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INTRODUCTION

Synchrotron sources provide X-radiation with high energy and high brilliance that are
well suited for high-pressure (HP) research. Powerful micron-sized sampling probes of high
energy radiation have been widely used to interact with minute samples through the walls
of pressure vessels, to investigate material properties in situ under HP. Since the late 1970s,
HP synchrotron research has become a fast growing field. Of mineralogical interests are the
abilities for studying structure, elasticity, phase stability/transition, and transport properties of
minerals and melts at pressure-temperature conditions corresponding to the deep Earth.

The most commonly used HP apparatus are the diamond anvil cell (DAC), the large
volume press (LVP), and the shock wave devices. The DAC is capable of generating pressures
beyond 4 megabar (1 megabar = 100 GPa) but is limited to small samples, typically less than
10 microns in linear dimensions at the highest pressures. The pressure-temperature (P-T) range
accessible in the DAC exceeds conditions corresponding the center of the Earth. The LVP is
capable of modest pressures (currently less than 100 GPa), but the large sample volume permits
a wider variety of bulk physical properties to be measured. The P-T range accessible in the
LVP corresponds to those in the Earth’s lower mantle. In shock wave experiments, the sample
is subjected to high pressures and temperatures by dynamic processes. Multi-megabar to tera-
pascal (TPa) pressures may be generated but for short durations from nano- to femto-seconds
(107°-10715 g).

In this chapter, we begin with synchrotron techniques that are important for HP research,
followed by a review of high pressure apparatus and their integration with synchrotron X-ray
techniques. We refer readers to the following review articles related to HP synchrotron
techniques (Chen et al. 2005; Duffy 2005; Hemley et al. 2005; Wang et al. 2002b).
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SYNCHROTRON TECHNIQUES APPLICABLE
TO HIGH-PRESSURE RESEARCH

Synchrotron radiation

Synchrotron radiation is produced by free relativistic electrons moving along curved
trajectories in a magnetic field. Research using synchrotron radiation began at storage rings
designed and operated for high energy physics. At these so-called first generation synchrotron
sources, the use of synchrotron radiation was of secondary importance and X-ray stations were
operated parasitically. Starting in the mid-1970s, second-generation synchrotron facilities were
designed and built to serve as dedicated X-radiation sources (e.g., Hartman 1982). In the late-
1980s, insertion device based sources (the third generation) were built and began their operation
in the early 1990s (Mills 2002). Great efforts have been made to take advantages of the unique
characteristics of synchrotron radiation for HP research, including: 1) high intensity in a broad
energy spectral range, 2) high brilliance (small angular divergence), 3) tunable energy with the
use of monochromators, 4) pulsed time structure, 5) coherence, and 6) high polarization of the
radiation. A number of HP beam-lines have been or are being built in synchrotron facilities
in the US [the Advanced Light Source (ALS), Stanford Synchrotron Radiation Lightsource
(SSRL), National Synchrotron Light Source (NSLS), Cornell High Energy Synchrotron Source
(CHESS), the Advanced Photon Source (APS)], in Europe [European Synchrotron Research
Facility (ESRF), Soleil, Diamond, Petra-III, MAX-IV], and in the Asia-Pacific [Photon Factory,
Spring-8, Beijing Synchrotron Research Facility (BSRF), Shanghai Synchrotron Research
Facility (SSRF), Taiwan Photon Source (TPS), Puhong Light Source (PLS), and the Australia
Synchrotron (AS)]. The webpage (http://www.lightsources.org) has a comprehensive list of
synchrotron sites in the world with relevant links for more information.

Synchrotron radiation provides the necessary penetration power to go through the walls of
pressure vessels. Figure 1 shows transmission of commonly-used wall materials as a function
of X-ray energy. The high brilliance of synchrotron radiation has made it possible for the
developments of various HP synchrotron techniques. Continuously tunable wavelength opens
up new capabilities, in particular in HP X-ray spectroscopy and HP inelastic X-ray scattering
(Mao et al. 1997; Fiquet et al. 2001; Rueff 2010). The pulsed timing structure, together with
the high brilliance, allows the study of time dependent phenomena such as phase transition
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Figure 1. X-ray transmission curves of commonly used materials in high pressure devices. Curves from
left to right correspond to materials in the legend from top to bottom.
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kinetics, chemical reaction processes, transport processes, and meta-stable phases at high
pressures and high/low temperatures (Jensen et al. 2012; Luo et al. 2012). The polarization of
synchrotron radiation has been extensively utilized for investigations of magnetic systems at
high pressure (Haskel et al. 2011; Souza-Neto et al. 2012). While coherence has been used for
mapping structure and strain in nanometer-scale grains (Pfeifer et al. 2006), HP applications
are still in its infancy (Le Bolloch et al. 2009; Yang et al. 2013). It should be noted that recently
constructed synchrotron facilities have achieved a high degree of orbit stability, providing
highly stable X-ray beams in terms of intensity and position, critical for HP experiments.

Worldwide there are growing activities in the development of free-electron lasers (FELs)
(Galayda et al. 2010), such as the Linac Coherent Light Source (LCLS) in the US, the SPring-8
Compact SACE Source (SCSS) in Japan, and the European X-ray Free-Electron Laser
(XFEL). These so-called fourth generation sources offer spatially highly coherent, ultra-short
(~100 fs) pulses with peak brilliance of ~10%8-103 photons/s/mm?*/mrad*/0.1%BW. Figure 2
shows the FEL brilliance compared with those of earlier synchrotrons. In the storage rings of
synchrotron radiation facilities, the radiated intensity is linearly proportional to the number
of electrons in the beam, because of the lack of multi-particle coherence. In FELs, however,
the electron beam is bunched together on the scale of the radiation wavelength, resulting in a
high degree of multi-particle coherence, significantly enhancing the emission brilliance. The
spatially coherent high intensity, short pulsed X-ray beams open up many new areas, including
time-resolved studies of dynamics on sub-ps time scales, structural studies by imaging of
nano-periodic systems, and probing warm dense matter—a state too dense to be described
by weakly coupled plasma physics and too hot to be described by condensed matter physics.
Warm dense matter is expected in the cores of some large planets. Important to HP research,
significant effort has been made to produce harder X-rays with energies at 16 keV or higher
in the FEL facilities. For example, an experimental station at LCLS for Matters in Extreme
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Figure 2. X-ray brilliance with orders of magnitude increase with time. Tubes represent X-tubes generally
used in laboratory, “Rings”: storage rings of synchrotron facilities, “ERLs”: energy recovery LINACS,
FELs: free electron lasers (Courtesy of M. Rivers).
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Condition has recently become operational since 2012 for warm condensed physics, high
pressure studies, shock physics, and high energy dense physics.

High-pressure synchrotron techniques

High-pressure research has become an important application area for synchrotron
sources. Many previous technical limitations in capability, precision, and accuracy have been
removed through optimization of source radiation, optics, sample environment, experimental
configuration, motion control, automation software, and detectors and analyzers. Among the
wide array of HP X-ray techniques, structure determination using X-ray diffraction (XRD)
remains the dominant one, while significant progress has been made in integrating other
X-ray techniques for HP research, such as X-ray radiography and tomography (Shen et al.
2002; Wang et al. 2005a; Wang et al. 2012), X-ray spectroscopy (absorption, emission) (Mao
et al. 1997; Mayanovic et al. 2007b), inelastic X-ray scattering (IXS) (Rueff 2010), and
nuclear resonant scattering (Cainrs et al. 1976; Liibbers et al. 2000; Sturhahn 2004). New HP
synchrotron techniques are emerging rapidly, for example in HP nano-imaging techniques
(full field, scanning, and coherent diffraction) (Le Bolloch et al. 2009; Wang et al. 2012) and
time resolved HP X-ray techniques (Goncharov 2010; Yoo et al. 2011; Luo et al. 2012). A few
firsts of HP experiments integrated with synchrotron techniques are listed in Table 1.

Table 1. Firsts of high-pressure experiments integrated with synchrotron techniques.

