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This article summarizes the developments of experimental techniques for high pressure x-ray diffraction (XRD) in
diamond anvil cells (DACs) using synchrotron radiation. Basic principles and experimental methods for various diffraction
geometry are described, including powder diffraction, single crystal diffraction, radial diffraction, as well as coupling with
laser heating system. Resolution in d-spacing of different diffraction modes is discussed. More recent progress, such as
extended application of single crystal diffraction for measurements of multigrain and electron density distribution, time-
resolved diffraction with dynamic DAC and development of modulated heating techniques are briefly introduced. The
current status of the high pressure beamline at BSRF (Beijing Synchrotron Radiation Facility) and some results are also
presented.
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1. Introduction

Since the late 1970s, high-pressure (HP) synchrotron
research has become a fast growing field. Over the past
few decades, various HP experimental techniques based on
synchrotron radiation have been successively developed, in-
cluding HP x-ray diffraction (XRD), HP x-ray spectroscopy
(XRS), HP inelastic x-ray scattering (IXS) , HP x-ray imaging,
etc. In these techniques, XRD is the most common technique
for high-pressure investigations and has been widely used for
in situ determination of the structure and properties of materi-
als.

Combining pressure vessels, like diamond anvil cells or
large volume press, with synchrotron beamlines allows in situ
XRD measurements under high pressure. The most com-
monly used HP apparatus for XRD is the diamond anvil
cell (DAC) which is capable of generating pressures beyond
400 GPa[1,2] and is transparent to x-ray radiation. At ultra-
high pressures, the sample volumes are minute. In the megabar
(1 megabar = 100 GPa) pressure range, sample dimensions in
a DAC are typically less than 30 µm, so x-ray beams with suf-
ficient intensity and minute size are needed in HP XRD mea-
surements. The x-rays emitted from a synchrotron radiation
source are ideally suitable for HP XRD studies, because the
high brightness and high collimation of synchrotron radiation
(SR) allow the x-ray beams to be focused down to micrometer-
sized spots for probing minute samples at ultrahigh pressures.
Additionally, high energy of SR is capable of penetrating sur-

rounding vessel materials and suppressing background sig-
nals, which is crucially important for high quality diffraction
data.

A number of beamlines have been built for HP XRD
in synchrotron facilities in the world. Development of
these techniques can be found in some of the literature.[3–7]

The first HP XRD experiment integrated with synchrotron
technique was pioneered at Hasylab in 1977 by Buras et
al.[8] Since then the XRD using SR has become the main
means of pressure-induced structural phase transition stud-
ies. In the 1980s, a number of beamlines at the first-
generation or second-generation synchrotron facilities, such as
DESY (Deutsches Elektronen Synchrotron),[9] CHESS (Con-
rell High Energy Synchrotron Source),[10,11] SSRL (Stanford
Synchrotron Radiation Lightsource),[12,13] photon factory,[14]

SRS (Synchrotron Radiation Source, Daresbury),[15] were re-
ported to work for HP XRD studies. The energy dispersive
x-ray diffraction (EDXRD) mode was mainly used in these
beamlines and the synchrotron x-ray was incoming from the
banding magnets. With the development of insertion devices
(ID) techniques in SR facilities, some wiggler beamlines have
been built for HP XRD studies.[16–19] The x-ray flux from
wiggle is several orders of magnitude higher than the bend-
ing magnet which greatly improves the quality of data and
reduces the measurement time. In the early 90s, the ad-
vent of area detectors resulted in fast progress and broader
applications of angle-dispersive diffraction (ADXRD) meth-
ods in HP research.[16,17,20–22] In contrast, higher-resolution
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ADXRD methods employing CCD (charge couple device)
or IP (image-plate) detectors allow high-resolution measure-
ments that make powder refinement techniques possible up to
the megabar (Mbar) pressure range.

There is no doubt that the development of HP XRD tech-
niques benefit from the progress of synchrotron radiation light
source. High brilliance of the third generation x-ray syn-
chrotron sources greatly improved the size and the intensity of
the x-ray beams available for experiments under extreme static
pressure and temperature conditions. The development of x-
ray diffraction in DACs involves the coupling of laser heat-
ing techniques.[23,24] A lot of high pressure diffraction beam-
lines have been equipped with laser heating DAC (LHDAC)
systems at various synchrotron facilities in the world.[25–31]

In situ measurements at high P–T gave a second variable in
XRD data acquisition, providing us with various important
information on the behavior of materials. Recently, x-ray
powder diffraction in DAC has been extended with the in-
troduction of radial diffraction (RXRD) geometry. This tech-
nique together with lattice strain theories[32–35] provides use-
ful information about the strength, elasticity, deformation and
rheology.[36–43] Single crystal XRD was first applied to HP
using the EDXRD technique,[44,45] in which only the peak en-
ergy and peak orientation have been used for the determina-
tions of unit-cell parameters but the peak intensities needed
for complete structure refinements have not been used. Re-
cently, single-crystal XRD using monochromatic beam and
area detector has got rapid development, in which orienta-
tions and intensities of diffracted beams are measured. Some
beamlines for high pressure research in the world have es-
tablished routine procedures for conducting HP single crys-
tal XRD experiments.[46–48] Using this technique, in addition
to the structural measurements, information of electron den-
sity distribution can be obtained.[49,50] Very recently, emerging
fast x-ray detectors, such as Pilatus, have brought new oppor-
tunities to HP XRD. Combined with a dynamic DAC (dDAC),
which enables fast compression and decompression of sam-
ple in DACs, it is possible to study the time dependent phe-
nomena in the regions of compression rates between the static
technique and dynamic shock-driven devices.[51]

In this paper, the developments of HP diffraction tech-
niques using synchrotron radiation in the diamond anvil cells
is summarized. Basic principles and general setup for vari-
ous HP diffraction experiments are described, including the
powder diffraction, single crystal diffraction, radial diffrac-
tion, and laser heating diffraction. Resolution in d-spacing
of EDXRD and ADXRD is analyzed, respectively. Recent re-
sults on BSRF (Beijing Synchrotron Radiation Facility) 4W2
beamline are also included. More recent developments of sin-
gle crystal diffraction technique are briefly introduced.

