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Abstract: The investigation of iron under high pressure and temperatures is crucial to understand
the Earth’s core structure and composition and the generation of magnetic fields. Here, we present
new in situ XRD measurements for iron in an off-Hugoniot state by laser-driven ramp compression at
pressure of 200238 GPa. The lattice parameters for the hexagonal (hcp)-Fe phase and the c/a ratios
were obtained to compare them with previous static and dynamical data, which provides the direct
confirmation of such parameters via the different compression paths and strain rates. This work
indicates that laser ramp compression can be utilized to provide crystal structure information and
direct key information on the crystal structure of Fe at the ultrahigh pressure-temperature conditions
relevant for planetology.
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1. Introduction

As the main constituent of the interior of the Earth, the phase diagram of iron under
high pressure (P) and temperature (T) conditions is crucial in comprehending the solid
inner core and molten outer core [1-3]. Accurate knowledge of the crystal structure of iron
(Fe) at the corresponding conditions is a vital piece of information for the elucidation of
the seismological constraints of the Earth’s inner core [4-7]. For instance, the non-ideal c/a
ratio in the hcp structure could be linked to elastic anisotropy, and incorrect assessment
would lead to erroneous conclusions concerning the seismological anisotropy exhibited by
the Earth’s inner core [7-9].

Iron at high pressure has been extensively investigated by static compression [2,10-12].
Above ~15 GPa, iron undergoes a transformation into the hexagonal close-packed phase
(hcp-Fe) from the body-centered cubic (bcc-Fe) structure at ambient conditions. The hcp-Fe
phase remains stable up to the maximum pressure of 354 GPa at 298 K [11]. However,
only a limited number of experimental data have been reported beyond 200 GPa at high
temperatures [13-16], where ab initio calculations have predicted the existence of bcc-
Fe [4,5]. Previous studies have demonstrated that the c/a axial ratio of hcp-Fe increases
substantially with increasing temperatures, indicating that the temperature has a significant
influence on its elastic anisotropy [8,15,17]. The majority of the reported c/a ratios cluster
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around 1.61 [18]. The c/a ratios for iron as a function of pressure have been reported to be
around 1.61 (close to the ideal hcp value of 1.63), including the upper and lower limits of
1.67 and 1.59, respectively [17,18].

Dynamic compression provides an alternative approach for the investigation of the
crystal structure in a wide range of pressure-temperature (P-T) conditions corresponding
to the interiors of exoplanets and super-Earths [19-21]. Laser-driven shock compression
has directly confirmed the hcp structure at low pressure through in situ X-ray diffraction
(XRD) measurements in high-power laser facilities and XFEL [22-26]. The hcp phase of iron
and its alloys has also been indicated experimentally at high stress [27-29]. Additionally,
iron has been observed to undergo melting along the Hugoniot path at pressure of 230
to 270 GPa [30]. In dynamical experiments and simulations on single-crystal iron, a c/a
ratio of ~1.7 has been observed [24,31]. These large c/a values can be explained by the
lack of plasticity observed in shock compression within the limited timescale, leaving
the interplanar spacing of the (011) plane orthogonal to the shock-loading direction. In
contrast, the near-ideal c/a ratio of 1.61 for polycrystalline iron was found in laser shock
experiments [24]. The current discrepancies observed between these dynamical and static
studies of iron above 100 GPa have been attributed to non-equilibrium processes, casting
doubt on the possibility of properly probing the phase diagrams of geophysically relevant
materials using dynamic compression [22,32]. Furthermore, the kinetic features at the
timescales of these experiments are quite different from those in static experiments [25].

Quasi-isentropic ramp compression is a well-controlled dynamical technique that al-
lows materials to be compressed as the solid phase even at ultrahigh pressure by drastically
reducing the temperature increase compared to shock compression [21,33,34]. The wide
off-Hugoniot P-T conditions relevant to planetary interiors can be accessed by laser-driven
shock-ramp compression, where the final temperature can also be controlled by the first
Hugoniot temperature.

