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Visualization of ultrafast melting initiated from
radiation-driven defects in solids
Mianzhen Mo1*, Samuel Murphy2*, Zhijiang Chen1, Paul Fossati3,4, Renkai Li1, Yongqiang Wang5,
Xijie Wang1, Siegfried Glenzer1*

Materials exposed to extreme radiation environments such as fusion reactors or deep spaces accumulate substan-
tial defect populations that alter their properties and subsequently the melting behavior. The quantitative char-
acterization requires visualization with femtosecond temporal resolution on the atomic-scale length through
measurements of the pair correlation function. Here, we demonstrate experimentally that electron diffraction
at relativistic energies opens a new approach for studies of melting kinetics. Our measurements in radiation-da-
maged tungsten show that the tungsten target subjected to 10 displacements per atom of damage undergoes a
melting transition below the melting temperature. Two-temperature molecular dynamics simulations reveal the
crucial role of defect clusters, particularly nanovoids, in driving the ultrafast melting process observed on the time
scale of less than 10 ps. These results provide new atomic-level insights into the ultrafast melting processes of
materials in extreme environments.
INTRODUCTION
Understanding the structural dynamics of ultrafast laser-induced melt-
ing is important for applications ranging from lasermicromachining (1)
to high-energy density physics experiments (2). According to thermo-
dynamics, melting occurs when temperature increases drive the free
energy of the liquid below that of the solid. At the melting temperature,
melt fronts nucleate heterogeneously from either free surfaces or grain
boundaries (3, 4). Suppression of surface melting, for example, through
ultrafast heating, leads to the homogeneous nucleation of liquids in the
bulk of a superheated solid (5, 6), indicating the importance of kinetics
in phase transformations.

Theories for how homogeneous melting proceeds fall into two
categories: (i) nucleation at point or extended defects (7, 8) or (ii) the
formation of an initial liquid nucleus aided by thermal fluctuations
without preferential nucleation sites (9). Whether they drive melting
or not, point defects are observed to proliferate as the temperature
approaches themelting point. Inmetals, for example, the vacancy con-
centration reaches 0.37% at the melting temperature, followed by a
rapid increase of 10% during the melting process (10, 11).

Direct experimental observations of nucleation processes have pre-
viously not been possible because of the small time and length scales
involved. However, recent advances in time-resolved diffraction tech-
niques based on ultrafast electron (12–14) and x-ray pulses (15, 16)
enable us to study the transient atomic dynamics with femtosecond
temporal resolution. In particular, the advent of x-ray free-electron la-
sers (XFELs) has provided extremely bright x-ray pulses for diffraction
measurements and has been successfully used in studying structural
dynamics of matter under extreme conditions (16, 17). Time-resolved
diffraction offers a direct means to determine the quantitative struc-
tural information through the atomic pair correlation function (PCF)
(12, 18), the construction of which, however, requires the measure-
ment of diffraction data over a large momentum transfer range. For
diffraction measurements with field-accelerated electrons, this can be
readily met because of their short de Broglie wavelengths (0.34 pm for
3.2-MeV electrons), whereas for measurements with XFELs, it re-
quires high-energy x-rays (50 pm for 25-keV x-rays) that have recently
become available for experiments (19).

A previous demonstration of PCF using 30-keV electron pulses re-
quired averaging of a substantial number of shots (1200), thus restrict-
ing measurements to a few data points that only covered the initial
solid phase and the final liquid phase (12). On the other hand, the
performance of ultrafast electron diffraction (UED) has been greatly
improved with megaelectronvolt electrons (20, 21). The bunch charge
is significantly enhanced because of the reduced space charge effect,
enabling single-shot measurements with high signal-to-noise ratios
(SNRs). Furthermore, multiple elastic scattering effects are negligible
at these energies because of the relatively large elastic mean free path.

Here, we study the structural dynamics of femtosecond laser-
inducedmelting of tungsten (W) containing radiation-induced defects.
Wemeasured time-resolved electron diffraction patterns with sufficient
momentum transfer range that provides accurate PCF results. We ob-
served that the W subjected to 10 displacements per atom (dpa) of ra-
diation damage undergoes a melting transition within 10 ps, indicated
by the loss of the long-range order associated with the crystalline phase
and the appearance of the short-range order with the liquid structure.
This is in contrast to the pristine W case in which incomplete melting
was observed with considerable crystallinity still persisting on time
scales in excess of 20 ps.

