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Abstract

High-energy Bragg coherent diffraction imaging (BCDI) can enable three-dimensional

imaging of atomic structure within individual crystallites in complex environments.

Here, we show that sufficient coherent photon flux is available to extend the BCDI

technique to higher energies to: 1) obtain improved strain information and sensitivity
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at the nanoscale with higher order Bragg reflections, 2) exploit BCDI in embedded ma-

terials or complex operando environments, 3) reduce x-ray induced sample modification

and 4) minimize dynamical scattering effects. We demonstrate the nanoscale imaging

technique on the same sub-micron sized crystal at 8.5, 19.9 and 33.4 keV by taking

advantage of the brilliance and coherence of the fourth generation Extremely Brilliant

Source of the ID01 beamline at ESRF - The European Synchrotron (Grenoble, France).

The photon flux, data quality, resolution and strain information are compared. We also

show first coherent diffraction measurements performed at the ID31-EBS beamline at

an energy of 41 keV.
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Introduction

Coherent diffraction imaging (CDI) exploits the inherent coherence of a light source to image

materials with a resolution limited fundamentally by the wavelength of the light, but in

practice by the extent of the scattering (typically limiting spatial resolution to 10 nm or

less). In the case of crystalline materials and an x-ray wavelength light source, Bragg peaks

are readily accessible. Bragg CDI (BCDI) provides an additional contrast mechanism, the

local symmetry of the Bragg peak can be broken, giving rise to a complex three-dimensional

(3D) image. The amplitude of the reconstructed complex image corresponds to electron

density which scatters to the Bragg peak, the so called “Bragg electron density", and the

phase corresponds to the deviation of a perfect crystalline lattice away from its reference,

the Bragg peak itself. Thus in addition to a high spatial resolution a strain resolution down

to 10−4 is achieved.1–3
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The first BCDI experiments of individual microstructures were made possible with the

advent of highly stable optics preserving the coherence of x-ray beams at third genera-

tion synchrotron sources.4 In that case an harmonic rejecting mirror and a double crystal

monochromator were combined with an aperture that was placed at some distance from the

source to select a coherent portion of the beam which was used to illuminate the sample.

Since the first demonstration, microstructures have become nanostructures and simple char-

acterisation has evolved to complex operando/in situ measurements. The principal optical

components have remained the same, and are kept to a minimum to reduce the impact on

the coherence of the beam, but the improvement of focusing optics, placed after the aper-

ture, have led to smaller and smaller beams providing the flux densities required to routinely

image few hundred nanometer sized crystals in the 7-13 keV energy range.5 This method

now plays a significant role in materials science, physics, chemistry and engineering. The

technique has been recently applied in situ for instance during high-pressure,6 catalytic7–9

or battery10,11 experiments.

The coherence of the x-ray beam is described by transverse (2D) and longitudinal com-

ponents relative to the beam propagation, the volume of which defines the limit of the size

of the object that can be imaged. The transverse coherence lengths, the eventual aperture of

the focusing optics, are determined by the source size12 and are typically tens to hundreds of

microns. The longitudinal coherence however is defined by the bandwidth of the x-ray beam,

set by the monochromator. For a typical (111) silicon crystal of bandwidth 10−4, it is less

than a micron.13 Note that the maximum sample size limit due to longitudinal coherence

also depends on the scattering geometry. Thus focusing optics and monochromators are

optimised to produce focal spots and longitudinal coherence lengths that match (assuming

an approximately spherical sample) while optimising flux density on the sample.

The realisation of fourth generation sources14,15 has improved the available flux densities

at typical operating energies and extended the energy range at which sufficient coherent flux

can be delivered to the sample beyond 40 keV. Improvements in the emittance properties
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of x-ray sources intrinsically lead to more coherent photons, the consequences of which are

discussed further by Singer et al.16 The realisation of the multi-bend achromat lattices in

storage rings (Max IV15 and ESRF-EBS14) provide emittance properties which improve the

available coherent flux by up to several orders of magnitude, in the latter case sufficient

coherent photons are available at higher x-ray energies for BCDI measurements.17,18 Taking

the ID01 beamline at the ESRF-EBS (used in this study) as an example, the source size has

decreased by approximately a factor 2, and the beam divergence a factor 14 (particularly in

the horizontal direction, from 170 µrad (old ESRF) to 14 µrad (ESRF-EBS)), leading to a

total gain of 28 in coherent flux. However for certain experiments, such as nanometric sized

crystals one could remove the optics (monochromator) as the bandwidth would now be small

enough to satisfy the longitudinal coherence and delivers an additional factor 5-10.

