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ABSTRACT10

Microstructural information over an entire sample is important to understand the macroscopic behavior of materials. X-ray

scattering tensor tomography facilitates the investigation of the microstructural organisation in statistically large sample volumes.

However, established acquisition protocols based on scanning small-angle X-ray scattering and X-ray grating interferometry

inherently require long scan times even with highly brilliant X-ray sources. Recent developments in X-ray diffractive optics

towards circular pattern arrays enable fast single-shot acquisition of the sample scattering properties with 2D omnidirectional

sensitivity. Leveraging on these new optical elements, we propose here simple yet inherently rapid acquisition protocols for

X-ray scattering tensor tomography. Results from both simulation and experimental data, supported by a null space analysis,

suggest that the proposed acquisition protocols are not only rapid but also corroborate that sufficient information for the accurate

volumetric reconstruction of the scattering properties is provided. The proposed acquisition protocols will build the basis for

rapid inspection and/or time-resolved tensor tomography of the microstructural organisation over an extended field of view.

11

1 Introduction12

The micro- and nano-structure of various natural and artificial materials is at the base of their macroscopic properties. For13

instance, the local orientation of collagen fibres is strongly related to the mechanical properties of bone1, 2 and the local14

orientation of neuronal axons determines the structural and functional network of the brain3. Likewise for synthetic fibre based15

materials, their mechanical, thermal and electrical properties4–6 are dictated by the local fibre orientation as well as by how well16

the fibres are aligned. The possibility to investigate the microscopic architecture in statistically large enough sample volumes17

would therefore be valuable during the development of new materials as well as for quality control in industrial settings.18

X-rays are useful to obtain information on the inner structure of materials in a non-destructive manner. However, in19

conventional X-ray imaging, just like in many other modalities, a trade-off between spatial resolution and examined field of20

view (FOV) is unavoidable. With an effective detector pixel size of a few µm and a few thousands detector pixels, the FOV is21

limited to a few mm. Small-angle X-ray scattering contrast can mitigate the trade-off between the length-scale of interest and22

the FOV, facilitating full correlative studies of the micro- and nano-structure over macroscopic sample volumes7–9. With X-ray23

scattering tensor tomography, a set of coefficients of the scattering tensor which models the 3D scattering distribution of the24

underlying microstructure can be reconstructed in each voxel10, 11. The acquisition setup needs though to be equipped with25

three angular degrees of freedom to provide the necessary information. This is because anisotropic structures cause anisotropic26

scattering and the probed signal depends on the relative orientation between the underlying structure and the incident beam12.27

These requirements typically lead to acquisition times in the order of several hours hindering any large (cm) scale exploitation28

of scattering tensor tomography10, 13.29

Circular gratings arranged in an array can provide scattering information in multiple directions in a single shot14, 15,30

hence reducing the required angular degrees of freedom to two. We have previously demonstrated X-ray scattering tensor31

tomography with the use of this circular grating array16, with which the reduction in acquisition time is considerable compared32

to pre-existing techniques10, 17 owing to the omnidirectional scattering sensitivity of the used diffractive optical component.33

To take full advantage of this circular grating array and push the acquisition speed as well as minimize acquisition overhead,34

different acquisition protocols have to be assessed and investigated. In this paper, we propose rapid acquisition protocols35

relying on a setup with two rotational axes and the recently developed circular grating array (or potentially any other method36



providing omnidirectional scattering sensitivity18, 19). By accelerating the data acquisition, more time-efficient inspection of the37

microstructure organisation over an extended FOV will be enabled, making this technology attractive for industrial applications.38

Moreover, the proposed rapid acquisition protocols with minimal acquisition overhead coupled with bright X-ray sources will39

unlock time-resolved X-ray scattering tensor tomography capabilities.40

In order to assess and compare the performance of different acquisition protocols, we first performed a null space analysis41

to investigate the intrinsic characteristics of the different acquisition geometries. In a second step, simulation studies are used to42

validate the acquisition protocols independently from any possible experimental deviations such as sample misalignment and43

motor inaccuracies. Experimental studies were finally carried out to test the robustness and confirm the performance of the44

proposed acquisition protocols also under real investigation conditions.45

2 Methods46

2.1 X-ray scattering tensor tomography with circular gratings47

A schematic overview of the experimental setup for X-ray scattering tensor tomgoraphy with circular gratings is shown in48

Fig. 1. In order to capture 2D-omnidirectional X-ray scattering signals with a single X-ray projection, a periodic array of49

multi-circular gratings based on a diffractive annular structure is used in this study15. This diffractive structure is characterized50

by a global period P which is half the repetition period of the unit cell and by g which is the period of the fine circular gratings51

within each unit cell as shown in Fig. 1b. The etching depth of the gratings is dependent on the wavelength λ of the used52

