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X-ray diffraction (XRD) is a powerful method for the
determination of the preferred orientation of crystallites
(crystallographic texture). It relies on the sensitivity of the
occurrence of X-ray reflections to the orientation of crystallo-
graphic planes. Crystallographic texture has a strong influ-
ence on the properties of materials[1] and is also intimately
linked with crystallization processes and reveals rare insights
into crystal growth.[2]

The development of large and sensitive X-ray area
detectors has led to convenient measurement methods to
simultaneously collect reflections at different angles and
acquire 2D information. Nevertheless, this method lacks
information about the third dimension. 3D information is
achieved by sample rotation in the beam, which is feasible for
small and homogeneous samples. In samples larger than the
beam, the irradiated volume changes during rotation and
different structural features contribute to the signal, thus

smearing the result. Under special conditions, X-ray diffrac-
tion can be exploited for tomographic determination of
crystal orientation, as recently achieved for bone with small-
angle X-ray scattering (SAXS)[3] or for teeth with XRD.[4]

Tomographic methods, however, require rotation, consider-
able computing effort, and reach their limits in the case of
very complex structures.

As a consequence of the sensitivity of the diffraction
conditions to both crystallite orientation and incident energy,
the diffraction of a white beam probes different crystal planes
in the irradiated sample spot simultaneously. This approach is
known as Laue diffraction, the oldest technique of single-
crystal XRD,[5] and has gained new momentum with the
advent of high brilliance white synchrotron microbeams.[6] It
can be used for polycrystalline materials, as long as the beam
size is sufficiently small to irradiate only a few grains so as to
identify individual diffraction spots.[7] Depth-profiling is also
possible with 3D XRD approaches such as differential-
aperture X-ray microscopy,[1b] which requires time-consuming
aperture scanning. Once the crystallite size falls much below
the achievable beam size, such as in nanocrystalline materials,
reflections from different crystallite orientations overlap and
smear the scattering pattern—unless the different reflections
can be separated by their respective energy. Attempts have
been made in the past using energy-dispersive point detectors
for texture measurement.[8] A technological leap forward was
the development of an energy-dispersive area detector (X-ray
color camera, pnCCD)[8, 9] which, in principle, allows energy-
dispersive Laue diffraction (EDLD). Despite it being a very
small detector, it was successfully used, for example, for XRD
of twinned lysozyme crystals[10] , strain measurements in a Cu
single crystal,[11] and the indexing of a GaAs single crystal with
hard X-rays[12] , where the experiment required only a small
angular coverage of reciprocal space.

Here we report on the first EDLD texture measurements
using an energy-dispersive pnCCD camera (SLcam) and
exploiting a wide range of scattering angles (i.e. a large
portion of reciprocal space) as well as a reconstruction
algorithm for 3D representation without a priori knowledge.
The conventional 2D information available from area detec-
tors is complemented by an energy spectrum recorded in each
pixel, thus effectively using the energy to access the missing
third dimension. 3D information can be acquired in a single
shot, without sample rotation, and at a spatial resolution only
limited by the beam size at a given sample thickness. The
accessible 3D information is, however, limited by the usable
energy window and accessible scattering angles. Therefore,
the method is of particular value for experiments where full
sample rotation is unsuitable—because of the complexity of
the sample, for rapid 2D texture mapping, for following fast
in situ processes, or for setups that do not allow rotation. The
measurement scheme is depicted in Figure 1.

We used carbon fibers for a proof of principle: they can be
prepared in a controlled orientation and exhibit a well-known
fiber texture. Single carbon fibers can be visualized as
consisting of graphene layers stacked at regular intervals to
form graphite (Figure 2a), with the layers mainly parallel to
the longitudinal axis and rotated randomly about it.[13] In
reciprocal space, every set of stacked graphene layers will
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yield one Bragg reflection from the graphite (002) planes,
which is represented by a diffraction spot. Assuming perfect
fiber texture, the spots will smear out to a ring perpendicular
to the fiber axis. The same consideration holds for two or
more fibers in different orientations (Figure 2b). If the fibers
are tilted, the (002) rings are also tilted in reciprocal space
(Figure 2c). Performing an XRD experiment is equivalent to
intersecting the reflection rings with a sphere of radius k =

2p/l (Ewald sphere), where k is the wavenumber and l the
wavelength of the incident X-rays. Multiple photon energies
correspond to multiple wavelengths (E = hc/l ; h is the Planck
constant and c the speed of light) and are represented by
multiple spheres with different radii (Figure 2c). For lower
energies, the radius k decreases, that is, the curvature
increases and the points of intersection shift along the
reflection ring, thus yielding 3D information (Figure 2d).

