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ABSTRACT

We report on the development of a low-energy x-ray phase-based microscope using intensity-modulation masks for single-shot retrieval of
three contrast channels: transmission, refraction, and ultra-small-angle scattering or dark field. The retrieval method is based on beam track-
ing, an incoherent and phase-based imaging approach. We demonstrate that the spatial resolution of this imaging system does not depend
on focal spot size nor detector pixel pitch, as opposed to conventional and propagation-based x-ray imaging, and it is only dependent on the
mask aperture size. This result enables the development of a multi-resolution microscope where multi-scale samples can be explored on dif-
ferent length scales by adjusting only the mask aperture size, without other modifications. Additionally, we show an extended capability of
the system to resolve periodic structures below the resolution limit imposed by the mask apertures, which potentially extends dark-field
imaging beyond its conventional use.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0082968

Molecular cell biology is moving toward functional studies of sin-
gle cells in model organisms creating a need for multi-scale imaging of
unstained mm-sized samples, which are unsuitable for optical imaging
due to light scattering in thick samples. Similar requirements arise
from, e.g, the increased interest in three-dimensional virtual histology
of biopsies. X-ray phase-based imaging of mm-thick biological sam-
ples with ym and sub-pm resolution has the potential to be a valuable
tool for bio-medical research due to the inherently higher contrast for
soft tissue compared to conventional x-ray imaging.' A number of
phase-based imaging systems suitable for laboratory setups have been
proposed over the past years based on different concepts, including
free-space propagation,” edge-illumination,” * speckle tracking,” and
Talbot-Lau interferometry.” While excellent results have been
obtained with propagation-based phase contrast imaging,” so far a
multi-contrast (phase, attenuation, and dark-field), low-energy x-ray
system suitable for imaging small-size soft-tissue samples at high reso-
lution was not available.

Here, we present a phase-based low-energy x-ray microscope
using intensity-modulation masks and investigate its resolution limits.
The masks shape the beam into an array of one-dimensional beamlets,

which are tracked for the modifications imposed by the sample that
allow to infer complementary sample properties.

The approach used is similar to edge-illumination” ~ but employs
a high-resolution pixelated detector fully sampling the shaped beam-
lets (beam tracking”™'”). The first three moments of the shaped beam-
lets are obtained from a single frame (single-shot retrieval)
following:lo‘11 amplitude, mean, and variance of each beamlet are
extracted with (A, 4, 0?) and without the sample in place
(A, tty, 6%). Transmission (T), refraction (R), and (ultra-small-angle)
scattering (S) can be calculated as follows:

A
T:A—S» (1)

.
R:MSZ_M,, (2)

3

¢t —q?

S= Szz ra (3)

3

where z; is the sample-to-detector distance.
The microscope consists of a rotating anode x-ray generator,
doubly curved multi-layer optics selecting the Cu K, lines (8.05 and
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mask  sample detector 8.04keV selected with approximately a 1% resolution)'” and focusing
the beam to a 350 um focal spot, an intensity-modulation mask, and a
detector. The mask, fabricated by Microworks GmbH (Karlsruhe,
Germany), is a substrate-free periodic gold structure (>30 um thick)
with 2 um wide apertures (slits) and a 19 yum period. The detector con-
sists of a scintillator, an objective, and a scientific CMOS camera, lead-
ing to an effective pixel pitch of 1.1 um and a 1.6 x 1.6 mm? field of
view. A schematic of the experimental setup is shown in Fig. 1. The
mask was placed approximately 2.2 m downstream of the source (z,),
and the samples were placed 10 mm away from the mask (z,), while
the sample-to-detector distance (z;) was varied between 15 and
FIG. 1. A schematic of the experimental setup. Effects on the shaped beamlets of 35 mm. The setup was optimized to meet two criteria: (a) the beamlets
attenuating (s), refracting (sy), and scattering (s3) samples are pictorially are adequately sampled so that their moments can be estimated; (b)
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FIG. 2. Images of a 2.5 um-wide bar pattern and intensity profiles measured in propagation-based (a) and beam tracking mode (b). Images were taken at a propagation dis-
tance (z3) of 15, 25, and 35 mm, corresponding to a projected focal spot size of 2.4, 4.0, and 5.6 um, respectively. The same bar pattern is also imaged with a 2 x 2 detector
pixel binning at z; = 15 mm and displayed with the corresponding intensity profiles in propagation-based (c) and beam tracking mode (d).
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each beamlet is independent from each other, avoiding excessive cross-
talk. While both criteria have a dependency on source focal spot, the
first condition also depends on the detector pixel pitch, mask aperture
width, and propagation distance z;. The latter depends on both z; and
z3 as well as mask period. A more detailed discussion on the optimiza-
tion of the microscope setup and an exploration of the parameters
space is reported in Ref. 13.

