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ABSTRACT

The development of pulsed intense x-ray sources, such as free electron laser, offers new avenues for high pressure experiments. Here, we
study the feasibility and metrology of x-ray heating in diamond anvil cells at the European x-ray free electron laser. This method enables
one to volumetrically heat the sample while inhibiting chemical migration and probing the crystallographic structure of the sample through-
out the heating with a high repetition rate. We focus our study on iron, whose phase diagram is well established up to 100 GPa, to explore
the possibilities and limitations of this technique. We volumetrically heat iron samples at starting pressures ranging from 10 to 138 GPa,
using the x-ray beam pulsed at 4.5 MHz in a serial pump-and-probe experimental design. Experimental challenges arise from temperature
gradients within the sample, changes in temperature at the 100 ns timescale, the difficulty of direct temperature estimates, the effect of
thermal pressure, and the presence of metastable crystallites due to rapid cycles of heating and cooling. Hence, we develop a multi-crystal-
like data processing method that allows us to account for sample heterogeneity in probed conditions. We then calibrate our measurements
using known physical properties of iron under pressure. Thermal pressure in our experiments increases from 4% of the isochoric prediction
at 10 GPa to 23% at 138 GPa, and we show that our data are in agreement with most previous observations of iron in this pressure range.
The method can now be implemented at higher pressures and temperatures and on materials with unknown phase diagrams.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0303953

I. INTRODUCTION

The study of materials under extreme conditions has numerous
applications in both material1,2 and planetary sciences.3 The develop-
ment of extreme conditions studies depends on joint advances in
technologies to reach high pressure and high temperature conditions
and in situ sample characterization methods.4 Noteworthily, the
increasing brilliance of x-ray sources in the last 20 years has allowed
researchers to perform in situ x-ray diffraction and spectroscopy
measurements of constantly improving quality.2 Among the different
techniques commonly used to generate high pressure (HP) condi-
tions, the diamond anvil cell (DAC) enables the confinement of
samples at static high pressures for periods of time exceeding days or
even months. Coupled with laser-heating,5–8 the sample can be stati-
cally compressed and heated to high temperatures (HT) for up to
several hours, enabling studies of thermodynamic equilibrium and
properties at the Earth’s mantle and core conditions.9–13 However,
intrinsic difficulties include pressure (P) and temperature (T)
gradients,14–16 chemical contamination from the diamond anvil and
surrounding media,8,17–19 and problems with the process of laser-
heating itself, such as for samples with high reflectivity.20 To over-
come some of these hindrances, studies have been conducted with
pulsed laser-heating.6,7,21 However, existing synchrotron facilities
generally require the collection of x rays from many pulsed heating
events to achieve a good signal to noise ratio, which still leads to
experimental timescales at which chemical migration and contami-
nation can readily occur.22

New generation x-ray sources, such as X-ray free electron
lasers (XFEL), offer new opportunities in this field. Their short
(,100 fs) but brilliant x-ray pulses enable high resolution
sample characterization using x rays without cumulative
measurements.23–27 The European XFEL (EuXFEL) is unique in
that its pulsed beam allows time-resolved measurements with a fre-
quency up to 4.5 MHz.23,25 This feature has been used to develop
new pump and probe techniques to induce volumetric heating
(heating of the bulk of the sample as opposed to surface heating,
using an infra-red laser, for example) and probe the sample state
using x-ray diffraction. Previous studies have shown that such a
high rate of x-ray exposure can lead to cumulative sample heating

up to several thousands of K or more depending on the sample
composition.28–30 The method can, hence, be used, in combination
with static pressures generated by DAC, to explore HP/HT phase
diagrams of materials. However, this new ultrafast heating and
characterization process requires the development of new analysis
methods, both to handle the large volume of data generated and to
ensure accurate metrology, particularly in evaluating the actual
sample pressure and temperature.

Here, we focus our study on a well-studied material, pure iron
(Fe). As Fe is the main constituent of planetary cores, its phase
diagram (see Fig. 1), equations of state and melting curve have
been extensively studied, both experimentally and by simulations.
Starting in a body centered cubic (bcc or α-Fe) phase at ambient
conditions, it transforms into a face centered cubic (fcc or γ-Fe)
phase upon heating. Below 5 GPa, it transforms into a bcc (δ-Fe)
phase before the melting temperature,36 while retaining the fcc
phase until melting at higher pressures. When compressed, α-Fe
transforms into a hexagonal close-packed (hcp or ε-Fe) phase with
a significant pressure-induced hysteresis around 12 GPa at room
temperature (RT).37,38 The α–γ–ε triple point is situated at
9:2+ 1:3 GPa and 730+ 50 K (Ref. 31 and references therein).
The stability domain of γ-Fe extends up to the γ–ε–liquid triple
point. Although earlier studies placed the γ–ε–liquid triple point
around 60 GPa and 2800 K,39,40 the current agreement places it
closer to 100+ 10 GPa with a T ranging from 2800 to 3712 K
depending on the considered study.17,32,33,41–44 From the triple
point and up to 200 GPa, hcp is stable from RT up to melting.
Some studies argue that the hcp structure is stable from RT until
melting, even above 1.5 TPa,45,46 while others argue that a bcc
phase would become stable below the melting curve above
200 GPa.27,47,48 The melting curve remains a topic of study with
discrepancies at the Earth inner core boundary (330 GPa) reaching
900 K between the low Tm ¼ 5800 K reported in Ref. 40 and the
highest Tm ¼ 6700 K reported in Ref. 49.

In this paper, we explore the phase diagram of Fe using the
pulsed beam of the European XFEL in order to validate the method
of pump and probe x-ray heating in the diamond anvil cell on a
well-studied phase diagram, refine the data analysis procedures,
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and develop a metrology to determine pressure and temperature in
such experiments. We will focus our study mainly below 100 GPa,
where the phase diagram is less controversial for Fe, and exploit
this new experimental facility to explore the phase diagram of pure
Fe up to 155 GPa at high temperature.

This article is organized as follows. In Sec. II, we present the
sample preparation and EuXFEL experimental protocol. Section III
is devoted to the data processing procedures: analysis of 4.5 MHz
x-ray diffraction images, criteria for phase identification, and the
procedure to evaluate sample pressure and temperature conditions.
Section IV then presents the effect of x-ray intensity on observed
phases and sample conditions, the stability of the observed iron
phases, thermal pressure, and gradients in sample conditions. The
observed phases are in agreement with the phase diagram based on
the current literature and, based on known equations of state of
iron, we propose calibration for thermal pressure in such
experiments.

II. EXPERIMENT

A. Samples

The results presented in this paper are from the No. 3063
community proposal at the EuXFEL. The Fe samples were prepared
from a 5 μm thick iron foil of 99.85% purity from GoodFellow
(Product No. FE00-FL-000100) and cut into disks using a femto-
second laser. Fe disks were then loaded into sample chambers in
Re gaskets with potassium chloride (KCl) as a pressure transmit-
ting medium (PTM), except for the Oxek_011 cell, for which the

PTM was fused SiO2 powder from Sigma-Aldrich (CAS No.
112945-52-5). Cells loaded with KCl were placed in an oven for
�12 h to dry the salt before being closed and compressed. Details
on diamond anvil cells type, samples, and diamond dimensions are
provided in Table I. The samples were characterized before and
after the EuXFEL experiments using synchrotron x-ray powder dif-
fraction at the beamline P02.2, PETRA III, DESY, Hamburg. A
2� 2 mm2 beam with an incident energy of 42.7 keV
(λ ¼ 0:2905 Å) in combination with a Perkin-Elmer XRD 1621 flat
panel detector with 2048� 2048 pixels of 0:2� 0:2 mm2 placed at
a distance of 416 mm from the sample was used to estimate starting
and final pressures and assess the quality of the DAC loadings.
During post-screening after the EuXFEL experiments, 2D diffrac-
tion maps were performed by collecting XRD diffraction images at
every points over a grid in the horizontal and vertical direction,
with a step size of 5 or 10 μm (see Appendix B, Fig. 16).
Post-screening XRD maps confirm the absence of other phases,
such as iron carbides, which would occur due to carbon contami-
nation from the diamond anvils.

