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Abstract

The mechanisms of picosecond pulse laser ablation in liquid are investigated in a series of large-scale atomistic simulations
performed for FeNi targets irradiated in a liquid environment by picosecond laser pulses at a broad range of fluences. The
simulations reveal the existence of three fluence regimes featuring different dominant mechanisms of material ejection and
nanoparticle formation. These are (1) the low fluence regime, where atomic clusters and small nanoparticles form through
the evaporation of metal atoms followed by condensation in a low-density region at the front of the ablation plume, (2) the
medium fluence regime, where roughening and decomposition of a top part of a transient spongy structure of interconnected
liquid regions leads to the formation of large nanoparticles, and (3) the high fluence regime, where the nanoparticles form
primarily at the phase separation front propagating through the ablation plume cooled from the supercritical state by expan-
sion against the liquid environment and mixing with the liquid. The generation of the largest nanoparticles is observed in the
medium fluence regime, and both the maximum size of the nanoparticles and the energy efficiency of the material conver-
sion into nanoparticles decrease upon transition to the high fluence regime. Some of the nanoparticles experience extreme
quench rates and rapidly solidify under conditions of deep undercooling, yielding a population of defect-rich nanoparticles
of interest for practical applications. The results of the simulations are mapped to the conditions realized within a laser spot
irradiated by a beam with a Gaussian spatial profile, where different ablation regimes are activated simultaneously in dif-
ferent parts of the laser spot. The spatially and time-resolved maps of the transient nonequilibrium states predicted in the
simulations provide a comprehensive picture of the ablation dynamics and a solid foundation for interpretation of the results
of time-resolved experimental probing of the initial stage of the ablation process.

Keywords Pulsed laser ablation in liquids - Nanoparticles - Atomistic simulations - Molecular dynamics - Nucleation and
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1 Introduction

The widespread and rapidly expanding utilization of nano-
particles (NPs) in catalysis [1, 2] manufacturing of advanced
materials [3—7], solar energy conversion [8, 9], and biomedi-
cal applications [10-13] is defining the need for accelerated
development of advanced NP synthesis techniques capable
of meeting the sharp rise in the global demand. Synthesis
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of nanoparticles (NPs) by pulsed laser ablation in liquids
(PLAL) is a well-established environment-friendly “green”
technique [14, 15] capable of producing large quantities of
NPs at a cost competitive with chemical synthesis [16].
The highly nonequilibrium conditions of NP synthesis in
PLAL, characterized by ultrafast quench rates and growth
under extreme supersaturation, can lead to the formation of
NPs featuring high densities of crystal defects and metasta-
ble phases. Indeed, atomistic simulations of PLAL of metal
targets [17, 18] suggest that NPs experiencing fast cooling
rates in the process of their formation tend to exhibit high
densities of twin boundaries and stacking faults. The experi-
mental HRTEM characterization of metal NPs produced by
PLAL confirms the presence of planar defects [19-21] and
metastable phases [22]. The unique internal structures of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-023-06525-0&domain=pdf
http://orcid.org/0000-0002-1549-7086

288 Page 2 of 35

C. Chen, L.V. Zhigilei

NPs synthesized by PLAL make them particularly attrac-
tive in many applications. In particular, it is recognized that
the presence of crystal defects and strain in NP catalysts
substantially enhances their catalytic activity [19-21, 23],
while the phase composition of NPs may affect their mag-
netic properties [22].

Tuning the characteristics of NPs produced by PLAL to
the needs of practical applications, however, still presents a
significant challenge and calls for detailed analysis of pro-
cesses defining the size distribution and internal structure
of the NPs. The results of time-resolved experimental prob-
ing [24-29] and computational modeling of PLAL [17, 18,
30-37] provide strong evidence in favor of the coexistence of
multiple channels of the NP formation activated at different
stages of laser ablation and producing distinct populations
of NPs. The processes occurring on the timescale of the
cavitation bubble expansion and collapse (10°°~107* s) have
been the focus of the majority of studies of PLAL, where the
nucleation, growth, and coalescence of NP inside the cavita-
tion bubble [24-27, 38-40], as well as the mechanical impact
due to the cavitation bubble collapse [41, 42], have been
considered. The results of large-scale atomistic simulations
of PLAL of metal targets [17, 18, 31-37] indicate, however,
that processes occurring at the initial dynamic stage of laser
ablation, during the first nanoseconds after the laser irradia-
tion, also play a critical role in the generation of NPs.

The simulations reveal that rapid deceleration of the abla-
tion plume by the liquid environment leads to the formation
of a dense and hot transient layer of the ablated material
at the plume-liquid interface [17, 18, 32]. The interaction
of this interfacial layer with the liquid environment brings
the liquid to the supercritical state and activates three dis-
tinct channels of NP formation. First, the formation of a
low-density region at the front of the emerging cavitation
bubble, just above the hot transient layer, creates conditions
amenable to rapid nucleation and growth of atomic clusters
and small NPs from atoms that are continuously evaporating
from the hot interfacial layer. Second, the interfacial layer
itself is observed to roughen and eventually disintegrate into
large molten droplets] [17, 18, 31, 32, 34, 35] due to the
development of hydrodynamic instabilities (Rayleigh—Taylor
and Richtmyer—Meshkov) at the decelerated plume-liquid
interface [18]. Some of these droplets are injected into the
cold liquid environment outside the boundary of the cavita-
tion bubble, cool rapidly, and solidify into defect-rich NPs
[17, 18]. The disintegration of the interfacial layer lets the
supercritical liquid stream down and mix with the lower part
of the ablation plume, triggering the third mechanism of the
NP formation—the spinodal decomposition of the plume
cooled from the supercritical state by a combined effect of
the plume expansion and mixing with the liquid [32].

While the direct experimental verification of the complex
picture of the initial dynamic stage of PLAL predicted in

@ Springer

the simulations still presents a significant challenge, there is
substantial indirect evidence supporting the computational
predictions. The coexistence of several mechanisms of NP
formation at the initial stage of the ablation process is con-
sistent with broad and often bimodal NP size distributions
commonly observed in PLAL experiments [17, 43-46].
Moreover, the formation of large (tens of nm) NPs at and
beyond the boundary of the emerging cavitation bubble,
predicted in the simulations, has been confirmed in double-
pulse cavitation bubble imaging experiments [17], where
small satellite bubbles surrounding the main cavitation bub-
ble are demonstrated to contain NPs absorbing the energy
of the second pulse. The notion of NPs serving as sources
of the satellite bubbles is supported by imaging of cavita-
tion bubbles generated in nanosecond PLAL performed in
a multi-pulse irradiation regime, where the satellite bubbles
formed around NPs generated by prior pulses are identified
as a major factor defining the laser shielding effect [47].
The time-resolved X-ray diffraction probing of Au and Ag
NPs generated in picosecond PLAL [28] not only detects
the presence of large NPs outside the cavitation bubble at
4-5 ps after the laser pulse but also reveals the crystalline
nature of these NPs. In good agreement with the computa-
tional predictions [17, 18], the NPs with largest crystalline
domains (15-20 nm) are detected at the front (and outside)
of the expanding cavitation bubble.

The direct experimental evidence of the prompt (within
the first nanoseconds after the laser irradiation), generation
of NPs at the front of the ablation plume confined by the
liquid environment has been obtained in recent time- and
spatially resolved optical imaging of Au targets irradiated in
water [29]. The variation of reflectivity within the irradiated
spot can be interpreted in terms of the formation of a layer
of ablated material at the plume-liquid interface, followed
by the disintegration of the layer into large liquid droplets.
The mapping of the rapid changes of the reflectivity within
the laser spot to the variations of thermodynamic parameters
and three-dimensional morphology of the matter undergoing
highly nonequilibrium phase transformations, however, is far
from being straightforward and calls for a close integration
of the experimental, theoretical, and computational efforts
[37].

To facilitate the integration of modeling and experiments,
in the present paper we perform a detailed analysis of the
temporal and spatial evolution of material density, tempera-
ture, and phase state within the whole laser spot based on
the results of large-scale atomistic simulations of PLAL of
a FeNi target. The choice of the target material is defined
by the practical importance of this solid solution alloy as
well as the strong localization of the laser energy deposi-
tion defined by the relatively low thermal conductivity and
strong electron—phonon coupling. The localization of laser
energy deposition makes it possible to simulate ablation with
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smaller computational systems, which reduces the compu-
tational cost of atomistic simulations. The thermodynamic
maps obtained in the simulations provide a solid foundation
for the interpretation of the results of experimental probing
of the initial stage of the ablation process and identification
of the temporally and spatially-resolved activation of several
distinct mechanisms of the NP formation.

2 Computational model

Large-scale atomistic modeling has been successfully
applied for the investigation of highly nonequilibrium
dynamic processes responsible for laser-induced surface
modification [48, 49], ablation, and nanoparticle genera-
tion [17, 18, 31-37] in a liquid environment. Yet, due to
the computational limitations, it is not feasible to directly
model processes occurring within the whole laser spot in a
single atomistic simulation. Indeed, for a typical diameter
of a well-focused laser beam in tens of micrometers and
the depth affected by the laser-induced structural and phase
transformations in hundreds of nanometers, the number of
atoms that must be considered in a simulation of laser abla-
tion of a metal target exceeds 10'°. While this number is
comparable to those of the record-setting molecular dynamic
(MD) simulations [50], the numbers of atoms in the largest
atomistic simulations addressing real physical phenomena

are several orders of magnitude smaller [51, 52]. Thus, the
effect of the variation of laser fluence within the laser spot
is commonly neglected in MD simulations of laser abla-
tion. Nevertheless, the variation of deposited energy density
across the irradiated spot due to the spatial inhomogeneity of
the majority of laser beams can have important implications
for the overall ablation dynamics and generation of NPs. Dif-
ferent processes can be expected to proceed simultaneously
in different parts of a laser spot and collectively contribute to
the ablation yield and the NP generation. To account for the
variation of the laser energy deposition within a laser spot,
we adopt a “mosaic” approach illustrated in Fig. 1, where
the simulations performed at a range of laser fluences are
mapped to different regions of the laser spot [53]. The laser
beam is assumed to have a Gaussian spatial profile, and the
individual simulations are performed for local fluences rang-
ing from those below the ablation threshold at the periphery
of the laser spot to the ones that lead to the explosive phase
decomposition (“phase explosion” [54-56]) or transforma-
tion to the supercritical state of a surface region of the target
in the central part of the laser spot.

The individual simulations are performed with a compu-
tational setup schematically illustrated in the right panel of
Fig. 1. The computational domain consists of three distinct
regions dynamically coupled to each other. In the first and
main region, the processes of laser excitation of the metal
target, laser-induced phase transformations, ablation, and

FeNi target

Fig. 1 Schematic diagram of the “mosaic” approach to the atomis-
tic modeling of PLAL at the scale of the whole laser spot. A typical
experimental setup in PLAL and an enlarged view of the laser spot
are shown in the left and middle panels, respectively. The small boxes
in the middle panel represent local volumes considered in large-scale
atomistic simulations. A schematic of the initial system used in the
atomistic simulations is provided in the right panel. The top part of
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the metal target is represented by the TTM-MD model. The liquid
environment is simulated with CG MD model in the vicinity of the
target and with compressible HD model further away from the target.
The non-reflecting propagation of the laser-induced stress wave into
the bulk of the target is reproduced by an acoustic impedance match-
ing boundary condition denoted as NRB. The heat conduction in the
deeper part of the irradiated target is described by TTM equations
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NP formation are simulated with a hybrid model that com-
bines atomistic MD description of the metal target [53, 57]
with a coarse-grained (CG) MD representation of the liquid
environment [31]. The processes of the laser excitation of
conduction-band electrons, electron—phonon coupling, and
electron heat conduction are incorporated into the frame-
work of the classical MD method by combining it with the
two-temperature model (TTM) commonly used in the simu-
lations of ultrashort pulse laser interactions with metals [58].
The TTM-MD + CG MD region is dynamically coupled to
two much larger regions where continuum-level treatments
of processes that do not involve structural and phase trans-
formations are used. At the bottom of the computational
domain, the heat transfer to the bulk of the irradiated metal
target is represented by the TTM model, and the nonreflect-
ing propagation of the laser-induced pressure waves through
the boundary between the TTM-MD and TTM regions is
ensured by the acoustic impedance matching nonreflecting
boundary condition (NRB) [59]. At the top of the computa-
tional domain, the CG MD representation of the liquid envi-
ronment is coupled to the compressible hydrodynamic (HD)
model that provides a computationally efficient description
of the long-term evolution of laser-induced shock waves in
the liquid environment as well as the feedback of the sur-
rounding liquid region to the behavior of the emerging cavi-
tation bubble modeled with atomistic and coarse-grained
MD.

