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In situ microtomography at high pressure and temperature has developed
rapidly in the last decade, driven by the development of new high-pressure
apparatus. It is now routinely possible to characterize material under high
pressure with acquisition times for tomograms of the order of tens of minutes.
Here, advantage was taken of the possibility to combine the use of a pink beam
projected through a standard Paris—Edinburgh press in order to demonstrate
the possibility to perform high-speed synchrotron X-ray tomography at high
pressure and temperature allowing complete high-resolution tomograms to be
acquired in about 10s. This gives direct visualization to rapidly evolving or
unstable systems, such as flowing liquids or reacting components, and avoids
assumptions in the interpretation of quenched samples. Using algebraic
reconstruction techniques allows the missing angle artefacts that result from
the columns of the press to be minimized.

1. Introduction

Complex heterogeneous structures occur naturally at various
length scales and under a vast range of conditions and
modulate material properties and behaviour. The response of
these heterogeneous structures to pressure, temperature and
stress is therefore of great interest to planetary scientists,
materials scientists, physicists and chemists. X-ray computed
tomography (XCT) is a powerful non-destructive method for
imaging the internal structure of a sample and therefore
analyzing heterogeneity of samples. XCT is widely applied to
quenched samples; however, in situ characterizations at high
pressure and temperature are critical in the cases of non-
quenchable phases or dynamic studies where the ‘squeeze,
cook and then look’ approach is not sufficient.

In XCT, the reconstructed three-dimensional image is
computed from a series of two-dimensional X-ray radiographs.
It is desirable for the reconstruction of a tomography image
to acquire radiographs at small angular increments over 180°
rotation with respect to an axis perpendicular to the incident
X-ray beam. XCT at high pressure is usually performed using
a static high-pressure press within which the anvils can be
rotated under a uniaxial load transmitted by thrust bearings.
This is the case of the setup at GeoSoilEnviro-CARS
(GSECARS) of the Advanced Photon Source (Argonne
National Laboratory, IL, USA) (Wang et al., 2005) that uses
either a Drickamer module or Paris-Edinburgh (PE) anvils,
and the portable RoOToPEC press (Alvarez-Murga et al., 2017;
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Philippe et al., 2016). Aquisition time for a tomogram in such
an apparatus is mainly limited by the difficulty of transmitting
the large axial load (50 tons in the case of the Drickamer
within 250 tons hydraulic press, 450 tons for the RoToPEC)
through the bearings to the rotating anvils. Typical acquisition
times are of 20 min (in the RoToPEC) or higher. Another kind
of setup includes the use of a conventional press, for example a
compact panoramic PE press such as the one used at SPring-8,
Japan (Urakawa et al., 2010). A millimetric sample can be
imaged within a 160° opening angle as the press frame blocks
a 20° angular region. Reported scan times in monochromatic
beam mode are of the order of 15 min (300 ms exposure time)
for the quoted 12 um spatial resolution. This represents a
faster acquisition time than the GSECARS system, and is
roughly similar to that obtained using the RoToPEC, although
at lower spatial resolution. A similar approach has been
applied to diamond anvil cells (DACs), using a cross DAC with
a high angular opening (150°) that adopts the principle of the
‘plate DAC’ (Boehler, 2006; Mao & Boulard, 2013; Wang et al.,
2012). In this case the very limited sample size (<100 pm
diameter) requires the use of X-ray microscopy techniques to
achieve a suitable spatial resolution (tens of nanometers). This
greatly increases the acquisition time (hours per tomogram)
and introduces further difficulties in terms of sample
preparation and instrumental precision.

Current acquisition times of the order of minutes or tens of
minutes per tomogram represent a significant limitation for
dynamic studies of samples that evolve at a rate that is greater
than or comparable with this acquisition time, or for samples
which are mechanically unstable under high pressure and
temperature conditions. For example, Fig. 1 shows the first and
the last radiographs of a tomographic acquisition recorded in
the RoToPEC of a partially liquid sample at high temperature
and pressure. One can see the gap between the anvils which
has closed significantly during the duration of the scan due
to deformation and flow of the sample and environment.
Because of the inhomogeneous deformation both in space and
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Figure 1

time in the sample, an artefact-free reconstruction is impos-
sible to achieve.

