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Three-dimensional (3D) x-ray microscopy by ptychographic tomography requires elaborate numerical reconstruc-
tions. We describe a coupled ptychography-tomography reconstruction algorithm and apply it to an experimental
ptychographic x-ray computed tomography data set of a catalyst particle. Compared to the traditional sequential
algorithm, in which ptychographic projections are reconstructed to serve as input for subsequent tomographic
reconstruction, the coupled ptychography-tomography algorithm reconstructs the 3D volume with higher spatial
resolution over a larger field of view. Coupling the data from different projections improves the overall reconstruction,
and the ptychographic sampling in individual projections can be coarsened beyond the point of overlap between

neighboring scan points, still leading to stable reconstructions.
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1. INTRODUCTION

Knowing the structure of nanomaterials and nano-objects is
key to understanding their properties and function. X rays are
an ideal probe to study their three-dimensional (3D) nanostruc-
ture. Due to their large penetration depth and short wavelength,
x rays make nondestructive 3D imaging at the nanoscale possible.
Ptychographic x-ray computed tomography (PXCT) is an emerg-
ing microscopy technique that uniquely offers high spatial
resolution and sensitivity among contemporary x-ray imaging
methods, producing 3D quantitative maps of the complex index
of refraction of the sample [1]. In this way, it yields quantitative
information on the local electron density. By now, PXCT has
been established as a method at multiple synchrotron-radiation
facilities around the world [2-8].

A tomographic data set is obtained by recording ptychographic
projections of a sample for a set of rotation angles. As of today, to
retrieve the volumetric information, first the projections are gen-
erated by ptychographic reconstruction. In a second step, follow-
ing alignment and artifact removal, these projections serve as
input for conventional tomographic reconstruction of the sample
volume. Recently, it was proposed to couple these two steps of
ptychographic and tomographic reconstruction to relax scanning
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overlap requirements, to allow for flexible acquisition patterns,
and to reduce overall scan times and thus radiation dose to
the sample [9]. Various algorithms were proposed to reconstruct
the acquired data in one single coupled ptychographic tomogra-
phy (CPT) step. So far, all of these algorithms were tested solely
on numerical model data sets [9-11] or relied on knowing the
exact probe function prior to the reconstruction [12]. In this
article, a CPT reconstruction is presented and applied to an ex-
perimental PXCT data set. The reconstruction is compared to
conventional PXCT in terms of resolution and image quality.

2. METHODS

In the classic ptychographic tomography model, the sample is rep-
resented by its 3D complex-valued index of refraction,

n(r) =1-6(r) -if(r), (1
where r = (7,,7,,7,) are coordinates fixed in the frame of the
sample, 6(7) is the refractive index decrement, and f(7) is the
absorption term. During ptycho-tomographic data acquisition,
the sample is scanned in translation through the probing
beam along the laboratory-fixed coordinates p, and p, and
in rotation around the p, axis by the rotation angle ©
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(see Fig. 1). The transformation matrix Rg between sample co-
ordinates 7 and laboratory coordinates p is given by

7y Py cos ©® —p_ sin O
r=<ry>=< Py >=R®-p. (2)
7y P, sin @ 4+ p, cos ©

At each rotation angle ©, the sample is probed by the wave field
P(p) at multiple discrete lateral shift positions (¢, , ¢,,). If the
sample is optically thin and multiple scattering can be neglected,
the complex wave field behind the sample can be modeled as

‘IIG,j(px’p)/) = P(px)p)/)()@(px - Qx,j’p}/ - Qy,j)’ (3)

where

O@(px’ p_y)

)
conl o[+ fron])

=0(perpy) —alpp,)

is the complex transmission function of the object obtained by
projection along the p, axis. Here, # = 27/ is the wavenumber
of the probing beam, and A is its wavelength. The phase shift to
the probing beam is called ¢(p,., p,) and the logarithmic modulus
of the sample a(p,, p},). At each scanning position, the far-field
diffraction pattern /¢ ; is measured, which is the absolute square
of the Fourier transform of Wg j,

loj(q.9,) = |F[¥o,(p: )] 5)

Several algorithms have been developed to solve for the un-
known complex object projections Og (py., p,) and a set of probes
Pe(ps, py) using the measured diffraction patterns /g (4, qy)
and relative scan positions Qg j [13-16]. After reconstructing
all the projections Og(p,, p,), they are typically freed of artifacts
such as phase wraps and phase wedges. For each projection at a
given angle ©, the relative scan positions @g,; are accurately
known. However, due to mechanical inaccuracies of the tomo-
graphic scanner under rotation and thermal drifts, the projections

