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Under the irradiation of an ultrafast intense laser, solid materials
can be driven into nonequilibrium states undergoing an ultrafast
solid–liquid phase transition. Understanding such nonequilibrium
states is essential for scientific research and industrial applications
because they exist in various processes including laser fusion and
laser machining yet challenging in the sense that high resolution
and single-shot capability are required for the measurements.
Herein, an ultrafast diffraction technique with megaelectron-volt
(MeV) electrons is used to resolve the atomic pathway over the
entire laser-induced ultrafast melting process, from the initial loss
of long-range order and the formation of high-density liquid to
the progressive evolution of short-range order and relaxation into
the metastable low-density liquid state. High-resolution measure-
ments using electron pulse compression and a time-stamping tech-
nique reveal a coherent breathing motion of polyhedral clusters in
transient liquid aluminum during the ultrafast melting process, as
indicated by the oscillation of the interatomic distance between
the center atom and atoms in the nearest-neighbor shell. Further-
more, contraction of interatomic distance was observed in a super-
heated liquid state with temperatures up to 6,000 K. The results
provide an atomic view of melting accompanied with internal pres-
sure relaxation and are critical for understanding the structures
and properties of matter under extreme conditions.
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An ultrafast laser can induce solid–liquid phase transitions
and bring materials into transient states at high temperature

and pressure not accessible at equilibrium conditions. The study
of the ultrafast melting process under extreme conditions is fun-
damental to understanding processes such as the atomic pathway
in thermal and nonthermal melting, the mechanisms of homoge-
neous and heterogeneous melting, and the nature of explosive
boiling and disintegration of materials. The detailed characteriza-
tion of such nonequilibrium states in the ultrafast melting process
is also important for high-energy-density physics (1, 2).

Strongly driven solid–liquid phase transitions have been
extensively studied, and different melting mechanisms have
been identified (3–7). Electronic excitations can trigger non-
thermal melting for semiconductors and semimetals, usually on
a subpicosecond time scale (8, 9). In contrast, metals undergo
thermal melting after energy is transferred from electrons to
nuclei via electron–phonon scattering (10, 11). With three delo-
calized electrons, aluminum is a model system for thermal
melting studies to validate theoretical models that predict
strong ion–ion coupling in the warm dense matter (WDM)
regime (12–14). Optical and X-ray spectroscopic methods have
been used to investigate the electronic structure and short-
range order dynamics in laser-induced melting of aluminum

(15–18), but they can only provide indirect information on the
atomic-scale structure. The first direct observation of such melt-
ing process at the atomic level was based on picosecond elec-
tron diffraction (19). However, the temporal resolution in this
early experiment is not sufficient to record the melting dynam-
ics. During the past decades, time-resolved X-ray/electron
diffraction techniques have been improved both in temporal
resolution and source brightness (14, 20–23), which allow one
to capture structural evolution during melting through the
atomic radial distribution functions (RDFs) (4, 24, 25). Despite
numerous studies on the thermal melting, the entire melting
process, from the initial loss of long-range order to progressive
short-range disordering, remains elusive at the atomic level.

The entire melting process involves ultrafast lattice heating,
the density fluctuations, and the development of internal pres-
sure. According to the two-temperature model combined with
classical molecular dynamics (TTM-MD) simulations (26, 27),
ultrafast melting of a thin metal film is significantly affected by
the pressure relaxation process and induced acoustic vibration.
While laser-induced pressure is essential for shock-wave
and WDM studies (14, 28–30), the local atomic structure
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(e.g., interatomic distance and coordination numbers [CNs]) of
the transient liquid in response to laser-induced compression has
been rarely investigated. The evolution of the local atomic struc-
ture originates from the redistribution of polyhedral clusters in
different liquid states along the melting process, the depiction of
which requires high temporal and spatial resolution.

Here, the megaelectron-volt (MeV) ultrafast electron dif-
fraction (UED) with enhanced beam brightness and temporal

resolution is employed to track the ultrafast melting process of
aluminum and the associated evolution of the local structure of
polyhedral clusters in the transient liquid under extreme condi-
tions. Combined with TTM-MD simulations, a comprehensive
picture of the coherent breathing motion of clusters during the
entire ultrafast transition from solid to short-lived transient liq-
uid of solid density, and finally to long-lived equilibrium liquid
in the presence of pressure relaxation is presented. Further-
more, it was observed that high-coordinated clusters in the
liquid state with a larger bond length tend to evolve into low-
coordinated clusters with a shorter interatomic distance as the
temperature increases to 6,000 K in the superheated regime.
These results and observations provide an atomic-scale view
of ultrafast melting and are critical for understanding the
structures and properties of matter under extreme conditions.

