element imaging at the expense of
resolution. Therefore, the choice of the bending radius of the crystal
should be optimized according to the specific imaging task. Large
radii are preferred when targeting a single contrast element, whereas
smaller radii are more suitable when the goal is to image multiple
target elements simultaneously.

Focus dimension

In a crystal-based setup the sample is placed where the beam focuses
along the diffraction direction. Consequently, the focal size defines
the vertical spatial resolution of the acquired image. By choosing
a crystal which matches the magic condition, the focal size can be
minimized.

The focal sizes at three different bending radii of the crystal were
measured. The X-rays were diffracted around the K-edge of iodine
(33.2keV) and the crystal was a 300 pm thick silicon wafer, with
surface pole oriented along (110) and cut at a 2.5° angle relative to
the utilized (220) reflection. The crystal was bent to 0.5m, 1.0 m, and
1.5m, and the focus profile was fitted with a Gaussian function, and
the FWHM was used to quantify the focal dimension. The detector
had a pixel size of 7.5 pm. The results are reported in Table 4.2.

TABLE 4.2: Measured focal sizes at three different banding radii, namely 0.5m, 1.0 m,

and 1.5m.
Bending radius (m) Measured focus dimension
(pm)
0.5 31.6 1.1
1.0 29.5+09
1.5 32.0£1.1

The measurements show that the focus dimension remains con-
stant within the error bars across the three different bending radii.
The focal size should have a dependence on the bending radius since,
as seen in Equation 2.14, it is determined by both the crystal’s focal
distance, which usually corresponds to half the bending radius, and
by the spread of the parallel diffracted rays, which is also affected
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4.2.2

by the bending radius. However, the main dependence is on the size
of the source, which is fixed. Moreover, although the crystal was
cut with an asymmetry angle chosen to match the magic condition,
there could be a slight mismatch making the magic condition not fully
satisfied, thereby affecting the focal size. Nevertheless, the measured
focal dimensions confirm that the focus remains sufficiently small for
high-resolution imaging.

Simulation

In the context of the project, a MATLAB simulation was written to
simulate the imaging performance of a SKES setup.

Sophisticated programs simulating the diffraction properties of
elastically bent Laue crystals already exist, such as SHADOW [Rio
et al. 2011], SRW [Chubar and Elleaume 1998], or OASYS [Rebuffi
and Rio 2017]. SHADOW is a ray-tracing software package used
to simulate and optimize X-ray beamlines and optical systems for
synchrotron radiation facilities, while SRW computes synchrotron
radiation from relativistic electrons and simulates how the radiation
propagates through optical elements and drift spaces. OASYS instead
is a graphical environment for modeling X-ray experiments in Python.

Although the mentioned software programs are really sophisti-
cated and widely used, there is no dedicated tool for the simulation
of the magic condition for bent Laue crystals along with the image
formation.

The simulation I worked on was based on a pre-existing ray-
tracing tool developed by our group specifically for SKES. This section
describes the simulation framework and the modifications imple-
mented to improve its accuracy and performance, describing the
photon path from its creation to its hit on the detector. A sketch of
the simulation geometry can be seen in Figure 4.6.

Detector

FIGURE 4.6: Sketch of the simulation geometry.

A photon is emitted at a distance F; from the center of the crystal,
with an angle a with respect to the horizontal, randomly generated
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between —a,,,, and a,,,,. The photon then propagates towards the
crystal and diffracts.

The function responsible for determining the photon—crystal inter-
action point, diffraction angle, and photon energy, was significantly
revised. In its original implementation, the function assumed a flat
crystal geometry, neglecting the tilting of the crystal planes. As a re-
sult, to ensure that the photons converged at the focus, the diffraction
angle was determined so that each photon’s trajectory intersected the
path of a hypothetical photon diffracted at the center of the crystal
(exactly at Bragg’s angle) at the polychromatic focal position. The
monochromatic focal distance F,, was taken as input and did not
consider bending effects or curvature-related focusing.

To address these limitations, my improvement for this function
consisted in using a quadratic equation to find the intersection of
the photon trajectory with the bent crystal plane. The calculation
accounts for the crystal thickness, curvature (through the bending
radius R). A detailed description of the geometry underlying photon
diffraction is provided in Appendix B.2. Once the diffraction angle is
known, the diffracted photon energy can be obtained:

o 12:398419 x 10710
B 2dsinf

With this updated approach, the geometric and polychromatic
foci arise naturally as a result of the photon-crystal interaction. When
the asymmetry angle is chosen to satisfy the magic condition, these
two foci coincide, yielding optimal focusing and energy dispersion
properties.

The energy dispersion model was also refined. A random energy
blurring between 0 and AE,,,, is applied to each photon. In the earlier
version of the simulation, only fewer contributions to energy disper-
sion were accounted for. Three additional contributions contributions
were incorporated into the model, as detailed in Appendix B.1.

Another major development involved the inclusion of quasi-mosaicity

effects, implemented in collaboration with colleagues from INFN Fer-
rara [Camattari et al. 2015]. A quasi-mosaic crystal consists of small
crystalline domains (mosaic blocks) with slight angular misorienta-
tions. The quasi-mosaic radius (RQM) characterizes the size scale of
this mosaic structure, and governs how the crystal’s reflecting proper-
ties vary spatially. The updated code modifies the diffraction angle
based on the crystal model selected according to the RQM:

1. Small RQM (< 10%): Curved Dispersive Plate (CDP) model

2. Large RQM (> 10%): Coarse mosaic, Flat crystal model

Quasi-mosaic (QM)
curvature
Primary

curvature

Figure x: Quasi-mosaic curvature of
a crystal. Figure taken from
[Camattari et al. 2015].
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The simulation calculates the RQM along the crystal’s bending di-
rection based on the crystal’s properties (see Table 4.3). It first selects
the appropriate compliance parameters for the specified material and
orientation. Then, using these parameters and the bending direc-
tion, it computes the Poisson ratio and the RQM, which quantify the
induced secondary curvatures due to the crystal’s elastic properties.

The function also returns the diffraction efficiency: for each pho-
ton, its diffraction probability is computed. Each photon is then
accepted or rejected according to a Monte Carlo criterion. Diffraction
occurs only if the calculated probability exceeds a random number
between 0 and 1.

Once the photon is diffracted and therefore its energy is defined,
it propagates through space until it reaches the sample. In the current
implementation, for simplicity, the simulation generates cylindrical
samples. Nevertheless, this can be easily extended to more complex
geometries by modifying the sample generation function. The sample
is placed in the geometrical focus, and each photon traverses the
sample undergoing attenuation before reaching the detector. The
attenuation accounts for the photon’s angle, and a transmission proba-
bility is assigned according to Lambert-Beer’s law. As for the efficiency
calculation, the photon is transmitted only if a randomly generated
number between 0 and 1 does not exceed the calculated transmission
probability.

Finally, the simulation tracks the photon to the detector plane,
where its coordinates are recorded. The photon hits are binned
according to the chosen pixel size of the detector, and a Gaussian 2D
filter is applied to the resulting image to account for the detector’s
point spread function. Because the photon energy is mapped along
the vertical detector axis, each image corresponds to a single line of
the sample. To obtain a 2D projection, vertical scanning of the sample
is required. For tomographic imaging, the whole process is repeated
for the chosen number of projections while rotating the sample.

All the parameters that can be tuned to achieve the desired setup
are listed in Table 4.3.

The simulation was used to identify the most suitable crystal
orientation for the experimental setup, and subsequently to evaluate
its accuracy in predicting the energy resolution.

Three crystal orientation were considered: (100), (110) and
(111). Their influence on the diffraction efficiency and energy res-
olution was evaluated. For this scope, a 300 pm thick crystal was
selected, and the simulation was ran at an energy of 33 keV, a repre-
sentative energy routinely used in our experiments. The results are
presented in Figure 4.7, top.

The results indicate that crystal orientation has only a minor
effect on efficiency and energy resolution. Still, the (100) orientation
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TABLE 4.3: List of simulation parameters divided into categories.

Parameter Category Parameter Units
Source-to-crystal m
distance

Imaging Setup Crystal-to-detector m
distance
Half source divergence rad
(FWHM)

Selected energy keV
X-ray source size m
Number of projections -
Photons per column -
Bending radius m
Asymmetry angle rad
Poisson ratio -

Crystal Properties C‘r}.fstal thlc‘kness . o
Silicon lattice spacing m
Reflection type (hkD
Material -
Quasi-mosaic radius m
Pixel size (horizontal mm
x vertical)

Detector Specs . .

Detector dimensions mm
Point spread function pixels
(o)

Sample position cm
Cylinder radius cm

Sample Properties Material type -
Atomic number -
Density g/cm3

was selected as it provided the highest efficiency and lowest energy
resolution among the three options.

Then, the (100) orientation was fixed, and the effect of crystal
thickness was studied across three energies: low, middle, and high
energies relative to our typical working energy range. The results are
shown in Figure 4.7, bottom.

The analysis shows that at low energies, a thinner crystal (100 pm)
optimizes both efficiency and resolution. At intermediate energies, a
thinner crystal is still preferred, whereas at higher energies, a thicker
crystal (500 pm) yields better performance.

Another key parameter affecting the system’s performance is the
crystal bending radius. Efficiency and energy resolution were evalu-

83
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FIGURE 4.7: Top: Efficiency (left ordinate) and energy resolution (right ordinate)
as a function of the crystal orientation for a 300 um thick crystal at 33 keV. Bottom,
from left to right: Efficiency and energy resolution (eV) as a function of crystal
thickness for a (100)-oriented crystal at low, middle, and high energy, respectively.

ated at three bending radii: 0.5m, 1.0m, and 1.5m, corresponding
to the available benders used in our experimental setup. The crystal
asymmetry angle was set at 3°. The results are presented in Figure 4.8.
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FIGURE 4.8: Top, from left to right: energy resolution (eV) as a function of energy for
different crystal thicknesses at bending radii of 0.5m, 1.0 m, and 1.5 m, respectively.
Bottom, from left to right: efficiency as a function of energy for different crystal
thicknesses at bending radii of 0.5m, 1.0m, and 1.5 m, respectively.

The energy resolution plots reveal two clear trends for energy
resolution. First, energy resolution increases with crystal thickness,
and second, the energy resolution decreases with increasing bending
radius. Both trends are expected, since the dominant contribution to
energy resolution is directly proportional to the crystal thickness and
inversely proportional to the crystal’s curvature (see Appendix B.1).

For efficiency, the results show that thinner crystals yield higher
efficiency. This is attributed to the fact that thicker crystals absorb
more photons and reduce the effective volume available for diffrac-
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tion. As expected, the bending radius has a negligible influence on
efficiency.

Another study consisted of a direct comparison between the ex-
perimentally measured energy resolution and the corresponding sim-
ulated values. The experimental data has previously been described
and presented in Section 4.2.1. Figure 4.9 reports the comparison
for three different crystal bending radii (0.5m, 1.0 m, and 1.5 m).

