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10Abstract

11The ability to visualize a sample undergoing a pressure-induced phase transition allows for
12the determination of kinetic parameters such as the nucleation and growth rates of the high-
13pressure phase. For samples that are opaque to visible light (such as metallic systems), it is
14necessary to rely on X-ray imaging methods for sample visualization. Here, we present an
15experimental platform developed at beamline P02.2 at the PETRA III synchrotron radiation
16source, which is capable of performing simultaneous X-ray imaging and diffraction of
17samples which are dynamically-compressed in piezo-driven diamond anvil cells (DACs). This
18set-up utilizes a partially-coherent monochromatic X-ray beam to perform lens-less phase
19contrast imaging (PCI), which can be carried out using either a parallel or focused-beam
20configuration. The capabilities of this platform are illustrated by experiments on dynamically-
21compressed Ga and Ar. Melting and solidification were identified based on the observation of
22solid/liquid phase boundaries in the X-ray images and corresponding changes in the X-ray
23diffraction patterns collected during the transition, with significant edge enhancement
24observed in the X-ray images collected using the focused-beam. These results highlight the
25suitability of this technique for a variety of purposes including melt curve determination.

261. Introduction

27X-ray diffraction and spectroscopic studies of samples confined at high pressures in DACs are
28commonly-performed at synchrotron radiation sources at specialized beamlines';
29consequently, the structural and electronic behavior of many materials have been well
30characterised up to 100 GPa (1 Mbar). Previous DAC studies have revealed that many
31materials exhibit complex behaviour at high pressures, where compression can drive
32transformations to low symmetry structures (reference * and references therein), induce
33dramatic changes in electronic properties’, or produce anomalous melting behaviour®’.
34However, although X-ray diffraction provides crystallographic information corresponding to
35nm length scales (averaged over the area illuminated by the X-ray beam), studies
36investigating the sample behaviour on microscopic (um) length scales (i.e. the dimension of
37the sample chamber) are scarce.
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39Time-resolved imaging of samples in the DAC can provide insight into the kinetics of
40structural phase transitions. When crystallite sizes (or melt regions) are relatively large with
41well-defined phase boundaries, it is possible to visualize the growth of the new phase. This
42allows for the direct determination of kinetic parameters such as growth rates, identification
430f nucleation sites within the sample chamber (e.g. at the gasket edge or at an internal
44pressure standard), as well as monitoring of crystal morphology. Understanding the nucleation
45and growth process is important for industrial processes, as control of the crystallization
46process is used to tune properties such as grain size which, in turn, influences physical
47properties such as hardness (e.g. Hall-Petch strengthening) and material toughness®.

48

49Investigation of phase transition kinetics requires control of at least one independent
50thermodynamic variable to drive the sample through the transition. The study of pressure-
51driven transitions offers several advantages over those which are temperature driven. For
52example, pressure can induce significantly larger changes in interatomic distances;
53consequently, high-pressure structural polymorphs tend to be more numerous than those
54stabilized by temperature alone. In addition, while heating and cooling rates are inherently
55limited by the thermal conductivity of the sample and heating assembly, control of the
56compression rate is limited primarily by the rate at which the external force is applied to the
57DAC. Precise control of the sample pressure can be achieved through the use of piezo-driven
58dynamic DACs (dDACs) in which the pressure-time profile can be tailored by the application
590f a user-defined voltage waveform to a piezo actuator driver”'’. The dDAC is also capable of
60generating extremely fast compression rates (up to 160 TPa/s'), which allows for the study of
61rate-dependent behaviour'' ¢,

62

63Initial dDAC studies relied on optical imaging and spectroscopy measurements as diagnostic
64probes; consequently, they mostly focused on transparent molecular systems such as H,O'"~
65'>'% and H,'". In addition to revealing several compression-rate dependent transition pathways
66in H,O'""*, previous studies showed that the crystal morphology and growth rate of ice VI is
67influenced by compression rate'>'®, displaying a cross-over from 3D to 2D growth at strain
68rates >7x107 s '°. More recently, the development of high speed (kHz) hybrid pixel photon
69counting detectors for hard X-rays enabled dDAC studies to utilize time-resolved X-ray
70diffraction for direct structural determination'®'"!*, Recent work reported an over-
71pressurization of the Bi-III/Bi-V phase boundary by as much as 2.5 GPa at compression rates
72below 1000 GPa/s, suggesting that ADAC compression timescales are suitable for the study of
73transition kinetics in metallic systems'. Diffraction studies are now possible even for low-Z
74materials, but have focused primarily on equation of state measurements rather than rate-
75dependent behavior'”. However, to-date, simultaneous imaging and diffraction experiments
76have not been reported for ADAC compressed samples.

