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Accelerator Laboratory, USA The speckle-based X-ray imaging technique (SBT), which includes the three

imaging modalities of absorption, phase contrast and dark field, is widely used
Keywords: speckle; phase contrast; dark field; in many fields. However, the influence of the grain size of the diffuser, the
grain size; resolution. coherence of the X-ray source and the pixel size of the detector on the multi-

mode imaging quality of SBT is still woefully unclear. In this paper, the whole
SBT process is simulated and the influence of these three factors on image
quality is discussed. Based on this discussion, the grain size of the diffuser for
SBT applications should be limited by the pixel size of the detector and the
coherence length of the X-ray source. According to analysis of the noise signal
and correlation map, a suitable grain size is an indispensable condition for high-
quality SBT images, because an excessively small or large grain size degrades the
resolution of the imaging results and generates false signals. In addition, the
power spectral density of the measured raw speckle patterns demonstrates that
a smaller grain can better retain high-frequency information from an imaged
sample. The simulated and experimental results verify these conclusions. The
conclusions of this work will be helpful in designing suitable experimental setups
for SBT applications and have the potential to promote the performance of
SBT in other applications, such as X-ray optics metrology and coherence
measurement.

1. Introduction

Recently, X-ray imaging techniques have been vastly
improved by the high brilliance and high penetration depth
of synchrotron radiation. As the most direct and traditional
X-ray imaging modality, absorption imaging can provide basic
absorbing contrast information from samples. In order to
further analyze detailed features of samples, the subsequently
developed phase-contrast (Momose, 2005) and dark-field
imaging techniques (Pfeiffer er al., 2008) can also be used.
With its higher sensitivity to small density deviations, phase-
contrast imaging can obtain superior results from samples that
have weak absorption structures, such as the soft tissues of
biological samples. Dark-field imaging allows the collection of
scattering information about samples. It has satisfactory abil-
ities to display the scattering structure of samples.

Several methods have been developed to achieve these
multiple advanced imaging schemes, including propagation-
based (Weitkamp et al., 2011), grating-based (Pfeiffer et al.,
2006) and speckle-based methods (Berujon et al., 2012a). The

.  omw © mom propagation-based method is effective in determining the
high-frequency information from samples but this method is
© 2020 International Union of Crystallography insensitive to slowly varying phase gradients. Except for its
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application in imaging, the grating-based technique (GBT) is
useful for the metrology of reflective optics (Berujon &
Ziegler, 2012) and the optimization of bimorph mirrors (Wang
et al., 2014). The key optical components of GBT are gratings,
and imaging with this technique usually requires at least two
gratings in its setup. Additionally, the optical configuration of
GBT is complex, and the cost of gratings is expensive.
Compared with GBT, the speckle-based technique (SBT)
replaces the grating pattern with a speckle pattern that is
generated from the scattering of random-phase objects (the
diffuser). SBT simplifies the setup of experiments and the
diffusers are generally biological membranes or sandpapers,
which are much cheaper than gratings. In addition, SBT has
a higher contrast-to-noise ratio than GBT in phase-contrast
imaging (Romell ef al, 2017) and can avoid the phase
unwrapping problem (Kashyap et al, 2016a). With these
unique properties, SBT has been applied in various fields,
such as testing the performance of Kirkpatrick-Baez (K-B)
focusing systems (Kashyap et al., 2016b), the measurement of
the transverse coherence of a synchrotron radiation source
(Kashyap et al., 2015) and the optimization of bimorph X-ray
mirrors (Wang ef al., 2015).

The basic principle of SBT relates to the scattering prop-
erties of near-field speckles (Berujon et al., 2012b). In the near-
field region (Fresnel diffraction region), the size and shape of
speckles remains unchanged. This property allows speckles
to be employed as wavefront modulation markers instead of
gratings. As a result of this property, it is easy to reconstruct
the special features present in samples by recording two
speckle patterns generated from a diffuser at the same posi-
tion. One speckle pattern, termed the ‘reference image’, only
contains the information of the diffuser, while the other
speckle pattern, called the ‘sample image’, contains informa-
tion from both the diffuser and the sample. Because the near-
field speckle is unchanged, the displacement introduced by a
sample can be contained in the sample image. This displace-
ment caused by samples is related to the change of the
wavefront gradient, which is the derivative of the phase
information from the sample (Berujon et al., 2012a). The
digital image correlation (DIC) algorithm is used to calculate
this displacement with subpixel accuracy (Pan et al., 2009).

