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ABSTRACT
Optical methods have widely been utilized in high-pressure high-temperature experiments for the past several decades. However, optical
investigations using the visible spectrum in large volume press have not been well explored. In this study, we incorporate optical access into a
multianvil apparatus (MAA) to perform optical experiments. Furthermore, by acquiring the optical image of the sample under high pressure,
we have realized the thickness measurement of the sample and further applied it to the existing ultrasonic measurement. We report the optical
method from the aspects of apparatus modification, ruby scale, and the demonstrations of the feasibility of the optical access in the MAA.
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I. INTRODUCTION

Optical experiments are of great importance in the study of
materials in high-pressure geoscience, allowing us to directly view
the sample during experiments. Until now, most optical experi-
ments under high-pressure high temperature (HPHT) conditions
have been carried out using diamond anvil cells (DACs) with
great success. Notably, the transparent anvil makes the DAC a
suitable optical experimental device, whose portability promotes
ease of combination with synchrotron radiation and microscopes.
The ease of combination in such devices permits physical param-
eters, such as Raman shift and X-ray diffraction, to be easily mea-
sured; moreover, so does direct observation of the sample. How-
ever, due to the oxidation of diamond at a high temperature,
DAC generally does not work well above 850 ○C (external heating),
which greatly limits the research capability of DAC under HPHT
conditions.1,2

In contrast, the multianvil apparatus (MAA) offers a quasihy-
drostatic environment with six anvils and is also used to generate
high pressure in the laboratory. Despite the relatively lower pres-
sure range compared with DAC, MAA works well at temperatures

of up to 2000 ○C or even higher, with small temperature gradi-
ents.3 Another significant advantage of MAA is that the sample
size is at least several orders of magnitude larger than in the DAC.
Generally speaking, the larger the sample size, the easier it is to
characterize its physical properties. Investigations of the physical
properties of various minerals and rocks, such as their elastic, ther-
modynamic, and electrical properties, have been conducted exten-
sively using MAA.1 However, there has been little work conducted
on the optical properties of minerals and rocks using the visible
spectrum.

After decades of development, the technology of combining
MAA with synchrotron radiation has matured (e.g., cubic-type4–6

and Kawai-type7). For example, real-time image recordings in the
MAA using X-ray radiography techniques have been possible for
several years. With the aid of X-radiography, the viscosity of high-
pressure liquid can be acquired using the falling-sphere method;
sample length can be characterized precisely using X-ray imaging
to calculate the acoustic velocity of the sample in conjunction with
ultrasound, and the further phase-transformation point of mineral
crystals at HPHT can be obtained using X-ray diffraction.8 Never-
theless, even if combined with synchrotron radiation, in situ sample
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observation in a MAA system is still not well explored using visible
light.

In order to introduce the various optical techniques commonly
used in the DAC system into MAA, to open a pathway for direct
observation using visible light, there were several approaches for the
direct visible light investigation of samples in the miniaturized mul-
tianvil pressure apparatus.9–11 Visible light illuminates the sample
through a small window on the upper anvil in a small numerical
aperture, and great pressure on small samples at room temperature
can be achieved. However, sample photographs taken during such
experiments are not clear enough because of the small-aperture opti-
cal window. Benefitting from the large truncation anvil surface, we
are able to establish a large aperture for an optical path in the MAA.
In this paper, we report the establishment of optical access in a cubic
multianvil apparatus, in which we achieved the in situ visible-light
monitoring of the sample at pressures of up to 2.0 GPa and temper-
atures of up to 400 ○C; the methodology was validated by ultrasonic
measurements.

II. EXPERIMENTAL DESIGN
Experiments were carried out in the cubic anvil apparatus of

YJ-3000T in the Key Laboratory for High-Temperature and High-
Pressure Study of the Earth’s Interior of the Institute of Geochem-
istry, Chinese Academy of Sciences.

