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ABSTRACT

Dark field x-ray microscopy (DXFM) can visualize microstructural distortions in bulk crystals. Using the femtosecond x-ray pulses gener-
ated by x-ray free-electron lasers (XFELs), DFXM can achieve sub-um spatial resolution and <100 fs time resolution simultaneously. In this
paper, we demonstrate ultrafast DFXM measurements at the European XFEL to visualize an optically driven longitudinal strain wave propa-
gating through a diamond single crystal. We also present two DFXM scanning modalities that are new to the XFEL sources: spatial 3D and
2D axial-strain scans with sub-pum spatial resolution. With this progress in XFEL-based DFXM, we discuss new opportunities to study
multi-timescale spatiotemporal dynamics of microstructures.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0239034

I. INTRODUCTION lattice structure, such as charge density waves (Moore et al., 2016)
The ultrafast time scales achievable since x-ray free electron and changes in magnetic domains (Zusin ef al, 2022), have been

lasers (XFELs) became available have allowed for the study of phe- sjtudied. us.ing u.ltrafasF x-ray diffraction (XRP)—oﬂering f.ounda-
nomena previously inaccessible in the fields of condensed-matter tional insights into time scales and mechanisms describing the

physics and materials science. The nanosecond to picosecond time interactions between the electronic structure and material structure.
scales achievable by XFELs have enabled high-impact advances in ~ To expand on the insights available from these measurements,
the field of functional materials. Laser-induced changes in the certain outstanding questions require an understanding of the
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heterogeneity arising from local structures that define the dynamics
and disorder created by these types of changes. Such insights
require ultrafast microscopy with diffraction contrast.

Spatial information from diffraction-based imaging provides
insight into local structural variation that is not achievable by XRD
measurements alone. Diffraction-contrast imaging explored at
XFELs includes techniques such as coherent diffraction imaging
(CDI) (Clack et al, 2012 and Choi et al, 2023), and dark-field
x-ray microscopy (DFXM) (Dresselhaus-Marais et al, 2023).
Each technique has unique trade-offs for understanding particular
problems. DFXM provides insight into bulk samples, which
would be of specific interest in materials in which small amounts
of surface strain dramatically changes the material properties.
DFXM offers a complimentary set of tools, which has the poten-
tial to provide important insight into the study of quantum
materials.

DFXM uses an x-ray objective lens to produce images by
magnifying the diffracted beam to form a real-space image on a
camera in the image plane (Simons et al, 2015). The use of
Compound Refractive Lenses (CRLs) (Snigirev et al, 1996)
enables versatile focusing power for high photon-energy imaging
with relatively high spatial resolution, reaching 150-nm resolution
using synchrotron x rays (Kutsal et al, 2019). Similar to x-ray
topography (Gaukroger et al., 2008 and Moore et al., 2009), full-
field DEXM images spatially map the deviations in crystal
packing (tilt and strain) of a specific crystallographic plane
(Poulsen et al., 2017; 2018; and 2021) and has the ability to
explore novel phase transitions in quantum materials, specifically
at the ultrafast timescales available at the XFEL. This work
further develops DFXM at the XFEL for applications that apply
not only to metallurgy but also to the study of ultrafast phenom-
ena in functional materials.

The use of the XFEL-based DFXM has a strong advantage in
studying ultrafast dynamics that relate to lattice displacements.
Holstad et al. were the first to use an XFEL to perform DFXM
measurements to record a movie of the strain waves propagating
inside a single-crystalline diamond (Holstad et al, 2023). Now
that XFEL-based DFXM has been demonstrated, many of the
scanning modalities available with synchrotron-based DFXM
(Brennan 2022; Yildirim et al., 2023; and Huang et al., 2023)
must be extended to the unique aspects of the XFEL setup and
beam characteristics (Holstad et al, 2022). In this work, we
expand the range of DFXM scans available at XFELs with the first
demonstration of the technique at the Materials Imaging
Dynamics (MID) instrument of the European XFEL (Altarelli
et al., 2007; Tschentscher et al.,, 2017; and Madsen et al., 2021).
Our DFXM measurements of 3D structural and axial strain scans
visualized an ultrafast longitudinal strain wave in {111} oriented
diamonds, demonstrating the new information these scanning
methods offer to those published previously. In Sec. I1I, we detail
the raw data and 2D rocking curves consistent with the previous
works and then include a spatial 3D dataset of our microstruc-
tures and an axial strain scan of the longitudinal wave. We then
discuss how these scans and our higher magnification in this
work extend the XFEL-based DFXM measurements, including a
discussion of some of the ultrafast science that is now feasible for
future XFEL-based DFXM experiments.

