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Abstract

:

The carbon phase diagram is rich with polymorphs which possess very different physical and optical properties ideal for different scientific and engineering applications. An understanding of the dynamically driven phase transitions in carbon is particularly important for applications in inertial confinement fusion, as well as planetary and meteorite impact histories. Experiments on the Z Pulsed Power Facility at Sandia National Laboratories generate dynamically compressed high-pressure states of matter with exceptional uniformity, duration, and size that are ideal for investigations of fundamental material properties. X-ray diffraction (XRD) is an important material physics measurement because it enables direct observation of the strain and compression of the crystal lattice, and it enables the detection and identification of phase transitions. Several unique challenges of dynamic compression experiments on Z prevent using XRD systems typically utilized at other dynamic compression facilities, so novel XRD diagnostics have been designed and implemented. We performed experiments on Z to shock compress carbon (pyrolytic graphite) samples to pressures of 150–320 GPa. The Z-Beamlet Laser generated Mn-Heα (6.2 keV) X-rays to probe the shock-compressed carbon sample, and the new XRD diagnostics measured changes in the diffraction pattern as the carbon transformed into its high-pressure phases. Quantitative analysis of the dynamic XRD patterns in combination with continuum velocimetry information constrained the stability fields and melting of high-pressure carbon polymorphs.
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1. Introduction


Carbon is an abundant element that has fundamental importance in many scientific fields and applications. Because of its chemical flexibility, carbon is the basis of numerous organic molecules which can create large molecular compounds that make up living organisms. Carbon fibers have been used to strengthen materials in various industries such as automotive, aerospace, military, and recreational applications.



The high-pressure and high-temperature phase diagram and equation of state (EOS) of carbon [1,2,3] have recently received strong interest due to their relevance to planetary and stellar physics [4] and inertial confinement fusion (ICF) research [5]. A comprehensive understanding of carbon under extreme conditions is needed to develop better models for our outer planets, extrasolar carbon planets [6], and white dwarf stars [7,8]. For example, Neptune and Uranus are thought to contain large amounts of carbon, mostly as methane, that, under the high pressure and temperature within their ice layers, exists as diamond [9,10,11]. Also, the use of high-density carbon for implosion capsule ablators played a significant role in the recent breakthrough ICF experiments that finally achieved controlled nuclear fusion ignition in the laboratory [12,13,14].



At ambient conditions, elemental carbon generally exists as graphite, which is comprised of stacked hexagonal layers of carbon atoms. The most common form of graphite has an ABAB stacking of the hexagonal layers and is known as hexagonal graphite (HG) [15]. Alternatively, rhombohedral graphite (RG) has an ABCABC stacking and has been found in small quantities within HG materials. Bulk carbon specimens created through thermal decomposition (pyrolysis) of a hydrocarbon gas onto a heated substrate are known as pyrolytic graphite (PG) [16]. Because of the fairly random deposition process, the stacking of the hexagonal layers is sufficiently disordered, and parallel adjacent layers are oriented arbitrarily with respect to one another. As-deposited PG consists of small crystallites that range from tens to hundreds of nm in size [17], and it typically has a density of 2.2 g/cm3. The compressive annealing of PG allows the crystallites to become better aligned to the HG crystal structure and increases the average crystallite size to ~1 mm, which produces what is known as highly oriented pyrolytic graphite (HOPG) [18].



Above several to tens of gigapascals, cubic diamond (CD) (density of 3.5 g/cm3) is the stable phase of carbon [19], which comprises the majority of all natural and synthetic diamonds [20]. The CD structure is the face-centered cubic Bravais lattice with a two-atomic basis, in which one carbon atom is on the lattice point, and the other carbon atom is shifted by ¼ along each axis. This forms a tetrahedral structure where each carbon atom is covalently bonded to four equal-distanced neighbors. Because of its exceptional strength and hardness, high thermal conductivity, unique optical properties and chemical inertness, CD has been an important material for various technical and industrial applications [21,22]. Thus, the synthesis of diamonds through the heat and compression of graphite has been the subject of intense research for many decades [23].



Hexagonal diamond (HD) is a polymorph of diamond that has a hexagonal unit cell, which was discovered naturally and first synthesized in the laboratory in the 1960s. In nature, HD was first identified based on X-ray diffraction measurements of fragments from the Canyon Diablo meteorite by Hanneman et al. [24]. It was proposed that upon impact with Earth, the intense shock pressure transformed the pre-impact graphite portions within the meteorite into small HD clusters, forming a mineral designated as ‘lonsdaleite’ [25]. Bundy and Kasper reported the first synthesis of HD in the laboratory under a static pressure exceeding 13 GPa and a temperature greater than 1000 °C [26]. Although HD potentially has superior mechanical properties (e.g., compressive strength, hardness, and rigidity) compared to CD, these advantages have been difficult to verify due to the inability to synthesize HD as a pure phase. Consequently, the actual existence of HD has been questioned, and recent studies have suggested that the previous discoveries of HD may be explained as faulted and twinned CD [27,28].



