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Abstract: Edge illumination is an emerging X-ray phase contrast imaging technique providing
attenuation, phase and dark field contrast. Despite the successful transition from synchrotron to
lab sources, the cone beam geometry of lab systems limits the effectiveness of using conventional
planar gratings. The non-parallel incidence of X-rays introduces shadowing effects, worsening
with increasing cone angle. To overcome this limitation, several alternative grating designs
can be considered. In this paper, the effectiveness of three alternative designs is compared
to conventional gratings using numerical simulations. Improvements in flux and contrast are
discussed, taking into account practical considerations concerning the implementation of the
designs.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Edge illumination (EI) [1] is an X-ray phase-contrast imaging technique that allows imaging a
sample with three complementary contrasts: attenuation, phase and dark field contrast. EI is
well-suited for laboratory X-ray phase contrast set-ups [2], because it does not require coherent
radiation, has a relatively simple set-up, can easily be scaled up in size, and is robust to mechanical
vibrations or imperfections [3]. These advantages create potential for EI in various applications,
such as medical imaging [4], security [5], historical studies [6] and materials science [7].

In Fig. 1, a typical EI-XCT set-up is depicted schematically. Compared to a conventional
X-ray scanning set-up, composed of a source, sample stage and detector, two additional optical
components are added: the sample grating and the detector grating [8]. A conventional EI-grating
consists of highly absorbing material with periodic apertures. The sample grating is positioned in
front of the sample to split the X-ray cone-beam into beamlets. The detector grating is positioned
in front of the detector to create insensitive regions between adjacent pixels on the detector, which
allows to measure changes in direction of the beamlets. While most edge illumination set-ups use
planar gratings with rectangular and equally wide apertures [9,10], alternative grating designs
have been proposed in literature. Examples of such designs include L-shaped apertures, which
allow to measure 2D refraction sensitivity [11], skipped gratings, which avoid pixel cross-talk
[12] and asymmetric gratings, which allow single shot acquisitions [13]. These alternative
grating designs have in common that they are all planar and have a regular pattern of identical
apertures, with aperture edges parallel to the optical axis.

EI finds its origin in synchrotron radiation experiments with parallel beam sources [14], but has
gradually evolved towards lab systems [8]. Although such lab systems, as opposed to synchrotron
facilities, traditionally do not generate parallel beam illumination, the gratings required for EI are
most often still designed under the assumption of a parallel beam. In systems with relatively small
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Fig. 1. An EI set-up with conventional gratings and a cone-beam source, showing shadowing.

cone angles, this assumption remains approximately valid, justifying the use of planar gratings.
For increasing cone angles, however, the assumption of parallel beam illumination becomes
increasingly invalid and a shadowing effect arises [15]. Indeed, while the grating apertures are
designed to allow passage to photons travelling parallel to the optical axis, cone beam X-rays
might deviate significantly from such a trajectory. Deviating X-rays are likely to hit the aperture
edges before they pass the gratings, preventing them from reaching the detector. This geometrical
mismatch is perceived as a shadow in the detector plane (hence the shadowing effect) and is
also referred to as angular filtration [16]. The larger the deviation from a parallel trajectory, the
stronger this effect, as illustrated in Fig. 1. As a consequence, an intensity decrease towards
the detector edge can be observed. Studying shadowing and reducing its effect is important to
improve cone-beam based EI for multiple reasons. The shadow effect leads to a loss in X-ray
flux, decreasing the signal-to-noise ratio away from the center of the detector. It also restricts the
field of view (FOV), as for very high angles of incidence photons will no longer be able to travel
through the aperture. Shadowing also restricts the aperture width and thickness of the grating,
as the severity of the effect is higher for thicker and narrower apertures. While decreasing the
grating thickness and increasing the aperture width reduces the effect [17], this comes at the cost
of a lower beamlet quality and poorer resolution, respectively.