Recent developments in synchrotron tomography for
materials science have greatly reduced the acquisition time
that can be expected, and second or even sub-second tomo-
graphy can now be considered routine for samples in in situ
loading frames or other sample environments (Maire &
Withers, 2014). Crystal monochromator optics on a synchro-
tron beamline typically transmit less than 0.1% of the incident
spectrum, and so greatly decrease the flux available. For this
reason, monochromatic beams are less suitable for dynamic
studies. By using high-flux wide-bandwidth X-ray illumination,
the exposure time per radiograph can be reduced accordingly.
Fast detectors are also now capable of kHz frame rates
(Schlepiitz et al., 2017). This enables increasingly fast dynamic
processes to be studied in situ such as fracture, solidification or
phase transformations (Baker et al., 2012).

Here, we describe the recent development of fast X-ray
imaging at high pressure and temperature at the Pressure,
Structure and Imaging by Contrast at High Energy (PSICHE)
beamline of Synchrotron Soleil, France. By combining the use
of pink-beam illumination through a standard PE press in
conjunction with the tomograph stage available at the
PSICHE (King et al., 2016), we have been able to significantly
improve acquisition speed by at least 100 times compared with
the current state of the art, even at high spatial resolution
(pixel size 1.3 pm with a true resolution of 3.3 pm due to the
beamline geometry). To demonstrate the potential of this
device, we present a pilot study on silicate melt propagation
through a solid matrix. New opportunities and on-going
developments are given as final prospects.

2. X-ray imaging setup at the PSICHE beamline

We present below the main beamline characteristics needed
for fast acquisition tomography scans at high pressure and

800 1000 1200 1400 1600

Center: first and last image of a tomogram recorded with a 20 min acquisition time in the RoToPEC apparatus at 3 GPa, 1800 K. The black areas at the
top and bottom of the sample are due to the absorption from the PE anvils. One can see the opening gate between these anvils shortening upon the
acquisition of the tomogram due to the flow of the sample and sample environment at these high temperatures. Attempted reconstructed slices are
presented on the left and right, which present a large artefact because of the sample movement upon acquisition.
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temperature. A detailed description of the specifications of the
beamline can be found elsewhere (King et al., 2016).

2.1. X-ray optics

The PSICHE beamline is based on a short straight section
of the SOLEIL storage ring (Guignot et al, 2013). An in-
vacuum wiggler insertion device provides an intense broad-
spectrum beam. Fixed cooled filters are used to remove the
low-energy part of the spectrum, leaving a spectrum with a
peak flux of around 25 keV (Dong et al., 2011). In order to
perform high-speed in situ tomography the beam spectrum
is defined using combinations of filters in order to select
a relatively wide energy bandwidth around a desired value
(AE/E typically 0.1). Such an energy range constitutes a ‘pink
beam’ which refers to the fact that a monochromator is not
used to define the energy band spectrum. Instead, filters and
an X-ray mirror act as high-pass and low-pass energy filters
(King et al., 2016; Rivers, 2016). Monochromatic beam is
usually used in synchrotron beamlines in order to avoid beam
hardening artefacts that are present in polychromatic
laboratory instruments. However, a crystal monochromator on
a synchrotron beamline typically transmits less than 0.1% of
the beam. The beam flux at the sample position is around
3 x 10" photons s~' mm ™ at 25 keV in monochromatic mode
at PSICHE while it is 2 x 10'° photons s~' mm 2 in white-
beam mode. Defining the beam energy spectrum with the
X-ray mirror and absorption edges from filters and scintillator
instead of a crystal monochromator therefore presents the
advantage of working with a much higher flux while still
eliminating beam-hardening artefacts from the reconstruction.
The beam is sufficiently coherent and the bandwidth suffi-
ciently low that propagation phase contrast can be used
to increase contrast where attenuation contrast is limited
(Paganin et al., 2002). In order to optimize the absorption
contrast, the mean beam energy is chosen depending of the
sample composition and geometry so that typically 30% of the
incident beam is transmitted. At PSICHE, mean beam ener-
gies can be selected between 25 and 85 keV using this
approach (King et al., 2016).

