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Abstract
Single-crystal X-ray diffraction is an established method to constrain the structure and chemistry of crystalline minerals 
under high-pressure conditions. Partnership for eXtreme Xtallography (PX2) is a high-pressure crystallographic research 
program dedicated to diamond anvil cell research. Located at the experimental station 13-BM-C of the Advanced Photon 
Source, PX2 provides 10 µm-level focused X-rays at a fixed energy of 28.6 keV, a 6-circle heavy duty diffractometer and a 
state-of-the-art Pilatus3 1 M photon-counting detector, optimized for a variety of advanced crystallography experiments. A 
suite of auxiliary equipment including a compact multipurpose optical table and remote membrane-based pressure control 
has been installed to facilitate the experiments. Resistive and laser heating capabilities have been commissioned to provide 
high-temperature sample environments for the study of the planetary interior. In this manuscript we present a few examples 
to demonstrate the experimental capabilities at PX2.
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Introduction

Earth is a very complex and dynamic system and geologic 
phenomena such as seismicity and volcanism have major 
impacts on society. Proper understanding of these geological 
phenomena requires knowledge of the microscopic struc-
ture of earth-forming materials and how their physical and 
chemical properties change at extreme pressure–temperature 
conditions (Stixrude and Lithgow-Bertelloni 2005; Xu et al. 
2008). Crystallographic investigations of minerals at various 
thermodynamic conditions provide fundamental informa-
tion about the structural parameters such as density, atom 
coordination geometry, bond lengths, etc., which govern 

the physical and chemical properties of minerals and are 
necessary for building reliable geophysical and geochemical 
models (Dera et al. 2013; Lavina et al. 2014).

To date, X-ray diffraction is the most popular approach 
to carry out crystallographic investigations on minerals. 
There are two main diffraction-based approaches for high 
P–T in-situ crystallographic studies that differ in sample 
preparation (Lavina et al. 2014; Prescher and Prakapenka 
2015; Shen and Mao 2017). Most equation of state (EoS) 
studies utilize powder X-ray diffraction (PXD) technique, 
in which the sample is a finely ground powder containing a 
multitude of microscopic, randomly oriented crystal grains 
(typical requirement for satisfactory particle statistics is 
more than  106 grains in the X-ray illuminated spot) (Shen 
and Mao 2017). On the other side of the spectrum, there is 
single-crystal X-ray diffraction (SXD), which utilizes one or 
a few near-perfect single crystal specimens (Dera et al. 2013; 
Zhang et al. 2017). SXD involves slightly more sophisticated 
sample preparation and loading, while offering some signifi-
cant advantages over PXD. Obtaining structural informa-
tion from PXD using full profile refinement methods such 
as the Rietveld technique is challenging with high-pressure 
data, especially for low-symmetry crystals, and the results 
are often ambiguous. SXD data, on the other hand, directly 
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reflects the crystal structures of minerals and can yield much 
more reliable and detailed structural constraints on mineral 
behavior, including changes in space group, bond lengths 
and angles, and polyhedral distortions (Hu et al. 2017; Xu 
et al. 2018; Yong et al. 2019; Zhang et al. 2016a, b). Such 
information offers an important step towards achieving an 
atomic level understanding of the structural controls of the 
physical and chemical properties that are relevant, for exam-
ple, in interpretation of seismic data (Hu et al. 2017; Xu 
et al. 2018).