The shadow effect can be reduced using more advanced grating geometries. Such grating
geometries have been tested for grating-based interferometry (GBI) phase contrast imaging
set-ups [18]. Both GBI and EI require gratings in the set-up, but the grating pitch is approximately
an order of magnitude smaller for GBI in order to generate interference patterns. EI is, in contrast
to GBI, a non-interferometric method detecting refraction effects. Examples of alternative
grating designs for GBI include curved gratings [19–22], modulated tilting gratings [23,24] and
combinations of gratings [25,26]. These alternative gratings are introduced in GBI to increase
the FOV. Although similarities in the set-up geometry suggest that EI cone beam imaging would
also benefit from more dedicated grating designs, to the best of our knowledge, no comparative
studies exist other than our own preliminary work [27], where we compared the X-ray flux of
three alternative gratings using Monte-Carlo (MC) simulations.

In this paper, we further extend our simulation work in order to perform an in-depth analysis
of the effects on image contrast of three alternative grating geometries, comparing them to
conventional gratings. The shared main objective of the alternative grating designs under
investigation is the extension to larger zooming factors, without suffering from the shadowing
effect. Here, MC simulations are used to evaluate the performance based on unprocessed
illumination profiles as well as retrieved phase and attenuation contrast data. To complete our
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discussion, the simulation results are complemented with practical considerations concerning the
implementation of the alternative designs.

2. Methodology

2.1. Edge illumination

A typical set-up for EI with a cone-beam source is shown in Fig. 1. The X-ray cone-beam is
separated into multiple beamlets by the sample grating. As the beamlets traverse the sample,
they are attenuated and refracted. The detector grating creates insensitive regions between
adjacent detector pixels. Due to the aperture sizes of the gratings, EI can be described using the
ray-optical approach, where phase effects are represented by refraction of X-rays in an object
[28–30]. The gratings transform refraction effects into intensity modulations at the detector,
thereby providing phase-sensitivity. This modulated signal contains information from both
attenuation and refraction, which can be separated using phase-stepping. In phase-stepping,
the intensity at every pixel is measured while shifting the sample grating. These consecutive
measurements result in the construction of the so-called illumination curve (IC) [31,32]. An IC
constructed by five phase-steps is shown in Fig. 2.

Fig. 2. An IC constructed by five phase-steps. The intensity is measured for different
sample grating displacements and a Gaussian curve is fitted to the data points.

Comparing the ICs of a scan without sample (the flat field) and a scan with sample allows one
to separate the refraction from the attenuation contrast. The attenuation contrast is retrieved from
the difference in area under the ICs. Phase contrast is retrieved from the difference in position of
the maxima of the ICs. When three or more phase-steps are measured, a third type of contrast can
be obtained, called dark field contrast [7]. Dark field contrast originates from ultra-small angle
scattering and is obtained from the broadening of the IC. The three different types of contrast are
illustrated in Fig. 3.

2.2. Grating design

The four grating geometries that are studied in this paper are depicted in Fig. 4. The first design is
a conventional planar grating (Fig. 4(a)). To reduce shadowing while using conventional gratings,
folded gratings are studied as second design, where two conventional gratings are rotated relative
to the detector (Fig. 4(b)). The third design being studied is a curved grating (Fig. 4(c)). Curved
gratings are sometimes used in GBI, created by pressing conventional gratings into a curved
mold, resulting in grating bars with rectangular sections, as shown in Fig. 5(a) . The sections
of curved gratings discussed in this paper however, are annular sectors, as shown in Fig. 5(b).
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Fig. 3. The 3 different contrast types that can be derived from IC comparison. a) Attenuation
contrast b) phase contrast c) dark field contrast.

Since all grating apertures of curved gratings are perfectly parallel to the local beam direction,
this design is expected to eliminate shadowing. The fourth and last design is a sheared grating
(Fig. 4(d)), where the aperture edges of the curved gratings are projected on a planar surface.

Fig. 4. The different grating geometries studied in this paper. The arrows show the direction
of phase-stepping.

The geometrical parameters of the conventional gratings are based on the EI set-up that is
installed on the FleXCT scanner [17,33,34] at Imec-Vision Lab, University of Antwerp. For the
other grating designs, appropriate geometrical parameters were assigned in order to ensure the
same projected pitch at the detector plane and correct magnification at perfect alignment. The
parameters of the grating designs are listed in Table 1. A complete mathematical description
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Fig. 5. The sections of curved gratings used in GBI (a) and in this study (b).

of the grating parameters can be found in Supplement 1, section 1. For curved gratings, the
same parameters as conventional gratings can be used, because the magnification remains the
same. The tilt angle (γ) of folded gratings is chosen to ensure minimal shadowing for the central
aperture of each composing grating. The magnification factor at the central apertures is different
compared to conventional gratings, which requires a slightly altered period. For sheared gratings,
the period and aperture vary across the FOV, as their apertures are projected onto a planar surface.