B. XFEL experiment

We used the High Energy Density (HED) instrument of the
EuXFEL26 using a layout similar to that described in Ref. 25 in
interaction chamber 2. The x-ray beam is pulsed at 4.5 MHz. Those
pulses are fired on the sample in trains of 352 pulses. Coupled with
the Adaptive Gain Integrating Pixel Detector (AGIPD),50 which
can acquire up to 352 diffraction patterns sequentially at this fre-
quency, this allows for a time-resolved structural analysis of the
sample over 78 μs. A run comprises a single train on the sample
and the associated diagnostic measurements.

Each time the sample is exposed to an x-ray pulse, the pulse is
partially absorbed by the electron cloud,51 causing the sample to
heat on a very short timescale. The sample then cools and is
probed upon cooling by the following x-ray pulse, 221.5 ns later in
the train. The corresponding schematic sample temperature evolu-
tion with time is shown in Fig. 2.

Figure 3 shows a simplified schematic of the setup used in this
experiment. The x-ray energy was measured to be 18.08 keV
(λ ¼ 0:6858Å) using the HIREX-II spectrometer.25,52 The intensity
of individual pulses varies within each train and from train to train.
The pulse energies of all 352 pulses were derived from measure-
ments of scattered light from a thin diamond window by fast
diodes placed before the interaction point, calibrated to absolute
pulse energies using X-ray gas monitors (XGMs)53 prior to the
experiment. The XFEL focal spot size on the sample was measured
to be 3–5 μm full-width half maximum based on foil imprint analy-
sis.51 Attenuators can be placed in the path of the x-ray beam to
control the intensity of x rays transmitted to the sample. In the
paper, we will refer to x-ray transmission (% tr), calculated as a
ratio of the transmitted beam intensity with respect to that of the
full beam. Each x-ray pulse deposits energy into the sample. For
low x-ray transmission, heating due to x-ray absorption does not
exceed heat loss due to thermal diffusion and sample heating is
small. At higher transmission, x-ray absorption heats the sample
faster than thermal diffusion allows the sample to cool, which can
induce significant heating and phase transitions.

FIG. 1. P–T pathways during heating superimposed on iron phase diagram.
Stability domain limits for the α and δ phases are from Ref. 31. The high tem-
perature γ–ε and melting (THT

m ) curves are from Ref. 32. The low temperature
γ–ε and melting (TLT

m ) curves are from Refs. 33–35. Symbols represent the
detection method and conditions at which melting was observed (see
Sec. III C). The smaller and unconnected symbols are conditions evaluated
without thermal pressure corrections. The larger connected symbols include
thermal pressure corrections. Colors correspond to different samples, whose
names are indicated on the figure: Hibef_22, Hibef_04, Hibef_60, Oxek_011,
P1, and Betsa_A (see Table I for DAC details and P conditions).
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The AGIPD detector, located outside the interaction chamber
behind an Al window, was used to collect angle-dispersive X-ray
diffraction (XRD), with a 2θ Bragg angular coverage between 9�

and 30�. The sample-detector distance of 356.45 mm and other
integration parameters have been calibrated against the XRD
pattern of a Cr2O3 standard collected during the experiment.

For each DAC, we tested the different x-ray transmission
levels on a first position on the sample to determine what transmis-
sion induced a visible change in the sample crystallographic unit
cell volume and structure (Fig. 4). Low x-ray transmissions have no
visible effect on the sample. Increasing x-ray transmissions induces
sample heating (indicated by thermal expansion of the unit cell)
and, potentially, phase transitions (new peaks) and melting.
High-transmission runs were alternated with low-transmission
runs at fresh sample positions to compare the sample structure
before, during, and after heating.

III. DATA PROCESSING

A. Time series measurements

The diffraction patterns are first analyzed using Dioptas.54

Azimuthal integration of the XRD data yields a 1D pattern of the
intensity as a function of 2θ. Diffraction patterns collected from the
352 successive pulses in a train are then stacked to build an image
depicting the evolution of diffraction patterns with time, or pulse
number, allowing for a quick assessment of the observed phases
and their crystallographic features. Figure 4 shows the time series
of four runs on the P1 cell at 75+ 9 GPa, using different x-ray
transmissions. At low x-ray transmission [0.1% tr, Fig. 4(a)], no
thermal expansion is observed in the sample at probe time, as evi-
denced by the lack of variation in the 2θ position of the hcp-Fe dif-
fraction lines. These data can be used as a diffraction pattern
reference for the analysis. The amount by which x-ray transmission
is increased allows one to control the magnitude of sample heating.
Figure 4(b) shows the results of x-ray diffraction with 1% tr in
which thermal expansion can be observed. As transmission
increases, the temperature in the sample builds further, which can
lead to phase transitions, whether solid–solid, as shown in Fig. 4(c)
with 2.5% tr (hcp to fcc transition), or even solid–liquid, as shown
in Fig. 4(d) at 4.5% tr (hcp to fcc to melting). With further
increased x-ray transmission, the same transformation is reached

TABLE I. List of samples with results presented in this paper. For each, the table presents the name and type of the DAC, the pressure transmitting medium we used, the
diameters of the diamond culet, sample chamber, and Fe samples, and the corresponding run numbers. Pressure varies during the experiment due to pressure gradients and
repeated cycles of sample heating with the XFEL. The table, hence, reports the pressure at the start and end of the experiment, as well as the minimum and maximum pres-
sures reached during the run. Cell Hibef_04 was loaded with two samples of 50 μm diameter.

DAC Pressure
medium

Diameters (μm) Pressure (GPa) Run
numbersName Type Culet Fe sample Chamber Start End Min. Max.

Hibef_22 Symmetric KCl 300 75 120 9.5 10.1 3.6 10.1 0036–0056
Hibef_04 Symmetric KCl 300 50 (2×) 115 38 42 32 46 0005–0035
Hibef_60 Symmetric KCl 300 65 120–145 52 68 47 68 0564–0617
Oxek_011 Symmetric SiO2 200 50 80 69 62 55 64 0057–0080
P1 Symmetric KCl 250 30 75 80 72 66 84 0413–0436
Betsa_A Le Toullec KCl 100 30 45–49 148 131 127 150 0437–0471

FIG. 2. Schematic representation of the expected sample temperature evolution
as a function of time. Subsequent to the almost immediate diffraction of the
incoming x-ray pulse, part of the x-ray energy induces a volumetric elevation in
temperature. Temperature then decreases by diffusion, until the next pulse
arrives onto the sample. The drop between the peak temperature and the one
at which the diffraction is taken increases with the global temperature and can
reach several thousands of K according to finite element modeling28 (see
Appendix D).

FIG. 3. Experimental layout. The starting material is a 5 μm thick foil of pure
Fe. The pressure transmitting medium is KCl or SiO2. The detector is perpen-
dicular to the incoming x-ray beam and the compression axis of the DAC, and
parallel to the surface of the sample. X-ray pulses, lasting �25 fs, arrive at a
frequency of 4.5 MHz, leading to diffraction patterns every 221.5 ns. A streak
optical pyrometry (SOP) system is set up upstream of the DAC.28
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earlier in the pulse train. For instance, the hcp to fcc transition
starts at 23.31 μs in run r0422 with 2.5% transmission and at
3.11 μs for run r0435 with 4.5% transmission.

B. Detecting phase transitions

Phase identification is first performed on integrated patterns
time series (e.g., Fig. 4) in which we identify α-, γ-, or ε-Fe. The
exact timing of the appearance of a new phase is then refined by
searching for the first appearance of individual diffraction spots
directly in the 2D diffraction images. Note, however, that 111 fcc
and 002hcp overlap and can be hard to assign unambiguously. The
concomitant observation of 200 fcc, for instance, is then used to
confirm the presence of γ-Fe in the sample.

Figure 5 shows an example from run r0037, from cell
Hibef_22 at 10 GPa. During XFEL irradiation, the diffraction peak
from α-Fe shifts to lower angles due to thermal expansion during
heating. 100hcp and 101hcp peaks appear, followed by 111 fcc and
200 fcc, after 4.21 and 9.75 μs, respectively. Note that 002hcp is not
clearly observed due to grain orientations caused by uniaxial stress

FIG. 4. Azimuthally integrated x-ray diffraction images stacked as a function of time or frame (diffraction image) number for several runs on the P1 cell (75+ 9 GPa).
Time goes from bottom (frame 1 at 0 μs) to top (frame 352 at 77.7 μs). (a) Run r0417 (0.1% tr). The sample is in the hcp structure during the whole run and does not
show any sign of thermal expansion. (b) Run r0419 (1% tr). The sample is in the hcp structure during the whole run and shows some thermal expansion, expressed as a
shift of the diffraction peaks toward lower 2θ angles. (c) Run r0422 (2.5% tr). The sample starts in the hcp structure and transforms into the fcc structure starting from
frame (or image number) 106 at 23.26 μs. The intensity of the hcp diffraction peaks decreases when fcc iron appears, but 100 and 101 hcp peaks remain visible until the
end of the run. (d) Run r0435 (4.5% tr). The sample, initially in the hcp structure, starts to transform into fcc at frame 15 at 3.10 μs. At frame 76 at 16.61 μs, it is fully trans-
formed to fcc. All diffraction peaks from solid Fe disappear on frame 162 at 35.66 μs (dotted black line).

