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The development of pulsed intense X-ray sources such as free electron laser offers new50

avenues for high pressure experiments. Here, we study the feasibility and metrology of X-51

ray heating in diamond anvil cells at the European X-ray free electron laser. This method52

enables one to volumetrically heat the sample while inhibiting chemical migration and53

probing the crystallographic structure of the sample throughout the heating with a high54

repetition rate. We focus our study on iron, whose phase diagram is well established up55

to 100 GPa, to explore the possibilities and limitations of this technique. We volumetri-56

cally heat iron samples at starting pressures ranging from 10 to 138 GPa, using the X-ray57

beam pulsed at 4.5 MHz in a serial pump-and-probe experimental design. Experimental58

challenges arise from temperature gradients within the sample, changes in temperature at59

the 100 ns timescale, the difficulty of direct temperature estimates, the effect of thermal60

pressure, and the presence of metastable crystallites due to rapid cycles of heating and61

cooling. Hence, we develop a multi-crystal-like data processing method that allows us to62

account for sample heterogeneity in probed conditions. We then calibrate our measure-63

ments using known physical properties of iron under pressure. Thermal pressure in our64

experiments increases from 4% of the isochoric prediction at 10 GPa to 23% at 138 GPa65

and we show that our data is in agreement with most previous observations of iron in this66

pressure range. The method can now be implemented at higher pressures and temperatures67

and on materials with unknown phase diagrams.68

a)Present Address: Universität Münster, Münster, Germany
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Note to the copyeditor: all figures and tables were prepared by the authors. References used69

in the figure and table captions refer to raw data, software, scientific instruments, and calibration.70

There is no copyrighted content whatsoever.71

I. INTRODUCTION72

The study of materials under extreme conditions has numerous applications in both material1,2
73

and planetary sciences3. The development of extreme conditions studies depends on joint ad-74

vances in technologies to reach high pressure and high temperature conditions and in situ sample75

characterization methods4. Noteworthly, the increasing brilliance of X-ray sources in the last76

twenty years has allowed researchers to perform in situ X-ray diffraction and spectroscopy mea-77

surements of constantly improving quality2. Among the different techniques commonly used to78

generate high pressure (HP) conditions, the diamond anvil cell (DAC) enables the confinement79

of samples at static high pressures for periods of time exceeding days or even months. Coupled80

with laser heating5–8, the sample can be statically compressed and heated to high temperatures81

(HT ) for up to several hours, enabling studies of thermodynamic equilibrium and properties at the82

Earth’s mantle and core conditions9–13. However, intrinsic difficulties include pressure (P) and83

temperature (T ) gradients14–16, chemical contamination from the diamond anvil and surrounding84

media8,17–19, and problems with the process of laser-heating itself, such as for samples with high85

reflectivity20. To overcome some of these hindrances, studies have been conducted with pulsed86

laser heating6,7,21. However, existing synchrotron facilities generally require the collection of X-87

rays from many pulsed heating events to achieve a good signal to noise ratio, which still leads to88

experimental timescales at which chemical migration and contamination can readily occur.22.89

New generation X-ray sources, such as X-ray free electron lasers (XFEL), offer new opportu-90

nities in this field. Their short (<100 fs) but brilliant X-ray pulses enable high resolution sample91

characterization using X-rays without cumulative measurements23–27. The European XFEL (Eu-92

XFEL) is unique in that its pulsed beam allows time-resolved measurements with a frequency up93

to 4.5 MHz23,25. This feature has been used to develop new pump and probe techniques to induce94

volumetric heating (heating of the bulk of the sample as opposed to surface heating, using infra-95

red laser for example) and probe the sample state using X-ray diffraction. Previous studies have96

shown that such a high rate of X-ray exposure can lead to cumulative sample heating up to several97

thousands of K or more depending on the sample composition28–30. The method can hence be98
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used, in combination with static pressures generated by DAC, to explore HP/HT phase diagrams99

of materials. However, this new ultrafast heating and characterization process requires the devel-100

opment of new analysis methods, both to handle the large volume of data generated and to ensure101

accurate metrology, particularly in evaluating the actual sample pressure and temperature.102
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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 temperature γ-ε and melting (T HT
m ) curves are from Ref. 32.

The low temperature γ − ε and melting (T LT
m ) curves are from Refs. 33, 34 and 35. Symbols represent

the detection method and conditions at which melting was observed (see Section 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).

Here, we focus our study on a well-studied material, pure iron (Fe). As Fe is the main con-103

stituent of planetary cores, its phase diagram (see Fig. 1), equations of state and melting curve104

have been extensively studied, both experimentally and by simulations. Starting in a body cen-105

tered cubic (bcc or α-Fe) phase at ambient conditions, it transforms into a face centered cubic106

(fcc or γ-Fe) phase upon heating. Below 5 GPa, it transforms into a bcc (δ -Fe) phase before107

the melting temperature36, while retaining the fcc phase till melting at higher pressures. When108

compressed, α-Fe transforms into a hexagonal close-packed (hcp or ε-Fe) phase with a signif-109

icant pressure-induced hysteresis around 12 GPa at room temperature (RT )37,38. The α − γ − ε110

triple point is situated at 9.2 ± 1.3 GPa and 730 ± 50 K (Ref. 31 and references therein). The111

stability domain of γ -Fe extends up to the γ − ε−liquid triple point. Although earlier studies112
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placed the γ − ε−liquid triple point around 60 GPa and 2800 K39,40, the current agreement places113

it closer to 100 ± 10 GPa with a T ranging from 2800 K to 3712 K depending on the consid-114

ered study17,32,33,41–44. From the triple point and up to 200 GPa, hcp is stable from RT up to115

melting. Some studies argue that the hcp structure is stable from RT until melting, even above116

1.5 TPa45,46, while others argue that a bcc phase would become stable below the melting curve117

above 200 GPa27,47,48. The melting curve remains a topic of study with discrepancies at the Earth118

inner core boundary (330 GPa) reaching 900 K between the low Tm = 5800 K reported in Ref. 40119

and the highest Tm = 6700 K reported in Ref. 49.120

In this paper, we explore the phase diagram of Fe using the pulsed beam of the European121

XFEL in order to validate the method of pump and probe X-ray heating in the diamond anvil cell122

on a well-studied phase diagram, refine the data analysis procedures, and develop a metrology to123

determine pressure and temperature in such experiments. We will focus our study mainly below124

100 GPa, where the phase diagram is less controversial for Fe, and exploit this new experimental125

facility to explore the phase diagram of pure Fe up to 155 GPa at high temperature.126

This article is organized as follows. In Section II, we present the sample preparation and Eu-127

XFEL experimental protocol. Section III is devoted to the data processing procedures: analysis of128

4.5 MHz X-ray diffraction images, criteria for phase identification, and the procedure to evaluate129

sample pressure and temperature conditions. Section IV then presents the effect of X-ray intensity130

on observed phases and sample conditions, the stability of the observed iron phases, thermal pres-131

sure, and gradients in sample conditions. The observed phases are in agreement with the phase132

diagram based on current literature and, based on known equations of state of iron, we propose a133

calibration for thermal pressure in such experiments.134

II. EXPERIMENT135

A. Samples136

The results presented in this paper are from the #3063 community proposal at the EuXFEL. The137

