'.) research papers

g JOURNAL OF Quantifying resolution in pink-beam dark-field
% APPLIED X-ray microscopy: experiments and simulations
& CRYSTALLOGRAPHY

ISSN 1600-5767 )
M. La Bella,” H. F. Poulsen,® S. Staeck,”” N. A. Henningsson,” M. P.

Kabukcuoglu,“? C. Detlefs® and C. YildirimP*

Technical University of Denmark, 2800 Kgs Lyngby, Denmark, PEuropean Synchrotron Radiation Facility, 38043

. Grenoble, France, “Institute for Photon Science and Synchrotron Radiation (IPS), Karlsruhe Institute of Technology (KIT),
Received 30 October 2025

76344 Eggenstein-Leopoldshafen, Germany, and L eibniz-Institut fiir Kristallztichtung (IKZ), 12489 Berlin, Germany.
Accepted 17 May 2026

*Correspondence e-mail: can.yildirim@esrf.fr

Edited by A. Mancuso, Diamond Light Source,

United Kingdom Pink-beam dark-field X-ray microscopy (pDFXM) is a powerful emerging

technique for time-resolved studies of microstructure and strain evolution in
Keywords: dark-field X-ray microscopy; pink- bulk crystalline materials. In this work, we systematically assess the performance
beam illumination; compound refractive lenses;  of pDFXM relative to monochromatic DFXM when using a compound
onientation mapping. refractive lens as the objective. Analytical expressions for the spatial and
Supporting information: this article has angular resolution are derived and compared with numerical simulations based
supporting information at journals.iucr.org/j on geometrical optics and experimental data. The pink-beam configuration
provides an increased diffraction intensity depending on the deformation state
of the sample, accompanied by a general tenfold degradation in angular reso-
lution along the rocking and axial strain (longitudinal) directions. This trade-off
is disadvantageous for axial strain mapping but can be advantageous in cases
where integrated intensities are needed. For a perfect crystal under parallel
illumination with a pink beam, our results show that chromatic aberration is
absent, whereas under condensed illumination it becomes significant. The
aberration is shown to depend strongly on the local distortion of the crystal.
Weak-beam imaging conditions, such as those required for resolving disloca-
tions, are shown to remain feasible under pink-beam operation and may even
provide an improved signal-to-noise ratio. The higher incident flux, enhanced by
nearly two orders of magnitude, results in a ~30x increase in diffracted
intensity; beam heating effects are quantified and implications for optimized
scanning protocols are discussed.

1. Introduction

Dark-field X-ray microscopy (DFXM) has emerged as a
powerful full-field imaging technique for the non-destructive
3D mapping of strain, orientation and defect structures within
bulk crystalline materials (Simons et al., 2015; Poulsen et al.,
2017). By selectively imaging Bragg-diffracted X-rays, DFXM
enables high-resolution characterization of microstructural
features such as dislocations, domain structures and strain
gradients with sub-micrometre spatial resolution and milli-
radian angular sensitivity. The technique has been instru-
mental in studying a wide range of materials science
phenomena, including plastic deformation, nucleation and
growth, structural and magnetic phase transformations,
ferroelectric behavior, biominerals, and imaging of acoustic
waves (Ahl et al., 2017; Simons et al., 2018; Cook et al., 2018;
Mavrikakis et al., 2019; Bucsek et al., 2019; Dresselhaus-Marais
et al., 2021; Yildirim et al., 2023; Holstad et al., 2023; Lee et al.,
2025; Giirsoy et al., 2025; Zelenika et al., 2025; Zhou et al.,

® 2025). DFXM is often applied in combination with other
OPEN @ ACCESS diffraction imaging techniques, allowing multiscale character-
Published under a CC BY 4.0 licence ization of hierarchically organized materials (Gustafson et al.,

J. Appl. Cryst. (2026). 59 https://doi.org/10.1107/51600576726005200 1 of 14


https://doi.org/10.1107/S1600576726005200
https://journals.iucr.org/j
https://scripts.iucr.org/cgi-bin/full_search?words=dark-field%20X-ray%20microscopy&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=pink-beam%20illumination&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=pink-beam%20illumination&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=compound%20refractive%20lenses&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=orientation%20mapping&Action=Search
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=La%20Bella,%20M.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Poulsen,%20H.F.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Staeck,%20S.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Henningsson,%20N.A.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Kabukcuoglu,%20M.P.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Kabukcuoglu,%20M.P.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Detlefs,%20C.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Yildirim,%20C.
mailto:can.yildirim@esrf.fr
https://crossmark.crossref.org/dialog/?doi=10.1107/S1600576726005200&domain=pdf&date_stamp=2026-07-07

research papers

2020; Gustafson et al., 2023; Chen et al., 2023; Lee et al., 2024;
Shukla et al., 2025).

The first implementations of DFXM have relied on mono-
chromatic X-ray beams, providing well-defined reciprocal
space selectivity and high angular resolution. This makes
monochromatic DFXM particularly suitable for resolving
subtle orientation variations in bulk crystalline materials.
However, the technique’s reliance on a narrow-bandwidth
X-ray beam results in inherently low photon flux, which leads
to long exposure times and limits its applicability for materials
with a weak diffraction signal. Moreover, highly deformed
materials with large intra-grain orientation spreads often
require impractically long acquisition times, restricting real-
time and high-throughput studies. These time constraints and
limitations due to sample deformation also pose a major
challenge for methods aiming to combine multiple Bragg
reflections to reconstruct embedded tensor fields with DFXM
(Henningsson et al., 2025; Detlefs et al., 2025). To address
these limitations, pink-beam DFXM (pDFXM) was developed
at the new beamline ID03 at the European Synchrotron
Radiation Facility, ESRF (Isern et al., 2025). The pink beam is
obtained by using a double multilayer monochromator instead
of the classical double crystal Si monochromator. The pink
beam was demonstrated to provide a 27-fold increase in
intensities (Yildirim et al., 2025).

However, the use of a broadened energy bandwidth may
introduce chromatic aberration, deteriorating spatial resolu-
tion, similar to what has been observed in bright-field X-ray
microscopy (Falch et al., 2016). Likewise, the reciprocal space
resolution is impacted, altering strain sensitivity and disloca-
tion contrast. The increased bandwidth also affects the effec-
tive angular selectivity, leading to potential trade-offs between
improved photon efficiency and resolution degradation.
Furthermore, the higher flux associated with pDFXM raises
concerns regarding beam heating and, for some materials,
beam-induced radiation damage.

