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Laser fragmentation in liquid is an effective and environment-friendly processing technique capable of yielding colloidal
nanoparticles and atomic clusters with a narrow size distribution. The advancement of this technique can be facilitated by an
improved understanding of processes that control the sizes, shapes, and structures of the produced nanoparticles. In this work, the
dependence of the fragmentation mechanisms on the energy density deposited by the laser pulse is investigated in atomistic
simulations performed for 20 nm Au nanoparticles irradiated in water by 10 ps laser pulses. The simulations reveal that the
decrease in the absorbed laser energy leads to sequential transitions from the regime of “strong” phase explosion, when all
products of an explosive phase decomposition of the irradiated nanoparticle are promptly injected into the water surrounding a
nanobubble formed around the nanoparticle, to two distinct regimes of nanoparticle fragmentation leading to the formation of a
large central nanoparticle surrounded by smaller satellite fragments. First, in the regime of “mild” phase explosion, the central
nanoparticle is produced by the reflection of some of the hot metal droplets generated by the explosive decomposition of the
nanoparticle from the boundary of the nanobubble. This reflection is attributed to the inverse Leidenfrost effect acting at the
nanoscale. The reflected droplets converge in the center of the nanobubble and coalesce into a single droplet that solidifies
shortly after the collapse of the nanobubble. Further decrease in the absorbed laser energy brings the irradiation conditions below
the threshold for the phase explosion and results in the formation of a core-satellite structure of the fragmentation products
through an interplay of the intense evaporation from the surface of the irradiated nanoparticle, evolution of the nanobubble, and
condensation of the metal vapor into clusters and small satellite nanoparticles. The computational predictions are related to the
experimental observations, and the connections between the fragmentation mechanisms, the nanoparticle size distribution, and
the generation of internal crystal defects are discussed.
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1 Introduction range of applications [1,2] defines the need for accelerated
development of advanced nanoparticle synthesis techniques
The rapidly growing utilization of nanoparticles in a broad capable of meeting the sharp rise in global demand [3]. Some
of the applications, particularly in the fields of biomedicine
*Corresponding author (email: Iz2n@virginia.cdu) [4-6] and catalysis [7-9], place stringent requirements on the
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quality and size uniformity of the nanoparticles, as the op-
tical absorption cross-section and catalytic activity of the
nanoparticles are highly sensitive to their size, structure, and
composition. One of the techniques developed for tuning the
size distribution of colloidal nanoparticles to the needs of
practical applications is the laser fragmentation in liquid
(LFL) [10-18], where short pulse laser irradiation of a col-
loidal solution is used to fragment larger nanoparticles and
produce a population of smaller nanoparticles with a narrow
size distribution. This method is particularly suitable for
post-processing of nanoparticles generated by pulsed laser
ablation in liquid (PLAL) [8,19-21], a highly effective and
robust technique that, however, often produces rather broad
and even bimodal nanoparticle size distributions [22-24].
The LFL not only provides a cost-effective alternative to
other post-processing techniques, such as centrifugation or
salinity size quenching, but is also uniquely suited for the
synthesis of ultrasmall nanoparticles with diameters below
5 nm [16-19] and sub-nanometer atomic clusters [25], which
have a high potential for catalysis [26,27].

The practical importance of LFL has stimulated experi-
mental and theoretical efforts to reveal the mechanisms re-
sponsible for nanoparticle fragmentation, as reviewed in refs.
[14,19,21]. Experimentally, indirect information on the me-
chanisms is obtained through analysis of changes in the na-
noparticle size distribution [10,12,13,16-18], as well as from
the results of time-resolved X-ray [28,29] and optical [29-31]
probing of the dynamics of nanobubbles generated around
the irradiated nanoparticles. The fragmentation process it-
self, usually assumed to occur inside the nanobubbles, has
largely remained out of reach for the direct experimental
probing. Only recently, first insights into the fragmentation
dynamics and the evolution of the fragmentation products
were provided by the results of in situ X-ray probing of LFL
of Au nanoparticles [17].

While the translation of the experimental observations to
the mechanistic understanding of LFL can be facilitated by
computational modeling, most of the hydrodynamic [32-35]
and atomistic simulations [36-38] performed so far have
been focused on the analysis of the heat transfer and nano-
bubble formation around nanoparticles that do not experi-
ence disintegration. The transition to the nanoparticle
fragmentation regime brings the complexity of the compu-
tational treatment of the problem to the level that has largely
been out of reach for the existing computational models.

The recent development of a new computational model
combining an atomistic molecular dynamics (MD) simula-
tion of laser interaction with a metal nanoparticle, a con-
tinuum-level treatment of size-dependent electron-phonon
coupling in the nanoparticle and nanoparticle fragments, and
a coarse-grained MD representation of liquid environment
[39] has enabled detailed computational investigation of LFL
on a timescale that exceeds that of the evolution of a nano-
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bubble generated around the nanoparticle. The first MD si-
mulation of LFL was performed for a 20 nm Au nanoparticle
irradiated by a 10 ps laser pulse in water at a deposited
energy density comparable to that required for complete
vaporization of the nanoparticle. The simulation revealed a
complex picture of the nanoparticle fragmentation proceed-
ing through an explosive decomposition of the irradiated
nanoparticle into vapor, atomic clusters and small droplets,
prompt injection of the phase explosion products into the
water environment beyond the boundary of the expanding
nanobubble, rapid quenching, solidification, and aggregation
of the nanoparticle fragments occurring at the timescale of
the nanobubble collapse. The results of the first simulation
demonstrate the ability of the model to provide insights into
the mechanisms of LFL and motivate an extension of the
modeling effort to explore the effect of irradiation para-
meters on the fragmentation dynamics and the characteristics
of the fragmentation products.

In this paper, we report the results of three additional si-
mulations of LFL of a Au nanoparticle aimed at establishing
the dependence of the fragmentation mechanisms on the
energy density deposited by the laser pulse. The simulations
reveal that the decrease of the energy density from 80% of
the energy required to fully vaporize the Au nanoparticle
[39] down to 60% and 40% of the vaporization energy leads
to qualitative changes in the fragmentation mechanisms. In
contrast to the explosive fragmentation and prompt injection
of all of the fragmentation products into water surrounding
the nanobubble observed at the high energy density [39], a
substantial fraction of the nanoparticle material end up inside
the nanobubble at lower energy densities, and the fragmen-
tation produces a large central fragment surrounded by
smaller satellite fragments. The origin and size of the central
and satellite fragments are rather dissimilar in the two energy
density regimes considered in the present paper, which re-
flects the existence of two distinct low-energy fragmentation
mechanisms revealed in the simulations.

