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ABsTrACT: A Talbot-Lau scanner enables fast grating-based X-ray phase-contrast and dark-field
imaging of large samples. We present a fast and robust scanning method based on continuous
phase-sampling during the usual scan process. For that purpose the source grating is moved back
and forth during the whole image acquisition procedure. The scanning method needs no specific
detuning of the interferometer. The acquired images are compared to the results of a standard
phase-stepping procedure. We show that high quality images are obtained by this continuous phase-
sampling scanning method. One main advantage of the method is its independence of the occurring
moiré pattern shape, thus enabling an optimal alignment of the interferometer. Furthermore, the
method works with a priori unknown phase-step positions. To our knowledge, this is the first time
a grating is moved continuously back and forth while also the sample is in linear motion during a
continuous image acquisition in Talbot-Lau imaging.
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1 Introduction

X-ray phase-contrast and dark-field imaging is an extended X-ray imaging technique to retrieve
information about both, the object’s attenuation properties and the object’s refractive properties [1].
It allows for an enhanced contrast between light elements of similar density [2—4] and enables
a visualization of scattering structures which are smaller than the resolution of the detection
system [5—7]. Various approaches of phase-sensitive imaging techniques with X-rays have been
explored [8—13]. A compact laboratory-based setup for X-ray phase-contrast imaging is represented
by the Talbot-Lau interferometer (see figure 1). Employing a medical X-ray source, three gratings
are inserted into a usual X-ray imaging setup [14]. This grating-based technique provides two
further images in addition to the usual attenuation image, namely the differential phase-contrast
and the dark-field image. For over a decade, many fields of possible applications in medical
imaging [15-22], non-destructive testing and food control [23-26] have been investigated.

One main challenge for this grating-based X-ray imaging method is to enlarge the available
field of view which is limited by the size of the gratings. The gratings are fabricated with high aspect
ratios by the deep X-ray LIGA process [27]. To realize full-field Talbot-Lau imaging, one solution
is a tiled grating structure where a large grating area is obtained by stitching several small gratings
together [28, 29]. Since the gratings of a Talbot-Lau interferometer have to be aligned precisely,
more individual tiles lead to a higher effort in constructing such a full-field X-ray phase-contrast
imaging system. Furthermore, shadowing artefacts require a bending of the large-area grating. In
order to avoid these problems, scanning systems were developed by several groups [30-36] to achieve
a larger field of view. The extension of the grating area is only necessary in one dimension which
simplifies the alignment of the grating tiles relative to each other. Shadowing artefacts are prevented
by aligning the grating bars parallel to the long side of the stitched grating as shown in figure 1.

As a standard scanning method for X-ray Talbot-Lau scanning systems the idea presented
by Kottler et al. [30] and Koehler et al. [32] is used. For that purpose, a slight detuning of the
interferometer is required to get appropriate moiré stripes in the detector image. The scanning speed
is adjusted with the acquisition time such that a sample moves in multiples of the pixel width in



the object plane per acquisition. As a result, phase-stepping curves are obtained due to the sample
movement through different phase positions spread over all pixels in scanning direction. Hence, no
traditional phase-stepping procedure [12] by laterally shifting a grating is performed.

We developed an alternative scanning method for X-ray phase-contrast and dark-field imaging
which is virtually independent of the moiré pattern shape and set scanning speed. The method
is based on a special continuous phase-stepping procedure. A similar idea was used for a fast
tomography scan process based on continuous G2 grating movement in a zigzag scanning mode
by Hoshino et al. [37]. During our scanning process, the source grating GO is continuously shifted
back and forth perpendicular to the grating bars to perform a phase-sampling (see figure 1) while
the object traverses in linear and constant motion the detector’s field of view. The scanning speed
of the object is a fraction of one pixel length per acquired detector read-out. For reconstruction we
utilize the sliding window phase-stepping method originally introduced for X-ray phase-contrast
and dark-field tomography by Zanette et al. [38].