Pixel
Detector

Beam Defining
Optics

Fig. 1. Geometry for ptychographic tomography. To record a projec-
tion, the sample is scanned perpendicularly to the probing beam (red)
along p, and p,, recording a far-field diffraction pattern at each position
of the scan. A tomographic data set is recorded by acquiring a series of
projections rotating the sample around the p, axis to multiple angles ©.
The sample is described in the coordinate system r = (r,, 7,, 7,) fixed to
the frame of the sample. It is rotated by © relative to the laboratory
coordinate system p = (p,, p,, p,)-

often need to be aligned relative to each other prior to tomo-
graphic reconstruction. Once all projections are aligned to each
other, any tomographic algorithm can be used to reconstruct the
refractive index 7(r) from the aligned projections Og(p,. p))-

We recorded a ptycho-tomographic data set at the
Ptychographic Nano-Analytical Microscope (PtyNAMi) at
beamline P06 of the synchrotron-radiation source PETRA III
at the Deutsches Elektronen-Synchrotron DESY in Hamburg,
Germany [17]. The instrument is built for ptychographic imaging
with high spatial resolution [18] and sensitivity [19], as well as
with chemical contrast [20]. The sample is a macroporous zeolite
particle [21,22] of about 2.6 pm diameter that has prominent
features (internal macropore system) of a few 100 nm. It is mostly
composed of very porous silica and alumina and can be regarded
as weakly scattering. The sample was mounted freestanding on
top of an aluminum pin by focused ion beam milling and
beam-induced metal deposition [cf. Fig. 2(a)].

The sample was aligned in the x-ray microscope [17] using an
optical microscope. The incident 9 keV photon beam was focused
to a 70 nm spot using a Fresnel zone plate. The sample was placed
1 mm downstream of the focus, increasing the beam size on the
sample to about 1.8 pm full width at half-maximum. For each
projection angle ®, 121 diffraction patterns /g ; (exposure time
1 s) with a size of 256 x 256 pixels were recorded using an EIGER
X 4M detector (DECTRIS, Switzerland), placed 2.13 m down-
stream of the sample. This results in a pixel size of 16.5 nm in the
reconstructions. In this way, a field of view of 4 x 4 pm? was
covered by a rectangular grid of 11 x 11 positions (step size
400 nm). The relative sample positions were recorded using
an interferometer-based sample tracking system. In total, 90 pro-
jections were recorded in 2° steps over 180°. The ptychographic
tomography data set consists of 90 % 121 = 10890 diffraction
patterns. The overall recording time for the whole data set was
approximately 7 h.

Fig. 2. (a) SEM image of the macroporous zeolite particle, mounted
freestanding on top of a platinum pedestal at the tip of an Al pin;
(b) phase image of a ptychographically reconstructed projection
Og(ps py) with phase wrap at the bottom of the reconstructed field
of view and corresponding reconstructed complex probing wave field
Po(ps> py)s () 3D isophase surface rendering of the reconstructed vol-
ume 7(r) with a cutout to reveal the inner pore structure of the sample.
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3. RESULTS
A. Preliminary Reconstruction

As a first step, we reconstructed the first recorded projection on its
own using 5000 iterations of the extended ptychographical iter-
ative engine (ePIE) algorithm [15], resulting in an object projec-
tion O(py, p,) and a reconstructed probe function P(p,, p,) [see
Fig. 2(b)]. The reconstructed probe function was subsequently
used as an initial probe estimate for all upcoming reconstructions.
This is sensible, as no PXCT measurement will be performed
without having tested the successful reconstruction of a single
projection first. Hence, the knowledge of the probe function,
or at least a close estimate, can be used to reduce the number
of iterations needed for all following projections. The high num-
ber of iterations was chosen to make sure the algorithm and there-
fore the probe estimate had converged properly.

