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Dark-field X-ray microscopy is a lens-based technique that enables real-space imaging of
heterogeneous micro- and meso-scale ordered materials. However, achieving accurate three-
dimensional (3D) reconstruction often requires meticulous sample alignment or rastering, requiring
complex rotational setups and extended acquisition times. To address these challenges, we introduce
a structured illumination technique optimized for 3D imaging of ordered materials at sub-micrometer
length scales. Our approach employs a coded aperture to spatially modulate the incident X-ray beam,
enabling 3D structural reconstruction from images captured at various aperture positions. Unlike
current 3D imaging approaches, which often rely on rotational or rastering methods, our technique
uses scanning X-ray silhouettes of the coded aperture for depth resolution along the diffraction axis.
This eliminates the need for sample rotation or rastering, resulting in a highly stable and efficient
imaging modality. We validated the efficacy of this approach through experimental imaging of an
isolated twin domain within a bulk single crystal of an iron pnictide using a dark-field X-ray microscope.
This advancement aligns with the enhanced brightness upgrades of modern synchrotron radiation
facilities, unlocking new possibilities for high-resolution imaging of ordered materials.

Main

Dark-field X-ray microscopy (DFXM)' is a developing imaging tech-
nique for characterizing the micro- and mesoscale structural, electronic,
and magnetic features of ordered materials in the form of single crystals,
polycrystalline materials, and epitaxial thin films, with potential appli-
cations in artificial multilayers and quasicrystals. Unlike traditional
transmission geometries, which rely on grating interferometry” or
speckle scanning’ to obtain dark-field or scattering signals, DFXM
operates in Bragg geometry and utilizes a lens-based approach. This
method employs diffracted X-ray Bragg peaks to generate real-space
images that highlight structural heterogeneities visible through Bragg
diffraction contrast?, differentiating it from traditional in-line diffrac-
tion contrast techniques”. As a result, DFXM excels in isolating features
such as structural twins, subtle charge and magnetic domain boundaries,
interfaces between phases, small grains, and extended defects (e.g.

dislocations) in bulk matter, which are often impractical to image for
other imaging modalities such as coherent diffraction imaging, electron
microscopy or scanning tip methods®.

Typically, DEXM employs an X-ray beam focused to sub-100 um to
illuminate a specific region in a sample oriented to excite a diffraction
condition from a local grain, or domain, of interest. The Bragg diffracted
beam passes through an X-ray objective and subsequently a magnified real-
space intensity image is captured on a pixelated area detector, enabling
diffraction-contrast images of the sample to be measured. The contrast
stems from a plethora of structural factors, including variations in lattice
orientation, scattering amplitude, and phase, as well as lattice strain, typi-
fying the heterogeneities existing at various length scales in ordered mate-
rials. While the microscope with this arrangement can provide diffraction
contrast in projected 2D images of the sample at a Bragg condition, tran-
sitioning from a 2D to 3D image generally requires rotating the sample
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around a fixed momentum-transfer vector (Q) and solving the tomographic
reconstruction problem to obtain a 3D image of the sample.

However, achieving accurate tomographic reconstruction requires
extremely precise alignment of the sample around the Q vector to maintain
the Bragg condition throughout the rotation. This demands rotation stages
with minimal angular and translational runout, such as air-bearing stages,
and a tedious manual alignment process. The reconstruction is further
complicated by variations in the microscope’s effective resolution function
depending on the tomographic rotation angle’. Additionally, the effective-
ness of geometry alignment algorithms for the lenses’, or the sample’ can be
compromised if the incident beam intensity used for normalization is
insufficient or fluctuates, or if the sample features change significantly at
different incident angles near the Bragg peak. Due to these challenges,
successful 3D reconstructions based on tomographic data remain scarce,
with only one reported case to date'.

