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X-ray microtomography at synchrotron sources is fundamentally limited by the high radiation dose applied to
the samples, which restricts investigations to non-native tissue states and thereby compromises the biological rel-
evance of the resulting data. The limitation stems from inefficient indirect detection schemes that require prolonged
exposures. Efforts to extract additional contrast through multi-modal techniques, like modulation-based imag-
ing, worsen the problem by requiring multiple tomographic scans. In addition, the techniques suffer from low
modulator pattern visibility, which reduces measurement efficiency and sensitivity. We address both the detection
efficiency and modulation visibility challenges using a setup that combines an X-ray waveguide, a structured phase
modulator, and a photon-counting detector. Our approach simultaneously achieves near-theoretical limits in both
visibility (95%) and quantum efficiency (98%), thereby enabling dose-efficient multi-modal microtomography
at single-micrometer resolution. This advance represents an important step toward routine multi-modal micro-
tomography of native-state biological specimens with the potential to advance biomedical research and disease
diagnosis. © 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

X-ray micro-computed tomography (LCT) has enabled valu-
able three-dimensional insights into biological specimens [1-8]
and is often considered a non-destructive imaging technique.
However, recent investigations have revealed that radiation dam-
age at synchrotron sources poses a significant challenge: intense
X-ray exposure causes severe cellular damage [9], with structural
changes detectable from the first moments of exposure [10]. These
pitfalls limit the reliability of imaging-derived data in biologi-

poor quantum efficiency of these indirect detectors means that
much of the radiation passing through the sample is not detected,
necessitating higher doses to achieve acceptable image quality.
Photon-counting (or direct) detectors circumvent this trade-off,
providing dose-efficient imaging through high quantum efficiency
[16,17], noise-free readout, and sharp pixel response across high
dynamic ranges. These advantages have been successfully demon-
strated at laboratory sources [16,18]. However, the comparatively
large pixel size of at least 55 pm [19] has precluded the use of

cal research [9]. High photon flux also produces radicals in wet
specimens [11], leading to gas bubble formation and sample defor-
mation. To prevent this, samples are typically embedded in paraffin
[12] or ethanol [13], neither of which preserves the native tissue
environment.

While computational approaches are being investigated to
mitigate dose requirements [14], the root of the dose problem
lies in the detection technology itself. High-resolution uCT
setups at synchrotrons and laboratories employ CCD or CMOS
chips coupled to scintillators [15], which present a fundamen-
tal trade-off between spatial resolution and efficiency: Thicker
scintillators increase efficiency but introduce signal blurring. The
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direct detectors for high-resolution synchrotron microtomogra-
phy, where effective pixel sizes in the single-micrometer range are
required.

The challenge of dose-efficient imaging is further compli-
cated by the need for enhanced contrast. Many biological tissues
exhibit low contrast in conventional attenuation-based imaging,
necessitating the development of methods to additionally exploit
the phase shift and scattering introduced by the samples. Some
of these methods rely on the free-space propagation of the X-ray
wavefront as a contrast mechanism and include propagation-based
imaging [20-22], holography [23], and ptychography [24]. Other
techniques employ additional optical elements such as crystal
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analyzers [25], gratings [26,27], or various wavefront markers
[28-30]. Speckle-based imaging [28,31,32], also more generally
referred to as modulation-based imaging to include structured
diffusers [33,34], uses wavefront markers to track changes and
displacements in the X-ray wavefront imparted by a sample. This
is performed either by explicitly tracking changes in subregions of
the image [31,35] or using a global algorithmic approach [36,37].
One advantage of the modulation-based approach compared to
optics-free methods is that it enables the simultaneous extraction
of three imaging modalities related to the sample’s properties:
transmission, phase, and small-angle scattering (also known as
dark field). In addition, the method enables a quantitative rather
than qualitative access to the phase of the examined object in the
form of electron density maps [38] free of prior assumptions on the
sample composition [12]. However, these benefits come at the cost
of acquiring multiple tomographic scans at different modulator
positions, leading to increased measurement time and sample dose.

The efficiency of modulation-based imaging critically depends
on achieving high visibility, which characterizes the intensity
differences in the modulation pattern and directly relates to signal-
to-noise ratio [39,40]. High visibility enables the analysis of weaker
signals and permits shortened measurement times, making it
essential for measurement and dose efficiency. To address this
need, 2D Talbot array illuminators (TAls) have been recently
introduced to increase visibility [30]. Unlike random modulators,
such as sandpaper, these optical elements create phase shifts in the
wavefront in a regular pattern, with the shift magnitude optimized
for maximum visibility at specific energies and measurement dis-
tances. While advances in the modulator provide one avenue for
increasing visibility, increasing the coherence of the source pro-
vides another complementary approach. X-ray waveguides have
emerged as a useful tool for creating highly coherent point sources
[41]. Combined with suitable focusing optics [42,43], waveguide-
based sources have, for example, been successfully applied to
investigate human pathology [3,4] using propagation-based
imaging.