ARTICLE pubs.aip.org/aip/jap

Il. EXPERIMENTAL METHODS

The experiment in this work was carried out on a custom-
built DFXM setup that was installed at the MID instrument of the
European XFEL, using a pump-probe configuration with
fs-duration pump laser (Madsen ef al., 2021). Figure 1(a) displays a
schematic of our experimental geometry, and we include an
example of a typical DFXM image of single-crystalline diamond
obtained in this work [Fig. 1(d)]. The diamond sample used in this
work was synthesized via the high pressure and high temperature
method and was cut and polished along (111) planes with a ~3°
offset to avoid cracking (used as received from Element Six, Inc.).
An aluminum layer with a thickness of 100-200 nm was sputter
deposited onto the upstream (laser-irradiated) side of the diamond
to serve as a transducer material to generate the strain pulse via the
photothermal effect (Pezeril, 2016). The nominal XFEL photon
energy was 10.020keV (except when the energy was scanned
explicitly) and used a self-seeded monochromatic pulse (Liu et al.,
2023) to achieve a 0.1% bandwidth (AE/E) at the highest possible
photon flux.

To produce the DFXM images, the XFEL beam was pre-
focused into a vertical line-beam using a stack of eight 1D diamond
CRLs with 100 um radius of curvature and 1 mm thickness (PALM
Scientific LLC), using 400 um diameter circular pinholes at both
the entrance and exit of the stack. The sample was placed 83 cm
from the exit-surface of this 1D CRL stack, resulting in a calculated
spot of 400 um tall and 1.7um wide at the sample. The incident
vertical-line beam at the sample illuminated an observation plane
that spans the depth of the diamond sample, defining the volume
that was diffracted along the diamond (111) peak in the horizontal
plane of the lab. The diffracted beam was then imaged and magni-
fied with a stack of 37 beryllium 2D CRLs with 0.5 mm thickness
and 50 ym curvature radius. We placed a 300 um CuAlINi aperture
at the exit surface of the beryllium CRL stack to remove stray
scatter. The relevant imaging distance between the sample and the
entrance aperture of the 2D imaging CRLs was 22.3 cm (d;), and
the distance from the exit-aperture to the detector screen was 9.3 m
(d,), offering a total x-ray magnification of 17.3x (Simons et al.,
2017). The x-ray image was then detected using an indirect detec-
tion scheme, in which the image was converted to visible light at a
0.02 mm thick Ce:YAG scintillator screen, then further magnified
by a 10x infinity corrected Mitutoyo objective and recorded by the
6 um/pixel Andor Zyla 5.5 sCMOS camera. The resulting 173x
total magnification had a measured spatial resolution of 0.74 um.
Calibration of the spatial resolution and camera focus was per-
formed using a 400-mesh copper TEM grid at the rear surface of a
diamond sample and in front of the scintillator.

The strain wave studied in this work was launched by a 50 fs
pulse of A =800 nm following the pump-probe experiment used in
Holstad et al. (2023) and described in full in Pergament et al.
(2015). The optical pump laser was aligned to be nearly collinear
with the XFEL beam and focused to a 2D Gaussian spot with a
180 um diameter (FWHM) and estimated pulse energy of 22 uJ at
the sample [geometry shown in Fig. 1(b)]. The diamond sample
was rotated by 2.3° with respect to normal incidence of the XFEL
beam to satisfy the diffraction condition [Fig. 1(c)]. The laser irra-
diated the aluminum layer to generate a transient thermal
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FIG. 1. (a) Schematic of the in situ DFXM experiment performed at MID, European

XFEL (not drawn to scale), with (b) an overlay of the beam sizes for the XFEL and

visible laser. (c) The laboratory coordinate system (x;, i, z) and the sample coordinate system (xs, s, Zs) are defined as shown. zs is normal to the diamond surface,
which is oriented along the (7, 1, 1) plane to appropriately define diffraction from the Q= (111) plane. (d) A typical single-shot DFXM image collected for a weak-beam con-
dition, visualizing the strained diamond surface, laser-driven strain wave, and the pre-existing defects inside the diamond.

expansion pulse that was then transduced into the diamond. While
some complex structures are generated by acoustic waves produced
in this way, our DFXM, in this work, only captured the primary
strain wave for our selected diffraction conditions. The XFEL and
pump laser spot sizes are shown in Fig. 1(b) (Chalise et al., 2024).