FIG. 5. Azimuthally integrated x-ray diffraction images stacked as a function of
time or frame number for run r0037 (0.2% tr) of cell Hibef_22 at 10 GPa. The
sample starts with Fe in the bcc structure. The bcc unit cell expands with
heating, then hcp-Fe 100 and 101 peaks appear on frame 20 at 4.21 μs, and
fcc-Fe peaks appear on frame 45 at 9.75 μs. All three phases are visible simul-
taneously until the end of the run due to thermal gradients and phases
metastability.
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and an overlap with 110bcc. This sequence of phase transitions can
be explained in view of the proximity of the P–T conditions with
the α–γ–ε-Fe triple point at 9:2+ 1:3 GPa and 730+ 50 K
(Ref. 31 and references within).

C. Evidence for melting

The criterion for detecting melting in DAC experiments has
been a topic of debate for decades,8,17,19,55 with the appearance of a
diffuse scattering signal often considered as an unambiguous bulk
signature of melting.32 A diffuse scattering signal from molten Fe is
sometimes observed (e.g., Appendix C, Fig. 17), but not consis-
tently due to the detector background. Moreover, before the total
melting of the sample, the solid diffraction signal dominates the
diffraction as the large beam with long tails probes a significant
portion of cold, external sample.

In some cases [e.g., Fig. 4(d)], we observe the disappearance of
all Fe diffraction peaks, indicating that there are no more solid Fe
grains probed by the x-ray beam. In other cases, we observe a clear
saturation in the 2θ position of the diffraction peaks of the high-
temperature phase, contrasting sharply with the 2θ shift caused by
thermal expansion (Fig. 6). This saturation is also sometimes
observed for hcp peaks when a transformation into fcc occurs [e.g.,
Fig. 4(d)]. Saturation in the volume shift occurs when phase trans-
formations are observed during serial pump and probe experiments
due to the presence of temperature gradients.30,51

In this study, due to intermittent detection of a diffuse scatter-
ing signal, we also used the disappearance of the sample diffraction
peaks for the HT phase and the saturation in the position of these
peaks as evidence for melting. We then extracted the largest unit cell

volume of the HT solid phase of Fe observed during the run, which
was considered to originate from the hottest solid portion of the
sample and, hence, at a temperature just below that of the melting
line. This maximum solid-state volume was then compared, in com-
bination with an equation of state, to the expected temperature at
melting. The different criteria used for detecting melting for each run
studied in this paper are presented in Table II.

D. Sample structure and microstructure

Due to the nature of successive cycles of heating and cooling
(Fig. 2) every 221.5 ns, the sample microstructure can evolve drasti-
cally from frame to frame. Figure 7, for instance, shows three suc-
cessive frames from run r0435 of cell P1 at 69 GPa. The fcc-Fe
diffraction spots are sharp and show evidence of recrystallization
between frames. The rapid recrystallization of fcc-Fe indicates that
this portion of the sample is close to the melting temperature or
has melted and then crystallized during quenching between pulses.
In contrast to diffraction from fcc-Fe, diffraction patterns from
hcp-Fe and KCl only weakly evolve over this time span.

Finite element modeling of this run was performed according
to the procedure described in Refs. 56 and 57 and in Appendix D.
Figure 8(a) shows the measured x-ray pulses intensities (top) and
calculated temperature evolution with time at the center of the
sample and at the sample–PTM interface. Figure 8(b) shows the
shape of the x-ray pulse. Figure 8(c) shows the spacial temperature
distribution at the hot state created by the 42nd pulse. While the
temperature at the center of the sample exceeds 3800 K, it decreases
to less than 1200 K only 5 μm away from the center in the radial
direction. The axial temperature gradient in the sample is much
smaller and decreases when moving away from the DAC axis.
Figure 8(d) presents a map of the sample density, which is used to
highlight the domain of each stable phase based on the known
phase diagram and the calculated conditions. The liquid portion
consists of a cylinder of �1:3 μm radius centered around the x-ray
beam, surrounded by a 0.5 μm thick layer of fcc-Fe, followed by
hcp-Fe. When the next pulse arrives, the sample has cooled below
the melting temperature [see Fig. 8(a), inset, and Fig. 9], and only
fcc and hcp will be probed. However, later in the run, the three
phases will co-exist, be probed simultaneously, and be observed in
the diffraction image due to the extended nature of the x-ray
beam51 [Fig. 8(b)]

Integrated powder diffraction patterns fail at describing these
gradients of conditions inside the sample. In fact, spots from grains
at different temperatures tend to overlap and can be interpreted as
originating from a single material. In order to better describe pres-
sure and temperature gradients within the sample, a Python script,
similar to that described in Ref. 59, was developed to detect and
map diffraction spots from individual grains directly from the 352
images in the pulse train.

The script extracts the 2θ and azimuthal positions of individ-
ual Bragg spots from every frame, allowing for the calculation of
the phase unit cell distribution over time. In most samples, unit cell
volumes for α-Fe and γ-Fe individual grains are then calculated
from the 110 and 111 reflections, respectively. In this analysis,
other peaks, such as 200 fcc or 002hcp, are not considered because
they do not always appear consistently from frame to frame

FIG. 6. Azimuthally integrated x-ray diffraction images stacked as a function of
time or frame number for run r0055 (1.5% tr) of cell Hibef_22 at 10 GPa. The
sample starts in the bcc structure. Fcc peaks appear at frame 2 (0.22 μs) and
shift toward lower 2θ as the sample heats. This increase in unit cell volume
stops abruptly, corresponding to a sharp saturation in volume on frame 8
(1.55 μs). Both bcc and fcc solid phases are observed all along the run, indicat-
ing temperature gradients in the region probed by x rays. The diffraction intensity
decreases drastically starting at frame 7 (1.33 μs) for the bcc phase and frame
60 (13.07 μs) for the fcc phase, suggesting a conversion of most of the sample
into fcc then melt. The remaining peaks are at positions corresponding to lower
temperature and probably originate from grains probed by the tails of the x-ray
beam. As shown by the shape of the KCl peak, the PTM is significantly heated
as well and exhibits a volume saturation corresponding to its own melting point,
with a naturally larger range of conditions visible in the peak distribution.
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(Fig. 4). The only exception is for cell Oxek_011 with a SiO2 pres-
sure medium, for which the 200 fcc reflection is consistently observed
and isolated from other phases and, hence, used to determine the
fcc-Fe individual grains volumes. The determination of the unit cell
volume for ε-Fe requires at least two reflections. For this reason, we
use both the 100 and 101 reflections; however, it is clear that those
two diffraction spots originate from two different grains. Therefore,
we associate the spots with minimum, median, and maximum 2θ
positions for both 100 and 101 to evaluate maximum, median, and
minimum unit cell volumes for hcp-Fe. In this process, volumes with
unreasonable c=a values are ignored, i.e., if c=a falls outside the
[1:55, 1:62] interval.60 The overlap between the 111 fcc and 002hcp
reflections causes some of the diffraction spots identified as fcc to
actually originate from the hcp phase, leading to unrealistically low
values of volume for the fcc phase, as shown in Fig. 10(a).

This procedure allows us to obtain the distribution of unit cell
volumes for the corresponding phase and its evolution throughout
the heating cycle. The volume histograms are plotted against time
to highlight thermal expansion and volume saturation that is used
as a melt criterion.