To simultaneously overcome the mentioned dose efficiency
and visibility limitations of conventional micro-computed tomog-
raphy setups, we propose a novel setup that combines X-ray
waveguides with Talbot array illuminators and a photon-counting
detector, which has a quantum efficiency of 98% at 8 keV [44]. We
experimentally characterize the setup’s properties by measuring
the achieved visibilities over a range of propagation distances and
determine the angular sensitivity using both a directand an indirect
detector. Additionally, we demonstrate the method’s multi-modal
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capabilities by acquiring a dark-field projection of a silicon pillar
and performing a phase tomography of biological tissue.

2. RESULTS
A. Setup Design

A schematic drawing of the proposed setup is shown in Fig. 1.
The main components consist of Kirkpatrick—Baez (KB) mirrors
that focus the incoming X-rays onto an X-ray waveguide, which
produces a small focal spot with a smooth wavefront. A Talbot
array illuminator is placed a distance s downstream of the wave-
guide to serve as a phase modulator. The setup was tested with both
photon-counting and scintillator-based detectors for comparison.
More details on the components can be found in Section 4. H.

B. Visibility

We placed different phase modulators at varying distances down-
stream of the waveguide, keeping the detector position fixed, and
recorded the resulting visibilities. The experiment was conducted
at two different beam energies of 8 and 10 keV. Figure 2 shows a
comparison of visibilities for different modulators for two detector
types: the photon-counting detector and the CMOS detector.

Peak visibility was similar for all structured modulators and was
significantly higher than that of the Kapton random diffuser. The
CMOS camera achieved a maximum visibility of 94.7% and the
photon-counting detector reached 93.4% for the 8 keV case using
the 10 pm period modulator. As expected, given the fundamen-
tal optical properties of the setup, the performance between the
two detector types was similar. A key finding is that the visibility
remains stable over a large range of propagation distances, particu-
larly for the CMOS detector. For the photon-counting detector,
the visibility drops as the effective pixel size approaches the modu-
lator period. This is expected, since the modulation pattern is no
longer adequately sampled. In contrast, the effective pixel size of
the CMOS detector remains small enough to adequately sample
the modulation pattern across the entire measurement range.

The visual impression of the recorded modulation patterns
confirms the quantitative visibility measurements. Bright intensity
maxima are positioned next to regions of almost no intensity in
both detector cases, demonstrating the high contrast. Figure 3(a)
shows a visibility map corresponding to the intensity pattern of the
photon-counting detector in Fig. 2(c). The map shows high spatial
uniformity with a mean signal of 93.4% and a standard deviation

of 0 =2.4%. The visibility distribution of the CMOS detector

Detector

Sample

1

| |

I
S

T 1

l A

Fig.1. The radiation produced by an undulator source and filtered by a monochromator (not shown) is focused onto a waveguide via a Kirkpatrick—Baez
mirror. A phase modulator is placed a distance s downstream of the waveguide, and the sample is located a distance / downstream of the Talbot array. The
detector is placed a distance A downstream of the sample. Due to the presence of the sample, phase effects lead to a refraction of the reference pattern by an

anglea.
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Fig. 2. Visibility versus effective propagation distance for different phase modulators. The top panels show the visibility as a function of the effective
propagation distance for both detector types. The photon-counting detector camera (a) achieves a maximum visibility of 93.4%, and the CMOS detec-
tor (b) reaches 94.7%. The blue dashed line indicates how the effective pixel size increases with the propagation distance. The gray dotted line in (a) marks
the Nyquist limit above which a 10 pm period modulator pattern can no longer be properly sampled. The bottom panels display the modulation patterns
captured by each detector system at their respective maximum visibilities. Both use the 10 pm period TAI The intensity pattern of the photon-counting
detector (c) was captured at a beam energy of 8 keV, and the pattern of the CMOS detector (d) was imaged at a beam energy of 10 keV. The strong and
regular intensity changes are clearly visible; however, the CMOS detector resolves the pattern better due to its smaller pixel size. The blur at approximately
y = 30 in the photon-counting detector panel is due to the interpolation of the detector gap.
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Fig.3. (a) Visibility map corresponding to the intensity pattern in Fig. 2(c). The visibility appears very spatially uniform with a mean value 0of 93.4% and
a standard deviation of 0 = 2.4%. A slight decrease to around 80% is observed for a few patches on the axis y = 30, corresponding to the detector’s inter-
polated gap. (b) Combinations of visibility and modulator period from previous literature (blue) [30,45—49] and the current work (orange and red). The
highest available value for each combination was used, regardless of the detector type. Due to the strong intensity gradients created, a combination of small
period size and high visibility is preferable for modulation-based retrieval of phase shifts. Compared to previous literature, our approach enables visibility
values close to the theoretical upper limit of 100% at small period sizes.

