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ABSTRACT
Externally heated diamond anvil cells provide a stable and uniform thermal environment, making them a versatile device to simultaneously
generate high-pressure and high-temperature conditions in various fields of research, such as condensed matter physics, materials science,
chemistry, and geosciences. The present study features the Externally Heated Diamond ANvil Cell Experimentation (EH-DANCE) system,
a versatile configuration consisting of a diamond anvil cell with a customized microheater for stable resistive heating, bidirectional pressure
control facilitated by compression and decompression membranes, and a water-cooled enclosure suitable for vacuum and controlled atmo-
spheres. This integrated system excels with its precise control of both pressure and temperature for mineral and materials science research
under extreme conditions. We showcase the capabilities of the system through its successful application in the investigation of the melting
temperature and thermal equation of state of high-pressure ice-VII at temperatures up to 1400 K. The system was also used to measure the
elastic properties of solid ice-VII and liquid H2O using Brillouin scattering and Raman spectra of carbonates using Raman spectroscopy,
highlighting the potential of the EH-DANCE system in high-pressure research.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180103

I. INTRODUCTION

During the past few decades, diamond anvil cells (DACs)
have become a powerful tool for pressure generation. DACs also
allow for the introduction of high-temperature conditions, which
are critical for various investigations, including phase and melting
relationships and thermodynamic properties, and aid in mitigating
pressure gradients, promoting phase transitions and chemical reac-
tions, and accelerating diffusion and recrystallization processes. It

has been widely used to synthesize new materials and study material
behavior under extreme conditions in condensed matter physics,
materials science, and chemistry. In geosciences, DACs serve as
an essential tool for investigating the interiors of the Earth and
other planetary bodies, and they are used to simulate the relevant
pressure–temperature (P–T) conditions needed for understanding
the chemical composition, structure, and dynamic processes inside
planets and their moons.1,2 Paired with both synchrotron and stan-
dard detection techniques, DACs offer unparalleled capability to
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examine materials and minerals in situ under pressures that scale
up to several megabars, thus providing a critical bridge between
theoretical predictions and real-world observations.3,4

Two methods are commonly employed for achieving high-
temperature conditions in DACs: laser heating and internal or exter-
nal resistive heating. Laser heating offers the advantages of precise
spatial control and the capability to achieve extremely high temper-
atures that can reach 7000 K.5,6 However, laser heating is limited to
a selected number of synchrotron beamlines and laboratories and
usually requires significant development and maintenance effort. A
significant drawback is that the highly localized nature of laser heat-
ing generally leads to substantial temperature gradients within the
sample,7–9 resulting in chemical heterogeneity arising from diffu-
sion, partitioning, or partial melting. This leads to challenges for
experiments that require uniform and stable heating conditions.
Furthermore, temperature measurements based on gray-body radia-
tion are complicated with uncertainties, which is another main issue
of laser heating. Temperatures below 1200 K are generally very dif-
ficult to measure accurately using the grey-body radiation method,
limiting its applicability to certain experiments.

Internal resistive heating in a DAC entails the placement of
a resistive microheater in close proximity to the sample, typically
within the gasket material that separates the two diamond anvils.
One of the main advantages of internal resistive heating is its ability
to achieve temperatures as high as 3000 K10 and a uniform tempera-
ture distribution across the sample,11,12 which is crucial for exper-
iments demanding stable and homogeneous thermal conditions.
However, the method may impose limitations on the attainable
experimental pressures, as the resistive heating element occupies
considerable space within the gasket. Furthermore, it presents chal-
lenges in terms of electrical and thermal insulation, since the heater
must be isolated from the sample while facilitating efficient heat
transfer. Moreover, the resistive element may be susceptible to fail-
ure under high pressures, necessitating meticulous material selection
and robust design and tedious preparation to ensure reliability.