2. HP diffraction techniques using synchrotron
radiation

2.1. Synchrotron beamline for HP diffraction

Many synchrotron facilities in the world have beamlines
dedicated to high pressure investigations. The most common
experimental method is x-ray diffraction with diamond anvil
cells. A dedicated beamline for HP diffraction in DACs is re-
quired to have certain abilities: (i) providing the x-ray with
high brilliance in the higher energy range, (ii) focusing the
divergent incident x-ray beam into the minute sample region,
(iii) precise positioning and alignment of the sample and x-ray
beam, even laser beams, (iv) collecting the diffraction signal
with higher signal to noise ratio.

The scattering signal from the sample in DAC is very
weak due to its “minute size and optical absorption of dia-
monds in the beam path. High intensity and high energy of
incident x-ray are critical for obtaining effective diffraction in-
formation. Therefore, dedicated beamlines for HP diffraction
are usually incoming from insertion devices, wiggler or undu-
lator, which provide greatly enhanced brilliance and high pho-
ton energy. In the first- and second-generation synchrotron fa-
cilities wiggler is generally used.[15–19] Compared with bend-
ing magnets, a wiggler provides several orders of magnitude
higher photon flux. Moreover, the continuous spectral dis-
tribution and wide energy range of a wiggler are especially
suited for EDXRD, which is the prevailing method in early
high pressure diffraction experiments. The third-generation
synchrotron facilities based on undulators can provide a suffi-
cient intensity of x-rays in the photon energy range from a few
keV to 50 keV above.[52] Various HP XRD techniques with
a monochromatic angle-dispersive mode have been rapidly
developed in undulator beamlines.[53–56] With enhancement
in source brilliance and the improvement in micro-focusing
techniques, powder XRD have provided structural information
with improved precision and accuracy up to multi-megabar
pressures.

For the high pressure studies in diamond-anvil cells,
sample dimensions are typically less than 30 µm in the
megabar pressure range. Successful experiments critically de-
pend on the ability to focus more photons into the minute
sample region. A variety of techniques to focus hard x-
rays to microbeam or nanobeam have been developed in
conventional synchrotron beamlines, including the Fresnel
zone plate,[57,58] Kirkpatrick–Baez (K–B) mirrors,[59–63] mul-
tilayer Laue lenses (MLL),[64] and compound refractive lens
(CRL).[65] In the K–B optics arrangement, two independent
grazing incidence mirrors are arranged with their surface nor-
mal nearly perpendicular to the incident x-ray and rotated 90◦

relative to each other. K–B mirrors can deliver a significantly
higher x-ray flux and are capable of focusing x-rays with an
energy range wider than 50 keV. For most of the high pressure
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experiments, the focal spot sizes as small as a few microns are
available. Another important constraint on the focusing for
high pressure research is the requirement of working distance
that should be sufficient to allow enough space for the DAC
and other parts, such as the laser-heating carbon mirror. In
contrast, it is the best choice to use K–B mirrors for micro-
focusing in the high pressure diffraction beamlines.

The first x-ray diffraction apparatus used for high pres-
sure research was developed at Beijing Synchrotron Radia-
tion Facility (BSRF) in 1993.[66] For almost ten years, the HP
diffraction at BSRF time shared a beamline with other stations.
The experiments carried out in DACs used energy dispersive
diffraction mode.[19,67] The dedicated beamline for high pres-
sure research at BSRF was built in the early 2000s, which used
an in-vacuum permanent magnetic wiggler (4W2) as the x-ray
radiation source. Figure 1 shows the picture of 4W2 wiggler
installed in Beijing Electron Positron Collider (BEPC), which
provides flux of ∼ 1015 photons/s at 20 keV when the storage
ring is run with electron energy of 2.5 GeV, current of 250 mA,

and wiggle gap of 12 mm. The beamline started operation in
the EDXRD mode and then stead of ADXRD. Figure 2 illus-
trates the current schematic of 4W2 beamline. The polychro-
matic x-ray is dispersed by a water-cooled double crystal Si
(111) monochromator for selection of the required photon en-
ergy from the range 3.5–25 keV. According to the spectral dis-
tribution of 4W2, selecting the energy of 20 keV is appropriate
for the high pressure experiments.

(a) (b)

Fig. 1. (color online) Pictures of 4W2 in-vacuum wiggler at BSRF. (a)
Inside view of wiggler, (b) installed in storage ring (Photos is provided
by Shi C T).

Fig. 2. (color online) Schematic diagram of the 4W2 beamline at BSRF.