2 Computational model

The simulations of LFL of a 20 nm Au nanoparticle irra-
diated in water by a 10 ps laser pulse are performed with a
computational model developed in ref. [39] and schemati-
cally illustrated in Figure 1. The Au nanoparticle is located in
the center of a spherical computational domain and is sur-
rounded by water. The laser-induced processes in the nano-
particle are simulated with an atomistic model combining the
classical MD method with a continuum treatment of the laser
energy deposition and electron-phonon coupling inspired by
the two-temperature model (TTM) [40,41]. The water en-
vironment is represented by a coarse-grained (CG) MD
model, where the degrees of freedom missing in the CG
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representation of water are accounted for through a heat bath
approach that associates an internal energy variable with
each CG particle [42-45]. The spherical pressure waves
emitted from the irradiated nanoparticles propagate away
from the computational domain through a nonreflecting
boundary condition [46,47] adapted for the spherical geo-
metry of the problem. A detailed description of the compu-
tational model is given in ref. [39], and below we only
provide the parameters specific for the simulations reported
in this paper.

The simulations are performed for a 20 nm Au nano-
particle consisting of 240865 atoms. The interactions be-
tween Au atoms are described by the embedded atom method
(EAM) potential with parametrization suggested by Zha-
khovskii et al. [48]. The CG water shell surrounding the Au
nanoparticle has a thickness of 50 nm and consists of about
11 million CG particles. This thickness of the water shell is
sufficiently large to ensure that all products of the laser
fragmentation remain within the computational domain
during the simulations. The laser irradiation is simulated
through a source term added to the TTM equation for the
electron temperature. The source term simulates the excita-
tion of the conduction-band electrons by a laser pulse with a
Gaussian temporal profile and a full width at half maximum
pulse duration of 10 ps. Since the size of the nanoparticle is
smaller than the mean free path of the excited electrons
(~100 nm in Au [49]), the laser energy is deposited uni-
formly within the nanoparticle. The simulation starts 25 ps
before the time when the 10 ps laser pulse reaches its peak
power to ensure the complete laser energy deposition to the
nanoparticle.

The range of energy densities deposited by the laser pulse
considered in the simulations is chosen to cover the distinct
mechanisms of laser-induced fragmentation of Au nano-
particles, from the laser melting and evaporation at 1.2 and
1.8 eV/atom to the fragmentation followed by a partial re-
bound of the fragmentation products from the boundary of
the nanobubble at 2.7 eV/atom, and to the prompt injection
of all fragmentation products into a shell-like water region
outside the boundary of the nanobubble at 3.6 eV/atom. The
results for 3.6 eV/atom are reported elsewhere [39], and in
this paper we focus on the two simulations performed at 1.8
and 2.7 eV/atom. These simulations represent two different
mechanisms of LFL that have not yet been investigated in the
simulations or discussed in the literature.

The values of laser fluence that correspond to the deposited
energy densities used in the simulations can be obtained
based on Mie theory calculation of the absorption efficiency
(ratio of the absorption cross-section to the particle cross-
section), which is found to be 1.228 for a 20 nm Au nano-
particle irradiated at a wavelength of 532 nm in water [39].
With this absorption efficiency, the incident laser fluences
corresponding to the absorbed energy densities of 1.8 and
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2.7 eV/atom are 180 and 270 J/m’, respectively. We note,
however, that the Mie theory calculations have been reported
to result in a significant overestimation of the energy density
in the regime of LFL [17,39].

To provide a reference scale for the energy density de-
posited by the laser pulse, the values of energy density re-
quired for inducing the phase transformations in bulk Au by
slow heating, when the material remains in the state of
thermodynamic equilibrium at 1 atm pressure, are shown on
the right side of Figure 1. The integration of temperature
dependent heat capacity of Au [50] from 300 K to the
melting temperature of 7;, = 1337 K yields an energy density
of 29.1 kJ/mol (0.30 eV/atom). By adding the enthalpy of
melting, AH,, = 12.72 kJ/mol = 0.13 eV/atom, we obtain
0.43 eV/atom for complete melting of Au at 7,,. Further
heating of molten Au from T}, to the boiling temperature of
T, = 3131 K requires an energy density of 59.1 kJ/mol
(0.61 eV/atom), and the complete vaporization at 7}, adds the
heat of vaporization, AH, = 331.0 kJ/mol = 3.43 eV/atom
[50]. The total energy required for the complete vaporization
of Au under conditions of slow/equilibrium heating starting
from the room temperature is 4.48 eV/atom. The cohesive
energy of Au, E, = 368.4 kJ/mol = 3.82 eV/atom [50], is also
marked on the energy scale in Figure 1, since the cohesive
energy is often used as a reference energy level in theoretical
and computational studies of laser fragmentation of nano-
particles, e.g., refs. [51-53].

While the values of energy density listed above are eval-
uated based on the experimental properties of Au [50], the
EAM potential used in the present study [48] provides a good

quantitative description of experimental properties of Au,

including the melting temperature 7-*™ = 1330 K, enthalpy

m

of melting AH M= 0.13 eV/atom, and cohesive energy

EM=367.6 kJ/mol = 3.81 eV/atom. The heat capacity of

the model Au represented by the combined TTM-MD model
includes the temperature-dependent vibrational and electro-
nic contributions, with the total value ranging from

25.4Jmol 'K 'at300 K to31.3 Jmol ' K" at 7™M, which

is close to the experimental range of 25.3 Jmol ' K ' at
300 K to 32.3 Jmol ' K ' at T, [50].

3 Results and discussion

The conditions of the simulations of LFL discussed in this
paper were selected based on the results of a series of pre-
liminary simulations that suggested the existence of two
distinct mechanisms of the nanoparticle fragmentation
leading to the formation of a large central fragment sur-
rounded by smaller satellite fragments. The first mechanism,
where the large fragment is generated by a partial rebound of
the fragmentation products from the boundary of the nano-
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Figure 1 (Color online) Schematic representation of the computation setup. A Au nanoparticle with an initial diameter of 20 nm is immersed in a water
environment and irradiated by a 10 ps laser pulse. The laser excitation and fragmentation of the nanoparticle are simulated with the atomistic TTM-MD
model. A 50-nm-thick shell of water surrounding the nanoparticle is represented by the CG MD model. The acoustic impedance matching pressure-
transmitting boundary condition ensures nonreflecting propagation of the laser-induced spherical pressure wave away from the computational domain. The
values of the energy density deposited by the laser pulse in the simulations of LFL, along with the reference energy levels required for heating, melting and
vaporization of bulk Au material are marked on the energy density scale shown on the right side of the figure. The red rectangle outlines the energy densities

used in the simulations discussed in the present paper.

bubble, is illustrated by a simulation performed at a de-
posited energy density of 2.7 eV/atom and is discussed first,
in sects. 3.1 and 3.2. The second mechanism, where small
satellite clusters are nucleating from atoms that evaporate
from the surface of the irradiated nanoparticle and end up in a
thin water layer surrounding the transient laser-induced na-
nobubble, is exemplified by a simulation performed at an
energy density of 1.8 eV/atom and is discussed in sect. 3.3.