An alternative to rotation-based methods is raster scanning with a thin
beam (less than 1 um) to map the sample volume. This technique relies on
raster scanning of the sample, where the resolution depends on the focused
beam size on the sample and the raster step. While this approach is com-
putationally straightforward by eliminating the need for a full tomographic
reconstruction, it is constrained by long collection times and potential
instabilities associated with either rastering the sample or the focusing lens.
Such instabilities can induce angular fluctuations that disrupt the Bragg
condition, leading to significant degradation of spatial resolution in the
scattering direction, particularly pronounced at small scattering angles. A
method that employs a full beam without requiring sample movement could
greatly enhance 3D DFXM by improving stability, reducing alignment time,
and potentially enabling faster data collection.

In this paper, we propose leveraging a structured X-ray incident beam,
as discussed in the case of optical light by Forbes et al.", as a robust and time-
efficient alternative to conventional rotation-based DFXM for achieving 3D
resolution. Structured light, widely utilized in diverse fields such as ghost
imaging'' and single-pixel cameras", involves projecting predetermined
light patterns onto the sample and capturing variations in the reflected or
transmitted light using a detector. Additionally, we investigate advance-
ments in manufacturing X-ray modulators in the form of absorbing coded
apertures at micron scales and evaluate their potential applicability in rea-
listic length scales for DEXM. This structured illumination method main-
tains the sample in a fixed position, circumventing the instabilities
associated with sample rotation and calibration to which we alluded above,
imposing fewer restrictions on sample environments, making it well-suited
for conducting in situ or operando imaging experiments at relevant reso-
lutions with upgraded synchrotron sources. Additionally, it can facilitate
imaging of plate-like samples, such as those in our study, which present
challenges due to increased thickness at certain angles, resulting in artifacts
similar to those seen in limited-angle tomography. However, it is important

to note that this method is susceptible to intensity fluctuations. Therefore, a
stable beam or a method for monitoring beam intensity during scanning is
required. To demonstrate the effectiveness of our approach, we apply it to
the structural 3D imaging of the low-temperature orthorhombic phase of a
single-crystal Ba (Feggg Cug,),As, sample.

Results

Working principle

We illustrate a representative experimental setup demonstrating the
application of micro-coded apertures for structuring illumination in DFXM
in Fig. 1. A focused beam of illumination, ranging from about 10 to 100 um
in diameter, is directed toward a targeted volume within a crystalline sample.
The goal is to achieve an X-ray beam sufficient in size so as to illuminate the
entire volume of interest without scanning. In this context, a variety of X-ray
optics options are available, ranging from capillaries to refractive lenses and
mirrors. The real-space image of the illuminated volume projected to 2D
undergoes magnification through an objective lens and is subsequently
recorded by a pixel-array area detector positioned at a required imaging
distance along and normal to a Bragg-diffracted beam. Selecting an objective
lens with a numerical aperture typically around 0.0004 is crucial to reject
other diffracted signals. CRL" or Fresnel zone plates'* are excellent choices
that offer this capability.

This setup captures a 2D image of the diffracting portions of the illu-
minated volume onto the detector. To achieve spatial resolution along the
Bragg diffracted beam, we propose structuring the focused incident beam
transversely to the incident-beam propagation and recording the modula-
tion of intensity measurements in each detector pixel to a controlled change
of the imposed structure in illumination. The aim is to encode depth
information along the diffracted beam by modulating intensity and subse-
quently employ digital reconstruction techniques to decipher or decode the
recorded intensities for each pixel.

However, structuring light in the hard X-ray regime poses significant
challenges due to the fact that hard X-rays interact weakly with matter
compared to visible or near-infrared light. As a result, our approach utilizes
an X-ray-absorbing barcode-like structure with pseudo-random patterning
as the aperture. This aperture is scanned normally to the beam to introduce
diversity into the illumination, enabling depth (axial) resolution along the
exit wave. Nanofabrication methods are available to produce micro-coded
apertures of highly absorbing gold or tungsten structures ranging from 1 to
10 micrometers in thickness on a thin membrane. As we show, these micro-
coded apertures can achieve the desired depth resolution of a few micro-
meters or less, approaching the sub-micrometer transverse resolution in the
image plane in our present study.

