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Abstract. We report on a laboratory-based x-ray microscope allowing for phase-contrast imaging of soft tissue samples. The used
beam tracking approach allows retrieval of Ultra-Small-Angle X-ray Scattering (USAXS) or dark field alongside attenuation and
differential phase. We show the dependence of the refraction and dark field signal on the size of the imaged features. The application
of the technique to a biological sample is also demonstrated.

INTRODUCTION

Advances in cell and functional biology, together with the need for a faster and more accurate histology in cancer
diagnostics, has created the need for imaging mm-sized tissue samples with micron and sub-micron resolution to
identify structures, cell types, and their relationship. To address these needs, we have developed a low-energy x-ray
phase-based x-ray microscope [1, 2] using intensity-modulation masks for single-shot retrieval [3] of three contrast
channels, namely transmission, refraction, and Ultra-Small-Angle X-ray Scattering (USAXS) or dark field. We have
experimentally demonstrated [1] how the spatial resolution of the microscope is entirely determined by the mask
aperture width and, unlike other x-ray imaging modalities, does not depend on source size and detector pixel pitch,
so long as some general conditions on system design are met [1, 2]. This result facilitates the implementation of a
multi-resolution microscope through the use of different size masks, while no additional requirements are imposed on
source and detector.

Ultra-Small-Angle X-ray Scattering (USAXS) or dark field signal, originating from refraction of unresolved
micro-structures below the resolution limit of the imaging system [4], allows us to explore samples below this limit
through identification and possible quantification of microscopic structures. The capability to detect sub-pixel micro-
scopic structures has been demonstrated for a number of phase-based imaging modalities including analyser-based
imaging [5], grating interferometry [6], edge-illumination [7, 8], and beam tracking [3].

In this paper we report on the capability of the x-ray microscope to access the dark field signal at sub-micron
scale and on how the refraction signal transitions into scattering. Additionally, we report on an exemplar image of a
biological sample where refraction and scattering signal co-exist.

MATERIALS AND METHODS

The laboratory set-up used in this work consists of a rotating anode x-ray source, a monochromator selecting the Cu
Kα lines (≈ 8 keV) and focusing the beam to a 350 µm spot size. The x-ray beam is shaped into an array of beamlets
by an intensity modulation mask (see Figure 1), consisting of an unsupported Au layer comprising 2-µm-wide slits
and a 19 µm periodicity. The sample is placed as close as possible to the mask and a propagation distance of 15 mm



FIGURE 1. A schematic diagram of the beam tracking principle: an incoherent beam is shaped into an array of beamlets which
are subjected to attenuation (a), refraction (b) and scattering (c) when a sample is introduced. The dotted beamlets represent the
reference beamlets in the absence of a sample.

FIGURE 2. Refraction (a) and scattering (b) images of the bar pattern schematically shown in (c).(d) and (e): intensity profiles for
refraction (black) and scattering (red) images for the blue and red region of interest indicated in (a), corresponding to bar widths
of 2500 and 500 nm, respectively.

is used between sample and detector. The detector, through a standard optical configuration [2], offers an effective 1.1
µm pixel pitch.

Sample properties are retrieved through fitting of the shaped beamlets with and without a sample in place. Figure
1 shows how the introduction of a sample modifies the shaped beamlets. Depending on the sample properties, a
beamlet can be attenuated (beamlet a in Figure 1), providing an estimate of the attenuation coefficient µ (with µ = 2kβ).
It can be subjected to a transverse shift due to refraction (beamlet b in Figure 1), resulting from the real part of the
unit decrement of the sample’s refraction index (n = 1 − δ + iβ). Additionally, when a sample includes features on a
length-scale below the system resolution, unresolved refraction results in a broadening of the beamlets (beamlet c in
Figure 1). Further details on the retrieval procedure can be found in [1, 3].

In order to link the refraction and scattering signals with feature size, a bar pattern was used as test object. The
bar pattern, schematically shown in Figure 2 (c) consists of 800-1000-nm-thick Au bars placed on a SiN3 membrane
in a series of patterns with half-pitches of 2500, 1000, 500 and 300 nm. The sample was exposed for 50 frames of 10
s each and dithered in 20 steps of 0.95 µm, corresponding to a mask period. With dithering, we refer to the stepping
of the sample in a series of increments smaller than the mask period, thus creating a series of frames that are then
recombined to create an image in which the spatial resolution is independent on the mask period [9]. A thin section of
rabbit articulation, including cartilage, bone marrow, and trabecular bone was also imaged with the same experimental



FIGURE 3. Transmission image of a thin slice of rabbit articular tissue (a). The area surrounded by the red box is magnified
and shown in panel (b) for the co-registered refraction (red) and scattering (cyan) images after segmentation and masking of the
trabecular bone. (c): transmission (black, T), refraction (red, R) and scattering (blue, S) images of a region inside the bone marrow
area. Intensity profiles corresponding to the yellow lines are also shown.

parameters as detailed above.

RESULTS AND DISCUSSION
Retrieved refraction and scattering signals for the bar pattern are shown in Figure 2 (a) and (b). The largest features
(2.5 µm) are resolved in both contrast channels, in agreement with a resolution limit of 2 µm given by the mask
slits’ width as reported in [1]. In the refraction channel, the modulation of the 1 µm feature size appears reduced and
affected by aliasing. For feature sizes well below the system resolution limit (500 and 300 nm), individual bars are
not resolved in any of the two contrast channels. However, while we do not observe a refraction signal, the scattering
signal is positive throughout the region corresponding to sub-micron feature sizes. Intensity profiles through the 2.5
µm and 500 nm bars are shown in Figure 2 (d) and (e), corresponding to the region highlighted in blue and red
respectively. The profiles for the largest features size show the capability of the system of resolving features larger
than the mask slit widths. At smaller feature sizes, while the refraction profile is compatible with zero, the scattering
peaks to a positive value for feature smaller than the system resolution.

A demonstrator image in the life-sciences is reported in Figure 3, showing an area of a rabbit knee. The retrieved
transmission image (panel (a)) shows different articular tissues including trabecular bone, and cartilage. A region of
interest comprising bone and bone marrow is shown in the co-registered image of inset (b), after bone segmentation,
where refraction is shown in red and scattering in cyan. Different areas of the sample exhibit signal in different
channels, suggesting the complementarity of the different contrast mechanisms. Intensity profiles taken through a
small region of the bone marrow containing vessel-like structures (Figure 3 (c)) compares the three contrast channels
provided by this technique. Only a fraction of the vessels visible in the refraction image appear in transmission. This
is due to the inherently lower contrast carried by the imaginary part of the refraction index compared to real part [10].
Additionally, strong scattering peaks associated with the vessels network are visible.
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