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Ablation in liquid is numerically simulated with molecular dynamics and hydrodynamics codes. Laser radi-
ation passes through a transparent liquid, illuminates a metal target, and is absorbed in it and reflected from
it. The range of absorbed fluences F,p  about 1 J/cm? is considered, which is of technological interest: the
number of nanoparticles formed per laser pulse below these values is small, whereas the optical breakdown of
the liquid occurs above them. A theory is developed to estimate the mass and composition of nanoparticles
formed by laser radiation using simulation data and thermodynamic information (equation of state of matter).

DOI: 10.1134/5002136402201009X

1. INTRODUCTION

Great attention is paid to the production of
nanoparticles (NPs) by means of laser ablation in lig-
uid. The current status of the corresponding studies
can be found in the materials of recent conferences:

(i) 6th International Conference on Advanced
Nanoparticle Generation & Excitation by Lasers in
Liquids (ANGEL), June 2021, China, http://angel-
conference.org;

(ii) https://www.cecam.org/workshop-details/1068
Flagship Workshop: Multi-Approach Modeling of
Alloy Nanoparticles: from Non-equilibrium Synthesis
to Structural and Functional Properties, July 2021
(Centre Européen de Calcul Atomique et Molécu-
laire).

The finest approaches to increase the yield of NPs
and to control their composition and internal struc-
ture are proposed in numerous experimental physico-
chemical works. In particular, core—shell NPs are fab-
ricated for applications in medicine and nanotechnol-
ogies [1—4]. To control the composition of NPs, alloy
targets are used or NPs are postprocessed in a solution
of specially selected salts. In particular, to fabricate
NPs from metals M1 and M2, a target of their alloy is
irradiated or a nanolaminate of alternating layers of
M1 and M2 is processed. In another approach, M1 is
used as a target and M2 is present in the composition
of dissolved salt.

The initial stages are certainly decisive for the sub-
sequent events. In these stages, laser radiation is
absorbed, the target and liquid are heated, and the sur-
face layer begins to move toward the liquid. Heating,
motion, and cooling result in the initial composition
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of NPs. Processes of further transformation of NPs
occur in later stages.

In [5—9], the first numerical calculations were per-
formed to quantitatively describe the initial stages (see
also [10] and review [11]). Before these works, qualita-
tive characteristics were discussed, including the for-
mation and evolution of plasma (luminescence was
detected, spectra were determined [4, 12]) and, then,
nucleation, expansion, and oscillations of a cavitation
bubble [12—14]. It was unclear how the appearance of
NPs is related to a plasma burst and bubble. Even
studies with the pulsed X-ray radiography of the
plasma region and the bubble nucleus [15] did not pro-
vide complete understanding. X-ray radiography [15]
was performed in a rather late stage (after 10 us) when
the size of the bubble reached fractions of a millimeter,
whereas decisive thermomechanical processes pro-
ceed at times of 0.1—10 ns.

In this work, we develop an approach with numer-
ical hydrodynamic and molecular dynamics simula-
tions. The equations of thermodynamic state of sub-
stances and phase diagrams are used to understand
how the material of the surface layer is separated into
a part that is transformed in NPs and a part that
remains on the target.

The dynamics of ablation significantly depends on
the duration of the pulse. There are two qualitatively
different regimes: “spallation” (short pulses) and
“nonspallation” (long pulses). In the first regime, ten-
sile stresses exceed the strength of the material; conse-
quently, the nucleation of cavities, cavitation, expan-
sion of the foam layer, and separation of the surface
layer occur [16]. A flow appears and covers two
regions of a continuous material that are separated by
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Fig. 1. (Color online) (a) Density and pressure profiles at the time # = 0.3 ns over the entire flow field, where m marks the melting
front. (b) Pressure and velocity profiles near the contact cb at the time # = 1 ns, where m marks the melting front. (c) Velocity and
density profiles near the contact cb at the time 7 = 3 ns. Gold to the right of the point cc is dense and is almost at rest.

a two-phase mixture (foam); these regions are the sep-
arated layer and the remainder of the target. The ther-
mal conductivity of the foam is low [16] and heat
release in the liquid is small (the thermal conductivity
of the liquid is low); for this reason, the entropy of the
separated layer decreases slowly. In the second regime,
the continuity of the target is not broken. This regime
is considered below.