The multianvil apparatus of YJ-3000T is a typical DIA-type
cubic six-anvil apparatus, in which pressure is generated by com-
pressing the sample volume with six tungsten carbide (WC) anvils,
and is driven by a 3000-ton hydraulic pump. The apparatus uses
23.5 mm truncation edge length anvils and can heat the sample
homogeneously in the vertical direction. To build in optical access,

an axially tapered hole was made coaxially as the optical path in two
horizontal anvils. As shown in Fig. 1(a), the WC anvil was pene-
trated by a tapered hole of 8.0 mm diameter, on the bottom, where
the narrow, tapered hole ensured the stability of the optical path. As
referred to by Kawazoe,10 the tapered hole helps expand the numeri-
cal aperture (NA) of the optical access. Then, an inverted cone with a
conical degree of 90.0 was used as a pedestal for the optical window,
which was processed on the top end of the tapered hole on the anvil,
as shown in Fig. 1(a).

The inverted cone on the anvil was used as the base of the
optical window; thus, in order to match the base, we also made the
optical window 90.0○. To achieve high precision in the 90○ cone, we
used a cylindrical grinder to process the optical-window material.
The choice of high-pressure, optical-window material was synthetic
single-crystal moissanite (purchased from Guangxi, China), accord-
ing to the optical experiments from the work of Xu et al.,12,13 and
Okuchi et al.14–18

The moissanite crystals were pretreated before processing to
increase their fracture strength. According to Matsunaga et al.,19

the polycrystalline SiC is strengthened by heat treatment, and thus,
it can be inferred that the strength in the low-fracture probability
range of the moissanite can be dramatically improved after sin-
tering in air for 24 h. Furthermore, we found that the quality of
transparency of the heat-treated crystals was better than that of the
unheated ones. The strengthened crystals were then processed into
the frustum on the cylindrical grinder. As shown in Fig. 1(b), the
conical degree of the frustum is 90.0○, which matches the pedestal
on the anvil.

The moissanite optical window was glued onto the anvil with
epoxy resin; the glue was strengthened by inorganic powder, cre-
ating a strong bond between the anvil and the crystal. After being

FIG. 1. (a) Side view (left) and top view (right) of the anvil.
The pedestal of 90.0○ on the anvil. (b) Set of 90.0○ frustum
moissanite crystals.
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coupled to the optical high-pressure window, a set of aluminum-film
mirrors was installed on the back of the anvil, as shown in Fig. 2(a),
where the incident angle of the mirror and the light path is 22.5○. The
structure of the MAA is so complicated that it is difficult to mount
the light source on the optical access directly. Therefore, in order to
minimize the structural deformation of the MAA, visible light must

reflect several times before entering the sample chamber. In simple
terms, light comes from the back of the MAA and is then focused
and refracted before entering the sample chamber. As shown in the
schematic diagram of Fig. 2(b), light enters the cell from behind
through the holes on the steel sleeves and captured by the front cam-
era; the laser beam is emitted by the excitation machine, exciting the

FIG. 2. (a) Top view of the working anvils. (b) Side view of
the apparatus and the working components.
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sample and generating the fluorescence signals, and is then received
by the spectrometer on the same side. The camera and the Y-type
optical fiber share one access; we used a SMA-905 splice to couple
the lens group on the front side. With the aid of the lens group, holes,
and mirrors, we were able to modify only minimally the original
structure of the apparatus. Furthermore, a classical pulse-echo tech-
nique measurement system was installed in the vertical direction,
and a longitudinal-wave ultrasonic transducer with 10 MHz cen-
ter frequency, a digital oscilloscope (Tektronix DPO2024B, USA),
and a CTS-8077PR ultrasonic pulse generator/receiver unit (Guang-
dong Goworld Co., Ltd., Shantou, China) were connected directly,
as shown in Fig. 2(b).

III. TESTING
A. Sample assembly

The pyrophyllite cube (33 × 33 × 33 mm3) with a vertical hole
(Φ 12.0 mm) was used as a pressure-transmitting medium (PTM),
which was installed with a graphite heating tube; a horizontal hole
(Φ 6.0 mm) was used for optical access; and another hole (Φ 3.0 mm)
was drilled on the back edge of the cube for thermocouples.