2.2. Tomograph stages

The PSICHE tomograph is based on a high-precision high-
load-capacity Leuven Precision RT500 rotation stage and
linear translation from LAB Motion Systems. It has a
maximum load capacity of more than 50 kg, and is capable
of rotating at 60 rpm with an eccentricity of <150 nm. All
elements of the rotation stage including the granite table
feature an open aperture of at least 250 mm to allow large
samples or sample environments to be installed within the
tomograph stage, below the sample position or to route cables
and connectors to the sample. The large available space and
load capacity makes it a very suitable base for in situ experi-
ments requiring large or complicated sample environments
such as in experiments with a PE press.

2.3. Detector

The detector uses a thin single crystal scintillator (YAG,
LSO or LuAG) of 10 to 500 pm to convert the X-rays trans-
mitted through the sample into a visible-light image. Micro-
scope or other visible-light optics are used to form an image on
a Hamamatsu Orca Flash4.0 sCMOS camera which allows full
frame rates of up to 100 frames s~ '. Given a region of interest
of 2048 x 512 pixels for reduced readout time, a full tomo-
graphy dataset of 1500 radiographs can be recorded in 3.8 s. A
mirror, inclined at 45°, is placed just behind the scintillator to
reflect the visible light vertically. In this way, the optics and
camera are not placed in the direct path of the X-ray beam,
avoiding radiation damage to the electronics and minimizing
darkening of the optics.

3. PE press setup at the beamline PSICHE

Fig. 2 shows the setup for the PE press at the PSICHE
beamline. The current setup uses a conventional four-column
PE press (Besson et al., 1992) which allows working up to
10 GPa, 2000 K with conventional tungsten carbide anvils. It
presents a 68.8° angular opening between the columns, and so
a total useful angular opening of around 135° for tomography.
This provides a total angular opening of about 135° upon
a 180° rotation of the press. Once pressurized to its target
pressure, the press is isolated from the hydraulic line
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Figure 2

Photograph (top) and schematic drawing (bottom) of the PE press
experimental setup at the PSICHE beamline at Synchrotron Soleil. The
PE press is directly installed on the rotation stage for tomography. Both
the Caesar diffraction setup and the camera setup can be brought in and
out depending on whether one wants to work in diffraction or imagery
mode.
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connected to the press piston by closing a valve. The hydraulic
line is then disconnected, allowing the press to rotate freely.
High temperature is achieved by an alternating current power
supply, and the anvils are continuously cooled using a flowing
water circuit. Both the electrical cables and water hoses
necessary for heating the sample and anvil cooling are routed
through the hole in the rotation axis. In this way, 180° of
rotation is possible without damaging the cables or connectors.
As the electrical cables remain connected, the sample
temperature can be controlled at constant pressure while
imaging. A tomogram is recorded during a 180° rotation, after
which the rotation returns to its starting position before the
next tomogram. Eventually, a second tomogram could be
recorded during the ‘rewind’ phase. This places some limits
on the minimum time per tomogram, and interval between
tomograms, due the acceleration and deceleration times. In
this operation mode, we have been able to record complete
datasets in 10 s. This represents an improvement of around
100-1000 times with respect to the different systems discussed
in the Introduction.

4. High pressure and temperature XCT experiments:
rhyolite melt percolation through a solid silicate matrix

Understanding the manner in which fluids are distributed in
partially molten rocks is critical to a variety of geophysical
and geochemical phenomena. However, there are many
unanswered questions regarding the physical processes
involved in the generation of melts and their transportation
through the mantle rocks. Recently, Zhu et al (2011)
demonstrated the exciting potential for three-dimensional
micro-tomography to look at silicate-rich melts in contact with
silicate-rich rocks in order to model melt transportation
through mantle rocks. To our knowledge, until now percola-
tion studies have been based on XCT imaging on recovered
samples from quench experiments (e.g. Miller et al, 2014,
2016). In the present work, we performed in situ fast XCT
imaging. This avoids assumptions in the interpretation of
quenched samples, and enables the study of the kinetics of
percolation of melt. This is particularly important as melt
percolation through silicate-rich rocks goes along with
chemical and mechanical instabilities such as dissolution—
precipitation reactions between the mantle and the perco-
lating melt that lead to the formation of high-permeability
channels due to a positive feedback between melt flow and
reaction (Pec et al., 2015, 2017; King et al., 2010).