Two-temperature molecular dynamics (2T-MD) simulations were
performed to understand these observations and showed that defect
clusters, particularly nanovoids, play a crucial role in driving the over-
all melting process in the radiation-damaged W. This is attributed to
the fact that the melting process initiated from the embedded nano-
voids continues at temperatures below the equilibrium melting point.
This unusual melting behavior is explained by the thermodynamic
analysis on the stability of small crystalline clusters surrounded by un-
dercooled liquid.

In addition, the comparison of high-quality PCF data between
radiation-damaged and pristineW resolved the loss of the coordination
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number. On the basis of the first two nearest neighbor shells, we
found a vacancy population of ~5% in the radiation-damaged W,
which determines the initial condition for MD simulations. Using the
measured initial conditions, a proper interatomic potential and the ex-
perimentally determined electron-phonon coupling strength in the
MD simulations result in excellent agreement between measured
and simulated melting kinetics.

This is the first measurement of the melting dynamics in materials
with radiation-induced defects. Combining the UED experiments with
MD simulations provides a complete picture of the structural evolution
of ultrafast laser-inducedmelting of radiation-damagedWwith impor-
tant implications for designing newmaterials and predicting their long-
term degradation in extreme environments (22–24).
RESULTS AND DISCUSSION
We performed UED studies on 30-nm-thick polycrystalline W films
under nonreversible photoexcitation conditions. These W thin films
were deposited on 50-nm-thick free-standing amorphous Si3N4 mem-
branes. Radiation damage to the targets was carried out before the
pump-probe experiments through 200-keV Cu+ ion bombardment at
room temperature condition (seeMaterials andMethods). To study the
melting dynamics of different defect concentrations, we examined two
displacement levels of 1 and 10 dpa and compared them with pristine
targets. The high-energy Cu+ projectiles displace lattice atoms, resulting
in displacement cascades and the production of point defects (25, 26).
At room temperature, vacancy defects produced during the cascade are
immobile. In contrast, interstitial defects are highly mobile and diffuse
to surfaces or grain boundaries. Consequently, the irradiated film is
expected to be populated with randomly distributed vacancy defects,
some of which may form clusters.

As shown in Fig. 1,W targets were excitedwith 130-fs [full width at
half maximum (FWHM)] and 400-nm laser pulses with flat top–like
intensity profiles of ~420 mm in diameter. Time-resolved diffraction
Mo et al., Sci. Adv. 2019;5 : eaaw0392 24 May 2019
experiments were performed at normal incidence in transmission
geometry with relativistic electrons with kinetic energy of 3.2 MeV.
The relativistic electrons were focused onto the targets with a diam-
eter of ~120 mm (FWHM), bunch charges of 20 fC, and pulse dura-
tions of ~350 fs (FWHM). The scattered electrons of the targets were
recorded by a phosphor-based single-electron sensitive detector lo-
cated 3.2mdownstream, providing amaximummomentum transfer
Q of ~10 Å�1 and a Q resolution of ~ 0.35 Å�1. Here,Q is defined as
Q = 4p sinq/l, with q and l represent the scattering angle and the de
Broglie wavelength of the electrons (l ∼ 0.34 pm for 3.2-MeV elec-
trons), respectively. A total number of four scattering images were
recorded and averaged at each time point, which provides sufficient
SNR to perform the PCF analysis.