We use two 100 mm long, actively bent mirrors in a Kirk-
patrick Baez arrangement[59] to focus the monochromatic x-
ray beam. The focusing quality depends mainly on the RMS
slope error due to mirror misfiguring, static RMS slope error
of the flat mirror and angular size of the source.[62,63] In the
third generation synchrotron, high brightness (small angular
divergence) of SR with sub-µrad slope errors of mirrors en-
ables the focused beams to submicrometer size or smaller. As
a first generation facility, the BEPC 4W2 has relatively large
source size and large divergence. In our setup, the vertical
mirror is only 18 meters from the source due to restrictions of
the experimental hall space. In addition, the horizontal mirror
cannot be very close to the sample because the high pressure
vessels require a certain working distance. So it is difficult to
focus the beam to several microns in size in the 4W2 beamline
due to the large source size and small demagnification ratio.
Focusing tests using 20 keV x-rays resulted in a double fo-
cused beam with a horizontal and vertical full width at half
maximum (FWHM) of ∼ 25 µm×10 µm, in which case the
working distance is ∼ 80 mm. With this beam size, a lot of
diffraction measurements under a megabar have been success-

fully carried out.[68,69] Longer working distance is required for
the laser heating experiments and will result in an increase in
spot size.

2.2. HP diffraction techniques

The x-ray diffraction can determine the d-spacings of dif-
ferent lattice planes (hkl) and then solve the crystal structure
by Rietveld refinement. The x-ray diffraction condition is de-
scribed by the following Bragg equation:

λ = 2d sin(θ), (1)

where λ is the x-ray wavelength, d is the crystallographic
inter-planar spacing, and θ is the diffraction angle. Wave-
length can be expressed as the function of energy: λ = hc/E,
where h is the Planck constant, c is the speed of light, and E
is the x-ray photon energy. The Bragg equation can be also
expressed in the following:

E(keV) = 6.199/d sin(θ). (2)

High pressure research involves the samples in different forms,
for example, single crystal, polycrystalline, amorphous, and
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liquid. For various sample forms, different HP XRD tech-
niques have been developed, including powder XRD and sin-
gle crystal XRD. With different incidence x-ray and data ac-
quisition detectors, two distinct diffraction modes are used in
high-pressure research: energy dispersive XRD and angle dis-
persive XRD. Figure 3 shows the schematic diagram of differ-
ent XRD techniques.

2.2.1. HP powder diffraction

The powder diffraction is the most common technique in
high pressure research and is suitable for any sample form
except single crystal. The high pressure powder diffraction
experiment can be carried out by energy-dispersive method
(EDXRD) or angle-dispersive method (ADXRD). The early
HP powder diffraction experiments mainly adopt energy-
dispersive techniques. In EDXRD method, polychromatic x-
rays are used as the primary beam, and the scattered pho-
tons are detected by a solid state detector (SSD) with energy

resolution which is held at one fixed angle, 2θ , as shown
in Fig. 3(a). Among SSDs, high purity germanium detec-
tors are the most suitable for diffraction under high pres-
sure, which provide an energy response of wide range, up
to above 100 keV. The development of ADXRD technique
benefits from the advent of area detectors. In the ADXRD
configuration, the polychromatic x-rays from the source is
monochromized by a monochromator and then impinges upon
the sample. The diffraction patterns are recorded using an area
detector with space resolution (also called 2D detectors), as
shown in Fig. 3(b). According to the Bragg equation, the en-
ergy of the x-ray is fixed and the d-spacings of different lattice
planes (hkl) are determined by the diffraction angle. Widely
used 2D detectors are image plate (IP) and charge-coupled de-
vice (CCD). Recently the advent of fast pixel array detectors
(PAD), such as Pilatus, makes the time-resolved high pressure
XRD measurement possible.

Fig. 3. Different diffraction geometry used with diamond anvil cell. (a) and (c) EDXRD, (b) and (d) ADXRD, and (e) Laue.

A critical factor determining the quality of diffraction
data is the resolution, ∆d/d (d is the d-spacing, and ∆d its
uncertainty). From Bragg equation, the uncertainty in the d-
spacing determination depends on the deviations of Bragg an-
gle, ∆θ , and of x-ray energy, ∆E as follows:

∆d
d

= cotθ∆θ +
∆E
E

, (3)

where ∆θ is mainly caused by the angle divergence of the
incident x-ray beam, ∆E is mainly from the energy resolu-
tion of solid-state detector in EDXRD, or of monochromator
in ADXRD. Energy-dispersive diffraction is a low-resolution
method. The lower resolution of EDXRD mainly comes from
intrinsic properties of solid-state detectors. For example, the

typical resolution of a germanium detector is ∼ 150 eV at en-
ergy of 5.9 keV. Although the divergence of x-ray can be re-
duced with extremely good collimation of the incident beam
the intrinsic lower energy resolution of solid-state detectors
leading to the resolution in EDXRD is typically at ∆d/d ∼
10−2.[8,10] In ADXRD the contribution of energy resolution to
the deviation is negligible. Usually the energy resolution of a
monochromator easily reaches less than 10−4. The uncertainty
in the d-spacing determination is mainly from the divergence
of the incident beam. In the use of K–B mirrors the divergence
of the focusing beam is typically at milliradian which causes
∆d/d ∼ 3× 10−3. Reducing the acceptance of K–B mirrors
can decrease the divergence of the incident beam, but the cost
is the photon throughput weakening. Moreover, spatial reso-
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lution of the 2D detector is also an impact factor. The angular
broadening of in detecting systems is related to the detector
pixel size and the distance between detector and sample as

∆θ ≈ wcos2(2θ)