Energy resolution R=1.5m 5 Energy resolution R=1.0m Energy resolution R=0.5m

25 3 50 -
: #— - Measured -3 Measumﬂ|
%\ #— - Simulated [ %‘an #— - Simulated T %\45 B -Simulated | /;
= P = K T e
S if i-la . S *
3 o E] S5 A
[RH * Q20 | 2 3
= o 5 o 30
> > 15 ). 4 >
= = D55 -
@ 10 o @ > ) =
c o o=t ¥
u 1 10 Wl +*
5 - = - 5 7 i 15“ - - -
20 25 30 35 40 20 25 30 35 40 20 25 30 35 40
K-edge energy (keV) K-edge energy (keV) K-edge energy (keV)

FIGURE 4.9: Comparison between simulated and experimentally measured energy
resolution at three crystal bending radii (1.5m, 1.0 m, and 0.5 m).

The results show good agreement between simulation and experi-
ment. Except for the energy resolution measured at silver’s K-edge at
a bending radius of 1.5 m, all simulated values are compatible with
the measured ones within three standard deviations. The measured
values agree with simulations with root mean square errors (RMSEs)
of 2.5eV, 2.4eV, and 3.7 eV for bending radii of 1.5m, 1.0 m, and
0.5 m, respectively. This agreement demonstrates the reliability and
predictive power of the simulation in modeling the output of the
experimental setup under different geometrical conditions.

A final study compared the experimentally measured focus dimen-
sions (Table 4.2) with the simulated values under identical conditions,
as summarized in Table 4.4.

TABLE 4.4: Measured and simulated focal sizes at three different banding radii,
namely 0.5m, 1.0m, and 1.5m.

Bending radius Measured focus Simulated focus
(m) dimension (jum) dimension (pm)
0.5 316 +1.1 33.8+0.3
1.0 29.5+0.9 34.0£ 0.2
1.5 32.0%1.1 34.2+0.2

The simulated values slightly overestimate the measured focal
sizes. Nevertheless, the results remain consistent and confirms the
simulation’s predictive capability.
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4.2.3 A mask visibility study

A mask-specific study was conducted to investigate how detector
spatial resolution influences mask visibility. This work is published as
a conference proceeding in [Perion et al. 2025a].

In modulation-based X-ray phase-contrast imaging, mask visibility
is typically defined as the ratio between the standard deviation and
the mean value of the pixel intensity measured from a chosen region
in the mask image. The primary focus of this study is to investigate
the influence of detector spatial resolution on mask visibility. Three
different scintillator-coupled scientific CMOS detectors, with varying
pixel sizes and scintillator thicknesses, were tested to highlight the
difference in response in terms of visibility from a given mask. Ad-
ditionally, the impact of visibility on the image quality in refraction
images was investigated through a wave optics simulation. The re-
sults showcase the trends of contrast and signal-to-noise ratio values
as a function of mask visibility.

In the previous chapters, it has already been thoroughly addressed
how the beam tracking X-ray phase-contrast imaging works. It is
unsurprising that, when imaging the beamlets, an accurate mapping
of their intensity distribution is crucial for retrieving quantitative
information on X-ray absorption, refraction, and scattering. Since the
beamlets usually feature width in the order of tens of micrometers, the
beam tracking technique requires a high-resolution detector, generally
with a pixel size smaller than 10 pm.

A crucial parameter which is linked to the final overall quality
of the retrieved images is the mask visibility, which is defined as the
ratio of the standard deviation to the mean intensity value of pixels,
measured from a chosen region of interest within the mask image
when no sample is in the beam [Zdora 2018].

In this study, experimental images of the same beam tracking
mask were acquired using three different off the shelf detectors with
different pixel sizes and scintillator properties, thus different point
spread functions (PSFs), revealing significant differences in their re-
sponse in terms of visibility. To investigate how the detector’s PSE
which strongly affects mask visibility, impacts the quality of refraction
images, a simulation study was conducted. Specifically, the visibility
of the mask influences the retrieval algorithm’s ability to accurately
capture the changes in the beamlets caused by the insertion of the
sample by introducing potential crosstalk between adjacent beamlets.
For this reason, the present analysis focuses on evaluating image con-
trast and signal-to-noise ratio (SNR) in refraction images of a Nylon
wire obtained from detectors with different PSFs (i.e. images with
varying visibilities). This work establishes the relationship between
detector configuration and imaging performance, which is crucial
for optimizing the beam tracking technique in X-ray phase contrast
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imaging.

The integration of an optimal high-resolution detector in the
setup is fundamental for both spectral energy resolution and phase-
contrast signal retrieval, ensuring the effectiveness of the combined
spectral and phase-contrast imaging techniques for advanced imaging
applications.

Materials and methods

Mask visibility is a crucial parameter in the beam tracking technique,
as it is strictly linked to the ability to detect changes in the beamlets.
A beam tracking mask typically consists of a highly absorbing mate-
rial, which ideally absorbs all the X-rays, alternated, in the horizontal
direction, with periodic apertures that transmit the beam (see Fig-
ure 4.10a). This arrangement shapes the beam into multiple beamlets,
whose size corresponds to the width of the apertures in the mask. In
this scenario, the visibility of the mask is defined as:

visibility = < (4.3)
u

where the o is the standard deviation and u is the mean intensity,
both calculated from a selected bidimensional region of interest within
the mask image when no sample is in the beam. Visibility quantifies
the extent of the modulation pattern of the beamlets within the image.
A higher visibility indicates a reduced crosstalk between beamlets,
facilitating the extraction of absorption, refraction, and dark field
information.

Experimental setup:

A mask with a 61 pm period and 10 pm aperture (Mask 1, see
Figure 4.10b and 4.10c), composed of a 1 mm thick graphite substrate
and 250 pm thick gold septa, was imaged experimentally using three
distinct scintillator-coupled scientific CMOS imagers. The purpose
of this imaging was to evaluate the detectors’ responses in terms
of visibility and assess their suitability for our experimental setup.
These detectors, referred to as Detector 1, 2, and 3 in this work, fea-
tured different pixel sizes (7.5 pm, 6.5 pm and 3.76 um) and varying
gallium-based scintillator thicknesses (10 pm, 20 pm, 10 pm, respec-
tively). In detectors with gallium-based scintillators, the scintillator
is composed of a powdered material, so its thickness does not cor-
respond to a continuous layer but rather to an effective thickness
that accounts for the packing density of the powder. The detectors
were positioned at approximately 1 m from the mask, and images
were acquired using a monochromatic synchrotron beam at an en-
ergy of 33keV. This energy was selected as it corresponds to the
K-edge of iodine, which is a typical contrast agent used in spectral
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imaging. The experiments with Detector 1 and 2 were conducted at
the Syrmep beamline of Elettra Sincrotrone Trieste, whereas those
involving Detector 3 were performed at the BMO5 beamline of the
European Synchrotron Radiation Facility (ESRF). Moreover, Syrmep’s
white beam, lens-coupled high-resolution detector, with a pixel size
of 4 um, was used to image a nylon wire, validating the simulation
program’s outputs.

a) aperture  period b)

FIGURE 4.10: a) Sketch of a standard mask used in beam tracking phase-contrast
imaging alternating apertures with high absorbing material. b) Microscopic photo of
the mask used in both experiments and simulation. ¢) Photo of two masks, with the
mask on the right corresponding to the one used in the experiments and simulations.

Simulation:

The impact of mask visibility on the quality of refraction images
was evaluated using a wave optics simulation developed in MATLAB.
The propagation of the X-ray beam is modeled in the simulation using
the Fresnel propagator [Goodman 2005]. This simulation can predict
outcomes for any mask geometry, including its period and aperture, as
well as for any point spread function (PSF) of the detector. Moreover,
it can work in both monochromatic and polychromatic beam configu-
rations. In this study, a monochromatic beam was simulated at 33 keV,
aligning with the energy used to test the detectors experimentally.

The mask used in the simulation replicated the characteristics of
the experimental mask, with a 61 ym period and a 10 pym aperture
(Mask 1 shown in Figure 4.10b and 4.10c). The simulated high-
resolution detector had a pixel size of 4 pm, consistent with the typical
configuration used for micro-tomography experiments performed at
the Syrmep beamline in white beam mode [Donato et al. 2022], and
close to the pixel sizes of the three detectors tested experimentally.
For simplicity purposes, its PSF was assumed to be Gaussian. To assess
the effect of mask visibility on image quality, we fixed the mask period,
aperture, and detector pixel size, while varying the full width at half
maximum (FWHM) of the detector PSE This procedure changes the
final visibility in the mask image, allowing the study of its influence
on image quality. The PSF’s FWHM varied from a minimum of 4 ym
(corresponding to the detector’s pixel size) to a maximum of 61 pm
(equal to the period of the mask).

A sample consisting of a 0.35 mm Nylon wire was simulated, and
SNR and contrast values were extracted from the resulting refraction
images. This sample was chosen as its refraction properties are well
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known. These metrics were calculated as follows:

peakt —peak™

C = peak™ — peak™ SNR = 4.4

Opyg

where peak™ is the positive peak value, peak™ is the negative peak
value, and o, g 18 the standard deviation measured in the background
(see Figure 4.12).

Moreover, contrast and SNR values were measured from refraction
images simulated with two additional masks (Mask 2 and Mask 3).
Both had the same period as Mask 1 (61 um), but featured different
apertures: Mask 2 had half the aperture of Mask 1 (5pum), while
Mask 3 had double (20 pm).

Results

Experimental results:

In order to test the suitability of the three commercial detectors
tested for our setup, their responses in terms of visibility were eval-
uated. A critical factor affecting visibility is the detector PSE and,
consequently, its modulation transfer function (MTF). While quantum
efficiency also plays a role, its characterization was beyond the scope

of this study.
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FIGURE 4.11: a), b), and c) Images of a 61 pm period and 10 pm aperture mask
acquired with three different detectors and the corresponding visibilities, d) and e)
PSF and MTF plots of the three detectors, f) profile plots of a), b) and c). A significant
difference in the values of visibility can be observed.

As shown in Figure 4.11, visibility is strongly dependent on PSF
and MTE making its characterization essential to evaluate detector
performance in beam tracking phase-contrast imaging. Given the
significant differences in terms of visibility and the need to identify the
most suitable detector for our setup, the simulation study presented
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in the previous section was conducted. Its aim was to quantify how
varying detector responses impact the quality of retrieved images in
beam-tracking.

Simulation results:

As discussed in the previous sections, the simulation aims to assess
how different detector responses, specifically in terms of visibility,
affect the quality of refraction images. Figure 4.12a shows the typical
refraction image produced by a wire. The peak-to-peak and noise
values of the simulated images were used to assess SNR and contrast.
For validation, the simulated wire image (Figure 4.12a, right) is
compared with an experimental image (Figure 4.12a, left) acquired
with Mask 1 using the white beam detector of the Syrmep beamline.

Measured
Simulated

peak™

- peak™

20 40 60 80 100
pixel

FIGURE 4.12: a) Experimental (left) and simulated (right) refraction images of a
0.35 mm Nylon wire. b) Comparison of the profile plots of the two yellow regions.

The undershoot peaks observed in the simulated profile are not
yet fully understood and are most likely caused by contributions that
are not accounted for in the simulation. To simulate different detector
responses, the detector’s PSF FWHM was varied across eight different
values and the corresponding SNR and contrast values in refraction
images were measured.

Figure 4.13 displays a portion of Mask 1 image for each PSF value,
while the corresponding visibility is plotted as a function of the PSF
FWHM.

PSF (um) 4

--- - 0 20 40 60

PSF (um)

Visibility

o
3

FIGURE 4.13: Regions of interest of Mask 1 image as a function of the detector’s PSF
FWHM (left). Plot of visibility as a function of the PSF (right).