Time-resolved electron diffraction data
Figure 2 shows the temporal evolution of the diffraction signals for the
pristine (Fig. 2A) and irradiated (Fig. 2, B and C) W targets. These tar-
gets were excited at the same absorbed pump fluence of 46 mJ/cm2,
which is close to but below the expected complete melting threshold
of pristine W (52 mJ/cm2) (see Materials and Methods). The time-
resolved scattering pattern shows three distinctive characteristics:
(i) the decay of Laue diffraction peaks (LDPs) intensity due to the
Debye-Waller effect, followed by structural phase changes, as indicated
by the disappearance of (211) (Fig. 2C); (ii) the increase of the thermal
diffuse scattering (TDS) signal over the measured Q range, which is
visible in regions between diffraction peaks; and (iii) the rise of the
highly disordered liquid scattering signal, the first peak of which over-
laps with the LDP (110). This feature broadens within the first 5 ps. At
a given time delay, the magnitude of the LDP decay increases with the
defect population. This is evident from Fig. 2 (D to F) that compares
the raw diffraction images measured at 20 ps. The diffraction peak
signals in 10-dpa W are no longer observable at 20 ps, suggesting
the formation of a fully liquid state. In addition, the sample exhibits
an enhancement in the TDS background and an increased broadening
of the first liquid peak. Figure 2 (G to I) shows the temporal evolution
of the (211) intensity, the TDS signal at 8.0 ± 0.05 Å�1, and the liquid
scattering signal at 2.2 ± 0.05Å�1. To understand the dynamics of these
signals, we performed monoexponential fits to the data (13), and the
resulting 1/e time constants are provided in Fig. 2 (G to I). The increase
of TDS signal shows the fastest dynamics, followed by the LDP decay,
and the liquid dynamics is the slowest. This nonsynchronous behavior
is observed with both the pristine and the irradiated targets and is
characteristic of a thermal heating process. Note that the observed sim-
ilar time constants of both (211) and TDS dynamics between the pris-
tine and irradiated targets indicate a similar lattice heating process in
these three samples despite their different melting behaviors.

Time-resolved PCF
The ultrafast structural changes inW can be further illustrated by ana-
lyzing the temporal evolution of the real-space correlation functions
(see the Supplementary Materials for additional details). In particular,
the correlations in atomic positions can be expressed in the form of the
average PCF H(r) calculated through a sine Fourier transform of the
diffracted intensity (12, 18). Figure 3 compares H(r) for the pristine
and 10-dpa samples at −2, 2, 4, and 20 ps. We also computed the
H(r) directly from the atomic configurations obtained from 2T-MD
simulations (27). Radiation damage due to irradiation to 10 dpa was
represented by introducing a vacancy concentration of 5% at random
locations into the simulation supercell and by annealing for 0.5 ns at
Fig. 1. Schematic of the experimental setup. The W targets were pumped by
130-fs and 400-nm laser pulses and probed by UED at megaelectronvolt energies.
Radiation damage to the targets at different defect densities was prepared before
the pump-probe experiments. The displayed diffraction pattern is the typical four-
shot average pattern of the unpumped pristine W target.
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300 K. The 5% value was chosen to match the reduction of the coor-
dination number of the first two nearest neighbor shells observed from
the experiments of nonheated samples (11).

Before laser excitation (−2 ps), H(r) exhibits long-range correla-
tions as expected in a crystalline material. In principle, each peak in
H(r) corresponds to a specific interatomic distance between a pair of
atoms in the body-centered cubic (bcc) structure of W (Fig. 3E). The
broadening and overlapping of atomic peaks are observed in the ex-
perimental data due to the limited Q range of the scattered intensity
(Fig. 3A). For instance, the first peak at r = 2.85 ± 0.05Å consists of the
first (r = 2.73 Å) and second (r = 3.16 Å) nearest neighbor shells of a
bcc W lattice. This is confirmed by the coordination number of this
peak, which is calculated to be 14 ± 0.3 for the pristineW that is equal
to the sum of 8 and 6 for the first two nearest neighbor shells of bccW,
visible as two distinct peaks in the 2T-MD simulation results. Another
interesting feature of both experimental and simulated H(r) at nega-
tive delay is the noticeable reduction in peak amplitudes of all ob-
Mo et al., Sci. Adv. 2019;5 : eaaw0392 24 May 2019
served atomic peaks in the 10-dpa sample, implying that decreases
in coordination number are associated with the displacement damage
from the high-energy ion bombardment.We calculated the coordina-
tion number loss for the first measured peak to be 0.6 ± 0.3, which is
matched with MD simulations.

