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We demonstrate the capability of laboratory-based x-ray microscopes, using intensity-modulation
masks, to access the submicron length scale in the dark-field contrast channel while maintaining micron
resolution in the resolved (refraction and attenuation) channels. The dark-field contrast channel reveals the
presence of ensembles of samples’ features below the system resolution. Resolved refraction and attenu-
ation channels provide multimodal high-resolution imaging down to the micron scale. We investigate the
regimes of modulated and unmodulated dark field as well as refraction, quantifying their dependence on
the relationship between feature size in the imaged object and aperture size in the intensity-modulation
mask. We propose an analytical model to link the measured signal with the sample’s microscopic proper-
ties. Finally, we demonstrate the relevance of the microscopic dark-field contrast channel in applications
from both the life and physical sciences, providing proof-of-concept results for imaging collagen bundles

in cartilage and dendritic growth in lithium batteries.
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I. INTRODUCTION

In 1926 Slack, while studying refraction from prisms,
noticed that x-ray beams were broadened when passing
through graphite and hypothesized this was due to non-
measurable internal refraction events from individual par-
ticles [1]. In this sense, small and ultrasmall angle x-ray
scattering (SAXS and USAXS) or dark field, measuring
multiple unresolved refraction events, provides a valu-
able tool to access information on sample features below
the resolution of the imaging system. In fact, for phase-
based imaging systems, the system spatial resolution sets
the limit between the sample’s frequency content that can
be imaged directly and what is shown in the dark-field
channel, as a result of multiple refraction events pro-
duced by ensembles of unresolved sample features. The
complementarity between the resolved (attenuation and
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refraction) contrast channels and the unresolved dark field
has been exploited in a number of applications, including
pulmonary imaging [2—4], cancer detection [5], material
science [6,7] and detection of threat materials [8]. Several
phase-based imaging systems allow access to dark-field
contrast, including analyzer-based imaging [9,10], grat-
ing interferometry [11,12], speckle-based imaging [13,14],
propagation-based imaging [15], edge illumination [16],
and beam tracking [17]. Dark field is retrieved using
different strategies according to the different image for-
mation principle underpinning the specific method, but it
is generally associated with a blurring of the probe [18],
represented, for example, by a reduction in visibility of
the interference pattern in grating interferometry [19] or a
broadening of the rocking curve in analyzer-based imaging
[20].

This work is based on the use of an achromatic, incoher-
ent, and noninterferometric imaging technique for the near
field, relying on the use of intensity-modulation masks.
Masks, consisting of an array of slits, shape the x-ray
beam into an array of beamlets creating a structured illu-
mination. Two different approaches can be used for sam-
pling the resulting structured illumination: beam tracking
(BT) [17,21] and edge illumination (EI) [16]. In BT, a
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high-resolution detector allows fine sampling of the struc-
tured beamlets, while in EI a second mask is placed at
the detector position and translated transversely to sample
the structured beamlets with a finer pitch than the detector
pixel pitch. In both cases, sample properties are retrieved
by evaluating intensity, position, and width of the shaped
beamlets, with and without a sample in place.

Although visualization of submicron features in the
dark-field contrast channel for mesoscale samples has been
reported before [22—27], here we provide a demonstra-
tion of a laboratory setup accessing the submicron length
scale in dark field while maintaining micron resolution
in the resolved (refraction and attenuation) channels. In a
multicontrast scenario, the resolution limit of the resolved
channels is a key element in defining the fraction of sample
features visualized directly at high resolution and comple-
mented by ensemble information in dark field. Addition-
ally, a modulated dark field, associated with the detection
of individual features is also observed, further extending
the applicability of this contrast channel beyond the con-
ventional interpretation. We identify and discuss transition
regions among length scales contributing to the refraction
and modulated dark field versus dark field in its con-
ventional (unmodulated) interpretation. We provide two
examples of applications in the life and physical sciences,
using x-ray energies spanning from 8 to 40 keV, for the
detection of ensembles of sample features in the submicron
length scale.