3.1 Fragmentation at 2.7 eV/atom: “Mild” phase ex-
plosion and partial rebound from the surface of nano-
bubble

The energy density deposited by the laser pulse in the si-
mulation discussed in this subsection, 2.7 eV/atom, is
roughly in the middle between the energy needed to heat the
nanoparticle to its boiling temperature 7, and that required
for complete vaporization of the nanoparticle at 7 (see
Figure 1). The heating of the nanoparticle by the 10-ps laser
pulse, however, is too fast for any significant evaporation to
occur as the nanoparticle is superheated up to the level ap-
proaching the thermodynamic critical temperature, when the
release of vapor proceeds in an explosive manner [54-56]
and leads to a rapid disintegration of the nanoparticle. In
contrast to the simulation performed at a higher energy
density of 3.6 eV/atom [39], where the deposited energy
density is significantly above the threshold for the phase
explosion, and the nanoparticle promptly disintegrates into
vapor and small fragments, the energy density deposited in

the present simulation is close to the threshold for the phase
explosion. As a result, the phase decomposition is less vig-
orous (thus, referred to as a “mild” phase explosion in the
discussion) and proceeds through several stages that can be
identified from the snapshots shown in Figure 2, as well as
from the pressure and density contour plots shown in
Figure 3.

As can be seen from Figure 3(a), the phase explosion of the
superheated nanoparticle creates a large pressure in excess of
500 MPa by the time of ~25 ps, which corresponds to the
time when the 10 ps laser pulse reaches its peak power. The
relaxation of this pressure proceeds through the expansion
and eventual disintegration of the nanoparticle, which in turn
leads to the generation of a spherical pressure pulse that
propagates through the water environment and leaves the
computation domain through the spherical pressure-trans-
mitting boundary with minimal reflection. The initial evo-
lution of the pressure pulse is additionally illustrated by the
profiles shown in Figure 4 for three moments of time. The
profiles of the laser-induced pressure pulse have shapes si-
milar to those predicted in continuum-level simulations
performed below the nanoparticle fragmentation threshold
[32,35]. Two notable differences, however, are a sub-
stantially larger, in excess of 150 MPa, initial amplitude of
the pressure pulse and a shorter duration/spatial extent of the
pulse—only about 20 nm in Figure 4 as compared with about
100 [35] and 40 nm [32] for 50 nm Au nanoparticles irra-
diated by 10 and 200 fs laser pulses, respectively. The larger
initial amplitude also leads to a faster decay of the pressure
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Figure 2 (Color online) Atomistic snapshots from a simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a deposited energy
density of 2.7 eV/atom. All of the Au atoms are shown in the snapshots and are colored by the average temperature (upper rows) and size (lower rows) of the
clusters or nanoparticles they belong to. The representation of the water environment is limited to middle 2-nm-thick slices cut from the central parts of the
systems, where the CG water particles are represented by gray dots. In order to provide a clear picture of the fragmentation process, the images of Au atoms
are superimposed on top of the slices of water particles shown in the background. The solid light blue circles outline the computational domain and mark the
region where the nonreflecting boundary condition is applied. The dashed light blue circles show the boundary of the laser-induced nanobubble.

pulse amplitude P, with the radial distance r traveled by the
pulse. The initial scaling of the pressure pulse amplitude is
approximately P, oc 7, as shown by the dashed line in
Figure 4. This scaling is stronger than P, o« . expected for
the spherical spreading of the pressure pulse energy in the
absence of the dissipation and radial broadening of the pulse.
It is also stronger than P, o p o scaling observed in con-
tinuum simulations of weaker stress pulses [35], but matches
the decay rate characteristic of laser-generated spherical
shock waves [57,58].

The rapid evaporation of Au atoms from the surface of the
nanoparticle contributes significantly to the energy transfer
from the nanoparticle to the surrounding water and drives the
formation and expansion of a nanobubble, which reaches the

radius of 24 nm by 80 ps, 35 nm by 300 ps, and slowly ex-
pands further to reach the maximum radius of 37 nm by 1 ns.
Simultaneously, the internal release of Au vapor drives the
expansion and decomposition of the superheated nano-
particle into a network of interconnected regions of molten
Au arranged into a gradually expanding shell-like structure.
While the shell-like nature of the distribution of the liquid
regions may not be apparent from the snapshots shown for 80
and 160 ps in Figure 2 where three-dimensional views of all
Au atoms are presented, it can be clearly seen from the
density contour plot in Figure 3(c). The high-density region
that corresponds to the liquid shell appears by about 70 ps,
gradually evolves into a continuous network of liquid re-
gions (e.g., see the snapshot at 160 ps in Figure 2), and de-
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Figure 3 (Color online) Contour plots showing the evolution of pressure ((a), (b)) and density ((c), (d)) in a simulation of LFL of a 20 nm Au nanoparticle
irradiated by a 10 ps laser pulse at a deposited energy density of 2.7 eV/atom. The left panels illustrate the initial stage of the fragmentation (up to 300 ps), and
the right panels show the evolution of pressure and density until the end of the simulation. The density scale is normalized by the room temperature density of

crystalline Au, pOA“. The dashed lines (red in (a), (c), (d), and black in (b)) track the motion of the nanobubble surface defined as a location where the water

density is equal to 50% of the density of liquid water at room temperature. The dashed arrow in (c) marks the high-density region that corresponds to the
expanding shell of molten Au produced by the explosive phase decomposition of the irradiated nanoparticle.

150

Pressure (MPa)

Distance (nm)

Figure 4 (Color online) Profiles of the spherical pressure wave propa-
gating in water from a 20 nm Au nanoparticle irradiated by a 10 ps laser
pulse at a deposited energy density of 2.7 eV/atom. The pressure profiles
are shown for 36, 40, and 44 ps after the start of the simulation. The 10 ps
laser pulse reaches its peak power at 25 ps. The dashed line outlines the
decrease of the pressure pulse amplitude P, with the radial distance r
traveled by the pulse.

composes into individual droplets by ~200 ps. We note that
the initial dynamics of the nanoparticle disintegration dis-

cussed above is similar to that observed in simulations of
laser-induced fragmentation of molecular [59], Lennard-
Jones [52] and Au [53] nanoparticles in a vacuum, where the
transient appearance and disintegration of the liquid shell is
also attributed to the rapid release of vapor in the nano-
particles undergoing the explosive phase decomposition.

