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Abstract

Edge Illumination (EI) is one of several X-ray Phase Contrast Imaging (XPCI) techniques
capable of providing multi-modal images, revealing structures in objects that can be difficult
to image using the conventional, absorption-based x-ray method. The EI method is
underpinned by the use of masks in the scanner, one to split the beam into an array of beamlets,
and another one to create sharp edges in front of a pixelated detector.

The study presented in this thesis explores the pros and cons of using those masks. In the main
chapter, computed tomography (CT) scans were taken of a wooden pencil using an x-ray
imaging setup without masks, one mask, and two masks. It was verified that the use of one and
two masks increases the spatial resolution and CNR, respectively, compared to a mask-less
approach. However, a major drawback associated with the use of masks are that scan times are
typically long. In this context, this thesis discusses recently developed approaches to facilitate
scan time reduction in EI, one being Cycloidal CT — a sampling scheme which aims to improve
speed while maintaining high resolution.



Impact Statement

The findings in this thesis provide insight into X-ray Phase Contrast Imaging (XPCI): a
research area which extends the contrast capabilities of traditional absorption-based set ups.
The work presented here relates to a phase contrast imaging technique, namely Edge-
[lumination (EI). The experiment reported in this thesis examines the working principles of
the technique — which enables strong contrast, high spatial-resolution images in a laboratory
setting. EI is under continuous development, and the results further support Cycloidal CT as a
scheme to improve its speed.

Importantly, the potential of translating the technique to real-world environments (owing to its
compatibility with standard x-ray tubes) makes it an attractive prospect for a wide breadth of
applications, e.g., across the life and physical sciences. Considering a use for medical
diagnostic purposes (though application is still somewhat out of reach at present), XPCI may
be more desirable from a patient-safety point of view than their traditional counterparts. That
is due to better contrast at higher energies, leading to lower dose delivered to patients, and
consequently lower risk of cell damage and cancer. In pre-clinical imaging of small animals
(such as mice), which is essential when conducting studies on drug development, the better
contrast at higher energies may imply a lower dose per scan, which means there can be more
extensive longitudinal studies on the same animal (these are typically limited by a certain dose
threshold that must not be exceeded).

The ability to acquire tomographic EI images with reduced scan times could ultimately enable
its use for high-throughput or dynamic imaging experiments. Moreover, the suggestions made
in this thesis could be of relevance to other XPCI techniques, which share similarities with the
approach explored here.
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1. Introduction

X-ray Computed Tomography (CT) is a technique that enables the depiction of internal
structures at high resolution, such as the human body in diagnostic imaging. Beyond
diagnostics, X-ray CT has a broad range of applications such as biomedicine [1] materials
science [2], and security scanning [3], to name a few. In those applications, rather than using
patient-scale scanners, scans are usually performed with benchtop-scale micro-CT machines.
These offer a higher spatial resolution, but typically incur much longer scan times.

The idea behind CT is to take a series of radiographs around an object and use mathematical
reconstruction techniques to determine the distribution of the internal properties of the object.
It is common to reconstruct 2D “slices” (axial cross sections) through the object, which can be
stacked together to form a volumetric representation of the object.

Conventional x-ray CT derives its contrast from the attenuation properties of an object. Images
are reconstructed from measurements of transmission, which can be described by the Beer-
Lambert law:

1(2) = Iy.e™"47 (D

The transmission through the object can be calculated via:

o o

Where I(z) and I, are the emerging and incident intensity of a monochromatic wavefield
impinging onto the sample material along direction z. u is the linear attenuation coefficient:
the value is material- and energy-dependent, characterising how easily the object can be
penetrated by the wave. [4]

In conventional CT, the two- or three-dimensional distribution of y within a non-uniform
object is reconstructed. This is enabled by a line integral relationship between the transmission
measurement and the attenuation coefficients within the object. To derive this line integral
relationship, it is assumed that the object can be divided into small sections in such a way that
each is of uniform x. The Beer-Lambert law (Eq. 1) now describes the incident and emerging
x-ray intensities of each individual section. Considering that an x-ray photon encounters a
number of those sections along its path through the object, the Beer-Lambert law can be written
as:
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Where t is the thickness of the sample, and the exponent includes the line integral of the
attenuation coefficients in the x-ray path. [5]



If we measure the intensity I over an area, for example, with a digital flat panel detector, we
obtain a projection of the object, I(x, y). As from Eq. 3, a projection is the integral of the image
at a specific angle. In CT, many such projections are acquired as the object is rotated inside the
scanner over a range of at least 180 degrees. The set of projections can be ordered into a
sinogram, which is a two-dimensional image created for each axial slice in the object, showing
how the transmission through each slice varies as a function of the rotation angle. Sinograms
can be reconstructed into tomographic slices by applying filtered back projection (FBP). This
method, as the name suggests, smears the measurements back across the x-ray trajectory for
which they were obtained, but applies a high-pass filter prior to this step to emphasise the
higher spatial frequencies that would otherwise be lost due to the repeated averaging involved
in the measurement and back projection. Before FBP can be applied, however, the line integral
in (3) needs to be isolated, which is achieved by applying the negative logarithm to the
transmission measurements.

This conventional, attenuation-based approach to CT provides strong image contrast for large
attenuation variation inside an object (for example, between strongly absorbing bone and
weakly absorbing soft tissue background); however, contrast may be poor and features
indistinguishable for objects composed of only low Z elements such as soft biological tissue,
since their intrinsic attenuation is typically weak. [6]

In view of how contrast for those objects may be improved, it is important to note that, when
x-rays travel through matter, they are not only attenuated but also undergo a phase shift.
Macroscopically, this effect may be described as refraction: x-rays experience a small deviation
from their path as they enter and exit materials with a non-trivial refractive index. The value of
the x-ray refractive index is very close to unity (a difference on the order of 107°), with
deflections on the scale of a few microradians or less, hence they are difficult to detect. Recent
developments in X-ray imaging (and CT) have sought to capitalise on the phase/refraction
information to improve image quality for objects that have traditionally been considered
difficult to visualise; indeed, a large body of literature has demonstrated that a better contrast
for weakly attenuating features can be obtained when phase information is incorporated into
the image formation process. From a theoretical point of view, this can be understood by means
of the complex refractive index, n = 1— 8 — i3, where  is proportional to the linear
attenuation coefficient, § = p, * (A/4m), and § is proportional to the phase function § = ¢ *
(A/2m), driving refraction. For the hard x-ray range and weakly attenuating materials, § can
be up to three orders of magnitude larger than 3, and falls off more slowly with increasing x-
ray energy (1/E vs. 1/E®). [7] [8] X-ray imaging techniques capable of sensing phase effects
are known as “phase contrast” techniques.