As shown in Figure 1 (a), moving to higher energy x-rays can reduce the available flux by

several orders of magnitude, the principle advantage is deeper penetration through sample

environments. This permits more realistic in situ experiments, and reduces beam damage.

The hunt for resolution leads to incredible flux densities, and radiation induced modification

of samples is somewhat inevitable.19–21 Radiation damage is generally proportional to the

absorbed dose. This dose results from photoelectric absorption of x-rays with the concomi-

tant emission of a photoelectron and either an Auger electron or a fluorescent x-ray, and to

a minor extent, x-ray energy loss due to Compton (inelastic) scattering. The ratio of the

scattering cross section to absorption (photoelectric) cross-section is therefore a convenient

metric for the dose-damage efficiency. Figure 1 (b) plots the dose-damage efficiency for Pt

atoms, which improves at high energies above absorption edges. This effect is even more

pronounced for lighter elements (e.g. battery materials), where absorption edges lie below

10 keV, in addition to any absorption by the sample environment. Recently, beam damage

has been investigated during operando powder x-ray diffraction synchrotron experiments of

battery materials.22 This work reveals that beam damage depends strongly both on x-ray

energy, amount of exposure and on the cell chemistry, i.e. the chemical composition of
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the electrode. In general a higher dose and lower x-ray energies results in increased beam

damage.

Moving to higher x-ray energies offers several additional advantages. A larger portion

of reciprocal space and Bragg peaks can be accessed, which are advantageous due to their

enhanced structural sensitivity.23 High-energy x-rays decrease background noise on the de-

tector, due to less scattering of x-rays from air in the beam path. At high energies, refraction

and absorption become less significant and have a diminished impact on BCDI reconstruc-

tion.24 In addition, it is easier to align samples and measure multiple Bragg peaks (to retrieve

the strain tensor), but leads to an increase in requirements for the sample goniometers as

Bragg peaks are even sharper.25,26 It is important to note that high-order Bragg peaks are

difficult or impossible to access at lower beam energies, as the beam energy is inversely pro-

portional to the Bragg angle, θBragg. As an example, the Bragg angle of the 402 Pt reflection

is 56.24◦ at 8.5 keV and 12.22◦ (4.6 times smaller) at 33.4 keV. While the Bragg angle of the

533 Pt reflection is 18.07◦ at 33.4 keV, the 533 Pt reflection is unreachable at 8.5 keV. For a

particle size of 500 nm, the detector (supposing a detector with a 55 µm pixel pitch) should

be positioned at a minimum distance of 0.37 m at 8.5 keV and 1.48 m at 33.4 keV for an

oversampling in the detector plane larger than 2 (i.e., 2 pixels per fringe, the Nyquist limit).

This implies that a longer sample-to-detector distance is necessary at high energy to ensure

diffraction pattern oversampling, due to compression of reciprocal space. Emerging strategies

capable of reconstructing three-dimensional strained crystallites from undersampled Bragg

diffraction datasets, such as pixel-area integration27 may relax this requirement.

Moving to higher energies also presents several challenges, the compression of reciprocal

space and the need to oversample the diffraction pattern in order to retrieve an image

requires small pixels and high Z sensor material, large sample to detector distances, and

precise sample manipulation (rotation < 10−3 degrees). Integration of high quality GaAs

and CdTe sensors in hybrid photon counting pixel detectors now provides single photon

sensitivity at high energies and has already proven successful for CDI measurements,28–30
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after flatfield correction.

Recently, high-energy BCDI has been demonstrated on individual crystalline domains

in a poly-grain material by exploiting the partial coherence of a high-energy x-ray beam

(52 keV)31 at a third-generation synchrotron light source. The lattice displacement was

obtained with an approximate spatial resolution of 47.5 nm on a few hundred nanometer

crystal, with an exposure time of 600 sec per frame. Here we demonstrate the application of

Bragg coherent imaging at a high energy (33.4 keV) using the coherent beam of the fourth

generation Extremely Brilliant Source of the ID01 beamline of the European Synchrotron

(ESRF-EBS, Grenoble, France). The exposure time per frame was 1 sec leading to a spatial

resolution of ∼ 17 nm. We compare the Bragg coherent imaging measurements as well

as reconstructed electron density, phase and strain fields of an identical Pt nanocrystal

at low (8.5 keV), medium (19.9 keV) and high (33.4 keV) energies. The chosen energies

correspond to the maximum flux available (minimum undulator gap) for the 1st, 3rd and

5th harmonics of the 27 mm period undulators at the ID01-EBS beamline (see Figure 1(a)).

