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Abstract: In the field of X-ray phase-contrast imaging, a time-saving approach and preservation of
details are crucial factors for obtaining phase-contrast images. In this manuscript, a single grating
imaging system is proposed to perform the X-ray phase-contrast imaging. Instead of the time-
consuming phase-stepping method, this system uses a single-shot algorithm to retrieve the distribu-
tion of samples” attenuation and phase gradient. Unlike the single-shot Fourier transform algorithm,
which truncates the high-frequency component of the image and reduces the spatial resolution, our
method can retrieve the attenuation and phase information images with the same spatial resolution
as the images acquired directly by the X-ray detector used. Furthermore, by using a large-size X-ray
detector (29 cm x 23 cm), the imaging system can be configured as either a microscopic instrument
or a normal large field-of-view imaging system. Finally, a series of experiments were performed to
validate the feasibility of the proposed method.
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1. Introduction

The use of a grating interferometer (GI) has enabled the implementation of X-ray
phase-contrast imaging in traditional X-ray tube laboratories [1-5]. This technology, based
on GI, allows the simultaneous acquisition of differential phase-contrast and dark-field
signals along with absorption images, thus, providing superior capabilities in fields such
as biological imaging, materials science, and non-destructive testing [6-9]. Conventional
X-ray GI comprises three gratings, the source, phase, and analyzer gratings, each of which
has a different function. The source grating provides an arrayed coherent X-ray beam, the
phase grating generates interferograms, and the analyzer grating reduces the requirement
on the detector’s resolution. By using the phase-stepping algorithm, the absorption, phase
gradient, and dark-field information can be retrieved from a few images captured with
different grating positions. Theoretically, a minimum of three X-ray exposures are required
to extract these signals. In practice, however, the number of exposures required often
exceeds three, resulting in an increased X-ray dose absorbed by the sample and more
rigorous mechanical stability requirements that hinder the widespread use of the technique.
In addition, the inclusion of two absorption gratings (source and analyzer gratings) reduces
the signal-to-noise ratio of the system and halves the utilization efficiency of the X-ray
photons.

Since 2007, A. Momose et al. have proposed a method using only one phase grating to
retrieve phase signals [10-14]. However, their reconstruction of phase gradient distribution
still relies on the time-consuming fringe scanning method. In the visible light field, M.
Takeda et al. introduced a Fourier transform algorithm in 1982 that could extract phase
information from a single fringe-distributed image recorded by a high-resolution detec-
tor [15]. In the last decade, researchers have introduced a Fourier transform algorithm into
X-ray imaging [16-18], but this approach filters out high spatial frequency information.
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In 2010, F. Krejci et al. presented a new approach using only one absorption grating in
their imaging system. Although it requires only a single exposure image, it results in a
loss of half the spatial resolution of the detector used [19]. With the development of deep
learning technology, this approach has been applied to single-shot X-ray phase-contrast
imaging [20,21]. In the field of visible light imaging, it is relatively straightforward to
collect the necessary dataset for the algorithm; however, X-ray imaging poses challenges.
Changing conditions, such as X-ray tube voltage, tube current, or imaging distance, can
render the algorithm ineffective because the neural network parameters are trained under
specific conditions.

In this work, we construct an X-ray phase-contrast imaging setup with a single grating
and propose a fast algorithm to retrieve attenuation and phase-contrast signals from a
single-shot image. Compared with the previous methods mentioned above, our algorithm
not only maintains a time-saving process, but also preserves the full spatial resolution of
the X-ray detector used in our phase-contrast images.

2. Methods

In this section, we first establish the data model of the X-ray detector with and without
samples in the imaging system. The data model incorporates three grating background
signals that need to be measured before reconstructing the sample attenuation and phase
information. In Section 2.2, we measure the background signals using the four-step phase
shift algorithm. Then, in Section 2.3, we present the method for extracting the sample
attenuation and phase information from the single-shot intensity image of the sample.

