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The effect of the laser pulse duration on the nanoparticle generation in laser ablation in liquids is investigated.
Three mechanisms operating at different stages of the ablation process and in different parts of the cavitation
bubble are identified.
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1. Introduction

The effect of pulse duration on nanoparticle
generation in pulsed laser ablation in liquids:
insights from large-scale atomistic simulationsf

Cheng-Yu Shih,?® Maxim V. Shugaev,
Leonid V. Zhigilei (2 *3

@ Chengping Wu? and

The generation of colloidal solutions of chemically clean nanoparticles through pulsed laser ablation in
liquids (PLAL) has evolved into a thriving research field that impacts industrial applications. The complexity
and multiscale nature of PLAL make it difficult to untangle the various processes involved in the
generation of nanoparticles and establish the dependence of nanoparticle yield and size distribution on
the irradiation parameters. Large-scale atomistic simulations have yielded important insights into the
fundamental mechanisms of ultrashort (femtoseconds to tens of picoseconds) PLAL and provided a
plausible explanation of the origin of the experimentally observed bimodal nanoparticle size distributions.
In this paper, we extend the atomistic simulations to short (hundreds of picoseconds to nanoseconds)
laser pulses and focus our attention on the effect of the pulse duration on the mechanisms responsible
for the generation of nanoparticles at the initial dynamic stage of laser ablation. Three distinct nanoparticle
generation mechanisms operating at different stages of the ablation process and in different parts of the
emerging cavitation bubble are identified in the simulations. These mechanisms are (1) the formation of a
thin transient metal layer at the interface between the ablation plume and water environment followed
by its decomposition into large molten nanoparticles, (2) the nucleation, growth, and rapid cooling/
solidification of small nanoparticles at the very front of the emerging cavitation bubble, above the transient
interfacial metal layer, and (3) the spinodal decomposition of a part of the ablation plume located below
the transient interfacial layer, leading to the formation of a large population of nanoparticles growing in a
high-temperature environment through inter-particle collisions and coalescence. The coexistence of the
three distinct mechanisms of the nanoparticle formation at the initial stage of the ablation process can be
related to the broad nanoparticle size distributions commonly observed in nanosecond PLAL experiments.
The strong dependence of the nanoparticle cooling and solidification rates on the location within the low-
density metal-water mixing region has important implications for the long-term evolution of the
nanoparticle size distribution, as well as for the ability to quench the nanoparticle growth or dope them by
adding surface-active agents or doping elements to the liquid environment.

of PLAL has stimulated extensive experimental and theoretical
efforts aimed at revealing the effect of various parameters of PLAL
on nanoparticle production efficiency and size distribution,

The generation of chemically clean and environmentally friendly
nanoparticles through pulsed laser ablation in liquids (PLAL)
has a number of advantages over conventional chemical synthesis
methods and has evolved into a thriving research field attracting
laboratory and industrial applications.” The practical importance

“ Department of Materials Science and Engineering, University of Virginia,
395 McCormick Road, Charlottesville, Virginia 22904-4745, USA.
E-mail: z2n@virginia.edu
b Longterm Concept International Pte Ltd, 111 North Bridge Road #18-01,
Peninsula Plaza, 179098, Singapore
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0cp00608d

This journal is © the Owner Societies 2020

e.g., see recent reviews.”™ Laser pulse duration is recognized
as one of the key parameters of PLAL that affects all aspects of
the ablation process. The lifetime and size of the cavitation
bubble,’® the presence or absence of satellite microbubbles,®™*
nanoparticle yield and size distribution’>” have all been shown
to be sensitive to the laser pulse duration.

Since most of the applications of colloidal nanoparticles
require narrow and tunable size distributions, a clear under-
standing of the effect of the pulse duration on the nanoparticle
yield and size distribution is of particular interest. The complexity
and multiscale nature of PLAL, however, make it difficult to
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untangle the various processes involved in the generation of
nanoparticles that can be sensitive to the pulse duration. For
instance, two orders of magnitude increase in the yield of Au
nanoparticles produced by PLAL in water was observed with an
increase in the pulse duration from 150 fs to 2 ps.'® This strong
dependence was attributed to the nonlinear laser light absorp-
tion and photoionization of the liquid in the femtosecond
irradiation regime. In contrast, a minimum of the nanoparticle
yield was reported at a similar pulse duration of 3 ps in a study
of near-threshold ablation of Au in water."® This observation
was attributed to interfacial boiling of water,"® but it could also
be related to the attenuation of the laser light by nanoparticles
accumulated in the solution above the laser spot under condi-
tions of high repetition rate (0.5 MHz) irradiation used in this
study.’ Indeed, it has been demonstrated that the nanoparticle
productivity can be drastically increased by performing ablation
in a flow chamber, so that the nanoparticles and bubbles are
effectively removed from the path of the laser beam.>"®
Beyond the effects related to the laser light propagation
through the liquid environment, the pulse duration is defining
the rate and spatial extent of the laser energy deposition in the
target and, as a result, the initial dynamics of the ablation
process. The initial material response to the laser energy deposition,
however, is largely inaccessible to experimental probing® "3
and remains poorly understood. It is tempting to extend the
concepts and physical intuition from the much better explored
nanoparticle generation by laser ablation in vacuum and in a
background gas to PLAL.>'®**™° 1t is generally accepted that
the primary mechanism of nanoparticle formation in laser
ablation in vacuum is a process commonly referred to as
“phase explosion” or “explosive boiling”.?”"*° In this process,
a surface region of the irradiated target is superheated above
the limit of thermodynamic stability of the liquid phase and
undergoes a rapid decomposition into a mixture of vapor and
liquid droplets. The results of large-scale molecular dynamics
(MD) simulations suggest that the phase explosion proceeds
through the formation of a foamy transient structure of inter-
connected liquid regions and produces droplets and atomic
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clusters of different sizes.****

For pulse durations shorter than
the time needed for mechanical equilibration of the absorbing
volume (a few tens of picoseconds for metals), the condition
of stress confinement®*?* is satisfied, strong thermoelastic
stresses are generated, and the relaxation of these stresses
can cause subsurface cavitation®® and ejection of large liquid
droplets.”®** The contribution of thermoelastic stresses not
only reduces the ablation threshold but can also significantly
increase the ablation yield and the fraction of large droplets in
the ejected plume at laser fluences above the threshold for the
onset of the phase explosion.”®*°® When the pulse duration is
extended beyond the conditions of stress confinement and into
the nanosecond regime, the fraction of vapor phase in the
ablation plume gradually increases, even though the phase
explosion, and the associated generation of liquid droplets,
can still take place for laser pulses much longer than hundreds
of nanoseconds.*®” Finally, the expulsion of large liquid
droplets can be driven by the ablation recoil pressure gradient®®*°
even under continuous wave (CW) laser irradiation with a
sufficiently high power.

While well-developed, the fundamental knowledge on laser-
metal interactions in vacuum cannot be directly applied to
PLAL. The results of recent MD simulations of PLAL performed
for Ag in water in the irradiation regime of stress confinement
(laser pulses of ~10 ps and shorter, referred to in this paper as
ultrashort)®**°** demonstrate that the generation of nano-
particles in PLAL is a complex multistep phenomenon where
the interaction of the ejected material with the liquid environ-
ment plays the dominant role. The sequence of dynamic
processes responsible for the nanoparticle generation, revealed
in the simulations, is illustrated in Fig. 1 and is briefly
summarized below.

The initial material response to the laser energy deposition
is similar to that in laser ablation in vacuum, ie., the electrons
excited by the laser irradiation thermalize with atomic vibrations
on the timescale defined by the strength of electron-phonon
coupling (a few picoseconds to tens of picoseconds), leading
to rapid heating, melting, and explosive decomposition of a

ultrashort
pulse

Fig. 1 Schematic illustration of the sequence of dynamic processes triggered by irradiation of a metal target by an ultrashort (femtosecond to tens of
picosecond) laser pulse. The liquid water is colored blue, the metal target is grey, the ablation plume is light grey, and the expanding cavitation bubble is
light blue. The metal nanoparticles and a transient molten metal layer generated at the plume—water interface are shown in dark blue color. The red
curves in panel 4 show schematically the backside impacts from large (spalled) metal droplets joining the hot molten metal layer formed at the ablation
plume-water interface. The impacts generate pressure pulses (shown by dashed curves) that induce jetting of the molten metal (Richtmyer—Meshkov
instability) from the layer roughened by Rayleigh—Taylor instability of the plume—water interface. The schematic is informed by large-scale atomistic

simulations reported in ref. 8, 40 and 41.
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surface region of the target into vapor and liquid regions. The
rapid release of vapor combined with the relaxation of thermo-
elastic stresses generated under conditions of stress confine-
ment drives the ejection of the hot mixture of vapor and liquid
regions from the target. In contrast to the ablation in vacuum,
the ablation plume cannot expand freely but is rapidly decel-
erated by the water environment. The deceleration leads to the
accumulation of the ablation plume at the interface with water
and formation of a hot metal layer (panel 2 in Fig. 1). The water
in contact with the metal layer is brought to the supercritical
state, expands, and absorbs metal atoms emitted/vaporized
from the hot metal layer. The expanding low-density metal-
water mixing region provides an environment suitable for rapid
nucleation and growth of small metal nanoparticles and serves
as a precursor to the formation of a cavitation bubble (panel 3
in Fig. 1). The rapid deceleration of the higher density metal
layer by the lighter supercritical water creates classical condi-
tions for the development of Rayleigh-Taylor instability** at the
decelerated interface. The large magnitude of the deceleration
at the initial stage of the plume expansion, on the order of
10" m s~ 2, brings the characteristic length and time scales of
the interface roughening due to the Rayleigh-Taylor instability
down to tens of nanometers and hundreds of picoseconds.*’
The thin hot metal layer roughened by the Rayleigh-Taylor
instability has limited stability and can readily disintegrate
into large (tens to hundreds of nanometers) nanoparticles.
Moreover, the backside impacts from large metal droplets
ejected with the assistance of photomechanical processes
and joining the hot molten metal layer at a later time can
induce pressure pulses in the layer that are sufficiently strong
to cause jetting and injection of metal droplets directly into
the high-density water region located above the low-density
mixing region®*" (panel 4 in Fig. 1). As discussed in ref. 41, the
jetting can be attributed to Richtmyer-Meshkov instability
that occurs when a pressure pulse impinges a rough interface
between two fluids of different density.** The two fluids are
the heavier metal layer and lighter supercritical water, and the
interface is roughened by the Rayleigh-Taylor instability
emerging during the ablation plume deceleration by the water
environment, as discussed above.

