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ABSTRACT ARTICLE HISTORY

We determined the longitudinal wave velocity (V) of Fe up to 54 Received 19 September 2024
GPa and 2040 K by integrating picosecond acoustics with an Accepted 10 June 2025
internal-resistive-heated diamond anvil cell (DAC). Additionally,
we performed in-situ measurements of sample thickness within
the DAC using laboratory-based X-ray absorption imaging. The
high pressure-temperature V, values of Fe obtained in this study
show strong agreement with those previously determined
through synchrotron-based inelastic X-ray scattering experiments
and ultrasonic measurements. The combination of picosecond
acoustics, internal resistive heating, and X-ray absorption imaging
provides a powerful approach for measuring the elastic wave
velocities of Fe-based alloys under conditions relevant to
terrestrial cores, thereby contributing to the understanding of
their chemical composition.

KEYWORDS
Sound velocity; picosecond
acoustics; high pressure; Fe

1. Introduction

Terrestrial bodies such as Earth, the Moon, Mars, and Mercury are believed to possess met-
allic cores primarily composed of Fe [1-4]. However, the precise structure and chemical
composition of these cores remain a subject of debate. Understanding their composition
and structure provides critical insights into planetary formation and evolution [3]. From a
geophysical perspective, investigating the elastic properties of Fe alloys under high-
pressure-temperature (P-T) conditions is essential for constraining core composition
and crystal structure [5,6]. The density and sound velocity of the materials constituting
planetary cores must be consistent with observational values under corresponding core
P-T conditions. Birch’s law, which describes a linear relationship between density and
sound velocity, enables extrapolation from limited experimental data in relatively low-
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pressure range, facilitating comparisons with one-dimensional density and seismic wave
velocity profiles along planetary radii.

Advancements in planetary exploration are expected to provide more detailed velocity
profiles of the cores of terrestrial bodies. Recent observations from NASA’s InSight mission
suggest that Mars either lacks a solid inner core or possesses only a small one [2].
Additionally, the BepiColombo mission, launched in 2017, is expected to elucidate Mer-
cury’s internal structure through a series of scientific experiments scheduled for 2025
[7]1. As seismological data on terrestrial planets continue to expand, developing
efficient methods to obtain sound velocity data at high P-T conditions in laboratory set-
tings is crucial for providing geophysical insights into planetary interiors.

Picosecond acoustics has recently gained attention as a promising technique for
measuring the sound velocity of metal samples under high-pressure conditions. In this
method, a femtosecond pulsed laser generates high-frequency (~10 GHz) elastic waves.
This high frequency is essential because high-pressure samples in diamond anvil cells
(DACs) are typically thinner than 10 um, making lower-frequency (MHz) waves — with
longer wavelengths - unsuitable for propagation. Therefore, this technique is well-
suited for sound wave velocity measurements in thin, high-pressure samples. Addition-
ally, this technique enables rapid laboratory-based measurements, typically requiring
less than one hour per experiment, which is considerably shorter than methods con-
ducted at synchrotron radiation facilities. Previous studies have successfully applied
this technique to investigate the elastic properties of Fe and Fe alloys containing nickel
or hydrogen at pressures exceeding 100 GPa [8-10].

In this study, we introduced two novel approaches to measure the elastic wave vel-
ocities of Fe at high P-T conditions. The first involves an internal resistive heating tech-
nique, which enables stable high-temperature conditions. Using this approach, we
determined the compressional wave velocity (Vp) of Fe up to 54 GPa and 2040 K. The
second involves laboratory-based X-ray absorption imaging, which allowed in-situ
measurements of sample thickness during compression up to 50 GPa and room tempera-
ture. Our experimental P-T range encompasses almost the entire core conditions of Mars,
Mercury, Venus, and the Moon, providing valuable insights into the elastic properties of
planetary cores.