The external resistive heating method uses resistive wires and
foils wrapped around the gasket and diamond anvils to heat the
entire sample chamber. The two diamond anvils are in direct contact
with the sample; the external heater surrounds the outer perimeter
of the diamond anvils, facilitating a more uniform distribution of
heat around the sample chamber. Although its temperature capabil-
ities are generally capped at around 900 K due to challenges such
as diamond oxidation, rapid graphitization, and the degradation or
failure of the heating wires, the external resistive heating method
maintains a relatively consistent temperature distribution, typically
within a 1 K range inside the sample chamber.13 This makes it
particularly well suited for experiments requiring consistent ther-
mal conditions. It can be easily coupled with numerous detection
methods that apply at room temperature, including optical micro-
scopy, x-ray diffraction (XRD), Raman, Fourier-transform infrared
spectroscopy (FTIR), and Brillouin scattering spectroscopy, mak-
ing it a valuable tool for studying materials within its temperature
range.14–16 Furthermore, it can also help us synthesize single crystals
of low-melting point materials, such as high-pressure ices by cycling
through the melting–crystallization processes.17

The BX-90 DAC is a piston-cylinder type apparatus specifi-
cally developed and designed for x-ray and optical measurements.18

This design features a large optical opening angle up to 90○ and

sufficient space to accommodate a miniature resistive heater and
wires for generating high-temperature conditions. Compared to
four-pin DACs, the piston-cylinder configuration of the BX-90 DAC
provides improved stability under high P–T conditions. Further-
more, the U-cut on the cylinder side offers a relief mechanism for
stress between the piston and the cylinder, which can be induced by
temperature gradients. These U-cuts also simplify wire management
for resistive heaters and thermocouples. Due to these functions, BX-
90 DACs are commonly used in single-crystal XRD and Brillouin
measurements utilizing external heating setups.

This study introduces the development of an Externally Heated
Diamond ANvil Cell Experimentation (EH-DANCE) system, which
consists of a BX-90 DAC with a microheater, and both compression
and decompression membranes in a water-cooled protective enclo-
sure. The newly developed system is capable of routinely reaching
high pressures and high temperatures of up to 1400 K with supe-
rior thermal stability. This system is also designed to be compatible
with various techniques to examine the properties of compressed
minerals or materials. The examples of successful applications of
the EH-DANCE system are presented below, demonstrating its
effectiveness and versatility in extreme materials research.

II. THE DESIGN OF EH-DANCE SYSTEM
A. Resistive microheater

There are multiple designs of resistive heaters for different types
of DACs or experimental configurations.19–22 Pyrophyllite is usu-
ally used as the material for the donut-shaped ceramic base for
the microheater. The computer numerical control (CNC) machine
in the Mineral Physics Laboratory of the University of Hawaii at
Manoa was used to machine ceramic rings of appropriate sizes (e.g.,
22.80 mm OD, 6.00 mm ID, and 3.15 mm thickness) suitable for
the commonly used BX-90 DAC. The ring has grooves and holes
on both sides for the resistive wires [Fig. 1(a)]. To accommodate
the Boehler–Almax (BA) type diamonds and seats, which can offer
large apertures for optical spectroscopy and XRD measurements,23

we also designed a conical-shaped heater base with a gradient in
thickness from edge to center. This design allows the thickness to
decrease from the outer edge to the inner edge, thereby conserving
space at the center for the taller seats of the BA diamonds. In addi-
tion, we also designed a thick heater base (4.65 mm in thickness) for
stepped backing plates or seats [Fig. 1(b)]. In this design, a hole is
drilled on the side opposite the resistive wire outlets to allow for the
insertion of thermocouple wires. Other customized heater designs
can also be machined to fit the specific requirements of EHDAC
experiments. To enhance the rigidity of the heaters, the machined
bases are sintered in the furnace at 1250 ○C for hours.

Platinum, platinum-10% rhodium, and tungsten wires (0.2 mm
diameter) are typically used as resistive heating wires. To opti-
mize the heater’s performance, three wires are coiled around the
base’s grooves, with two or more additional wires wound around
the extension wires to reduce their electrical resistance and thus
their temperatures. After wiring through all the grooves, the two
protruding extremities left outside will be covered with alumina
ceramic tubes and braided fiber glass tubes for thermal and electrical
insulation. The heaters made up of platinum or platinum–rhodium
wires after experiments can typically be reused after simple clean-
ing. Those made up of tungsten wires after reaching 1200–1400 K
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FIG. 1. (a) Pyrophyllite microheaters designed for a regular BX-90 DAC, with standard diamonds and backing plates/seats (left) and Boehler–Almax-type diamonds and seats
(right), and (b) a thick microheater designed for stepped backing plates/seats (inset).

were typically not reused due to the relatively low cost of tungsten
wires. After the thermocouples are placed near the diamond culet,
the heater can be placed to the piston side of the DAC. Because the
outer edge of the heater is close to the inner wall of the piston side,
filling Ultra-Temp 2300 ○F ceramic tape strips between the gaps can
help secure the position of the microheater.