Following a similar geometry to the one outlined in
Dresselhaus-Marais ef al. (2023), sample alignment used three rota-
tion stages and four translation stages, with duplication of the
y-stages (y; and y,). As in that work, we define our translation
stages in a lab coordinate system aligned to the incident beam, (x;,
> 1), and the three rotation axes of y, ¢, are set along x;, and y,,
respectively [Fig. 1(a)], before any rotations to define the goniome-
ter. The stacking order of these stages (bottom to top) are z, yy, x,
¥2, ¥ then ¢ with the z-stage being closest to the sample. We note
that after rotations begin, the goniometer stages are no longer
aligned to the lab system, instead defining the rotational transforms
to set the sample system (x,y,,z;). During alignment, the three rota-
tional stages are used to identify the crystal orientation with the
most intense diffraction signal.

Once the crystal was aligned into the most intense Bragg con-
dition, rotational scans (rocking curve) were performed to resolve
the spatial extent of different directions of lattice displacement
along the (111) plane. The setting where the observed Bragg peak
intensity gets maximized is termed the strong-beam condition and
is used as the reference orientations (uo, o, o) for subsequent
scans (Jakobsen ef al, 2019). The sample is scanned individually
along ¢, x,, and the XFEL photon energy, to perform the rocking-
curve scan, 3D structure scan, and axial strain scan as fully
described in the Results section.

lll. RESULTS

For all DFXM images collected in this work, dark frames were
collected regularly and were subtracted from the signal images to
correct the background and enhance the signal-to-noise. The

process for image processing is further discussed in Sec. II in the ¢

supplementary material.

A. Rocking-curve scan

In this section, we begin with the one-axis rocking-curve
scans performed for our DFXM studies—building on similar ones
performed routinely at synchrotrons (Ferrer Garriga 2023) and in
the previous XFEL-DFXM study (Dresselhaus-Marais et al., 2023).
During the rocking curve (¢) scan, the sample is rotated through
the Bragg condition, capturing 20-50 images at rotational steps
along ¢ that span a range beyond the edges of the diffracted signal
on either side of the diffraction peak. In these single crystalline
samples, the strong-beam condition defines the image collected at
the center of the Bragg peak, while each side of the rocking curve
produces images in a weak-beam condition that produces bright
image features from only regions of a specific strain state in the
crystal arising from defects, strain waves, surface strains, etc.

The center ¢ value for a given rocking curve scan (ie., the
strong-beam condition) is determined by fitting the summed inten-
sity of each image to a Gaussian curve. In this and previous DFXM
studies, the ¢ position is defined as the angular deviation from the
center of the rocking curve. The low divergence of the collimated
XFEL beam makes DFXM’s resolution to strain approximately
an order of magnitude better at XFELs than at synchrotrons

0%:€5:01 G20z Ateniged z|
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(Holstad et al., 2022). As such, the resolution of a ¢ scan at an
XFEL is mainly limited by the precision and step size of the rota-
tion stage; in this work, the result was a ¢ scan step size of 0.003°.
Selected DFXM images are shown in Fig. 2 for the three char-
acteristic ¢ positions along a ¢-rocking curve scan collected at the
nominal y, position. The two images show the weak beam condi-
tions for Ag=—0.013° [Fig. 2(a)] and A¢=0.014° [Fig. 2(c)]. This
rocking curve scan was collected for different ¢ rotations of the
crystal for a constant pump-probe delay time of 7= 2.0 ns and thus
shows the different lattice rotational states present in the crystal at
that point in the strain wave’s propagation. The ¢ position in
which a given pixel’s signal is maximized corresponds to the sym-
metry state that describes the maximum population of the lattice
strain/rotation at that point. As the scan was collected in discrete ¢
steps over each A¢ range, not all strain/rotational steps were

(a) 2.0

Y UL

o
w
Intensity (arb. units)

0

rn

o
w
Intensity (arb. units)

ARTICLE pubs.aip.org/aip/jap

measured. As no image was collected at the ideal strong beam con-
dition, a fit was used to select the ¢ =0 position defining the center
of the scan, introducing an offset of A@=0.002° [Fig. 2(b)] from
the scan’s resolution.