For each pixel, the detected intensity as a function of the GO grating position delivers a
phase-stepping curve. To reconstruct differential phase-contrast and dark-field images from a
phase-stepping curve, it is mandatory to know the correct phase-step position for each intensity
value in the curve. In this regard, different approaches have already been published that focus
on removing moiré artefacts which occur due to mechanical instabilities and inexact phase-step
positions [39-42]. We developed a different and simple approach for our scanning method to
retrieve the correct phase-step positions. Hereby, we exploit the occurring moiré pattern in a small
region of the raw data images. With this method we are in principle able to reconstruct the images
from data acquired at arbitrarily distributed and a priori unknown phase-step positions.

We present this continuous phase-sampling scanning method employing our scanning setup
for low energies. To the best of our knowledge, the continuous back and forth movement of the GO
grating for phase-sampling during a projective scan procedure has not been published before. The
main advantage of our scanning method compared to other scanning acquisition schemes [32, 43]
is its independence from the occurring moiré pattern shape. This independence allows for an
optimal alignment of the grating interferometer. Furthermore, the continuous movement of all
needed elements enables fast and robust image acquisition of large samples compared to standard
phase-stepping procedures. Therewith, the method has the potential to be extended to a fast helical
tomography system. In section 2 we introduce the scanning method and present the method for
retrieving the correct phase positions for the source grating G0. Resulting images are shown
in section 3 and are compared with measurements performed with the standard phase-stepping
procedure [12] without any object motion. Finally, the advantages and disadvantages of the method
are discussed in section 4 and concluded in section 5.

2 Materials and methods

X-ray Talbot-Lau scanning setup. The presented Talbot-Lau interferometer is built similarly
to our high-energy scanning setup published by Seifert et al. [36] and shows high stability and
robustness which is essential to operate the continuous phase-sampling scanning method. The
setup consists of a Siemens MEGALIX CAT Plus 125/40/90-125GW medical X-ray tube with a
tungsten anode, three gratings and a Teledyne Dalsa Xineos-2301 scanning X-ray detector with
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Figure 1. Sketch of the scanning setup. The source grating GO is shifted in x-direction perpendicular to the
grating bars for phase-stepping. The object table is also moved in x-direction. The grating bars are oriented
in y-direction, i.e. parallel to the long side of the gratings. The detectors’ rows are aligned in x-direction, the
columns in y-direction. The beam points in z-direction. Not to scale.

99 um pixel pitch and an active area of (228 X 6.5) mm? (2304 x 68) pixels. In figure 1 the setup is
depicted. The gratings are designed for a 40 kVp energy spectrum. The G1 and the G2 gratings are
each (250 x 10) mm? large. One grating consists of five single (50 x 10) mm? gratings, manually
stitched together and fixed to the grating holder with clamps. The grating bars are parallel to the long
side of the gratings to prevent shadowing artefacts (see figure 1). The source grating GO is shifted
for phase-sampling by a P-621.1CD piezo linear precision positioner of PI (Physik Instrumente).
The grating parameters and distances are summarized in table 1. With the given distances the object
magnification in the detector plane amounts to 1.28. Thus, the maximal field of view in the object
plane is of size (178 x 300) mm?, in width limited by the detector’s length and in scanning direction
by the travel range of the object table.

Table 1. Grating parameters and distances. All gratings are made of gold. The full distance from source to
detector is 1146 mm and the distance from source to object is 896 mm. Hence, there is an object magnification
M =1.28.

grating period inum height of bars inum duty cycle distance from source in mm
GO 24.39 180 0.50 140
Gl 2.19 4.4 0.66 1045
G2 2.40 80 0.50 1134

X-ray Talbot-Lau imaging is based on the analysis of the Talbot pattern, generated by the
phase-grating G1. Since the period of this pattern is too small to be resolved directly, it has to
be sampled by shifting one of the three gratings laterally (i.e. in x-direction) by fractions of the
corresponding grating period p. In the presented study, GO is moved. The acquisitions at different



grating positions x respectively phase positions 2;’)—" lead to intensity changes in each pixel, which

is called phase-stepping curve [12]. For each pixel, the reconstruction of attenuation I', differential
phase Ag and dark-field

