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ABSTRACT

A rotating-anode x-ray source and custom-built SCMOS-based detector have been integrated into a lab-based
micro-CT system to demonstrate full CT acquisition in as little as 132 ms. This has been used to examine the
expansion of a polymer foam in 4D, with a temporal resolution of 2 Hz. The system is easily adapted to carry
out fast phase-sensitive multi-contrast CT with sub-10 s CT acquisition times. This is made possible through
the beam-tracking technique, which is capable of multi-contrast CT using only a single shot per projection
angle, while also being compatible with incoherent sources. This paves the way to dynamic, phase-sensitive,
multi-contrast micro-CT in the laboratory.
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1. INTRODUCTION

X-ray micro computed-tomography (micro-CT) is a non-destructive technique providing precise volumetric repre-
sentations of samples, lending it to use in a large range of fields including medical sciences, materials engineering,
and metrology.! Its non-destructive nature allows repeated longitudinal testing of the same sample, which when
carried out quickly, makes it particularly useful for in-situ and dynamic experiments with materials and pro-
cesses that change over time. Such experiments have been carried out across a number of topics including food
science,?? additive manufacturing,®® and biomedical sciences.®® A common theme amongst these applications
is that most leverage the high brilliance and absolute flux available at synchrotron sources to allow the short
detector exposures required for such fast imaging. Combining this flux with custom detectors and end stations
has allowed ultra-fast synchrotron tomography with full volume acquisition times down to few-to-tens of ms.? !
In addition, the coherence and brilliance of synchrotron facilities make phase-contrast techniques, those that de-
rive contrast from phase changes in the wavefront, a routine imaging activity. Phase contrast techniques enable
imaging of low-attenuating materials,'> and allow significant dose reductions for sensitive samples,'® making
them also an important tool in dynamic imaging.

Thanks to developments in efficient detectors and laboratory x-ray tube sources, fast and dynamic experiments
have also become a reality outside of large-scale facilities.!* Numerous examples exist of experiments on the scale
of 8-12 s per CT,'® 17 down to cutting-edge speeds of 0.5 s per CT.'® These experiments have used a variety of
custom and commercial systems, where the choice of system components and acquisition parameters are vital
for collecting sufficient data and statistics for image reconstruction. We refer readers to an excellent review on
fast lab-based CT for an overview of the considerations for such systems.'*

A number of techniques have also been developed to allow phase-contrast x-ray imaging with lower-coherence
laboratory sources, including but not limited to free-space propagation,'® grating interferometry (GI),°
edge-illumination,?! and beam-tracking.??> Some techniques are also sensitive to the dark-field signal, which
indicates the presence of sub-pixel microstructures.?®?* Alongside dose reduction for potential in-vivo studies,?®
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these additional contrast channels provide opportunities to measure sample changes in dynamic studies that
are not visible through standard attenuation imaging.?6-2”7 Of particular interest to this work is the recent
demonstration of dynamic dark-field tomography with a laboratory GI system, as a potential tool to monitor
cryoablation procedures.?

We demonstrate a custom built laboratory x-ray micro-CT system, capable of being adapted to a range
of experiments but with an emphasis on sub-second tomography acquisition speeds. The system enables both
fast individual scans and also the possibility to probe sample dynamics on the sub-second timescale. We also
briefly demonstrate a simple modification to the system that allows its fast capabilities to be leveraged for fast
and dynamic phase-sensitive imaging. We utilise beam-tracking,?? which falls into a broader class of techniques
which apply amplitude modulation to the x-ray beam?°33 to make possible simultaneous retrieval of attenuation,
phase, and dark-field projections from a single shot. This single shot nature in particular makes beam-tracking
suitable for fast imaging, without the overheads associated with other methods that require multiple shots and
optical element movements.

2. METHODS

A custom system has been developed with components tailored towards the demands of fast and dynamic
imaging experiments. X-rays are generated using a 1.2 kW rotating anode x-ray source (Rigaku MicroMax
007-HF, Mo anode), enabling a high x-ray flux at a moderate focal spot size. An air bearing rotation stage (ESS
Mikromeckanik GmbH) was employed to enable fast and accurate rotation of the sample for tomography. The
system used a custom-built detector, based upon a sSCMOS camera (Hamamatsu Orca-Flash4.0 v3) coupled via
visible-light optics to a high light-yield scintillator screen (Lanex Regular), resulting in an effective pixel size of
28.5 pm. The choice of a lens-based system for the detector enables versatility, with both optics and scintillator
easily swapped in response to changing demands on detection efficiency and spatial resolution.