Fe samples were prepared from a 5 µm thick iron foil of 99.85% purity from GoodFellow (product138

#FE00-FL-000100) and cut into disks using a femtosecond laser. Fe disks were then loaded into139

sample chambers in Re gaskets with potassium chloride (KCl) as a pressure transmitting medium140

(PTM), except for the Oxek_011 cell, for which the PTM was fused SiO2 powder from Sigma-141
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Aldrich (CAS number 112945-52-5). Cells loaded with KCl were placed in an oven for ∼12 hours142

to dry the salt before being closed and compressed. Details on diamond anvil cell type, samples143

and diamond dimensions are provided in Table I. The samples were characterised before and144

after the EuXFEL experiments using synchrotron X-ray powder diffraction at the beamline P02.2,145

PETRA III, DESY, Hamburg. A 2 x 2 mm2 beam with incident energy of 42.7 keV (λ = 0.2905146

Å) in combination with a Perkin-Elmer XRD 1621 flat panel detector with 2048 × 2048 pixels147

of 0.2 × 0.2 mm2 placed at a distance of 416 mm from the sample was used to estimate starting148

and final pressures and assess the quality of the DAC loadings. During post-screening after the149

EuXFEL experiments, 2D diffraction maps were performed by collection XRD diffraction images150

at every points over a grid in the horizontal and vertical direction, with a step size of 5 or 10 µm151

(see Appendix B, Fig. 16 ). Post-screening XRD maps confirm the absence of other phases such152

as iron carbides which would occur due to carbon contamination from the diamond anvils.153

DAC Pressure Diameters (µm) Pressure (GPa) Run

Name Type medium Culet Fe sample Chamber Start End Min. Max. numbers

Hibef_22 Symmetric KCl 300 75 120 9.5 10.1 3.6 10.1 0036 - 0056

Hibef_04 Symmetric KCl 300 50 (2x) 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

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 pressures reached

during the run. Cell Hibef_04 was loaded with two samples of 50 µm diameter.
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B. XFEL Experiment154

We used the High Energy Density (HED) instrument of the EuXFEL26 using a layout similar155

to that described in Ref. 25 in interaction chamber 2. The X-ray beam is pulsed at 4.5 MHz. Those156

pulses are fired on the sample in trains of 352 pulses. Coupled with the Adaptive Gain Integrating157

Pixel Detector (AGIPD)50, which can acquire up to 352 diffraction patterns sequentially at this158

frequency, this allows for a time resolved structural analysis of the sample over 78 µs. A run159

comprises a single train on the sample and the associated diagnostic measurements.160

Each time the sample is exposed to an X-ray pulse, the pulse is partially absorbed by the161

electron cloud51, causing the sample to heat on a very short timescale. The sample then cools and162

is probed upon cooling by the following X-ray pulse, 221.5 ns later in the train. The corresponding163

schematic sample temperature evolution with time is shown in Fig. 2.164

2 3521pulse 0

RT

T max

T diffraction

T max

T diffraction

Te
m

pe
ra

tu
re

0 ns 221.5 ns 443 ns 77.75 µs

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 shows a simplified schematic of the set-up used in this experiment. The X-ray energy165

was measured to be 18.08 keV (λ=0.6858 Å) using the HIREX-II spectrometer25,52. The intensity166

of individual pulses varies within each train and from train to train. The pulse energies of all 352167

pulses were derived from measurements of scattered light from a thin diamond window by fast168

diodes placed before the interaction point, calibrated to absolute pulse energies using X-ray gas169

monitors (XGM)53 prior to the experiment. The XFEL focal spot size on the sample was measured170
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FIG. 3. Experimental layout. The starting material is a 5 µm thick foil of pure Fe. The pressure transmiting

medium is KCl or SiO2. The detector is perpendicular 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 DAC28.

to be 3 to 5 µm full-width half maximum based on foil imprint analysis51. Attenuators can be171

placed in the path of the X-ray beam to control the intensity of X-rays transmitted to the sample.172

In the paper we will refer to X-ray transmission (% tr), calculated as a ratio of the transmitted beam173

intensity with respect to that of the full beam. Each X-ray pulse deposits energy into the sample.174

For low X-ray transmission, heating due to X-ray absorption does not exceed heat loss due to175

thermal diffusion and sample heating is small. At higher transmission, X-ray absorption heats176

the sample faster than thermal diffusion allows the sample to cool, which can induce significant177

heating and phase transitions.178

The AGIPD detector, located outside the interaction chamber behind an Al window, was used179

to collect angle-dispersive X-ray diffraction (XRD), with a 2θ Bragg angular coverage between 9˚180

and 30 .̊ The sample-detector distance of 356.45 mm and other integration parameters have been181

calibrated against the XRD pattern of a Cr2O3 standard collected during the experiment.182

For each DAC, we tested the different X-ray transmission levels on a first position on the183

sample to determine what transmission induced visible change in the sample crystallographic unit184

cell volume and structure (Fig. 4). Low X-ray transmissions have no visible effect on the sample.185

Increasing X-ray transmissions induces sample heating (indicated by thermal expansion of the unit186

cell) and, potentially, phase transitions (new peaks) and melting. High-transmission runs were187

alternated with low-transmission runs at fresh sample positions to compare the sample structure188

before, during, and after heating.189

9

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
03

95
3



d)

232217 18 2019 21 24 25
2θ (°)

16

tim
e 

(µ
s)

10

20

30

40

50

60

70

80

0

K
C

l 1
1

0

h
cp

 1
0

0

hc
p 

00
2

h
cp

1
0

1

fc
c 

11
1

fc
c 

2
0

0

P1 - r0435

4.5%tr - 69 GPa 

c)

200

300

Im
a

g
e

 n
u

m
b

e
r

100

0

232217 18 2019 21 24 25
2θ (°)

16

K
C

l 1
1

0

h
cp

 1
0

0

hc
p 

00
2

h
cp

 1
0

1

fc
c 

11
1

fc
c 

2
0

0

P1 - r0422

2.5%tr - 76 GPa 

b)

232217 18 2019 21 24 25
2θ (°)

16

tim
e 

(µ
s)

10

20

30

40

50

60

70

80

0

K
C

l 1
1

0

h
cp

 1
0

0

hc
p 

00
2

h
cp

 1
0

1

P1 - r0419

1%tr - 80 GPa 

a)

200

300

Im
ag

e 
nu

m
be

r

100

0

232217 18 2019 21 24 25
2θ (°)

16

K
C

l 1
1

0

h
cp

 1
0

0

hc
p

00
2

h
cp

 1
0

1

P1 - r0417

0.1%tr - 80 GPa 

FIG. 4. Azimuthally integrated X-ray diffraction images stacked as a function of time or frame (diffraction

image) number for several runs on 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 transformed to fcc. All diffraction peaks from solid Fe

disappear on frame 162 at 35.66 µs (dotted black line).