The cross-section of the sample depicted in Fig. 1 offers an in-depth
exploration of the model of DFXM with structured illumination. Here, the
coded aperture imparts a distinct pattern to the X-ray beam before its

Fig. 1 | Experimental setup for 3D DFXM with
structured illumination. A focusing lens directs the
X-ray beam onto a selected crystalline grain or
domain, while a 2D pixel-array detector captures its
magnified image at the Bragg angle (26) via an
objective lens. A scanning-coded aperture with an
absorbing micro-pattern modulates the illumina-
tion for data collection from a fixed sample, enabling
digital reconstruction of the grain’s 3D structure.
The cross-section of the sample is magnified to
illustrate how a diffracted signal in a detector pixel
responds to the internal diffraction (green boxcars)
of a specific grain dictated by the selectively illumi-
nated regions.
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interaction with the crystalline sample. As a result, the response in a single
pixel of a detector is set by diffraction occurring only at the locations marked
in dark green. Essentially, the measurement at a detector pixel can be
described linearly by the summation of all of those diffracting elements
selected by the structured illumination. By systematically changing the
coded aperture’s position in known steps, we can generate a set of image
measurements, each resulting from different patterns of illumination con-
tributing to each pixel. This concept allows us to establish a system of linear
equations that facilitates the determination of the diffraction profile within
the grain along the direction normal to the DFXM image plane. This
reconstruction process can be carried out independently for each detector
pixel, thus providing a 3D image with a diffraction contrast mechanism
dictated by the Bragg condition of the measurement.

In mathematical terms, structured illumination can be represented by
the vectora = [a,, a,, . . ., a;]", with each coefficient describing the optical
transmissivity of a given location of the coded aperture. Here, L is the
number of components in a piecewise constant representation of the entire
aperture. For example, a value of “0” indicates that an incident beam on the
coded aperture can pass through without being absorbed, while “1” signifies
complete absorption. In practice, these values often fall between 0 and 1,
depending on factors such as the thickness and material of the coded
aperture, as well as the energy and incidence angle of the X-ray beam.

Because the footprint of the X-ray beam on the aperture surface is
smaller than the total aperture size, we used a smaller segment of the coded
aperture, denoted as a, = [a,,... ), +N_1]T, to model the interaction of
the beam with the aperture. This can be mathematically expressed through
matrix multiplication as follows:

d, % %pt1 Ap+N-1 51
d, o1 2 AN s,
= 0
dy AptM—-1 YptMm Ap+M+N-2 | LSN
whered = [d,, d,, ..., dy]" represents the intensity vector acquired from

a single detector pixel, which we obtain by translating the coded mask M
times,ands = [s,,s,, . .., sy]’ denotes the signal scattered from the sample
at the Bragg angle and collected in this pixel. Note that N is an arbitrary
number that we select and is often smaller than L to cover the segment of the
aperture that is used in data acquisition. We can use matrix notation to
express Eq. (1) more concisely:

d = As, ()

where A is the M x N coding matrix. Each row corresponds to a detector
pixel at a scan point, representing the coded aperture’s geometry at that
moment. The complete matrix A encompasses the entire scanning process.

Accurate knowledge of A is essential for success and must be achieved
through characterization of the structure before the experiment, along with
its positioning during the scan. Various microscopy techniques, such as
optical, electron, or X-ray microscopy, can be employed depending on the
desired resolution. Once the aperture structure is known, its spatial posi-
tioning can be coarsely determined using DFXM in bright-field mode. Finer
positioning is less critical when the aperture is normal to the incident beam,
allowing minor misalignments to be disregarded at the targeted resolution
in this paper. For higher resolutions, more precise calibration and tracking
methods such as laser interferometry can be utilized. Additionally, encoder
readings from the motorized scan help in tracking aperture positions during
the experiment, and this information is directly incorporated into con-
structing the A matrix.

The corresponding image reconstruction problem can be formulated
in the least-squares sense. Given the measured dark-field intensity data
vector, denoted as d, and the system matrix, denoted as A, representing the
linear relationship between the unknown signal vector, denoted as s, and the

measured data, the problem can be written as:
min || d — As|)3 (3)

where || -||2 denotes the Euclidean norm. The system matrix (A) holds the
relationship between the coded aperture pattern and the resulting scattered
X-ray signals. The resolution of the reconstructed signal is closely related to
the rank of the system matrix and how we solve the problem in Eq. (3). By
solving this problem for each pixel in the detector, we can recover an image
representation of the sample in the least-squares sense.