Although SBT has been implemented and tested in many
fields (Kashyap et al., 2016b), the factors influencing the
imaging results still need to be investigated. As the key point
of SBT, the speckle patterns acquired by the detector are
mainly determined by four elements (Berujon et al., 2012b):
the size feature of the diffuser, the coherence of the incident
source, the response function of the detector and the Talbot
effect. The entire loss of certain frequencies caused by the
Talbot effect can be avoided by using a source with sufficiently
large bandwidth (Berujon et al., 2014). However, there is still a
lack of studies on the influence of the other three elements. In
a previous study, it was mentioned that adjusting the grain size
of the diffuser to match the detector resolution could increase
the contrast of the interference fringe (Berujon et al., 2014).
However, it was determined that an increased grain size of
the diffuser cannot effectively change the root-mean-square

(RMS) error of the calculated phase-contrast results (Aloisio
et al., 2015). In addition, it was also mentioned that a smaller
average size of speckles could improve the intensity of dark-
field signals (Wang et al., 2016). However, the practical influ-
ence of the grain size on SBT for achieving the desired
imaging quality is still unknown. SBT requires a moderate
coherence in both imaging (Kashyap et al, 2016a) and
metrology (Wang et al., 2015). In previous studies, the influ-
ence of coherence was mainly on determining a suitable
experimental distance (Berujon et al., 2014). The influence of
the detector has also been mentioned in some works. In
particular, the response function of the detector has been
shown to degrade the quality of speckle patterns (Berujon et
al.,2014), and SBT can be successfully performed even with a
low exposure time of 0.5 ms (Aloisio et al., 2015). However,
comprehensive studies discussing the relationship between the
grain size, coherence and detector pixel are still lacking.

In this paper, based on a discussion about the generation
process of the speckle patterns for SBT, we dissect the influ-
ence of the diffuser grain size, the detector pixel size and the
partial coherence of the synchrotron radiation source on SBT
imaging. We propose a practical method to give a suitable
grain size range of the diffuser for SBT. We then simulate the
whole SBT process with a diffuser with diverse grain sizes to
verify our discussion and grain selection method. Measured
SBT results using a gold mesh confirmed our simulations. In
addition, both our simulated and experimental results showed
that a smaller grain size can ensure a higher imaging resolu-
tion for SBT. Through our discussion about noise analysis and
the correlation map of a single point, we explain the above-
mentioned features of smaller grain size in SBT and analyze
the formation process of false signals appearing in the imaging
results. Moreover, we discuss the frequency feature of
different grain sizes using power spectral density results.

2. Theory and simulation

A speckle is the summation of mass random independently
phased additive complex components that has random
amplitudes and phases (Goodman, 2006). Generally, it arises
from the diffuse reflection of a rough surface. However, the
generation of a speckle in the X-ray near-field region is caused
by the superposition of interference fringes (Cerbino et al.,
2008). In the near-field region, the coherent patches of the
partially coherent source have random amplitudes and phases.
When one point of the diffuser is illuminated by one coherent
patch, a circular fringe interference pattern is generated,
caused by interference between the scattered wave of this
point and the transmitted wave. Based on this model, a speckle
pattern can be regarded as the superposition of many inter-
ference fringes originating from the scattering of many points
of a diffuser.

Considering the generative process of near-field speckles,
the intensity distribution of near-field speckle patterns can be
appropriately expressed using the mutual coherence function
(Kohn et al., 2001),
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where (x;, z;) and (¥/, z’) represent points on the sample and
detector planes, respectively, (x,, z,) is another point on the
sample plane, L is the distance from the sample to the detector
along the propagation direction z, and A is the wavelength of
the incident light. k = 2m/A is the wavenumber and s, , is the
distance from (x, z;) and (x5, z) to (¥', ), respectively. The
most important two terms of this equation are the transmis-
sion function 7(x, z) of the sample and the spectral degree of
coherence w(x, z) of the source.

To further explain the transmission function, a diffuser can
be treated as a sample that has many grains on its plane. Each
grain of the diffuser is a hemisphere with radius 7;. Thus, the
transmission function of the diffuser can be written as (Kohn
et al., 2001)

N
T(x,z) = exp {— 4% n Z[rl_z —(x - xi)2 —(z— zl,)Z]l/Z},
i=1
(@)

where (x, z) is a coordinate on the diffuser plane and x;, z; is
the center of each hemisphere. If x, z is larger than r; for the ith
grain, the value of 7(x, z) is zero. The different grains on the
diffuser plane can be allowed to overlap with each other. The
symbol n =1 — § + if represents the complex refractive index
of the sample; § and B are the refractive and absorption
indices, respectively. This equation indicates that the influence
of a diffuser on the generation of a speckle pattern is related
to its grain size r. A similar opinion has been given by Kohn et
al. (2001), who stated that the size of speckles generated from
the diffuser in the near-field region relates to the feature of
the diffuser grain. Moreover, after introducing a sample into
the transmission function, the total transmission function in
equation (1) will be changed to T(x, z) Ts(x, z). This replace-
ment indicates that the sample is modulated by the speckles
of the diffuser.

