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Abstract:16

Omni-directional, ultra small angle X-ray scattering imaging provides a method to measure the17

orientation of micro-structures without having to resolve them. In this letter, we use single-photon18

localization with the Timepix3 chip to demonstrate the first laboratory-based implementation of19

single-shot, omni-directional X-ray scattering imaging with the beam-tracking technique. The20

setup allows for a fast and accurate retrieval of the scattering signal using a simple absorption21

mask. We suggest that our new approach may enable faster laboratory-based tensor tomography22

and could be used for energy resolved X-ray scattering imaging, useful in mitigate scattering23

signal artifacts caused by polychromatic illumination.24

202025

The measurement of ultra small angle X-ray scattering from sub-resolution sample structures26

is within X-ray imaging commonly referred to as the dark-field contrast [1, 2]. The dark-field27

contrast has potential within both non-destructive testing [3, 4] and medical [5] applications as it28

enables the detection of microstructures smaller than the effective image resolution.29

The dark-field contrast measures the increase in X-ray beam divergence due to a non-resolved30

X-ray phase shift by sample micro-structures [6]. The signal is retrieved with multi-modal imaging31

techniques, which typically measures the conventional attenuation contrast simultaneously with32

the dark-field and the Differential Phase Contrast (DPC) perpendicular to the beam propagation33

direction. The dark-field is highly directional with X-ray scattering signal strongest orthogonal to34

the orientation of the micro-structures [7]. However, the first multi-modal imaging techniques,35

such as the Grating Interferrometer (GI) [1] and Edge Illumination (EI) setups [2], could36

only retrieve the scattering strength along one direction. For directional dark-field sensitivity,37

conventional EI and GI required advanced two dimensional optics and additional sample38

exposures [8, 9].39

Single-shot, omni-directional dark-field imaging was first demonstrated using an advanced40

2D phase grating, a high-resolution detector, and synchrotron radiation [10]. Recently, this41

interferometric method was generalized to laboratory sources [11]. Single-shot here refers to42

the measurement of DPC and dark-field signals in a single acquisition without the movement43

of gratings or masks. Previously, the Speckle-Tracking (ST) technique also demonstrated,44

single-shot, omni-directional dark-field images using a laboratory source and a random mask [12].45
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Fig. 1. The experimental setup(a): Polychromatic X-rays are emitted from a micro-
focus source and shaped into beamlets by the cylindrical apertures of the absorption
mask [17] (b). The beamlets are attenuated, refracted, and scattered at the sample, and
then detected with an Advapix detector with 1 mm thick silicon sensor and 55 µm pixel
pitch (solid red lines) using virtual subpixel (dashed red lines) (c).

Fig. 2. Data obtained from a Kevlar fiber loop. The pixel-wise scattering function
shape may be quantified by its 2 dimensional variance and covariance; ∆σ2

x (a), ∆σ2
y

(b), and σxy (c). From the covariance matrix, the primary scattering orientation and
amplitude can be found, as illustrated in an HSV-color scheme (d).

However, the quality of the retrieved ST dark-field signal is debated and may have contributions46

from other effects than micro-structure scattering [13, 14]. Furthermore, the ST technique needs47

long exposures to retrieve a dark-field signal due to the need for high resolution images of the48

speckle pattern [15].49

The Beam-Tracking (BT) technique is yet another alternative for single-shot dark-field imaging.50

The technique uses a single, simple absorption mask to generate mutually incoherent X-ray51

beams. BT has been shown to render the dark-field signal more accurately than the random mask52

technique [14], and it imposes less restriction on the longitudinal coherence and setup geometry53

than the phase grating methods [16]. However, the BT technique has only been shown capable of54

single-shot retrieval of one dimensional dark-field signals so far.55

In this letter, we demonstrate the first single-shot, omni-directional dark-field image using56

the BT technique. We employ the photon-counting, energy sensitive Advapix detector with the57

novel Timepix3 chip [18], developed by the Medipix consortium. The chip is capable of subpixel58

localization of single photon events which enables the use of the Advapix detector in a compact59
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BT setup [16] despite the relatively large 55 µm pixel pitch. The subpixel localization of single60

photons has previously been applied to GI using the analog readout MÖNCH detector [19], but61

we are the first to apply this approach in dark-field imaging using a photon-counting detector.62