2. Methods

We conducted a series of picosecond acoustics (PA) measurements using an optical
system installed at Institute of Science Tokyo (Figure 1) [11,12]. A high-power femtose-
cond pulsed laser (Fidelity-2, Coherent Corporation, USA) with a wavelength of
1070 nm, a pulse width of 55fs, and a repetition rate of 70 MHz was employed. The
laser beam was split into pump and probe beams using a polarizing beam splitter. The
pump beam was modulated into a 1 MHz square wave by an acousto-optic modulator
(AOM) and irradiated onto one side of the sample with a spot diameter of <10 um and
a power of approximately 30 mW to generate sound waves. The probe beam passed
through a lithium triborate crystal, where it was frequency-doubled to generate its
second harmonic at 535 nm. This wavelength conversion was implemented to enable
selective filtering of the pump beam, which has a higher intensity than the probe
beam, in order to prevent potential damage to the detector caused by pump light
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Figure 1. (a) The schematics of the optical line for picosecond acoustics. Lines colored red and green
indicate the pump laser (1070 nm) and the probe laser (535 nm), respectively. The black line indicates
the ray path of thermal radiation from the sample. (b) Schematics of the picosecond acoustics
measurement. The pump laser generates a coherent acoustic wave at the optical zero point (t = ty).
The optical delay stage adjusts the optical path length of the pump laser, effectively controlling
the timing of pump-laser irradiation. When the pump laser irradiates the sample earlier than the
probe laser by a time At, corresponding to the acoustic wave propagation time, the arrival of acoustic
wave at a probe position is detected as an abrupt change in the intensity and/or phase of the reflected
probe signal.

transmitted through the sample. Probe beam was then directed to the opposite side of
the sample, with its power adjusted to approximately 5 mW. To enhance measurement
accuracy, we detected the intensity and phase of the reflected probe beam using a
balanced detector (2107-FS-M, Newport Corporation, USA), which improves the signal-
to-noise ratio by subtracting temporal fluctuations in the reference light intensity from
the raw signal [9]. For subsequent analysis, the signal component - either intensity or
phase - with the higher signal-to-noise ratio was selectively used to ensure reliable
identification of the wave arrival time (Figure 1 and Figure 2). Additionally, a lock-in
amplifier (LI5660, NF corporation, Japan), tuned to the 1 MHz modulation frequency
imposed by the AOM, was utilized to further improve the signal-to-noise ratio.

For high-pressure and high-temperature (P-T) generation, we utilized symmetric-type
diamond anvil cells (DACs) in combination with an internal resistive heating technique
[11]. Diamond anvils with a 300 pm flat culet were employed to generate high pressures.
To ensure precise heating control, the Fe foil sample with 5N-purity was fabricated using
an ultraviolet laser processing machine prior to loading into the sample chamber (Figure
3(b)). The surface of the pre-indented rhenium gasket was electrically insulated using a
mixture of cubic boron nitride and titanium dioxide powder, along with cement
(Resbond™ 919, Cotronics Corporation, USA). Platinum foils were placed on the insulating
layer and connected to the metal sample and external copper wires, which served as elec-
trodes. A stable high temperature was generated via Joule heating by applying a voltage
to the conductor, inducing an electric current flow [11,13] (Figures 4 and 5).

Pressure was measured at room temperature using the ruby fluorescence technique.
The uncertainty in pressure was calculated following the methodology outlined in a pre-
vious study [14]. The temperature conditions during the experiments were determined
based on the wavelength profile of the radiant light, measured using a spectrometer
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Figure 2. (a) Temporal evolution of the phase value of the probe laser (blue plot) and the fitted curve
using a sawtooth wave function (red line) are shown. From this analysis, we determined the frequency
of wave arrivals propagating back and forth across the film. (b) Extracted frequency values as function
of different fitting ranges, demonstrating that the result is largely independent of the fitting window.
The obtained frequency is 0.0787(5) ps~', corresponding to a round-trip time of 79.8(5) ps for an
elastic wave traversing the sample.

(SP-2156-DAC Teledyne Princeton Instruments, USA) and a CCD camera (PIXIS256E-DAC
Teledyne Princeton Instruments, USA). Wavelength calibration of the CCD camera was
performed using a neon lamp. To account for the absorption of radiant light by optical
components, we measured the radiation spectrum of a calibrated tungsten lamp.



