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1.  Introduction

Since Wilhelm Röntgen’s discovery of x-rays in 1895, x-ray 
imaging has been widely used for visualizing the internal 
structure of a sample non-destructively. X-ray phase contrast 
imaging (XPCI) can obtain high contrast for samples pre-
senting a weak x-ray attenuation, and consequently it has been 
actively studied over recent years. Several XPCI approaches 
have been developed to date, including free-space propagation 
(propagation-based imaging) [1–6], Bonse–Hart interferom-
etry (crystal interferometry) [7–9], analyzer-based imaging 
(sometimes referred to as diffraction-enhanced imaging) 
[10–14], Talbot interferometry (grating-based imaging) 

[15–22] and edge illumination (EI, sometimes referred to as 
the coded aperture technique) [23–29]. Details on the various 
approaches can be found in a series of reviews that were 
recently published [30–32].

Of these methods, Talbot interferometry and EI have 
attracted particular attention due to the possibility to imple-
ment them with extended sources, which is one of the key 
requirements in terms of translation from high-end synchro-
tron facilities to standard laboratories and, ultimately, com-
mercial systems. This paper focuses on EI, mostly because of 
its implementation not requiring source collimation [24–28],  
its achromatic properties [33], and its robustness against 
vibrations and thermal drifts [34]. The edge-illumination tech-
nique was first developed in Elettra Synchrotron, Italy in the 
late 1990s [35]. To date, many experimental results have been 
reported, mostly based around applications in the biohealth 
and industrial fields [23–29]. These highlight the technique’s 
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Abstract
We report on a direct comparison in the detectability of individual sub-pixel-size features 
between the three complementary contrast channels provided by edge-illumination x-ray phase 
contrast imaging at constant exposure time and spatial sampling pitch. The dark-field (or 
ultra-small-angle x-ray scattering) image is known to provide information on sample micro-
structure at length scales that are smaller than the system’s spatial resolution, averaged over 
its length. By using a custom-built groove sample, we show how this can also be exploited to 
detect individual, isolated features. While these are highlighted in the dark-field image, they 
remain invisible to the phase and attenuation contrast channels. Finally, we show images of a 
memory SD card as an indication towards potential applications.
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potential in terms of application to market, within which hard 
x-ray dark-field imaging with incoherent sample illumination 
[26–29] can carve its own niche due to its ability to visualize 
micro-structures in the sample using laboratory-scale sys-
tems, similarly to what has been demonstrated for dark-field 
imaging in analyzer-based imaging [36] or Talbot interferom-
etry [37].

Dark-field contrast is mainly studied in relation to average 
microscopic sample features, namely sub-pixel structures 
averaged over one detector pixel [19, 38–41]. Here, we focus 
on single, isolated sub-pixel features, demonstrating that these 
can be detected by the dark-field channel down to sizes below 
the inherent resolution limits of the imaging system. While 
this is always possible (e.g., in conventional attenuation-based 
imaging), so long as a sufficient x-ray statistic is used and 
small features are simply detected rather than separated from 
each other, here we show that this is extended significantly 
further in dark-field compared to both differential phase and 
attenuation.

A model was developed [42] that expresses the spatial 
resolution in EI XPCI as the smallest distance between the 
projected focal spot size and the aperture dimension in the 
pre-sample mask. This model is based on a system’s total 
spread function, and it argues the ability to resolve objects that 
are separated by more than the full width at half maximum of 
this spread function. As such, it can be used to determine the 
minimum distance between features at which they can still 
be detected as separate, but not the detection of individual, 
isolated objects. This has instead to do with the signal inten-
sity generated by a single isolated, and in this case sub-pixel-
sized, object.

2.  Imaging principle

Figure 1 shows a schematic diagram of the EI XPCI system 
used in this demonstration experiment. The detector is a 
Hamamatsu C9732DK CMOS sensor with a pixel size of 50 
µm. The x-ray source is a rotating-anode Rigaku MM007 with 
a molybdenum target. The tube voltage and current settings 
were 35 kVp and 25 mA, respectively, and the focal spot size 
is approximately 80 µm. The pre-sample mask, manufactured 
by Creatv Microtech (Potomac, MD) by electroplating gold 
on a patterned graphite substrate, had a period of 79 µm and 
an aperture width of 23 µm. The detector mask was fabricated 
in the same way and had a period of 98 µm with an aper-
ture width of 29 µm. The distances R1 between the source 
and pre-sample mask and R2 between the pre-sample mask 
and detector mask were 1.6 m and 0.4 m, respectively, pro-
viding approximate harmonic matching of the two pitches. 
The detector itself is placed a few centimeters downstream of 
the detector mask, so that the 98 µm period of the latter proj-
ects into twice the pixel pitch, in what is often referred to as 
the skipped EI configuration [43]. This is typically used with 
indirect conversion detectors to reduce cross-talk between 
adjacent detector columns.