As shown in Fig. 3(a), an alumina ceramic buffer rod
(Φ 8.0 mm, 14.0 mm length) is placed vertically on top for propa-
gating ultrasonic signals. The sample is placed in the middle of the
assembly, and another thinner (1.0 mm thickness) alumina ceramic
rod is placed below the sample to enhance the acoustic impedance
of the lower surface of the sample. An unsintered pyrophyllite buffer
rod is placed at the bottom to maintain a vertically quasihydrostatic
environment in conjunction with the above materials. The materials
are then wrapped in a 1.0 mm thick graphite tube (10.0 mm outer
diameter, 33.0 mm length) heater, in the center of which is a hor-
izontal, penetrating hole (Φ 6.0 mm), drilled as part of the optical
pathway.

Horizontally, the silica glass and finely ground NaCl powder
are arranged in sequence, as shown in Fig. 3(a); both materials are
enclosed tightly in graphite tubes (1.0 mm thickness) for transmit-
ting visible light, but the tubes do not participate in the heating pro-
cess. The fine and loose NaCl powder is adopted as the cushioning
medium because it is barely fluorescent, has weak deliquescence, and
most importantly, is transparent after compression.20 A ruby sphere
(Φ 1.0 mm) is embedded in the powder near the end of the sam-
ple; loose powder provides enough room for further compression,
ensuring a hydrostatic environment along the optical path.

FIG. 3. (a) Schematic diagram of the sample assembly. The labels a, b, and c represent the ultrasonic reflected signals from the interfaces below. (b) A raw P-wave waveform
of the acoustic signal, in which the interfaces a, b, and c are marked on the diagram. A significant offset occurs at the c position when the pressure reaches 2 GPa.
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As shown in Fig. 2(b), the outside NaCl powder acts as a buffer
for the optical window. During pressurization, the NaCl powder
acts as spacer between the optical window and the silica glass. In
addition, the type-K thermocouple (Ni-Cr and Ni-Si) contacts the
sample edge directly from the rear.

B. Pressure calibration at room temperature
In addition to optical data, NaCl as a typical, transparent, geo-

logical sample provides complete elasticity data at HPHT. Therefore,
on purpose, to make a comparison with previous work and to make
full use of our improvements on the MAA, NaCl was the sample
of choice in the experiments. First, NaCl powder was pressed into
a disk of 8.0 mm diameter and 2.0 mm thickness; then, the disk
was loaded into the assembly. During the pressurization experiments
with an oil pressure interval of 2.0 MPa, the ruby fluorescent signals,
the ultrasonic travel time of the sample, and the in situ photographs
at different pressures were collected simultaneously.

The optical experiments began with optical pressure calibra-
tion. The main components and connections are demonstrated in
Fig. 2(b): the sample end of the Y-type optical fiber was coupled
to a telescope, and the other ends were connected to a 532 nm
laser excitation device and a spectrometer (Flight Tech. Co., FLA
4000), respectively. The telescope contained a pellicle mirror, which
provided us with a paraxial access for naked-eye observation.
Through the telescope, the laser beam was focused to a small spot
(Φ < 0.1 mm) in the center of the ruby sphere. Ruby fluorescence sig-
nals were then collected and processed on the computer connected
to the spectrometer. As shown in Fig. 4, the two fluorescence signals
are obtained at room temperature under 1.0 GPa and 2.0 GPa.

The raw signals are strong enough to observe, and it is easy to
obtain their FWHM.

Ruby is frequently used in DAC experiments for accurate pres-
sure calibration, and according to previous studies,21–24 using the
ruby fluorescence peak shift under hydrostatic conditions is a reli-
able way to derive the pressure. Therefore, the actual pressures in

FIG. 4. Ruby fluorescent signals at 1.0 GPa and 2.0 GPa, showing 0.44 nm peak
shift at the full width half maximum (FWHM) of the R2-line of the two spectra.

this study were also derived by the shift of the R2-peak of the ruby
fluorescence. The pressure conversion formula,25 which is used to
calibrate pressure in the MAA, is

P = A/B[1 + (Δλ/λ0)]B − 1, (1)

where P is the pressure in megabar, and λ and λ0 are the real-time
wavelength of the ruby R-line and the 1-bar wavelength, respectively.
A and B are constants, where A = 19.04 and B = 7.665.