X-rays and design phase shift. More details regarding the grating design and fabrication can be found in the reference15, 20.53

The circular grating array is placed at a distance L = Pg/2λ upstream from the detector as shown in Fig. 1a. The circular54

diffraction fringe formed at the detector position is readout by multiple detector pixels and an exemplary unit cell window of55

9×9 pixels is shown in Fig. 1c. The directional scattering signal is extracted from the fringes along different signal extraction56

angles γ . For all studies with the use of circular grating array in this paper, the scattering signal extraction angle γ was set to be57

{−90°,−67.5°, ...,67.5°}. The directional scattering signals are collected from projections acquired with the sample positioned58

at different angles α and β and the projection vector ppp is formed. The angle α and β represent the rotation and tilt of the stage59

as shown in Fig. 1a. For each voxel in the vectorized reconstruction volume µµµ , the scattering distribution is sampled along k60

different scattering sampling directions. We used seven scattering sampling direction vectors SSSk (three directions parallel to the61

x, y, and z axes and four diagonal directions). To recover the unknown µµµ , the system of linear equations ppp = Aµµµ is solved. A62

is the system matrix computed as a multiplication of the scaling matrix for different scattering sampling directions and the63

geometric system matrix for discrete beam path integrals. Principal component analysis (PCA) is applied to the reconstructed64

scattering distribution µµµ which is modeled with an ellipsoid approximation: three principal axes are computed for each voxel.65

The principal axis with the shortest length represents the main scattering orientation, the mean length of the three principal axes66

the average scattering intensity, and the fractional anisotropy21 the degree of scattering anisotropy. Detailed information on the67

signal extraction and tensor reconstruction methods used in this study can be found in the following reference works15–17, 22.68

2.2 Acquisition protocols69

In general, acquisition protocols which widely and densely cover a virtual unit sphere around samples provide more accurate70

tensor reconstruction results. It is possible to design optimized but rather complicated trajectories to cover a certain number of71

scattering orientations, if conventional linear gratings are used13. Those complicated trajectories result in a larger acquisition72

overhead and are not ideal for rapid tensor tomography acquisition. Here, we implement instead two simple acquisition types -73

stairwise and spiral acquisition protocols, based on a simple two-axis system and compatible with a higher acquisition speed74

with minimized acquisition overhead. These acquisition protocols rely on the use of circular grating arrays or any other method75

with omnidirectional scattering sensitivity such as the speckle pattern based18 and the scanning small-angle scattering based76

methods10 as well as the recently developed omnidirectional simultaneous reciprocal and real space imaging method23.77

The stairwise acquisition protocols foresee a stepwise tilting of the rotation axis as previously implemented for scanning78

SAXS, which has omnidirectional scattering sensitivity24. The rotation motor turns from α = 0° to α = 360° at each angle βi79

from the set of chosen n tilt angles β = {βi|βmin ≤ βi ≤ βmax, i = 1, ...,n}, resulting in stairwise beam trajectories. The number80

of projections at each tilt angle is kept constant in this study. In addition to the stairwise acquisition protocol, we also propose a81

spiral acquisition scheme to push the acquisition speed and minimize overhead. The spiral acquisition trajectory is realized82

by tilting the rotation axis while the sample is being rotated. The rotation and tilt motors simultaneously turn from α = 0° to83

α = 360°×n and β = βmin to β = βmax. The spiral acquisition provides projection views at more tilt angles than the stairwise84

acquisition. The overhead is inherently close to zero for the spiral protocol whereas acquisition overhead in between each tilt85

angle is difficult to avoid for the stairwise scheme. For both acquisition types, the maximum tilt angle βmax is limited in our86

current setup to 45° because the motor stage blocks the beam at larger tilt angles. Beam enter/exit trajectories on a unit sphere87

from the sample’s point of view for different acquisition protocols are shown in Fig. 2.88
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(a) Experimental setup

(b) Circular grating array

(c) Fringe readout at the detector

Figure 1. Experimental setup for X-ray scattering tensor tomography with circular gratings. An overview of the setup is

shown in (a). The rotation motor revolves α degrees and the rotation axis can be tilted β degrees. The circular grating array (b)

is composed of unit cells where P is half the unit cell size and g is the period of the fine grating lines. It is placed near the

sample at a distance L = Pg/2λ from the detector. A circular fringe (c) is formed at the detector where the 2D directional

scattering signal is extracted by measuring the visibility reduction along the radial profile at an angle −90° ≤ γ < 90°.

The difference in the beam trajectories between the two acquisition types is largest when n = 1. Acquisitions with n = 589

and a total of 100 projections show a more uniform distribution of beam enter/exit points over the unit sphere compared to90

n = 1 with the same total number of projections. We may expect a better reconstruction accuracy with n = 5 compared to with91

n = 1. However, for a given total acquisition time, the protocol with n = 5 requires a rotation (α) speed five times higher than92

for n = 1. This could lead to increased motion and blurring artifacts especially for time resolved experiments with a short total93

acquisition time; it could therefore be beneficial to minimize n in such cases.