II. DARK-FIELD MODEL

The image formation principle associated with BT and
EI is schematically shown in Fig. 1 while a detailed
description of the experimental setup can be found in the
Sec. III. X ray where beamlets, shaped by an intensity-
modulation mask, are attenuated by a homogeneous sam-
ple, refracted when the phase gradient of the x-ray wave
emerging from the sample is nonzero (as at the edges of
the sample, for example), or broadened from the multiple
refraction events arising from unresolved sample features.
Experimentally acquired images of individual beamlets
are shown in (b)Hc) (red boxes) a localized reduction
of intensity (transmission), a lateral shift (refraction) and
broadening (dark field), compared to reference beamlets
(blue boxes). The shaped beamlets can be empirically
modeled as the convolution of the mask aperture and the
source projected focal spot [16] resulting in bell-shaped
curves. A Gaussian distribution often represents a good
approximation for the shaped beamlets, as a result of a
Gaussian distribution of the focal spot. Here we provide an
analytical model for the measured dark-field signal through
the Fokker-Planck equation of paraxial wave optics [28],
an extension to the transport-of-intensity equation [29],
including diffusive effects associated with dark field.
The evolution of a complex paraxial scalar wave field,

propagating along the optical axis z can be described as
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where the phase of the wave field emerging from the sam-
ple in its exit plane ¢ (x,z = 0) has been decomposed [30]
into slow- and fast-varying phase components ¢ (x,z =
0) = ¢s(x) + ¢r (x). The former is responsible for phase-
contrast effects arising from the Laplacian of the phase
(propagation-based imaging) or the gradient of the phase
(differential phase-contrast imaging). The latter includes
fluctuations that are fast varying on the length scale at
which the signal is sampled (i.e., the mask aperture),
and it is expressed through the diffusion coefficient D,
responsible for angular dispersion effects associated with
the USAXS fan. Assuming that refraction effects can be
neglected, as far as ¢y (x) is concerned, and that D is slowly
varying in x over the sampling width (mask aperture), so it
can be moved out of the Laplacian [31], Eq. (1) becomes

dl(x,z) 821()6,2)
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where the explicit dependency of D on z has been omit-

ted for simplicity’s sake. In BT or EI, a shaped beamlet

centred on zero along the transverse axis x and with width

o, can be described by a Gaussian function [16,17] I (x) =
2

ﬁe%, which substituted into Eq. (2) gives
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By solving Eq. (3) we obtain
o]
I(x,2) =1(x)e L o 1, 4)

Writing explicitly the first term on the right-hand side of
Eq. (4) with the variable substitution:

o= (5)

Equation (4) becomes
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Equations (5) and (6) show that, up to a multiplicative fac-
tor, a scattered beam is still Gaussian, with variance given
by o2. For a nonscattering sample (D = 0) or for contact
imaging (z = 0) 02 = 0%, while increasing D or z leads

I(x,z) = (6)
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to a broadening of the beamlets. Equation (5) is subject to
the validity condition o> > 2Dz. It is of note that Eq. (6),
derived from a continuity equation [Eq. (1)], and within
the limits of our experiments, i.e., near-field approxima-
tion, it is to be intended as expressing energy conservation
regardless of its explicit dependence on z. In fact, it can
be shown that the integral along the x direction of the
intensity of the scattered beamlet from Eq. (6) is constant
at all z, within the limits of the near-field approximation.
Analogous equations, also with an explicit z dependence,
are reported in Refs. [31] and [32]. We can link the dif-
fusion coefficient D to the sample microscopic properties
by using the relationship D = 62z [28], where 6 is the
opening angle of the USAXS. The USAXS fan can also
be considered the result of the incoherent superposition
of unresolvable refraction events, with angular distribu-
tion given by qﬁ} /k. This approximation allows linking
the USAXS fan to the fast-varying phase component of a
scattering sample 62 ~ Var(¢>lﬁ- /k) [33]. Therefore, Eq. (6)
establishes a relationship between measured beamlet width
and phase. A reference beamlet and the effect of USAXS
modeled using Eq. (6), is shown in Fig. 1(e).

I1II. METHODS

A. Experimental setup

Two different experimental setups were used for this
work. Phantom studies and cartilage imaging were per-
formed using a BT microscope, while, due to different sam-
ples’ requirements, battery imaging was performed using
an EI system. For the BT microscope [21], a monochro-
matic x-ray beam (8 keV), produced by a rotating copper
anode x-ray source and focused to a 350-um focal spot
by double-curved multilayer optics, was shaped by a free-
standing gold mask with 2-um apertures and a 20-pm

(a) mask

source l: I
\'I
-.-

ll\ sy

dete_ctor (b)

=

(C)n “

period. The shaped beamlets were sampled by a custom-
built indirect detector with 1.1-uwm pixel pitch, placed
15-mm downstream of the sample [Fig. 1(a)], at a unitary
geometrical magnification.