In this study, we introduce a geometrical-optics-based
formalism for pDFXM to describe both direct and reciprocal
space resolutions. Then, we present a systematic comparison
of monochromatic and pink-beam DFXM, examining their
respective resolution functions. We generalize existing
geometrical optics theory (Poulsen et al., 2017) to the pink-
beam case, providing closed expressions for key microscope
characteristics. Next, we combine experimental measurements
with numerical simulations to quantify the effects of beam
divergence and energy bandwidth broadening on spatial
resolution, angular selectivity and weak-beam contrast, i.e. the
contrast arising from diffraction conditions far from the Bragg
peak, at the tails of the rocking curve. Finally, we show the
effect of pink-beam operations on the temperature rise of a
specific specimen, providing thermal decay times and the
impact on measurement protocols.

2. Dark-field X-ray microscopy geometry

Fig. 1 outlines the geometry of DFXM. The energy of the
incident beam is defined by either a channel-cut crystal

monochromator—in the following termed a monochromatic
beam—or a double multilayer monochromator —a pink beam.
The energy bandwidth, ¢ = AE/E with E being the energy in
eV, is approximately 10~* and 10~ % in the respective cases. The
incident beam can be focused vertically using a condenser to
form a line beam or left unfocused to produce a box beam, i.e.
a quasi-parallel beam with a rectangular cross-section. The
incident beam has a divergence characterized by an FWHM of
A¢, and A¢, in the vertical and horizontal directions,
respectively (Poulsen et al., 2017).

The sample can be either a single crystal or a polycrystalline
aggregate. In both cases the goniometer movements are used
to bring a specific grain or domain into the Laue conditions.
The reflection of interest is indicated with a diffraction vector
Q- It is defined by the diffraction angle 26 and an azimuthal
angle 1 (Poulsen et al.,2017). In the following we will assume a
vertical scattering geometry: n = 0.

In a typical DFXM experiment, an objective is placed in the
diffracted beam, such that the optical axis of the objective
intersects with the pivoting point of the goniometer and a 2D
detector. The objective magnifies diffraction contrast from the
sample plane into an inverted 2D image on the detector. In
this paper, the X-ray objective will be a compound refractive
lens (CRL; Snigirev et al., 1996) comprising N identical
parabolic lenslets, with a radius of curvature at the apex R and
a distance between neighboring lenslets of 7. The distance
from the sample to the CRL entrance is d;, and the distance
from the CRL exit to the detector is d,. The total optical path
length is L =d; + NT + d,, where NT is the combined
thickness of the lens stack. The resulting magnification is M.

The sample is mounted in a goniometer that enables rota-
tions around multiple axes. Shown in Fig. 1 are the two
orthogonal tilts x and ¢. Scanning ¢, x and 26, a motion of
CRL and detector together, corresponds to probing contrast
by varying Qy; in three orthogonal directions. These scans are
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Figure 1

The DFXM setup for monochromatic illumination. The incident beam is
shaped by the double multilayer monochromator (DMM) and then by the
channel-cut monochromator (CCM). The objective is a CRL. This is
inserted in the line of the diffracted beam, characterized by angles 20 and
n. The optical axis of the objective is shown as a dashed line with indi-
cations of the sample-to-entry-of-objective distance, d;, and the exit-of-
objective-to-detector distance, d,.
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known as rocking, rolling and axial strain scans, respectively. A
more complete geometrical description is provided by Poulsen
et al. (2017) and Poulsen et al. (2021). The DFXM goniometer
may include additional degrees of freedom. Details of the
dedicated DFXM setup at beamline ID03 of the ESRF, used in
this work, are given by Isern et al. (2025).

3. Geometrical optics formalism for a pink beam

A formalism for the main properties of the microscope was
developed on the basis of geometrical optics by Simons et al.
(2017), Poulsen et al. (2017) and Poulsen et al. (2018). We here
summarize key equations for the monochromatic-beam case
and generalize these to the use of a pink beam.

3.1. Focal length, numerical aperture and field of view

For brevity, we introduce the shorthand

o= (T/H". 1)

In monochromatic-beam conditions, the focal length of one
lenslet is f = R/(28), where the refractive index decrement
8 o< 1/E?. For N identical lenslets, the focal length becomes

Iy = focot(Ng). (2)

In a pink beam, fy varies with energy, leading to a relative
spread of (thick or thin lens limit)

Afy/fy =~ 2€. 3)

In general, the average fy is linked to the magnification of the
objective M by

d, = fy{l +1/[Mcos(Ng)] }, 4)

dy = fyl1+ M/ cos(Ng) |. )

Since the detector and CRL positions are fixed, the variation
in focal length described by equation (3) causes each energy
component to produce a slightly different magnification. From
equations (3) and (5), the image plane shifts along the optical
axis by approximately 2ed, across the pink-beam energy
range, corresponding to a relative change in magnification of
AM/M = 2e.

For the numerical aperture, NA, we shall consider the
opaque lens case where the effective aperture is dominated by
attenuation in the parabolic part of the lens, and not the
physical aperture. For a monochromatic beam, the FWHM of
the attenuation distribution in the on-axis case is (Poulsen et
al., 2017)

L ©
+1VuR

with p being the linear attenuation coefficient and o, the pupil
function, leading to a Gaussian angular acceptance and thus a
numerical aperture with r.m.s. width o,. The variation within
an energy spread of 1% is negligible; hence this equation is
also valid for the pink-beam case. The same applies for the
field of view.

NA =2350, =2.358

3.2. Direct space resolution

The depth of field, ogepm, for monochromatic-beam DFXM
is given by the combination of a wave optics and a geometrical
optics term, defined by the resolution in the imaging plane yq
(Poulsen et al., 2017):

IS
(NA)>  MNA’

2.350epm =

™)

This appears to be essentially constant over a 1% energy band.
The chromatic aberration is a concern for pink-beam opera-
tion, as the focal length and magnification vary with energy as
discussed in Section 3.1 (Poulsen et al., 2017). This is expected
to impact the data in several ways. Firstly, for line beam
operation the vertical beam height will increase by approxi-
mately 2Yon€. Here, 2Y.o, is the effective physical aperture of
the condenser—which may be defined by an upstream aper-
ture. For typical operation at ID03,2Y .o, &~ 150 pm and hence
the beam height becomes 1.5 pm for € = 0.01.

Secondly, in relation to the objective, in bright-field
microscopy there will be a lateral/transverse chromatic aber-
ration—a smear in the radial direction r—in the image, also
known as the transverse chromatic aberration. This effect is
described theoretically and demonstrated experimentally by
Falch et al. (2016). Here, it is also shown that one can mitigate
the effect by focusing the beam from the condenser onto the
plane of the objective. However, this elegant solution and the
underlying formalism do not apply to dark-field microscopy.
Analytical expressions for this case are complicated [see
Simons et al. (2017)]. In this paper we will instead provide
numerical results based on DFXM ray tracing (see
Section 4.2).