Further to phase contrast, it is also possible to detect small-angle (elastic) scattering from the
object. Imaging methods capable of doing so are known as “dark-field” or ultra-small angle
scattering techniques. The scattering signal is related to sample inhomogeneities: the presence,
size, and concentration of features below the resolution of the imaging system, and thus is well
suited to studying an object’s microstructure. The interaction responsible for small-angle
scattering is the elastic process — coherent scattering. The x-rays are scattered in all directions,
according to the Gaussian distribution.



In summary, while initially x-ray imaging and CT had been limited to attenuation-based
contrast, nowadays we have up to three contrast channels available: attenuation, refraction and
dark-field/scattering. This is known as multi-modal CT.

From an experimental point of view, there are several approaches to realising multi-modal CT.
While those will be described in Sec. 2, it should be noted here that phase effects typically
cannot be observed directly as is the case for attenuation, but require an elaborate sensing
mechanism. The common idea behind the existing experimental approaches is to find a way of
converting phase shifts into detectible intensity modulations.

Edge-Illumination (EI) — the technique which is the focus of this MPhil thesis — works by
structuring the x-ray beam into an array of narrow, spatially separated beamlets by virtue of a
mask placed upstream of the sample, then tracking the beamlets’ attenuation-induced
amplitude reduction, refraction-induced shifts, and small angle scattering-induced broadening.

1.1 Thesis Aims

The overarching aim of my MPhil project was to explore mask-based experimental approaches
to phase contrast CT; in particular the EI method, which was first demonstrated at the SYRMEP
beamline in Trieste, Italy during the late 1990s and has been under continuous development
within the AXIm group at UCL.

While in the earlier days, the EI method utilised a synchrotron radiation beam impinging on a
single / array of slits which shaped the beam aligned with a detector pixel further down the set-
up, more lately it was expanded to laboratory sources by structuring the cone beam emitted
from an x-ray tube into an array of beamlets by means of a mask. [9] In this thesis, I will focus
on the latter implementation, referred to as mask-based EI.

In this work, I will explore the working principle of mask-based EI experimentally. In
particular, I will investigate how the addition of either one or two masks in the set-up changes
the contrast and spatial resolution capabilities of the imaging system — both of which are key
metrics in assessing image quality. While these effects have been demonstrated previously,
they were mostly shown as isolated effects. In this thesis, I amalgamate the two, by discussing
results from an experiment that shows how the use of masks affects both contrast and spatial
resolution.

The thesis will begin by providing context to my work in the form of introducing different
existing experimental phase contrast approaches in the next section. In Sec. 3, I will provide a
Literature Review of the relevant works undertaken within the Advanced X-ray Imaging
(AXIm) group at UCL — the team researching the core technology that this thesis relates to.
The main project, i.e., the investigation of the mask-based x-ray imaging system, will be
presented in Sec. 4. Towards the end of the thesis, I will discuss the benefits and limitations of
using such an experimental design. I will also describe some ongoing research aimed at solving
the identified limitations.



2. Scientific background

2.1 Overview of XCPI Techniques

Although X-ray Phase Contrast Imaging (XPCI) was proposed in 1965 by Bonse and Hart,
multi-modal imaging has only become available for widespread use in recent times as some
earlier techniques required beams of high spatial coherence which were only available from
synchrotron sources (of which there are only typically one per country, and access is highly
restricted). Following nearly a decade of intense development by several groups worldwide,
XPCI has been adapted to work with the weakly coherent or incoherent beams emitted from
laboratory-type x-ray tubes. In the following, I will provide an overview of existing XPCI
techniques, starting from the earliest of the collection and ending with the main topic of this

work, namely EIL

XCPI technique

Schematic

Bonse-Hart

sample A

FIG 1 Schematic of the Bonse-Hart experiment. Comprises of three crystal blades:
‘'S’ — splits the beam into two mutually coherent beams. ‘M’ — splits the beams again,
where two beams recombine. ‘A’— helps visualise the interference pattern. A sample

in the beam’s path will distort the interference pattern

Free-space propagation
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sample detector

source

FIG 2 Schematic set-up of free-space propagation. A suitably long distance between
the sample and detector allows fringes to form
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FIG 3 Schematic set-up of analyser-based imaging. The analyser crystal converts the
refraction induced by the sample into measurable intensity modulations on the
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FIG 4 Schematic set-up of grating interferometry. At a fractional Talbot distance, the
image of grating G1 is replicated. The sample alters the pattern and the differential
phase is recorded by scanning the analyser/absorption grating G2. Figure
reproduced with permission of the rights holder, Elsevier Ireland Ltd [10]

2.1.1 Bonse-Hart Interferometer

The Bonse-Hart interferometer, as can be seen from Fig. 1, comprises of a perfect crystal block
carved to form three parallel thin blades of constant spacing. The three blades act as a beam
splitter, mirror, and analyser, respectively. In the original work [11], a copper spectrum was
used, and the crystal was silicon 220.

At blade S, the beam is split into two mutually coherent beams by virtue of Laue reflection.
Once again, the beams are split at M — two of these are redirected towards each other which
produces a standing wave pattern just before A. The x-ray fringes are too small to be detected
directly, and the function of the crystal analyser A is to convert them into a detectable intensity
pattern. When there is no object in place, periodic interference fringes will be visible at the
detector. On the other hand, if an object is placed in one of the paths, then these fringes will be
distorted according to the phase shift introduced by the object. A Fourier method can be used
to extract the phase shifts to the standing wave pattern. [12]
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While the Bonse-Hart method is an extremely sensitive method capable of resolving sub-
nanoradian refraction angles, it requires high stability and perfect aligned crystals which may
be difficult to achieve in practice as the interferometer is sensitive to small lattice distortions,
which was observed in the original paper.