For the fast micro-CT system, the total system length was set to 39 cm with a geometrical magnification of
1.36. This geometry was chosen according to the source divergence, that limited the field-of-view (FOV) to 8.3
x 8.3 mm?, at this distance. The detector was operated in 2x2 binning mode (allowing faster detector readout, a
reduction in Nyquist sampling requirements, and a 4x increase in photon statistics!*) resulting in sample plane
voxel dimensions of 42 x 42 x 42 um3. The source was operated at 40 kV 30 mA.

A simple high-contrast phantom, consisting of several 400 um borosilicate spheres glued to a plastic straw,
was used to assess attainable scanning speeds and the interplay with contrast-to-noise ratio (CNR). Progressively
faster scans were carried out, making use of SCMOS sub-array readout to increase the maximum frame rate to
the order of 1000 fps, at the cost of vertical FOV. Volumes were subsequently reconstructed using the Feldkamp-
Davis-Kress (FDK) algorithm?®* implemented in the Astra toolbox.?® The acquisition parameters for these tests
are summarised in table 1.

Tcr [ms] | Nproj | Texp [ms] | Reconstruction volume [voxels]
696 348 2 200 x 200 x 200
418 348 1.2 200 x 200 x 128
132 131 1 200 x 200 x 104

Table 1: Acquisition parameters for the series of static fast tomography tests. Parameters describe the time for
one full CT acquisition Tcr, the number of projections Np..j, the exposure time per projection Teyp, and the
size of the reconstructed volume (after 2x2 binning). Reaching higher frame rates required that only a subset of
the detector rows were read out, reducing the vertical FOV.

Next, the dynamic capabilities of the system were demonstrated through the 4D imaging of an expanding
polymer foam, with a scan time of Topr = 510 ms. The scan time was chosen to allow the use of the entire
illuminated FOV without requiring sub-array readout, while being fast enough to limit motion blur due to sample
movement. Data was continuously acquired for a period of 2 minutes with an exposure time of 2.5 ms, resulting
in a total of 48,000 projections. Acquiring 15.2 GB of data over the course of 2 minutes required that data was
streamed directly to the PC RAM and later written to the hard drive once the acquisition had finished. After
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a pre-processing step with an FFT-based ring removal algorithm from the Algotom toolbox,3% volumes were
reconstructed from each set of 204 projections (180° 4 cone angle), using both the FDK algorithm and by an
Astra implementation of the simultaneous iterative reconstruction technique (SIRT), using 40 iterations and a
non-negativity constraint. To initiate the experiment, the foam was simply compressed by hand and allowed to
freely expand.

Finally, the system was adapted to make possible fast multi-contrast phase-sensitive micro-CT. The inclusion
of a periodic 1D attenuation mask, with aperture of 17 pm and period of 98 pm, structured the beam into a
pattern of beamlets. By using a moments-based approach to analyse the sample-induced perturbations of these
beamlets, it is possible to extract the attenuation, differential phase, and dark-field signals from only a single
shot per projection angle.'®22 The scintillator was swapped to a Scintacor Ultrafine+, featuring a smaller point
spread function (PSF), to improve the visibility of the periodic pattern. In the initially non-optimised system
demonstrated, the source-to-mask distance was set to 79 cm, mask-to-sample 5 cm, and sample-to-detector 70
cm. To assess the possibility for phase-sensitive, multi-contrast micro-CT on the seconds timescale, a phantom
consisting of an LDPE rod, a PVC foam, and a tube of flour was built. The phantom was scanned using 361
projections of 25 ms, distributed across 360°, for a total scan time of 9 s. The source was operated at 50 kV 24
mA.