Static compression experiments have been utilized extensively to synthesize and examine the graphite-to-diamond transformation [22,26,29,30,31]. The overall findings revealed that HG, RG, PG, and amorphous carbon transformed to CD, but only highly ordered HG could transform to HD [26,31]. Dynamic compression experiments provide alternative thermodynamic loading paths for phase transformations. In addition, the extremely short time scale (nanoseconds) of shock compression experiments is more analogous to the rapid formation of HD within meteorite impacts. In 1961, DeCarli and Jamieson [32] first reported the recovery of CD after the explosive-driven shock compression of graphite. However, it was not until the early 1990s that velocimetry wave-profile analysis of gas-gun plate impact experiments by Erskine and Nellis [33,34] provided real-time evidence of the graphite-to-diamond transformation. Although these continuum measurements indicated the occurrence of the phase change, they did not provide the crystal structure of the new high-pressure phase. Later, the advent of in situ X-ray diffraction (XRD) measurements on dynamic compression platforms [35,36,37,38] enabled direct observations of the crystal structure of shock-compressed materials on nanosecond timescales.



Recently, there have been considerable efforts to explore the high-pressure phases of carbon using assorted dynamic compression platforms, such as gas-guns [39,40,41], high-powered lasers [42,43,44,45], and pulsed power generators [46]. For example, Kraus et al. [45] performed laser-driven shock-compression experiments on PG and porous graphite samples and measured in situ XRD using the X-ray free electron laser (XFEL) at the Linac Coherent Light Source (LCLS). It was reported that both PG and porous graphite samples transformed to CD above 50 GPa, and the porous graphite sample melted to liquid carbon at 100 GPa. Interestingly, at higher pressures of 170–228 GPa, the PG sample was claimed to have transformed into HD based on the observation of two closely spaced peaks within a small XRD angular range that were indexed to the HD structure. However, Murri et al. [47] questioned that interpretation and suggested the two peaks may be of coexisting CD structures originating from different strain regions within the shocked sample. Along with the dynamic experiments, various molecular dynamics (MD) simulations have been performed to study the kinetics of the phase transformation of graphite to diamond [48,49,50,51].



Alternatively, Turneaure et al. [39] performed gas-gun plate impact experiments on HOPG samples and measured in situ XRD using the synchrotron X-rays at the Dynamic Compression Sector (DCS) of the Advanced Photon Source (APS). The plate impact technique enabled a well-defined shock pressure state to be produced, and a wide XRD angular range detector was used to constrain the indexing of XRD peaks. It was determined that a HOPG sample shock-compressed along the c-axis to 50 GPa transformed into highly oriented elastically strained HD. Volz et al. [40] performed subsequent in situ XRD gas-gun impact plate experiments on HOPG and as-deposited PG samples. The HOPG sample also transformed to HD at 50 GPa, while the PG sample transformed to CD at 60 GPa, thus establishing the role of an initial meso-crystal structure in the graphite-to-diamond transformation.



However, the discrepancy between the laser-driven and gas-gun plate impact experiments remains unresolved. Specifically, the phase transformation of the PG samples to HD after shock-compression to pressures of 170–228 GPa as reported by the laser-driven results (at LCLS-XFEL) could not be corroborated by gas-gun plate impact experiments (at APS-DCS) due to their lower pressure range. In order to achieve these higher pressures, pulsed power-driven plate impact experiments are needed. Recently, in situ XRD diagnostics have been implemented on Sandia’s Z Pulsed Power Facility that enable the diagnosis of the crystallographic structure and lattice parameters of shock- and ramp-compressed samples while withstanding the harsh Z environment. In this paper, we present the results of experiments performed on Z that shock-compressed carbon PG samples to pressures of 150–320 GPa and the measured high-pressure phases of carbon using the new Z-XRD diagnostics.




2. Materials and Methods


2.1. Dynamic Compression Concepts


Dynamic compression techniques have been used extensively to collect information on the high-pressure EOS of materials [52,53,54,55]. In [56], Forbes presents a thorough review of the scientific field of shock waves phenomena that incorporates information from several disciplines of physics, including hydrodynamics, thermodynamics, electrodynamics, continuum mechanics, and quantum mechanics. In most cases, one-dimensional (1D) plane shock waves in a continuum fluid may be assumed, which enables the basic physics and hydrodynamics to be explained simply. The Hugoniot curve of a material is the locus of states that can be reached by compressing it from its initial state using shocks of various amplitudes. The high-pressure response of a material is determined through the use of the Rankine–Hugoniot jump conditions that connect compressed and undisturbed states [57], which are derived from the conservation of mass:


     ρ 0   ρ  = 1 −  u U  ;  



(1)




conservation of momentum:


  P −  P 0  =  ρ 0  U u ;  



(2)




and conservation of energy:


  E −  E 0  =  1 2    P +  P 0       1   ρ 0    −  1 ρ    .  