The temporal evolution of H(r) following laser excitation is illus-
trated in Fig. 3 (B to D and F to H) for experiments and simulations,
respectively. In the pristineW case, the UED data show a clear decrease
of peak intensities as the lattice temperature increases in the first 4 ps,
after which time the changes are considerably slowed down, especially
in the small r region. Despite the intensity reduction, the peaks remain
well defined after 20 ps, confirming the presence of long-range crystal-
line ordering. In contrast, the changes ofH(r) in 10-dpaW show a sub-
stantial peak height reduction, and noticeable broadening and merging
of peaks. At 4 ps, the correlation peaks at r > 6-Å region diminish. These
observations imply a substantial loss of the long-range order. At 20 ps,
the remaining peaks continued to broaden and decline in intensity,
Fig. 2. Temporal evolution of the measured megaelectronvolt electron diffraction signal at absorbed pump fluence of 46 mJ/cm2. (A to C) Scattering intensities
as a function of Q and T for 0-, 1-, and 10-dpa W samples. (D to F) Raw diffraction images taken at T = 20 ps for the three types of samples. Radially averaged lineouts
(white solid lines) and their reference lineouts (red solid lines) of pump-off diffraction images are overlaid on the top-right quadrants. a.u., arbitrary units. (G to I) Time
traces of the decay of (211) peak (red dots), the rise of the liquid scattering signal at 2.2 ± 0.05 Å�1 (blue squares), and the rise of TDS at 8.0 ± 0.05 Å�1 (black empty
triangles) for the three types of W. Normalization of the data was done relative to the scattering intensity averaged over all negative delay points. Solid lines
represent fits to the data with convolutions of single exponentials and a Gaussian function for the system response. The 1/e time constants of the fits, denoted by
t, are given in (G) to (I).
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suggesting progressive changes to the short- or medium-range correla-
tions in atomic positions as the system transitioned to a complete liquid.

The simulated correlation peaks show noticeable broadening and re-
duction of their peak heights during the solid-liquid phase transition.
Mergingof adjacent peaks is found tooccur at similar regions as observed
in the experiments, for example, the region between r = 4 Å and r = 6 Å.
At 20 ps, the long-range order is completely lost in the 5% vacancy W,
and what remained are the short-range correlations that correspond to a
highly disordered state. On the other hand, the pristine case still shows
the existence of long-range correlations at this time, indicated by the de-
viation from the ideal sinusoidal behavior (Fig. 3H).

Note that the interatomic potential plays a central role in determin-
ing the material behaviors and properties in MD simulations. Our
measured time-resolved diffraction data hence provide an important
dataset for assessing the applicabilities of the available interatomic
potential models for W. The overall agreement with the experimental
results in predicting the temporal evolution ofH(r) favors the extended
Finnis-Sinclair potential for W (28) adopted in our MD simulations.

MD simulations of ultrafast melting
To understand the physics behind the experimental observations of
different melting behaviors between the pristine and irradiatedW tar-
gets, we examine the atomic trajectories from2T-MD simulations per-
formed with the DL_POLY code (see Materials and Methods) (29).
Figure 4 shows snapshots of the atomic configurations and demon-
strates the role of radiation-induced defects on melting. Both pristine
and irradiated samples experience similar increases in the lattice tem-
perature (Fig. 4K), in good agreement with the experimental observa-
tions (Fig. 2, G to I). For the pristine sample, the temperature increase
results in the appearance of undercoordinated atoms evenly distrib-
uted throughout an otherwise crystalline film (Fig. 4E). In contrast,
the irradiated sample undergoes the solid-liquid transformation within
20 ps. This is illustrated in Fig. 4 (F to J), where the concentration of
undercoordinated and amorphous atoms increases such that there
Mo et al., Sci. Adv. 2019;5 : eaaw0392 24 May 2019
are only small pockets of crystalline material present after 20 ps.
Of particular interest are the nanoscale features present due to defect
clustering and nucleation. Figure 4 (L to O) shows the undercoordi-
nated atoms surrounding one big nanovoid at selective time delays.
As energy is deposited into the lattice, these undercoordinated atoms
move into empty space provided by the void and their coordination
decrease markedly as they find themselves with amorphous local en-
vironments. Amorphization of this nanovoid occurs within 5 ps, a
long time before the local temperature reaches the melting tempera-
ture (Tm = 3695 K). This amorphous cluster then acts as a nucleation
center, promoting the overall melting of the film.