3. RESULTS

Figure 1 illustrates the results of the fast scans of the static borosilicate sphere phantom. Figure 1a shows axial
slices of the reconstructed volumes, where a visual reduction of noise can be seen with increasing acquisition time
Tcr. The indicated line profiles through the spheres are plotted in 1b, alongside the dashed theoretical profile.
The theoretical profile was calculated using the estimated average incident beam energy at the scintillator,
using the SpekPy package3” and tabulated NIST reference data.?® Discrepancies between the experimental
and theoretical profiles can be attributed to the estimated beam energy, which did not accurately model the
complicated transfer function of the detector. Assuming sufficient absorption efficiency that all photons in the
beam are detected with near unity efficiency, the indirect detection system meant that higher energy photons
receive a higher weighting in the integrated signal, shifting the average effective energy upwards. In addition,
convolution of the theoretical profile with a PSF (consisting of contributions from detector, source blur, and
sample motion) further reduces the peak of the experimental profile by spreading the conserved signal across a
large space. This implies that optimisation of the spatial resolution of the system would further enhance the
quantitativeness of the results. Figure 1c shows volume renderings of the phantom at each T, indicating that
morphological features may be identified even with ultra-fast acquisition speeds. Note that it is clear from the
full view renderings that increasing detector frame rate required sacrificing vertical FOV due to the necessary
sub-array readout.

Reconstructing the volumes using the analytical FDK algorithm ensured that the noise in the volumes reflected
the statistics of the measured signal, allowing an analysis of the CNR verus Tcp. The results of this analysis
are plotted in figure 2, where the error bars indicate the propagated uncertainty (standard deviation) of the
measurement repeated on multiple slices. A further data point (in red) is derived from reconstructing using
half of the projections from the 132 ms dataset, resulting in an effective 66 ms micro-CT scan. While this
particular scan was not physically implemented, the maximum rotation speed of the tomography stage (up to 38
revolutions per second) means that such a scan is readily achievable. The inset illustrates an axial slice from this
reconstruction, indicating that when hitting frame-rate induced limits, artefact-free reconstructions of simple
samples is still possible by reducing the number of acquired projections. The CNR data points were fitted with a
function of the form av/Tc, yielding an r? value of 0.96. This suggests a noise behaviour predominantly limited
by Poisson statistics, as expected in a flux-limited experimental setting like ours.

Figure 3a shows coronal slices at the same sample position at three different time points during the dynamic
foam expansion. The volumes were reconstructed using both the analytical FDK algorithm, and SIRT using
40 iterations and a non-negativity constraint. The improvement in CNR of the SIRT reconstruction is very
clear, especially with regards to the delineation of the sample from the background (aided by the non-negativity
constraint). Additionally, although the spatial resolution was not sufficient to resolve the fine porous structure
of the foam, the structure appearing at higher length scales becomes visible. This is made especially clear in the
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Figure 1: (a) Axial slices of the reconstructions of the statically imaged sphere phantom illustrating the same part
of the sample with varying CT acquisition time Ter = 132 ms, 418 ms, 696 ms. (b) Plotted line profiles through
the spheres indicated on (a), plotted alongside the theoretical profile of the sphere attenuation for the estimated
average incident beam energy. (¢) Volume renderings of the sphere phantom derived from the reconstructions.
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Figure 2: A plot of the contrast-to-noise ratio of the borosilicate sphere versus CT acquisition time. Error bars
indicate the propagated uncertainty (standard deviation) of the measurement repeated on multiple slices. The
data point indicated in red is derived from a theoretical (yet experimentally implementable) scan obtained from
halving the 132 ms dataset, with the inset showing the result of this reconstruction.

supplementary video https://dx.doi.org/10.1117/12.3028059.1, where the sample movement makes the structure most
perceptible. The effective delineation from the background made simple grey-value thresholding sufficient to
segment the foam. This made possible further analysis, in which the change in attenuation coefficient u with time
could be plotted to understand the expansion dynamics of the sample. Fitting with an equation of the form p = ae
—T/7yielded the time constant describing the decompression process of 7= 73.7 s.