Since detailed descriptions of the TTM-MD model for
laser interactions with metal targets and CG MD model for
the liquid environment are provided in Refs. [53, 57] and
[31, 60, 61], respectively, below we only provide the param-
eters of the model relevant to the simulations reported in
this paper. The simulations are performed for a FeNi target
with equiatomic composition (Fes)Nis,). The temperature
dependences of parameters of the TTM equation for the
electron temperature (electron—phonon coupling factor,
electron heat capacity and thermal conductivity) are taken
in the forms that account for the thermal excitation from the
electron states below the Fermi level [62—-64] and reproduce
experimental temperature and phase state (solid vs. liquid)
dependence of the thermal conductivity under condition of
electron—phonon thermal equilibrium (7, =T)) [64].

The interatomic interactions in the MD part of the TTM-
MD model are described by the embedded atom method
(EAM) potential parametrized by Bonny et al. [65]. This
interatomic potential is designed to reproduce defects forma-
tion energy and mechanical properties of FeNiCr solid solu-
tion alloy system [65], and is found to provide a reasonable
description of high-temperature properties of Fes)Nis, alloy
relevant to the investigation of laser-induced phase trans-
formations [64]. In particular, the melting temperature 7,
calculated for NiFe in liquid—crystal coexistence simulations
is found to be 1680 K, very close to the experimental value
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of 1703 K [66]. The thermodynamic critical temperature 7,
of 4837 K is calculated by fitting the results of liquid—vapor
coexistence simulations to a theoretical equation of state
[67], using an approach described in Ref. [32]. This criti-
cal temperature of the alloy is 19% and 23% lower than the
values estimated from experimental vapor pressure data for
pure Fe and Ni, respectively [68].

The liquid environment is represented by the CG MD
model [31, 60, 61] in the vicinity of the irradiated target and
by the HD model further away from the target. The CG MD
model uses a heat bath approach that associates an internal
energy variable with each CG particle, which makes it pos-
sible to account for the dynamic degrees of freedom that
are not explicitly present in the CG MD model. The capac-
ity of the internal heat bath associated with each CG parti-
cle, its mass, and the parameters of interparticle interaction
potential are fitted to the properties of water [60]. The model
has been found to provide a reasonable semi-quantitative
description of the aqueous environment, with the experimen-
tal density and heat capacity of water reproduced exactly,
while other relevant properties, such as the speed of sound,
bulk modulus, viscosity, surface energy, melting tempera-
ture, critical temperature, and critical density, do not deviate
from the experimental values for water by more than 25%
[31, 60].

The metal-liquid cross-interactions are described by the
Lennard—Jones (LJ) potential. The energy parameter € of
the LJ potential is fitted to reproduce metal-water interfacial
energies evaluated as described in Ref. [69] using the sur-
face tension of water [70] and wetting angles measured for
Ni [71] and Fe [72] surfaces. The length parameter ¢ of the
LJ potential is chosen so that the equilibrium interparticle
distance is the average of those in CG water [60] and met-
als [73]. This fitting yields 0 =2.321 A and £=32 meV for
Fe—CG particle interaction and 6 =2.282 A and £=9 meV
for Ni-CG particle interaction. The oxidation and other
chemical reactions are not included in the model, as the
chemical reactions are not expected to be prominent during
the first nanoseconds of the ablation process considered in
the simulations. At this early stage of PLAL, the oxidation
may only occur at the very front of the ablation plume, in
the liquid-plume mixing region, while the rest of the ablated
material has not yet come into direct contact with the liquid
environment. The notion of the limited effect of oxidation at
the initial stage of PLAL is supported by the results of recent
time-resolved synchrotron X-ray absorption spectroscopy
probing of the generation of NPs in PLAL of Zn in water,
where the NPs present in the cavitation bubble are found to
exhibit metallic character with no detectable oxidation even
at 100 ps after the laser pulse [74].

The liquid environment outside the region where the
plume-liquid interaction takes place and the cavitation bub-
ble appears is represented by a compressible HD model
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dynamically coupled to the CG MD. The implementation
of the HD model is based on one-dimensional Euler equa-
tions for mass, momentum, and energy transport solved with
the Lax—Wendroff scheme [75]. The boundary cells of the
HD spatial discretization overlap with the CG MD region,
and the values of velocity, density, and energy predicted by
MD are averaged with the ones predicted by the HD model.
A plane is set as the boundary for MD, and the pressure
and velocity at this plane are controlled by forces acting
from both the MD and HD parts of the model. The equa-
tion of state for the HD model is fitted to the one predicted
in CG MD simulations to get a consistent representation
of properties of the liquid environment by the CG MD and
HD parts of the combined model. Compared to the simple
NRB condition applied at the top of the CG-MD region in
earlier atomistic simulations of PLAL [17, 18, 31, 32, 34,
35], coupling the CG MD to the HD model not only enables
direct tracking of the nonlinear shock wave propagation in
the liquid environment [29, 41, 76] but also provides a more
reliable representation of the inertial motion of liquid driven
by the ablation process and a more realistic feedback of the
surrounding liquid region to the behavior of the expanding
cavitation bubble modeled with atomistic and coarse-grained
MD.

The laser energy deposition is described by a source term
added to the TTM equation for the electron temperature [57].
The source term has a Gaussian temporal profile with full
width at half maximum of 10 ps defined as the laser pulse
duration, T The maximum of the Gaussian pulse is shifted
with respect to the start of the simulation (zero time) by
2.57, to ensure complete deposition of the laser pulse energy
to the target. The attenuation of laser intensity with depth
under the surface follows the Beer—Lambert law, and the
optical penetration depth of 14.5 nm, taken based on the
value of the absorption coefficient of pure Ni at a laser wave-
length of 800 nm [77], is assumed in the simulations [64].

The dimensions of regions within the computational
domain represented by different models are shown in the
right panel of Fig. 1 and are chosen to ensure that all the
essential processes are captured by the combined model. In
particular, the depth of the initial target where the atomistic
resolution of the TTM-MD model is required is defined by
the maximum depth of melting in the simulation performed
at the highest laser fluence. The chemical disorder of the
single-phase solid solution FeNi alloy is responsible for a
substantially lower thermal conductivity and stronger elec-
tron—phonon coupling as compared to pure Ni and Fe [64,
78], leading to a strong localization of the deposited laser
energy and a shallow melting depth. As a result, a relatively
small, as compared to earlier simulations performed for
one-component metals [17, 18, 31-35], depth of 150 nm is
found to be sufficient for the FeNi target. The initial thick-
ness of the CG MD part of the liquid environment is chosen

to be 300 nm, which is sufficient for the representation of
the interaction of the liquid with the ablation plume and the
appearance of the cavitation bubble. The lateral dimensions
of the TTM-MD and CG MD regions, 100 nm X 100 nm,
exceed the sizes of any structural or morphological features
(NPs, subsurface voids, transient liquid structures) generated
in the simulations of laser ablation. In particular, the lateral
dimensions are more than 7 times larger than the diameter of
the largest nanoparticle observed in all simulations. Overall,
the MD part of the computational domain consists of 141
million metal atoms and 36 million CG particles.

The continuum-level descriptions of the heat transfer into
the bulk of the metal target by the TTM equations and the
shock wave propagation in the liquid environment by the
one-dimensional HD model are computationally inexpen-
sive, and the sizes of these parts of the model are chosen
to be large enough to avoid any finite-size artifacts. The
TTM region extends 1.05 pm below the atomistic TTM-MD
region, which is sufficient to avoid any significant increase
in the electron and lattice temperature at the bottom of the
computational domain by the end of the simulation. The HD
model represents 6 pm of water above the CG MD region
with a one-dimensional mesh of 3000 cells, which is suffi-
cient for tracking the propagation of a strong laser-induced
shock wave for more than 3 ns.

3 Result and discussion

In this section, we first provide a detailed discussion of sev-
eral representative large-scale simulations of PLAL selected
to illustrate distinct ablation regimes, from the low-fluence
regime where the maximum temperature does not exceed 7,
and only a small amount of the target material transforms
into atomic clusters (Sects. 3.1 and 3.2), to the medium flu-
ence regime, where large NPs form through roughening
and decomposition of the dense metal layer accumulated
at the interface with the liquid environment (Sects. 3.3
and 3.4), and to the high-fluence regime where some parts
of the ablation plume remain in the supercritical state for
nanoseconds and the NPs form at the phase decomposition
front propagating from the interface with the liquid environ-
ment (Sect. 3.5). The conditions leading to the generation
of NPs with a high density of crystal defects are considered
in Sect. 3.6, and the fluence dependence of the NP yield
and size distribution is discussed in Sect. 3.7. Finally, in
Sect. 3.8, the results of individual simulations performed
at fixed laser fluences are then mapped to a laser spot with
a Gaussian spatial profile, where different ablation regimes
and NP formation mechanisms are realized simultaneously
in different parts of the laser spot. The resulting integral
picture of PLAL occurring at the scale of the whole laser
spot is represented in the form of spatially and time-resolved
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maps of transient nonequilibrium states and channels of the
NP formation predicted in the simulations.

3.1 Low fluence regime I: melting and subsurface
voids

The lowest absorbed laser fluence considered in the large-
scale atomistic simulations is 600 J/m2, which is more than
twice as high as the threshold for surface melting of the
NiFe target and about 20% above the photomechanical spal-
lation (separation and ejection of a surface layer) threshold
in vacuum [64]. Similar to the spallation in vacuum [53, 79,
80], the dynamic relaxation of laser-induced stresses cre-
ates conditions for the nucleation and growth of subsurface
voids in the molten part of the target, which can be seen in
the snapshots shown in Fig. 2 as early as 50 ps after the laser
pulse. The generation of the high density of voids transforms
the subsurface region into a transient “spongy” structure of
interconnected liquid regions. The spongy structure coarsens
due to the grows and coalesce of the voids during the fol-
lowing 100 ps, but then shrinks and completely disappears
by 300 ps.

While the absorbed fluence applied in this simulation is
above the spallation threshold in vacuum, the interaction
of the expanding surface layer with the liquid environment
slows down the upward motion of the surface, prevents the
separation of the surface layer from the bulk of the target,
pushes the surface layer back toward the target, and causes
the collapse of the subsurface voids. Rapid vaporization of
water in contact with the hot metal surface leads to the for-
mation of a thin low-density vapor layer above the surface,
as can be seen from the snapshots in Fig. 2.

The temperature of the surface of the irradiated target
quickly decreases after the laser excitation, mainly due to
the rapid electronic heat transfer to the bulk of the target.
As aresult, only 226 atoms (corresponds to about 0.14% of
a (001) atomic layer on the surface of the target) evaporate

0 ps 50 ps

100 ps

position [nm]
(=}
1

-100=

Fig.2 Snapshots of atomic configurations obtained in a simula-
tion of PLAL of a FeNi target irradiated by a 10 ps laser pulse at an
absorbed fluence of 600 J/m2. Ni and Fe atoms are colored by their
potential energy (PE), in the range of —4.5 to —2 eV. With this color-
ing scale, the crystalline part of the target is blue, the molten metal is
light blue (reflecting the contribution of the latent heat of melting),
the top surface and internal surfaces of voids are green, and vapor-
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150 ps

during the short time of the thermal spike at the surface.
We can conclude, therefore, that the area within a laser spot
where the absorbed fluence is lower than 600 J/m? does not
contribute to the generation of NPs in PLAL.

3.2 Low fluence regime Il: separation
and redeposition of a surface layer

As the absorbed fluence increases to 800 J/m?, the peak
temperature at the target surface reaches T, by the time
of ~50 ps, when almost all energy of the laser pulse is depos-
ited to the target, Fig. 3a. Heating of the material up to the
critical temperature signifies the transition to the regime
of “phase explosion,” [54—-56] when a rapid (“explosive”)
release of the vapor phase starts to contribute to the material
decomposition and ejection [53, 81]. Only a shallow surface
region undergoes the explosive phase decomposition at this
fluence, though, and the dynamic relaxation of the laser-
induced stresses still remains the dominant driving force
responsible for the subsurface cavitation and the transient
formation of spongy structure [79—81]. In contrast to the
lower-fluence simulation discussed in Sect. 3.1, the growth
of the subsurface voids leads to the transformation of the
spongy structure to an array of liquid bridges connecting
the hot metal layer formed at the interface with the liquid
environment to the bulk of the target, as can be seen from the
snapshots of atomic configurations shown in Fig. 4. Almost
all of the bridges break up by 500 ps, but the layer is pushed
back by the liquid environment and redeposits to the target
by ~ 650 ps.