In-situ SXD has been extensively used for mineral phys-
ics research and has significantly contributed to the devel-
opment of this field. The concepts of comparative crystal 
chemistry, isostructural surfaces in the pressure–tempera-
ture-composition space, crystal-chemical trends, etc. have 
all been coined and developed largely based on SXD experi-
ments conducted in the 80’s and 90’s (e.g., Hazen and Fin-
ger 1982). These conventional SXD experiments have been 
done with laboratory X-ray sources and are mostly limited 
to pressure of about 10 GPa or less. These limitations make 
extrapolation of the detailed compression mechanism trends 
obtainable with the SXD approach to actual conditions of the 
interesting geologic environments quite challenging (Lavina 
et al. 2014). Moreover, conventional laboratory SXD has 
been thought to be of limited application to cases of struc-
tural phase transitions involving large density discontinui-
ties, especially those proceeding via reconstructive mecha-
nism, because the sample usually turns into a polycrystalline 
aggregate after the transition. Recent developments in syn-
chrotron-based high-pressure SXD techniques have opened 
new opportunities to explore the behavior of single crystals 
with much smaller sizes (down to few micrometers) to sig-
nificantly higher pressures (above 100 GPa) while retaining 
the main advantages (level of detail, quality and reliability 
of crystallographic information, higher quality of EoS data, 
ability to solve new crystal structures in case of phase transi-
tions) of SXD techniques (Dera et al. 2013; McMahon 2012; 
Zhang et al. 2017).

Partnership for eXtreme Xtallography (PX2) has been 
providing experimental capabilities for high-pressure dia-
mond anvil cell research at the GeoSoilEnviroCARS (GSE-
CARS) facility at the Advanced Photon Source (APS) 
since 2014 (Zhang et al. 2017). The PX2 project is a col-
laboration between the University of Hawaii and GSE-
CARS and is hosted by GSECARS at experimental station 
13-BM-C. This project provides focused X-rays at 28.6 keV 
and a 6-circle heavy duty diffractometer, optimized for a 
variety of advanced crystallography experiments includ-
ing SXD and PXD crystal structure determination, phase 
relationship investigation, EoS studies and thermal dif-
fuse scattering. Currently, we support simultaneously high 
pressure–temperature crystallographic experiments using 
resistive- and laser-heated diamond anvil cells. The beamline 

has a well-established and very active user base, and there 
have been more than 30 groups of users worldwide annually.

Beamline instrumentation

X‑ray optics and single crystal diffraction setup

The GSECARS bending magnet branch 13-BM receives 
6 mrad of horizontal beam fan. A mask close to the shield 
wall blocks a central 1 mrad section dividing the fan into 
two separate beams for experimental stations 13-BM-C 
(1.5 mrad) and 13-BM-D (2.5 mrad) (Shen et al. 2005). 
The inboard beam for the 13-BM-C station is first bounced 
down by a vertical Kirkpatrick–Baez (K–B) focusing mirror 
(Eng et al. 1998), located in the optics station 13-BM-B. To 
maximize spatial separation of the beams towards 13-BM-C 
and 13-BM-D, the inboard part of the X-ray fan is deflected 
by a single-bounce Rowland circle monochromator with 
an exit angle ranging between 10° and 30°. Because of the 
single-bounce design, the setup operates at fixed energy, 
since changes of the 13-BM-C monochromator angle change 
the beam path in the experimental station. At present PX2 
operates at constant energy of 28.6 keV (0.434 Å) using a 
Si(311) crystal, with a bandwidth of ~ 1 eV (Zhang et al. 
2017). The Rowland circle monochromator utilizes an asym-
metrically cut and dynamically bent crystal which partially 
focuses the beam in the horizontal direction. Beam focus-
ing in the vertical direction (and removal of higher-order 
harmonic contamination) is achieved with a one-meter-long 
dynamically bent Rh-coated silicon vertical focusing mirror. 
A 320-mm long second-stage mirror has been installed in 
the 13-BM-C hutch to form compound horizontal focusing 
for the X-rays. Once focused, the X-ray spot size at PX2 
is ~ 12 µm (H) × 18 µm (V), measured at the full-width-at-
half-maximum. A motorized rhenium-based pinhole (50 µm 
in diameter) is placed ~ 70 mm away from the sample to cut 
the tails of the focused X-ray.