Interestingly, the expansion velocity of the liquid shell,
about 100 m/s (Figure 3(c)) is lower than the initial velocity
of the nanobubble expansion. As a result, a transient gap
filled with Au and water vapor appears between the ex-
panding Au shell and the surface of the nanobubble, as can
be seen from the snapshots shown in Figure 2 for 80 and
160 ps, as well as from the density contour plot in Figure 3(c),
where the surface of the nanobubble is marked by the red
dashed line. As the nanobubble expansion slows down, the
gap closes, and the droplets produced through the disin-
tegration of the liquid Au shell are reaching the surface of the
nanobubble by the time of about 250 ps. The metal droplets
are injected into water, and most of them remain immersed in
water during the further expansion and collapse of the na-
nobubble.
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Several large droplets, however, are reflected by the action
of repulsive forces generated by the rapid vaporization of
water that comes in contact with the hot metal droplets.
These repulsive forces are of a similar nature to those re-
sponsible for the inverse Leidenfrost effect, first observed for
millimeter-scale metal particles laser-heated in water and
repeatedly bouncing from the walls of gas bubbles formed
around them [60]. In the present simulation, the reflected
droplets converge around the center of the nanobubble be-
tween 3 and 4 ns and coalesce into a single droplet. The large
droplet produced by the coalescence of the fragmentation
products is slowly drifting away from the center of the na-
nobubble during the time from about 5 to 7 ns, but is pushed
back to the center by the collapsing nanobubble, as can be
seen from the density contour plot shown in Figure 3(d). An
additional detailed analysis of the formation of the frag-
mentation products is provided below, in sect. 3.2.

The generation and collapse of the nanobubble play an
important role in the fragmentation process, as well as in
cooling and coarsening of the fragmentation products. The
evolution of the nanobubble can be clearly seen in the
pressure and density contour plots, where the location of the
surface of the nanobubble is marked by the dashed lines. In
the pressure contour plot shown in Figure 3(b), the dashed
line coincides with a narrow blue band of negative pressure
related to the surface tension, which provides the main
driving force for the nanobubble collapse. Using the value of
the surface tension evaluated for CG water [44], y =
0.073 J/m’, the Laplace pressure produced by the surface of
the nanobubble of radius R, P; = 2y/R, can be estimated to
increase from about 3.9 MPa at 1 ns (R =37 nm), to 4.6 MPa
at4 ns (R =32 nm), and to 6.1 MPa at 6 ns (R =24 nm). All
these values of P; are substantially larger than the difference
between the pressure inside and outside the nanobubble,
leading to the rapidly accelerating nanobubble collapse.

Another prominent feature of the pressure contour plot in
Figure 3(b) is the presence of negative and positive pressure
stripes that appear inside the nanobubble at around 1 ns and
remain in the central part of the system after the nanobubble
collapse. This pressure variation is related to the tension at
the surface of large metal droplets balanced by the com-
pression in the interior of the droplets. As discussed above,
these droplets reflect from the boundary of the nanobubble,
move toward the center of the nanobubble, and coalesce into
a large core nanoparticle at 3-4 ns. Note that, since the
pressure and density in the contour plots are calculated by
averaging over spherical shells that include both water and
Au particles, the relative contribution of the Au particles
increases as they move toward the center of the system. In
particular, the increase of the density and pressure in the
central part of the system at around 4-5 ns corresponds to the
large metal droplet passing through the center of the system.
As the droplet drifts away from the center after 5 ns, the
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density and pressure in the center decrease again, until the
droplet is pushed back to the center by the collapsing na-
nobubble at about 7.5 ns.

The interplay of the fragmentation process and the nano-
bubble dynamics can be further illustrated by considering the
evolution of the water and Au density profiles shown in
Figure 5. The profiles plotted for 80 ps show that the initial
expansion of the nanobubble is faster than that of the shell-
like transient structure of interconnected regions of molten
gold. We can also see that some of the Au atoms and atomic
clusters are already implanted into the water environment at
this early time. As discussed above, this injection of the hot
metal vapor into the water is one of the main driving forces
behind the rapid expansion of the nanobubble. As the na-
nobubble expansion slows down, the droplets produced
through the decomposition of the liquid Au shell are getting
in contact with the surface of the nanobubble (profiles at
300 ps). Many of these droplets are injected as deep as 15 nm
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Figure 5 (Color online) Density profiles for gold (red lines outlining gray
areas) and water (blue lines) plotted at different times during the simulation
of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a
deposited energy density of 2.7 eV/atom. The densities of gold and water

are normalized by their respective room temperature values, pOA“ and pow.

The red and blue arrows show the dominant directions of motion of gold
and water, respectively. The animated sequence of the density profiles is
provided in the Supporting Information.
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beyond the nanobubble surface (profiles at 720 ps), but some
of'the largest droplets are reflected and move back toward the
center of the nanobubble (profiles at 2000 and 3000 ps).
Several of the reflected droplets coalesce into a large droplet
that then slowly drifts off-center of the rapidly shrinking
nanobubble (profiles at 7000 ps) but is pushed back to the
center by the nanobubble collapse (profiles at 9000 ps).

When considering the Au density profiles, it should be
noted that, similar to the contour plots, the density profiles
are affected by averaging over the spherical shell regions
with volumes increasing quadratically with the distance from
the center of the system. Nevertheless, the virtual absence of
Au inside the nanobubbles suggested by the density profiles
shown for 300 and 720 ps is not an artifact of averaging over
spherical shells, but reflects the injection of almost all pro-
ducts of the nanoparticle fragmentation into the water en-
vironment beyond the boundary of the nanobubble. The
absence of Au fragments inside the nanobubble at this stage
of the fragmentation process may not be apparent by viewing
the corresponding snapshots in Figure 2, where three-di-
mensional views of all Au atoms are superimposed on thin
slices of water environment.

3.2 Fragmentation at 2.7 eV/atom: Characterization of
the fragmentation products

The size distribution of the atomic clusters and nanoparticles
produced by LFL [10,12,13,16-18] and the internal structure
(phase composition and presence of crystal defects) of the
fragmentation products are of high practical interest for ap-
plications that rely on LFL for tuning the nanoparticle
characteristics to the specific requirements of the applica-
tions. Therefore, in this subsection, we consider the con-
nections between the fragmentation mechanisms discussed
in the previous subsection and the evolution of the size
distribution and internal structure of the fragmentation pro-
ducts.
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The time evolution of the mass-weighted size distribution
of the fragmentation products is shown in Figure 6, where the
size of a cluster or a nanoparticle is expressed in terms of the
equivalent diameter defined as the diameter of a spherical
particle with the same number of atoms and a density of the
Au crystal at 300 K [39]. A prominent feature of the size
distributions is an early formation of two distinct groups of
fragments generated during the first several hundreds of pi-
coseconds after the laser irradiation, small atomic clusters
and nanoparticles (smaller than 3 nm) and larger nano-
particles with sizes between 5 and 7 nm, followed by the
delayed emergence of a large nanoparticle with a diameter of
11 nm at about 3.3 ns.