An example illustrating the analysis procedure is presented in
Fig. 10 for the run r0435 at 69 GPa where the measured fcc unit
cell volume (a) and the number of detected diffraction spots (b)
corresponding to the reflections 111 fcc, 100hcp, and 101hcp are
reported as a function of time. Disregarding the unrealistically
small unit cell volume, an outcome of the already mentioned con-
fusion at low temperature between the 111 fcc and 002hcp

reflections, we can see that the fcc phase thermally expands during
heating and saturates at a maximum V ¼ 38:075Å3.

Figure 10(b) shows that the number of fcc spots increases
during the first 5 μs, while the number of hcp spots decreases, indi-
cating the gradual transition from hcp to fcc. Peaks from the hcp
phase disappear from the x-ray diffraction images after 25 μs of
heating. Although several fcc grains are still observed after more than
35 μs, finite element modeling predicts the melting of the fcc phase at
probing time after 15 μs of heating [Fig. 8(a)]. The sharp decrease in
the number of fcc grains can, thus, be explained either by the melting
of the bulk of the sample or by the recrystallization and unfavorable
orientation of the fcc grains, or a combination of both processes.

E. Thermal pressure and P–T conditions

Most of the runs are at temperatures too low to acquire exploit-
able streak optical pyrometry (SOP) data. Moreover, the SOP signal is
dominated by the hottest part of the sample averaged over several
x-ray pulses and, thus, affected by several heating and cooling cycles
of the sample. As shown in Figs. 8(a) and 9, this peak temperature
can be several thousands of K greater than that of the sample during
diffraction measurement and, thus, does not correspond to the
phases observed in the diffraction patterns. Thus, in this paper, we do
not use the SOP signal to evaluate the sample temperature.

The first pulse of a run probes the sample at ambient tempera-
ture, before the effect of x-ray heating (Fig. 2). As such, the starting
pressure for each run is estimated using the sample’s unit cell

TABLE II. Summary of runs presented in this study. For each run, the table shows the cell for which it was measured, the pressure determined from the first frame of the run,
the run number, the x-ray transmission used (x-ray tr.), the range of corresponding pulse x-ray energies, the observed phase transitions and time in the run at which they start/
end. The criteria used to determine melting are also indicated. V sat.: unit cell volume saturation, that is visible saturation of the thermal expansion induced shift of the diffrac-
tion peak; diff. scatt.: diffuse scattering visible in the diffraction pattern; no peak: disappearance of diffraction peaks from the sample.

Cell
300 K P Run X-ray X-ray

Observations
Time of phase

(GPa) number tr. (%) En. (μJ) change (μs)

Hibef_22 10 r0037 0.2 α–γ–ε triple point 9.3
9 r0049 1 0.5–6.0 bcc to fcc, melting (V sat.) 0.2; 10.0
10 r0052 2 1.8–11.6 bcc to fcc, melting (V sat.) 0.2; 1.1
10 r0055 1.5 2.2–9.0 bcc to fcc, melting (V sat.) 0.2; 1.8

Hibef_04 40 r0028 2.5 2.1–18.2 hcp to fcc, melting (V sat.) 0.2; 1.8
43 r0031 4 3.2–21.7 hcp to fcc, melting (V sat.) 0.2; 1.1
46 r0034 6 5.8–31.9 hcp to fcc, melting (V sat.) 0.2; 0.8

Hibef_60 50 r0587 2.8 1.2–17.1 fcc + hcp from start, melting (diff. scatt.) 39.7
55 r0588 3.5 2.8–17.1 hcp to fcc, melting (diff. scatt.) 6.4; 38.2
56 r0590 4.5 2.0–22.8 hcp + fcc from start, melting (no peak) 67.3

P1 80 r0417 0.1 X-ray transmission test
80 r0419 1 1.5–5.5 X-ray transmission test
76 r0422 2.5 0.9–15.7 X-ray transmission test
66 r0423 3 2.6–18.8 fcc + hcp from start, melting (no peak) 74.4
69 r0435 4.5 3.9–27.6 fcc + hcp from start, melting (no peak) 31.1

Oxek_011 67 r0076 2 3.2–12.0 hcp to fcc, melting (diff. scatt.) 1.1; 8.2
68 r0079 2.5 3.8–12.8 hcp to fcc, melting (diff. scatt.) 0.7; 9.8

Betsa_A 138 r0452 7 4.4–49.2 melting (diff. scatt.) + fcc 46.40
139 r0467 12 5.1–73.0 melting (diff. scatt.) + fcc 15.8
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volume deduced from the first image of the run and the Fe equa-
tion of state parameters from Ref. 61 for α-Fe and Ref. 62 for ε-Fe
as well as for γ-Fe when this phase was detected in the quenched
sample at ambient temperature. The starting pressure changes from
run to run for the same sample on the same position (e.g.,
Appendix B, Fig. 15) and depends on the heating history of the
sample at a given position.

The following pulses probe the sample during its cooling after
x-ray heating (Fig. 2). We rely on equations of state of Fe and the

distribution of unit cell volumes (e.g., Sec. III D) for the evaluation
of temperature. At high temperatures, it is also necessary to
account for thermal pressure Pth.

10,11,14,15,17,55,63,64

Thermal pressure can vary between zero for the isobaric
case, in which the sample container expands and accommodates
the sample thermal expansion, and dPth ¼

Ð T
300K αKT dT for the

isochoric model, where α and KT are the thermal expansion coef-
ficient and the isothermal bulk modulus, respectively, for the iso-
choric model. The reality lies between those two extreme cases, as
shown using finite element modeling14 or more recent x-ray dif-
fraction experiments.63 Indeed, the actual thermal pressure
depends on numerous factors, such as the nature of the sample
and PTM, the size of the diamond culets, gasket hole, etc. A
factor x can, hence, be defined for scaling between the isobaric
(x ¼ 0) and isochoric (x ¼ 1) models, with values of x � 0:3
often reported in the literature, depending on both the sample
and the pressure medium.10,14,15 This value of x ¼ 0:3, however,
has been evaluated in laser-heated diamond anvil cell experi-
ments, but its applicability for use in x-ray heating experiments is
yet to be assessed.

Here, we will assess values of x appropriate for x-ray heating
experiments on runs fulfilling the criteria for melting. We used a
previously determined melting curve (THT

m from Ref. 32) and
assumed a known equation of state62 and that the largest unit cell
volume measured in runs reaching melting conditions corresponds
to that of the HT solid phase just prior to melting. As already dis-
cussed, there are different families of melting curves for Fe pub-
lished in the literature. THT

m , from Ref. 32, is used as a
representative of the many studies (e.g., Refs. 17, 43, 65, and 66)
supportive of a relatively high melting curve. TLT

m , from Refs. 34
and 35 for the melting curves of γ-Fe and ε -Fe, respectively, is
instead used as a representative of a second set of results supportive
of a lower melting curve.

Figure 10(a) presents the evolution of the distribution of fcc
unit cell volumes as a function of time in run r0435 starting from
69 GPa. These are compared to the expected volumes along the low
temperature melting curve for P ¼ 69GPa for x ¼ 0 (isobaric case,
VLT
x¼0) and along the high-temperature melting curve for different

values of x (isobaric and intermediate cases, VHT
x ). The maximum

volume reached in solid fcc-Fe corresponds to the low temperature
melting volume for x ¼ 0. This would mean that for the TLT

m curve
to be in agreement with our experimental results, we need to
completely disregard thermal pressure. Conversely, the maximum
volume observed in solid is compatible with the HT melting curve
when accounting for a thermal pressure between 10% and 20% of
the isochoric pressure (best value x ¼ 0:16).

The values of x determined for the different DAC loadings
using THT

m are presented as a function of pressure in Fig. 11, and
the corresponding P–T paths are presented in Fig. 1 together with
the temperature obtained from the maximum volume with no
thermal pressure (x ¼ 0). For pressures above 100 GPa, we used the
volume of the hcp phase to determine x. For both studied runs, we
calculated the volume using two methods, either by considering
both the 100hcp and 101hcp reflections (purple filled symbols in
Figs. 1 and 11) or by considering solely the 100hcp reflection and
c=a ¼ 1:598 (purple empty symbols in Figs. 1 and 11). The largest
unit cell volumes determine a temperature that is higher than TLT

m

FIG. 7. Successive x-ray diffraction images extracted from run r0435 (4.5% tr)
for cell P1. The pressure obtained from the analysis of the first frame of the run,
when the sample is at 300 K, is 69 GPa. (a) Frame 28 at 5.98 μs. (b) Frame 29
at 6.20 μs. (c) Frame 30 at 6.42 μs. On all three frames, the diffraction figures
of KCl and hcp-Fe do not change significantly. Conversely, the diffraction spots
originating from the fcc phase appear and disappear in between frames, indica-
tive of sample recrystallization.
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even when no thermal pressure is included, which is further sup-
portive of the high-temperature melting curve.