3.3. Reciprocal space and strain resolution

The angular resolution of DFXM is essentially determined
by properties of the incident beam and the diffracted beam
(including the objective). The Darwin width intrinsic to the
sample can typically be neglected.

Before entering into the formalism for the resolution
function, it is useful to define three coordinate systems.
Following Poulsen et al. (2021) we adopt the following:

(1) The laboratory system. This is described by the axes (X,
Ve, Z¢) and is used to express the properties of the incident
beam.

(2) The imaging system. This is used to describe the
diffracted beam. It has the optical axis of the objective as its x
axis and is related to the laboratory system by a rotation
around the y axis by 20. The corresponding reciprocal space
axes are defined as (Grock’s Groll> G26)-

(3) The crystal system. This is used to describe diffraction
properties. It is defined as having the scattering vector Q along
the z direction and is described by the axes (Grock, Groll, §) i
reciprocal space. It is related to the laboratory system by a
rotation around the y axis by 6.

The reciprocal space resolution at the intersection between
the optical axis and the sample plane is described in the
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following. The projections of resolution function onto the
three axes of the crystal system are (Poulsen et al., 2017)

AQ o = @ (Ag +02)", ®)
_ |Q0} 2 2\1/2
AQ 1 = 2sin(By) (AG +07) ", ©)
AQ, = }Qé—()’ [2e) + co@)(AZ + 0], (10)

with |Qp| being the length of the nominal diffraction vector
and 6 being the Bragg angle. It is evident that a change in the
energy bandwidth only affects AQ. In the imaging coordinate
system, on the other hand, due to the rotation of 6 broadening
will appear in both the rocking and the 26 direction. Since the
range of the reciprocal space probed is small, it is convenient
to work with normalized diffraction vectors (strain units)
(Poulsen et al., 2021):

(11)

3.4. Back focal plane

As for any classical microscope the objective in DFXM is
associated with a Fourier plane, the back focal plane, BFP. This
is perpendicular to the optical axis. For completeness we
discuss the properties in this plane in relation to an increased
bandwidth.

Let the positions in the BFP be parameterized by (yg, zB).
For a monochromatic and parallel beam the positions are
linearly related to the angular deviations from the optical axis.
Expressed in terms of the strain in the rolling and 26 directions
we have the relations (Poulsen et al., 2018)

N
qroll = %)}B7 (12)
_ cos(Ng)
Gy = mzs' (13)

These relations become more complicated when switching to a
non-monochromatic and divergent pink beam (Poulsen et al.,

2017):
1 cos(Ng) g
2sin(9)\/[ o] ras o

Gronl =

1 N ? 2 2
G = 25in(@) \/|:cosf(N 2 zBi| + [cos(29)A§'v] + [sin(20)€]".

(15)

In the monochromatic-beam case, the relatively poor axial
strain resolution in DFXM can be improved by inserting an
aperture or a knife-edge in the BFP. It appears from equations
(14) and (15) that in the pink-beam case the strain resolution
in the 260 direction is ultimately limited by the energy band-

width. Hence, the achievable strain resolutions in the 260
direction are about 10™* and 10_2, for monochromatic and
pink beams, respectively.

4. Simulations

Following previous work (Poulsen et al, 2017; Borgi et al.,
2024) we use Monte Carlo simulations to provide maps of the
on-axis (normalized) reciprocal space resolution function for
both pink and monochromatic beams. Next, we use a ray-
tracing simulation approach to provide insights into chromatic
aberration. Two model systems are used throughout the
simulations and experiments: a thin-film BiFeO3; sample
providing the 002 reflection and a bulk Si wafer diffracting on
the (220) planes. These were chosen as representative of two
common use cases: a weakly scattering thin film and a strongly
diffracting bulk crystal, respectively. Sample details, together
with the experimental configurations used in the simulations
(including the energy spectrum of the pink beam), are given in
the supplementary information (SI), Sections 1 and 5.

4.1. Simulations of the reciprocal space resolution function

The simulations were performed with the code presented by
Borgi et al. (2024) and with 1 x 10° rays throughout. We
assume that all properties of the microscope exhibit Gaussian
distributions, defined by their r.m.s. widths.

First, we consider the box beam case (quasi-parallel illumi-
nation). The resulting resolution function for the monochro-
matic beam in the imaging system is shown in Fig. 2(a). The
resolution function appears to be a disk with a diameter given
by the NA of the objective and with the disk axis along
AQ;oc - The fact that AQ oo K AQron = AQy has been key
to the design of DFXM weak-beam experiments.

Components of the corresponding pink-beam resolution
function in the crystal system are shown Fig. 2(b). Essentially
the figure represents a convolution of the monochromatic-
beam resolution function with a Gaussian in the direction of
the diffraction vector [cf. equation (10)]. This has several
consequences for pDFXM:

(1) Deterioration of the axial strain resolution. Spanning a
range in Q) of 4 x 107> makes axial strain determination
infeasible. On the other hand, pink-beam operation implies
that one typically will be able to ensure integration over the
entire strain profile, and hence may speed up experiments that
depend on sampling the integrated intensity.

(2) Deterioration of the rock resolution. Weak-beam
operation has benefited from the superior resolution in the
direction perpendicular to the disk. In the pink-beam mode
the thinnest direction in reciprocal space is ten times thicker,
as was shown experimentally in our previous work (Yildirim ez
al., 2025).

(3) Choice of coordinate system. The directions of the
principal axes change. While the imaging system is the natural
choice for monochromatic-beam operation, the crystal coor-
dinate system is more relevant for pink-beam operation. This

4 of 14 M. LaBellaetal - Quantifying resolution in pink-beam DFXM
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Reciprocal space resolution function for a box beam (quasi-parallel illumination) with monochromatic () and pink (b) beams, and line beam (condensed
illumination) for monochromatic (¢) and pink (d) beams. In all cases, the reciprocal space is normalized, cf. equation (11). The resolution function is
displayed as a point cloud in three dimensions in blue, while the red, yellow and cyan point clouds are projections onto 2D planes. The three principal
axes of the imaging coordinate system (i.e. corresponding reciprocal space axes) are defined as (Groek's Groll, §20), Where oy corresponds to the

longitudinal (axial strain) direction.

choice of coordinate system is conceptually more intuitive for
applications.

Next, we consider the line beam case (condensed illumina-
tion). The resulting resolution functions are shown in Figs. 2(c)
and 2(d). While the increased divergence has some effect in
the monochromatic-beam case, this contribution is completely
negligible in the pink-beam case. The latter can be an
advantage: it facilitates direct quantitative comparisons
between line and box beam mapping.