Variations in the reconstructed phase show significant deviations in the structure between

measurements and can be understood as due to both carbon contamination, as confirmed by

scanning electron microscopy or beam damage. We also show the first coherent diffraction

measurements performed at the ID31-EBS beamline at an energy of 41 keV and discuss the

associated practical limitations. High energy BCDI opens up a new class of experiments

for three-dimensional in situ and operando high-resolution strain field mapping in complex

environments (for instance; photo-electro-catalytic, battery or diamond cell) and of multi-

functional materials.
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Figure 1: X-ray characteristics. (a) Evolution of the brilliance as a function of energy for
a 3m long U27 and an in vacuum 2m long U19 insertion devices. (b) Ratio of the scattering
cross-section to absorption (photoelectric) cross-section of Pt atoms as a function of energy.
(c) Transverse and (d) longitudinal coherence lengths as well as the optical path length
difference (OPLD) at the 111 reflection of a 700-nm Pt crystal as a function of energies at
the ID01-EBS beamline.

Results

Coherence lengths and expected flux

The coherence properties of the beam are paramount for a successful BCDI experiment.

Based on theoretical source parameters, a full width at half maximum (fwhm) size of the

photon beam of 12 µm (vertical) x 72 µm (horizontal) was expected, and was verified by

imaging the source itself at ID01-EBS. The corresponding transverse coherence lengths12

across the full energy spectrum of the ID01-EBS beamline are shown in Figure 1(c). The

ξtransverse at 8.5, 19.9 and 33.4 keV is 120 µm x 716 µm, 51 µm x 304 µm and 30 µm x 181 µm

(horizontal x vertical), respectively. At constant flux density this would lead to a decrease of
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available coherent flux with 1/E2. As the angular flux density is not constant as a function

of energy, a further decrease of available coherent flux occurs in the energy regime above the

diffraction limit leading to a further scaling of the coherent flux with the source brilliance.

As this last parameter is dependent on the available insertion device technology, its decrease

as a function of x-ray energy is shown in Figure 1(a). As discussed earlier, the longitudinal

coherence will provide the limit to sample dimension, hence the beam is condensed with

focusing optics to an equivalent size in the transverse directions to improve flux density. The

ability to tune the longitudinal coherence is limited on most beamlines, as it is set by the

bandwidth of the monochromator, in this case we used a Si 111 monochromator to deliver

the most photon flux to the sample which sets a limit on the crystal size of ∼ 700 nm. It is

important to note that the useful longitudinal coherent illumination is coupled to the chosen

Bragg reflection for the BCDI measurement, the optical path length difference (OPLD)

between two x-rays passing through the extremes of the sample depends on the projection

of the crystal shape onto the Q-vector and is subsequently relaxed at higher energies, lower

Bragg angles, allowing slightly larger crystals to be measured,13 as demonstrated by the

ratio of longitudinal coherence to that of Platinum 111 reflection being constant, see Figure

1(d). However it is important to take it into consideration when using high energies to access

higher order Bragg peaks. In Platinum at 33.4 keV the 533 reflection requires 4 times greater

longitudinal coherence length than the 111 reflection.

At ID01-EBS, the anticipated coherent flux at 8.5, 19.9 and 33.4 keV is 3×1011, 4×1010

and 1.5×1010 ph/s, before losses due to focusing and eventual measurement are considered.

Bragg coherent diffraction at three energies

The sample consisted of Pt nanocrystals (NCs), which were prepared by the solid-state

dewetting of a 30-nm thin Pt film for 24 hours at 1100◦C in air on yttria-stabilised zirconia

(YSZ) (see Figure 2 and Experimental Section). To ensure to measure the same particle at

different energies, the sample has been patterned, and the location of the measured particle
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Figure 2: Scheme of the synthesis. The faceted Pt particles have been obtained by
solid-state dewetting on yttria-stabilised zirconia (YSZ). The sample has been patterned by
a standard photolithography method to facilitate the location of the Pt particles.