Figure 2. Beam enter/exit trajectories for stairwise and spiral acquisition schemes from the sample’s point of view. The

number of turns n and the total number of projections are indicated on top of the plots. The tilt angle β for the shown stairwise

trajectory with n = 1 is 0° but it can be chosen to be any angle between 0° and 45°.

94
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2.3 Null space computation95

The null space is the linear subspace of all vectors µ mapped to zero (Aµ = 000) and can be derived purely from the system96

matrix A which describes the geometrical setup of an acquisition protocol. The existence of a non-trivial null space implies97

that certain components in the reconstruction volume cannot be confidently recovered from the measurements; therefore, the98

null space analysis can be used to assess which part of the model can be resolved with a specific acquisition geometry25. For99

example a null space analysis was used to evaluate the uncertainty of the computed reconstruction for the isotropic scattering100

component in anisotropic X-ray darkfield tomography (AXDT), with conventional linear gratings13.101

A non-trivial null space µµµnull always exists when the system matrix A is rank deficient. Any vector µµµ in such a system102

can be decomposed into the minimum-norm least square solution µµµLS and the null space µµµnull that are orthogonal to each103

other, holding the following property: Aµµµ = A(µµµLS + µµµnull) = AµµµLS. The computation of the null space based on singular104

value decomposition (SVD) is efficient for small problems. For larger system, such as our tensor tomography problem, the105

high memory requirements of this method prevent its use on the full representation of A. An iterative method is employed here106

instead: finding the null space is equivalent to solving the following constrained optimisation problem:107

min
µµµnull

1

2
‖µµµnull − vvv‖2

2 subject to Aµµµnull = 000 (1)

vvv is a random vector whose elements are in the range of [0,1]. An approximate solution µµµnull is found by setting the gradient of108

the Lagrange function L (µµµnull ,λλλ ) of the above problem to zero and iteratively solving it, where λλλ is the Lagrange multiplier109

vector.110

∇L (µµµnull ,λλλ ) = 000 ⇔

[

I AT

A 0

][

µµµnull

λλλ

]

=

[

vvv

000

]

(2)

2.4 Assessment of the reconstruction accuracy111

To assess and quantify the reconstruction results in scattering tensor tomography, more aspects than in conventional scalar112

tomography need to be taken into account because a single voxel is characterized by more than one parameter. Analogously to113

scalar tomography, the distance between the tensor in each voxel for the reference and the evaluated reconstructed volumes can114

be computed. We use here the inner product of the structure main orientation vectors vvvre f and vvv, I = |〈vvvre f ,vvv〉| in each voxel, as115

the error metric to assess the orientation reconstruction accuracy of data acquired with different acquisition protocols, where116

vvvre f and vvv are the reconstructed structure orientation vector of the reference and the assessed volume respectively. In addition117

to the error in the reconstructed orientation, we also use an error metric E = (sre f − s)2 to compare the average or scattering118

anisotropy signal s, which is a scalar variable, extracted from the reconstructed tensor in each voxel.119

3 Results120

3.1 Null space analysis121

The null space was computed for different system matrices for different acquisition protocols for an example reconstruction122

volume size of 50× 50× 50 voxels. The total number of projections was fixed to 1000 for all acquisition protocols. The123

computed null space was averaged along the z-direction (parallel to the rotation axis when the tilt angle is zero) for different124

scattering sampling directions and visualized in Fig. 3. The scattering sampling directions should not be confused with the125

structure orientation. High values in the null space indicate that the acquisition protocol provides large uncertainties in the126

reconstruction results. Fig. 3a-3e show that the information for certain scattering sampling directions cannot be reconstructed127

with the conventional linear grating arrays, independently on whether the linear grating array is aligned vertically (γ = 0°) or128

horizontally (γ = 90°). The null space is reduced when n = 10 and the linear grating array is aligned horizontally as shown129

in Fig. 3f, even though the null space for k = 1,2 remains higher compared to the other components. On the other hand, a130

significantly larger reduction in the null space is achieved by using a circular grating array already when n = 1 (β = 0°) as131

shown in Fig. 3g. Choosing a tilt angle of β = 22.5° instead of β = 0° or using the spiral acquisition protocol instead of the132

stairwise one gives a smaller null space as shown in Fig. 3h, 3j, respectively. We observe a general reduction in the null space133

when n is increased from 1 to 10 both for the stairwise (β = {0°,5°, ...,45°}) and spiral (βmin = 0° and βmax = 45°) acquisition134

geometry. Little difference is observed between the stairwise and spiral acquisition protocols when n = 10 as we can see in135