III. DATA PROCESSING190

A. Time series measurements191

The diffraction patterns are first analyzed using Dioptas54. Azimuthal integration of the XRD192

data yields a 1D pattern of the intensity as a function of 2θ . Diffraction spectra collected from193

the 352 successive pulses in a train are then stacked to build an image depicting the evolution of194
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diffraction patterns with time, or pulse number, allowing for a quick assessment of the observed195

phases and their crystallographic features. Fig. 4 shows the time-series of four runs on the P1 cell196

at 75±9 GPa, using different X-ray transmissions. At low X-ray transmission (0.1% tr, Fig. 4a),197

no thermal expansion is observed in the sample at probe time, as evidenced by the lack of variation198

in the 2θ position of the hcp-Fe diffraction lines. This data can be used as a diffraction pattern199

reference for the analysis. The amount by which X-ray transmission is increased allows one to200

control the magnitude of sample heating. Fig. 4b shows the results of X-ray diffraction with 1% tr201

in which thermal expansion can be observed. As transmission increases, the temperature in the202

sample builds further which can lead to phase transitions, whether solid-solid, as shown in Fig. 4c203

with 2.5% tr (hcp to fcc transition), or even solid-liquid, as shown in Fig. 4d at 4.5% tr (hcp to204

fcc to melting). With further increased X-ray transmission, the same transformation is reached205

earlier in the pulse train. For instance, the hcp to fcc transition starts at 23.31 µs in run r0422 with206

2.5% transmission and at 3.11 µs for run r0435 with 4.5% transmission.207

B. Detecting phase transitions208
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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 simultaneously until the end of the run due to

thermal gradients and phases metastability.

Phase identification is first performed on integrated patterns time series (e.g. Fig. 4) in which209

we identify α-, γ-, or ε-Fe. The exact timing of the appearance of a new phase is then refined210

by searching for the first appearance of individual diffraction spot directly in the 2D diffraction211

images. Note, however, that 111fcc and 002hcp overlap and can be hard to assign unambiguously.212
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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, indicating 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.

The concomitant observation of 200fcc, for instance, is then used to confirm the presence of γ-Fe213

in the sample.214

Fig. 5 shows an example from run r0037, from cell Hibef_22 at 10 GPa. During XFEL ir-215

radiation, the diffraction peak from α-Fe shifts to lower angles due to thermal expansion during216

heating. 100hcp and 101hcp peaks appear, followed by 111fcc and 200fcc, after 4.22 µs and 9.77 µs,217

respectively. Note that 002hcp is not clearly observed due to grain orientations caused by uniaxial218

stress and an overlap with 110bcc. This sequence of phase transitions can be explained in view219

of the proximity of the P−T conditions with the α − γ − ε-Fe triple point at 9.2± 1.3 GPa and220

730±50 K (Ref. 31 and references within).221

C. Evidence for melting222

The criterion for detecting melting in DAC experiments has been a topic of debate for223

decades8,17,19,55, with the appearance of a diffuse scattering signal often considered as an un-224
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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

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 is also indicated. V sat.: unit cell

volume saturation, that is visible saturation of the thermal expansion induced shift of the diffraction peak.

diff. scatt.: diffuse scattering visible in the diffraction pattern. no peak: disappearance of diffraction peaks

from sample.
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ambiguous bulk signature of melting32. A diffuse scattering signal from molten Fe is sometimes225

observed (e.g. Appendix C, Fig. 17), but not consistently due to the detector low background qual-226

ity. Moreover, before the total melting of the sample, the solid diffraction signal dominates the227

diffraction as the large beam with long tails probes a significant portion of cold, external sample.228

In some cases (e.g. Fig. 4d), we observe the disappearance of all Fe diffraction peaks, indicating229

that there are no more solid Fe grains probed by the X-ray beam. In other cases, we observe a clear230

saturation in the 2θ position of the diffraction peaks of the high temperature phase, contrasting231

sharply with the 2θ shift caused by thermal expansion (Fig. 6). This saturation is also sometimes232

observed for hcp peaks when a transformation into fcc occurs (e.g. Fig. 4d). Saturation in volume233

shift occurs when phase transformations are observed during serial pump and probe experiments234

due to the presence of temperature gradients30,51.235

In this study, due to intermittent detection of diffuse scattering signal, we also used the disap-236

pearance of the sample diffraction peaks for the HT phase, and the saturation in the position of237

these peaks as evidence for melting. We then extracted the largest unit cell volume of the HT solid238

phase of Fe observed during the run, which was considered to originate from the hottest solid por-239

tion of the sample and, hence, at a temperature just below that of the melting line. This maximum240

solid-state volume was then compared, in combination with an equation of state, to the expected241

temperature at melting. The different criteria used for detecting melting for each run studied in242

this paper are presented in Table II.243

D. Sample structure and microstructure244

Due to the nature of successive cycles of heating and cooling (Fig. 2) every 221.5 ns, the245

sample microstructure can evolve drastically from frame to frame. Fig. 7, for instance, shows246

three successive frames from run r0435 of cell P1 at 69 GPa. The fcc-Fe diffraction spots are247

sharp and show evidence of recrystallization between frames. The rapid recrystallization of fcc-Fe248

indicates that this portion of the sample is close to the melting temperature or has melted then249

crystallised during quenching between pulses. In contrast to diffraction from fcc-Fe, diffraction250

patterns from hcp-Fe and KCl only weakly evolve over this time span.251

Finite element modeling of this run was performed according to the procedure described in252

Refs. 56 and 58 and in Appendix D. Fig. 8a shows the measured X-ray pulses intensities (top)253

and calculated temperature evolution with time at the center of the sample and at the sample-PTM254
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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, indicative of sample recrystallization.

interface. Fig. 8b shows the shape of the X-ray pulse. Fig. 8c shows the spacial temperature255

distribution at the hot state created by the 42nd pulse. While the temperature at the center of the256

sample exceeds 3800 K, it decreases to less than 1200 K only 5 µm away from the center in the257

radial direction. The axial temperature gradient in the sample is much smaller and decreases when258

moving away from the DAC axis. Fig. 8d presents a map of the sample density, which is used to259

highlights the domain of each stable phases based on the known phase diagram and the calculated260

conditions. The liquid portion consists of a cylinder of ∼1.3 µm radius centered around the X-ray261

beam, surrounded by a 0.5 µm thick layer of fcc-Fe, followed by hcp-Fe. When the next pulse262

arrives, the sample has cooled below the melting temperature (see Fig. 8a, inset and Fig. 9) and263

only fcc and hcp will be probed. However, later in the run, the three phases will co-exist, be264
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FIG. 8. Example of finite element modeling for run r0435 in P1 cell for a starting pressure P300K=69 GPa.