77

78In order to extend dDAC imaging studies to samples which are opaque to visible light (e.g.
79metallic systems), it is necessary to utilize X-ray imaging techniques. X-ray radiography, in
80which the transmitted intensity is related to the X-ray absorption coefficient and sample
81thickness via the Beer Lambert law, has long been used in conjunction with the large volume
82press to measure a range of physical properties such as density", melting”, immiscibility
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83behavior?**, strain”, and viscosit , and to determine the equation of state of amorphous
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84materials in the DAC’'. However, one drawback of absorption-based imaging is that it
85produces poor contrast for low-Z materials as the absorption coefficient is ~Z***. This method
86is therefore generally not effective for distinguishing between samples of similar atomic
87number or between different high-pressure polymorphs, where density differences are
88typically on the order of a few percent.
89
90These problems can be overcome by the use of propagation-based PCI, which has previously
91been shown to extend imaging studies to low-Z samples with low absorption contrast®. In this
92technique, which requires partially spatially coherent X-rays, the incident wavefront is
93modified by the sample’s complex refractive index i.e. both the incident wave’s phase and
94amplitude get modified. The amplitude change is directly accessible behind the sample by an
95intensity measurement; however, due to the use of hard X-rays and small sample volumes,
96this measurement does not necessarily contain useable information. Making use of the
97coherence properties of the X-rays produced by a 3™ generation synchrotron radiation source
98allows for the implementation of lens-less imaging methods in which the free-space
99propagation also encodes the phase information into measurable intensities****. This gives rise
100to edge enhancement contrast at small propagation distances between sample and detector i.e
101stronger contrast at boundaries between materials with different electron densities. PCI is used
102successfully at specialized beamlines to image a variety of samples from single biological
103cells®® over tissue samples®” and applications in archeology™ or material sciences®. Running
104phase retrieval algorithms* on these kinds of measurements is necessary to obtain the image
105in the object plane, which contains quantitative information on the projected electron density
1060f the specimen.
107
108PCI of DAC-confined samples has previously been performed using X-ray transmission
109microscopy (XRTM)*', where an objective lens assembly was placed between the sample and
110detector. However, although this configuration can produce a high spatial resolution on the
111order of 100 nm*, it is not optimized for flux-limited studies, as the additional X-ray optics in
112the beam path reduce the fluence.
113
114Here, we describe an experimental set-up developed at the P02.2 beamline at the PETRA 1II
115synchrotron radiation source which is capable of performing simultaneous time-resolved X-
11é6ray imaging and diffraction of samples in a DAC. PCI can be performed using a parallel X-
117ray beam, or with a compound refractive lens (CRL) focused beam with the sample positioned
118downstream from the X-ray focus. X-ray diffraction measurements support phase
1191dentification, structural refinement, and pressure determination using an internal diffraction
120standard. The capabilities of this platform are illustrated by results from dynamically-
121compressed Ga and Ar samples. A collection rate of 20-40 Hz for both imaging and
122diffraction detectors permitted the collection of images showing both melting and
123solidification, illustrating that the time resolution offered by this platform is suitable for
124kinetic studies of crystal growth. By providing in situ visualization of samples that are opaque
125to visible light, this platform has the potential to revolutionize high-pressure synchrotron
126studies by offering additional insight into the microscopic processes which occur inside the
127DAC. In addition to the dDAC driver used in this work, this experimental platform is



128compatible with other sample environments such as the resistively-heated DAC, opening up
129the possibility for its use as a melting diagnostic in future high-temperature studies.

130

13111. Experimental Set-up

132The combined imaging and diffraction set-up (Fig. 1) was constructed at the Extreme
133Conditions Beamline (P02.2) at PETRA III, DESY, Hamburg®. The set-up consists of an X-
134ray microscope positioned in the direct path of the X-ray beam, and two GaAs 2M LAMDBA
135detectors® positioned at either side of the imaging microscope, horizontally offset from the
136incident X-ray beam, for the collection of X-ray diffraction images. The microscope and
137LAMBDA detectors are mounted on a translation stage which permit the positioning of the
138entire assembly parallel to the x-ray beam, as well as in the horizontal direction perpendicular
139to the beam. Additional alignment of the microscope was performed using translational drives
140which allow for two-dimensional micro-positioning perpendicular to the X-ray beam.

141The imaging microscope consists of a scintillator that is imaged onto the sensitive area of a
142PCO Edge 4.2 camera using a x20 objective with a working distance of 15.2 mm, a numerical
143aperture of 0.42, and a depth of focus of +/- 2 pm. This gives an overall magnification of x18
144and a resolution limit of 0.8 um at 550nm. A 10 pm thick cerium-doped lutetium aluminium
145garnet (LuAG:Ce) scintillator, which has an absorption of 12.35% at 25 keV and a peak
146spectral emission of > 0.9 in the 500-550 nm wavelength range, was used for all the work
147described here. This is well suited to work with the PCO edge 4.2 camera, which has a peak
148quantum efficiency of >75% in the 500-660 nm range. The choice of scintillator thickness
149was a trade-off between image sharpness and photon counts in the measurements. The
150microscope is modular and can be fitted with different imaging cameras, various objectives,
151and scintillators. The PCO Edge 4.2 camera allows for data collection rates up to 10 Hz at full
152resolution, which was suitable for the work described here. Exposure times <20 ms resulted in
153a reduced data quality due to flux limitations of the beamline.
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Fig. 1. Schematic showing the simultaneous X-ray imaging and diffraction set-up at the
P02.2 beamline at PETRA III, where the sample is illuminated by the unfocused beam. X-
ray images are collected by an X-ray microscope equipped with a 10 pm thick LuAG:Ce
scintillator, a 20x objective, and a PCO Edge 4.2 camera. X-ray diffraction images are
collected by two GaAs 2M LAMBDA detectors which are horizontally offset from the
direct x-ray beam.
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156X-ray diffraction data were collected with the LAMBDA detectors in the continuous
157read/write mode, in which the detectors are continuously collecting with no dead time
158between images®. Synchronization of the LAMBDA detectors, PCO camera, and dDAC
159driver are described in Fig. 2, which is an extension of the triggering system described in ref.
160". The PCO 4.2 camera requires a trigger signal to initiate the start of data collection for
161individual frames, which was provided by a square wave signal produced by an AIM-TTI
162function generator (TG2512A). The frequency of the trigger signal was 1000-2000 Hz; this is
163much higher than the data collection rate of the PCO camera and was chosen to reduce the
164dead time between successive images. The square wave input was gated using the output from
1650ne of the LAMBDA detectors to ensure that data collection on the LAMBDA detectors and
166PCO camera was started simultaneously (Fig. 3). The different trigger modes of the PCO
167camera and the LAMBDA detectors resulted in a small time offset between imaging and
168diffraction images. The time offset was on the order of several microseconds, and depended
1690n both the exposure time of the PCO camera and the frequency of the trigger signal. The
1700utput of the LAMBDA detectors and PCO camera were therefore collected on a Tektronics
171MDO4000 6 GHz oscilloscope to synchronise the timing between different devices.