Fig. 1 shows our BT setup. We use a Hamamatsu Photonics L12161-07 micro-focus source63

with a Tungsten target. The source was operated at 3.35 W with a source size of < 5 µm and64

U = 50 kV. The measured mean energy at the detector was 14 ± 0.5 keV. The beam is shaped65

into X-ray beamlets (small X-ray beams) by an absorption mask placed ZXM = 400 mm from the66

source. The absorption mask has a periodic array of cylindrical shaped apertures with a 10067

µm pitch. It was made from a 200 µm thick tungsten foil and fabricated with a combination of68

wet chemical etching and pico-second laser ablation, as described in details in Ref. [17]. The69

apertures are slightly conical with exit and entrance hole diameter of Ø = 9.4 ± 0.3 µm and70

Ø = 15.7 ± 0.6 µm, respectively. The transmission through the 200 µm tungsten is estimated to71

be less that 1 ‰ for X-rays with energy below 30 keV. With photons above 30 keV constituting72

less than 5 % of the source spectrum at the detector without a mask, the absorption mask is to73

good approximation fully absorbing.74

With the Timepix3 chip’s fast time-stamping, each absorbed photon can accurately be localized75

below the pixel size at a hit rate of up to 40 Mhits s−1cm−2 [18] by measuring the charge sharing76

distribution for each event [20]. In practice, the recorded photon subpixel positions are rebinned77

into virtual subpixels and the beamlets’ intensity distribution can afterwards be analyzed at a78

resolution smaller than the physical pixel size. The use of the virtual subpixels for BT is described79

in details in Ref. [21], where it was used for directional DPC imaging. The absorption mask is80

aligned such that the beamlets hit in the corners between pixels to increase the photon localization81

precision [21], making our setup similar to the single-mask edge-illumination technique [22].82

For the presented setup, the mask to detector distance is set to ZMD = 480 mm, and the mask83

aligned such that every fourth pixel corner of the detector is illuminated.84

The sample is placed ZSD = 290 mm from the detector. By comparing the shape of the
beamlets with and without sample, the presence and orientation of a scattering signal can be
identified. The intensity distribution of the beamlets with a sample, can be described as a
convolution of the beamlet’s shape without a sample i0 and the sample’s scattering function s
through [16]

i(x, y) = t(i0 ~ s)(x − ∆x, y − ∆y). (1)

i0 is determined by the setup and can itself be described as a convolution of the mask aperture and85

the projected source size. ∆x and ∆y are the refraction distance perpendicular to the beamlet’s86

propagation directions at the detector, and t is the transmission through the sample. A theoretical87

analysis of the sample scattering function [6] relates the moments of s to the differential phase88

signal from sub-resolution micro-structures and shows that similar information is accessible from89

both coherent and incoherent techniques such as GI and BT, respectively.90

The beamlets’ Full Width Half Maximum (FWHM) at the sample and detector are expect to91

be ∼ 20.5 µm and ∼ 39.8 µm respectively, taking into account the geometrical magnification92

and source blurring of the mask’s entrance hole. This is within the uncertainty of the measured93

FWHM of beamlets at the detector of 44± 3 µm. The size at the detector means that the beamlets94

can be sufficiently resolved using a rebinning of 2 × 2 virtual pixels per physical pixel. 2 × 295

virtual pixels has been shown to be the most accurate rebinning for DPC retrieval [21].96

The shape of each beamlet’s intensity distribution may be quantified by calculating its moments
Mm, where m is the order of the moment. The moments along the horizontal direction is with a
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sample given by

M0 =

N∑
n

i(n) (2)

M1
x =

∑N
n x(n)i(n)

M0 (3)

Mm
x =

(∑N
n (x(n) − M1

x )
mi(n)