We provide new experimental data addressing these questions by probing iron at
nanosecond timescales using in situ X-ray diffraction (XRD) measurements during the
laser-driven ramp compression of Fe, offering the direct identification of the structure at
the off-Hugoniot phase state. These X-ray diffraction results confirm the hcp-Fe under
ramp compression at 200 GPa to 238 GPa. These pressure values are selected because there
are sufficient data available in previous studies and because they are within the range of
the Earth’s core pressure. The structure parameters and the c/a ratios agree well with the
static compression results. Furthermore, it is demonstrated that ramp compression on the
nanosecond timescale is suitable for the study of iron under conditions relevant to the
deep interiors of planets, which is difficult to achieve with static compression techniques.
This approach could provide direct key information on the crystal structure of Fe at the
ultrahigh pressure—temperature conditions relevant for planetology.

2. Materials and Methods

The dynamical experiments to probe the structure change of iron at high pressure
were conducted at the 100-kJ-level laser facility in the Laser Fusion Research Center
(LFRC) [35-37]. This laser facility is capable of operating at an ultraviolet wavelength
of 351 nm with multiple beams. The in situ X-ray powder diffraction (XRD) experimen-
tal technique, coupled with laser-driven dynamical compression at the LERC, has been
developed in recent years [38,39]. This technique enables the determination of the crys-
tal structure of matter under extreme conditions. Figure 1 provides the details of the
experimental configurations employed in the present study.
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Figure 1. Experimental setup, target configuration and laser profiles in laser ramp compression
experiments. (a) Dynamical compression with in situ X-ray diffraction measurement was created by
nanosecond lasers. Several beams irradiated the Fe foil to generate the monochromatic X-ray flash
for XRD measurement. The XRD snapshot was documented by image plates in the steel diagnostic
box when a series of laser pulses drove the sample in the center of box to achieve an extremely
high-pressure state. (b) Dynamical compression for the diamond-Fe-diamond layer target with a
specific thickness was generated by drive laser beams. A line-imaging velocimetry (VISAR) device
monitored the diamond window to reconstruct the off-Hugoniot pressure history of iron under
dynamical compression. (c) Laser profile in shot 092. The main driven laser for the sample was the
~12 ns pulse shape (purple curve) with a gradually increasing intensity as ramp compression. A
500 ps square pulse with a 1-nanosecond initial pre-pulse (red curve) at the proper relative time was
adopted to create X-ray source. (d) The detected Fe X-ray source emission in shot 092.

As illustrated in Figure 1a, the monochromatic X-ray flash for XRD measurement
during laser-driven dynamical compression was created and time-controlled by multi-
nanosecond laser beams. The X-ray flash was emitted at an angle of 20° with respect to
the normal of the main target. The XRD snapshot was recorded by image plates inside
the developed steel diagnostic box when a series of laser pulses drove the sample at the
center of the box to achieve an extremely high-pressure state. Figure 1b shows the details of
the laser-driven samples used in the experiment. Diamond-Fe-diamond planar sandwich
samples were designed for the experiment. The surface of the first diamond was ablated
by the increasing power of the laser drive beams, producing a series of pressure waves
that propagated through the target package and ramp-compressed the Fe sample through
multiple wave reverberations. The compression waves eventually reached the rear surface
of the back diamond, accelerating it into free space. Velocimetry provided measurements
of the free surface velocities, which were used to determine the stress state in the Fe sample.
The sandwich target was mounted on a platinum plate with a 400-um-diameter pinhole
aperture. The 1000 um laser-driven spot was large relative to the collimating aperture,



Minerals 2024, 14, 715

40f11

to limit the X-ray diffraction velocimetry diagnostic field of view to the center of the
laser-compressed region of the sample.

An ultraviolet 351 nm laser pulse was shaped to produce an irradiance profile that
smoothly increased the pressure in the sample. This ramped pulse was designed to avoid
shock formation. A single beam with a 1000 um focal spot drove the targets with 12 ns
pluses and laser intensities that ramped up to 15 x 10> W/cm?. The laser drive beams
irradiated the Fe sandwich target at an angle of 25° with respect to the target normal. The
additional laser beams irradiated the Fe foil with an irradiative value of 4.5 x 1014 W/cm?
per beam to optimize the laser energy to the X-ray efficiency. The typical delivered pulse
shape is shown as a function of time in Figure 1c.

