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ABSTRACT
Edge illumination x-ray phase contrast imaging uses a set of apertured masks to translate phase effects into variation of detected intensity.
While the system is relatively robust against misalignment, mask movement during acquisition can lead to gradient artifacts. A method
has been developed to correct the images by quantifying the misalignment post-acquisition and implementing correction maps to remove
the gradient artifact. Images of a woven carbon fiber composite plate containing porosity were used as examples to demonstrate the
image correction process. The gradient formed during image acquisition was removed without affecting the image quality, and results
were subsequently used for quantification of porosity, indicating that the gradient correction did not affect the quantitative content of the
images.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0090517

INTRODUCTION

X-ray Phase Contrast Imaging (XPCi) offers an alternative
when conventional attenuation-based x-ray imaging suffers from
poor contrast.1 XPCi arises from the real part (δ) of the refractive
index n, as opposed to the imaginary part (β) used in conven-
tional attenuation-based x-ray imaging. Changes in phase are always
present in x-ray imaging, but are not detected by conventional
setups.2,3 Different experimental setups were developed to convert
changes in phase into changes in intensity, which can be mea-
sured with standard x-ray detectors, such as Talbot-Lau (grating)
interferometry,4 free space propagation,5 and analyzer-based XPCi.6
Edge Illumination (EI) XPCi is a differential phase technique
(i.e., sensitive to the first derivative of the phase) that relies on the
x-ray beam only illuminating the edge of the pixel’s active surface.7
It uses two apertured masks to split the beam into multiple beamlets
and analyzes the beamlets’ dampening, deviation, and broadening.
This allows the retrieval of three contrast channels: conventional
attenuation, differential phase (or refraction) signal, and dark-field,
the latter corresponding to ultra-small-angle scattering due to

sub-pixel features.8 EI XPCi works effectively at relatively high
x-ray energy and divergent and polychromatic beams, and it can
achieve an angular resolution down to hundreds of nanoradians in
standard laboratory environments.9

Problems that can be encountered during the acquisition
of an EI XPCi sequence include misalignment of the apertured
masks. The robustness against potential misalignment has been
previously tested;10 however, larger displacements can lead to gra-
dients across the differential phase images. Artifacts occurring
due to components’ movement during acquisition were previ-
ously observed in other XPCi methods, notably in grating-based
XPCi, where a variation in phase stepping (i.e., relative move-
ment of one of the gratings) leads to fringe artifacts in the
retrieved images.11,12 Here, a post-acquisition correction tool for
the removal of artifacts caused by the movement of the apertured
masks during the image acquisition, or by their initial misalign-
ment, is proposed. The pre-acquisition mask alignment proce-
dure is explained, and the post-processing method derived directly
from it is described. The post-acquisition correction process was
implemented on images of carbon-fiber reinforced plastic (CFRP)
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plates containing porosity, used previously for planar XPCi porosity
quantification.13

EXPERIMENTAL SETUP

An EI XPCi system, including a Rigaku MicroMax 007 HF
rotating anode 40 kVp molybdenum source, operated at 20 mA with
a 70 μm focal spot was used; a schematic of the system is shown
in Fig. 1. The detector used was a Hamamatsu C9732DK flat panel
CMOS detector with a pixel size of 50 × 50 μm2. The source-to-
detector distance was 0.85 m, and the source-to-sample distance was
0.6 m. A pair of apertured masks was provided by Creatv Microtech
(Potomac, MD), consisting of an ∼120 μm thick gold layer electro-
plated on a patterned graphite substrate. The first (“sample”) mask
was placed 0.05 m upstream of the sample stage. It had an aperture
width of 10 μm and a period of 79 μm. The second (“detector”) mask
was placed immediately before the detector and had an aperture of
17 μm and a period of 98 μm.

The imaged sample was part of a series of cross-ply woven car-
bon fiber reinforced composite plates, 3 mm in thickness, containing
variable amounts of porosity (results shown for a sample with 3.4%
porosity). The aim was to quantify the variation in porosity through
the phase-based signals using planar XPCi instead of the conven-
tional x-ray CT imaging used for porosity quantification, mean-
ing that conserving the quantitative signal post-correction was a
priority.13 However, the correction procedure is independent of the
imaged sample, which is segmented out so that only background
regions are used to correct the gradients (see below).

