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a b s t r a c t

Seismic wave velocity profiles in the Earth provide one of the strongest constraints on structure, mineral-
ogy and elastic properties of the Earth’s deep interior. Accurate sound velocity data of deep Earth materials
under relevant high-pressure and high-temperature conditions, therefore, are essential for interpretation
of seismic data. Such information can be directly obtained from Brillouin scattering measurement. Here
we describe an in situ Brillouin scattering system for measurements at high pressure and high tempera-
ture using a laser heated diamond anvil cell and synchrotron radiation for sample characterization. The
system has been used with single-crystal and polycrystalline materials, and with glass and fluid phase. It
provided high quality sound velocity and elastic data with X-ray diffraction data at high pressure and/or
high temperature. Those combined techniques can potentially offer the essential information for resolving
many remaining issues in mineral physics.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One of the longstanding challenges in mineral physics has
been experimental determination of the reliable acoustic wave
velocities of deep-Earth materials under relevant high-pressure
and high-temperature conditions, because precise knowledge of
sound velocity (elasticity) is essential for interpretation of seis-
mic observations and development of global seismological models
of Earth’s interior. Constraints on mineralogy, chemical composi-
tion and thermal structure of the Earth’s interior can be developed
by using those experimental sound velocity data for this pur-
pose.

Considerable effort has thus focused on the development of the
measurement for use in high-pressure apparatuses (such as multi-
anvil and diamond anvil cell (DAC) devices) to determine the sound
velocities at high pressure and high temperature. Recently devel-
oped and improved techniques include ultrasonic interferometry
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(Abramson et al., 1999; Bassett et al., 2000; Chen et al., 1998; Higo
et al., 2006; Kinoshita et al., 1979; Li et al., 1998, 1996; Liebermann,
2000; Liebermann and Li, 1998; Rigden et al., 1994; Sinelnikov et al.,
1998; Yoneda, 1990; Yoneda and Morioka, 1992), impulsive stimu-
lated scattering (Abramson et al., 1999, 1997; Brown et al., 1989;
Zaug et al., 1993), inelastic X-ray scattering (Fiquet et al., 2004,
2001; Mao et al., 2001a), nuclear resonance inelastic X-ray scat-
tering (Lubbers et al., 2000; Mao et al., 2001b; Shen et al., 2004)
and Brillouin spectroscopy (Duffy et al., 1995; Sinogeikin and Bass,
2000, 2002; Sinogeikin et al., 1998; Zha et al., 1998, 1997, 2000).
Using those techniques, substantial experimental data on elasticity
of Earth’s deep materials have accumulated at least to pressure and
temperature conditions of the mantle transition zone. However,
sound velocities under lower mantle conditions (above ∼25 GPa
in pressure and ∼1900 K in temperature) have rare because of the
experimental difficulties.

Diamond anvil cell high-pressure apparatus can generate
extremely high static pressures to conditions approaching those
of the inner-core (∼300 GPa) (Mao et al., 1990, 1989), and the
recent advancement of infrared laser heating technique in a DAC
(Boehler, 1992; Shen et al., 1996) combined with synchrotron radi-
ation have allowed us to explore successfully the phase equilibria in
the lowermost-mantle and core materials under relevant pressure
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and temperature conditions (Dubrovinsky et al., 2007; Murakami
et al., 2004).

Brillouin scattering measurement can also be conducted in the
diamond anvil cell. With this method, the Brillouin frequency shift,
related to the photon–phonon interactions between the focused
optical probe and sample, is determined under high-pressure con-
dition. Major advantages of this technique are that very large
sample volume are not required and the results are not signifi-
cantly affected by porosity, micro-cracks, inclusions in the sample,
and the uncertainties of sample dimensions. In addition, this tech-
nique can be used with both glass materials (Zha et al., 1994),
and liquid phases (Polian and Grimsditch, 1983). Brillouin spec-
troscopy with diamond anvil cell technique is, therefore, one of
the most promising techniques to determine elastic properties of
deep mantle materials. However, high quality Brillouin data gener-
ally require clear transparent, colorless, unstrained single-crystals.
Most results so far have, therefore, been limited to conditions
below∼20 GPa and∼1000 K. Recent advances in high-pressure Bril-
louin spectroscopy measurements extended drastically the upper
pressure limit, approaching 180 GPa, which is outer-core pres-
sure (Murakami et al., 2007a,b). Murakami et al. (2007a,b) have
first reported aggregate shear wave velocities in polycrystalline
MgSiO3 perovskite and post-perovskite phases within their ther-
modynamic stability field. These samples were synthesized in situ
in a DAC from gel starting materials by heating with an infrared
laser up to pressures of 172 GPa at room temperature. These
studies demonstrated the potential of laser annealing techniques.
This method efficiently promotes the synthesis of polycrystalline
sample and reduces deviatoric stresses on the sample, thus sub-
stantially improving the quality of Brillouin spectra of aggregate
samples under extreme pressure conditions.