The Fe foil and KCl layers have a thickness of 2.5 µm and 2 µm, respectively and have been evaluated from

electron microscopy analysis of the post mortem sample (see Ref. 56). a) Temperature along the X-ray

beam axis at r = 0 and 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 KCl57 are shown as a green solid line and 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 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, the KCl

and part of the diamonds. The simulation predicts the sample to be molten at its core (i.e. r=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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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 P1 cell at a starting P300K = 69 GPa. The blue (red) and green (cyan) solid (dashed) lines correspond to

the temperature (pressure) profile at times tA and tB respectively.

probed simultaneously and observed in the diffraction image due to the extended nature of the265

x-ray beam51 (Fig. 8b)266

Integrated powder diffraction patterns fail at describing these gradients of conditions inside the267

sample. In fact, spots from grains at different temperatures tend to overlap and can be interpreted268

as originating from a single material. In order to better describe pressure and temperature gradients269

within the sample, a Python script, similar to that described in Ref. 59, was developed to detect270

and map diffraction spots from individual grains directly from the 352 images in the pulse train.271

The script extracts the 2θ and azimuthal positions of individual Bragg spots from every frame,272

allowing for the calculation of the phase unit cell distribution over time. In most samples, unit cell273

volumes for α-Fe and γ-Fe individual grains are then calculated from the 110 and 111 reflections,274

respectively. In this analysis, other peaks such as 200fcc or 002hcp are not considered because they275

do not always appear consistently from frame to frame (Fig. 4). The only exception is for cell276

Oxek_011 with a SiO2 pressure medium, for which the 200fcc reflection is consistently observed277

and isolated from other phases and, hence, used to determine the fcc-Fe individual grains volumes.278

The determination of the unit cell volume for ε-Fe requires at least two reflections. For this279

reason, we use both the 100 and 101 reflections, however it is clear that those two diffraction spots280

originate from two different grains. Therefore, we associate the spots with minimum, median, and281

maximum 2θ positions for both 100 and 101 to evaluate a maximum, median, and minimum unit282

cell volumes for hcp-Fe. In this process, volumes with unreasonable c/a values are ignored, i.e. if283

c/a falls outside the [1.55,1.62] interval60. The overlap between the 111fcc and 002hcp reflections,284
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causes some of the diffraction spots identified as fcc to actually originate from the hcp phase,285

leading to unrealistically low values of volume for the fcc phase, as shown in Fig. 10a.286

This procedure allows us to obtain the distribution of unit cell volumes for the corresponding287

phase and its evolution throughout the heating cycle. The volume histograms are plotted against288

time to highlight thermal expansion and volume saturation that is used as a melt criterion.289

An example illustrating the analysis procedure is presented in Fig. 10 for the run r0435 at290

69 GPa where the measured fcc unit cell volume (a) and the number of detected diffraction spots291

(b) corresponding to the reflections 111fcc, 100hcp and 101hcp are reported as a function of time.292

Disregarding the unrealistically small unit-cell volume, an outcome of the already mentioned con-293

fusion at low temperature between the 111fcc and 002hcp reflections, we can see that the fcc phase294

thermally expands during heating and saturates at a maximum V =38.075 Å.295

Fig. 10b shows that the number of fcc spots increases during the first 5 µs, while the number of296

hcp spots decreases, indicating the gradual transition from hcp to fcc. Peaks from the hcp phase297

disappear from the X-ray diffraction images after 25 µs of heating. Although several fcc grains are298

still observed after more than 35 µs, finite element modelling predicts the melting of the fcc phase299

at probing time after 15 µs of heating (Fig. 8a). The sharp decrease in the number of fcc grains300

can thus be explained either by the melting of the bulk of the sample or by the recrystallization301

and unfavorable orientation of the fcc grains, or a combination of both processes.302

E. Thermal pressure and P-T conditions303

Most of the runs are at temperatures too low to acquire exploitable streak optical pyrometry304

(SOP) data. Moreover, the SOP signal is dominated by the hottest part of the sample averaged305

over several X-ray pulses, and thus, affected by several heating and cooling cycles of the sample.306

As shown in Figs. 8a and 9, this peak temperature can be several thousands of K greater than that307

of the sample during diffraction measurement and thus does not correspond to the phases observed308

in the diffraction patterns. Thus, in this paper, we do not use the SOP signal to evaluate the sample309

temperature.310

The first pulse of a run probes the sample at ambient temperature, before the effect of X-ray311

heating (Fig. 2). As such, the starting pressure for each run is estimated using the sample’s unit312

cell volume deduced from the first image of the run and the Fe equation of state parameters from313

Ref. 61 for α-Fe and Ref. 62 for ε-Fe as well as for γ-Fe when this phase was detected in the314
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FIG. 10. Analysis of run r0435 on cell P1 with P300K = 69 GPa (4.5% tr, Fig. 4d). 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 (V300K ,

blue dotted line, corresponding to the isochoric unit cell volume at melting, x = 1) and the unit cell vol-

ume of fcc-Fe at melt assuming isobaric heating and the melting curves T HT
m (V HT

x=0, cyan line, Ref. 32) and

T LT
m (V LT

x=0, red dashed line, Ref. 34). The highest measured unit cell volumes match V LT
x=0, 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 tempera-

ture corresponding to the high melting curve, one deduces that thermal pressure is properly calculated with

x = 0.16, V HT
x=0.16 (see Section 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 111fcc 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 µs and 16 µs, respectively. Conversely, 111fcc (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.

quenched sample at ambient temperature. The starting pressure changes from run to run for the315

same sample on the same position (e.g. Appendix B, Fig. 15) and depends on the heating history316

of the sample at a given position.317
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The following pulses probe the sample during its cooling after X-ray heating (Fig. 2). We318

rely on equations of state of Fe and the distribution of unit cell volumes (e.g. Section III D) for319

the evaluation of temperature. At high temperatures, it is also necessary to account for thermal320

pressure Pth
10,11,14,15,17,55,63,64.321

Thermal pressure can vary between zero for the isobaric case, in which the sample container322

expands and accommodates the sample thermal expansion, and dPth =
∫ T

300K α KT dT for the iso-323

choric model, where α and KT are the thermal expansion coefficient and isothermal bulk modulus324

respectively, for the isochoric model. The reality lies between those two extreme cases, as shown325

using finite element modeling14 or more recent X-ray diffraction experiments63. Indeed, the ac-326

tual thermal pressure depends on numerous factors, such as the nature of the sample and PTM, the327

size of the diamond culets, gasket hole, etc. A factor x can hence be defined for scaling between328

the isobaric (x = 0) and isochoric (x = 1) models, with values of x ≥ 0.3 often reported in the329

literature, depending on both the sample and the pressure medium10,14,15. This value of x = 0.3,330

however, has been evaluated in laser-heated diamond anvil cell experiments but its applicability331

for use in X-ray heating experiments is yet to be accessed.332

Here, we will assess values of x appropriate for X-ray heating experiments on runs fulfilling333

the criteria for melting. We used a previously determined melting curve (T HT
m from Ref. 32)334

and assumed a known equation of state62 and that the largest unit cell volume measured in runs335

reaching melting conditions corresponds to that of the HT solid phase just prior to melting. As336

already discussed, there are different families of melting curves for Fe published in the literature.337

T HT
m , from Ref. 32 is used as a representative of the many studies (e.g. Refs. 17, 43, 65, and 66)338

supportive of a relatively high melting curve. T LT
m , from Refs. 34 and 35 for the melting curves of339

γ-Fe and ε -Fe respectively, is instead used as representative of a second set of results supportive340

of a lower melting curve.341

Fig. 10a presents the evolution of the distribution of fcc unit cell volumes as a function of342

time in run r0435 starting from 69 GPa. These are compared to the expected volumes along the343

low temperature melting curve for P = 69 GPa for x = 0 (isobaric case, V LT
x=0) and along the high344

temperature melting curve for different values of x (isobaric and intermediate cases, V HT
x ). The345

maximum volume reached in solid fcc-Fe corresponds to the low temperature melting volume for346

x =0. That would mean that for T LT
m curve to be in agreement with our experimental results, we347

need to completely disregard thermal pressure. Conversely, the maximum volume observed in348

solid is compatible with the HT melting curve, when accounting for a thermal pressure between349
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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 corresponds to the calculations with a unit-cell volume calculated 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 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 section.