Subsequently, the refraction images of the Nylon wire were re-
trieved from the simulated data at 33 keV through a beam tracking
algorithm. SNR and contrast values were extracted from the images
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and plotted as a function of mask visibility for Mask 1 (see Figure 4.14,

al and a2).
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FIGURE 4.14: Contrast (al) and SNR (a2) values measured from refraction images,
obtained with a 61 yum period and 10 pm aperture mask (Mask 1), as a function of
mask visibility. Contrast (b1) and SNR (b2) values measured from refraction images,
obtained with Mask 1 and two other masks with the same period as Mask 1 (61 pm)
but half (5 um, Mask 2) and double (20 pm, Mask 3) the aperture respectively, as a
function of the PSF FWHM.

The results indicate that contrast remains largely constant within
the error margins (Figure 4.14, al), while SNR increases with a
near-linear trend (Figure 4.14, a2). Figure 4.14, b1 and b2 display
the results for the three mask types. In this case, since different
masks may present sightly different visibilities while the PSF remains
constant, the results are shown as a function of the PSF FWHM. When
comparing masks 1, 2, and 3, Mask 2 consistently yields the highest
contrast values (Figure 4.14, b1), while Mask 1 achieves the highest
SNR values (Figure 4.14, b2). This can be attributed to the fact that
smaller mask apertures improve the spatial resolution of the final
image, leading to a better sampling of the wires edges which are
responsible for the refraction signal. However, a smaller aperture also
results in fewer photons reaching the detector, increasing statistical
noise and thus reducing the SNR. Finally, it is worth noting that the
uncertainties in the contrast values become very large for wide PSF
values. In this case, significant beamlet broadening leads to crosstalk
between neighboring beamlets, resulting in highly noisy images in
which the retrieval algorithm fails to accurately capture the signal
variations.
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Figure xi: Profile plot of a beamlet
detected on the detector using the
beam tracking phase-contrast
technique.

Conclusions

This study demonstrates the critical role of mask visibility in X-ray
phase-contrast imaging in the context of the beam tracking technique.
By investigating the effects of different off the shelf detectors with
varying pixel sizes and scintillator properties, it has been shown how
the detector-dependent mask visibility influences refraction image
quality, specifically in terms of contrast and SNR. The findings high-
light that while smaller mask apertures can enhance spatial resolution
and contrast, they also reduce the photon flux, leading to a decrease
in SNR. The detectors used in this study were charge-integrating de-
tectors [Gruner et al. 2002] without single photon sensitivity, which
inherently contributes to the overall noise. Future developments
employing single photon-counting detectors [Willemink et al. 2018]
could improve image quality and overall imaging performance.

The beam tracking algorithm

The theoretical background of the beam tracking technique is pre-
sented in Section 2.2.2. As introduced, each beamlet created by the
absorbing mask is analyzed independently. All beamlets within each
image row are extracted and fitted individually. Each beamlet is
modeled as a Gaussian function, from which three parameters are
determined: amplitude, center, and standard deviation.

An optimized version of the beam-tracking algorithm was devel-
oped as part of this work to improve the robustness and reliability
of the analysis. The following section describes this improved imple-
mentation in detail.

The typical profile of a beamlet detected on the detector is shown
in the margin Figure xi. In this section, the discrete points of the
Gaussian profile are denoted by P;, with i = 1,...,N, where N is
the number of points within the selected window. The tails of the
Gaussian distribution often exhibit asymmetry. This asymmetry arises
from fabrication constraints in the absorbing mask: within the absorb-
ing regions, small horizontal bridges where gold cannot be deposited
create thin transparent gaps. When the horizontal beamlet profile
aligns vertically with one of these bridges, additional photons trans-
mit through the gap, causing one tail of the measured Gaussian to
appear higher than the other. When this asymmetry is particularly
pronounced, the algorithm may fail in successfully retrieving the de-
sired parameters. To improve robustness, the algorithm first identifies
the minimum value in the first half of the points and the minimum
value in the second half. A line is then drawn between these two
points and subtracted from the profile, normalizing the left and right
minima to zero. This preprocessing procedure reduces the impact of
asymmetrical tails.



CRYSTAL-BASED SPECTRAL PHASE-CONTRAST IMAGING WITH BEAM TRACKING 93

The center of the Gaussian is computed as the first moment of
the distribution:

_ lev x;P;

P

After this, the maximum value of the distribution of points, de-
noted as P, is obtained analytically by making a parabola pass through
the maximum point of the profile and its two neighboring points. The
vertex of the parabola is taken as the peak value of the distribution
P. This approach provides a precise estimate of the peak without
performing a curve fit and is essential for the computation of the
standard deviation.
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FIGURE 4.15: Steps in the retrieval of area, center, and scattering from a beamlet’s
profile. First, a line is drawn between the minima on both sides and subtracted from
the profile. Then, the maximum value of the distribution of points, denoted as b, is
obtained analytically by making a parabola pass through the maximum point of the
profile and its two neighboring points.

The area of the distribution, which is linked to absorption, is

calculated as:

S=>P

1

and the standard deviation is then estimated as:

S
o= —
v2nP

These parameters: area, center, and standard deviation, character-
ize the Gaussian beamlet profile and are used to retrieve absorption,
refraction, and scattering images. The parameters are extracted from
both reference (S, s, U,r, and o,.¢) and sample images (Sygm, Usam>
and o,,,,). The final absorption, refraction, and scattering images
are calculated on a pixel-by-pixel basis as:

abs = =
Sref
ref = Usqm — nuref
2 2

sca = Osam - Oref
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4.2.5 The SYRMEP beamline

4.2.6

After describing the various optimization studies, we now turn to the
experimental setup developed at the SYRMEP beamline.

The SYRMEP (SYnchrotron Radiation for MEdical Physics) beam-
line has been designed by Elettra Sincrotrone Trieste, in collaboration
with the University of Trieste and INFN, for research in medical diag-
nostic radiology, material science, cultural heritage, and life science
applications [Tromba et al. 2010; Longo et al. 2024].

The Elettra synchrotron radiation source, which is a bending
magnet, can operate at 2 GeV or 2.4 GeV, and the beamline can
work both in monochromatic and white beam configurations, in an
energy range from 10 keV to 40 keV. SYRMEP can perform multiscale
X-ray imaging using pixel sizes ranging from 100 pm down to the
sub-um scale. The availability of long propagation distances (from 0
to 2m; 3.5m and from 9.5 to 11 m) makes the beamline well suited
for propagation-based phase-contrast imaging.

The beamline is divided into three different sections:

1. The optical hutch, accommodating optical elements and slits,
where the beam is prepared for the experiment

2. The experimental hutch, where the experiment takes place,
which houses optical tables for instrument alignment, motion
stages for sample positioning, and detector for data acquisition

3. The control room, where the control boards are, from which
the beamline and experimental operations are managed.

The white-beam detector is a Hamamatsu Orca Flash sCMOS
camera with a 2048 x 2048 matrix of pixels, coupled with an optical
magnification system which allows pixel size tuning. Figure 4.16
shows a photo of the experimental hutch of the beamline.

Setup A

The goal of the SPHERE-X project was to develop a novel experimental
setup that combined crystal-based spectral imaging with beam track-
ing phase-contrast imaging at the SYRMEP beamline of the Elettra
synchrotron in Trieste.

The system was mounted and tested on multiple samples dur-
ing various beamtimes. In this section, the experimental setup is
described in detail, followed by an outline of the image processing
workflow and a presentation of the image results. The results demon-
strate the system’s ability to deliver complementary morphological
and compositional information with high spatial resolution and quan-
titative accuracy.
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FIGURE 4.16: Photograph of the beamline’s experimental hutch. The detector is not
shown as it is placed downstream.

Experimental Setup

A schematic and a photograph of the experimental setup are shown
in Figure 4.17.
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FIGURE 4.17: Photograph (left) and sketch (right) of the experimental setup with
the main components highlighted.

A more detailed side-view schematic, including all motor compo-
nents, is provided in Figure 4.18.

Following the beam trajectory, the first element encountered is the
absorbing mask. The custom-designed mask consisted of an array of
five different masks, which were tailored to be versatile and suitable
for different detectors. The aperture and pitch dimensions are summa-
rized in Table 4.5. Four of the masks featured one-dimensional aper-
tures, while the fifth has two-dimensional circular apertures. Each
one-dimensional mask is 10 mm x 60 mm, while the two-dimensional
mask is 30 mm x 30 mm. A sketch of the array of masks is shown in
the margin Figure xii.

The absorbing masks are fabricated from a 250 pm thick gold
layer deposited on a graphite substrate of 500 pm thickness. They
were mounted on a PI-L511 translation motor [Physik Instrumente
2025b], which enabled precise horizontal displacements for dithering
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Figure xii: Sketch of the array of
masks. Masks 1-4 feature vertical
apertures (one-dimensional), while
mask 5 has circular apertures
(two-dimensional).
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TABLE 4.5: Type, aperture (nm), and pitch (pm) of the five designed masks.

Mask number Type Aperture Pitch (um)
(nm)
1 1D 5 60
2 1D 10 70
3 1D 25 75
4 1D 10 110
5 2D 11.5 100

during data acquisition. The motor-mask structure was mounted on
a hexapod [Physik Instrumente 2025a], a six-axis precision stage that
allowed fine alignment of the mask with respect to the incident beam
at the beginning of each experiment.

After passing through the mask, the beam is shaped into beamlets
and reaches the crystal. The distance between the mask and the
crystal varied between experiments, as it does not affect imaging
performance, but was typically about 30 cm.

The crystal was a 300 pm thick silicon wafer (Siltronic), mounted
on a bender. Depending on the bender employed, the wafer could
be bent to radii of 1.5m, 1.0m, 0.5m, or 0.3 m. The crystal surface
pole was oriented along (110) and cut at a 2.5° asymmetry angle
relative to the utilized (220) reflection. The bender structure allows a
coarse tilting of the crystal to the nominal Bragg angle. Fine angular
tuning was then performed using the PI hexapod, which allowed
both vertical alignment of the crystal with the beam and accurate
adjustment of the Bragg angle to ensure that the desired reflection
was observed on the detector.
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FIGURE 4.18: Detailed side-view schematic of the experimental setup, including
all motor components. The front views of the sample stage and detector stage are
shown at the top right of the figure.
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After being diffracted by the crystal at a chosen energy spectrum,
the photons reach the sample, which is placed in the focus of the
convergent beam. The focus is usually nominally located at half
the bending radius of the crystal; however, its exact position was
determined experimentally using an ADVACAM MiniPIX detector [Ad-
vacam 2025]. This detector was mounted at sample position and was
translated along the diffracted beam path until the minimum vertical
beam size was found. In all measurements, the experimental focus
was found within a few millimeters from its nominal position.