The two distinct mechanisms of the nanoparticle formation,
the rapid nucleation and growth of small nanoparticles in the
metal-water mixing region and the breakup of the hot metal
layer into larger droplets due to the hydrodynamic instabilities
(panels 5 and 6 in Fig. 1), yield nanoparticles of two different
size ranges as early as several nanoseconds after the laser
irradiation. This computational result provides a plausible
explanation for the experimental observations of bimodal
nanoparticle size distributions in femtosecond and picosecond
PLAL experiments.®**™*® Moreover, the injection of large nano-
particles into water beyond the cavitation bubble boundary,
predicted in the simulations, is confirmed in recent double-
pulse cavitation bubble imaging experiments,® as well as in
time-resolved X-ray probing of the size and crystallinity of
nanoparticles present in the expanding cavitation bubble."
In agreement with the computational predictions, the latter
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study confirms that large nanoparticles are present already at
the advancing front of the bubble, and the first particles are
detected even before the bubble front reaches the level of the
probe beam. The rapid cooling and crystallization of the
liquid droplets injected into the dense water environment
above the cavitation bubble boundary are observed in the
simulations®*" and, indeed, the largest crystalline domains
are detected for nanoparticles located outside the cavitation
bubble in the experiments.'® A recent computational study*?
also reveals that a prompt disintegration of the dense metal
layer formed at the plume-water interface can be assisted by
the lateral pressure gradients created by spatially modulated
laser energy deposition, thus suggesting a possible method for
suppressing the generation of the largest nanoparticles and
minimizing the material waste in the nanoparticle generation
by PLAL.

The multistep physical picture of the nanoparticle formation
discussed above for ultrashort pulse (femtosecond and pico-
second) laser ablation in liquids is likely to change when the
pulse duration is increased to hundreds of picoseconds or
nanoseconds. Indeed, the nanoparticle size distributions in
nanosecond PLAL tend to be narrower,*® and the separation
into two modes of the bimodal size distributions is less
pronounced. Nevertheless, the coexistence of small (several
to tens of nanometers) and large (tens to hundreds of
nanometers) nanoparticles is still observed in nanosecond
PLAL experiments,”>>>*%%! and the large nanoparticles can
make up a substantial fraction of the mass-weighted nanopar-
ticle size distribution.”® The two subgroups of nanoparticles
have also been identified in time-resolved small-angle X-ray
scattering (SAXS) probing of cavitation bubbles generated in
nanosecond PLAL.°?°?* The two groups are commonly
described as “primary” and ‘“secondary” nanoparticles, implying
a sequential generation of the secondary nanoparticles through
collisions and agglomeration of the primary ones,**® with the
latter assumed to form through the condensation from
the vapor phase at the initial stage of the cavitation bubble
expansion. More recent SAXS probing of the cavitation bubble
interior,”" however, suggests that at least some of the large
nanoparticles are already present inside the expanding cavita-
tion bubble, where they coexist with the smaller nanoparticles.
These observations are consistent with the results of MD
simulations discussed above, which suggest that alternative
scenarios of the large/secondary nanoparticle generation may
already be realized at the early stage of the ablation process.
The applicability of the computational predictions obtained in
the simulations of femtosecond/picosecond PLAL to longer
pulses, however, is questionable and should be tested in
additional simulations.

In this paper, we extend the MD simulations to longer
(hundreds of picoseconds and nanoseconds) laser pulses and
focus our attention on the mechanisms responsible for
the generation of nanoparticles at the initial dynamic stage of
laser ablation. By relating results of these simulations to the
physical picture reviewed above for the ultrashort (up to tens
of picoseconds) laser pulses, the possible origins of the
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dependence of the nanoparticle size distribution on laser pulse
duration are discussed.

2. Computational setup

The simulations reported in this paper are performed for a bulk
Ag target covered by water and irradiated by 400 ps, 1 ns,
and 2 ns laser pulses. A model combining a fully atomistic
description of laser interaction with the metal target,>*?*°*%% 3
coarse-grained representation of the water environment,*%>>3°
and acoustic impedance matching boundary conditions
designed to mimic the nonreflecting propagation of the laser-
induced pressure waves through the boundaries of the compu-
tational domain®” is used in the simulations. To facilitate the
comparison with earlier results obtained for shorter, 100 fs and
10 ps, laser pulses,®*! the same computational setup is used
in the present study. Since a complete description of the
combined model is provided in ref. 8, 40 and 41, only a brief
description of the model and the computational setup is
provided below.

A schematic representation of the computational system is
shown in Fig. 2. The laser interaction with a bulk Ag target is
simulated with an atomistic MD model combined with a
continuum-level description of laser excitation of conduction
band electrons followed by electron-phonon equilibration based
on two-temperature model (TTM).>® The combined TTM-MD
model is described in earlier publications,****** and the para-
meters of the model used in the simulations of laser interaction
with Ag are provided in ref. 8, 40, 41 and 54. Briefly, the
description of the electron temperature dependences of the
electron-phonon coupling factor and electron heat capacity of
Ag included in the TTM equation accounts for the thermal
excitation from the electron states below the Fermi level.”® The
temperature dependence of the electron thermal conductivity
is described by the Drude model relation with the electron-
electron and electron-phonon scattering rates estimated
within the free electron model and fitted to the experimental
values of thermal conductivity of solid Ag at the melting
temperature.® The expansion, density variation, and disinte-
gration of the irradiated target predicted in the MD part of
the model are accounted for through the corresponding
changes of the parameters of the TTM equation for electron
temperature.

The liquid environment is represented by a combination of a
coarse-grained (CG) MD model*®*>”° used in the vicinity of the
irradiated target with a non-reflecting boundary condition®”
(NRB-w in Fig. 2). The boundary condition is parametrized to
simulate a non-reflecting propagation of the pressure wave
generated by laser ablation of the Ag target from the CG water
region into the overlying semi-infinite water environment.
In the CG MD model, each particle represents several water
molecules, and the degrees of freedom missing in such CG
representation of water are accounted for through a heat bath
approach that associates an internal energy variable with
each CG particle."®>>*® The CG model is fitted to exactly
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Fig. 2 Schematic representation of the initial system used in simulations
of short pulse laser interaction with a bulk Ag target in water. The top part
of the Ag target (shown by grey color) is represented by TTM-MD model,
whereas the temperature evolution in the deeper part of the target is
described by TTM equations. A 285 nm-thick layer of water adjacent to the
metal target is represented by a coarse-grained MD model (CG water).
At the bottom of the TTM-MD domain and on the top of the CG water
region, the non-reflecting propagation of the laser-induced pressure waves
is reproduced by acoustic impedance matching boundary conditions
denoted as NRB-Ag and NRB-w, respectively. In the lateral directions,
parallel to the irradiated surface, periodic boundary conditions are applied.
The dimensions of the computational system marked on the schematic
are used in the simulation of 400 ps pulse laser irradiation discussed in
Sections 3.1 and 3.2. A smaller system with lateral dimensions of 4.94 nm x
4.94 nm is used in the simulations performed for longer pulse durations of
1 and 2 ns and reported in Section 3.3.

reproduce the density and heat capacity of water, while other
properties relevant to the simulation of laser ablation in water,
such as speed of sound, bulk modulus, viscosity, surface energy,
melting temperature, critical temperature, and critical density, do
not deviate from the experimental values by more than 25%.*>>

The interatomic interactions in the TTM-MD part of the
model are described by the embedded atom method (EAM)
potential with the functional form and parameterization
developed in ref. 60. Although this potential is originally fitted
to low-temperature values of the equilibrium lattice constant,
sublimation energy, elastic constants, and vacancy formation
energy, it also provides an adequate description of high
temperature thermodynamic properties of Ag relevant to
the simulation of laser-induced processes.*®*3457:61.62 p
particular, the equilibrium melting temperature, T, deter-
mined in liquid-crystal coexistence MD simulations is found
to be 1139 K,** about 8% below the experimental value of
1235 K. The critical temperature is roughly estimated to be in
the range of 3500-4500 K based on the conditions for the onset
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of the phase explosion in small-scale MD simulations.®” In the
present work we perform a more accurate evaluation of the
liquid-vapor binodal, critical point, and surface tension of
the model EAM Ag, with the results provided in the Appendix.

The atomistic TTM-MD representation is used only in the
top 500 nm-deep part of the metal target, where the laser-
induced phase transformations take place. In the deeper part
of the target, beyond the TTM-MD region, the electron heat
conduction and the energy exchange between the electrons and
the lattice are described by the conventional TTM equations. The
TTM part of the model extends 6.5 pm down from the irradiated
surface of the Ag target to ensure the absence of any significant
increase in the electron or lattice temperatures at the bottom of
the computational domain by the end of the simulation. At the
boundary between the TTM-MD and TTM parts of the model,
another acoustic impedance matching boundary condition
designed to mimic a non-reflecting propagation of the laser-
induced pressure wave into the bulk of the Ag target (NRB-Ag in
Fig. 2) is applied. The NRB-w and NRB-Ag boundary conditions
implicitly simulate a liquid overlayer and a metal target that
are sufficiently thick, so that the reflections of laser-induced
pressure waves from the free surface of the liquid overlayer and
the back side of the bulk metal target do not play any role in the
generation of nanoparticles.

The computational system represents a small region within
the laser spot, and periodic boundary conditions are applied in
the lateral directions, parallel to the surface of the target. In the
simulation discussed in Sections 3.1 and 3.2, where 400 ps laser
pulse is used, the lateral dimensions of the computational system
are 49.4 nm x 49.4 nm. With a 500 nm-deep part of the Ag target
represented with atomic resolution and a 285 nm-thick part of the
water environment represented by CG MD, the model includes
70 million Ag atoms and 8.5 million CG particles. The relatively
large number of atoms/particles in the computational system
and the need to follow the evolution of the system for as long as
8 ns make the computational cost of the simulation rather high
and prevent us from running multiple simulations for different
irradiation conditions. Therefore, a much smaller computa-
tional system with lateral dimensions of 4.94 nm x 4.94 nm
(699840 Ag atoms and 84868 CG water particles) is used in
three additional simulations reported in Section 3.3 and per-
formed for longer pulse durations of 1 and 2 ns. In this case,
the small lateral size of the computational system prevents us
from any meaningful analysis of the nanoparticle formation or
size distributions. Nevertheless, these small-scale simulations
still provide some useful complementary information on the
thermodynamic conditions realized in nanosecond PLAL. All
systems used in the simulations are thoroughly equilibrated at
300 K before applying the laser irradiation.