(3)







For a shock propagating through a material with the shock velocity U, the material within the shock has the particle velocity u. Equations (1)–(3) give the mass density, pressure, and internal energy (ρ, P, and E) within the shock, and the subscript 0 denotes the initial state. It has been shown experimentally that many materials exhibit the following relationship between shock velocity and particle velocity:


  U = C + S u + T  u 2   



(4)




where C, S, and T are fitting parameters. Over a large range of velocities, the relationship is linear, and the small quadratic correction in Equation (4) may be ignored.



The impedance-match method is a well-established technique for determining the high-pressure states of materials under dynamic compression, and detailed explanations are given in [58,59,60]. Overall, the resulting shock states may be understood visually by examining P-u graphs, such as those shown in Figure 1. The shock impedance of a material is defined as ρU, and the higher its shock impedance is, the steeper its Hugoniot curve is. For example, Figure 1a describes the shock loading of a sample B by an impactor A with an impact velocity of uI. Upon impact, a shock wave propagates to the right in sample, while a shock wave propagates to the left in the impactor. At the impactor-sample interface, the pressure and particle velocity must be conserved so the Hugoniot curves of impactor and sample are connected at PH and uH. Figure 1b describes the shock prorogation from a sample B into a window C, in which the window has a lower impedance than the sample. At the sample-window interface, the pressure and particle velocity are conserved and connected at PL and uL, but the shock state’s pressure is lowered.




2.2. Pulsed Power Dynamic Compression


The Z Pulsed Power Facility at Sandia National Laboratories is a large, pulsed power facility (~30 m in diameter) that has 22 MJ of stored electrical energy in its Marx generators’ capacitors, which can produce a shaped electrical pulse with highly controllable rise time (100–1200 ns) and peak current up to 26 MA [61,62]. Pulse shaping is accomplished by a series of switches and low-inductance transmission lines that compress the electrical energy in time and direct it into the experimental load at the center of Z. Using the so-called Dynamic Material Property (DMP) configuration, Z dynamically compresses matter to extreme states (with outstanding uniformity, duration, and size) for the investigations of fundamental material properties at high-energy-density (HED) conditions.



Various shock compression experiments on Z have investigated the response of materials along their principal Hugoniots. Figure 2 shows the Z-DMP experimental load designed for the shock compression of multiple samples. The large currents of Z are directed into the parallel plates load consisting of two anode plates arranged around a central cathode stalk to form two anode–cathode (A–K) vacuum gaps. Through a shorting cap at the top of the load, a short circuit is created between the anode plates and the cathode stalk. The current density J flowing on the anode and cathode generates a planar magnetic field B between them. The resulting J × B force produces a smooth mechanical stress wave that is proportional to the magnetic field squared, which provides sufficient momentum to launch the anode flyer plates at high velocities across the vacuum gaps toward the samples located on the load assemblies (e.g., north and south). Because the Z-DMP load is fairly large (e.g., 56 mm tall, 35 mm wide, and 20 mm thick), the numerous bulk samples (5–10 mm in diameter and 0.5–1 mm in thickness) placed vertically along each of the north and south assemblies experience nearly identical impact conditions.



Velocimetry diagnostics such as Velocity Interferometer System for Any Reflector (VISAR) [63] are typically used to track the particle velocity profiles of the sample. The VISAR diagnostic operates by illuminating coherent light onto a moving surface, and the reflected light is sent into an interferometer. The output signal from the interferometer contains the input signal and a time-delayed version of the input signal and is recorded by a fast optical detector where the measured fringe shift corresponds to the moving surface’s velocity. Since the magnetically launched anode flyer plates are able to achieve velocities > 30 km/s, the shock-compressed samples may reach pressures up to tens of Mbar.