The X-ray source (XRS) was generated by laser-irradiating the Fe film target
(2 x 2 mm? square, 15 um thick) over the duration of the laser pulse and emitted as
a quasi-monochromatic 6.7-keV He-a X-ray. The dominant line spectrum emitted was mea-
sured with multiple crystal X-ray spectrometers and is displayed in Figure 1d. We used the
Pt pinhole to collimate the X-rays and as a reference to precisely determine the diffraction
geometry. As shown in Figure 1la, the Debye—Scherrer diffraction cones from both the
compressed sample and ambient Pt were recorded on the image plates (IPs). We inserted
Fe filters to suppress the helium-like 8 and v X-rays, in addition to the Bremsstrahlung
continuum X-ray emission from the drive plasma, which caused dominant noise to be
recorded on the IPs. The 26 and d spacing resolution for this diagnostic (1° and 2.5% in Fe
X-ray sources) was calibrated by considering spectral broadening, a finite XRS size, and a
finite pinhole diameter.

The iron (99% purity) samples were rolled foils with a limited preferred orientation
(texture) of the crystal grains evident in the diffraction data. The Fe samples (5.7 um thick)
were sandwiched between a <100> orientated 47 um single-crystal diamond ablator or
pusher and a <100> orientated 120-pm-thick single-crystal diamond window.

A line-imaging velocity interferometer system for any reflector (VISAR) [40,41] detects
the Doppler shifts of a 532 nm probe beam reflecting off the rear side of the diamond
window. The fringe pattern shifts recorded in a 2D interferogram display the Doppler shifts
and are proportional to the changes in the velocity of the reflecting surface. The velocity for
the rear surface of the diamond window as a function of time will determine the pressure
history of the Fe sample, which was used to infer the sample pressure at the X-ray snapshot.
As seen in Figure 1a, the in situ diffraction box allows the VISAR probe to reflect off the
rear surface of the target mounted on the front of box. The pressure determination from
the measured free surface velocities and the results of the X-ray diffraction analysis will be
discussed in the next section.

3. Results

The XRD image of the compressed sample was collected in the diagnostic box. After
identifying the direct X-ray source and the diffraction calibration signals from the ambient
Pt reference, the data were projected into the 26 — & space, where @ is the azimuthal angle
around the Debye—Scherrer ring. We preformed a least-squares minimization routine to
determine the best-fit values for the experimental geometry, including the image plate,
XRS, and pinhole locations. Figure 2 illustrates the azimuthally averaged lineouts of the 26
projections of the X-ray diffraction pattern, which were measured in two shots. It shows
the three diffraction lines in (100), (101), and (002) reflection and the ambient Pt XRD peaks.
The diffraction peaks of iron indicate the hcp structure of Fe. Neither diffraction peaks
from the bcc-Fe phase nor those from the fcc-Fe phase were found in the shots. The Bragg
condition was used to calculate the d spacings from the measured diffraction angle 26. The
lattice parameters a and ¢ were calculated from the three d values to obtain the c/a ratios.
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Figure 2. The X-ray diffraction patterns of iron observed in shot 092 (a) and shot 093 (b). The
diffraction patterns were projected into the 26 — @ plane after subtracting the background. The blue
dashed lines show the peak positions of the reference Pt at ambient conditions for calibration. The
red dashed lines show the peaks from compressed Fe as indexed (1 I k) for hcp-Fe. The peaks marked
by stars (3) are ghosts from IP faults and background noise.

The accurate pressure measurements in the shots were facilitated with the use of single-
crystal diamond windows by obtaining the rear side velocities using VISAR [38,39,42].
Diamond windows become opaque under shock or ramp compression when the pressure
is above the diamond elastic limit (HEL) [42—44]. To determine the mean pressure within
the finite-thickness Fe sample, a correction was applied to the C-Fe-C pressure using
the measured free surface velocity. Taking into account the laser profile in Figure 3a in
shot 092, the free surface velocity of diamond, outlined in Figure 3b, was measured after
about 11 ns with accuracy of 5% of the velocity per fringe (VPF). The VPFs used in the
two interferometers were 7.12 and 2.78 pm/ns fringe.

