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High pressure X-ray emission spectroscopy at the advanced
photon source
Yuming Xiao, Paul Chow and Guoyin Shen

HPCAT, Carnegie Institution of Washington, Argonne, IL, USA

ABSTRACT
The structural, electronic, and magnetic properties of materials under
high pressure are of fundamental interest in physics, chemistry,
materials science, and earth sciences. Among several hard X-ray-
based techniques, X-ray emission spectroscopy (XES) provides a
powerful tool to probe element-specific information for
understanding the electronic and magnetic properties of materials
under high pressure. Here, we discuss on the particular
requirements and instrumentation used in high pressure XES
experiments. We then present several examples to illustrate the
recent progress in high pressure XES studies at the Advanced
Photon Source, followed by an outlook toward future development
in high pressure XES.
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1. Introduction

In high pressure X-ray emission spectroscopy (XES), high-energy X-rays are used to excite
deep-core electrons in the sample embedded within high pressure vessels. The high-
energy X-rays provide the necessary penetrating power for photons to pass through
thick surrounding materials (anvils, gaskets) of the pressure vessel. The subsequent fluor-
escence radiation, typically collected through X-ray transparent materials (e.g. beryllium),
provides information on the occupied electronic states of the sample, such as the core-
level binding energies and the valence-band density of states. It is a powerful hard X-
ray probe for studying element-specific electronic and magnetic properties of materials.
Since the late 1990s, XES has been widely used to study the behavior of materials
under high pressure.[1–3]

XES is a second-order process, as illustrated in Figure 1. A core electron is excited by the
incident X-ray photons; subsequently, the core hole is filled by an electron from a higher
shell, accompanied by emitting a photon during the process. The energy of the emitted
photon is equal to the energy difference between the two electronic levels. This
process can be described using the Kramers–Heisenrg equation under the hard X-ray
approximation (non-coherent process) [4]
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where ħω1 and ħω2 are the incident and emitted photons, respectively and Ei, En, and Ef are
the energies of the initial, intermediate, and final states. Γn and Γf are the lifetime broad-
ening associated with the intermediate and final states.

When the incident photon energy is high enough to excite the electron from core level
and not nearby an absorption edge, this emission process is called non-resonant emission,
which is independent of the incident X-ray energy. The emission line is named after the
energy level of the electron which fills the core hole generated by the incident photon.
As an example, the K-shell emission lines of Fe, i.e. the photons that are emitted after cre-
ation of a hole in the 1s shell, are shown in Figure 2. Transitions from the 2p3/2 and 2p1/2
levels are called Kα1 and Kα2 and their intensities are the strongest among K emission lines.
Spectral changes of Kα lines are usually very small and there is a linear relation between the
full-width-half-maximum (FWHM) of Kα1 emission peak of 3d transition metal and spin
state of the metal ion.[5] Due to their high intensities, Kα lines are often used in partial flu-
orescence yield (PFY) measurements. Kβ1,3 lines are transitions from the 3p levels and are
usually one order of magnitude weaker than Kα lines. Due to the exchange interaction
between 3p and 3d electrons, there is a small peak called Kβ’ on the lower energy side
of Kβ1,3 main peak. Kβ1,3 and Kβ’ together are called Kβ main lines. Oxidation state and
spin state information can be obtained from the Kβ main lines. Transitions from valence
levels are termed Kβ satellite lines (Kβ2,5 and Kβ”), also known as valence-to-core emission

Figure 1. Illustration of XES and RXES processes using Kβ1,3 emission of high-spin Mn2+. (a) The initial
state |i>; (b) non-resonant and (c) resonant XES process. U and C indicate the unoccupied levels and the
continuum, respectively. The purple arrows represent the absorption of an incoming photon of energy
ħω1 to either the continuum or the resonant intermediate state |n>, and the red arrows indicate the
decay of an electron from a higher level to the core hole with final state |f> accompanied by the emis-
sion of a photon of energy ħω2. The Kβ’ peak comes from the interaction between the 3p core hole and
the partially filled 3d electrons.
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lines. Intensities of the Kβ satellite lines are even weaker compared to Kβ main lines due to
less overlap between wave functions of initial and final states. Since the Kβ satellite lines
originate from valence electron levels, they can be used to identify ligands which have
close atomic numbers and characterize valence electronic levels.[6]

