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a b s t r a c t

With a high-energy 3rd generation source like the Advanced Photon Source (APS), it is possible to push the
performance of polychromatic microdiffraction far beyond current levels and to approach the intrinsic
limit of the technique based on sample damage and the diffraction limit of X-rays. We describe ongoing
efforts to improve the spatial, temporal and momentum transfer resolution of polychromatic microd-
eywords:
icrobeam

aue diffraction
esoscale

iffraction on beamline 34-ID-E at the APS. The goal of this effort is to provide high-resolution images of
3D crystal structures over sufficient volumes and with sufficient detail to clarify the underlying physics of
inhomogeneous structure and evolution on mesoscopic length scales. The performance of a high-speed
amorphous Si area detector system and the ongoing development of advanced focusing optics will be
described and discussed in light of the ultimate limits set by the physics of X-rays and materials, and in
light of opportunities to field specialized insertion devices and optics for polychromatic microdiffraction.
tructure

-ray

. Introduction

Polychromatic microdiffraction is a powerful probe of local crys-
al structure made possible by ultra-brilliant X-ray sources, efficient
rea detectors and high-performance X-ray focusing optics [1–3].
eamlines using this approach are now in place at the Advanced
ight Source [4], Swiss Light Source [5], National Synchrotron Light
ource [6], Pohang Light Source [7], Canadian Light Source [8] and
dvanced Photon Source (APS) [3]. Other beamlines are planned for

he Australian Light Source [9], SOLEIL [10] and elsewhere. With the
asic technique, submicron X-ray beams with a broad energy spec-
rum are used to probe small sample volumes (Fig. 1). With depth
esolution, focused X-ray microbeams resolve heterogeneous sam-
les into near-homogeneous volumes for which the polychromatic
iffraction pattern determines the local crystallographic orienta-
ion, and the local elastic and plastic deformation [11]. Spatial
esolution along the probing beam direction can be achieved by

he use of differential aperture microscopy (Fig. 1), which allows
or true 3D submicron spatial resolution [12]. Currently only sta-
ion 34-ID-E at the APS has reported complete 3D capability with
ifferential aperture microscopy.
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The special requirements of polychromatic microdiffrac-
tion have led to the development of unique instrumentation
including non-dispersive X-ray microfocusing optics [13–16],
high-performance non-dispersive monochromators with absolute
wavelength calibration [17,18], a profiling wire technique [11],
and a specialized software [19–21]. In addition, specialized high-
performance X-ray detectors and dedicated data analysis hardware
extend the range of experiments that can be contemplated [22].

Because beamline 34-ID-E is on a high-energy 3rd generation
undulator source with ∼2 orders of magnitude higher integrated
brilliance than other polychromatic microbeam sources [22], and
because it is the only polychromatic probe with differential aper-
ture microscopy, it serves as a test bed for new techniques, and
offers insights into the ultimate capabilities that will be possible
with the next generation of X-ray sources. Indeed, the suite of novel
instrumentation on beamline 34-ID-E allows for a range of experi-
mental techniques that would be difficult on other instruments and
which promise even more advanced techniques in the future. These
include: (1) differential aperture microscopy (wire scan) studies to
determine 3D spatially resolved maps of the local elastic deviatoric
strain, crystallographic orientation and unpaired dislocation den-
sity and (2) combined energy/wire scans to measure the absolute
local strain tensor [23].
Although polychromatic microdiffraction is a very powerful
tool for nondestructive investigation of the evolution of mesoscale
structures, the technique is inherently a scanning point-probe
method that (as all scanning techniques) is relatively slow when

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:IceGE@ornl.gov
dx.doi.org/10.1016/j.msea.2009.06.001
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Fig. 1. A probing microbeam resolves submicron regions of the sample. Resolution
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long the beam is achieved using a profiling wire that scans through the diffraction
attern close to the sample. The wire shadow projected onto the detector is analyzed
y triangulation to calculate the Laue pattern generated by submicron volumes along
he beam.

ignificant volumes are analyzed. This problem can be reduced by
elding faster detectors and by the use of specialized insertion
evices and new sources. Indeed, upgrades to the current APS have
he potential to deliver an order of magnitude more intense beam
Fig. 2), and 4th generation sources offer even higher performance
pportunities.

Below we describe the status of new instrumentation on beam-
ine 34-ID-E and the implications for experimental measurements
n the near future. We further speculate on the ultimate perfor-

ance that will arise from the use of polychromatic microprobe
deas on 4th generation synchrotron sources including issues of
oherence, temporal resolution and damage.