A higher energy source (an 80-kVp tungsten spectrum
with average energy of approximately equal to 40 keV)
was employed for the EI system [34]. To combine small
mask apertures (3 pwm, 20-pm period) with a high-
efficiency detector (Hamamatsu C9732DK with a 50-pm
pixel), a highly magnified geometry was adopted. A detec-
tor mask (pitch 98-pwm, aperture 29 pwm) was translated
transversally to offer an effective pixel size smaller than
the detector pixel pitch. Presample and detector masks
were placed at 13 and 130 cm from the source, respec-
tively. The use of a 10x magnification imposed the use
of a microfocal source (approximately equal to 5-pum focal

spot).

B. Retrieval

In both experimental setups, samples were translated
orthogonally to the mask apertures by a quantity equal to
the mask period (20 wm), in steps equal to the Nyquist fre-
quency associated with the mask aperture width. Images
were acquired at each step and recombined, after retrieval,
in a process dubbed dithering [35]. Dithering allows for the
aperture-limited resolution demonstrated in Refs. [21,36].
The retrieval of transmission (7)), refraction (R) and dark
field (DF) was obtained by evaluating (4, s, asz) and
Ay, 1y, orz) namely amplitude, mean, and variance of the
structured beamlets with and without a sample in place.
Contrast channels were retrieved as follows:

T="=", (7
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FIG. 1. (a)Image formation principle in BT and EI (figure not to scale). Note that an additional mask, placed at the detector position
is needed in EI, as discussed in Sec. IIl. Changes in the shaped beamlet with (red) and without (blue) a sample are schematically
shown. Images of a single aperture and the effects of transmission (b), refraction (c), and dark field (d), namely a reduction of intensity,
a lateral shift and a broadening of the beamlet, respectively, are displayed and highlighted by a yellow arrowhead. (e) A reference
beamlet (a Gaussian with width o = 2 pm) and the effect of USAXS modeled using Eq. (6).

064039-3



PHYS. REV. APPLIED 20, 064039 (2023)

MICHELA ESPOSITO et al.
R— s — lLr’ (8)
z
22
DF =27, ©)
z

where z is the sample to detector distance.

C. Samples

To quantify refraction and dark field at different length
scales, two bar patterns consisting of Au bars on a SiNj;
membrane were imaged with the BT system. Bar width
varied between 100 nm and 5 pwm with an accuracy of
1%. Two different bar thicknesses were used for this work:
500 and 1000 nm. Additionally, the BT microscope was
used to image rabbit articular cartilage. A < 1-mm-thick
slice was imaged in air. A symmetrical lithium electro-
chemical cell was also imaged using the EI system. The
electrochemical cell was obtained by forming Li electrodes
around a Cu wire, placed in a 1-mm diameter Kapton tube.
The space between the two electrodes was filled with lig-
uid electrolytes [37]. A schematic of the cell, adapted from
Ref. [37] is shown in Fig. 5(a). The cell was plated using a
constant current of 1 mA/cm?.

IV. RESULTS AND DISCUSSION

A. Refraction to dark-field transition

Figure 2 shows refraction (a) and dark-field (b) images
for Au bars with feature sizes of 1000, 500, and 250 nm as

imaged with the BT microscope, and corresponding inten-
sity profiles in (c) and (d). As expected from theoretical
[38] and experimental [21] results, individual 1-pwm-wide
bars can still be identified in the refraction channel (c),
consistently with the spatial resolution being limited by
the mask aperture width. The dark-field signal at this
length scale appears modulated with positive and negative
peaks corresponding to broadening and narrowing of the
shaped beamlets (see Ref. [21] and Supplemental Mate-
rial therein), allowing identification of individual features.
At the submicron length scale, individual bars cannot be
resolved in the refraction channel, as expected. However,
an unmodulated and positive (broadening of the beamlets)
dark-field signal can be associated with them [see 500-
and 250-nm bars in Fig. 2(b)]. As the bar width decreases
from 500 to 250 nm, the intensity of the dark-field sig-
nal increases as a result of increasing density of scatterers.
This shows that the x-ray microscope can access submi-
cron length scales using the dark-field channel for features’
ensembles, while refraction and the modulated dark field
resolve length scales comparable to and larger than the
aperture size.