The characteristic algorithm was used to map the pressure in the Fe sample in space
and time [45-47], as shown in Figure 3c. The inputs into the characteristic propagation
algorithm include the measured rear-surface diamond particle velocity, the EOS for dia-
mond [48], the sample thickness, and the XRS probe time and duration.

Figure 3d shows the whole procedure of determining the pressure parameter of iron at
the X-ray diffraction time. The average pressure throughout the thickness of the Fe over the
duration of the X-ray probe was determined, as shown in Figure 3c,d. The uncertainty for
the pressure mainly comes from the free surface velocities in VISAR. To assess the errors,
the characteristic calculation was performed by varying the velocity histories within their
uncertainties. The mean and standard deviation were given as the value and error for the
measured pressure during the X-ray exposure. The standard deviation of the mean pressure
state in the sample was estimated to be ~4% relative to the mean pressure. However, due to
the failure of the uniform-planar VISAR records in shot 093, it was difficult to determine the
pressure using the characteristic algorithm method. Considering experimental conditions
similar to those of shot 092, the pressure of ~200 GPa was estimated from the known
isentropic EOS data [33] and the density measured in the XRD data. Therefore, two in situ
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XRD results on hcp-Fe under ramp compression were obtained to calculate the c/a ratio at
the off-Hugoniot state at pressure of ~200 GPa to 238 (+7) GPa.
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Figure 3. The constructed compression state for iron at high pressure in shot 092. (a) The laser pulses
indicate that the X-ray diffraction recording time at ~14 ns was near the time for peak compression.
(b) The VISAR data recorded the extracted free surfaces of diamond windows with experimental
uncertainties (red, black, green curves). The velocity history shows that the first velocity jump at
~1.5 km/s is followed by ramp loading in ~5 ns to peak compression velocity ~7.5 km/s, and the
single-crystal diamond becomes opaque under ramp compression. (c) The constructed stress map in
the C-Fe-C target as a function of time by characteristic calculation. The horizontal dashed lines show
the boundaries of the diamond ablator, iron sample, and diamond window in the target. The vertical
dashed lines show the ~0.5 ns time duration in X-ray diffraction measurement. (d) The averaged
stress for the iron sample as a function of time. In this shot, the deduced pressure for iron at the XRD
time is 238 GPa.

4. Discussion

The crystal structures of hcp metals are often characterized by the ratio of the lattice
parameters, c/a, as a function of the pressure or volume to provide insights into the atomic
packing and extreme deformation mechanisms of such metals. Tracking the c/a ratio could
provide insights into the underlying physical and/or process parameters (e.g., static vs.
dynamic compression, including the strain rate) that dictate the deformation response
in impacted materials, including the typical timescales of the phase transformation of
materials exposed to extreme conditions. For the present study, Table 1 lists the detailed
experimental results regarding the observed d values and calculated c/a ratios.

Table 1. The experimental results for solid iron under ramp compression. The d values for each
reflection and the axial c/a ratio of the hep structure were measured.

Shot No. Stress (GPa) d (100) A d (002) A d (101) A Density c/a Ratio
092 238 (7) 1.88 (2) 1.74 (4) 1.66 (1) 13.1 (4) 1.604 (38)
093 200! 1.90 (2) 1.77 (4) 1.66 (1) 12.6 (4) 1.616 (40)

! The pressure was estimated from the measured density with the equation of state data in Ref. [33].

Figure 4 compares the c/a ratios between iron and the iron alloy containing 7% by
weight of silicon (Fe-7wt%S5i) at high pressure, indicating that the Si-bearing alloy has a
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slightly higher value than pure iron. The presence of silicon in the Fe-Si alloy (with 7 wt%
Si) has the effect of increasing the c/a ratio, as evidenced when comparing our data with
the shock data reported in Refs. [27,49]. The experimental results from static compression
show that the temperature dependence of the c/a ratio is very weak up to 350 GPa,
although it depends upon the pressure scale above 200 GPa [50]. In comparison with
previous shock compression results, our dynamic ramp compression data at pressure of
~200 GPa to ~240 GPa are closer to the static results indicating a c¢/a ratio of approximately
1.60. The difference between the dynamic and static results may be explained by the
temperature effect.