L
, (4)

where w is the pixel size of the detector and L is the distance
between the detector and the sample. The spatial resolution
of two-dimensional detectors is about 100 microns. The de-
tector is usually located at the position where the detector can
accept all diffraction lines from a DAC opening angle. For ex-
ample, with a Mar-345 imaging plate and a symmetric DAC
the distance of 250–300 mm is suitable. Further improvement
of the resolution detector with small pixel size is expected. In-
creasing the distance between the detector and the sample can
also improve the resolution, but it is difficult to break through
the limitation of 10−3. So in ADXRD the typical ∆d/d res-
olution of 3×10−3–5×10−3 [56] which is in general adequate
for studying simple structured materials at HP conditions. As
an example, the difference in resolution between ADXRD and
EDXRD is illustrated in Fig. 4.[70] Additionally, it is obvi-
ous that the relative intensity of (211) diffraction peak is much
weaker using EDXRD than ADXRD due to the strong absorp-
tion of diamonds below 10 keV. In this example, the x-ray en-
ergy of 20 keV was used in ADXRD.
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Fig. 4. Diffraction profiles obtained from the same sample of Gd2O3
using energy-dispersive (a) and angle-dispersive (b) techniques. The
patterns were recorded at 4W2 beamline of BSRF.[70]

In spite of low resolution of EDXRD, it has been partic-
ularly useful for studying weakly scattering materials such as
amorphous, liquid materials, and low-Z materials.[71–73] The
advantage of this method is the excellent collimation, through
which background scattering from surrounding materials (e.g.,
anvil, gasket, and medium) can be largely eliminated. Even
though recently the energy dispersive diffraction mode has
been replaced by the angular dispersive method in many HP
beamlines, EDXRD is still an effective technique.

2.2.2. HP single crystal diffraction

Powder x-ray diffraction is a well-developed crystallo-
graphic technique with synchrotron HP beamlines and widely
used for high pressure research. Nevertheless, this tech-
nique has some intrinsic shortages, such as the overlapping
of diffraction peaks, strong preferred orientation, low resolu-
tion, low ratio of signal to noise, and so on. In particular,
positional information on reflections is lost to a great extent
in powder diffraction, and thus full structural characteriza-
tion is usually difficult for phases existing only under high-
pressure conditions. Single crystal x-ray diffraction can mea-
sure three-dimensional data and there are no peak overlaps or
preferred orientation problems, which provides more precise
structural information than powder diffraction. From single
crystal data, space groups and a structural model can be un-
ambiguously determined. Single crystal x-ray diffraction has
many advantages in resolving some very complex crystallo-
graphic structure.[74] In addition, the problem of weak diffrac-
tion intensity from light element materials can be partially
overcome by the use of the single-crystal x-ray technique.
The concentration of diffracted intensity in single-crystal re-
flections allows the measurements on some low-Z materials at
very high pressures,[44,45,75] which is difficult to achieve using
powder diffraction.

The collecting of single crystal diffraction data at pres-
sures in an HP beamline can adopt EDXRD, ADXRD or Laue
methods, as shown in Fig. 3. The Laue method is the old-
est diffraction technique for single crystals and it offers the
simplest experimental process. This approach does not re-
quire rotation of the sample, as shown in Fig. 3(e). With the
combination of the polychromatic radiation and an area de-
tector all Laue spots from DAC access are collected simulta-
neously. Single crystal XRD was first used for high pressure
research using the EDXRD technique.[44,45] In this method,
polychromatic x-ray beam is used and a point detector records
the diffraction patterns, as shown in Fig. 3(c). With fixed 2θ

angle and a combination of ω and χ rotations, all crystallo-
graphic planes within the limits of the diamond cell window
and ω angle can be brought into diffraction orientation. A
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computer searching program is used to determine the orien-
tation of the crystal.[18] Recently, monochromatic x-ray beam
has been widely used in HP single crystal XRD with an area
detector.[7,48,49] During diffraction patterns collection the sam-
ple is only rotated along a vertical axis perpendicular to the
x-ray beam, marked as ω in Fig. 3(d). A procedure using step-
scan covering a range of ω-rotation is performed to record in-
dividual images at specific rotation angles (ω). The scan range
of ω is limited by the geometrical opening cone of the DAC,
and the rotation step mainly depends on the experimental re-
quirements, for example −0.5◦–2◦.[50,76]

In single crystal XRD, the relative intensities of differ-
ent Bragg reflections are measured. It is essential that the
sample volume illuminated by the x-ray beam remains con-
stant when the sample is rotated around ω and χ in the x-
ray beam.[77] Carefully selecting the relative sizes of the in-
cident beam and the sample crystal can achieve this crite-
ria. There are two ways to choose depending on the ability
of micro-focusing. In third-generation synchrotron facilities,
with the developments in micro-beam technology x-ray beams
can be focused down to a size comparable with single crys-
tal grain (typically several microns). Usually the decision is
that the crystal is larger than the incident x-ray beam. For
example, on the 16-BM-D beamline at the advanced photon
source (APS), the focused beam size is about 5 µm×10 µm
full-width half-maximum (FWHM) in both horizontal and ver-
tical directions, respectively.[56] The single crystal is normally
cut into rectangular pieces with section size of approximately
20 µm×30 µm.[50] With this method, the illuminated volume
of the crystal will change during the sample rotation. The cor-
rection of volume is needed in data analysis. Another method
is adopting a larger x-ray beam which completely covers the
smaller sample crystal. It is commonly used at first- or second-
generation synchrotron light sources where the x-ray beam is
not easy to focus so small. For example, on the 4W2 beamline
at the BSRF, the focus beam size is close to 30 µm (FWHM)
in the horizontal with K–B mirrors. The size of single crystal
sample is usually smaller than 20 µm. In all cases, it is es-
sential to ensure that the x-ray beam is centered on the sample
crystal.