(not depicted) is similar at 94.7% with o = 0.4%. The compara- Figure 3 shows different combinations of structure period sizes
tively lower standard deviation likely stems from the absence of an and the visibility that has been achieved. For imaging applica-
interpolation region and the smoother sampling of the intensity tions, smaller period sizes at high visibility are preferable, since

pattern due to the lower pixel size. they create strong intensity gradients even at the scale of smaller
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Table 1. Comparison of Angular Sensitivities
(Minimum Resolvable Refraction Angle) of the Two
Detector Types for Identical Measurement Conditions®

Photon Counter CMOS Camera
Eff. pix. size [pim] 3.83 3.66
o, [nrad] 1.08 1.55
o, [nrad] 1.11 1.49
CT(X.],) [nrad] 1.55 2.15

“Favorable values are marked in bold font.

sample features. Although a visibility of 93% has been reported for
aperiod of 50 um [45], a similar value has not yet been achieved for
significantly smaller structure sizes. Our reported setup provides
a visibility close to the theoretical maximum for period sizes of
10 and 7 pm. Moreover, the employed compound optics, the
Kirkpatrick—-Baez mirrors and the X-ray waveguide, are non-
dispersive. This allows for rapid changes in energy and was utilized
for the switch from 8 to 10 keV.

C. Angular Sensitivity

The phase sensitivity was determined by acquiring a projection
of a test object with 26 modulator positions. The same object
was imaged with an exposure time of 1.0 s and a sample distance
s =260 mm using both the photon-counting detector and the
CMOS camera. To match the resolution of the photon-counting
detector, the CMOS camera data were binned by a factor of 11
prior to phase retrieval. In both cases, the unified modulated
pattern analysis (UMPA) [31,50] was used to track the local dis-
placement of the pattern, corresponding to the refraction angles.
The UMPA analyzer window was set to w =1, corresponding
to a 3 x 3 pixel analysis region. A background region containing
2520 pixels was selected above the test object in the differential
phase images captured with both detectors. This region was used
to calculate the standard deviation, which was then converted into
an angular sensitivity, as described in Section 4.E. A comparison of
angular sensitivities is provided in Table 1.

The results show that, given the same exposure time, the
bidirectional angular sensitivity of the setup with the binned, fiber-
coupled CMOS camera is 39% lower than that of the setup with
the photon-counting detector. This indicates a less efficient use of
the incoming photons. Moreover, similar values for angular sensi-
tivity in the x and y directions confirm that the stepping protocol

—log(T)

0.0
Fig. 4.

resulted in bidirectional phase sensitivity. Our achieved angu-
lar sensitivity of 1.55 nrad compares favorably to the previously
reported value of about 143 nrad in a parallel-beam configura-
tion. However, the smaller effective pixel size of 0.96 pm needs
to be considered [30]. We additionally note that high-resolution
micro-computed tomography is typically performed with magnifi-
cation lenses rather than fiber-coupling to reach smaller pixel sizes
[15,51], which further reduces detector efficiency.

Although the reported sensitivity in the examined background
region is high, it may be negatively affected inside the sample
region due to Laplacian phase effects. Since UMPA only models
first-order phase effects, i.e., changes in the refraction angle due
to the sample, unaccounted-for second-order effects may lead
to artifacts or noise. In this first demonstration of the setup, the
effective propagation distance was close to the critical value of the
near-field assumption (zf/z. ~ 0.5).

D. Dark-Field Projection

One of the key advantages of modulation-based imaging is its abil-
ity to simultaneously extract complementary contrast channels:
attenuation, phase, and dark-field signals. To demonstrate that
the multi-modal nature of the method is fully accessible in the
proposed setup, we present both the transmission and dark-field
projections of a silicon wedge in Fig. 4, while the (bidirectional)
phase capabilities are demonstrated in projection and tomography
in Section 2.E.

The examined silicon sample was mechanically machined to
create a wedge geometry with decreasing thickness toward the top.
The transmission image shown in Fig. 4(a) predominantly shows
this thickness variation as a mostly uniform attenuation with a
gradual decrease toward the thinner top section. In contrast, the
dark-field channel shown in Fig. 4(b) reveals additional structural
information alongside potential defects in the material introduced
during fabrication. Several inhomogeneities are visible in the
dark-field image (marked by blue and red arrows): features indi-
cated by blue arrows are barely visible in transmission, while those
marked in red arrows are present in both modalities but exhibit
significantly stronger contrast in dark field. The inset histograms
quantify the intensity distributions within the dotted rectangular
regions, with red arrows marking the intensities corresponding to
brightspots.