Technique Abbr. Reference

HP X-ray diffraction XRD (Buras et al. 1976)

HP X-ray absorption spectroscopy XAS (Ingalls et al. 1978)

HP X-ray emission spectroscopy XES (Rueff et al. 1999)

HP inelastic X-ray scattering (eV) IXS (Schell et al. 1995)

HP inelastic X-ray scattering (meV) IXS (Fiquet et al. 2001)

HP nuclear resonant inelastic X-ray scattering NRIXS (Liibbers et al. 2000)

HP nuclear forward X-ray scattering NFXS (Nasu 1996)

HP X-ray fluorescence spectroscopy XFS (Schmidt and Rickers 2003)
HP X-ray computed micro-tomography CMT (Wang et al. 2005a)

HP X-ray diffraction. X-ray diffraction (XRD) has long been the dominant application
of synchrotron radiation for HP research. Samples in various forms (single crystal,
polycrystalline, nano-crystals, amorphous/liquid) have been studied in HP XRD for structure
and/or radial distribution functions, phase transitions (including melting), P-V-T equations of
state, elasticity, and lattice strain.

Angular dispersive XRD (ADXRD) using monochromatic radiation and two dimensional
(2D) detectors has been the primary technique in DAC experiments. Resolution in ADXRD
is typically at Ad/d ~ 3x1073 (e.g., Shen et al. 2008). The resolution in d-spacing can be
improved by reducing incident beam divergence, lowering X-ray energy, and improving
angular resolution in detecting systems by, for example, increasing sample-detector distance,
reducing slit size or effective pixel size, or using an analyzer. High resolution is achieved at
the cost of throughput; proper approaches need to be planned in advance. Intensity information
in ADXRD is often used for structure refinement via Rietveld method (Rietveld 1966).
However, background subtraction for removing intensity contributions from the surrounding
materials (anvils, gaskets) is not trivial and precautions need to be taken when using Rietveld
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refinement and interpreting the results from those analyses. Recently, there has been a
growing effort in measuring pair distribution functions (PDF) of amorphous/liquid materials
at HP where background subtraction has been critically tested (Eggert et al. 2002; Shen et al.
2003; Chapman et al. 2010; Soignard et al. 2010). The developed methods for background
subtraction can be also applied to Rietveld refinement on crystalline samples. In HP ADXRD,
typical X-ray energy is around 15-45 keV in DAC experiments, based on factors such as the
coverage in reciprocal space, accessing angular range of the high pressure device, penetrating
power, and detector efficiency. Nevertheless, a wide range from 10 keV to over 100 keV has
been used for various applications. The energy tunability of synchrotron sources should allow
for HP anomalous diffraction studies for solving the phase problem, partial structure factor,
and element specific crystallography. To our knowledge, however, there is no report of HP
anomalous XRD yet.

The primary technique in LVP experiments has been energy-dispersive XRD (EDXRD).
This is mainly due to two factors: 1) in most multi-anvil devices X-ray access is limited because
of the opaque anvil materials used and 2) the sample is often contained by solid pressure media
which may generate overpowering scattering background if the incident beam and scattering
signals are not properly collimated. EDXRD is ideal for phase identification and equation of
state studies in the LVP. Data collection is fast (from seconds to minutes), and clean diffraction
signals can be obtained, despite pressure media surrounding the sample. Metal capsules are
often used to control the sample environment (oxygen fugacity, water content, etc). However,
EDXRD provides limited sampling of crystallites in the sample because of the fixed 20 angle,
and is not suitable for probing samples near melting or with rapid crystal growth, in which case
ADXRD with an area detector is desired and light scattering materials are used as “windows”
(e.g., Kubo et al. 2008).

Another limitation is that EDXRD does not provide reliable intensity measurements,
making it difficult to obtain crystal structure information such as bonding characteristics
and atomic positions. Various efforts have been made to extract quantitative crystallographic
information from EDXRD data, with limited success (e.g., Ballirano and Caminiti 2001;
Skelton et al. 1982; Yamanaka and Ogata 1991). Wang et al. (2004) developed a technique
which employs both ADXRD and EDXRD concepts. By scanning an energy-calibrated
multichannel solid state detector (SSD), a large number of EDXRD patterns are obtained at
pre-determined angular step-size. The entire dataset can be re-arranged as ADXRD patterns by
plotting intensities of each channel (corresponding to a given photon energy or wavelength).
Subsets of the data covering narrow energy bands may be binned to give ADXRD patterns
at a single wavelength with improved counting statistics; these may be combined in a multi-
pattern Rietveld analysis to efficiently utilize the entire data set: while high photon-energy
data provide coverage at the low d-spacing range, low photon-energy data cover the high
d-spacing range. An example is shown in Figure 3, for the identification on non-cubic structure
of CaSiOj; perovskite (Uchida et al. 2009).

When a sample is subjected to a boundary condition with a differential stress component,
diffraction in a radial geometry may be applied with the loading axis perpendicular to the
primary X-ray direction, a DAC diffraction technique called radial X-ray diffraction (R-XRD).
In specially designed multianvil devices such as the deformation DIA (Wang et al. 2000, 2003)
or rotational Drickamer apparatus (Yamazaki and Karato 2001), R-XRD is used to measure
stresses in a sample under controlled differential stress field during deformation. Strains
can be easily measured using radiography, hence permitting measurements of stress-strain
curves of bulk samples at high P and T (e.g., Hilairet et al. 2007; Nishiyama et al. 2007). HP
R-XRD provides useful information on sample stress, strain, deformation, and slip mechanism
(Wenk et al. 2000, 2005; Merkel et al. 2006; Hilairet et al. 2012), by measuring diffraction
as a function of the angle between the loading axis and the vector of diffraction plane. The
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Figure 3. An example of multi-angle EDXD diffraction for CaSiO; perovskite. Horizontal axes are two-
theta angle from 3° to 13°, at s step size of 0.05°, vertical axes are X-ray energy from ~0 to 150 keV.
(A) Experimental data collected at 13 GPa and 1200 K. Intensities are plotted in logarithmic scale. (B)
Simulated CaSiO; perovskite pattern assuming cubic (Pm3m) symmetry. Experimental data in (A) show
clear superlattice reflections (indicated by horizontal arrows), indicating non-cubic symmetry. The vertical
arrows in (A) and (B) indicate the cubic (200) diffraction line. Figure modified after Uchida et al. (2009).

dependence of d-spacings as a function of the angle provides information on strains under
deviatoric stress conditions. The relative intensity at different angles reveals the preferred
orientation of a polycrystalline sample. The inverse pole figure from such data can be used to
determine sample deformation and slip mechanism (e.g., Miyagi et al. 2010).

Compared to the most frequently used HP powder XRD techniques at synchrotron HP
beamlines, HP single crystal XRD is relatively under-utilized, but it is a fast developing field
(Lavinaetal. 2014, this volume). In single crystal XRD, orientations and intensities of diffracted
beams are measured. The high flux and small beam at synchrotron HP beamlines allow for
studies with 1-10 micron crystal size efficiently. Detailed crystallographic information, such as
structure model (atomic position, occupancies, thermal displacement parameters) and electron
density distribution can be obtained (Fig. 4). With single crystal data, space groups and Miller
indices can be unambiguously determined. Because the diffraction is measured at different
orientations, the single crystal XRD technique has also advantages in dealing with materials
of low crystallographic symmetries. HP single crystal XRD was first applied to the EDXRD
method (Mao et al. 1988; Loubeyre et al. 1996). Recently, synchrotron monochromatic beam
has been widely used in HP single crystal XRD by rotating samples coupled with either a
point detector (Friedrich et al. 2007) or an area detector (Lavina et al. 2010; Zhang et al.
2013). Many HP beamlines in the world have established routine procedures for conducting
HP single crystal XRD experiments.

When there are constraints in rotating the sample, HP single crystal XRD experiments
may be conducted by scanning monochromatic energies with an area detector (Ice et al. 2005).
The use of polychromatic beam (the Laue approach) is a useful alternative. The HP Laue
approach does not require rotating of the sample and could provide information on deformation,
mosaicity, and strains (Ice and Pang 2009) through fast measurements (less than a second).