In monochromatic XRD, the curvature of the Ewald
sphere can be used to gain limited 3D information, as used for
some biological applications.[14] Real 3D information on an
unknown texture, however, requires a wide range of energies.
As a result of the pronounced curvature of the Ewald sphere
at low energies, the low energy part of the spectrum
contributes considerably to the 3D information and, accord-

ing to the Bragg equation l = 2d*sinV, is associated with large
diffraction angles 2 V at a given crystal-lattice spacing d.

One stringent requirement for the experiment is that
a wide range of scattering angles must be covered. By using
a very compact setup and detector rotation, we achieved 2V

values up to 4088, which proved sufficient for useful texture
information. Diffraction images from carbon fibers were
obtained by irradiation with a 40x40 mm2 white beam from
a bending magnet (XMaS, ESRF) and recorded by the
energy-dispersive SLcam, where each pixel comprises an
energy spectrum (Figure 3 a). A Python program was used to
obtain diffraction image stacks of different energies (Fig-
ure 3b). Considering the position of the diffracted intensity
on the azimuth c and the dependent scattering angle 2V, the
image stack can be transformed into 3D images (Figure 3c)
and a pole figure can immediately be derived (Figure 3d).

The 3D diffraction image (Figure 3c) and the pole figure
(Figure 3d) clearly show two inclined rings with an area of
higher intensity where they intersect (Figure 3 e). As these
correspond to the (002) reflection of graphite in carbon fibers,
the orientation of the carbon fiber in real space (Figure 3 f)
can be immediately seen. In monochromatic X-ray diffrac-
tion, only one individual image of Figure 3b would be
obtained and the different orientations could not be
extracted. Further examples are found in the Supporting
Information.

The white spectrum of the incident X-rays also results in
fluorescence being excited in the sample. This can, on the one
hand, be regarded as an asset, since it gives immediate
information on the elemental composition. On the other
hand, fluorescence radiation is often stronger than the
diffraction signal, thus making certain energies of the
spectrum unusable for evaluation. As a consequence of the
narrow width of the fluorescence signal and the good energy
resolution of the detector (150 eV), this effect was limited in
our experiment. It could become more severe when many
elements with strong fluorescence signals close to each other
and within the used energy range are present.

The most important limitation is given by the available
energy window (here ca. 4.5–40 keV) and the corresponding
scattering angles, which depend on the sample structure.
Different ranges of scattering angles will occur for different
reflections (different d-spacings). For example, for the graph-
ite (002) reflection (d-spacing of d002 = 0.335 nm), the above
energy range translates into scattering angles 2V from 5 to
4788. Our setup covered measured angles 2 V from 5 to 4088 and
was, therefore, well-adapted to the sample system. In the pole
figures we correspondingly covered a latitude range from 2.5
to 2088. It should be noted that any signal falling exclusively
into the white spots in the pole figure will not be detected. For
example, carbon fibers oriented parallel to the beam will give
no detectable signal, because the reflection ring will lie in the
white region at the equator of the pole figure. Blind spots can
be largely avoided in texture measurements with full sample
rotation, but still occur around the rotation axis. They can be
covered by rotation about a second axis. To be meaningful,
this requires sufficient homogeneity of the sample and
a suitable experimental setup. These conditions are fre-
quently not fulfilled.

Figure 1. Energy-dispersive Laue diffraction for texture measurements.
A crystalline sample slice with locally varying crystallite orientation
(here: crystalline fibers) is scanned with a narrow white X-ray beam
(visualized by a different X-ray “colors”). Diffraction patterns are
recorded with an energy-dispersive area detector, and 3D orientation
information at every pixel is immediately available from the stack of
energy-dispersive diffraction images. The detector was also rotated to
cover a wide range of scattering angles. The x- and y-axis are the
coordinates of the sample slice. The third dimension in the resulting
orientation map (right) is derived from the X-ray photon energy.