The amplitude of tensile stresses increases with the
absorbed fluence F,, and decreases with an increase
in the duration of the pulse t;. The time dependence
of the intensity of the pulse is approximated by a

Gaussian [ ~ exp(—tz/rf). Nucleation begins if F
exceeds the threshold F,. In works concerning laser
actions, this threshold is called the thermomechanical
ablation threshold. The threshold F,(t;) and depth
d.a(T) at which the first nuclei (cavities) appear
depend on the duration of the pulse 7;.

It is known that the relation between the acoustic
scale ¢, = d/c,, where d;is the thickness of the heated
layer and ¢ is the speed of sound, and the duration T,
determines whether nucleation causes the breaking of
the material. Depending on a particular metal, 7, ~ 5—
50 ps. The largest value ¢, = 50 ps is achieved in gold,
where the thermal conductivity is high, electron—ion
heat exchange is slow (hence, the thickness dj is
large), and the speed of sound is low. Femtosecond
impacts certainly belong to the case with spallation:
T < 1psand £ ~ 5-50 ps.

As will be seen below, the situation with a nanosec-
ond pulse is of interest. Our calculations for the system
consisting of gold and water show that the nucleation
of vapor cavities in gold is absent at T; = 0.5 ns and

longer. Impacts with the fluence F,, ~ 1 J/cm? during

the pulse transfers gold in the surface layer to states
above the critical point in temperature and pressure.

2. NANOSECOND IMPACT

As illustration, Fig. 1 shows instantaneous spatial
distributions of parameters in the gold—water system
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at T, = 0.5 ns and the times # = 0.3, 1, and 3 ns, when
the metal absorbs 80, 99.8, and 100% of the fluence
F,.= 0.9 J/cm?, respectively. The absorbed intensity,
which is specified by a Gaussian as mentioned above,
is maximal at the time 7 = 0. Beginning the calculation
at the time —3t; instead of —co we lose 107> of F,.
Before the beginning of the action of the laser pulse,
the contact between gold and water is at the pointx =0
(see Fig. 1) and the system is heated to room tempe-
rature.

The vertical straight line cc (meaning the conden-
sation curve) in Fig. 1¢c marks the point on the gold
profile that is on the condensation curve at a given
time (see also Fig. 2b). The vertical straight lines ch,
cb, and a indicate the cold/hot water interface, the
gold—water contact (contact boundary), and the
“upper” boundary of the “atmosphere.” Water at
room temperature is referred to as cold water. The
upper boundary of the atmosphere is defined with
respect to the effective gravitational acceleration vec-
tor g in a noninertial coordinate system associated
with the contact cb. The vector g is opposite to the
deceleration vector of the contact boundary cb.

We use the term atmosphere in the sense intro-
duced in [7], where the action of the ultrashort pulse
with the duration T; = 100 fs on gold was studied. In
this case, gold near the contact was strongly deceler-
ated by water after the initial sharp acceleration to a
high velocity of expansion in water [7]. It appeared
that the deceleration g of the boundary cb under the
nanosecond impact is comparable with that in the case
of T, = 100 fs and is about the gravitational accelera-
tion on the surface of a neutron star. In the calculation
shown in Fig. 1, the maximum velocity of the contact
490 m/s is reached at a time of 70 ps, and the maxi-
mum deceleration g = 8 X 10" cm/s? is at the time
t= 620 ps (see also Fig. 3 and Section 8). The velocity
of the contact cb at a time of 1 ns shown in Fig. 1b is
reduced to 63 m/s owing to the deceleration g(z).

The field g strongly reduces the pressure in the
atmospheric layer with the thickness d between the
boundaries cb and a. In Fig. 1b, a decrease in the pres-
sure on the atmosphere owing to the weight of above
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Fig. 2. (Color online) Phase states of gold at the times 7= (a) 0.3
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and (b) 1 ns. The evolution of the phase state is accompanied by

the descent of the point cb toward the condensation curve because of the expansion and cooling of the near-contact gold layer.
Orange lines beginning at the point cb are the profiles of gold that are obtained by excluding the x coordinate from the parametric
dependences p(x, f) and p(x, 7). The green line is the binodal of gold, c.p. is the critical point, and black line .S, is the isentrope

passing through the critical point. Water is not shown.

layers is approximately 0.3 GPa = 3000 atm. This
value is about the hydrostatic pressure difference
P.m&d on the atmosphere, where p,, is the density
of hot gold in the atmosphere. In this case, the thick-
ness d and the deceleration g are such that the spatial

scale of the atmosphere # = cf /g, where ¢, is the speed
of sound in gold on the boundary cb, is an order of
magnitude larger than the thickness d. Consequently,
the density varies slightly on the thickness d (see
Fig. 2, where the boundaries of the atmosphere cb and
a are indicated). The deceleration of water does not
affect gold to the right of the boundary a in Figs. la
and 1b, and gold in this region expands as in the case
of expansion in vacuum.