is precisely defined. The position of both the particle and the beam can be accurately deter-

mined using an optical microscope. Furthermore, the x-ray beam can be observed through

the microscope due to the fluorescence of the sapphire substrate. Bragg coherent diffraction

imaging measurements were performed on the same Pt particle at the ID01 nanodiffraction

beamline (core energy regime from 6 to 40 keV) at the Extremely Brilliant Source (EBS) of

ESRF. BCDI was employed to retrieve the shape and the projected three-dimensional dis-

placement and strain field within a single Pt NC. Three energies have been selected: 8.5 keV

(standard), 19.9 keV (medium) and 33.4 keV (high energy). For all energies, the beam has

been focused using Beryllium compound refractive lenses. The number of lenses required is

energy dependent and was adapted to accommodate both; the beam size (numerical aperture

of the optic) and the maximum coherent flux density.

In a typical BCDI measurement, a coherently illuminated single crystal is rotated through

the Bragg condition in small angular steps (typically 0.005◦ (0.0033◦) over a 1.6◦ (1◦) range

for a 8.5 keV (33.4 keV) energy beam) to get a three-dimensional diffraction pattern (see
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Figure 3: Coherent diffraction patterns. (a)-(c)-(e). Integrated diffraction patterns
along the Qx (x-ray beam) direction for the same particle measured at three energies. (b)-
(d)-(f) ∆Qx - ∆Qz slices of the measured intensity for the same particle at three energies at
the maximum of the rocking-curve. The data, which have been measured at the 220 Bragg
reflection, is displayed in logarithmic scale and are normalised by the maximum measured
intensity.

Figure 3). The size of the angular steps used in the measurement is significantly larger than

the smallest step size of the rotation axis employed (0.0000152◦). A two-dimensional GaAs
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MAXIPIX detector30 has been used to collect the BCDI data at medium and high energies,

whereas a Si MAXIPIX detector has been used for BCDI measurements at the standard

energy. The asymmetric 220 Bragg reflection has been measured at the three energies.

This reflection is sensitive to local lattice displacement and strain variations along the [110]

direction, the measured particle being [111]-oriented relative to the substrate normal (i.e. its

c-axis being oriented along the [111] direction).

Retrieved local lattice displacement and strain

8.5 keV

ε220 strain (%) 

Time (months) 

100 nm

-0.05   0    0.05

 19.9 keV 33.4 keV

a b c

d e f

[111]

Q220

0 4 11Laue

Figure 4: ε220 strain. Evolution of the strain along the [220] direction of the Pt particle
recovered from Bragg coherent diffraction imaging measurements at 19.9 keV (a, d), 33.4 keV
(b, e) and 8.5 keV (c, f). The top (bottom) row shows a side (bottom) three-dimensional
view of the particle. The reconstructed electron density of the Pt particle is drawn at 30%
(50%) at 8.5 keV (at 19.9 keV and 33.4 keV) of the maximum electron density. The isosurface
value of the electron density (coloured with the retrieved ε220 strain) has been chosen based
on the criterion described in Ref.32 The chronology of the measurements is displayed on the
x axis, highlighting when Laue measurements were made.

Figure 4 displays the retrieved strain, ε220, spatial derivative of the retrieved displacement

along the [220] direction of the measured Pt particle at the three energies. The data have
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been collected in air first at 19.9 keV (in May 2021), then at 33.4 keV (September 2021) and

finally at 8.5 keV (April 2022). In-between the BCDI data collections at 33.4 keV and 8.5 keV

Laue measurements (energy range between 5 and 25 keV) have been performed in air. Phase

retrieval algorithms were used to invert the three-dimensional data from the reciprocal space

(see Figure 3 which displays the associated coherent diffraction patterns) into real space. The

same series of algorithms has been applied for the three energies. The reconstructed Bragg

electron density and phase were obtained using the PyNX python package.33 Gwaihir, a user-

friendly and open-source Jupyter notebook graphical user interface, was used to process and

analyse the Bragg coherent X-ray diffraction data.34 The phase corresponds to the projection

of the displacement field onto the scattering vector (here, Q220). The retrieved phase is then

processed to establish the maps of displacement and strain within the single NC using the

BCDI python package.35 The measurement of a single Bragg peak only provides a single

component of the strain tensor. As we measure the 220 Bragg reflection, the reconstructed

phase in 3D only encodes the lattice displacement along the [110] direction, which implies

that the derived displacement field (here, the strain inside the (220) planes), ε220 = ∂u220