1o, 0bj
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= —ln( ), A := (@obj — Pref) (mod (27)), X := —ln( ) 2.1

I 0,ref V}ef

27x
P
the parameters mean intensity /y, amplitude A and phase ¢ of the phase-stepping curve are obtained

is achieved by a least-squares fit I(x) = Iy + A - sin ( + <p) to the phase-stepping curve. Hereby,
for a reference measurement (ref) without object and an object measurement (obj). The contrast or
visibility of the phase-stepping curve is denoted as V = A/ .

Continuous phase-sampling scanning method. The data is acquired continuously during con-
tinuous linear movement of the object and continuous lateral back and forth movement of the
GO grating for phase-stepping. The subsequent generation of phase-stepping curves follows the
basic principle of the sliding window method introduced for X-ray phase-contrast tomography by
Zanette et al. [38]. We perform N acquisitions during one scan. The flat field corrected detector
image acquisition is denoted as detector read-out in the following. Each detector read-out R is taken
at a different phase position of GO. For each pixel of the n-th detector read-out R, the phase-stepping
curve P, with number of phase-steps 91 is gained by using the preceding and following detector
read-outs:
a=b=M-1)/2 if 91 odd

P, =[Ru-a,.. ., Ruy...,Ryp] for (2.2)
a=N12-1,b=912 if Neven

The GO grating is shifted laterally by a piezo linear precision positioner in step sizes of fractions
of the grating period. The stepping speed vpiezo is related to the detector frame rate f;, the grating
period pgo of the GO grating, the number k of covered grating periods and the number of detector
read-outs n,x acquired while the object moves by one pixel length:

Vpiezo =

Js - pco - k
Npx '

(2.3)

The travel range of the piezo stepper in our case is limited to four times the grating period. Thus,
the GO movement goes back and forth over a length of 4pgy = 97.56 um. At the end of the travel
range, the piezo stepper changes the direction of stepping. To prevent blurring over several pixels in
scanning direction, the number of detector read-outs per pixel npx should be equal to the favoured
number of phase-steps 21 used for reconstruction. Hence, the object scanning speed is set to:

Js wpx  fs o wpx
Virans = =
M MM

2.4)

where wy,x /M is one pixel length in the object plane with the magnification M. However, it is still
possible to use a different number of phase-steps 91 for reconstruction. In the case of 2 > npy, the
final images are blurred by 1/npx pixels in scanning direction. Using less phase-steps 9 < npy
reduces the range of the sine curve comprised in the phase-stepping curve. The chosen number k
of covered grating periods within one pixel length determines how well the phase-stepping curve



is sampled. In the following we denote the phase region, i.e. the phase range of the sine curve used
for the fit of the phase-stepping curve as phase coverage. A too small phase coverage could lead to
more artefacts due to noise and insufficient information about the sine curve. It also has to be kept
in mind, that at the turning points, where the stepping direction changes, just ~ k/2 of the phase
coverage is available. Therefore, it is recommended to choose k > 1 to sample a large enough range
of phase positions.

The object traverses the detector columns with increasing detector read-out number n. By
plotting the intensity of one detector column x versus the detector read-out number n we obtain
an image, which we designate as raw data image in the following. For each detector read-out
R, attenuation, dark-field and differential phase image are extracted from the raw data images.
Since npx detector read-outs are acquired per pixel length in the object plane, the resulting images
are rebinned over 7,y images, i.e. the applied binning factor is equal to np. Additionally, the
object moves through N, detector columns. Hence, the reconstruction leads to N, images. For
the final attenuation, differential phase and dark-field image these N, single images are averaged,
respectively. An offset correction is applied to all final images by subtracting a simple linear fit to
each row. Object regions are excluded for the fit.