When an incident photon energy is tuned across an absorption edge of the element of
interest, the emission process is called the resonant emission. Resonant XES (RXES) may be
viewed as a combination of X-ray absorption spectroscopy (XAS) and XES. Distinct from
non-resonant XES, RXES spectra are often dependent on the incident X-ray energy.
Instead of collecting transmitted X-rays or total fluorescence yield as in XAS, emission
spectra are measured at each step as the incident beam energy is changed across an
absorption edge. Therefore, the emission signal can be collected in a 2D map of the inci-
dent energy vs. emission energy. The projection of the incident and emission planes gives
the PFY and RXES, respectively. Because the lifetime broadening of the final state is con-
siderably smaller than that of the core excited state, this resonant method significantly
enhances footprints of electron states, and has a remarkable sharpening effect in the
PFY spectra.

PFY is essentially an XAS probe providing information on the oxidation state, coordi-
nation state, and electronic structure of the absorbing element.[3] PFY spectra were first
reported by Eisenberger et al. and has been extensively used since the 1990s with the
advent of third-generation synchrotron sources.[7] The sharpening effect in the PFY is
clearly beneficial in studying 3d transition metal, lanthanide and actinide systems, often
using Kα or Lα lines due to their strong signals in XES. Figure 3 is an example of YbCoIn5
at 56 GPa. The RXES plane was measured around the Yb LIII edge at 8.944 keV, by measure-
ment of the Lα1 X-ray emission at 7.415 keV (3d5/2→2p3/2 core-to-core transition). The top
panel of Figure 3 shows a projected PFY – XANES spectrum at the fixed energy of

Figure 2. The K-shell emission line in Fe2O3 and a schematic drawing of the transitions (see text for
details).

HIGH PRESSURE RESEARCH 317



7.415 keV. A remarkable sharpening effect is visible, with two clear peaks corresponding to
Yb2+ and Yb3+ configurations. The right panel shows two XES spectra measured at 8.946
keV (red dashed line) and 8.979 keV (blue line). There is no general sharpening effect when
XES spectra measured around resonance energies are compared to those measured at
non-resonant energies. The spectrum measured at 8.946 keV is slightly narrower than
the spectrum measured at 8.979 keV due to a maximum in the XAS spectrum at the exci-
tation energy of 8.946 keV. Depending on the shape of density of states at the particular
excitation energy, the width of XES spectrum measured around absorption edge can be
narrower or broader than that measured non-resonant, as discussed in detail by de
Groot et al.[8,9]

2. High pressure XES instrumentation

High-energy resolution XES experiments have been carried out since the 1970s. However,
XES experiments under high pressure started only in the late 1990s due to the require-
ments and challenges of high pressure experimental conditions.[1] First of all, sizes of
high pressure samples are small. Depending on the target pressure of the experiment,
sample size ranges from tens of micrometers to a few hundreds of micrometers in diam-
eter and sample thicknesses are even less, normally just a few micrometers to a few tens of
micrometers. To get acceptable signal-to-noise ratios with such small samples, a tightly