4.2. Simulations of chromatic aberration

The broadened energy bandwidth in pDFXM not only
impacts reciprocal space resolution, as investigated in the
previous section, but also will deteriorate spatial resolution by
blurring detector images in direct space. The effect is known as
chromatic aberration and is well known from bright-field
X-ray microscopy (Falch et al., 2016). The corresponding effect
in dark-field microscopy, has, to the best of our knowledge,
never been studied before. Simulating these effects requires
one to trace X-rays through the 3D objective lens stack as a
function of wavelength. Unfortunately, previous geometrical
optics work in DFXM cannot account for such ray trajectories.
In frameworks such as those described by Poulsen et al. (2017),
Borgi et al. (2024) and Henningsson et al. (2025) each point in

the sample plane is approximated to deposit all diffracted
photons at a corresponding, fixed detector pixel, neglecting
depth-of-focus and vignetting effects. While this allows for fast
simulations, where the reciprocal resolution function can be
used as a look-up table for diffracted intensities, it does not
allow us to simulate imaging artifacts. To progress, we have
developed a new framework that traces rays in three dimen-
sions through the objective lens stack.

After a photon has scattered off the sample, we use Snells’s
law to solve a recursive set of non-linear equations that trace
the ray path through the beryllium lens stack. At each lenslet,
refraction from the parabolic entry and exit surface is
computed, and the path length through the lens is used to
attenuate the ray intensity using Beer’s law. Both of these
effects are taken to be functions of the randomly sampled
wavelength of the ray such that each traced ray perceives a
unique refractive decrement, § = §(E), and attenuation coef-
ficient, u = u(E). A detailed mathematical derivation of our
framework is provided in SI Section 5.

Importantly, in our new framework, photons that are
sampled from the direct beam undergo scattering following
the Laue equations. The resulting diffracted beam is therefore
a modulation of the direct beam via an interaction with the
sample lattice. This makes dark-field chromatic aberrations
inherently sample dependent. This is an important conclusion
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for pDFXM that prohibits us from generalizing a single
simulation across experiments. Nevertheless, in the following
we present simulations of what can be considered to be the
canonical case; undeformed single crystals placed at the center
of focus in the sample plane. By using experimentally
observed statistics for the direct beam divergence and band-
width these simulations quantify how severe chromatic arti-
facts are for practical imaging scenarios. All driving
distributions are taken to be Gaussian and independent. Four
distinct scenarios are examined:

(A) Parallel and monochromatic beam. The vertical and
horizontal divergence of the direct beam were taken as
& =&, = 0.01 mrad (FWHM). The energy bandwidth was
taken as 0.001146 keV (standard deviation). A BiFeO; 002
reflection is considered.

(B) Condensed and monochromatic beam. The vertical and
horizontal divergence of the direct beam were taken as
& = 0.53 mrad and &, = 0.01 mrad (FWHM), respectively.
The energy bandwidth was taken as 0.001146 keV (standard
deviation). An Si 220 reflection is considered.

(C) Parallel and pink beam. The vertical and horizontal
divergence of the direct beam were taken as & =§&, =
0.01 mrad (FWHM). The energy bandwidth was 0.10123 keV
(standard deviation). A BiFeO; 002 reflection is considered.

(D) Condensed and pink beam. The vertical and horizontal
divergence of the direct beam were taken as &, = 0.53 mrad
and &, =0.01 mrad (FWHM), respectively. The energy
bandwidth was 0.10123 keV (standard deviation). An Si 220
reflection is considered.

The mean energy was set to 19.1 keV and the sample-to-
CRL and CRL-to-detector distances were adjusted accord-
ingly. For parallel beams, the placement was taken to yield a
11.26 times magnification from the CRL. For the condensed
cases, the CRL magnification was fixed to 15.77. The CRL

Al
BiFeO; (002)

Detector Center

Detector Edge

0% 100%

Figure 3

featured 87 parabolic berylium lenslets with R = 50 pm,
T = 1.6 mm and web thickness 30 pum. In all scenarios, the raw
detector pixel size was 6.5 pm and the optical magnification of
the detector was 10x.

A grid of 81 ring-shaped single crystals (BiFeO3 002 and Si
220 reflections) were placed in the sample plane and Monte
Carlo methods were used to sample rays from the beam
statistics defined though A-D. The resulting detector images
for two selected rings and all beam scenarios (A-D) are
presented in Fig. 3. In A1-D1, the rings centered on the
optical axis have been selected, while in A2-D2, off-axis rings
are shown (diffracting towards the detector edge). Each
individual ring corresponds to a total of 84 million rays indi-
vidually traced through the CRL lens stack.

Comparing D1 and D2 shows that chromatic aberrations
depend on the offset from the optical axis. Chromatic aber-
rations are observed to be stronger in the vertical scattering
plane (detector z) than in the transverse plane (detector y).
Cartesian line profiles across the ring edges are shown in Fig.
3E for pink-beam scenarios (C1-D2). The chromatic aberra-
tions in D1-D2 are seen to cause a 1 pm blurring, while the
parallel pink-beam cases (C1-C2) show no blurring.

The lack of chromatic aberration in A1-C2 in Fig. 3 is
explained by the sample acting as a monochromator, filtering
the direct beam though the Bragg condition. Consequently,
only when the direct beam features both a high vertical
divergence and a broad energy band does chromatic aberra-
tion appear for undeformed crystals (D1-D2). In this special
case, a divergent ray can diffract off the sample by being
paired with an offset wavelength such that the combination
again fulfills scattering conditions. Many such interactions
combine into a non-negligible energy broadening being
present also in the diffracted beam. Notably, the resulting
statistics of the diffracted beam, i.e. the distribution of photon

Pink-Beam Line Profiles
1.0 R — E
20.8
: © e
[}
&)
206
8 [ ]
Té 0.4 o o
2 %, |===Perfect Profile
0.2 3
0.0

0 0.5 i 1’5 2
Detector Coordinate [pum]

e Pink-Condensed e Mono-Parallel
%Mono-Condensed 0 Pink-Parallel
|

Normalized Photon Counts

Simulated diffraction response from ring-shaped, undeformed single crystals under different beam conditions. When the beam is both pink and
condensed (D1 and D2), strong chromatic aberrations appear. In A1-D1, the rings are centered on the optical axis, while in A2-D2, they diffract toward
the detector edge. Cartesian line profiles across the ring edges are shown in E for all four pink-beam scenarios (C1-D2). Each line plot in panel E
corresponds to an intensity profile across a ring wall as highlighted in C1-D2 with colored lines and markers. In panel E, the box-like ‘perfect profile’
(black, dotted line) represents the theoretical ring wall profile in the absence of chromatic aberration, assuming a perfect imaging system (small pixels, no

point spread).
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energies and propagation directions in the diffracted beam,
are non-Gaussian. Consequently, dark-field aberrations do not
follow the patterns predicted in bright-field microscopy (Falch
et al., 2016).