Fig. 3i, 3k. Summarizing, an improvement in the tensor reconstruction accuracy with a circular grating array even at small n136

compared to the case of linear grating arrays is expected. Also, a better reconstruction accuracy with the spiral acquisition137

protocol should be achieved compared to results with the tilt angle fixed of β = 0°. Instead, comparable results are expected for138

the stairwise protocol with a fixed tilt angle of β = 22.5° and the spiral acquisition with n = 1.139
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Figure 3. Visualisation of the computed null space for different scattering sampling directions k. The null space was

computed for different acquisition geometries: stairwise and spiral acquisition; different grating types: vertically aligned linear

gratings, horizontally aligned linear gratings, and circular gratings; different number of turns n. β indicates the tilt angle. High

values in null space for scattering component k indicate that the acquisition protocol provides large uncertainties in the

reconstruction for that component.

3.2 Simulation study140

In a first step we have assessed the performance of the proposed acquisition protocols by conducting experiments with an in silico141

sample shown in Fig. 4a. The cubic sample is divided into eight equal subvolumes with fibres oriented in different directions as142

described in Fig. 4b. The preferential fibre orientation in each voxel is color coded with the [R,G,B] values corresponding to143

the absolute values of the components [x,y,z] of the vector representing the fibre direction. The corresponding color mapping144

sphere is shown in Fig. 4c. This color coding scheme for the visualisation of 3D orientations is used throughout this paper.145

The reference volume µµµk,re f was generated by calculating the squared inner product of the scattering sampling directions and146

the fibre orientation |〈SSSk,ooo f ibre〉|
2. System matrices for different acquisition geometries were computed. Projection data were147

generated by forward projection of the reference volume using these system matrices rather than by simulating individual fibres148

and using a wave propagation approach, since the accuracy of the current simulation setup should be sufficient for the purpose149

of this study. Additive zero-mean white Gaussian noise proportional to the absorption signal was added to the simulated150

projections. This is a valid approximation assuming a high-flux environment26.151

Projection images were computed for different angular positions with n from 1 to 7 both for the stairwise and the spiral152

acquisition geometries. The total number of projections was fixed to 1000. Axial slices through the reconstructed volumes are153

shown in Fig. 4 for n = 1,3,7. Ideally in this simulation study, the average scattering and scattering anisotropy should have154

the same value in every voxel for subvolumes 1 to 7. As predicted from the null space analysis, the largest deviations from155

the reference volume are observed for n = 1 with a fixed tilt angle of β = 0°. The reconstruction for β = 22.5°, n = 1 and the156

stairwise acquisition looks closer to the reference than the β = 0° case. Reconstructions for all n and the spiral acquisition157

protocol look instead fairly similar, with larger variations in the average scattering and scattering anisotropy. For n ≥ 3, the158

reconstruction results for the stairwise and spiral acquisition geometries are comparable. For a more quantitative assessment of159

the reconstruction results, the inner product I of the reconstructed orientation vectors with the ground truth reference vectors160

was calculated for all voxels of the different subvolumes and the results are shown in the form of box plots in Fig. 5a. For161

the stairwise acquisition protocol, the largest inaccuracy is observed for n = 1 for subvolume 1 and 2 where the fibres lie in162

the horizontal (x-y) plane as could already be visually appreciated in Fig. 4d. In Fig. 5a, we observed a larger orientation163

inaccuracy when n = 1 for subvolume 7 with diagonally oriented fibres compared to other subvolumes with diagonally oriented164

fibres. This observation arises from the fact that the directional scattering information in subvolume 7 is contaminated by165
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signals from the neighbor subvolumes 1 and 2, where the fibres aligned in the xy-plane scatter isotropically in a certain angular166

range of projection. It means that the reconstruction accuracy depends not only on the acquisition scheme but also on the167

surrounding structures around the region of interest. The inner product I approaches 1 when n ≥ 3 for all subvolumes. For the168

spiral acquisition geometry, only minor variations in the inner product I for different n and subvolumes exist. For the error E169

analysis of the average scattering and scattering anisotropy results (Fig. 5b, 5c), the subvolumes were grouped into non-empty170

(1-7) and empty (8). In general, the error E for both the average scattering and scattering anisotropy signal was larger in the171

empty subvolume, but no significant difference in error E is observed for different n and geometries except for n = 1 and the172

stairwise acquisition protocol. In addition, the inner product I and the error E were similar for a fixed tilt angled of β = 22.5°173

and the spiral acquisition when n = 1 as predicted by the null space analysis (Fig. 3h and 3j).174

(a) in silico sample (b) fibre orientations (c) Color mapping sphere

(d) Stairwise acquisition (e) Spiral acquisition

Figure 4. Visualisation of the reconstructed volumes for the in silico sample (a), which has different subvolumes with fibres

preferentially oriented in different directions o f ibre (b). The orientation vector is visualized according to a color scheme (c)

which maps the absolute value of its components [x,y,z] to the [R,G,B] values. Axial slices through the lower and upper part of

the reconstructed sample acquired with the stairwise (d) and spiral (e) acquisition protocols are shown. n represents the number

of turns. The color bars for the average scattering and scattering anisotropy are shown on the right.