The first group of fragments, marked as (D in Figure 6(a),
forms from the hot metal vapor rapidly released in the course
of the explosive phase decomposition discussed in sect. 3.1.
The vapor and atomic clusters with sizes below 1 nm account
for 23% of the total mass of the fragmentation products at
200 ps (leftmost blue bar in Figure 6(b)). Most of the metal
vapor and atomic clusters are promptly injected into the
water environment, where the clusters grow into nano-
particles with equivalent diameters of 1 to 3 nm. By the time
of 9.2 ns, these nanoparticles account for 35% of the total
mass of the fragmentation products.

The second group of fragments, marked as @ in Figure
6(a), emerges from the disintegration of the transient shell-
like structure of interconnected regions of molten gold pro-
duced by the explosive disintegration of the irradiated na-
noparticle. Already at 250 ps, before the nanoparticles
produced by the decomposition of this shell-like structure
reach the surface of the nanobubble (see Figures 3(c) and 5),
the nanoparticles with equivalent diameters of 5 to 8 nm
account for 46% of the total mass of the fragmentation
products. At 2 ns, the fragments with a narrow range of
diameters of 6 to 7 nm account for 35% of the total mass of
the fragmentation products.

The third type of fragmentation products, marked as (3 in

Mass (b) 324
fraction
(%)

,\
Y
2

=S

16
14

Ll
pN
1

Diameter (nm)
>
1

Mass fraction (%)
o]
1

M 02ns MW 3ns 6ns M 8ns M92ns

0

Time (ns)

0 || " |'| || ‘ || I || ‘ || | | ‘ | | |
T T T T T T T T T T

1 2 3 4 S 6 7 8 9 10 11
Diameter (nm)

Figure 6 (Color online) The evolution of the mass-weighted size distribution of the fragmentation products predicted in a simulation of LFL of a 20 nm Au
nanoparticle irradiated by a 10 ps laser pulse at a deposited energy density of 2.7 eV/atom. The mass fraction of nanoparticles with diameters that fall within
the bins with the width of 1 nm is calculated and shown as a function of time in (a) and in the form of histograms plotted for five moments of time and colored
by time in (b). For any given time, the sum over all bins is equal to 100%. The encircled numbers in (a) mark the three dominant groups of nanoparticles
emerging from the fragmentation process.
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Figure 6(a), is represented by a large nanoparticle formed at
about 3.3 ns through the coalescence of several large droplets
reflected from the surface of the nanobubble due to the na-
noscale inverse Leidenfrost effect discussed above, in sect.
3.1. The single fragment generated inside the evolving na-
nobubble accounts for more than 17% of the total mass of the
fragmentation products and has an equivalent diameter of
about 11 nm. This fragment stays close to the center of the
system after the nanobubble collapse at about 7.5 ns and does
not undergo any significant changes in its size after the time
of its formation at 3.3 ns.

The origin of the first two groups of the nanoparticles (1
and @) can be related to the two channels of the nanoparticle
formation observed in a simulation performed at a higher
deposited energy of 3.6 eV/atom [39], where both the growth
of small nanoparticles from vaporized metal atoms and the
direct injection of compact nanodroplets propelled by the
phase explosion into the water environment was observed.
The notable differences include a much larger initial fraction
of the vaporized gold and substantially smaller sizes of the
nanoparticles produced by the second channel (direct injec-
tion of nanoparticles into water) at the higher deposited en-
ergy. Indeed, the nanoparticles generated at 3.6 eV/atom
remain below 4 nm until the end of the simulation at 14.5 ns
[39], while most of the nanoparticles generated through the
channel @ at 2.7 eV/atom have diameters of 6 to 7 nm.

The third mechanism of the nanoparticle generation, de-
noted as (3 in Figure 6(a), has not been discussed in the

(a) Before 0.5 ns

Sci. China-Phys. Mech. Astron.

July (2022) Vol.65 No.7 274206-9
literature so far. Therefore, we perform an additional analysis
of this mechanism by considering the trajectories of all atoms
that end up in the largest nanoparticle formed inside the
nanobubble. The part of the atomic trajectories shown in
Figure 7(a) corresponds to the explosive fragmentation of the
initial nanoparticle that, among other fragmentation pro-
ducts, generates several droplets that eventually contribute to
the central nanoparticle. These droplets originate from the
shell-like structure of interconnected liquid regions, as can
be seen from the radially extended distributions of the atoms
that form the droplets at 160 and 240 ps (colored with two
shadows of green in Figure 7(a)). The droplets cross the
surface of the nanobubble by about 300 ps and are all found
inside the liquid environment, beyond the boundary of the
nanobubble, at 480 ps. This can be seen from the locations of
the red parts of the trajectories with respect to the red dashed
circle in Figure 7(a). The asymmetry of the pressure exerted
by water vaporized in the vicinity of the hot metal droplets
(inverse Leidenfrost effect) pushes the droplets back towards
the center of the nanobubble, as can be seen from the tra-
jectories shown in Figure 7(b). Some of the droplets coalesce
on their way towards the center of the nanobubble, and all the
reflected droplets reunite in the middle of the nanobubble at
around 3.3 ns. The coalesced single nanoparticle then slowly
drifts away from the center during the following several
nanoseconds, and is pushed back to the center by the col-
lapsing nanobubble at about 7.5 ns.

The contributions of the three distinct channels of the

(b) After 0.5 ns
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Figure 7 (Color online) Atomic trajectories of all atoms that contribute to the formation of the largest (41493 atoms) nanoparticle generated in the
simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a deposited energy density of 2.7 eV/atom. This nanoparticle is marked by
() in the size distribution shown in Figure 6(a). The initial stage of the fragmentation process is illustrated in (a) by seven overlapping snapshots shown with
time intervals of 80 ps from 0 to 480 ps and colored by time, from blue to red. The following reflection of the fragmentation products from the boundary of
the nanobubble and coalescence into a single nanoparticle in the middle of the system is illustrated in (b), where the atoms in the overlapping snapshots are
plotted from 480 ps to 9.04 ns, with time intervals of 80 ps before 2.8 ns, and 160 ps between 2.8 and 9.04 ns. The initial location of the 20 nm Au
nanoparticle is marked by the light gray circles. The surface of the nanobubble and the position of the nonreflecting boundary are marked by the dashed and
solid circles, respectively. These circles are colored by time according to the color scales used in the corresponding panels: 80 ps (blue), 240 ps (green), and