With regard to the coherence, the emitted light from a
synchrotron radiation source is partially coherent light and
can be expressed by the Gaussian Schell model. For a partially
coherent source, its spectral degree of coherence can be

written as (Wang et al., 2011)
(2 — 2)’

(xl—xz)z
“(x’z):eXp{_[ TP TE

where [/, and [, are the coherence lengths of the source in the
horizontal and vertical directions, respectively. /, and [, are
related to the size of the source and the propagation distance
from the source (Kohn ez al., 2001). A smaller source size or
a larger propagation distance can yield a higher value of
(x, z). This equation reflects the influence of coherence. On
the one hand, if the coherence length [, , is larger than r, the
correlation of any two points of each grain is high enough to
generate phase-based speckles (Wang et al., 2016). This kind of
speckle has features of the near-field speckle and can be used

as a wavefront modulator in SBT. However, if [, , is smaller
than r, the value of w(x, z) will drop gradually to zero and the
intensity calculated by equation (1) is just the absorption
contrast of the diffuser. This absorption-based speckle will
lose certain information about a sample. Moreover, the
insufficient coherence length of the source can decrease the
visibility of speckle patterns (Kohn et al., 2001). On the other
hand, the experiment distance is determined by the coherence
length. In the far-field region, the diffraction integral will
transform to Fraunhofer diffraction (Sikorski et al., 2015) and
the speckle will be enlarged in the propagation direction
(Cerbino et al., 2008).

Besides grain size and coherence, the sampling limit of
the detector is also important. In reality, the intensity is
recorded by the detector and sampled according to the pixel
size of the detector. Because the width of the source is
generally different in the horizontal and vertical direction, the
detector pixel size refers to the width of a single pixel and
represents the sampling effect of the detector in the two
directions.

The quality of the speckle patterns critically determines the
performance of the DIC algorithm (Momose, 2005). Consid-
ering the above-mentioned three influencing factors, the near-
field speckles should have the size of the diffuser grain size.
However, the coherence length of the source and the pixel size
of the detector limit the optional range of the grain size.
Therefore, the appropriate grain size of the diffuser for SBT
should be large enough to satisfy the sampling limit of the
detector and smaller than the coherence length at the diffuser
position. This limitation ensures that the speckles generated
in SBT are near-field speckles. Near-field speckles ensure the
successful application of SBT.

Based on these theoretical discussions, we simulated the
whole imaging process of SBT with different grains in a
diffuser to verify our discussion. To simplify the simulation
and ensure the coherence length was sufficient for all grains,
the incident beam was assumed to be collimated (the magni-
fication was 1) and fully coherent. Our calculations were based
on the near-field Fresnel approximation of the diffraction
integral (Zdora et al., 2015). The transmission function of the
diffuser and the simulated sample could be acquired based on
the thickness distributions and the complex refraction index of
the diffuser and sample, respectively. The diffuser was simu-
lated as sandpaper made of SiC, and the sample material was
Au. To approach a true grain distribution for the sandpaper,
the radius distribution and the position distribution of each
hemisphere located on the sandpaper all corresponded to a
Gaussian distribution with a standard deviation of 20%, and
the sample was specially designed with a slow-varying trian-
gular phase gradient in the horizontal direction but two high-
frequency jumping signals in the vertical direction. Both the
thickness distribution of the sandpaper and the sample are
shown in Figs. 1(a) and 1(b). The energy of the incident beam
was 17 keV. The simulated speckle patterns, which are shown
in Figs. 1(c) and 1(d), were calculated with a fast Fourier
transform. The pixel size of the simulated detector was 0.2 pm.
The multiple imaging results shown in Fig. 2 were calculated
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(a) Simulated sandpaper profile and (b) sample thickness distribution. (¢) Simulated original
speckle images of the reference image and (d) sample image. The diffuser grain size was 0.5 pm. The
three points marked a, b and c in (b) were the external, internal and edge reference, respectively.