13-BM-C is equipped with a heavy-duty high-precision 
Newport six-circle kappa-geometry diffractometer (4 circles 
for sample rotation + 2 circles for detector rotation, Fig. 1) 
(Zhang et al. 2017). The Newport diffractometer features 
include high-speed (up to 15 deg/s), high sample-environ-
ment load capacity (up to 25 lb), high precision of rotation 
(sphere of confusion below 50 µm) and multiple degrees of 
freedom for sample and detector manipulation, making it 
an ideal apparatus for the advanced crystallography experi-
ments. The diffractometer is compatible with a wide range 
of X-ray detectors, and in 2018, we upgraded the 15-year-
old MAR165 (Rayonix) CCD X-ray area detector to a state-
of-the-art, fast Pilatus3 (Dectris) 1 M X-ray area detector 
with 1 mm Si sensor. The Pilatus3 1 M detector has the 
best signal-to-noise ratio and the least background among 
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all detectors that have been tested at PX2, and also features 
good time resolution (25 frames/s, 0.002 s readout time) and 
a suitable detector area (169 mm × 179 mm), all of which 
make it ideal for high-pressure experiments at PX2. The 
Pilatus3 detector can save diffraction images automatically 
into Crystallographic Binary File (CBF) format, which is 
a more efficient compressed format compared to the TIF 
images typically saved by other X-ray area detectors (Bern-
stein and Hammersley 2006). The advantages of the new 
Pilatus3 detector over the older MAR165 CCD detector are 
listed in Table 1. The Pilatus3 significantly reduces the total 
experimental time and uses less data storage space, making 
it possible to carry out high-throughput high-pressure dif-
fraction experiments.

The single-crystal diffraction data collection is controlled 
by the SPEC program (Certified Scientific Software) and 
has a Python-based user-interface (UI, Fig.  2). The UI 
provides calibration information for single-crystal diffrac-
tion data processing software such as APEX (Bruker) and 

Fig. 1  Diffraction geometry of the 13-BM-C diffractometer. The sam-
ple is mounted in a diamond anvil cell and the new Pilatus3 detector 
is used to collect diffraction patterns. Four of the six rotational axes 
are shown (Phi, chi and omega for the DAC, and 2theta for the X-ray 
area detector)

Table 1  Comparison of the data collection time and storage efficiency between the old MAR165 CCD and the new Pilatus 1 M detector

Detector MAR165 CCD Pilatus3 1 M

Typical measurement condition 70 degrees opening diamond anvil cell and 1 detector position
Total number of images 70 (step scans) + 7 (wide segments), tiff image 70 (step scans only), cbf image
Experimental time Typical exposure time: 1 s/°

CCD readout time: 2.5 s
70 * (1 s + 2.5 s) + 7 * (10 s + 2.5 s) = 332.5 s

Typical exposure time: 0.5 s/°
70 * 0.5 s = 35 s

Hard drive space 77 * 8196 kB = 631 MB 70 * 1006 kB = 70.4 MB

Fig. 2  Screenshot of python-based data collection UI and the calibration panel for the Pilatus3 detector
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CrysAlisPro (Rigaku), as well as data collection setups such 
as sample position, detector position, scanning phi angle 
range, total number of frames and exposure time per frame. 
The UI also keeps a log file. The calibration information is 
automatically written into the metadata of the CBF images 
and is readable by APEX and CrysAlisPro.

The quality of data produced by a diffraction instru-
ment can be evaluated by the figures of merit of the result-
ing structural refinements, e.g., R1, wR2 and goodness of 
fit (GooF) (Sheldrick 2008). R1 and wR2 both describe the 
agreement between the modeled and observed crystal struc-
ture model. R1 is weighted by the absolute value of the scat-
tering factor |F| whereas wR2 is weighted by |F|2, so wR2 is 
always higher than R1. Both R1 and wR2 are finite positive 
values and the smaller the value is, the better the refinement 
quality. Values of R1 < 5% and wR2 < 15% are typically con-
sidered good. With our instrumentation and software, and 
high-quality crystals, we typically reach R1 between 2 and 
5% and wR2 between 7 and 15% (e.g., Zhang et al. 2019, 
2021). When the crystal quality is less-ideal (e.g., in the case 

of laser heating) and the DAC opening angle is limited, the 
R1 is smaller than 15% and wR2 is smaller than 25% (e.g., 
Table 2). GooF takes into account the number of observed 
diffraction peaks and the number of fitting parameters in 
addition to the difference in modeled and observed scatter-
ing factors, and should approach to 1 for an ideal refinement. 
The GooF of the crystal structure refinement based on the 
diffraction data collected from our system typically ranges 
from 0.9 to 1.3 (e.g., Zhang et al. 2019, 2021).