2.1. Data Model

With respect to a commonly used Talbot-like X-ray imaging system, the fringe pattern
downstream the grating can approximately be written as [6]

Ip(x) = a+ Bcos [271% + q)o} 1)

where T is the fringe period, #, § and ¢ are the direct component (DC), intensity modu-
lation, and initial phase shift of the grating, respectively. When a sample is inserted into
the beam path, it causes attenuation and phase shift of the X-ray, which affects the fringe
pattern. Therefore, the intensity expression can be modified as [22]

Li(x,y) = A(x,y){zx + Beos [271% + 9o+ ¢(x,y)} } 2)

where A(x,y) and ¢(x,y) are related to the attenuation and phase gradient rendered by
the sample and are

Ax,y) = lo(x,y)e S HExw)® 3

$(ay) = hik 50 v
where y, 6 are the attenuation and phase distribution, L is the distance from the sample to
the detector, A is the X-ray wavelength, and the weak scattering signals are neglected [23].
As shown in Figure 1, we adjust the magnification of the imaging system so that two
adjacent pixels can measure the fringe’s intensity of one period.

When the sample size is much larger than the detector pixel size and in the range of
one pixel, the sample’s attenuation and phase distribution (¢, ¢) are assumed as constants.
With these assumptions, the pixel’s signal value can be obtained by integrating the fringe’s
intensity. In Figure 1, the integral ranges of pixels a and b are [O, %} and {%, T} , respectively,
and the results are

Ia() = &g — ,Ba sin (]

Ipg = ap + By sin @o )
Iy = Aafag — Basin(¢o + ¢a)]

Ipy = Aplay — By sin(@o + ¢b)]
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where the ‘0" or ‘1" in the subscript denotes the absence or presence of a sample in the
beam path, and the subscript ‘a” or ‘D" represents the intensity value in pixel a or b, and
g = qp = %, Ba = By = % B. What we deliberately plan is to retrieve the sample-
contributed attenuation and phase gradient A, and ¢, (x = a, b), which requires that «, 3,
and ¢( be known first.

Fringes

Pixel a b @ d

Figure 1. The sizes of fringes of the grating and detector pixels. T is the period of fringes.

2.2. Background Signals

When there are no samples in the beam path, the intensity signals with the grating
positioned at each different position can be expressed by introducing a series of phase shift
6; as an additional item in Equation (5):

I;O = wg — Basin(@q + 6;)

Ly = ay + Bysin(py + 6), (i=1,2,...,N) )

In case of N = 4 and at specific position corresponding toi=1,2,3,4,9; =0, /2, «,
3m/2, ay, Bx, and @ can be solved as:

ty = Z?:i Lo
_1 4 232 1 332
ﬁx - f\/(lxo T IxO) + (IxO - IxO) (6)
4 _ 12
@o = arctan $7§{0;§0

For the same grating, the parameters of ay, 8, and ¢q are constants that can be used
for any experiment with the same imaging system.

2.3. Attenuation and Phase Information Reconstruction

According to Equation (4), the unknown variables are A,, Ay, ¢4, and ¢,. In the range
of two pixels, if the attenuation and phase distribution of the sample are slow variables, in
other words, A, = Ap and ¢, = ¢, the attenuation and phase signals can be solved from
Equations (4) and (6) as:

Ay = L1+
Ry ™
¢q = sin 1 (IZiTﬁ %)

Besides pixel g, pixel b has another adjacent pixel ¢, as shown in Figure 1; thus, from
Ip1 and 1,4, pixel b can obtain new attenuation and phase gradient values A; and ¢, with
the same algorithm used for pixel a.

3. Experiments

The imaging setup shown in Figure 2 comprises a microfocus X-ray source, a grating,
and an X-ray flat panel detector. Prior to measuring a sample, it is essential to acquire the
background signal «, the local visibility B, and the initial phase shift information ¢ of the
grating without any sample in the imaging system. In Section 3.2, we acquire four intensity
images corresponding to four different positions of the grating. Then, we calculate the
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three constants «, B, and ¢( from the four images using a four-step phase-shift algorithm
(Equation (6)). In Sections 3.3 and 3.4, the samples are positioned near the grating and
exposed to an X-ray beam only once. The image of the sample is used to reconstruct the
attenuation (A) and phase gradient distributions (¢) using Equation (7).

R’ L L

€ b »
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Microfocus
source
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Figure 2. Imaging configuration with a single absorption grating. The magnification of the grating is
M = (R + L)/R, the magnification of the sampleis M’ = (R"+ L") /R’.

3.1. Grating

Both phase and absorption gratings can produce fringe patterns. For a r-shift phase
grating, the distance between the grating and the detector must satisfy the following

condition: 5
RZl T
L = = —

R_Zl,(zl SA) ®)

where R is the distance from the source to the phase grating, T is the period of the phase
grating, and z; is the Talbot distance. The X-ray flat panel detector has a higher photo-
sensitivity per pixel than CCD-based X-ray detectors, making it more sensitive to X-rays.
However, due to the larger pixel size of the detector, a larger fringe period is required in
such imaging systems, unless an absorption grating is placed in front of the detector to
produce Moiré fringes.