HP XRD has been widely used to determine structure factors of amorphous/liquid
materials at HP (Tsuji et al. 1989; Shen et al. 2003; Wilding et al. 2006). Interesting phenomena
have been observed, including coordination number change, polyamorphysm (Katayama
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Figure 4. Electron density distributions in silicon at high pressures. (a) and (b) are the electron density data
at 12.4 GPa where the two active groups are clearly observed; (a) a slide image along the [110] plane. The
host lattice of the a.-phase is represented by the symbols in blue. The void group is shown in red, while the
vicinity group in green. The local distribution of the vicinity group has the point-group symmetry of S, as
shown in (c). Modified from Shen et al. (2012).

et al. 2000; Deb et al. 2001), and long-range topological order (Zeng et al. 2011). In DAC
experiments, the ADXRD method is often utilized with high energy monochromatic beam
in order to have a large Q coverage (Chapman et al. 2010; Mei et al. 2010; Soignard et al.
2010). The EDXRD method with polychromatic radiation is often used in LVP experiments.
EDXRD data are collected at multiple 26 angles, to increase coverage in the reciprocal space
for accurate determination of the radial distribution function (e.g., Tsuji et al. 1989). The
synchrotron incident beam spectrum is simulated using a Monte Carlo approach and Compton
scattering effects are typically dealt with based on theoretical predictions (Funakoshi 1995).
The advantage of this method is the excellent collimation, through which background
scattering from surrounding materials can be almost completely eliminated (Yamada et al.
2011; Sakamaki et al. 2012). This is a particularly useful technique for liquids with low
scattering power (e.g., oxides and silicates). With the use of a Soller slit system, diffraction
from surrounding materials can be effectively minimized and ADXRD has been successfully
applied for studying liquid structures at HP and HT with LVPs such as the Paris-Edinburgh
(PE) presses (Mezouar et al. 2002).

HP X-ray spectroscopy. The last decade saw rapid development for HP X-ray spectroscopy
(XRS). Many new HP XRS capabilities have been enabled and established at several HP
beamlines around the globe. With emerging new synchrotron sources and upgrades of many
existing third generation sources, together with developments and optimization efforts of HP
devices designed for HP XRS, we are entering a harvesting period for HP research using XRS.

X-ray absorption spectroscopy (XAS) is a classic technique that measures energy
dependence of X-ray absorption coefficient for a core-level electron of an element of interest.
Near edge X-ray absorption spectroscopy (XANES) provides information on valence state,
orbital-occupancy, hybridization, charge transfer, and electronic ordering. Extended X-ray
absorption fine structure (EXAFS) provides element specific local structural information.
XAS is one of the first XRS technique applied for HP research (Ingalls et al. 1978). However,
earlier applications of HP XAS were limited to a small energy range due to anvil absorption
and Laue diffraction from single crystal anvils. Recently, perforated and partially-perforated
diamond anvils have been used to successfully reduce the amount of diamond scattering in
the beam path. High quality HP XANES (Zeng et al. 2010) and HP XAFS (Mayanovic et
al. 2007a) data have been collected for transition metals in DAC experiments with energies
between 5 and15 keV. In studying absorption edges over 30 keV, XAS data from a DAC are
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contaminated by diffraction from single-crystal diamond anvils. Using nano-diamond as anvil
material, the contamination from single crystal diffraction can be avoided (Ishimatsu et al.
2012). Morard et al. (2007a) reported results on the Ba K-edges (>37 keV) in silicon clathrate
(BagSiye), tracking the evolution of local structure around Ba with pressure. These authors also
examined iodine K-edges in iodine-intercalated single-wall carbon nanotubes, to understand
the local structure of iodine in this material at high P and 7.

At ESRF, an energy dispersive XRS (EDXRS) technique has been developed (Pascarelli
and Mathon 2010), in which a focused polychromatic beam (~5 pm) of extremely high flux
passes a sample, and is collected by an energy dispersive detector capable of fast capturing
the HP XAS signals at micro-second level (Boehler et al. 2009; Andrault et al. 2010). The fast
measurement and small beam size in EDXRS allow for mapping XAS images by scanning the
sample position (Aquilanti et al. 2009).

When the HP environment is coupled with circularly (or linearly) polarized X-ray
radiation and magnetic fields, the related X-ray magnetic circular (or linear) dichroism
(XMCD or XMLD) techniques can be used to yield information on spin-polarized electronic
structure, magnetic ordering, and magnetization (Iota et al. 2007; Gorria et al. 2009; Haskel et
al. 2011; Souza-Neto et al. 2012).

XAS in the LVP is currently limited to photon energies above ~10 keV due to the solid
pressure media used in cell assemblies that attenuate the signal. The advantage of using an LVP
for XAS, on the other hand, is uniform and stable heating over a large sample volume. Both
the DIA and PE press have been used for XAS studies. Yoshiasa et al. (1999) studied P and
T dependence of EXAFS Debye-Waller factors in diamond-type and white-tin-type Ge to 11
GPa and 700 K; Arima et al. (2007) collected EXAFS spectra for liquid Agl up to 1200 K, to
investigate pressure-induced local structural change. Both studies were conducted in the DIA
apparatus at Spring-8. Coppari et al. (2008) studied local structure of liquid Cu to 4 GPa and
1350 °C using XAS in the PE cell at ESRF.

While XAS provides information on valence electrons and unoccupied density of states,
X-ray emission spectroscopy (Feds et al. 2009) characterizes core electrons and occupied density
of states through processes of excitation of the core electron as well as its decay to fill the core-
level vacancy. This process is characteristic of an atom with weak influence of nearest neighbor
species. For example, side-bands of the Ky emission line for several 3d transition metals provide
signatures of spin, valence, and bonding information. In HP XES experiments, emission X-rays
are collected by a 6-20 scan of the analyzer and the detector in a Rowland circle (~1-meter
in diameter) (Rueff et al. 1999). The spherically-bent, sub-eV analyzers are about 100 mm in
diameter. Because emission signals can be collected at any direction, multiple analyzers may
be used to increase solid angle coverage in data collection and thus the signal level. Recently, a
short-distance spectrometer of large solid angle coverage has been developed, with which data
collection time in HP XES is reduced from hours to only several minutes (Pacold et al. 2012)
(Fig. 5). XES has been widely used to study pressure induced spin transitions of earth materials
(Rueff et al. 1999; Badro et al. 2003; Lin et al. 2004). The band width change as a function of
pressure was probed by HP XES for a semiconducting material (Ge) (Struzhkin et al. 2006).

Resonant XES (RXES), or partial fluorescence yield (PFY), has also been successfully
utilized in HP research. HP RXES may be viewed as a combination of XES and XAS. Instead
of collecting transmitted X-rays as in XAS, emission spectra are measured at each step as the
incident beam energy is changed or scanned across an absorption edge. This resonant method
significantly enhances footprints of electron states, and has a remarkable sharpening effect in
projected spectra (RXES or PFY) (Rueff 2010; Wang et al. 2010a). RXES spectra have allowed
for resolving crystal-field splitting of Fe** in Fe,O3 at HP (Wang et al. 2010a) and intermediate
spin state of Fe;0,4 at 15-16 GPa (Ding et al. 2008).
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Figure 5. Setup of a short distance XES spectrometer (miniXES) at HPCAT, APS. The collection solid
angle is ~50 msr (inset), about six times more than the traditional spherically-bent crystal analyzer.

HP X-ray fluorescence spectroscopy (HP XFS) permits determination of solubility of
minerals in fluids at HP (Schmidt and Rickers 2003; Tanis et al. 2012). The method can be
used for multi-element analytical probes and for studies of dissolution kinetics (Schmidt et al.
2007). In XFS experiments the fluorescence signals (e.g., K, Kg, or both) are collected by a
solid-state energy dispersive detector. Currently, the detection limit for HP XFS is at a few ppm
level for elements down to atomic number 22 (Ti) to a pressure of 10 GPa at high temperatures
to at least 1273 K (Petitgirard et al. 2009). A confocal geometry has been developed for
minimizing unwanted background signals (Wilke et al. 2010), further improving the efficiency
and consequently detection limit.

HP Inelastic X-ray scattering. Inelastic X-ray scattering (IXS) has been successfully
employed at the third generation synchrotron sources to study electronic and vibrational
excitations in materials. HP research can now be conducted using non-resonant IXS, resonant
IXS (RIXS), and nuclear resonant IXS (NRIXS). IXS may be performed with energy resolutions
of 20 meV to 1 eV for electronic excitations and from sub-eV down to 0.5 meV for vibrational
properties. Unlike chemical doping which introduces disorder and charge carriers, pressure
provides a clean tuning mechanism that directly modifies electronic and phonon structures.
Through HP IXS, fundamental properties of electron gas, strongly correlated systems such
as superconducting materials, high-energy electronic excitations, and phonons in energy and
momentum space can be obtained, providing critical data for code validation and tests of
fundamental theories.

