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Subnanosecond phase transition dynamics 
in laser-shocked iron
H. Hwang1, E. Galtier2, H. Cynn3, I. Eom4, S. H. Chun4, Y. Bang1, G. C. Hwang1, J. Choi1, T. Kim1, 
M. Kong1, S. Kwon1, K. Kang1, H. J. Lee2, C. Park5, J. I. Lee5, Yongmoon Lee6, W. Yang6,  
S.-H. Shim7, T. Vogt8, Sangsoo Kim4, J. Park4, Sunam Kim4, D. Nam4, J. H. Lee4, H. Hyun4, M. Kim4, 
T.-Y. Koo4, C.-C. Kao2, T. Sekine6,9, Yongjae Lee1,6*

Iron is one of the most studied chemical elements due to its sociotechnological and planetary importance; hence, 
understanding its structural transition dynamics is of vital interest. By combining a short pulse optical laser and 
an ultrashort free electron laser pulse, we have observed the subnanosecond structural dynamics of iron from 
high-quality x-ray diffraction data measured at 50-ps intervals up to 2500 ps. We unequivocally identify a three-
wave structure during the initial compression and a two-wave structure during the decaying shock, involving all 
of the known structural types of iron (-, -, and -phase). In the final stage, negative lattice pressures are generated 
by the propagation of rarefaction waves, leading to the formation of expanded phases and the recovery of 
-phase. Our observations demonstrate the unique capability of measuring the atomistic evolution during the 
entire lattice compression and release processes at unprecedented time and strain rate.

INTRODUCTION
Iron is the most stable and heaviest chemical element produced by 
nucleosynthesis in stars, making it the most abundant heavy element 
in the universe and, hence, in the interiors of Earth and other rocky 
planets (1–3). The high-pressure behavior of iron is therefore of 
enormous importance to better understand the physics and chemistry 
and the magnetic properties of Earth and other planets (4). Because 
of the accessible pressure range of its phase transitions, iron has also 
been an archetypical material for high-pressure studies in early static 
diamond anvil cell (1) and dynamic compression experiments (2). 
This triggered the pressure-dependent investigations of many impor-
tant physical and chemical properties such as magnetic-to-nonmagnetic 
phase transition with large hysteresis (5, 6), kinetics (7), volume col-
lapse (8), and characterization of the triple point (9, 10), as well as 
the sensitivity of mechanical properties to microstructures and strain 
rate (11). At ambient conditions, metallic iron is stable as a body- 
centered cubic (bcc) form (-phase) with ferromagnetic ordering. 
At pressures above ca. 13 GPa, about 130,000 times the atmospheric 
pressure, iron transforms to a nonmagnetic hexagonal close-packed 
(hcp) structure (-phase) (12–14). This transformation is martensitic 
(i.e., diffusionless), and one observes a coexistence of the - and -phase. 
There are still debates about the locations of the phase boundaries 
in the phase diagram as well as the kinetics of this phase transition.

Shock compression via optical lasers or gas guns provides a unique 
opportunity to study the dynamics of materials and has been of par-
ticular interest to understand shock propagation, impact processes, 
and the presence of metastable phases associated with structural 

transformations. In the 1950s, a phase transition was first detected 
in shocked iron (15, 16). To explain this phase transition, a dynamic 
evolution of the iron lattice from a one-dimensional (1D) elastic to 
a 3D plastically relaxed state within a few nanoseconds was proposed 
(17). Barker and Hollenbach (7) used a time-resolved velocity inter-
ferometer system for any reflector (VISAR) to study the phase tran-
sition kinetics in shocked iron and identified three distinct shock 
waves: an elastic (E), a plastic (P1), and a phase transforming wave 
(P2) (7, 15, 16). In contrast to the proposed three deformation waves, 
split two shock waves inducing a direct -phase–to–-phase transition 
of iron has been suggested by Kadau et al. (18), who simulated a 
perfect single crystal without defects and found no evidence of a P2 
wave in a million-atom molecular dynamic simulation. Kadau et al. 
(17) also claimed that the -phase–to–-phase transformation threshold 
time can be shorter than 60 ps for iron with defects and heteroge-
neous nucleation. Jensen et al. (19) claimed remarkably similar wave 
profiles as Barker and Hollenbach (7), showing the typical three shock 
waves and similar peak particle velocity at arrival times for the P2 
wave. These suggest that a pump-probe experiment at every 50-ps delay 
time or less would be adequate to observe these transformations.

