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I. EXPERIMENTAL SET-UP AND TARGETS

In-situ x-ray diffraction on shock-compressed Fe2O3 was performed using two different geometries. Data in transmis-
sion geometry were acquired during one experiment at MEC, LCLS and will be referred in the present supplementary
material as LCLS data. Details of the experimental set-up is shown in Fig. S1. Data in reflection geometry were ac-
quired during two experiments at BL3, SACLA and will be referred in the present Supplemental Material as SACLA1
and SACLA2 data. Only one data point was acquired during SACLA2 experiment at 182(6) GPa, while other data
in reflection were acquired during SACLA1 experiment. Details of the experimental set-up is shown in Fig. S2.

We used two types of targets referred as CH-target and Sa-target. CH-targets were obtained by depositing 7
(SACLA1), 8 (LCLS) or 10 µm (SACLA2) Fe2O3 on top of a 54.3 (SACLA1), 62 (SACLA2) or 54 µm (LCLS) CH
plastic parylene-N ablator. Sa-targets were obtained by depositing 8 µm Fe2O3 on top of a monocrystalline 22 µm
thick sapphire window, a layer of 39 (SACLA1) or 54 µm (LCLS) parylene-N was then deposited on the other side
of the Fe2O3 layer. For each type of target used in each experiment, we show the x-ray diffraction pattern of the
starting material in Fig. S3.
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Figure S1. Experimental set-up for data acquired in transmission geometry (LCLS data).
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94 Chapitre 4. Di�raction in situ de Fe2O3 en compression dynamique

4.1 Dispositif expérimental
Les expériences de di�raction in situ de Fe2O3 sous chocs ont été faites sur deux instal-

lations di�érentes : l’installation SACLA (SPring-8 Angstrom Compact free electron LAser)
à Osaka au Japon, et LCLS (Linac Coherent Light Source) à Stanford aux États-Unis. Nous
présentons dans ce chapitre les deux dispositifs expérimentaux, qui di�èrent principalement
par la géométrie de di�raction, respectivement en réflexion et en transmission, ainsi que par
les paramètres X et lasers utilisés.

Par faute de temps pour faire une analyse détaillé, les résultats obtenus au LCLS et
présentés dans l’ensemble du chapitre sont issus d’analyse préliminaire.

4.1.1 Configurations à SACLA et à LCLS

Fig. 4.1 Schéma du principe de la mesure de di�raction in-situ en réflexion rasante
sur sur la ligne de lumière HE5 à SACLA. Les paramètres du laser nanoseconde,
ceux de la source XFEL et le design des cibles y sont présentés.

Le schéma du dispositif expérimental utilisé sur la ligne de lumière HE5 à SACLA est
représenté sur la figure 4.1. L’énergie des photons du faisceau XFEL est de 10 keV (9.98±0.01
keV pendant l’expérience) et la taille du faisceau 13 µm en vertical et 40 µm en horizontal.
Le faisceau XFEL arrive avec un angle rasant constant de 18̊ par rapport à la surface de
la cible, par conséquent la zone de l’échantillon sondée est de 42 µm x 40 µm. Le détecteur
2D plan est placé à 130 mm de la cible. Le laser nanoseconde a une longueur d’onde de 532
nm et la durée de l’impulsion du laser est de 5 ns. Le laser a un angle d’incidence de 90̊
par rapport au XFEL et arrive donc sur la cible avec un angle de 72̊ . Nous avons utilisé
une lame de phase de 260 µm et deux énergies laser di�érentes sur cible d’environ 8 J et 12
J. Les intensités nominales sur cible sont donc I1 = 3.1012 W/cm2 et I2 = 4,6.1012 W/cm2

respectivement. Pour les VISAR nous avons utilisé des étalons permettant des sensibilités à

x-ray beam
drive spot

7, 8 or 10-µm-thick Fe2O3
column textured   
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AR