A combined diamond anvil cell system for Brillouin spec-
troscopy and synchrotron radiation enables the simultaneous
measurements of sound velocities and X-ray diffraction at high
pressure and high temperature. This information provides elastic
properties such as bulk and shear moduli, and their pressure and
temperature derivatives. The in situ, high-pressure–temperature X-
ray diffraction data by synchrotron radiation is essential not only
for obtaining the structural information (phase identification, lat-
tice parameters, compressibility and density) of the sample but for
providing the precise pressure values under high-temperature con-
dition from the tiny sample in a DAC. Such a combined system is
currently in operation in third-generation synchrotron radiation
source of Advanced Photon Source at Argonne National Laboratory
(Sinogeikin et al., 2006). However, simultaneous measurements
under pressure and temperature condition of the lower man-
tle are still a technical challenge, especially heating. Application
of resistive heating technique in a DAC (Sinogeikin et al., 2000),
which is the conventionally used technique for Brillouin method,
normally works well below 10 GPa and 1000 K for simultaneous
measurements (Sinogeikin et al., 2006). Moreover, a major barrier
for resistive heating, which generally reaches ∼1500 K at most, is
to generate the higher temperatures of the lower mantle. High-
temperature Brillouin scattering measurements with laser heating
have been conducted at ambient pressure on single-crystals of
MgO and Al2O3 (Sinogeikin et al., 2004). An infrared laser heating
technique would be a favorable alternative, which can potentially
generate over 3000 K at higher pressures (Knittle and Jeanloz, 1989;
Shen and Lazor, 1995; Shen et al., 1998; Zerr and Boehler, 1993; Zerr
et al., 1997).

In order to meet the requirements for simultaneous sound wave
velocity measurements and sample characterization under lower
mantle conditions, a Brillouin scattering measurement system that
uses an infrared laser heating technique was recently installed at
the BL10XU beamline station in the Japanese synchrotron facility of

SPring-8. In this report, we show the details of the system together
with some examples of results. On the basis of the examples of
preliminary results, future prospects for applications to geophysi-
cal problems and problems that still need to be overcome will be
discussed.

2. Experimental setup

2.1. Overview of the in situ Brillouin scattering measurement
system at high pressure and high temperature

A system for in situ Brillouin scattering measurement at high
pressure and high temperature has been installed at the BL10XU
beam line station in the synchrotron facility of SPring-8. This
system consists of three optical components used for Brillouin spec-
troscopy, X-ray diffraction and infrared laser heating (temperature
measurement). For the simultaneous measurements, all optical
probes for each of these three component must converged on the
sample without optical and physical interference. The data from
each component are extracted by simultaneous and independent
detector/analysing systems for each, simultaneously. This system is
shown in Fig. 1. Fig. 2 shows the whole view of this measurement
system installed at SPring-8.

2.1.1. Brillouin scattering measurement system
The main component of Brillouin scattering system are a diode-

pumped laser with a wavelength of 532 nm as a incident probe
beam (Verdi V2, Coherent), a Sandercock-type six-pass tandem
Fabry-Perot interferometer as an analyzer of the scattered light
(TFP1, JRS Scientific Instruments) (Lindsay et al., 1981; Sandercock,
1982), and optics for incident beam positioning, and focus adjust-
ments, and scattered light guides to the interferometer. The
diode-pumped probe laser with its small line width (<5 MHz at
maximum output power), low beam divergence (<0.5 mrad in full-
angle divergence), and high pointing stability (<2 �rad/◦C) is highly
compatible with the Brillouin scattering measurement. The laser
power of the incident probe beam (with a maximum output power
of 2 W) is adjusted by the rotationally variable neutral density
(ND) filter. High stability of the elastic peak (Rayleigh peak) posi-
tion during the measurements was achieved with an appropriate
amount of reference light that was split slightly (<1%) from the
main probe beam. This reference light is continuously provided
to the interferometer. A Sandercock-type six-pass tandem Fabry-
Perot interferometer is equipped with automatic synchronization,
ultra linear tandem scanning and a motor controlled mirror align-
ment system on the dynamic vibration isolation optical stage. The
tandem system allows complete dynamic synchronization of two
interferometers over a large scanning range. Detailed description
of the Sandercock-type Fabry-Perot interferometer is described in
elsewhere (Sandercock, 1982).

In this measurement system, a DAC mounted on the multiax-
ial stage with XYZ���� (Fig. 3) is placed on the corner with 150◦

angle of the pentagonally shaped optical bench for Brillouin mea-
surement system (Fig. 1). The incident laser focused to ∼20 �m in
diameter is introduced into the sample and the scattered light is
analyzed by a Fabry-perot interferometer. All optical paths for Bril-
louin measurements are coordinated parallel or perpendicular to
the optical bench. A symmetric ∼50◦ scattering geometry (which
means the angle between incident laser and scattered light is ∼50◦)
is adopted in all experiments. Both sides of the sample image for
Brillouin measurements can be observed through the charge cou-
pled device (CCD) cameras from the outside of the experimental
hutch.
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