The first direct experimental observations of crystallographic 
structures of shocked iron were made only recently in 2005 by 
Kalantar et al. (20). Until then, it was assumed that the transition 
inferred from the wave profiles of shocked iron would be the same 
as the one measured in static experiments (12). Using several tens-
of-nanosecond-long x-ray pulses, Johnson et al. (21–23) experimen-
tally measured Bragg diffraction from a shocked iron crystal. With 
high-intensity lasers to create a subnanosecond x-ray source, x-ray 
diffraction (XRD) from laser-shocked crystals became available, and 
the dynamic response during shock compression could be investigated 
(24). The high-intensity laser could generate enough x-ray photons 
in a short burst to act as an x-ray source (a so-called backlighter) for 
XRD with a brightness greater than those of the third-generation 
synchrotron sources. Hawreliak et al. (25) used the OMEGA, Janus, 
and Vulcan laser facilities to study the phase transition mechanism 
from  to  iron (25–27). Bastea et al. (28) used the Sandia Z accelerator 
to study kinetic features of ramp compressed iron and conjectured 
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that overshoot (velocity loop) of the P1 wave may occur at a faster 
compression rate. Jensen et al. (19) also addressed kinetics of shocked 
iron using plate impact and determined that the phase transition 
stress from  to  iron for a single crystal and powder was different, 
i.e., 14.26 and 12.89 GPa, respectively. Crowhurst et al. (29) used a 
laser pulse drive to compress iron foil and measured free surface 
velocities. They reported that the phase transition from  to  iron 
begins within 100 ps right after elastic compression. In addition, 
recent molecular dynamic simulations of iron suggest the formation 
of a face-centered cubic (fcc) form (-phase) by shock compression 
at ~40 GPa (30). Over the past decades, advances in extremely 
bright x-ray sources, like the x-ray free electron lasers (XFEL) pro-
vided previously unknown capabilities to explore not only the 
structural changes of compressed material but also the dynamics of 
these phase transitions with high temporal resolution (31, 32). It is 
unexpected that iron has not been studied yet using any XFEL 
sources despite its paradigmatic importance and discrepancies in 
understanding its phase transition dynamics.

Here, we report the unique combination of an optical laser pump 
and XFEL probe to observe the atomic structural evolution of shock- 
compressed iron at an unprecedented time resolution, ~ 50 ps under 
high strain rate. We observed the three-wave temporal evolution by 
the elastic (E), plastic (P1), and the deformational phase transition 
to -phase (P2), followed by postcompression phases due to rare faction 
waves in 50-ps intervals between 0 and 2.5 ns after irradiation 
with the optical laser. This is the first direct and complete observation 
of shock wave propagation associated with the crystal structural 
changes recorded by high-quality time series XRD data.

RESULTS
The experiment was performed at the hard x-ray beamline XSS 
(x-ray scattering and spectroscopy) at Pohang Accelerator Labora-
tory X-ray Free Electron Laser (PAL-XFEL) in Pohang, Korea. As 
shown in Fig. 1, 4-m-thick polycrystalline Fe foils (99.9% pure 
synthetic iron) were illuminated at ~5° to the surface normal by an 