The role of the absorption of radiation and thermal
conductivity under nanosecond impact is significant.
It is easier to take into account absorption in the case
of femtosecond pulses of a moderate intensity.
Absorption occurs in an almost static skin layer. It is
necessary to take into account changes in the reflec-
tion coefficient caused by the excitation of the electron
subsystem. It is appropriate to use the effective absorp-
tion coefficient that refers to the entire femtosecond
pulse and is taken from experiments.

The significant displacement of the boundary cb
between gold and water during the nanosecond pulse
is taken into account when describing absorption
within our model. The density of gold on the contact
during the duration 1, = 0.5 ns of the pulse decreases
to about the thermodynamic critical density. The
thickness Ax,,;, of the layer with such a density varies
from ~10 to ~100 nm during the action of the main
part of the pulse. In our calculations (Fig. 1), the
thickness of the absorption layer is not varied over the

layer with a nearly critical density. Approximation
with absorption in the skin layer is used. The variation
of the thickness of the skin layer in the range of 15—
30 nm hardly affects the results because the thickness
Ax,,;, is small. The model of thermal conductivity K of
gold is taken from [17], where the dependence of ¥ on
the temperature and density is taken into account. The
thermal conductivity of water is taken from [18, 19].
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Fig. 3. (Color online) Time dependences of (black line)
the position of the contact and (red line) the intensity.
Under heating, the contact x,(#) begins to move towards
water (cf. Fig. 1). After the end of laser irradiation, the
contact turns back at a time of 1.2 ns under the action of
pressure in the hot water layer. The contact stops at a time
of 3.2 ns because of the disappearance of the gas part of the
gold profile: the point cb in diagrams shown in Fig. 2
descends below the condensation curve; see the main text.
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3. PHASE TRANSITIONS

Figure 2 shows the instantaneous phase diagrams at
times of 0.3 and 1 ps corresponding to the profiles in
Figs. 1a and 1b, respectively. The equations of state of
gold and water are taken according to the broadband
multiphase representation [20—23]. Orange lines
beginning at the point cb in Fig. 2 are the profiles of
gold that are obtained by excluding the x coordinate
from the parametric dependences p(x, f) and p(x, 7).
Water is located to the left of the contact cb in Fig. 1
and is not shown in Fig. 2.

The green line in Fig. 2 is the line of coexistence
(binodal) of the condensed and vapor phases. This line
to the left of the critical point is called the line of con-
densation. The part of the binodal between the critical
and triple points is the line of boiling. The line of sub-
limation is below the triple point. The melting front m
on the profile from Fig. 1 is represented in the form of
the horizontal segment m in Fig. 2. In this segment,
melting leads to a decrease in the density by approxi-
mately 10%. Solidus sol and liquidus lig bound the
band of melting.

The pressure is much lower than the bulk modulus
of gold of 1.8 Mbar (see Fig. 1). For this reason, a part
of the profile (orange line) corresponding to relatively
cold gold (entropy below the critical value) in Fig. 2a
closely approaches the line of boiling. The entire
atmosphere cb—a in Fig. 2a is beyond the binodal. A
part of the atmosphere in Fig. 2b begins to enter the
two-phase region through the line of condensation.
The other part of the atmosphere cb—cc remains in the
region of gas-like gold. Furthermore, after the acceler-
ation of the contact cb toward the target induced by
the pressure of hot water stops, the atmosphere disap-
pears completely at a time of 3.2 ns (see Fig. 3 and
Sections 4 and 8).

4. DISAPPEARANCE OF GAS-LIKE STATES
IN GOLD

The deceleration g mentioned above reduces the
velocity of expansion of gold in water. The decelera-
tion g is due to the pressure gradient: the pressure on
the contact cb is higher than that in gold near the sur-
face after the penetration of the acoustic wave deep
into the gold target. Owing to the pressure gradient,
the motion of the contact toward water is decelerated,
stops, and is reversed. Thus, the trajectory of the con-
tact cb is turned back (see Fig. 3).