Z has several distinctive experimental challenges that prevent utilizing the XRD systems that have functioned at other HED facilities, such as the National Ignition Facility (NIF) at Lawrence Livermore National Laboratory [36], the OMEGA Laser Facility at the University of Rochester [35], the LCLS at SLAC National Accelerator Laboratory [37], and the APS-DCS at Argonne National Laboratory [38]. First, the Z samples are thick (e.g., 0.5–1 mm), and the surrounding hardware consists of high-Z materials that attenuate X-ray transmission, so a reflection geometry is more advantageous for Z-XRD. Second, Z’s large currents and magnetic fields generate a great amount of high-energy photons, including MeV-scale photons near the load, that result in a very high X-ray background. Third, a massive electromagnetic pulse is released when Z discharges that could damage electronics within the load region or prematurely trigger diagnostics. Lastly, the environment of Z is very destructive. During an experiment, 2 MJ of electrical energy is released into the central load region of Z, which causes the Z-DMP load to explode, generating 10′s–100′s km/s debris field. To overcome these challenges, two novel schemes for in situ XRD on Z were developed: (1) a ‘time-integrated’ system called the Spherical Crystal Diffraction Imager (SCDI) diagnostic, and (2) a ‘time-gated’ system called the DIffraction SCintillator Optic (DISCO) diagnostic.




2.3. Z-XRD Diagnostics


X-ray diffraction of a crystalline solid is the coherent scattering of X-rays from its crystal lattice in which the X-ray’s wavelength and the crystal’s d-spacing satisfy Bragg’s law. A polycrystalline sample comprises of a large number of randomly oriented discrete crystals, so many of them will have the correct orientation that satisfy Bragg’s law. After a polycrystalline sample is illuminated by a monochromatic X-ray beam, the X-rays are diffracted into scattering patterns called Debye–Scherrer cones. When a two-dimensional (2D) X-ray detector is fielded such that it intersects a plane of multiple diffraction cones, a polycrystalline or powder XRD pattern may be acquired. However, any X-ray detector placed near the Z-DMP load that stores the data locally would be destroyed by the debris field before the XRD pattern could be recovered.



2.3.1. Spherical Crystal Diffraction Imager (SCDI)


In the Spherical Crystal Diffraction Imager (SCDI) scheme, a spherically bent crystal is fielded instead of a 2D X-ray detector to intersect the Debye–Scherrer cones and to relay-image the XRD pattern into a well-protected sensor. Fundamentally, the SCDI diagnostic is a bent-crystal microscope that operates within a narrow spectral bandwidth to measure nearly monochromatic images and enables high spatial resolution over a cm-sized field of view. Its design is analogous to the spherical crystal X-ray backlighter diagnostic routinely fielded on ICF experiments on Z [64,65,66].



Figure 3 shows the operational schematic of the SCDI diagnostic, and a thorough description of its operation is presented in [67]. In brief, it uses the Z-Beamlet Laser (ZBL) [68] to irradiate a manganese (Mn) foil target, which results in the laser ionization of the Mn target atoms to helium-like (He) charge states. After the rapid collisional ionization and radiative stabilization, the ions emit Heα K-shell X-rays. These so-called Mn-Heα (6.2-keV) X-rays are used to probe a shock-compressed sample on the Z-DMP load. The diffracted X-rays from the sample are reflected off the surface of a spherical crystal that has a radius of curvature R. The crucial aspect of this scheme is that the XRD sample is located on the Rowland circle that has a diameter R (e.g., the locus of focal points such that points on the circle are focused back onto the circle). As a result, the spherically bent crystal collects and focuses the diffracted X-rays into a detector housing with 1” thick tungsten walls, where an image plate (IP) is used to store the XRD pattern. To achieve imaging with high spatial resolution (Δx ≈ 10 μm), bent-crystal microscopes have nominally used various single-crystals such as quartz, mica, silicon, or germanium [69]. Alternatively, HOPG crystals have about 10–100× higher X-ray collection efficiency than these single-crystals [70] but have much lower spatial resolution due to their intrinsic mosaic spread. For the SCDI diagnostic, because of the intrinsically low signal levels of the Z-XRD measurement, a spherically bent HOPG crystal was selected to maximize the X-ray throughput.



Figure 4 shows the hardware implementation of the SCDI diagnostic, which consists of two key components: (1) an imager ring and (2) a detector housing. The imager ring (~30-cm in diameter) surrounds the Z-DMP load, and all other SCDI parts are mounted directly on it. The ZBL X-ray target is mounted on the imager ring at a distance of 75 mm from the XRD sample. The spherically bent HOPG crystal (75-mm long by 30-mm tall) is affixed to a tip/tilt base that is mounted on the imager ring 135 mm from the XRD sample, and this source-to-crystal distance allows the collection of XRD patterns over a diffraction angle spread of ~30°. Due to debris generated by the load, the spherical crystal is single use. In addition, a cross-over aperture block (with a rectangular opening 3 mm wide × 15 mm tall) is mounted in front of the detector housing where the X-rays are intersected on the Rowland circle. Within the detector housing, an image plate (IP) detector is used to store the XRD data. The IP (75 mm wide by 35 mm tall) is contained inside a cassette that is retrieved after the Z-XRD experiment. Because it has several advantageous qualities, IP is used instead of other X-ray recording media. First, IP is a robust and reusable recording medium consisting of a highly X-ray sensitive phosphor crystals suspended in a plastic binder [71]. Second, IP has a dynamic range much larger than X-ray film and is capable of detecting X-rays with 1–100 keV photon energies [72,73]. Finally, IP is immune to the electromagnetic pulse interference of Z. Overall, the SCDI diagnostic is capable of measuring XRD patterns with angular resolution of ~1° and meridional spatial resolution of ~2 mm.