The sample stage was designed to provide precise positioning and
flexibility for both planar radiography and tomography. From bottom
to top, it consists of:

* An inclined plane, fixed at twice the chosen Bragg angle

* A 300 mm Thorlabs linear translation stage aligned with the
diffracted beam, used to position the sample right in the fo-
cus [Thorlabs 2025]

* A 150mm PI linear translation stage mounted horizontally
with respect to the beam, enabling lateral alignment of the
sample [Physik Instrumente 2025c]

* A 150 mm PI linear translation stage mounted vertically, used
to perform vertical scanning steps of the sample during data
acquisition [Physik Instrumente 2025c]

» Two Zaber goniometer stages for fine angular adjustments dur-
ing the alignment for tomography [Zaber 2025a]

* A Zaber motorized rotation stage, allowing sample rotation
during tomographic acquisition [Zaber 2025b]

The entire sample stage was mounted on a vertical translation
tower with a travel range of 1 m. This additional degree of freedom
enabled to operate flexibly across different photon energies, ensuring
that the diffracted beam could always intercept the sample in the
correct position.

After passing through the sample, the photons finally reach the
detector. The detector is mounted on an inclined plane, fixed at twice
the chosen Bragg angle, and the entire stage is supported by a second
vertical translation tower with a travel range of 1.2 m. This extended
range was necessary because the detector is positioned higher with
respect to the sample to intercept the diffracted beam.

The detector varied across different beamtimes, as several options
were evaluated and tested. In the end, the ORCA-Lightning X-ray
sCMOS Camera from Hamamatsu Photonics was selected for the final
experiment. The specifications of this detector will be described in
later sections, when the imaging results obtained with it are presented.
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Image processing

The images acquired with this setup simultaneously contain both
spectral and phase-contrast information. Each raw image is of the
type shown in Figure 4.19.
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FIGURE 4.19: Example of raw image of three cuvettes filled with different dilutions
of silver and water. The beamlets created by the absorbing mask for beam tracking
are clearly seen, as well as the vertical energy dispersion along with the K-edge of
silver.

The raw images are first corrected by dark subtraction and flat-
fielding. Depending on the type of acquisition, the data was collected
either in radiographic or tomographic mode. The imaging system,
however, enables the acquisition of a single row at a time, roughly
corresponding to the vertical dimension of the focus. For this reason,
to obtain the full 3D information of the sample, a vertical scan is
required.

After dark-subtraction and flat-fielding are applied, the beam
tracking algorithm described in Section 4.15 is performed on the
projection images. This procedure retrieves the three signal contribu-
tions, namely absorption, refraction, and dark-field, along one line
of the sample, but resolved across the energy spectrum diffracted by
the crystal.

The same process is repeated for each vertical step if scanning
is performed, or for multiple projections in the case of tomography.
For tomographic data, reconstruction is carried out on absorption
and dark-field images directly, while refraction data is first integrated
to recover the phase. This integration is performed using a Wiener-
filter regularized phase integration algorithm, yielding integral phase
projections. All resulting projections are reconstructed using stan-
dard filter back-projection with a Shepp-Logan filter, producing three
tomographic volumes (absorption, phase, and dark field).

Since each slice is resolved over multiple energies, the images
are calibrated in energy, and finally a spectral material decomposi-
tion algorithm (Section 2.1.2) is applied, enabling the generation of
quantitative maps or volumes of the elements of interest.
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Results

In this section, some results obtained during the various beamtimes
that we performed are shown. As mentioned earlier, the detector
changed across different beamtimes, because different options were
tested.

Flower Sample

This sample was designed as a test to assess the overall perfor-
mance of the imaging system and its ability to resolve absorption,
refraction, and dark field contributions.

The sample consisted of two cuvettes containing silver dilutions
with nominal concentrations of 3.2mgmL™ and 6.4mgmL™!, re-
spectively, a tube filled with polymethyl methacrylate (PMMA) micro-
spheres with a diameter of 48 pym, and some vegetable fragments. A
schematic of this sample is shown in Figure 4.20.

Silver Silver
3.2 mg/ml 6.4 mg/ml

.‘”

Vegetable
samples

Microspheres
48um

Back view

FIGURE 4.20: Photo of the front and back (left), and schematic (right) of the sample.

During this beamtime, image acquisition was performed using the
Ximea CMOS camera featuring a pixel size of 3.76 pm and a active
sensor area of 53 mm x 40 mm. The measurements were carried
out in planar mode, with 340 vertical steps of the sample, using an
exposure time of 0.5s. The absorbing mask featured 20 pym wide
apertures with a 119 pm pitch. To increase spatial sampling, six mask
dithering steps were performed.

The crystal consisted of a 300 um thick silicon wafer, bent to a
radius of 0.5 m. The surface pole was oriented along (110) and cut
at a 2.5° asymmetry angle relative to the utilized (220) reflection.
The system was tuned to diffract X-rays around the K-edge of silver
(25.5keV). The sample to detector distance was 56 cm.

The imaging results are shown in Figure 4.21.

Absorption, refraction, and dark field images were successfully
retrieved from the acquired dataset. The refraction image was sub-
sequently integrated along the horizontal direction to obtain the
corresponding phase image. Some halo artifacts are visible in the
phase image: these originate from outlier pixel intensities during
integration. While such artifacts are usually averaged out in tomo-
graphic reconstructions, they remain visible in planar images. From
the absorption images acquired around the K-edge of silver, silver
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FIGURE 4.21: Absorption, dark field, refraction, and phase images, along with
the silver and water maps resulting from the material decomposition algorithm. A
composite map showing all the different contributions is shown.

and water density maps were obtained. Silver concentrations were
quantified by selecting small regions of interest (ROIs) and measur-
ing their mean intensities. The associated errors correspond to the
standard deviations of these measurements. Results are reported in
Table 4.6.

TABLE 4.6: Expected and measured densities of silver inside the cuvettes.

Expected Measured

Silver concentration (mg/mL)
3.2 3.5+0.7
6.4 6.7 0.6

The measured values are in good agreement with the expected
silver concentrations, within the estimated uncertainties. Overall,
this test demonstrated that the imaging setup is capable of resolving
and quantifying absorption, phase, and dark field.
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Eight cuvette planar sample

This sample was designed to evaluate the system’s capability to
simultaneously quantify iodine and retrieve dark-field.

It consisted of four cuvettes containing iodine solutions with
nominal concentrations of 7.5mgmL™}, 5.0mgmL™!, 2.5 mgmL™},
and 1.0mgmL™?, and four cuvettes filled with PMMA microspheres of
nominal diameters 85 pm, 48 pm, 15 pm, and 8 pm, used to generate
dark-field contrast. Finally, a 200 pm polyethylene terephthalate
(PET) wire and a 350 pm nylon wire were included in the sample. A
schematic of this sample is shown in Figure 4.22.

85 um lodine
PMMA 7.5
spheres mg/ml
i 200 um £
48ym | PEJwire lodine
PMMA {— 5.0
spheres mg/ml
15 um lodine
PMMA | L — 25
spheres mg/ml
6 um lodine
PMMA 1.0
spheres /ml
350 um g/
nylon wire

FIGURE 4.22: Photograph and schematic of the sample.

Image acquisition was performed in radiogaraphic mode using
a Hamamatsu CMOS camera featuring a pixel size of 6.5 pm and an
active sensor area of 2048 pixels x 2048 pixels. Owing to the large
sample size (3.5 cm x 4.0 cm), three horizontal scans were required
to cover its full width, while the vertical extension of the sample was
acquired in 820 vertical steps of 50 pm each. The exposure time per
frame was 0.125s.

The absorbing mask featured 10 pm wide apertures with a 70 pm
pitch, and seven dithering steps were performed to improve spatial
sampling. The crystal used in this experiment was the same as the
one used for the previous sample. The system was tuned to diffract
X-rays around the K-edge of iodine (33.2keV), and the sample to
detector distance was 44 cm.

The imaging results are shown in Figure 4.23, while quantitative
results are presented in Table 4.7.

The images show a successful retrieval of absorption, refraction
and dark-field. The vertical-striped artifacts visible in the refraction
and dark-field images are most likely caused by the stitching process
used to combine the multiple scans. The absorption data was further
processed using the SKES material decomposition algorithm to obtain
water and iodine density maps, which were accurately discriminated.

The quantitative analysis shows good agreement between the
measured and nominal iodine concentrations, with relative errors
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Dark field ] ' Water map
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FIGURE 4.23: Absorption, dark field, refraction, and phase images, along with the
iodine and water maps resulting from the material decomposition algorithm. A
composite map showing iodine and dark field overlaid on the water map is shown in
the bottom right.

staying below 8 %. Concerning the dark-field results, it is difficult to
define a nominal reference value. However, the expected behavior can
be derived from Equation 1.14. Specifically, the angular spread of the
beam due to scattering scales with N/2, which means that its square
should vary as N, which, for a fixed thickness, is proportional to p /R.
The packing fractions of the cuvettes were determined by weighing
them before and after inserting the spheres. The experimental data,
plotted as a function of the ratio p; /R, is shown in Figure 4.24.

The data is consistent with the theoretical trend. Minor deviations
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TABLE 4.7: Expected and measured iodine densities for the iodine-filled cuvettes,
and measured dark-field signal for the PMMA-filled cuvettes. For both datasets, the
measurements are reported in order from the top to the bottom cuvette. For the
dark-field, the calculated packing fractions p; and the radii R are also reported.

Expected Measured

Iodine concentration

(mg/mL) 7.5 7.24+£0.57
5.0 4.65+0.56
2.5 2.30£0.52
1.0 1.02+£0.53

Dark field ps  R(um)
(urad?) 0.37 425 — 25.8+2.0
0.32 24 — 36.5+2.9
0.35 7.5 — 68.2+ 3.0
0.25 4 — 94.3+4.2
100

Dark-field (; rad?)
(4]

0 0.02 0.04 0.06

FIGURE 4.24: Dark-field signal as a function of the ratio p; /R, with a linear fit.

from linearity may arise from slight variations of the packing fraction
within each cuvette, but overall the results confirm that the system
accurately captures the expected dependence of the dark-field signal
on the scatterer size.

Multiple K-edge revolvers

For the first time, it was possible to simultaneously acquire six
different K-edges in a single exposure, owing to the large energy
bandwidth achieved by bending the crystal to a radius of 0.3 m.

Six foils made of palladium, silver, cadmium, indium, antimony;
and tin, respectively, were placed in the beam to test the visibility
of their K-edges. The K-edges of these six elements, as reported in
Table 4.8, are all contained within an energy range of approximately
6 keV. The resulting image is shown in Figure 4.25.

The strong curvature of the crystal enabled an energy bandwidth
of approximately 7.2keV. This represents the first recorded X-ray
image demonstrating the simultaneous detection of six K-edges. The
visible imperfections in the image are attributed to impurities inside
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the foils.

FIGURE 4.25: X-ray image of six foils made of palladium, silver, cadmium, indium,
antimony, and tin. All their K-edges are visible in an energy bandwidth of 7.2 keV.

TABLE 4.8: Elements used in the revolvers and their K-edge energies.

Element K-edge (keV)

Pd 24.4
Ag 25.5
Cd 26.7
In 27.9
Sn 29.2
Sb 30.5

I 33.2
Xe 34.6
Ba 37.4

After confirming the visibility of multiple K-edges, two plastic
cylinders, each containing different elements, were prepared and
imaged. Both cylinders were made of plastic and had six drilled
cavities designed to contain the contrast agents.

In the first cylinder, hereafter referred to as cylinder 1, the cavi-
ties were filled with water, palladium, silver, cadmium, indium, and
antimony. The second cylinder, referred to as cylinder 2, contained
water, two iodine solutions at different concentrations, two barium
solutions at different concentrations, and xenon. All solutions were
prepared by dissolving the corresponding element salts in water to
obtain the desired concentrations. Xenon, being in gaseous form, was
injected into the cavity and then carefully sealed to prevent leakage.
The specific concentrations, used for both cylinders, are reported in
Figure 4.26.