The energy deposition by a laser pulse is simulated through
a source term added to the TTM equation for the electron
temperature.>® The source term simulates the excitation of the
conduction-band electrons by a laser pulse with a Gaussian
temporal profile and reproduces the exponential attenuation of
laser intensity with depth under the surface (Beer-Lambert
law). The effective depth of the laser energy deposition used
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in the source term includes the optical penetration depth and
the effective depth of the “ballistic”” energy transport before the
thermalization of the excited electrons.®*"** The implementa-
tion of the source term is based on a cell-by-cell attenuation of
the laser light to allow for the laser energy deposition into the
surface region of the target undergoing expansion during the
laser pulse. The mass absorption coefficient is considered to be
constant, i.e., when the material expands, the local linear
absorption coefficient decreases according to the local changes
of the material density. Given the dominant role of the thermal
conduction in defining the energy and temperature profiles
produced in the surface region of the irradiated target by laser
pulses longer than a hundred of picoseconds, this approach
to the laser energy deposition is unlikely to introduce any
significant artifacts to the results of the simulations. To ensure
complete deposition of the laser pulse energy to the target, the
maximum of the Gaussian temporal profile is shifted with
respect to the start of the simulation (zero time) by 2.5t
where 7, is the laser pulse duration defined as the full width
at half-maximum of the Gaussian profile.

The conversion of the absorbed laser fluence used in the
simulations to the incident laser fluence, usually reported in
experimental studies, becomes less straightforward as com-
pared to ultrashort pulses, where the electron temperature
dependence of the reflectivity and optical absorption coefficient
can be evaluated theoretically®®* by neglecting the material
expansion and the onset of density fluctuations during the laser
pulse. While the prompt material decomposition into vapor,
small atomic clusters and droplets is suppressed in PLAL due to
the ablation plume confinement by the liquid environment, the
density fluctuations and nucleation of first atomic clusters at
the Ag-water interface are still observed at the tails of the
Gaussian temporal profiles of 1 ns and 2 ns laser pulses (see
Fig. 11). A realistic modeling of the laser interaction with
superheated material that is just starting to undergo phase
decomposition and cannot yet be represented as a mixture of
well-defined individual components (atoms, ions, electrons,
atomic clusters and spherical droplets) is far from being
straightforward and is beyond the scopes of this paper. For
the pulse duration of 400 ps, however, the relatively high
density of the front part of the ablation plume and the retention
of the fairly sharp plume-water interface during the pulse
duration (e.g., see the Ag density profile for 1.4 ns in Fig. 3c
and note that the laser intensity peaks at 1 ns for this pulse
duration) support the validity of the simplified treatment of the
laser energy deposition used in the simulations.

3. Results and discussion

The dependence of the nanoparticle generation mechanisms in
PLAL on the laser pulse duration is explored in this work based
on the results of four atomistic simulations. The general
picture of PLAL and the evolution of thermodynamic para-
meters during the ablation process are discussed first, in
Section 3.1, based on the results of a large-scale simulation of
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Fig. 3 The density and temperature evolution predicted in a large-scale atomistic simulation of a bulk Ag target irradiated in water by a 400 ps laser
pulse at an absorbed fluence of 600 mJ cm~2. The irradiation conditions correspond to the regime of phase explosion confined by the water
environment. The density and temperature distributions are presented in the form of contour plots (a and b) and profiles plotted for several moments of
time and focused on the expanding ablation plume—-water mixing region (c). In the contour plots, two black lines outline the water—Ag mixing region
defined as a region where both water molecules and Ag atoms are present. The blue dotted background in (a and b) represents the implicit presence of
water beyond the pressure-transmitting boundary (NRB-w in Fig. 2) applied at the top of the water layer explicitly simulated with coarse-grained MD. The
black dashed lines in (a and b) mark the approximate trajectory of the transient dense layer generated at the plume—water interface and the averaged
position of large nanoparticles originating from this layer. This dashed line separates two parts of the ablation plume—water mixing region (marked as R1
and R2 in the density contour plot) where different kinetics of the nanoparticle formation is observed. The temporal shape of the Gaussian laser pulse is
shown in the density contour plot by the white dashed curve. In (c), the density profiles are shown by blue lines outlining grey areas for water and by
green lines for Ag. The corresponding temperature profiles are shown by red curves. The levels of the horizontal dashed lines crossing the profiles shown
for 2500, 3000, and 3500 ps correspond to the locations of the dashed line separating regions R1 and R2 in the contour plots.
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a bulk Ag target irradiated in water by a 400 ps laser pulse at an
absorbed fluence of 600 mJ cm ™2 The value of laser fluence is
chosen to be the same as the one used in a simulation of PLAL
of Ag by a shorter 10 ps laser pulse reported in ref. 8, thus
allowing for direct comparison of the computational predic-
tions for the two pulse durations. The distinct nanoparticle
generation mechanisms identified in different parts of the
emerging cavitation bubble are discussed in Section 3.2. Finally,
in Section 3.3, the effect of further increase of the laser pulse
duration is explored in three smaller-scale simulations performed
with 1 ns and 2 ns laser pulses.

3.1. Microscopic picture and mechanisms of ablation
plume-water interaction

The simulation discussed in this section is performed for a Ag
bulk target irradiated in water by a 400 ps laser pulse at an
absorbed fluence of 600 mJ cm™2. These irradiation conditions
correspond to the regime of phase explosion discussed in the
introduction, and the absorbed fluence is about three times
higher than the threshold fluence for the onset of the phase
explosion.*! The temperature and density evolution during the
ablation process, illustrated in Fig. 3, as well as the visual
picture of the ablation plume interaction with water environ-
ment provided by atomistic snapshots in Fig. 4, exhibit both
similar and distinct characteristics to those reported earlier for
the same absorbed fluence but shorter, 10 ps, laser pulse.®
Similar to the ablation by the shorter pulse, the ablation plume
produced by the phase explosion of a superheated surface
region of the irradiated target is attempting to expand but is
rapidly decelerated by the water environment, leading to accu-
mulation of the hot front part of the plume at the interface with
water. The “vigor” of the plume expansion and, as a result, the
density of the hot metal layer formed at the plume-water
interface, however, are substantially reduced in ablation by
the longer 400 ps pulse. Indeed, as can be seen from Fig. 3
and similar density plots in ref. 8, the plume front density at
the end of the deceleration stage (~2 ns) is ~2-4 g cm " in the
simulation performed with 400 ps laser pulse (Fig. 3), while it
reaches ~6 g cm > under irradiation by the shorter, 10 ps, laser
pulse.® Moreover, the jetting of hot molten metal into the dense
water environment beyond the boundary of the emerging
cavitation bubble, observed for shorter laser pulses and attributed
to the sequential occurrence of Rayleigh-Taylor and Richtmyer-
Meshkov instabilities at the plume-water interface,>*" is absent in
the case of the longer pulse. Instead, the top part of the ablation
plume in contact with water environment decomposes into large
droplets of molten Ag by the time of 2.5 ns, as can be seen from
the series of snapshots shown in Fig. 4.

The distinctly different dynamics at the plume-water inter-
face observed in the simulations performed with laser pulse
durations of 10 and 400 ps can be understood by considering
the characteristic times of redistribution of the deposited laser
energy by the thermal conduction and stress waves, 7y, and 7,
respectively. By relating ty, and 75 to the time of the laser-
induced heating, which can be taken as the laser pulse duration,
Tp, OF the characteristic time of the electron-phonon equilibration,
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Te-phy Whichever is longer, the conditions of thermal and stress
confinement can be formulated.?®*%***%>” The condition
of thermal confinement, in particular, can be expressed as
max{ty, Te_pn} < L.*/(2Dy), where max{. ..} denotes the selection
of the largest of the two time constants, L. is the diffusive/
ballistic penetration depth of the excited electrons before the
electron-electron and the electron-phonon equilibration, and Dy
is the thermal diffusivity of the target material. The condition of
stress confinement can be expressed as max{t,, Te-pn} < Lc/Cs,
where Cjs is the speed of sound in the target material.

Using the estimates provided in ref. 57 for the ultrashort
pulse laser interaction with Ag, namely, t.,n, & 8 ps, L. ~
140 nm, Dy = 1.47 x 10" m*> s7' (near melting temperature),
and C, = 3650 m s~ ', we conclude that the conditions of both
thermal and stress confinement are satisfied for t, = 10 ps, and
neither thermal nor stress confinement is realized for t, = 400 ps.
The absence of the stress confinement in the case of 400 ps laser
pulse means that the region heated by the laser can undergo
mechanical relaxation (expansion) during the laser pulse. As a result,
the maximum compressive pressure observed in this simulation
reduces down to ~4.8 GPa with respect to almost 8 times higher
maximum pressure of 38 GPa recorded in the simulation performed
with 10 ps laser pulse. The absence of the thermal confinement for
the 400 ps pulse irradiation allows for a substantial heat diffusion
away from the region of the initial electron-phonon thermalization
of the deposited laser energy, which is manifested by a reduction of
the maximum temperature from ~12000 to ~8000 K as the laser
pulse duration increases from 10 to 400 ps.

The effective thermal conduction to the bulk of the target and
the reduced level of mechanical stresses result in a “gentler”
ablation observed in the simulation performed with 400 ps laser
pulse. The much lower mechanical stresses, in particular, limit
the depth from which the initial material ejection occurs to
the depth where the temperature exceeds the threshold level
required for the onset of the phase explosion, ~186 nm. In
contrast, at the same laser fluence, the dynamic relaxation of
strong laser-induced stresses generated upon irradiation by
10 ps laser pulse leads to the ejection of additional colder parts
of the molten material, down to ~325 nm below the initial
surface.® Moreover, for 10 ps laser pulse, the collision of the
colder material ejected from deeper regions of the target with the
hot metal layer formed at the plume-water interface is found to
be responsible for jetting of the melt into the cold/dense water
environment, beyond the boundary of the cavitation bubble.**'
For 400 ps laser pulse, without the ejection of colder droplets
driven by the relaxation of photomechanical stresses, no jetting
from the plume-water interface is observed.