480 ps (red) in (a) and 960 ps (blue), 5040 ps (green), and 9040 ps (red) in (b).
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formation of the fragmentation products identified in the
simulation of LFL discussed above can be expected to affect
the size distribution of the fragmentation products. Indeed,
the mass-weighted size distribution at the end of the simu-
lation, shown by red bars in the histogram plotted in
Figure 6(b), has three distinct peaks at 1-2, 5-7, and 11 nm.
This trimodal size distribution can be related to the results of
recent time-resolved probing of the fragmentation products
in small-angle scattering experiments [17], where a similar
trimodal mass-weighted nanoparticle size distribution is
obtained by a reverse Monte Carlo fitting of the scattering
distribution at 1 ps after the laser pulse. The LFL experi-
ments are performed for initial nanoparticles with diameters
of 54 nm, and it is possible that the largest fragments in the
experimental distributions (~20 nm in diameter) could form
through the mechanism @) predicted in the simulation and
illustrated by Figure 7. An alternative mechanism of the
prompt generation of the large fragments, where these
fragments represent the remaining cores of the initial nano-
particles experiencing partial evaporation [17], appears to be
less feasible. As discussed below, in sect. 3.3, the evapora-
tion from the surface of a nanoparticle induced by a single
picosecond laser pulse is unlikely to reduce the diameter of
the nanoparticle by more than a factor of two.

The internal structure of the nanoparticles generated by
laser-enabled synthesis in liquids has important implications
for various properties of the nanoparticles. In particular, it is
recognized that the presence of crystal defects in the nano-
particles produced by laser ablation in liquids has a large
effect on their catalytic activity [9,61-66]. The results of
atomistic simulations of laser ablation in liquids [24,45]
suggest that the nanoparticles experiencing high cooling
rates in the process of their formation tend to exhibit high
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densities of twin boundaries and stacking faults. The
quenching rates are even faster in LFL, where the frag-
mentation products are promptly injected into the cold liquid
environment, making it possible to produce highly defected
nanoparticles.

Indeed, the cross-sections of two representative nano-
particles shown in Figure 8(b) reveal the presence of multiple
twin boundaries (atomic planes colored red), stacking faults
(pairs of red planes), platelets of metastable hcp structure
(thick red regions), and grain boundaries (layers of blue
atoms inside the large nanoparticle). The generation of the
crystal defects in the nanoparticles can be related to the
thermal history they experience during the fragmentation
process. The temperature calculated by averaging over atoms
that end up in four representative nanoparticles is plotted in
Figure 8(a). The nanoparticles that are injected into the cold
water environment by the explosive fragmentation process
and remain in the water environment during the nanobubble
evolution are rapidly cooled down to the temperature of the
surrounding water. This is exemplified by nanoparticles
consisting of 619, 1716, and 10475 atoms, with smaller na-
noparticles undergoing faster cooling.

The thermal history of the largest nanoparticle consisting
of 41493 atoms, however, is different and consists of three
distinct stages. First, the fragments that eventually contribute
to the formation of the largest nanoparticle are also injected
into the water environment and experience the rapid cooling
similar to that of the other fragments. As explained above
and illustrated in Figure 7(b), the fragments are reflected
back and reenter the nanobubble between 1.2 and 1.7 ns (as
can also be seen from the density trail of the reflected dro-
plets in Figure 3(d)). When the droplets exit the water en-
vironment and enter the nanobubble, the cooling rate is
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Figure 8 (Color online) The time dependence of the average temperature of atoms that end up in the four representative nanoparticles produced in the
simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a deposited energy density of 2.7 eV/atom (a) and the cross-sections of two
of these nanoparticles revealing the internal defect structures (b). The inset in (a) shows enlarged views of four representative nanoparticles present in the final
snapshot colored by size in Figure 2, with nanoparticles labeled by the number of atoms they consist of. The color of the temperature profiles matches that of
the corresponding labels. The two dashed arrows in (a) have slopes that correspond to the cooling rates marked on the figure. The color of atoms in the cross-
sections shown in (b) is chosen based on their local structural environment, so that the atoms with local face-centered cubic (fcc) and hexagonal close-packed
(hep) environments are colored green and red, respectively, while the surface atoms, grain boundaries, and other unidentified local atomic structures are
colored blue. With this coloring scheme, a single red atomic plane and a pair of red planes on a green background correspond to a twin boundary and a
stacking fault in the fce structure, respectively.
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dramatically reduced, and the temperature stays at an almost
constant level of 1600-1800 K (20% to 35% above T},) from
2 to 7 ns. The cooling accelerates again, and the nanoparticle
is rapidly quenched when the nanobubble collapses at around
7.5 ns.

Although the 5-ns-long period of thermal insulation of the
largest droplet inside the nanobubble allows for more than
enough time for the droplet shape relaxation, the cooling of
the spherical droplet during its solidification after the na-
nobubble collapse is still very rapid and proceeds with a
cooling rate of about 8x10" K/s. As a result, the solidifica-
tion proceeds under conditions of strong undercooling and
produces a nanocrystalline structure featuring high densities
of stacking faults, twin boundaries, and platelets of me-
tastable hcp structure, as can be seen in the cross-section
shown for the large 41493-atom nanoparticle in Figure 8(b).
The cooling rates are even higher for smaller nanoparticles
quenched outside the nanobubble, which leads to the fine-
grained defected structures and non-spherical shapes gener-
ated during the rapid quenching and aggregation of the small
fragments, as exemplified by 619-atom and 1716-atom
fragments in Figure 8.

3.3 Fragmentation at 1.8 eV/atom: Evaporation and
nucleation of clusters

The reduction of energy deposited by the laser pulse down to
the levels below the threshold for the phase explosion leads
to qualitative changes in the fragmentation process. The
fragmentation in this case takes the form of evaporation from
the surface, i.c., proceeds through the heating-melting-eva-
poration mechanism commonly described as the main ther-
mal fragmentation mechanism in the nanosecond pulse LFL
[10,14-16]. The visual picture of this process is provided in
Figure 9, where four snapshots from the simulation are
shown. Similar to the simulation performed in the phase
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explosion regime and discussed above, the heat transfer from
the hot nanoparticle to the surrounding water and the intense
evaporation of Au atoms from the surface of the nanoparticle
are driving the generation of a nanobubble. The nanobubble
reaches its maximum radius of about 25 nm by about 150 ps
after the laser pulse and then slowly shrinks during the fol-
lowing 3 ns.