The fact that the sample modulates the statistics of the
diffracted beam, and hence the resulting aberrations, has
important implications for crystals featuring a non-perfect
lattice.

In such cases, the local mosaic spread will result in
diffracted beam statistics featuring significant divergence and
bandwidth—even if the incident beam is parallel. In other
words, the divergence of the incident pink beam in D1-D2 can
be effectively replaced by a mosaic spread. It is therefore
possible that for samples with moderate to large mosaic
spreads the chromatic aberration can be worse than indicated
in Fig. 3E. As an illustration, for crystals that partition into
several near-perfect cell domains, separated by low-angle
orientation boundaries, one may expect cell boundaries to
exhibit stronger chromatic aberrations than cell interiors,
though the extent to which the interior remains unaffected will
depend on the local mosaic spread and cell size.

4.3. Strong- and weak-beam operation

The larger reciprocal space resolution function—as derived
in Section 4.1 — affects the optimal conditions for weak-beam
operation. This is discussed by Borgi et al. (2024). Here DFXM
forward projections are made of a wall of identical edge
dislocations. Images are generated as function of the rocking
angle, ¢, showing little or no dislocation contrast for ¢ close to
0 (strong beam). The contrast gradually improves with
increasing ¢ (weak beam) while the intensities decrease as the
volume of the sample that gives rise to diffraction (close to the
core of the dislocations) become smaller. Comparing such
results for different energy bandwidths, it was found that the
strong-beam region extends to larger |¢| values for larger €
and that one consequently has to go to larger |¢| values for
optimal conditions for weak-beam imaging. Larger values
implies higher strain values and hence diffraction from regions
closer to the core of dislocations. Hence, there are two
competing effects on the signal-to-noise ratio (S/N) of dislo-
cation imaging: larger € implies a lager incident flux, while at
the same time leading to the diffraction volumes being smaller.
The simulations reported by Borgi et al. (2024) indicate that
the increased incident flux—for the case simulated—signifi-
cantly improves the counting statistics with increased energy
bandwidth.

5. Experimental results

We conducted experiments for comparison with the analytical
and numerical results presented above. Sample and config-
uration details are given in SI Section 1, 2 and 3. Details about
BiFeO; sample manufacturing are provided by Chu et al.
(2007) and Simons et al. (2019).

5.1. Reciprocal space resolution function

To probe the rocking and rolling components, a large
diamond single crystal was used as the sample, diffracting the
111 reflection.

In the box beam case (Fig. 4), the simulations show excellent
agreement with the experimental data for both directions and
for both monochromatic- and pink-beam illumination. In the
rolling direction, the simulations overestimate the angular
spread of 0.00057 strain units; however, as shown by Poulsen et
al. (2017), this effect arises from the scattering vector moving
off the rocking curve. The corresponding FWHM values are
listed in Table 1.

In the line beam case (Fig. 5), there is also good agreement
between the simulated and experimental curves. For the
monochromatic beam, the angular resolution function in the
rocking direction [Fig. 5(a)] is truncated by a slit placed
upstream of the condenser. Moreover, the &, distribution was
non-uniform, and both effects were accounted for in the
simulations. In this case, the experimental curve was fitted with
a multi-Gaussian model. The corresponding pink-beam reso-
lution function [Fig. 5(c)] appears smoother due to convolu-
tion with the energy bandwidth, though a slight truncation of
the tails remains. The resulting FWHM values are listed in
Table 2.

Simulation
e Rocking scan (a)

Fit rocking scan mono box beam

Simulation (b)

e Rolling scan
Fit rolling scan mono box beam

Intensity (arb. units)
Intensity (arb. units)

-2 -1 0 1 2 -3 -2 -1 0 1 2 3

érock' X10—4 E]Io// X10_3

Simulation
e Rocking scan (C) .
Fit rocking scan pink box beam

Simulation (d)

Rolling scan
Fit rolling scan pink box beam

Intensity (arb. units)
Intensity (arb. units)

Figure 4

Comparison of normalized experimental data (dots) and simulations
(blue curves) of the rocking and rolling direction components of the
reciprocal space resolution function for the box beam case. Also shown
are fits of the experimental data to Gaussian distributions (red lines). (a)
Resolution function in g for a monochromatic beam. (b) Resolution
function in g for a monochromatic beam. (¢) Resolution function in
Grock’ for a pink beam. (d) Resolution function in g0 for a pink beam.
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Fig. 6 shows corresponding data for the axial strain direc-
tion, probed by scanning the Bragg angle 26 via a coupled
motion of the objective and detector—which shifts the
sampled position along the diffraction vector and is thus
sensitive to changes in lattice spacing. Within the statistical
uncertainty, a Gaussian model (blue curve) provides a

—— Simulation
e Rocking scan (a)
Fit rocking scan mono line beam

—— Simulation (b)

e Rolling scan
—— Fit rolling scan mono line beam

Intensity (arb. units)
Intensity (arb. units)

-4 -2 0 2 44 -3 -2 -1 0 1 2 3
Grock’ %10 Gronl x1073

Simulation
e Rocking scan (C)
Fit rocking scan pink line beam

—— Simulation
e Rolling scan (d)

—— Fit rolling scan pink line beam

Intensity (arb. units)
Intensity (arb. units)

-6 -4 -2 0 2 4 6 -3 =2 -1 0 1 2

o x107¢

Figure 5

Comparison of normalized experimental data (dots) and simulations
(blue curves) of the rocking and rolling direction components of the
reciprocal space resolution function for the line beam case. Also shown
are fits of the experimental data to Gaussian distributions (red lines). (a)
Resolution function in ¢,y for a monochromatic beam. (b) Resolution
function in ¢, for a monochromatic beam. (c) Resolution function in
Grocx for a pink beam. (d) Resolution function in g, for a pink beam.

—— Simulation (a) —— Simulation (b)
e Axial strain scan e Axial strain scan
Fit axial strain scan mono beam Fit axial strain scan pink beam

Intensity (arb. units)
Intensity (arb. units)

-4 2 0 2 4
éZIh x10_3 épar XIO_Z

Figure 6

Comparison of normalized experimental data (dots) and simulations
(blue curves) of the axial strain resolution function for the box beam case.
Also shown are fits (red curves) of the experimental data. (a) Resolution
function in ¢,y for a monochromatic beam. (b) Resolution function in g
for a pink beam.