Figure 3. Lα1 RXES plane of YbCoIn5 around the Yb LIII absorption edge at 56 GPa. Right: Resonant (red
dashed line) and non-resonant (blue solid line) XES spectra. Top: PFY-XAS (red dashed line) and TFY-
XAS extracted from ref. [59] (blue solid line) spectra.
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focused and extremely intense beam becomes necessary for high pressure XES exper-
iments. Secondly, in order to generate high pressure conditions, the sample is always sur-
rounded by other materials, such as gaskets, anvils, and the pressure medium. The volume
of these surrounding materials is several orders of magnitude larger than that of the
sample giving rise to overwhelming background scattering. A beryllium gasket is mostly
used in high pressure XES experiments with diamond anvil cells (DACs). In order to mini-
mize the scattering background, the analyzer of an XES spectrometer is usually set perpen-
dicular to the incident beam and a clean focused beam smaller than sample size should be
used to avoid contribution to the measured signal from impurities in the gasket. Due to
the weak sample signal and strong background scattering, collimation becomes critical
in high pressure XES experiment. On the detector side, a collimation slit needs to be
used to make sure that the detector receives only diffracted photons from the analyzers.
On the sample side, a confocal optics like a half-lens polycapillary can help to collect the
emission signal only from the sample region. Thirdly, different experimental geometries
can be selected depending on experimental requirements. In Figure 4, we plot the
energy-dependent absorption curves for the transverse geometry (the incident X-rays
go through one diamond anvil and the emission signal comes out from the Be gasket)
and the in-plane geometry (the incident X-ray goes in and out through the Be gasket)
for two incident energies (11.6 keV for non-resonant Fe XES and 7.112 keV for Fe RXES).
By taking into account the undulator flux and the diamond absorption, we usually
select the incident energy around 11.6 keV at HPCAT for most non-resonant XES exper-
iments.[10] From the absorption efficiency point of view, the in-plane geometry is

Figure 4. Total throughput curves for transvers geometry (blue) and in-plane geometry (red) for two
different incident X-ray energies: (a) 11,600 eV and (b) 7112 eV.
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preferred. However, the transverse geometry is often used when the incident X-ray energy
is above 10 keV because this geometry is relatively simple to be integrated with other in
situ measurements such as an online Ruby instrument for in situ pressure measurement
and integration with X-ray diffraction (XRD). Another important reason for the transverse
geometry is that the Be gasket normally has impurities (Fe, Cu etc.), which may contami-
nate the sample signal. Also for the transverse geometry, the beam needs to go through
the Be gasket, but only once. When there is pressure gradient in the sample, having inci-
dent X-rays parallel to the loading axis in the transverse geometry is the preferred way to
minimize the gradient effect. For RXES experiments that require incident energies below
10 keV, the in-plane scattering geometry is then used due to strong diamond absorption.

Depending on the application and energy range of interest, various XES spectrometers
can be employed. In Figure 5, schematic drawings of four different spectrometer designs
are shown and discussed below.

2.1. XES using spherically bent analyzers

In this spectrometer design, the sample position, the analyzer, and the detector are in the
Rowland circle geometry. For different emission energies, the Rowland condition is
achieved by adjusting the distances between analyzer and sample, and analyzer and

Figure 5. Schematic drawings of four XES spectrometer designs. (a) Spherically bent analyzer (SBA); (b)
polycapillary half-lens, FCA: flat crystal analyzer, PSD: position-sensitive detector; (c) von Hamos geo-
metry, CBA: cylindrically bent analyzer; and (d) miniature XES spectrometer.
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detector. An emission spectrum is obtained by rotating the analyzer Δϑ, tracked by the
corresponding 2Δϑ rotation of the detector. This spectrometer geometry is most com-
monly used and has been implemented in many beamlines around the world. In order
to increase the collected solid angle, spectrometers with multiple analyzers were
built.[11–13]

2.2. XES using a polycapillary half-lens

A polycapillary lens can be used as a confocal optic to reduce background scattering from
materials surrounding the sample within high pressure devices. Another advantage of
using a polycapillary lens is its large solid angle of collection. The polycapillary lens is
aligned close to the sample (∼5–10 mm depending on the DAC and optics designs)
and collects the emitted emission signal. One or two small flat crystals are used as an ana-
lyzer for the quasi-parallel output beam (∼10 mm in size) from the polycapillary half-lens. A
detector collects the diffracted beam from the flat crystal.