HIGH PRESSURE RESEARCH e 5

(a)

Ruby ball

Re gasket
SiO, base

Diamond anvil

Sample

J8se| 8G0Id

(b)

Ag paste

Electric current

Pt electrode

Re gasket

S0, b
1, base Insulation layer (cBN)

Ruby ball

Diamond anvil

Jase| 8q0id

Figure 3. (a) Sample configuration for picosecond acoustic measurements under high-pressure and
room-temperature conditions. (b) Sample configuration of the internal-resistive-heated diamond
anvil cell. In both experimental setups, a metal sample was placed on a SiO, substrate to enhance
optical reflectivity and covered with NaCl, which served as both a pressure medium and a thermal
insulator. A ruby sphere was positioned near the sample within the sample chamber for pressure
determination.

By comparing the measured spectrum with the ideal blackbody profile, we estimated the
spectral absorption effect introduced by the optical components and applied this correc-
tion in the temperature determination [15]. The temperature prior to each picosecond
acoustics measurement was determined by two-color analysis to the radiant light
profile (Figure 5) [16].

To determine the pressure during high-temperature measurements, we evaluated the
thermal pressure of the sample. Previous studies have described thermal pressure during
heating in high pressure apparatus to be 2.4 MPa/K, 60% of the theoretical thermal
pressure aKtAT, where a is the thermal expansion coefficient and K5 is the isothermal
bulk modulus [15,17]. We adopted the 10% pressure error during high-T experiments.
The remaining 40% of the theoretical thermal pressure causes thermal expansion of
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Laser diameter
(<10 pm)

Figure 4. A photograph of the sample chamber in an internal-resistive-heated DAC at 54 GPa. The Fe
sample was heated by applying direct current. The diameter of the pump and probe lasers for pico-
second acoustics is shown as the circle.

the sample, thereby influencing its thickness d. At room temperature, the longitudinal
wave velocity (Vp) is determined based on the travel time (t) and sample thickness (d)
using the following equation:

d
Vp=— (M
P7h
Under high-temperature conditions, the relationship between the sound velocity at high
temperature (V) and at room temperature (V5) can be expressed as:
HT _ & RT
Vil = T Vi (2)
where « represents the expansion rate in thickness. Here, " and t*" denote the travel
time of sound at high and room temperatures, respectively, both of which are directly
obtained from picosecond acoustics measurements. The VAT value was determined
under the assumption of isotropic thermal expansion, where « is given by:

Vi 173

«e (\/RT) 3)
The error range was estimated by considering two limiting cases: no thermal expansion
(a = 0) and uniaxial thermal expansion (a = v/T /vfT). The unit cell volumes at high temp-
erature (V') and ambient temperature (vV*T) were determined using thermal equations of
states [12,18,19]. The room-temperature compressional wave velocity (VﬁT) was adopted
from Sakamaki et al. [20]. After high P-T picosecond acoustic measurements, we collected
the synchrotron X-ray diffraction (XRD) patterns of samples without decompression at
ambient temperature, at BL10XU, SPring-8, Japan [21]. This was performed as a basic
check to ensure that no unexpected chemical reactions, such as carbon contamination
from the diamond anvils, had occurred during high-temperature experiments.
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Figure 5. (a) Temperature profile along the sample surface, calculated using two-color analysis. The
horizontal axis represents the sample position, with the zero-position defined as the point where the
intensity of the radiant light is strongest. The blue-shaded region indicates the probe laser diameter
for picosecond acoustics measurements. The temperature was determined by averaging over a +
5 um area, yielding a spatial temperature uncertainty of 62 K at 2035 K (3.05%) in this measurement.
Considering temporal temperature variations, the overall experimental temperature uncertainty was
estimated to be 5%. (b) Result of the two-color analysis. The temperature histogram was fitted with a
Gaussian distribution.

We determined the travel time of sound waves based on the absolute zero point and
the wave arrival point. The absolute zero point corresponds to the moment when the
sound waves begin propagating at the sample surface. To establish this reference, we
measured the PA signal of a 400 nm-thick Mo thin film sputtered onto a glass substrate.
In the PA signal, we observed oscillations corresponding to repetitive wave arrivals pro-
pagating back and forth within the Mo film. To quantify the wave arrival frequency, we
applied a fitting procedure using a sawtooth function, as described below.