C. Cross-validation: Manganin wire pressure
calibration

The YJ-3000T cubic anvil apparatus was calibrated using the
fix-point method with bismuth, NaCl, KCl, and LiCl, which gave a
reliable calibration curve. In order to verify the reliability of our opti-
cal measurement system, a section of data in the room temperature
range of low-pressure (less than 3 GPa) on the curve is intercepted
for cross-validation. At room temperature, the pressure was cali-
brated by the resistance of a manganin wire,26–28 using the formula
proposed by Fujioka et al.; pressure is linearly related to resistance
and, finally, seamlessly connected with the first phase transition
point of bismuth. Therefore, the manganin wire calibration curve
in the standard assembly is used for comparison with the ruby gauge
calibrated within the optical system. This kind of cubic press rou-
tinely has the potential to produce high pressures up to ∼5–6 GPa
within its first stage of compression, but to protect the gems and the
holed WC anvils, the maximum pressure in the experiments was not
allowed to exceed 3 GPa.

In Fig. 5, the two curves represent the optical pressure calibra-
tion (black) and the manganin wire calibration (red) results, whose
slopes are 1.54 and 1.44, respectively, with an obvious offset between
the two curves. In contrast with the optical assemblies, the manganin
wire calibration was carried out in a standard assembly without an
optical path. Therefore, it is the dissimilarity between the assemblies
that produces the offset shown in Fig. 5, giving them different initial

FIG. 5. Comparison of ruby calibration and fix-point calibration: black squares for
optical calibration (1.53 for its fitted curve slope) and the red curve for fix-point
pressure calibration (1.43 for its slope).
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values but almost-matching increments. In other words, the offset
proves the feasibility of using a ruby scale in a cubic anvil apparatus.
Similar pressure increments prove the high sensitivity and accuracy
of the ruby scale, even within a relatively low-pressure range.

D. High temperatures
We also attempted high temperature calibration using ruby flu-

orescence in the same apparatus. Unfortunately, ruby is not a suit-
able material for pressure calibration at high temperature. When
Barnett22 first used ruby to calibrate pressure in the DAC, it was
found that ruby’s sensitivity to high temperature made it unsuit-
able, even though alumina is an ideal secondary calibration material
under high pressure. The same results were reproduced in our exper-
iments. As shown in Fig. 6, the two peaks of the ruby fluorescence
spectrum are used for pressure calibration. However, with rising
temperature, the peaks gradually decrease in intensity and overlap
and are ultimately not able to be distinguished at 400 ○C.

Ruby fluorescence varies with pressure at a high temperature,
as seen in Fig. 6, but the ruby scale is still unable to calibrate

FIG. 6. Spectrum of ruby fluorescence at 2 GPa. Curves from the top to bottom
are 100 ○C, 200 ○C, 300 ○C, and 400 ○C.

pressure at a high temperature due to the lack of a proper tem-
perature correction method. In addition, the transparent sample is
further compacted with increasing pressure, making in situ pho-
tographs clearer under higher pressure, but when the temperature
starts to rise (up to 400 ○C), the photographs dim and their clar-
ity diminishes. We observed a leakage of graphite in the sample
assembly after pressure relief, turning the NaCl disk dark. Con-
sequently, the sample contamination made it difficult to identify
the boundaries during in situ thickness measurement. The sample
assembly thus needs to be improved to prevent vertical graphite
leakage during the heating process.

IV. VALIDATION—NaCl VELOCITY MEASUREMENT
During an ultrasonic velocity measurement, the values of the

thickness of a sample under high pressure are crucial for velocity
calculation. In this work, the in situ photographs of the sample at
each pressure were used for thickness measurement to calculate the
in situ sound velocity of the NaCl sample. Then, the sound velocity–
pressure curve was plotted and compared with the results from
previous studies.