1.70 - . - .
Dynamical compression
@ This work (ramp)
1.68 | @& Turneaure 2020 (shock) -
@® Wicks 2018 (Fe-Si wt 7%, ramp)
@ Hawreliak 2011 (shock)
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Figure 4. The c/a ratio of hcp-iron at high pressure by static and dynamical compression. The ideal
c/aratio for the hcp structure (grey dashed line) and the typical measurement data (black and red
squares) with fitting data in Ref. [18] (black dotted, blue dashed, red, blue lines) are plotted for
comparison. The ratios from the previous dynamical compression (black, grey, blue circles) from
Refs. [24,27,49] are illustrated. Our ramp compression data are between those of previous shock
experiments and the static compression data.

In principle, the temperature rise in shock compression is higher than that in shockless
or ramp compression. Along the Hugoniot path, the shock temperature at pressure of
~240 GPa was measured as ~6000 K (Refs. [30,51]). The stability of the hcp structure along
the Hugoniot is achieved through shock melting, which occurs between ~242 and ~247 GPa.
The melting temperature is estimated to be 5100 K at 200 GPa [30]. Furthermore, the
hcp-iron c/a ratios are nearly independent of the shock stress, with values ranging from
1.619 to 1.627 at pressure of ~150-250 GPa.

Compared with shock compression, ramp compression at the nanosecond timescale
is suitable for the study of iron under conditions relevant to the deep interiors of planets.
Figure 5 shows the relationship between the volume and c/a ratio for iron and iron alloy at
high pressure. In the same pressure region, the c¢/a ratio and compressed volume for iron in
our measurement are slightly lower than those in the previous shock data in Ref. [49], but
close to those obtained in static compression. The discrepancies observed in the previous
dynamical and static studies of iron above 100 GPa in Refs. [22,32] may be caused by
the temperature effect or kinetic features on the timescale of dynamical compression [25],
although the static pressure is affected by the pressure calibration method.
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Figure 5. The volume—c/a ratio relationship for iron and iron alloy at high pressure. The c/a ratios in

static compression (squares) from Ref. [18] and in the previous dynamical compression (grey, blue
circles) from Refs. [27,49] are illustrated for comparison. Our data obtained in ramp-compressed iron
are illustrated in red circles. The initial volume used for V/Vj calculation in static compression from
Ref. [18] is 22.468 A3.

In this work, the free velocity history confirms the nearly isentropic ramp compression
from the initial compressed state. The initial compression at pressure of ~50 GPa is expected
be due to a temperature rise of ~1000 K [49]. Then, the ramp compression will increase
the temperature slightly due to the isentropic compression and plastic work heating. The
exact temperature estimate for iron requires knowledge of the plastic work heating in
diamond [48,52,53], thermal conductance in diamond and iron, and plastic heating in iron.
Based on the volume change, the temperature during ramp compression is significantly
lower than that in shock compression at a given pressure level. The development of an
extended X-ray absorption fine structure (EXAFS) in a laser facility could allow us to
directly measure the temperature profiles for iron at the relevant off-Hugoniot state in the
near future [29,54].

5. Conclusions

In conclusion, we conducted two dynamical experiments to probe the structure of
iron at high pressure in the 100-kJ-level laser facility. By combining in situ XRD diagnostic
and VISAR measurement, the crystal structure for ramp-compressed Fe has been studied
at pressure of ~200 GPa to ~240 GPa and three typical diffraction peaks of hcp-Fe have
been detected in an off-Hugoniot P-T condition. The obtained d spacing, c/a ratio and
compressed volume agree well with the previous static experiment results. By comparing
them with the data in previous shock compression, the present c/a ratio and compressed
volume for iron are slightly lower and indicate that the temperature during ramp com-
pression is relatively cooler than that in shock compression. Our work also casts doubt on
the possibility of properly probing the phase diagrams of relevant materials using laser
ramp compression and indicates that laser ramp compression can be utilized to provide
key crystal structure information on Fe at the ultrahigh pressure-temperature conditions
relevant for planetology.
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