Table 1
Widths (FWHM) of the experimental and simulated strain resolution
function in the box beam case.

Radiation Experimental data FWHM Simulation FWHM
Mono Rocking 0.00003 Rocking 0.00003
Mono Rolling 0.00145 Rolling 0.00202
Mono Axial strain 0.00288 Axial strain 0.00222
Pink Rocking 0.00031 Rocking 0.00035
Pink Rolling 0.00173 Rolling 0.00199
Pink Axial strain 0.01026 Axial strain 0.01227
Table 2

Widths (FWHM) of the experimental and simulated strain resolution
function in the line beam case.

Radiation Experimental data FWHM Simulation FWHM
Mono Rocking 0.00026 Rocking 0.00023
Mono Rolling 0.00174 Rolling 0.00201
Pink Rocking 0.00032 Rocking 0.00037
Pink Rolling 0.00180 Rolling 0.00200

reasonable approximation of the monochromatic beam data
[Fig. 6(a)]. The pink-beam curve, however, deviates from a
Gaussian shape due to the asymmetric energy profile of the
pink beam (see SI Fig. S1), which is not captured by the
symmetric Gaussian assumed in the simulation. The fitted
FWHM values from both experimental and simulated datasets
are listed in Table 1. The results overall confirm the expected
reduction in resolution for the pink beam.

5.2. Chromatic aberration

The simulations in Section 4.2 indicate that the extent of
blurring in direct space depends strongly on both the sample
type and its local deformation state. At present, however,
there is no established reference sample for DFXM compar-
able to the resolution target used in bright-field imaging.
Consequently, a direct one-to-one validation of the theoretical
predictions is not possible. Thus, to qualitatively evaluate the
effects of chromatic aberration, we conducted two repre-
sentative experiments using quasi-parallel (box beam) and
condensed (line beam) illumination. The local spatial resolu-
tion was quantified using a Fourier-transform-based analysis,
described in detail in SI Section 2, along with the experimental
configurations.

Box beam mode. We produced center-of-mass (COM) maps
from rocking scans of the thin-foil BiFeO5; sample using the
Darfix software (Ferrer et al, 2023). The data exhibited
distinct and well-defined dislocations. We used these features
to quantify the spatial resolution. Two regions of interest
(ROIs), both containing single dislocations, were selected
from the COM map. The resulting images, shown in Figs. 7(a)
and 7(b), for monochromatic and pink beams, respectively,
exhibited a lateral shift. Comparing the spatial resolutions
obtained, we have found that the broader bandwidth of the
pink-beam radiation only introduces a slight blur in the direct
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Table 3
Quantified dark-field direct space resolution, with its standard deviation,
in the box and line beam illumination modes.

Tllumination Radiation ROI Resolution (nm)
Box beam Monochromatic 1 529 £ 19
2 821 £ 58
Pink 1 799 + 80
2 959 £ 81
Line beam Monochromatic 1 1984 + 284
2 1600 + 443
Pink 1 3266 + 149
2 4127 + 106

space image, leading to a decrease of resolution on the
order of a few hundred nanometres. The values of resolution
together with their standard deviations for the ROIs are listed
in Table 3.

Line beam mode. In this case, we used a bulk Si wafer
sample containing well-defined dislocations generated by
indentation and annealing treatments. Again, we integrated
the voxel intensities in a rocking scan. We focused on two
ROIs at the center of the sample, presenting a network of
well-known and previously studied dislocations (Kabuk-
cuoglu, 2022). The COM maps shown in Figs. 7(c) and 7(d)
were treated using the same protocol as for the box beam case.
In this case, the decrease in resolution going from the mono-
chromatic to the pink beam is on the order of 1-2 pm, higher
than that of the box beam case. The results and standard

COM monochromatic box beam

%1075

o
 (rad)

COM monochromatic line beam x10~4

12
1.0
08
0.6
0.4
02
0.0
5 um -02

u (rad)

Figure 7

12
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
ey -0.4
5 um

deviations of the resolution quantification for both ROIs are
listed in Table 3.

5.3. Weak-beam contrast

Mapping crystalline defects such as dislocations with
DFXM has relied on the weak-beam contrast (Jakobsen et al.,
2019; Dresselhaus-Marais et al., 2021; Yildirim et al., 2023)
enabled by the superior angular resolution in the rocking
direction. Borgi et al. (2024) simulated the effect of increasing
bandwidth on the weak-beam contrast. They generated images
of a wall of edge dislocations with bandwidths increasing from
€e=10"* to €=10"2, using a fixed incident divergence,
corresponding to the use of the condenser. They also discussed
the contrast as function of ¢ offset and proposed an 80%
integrated intensity reduction as optimal.

In an attempt to establish comparable experimental data we
studied a chain of dislocations in the Si wafer sample, using the
same datasets as presented above in connection with the direct
space resolution quantification. The results for the line beam
case are shown in Fig. 8. As discussed above, the rocking curve
from the pink-beam illumination is in this case substantially
wider than that from the monochromatic beam.

Comparing the results in Figs. 8(b), 8(c) and 8(d) we
conclude that the ‘80%’ rule does not apply to pink beams. It is
possible to acquire images without any (visible) effects of the
strong beam at rocking angles corresponding to the HWHM of
the rocking curve. This in conjunction with the high intensity

COM pink box beam

x10~°

-2

COM pink line beam x10~4

U (rad)

COM maps of the rocking curve measurements performed on (a) the BiFeO3 sample with a monochromatic box beam, (b) the BiFeO; sample with a
pink box beam, (c) the Si wafer sample with a monochromatic line beam and (d) the Si wafer sample with a pink line beam. The ROIs used for the

quantification of the resolution are indicated with black rectangles.
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Weak-beam contrast for studying dislocations with line beam illumination in monochromatic and pink radiation cases. In this case the pink beam was
attenuated by a 50 pm Cu foil. (¢) Rocking curves obtained by summing intensities in each detector pixel over all images in the DFXM rocking scan. The
intensity of the rocking curves was normalized to 1 to facilitate direct comparison. The blue curve was acquired with the monochromatic beam and the
orange curve with the pink beam. Weak-beam contrast images: (b) Monochromatic beam at a rocking angle corresponding to 20% of the maximum
intensity [blue dashed line in (a)]. (¢) Pink beam at a rocking angle corresponding to HWHM [innermost orange dashed line in (@)]. (d) Pink beam at a
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rocking angle corresponding to 20% of the maximum intensity [outermost orange dashed line in (a)].

in the pink beam implies that an improved S/N can be
obtained in pink-beam mode, at the expense of a deterioration
in spatial resolution. Corresponding results for the box beam
case are provided in SI Section 3. While the 50% threshold
identified here for the pink-beam case may not be universal
across all samples, it provides a consistent and practical
criterion for the Si dislocation dataset presented.