Figure S2. Experimental set-up for data acquired in reflection geometry (SACLA1 and SACLA2 data).
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Figure S3. x-ray diffraction measurements on Fe2O3 prior to shock. Starting material for data acquired in transmission
(tr.) referred as LCLS data (in black) and data acquired in reflection (ref.) referred as SACLA1 and SACLA2 (in blue). Sa-
targets are shown in dashed-line and CH-target in plain line. α-Fe2O3 peaks are indexed (vertical dashed lines) [1]. For
Sa-target, LCLS data, only one detector could be used for this particular run, explaining the low Q-range. * indicates a
background peak also present at 209 GPa under shock for Sa-target SACLA1 displayed in Fig. 1 of the main paper, proving
that it is coming from the background and not affecting the target.
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II. VISAR ANALYSIS AND PRESSURE ESTIMATE

VISAR measurements were used to determine breakout time, i.e. the moment when the shock leaves the Fe2O3

layer, and velocity history. For data acquired in transmission (LCLS data) VISAR sensitivities are 4.5241 km/s
fringes−1 and 1.9890 km/s fringes−1 and acquisition windows are 10 ns and 20 ns. Regarding data acquired in
reflection : for SACLA1 data, VISAR sensitivities are 8.5297 km/s and 5.375 km/s fringes−1 and acquisition windows
are both 10 ns. For SACLA2 data VISAR sensitivities are 5.375 km/s fringes−1 and 2.157 km/s fringes−1 and
acquisition windows are both 20 ns. To determine pressure for Sa-target, particle velocity up(Sa) was extracted from
the Fe2O3/Sapphire interface by VISAR, further details being already described in reference [2]. The error on up(Sa)
is set as δup(Sa) = 0.05 ∗ (minimalV ISARsensitivity)/n0 with n0 the refractive index of sapphire at the VISAR
wavelength. For example, for LCLS data δup(Sa) = 0.06 km/s. If the two velocities extracted from both VISAR
were too different, we used the absolute difference between these two velocity values as uncertainty. Pressure and its
uncertainty were then determined from up and δup by using Fe2O3 Hugoniot relations [3]. For all experiments, only
breakout time could be measured for CH-targets under shock due to loss of reflectivity of the sample preventing any
velocity determination. For LCLS data, we used breakout time versus pressure relationship obtained by interpolating
available data measured on Sa-targets as shown in Fig. S4. For SACLA1 and SACLA2 data on Sa-targets were too few
to be interpolated and hydrodynamic simulations were performed using code MULTI [4]. For SACLA1 hydrodynamic
simulations using code MULTI [4] were performed in order to match the breakout time evaluated by VISAR analysis.
For one data point upon release after a shock at 200(5) GPa (section V) VISAR data could not give a reliable breakout
estimate: in this case a corrective factor between numerical and experimental intensity based on the other runs, was
used. For SACLA2 hydrodynamic simulations were calibrated on a lower pressure run whose pressure was evaluated
by VISAR analysis as shown in Fig. S5.

5.00 5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00
Breakout time (ns)

80

100

120

140

160

180

200

Pr
es

su
re

 (G
Pa

)

CH-target 10 ns (VISAR)
Sa-target 5 ns (VISAR)
Sa-target 10 ns (VISAR)
Sa-target 15 ns (VISAR)
CH-target 10 ns (interp. from all Sa-target)

Figure S4. Pressure determination for CH-targets (without window) for data acquired in transmission (LCLS
data). Relationship between the pressure and the time at which the shock leaves the Fe2O3 (breakout time). Pressure is
determined from VISAR analysis for Sa-target. Pressure – breakout time relationship was interpolated (interp.) for Sa-targets
with a second order polynomial and used to calculate pressure for CH-targets whose VISAR analysis is not feasible due to
loss of reflectivity with amorphization of the sample. We note that dispersion is increased by the use of run with different
pulse durations, possibly linked to variation in pulse profiles. To assess the goodness of the fit we show CH-target data points
analyzed with VISAR (at lower pressure). We determine the error-bars for CH-targets so that all CH-targets analyzed with
VISAR and all Sa-target runs with 10 ns pulse duration are within the fit-plus-error bars : this is achieved for an error bar of
12 GPa.