10 and 20% of the isochoric pressure (best value x = 0.16).350

The values of x determined for the different DAC loadings using T HT
m are presented as a func-351

tion of pressure in Fig. 11, and the corresponding P−T paths are presented in Fig. 1 together with352

the temperature obtained from the maximum volume with no thermal pressure (x = 0). For pres-353

sures above 100 GPa, we used the volume of the hcp phase to determine x. For both studied runs,354

we calculated the volume using two methods, either by considering both the 100hcp and 101hcp355

reflections (purple filled symbols in Figs. 1 and 11), or by considering solely the 100hcp reflection356

and c/a = 1.598 (purple empty symbols in Figs. 1 and 11). The largest unit cell volumes deter-357

mine a temperature which is higher than T LT
m even when no thermal pressure is included, which is358

further supportive of the high temperature melting curve.359

By employing this protocol, and thanks to the here-evaluated thermal pressure, temperature can360

then be deduced at any time from the measured unit cell volumes, the starting pressure at 300 K,361

deduced from the powder diffraction of the first frame of the run, and the x thermal pressure factor362
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FIG. 12. a) Temperature gradients as a function of frame number and time for run r0037 of cell Hibef_22

at starting pressure of 10 GPa at 300 K and for x =0.036. Solid lines correspond to 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. 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 = 10±1 GPa and T = 775 K. Note that both fcc and hcp are

quenchable to 300 K at this pressure and are co-observed with bcc as shown on the figure (red rectangle).

The red point corresponds to the starting P with its uncertainty.

.

found for the DAC loading (see Figs. 12 and 13).363

IV. RESULTS AND DISCUSSION364

A. Effect of X-ray transmission365

Fig. 4 shows time-series of integrated diffraction patterns for four different runs on cell P1,366

at pressures of 75± 9 GPa: run r0417 with 0.1% tr, run r0419 with 1% tr (1.5-5.4 µJ/pulse),367

run r0422 with 2.5% X-ray transmission (0.9-15.7 µJ/pulse), run r0435 with 4.5% tr (3.9-368

27.6 µJ/pulse).369

With 0.1% X-ray transmission, the sample is probed with no evidence of easily observable370

residual heating at probe time. As transmission increases, so does sample heating. 2.5% X-ray371

22

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
03

95
3



0 50 100 150 200 250 300

500

1000

1500

2000

Frame number

T
em

pe
ra

tu
re

 (
K

)

r0049, 1 %tr
r0052, 2 %tr
r0055, 1.5 %tr

0 10 20 30 40 50 60

500

1000

1500

2000

Time (µs)

Hibef_22
10 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 starting pressure of

10± 1 GPa at 300 K. Solid lines correspond to 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 individual 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.

.

transmission is sufficient to trigger the transformation from ε- to γ-Fe, and even melt part of the372

sample. Finally, 4.5% tr allows to fully transform the hcp into fcc in less than 20 µs and first sign373

of melting (decrease in fcc spots number, see Fig. 10b) appears before 15 µs.374

Overall, for the DAC loadings presented here, the X-ray fluence required to induce phase tran-375

sition increases with pressure. Indeed, the required X-ray transmission to form fcc-Fe ranges from376

0.2% tr at 10 GPa to 2.5% tr at 75 GPa while that required to melt the sample ranges from 0.5% tr377

at 10 GPa up to 7% tr at 135 GPa.378

In addition to the X-ray transmission, the train envelope can be modified and tracked with the379

energy monitors. An example of such a pulse to pulse energy measurement is presented for r0435380

of cell P1 at the top of Fig. 8a. Measurements of pulse energies for all runs in this experiment are381

available as specified in the data availability statement.382
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B. Validation of phase identification383

Below 100 GPa, the phases observed in the diffraction patterns correspond to the expected384

phase diagram, with a transition from bcc to fcc below 10 GPa (Fig. 6), and hcp to fcc to melt385

above 10 GPa (Fig. 4).386

According to literature (Ref. 31 and references therein), the α-γ-ε triple point is at 9.2 ± 1.3 GPa387

and 730 ± 50 K . During run r0037 of cell Hibef_22 at a starting pressure of 10 GPa, the co-388

existence of the three phases was observed, as shown in Fig. 5. After extracting the unit cell389

volumes of all three phases, the ranges of temperatures in each phase were calculated taking into390

account thermal pressure, as presented in Fig. 12a. We find that the three phases co-exist up to391

775 K. The α-γ-ε triple point is hence observed in the correct P−T range. hcp-Fe is never ob-392

served above 775 K, in agreement with known phase boundaries. This approach did not allow for393

the determination of phase transition temperatures for solid-solid transitions induced by heating,394

(i.e. bcc to hcp or hcp to fcc or bcc to fcc) as all the high temperature solid phases can be quenched395

and observed at temperatures below their equilibrium stability field.396

Cells Hibef_04, Hibef_60, Oxek_011 and P1, at pressures between 40 and 70 GPa exhibit be-397

havior similar to that presented in Fig. 4, that is gradual heating with increasing X-ray transmission398

leading to the expected phase sequence: hcp-Fe to hcp and fcc-Fe mixture to pure fcc-Fe. As dis-399

cussed above, detection of melting is more difficult as diffuse scattering can be hard to detect in400

the X-ray diffraction images (see Appendix C, Fig. 17), even after a full disappearance of all solid401

diffraction peaks.402

Hence, repetitive X-ray pulse heating in DAC experiments are useful to detect temperature-403

induced phase transitions, the highest potential temperature in a given phase below a phase bound-404

ary. However, minimum temperatures to induce a phase transition while decreasing temperature405

are more difficult to evaluate due to the possibility to quench a high-temperature phase during the406

multiple cycles of fast heating and cooling.407

Above 100 GPa (cell Betsa_A), hcp clearly dominates the diffraction pattern with some tran-408

sient phenomena whose study is beyond the scope of this paper (Appendix F and Ref. 27).409

No peak corresponding to a new phase caused by chemical contamination from the anvil was410

observed in the diffraction patterns.411
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C. Temperature gradients and time-evolution412