. Spatial resolution

The smaller the focused beam spot size, the smaller the volume

robed and the higher the achievable resolution in all three dimen-
ions. Beamline 34-ID-E uses differentially profiled X-ray mirrors
13–15] to focus the beam to an ∼300 nm size (Fig. 3). This approach
as demonstrated beams as small as ∼80 nm [14], and the ulti-

ig. 2. (a) Brilliance of an undulator A on axis; (b) brilliance of undulator APS undu-
ator A off axis; (c) brilliance of ALS superbend; (d) brilliance of optimized upgrade
ndulator on APS.
Fig. 3. Typical focal spot size on 34-ID-E with Pt-coated microfocusing mirrors. The
mirror surfaces were deposited on flat Si substrates. The mirror performance was
stable for ∼6 months of normal operations but degraded after continuous exposure
to the direct beam required for continuous data acquisition with a faster detector.

mate spatial resolution of non-dispersive mirror focusing optics
as set by the diffraction limit of total-external-reflection mirrors
is ∼17 nm [16]. Yamauchi et al. have demonstrated doubly focused
beams of ∼24 nm from diffraction-limited total-external-reflection
KB optics [24] and singly focused beams from multilayers below
14 nm [25]. However, for a useable polychromatic microdiffrac-
tion device to approach this level of spatial resolution routinely,
positional stability must be maintained at the nm level between
the sample and the focusing optics and at submicroradian angular
level between the focusing optics and the beamline axis (Fig. 3).
Challenges include mirror figure stability, thermal drifts of compo-
nents and vibration contributions to misalignment. With existing
instrumentation nanometer stability is hard to maintain – although
experience at the nanoprobe beamline X25 of the APS is encourag-
ing [26].

Over the last year, there have been two research efforts on 34-
ID-E optics aimed at improving long-term and short-term beam
stability. One effort has been directed toward making the mirror
surfaces stable on at least a yearly time scale. The other effort has
been directed at minaturizing the mirror mounts and simplifying
the degrees of freedom to improve vibration and thermal stability.
Consider for example recent efforts lead by Chian Liu at Argonne to
develop more stable profile coated mirrors [27]. A guiding principle
on 34-ID-E has been the use of prefigured mirrors to eliminate the
complexity of dynamical bending systems and to provide for more
stable operations; prefigured mirrors including differentially pro-
filed mirrors should be inherently more stable than bent mirrors
because they can be lighter and because they are not as sensitive
to thermal gradients. However, with profiled mirrors, damage to
the mirrors during use and aging of the mirrors due to relaxation
of residual strains can limit the long-term stability of the reflecting
surfaces. We have observed serious local degradation of Au profiled
surfaces when the mirrors are exposed to intense un-apertured
beams. Similarly we have observed global changes in Au profiled
surfaces with time; mirrors with initially small surface figure errors
have been observed to deteriorate during use and even when on the
shelf. Major progress has been made recently to correct these issues.

This progress is reported in Ref. [27] and is based on the use of stiffer
(thicker) substrates, thinner coatings and Pt for profiling. Mirrors
coated with Pt showed no deterioration of their focusing properties
after ∼6 months of continuous operation. However, recent exposure
to continuous white beams has resulted in possible surface deterio-
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Fig. 4. Beam stability requires good registration between the sample stage and the
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ocusing optical stage. Both gradual long-term drifts and transient displacement are
ndesirable. With mirror optics the focal spot position is sensitive to very small
ngular errors.

ation. Further efforts to use thinner profile coatings on pre-shaped
urfaces are continuing.

On the short-term time scale mirror resolution is limited by
ibration of the sample and optical mount (Fig. 4) and by thermal
rifts of the components. In addition to the use of a massive optical
able, and a layered approach to temperature control, an emerging
trategy for improving beam stability on the sample is through

simplified alignment geometry that minimizes the degrees of
reedom at the sample. Consider for example the design of Fig. 5A

here two mirrors are aligned optically prior to use. With this
o-called Montel geometry, the key alignment step is to make the
irror surfaces perpendicular. This can be done by reflecting a laser

eam off the corner between the two mirrors. The beams reflecting
n opposite mirror order interfere and create a diffraction pattern
hat can be easily adjusted to 100 �rad. This orthogonality is suffi-
ient to focus a 100 �m beam to 10 nm. The beam can be centered
n the two mirrors either by the upstream adjustment of an over-

lluminated slit, or by actually adjusting the electron beam axis to
enter it on the surveyed mirror assembly. With this approach, only