172The experiments described here were performed using a monochromatic X-ray beam with an
173energy of 25.6 keV, which was chosen because GaAs sensors on the LAMBDA detectors



174have nearly 100% quantum efficiency at this energy. Experiments were performed in both
175parallel and focused beam imaging configurations. For imaging using the parallel beam, the
176X-ray beam was cut down to ~150(h)x150(v) pm? using a set of horizontal and vertical slits
177without any focusing optics (Fig. 4), and the PCO camera was positioned at a sample-to-
178detector distance of ~400 mm. Experiments were also performed in the conventional PCI
179configuration, where the x-ray beam was focused using 62 compound refractive lenses
180(CRLs) and the sample was positioned 410 mm downstream from the X-ray focus so that it
181was illuminated by the expanding beam (Fig. 4). In addition to the increase in flux provided
182by the CRLs, this also eliminates (or significantly reduces) parasitic scattering from the gasket
183material — especially if the illuminated area is smaller than the gasket hole. This is particularly
184important for diffraction diagnosis of mid- or low-Z samples, where diffraction from the
185gasket can easily overwhelm the sample signal.
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Fig. 2. Schematic of the drive control, which is employed to ensure synchronization
between X-ray diffraction and imaging detectors and the dDAC driver.
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Fig. 3. (a) Outputs from LAMBDA 1, the PCO camera, and the amplifier from a typical
compression ramp with a 15 s rise time. The LAMBDA output (low during collection) is
used to gate the square wave input to the PCO, and the PCO output (high during collection)
is used to correlate the timing of the PCO with the LAMBDA images. The oscilloscope was
used in peak-detect mode to resolve voltage drops in the PCO output corresponding to the
dead time between images, which results in the broad voltage signal from the amplifier. (b)
Enlargement of panel (a), illustrating voltage drops following the collection of each 50 ms
PCO image.
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Fig. 4. Schematic showing the simultaneous imaging and diffraction set-up in the (a)
parallel beam and the (b) focused beam configurations.



188I11. Data analysis
189A. Imaging

190The main challenge for image data processing is a proper correction of the flat field. The flat-
191field correction is the task of removing all non-signal image contributions by a division of the
192measured sample image by a flat image i.e. an image without sample in the beam. The
193structures in the flat field arise from the beamline optics, where the dominant contribution
194stems not only from the double crystal monochromator but also from impurities in the Be-
195CRLs.

196Beamlines optimized for imaging usually employ stabilized monochromators, which show
197significantly less temporal fluctuation in the flat image. This is important for the conventional
198flat-field correction, since it assumes a constant flat-field. This was not the case for P02.2, as
199can be seen in supplementary video 1. It has been demonstrated that the flat-field fluctuations
200can be circumvented by employing a flat-field synthesis scheme *. This means that the best-
201fitting flat-field is calculated from an orthogonal basis of images computed by a principal
202component analysis (PCA) of a series of flat-field images obtained before or after the ramp.
203This approach yields good results for PCI even at strongly fluctuating sources like an X-ray
204free electron laser . Transferring this scheme to dDAC imaging was only partially
205successful. This is due to the fact that three dynamic processes need to be separated: (i) the
206flat-field, (ii) the changes in the sample and (iii) the movement of the gasket or other non-
207sample structures in the sample chamber e.g. pressure markers or changes in the stress field of
208the diamond anvils. Using the scheme described above it is only possible to separate
209contribution (i), as (i) and (iii) cannot be separated out. The explanation for this is that the
210PCA components only contain information on (i), and we cannot generate an image series
211which contains contributions from (ii) and (iii) in the same way they would appear during the
212actual compression ramp.

213We therefore compute the PCA on all images including the flat-field series before and after
214the ramp. The resulting PCA components have to be visually inspected and are subsequently
215sorted in sample and non-sample contributions, where all sample contributions are then
216removed from the PCA basis. In most cases the sample and non-sample contributions are so
217different in their statistical nature that they do not appear in the same PCA component. It can
218still happen that (i) keeping the component as part of the basis could result in removing
219sample features from the corrected image since they are wrongfully attributed to the flat-field
220o0r (ii) the corrected image is contaminated by some non-sample artefacts. Reduction of the
221human interaction for this crucial step by improved feature extraction methods or machine
222]earning would be a valuable improvement in future studies.

223Figure 5 illustrates the processing chain using the same data shown in Fig. 7a. Panel (a) shows
224a raw image from a compression ramp, where the crystallites are barely visible due to
225structures in the empty beam. These structures can be removed by a division with a proper
226flat-field as shown in (b), which is achieved using the PCA components shown in (c). A total
22701 280 images were collected during this particular ramp, from which 40 components were
228extracted. For ramps at lower compression rates which produced over 2000 images, 40
229components are also sufficient to describe the variations in the data set. The components



230which show a contribution from the sample or crystallization process have to be removed
231from the set of components, which are indicated by the red frames in Fig. 5(c). This then
232removes 16 components from the component set. The remaining components are used to
233describe the empty beam variations in the images by a simple matrix vector multiplication
234approach. The image, treated as measurement vector, is projected on the basis formed by the
235PCA components (treated as column vectors of the matrix) yielding the coefficients which
236describe the combination of components which permit the computation of the best fitting flat-
237field *. This allows us to correct for the strongly occurring fluctuations in the raw data and
238uncover the actual image of the processes which take place during compression in the DAC.
239These images could later be used to extract individual shapes of crystallites and, for example,
240track for example their size as function of time.