∂x220
, is

a projection along the [110] direction of the actual full strain field. Slices of the reconstructed

electron density at 19.9 keV as well as slices of the reconstructed phase from the asymmetric

220 Bragg reflection for the three energies are shown in Figure 5. Spatial resolution was

quantified by differentiating line profiles of electron density amplitude across the object-air

interface and by fitting these profiles with a Gaussian function. The average 3D spatial

resolution, taken as 2σ of the fitted Gaussian, corresponds to 22 nm at 8.5 keV, 15.5 nm at

19.9 keV and 16.8 nm (see Supplementary Figure 1) at 33.4 keV. The measurement time was

6 min 14 sec, 13 min 24 sec and 25 min 50 sec at 8.5 keV, 19.9 keV and 33.4 keV, respectively.

As mentioned above, Figure 3 displays the three-dimensional data measured at the 220

Bragg reflection for the different energies. The maximum intensity is 1.5×105, 1.79×105 and

1.27 ×105 counts/sec at 8.5, 19.9 and 33.4 keV, respectively. The two-dimensional MAXIPIX

detector is non-linear above about 1.5×105 counts/sec. For all the measurements, we adapt
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a: ρ(r) b: 19.9 keV c: 33.4 keV d: 8.5 keV

100 nm

Phase (rad.)
-2            0             2  

Time (months)
0 4 11Laue

Figure 5: Slices of the reconstructed Pt particle. (a) Reconstructed electron density.
(b)-(d) Slices at the middle of the Pt particle of the phase retrieved at the asymmetric 220
Bragg reflection for the three different energies and as a function of time.

the coherence slits so that the maximum counts measured on the detector is close to the

non-linearity of the pixel detector. Two additional filters were necessary to collect the data

at 8.5 keV.
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Discussion

As demonstrated in Figures 3 and 4, the upgraded Extremely Brilliant Source of the Euro-

pean Synchrotron enabled the measurement of the Bragg coherent diffraction pattern of a

NC at 33.4 keV at the ID01 beamline of ESRF. After applying phase retrieval algorithms,

the same morphology (faceting) of the NC is observed for the three energies. A similar

spatial resolution is obtained for the three energies, as we have adapted the size of the co-

herence slits and adjusted the number of filters/absorbers (two at 8.5 keV and zero for the

other cases) before the sample to get a similar maximum intensity (hence similar integrated

intensity) onto the detector for the three energies. A much better spatial resolution (5-10

nm) could have been obtained for the dataset measured at 8.5 keV, if the two filters would

have been removed. The same electron density is observed for the three energies, however,

a different retrieved phase (Figure 5) and strain (here, ε220 component, see Figure 4) are

observed inside the NC. Note that the measurements have been done several months apart.

An increase of the heterogeneity and magnitude of the strain is observed as a function of

time. Weak variations are observed between the measurements at 19.9 keV and 33.4 keV,

whereas large variations are observed between the measurements at 33.4 keV and 8.5 keV,

where in-between the BCDI data collections both Laue measurements (energy range between

5 and 25 keV) and BCDI on other reflections were performed, we estimate at least 24 hours

of x-ray exposure. A clear change of the diffraction pattern is observed at 8.5 keV (see Figure

3(b)), where an extra streak is visible perpendicular to the Qx direction, within the Qx-Qz

plane, which may indicate potential formation of defects. We observed strong variations

of the phase (see Figure 5 and Supplementary Figure 2) and strain at the NC/substrate

interface at 8.5 keV. This is the signature of the formation or evolution of a dislocation net-

work at the particle interface with the substrate. Note that all the measurements have been

performed in air for this test sample, where nano-focused x-rays can induce the formation of

a C-contamination layer.36 Figure 6 shows two scanning electron microscopy images of the

measured Pt particle at an electron energy of 3 kV and 26 kV, respectively. At low kV, an
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inhomogeneous layer is observed on top of the Pt particle. This layer has a low Z-density as

this layer is no longer visible at higher energy. This contamination can be caused by pho-

toelectron emission from the NC, leading to cracking of remaining hydrocarbons from air.37

The shell could have grown inhomogeneously with internal stress, leading to inhomogeneous

strain inside the particle. The formation of the layer may result from a cumulative dose

effect with time. The contamination may have also been induced by ozone formation during

x-ray irradiation in air. Measurements in inert atmosphere or vacuum will be necessary to

avoid contamination or identify the source of such sample modification.