800-nm wavelength Ti:sapphire laser chirped to 140 ps with an energy 
of 6.1 mJ, focused down to a 40-m-diameter spot on the sample 
surface (see Materials and Methods). The iron sample was probed 
by a 25-fs quasi-monochromatic (bandwidth 0.4%) x-ray pulse at a 
photon energy of 12 keV with 1011 photons per pulse. The femto-
second x-ray pulse allows us to take instantaneous snapshots of the 
atomic structure of the sample with dynamics faster than picoseconds, 
which is already too fast to see any thermodynamic processes. The 
x-ray beam was focused down to a 20-m-diameter spot on the sample 
using Be compound refractive lenses (CRL) available at the beam-
line. A cartridge that could contain up to 4 × 4 thin Fe foils (disks of 
5-mm diameters) was translated for single-shot measurements by a 
linear stage mounted on a hexapod. The iron target was normal to 
the x-ray pulse, with the diffraction detector in transmission geometry 
(Fig. 1). Since the attenuation length of Fe at 12 keV is ca. 6.85 m, 
x-ray photons are diffracted along the full depth of the 4-m-thick 
Fe foil, allowing the observation of all the atomic structures of the 
entire sample with expected diffraction intensity and its possible 
mixed phases due to the martensic nature of some of the iron phase 
transitions. Arcs of the -phase (110), (200), (211), (220), (310), and 
(222) Debye-Scherrer rings were observed in a single shot using a 
Rayonix MX225-HS detector placed at a distance of about 22 cm from 
the sample covering 2 angles up to 72° (more details in Materials 
and Methods).

The optical laser and the x-ray laser were synchronized to allow 
XRD patterns to be recorded in 50-ps (or 100) intervals up to a 2.5-ns 
delay time after the onset of irradiation by the optical laser. Figure 2 
shows single-shot diffraction images at selected delay times of 0, 
250, 500, 700, and 1200 ps, where one can identify -phase at ambient 
conditions, at the Hugoniot elastic limit (HEL) (E), when the plastic 
compression (P1) occurs, and -phase of iron when the high-pressure 
phase (P2) forms. Rarefaction waves are present at later stages, as 
evidenced by the released -phase and newly formed -phases as 
well as their expanded states (Fig. 2 and fig. S1). The high-quality 
diffraction data enable us to investigate the full structural and tem-
poral evolution of shock-compressed iron.

Fig. 1. Experimental configuration of the laser pump and XFEL probe setup. The polycrystalline iron target is illuminated by an optical pump laser. Lattice spacings 
of the target are probed by the XFEL beam in transmission geometry.
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Time series diffraction data were processed using the Dioptas 
software (33). The indexing of the peaks at selected delay times and 
the calculated densities as a function of delay time are shown in 
Figs. 3 and 4, respectively. In all the measured diffraction data, we 
observe sharp -phase peaks with the strongest (110) diffraction 
near 29.6° (ambient iron with an average density of 7.89 g/cm3). 
Initially, -phase in the HEL occurs at times between 250 and 600 ps 
with an average density of 8.10 g/cm3, which is followed by com-
pressed -phase (P1; 8.47 g/cm3) and high-pressure -phase (P2; 
9.18 g/cm3) peaks at times between 300 and 600 ps. During this 
time, peak stress is observed near 450 ps to be ~34 GPa with a cor-
responding strain rate of ~3.0 × 109 s−1 (34, 35). The strain rate was 
calculated using the equation defining the strain rate presented in 
Smith et al. (8). The compressive strain rate associated with the phase 
transformation was described as

      .   =   1 ─    0       
 ─ 
t    

where      .    is the compressive strain rate on phase transition, 0 is the 
density of ambient -phase taken at 0 ps,  is the difference of den-
sity between - and -phase, and t is the time gap on phase transi-
tion from -phase to -phase. After this stage, -phase with a lower 
density (8.68 g/cm3) is observed between 650 and 850 ps, which 
partially overlaps with -phase (8.25 g/cm3) and HEL (8.04 g/cm3) 
during decaying shock compressions that occur at times between 
650 and 1100 ps (Fig. 4). This corresponds to the hysteresis of the back 
transformation of the -phase. All the compressed - and -phase 
of iron disappear after 850 and 1100 ps, respectively.