Single-crystal diffraction techniques have been developed
at the high pressure beamline 4W2 at the BSRF. The sketch
of the experimental set-up is shown in Fig. 5. The ADXRD
method is used and the diffraction data from single crys-
tals at high pressure are collected by an image plate detec-
tor (MAR345). A DAC specially designed with a large open-
ing (70◦) was used for a large coverage in reciprocal space.
During data collection the DAC is only rotated around the ω

axis. Because the source size of 4W2 is larger and the sample

position is limited in ∼ 18 m from the source, it is difficult
to focus the incident beam to a size comparable with single
crystal grains. So the larger incidence beam than the single
crystal sample is used during the single crystal data acquisi-
tion. Sometimes a non-focusing beam is used to reduce the
divergence angle. With a combination of slits and the pin-
hole, the non-focusing beam is reduced to the dimensions of
50 µm× 50 µm which can completely cover the single crystal
with size of the ∼ 20 µm as the step-scan is performed. Be-
tween the DAC and the pinhole, a transmittance photodiode is
mounted to monitor the incidence beam intensities which will
be used for intensity correction during the data processing. A
lead shielding plate with a 5 mm diameter aperture is used to
shadow stray light and minimize the general background level.
A software package HPSXD has been developed to control the
collecting of XRD images and data processing. In this pack-
age, a new algorithm can be used to handle the multi-particle
diffraction data.[47] Using this system, the HP diffraction data
from several single crystals have been collected and with the
maximum entropy method, the information of electron density
distributions has been obtained.

Fig. 5. (color online) Schematic layout of beamline components for HP
single crystal diffraction at BSRF (supported by Hui Li). Insert is a
specially designed DAC for single crystal diffraction.

2.2.3. HP radial diffraction

The diamond anvil cell is a uniaxial stress device, as
shown in Fig. 6. According to the lattice strain theory de-
veloped by Singh et al.,[32–35] the stress state of a sample in
the diamond anvil cell can be described by a maximum stress
along the cell loading axis, σ3, and a minimum stress in the ra-
dial direction, σ1. The hydrostatic stress component is related
to σ3 and σ1, by σP = (σ3 +2σ1)/3. The difference between
σ3 and σ1 is termed as the uniaxial stress component t,

t = σ3−σ1. (5)

The existence of differential stress, t, makes the sam-
ples in DAC always subjected to a nonhydrostatic compression
which can strongly affect the measured lattice strains. Al-
though the quasihydrostatic conditions can be obtained with
pressure medium around the sample, a completely hydrostatic
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environment cannot be sustained above ∼ 15 GPa due to the
freezing of all known pressure media. In the conventional
diffraction experiments using a DAC, the primary x-ray beam
passes parallel to the load axis, as shown in Fig. 7(a). In this
case, the stress of the sample subjected is minimum at ψ = 90◦

and maximum at ψ = 0◦. The ψ is the angle between the di-
amond cell stress axis and the diffraction plane normal. In the
DAC diffraction experiments, Bragg angle θ is usually ∼ 15◦.
Thus x-ray diffraction measurements are confined to near the
minimum strain direction, and the observed lattice strain is
smaller than the strain component due to the hydrostatic pres-
sure. The result is that the observed compression curve always
biases the hydrostatic curve.[79–81] By using an x-ray transpar-
ent gasket in the diamond anvil cell, such as beryllium and
amorphous boron, a novel diffraction technique unlike con-
ventional geometry has been developed, which is called radial
XRD (RXRD).

σ3

σ1σ2

σ3

F

F

diamond
anvil

sample

gastket

Fig. 6. Stress state of the uniaxially compressed sample in a diamond
anvil cell.

Fig. 7. (color online) (a) Axial x-ray diffraction geometry; (b) radial
x-ray diffraction geometry.

In the radial diffraction geometry, the primary x-ray beam
passes in close to perpendicular to the load axis direction, as
shown in Fig. 7(b). The radial XRD allows measurements of
lattice strains at any orientation relative to the stress axis if ro-
tating DAC. The measured d-spacing for a given set of lattice

planes, dm(hkl), is a function of the angle ψ

dm(hkl) = dp(hkl)[1+(1−3cos2
ψ)Q(hkl)], (6)

where dp(hkl) is the d-spacing that would result under the
application of hydrostatic pressure σP alone, and Q(hkl) is
the lattice strain under the uniaxial stress condition.[33,82] The
terms dp(hkl) and Q(hkl) can be determined from Eq. (6) us-
ing dm(hkl) versus ψ data. According to Eq. (6), dm(hkl)
will vary linearly with 1− 3cos2 ψ . It reaches a maximum
at ψ = 90◦ and minimum at ψ = 0◦. The measured d-spacing
at ψ = 54.7◦ (1−3cos2 ψ = 0) is the equivalent of that due to
the hydrostatic component of stress. At this angle, there is no
contribution to the measured d-spacing from the differential
stress. Thus, it is possible to obtain a quasihydrostatic com-
pression curve when the sample is subjected to highly nonhy-
drostatic stress states.[37,39,83,84]