Szlachetko et al. used the double-crystal geometry giving a spectrometer energy resol-
ution of ∼2 eV at 6.4 keV.[14] The two crystals are arranged in a dispersive (+n, +n) con-
figuration. The second crystal passes only photons that fulfill the Bragg criteria. The
double-crystal setup can be employed for analyzers with relatively small Bragg reflection
angles. Special cut analyzers are not needed. However, the intensity is reduced by a factor
of ∼20 due to the second Bragg reflection. Mortensen et al. built a simplified polycapillary-
based XES spectrometer specifically for high pressure studies of 4f-electron systems using
one flat crystal working close to backscattering geometry.[15] The typical energy resol-
ution was ∼5–10 eV, which is suitable for studies of 2p excitation of lanthanides
because of the comparable core-hole lifetime broadening of the excitation (about 4–5 eV).

2.3. XES based on the von Hamos geometry

In the above-mentioned two geometries, the energy spectrum is angularly dispersed and
requires scanning the crystal analyzer. The XES spectrometer based on the von Hamos
geometry can record an XES spectrum on a single-shot basis. The major components of
the XES spectrometer are a cylindrically bent crystal and a position-sensitive detector.
As illustrated in Figure 5(c), the cylindrically bent crystal diffracts the fluorescence from
the sample to the position-sensitive detector and generates a 2D image. The energy of
the emission photon is determined by its position on the detector along the axis of dis-
persion. The energy bandwidth covered by the spectrometer can be a few tens to a
few hundreds of eV’s and is set primarily by the length of the crystal and size of the pos-
ition-sensitive detector.[16] The bending radius of the analyzer crystal, source size, and
detector pixel size are the main factors determining the energy resolution and collection
efficiency of the spectrometer. A spectrometer based on the von Hamos geometry has
better intrinsic energy resolution compared to spectrometer using spherically bent
crystal if the same bending radius is used, due to less lattice strain in a cylindrically
bent crystal compared to a spherically bent crystal.

XES spectrometers with the von Hamos geometry have been used in plasma diagnos-
tics and ion-impact-generated X-ay spectra in the 1980s.[17] Hoszowska et al. later built a
high-resolution von Hamos Bragg crystal XES spectrometer to study XES in the range of
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1.5–15 keV; the spectrometer was used with both laboratory and synchrotron X-ray
sources.[18] With the improvement of position-sensitive detectors and availability of
very intense X-ray pulses generated by the XFEL source, spectrometers with the von
Hamos geometry have gained more and more attention in recent years due to their
single-shot capacity, which enables time-resolved applications of XES.[19,20]

2.4. Miniature XES spectrometer

Similar to the spectrometer with the von Hamos geometry, a miniXES spectrometer uses a
position dispersive arrangement. It contains a few small flat crystals which are placed close
to the sample and arranged in a spherically curved surface, together with a spatial filtering
aperture and a low-noise X-ray position-sensitive (area) detector as illustrated in Figure 5
(d). Due to its close proximity to the sample, a large solid angle of XES signal from the
sample can be collected. Collection of solid angles of existing miniXES spectrometers
can be as large as 0.14 sr depending on the design, comparable to that of ∼17 spherically
bent crystal analyzers (SBCA) at 1 m working distance. A miniXES spectrometer has several
unique advantages compared to the generally large physical scale and high construction
cost of XES spectrometers with SBCA. They are easy to make, inexpensive and can be por-
table and shared with many beamlines. However, the energy range covered by a miniXES
spectrometer is narrow; one spectrometer usually is designed for only one emission line
and data analysis is not trivial for general users. Energy calibration for each individual
pixel of the position-sensitive detector and image processing is required. For very dilute
samples under Mbar pressure with a very low signal count rate, the background may
become an issue for the image processing required in data analysis. Several miniXES
spectrometers have been built for various applications.[21,22] Among them, one was
specifically built to study Pr metal and its compounds under high pressure by Pacold
et al.[23]