To obtain a numerical description of these findings, sim-
ulated data obtained from Fresnel-Kirchhoff integrals [39]
were retrieved with the same algorithm used for the exper-
imental images. Amplitude of refraction (4,) and dark field
(Apr) were calculated where a modulation in the dark-field
signal could be observed. For a modulated signal S, ampli-
tude is given by 4s = max [S(Z)] — min [S(i)], where the
bar indicates average over the pairs i of positive and neg-
ative peaks. The average dark field (DF,,) over a region

1000 nm 500 nm 250 nm
20 (c)
5 o
&
-40
1.5%10°

Scattering (urad?)

20 25 30
Position (um)

FIG. 2. Refraction (a) and dark-field (b) images of bar patterns with 1000-, 500-, and 250-nm half-periods and relevant intensity
profiles in (c),(d) (scale bar 10 wm) A visual depiction of the location of the line out is shown in (b). Amplitude of refraction (4,) and
modulated dark field (Apr) are displayed alongside the average dark field (DF,,).
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FIG. 3.

Retrieved refraction amplitude (a), dark-field amplitude (b), and average dark field per unit thickness (c) as a function of the

ratio between bar pattern period and mask aperture (p /a). Solid line and red squares are obtained by retrieval of synthetic data from
Fresnel-Kirchhoff simulations and experimental data, respectively. The shadowed areas highlight a ratio of pattern period to aperture

smaller than one, i.e., of unresolvable features.

of interest (see Fig. 2) was also calculated and normal-
ized by bar thickness to allow comparing points from
bar patterns of different thicknesses. It is of note that the
numerical model was computed using nominal period and
thickness for the bar patterns. Sample thickness was con-
volved with a narrow Gaussian (0.5-pum width) to avoid
unrealistically sharp edges. A small uncertainty (approxi-
mately equal to 1%) is expected on the bars’ period, but a
significantly larger one, although unknown, is assumed for
the thickness, due to the uncertainties associated with the
manufacturing process.

While 4, and Apf are linked to the capability of resolv-
ing individual features with positive and negative peaks,
respectively, DF,, corresponds to the common interpre-
tation of dark field, namely the detection of ensembles
of sample’s features below the resolution limit of the
instrument. Figure 3 compares the experimentally

(a)

FIG. 4.

measured 4, (a), Apr (b), and DF,, per unit thickness
(panel c) with the corresponding values retrieved from the
Fresnel-Kirchhoff model (solid line), as a function of the
ratio (p /a) of bar pattern period to mask aperture size.

A, is constant for p /a > 1, decreases sharply for p/a <
1 [shaded area of Fig. 3(a)]. This is consistent with a
resolution limited by the mask aperture width [21]. At
small periods, (p/a ~ 0.4) an isolated peak is observed,
corresponding to a modulation of A4, smaller than that
observed in the plateau region. This is due to aliasing,
arising from sampling the simulated data at frequencies
higher than the Nyquist frequency; the peak is observed
at a frequency matching the second post-Nyquist lobe of
the Fourier transform of the (square) aperture.

Apr [Fig.3(b)] also exhibits a plateau for larger feature
sizes and increases for p /a < 2. This arises from the sum-
mation of positive dark-field peaks inside the bars and

(d)
1.0 —— Refraction

—— Dark field

|
ot g o
o o w

Normalized intensity

[
=
o

7.5 10.0 12,5 150 17.5 20.0
Position (um)

0.0 25 50

(a) Transmission image of a slice of rabbit articular cartilage. (b),(c) Refraction and dark-field images for the region of

interest highlighted in (a). Red arrows indicate collagen bundles. (d) Intensity profiles of retrieved refraction (blue) and dark field (red)

for one of the bundles.
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FIG. 5.