After amorphization of nanovoids, the melting process continues
below the melting temperature in the irradiated sample. This can be
understood based on the classical nucleation theory that considers the
Gibbs free energy change, DG(r), upon the formation of a spherical
solid nucleus of radius r in an undercooled liquid (9, 30)

DGðrÞ ¼ � 4
3
pr3DGv þ 4pr2gsl ð1Þ

where DGv is the difference in volumetric free energy density between
the solid and liquid and gsl is the interfacial tension at the liquid-solid
interface. For small undercoolings, DT = Tm − T, DGv can be approxi-
mated by DHmDT/Tm, with DHm being the latent heat expressed in
units of energy per volume. For a given DT, the critical nucleus size
r* = 2gslTm/(DHmDT) can be obtained from Eq. 1, which corresponds
to the barrier height of DG and determines the length scale beyond
which growth of the cluster becomes favorable. For a solid cluster with
a radius of r, the expression of r* can be formulated to give the critical
undercooling temperature, T* (30)

T� ¼ Tm 1� 2gsl
DHm

1
r

� �
ð2Þ
A B C D

F G HE

Fig. 3. Snapshots of the time-dependent PCF H(r). (A to D) Experimental H(r) inferred at selective time delays for 0- (gray curves) and 10-dpa (red curves) W targets.
(E to H) MD simulated H(r) at the same time delays for perfect W (gray curves) and defective W with 5% of vacancies embedded (red curves). The interatomic spacings
for bcc W lattice are shown in the inset for the first four atomic peaks. Atoms of given radial distance from the central black atom are displayed in the same color.
Observed atomic peaks of the same radial distances are labeled with the same solid circles on H(r) curves that are shown in (A) and (E). Merging of adjacent atomic
peaks, indicated by solid circles of mixing colors in (A), is seen with the experimental H(r) due to the limited Q range of the measured scattering signal.
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which corresponds to the equilibrium between the solid cluster and the
surrounding liquid. At the conditionwhenT>T*, the dissolution of the
solid cluster leads to the decrease of Gibbs free energy and thereby is
favorable. Equation 2 indicates that T* will drop by decreasing the size
of the solid cluster. Using the following parameters forW, DHm = 5.4 ×
109 J/m3 (31) and gsl = 0.59 J/m2 (32), Eq. 2 predicts T* = 2888 K for a
solid cluster with r = 1 nm, which is only 78% of the melting tempera-
ture for W. This explains what we observed from the MD simulations
of the irradiated samples. The initial amorphization process of the nano-
voids in the early heating stage further separates the irradiated solid
intomany small nanocrystallites that are surrounded by liquid regions.
This, in turn, suppresses the melting temperature of those nanocrys-
tallites according to Eq. 2 and leads to the observed rapid melting in
irradiated W.
CONCLUSIONS
Our UED measurements investigated the ultrafast solid-liquid phase
transition in W highly populated with defects. The experiments pro-
vide highly detailed structural information and subpicosecond time
resolution, enabling direct testing of atomistic simulations. The obser-
vation of rapid melting for irradiated W is understood with 2T-MD
simulations, illustrating the driven nature of nucleation seeds from the
embedded defect clusters. Further MD simulations at a much slower
Mo et al., Sci. Adv. 2019;5 : eaaw0392 24 May 2019
heating rate show that the embedded defects may anneal rather than
favor nucleation, suggesting the importance of heating rate in rendering
the observed rapid melting in irradiatedW. Our time-resolved electron
diffraction results combined withMD simulations provide a complete
atomic-level picture of the ultrafastmeltingmechanism in systemshigh-
ly populated with defects. These results have tested MD simulations for
the understanding of the long-term degradation of materials under ex-
treme environments.
MATERIALS AND METHODS
Experimental details
The pump-probe experiments were performed in the Accelerator
Structure Test Area facility at SLACNational Accelerator Laboratory
(33, 34). The megaelectronvolt electrons for diffraction studies were
achieved by a Linac Coherent Light Source (LCLS)–type photocathode
radio frequency (rf) gun. The rf gun was powered by a pulse-forming
network–based modulator and a 50-MW S-band klystron. The rela-
tivistic electrons were focused by two separated solenoids installed after
the rf gun onto the target. The electron detector was located 3.2m away
from the sample and consisted of a P43 phosphor screen, a lens system,
and a sensitive electron-multiplying charge-coupled device (CCD)
(EMCCD) camera (Andor iXon Ultra 888). In the middle of the phos-
phor screen, there was a 1.6-mm-diameter through-hole to prevent the
L M N O
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Fig. 4. 2T-MD simulated ultrafast laser-induced melting of 30-nm-thick W. Themelting is driven by 130-fs and 400-nm lasers at absorbed pump fluence of 46mJ/cm2.
(A to E) Snapshots of atomic configurations for pristine W thin film. (F to J) Same as in (A) to (E) but for irradiated thin film with 5% of vacancy defects. Atoms are colored
according to their connectivity, where red spheres have a connectivity of 13 to 14 and represent crystalline atoms, green spheres have connectivity of 11 to 12 and represent
strongly undercoordinated, and blue spheres have a connectivity of less than 11 and represent atoms in an amorphous/disordered state. (K) Graph showing the temporal
evolution of the lattice temperature for the pristine and irradiated samples following laser excitation. (L to O) Close-ups of the irradiated sample that illustrate the melting
nucleation surrounding one big nanovoid.
5 of 8