By employing this protocol and thanks to the here-evaluated
thermal pressure, temperature can then be deduced at any time
from the measured unit cell volumes, the starting pressure at 300 K,
deduced from the powder diffraction of the first frame of the run,
and the x thermal pressure factor found for the DAC loading (see
Figs. 12 and 13).

IV. RESULTS AND DISCUSSION

A. Effect of x-ray transmission

Figure 4 shows time series of integrated diffraction patterns
for four different runs on cell P1, at pressures of 75+ 9 GPa:

run r0417 with 0.1% tr, run r0419 with 1% tr (1.5–5.4 μJ/pulse),
run r0422 with 2.5% tr (0.9–15.7 μJ/pulse), and run r0435 with
4.5% tr (3.9–27.6 μJ/pulse).

With 0.1% x-ray transmission, the sample is probed with no
evidence of easily observable residual heating at probe time. As
transmission increases, so does sample heating. 2.5% x-ray trans-
mission is sufficient to trigger the transformation from ε- to γ-Fe
and even melt part of the sample. Finally, 4.5% tr allows us to fully
transform the hcp into fcc in less than 20 μs, and the first sign of
melting [decrease in fcc spots number, see Fig. 10(b)] appears
before 15 μs.

Overall, for the DAC loadings presented here, the x-ray
fluence required to induce phase transition increases with pressure.
Indeed, the required x-ray transmission to form fcc-Fe ranges from

FIG. 8. Example of finite element modeling for run r0435 in the P1 cell for starting pressure P300 K ¼ 69 GPa. The Fe foil and KCl layers have a thickness of 2.5
and 2 μm, respectively, and have been evaluated from electron microscopy analysis of the postmortem sample (see Ref. 57). (a) Temperature along the x-ray beam axis at
r ¼ 0 and the incident x-ray beam intensity as a function of time. MS, solid red line—temperature in the middle of the sample; UBS, dashed blue line—temperature of the
upper sample boundary, i.e., at its interface with KCl. Melting temperatures Tm for Fe32 and KCl58 are shown as a green solid line and a dashed maroon line, respectively.
The inset shows a zoom around pulse 42 at 9.08 μs. Instant tA is the time just prior to the x-ray pulse and instant tB the time just after its arrival. The peak temperature
(at tB) is above the melting curve, but the sample cools below Tm before the next diffraction is taken. (b) X-ray pulse intensity in an arbitrary unit as a function of r .
(c) Temperature map at instant tB in the sample, KCl, and part of the diamonds. Temperature at the center is high enough to melt Fe. (d) Density map at tB in the sample,
KCl, and part of the diamonds. The simulation predicts the sample to be molten at its core (i.e., r ¼ 0) with a hot fcc ring and the colder hcp on the edge. The densities
of the diamonds and KCl are outside of the presented colorscale, which was chosen to enhance the contrasts between the different phases inside the sample.
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0.2% tr at 10 GPa to 2.5% tr at 75 GPa while that required to melt
the sample ranges from 0.5% tr at 10 GPa up to 7% tr at 135 GPa.

In addition to the x-ray transmission, the train envelope can
be modified and tracked with the energy monitors. An example of

such a pulse to pulse energy measurement is presented for r0435 of
cell P1 at the top of Fig. 8(a). Measurements of pulse energies for
all runs in this experiment are available as specified in the Data
Availability statement.

B. Validation of phase identification

Below 100 GPa, the phases observed in the diffraction patterns
correspond to the expected phase diagram, with a transition from
bcc to fcc below 10 GPa (Fig. 6), and hcp to fcc to melt above
10 GPa (Fig. 4).

According to the literature (Ref. 31 and references therein),
the α–γ–ε triple point is at 9:2+ 1:3 GPa and 730+ 50 K. During
run r0037 of cell Hibef_22 at a starting pressure of 10 GPa, the
co-existence of the three phases was observed, as shown in Fig. 5.
After extracting the unit cell volumes of all three phases, the ranges
of temperatures in each phase were calculated taking into account
thermal pressure, as presented in Fig. 12(a). We find that the three
phases co-exist up to 775 K. The α–γ–ε triple point is, hence,
observed in the correct P–T range. hcp-Fe is never observed above
775 K, in agreement with known phase boundaries. This approach
did not allow for the determination of phase transition tempera-
tures for solid–solid transitions induced by heating, (i.e., bcc to hcp

FIG. 9. Finite element modeled temperature and thermal pressure profile as a
function of radial distance r at the upper sample—PTM boundary just before
(tA) and just after (tB) an x-ray pulse at 9.08 μs for run r0435 in the P1 cell at
starting P300 K ¼ 69 GPa. The blue (red) and green (cyan) solid (dashed) lines
correspond to the temperature (pressure) profile at times tA and tB, respectively.

FIG. 10. Analysis of run r0435 on cell P1 with P300 K ¼ 69 GPa [4.5% tr, Fig. 4(d)]. (a) Time-dependence of the histogram of fcc unit cell volumes deduced from individual
spots detected in the 2θ range [20:2�; 20:8�]. Plotted as vertical bars are the unit cell volume of fcc-Fe quenched at 300 K from a previous run (V300 K, blue dotted line,
corresponding to the isochoric unit cell volume at melting, x ¼ 1) and the unit cell volume of fcc-Fe at melt assuming isobaric heating and the melting curves THT

m (VHT
x¼0,

cyan line, Ref. 32) and TLT
m (VLT

x¼0, red dashed line, Ref. 34). The highest measured unit cell volumes match VLT
x¼0, thus potentially compatible with solid fcc Fe at melting

temperature, if the low melting temperature is assumed, but without any thermal pressure. If, instead, it is assumed that the grains showing the largest volume are at a tem-
perature corresponding to the high melting curve, one deduces that thermal pressure is properly calculated with x ¼ 0:16, VHT

x¼0:16 (see Sec. III E for details). Note that low
values of fcc-Fe unit cell volumes (shaded area) are due to a confusion between the 002hcp and 111 fcc peaks, which coincide at low temperature. (b) Number of
detected diffraction spots as a function of time. Incidence of both 100hcp (cyan up triangles) and 101hcp (blue down triangles) spot follows a similar evolution, decreasing
with time before disappearing after 10 and 16 μs, respectively. Conversely, 111 fcc (red circles) number of spot increases and reaches a maximum after 5 μs before
decreasing again at 12 μs. All Fe diffraction peaks have disappeared before 40 μs.
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or hcp to fcc or bcc to fcc) as all the high-temperature solid phases
can be quenched and observed at temperatures below their equilib-
rium stability field.

Cells Hibef_04, Hibef_60, Oxek_011, and P1, at pressures
between 40 and 70 GPa, exhibit behavior similar to that presented
in Fig. 4, that is, gradual heating with increasing x-ray transmission
leading to the expected phase sequence: hcp-Fe to hcp and fcc-Fe
mixture to pure fcc-Fe. As discussed above, detection of melting is
more difficult as diffuse scattering can be hard to detect in the
x-ray diffraction images (see Appendix C, Fig. 17), even after a full
disappearance of all solid diffraction peaks.

Hence, repetitive x-ray pulse heating in DAC experiments is
useful to detect temperature-induced phase transitions, the highest
potential temperature in a given phase below a phase boundary.
However, minimum temperatures to induce a phase transition
while decreasing temperature are more difficult to evaluate due to
the possibility to quench a high-temperature phase during the mul-
tiples cycles of fast heating and cooling.

Above 100 GPa (cell Betsa_A), hcp clearly dominates the dif-
fraction pattern with some transient phenomena whose study is
beyond the scope of this paper (Appendix F and Ref. 27).

No peak corresponding to a new phase caused by chemical
contamination from the anvil was observed in the diffraction
patterns.

