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Abstract. Polychromatic x-ray micro- and nano-beam diffraction is an emerging nondestructive tool for the study of local
crystalline structure and defect distributions. Both long-standing fundamental materials science issues, and
technologically important questions about specific materials systems can be uniquely addressed. Spatial resolution is
determined by the beam size at the sample and by a knife-edge technique called differential aperture microscopy that
decodes the origin of scattering from along the penetrating x-ray beam. First-generation instrumentation on station 34-1D-
E at the Advanced Photon Source (APS) allows for nondestructive automated recovery of the three-dimensional (3D)
local crystal phase and orientation. Also recovered are the local elastic-strain and the dislocation tensor distributions.
New instrumentation now under development will further extend the applications of polychromatic microdiffraction and
will revolutionize materials characterization.
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INTRODUCTION AND THEORY

Polychromatic microdiffraction[1] is a rapidly emerging approach to the study of mesoscale materials structure
and defect distributions. This approach uses the oldest x-ray diffraction method, Laue diffraction[2], to
nondestructively determine local distributions of crystal structure, orientation, elastic deviatoric strain, and
dislocation tensors. This information can be mapped with submicron 3D resolution because the diffraction
information is determined without the complication of sample rotations. Although the science possible with the
world’s only 3D X-ray crystal microscope (station 34-ID-E at the APS) is already compelling[3], new
instrumentation and technical developments will enable important new applications and will vastly accelerate data
collection, analysis and interpretation. In this paper, we briefly survey the current state of the art with respect to
instrumentation and science, discuss new instrumentation currently under construction, and speculate on future
directions for polychromatic microdiffraction.

Why Use Polychromatic Beams?

The principle motivation for polychromatic microdiffraction is the ability to characterize crystal structure without
sample rotations. Max Von Laue first proposed that X-rays could be used to study the atomic structural of materials
in 1912. For his work Laue was awarded the Nobel prize in 1914, just 2 years later[2]. As envisioned by Laue, when
a collimated polychromatic beam of x-rays impinges on a crystalline lattice, the real-space lattice efficiently reflects
x-rays when the scattering from individual atoms constructively interfere at special wavelengths. The wavelengths
for constructive interference depend on the lattice and its orientation to the incident beam. This condition is now
called the Bragg condition and is conveniently represented by a “so called” Ewald Sphere diagram[4] (Fig. 1).

An Ewald sphere diagram generalized for multiple wavelengths is illustrated in Fig. 1. The real-space crystal
lattice has associated with it a reciprocal-space lattice that orients with the real space lattice. For a given wavelength
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(for example the green sphere) the Ewald Sphere indicates the possible momentum transfers for elastic scattering. If
the Ewald sphere intercepts one of the reciprocal space lattice points, then a Bragg (or Laue) reflection occurs. With
monochromatic diffraction the orientation of the sample is adjusted to pass reciprocal lattice points through the
Ewald Sphere. With Laue diffraction a broad bandpass beam is directed at the sample. As shown in Fig. 1, a broad-
bandpass beam ensures that a volume of reciprocal space is sampled without sample rotations. Any lattice point
between the maximum and minimum Ewald spere surfaces is efficiently diffracted. This makes it relatively
straightforward to determine the local crystal structure and sample orientation.
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FIGURE 2. Three ways to keep the exit beam
coincident with a polychromatic beam: a. Heat one
crystal to compensate for the small angular divergence
of the straight-through and monochromatized beams; b.
a four-crystal monochromator; c. compensate for the
slight angular divergence with an upstream pair of
mirrors.

FIGURE 1. Ewald spheres for high energy (large diameter)
and low energy (small diameter) limits of a polychromatic x-
ray beam. Reciprocal lattice points which lie within the volume
defined by the low and high energy limits represent Laue spots
(Bragg reflections) excited by the incident beam.

The number of reciprocal space points, n,, that can be detected, depends on the unit cell size ay, the symmetry of
the unit cell, the solid angle subtended by the area detector, Q, the characteristic wavelength, A, of the x-ray beam
and the bandpass of the radiation AL [5]. For a FCC alloy with the detector centered at 90 degrees to the incident
beam, the approximate number of reflections from a crystal is,

o a3 (Mj 0
r— 3 }v
42

For a simple FCC metal with a,~3.5A, with A~0.8 A, with AA/A~ 0.4 and with a detector solid angle of ~1
steradians we expect about 8 reflections. More reflections are detected for larger unit cell size, higher x-ray energy,
broader bandpass, or larger solid angle.