3.3 Validation sample175

A validation sample (Fig. 6a) with a size of 4×4×4mm3 as described in our previous publication16 was used. The sample has176

carbon fibres with a diameter of 12µm bundled and inserted into three different regions indicated as 1, 2, and 3. The projection177

images were acquired with a parallel synchrotron monochromatic X-ray beam (17keV, bandwidth of 2-3%) at the TOMCAT178

beamline, Swiss Light Source, Paul Scherrer Institut. The beam size was 14.3×4.8mm2 and the effective FOV achieved with179

vertically stitched scans was 14.3×12.7mm2. The π-shift circular grating array had a unit cell period of P = 49.5µm and a180

fine grating period of g = 1.46µm (Fig. 1b). A LuAG:Ce scintillator with a thickness of 300µm was used to convert incoming181

X-rays to photons in the optical energy range compatible with the used camera and was placed at a distance L = 49.5cm182

(Fig. 1a) from the grating array. Visible light photons were delivered to the detector by a high numerical aperture 1x microscope183

optics accepting a diagonal up to 40 mm. The in-house developed GigaFRoST27 sCMOS detector with a sensor pixel size of184

11µm was used. The fringe pattern in each unit cell was sampled with 9×9 detector pixel windows. The exposure time for185

each projection image was 10ms and projection images were acquired in a continuous manner.186

The reference reconstruction visualized in Fig. 6b was generated with the stairwise acquisition scheme with projection187
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(a) Inner product I of the orientation vectors

(b) Error E of the average scattering

(c) Error E of the scattering anisotropy

Figure 5. Quantitative assessment of the reconstruction accuracy for the in silico sample. Box plots of the inner product I for

the different preferential orientations are shown in (a). The error E of the average scattering is shown in (b) and of the

scattering anisotropy in (c). Note the separate axis scales of the non-empty and the empty volume.

images taken at 100 rotation and 46 tilt angles: α = {0°,3.6°, ...,356.4°} and β = {0°,1°, ...,45°}. The reconstructed volume188

was used as reference ("ground-truth") for the qualitative and quantitative comparison of the different acquisition protocols. For189

the results for the stairwise acquisition scheme shown in Fig. 6c, the full reference dataset was uniformly sub sampled for the190

desired n values so that always a total of 100 projection images was used for the reconstruction. For instance, 100 projection191

images were taken at tilt angle β = 0° for n = 1, and 33 projection images were taken at each tilt angle β = {0°,23°,45°}192

for n = 3. For the spiral acquisition geometry, a total of 100 projection images homogeneously distributed along the spiral193

trajectories with different n values, where βmin = 0° and βmax = 45°, were acquired and considered for the reconstruction194

(Fig. 6d). A stitched scan was performed due to the limited beam height and the sample translation for three stitches caused a195

few seconds of overhead. For the different geometries, the tensor reconstruction was performed following the method described196

in 2.1, with a volume geometry of 81×81×76 voxels.197

From the axial slices shown in Fig. 6b-6d, it is clear that the reconstruction with a fixed tilt angle of β = 0° deviates the198

most from the reference images. The reconstructions improved for β = 22.5° or for spiral acquisition when n = 1 although199
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(a) Validation sample (b) Reference acquisition

(c) Stairwise acquisition (d) Spiral acquisition

Figure 6. Visualisation of the reconstructed volumes for the validation sample. The validation sample (a) with three carbon

fibre bundles oriented orthogonal to one another. Axial slices through the lower and the upper part of the validation sample

reconstructed from the data acquired with the reference (b), the stairwise (c) and the spiral (d) acquisition protocols. Fibre

orientation, average scattering and scattering anisotropy values are shown for each acquisition scheme. Scale bar: 4 mm

they still visually deviate from the reference. Only minor deviation from the reference is instead visually observable for all200

other cases. These observations are qualitatively in agreement with the null space analysis and the simulation results shown in201

the previous sections. In addition to the visual comparison of the reconstruction results, we have also performed a quantitative202

analysis with the inner product I and the scalar error E. For the results evaluation (Fig. 7), voxels belonging to the 3 different203

regions shown in Fig. 6a have been considered. The inner product I was calculated for each region defined as the group of204

voxels in a box surrounding the region and the results are shown in Fig. 7a. We observe relatively more deviation from the205

reference with a fixed tilt angle of β = 0° compared to the other cases. Also, the deviation is larger for the region 1 and 2206

where the fibres lie in the horizontal (x-y) plane. As projection views at tilt angles larger than 0° are added, the reconstruction207