The evolution of the nanobubble can also be seen in the
pressure and density contour plots shown in Figure 10. The
scale in the pressure plot in Figure 10(a) is chosen so that the
tension produced at surfaces of the nanobubble and the Au
nanoparticle is clearly visible. The nanobubble surface ten-
sion drives the gradual decrease in the radius of the nano-
bubble, which finally shrinks down to an about 2-nm-thick
low-density layer adjacent to the surface of the metal nano-
particle at about 3.5 ns. The temperature of the molten na-
noparticle at this time is about 3500 K (Figure 11(a)) and this
temperature is sufficiently high for maintaining the steady-
state low-density layer above the surface of the nanoparticle.
This layer limits the heat transfer from the nanoparticle to the
surrounding water. Indeed, as can be seen from the tem-
perature plot shown in Figure 11(a), the cooling rate of the
nanoparticle in the present simulation does not experience an
abrupt change upon the transformation of the nanobubble
into a stagnant low-density layer, and is close to 2x10" K/s
at the end of the simulation at 4.2 ns. This observation can be
contrasted with the rapid quenching of the 41493-atom
droplet after the collapse of the nanobubble, illustrated by the
corresponding temperature profile in Figure 8(a), where the
collapse of the nanobubble leads to a sharp increase in the
cooling rate.

The processes of evaporation from the irradiated nano-
particle and condensation of the gold vapor into atomic
clusters are visually represented by the snapshots shown in
Figure 9 and are quantified by the time dependence of the
number of evaporated atoms in Figure 11(a), as well as the
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Figure 9 (Color online) Atomistic snapshots from a simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a deposited energy
density of 1.8 eV/atom. All of the Au atoms are shown in the snapshots and are colored by the average temperature of the clusters or nanoparticles they
belong to. The representation of the water environment is limited to middle 2-nm-thick slices cut from the central parts of the systems, where the CG water
particles are represented by small gray dots. In order to provide a clear picture of the fragmentation process, the images of Au atoms are superimposed on top
of the slices of water particles shown in the background. The solid light blue circles outline the computational domain and mark the region where the
nonreflecting boundary condition is applied. The dashed light blue circles show the boundary of the laser-induced nanobubble.
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nanoparticle size distributions shown for 0.5 and 4 ns in
Figure 11(b). The evaporated atoms enter the water sur-
rounding the nanobubble, rapidly cool down, and condense
into clusters, which further evolve into small satellite nano-
particles through the aggregation and further absorption of
Au atoms. The diameters of the satellite nanoparticles remain
below 2.5 nm at the end of the simulation, Figure 11(b).
These satellite nanoparticles are mostly located within a 10-
nm-wide water shell surrounding the main core nanoparticle,
as can be seen from the density contour plot in Figure 10(b).
The high rate of the initial growth of atomic clusters into the
nanoparticles, observed in both the heating-melting-eva-
poration regime (Figure 11(b)) and the phase explosion re-
gime (Figure 6(b)), suggests that the selection of type and
concentration of surface-active species capable of preventing
the growth of atomic clusters and coarsening of the nano-
particles [17,67-69] should account for the fast kinetics of
the initial evolution of the size distribution in the absence of
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the stabilizing agents.

As the temperature of the core nanoparticle decreases, the
evaporation of Au atoms slows down and almost ceases by
the end of the simulation, as can be seen from Figure 11(a).
The number of atoms lost by the irradiated nanoparticle by
4.2 ns due to the evaporation is 38853, and more than half of
these atoms are evaporated during the first nanosecond of the
simulation. The evaporation, thus, reduces the mass of the
nanoparticle by about 16%, and the corresponding reduction
of the nanoparticle diameter is less than 6%. These simula-
tion results are consistent with the gradual decrease in the
size of the initial nanoparticles and the appearance of a
distinct population of small nanoparticles with increasing
number of laser pulses reported for picosecond LFL of Au
nanoparticles with initial diameters of 20-30 nm [12]. While
the size reduction can be much more substantial in a single
pulse nanosecond LFL [16], the observation of the largest
fragments that are more than twice smaller than the initial
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Figure 10 (Color online) Contour plots showing the evolution of pressure (a) and density (b) in a simulation of LFL of a 20 nm Au nanoparticle irradiated
by a 10 ps laser pulse at a deposited energy density of 1.8 eV/atom. The density scale is normalized by the room temperature density of crystalline Au, pOA“.
The red dashed lines mark the surface of the nanobubble defined as a location where the water density is equal to 50% of the density of liquid water at room
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Figure 11 (Color online) The time dependence of the average temperature of the core nanoparticle, the number of evaporated atoms (a), and the
nanoparticle/cluster size distribution (b) predicted in the simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a deposited energy
density of 1.8 eV/atom. The dashed arrow in (a) has a slope that corresponds to the cooling rate marked on the figure. The averaging in the calculation of
temperature does not include the evaporated atoms. In (b), the mass fraction of clusters/nanoparticles of different sizes is defined with respect to the total mass
of Au in the initial nanoparticle, i.e., the sum over all bins is equal to the fraction of mass lost by the core nanoparticle. The red and gray bins show the

distributions at 0.5 and 4 ns, respectively.
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54 nm nanoparticle in the picosecond LFL [17] is likely to
indicate that the irradiation conditions in ref. [17] correspond
to the explosive phase decomposition of the nanoparticle
(similar to that discussed in sects. 3.1 and 3.2) rather than the
heating-melting-evaporation process. Indeed, the results of
the simulations suggest that a single picosecond pulse irra-
diation below the threshold for the phase explosion can only
produce a moderate reduction of the nanoparticle diameter.
Further reduction of the deposited energy density from 1.8
to 1.2 eV/atom leads to a decrease in the maximum tem-
perature reached by the Au nanoparticle by the end of the
laser pulse down to about 3300 K, which is close to the
temperature of the core nanoparticle at the end of the si-
mulation performed at 1.8 eV/atom, about 3400 K at 4.2 ns.
As a result, the evaporation is much less intense at 1.2 eV/
atom, and the number of atoms evaporated by the end of the
simulation at 1.3 ns, when the temperature decreases down to
2900 K, is only 474. This corresponds to a less than 0.2%
decrease in the number of atoms in the core nanoparticle and
a negligible decrease in the radius of the nanoparticle. The
virtual absence of the energy transfer to the water through the
evaporation of the nanoparticle makes a strong impact on the
dynamics of the nanobubble, which reaches the maximum
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radius of about 14 nm by 100 ps, collapses by about 300 ps,
and then exhibits several weaker rebounds until about
700 ps. The dynamics of the nanobubbles generated at lower
energy densities, below the threshold for laser fragmentation,
will be discussed in another paper.