Table 1. The geometrical parameters for each grating design.

Geometrical parameter Conventional Folded Curved Sheared

Source-sample grating distance (z1) 1200 mm 1200 mm 1200 mm 1200 mm

Source-detector grating distance (z2) 1793.64 mm 1793.64 mm 1793.64 mm 1793.64 mm

Thickness of sample grating (t1) 225 µm 225 µm 225 µm 225 µm

Thickness of detector grating (t2) 225 µm 225 µm 225 µm 225 µm

Aperture of sample grating (s1) 20 µm 20 µm 20 µm 19.88 µm-20.24 µm

Aperture of detector grating (s2) 30 µm 29.95 µm 30 µm 29.82 µm-30.35 µm

Period of sample grating (p1) 100 µm 99.8 µm 100 µm 99.4 µm-101.18µm

Period of detector grating (p2) 149.47 µm 149.45 µm 149.47 µm 149.12 µm-151.8µm

While the direction of phase-stepping of conventional and sheared gratings is perpendicular
to the optical axis and grating bars, this is different for the curved and the folded grating. In
the case of curved gratings, the sample grating rotates around the source. In case of the folded
grating the two gratings translate independently of each other, along the direction perpendicular
to their grating bars respectively. The direction of phase-stepping is also indicated in Fig. 4 for
each grating design.

2.3. Simulation methodology

The performance of the alternative grating geometries is evaluated by means of simulations in
GATE [35], an MC software-platform based on Geant4 [36]. GATE is a well-established tool to
simulate radiographs, CT-scans, PET and SPECT. In GATE-simulations, X-rays are simulated as
photon particles travelling through a user-defined set-up. A simple set-up containing a source,
sample, and a detector results in an attenuation contrast image. Recently, X-ray refraction was
added to a customized version of GATE [37], enabling EI-simulations by adding gratings to
the simulation set-up. In this work, however, a virtual grating approach was used to model
the gratings [38]. In the virtual grating approach, the gratings are defined as virtual volumes,
and the intersections of every photon with the virtual volume are saved to the output of the
simulation. The intersection points are used in the following step to simulate the effect of different
grating geometries in a set-up with the same sample, source and detector. To achieve this, a
grating geometry inside this virtual volume is defined. If a photon travels through grating bar
material, its distance within the grating bar is calculated and its attenuation is determined using
the Beer-Lambert law. Defining the gratings after the MC simulation allows to use only one MC
simulation for all the different geometries. This saves a significant amount of time when different

https://doi.org/10.6084/m9.figshare.23656638
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geometries or large parameter spaces are studied. An example of a GATE-macro is included in
Supplement 1, section 2.

3. Experiments

The set-up for the EI-simulations is adapted to the FleXCT scanner [33] at imec Vision Lab,
University of Antwerp. A source-to-detector distance (SDD) of 1800 mm and a grating
magnification factor of 3/2 is used in the simulations. The source is a polychromatic (60kV)
cone-beam source with a finite spot-size of 34 × 10 µm2. For a line-detector consisting of 3201
pixels of 150 µm, this geometry results in a cone angle of 15.2◦, which is high enough to notice
the shadow effect using conventional gratings. To sufficiently block incoming X-rays, gold was
chosen as absorbing material for the grating bars. Each MC-simulation in GATE uses 2 · 108

photons and the IC is sampled at 5 phase-steps for every flat field and projection.

3.1. Flat field intensity

As a first experiment, the intensity loss induced by the shadow effect was studied, by comparing
the unprocessed flat field profiles of the different grating designs. One MC simulation was run,
without a sample, but with virtual volumes. Using the virtual grating approach, a flat field profile
at 5 phase-steps was acquired for each grating design.