Validation on a twinned orthorhombic structure

We validated our technique by imaging the 3D low-temperature micro-
structure of a single crystal of Ba (Feg g Cug2)2As,, commonly referred to
as Cu-Bal22. Cu-Bal22 belongs to the 122 family of iron pnictides known to
host many interesting electronic and magnetic properties such as electronic
nematicity and unconventional superconductivity'>'®. At room tempera-
ture, Cu-Bal22 possesses the tetragonal crystal structure of ThCr,Si,"” and
upon cooling to Ts =94 + 0.45 K, it undergoes a structural phase transition
from tetragonal to orthorhombic symmetry. This transition induces an
orthorhombic distortion that causes atoms to shift along the tetragonal
(110) direction. Consequently, the primitive lattice vectors along the ab-
plane in the orthorhombic phase experience a 45° rotation compared to
those in the tetragonal phase, and their lengths become unequal (ap > bo).
Additionally, the formation of orthorhombic twin domains below the phase
transition leads to the splitting of the tetragonal (220)r peak into four peaks,
each of which corresponds to a domain type, mirroring observations in the
parent compound BaFe,As,"®".

We collected DFXM measurements at the 6-ID-C beamline of the
Advanced Photon Source (APS) to capture the spatial structure of the
domains resulting from this phase transition. During the measurements, we
kept the sample below Ty at 6 +0.05K in a low-vibration cryostat” and
imaged the Bragg peak corresponding to one of the four orthorhombic
domain types in a Laue horizontal diffraction geometry. We show the
resulting DFXM images of a particular orthorhombic domain deeply
embedded within the bulk crystal in Fig. 2. This initial data consists of a
series of 2D DFXM images taken without a coded aperture. We fixed 26 and
mapped out the diffracting features of the twin domain in fine 0 steps about
the Bragg condition. A noteworthy feature of this particular domain is the
presence of micron-scale spatial modulations in diffraction intensity. These
modulations permeate throughout the image, and the axis of modulation is
inclined by 45° with respect to the horizontal diffraction plane. Since the
observed images are projections of the orthorhombic domain onto a 2D
detector, the observed spatial contrast is indicative of the full 3D structure of
the domain even if the images themselves lack depth resolution.

To achieve axial depth resolution, the collection of 3D data involved
fixing 26, positioning 6, and scanning the coded aperture across the incident
beam at a location 9.4 mm. Since resolution depends on the projected bit
sizes at the sample’s position rather than on distance alone, one could design
a tailored aperture with bit sizes suited to the specific experimental con-
figuration and constraints. Ranges of 26, 6, and aperture are detailed in the
Data Collection section. We note that the angles (6, 20) selected for coded
aperture scans were more coarsely spaced compared to the 2D DFXM scan
(see dark red marks in Fig. 2). For the coded aperture, we employed a binary
barcode design composed of gold (Au) lines as shown in Fig. 3a, b. Scanning
this coded aperture across the incident beam cast shadows of the Au lines on
the sample and thus modified the scattering intensity captured by the
detector pixels. Such a vertical shadow can be observed in the middle of the
left image in Fig. 3c. Note that the detector image also displays a 45°-inclined
modulation, which reflects intrinsic sample features distinct from those
caused by the aperture.