241

Fig. 5. Processing chain for images. (a) a raw image of the ramp during crystallization. (b)
Flat-field corrected image obtained from with the PCA approach. (c) PCA components
overview. Removed components are marked with a red frame. 16 out of 40 components
shown. 24 components remained in the set.

242

243B. X-ray Diffraction



244Two LAMBDA detectors were calibrated using a Cr,O; NIST diffraction standard where the
245sample-to-detector distance, detector tilt and rotation were calibrated using the DIOPTAS
246software’. The 2D diffraction images were radially-integrated using DIOPTAS to produce 1D
247diffraction patterns, which were further analysed using a purposely-written MATLAB code.
248For pressure determination, the most intense diffraction peak from the internal diffraction
249standard was fit using a Gaussian function and the unit cell volume was determined from the
250refined peak position. When Ta was used, the pressure was determined based on the peak
251position of the (110) reflection using the equation of state by Dewaele et al*’. For Cu, the
252(111) reflection overlapped with peaks from the gasket and so pressure was determined based
2530n the (200) reflection using the equation of state by Dewaele et al*’.

254

2551V. Simultaneous Imaging and Diffraction experiments: Gallium

256

257A. Motivation

258

259Ga has an unusual phase diagram with numerous complex high-pressure polymorphs and an
260anomalous melting curve (Fig. 6)’. The orthorhombic Ga-I structure, which is stable at
261ambient conditions, is characterized by the coexistence of covalent and metallic bonding®, an
262unusually low melting temperature of 309.2 K at ambient pressure, and a strong tendency for
263supercooling®. On compression, Ga displays a minimum in its melting curve at 275.6 K and
2641.19 GPa’, which coincides with the Ga-1/Ga-1I/liquid triple point. The high-pressure Ga-II
265phase has a complex modulated layered structure with 104 atoms in the unit cell’, whereas
266Ga-1II has a simple body-centered tetragonal structure’'. Interestingly, Ga typically does not
267transform to the stable Ga-II structure from the melt when compressed at room temperature.
268Rather, it transforms directly to metastable Ga-III*".

269
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Fig. 6. Equilibrium phase diagram of Ga, modified from reference ’. Ga transforms directly
to metastable Ga-III from the liquid when compressed at room temperature, rather than to

the stable Ga-II phase.
270

271The unusual melting curve of Ga makes it uniquely suited for imaging experiments in the
272dDAC, as it melts and recrystallizes on compression at room temperature. This allows for the
273investigation of melting and solidification in liquid metals. In general, the low atomic number
2740f Ga (Z =31) demonstrates the suitability of PCI for the study of phase transitions in mid-Z
2750paque materials, and how it can be used to study microscopic processes within the diamond
276anvil cell.

277

278B. Sample Details

279Results are presented for a total of 4 Ga samples (#1-#4), which were loaded into LLNL-type
280DACs** equipped with standard-cut diamonds with 500 um culets and stainless-steel gaskets.
281No pressure transmitting medium was used. Ga easily alloys with most metals, and so
282samples were loaded immediately before the experiment to reduce the probability of a
283reaction between the Ga and the gasket material. A small grain of Ta was included as an
284internal pressure standard in sample #4, where Ta was chosen because it does not react or
285alloy with Ga at ambient temperature™. This was confirmed by loading Ga and Ta in a DAC
286at low pressures and leaving it overnight, where subsequently collected X-ray diffraction
287patterns showed no evidence of reaction products.

288Time-resolved X-ray imaging and diffraction data of dynamically-compressed Ga were
289collected in both the parallel and focused beam configurations. Samples were compressed
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290using a triangular voltage waveform with rise and fall times ranging from 5-60 s. Data were
291collected before and after the ramp for the creation of the time-dependent flat field correction.
292Each sample loading was subjected to multiple compression cycles to collect multiple data
293sets.

294C. Experimental Results I: Parallel beam

295The capabilities of the parallel X-ray beam configuration are illustrated by data collected from
296two Ga samples (#1 and #2) (Figs. 7 and 8), where both samples were pressurized into the
297liquid phase before the start of the compression ramp. Crystallization (liquid/Ga-III) was
298clearly visible in the X-ray images collected during a 5s compression of sample #1 (Fig. 7(a)).
299Solidification was proceeded by the appearance of several black spots in the X-ray images,
300which most likely originate from crystallites fulfilling the Bragg condition and the resultant
301decrease in transmitted intensity. On further compression, crystallization of Ga-III appeared to
302originate at the lower right-hand side of the gasket hole, and progress diagonally across the
303sample chamber (see supplementary video 2). The nature of the phase transition was
304confirmed by the simultaneous observation of mixed-phase diffraction patterns, where the
305integrated intensity of the diffuse scattering signal from the liquid slowly decreased as the
306transition progressed. Melting (Ga-I1I/liquid) was also clearly visible in the X-ray images
307collected during decompression (Fig. 7(b), supplementary video 3). Although solid/liquid
308phase boundaries are clearly present, interpretation of the X-ray images is complicated by
309overlap of features at different depths within the sample and so individual grains cannot easily
310be identified. This is particularly true at the onset of melting, when only a small volume of
311liquid has formed. Both the X-ray images and diffraction patterns show that solidification and
312melting occurred over similar timescales, with solidification progressing over ~10 frames (0.5
313s) and melting progressed over ~52 frames (1.3 s). However, further analysis of the integrated
314diffraction patterns revealed the presence of several of unidentified reflections, suggesting the
315presence of a sample contaminant which may have influenced the phase transition process i.e.
316by serving as a nucleation site.

317The X-ray diffraction patterns from sample #2 showed no evidence of contamination. In this
318sample, solidification (liquid/Ga-IIT) and melting (Ga-I1I/liquid) were very fast (<50 ms), and
319n0 mixed-phase diffraction patterns were observed (Fig. 8). Correspondingly, no evidence of
320solid/liquid phase boundaries or mixed phase regions were observed in the X-ray images.
321However, solidification could be identified by the appearance of two dark spots in the sample
322region in the X-ray images, similar to those observed in sample #1.