Starting materials consisted of a mixture of finely ground
natural rhyolitic magmatic rock and roughly ground San
Carlos olivine crystals as a solid silicate matrix. Fe-Mg-rich
olivine [(Mggo, Fep1).SiO4] was chosen in order to obtain
sufficient absorption contrast between the rhyolite and the
solid silicate and facilitate their identification. The rhyolitic
powder and olivine crystals were thoroughly mixed in order to
obtain a homogeneous mixture. The PE cell assembly used for
these experiments is represented in Fig. 3. It consists of a
center disc of X-ray transparent boron epoxy (BE). Above
and below the BE discs are ZrO, caps, insuring excellent
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Figure 3
PE assemblage used for the present percolation experiments.

thermal insulation and preventing temperature gradients
within the sample. The sample is heated using a graphite
furnace with Mo foil leads. The composite BE/ZrO, experi-
mental assembly design is optimized to provide a higher
temperature range, to increase the accessible window between
the WC anvils at high P-T conditions, and for longer cell
stability at elevated pressure and temperature compared with
the standard BE gasket (Kono et al., 2014). The sample is
contained in a X-ray transparent graphite capsule. MgO
insulating material is placed between the graphite heater and
boron epoxy to avoid reactions and increase stability with time
(Kono et al., 2014).

Radiographic imaging of the sample in the cell assembly
was performed using the PSICHE tomography detector. A
visible-light image was formed using a 90 um-thick YAG
scintillator screen and transmitted to the Hamamatsu ORCA
Flash4.0 sCMOS camera using a 5x microscope objective,
giving an effective pixel size of 1.3 pm. The energy profile of
the pink beam used for these experiments is presented in
Fig. 4. The energy bandwidth is about 4 keV. A tomographic
dataset consisted of 700 projections with 10 ms exposure time
for each image. Thus, each tomogram has a ‘collection time’ of
about 10 s. In addition, reference images were recorded before
and after the projections. A series of tomograms were
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Figure 4

Energy profile of the ‘pink beam’ after energy filtering as used for

imaging at high speed in the present experiments.
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Figure 5
Reconstructed slice of a mixture of ground rhyolite together with olivine grains at 3 GPa and 1100 K (@), 1600 K (b) and after a few minutes at 1600 K (c).

(c) + 5min Fe Spherules

vesicules x

acquired with 10 s collection time combined with 5 s intervals calculation time; however, it is sensitive to noise and small
between scans. Reconstructions sections of the sample are number of projections. It is based on the Fourier transform
performed using standard filtered backprojection in PyHST?2, theory, and on the assumption that both the measurement
employing Paganin phase retrieval (Mirone et al, 2014; process and the projection data are represented by a contin-

Paganin et al., 2002).

The sample was first pressurized to
3 GPa and then heated progressively.
Fig. 5 shows reconstructed vertical
sections through the sample, parallel to
the press axis. Above 1100 K, strong
deformation of the sample chamber is
observed as its volume is reduced dras-
tically due to melting of the rhyolite
material (Fig. 5a). In a few minutes and
with increasing temperature the melt
reorganized itself toward the border
of the capsule. When the temperature
reached 1600 K, we observed rapid
and progressive demixing of liquid iron
from the melt that precipitated as iron
metallic spherules, probably due to the
reduction of iron in the melt by the
graphite capsule. At the same time, gas
bubbles formed in the interior of the
sample (Figs. 5b and 5c¢).