wo rotational degrees of freedom are included in the mirror assem-
ly with the stage accurately mounted with precision-machined
arts to the beam axis. Although this approach requires careful
re-alignment, at least two translation stages are eliminated. This

ig. 5. (A) Nested mirrors are pre-aligned on a compact fixture using laser interference to
etween the mirrors. (B) The precision tilt stages require only a very small angular rang

ocusing system.
Engineering A 524 (2009) 3–9 5

approach reduces the complexity of the mirror stage and should
allow for a more robust instrument; in addition, because the system
is pre-aligned prior to use, only small angular adjustments are
needed at the mirror stage (Fig. 5B). A picture of a prototype mirror
assembly is shown in Fig. 6. We note that the Montel geometry
requires the use of the edge of at least one mirror. This is a technical
challenge since prepolished mirrors typically have roundoff errors
at the edges. However, recent experience has shown that small
mirrors can be cut from larger polished substrates with negligible
change in the local figure. This should allow for the fabrication
of precision mirrors with good figure and roughness near their
edges.

3. Data collection speed

On 34-ID-E, Laue images of annealed grains in polycrys-
talline materials take ∼1–20 ms of exposure, and images of highly
deformed materials typically take ∼100–500 ms of exposure. Unfor-
tunately, the readout speed of the 34-ID-E CCD has been ∼2–6 s
depending on compromises made in number of pixels recorded.
This has resulted in a data collection to sample exposure ratio of
between 4 and 6000. We have now installed a detector system
based on tiled amorphous Si detectors. This system will pro-
vide much faster ultimate readout capabilities of 12–15 fps with
6 megapixels and 25–30 fps with 1.5 megapixels (binned 2 × 2). In
addition to high readout speed, initial tests indicate that the detec-
tor exhibits much lower tails in the point-spread-function, much
reduced blooming and has much better absolute positioning of the
pixels for more accurate strain tensor measurements. For exam-
ple, the measured angular positions of Laue spots is at least four
times more accurate than with a previous CCD with 1:1 fiber opti-
cal coupling between the CCD and the phosphor screen. This gives
confidence that elastic strains can be measured to <5 × 10−5 in cases
where deformation is not extreme.
modules in place is shown in Fig. 7. Initial tests are underway to
collect data in a standard step scan mode at up to 4 fps. However,
step scanning is impractical for faster data collection due to the
settling time of the sample stage. As a result, slew scanning or “on

precisely set the relative roll, and with force or microscope alignment of the spacing
e due to pre-alignment of the optics. This should allow for an ultra-stable mirror
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Fig. 6. Prototype mirror assembly for nested mirror pair. All adjustments are manual
except for the mirror tilts.
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ig. 7. Newly installed area detector system with large format amorphous Si detec-
ors.

he fly scanning” is planned to approach the 15–30 fps readout limit
f the detector.

Of course the amorphous Si detector has drawbacks for certain
xperiments. Because it is not cooled, it has slightly higher noise
han a CCD and cannot collect data for long periods of time without

ultiple readout cycles. In addition the large pixel size complicates
ifferential aperture microscopy and requires the use of larger wires
o cut the beam. These complications are however acceptable due
o the much more efficient use of precious synchrotron radiation
eamtime (less wasted time in readout) and the ability to map more
olume elements with better strain resolution.

. Sample damage

Damage is an important ultimate limit that depends critically
n the nature of the sample, the total dose, the dose rate and the
eam wavelength. Intrinsically X-rays are the most sensitive non-
estructive probe of high Z trace elements in low Z substrates
28]. However, the large photoelectric cross-section/elastic scat-
ering cross-section of X-rays makes them more damaging than
lectrons and much more damage than neutrons for the same struc-
ural information. As a consequence, the ultimate limit for X-ray

tructural measurements for small samples is thought to be some-
hat less than for electron probes. However X-rays have a unique

ombination of source brilliance and penetrating power that makes
hem indispensable for structural studies of small subsurface, lay-
red and/or 3D objects. There are a number of strategies aimed
Fig. 8. Estimated thermal rise for an ∼1 �m X-ray beam with 1012 15 keV photons
incident on either a thin wire or a thin film. The sample is cooled with a thermal
sink approximately 0.5 mm from the beam.

at reducing damage. These include cryo-cooling, measurements
on small sample volumes, and flash measurements. Unfortunately
these approaches are in general not consistent with in situ nonde-
structive monitoring of mesoscale structural evolution.

Although there is a rich literature regarding damage in biologi-
cal samples, there is much less information on damage in oxides
and metals. In general, biological samples are found to damage
under even monochromatic beam measurements [29], although
measured temperature rises with monochromatic synchrotron illu-
mination are found to be small [30].