Close examination of the peaks reveals the appearance of new 
phases after 650 ps with densities similar or even lower than that of 
ambient -phase. Figure 3B shows the detailed analysis of the shoulder 
peaks as well as weak ones above the background level, assigned 
collectively to the -phase and the expanded -phase at a delay time 
of 700 ps. The newly formed -phase exhibits an average density of 
7.93 g/cm3 between 650 and 900 ps, similar to that of the -phase at 
ambient pressure. After 900 ps, the unit cell volume of the -phase 
expands by ca. 3.9%, corresponding to a decrease in density to 

Fig. 2. Diffraction images of laser-shocked 4-m-thick iron at selected delay times with schematic illustrations of corresponding shock propagation. (A) Debye-Scherrer 
rings of -phase (110), (200), (211), (220), and (310) reflections with a marginal trace from (222) peak at ambient conditions (0 ps). (B) 1D hydrodynamic HELIOS-CR 
simulation showing the expected breakout time at the rear surface of the sample. Diffraction images and corresponding shock propagation stages at delay times of (C) 250, 
(D) 500, (E) 700, and (F) 1200 ps.
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7.63 g/cm3. This expanded -phase then persists up to 1900 ps. On the 
other hand, the expanded -phase formed at 650 ps exhibits an average 
density of 7.55 g/cm3, which is ca. 4.5% lower than that of -phase 
at ambient conditions and persists up to 2100 ps. After 2100 ps, only 
the ambient -phase remains up to the final delay time of 2500 ps.

According to our 1D hydrocode simulations (Fig. 2B and fig. S2), 
the high-pressure compression stage ends about 600 ps, after which 
the release process follows (see Materials and Methods for more de-
tails on the hydrodynamic simulations). Taking into account the 3D 
effects due to the relative size of our optical laser beam (~40 m) 

Fig. 3. Changes in the diffraction patterns of 4-m-thick iron as a function of delay time from laser shock. (A) The (110) reflection intensity of -phase at ambient 
conditions (0 ps) starts to decrease at 250 ps with the emergence of additional reflection features dominating at the high 2 angle side up to 700 ps, after which new 
diffraction peaks evolve as shoulders of the  (110) at the low 2 angle side up to 2000 ps. Assignments of - and -phase peaks are shown in the middle in the enlarged 
view. (B) Pseudo-Voigt profile fitting of the diffraction pattern measured at 700-ps delay time. The major (110) reflection of -phase is composed of ambient, compressed 
(HEL and released P1), and an expanded quadruplet. Inset shows the existence of -phase (released P2) and -phase (ambient) above the background level. Profile fittings 
at different delay times are shown in fig. S1.

Fig. 4. Time series lattice response of 4-m-thick shocked iron at delay times between 0 and 2.5 ns. Density was calculated based on the refined positions of diffrac-
tion peaks over 24 and 58 in 2. There are three different structural types of iron phases (-, -, and -phase). The compressed states consist of - and -phase. Only the 
elastic compression state is observed at 250 ps, after which three-wave structures coexist between 300 and 600 ps. A compressed -phase with partially released states 
of - and -phase then evolve from 650 to 1100 ps. After 1100 ps, no compressed states are seen, but expanded - and -phase are observed up to 2100 ps. At the final 
delay times of 2200 and 2500 ps, only the ambient -phase is observed.
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compared with the XFEL beam (~20 m), the radial rarefaction will 
reach the edge of the XFEL beam earlier than from the optical laser 
side. These effects will give us a chance to look at the release processes 
as well as compression. The less dense -phase indicates negative 
stresses of ~8(2) GPa, when calculated based on the shock Hugoniot 
and isentropic release (34, 35). Although there are no direct tem-
perature diagnostics, we suspect that there is no significant sample 
preheating in our experiments due to the relatively low laser pump 
intensity (~6.1 mJ). We did not detect any expansion of -phase 
before compression (Fig. 4), although preheating and initial expan-
sion have been reported in Au foil using a pump laser with a pulse 
energy of 1 J (36).