3.2. Attenuation and phase contrast

The effect of shadowing on phase and attenuation contrast for an increasing cone angle was
investigated in a second experiment, where both contrast profiles were simulated for a row of
aluminum cylinders, as shown in Fig. 6(a). The radius of the cylinders was 3mm and they were
positioned with a distance of 4mm between the edges of two consecutive cylinders. Compared
to the flat field intensity experiment, this experiment required an additional MC simulation,
including a phantom. The virtual grating approach was used to calculate projection data of
5 phase-steps for each grating geometry, allowing to construct an IC of every pixel with and
without the sample. The fitting parameters of these ICs were used to retrieve a phase contrast and
attenuation contrast profile for each geometry.

Fig. 6. The set-up of the experiments. a) Attenuation and phase contrast. b) Contrast
precision and p2p-CNR.

3.3. Contrast precision

In order to test the precision of the contrast close to the edge of the FOV, the mean and variance
of the contrasts was calculated from repeated MC experiments. For every geometry, 50 different
MC simulations were performed with and without a sample. This sample, the same aluminum
cylinder used in the previous experiment, was placed at the edge of the FOV, corresponding to a

https://doi.org/10.6084/m9.figshare.23656638
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high cone angle, as shown in Fig. 6(b). For each simulation, the phase and attenuation contrast
was retrieved. The mean and variance of the contrasts were calculated on a pixel-by-pixel basis
including all 50 simulations.

3.4. Peak-to-peak contrast-to-noise ratio

In the fourth experiment, the different grating designs are compared based on the peak-to-peak
contrast-to-noise ratio (p2p-CNR) [17]. The p2p-CNR was calculated by dividing the difference
between the two refraction peaks at the edges of the same aluminum cylinder by the variance of
the signal. This experiment made use of the same 50 phase-contrast profiles discussed in the
contrast precision experiment, where the aluminum cylinder was kept at the same position, as
shown in Fig. 6(b).

4. Results

4.1. Flat field intensity

The simulated flat field profiles are shown in Fig. 7, their corresponding average and peak
intensity values are shown in Table 2. In the simulation with conventional gratings (Fig. 7(a)),
shadowing is clearly visible, as the measured intensity decreases towards the outer pixels. A
similar profile can also be observed in the flat field of the folded design (Fig. 7(b)), showing two
peaks instead of one. This can be understood by considering that folded gratings consist of two
conventional gratings. The two maxima in the folded grating flat field profiles reach the same
height as the maximum in the conventional grating flat field profile. While the measured intensity
at the center is lower when using folded gratings, the overall intensity is higher. This implies
that using folded gratings results, on average, in decreased shadowing. In the flat field profile
of curved gratings (Fig. 7(c)), the previously discussed shadowing effect is absent. Moreover,
the measured intensity is, apart from noise, equal for every pixel. This result demonstrates that
the curved gratings completely eliminate shadowing. Another interesting result is that a highly
similar profile is acquired in the simulation with sheared gratings (Fig. 7(d)). When perfectly
aligned, the projected beamlets are identical for the sheared and curved gratings. This perfect
agreement is, however, not preserved when shifting the sheared grating and rotating the curved
grating. The average intensity measured with sheared gratings is slightly lower than with curved
gratings, but the difference is very small. This suggests that the sheared gratings can serve as a
good approximation for curved gratings.

Table 2. The average and peak intensity for each grating at the different phase-steps.

Average intensity Peak intensity

phase-step conventional folded curved sheared conventional folded curved sheared

-15 µm 468 755 1812 1811 1909 1890 2045 2027

-7.5 µm 1556 2635 4304 4304 4404 4476 4631 4618

0 µm 2461 4089 5873 5865 6012 6016 6284 6285

7.5 µm 1556 2635 4303 4302 4402 4397 4598 4581

15 µm 467 755 1811 1810 1871 1934 2018 1992

4.2. Attenuation and phase contrast

Attenuation and differential phase contrast profiles of a row of aluminum cylinders are shown in
Fig. 8(a),(b). It is immediately clear that the attenuation contrast of identical cylinders varies
over the FOV, although this is expected to remain constant. More specifically, it substantially
decreases towards the edges of the FOV. This artefact can be explained by the beam hardening



Research Article Vol. 31, No. 17 / 14 Aug 2023 / Optics Express 28058

Fig. 7. The flat field for each phase-step per geometry. a) conventional, b) folded, c) curved,
d) sheared.

resulting from the partially transmitting grating bars. At higher angles of incidence, low-energy
photons are absorbed while high-energy photons are still able to penetrate through the grating
bars. As a result, the effective spectrum around the central aperture differs from that for an
aperture towards the edge. When a phantom is introduced, the difference in photon energy will
lead to a difference in attenuation, although the objects are identical. This hypothesis is verified
by repeating the same simulation with a monochromatic source. If all the photons have the same
energy, the artefact is absent, and the attenuation remains constant throughout the FOV. Results
of such a monochromatic simulation can be found in Supplement 1, section 3.