323These data illustrate that, although high quality X-ray images can be collected in the parallel
324beam configuration, the quality of the diffraction patterns is significantly reduced by parasitic
325scattering from the gasket material. Although phase identification is possible, structural
326refinement of complex structures is not possible due to significant peak overlap. While it is
327possible to reduce the gasket contribution by closing the slits and illuminated area, the
328reduction in the field of view will mean that certain features (e.g. nucleation of a new phase
329initiating at the gasket) will be obscured.

330
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Fig. 7 X-ray images and integrated diffraction patterns collected from sample #1 (Ga) using
the parallel beam configuration. (a) and (b) show crystallization (liquid/Ga-III) and melting
(Ga-III/liquid) on compression and decompression, respectively, where the sample was
compressed/decompressed with a 5 s rise/fall time. (a) shows every image in the series,
whereas (b) shows every 3™ image. The images in (a) were collected with a 50 ms exposure
time and those in (b) were collected with a 25 ms exposure time. The gasket hole (sample
chamber) has a diameter of ~150pum. (c¢) shows the X-ray diffraction patterns corresponding
to the X-ray images in (a), where each diffraction pattern was collected with an exposure
time of 50 ms. In (c), the grey shaded area indicates diffuse scattering from liquid Ga.
Peaks from the stainless steel gasket are indicated by G, and the asterisk indicates peaks
from a contaminant phase that become more pronounced as the sample solidifies. (d) shows
the same patterns as (c), but rescaled to highlight the growth of the new peak from Ga-III.

13



I IR R I N B P S
10 12 14 16 18 13.5 14.0 14.5

20 (deg.) 20 (deg.)

Fig. 8. (a) X-ray images and (b) integrated diffraction patterns showing the pressure-
induced solidification of Ga in sample #2. Data were collected during a 15 s compression
ramp using the parallel X-ray beam configuration with a 50ms exposure time for both X-
ray and diffraction images. Peaks from the stainless steel gasket are indicated by G. (c)
shows the same patterns as (b), but rescaled to show the growth of the Ga-III reflection.
The arrows in (a) indicate the dark spots which appear when the sample is in the solid
phase, which are most likely from crystallites which fulfil the Bragg condition.

331D. Experimental Results II: Focused beam

332The capabilities of the focused beam configuration are illustrated by data collected from two
333Ga samples (#3 and #4), where both imaging and diffraction data were collected using an
334exposure time of 50 ms (Figs 9 and 10). The samples were compressed with 60 s rise and fall
335times, where both melting and solidification were observed in a single compression.
336Solidification was easily identified based on the disappearance of diffuse scattering of the
337liquid. However, no reflections from the high-pressure phase were observed in either sample,
338which was taken as evidence of the formation of large, single-crystal like grains. Although
339direct structural determination was not possible, results from samples #1 and #2 and from
340previous studies® suggest that this phase corresponds to Ga-II1. For both samples, the quality
3410f both the X-ray images and diffraction patterns was significantly improved in comparison to
342data collected in the unfocused beam configuration. In particular, the solid/liquid phase
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343boundaries were more clearly defined in the X-ray images, and the quality of the integrated
344diffraction patterns was vastly improved by a significant reduction in the parasitic scattering
345from the gasket.

346The diffraction patterns from sample #3, which was loaded without a pressure marker,
347showed no evidence of sample contamination (Fig. 9(b),(d)). X-ray diffraction indicated that
348the Ga-I/liquid transition was a slow process proceeding over 80 frames (4 s), where melting
349was clearly visible in the corresponding X-ray images (Fig. 9(a), supplementary video 4). In
350addition to the observation of phase boundaries, solid and liquid regions could also be
351identified based on absorption contrast due to the density difference between the two phases,
352with the liquid appearing darker in the X-ray images. In contrast to melting, solidification
353(liquid/Ga-III) was not visible in the X-ray images, and only one mixed-phase diffraction
354pattern was collected. This suggests that crystallization occurred in < 50 ms (1 frame), which
355is significantly faster than the melting process and below the temporal resolution of these
356measurements.

357Sample #4 was loaded with a Ta pressure marker, which enabled pressure determination over
358the course of the ramp (Fig. 10(c)). Small pressure drops were observed when the sample
359melted and recrystallized on compression, which is typical for samples undergoing a
360transition associated with a volume drop. Melting was similar to that in sample #3, proceeding
361over 90 frames (4.5 s), and there was no evidence that it originated at the Ta powder (Fig.
36210(d) and Supplementary video 6). However, solidification was strikingly different than in
363sample #3, occurring over a much longer timescale of ~17 frames (850 ms). Solidification
364was clearly visible in the X-ray images (Fig. 10(e) and supplementary video 7), and indicated
365two distinct growth processes which occurred over two different timescales. Firstly, the initial
366growth of large crystals of Ga-III occurred during the collection of a single X-ray image,
367indicated a growth time of <50 ms. Subsequent growth was much slower, with very little
368change in the crystal size or shape between subsequent images.

15



— 73.10 s fovemrt M
72.30 s Mt e

R
71.50 5 Memwnr i nrmrarinmes i

= At ]
70.70 5 hserned e ——

69.90 5 lwess - L

SOLID G ‘

L 69.10 e
Gal |l | [N 1l
| - PR T NI T N

8 10 12 14 16 18 0 500 6 8 10 12 14 16 18
20 (deg.) Voltage (V) 20 (deg.)