6. Effects of beam heating

Imaging at fourth-generation synchrotrons is known to cause
sample heating. Regardless of S/N, pink-beam operation
intensifies heating, as a larger fraction of the direct beam is not
diffracted by the sample and instead contributes to absorption.
The extent and structural impact of heating depends on the
specimen and setup: in metals, dislocations become mobile
before grain boundaries (Mavrikakis et al., 2019; Yildirim et
al., 2022) (recovery precedes recrystallization and growth),
while systems near phase transitions (Bucsek et al., 2019) are
especially sensitive. DFXM scans are also non-isothermal, as
the beam shutter cycles during acquisition, causing transient
thermal stresses that shift diffraction angles. Therefore,
measurement results will depend not only on the overall
length of the scans but also on the length of the waiting
periods between consecutive exposures of the sample to the
beam, caused by motor movements or data transfer, for
example.

To better understand such effects, we have focused on a
mm-sized metal sample. For this, the characteristic internal
diffusion time may be of order 1 ms, while the external heat
transfer—e.g. to air—may be on the order of seconds or
minutes. In the work of Bright er al. (2021), heating and
passive cooling at the ID11 beamline of the ESRF were
described in terms of a lumped thermodynamic model. We
employed a similar approach to DFXM data at the ID03
beamline. Specifically, we investigated the effect of pink-beam
exposure on the temperature of a 1.1 mm x 0.5 mm x 0.5 mm
sized aluminium sample. The sample was illuminated with
a box beam characterized by an area of approximately

0.19 mm? at 17 keV. The incident beam had a photon flux of
1.615 x 10 photons s~ (assuming 8.5 x 10'* photons s~ for
1mm X 1 mm slits). The cooling process was completely
passive; no artificial cooling of the sample was employed. For
this reason, sample cooling was due only to the heat exchange
with the surrounding air at room temperature, the heat
transfer inside the sample and thermal radiation. The sample
was mounted on a metallic sample mount via ceramic glue.
The interface between the sample and the mount was limited,
but its contribution to the cooling process is most probably not
negligible. During heating and cooling processes, the
temperature was measured with a thermocouple attached to
the sample in a region not exposed to the beam. The
temperature of the illuminated subvolume was also calculated
by tracking the 26 angle of the 111 reflection of one grain in
the far-field detector. This permitted an accurate measurement
of the heating temperature. Measurements were repeated by
varying the exposure time between 0.01, 0.05, 0.1 and 0.5 s.
The beamshutter was closed in between frame acquisitions for
a certain amount of time, so the effective photon flux varied
with the exposure time. The mean shutter closing times for the
different exposure times were 0.25, 0.22, 0.17 and 0.07 s,
respectively. The effective photon flux was calculated by
multiplying the photon flux on the sample of 1.615 x
10" photons s ' by the ratio of the exposure time and shutter
closing times. Results are shown in Fig. 9. The discrepancy
during heating between the time evolution of the thermometer
(purple curve) and the probe of the average temperature in
the illuminated part of the sample (red curve) indicates that
several processes with different time constants were at play,
such as heterogeneous heat transfer inside the sample and
transfer to the surrounding air. The curves can be well
approximated by a double exponential function of the form

T(t) = Thaxs [1 — exp <_ l%)] + T [1 — exp (_ é)]

(16)
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Temperature evolution during beam heating (@) and subsequent cooling (b) for an aluminium sample measured with a 17 keV pink beam. The purple
heating curve and all cooling curves are measured by a thermocouple, while the other heating curves are measured by determining the shifts in the
diffraction angle. The curves related to the highest photon flux are fitted to double-exponential fit functions.

for both heating (7;) and cooling (7). The lumped model
predicts exponential temperature rise and decay over a single
timescale (7). For the curves in Fig. 9, this model breaks down
and two timescales (71,) must be introduced to fit the data.
Moreover, at around 250 s a local minimum in temperature
can be seen for the highest-flux curve. Here, the time between
two frames was about 2 s instead of the usual 0.5 s. This leads
to a cooling of about 10 °C. The same result is apparent from
the initial cooling in Fig 9(b).

Since only a part of the sample was illuminated [unlike in
the work of Bright ef al. (2021)] and the heat was transferred
inside the sample, several different cooling mechanisms with
different timescales contributed. As a result, the lumped
model approach is not optimal for this system.

These results showcase three challenges for pink-beam
operation in metals:

(1) The steady-state temperature in the unattenuated pink
beam at 17 keV —using prefocusing by means of a transfocator
but no condenser —is several hundred degrees and may lead to
sample melting.

(2) The time to reach equilibrium may be 5-10 min [the red
curve in Fig 9(a) has not yet saturated].

(3) The cooling time is sufficiently rapid (on the order of
~10°Cs™") that, for example, extended motor movements
between single scans (with the shutter closed) can lead to a
significant temperature drop and potential changes in micro-
structure and stress state. Any potential damage due to beam
heating can be controlled by attenuating the incoming beam
or by cooling the sample using constant gas/air flow.

7. Discussion

In the following, we discuss the implications of our findings,
following the structure of the main body: reciprocal space
resolution, chromatic aberration, weak-beam contrast and
beam heating.

The degradation of angular resolution in the rocking and
axial strain (g|) directions is a generic consequence of the
broadened energy bandwidth, independent of sample type
[equations (8) and (10), Tables 1 and 2]. For applications

requiring high-resolution strain mapping, this represents a
fundamental limitation. However, as demonstrated by
Yildirim et al. (2025), the broader bandwidth can be advan-
tageous: it enables integration over the full strain profile in a
single exposure, accelerating experiments where integrated
intensity rather than strain resolution is the priority. The effect
of condensed versus box beam illumination on the reciprocal
space resolution is negligible in the pink-beam case, which
facilitates direct quantitative comparisons between the two
illumination modes.

We foresee that for many science cases it is of relevance to
swap between the use of a pink beam (overview scans over
large orientation ranges and/or large sample volumes, fast
acquisition during time series) and the use of a monochro-
matic beam (high spatial and angular resolution in general,
strain scanning). At the ID03 beamline, switching between the
two illumination schemes only takes a few minutes (Yildirim ez
al., 2025).

An additional advantage of pink-beam operation may be to
alleviate problems with dynamical diffraction—similar to
work in electron backscatter diffraction (Winkelmann &
Nolze, 2010) and pulsed electron microscopy. This is poten-
tially an important argument for the use of pDFXM but is
outside the scope of this work.