The SCDI diagnostic has successfully measured XRD patterns of shock-compressed samples on multiple Z-DMP experiments. However, several features of the SCDI diagnostic limit its viability to meet the long-term goals for XRD on Z. First, only X-rays at relatively low photon energies (4–10 keV) are viable with the SCDI scheme. For higher photon energies (>10 keV), higher reflection orders (n > 4) of the spherical HOPG crystal are required, but reflection intensity decreases with order. Second, the SCDI’s sagittal focusing and the relatively poor imaging quality of HOPG crystals smear out any mesoscale features in the XRD patterns (e.g., grain size and preferred orientations). For these reasons, switching to a different X-ray detection technology is required to expand the capabilities of Z-XRD experiments.




2.3.2. DIffraction SCintillator Optic (DISCO)


The overall purpose of the DIffraction SCintillator Optic (DISCO) imaging scheme is to detect an X-ray image generated inside a harsh, inaccessible environment with a high spatial (tens of μm) and temporal (~100 ns or shorter) resolution and relay the data to a protected digitizer in a safe location. Specifically, it requires the conversion of the diffracted X-rays to optical light, which is then transported away from the Z-DMP load and measured on a fast-gated camera (see Figure 5). The DISCO scheme incorporates time-gating to allow measurement only during the short time window of the laser-generated X-ray pulse in which XRD occurs. This, in turn, significantly reduces the unwanted X-ray background from the Z-DMP load.



Open beam optics [74] and fiber optic tapers [75,76] have previously been used separately to transport scintillator-converted X-rays-to-optical light to CCD detectors. A key feature of the DISCO scheme is that the scintillator is coupled to an optical imaging relay system that employs both open beam optics and an imaging fiber bundle. Furthermore, an assortment of scintillators could be used with the DISCO scheme, which have various decay times, emission wavelengths, and light yield (e.g., P43, P47, LSO, etc.). As shown in Figure 5a, the DISCO scheme consists of the following three components:




	
“front-end”, passive X-ray-to-optical light converter (scintillator) and optical light collection optics (lenses);



	
“imaging-fiber-cable”, passive imaging fiber bundle to transport the data out of the harsh environment;



	
“back-end”, camera coupling optics (lenses) that can be attached to a commercial-off-the-shelf time-gated camera.








The hardware implementation of the DISCO diagnostic is shown in Figure 5b. The DISCO front-end consists of the scintillator (25 mm diameter) and 7 commercial-off-the-shelf lenses (30 mm diameter) mounted inside Thorlabs SM30 lens tubes. The lens package has the following parameters: achromatic, optimized for 380–550 nm; magnification of 0.261; input numerical aperture (NA) of 0.13; output NA of 0.447; total length of 154 mm; and a spatial resolution of 20 μm at the fiber and 50 μm at the scintillator. The DISCO imaging-fiber-cable consists of a hexagonal arrangement of 7 commercial-off-the-shelf 2 mm diameter imaging fibers (Asahi Multi-core POF MBL-2000-24); each is composed of 13,000 individual high-spatial-resolution PMMA (15 μm diameter) fibers, and together, they form a super-bundle (6 mm diameter). The imaging-fiber-cable has an NA of 0.485. The total length of the imaging-fiber-cable is 15 m, which corresponds to the approximate length needed to have the DISCO front-end fielded inside the Z-Center Section, exit a vacuum feed-through, and have the DISCO back-end fielded inside a screen box on the Z-Mezzanine. The DISCO back-end consists of 6 commercial-off-the-shelf and one custom lens, with the following parameters: achromatic, optimized for 380–550 nm; magnification of 3.3; object NA of 0.45 matched to the fiber; and a spatial resolution of 25 µm at the CCD and 7 µm at the fiber. The DISCO back-end was mounted to a PI-MAX4: 1024EMB-HBf Digital Intensified (emICCD) Camera System using a Thorlabs F-mount-to-SM2 adapter. The lens package fits within the aperture of a 1” zoom mount (Thorlabs SM2NR1) to adjust the image sharpness at the camera’s focal plane array.