B. PXCT Reconstruction

For the comparison with the coupled ptychography-tomography
reconstruction, we first reconstructed the data using the already

vertical slice

horizontal slice

PXCT reconstruction

CPT reconstruction
using multiple probes

CPT reconstruction
using one shared probe

—-0.006 -0.004 -0.002 0.000 —0.010 —0.005 0.000
phase shift in [rad] phase shift in [rad]

Fig. 3. Comparison of the phase reconstructions @(r) using (a),
(b) the standard PXCT framework; (c), (d) the CPT framework using
Algorithm 1 and an individual probe for each projection angle; and
(), (f) the CPT framework with one shared probe for all projection
angles. All reconstructions were done on a volume of 660% voxels,
N = 50 3D iterations, M = 1 ¢PIE iteration, and the update strengths
a = 1.0 for the object, # = 1.0 for the probing wave fields, and y = 1.0
for the volume.

established PXCT framework. Using the initial estimate for the
probe function, all 90 recorded projections were reconstructed for
50 iterations with the ePIE algorithm, resulting in 90 complex
projection images Og(ps,p,) and 90 corresponding complex
probe functions Pg(p,, p,). Phase wraps and phase wedges were
removed from the reconstructed projections before they were
aligned to each other (see Supplement 1 for details). The projec-
tions were aligned by alternately correlating the plane integral
phase profiles perpendicular to the rotation axis and matching
the center of mass of the plane integral phase profiles parallel
to the rotation axis of all projections [23]. The final tomographic
reconstruction of the aligned projections was carried out using 50
iterations of the simultaneous algebraic reconstruction technique
(SART) [24,25], as it was also used in the CPT algorithm later on.
This way, each diffraction pattern and each projection is used as
often in the PXCT reconstruction as it is used in the CPT
reconstruction. Two slices of the PXCT reconstructed phase vol-
ume are shown in the top row of Fig. 3.

C. CPT Reconstruction

Algorithm 1. Coupled ptychography and tomography reconstruction
of a PXCT data set. This algorithm equals the framework of [9] with M/
iterations of the ePIE algorithm [15] used as data constraint and the
SART algorithm for the object constraint. A detailed description can
be found in Supplement 1.

1: procedure PTYCHOTOMO (/,, 0o 4> Po(px> py))
2: create a 3D array A(r) for the logarithmic modulus and a 3D
array @ () for the phase shift. > initial entries O
if no Pg(p,.p,) are given then
initialize appropriate Pg(py, p,) for each recorded projection
angle ©
5 loop/V times
6: for every ©do
7: calculate the projections 2¢(py. p,) and ¢e(p,, p,) under
the angle ©
8: calculate the complex projection
O@(px’p)/) = exp (ﬂG(pwp]) + i¢®(pxl p)/))
9: do M prychography iterations on Og (py., p,) using lg ;(#),
0e,» and Pg to obtain an updated estimate Og (p,. p,) for
that projection

> e.g., using the ePIE algorithm

10: calculate the logarithmic modulus

Aag(p,; p)) = log|Oe(p,. py)| - log |Oe(p,. p))| and

phase shif{ update

A¢®(px’p ) = arg(OG@x’py)) - arg(OG)(px’py))
11: caleulate the 3D logarithmic modulus and phase shift

updates AAg(r) and AdDg(r) by backprojecting

Aag(p,> py) and Agg(p,, p,) under the angle ©
12: update the object volumes:

A(r) < A(r) + 7 - Adg(r) and

O(r) « O(r) + 7 - ADg(r)

> update strength y € (0, 1]

13: returnA(r) and ©(r).

Using the position shifts determined during the alignment of
the PXCT reconstruction, the relative sample positions measured
by the interferometers were transformed to absolute positions @e
in relation to the shared rotation axis. Algorithm 1 was used to
reconstruct the measured data again, but this time by coupling
ptychography and tomography—the so-called CPT method—
and not solving them sequentially.

For the first CPT reconstruction, all 90 probes were
initialized with the probe reconstructed during the preliminary
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reconstruction. This initial guess of the probe function leads to
reliable and fast convergence. During the reconstruction, the
probe for each projection was refined individually.

The result of the coupled reconstruction [see Figs. 3(c) and
3(d)] matches that of the PXCT reconstruction [see Figs. 3(a)
and 3(b)]. It even reconstructs farther down towards the platinum
base, where the PXCT reconstruction produces artifacts, since the
base is not covered from all projections due to mechanical shifts.
In the horizontal slices, a faint halo can be seen around the particle
in the center. This halo coincides with the edge of the field of view
of the most intense parts of the probing beam from every projec-
tion angle ©.

Choosing V = 1, M very large, and y = 1 in Algorithm 1
would make the coupled algorithm almost the PXCT algorithm.
The difference is that in the PXCT algorithm each projection is
reconstructed with an empty initial object, while in the CPT
reconstruction each projection starts with the projection of the
current state of the reconstructed volume, which would have al-
ready been influenced by all previously treated projection angles.