Results
MeV UED. The main challenge in studying ultrafast melting is
that dramatic changes in structure occur on a subpicosecond
time scale, and the sample is damaged after laser excitation,
requiring a high-resolution, single-shot capability for measure-
ments. The high resolution is essential to capturing the ultrafast
dynamics, and the single-shot capability allows the measure-
ment to be done with a reasonable number of samples. In this
experiment, MeV electrons that significantly mitigate the space
charge effect (31, 32) are used to record the diffraction patterns

Fig. 1. Schematic of the experimental setup. An electron beam is longitu-
dinally compressed with an rf field and then used to probe the laser-
excited aluminum. The diffracted beam is measured with a phosphor
screen carrying information on the sample's atomic structure, and the
undiffracted beam is measured with a downstream energy spectrometer
for correcting timing jitter.
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Fig. 2. UED data in the reversible regime. (A) Raw diffraction pattern taken without laser excitation. (B) Corresponding radially averaged distribution.
(C) Temporal evolution of the position of the Bragg peak (111). (D) Temporal traces of the intensity of four selected Bragg peaks (open circles) at an inci-
dent fluence of 24 mJ/cm2. Solid lines represent single exponential fits of the data, yielding nearly the same time constants of 0.4 ps. (E) Natural logarithm
of normalized intensities of four selected peaks as a function of s2. (F) Increase in lattice temperature as a function of the incident pump fluence.
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in the single-shot mode. Furthermore, the electron beam is
compressed by a radiofrequency (rf) cavity, and the timing jitter
after compression is corrected by measuring the beam energy
for achieving a high temporal resolution (33, 34).

As shown in Fig. 1, when the electron beam passes through
the rf cavity at the zero-crossing phase, the electrons at the
bunch head are decelerated while those at the bunch tail are
accelerated. After a drift, the bunch tail catches up with the
bunch head at the position of the sample, leading to bunch
compression. As a result, the 3.2-MeV electron pulse with
a large bunch charge of about 100 fC is compressed to about
120 fs (full width at half maximum, FWHM) as measured by
the THz streaking method (33, 35). Then, a 30-fs (FWHM)
800-nm laser is used to excite the polycrystalline aluminum foil,
and the electron scattering patterns are recorded with a phos-
phor screen. The centroid energy of the electron beam after
compression is measured on a shot-to-shot basis to correct the
timing jitter introduced during the rf compression process. This
is achieved by making a hole in the phosphor screen to allow
the undiffracted beam to pass through, and the energy of the
transmitted direct beam is measured with a downstream energy
spectrometer (34). With this setup, the diffraction pattern
and beam energy are measured simultaneously, allowing the
timing jitter to be corrected and an overall time resolution of
150 fs (FWHM) to be achieved. It is worth pointing out that
the shot-to-shot time jitter also limits the time resolution in
X-ray free-electron laser facilities, and a similar “measure and
sort” approach has been used to improve the resolution in the
pump-probe experiment (36, 37).

Reversible Dynamics with Laser Heating. Pump-probe measure-
ments in the reversible regime with laser fluence well below the
melting threshold were first performed to obtain the laser heat-
ing dynamics of the crystalline state (11). The sample thickness
and absorbed energy as a function of incident pump fluence
were determined to compare experimental observations and
theoretical calculations extended to the irreversible melting
regime. Electron diffraction patterns (Fig. 2A) accumulated
over 50 shots were measured in a transmission geometry, and
the radially averaged intensity profile of the Bragg peaks as a

function of the scattering vector s ðs¼ 2sinθ=λÞ is shown in
Fig. 2B, where θ is one half of the scattering angle and λ is
the wavelength of the electron. The typical diffraction peaks in
Fig. 2B were fitted to obtain the position (Fig. 2C) and intensity
(Fig. 2D) of the peaks as a function of delay time.