Temperature control: resistive‑ and laser‑heating 
setup

There are two ways to reach high temperatures for high-
pressure SXD at PX2. The first approach is to use resistive-
heated DAC (Fig. 3). We typically use BX-90 type DAC to 
carry out resistive-heating experiment, where the samples 
are heated with a miniature Pt-wire heater with an internal 
resistance of ~ 1 Ω (Kantor et al. 2012). The heater is pow-
ered by an XHR33-33 (Sorensen) 1000 W DC power supply 
whose maximum output voltage and current are 33 V and 
33 Å, respectively. A K- or R-type thermocouple with 0.005″ 
diameter is placed close to the diamond culet to read the 
temperature of the sample chamber. The heater, the ther-
mocouple and the DAC are electrically insulated by high-
temperature ceramics and cement. A water-cooled sample 
holder is used to stabilize the sample during heating. For 
resistive-heated DAC, the control of the sample pressure 
is achieved by a membrane remote pressure control system 
(Sect. 2.3). Resistive-heated DAC has been routinely used in 
high P–T single crystal diffraction experiments at PX2 (e.g., 
Li et al. 2021; Xu et al. 2020; Xu et al. 2018; Ye et al. 2021).

The other approach to carry out high P–T SXD experi-
ment is through laser-heated DAC. The laser heating is 
achieved through a compact optical table (Fig. 4), which 
contains a 12 × zoom camera system (Navitar), one 532-nm 

Table 2  Chemical composition, lattice parameter and figures of mer-
its of garnet and spinel samples measured at high pressure–tempera-
ture conditions using single crystal XRD

P–T condition 11.4 ± 0.5 GPa, 1450 ± 100 K
Mineral Garnet (almandine) Spinel
Composition [Fe2.3Mg0.7]Al2Si3O12 [Fe0.2Mg0.8]Al2O4

Lattice parameter (Å) 11.411(8) 8.0015(14)
No. of unique peaks 82 17
Resolution (Å) 0.78 0.84
Completeness 65% 57%
Rint 19.03% 24.83%
R1 6.17% 12.03%
wR2 22.36% 20.66%
GooF 0.974 1.269

Fig. 3  Resistive-heated DAC for 
high P–T single crystal diffrac-
tion at PX2
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1 W solid-state laser (LaserQuantum), one 1064-nm 200 W 
CW fiber laser (IPG), and a fiber-coupled spectrograph (Tel-
edyne). The compact optical table has the following func-
tions: (1) sample observation; (2) ruby fluorescence pressure 
determination; and (3) laser heating. The observation opti-
cal path is coincident with the 532-nm and 1064-nm lasers 
through a specially designed 80 mm working distance high-
power achromat lens (geoHeat), and the laser beam posi-
tion is adjusted remotely through motorized mirror mounts 
(Newport). The laser’s focal spot size is ~ 30 µm in diameter 
(FWHM), slightly larger than the X-ray focus size so as to 
reduce the temperature gradient on the X-ray probed region.

For the LH-DAC setup, the 1064-nm IR laser is reflected 
by an X-ray translucent 0.5 mm thick Si mirror coated with 
Ag so that the IR laser is coaxial to the X-ray before hit-
ting the sample. Round-table diamond is required in order to 
carry out laser-heated single-crystal diffraction experiments 
(Dubrovinsky et al. 2017), which requires the rotation of the 
DAC to reach the Bragg diffraction condition. The round 
table diamond keeps the laser beam continuously hitting 
the sample in the DAC while rotating so that the laser light 
will not scatter to arbitrary directions. The DAC is placed 
in a way that one round table diamond is facing the X-ray 
upstream direction, which is also the direction of laser heat-
ing. Only one side of the sample is heated by the laser.