Figure 6 shows the hardware implementation of the DISCO diagnostic on a Z-DMP experiment. A similar imager ring is employed to allow all DISCO parts to be mounted directly on it. The ZBL X-ray target is mounted on the imager ring at Z’s line-of-sight 245° location (LOS245) and at a distance of 75 mm from the XRD sample. The DISCO front-end is mounted on the imager ring so that the scintillator is 45 mm from the XRD sample, which enables about 30° of angular coverage for the XRD measurement. To align the DISCO front-end, a laser diode is initially fielded at the X-ray target location. The laser beam passes through an input collimator and is centered on the XRD sample. The laser beam is reflected off the XRD sample and onto the DISCO front-end, which has a nominal center diffraction angle 70° relative to the input X-rays. To cover various ranges of XRD angles, the DISCO front-end’s center diffraction angle can be adjusted from 55° to 85°. One possible issue for the DISCO diagnostic would be darkening and/or fluorescence within the front-end and imaging-fiber-cable due to Z’s X-ray background. Thus, a shielding tube and a nose cone were fabricated out of tungsten to contain the DISCO front-end. In addition, within the Z Center Section, part of the imaging-fiber-cable (~1-m in length) was fed through a steel interlocked armor shielding cable.






3. Results


3.1. Ambient Calibrations


Carbon PG samples with mass densities of 2.1 g/cm3 were obtained (Goodfellow), and their ambient XRD patterns were measured prior to the Z-DMP experiments. A carbon PG sample (5-mm wide by 5-mm tall by 1-mm thick) was placed near a Mn X-ray target that was irradiated by ZBL to generate 6.2 keV X-rays. At this X-ray photon energy, the carbon PG sample had a 1/e attenuation depth of 0.49 mm. A cylindrically curved IP was fielded to enable a wide angular range of XRD peaks to be simultaneously measured, as shown in Figure 7. The strong XRD peak at 34.9° and the weaker XRD peak at 73.6° were from the (002) and (004) hkl planes of the graphite-hexagonal structure (P6mc), respectively.



One long-term goal of Z-DMP experiments is to measure the XRD of high-Z material samples under dynamic compression, which is a challenge because the X-rays would not penetrate far beyond their free surfaces. As soon as the shock wave reaches the free surface, the high-pressure is immediately released so the XRD measurement would only be from the released state. Thus, an “X-ray window” is required to maintain a high-pressure state during dynamic compression while allowing for X-rays to probe the sample. Ambient beryllium has a hexagonal close-packed (hcp) structure (P63/mmc) and a mass density of 1.85 g/cm3. For the 6.2 keV X-rays, beryllium has a substantial 1/e attenuation depth of 2.5 mm that enables high X-ray transmission during shock loading. Thus, ambient XRD data were also obtained from a beryllium window (1 mm thick), as shown in Figure 8. The ambient beryllium window’s hcp structure had three prominent XRD peaks, at 60.9°, 68.1°, and 70.7° from the (100), (002), and (101) hkl planes, respectively. These XRD peaks are quite broad due to the long attenuation depth of the Be window, so the XRD data were obtained from its entire thickness.




3.2. Z-XRD Experiments


Three Z-XRD experiments, which have the designated Z shot numbers of Z3524, Z3710, and Z3717, have successfully returned XRD data on shocked carbon. For all the Z-XRD experiments, the flyer plates’ velocities and impact times were measured by the VISAR diagnostic [63], and the timing of the incident X-rays was correlated to the arrival of the ZBL beam into the Z-Center Section. We employed the SCDI diagnostic on Z3524 and the DISCO diagnostic on Z3710 and Z3717. The experimental parameters of the Z-XRD experiments are listed in Table 1.



On Z3524, a 50-kV shaped pulse was used to launch an Al flyer to a peak velocity of 9.5 km/s that impacted a carbon PG sample (1.00 mm thick), as shown in Figure 9a. Using impedance-matching of the Al flyer (Sesame 3700 tabular EOS [77]), we inferred a shock pressure of 150 GPa in the carbon PG sample (see Figure 9b). The impedance-matching parameters are listed in Table 2.



The ZBL beam consisted of a pre-pulse (107 J, 0.5 ns) and a main pulse (2860 J, 3 ns). X-rays (6.2 keV) generated by the ZBL probed the carbon PG sample on the Z-DMP load’s north panel. The ZBL was timed (20 ns after impact) to generate X-rays after the shock front had propagated 0.25 mm into the carbon PG sample. For Z3524, the carbon PG sample served as its own X-ray window during the shock loading, as shown in Figure 10a. The XRD signal measured by the SCDI diagnostic is shown in Figure 10b.



Rietveld structural refinement [78] is a well-established method for the analysis of XRD data obtained in ambient, high-temperature, and high-pressure conditions, including in static compression with DAC technology. Recently, Rietveld refinement has been successfully applied to interpret XRD results from various shock compression experiments [79,80,81]. The Rietveld refinement of the SCDI data of Z shot number Z3524 showed clear X-ray diffraction signals from the cubic diamond phase (111) of the shocked carbon and the graphite hexagonal phase (004) from the ambient carbon, as shown in Figure 10c. In addition, weak XRD lines (111, 002) from the shocked Al flyer could be identified.