As can be seen from Fig. 3, the interaction of the ablation
plume with water environment can be separated into two stages.
At the first stage, the top part of the irradiated target undergoes
phase explosion, rapidly expands, and pushes the overlying
water away from the target. The resistance of the water environ-
ment decelerates the ablation plume and, by the time of ~2 ns,
stops the outward motion of the plume accumulated near
the interface with water. A big fraction of the ablation plume is
then reflected back and is eventually redeposited on the target.
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Fig. 4 Snapshots of atomic configurations predicted in a large-scale atomistic simulation of a bulk Ag target irradiated in water by a 400 ps laser
pulse at an absorbed fluence of 600 mJ cm™2. Only a part of the computational system from 85 to 535 nm with respect to the initial surface of the
Ag target is shown in the snapshots. The atoms are colored according to their potential energies, from blue for molten Ag to red for vapor-phase Ag
atoms. The molecules representing water environment are not shown (see Fig. 5 for clarification), and the presence of water is illustrated
schematically by a light blue background color. Animated sequence of snapshots from this simulation with a time resolution of 100 ps is provided
as ESI,§ for this article.
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Fig. 5 An illustration of the approach adopted for plotting snapshots
of atomic configurations. The coarse-grained particles representing
water environment are shown in the left snapshot and are deleted
(blanked) in the right one, with both images showing the same part of
the computational system at 2.5 ns after the start of the simulation
illustrated in Fig. 3 and 4. The latter representation provides a clear view
of the processes responsible for nanoparticle generation and is used in
Fig. 4 and 6. In the left image, the water molecules and Ag atoms are
shown by blue and red colors, respectively. In the right image, the atoms
are colored according to their potential energies, from blue for molten
Ag to red for vapor-phase Ag atoms.

This stage proceeds in a manner similar to that observed in the
simulation performed with a shorter 10 ps laser pulse,® although
in the case of the shorter pulse a more vigorous expansion
assisted by the relaxation of laser-induced stresses results in
the formation of a much denser layer that is pushed further away
from the target prior to the reflection and redeposition. The
maximum heights reached by the fronts of the ablation plume by
the end of the plume deceleration stage, ~2 ns, are 550 and
460 nm above the initial surface in the simulations performed
with 10 and 400 ps laser pulses, respectively.

Following the first dynamic stage of the plume interaction
with water environment, the second much slower stage starts,
where the upper part of the hot metal plume mixes with water,
leading to the formation and expansion of a low-density mixing
region. The water in contact with the hot metal is heated up to
the supercritical state, and the expansion of the supercritical
water mixed with metal vapor drives the expansion of the low-
density region. The extent of metal-water mixing is shown by
two black lines in Fig. 3a and b, which mark the maximum and
minimum heights where both Ag atoms and water molecules
are present. The appearance and expansion of the low-density
mixing region can be seen more clearly from the density
profiles shown in Fig. 3c. A region where the densities of both
metal and water are more than twice lower than the corres-
ponding densities of the adjacent metal layer and compressed
water environment can already be seen in the profiles shown
at 2 ns. This region undergoes rapid expansion during the
following several nanoseconds, reaching the width of ~170 nm
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by 3.5 ns (Fig. 3b and c¢) and ~450 nm by 8 ns (Fig. 3b). While it
would be misleading to directly map the values of density of
nonequilibrium mixture of vapor, clusters, and small droplets
to the equilibrium phase diagram calculated for the model
Ag material and provided in the Appendix (see Fig. 13a), we
note that the density of Ag in the mixing region is already below
the critical density of 2.29 g cm ™ at 2 ns (Fig. 3c), suggesting
that the material in this region is partially vaporized. Further
expansion of the mixing region leads to the additional reduction
of the density of Ag down to the levels characteristic of the vapor
phase, with bumps on the density profile reflecting the presence
of nanoparticles. A visual analysis of the simulation snapshots
(Fig. 4) supports these conjectures.

Up to ~7 ns, the expansion of the mixing region proceeds
more actively in the direction towards the target, where the
motion of the hot metal layer pushed back by the water
environment meets almost no resistance as it moves through
the gap between the remaining target and the hot metal layer,
Fig. 3b. This gap is filled with a low-density metal vapor that
remains rarified despite the compression caused by the shrinkage
of the gap. The sustained low density of the metal vapor in this
region during the compression (~0.014 ¢ cm > at 5 to 7 ns) can
be explained by the condensation to the target surface, which is
cooled down to ~1100 K by 7 ns due to the heat transfer to the
bulk of the target, Fig. 3a. The gap between the hot metal layer
and the target surface closes, and the downward expansion
of the low-density region ends at ~7 ns, when the layer is
redeposited to the target. As soon as the redeposited layer
comes into contact with the colder target, it rapidly cools down
and densifies, Fig. 3a and b.

The upward expansion of the low-density region is expected
to continue on a timescale much longer than those accessible
in atomistic simulations, producing a cavitation bubble
commonly observed in PLAL experiments.” "' The expansion
rate observed at 5-8 ns, if sustained, would bring the boundary of
the cavitation bubble to 5 um by the time of 1 us, while the abrupt
end of the downward expansion of the low-density region upon
the redeposition of the metal layer at ~7 ns can be expected to
further facilitate the upward expansion. This rough estimation
of the rate of the cavitation bubble expansion is at the lower
end of those observed in the experiments,””® although a direct
continuum-level multi-phase modeling of the long-term cavita-
tion bubble dynamics®>°® is needed for establishing quantita-
tive connections to the results of experimental probing of the
cavitation bubble dynamics.

In the discussion provided above, the low-density metal-
water mixing region is treated as a single entity. A mere visual
analysis of the density contour plot in Fig. 3b and the snapshots
of atomic configurations shown in Fig. 4 reveal that the mixing
region consists of two distinct sub-regions separated by a group
of large nanoparticles. These sub-regions are marked as R1 and
R2 in the density plots in Fig. 3 and the snapshot shown for a
time of 7.2 ns in Fig. 4. The atoms in the snapshots are colored
by their potential energies, with vapor-phase Ag atoms having
the highest potential energy and colored red. The abundance
of the vapor-phase atoms in sub-region R2 and a much lower
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Fig. 6 Enlarged views of a 15 nm-thick layer formed at the interface between the ablation plume and water environment in the simulation illustrated by
snapshots in Fig. 4. The location of this dense transient layer is marked by the dashed line in Fig. 3a and b. Water molecules are not shown, and the
coloring is based on the vertical coordinate of atoms ranging from red to blue in each snapshot. The snapshots illustrate the plume accumulation,
deceleration, and cooling due to the interaction with water environment, leading to the formation of large liquid droplets.

density of such atoms in sub-region R1 are apparent from the
snapshots. Moreover, the nanoparticles generated in sub-region R2
are much larger than those formed in sub-region R1. A detailed
discussion of the distinct mechanisms and kinetics of the nano-
particle generation in the two regions is provided below, in
Section 3.2. At the end of this section, we only briefly describe
the processes leading to the appearance of the two distinct sub-
regions separated by a narrow interfacial layer that promptly
decomposes into a group of large (>10 nm) nanoparticles.

As discussed above, the initial interaction of the ablation
plume with water environment leads to the rapid deceleration
of the plume and accumulation of the ejected material at the
plume-water interface. As can be seen from the density profiles
shown for 1.4 ns in Fig. 3c and the snapshots shown for 1.2 and
1.5 ns in Fig. 4, the plume-water interface remains relatively
sharp at the initial stage of the rapid ablation plume expansion.
Rapid deceleration of the plume and cooling of the metal in
direct contact with the water environment, however, causes
roughening of the interfacial layer and its decomposition into
several large nanoparticles with diameters on the order of
10 nm by ~2.5 ns. To better illustrate the process of the interfacial
layer decomposition, several enlarged views of a 15 nm-thick
interfacial layer are shown in Fig. 6. The rapid decomposition of
the interfacial layer can be attributed to the fast cooling and
condensation in the top part of the plume due to the interaction
with water environment, combined with the development of
Rayleigh-Taylor instability at the interface between the heavier
metal layer decelerated by lighter water environment, similar to
that discussed for shorter pulses in ref. 8, 40 and 41. The location
of the interfacial layer that undergoes the decomposition into
large nanoparticles can be identified from pronounced peaks at
the front of the Ag density profiles in Fig. 3c. The location of the
layer and the subsequent averaged positions of three largest
nanoparticles that originate from this layer are marked by the
black dashed lines in Fig. 3a and b.

The decomposition of the interfacial layer lets the super-
critical water stream downward and interact with the part of the
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ablation plume retreating towards the target. This interaction
triggers a rapid formation of relatively large nanoparticles due
to spinodal decomposition of the expanding Ag rapidly cooled
from the supercritical state (note that the critical temperature
of the model EAM Ag is T. = 3360 K, as identified in the
calculations described in the Appendix). As the lower part of
the hot metal layer moves towards the target, it is joined with
the colder material ejected from deeper parts of the target,
leading to cooling and densification of the layer (Fig. 3a and b),
with a simultaneous sharpening of the interface between the
metal layer and the R2 part of the low-density mixing region
(¢f density profiles for Ag at 2.5, 3, and 3.5 ns in Fig. 3c).

Both water and metal atoms are present not only below but
also above the interfacial region, i.e., in sub-region R1. In this
sub-region, the density of the metal is much lower, the density
of water is higher, and the temperature is lower, as compared to
sub-region R2. The origin of the metal atoms, clusters and
nanoparticles in sub-region R1 is also different from that in
sub-region R2. The main source of metal atoms in sub-region
R1 is the active evaporation from the hot plume-water interface
formed during the initial plume expansion. The evaporation
subsides by the time the interfacial region cools down due to
the interaction with water and decomposes into the large
nanoparticles, i.e., by ~2.5 ns. The hot metal vapor in sub-
region R1 mixes with supercritical water, rapidly cools down,
and condenses into clusters and nanoparticles, as discussed
and quantified in the next section.

3.2. Nanoparticle generation mechanisms and evolution of
their size distribution

Based on the discussion of processes occurring during
the short pulse PLAL provided in the previous section, three
distinct nanoparticle generation mechanisms operating at
different stages of the ablation process and in different parts of
the ablation plume can be identified. These three mechanisms,
leading to the generation of three groups of nanoparticles with
distinctive characteristic sizes, are discussed next.
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First, the formation of a thin transient metal layer at the
interface between the ablation plume and water environment
followed by its subsequent decomposition is responsible for the
generation of large nanoparticles at the early stage of the
ablation process. This process is illustrated in Fig. 6, where
the emergence of three nanoparticles with final diameters of
16.5 nm (134 239 atoms), 14.3 nm (87 593 atoms), and 12.5 nm
(59382 atoms) can be observed by the time of 2.5 ns. Note
that, because of the use of periodic boundary conditions, some
of the nanoparticles may be “split” by the boundaries and
different parts of the same nanoparticle may appear on oppo-
site sides of the computational cell in the snapshots shown in
Fig. 4-6. As discussed in the previous section, the roughening
and decomposition of the interfacial layer are caused by the
fast cooling and deceleration of the top part of the plume
that comes into direct contact with the water environment.
While these processes are similar to those responsible for the
roughening of the plume-water interface observed in simula-
tions of PLAL performed with ultrashort laser pulses,®*%*! the
lower density of the metal layer accumulated near the plume-
water interface enables more extensive mixing with water and
facilitates the decomposition of the top part of the metal layer
into individual nanoparticles. The products of the layer decom-
position remain inside the emerging cavitation bubble and are
not ejected beyond the boundary of the bubble, as has been
observed in modeling and experimental probing of ultrashort
laser ablation of bulk Ag and Au targets.>'®*' We note that
recent MD simulations of ultrashort PLAL under conditions
of spatially modulated laser energy deposition** suggest that
prompt disintegration of the interfacial layer into nanoparticles
can be caused by lateral pressure gradients, leading to the
elimination of the largest nanoparticles that may form in the
course of slower layer decomposition.