Multiple imaging results based on
simulations are shown in Fig. 2. The
edge-enhancement effect was handled
by the method mentioned by other
researchers (Wang et al., 2017). The
absorption image shows the funda-
mental absorption information of the
sample, mainly due to its thickness and
absorption coefficient. In the vertical
direction of the absorption image, some
blurring appears at the margin of the
sample [Fig. 2(a)]. The reason for this
blurring is that SBT is insensitive to
the high-frequency information of the
sample, especially for such extreme
phase jumping in the vertical direction.
The two-phase jumpings at the vertical
margins of the sample were specially
designed to capture high-frequency
information in  our  simulation.
However, strong dark-field signal
appeared at the two margins indicating
edge scattering of the sample [Fig. 2(b)].
The dark-field image supplemented the
scattering information of the sample,
which was inaccessible in the absorption

with a subset of 11 x 11 pixels and the searching area was 20 x image. In addition, the phase image results corresponded to
20 pixels. Since the aim of this work was to understand the our designed phase gradient in both directions. These results
influence of grains, we used the same subset in the calculation clearly show a triangular phase variation in the horizontal
for different grains to control the variable in our comparisons. direction and two-phase jumpings in the vertical direction.

The influence of various subsets will be presented elsewhere. To compare the influence of different grains, the one-
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Figure 2
Multi-model imaging results, including (@) absorption, (b) dark field, (¢) horizontal gradient and
(d) vertical gradient phase contrasts, calculated by the DIC algorithm with a diffuser grain size
of 0.5 um.

dimensional phase gradient calculated
from different grains is shown in Fig. 3.
In the horizontal direction, the slow-
varying phase gradient is clear in
Fig. 3(a). In the vertical direction, the
phase jumping makes it difficult to
calculate an accurate true value.
However, the position of the sample
edge can be determined by the vertical
phase gradient result. In Figs. 3(a) and
3(c), a grain size of 0.5 pm yields the
most precise phase gradient in the
horizontal direction and the most
precise edge position in the vertical
direction. Compared with the theore-
tical phase gradient, a smaller or a
larger grain leads to a horizontal phase
gradient with higher noise and a vertical
edge sharp peak with a larger extension
or a larger position error. In addition,
in Figs. 3(b) and 3(d), comparing the
theoretical phase gradient, a grain size
of 0.5 pm had the smallest RMS value
and a smaller displacement error than
the other grains. Moreover, the RMS
value, the displacement error and the
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Figure 3

(a), (c) One-dimensional phase gradient compared with theoretical values in the horizontal and
vertical direction. (b) RMS results of the phase gradient acquired by changing the grains of the
diffuser. (d) Edge displacement error acquired by different grains compared with the theoretical
position; the length of the error bars is the width of the calculated edge. The direction of the
displacement error on the left-hand side of the edge is negative and on the right-hand side is positive.

width of the edge peak increased when the grain size was
smaller than the sampling limit of the detector (the pixel size
was 0.2 um) or close to the thickness of the sample (10 pm).
These results showed that a grain size of 0.5 pm, which is close
to the limit of the detector pixel width, was the optimal grain
size under the selected range from 0.02 pm to 10 pm. The
other thing that needs to be focused on in Fig. 3(d) is that the
calculated width of the sample in the vertical direction
increased with grain size increase, since the displacement error
direction changed outside the sample.

To simulate the real experimental situation and further
analyze the difference between various grains, we added a
Gaussian noise with different signal-to-noise ratio (SNR)
value in our simulation to study the anti-noise capability of
different grains.

As is shown in Fig. 4(a), the smaller grain (0.05 um) gave
the poorest anti-noise performance. Even though the noise
level was low (SNR = 20dB), the completely incorrect
phase gradient result was calculated. The middle-sized grain
(0.5 pm) gave the best anti-noise performance. When the SNR
was larger than 10 dB, the phase gradient for the middle-sized
grain was calculated with few errors. The larger grain (5 pm)
just resisted low-level noise. Its anti-noise capability was
weaker than the middle-sized grain. These noise results show
that a smaller grain (which satisfies the limit of the detector
pixel size) also has stronger anti-noise capabilities.

The reasons for the different performance of the various
grains in SBT can be analyzed using the results from the

Grain Size(um)

1 10 range. The searching area was a
rectangular area that consisted of
neighboring pixels close to the central
pixel of the subset. For each subset
in the reference image, one absolute
maximum correlation peak and some
satellite peaks (local maximums) appear
in the correlation map, and the distance
of the adjacent peaks relates to the
grain size of the diffuser. The displacement of the maximum
correlation peak is caused by the sample. However, under two
conditions, many peaks existed in the correlation map that
had similar values to the absolute maximum correlation peak
caused by the sample. The first condition was that the change
of the local feature around the sample was stronger than the
feature of grain. The second condition was that the subset
contained insufficient information about the sample since the
selected markers (speckles) were insufficient in this subset.
These similar peaks prevent the DIC algorithm from finding
the precise absolute maximum correlation peak and generate
a false signal.