Retrieving the correct phase position by exploiting the moiré effect. In Talbot-Lau imaging,
for the phase-stepping procedure one grating is shifted perpendicular to the beam direction in
equidistant steps of fractions of its period. The known phase-steps are used for the reconstruction
of the images [12]. Slight deviations from the correct phase-step position result in moiré artefacts
in the reconstructed images. Thus, the phase-step positions have to be known precisely. Applying
the continuous phase-sampling scanning method, the change in phase-stepping direction and me-
chanical instabilities lead to inaccuracies in the phase positions. We developed a simple method to
obtain the correct phase position without any a priori knowledge of the GO grating position.

For that purpose, we utilize the moiré effect [44] occurring in the detector read-outs. The
moiré fringes move in accordance with the movement of the GO grating. If the grating is shifted
by one period, the moiré pattern shifts by one moiré pattern period, respectively. Thus, the grating
position can be extrapolated from the position of the moiré fringes. In order to determine the GO
position an object-free part of one detector column (along y-direction) which covers a few moiré
fringes is chosen. The selected detector column line should show an evenly varying moiré pattern
without moiré pattern transitions between different grating tiles. In case of too many grating defects
or imperfections in the chosen region, the determination of the grating positions could fail. As
a result, the phase-stepping curves for further image extraction would be destroyed. At the same
position in all N detector read-outs R this one reasonably chosen line shows a sinusoidal intensity
variation of the moiré pattern which shifts in correspondence with the GO grating movement. A
least-squares fit is performed to each of these N moiré patterns. The extracted phases are the actual
GO positions relative to the position of GO at the first detector read-out R;.

In figure 2 the principle of the continuous phase-sampling scanning method is illustrated. The
detector read-out R3gg shows moiré stripes (a). Since the single grating tiles were stitched manually,
the grating tiles are not perfectly aligned with each other. Thus, the moiré stripes look different in
each sector of the stitched grating pieces. A line plot of the orange marked column at x = 25 in (a)
is drawn in (b). The same column is also marked in (c). Here, one raw data image is displayed, i.e.



the pixels in y-direction for this specific column at x = 25 are shown for all N detector read-outs.
Thus, the image reveals the scanned objects which passed through the considered detector row
with increasing detector read-outs number n. The red marked region in (c) is a (stretched) part
of a Siemens star (d). It visualizes the zigzag pattern caused by the continuous phase-sampling
procedure and based on the moiré stripes appearance. The turning point in the pattern represents
the change of the phase-sampling direction of GO. One travel range comprises the length of four
GO grating periods where the GO grating moves in one direction before changing the direction of
movement. Three consecutive full travel ranges are depicted as a line plot (f). A phase position of GO
is obtained for each detector read-out by retrieving the phase from the corresponding chosen short
line covering a few moiré fringes in an object-free region. The obtained phase positions of the GO
grating are plotted for the shown section of detector read-outs in grey (f). The curve reproduces the
zigzag pattern. Using these phase positions, correct phase-stepping curves can be constructed. The
intensity values of the three marked full travel ranges are plotted versus the obtained position of the
GO grating (g). Hence, for each detector read-out the neighbouring read-outs can be utilized to built
a phase-stepping curve in each pixel. From these phase-stepping curves attenuation, differential
phase and dark-field image are reconstructed for all N detector read-outs.

Note, that the here presented determination of the phase-step positions also works for con-
ventional stepwise phase-stepping as a correction and optimization method to get rid of moiré
artefacts.
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Figure 2. Tllustration of the concept of the continuous phase-sampling scanning method. The detector read-
out R3gp is shown in (a) with a line plot (orange) of one detector column at x = 25 in (b). The intensity in the
same detector column for all read-outs shows the raw data image (c) with the scanned objects which traverse
completely through each detector column. The objects are a small fish skeleton in a tube, a Siemens star and
a peanut (from top to bottom). The red marked region is depicted enlarged in (d). Due to the continuous
phase-sampling a zigzag intensity pattern caused by the different moiré stripes is visible. A further zoom into
the zigzag pattern (e) with the corresponding intensity line plots (f) of three consecutive full travel ranges of
GO is displayed. The change of stepping direction results in the turning point in the zigzag pattern. For each
detector read-out a phase position of GO is obtained by extracting the phase of the moiré pattern along the
y-direction in a region outside the object. The result is plotted as grey zigzag line (f) and is referring to the
right axis. The same line plot intensities are plotted versus the correct phase positions in (g).