In order to estimate the effect of both
the limited angle opening view and the
reconstruction algorithm, we present
reconstructed sections from ex situ
measurements (where the sample is
outside the PE press) and in situ
measurements (the sample is within the
PE press) by means of either filtered
back projection (FBP) or the algebraic
reconstruction technique (ART) in
Fig. 6. The restricted angle availability
(135°) for in situ imaging produces
artefacts which are particularly notice-
able where strongly attenuating mate-
rial is present, as the artefacts are
proportionally strong. This is the case in
the present experiment as we observed
the precipitation of metallic iron beads
within the sample. Reconstructions
were first performed by the use of the
FBP algorithm. The FBP method is
an analytical algorithm that is fast in

uous function. In these reconstructions sections of the sample
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Figure 6

Evaluation of the effect of the missing angles, and the choice of algorithm for the reconstruction.
Left: reconstructed images of the sample at room pressure and temperature after the experiments
and analyses of the iron beads. Top: from a tomogram collected ex situ, outside the PE press and
reconstructed by the mean of FBP algorithm; middle: from a tomogram collected in situ and
reconstructed by the mean of FBP algorithm; bottom: reconstructed by the mean of ART algorithm.
Right: analyses of the sharpness of the images by measuring the intensity profile and their first
derivative. The red line in the image at the top indicates the profile line used for the analyses. The
white scale bars represent 500 pm.
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one can see streaking around these beads along the directions
which are obscured by the columns of the press (highlighted
by the blue arrows on Fig. 6). These contrasts could be
misinterpreted as gas/empty space and be problematic for
studies on magma degassing, for example. In order to over-
come this issue the data were reprocessed using an ART
algorithm with ten iterations, from the TXM-Wizard software
package (Liu et al, 2012). The ART method treats the
problem of image reconstruction as a discrete problem from
the start. Any image will be constructed inside a rectangular
grid of picture elements, or pixels. The ART method is an
iterative algorithm based on linear algebra and matrix theory.
ART is slower but better adapted for a small number of
projections (Wang et al., 2012; Gordon et al, 1970). As
presented in Fig. 6, no more artefacts are observed around the
metallic iron beads and, as demonstrated by the intensity
profiles, images are sharper when reconstructed with the ART
algorithm and the FBP. Although we noticed that contrast
between the rhyolite and olivine becomes weaker with the
number of iterations, reconstruction of a scan collected on the
sample at high pressure and temperature shows it is still
possible to segment the melt from the solid olivine (Fig. 7).
Examples of analyses of the iron beads using Fiji’s particle
analyses option are also presented in Fig. 6. While the total
amount of iron is similar in all three volume reconstructions,
the choice of FBP or ART reconstruction algorithm influences
the resolution and therefore the number of iron beads and
their mean size: the ART did not allow resolving beads that
are close to each other.

Understanding melt extraction and transportation will
provide important knowledge on magmatic processes and
chemical differentiation in the Earth’s interior. For example,
it is considered that the metallic core of the Earth is formed
from extensively molten silicate layer (magma ocean) on the
Earth’s surface (Rubie et al., 2003; Wood et al., 2006). The first
process of this model involves separation of liquid metal from
silicate melt, with the metal droplets then falling into the
magma ocean. High-pressure X-ray imaging may enable us
to simulate these processes at the high-pressure and high-
temperature conditions of the Earth and planetary interiors
and provides important knowledge on understanding the core
formation process in the magma ocean model (Shi et al., 2013).

Figure 7

Reconstructed slice of the sample at 3 GPa and 1600 K and volume
rendering of the melt distribution (in brown) in the volume. The iron
beads are represented in yellow. The scale bar represents 500 pm.

By adding the fourth dimension ‘time’, one can now study the
dynamics of deep Earth processes such as melt percolation
velocity or crystallization rates, as well as the vesiculization
rate of the melt, another important parameter in magmatic
processes. Naturally, fast tomography at high pressure will also
find applications in other scientific field such as chemistry,
physics and material sciences.

5. Future developments: the UToPEC

Based on these first results, a new high-pressure device opti-
mized for high-speed tomography at the PSICHE beamline
has been designed and is under construction. This new device
will allow working up to 15 GPa and 2000 K.