Formally a Laue pattern is made up of radial line integrals through reciprocal space weighted by the spectral
distribution of the incident beam and the structure factor of the sample volume [6]. This description of Laue
diffraction is only realized in the ideal case where the x-ray beam impinges on a large single crystal. In real
materials, x-ray beams penetrate through regions with inhomogeneous crystalline structure. Straightforward Laue
diffraction from real materials therefore is typically hard to interpret as it contains the overlapping Laue patterns
from thousands of volumes with different crystalline phase, orientation or strain.

The problem of overlapping Laue patterns is greatly improved by the use of small x-ray beams; small beams
restrict the lateral dimensions of the region probed and hence the number of crystal volumes sampled by the beam.
However, x-ray beams penetrate microns to millimeters through materials. For fine-grained low-Z materials this
means that the penetrating x-ray beam intercepts tens to thousands of grains. The signal from diffracting volumes
along the penetrating beam can be disentangled by a technique called differential aperture microscopy [7].

Differential Aperture Microscopy

Differential aperture microscopy [7] is a knife-edge technique that disentangles the Laue patterns generated along
the path of the incident beam. In the differential aperture technique, a smooth high-Z wire is passed near the surface
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of the sample. For each step of the wire, a “differential” Laue pattern is determined by subtracting the pattern before
the step from the pattern after the step. Intensity in the differential pattern arises primarily from rays passing near the
leading and trailing edge of the wire. Some rays passing near the leading edge of the wire are occluded after the step
but not before the step. Some rays passing near the trailing edge of the wire are occluded before the step but not after
the step. The intensity in each detector pixel is fit as a function of wire position to find intensity variations that
indicate the changes in the transmission between the sample and the detector. Once a change is identified, the
intensity can be assigned to a source point along the incident beam by ray tracing. By following this procedure, the
single-crystal-like Laue patterns from each subvolume along the beam can be reconstructed. Because the distance
from the sample to the wire is small compared to the distance from the wire to the detector, typical spatial resolution
along the wire is submicron even though the CCD pixel size is on the order of 25 microns.[7]

PRACTICAL CONSIDERATIONS FOR A 3D POLYCHROMATIC MICROSCOPE

Station 34-I1D-E at the Advanced Photon Source is the first polychromatic microdiffraction facility dedicated to
3D microscopy using differential aperture microscopy. The integrated instrument has been dubbed the 3D X-ray
Crystal Microscopy. The key elements of the microscope include, the x-ray source, the nondispersive
monochromator [8], the nondispersive Kirkpatrick-Baez total-external-reflection focusing optics [9-11], a precision
sample stage, an efficient x-ray sensitive area detector, and advanced software for collecting Laue data and
interpreting the patterns [1]. We briefly describe these key elements.

Source (Bend Magnet, Wiggler and Undulator Sources)

Station 34-ID-E utilizes an undulator source, although other polychromatic microdiffraction stations exist on
bend magnet sources. The figure-of-merit for microLaue measurements is the integrated source brilliance over an ~
20-40% bandpass. Intrinsically, the peak brilliance of undulator sources is about four orders of magnitude greater
than for bend magnet sources. Even the wavelength-integrated brilliance of a type A APS undulator is about 2 orders
of magnitude greater than for an APS bend magnet.

Although undulator sources have ultra-high peak brilliance and high average brilliance, spectral peaks,
complicate measurements. In particular, small beam motions change the spectral distribution of the beam. These
changes complicate measurements of intensity changes during differential aperture microscopy. Large differences in
x-ray flux as a function of wavelength also lead to large differences in the intensities of the Laue reflections, which
challenges the CCD dynamic range. To reduce these complications, the beam is intentionally steered off axis, which
broadens the spectral distribution but nearly conserves the integrated flux in the beam. In addition, a dedicated
feedback loop has been installed by the APS to stabilize the beam into the 34-1D beamline.