The initial shift of peak positions from 0 ps to 8 ps in Fig. 2C
originated from the expansion of the aluminum film. The
degree of expansion is consistent with the expansion coefficient
multiplied by increased temperature (about 60 K) derived from
Debye–Waller effect. The oscillatory motion of peak positions
in Fig. 2C with a period of ∼17 ps indicates the propagation of
acoustic waves in the polycrystalline aluminum (38, 39). Due to
ultrafast heating across the thin film, a newly expanded equilib-
rium lattice position was established at a speed much faster
than the lattice response. Such impulsive and displacive excita-
tion induced a coherent lattice vibration around the new equi-
librium position, and stretched and compressed lattice states
are alternately reached. The stretching (compression) of the
sample leads to the broadening (narrowing) of lattice plane
spacing and consequently the contraction (expansion) of the
Debye–Scherrer ring radius. The thickness L of the aluminum
film is determined to be about 50 nm from the standing wave
period of 2L=ν, where ν is the longitudinal sound velocity.

The decay of the diffraction peaks’ intensity, as shown in
Fig. 2D, can be ascribed to lattice heating according to the
Debye–Waller model (40):

Ihkl tð Þ ¼ I0hkl exp � 4π2

3
< u2 tð Þ > s2

� �
, [1]

in which hu2i is the mean squared atomic displacement that
depends on lattice temperature. The dependence of the diffrac-
tion intensity on the scattering vector for three representative
laser fluences is shown in Fig. 2E, where the linear dependence
of �lnðInormhkl Þ on s2 is in excellent agreement with that predicted
in Eq. 1. The corresponding temperature increase, deduced from
slopes in Fig. 2E and parameterization of the Debye–Waller fac-
tor (41), exhibits a linear relation with the incident pump fluence
as shown in Fig. 2F. The solid line in Fig. 2F gives a linear regres-
sion fit of the data, whose slope, a, multiplied by the heat
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Fig. 3. Ultrafast melting of aluminum. (A) Snapshots of raw diffraction patterns averaged over 10 shots at various delay times. (B) The radially averaged
intensity profiles of diffraction patterns. (C) RDFs corresponding to the diffraction data in B.
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capacity of aluminum, Cl, gives the absorbed energy per incident
fluence (aCl). From the measurements on reversible dynamics,
sample thickness and absorbed energy per incident fluence are
determined, enabling quantitative comparison between TTM-
MD simulations and experimental observations of the melting
process.

Loss of Long-Range Order in Melting. As pump fluence is increased
above the melting threshold, the aluminum lattice will rapidly
destabilize and collapse into disorder. This irreversible transition
occurs on the picoseconds time scale and strongly depends on
pump fluence. The diffraction patterns at various delay time
for 500 mJ/cm2 laser fluence were measured and are shown in
Fig. 3A. Diffraction patterns with a sufficient signal-to-noise ratio
is obtained with integration over just 10 pulses due to the
increased beam brightness. As shown in Fig. 3 A and B, the dif-
fraction rings of solid polycrystalline Al are no longer observable
after about 1.5 ps, implying a complete loss of long-range order
within 1.5 ps. The melting time is significantly shorter than the
3.5 ps determined with kiloelectron-volt electron diffraction
reported previously (4), because of the higher incident laser
fluence that leads to higher heating rate and nucleation rate.

In order to investigate the structural evolution during the melt-
ing process, the atomic RDF was determined by a sine transform
of the diffraction profile in reciprocal space (see SI Appendix for
additional details). Fig. 3C shows the calculated RDF HðrÞ at five
delay times. Before laser irradiation (�0.5 ps), the correlation
peaks in HðrÞ from 2 Å to 10 Å correspond to the characteristic
interatomic distance between atoms in the face-centered cubic
structure of Al. As the phase transition proceeds, the correlation
peaks over 6 Å diminish to noise level rapidly in 1.5 ps, and only
short-range correlations in atomic position remain. These obser-
vations imply the loss of long-range order during the melting pro-
cess and the formation of a liquid-like structure. In addition, it is
noticeable that the position of the first peak (marked by the red
arrow in Fig. 3C) in HðrÞ shows a significant shift to low distance
as the height of the peak reduces. Understanding the mechanism
for this shift requires RDF analysis on a longer time scale and
TTM-MD simulations, as discussed below.