Comparing Figs. 5(a.1), 5(b.2) and 5(c.3), the correlation
coefficient was found to be different at different positions of
the sample. In the pure sandpaper area [Figs. 5(a.1), 5(a.2) and
5(a.3)], one strong sharp peak appears compared with the
other satellite peaks and the full width at half-maximum
(FWHM) of this maximum correlation peak increases as the
grain size increases. This means that smaller grain sizes lead to
higher resolution in DIC, since a sharp peak can ensure a more
precise displacement calculation. At the inner point of the
slow-varying region of the sample [Figs. 5(b.1), 5(b.2) and
5(b.3)], although the correlation coefficient of the satellite
peaks increased, the value of the maximum correlation peak
was still much larger than for the satellite peaks, and the DIC
algorithm calculated the correct displacement for all three
grains. However, at the sample margin, the smallest grain size
of 0.05 pm led to an incorrect displacement in both directions
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Horizontal phase gradient (with different noise levels) calculated using a grain size of 0.05 um (a), 0.5 pm (b) and 5 pm (c).

with a value of zero [Fig. 5(c.1)]. This is because the grain size
of 0.05 um exceeded the sampling restriction of the detector.
When the grain size is less than the sampling limit of the
detector, the speckle pattern recorded by the detector
contains the incorrect sample information and the signal
contains more noise. Therefore, a grain size that is smaller
than the limit of the detector yields a low imaging resolution
and has a poorer anti-noise capability. In addition, larger
grains can also have an incorrect displacement. One reason for
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Figure 5

this is that larger grains lead to a wider maximum correlation
peak in the correlation map which means a decreased
discernibility ability of the larger grains. Another reason is
that the marker in the constant subset is only one grain since
the subset size was 2.2 um. The decreased grain markers in the
subset reduce the visibility of the speckles, and characteristic
information about the sample is missed. Therefore, larger
grains lead to an incorrect maximum correlation peak in the
correlation map and generate false signals [Fig. 5(c.3)]. The

(a.3)
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Correlation maps of a single point calculated in the search range for grain sizes of 0.05 um (denoted by 1), 0.5 pm (denoted by 2) and 2.4 um (denoted
by 3). (a) Outside the sample, (b) inside the sample and (c) at the sample margin. These three points are denoted in Fig. 1(b).
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decrease of the anti-noise capability for larger grains was due
to these two reasons, also. As shown in Fig. 5(¢c.2), a grain size
of 0.5 um leads to the correct displacement at the sample
margin and has lower satellite peaks in the correlation map.
This is because a grain size of 0.5 pum is the smallest grain size
that satisfies the sampling requirement of the detector and
ensures sufficient speckle grain markers for the selected
subset. This also means that a grain size of 0.5 pym has a
stronger anti-noise capability when the subset is constant.

These correlation map results for a single point validate the
limit effect of the detector in the appropriate optional grain
size range for SBT. They also demonstrate that a smaller grain
size that satisfies our method can ensure higher imaging
resolution, fewer false signals and better anti-noise capability
in DIC. Therefore, to gain a higher imaging resolution for
SBT, our advice is to choose a grain size of the diffuser close
to the detector limit using the grain select method discussed
previously.

3. Experiment

To demonstrate the above-mentioned method in this work,
a series of SBT experiments were performed using the hard
X-ray micro-focusing beamline (BL15U1) of the Shanghai
Synchrotron Radiation Facility (SSRF) (Wang et al., 2011;
Momose, 2005). The experimental scheme is shown in Fig. 6.
The working energy was adjusted to E = 17keV (A =
0.073 nm) with a Si (111) monochromator (AE/E = 10~*). The

Detector

Figure 6

Basic scheme of an SBT experiment. After being focused by the K-B
system, an X-ray beam illuminates the sandpaper to generate speckles,
which are adjusted by the sample and ultimately gathered by the detector.

Table 1
Detailed parameters of the sandpaper used in this work.
Grit Average grain
designation size (pm) Brand and texture
800 ~10
5500 s MATADOR
5000 ~24 .
7000 ~12 Wasserfest (SiC)
12000 ~0.5
18000 ~03 3M (Mylar)

size of the incident beam was sheared by a slit. After that,
the incident beam was focused by a subsequent K-B focusing
system.

Sandpaper was installed at a defocus position at a distance
dy = 71 mm upstream of the focus. In order to verify the
influence of the diffuser on SBT, we chose six different grains
of sandpaper in this experiment (see Table 1).

A gold mesh was then placed behind the focus at a distance
d; = 0.8 mm and the effective detection region of the mesh was
one of its crosshairs with a diameter of 10 um [Fig. 7(b)].