The thermal history of the material that ends up in the three
large nanoparticles, shown in Fig. 7, reflects the processes
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Fig. 7 The time dependence of the temperatures of groups of atoms that
end up in the three large nanoparticles produced through the disintegra-
tion of the transient dense metal layer formed at the plume-liquid inter-
face (a), and a snapshot of the final configuration taken at a time of 8 ns,
with atoms colored by the local temperature (b).
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responsible for their formation. During the laser pulse, the
material is superheated significantly above the critical tempera-
ture. Rapid expansion of the ablation plume and its interaction
with water leads to the temperature drop by about a factor of
two within the following nanosecond. This temperature drop
coincides with decomposition of the interfacial metal layer into
large nanoparticles. Further cooling of the nanoparticles located in
the middle of the low-density metal-water mixing region becomes
much slower, and the temperature of the nanoparticles is still
above 1850 K, i.e., more than 60% above the equilibrium melting
temperature of the model EAM Ag, T}, = 1139 K, at the end of the
simulation, 8 ns. This slow cooling can be contrasted with the
rapid quenching and freezing of some of the large (10s of nm)
nanoparticles observed in the simulations performed with ultra-
short laser pulses,®*! where the large nanoparticles generated by a
cascade of hydrodynamic instabilities and injected into dense
water environment are rapidly quenched by the surrounding water
and crystallize within several nanoseconds.

The second distinct group of nanoparticles can be identified
in the upper part of the low-density mixing region, above the
transient interfacial layer and large nanoparticles marked by
the black dashed lines in Fig. 3, i.e., in sub-region R1 defined in
the previous section. The small nanoparticles in this region
appear at the early stage of the plume expansion and can
already be seen near the front of the expanding plume starting
from around 1 ns, when the dense transient layer is just
starting to form and detach from the plume front. In particular,
a large number of nanoparticles can be seen at 1.5 ns in the
enlarged snapshot of the plume-water interface shown in Fig. 6,
and the nanoparticles are clearly visible throughout the expanding
sub-region R1 in Fig. 4 at later times.

The kinetics of the nanoparticle formation in sub-region R1
is illustrated by Fig. 8a, where the time evolution of the
cumulative number of atoms present in this region in the form
of vapor (individual atoms), small clusters consisting of less
than 30 atoms (effective diameters below 1 nm), and nano-
particles of different sizes is plotted, as well as by Fig. 9, where
the nanoparticle size distributions are shown for different
times. From Fig. 8a, we see that at early times, before 2 ns,
the Ag atoms appear in this region in the form of vapor-phase
atoms and small clusters, reflecting the fact that the Ag atoms
are emitted into this sub-region from the hot transient metal
layer generated at the plume-water interface during the initial
stage of the ablation plume expansion. The interface is rapidly
cooled from the supercritical state down to below T. by ~2 ns
and to below 0.77. by 3 ns, as can be seen from the temperature
profiles plotted in Fig. 7a for the interfacial material contributing
to the large nanoparticles. The rapid cooling shuts down the
active evaporation from the interfacial metal layer, leading to the
saturation of the total number of Ag atoms in sub-region R1 after
2 ns. The transient drop in the total number of atoms in this
region between 2.5 and 3.5 ns, followed by a recovery during
the next nanosecond, can be explained by the exchange in the
vapor-phase atoms between sub-regions R1 and R2. The decom-
position of the dense interfacial layer into nanoparticles
enables an outflow of the Ag atoms from the higher-pressure
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Fig. 9 Results of the analysis of nanoparticles generated in a simulation illustrated by Fig. 3—7: nanoparticle size distributions shown for different times
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nanoparticles. The distributions are calculated separately for sub-regions R1 and R2 defined in Fig. 3. Large nanoparticles produced as a result of
decomposition of a transient interfacial layer illustrated in Fig. 6 are not included in the distributions.

sub-region R1 to the underlying subregion R2. At a later time,
the much higher density of Ag atoms in sub-region R2, com-
bined with the downward motion of the large clusters defining
the boundary between the two sub-regions, results in the
redistribution of the Ag atoms in the opposite direction, from
sub-region R2 to sub-region R1.

While the total number of Ag atoms in sub-region R1 stays
roughly constant after 2 ns, there is a clear redistribution of the
atoms from vapor and small atomic clusters to nanoparticles
with increasingly larger sizes, reaching the range of 4-5 nm by
7.5 ns. This observation reflects the process of rapid nucleation
and growth of nanoparticles from Ag vapor cooled by the
interaction with surrounding supercritical water. The steady
growth of the nanoparticles is also reflected in the evolution
of the nanoparticle size distribution shown for sub-region
R1 in Fig. 9, where the number of small nanoparticles with
diameters in the range of 1-2 nm is decreasing with time, while

7088 | Phys. Chem. Chem. Phys., 2020, 22, 7077-7099

the increasingly large nanoparticles appear in the distribution
as time progresses.

The generation of nanoparticles through the rapid nucleation
and growth in the low-density metal-water mixing region is the
mechanism that has also been identified in the simulations of
ultrashort pulse laser ablation of Ag in water.>*>*" It is particularly
instructive to compare the results discussed above to those
obtained in a simulation reported in ref. 8, where the same
absorbed laser fluence of 600 mJ cm™? and the same lateral size
of the computational cell are used, and the only difference is that
the target is irradiated by a shorter 10 ps laser pulse. The evolution
of both the cumulative number of atoms and nanoparticle size
distribution, provided in the ESI for ref. 8, are qualitatively similar
to those shown for sub-region R1 in Fig. 8 and 9. One difference
is that, contrary to the saturation of the cumulative number of
atoms after 2 ns observed in Fig. 8a, the number of atoms in the
metal-water mixing region generated in ultrashort PLAL exhibits
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a steady increase during the whole duration of the simulation
reported in ref. 8, ie., 5.5 ns. This continuous increase in
the number of Ag atoms can be attributed to the fact that the
low-density mixing region stays in the immediate contact with
the dense and hot metal layer that serves as a source of metal
vapor. In contrast, in the simulation performed with longer
400 ps laser pulse, the dense metal layer is separated from sub-
region R1 by a low-density sub-region R2, which prevents the
direct supply of Ag vapor from the dense and hot metal layer to
sub-region R1.

As a result of the continuous increase in the number of
atoms in the low-density mixing region in the simulation
performed with 10 ps laser pulse, the total number of atoms
reached in this region by 5.5 ns is about twice larger than that
in the simulation performed with 400 ps laser pulse. The overall
picture of the nanoparticle nucleation and growth, reflected in
the gradual redistribution of atoms from vapor and small
clusters to nanoparticles with increasing diameter, however,
is similar in both simulations. Moreover, the maximum size of
the nanoparticles generated through this mechanism by 5.5 ns
in the simulation reported in ref. 8 is the same as that produced
by 8 ns in the simulation reported in this paper, 4-5 nm in
diameter, as can be seen from Fig. 8a and 9. The observation of
the formation of nanoparticles through the nucleation and
growth in the low-density metal-water mixing region in simula-
tions of PLAL performed for bulk Ag targets irradiated by
100 fs,** 10 ps,® and 400 ps laser pulses, as well as for thin
Ag films irradiated by 40 fs laser pulses,*® suggests that this
mechanism is a common route of the nanoparticle generation
in PLAL, regardless the pulse duration and target geometry.

Finally, the third and the most numerous group of nano-
particles emerges in sub-region R2 after a time of 2 ns, as can be
seen from Fig. 4, 8b and 9. As discussed in the previous section,
the formation of nanoparticles in this sub-region can be attrib-
uted to the spinodal decomposition of the top part of the ablation
plume undergoing simultaneous expansion due to the reflection
of the ablation plume from the water environment and mixing
with the supercritical water. From Fig. 8b, we can see that the
spinodal decomposition results in almost simultaneous for-
mation of nanoparticles with a broad range of diameters, up to
7 nm, within a relatively short time span between 2 and 3 ns. The
mass-weighted size distribution of nanoparticles generated in
sub-region R2 by 3 ns is relatively flat, Fig. 9a, but undergoes a
marked shift to the right, in the direction of larger nanoparticles,
as time progresses. Notably, the number of Ag atoms in smaller
nanoparticles with sizes less than 4 nm rapidly drops, as can also
be seen from Fig. 8b, where the fields corresponding to nano-
particles with diameters from 1 to 4 nm visually collapse to
almost a single line by the end of the simulation. Most drama-
tically, the disappearance of small nanoparticles can be seen
from the size distributions provided in the form of number
frequency of nanoparticles of different sizes, Fig. 9b, where we
see that the number of nanoparticles in the range from 1 to 2 nm
drops from 1131 at 3 ns, to 336 at 4.5 ns, to 39 at 6 ns, and to zero
at 8 ns. Similarly, the number of nanoparticles in the range from
2 to 3 nm drops from 105 to 1 during the same time period.
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The sharp drop in the number of small nanoparticles and
complete disappearance of the smallest nanoparticles are
incompatible with the nucleation and growth mechanism
discussed above for sub-region R1. Indeed, the nucleation of
new nanoparticles from vapor or growth of the atomic clusters
would continuously generate nanoparticles with small diameters.
The complete disappearance of such nanoparticles suggests that
this route of the nanoparticle generation is blocked by thermo-
dynamic conditions in sub-region R2, while the appearance of
increasingly large nanoparticles can be attributed to the collision
and coalescence of smaller nanoparticles as well as the growth of
the largest nanoparticles through condensation of the vapor-
phase atoms.