Figure 4 demonstrates the average of three axial slices of the separate attenuation, phase, and dark-field
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Figure 3: a) Coronal slices of the expanding foam at time points T = 0.0 s, 59.7 s, 119.3 s using both FDK
and SIRT algorithms. A video demonstrating the expansion in coronal slices and volume renderings is included
in Video 1 https://dx.doi.org/10.1117/12.3028059.1. b) A plot illustrating the temporal evolution of the
attenuation coefficient u, extracted from segmentation of the SIRT reconstructed foam.

reconstructions from the 9 s beam-tracking scan. The phase-contrast channel yielded higher CNR values for the
LDPE rod of 6.1 + 0.5 versus 4.6 + 0.1 for the same slices in attenuation. Visually, the flour ap pears slightly
better delineated from the surrounding tube in the phase reconstruction, this is despite both contrasts being
generated from the same number of photons (and thus dose). While the beam-tracking method also allowed the
retrieval of the dark-field c hannel from thesameset of data,thehigher noiseinherent in this contrast channel
meant that a quality reconstruction could not be formed from the limited statistics of the unoptimised 9 s scan.
Nevertheless, a faint signal in the position of the flour, a k nown s ource o f d ark-field, is vi sible in fig ure 4c.
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Figure 4: Axial slices of the reconstructed attenuation (a), phase (b), and dark-field (¢) volumes from a beam-
tracking micro-CT scan acquired in a total time of 9 s. The phantom includes an LDPE rod, a straw filled with
flour, and a PVC foam.

4. DISCUSSION

We have demonstrated a custom system for fast micro-CT, achieving a CT acquisition time of 132 ms, which is,
to the best of the author’s knowledge, the fastest yet demonstrated using a laboratory x-ray source. As a proof
of concept of dynamic micro-CT, we applied the system to the task of the 4D measurement of an expanding
polymer foam. In the results demonstrated, acquiring sufficient photon statistics for sub-second tomography
required compromising on spatial-resolution through the choice of scintillator.
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A particularly interesting area for future exploration is the choice of reconstruction algorithm. While ana-
lytical reconstruction allowed the reconstruction of the simple sphere phantom from only 66 x 1 ms projections,
more complex samples may benefit from specific sparse-view algorithms.?*4? Furthermore, in dynamic studies
the full 4D dataset contains much complementary information across the timesteps. Exploiting this information
through 4D reconstruction methods,*! %2 those that consider the temporal as well as spatial dimensions, should
result in improved reconstructions compared to the current method which reconstructs independent 3D volumes.

The extension of the system to multi-contrast phase-sensitivity was also demonstrated. Reconstructions of
both attenuation and phase were possible from only 9 s of data, many orders of magnitude faster than the typical
hours previously demonstrated in beam-tracking experiments.?%3%:43 Degpite the success of the attenuation and
phase reconstructions, the dark-field channel could not be reconstructed to a good standard due to its inherently
lower signal-to-noise ratio. Optimisation of the system geometry, in particular its length,** is likely to improve
the sensitivity of the system and make dark-field tomography possible over the same timescales. Alternatively,
simply relaxing temporal constraints to applications on the minutes timescale®® could potentially allow the
current system to be utilised. Dynamic dark-field tomography could see further application in a range of topics
including small animal imaging?® and materials sciences.2% 27

The choice to acquire only a single shot per projection angle made fast beam-tracking possible, without the
overheads associated with the movement of optical elements. In such a scan, spatial-resolution is limited by the
pitch of the mask, yet quantitative information may still be retrieved.*® Potential future work can explore the
implementation of advanced cycloidal acquisition schemes?® into dynamic beam-tracking imaging, to enhance
the spatial resolution achievable with the same number of projections while remaining compatible with flyscan
acquisition schemes.

5. CONCLUSION

We have developed a micro-CT system composed of a powerful x-ray source and a custom, flexible detector.
A simple phantom was well reconstructed from CT acquisitions as short as 132 ms, with the potential for
yet faster scans also demonstrated. This high-speed performance was utilised to carry out 4D imaging of an
expanding foam at a 2 Hz CT acquisition rate, allowing an analysis of the change in the volumetric attenuation
coefficient over time, and thus helping to develop an understanding of the decompression rate. The system was
easily extended to allow multi-contrast phase-sensitive tomography on the seconds timescale. Reconstructions
of attenuation, phase, and dark-field volumes suggest that with further optimisation, the system can be utilised
for multi-contrast dynamic studies.
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