To extract the dark-field signal in EI, we start by measuring 
the illumination curve (IC) without a sample in place. The 
IC is the intensity modulation observed at the detector when 
one of the masks is scanned transversally (along the x-axis in 
figure 1). Figure 2 schematizes the measurement method and 
highlights some key physical quantities of the IC. Following the 
introduction of a sample, the sample and the sample mask are 
moved rigidly with respect to the stationary detector/detector 
mask assembly (system dithering in figure  2(a)). The signal 
in the corresponding detector pixel is measured at each point, 
and a sample IC is measured. The two curves are fitted with 
Gaussians and the sample curve (IM(x)) is then compared to the 
corresponding field curve (IN(x)), without the sample in place.
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tN√
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[
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]
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The comparison between IM(x) and IN(x) allows extraction 
of the attenuation, refraction and dark-field characteristics of 
the sample on a pixel-by-pixel basis. In particular, tN, ∆xN, 
σN and I0 in equation (1) are the area, center, standard devia-
tion and background value of the illumination curve without 
the sample, respectively. These values depend only on the 
characteristics of the imaging system, and are used as ref-
erence data to retrieve the sample parameters. tM, ∆xM and 
σM in equation (2) are the area ratio (relative area reduction), 
center and standard deviation of the illumination curve with 
the sample. These values represent the modification to the IC 
caused by absorption, refraction and ultra-small-angle x-ray 
scattering (USAXS) in the sample. It is therefore possible to 
extract the absorption image tM, the differential phase image 
∆xM −∆xN  and the dark-field (or USAXS) image σ2

M − σ2
N  

of the sample by measuring the illumination curve with and 
without the sample in place [26–28]. While this procedure 
yields the above three images sampled at a pitch equal to the 
detector pixel size, finer sampling pitches can also be accessed 

Figure 1.  Schematic representation of the laboratory-based edge-
illumination x-ray imaging system used in this experiment.
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Figure 2.  (a) Schematization of the approach used to measure the illumination curve with and without the sample. Sample dithering 
indicates an additional and optional scan which is applied only to the sample, when this is sampled at a pitch finer than the pixel size.  
(b) Example illumination curves measured with and without the sample in place. The latter induces intensity reduction, lateral shifts and 
curve broadening that allow extracting attenuation, refraction and dark-field images, respectively.

Figure 3.  (a) Photograph of the sample used, with some of the grooves visible in the top right corner (dashed red circle). (b) Schematic 
representation of the sample where general dimensions (groove height, separation) are given, and grooves are coded by numbers for ease 
of reference in the manuscript. (c) and (d) Calibrated optical microscopy images of grooves 17 and 18, respectively, which allowed direct 
measurement of their average widths.

J. Phys. D: Appl. Phys. 53 (2020) 095401



N Matsunaga et al

4

by displacing the sample in sub-pixel steps (sample dithering 
in figure 2(a)), repeating the above procedure at each step, and 
interleaving the subsequent acquisitions to obtain the overs-
ampled images. Indeed, four dithering steps were used to pro-
duce the images presented below.

The minimum detectable refraction angle depends on the 
overall number of x-rays contributing to the image forma-
tion. A detailed theoretical framework was developed and 
experimentally validated for the differential phase signal [44] 
with EI. This sensitivity s, the minimum resolvable refraction 
angle, can be expressed as

s =

√
IN(x)

R2
√

2tMtN [ρ(x)− ρ(x + a)]
� (3)

where it is assumed that two images acquired on symmetric 
positions x of IN(x) (i.e. positions on opposite slopes with the 
same x-ray intensity) are used to retrieve the refraction angle. 
ρ  is the shape of the beamlets at the detector mask and a is 
the aperture size. The term [ρ(x)− ρ(x + a)] expresses the 
change of the beamlet intensity across the aperture. Obtaining 
an equivalent expression for the dark-field signal is not trivial, 
and goes beyond the scope of the present manuscript. As 

Figure 4.  Attenuation (a), differential phase (b) and dark-field (c) images of the bottom series of grooves (numbers 17–24). Horizontal 
profiles were extracted from all images and are reported in panels (d)–(f) for images (a)–(c), respectively. A dashed blue circle in panel (f) 
highlights the profiles of the thinnest grooves which, despite falling below the resolution limit of the imaging system, and indeed being 
invisible in the attenuation and differential phase images, are detected through the dark-field channel.

J. Phys. D: Appl. Phys. 53 (2020) 095401
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well as depending on concentration [39] and size [41] of the 
sub-pixel features, there is evidence that the signal intensity 
also depends on their shape and orientation [45]. Here we 
are experimentally showing that the dark-field signal allows 
the detection of isolated features that are undetected by both 
the attenuation and the differential phase channels, all other 
imaging conditions being the same.