Auxiliary instruments

For the SXD experiments at simultaneous high P–T condi-
tions at PX2, researchers have been relying on the mem-
brane-based remote pressure control system to control the 
pressure (Kantor et al. 2012). The system uses a cylinder of 

compressed helium gas (up to 2200 psi in pressure) and an 
automatic PACE5000 pressure regulator (GE) to expand/
shrink a membrane diaphragm (DACtools), which exerts 
force on the piston/cylinder of the DAC, and hence con-
trol the pressure of the sample chamber. The pressure in 
the sample chamber is controlled by the gas pressure, the 
diamond culet size, and the friction between the piston and 
cylinder. For a typical diamond culet size of 300 μm, we usu-
ally reach ~ 60 GPa in the sample chamber at a gas pressure 
of 400–600 psi. The PACE5000 pressure regulator controls 
the gas pressure at a resolution of 0.01 psi. The DAC holder 
for the membrane system has an opening angle of ± 45°, 
which grants the maximum opening angle for most DACs 
in the SXD experiment.

Example: laser‑heated single‑crystal 
diffraction of garnet and spinel 
at the mantle P–T condition

We have carried out single-crystal X-ray diffraction on 
almandine garnet  ([Fe2.3Mg0.7]Al2Si3O12) and spinel 
 ([Fe0.2Mg0.8]Al2O4) in a laser-heated diamond anvil cell 
at PX2. Both garnet and spinel are common rock-forming 
minerals with cubic crystal structure, which makes them 
good examples to demonstrate the capability of our system. 
Both crystals are synthesized from oxides in a large-volume 
press. The DAC is prepared using a round-table diamond 
and a Boehler–Almax type diamond (Boehler and De Hant-
setters 2004; Dubrovinsky et al. 2017). Two Boehler–Almax 
designed 70° opening WC seats and a BX-90 type diamond 
cell are used. The culet diameter of the diamonds is 300 µm. 

Fig. 4  Optical layout of the 
compact multifunctional optical 
table at PX2
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A Re gasket is pre-indented to 70 µm thickness, and a 200-
µm diameter hole is drilled at the center of the gasket to form 
the sample chamber. The DAC is gas-loaded with Ne as the 
pressure medium (Rivers et al. 2008), which also serves as 
the thermal insulator to separate the sample from the dia-
mond culets. The garnet and spinel crystals are placed in 
contact with each other at the center of the sample chamber, 
and two ruby spheres are placed close to the sample to serve 
as the pressure marker (Fig. 5). The SXD data are processed 
by APEX software (Fig. 6). About 5 W of total laser power 
was used to heat the sample. Under the extreme temperature 
gradient of laser heating, the garnet and spinel crystals broke 
into multiple grains during the SXD measurement. We were 
able to select the garnet and spinel grains with the most 
complete diffraction dataset and carry out crystal structure 
solution and refinement (Table 2). The structure refinement 

gave reasonable figures of merit, indicating a good diffrac-
tion data quality.

The accurate determination of the pressure and tem-
perature is critical to simulate the mantle condition for our 
measurements. Due to the existence of thermal pressure, the 
temperature and pressure are coupled, and one cannot use a 
single thermal equation of state to determine both the pres-
sure and the temperature simultaneously (Angel 2000; Angel 
et al. 2017). Conventional laser-heated DAC experiments 
usually use the thermal equation of state of external pressure 
markers (e.g., Au, Fei et al. 2007) and optical pyrometry 
(e.g., black body radiation, Prakapenka et al. 2008; Shen 
et al. 2005) to determine the pressure and temperature. How-
ever, the external pressure markers hinder the single-crystal 
diffraction measurements, as the powder diffraction rings 
from the pressure marker would interfere with many diffrac-
tion peaks for the sample, so one cannot introduce external 