Ultrafast Short-Range Order Evolution. Although the ultrafast loss
of long-range order and the emergence of a transient liquid
state occurred in 1.5 ps, a much longer time was needed to
establish a metastable liquid state. The transient liquid state,
which is highly unstable, formed immediately after laser melt-
ing has a density close to that of solid state (42). The atomic
pathway approaching the metastable liquid state of low density
from this high-density liquid state is strongly influenced by the
progressively short-range disordering and pressure relaxation.
Here, by recording scattering signals over a wide momentum
transfer range from 0.2 to 1.2 Å�1 , the evolution of the short-
range order, particularly the interatomic distance and CNs,
were tracked, revealing a comprehensive picture of the entire
melting process. The radially averaged diffraction intensity as a
function of the scattering vector recorded from �0.7 to 50 ps is
shown in Fig. 4A. The experiment involved measurements at
60 time steps, and each data point is integrated over 10 shots
with 10 samples to improve the signal-to-noise ratio.

With the benefits of a large momentum transfer range and
negligible multiple scattering effects in our MeV-UED meas-
urements, the Bragg peak intensity and diffuse scattering (DS)
signal over different scattering regions can be simultaneously
observed, providing a complete view of the phase transition
dynamics, including long-range disordering and local atomic
structure evolution during structural relaxation. Fig. 4B com-
pares the temporal evolution of the Bragg peak intensity and
DS signal in different scattering regions. As shown in Fig. 4B,
the increase of the DS intensity at 0.6 Å�1 (region b) and the

decay of Bragg peak (220) (region c) exhibit fast dynamics with
1/e time constants of 0.6 and 0.4 ps, respectively. Similar time
constants are expected because both signals are related to the
loss of long-range order. In contrast, the DS intensity at the
low scattering vector around 0.25 Å�1 (region a) displays slow
dynamics with a time scale of about 10 ps. Such nonsynchro-
nous temporal behavior in several scattering vector regions
represents dynamics of different length scales. Following
the collapse of the lattice a transient liquid state is formed at
1.5 ps, but the structure is far from equilibrium. At longer times
up to 10 ps the transient liquid continues to relax, with the
main liquid diffraction peak broadening and shifting to a lower
scattering vector, as indicated by the red arrows in Fig. 4A.
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Since the liquid peak width is inversely proportional to correla-
tion length, the result implies that after melting at 1.5 ps
the short-range order gradually decreases. The DS intensity
evolution in the low scattering vector region hence represents
liquid dynamics of short-range order, contributed by the main
liquid diffraction peak broadening and shifting. The observed
liquid dynamics agree well with the simulated diffraction results
based on TTM-MD simulations (SI Appendix, Fig. S4). The
characteristic time scale of such liquid relaxation dynamics
(∼10 ps) is consistent with that measured by time-resolved
X-ray absorption near-edge spectroscopy (17).

Relaxation of Pressure Wave and Breathing Motion of Polyhedral
Clusters. The above observations indicate that local structure
relaxation plays a vital role in the ultrafast phase transition from
solid to metastable liquid. The RDFs were calculated over the
whole melting process to explore the short-range order details,
and the temporal evolution of the first correlation peak position
in RDFs is shown in Fig. 5 A and B. The temporal evolution of
interatomic distance shows three distinctive steps. First, the peak
position changes drastically from 2.84 Å to 2.73 Å in the first

2 ps. Second, the peak position moves to a large distance and
reaches a maximum excursion of 2.80 Å at about 10 ps. Third,
the peak position returns to small distances and reaches a stable
value of 2.78 Å at 20 ps.

The CN in the first shell was obtained from RDFs by inte-
grating the area of the first peak, as shown in Fig. 5A. The CNs
decrease from CN (0 ps) = 12, corresponding to the fcc lattice
structure, to CN (2 ps) = 10.5 monotonically and then reaches
an equilibrium value of CN (10 ps) = 10. The CNs decrease
monotonously during the whole ultrafast melting process.
Reduction of CN has been observed for equilibrium metallic
melts where the high-coordinated clusters with larger bond
lengths transform into low-coordinated ones as the temperature
is increased (43). Under a high-temperature condition, atoms
with higher kinetic energy tend to break away from high-
coordinated polyhedra, resulting in low-coordinated polyhedra
with shorter bonding length. Therefore, the radius of the
nearest-neighbor shell contracts following the reduction of
CNs. However, in the process of ultrafast melting the peak
position shifts abruptly to a smaller distance in the first 2 ps
and then relaxes back to a larger distance from 2 ps to 10 ps
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and finally reaches a quasi-steady value after one to two oscilla-
tions, highlighting the dynamic effects in this process without
an equilibrium counterpart. Considering the transient liquid
state at 2 ps, the interatomic distance becomes smaller than
that of the equilibrium liquid state after 20 ps while CN is
larger, which can be depicted by compressed, high-coordinated
polyhedra clusters. On the contrary, in the liquid state at 10 ps,
polyhedra clusters are in tension, corresponding to low-CN and
larger interatomic distance. The dynamics of the coherent
breathing motion of liquid clusters during such a nonequili-
brium process can thus be inferred, as illustrated in Fig. 5 D–G.