B. Thermal insulating parts
A thermal insulating seat is added to improve the heating effi-

ciency in EH-DAC experiments. It is a thin ring with low thermal
conductivity, placed underneath the original tungsten carbide (WC)
backing plates/seats. It reduces the heat loss from the WC seat; thus,
a higher temperature can be achieved with the same power output,
which offers better temperature and pressure stability. The insulat-
ing seats are machined using pyrophyllite or mica. Pyrophyllite ring
seats milled by the CNC machine are sintered at 1250 ○C. The prod-
uct can reach a Mohs scale hardness of 7, with a thermal conductivity
∼50 times less than that of tungsten carbide. Meanwhile, mica offers
better thermal insulation than pyrophyllite, with a thermal conduc-
tivity ∼150 times smaller than that of tungsten carbide. However,
mica is much softer than pyrophyllite, so only a <0.25 mm thin mica
sheet can be used, which survives the experiment with pressure to at
least 80 GPa.24

Contrary to using the traditional method of insulating heaters
by ceramic cement, we use a thin mica sheet for this purpose, which
offers an efficient and simple way of assembly process. Thermal insu-
lating disks of mica and ultra-temperature ceramic tape are used as
electrical and thermal insulators for ring heaters. It can be massively
produced from mica and Ultra-Temp sheets using a laser cutting
machine. These disks work well in the experiments but need to be
replaced every time after heating due to the dehydration and degra-
dation of mica after high temperature. Figure 2 shows the DAC and
the microheater recovered from a high P–T experiment. While the
DAC shows clear signs of metal oxidation, the tungsten wires in
the recovered microheater remain in good shape after the high P–T
experiment.

C. Water-cooled EH-DANCE enclosure
We designed and manufactured a sophisticated high-pressure

water-cooled EH-DANCE enclosure with specialized membranes
for bidirectional pressure control; see Fig. 3. The EH-DANCE sys-
tem consists of a BX-90 DAC with a microheater and a force
frame with compression and decompression membranes, allowing
for precise pressure control at room or high temperatures. Temper-
ature is increased through resistive heating, utilizing a donut-shaped
microheater connected to a power supply as described in Sec. II A.
To prevent thermal overload, the enclosure is equipped with an

FIG. 2. (a) The BX-90 DAC recovered from a high temperature run up to 1425 K. (b) The tungsten wires remained shiny and appeared intact in the microheater with protective
N2 atmosphere in the EH-DANCE enclosure.
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FIG. 3. The water-cooled, protective EH-DANCE enclosure integrated with synchrotron XRD techniques. (a) Cross section illustration of the brass EH-DANCE enclosure
housing an externally heated diamond anvil cell in its center. (b) The enclosure placed in a rotational stage at beamline 13 BMD at the Advanced Photon Source, Argonne
National Laboratory, for single-crystal x-ray diffraction and Brillouin scattering measurements under high P–T conditions, with compression and decompression membrane
pressure lines (A), a water cooling system (B), and a vacuum line (C), aligned with the x-ray path (D) and optical microscope. On the one hand, port E connects to a type
S/R thermocouple for temperature reading, while another port, on the other hand, of the enclosure connects to a type K thermocouple. Port F is for the power supply to the
microheater.

integrated water-cooling system, which ensures efficient heat dissi-
pation and maintains a stable thermal environment. Furthermore,
the enclosure is designed to be filled with inert gases, such as Ar +
H2 or N2, or, alternatively, to operate in vacuum reaching ∼100 mPa.
This protective environment is created by strategically positioned
inlet and outlet ports for introducing inert gases or creating a vac-
uum, serving the dual purpose of preventing heat loss and inhibiting
oxidation of DAC components. With these developments, we have
effectively attained precise and stable control over both pressure
and temperature using the EH-DANCE enclosure. The enclosure
also features three specialized electrical connectors positioned inside
for easy connection of resistive heating wires and thermocouples.
Two of these connectors, specifically designed for thermocouples,
are located on opposite sides of the enclosure. They can accom-
modate both a type K thermocouple and a type S/R thermocouple
simultaneously. Notably, the enclosure is designed to have a wide
almost symmetric angular opening, extending up to 70○, making
it exceptionally suitable for single-crystal x-ray diffraction (XRD)
measurements to resolve crystal structures and Brillouin scattering
measurements to determine sound velocities and elastic moduli of
materials under high P–T conditions.