Total variation algorithms [26] could be used on the recon-
structed volumes to smoothen the object without blurring the
edges and thus increase the quality of the reconstructed volumes
[9,11]. As it can be used both on the CPT results and the PXCT
after the respective reconstructions, we decided to waive this addi-
tional step and compare the unadulterated results of both
algorithms to each other.

D. Resolution Comparison

To compare the quality of the CPT reconstruction to the PXCT
reconstruction, we estimated and compared spatial resolutions. At
first we used the volumes reconstructed from all recorded diffrac-
tion patterns [see Figs. 3(a)—3(d)] to extract multiple line profiles
across edges in the volume. The profiles were then fitted with an
error function. From these fits, the edge widths were extracted as
the distance between the 10% and 90% level of the edge. The
widths for the PXCT reconstructed volume ranged between
139 and 183 nm, while the widths for the CPT reconstructed
volume ranged between 123 and 148 nm (see Supplement 1,
Fig. S1). For all profiles, the width of the CPT reconstruction
was at least 16.3 nm (approximately one pixel) smaller than
the one for the PXCT reconstruction.

To not only evaluate local resolution, we also estimated the
resolution using the Fourier shell correlation. To this end, we split
the data set into two complementary halves, assigning to each
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projection the diffraction patterns alternately to one or the other
half (see Supplement 1, Fig. S2).

Each of the two half data sets was then reconstructed inde-
pendently, once using the PXCT framework and once using
Algorithm 1. Both algorithms were run with the same parameters
as before. Using Fourier shell correlation on these pairs of volumes
and the half-bit threshold, resolutions of 72.5 nm (PXCT) and
65.3 nm (CPT) were estimated [see Fig. 4(a)]. Finally, we
also calculated the (spatial) spectral signal-to-noise ratios (SSNRs)
using these volumes [see Fig. 4(b)]. These gave us estimates of
76.5 nm (PXCT) and 66.9 nm (CPT) for the achieved resolution.
In all cases, the CPT reconstruction achieved the higher
resolution.

This modest improvement in resolution using the CPT algo-
rithm is most likely a result of self-alignment of the projections
during the 50 iterations of the CPT algorithm. During the align-
ment step, the PXCT algorithm is limited to aligning the relative
positions between the projections, without being able to adapt or
improve the projections themselves. The CPT algorithm has
more freedom. It can slightly shift probe and object projection
by adding a phase wedge to the reconstructed probe function,
but it can also improve the projections and possible artifacts in
these projections during each iteration. Both algorithms were
run using the exact same data, started with the same initial esti-
mate of the probe function for all projections, used each recorded
diffraction pattern exactly 50 times to update the projection/
volume, and both performed exactly 50 tomographic updates over
all projections.

E. CPT with Only One Shared Probe

Using only one probe function P(p,., p,) for all projection angles
O increases the cross-linking in the ptycho-tomographic data set
even more. This additional coupling not only by the object but
also by the probe requires the probe to be unchanged during the
whole experiment and not only during the measurement of
each single projection. The CPT reconstruction using one
common probe P(p,,p,) for all projections is shown in
Figs. 3(e)-3(f). This reconstruction is slightly noisier than the
CPT reconstruction with multiple probes, but works robustly.
This indicates more or less stable experimental conditions over
the period of data acquisition. However, there are slight fluctua-
tions in the illumination over time. While the 90 reconstructed
probe functions Pg(p,,p,) resemble each other, they have tiny
differences due to instabilities of the electron orbit and the
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Fig. 4. Resolution estimation for the volumes reconstructed using the PXCT algorithm and the CPT algorithm. (a) Estimation using Fourier shell

correlation; (b) estimation using the spatial signal-to-noise ratio.
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x-ray optical beamline components over the duration of the ex-
periment. As the shared probe function P(p,,p,) averages over
these instabilities, the shared-probe CPT reconstruction cannot
adapt to slightly varying experimental conditions and thus cannot
optimally fit the data in a real experiment.