The samples were scanned (dithered) along the direction of phase
sensitivity (i.e., orthogonal to the mask slits) for a distance equal to the

ARTICLE scitation.org/journal/apl

mask period, to achieve full sample illumination. To avoid aliasing,
samples were dithered in steps < w/2, where w is the mask aperture.
Images were acquired at 19 dithering steps with a step size of 0.95 yum.
At each dithering step, a number of 50 exposures of 10 s each were
acquired and, after dark correction and pixel equalization, averaged
before retrieval. At the end of a scan, a dataset without the sample in
place was acquired to provide reference beamlets moments. It is worth
noting that this technique can be considered single-shot in the absence
of the dithering process, ie., when the resolution is limited by the
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FIG. 3. Retrieved images in the transmission (a), refraction (), and scattering (i) channels of a bar pattern with varying feature sizes imaged at z; = 15 mm. Intensity profiles
in the three contrast channels are shown for the 5 um (b), (), and (j), 2.5 um (c), (g), and (k) and 1 um (d), (h), and (I) feature size.
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mask period. When aiming for aperture-driven resolution, however, a
number of images proportional to the ratio of mask aperture to period
are needed for retrieval. Although beam tracking has been shown suit-
able for tomographic reconstruction,' in the current development
stage, the microscope is operated in the 2D mode.

To quantify the spatial resolution of the system, we used a resolu-
tion target consisting of three regular patterns with 5, 2.5, and 1 um
wide and 500 nm-thick gold bars, placed on a 200 nm-thick SiN;
membrane. The resolution target was imaged with and without the
intensity-modulation mask in place, i.e., switching from beam tracking
to propagation-based phase-contrast imaging. Figure 2 shows the pat-
tern with 2.5 um bars imaged at different sample to detector distances
(z3) in propagation-based imaging (a) and in beam tracking (b); the
retrieved refraction channel is shown for the latter. All images are
accompanied by the corresponding intensity profiles. In the
propagation-based mode, increasing z; leads to a loss of spatial resolu-
tion resulting in a reduced modulation at z; = 25 and 35 mm, arising
from the increase in projected focal spot size (penumbra blurring)'”
with z3, which is 2.4, 4.0, and 5.6 um at the three propagation distances
used, deliberately straddling the size of the imaged detail. Conversely,
in beam tracking, the measured modulation for the 2.5 um feature size
appears largely unaltered by the increase in z3 [Fig. 2(b)].

Similarly, images of the 2.5 ym-wide bar pattern collected at the
shortest sample-to-detector distance z; = 15 mm are shown in Fig. 2
after a 2 x 2 detector pixel binning, resulting in an effective pixel size
of 2.2 um, alongside their corresponding intensity profiles for both
propagation-based (c) and beam tracking (d) modes. Binning of the
beam tracking images was performed before retrieval, effectively emu-
lating a detector with larger pixel pitch. While in propagation-based
imaging increasing the pixel size leads to a loss of visibility in the
intensity profile as well as to aliasing artifacts, the refraction signal is
unaffected by the increase in pixel size. This result breaks the link

scitation.org/journal/apl

between the factors that traditionally determine spatial resolution in
the x-ray imaging system (focal spot size and detector pixel pitch)'®
and the resolution level achieved in an image, provided that the setup
is optimized so that beamlets can be adequately sampled and are inde-
pendent from each other. Having demonstrated the independence of
the beam tracking refraction signal from the focal spot size and detec-
tor pixels pitch, we further investigated the resolution limit in the three
retrieved contrast channels—namely, transmission, refraction, and
scattering, for varying sizes of the bar pattern features. Figure 3 shows
images of the bar pattern for the three different bar sizes in transmis-
sion (a), refraction (e), and scattering (i) as well as intensity profiles for
each channel and each feature size [panels (b)-(d), (f)-(h), and
(G)-(D]. All images were acquired at the same propagation distance
z3=15mm.