Two methods can be employed to create a large fringe period. (i) Decreasing the dis-
tance between the X-ray source and phase grating and increasing the distance between the
grating and imaging plane creates a large fringe period, as demonstrated in reference [15].
However, this method requires high mechanical stability in the imaging system due to
the significant magnification; (ii) utilizing a grating with a large period results in a long
imaging distance, as indicated by Equation (8). For example, if the grating period is 42 pm
and the X-ray energy is 20 keV, the imaging distance L and the total length from the source
to the detector must be at least 3.4 m and 6.4 m, respectively. Alternatively, the limitations
mentioned above can be overcome by replacing the phase grating with an absorption
grating. In this study, we use a tungsten particle-based absorption grating with a 42 um
period and a 150 pum depth that was reported in reference [24].

3.2. Background Signals

Limited by fabrication techniques, the grating is inevitably non-uniform, resulting in the
parameters &, B, and ¢y becoming spatial variables (« — a(x,y), B — B(x,y), po — @o(x,y)).
This non-uniformity can create background signals that would interfere with the recon-
struction of attenuation and phase information. Fortunately, Equation (6) can be used to
eliminate this disturbance.

In our experiments, we used a microfocus X-ray source (HAMAMATSU PHOTONICS,
L9421-02) with a nominal focal spot of 7 um, and set the voltage to 40 kV and the tube
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current to 100 pA to obtain each image with an exposure time of 10 s. An X-ray flat
panel detector (PerkinElmer, Waltham, MA, USA, Dexela 2923NDT) with a pixel size of
74.8 um x 74.8 pm and a total active area of 29 cm x 23 cm was used to record all images.
We set two imaging distances, R and L (Figure 2), to be 393 mm and 1007 mm, respectively,
resulting in a magnification of M = (R + L)/R = 3.56. The Hybrid Hexapod (PI H-824) was
used to adjust the grating position. We aligned one fringe period with the size of two
detector pixels.

First, we moved the grating three times and acquired four images without the sample
in the beam path, and then calculated the distributions of «(x,y), B(x,y), and ¢o(x,y), as
shown in Figure 3e—g. The pixel profile shown in Figure 3i indicates that the fringe period
is equal to two pixels. It is worth noting that various factors affect the actual fringe period
in different parts of the same image on the detecting plane. These factors include different
magnification M from the image center to the edge and grating distortion from the grating
holder and non-uniformity of the grating. Therefore, the appearance of non-uniform Moiré
fringes in Figure 3a—d is inevitable.

Figure 3. Measurement of background signals. (a-d) are the intensity distributions with gratings
at different positions, and the relative positions are 0, T/4, 2T /4, 3T /4, respectively. (e—g) are the
distribution of a(x,y), B(x,y), and ¢o(x,y). (h) is the enlarged image marked by the red rectangle in
(d). (i): the profile marked by the red line in (h) shows that the period of the projection fringes is the
size of two pixels. Each exposure time is 10 s.

3.3. Micrography

We tested two samples, chicken feet and an insect with a complex structure under the
same conditions as in Figure 3. Both samples were placed near and in front of the grating.
Using the data measured in Section 3.2 and Equation (7), attenuation and differential
phase-contrast information were extracted from the radiography images of the single-shot
samples, as shown in Figure 4. The figure includes the obtained multimodal images of the
chicken feet: the attenuation and phase-contrast images. Figure 4b,c are both phase-contrast
images retrieved using the Fourier transform algorithm [25] and our proposed method,
respectively. Since the Fourier transform algorithm requires the use of a window function,
some information loss is inevitable. Therefore, Figure 4b appears smooth and blurred,
while Figure 4c shows more details. The more complex insect was also used to demonstrate
the advantages of phase-contrast images over attenuation images, as shown in Figure 5.
Figure 5a,b are the obtained full attenuation and phase-contrast images, respectively;
Figure 5¢,d are zoomed-in images corresponding to the regions marked by red rectangles
in Figure 5a,b. Obviously, the phase-contrast image in Figure 5d shows more structure
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than the conventional attenuation image in Figure 5c. Especially for the parts with the red
arrows, those tissues are clearly visible in Figure 5d but not in Figure 5c.