D. High temperature performance
Figure 4 shows two representative curves that illustrate the

relationship between temperature and power for the EH-DANCE
during a high pressure experiment, as well as the corresponding P–T
path. The temperature was measured using a type K thermocouple
(Chromega–Alomega 0.01 in.), positioned on the piston side of the
DAC. The thermocouple junction was in contact with the diamond
and ∼500 μm from the culet. Our observations showed a consistent
increase in temperature in relation to input power when the mem-
brane pressure was kept constant. While maintaining a constant

temperature by fine-tuning the input power, the membranes in the
enclosure enable bidirectional control, allowing for further compres-
sion or decompression of the DAC to achieve the desired pressure.
Ideally, the temperature should be monotonically correlated with the
power needed to achieve high temperatures. However, practically,
the power–temperature relationship is affected by the rate of heating
because of the dissipation of heat from the microheater to the sur-
roundings. As shown in Fig. 4(a), the power needed to reach 1150 K
decreased during the operation of lowering the pressure by engaging
the decompression membrane [Fig. 4(b)].

III. APPLICATIONS
A. Thermal equation of state and melting boundary
of H2O ice under high P–T conditions

We used the EH-DANCE enclosure to investigate the thermal
equation of state (EoS) and the melting temperature of H2O under
high P–T conditions at Sector 13 BMD, Advanced Photon Source
(APS), Argonne National Laboratory (ANL). Figure 5(a) shows the
XRD profiles of ice-VII at a pressure of ∼6 GPa during a controlled
heating experiment. At ambient temperature, the XRD pattern of
ice-VII displayed well-defined peaks corresponding to the crystal-
lographic planes (110), (200), and (211), confirming the solid state
of the sample. These three diffraction peaks can also be used to
refine the unit-cell volume of ice-VII under high P–T conditions.
The obtained unit-cell volumes of ice-VII will be used to establish
the thermal EoS and investigate the single crystal elasticity of the
H2O ices as a function of pressure and temperature.

When the sample was heated to 575 K, these characteristic
peaks vanished, signifying the transition from the solid to the liquid
phase, that is, the melting of ice-VII. Subsequently, when pressure
was increased by an incremental 0.2 GPa by engaging the compres-
sion membrane, the sample reverted from the liquid state back to
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FIG. 4. (a) Temperature as a function of the power of the heater in the enclosure and (b) the corresponding pressure–temperature path of the experiments. Temperature is
measured by a type-K thermocouple cemented onto the pavilion of the diamond within 0.5 mm of the culet. For each data point, the error bars are within the size of the data
symbols.

solid ice-VII, as evidenced by the reappearance of the aforemen-
tioned XRD peaks [Fig. 5(b)]. This observation establishes a clear
melting boundary for ice-VII in this specific P–T range, providing
valuable insights into the phase relations of water under extreme
conditions.

B. Brillouin scattering measurements of solid
and liquid H2O under high P –T conditions

Brillouin light scattering (BLS) experiments were performed
at beamline 13-BMD of the APS (Fig. 6). The BLS system at the

FIG. 5. Representative x-ray diffraction (XRD) pattern of ice-VII as a function of pressure and temperature. (a) XRD patterns observed upon heating to 575 K at ∼6 GPa. (b)
XRD patterns observed during compression at 575 K. The pink marks show the calculated peak positions of ice-VII. The ice-VII remained crystalline up to 550 K and melted
at 575 K. With further compression, the crystalline peaks of ice-VII re-emerged.
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FIG. 6. (a) Single-crystal x-ray diffraction (XRD) and (b) Brillouin light scattering (BLS) measurements at beamline 13-BMD, GeoSoilEnviroCARS, Advanced Photon Source,
Argonne National Laboratory. The EH-DANCE enclosure was specifically designed for conducting single-crystal XRD and BLS measurements. With some cable management,
we can collect XRD data while rotating omega angles and Brillouin scattering data at various azimuth χ angles with the enclosure.