C. Temperature gradients and time-evolution

Finite element models highlight how a wide range of P–T con-
ditions are present within the volume probed by the x-ray beam
[see Figs. 8(c) and 9]. These gradients can be observed directly in

FIG. 11. Thermal pressure at melting temperature (top) and thermal pressure
correction factor x (bottom) as a function of starting pressure. The names of the
DACs are indicated. The colored circles are results from this study. The darker
the color of the marker, the higher the x-ray transmission. For the Betsa_A cell,
the empty symbols correspond to the calculations with a unit cell volume calcu-
lated from the 100hcp only (c/a ratio imposed at 1.598), whereas the solid
symbols are unit cell volume calculated from the 100 and 101 reflections on the
two same runs. The thick lines are guides for the eyes. Data from the literature
for different materials10,11,14,15,55,63,64 are plotted in light gray. Raw data for this
figure can be found in the link provided in the Data Availability section.

FIG. 12. (a) Temperature gradients as a function of frame number and time for run r0037 of cell Hibef_22 at a starting pressure of 10 GPa at 300 K and for x ¼ 0:036.
Solid lines correspond to the temperature determined from the median unit cell volume of bcc-Fe (blue), fcc-Fe (orange), and hcp-Fe (green). In addition, light blue and
orange colors show the corresponding temperature gradients determined from the distribution of individual peak positions. (b) Phase diagram of Fe at the α–γ–ε triple
point. Phase boundaries are from Ref. 31. The literature places the bcc–fcc–hcp triple point at 9:2+ 1:3 GPa and 730+ 50 K (blue rectangle). In our experiment, the
three phases co-exist at P ¼ 10+ 1 GPa and T ¼ 775 K. Note that both fcc and hcp are quenchable to 300 K at this pressure and are co-observed with bcc as shown
in the figure (red rectangle). The red point corresponds to the starting P with its uncertainty.
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diffraction images, which show evidence of grains with a range of
lattice parameters due to different degrees of thermal expansion.

Indeed, Figs. 4 and 7 show grains co-existing under multiple
conditions. Due to the nature of the x-ray heating experiment,
grains laterally further away from the probed heating area, i.e., at
nearly ambient temperature, may contribute to diffraction, along
with the center portion of the sample, which can be at thousands
of degrees and even molten (Fig. 9). Those gradients are mostly
radial, with smaller axial gradients predicted by finite element
modeling (Fig. 8).

For instance, as illustrated in Figs. 8 and 9, the sample at
�69 GPa and 9.08 μs is at a temperature ranging from room tem-
perature to 2740 K when probed by the x-ray pulse. Simulations
predict that, right after x-ray diffraction, the sample is volumetri-
cally heated, leading to a maximum temperature of 4100 K at its
center, 3600 K at the upper sample-PTM boundary, and a sample
edge remaining at 300 K. When the next pulse arrives at 9.30 μs,
the center of the sample is at 3070 K, the upper sample boundary
at 2810 K, and the sample edge still at 300 K. When diffraction is
collected with the pulse at 9.30 μs, the maximum temperature has,
hence, dropped by 1030 K compared to the peak temperature
reached 221.5 ns earlier.

Temperature gradients detected by x-ray diffraction depend on
the x-ray transmission. Figure 13 shows the temperature evolution
for three runs of the same DAC loading with three different x-ray
transmissions. Looking at the temperature evolution of run r0049
(blue, lowest transmission), we can see that the temperature gradi-
ent is stable throughout the heating and consistent with expecta-
tions from the finite element calculations. For run r0055, at
intermediate transmission, the apparent temperature gradient in
the solid phase decreases quickly with barely any grains detected

after 17.5 μs, and the rest of the sample probably molten. The same
observation is also true at higher transmission, albeit on a faster
timescale.

Co-existing phases in the diffraction patterns are, thus, (i) not
necessarily under the same conditions, and (ii) cooling from a peak
temperature reached 221.5 ns earlier, which can be over 1000 K
higher (this drop in temperature increases directly with the peak
temperature). For this reason, it is difficult to assess the location of
a phase boundary based on our measurements. We, thus, find that
the most efficient procedure to establish a phase diagram here is to
track the highest temperature at which a solid grain is observed,
assuming that this temperature will correspond to the uppermost
location of the phase stability.

D. Thermal pressure

The estimation of thermal pressure is necessary to evaluate
pressure and temperature based on x-ray diffraction. In DAC exper-
iments, thermal pressure lies between the isobaric (x ¼ 0) and iso-
choric (x ¼ 1) boundary conditions. The determination of the
thermal pressure correction factor, x, is a long standing issue in
high pressure experiments. Values of 0.3 or more are often used in
the literature depending on studies and materials.10,14,15,64

Here, we use a known melting curve for Fe and our measure-
ments to evaluate the value of x for x-ray heating experiments
(Fig. 11, color symbols). We find that x increases with pressure,
ranging from 0.04 at 10 GPa to 0.23 at 130 GPa. For cells below
100 GPa, the scatter between values of x found for different runs of
the same cell or for different cells at comparable pressures is
similar. For the cell above 100 GPa, the differences between the dif-
ferent values of x arise from the difficulty to determine the
maximum unit cell volume observed in the hcp phase. The increase
of x with pressure is expected as both the sample and the PTM
become stiffer (positive derivative of KT with P). Stiffer materials
will lead to more thermal pressure than softer materials.14,55

However, we observe no difference between data collected with a
SiO2 or KCl PTM. Moreover, higher pressure means smaller exper-
imental chamber and thinner PTM layers between the sample and
the diamonds, which prevent thermal expansion as the anvils will
not move.

The thermal pressure correction factor x reflects the capability
of the PTM to accommodate for the sample expansion and, thus,
may depend on the thermal history of the relaxation state of the
PTM at the investigated position.10,67 However, no systematic trend
was found between the runs that were performed on an unrelaxed
position (first significant heating) or on a position that had already
gone through several significant heatings, where one might expect
an annealed PTM and, hence, lower thermal pressure.

Intuitively, the thermal pressure may be expected to increase
at higher heating rates. However, the opposite was observed in our
experiments: x decreases with increasing x-ray beam transmission,
which governs the heating rate. With a higher transmission, PTM
reaches a higher peak temperature, high enough to melt it early in
the run. A liquid PTM would better accommodate the thermal
expansion of the sample, thus reducing the value of x.

Figure 11 shows the thermal pressure at melting as a function
of the starting pressure at 300 K. It increases from Pth ¼ 0:8 GPa

FIG. 13. Temperature gradients in the fcc-Fe as a function of frame number
and time for runs r0049 (blue, 1%tr), r0052 (orange, 2% tr), and r0055 (green,
1.5% tr) of cell Hibef_22 at a starting pressure of 10+ 1 GPa at 300 K. Solid
lines correspond to the temperature determined from the median diffraction
angle of fcc-Fe peaks. In addition, light blue, orange, and green colors highlight
the corresponding temperature gradients determined from the distribution of indi-
vidual spot positions. At higher temperatures, grains tend to grow, the number of
grains reduces, and, hence, the apparent temperature gradients in fcc-Fe
become negligible. The observed oscillations of the temperature deduced from
the unit cell volume indicate solid fcc-Fe recrystallization between pulses.
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for P300K ¼ 10 GPa and 2140 K to Pth ¼ 12:1 GPa for
P300 K ¼ 138 GPa and 4370 K. The values we obtain are consistent
with finite element modeling. Indeed, for run r0435 of cell P1 at
P300 K ¼ 69 GPa, the simulated thermal pressure around Tm at
instant tB is 6.5 GPa, in agreement with the 6.2 GPa we find for the
same run at melting conditions.

Literature values of x range between 0.3 and 0.7, based on
continuum calculations,10 finite element modeling,14 comparison
between DAC and large volume press experiments,11,15 pressure
changes during laser-heating,55 or direct measurement of the pres-
sure and temperature distribution during heatings.63 Differences in
thermal pressure estimates could be explained by the use of differ-
ent samples/PTM combinations in addition to the different heating
method. In addition, we note that our approach relies on a
multi-crystal-like analysis, looking for the grain at the highest tem-
perature rather than a mean sample temperature, as usually done
in the standard powder diffraction analysis. Determining the values
x by forcing the mean sample temperature to correspond to that of
the melting curve would automatically increase the deduced values
for x. This approach, however, would neglect the effect of tempera-
ture gradients that we know to be important. Finally, we note that
the values of thermal pressure we obtain are in line with the results
of finite element calculations for this sample configuration, which
supports our experiment-based conclusions.