5

Figure S5. Pressure determination for CH-targets (without window) for data acquired in reflection (here
SACLA2 data). Data point at 96 GPa on similar CH-target was analyzed by VISAR (at this pressure Fe2O3 is still re-
flective): free surface velocity was determined and assumed to be twice the particle velocity [5]. Using Rankine Hugoniot
relations for Fe2O3 [3] a pressure of 96 GPa was determined. Hydrodynamic simulation using code MULTI [4] is shown to
match the velocity profile for this run. Corrective factor between numerical (Inum) and experimental intensity (Iexp) was
determined (Inum = 0.68 x Iexp). This correction was then applied for high pressure Fe2O3 from SACLA2 experiment with
Iexp = 4.37e12 W/cm2. Hydrodynamic simulation gave a pressure of 182(6) GPa. The uncertainty on this pressure is obtain
from the propagation of free surface velocity (Ufs) uncertainty of the run at 96 GPa (Ufs = 5.0 +/- 0.1 km/s).

III. 2D DIFFRACTION IMAGE PLATE

Examples of 2D image plate for data acquired in transmission (LCLS data) and in reflection (SACLA1 data and
SACLA2 for data point at 182(6) GPa) geometries are shown in Fig. S6 and Fig. S7.

crystal (+amb. peaks) 
47(2) GPa

diffuse feat.(+amb. peaks) 
151(12) GPa

diffuse feat. (+amb. peaks) 
140(12) GPa

Figure S6. 2D diffraction image plate for data acquired in transmission (LCLS data). 2D image plate of crystalline
α-Fe2O3 at 47(2) GPa from reference [2], of amorphous Fe2O3 at 140(12) GPa and of liquid Fe2O3 at 151(12) GPa showing
both diffuse features (feat.) with remaining ambient (amb.) peaks. X-rays energy is 7.09 keV. Angular range is 20 to 100◦

scattering angle and azimuthal range is approximately 90 to 220◦ for the 3 detectors at the top and 0 to 60◦ for the detector
at the bottom. .
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cr. + diffuse feat. (+amb. peaks) 
SACLA 1 - 133(5) GPa

diffuse feat.(+amb. peaks) 
SACLA 2 - 182(6) GPa

diffuse feat. 
(+few amb. peaks)

SACLA 1 – Release 20-30 GPa

Figure S7. 2D diffraction image plate for data acquired in reflection. 2D image plate of crystalline (cr.) Fe2O3

(remaining α′-Fe2O3 peak is shown in red dashed line) with amorphous Fe2O3 at 131(5) GPa (SACLA1 data), of liquid Fe2O3

at 182(6) GPa (SACLA2 data) and of a releasing non-crystalline phase after the release wave originating at the free-surface
of the Fe2O3 layer reflects off the parylene-N-Fe2O3 interface and reaches the free surface again when the sample is probed
leading to a pressure of 20-30 GPa (see section V of the Supplementary Material) (SACLA1 data), with remaining ambient
(amb.) peaks. X-rays energy is 9.98 keV for SACLA1 and 9 keV for SACLA2. Angular range is 20 to 80◦ scattering angle and
azimuthal range is 20 to 150◦.