Using the radial XRD technique together with lattice
strain theories, it is also possible to obtain useful information
that is unavailable with hydrostatic experiments, such as the
strength, elasticity, rheology, and texturing. The slope Q(hkl)
in Eq. (6) is a constant for elastically isotropic materials, but
varies with hkl for elastically anisotropic materials. When the
aggregate polycrystalline sample in the diamond anvil cell is
assumed under isostress conditions the uniaxial stress compo-
nent t can be expressed as[34,35]

t = 6G〈Q(hkl)〉, (7)

where 〈Q(hkl)〉 represents the average Q(hkl) value over all
observed reflections, and G is the aggregate shear modulus of
the polycrystalline sample. The von Mises yield criterion sug-
gests: t = 2τ = Y , where τ is the shear strength and Y is the
yield strength of the sample. In fact, t could be less than the
yield strength. If the differential stress t has reached its limit-
ing value of yield strength at high pressures, 6〈Q(hkl)〉= t/G
will reflect the ratio of yield strength to the shear modulus. Us-
ing Eqs. (6) and (7) the lattice strain theories have been suc-
cessfully applied to determine the strength, elasticity and rhe-
ology of materials from the radial x-ray diffraction data under
uniaxial compression.[85–90]

Both radial XRD techniques using EDXRD and ADXRD
respectively have been developed at BSRF. In energy-
dispersive RXRD experiments, the diffracted intensity was
recorded using a Ge solid-state detector with a fixed angle,
2θ . The diamond-anvil cell is mounted in a rotation stage
whose axis bisects 2θ , as shown in Fig. 8. Both the inci-
dent and diffracted beams passed through the beryllium gas-
ket which absorbs little of the high-energy x rays. The angle
ψ between the diffraction plane normal and the cell-loading
axis can vary from 0◦ (Fig. 8(a)) to 90◦ (Fig. 8(b)) by ro-
tating DAC. At each pressure, energy-dispersive diffraction
patterns were recorded at angular intervals, such as 5◦–15◦.
The equivalent hydrostatic pressures were determined from
the measured lattice parameter at ψ = 54.7◦. Nonhydrostatic
compression behavior of osmium (Os) was investigated up
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to 58.2 GPa using this method.[91] To ensure maximum non-
hydrostatic stresses, the sample was compressed without any
pressure-transmitting medium. Selected x-ray diffraction pat-
terns as a function of angle at 36.5 GPa and dependence of
d spacing on (1− 3cos2 ψ) for diffraction line (110) at dif-
ferent pressures are shown in Fig. 9. From radial diffraction
data the strength, elastic moduli, as well as the apparent c/a
ratio of Os were examined under nonhydrostatic compression
and the hydrostatic compression curve has been rechecked at
ψ = 54.7◦.[91]

Fig. 8. (color online) Experimental geometry for energy-dispersive ra-
dial diffraction. The ψ is the angle between the diamond cell stress axis
and the diffraction plane normal. (a) ψ = 0◦, diffraction plane normal
parallel to the diamond cell stress axis; (b) ψ = 90◦, diffraction plane
normal perpendicular to stress axis. (c) Photograph of experimental
setup at BSRF, a symmetric DAC is used.

In a general angle-dispersive radial x-ray diffraction ex-
periment, the incident x-ray is perpendicular to the compres-
sion axis and passes through a beryllium gasket, as shown in
Fig. 10(a). The diffraction patterns were collected using an
imaging plate orthogonal to the incident beam. The position
of the diffraction lines and intensity of diffraction are analyzed
as a function of the azimuthal angle δ . In order to determine
the variations in the position of the diffraction peaks and their

intensities with the azimuthal angle δ , the diffraction patterns
are cut into small arcs of 2◦ to 5◦ and integrated with Fit2d. For
each pattern, this produces between 90 and 36 segments with
the diffraction intensity as a function of the diffraction angle
2θ for δ between 90◦ and 270◦. The patterns are then fitted
individually with Pseudo–Voigt line shapes using the software
package Multifit 4.2. The fitted peak positions were used to
calculate the d-spacings as a function of the azimuth angle.
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Fig. 9. Radial diffraction of osmium. (a) The x-ray diffraction patterns
taken at ψ = 0◦, 54.7◦, and 90◦ under 36.5 GPa. (b) Dependence of
d-spacing on 1−3cos2 ψ for diffraction line (110). The solid lines are
least-squares fits to the data. The pressure is determined from the lattice
parameter of gold observed at ψ = 54.7◦.[91]

The ψ corresponding to the angle between the diffract-
ing plane normal and the loading axis is calculated using the
equation[40]

cosψ = cosθ cosδ , (8)

where θ is the diffraction angle and δ is the azimuthal angle in
the plane of the detector. In order to minimize the contribution
of Be diffraction lines to the sample patterns, the DAC can be
tilted to an angle α as shown in Fig. 10(b). In this geometry,
ψ can be calculated from

cosψ = sinα cosδ cosθ + cosα sinθ . (9)
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Fig. 10. (color online) Schematic of experiment for angle-dispersive ra-
dial diffraction. (a) Diffraction geometry: incident beam perpendicular
to the compression axis; (b) diffraction geometry: compression axis tilts
angle α; (c) photograph of experimental setup at BSRF, a panoramic
DAC is used.