PXCT could also be performed using only one shared probe.
All projections would have to be reconstructed simultaneously
while sharing the same probe function. This is not usually done,
as beam instabilities over the duration of PXCT experiments are
an issue. Sometimes two consecutive scans, between which the
detector was shifted, are reconstructed this way to alleviate arti-
facts created by gaps between the detector panels, where no in-
formation was recorded [2,27,28]. But reconstructing all recorded
PXCT projections with one shared probe would only allow the
reconstruction of a ground truth of probe function. In the pres-
ence of beam instabilities, this would reduce the resolution of the
reconstructed projections, resulting in a worse overall resolution
in the reconstructed volume. Assuming perfect beam stability, this
coupling of the PXCT projection reconstructions via the shared
probe function could relax the required sampling. As all projec-
tions act on and influence the probe function, some sparser
sampled projections could still be reconstructed propetly, as
the other properly sampled projections always enforce the correct
probe function. But the relaxation of the sampling cannot pass the
point of no overlap, as no projected object can be reconstructed
where the beam never hit. In this regard both CPT methods, with
a shared probe or individual probes, surpass the possible PXCT

d =400 nm

d =800 nm

projections

slices

d =1200 nm

reconstruction with one shared probe, as they are coupled via the
object.

In the presence of long-term beam instabilities, PXCT and
CPT with individual probes for each projection allow us to com-
pensate those instabilities to some extent.

F. CPT with Reduced Sampling

For model data, it was shown in [9] that the overlap needed for a
successful ptychographic reconstruction can be reduced when
performing a CPT reconstruction, as the overlap is given in
the tomographic plane. Here, we verified this by removing dif-
fraction patterns from the data set and running the same
reconstruction as before. Figure 5 shows the reconstructions if
only every nth diffraction pattern (z = 1, ..., 5) in the horizontal
direction is used for the PXCT and CPT reconstruction. Even
when using only every fifth diffraction pattern, and having neigh-
boring probing beams no longer overlap in the horizontal direc-
tion, the object is still reconstructed in both cases. This is most
likely a result of the very good initial guess of the probe function
used in all reconstructions. As more and more diffraction patterns
are skipped, the reconstructions become noisier and noisier. This
is directly related to the effectively reduced dose applied to obtain
the tomogram.

By comparing the projections reconstructed using the PXCT
algorithm and the CPT algorithm in Figs. 5(a)-5(e), it can be
seen that the PXCT reconstructions suddenly suffer large artifacts
once the point of no-overlap is approached. In practice, these

d =1600 nm

d = 2000 nm

(k)

probes

2 um 2 um

2 um 2 um 2 um

Fig. 5. Reconstructions of the data set when only every nth diffraction pattern in the horizontal direction (z = 1, ..., 5) is used, effectively increasing
the horizontal step size from 400 to 2000 nm. (a)—(e) show the reconstructed projections using 100 iterations of the ePIE algorithm (left) against the
projection of the volume reconstructed using /N = 100 iterations of Algorithm 1. The color scale is chosen such that the reconstruction artifacts are
highlighted. (f)—(j) show a slice through the reconstructed volume using the PXCT algorithm (left) and the CPT algorithm (right). (k)—(o) show the

overlap of the probing beam intensities of two neighboring horizontal positions for each case.
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artifacts would complicate the alignment of the reconstructed
projections. Here, we assumed all positional parameters to be
known and used these projections as input for the SART algo-
rithm for tomographic reconstruction. Slices through the recon-
structed volumes are shown in Figs. 5(f)-5(j). With increasing
horizontal step size, the noise increases for both algorithms,
but the contrast between air and particle shrinks only in the
PXCT reconstructions and stays constant in the CPT reconstruc-
tions. For the CPT reconstructions, the resolutions were esti-
mated using Fourier shell correlation (see Supplement 1, Figs.
S5 and S6), revealing an increasing degradation of the resolution
from 65.3 at 400 nm horizontal step size to 114 nm at 2000 nm
horizontal step size.

4. DISCUSSION

In this implementation, corrections for projected phase shifts and
absorption coefficients are added to the current object estimate
sequentially from one projection angle to the next. Therefore,
we refer to this tomography algorithm as SART. Various other
tomography algorithms [29-31] could be used for this coupled
reconstruction, such as the filtered backprojection or the simul-
taneous iterative reconstruction technique (SIRT) [32,33]. We
decided to use the SART implementation, as its essence is the
same as the ePIE algorithm: estimate the result, simulate the mea-
surement for one angle, calculate the difference, use the difference
to update the current estimate, and repeat this for all other angles.
We deemed it the most basic, simplest implementation of a CPT
algorithm and implemented it sequentially.