Finite element models highlight how a wide range of P-T conditions are present within the413

volume probed by the X-ray beam (see Figs. 8c and 9). These gradients can be observed directly414

in diffraction images, which show evidence of grains with a range of lattice parameters due to415

different degrees of thermal expansion416

Indeed, Figs. 4 and 7 show grains co-existing under multiple conditions. Due to the nature417

of the X-ray heating experiment, grains laterally further away from the probed heating area, i.e.418

at nearly ambient temperature may contribute to diffraction, along with the center portion of the419

sample, which can be at thousands of degrees and even molten (Fig. 9). Those gradients are mostly420

radial, with smaller axial gradients predicted by finite element modeling (Fig. 8)421

For instance, as illustrated in Figs. 8 and 9, the sample at ∼ 69 GPa and 9.08 µs is at a tem-422

perature ranging from room temperature to 2740 K when probed by the X-ray pulse. Simulations423

predict that, right after X-ray diffraction, the sample is volumetrically heated, leading to a max-424

imum temperature of 4100 K at its center, 3600 K at the upper sample-PTM boundary, and a425

sample edge remaining at 300 K. When the next pulse arrives at 9.30 µs, the center of the sample426

is at 3070 K, the upper sample boundary at 2810 K, and the sample edge still at 300 K. When427

diffraction is collected with the pulse at 9.30 µs, the maximum temperature has hence dropped by428

1030 K compared to the peak temperature reached 221.5 ns earlier.429

Temperature gradients detected by X-ray diffraction depend on the X-ray transmission. Fig. 13430

shows the temperature evolution for three runs of the same DAC loading with three different X-431

ray transmissions. Looking at the temperature evolution of run r0049 (blue, lowest transmission)432

we can see that the temperature gradient is stable throughout the heating and consistent with ex-433

pectations from the finite element calculations. For run r0055, at intermediate transmission, the434

apparent temperature gradient in the solid phase decreases quickly with barely any grains detected435

after 17.5 µs and the rest of the sample probably molten. The same observation is also true at436

higher transmission, albeit on a faster timescale.437

Co-existing phases in the diffraction patterns are, thus, i) not necessarily under the same condi-438

tions, and ii) cooling from a peak temperature reached 221.5 ns earlier which can be over 1000 K439

higher (this drop in temperature increases directly with the peak temperature). For this reason, it is440

difficult to assess the location of a phase boundary based on our measurements. We thus find that441

the most efficient procedure to establish a phase diagram here is to track the highest temperature at442
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which a solid grain is observed, assuming that this temperature will correspond to the uppermost443

location of the phase stability.444

D. Thermal Pressure445

The estimation of thermal pressure is necessary to evaluate pressure and temperature based446

on X-ray diffraction. In DAC experiments, thermal pressure lies between the isobaric (x = 0) and447

isochoric (x = 1) boundary conditions. The determination of the thermal pressure correction factor,448

x, is a long standing issue in high pressure experiments. Values of 0.3 or more are often used in449

the literature depending on studies and materials10,14,15,64.450

Here, we use a known melting curve for Fe and our measurements to evaluate the value of x451

for X-ray heating experiments (Fig. 11, color symbols). We find that x increases with pressure,452

ranging from 0.04 at 10 GPa to 0.23 at 130 GPa. For cells below 100 GPa, the scatter between453

values of x found for different runs of the same cell or for different cells at comparable pressures,454

are similar. For the cell above 100 GPa, the differences between the different values of x arise from455

the difficulty to determine the maximum unit cell volume observed in the hcp phase. The increase456

of x with pressure is expected as both the sample and the PTM become stiffer (positive derivative457

of KT with P). Stiffer materials will lead to more thermal pressure than softer materials14,55.458

However, we observe no difference between data collected with a SiO2 or KCl PTM. Moreover,459

higher pressure means smaller experimental chamber and thinner PTM layers between the sample460

and the diamonds, which prevent thermal expansion as the anvils will not move.461

The thermal pressure correction factor x reflects the capability of the PTM to accommodate for462

the sample expansion and thus may depend on the thermal history of the relaxation state of the463

PTM at the investigated position10,67. However, no systematic trend was found between the runs464

that were performed on an unrelaxed position (first significant heating) or on a position that had465

already gone through several significant heatings, where one might expect an annealed PTM and,466

hence, lower thermal pressure.467

Intuitively, the thermal pressure may be expected to increase at higher heating rates. However,468

the opposite was observed in our experiments: x decreases with increasing X-ray beam transmis-469

sion, which governs the heating rate. With a higher transmission, PTM reaches a higher peak470

temperature, high enough to melt it early in the run. A liquid PTM would better accommodate the471

thermal expansion of the sample, thus reducing the value of x.472
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Fig. 11 shows the thermal pressure at melting as a function of the starting pressure at 300 K.473

It increases from Pth = 0.8 GPa for P300K = 10 GPa and 2140 K to Pth = 12.1 GPa for P300K =474

138 GPa and 4370 K. The values we obtain are consistent with finite element modeling. Indeed,475

for run r0435 of cell P1, the simulated thermal pressure around Tm at instant tB is 6.5 GPa, in476

agreement with the 6.2 GPa we find for the same run at melting conditions.477

Literature values of x range between 0.3 and 0.7, based on continuum calculations10, finite el-478

ement modeling14, comparison between DAC and large volume press experiments11,15, pressure479

changes during laser heating55, or direct measurement of the pressure and temperature distribu-480

tion during heatings63. Differences in thermal pressure estimates could be explained by the use481

of different samples / PTM combinations in addition to the different heating method. In addition,482

we note that our approach relies on a multi-crystal-like analysis, looking for the grain at the high-483

est temperature rather than a mean sample temperature, as usually done in the standard powder484

diffraction analysis. Determining the values x by forcing the mean sample temperature to corre-485

spond to that of the melting curve would automatically increase the deduced values for x. This486

approach, however, would neglect the effect of temperature gradients which we know to be im-487

portant. Finally, we note that the values of thermal pressure we obtain are in line with the results488

of finite element calculations for this sample configuration which supports our experiment-based489

conclusions.490

E. Iron melting temperature491

Our data show grains with volumes inconsistent with the lower melting curve for iron published492

in the literature (Refs. 34 and 35) and are hence supporting the higher melting curve family for Fe493

at high pressure (Refs. 17, 32, 43, 65, and 66). Questions could be raised whether equilibrium has494

been reached, which has been a longstanding debate between the shock and static communities495

(e.g. Refs. 3, 32, 34, 35, 66, 68–70).496

While individual heating events are of short duration (fs) here, there are 222 ns between each497

heating and the subsequent probe. During these 222 ns, the sample cools by up to thousands of498

K (Fig. 8). FEM modeling indicates that there is sufficient time for the sample to crystallize from499

the liquid state. These experimental timescales are significantly longer than those of shock wave500

techniques which, in addition, probe the sample upon heating rather than cooling. As such, one501

could argue that our measurements are at equilibrium since they probe the Fe sample returning502
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from the molten state, with sufficient time to crystallize. Nevertheless, our measurements also503

show transient states in the solid portion of the phase diagram which remain to be understood504