From the general user operation point of view, the XES spectrometer with spherically
bent analyzers is still the main workhorse in XES experiments at synchrotron beamlines.
To increase collection solid angle, multiple analyzers are used and usually all analyzers
lie in the same horizontal plane. However, the DACs for HP studies usually have a
limited access opening. For example, the most commonly used 2-inch symmetric cell at
HPCAT has an opening cone angle of ∼15°. A 4-inch bent crystal analyzer with 1 m
radius covers ∼5°. Efficient collection requires a DAC with at least a 35° opening if the
XES spectrometer has seven analyzers arranged horizontally. To address this issue, we
are in the process of building a seven-analyzer XES spectrometer with analyzers arranged
in conical geometry. Seven analyzers will be arranged in three rows with three analyzers in
the middle row and two analyzers in the upper and lower rows, as illustrated in Figure 6(a).
We use three analyzers arranged vertically to explain the design concept because the
spectrometer design with only multiple horizontal analyzers has been discussed in
detail before.[11–13] To add more analyzers in the vertical plane, analyzer 2 and 3 can
be treated as analyzer 1 rotated about the sample point as shown in Figure 6(b). A pos-
ition-sensitive area detector is needed with this design because analyzers at different ver-
tical levels focus the beam to different positions on the detector in order to fulfill a
common Bragg angle condition as represented by green, black, and red dots in the detec-
tor plane shown in Figure 6(b). To minimize the separation on the detector for different
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rows, it is preferred to use analyzer indices so that the detector is as close to backscattering
as possible. Depending on the Bragg angle, the separation can be large (a few tens of milli-
meters); thus good collimation for the detector active area is very critical to improve signal-
to-noise ratios. In order to minimize setup for analyzer switching and alignment, for each
analyzer module, we plan to motorize two angles and one radial translation. Our goal is to
align all seven analyzers in 3–4 h with automatic scanning macros.

Figure 6. (a) Photograph of seven analyzers arranged in conical geometry; (b) schematic drawing of
three analyzers arranged vertically and their Rowland circles, respectively.

HIGH PRESSURE RESEARCH 323



3. High pressure XES applications

3.1. 3d transition metals

Among the many interesting problems in the 3d transition metal physics, understanding
the spin state of metals is of paramount importance due to its correlation with many other
material properties, such as structure, thermodynamics, and bonding. Because of the inter-
actions between 3d electrons and the 3p core hole, Kβ mainline XES of 3d transition metals
is an effective local and bulk probe for the magnetic spin moment and has been applied to
study spin transitions of many transition metal oxides, strongly correlated materials and
mantle minerals under high pressure.[24–27] Since the discovery of iron-based supercon-
ductors in 2008, one of the debated questions is the duality of the local moment-itinerant
electron in magnetism.[28] There were many studies of local magnetic moments in various
Fe-based superconductors under high pressure using Fe Kβ XES, some of which were also
at low temperature to study the superconducting state.[29–31]

In order to understand how structural and magnetic degrees of freedom affect super-
conductivity, the so-called 122 compounds AFe2X2 (where A is an alkaline-earth element,
an alkali metal or Eu and X is a pnictogen element) have been extensively studied. As an
example, Figure 7 shows room temperature and high pressure XES spectra of (Ca0.67Sr0.33)
Fe2As2 at 1.5 and 6.6 GPa.[29] The parent compound has antiferromagnetic order at
ambient pressure, and chemical substitutions can suppress magnetism and induce super-
conductivity. Sr substitution into CaFe2As2 can decouple the quenching Fe local moment
from the volume collapse transition. A small single crystal was loaded into a DAC with a
3 mm Be gasket, using silicone oil as the pressure medium. To extract the Fe local
moment, the integrated absolute difference method was used and the XES spectrum at
0.1 GPa was measured as ref. [32] The difference spectra (shown in solid gray lines)
grow larger with increasing pressure: a shift to lower energy of the main peak and a
very small loss of spectral weight in the Kβ1,3 region around 7045 eV are observed, indicat-
ing a reduction in the Fe moment. HP XES results reveal that the Fe moments persist into
the collapsed-tetragonal (CT) structure. Results of XRD and XES measurements show that
the CT phase of (Ca0.67Sr0.33)Fe2As2 can support a substantial Fe moment that appears to
be strongly coupled to the c-axis lattice parameter, which is controlled by the size of the
alkaline-earth atom, thermal contraction, and the volume change induced by the CT
phase.