Image acquisition. For the continuous phase-sampling scanning method we acquired npx = 20
detector read-outs per pixel with a frame rate of f; = 20fps, which leads to an object scanning
speed of Vians = 77 um/s and stepping speed of vpie,o = 24 um/s covering k = 1 grating periods
while the object moves across one pixel.

All measurements were performed at 40 kVp and 50 mA. The reference measurements were
done by standard phase-stepping with 20 fps. The images are calculated following equation (2.1).
The duration of the object measurements presented in the next section was between 5 to 15 minutes
per scan.

3 Results

In the following section, images obtained by the continuous phase-sampling scanning method are
presented. The results are compared to images acquired by the standard phase-stepping procedure
without any object motion, where several single image tiles were gained and stitched together.
Furthermore, the influence of the number of phase-steps and of the phase coverage on the image
quality for the continuous phase-sampling scanning method are analysed.

Investigation of image quality. In figure 3 a peanut and a small fish skeleton are shown for the
standard phase-stepping and for the continuous phase-sampling scanning method. Looking at the
image details, e.g. the fine fish bones, which are shown in an enlarged view for both dark-field
images, no information seems to be lost. Fine structures are resolved and the images are hardly
distinguishable.

Since the images look quite similar and a good image quality is achieved, line plots of a region
of the peanut are evaluated for the scanning method and the standard phase-stepping in comparison.
The considered lines are drawn in figure 3 in the dark-field images and the values along the lines are
plotted for attenuation, differential phase and dark-field in figure 4 from left to right. In each plot the
corresponding line plot obtained by standard phase-stepping is shown in grey and the continuous
phase-sampling scanning method in orange. Note, that the compared rows for the line plot differ by
about two pixels in the detector image due to a small vertical object displacement of about 150 um
between both measurements. Slight deviations in the line plots probably occur due to this shift.
It is discernible, that the standard phase-stepping results reach higher values in regions with large
signal strength. The object motion during the scanning process leads for the scanning method to
the reduction of the signal especially at sharp edges due to motion blurs.

In the process of image extraction, a binning factor is applied (see figure 7). Thus, the chosen
scanning speed affects the resulting images indirectly, due to the occurring magnification. In
figure 5 two marker pens at different z-layers are displayed. At zop = 0 cm the scanning speed meets
the condition of acquiring npx = 20 while the object moves by one pixel length in this plane at a
magnification of M = 1.28. The second marker pen is 8 cm closer to the detector, which results
in a smaller magnification M = 1.17 of the object. Hence, the scanning speed should be higher
to obtain the same object forward feed of 1/20 pixel length per acquisition. Applying the binning
factor which corresponds to the higher magnification, leads to a blurring of the right marker pen,
visible in the detailed view of the dark-field image. Another aspect to mention is the used number
of phase-steps 1 for reconstruction which is chosen in dependence of the forward feed such that the
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Figure 3. Attenuation (a), differential phase (b) and dark-field image (c) of a peanut and a small fish skeleton
in a tube for the standard phase-stepping procedure (SPS, top) and for the continuous phase-sampling scanning
method (CPSM, bottom) are shown. A line plot through the peanut along the grey respectively orange line
in the dark-field images is shown in figure 4. A detailed view of the fish bones is depicted in (d) for both
dark-field images. The samples cover an area of about (1.5 x 3)cm?. The duration of measurement was
about 5 minutes for the peanut and 3 minutes for the fish skeleton.
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Figure 4. Line plots through the peanut along the grey respectively orange line in figure 3 are shown for
attenuation, differential phase and dark-field (from left to right). Each plot displays the line plots for the
standard phase-stepping (SPS, grey) and the continuous phase-sampling scanning method (CPSM, orange).