(Appendix F) and will be investigated later .505

V. CONCLUSION506

This study shows the feasibility of volumetrically heating a compressed iron sample up to507

megabar pressures using intense X-ray pulses delivered by a XFEL source. By tuning the X-ray508

intensity, we can explore different regions of the phase diagram, including solid-solid phase transi-509

tion, and partially or totally molten samples. The known iron phase diagram has been reproduced,510

including the location of the bcc-fcc-hcp triple point at ≈ 9 GPa and ≈ 730 K, the hcp to fcc511

transition induced by temperature above 15 GPa, and the melting curve of Fe up to 150 GPa. In512

particular, the measured volumes and the known melting curve have been exploited to develop a513

dedicated metrology for X-ray heating experiments, accounting for thermal pressure.514

Importantly, due to the rapid heating (∼25 fs) and subsequent quenching (∼222 ns) of the sam-515

ple and short experimental time (<78 µs), chemical diffusion is very limited if not absent. As516

direct consequence, no chemical contamination of the Fe sample by the carbon from the anvils517

was observed in the diffraction data, unlike in pulsed laser-heating DAC experiments. Note how-518

ever, that a full study of carbon contamination of Fe samples in DAC experiments would require519

additional spectroscopy analyses22 which were not done here. The contamination risk can be fur-520

ther reduced by decreasing the number of X-ray pulses. Indeed, depending on the X-ray intensity521

and pressure of the sample, the molten state can be reached within a few pulses, and the solid522

signal can disappear quickly afterward. As such, not every measurements require the maximum523

352 consecutive pulses we used here.524

Thanks to the single-spot tracking analysis, temperature gradients can be accounted for and525

characterized. This technique also allows us to determine quantitative values for thermal pressure,526

which is essential to establish the P−T conditions at which the sample is probed. The thermal527

pressure values we obtain are lower than in most of literature and strongly depend on the starting528

pressure, increasing from 0.8 GPa when heating to 2140 K at 10 GPa (x=0.036) to 12.1 GPa when529

heating to 4370 K starting from 138 GPa (x=0.228).530

The exact P−T path induced by X-ray heating, however, can be difficult to establish. Currently,531

temperatures below ≈3000 K are difficult to measure using SOP set-up at the HED instrument.532
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In addition, SOP measures the sample surface temperature, which may be up to 1000 K lower533

than that of the bulk sample, and is averaged over a duration during which the sample temperature534

can vary significantly. As for in-situ X-ray diffraction, the sample is probed 221.5 ns after the535

peak temperature, during which the sample cooled by up to 1000 K or more. For the reasons536

listed above, locating phase boundaries in a phase diagram can be complicated, in particular when537

high-temperature phase are quenchable. We find that the most reliable technique is to identify the538

highest temperature of existence of a given phase.539

X-ray heating differs from the usual laser heating of metallic samples by the way it heats the540

sample5,8. Indeed, X-rays are absorbed by the core electrons that heat before equilibrating with541

the ionic network24,71. This would mean that two temperatures co-exist in the sample during542

and just after heating: a lower temperature for the ionic network and a higher temperature for543

the electronic cloud, that should equilibrate within tens of picoseconds71. The way this heating544

mechanism affects the observed temperatures and crystalline phases should be further investigated545

in the future. Indeed, recent first-principles calculations for iron at megabar pressures suggest that546

it changes in the iron phase diagram at high electronic temperatures72.547

This method is now ready for further studies which will focus on fine effects of X-ray heating548

on the iron phase diagram. X-ray heating with pulsed XFEL sources can also be applied to other549

materials. The method is efficient to reach high temperature in the sub-µs timescale and, as we550

show here, induce phase transitions in agreement with other methods of observations. Because551

the entire sample thickness is exposed to the X-ray beam, X-ray heating has the benefit of low552

axial temperature gradients. There are limitations, however. First, significant lateral temperature553

gradients and fast moving microstructures from frame to frame can be challenging to account554

for, which can be partly addressed by single peak extractions rather than a simple powder XRD555

analysis. Thermal pressure, also, will depend on the strength and compressibility ratios between556

the sample and the pressure medium, which might lead to a complicated determination of the exact557

P/T conditions. As such, studies on a material with a previously calibrated equation of state, albeit558

at lower P/T conditions, as we do here, would be recommended. The state of matter obtained559

during the successive cycles of fast heating and cooling with the repeated X-pulses can also be560

affected by kinetics and sample history. Hence, a precise determination of temperature of phase561

transitions, for instance, should be analyzed with caution. Nevertheless, X-ray heating with pulsed562

XFEL sources is a relevant method to study the state of matter in conditions which were simply not563

attainable with conventional laser heating DAC experiments and at fast timescales, hence limiting564
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the risk for reactions with either the diamonds or pressure medium surrounding the sample.565
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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 compared 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 first frame.

Appendix A: Estimating uncertainties621

The pressure at 300 K was calculated for the hcp-phase using three different equations of state.622

Comparison between the different results is plotted in Fig. 14.623

The main sources of uncertainty in our analysis arise from i) the estimation of the sample unit624

cell volumes based on the XRD data, ii) estimations of pressures using published equations of625

state and iii) the assumed melting temperature of iron at high pressure and temperature.626

Uncertainties arising from different equations of state were accounted for when calculating627

sample pressures at ambient temperature. The uncertainty on pressure deduced from the hcp unit628

cell volume is estimated by comparing results from several equation of state found in literature629

(Refs. 73 and 74, see Fig. 14). Estimating an uncertainty on pressure for the other phases (α and630

γ-Fe) is more difficult as less EoS are available in the literature. Therefore, we arbitrarily set the631

uncertainty on pressure to 1 and 3 GPa below and above 100 GPa, respectively.632

The uncertainty in determining the thermal pressure scaling value, x, comes from the uncer-633

tainties in the ambient pressure before heating, the volume of the unit cell of the hottest sample634

grains and the melting temperature. Uncertainty on pressure are set as above. Based on the dis-635

tribution of unit cell volumes measured in the sample, we assume an uncertainty of ±0.025 Å3 at636

melting. As for temperature, the issue arising from the disparities in literature on the melting curve637

is addressed in Section III E. Since the largest volumes measured in solid phase at several pres-638

sures exceed the volume expected at melting when a low melting temperature is assumed (T LT
m ,639
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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.

see Figs. 10a and 1). We only consider the upper-bound melting curve T HT
m in our calculation of640

x, with an uncertainty of 200 K.641

Additionally, looking at the variation of P300K between successive runs, we cannot be certain642

that the cold pressure of the sample when it reaches melting is the same as the one determined at643

the beginning of the run. This unpredictability of the evolution of the cold pressure during the run644

scatters the values of x we find. Indeed, if the cold pressure at melting is less than at the beginning645

of the heating, the measured temperature is underestimated and so is x. On the contrary, if the cold646

pressure has increased, the temperature is overestimated and so is x.647

Appendix B: Pressure changes between runs648

Due to the pressure gradients that can develop in the DAC upon compression, pressure can649

change with position within the sample chamber. Moreover, on a same sample position, cycles of650

heating, cooling, and phase transformations can lead to a relaxation of stress in both the pressure651

medium and the sample67. Examples of such variations of the pressure in the DAC are shown in652