The fact that the dark-field signal stays mostly uniform over the
entire region suggests that the scattering originates from the crystal

0.05 0.10 0.15

0.0

Multi-modal projection images of a silicon wedge with thickness decreasing toward the top. (a) Negative logarithm of the transmission signal

showing mostly uniform attenuation with a gradual decrease toward the thinner top section. (b) Negative logarithm of the dark-field signal revealing addi-
tional structural details, including inhomogeneities (blue and red arrows). All features are more prominent in the dark-field image: those marked by blue
arrows are barely visible in transmission, while those marked in red arrows are present in both modalities but exhibit stronger contrast in dark field, as quan-
tified by the inset histograms showing intensity distributions within the dotted rectangular regions. The red arrows in the histograms mark the intensities
corresponding to the bright spots. The enhanced signal at the wedge edges arises from the sharp refractive-index transition between silicon and air.
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surface, where the defects were likely introduced during manufac-
turing. If the scattering signal was to originate from the inside of the
sample, it would be expected to follow a similar signal distribution
as the transmission. The dark-field signal is also elevated at the sam-
ple edges due to the sharp change in electron density (or refractive
index transition) from air to silicon. The complementary informa-
tion provided by these contrast channels enables a more complete
characterization of the material.

E. Tomographic Measurement

To demonstrate the capabilities of the combined setup for bio-
logical specimens, a piece of mouse skin embedded in a cylindrical
block of paraffin wax was imaged. Two example differential phase
projections are shown in Figs. 5(a) and 5(b). The differential
phase signals in the x and y directions illustrate the bidirec-
tional phase sensitivity successfully achieved with the 1D stepping
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approach described in Section 4.C. Figure 5(c) shows a slice
through the reconstructed electron density volume. In the recon-
struction, the different skin layers are well discernible against
the paraffin. The 3D rendering in Fig. 5(d) shows the extent and
position of the hairs—reported in the literature to have diame-
ters on the order of 18 um [52]—which can be well traced along
their paths. Similar to the approach in Ref. [12], the spatial res-
olution was estimated by examining 30 line profiles across edges
(in this case, across hairs) in multiple axial slices to calculate the
full width at half-maximum (FWHM), resulting in a value of
(9.4 £ 1.7) pum. The electron density value of subcutaneous adi-
pose tissue agrees well with previously reported literature values for
white fat in the range of 306—312 nm ™ [53], demonstrating the
quantitative accuracy of the method. Following the calculations
outlined in Section 4.G, we obtain an estimated sample dose of
1.1 kGy for the full multi-modal tomography.

Fig.5. Tomographic phase scan of mouse skin embedded in a cylindrical piece of paraffin. (a) and (b) show projections of the differential phase signal
projections in x and y directions, respectively. These signals track the displacement of the reference pattern by the sample, in pixels, at the detector face.
(c) shows a slice through the middle of the three-dimensional electron density map, obtained by 2D Fourier integration of differential signals and tomo-

graphic reconstruction. (d) isa 3D rendering of the electron density volume.
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3. DISCUSSION

In this work, we have provided the first demonstration of
modulation-based imaging in conjunction with X-ray waveguides,
achieving visibility values of 94.7% for the CMOS and 93.4%
for the photon-counting detector. This performance approaches
the theoretical maximum of 100%, despite using modulators
with small periods of at most 10 pm. Our measurements reveal
that high visibility is maintained over a broad range of effective
propagation distances (approx. 100-300 mm), which has useful
practical implications for experimental flexibility.

The waveguide’s magnification properties enable compatibility
with large-pixel, photon-counting detectors while maintaining
a spatial resolution similar to that of parallel-beam microtomog-
raphy with conventional, indirect detectors. The combination
of near-optimal quantum efficiency and high visibility directly
addresses the dose problem in multi-modal microtomography,
opening new possibilities for quantitative, multi-modal scans
of samples. For the multi-modal tomography, a dose of 1.1 kGy
was achieved. This is, for example, far below the limit of 35 kGy
reported for degradation in the mechanical properties of cortical
bone [54] and would allow multiple full tomographic scans with-
out negatively impacting the bone’s integrity. The achieved dose of
1.1 kGy is also only marginally above the 1 kGy threshold at which
effects on the life span of the model organism C. elegans begin to
emerge [55]. Future studies on biological samples could therefore
use this approach to retrieve multi-modal tomograms in the most
efficient manner.