The observed differences between the images obtained at two
opposite weak beam conditions [Figs. 2(a) and 2(c)] arise from the
difference of the positive and negative strains along the probed
symmetry axis. That axis dictates which components of the full ten-
sorial strain field contribute to signal in DFXM—with contribu-
tions from shear and longitudinal strains often contributing
asymmetrically across the rocking curve (Pal ef al., 2024). As such,
the images collected on the positive and negative sides of the weak
beam do not necessarily produce symmetric image features, as may
be observed here. This reinforces the importance of scanning the
full rocking curve. We also note that the strong-beam condition

(b)

o
Intensity (arb. units)

2
x10~?
center-of-mass 4
2
g
&
n o
2
e
-2
-4

FIG. 2. DFXM images obtained from a rocking curve scan, with the crystal oriented along a y, value that passes through the highest-intensity diffraction condition. Raw
images from three different ¢ positions are shown for (a) a weak beam condition at ¢=—0.013°, (b) the strong-beam condition at ¢=+0.002°, and (c) another weak
beam condition at ¢ = +0.014°. (d) The center-of-mass (COM) image compiled from a rocking curve scan; the COM image displayed in (d) is from a different region of the

sample than the images in (a)—(c) for feature clarity.
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[Fig. 2(b)] displays fringe patterns that are characteristic of interfer-
ence caused by dynamical diffraction. The long mean-free-path for
scattering in low defect-density diamond gives rise to significant
dynamical effects, which sometimes appear as interference patterns
under the appropriate conditions. A discussion of the nature of this
dynamical diffraction is included in the Discussion section.

A full stack of images like those in Figs. 2(a)-2(c) were col-
lected over the selected range of ¢ for the full rocking curve, com-
prising 21 separate ¢-images each describing an average of ~200
frames that integrated XFEL pulses for 20 sec at each unique ¢
position. The integrated image series for the ¢-scan was then pro-
cessed into a center-of-mass (COM) plot like the one shown in
Fig. 2(d) to convey the regions most representative of each strain/
rotation state in the sample. The color on each pixel in the COM
plots describes the ¢ position over the full stack for which the
maximum intensity value, I(¢), was recorded for diffraction at that
pixel. As described in Ferrer Garriga (2023), the maximum I(¢) is
identified as the center of a Gaussian fit of the I(¢) values.
The COM plot shown in Fig. 2(d) is from a different ¢-scan from
the scan included in Figs. 2(a)-2(c). The sample region shown in
Figs. 2(a)-2(c) shows dynamical diffraction strongly, but we
selected a region of the sample that had minimal dynamical diffrac-
tion effects in Fig. 2(d) to display the COM plot to avoid artifacts
in the reconstruction. The COM scan in Fig. 2(d) visualizes the
local strain over the field of view within the observation plane. The
wider number of strain states represented in the COM images
enables image features to be identified such as the dislocations, the
strain wave, and the interface connecting the diamond’s surface to
the aluminum transducer. In materials that include more intricate
patterns in the microstructure, the strain contrast with the COM is
more important to discriminate between their characters (e.g.,
shear vs longitudinal acoustic waves).

B. 3D structure scan

We note that the scans in Fig. 2 all describe a single observa-
tion plane, without 3D information. Understanding the
out-of-plane information about the microstructure requires further
scanning of the sample, as shown in Yildirim et al. (2023). Here,
we demonstrate the first 3D (x, y, z) scan of the XFEL-based
DFXM, which has promising potential to resolve ultrafast 3D
dynamics with the highest spatial and temporal resolutions. In this
scan, we repeated the above rocking curve (¢) scans at 40 different
x positions and associated (y-z) observation planes, spaced 4 um
apart. The resulting 4D dataset (x, y, z, ¢) was then visualized by
downselecting each ¢-scan into a single representative image that
defines the weak-beam condition that best displays the defects in
that layer. Due to the high sensitivity of this technique, it is not suf-
ficient to choose a single ¢ position for each x-defined plane (both
due to motor precision and gradients in material structures). As
such, the representative weak-beam frames were identified using a
Gaussian fitting routine with a few manual adjustments, as
described in Sec. IV in the supplementary material. A typical result
of the 3D structure scans is shown in Fig. 3, which includes dislo-
cations and stacking faults in the diamond. The difference between
stacking faults and dislocations was determined using the 3D
reconstruction scan. The features that extend spatially along a plane

ARTICLE pubs.aip.org/aip/jap

were classified as stacking faults, and dislocations were the 3D fea-
tures that did not extend over an extended plane.

