&

232 XTOP 2016 - Lectures Materials Structure, vol. 23, no. 3 (2016)
Session VIII
Wednesday, September 7 - morning
I8
BIOMINERALS IN THE LIGHT OF BRAGG COHERENT X-RAY DIFFRACTION
IMAGING
V. Chamard

Aix-Marseille Université, CNRS, Centrale Marseille, Institut Fresnel, Marseille, France
virginie.chamard@fresnel.fr

Biomineralization integrates complex physico-chemical
processes leading to an extraordinary diversity of calcare-
ous biomineral crystalline architectures, in intriguing con-
trast with the consistent presence of a submicrometric
granular structure [1]. Understanding how the mineral
granules organize is a key element to gain knowledge on
the biomineralization processes. While evidences for the
existence of a mesoscale crystalline organization, spanning
over a few granules, have been reported, a 3D image of the
spatial organization of the crystalline domains is still lack-
ing.

In this context, we have proposed to apply 3D X-ray
Bragg ptychography microscopy [2], a recently demon-
strated coherent diffraction imaging approach, based on the
inversion of a set of intensity-only data [3]. Ptychography
exploits the partially redundant information obtained by
scanning a finite beam spot size transversally to the sample,
while measuring the corresponding 3D far-field coherent
diffraction pattern. Thereby, 3D imaging of extended crys-
talline samples becomes possible [4, 5].

In this presentation, we first briefly review the evolu-
tion of the Bragg ptychography approach, before detailing
the results obtained in the framework of biomineralization.
Specifically, we show the 3D images of the prismatic part
of a Pinctada margaritifera shell, revealing this way the
spatial arrangement of the crystalline structure with a
nanometric resolution. We evidence a crystalline coher-
ence extending over a few granules and further prove the

existence of larger iso-oriented crystalline domains,
slightly misoriented with respect to each other around a
single rotation axis [6]. These original results bring new
structural information, which will be discussed in the
framework of recently proposed biomineralization growth
schemes.
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Edge illumination X-ray phase contrast imaging (EI XPCI)
is a technique that enables quantitative retrieval of the ab-
sorption, differential phase and ultra-small angle X-ray
scattering properties of an object using commercially avail-
able, polychromatic sources in a laboratory environment
[1,2]. Two periodic masks, consisting of long, vertical slits
are normally used. The first (sample) mask is placed before
the sample and reshapes the incoming beam, while the sec-
ond is placed just before the detector pixels, partially inter-
cepting the beamlets, thereby making the system sensitive
to refraction caused by the sample. A single image taken at
a given sample mask displacement contains a mixture of
absorption, differential phase and scattering effects. To re-
trieve the two (phase & absorption) or three (phase, absorp-
tion & scattering) channels of information, two or three
images need to be acquired at different sample mask dis-
placements and then mathematically combined.

In this presentation, we report on a new laboratory im-
plementation of EI based on the use of a single mask. Be-
sides simplifying the set-up and relaxing the system
alignment constraints, it also enables phase and absorption
retrieval through the simultaneous acquisition of two im-
ages in a single shot. This is realised by removing the sec-
ond mask and using the boundary between detector pixels
as the edge sensing mechanism (Fig. 1(a)). Figure 1(b)
shows the image captured by a single mask EI system for
all the detector pixels, and how alternating sets of pixels are
then used to obtain a pair of images with inverted refraction
contrasts. The single mask EI set-up can also potentially re-
duce the dose delivered to the sample by the current, “stan-
dard” double mask set-up by up to a factor of two, as only a
single exposure is needed.

We will additionally show how two-directional EI sen-
sitivity can be achieved by replacing the vertical slits with
L-shapes and acquiring images at six different sample
mask displacements [3]. This yields the refraction and scat-
tering channels in both directions. In general, 2D differen-
tial phase images have the advantage of enabling easy
phase integration and removing the streak artefacts
common to the 1D case [4].