As demonstrated, incorporating phase modulators also provides
access to the dark-field signal, which has not yet been explored in
conjunction with X-ray waveguides. We have provided a dark-field
projection of a silicon crystal, showing the signal’s benefits for
revealing sample substructures. The signal was not included in our
analysis of the mouse skin, as no significant dark field is expected
from this soft tissue sample. Future tomographic experiments
should therefore examine biological samples with small-angle
scattering-inducing microstructure, either also using an UMPA
[31] or a single-grid dark-field method for signal retrieval [56,57].
In principle, the dark-field signal provides a particularly dose-
efficient means of characterizing sub-resolution features, as it yields
information about microstructure below the spatial resolution
limit without requiring direct resolution of these features. This
approach is beneficial because directly resolving such features
would require significantly higher doses due to the fourth-order
relationship between applied dose and achieved resolution [58].
This capability, combined with the simultaneous acquisition of
transmission and phase contrast, enables comprehensive char-
acterization of heterogeneous samples at micrometer resolution
with applications such as material decomposition [59]. While
methods such as ptychography or holotomography can achieve
much higher spatial resolutions (10s of nanometers or below) [24],
they operate at inherently higher radiation doses and lack the dark-
field channel, making the approach presented here better suited
for dose-sensitive biological samples requiring multi-contrast
characterization.

Despite the demonstrated potential, several aspects of the
method require further optimization for high-throughput applica-
tions. First, the flux reduction introduced by the waveguide should
be mitigated by improving the coupling efficiency with the KB
mirror. In this experiment, the ratio of waveguide area Awg to
focus size Axp was approximately 7 = 16%. Combined with the

synchrotron operating in a low-current mode with widely-spaced
electron bunches at the time of measurement, this resulted in a
relatively long total exposure time of approximately 2 h for the
tomographic scan. However, focus sizes at or below 100 nm have
been previously reported in the literature for KB mirrors [60,61],
some even reaching into the sub-5 nm regime when combined
with a multilayer Laue lens [62]. Next-generation synchrotron
sources with their enhanced brilliance will also naturally address
this limitation.

Second, temporal efficiency can be improved by optimizing the
data acquisition strategy. The number of phase steps used in this
work (26 steps) was chosen conservatively while establishing this
new measurement methodology, but typical values reported in
the literature are 9, 16, or 20 phase steps [12,30,34]. The impact
of reducing phase steps could not be assessed retrospectively from
the acquired data, as the employed 1D stepping scheme requires
the full amount of steps to adequately sample the intensity pattern
(see Section 4.C). However, it is likely that the additional phase
steps provide diminishing returns, which should be investigated
in future work to determine how much the number of steps can
be reduced without significantly compromising reconstruction
quality. For this purpose, a 2-linear-stage-based sampling scheme
would be preferable over the 1D stepping method employed
here, as it would allow more systematic exploration of the phase-
stepping parameter space. Additionally, the tomographic scan
reported here was conducted in a step-and-shoot manner, lead-
ing to significant motor overhead of 3.5 h. The overhead could
be mostly eliminated using established fly-scan methods with
continuous sample rotation, which are the routine method for
modulation-based tomography [12,30,34].

Third, regarding the spatial coverage of the method: in the
waveguide-based approach, the field of view naturally scales with
the measurement geometry and the opening angle of the wave-
guide’s exit cone, rather than being constrained by the initial beam
size from the source. While the vertical field of view of the setup
in this work (~1.2 mm) is comparable to that of some parallel-
beam pCT setups (e.g., Imaging Beamline P05 at PETRA III
and Berkeley ALS beamline 8.3.2, both with 2 mm [63,64]), the
horizontal field of view (also ~1.2 mm) is smaller than typically
achieved at such setups. Parallel-beam pCT systems usually feature
horizontal beam widths of 5 mm or larger for high-resolution
applications [63-65].

To make the proposed method more useful for larger biological
samples, the field of view will therefore need to be expanded. One
option is to manufacture and use waveguides with larger opening
angles, as the achievable field of view is directly proportional to
the opening angle for otherwise unchanged measurement param-
eters. Another option is to increase both the waveguide-sample
and sample-detector distances, which was not possible in this
experiment due to a space constraint of approximately 5 m for the
waveguide-detector distance.

Beyond hardware modifications, several scanning approaches
can extend the field of view: performing scans with an offset
rotation axis [59], using stitching approaches [13], or retrieving
extended projections from multiple sample positions using a
modified version of the UMPA model [66]. These methods also
address time-varying modulator position changes, either by incor-
porating drift into the UMPA model [66,67] or by maintaining
sample-free regions to track it [13,59]. Region-of-interest (ROI)
scans remain challenging: the sample-free approach requires empty
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space in every projection, while with the UMPA-based correction
an ROI scan is possible given a calibration material (e.g., air, plas-
tic, and wax) for quantitative retrieval of electron densities (see
Section 4.D).

It is worth noting, however, that with the ongoing upgrades
to fourth-generation synchrotron sources, the trend in full-field
imaging is moving toward smaller fields of view, as exemplified
by the ForMAX beamline at MAX IV with typical beam sizes
of ~0.8 — 1.5 mm [68]. In such cases, the waveguide approach
would provide a clear benefit in increasing the achievable field
of view.