accuracy in the x-y plane increases. For n ≥ 3, the reconstructed orientation is already close to the reference for both the208

stairwise and spiral acquisition schemes. For the calculation of the error E, the reconstructed volume was subdivided in empty209

and non-empty regions by applying a threshold to the average scattering. The group of voxels with an average scattering210

signal higher than 30% of the maximum signal over the entire reference volume was defined as the non-empty region and211

the group of voxels with a signal smaller than the defined threshold was defined as the empty region. For the pixels in both212

regions, the error E was calculated and the box plots are shown in Fig. 7b, 7c. In general, the error E was largest when n = 1213

for the stairwise acquisition, whereas no major difference is observed for n ≥ 3, in agreement with the analyses in the previous214

sections. The error E for the scattering anisotropy in the empty regions was particularly large (Fig. 7c) as also observed in the215

simulation study (Fig. 5c). We believe that this is because the scattering anisotropy is proportional to the square root of the216

ratio of the variance to mean of the lengths of the principal axes of the scattering ellipsoid and is inherently more prone to217

noise. In particular in background regions where the average scattering contribution is small or none and at sharp edges where218

the scattering direction changes over a short distance, scattering anisotropy signals could appear artificially large. A mask219

based on either the average scattering or the absorption is therefore necessary to properly visualize volumes with the scattering220

anisotropy. The simplest type of such a mask sets all voxels with a value below a certain threshold to zero. A threshold based221

mask was created from the average scattering information and applied to the scattering anisotropy visualisation in Fig. 6b-6d.222

8/13



For the scattering anisotropy visualisation in the simulation study (Fig. 4d and 4e), all voxels outside the ground truth sample223

boundary were set to zero.

(a) Inner product I of the orientation vectors

(b) Error E of the average scattering

(c) Error E of the scattering anisotropy

Figure 7. Quantitative assessment of the reconstruction accuracy for the validation sample. Box plots of the inner product I

for the different preferential orientations (a). The error E of the average scattering is shown in (b) and of the scattering

anisotropy in (c). Note the separate axis scales of the non-empty and the empty volume.

224

3.4 Fibre pellet assembly phantom225

The fibre pellet phantom shown in Fig. 8 which is an assembly of different stick pellets composed of industrially relevant226

fibre-reinforced materials was measured and analyzed. This assembly is a multi-material validation sample where the fibre or227

tubular structures are aligned along the axial direction of each stick as can be seen in the Supplementary Fig. S1 online. The228

experimental conditions were the same as in section 3.3 except that the projection images were acquired with 30keV. The229

used high-aspect ratio circular grating array specific for 30keV was fabricated with an optimized deep reactive ion etching230

process into a silicon substrate with a circular pattern mask generated by e-beam lithography20. This π-shift circular grating231

array had the same dimension as the array used in the previous experiment but a different grating depth dictated by the chosen232

energy. The beam size was 11.6× 3.5mm2 and the effective FOV achieved with stitched scans was 26.2× 22.5mm2. The233

scintillator-detector assembly was placed at a distance L = 74.1cm from the grating array. One hundred projection images234

were acquired in a continuous manner and the exposure time for each projection image was 10ms.235

The sample was reconstructed from data acquired with the stairwise acquisition scheme with n = 1 and n = 5. It was also236

reconstructed from data acquired with a spiral acquisition protocol with n = 5. With all acquisition schemes used, it was possible237

to recover, at least qualitatively, the expected fibre orientations as shown in Fig. 8d. In order to provide a comparison with the238
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measured data, an arbitrary projection angle was chosen at a tilted view of 22.5°. The measured and the forward projection239

images for this angle are shown in Fig. 8e. The directional scattering signal (visibility reduction) V in the projection plane240

was modelled with a cosine function V (γ) = a0 +a1 cos(γ − γmain)
15. The three parameters a0, a1 and γmain were extracted by241

Fourier analysis. a0 represents the average scattering and the degree of anisotropy is computed as the ratio a1/a0. γmain is the242

main direction of the underlying structure. These three parameters are coded with the HSV coloring scheme: H as the main243

orientation, S as the degree of scattering anisotropy, V as the average scattering. The color coded projection images are shown244

in Fig. 8e where H and S are mapped by the color wheel. V appears as the brightness of the pixel (dark as V approaches 0,245

bright as V approaches 1). The acquisition protocol with n = 1 (β = 0°) gave a forward projection image which deviated the246

most from the measured projection whereas the other two protocols with n = 5 gave much similar projection images. These247

experimental results are in agreement with the previous sections.