HP non-resonant IXS with ~1 eV energy resolution (often called X-ray Raman spectros-
copy) is emerging as a powerful spectroscopic probe. HP soft X-ray spectra may be acquired
with high energy X-rays which provide penetrating power through walls of a HP device. Com-
bined with micro-focusing techniques, HP IXS can be applied to minute samples at HP (Shukla



754 Shen & Wang

et al. 2003; Lee et al. 2008; Mao et al. 2010). For example, K edges of light elements (Be, B, C,
N, O, ...) under HP conditions can be measured by HP IXS. Figure 6 shows the HP IXS data
for graphite. Pressure-induced bonding change can be monitored through the carbon K edge.
The narrow ©* features at low energy are related to the 2n antibonding orbital, while the broad
humps at high energy side corresponds to o* in-plane bonds. Under pressure, partial suppres-
sions of © bonding have been observed (Mao et al. 2003; Lin et al. 2011).

High energy resolution to meV level allows for studying lattice dynamics. Dynamical
properties of materials under HP have been studied by using high energy resolution IXS
(HERIXS, at ~1 meV energy resolution). Sound velocities of materials at HP to over 1 Mbar
have been measured (Fiquet et al. 2001; Antonangeli et al. 2010, 2011) using this technique.
With single crystal samples, complete phonon dispersions in the Brillouin zone may be
mapped by HERIXS at HP (Farber et al. 2006). However, lattice dynamical data at HP are still
limited, largely due to constraints by the strict requirements of sample quality, hydrostaticity,
and, to some extent, beam time availability.

When the incident X-ray energy is chosen such that it coincides with one of the atomic
X-ray absorption edges, resonance can greatly enhance the inelastic scattering cross section and
create an excited immediate state. In resonant IXS (RIXS), the absence of a high energy core-
hole in final state leads to intrinsically sharp spectra with energy and momentum. By tuning to
different X-ray edges, RIXS provides element and orbital specific information. HP RIXS has
been applied to various strongly correlated d-electron compounds (Shukla et al. 2003; Rueff
2010) and Kondo-like f-electron delocalization (Maddox 2006; Bradley et al. 2012).

In nuclear resonant IXS (NRIXS), incident X-rays of meV resolution is tuned near the
exceedingly narrow nuclear resonant line (at neV level). By using time discrimination electron-
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Figure 6. HP IXS spectra for graphite in two different experimental directions. The spectra in the vertical
direction probe the inter-plane bonding, while those in the horizontal direction probe in-plane bonding.
Insert: Graphite structure showing bridging carbon atoms (black spheres), which pair with an atom in an
adjacent layer to form a 6-bond. Modified after Mao et al. (2003).
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ics, the delayed signals caused by the narrow nuclear absorption provide NRIXS data (Sturhahn
2004). Of interest in mineral physics are measurements of phonon density of states and subse-
quent derivation of the Debye sound velocity (Wicks et al. 2010; Murphy et al. 2011b), which
distinguishes compression and shear wave velocities as well as their temperature and pressure
dependence. This technique also allows determination of anisotropy of sound velocities, and
mode Griineisen constants (Murphy et al. 2011a). HP NRIXS has been combined with laser
heated diamond anvil cell to measure Debye sound velocities at HP and HT (Zhao et al. 2004;
Lin et al. 2005b).

Nuclear forward scattering (NFS) using synchrotron radiation has been applied to studying
Mossbauer effects at HP. Because of the high brilliance and highly focused beam, NFS is well
suited for, and has been extensively used in, HP research. The NFS hyperfine signals are very
sensitive to internal magnetic fields, electric field gradients, and isomer shifts, and are widely
used in years to study magnetic collapse (Li et al. 2004b; Lin et al. 2005a), site occupancy
(Catalli et al. 2011; Lin et al. 2012), and valence and spin state (Jackson et al. 2005; Speziale
et al. 2005; Shim et al. 2009; Chen et al. 2012). Readers may refer to the reference by Sturhahn
(2004) for a comprehensive description of the principle and experimental methods of the NFS
technique. Compared to other nuclear resonant techniques, NFS measures the transmission
signals which are relatively strong and may be collected in a fast manner. For example, fast NFS
experiments have been performed to determine HP melting temperatures of iron by measuring
the Lamb-Mossbauer factor which describes the probability of recoilless absorption (Jackson
et al. 2013).

HP X-ray imaging. From the beginning of HP synchrotron experiments, HP X-ray imaging
techniques have been used for locating HP sample position and defining sample shape. Now, a
variety of HP X-ray imaging techniques have been developed for different imaging purposes,
such as HP radiography, HP tomography, using the full-field imaging method or the position
scanning method. Recently, HP coherent X-ray diffraction is being developed for nano-size
materials (Le Bolloch et al. 2009; Yang et al. 2013).

HP radiography provides density contrast information through which the sample
configuration inside the pressure device may be visible. Often times, because of the small
beam in HP synchrotron experiments, radiography images are obtained by scanning sample
positions. The position scanning radiography is essential in almost all HP synchrotron
experiments and provides information on sample allocation, sample configuration, anvil
deformation (Hemley et al. 1997), etc. By selecting proper monochromatic beams, absorption
intensity contrast may be used for density determination for amorphous and liquid materials
(Katayama et al. 1996; Shen et al. 2002; Hong et al. 2007).

It should be noted that the position scanning imaging method can be applied in any X-ray
measurements. For example, by fast XAS measurements, images in chemical compositions and
valence states may be obtained (Aquilanti et al. 2009). With increased brilliance and detection
efficiency, many other measurements, such as XRD, XES, NFS (Mossbauer), may be used for
mapping samples, providing images based on information of structure, valence state, spin, site
occupancy etc. HP scanning imaging has great potential for detailed information not only from
a single spot but from the entire sample. The image resolution in the position scanning method
is limited by the beam size. Currently, all top DAC beamlines in the world have a typical
beamsize of ~3-5 um. Further reducing beam size to sub-pm is an important step in improving
resolution in the scanning imaging techniques.

HP radiography can also be obtained by the full-field method, in which the incident beam
is large relative to the sample size. Intensities of the transmitted X-rays are monitored by a
phosphor screen which converts X-ray contrast into visible light, and recorded by a camera.
The full-field radiography is fast, allowing for efficient recording the dynamic processes
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in HP experiments. For example, a probing sphere can be in sifu monitored for viscosity
measurements of liquids at HP (Kanzaki et al. 1987; Rutter et al. 2002; Kono et al. 2013). High
pressure melting processes can be recorded and the onset of melting may be defined (Dewaele
et al. 2010). Phase contrast imaging measurements for bulk scale shock dynamic experiments
have been demonstrated recently (Jensen et al. 2012; Luo et al. 2012). The full-field method
may be also of high resolution (at sub-pum level), permitting precise determinations of sample
dimensions. For example, full-field radiography is often used in HP ultrasonic measurements
for sample dimensions. X-ray focusing optics (e.g., zone-plate) may be used as an “objective”
similar to an optical microscope. With this, the resolution in full-field imaging can be increased
significantly at the cost of the field-of-view. Such an X-ray microscope has a typical resolution
of ~20-30 nm with a field-of-view of about 15 um in diameter. Even higher resolution will
enable quantifications of microstructure and grain-to-grain interactions under pressure, density
determinations of amorphous/liquid materials, and phase transition. Recently, high resolution
imaging microscopy has been applied to study the equations of state and phase transition of tin
at HP (Wang et al. 2012).

Full-field imaging method has been applied for X-ray microtomography based on X-ray
absorption. By rotating an opposed anvil device under load, radiographic images of a sample
projected in a plane parallel to the loading/rotating axis can be collected at small angular
intervals at HP and HT in the same way as conventional absorption-based micro-tomography
(Wang et al. 2005b). The setup at 13-BM-D of the APS allows both Drickamer and torroidal
anvil cells to be used in a 250 ton press, with a Si(111) monochromator tunable between 5 and
65 keV. This technique has been used for measuring volume of amorphous material for equation
of state determination (Lesher et al. 2009) and 3D microstructure of composite materials under
shear deformation (Wang et al. 2011). Similar apparatus have since been developed at Spring-8
(Urakawa et al. 2010) and ESRF (Alvarez-Murga 2012).

Other HP X-ray imaging techniques are being developed. There are growing activities
in HP coherent diffraction imaging (HP CDI) experiments. HP CDI provides information on
shapes of a nano-crystal and its internal 3D strain distributions (Pfeifer et al. 2006; Le Bolloch
et al. 2009; Yang et al. 2013). X-ray topography provides information of internal strain and
defects of crystals. There is no HP topography work reported so far. However, X-ray topography
images are used for selecting diamond anvils (Dewaele et al. 2006) and improving the synthetic
procedures in diamond crystal growth in the CVD process at Carnegie Institution of Washington.