Fig. 5  Sample chamber of the pilot experiment before (a), during (b) and after (c) the laser heating. The diameter of the diamond culet size is 
300 μm. Two ruby spheres are placed in the sample chamber away from the sample for the pressure calibration

Fig. 6  a Distribution of diffraction peaks of the almandine + spinel 
sample during heating shown in Bruker APEX software. The most 
complete almandine (green) and spinel (red) lattices are shown in 

panels (b) and (c), respectively. The grey spots in panel (a) are from 
other incomplete lattices of the sample, the Ne pressure medium and 
the ruby pressure marker
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pressure markers in single-crystal diffraction experiment. In 
our measurement, since the samples belong to two different 
minerals and the unit cell volume and chemical composi-
tion of the samples are available from the single-crystal dif-
fraction, we are able to use the “isomeke” method and the 
established thermal equations of states of the two minerals 
to determine the pressure and the temperature simultane-
ously (Adams et al. 1975; Angel et al. 2017). The principle 
of the isomeke method is briefly explained as follows: the 
thermal equation of states establishes a relationship among 
the P–V–T of the mineral with a known composition. Once 
the unit cell volume (V = Vexp) is fixed, the pressure (P) and 
temperature (T) forms a curve in the P–T space, named the 
isomeke (from the Greek “equal” and “length”) (Adams 
et al. 1975; Angel et al. 2017). When the isomekes of the two 
samples cross in the P–T space, the pressure and temperature 
are determined simultaneously at the crossing. We expect 
that the precision and accuracy of the isomeke approach will 
be comparable with the conventional method, as the sample 
geometries of the two approaches are similar (two crystals 
in close contact, just like the external pressure markers in 
close contact with the sample in the conventional approach).

We have tested our isomeke approach in the laser-heated 
SXD experiment between garnet and spinel. The isomekes 
were computed using the following equations:

We used published thermoelastic parameters to calculate 
the isomekes. For garnet, VT0 = 1527.0 Å3, K0 = 171.85 GPa, 
K ′ T0 =  5 .49 ,  

(

�K
T
∕�T

)

P
  =   −   0 .0334   GPa /K, 

α0 = 1.79 ×  10–5   K−1, and α1 = 2.26 ×  10–8   K−2 (Xu et al. 
2019). For spinel, VT0 = 530.5 Å3, K0 = 197.2 GPa, K′T0 = 4.4, 
(

�K
T
∕�T

)

P
 = − 0.023 GPa/K, α0 = 2.03 ×  10–5   K−1, and 

α1 = 5.4 ×  10–9   K−2 (Fan et al. 2008). Both sets of ther-
moelastic parameters were determined by resistive-heated 
DAC experiments. Using the  Vexp determined by our 
in-situ laser heating experiment (Vexp-garnet = 1485.7 Å3, 
Vexp-spinel = 512.3  Å3, Table  2), the two isomekes cross 
at 1450 K and 11.4 GPa (Fig. 7). In order to validate our 
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temperature measurement and check the temperature gradi-
ent within the DAC, we took the same DAC to GSECARS 
beamline 13-ID-D, heated the sample from one side with 
the same laser power as the partitioning experiment, and 
measured the temperatures from both sides using the opti-
cal pyrometry system in 13-ID-D (Prakapenka et al. 2008). 
The black body radiation gave the temperature of the heating 
side as 1486 ± 3 K and the temperature of the non-heating 
side as 1398 ± 9 K (Fig. 8). The average temperature was 
1442 K, consistent with the estimations from the isomeke 
approach (1450 K). We found that there is a temperature 
gradient of ~ 100 K between the heating side and the non-
heating side, and we propose to use 100 K as the uncer-
tainty of the error. The pressure uncertainty is estimated at 
0.5 GPa, based on the average P–T gradient of the isomeke 
(0.005 GPa/K). Though we could not validate the sample’s 
pressure in-situ while heating as we did not have external 
pressure marker near the sample, the sample chamber’s pres-
sure was determined as 8 GPa using ruby fluorescence while 
not heating (Dewaele et al. 2008). The thermal pressure of 
the sample during heating is estimated as 3.4 GPa, which is 
in the same magnitude for published laser-heating experi-
ments (Zhang et al. 2016b).