Figure 6: Contamination. Scanning electron microscopy image of the Pt particle after
Bragg coherent diffraction imaging in air measured at an electron energy of 3 kV (a) and 26
kV (b). The scale bar corresponds to 1 µm.

At 19.9 keV, the 53̄3 Pt reflection has been measured. This reflection is unreachable at 8.5

keV. Figure 7 displays slices of the reconstructed particle (its phase ϕ53̄3, lattice displacement,

u53̄3 and strain, ε53̄3) at this asymmetric Bragg reflection. These results can be compared

with the phase (ϕ220), the lattice displacement (u220) and strain (ε220) recovered at the 220

Pt Bragg reflection. Note that to allow easier convergence of the phase retrieval algorithms,

the support retrieved from the 220 Pt reflection has been used for the data measured at the

53̄3 Pt reflection. As expected, the retrieved phase is larger at the 53̄3 Pt reflection. At

higher index reflection, we are more sensitive to strain variations as smaller d -spacings are

probed.

The same sample, but different crystal of similar dimension, has also been measured at

the ID31 beamline of EBS-ESRF at a higher energy of 41 keV (see Experimental Section).
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Figure 7: Comparison between low- and high-index reflections at 19.9 keV. Re-
trieved phase, lattice displacement and strain for the (a, c and e) 200 and (b, d and f) 53̄3
Pt reflections.

ID31 is dedicated to interface and materials processing studies using high energy x-rays. Note

that the slits (Tungsten slits with a depth of 6 cm) are not optimised for coherent diffraction.

Figure 8(c) displays the 3D diffraction pattern of the 1̄11 diffraction of a single Pt particle

(measurement duration of 4 min, counting time of 1 sec/point with 200 points over 0.5◦).

The maximum intensity is 81800 counts/sec. Thickness fringes are well observed along some

streaks. The signature of any truncated (faceted) crystal produces a crystal truncation rod,

which corresponds to a streak of intensity in reciprocal space normal to the surface. Thickness

fringes validate the coherence of the beam along these directions. The interference fringes

are a sensitive probe of the size of the investigated particle. Supposing that the particles

are not or weakly deformed, the distance between fringes is inversely proportional to the
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particle’s height. The particle has a diameter of 600 nm. Figures 8(a, b, d and e) display

central frames along different directions of the crystal and its associated reconstructed phase

along the [1̄11] direction. The finite shape of the particle is well reconstructed as well as

the phase variation (proportional to lattice displacement along the [1̄11] direction) inside the

crystal despite that the fringes are not well resolved in the horizontal plane as the detector

has been positioned at the limit of oversampling.

When performing BCDI measurements at high energy, one major limitation is the need

for a long sample-to-detector distance to ensure sufficient diffraction pattern oversampling.

For example, to achieve an oversampling of 3 with a 55 µm2 pixel size detector at 80 keV,

a detector distance of at least 10.64 m is required. However, the required detector distance

can be reduced by using a detector with a smaller pixel size. For instance, a 10 µm2 pixel

size detector placed only 2 m from the sample would be sufficient to measure a 1 µm-

particle at 80 keV. An alternative could be to exploit sub-pixel translations of the detector

or up-sampling27,38,39 could be employed to overcome the issue of the required detector

distance. The available rotation stage (a small step size of 0.0000152◦ at ID01-ESRF) is

not a limitation for high energy measurements. Compound refractive lenses provide high

quality beams and are very efficient at high energies. In addition, better focusing optics and

continuous improvement of beamline optics can increase the coherent flux on the sample,

which may help to mitigate the challenge of smaller coherence lengths at high energy. By

implementing these strategies, it will be possible to obtain high-quality BCDI measurements

even at higher energies.

Conclusion

We have demonstrated BCDI at a high energy of 33.4 keV and at the nanoscale by taking

advantage of the fourth generation Extremely Brilliant Source of the European Synchrotron.