While the intensity profiles for the 5 and 2.5 um wide features
show full modulation and quantitatively consistent values for both fea-
ture sizes in transmission, refraction, and scattering, transmission and
refraction profiles show a reduced visibility for the 1 gm-wide bar pat-
tern, i.e., for a feature size smaller that the mask aperture. This result
demonstrated how the spatial resolution in a beam tracking system is
limited by the mask aperture size providing an experimental demon-
stration of the theoretical calculations reported in Ref. 17 for edge
illumination.

The combination of the two findings derived so far is pivotal for
the development of a multi-resolution system where it would be possi-
ble to investigate samples across different scales by changing the mask
aperture without other modifications, e.g,, reducing source focal spot
size or detector pixel pitch.

An additional, unexpected observation is that the scattering sig-
nal appears to provide unreduced modulation centered in zero [see
Fig. 3(1)], beyond the intrinsic resolution of the system given by the
mask aperture. So far, this signal has been used to reveal the presence

FIG. 4. Absorption (a) and (e), refraction (b) and (f), and scattering (c) and (g) retrieved for a beetle antenna and equine tendon, respectively. Transmission and refraction for
the region of interest (ROI) highlighted by a black square in panels (a) and (e) are displayed in (h) and (i) in red and cyan, respectively. Structured noise, oriented in the direc-
tion orthogonal to the mask slits, is visible in the retrieved images. This is due to the manufacturing process of the specific mask used in this work and should not be intended

as an intrinsic limitation of the technique.
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of unresolved microscopic structures of the sample;s‘18 here, it is seen
to also provide a possible means to resolve periodic structures below
the system resolution, at least in the limited range explored in this
experiment. If confirmed, this could provide a means to further extend
the resolution limit of this imaging modality. Finally, from panels
(j)-(1), it can be noted that both positive and negative scattering values
are retrieved: a demonstration that the negative values are real (ie.,
correspond to an actual reduction of the beamlets’ width) is provided
in the supplementary material.

As an example of biological samples, a dry beetle antenna and an
equine tendon were imaged. The thin tendon section, excised post-
mortem, has been fixated in 4% paraformaldehyde and in 70% ethanol
and imaged in an ethanol atmosphere using a polychromatic beam,
i.e., after removing the monochromator in the setup of Fig. 1. Figure 4
shows the retrieved transmission (a) and (e), refraction (b) and (f),
and scattering (c) and (g) images of the beetle antenna and tendon,
respectively. The scattering images show a weak edge-enhancing signal
but lacks areas where this signal specifically lights up, which is argu-
ably due to the lack of features smaller than the aperture size. The
complementarity of the transmission and refraction signals is shown
in Figs. 4(h) and 4(i), where the articulation socket of the antenna as
well as fibrous features of the tendon are enhanced in the refraction
channel (cyan).

In this Letter, we demonstrated the instrument with a monochro-
matic beam, because of our current focus on quantitative imaging.
However, we expect the approach to be applicable to polychromatic
spectra: This has been demonstrated before for beam tracking,"’ and
indeed images in Figs. 4(e)-4(g) have been obtained with a polychro-
matic beam. A key challenge in terms of further developing polychro-
matic beam tracking in a microscopy context is the increased mask
aspect ratio required to stop higher energy x rays: The partial trans-
mission through the mask absorbing septa results in a higher back-
ground signal between beamlets, i.e., in a reduction in visibility, which,
in turn, affects the imaging performance of the system as discussed in
Ref. 13.

In conclusion, we presented a low-energy x-ray phase-based
microscope for biological imaging and provided an experimental dem-
onstration of the resolution limits of the system. These results pave the
way for implementing multi-resolution and multi-contrast imaging
through the use of masks with different aperture sizes, while relaxing
the requirements in terms of focal spot size and detector pixel pitch.
An ability of the scatter signal to maintain a high modulation also at
spatial frequencies below the aperture-driven system resolution was
also reported.

See the supplementary material for a detailed analysis of the
modulation observed in the scattering signal for a bar pattern with fea-
ture sizes larger than the mask aperture width and a comparison with
simulations.
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