Conclusion and outlook

The high-pressure SXD technique is becoming more and 
more popular in the Earth, planetary and material sciences. 
At PX2, the high-pressure SXD experiments have been car-
ried out to study phase transitions, structure identification, 
chemical compositions, thermoelasticity, and synthesis of 

Fig. 7  Pressure and temperature calculation of the laser-heated 
single crystal diffraction experiment using the isomekes of gar-
net and spinel. Green symbol indicates the cross section of the two 
isomekes (11.4  GPa, 1450  K) and their corresponding uncertainties 
(± 0.5 GPa, ± 100 K)
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novel materials. The samples studied at PX2 have covered 
crust, mantle and core minerals within and beyond the earth, 
and materials that have potentially significant impacts on our 
environment. As a user facility open to the earth, planetary 
and environmental research communities, we expect to con-
tinue our momentum and keep delivering state-of-the-art 
SXD experimental capabilities to our communities.

For future developments, we intend to focus on the fol-
lowing aspects, so as to expand the P–T range for SXD 
measurements, as well as improve the diffraction data qual-
ity and resolution.

(A) Optimized X-ray instrument: For SXD experiments, the 
larger the X-ray energy, the shorter the X-ray wave-
length, and the more reciprocal space the X-ray will 
probe. High energy X-ray will provide more informa-
tion about the mineral crystal structure and chemi-
cal composition as well as a better data quality. Cur-
rently, at PX2 we are using a Si(311) single crystal 
monochromator, which provides X-rays at 28.6 keV 
at the scattering angle in use. We plan to upgrade the 
monochromator crystal to Si(400), which will pro-
vide 34.5 keV X-rays at the same scattering angle. 
Increasing energy from 28.6 to 34.5 keV will decrease 
the X-ray wavelength from 0.434 to 0.359 Å. Given 
the same DAC opening angle design, upgrading the 
monochromator crystal would increase the recipro-
cal space probing range by 76% as it is proportional 

to the cube of the wavenumber of the incident X-ray 
([0.434/0.359]3  –  1 = 76%), which is expected to 
improve the resolution of the single crystal diffraction 
data by ~ 20%. The current focusing mirror and the 
X-ray area detector can still be used, although replac-
ing the detector with one that has a CdTe-based sensor 
will improve its quantum efficiency at 34.5 keV.

(B) Optimized optical instrument: We plan to upgrade the 
current laser-heating SXD setup from one side heat-
ing to double-sided heating so as to reduce the axial 
temperature gradient and increase the heating power. 
The proposed double-sided laser-heated SXD setup 
not only provides a reliable way to analyze the chemi-
cal composition of mantle minerals, but also opens the 
opportunity to synthesize/characterize new materials 
at pressures between 10 and 100 GPa and temperatures 
between 1000 and 4000 K, which covers the P–T con-
dition of most part of the earth’s mantle (1–135 GPa, 
1000–4000 K, Mao and Hemley 2007). We expect to 
synthesize the previously-unexplored core and mantle 
phases with this setup and study their crystal struc-
tures. The most prominent challenge for such high P–T 
synthesis is that it involves the optimization of pres-
sure, temperature and sample composition, and find-
ing the most efficient synthesis routine could be time-
consuming. The advantage of our laser-heated high 
pressure system is that it combines both the sample 
synthesis apparatus with the sample characterization 

Fig. 8  Black-body radiation fitting of the temperature of the same sample measured in GSECARS 13-ID-D with the identical heating setup 
(same laser power, heating only from the upstream side)
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facility, so that one can monitor the sample synthesis 
in-situ, which will significantly improve the efficiency 
in finding the most effective synthesis routine. We 
will improve temperature measurements by introduc-
ing optical pyrometry based on grey-body radiation, 
and we will upgrade the spectrometer and its camera 
accordingly to be compatible with the optical pyrom-
etry approach.
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