As an example, a diffraction pattern of tungsten triboride
(WB3) from angle-dispersive radial diffraction is shown in
Fig. 11(a).[92] The experiment was performed at BSRF with
a panoramic DAC tilted 28◦. The diffraction patterns were
recorded on a Mar345 image-plate. At each increasing pres-
sure, the pattern was collected after about 30 min to allow
for stress relaxation. The plot of d-spacing as a function of
1− 3cos2 ψ for selected diffraction lines from the pattern at
45 GPa is shown in Fig. 11(b), which is obtained with inte-
grations over 5◦ intervals of the azimuth angle from 180◦ to
270◦. Using this technique together with the lattice strain the-
ory, some compounds consisting of heavy transition metal and
light element B, such as WBx, MoBx, have been studied.[93,94]

These materials have been proposed to be potential superhard
or ultrahard. Some information about the hydrostatic compres-
sion properties and strength has been obtained from the radial
diffraction data.
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Fig. 11. (a) Angle-dispersive radial diffraction pattern of WB3 at
45 GPa. The DAC was tilted 28◦; (b) the d-spacings versus 1−3cos2 ψ

for selected diffraction peaks of WB3 at 45 GPa. The data were ob-
tained with integrations over 5◦ intervals of the azimuth angle from
180◦ to 270◦. The solid lines are least-squares linear fits to the data.
The pressures are determined from the Mo (110) peak at ψ = 54.7◦.[92]

2.2.4. HP diffraction at high temperature

An x-ray measurement at simultaneous pressure and tem-
perature provides us with various important information on
the behavior of materials and their crystal structures under
extreme conditions. With further development and applica-
tion of synchrotron light sources, an important extension of
the high pressure experimental techniques using synchrotron
involves the coupling of high or low temperature techniques
with polycrystalline diffraction. These techniques provide an
in situ measure of crystal structures at P–T conditions which
provide fundamental information for understanding physical
properties of materials.

Conventional diffraction systems with DAC can be read-
ily combined with variable-temperature studies, including
low-temperature cryogenic methods and high-temperature re-
sistive heating techniques (both external and internal) as well
as laser-heating methods. By using a continuous wave (cw)
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laser heated diamond anvil cell (LHDAC), it is not difficult
to heat the sample reaching much higher temperature (T >

1500 K) at high pressure (P > 100 GPa). Because of this ad-
vantage, many high pressure diffraction beamlines have been
equipped with laser heating systems at various synchrotron fa-
cilities in the world.[26–31,95,96]

A typical configuration of x-ray diffraction combining
with the laser heating technique in a high-pressure cell is
shown in Fig. 12. For this technique, the sample in a DAC
is directly irradiated by the laser beam with high power den-
sity. The choice of laser wavelength depends on the materials
to be heated. For opaque materials, near infrared (IR) lasers,
such as Nd:YAG (1.064 µm wavelength)[28,29,97] and Nd:YLF
lasers (1.053 µm wavelength),[27,31] are usually used. Most
optically transparent samples (silicates, oxides, and molecu-
lar phases) can be heated to reach the requisite temperatures
directly using CO2 lasers with a wavelength of 10.64 µm.[26]

Another method available for heating transparent samples by
near IR lasers is mixing powdered black platinum in small pro-
portion (∼ 10%) with the sample.[98] Black platinum is a good
near IR laser absorber. It is crucial to produce uniform temper-
atures in the heating area of the sample for reliable experimen-
tal data. Employing double-sided laser-heating technique can
reduce the sample temperature gradient axially,[99] in which
the sample in DAC is irradiated from both sides by the high-
power laser beam. To minimize the radial temperature gradi-
ent, the optimal power distribution of the laser beam is just
the first step. Shen et al. have developed a laser heating sys-
tem combining two YLF lasers in TEM00 and (donut) TEM01

modes to create a flat temperature distribution up to better than
1%.[27]

For in situ diffraction experiments on laser-heated
diamond-anvil cell samples, a perfect alignment is required,

with all heating laser beams, thermal radiation paths, incident
x-ray beams, and characterizing systems aligned to the sample
position within a few microns. The insert in Fig. 12 illustrates
a typical arrangement for the sample in a laser-heating DAC.
The x-ray beam should be much less in size than the heating
spot to avoid signals from any cold part of the sample. The
high brilliance of synchrotron radiation allows control of the
x-ray beam to a size significantly smaller than that of the laser
heating spot, but still with enough photon flux to accurately
measure x-ray diffraction measurements. The x-ray beam size
at synchrotron beam lines is typically less than 5 µm and the
laser heated spot is often greater than 30 µm.

A double laser-heating system has been developed at 4W2
beamline of BSRF. Figure 13 shows the experimental setup for
in situ diffraction at high pressure and temperature. The photo
presents the earlier configuration with EDXRD mods but has
now been replaced by ADXRD mode. Nd:YLF laser is used
in the system. The laser heating spot is controlled to ∼ 50 µm
because the focused x-ray beam is restricted to ∼ 20 µm due
to large source size.

The laser heating technique with x-ray diffraction has
evolved into a routine experimental method for in situ mea-
surements under extreme conditions. Over the last decade,
this technique has been widely used for high P–T stud-
ies such as phase transition studies,[23,100–104] high pressure
melting,[103–108] syntheses of high P–T phases,[109–112] and
P–V–T equations of state.[28–31] Recently, the phase transi-
tion sequences of the rare earth manganites, indates and gal-
lium garnets have been investigated in a laser-heated dia-
mond anvil cell using synchrotron radiation x-ray diffraction
at BSRF.[69,98,117–119] The studies provide more understanding
of the phase transition mechanisms in these rare earth com-
pounds at high pressure and temperature.

Fig. 12. (color online) A typical configuration of x-ray diffraction combining with a laser heated DAC.
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Fig. 13. (color online) The in situ experimental setup for high pressure
and temperature diffraction. The figure shows an EDXRD system com-
bined with the double-laser heating system in DAC. The spectrograph
is used for temperature measurement.