The analysis previously performed for data collected from the
European Synchrotron Radiation Facility (Yildirim ef al., 2023) was
modified for this work to match the unique attributes of the XFEL
dataset. While the synchrotron case used continuous scanning of
both ¢ and x throughout the image acquisition, the pulsed modes
of the XFEL could only measure discrete steps along the scan—
meaning that some of the reciprocal-space information is under-
sampled. With larger step sizes in both the ¢ and x directions
motors, this led to additional challenges in interpolation and inte-
gration of the datasets. With larger step sizes in both the ¢ and x
directions, led to additional challenges in interpolation and integra-
tion of the datasets.

Due to the linear defect features in diamond and the limited
sampling capabilities of the XFEL compared to the synchrotron
where this scan method was established, different processing
methods were used in comparison to previous work (Yildrim
et al., 2023). Because the observed features were linear and the
largest noise source was seemingly hot pixels in the scanning
direction, a median filter was used with a kernel that was offset
with a smaller value in the x direction. The acquired images were
filtered by using a standard image filtering process involving five
loops of erosion and dilation (Gonzalez and Woods, 1993) to
reduce the main cause of noise in this case arising from hot pixels
at the detector. Since the observed defects are linear or planar, it
was possible to remove this noise without degrading the observed
defect features. The processed data is then binned by 5x5 to
reduce computational costs and plotted with the marching cubes
algorithm (Lorensen et al., 1987) with scaling relevant to the 3D
spatial axes from the scan.

C. Axial strain scan

At synchrotrons, DFXM can measure axial strain along the
diffraction vector using a 6-20 scan; this requires synchronized
rotation of the crystal, lens, and detector along the same concentric
arc (Simons 2016). Accurate synchronized motion of these stages
becomes prohibitively challenging at XFELs as, unlike synchro-
trons, no XFELs currently have dedicated DFXM facilities that can
be globally calibrated for routine scanning. Here, we demonstrate
an alternate approach for axial strain scans that is simpler to imple-
ment at XFELs: incrementally scanning the x-ray photon energy to
sample the strain at a constant 26. For this scan, we held the origi-
nal alignment of the detector and lens at the 26 value for the
strong-beam condition for the original photon energy (the center
of our energy scan). We then changed the XFEL energy to change
the effective d-spacing that meets the Bragg condition for that 26
position.

While a ¢ scan alone is not sufficient to efficiently decouple
rotational (shear) vs axial strains, by scanning both the photon
energy and ¢, this may become possible (Poulsen ef al., 2021). The
accelerator modes for on-demand photon energy tuning of the
seeded-monochromatic XFEL beam are still relatively nascent
(Liu et al., 2023), however, using data points taken at four different
photon energies (10.011, 10.017, 10.020, and 10.026 keV), our axial
scan of the (111) peak demonstrates the viability of energy scans to
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FIG. 3. The 3D microstructure inside the single-crystalline diamond measured by DFXM in this work. The diamond surface is at the x-plane at z=0 but is omitted for
image clarity. The black planar and linear features represent stacking faults and dislocations inside the diamond, respectively, in the diamond.

decouple the axial and rotational strains in crystals at the ultrafast
timescales only accessible at XFELs. Small steps of 6 or 3 eV were
selected to be within the anticipated rocking curve due to the sensi-
tivity of the microscope to 6. As the translation stages for the
microscope optics/detectors were not changed at each photon
energy, the d; and d, imaging distances and angles were the ones
optimized for 10.020 keV, introducing small chromatic effects at
the rocking curve edges. For a full summary of the scan statistics
and chromatic effects, we refer the reader to Sec. III in the
supplementary material.