The acquisition process included the acquisition of 19 expo-
sures without a sample in the beam, corresponding to 19 points
on the illumination curve (IC), with nine points taken symmetri-
cally on either side of the curve, plus one at the top corresponding
to the position where the two masks are perfectly aligned. The IC
is a bell-shaped curve representing the variation of the detected

FIG. 1. EI XPCi experimental setup (a) with respective transitional and rotational
degrees of freedom of the EI XPCI system (b), θ rotation around the x-axis, R
rotation around the y-axis, and ϕ rotation around the z-axis.

intensity for different sample mask positions relative to the (station-
ary and aligned) detector mask/detector combination, which can be
approximated by a Gaussian.14

The sample mask was displaced in 2 μm steps along the
x-direction between each IC point. Corresponding images with the
sample present were then acquired at the same mask positions. To
increase the image statistics and resolution, the exposure time per
mask position was set to 6 s. As part of the sample is obscured
by the mask septa, the above procedure was repeated while the
sample was moved along the x-axis in subpixel steps to ensure full
sample illumination. Those images are then interwoven together
post-acquisition—a process known as dithering. Here, 16 dithering
steps were used to maximize resolution and statistics, allowing for a

FIG. 2. Dithering artifact (b) observed in the retrieved differential phase image of
the composite plate sample (a). Periodic variation of the retrieved refraction angle
(in μrad) is observed (c) following recombination of the 16 dithering steps.
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better assessment of the efficacy of the correction procedure. The
retrieval of the attenuation, differential phase, and dark-field sig-
nals was achieved by fitting a Gaussian to the intensity measured
for all sample mask positions, for sequences acquired both with and
without the sample. Comparing the parameters of the two Gaussians
allows extracting the different contrast channels.15 The attenuation
signal corresponds to the reduction in the area under the Gaus-
sian, the differential phase signal corresponds to the shift in its
central position, and the dark-field signal corresponds to its relative
broadening.

Figure 2 shows the resulting gradient across the differential
phase image of a composite plate (3.4% porosity) due to dis-
placement of the masks. In this case, as the overall homogeneity
of the sample was investigated to quantify porosity artifacts, the
misalignment-induced gradients affected the image uniformity, thus
interfering with the porosity-induced signal. This gradient, with the
image background becoming increasingly darker toward the bottom
right corner, occurred due to the particularly long scan times needed
for these specimens (hour vs minutes for a standard planar image).
Additional to the image-wide gradient, a variation was observed
across the dithering steps (i.e., every 16 pixels), resulting from some
steps having higher baseline signals compared to others, leading to
a variation in intensity. The relative movement of the masks can be
tracked between dithering steps, with the average background signal
decreasing across each pixel in the 16-pixel period. The presence
of this second artifact indicates that the dithering step images need
to be corrected on an individual basis, as opposed to applying a
single correction to the entire post-recombination, higher resolution
image.

METHODOLOGY

An investigation about the optimal mask alignment technique
was previously presented,16 where the alignment of the masks was
split into six degrees of freedom (Fig. 1). Three translational degrees
of freedom (x, y, and z) and three rotational degrees of freedom
(θ, R, and ϕ) must be accounted for, representing the rotation
around the three main translational directions. The misalignment
of the masks can be represented through a 2D function, denoted
G, which is a smooth, continuous surface representing the central
position of the IC on a pixel-by-pixel basis. The authors of Ref. 16
showed that the misalignments along each degree of freedom can be
translated into a specific and independent feature (i.e., gradient) in
the shape of G. These features are expressed as a function of the posi-
tion of each pixel in the detector, and the four significant features are
shown in Fig. 3. For example, the feature associated with misalign-
ment along the z-axis is defined as Sz and appears as a horizontal
gradient in G. Using these features, the overall masks’ misalignment
function G can be expressed as

G = a0 + azSZ + aϕSϕ + aθSθ + aRSR + ε, (1)

where a0 represents a baseline value (corresponding to the alignment
along the x-axis); SZ , Sϕ, Sθ, and SR are the surfaces representing mis-
alignments along their respective degrees of freedom; az , aϕ, aθ, and
aR are their respective weighting coefficients; and ε represents the
combination of random and systematic noise. The alignment along
the y-axis is neglected for the system used here, as the apertures in

FIG. 3. Features of G can be directly associated with misalignments along the
separate degrees of freedom of mask movement. (a) Sz, (b) Sθ, (c) SR, and (d)
Sφ. The surface G can be decomposed into a superposition of these features.
Color bar showing variation in detected intensity as a percentage due to mask
misalignments.

the sample and detector masks consist of long parallel slits in the
y direction, making the alignment along the y-axis irrelevant.

To obtain alignment, prior to image acquisition an IC is
acquired, the optimal sample mask position relative to the detector
mask is calculated, and a series of motors are moved accordingly to
place the sample mask in the calculated (aligned) position. However,
as discussed, the mask(s) can move during acquisition, especially if
this is particularly long. The developed method creates a correction
map that calculates the effect of the misalignment along the differ-
ent degrees of freedom using the background area of the images
and subtracts it from the retrieved sample images. As the surface
G is usually fitted to a retrieved differential phase image without
any sample in place, fitting G to the sample free area allows calcu-
lating the mask movement that has occurred since the initial mask
alignment. Instead of using the information from this fit to realign
the masks, we propose a solution where the flat field distortions
caused by this misalignment (i.e., the curves in 2D described by the
function G) are removed from the differential phase images.