To explain the difference between the processes responsible for
the nanoparticle formation in sub-regions R1 and R2, we use the
thermodynamic properties of the model EAM Ag to evaluate the
thermodynamic conditions leading to the size-dependent conden-
sation or evaporation of the nanoparticles (liquid droplets). First,
the critical diameter required for the nanoparticle condensation,
D, is evaluated as a function of vapor number density, n, and
temperature, T, using the Gibbs-Kelvin equation that relates
the curvature of the liquid-vapor interface to the saturation
vapor pressure.’” Assuming the proportionality between the
vapor pressure and density, D., of a droplet at equilibrium
with vapor of density n can be expressed as

Der = 4o/[mkyTin(n/n,)], ®

where ¢ is the surface tension of the liquid-vapor interface, n,
and n, are the equilibrium number densities of liquid- and
vapor-phase Ag (separated by a flat interface), respectively. The
values of g, n; and n, are calculated at different temperatures
and fitted to obtain continuous temperature dependencies
as described in the Appendix. The field of D, (n, T) is then
calculated with eqn (1), shown in the form of a contour plot in
Fig. 10, and used as a background for plotting the thermo-
dynamic conditions realized at different times in sub-regions
R1 and R2. These thermodynamic conditions are obtained by
averaging over the sub-regions R1 and R2 (the large nano-
particles produced at the boundary between the sub-regions
through disintegration of the interfacial layer are not included
in the averaging) and are provided in Table 1. While our
intention is to show the parameters of the vapor phase in the
two sub-regions, the low number of monomers in sub-region
R1 (from 38 at 3 ns down to 20 at 8 ns) makes the reliable
evaluation of temperature difficult. Therefore, the temperature
values for the data points plotted in Fig. 10 are the result of
averaging over atoms and clusters consisting of less than
30 atoms (effective diameter below 1 nm).

The locations of the circles and triangles with respect to the
field of D, (n, T) in Fig. 10 clearly illustrate the difference in the
thermodynamic conditions related to the nanoparticle growth
realized in these two regions during the first nanoseconds of the
ablation process. In the sub-region R1, the Ag atoms evaporated
from the interfacial layer are rapidly cooled by the surrounding
supercritical water and condense into clusters and nanoparticles
through the barrierless nucleation and growth process.
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Fig. 10 The contour plot outlining the critical (minimum) diameter of
particles that can grow by condensation from the surrounding vapor under
specific temperature T and Ag vapor density n conditions calculated based
on the Gibbs—Kelvin equation. The dashed line shows the saturation con-
dition for a flat vapor—liquid interface. The blue part of the field corresponds
to conditions where all nanoparticles can grow by condensation, while the
white area corresponds to conditions where particles of any size should
evaporate. The conditions realized in sub-regions R1 and R2, summarized in

Table 1, are shown by triangles (ngq, TXI™) and circles (Nro, TH3™), respectively.

Table 1 Thermodynamic parameters averaged over sub-regions R1 and
R2 defined in Fig. 3: number density of Ag monomers (n), temperature
averaged over Ag monomers and clusters with effective diameters below
1 nm (T'"™), and temperature averaged over all Ag atoms (T°). The
subscripts R1 and R2 denote the sub-region for which the calculations
are performed. The large nanoparticles produced at the boundary
between the two sub-regions through disintegration of the interfacial
layer are not included in the calculation of TEH' and T?Jﬁ (the temperature
evolution of these nanoparticles is shown in Fig. 7a)

Sub-region R1
Ri™ (K] Thi [K] nge [nm "] T3™ [K] TRs [K]

Sub-region R2

Time [ps] 7ngs [nm?]

3000 1.5 x 1072 1592 1453 0.49 2988 3066
4000 5.3 x 107 1478 1224 0.35 2839 2818
5000 4.0 x 107 1613 1277  0.28 2729 2744
6000 4.0 x 10 1523 1292 0.20 2621 2608
7000 3.2 x 107 1484 1306  0.16 2572 2539
8000 2.4 x 107 1433 1237  0.12 2495 2467

Indeed, all the triangles are located deep into the blue part of
the D, (n, T) contour plot, where the critical diameter for
nanoparticle condensation is comparable to interatomic dis-
tance in the liquid state. While the physical model behind
eqn (1) becomes invalid for such small diameters, the thermo-
dynamic conditions leading to the vanishing critical diameter
are still indicative of the barrierless nucleation. The process of
barrierless nucleation and growth is reflected in the sequential
redistribution of Ag atoms from vapor and small atomic
clusters to nanoparticles in Fig. 8a as well as in the evolution
of the nanoparticle size distributions shown for sub-region R1
in Fig. 9 and discussed above.

In contrast to sub-region R1, the points for sub-region R2
(circles in Fig. 10) are initially located within the white part of
the contour plot, which corresponds to conditions of under-
saturation, where nanoparticles of all sizes should evaporate
rather than grow. As time progresses, the points approach and

7090 | Phys. Chem. Chem. Phys., 2020, 22, 7077-7099

PCCP

enter (at 7 and 8 ns) the region where the largest nanoparticles
are above the critical radius for growth. This observation
explains the rapid disappearance of small nanoparticles in
sub-region R2, which is apparent from Fig. 8b and 9. According
to the calculation of the average vapor density and temperature,
however, all nanoparticles should shrink/evaporate, which
contradicts the observation of a steady rise in the population
of large nanoparticles. The increase in the number of large
nanoparticles can be explained by two factors. First, the high
density of the ablation plume in sub-region R2 facilitates the
formation of larger nanoparticles through the collision and
coalescence of smaller ones. Second, the nonuniformity of the
temperature distribution within sub-region R2 may also play a
role. The temperature nonuniformity can be seen from the
snapshot shown in Fig. 7b, where the atoms are colored by
local temperature. The upper part of sub-region R2, where the
largest nanoparticles are located, is somewhat colder, and
the conditions for growth of large nanoparticles by vapor
condensation may be realized there at earlier times.

The comparison of temperature values averaged over all
atoms, 7°", and small atomic clusters, 7™, in sub-regions R1
and R2, listed in Table 1, also reflects the difference in the
processes of the nanoparticle formation in the two sub-regions.
In sub-region R1, the vapor phase atoms and small atomic
clusters have temperature that is consistently higher than the
temperature calculated by averaging over all atoms in this sub-
region, i.e., Ty™ > T8, This observation reflects the sequential
redistribution of atoms from vapor to clusters and to nano-
particles in the barrierless nucleation and growth occurring in
this sub-region and discussed above. The vapor has relatively
high initial temperature, since it originates from the hot inter-
facial metal layer as well as the large nanoparticles generated
from the decomposition of this layer. As the vapor condenses
into clusters and nanoparticles, the temperature drops due to
the interaction with water environment. The larger is a nano-
particle, the longer it has been present in the dense water
environment and has experienced cooling by the water. In
contrast, the rapid decomposition of the hot metal expanding
from the supercritical state in sub-region R2 produces a dense
mixture of vapor and nanoparticles that undergoes a rapid
thermal equilibration between the different plume components.
The nanoparticles emerge from the decomposition with some-
what higher temperatures,®'* as reflected by T > Tra™ at 3 ns,
but the difference between T3% and TL3™ becomes statistically
insignificant at later times.

The location-dependent cooling of nanoparticles within
the expanding low-density metal-water mixing region at the
initial stage of the cavitation bubble expansion has important
implications for the long-term evolution of the nanoparticle
size distribution. The small nanoparticles formed in sub-
region R1 through the nucleation and growth at the front of
the mixing region are already cooled down by the surrounding
dense water environment to temperatures below the melting
temperature (blue color in Fig. 7b) and crystallize by the end of
the simulation. Similarly fast cooling and freezing of nano-
particles at the front of the expanding cavitation bubble have
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been predicted in simulations performed with ultrashort laser
pulses®*®*! and observed in recent time- and spatially-resolved
X-ray probing of nanoparticles present in different parts of the
cavitation bubble generated by 12 ps pulse laser ablation of
Au and Ag."

In contrast to the rapid quenching of the small nanoparticles
at the front of the emerging cavitation bubble, the large nano-
particles generated by disintegration of the interfacial region
undergo much slower cooling following their formation at
~2.5 ns and still have temperatures above 1.6T;, at the end of
the simulation (Fig. 7a). The temperature of nanoparticles
generated below the interfacial layer, in sub-region R2, is even
higher, with the average temperature of T3 = 2467 K = 0.73T, =
2.17Ty, calculated for this sub-region at the end of the simula-
tion (Table 1). Given the relatively low rate of cooling and the
high density of the molten nanoparticles in the lower part of the
cavitation bubble (interfacial region and underlying sub-region
R2), it is reasonable to expect that the process of collision and
coalescence of the nanoparticles will play a major role in defin-
ing the long-term evolution of the nanoparticle size distribution.
Moreover, the formation of nanoparticles through liquid-phase
coalescence and relatively slow cooling can be expected to yield
spherical crystalline nanoparticles featuring close-to-equilibrium
microstructure. Note that, while the addition of salts or other
surfactants to the liquid environment has been demonstrated to be
effective in quenching the nanoparticle size distribution,>"**%%7°
the ability of surfactants to prevent or reduce the coalescence of
molten nanoparticles at this early stage of the ablation process is
questionable due to the low density and high temperature of the
supercritical water in this region, as well as the complexity of its
interaction with the nanoparticles. The results of recent time-
resolved experimental probing of the nanoparticle formation,*!
though, reveal that the nanoparticle size quenching by salts added
to the liquid environment can already be observed by 90 ps after the
laser pulse, ie., at a time when the cavitation bubble is still
expanding. These results indicate that the nanoparticle-ion inter-
actions responsible for the size reduction may indeed occur in the
low-density environment of the cavitation bubble.

The observation that the total number of atoms in sub-
region R2 is about 20 times larger than that in sub-region R1
(Fig. 8) suggests that the total yield of the nanoparticles can
be larger for the same amount of the deposited laser energy
(i.e., the same absorbed fluence) when the target is irradiated
by a short (hundreds of picoseconds or nanoseconds) rather
than ultrashort (tens of picoseconds or shorter) laser pulses, as
the sub-region R2 does not appear in the latter case. Moreover,
the population of nanoparticles produced by the three mechan-
isms discussed above is likely to have a broad size distribution,
with nanoparticles generated in sub-region R2 filling the inter-
mediate range between the smallest ones quenched at the front
of the cavitation bubble and the large ones formed by the
interfacial layer decomposition. While the prediction of the
higher nanoparticle yield produced by the short laser pulses
still awaits confirmation by experiments where the absorbed
energy is carefully controlled and characterized, the broad size
distributions are, indeed, commonly observed in experiments
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performed with short laser pulses.”"*>*°~>" In contrast, nano-
particles produced with ultrashort laser pulses, where sub-
region R2 does not appear,® can exhibit pronounced bimodal
size distributions®*>™?® reflecting the presence of two distinct
groups of nanoparticles generated through two different
mechanisms.>*%™*?