Regarding chromatic aberration, we find DFXM to be very
different from bright-field microscopy. The fact that the
sample effectively acts as a monochromator implies that for a
perfect crystal, which will never be the case in reality, and for a
near-parallel incident beam there is no aberration. This is of
interest for magnified topography studies, e.g. inspection of
rare defects in large single crystals. The introduction of a
condenser, which is indispensable for many DFXM studies,
leads to an anisotropic broadening, which still can be modeled
for perfect crystals. For imperfect crystals, in particular plas-
tically deformed ones, it will however be difficult to include
the effects of aberration in forward modeling as it is not only
strongly sample dependent but also dependent on the degree
of mosaic spread within the individual voxel. For operation we
propose to compare pDFXM and normal DFXM images
directly to learn if the aberration is of concern.
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In conventional monochromatic DFXM, the ¢ motor—
or alternatively a base tilt u—is used to map dislocations
because of the high resolution in the rocking direction that
provides good weak-beam conditions. In the case of the pink
line beam illumination, one needs to increase the range of the
rocking scan to reach the same intensity contrast as the
monochromatic case. Nevertheless, as demonstrated in Fig. 8,
the use of a pink beam ensures enough contrast in the weak-
beam region for a clear detection of dislocations.

Imaging at fourth-generation synchrotrons causes signifi-
cant sample heating, which is intensified in pink-beam
operation. Our measurements on an aluminium sample (Fig.
9) show that the steady-state temperature can reach several
hundred degrees, that equilibration times are on the order of
5-10 min and that cooling during shutter-closed intervals
~10 °C s~ ") can introduce transient thermal stresses that shift
diffraction angles. As a result, measurements can depend on
the total scan duration, motor speeds between frames and idle
time with the shutter closed. Monitoring the sample
temperature via a thermocouple or infrared camera, as well as
tracking angular shifts of a Bragg reflection during a preli-
minary rocking scan, are practical strategies for characterizing
and mitigating these effects.

Throughout this paper, we have assumed the use of CRL-
based optics. Multilayer Laue lenses, MLLs, are an interesting
alternative, due to the significantly larger NA, up to 0.016 for
20 keV operation (Braun et al, 2013; Bajt et al, 2017,
Chapman et al., 2021). At the same time, manufacturing errors
can be reduced, implying that spatial resolution can be greatly
improved in relation to CRL operation. For classical tomo-
graphy, in bright-field mode, focal spots as small as 2.9 x
2.8 nm® have been demonstrated at a photon energy of
17.5 keV (Dresselhaus et al., 2024). Two crosslinked MLLs
may be used as an objective for DFXM (Murray et al., 2019;
Kutsal et al., 2019). The specifics of both monochromatic- and
pink-beam properties of a DFXM instrument with such an
objective are highly interesting but have yet to be derived
theoretically. However, a basic understanding can be obtained
from the equations derived here from the CRL case, simply by
inserting the larger NA of the MLL. As an example, for the
reciprocal space resolution function the o, terms become
dominant in the monochromatic-beam version of equations
(8), (9) and (10), while the pink beam will be characterized by
the fact that nearly the entire energy spread can be trans-
mitted through the lens.

8. Conclusion

This work provides a rigorous framework for understanding
and optimizing pDFXM. The central result is that the trade-
offs introduced by the broader energy bandwidth are not
uniform. They depend strongly on the illumination geometry,
the sample perfection and the scientific question being asked.
This makes informed experimental design essential for
pDFXM users.

The tenfold degradation in angular resolution along the
rocking and axial strain directions is an unavoidable conse-

quence of the ~100x broader bandwidth, ruling out high-
resolution strain mapping but enabling efficient integration
over broad orientation spreads in a single exposure. This is
precisely the regime where monochromatic DFXM struggles
most: heavily deformed grains, weakly diffracting crystals and
time-resolved studies where speed matters more than strain
sensitivity.

Perhaps the most surprising finding concerns chromatic
aberration. Unlike bright-field X-ray microscopy, where
aberration is a property of the optics alone, in dark-field mode
the sample itself acts as a monochromator. For a perfect
crystal under parallel (box beam) illumination, chromatic
aberration is absent, even with a 1% energy bandwidth.
Aberration only becomes significant when both a broad
bandwidth and angular spread are present in the diffracted
beam, either from the use of a condenser or from mosaic
spread in deformed crystals. This has immediate practical
consequences: box beam pDFXM of weakly deformed
samples is essentially aberration free, while line beam opera-
tion on plastically deformed crystals introduces spatially
varying blur that complicates forward modeling. For the latter
case, direct comparison with monochromatic images remains
the most reliable diagnostic.

Weak-beam imaging of dislocations remains feasible under
pink-beam operation, with the HWHM of the rocking curve
providing adequate contrast; the ‘80%’ rule from monochro-
matic DFXM does not apply. The higher flux can yield
improved signal-to-noise ratios for dislocation detection, at
the cost of spatial resolution.

Beam heating is a practical concern that must not be
overlooked. At 17 keV, unattenuated pink-beam illumination
can raise the temperature of metallic samples by several
hundred degrees, with equilibration times of 5-10 min and fast
cooling transients during shutter-closed intervals. However,
this challenge is not insurmountable. Attenuation preserves a
significant flux advantage over monochromatic operation, and
the use of box beam illumination, which avoids the condenser
and distributes the thermal load over a larger area, naturally
mitigates both heating and chromatic aberration simulta-
neously. Most promisingly, increasing the photon energy
dramatically reduces absorption and hence heating. The
ongoing transition from beryllium to diamond compound
refractive lenses (Staeck er al., 2026) will support routine
operation at higher energies (35-40 keV), opening the door to
pDFXM studies of thicker, denser and more radiation-sensi-
tive materials.

Looking ahead, the combination of pink beams with
magnified topotomography (Shukla et al., 2025) is particularly
exciting. Box beam pDFXM is inherently compatible with
tomographic acquisition, and the high flux enables sub-second
frame rates even at reduced ring currents. This makes true 4D
imaging, 3D mapping with time resolution on the scale of
seconds, a realistic prospect for studying grain growth,
recrystallization kinetics and phase transformations in situ.
Beyond synchrotron sources, the formalism developed here
applies equally to X-ray free-electron lasers (XFELs), where
the self-amplified spontaneous emission process produces
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intrinsically polychromatic pulses with € ~ 1073, intermediate
between the monochromatic- and pink-beam cases. The
femtosecond pulse duration of XFELs could ultimately enable
single-shot pDFXM, pushing time-resolved diffraction
imaging into entirely new regimes.
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