Time resolved X-ray techniques at HP. Time resolved HP studies can provide important
information on structural dynamics, phase transition kinetics, chemical reactions under HP, and
materials metastability and local minimum energy configurations. Because of small samples
under HP, typical time resolution is still limited to a few seconds to minutes, numerous examples
can be found in studies of CO, sequestration rate at HP with different initial conditions (Mckelvy
et al. 2004), rheology of minerals under stress at mantle pressures (Wenk et al. 2004), the post-
spinel transition in Mg,SiO, (Kubo et al. 2002), and HP melting temperature determination.
Recently with the use of Pilatus detectors, a time resolution of 30 ps has been reached in a HP
XRD study of phase transition in a Ni-Fe alloy (Yoo et al. 2011). With an intensified CCD,
single crystal diffraction spots have been collected with a single pulse of beam at the APS (70
ps width with 153 ns between pulses) in dynamic shockwave experiments (Turneaure et al.
2009; Luo et al. 2012).

Because synchrotron radiation is a pulsed source with a well-defined timing structure,
pump/probe experiments can be also applied besides single-shot experiments. For example,
pulsed laser heating can be synchronized with X-ray beam pulses for thermal equations of
state measurements (Goncharov 2010; Yoo et al. 2011). Pulsed internally-heated DAC may also
be applied for more spatially uniform heating. Dynamic diamond anvil cell ({DAC) (Evans
et al. 2007) may be coupled with synchrotron pulses for studying phase transition kinetics



High-Pressure Apparatus Integrated with Synchrotron Radiation 757

and behaviors of metastable phases. Pulsed magnetic field may be integrated with HP X-ray
techniques for studying strongly correlated systems.

While XRD will still remain the primary technique for developing time resolved measure-
ments, other HP X-ray techniques (SAXS, XAS, XES, NFS, radiography, etc.) may be applied
for time-resolved measurements at HP. Energy dispersive XAS (Pascarelli and Mathon 2010),
for example, has been applied in time-resolved HP XAS measurements at a spatial resolution at
~20 pm level. X-ray radiography and Laue diffraction have been applied for imaging the shock
front in dynamic compression experiments (Jensen et al. 2012; Luo et al. 2012).

New FEL sources will provide coherent X-ray beams of extremely high flux in a pulse-
duration of sub-ps. The high flux in a single pulse (~10'? photons) will be sufficient for single
pulse XRD experiment, and will enable HP spectroscopy measurements in time-resolved
manner. Besides FELs, short pulse X-rays are generated by high power laser facilities (such
as OMEGA and NIF). Such short pulsed X-rays have been used for radiography and XRD
measurements in dynamic shock experiments (Lee et al. 2006; Brygoo et al. 2007).

HIGH PRESSURE TECHNIQUES INTEGRATED
WITH SYNCHROTRON RADIATION

The large volume press (LVP)

Several review articles have described the LVP techniques at synchrotrons (e.g., Vaughan
1993; Wang et al. 2002a; Wang 2010). Recent technical developments and science highlights at
various beamlines are reviewed by several papers (e.g., Utsumi et al. 1998; Wang et al. 2009;
Mezouar 2010). Here we only provide a brief summary.

Types of LVP used at synchrotron sources. The first is the well-known cubic-anvil, or
DIA apparatus (Osugi et al. 1964), which consists of upper and lower pyramidal guide blocks,
four trapezoid thrust blocks, and six square-tipped
anvils, as illustrated in Figure 7. A ram force ap-
plied along the vertical axis is decomposed, by the
45° sliding surfaces, into three pairs acting along
orthogonal directions, forcing the six anvils to ad-
vance (retract) synchronously towards (away from)
the center of the cubic cavity, where the sample as-
sembly is located. X-ray access is through vertical
gaps between the side anvils. The diffraction vector
is vertical, with possible 20 angles up to about 25°.

The second is the Kawai-type apparatus,
which consists of a first-stage hardened steel cyl-
inder cut into six parts, each having the inner tip
truncated into a square surface, enclosing a cubic
cavity, with the [111] axis of the cube along the
ram load direction. Inside the cubic cavity is a
second-stage assembly (referred to as the Kawai
cell), which consists of eight WC cubes separated
by spacers. Each cube has one corner truncated
into a triangular face, so the eight truncated cubic
anvils form an octahedral cavity in which the pres-
sure medium is compressed. At beamline 13-ID-D
of the APS (GSECARS), a Kawai-type module is

Figure 7. Conceptual diagram illustrating
. the principles of the DIA cubic anvil ap-
used to compress 25 mm edge-length WC cubic paratus.



758 Shen & Wang

anvils. Diffracted X-rays pass through the gaps between the second-stage cubic anvils in a
plane inclined at an angle of 35.264° from the loading direction. Conical access notches are
made in the first-stage wedges, to allow a range of 26 angles up to ~10° (Fig. 8).

The third is a hybrid system using a set of large DIA anvils to compress the Kawai cell
(Anderson 1973). For convenience, we will refer this as the 6-8 Kawai type. The first such
configuration was developed at the Photon Factory (Ohtani et al. 1989; Shimomura et al. 1992).
Subsequently larger systems were adopted at SPring-8 (Utsumi et al. 1998). Figure 9 shows the
apparatus at the insertion device beamline 13-ID-D at the APS (GSECARS). In this configuration
hydraulic load is parallel to the [100] direction of the Kawai cell, and X-ray access is through

Figure 8. Top view of the T-25 module
at GSECARS. The geometry is identi-
cal to Kawai-type systems used in most
high-pressure laboratories, with the
[111] axis of the eight-cube assembly
along the loading axis. X-ray diffrac-
tion is through the gaps between WC
anvils, inclined from the loading axis
at 35.26°.

Second-stage anvil First-stage anvil

(A)

Diffracted beam

Figure 9. DDIA-30, a dual-purpose LVP for 1000 ton press at 13-ID-D of the APS. (A) Isometric view of
the key components and setup (modified after SPring-8 website). (B) top view of the lower guide block
showing first stage anvils and beam path. This configuration can be used as a DIA apparatus and a D-DIA
for controlled deformation experiments. (C) Close-up of the second-stage cubic anvil arrangement (top
view). This configuration allows HP of 50 GPa and 2000 K to be reached routinely.
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horizontal anvil gaps when WC cubes are used as second-stage anvils. Notches are made in the
first-stage DIA anvils to allow X-ray access. This apparatus is the most successful in generating
“ultrahigh” pressures towards megabar using sintered diamond anvils, (e.g., Tange et al. 2008;
Ito et al. 2010).

A new type of multi-anvil device was developed at the Institute for Study of Earth’s
Interior, Okayama University, Japan. This apparatus has a DIA-like geometry, but with
each of the six anvils independently controlled by a hydraulic system (Ito et al. 2009). This
configuration may add greater flexibility to the system by imposing desired hydrostatic or non-
hydrostatic conditions. It is argued that the alignment of the six outer—stage anvils will also
improve significantly, thus making it possible to compress the Kawai-cell with greater degree of
accuracy, generating higher pressures with advanced anvil materials such as sintered diamond.
A second 6-axis apparatus has been installed at Bayreuth Institute of Geosciences (Manthilake
et al. 2012). Although no such systems have been used at synchrotron beamlines yet, a similar
apparatus has been installed at the neutron PLANET beamline at Japan Photon Accelerator
Research Complex (J-PARC; J-PARC Newsletter, No. 49, July 2012).