In order to increase the quality of the reconstructed images,
the angular opening will be maximized using a two-column
system, based on a modified VX press (Klotz et al., 2004). As
presented in Fig. 8, it will offer a 165° angular opening in order
to reduce the reconstruction artefacts currently observed. The
extra 30° of the opening will significantly reduce the recon-
struction artefact presented in Fig. 6. The press will also have
a smaller diameter than the current four-column system
(170 mm versus 250 mm) which will allow a smaller sample
detector distance to be used. This is particularly important, as
the limiting spatial resolution will deteriorate with increasing
sample—detector distance. This is due to the penumbral blur-
ring caused by the source size, and also the fringes caused by
phase contrast effects, which while providing edge enhance-
ment contrast also have the effect of decreasing the spatial
resolution. Given the geometry of the beamline, the actual
true spatial resolution is limited by the source size. A future
upgrade to the SOLEIL storage ring, which would reduce the

, 170 mm

-
.

Rotary Union

Figure 8

Schematic of the new design of a PE press optimized for in situ imaging.
This press is significantly smaller (170 mm diameter) and presents a wider
opening of 165° which will allow a higher quality of imaging. A rotary
union is used for the water-cooling system as well as the electrical wiring.
This will allow acquisition upon continuous rotation at a fixed pressure
reducing the acquisition time of a tomogram.
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effective size of the X-ray source, will
allow a true spatial resolution to below

Table 1

Characteristics and capacity of the three different presses discussed.

1.6 um at 60 keV, limited in this case by Angle range  Acquisition
the phase contrast fringes. Press Description of view time Advantages
In order to study processes such as RoToPEC Rotational anvils 180° 10-20 min High-quality imaging,
degassing processes of magma, faster possibility to
acquisition time is needed (<1s). To perform deformation
. . experiments
do so, a system of rotary couplings will Standard PE ~ Four-column PE press placed  135° 10's
be used to bring the electrical heating on a rotation stage
UToPEC Two-column PE press placed  165° <1ls Ultrafast imaging at

power and the cooling water to the
press. As stated previously, the acquisi-

on a rotation stage

high pressure
and temperature

tion time for the use of a standard
PE press is currently limited by the
requirement to rewind the stage, thus a
continuous rotation stage will reduce the acquisition time. A
quick-release fitting will be used to connect the hydraulic line
to the press. Once the hydraulic line is removed, continuous
rotation will be possible. With this improvement, it will be
possible to acquire a full tomogram in 0.5 s, corresponding to
the maximum rotation speed of the stage. This is a further
factor of ten compared with the current instrument, and a
factor of 1000 compared with the reported state of the art.

The characteristics and capacity of the three different
presses are listed in Table 1. Depending on the necessity for
experiments, one user will be able to use one or the other. For
example, the RoToPEC press is necessary for imaging upon
deformation studies while the UToPEC will be necessary for
the study of fast processes.

Finally, one should note that the PSICHE beamline offers
the possibility to perform simultaneous white-beam energy-
dispersive diffraction and pink-beam X-ray tomography.
These two techniques are very complementary in material
science. For example, tomographic reconstruction or two-
dimensional radiography can be used to target a diffraction
measurement in a heterogenous sample, and X-ray diffraction
can be used for phase identification, measurement of the
strain, pressure or crystal orientation during a tomographic
experiment. Changing between the tomography and diffrac-
tion modes can be performed simply by changing the beam
filters, and defining the incident beam with slits just upstream
of the sample (Fig. 2).

6. Conclusions

In this article, we have shown that by combining a standard PE
press mounted on a suitable synchrotron tomograph with the
use of pink-beam illumination it is possible to obtain a very
large improvement in temporal resolution for tomography
at high pressure and temperature compared with current
systems. A large range of evolving systems at high pressure
and temperature become accessible for investigations using
in situ tomography. The drawback when using a standard press
is reconstruction artefacts arising from the limited angular
opening of the press. We describe a modified press, optimized
for high-speed tomography, which will allow a further order
of magnitude improvement in speed, while simultaneously
minimizing these reconstruction artefacts.
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