Monochromator

Although a Laue pattern can quickly determine a number of parameters related to local crystallography, it cannot
measure the volume of the unit cell; in order to determine the full strain tensor, the energy of at least one reflection
must be determined [1,12]. This information is also useful for determining unknown phases. At 34-1D-E the beam is
monochromated using a specially designed microbeam monochromator with a small (~1 mm) displacement. The 34-
ID-E monochromator uses a two-crystal design, which allows for smooth and reproducible energy scans. However,
because of the beam displacement, there is a small angular difference between the incident beam used for the
monochromatic beam and the incident beam used for the polychromatic beam. This difference is corrected by
heating the second crystal to adjust the d spacing and Bragg angle (Fig. 2a).

Another nondispersive-monochromator solution is with a four-crystal design as illustrated in Fig. 2b. This design
is used by the Advanced Light Source (ALS) microdiffraction beamline 7.3.3 [12]. More recently, the Very
Sensitive Probe of Elements and Structure (VESPERS) beamline under construction for the Canadian Light Source
has adopted a technique that maintains the simplicity and throughput of the two-crystal approach while avoiding
complications introduced with different crystal temperatures. In the VESPERS design two beams, one 0.5 mm
below the beam axis and one 0.5 mm above the beam axis are used for the polychromatic and monochromatic
options. Different mirrors deflect the two beams at slightly different angles to compensate for the 1 mm offset
between the two beams (Fig 2c). These mirrors are also used to focus the beams on an adjustable aperture which
allows for simple control of the beam size and flux.
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Nondispersive focusing optics

Kirkpatrick-Baez total external reflection mirrors are used to nondispersively focus the polychromatic beam to a
submicron spot. High-performance mirrors have been reported based on three distinct approaches: (1) bending of
superpolished flat mirrors, [13-15] (2) differential polishing [16] and (3) differential deposition/ differential profile
coating [17]. Rapid progress in this area has been reported using all three techniques and mirrors capable of focusing
beams to less than 30 nm have been reported. On beamline 34-1D, mirrors made by differential profiling are
routinely used. These mirrors have proved to be quite stable and routinely supply beams with less than 500 nm spot
size. Beams as small as 70 nm have been delivered under extraordinary conditions [11].

Detectors

The x-ray sensitive area detector is a critical component of polychromatic microdiffraction with requirements
considerably different than for protein crystallography and other area-detector intensive techniques. For example, the
number of pixels directly correlates into the angular resolution of the detector at a given solid angle. Good spatial
resolution is needed to measure peak positions accurately and large solid angles are required to maximize the
number of reflections collected and to maximize the angular differences between the reflections. Linearity of the
pixel spacing is critical to measurements of elastic strain where errors of 10™ are significant. Variations in pixel
sensitivity must also be small to allow for interpolation of peak positions and to allow absolute measurements of
integrated intensities. Finally, large dynamic range, fast readout and low point spread functions are all desirable for
an ideal detector. For example on 34-ID-E, measurements can be collected in 10 to 100 msec, while our current
detector takes ~3-8 seconds to readout.

SOME APPLICATIONS

Good real-space resolution changes everything and opens up countless exciting experimental applications. In
particular, x-ray microbeams bridge the gap between their atomic-scale reciprocal-space sensitivity to crystal
structure, and their real-space sensitivity to mesoscale (0.1-10 um) structures. This allows scientists to address key
questions of the atomic-scale basis for such familiar emergent behavior as grain growth, deformation and cracking.
Polychromatic microbeams have already been deployed to study these and other questions. For example,
polychromatic microdiffraction is being used to study grain growth in thin films [18,19] and in 3D [20]. In thin
films, the effects of processing conditions, substrate crystallography and/or surface morphology can all be studied.
For example, pendeoepitaxial growth of GaN can be studied to quantitatively characterize the number and
distribution of defects arising from various processing conditions (Fig. 3a and 3b). Similarly, percolation in high-
temperature superconducting polycrystalline films can be determined and related to the growth conditions of the
films and the original texture of the substrate (Fig. 4).
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FIGURE 3. (a). Thin GaN film is stress relieved by
etching trenches through film and SiC substrate. GaN is
overgrown to cover sample. Diffraction maps (b) near a
SiC peak and a GaN peak show changes in film
orientiation due to position on the underlying SiC
pedestal.