2.1.2 Free Space Propagation (FSP)

FSP has arguably the simplest set-up among the XPCI techniques as it requires only some
propagation distance between the sample and detector (see Fig. 2) but is largely the same as a
standard radiographic system in all other aspects. The propagation distance allows fringes to
form, which result from interference of the distorted (i.e., phase shifted) parts of the wavefront
with the non-distorted ones. The intensity fringes are strongest at external and internal
boundaries of the scanned object; hence they contribute to a better visualisation and distinction
of different object materials and features, especially when these are weakly attenuating. [13]

However, being an interferometric technique, FSP has relatively strict requirements on spatial
coherence of the x-rays incident on the sample, which means the x-ray source must be small,
or the sample-detector distance must be sufficiently large. For this reason, the method tends to
be used at synchrotrons. When applied in the laboratory, it must be implemented with a
microfocal x-ray source (early experiments have been conducted by generating an x-ray beam
using a scanning electron microscope with source size on the scale of 100nm). [14] However,
typically for those sources flux is limited and hence scan times are long.

Alternatively, the recent development of liquid metal-jet x-ray tubes offers an opportunity for
significantly reducing scan times in FSP. Rather than using a solid anode to generate x-rays for
which x-ray output is limited by the electron beam power at which the anode melts, liquid
metal-jet sources utilise an anode in molten state which continuously renews itself (as it is a
continuous stream). This allows increasing the x-ray beam power, and consequently provides
a much higher x-ray flux, while maintaining a micro-focal spot size. [15] [16] With this new
capability, FSP is a real contender for making XPCI a widely used technology. However, it
must be noted that contrast in FSP images is limited to attenuation and phase/refraction; the
technique is not sensitive to dark-field contrast. Thus, it can only provide bi-modal rather than
tri-modal information.

2.1.3 Analyser-based imaging (ABI)

The three contrast channels: absorption, refraction and dark-field are accessible using ABI
(also known as Diffraction Enhanced Imaging (DEI)). As seen in Fig. 3, the technique uses a
crystal analyser placed between the sample and detector, which modulates the beam’s intensity
as a function of the angle of incidence. If the crystal is rotated in the beam in a stepped manner
and the intensity per step recorded, the rocking curve can be obtained. At a certain angle,
maximum intensity will be measured, and this is known as the Bragg angle. [12]
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Commonly, two images are obtained, one on either side of the rocking curve, allowing to
separate the absorption and refraction signals. A third image is required to isolate the dark-field
signal.

In ABI, precise alignment of the crystal is necessary. It is generally performed at synchrotrons
for its monochromatic and highly collimated beams. While technically a monochromator can
be used with a lab-source, in practice this reduces the flux to a level where there are too few
photons to conduct a scan.

2.1.4 Grating Interferometry (GI)

Grating interferometry, also known as Talbot-Lau, is based on the Talbot effect. That is, at
specific distances from a periodic object illuminated by a monochromatic beam, images of the
object will be replicated, called the self-imaging effect. The optical elements in the set-up are
commonly known as “gratings” as opposed to “masks” in EI. As with ABI, GI provides
attenuation, refraction and dark-field images, allowing multi-modal CT scans to be performed.

As shown in Fig. 4, two gratings are employed. The first (G1) shapes the wavefront in a certain
way, with the pattern being replicated at the plane of the detector. A sample in the beam distorts
that wavefront due to the attenuation, refraction, and scattering it induces. While in principle it
is possible to detect those distortions directly, in practice detectors with pixels much larger than
the local wavefront distortions are used. To visualise the distortions, GI relies on an analyser /
absorption grating (G2) placed in front of the detector which converts the fringe positions into
intensity signals. [10]

As this method relies on interference effects, a general requirement is a highly coherent and
monochromatic beam. Variations of the technique include adding a third grating: this grating
would be placed in front of the source and split the incoming beam into an array of individually
coherent, but mutually incoherent sources. The motivation behind the additional grating is to
adapt the method to low brilliance x-ray sources. [17] Experimentally, it has been shown that
the requirement for monochromaticity can be somewhat relaxed, but fundamentally the Talbot
effect imposes the gratings to be designed for a specific, monochromatic energy.

Another drawback to GI imaging is the time-consuming nature of the phase stepping procedure.
Phase stepping involves taking multiple images with respect to different relative positions of
both gratings over a grating period, enabling the construction of ‘intensity oscillations’ on a
per-pixel basis — which is a plot of the average intensity as a function of displacement.

From the phases of intensity oscillations ¢ (x, y), the wave-front phase profile ®(x, y) can be
extracted by 1D integration, due to the relationship given by:

_ 2d 6D

= 7, 5x (4)
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Where A is the wavelength of the x-ray beam, d the distance between the gratings, and g, the
period of the absorption grating downstream of the sample.

These intensity profiles can be used to extract absorption information too, as it contains the
average signal per pixel with and without the sample in place. Fundamentally, that is the same
as a traditional radiographic image taken without the interferometer (albeit with reduced flux),
containing the attenuation coefficients. While the minimum number of required for a phase-
stepping scan is 3 steps, 8 were taken in the following paper [18] rendering a small spider.
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2.2 Edge-illumination

The following technique is the focus of my MPhil project.

XPCI technique Schematic
Edge-illumination

X-ray source
M ]

7y
Q\}_&}‘ N
o Y g

Sample stage

FIG 5 Edge-Illumination traditional set-up. From left-right: cone-beam x-ray source,
sample mask, sample stage where the object would be placed, detector mask and finally
the detector. Figure reproduced with permission of the rights holder, IOP Publishing

[19]

EI has been under continuous development within the Advanced X-ray Imaging group (AXIm)
at UCL. It was first conceived by Olivo et al in the late 1990s [20] and consists of a relatively
simple set-up: source, detector, sample stage with two additional masks upstream and
downstream of the sample. It was initially demonstrated in synchrotron facilities but is mostly
used in the laboratory nowadays, because the spatial coherence requirements of the source are
relaxed.

The first (sample) mask — a periodic structure with alternating opaque and transmitting septa —
splits the x-ray beam into an array of individual beamlets. The second (detector) mask, which
is almost identical to the sample mask except distances are upscaled according to a geometric
magnification factor, is placed immediately in front of the detector, in such a way that its
opaque septa create insensitive regions between pixels. If an object is placed in the beamlets'
path (usually immediately downstream of the sample mask), the measured intensity at a pixel
will either increase or decrease, as a result of the beamlets undergoing attenuation, refraction
and scattering.