Figure 2. Diffraction from carbon fibers. a) Model of the fiber texture
from rotational averaging of all crystallite orientations. b) Two inclined
fibers in real space sticking out of the sample plane. c) The (002)
reflection rings of graphite in reciprocal space and their intersection
with Ewald spheres at different energies: 10 (blue), 5 (green), 4 keV
(red). d) Simulated scattering patterns from two inclined fibers as
shown in (b) at different energies.
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Since our approach also yields direct 3D information in
a nonrotational setup, it is particularly suited for texture
scanning of hierarchically structured, complex materials and
can also be used effectively to clarify unknown textures within
the limitations described above. Biomineralized tissues, such
as bone, teeth or crustacean cuticle, are known to exhibit
intricate patterns of crystallite orientation.[4, 15]

The cuticle of American lobster (Homarus americanus)
consists of layers of helicoidally arranged chitin fibers (Fig-
ure 4a) mineralized mainly with amorphous calcium carbon-
ate. Crystalline calcite is reported to occur in the exocuticle,
with the crystal c-axis oriented roughly perpendicular to the
chitin layer.[16] Since the calcite (104) reflection occurs at an
angle of about 4588 versus the c-axis, a fiber texture would yield
a ring in reciprocal space (Figure 4b). EDLD texture
measurements were performed on 10 mm thick slices of the
tail cuticle. The 3D diffraction representation (Figure 4c)
shows fractions of a (104) ring, consistent with a c-axis
orientation slightly tilted versus the layer normal.[15] The
spotty signal instead of a smooth ring indicates large crystals
with a preferred orientation rather than small crystallites with
fiber texture (Figure 4 d). The measurement of additional
points in the lobster endocuticle yielded Ca fluorescence, but
no crystalline calcite. This is compatible with the literature,
where amorphous CaCO3 was reported for the endocuticle.[16]

We have shown that EDLD texture measurements are
a unique 3D analysis tool that yields “one-shot” pole figures,
with a spatial resolution limited only by the beam size at
a given sample thickness. In our experiment, acquisition times
were still several minutes per position, but this can be
shortened considerably by beam focusing and, preferably,
a faster detector read-out. The advent of bright laboratory
sources makes this setup also feasible in a laboratory setting.

A further extended range of
diffraction angles will yield
a larger portion of reciprocal
space. This could be achieved
by larger and preferably bent
detector chips to limit parallax.
The energy-dispersive/multiwa-
velength approach gives simul-
taneous diffraction and X-ray
fluorescence signals in the
SLcam (fluorescence lines in
Figure 2a), thereby delivering
structural and element informa-
tion at the same time. The
greatest advantage of this new
method is the 3D information
inherently available within the
used energy window, at good
time and spatial resolution. It is
suitable for fast sample map-
ping and makes the study of
correlated effects, for example,
crystallization and strain devel-
opment, conceivable. As such,
it has the potential to effec-
tively replace a considerable

fraction of both traditional Laue diffraction and monochro-
matic diffraction, and become an important tool in applied
chemistry and materials science.

Figure 3. Data processing. a) Energy spectrum in one SLcam pixel. b) Scattering image stack: energy from
1 to 40 keV. The white spot in the center is the beamstop. c) 3D diffraction image. The longitude is given
by the azimuth c and the latitude by the half diffraction angle V. The white stripe at the equator
corresponds to diffraction angles blocked by the beamstop. The maximum latitude is given by the
maximum diffraction angle. d) Projection of the 3D image in a pole figure. e) 3D texture in reciprocal
space: crossed rings of (002) reflections. f) Carbon fiber orientation in real space.

Figure 4. Texture of lobster cuticle. a) Micrograph of a thin section of
lobster cuticle, showing the lamellar structure of the exoskeleton. The
investigated region is marked with a white rectangle. Scale bar: 20 mm.
b) Model of chitin layers and calcite crystallites. If the (104) reflection
exhibits a fiber texture, it will be smeared into a ring perpendicular to
the c-axis. The calcite crystallites are drawn here as randomly shaped
particles, because the method is not supposed to give information on
crystallite morphology. c) Experimental 3D diffraction of calcite (104).
Dashed lines correspond to likely orientations of the diffraction rings.
d) Orientation of (104) diffraction rings measured in (c). The yellow
fractions of the ring correspond to visible portions within the exper-
imental limits.
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Experimental Section
The experiments were performed at the UK CRG beamline XMaS,
BM28 at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. A white X-ray beam from a bending magnet was
shaped by a slit collimation system to a final size of 40 X 40 mm2. The
scattered radiation was recorded in a transmission setup with an
energy-dispersive 2D detector (SLcam) mounted on a 6-circle Huber
diffractometer. The detector was scanned in a 4 X 4 array to cover
a larger angular space. The data were processed in home-written
Python programs. Background subtraction was carried out by
exploiting the energy spectrum in every pixel of the detector. A q-
region without a Bragg reflection was used and the intensity of the
background signal was normalized to that of the sample. Although
being a phenomenological approach, it worked very well for our
samples with little amorphous background and sufficient trans-
mission. The transmission factor at the lowest energy (4.5 keV) was
0.69 and 0.94 for lobster cuticle and carbon fibers, respectively.
Further details can be found in the Supporting Information.
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