)
M0 for m ≥ 2, (4)

and similarly for the 1st and 2nd moments along the vertical direction y. M0 = I is equal to the97

summed intensity of the beamlet with a sample. M1
x and M1

y are the beamlet’s center of mass98

(〈x〉, 〈y〉), and the 2nd order moment is the same as the variance of the intensity distribution with99

σ2
x = M2

x and σ2
y = M2

y . The covariance of the intensity distribution can likewise be calculated100

using101

σxy =

(∑N
n (x(n) − M1

x )(y(n) − M1
y )i(n)

)
M0 . (5)

A similar analysis is done for the beamlet’s intensity distribution without a sample, i0. In non
directional multi-modal imaging, a common assumption is that both i0 and s are Gaussian
distributions [2, 8, 16]. Similarly, we will assume that i0(x, y) and s(x, y) can be represented by
multivariate normal distributions with co-variance matrices Σi0 and Σs. Assuming a perfectly
absorbing mask, the covariance matrix of the scattering function can hence be found from

ΣS = ΣI − ΣI0 =
©«
∆σ2

x ∆σx,y

∆σx,y ∆σ2
y

ª®¬ , (6)

where ∆σ2
x = σ

2
x − σ

2
x,0 is the difference between the beamlet’s horizontal variance with and102

without a sample. The difference in vertical variance, ∆σ2
y , and covariance, ∆σx,y is calculated103

similarly. The directional refraction is likewise found from the change in the beamlet’s center104

of mass, and the transmission from t = I/I0. The primary scattering signal is defined as the105

magnitude and direction of the largest variance of s(x, y). This is equal to the biggest eigenvalue106

of ΣS and the direction of the corresponding eigenvector.107

A kevlar fiber loop was imaged to validate the scattering retrieval method. Figure 2 shows108

dark-field image of the kevlar loop with a resolution of ∼ 20 µm, which was retrieved through109

raster scanning the sample in a 7 × 7 grid. Each sample position was measured for 30 seconds.110

The retrieved scattering function is rendered in an HSV color scheme with the Hue given by the111

orientation of ΣS primary eigenvector, constant Saturation, and Value equal to the corresponding112

eigenvalue, ∆σ2
r . The kevlar fiber is spun from kevlar filaments of 12− 15 µm in diameter, which113

means that the individual filaments are smaller than the size of the beamlets at the sample. The114

filaments should cause a broadening of s(x, y) perpendicular to the fiber’s orientation, which is115

also observed in figure 2.116

Three hard wood sticks from the non coated end of wooden matches were imaged in a 6 × 6117

grid scan for 30 s at each position to validate the angular precision of our technique. Hard wood118

is a well-known sample for multi-modal imaging as it contains structures at different length119

scales [16]. From a computed tomography of the wooden matches, it is identified that it has120

large vessels of 50 µm to 100 µm diameter and smaller fibers with diameter of 5 µm to 25 µm.121

Both are oriented along the same direction. The sticks were placed in three different orientation122

as seen from radiographic attenuation image of the sticks in figure 3(a). The scattering from123
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Fig. 3. The attenuation image of three hardwood sticks(a) is compared to the pixelwise
orientation of the primary dark-field signal(b). The black arrows indicate direction
normal to the dark-field signal, and the red lines the estimated orientation of vessels in
the attenuation image.

the wooden matches is expected to be caused primarily by the fiberous structure. Hence, the124

orientation of the fibers can be found from the normal to the scattering signal. As illustrated in125

figure 3(b), the normal to the scattering function almost points along the wooden match.126

To quantify the accuracy of the measured scattering angle, the orientation of the normal to the127

scattering signal is compared to the angle of the hard wood vessels identified in the attenuation128

image. The result is shown in table 1. The predicted fiber angles from the dark-field signal scan129

are within 2 standard deviations of the angle found from the vessel’s orientation130

Table 1. The angle of hard wood vessels ΘVessel, determined from the attenuation
image compared to the normal to the dark-field signal from a 6 × 6 sample scan, ΘScat.