To understand the mechanism behind the breathing motion,
we examined the local order in the ultrafast melting process
with TTM-MD simulation (see Materials and Methods for
details); the pressure evolution in the Al film is shown in Fig.
5C. Local atomic positions during phase transition reproduced
by TTM-MD simulations experienced similar oscillations, in
reasonable agreement with the experimental observations as
shown in Fig. 5B. According to simulations (SI Appendix, Fig.
S6), during the first few picoseconds of ultrafast melting the
transient liquid with the density close to solid state is generated
prior to hydrodynamic expansion, leading to the first lower
minimum at 2 ps in Fig. 5B. The transient high-density liquid
with a more close-packed structure, corresponding to high CN
and low interatomic distance, tends to relax into an equilibrium
liquid by expansion. The rapid heating of the lattice and the
high-density liquid at the condition of inertial stress confine-
ment gives rise to an initial buildup of compressive pressure in
the center of the liquid film. The average compressive pressure
in the film reaches a maximum of 12 GPa at 2∼3 ps, corre-
sponding to the time scale to reach the minimum interatomic
distance. The subsequent release of the pressure drives the sys-
tem into an overexpanded liquid state with a longer interatomic
distance than equilibrium liquid at about 10 ps, leading to sub-
sequent maximum negative tensile pressure of 3 GPa and upper
maximum interatomic distance. The dissipation of stress occurs
in the following 50 ps, and finally the metastable liquid state is
reached.

Negative Expansion in Transient Liquid States. As shown in Fig. 5,
after the relaxation of the pressure the sample reaches a meta-
stable liquid state after 50 ps, characterized by reduced CN and
shorter interatomic distance than the crystalline state. This
metastable liquid state is superheated because the temperature
is well above the boiling point. The pump laser fluence was var-
ied from 300 mJ/cm2 to 1,250 mJ/cm2, and high-quality diffrac-
tion patterns at a delay time of 50 ps were recorded to study
the structure of this superheated metastable liquid state over a
wide temperature range. The measured shifts of the first peak
in RDFs are shown in Fig. 6.

As shown in Fig. 6, the peak position shows negative shifts to
lower interatomic distance with the pump fluence increasing up
to 1,250 mJ/cm2, indicating its negative expansion over a wide
range of temperatures in the superheated regime. According to
the TTM-MD simulation, the maximum temperature of the
superheated liquid states was estimated to be about 6,000 K,
taking into account the hydrodynamics of the film where the
absorbed laser energy was partially transformed into macro-
scopic kinetic energy. It should be noted that similar negative
expansion behavior for the interatomic distance in metallic
liquids has been investigated in an equilibrium state but was
restricted to a narrow temperature region near the melting
point (43). The liquid state of extremely high temperature
well above nominal boiling temperature (∼1,450 K at 1 Pa) of
aluminum studied in this experiment was not accessible in
equilibrium.

Discussion
When an ultrafast laser irradiates a substance, most of the inci-
dent energy is absorbed by electrons, resulting in an instanta-
neous increase of electronic temperature within the laser pulse
duration. Through electron–phonon coupling, the energy is
transferred to the lattice. As the temperature of the lattice
increases above the melting temperature, the long-range order
is lost following the collapse of the lattice, and only the short-
range order survives. In this process, a transient liquid of solid
density is first formed, and then compressive pressure is gener-
ated due to ultrafast heating and inertial stress confinement. At
a longer time scale up to about 20 ps, short-range order and
local atomic structure continue to evolve under the influence of
pressure relaxation, and a metastable low-density liquid state is
finally reached.