IMPLEMENTATION AND DISCUSSION

Since a different gradient was observed across the individual
dithering steps (causing the dithering artifact observed in Fig. 2), the
movement of the masks was tracked using the images acquired at
each individual dithering step. In each image, the average signal in
different sample-free areas was used to estimate the relative mask
movement and correct for it. As can be observed from Fig. 4, a clear
variation in background intensity could be observed. A first gradient
in the x-direction can be observed in Figs. 4(b) and 4(c), indicat-
ing a slight translation of the mask along the z-axis, an effect known
from previous observations,16 and shown in Fig. 3(a). Similarly, a
second gradient can be observed in the y-direction by noting that
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FIG. 4. Variation in intensity (in μrad) observed across a single dithering step of
the differential phase image (a), both in the top left corner (b) and the bottom
right corner (c), indicated by red rectangles in (a), showing the gradient across the
image, used to estimate the type of misalignments involved in each dithering step.

the average intensity in Figs. 4(b) and 4(c) shows a clear decrease,
indicating a rotation of the mask around the z-axis [similar to the
gradient observed in Fig. 3(d)].16

To remove this gradient, a correction map was created by fitting
a polynomial, P(x,y), that reproduces Eq. (1) to the background area
signal at each individual dithering step such that

P(x, y) = ax2 + bxy + cx + dy + n, (2)

where each parameter describes the surface misalignments along
different degrees of freedom. As such, x2 represents the surface mis-
alignment SR, xy represents Sθ, x represents SZ , and y represents Sφ.
a, b, c, and d are their respective weighting coefficients, and n is an
offset parameter accounting for random and systematic noise.

These background areas were obtained by segmenting out the
sample using a thresholding technique based on the standard devi-
ation of the differential phase image, calculated over a rolling 7 × 7
pixel2 window [see Fig. 5(b)]. This was based on the observation that
the standard deviation of the background was substantially lower
than that of the sample. The resulting thresholded image is shown in
Fig. 5(c), which allows for an easier segmentation of the sample and
background areas. The sample was segmented and only the back-
ground area of the image was used to ensure that the signal from the
sample does not influence the calculated misalignment surfaces and
to create a generalized approach that is not sample-dependent.

A correction map was created by fitting Eq. (1) onto the
(thresholded) background area, with the result of the fit shown in
Fig. 5(d). It should be noted that the correction is only possible if
some background area (empty space) is available in the image and

FIG. 5. Image of the refraction signal (a) and the standard deviation of the dif-
ferential phase (b) obtained from a single dithering step image, calculated on a
pixel-by-pixel basis over an area of 7 × 7 pixels2, used to segment the sample
using the thresholding method (c); correction map (d) created by fitting Eq. (1) to
the background and corrected image (e) obtained from subtracting the correction
map from the initial dithering step image.

cannot be applied if the sample occupies the entire field of view.
The process was repeated for all dithering steps, and all correc-
tion maps were then subtracted from their corresponding images;
Fig. 5(e) shows the corrected image for that specific dithering step.
The dithering steps were then recombined to form the higher

FIG. 6. Refraction image including recombination of all dithering steps before
[(a); black] and after [(b); red] the gradient correction; corresponding profiles of
background area (c).
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resolution differential phase image: a comparison between recom-
bined images before and after the correction process is shown
in Fig. 6.

The contrast was stretched to enhance the change in the back-
ground from one image to another. A clear improvement can be
observed after implementation of the gradient correction: in quan-
titative terms, the background of the corrected image is uniform
and has an average background signal close to zero (5 ± 8 nrad),
while this is 0.2 ± 0.2 μrad in the uncorrected image [Fig. 6(c)],
i.e., a 40-fold improvement in the background signal. Moreover, the
dithering artifact observed in Fig. 2(c) is no longer present due to the
correction being applied at each individual dithering step, i.e., each
dithering step (effectively an independent measurement of the same
quantity) is reported to the same baseline.

Images corrected using this approach were used to show that
the standard deviation of the differential phase signal can be used
to quantify porosity in the set of carbon fiber reinforced compos-
ites used in this investigation by comparing it to ultrasonic signal
attenuation.13 A clear correlation between the standard deviation of
the differential phase signal and the ultrasonic attenuation signal
was observed for varying degrees of porosity, demonstrating the
reliability of the post-correction differential phase signal.

CONCLUSIONS

While EI XPCi is reasonably robust against vibrations and
other complications associated with a standard laboratory environ-
ment, it can still be subject to mask misalignment, especially if these
drift during long acquisitions in environments with non-negligible
levels of vibrations. When this happens, gradients across the images
and dithering artifacts can be observed. A post-processing method
was presented, which allows us to correct for such artifacts in the
differential phase channel by creating correction maps of the evalu-
ated misalignments that are then subtracted from the images. This
requires a background area in the image, meaning that this is not
possible for samples that occupy the entire field of view. The correc-
tion allows removing the gradient artifacts from the images without
affecting the imaged sample.
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