Furthermore, the full shadow profile of the coded aperture can be
viewed by plotting the intensity of the pixels along the yellow dotted line in
Fig. 3¢ as a function of aperture scan position. The resulting plot shown in
Fig. 3d displays slanted bar profiles that are indicative of the difference in the
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Fig. 2 | Recorded diffraction images at different 0
angles. Measured intensity plot versus the angle of
incidence 6 is obtained by integrating the images
collected at the corresponding angle. The images
captured without the coded aperture are recorded by
incrementally stepping 6 in increments of 0.003°,
with the detector positioned at the Bragg angle (26).
Fitting a Gaussian function to the Bragg peak reveals
a mean of 11.374° and a standard deviation

of 0.0055°.
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Fig. 3 | Depth estimation by scanning the coded
aperture. a SEM image of the coded aperture, fea-
turing a highlighted zoomed-in section to detail the
bar lengths. Binary code sequence, where the orange
line in (a) and (b) marks the bars used for encoding
during data acquisition. ¢ Representative single
dark-field image, showing a recording with visible
features. d Scanning image of the transverse plane,
corresponding to the section of the image in (b)
marked by the dotted yellow line. The vertical axis
aligns with the direction along the dotted line, while
the horizontal axis represents the scan steps of the
coded aperture. Reference points (a, b, ¢) are marked
for use in the subsequent plot (e), which illustrates
their measurements obtained during the scanning of
the coded aperture. Corresponding estimated values
derived from depth-resolved signals are presented

in (f).
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depth within the domain from which the corresponding scattering intensity
emanates, providing visual evidence for the depth sensitivity allowed by the
coded aperture method. Moreover, Fig. 3e depicts for three representative
pixels the excellent agreement between the measured intensity and the
estimated intensity as a function of scan position. The estimated intensity is
derived from the depth-resolved signals resulting from the reconstruction
process discussed above, and the agreement provides further quantitative
corroboration of the depth sensitivity.

We present our results that capture the full 3D structure of the
embedded orthorhombic domain in our Cu-Bal22 sample in Fig. 4. At
several different near-Bragg diffraction conditions we imaged this domain
in real space, here represented either as diffraction density cuts through the
reconstruction (a) or as isosurfaces (b, c). These 3D reconstructed images
enable us to observe that the 45°-inclined intensity modulations in the 2D
images in Fig. 2 permeate through the depth of the domain. Similar mod-
ulations were seen in surface-sensitive optical measurements before in
related compounds, and corresponding diffraction studies suggested that
the modulations extend along the depth of the sample'’. We expect these
modulations to arise from local deviations from the average structure of the
domain, and the related mechanism will be studied in future work. Here, we
emphasize that our reconstructed images are in line with previous obser-
vations and also extend our understanding by elucidating the full 3D
structure of the domain.

Further to note is the excellent angular resolution afforded by the
low numerical aperture that allows us to differentiate disjointed regions
scattering at the same (6, 260) condition as can be seen in Fig. 4c. As (0, 26)
is varied, we see that there is a continuity in the regions coming in and
out of the Bragg condition. The systematic comparison of the imaged 3D
structures at different (6, 260) values and their consistent evolution with
respect to each other provides further confidence in the ability of our

coded aperture reconstruction process to achieve accurate depth
resolution.

The scans performed in Fig. 4 allow us to construct a 3D composite
map of the local lattice tilt in this embedded domain. After reconstructing
the 3D structure for each angle 6 at a fixed 26, we calculated for each voxel
the center of mass value of the 6 angle. As seen in Fig. 4c, as the tilt angle
changes, different portions of the domain move into and out of Bragg
conditions. The composite map of the center of mass of 0, therefore, covers
the volume of the entire domain, leading to a larger imaged volume than a
single tilt angle (see the difference in size of Fig. 4a compared with Fig. 5).
This procedure provides the dominant lattice tilt at that selected spatial
position and allows the creation of a 3D orientation map for the sample. The
corresponding reconstructed lattice orientation is shown in Fig. 5. The slices
indicated on the left panel reveal a spread of 0.02° of the tilt in the internal
structure of the embedded orthorhombic domain (Fig. 5a-1). The shape of
the domain and the gradients achieved from the composite center of mass
images (Fig. 5) agree well with the observed changes in the domain from
Fig. 4c. This continuous gradient of lattice tilts across the internal compo-
nents of the domain provides further verification of this method.

Visualizing the spatial distribution of lattice tilt within a domain in 3D
yields important information about its internal structure. In addition, our
3D method can be combined with different types of scans to probe a variety
of structural properties, such as using a longitudinal scan to visualize the
axial strain and its gradients within a domain in 3D. In sum, our results
demonstrate the power of our depth-sensitive imaging technique to uncover
deeply embedded structures on the mesoscale with nanoscale resolution.