Not all LVPs are multi-anvil devices. The toroid anvil cell, first developed in the former
Soviet Union (Khvostantsev 1977), operates on the principles of opposed anvils, similar to
the DAC. Instead of flat anvil tips as in the DAC, toroid anvils have a half-spherical depression
so that the two anvils enclose a semi-spherical cavity. One or several toroidal depressions
are made concentric with the central sample cavity for preformed gaskets that are used to
minimize extrusion (Fig. 10). Besson et al. (1992) integrated this device with a compact
hydraulic system, allowing portability and great flexibility. The Paris-Edinburgh (PE) cells, as
they are known now, are currently in use at many synchrotron and neutron sources. Sample size
is typically in the millimeter range. X-ray access is through the gaps between the two anvils
for synchrotron diffraction, where the largest diffraction angle is in the plane perpendicular to
the loading axis. Hirth and Kohlstedt (2003) reviewed the HP activity at ESRF using a PE cell.
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Figure 10. The Paris-Edinburgh cell. (A) Cross-section of the overall apparatus. (B) WC PE anvil, along
with a cross section showing typical dimensions. (C) Schematic of a PE assembly.
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The Drickamer cell is another widely used opposed anvil device (Balchan 1961)
in which two large anvils (diameters 10 mm or above) with an optimal tapered angle are
compressed inside a containment ring, typically made of WC or hardened steel, with X-ray
access holes for diffraction (Fig. 11). Such devices have been used in Japan at synchrotrons
(Yoshiasa et al. 1999; Gotou et al. 2006) for some time and are now used for a number of new
applications, described below. Nishiyama et al. (2009) developed a modified Drickamer cell
for HP deformation at HT using ADXRD. Another modified Drickamer anvil apparatus was
developed by Gotou et al. (2011), where small depressions are introduced into the anvil tops,
similar to the toroid anvils. This increases the height of the sample, allowing more uniform
heating with slight decrease in pressure efficiency.

Pressure medium

Pressure medium
X-rays

Diffracted X-rays

Transmitted X-rays

Diffracted X-rays
@ Pressure medium

Anvil

Load

Figure 11. The Drickamer cell. With sintered diamond as anvil material, it can generate up to 30 GPa pres-
sure, with a sample about 0.2-0.3 mm in linear dimensions.

Diffraction optics. When EDXRD is used in LVPs, it is essential to maintain fine beam
collimation in order to minimize background scattering from the surrounding pressure media.
This is achieved by using slits and collimators which are pairs of blades made of heavy metals
(e.g., tungsten or tantalum alloys). Typical slit openings are on the order of 50 to 100 pum,
defining a diffracting volume with the maximum linear dimensions about 1 mm. Cooling
may be necessary especially for incident slits to minimize thermal drift caused by intense
synchrotron radiation.

For ADXRD, collimation on the diffraction side is sometimes omitted. Instead, amorphous
(e.g., B) and/or low scattering materials are inserted in the beam path serving as “windows”.
This technique works well with area detectors (CCD or image plates) when the sample has
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sufficient scattering power so that contributions from the window materials are negligible. For
weak scattering samples especially non-crystalline materials, Soller slits are necessary and
have been used on the diffraction side (Yaoita 1997; Mezouar 2002; Morard 2011). These slits
are multichannel collimators with two arrays of slits prefabricated to cover a given two-theta
range, forming two concentric arches centered at the sample. By oscillating the two rows
of slits slightly around the center of the sample, background scatter is eliminated, allowing
clean diffraction signals from the sample to be recorded. This technique has been successfully
applied to studying melt structures of Fe-(S, Si) alloys (Morard et al. 2007b, 2008).

Pressure temperature controls. Pressure is controlled by varying the hydraulic ram load,
typically through proportional-integral-derivative (PID) feedback control logic, and measured
based on the P-V-T equations of state of standard materials that are placed in close proximity
of the sample. A comprehensive review on various pressure scales is provided by Decker et al.
(1972). With positive displacement pumps (also known as syringe pumps) as load generators,
extremely fine control can be achieved. Modern systems are automated for increasing and
decreasing ram load, often with multiple cycles. However, ram load and sample pressure do
not have a simple relation. The loading-unloading pressure “hysteresis loop” is primarily due
to plastic deformation in the pressure media and gaskets. Fortunately, the hysteresis behavior
is predictable for a given cell assembly. Pressure gradients in the sample are generally small
when experiments are conducted properly (on the order of 0.1 GPa/mm or below), and
ultimately controlled by the yield strengths of the sample and the surrounding pressure media.
With increasing temperature (decreasing yield strength), pressure gradients diminish.

Temperature is generally generated by resistive heating and measured by a thermocouple.
Many materials have been used as heaters, the most commonly used being graphite, noble
metals, and certain ceramics (e.g. LaCrO3) (Ohtani 1979). All of these materials have certain
limitations. Graphite has limited pressure applicability due to its transition to diamond. Metals
and LaCrOj; attenuate X-rays thereby affecting diffraction signal, if used in the beam path.
Recently, TiB, has been employed which is capable of generating temperatures in excess to 2500
K and to very high pressures (at least 50-60 GPa) (Arima et al. 2007). AC power supplies are
preferred as DC supplies might generate a DC bias in the thermocouple signal, thereby causing
erroneous temperature reading. PID control is commonly used for controlling heating rate and
maintaining a constant temperature during data collection. Despite some attempts, the effect
of pressure on thermocouple emf remains unclear. It appears that W/Re based thermocouples
are the least affected by pressure effect (Ohtani 1979) and therefore the most commonly used.

Stress/strain control. Yamazaki and Karato (2001) constructed a rotational Drickamer
apparatus (RDA). The pressure generation mechanism is based on the Drickamer cell, but
with one of the anvils rotated under high P and 7, generating large shear strains in the sample.
Although stress and strain fields are heterogeneous throughout the sample, the large strain
capability makes this a unique apparatus for studying plastic deformation and deformation-
induced preferred orientation under high P and T.

The concept of deformation DIA (D-DIA) was first described by Wang et al. (1998). It is
a modification of the DIA apparatus, with additional independent control of the displacement
of one pair of anvils, provided by two additional hydraulic actuators, called differential rams
(Wang et al. 2003). The differential rams are located within the guide blocks of the D-DIA
module (Fig. 12) and react against the platens driven by the main hydraulic ram, which provides
quasi-hydrostatic pressurization. The guide blocks not only support the forces confining the
side wedges, they now have also become thick-walled pressure containers for the hydraulic
fluid driving the differential rams.

When the differential rams are driven symmetrically, strain rates of 1073 to 10”7 s~! can
be imposed on a sample several mm in length. The D-DIA is capable of shortening as well
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Figure 12. Cutaway view of the D-DIA with
differential rams in the upper and lower guide
blocks. Note locations of the differential
rams. Modified after Wang et al. (2003).

lengthening the sample, making it possible to conduct stress-strain loops, a widely used
method in conventional deformation studies. Deformation in simple shear, using 45°-cut
pistons, is also used for much higher strains, at the cost of reducing sample volume (Ohuchi et
al. 2010). By driving the differential rams cyclically, one creates a dynamic, sinusoidal stress
boundary condition, which can be used to study a number of interesting phenomena at high P
and T such as bulk attenuation in minerals (Li and Weidner 2008) and twin domain switching
in ferroelastic materials (Li and Weidner 2010).

The D-DIA also has advantages in quasi-hydrostatic pressure generation. The differential
rams make it possible to compensate elastic deformation in the high pressure apparatus at
various loads. By adjusting the differential ram positions one can generate conditions closer to
hydrostatic than a regular DIA. These advantages have inspired a new generation of multi-anvil
systems. Large DDIA modules have been installed at LVP beamlines at SPring-8 (Kawazoe et
al. 2011), ESRF, and the APS (Fig. 9) (Wang et al. 2010b).

Sample imaging. Synchrotron radiography has been used since the 1980’s for measuring
melt viscosity using the falling sphere technique (Kanzaki et al. 1987). Starting from the late
1990’s the radiography technique was integrated into APS beamlines and used as an efficient
way to visualize samples during LVP experiments (Wang et al. 2000). The technique has been
adopted by virtually all LVP beamlines since then. Sample length measurements are routinely
conducted in deformation studies and ultrasonic velocity measurements. Recently, this simple
technique has been extended for measuring bulk attenuation (Li and Weidner 2008) with
cyclic loading in the D-DIA, and for studying thermal diffusivity of minerals at high pressures
(Dobson et al. 2010) with controlled sinusoidal temperature cycling.

Wang et al. (2005b) developed a high-pressure X-ray tomography imaging system. By
using thrust bearings to support ram loads and high-torque gears, opposed anvil cells such
as Drickamer or toroid anvil devices can have unlimited rotation with respect to the loading
axis. X-rays that pass through such a rotation anvil apparatus (RAA) are converted into visible
light using a scintillating screen. Absorption contrast through the sample and pressure media
are recorded at various angles as radiographs, which are then processed to reconstruct three-
dimensional tomographic images. With parallel beam imaging, spatial resolutions of 2-3
microns are achievable, making this device a powerful tool for observing 3D microstructure
under high P and T. This technique has been used to measure density of molten material under
high P and T (Lesher et al. 2009), investigate liquid-liquid surface tension (Terasaki et al.
2008), examine shear-induced fabric transition in multiphase composites (Wang et al. 2011),
and study segregation process of molten Fe from silicate matrix for a better understanding
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of the core formation processes in the Earth’s early history (Chen et al. 2011). Other HP
tomography techniques have since been developed at SPring-8 (Urakawa et al. 2010) and
ESRF (Alvarez-Murga 2012).