number of detector read-outs npx acquired while the object moves by one pixel length is equal to 91.
However, small variations in 1 hardly affect the final images as long as there is a sufficient phase
coverage (see figure 6). Both, the binning factor and the number of phase-steps are set just for the
reconstruction and can therefore be easily adjusted if necessary. No additional measurements using
other scan parameters have to be performed. Consequently, an adaption of the reconstruction to the
z-layer zp + 8 cm is carried out by adjusting the binning factor from 20 to 22 to match the condition
of lower magnification. The corrected dark-field image (e) shows comparable sharp edges as the
dark-field of the standard phase-stepping procedure without object motion (d).
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Figure 5. Attenuation (a), dark-field (b) and differential phase image (c) of two marker pens for the continuous
phase-sampling scanning method (CPSM). The left marker pen lies in the object plane at zo = O cm and
is magnified by a factor M = 1.28 into the detector plane. The right marker is 8 cm closer to the detector,
which results in a magnification of M = 1.17. Thus, it looks slightly smaller. A zoom into the red marked
region of the dark-field image is shown below. In addition, the same region of interest of the dark-field image
obtained by standard phase-stepping (SPS) is depicted in (d) and obtained by the continuous phase-sampling
scanning method with the adjusted binning factor is shown in (e). The duration of measurement was about
14 minutes.

All image results taken together, it can be concluded that the continuous phase-sampling
scanning method is a valid scanning method for X-ray Talbot-Lau scanners.

Influence of the number of phase-steps and phase coverage. To analyse the influence of the
number of phase-steps 91 used for reconstruction and the number of detector read-outs npx acquired
while the object moves by one pixel length, the related dark-field and differential phase images are
analysed in more detail. For this purpose, two different measurements of the continuous phase-
sampling scanning method with npx = 10 and n,x = 20 are evaluated for varying numbers of
phase-steps between 91 = 7 and 91 = 40.

In figure 6 the dark-field signal of a foam and the differential phase signal of a homogeneous
plastic wedge are analysed. The chosen regions for signal (black rectangle) and background (white
rectangle) are shown in the images that are embedded in the plots. The respective mean value of
the signal region corrected by the value of the background region is plotted versus the ratio /npy.
This ratio describes, on the one hand, the (fractional) number of pixels over which a blurring occurs
in the scanning direction and, on the other hand, the proportion of the sine curve that is covered in
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Figure 6. The dark-field signal of a foam (left) and the differential phase signal of a plastic wedge (right)
are evaluated for a measurement with npx = 10 (orange dots), npx = 20 (blue dots) and a standard phase-
stepping procedure without object motion (dark grey line with light grey shaded error bands). The mean
values obtained by the continuous phase-sampling scanning method are determined for different numbers of
phase-steps 91 used for reconstruction and are plotted versus the ratio 1/npx. The averaged values of the
signal regions marked with a black rectangle in the inset images are subtracted by the averaged values of the
background region marked with a white rectangle.

the phase-stepping curve. Additionally, a standard phase-stepping procedure without object motion
was performed. The corresponding dark-field and differential phase values are shown as dark grey
lines with light grey shaded error bands.

The object signals indicate in both plots dependencies on 1/npx, but noticeable deviations
only occur in case of 9/npx < 1. The results for npx = 10 and npx = 20 for N/npx > 1 lead to
similar results close to the values obtained by standard phase-stepping. Thus, provided that the
phase-stepping curve consists of a sufficient number of phase-steps, the signal values are mainly
influenced by the phase coverage. In case of a too small range of phase positions, especially at the
turning points, false reconstructed values are the result.