On Z3717, a 53-kV shaped pulse was used to launch an Al flyer to a peak velocity of 10.6 km/s (see Figure 11a) to impact a carbon PG sample (1.00 mm thick) backed by a beryllium window (0.60 mm thick). Using impedance-matching of the Al flyer, we inferred an initial shock pressure of 180 GPa in the carbon sample (see Figure 11b). Then, as the shock wave propagated into the beryllium window, a rarefaction wave reflected from the sample-window boundary into the carbon and lowered its pressure state to 150 GPa.



The ZBL beam consisted of a pre-pulse (154 J, 0.5 ns) and a main pulse (2372 J, 3 ns) that was timed (99 ns after impact) to generate X-rays after the shock front had propagated completely through the carbon PG sample and about 0.2 mm into the beryllium window, as shown in Figure 12a. The DISCO front-end contained a P47 phosphor (100 ns decay), and the PI-MAX4 camera had a 150 ns gate window. Figure 12b shows the XRD recorded by the DISCO diagnostic, which contains multiple contributions from shocked, transformed, and unshocked materials, all present in the path of the X-ray beam. The XRD pattern analyzed with Rietveld refinement shows that the initial carbon PG material transformed into cubic diamond under shock compression (see Figure 12c). Also present are diffraction lines from the crystalline beryllium window and lines from shocked but untransformed graphite. The beryllium contribution consisted of both shocked and unshocked material as the shock wave had not transitioned through the entire Be window at the instant when the XRD measurement was taken.



On Z3710, a 56-kV shaped pulse was used to launch an Al flyer to a peak velocity of 15.0 km/s (see Figure 13a) that impacted a carbon PG sample (0.98 mm thick). Using impedance-matching of the Al flyer, we inferred a shock pressure of 320 GPa in the carbon PG sample (see Figure 13b). For Z3710, the carbon PG sample also served as its own X-ray window during the shock loading.



The ZBL beam consisted of a pre-pulse (179 J, 0.5 ns) and a main pulse (2633 J, 3 ns) that was timed (45 ns after impact) to generate X-rays after the shock front had propagated through the 0.91 mm of the carbon PG sample, as shown in Figure 14a. The DISCO front-end contained a P47 phosphor (100 ns decay), and the PI-MAX4 camera had a 150 ns gate window. Due to the higher impact velocity, the carbon sample was shock-melted, and an overall broad X-ray feature was observed in the XRD pattern recorded by the DISCO diagnostic, as shown in Figure 14b. However, Rietveld refinement of the XRD pattern shows the remaining thin layer (0.07 mm thick) of ambient carbon PG in addition to the shocked-melted carbon (see Figure 14c).



In the Rietveld refinements, the refined parameters were a second-order Chebyshev background polynomial, as well as unit cell parameters of the respective crystal phases and peak profiles. Whereas the number of refined parameters was greater than the number of observed lines, the results of the refinements were used exclusively to confirm the presence of specific phases. The uncertainty in phase amounts was taken as three standard deviations from the refinement output (which tends to underestimate errors) and was between 5% (strong lines) and 10% (weak lines).





4. Discussion


The primary objective of this work was to develop new XRD diagnostic capabilities that have been sorely needed for DMP experiments on the Z Pulsed Power Facility. To implement and assess the XRD diagnostics on Z-DMP experiments, the shock compression of carbon was chosen. The secondary objective was to provide some useful shocked carbon data for comparison with previous studies. The results from the Z-XRD experiments were compared with the laser-driven [45] and gas-gun plate impact [39,40,41] experiments. For all the Z-XRD experiments, carbon PG samples were dynamically compressed to pressures similar to the laser-driven experiments. The shock pressures were determined using the well-established method of impedance-matching that is used in gas-gun impact experiments and does not depend upon any simulations such as those used in the laser-driven experiments.



Shock-compressed carbon PG samples were observed to transform from the hexagonal graphite phase to the cubic diamond phase in two of the Z-XRD experiments (Z3524 and Z3717). On Z3524, the carbon PG sample served as its own X-ray window, so the impact pressure of 150 GPa was the in situ pressure of the shocked carbon. The Rietveld refinement identified all features within the XRD data of Z3524 to be from shocked cubic diamond, ambient hexagonal graphite, and shocked Al flyer. However, we observed no XRD features consistent with shocked hexagonal diamond. On Z3717, the impact pressure of the shocked carbon was 180 GPa, but then was lowered to 150 GPa at the beryllium X-ray window interface. This release resulted in a higher temperature at 150 GPa relative to Z3524. The Rietveld refinement identified all features within the XRD data of Z3717 to be from shocked cubic diamond, shocked hexagonal graphite, shocked beryllium, and ambient beryllium. Again, no XRD features could be identified to be from shocked hexagonal diamond. At the highest impact pressure of 320 GPa obtained on Z3710, the Rietveld refinement showed that almost all of the carbon PG sample had been shock-melted.