4 Summary

The dependence of the mechanisms of the laser fragmenta-
tion of metal nanoparticles in a liquid environment on the
energy density deposited by the laser pulse is investigated in
TTM-MD simulations performed for 20 nm Au nano-
particles irradiated in water by 10 ps laser pulses. Three
distinct regimes of LFL are established in the simulations
and are schematically illustrated in Figure 12. The three re-
gimes are characterized by different fragmentation me-
chanisms and size distributions of the fragmentation
products. The results of a simulation performed at the highest
energy density of 3.6 eV/atom (94% of the cohesive energy
or 80% of the energy required for complete vaporization of
the nanoparticle) are reported in an earlier publication [39]
and are illustrated in the upper row of Figure 12. The rapid
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Figure 12 (Color online) Schematic representation of the three regimes of LFL revealed in the atomistic simulations: (1) “strong” phase explosion
characterized by two distinct channels of the formation of the fragmentation products, (2) “mild” phase explosion characterized by three distinct channels of
the formation of the fragmentation products, and (3) evaporation in the transiently formed nanobubble and condensation of the metal vapor into clusters and
small satellite nanoparticles. The color of the nanoparticles in the schematics matches the color of bins in the mass-weighted size distributions shown in the
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energy deposition by the laser pulse rapidly melts and su-
perheats the nanoparticle up to the limit of thermodynamic
stability against an explosive phase decomposition into va-
por and liquid droplets. The vigorous phase explosion drives
the generation and rapid expansion of a nanobubble and
leads to a prompt injection of all products of the explosive
phase decomposition into water surrounding the nanobubble.
Two channels of the nanoparticle formation identified at this
energy density are: (1) the direct injection of compact na-
nodroplets into water environment followed by their rapid
freezing and (2) a gradual growth of smaller nanoparticles
from vaporized metal atoms. The nanoparticles formed
through these two channels and the corresponding parts of
the nanoparticle size distributions are colored blue and green
in the first row of Figure 12.

The simulations performed at lower energy densities re-
veal the existence of two additional mechanisms of the na-
noparticle fragmentation, with both of the mechanisms
producing a large central fragment surrounded by smaller
satellite fragments. The first mechanism is observed at a
deposited energy density that is approximately in the middle
between the energy required for heating the nanoparticle up
to its boiling temperature 7, and the energy required for
complete vaporization of the nanoparticle at 7,. In contrast to
the “strong” phase explosion discussed above, a less vigor-
ous, “mild” phase explosion at the reduced energy density is
observed to produce a transient network of interconnected
regions of molten Au arranged into a gradually expanding
shell-like structure. The initial velocity of the nanobubble
expansion exceeds the velocity of the expansion of the liquid
shell, which decomposes into individual liquid droplets in-
side the nanobubble. When the hot metal droplets are in-
jected into water, most of them rapidly cool down and remain
immersed in water outside the boundary of the nanobubble.
Some of the large droplets, however, are reflected by the
action of repulsive forces generated by the rapid vaporization
of water that comes in contact with the hot metal droplets.
This rebound of the metal droplets from the boundary of the
nanobubble is analogous to the inverse Leidenfrost effect
acting at the nanoscale. The reflected droplets converge
around the center of the nanobubble at around 3-4 ns after the
laser pulse, coalesce into a single droplet, and solidify only
after the nanobubble collapses at about 7.5 ns. This multistep
mechanism of LFL, involving a partial reflection of the
fragmentation products from the surface of the evolving
nanobubble and the coalescence of the reflected fragments
into a central core nanoparticle surrounded by smaller sa-
tellite fragments, has not been, to our knowledge, discussed
in literature so far, and is revealed in the simulation reported
in this paper.

The coexistence of three distinct channels of the nano-
particle formation in the regime of “mild” phase explosion
leads to the generation of a trimodal nanoparticle size dis-
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tribution, as schematically illustrated in the middle row of
Figure 12. Two of the three channels, which produce nano-
particles colored blue and green, can be related to those
observed in the “strong” phase explosion regime, except that
the fraction of small (blue) nanoparticles is smaller and the
nanoparticles produced by the injection of nanodroplets into
water environment (green) are substantially larger. The third
channel, where a single large nanoparticle (red) is generated
through the reflection of droplets from the boundary of the
nanobubble, is unique to the regime of “mild” phase explo-
sion. We note that the discovery of this new channel of the
formation of large fragmentation products (e.g., 50% of the
size of initial nanoparticle) challenges the established direct
association of experimental observations of large fragments
with the heating-melting-evaporation mechanism and sug-
gests an alternative origin of such fragments.

The simulation performed at an energy density reduced
down to a level below the threshold for the phase explosion
demonstrates the transition to a fragmentation defined by an
interplay of the intense evaporation from the surface of the
irradiated nanoparticle and the evolution of the nanobubble.
This fragmentation regime is illustrated in the bottom row of
Figure 12. The evaporation from the nanoparticle is the key
factor responsible for the initial nanobubble expansion and
the relatively slow decrease in the radius of the nanobubble.
The evaporated atoms are absorbed by water surrounding the
nanobubble, where they rapidly condense into clusters and
small satellite nanoparticles. The size distribution of the sa-
tellite particles (blue in the bottom row of Figure 12) remains
relatively narrow and unimodal as the nanoparticles/clusters
formed from vaporized metal atoms are slowly coarsening
due to the agglomeration and coalescence.

While the formation of a core-satellite structure of the
fragmentation products is observed in both the evaporation
regime and “mild” phase explosion regime, the size of the
core produced in the two regimes is rather different. In
particular, the single pulse picosecond laser irradiation in the
evaporation regime is found to reduce the nanoparticle dia-
meter by less than 6%, whereas the central core fragment
generated through the coalescence of droplets reflected from
the boundary of the nanobubble in the phase explosion re-
gime has a diameter about twice smaller than the diameter of
the initial nanoparticle. The computational predictions on the
size of the largest fragment and the contribution of three
distinct channels of the formation of the fragmentation pro-
ducts in the “mild” phase explosion regime are in good
agreement with the trimodal mass-weighted nanoparticle
size distribution observed experimentally in a recent time-
resolved study of the picosecond LFL of Au nanoparticles.

The analysis of the thermal history of the fragmentation
products predicted in the simulations suggests that the
quenching rate can be as high as 5x10"* K/s for the small
fragments produced in the phase explosion regime, while the
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cooling of the core nanoparticle in the heating-melting-
evaporation regime is more than an order of magnitude
slower. The high cooling rates have direct implications for
the internal structure of the nanoparticles produced by LFL,
with the small rapidly quenched nanoparticles exhibiting
fine-grained defected structures featuring metastable phase
inclusions as well as high densities of twin boundaries,
stacking faults, and other defects.

Overall, the computational predictions on the dependence
of the mechanisms of LFL on the energy density deposited
by the laser pulse, as well as the connections established
between the fragmentation mechanisms, nanoparticle size
distributions, and the defect structures in the nanoparticles,
have important implications for the interpretation of the re-
sults of experimental probing of the fragmentation process.
More generally, the computational results can facilitate the
advancement of the LFL technique guided by the insights
into the processes that control the sizes, shapes and structures
of the produced nanoparticles.
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