At first glance, EI may seem schematically similar to GI but it does not rely on interference
effects — it is a non-interferometric approach. Specifically, GI relies on beamlet interference
and detection of local fringes, whereas in EI, the individual beamlets are observed. That makes
EI naturally suited to non-microfocal lab sources which produce weakly coherent / incoherent
radiation; furthermore, it has been demonstrated to have achromatic properties [21], that is,
there is no preferential design energy to the system, in contrast to GI whereby the performance
is strongly dependent on the x-ray spectrum. [22]
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The premise behind the sample and detector mask in the set-up is that the relative displacement
of these will cause the beamlets emerging from the first mask to either fall completely on an
absorbing edge, the exposed pixel or somewhere in between. That correlates directly to the
intensity measured by any given pixel — where total misalignment of masks results in minimum
intensity recorded values and conversely total alignment gives rise to maximum values. The
illumination curve (1C) is a plot of intensity vs. relative displacement (approximately Gaussian-
shaped) where typically the values of intensity are normalised. Thus, by modifying the relative
displacement of the sample and detector masks in the EI set-up, multiple frames can be taken
at different relative mask positions, allowing to retrieve the IC on a pixel-by-pixel basis by
fitting a suitable function (typically a Gaussian) to the acquired data. As noted in a topical
overview [20], at least 2 frames on the IC are required to retrieve attenuation and refraction if
the sample can be assumed to be non-scattering. Generally, when a sample is assumed to
attenuate, refract, and scatter the beamlets, 3 or more frames on the IC are required. This can
be thought of as obtaining 3 independent equations to solve for three unknowns.

The process of solving for the three unknowns, and thereby isolating three complementary
images, is called “retrieval”. It is underpinned by the following observation: the presence of
the object in the beam causes a reduction of the IC’s amplitude (due to attenuation), a shift of
its centre (refraction) and broadening (scattering). Comparing those three parameters with and
without the object permits the extraction of transmission, phase and dark-field images,
respectively. Several ways of extracting those three images exist; for example, one may assume
that the signal in neighbouring pixels are correlated, in which case it makes sense to fit three
adjacent Gaussian profiles to the IC curves of three consecutive pixels. [23] Such approaches
can provide greater robustness and detect smaller variations in the contrast channels compared
to those methods where each pixel is fitted independently.

Although the merit of the EI technique has been proven through various experimental studies
[24] [25], a key shortcoming lies in the use of the sample mask, which underpins the method’s
working principle. As the mask blocks parts of the x-ray beams to generate the beamlet array,
there are regions in the object which are not illuminated, i.e., for which no data are available
in the projections. The width of those “gaps” is defined by the mask period. Consequently,
without a process called dithering, the spatial resolution in the projections is limited by the
mask period. Dithering is the process of stepping the sample laterally in sub-pixel steps relative
to the sample mask to acquire consecutive frames, then intertwine these frames to obtain one
complete (fully dithered) image.

In Fig. 5, the object would be placed on the sample stage; it would be displaced along the x
direction for dithering and rotated around the y axis to cover the full 360° worth of projections
when conducting a CT scan.

While it is easily feasible to apply dithering in planar EI scans, in a CT scan the sample must
be stepped at each rotation angle. Thus, dithering involves the acquisition of several (e.g., 8)
frames per angle, which is in addition to the 2, 3 or more frames to be acquired for different IC
positions (much like the phase stepping procedure in GI). Considering that a typical CT scan
involves taking data for 900-2500 rotation angles, it is evident that the number of frames that
need to be collected (with exposure times on the order of seconds in a lab setting) rapidly
becomes excessive. This is exacerbated by the fact that dithered scans with multiple IC
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positions are bound to be step-and-shoot scans. In those scans, frames are collected when the
sample is in a fixed position, and the sample is moved to the next position (dithering step, IC
position, rotation angle) between frames. Step-and-shoot scans incur overheads which are
significant, e.g., they can be on the scale of the exposure time or even exceed it.
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3. Literature review

There are a number of different experimental approaches to XPCI, as alluded in the previous
section. In the following, I am describing the key papers by the AXIm group that have direct
relevance to the topic of this thesis.

3.1 Multi-modal CT with Edge-illumination

As explained in Sec. 2.2, EI is a method for performing multi-modal micro-CT scans; it is the
principal research area of UCL’s AXIm group. The ability to obtaining three contrast channels
(attenuation, refraction and scattering) with EI was first demonstrated in 2014 [24]. A later
paper demonstrated the compatibility of three-modal EI with polychromatic radiation, by
retrieving multi-modal images from data obtained with a broad spectrum of x-ray energies.
[21] As described in Sec. 2.2, three-modal signals are retrieved by taking sufficient
measurements to plot the illumination curves, with and without the sample, on a pixel-by-pixel
basis. The three-modal retrieval process is underpinned by the following model of the
normalised intensity measured by a particular pixel with a sample in the setup:

Ig—x)zT[IC*S](x—Ax) 4)

Where I(x) is intensity recorded by that pixel, I, is the beam intensity incident on the sample
mask, IC is the illumination curve without the sample in place, S is the scattering function
which describes the ultra-small angle scattering of the beamlet induced by the sample, T is the
transmission of the beamlet through the sample, and finally Ax represents the shift of the
beamlet in the x direction due to refraction by the sample. Note that (x — Ax) is the argument
to the convolution between IC and S. In short, Eq. 4 states that the signal measured by a pixel
is related to a broadening of the IC due to scattering, a shift caused by refraction and a reduced
overall intensity due to attenuation. [26]

Eq. 4 models the intensity recorded at a particular pixel, for the relative displacement x between
the sample and detector mask. This displacement needs to be varied when taking multiple
frames on the illumination curve.

As mentioned in Sec. 2.2, in EI, the spatial resolution of multi-modal images is limited by the
sample mask period in the first instance, which can however be increased if the signal is
adequately sampled. In past investigations, that has been achieved by dithering, where the
sample is scanned along the lateral direction with sub-pixel steps. If dithering is applied with
sufficiently small steps, resolution would be at the scale of the beamlets, which is defined by
the aperture width. The effect of dithering on resolution in EI CT was investigated
experimentally by scanning deceased mice [27]. The paper provides a comparison between
aperture-driven (accessed via dithered scans) and period-driven resolution (accessed through
non-dithered scans). The spatial resolution for the different imaging scenarios schemes were
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measured from the images. The results confirmed dithered images have a higher resolution
than non-dithered ones.