IV. BASELINE SUBTRACTION AND SMOOTHING OF INTEGRATED X-RAY DIFFRACTION
PATTERNS

For all shots presenting no crystalline peaks (or very few) apart from the remaining ambient peaks we subtract
the baseline using data on solid, crystalline Fe2O3 under shock at lower pressure. We also smooth the data prior to
extracting structure factor and pair distribution function as detailed in the main paper. Details of different steps are
shown in Fig. S8, Fig. S9 and Fig. S10.
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140(12) GPa – CH-target

145(12) GPa – CH-target152(5) GPa – Sa-target

122(3) GPa – Sa-target

151(12) GPa – CH-target

125(12) GPa – CH-target

Figure S8. Baseline subtraction for data acquired in transmission at 7.09 keV (LCLS data). The baseline was
evaluated from x-ray diffraction profile under shock on solid Fe2O3 at 116(3) GPa on CH-target for CH-targets data and at
81(2) GPa on Sa-targets for Sa-targets data. The baseline was adjusted (by multiplying by a factor) to match the signal at
low angle where no amorphous/melt contribution is expected. On the left we show azimuthally integrated XRD profile of run
under shock used for baseline after adjustment (grey), corresponding baseline (dashed grey) and XRD profile under shock (in
black). On the right we show XRD profile under shock before (black) and after baseline removal (grey) and smoothing (in red).
For Sa-target we can see that large sapphire signal and in some case integration artefact led to an ambiguous signal beyond 70
degrees, i.e. 4 Å−1.
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Figure S9. Baseline subtraction for data acquired in reflection at 9.98 keV (SACLA1 data) upon release on
CH-target. The baseline was evaluated using x-ray diffraction pattern acquired on the same target prior to shock. The
baseline was adjusted (shifted by + 10) to match the signal at low angle where no contribution from amorphous or melt is
expected. On the left we show azimuthally integrated XRD profile of run under shock used for baseline after adjustment (grey),
corresponding baseline (dashed grey) and XRD profile of amorphous/melt (in black). On the right we show XRD profile of the
amorphous/melt phase (black) and XRD profile of the amorphous/melt after baseline removal (grey) and smoothing (in red).
A similar approach was used to remove baseline for all release runs acquired in reflection (SACLA1 data) displayed in Fig. 3
of the main paper.
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Figure S10. Baseline subtraction for data acquired in reflection under shock at 9 keV (SACLA2 data) on CH-
target. The baseline was evaluated on XRD profile taken prior to shock as no suitable data under shock on solid Fe2O3

was available for this experiment. To account for plasma scattering under shock (contribution being likely to be small due to
reflection geometry) we used an angle-dependent correction : exp(A x cos(2θ-x)) with 2θ the angle, and A and x two constants
chosen to ensure that the baseline is as close as possible of the XRD profile of the melt at large angle similarly to what is
observed for data acquired in transmission. The corresponding baseline was multiplied by a factor to match the melt signal at
low angle (shifted by - 25) where no amorphous or melt contribution is expected. On the left we show azimuthally integrated
XRD profile of run under shock used for baseline after adjustment (green), XRD profile of run under shock used for baseline
after adjustment and additional angle-dependent correction (grey), corresponding baseline (dashed grey) and XRD profile under
shock (in black). On the right we show XRD profile under shock before (black) and after baseline removal (grey) and smoothing
(in red).
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V. HYDRODYNAMIC SIMULATION FOR A SHOT PROBED UPON RELEASE 1.9 NS AFTER
BREAKOUT

For one shot on a CH-target acquired in reflection geometry (SACLA1 data) and probed upon release, after a
shock at 200(5) GPa, nearly no crystalline peak is observed in x-ray diffraction (see Fig. S9), 1.9 ns after the shock
leaves the Fe2O3 layer. Hydrodynamic simulation performed with the code MULTI [4] displayed in Fig. S11 shows
that the release wave originating at the free-surface of the Fe2O3 layer reflects off the parylene-N-Fe2O3 interface and
reaches the free surface again at 1.9 ns after breakout, i.e. exactly when the sample is probed. As hydrodynamic
calculations do not take into account the full range of release processes, an evaluation of the corresponding pressure
was calculated based on the bond length shift observed on the pair distribution function, shown in Fig. 2 of the main
paper, compared to the ambient pressure melt (as detailed in the main text).

x-rays

Parylene-N ablator  Fe2O3

breakout time

~2.5	µm probed in reflection

Figure S11. Results of hydrodynamic calculation for Fe2O3 (CH-target) shocked at 200(5) GPa.