Overall, the presented Z-XRD experiments showed that the shock compression of typical hexagonal graphite (i.e., not HOPG) transformed to cubic diamond up to 150 GPa and melted above 320 GPa. In order to definitely investigate the claimed existence of hexagonal diamond, additional Z-XRD experiment would be required at the in-between shock pressures. Improvements to the Z-XRD diagnostics that are being pursued include using higher-photon-energy X-rays, increasing input X-ray flux, obtaining finer XRD angular resolution, and expanding XRD angular coverage. In addition, temperature measurements (e.g., pyrometry, radiometry) [82,83] would be needed to locate the shock states within the pressure–temperature phase space. However, experimental challenges remain on simultaneously measuring the temperature and XRD of dynamically compressed samples in Z-DMP experiments.
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Figure 1. Impedance-matching of (a) the shock loading from an impactor A onto a sample B, and (b) the shock propagation from a sample B into a window C. 
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Figure 2. Z-DMP experimental load: (a) photo showing the multiple samples for the VISAR measurements and the single sample for the XRD measurement, and (b) cross-section view showing the cathode stalk and the anode flyer plates where the large currents and magnetic fields exist. 
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Figure 3. Operational schematic of SCDI diagnostic viewed in the meridional (horizontal) plane. 
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Figure 4. SCDI diagnostic on a Z-DMP experiment: (a) top view and (b) isometric view. 
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Figure 5. (a) Conceptual design of the DISCO scheme showing the front-end, imaging-fiber-cable, and back-end components and (b) hardware implementation. 
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Figure 6. The DISCO diagnostic on a Z-DMP experiment: (a) isometric view rendering and (b) close-up photo. 
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Figure 7. The measured XRD angular line profile of ambient carbon PG sample, where the vertical lines represent the predicted locations of the hexagonal structure’s (002) and (004) hkl planes. 
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Figure 8. The measured XRD angular line profile of ambient beryllium window, where the vertical lines represent the predicted locations of the hcp structure’s (100), (002), and (101) hkl planes. 
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Figure 9. Z3524: (a) the Al flyer velocity history measured by the VISAR diagnostic up to the time of impact, and (b) the inferred shock pressure of the carbon sample using impedance-matching. 
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Figure 10. Z3524: the measured transformation of shock-compressed carbon graphite into diamond on a Z-DMP experiment using the SCDI diagnostic: (a) geometry of XRD measurement, (b) 2D X-ray image of XRD pattern, and (c) XRD angular line profile and corresponding Rietveld refinement. 
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Figure 11. Z3717: (a) the Al flyer velocity history measured by the VISAR diagnostic up to the time of impact and (b) the inferred shock pressure of the carbon sample using impedance-matching. 
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Figure 12. Z3717: the measured transformation of shock compressed carbon graphite into diamond on a Z-DMP experiment using the DISCO diagnostic: (a) geometry of XRD measurement, (b) 2D X-ray image of XRD pattern, and (c) XRD angular line profile and corresponding Rietveld refinement. 
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Figure 13. Z3710: (a) the Al flyer velocity history measured by the VISAR diagnostic up to the time of impact and (b) the inferred shock pressure of the carbon sample using impedance-matching. 
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Figure 14. Z3710: the measured transformation of shock compressed carbon graphite into diamond on a Z-DMP experiment using the DISCO diagnostic: (a) geometry of XRD measurement, (b) 2D X-ray image of XRD pattern, and (c) XRD angular line profile and corresponding Rietveld refinement. 
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Table 1. Z-XRD experimental parameters.






Table 1. Z-XRD experimental parameters.





	Z Shot

Number
	Al Flyer

Impact Velocity

(km/s)
	Impact Shock Pressure

(GPa)
	X-ray

Window
	Sample/X-ray Window

Shock Pressure

(GPa)
	X-ray

Diagnostic





	Z3524
	9.5
	150
	carbon
	150
	SCDI



	Z3717
	10.6
	180
	beryllium
	150
	DISCO



	Z3710
	15.0
	320
	carbon
	320
	DISCO










 





Table 2. Impedance-matching parameters.
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	Material
	C (km/s)
	S





	Aluminum
	5.288
	1.376



	Carbon graphite
	4.260
	2.170



	Carbon diamond
	18.33
	2.070



	Beryllium
	7.998
	1.124
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