Fig. 9. X-ray images and integrated diffraction patterns showing the melting (Ga-I to liquid)
of Ga on compression, where data were collected using the focused beam set-up
(supplementary video 4). Data were collected from sample #3, which was loaded without a
pressure marker into a gasket hole with a diameter of ~150um. (a) Flat field corrected X-
ray images which were collected with a 50 ms exposure time, where only every 8" image is
shown. (b) Intensity plot showing time-dependent changes in the integrated diffraction
patterns over the entire ramp. (c) Applied voltage waveform. (d) Integrated diffraction
patterns collected with a 50 ms exposure time, where only every 8" image is shown.
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applied to the sample. (c) Time-dependent pressure profile during the compression ramp, as
determined from the unit cell volume of the Ta pressure marker. (d) and (e) X-ray images
showing melting (Ga-I/liquid) and solidification (liquid/Ga-III) during the compression
ramp, respectively (supplementary videos 6 and 7). Images were collected using a 50 ms
exposure time. (a) shows every 10" image, whereas (b) shows every image in the series.
The gasket hole (sample chamber) has a diameter of ~150pum.
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369V. Simultaneous Imaging and Diffraction experiments: Argon

370

371A. Motivation

372Ar, a noble gas with atomic number 18, crystallizes in the fcc phase at 1.4 GPa when
373compressed in the DAC at room temperature™. Ar is sometimes used as a pressure-
374transmitting medium, although not as frequently as Ne and He for which the effects of non-
375hydrostaticity occur at higher pressures™. Ar is also often used as an insulator for laser-
376heating experiments™*°, i.e. as a thermal boundary layer between the sample and the diamond
377anvil. The phase diagram is shown in Fig. 11, which indicates the pressure path taken during
378dDAC compression.

1200

(a) } Melting curve Ar (ref. 56)\

b Sample #6
After experiment

1000

800 I

600 |-
LIQUID Ar

Temperature (K)

SOLID Ar

400
dDAC COMPRESSION

I L
200 / L ' ' L

Pressure (GPa)

Fig. 11. (a) Phase diagram of Ar, modified from reference *’. The arrow shows the pressure
path experienced by the sample during the dDAC compression. (b) Photomicrograph of
sample #6 after the experiment, showing the dispersed Cu particles around the sample
chamber which originated from the Cu sphere which was added as a pressure marker.

379B. Sample details

380A total of 2 Ar samples (#5 and #6) were loaded into LLNL-type DACs™ using the in-house
381gas loading system at LLNL, where the DACs were equipped with standard-cut diamonds
382with 500 um culets and stainless-steel gaskets. No pressure marker was used in sample #5,
383whereas a Cu sphere was added to sample #6 as an internal pressure standard. X-ray imaging
384and diffraction data were collected in the focused beam configuration using an exposure time
3850f 20-50ms for both imaging and diffraction detectors. The samples were dynamically-
386compressed using a triangular voltage waveform with rise (fall) times ranging from 1-60s, and
387each sample loading was subjected to multiple compression cycles to collect multiple data
388sets. Data were collected before and after each of the compression cycle to create the time-
389varying flat-field correction for X-ray image analysis.

390C. Experimental Results: Focused beam

391Sample #5, which consisted of Ar loaded without a pressure marker, was compressed a total
3920f 4 times through the liquid/solid transition with rise times ranging from 1-60s. After each of
393the runs, the sample remained in the solid phase following decompression and the pressure
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394had to be manually lowered before the start of the next ramp. No evidence of crystallization
395was observed in the X-ray images collected on compression during any of the runs. Weak Ar
396reflections were observed in the X-ray diffraction patterns collected from pressures of ~4 GPa
397on compression, which is higher than the Ar solidification pressure. These were identified to
398originate from diffraction spots in the 2D diffraction images, rather than from smooth Debye
399Scherrer rings. The Ar reflections became much more intense on decompression, which was
400accompanied by an increase in the number of diffraction spots observed on the 2D diffraction
401images. This was particularly pronounced for the 10s compression ramp (Fig. 12), where no
402Ar reflections were observed on LAMBDAT during compression, but appeared at the onset of
403decompression at ~10 GPa. Diffuse scattering from Ar was not clearly visible in the
404integrated diffraction patterns, which prevented the determination of the onset solidification
405pressure based on the disappearance of the liquid phase.

406The first observation of Ar reflections above the solidification pressure is most likely due the
407formation of large, single-crystal like Ar gains which do not initially fulfil the Bragg
408condition, which is consistent with the spotty nature of the Ar diffraction patterns. This is
409consistent with the results from previous studies in which Ar was observed to form single
410crystals when compressed from the melt™. The pronounced increase in the diffracted signal
411from solid Ar on decompression is most likely due to the breakdown of the large grains into a
412]larger number of small crystallites with different orientations that contribute to the diffraction
413signal. Consequently, it is not possible to determine the transition pressure or transition
414timescale based on the X-ray diffraction data. However, the absence of crystallization in the
415X-ray images suggests that the transition is too fast to be observed on these timescales
416(exposure times of 20-50 ms).

417Sample #6, which was loaded with a Cu ball embedded in an Ar media, was compressed a
418total of 7 times through the liquid/solid transition with rise times ranging from 1-240s. No
419evidence of crystallization was observed in the X-ray images collected during the initial 60s
420compression, similar to what was observed in sample #5. However, the X-ray images
421collected in subsequent runs showed clear evidence of both crystallization and melting (Fig.
42213 and supplementary videos 8 and 9). On compression, crystallization was identified by the
423appearance of a dense network of dark spots, which we identified as the formation of large
424number of small crystallites. This was confirmed by the appearance of Ar reflections in the
425corresponding X-ray diffraction patterns at 1.6 GPa. Melting was identified by the appearance
4260f solid/liquid phase boundaries, which became more pronounced as the transition progressed.
427Crystallization proceeded over ~11 X-ray images (550 ms), and was slightly faster than
428melting, which proceeded over ~8 images (400 ms).