The rapid drop of the average density of the spongy
structure between 100 and 200 ps, Fig. 3b, and the eventual
breakup of the liquid bridges interrupts the heat flow from
the hot metal layer to the bulk of the target, allowing the
target to solidify prior to the layer redeposition. The reso-
lidification process can be followed in the density contour
plot, Fig. 3b, where the difference in densities of the molten

PE[eV]  p/pl

200 ps 250 ps 300 ps ' 5 1.0
0.5

0.0

phase metal atoms are red. The shades of the light blue color above
the target represent the local water density p* normalized by the den-
sity of liquid water at 300 K, p(“)V, with the scale bar provided on the
right. This color scheme is also used in snapshots shown in Figs. 4,
Sa, 7, 12, and 17. Position zero is the initial position of the target-
liquid interface. The lateral dimensions of the computational cell are
100 nm x 100 nm
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Fig.3 Spatial and temporal evolution of temperature (a) and density
(b) in a simulation of PLAL of a FeNi target irradiated by a 10 ps
laser pulse at an absorbed fluence of 800 J/m?. The temperature is
normalized by the thermodynamic critical temperature of FeNi, T,
and the density is normalized by the density of FeNi crystal at 300 K,
ngNi. The shock wave generated in the liquid environment by the ini-

7100 ps|

100

position [nm]

-90

Fig.4 Snapshots of atomic configurations obtained in a simulation of
PLAL of a FeNi target irradiated by a 10 ps laser pulse at an absorbed
fluence of 800 J/m?. The color scheme is the same as in Fig. 2. The
atomic clusters and small NPs are generated through the condensation

and solid phases allows for identification of the solidifica-
tion front, as well as from the snapshots in Fig. 4, where the
contribution of the latent heat of melting to the potential
energy of atoms is reflected in the colors of atoms in the
molten and solid parts of the target. The redeposition of the
hot metal layer at~ 650 ps leads to a partial remelting of the
surface region, which is followed by complete resolidifica-
tion by 1.3 ns.

Similar to the simulation discussed in Sect. 3.1, the brief
interaction of the liquid environment with the hot metal layer
results in the vaporization of water and the formation of a
low-density vapor layer above the surface of the target. The
higher temperature of the metal layer and its slower cooling
due to the transient separation from the target not only pro-
duces a larger vapor-phase region (denoted as “bubble” in
Fig. 3b) but also results in more active evaporation of metal
atoms into this region. The metal vapor rapidly cools down
due to the interaction with colder water vapor and condenses

[ 200ps [ 300ps | | 400ps [

(b) 100 1.0
80 I
- 0.8
60
E 40 - 0.6
g
g ||
'g - 0.4
&0
-20 0.2
_40 \ resolidification
0.0

0 250 500 750 1000 1250
time [ps]

tial expansion of the irradiated target and heating of the adjacent lig-
uid is marked in (a). The solidification fronts in the FeNi target and
the low-density vapor region above the target surface (“bubble”) are
marked in (b). Position zero is the initial position of the target-liquid
interface

of metal vapor in the low-density water-metal mixing region formed
above the surface of the target. A spongy structure transiently appears
below the molten layer at the early stage of the material expansion

into small atomic clusters and NPs. In this paper, we identify
the particles generated by PLAL through a cluster analy-
sis [82] and describe the size of a particle in terms of the
equivalent diameter D of a spherical crystalline particle with
the same number of atoms N, i.e., D = v/3N/2rxa, where a
is the lattice parameters of a FeNi fcc crystal at 300 K.

An enlarged view of the vapor region provided in Fig. Sa
for a time of 1 ns shows a substantial number of atomic clus-
ters (D <1 nm, N <49) and nanoparticles (D> 1 nm, N >49)
formed through the evaporation—condensation process. Most
of the particles in this region are clusters with D ranging
from 0.5 to 1 nm, and the mass fraction of NPs is only 13%,
as can be seen from the particle size distribution shown in
the form of a pie chart in Fig. 5b. The variation of the total
amount of material converted to the atomic clusters and NPs
with time is shown in Fig. 5¢, where the particle yield is
expressed in terms of the equivalent ablation depth, i.e., the
thickness of a surface layer of the initial target containing the
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Fig.5 An enlarged view of a low-density vapor region formed above
the irradiated surface (a), a mass-weighted pie chart size distribution
of nanoparticles/clusters at 1 ns (b), and the time dependence of the
equivalent depth of the target material converted to clusters and NPs
(c) predicted in a simulation of PLAL at an absorbed fluence of 800
J/m?. The snapshot in (a) corresponds to the last panel of Fig. 4. Note
that the depth of the computational system in the view direction is
100 nm, and all clusters and NPs present in the system are projected

same number of atoms. The initial increase of the equivalent
depth is due to the rapid evaporation from the hot metal
surface and condensation of the metal vapor into atomic
clusters and NPs. The steady decrease after 600 ps is due to
the redeposition of clusters and NPs to the rapidly cooled
surface of the target.

The ablation yield at this fluence is still very low and cor-
responds to~9.2% of a single (001) atomic layer. Neverthe-
less, we consider the absorbed fluence of 800 J/m? to be the
threshold fluence for the onset of NP formation in PLAL of
the FeNi target. This assessment is supported by the fluence
dependence of the NP yield at higher fluences discussed
below (e.g., see Fig. 25b in Sect. 3.7).

3.3 Medium fluence regime I: roughening
and decomposition of interfacial layer

As the absorbed laser fluence increases, so does the tem-
perature of the metal layer accumulated at the interface
with the liquid environment. At F,, ;= 1350 J/m?, the
temperature of the interfacial layer exceeds the critical
temperature of FeNi at the initial stage of the ablation
plume accumulation and the interfacial layer formation.
This is illustrated in Fig. 6a, where the T, isotherm is
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on the view plane in the snapshot. In (b), the size of a NP or a cluster
is characterized by the equivalent diameter D of a spherical particle
with the same number of atoms, as described in the text. The atomic
configurations of three particles shown in (b) are representative of the
three size groups distinguished in the pie chart. In (c), the amount of
material converted to atomic clusters and NPs is expressed in terms
of the equivalent depth, defined as the thickness of a surface layer of
the initial target that contains the same number of atoms

shown by the dashed line. The interaction of the hot metal
layer with the liquid environment and the expansion of the
layer following its initial accumulation at the plume-liquid
interface leads to the cooling of the layer. By the time
the interfacial layer reaches its highest position, the tem-
perature of the layer drops below 7. Similar to the lower
fluence simulations discussed in Sects. 3.1 and 3.2, the
dense metal layer is pushed back by the liquid environment
and redeposits to the target by 750 ps, Fig. 6b. Despite the
high temperature of the top part of the ablation plume, the
lower part remains colder, and the interfacial layer remains
connected to the bulk of the target by a colder spongy
structure of interconnected liquid regions generated by the
unloading of the laser-induced compressive stresses. The
spongy structure coarsens with time and finally collapses
upon the redeposition of the metal layer reflected from
the interface with the liquid environment. Similar to the
simulation discussed in Sect. 3.2, the redeposition of the
hot metal layer reheats the target and temporarily reverses
the direction of the liquid—crystal interface propagation,
from the slow upward motion (solidification) between 200
and 750 ps to the downward motion (melting) after 750 ps.
The dynamics of the crystallization/melting front can also
be seen from the snapshots shown in Fig. 7.
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Fig.6 Spatial and temporal evolution of temperature (a) and density
(b) in a simulation of PLAL of a FeNi target irradiated by a 10 ps
laser pulse at an absorbed fluence of 1350 J/m?. The temperature is
normalized by the thermodynamic critical temperature of FeNi, T,
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Fig. 7 Snapshots of atomic configurations obtained in a simulation of
PLAL of a FeNi target irradiated by a 10 ps laser pulse at an absorbed
fluence of 1350 J/m% The color scheme is the same as in Fig. 2.
Two channels of the NP generation can be identified: (1) condensa-

In contrast to the lower-fluence simulations illustrated by
Figs. 2 and 4, where the upper surface of the metal layer gen-
erated at the interface with the liquid environment remains
flat until its redeposition to the target, the higher tempera-
ture of the interfacial layer in the simulation performed at
F,p,= 1350 J/m* makes it unstable against nanoscale rough-
ening and decomposition into NPs, Fig. 7. The roughening
and decomposition of the top part of the interfacial layer can
be attributed to the Rayleigh—Taylor instability emerging due
to the rapid deceleration of the higher density metal layer by
the pressure exerted from the much lighter liquid environ-
ment, Fig. 6b, as discussed for earlier simulations performed
for Ag bulk targets [17, 18, 32] and thin films [31, 35]. The
high values of the deceleration of the interface, the large
difference in densities between the metal layer and liquid
environment, and the low value of the interfacial tension at
temperatures close to T, of the metal are reducing the time-
and length-scales of the interface roughening and decom-
position into NPs [18] down to~ 100 ps and ~ 10 nm, Fig. 7.
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and the density is normalized by the density of FeNi crystal at 300 K,
piN. The dashed lines outline the region where the temperature is
higher than T. Position zero is the initial position of the target-liquid
interface

500 ps 600 ps 700 ps 800 ps 900 ps 1000 ps

tion of metal vapor in the low-density water-metal mixing region and
(2) roughening and decomposition of the top part of the dense metal
layer accumulated at the plume-liquid interface

The formation of NP through the roughening and
decomposition of the top part of the transient interfacial
layer is visualized in Fig. 8, where the atoms in the snap-
shots are colored according to the size of the particles they
belong to. In addition to the numerous atomic clusters and
small NPs forming in the low-density plume-liquid mixing
region through the evaporation—condensation mechanism
and colored blue, first larger NPs are also observed to
emerge from the interface roughening and decomposition
as early as 400 ps. More NPs with sizes ranging from 4
to 12 nm form through this mechanism between 400 and
800 ps, as the hot metal layer moves down and redeposits
to the target. The formation of these larger NPs cannot be
attributed to a gradual growth through the condensation
or coalescence of smaller clusters and NPs. Rather, they
form through a distinct mechanism related to the nanoscale
hydrodynamic instability of the rapidly decelerated
plume-liquid interface. As discussed above, this mecha-
nism of NP formation is similar to that revealed in earlier
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Fig.8 Snapshots from a simulation illustrated in Fig. 7, with atoms colored by size (equivalent diameter D) of the cluster or NP they belong to.
The NPs are identified by cluster analysis [82], and the molten regions connected to the bulk of the target constitute a single entity colored red

simulations of Ag targets [17, 18, 32], even though the
heat-affected zone in Ag is substantially larger due to the
higher thermal conductivity and weaker electron—phonon
coupling. The larger depth affected by the laser heating
in a Ag target leads to the ejection of more material, for-
mation of a thicker interfacial layer, slower emergence of
larger-scale interfacial roughness, and generation of larger
NPs that can be driven into the liquid environment by a
sequence of hydrodynamic instabilities at the plume-liquid
interface [17, 18]. Compared with the PLAL simulations
of Ag, the FeNi NPs produced through this mechanism are
smaller, more numerous, and remain within the emerging
cavitation bubble.

The coexistence of two distinct mechanisms of NP for-
mation can be clearly seen from the evolution of the distri-
bution of NPs of different sizes above the irradiated target
surface, Fig. 9. By 200 ps, the ablation plume has already
accumulated at the interface with the liquid environment
(Fig. 6b), a low-density vapor region has appeared above the
interfacial layer, and a spongy structure of interconnected
liquid regions has been formed below the interfacial layer.
The atomic clusters and small NPs with sizes below 3 nm,
formed through the evaporation—condensation mechanism,
are present both above and below the interfacial layer, i.e., in
the low-density metal-liquid mixing region above the inter-
facial layer and in the empty space within the spongy struc-
ture. Compared to the particles formed through the same
mechanism at F, ;=800 J/m?, where D < 1.5 nm in Fig. 5b,
the maximum size of the NPs is larger, which is related to
the higher temperature and more intense evaporation of the
interfacial layer. As time progresses, the molten layer rede-
posits, the spongy liquid structure collapses, and the small
particles formed within this structure (region to the left from
the red arrows in Fig. 9a, b) are erased. The atomic clus-
ters and NPs in the region above the molten layer (or above
the new surface of the target after the layer redeposition at
750 ps) gradually coarsen to the maximum size of ~4 nm
and spread along a broad region between the target surface
and the outer boundary of the slowly expanding low-density
vapor region (located at~ 130 nm at 1 ns).
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The nanodroplets generated by the second mechanism
of the NP formation, through the roughening and decom-
position of the top part of the interfacial metal layer, have
larger sizes (D >4 nm) and appear as a distinct group in the
distributions shown in Fig. 9b—d. Since these NPs form at
the upper interface of the metal layer, they initially appear
within a narrow region (60 to 90 nm at 500 ps) and then
spread downwards as the metal layer moves toward the
target.