3.  Experiment

We focused on a sample that was specifically designed to 
assess the ability of the dark-field image to detect individual 
sub-pixel features that are invisible to the other contrast chan-
nels. This consists of a series of microgrooves carved in a 2 
mm thick acrylic substrate as shown in figure 3. Figure 3(a) 
is a photograph of the sample, with the widest grooves in the 
top right corner (dashed red circle). Figure 3(b) is a schematic 
providing the height and spacing between grooves, and the 
number coding we will use to refer to their individual widths 
and depths. The depth of all grooves in the top group (1–8) is 
10 µm, and their widths range from 6 µm (groove 1, far left) 
to 200 µm (groove 8, far right). The nominal widths of the 
intermediate grooves are 10 µm, 14 µm, 17 µm, 50 µm, 77 µ
m and 100 µm for grooves 2–7, respectively. The grooves in 
the middle (9–16) and bottom (17–24) groups have the same 
width distribution, but depths of 50 µ m and 100 µm, respec-
tively. Figures 3(c) and (d) are optical microscope images of 
grooves 17 and 18, respectively, in which their widths were 
measured as 7.4 µm and 11.4 µm, respectively. Likewise, 
when grooves 19–24 were measured they were shown to 
diverge slightly from the nominal values reported above, with 
measured values of 16.6 µm, 20 µm, 51 µm, 85 µm, 109 µm 
and 200 µm, respectively. All microgrooves were fabricated 
using excimer laser technology.

This sample was imaged with the imaging system and 
parameters outlined above, and the attenuation, differential 
phase and dark-field images were extracted by using the fitting 
procedure of equations (1) and (2). Details from the resulting 
images of grooves 17–24 (corresponding to the entire bottom 
line of the phantom) are shown in panels (a)–(c) of figure 4, 

respectively. Horizontal profiles were extracted from each 
image, and these are reported in panels (d)–(f) for attenuation, 
differential phase and dark field, respectively.

4.  Discussion and conclusion

As per the model described in [42], we expect the spatial res-
olution of the EI system used to be of the order of 20 µm, 
which corresponds approximately to the projected focal spot 
and is slightly smaller than the apertures in the pre-sample 
mask. However, we note that this model is useful for deter-
mining whether two adjacent features can still be detected 
as separate by the imaging system and, as such, it does not 
apply directly to the detection of isolated objects, which rather 
depends on the signal intensity they create. While this can be 
calculated for attenuation and differential phase features, its 
determination in the dark-field case is made more complicated 
by its dependence on multiple parameters as discussed above. 
However, we note here that the visualization of finer details 
extends further in the dark-field image, compared to those for 
attenuation and differential phase, which were extracted from 
the same dataset and therefore obtained with the same x-ray 
exposure and sampling rate. This can be seen in figure 4(c) 
and even more clearly in the plot of figure 4(f). The dashed 
blue circle highlights the additional details detected. Indeed, 
these details (17 and 18 in the scheme of figure  3(b)) have 
(measured) widths of 7.4 µm and 11.4 µm, respectively, both 
significantly smaller than both the projected focal spot and 
the aperture in the pre-sample mask. We find these results 
might suggest new application opportunities for the dark-
field imaging method. Alongside its ability to provide a signal 
proportional to the average concentration of sub-pixel struc-
tures, which was reported before [19, 36–41], we observe 
here that dark-field can also detect single, isolated features 
below the resolution limits of the imaging system, which 
are not picked up by the phase or attenuation contrast chan-
nels. A combination of detail dimensions and signal strength 
is what pushes a given feature above the detectability limit, 
as made evident by the fact that the same fine features were 
not detected for the shallower grooves despite them having 

Figure 5.  Attenuation (a), differential phase (b) and dark-field (c) images of a part of the cracked SD card. The dashed yellow circle in (c) 
shows the detected cracked part through only the dark-field channel.

J. Phys. D: Appl. Phys. 53 (2020) 095401



N Matsunaga et al

6

the same width. A point to note is that, given sufficient x-ray 
statistics, it is possible that finer details would progressively 
also become detectable in the differential phase and attenu-
ation images. However the key point here is the demonstra-
tion that the detectability threshold is pushed further in the 
dark-field channel at the same x-ray statistics. We also note 
here that the use of dithering (see section (2)) is helping this 
increased detectability by providing a finer sampling pitch. 
However this procedure has been applied to all contrast chan-
nels in the same way, and yet more features are detectable in 
the dark-field image. This property may offer an opportunity 
to detect isolated defects or micro-cracks on a scale that would 
not be accessible to other imaging modalities with the same 
x-ray statistics (exposure and/or scan time), with potential 
applications in non-destructive testing. As a practical example 
we report the images of a cracked SD card. Figures 5(a)–(c) 
are attenuation, differential phase and dark-field images of the 
sample. The dashed yellow circle in figure 5(c) highlights the 
crack that can be detected only through the dark-field channel. 
Through comparison with the groove results of figure 4, one 
may argue that the crack could be expected to be smaller than 
20 µm as it is detected by the dark-field channel but not by the 
differential phase one. This is a specific and practical result, 
which shows the potential for more general applications in 
the life and physical sciences, and non-destructive inspection 
applications.
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