We obtained a similar quality for the reconstructions at 8.5, 19.9 and 33.4 keV for on average
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Figure 8: Bragg coherent diffraction imaging at the ID31-EBS beamline. BCDI
measurement of a single Pt particle at 41 keV. Sum of the 3D intensity (a) along the rocking-
curve and out-of-plane z detector directions and (b) along the rocking-curve and in-plane y
detector directions. (c) 3D diffraction pattern in the detector frame. (d)-(e) Central frames
along different directions of the reconstructed crystal and associated phase.

the same measured maximum intensity. Special care should be taken during the measure-

ments to avoid sample damage like carbon contamination by doing measurements under

vacuum or inert gas. In the near future, Bragg coherent diffraction experiments at 20-40 keV

energies will mitigate sample damage during in situ and operando measurements as high-

energy x-rays interact weakly: less absorption and generated photoelectrons can be ejected

rather than reabsorbed. This will also allow to measure embedded crystals in complex or

difficult-to-access environments that require the long penetration depths of high-energy x-

rays.

Experimental

Sample preparation. The Pt film was deposited on yttria-stabilised zirconia (YSZ) with

an electron beam evaporator. The Pt nanocrystals have their c-axis oriented along the [111]
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direction normal to the (001) YSZ substrate. A standard photolithography method was

employed to prepare a patterned layer of photoresist on YSZ prior to the electron beam

evaporation of Pt. The lithographic processing route ensured that a number of dewetted Pt

particles are well-separated from their neighbors and that only one crystallite is irradiated

by the incoming x-ray beam. The diameter of the particles ranges between 200 nm and 600

nm.

Diffraction setup detail at ID01-ESRF. The sample was mounted on a (x,y,z ) scanning

piezoelectric stage. The scanning stage has a stroke of 100 µm along x and y with an encoder

resolution of about 1 nm. The detector has been positioned at a distance of 0.7288 m, 1.68

m and 2.2 m from the sample at 8.5 keV, 19.9 keV and 33.4 keV.

Diffraction setup detail at ID31-ESRF. The 3rd harmonic of a 2m long U14 undulator

was selected. A 1m long Ar gas absorber (330 mbar) with two diamond screens (thickness 300

µm) reduced the heat load on the monochromator. A multilayer monochromator (NiV/B4C

multilayer with 500 periods and 1.98 nm spacing) reduced the bandwidth to 3.2×10−3. After

the multilayer monochromator, a Si(511) channel cut monochromator has been installed.

Then, a transfocator consisting of 19 aluminium lenses was located 9 m from the sample and

110 m from the source (radius at the apex and the geometrical aperture of the lenses are

200 µm and 900 µm respectively) focused the beam to the end station. A set of high power

slits (50 µm (horizontally) x 300 µm (vertically)) were used to select the coherent portion of

the beam at a distance of 100 m from the source. The measured beam size at the sample

position was 10 x 10 µm2 (vertical x horizontal). The sample was mounted on a stack of

Smaract piezo motors, a single rotation stage, with two linear (x, y) translations on top,

which move in the plane perpendicular to the rotation axis. It was translated to the beam

position using a Huber stack and tilted by 0.5◦ to illuminate a large number of crystals.

An optical microscope was positioned above the sample to confirm beam and rotation axis

coincidence, with a GaP fluorescent screen. A 2D 2M Pilatus detector with a pixel size of
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172 µm2 (1475 pixels × 1679 pixels) was first positioned close (few tens of centimetres) to

the sample to detect the powder diffraction rings of the illuminated Pt particles. A Pt wire

was used to calibrate the detector distance and to ensure that the observed rings were from

Pt. The detector was then positioned at 6.25 m from the sample to zoom in, i.e. oversample,

on the 1̄11 diffraction reflection of single Pt particles. At this distance, an oversampling of 2

(i.e. 2 pixels per fringes, the Nyquist limit) in the detector plane corresponds to a particle

size of 550 nm.

Phase retrieval. Phase retrieval was carried out on the raw diffracted intensity data.

The initial support, which is the constraint in direct space, was estimated from the auto-

correlation of the diffraction intensity. A series of 1000 Relaxed Averaged Alternating Re-

flections (RAAR40), plus a series of 50 Hybrid Input Output (HIO41–43) followed by 800

Error-Reduction (ER44,45) steps, including shrink wrap algorithm every 50 iterations,46 were

used. The phasing process included a partial coherence algorithm to account for the par-

tially incoherent incoming wave front.47 To ensure the best reconstruction possible, we kept

only the best 5 reconstructions (with lowest free Log-Likelihood48) from 30 with random

phase start and performed the decomposition into modes.48 The reconstruction was then

corrected for refraction and absorption using the bcdi package.35 After removing the phase

ramp and phase offset, the data was finally interpolated onto an orthogonal grid for ease of

visualisation.
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