7 1
ft, A wa B ey= A(Esin(nw(t + B exp(—at) + ¢t + vy (4)
=1

n:
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Figure 6. The obtained picosecond acoustic signals of Fe obtained at 54 GPa vary with increasing
temperature. Red points indicate the times when the elastic wave first arrived at the sample
surface of the probe laser side.

-1

The fitting analysis yielded an angular frequency @ of 0.0787(5) ps™' (see Figure 6 for
details). This frequency corresponds to a wave arrival interval of 79.8(5) ps, indicating
that the absolute zero point precedes the first wave arrival by 39.9(5) ps.

It is essential to account for the influence of transparent materials, such as the glass
substrate and diamond anvils, as their higher refractive indices compared to air change
the focal position of the objective lens. Since the position of the probe-side lens remained
fixed throughout our experiments, we quantified the deviation of the absolute zero point.
The focal length shift Af induced by a material with thickness d and refractive index n is
given by Af=d(1 — 1/n). Within the pressure range of our measurements, the refractive
index of diamond is 2.45(5). For a diamond anvil with 2.0(2) mm, the focal shift is calcu-
lated as 1.2(1) mm, corresponding to a time shift of 3.9(4) ps. To account for this effect,
we applied a correction of —7.8 ps to the absolute zero point, incorporating the
influence of the pump-side anvil. Additionally, the effect of the glass substrate must
also be considered. The glass substrate, with a thickness of 0.5 mm and a refractive
index of approximately 1.5(1), introduces an additional focal shift of 0.17(1) mm. Conse-
quently, we applied a final correction of —7.4 ps to the absolute zero point, ensuring
that the influence of both the diamond anvils and the glass substrate was appropriately
addressed. The uncertainty associated with this correction has been incorporated into the
overall travel time error estimation.

In the high-pressure and room-temperature travel time measurements, the in-situ
sample thickness within the DAC was determined using the X-ray absorption method.
While previous picosecond acoustics studies have typically estimated sample thickness
under high-pressure conditions by extrapolating from its ambient value using the
equation of states of the sample [8-10,22,23], direct measurement of the in-situ sample
thickness is preferable for improving the accuracy of sound velocity determinations.
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Figure 3(a) presents a schematic of the sample configuration. A metal sample with an
initial thickness of approximately 10 pum was loaded into a sample chamber within a
pre-indented Re gasket. A polycrystalline SiO, base and NaCl powder were used as the
pressure medium. To accurately measure the sample thickness, we utilized a labora-
tory-based X-ray microscope (Rigaku nano3DX) [24], which employs characteristic Ka X-
rays of Mo (A =0.70926 R). The incident X-ray was directed parallel to the compression
axis of the miniature DAC, and a projection image of the entire sample chamber was cap-
tured using a CMOS detector.

The sample thickness was determined by applying Lambert-Beer’s law, using the inten-
sities of the incident X-ray (ly), the X-ray transmitted through the sample (/;), and the X-ray
transmitted through a region of the sample chamber without the sample (/,). The follow-
ing relationships were obtained:

ln(;i) = —(up + 8 (5)
0

/
In(i) = _(Mpmppml + &), (6)

where u; and y,m are the X-ray absorption coefficients per unit density and unit length
of the metal sample and the pressure medium, respectively, p; and p,,,, are the densities of
the sample and the pressure medium, / is the thickness of the sample, and & accounts for
X-ray absorption by components other than the sample, such as the diamond anvils or
SiO, plate. The values of /; and I, were obtained by averaging the X-ray counts within
a circular region of 5 pm in diameter, corresponding to the probe laser spot size. By elim-
inating 10 from equations (2) and (3), the following expression is derived:

/
In(t) = _(:Ufsps - /J‘pmppm)/' (7)
For the calculations, we adopted X-ray absorption coefficients per unit density and unit length
of 36.38 cmz/g for the Fe sample and 7.55 cmZ/g for the NaCl pressure medium [25]. The den-
sities of Fe and NaCl were determined using their respective equations of state [18,26].