By 750 ps, the molten layer redeposits to the target sur-
face and starts to cool down rapidly due to the heat transfer
to the bulk of the target (Fig. 6a). As a result, both chan-
nels of the generation of new NPs, through the evaporation
— condensation and the decomposition of molten structures,
shut down shortly after the metal layer redeposition. Indeed,
the spatial and size distributions shown in Fig. 9c, d for
800 ps and 1 ns are rather similar. The only notable dif-
ference between these two distributions is the decrease in
the numbers of small clusters, which join larger NPs and
redeposit to the surface of the target.

The analysis of the spatial distribution of NPs of differ-
ent sizes can be further illustrated by more conventional
mass-weighted size distributions shown for 200, 500, 600,
and 800 ps in Fig. 10. By 200 ps, only atomic clusters and
NPs with D <4 nm form through the evaporation — con-
densation mechanism. The total mass of the particles in
this range increases until 500 ps, stays at an approximately
constant level until 600 ps, and then decreases due to the
redeposition to the target surface and coalescence into larger
NPs. At the same time, a distinct population of larger NPs
with D ranging from 4 to 10 nm appears in the distribu-
tion shown for 500 ps, which is consistent with the snapshot
shown for 500 ps in Fig. 8 and the corresponding distribu-
tion in Fig. 9b. This population, attributed to the roughening
and decomposition of the top part of the interfacial metal
layer, continues to grow until the redeposition of the metal
layer to the target at about 750 ps. By this time, the total
mass of the small particles (D <4 nm) formed through the
evaporation—condensation mechanism and the larger ones
(D >4 nm) formed through the interface roughening and
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Fig.9 Distributions of NPs of different sizes in the ablation plume
calculated for 200, 500, 800, and 1000 ps in the simulation per-
formed at F,,,=1350 J/m% The parameter space is discretized into
bins (pixels) with a horizontal size of 5 nm for the positions above
the initial target-liquid interface and a vertical size of 0.5 nm for the
equivalent diameters D of the clusters or NPs. Each rectangular pixel
is colored by the number of clusters or NP in the corresponding bin.
The dark blue color corresponds to one particle in a bin. The same

decomposition are approximately equal, suggesting that the
two mechanisms make comparable contributions to the NP
generation at this absorbed fluence.

3.4 Medium fluence regime IlI: layered structure
of the ablation plume

An increase in absorbed fluence by only 11%, from 1350 to
1500 J/m?, results in substantial qualitative changes in the
ablation dynamics and nanoparticle formation mechanisms.
These changes are indicative of an abrupt threshold-like
transition between the ablation regimes and call for a close
examination of the results of this simulation. The difference
between the two simulations is apparent from the compari-
son of the density contour plots shown in Figs. 6b and 11b.
In contrast to the simulation performed at F, = 1350 J/m?,
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representation of the size distributions is used in Figs. 14 and 20. The
red arrows in (a, b) mark the approximate location of the center of
the molten metal layer. The horizontal dashed line in (d) separates
the parts of the distribution where two different NP formation mecha-
nisms make dominant contributions: condensation of atoms evapo-
rated from the hot interfacial metal layer for D <4 nm and decompo-
sition of a rough interface of the metal layer for D>4 nm

where the ablation plume accumulates in a single inter-
facial layer connected to the target by liquid bridges, at
F .= 1500 J/m? the formation of two distinct high-density
regions is observed.

In the upper part of the ablation plume, hot material that
originates from the top surface region of the target heated
up to a maximum temperature of 1.57, accumulates and
remains in the supercritical state until about 250 ps. The
temperature of this layer then drops below T as it expands
in both directions, pushing the liquid further away from the
target and driving some of the ejected material down toward
the target surface. The expansion and rapid cooling make the
single-phase supercritical fluid unstable with respect to the
spinodal phase separation into two stable phases, liquid, and
vapor [54, 83]. Since the density of the top part of the abla-
tion plume is much closer to the density of vapor than that of
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Fig. 10 Mass-weighted size distributions of atomic clusters and NPs
predicted in a simulation performed at F,, = 1350 J/m? for times of
200, 500, 600, and 800 ps. The size of a NP or a cluster is character-
ized by the equivalent diameter D of a spherical particle consisting of
the same number of atoms. The amount of target material converted
to clusters and/or NPs within the size range of each bin is expressed
in terms of the equivalent depth of a surface layer of the initial target
that contains the same number of atoms. The individual metal atoms
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Fig. 11 Spatial and temporal evolution of temperature (a) and density
(b) in a simulation of PLAL of a FeNi target irradiated by a 10 ps
laser pulse at an absorbed fluence of 1500 J/m2. The temperature is
normalized by the thermodynamic critical temperature of FeNi, T,
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are included in the first bin of the histograms. The summation over
all bins gives the total ablation yield (expressed in terms of the abla-
tion depth) at a given moment of time. The vertical dashed line in
(d) separates the parts of the distribution where two different NP
formation mechanisms make dominant contributions: condensation
of atoms evaporated from the hot interfacial metal layer for particles
with diameter D <4 nm and decomposition of a rough interface of the
metal layer for larger NP with D>4 nm
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and the density is normalized by the density of FeNi crystal at 300 K,
pgeN‘. The dashed and dotted lines are T, and 0.97, isotherms, respec-
tively. Position zero is the initial position of the target-liquid interface
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the liquid phase, the decomposition of the supercritical fluid
produces a mixture of nanodroplets and vapor, as can be
seen from the density variation in Fig. 11b, as well as from
the snapshots shown in Fig. 12. The density of vapor pro-
duced by the phase decomposition is decreasing with time,
as the vapor condenses on the NPs and the rapidly cooled
surface of the target. This can be seen from the snapshots in
Fig. 12, where the vapor phase atoms have higher potential
energy and appear as red dots.

In the lower part of the ablation plume, the tempera-
ture rapidly drops below T, the density is higher, and the
expanding material decomposes into a spongy structure of
interconnected liquid regions, similar to that observed at
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Fig. 12 Snapshots of atomic configurations obtained in a simula-
tion of PLAL of a FeNi target irradiated by a 10 ps laser pulse at
an absorbed fluence of 1500 J/m2. The color scheme is the same as
in Fig. 2. The formation of a transient spongy structure of intercon-

1600 ps

F = 1350 J/m?. In contrast to the lower-fluence simula-
tion, the spongy structure does not extend all the way to the
top interfacial layer (Fig. 8) but is localized near the surface
of the target and collapses shortly after 500 ps. The collapse
is driven by pressure exerted on the top layer of the spongy
structure by the expanding upper region of the plume under-
going the phase separation from the supercritical state.
The mass transfer and material conversion to NPs are
further illustrated in Fig. 13 by the density profiles plotted
for the liquid environment (blue) and metal (magenta), as
well as in Fig. 14 by the spatial distribution of NPs of dif-
ferent sizes. Three density peaks that appear at the initial
dynamic stage of the ablation process are marked in these
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 1800ps  1900ps 2000 ps

nected liquid regions can be seen between 100 and 400 ps, while the
phase separation from the supercritical state produces the nanodrop-
lets and vapor in the upper part of the plume
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Fig. 13 The density profiles calculated for the FeNi plume (dot-
dashed magenta lines) and water (dashed blue lines) in a simula-
tion of PLAL of a FeNi target irradiated by a 10 ps laser pulse at
an absorbed fluence of 1500 J/m2. The density of the FeNi plume is
normalized by the density of FeNi crystal at 300 K, pFNi| and the

o
density of water is normalized by the room temperature water den-

sity, py. The red, green, and blue arrows mark the density peaks that
correspond to the location of the NP formation at the plume-water
interface, the hot homogeneous (supercritical and close-to-critical)
layer of the ablation plume, and the molten layer covering the spongy
structure of liquid regions connected to the target, respectively
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Fig. 14 Distributions of NPs of different sizes in the ablation plume
calculated for 200, 300, 500, and 2000 ps in the simulation performed
at F,=1500 J/m% The rectangular pixels are colored based on the
number of clusters or NPs at locations and within the particle size
ranges defined by the x- and y-axes, as explained in the caption of

figures by arrows. The red arrow shows the location where
the hot supercritical plume gets in contact with the cold
liquid environment. The mixing with liquid results in a
rapid cooling of the plume and formation of first NPs. The
NPs can already be observed at 200 ps, when the largest
one has an equivalent diameter of about 5 nm, Fig. 14a.
The maximum size of the NPs in this region grows with
time and reaches 12 nm by 500 ps, Fig. 14c.

The second broader density peak marked by the green
arrow corresponds to the location of the hot metal layer
accumulated close to the interface with the liquid environ-
ment and reflected back toward the target. The metal plume
in this layer is initially in the supercritical state but cools
down below T, by about 250 ps. The upper part of this layer
decomposes into vapor and nanodroplets, but the lower part
stays above 0.97 (Fig. 11a) and remains largely homogene-
ous (Fig. 11b) until its redeposition to the target at about
700 ps.
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Fig. 9. Similar to Fig. 13, the red, green, and blue arrows mark the
locations of the NP formation at the plume—water interface, the hot
homogeneous (supercritical and close-to-critical) layer of the ablation
plume, and the molten layer covering the spongy structure of liquid
regions connected to the target, respectively

The blue arrow shows the location of the interface
between the spongy liquid structure connected to the
target and the hot homogeneous plume above. The heat
transfer to the bulk of the target cools down the spongy
structure, leading to the formation and growth of a con-
tinuous liquid layer on top of the spongy structure through
the condensation of the material above this layer. The
formation and growth of the continuous liquid layer can
be seen in the snapshots shown for 300 and 400 ps in
Fig. 12, while the density drop above this layer due to the
condensation can be seen in Figs. 11b and 13. After the
redeposition of the molten layer topping the spongy struc-
ture (blue arrows in Figs. 13 and 14) at around 500 ps and
the hot cloud of the close-to-critical plume (green arrows
in Figs. 13 and 14) at about 700 ps, the NPs spread evenly
throughout the slowly expanding cavitation bubble, as can
be seen from the distribution shown for 2 ns in Fig. 14.
The water vapor reaches the surface of the target by 1 ns
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and equilibrates with the metal plume (see water den-
sity profile in Fig. 13). The gradual decrease in density
of the plume between 1 and 2 ns (Fig. 13) is related to
the condensation of vapor and redeposition of NPs and
clusters to the target surface undergoing rapid cooling
by the heat transfer to the bulk of the target. The density
drop due to the condensation/redeposition is particularly
pronounced within the 50-nm-wide region adjacent to the
target surface.

The processes contributing to the NP formation
described above are reflected in the evolution of the
mass-weighted NP size distributions shown in Fig. 15.
The atomic clusters and small nanoparticles (D <2 nm),
generated mainly by the phase decomposition of the
supercritical fluid, dominate the size distribution at
300 ps, although first larger NPs also appear at this time
at the plume-liquid interface. The phase decomposi-
tion of the rapidly expanding upper part of the ablation
plume produces more large droplets, atomic clusters, and
vapor between 300 and 500 ps. After that, the number of
atomic clusters and NPs with D < 8 nm starts to decrease,
while the total mass of large NP with D > 8 nm increases.
This increase, however, does not balance the decrease
in the mass of the smaller particles, reflecting the rede-
position of the ablation plume to the target. Since the
largest NPs tend to form further away from the target
(Fig. 14), the population of these NPs is less affected by
the redeposition.

Fig. 15 Mass-weighted size dis-
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-

3.5 High fluence regime: phase separation
from the supercritical state

The increase of the laser fluence above the threshold level
of 1500 J/m? leads to the generation of a supercritical plume
that spreads throughout the emerging cavitation bubble at the
initial stage of the plume expansion. The pressure exerted by
the supercritical fluid fully suppresses the formation of the
spongy liquid structure near the surface of the target, and
the NP generation occurs mainly through the propagation
of a phase separation front into the plume cooled from the
supercritical state. This ablation regime is illustrated in this
section by a simulation performed with an absorbed fluence
of 3000 J/m*.