SC I ENCE ADVANCES | R E S EARCH ART I C L E
zero-order diffraction signal from saturating the CCD image at high
gain during the experiments.

The pristine targets were 30-nm-thick polycrystallineW grown on
50-nm-thick amorphous Si3N4membranes (350 × 350 mm) supported
by a 2″ by 1″ Si wafer [manufactured by Norcada (35)]. The scattering
signal of a 50-nm-thick amorphous Si3N4membrane wasmeasured to
be much weaker than that of 30-nm-thick W (see the Supplementary
Materials for additional details). The targets at different areas of the
same Si wafer were irradiated at different fluences of high-energy
Cu+ ions to obtain different defect densities. The pristine and pre-
damaged targets were excited by 130-fs and 400-nm laser pulses at 4°
incidence angles with flat top–like intensity profiles. The flat-top pump
profile was achieved with 10:1 imaging of an aperture outside the target
chamber by a single lens with a focal length of 25 cm. The root mean
square intensity variation is less than 5% of the averaged value within
the full probed area, ensuring uniform excitation of the sample. The ab-
sorption coefficients of 400-nm laser light for the unirradiated and
irradiated W thin films were measured to be the same in an offline
reflection and transmission experiment.

Ion irradiation
High-energy ion irradiation on theW targets was carried out at room
temperature using the 200-kVDanfysik Research Ion Implanter at the
Ion Beam Materials Laboratory in Los Alamos National Laboratory.
Two different damage doses of 1 and 10 dpa were obtained using im-
plantation fluences of 2.88 × 1014 and 2.88 × 1015 ions/cm2 under an ion
flux of approximately 2 × 1012 ions/cm2 s–1. The ion fluence to damage
dose conversion was done by using the SRIM (Stopping and Range of
Ions inMatter) 2013Monte Carlo code (36) with the full cascade mode
using the thresholdWdisplacement energy of 90 eV (37). The displace-
ment levels quoted here do not represent the final damage to W since
thermal effects are not considered in the SRIM calculations, which,
however, does not affect our study reported here. For convenience,
we refer the two irradiated targets to as 1 and 10-dpaW in themain text.

Complete melting threshold
The complete melting threshold is the energy that would be sufficient
to completely melt the film. This complete melting threshold can be
expressed in terms of absorbed pump fluence, Fm, and is given by (30)

Fm ¼ ∫
Tm

300ClðTÞdT þ ∫Tm

300CeðTÞdT þ DHm

� �
L ð3Þ

whereL is the thin film thickness,Tm is thenominalmelting temperature,
and DHm is the latent heat. Equation 3 implies that the complete melting
threshold is the amount of energy that is required to heat the material
from room temperature to its equilibrium melting temperature and to
melt the entire film at the melting temperature. Using the following
parameters: DHm = 280 kJ/kg (31), Tm = 3695 K (31), and taking into
account the temperature dependence of Cl(T) (38) and Ce(T) (39), we
estimated Fm to be approximately 52 mJ/cm2 for 30-nm-thick W film.