3.2 Beam tracking CT

In traditional EI, the purpose of the detector mask is to impose absorbing edges in front of the
detector, which introduce a sharp “cut-off” between pixels. As a result, the pixel response
function is artificially sharper, leading to greater refraction sensitivity than if the detector edge
was not available, particularly in the case of non-ideal, standard detectors. However, if instead
a high-resolution detector is employed in the experimental design, then changes in the beamlets
can be tracked without the detector mask. [28] [29] [30] The beamlets are resolved by the high-
resolution detector, which allows to “see” the beamlets’ amplitude reduction, shift and
broadening directly.

The technique of using a high-resolution detector to track beamlet changes is called beam-
tracking. The benefits include a simplified experimental set-up, reduced exposure time and
dose (as none of the radiation that has passed through the object is stopped by any opaque mask
septa before reaching the detector). Moreover, multiple exposures on the IC need not be taken,
which reduces long scan times.

It is worth noting that Shack-Hartmann sensors, which have been developed separately but bear
resemblance to beam-tracking, consists of an array of “lenslets” on a mask to isolate a much
larger beam into beamlets. [31] Each emerging beamlet will have a specific spot on the detector
— and as with EI / beam-tracking — it is attenuated, displaced, or broadened because of a sample
in the experimental set-up. Unlike EI / beam-tracking (at least in their classical implementation
where the beamlets are long and narrow; current work investigates the use of round beamlets,
similar to pencil beams), the changes are typically modelled by a 2D Gaussian function rather
than 1D, where the peak properties can be extracted for each beamlet and compared to the
values extracted when a sample is not in place. [32]

3.3 Cycloidal CT

Dithering improves spatial resolution, but it is time-consuming. There are two alternatives to
the situation: the first one is to simply not apply dithering — that is, to only rotate the sample in
the beam as is done in conventional CT. However, resolution in the reconstructed CT images
will then be limited to the sample mask period. Moreover, aliasing artefacts may occur as the
projections suffer from being under-sampled.

The second approach is to apply Cycloidal CT. [26] This approach was developed to achieve
similar high spatial resolution observed with dithering while also reducing scan times. Rather
than an imaging technique, such as GI, ABI, EI etc., Cycloidal CT is in fact a sampling scheme
that can be applied whenever the x-ray beam is structured into an array of physically separated
beamlets. In brief, instead of scanning the sample in multiple steps across one sample mask
period for each rotation angle, the sample is translated simultaneously with being rotated (about
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the x- and y-axis in Fig. 6, respectively). This gives rise to the name Cycloidal CT, as the
concurrent rotation and lateral movement of the sample stage generates a cycloidal pattern. The
key feature of the method is that the “roto-translation” movement of the sample can be
performed continuously, removing the overhead of stopping and starting the sample stage
motors between images, thus leading to much more efficient scan times (as there is no longer
a need to interrupt the rotation to perform the dithering steps). This is equivalent to saying that
Cycloidal CT enables the implementation of fly scans.

Comparing Cycloidal CT to a dithered scan and a CT scan where the sample is only rotated
(“rotation only” in the following), it is important to note that the cycloidal method results in
the data space (“sinogram space”) being sampled according to a different pattern. This is
illustrated in Fig. 7. Here, the fully dithered approach is the "gold standard", as it provides fully
sampled sinograms from which high-resolution CT images can be reconstructed. It can also be
seen that, among the non-dithered sampling schemes, the cycloidal method results in a more
evenly distributed sinogram space compared to the rotation-only method. In both cases, the
missing data points can be interpolated using a mathematical data recovery technique to
approximate the full grid. However, early results have shown that the cycloidal layout of the
sampled data provides a much better basis for restoring the missing data.

Rotation I I
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FIG 6 Schematic set-up of Cycloidal CT. The sample rotates about the y-axis and translates along the x-axis simultaneously.
Figure reproduced from [33], licensed under the Creative Commons Attribution 4.0 International License
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FIG 7 (a) The sinogram sampling grid when the gold-standard dithering, (b) the rotation-only, and (c) the cycloidal scheme
is employed (dotted line indicates direction of scan). The black dots represent pixels that contain information and the empty
dots missing information. The sinogram in the cycloidal scheme shows the pixels covered in a more evenly distributed
fashion compared to the rotation-only scheme. Figure 7(b) and 7(b) reproduced from [33], licensed under the Creative
Commons Attribution 4.0 International License

In the first Cycloidal CT paper [33], the effect of the sampling scheme was demonstrated as a
proof of concept on polyethylene spheres and rabbit oesophagus. Firstly, fully dithered (gold-
standard) images were collected. Next, the rotation-only and cycloidal schemes were mimicked
by sub-sampling the sinogram space according to the grids shown in Fig. 7b and 7c, and the
“missing” entries on the sinogram were restored by applying bicubic interpolation such that
the sinogram space as shown in Fig. 7a is restored. Following that, direct comparisons were
made between the gold standard, cycloidal and rotation-only reconstructed slices. The results
demonstrated that the spatial resolution of CT slices derived from the cycloidal scheme were
comparable to the gold standard, while using only 1/8" of the data (and therefore dose)
compared to the fully-dithered example. The dosage % level of the cycloidal sub-sampling was
the same as that in rotation-only sub-sampling, yet rotation-only images were significantly
blurrier.
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While in [27] and subsequent publications Cycloidal CT was demonstrated for the attenuation
and refraction contrast channels, it has not yet been applied to the dark-field channel.