2.3. Recent developments

With the developments of micro-beam technology in syn-
chrotron radiation and the use of area detector, HP single
crystal diffraction technique has been greatly developed in
both measurements and applications. Single-crystal XRD pro-
vides the most precise structural information that can be used
to uniquely determine the space group and structural model.
However, a single crystal sample in a DAC is usually crushed
into many particles under higher pressure. On the other hand,
single crystals fail to survive after a pressure-induced phase
transition. A common method for reformation of the single
crystal is promoting grain growth by heating the sample in the
high pressure phase but it often results in highly spotty XRD
patterns. Therefore, so far the structural studies under higher
pressure have been limited to powder diffraction techniques.

Newly developed multigrain single-crystal x-ray diffrac-
tion analysis technique in a diamond anvil cell can overcome
these limitations. With the developments of microbeam tech-
nology in synchrotron radiation, the minimal size needed for
single-crystal diffraction has been reduced to around 1 mm.
Traditional powder sample may be treated as multiple grains.
A novel analytical approach known as multigrain crystallog-
raphy is applied for structure determination of multi-grain and
the quality of the resulting refinements is comparable to sin-
gle crystal work.[47,120] This method is applicable for samples
with up to a thousand grains, a few hundred grains and about
ten grains, respectively. The multigrain XRD is a very promis-
ing method for high pressure crystallography research and has
been used in studies of deep Earth materials.[76,121]

The recent development of single crystal diffraction tech-
niques has achieved a significant extension of the application
for high pressure research. Over the past few decades, single
crystal diffraction was mainly used for structure solution and
refinement. Using the recently developed single crystal x-ray

diffraction technique, besides the information on atomic ar-
rangement the information on electronic structure under pres-
sure can be obtained. By using the maximum entropy method
(MEM), the resultant single crystal diffraction data has been
used to determine the electron density distribution under high
pressure.[49,50,78] Preliminary results in germanium suggest
that the pressure-induced phase transformation is related to
the electronic changes before the structural phase transition.
This new capability of single crystal diffraction provides an
approach to further understand the mechanism of electronic
structure phase transitions.

So far, high pressure diffraction experiments in a DAC
are mainly carried out at a static pressure condition, i.e., using
opposed anvils to exert a fixed pressure on the sample. How-
ever, once the applied force is constant, the final pressure in the
material studied is reached with a delay depending on the driv-
ing mechanism of DAC. This time dependence strongly influ-
ences the phase transformation pathways. Recently, a dynamic
DAC (dDAC) has been developed for fast compression and
decompression,[122,123] which uses electromechanical piezo-
electric (PZT) actuators or pneumatic membrane to replace
screws in the DAC. Various compression rate can be obtained
by controlling the change speed of driving voltage (PZT) or
gas-pressure (membrane). In particular, this capability cov-
ers the regions of compression rates between static techniques
(DACs and large volume presses) and dynamic shock-driven
devices (gas guns, explosive, and laser shock) that have been
sparsely studied. Coupling dDAC with fast x-ray detectors,
such as Pilatus and Eiger, time-resolve HP x-ray diffraction
can be performed at various compression rates,[51] which al-
lows studies of the kinetics of phase transitions, phase growth,
and metastable phases.

Another development area is the modulated heating.
Pulsed laser heating in diamond anvil cells has recently at-
tracted interest.[123,124] The short heating duration can effec-
tively suppresses thermally activated chemical diffusion and
reaction, reaching even higher temperatures compared to con-
tinuous wave laser heating. A laser pulse can be synchronized
with gated x-ray detector, such as Pilatus, and time-resolved
radiometric temperature measurements. This new laser heat-
ing technique preserves a great potential for the accurate mea-
surement of melting curves, phase transition relations, ther-
mal diffusivity, and pressure-volume-temperature equations of
state.

3. Summary
Recent advances at synchrotron radiation facilities have

made the developments of various synchrotron techniques for
high pressure research possible. Among these, x-ray diffrac-
tion remains the basic experimental method. With enhance-
ment in source brilliance and the improvement in micro-
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focusing techniques, powder XRD has provided structural in-
formation with improved precision and accuracy up to multi-
megabar pressures. With the introduction of radial diffraction
geometry, powder diffraction in DAC has been extended to
measure strength, elasticity, deformation, and rheology of ma-
terials. HP single-crystal diffraction method using monochro-
matic beams and area detectors can provide accurate structure
determination, as well as the information of electron density
distribution. With the developments in micro-focusing tech-
nology in synchrotron radiation, a new crystallography for
multi-grains data has been recently developed resulting in the
quality of refinements comparable with single-crystal work.
ADXRD provides improved resolution, typically at ∆d/d of
around 3×10−3–5×10−3, which has become the dominant ap-
proach for structural studies at high pressure. Even so EDXRD
is still particularly useful for studying weakly scattering ma-
terials such as amorphous, liquid materials and low-Z mate-
rials. Laser heating technique can couple with ADXRD or
EDXRD and has evolved into a routine experimental method
in HP beamlines that is widely used for high P–T studies such
as phase transition studies, high pressure melting, syntheses
of high P–T phases, and P–V–T equations of state. Recently
emergence of fast gated detectors and development of dynamic
DAC make the time-resolved XRD measurement under high
pressure possible, which is a very promising approach for the
future high pressure research. The XRD with synchrotron ra-
diation has long been the dominant method for materials re-
search under high pressure, and is likely to remain so in the
future.
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