3.2. Lanthanides and actinides

The lanthanide and actinide elements share very similar physical and chemical behavior
and show many interesting phenomena, such as heavy-fermion metals properties, and
intermediate valence and unconventional superconductivity due to their f elec-
trons.[3,33–35] However, whereas 4f electrons in lanthanides are generally more localized
and close to the atomic core, the 5f electrons in actinides are more extended, itinerant and
interact strongly with neighboring ligand orbitals and the conduction band. External
pressure can affect the hybridization of f-electrons and alter crystallographic, magnetic
and transport properties of these materials dramatically. The application of ab initio calcu-
lations to f-electrons still remains a considerable challenge and experimental data on criti-
cal quantities such as the local magnetic moment and valence are much needed to

324 Y. XIAO ET AL.



constrain theoretical models.[36] PFY-XAS and XES have been widely used to study local
magnetic moment, mixed-valence and multi-configuration of 4f and 5f metals and their
compounds under high pressure.[37–40]

Similar to the Kβ mainline for 3d transition metals, the Lγ1 (4d→2p1/2) emission line con-
tains a main peak and a satellite peak, which comes from the interaction between 4d and
4f electrons. Thus, the Lγ1 emission line is sensitive to the local moment of lanthanides.[41]
Figure 8 shows measured and theoretically calculated Ce Lγ1 emission spectra across the γ-
α volume collapse transition, which often serves as a testing ground for theoretical models
treating f-electron correlations.[36] Special care was taken to make sure that the sample
was pure-Ce metal inside the DAC with 3 mm Be gasket. The satellite peak of Lγ1 decreases
30% across the volume collapse. XES experimental results and new dynamical mean field
theory calculations provided not only solid evidence to support the Kondo model in con-
junction with previous measurements, but also a general experimental methodology to
study relevant strongly correlated f-electron systems.

Because of its sharpening effect, PFY-XAS is very suitable to study mixed-valence prop-
erties or the multi-configurational nature of f electron systems, especially for actinides

Figure 7. XES spectra of (Ca0.67Sr0.33)Fe2As2 under room temperature and high pressure at (a) 1.5 and
(b) 6.6 GPa when compared to the spectrum at ambient pressure. Black solid lines are the difference
spectra (modified with permission from Figure 2 of ref. [29]).

HIGH PRESSURE RESEARCH 325



where conventional XAS cannot resolve the fine distribution of the unoccupied electronic
states due to the large lifetime broadening of the 2p3/2 level (∼8 eV for Uranium).[42,43]
Figure 9 plots PFY spectra at the Uranium LIII edge for the UCd11 compound at different
pressures.[44] UCd11 is one of the most intriguing of all the binary uranium compounds
and often used to study the effect of pressure on a strongly localized heavy-fermion inter-
metallic. An ∼30-µm-thick and 100 µm in diameter sample was loaded in the DAC with
ruby chips and methanol–ethanol as pressure medium. With increasing pressure, the
white line is shifted +4.1 eV at the highest measured pressure of 28.2 GPa. Both the
white line shifting to higher energy and decreasing edge jump under compression indi-
cate the delocalization of U 5f-electrons toward 6d band.