Finally, the phase retrieval artifacts, which are likely caused
by second-order phase effects, should be addressed by adapting
the retrieval model to properly account for all wavefront changes
induced by the sample. Another option may be to introduce
a decoherer in the form of a spinning diffusor to reduce these
effects [69].

In summary, our results demonstrate that combining wave-
guide sources, Talbot array illuminators, and photon-counting
detectors enables the simultaneous achievement of high spatial
resolution and optimal dose efficiency in multi-modal X-ray imag-
ing. The method’s compatibility with photon-counting detectors,
high visibility, and flexible working distance makes it particularly
well suited for quantitative imaging of radiation-sensitive biologi-
cal samples. While several aspects require further optimization
for routine high-throughput use, the fundamental capabilities
demonstrated here establish a promising platform for leveraging
current and fourth-generation synchrotron sources in biomedical
and materials science applications.

4. MATERIALS AND METHODS
A. Theoretical Considerations

To utilize modulation-based imaging in conjunction with a wave-
guide focusing optic and a large-pixel photon-counting detector,
several constraints must be considered. Since the algorithms
tracking the sample-induced distortions of the phase modulator
typically assume the X-ray near-field regime, the effective propa-
gation distance may not become too large. A useful criterion for
validating the near-field assumption is the critical propagation
distance:

_ (2pe)?

T (1)

where per= p/M is the effective detector pixel size (given the
physical pixel size p and the optical magnification M), and A
is the X-ray wavelength [70]. The propagation distance in the
experiment shall be kept well below this value to minimize the
presence of higher-order phase effects that are not accounted for in
modulator-tracking algorithms.

Since the proposed setup makes use of a cone-beam geometry,
the physical propagation distance between the sample and the
detector z needs to be replaced by an effective propagation distance
zes. This follows from the Fresnel scaling theorem, which states
that under the Fresnel approximation, an X-ray intensity field 7
in a cone-beam geometry is related to an intensity field 7*) in a
parallel-beam scenario via

Here, (x, y) are the transverse coordinates and z= A is the
propagation distance [71]. The relevant quantity for calculating
whether the setup is below the critical propagation distance is thus
the effective propagation distance:

A
Zeff = —. 3)

M

As an additional constraint, the magnification must be large
enough to compensate for the larger pixel size of photon-counting
detectors and enable imaging applications with effective pixel sizes
in the common range for synchrotron-based pCT, i.e., 1-5 pm. In
summary, the constraints on the setup are (i) keeping the effective
propagation distance below the critical value to stay in the near field
and (ii) magnifying the sample enough to compensate for the larger
pixel size of photon-counting detectors. In addition, (iii) optics
with the highest possible opening angle should be used to enable
larger fields of view. Theoretically, (iv) the chosen propagation
distance should also coincide with a (fractional) Talbot distance
dr of the phase modulator to maximize visibility, though it has
been shown experimentally in Fig. 2 that this condition may be

dropped.

B. Visibility Analysis

Different approaches exist for calculating the visibility of a
phase modulator [32]. In this work, we make use of the visibility
definition

Ima_x - Imin

= ma Tmin
]max + ]min

(4)
where I, is the maximum and /;, is the minimum recorded
intensity in a subregion of the imagg, as previously used for struc-
tured modulators in Ref. [30]. We analyze the patch-wise visibility
by subdividing the image into square regions whose area is large
enough to capture a full modulator period. Since the effective
pixel size changes in this geometry depending on the propagation
distance, we use a patch size of 5 x 5 pixels for all measurements.
This creates an analysis window large enough to capture atleast one
full modulator period at all examined effective pixel sizes.

We note here that visibility is purely a property of the intensity
pattern measured at the detector and is thus independent of the
specific phase stepping scheme used (see Section 4.C) to sample
the pattern. To achieve the best possible angular sensitivity, the
visibility should therefore always be as high as possible [see Eq. (11)
in Section 4.E].

C. Phase Stepping

For phase stepping, the modulator needs to be moved into dif-
ferent lateral positions. Bidirectional phase sensitivity requires
that the intensity maxima created by the modulator are homo-
geneously distributed over the pixel matrix over the course of the
phase stepping [30]. We make use of the unit cell sampling method
discussed in Supplement 1 of Ref. [30], which involves stepping
the modulator in a diagonal fashion.

The tilt angle of this diagonal and the number of phase steps are
calculated as follows [30]: define two orthogonal vectors (a, b) in
the modulator plane and choose their lengths in such a way that 2
and b are co-prime. The modulator is then moved along an axis ori-
ented atanangle
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o = arctan (2/6) 5)

to one direction of the grid pattern. When a number of
N =a?+ b? phase steps is performed, no redundant sampling
occurs. The size of each individual phase step is defined by 4/ N, 4
being the period of the modulator.