The influence of the phase coverage is visualized in the images of figure 7. The figure shows
the three steps of reconstruction exemplarily for a small section of the differential phase image for
npx = 20 and 9 = 20. First, the differential phase images are reconstructed for each acquired
detector read-out following equation (2.2). The zigzag pattern of the moiré stripes in the raw data
image that is the basis for the reconstruction is shown on the bottom left in figure 7. Looking at
the reconstructed image on the top left, it is visible that the reconstruction does not work properly
at the turning points of GO where the direction of stepping is reversed. At the turning points only
half of the full phase range of 2 - k is covered. In our case with k = 1 the phase-stepping curves
are generated by phase-steps describing the sine curve in the range of m at the turning point up to
27 if no turning point occurs in the phase-stepping curve (see figure 7). The images in between
comprise fractions of the sine curve between 7 and 27. Eventually, a too small phase coverage
causes slightly changed object signals in the final images like in figure 6 for 91/n,x = 0.5. The
influence in case of /npx = 1 is small since only slightly visible in the first reconstruction step
for the detector read-outs at the turning point, marked with orange arrows in figure 7. Note, that
a remaining zigzag pattern from the phase-stepping process is visible at the edge transition. The
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Figure 7. Visualization of the influence of the phase coverage for n,x = 20 and 91 = 20. The top left image
depicts the first reconstruction step of the differential phase A¢ for one detector column. For each detector
read-out the differential phase image is extracted by generating a phase-stepping curve from the raw data
image shown bottom left. At the turning points (marked with orange arrows) only k/2 of the sine curve is
covered. This leads to incorrect reconstruction. The next step is a rebinning over the npx = 20 generated
images per pixel. For each detector column such an image is obtained. Finally, all N (number of columns
of original detector read-out) images are averaged to the final image.

phase-shift is reconstructed from phase-stepping curves composed of the surrounding acquisitions.
At the edge transition the ratio of the steep edge contributing to the phase-shift of the curve changes
with each forward movement of the object. An additional measured shift with each acquisition is
the consequence. The zigzag pattern is reproduced.

Due to the two subsequent steps (displayed in figure 7) that lead to the final images the small
number of improperly reconstructed read-outs is negligible. The second step is a binning of the
npx sequential reconstructed images obtained per object pixel. By this averaging step the zigzag
pattern around the steep edge also cancels out. Since N, images are obtained, one for each detector
column, the final images are gained in a third step by resorting and averaging over all N, images.

In summary, the analysis of the influence of different numbers of used phase-steps shows that
a sufficiently high stepping speed is most important. At least one grating period (k = 1) should be
covered while the object moves through one pixel length.

4 Discussion

For the proposed continuous phase-sampling scanning method several images are taken while the
object moves by one pixel length. The number of acquired detector read-outs npx per object shift
of one pixel length determines the number of phase-steps 91 used for generating the phase-stepping
curves in each pixel for each detector read-out if no blurring should occur. A minimum number of
phase-steps and phase coverage describing the phase-stepping curve is necessary.

We showed that the phase coverage of the phase-stepping curve is more important than the
number of available phase-steps. At least one grating period should be covered while the object
moves by one pixel length. The reason is the back and forth movement of the GO grating stepping
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process. At the turning point only half of the range of phase positions covered per pixel comprises
the phase-stepping curve. In other words, the phase coverage and the number of acquired detector
read-outs per pixel npy are the relevant parameters.

In the process of reconstruction, a binning is performed to the results of several detector read-
outs which depends on the magnification. The applied binning factor, however, can be adjusted
easily in the process of reconstruction, if necessary for each z-layer to which the sample is extended.

As a consequence of acquiring several detector read-outs per pixel npx > 1 (unless a blurring
is acceptable), more data is produced for the continuous phase-sampling scanning method as for
the mentioned standard scanning method or single-shot methods like moiré imaging. This leads to
a longer computation time for image reconstruction. Furthermore, the duration of measurement for
the continuous phase-sampling scanning method depends not only on the maximum frame rate of
the detection system but also on the available maximum speed of the stepping motor. For stepping
we use a piezo positioner which could move much faster than in the presented measurements. Thus,
the limiting factor for faster scans is the frame rate of the detector just like for any other method.

Regarding image quality the continuous phase-sampling scanning method shows very similar
results compared to the standard phase-stepping procedure except from scanning-caused motion
blurring at sharp edges.