The crystal consisted of a 400 nm thick silicon wafer, bent to a
radius of 0.3 m. The surface pole was oriented along (110) and cut at
a 2° asymmetry angle relative to the utilized (111) reflection. Using
a (111) type reflection instead of a (220) type increases the diffracted
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Cylinder 1 Cylinder 2

FIGURE 4.26: Schematic of the two cylinders. The concentration of each element is
reported inside each circle.

energy bandwidth of a factor of 1/8/3, which is useful when imaging
multiple K-edges.

For cylinder 1, the system was tuned to diffract X-rays within the
energy range 24 keV to 30 keV, corresponding to a total bandwidth
of approximately 7.2 keV. For cylinder 2, the crystal inclination was
adjusted to diffract X-rays between 31keV and 38.5keV. In both
cases, the sample to detector distance was fixed at 32 cm.

The acquisition was carried out using the ORCA-Lightning X-ray
sCMOS Camera from Hamamatsu Photonics. This detector features
5.5 um pixels on a total sensitive area of 4608 x 2592 pixels. Both
revolvers were acquired in tomographic mode, with a total of 1800
projections over 180° and an exposure time of 0.32 s per projection.
The images were acquired in spectral mode, meaning that the beam
tracking mask was not employed, as the primary goal of this acquisi-
tion was to quantify the density of the elements.

The obtained projections were dark subtracted and flat fielded
prior to reconstruction. The slices were reconstructed using a standard
filter back-projection with the Shepp-Logan filter. Material decompo-
sition was then carried out using the SKES algorithm, using water,
palladium, silver, cadmium, indium, and antimony as base materials
for cylinder 1, and water, iodine, xenon, and barium as base materials
for cylinder 2.

Following decomposition, the concentrations within each cavity
were measured by selecting a small circular ROI and repositioning it
five times within the cavity. The reported density value corresponds
to the mean of these measurements, while the associated uncertainty
is given by the standard deviation.

The corresponding density maps and quantification results for
Cylinder 1 are presented in Figure 4.27 and Table 4.9, respectively.

The results indicate a good discrimination of all elements, with
the exception of antimony. During the acquisition, it was observed
that the antimony salt used for preparation had poor solubility in
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FIGURE 4.27: Density maps for cylinder 1, resulting from the SKES material decom-
position algorithm. A composite image of all elements overlaid on the water map is
shown in the bottom right.

TABLE 4.9: Expected and measured densities inside cylinder 1.

Expected Measured

Palladium (mg/ml) 23.4 25.35 +£0.83
Cadmium (mg/mlL) 20.0 23.04 £ 0.11

Indium (mg/mL) 14.8 14.50 £ 0.12
Silver (mg/mlL) 21.7 23.26 £ 0.23
Water (g/mL) 1.0 0.982 £ 0.005

water, leading to partial precipitation and deposition inside the cavity.
Since the density estimate would have been inaccurate, antimony
was excluded from the material decomposition. The high absorption
observed in the antimony cavity is therefore attributed to the imaging
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of the deposited material.

In the water density map, the contrast window was adjusted so
that the antimony cavity appears saturated: this was done solely
for visualization, to enhance the visibility of the surrounding image.
Nevertheless, the decomposition of the other elements yielded good
quantitative results. The measured densities for palladium, cadmium,
indium, silver, and water have relative errors of 8.3 %, 15.2 %, 2.0 %,
7.2%, and 1.8 %, respectively. The higher error observed for cadmium
is most likely due to errors in the preparation of the solution. The
palladium appears granulated in the image because it was present
as nanoparticles suspended in an aqueous medium. Some residual
artifacts in the palladium and antimony cavities are visible across
all decomposition maps, yielding false-positive signals; these are
attributed to the granular nature of both elements. These artifacts do
not indicate inaccuracies in the decomposition algorithm, but rather
result from the multiple element-water interfaces created by the
particulate structure of the materials, reflecting sample morphology
rather than limitations of the algorithm.

A similar analysis was performed for cylinder 2, whose decom-
posed density maps are shown in Figure 4.28, and the quantitative
results are presented in Table 4.10.

TABLE 4.10: Expected and measured densities inside cylinder 2.

Expected Measured

Iodine (mg/mlL) 25.0 24.67 £ 0.13
12.5 12.38 =+ 0.07

Barium (mg/mlL) 20.5 20.88 £ 0.18
10.3 10.28 £ 0.26

Xenon (mg/mL) - 1.85 £ 0.01
Water (g/mL) 1.0 0.996 £ 0.170

The results indicate a successful discrimination among the three
contrast elements, with negligible crosstalk between the individual
material maps. The measured densities are in good agreement with
the expected values, confirming the robustness of the decomposition
process. Relative errors of 1.3 %, 1.0 %, 1.8 %, 0.2 %, and 0.4 % were
measured for the two iodine concentrations, the two barium concen-
trations, and water, respectively, indicating very good quantitative
accuracy.
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FIGURE 4.28: Density maps for cylinder 2, resulting from the SKES material decom-
position algorithm. A composite image of all elements overlaid on the water map is
shown in the bottom.

Multiple K-edge murine Sample

The final example of acquisition performed with this multi-modal
setup is a planar radiography and a tomography of a murine sample.
The goal of this experiment was to demonstrate that multiple elements
can be simultaneously identified within a biological sample using the
developed imaging approach.

A murine model was prepared with inflatable lungs to enable the
introduction of contrast agents, and all procedures were approved
by the Ethics Committee of the University of Gottingen. Because
the direct injection of iodine and barium into the animal was techni-
cally challenging, two plastic tubes filled with iodine solutions and
two tubes filled with barium solutions were positioned alongside the
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specimen. The iodine tubes contained concentrations of 10 mg mL™*
and 5mgmL™, while the barium tubes contained 60 mgmL™ and
15mgmL " respectively. These concentrations were selected to match
the typical range of iodinated contrast agents administered to patients,
which is approximately 15 mgmL™ to 30 mgmL™! [Lusic and Grin-
staff 2013]. Immediately before acquisition, the sample’s lungs were
inflated with xenon gas, and the inflation tube was sealed to prevent
leakage. A schematic of this sample is shown in Figure 4.29.

lodine
10

mg/ml
lodine Murine
5 sample
mg/ml
Barium
Xenon 30
inflated mg/ml
lungs
Barium
15
mg/ml

FIGURE 4.29: Schematic of the murine sample prepared for multimodal planar
imaging.

The diffracting crystal and the detector used for this acquisition
were the same as those described in the previous section. The crystal
was tuned to diffract X-rays within the 31keV to 38.5keV range,
allowing effective imaging of iodine, xenon, and barium K-edges.

The murine sample was first imaged in radiographic mode. Since,
with this kind of setup, each exposure corresponds to a single "line"
of the sample at multiple energies, a vertical scan was required to
acquire the full image. The scan was performed in 800 vertical steps
of 50 pm each, covering a total sample height of 4cm. Moreover,
since the sample exceeded the detector’s horizontal field of view, two
steps in the horizontal direction were performed to cover the entire
width of the sample.

Two acquisitions were performed in radiographic mode: one
spectral-only (without the beam tracking mask) and one spectral
phase-contrast using the whole setup. The mask used for the spec-
tral phase-contrast acquisition featured a 70 pm pitch, and 10 pm
aperture, making 7 dithering steps necessary to image the whole
sample.

For both acquisitions, the raw projections were initially prepro-
cessed applying dark subtraction and flat fielding. Then, the spectral
phase-contrast dataset was processed using the beam tracking al-
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gorithm, yielding three radiographic images at multiple energies:
absorption, refraction, and dark-field.

Material decomposition was then carried out on both datasets
using the SKES algorithm, with water, iodine, xenon, and barium de-
fined as base materials. The resulting decomposed projected density
maps for the spectral dataset are shown in Figure 4.30, while the
projected density maps for the spectral phase-contrast acquisition are
presented in Figure 4.31.

Both the spectral-only and the spectral phase-contrast datasets
successfully discriminated the three contrast elements. Since the ac-
quisitions were performed in radiographic mode, the maps correspond
to projected density, i.e. density multiplied by thickness.

In the spectral phase-contrast results, a strong dark field signal can
be observed within the lungs of the murine model. This is expected,
as the dark-field signal is strictly linked to the presence of numerous
micro-structures inside the sample. The measurement of dark-field
in lungs is an active area of research and is particularly promising,
as it provides structural information on the micrometer scale that is
typically inaccessible with conventional medical X-ray systems [Bech
et al. 2013; Willer et al. 2018]. The lungs exhibit a strong signal
because they are composed of many alveoli, which create a large
number of air-tissue interfaces responsible for multiple scattering
phenomena.

Although the dark-field signal and the xenon map may appear
similar, since xenon fills the lungs, the dark-field signal can also
originate from other structures within the sample. Some features
visible in the dark-field image but absent in the xenon map can be
observed; in particular, certain bones generate a noticeable dark-field
signal.

In both acquisitions, some edge artifacts can be seen in the iodine
map, probably due to a slight distortion of the sample at different
energies. As discussed in the introduction to SKES, the converging
and diverging geometry of the beam causes photons of different
energies to pass through the sample at slightly different angles. In this
experiment, the effect is especially pronounced because the sample
is spatially extended and the crystal was strongly bent to achieve a
wide energy bandwidth for imaging multiple K-edges.

In the spectral phase-contrast setup, transmission, refraction, and
dark-field images were retrieved. It is important to note the com-
plementarity between these signals, where different structures of
the sample are highlighted. Compared to the spectral-only dataset,
the density maps have a lower spatial resolution, which is expected
since the horizontal spatial resolution in beam tracking images cor-
responds to the mask’s aperture, which in this case was 10 pm. The
horizontal profile plots along the plastic tubes from both barium and
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FIGURE 4.30: Decomposition results from the spectral-only dataset. Water, barium,
iodine, and xenon maps are shown, along with a composite image with all contri-

butions, where the contrast elements are overlayed on the water projected density
map.

iodine projected density maps were computed and compared between
spectral-only and the spectral phase-contrast setup. The plots are
shown in Figure 4.32.
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FIGURE 4.31: Decomposition results from the spectral phase-contrast dataset. Top
row: transmission, refraction, and dark-field images obtained from the beam tracking
algorithm. Bottom rows: water, barium, iodine, and xenon maps, along with a
composite image with all contributions, where the contrast elements are overlaid
on the water projected density map, and a composite image where the dark-field
contribution is also added.

The plots indicate quantitative consistency between the two ac-
quisitions. The spectral phase-contrast has a higher noise compared
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FIGURE 4.32: Horizontal profile plots along the tubes from the barium and iodine
projected density maps. The profiles obtained from the spectral-only and the spectral
phase-contrast setup are compared.

to the spectral-only setup, due to the lower spatial resolution and
to the fact that the absorption images in the spectral-phase contrast
setup are a result of a retrieval algorithm, thus are more subject to
artifacts or noise amplification.