Based on the contour plots shown in Fig. 16 and the snap-
shots shown in Fig. 17, three stages of the ablation dynamics
can be distinguished. At the first stage, the surface region
of the target is heated to a maximum temperature of 47
by the laser pulse and expands rapidly against the liquid
environment, pushing it up by 200 nm in just 250 ps. The
temperature of the plume decreases below 2T, during this
initial expansion, but most of the plume still remains in the
supercritical state (Fig. 16a). The interface between the abla-
tion plume and the liquid environment stays rather sharp
during the initial rapid expansion, as can be seen from the
snapshots shown in Fig. 17 for 100 and 200 ps.

tributions of atomic clusters and
NPs predicted in a simulation
performed at F,,;=1500

J/m? for times of 300, 500,
1000, and 1500 ps. The size of a
NP or a cluster is characterized
by the equivalent diameter D of
a spherical particle consisting
of the same number of atoms.
The amount of target material 0.0

converted to clusters and/or NPs ’ 0 2 4
within the size range of each
bin is expressed in terms of the
equivalent depth of a surface
layer of the initial target that
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Fig. 16 Spatial and temporal evolution of temperature (a) and density
(b) in a simulation of PLAL of a FeNi target irradiated by a 10 ps
laser pulse at an absorbed fluence of 3000 J/m> The temperature is
normalized by the thermodynamic critical temperature of FeNi, T,

The interfacial region starts to gradually broaden dur-
ing the second stage of the ablation process, which lasts
between 200 and 800 ps. During this time, the top part of
the plume cools down due to the interaction with the liquid
environment and decomposes into droplets, atomic clusters,
and vapor. As can be seen from Fig. 16, the decomposition
front roughly follows the isotherm of 0.87, which remains
relatively stagnant until about 800 ps. During this time, the
Brownian motion of NPs formed within an initially compact
interfacial layer spreads out the NPs over a broader region
(Fig. 17) and allows for easier access of water to deeper parts
of the ablation plume.

Mixing with water cools the deeper regions of the abla-
tion plume and drives the propagation of the front of the
phase decomposition from the plume-liquid interface toward
the surface of the target. The cooling becomes less effec-
tive as the water vapor diffuses further away from the cold
outer surface of the cavitation bubble, as can be seen from
the flattening of 0.87, isotherm in Fig. 16a and stagnation
of the phase decomposition front after about 1.4 ns, appar-
ent from the snapshots in Fig. 17. Interestingly, despite the
rapid cooling of the target surface, the ablation plume in the
immediate vicinity of the surface remains in the supercritical
or close-to-critical homogeneous state until the end of the
simulation at 2.1 ns. It is reasonable to expect that further
propagation of the phase decomposition front toward the
surface will convert the remaining homogeneous part of the
ablation plume into NPs within a few more nanoseconds.

The mass transport and the material conversion to NPs
during the three stages of the ablation process discussed
above are further illustrated by the density profiles shown
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and the density is normalized by the density of FeNi crystal at 300 K,
PNl The dot-dashed, dashed and dotted lines are 27, T, and 0.87,
isotherms, respectively. Position zero is the initial position of the tar-
get-liquid interface

in Fig. 18. At the end of stage 1, i.e., at 200 ps, the plume-
liquid interface remains relatively sharp and plume density
variation reflects the temperature gradient within the super-
critical plume (density is higher in the colder part of the
plume adjacent to the target, Fig. 16a). By 500 ps, the plume
density drops by more than a factor of two due to the redepo-
sition to the target and further expansion against the liquid
environment, the density profile equalizes, and the plume-
liquid interface broadens. The broadening of the interface
at this second stage of the ablation process is related to the
cooling of the dense metal layer formed at the plume-liquid
interface (marked by black arrows in Fig. 18) below 0.87,
and the decomposition of this layer into individual NPs.

An enlarged view of the interfacial layer decomposition is
provided in Fig. 19, where the NPs are colored by their sizes.
A thin layer of NPs, with some of them larger than 5 nm, has
already formed at the plume-liquid interface by 400 ps. This
layer broadens with time, as the NPs move apart from each
other through the Brownian motion. The NPs moving toward
the liquid environment experience the highest cooling rate
and solidify on a timescale of nanoseconds (see Sect. 3.6),
while the NPs moving toward the target grow by consuming
vapor and small clusters produced by the phase decomposi-
tion of the lower part of the plume.

The broadening of the initially compact interfacial layer
is reflected in a splitting of the single interfacial peak in the
density profiles shown in Fig. 18 for 200 and 500 ps into
multiple peaks at later times. The spreading of the nano-
particles makes it easier for the liquid to mix with the abla-
tion plume and cool it down to the temperature required for
the onset of the rapid phase decomposition, 0.87,. The red
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Fig. 17 Snapshots of atomic configurations obtained in a simula-
tion of PLAL of a FeNi target irradiated by a 10 ps laser pulse at an
absorbed fluence of 3000 J/m?. The color scheme is the same as in

stage 3

Fig. 2. The time spans of the three stages of the ablation process dis-
cussed in the text are marked by the double-headed arrows
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Fig. 18 The evolution of the density profiles in the ablation plume
(dot-dashed magenta lines) and water (dashed blue lines) predicted
in a simulation of PLAL of a FeNi target irradiated by a 10 ps laser
pulse at an absorbed fluence of 3000 J/m>. The density of the FeNi
plume is normalized by the density of FeNi crystal at 300 K, pgeNi

and the density of water is normalized by the room temperature water

s

density, py. The black arrows mark the high-density layer transiently
formed at the plume-liquid interface during the initial plume expan-
sion. The red arrows mark the location of the phase decomposition
front that approximately follows the 0.87, isotherm. Note the changes
in the scale of the plume density between the panels
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Fig. 19 The enlarged views of the interfacial region in a simulation
illustrated in Fig. 17, with atoms colored by size (equivalent diam-
eter D) of the NPs they belong to. The vapor-phase atoms and atomic

arrows in Fig. 18 mark the locations where this temperature
is reached. Below the red arrows, the plume remains largely
homogeneous, while above the arrows the appearance of
multiple density peaks reflects the decomposition of the
plume into vapor and nanodroplets.

The density of the homogeneous part of the plume, how-
ever, is not constant but decreases with time. This decrease
can be largely attributed to the redeposition of the plume to
the target surface rapidly cooled by the electron heat con-
duction to the bulk of the target. The absorption of a large
amount of the supercritical and, after 1.5 ns, close-to-critical
plume by the target surface is clearly reflected by the steep
decrease in the density of the plume in the vicinity of the
surface observed in the density profiles shown in Fig. 18 for
1.5 and 2 ns.

The propagation of the front of the phase decomposition
leading to the generation of NPs can be clearly seen from
the spatially resolved NP size distributions shown in Fig. 20.
At the first stage of the plume expansion, the NPs with sizes
from 2 to 8 nm form within a narrow top layer of the plume
that gets in contact with the liquid environment and cools
down below 0.8T, as can be seen from the distribution for
500 ps in Fig. 20a. As time progresses, some of the large
NPs diffuse into the low-density vapor region formed due
to the heating of the liquid environment, and the generation
of new NPs closely follows the phase decomposition front
defined by 0.87T, isotherm propagating toward the target sur-
face. Since the density of the supercritical plume decreases
with time (Fig. 18), the new nanoparticles formed through
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clusters (D <1 nm) are blanked. The snapshots highlight the forma-
tion and broadening of a layer of NPs at the plume-liquid interface at
the second stage of the ablation process discussed in the text

the phase decomposition tend to be smaller than the ones
formed at the dense plume-liquid interface.

Note that the identification of atomic clusters and small
NPs with sizes less than 1.5 nm (first three rows of pixels
in Fig. 20) within the part of the plume that remains in the
supercritical state is reflecting the appearance of density
fluctuations within the supercritical fluid [54, 83] rather
than the presence of stable clusters and NPs. The cluster
identification algorithm [82] considers the atoms that are
closer than a cutoff distance of 0.35 nm to each other to
belong to the same cluster or NP, leading to mistaking the
momentary atomic configurations in the dense parts of the
supercritical fluid for clusters or NPs. As the density of the
supercritical part of the plume decreases (Fig. 18), the size
and the number of such transient clusters decrease as well
(cf. distributions for 500 and 1000 ps in Fig. 20). The small 1
— 1.5 nm NPs are still present in front of the 0.87, isotherm,
in the expanding region where the temperature is between
T, and 0.87,.

The mass-weighted NP size distributions, shown in
Fig. 21 for 300, 500, 1000, and 1500 ps, exhibit pro-
nounced bimodal shapes, particularly at the initial stage
of the ablation process, at 300 and 500 ps. As discussed
above, the dominant contribution to the first two bins of
the histogram (D <2 nm) is coming from the part of the
ablation plume that remains in the supercritical state. At
300 ps, the first bin (D <1 nm) accounts for about 85%
of the plume, while the NPs with D >?2 nm constitute
less than 6% of the plume. As time progresses, the phase
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Fig.20 Distributions of NPs of different sizes in the ablation plume
calculated for 500, 1000, 1500, and 2000 ps in the simulation per-
formed at F,;,=3000 J/m> The rectangular pixels are colored based
on the number of clusters or NPs at locations and within the particle

decomposition from the supercritical state increases the
fraction of the NPs and decreases the fraction of individual
atoms and atomic clusters. The equivalent depths of NPs
with D> 2 nm at 300, 500, 1000, and 1500 ps are 0.73,
0.75, 1.03, and 1.18 nm, respectively, while for the atoms
and small clusters the equivalent depths are 11.11, 8.57,
3.90, and 2.16 nm, respectively. Similar to the results dis-
cussed in Sect. 3.4 for F,, ;= 1500 J/m?, there is an imbal-
ance between the increase in the mass of the large NPs and
the decrease in the mass of the individual atoms, clusters,
and small NPs. The latter decreases more rapidly due to
the redeposition to the target surface.

It is interesting to note that the maximum size of the NPs
at F,,;=3000 J/m* (D <9 nm in Fig. 21) is smaller than that
at a twice lower F,, = 1500 J/m? (D < 12 nm in Fig. 15).
In both cases, the large NPs are formed through the phase
decomposition from the supercritical state, and the sizes of
the NPs are controlled by the density of the supercritical
plume. A more vigorous initial expansion of the ablation
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size ranges defined by the x- and y-axes, as explained in the caption
of Fig. 9. The vertical dashed lines show the locations of 0.87, iso-
therm that separates the homogeneous plume from the region con-
taining NPs and vapor

plume originating from a higher temperature surface region
of the target leads to a larger initial decrease of the plume
density at a higher fluence. Moreover, the slower propaga-
tion of the phase decomposition front in the higher-energy
plume is allowing for an additional plume density reduction
due to the redeposition to the target. One can expect that this
trend will continue at fluences higher than 3000 J/m?, lead-
ing to further reduction of the density of the laser-induced
supercritical plume and the corresponding decrease in the
size of the NPs generated through the phase decomposition
from the supercritical state.

3.6 Nanoparticles: cooling rates and solidification

The NPs produced in different parts of the ablation plume
experience different thermal histories, largely defined by
the surrounding environment. Those formed at the front of
the expanding plume find themselves surrounded by water
vapor, which facilitates rapid cooling of the molten NPs.
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Fig.21 Mass-weighted size distributions of atomic clusters and NPs

predicted in a simulation performed at F,,,=3000 J/m? for times of

300, 500, 1000, and 1500 ps. The size of a NP or a cluster is char-
acterized by the equivalent diameter D of a spherical particle con-
sisting of the same number of atoms. The amount of target mate-
rial converted to clusters or NPs within the size range of each bin is

Moreover, some of the NPs are propelled into the dense and
cold liquid environment at or above the boundary of the
expanding cavitation bubble at the initial dynamic stage of
the ablation process. Other NPs may diffuse into this cold
environment after their formation through the decomposi-
tion of the interfacial layer. These NPs are the ones that
undergo the fastest cooling and solidification on the time-
scale of nanoseconds, i.e., within the timespan considered
in the simulations.

The process of rapid cooling and solidification of NPs
generated in the top part of the ablation plume is visualized
for a simulation performed at F,,,=3000 J/m? in Fig. 22.
The NPs in the snapshots are colored according to their tem-
perature, and the individual atoms and atomic clusters with
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D <1 nm are blanked to provide a clear view of the NPs. The
timespan covered in Fig. 22 corresponds to the third stage
of the ablation process discussed in Sect. 3.5. At this stage,
new NPs are generated at the phase decomposition front
that follows the 0.8T, isotherm (shown schematically by the
dashed arrows crossing the snapshots), while the dense layer
of NPs formed at the front of the ablation plume is spreading
due to the Brownian motion of NPs in the interfacial region.
Some of these NPs end up in the dense water region, as can
be seen from the location of the top metal density peaks in
the profiles shown in Fig. 22 for 1700 ps. These particles
cool rapidly (turn blue in the snapshots shown in Fig. 22)
and solidify under conditions of deep undercooling below
T,,- Even earlier, small NPs formed through condensation in
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Fig.22 Snapshots (upper row of panels) and density profiles (lower
row of panels) from the third stage of the simulation of PLAL of
FeNi target performed at F,,,=3000 J/m* and discussed in Sect. 3.5.
The atoms in the snapshots are colored by the average temperature
of NPs they belong to. Small clusters with D <1 nm and individual
atoms are blanked to provide a clear view of the NPs. The melting
temperature of bulk FeNi alloy, 7,,, is marked on the temperature
scale. The density profiles for the ablation plume (magenta dash-
dotted line) and water (blue dashed line) are normalized by the den-

the low-density vapor mixing region (the mechanism of NP
formation observed at all fluences considered in the simula-
tions) are also cooled below T, and solidify. Some of these
small NPs are already colored blue in the snapshot shown
in Fig. 22 for 700 ps.