Stick 1 2 3

ΘVessel (◦deg.) 170 ± 1 142 ± 2 96 ± 1

ΘScat (◦deg.) 168.2 ± 0.1 142.2 ± 0.2 97.3 ± 0.2

A butterfly was imaged to illustrate the usefulness of multi-modal imaging with directional131

sensitivity. The butterfly was chosen as it contains multiple different features with different132

size-scales. This sample was scanned in a 7 × 7 grid with an exposure time of 15 s per position.133

In figure 4, the butterfly’s head and part of its thorax are shown using attenuation contrast,134

omni-directional DPC, and omni-direction dark-field contrast. The omni-directional DPC is135

found by the method presented in Ref. [21]. To optimize the image contrast of the thin butterfly136

(thickest part is ∼ 2 mm), the Timepix3’s spectral sensitivity was used to include only photons137

around the tungsten Lα emission line (Eγ ∈ [5,12.2] keV). Attenuation, DPC, and dark-field138

contrast all decrease with energy [6, 16], and hence the lower energy X-rays have larger contrast139

for low absorbing samples.140

It is clearly seen from figure 4 how the hairy structures on the legs and the region between141

the butterfly’s head and thorax provide a strong directional scattering signal. A similar result142
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was found by Kagias et. al. [10] using their synchrotron based dark-field imaging technique.143

In addition, figure 4 shows how the DPC image provides an increased contrast for thin sample144

features with low absorption.145

The Timepix3 chip’s energy sensitivity may not only be used to increase the image contrast as146

above, but also for actual energy resolved dark-field imaging. We anticipate that energy resolved147

dark-field imaging could help mitigate artifacts observed in a polychromatic X-ray dark-field148

signal caused by beam hardening and spectral broadening of macroscopic refraction signals [16].149

By using a geometrically flexible and simple setup with no constrains on spectral coherence,150

the single shot, omni-directional BT method presented in this letter has similar advantages as151

the ST method. BT should, however, retrieve a more accurate scattering signal than ST [14]. In152

addition, our BT setup even seems to obtain relatively fast images when comparing the exposure153

time, resolution, and source specifications reported in this letter to the ∼ 180 µm resolution at 1154

min exposure using a 30 W source at 50 kVp reported for omni-directional ST method [12]. On155

the other hand, it should be noted that ST directly obtains a full-field image, whereas our BT156

method needs a (7× 7) grid scan of the sample to obtain full-field images, although with ∼20 µm157

resolution. Faster full-field imaging could be achieved by decreasing the mask pitch to 50 µm158

which would still provide well-spaced beamlets. The mask pitch may be reduced even further159

by using a multi Gaussian fitting approach to extract weak scattering signals from overlapping160

beamlets [23].161

The setup’s field of view may be increased by combining multiple Timepix3 chips or, if162

energy-sensitivity is not required, using a larger, high-resolution flat-panel detector. Furthermore,163

the relationship between the setup’s geometry and the dark-field contrast should to be studied in164

detail, to understand how the setup’s angular sensitivity could be improved.165

The BT technique has previously been demonstrated to enable tomographic reconstruction166

of dark-field signal using a polychromatic source [24]. Using tensor tomography, our setup167

may be used to reconstruct a 3D tomogram with 3 dimensional scattering tensor information168

in each voxel. Tensor tomography has previously been applied to traditional GI setups with 1169

dimensional dark-field sensitivity, where it required 3 rotation axis [25]. We expect that our170

omni-directional dark-field technique makes one axis redundant, and could be used similarly to171

the 3D SAXS technique where tensor tomography is performed using only 2 rotation axis [26] .172

In conclusion, we have presented the first single-shot, omni-directional dark-field setup using173

the BT method. Our results demonstrate that fast and accurate directional scattering images174

can be acquired using a simple, regular absorption mask. Furthermore, our results are the first175

demonstration of single-photon localization for dark-field imaging using a photon-counting176

detector. This allows for detectors with larger pixel size to be used in BT as well as energy177

resolved dark-field imaging, which may be useful for mitigating artifacts in the retrieved scattering178

signal caused by the use of polychromatic illumination.179
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