Furthermore, these developments can be combined
with new detector technology, e.g. PixiRad a photon coun-
ter with a sharp PSF [5], and high-quality masks to improve
the aforementioned set-ups. This will lead to the realisation
of new designs (single mask 2D EI, dual-energy EI etc.)
which even better exploit the advantages provided by the
EI technique.
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Figure 1. (a) Schematic for the single mask edge illumination
set-up, (b) an unprocessed image using all detector pixels (top),
and the images formed by the two sets of pixels (bottom).
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With syris we present a software tool to simulate the com-
plete image formation process from an X-ray source
through an arbitrary number of objects to a detector system.
Our current implementation takes sample and beam mo-
tion, wavefield propagation, its detection process and co-
herence effects into account. This allows us to simulate a
broad range of X-ray imaging experiments and their pecu-
liarities like motion blur, beam drift and realistic noise.

Syris is organized as a framework and consists of basic
abstract building blocks with a well-defined application
programming interface (API) in Python. We provide im-
plementations of all building blocks to conduct full virtual
experiments. These implementations are optimized to
achieve a reasonable compromise between efficiency and
physical correctness. Moreover, they are written in
OpenCL [1] and can thus be executed on numerous plat-
forms, e.g. modern highly parallel GPUs which greatly
speed up the computations. Users can provide their own
implementations of this API which increases the frame-
work’s flexibility.

Combining flexibility with an efficient implementation
makes syris a powerful tool to investigate novel imaging
approaches [2, 3] and validate sophisticated data process-

ing pipelines [4, 5]. Because the data processing parame-
ters depend on experimental conditions, systematic studies
of mutual dependencies will help to develop more robust
algorithms optimized for particular scientific use cases.

To demonstrate the potential of the framework we first
show the simulation of a high-speed radiography experi-
ment conducted with different exposure times giving rise
to varying noise levels. We then show the accuracy of a se-
lected motion estimation algorithm as a function of the
noise level. Afterwards we pick a noise level and optimize
one of the algorithm’s parameters to obtain the most accu-
rate flow field. Finally, we employ syris to create a com-
plex 3D resolution pattern and use it as a sample in a virtual
tomographic experiment to investigate the impact of vari-
ous imaging conditions on the precision of different
reconstruction algorithms.
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Figure 1. Simulation of a white beam X-ray radiograph of a biological screw joint found in Trigonopterus oblongus [6] based on data
from a real CT measurement. The detailed crop in b) shows the appearance of realistic noise and the edge enhancement by free-space

propagation visible as a white outlier on the sample boundary.
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The special report on Carbon Capture and Storage (CCS)
published by the Intergovernmental Panel of Climate
Change (IPCC) outlines that wells are among the most
probable leakage paths from CO, storage reservoirs [1].
Whether they are in operation, or permanently plugged and
abandoned, these wells are man-made structures of steel
and cement that connect the storage reservoir with the at-
mosphere. If the steel or cement barriers break, leakage
paths are likely to develop. To estimate potential leakage
rates over time, and to optimize well remediation protocols,
the compatibility of cement with CO, has been studied
[2-5]. An important recent finding is that defects in cement
(e.g. cracks) gradually heal when exposed to CO, [3-5].
The healing process, and its kinetics, has not yet been fully
understood. In order to make use of this beneficial cement
healing process in practice, a more detailed understanding
is required of how and when it occurs. For that purpose we
report in-situ u-CT measurement in an environment of CO,
saturated in brine to study both the carbonation and the
healing processes on fractured cement.

Cement blocks with artificial channels were used to
mimic fractures in cement. The sample was submerged in a
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saline solution (1%wt NaCl) inside the pressure cell and
exposed to CO, for 20 hours at 50 bars and ambient temper-
ature. Figure 1 shows that CO, exposure of cement induces
CaCQ; precipitation in all confined areas (e.g. in fractures,
microcavities, non-connected pores and at cement/alumi-
num interfaces). The volume rate at which CaCOj; precipi-
tated was found to be 4.6x10° mm®/min. High resolution
p-CT shows us a varying CaCOj; content within carbonated
front of cement block suggesting dissolution of CaCOs
during CO, exposure.
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Figure 1. Results obtained from p-CT. a) Cross
section measured after 820 min, b) 3D representa-
tions of CaCOs; precipitation in the microcavity as a
function of time during the CO, exposure.
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