Combining high-resolution MeV UED measurements and
TTM-MD simulation, an atomic view of the melting process under
the effect of laser-induced pressure is achieved through simulta-
neously recording the evolution of long-range order and short-
range order. By tracing the RDFs constructed from the diffraction
patterns, the breathing motion of liquid clusters in response to
compressive and tensile stress launched by ultrafast heating is
resolved. The results indicate a nontrivial melting pathway induced
by ultrafast femtosecond laser, compared with a moderate melting
process at a much slower heating rate. According to the TTM-
MD simulation results, the laser-induced compressive pressure
reaches a maximum of about 12 GPa at a 2- to 3-ps delay, and dis-
integration of the film occurs due to succeeding generation of the
tensile stresses. Such a kind of dynamical pressure during ultrafast
melting may be utilized to induce liquid–liquid phase transitions
(44, 45).

In addition, the contraction of interatomic distance and the
reduction of CNs of the first shell upon heating were observed
in a wide range of temperature for the transient liquid states.
When a disordered liquid state is cooled down through its melt-
ing temperature rapidly, the system can be trapped in a local
minimum of potential energy surface, and the disordered struc-
ture is retained, forming a glassy state. The high-temperature
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Fig. 6. Shift of the first peak in RDFs as a function of laser fluence from
300 to 1,250 mJ/cm2. The error bar here represents one SD uncertainty of
relative peak position.
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state before cooling can largely influence the properties of the
glassy state. By combining advanced cooling techniques, the
superheated liquid state may be transformed into the desired
glassy state. The UED measurements herein accompanied by
TTM-MD provide an approach to accessing and exploring the
disordered materials under a wide range of conditions at the
atomic level, which is of great importance for further under-
standing the properties of the liquids under extreme conditions
and the glass transition process (46–48).

Materials and Methods
Experimental Details. The single-shot pump-probe experiments were per-
formed by using rf-compressed MeV UED with the time-stamping technique.
The MeV electron pulses were generated in a photocathode rf gun by a
266-nm laser and were further compressed in an rf buncher. The diffracted
electrons were recorded by a phosphor screen located 2.7 m away from the
sample. The polycrystalline 50-nm aluminumwas first deposited onto optically
polished NaCl flats by magnetron sputtering and then transferred to an array
of 400-μm × 400-μm holes separated by 600 μm on a stainless-steel sheet by
conventional floating techniques. The mounted samples were attached to
an XYZ-axis motor for target exchange in irreversible measurements. A 30-fs
800-nm laser pumped the samples with a flat-top profile to ensure uniform
pumping fluence.

TTM-MD Simulation Details. The TTM-MD simulations were conducted for a
50- × 60- × 60-nm3 polycrystalline Al system (∼11 million atoms) with the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (49–52).
The TTM model describes heat transfer through and between electronic and
atomic systems. MD models the atomic/ionic system as usual with a molecular
dynamics model and the classical force field. Energy can be transferred
spatially within the grid representing the electrons and can be transferred

between the electronic and the atomic systems. The TTM-MD model
equations are given by

Ce Teð Þ ∂Te
∂t

¼ ∇ κe ∇Teð Þ � gp Te � Tið Þ þ S tð Þ, [2]

mj
dvj
dt

¼ �∇jU r1,…, rnð Þ þ Flangj Te � Tið Þ � ∇Pe
ni

: [3]

In Eq. 2 for TTM, Te and Ti are the electron and ion temperatures, respec-
tively, and SðtÞ is the absorbed laser pulse intensity with a 30-fs pulse duration.
For the 800-nm laser, the absorption rate of laser energy is about 0.13 for alu-
minum with a 15-nm skin depth (52). For the TTM calculations herein, the Te
dependence of electron heat capacity Ce ðTeÞ was taken into account and the
influence of the electron thermal conductivity κe was considered. gp denotes
the electron–phonon coupling constant and is related to the energy transfer
between electronic and ionic systems. All the parameters used in the TTM sim-
ulation are from ref. 52. In Eq. 3 for MD calculations, mj and vj are mass and
velocity of the jth atom, UðrjÞ is the potential energy of the ion system
described by the potential, and Flangj is the random force due to
electron–phonon coupling. Pe is electron pressure and ni is the ion density,
which denotes the electron blast force. In this work, the embedded atom
method potentials (53) were used to describe the interactions of Al atoms/
ions. The coupled Eqs. 2 and 3 are solved with the scheme proposed by Duffy
and Rutherford (54, 55).

Data Availability. All study data are included in the article and/or supporting
information.
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