The speckle patterns [Fig. 7(c)] were collected by a detector
(Photonics Science) with a pixel size of 13 pm x 13 pm, which
was installed downstream of the sample at a distance d, =
1639.2 mm. However, considering the magnification of the
experiment, the effective pixel size at the sandpaper location
was approximately 0.15 pm in the horizontal direction and
0.18 pm in the vertical direction. Additionally, each exposure
time was set to 5 ms, and each final speckle pattern was the
average of five exposures in order to decrease the random
noise of the detector.

4. Result and discussion

Multi-modal X-ray imaging results of the crosshair [shown
in Fig. 7(b)] calculated using different grains are shown in
Fig. 8. The absorption image [Fig. 8(a.1)] provides substantial
contrast of the crosshair. In Fig. 8(a.1), an arcuate corner is
shown in the left part of the crosshair (red rectangle region)
since the corner of the crosshair was not a perfect right-angle.
An increased dark-field signal appears in the same region of
the dark-field image [Fig. 8(»)1] demonstrating this conclusion
again. In addition, this feature of the corner can be observed
in the same region of two differential phase gradient images

Figure 7
(a) Original image of the mesh acquired by microscopy. (b) One local part of the mesh, highlighted in the red rectangle in (a), is a crosshair with a
symmetrical structure. The bright margins of the crosshair are caused by the lighting source of the microscope. (¢) The corresponding speckle image of
the cross hair; the crosshair is shown in (b).
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Figure 8
Multi-modal X-ray imaging results calculated using a grain size of 0.3 pm (denoted by subscript 1), 1.2 um (denoted by subscript 2), 5 um (denoted by
subscript 3) and 10 pm (denoted by subscript 4). (a) Absorption, (b) dark-field, (c) horizontal differential phase gradient, and (d) vertical differential
phase gradient. The red rectangle and the star symbol are the two positions of interest. The corresponding 1D results extracted from the position at the
two red lines are shown in Fig. 9.

[Figs. 8(c.1) and 8(d.1)]. As mentioned earlier, the dark-field
and phase-imaging results supplement the information of the
sample that is inaccessible in an absorption image. For a local
feature of the sample, through a comparison of the results of
these three imaging models, a more comprehensive under-
standing of a sample can be obtained. In addition, in the
same region, the intensity of this feature about the sample
decreased with increasing grain size. Finally, this feature
disappears in the results acquired using a grain size of 10 um
[Figs. 8(a.4), 8(b.4), 8(c.4) and 8(d.4)]. A similar change for
another point can also be found in the one-dimensional (1D)
result that is represented by dotted vertical line 4 in Fig. 9(d).
The SNR in this experiment was about 16 dB for all grains.
Based on the noise results in our simulation, smaller grains
have a better anti-noise capability than larger grains at this
noise level. Moreover, this feature position of the sample also
exists in the dark-field and phase-gradient results [Figs. 9(e)
and 9(f)]. Therefore, it can be regarded as a signal from the
sample and not noise. The intensity of this feature position
marked by dotted line 4 increases with decreasing grain size
[Figs. 9(e) and 9(f)].

Moreover, with increasing grain size, the resolution of the
arcuate corner decreased and the apparent noise signal
increased in all two-dimensional (2D) results (red rectangle
region). Therefore, a grain size of 0.3 pm led to the highest
resolution about the crosshair, which was the smallest grain
size close to the limit of the detector in our grain select

method. A similar conclusion can be drawn by the 1D
comparison (Fig. 9). This showed that a grain size of 0.3 pm
yielded the highest precision results in the dark-field,
absorption and phase results in both directions and contained
the least noise interference. The 1D and 2D results of the
performance of a grain size of 0.3 um also show that smaller
grains have a stronger anti-noise capability than large grains
under an experiment noise level of 16 dB. The experiment
results among different grains were consistent with our
simulation results.

The correlation map of a single point can explain the
disappearance of the arcuate corner and the degraded image
quality for larger grains. The grains selected in the subset
contained different information in the calculation process of
creating the correlation map. Just as we analyzed in Section 2,
in the area outside of the crosshair the subset contained pure
sandpaper information and yielded one maximum correlation
peak in the center of the correlation map. In the area inside
the crosshair, the subset contained the crosshair information
and led to the other different maximum correlation peak.
However, at the margin of the sample, one part of the subset
contained pure sandpaper information and the other part
contained crosshair information. The calculation function of
the correlation was unified in the DIC algorithm. Therefore, a
messy contradiction appears in the calculation of DIC. This
contradiction interferes with the DIC algorithm and prevents
it from finding the correct displacement. The smaller grains

]. Synchrotron Rad. (2020). 27, 146157
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Figure 9
Comparison of 1D multi-modal imaging results among different grains. (a) Horizontal absorption, (b) horizontal dark field, (c) horizontal phase, (d)
vertical absorption, (e) vertical dark field and (f) vertical phase. Dotted lines 1 and 2 are the two margins of the crosshair in the horizontal direction.