(a) Fibre pellet assembly (b) Full 3D view of the reconstructed fibre orientations (c) Contour and 2D slice selection

(d) Reconstructed fibre orientations for the selected 2D slice

(e) Measured and forward projections of the stick sample

Figure 8. Fibre pellet phantom analysis - (a) The sample is composed of carbon (black) and glass fibre (white) material as

well as wood (brown). (b) Full 3D view of the reconstructed fibre orientations (stairwise, n = 5). (c) Contour image based on

the average scattering signal. (d) Reconstructed fibre orientation for the 2D slice shown in (c) (subsampled by a factor of 5 for

visualisation). The 3D color ball maps the 3D fibre orientation. (e) Measured and forward projection images at an arbitrary

angle. The 2D color wheel maps the fibre orientations projected onto the 2D detector plane. Scale bar: 1 cm

248

4 Discussion249

The in-silico as well as the experimental studies show that simple protocols compatible with fast acquisition schemes are250

possible. In general for higher accuracy the number of turns n has to be at least ≥ 1. If the acquisition speed needs though251

to be maximized, for instance for studying fast dynamic processes, the spiral acquisition protocol with n = 1 can provide252
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sufficient accuracy for many applications. If even further simplification is unavoidable, for example if using complex sample253

environments for which fast simultaneous rotation around 2 axes is cumbersome, acquisition at a fixed tilt angle is also a viable254

solution. This fixed tilt angle should though be chosen carefully and in most cases the trivial selection of β = 0° is not the255

optimal choice as shown by the null space analysis and the different reconstruction studies. A fixed tilt angle of β = 22.5°256

provides superior results compared to the trivial choice and similar accuracy to the spiral protocol with n = 1. Even though a257

system with 2 axes of rotation is in principle required also for the fixed tilt angle case to ensure flexibility in the selection of258

β , rotation around a single axis during data acquisition strongly simplifies all synchronisation aspects, not irrelevant at high259

speed, potentially leading to less uncertainties in the reconstruction process of the final volume. For specific applications, e.g.260

to increase the stability of the setup, a single rotation stage firmly mounted with the rotation axis at a defined angle with respect261

to the beam can also be an option to consider.262

The advantage of n at least > 1 by a constant number of projection is clear and a relevant observation was made by a263

previous scanning SAXS based tensor tomography study that the reconstruction accuracy is more related to having a sufficient264

number of turns n than having a larger total number of projections24. For the reconstruction volume sizes in our experimental265

studies, 100 projections lead to undersampled tomographic datasets; we have nonetheless decided to use such a small number266

of projections with small n values in the presented experiments to effectively push the acquisition speed with fast tensor267

tomography applications in mind. The effect of further reducing the number of projections leading to extremely sparse datasets268

in conjunction with the proposed acquisition protocols needs though to be investigated but is beyond the scope of this study.269

A direct quantitative comparison of our method to existing tensor tomography methods of all involved aspects is not270

straightforward and beyond the scope of this work. Our method in general has a larger voxel size compared to the existing271

methods and thus it may yield lower spatial resolution with the absorption contrast. However, microstructure is indirectly272

revealed by the small-angle scattering signal in scattering tensor tomography rather than directly resolved by detector pixels.273

Thus, spatial resolution is often not of the main importance for tensor tomography and the effective spatial resolution is rarely274

reported in published studies. Scans are rather optimized for different purposes and different samples, and different sources275

are used. We still would like to note that it is in general clear that the large acquisition overhead intrinsic in the scanning276

SAXS geometry limits this method to small samples and makes it unsuitable for imaging industrially relevant large volumes277

or dynamic processes. On the other hand, reported grating interferometric studies with linear gratings are almost exclusively278

performed on conventional lab-based sources. Therefore, it is meaningless to directly compare the scan time because the279

exposure time for a single radiographic projection is significantly longer than at a synchrotron. Nevertheless, the need of rather280

complex trajectories and phase stepping with linear gratings causes frequent discontinuities in the acquisition process increasing281

the overall overhead even if this technique would be used with a higher flux source.282

With our method at synchrotron facilities, the exposure time for each single radiographic projection is usually in the order283

of a few to a few tens ms. Using an n = 1 protocol with 100 projections continuously acquired, mostly sufficient for the284

experimental configurations used in this study, one full omni-directional scattering tensor tomographic volume covering e.g.285

16×16×4mm3 = 1cm3, with a spatial resolution in the order of 50 to 100µm can be acquired in less than 1s. This means286

that macroscopic, statistically relevant samples (e.g. 10cm3) can be routinely investigated in a matter of minutes even taking287

into account the overhead related to sample movements for stitched scan. Alternatively, if a dynamic process is of interest, it is288

possible to follow the same evolving volume through time.289

5 Conclusion290

In this study, comparative analyses were presented for simple acquisition protocols optimally suited for rapid scattering tensor291

tomography. First, the null space was significantly reduced by substituting conventional linear with circular gratings already292

when the tilt angles or the number of spiral turns n were just 1. This first mathematical evidence highlighted the potential of293

using a circular grating array for fast scattering tensor tomography with simple acquisition geometries with a fairly small n.294