The cooling rates experienced by NPs generated by PLAL
are illustrated in Fig. 23 for the three simulations discussed
in Sects. 3.3, 3.4, and 3.5. The temperatures and positions
of the 50 largest NPs identified at the end of each simula-
tion are calculated by averaging over atoms that end up in
each NP. The averaging is extended to the early stage of the
ablation process, prior to the formation of the NPs, when
the temperature evolution reflects the cooling of the material
from the supercritical state leading to the phase separation
and formation of NPs. Four representative NPs are selected
in each simulation to illustrate the dependence of the thermal

sity of FeNi crystal at 300 K, pgeNi, and the room temperature water

density, py, respectively. The locations of the phase decomposition
front that approximately follows the 0.87, isotherm are schematically
shown by the black dashed arrows passing across the snapshots and
are also marked by the horizontal dashed lines in the plots of the den-
sity profiles. The phase decomposition front separates the region con-
taining homogenous plume from the region containing nanoparticles
and vapor

history of a NP on its location in the ablation plume. The
trajectories of the representative NPs are highlighted by
color, with red, green, orange, and blue colors used for NPs
ordered from higher to lower positions in the ablation plume.

From the temperature plots, we see that the NPs located
closer to the target and further away from the plume-liquid
interface (blue curves in Fig. 23) have higher temperatures
and experience relatively slow cooling. The NPs generated
in the top part of the plume are cooled more rapidly, with
particularly high cooling rates observed for NPs embedded
in the dense and cold liquid environment. The thermal his-
tory of such NPs is exemplified by the red curve in Fig. 23c,
which corresponds to the topmost large NP visible in the
last snapshot in Fig. 12, the upper peak in the plume density
profile at 2 ns in Fig. 13, and the blue pixel at D=6.5 nm
and position of 155 nm in the distribution shown for 2 ns in
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Fig.23 The time dependence of the average temperatures and posi-
tions of groups of atoms that end up in the 50 largest NPs generated
in the simulations performed at absorbed fluences of 1350 J/m? (a,
b), 1500 J/m? (c, d), and 3000 J/m? (e, f). The plots for four repre-
sentative NPs are highlighted by thicker blue, orange, green, and red
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Fig. 14. The quench rate for this NP remains above 10! K/s
until it is undercooled down to 0.677,, by the time of
1430 ps. Such deep undercooling triggers a rapid solidifica-
tion of the NP, as indicated by the bump on the temperature
plot appearing due to the reheating of the NP by the release
of the latent heat of melting. This NP, therefore, solidifies
just 1.5 ns after the laser irradiation.

Similarly fast quenching is observed for NPs generated at
the plume-liquid interface in the simulation performed at a
twice higher absorbed fluence of 3000 J/m?, where the NPs
that diffuse into the dense liquid environment are cooled
down rapidly (Fig. 22) and start to solidify at about 1.8 ns,
as can be seen from the bump appearing on the red curve
in Fig. 23e. While only a few large NPs solidify by the end
of the simulation at 2.1 ns, the shapes of the temperature
curves located between the red and green ones in Fig. 23e
suggest that many more NPs will reach the critical level of
undercooling required for the rapid solidification within the
next several nanoseconds. The temperatures of the NPs in
the lower part of the plume (temperature curves between
the green and blue ones), however, plateau or even slightly
increase after 1.5 ns due to the absorption of atoms and clus-
ters from the adjacent supercritical fluid.

The temperatures of most of the large NPs in the simula-
tion performed at 1350 J/m? are still significantly higher
than 7,, and, with the gradually decreasing cooling rates
(Fig. 23a), it may take tens to hundreds of nanoseconds for
them to reach the temperature levels required for the onset
of homogeneous crystallization. This observation can be
explained by the absence of large NPs in the vicinity of the
outer boundary of the cavitation bubble, as evident from

1800 ps 1810 ps

the snapshots shown in Figs. 7 and 8. The large NPs formed
through the roughening and decomposition of the interfacial
molten layer (see Sect. 3.3) are moving down during the col-
lapse of the spongy structure and redeposition of the molten
layer (Fig. 23b) and end up well separated from the cold
liquid environment. Note that a similar NP formation mecha-
nism in PLAL of Ag targets is found to result in the injection
of large NPs into the dense liquid environment through a
sequence of hydrodynamic instabilities at the plume-liquid
interface [17, 18]. The absence of these processes in the
simulation of FeNi targets is related to a stronger locali-
zation of the energy deposition and formation of a thinner
interfacial layer, as discussed in Sect. 3.3.

An important implication of the rapid quenching of NPs
and the solidification occurring under conditions of strong
undercooling is the generation of a high density of crys-
tal defects in the solidified NPs. The generation of crystal
defects is exemplified in Fig. 24 for a NP with D =6.82 nm
(15,556 atoms) that corresponds to the red curves in
Fig. 23e, f. At 1800 ps, the temperature of the NP decreases
to 0.697,, but the NP still remains in the liquid state. The
common neighbor analysis implemented in OVITO [84, 85],
however, already identifies the presence of a small nucleus
of atoms with a local structural environment that corre-
sponds to the face-centered cubic (fcc) and hexagonal close
packed (hcp) crystal structures. These atoms are colored
green and red, respectively, while the atoms with the disor-
dered local environment (e.g., liquid-phase or surface atoms)
are blanked in all but the first snapshots shown in Fig. 24.
The crystalline nucleus rapidly grows and merges with the
second nucleus that forms at 1820 ps. The solidification

1830 ps 1840 ps

1870 ps

Fig. 24 Generation of crystal defects during the crystallization in a
NP located in the top part of the ablation plume in a simulation per-
formed at F,,,=3000 J/m2. The evolution of temperature and position
of the NP is shown by the red curves in Fig. 23e, f. In the first snap-
shot shown for 1800 ps, all atoms of the NP are represented by grey

spheres. In all other snapshots shown for different moments of time,

the atoms with local fcc and hep surroundings are colored green and
red, respectively, and all other atoms are blanked. With this coloring
scheme, the planes of red atoms separating green regions correspond
to coherent twin boundaries in the fcc structure. The dashed ellipses
at 1800 and 1820 ps outline the regions where new crystallites nucle-
ate during the solidification
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Fig.25 The time dependence of the total amount of material ejected
from the target (i.e., ablation yield) at fluences of 800, 1350, 1500,
and 3000 J/m? (a) and the ablation yield as a function of absorbed flu-
ence at the end of the simulations (b). The ablation yield is expressed
in terms of the equivalent depth of a surface layer of the initial target
that contains the same number of atoms. In (a), the data points con-
nected by solid lines are the results of the simulations, and the dashed
lines are extrapolations beyond the time of the simulation. In (b), the
light grey region corresponds to the steep increase in the ablation

completes at about 1900 ps and produces a defect-rich NP
featuring five twin boundaries joining together along a com-
mon (110) direction in the adjacent fcc crystallites. With
the coloring scheme based on the local structure analysis,
a coherent twin boundary appears as a single plane of hcp
(red) atoms separating fcc (green) crystallites. The pentago-
nal twinned configuration is produced by a self-replicating
growth twinning occurring under conditions of rapid non-
equilibrium solidification [86—88]. It can be described as a
positive partial wedge disclination [89, 90] with a strength
(Frank vector) equal to 7.35°. The elastic strain produced
by the disclination and the surface states associated with
the twin boundaries are among the factors that are likely
to be responsible for the enhanced catalytic activity of NPs
generated in PLAL experiments [19-21].

3.7 Nanoparticles: total yield and size distributions

The computational predictions on the evolution of the
total amount of material ejected from the target during
the ablation process and the final yield of NPs are summa-
rized in Fig. 25 for different regimes of PLAL discussed
in Sects. 3.1-3.5. The total amount of ejected material is
defined with the help of cluster analysis [82] that makes it
possible to distinguish the ablation plume from the liquid
structures connected to the bulk of the target. This distinc-
tion is not trivial, as one can see from the snapshots colored
by the size of the NPs shown for F,, = 1350 J/m? in Fig. 8.
The spongy liquid structure does not separate from the
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yield upon the transition of the NP formation mechanism from the
surface evaporation and condensation at F,,, =800 J/m? to the decom-
position of the surface layer of the target transiently heated above T,
at F = 1350 J/m% The dark grey region corresponds to the slower

abs
increase of the ablation yield in the regime where the NP generation
through the phase separation from the supercritical state proceeds
simultaneously with the redeposition of the plume to the target sur-
face. The ablation yield between the red data point in (b) is approxi-
mated by linear interpolation, as shown by the dashed blue lines

target at any time during the simulation and, therefore, does
not contribute to the ablation yield. The gradual increase
in the ablation yield with time observed for this fluence in
Fig. 25a is defined by the evaporation and condensation of
metal atoms in the low-density water-metal mixing region
occurring simultaneously with roughening of the top part of
the spongy structure and its decomposition into larger NPs.
The moderate decrease in the total yield after the collapse
of the spongy structure is due to the redeposition of some of
the NPs and atomic clusters to the target surface.

The much larger increase of the total yield at the ini-
tial stage of the ablation process observed for F, ,=1500
J/m? is related to the splitting of the ablation plume into
a lower spongy part that remains connected to the target
and an upper part forming a packet of supercritical fluid
that pushes against the liquid environment. A top part of
the upper supercritical region decomposes into vapor and
nanodroplets upon interaction with the liquid environment,
while a substantial part of it reflects from the liquid environ-
ment and redeposits to the target after 700 ps. The redeposi-
tion is responsible for the decrease in the amount of material
in the ablation plume after 700 ps that can be seen for this
fluence in Fig. 25a.

The redeposition has an even more dramatic effect on
the total yield in the simulation performed at F,=3000
J/m?, where the whole plume is brought into the supercritical
state, and the NPs are generated at the phase decomposition
front slowly propagating from the liquid-plume interface
toward the target surface. A major part (about 80%) of the
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material brought into the supercritical state and ejected from
the target during the first 200 ps of the ablation process is
redeposited to the target surface by the time of 2 ns. As a
result, the NP yield at the end of the simulation is only about
40% higher than that observed in the simulation performed
at a twice lower absorbed fluence of 1500 J/m?.

The fluence dependence of the total ablation yield
recorded at the end of the simulations is shown in Fig. 25b,
where three distinct regimes of PLAL can be identified. At
low fluences, F,, <800 J/m? the material ejection and NP
formation are limited to the evaporation—condensation pro-
cess, the time when the evaporation takes place is short due
to the rapid cooling of the target surface, and the ablation
yield remains very small. Above 800 J/m?, in the region
highlighted by the light grey color, the interface between
the hot molten layer accumulated at the front of the ablation
plume and the liquid environment becomes unstable during
the initial plume expansion. The roughening of the interface
leads to the formation of large NPs, which leads to a signifi-
cant increase in the total ablation yield.

The absorbed fluence of 1500 J/m? is the threshold for
the separation of the supercritical part of the plume from
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Fig.26 Mass-weighted size distributions of atomic clusters and NPs
predicted in simulations performed at absorbed fluences of 800 J/m?
(a), 1350 J/m? (b), 1500 J/m? (c), and 3000 J/m? (d). The distributions
are calculated for times of 1300 ps for 800 J/m?2, 1000 ps 1350 J/m?,
and 2000 ps for 1500 and 3000 J/m>. The size of a NP or a cluster
is characterized by the equivalent diameter D of a spherical particle
consisting of the same number of atoms. The amount of target mate-

the spongy structure connected to the target, and the phase
decomposition of the top part of the supercritical cloud of
material upon contact with the liquid environment gives an
additional boost to the total ablation yield. The transition to
the formation of a long-living supercritical plume upon fur-
ther increase of absorbed fluence, however, leads to a sharp
increase in the fraction of the initial plume redeposited to the
target, Fig. 25a, and results in a weaker fluence dependence
of the ablation yield in the regime highlighted by dark gray
color in Fig. 25b.