On the basis of our diffraction results, the laser shock stress de-
cays significantly during their propagation, as seen in fig. S3 and 
table S1 (34, 35). When the high-pressure -phase (P2) is present 
between 300 and 600 ps with an average density of 9.18 g/cm3 and a 
peak stress of ca. 34 GPa, the second phase of compressed -phase 
(P1) maintains a constant density of 8.47 g/cm3 at an average stress 
of ca. 13.6 GPa that supports the phase transition, while the initial 
elastic phase (E) shows an average density of 8.10 g/cm3 at an average 
stress of ca. 7.6 GPa. The partially released states of the - and 
-phase at times between 650 and 850 ps and 650 and 900 ps, re-
spectively, are coexisting with lower-density -phase than that found 
at ambient conditions. The peak stress decays rapidly, and no com-
pressed phases are present after 1100 ps. During this release process, 
the stress level observed by the XFEL would consist of two states, 
i.e., the central part, which relaxes toward ambient conditions, and 
the edge part subjected to further radial rarefaction.

The crystallite sizes estimated from the measured diffraction peak 
widths are plotted in fig. S4 to reveal the comminution effect asso-
ciated with the propagation of shock and rarefaction waves. In the 
initial compression stage, all of the three waves exhibit increases in 
their diffraction peak widths and, hence, a decrease in crystallite 
sizes in the order of the HEL (E), the compressed -phase (P1), and 

the high-pressure -phase (P2), which consists of the tiniest grains 
of ca. 0.04 m (table S1). During the release processes, the expanded 
- and -phases maintain smaller grain sizes, indicating a rapid re-
crystallization, while the recovered -phase appears to revert closely 
to the original grain sizes of ca. 0.34 m.

Previous studies have probed the wave profiles for shocked iron 
at pressures above the phase transition (~13 GPa), where the HEL 
stress was not very high (below ~1 GPa) (7, 18). However, recent 
laser shock experiments showed much higher HEL stress (~10 GPa) 
for thinner iron samples, where the second plastic wave merged with 
the wave profile of the free surface (37). In our data, at an early delay 
time of 250 ps, only the HEL (~7.2 GPa) is present without the plas-
tically compressed -phase state. A three-wave sequence is then ob-
served in the diffraction pattern starting at 300 ps. These results reveal 
that in the shock dynamics of iron, the wave sequence depends on 
the HEL level and peak stress.

DISCUSSION
In this study, we have successfully observed distinct compression 
states associated with a three-wave structure in polycrystalline iron 
and detected materials in tensile strain as a dynamical and interme-
diate state during the release process. The phase transition pressure 
between the - and -phase is estimated to be 13.6 GPa and agrees 
with the one established from static compression experiments, al-
though it may increase with increasing strain rate or decrease with 
increasing shear present. Our estimated HEL stress reaches up to 
~9 GPa, which is among the highest thus far reported for shock Hugoniot 
of iron (fig. S3). After the peak pressure of ~34 GPa, the high-pressure 
-phase undergoes release processes and crosses the phase boundary 
toward the -phase via successive volume increases to form the par-
tially released -phase and the ambient -phase. This has to be ac-
commodated without the formation of voids in the lattice (fig. S6). 
The structural difference between the -phase and the -phase is in 