Figure 4 includes the COM reconstructions for a representa-
tive ¢ rocking curve collected at 10.020 keV [Fig. 4(a)] for compari-
son to the axial strain COM scan obtained from our abbreviated
photon energy scan [Fig. 4(b)]. The limited number of energy steps
used to create the COM plot for the energy scan causes an artifi-
cially low signal-to-noise ratio because the scan is undersampled in
reciprocal space. Since reciprocal space maps the 3D momentum
states defining the lattice, fully sampling the space requires free
motion along the three principal axes. The color bar is also offset—
since 10020 eV was the energy the experiment was aligned to, there
were two data points collected at a lower energy and only one at a
higher. In the synchrotron goniometers for DFXM, the goniometer
angles are spanned by, ¢, y, and 2A8. In the present setup, the ¢-E
scan contains both rotational and axial strain information because
the position of y was not optimized between each photon energy.
As such, a comparison between Figs. 4(a) and 4(b) is helpful to
offer context to the coupling between the axial and rotational strain
in features from each image.

IV. DISCUSSION

As discussed above, DFXM has been developed as a dedicated
setup at a few synchrotrons, where a wide range of scanning meth-
odologies have been established. Permanent DFXM setups available

allow for more optimization compared to the temporary setups §
available at the XFEL. At a synchrotron, the goniometer motors are

selected with careful consideration of the stability and accuracy
with respect to the unique sensitivity of DFXM. By contrast, the ad
hoc nature of XFEL experiments tends to prefer stages that are well-
calibrated for a versatile set of experiments. As such, the extension
of DFXM scanning methods to the XFEL has required computa-
tional techniques or technical approaches to measure the same
sample observables. For example, absolute motor calibration at syn-
chrotrons allows for multi-axis scans like the lens holder + detector
scans along 20. At the XFEL, those same motor calibrations are not
viable and thus an energy scan that avoided motorized translation
was more accurate. In this work, we demonstrate the XFEL versions
of a DFXM rocking scan, 3D structure scan, and strain scan, offer-
ing access to ultrafast timescales.

The importance of the implementation of the 3D structure
scan at the XFEL can be seen in a more rigorous characterization
of the defect structure in diamond. The 2D images shown in Fig. 2
include numerous linear distortions in our diamond single crystals.
It is easy to assume that the linear features are dislocations (line
defects); however, since DFXM only observes a planar region
through the depth of the crystal, the linear features could alter-
nately correspond to planar structures slicing through the observa-
tion plane. Indeed diamond is known to form stacking faults,
which form planar structures inside the crystal (Gaukroger et al.,
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FIG. 4. Center of mass (COM) plots for the (a) rotational and (b) axial strain scan of the same region of the sample, illustrating the complementary information contained

in these views.

2008 and Masuya et al., 2017). Our 3D reconstructed image shown
in Fig. 3 validated that many of the linear features observed in our
2D images are actually planar stacking faults, but also allowed us to
resolve a few dislocations (shown with the red arrow in Fig. 3).
This type of detailed structural characterization is essential to dis-
tinguish between planar versus linear defects and will also be
important when interpreting the ultrafast structural dynamics.

The images in Fig. 4 also demonstrate the first report of axial
strain maps along the diffraction vector at the XFEL with DFXM
scans. The rotational and axial strain information about the surface
and the internal defects inside the diamond offered an opportunity
to discern which strain fields exhibit the most shear contributions.
Since all components of the strain field have non-zero projections
onto the (111) plane of crystals, DFXM’s signal in this type of scan
could include contributions from all components of the strain
tensor field (Pal et al, 2024). In our measured data (Fig. 4), we
observe intensity changes in both the positive and negative axial
strain scan surrounding the strain wave. By contrast, we see only
negative strains at the surface. We note, however, that the surface
strains may not be representative of the material because the field
of view shift with photon energy may have clipped the region with
positive strain. As such, we focus our analysis on the strain wave
portion of the image. The defect marked by the black circle in
Fig. 4 demonstrates asymmetry that emerges in the axial strain,
though it has symmetric positive and negative strains in shear.
While this type of information offers insights relevant for compari-
son to models, we omit full discussion of the asymmetry in strain
vs mosaicity due to the limited sampling in this preliminary axial
strain scan. The limited sampling was caused by the 1-h times
required to acquire data at each strain position, making more than
five data points in the scan unviable in the limited experimental
time. This long duration was caused by the longer time required to

change energy with a seeded XFEL compared to the SASE, in
which the bandwidth would have been ~20 eV, making this partic-
ular experiment faster, though DFXM at an XFEL is greatly
enhanced by having a self-seeded beam (Liu et al., 2023).