As anticipated, a tomographic scan of the same sample was also
performed. In this case, a single slice of the murine sample was
imaged using 1200 projections over 180°. The mask and image
processing procedures were identical to those employed for the radio-
graphic acquisition: however, since this dataset was tomographic, the
projections were reconstructed using filtered back projection before
performing the material decomposition. The decomposition was then
applied to the reconstructed tomographic slices, yielding images that
represent true volumetric density rather than projected density. Again,
both a spectral-only and a spectral phase-contrast acquisition were
performed. In the latter case, a spectral phase-contrast decomposi-
tion was carried out, including the phase image in the decomposition
process.

The results from the spectral-only acquisition are presented in
Figure 4.33.

Imaging results show an accurate discrimination of iodine, xenon,
barium, and water. The iodine map shows some edge-residual ar-
tifacts, that are probably caused by the slices at different energies
not being exactly the same spatially. In the xenon map, the xenon
probably slightly leaked from the lungs (see brighter areas).

The quantitative measurements, reported in Table 4.11, indicate
good quantitative accuracy for all elements, with relative errors being
2.1%, 17.0%, 6.3 %, 4.9 %, for the two iodine concentrations and
the two barium dilutions respectively.

The resulting decomposed density maps and phase-contrast con-
tributions are shown in Figure 4.34. Quantitative measurements are
reported in Table 4.12.

The beam tracking dataset allowed the retrieval of absorption,
refraction (differential phase), and dark-field images. Again, as men-
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FIGURE 4.33: Decomposition results from the spectral-only dataset. Water, barium,
iodine, and xenon maps are shown, along with a composite image with all contribu-
tions, where the contrast elements are overlaid on the water density map.

TABLE 4.11: Expected and measured densities in the plastic tubes for iodine and
barium, and in the lungs for xenon.

Expected  Measured
Iodine (mg/mlL) 20.0 19.59 £ 0.11
10.0 11.71 £ 0.07
Barium (mg/mL) 60.0 63.79 £ 0.22
15.0 15.73 £ 0.26

Xenon (mg/mL) - 2.86 +£0.14

tioned for the radiographic results, the dark-field map, a strong signal
from the lungs can be noted.
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FIGURE 4.34: Decomposition results from the spectral phase-contrast dataset. Top
row: absorption, refraction, and dark-field images obtained from the beam tracking
algorithm. Bottom rows: water, barium, iodine, and xenon maps, along with a
composite image with all contributions, where the contrast elements are overlaid on
the water density map, and a composite image where the dark-field contribution is
also added.

TABLE 4.12: Expected and measured densities in the plastic tubes for iodine and
barium, and in the lungs for xenon.

Expected  Measured

Iodine (mg/mlL) 20.0 19.85 £ 0.18
10.0 11.88 £ 0.21
Barium (mg/mL) 60.0 72.92 £ 0.34
15.0 18.07 £ 0.16
Xenon (mg/mlL,) - 241 £0.14

Iodine, xenon, and barium were successfully discriminated through
a spectral phase-contrast material decomposition. The quantitative

115
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4.2.7

measurements reveal good accuracy for all elements, with relative
errors being 0.8 %, 18.8 %, 21.5 %, 20.5 % for the two iodine concen-
trations and the two barium dilutions, respectively. The quantification
of iodine and barium was consistent with the results obtained from
the spectral-only acquisition, although the errors were slightly higher
due to the lower spatial resolution. However, the barium concentra-
tion is overestimated, which is likely due to inconsistencies in the
phase image, which may have affected the decomposition accuracy.

As observed in the planar image of this sample, some edge artifacts
are present in the iodine map, most likely caused by distortions
resulting from the convergent geometry of the X-ray beam as it reaches
the sample, which are especially pronounced because of the strong
bending of the crystal in this acquisition.

Overall, the results obtained during the different beamtimes using
Setup A show that the spectral phase-contrast imaging setup was suc-
cessfully implemented and performed. The imaging system proved
to be capable of simultaneously retrieving absorption, refraction, and
dark-field signals while maintaining good quantitative accuracy in
material decomposition across a wide range of elements and con-
centrations. The ability to resolve multiple K-edges within a single
acquisition and to accurately discriminate different contrast agents
in both test and biological samples confirms its robustness. These
findings validate the potential of this spectral phase-contrast imaging
tool for quantitative and structural analysis, paving the way toward
its application in more complex imaging scenarios.

Setup B

This section introduces an alternative to Setup A, which was developed
and implemented as part of this work. The corresponding results
have been accepted for publication in [Perion et al. 2025b].

This work presents a multimodal dual-detector imaging setup that
integrates beam tracking phase-contrast imaging and crystal-based
spectral imaging.

Differently from Setup A described in the previous sections, this
configuration achieves spectral and phase-contrast imaging on two
branches, each with a dedicated detector, rather than combining
both techniques on the same branch using a single detector. In this
setup, X-ray phase-contrast imaging (XPCI) was performed using
the beam tracking technique by introducing an absorbing mask into
the beamline’s standard polychromatic-beam configuration, which
involves a lens-coupled detector used at 10 um pixel size. X-ray
spectral imaging (XSI) was achieved by inserting a Laue crystal in
the beam to diffract X-rays around a selected energy, and detecting
them with a photon-counting detector with a 60 um pixel pitch.
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Notably, the spectral setup remains fully compatible with the standard
polychromatic-beam configuration.

The system was tested on a heterogeneous phantom containing
silver dilutions, chalk, a toothpick, plastic microspheres, and nylon
wires, as well as on a biological specimen consisting of an osteo-
chondral sample loaded with a cationic iodinated contrast agent. A
dedicated processing pipeline was developed to integrate the data
from both imaging branches. The combined use of phase-contrast
and spectral X-ray imaging provided absorption, phase, and dark-field
images. Spectral absorption images, processed via a material decom-
position algorithm, yielded quantitative maps of the contrast agent,
calcium, and water. The results demonstrate the system’s ability to
deliver complementary morphological and compositional information
with high spatial resolution and quantitative accuracy. This con-
figuration enables quantitative, multimodal 3D imaging, providing
information on absorption, phase, dark field, as well as localization
and quantification of contrast agents.

Experimental Setup

A schematic and a photograph of the setup are shown in Figure 4.35.
In its standard configuration, the beamline includes a sample stage
and a lens-coupled detector with tunable pixel size. The sample stage
consisted of a six-degree-of-freedom hexapod, a rotation stage, and
two linear translation stages. The detector was a Hamamatsu Orca
Flash 4.0 (model C11440-22C) with a a 6.5 nm pixel size and a sensi-
tive area of 2048 x 2048 pixels, coupled with an optical magnification
system which allows pixel size tuning [Longo et al. 2024]. For the
experiment, this configuration was used for XPCI, setting the detector
to a pixel size of 10 nm, resulting in a 20.5 mm x 20.5 mm field of view.
This detector is particularly well suited for the phase-contrast beam
tracking technique, which requires a small pixel size to accurately
sample the beamlet profiles.

a) b) ) c)
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FIGURE 4.35: Photograph (b) and schematic (c) of the experimental setup. The
main components are labeled as follows: (1) sample stage, (2) crystal on bender, (3)
absorbing mask, (4) photon-counting detector, and (5) polychromatic-beam detector.
Panel (a) displays the two samples used in the experiment.

Incident white
beam
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A custom absorbing mask with a gold thickness of 250 pm was
used for XPCI. The mask employed for this experiment featured 10 pm
wide apertures with a 110 pm pitch. It was placed downstream of
the XSI crystal, and 11 dithering steps of the mask were performed
horizontally to image the entire sample. The sample to polychromatic-
beam detector distance was 2 m.

Note that in this configuration, the absorbing mask is necessarily
positioned downstream of the sample, as imposed by the two-branch
system. While this geometry is compatible with the beam tracking
technique, it is a non-ideal condition, since photons undergoing large
refraction angles may be intercepted by the mask septa, effectively
acting as a low-pass filter in the angular domain and reducing sensitiv-
ity to high refraction angles, with potential implications for dark-field
quantitativeness. For the present experiment, however, strict quanti-
tativeness of the dark-field signal was not required, as it was sufficient
to achieve differentiation of microspheres with distinct sizes.

A Laue crystal-based XSI system was integrated into the setup.
The crystal was a 300 um thick silicon wafer (Siltronic), bent to a
radius of 0.5 m using the aforementioned custom two-bar bender and
mounted on a second PI hexapod. The surface pole was oriented along
(110) and cut at a 2.5° asymmetry angle relative to the utilized (220)
reflection. The hexapod allowed to tilt the crystal to a chosen Bragg
angle, and thus select the corresponding diffracted energy interval. In
this work, the system was tuned to diffract X-rays around the K-edge
of silver (25.5 keV) for the first sample, and iodine (33.2keV) for the
second, with an experimentally measured relative energy resolution
AE/E of around 1073,

The diffracted beam was collected using the PIXIRAD-8 CdTe
photon-counting detector [Bellazzini et al. 2013; Delogu et al. 2016],
which features a 650 pnm thick CdTe sensor with hexagonally arranged
pixels at a 60 pm pitch over a 246 mm x 24.8 mm total active area.
The detector was positioned 95 cm downstream of the crystal along
the diffracted beam path and mounted on a manually adjustable tilt
platform to be perpendicular to the beam. Unlike the sCMOS detec-
tor, the photon-counting detector registers individual X-ray photons,
providing a high signal-to-noise ratio. This makes it ideal for noise-
sensitive applications such as spectral basis material decomposition.

In summary, the entire experimental setup combined the XPCI
and XSI branches as follows: the polychromatic beam first passes
through the sample and then impinges on the crystal. Most of the
beam is transmitted through the crystal, passes through the beam
tracking absorbing mask, and is recorded by the polychromatic beam
detector for XPCI. In parallel, a small fraction of photons within a
selected energy interval is diffracted by the crystal at twice the Bragg
angle and collected by the photon-counting detector (see Figure 4.35,
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right panel).

Samples and Image Acquisition

The scanned samples included a test sample and a biological sample.
The test sample was a 16 mm plastic cylinder with nine cylindri-
cal cavities filled with the following materials: two silver dilutions
(9.5mgmL™! and 5mgmL™!), nylon wires, a mixture of 8 um poly-
methyl methacrylate (PMMA) microspheres and 9.5 mgmL™" silver
dilution, 15 pm PMMA microspheres, 48 pym PMMA microspheres, a
wooden toothpick, and chalk mainly composed of CaCO5 (see Fig-
ure 4.35). The silver dilutions were prepared by mixing water and
silver salt AgNOj, in different concentrations. This sample was specif-
ically designed to produce measurable signals across all relevant
channels: dark field (microspheres), absorption (for contrast element
quantification), and phase, allowing for an evaluation of the imaging
technique performance.

The biological sample was a cylindrical osteochondral plug ex-
tracted from a bovine stifle joint with a diameter of 10 mm and loaded
with CA4" (10 mgem™ iodine). The sample was kept in the CA4*
bath prior to imaging. CA4" is a positively-charged iodinated con-
trast agent with affinity for negatively charged proteoglycans in carti-
lage [Stewart et al. 2017]. It has been developed to improve cartilage
visualization due to its short diffusion time, low required concentra-
tion, and direct correlation with the proteoglycan distribution [Fan-
toni et al. 2024].