Fig. 5. Evolution of the - (bcc), - (hcp), and -phase (fcc) in shocked iron and the existence of a metastable -phase after the shock experiment. (A and B) Schematic 
processes for shocked iron with experimentally determined states of the -, -, and -phase. The arrows indicate increase in delay time. Note the boundary between -phase 
and -phase and a possible metastable extension of the boundary between -phase and -phase from high temperatures. Solid and broken lines denote compression 
and decompression paths, respectively. The triple point of -- iron is taken from the data of Dewaele et al. (10). Stress and temperature were estimated from diffraction 
data using the Us-Up relation (see fig. S3). The calculated temperature for -phase (HEL), -phase, and -phase is taken from the theoretical Hugoniot of iron from Boettger 
and Wallace (48). The temperature at the release state (TR) is on the isentrope from the Hugoniot and is given by the equation using the volume at the release state (V) 

   T  R   =  T  H   exp {   ∫V  
 V  H  

   ( / V ) dV }     where TH and VH are temperature and volume at the Hugoniot, and  is the Grunisen parameter. These calculated temperatures at the 

Hugoniot and release states are below the -phase stability field.
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the layer sequence, ABAB… and ABCABC…, respectively. The ul-
trafast measurements at 50-ps intervals were sufficient to detect the 
temporal appearance of the ambient -phase (Figs. 4 and 5).

Changes in volume by rarefaction processes could be accommo-
dated by a further expansion of the -phase as indicated in Fig. 5. At 
early times, the elastic wave emerges first, and then the second plastic 
and phase transformation waves are seen within ~50 ps. The edge of 
the sample is subjected to the rarefaction wave, while the decaying 
shock decreases the stress rapidly. This induces partially released states 
by the presence of metastable - and -phase, ambient -phase, and 
expanded -phase at times between 650 and 850 ps. Between 850 and 
1100 ps, only the central end is compressed, and after 1100 ps, com-
pletely released and expanded states are observed. The expanded -phase 
then acts to generate negative pressure and subsequently induces the 
formation of the expanded -phase. After the delay time of 2100 ps, 
the ambient -phase is the sole phase present but would be subjected 
to marginal thermal expansion (Figs. 4 and 5), since the transfor-
mation of the - to the -phase is exothermic. Previous molecular 
dynamics simulations indicate that the -phase is formed during 
the compression process together with the -phase (17). Our exper-
imental results, however, suggest that the -phase is metastable and 
can be quenched from the -phase. We have performed XRD grid 
scans around the hole made by the XFEL pulse and found the exis-
tence of a quenched -phase at a maximum intensity ratio of ca. 9% 
compared with the ambient -phase (fig. S7). Furthermore, it has 
been known that shocked polycrystalline metals display dispersion 
in particle velocity that can cause turbulence and local temperature 
rise (38). This may occur not only during compression but also after 
release. Local hotspots may thus form, especially on the free surface, 
inducing oxidation reactions. After our maximum probing time of 
2500 ps, significant local frictional heating between grains would 
have occurred, as was detected in the form of wüstite around the 
damaged hole of the recovered sample (fig. S7).

Shock-assisted and shock-induced chemical reactions are essen-
tial parts of explosive detonations (39) as well as promising tools in 
solid-state chemistry (40, 41). However, the design of these ultrafast 
chemical reactions has been hampered by the lack of understanding 
of the time-dependent structural evolution. Our work on iron reveals 
the complex time-dependent structural changes during laser shocks 
thanks to the fast pump laser and ultrafast x-ray pulse from an XFEL. 
Triggering laser shock–induced or laser shock–assisted solid-solid 
or solid-gas chemical reactions after certain delay times might provide 
new opportunities to achieve unprecedented conversion rates and 
product selectivity, provided that one has characterized the structural 
dynamics of the reactants and the recovery of metastable phases, as 
demonstrated by our work.