The spatial distribution of nanoparticles within the expanding
cavitation bubble, predicted in the simulations, can be related
to the results of time-resolved SAXS experiments probing the
process of nanoparticle generation within the cavitation bubble.
In particular, the experimental observation that large nano-
particles can be detected at the early stage of the bubble
expansion and tend to be concentrated in the upper part of the
bubble'®>' is consistent with the mechanism of the large
nanoparticle formation through the decomposition of a hot
metal layer generated at the plume-water interface predicted in
the simulations.

3.3. Laser ablation in liquid: nanosecond pulses

As demonstrated in the previous section, the increase of the
pulse duration from 10 ps to 400 ps leads to significant changes
in the dynamics of the ablation process and nanoparticle
generation mechanisms. As discussed in Section 3.1, the pulse
duration of 400 ps is sufficiently long to ensure the absence of
thermal and stress confinement characteristic of ultrashort
pulse laser ablation. It is reasonable to expect that further
increase of the pulse duration to nanoseconds, commonly used
in PLAL experiments, would not lead to qualitative changes in
the nanoparticle formation mechanisms. The direct verifica-
tion of this expectation in atomistic simulations, however, is
challenging for the following two reasons. First, the simulation
time required for investigation of the initial stage of the
nanosecond pulse laser ablation has to be extended beyond
10 ns, which makes large-scale (~10° atoms) MD simulations
computationally expensive. Second, the emergence of lateral
density variations and formation of atomic clusters/nano-
particles at the plume-water interface may start before the
end of the laser pulse, particularly at laser fluences significantly
above the ablation threshold. Under these conditions, a realis-
tic modeling of the laser energy deposition by the tail of the
laser pulse should account for the specific absorption charac-
teristics of different components of the ablation plume. The
latter requires not only an advanced optical absorption model
accounting for the size- and temperature-dependent absorption
by plasma, vapor, clusters, and nanoparticles, but also the
real-time resolution of the structure of the front part of the
ablation plume during the simulation. Leaving the challenge
of the design of complete model for laser interaction with
heterogeneous multi-component plume to future work, in the
present paper we apply small-scale (~10° atoms) atomistic
modeling with a simplified description of the laser energy
deposition described in Section 2 for the initial exploration of
the changes in the ablation process with an increase in the
pulse duration to 1 and 2 ns.

The results of the ns-PLAL simulations are illustrated in
Fig. 11 by temperature and density contour plots, which can be
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Fig. 11 The temperature (left panels) and density (right panels) contour plots predicted in small-scale simulations of laser ablation of a bulk Ag target

irradiated in water by (a) 1 ns laser pulse at an absorbed fluence of 600 mJ cm

-2 -2

, (b) 1 ns laser pulse at an absorbed fluence of 800 mJ cm™%, and (c) 2 ns

laser pulse at an absorbed fluence of 600 mJ cm~2. The blue dotted background represents the implicit presence of water beyond the pressure-
transmitting boundary (NRB-w in Fig. 2) applied at the top of the water layer explicitly simulated with coarse-grained MD. The two black lines in each
contour plot outline the water—Ag mixing region defined as a region where both water molecules and Ag atoms are present. The temporal shapes of the

Gaussian laser pulse are shown in the density contour plots by the white dashed lines.

compared with similar plots shown in Fig. 3 for 400 ps laser
pulse. The plots shown in Fig. 11a are for a simulation
performed with 1 ns laser pulse at an absorbed fluence of
600 mJ cm 2, i.e., at the same absorbed fluence that is used in
the simulation performed with 400 ps pulse and discussed in
Sections 3.1 and 3.2. The overall picture of the ablation process,
as reflected in the contour plots, is qualitatively similar to that
observed for the shorter 400 ps pulse: confined phase explosion
of superheated part of the Ag target, appearance and expansion

7092 | Phys. Chem. Chem. Phys., 2020, 22, 7077-7099

of a low-density metal-water mixing region, and redeposition of
a large part of the ablation plume to the target.

The active expansion of the surface region of the irradiated
target starts at about the time when the laser pulse, with
Gaussian temporal profile shown in the density contour plots
by white dashed line, reaches its maximum and the tempera-
ture approaches the critical temperature of Ag. The expanding
hot metal pushes the water away from the target and reaches
the maximum height of ~390 nm above the initial surface by
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~ 3.9 ns. After that time, a large fraction of the ablation plume
reverses the direction of its motion and starts to move back
towards the target. A thin transient liquid layer, which shows
up as a red line in the density plot, is formed at the plume-
water interface due to the effective cooling of the plume front
by the water. This layer is analogous to the thicker interfacial
layer observed in the simulation performed with 400 ps laser
pulse, but is artificially stabilized by the periodic boundary
conditions applied to the small computational domain. One can
expect that the layer would decompose to individual droplets in a
manner similar to that shown in Fig. 6 if a system with larger
lateral dimensions would be used in this simulation.

Above the interfacial layer, the superheated water in contact
with the plume expands upward and forms a low-density region
with thermodynamics conditions favoring rapid nucleation and
growth of nanoparticles from the metal vapor rapidly cooled
down through the interaction with supercritical water. The
nanoparticle formation mechanism in this region is analogous
to that discussed above, in Section 3.2, for sub-region R1 identi-
fied in the simulation performed with 400 ps laser pulse. Below
the interfacial layer, the expansion of the supercritical metal (light
blue color in the mixing region of the density contour plots in
Fig. 11 corresponds to the values below the critical density of the
model Ag material, p. = 2.29 ¢ em™?) and its mixing with water
triggers spontaneous decomposition into a mixture of vapor,
atomic clusters, and liquid droplets, in a process analogous to
that described in Section 3.2 for sub-region R2.

While the results obtained at the same absorbed fluence
with 400 ps and 1 ns laser pulses are similar at the qualitative
level, there are some substantial quantitative differences. Due
to the slower heating with 1 ns laser pulse, and in the absence
of thermal confinement, the maximum lattice temperature
reached during the second half of the Gaussian laser pulse is
reduced down to ~5000 K (¢f;, ~8000 K for 400 ps pulse and
~12000 K for 10 ps pulse at the same absorbed laser fluence).
In the absence of the stress confinement, more time allowed for
the expansion of the region heated by the longer 1 ns pulse
reduces the maximum pressure down to ~2 GPa (cf., ~4.8 GPa
for 400 ps pulse and ~38 GPa for 10 ps pulse at the same
absorbed laser fluence). The reduced pressure leads to a less
vigorous phase explosion and weaker initial push against the
water environment, as reflected in the lower maximum height
reached by the front of the ablation plume by the end of the
plume deceleration stage, ~390 nm in ablation by 1 ns laser
pulse, as compared to ~460 nm for 400 ps pulse (Fig. 3a and b)
and 550 nm for 10 ps pulse.® The lower pressure generated
during the ablation process also prevents the compaction of the
ablation plume into a thick dense molten layer observed in the
simulation performed at 400 ps, Fig. 3b. Instead, the ablation
plume is redeposited back to the target in the form of a dense
mixture of vapor, atomic clusters and small droplets, as can be
seen from the density contour plot shown in Fig. 11a.

In order to compensate for the energy loss through the heat
transfer to the bulk of the target during the laser pulse, we also
performed a simulation with a pulse duration of 1 ns and an
absorbed fluence increased up to 800 mJ cm 2. At this fluence,

This journal is © the Owner Societies 2020

Paper

the maximum lattice temperature is brought up to the level of
~8000 K (Fig. 11b), similar to that observed at 600 mJ cm >
and pulse duration of 400 ps (Fig. 3a). The maximum pressure,
however, increases only moderately, to ~2.5 GPa, and still
remains lower than ~4.8 GPa observed in the simulation
performed with 400 ps pulse. The increase in temperature
results in a more vigorous phase explosion affecting a deeper
surface region of the target as compared to the simulation
discussed above for the lower absorbed fluence of 600 mJ cm 2.
The overall dynamics of the ablation plume expansion and
redeposition, however, is similar in the two simulations, and
the conditions leading to the three nanoparticle generation
mechanisms described in Section 3.2 can be identified in both
sets of contour plots shown in Fig. 11a and b.

Finally, to test the effect of further increase of the pulse
duration while keeping the same absorbed fluence, we per-
formed an additional simulation at an absorbed fluence of
600 mJ cm > and a pulse duration of 2 ns. The corresponding
temperature and density contour plots are shown in Fig. 11c.
The maximum lattice temperature and pressure are reduced
with respect to those observed for 1 ns pulse down to ~4000 K
and ~ 1.3 GPa, respectively. The explosive decomposition of the
superheated part of the target into vapor, atomic clusters and
liquid droplets is suppressed in the largest part of the superheated
region by the resistance from the water environment, as can be
seen from the density contour plot in Fig. 11c. Most of the material
that undergoes the initial expansion and density fluctuations
collapses back to the dense molten state by the end of the laser
pulse. Only the top part of the target in the immediate contact with
water undergoes the explosive phase decomposition. Nevertheless,
within this top region, we can still distinguish the characteristic
processes of the formation of large droplets at the plume-water
interface sandwiched between the overlying colder region, with
conditions suitable for nucleation and growth of small nano-
particles, and underlying hot region, with a high density of vapor
and liquid droplets emerging from the phase decomposition.

Note that outside the regime of thermal confinement,
i.e., for pulse durations longer than ~100 ps in the case of
metal targets (see discussion in Section 3.1), the increase of the
pulse duration from 400 ps to 1 ns and to 2 ns while keeping
the absorbed fluence constant brings the irradiation conditions
closer to the ablation threshold fluence, which increases as the
square root of the pulse duration Fi, o /7. "7% It is not
surprising, therefore, that the size of the region undergoing
the phase explosion and the extent of the plume expansion at
the initial stage of the ablation process are decreasing with
increasing pulse duration. One can expect that further increase
of the pulse duration at the same absorbed fluence would bring
the irradiation conditions below the threshold for the onset of
the phase explosion, where the only remaining pathway for the
nanoparticle generation would be the evaporation of metal
atoms from the target surface into the low-density mixing region
followed by nucleation and growth of small nanoparticles.

Overall, the results of the three small-scale PLAL simulations
performed with 1 and 2 ns laser pulses suggest that the
dynamic picture of the ablation process and the mechanisms
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of the nanoparticle formation revealed in the detailed analysis
of the simulation performed with 400 ps laser pulse are
retained upon the transition to the nanosecond pulses. The
quantitative evaluation of the relative efficiency of the nano-
particle production through different mechanisms and the
final nanoparticle size distributions in ns-PLAL, however, still
requires further investigation.