VI. HYDRODYNAMIC SIMULATIONS FOR SA-TARGETS

For targets with a sapphire window, the Fe2O3 layer can be probed after the shock exits the sapphire window
in order to measure an entirely compressed layer. This is the case for data points at 122(3), 152(5), 185(9) and
209(10) GPa. Indeed, the shock is maintained up to 1.5 ns after breakout time as shown in hydrodynamic simulations
presented in Fig. S12. This is due to impedance matching between Fe2O3 and sapphire, as displayed in Fig. S13.
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Parylene-N ablator  Fe2O3 sapphire

SACLA1 data reflection
209 GPa

x-rays

breakout time

x-rays

breakout time

Parylene-N ablator  Fe2O3 sapphire

Figure S12. Results of hydrodynamic calculation for Fe2O3 (Sa-targets) shocked at 152(5) and 209(10) GPa. Hy-
drodynamic simulations performed with MULTI [4] for targets with a sapphire window in (left) reflection geometry (SACLA1),
for data point at 209(10) GPa and in (right) transmission geometry (LCLS), for data point at 152(5) GPa. We can see that
the shock is maintained up to slightly more than 1.5 ns after the shock exits the Fe2O3 layer.

0

Figure S13. Hugoniot relation for Fe2O3 (hematite) and sapphire based on SESAME equation of state 7440
and 7411 respectively [6]. Previous data under shock are shown for hematite [7] (high-explosive-driven experiments) and
sapphire [8] (gas gun measurement).
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VII. SUMMARY OF AMORPHOUS AND LIQUID DATA POINTS WITH DETAILED EVALUATION
OF PEAKS POSITION

 

run State 
Laser 

intensity 
(W/cm2) 

Difference 
between set delay 
and breakout time 

(ns) 

Pulse 
duration 

(ns) 

Pressure 
(GPa) 

Q1  
(Å-1) 

 

Q2  
(Å-1) 

Q1/Q2 
intensity 

ratio 

r1 
(Å) 

Fe-O 

r2 
(Å) 

 

FeOx 
92% Fe3+ [9] melt - - - 0 2.40 4.20 1.20 1.92 3.30 

SACLA1 
CH-target 

melt or 
amorphous 4.09e12 1.9 5  

137(10) under 
shock 

~20-30 for 
release 

2.41 4.49 1.08  
1.76 

 
3.14 

LCLS 
Sa-target amorphous 3.25e12 0.2 10  122(3) 2.75 3.48 1.85 n.d. n.d. 

LCLS 
CH-target amorphous 4.05e12 -0.8 10  125(12) 2.72 3.43 1.61 2.49 

SACLA1 
CH-target 

amorphous  
+ 𝛼′ 2.92e12 -0.3 5  131(5) n.d. n.d. n.d. n.d. 

SACLA1 
CH-target 

amorphous 
+ 𝛼′ 2.82e12 0 5  133(5) n.d. n.d. n.d. n.d. 

LCLS 
CH-target amorphous 4.07e12 -0.3 10  140(12) 2.73 3.45§ 1.84 2.56 

LCLS 
CH-target amorphous 4.15e12 -0.4 10  145(12) 2.72 3.42 1.97 2.51 

LCLS 
CH-target melt  8.33e12 -0.5 10  151(12) 2.78§ 3.56§ 1.07 2.16 

LCLS 
Sa-target melt  4.35e12 1 10  152(5) 2.80 3.57 1.07 n.d. n.d. 

LCLS 
Sa-target melt 5.06e12 -0.5 5  167(11) 2.76* n.d. n.d. n.d. n.d. 

LCLS 
Sa-target melt  5.09e12 -0.1 5  174(5) 2.75* n.d. n.d. n.d. n.d. 