(b)

Figure 4. The obtained attenuation and phase-contrast images of chicken feet. (a) is the attenuation
image. (b,c) are the phase-contrast images retrieved using Fourier transform and our proposed
methods, respectively. The imaging area of each image is 29 cm x 23 cm.

® © @

Figure 5. X-ray attenuation and phase-contrast imaging of an insect. (a,b) are attenuation and phase-

contrast images, respectively. The imaging areas of (a,b) are 29 cm x 23 cm. (c,d) are zoomed-in
images corresponding to (a,b), respectively, marked with red rectangles. The red arrows show some
structural features that are clear in the phase-contrast image (d) but not in the attenuation image (c).

3.4. Large Field of View

Since the grating we used has a diameter of 20 cm and the detector has an active area of
29 cm x 23 cm, our imaging system provides a field of view as large as 14.5 cm x 11.5 cm.
To demonstrate this feature, a biological sample (Branchiostegus argentatus) with a size
of 16 cm x 4.5 cm was tested behind the grating. The distance from the source to the
detector is 1.4 m, and the sample was located in the middle of the source and the detector.
The background information («(x,y), B(x,y), and @o(x,y)) was remeasured without any
sample. Then, the sample was exposed to the X-ray beam only once, and the obtained image
of the sample and the background distribution were employed to reconstruct attenuation
and phase-contrast images. Undoubtedly, the phase-contrast image (Figure 6¢) shows more
details than the attenuation image (Figure 6b). In particular, the zoomed-in images in
Figure 6g—i contain more structural information than those in Figure 6d—f, as indicated by
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the red arrows. In fact, there is no major restriction on where the sample is located, either
in front of or behind the grating.

Figure 6. (a) is a photograph of the sample used (Branchiostegus argentatus). (b,c) are conventional
attenuation and differential phase-contrast images. (d—f) are the enlarged image of (b) marked by red
rectangles, and (g—i) correspond to the blue rectangles in (c). The areas indicated by the red arrows
represent the features that are not visible in the attenuation images (d—f) and are more clear in the
phase-contrast images (g-i).

4. Discussion and Conclusions

The phase retrieval algorithm used in this study is the phase-stepping method, which
is a well-known technique in the field of visible light for reconstructing the phase of a
wavefront by introducing a time-varying phase shift [26]. To avoid the need for multiple
exposures of the sample, we used a space-varying phase shift method to compute the phase
information. The main difference between these two methods is that the former samples
the intensity in the time domain, while the latter samples it in the spatial domain.

Typically, the intensity at each point varies sinusoidally with the introduced phase
shift, and three sampling points are required to reconstruct the sinusoidal signal in one
period. In the time-varying method, the sample is exposed to the X-ray beam at least three
times, so each pixel has three intensity signals that are used to retrieve the attenuation
and phase gradient information. For the sample whose attenuation and phase distribution
are slowly varying, in other words, the adjacent pixels of the detector have the same
attenuation and phase information, the signal values of the two pixels come from the same
sinusoidal function. We can then build two equations for the sinusoidal function from the
values of the two pixels. The initial phase shift of the sinusoidal function can be retrieved
before exposing the sample to X-rays, so the unknown variations (attenuation and phase
information) can be reconstructed from the two equations.

In terms of our algorithm, the attenuation and phase-contrast values of a pixel (denoted
by a) can be calculated from the intensity of the two adjacent pixels (denoted by a and b),
and the b pixel’s values can be reconstructed from the next two adjacent pixels (b and c).
Thus, from M pixels, there are M-1 values that can be reconstructed. Unlike the filtering
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effect of the window function in the Fourier transform method, the whole processing
method demonstrates no information loss occurs during reconstruction. From this point of
view, there is no loss of spatial resolution in our configuration. According to the algorithm,
only the pixels in the last two pixels columns have the same retrieval values, and only the
pixels in the last column cannot provide phase information. In practice, the pixels in the
last column of detectors are generally not used to provide important information, so it is
acceptable to omit the last column.

In this manuscript, we propose a new method for retrieving phase-contrast information
in X-ray phase-contrast imaging that allows the use of a single shot, which means a
low exposure dose, and preserves the high-frequency information by keeping the image
resolution the same as that directly acquired by the detector used. This method is verified by
our constructed imaging system, where a microfocus source is used to perform micrography.
Furthermore, this method can also be extended to the imaging system using a synchrotron
radiation source. Because of the time-saving advantages and lack of spatial resolution
loss, our method can be applied to the inspection of biological soft tissues and the non-
destructive testing of organic materials and their devices.
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