4. Summary

The results of a large-scale atomistic simulation of PLAL
performed with a 400 ps laser pulse, i.e., outside the regimes
of stress and thermal confinement, reveal a complex multistep
picture of the initial dynamic stage of laser ablation in liquids
and uncover several distinct channels of the nanoparticle
generation activated during the first nanoseconds of the abla-
tion process. The sequence of dynamic processes predicted
in the simulation is illustrated in Fig. 12. The laser energy
deposition by the 400 ps pulse occurs simultaneously with the
electron-phonon equilibration, melting, and expansion of the
heated region in the direction normal to the surface, as well as
the diffusional heat transfer to deeper parts of the target
(panel 1 in Fig. 12). When the thermodynamic conditions
within the molten surface region of the target reach the limit
of stability of the superheated liquid, the surface region under-
goes an explosive phase decomposition into vapor, atomic
clusters, and liquid droplets. The ablation plume produced by
the phase explosion of the superheated surface region expands,
pushes the overlying water away from the target, but is rapidly
decelerated by the water environment, leading to the accumu-
lation of the hot front part of the plume at the interface with
water (panel 2 in Fig. 12). A big fraction of the ablation plume is
then reflected back and eventually redeposit to the target. At the
same time, the water in contact with the hot metal is heated up
to the supercritical state, and the expansion of the supercritical
water mixed with metal vapor leads to the emergence of a low-
density region serving as a precursor of the cavitation bubble
(panel 3 in Fig. 12). Rapid deceleration of the plume and
cooling of the metal in direct contact with water environment
cause roughening of the interfacial layer and its decomposition

short
pulse

b

1 2 3
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into large nanoparticles (panel 4 in Fig. 12), which allows the
supercritical water to stream down and mix with a part of the
ablation plume retreating towards the target. This interaction
triggers a rapid formation of relatively large nanoparticles due
to the spinodal decomposition of hot Ag expanding and cooling
from the supercritical state (panels 5 and 6 in Fig. 12).

The analysis of the dynamic interaction between the ablation
plume and water environment, briefly outlined above, makes it
possible to identify three distinct nanoparticle generation
mechanisms operating at different stages of the ablation process
and in different parts of the emerging cavitation bubble.

(1) First, the formation of a thin transient metal layer at the
interface between the ablation plume and water environment
followed by the layer decomposition is responsible for the
generation of large (diameters above 10 nm) molten nano-
particles at the early stage of the ablation process. The nano-
particles remain in the upper part of the expanding low-density
mixing region (cavitation bubble) and are slowly cooled by the
interaction with surrounding supercritical water.

(2) Second, at the very front of the emerging cavitation
bubble, above the transient interfacial metal layer, a population
of small nanoparticles appear through the nucleation and
growth from the vapor-phase metal atoms evaporated from
the hot interfacial layer into the supercritical water. These
small (less than 5 nm) nanoparticles are rapidly cooled to
temperatures below the melting temperature and solidify on
the timescale of nanoseconds.

(3) Finally, the third and the most numerous group of
nanoparticles emerges from the spinodal decomposition of a
part of the ablation plume located below the transient inter-
facial layer. Lower density and higher temperature of the
supercritical water in this part of the cavitation bubble create
conditions for rapid disappearance of small nanoparticles and
predominant growth of larger ones, mostly through the process
of collision and coalescence.

The coexistence of the three distinct mechanisms of the
nanoparticle generation at the initial stage of the ablation process
provides a hint for explaining the origin of broad nanoparticle size
distributions commonly observed in nanosecond PLAL experi-
ments. The strong dependence of the nanoparticle cooling and
solidification rates on the location within the low-density

4 5 6

Fig. 12 Schematic illustration of the sequence of dynamic processes triggered by irradiation of a metal target by a short (hundreds of picoseconds to
nanoseconds) laser pulse. The liquid water is colored blue, the metal target is grey, the ablation plume is light grey, and the expanding cavitation bubble is
light blue. The metal nanoparticles and a transient dense metal layer generated at the plume—water interface are shown in dark blue color. The schematic

is informed by the atomistic simulations reported in this paper.
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metal-water mixing region has important implications for the
long-term evolution of the nanoparticle size distribution, as well
as for the ability to quench the nanoparticle growth by surface-
active agent dissolved in the liquid environment*“*2%%7° or
dope them by adding doping elements to the environment.”?

The results of smaller-scale simulations performed with 1
and 2 ns laser pulses demonstrate that the general picture of
the ablation process and the mechanisms of the nanoparticle
formation revealed in the analysis of the simulation performed
with 400 ps laser pulse are retained in the nanosecond irradia-
tion regime. The increase of the pulse duration at a fixed
absorbed fluence, however, brings the irradiation conditions
closer to the ablation threshold, which reduces the amount of
the ejected material and the extent of the plume expansion at
the initial stage of the ablation process.

The comparison of the results of large-scale simulations
performed with short (400 ps - 2 ns, this work) and ultrashort
(40 fs - 10 ps, ref. 8 and 40-42) laser pulses makes it possible to
elucidate the similarities and differences between the two
irradiation regimes. The distinctive characteristics of the dynamics
of ultrashort pulse laser ablation, represented schematically in
Fig. 1 and discussed in the introduction (Section 1), are related to
the conditions of thermal and stress confinement of the deposited
laser energy. These conditions result in a more vigorous ablation
process, which includes the ejection of relatively cold molten
material driven by the dynamic relaxation of laser-induced pres-
sure. As a result, the accumulation of ablated material at the
plume-water interface results in the formation of a denser molten
layer, which can undergo hydrodynamic instabilities leading to the
layer decomposition and injection of some of the large nano-
particles beyond the boundary of the cavitation bubble. With longer
(i.e., short rather than ultrashort) laser pulses, the formation of a
transient interfacial layer at the plume-water interface is still
observed, but the layer is thinner, less dense, and its decomposition
produces nanoparticles that all remain within the expanding
cavitation bubble. Moreover, a more rarified, loose state of the
upper part of the hot metal layer generated at the plume-water
interface in the case of short pulse laser ablation facilitates the
formation of a large number of nanoparticles through the spinodal
decomposition of the ablation plume mixed with supercritical
water. The nucleation, growth, and rapid solidification of small
nanoparticles at the very front of the emerging cavitation bubble,
on the other hand, is a common mechanism observed in simula-
tions of both short and ultrashort pulse laser ablation in water.

Overall, the results of the atomistic simulations performed
so far suggest that the initial dynamic stage of the ablation
plume interaction with the liquid environment, leading to the
formation and decomposition of a dense hot metal layer at the
plume-liquid interface, is playing an important role in the
nanoparticle generation. The fundamental difference between
short and ultrashort pulse laser ablation in liquids is mainly
related to the differences in the characteristics of this inter-
facial layer and its interaction with liquid environment. Note
that the reported simulations are performed at laser fluences
that are relatively close to (a few times higher than) the thresh-
old values for the ablation onset. Further increase of the laser
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fluence may substantially alter the characteristics of PLAL,
particularly for nanosecond pulses, where the plasma shielding
and scattering of the tail of the laser pulse could play a significant
role. These effects, along with the sensitivity of the mechanisms
of nanoparticle generation to properties of the liquid environ-
ment, still await detailed computational exploration.
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Appendix: phase diagram and surface
tension of the model EAM Ag

The interpretation of the results of the simulations performed
with a semi-empirical EAM potential®® describing the inter-
atomic interactions among Ag atoms requires a clear under-
standing of the thermodynamic properties of the model
material. In particular, the information on the liquid-vapor
binodal curves and the temperature dependence of the liquid-
vapor interfacial tension is needed for analysis of the conditions
for condensation and evaporation of nanoparticles performed
in Section 3.2.

In this work, the high-temperature thermodynamic proper-
ties of the model EAM Ag material are evaluated in a series of
small-scale liquid-vapor coexistence simulations performed
for a system containing 8000 atoms. The simulations are
performed with periodic boundary conditions applied in all
three directions. The computational system is initially equili-
brated in the liquid state at the equilibrium melting point. The
system is then extended along one dimension to 35 nm (or to
40 nm for the four data points closest to the thermodynamic
critical point) to create an empty space for the vapor formation.
During the following 375 ps, the system is slowly heated to a
target temperature, leading to the formation of a system with
two liquid-vapor interfaces perpendicular to the direction in
which the system is elongated. For each target temperature, the
simulation is then continued for another 5 ns under constant-
volume and constant-temperature conditions, and the data
acquisition is performed. The density profile is produced by
dividing the system into 0.1 A bins and averaging over the
number of atoms found in each bin at each MD timestep.

The equilibrium values of liquid and vapor densities found
in the MD simulations are used to fit parts of the binodal curves
away from the immediate vicinity of the critical point, shown by
black curves in Fig. 13a. In the vicinity of the critical point, the
data generated in MD simulations is fitted to the equations
predicted from the renormalization group theory’*”> (green
and red curves in Fig. 13a). The result of this fitting allows
us to deduce the values of critical temperature and density,
T. = 3360 K and n. = 12.77 atoms per nm® (p. = 2.29 g cm ). An
independent simulation performed at the critical point gives
the values of the critical pressure of 35 MPa.

While the theoretical equations based on the renormaliza-
tion group theory”*”® can accurately describe the coexistence
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Fig. 13 The temperature—density (T—n) plane of the liquid—vapor part of the phase diagram (a) and the temperature dependence of surface tension (b)
calculated for the model EAM Ag used in the simulations of PLAL reported in this paper. In (a), the black curves are the parts of the binodal curves
obtained by direct fitting to the results of liquid—vapor coexistence simulations shown by green and red points; the red and green curves represent the
fitting of the data points to the dependences predicted from renormalization group theory for the material behavior near the critical point.”*”® The critical
density n. = 12.77 nm~2 obtained from the fitting, corresponds to pc = 2.29 g cm™>. In (b) the error bar corresponds to the standard error.

curves near the critical point, at lower temperatures the curve
for the vapor density predicted by the corresponding equation
deviates from points computed in MD simulations. Therefore,
the purely empirical fits to the data points, shown by black
lines in Fig. 13a, are used in the evaluation of the critical size
for nanoparticle growth through condensation in Section 3.2.

The evaluation of the critical nanoparticle size for conden-
sation given by eqn (1) also requires knowledge of the tempera-
ture dependence of the liquid-vapor interfacial tension. The
interfacial tension is evaluated in MD simulations, similar to
those described above, using the test area method.”® Symmetric
fluctuations are utilized, and the fluctuation magnitude is
chosen to be 2 x 10~ The temperature dependence of the
interfacial tension is fitted to a semiempirical equation”” ¢ =
oo(1 — T/T.)", as shown in Fig. 13b. The fitting to this equation
also enables an independent determination of the critical
temperature, which yields a value of T, = 3380 K, close to the
one predicted from the fitting of the binodal curves to theore-
tical equations in Fig. 13a.
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