MATERIALS AND METHODS
Optical laser
Uncompressed chirped pulses at 800 nm [bandwidth, 14 nm (full 
width at half maximum, FWHM); pulse duration, 140 ps] from 
Ti:sapphire amplifier (Legend Elite Duo HE+, Coherent Inc.) were 
used as a pump to generate the shock wave (42). Repetition rate of 
the amplifier was reduced to 10 Hz. The laser delivered 6.1 mJ on 
target with a shot-to-shot pulse energy stability of ~0.4% root mean 
square (RMS), and the intensity ratio of the prepulse to the main 
pulse was ~1%. The pulse duration is 140 ps measured at the FWHM 
of the Gaussian profile. The arrival time jitter between the optical 

laser and the x-ray pulses was measured to be ~25 fs (RMS) (43). 
The optical laser was synchronized with the x-ray beam by overlapping 
the maximum of both the beam signals of the same diode placed at the 
interaction point. This time overlap defined the time “zero” used in the 
delay between the pump and the probe beams. The 10-mm-diameter 
laser beam was focused on the sample with a lens of 250-mm focal 
length. The measured spot at the interaction point was a Gaussian 
profile of ~40-m diameter (FWHM) at an incidence angle between 
the pump and XFEL probe set to 5° (see Fig. 1). Each diffraction data 
originates from a single x-ray pulse diffracting off a single optical 
laser shot iron sample. Fresh material was used for any new shots by 
translating the target.

Wide-angle x-ray scattering experiment
The experiment was carried out in the transmission WAXS (wide-angle 
x-ray scattering) geometry. The x-rays were tuned to a maximum flux 
(about ~2 × 1011 photons per pulse) at 12 keV (bandwidth, FWHM 
0.4%; pulse duration, ~25 fs; and repetition rate, 10 Hz), and the 
spot size at the sample position was ~20-m diameter (FWHM) 
focused using a beryllium CRL (44), which gave the position stability 
of ~4.6 m in horizontal and ~ 2.3 m in vertical (45). This size is 
ca. 1/2 of the optical laser spot size, suited for observing the sample 
response to the laser shock. To ensure the spatial overlap of the x-ray 
and optical laser on the sample, a long-working distance microscope 
was placed near the sample and used for monitoring both beam spots. 
The overlap point was marked on the microscope camera and was 
checked periodically during the experimental campaign. The sample 
plane positioning was reproducible to within the depth of focus of 
the objective microscope, which was about 2 m. The near colinear 
optical alignment to the x-ray beam geometry (5°) and the large 
Rayleigh length of the focused laser beam (about 3 cm) allowed us 
to have negligible errors in the longitudinal overlap of the beams. 
To check the alignment of the optical laser and XFEL positions, test 
shots were made on an Si wafer, which is located on the same plane 
as the surface of the iron sample before each shot. The lateral overlap 
was checked at every shot by using a microscope objective of ×20 
magnification, giving a spatial resolution of less than 1 m, which is 
much smaller than both laser and x-ray spot sizes.

The sample stage consists of sample holder cartridges (3-mm diameter 
holes in a 4 × 4 grid), linear motor stages, and a hexapod. This allows 
for mounting multiple samples and translating each of them to the 
spatial overlap point without disturbing the x-ray and laser align-
ments. The time delay between x-ray and optical laser pulses was set by 
a linear stage position that changes the path length of the laser. The 
single-shot x-ray image was obtained using a 2D area detector, Rayonix 
MX225-HS (effective area of 22.5 cm by 22.5 cm). The detector frame 
rate was 33 Hz, matching the repetition rates of the x-ray and optical 
laser pulse. A single frame with a time window of 33 ms (exposure time. 
32 ms; frame transfer time, 1 ms) captures a single shot diffraction 
image. The detector was positioned to cover arcs of the six peaks of 
(110), (200), (211), (220), (310), and (222) in -phase of iron. Debye- 
Scherrer rings from the sample were calibrated by fitting diffraction 
peaks of a CeO2 (SRM 674b) standard sample using Dioptas (33). It was 
operated in the 4 × 4 binning mode (number of pixels, 1440 × 1440 
effective pixel size, 156 m× 156 m), which provides enough momen-
tum resolution to observe the three-wave states in shock-compressed 
iron. Two or three single shots at the same laser/x-ray delay time 
were repeatedly measured to check the reproducibility of the com-
pression and relaxation effects.
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In addition, to ensure statistically meaningful measurements, 
separate runs were made under slightly different sample and/or 
pump-probe conditions. Figure S5 demonstrates that the overall 
lattice dynamics of iron during shock compression and relaxation 
stages are consistent between different measurements, showing a 
similar sequence of phase evolution up to 2000-ps delay time.