2T-MD simulation details
The two temperature models used here were developed by Duffy and
Rutherford and implemented in the DL_POLY code (29, 40). The
crystal was represented using a classical MD supercell. This supercell
was coupled to a continuum cell representing the electronic subsystem
with energy able to transfer between the two to mimic electron phonon
Mo et al., Sci. Adv. 2019;5 : eaaw0392 24 May 2019
coupling. The electronic subsystemwas represented using the following
heat diffusion equation

CeðTeÞ ∂Te

∂t
¼ ∇⋅ðke∇TeÞ � GeiðTe � TiÞ þ Sðz; tÞ ð4Þ

where ke is the electronic heat conductivity and S(z, t) is a source term
that represents the energy deposited by the laser. The laser pulse is
assumed to be Gaussian in time, with an exponentially decreasing am-
plitude as a function of depth in the film, z, that is

Sðz; tÞ ¼ 2F
lptp

ffiffiffiffiffiffiffi
ln2

p

p

 !
e�4ln2ðt�t0Þ2=t2pe�z=lp ð5Þ

where F is the fluence from the experiments (46 mJ/cm2), lp is the
optical penetration depth of the sample at the wavelength of the pulse
length (12.5 nm), tp is the duration of the pulse (130 fs), and t0 is the
time zero corresponding to the maximum of the laser pulse on the
sample surface. For thin films, ke can be considered infinite and so
the first term on the right-hand side of Eq. 4 disappears.

The traditional equations of motion governing the evolution of
atoms in the MD supercell are modified, such that

mi
∂vi
∂t

¼ Fi � gvi þ fLðTeÞ ð6Þ

where vi is the velocity of an atomwithmass,mi. Fi is the classical force
acting on the atom calculated using an extended Finnis-Sinlair model
(28), g represents a frictional drag force, and fL is the stochastic force.
The extended Finnis-Sinclair potential was selected as it accurately re-
produces the melting temperature of W. The friction and stochastic
terms allow energy to be added or removed from the ions to represent
energy transferwith electrons; hence, g is related to the electron-phonon
coupling strength according to

g ¼ V
N 0

� �
m
3kB

Gei ð7Þ

where V is the volume of a coarse grain ionic voxel,N' is the number of
atoms in the voxel, andGei is the electron-phonon coupling strength. In
our 2T-MDsimulations, we setGei as a constant of 2.0 × 10

17W/m3K–1,
which was inferred from the Debye-Waller factor measurements per-
formed at below the damage threshold of W (see the Supplementary
Materials for additional details).

To represent the experimental thin films simulation, supercells
were created by taking 62 × 62 × 94 repetitions of the bcc W unit cell,
resulting in a film that is 30 nm thick with a cross-sectional area of
383.85 nm2. To represent irradiation-induced defects, a 5% concentra-
tion of vacancy defects was randomly introduced into the sample. The
total number of atoms was kept approximately constant by adding
layers to the top of the sample. Simulation supercells were equilibrated
for 500 ps, with a 1-fs time step at 300 K under constant volume and
temperature (NVT) conditions using theNose-Hoover thermostat with
a relaxation time of 0.01 ps. After equilibration, atoms in the bottom5Å
were tethered using a harmonic potential to their initial lattice site to
represent bonding to the substrate. The simulation supercells were then
subjected to a 130-fs laser pulse delivering 46 mJ/cm2.
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The connectivity was calculated using the core dynamics package.
Here, we define the connectivity as the number of lattice atoms within
the limit of the second nearest neighbor shell, which is determined
dynamically. Note that this excludes interstitial-type atoms, ensuring
that the maximum connectivity is then 14 for the ideal bcc-structured
materials. Neglect of the interstitial atoms in the determination of the
connectivity makes identification of amorphous regions easier.
SUPPLEMENTARY MATERIALS
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Fig. S3. The radial density function of pristine W inferred at time delay of −2 ps.
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