FIG. 7. Representative Brillouin light scattering (BLS) data of ice-VII and liquid
water under high pressure and high temperature conditions. Ice-VII remains in the
solid phase at 16.2 GPa and 700 K, showing BLS peaks for both longitudinal and
transverse modes (VP and VS). Upon heating to 900 K, ice-VII melted, where the
BLS spectra display a single peak, indicative of the absence of transverse acoustic
mode (VS) of the liquid.

beamline is equipped with a solid-state green laser (Coherent Verdi
V2) with 532-nm wavelength, a six-pass tandem Fabry–Perot inter-
ferometer (Sandercock type, JRS Scientific Instruments), and a pho-
ton counting photomultiplier.25 We performed BLS measurements

of high-pressure ice-VII or water up to 45 GPa and 900 K using
a symmetric forward scattering geometry with an external scatter-
ing angle of 50○. The focused beam size at the sample position is
∼30–40 μm in diameter. The acoustic wave velocity can be calculated
according to the following relationship:

VP,S = ΔvBλ0

2 sin ( θ
2)

, (1)

where VP,S are the measured compressional or shear wave veloci-
ties, ΔvB is the Brillouin frequency shift, λ0 is the laser wavelength
of 532 nm, and θ is the external scattering angle. Figure 7 shows the
representative spectra of the BLS data that we collected for both solid
ice-VII and liquid water. Since there is no other pressure medium
in the sample chamber, only the peaks related to H2O are shown
other than diamond. The Brillouin spectra show both longitudinal
and transverse modes for the solid ice-VII at azimuth angle χ = 40○,
corresponding to VP = 8618(61) m/s and VS = 3521(18) m/s, respec-
tively, at 16.2 GPa and 700 K. As the temperature increased further
to 900 K, ice-VII melted, resulting in noticeable changes in its acous-
tic properties: the transverse mode disappeared, leaving only the
longitudinal mode, which corresponded to VP = 5442(34) m/s.

C. Raman spectroscopy measurements of carbonates
under high P –T conditions

Raman spectroscopy measurements were performed at
GeoSoilEnviroCARS of the APS using the system shown in Fig. 8.

FIG. 8. (a) An EH-DANCE system was placed in the offline Raman system at the GeoSoilEnviroCARS of the Advanced Photon Source, Argonne National Laboratory, for in
situ Raman measurements of carbonates under high P–T conditions. (b) The close-up view of the EH-DANCE system with the tungsten heater glowing inside the enclosure.
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FIG. 9. Raman spectra of rhodochrosite (MnCO3) at various temperatures and
high pressures up to 10.9 GPa. The spectrum for MnCO3 at 300 K is scaled by
0.5, while the spectra for MnCO3 at 700 and 800 K are scaled by 10. The spectra
are offset for clarity. The gray region indicates the elastic scattering.

The Raman system employs a PIXIS 100BR eXcelon (Princeton
Instruments) detector, and a green laser line (λ = 532.14 nm), a
blue laser line (λ = 473 nm), and a red laser line (λ = 659.42 nm)
were used to excite the Raman scattering. Detailed specifications
of this Raman system can be found in the referenced literature.26

The Raman system integrated with the EH-DANCE system allowed
us to explore the vibrational properties and structural changes in
minerals and materials under elevated P–T conditions.

Here, we show our Raman measurements of three carbon-
ates: rhodochrosite (MnCO3), gaspeite (NiCO3), and smithsonite
(ZnCO3) under high P–T conditions using the EH-DANCE sys-
tem. Three carbonate samples were loaded in an externally heated
DAC with neon as a pressure-transmitting medium. Each spectrum
was collected for 10 s and averaged over three accumulations. As
shown in Fig. 9 for the spectra collected on rhodochrosite (MnCO3),
the four Raman active vibration modes [Eg(T), Eg(L), v1, and v4]
were discernible in the frequency range investigated, indicating the
calcite structure of MnCO3.27,28 Similar bands were observed for
NiCO3 and ZnCO3, except that the v4 band for NiCO3 is unclear
(Fig. 10). At high temperatures, the Raman lines manifested a red-
shift, with their widths expanding with increasing temperature. The
most pronounced band (v1) of the three carbonates progressively
shifted to higher frequencies as the temperature increased. No new
modes emerged for MnCO3, NiCO3, or ZnCO3 up to 600 K at
∼10 GPa, although the intensity of the v1 band for NiCO3 decreased
markedly at 600 K. A notable background change was observed at
700 and 800 K, obscuring the Raman peaks except for the v1 band.
The distinct v1 band in MnCO3 signifies the symmetric stretch-
ing mode within (CO3)2−. This observation indicates that MnCO3
remains stable within the investigated P–T range and does not
decompose into MnO + CO2.27,29 However, the subdued intensity
of the NiCO3 and ZnCO3 sample combined with the elevated back-
ground impedes further assessment of the stability of NiCO3 and at
ZnCO3 temperatures exceeding 600 K.