(a) Schematic diagram of the lithium-lithium electrochemical cell, adapted from Ref. [37]. Retrieved refraction (b) and dark-

field (c) images. (d) Segmentation of the area of high dark-field signal [corresponding to the red box of (c)], with a magnified view of
aregion of interest highlighting the presence of microstructures within the dark-field signal.

negative peaks outside them (see Ref. [21] and Supplemen-
tal Materials therein) when the bar width approaches the
sampling size. For p/a < 1 App decreases with a similar
slope to A,. The peak observed in simulations for p/a < 2
is not reproduced in the experimental data. This can be
explained by accounting for the large uncertainty on bar
thickness (see Sec. II1) as well as for the sparse sampling
of the experimental data, compared to the peak width. The
first zero of A4, and App are achieved at p/a = 0.8 and
p/a = 0.5, respectively. This indicates that Apr provides
an increased contrast for smaller features, compared to 4,.

DF,, [Fig. 3(c)] plateaus to a constant value for large
p/a ratios. The marked increase for p/a < 1 shows how
the dark-field signal rises for ensembles of features below
the system’s resolution, providing a tool for revealing
the presence of ensembles of unresolved features, in the
submicron range at the resolution of this microscope.
The aperture width represents a characteristic length that
defines the transition between phase gradient-based con-
trast (4, and Apg) and unmodulated dark field (DF,,). This
is analogous to what was reported for grating interferome-
try and speckle-based imaging, where the same transition
is driven by autocorrelation length [27,40] and speckle
size [41], respectively. While a quantitative comparison
between experimental and theoretical data of Fig. 3 cannot
be drawn, mainly due to large uncertainties on bar thick-
nesses, we observe a qualitative agreement in the trends
followed by the two datasets.

B. Applications in Physical and Life Sciences

In the following, we apply the method’s ability to iden-
tify sub-micron features to applications in the life and
physical sciences. The retrieved transmission image of a
cartilage slice is shown in Fig. 4(a), using the same 8-
keV BT system used for the bar pattern experiments. A
magnified view of the region-of-interest (red square in

panel a) is shown for the retrieved refraction and dark field
signals in panels (b) and (c), respectively. Both images fea-
ture fibre-like structures, highlighted by red arrows. Panel
(d) shows normalised intensity profiles of both channels,
for the fibre shown in the insets. Refraction (blue), pro-
portional to differential phase, exhibits a positive and a
negative peak, while the dark field (red) shows a sharp
positive maximum between the refraction peaks. Overall,
the ~ 5 — 6 pm fibre is resolved by the system, and its
outer boundaries correspond to the refraction peaks. How-
ever, collagen fibres are hierarchical structures, with the
first sub-structure consisting of fibrils in the hundreds of
nanometres range, generating the sharp central peak in the
dark field signal.

The 40-keV EI setup (see Sec. I1I) was used to image a
lithium-lithium electrochemical cell. The retrieved refrac-
tion and dark-field images of the lithium-lithium electro-
chemical cell are shown in Figs. 5(b) and 5(c), respectively.
While refraction detects the outlines of the cell compo-
nents, the dark-field image features a strong signal increase
in the central area between the electrodes. This suggests
the presence of subresolution features consistent with the
creation of Li moss and high surface area lithium (HSAL)
at the electrodes, as shown in Ref. [37]. The region cor-
responding to the red box in (c¢) is shown in (d) after
segmentation, alongside a magnified view of a small region
of interest. The heterogeneity of the dark-field signal sug-
gests the presence of different size microstructures forming
at the electrodes, consistent with the complex morphology
of dendritic lithium formed during electroplating.

V. CONCLUSIONS

We have demonstrated how x-ray microscopes based
on intensity-modulation masks, either in BT or EI con-
figuration, can detect ensembles of submicron features
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in the dark-field contrast channel while providing com-
plementary high-resolution images with micron resolu-
tion. The applications discussed in this paper demonstrate
how the dark-field contrast channel, combined with a
high-resolution imaging, can facilitate the identification
of complex structures with submicron features (collagen
bundles and dendritic growth) beyond the resolution limit
of the instrument. The analytical model developed in this
work allows one linking the measured dark-field signal
to the sample’s microscopic properties. This is of interest
for imaging of hierarchical structures, e.g., collagen bun-
dles and fibrils, which span across different length scales.
Future development could allow this model to be used to
quantify feature size of the sample’s scattering allowing a
quantitative interpretation of the dark-field channel.
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