22



4. Project: Altering an imaging system’s resolution and contrast
capabilities by means of x-ray absorbing masks

4.1 Introduction

The overarching goal is to demonstrate, experimentally, the effect of inserting one or two
masks into an x-ray imaging system and to discuss the associated pros and cons, as well as
future opportunities for masked-based set ups. My time in the AXIm group was spent on
showing that by adding one mask (the sample mask) it is possible to increase the imaging
system’s resolution capabilities; by adding a second mask (the detector mask), it is possible to
access multiple contrast channels and, thus, perform multi-modal CT. The analysis presented
here is based on a rich EI CT dataset, consisting of fully dithered data for which several IC
positions are available, acquired without masks entirely, with only a sample mask, and with a
sample and detector mask. In addition, I have been investigating the effects of employing
Cycloidal CT in the no mask/ one mask/ two mask scenarios.
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4.2 Methods

4.2.1 Experimental system

detector
y
O w? sample
X
X-ray source
M2

FIG 8 Schematic of imaging system — x-ray source is split into beamlets by the sample mask M1, and the detector mask M2, acts
as an analyser to detect refraction of the beam. The sample is rotated about the y-axis and stepped along the x-axis. Figure
reproduced from [34], licensed under the Creative Commons Attribution 4.0 International License

Data were collected at X-Tek Systems-Nikon in Tring, Hertfordshire, UK. The experimental setup,
a schematic of which is shown in Fig. 8, comprised a tungsten x-ray tube (X-Tek 160) with a focal
spot of 80um. The detector is a dual-energy single photon counter with a Cd-Te CMOS sensor
(XCounter XC-FLITE FX2) with 2048 x 128 square pixels with a size of 100um. Accounting for
magnification, the pixel size at the sample mask is 75um. The source-mask distances M1 and M2
are 1.5m and 1.95m, respectively. [34].

Two masks were available for insertion into the system, both with nominal gold thickness of 300
um. The sample mask had apertures of 20.83ym and a 75um period; the detector mask had 28um
apertures and a 95um period.

The object that was scanned with this system was a wooden pencil. Three sets of data were
obtained: one set with no masks, another with just the sample mask, and finally both sample and
detector mask. Each CT dataset was fully sampled with 4 dithering steps, 720 projections acquired
over 360° and an exposure time of 1s per acquired frame. The source, which used a W target, was
operated at 80 kVp. No filters were used in the dataset. Simulations performed for the same target
and voltage estimates the mean energy to be about 40 keV. [35] Regrettably, the flux was not
measured during the experiment, so an exact value cannot be given. In principle, however, the
intensity at the sample without mask is 4x greater than with a mask in place (as the ratio between
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transmitting and absorbing mask regions is 1/4). In practice, the intensity without the mask is
slightly less than 4x that with the mask in place, as there is some transmission through the opaque
septa (by the higher energy part of the spectrum). An explicit study into the repeatability of the
translation stage (x-direction) has not been conducted, however the repeatability and accuracy
requirement for the experiments discussed here are determined by the maximum spatial resolution
that can be achieved, which is typically fulfilled for the type of motors used.

The scan in which two masks were used also included the acquisition of 5 frames for different
positions on the IC, to enable the extraction of the three contrast channels: attenuation, refraction
and dark-field. To process those data, the standard retrieval methods applied in previous literature
[36] [21] were used. The process has been explained in Sec. 2.2 and 3.1. Briefly, two illumination
curves were constructed, with and without the sample in place, for each pixel in the field of view.
Approximating each curve to be Gaussian-shaped, the amplitude, mean and variance of the two
curves were compared, each relating to the absorption, refraction and scattering coefficients
respectively. Maps of the coefficients were constructed, thus leading to three separate projection
images, one for each contrast channel. The same retrieval procedure was applied at all rotation
angles. Consequently, 2D matrices of projection angle vs. pixel value were stitched together —
forming sinograms. Finally, to reconstruct the absorption and scattering tomographic slices, the
Filtered-back projection (FBP) algorithm (MATLAB's implementation of the inverse radon
transform) was used on corresponding sinograms, and for refraction, the Hilbert transform was
applied to the sinogram before back-projecting the data. The Hilbert transform combines the
integration step with the ramp filter in the frequency domain — effectively, integration before back-
projection does not need to be completed as separate steps to obtain the phase (&) map, but rather
together in a single step with the FBP. It should be noted that in FBP reconstruction, the customary
assumption that x-rays travel in straight lines may seem contradictory to the observation that x-
rays undergo refraction when passing through matter. At the same time, refraction angles are so
small that x-rays remain contained within a single pixel, even when they are refracted. FBP back
projects that information across a straight line limited to that pixel.

As the purpose of the described experiment was to demonstrate the effect that the masks in the
system have on spatial resolution and contrast, the fully dithered images acquired without masks,
one mask, and two masks were compared based on those metrics.

Spatial resolution was estimated based on profiles extracted across an edge within the pencil. A
sigmoid function was fitted to the edge profiles to determine the edge spread function, before
taking the derivative to obtain the line-spread function and measuring its full-width half maximum
(FWHM). Python’s packages NumPy and Matplotlib were used to process the data and plot the
curves.

The contrast-noise-ratio (CNR) was estimated according to [37]:

CNR = ——25_ (5)

/Gg + 0%
2
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Where [ is the “signal” (i.e., average grey value in a homogeneous region of the sample), I is the
average background grey value, and finally o5 and o are the standard deviations of the signal and
background grey values, respectively. Small sections in the reconstructed images were chosen as
the background and sample region of interest (ROI); the same areas were selected across all images
for consistency.

To test the cycloidal sampling scheme and demonstrate its superior performance over a rotation-
only scheme, the fully dithered sinograms were sub-sampled (i.e., data points removed from the
grid) to mimic what would have been achieved if Cycloidal CT or rotation-only CT had been
performed experimentally. When applying cycloidal sub-sampling, there are several ways of
generating an interlaced grid like the one shown in Fig. 7c, as there are several options for the
offset between the selected data points per rotation angle. The offset value is defined as the spacing
between adjacent pixels in the x-direction; the red arrow in Fig. 7c indicates an offset value of 3,
for example. As it was not initially clear how to choose the offset, I tested different values to
determine the one that provides the best spatial resolution. In both the cycloidal and rotation-only
sinograms, missing data points were recovered using MATLAB's implementation of bicubic
interpolation.
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4.3 Results
4.3.1 No masks vs one mask (fully dithered)

The tomographic images reconstructed from the data acquired without any mask and one mask
(sample mask) are shown in Figs. 9 and 10, respectively. The images show axial cross sections
through the pencil, revealing the graphite core inside a wooden holder that is surrounded by an
outer layer of paint. Without a mask and with the sample mask only, the imaging system is only
sensitive to attenuation contrast, hence this is the contrast shown in the images.

Upgrading the system set-up from no masks to only a sample mask improves the spatial resolution.
If no mask is used, the imaging system resembles a conventional x-ray micro-CT scanner. In this
case, at least in theory, the resolution in the images is driven by the characteristics of the x-ray
source and the detector (“source-detector driven resolution”). An estimate of the system resolution,
Ogys» 18 79um, calculated by taking into account the system magnification M, variances of the

detector spatial resolution 2., and source distribution o2, using Eq. 6 [38]

2 1 ’ 2 1 2
Ogys =~ <1 - M) Osre T Wo-det (6)

When adding the sample mask, the resolution in the images is driven by properties of the mask,
either the period (if no dithering is applied) or the apertures (if dithering is applied).