Nevertheless, estimates of polychromatic microbeam damage
have focused on thermal evolution in materials with the assump-
tion that structural materials are fundamentally radiation resistant
to X-radiation. The concern is that thermal excursions and ther-
mal gradients can deform or even melt the local structure. After all
it is well known that undulator beams from 3rd generation syn-
chrotrons can deliver higher thermal densities than the surface
of the sun. There is therefore considerable concern about thermal
excursions with focused polychromatic irradiation.

To illustrate the thermal behavior of various kinds of samples
we consider the response of thin film samples and wire samples
to a penetrating X-ray beam. The thin film sample can also serve
as a conservative approximation to the near-surface behavior of a
small penetrating beam into a bulk sample. The thermal rise in a
thin film can be estimated analytically by assuming that the total
beam power P0 is uniformly distributed in a circular cross-section
of radius, r1, and is cooled by a massive heat sink at radius r2. In
this approximation, the temperature rise �T depends primarily
on the total power in the beam, and the sample linear absorption
coefficient, �, and thermal conductivity, K, so that:

�T = P0

2��K

(
1
2

+ ln
(

r1

r2

))
(1)

From Eq. (1) it is clear that for thin films, the thermal rise is mainly

dependent on the material and the total power and is relatively
insensitive to the beam size or heat sink geometry. Similarly we can
estimate the thermal rise in a small wire illuminated by a beam of
cross-section r1 and cooled by a massive thermal sink at a distance
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r2 from the beam center:

T ≈ P0

��K

(
r2

r1
− 1

2

)
. (2)

ere the thermal rise is linear with r2 so that a long wire with say
1000× longer distance to the heat sink than the size of the beam
ill experience a much larger thermal rise than a similar thin film

or which the heat flow is radial and two-dimensional. The thermal
ise is also inversely proportional to the wire radius. Anticipated
emperature rises for realistic conditions are considered in Fig. 8.

e note that these curves can be scaled to total power to predict
he behavior of new high-performance synchrotron sources.

Of course thermal excursions are only a consideration for very
adiation-hard materials. Indeed lattice-displacement damage or
ond breaking is observed more often than reported because exper-

ments compromised by the damage either are modified to avoid
amage or discontinued. For example, Ice, McKee and co-workers
tudied the ferroelectric polarization in BaTiO3 film plateaus with

monochromatic microbeam circa 1996 in which they found
ajor electrical property changes in the irradiated plateaus [31].

ecently, Cargill [32] has found electrical property changes in
etal interconnects after exposure to polychromatic microbeams.

hese changes were attributed to defect creation in the passiva-
ion layers around the interconnects. Specht attempted structural

icrobeam measurements on surrogate explosive materials but
ound that they decomposed under polychromatic microbeam irra-
iation [33]. More recently Noyan and co-workers has observed
adiation damage in monochromatic nanobeam irradiated mate-
ials [34]. Figs. 9 and 10 show optical photomicrographs and
aue diffraction patterns respectively from EuAlO nanobelts which
xhibit changes in local optical properties and lattice perfection due
o radiation damage.

. Implications of polychromatic instrumentation for
oherence imaging

Laue diffraction records radial line integrals through reciprocal
pace. These line integrals can be differentiated along the radial
irection by inserting a monochromator and then scanning the X-
ay energy. As is well known, for very small objects, the focused

-ray beams from a polychromatic probe will scatter coherently

or every wavelength in the beam. As illustrated below, under
ome symmetry conditions even polychromatic diffraction can
how interference effects and consequently polychromatic meth-
ds hold promise for advanced coherent diffraction analysis of

ig. 9. Optical photomicrographs showing an ∼6 �m wide EuAlO nanobelt (A) before an
everal minutes.
Engineering A 524 (2009) 3–9 7

ultra-small objects. In all cases, scattering from very small parti-
cles will exhibit diffraction broadening that must be deconvoluted
from other contributions to spot size and shape. A major advantage
of Laue diffraction is the simultaneous scattering into distinct angu-
lar directions for crystalline particles of different orientations and
the assurance that Bragg reflections (Laue spots) will be detected
independent of the particle orientation.