E. Iron melting temperature

Our data show grains with volumes inconsistent with the
lower melting curve for iron published in the literature (Refs. 34
and 35) and are, hence, supporting the higher melting curve family
for Fe at high pressure (Refs. 17, 32, 43, 65, and 66). Questions
could be raised whether equilibrium has been reached, which has
been a longstanding debate between the shock and static communi-
ties (e.g., Refs. 3, 32, 34, 35, 66, and 68–70).

While individual heating events are of short duration (fs)
here, there are 222 ns between each heating and the subsequent
probe. During these 222 ns, the sample cools by up to thousands of
K (Fig. 8). FEM modeling indicates that there is sufficient time for
the sample to crystallize from the liquid state. These experimental
timescales are significantly longer than those of shock wave tech-
niques, which, in addition, probe the sample upon heating rather
than cooling. As such, one could argue that our measurements are
at equilibrium since they probe the Fe sample returning from the
molten state, with sufficient time to crystallize. Nevertheless, our
measurements also show transient states in the solid portion of the
phase diagram, which remain to be understood (Appendix F) and
will be investigated later.

V. CONCLUSION

This study shows the feasibility of volumetrically heating a
compressed iron sample up to megabar pressures using intense
x-ray pulses delivered by a XFEL source. By tuning the x-ray inten-
sity, we can explore different regions of the phase diagram, includ-
ing solid–solid phase transition, and partially or totally molten
samples. The known iron phase diagram has been reproduced,
including the location of the bcc–fcc–hcp triple point at �9 GPa
and �730 K, the hcp to fcc transition induced by temperature

above 15 GPa, and the melting curve of Fe up to 150 GPa. In par-
ticular, the measured volumes and the known melting curve have
been exploited to develop a dedicated metrology for x-ray heating
experiments, accounting for thermal pressure.

Importantly, due to the rapid heating (�25 fs) and subsequent
quenching (�222 ns) of the sample and short experimental time
(<78 μs), chemical diffusion is very limited if not absent. As direct
consequence, no chemical contamination of the Fe sample by the
carbon from the anvils was observed in the diffraction data, unlike
in pulsed laser-heating DAC experiments. Note, however, that a full
study of carbon contamination of Fe samples in DAC experiments
would require additional spectroscopy analyses,22 which were not
done here. The contamination risk can be further reduced by
decreasing the number of x-ray pulses. Indeed, depending on the
x-ray intensity and pressure of the sample, the molten state can be
reached within a few pulses, and the solid signal can disappear
quickly afterward. As such, not every measurements require the
maximum 352 consecutive pulses we used here.

Thanks to the single-spot tracking analysis, temperature gradi-
ents can be accounted for and characterized. This technique also
allows us to determine quantitative values for thermal pressure,
which is essential to establish the P–T conditions at which the
sample is probed. The thermal pressure values we obtain are lower
than in most of the literature and strongly depend on the starting
pressure, increasing from 0.8 GPa when heating to 2140 K at
10 GPa (x ¼ 0:036) to 12.1 GPa when heating to 4370 K starting
from 138 GPa (x ¼ 0:228).

The exact P–T path induced by x-ray heating, however, can be
difficult to establish. Currently, temperatures below �3000 K are
difficult to measure using the SOP setup at the HED instrument. In
addition, SOP measures the sample surface temperature, which
may be up to 1000 K lower than that of the bulk sample, and is
averaged over a duration during which the sample temperature can
vary significantly. As for in situ x-ray diffraction, the sample is
probed 221.5 ns after the peak temperature, during which the
sample cooled by up to 1000 K or more. For the reasons listed
above, locating phase boundaries in a phase diagram can be com-
plicated, in particular, when high-temperature phases are quench-
able. We find that the most reliable technique is to identify the
highest temperature of existence of a given phase.

X-ray heating differs from the usual laser-heating of metallic
samples by the way it heats the sample.5,8 Indeed, x rays are
absorbed by the core electrons that heat before equilibrating with
the ionic network.24,71 This would mean that two temperatures
co-exist in the sample during and just after heating: a lower tem-
perature for the ionic network and a higher temperature for the
electronic cloud, which should equilibrate within tens of picosec-
onds.71 The way this heating mechanism affects the observed tem-
peratures and crystalline phases should be further investigated in
the future. Indeed, recent first-principles calculations for iron at
megabar pressures suggest that it changes the iron phase diagram
at high electronic temperatures.72

This method is now ready for further studies, which will focus
on fine effects of x-ray heating on the iron phase diagram. X-ray
heating with pulsed XFEL sources can also be applied to other
materials. The method is efficient to reach high temperature in the
sub-μs timescale and, as we show here, induce phase transitions in
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agreement with other methods of observations. Because the entire
sample thickness is exposed to the x-ray beam, x-ray heating has
the benefit of low axial temperature gradients. There are limitations,
however. First, significant lateral temperature gradients and fast
moving microstructures from frame to frame can be challenging to
account for, which can be partly addressed by single peak extrac-
tions rather than a simple powder XRD analysis. Thermal pressure,
also, will depend on the strength and compressibility ratios
between the sample and the pressure medium, which might lead to
complicated determination of the exact P=T conditions. As such,
studies on a material with a previously calibrated equation of state,
albeit at lower P=T conditions, as we do here, would be recom-
mended. The state of matter obtained during the successive cycles
of fast heating and cooling with the repeated X-pulses can also be
affected by kinetics and sample history. Hence, a precise determi-
nation of temperature of phase transitions, for instance, should be
analyzed with caution. Nevertheless, x-ray heating with pulsed
XFEL sources is a relevant method to study the state of matter in
conditions that were simply not attainable with conventional laser-
heating DAC experiments and at fast timescales, hence limiting the
risk for reactions with either the diamonds or pressure medium
surrounding the sample.
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APPENDIX A: ESTIMATING UNCERTAINTIES

The pressure at 300 K was calculated for the hcp phase using
three different equations of state. Comparison between the different
results is plotted in Fig. 14.

The main sources of uncertainty in our analysis arise from (i)
the estimation of the sample unit cell volumes based on the XRD
data, (ii) estimations of pressures using published equations of
state, and (iii) the assumed melting temperature of iron at high
pressure and temperature.

Uncertainties arising from different equations of state were
accounted for when calculating sample pressures at ambient tem-
perature. The uncertainty on pressure deduced from the hcp unit
cell volume is estimated by comparing results from several equa-
tions of state (EoSs) found in the literature (Refs. 73 and 74, see
Fig. 14). Estimating an uncertainty on pressure for the other phases
(α and γ-Fe) is more difficult as less EoSs are available in the litera-
ture. Therefore, we arbitrarily set the uncertainty on pressure to 1
and 3 GPa below and above 100 GPa, respectively.

The uncertainty in determining the thermal pressure scaling
value, x, comes from the uncertainties in the ambient pressure
before heating, the volume of the unit cell of the hottest sample
grains, and the melting temperature. Uncertainty on pressure is set
as above. Based on the distribution of unit cell volumes measured
in the sample, we assume an uncertainty of +0:025Å3 at melting.
As for temperature, the issue arising from the disparities in the

literature on the melting curve is addressed in Secs. III E and IV E.
Since the largest volumes measured in a solid phase at several pres-
sures exceed the volume expected at melting when a low melting
temperature is assumed [TLT

m , see Figs. 10(a) and 1], we only con-
sider the upper-bound melting curve THT

m in our calculation of x,
with an uncertainty of 200 K.

Additionally, looking at the variation of P300K between succes-
sive runs, we cannot be certain that the cold pressure of the sample
when it reaches melting is the same as the one determined at the
beginning of the run. This unpredictability of the evolution of the
cold pressure during the run scatters the values of x we find.
Indeed, if the cold pressure at melting is less than at the beginning
of the heating, the measured temperature is underestimated and so
is x. On the contrary, if the cold pressure has increased, the tem-
perature is overestimated and so is x.

APPENDIX B: PRESSURE CHANGES BETWEEN RUNS

Due to the pressure gradients that can develop in the DAC
upon compression, pressure can change with position within the
sample chamber. Moreover, on a same sample position, cycles of
heating, cooling, and phase transformations can lead to relaxation
of stress in both the pressure medium and the sample.67 Examples
of such variations of the pressure in the DAC are shown in Fig. 15.