429The striking difference in the crystallization process in samples #5 and #6 was surprising, as it
430was not initially clear why the inclusion of the large Cu sphere resulted in the formation of a
431large number of small crystallites. However, visual observation of the sample under the
432microscope after the experiment revealed that small grains of Cu were dispersed throughout
433the sample chamber (Fig. 11(b)), which may have acted as nucleation sites which facilitated
434the growth of a large number of small Ar crystallites with different orientations. The fact that
435crystallization was not observed during the initial compression of sample #6 suggests that the
436dislodging of Cu grains first occurred during sample melting on decompression.
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437The observation of longer transition timescales in sample #6 was initially surprising, as the
438presence of a large number of nucleation sites would be expected to result in a faster
439transition time than for the pure sample. However, as it was not possible to determine the
440transition pressure in the case of pure Ar (sample #6), the possibility that liquid Ar was over-
441pressurized above the equilibrium phase boundary cannot be ruled out. Over-pressurization
442would result in a smaller activation energy, which would be expected to result in a faster
443transition. Further investigation is required to determine the transition pressures in pure Ar
444samples, where care must be taken to ensure that the method of pressure determination does
445no0t influence the transition.

446
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Fig. 12. (a) Intensity plot showing the time-dependent changes in the integrated diffraction
patterns collected from LAMBDA 1 during a 10s compression of sample #5, which
consisted of Ar loaded without a pressure marker. (b) shows the corresponding voltage
waveform. Reflections from the Ar sample are indicated by Ar, whereas reflections from
the stainless steel gasket are indicated by G. Reflections from solid Ar were not observed
on compression, but instead appeared at the onset of decompression at ~10 GPa. A single,
weak Ar reflection was observed on LAMBDA 2 from ~4 GPa.
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449

Fig. 13. X-ray images collected from sample #6, which shows (a) crystallization and (b)
melting of Ar (sample #6) on compression and decompression, respectively, during a
compression cycle with 30s rise and fall times (supplementary videos 8 and 9). The gasket
hole (sample chamber) has a diameter of ~150pum, and this sample was loaded with a Cu
sphere for pressure determination. Data were collected with an exposure time of 50 ms, and
the panels in (a) and (b) both show consecutive image collected during the
compression/decompression cycle.

450
451E. Discussion

452We have successfully demonstrated that PCI can be used to visualize phase transitions in
453elemental materials compressed using the dDAC. Edge-enhancement produced by the
454partially coherent X-ray beam produces strong contrast at liquid/solid phase boundaries,
455which are clearly visible in the X-ray images collected from samples undergoing phase
456transitions. X-ray images showing melting and solidification have been successfully collected
457using both the parallel beam and focused X-ray beam set-ups for two different material
458systems: Ga and Ar. X-ray images collected from Ga are particularly striking, as phase
459boundaries in metallic systems cannot be visualized using optical imaging. We note that the
460difference in electron density between two different high-pressure phases of a given material
461(i.e. between liquid and solid) is smaller than the difference in electron density between two
462chemically distinct materials, and so we expect PCI will produce high quality images with
463strong contrast for mixtures of materials with different compositions.

21



464X-ray images were collected from Ga using both the unfocused and focused beam set-ups,
465allowing us to make a comparison between the two experimental configurations. Overall, the
466quality of the data collected using the focused beam was higher than for those collected using
467the parallel beam, with the additional advantage that it produces ‘clean’ diffraction patterns
468without gasket contribution. However, although the collection times were comparable for all
4690f the experimental runs, the timescale of the compression ramps applied to samples #1 and
470#2 (parallel beam) were much faster (5-15s) than those applied to samples #3 and #4 (focused
471beam, 60s ramp). The possibility that the increased speed of crystal growth in the faster
472compression ramp resulted in enhanced time-blurring in the images therefore cannot be ruled
473out. In addition, the samples #1 and #2 started already in the liquid phase, and so images from
474the Ga-1/liquid transition could not be collected. Instead, melting was observed during the Ga-
475111/liquid transition on decompression, which is expected to show lower contrast than Ga-I
476/liquid due to the smaller volume drop associated with the transition®®.

477The results from these experiments also demonstrate how X-ray imaging can allow us to gain
478insight into phase transitions. In the case of Ga, the presence of a sample contaminant or the
479inclusion of an internal pressure standard resulted in longer melting and solidification times in
480comparison to pure Ga. This was particularly striking for solidification, which was not
4810bserved in X-ray images collected from pure Ga. The same is true for Ar, where
482solidification was only observed in the X-ray images collected from sample #5, which was
483loaded with a pressure marker. In this case, crystallization was most likely influenced by a
484small amount of dispersed Cu powder, which may have acted as nucleation sites for
485crystallization.

486

487F. Outlook

488The ability to perform imaging experiments at extreme P-7 conditions will be an invaluable
489tool for many areas of research within high pressure science. In particular, as it can potentially
490be coupled with a range of sample environments such as resistive and laser heating techniques
4910r cryostat systems, which allow for samples to be studied over a large region of P-T space.
492The extension of dynamic compression experiments to higher temperatures using a
493resistively-heated dDAC> offers the opportunity to extend the study of melting and
494solidification to materials with melting temperatures up to ~1400 K, whereas imaging of laser
495heated samples offers the opportunity to extend particle tracking studies* to samples that are
4960paque to visible light. In general, the ability to visualize a sample in the vicinity of its
497melting curve can provide additional information on the melting process, particularly for
498samples in which the melting temperature is subject to intense debate® 2. Imaging can also
499provide information on phase mixability, which is important for planetary modelling. For
500example, it has been proposed that the excess luminosity of Saturn can be explained by
501hydrogen and helium de-mixing in the planetary interior®, where latent heat and gravitational
502energy of sinking He droplets act as an energy source®.