Discussion
In this work, we have introduced a structured illumination approach to
DFXM that enables 3D diffraction contrast imaging with a fixed sample and
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detector geometry, designed for the investigation of crystalline samples. Our
innovative technique replaces the traditional sample rotation or thin-beam
slicing in existing DFXM methods with a scanning aperture featuring
structured patterns. This advancement opens up exciting possibilities for the
reconstruction of heterogeneous lattice structures within crystals with sub-
micron 3D resolution. The potential of this method for revealing relevant
local structures pertinent to crystalline materials in situ was shown via 3D
reconstruction of a twin domain in Cu-Bal22 at cryogenic temperatures.

Our approach can also benefit various other X-ray microscopy tech-
niques. For example, Laue micro-diffraction microscopy has already
demonstrated the effective use of micro-coded apertures to expedite data
collection times™”. Likewise, diffraction imaging at grazing-incidence
angles shares similarities, allowing for the manipulation of the diffracted
beam through a coded aperture to either eliminate the need for rotations or
reduce their frequency. However, it is worth noting that while this approach
shows promise for these techniques, each of them does come with its specific
experimental constraints that need to be considered and addressed.

For a widespread application of our approach as alluded to above we
discuss potential future directions of handling the optimization problem
outlined in Eq. (3). Although we employed a least-squares method, a
better alternative approach could involve utilizing a regularized version
of the problem™. Introducing a cost function that penalizes infeasible or
unlikely solutions can offer a more effective foundation for compressive

(a) Frontal +0.002°

Median

Transverse

Fig. 4 | Reconstructed 3D volume of the imaged domain in the Cu-Bal22 sample.
a Orthogonal planar view depicting the reconstructed 3D structure. The inset
represents a profile along the orange-marked line in the frontal view. b Rendered
perspectives of the 3D structure from various rotational angles. ¢ Renderings illus-
trating the reconstructed 3D structures at a select of scattering (A(26) = 0.002°) and
rocking angles (A0 = 70.006°). The middle image corresponds to the one displayed
in (b).

sensing’*”. This could potentially result in accelerated data acquisition
with a reduced requirement for capturing a large number of images.
Depending on the availability of training data, we can also explore the
potential benefits of employing supervised**”” or unsupervised™ models
based on deep neural networks. These models have the capacity to
enhance both accuracy and reduce the number of required measure-
ments and radiation dose, depending on the specific application. The
signal reconstruction problem, implemented here, is addressed indivi-
dually for each pixel intensity modulation profile resulting from the
scanning of the coded aperture. As a result, the computational com-
plexity of this method scales linearly with the quantity of detector pixels,
making it amenable to parallel processing. This approach offers a direct
avenue for harnessing the computational power of GPUs, which offer
thousands of parallel processing units in contrast to CPUs. In terms of
memory requirements, the method also scales linearly with the number
of detector pixels; however, this demand can be partly facilitated by
caching memory that is shared by all processors.

In this study, we introduced a coded aperture approach for stable 3D
imaging without sample rotation, achieving detailed reconstructions while
maintaining sample stability, which is particularly advantageous for com-
plex or alignment-sensitive samples. This method enables full-field 3D
views of structural properties, providing new insights into bulk phenomena
such as charge density waves and magnetic phase competition, while also
supporting rapid, low-dose data collection. Although optimizing the aper-
ture’s effects or resolution was beyond this study’s scope, future research
could focus on refining these aspects to increase its utility alongside existing
diffraction-based techniques.

Looking forward, our approach and ongoing efforts include the
development of non-attenuating or mixed-coded apertures that increase
photon efficiency and support advanced encoding schemes through
complex wave interactions. By utilizing both phase shifts and intensity
modulation, these apertures allow for more refined manipulation of Bragg-
diffracted signals, overcoming flux reduction limitations. This direction
holds significant potential to expand DFXM in materials research,
increasing its utility alongside existing diffraction-based methods to capture
high-resolution 3D structural details and dynamic material behaviors.