3.3. Valence band of Ge under high pressure

Valence-to-core XES (VtC-XES) probes electron transition from the valence band to the
core level. Although known for many decades, extensive studies have become possible
only in the late 1990s because of the very low transition probability.[5] VtC-XES can
provide information similar to that of valence-band X-ray photoelectron spectroscopy
(XPS) and can be used to probe electronic structure of ligand and valence-band

Figure 8. Satellite region of the Ce Lγ1 emission line as measured experimentally and calculated by the
extended atomic model with and without hybridization (modified with permission from Figure 1 of ref.
[36]).
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levels.[6,45] Although XPS has higher energy resolution, VtC-XES, as a hard X-ray tech-
nique, is element selective and can be used to probe samples under in situ or in operando
environments for catalysis studies and for high pressure studies in which samples are
embedded in gasket and anvil materials. With the advent of high-brightness third-gener-
ation synchrotrons and multi-crystal XES spectrometer collecting large solid angles, VtC
XES has been applied to studies in the environment science, catalysis, bio-inorganic chem-
istry, and semiconductor fields.[46–49]

There are only a few high pressure studies involving VtC XES and two of them investi-
gate the valence band of Ge.[27,50,51] The band structure is among the most important
way to characterize the electronic structure of a solid and is responsible for various elec-
trical properties of the material. Figure 10 plots the experimental width of the valence
band (from FWHM of XES data) of Ge as a function pressure and compares it to previous
experimental data and several density functional theory calculations.[51,52] Because of the
sharpening effect of RXES, a change in valence band width was observed before the α→β

structural transition around 11 GPa. The valence band width increases slightly until 7.7 GPa
due to the reduction of 4s character and decreases at higher pressure because of d-orbitals
contribution. After the structural transition, the valence band width increases with increas-
ing pressure. Both the electron density distribution and XES results show that the elec-
tronic structure changes at pressures far below the α→β structure transition pressure
and the existence of such pre-transition process may be common in other covalent-met-
allic phase transition.

4. An outlook

New diffraction-limited storage rings have ultra-low emittance in both horizontal and ver-
tical directions (∼50pm-rad for APS-U) and can provide a much smaller and intense beam
down to sub-micrometers.[53] In addition to the future higher brightness X-ray sources,
technologies for making X-ray focusing mirrors have been much improved in recent

Figure 9. PFY-XAS spectra at the U LIII edge for UCd11 at different pressures (modified with permission
from ref. [44]).
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years. Mirrors can be half a meter long and still have a very small slope error (<0.25 urad).
Somemirrors can be made with a slope error less than 0.1urad. The highest pressure in XES
measurement so far is around 1.4 Mbar for FeO.[27] High pressure XES will greatly benefit
from the developments in new synchrotron radiation sources and improved X-ray focus-
ing optics. Multi-megabar XES experiments will become feasible because of the small and
intense incident beam. The improved efficiency will also make XES mapping feasible.

It should be noted that the efficiency of the currently used XES spectrometers is still
limited by the use of crystal analyzers to achieve the required energy resolution (∼ a
few hundred meVs to a few eVs) that cannot be achieved by the detectors (either solid
state detector or position-sensitive detector) used in those spectrometers. Recently, super-
conducting transition-edge sensors (TES) with high-energy resolution have been devel-
oped.[54] A single TES can reach an energy resolution of 1.6 eV FWHM at 6 keV, which
is comparable to that of a typical XES spectrometer using a crystal analyzer.[55] Efforts
are being made to construct arrays of TES to cover a large solid angle and increase count-
ing efficiency.[56] Using such TES arrays for XES measurement will no longer require the
use of crystal analyzers, dramatically simplifying the experimental setup. Moreover,
using the TES arrays will eliminate the need of angle-analyzer scanning process, making

Figure 10. The FWHM of the XES data as a function of pressure (inset, E0=11,113 eV) when compared
to those of theoretical calculations from ref. [52] and the previous experiment result from ref. [50]
(modified with permission from Figure 3 of ref. [51]).
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the highly efficient measurement suitable for time-resolved studies.[57,58] Even though
the TES count rate limitation of a few hundred counts per second is a concern, high
pressure XES is generally a low count rate technique due to small sample size and absorp-
tion of anvils and/or gasket. Therefore, using a TES array detector in high pressure XES will
dramatically expand the XES capabilities for high pressure research, including position
scanning imaging, time-resolved measurements, and multi-megabar measurements.
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