The attenuation and phase contrast towards the outer cylinders appears noisier compared to
the center. Moreover, starting from a cone angle of 6.2◦, the different cylinders can no longer be
resolved in the phase contrast. Indeed, due to the severely decreased intensity towards the edges
of the FOV, the IC measurements become noisy. This results in low quality fits, obscuring the
cylinders in the phase contrast.

Figure 8(c)-(h) show the attenuation and phase contrast for the same row of cylinders with
alternative gratings. It can be observed that the described beam hardening artefact is eliminated
when curved or sheared gratings are used. The artefact is still visible with folded gratings, but the
effect is reduced. Compared to conventional gratings, the attenuation and phase contrasts show
less noise towards the outer pixels. Moreover, using alternative gratings allows one to resolve the
outer cylinders in the phase contrast profile.

https://doi.org/10.6084/m9.figshare.23656638
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Fig. 8. The attenuation contrast and phase contrast of a row of aluminum cylinders using
conventional (a,b) folded (c,d), curved (e,f) and sheared (g,h) gratings.
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4.3. Contrast precision

Figure 9 shows the mean and variance of the attenuation contrast of the aluminum cylinder
for every pixel. On average, the contrast is the highest for sheared and curved gratings. For
folded gratings, the average attenuation contrast is slightly lower, but still higher than the average
contrast using conventional gratings. The decreased attenuation contrast in the aluminum cylinder
using folded and conventional gratings results from the effect described in the previous section.
Comparing the variance of the attenuation contrast leads to similar conclusions with respect
to contrast precision. Curved and sheared gratings result in the lowest variance, below folded
gratings, which still perform significantly better than conventional gratings. The difference in
attenuation contrast variance seems related to X-ray flux, because it corresponds to the flat field
intensity at high cone-angles.

Fig. 9. The mean and variance of attenuation contrast of an aluminum cylinder at the edge
of the FOV over 50 simulations, measured at each of its surrounding pixels. Different colors
and line styles depict different geometries.

The mean and variance of the phase contrast are shown in Fig. 10. Phase contrast is formulated
in terms of refraction angles. Apart from the exact edge positions, the mean phase contrast is
similar for the different geometries. At the edges however, the phase contrast peaks are higher
when sheared and curved gratings are used, compared to folded and conventional gratings. When
the gratings are evaluated on phase contrast variance, conventional gratings show the lowest
performance. As opposed to attenuation contrast, folded gratings seem to result in the lowest
phase contrast variance. Due to the larger flux, however, a lower variance would be expected for
curved and sheared gratings. It is easily tested that a reduced flux results in a higher variance,
by reducing the number of photons in the simulation by 50%. Performing this experiment
resulted in a clear increase in variance by a factor of 2. Hence, as Table 2 clearly shows that
the average recorded intensity is lower for folded gratings, a higher variance would be expected.
An explanation is that shadowing causes a narrower beamlet, which can increase the angular
sensitivity [39], which in the case of folded gratings outweighs the reduced flux.

4.4. Peak-to-peak contrast-to-noise ratio

In Table 3 the p2p-CNR is shown for the different grating geometries. Results show that the
p2p-CNR is consistently the highest when curved and sheared gratings are used. The simulation
with folded gratings results shows slightly lower p2p-CNR, but still significantly higher than that
of conventional gratings.
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Fig. 10. The mean and variance of phase contrast of an aluminum cylinder at the edge of
the FOV over 50 simulations, measured at each of its surrounding pixels. Different colors
and line styles depict different geometries.