FIGURE 4. The orientation of the superconducting film (left
image) can be directly compared to the orientation of the
underlying Ni substrate (right image). This allows the eventual
electrical percolation to be understood in terms of the starting
substrate texture.
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Ultra-Small Beams

The increasing importance of nanomaterials requires ultra-small probes of materials properties with spatial
resolution to resolve individual nanoparticles or to resolve nanoscale volumes in larger samples. For polychromatic
radiation, total-external-reflection Kirkpatrick Baez optics have an intrinsic limit of around 30 nm in spot size which
is being approached with ever more perfect optics. We have recently demonstrated beams as small as 70 nm using
profile coated optics [11] and have measured beams around 80 nm for polychromatic radiation(Fig. 5). There are
currently several strategies emerging to produce even smaller beams. For example, Wolter optics can collect ~4
times larger solid angles. which can theoretically produce beam sizes below 8 nm. Similarly, multilayer optics work
at larger grazing incidence angles that similarly allows for beams less than 8 nm. However, Wolter optics are
challenging to manufacture for hard x-rays and multilayer optics have reduced bandpass that limits some
polychromatic microdiffraction applications. A possible alternative approach-with its own complications- is to use
matched pairs of elliptical mirrors to increase the divergence collected in each plane. As illustrated in Fig. 6a if two
mirror elliptical surfaces focus to the same image plane, the effective divergence is 4 times larger than is practical
for a single mirror. This means that the FWHM of the central beam has a theoretical diffraction limit 4x smaller than
with a single elliptical mirror (8 nm). However, because the divergence is not uniform, there will be significant
intensity in the region near the central peak (Fig. 6¢). We note, that this strategy can be used to resolve very small
volumes and the divergence can be further increased with additional reflections (Fig. 6b). The complication of
additional maxima can be addressed with deconvolution methods, but is an obvious drawback.
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FIGURE 6. (top) Multiple mirrors can be used to increase the
divergence in each plane. This reduces the ultimate diffraction
limit but leads to structure in the focal plane intensity
distribution 6 (bottom).

FIGURE 5. Beams below 30 nm have been reported for
KB mirrors, and we have recently focused polychromatic
beams to less than 80 nm.

Diffuse Scattering From Polycrystalline Samples

One potentially exciting application of the instrumentation developed for polychromatic microdiffraction is the
study of defects through diffuse scattering. Diffuse x-ray scattering is a powerful tool for determining defects in
single crystals with a long history of contributing to our understanding of materials properties. However, best
measurements are made on good single-crystal samples that are hard to obtain and as discussed below may even be
dangerous. Small polycrystalline sample are however plentiful and easy to prepare for investigations by x-ray
microbeams. Because the sample does not need to rotate, thin film samples with grains as small as 10 to 20 um are
sufficient to ensure that the diffraction signal is from a single crystal. This opens up the field of diffuse scattering to
a range of samples that would be hard to prepare and invites scientists to address questions that were previously
difficult or impossible to answer. For example, we have recently proposed studies of radiation damage in large-
grained polycrystalline thin-film samples. Such samples can provide information about primary defects and about
factors that influence the survival of these defects. Of great importance is the fact that these samples can be some 5
to 7 orders of magnitude lower in activity than traditional single-crystal samples prepared with the same composition

and dose.
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Other science also possible includes measurements of local structural fluctuations and measurements of the
response of defects to various sinks. Already there have been preliminary measurements in these areas, but the
power of nondispersive optics to probe full reciprocal space volumes without changing the real-space sample
volume will make these measurements much more sensitive and straightforward.

Accelerated 3D Data Collection

Although 2D maps of thin films and high-density samples can be collected in a few hours, 3D volume maps by
differential aperture microscopy are extremely time consuming and virtually impossible for real-time measurements
of dynamics. Faster detectors and more advanced data collection can change this situation and efforts are underway
to procure 100 hz cameras and to develop new and faster methods of coding the beam position. With a 100 hz
camera, images can be collected at about 10-50 hz depending on the sample. This is about 20-500 times faster than
with our current detector. At this rate, even straightforward differential aperture microscopy can collect significant
volumes with ~500K voxels in 2-5 hours. If multiple apertures or backgammon techniques are employed, an
additional gain of about 10 can be expected so that volume information can be collected in about 10-30 minutes.
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