Both samples were scanned in tomographic mode using continu-
ous rotation, with 1200 projections acquired over 180°. The exposure
time per projection was set to 100 ms, resulting in an acquisition
time of 120 s per scan for each dithering step of the absorbing mask.
While 11 dithering steps were required for the XPCI setup, only one
acquisition was used for the XSI dataset.

Image processing pipeline

The image processing pipeline, which will be described in the follow-
ing paragraphs, is depicted in Figure 4.36.

For the XPCI acquisition, the beam tracking projections were pro-
cessed individually using a custom MATLAB script to extract absorp-
tion, refraction (differential phase) and dark-field (ultra-small-angle
scattering) signals. Specifically, each beamlet was analyzed on a row-
per-row basis and modeled as a Gaussian profile, from which the sta-
tistical moments were derived: Oth for absorption (intensity), 1st for
refraction (spatial shift), and 2nd for dark field (broadening) [Vittoria
et al. 2015b]. The refraction projections were then integrated through
a Wiener-filter regularized phase integration algorithm to produce
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integral phase projections [Massimi et al. 2020]. All resulting projec-
tions were reconstructed using standard filter back projection with
Shepp-Logan filter, obtaining three tomographic volumes (absorption,
phase, and dark field). Given that the mask aperture matched the
detector pixel size, the final voxel size in the reconstructed volumes
was 10pm x 10 pm x 10 pm.

Regarding the XSI acquisition, as mentioned earlier, the beam
diffracted by the crystal is energetically dispersed in the diffraction
plane. As a result, energies are spatially separated along the vertical
axis of the detector. Since the sample was placed before the crystal,
each row of a projection simultaneously encodes information from a
different vertical portion of the sample and from a different energy,
making the vertical axis of each projection a convolution of spatial
and spectral information. The K-edge energy was positioned approxi-
mately at the center of the detector’s vertical field of view for each
acquisition.

Due to the limited vertical size of the laminar synchrotron beam
(approximately 4 mm), multiple vertical scans of the sample were
required, which are indicated as z;,2,,...2, in Figure 4.36. This
enabled each region of the sample to be imaged at energies both
above and below the K-edge of the target element for the XSI dataset.

After acquisition, a detector-specific pre-processing procedure,
including flat-field normalization, was applied to the projection im-
ages [Brombal et al. 2018]. Each image was then cropped into two
energy ranges: the upper half corresponded to energies above the
K-edge, and the lower half to energies below it. Since multiple vertical
were performed, the overlapping regions (both above and below the
K-edge) were stitched together to generate complete tomographic
datasets for each energy condition.

Both the above-edge and below-edge stitched projection sets were
reconstructed using standard filter back projection with the Shepp-
Logan filter. Taking into account the vertical magnification of the
diffracted beam, the effective voxel size of the spectral datasets was
17 pm x 60 pm x 60 pm.

In order to match the XSI and XPCI datasets, the two had to be
co-registered. To achieve this, a slice from the XPCI dataset was down-
sampled to match the spatial resolution of corresponding XSI slice.
The registration transformation aligning the XSI slice to the XPCI
reference was determined using ImageJ’s Rigid Transformation reg-
istration plugin [Schneider et al. 2012]. A rigid transformation was
chosen since only minor shifts or rotations were expected between
the datasets, making this approach sufficient to achieve accurate
alignment. The resulting transformation matrix was then applied uni-
formly to all slices of the XSI dataset using Matlab’s imwarp function.

Finally, the above and below K-edge images, together with the
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FIGURE 4.36: Image processing pipeline.

phase image, were used as inputs to the material decomposition
algorithm, following the same formulation introduced in [Brombal et
al. 2024]. The decomposition employed silver, calcium, and water as
the basis materials for the first sample, and iodine, calcium, and water
for the second. Notably, the inclusion of the phase image enabled the
use of an additional basis material in the decomposition process (i.e.
calcium).

Following decomposition, quantitative analysis was performed
on the resulting density maps of the test sample. Circular regions-
of-interest (ROIs) were selected inside the cylindrical holes, and the
mean intensity across five slices was measured to estimate material
concentration. The uncertainty in the measured density was defined
as the standard error of the five intensity values.

Results

The XPCI polychromatic-beam setup enabled the simultaneous extrac-
tion of absorption, phase, and dark-field images, which are presented
in the top row of Figure 4.37.

The complementarity between the absorption and phase infor-
mation should be noted: while the holes filled with water and mi-
crospheres are nearly indistinguishable from the plastic support in
the absorption image, they are clearly distinguished in the phase
image. In fact, the contrast-to-noise ratio (CNR) of the water-filled
hole increases from 0.006 in absorption to 4.3 in phase.

The halo artifacts visible in the phase image are common in such
reconstructions and likely originate from the strong absorption of
the chalk, which locally reduces beamlet intensity and weakens the
algorithm’s robustness. During integration, outlier pixels caused by
these local instabilities can accumulate and lead to the appearance
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FIGURE 4.37: Test sample results. Top row: phase, absorption and dark field images
obtained from the XPCI dataset. Bottom row: silver and calcium density maps,
composite image of water, silver, calcium and dark-field.

of halo artifacts. Another possible cause may be the distortion of the
sample due to the convergent geometry of the diffracted X-ray beam.
As seen in the absorption image, the circles do not close perfectly,
and similar distortions occur in the refraction signal; when integrated
to recover phase, these inconsistencies can further contribute to the
appearance of halo artifacts.

The dark field image differentiates the two holes containing mi-
crospheres, with the smaller microspheres generating a stronger scat-
tering signal, as expected. In addition, both the toothpick and the
chalk produce a strong dark-field signal. In contrast, the hole filled
with a mixture of microspheres, silver and water did not produce any
detectable signal, likely due to the similar refractive indices of water
and PMMA, which suppresses dark field contrast.

The material decomposition algorithm produced the quantitative
density maps of silver, calcium, and water, the first two being shown in
the second row of Figure 4.37. The decomposition effectively discrimi-
nates and localizes the individual elements. Specifically, holes contain-
ing nominal silver concentrations of 9.46 mg/mL and 4.65 mg/mL
were quantified as 9.11(33) mg/mL and 4.51(29) mg/mL, respec-
tively. Both measurements are slightly underestimated relative to the
nominal values, with relative differences of 3.6 % and 3.4 % respec-
tively. This small systematic underestimation still indicates a good
quantitative accuracy of the system.
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It should be noted that the XPCI and XSI datasets were acquired
simultaneously, thus all the images presented derive from datasets
acquired during the same acquisition sequence.

Figure 4.38 presents the results obtained from the osteochondral
biological sample dataset.

Absorption Dark field

lodine map Calcium map Composite

15
1.2
[1X:}
0.4

0.0

3D rendering

FIGURE 4.38: Osteochondral biological sample results, with all images representing
the mean across five slices. Top row: phase, absorption and dark field images
obtained from the XPCI dataset. Bottom row: iodine and calcium density maps,
composite image of phase, iodine, calcium and dark-field, and 3D rendering of
calcium and iodine decompositions.

The top row shows the XPCI results, namely phase, absorption and
dark-field images. Given the tissue composition, which is primarily
bone and cartilage, phase and absorption yield similar morphologi-
cal contrast. The dark-field shows peaks of signal corresponding to
specific air-bone interfaces within the subchondral bone.

The material decomposition was performed using iodine, calcium,
and water as basis materials: the iodine and calcium maps are shown
in the bottom row of Figure 4.38. The decomposition effectively
separated the iodine-loaded cartilage from the subchondral bone,
allowing quantitative discrimination between the two. In the calcium
map, the subchondral bone’s features are effectively distinguished,
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and the measured intensity values are in good agreement with typical
bovine bone densities [Fursey 1975]. In the iodine map, an intensity
gradient can be observed, decreasing from the deep cartilage, which
is rich in proteoglycans, to the superficial layer (see yellow arrow in
Figure 4.38, bottom right). This behaviour is consistent with previous
published studies [Honkanen et al. 2020; Fantoni et al. 2024].

Conclusions

In conclusion, this work presents a dual-detector system that enables
the simultaneous acquisition of high-resolution uCT data, providing
both structural and compositional information. Phase, absorption,
and dark-field images were obtained using the beam tracking XPCI
technique on the standard polychromatic-beam configuration of the
beamline, while spectral data were acquired with a crystal-based
system coupled with a photon-counting detector. The spectral data
were processed through a material decomposition algorithm that
incorporates phase information to produce quantitative maps of se-
lected elements or compounds. The ability to localize and quantify
specific materials, such as contrast agents, or to resolve specific fine
structures within complex samples is of significant relevance and
was demonstrated in this work. The presented results highlight the
potential of simultaneous XPCI and XSI imaging for multimodal 3D
imaging with quantitative accuracy.



Conclusions

This thesis was dedicated to the development and optimization of
spectral and phase-contrast X-ray imaging techniques, with the goal
of advancing their performance and exploring their applicability. Al-
though the work covered different imaging modalities and setups,
all contributions are unified by two main objectives: first, to refine
spectral and phase-contrast methods individually; and second, to in-
vestigate whether- and how-their combination could lead to a unified
imaging approach with enhanced capabilities.

The individual optimization of spectral and phase-contrast tech-
niques was primarily carried out in laboratory settings. On the spec-
tral side, X-ray imaging was explored using energy-resolving photon-
counting detectors for dual- and multi-energy micro-CT. These ex-
periments demonstrated the capability to discriminate and quantify
multiple contrast agents, specifically iodine and gold, within a sam-
ple. Gold nanoparticles are emerging as a CT contrast agent due to
their high X-ray absorption, low toxicity, high biocompatibility, and
their specificity in targeting tumors. However, their visualization in
laboratory settings may be challenging because the high K-edge of
gold (80.7 keV) lies beyond the optimal flux range of conventional
X-ray sources. Despite this limitation, the results confirmed the ef-
fectiveness of spectral imaging for multi-material differentiation and
quantitative analysis. More broadly, these experiments highlighted
the advantage of combining spectral sensitivity with micro-CT, en-
abling the simultaneous acquisition of anatomical and compositional
information within a single scan.

Further individual optimization was pursued during a six-month
research period in Grenoble, where phase-contrast imaging using
speckle- and membrane-based techniques was investigated in detail.
Through the study of these approaches and the LCS algorithm, an
optimized membrane-stepping approach was conceived to improve
image quality without increasing experimental complexity. This ap-
proach represents just an initial, but promising, step toward more
efficient phase-contrast acquisitions which can be further refined in
the future, with its potential impact extending beyond laboratory
settings to synchrotron facilities. Regarding phase-contrast imaging,
the beam tracking retrieval algorithm was refined and tested across
a wide range of datasets and detector types, which confirmed its
robustness.

Building on these individual developments, efforts were then
directed toward the realization of simultaneous spectral and phase-
contrast imaging. A first combined experiment was performed at the
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synchrotron on human biological samples, with the goal of simulta-
neously mapping structural and compositional information. In the
context of virtual histology, phase-contrast imaging is essential for
visualizing soft tissues that would otherwise be poorly visible using
conventional attenuation-based methods. At the same time, patholo-
gists seem to show interest in determining both the localization and
concentration of iodine inside thyroid tissue. While conventional
histology remains the gold standard for tissue pathology due to its
accessibility and high biochemical specificity, X-ray virtual histology
offers complementary advantages: it can, on one side, produce three-
dimensional, non-destructive data and, when combined with spectral
techniques, enable elemental quantification within tissues. This com-
bined spectral phase-contrast experiment allowed us to produce both
high-resolution virtual histology images and quantitative maps of
iodine and calcium content.