Furthermore, the Raman spectra exhibit an asymmetric shape,
with the Stokes spectra showing both higher intensities and higher
thermal emission background (Fig. 9). The anti-Stokes/Stokes ratios
are low at 300 K, especially for the anti-Stokes peaks of the v1
and v4 bands. The intrinsic temperature-dependent asymmetry
of the Raman spectra stems from the principle of the detailed
balance and is independent of sample properties other than the

FIG. 10. Raman spectra of (a) gaspeite (NiCO3) and (b) smithsonite (ZnCO3) recorded at various temperatures and high pressures up to 10.9 GPa. The spectra for NiCO3
and ZnCO3 at 700 and 800 K are scaled by 10. The spectra are offset for clarity.
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FIG. 11. Comparison of the temperatures determined from the detailed balance
principle vs those measured from the type-K thermocouple. The solid line rep-
resents the linear regression to the data, whereas the dashed line represents a
one-to-one reference line. The open circles are the calculated absolute tempera-
ture without considering the system response [f (v) = 1]. The solid circles represent
the absolute temperature corrected based on the anti-Stokes/Stokes ratio at 300 K.
The inset shows the correction factor calculated based on the four pairs of Raman
at 300 K, which produces a linear correction formula: f (v) = −5.90(±0.24) × 10−5

× Δv + 1.001(±0.016) for the system.

temperatures.30–32 The asymmetry in intensity due to temperature
variation allows for the independent determination of the sample
temperature. This method is a result of the principle of detailed bal-
ance and has been used in previous studies.32,33 The intensity ratio
of anti-Stokes to Stokes is given by

Ianti−Stokes

IStokes
= [v0 + Δvi(T)

v0 − Δvi(T)]
4

f (v) exp [−hcΔvi(T)
kBT

], (2)

where h is the Planck’s constant, c is the speed of light, v0 is the wave
number of the exciting laser light, Δvi(T) is the wave number of the
ith Raman mode (cm−1), kB is the Boltzmann constant, and f (v) is
the spectral response of the system.31,34 The spectral response of the
system includes factors such as the quantum efficiency of the CCD
detector, optics, and monochromator. While no spectral response of
the system was considered [i.e., f (v) = 1], the calculated T was off-
set from the measured T, even under room temperature conditions
(see the open circles in Fig. 11). By calibrating the T calculated based
on the four Raman pairs of the MnCO3 sample to room temperature
(300 K), the f (v) was obtained as a linear function of the Raman shift
(see the inset of Fig. 11). The f (v) was then applied to high tempera-
ture conditions to calculate T based on the principle of the detailed
balance. As shown in Fig. 11, our absolute temperature is consis-
tent with the temperature measured by the thermocouple within a
statistical uncertainty of ±20 K.

IV. CONCLUSIONS
We presented the development of a new EH-DANCE sys-

tem, featuring a unique design that allows for bidirectional pressure

control by compression and decompression membranes, inert atmo-
sphere or vacuum for components in externally heated DACs, as
well as a stable heating environment. Our system can be conve-
niently coupled with various in situ measurement techniques, such
as XRD, BLS, and Raman spectroscopy, and can routinely reach
temperatures up to 1400 K. We showcased high P–T experiments
that investigated the thermal equation of state and melting bound-
ary of high-pressure H2O ice, Brillouin scattering measurements for
acoustic velocities of H2O ice and water, as well as high P–T Raman
spectroscopy measurements on carbonates. These new capabilities
open opportunities for challenging high-pressure research, includ-
ing high-pressure melting, P–V–T equation of state, elasticity, and
other spectroscopy measurements.
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