D. Phase Retrieval

We employ the unified modulated pattern analysis (UMPA) algo-
rithm to track sub-pixel displacements (., #,) of the reference
pattern caused by phase effects in the projection space [31]. These
local displacements of the pattern, which correspond to the refrac-
tion angles (., @, ), are converted from pixels on the detector face
to adifferential phase using

9 3¢\ _2m _ 2 par
(8}(" 8}I>_ )\‘ (O{xva_y)_(uxvu_y) )\’ Zef‘f’ (6)

where (%, g—f) represent the x and y derivatives of the object’s
phase ¢ (x, y), A is the wavelength, and p.fis the effective pixel size
[31]. We then obtain the object’s phase (up to an additive constant
C) through 2D Fourier integration of the two differential phase
signals [72,73]:

a¢ . 0¢

C.
ik + 7)

P(x,y)=F!

Here, F denotes the Fourier transformation with respect to x
and y, while 7! is the corresponding inverse Fourier transfor-
mation; (k,, k,) are the Fourier-space coordinates associated with
(x, y). After defining the sample-free regions as having ¢ = 0, the
projected electron density is recovered using the relation:

—¢(x,)

. ®)

pe,J_(X ) }/) =
where 7. is the classical electron radius [74]. In a last step, the
electron density distribution of the volume is obtained through
tomographic reconstruction of the acquired projections. For
reconstruction, we use the Core Imaging Library [75,76] with the
ASTRA toolbox [77] backend. To account for potential systematic
measurement errors in UMPA, we calibrate the resulting electron
density using the procedure described in Ref. [78]. We employ
paraffin wax as a reference material to rescale the final electron
density volume according to

pf,raw(xa 2 Z) - ﬁe,bg
Iée,ref_ ﬁe,bg

pe,cal(xs Y, Z) = Pe,theos (9)

where 0, «i(x, y, z) represents the calibrated three-dimensional
electron density map, 0, raw(x, y, 2) is the uncalibrated electron
density map, p,.bg and P, f are the mean electron densities of
the background and reference material, respectively, and p, theo
is the theoretical electron density of the reference material. Using
a measurement at the P05 beamline calibrated with poly(methyl
methacrylate) as the reference material, the electron density of
paraffin (Paraplast Plus) was determined to be (299 £ 7) nm 3.

E. Angular Sensitivity

The angular sensitivity of an X-ray imaging system is defined as
the minimum detectable refraction angle o and is a widely used

measure to compare different imaging systems [79]. Considering

Eq. (6), it follows that

(04, 0,) = /Varsa{(urr 1)} L8 (10)

Zeff

where Varpg is the variance in a homogeneous region, typically the
background without any sample in the beam [30, Supplement 1].
Furthermore, the angular sensitivity is linked to other imaging
quantities, such as visibility and the average number of counts, V.
This relationship can be described by

1
%ty < TR

where v is the visibility, and w is the analyzer window size used by
UMPA [31,80].

(11)

F. Corrections for Beam Stability

Due to the strong intensity gradients induced by the modula-
tors, even slight movements result in substantial changes in the
recorded counts for each pixel. This is problematic because the
phase-retrieval algorithm assumes that the beam profile is stable
and all changes are related to sample properties [32].

To account for the movement, we decompose a number of
consecutively recorded flat fields at each stepping position into
eigenflats £; using the principal component analysis, as described
in Ref. [81]. Then, for each recorded projection image, we add
the eigenflats using a weighted sum to best match the beam condi-
tion at the time of acquisition. This generates so-called dynamic
flat-field images. The weights w; for this sum are obtained by
comparing the weighted sum to a sample-free region /pg in each
projection [12]:

(12)

w; = argmin
o

1

Ipg —sz‘ E;

z 2

The method relies on the assumption that the principal com-
ponents adequately capture the beam variations present during
sample acquisition. The correction may perform poorly if the
beam exhibits drift modes not represented in the flat-field acqui-
sition phase. Additionally, the approach requires sufficiently large
sample-free regions for reliable weight estimation, typically on the
order of 10% of the field of view [12].

In comparison to using a time-averaged flat field without this
correction, the mean squared error (MSE) in the sample-free
region was reduced by (77 & 13)% across all phase steps using
matched reference images. Because a residual modulator pattern
was still observed in the processed projections, the peaks corre-
sponding to the modulator frequency in the Fourier space were
masked and set to zero for the dark-field projection and prior to
reconstructing the tomographic scan, thereby reducing these arti-
facts. However, this last step was not performed for the projections
used for angular sensitivity calculations.