For simplicity we consider an ideal cubic particle with a simple
cubic Bragg lattice as illustrated in Fig. 11. If the real-space lat-
tice vector is a0, the reciprocal space lattice vector is 1/a0 and at a
reciprocal lattice point the density distribution will be proportional
to:

I ∝ sin2 Nx

sin2 x

sin2 Ny

sin2 y

sin2 Nz

sin2 z
. (3)

Here N is the number of atoms along each side of the cubic particle.
The Laue pattern generated near each Laue spot is a projection of the
Fourier transform of the real-space particle. The projection direc-
tion depends on the momentum transfer of the individual Bragg
reflection. For example, if the radial direction is along a symmetry
direction (say the z direction) then the z dependence is removed
and the Laue spot contains only information about the transverse
particle size (see Fig. 11). Of course energy scans through the reflec-
tion provide information about the local coherent reciprocal space
density distribution.

Fig. 12A illustrates the calculated diffraction near the center of
the 34-ID-E area detector with a monochromatic, � = 0.14 nm, beam
and a hypothetical 15 nm particle with a perfect simple cubic lattice
with a0 = 0.3 nm. The modeled pixel size of 0.4 mm is actually twice
that of the actual detector on 34-ID-E. Even so, as can be seen, the
pattern is easily resolved by the detector and even larger particles
should be amendable to coherent imaging with the current system.
We note that a 200 eV bandpass (∼3%) as illustrated in Fig. 12A looks
very similar to a monochromatic image. Even at 1 keV bandpass
(11%) the image shows marked coherent structure, in part because
the radial integrals are parallel to a symmetry direction.

Polychromatic microdiffraction instrumentation naturally lends
itself to such measurements. The small beams produced by the
focusing optics increase the flux density at the sample at the
expense of transverse coherence [35,36]. This is important for

detection of the smallest features, which are inherently weak scat-
terers. The non-dispersive energy scanning methods pioneered for
polychromatic microdiffraction also allow the volume of recip-
rocal space near the Laue spot to be probed to determine the
3D density profile of the Laue spot without the complication of

d (B) after irradiation. Beam damage is observed where beam was positioned for
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se in oxide nanobelts indicates lattice damage.
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Fig. 10. Laue image degradation with do

ample rotations. Furthermore, additional Bragg reflections can
e probed. These additional projections through reciprocal space
an be important to remove artifacts that may be introduced by
he coherent scattering of the focusing and monochromatizing
ptics [32].

The current size limit to a detectable particle can be estimated
rom a recent paper by Schroer et al. [35]. In a transmission geom-
try, with focused 100 nm × 100 nm beam, a total integrated flux of
6 × 1010 photons was sufficient to image spheres with ∼5 nm res-
lution. These numbers predict near atomic resolution with a flux
f 2 × 1014 photons in a 10 nm × 10 nm beam. Achromatic optics are
he most likely to achieve this flux density in the near term. At the
CLS, photon fluxes of 108–1012 are predicted/pulse. At the pro-

osed Cornell hard-energy ERL, it is projected that photon fluxes of
–8 × 1014 s−1 will be possible into 10 nm × 10 nm spots. With wide
andpass these flux densities may be achieved earlier – although
he longitudinal coherence length will be proportionally shortened.

ig. 11. A simple real-space lattice with a graphical representation of the corre-
ponding reciprocal space lattice. Coherence features will be observed even with
olychromatic beams if the radial line integrals are symmetric with respect to a
ymmetry axis of the particle. Of course atomic resolution is beyond current reso-
ution, but features of broadening and constructive and destructive interference are
nticipated under the right conditions.

Fig. 12. (A) 3% bandpass diffraction pattern for an ultra-small 15 nm cubic parti-
cle. The mirror symmetry arises from the angle of the Ewald sphere cut through
reciprocal space. (B) Because the radial integrals run parallel to one of the particles
symmetry axis, even a 11% bandpass beam shows strong coherent structure.
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. Conclusion

Polychromatic microdiffraction can be pushed to new levels of
erformance with better detectors and sources. Faster detectors
nd more brilliant sources will allow for diffraction tomography
ver larger volumes with better spatial resolution. However, for
ome materials, thermal effects and damage are already an issue
nd new strategies will be required to extend spatial resolution or
ollow mesoscale structural evolution in these systems. For many

aterials, damage is not yet an issue and both spatial resolution
nd temporal resolution can be improved. The longitudinal spatial
esolution achievable with a straightforward extension of scanning
robe methods is limited by the spot size for which total-external-
eflection mirrors is limited to ∼11–17 nm. Coherent diffraction
ffers the promise of further improving spatial resolution and by
ombining instrumentation and techniques from polychromatic
iffraction, with software and methods from diffraction imaging
here is the potential to reveal local structures and defects that are
ifficult to characterize with alternative techniques.
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