In sample thickness measurement, the principle of linear prop-
agation of light is adopted. With increasing pressure, the sample
was illuminated by the light source from the rear, and the light was
obstructed by the opaque alumina ceramics on the upper and lower
surfaces of the sample, creating a light band in the photographs.
Moreover, the ruby sphere near the sample became a reliable length
scale during thickness measurement as we found that sphere’s shape
remained barely unchanged after pressure relief.

As shown in Fig. 7, line AB comes from the greatest brightness
change area in the light band, which is extracted from the pho-
tograph and transformed into grayscale, shown as the brightness
curve on the left side of Fig. 7. The fastest changes in the curve
correspond to the upper and lower edges of the light band. Addi-
tionally, the irregular shadow in the center of the light band is also
reflected as a sharp decline in the brightness curve, which corre-
sponds to the break in the optical high-pressure window in the pres-
surization process. So, using the diameter of the ruby sphere, the
in situ thickness of the sample is calculated by measuring the pixel
length between the upper and lower edges of the light band on the
photograph.

Next, the in situ ultrasonic travel time is analyzed by using the
pulse-echo method.29–33 As shown in Fig. 3(b), we obtained the time
intervals between interfaces a, b, and c, so the two-way travel time
and the sound velocity of the sample could be calculated by sub-
tracting the reflection time of the two interfaces from the whole
propagation time. As shown in Fig. 8, we present the results by
Matsui et al., for comparison.34 The data errors in the figure orig-
inated from measuring thickness and travel time; after error trans-
mission, errors are illustrated in the diagram with the maximum
value not exceeding 2.0%.

Evidently, the experimental results obviously fluctuate around
the red curve, as shown in Fig. 8. Judging from the experimental
data, our fitting results are similar to those of Matsui et al. Even
though our fitting coefficients are relatively poor, good agreement
exists between both sets of results. The fluctuations are probably
due to an insufficient number of pressure values and the dim-
ness of the in situ photographs. In other words, the accumulation
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FIG. 7. Diagram of thickness measurement: brightness
curve on the left, ruby sphere as a length scale of 1.0 mm
diameter.

and transmission of uncertainty during thickness measurements are
important factors leading to the instability of the sound–velocity
measurement.

In our thickness measurement, sample length was obtained
using the distance between the upper and lower boundaries from the
in situ photographs of the sample, shown in Fig. 7. In previous stud-
ies, sample length was derived by the internal consistency method
developed by Cook35 that used both P waves and S waves together.
With this approach, Li et al.36 used the interferometry method and
measured the sound velocity of the sample successfully. Later, syn-
chrotron radiation and X-ray imaging technology led to a better way
to measure the length of the sample under high pressures.5,34,37 In the
above research, measurement accuracy becomes increasingly impor-
tant for acquiring the high pressure sound velocity. Therefore, our
study shows that, once our photo resolution gets an upgrade, the
use of visible-light imaging to measure sample length is expected to
hold great potential for wide applications, which is also an important
motivation of our study.

FIG. 8. Comparison results of sound velocity–pressure curves: black squares for
our results and the red curve for the results of Matsui et al.

V. CONCLUSION
Through a series of optical experiments, the feasibility of the

optical access to MAA has been verified. From the results of val-
idation experiments, we have preliminarily achieved the real-time
monitoring of samples in a cubic anvil apparatus, including the
in situ observation of samples and the real-time pressure determi-
nation inside the sample chamber. The experimental platform that
we built requires refinement that we intend to carry out in the next
experimental phase, which when optimizing the sample assembly to
accurately measure sound velocity at a high-temperature will be a
priority. However, compared with previous studies, the combination
of optical experiments and the ultrasonic method in the MAA is only
a preliminary application. We intend to combine more sophisticated
optical methods with our cubic anvil apparatus, such as the Raman
spectrometer, infrared spectrometer, and optical pyrometer. Fur-
thermore, the key significance of the optical experiments involving
the MAA is that once visible and optical spectroscopy are introduced
to the high-pressure device, the data of in situ structural change,
morphology, and phase transformation can be obtained in a more
reliable and direct way.
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