The repeated cycles of x-ray heating induce relaxation of stress
at the heated sample position, as shown for the first position in
Hibef_04, or the second position in Betsa_A. The reduction of
pressure, however, seems localized as other positions remain at
higher pressure, as shown for the different positions in Hibef_04.
Moreover, the relaxation of the PTM can sometimes be seen by the
sharpening of its 110 diffraction peak after several cycles on a same
position. In other cases, pressure of the PTM can increase at the

FIG. 14. Comparison between the different equations of state for hcp Fe. The
pressures obtained with the equations of state from Refs. 73 and 74 are com-
pared to that obtained with the equation of state from Ref. 62 for all the runs
presented in this study using the hcp-Fe volume on the first frame.
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heated point, as shown in Fig. 16. Note that pressures deduced
from fcc-Fe at 300 K are not always consistent with those deduced
from hcp-Fe and KCl, which is not surprising as fcc-Fe is a meta-
stable phase under those conditions. We can also note that,
depending on the DAC, the evolution of the pressure deduced from
the PTM and the Fe can be similar (Hibef_40) or reversed
(Betsa_A).

APPENDIX C: DIFFUSE SCATTERING

As shown in the examples in Fig. 17, the diffuse scattering
signal is difficult to observe. This is due to the lack of pinhole and
the intensity of the solid signal. We, hence, additionally relied on
other criteria to determine melting (Table II).

APPENDIX D: FINITE ELEMENT MODELING ANALYSIS

The numerical model used to determine the temperature evo-
lution induced by x-ray heating in run r0435 was built using the
commercial COMSOL software. The geometry of the DAC and the
contained assemblage was built assuming a two-dimensional axi-
symmetric geometry. Thickness of the sample was set to 2.5 μm,
sandwiched between two 2 μm KCl layers and surrounded by a
6.5 μm thick KCl cylinder. The sample was assumed to have a
cylindrical shape with radius r ¼ 40 μm and surrounding KCl
hosting the cylinder with a radius of r ¼ 120 μm. Figure 18 high-
lights the main aspects of the geometry and the mesh used in the
model. The heat equation was solved using quadratic discretization.
Details about the way the volumetric x-ray heat source is absorbed
can be found in Ref. 56. A 18 keV x-ray absorption coefficient was

FIG. 15. X-ray transmission (top) and starting 300 K pressure (bottom) as a function of run number for cells Hibef_04 (a) and Betsa_A (b). These are deduced from the
x-ray diffraction patterns collected with the first pulse in an x-ray train. The orange zone corresponds to the range of pressure calculated using different equations of state
(see Appendix A). The dashed vertical green lines mark the times at which the sample was moved to a new position. The pressure depends on the heating history of the
position.

FIG. 16. X-ray diffraction mapping of sample P1 after the experiment taken at the Extreme Conditions Beamline P02.2 at PETRA III (λ ¼ 0:4839Å) with 5 μm steps using
xdi software.75 The color scale is proportional to the diffraction intensity (in arbitrary units). (a) Map of the lower 2θ part of the KCl 110 peak (low pressure). (b) Map of the
larger 2θ part of the KCl 110 peak (high pressure). (c) Map of the fcc 111 peak (heated position). The increase of KCl pressure matches the position of the quenched fcc,
which is that of the heated position.
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disregarded for the gasket area owing to its great distance to the
beam source. To account for solid mechanics, the solver used qua-
dratic serendipity discretization and assumed quasi-static structural
transient behavior.

The material properties (diamond, Re, Fe, KCl) used in
the model are listed in Table III. When assumed necessary (i.e.,
supposed to have a non-negligible effect on temperature evolu-
tion), material property variations with pressure and tempera-
ture were included in the model. Such variations were included
in the model by generating text files of properties (e.g., 10 000

densities calculated over 100� 100 volumes and pressures over
the valid publication range) that were then imported into
COMSOL, which then achieves linear interpolation to infer the
properties at the required pressure and temperature. Note that
some values, such as iron thermal conductivity at extreme pres-
sure and temperature, can still be controversial at some condi-
tions as contradictory values have been published. Thermal
stresses (i.e., pressure) induced through x-ray heating were
included using the same procedure described in Ref. 56.
Thermal expansion coefficients that induce thermal pressure

FIG. 17. Diffuse scattering from molten Fe. (a) Diffraction patterns of frames number 1, 280, and 352 of run r0452 from the Betsa_A cell with a starting pressure of
138 GPa. Patterns intensities were scaled based on background measured at low angle, where no diffraction is expected. The baseline for frames 280 and 352 shows an
elevation with respect to the first frame in the �20� � 23� range, which can be attributed to weak diffuse scattering from molten Fe. The appearance of a weak diffuse
scattering signal correlates with a decrease of the hcp peaks intensities and with a total disappearance of 002. (b) Diffraction patterns of frames number 1, 38, and 111 of
run r0076 from the Oxek_011 cell with a starting pressure of 67 GPa. The peak labeled with a star is from the SiO2 pressure medium, which heats and crystallizes during
the run. The baselines for frames 38 and 111 show an elevation with respect to the first frame in the �20� � 23� range, which can be attributed to weak diffuse scattering
from molten Fe.
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are listed in Table III. Shear modulus G was assumed to drop
to zero upon melting.

The maps with the different phase extents in the sample [i.e.,
Fe-hcp, Fe-fcc, and liquid Fe, see Fig. 8(d)] were obtained by using
the phase change and melting temperatures defined in the model.
Whenever mentioned, the temperatures are either given for the
upper border of the sample (UBS) or in the middle of the sample
(MS), both located on the axis of symmetry. Including phase
change allows us to account for latent heat in the temperature

evolution as well for a smooth change in properties from one phase
to another. Thermal conductivity of fcc iron at the considered con-
ditions is poorly studied and was arbitrarily set to 100W (mK)�1.
Melting of diamond and rhenium were not considered as they
always remain close to ambient temperature. The thermal stress in
the model was calculated the same way as described in Ref. 56
using the thermal expansion coefficients and bulk and shear
moduli provided in Table III.

APPENDIX E: TEMPERATURE EVOLUTION FOR RUN
R0435

An example of the evolution of the temperature deduced from
the unit cell volumes is presented in Fig. 19 for run r0435 at a start-
ing pressure of 69 GPa. We can observe the HT fcc phase being
quenched far below its stability temperature domain. Moreover, the
temperature from the hcp phase is sporadic due to the difficulty to
assign two different reflections to a same grain to obtain realistic
unit cell volumes.

APPENDIX F: DISORDER ABOVE 100GPa

In DAC Betsa_A, different transient phenomena are visible,
such as stacking faults or appearance of fcc grains. Those signs of
disorder render the phase identification less straightforward, espe-
cially since fcc and hcp are structurally close and differ only by
their stacking sequence.82,83 Due to their fickle behavior, properly
tracking and explaining such phenomena requires a different
metrology and a dedicated study that goes beyond the scope of this
paper.27

FIG. 18. DAC geometry and the corresponding mesh used for the simulation in the COMSOL model. Mesh has been refined at the locations where strong temperature and
pressure gradients are expected, such as at the sample/PTM interface. To reduce computation time, the mesh element size has been increased where minimal variations
are expected.

TABLE III. List of material properties used in the numerical model. [ from top to
bottom: density (ρ); heat capacity (CP); thermal conductivity (kth); melting tempera-
ture (Tm); parameters of the Simon–Glatzel equation, T0 ⋅ (P/a + 1)(1/c) (with P in
GPa); absorption coefficient at 18 keV (μX-ray); thermal expansion coefficient (αL);

shear modulus (G); and bulk modulus (K)]. The var. mention stands for the variable
material property. All absorption coefficients were calculated from the official center
for x-ray optics of the Berkeley lab website.76

Material Diamond Re KCl Fehcp, Fefcc, Feliq.

ρ (kg m-3) 3520 21 020 EoS77 EoS,74 EoS,78 EoS79

CP [J (kgK)�1] var. 140 690 var.
kth [W (mK)−1] 990 48 12.5 var.,80 100, 40
Tmelt (K) (T0/a/c) ø ø 1323/2.2/

2.758
var.a (1811/23/

2.26)81

μX-ray(m
�1) 158 ø 2513 26 316

αL (K
−1) 8 × 10−7 6 × 10−6 3.647 × 10−5 10.6 × 10−6

K (GPa) 446 332 17.2 160
G (GPa) 529.6 182 6.24 78 (fcc, hcp), 0

aPolynomial from Ref. 17: (635 + 12.59 P + 0.385 P2− 0.0022 P3).
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