The core contribution of this work was the development of a
crystal-based beam tracking imaging setup. This required extensive
characterization and optimization of the crystal properties, as well
as the assessment of their impact on imaging performance. This
whole development process led to successful imaging outcomes, first
validated on test samples designed to mimic key contributions, i.e.
contrast element quantification, scattering and phase, and later suc-
cessfully applied to biological samples as well. The unification of beam
tracking phase-contrast imaging with crystal-based spectral imaging
is undeniably complex, and for many applications the required effort
may not be advantageous, particularly when similar results can be
obtained at synchrotron facilities using simple propagation-based
phase-contrast at multiple monochromatic energies. Nevertheless,
the use of optical elements for phase-contrast imaging, such as the
absorbing masks used in this work, enables access to the dark-field sig-
nal, which is of growing interest within the community and cannot be
retrieved using propagation-based methods. Similarly, crystal-based
spectral imaging is inherently more complex to implement than most
alternative spectral techniques, and for many routine applications
this additional complexity is not justified. However, the develop-
ments presented in this thesis demonstrate that the technique is still
worth pursuing, as it offers capabilities that are difficult to achieve
with alternative approaches. First, the ability to acquire multiple
energies simultaneously makes this approach highly attractive for
time-critical or motion-sensitive applications, such as in vivo planar
imaging, where sequential energy scans are impractical. Second, the
intrinsically high energy resolution of bent crystals, which is in the
order of a few tens of electronvolts, enables enhanced sensitivity to
low concentrations of contrast agents, opening the door to quanti-
tative imaging in cases where photon-counting detectors, which are
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restricted to an energy resolution of 1-2 keV, do not provide sufficient
energy resolution. These considerations suggest that crystal-based
beam tracking imaging may find valuable applications in niche and
specific scenarios and could in the future prove to be well suited for
new application domains.

Several results of this thesis have been published in different sci-
entific journals, including Applied Physics Letters, Journal of Physics D:
Applied Physics, Physics in Medicine & Biology, and Journal of instru-
mentation.

Overall, this work advanced the individual optimization of spectral
and phase-contrast imaging techniques and explored their integration
into a unified imaging framework. While the results represent a
step forward toward high-resolution, quantitative X-ray imaging with
potential applications in biomedical diagnostics and materials science,
significant challenges remain. Further methodological development
and deeper investigation of suitable applications will be necessary to
fully exploit the potential of these techniques and address complex
scientific questions.
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Crystal bending uniformity
measurements

Measurements of the crystal’s curvature uniformity were performed at
the Optical Metrology Laboratory of Elettra synchrotron. The goal was
to measure the effective crystal bending radius and verify its consis-
tency with the bender’s nominal value. Moreover, the reproducibility
of the crystal mounting was assessed by comparing measurements of
the crystal’s bending radius performed before and after dismounting
and remounting the crystal on the bender. Assessing reproducibility
is particularly important since in imaging experiments the same crys-
tal is often mounted on different benders, hence having a reliable
curvature is essential for a consistent performance.

The crystal used for this measurement was a 300 pm thick silicon
wafer. The surface pole was oriented along [110] and cut at a 2.5 deg
angle relative to the utilized (220) reflection. All measurements
were performed with the crystal mounted on the bender with a 0.5m
curvature (see Section 4.2.1).

The measurements were initially performed with ZYGO DynaFiz
Laser Interferometer to get a qualitative overview of the crystal’s
curvature. This interferometer uses a frequency-stabilized HeNe laser
(632.8 nm) as coherent light source and is typically used to evaluate
surface figures (e.g. flatness, sphericity). Unfortunately, measure-
ments with this interferometer did not produce any quantitative value
of the radius because a calibration was needed. Nevertheless, owing
to the large beam size of the instrument, a fairly wide image of the
crystal’s curvature was acquired consisting in about 100 mm x 15 mm.
The results are shown in Figure A.1.

The results show that the crystal exhibits a reasonably uniform
curvature over a length of approximately 40 mm. Although the full
crystal width is 100 mm, this level of uniformity is sufficient consider-
ing that the field of view of our imaging system is governed by the
detector, which has a sensitive area of 30 mm x 16.8 mm check!!!.

Further measurements were performed with ZYGO Nexview 3D
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FIGURE A.1: Images of the crystal’s curvature obtained from the ZYGO DynaFiz Laser
Interferometer. Left: 3D (top) and 2D (bottom) view of the crystal’s curvature. The
vertical scales are arbitrary as the system was not calibrated. Right: interferometric
image of the curvature

Optical Profiler. This instrument, based on coherence scanning inter-
ferometry, allowed a precise determination of the bending radius of
the crystal both before and after dismounting and remounting it on
the bender. The measurements were performed on an area of about
1 mm x 1 mm located near the center of the crystal. Results are shown
in Figure A.2.

Measurement 1 Measurement 2 Difference

0200

o01rs
0150

onsg
H
2
oors 5
. 0050
2% . x=0500m x=0499 m
ry =30.2m ry=422m

0025

0000

§ 250 500 750 1000 1250 1500 1750 G 250 s60 730 1000 1250 1500 1750 © 250 500 750 1000 1250 1500 1750
X (um)

FIGURE A.2: Images of the crystal’s curvature obtained from the ZYGO Nexview
3D Optical Profiler. Measurement 1 and Measurement 2 correspond to the scans
performed before and after dismounting and remounting the crystal, respectively.
On the right, the difference map between Measurement 1 and 2 images is shown.

For Measurement 1, the bending radius was determined to be
0.499 m, in agreement with the nominal value of 0.5 m. A secondary
curvature was also detected in the perpendicular direction, with a
radius of 42.2 m. This minor curvature does not affect impact imaging
performance. After dismounting and remounting the crystal on the
same bender, Measurement 2 was performed. The measured radius of
0.500 m confirmed the reproducibility of the bending system. Again,
a curvature along the perpendicular direction was observed, this time
with a radius of 30.2m. A difference between the two measurements
reveals no significant differences, except for some defects of the
crystal. The mean of the difference image is 0.036 nm, ranging from
0.0 pm to 1.9 um (defects).
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Simulation

CONTRIBUTIONS TO ENERGY RESOLUTION

A crystal, even one that satisfies the magic condition (see Section 2.1.6),
does not produce perfectly monochromatic X-rays. Instead, the
diffracted photons contain a range of energies that determines the
energy resolution of the monochromator [Qi et al. 2021].

There are multiple individual contributions to the energy resolu-
tion, whose sum gives the ultimate energy resolution of the monochro-
mator.

1. Lattice d-spacing: The lattice spacing (d-spacing) inside the
crystal is not uniform because of the crystal bending. As a result,
photons that are diffracted and exit the crystal at the same point
will have an energy spread due to this non-uniformity, described

by:

AE T
(?)1 = E(cosz)( — ysin? y)

where T is the thickness of the crystal, R is its bending radius,
x is the asymmetry angle, and v is the Poisson ratio.

2. Finite X-ray source distance: The X-ray source is not infinitely
far away, which causes photons to strike the crystal at slightly
different angles. This angular spread contributes to the total
energy spread, as given by:

(E) _ T cos’6p
E J» pcos(y —06g)

where p is the X-ray source to crystal distance, and 6 is the
Bragg angle.

<

Figure: d-spacing variation due to

crystal bending
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3. Darwin width: The Darwin width is an intrinsic property of the

crystal and is a fundamental contributor to the energy spread.

It is calculated as:
(AE) _ wp
E 3 N tan GB

where the Darwin width wy, is:

F

wp=212A%r, ————
D ¢ ma3sin(20g)

with A being the photon’s wavelength, r, the classical electron
radius, F the structure factor of the crystal, and a the lattice
parameter.

. Source size: The X-ray source size is never infinitely small,

and it contributes to the energy resolution according to the

(AE) S
E ), ptan6y

where S is the source size.

following equation:

. Lifetime broadening: This contribution is intrinsic and not

linked to the experimental setup (crystal, source, or detector).
It arises from the natural width of the transition, even in the
absence of any external broadening mechanisms. When an
atom is in an excited state, it has a finite lifetime before it decays.
According to Heisenberg’s uncertainty principle AEAt > h/2,
the finite lifetime leads to an uncertainty in the energy, which
results in a natural energy width. This ranges from fractions of
electronvolts for light elements to hundreds of electronvolts for

(%)

heavier ones.

. Detector spatial resolution: In addition to the contributions

listed above, the detector’s spatial resolution can also have a
significant impact on the overall energy resolution. The main
limitations are the pixel size and the point spread function. In
order for the detector not to influence the energy resolution,
its spatial resolution should be less than the spatial extension
of the energy spread when it reaches the detector. Since the
diffracted beam diverges, there will always be a distance where
the above condition is matched.



b.2

The first two contributions to the energy resolution are direc-
tional. Therefore, their combined contribution to the total energy
resolution must be considered jointly. Assuming that the source size
follows a Gaussian distribution and is uncorrelated with the angular
distribution, the third, fourth, and fifth contributions can be added in
quadrature. The overall energy resolution can therefore be expressed
as follows:

(38) = [(2), (421 + (25, (48 (35,

BENT CRYSTAL MODEL

In the simulation, a model of the bent crystal was implemented to
calculate the diffraction angle of an incident photon. The known
parameters are: a, the angle of emission of the photon from the
source; F;, the distance from the source to the crystal; 65, the Bragg
angle; y, the asymmetry angle; d, the lattice d-spacing; T, the crystal
thickness; v, the Poisson ratio; and R, the bending radius of the
crystal.

FIGURE B.1: Sketch of the simulation geometry.

The center of the circular arc that describes the crystal curvature
is defined as:

x, =Rcos by ¥, =Rsin 0,

The intersection of the photon trajectory with the curved crystal
is found by solving the quadratic equation Ax? + Bx + C = 0:

BENT CRYSTAL MODEL

Detector
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—B—VB2—4AC
xcrystal = 24 ycrystal =tana (xcrystal + Fl)

where
e A=1+tana?
e B=tana (tana 2F; —2y.) — 2x,
e C=x’+y?+(tana F,)*—2y tana F; —(R—T/cos y)*

The angular coefficient of the crystal plane with respect to the
horizontal is calculated as m, and the coordinates of center of the
plane (where T = 0) are:

T .
Xprov = Xcrystal — cosm Yprov = Yerystal — sinm
cos y cos y

If the crystal is bent, the local crystal plane is tilted according to

2 2
" xprov + yprov
=arctan| —————
7 R

leading to a corrected Bragg angle 6 and total diffraction angle
O

the bending:

0= QB_a_Sign(yprov)Y etot =20+a;

This is the total diffraction angle relative to the horizontal, fol-
lowing the law of reflection. The polychromatic focal distance is then
calculated as

Fo— Rsin(260)
P 7 2sin(y + 0) +cos(y + 0)sin(2y)(1 + »)

and the energy of the diffracted photon as:

£ 12398419 x 1071°
B 2dsin 0

where 12.398419 x 1071° is hc in eV m.

The final output parameters are X ,ysq; and Y yseqr, the coordi-
nates where the photon hits the crystal; 9,,,, the total diffraction
angle; E, the energy of the diffracted photon; and F,,, the polychro-
matic focal distance.
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