The coupled ptycho-tomographic algorithm can be massively
parallelized. One possibility is to calculate, update, and backpro-
ject all projections at the same time. This would correspond to the
SIRT algorithm. Another variant could use parallel ptychographic
methods to solve the two-dimensional (2D) ptychographic prob-
lem for each projection instead of the sequential ePIE algorithm
[13,34,35]. Instead of going through the scan positions sequen-
tially, the updates can be calculated and applied simultaneously.
The prospect for optimization of the CPT process is there-
fore high.

Instead of parallelizing the reconstruction, more advanced pty-
chography algorithms could also be used to adapt CTP to more
complex experimental conditions (for example, to deal with in-
coherent modes [306], slightly too large probing beams [37] or
imperfect scanning positions [38,39]). Other usable algorithms
are designed to deal with experimental choices such as performing
fly-scans instead of step scans [40—43], using a broader bandwidth
for more flux [44,45] or even performing near-field ptychography
[4]. Total variation steps [26] could also be incorporated into the
CPT algorithm. Instead of performing the total variation refine-
ment at the end of the CPT algorithm, one would perform it after
every CPT iteration.

If the optics create a divergent beam and the sample dimen-
sions are larger than the depth of focus, the multislice technique
[46-51], known from 2D ptychography, could also be imple-
mented in this framework. This was already proposed and simu-
lated in multiple publications in different ways [10,52—54]. This
implementation deals only with rotations around a single axis, p,.
Therefore, phase wedges from the 2D projections, a known ar-
tifact of the ePIE algorithm, are suppressed in the p, - p, plane.
A global phase wedge in the volume along the p,, axis direction can

still arise. Recording additional rotations around the p,. axis would
suppress these.

An additional object constraint, similar to the one used in co-
herent x-ray diffraction imaging experiments, could be used in the
reconstruction. A mask could be applied to the volume every time
it is updated using the information from one projection angle.
The mask would enforce everything outside a certain radius to
be nonabsorbing and nonphase shifting. This pulls the
reconstruction towards a volume where everything outside the
sample has an amplitude of 1 and zero phase shift, removing
the arbitrary phase offset of the volume and the arbitrary ampli-
tude factor between object and probe. This could prevent the
ePIE algorithm from spreading artifacts at the edge of the field
of view, such as the bright ring seen in the CPT reconstructions,
which surrounds the scanned field of view.

With MAX IV in Lund, Sweden, the first fourth-generation
synchrotron light source became operational recently, and many
more are to come in the future [55-57]. These storage rings with
ultralow emittance offer a larger coherent fraction of the x-ray
beam, leading to a significant increase in coherent flux. This
boosts coherent imaging techniques such as PXCT. The gain
in coherent flux can be used to reduce the total time needed
for ptychographic tomography experiments, making time-
resolved experiments possible. At PETRA IV [57], the future up-
grade of PETRA III, a speedup of about 3 orders of magnitude is
expected, making it possible to perform the present experiment in
about 1 min, rather than 440 min, with the same fluence (dose
density). Alternatively, the sample volume could be enlarged more
than sevenfold in each dimension and still be imaged in the same
time under the same fluence conditions. By increasing the fluence
on the sample and recording more rotation angles, higher 3D res-
olution can be achieved. In the latter case, the sample will have to
withstand this higher fluence. Taking advantage of the redun-
dancy in the tomographic data set, the CPT algorithm may be
used to fully exploit dose fractionation, allowing us to work with
a smaller overall dose on the sample wherever possible. At the very
least, the presented algorithm allows for more flexible scanning
schemes, as the requirement for each projection to be able to
reconstruct on its own is void.

5. CONCLUSION

We have shown that the framework suggested by Giirsoy [9] can
be used to reconstruct a 3D object from real experimental ptycho-
tomographic data. The predicted relaxation in sampling has been
proven correct. The achieved resolution in the reconstructed vol-
ume improved with the usage of Algorithm 1 compared to the
standard PXCT framework.

Aligning the projections relative to the rotation axis still
required a preceding reconstruction of the projections. In the
future, this can be avoided with improved mechanical accuracy
and stability of the scanning stages. The algorithm used was
not optimized for speed, but can be adapted by parallelizing
multiple aspects of the algorithm. Nonetheless, the reconstruction
of 290 million (660°) complex variables was performed within
seven days on a single machine utilizing 16 CPUs. Including pty-
chographic multislice techniques would allow us to deal with
thick samples and strongly diverging probing beams.
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