As may be observed in Fig. 2, the images collected in our
strong beam conditions included complex features arising from
dynamical diffraction effects in the image. These dynamical effects
appear in the image as fringes that emerge from the linear features
of stacking faults, dislocations, and the strain wave in the crystal.
We observed fringing effects that we attribute to the dynamical
effects caused by the strain fields emerging from the defects and
distortions present in an otherwise perfect crystal (Kato et al,
1966). Features of dynamical diffraction have been observed in
x-ray topography as shadows or fringes that emerge and are catego-
rized based on the absorption condition at which different types of
excitation contrasts can dominate (Raghothamachar et al 2006).
Some higher-order features in topography images appear as fringes
of the intermediate image absorption condition—below the dynam-
ical limit at which the feature appears as a single shadow
(Raghothamachar et al., 2006). We interpret that this intermediate
image extinction contrast is similar to the extinction contrast giving
rise to the fringes we observe in DFXM. Such features in topogra-
phy measurements have given deep insights into sub-resolution
features in the sample (Gradwoh et al, 2020). While a detailed
analysis of the differences in image features arising from dynamical
diffraction between x-ray topography and DFXM are beyond the
scope of this work, we note that these effects are amplified by the
collimated beams available at XFELs. Future studies on these
dynamical diffraction effects offer unique opportunities in materials
with the appropriate wave-optics formalism (Carlsen ef al., 2022).

Finally, we note that the ultrafast dynamics of the strain
wave and other ultrafast features are newly accessible with DFXM
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at the XFEL. In this and previous works, we have referred to the
longitudinal strain wave and focused on the purely strain effects
due to the transduced wave. At timescales accessible at XFELs,
however, the acoustic wave formalism is not the only way to con-
sider the waveform. We also note that, in the future, DFXM at
XFELs can be used to study phonon propagation in materials uti-
lizing the longitudinal phonons created during the ultrafast exci-
tation of the Al transducer. Works by Trigo et al. (Trigo et al.,
2013 and Zhu et al., 2015) demonstrated that time-resolved mea-
surement of thermal diffuse scattering of x rays from squeezed
phonons can be used to reconstruct phonon band structure in
single crystals. The ability to create coherent phonons and
perform time-resolved measurements at XFELs can be combined
with excellent resolution in real and reciprocal space (Poulen
et al, 2021) to study phonon propagation in ways that have not
been possible otherwise.

The use of the XFEL for these measurements now enables the
ability of DFXM’s unique sampling of material structure to study
ultrafast phenomena in materials. With the new scanning modali-
ties introduced in this work, the DFXM datasets generated at
XFELs can now access the full range of data now accessible at syn-
chrotrons. This opens opportunities to image ultrafast dynamics
with high resolution in both real and reciprocal space. Using these
approaches, DFXM has potential applications to image the dynam-
ics in 3D axial strain fields generated by pump-probe experiments
to drive magnetic domain-wall motion (Takeuchi 2022), transitions
to slightly distorted “hidden phases” (Han ef al, 2015), and to
study the photoelastic effects generated when light absorption
drives a change to the strain fields, e.g, in piezoelectrics
(Kim et al., 2022).

V. SUMMARY

This study demonstrated the first implementation of
DFXM at the MID instrument of the European XFEL and illus-
trated three scanning modalities with this new setup. With the
addition of an optical microscope objective, our images offered
173x magnification and a spatial resolution of 0.74um over a
78 x 93 ,um2 field of view. We demonstrated how, with the use
of the seeded monochromatic beam, we could achieve high
signal-to-noise even at higher magnification than in our previ-
ous study. Our results first show representative images of the
strong-beam and weak-beam images relevant to a single rocking
curve scan, with a COM plot illustrating their relationship. We
then introduce the first 3D DFXM scans from XFELs that we
use to convey which defects arose from dislocations vs stacking
faults. Finally, we demonstrated the first DFXM experiments to
scan the photon energy to collect images of the axial strain to
discriminate between shear and longitudinal strains. Our discus-
sion explains how the analysis of these results from our pump-
probe experiment offers unique insights into the future of
ultrafast DFXM. These new scans and DFXM capabilities with
the MHz frame rates available at the European XFEL now offer
unique opportunities to study ultrafast phenomena at microsec-
onds and faster timescales.
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SUPPLEMENTARY MATERIAL

The supplementary material includes information about
image scaling, data processing, and the description of the code to
create Figs. 3 and 4.
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