Dotted lines 3 and 5 are the two margins of the crosshair in the vertical direction. Dotted line 4 is a special position of interest.

that satisfied our grain selection method can significantly
avoid this situation. Therefore, a grain size of 0.5 um leads to
the correct displacement of the crosshair margin [Fig. 10(a)],
which is similar to the simulated results in Fig. 5(c.2).
However, because they contain less information about the
sample, larger grains do not avoid the above-mentioned
contradiction of the DIC. The calcu-
lated displacement was zero [Figs. 10(b)
and 10(c)] and the signal of the arcuate
corner disappears in the results calcu-
lated using grain sizes of 1.2 pm and
5 um. Moreover, in Fig. 10(d), a grain
size of 10 um calculates an incorrect
maximum correlation peak since its
correlation peak has a wider FWHM.
The error peaks calculated from larger
grains produce false signals in the
final imaging results. The experimental
results of the crosshair confirmed our
simulated results. This again supports
the theory that a smaller grain size can
yield higher resolution and lower noise
signals in speckle-based multi-modal
X-ray imaging.

The imaged crosshair had a symme-
trical structure [Fig. 7(b)] and this
symmetrical structure is useful for
investigating the influence of partial

correlation

correlation

pixel

Figure 10

on beamline BL15U, at any distance away from the light
source the ratio of the transverse coherence length and the
size of the beam is constant (Wang et al., 2011). Therefore, the
coherence length at the sandpaper position was [, = 0.378 pm
in the horizontal direction and /, = 4.815 pm in the vertical
direction. For all of the selected grain sizes in our experiment,

correlation

-10 pixel pixel -0 -10 pixel

coherence. According to the research
on the luminous model of the undulator

Correlation map of a single point calculated in the search range for grain sizes of 0.3 pm (a), 1.2 pm
(b),5 pm (c) and 10 um (d). The point was selected at the margin of the bend and is denoted by the
star symbol in Fig. 8.
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a grain size of 0.3 um satisfied the coherence limit in both
directions. This was the reason why a grain size of 0.3 um
yielded the most precise 1D and 2D results in both directions.
As shown by equation (3), if the grain size is larger than the
coherence length, the speckles start to degrade as intensity
speckles. The intensity speckles represent the absorption
constant of the diffuser that misses the phase and scattering
information about the sample due to the insufficient coher-
ence. Therefore, in the horizontal direction, a grain size of
0.5 pm exceeds the coherence limit and the resolution of the
2D imaging results begins to decrease when the grain size is
larger than 0.5 pm. Due to the longer coherence length in
the vertical direction, the degraded imaging results begin to
appear in the vertical direction when the grain size is larger
than 5 pm. Also, due to the insufficient coherence length in
both directions, a grain size of 10 um led to the worst reso-
lution compared with other grain sizes. Moreover, as a result
of the insufficient coherence length in the horizontal direction,
the intensity of the dark-field signal was weaker in the hori-
zontal direction than in the vertical direction in the total
2D dark-field images [Figs. 8(b.1)-8(b.4)]. Additionally, the
vertical phase results [Figs. 8(d.1)-8(d.4)] all have higher
resolution and lower noise than the results in the horizontal
direction [Figs. 8(c.1)-8(c.4)] and the horizontal phase results
were all mixed with some vertical phase information.

The influence of coherence can also be observed in the
corresponding 1D extracted multiple-model imaging results
in Fig. 10. The surface of the crosshair is a curve and its
absorption at the margins of the sample should have low
variation. However, because of the insufficient coherence
length, the absorption of the sample margins appeared in the
1D vertical absorption results [Fig. 9()]

of the speckle patterns is related to the insufficient coherence
length. The visibility of the speckle patterns with different
grains was 0.301 = 0.006 in the horizontal direction and 0.389
4 0.021 in the vertical direction. A higher visibility in the
vertical direction ensured a higher accuracy in the calculation
of DIC (Wang et al., 2016). The comparisons of 2D multi-
modal imaging results between the two directions and the
comparisons of the corresponding 1D extracted results
between the two directions supports the influence of coher-
ence that we discussed in Section 2. The insufficient coherence
length causes the speckles to lose certain information of the
sample and degrades the imaging resolution of SBT multi-
model imaging.