Second, simulation studies with an in silico sample showed that the reconstructed volumes were already close to the ground295

truth with n ≤ 3, regardless of the used acquisition protocol. Lastly, experimental studies provided results that were in agreement296

with the null space analysis as well as with the simulation results demonstrating the robustness of the technique with respect to297

the unavoidable experimental uncertainties.298

We conclude that, with a circular grating array, the suggested simple acquisition schemes with a fairly small number of turns299

n are inherently sufficient in providing directional scattering information for scattering tensor tomography. Thus, the proposed300

acquisition protocols build the basis towards rapid inspection and/or time-resolved X-ray scattering tensor tomography in301

the near future. In principle, the proposed acquisition protocols are compatible with and can be easily transferable to X-ray302

tube setups and the range of applications can be expanded to industrially more relevant problems. In addition, the presented303

framework of the null space analysis will be useful to assess and optimize in advance an arbitrary acquisition protocol for X-ray304

scattering tensor tomography. Even though this work is based on a circular grating array, the proposed acquisition protocols can305

actually to be also directly transferred to any tensor tomography modality with omnidirectional scattering sensitivity such as306

11/13



speckle pattern, scanning SAXS, and omnidirectional simultaneous reciprocal and real space imaging based methods.307

6 Data availability308

The datasets generated and analysed during the current study are available from the corresponding author on reasonable request.309
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Figures

Figure 1

Experimental setup for X-ray scattering tensor tomography with circular gratings. An overview of the
setup is shown in (a). The rotation motor revolves α degrees and the rotation axis can be tilted β degrees.
The circular grating array (b) is composed of unit cells where P is half the unit cell size and g is the period
of the �ne grating lines. It is placed near the sample at a distance L = Pg/2λ from the detector. A circular
fringe (c) is formed at the detector where the 2D directional scattering signal is extracted by measuring
the visibility reduction along the radial pro�le at an angle −90° ≤ γ < 90°.



Figure 2

Beam enter/exit trajectories for stairwise and spiral acquisition schemes from the sample’s point of view.
The number of turns n and the total number of projections are indicated on top of the plots. The tilt angle
β for the shown stairwise trajectory with n = 1 is 0° but it can be chosen to be any angle between 0° and
45°.



Figure 3

Visualisation of the computed null space for different scattering sampling directions k. The null space
was computed for different acquisition geometries: stairwise and spiral acquisition; different grating
types: vertically aligned linear gratings, horizontally aligned linear gratings, and circular gratings; different
number of turns n. β indicates the tilt angle. High values in null space for scattering component k indicate
that the acquisition protocol provides large uncertainties in the reconstruction for that component.



Figure 4

Visualisation of the reconstructed volumes for the in silico sample (a), which has different subvolumes
with �bres preferentially oriented in different directions o�bre (b). The orientation vector is visualized
according to a color scheme (c) which maps the absolute value of its components [x,y,z] to the [R,G,B]
values. Axial slices through the lower and upper part of the reconstructed sample acquired with the
stairwise (d) and spiral (e) acquisition protocols are shown. n represents the number of turns. The color
bars for the average scattering and scattering anisotropy are shown on the right.



Figure 5

Quantitative assessment of the reconstruction accuracy for the in silico sample. Box plots of the inner
product I for the different preferential orientations are shown in (a). The error E of the average scattering
is shown in (b) and of the scattering anisotropy in (c). Note the separate axis scales of the non-empty and
the empty volume.



Figure 6

Visualisation of the reconstructed volumes for the validation sample. The validation sample (a) with
three carbon �bre bundles oriented orthogonal to one another. Axial slices through the lower and the
upper part of the validation sample reconstructed from the data acquired with the reference (b), the
stairwise (c) and the spiral (d) acquisition protocols. Fibre orientation, average scattering and scattering
anisotropy values are shown for each acquisition scheme. Scale bar: 4 mm



Figure 7

Quantitative assessment of the reconstruction accuracy for the validation sample. Box plots of the inner
product I for the different preferential orientations (a). The error E of the average scattering is shown in
(b) and of the scattering anisotropy in (c). Note the separate axis scales of the non-empty and the empty
volume.



Figure 8

Fibre pellet phantom analysis - (a) The sample is composed of carbon (black) and glass �bre (white)
material as well as wood (brown). (b) Full 3D view of the reconstructed �bre orientations (stairwise, n =
5). (c) Contour image based on the average scattering signal. (d) Reconstructed �bre orientation for the
2D slice shown in (c) (subsampled by a factor of 5 for visualisation). The 3D color ball maps the 3D �bre
orientation. (e) Measured and forward projection images at an arbitrary angle. The 2D color wheel maps
the �bre orientations projected onto the 2D detector plane. Scale bar: 1 cm
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