Fig. 11 shows the LSF curves extracted from the images reconstructed without and with a sample
mask. As expected, the LSF for the latter case is narrower, indicating that resolution is higher. The
FWHM of those curves are 70.65 + 8.06pum and 20.55 + 0.17pum, respectively.

While the above supports the hypothesis that an imaging system’s resolution properties can be
altered by adding a sample mask into the system, by visual inspection of Fig. 9 and Fig. 10, the
image taken without a mask appears provide a better visualisation of the small structures in the
wood despite the lower resolution,. However, rather than being attributed to resolution, this is
because Fig. 9 is less noisy than Fig. 10. This is caused by the fact that the mask blocks out
substantial parts of the x-ray beam; hence, the sample is exposed to much fewer photons that can
contribute to the formation of the image, leading to the x-ray statistics to be poorer and the image
to be noisier. In this sense, a “fair” comparison of CNR is not possible here. To exclude this effect
from my investigation (which is about spatial resolution and contrast), the data without the mask
should have been acquired with a shorter exposure or an adequately reduced x-ray flux, such that
the ultimate noise level is the same in the images acquired with no mask and with one mask.
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FIG 9 a) Reconstructed slice of fully dithered data and no masks in experimental
set-up. The image shown is the attenuation slice of a wooden pencil, revealing
the graphite core and outer layer of paint b) the axial slice zoomed in with
adjusted contrast

FIG 10 a) Reconstructed slice of fully dithered data and a single (sample) mask in
experimental set-up. It is the same axial slice as in Fig. 9; the result is noisier but
with improved spatial resolution b) the axial slice zoomed in with adjusted contrast

10 No mask
—— Single mask

6 5'0 160 15‘0 260
FIG 11 comparison of the LSF between 'no
mask' and 'single mask' reconstructed slices.

FWHM (um): No mask — 70.6548.06, Single
mask — 20.5540.17
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4.3.2 Two masks (fully dithered)

Extending to a double-mask set-up introduces the refraction and dark-field signals and therefore
enables the extraction of multi-modal images. The expected benefit is twofold; first, refraction
images are known to have a higher CNR than attenuation ones at the same dose level. Second, the
dark-field channel provides additional information on the micro-structure of the sample.

The multi-modal tomographic images acquired with two masks in the setup are shown in Fig. 12.
It is immediately obvious that the refraction image allows seeing the structure of the wood, while
this is not possible in the attenuation image. The visible spots on the pencil are likely to be tracheids
— long, tapered cells in softwood species including cedar wood, used to manufacture pencils. The
wood of the refraction image can be compared to x-ray scans [39] of another type of softwood
(pine), where the shape and length scales of tracheid cells can be seen. Since the images were
extracted from the same raw data, in this case they were acquired with the same number of photons,
hence a fair comparison of their CNR can be made. Based on Eq. 5 above, the CNR in the
attenuation and refraction images was estimated to be 0.31 and 2.30 as seen from Table 1,
respectively. The results support the idea that phase contrast CT enables higher quality
reconstructed slices than absorption-based CT.

The dark-field image is clearly noisy and as such does not provide a significant CNR increase over
the attenuation image. On the other hand, its purpose is to provide information on the object micro-
structure that would otherwise not be available from the attenuation and refraction images alone,
rather than increasing the CNR, and thus contribute to the richness of information that can be
extracted from a scan with two masks. The system has a resolution of ~20um, so scatterers smaller
than this can be expected to contribute to the dark-field / scattering signal. That would fall under
the USAXS (ultra-small angle x-ray scattering) range, rather than SAXS, which typically
addresses length scales of 10-100nm. [40] In the particular case of the experiment discussed here,
there seems to be little additional micro-structure revealed.

FIG 12 (a) attenuation (b) refraction (c) scattering
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Table 1: Comparison of CNR values across reconstructed slices over fully dithered image in three contrast channels.

Attenuation Refraction Scattering
Fully-dithered, 0.31+0.04 2.30+0.22 0.26+0.03
double masks

4.3.3 Testing Cycloidal CT on the three contrast channels

The results of sub-sampling the dithered datasets in a cycloidal and rotation-only approach are
shown in Fig. 13, 14 and 15 for the three contrast channels, respectively. In each figure, the top
row shows the images obtained from Cycloidal CT when choosing different offset values. The
bottom row shows the corresponding reconstructed rotation-only image. The resolution in those
images was estimated based on the edge profile analysis described earlier. A plot of the LSF curves
is also shown.

In all three channels, it is clear that the cycloidal scheme produces a blurrier image than the fully
dithered equivalent. However, the cycloidal images are notably sharper than the rotation-only ones.
Both observations are confirmed by the resolution estimates; these are 37.90um, 42.85um,
35.81pum for the cycloidal images, 66.24um, 82.89um, 69.43um for the rotation-only images,
while the dithered images have a resolution of 10.63um, 8.82um, 10.95um.

The optimal offset value for cycloidal sub-sampling is not conclusive. For the attenuation image,
an offset of 3 pixels provides the highest resolution, for the refraction image this is the case for an
offset of 1 pixel, and for the dark-field image the best resolution is achieved for an offset of 2. This
outcome is not ideal, as the three contrast channels will ultimately be acquired with the same
cycloidal acquisition using a fixed set of parameters. Further investigation is needed to understand
whether the difference in “best” offset values stems from the analysis applied, or whether there is
a true varying dependence on the offset between the contrast channels.
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Attenuation

FIG 13 (a) interpolated — offset = 1 (b) interpolated — offset = 2 (c) interpolated — offset = 3
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Refraction

FIG 14 (a) interpolated — offset = 1 (b) interpolated — offset = 2 (c) interpolated — offset = 3
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Dark-field

FIG 15 (a) interpolated — offset = 1

(b) interpolated — offset = 2 (c) interpolated — offset = 3
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4.4 Discussion

As verified with the experimental results discussed above, EI enables the reconstruction of high-
resolution, multi-contrast CT images. Specifically, I have shown that the use of a single mask
placed before the sample leads to a resolution increase compared to a no-mask setup, and the use
of a second mask before the detector creates sensitivity to refraction and dark-field contrasts in
addition to attenuation. This is a clear advantage of the method over conventional, attenuation
based CT, and hence an opportunity to obtain better quality images for weakly attenuating samples
that were traditionally considered difficult to image with x-rays.