The fluence dependence of the ablation yield suggests
that despite the continuous increase in the total abla-
tion yield with increasing fluence, the optimum energy
efficiency of the NP synthesis is realized close to the
threshold for the formation of the supercritical ablation
plume, i.e., around 1500 J/m?. Indeed, since doubling
the absorbed fluence from 1500 to 3000 J/m? results in a
40% increase in the ablation yield, the ablation efficiency
defined as a ratio of ablation yield to the deposited energy
decreases by 30%. As discussed below, in Sect. 3.8, the
computational prediction of the ablation efficiency going
through a maximum and decreasing at higher fluences is
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rial converted to clusters and/or NPs within the size range of each bin
is expressed in terms of the equivalent depth of a surface layer of the
initial target that contains the same number of atoms. The individual
metal atoms are included in the first bin of the histograms. The sum-
mation over all bins gives the total ablation yield (expressed in terms
of ablation depth) at a given moment of time. The white labels show
the relative weight fractions represented by each bin
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in agreement with trends observed in PLAL experiments
[91, 92].

Beyond the total NP yield and the energy efficiency,
an important consideration in the NP synthesis by PLAL
for practical applications is the NP size distribution. The
size distributions are defined by the mechanisms of the NP
generation and exhibit different characteristics in the three
fluence regimes discussed above. The mass-weighted NP
size distributions are shown for the absorbed fluences of
800, 1350, 1500, and 3000 J/m? in Fig. 26. In the low flu-
ence regime, exemplified by F,, =800 J/m?, the evapora-
tion — condensation mechanism produces atomic clusters
and small NPs with sizes below 1.5 nm. While the atomic
clusters and small NPs are in high demand for practical
applications due to their unique optical properties [93] and
catalytic activity [94, 95], the low total yield (equivalent
depth of the target converted to the clusters and NPs is less
than 0.02 nm) makes NP/cluster synthesis in this regime of
PLAL highly inefficient.

The transition to the medium fluence regime not only
leads to a sharp increase in the total ablation yield but also
drastically changes the NP size distribution, as illustrated
in Fig. 26b, ¢ for absorbed fluences of 1350 and 1500 J/m>.
At both fluences, the mass-weighted size distributions are
dominated by large NPs with diameters ranging from 4 to
12 nm, with the fraction of such NPs increasing from 59%
at F ;.= 1350 J/m? to 79% at 1500 J/m?. The transition from
the generation of large NPs through the interface roughening
at F,, .= 1350 J/m? to the decomposition of the dense layer
of supercritical fluid at 1500 J/m? results in a significant
increase in the fraction of the largest NPs with D> 10 nm.

Interestingly, a further increase of the absorbed fluence
to F,p,=3000 J/m? eliminates the largest NPs from the dis-
tribution, Fig. 26d. In particular, the NPs with D> 10 nm
account for 21% of the total mass of the ablation plume at
1500 J/m? but are completely absent at F,, ,=3000 J/m?. At
this high fluence, a significant part of the ablation plume
has not undergone the phase separation by the end of the
simulation and still remains in the homogeneous close-to-
critical state between 0.87, and T, Fig. 16. This part of
the plume contributes to the first bin of the histogram in
Fig. 26d, accounting for more than half of the total mass of
the ablation plume. While the phase decomposition in this
part of the plume is expected to produce NPs with larger
sizes, the low and decreasing density of this region (Fig. 18)
suggests that the newly formed NPs are likely to have sizes
below 6—7 nm. This conjecture is supported by the trend
illustrated in Fig. 20, where the sizes of NPs generated at
the phase decomposition front are decreasing with decreas-
ing density of the homogeneous part of the plume. These
observations suggest that while the high fluence irradiation
regime may not be optimal from the energy efficiency point
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of view, it has the advantage of producing a narrower size
distribution with a lower maximum size of the NPs.

3.8 Maps of transient states generated
by a Gaussian laser beam

The discussion of different regimes of laser ablation pro-
vided in previous sections is based on the results of simula-
tions performed with periodic boundary conditions applied
in the lateral directions, parallel to the surface of the tar-
get. These conditions provide an adequate description of
the initial stage of laser ablation caused by a flat-top (also
known as top-hat) laser beam irradiation, when the effect
of the edges of the beam and the variation of the laser flu-
ence across the beam can be neglected. Most of the PLAL
experiments, however, are performed with spatially inho-
mogeneous laser beam profiles commonly assumed to have
a Gaussian variation of the incident laser fluence [96, 97].
In this case, the mechanisms of the material ejection and
NP formation identified in simulations performed for dif-
ferent absorbed laser fluences can be activated simultane-
ously in different parts of a laser spot and may collectively
contribute to the ablation yield and the NP generation. To
perform analysis of PLAL by a Gaussian laser beam, we use
the “mosaic” approach illustrated in Fig. 1, where results of
the simulations discussed in previous sections are mapped
to different parts of the laser spot.

The variation of the absorbed laser fluence within a laser
spot produced by a Gaussian laser beam can be described by
the following equation:

cal 272
Fups(r) = (1 = RF,, = (1 = R)F*™*  exp <_F> (1
0

where R is the reflectivity of the target surface, r is the dis-
tance from the center of the laser spot, w, is the Gaussian
laser beam radius at 1/¢* peak intensity of the beam, and
Fipne'dk is the peak incident fluence at the center of the laser
spot. Note that a significant deviation from the linear conver-
sion of the incident fluence F;, to the absorbed fluence F
can arise from the dependence of R on the electron and lat-
tice temperatures, particularly for short and ultrashort laser
pulses [17, 98]. These deviations can distort the energy dep-
osition profile with respect to the incident Gaussian profile
but are neglected in the following discussion for simplicity.

To map the results of the simulations discussed in
Sects. 3.1-3.5, we assume the maximum absorbed flu-
ence in the center of the laser spot to be Ff:z:k = 3000
J/m?. Using Eq. (1), we can then associate absorbed flu-
ences F,;, of 600, 800, 1350, and 1500 J/m? with the fol-
lowing distances r from the center of the laser spot: 0.90
Wy, 0.82 wy, 0.63 wy, and 0.59 w,, respectively.
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The next step is to convert the complex and detailed
mechanistic information revealed in the atomistic simula-
tions into simplified spatially and time-resolved maps of
the transient phase states realized at different times and in
different locations within the laser spot at the initial stage
of PLAL. To facilitate this step, we distinguish the phase
states of the target material based on the evolution of tem-
perature and density illustrated by contour plots shown in
Figs. 3, 6, 11, and 16.

The material is considered to be in a solid state if its
density is within 10% of the density of FeNi at 300 K,
pieNi. This criterion is found to provide reliable identifica-
tion of the solid-liquid interface under conditions when
the solid is laterally confined and undergoes an uniaxial
expansion in the direction normal to the irradiated surface.
This identification of the solid—liquid interface is also con-
firmed by the analysis of the local atomic structure.

To identify the single-phase regions of molten metal,
and to distinguish them from those where the melt coex-
ists with vapor or voids, we use a theoretical expression
describing the temperature dependence of the equilibrium
density of the molten metal [67],

o(T) = pe +Ag(T, = T) + A (T, - )"

+ B, (Tc - T)
(@)

and fit it to the properties of the model FeNi alloy. Fitting

this equation to the results of liquid—vapor coexistence simu-

lations [32] and assuming the theoretical values of exponents
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Fig. 27 TIllustration of a method used for the identification of phase
states at different times and in different parts of the ablation plume
generated in PLAL by a laser beam with a Gaussian spatial profile.
The contour plot in (a) shows the evolution of the states of the matter
in a simulation performed for F,,,= 1500 J/m> The states are identi-
fied based on the temperature and density plots shown in Fig. 11. The
regions colored orange, red, and grey correspond to the solid, molten,
and supercritical states of the target material. The region featuring
spongy structure of interconnected liquid regions is colored brown.

f =0.326 and 6 = 0.54 [67], the following parameters are
obtained for the interatomic potential used in the present
study: p. = 19.66 atoms/nm’, T, = 4837 K, A, = 2.601
atoms/(nm>-K’), A, = 3.608 x 10~ atoms/(nm*>K”*?), and
B, =6.788 % 107* atoms/(nm>-K). The material that does not
satisfy the density criterion for solid phase and has a local
density within 20% of p,(T) is identified as a single-phase
molten metal. The extension of the density criterion for the
molten phase down to 0.8 p,(7") makes it possible to account
for the complex structure of the molten layer transiently
formed in the medium fluence regime, e.g., Figs. 7 and 12
for absorbed fluences of 1350 and 1500 J/m?, respectively.

The parts of the ablation plume where the local tempera-
ture is higher than 7, are identified as regions where the
metal is in the supercritical state. The parts of the plume
where the density is more than 20% below p,(T) and the
temperature is below T, can either correspond to a spongy
structure of interconnected liquid regions or a part of the
plume decomposed into NPs and vapor. The spongy struc-
ture has a temperature below 0.97, and, under the conditions
of the simulations reported in this paper, is always generated
in the vicinity of the target. Therefore, the spongy structure
is identified as a part of the system that is located below
either a molten layer or a supercritical fluid region, has a
density below 0.8 p,(T) and a temperature below 0.9T.

The regions above the supercritical or molten metal lay-
ers that have a density lower than 0.8 p,(T) are categorized
as regions of NP formation. The regions where the density

(b) 300
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The regions with conditions suitable for the NP formation are colored
pink, and the liquid environment is colored blue. The results of the
analysis performed for different fluences are then maglged to a Gauss-
ian laser spot with a peak absorbed fluence of F'r'" = 3000 J/m?,
providing a framework for reconstructing the evolution of the states
of the matter during the ablation process, as illustrated for a time
of 100 ps in (b). These frameworks, created for different times dur-
ing the simulations, are used for the generation of phase state maps
shown in Fig. 28
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«Fig. 28 The maps of the phase states present within the ablation
plume generated by a laser beam with a Gaussian spatial profile
with a beam radius w, at 1/e® peak intensity of the beam and a peak
absorbed laser fluence of 3000 J/m2. The phase maps are based on
analysis of the density and temperature distributions predicted in
atomistic simulations discussed in Sects. 3.1-3.5 and are shown for
times of 100, 200, 500, 1000, and 2000 ps after the laser pulse. The
regions colored orange, red, and grey correspond to the solid, molten,
and supercritical states of the target material. The regions featur-
ing spongy structures of interconnected liquid regions are colored
brown. The regions with conditions suitable for the NP formation are
colored pink, and the liquid environment is colored blue. Note that
typical diameters of laser spots are in the range of tens to hundreds
of micrometers, and the images are shown with a large aspect ratio
between the lateral and vertical dimensions to provide a clear view of
distinct layers of the ablation plume, which remain essentially flat at
this early stage of the ablation process

is below 0.8 p|(T) and the local temperature is between
0.97, and T, are also defined as regions of NP formation,
regardless of the location of these regions. These regions are
fairly homogeneous and correspond to the parts of the plume
where the phase separation (NP formation) takes place upon
further evolution of the ablation plume. Finally, the part of
the system free of the metal atoms is identified as a liquid
environment region.

Using the simple criteria described above, the data on
the evolution of temperature and density in the simulations
discussed in Sects. 3.1-3.5 are converted to the contour plots
of the phase state. The results of this conversion are exem-
plified in Fig. 27a for a simulation performed at F,, ;= 1500
J/m2. The phase map adequately captures the formation of
a spongy structure in the lower part of the ablation plume
and a supercritical region in the top part of the plume, the
appearance and redeposition of a molten metal layer cov-
ering the spongy structure, and the evolution of the melt-
ing/solidification front in the target, as expected based on
the contour plots and snapshots shown in Figs. 11 and 12.
A similar analysis is performed for other fluences, and the
cross-sections of the contour plots at different moments of
time are mapped to the Gaussian laser spot, producing ele-
ments of “mosaics” of the phase states at different times dur-
ing the ablation, as shown for a time of 100 ps in Fig. 27b.

Connecting the elements of the “mosaics” by extrapolat-
ing between the same phase states in the spatial maps plot-
ted for different moments of time produces a sequence of
snapshots of the laser ablation process occurring at the scale
of the whole laser spot. These snapshots, or maps of the
transient phase states, are provided in Fig. 28 for a laser spot
irradiated by a laser beam with a Gaussian spatial profile and
a peak absorbed fluence of Fapszk = 3000 J/m>.

The map shown in Fig. 28a for 100 ps illustrates the ini-
tial expansion of the material heated by the laser energy
deposition and the formation of a layered structure in the
laser-induced plume. The direct interaction of the top part

of the expanding plume with the liquid environment leads
to a rapid cooling and formation of a very thin interfacial
layer with temperature below T, and conditions suitable for
the nucleation and growth of atomic clusters and nanopar-
ticles (the thin pink layer at the plume-liquid interface in
Fig. 28a). Below the interfacial layer is a large region of the
target material transformed to a dense supercritical phase
(grey area in Fig. 28a) and a layer of a spongy structure of
liquid regions (brown) connected to the molten pool gener-
ated within the laser spot (red). At the periphery of the laser
spot, the spongy structure generated by a combined effect
of the unloading of laser-induced pressure and the explo-
sive phase decomposition of the superheated material [18]
extends all the way to the interface with the liquid environ-
ment, where a layer of molten metal forms at the top of the
spongy structure.