3. Results & discussion
3.1. Temperature dependence of the sound velocity of Fe

We conducted high-P-T picosecond acoustics measurements on Fe over a total of four
experimental runs, comprising hexagonal close-packed (hcp) Fe (two runs), face-centered
cubic (fcc) Fe (one run), and body-centered cubic (bcc) Fe (one run). XRD measurements
were performed to identify the sample phase after the high-temperature picosecond acous-
tics measurements. In all experiments, no XRD patterns from Fe-light element alloys, such as
Fe-carbide, were observed. Table 1 summarizes the data for pure Fe up to 54 GPa and
2040 K. The temperature distribution remained nearly uniform within the spatial range cor-
responding to the picosecond acoustics laser diameter (<10 pm) (Figure 5(a)). The tempera-
ture uncertainty was calculated by taking into account the error propagation of individual
temperature values at each point in the profile data, which represents the temperature
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Table 1. Experimental data at high temperature

Run P p a a tt Ve lower upper
name Phase (GPa) T (K) (g/cm3) (isotropic)  (uniaxial) (ps) (km/s) error error
1 hcp + fec 54(5) 1540(77) 7.59(15) 1.0067 1.0202 237(3) 7.69 0.05 0.10
54(5) 1620(81) 7.43(15)  1.0072 1.0219  242(3) 7.53 0.05 0.11
55(5) 2040(102) 7.20(14) 1.0097 1.0294 249(3) 7.34 0.07 0.14
2 hcp 52(5) 1600(80) 7.40(15) 1.0072 1.0217 275(3) 7.50 0.05 0.11
3 fcc+ hep 20(2) 1140(57) 8.64(17) 1.0068 1.0205 456(3) 6.48 0.04 0.09
21(2) 1230(62) 8.62(17)  1.0074 1.0224  446(3) 6.62 0.05 0.10
21(2) 1400(70) 8.59(17) 1.0093 1.0283 459(3) 6.45 0.06 0.12
4 bcc 6.6(7) 1100(55) 7.99(16)  1.0085 1.0256  565(3) 5.88 0.05 0.10

distribution, yielding an error of 3% (Figure 5(b)). Considering the temporal variation during
the picosecond acoustic measurements, the overall experimental temperature uncertainty
was estimated to be 5%. This uncertainty is approximately half that of conventional laser
heating experiments, which typically exhibit temperature uncertainties of 10% [22].

We acquired the picosecond acoustic signals at several temperatures up to 2040 K
(Figure 2). At all temperature conditions, intensity measurements were performed with
high temporal resolution (1 ps) around the acoustic signal to minimize the overall
measurement duration. In certain runs, a slight drop in intensity was observed immedi-
ately prior to a pronounced increase. This dip is attributed to the interference between
light penetrating a finite depth at the sample surface and light scattered by the acoustic
pulse at that depth [27]. Consequently, we interpreted the abrupt intensity rise as the
wave arrival and determined the wave arrival time using standard seismological
methods, consistent with the previous studies [9,10].

As temperature increases, the arrival time of the elastic wave is delayed, and the acous-
tic signals become broader. These characteristics can be explained by two primary factors.
The first is that a temperature dependence of the acoustic dispersion. Acoustic dispersion
refers to the variation in phase velocity as a function of frequency for the propagating
wave. If the frequency dependence of the phase velocity increases at high temperatures,
the acoustic signal broadens correspondingly. The second factor is the temperature
dependence of the electronic specific heat [27]. A localized temperature rise within a
small region, known as the optical skin depth, generates sound waves from the edges
of the sample. The sharpness of the acoustic signal is influenced by the rate of this temp-
erature increase: a more rapid temperature rise results in a sharper acoustic signal. The
timescale of this temperature increase is proportional to the square root of the electronic
specific heat of the sample. Under high-temperature conditions, the timescale becomes
longer, leading to a broader picosecond acoustic signal.