Ultrasonic measurements. The large sample volume in the LVP allows one to measure
acoustic wave velocities on polycrystalline and single crystals at high P and 7. Synchrotron
radiation with ultrasonic travel time determination offers a unique combination as sample
length (which is needed to convert travel times to velocities) and density can be determined by
radiography and diffraction, respectively. The reader is referred to other reviews for technical
details (e.g., Li et al. 2004a; Li and Liebermann 2007). With the advanced instruments travel
times of a 0.5 mm long sample can be determined accurately. This means that the technique
can be applied to quite high pressures (in excess to 50 GPa). The simultaneously measured
P-V-T (through X-ray diffraction), sample length (X-ray imaging), and acoustic travel times
(ultrasonic interferometry) informative has allowed establishment of redundant equations
of state, making it possible to examine closely precision and accuracy of diffraction-based
pressure standards (e.g., Kono et al. 2009).

Acoustic emission (AE) techniques have been integrated with deformation in the D-DIA
after successful development in the DIA apparatus at DESY (Gasc et al. 2011). By mounting
acoustic transducers on the back side of all six anvils, AE events can be monitored throughout
deformation process. Thanks to the development of advanced electronics and software,
continuous recording of AE events allows microseismology to be performed in the laboratory.
Effects of phase transformation from olivine to spinel on faulting in polycrystalline Mg,GeO,
samples have been investigated (Schubnel et al. 2013).

Diamond anvil cell techniques

The extreme hardness and strength of diamond allows generation of very high pressures
reaching conditions corresponding to the center of the Earth (Mao et al. 1990; Akahama
and Kawamura 2007; Dubrovinsky et al. 2012). Because of its transparency to much of
the electromagnetic spectrum, including high energy X-rays above 10 keV and low energy
ultraviolet-visible-infrared radiation below 5 eV, numerous diffraction, scattering, and
absorption probes can be employed for determination of electronic, dynamic, and structural
properties of samples under pressure. This transparency also allows for utilizing laser beams
that can heat samples up to temperatures over 4000 K while at extreme pressures (Ming and
Bassett 1974; Boehler et al. 1990; Shen et al. 2001).

Pressure generation. The DAC design is based on Bridgman'’s original idea in which the
sample is placed between the polished culets of two diamonds and is contained by a gasket
(Fig. 13). Since pressure is force divided by area, extreme pressures can be generated by
opposing anvils with small culet sizes.

A number of different cell designs have been developed for various applications. To ensure
precise alignment for small culets in ultra-high pressure generation, a long piston cylinder
design (such as the Mao-Bell type) is often used. Symmetrical design is suitable for double
sided laser heating experiments (Shen et al. 1996; Mao et al. 1998a). Special DACs have been
designed for externally resistive heating techniques (Fei and Mao 1994; Bassett et al. 2000;
Dubrovinsky et al. 2000). For magnetic measurements, non-magnetic alloys (such as Cu-Be
alloy) are used for the cell body. The panoramic cell has been developed (Mao et al. 2001),
which provides wide opening in the radial direction and is widely used in HP spectroscopy
experiments. The recently developed plate cell (Boehler 2006) removed the need of guiding
alignment, making the cell even more compact, with wide opening in both radial and axial
directions (Fig. 14).

Many new developments have been made on the designs of diamond anvils to meet
the needs of various measurements. The Boehler-Almax anvil design (Boehler 2006) (Fig.
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Figure 13. Schematic of a symmetrical diamond anvil cell. X-ray access may be applied in both axial and
radial directions. Pressure is generated by pressing two diamond anvils with small culets.
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Figure 14. (a) The plate cell design; (b) large aperture diamond anvil with tungsten carbide support from
the side, making the X-ray opening of more than 80 degrees. Modified after Boehler (2006).

14) provides large opening access (> 90°) along the loading axis, and is widely used in HP
XRD, in particular in HP single crystal XRD. Fully or partially perforated anvils have been
used to gain penetration power for low energy X-rays in HP XAS, HP XMCD, and HP
PYF spectroscopy experiments. Use of partially perforated anvils can significantly reduce
scattering from anvil materials, effectively minimizing Compton scattering from anvils in
experiments of amorphous or liquid materials with high X-ray energy. With focused ion beam
(FIB) and other micro-engineering techniques, small holes and/or grooves may be made for
containing samples or to reduce the X-ray path length. For example, the so-called “holy”
and “groovy” anvils are used in HP XAS experiments with hydrothermal DAC (Bassett et al.
2000; Mayanovic et al. 2007b). Electrical leads and magnetic coils may be implemented at the
tip of anvils (Jackson et al. 2003), and when combined with HP synchrotron measurements,
complementary information may be obtained (Uhoya et al. 2012).

The maximum pressure with the single stage type DAC is in the vicinity of 400 GPa
(Akahama and Kawamura 2010). For generating pressures of 500 GPa and above, new anvil
designs together with smaller probing beams (< 1 um) are needed. Efforts are being made
to optimize the anvil shape using the fine-element calculations. Recently, pressures as high
as 600 GPa have been reached by a double stage mechanism, i.e., inserting a small pairs of
anvils inside the sample chamber between diamond anvils (Dubrovinsky et al. 2012). Higher
pressures may be reached when the double stage DAC is combined with fast ramping loading
and time-resolved measurements.
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Hard metals, such as stainless steels and rhenium, are often used as gasket materials.
These metals are of high ductility and easy to machine and handle. For X-ray access in the
radial direction, low-Z materials (Be, B, cBN, diamond powder) are used as gasket or insert
materials in the sample chamber. Hydrostatic pressure can be generated in the DAC when a
proper medium is used. Methanol-ethanol mixture, silicone oil, and noble gases such as helium
and neon are few commonly used examples. However, above 11 GPa at room temperature,
all known fluids solidify and develop nonhydrostatic stresses proportional to their strength.
Above 20 GPa, even the weak noble gas solids, argon and neon, show non-hydrostaticity.
Helium, solidified at 11 GPa at room temperature (Pinceaux et al. 1979), is considered to be
the best pressure medium, which provides hydrostatic pressure up to 11 GPa, and good quasi-
hydrostatic pressure condition up to 50 GPa due to its low shear strength (Takemura 2001).
Quantifying the deviatoric stress under uniaxial compression has been made by HP XRD
(Meng et al. 1993) and by monitoring the 3-dimensional lattice strains with radial XRD (Mao
et al. 1998b).

Temperature techniques. HP DAC experiments can be combined with temperature tech-
niques from a few degrees to thousands of degrees in Kelvin. DACs can be inserted in cryostats
and cooled down to below 4 K. Various cryostats have been developed for accommodating
different cells and different measurement geometry (Fig. 15).

There are two major resistive heating methods—external and internal. External furnaces
provide accurate and well-controlled temperature conditions. There is an intrinsic temperature
limit, however, due to rapid graphitization of diamond above 1900 K, even in an inert
environment and vacuum (Seal 1963). The entire DAC may be heated by a resistively heated
furnace up to 700 K. For higher temperatures, a small heater around diamond anvils may
be used for temperatures up to 1200K (Fei and Mao 1994). With a graphite heater around
diamond culets, temperatures as high as 1700 K have been reported with resistive heating
methods (Dubrovinsky et al. 2000). Due to softening of the stress-bearing components,
including the sample gasket, the diamond seat, and the diamond anvil itself, maximum
attainable pressure is limited. The internally heated method, on the other hand, locally heats
the sample in the chamber. Often, the sample itself is used as a conductive object and heating is
applied electrically (Boehler 1986). Zha and Bassett (2003) used rhenium ribbon as a heating
object and the sample was placed in a hole in the ribbon. Temperatures may be reached as high

Figure 15. Examples of cryostats at sector 16 (HPCAT) at APS.
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as the melting temperatures of the conductors. By the chemical vapor deposition method, a
resistively heated wire circuit may be built in the diamond anvil culet, this may increase the
maximum pressure attainable.