LCLS 
Sa-target melt 5.11e12 -0.7 5  177(2) 2.79* n.d. n.d. n.d. n.d. 

SACLA2 
CH-target melt  4.37e12 n.d. 5  182(6) 2.77 3.58 0.85 1.94 and 2.45 

LCLS 
Sa-target melt  5.25e12 0.5 5  185(9) 2.77* n.d. n.d. n.d. n.d. 

SACLA1 
Sa-target melt  5.0e12 0.4 5  209(10) 2.77* n.d. n.d. n.d. n.d. 

 
 
 

 Table I. Summary of data points under shock and upon release showing nearly no crystalline phase (displayed in
Fig. 1 and Fig. 2 of the main paper). Set delay corresponds to the delay between the laser pulse and the XFEL probe, the
breakout time (determined via VISAR analysis) corresponds to the moment when the shock exits the Fe2O3 layer. For SACLA2
experiment the set delay was not calibrated and timing of the probe compared to the breakout time could not be determined.
Peaks positions (Q1 and Q2) and Q1/Q2 intensity ratio of the peaks are determined from structure factor displayed in Fig. 2
of the main paper and in some specified cases (*) from azimuthally integrated x-ray diffraction profile displayed in Fig. 1 of
the main paper at the maxima of the peaks. For data point at 151(12) GPa the first and second peaks and for the data point
at 140(12) GPa the second peak of the structure factor present a slight asymmetry due to remaining ambient peaks (visible
in Fig. S8). In these cases (§ ) the position of the peak was evaluated by fitting a Gaussian to the peak and determining the
maximum. Interatomic distances are given based on g(r) given in Fig. 2 of the main paper. For run under shock Fe-O and
Fe-Fe contributions are overlapping in g(r) so we only give the observed maximum or maxima without assignation. For some
data points it was not possible to assign a first peak position due to the presence of a remaining α′-Fe2O3 peak at the same
position or a second peak position due to very high background linked to sapphire window or to extract the structure factor
and pair distribution function for similar reason: in this case we left it as not determined (n.d.). For comparison ambient Fe2O3

melt is shown [9].
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VIII. COMPARISON OF DFT+U CALCULATIONS AND SESAME 7440

P (GPa) T(K) DFT+U alpha 
phase 

T(K) DFT+U alpha 
prime phase T(K) SESAME 7440 temperature 

difference (K) 
1 294 - 323 -29 
3 288 - 321 -34 
4 282 - 320 -38 
5 278 - 321 -42 
7 276 - 322 -46 
8 274 - 324 -49 

10 274 - 326 -52 
12 275 - 330 -55 
13 278 - 335 -57 
15 282 - 341 -58 
17 288 - 347 -59 
18 296 - 355 -59 
20 305 - 363 -58 
22 316 - 372 -56 
24 329 - 382 -53 
26 344 - 393 -48 
28 361 - 404 -43 
30 379 - 415 -36 
33 399 - 427 -27 
35 421 - 438 -17 
37 444 - 449 -5 
40 469 - 460 9 
42 494 - 470 25 
45 521 - 478 43 
48 549 - 484 65 
50 579 - 491 87 
53 609 - 503 105 
56 639 - 506 134 
59 671 - 502 169 
62 679 - 494 186 
65 685 - 485 200 
68 - 800 480 320 
71 - 863 483 381 
74 - 918 498 420 
77 - 973 531 442 
81 - 1029 591 438 
84 - 1085 656 429 
88 - 1142 727 415 
91 - 1200 803 397 
95 - 1259 886 373 
99 - 1319 975 344 

103 - 1380 1071 309 
107 - 1443 1174 268 
111 - 1507 1286 221 
115 - 1573 1407 166 
120 - 1641 1537 104 

 
Table II. Comparison between temperature (T) predicted by DFT+U calculations based on phases observed
under shock [2] and SESAME 7440 [6]. Region of major discrepancies is evidenced in bold.
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