G. Dose Estimate

Since the photon-counting detector is close to 100% efficient at
the used energies and each count in the tomographic experiment
corresponds to the absorbance of a photon with a well-defined
energy of 10 keV, a dose estimate for the measurement is readily
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Table 2. Radiation Dose for Different Acquisition
Schemes

Acquisition Scheme Total Energy Sample Dose
Single projection 40n] 0.17 Gy
Full multi-modal projection 1.0y 4.5Gy
Full multi-modal tomography 0.26 mJ 1.1kGy

obtainable. For this purpose, we first determine the mean trans-
mission through the sample (7" = 89%) as well as the total photon
count in the reference image, restricted to the region covered by the
sample (V= 2.3 x 108). Since the photo effect is the dominating
X-ray interaction with matter in this energy range, we assume the
sample absorbs approximately 11% of the photons present in the
reference image. We further make the simplifying assumption that
the sample is a cylinder with a radius of » = 0.25 mm and a height
of 1.3 mm. While the biological tissue itself likely has a density
closer to water, we assume the whole cylinder has the lower den-
sity of the surrounding paraffin (0.90 gcm™). Since this results
in a lower sample mass 7, it yields a higher and therefore more
conservative estimate of the absorbed dose D = E /m for a given
absorbed energy E.

In Table 2, we provide the resulting total energies and sample
doses for different scenarios: a single projection at one modulator
position, a full multi-modal projection (which in our case, corre-
sponds to 26 single projections due to the sampling scheme used),
and full multi-modal tomography consisting of 250 multi-modal
projections.

H. Experimental Setup

The experiment was conducted at the GINIX setup [62,82,83]
of the Coherence Beamline P10 (PETRA III, DESY, Hamburg),
which uses a U32 undulator as its X-ray source. The setup is
depicted in Fig. 1: after passing through a monochromator, the
X-rays hit two total reflection mirrors arranged in a Kirkpatrick—
Baez (KB) geometry within a vacuum vessel. The KB mirror
provides a two-dimensional hard X-ray focus down to
250 x 250 nm?, which is used to focus the beam onto an X-ray
waveguide. This creates a highly coherent source for the experi-
ment. We used a waveguide channel with a width and depth of
d =100 nmand an optical depth of L = 1 mm, defined by e-beam
lithography in silicon (Eulitha GmbH, Wiirenlos, Switzerland)
and then capped by wafer bonding. The exit flux depends on
storage ring operation, photon energy, beamline settings, and
alignment. For the given experiment, it reached 1.5 x 10% s™!.

A holder mounted to three orthogonal linear stages was posi-
tioned at a distance s downstream of the waveguide. This allowed
for the insertion of different phase modulators and precise posi-
tioning both parallel to and perpendicular to the beam direction.
The sample was placed on a rotation stage at a further distance /
downstream of the modulator. Two detector systems were used
to acquire images: the first was an Andor Zyla sCMOS camera
(Oxford Instruments, Tubney Woods, England) with a 15 pum thick
Gadox scintillator and magnifying optics. This resulted in an effec-
tive pixel size of 6.5 pm for the array of 2160 x 2560 pixels. The
second system used was an Eiger X4M photon-counting detector
(DECTRIS AG, Baden, Switzerland) with 2070 x 2167 pixels and
a pitch of 75 pm. The phase modulators used were Talbot array
illuminators fabricated from silicon, as described in Ref. [30]. Due
to their design height, they impart a 27t /3 phase-shift to portions

of the wavefront at an energy of 10 keV. Two modulators with
period sizes of 7 and 10 pm were employed. The first modulator
creates a hexagonal lattice of foci, while the second creates a square
lattice. For comparison, a piece of Kapton B black was also used asa
random diffuser.

For the tomography experiment, a mouse skin sample was
placed at a distance s =260 nm from the waveguide and imaged
with the photon-counting detector. The beam energy was set
to 10 keV, and 250 different angles were captured over 360°,
each with an exposure time of 1.0 s. The projection count corre-
sponded to approximately 1.1x the Nyquist sampling criterion
for a sample with a radius of approximately 70 pixels or 270 pm.
After each full rotation of the sample, the modulator was moved
to its next stepping position. A total of 50 reference images were
acquired at each position. For this experiment, the modulator with
a period of 10 pm and a square lattice pattern was used. To achieve
bidirectional phase sensitivity with 1D linear phase stepping,
the modulator was stepped along an axis inclined at an angle of
11.3° to the modulator pattern. This follows from selecting the
two co-prime numbers 2 =1 and & =5, resulting in a total of
52 + 12 = 26 modulator positions, as described in Section 4.C.
Phase retrieval was performed using a runtime-optimized version
of UMPA [50] with a window parameter of w = 1, corresponding
to a window size of 3 x 3 pixels. A projection to test phase sensi-
tivity was acquired with the same modulator and settings, with the
only differences being the number of reference images (10 instead
of 50) and the sample, a silicon crystal with varying thicknesses.
This same sample was imaged for the experiment in Section 2.D.
Here, a window parameter of w = 4 was used for a robust retrieval

of the dark-field signal [84], which is typically more prone to noise.
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