Fig. 15.653

The repeated cycles of X-ray heating induce a relaxation of stress at the heated sample position,654

as shown for the first position in Hibef_04, or the second position in Betsa_A. The reduction of655
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FIG. 16. X-ray diffraction mapping of sample P1 after the experiment taken at the Extreme Conditions

Beamline P02.2 at PETRA III (λ=0.4839 Å) with 5 µm steps using xdi software75. 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, that is of

the heated position.

pressure, however, seems localized as other positions remain at higher pressure, as shown for the656

different positions in Hibef_04. Moreover, the relaxation of the PTM can sometimes be seen by657

the sharpening of it 110 diffraction peak after several cycles on a same position. In other cases,658

pressure of the PTM can increase at the heated point, as shown in Fig. 16. Note that pressures659

deduced from fcc-Fe at 300 K are not always consistent with those deduced from hcp-Fe and KCl,660

which is not surprising as fcc-Fe is a metastable phase under those conditions. We can also note661

that, depending on the DAC, the evolution of the pressure deduced from the PTM and the Fe can662

be similar (Hibef_40) or reversed (Betsa_A).663

Appendix C: Diffuse scattering664

As shown in the examples in Fig. 17, the diffuse scattering signal is difficult to observe. This665

is due to the lack pinhole and the intensity of solid signal. We hence additionally relied on other666

criteria to determine melting (Table II).667

Appendix D: Finite element modeling analysis668

The numerical model used to determine the temperature evolution induced by x-ray heating669

in run r0435 was built using the commercial COMSOL software. The geometry of the DAC and670

the contained assemblage was built assuming a 2-dimensional axisymmetric geometry. Thickness671

of the sample was set to 2.5 µm, sandwiched between two 2 µm KCl layers and surrounded by672

a 6.5 µm thick KCl cylinder. Sample was assumed to have a cylindrical shape with a radius673
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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 frame 280 and

352 shows an elevation with respect to the first frame in the ∼ 20◦− 23◦ range which can be attributed to

a 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 are from the SiO2 pressure medium which heats a crystallizes during the run. The

baselines for frame 38 and 111 show an elevation with respect to the first frame in the ∼ 20◦− 23◦ range

which can be attributed to a weak diffuse scattering from molten Fe.

r=40 µm and surrounding KCl hosting the cylinder with a radius of r=120 µm. Fig. 18 highlights674

the main aspects of the geometry and the mesh used in the model. The heat equation was solved675

using quadratic discretization. Details about the way the volumetric X-ray heat source is absorbed676

can be found in Ref. 58. 18 keV X-ray absorption coefficient was disregarded for the gasket area677

owing to its great distance to the beam source. To account for solid mechanics, the solver used678

quadratic serendipity discretization and assumed quasi-static structural transient behavior.679

The material properties (diamond, Re, Fe, KCl) used in the model are listed in Table III. When680

assumed necessary (i.e. supposed to have a non-negligible effect on temperature evolution), mate-681

rial property variations with pressure and temperature were included in the model. Such variations682
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were included in the model by generating text files of properties (e.g.: 10000 densities calculated683

over 100 ·100 volumes & pressures over the valid publication range) that were then imported into684

COMSOL which then achieves linear interpolation to infer the properties at the required pressure685

and temperature. Note that some values such as iron thermal conductivity at extreme pressure686

and temperature can still be controversial at some conditions as contradictory values have been687

published. Thermal stresses (i.e. pressure) induced through X-ray heating was included using the688

same procedure described in Ref. 58. Thermal expansion coefficients that induce thermal pressure689

are listed in Table III. Shear modulus G was assumed to drop to zero upon melting.690

The maps with the different phase extents in the sample (i.e. Fe-hcp, Fe-fcc and liquid Fe,691

see Fig. 8d) were obtained by using the phase change and melting temperatures defined in the692

model. Whenever mentioned, the temperatures are either given for the upper border of the sample693

(UBS) or in the middle of the sample (MS), both located on the axis of symmetry. Including phase694

change allows to account for latent heat in the temperature evolution as well for a smooth change in695

properties from one phase to another. Thermal conductivity of fcc iron at the considered conditions696

is poorly studied and was arbitrarily set to 100 W.(m.K)−1. Melting of diamond and rhenium697

were not considered as they always remain close to ambient temperature. The thermal stress in698

the model was calculated the same way as described in Ref. 58, using the thermal expansion699

coefficients, bulk and shear moduli provided in Table III.700

Appendix E: Temperature evolution for run r0435701

An example of the evolution of the temperature deduced from the unit cell volumes is presented702

in Fig. 19 for run r0435 at a starting pressure of 69 GPa. We can observe the HT fcc phase being703

quenched far below its stability temperature domain. Moreover, the temperature from the hcp704

phase is sporadic due to the difficulty to assign two different reflections to a same grain to obtain705

realistic unit cell volumes.706

Appendix F: Disorder above 100 GPa707

In DAC Betsa_A, different transient phenomena are visible, such as stacking faults or appear-708

ance of fcc grains. Those signs of disorder render the phase identification less straightforward,709

especially since fcc and hcp are structurally close and differ only by their stacking sequence82,83.710
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FIG. 18. DAC geometry and 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, mesh element size has been increased where minimal

variations are expected.

Due to their fickle behavior, properly tracking and explaining such phenomena requires a different711

metrology and a dedicated study that goes beyond the scope of this paper27.712
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Material Diamond Re KCl Fehcp,Fe f cc,Feliq.

ρ(kg.m−3) 3520 21020 EoS76 EoS74,EoS77,EoS78

CP (J.(kg.K)−1) var. 140 690 var.

kth(W.(m.K)−1) 990 48 12.5 var.79, 100, 40

Tmelt(K) (T0/a/c) ∅ ∅ 1323/2.2/2.757 var.a, (1811/23/2.26)80

µX-ray(m
−1) 158 ∅ 2513 26316

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

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

TABLE III. List of material properties used in the numerical model (from top to bottom: density (ρ), heat

capacity (CP), thermal conductivity (kth), melting temperature (Tm) parameters of 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 variable material property.

All absorption coefficients were calculated from the official center for X-ray optics of the Berkeley lab

website81.
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FIG. 19. Temperature as a function of frame number for r0435 of cell P1 at a starting pressure P300K=69 GPa.

The median temperature of the fcc phase is plotted as an orange solid line. The orange area corresponds

to the minimum and maximum temperatures for all fcc grains we identify. The blue dashed line is the

temperature from the hcp phase. The blue area corresponds to the minimum and maximum temperatures

for all hcp grains we identify. We can see that the gradient of temperature in the fcc phase decreases with

time. Moreover, the maximum temperature reached in the hcp phase is below the known hcp to fcc transition

temperature (2560±175 K at 70 GPa32,33) .
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