SE and BES imaging
To probe the laser-shocked regions after XFEL experiments, we 
measured secondary electron (SE) and backscattered electron (BSE) 
images using a JEOL JXA-8530F field emission electron microanalyzer 
at the Korea Polar Research Institute, with an accelerating voltage of 
10 kV and a focused beam of 10 nA.

Grid scanning for laser-shocked region using synchrotron XRD
Synchrotron XRD was performed on the recovered iron sample 
at beamline 16-IDB of the High Pressure Collaborative Access Team 
(HPCAT) at the Advanced Photon Source at Argonne National Lab-
oratory. Monochromatic x-ray of 0.4066(1)Å wavelength was focused 
to 5 m (horizontal) × 5 m (vertical) in size using Kirkpatrick-Baez 
mirrors, and a Pilatus 1M detector was used for diffraction measure-
ment. A sample area of 50 m by 50 m around the central XFEL 
hole was scanned in a 5-m step using 2-s exposure time per step.

Hydrodynamic simulations
We used a 1D hydrodynamic code, HELIOS Collisional-Radiative 
(46), to gain information on the initial shock wave propagation, 
decay rate, and expected pressure before release to guide the design 
of the experiment. In this simulation, the optical laser is a Gaussian 
profile of 150-ps FWHM with its maximum at 400 ps from t = 0 s. 
The numerical laser peak intensity I0n is derived from the measured 
laser peak energy I0 using the laser pulse duration, laser pulse energy, 
and spot size on target. To take into account 3D effects due to the 
laser deposition geometry (essentially, a spherical blast wave), I0n in 
the code has been corrected by benchmarking the simulated pressure 
in the initial shock propagation phase through the uncompressed 
iron foil with the determined pressure using the Rankine-Hugoniot 
relation derived from the XRD data when the maximum pressure 
has been reached, for forming -phase at about 34 GPa and 450-ps 
delay. While the phase transition properties in the experiment are not 
being accounted for in this hydrodynamic code, the shock breakout 
time at the rear surface of the foil and the initial decay rate through 
the sample can be inferred from it. The multiplicative coefficient 
from the measured laser intensity I0 (see “Optical laser” section) is 
about 1/4 such that I0n = I0 * 1/4. The iron foil equation of states has 
been calculated using the quotidian equation of state (QEOS) (47) 
model implementation in PROPACEOS (46) with both sides being 
allowed to expand. The simulation shows that the initial shock wave 
reaches the back of a 4-m-thick iron foil in about 600 ps from the 
maximum of the laser pulse (the maximum of the laser pulse is 
defined as input parameter in the code, and it has been defined to 
be at 400 ps from t = 0 s in the simulation to properly take into 
account the rising edge of the Gaussian profile of the laser pulse 
shape). During the experiment, the timing of the x-rays and the optical 
lasers has been defined the same way, where the maximum of the tem-
poral Gaussian profile of each pulse overlaps. It means that 0-ps 
delay in the experiment is when the two pulses exactly overlap at their 
maximum in time (which is also convolved with the response of the 
fast photodiode used for this measurement, of about 20 ps), and we 

have applied a −400-ps offset to the simulation time to compare it 
with the experiment. This number is independent of the experimental 
data and corroborates well with the observation of the rarefaction wave 
occurring at 600 ps in the experiment (see Fig. 4 and the earliest 
release time boundary). In addition, the expected maximum density 
at ~34 GPa extracted from the XRD is about 9.2 g/cm3, which agrees 
well with the mass density at 450 ps in the simulation.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/23/eaaz5132/DC1
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