As time progresses to 200 and 500 ps, the supercritical
region expands and pushes the liquid environment further
away from the target surface, Fig. 28b, c. The interfacial
region of the NP formation broadens due to the mixing with
the liquid environment and cooling of the top part of the
plume, while the spongy structure in the central part of the
laser spot collapses due to the pressure exerted by the over-
laying supercritical part of the plume.

By the time of 1 ns, the remaining spongy structure at the
periphery of the laser spot redeposits to the target, causing
a transient remelting and widening of the melt pool, while
the supercritical region further shrinks in the central part
of the cavitation bubble, Fig. 28d. A large fraction of the
plume is already converted into NPs by this time in the parts
of the plume corresponding to medium fluence irradiation
regime within the laser spot (see Sects. 3.3 and 3.4), while
the decomposition of the supercritical plume into vapor and
nanoparticles is still ongoing in the central part of the plume.
The phase decomposition occurs simultaneously with rapid
material redeposition from the supercritical region to the
target surface, which decreases the density of the plume and
the sizes of NPs produced at the phase decomposition front.

By the time of 2 ns, all regions of the ablation plume have
already cooled below T, but the front of the phase separa-
tion into large droplets and vapor follows the 0.8T, isotherm
and is still located above the surface of the target. The size of
the melt pool visibly shrinks between 1 and 2 ns, suggesting
that complete resolidification of the target surface is likely
to occur within the next 10 ns.

The computational prediction of the complex and rap-
idly evolving distribution of different phase states within
the ablation plume produced at the early stage of PLAL pro-
vides an opportunity for making direct links to the results of
time-resolved experimental probing of the ablation dynam-
ics [24-29]. In particular, the maps of the phase states shown
in Fig. 28 can be converted to maps of transient reflectivity
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Fig.29 Two representations of the distribution of local ablation depth
depth(r) within a laser spot with a Gaussian spatial profile predicted
in the atomistic simulations (a), the total ablation yield ejected from
the laser spot expressed in terms of the average equivalent depth
depth and the ablation mass M, calculated for different values of the

measured in the ultrafast pump-probe microscopy imaging
of the ablation dynamics [29]. The calculation of the opti-
cal signatures of different stages of the ablation process is
the subject of our current work [37] and will be reported
elsewhere.

The integral picture of the ablation process at the scale of
the laser spot also allows for the evaluation of the total abla-
tion yield produced by a single laser pulse with a Gaussian
spatial beam profile. The fluence dependence of the ablation
yield shown in Fig. 25b can be mapped to the Gaussian dis-
tribution of the absorbed fluence, as shown in Fig. 29a. The
total mass of the ablation yield generated by the laser pulse,
M,, can be calculated by integration of the local ablation
depth, depth(r), over the area of the laser spot,

2z oo
M,=p / / depth(r)rdrd® = depth X pnwgln(2) /2 (3)
0J o
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peak absorbed fluence Fggsk (b), and the ablation energy efficiency
n defined as the ratio of the ablated mass M, to the absorbed laser
energy E, (c). In the calculation of M,, the FWHM spot size of

100 pm is assumed

where p is the material density and m is the average
equivalent ablation depth from a laser spot with a diam-
eter defined as the full width at half maximum (FWHM)
of the Gaussian profile, dpwiyv = V 2In2w,. Using the data
on depth(r/ Wo) predicted in the simulations and plotted in
Fig. 29a, the average equivalent depth depth and the total
ablation mass M, can be calculated for different values of
the peak absorbed fluence F gsfk, up to the maximum value
considered in the simulations, 3000 J/m?. In this calculation,
the value of wy is chosen so that dpy = 100 pm, a typi-
cal value used in picosecond PLAL experiments [99]. The
results of the calculation are provided in Fig. 29b, where
M, is seen to increase with the peak absorbed fluence up to
0.24 ng at the maximum peak fluence of 3000 J/m? consid-
ered in the simulations. The total mass of the ablation plume
predicted in the simulations is within the range of values
evaluated in picosecond PLAL experiments for Cu targets
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in water performed for different laser focusing conditions,
0.1-0.55 ng per pulse [99].

In contrast to the dependence of the ablation depth on
the local fluence (Fig. 25b), where there is a large decrease
in the slope of the local fluence dependence of the ablation
yield, the weakening of the dependence of the total ablation
yield on the peak fluence (Fig. 29b) is less pronounced. This
observation can be explained by the combined contribution
to the total ablation yield from the peripheral parts of the
laser spot exposed to the irradiation in the medium fluence
regime, where the ablation yield exhibits a high sensitivity to
the local fluence (light grey area in Fig. 25b), and the central
area exposed to high local fluences, where the ablation yield
has a weaker dependence on the local fluence (dark grey area
in Fig. 25b). One can expect that the trend of weakening of
the dependence of total ablation yield on the peak fluence
in Fig. 29b will continue at higher peak fluences, beyond
the maximum F' ngk = 3000 J/m? considered in the atomistic
simulations, due to the increased contribution of the less
energy efficient ablation at higher fluences.

The saturation of the energy efficiency of the NP genera-
tion with increasing peak fluence is even more apparent from
the analysis of the ablation efficiency #, defined as the ratio
of the total ablation mass M, to the total energy deposited by
the laser pulse E, .. The latter can be calculated as

2m 00 2
k 2r 1 ak
E = / / FE;’: exp<—¥>rdrd9 = §”W<2>F§§s 4
0oJ o 0

Within the range of laser fluences considered in the pre-
sent study, the ablation efficiency plotted in Fig. 29c¢ still
increases with increasing fluence, although the slope of the
curve is notably decreasing. Given the trend of the gradual
saturation of the dependence of the ablation yield on the
local fluence shown in Fig. 25b, the ablation energy effi-
ciency # is expected to pass through the maximum and then
decrease upon a further increase in the peak fluence. Similar
fluence dependences of the ablation efficiency have been
observed in PLAL experiments performed with picosecond
[91] and nanosecond [91, 92] laser pulses.

Fig.30 Schematic diagram
summarizing the connections
between the fluence regimes of

laser fluence

Quantitatively, the ablation energy efficiency predicted in
the simulations shows signs of reaching the maximum level
of slightly above 7 pg/J (Fig. 29¢), which is comparable to
the results of experimental measurements. In particular, the
ablation energy efficiency is observed to increase up to about
4 pg/J in picosecond laser ablation of Au in water [91], while
somewhat higher maximum values are reported for nanosec-
ond PLAL, around 5 pg/J of Pd, Cu, and Ag in ethanol [92]
and up to 12 pg/J for Au in water [91]. When comparing
the computational values of the ablation yield and ablation
efficiency to the experimental data, one should note the like-
lihood of a significant reduction of the ablation yield due to
the redeposition to the target surface. While the most active
dynamic stage of the ablation plume redeposition has largely
ceased by the end of the simulations (Fig. 25a), additional
slower but persistent redeposition can be expected during the
long-term evolution and collapse of the cavitation bubble.
The somewhat higher ablation efficiency predicted in the
simulations as compared to the picosecond PLAL experi-
ments, therefore, is consistent with the notion of the reduc-
tion of the ablation yield during the long-term evolution of
the ablation plume confined within the cavitation bubble.

4 Summary

The mechanisms responsible for the material ejection and
NP formation in PLAL are investigated in a series of large-
scale atomistic simulations performed for FeNi targets irra-
diated by 10 ps laser pulses in a liquid environment. The
simulations reveal the existence of three fluence regimes
featuring different dominant mechanisms of the material
ejection and NP formation, as schematically illustrated in
Fig. 30.

In the low fluence regime, when the maximum tempera-
ture of the target stays below or close to T, the material
ejection is limited to the evaporation of metal atoms from
the surface of hot molten metal. The metal atoms evaporate
into a low-density region formed at the plume-liquid inter-
face and rapidly assemble into atomic clusters and small
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NPs with sizes below 1.5 nm. Below the continuous molten
surface layer of the target, a transient appearance of sub-
surface voids or a spongy structure of interconnected liquid
regions is observed and attributed to a combined effect of the
unloading of laser-induced pressure and an internal release
of vapor in the part of the target superheated close to 7. The
sub-surface voids and the spongy structure rapidly collapse,
as the top metal layer is decelerated and pushed back to the
target by the liquid environment.

In the medium fluence regime, the temperature of the sur-
face region of the target exceeds 7, and the dense metal
layer accumulated at the interface with the liquid environ-
ment and connected to the target by a spongy structure of
liquid regions becomes unstable against nanoscale roughen-
ing and decomposition into large (D >4 nm) NPs. The gen-
eration of large NPs through the roughening and decomposi-
tion of the top part of the interfacial layer leads to a sharp
increase in the total ablation yield and drastically changes
the NP size distribution. Further increase in the laser fluence
leads to the splitting of the ablation plume into two distinct
high-density regions, a hot cloud of supercritical material
accumulated near the interface with the liquid environment
and a spongy structure of liquid regions connected to the
target surface. The spongy structure collapses under pressure
from the expanding supercritical region, while the phase
decomposition of the upper part of the plume into vapor,
atomic clusters, and liquid droplets contributes to the further
increase in the ablation yield.

The transition to the high fluence regime is signified by
the spreading of the supercritical plume throughout the
emerging cavitation bubble at the early stage of the plume
expansion. The formation of the spongy liquid structure near
the surface of the target is suppressed by pressure exerted by
the supercritical fluid, and the NP generation occurs primar-
ily at the phase separation front propagating from the inter-
face with the liquid environment toward the target surface.
The phase separation front approximately follows the 0.87,
isotherm and occurs simultaneously with intense redeposi-
tion of the ablation plume to the target surface. The density
of the homogeneous part of the plume decreases due to the
redeposition, leading to a decrease in the size of the NPs
formed at the phase separation front.

For the fluence dependence of the ablation yield, the sim-
ulations predict a steep increase in the ablation yield in the
medium fluence regime and a weakening of the dependence
at higher fluences. This observation suggests, in agreement
with experimental observations, that the energy efficiency
of the NP generation (total NP yield per unit energy depos-
ited by the laser pulse) reaches its maximum close to the
threshold for the formation of the supercritical plume and
decreases at higher fluences due to the massive redeposition
of the transiently ejected material.

@ Springer

The NP size distributions are highly sensitive to the
ablation mechanisms and exhibit different characteristics
in the three fluence regimes revealed in the simulations.
The increase of laser fluence from low to medium irra-
diation regime causes a transition from the generation of
atomic clusters and small NPs through the evaporation
— condensation mechanism to a broad mass-weighted size
distributions dominated by large NPs with diameters rang-
ing from 4 to 12 nm. Further increase in the absorbed laser
fluence, however, eliminates the largest NPs and produces
a narrower size distribution.

Some of the NPs generated at the interface between the
ablation plume and the liquid environment, or propelled
into the dense and cold liquid environment at the initial
dynamic stage of the ablation process, are observed to
undergo rapid quenching and solidification on the time-
scale of nanoseconds. The quench rates on the order of
10'2 K/s bring the molten NPs into a state of deep under-
cooling and trigger rapid far-from-equilibrium solidifi-
cation that produces NPs with high densities of crystal
defects. The defect-rich NPs are highly desired for appli-
cations in catalysis, where the enhanced activity of NPs
generated by PLAL is attributed to the elastic strain and
surface states associated with crystal defects.

Finally, the results of the simulations performed with
different absorbed laser fluences are mapped to local flu-
ences realized within a laser spot irradiated by a beam with
a Gaussian spatial profile. In this case, all the mechanisms
of the material ejection and NP formation identified in
the atomistic simulations are activated simultaneously in
different parts of the Gaussian laser spot and are collec-
tively contributing to the ablation yield and NP genera-
tion. The spatially and time-resolved maps of the transient
nonequilibrium states predicted in the simulations provide
a comprehensive picture of the ablation dynamics and a
solid foundation for interpretation of the results of time-
resolved experimental probing of the initial stage of the
PLAL process. The consideration of the ablation process
at the scale of the whole laser spot also enables evalua-
tion of the fluence dependence of the ablation yield and
the energy efficiency of the NP synthesis by laser beams
with Gaussian spatial beam profiles. The computational
predictions are found to be in good quantitative agreement
with experimental observations, thus supporting the notion
that the initial ablation dynamics explored in the atomistic
simulations plays a key role in defining the final outcomes
of the NPs synthesis by PLAL.
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