One advantage of the continuous phase-sampling scanning method is the independence of the
shape of the moiré stripes. For other methods like the standard scanning method or moiré imaging,
moiré stripes are needed which show a specific shape and frequency. Thus, the interferometer has
to be detuned slightly [32, 43]. In contrary, for the continuous phase-sampling scanning method an
overall better adjusted interferometer is usable enabling a higher reference visibility. Depending on
the use case this gain in visibility could be of advantage by decreasing noise and thus, improving
image quality [45, 46], e.g. to enable dose reduction in medical imaging [21]. For the continuous
phase-sampling scanning method, though, one aspect to mention is the needed small image region
outside the object showing clear moiré stripes for the retrieval of the reference phase positions.
The here presented setup shows different moiré patterns over the whole grating area. The reason
is the manual stitching process, which is not precise enough to ensure perfectly aligned gratings.
Hence, some well aligned moiré fringes should be available for the determination of the phase-
step positions without detuning the interferometer explicitly. In case of perfectly aligned grating
tiles where probably no moiré stripes would be visible in an optimal adjusted setup [29, 35], it is
conceivable to detune just one outer grating tile minimally to enable the determination of phase
positions by the proposed method.

Second, an extra reference scan is not necessary for the continuous phase-sampling scanning
method. A small empty region in front or behind the object is sufficient to obtain the desired
reference measurement. To get a smooth image by polynomial fitting to the background values in
each image row, it is anyway recommended to leave some space around the object. Thus, enough
data is taken for extracting the reference values.

Third, the continuous phase-sampling scanning method could enable the realization of an X-ray
phase-contrast helical computed tomography scanner, next to helical CT acquisition schemes like
the one proposed by Marschner et al. [47]. Further ideas to implement a helical CT setup are based
on single-shot methods. An interesting approach could be statistical iterative reconstruction to
retrieve tomographic cross sections directly from single-phase-step projection data [48, 49]. This
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reconstruction principle might be applicable even if only a few detector columns with different
phase positions are available. Another idea would be to use moiré imaging [50, 51] to get the
projections by single-shot imaging. However, here it is necessary that moiré stripes of appropriate
frequency [43] are available over the whole grating area. As single grating tiles are stitched together
in our interferometer, an appropriate moiré pattern cannot be ensured in all regions at the same
time. Here, the continuous phase-sampling scanning method could be one promising and easy to
implement method to use a scanning device for helical computed tomography.

Finally, it is conceivable to implement algorithms enabling super-resolution as it has been
proposed for X-ray phase-contrast CT recently [52]. The necessary oversampling (at least in
scanning direction) is already included in the continuous phase-sampling scanning method due to
the applied sliding window method. Hence, a super-resolution scan is some interesting aspect to
look at in further studies.

5 Conclusion

We developed a fast and robust continuous phase-sampling scanning method as a new approach for
X-ray phase-contrast and dark-field scanning. The technique is based on continuous phase-sampling
during the scanning process. Phase-stepping curves for each detector read-out are obtained by the
sliding window method originally introduced by Zanette et al. [38]. Due to the continuous back
and forth movement of the GO grating for phase-sampling, we additionally introduced a method
to obtain the corresponding phase positions for each detector read-out. The method exploits the
moiré pattern occurring in the time ordered detector read-outs. Note, that this method also works
for traditional stepwise phase-stepping as a correction and optimization method to remove moiré
artefacts. Moreover, the presented principle of continuous grating movement for phase-sampling is
also applicable to usual Talbot-Lau imaging without object motion and larger fields of view. The
large frame rates of today’s X-ray detectors in combination with the continuous grating movement
enables an acceleration of the time consuming phase-stepping process. We compared our results
of the continuous phase-sampling scanning method with the standard phase-stepping procedure. In
summary, our continuous phase-sampling scanning method shows high image quality and similar
results to the images obtained without object motion. Our method works without the need of
detuning the interferometer. Finally, our scanning method is one possible method for providing the
basis for helical computed tomography with a Talbot-Lau scanner.
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