Since EI does not rely on synchrotron radiation sources and has relaxed coherence requirements,
it can readily be used in a laboratory setting. However, when using the technique in such settings,
long scan times are typically needed. A single scan in the laboratory can take hours, often run as
overnight scans. Two factors can be identified that limit the scanning speed of multi-modal, high-
resolution scans using EI:

(1) The need to acquire at least two frames on the IC to isolate the multiple contrast channels;
(2) The need for dithering to achieve a resolution higher than that dictated by the sample mask
period.

In CT, the number of frames that must be acquired to satisfy (1) and (2) is typically excessive.
This is exacerbated by the fact that multi-modal, high-resolution scans cannot be implemented
continuously but necessitate the use of step-and-shoot sequences, which incur overheads for
stopping and starting the motors correspondingly.

Tackling this challenge is a primary focus of the AXIm group. In the following, I will give a brief
account of past and current research aimed at speeding up high-resolution, multi-modal CT scans.

To begin with, Problem (1) can be addressed by replacing the full retrieval process by a simplified,
approximation-based retrieval for which a single frame acquired on one of the IC slopes is
sufficient. This method goes by the name of single-shot phase retrieval [41], and can be utilised
to reconstruct hybrid images (containing a mixture of the phase and attenuation signal) with high
CNR relative to traditional attenuation images. The primary assumption when using the retrieval
method is that of a quasi-homogenous object, such that the ratio between the refractive index and
absorption coefficient of the object is constant. The projected electron density can then be retrieved
from a single input frame. [42] The advantage of the single-shot retrieval method is that it speeds
up the acquisition of high CNR images. On the other hand, it is restricted to relatively
homogeneous objects, and it only provides one hybrid contrast channel, rather than true multi-
modality.

As an alternative, Problem (1) can be solved by changing the mechanism by which the beamlets’
amplitude reduction, shift and broadening are detected. Beam-tracking was briefly described in
Sec. 3.2: the beamlets are tracked directly by employing a high-resolution detector. As a result,
the second (detector) mask is not needed, and gives rise to a simpler set-up than conventional EI
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Considering Problem (2), Cycloidal CT, introduced in detail in Sec. 3.3, could be a solution. The
sampling scheme has been applied several times in past literature as well as this present study,
with generally promising outcomes.

While high-resolution scans with mask-based systems were effectively bound to be step-and-shoot
scans, Cycloidal CT could pave the way towards fly-scans — scans for which the sample
continuously rotates and translates during acquisition. Fly-scans are arguably the fastest way of
performing CT scans, as the overall scan time is determined by the exposure time alone (assuming
that a detector with negligible read-out times is employed). The AXIm group’s strategy to perform
fast, high-resolution, multi-contrast scans is to combine the “Beam Tracking” sensing mechanism
with Cycloidal CT.

The overarching aim is to improve the method’s throughput capabilities, i.e. the ability to image
as many samples as possible in a short time frames. In addition, the drive behind performing fly-
scans is to move towards imaging dynamic samples (i.e., samples that change over time). This is
enabled by having the scan time equal to the exposure time — higher temporal resolution can be
achieved by reducing scan times which is facilitated by shorter exposures per frame. Shorter
exposure times lead to higher noise, but recent progress in machine learning based denoising has
provided previously unavailable options of handling noisy data. Furthermore, interest in
reconstructing an image from sparse data sets (as would be the case with Cycloidal CT) is not a
new phenomenon: Compressed Sensing, for example, is a powerful framework developed in 2004
by mathematicians from the United States. As most images in real-life have (or may be considered
as having) limited information content (e.g., images have patterns and thus can be described from
a small number of descriptors), compressed sensing allows to bypass Shannon-Nyquist’s theorem
[43]. It has already been applied to a handful of undersampled MRI [44] and CT [45] scans. These
powerful tools would open research to a wide range of interesting objects that we simply cannot
image with traditional EI; for example, scanning dynamic objects that transform in a matter of
minutes — which is clearly unachievable with the current EI approach, where a scan could last a
couple of hours.

Some early experiments on combining Beam Tracking and Cycloidal CT have been performed in
December 2021 at the Diamond Light Source Beamline 113-2 (Imaging Branch), conducted by
myself and several other AXIm members. Data analysis is currently ongoing, but early results
suggest that three-modal scans with a temporal resolution of < 12 s may be feasible.

Those datasets will be further analysed by the AXIm group in the forthcoming months, with a plan
to submit another proposal for beam time at Diamond Light Source to push the temporal resolution
even further, e.g. through the usage of very short exposure times and the application of the
abovementioned denoising approaches.
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5 Conclusion

In summary, this thesis has investigated the use of masks in x-ray CT setups and critically
examined its merits and drawbacks. By comparing the effects of inserting one, or two, masks into
an x-ray imaging system, I have shown that a single mask changes the resolution properties of the
system, while two masks lead to reconstructed images with a higher CNR, as well as (at least in
theory, via the dark-field channel) additional information on the object’s micro-structure.

Further to that, I investigated whether Cycloidal CT, a sampling scheme designed especially for
speeding up mask-based scans, can be applied to all three contrast channels. The results obtained
(especially the ones on the dark-field channel, which were not available previously) suggest that
three-modal fly-scans can indeed become reality. However, the finding that different offset values
led to the best cycloidal results for the three channels requires further investigation. I have
previously discussed the importance of faster scans and other techniques that can be used alongside
cycloidal sampling schemes — namely a Beam-Tracking sensing mechanism or a “single-shot”
phase retrieval when the sensing mechanism is EI. In this thesis, I have highlighted the
combination of Beam Tracking and Cycloidal CT as a potential solution to the long scan times that
have so far been incurred.

There are groups around the world who are working in tandem on other XCPI techniques. It is no
surprise that research overlaps, and as briefly mentioned in the Literature section, Shack-Hartmann
sensors share strong similarities with the Beam Tracking approach. Therefore, I believe that the
findings described in this thesis, including on spatial resolution and Cycloidal CT, will be relevant
to other groups and help to advance their approaches to XPCI.
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