Methods

Sample preparation

We grew the Cu-Bal22 crystal used in this work using a self-flux method™’.
The crystal grows as thick platelets, with the large face corresponding to the
tetragonal ab-plane. The Cu doping level 0.02 +0.0008 of the batch was
determined by electron probe micronanalysis wavelength-dispersive spec-
troscopy (EPMA-WDS) using parent compound BaFe,As, and Cu metal as
calibration samples. We obtained the measured sample by cleaving it from a
single crystal using a razor blade, and it had the dimensions
3.9%x1.4x85um.

Fig. 5 | 3D orientation reconstruction from
rocking curve scanning. The frontal, transverse,
and median planes on the left match the cuts shown
in Fig. 4 for consistent orientation across figures. To
provide a more comprehensive analysis of the crystal
structure, additional slices (a-1) have been intro-
duced. These cross-sectional views of the 3D sample
show smooth and continuous structural variations
throughout the sample, providing a consistent depth
reconstruction.
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Dark-field X-ray microscope

At the 6-ID-C beamline of the APS, DEXM employed a CRL made of
beryllium™ as the focusing optics, achieving illumination of the volume of
interest with a spot size of 50 um on the sample. The setup incorporated a
polymeric CRL™ as an objective lens with a 131 mm focal length at 20 keV.
The sample was placed 140 mm from the objective lens, experiencing an
X-ray magnification of 24 incident upon a LuAG(Ce) scintillator crystal
with a thickness of 20 pm. An optical imaging system was used to record the
scintillator surface and provided an additional magnification of 5,1leading to
an overall magnification of 120. Consequently, we achieved a pixel size of
50 nm in the detector plane.

Coded aperture design and manufacturing

The pattern for the coded aperture was derived from a de Bruijn
sequence of length 256 and order 8, providing uniqueness within each
8-bit long sequence. The fabrication of the coded aperture took place in
the clean room at the Center for Nanoscale Materials at Argonne
National Laboratory, utilizing direct-write lithography and electro-
plating. It featured a 5 pm wide Au for the 1-bits and a 10 pm wide silicon
nitride (Si3N,) membrane with negligible absorption for the 0-bits.
Thickness measurements along the optical axis indicated an approx-
imate thickness of 5um using a scanning electron microscope and
scanning profilometer.

Data collection

We positioned the coded aperture 9.4 mm upstream of the sample, as close
to the sample as could be achieved before contacting the outer vacuum
shroud of our cryostat. This configuration ensures that the barcode footprint
of the coded aperture projects onto the sample. The aperture was scanned
perpendicular to the incident beam direction within the horizontal scat-
tering plane in increments of 1 pm steps for a total scan range of 225 pum.
The translation stage used demonstrated positional stability down to 30 nm.
The motor encoder accurately tracked these positions, which were utilized
in the subsequent image reconstruction. The exposure of the detector was
0.5 ms at each coded aperture step scan location.

We collected a matrix of coded aperture scanning measurements at ten
different sample incident angles from —0.014° to 0.013° in steps of 0.003°
from (040), Bragg peak condition, and three different scattering angles,
—0.003°, 0° and 0.003° from Bragg peak 26 of this twin domain. This
measurement generated thirty datasets, with each dataset comprising 225
images.

Sample reconstruction

We performed digital sample reconstruction from the acquired data using
custom in-house software. This software solves the optimization problem
described in Eq. (3) and employs the non-negative least squares method™,
implemented in SciPy™. The effective resolution is calculated to be 0.45 pm
for the raw projection images and 0.49 pm for the 3D reconstruction along
the scattering angle, based on the Fourier Ring Correlation with half-bit
measurement, as implemented in ImageJ*. To construct the system matrix
(A), we utilized the actual positions of the coded aperture based on the
encoder readings of the high-precision linear stage used for aperture
translation. The reconstruction took several hours on a commercial laptop
without parallelization or code optimization. Currently, we are finalizing the
software repository but can provide the code, scripts, and data upon request.
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