The transparency of diamond allows application of near- and mid-infrared lasers (CO,,
Nd:YAG, Nd:YLF) to heat samples between two diamond anvils at high pressures (Ming and
Bassett 1974). Regarding the temperature range, there is no high temperature limit with this
technique in principle. The challenging part is to control and measure them accurately and
to characterize the sample at defined conditions. The temperature measurement is based on
spectral pyrometry. By measuring the thermal radiation from the hot sample over a wavelength
range, temperatures can be calculated by fitting the radiation to Planck’s equation (Boehler
1986; Heinz and Jeanloz 1987). A double sided laser heating system (Shen et al. 1996) was
introduced for the minimization of temperature gradients radially and axially in a laser heated
sample. Thanks to the micro X-ray beam size which improved the spatial resolution and
ensured that the X-ray beam size is significantly smaller than the laser heated spot. Many
synchrotron facilities have equipped with double sided laser heating systems. The laser heated
DAC experiments become a routine capability in HP XRD and HP spectroscopy. Recently,
portable laser heating systems have been developed (Boehler et al. 2009; Dubrovinsky et
al. 2009; Shen et al. 2010), which will lead to more use of the laser heating technique in
specialized beamlines with various X-ray probes.

Pressure controls and measurements. The compact design of DAC allows for pressure
control by just turning screws manually. This makes the DAC device portable and applicable
in many probing techniques. To gain precision in pressure control and to access remotely when
contained in other equipment such as cryostats, furnaces, and magnets, the diaphragm design
(sometimes referred to membrane control) using compressed gas has been developed (Daniels
and Ryschkewitsch 1983), and now widely used in synchrotron facilities. By regulating the
compressed gas (e.g., He-gas) pressure, the force applied to the anvils may be controlled
precisely and fine pressure change can be made. Recently, motor driven gear boxes have
been developed for controlling the screw turns, providing remote precise pressure controls.
With these remote control devices, either by mechanical gear box or by diaphragm, X-ray
measurements with small pressure increment become possible, revealing subtle changes in
compression and unusual phenomena close to phase transitions.

Using the pressure-volume equations of state data of well-studied materials (e.g., MgO,
NaCl, Au, W), pressures can be determined by measuring the volumes of these standard
materials by HP XRD. Pressure can also be determined by optical methods, e.g., using the ruby
fluorescence (Mao et al. 1986) and Raman peaks of diamond (Akahama and Kawamura 2010).
Pressure determination at HT is challenging because of the lack of accurate data of pressure-
volume-temperature equations of state. Nevertheless, attempts have been made to construct
internally-consistent data set with available X-ray and optical techniques (Sinogeikin et al.
2006; Fei et al. 2007; Komabayashi and Fei 2010). In addition, weakly temperature dependent
sensors, e.g., YAG:Sm (Zhao et al. 1998), have been developed for pressure determination at
HT. It should be mentioned that establishing a reliable pressure scale remains as one of the
most important goals in high pressure mineral physics.

Dynamic shockwave techniques

In shock wave experiments, the sample is subjected to HP and HT by dynamic processes.
A shock wave is driven through the sample by means of an explosive charge, by the collision
of a flying object, or by high power lasers. Compared to the projectile technique, the laser
shock technique can yield very high amplitude pressure loadings (as high as 50 TPa) with
very short durations (in fs). The DAC may be integrated with the laser-driven shock (Celliers
et al. 2010; Loubeyre et al. 2004). By controlling the ramp rate, these experiments (Smith et



High-Pressure Apparatus Integrated with Synchrotron Radiation 767

al. 2007) can provide single shot equation-of-state data close to the isentrope, information on
the kinetics of phase transformations, and material strength at high pressures. A number of
techniques have been developed to measure the velocity of shock wave and the velocity to
which the sample material has been accelerated. These measurements allow us to derive the
density and pressure of the sample under loading (Brown and McQueen 1982).

Recently, X-ray techniques have been applied in shockwave experiments at synchrotron
facilities and other high power laser facilities (OMEGA, NIF). Single crystal XRD has been
used for studying the deformation of materials under shock (Turneaure et al. 2009). The shock
front can be monitored by X-ray radiography (Ping et al. 2011). Dynamic response of materials
under shock has been measured by using the phase contrast imaging technique (Jensen et al.
2012). Using the X-ray white Laue technique, the shock wave propagation can be recorded by
using the timing structure of synchrotron pulses (Suggit et al. 2010; Luo et al. 2012).

A BRIEF OUTLOOK
Expanding P-T range

The accessible pressure range ultimately defines the scope of HP research. In the past
two decades, the number of publications from the HP synchrotron research has increased
exponentially, thanks to the micro-sized (2-5 pum) synchrotron probes and new high pressure
techniques. However, the highest pressure has reached a plateau at ~400 GPa (Akahama
and Kawamura 2010) with the single stage type DAC. Recently, with a double stage DAC
configuration, pressures up to 600 GPa have been reached in a much smaller sample volume
(Dubrovinsky et al. 2012). Nano-XRD probes at synchrotron facilities therefore provide spatial
resolution required for studying materials at extreme conditions with very small volume.
Together with the developments in X-ray optics, ultra-stable sample stages, and advanced
detectors, even higher pressures reaching 1 TPa and beyond may be feasible in the near
future in the static DAC experiments. The nano-probes may be combined with dynamic DAC
(d-DAC) (Evans et al. 2007), which may enable time resolved experiments at increasingly
broader pressures and even more extreme temperature conditions before the anvil’s failure.
The nano-probes can also be applied in less homogeneous samples, or in precise single-crystal
studies of individual crystallites within a powder sample.

Pressure and temperature ranges are also constantly expanding for the LVP. Using sintered
diamond as second-stage anvils, the 6-8 type Kawai apparatus are approaching the megabar
mark (Ito et al. 2010). With a pair of advanced nano-polycrystalline diamond as third-stage
anvils (Irifune et al. 2003) in the octahedral pressure medium in the 6-8 Kawai apparatus (the
so-called 6-8-2 configuration), Kunimoto and Irifune (2010) reported a pressure of 125 GPa
up to 1100 K. Under these conditions the sample dimensions are about 100-200 microns in
linear dimensions.

New HP synchrotron techniques

Various new types of DACs are being developed for ultra-high pressure, large opening, or
compactness to fit in the varieties of X-ray measurements. Portable systems, including laser
heating systems, optical Raman and ruby fluorescence systems, and microfocusing mirrors,
have been developed and are being integrated at many beamlines. Rather than concentrating on
HP beamlines, this approach takes advantages of specialized beamlines with well-developed
X-ray techniques. Many new HP synchrotron techniques are being developed in XRD, XRS,
and IXS, in particular in the areas of imaging techniques and time-resolved measurements.

Imaging capabilities (coherent diffraction imaging, mass density tomography, full field
imaging) are being actively integrated with DAC for HP studies with resolutions from 1 um
down to 30 nm, which will open a new era of imaging HP phases, for studying the plasticity,
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elasticity, and precise equations of state of amorphous/liquid materials. Imaging in the LVP
has received much attention recently. Both radiography and tomography techniques will be
used more intelligently. Attenuation and thermal conductivity are just recent examples of new
applications for radiography. With advanced tomography techniques, high pressure tomogra-
phy will see much improved mechanical and optical components, to allow 3D microstructure
imaging to the sub-micron level in spatial resolution. Diffraction tomography may be applied,
allowing grain-to-grain examination of a bulk sample under high P and 7.

A beamline dedicated to dynamics compression science is under construction at APS for
time-resolved studies in dynamic processes and would be the first of its kind at a third-gen-
eration high-energy synchrotron facility. Dynamic compression capabilities (utilizing high-
velocity impacts, high-intensity lasers, and pulsed power generators), coupled with ultra-fast
measurements at the APS, represent the most versatile approach for achieving the widest range
of thermo-mechanical conditions in a controlled manner.

Because HP samples are always embedded in surrounding materials (anvils, gaskets,
pressure media), excellent collimation is required to remove signals from surrounding materi-
als. Developments for precise collimation down to micron size for various HP spectroscopy
techniques are important and will effectively increase the signal-to-noise ratios. Spectroscopy
in the LVP is an area that may see huge advances in the future. With more brilliant synchrotron
radiation, a wider range of photon energies will be measureable through pressure media, al-
lowing many techniques that currently can only be used in the DAC to be applied to the LVP.
Since LVP is capable of stable and uniform P and 7 conditions, HT spectroscopy may be
applied to minerals under conditions more representative to the Earth and planetary interiors.
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