Table 3. The p2p-CNR ratio of the phase contrast profile for
50 simulations.

conventional folded curved sheared

p2p-CNR(106) 2,7±0,6 7,4±0,3 10,3±0,2 10,1±0,2

5. Discussion

The simulation study shows that folded, curved and sheared gratings have several advantages over
conventional gratings for cone-beam based EI. Curved gratings give the best results: the intensity
loss in the flat fields is the lowest, the beam hardening artefact is absent, the contrast precision is
high and the p2p-CNR is the highest. Sheared gratings, however, show comparable results: the
flat field intensity and p2p-CNR is only slightly lower compared to curved gratings, the beam
hardening and contrast precision is similar. Folded gratings have advantages over conventional
gratings, but show lower performance compared to sheared and curved gratings in the simulation
study. The intensity loss and beam hardening artefacts are only partly eliminated. While the
contrast precision of folded gratings is comparable to that of curved and sheared gratings, the
p2p-CNR is noticeably lower.

While the simulation results show that the three alternative gratings offer improvements, they
all come with some complications in practical realisation. Choosing an optimal solution requires
a trade-off between the performance shown in the simulation study and the challenges of practical
realisation. A qualitative comparison of the alternative gratings based on the simulation study
and practical realisation is shown in Table 4.

One of the challenges of realising an EI set-up with curved and sheared gratings lies in
manufacturing. While curved and sheared gratings have already been manufactured for GBI
using lithography [22] and etching [23], there is a significant difference with EI in terms of
grating periodicity. Whereas in GBI a single pixel is illuminated by many apertures, a pixel in an
EI setup receives illumination from just one aperture. This implies that a local error in the EI
grating period has an immediate impact on a macroscopic level, while for GBI gratings it is much
more likely that the effect of such an error would be averaged out. This is an advantage of folded
gratings, which can be composed of conventional gratings. Folded gratings and sheared gratings
have the advantage that an alignment procedure can be implemented that is similar to aligning
conventional gratings, by laterally scanning the grating and stopping at the point with the highest
intensity [40]. Compared to conventional gratings however, additional simulations are required,
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Table 4. A qualitative comparison of the alternative gratings based on the
simulation study and practical realisation(1: Most optimal, 3: Least optimal).

folded curved sheared

Simulation study

Flat field intensity 2 1 1

Phase and attenuation contrast 2 1 1

Contrast precision 1 1 1

p2p-CNR 3 1 2

Practical realisation

Manufacturing 1 2 3

Alignment 1 3 2

Installation 3 2 1

Phase-stepping 2 3 1

to model their specific misalignment behaviour. This is different for curved gratings, where a
completely new alignment procedure is necessary. Moreover, sheared and curved gratings are
designed for a specific location along the optical axis, while folded gratings can be adapted for
different locations along the optical axis, which is also beneficial for alignment. Positioning
curved and folded gratings in a scanner causes some complications. Curved gratings require a
customized curved protection and a flat connection point to hold the gratings. Folded gratings,
on the other hand, require a connection and motorized alignment unit for both parts. Folded
gratings require that two conventional gratings are positioned next to each other. Due to the
protective case, signal loss in the central pixels is hard to avoid. This is not the case for sheared
gratings, which can be installed like conventional gratings. Another advantage of sheared gratings
is phase-stepping, which is unidirectional, as for phase-stepping with conventional gratings.
Phase-stepping with curved or folded gratings is more complicated. Both parts of the folded
grating have to move in a different direction, while a curved grating has to rotate around the
source position to perform phase-steps.

By complementing the simulation study with the aspects of practical realisation, our results
suggest that sheared gratings are most likely the best alternative grating candidate to reduce
the shadow effect. The simulation results demonstrate their superiority over folded gratings
and their performance is comparable to curved gratings. Based on practical realisation they
show advantages over curved gratings and are comparable to folded gratings. Because of their
advantages in practical realisation, folded gratings are arguably the second best option.

6. Conclusion

In this paper, the potential of alternative gratings to solve shadowing-related problems in cone
beam EI was investigated. Three alternative geometries were studied: curved, sheared, and folded
gratings. MC-simulations showed that the three alternative gratings outperform conventional
gratings in terms of flux, contrast, precision and p2p-CNR. Complementing the simulation study
with some practical considerations, sheared gratings appear to be the most suitable candidate to
solve shadowing-related problems in cone beam EI. Implementing such gratings with reduced
shadowing allows increasing cone-angles in EI without sacrificing performance, hereby enabling
cone-beam EI with a higher zooming factor, allowing imaging with a higher resolution.
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