In all experimental runs, the sound velocity of Fe decreased at high temperatures com-
pared to room-temperature conditions. Notably, at around 50 GPa, our sound velocity
data exhibit good agreement with the velocity model based on previous inelastic X-ray scat-
tering (IXS) studies conducted using the laser heating method (Figure 7) [20,28]. The sound
velocity data at lower pressures also show good consistency with previous studies. At
4.6 GPa, XRD patterns of bcc Fe were observed after the picosecond acoustics measurements.
Therefore, we determined the high-temperature V, value at these pressures based on pre-
vious ultrasonic measurements for bcc Fe. The degree of temperature dependence obtained
in this study was found to be consistent with values reported in the literature [29,30].
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Figure 7. Pressure and temperature dependence of the longitudinal wave velocity (Vp) of Fe. Square
markers represent the data obtained in this study. Other markers indicate results from previous
studies, including inelastic X-ray scattering (IXS) measurements (left triangle: Antonangeli et al.
[31]; circle: Ohtani et al. [32]; right triangle: bcc from Antonangeli et al. [29]; small diamond: fcc Fe
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(+: Shibazaki et al. [30]; diamond: Wang et al. [34]). The solid lines represent the pressure-velocity
relationship model for solid Fe as reported by Sakamaki et al. [20].

Additionally, our data around 20 GPa align well with the IXS data for fcc Fe from Antonangeli
et al. [29]. These results indicate that our picosecond acoustics measurements successfully
captured the sound velocities of Fe in these crystal structures at lower pressure conditions.

3.2. Sound velocity measurements with direct determination of the sample
thickness

We applied 3 x 3 pixel® median filtering to the acquired X-ray transmission images to
eliminate value overflow in the acquired transmission images (Figure 8). This overflow
is mainly caused by the thermal noise, and noise due to cosmic rays. The resolution of
the transmitted image is about 900 nm, corresponding to a filtering window size of
~2.7 pm. This value is smaller than the picosecond acoustic laser diameter (<10 pm).

We summarized the measured pressure, thickness, travel time, and compressional
wave velocity of the compressed Fe films in Table 2. With increasing pressure, the
sample thickness got thinner and the travel time got shorter and the V, values got
higher, consistent with the previous EOS and sound velocity measurements [8,18,35].
We calculated the thickness error to be between 2% and 3.5%. The absolute values
of Vp are also consistent with results from previous studies using the picosecond acous-
tics method [8], IXS [28,29,31], NRIXS [33], and ultrasonic measurements [30,34]
(Figure 9).
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Table 2. Experimental data at ambient temperature.

Run# P (GPa) t.t. (ps) d (um) Ve (km/s)
5 22.4(2) 1050(2) 7.54(15) 7.18(14)
26.7(2) 900(2) 6.73(17) 7.48(19)
39.5(4) 787(2) 6.27(22) 7.97(28)
50.1(4) 724(2) 5.95(12) 8.22(17)
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Figure 8. (a) X-ray absorption image of the sample chamber at 50.1 GPa and 300 K, and (b) thickness
profile of the Fe sample. The color of each pixel represents the transmitted X-ray intensity. The rec-
tangular region outlined by the dotted line denotes the Fe sample. The sample thickness was deter-
mined by averaging the calculated thickness within the region corresponding to the probe laser spot.

fitting line (Sakamaki et al., 2016) >
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Figure 9. The pressure dependence of V, at room temperature. Several markers indicate different lit-
erature (square: this study, circle: Antonangeli et al. [31], left triangle: Mao et al. [33], right triangle:
Ohtani et al. [32], hexagon: Decremps et al. [36], downward triangle: Antonangeli et al. [29], plus: Shi-
bazaki et al. [30], diamond: Wang et al. [34]). The solid black line is the sound velocity model from
Sakamaki et al. [20] with the uncertainty shown as error bar.
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4, Conclusion

This study measured elastic wave velocities of pure Fe up to 54 GPa and 2040 K loaded in
an internal-resistive-heated diamond anvil cell. We also reported in-situ thickness
measurements of compressed Fe film using a laboratory-based X-ray microprobe and pro-
duced the sound velocity at high pressure and room temperature. Our results agreed with
those of previous studies using multiple techniques and supported the validity of our
measurement scheme. The measured temperature and pressure regimes in this study
are comparable to those of the cores of terrestrial planets such as Mars, Mercury, and
Venus. This method can quickly collect the necessary elastic wave velocity data, giving
significant insight into these core compositions.
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