The influence of grains and coherence on SBT can also
be explained by a comparison of the power spectral density
(PSD) results (Fig. 11). These PSD results were calculated
using the raw speckle images of different grains (Cerbino et al.,
2008). Since different grains can generate speckle patterns
with the features of the grains, different grains have different
frequency responses in the PSD results of reference images in
both directions [Figs. 11(a) and 11(b)]. In addition, since the
coherence length was insufficient for almost all grains in the
horizontal direction, only the low frequency of the sample was
retained in the horizontal direction [Fig. 11(c)]. However,
the vertical coherence length was sufficient for most grains.
Therefore, the high-frequency information of the sample had a
higher ratio in the vertical direction [Fig. 11(d)]. This result
explains why the horizontal imaging results all had a lower
imaging resolution than the results in the vertical direction, as
the loss of high-frequency information about the crosshair for
most grains occurred in the horizontal direction. The differ-

for most grains but disappeared for
most grains in the horizontal absorption
results [Fig. 9(a)]. In the dark-field
results, the vertical 1D extracted dark-
field results for all grains had a higher
intensity than the dark-field results in
the horizontal direction. Besides, the
margins of the crosshair were close to
the real position in all vertical 1D

Intensity (a.u)

—— 10um

Ratio (100%)
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of these results between the two direc-
tions also relates to the differences of
the visibility of the raw speckle patterns
between the two directions. As shown
by equation (3), the decreased visibility

Frequency (um™)

Figure 11

Frequency (um™)

Comparison of PSD results for different grains. Panels (a) and (b) show the PSD results of reference
images in the horizontal and vertical directions. Panels (¢) and (d) show the corresponding PSD
results of sample images with the reference images removed.
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ence of PSD results acquired in both directions was consistent
with the influence of the coherence shown from equation (3).
The absorption-based speckle that was generated in the
horizontal direction indeed loses some sample information. In
addition, unlike the noise signal which generally covers the
whole frequency domain, the four distinct signal peaks of the
sample appear at the frequencies 3.4 x 107,4.2 x 107°,4.5 x
107®and 5.5 x 10~° um " in the vertical direction [Fig. 11(d)].
The ratio of these four peaks acquired using a grain size of
0.3 um was obviously higher than for other grains. This meant
that a smaller grain can better maintain the high-frequency
information of a sample, which also ensures a higher precision
in the DIC calculation. These PSD results again support the
influence of grains discussed in Section 2 and Section 3 and
highlight the influence of coherence discussed in Section 3.

In Section 2, the comparison results of the 1D phase
gradient in both directions and the correlation map of a single
point for different grains were in accordance with the theo-
retical discussion about the influence of grains and detector
pixel size. The smallest grains that satisfy the limit of the
detector indeed gain higher resolution in SBT imaging. Both
the 1D and 2D multi-model imaging results using different
grains for the gold crosshair matched this influence of grains
that we discussed and simulated. In addition, the difference
between the 2D phase imaging results in the two directions
matched the influence of coherence that we discussed in
Section 2. The difference between the 1D extracted results
from the 2D imaging results for all grains in the two directions
again supported the discussed influence of coherence. The
insufficient coherence length indeed caused the speckle
pattern to degrade as an intensity speckle. The intensity
speckle loses certain phase and scattering information of the
sample. Moreover, the PSD results for all grains between the
two directions show the influence of coherence and show that
smaller grains can better maintain sample information than
larger grains. Based on these results, the available grain size
range for SBT is indeed limited by the detector pixel size and
the coherence length. The smallest grain size in this available
range can ensure higher imaging resolution.

5. Conclusions

The detailed influence of grain size, coherence length and
detector pixel size on SBT has been discussed. The speckle
patterns generated using diffusers with different grain sizes
will have the respective size features of these grains. Thus,
the multi-model X-ray imaging results calculated by speckle
patterns will be influenced by the grain size of the diffuser. The
influence of the coherence length is reflected in the generation
of near-field speckles in an experiment. The influence of the
detector is the sampling limit of its effective pixel size. Based
on these influences, we proposed that the optimal grain size
range for SBT should be limited by the detector pixel size and
the coherence length of the X-ray source. Our simulated and
experimental results support our discussions and validate
our grain optimal range. In addition, based on our discussion
about noise analysis, correlation maps and PSD results, a

smaller grain size that satisfies the limit of our grain selection
range can achieve imaging results with higher resolution. This
is because (i) a smaller grain can better maintain the high-
frequency information about a sample and has a stronger anti-
noise capability; (ii) a smaller grain yields a more accurate
displacement in the DIC calculations through a sharper
maximum correlation peak in the correlation map; and (iii) a
smaller grain can avoid the contradictions of the DIC algo-
rithm, which appear at the margin regions of a sample. The
conclusions of this work are significantly helpful for improving
the resolution of multi-model X-ray imaging results and
optimizing the selection of experimental parameters for SBT.
In future work, we will continue to verify the performance
of our grain selection method for SBT in other applications
such as the coherence measurement and the metrology of
X-ray optics.
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