503

504The significantly increased X-ray coherence of 4™ generation synchrotron radiation sources
505such as the ESRF and the planned upgrades to PETRA IV and APS-U will offer the
5060pportunity for phase reconstruction from PCI images. In addition, the increase in flux will
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507allow for full data collection at faster frame rates, which will allow synchrotron dDAC
508imaging studies to be extended to faster compression rates. In addition, high-energy XFEL
509sources such as the European XFEL (EuXFEL), which has a dedicated DAC setup at the HED
510instrument, may be used to extend dDAC studies to even faster compression rates®. The pulse
511train structure of the EuXFEL provides an unparalleled time resolution up 4.5 MHz, where
512the short timescale of the femtosecond XFEL pulses will avoid time blurring by providing a
513snapshot of the sample during the compression ramp.

514

515G. Conclusions

516This work describes an experimental platform at the Extreme Conditions Beamline (P02.2) at
517the PETRA III synchrotron radiation source at DESY, Hamburg, which is capable of
518collecting simultaneous X-ray imaging and diffraction data from samples that are compressed
519in the piezo-driven DAC. This set-up can perform PCI using both an unfocused and focused
520X-ray beam, where the focused beam configuration resulted in both an improvement in the X-
521ray images and a reduction in parasitic scattering in the diffraction patterns. The capabilities
5220f this platform are illustrated by dynamic compression experiments on Ga and Ar, where
523melting and crystallization were clearly identified by the appearance of solid/liquid phase
524boundaries in the X-ray images collected during the transition, demonstrating the suitability of
525PCI for the observation of pressure-induced phase transitions in elemental materials. This
526platform is compatible with different sample environments and DAC drivers, making it
527compatible with a range of experimental measurements such as melt curve determination.

528

529Supplementary Material

530See supplementary material for videos showing the fluctuations of the X-ray beam caused by
531instabilities in the beamline's optics (supplementary video 1) and videos showing the X-ray
532images and corresponding integrated diffraction patterns collected during melting and
533crystallization of Ga samples #1, #3 and #4 (supplementary videos 2-7) and Ar samples #6
534(supplementary videos 8-9).
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660Supplementary Videos
661

662Captions for supplementary videos

663Supplementary video 1. This video shows the fluctuations of the x-ray beam caused by
664instabilities in the beamline's optics. The exposure time per frame was 20 ms. The fluctuations
665and the structured background overlay the signal of the object completely. Thus the flat-flied
666correction based on principal components as described in the main text is necessary to extract
667the images of the sample from the raw data.

668Supplementary video 2. Integrated diffraction patterns (left) and X-ray images (right)
669collected during the solidification (liquid/Ga-III) of Ga (sample #1) on compression. Data
670were collected using the parallel beam configuration, and both imaging and diffraction data
671were collected with an exposure time of 50ms. G indicates peaks originating from the
672stainless steel gasket. Selected X-ray images from this video are shown in Fig. 7(a).

673Supplementary video 3. Integrated diffraction patterns (left) and corresponding X-ray images
674(right) showing the melting (Ga-IlI/liquid) of Ga (sample #1) during decompression. Data
675were collected using the parallel beam configuration, and both imaging and diffraction data
676were collected with an exposure time of 25ms. G indicates peaks originating from the
677stainless steel gasket, and * indicates an unidentified peak from a contaminant phase. Selected
678X-ray images from this video are shown in Fig. 7(b).

679Supplementary video 4. Integrated diffraction patterns (left) and corresponding X-ray images
680(right) showing the melting (Ga-1/liquid) of Ga (sample #3) on compression. Data were
681collected using the focused beam configuration, and both imaging and diffraction data were
682collected with an exposure time of 50ms. Selected X-ray images from this video are shown in
683Fig. 9(a).

684Supplementary video 5. Video showing the integrated diffraction patterns (left) and
685corresponding X-ray images (right) collected during the crystallization (liquid/Ga-III) of Ga
686(sample #3) on compression. Data were collected using the focused beam configuration, and
687both imaging and diffraction data were collected with an exposure time of 50ms.

688Supplementary video 6. Video showing the integrated diffraction patterns (left) and
689corresponding X-ray images (right) collected during the melting (Ga-I/liquid) of Ga (sample
690#4) on compression. Data were collected using the focused beam configuration, and both
691imaging and diffraction data were collected with an exposure time of 50ms. Selected X-ray
692images from this video are shown in Fig. 10(d).
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693Supplementary video 7. Video showing the integrated diffraction patterns (left) and
694corresponding X-ray images (right) collected during the crystallization (liquid/Ga-III) of Ga
695(sample #4) on compression. Data were collected using the focused beam configuration, and
696both imaging and diffraction data were collected with an exposure time of 50ms. Selected X-
697ray images from this video are shown in Fig. 10(e).

698Supplementary video 8. Video showing the integrated diffraction patterns (left) and
699corresponding X-ray images (right) collected during the crystallization of Ar (sample #6) on
700compression. Data were collected using the focused beam configuration, and both imaging
701and diffraction data were collected with an exposure time of 50ms. Cu indicates the Cu
702sphere used as a pressure marker, and G indicates peaks originating from the stainless steel
703gasket. Selected X-ray images from this video are shown in Fig. 13(a).

704Supplementary video 9. Video showing the integrated diffraction patterns (left) and
705corresponding X-ray images (right) collected during the melting of Ar (sample #6) on
706decompression. Data were collected using the focused beam configuration, and both imaging
707and diffraction data were collected with an exposure time of 50ms. Cu indicates the Cu
708sphere used as a pressure marker, and G indicates peaks originating from the stainless steel
709gasket. Selected X-ray images from this video are shown in Fig. 13(b).

710
711
712
713

714

27