It is seen in Figs. 1 and 2 that the density and tem-
perature at the contact cb (the end point of the orange
line in Fig. 2) decrease with time. The thermal con-
ductivities of gold and water are taken into account; for
this reason, the entropy of gold at the point cb
decreases. The point cb moves approximately along an
isentrope. This isentrope is located far to the left of the
isentrope S, in Fig. 2 because S ,(?) is larger than S,,.
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Thus, upon expansion and cooling, the point cb
descends on the line of condensation.

The pressure in the hot water layer ch—cb (Fig. 1)
both expands this layer and pushes the contact cb to
the right. This is seen from the velocity profile shown
by the blue line in Fig. 1c. Since dense gold is at rest,
the thickness of the remnant cb—cc, which is in the
gas-like state above the line of condensation,
decreases (see Figs. 1¢ and 2b). The remnant cb—cc
disappears completely at a time of 3.2 ns. After that,
the hot water layer is already adjacent to static dense
condensed gold. For this reason, the expansion of the
hot water layer toward gold ceases and, correspond-
ingly, the contact cb stops (see Fig. 3).

5. STAGE WITH ZERO SURFACE TENSION

The surface tension of strongly rarefied supercriti-
cal gold on the boundary cb with water is zero when
the point cb is above the line of condensation (see
Fig. 2). In this gas-like state of gold, the contact cb is a
mechanical contact between two gases rather than
between the condensed and gas phases. Therefore, the
surface energy barrier on the contact cb is absent, gold
atoms are not evaporated but freely diffuse to water
gas, and water molecules diffuse to gold gas.

At our parameters of laser impact, gas-like gold
exists for about 3 ns.

6. ESTIMATE OF THE MASS OF GOLD ATOMS
IN THE DIFFUSE LAYER

The accepted numerical hydrodynamic scheme
involves the division into a chain of Lagrangian sites.
Water and gold sites are located to the left and right of
the point ¢b in Fig. 1. The diffusion mixing spreading
the boundary cb is absent in this scheme.

Let us estimate the coefficient of diffusion of gold
atoms in hot water. The mean free path is / = 1/(nG),
where G = T(ry, + Fy)?%; here, ry, is the average radius
of water molecules and products of their dissociation
(temperatures in the hot layer are high enough for the
partial dissociation of molecules). The radii are r, =

0.17 nm, fuo = 0.15 nm, ry = 0.12 nm, and To, =
0.15 nm. The concentration of water molecules and
products of their dissociation is estimated in terms of
the density of water in the hot layer, which is approxi-
mately 0.05 g/cm? (see Fig. 1c). Substituting the ther-
mal velocity v, of gold atoms at temperatures under
consideration, we obtain D = lv;/3 =13 X 1073 cm?/s.

The thickness of the diffusion layer formed in
tur = 3 nsis dye = 24/ Dty = 60 nm. Consequently,
the yield of nanoparticles at the density of the gold
fluid of 1—2 g/cm? (see Fig. 1) on the boundary cb in
the time interval when the surface barrier is absent is

equal to 10~ g/cm?. Under the assumption that the
average size of nanoparticles is 5—10 nm (the process
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of condensation is described below), the yield of
nanoparticles per irradiation event is about
102 NPs/cm?.

7. CONDENSATION OF GOLD ATOMS

Figure 4 shows the process of condensation of gold
(Au) according to the molecular dynamics simulation
for 2.5 x 10° particles in the x X y X z calculation par-
allelepiped with the dimensions 40 x 200 x 100 nm.
The x, y, and z axes are directed along the horizontal,
vertical, and normal to the plane of Fig. 4, respec-
tively. The dimensions of the parallelepiped are much
longer than the mean free path. The dimension in the
X axis increases with time; its initial value is indicated
above.

The diffusion of atoms in the hot Au—water binary
mixture was simulated with three different potentials
describing the Au—Au, water—water, and Au—water
interactions. Water is considered in our simulation as a
monatomic system for which an EAM (embedded
atom method) potential was developed (see [7, 24]).
The water—water potential ensures the correct mechan-
ical properties of liquid water, including the density,
speed of sound, and shock (Hugoniot) adiabat.

Because of lack of information on the interaction
between gold atoms and water molecules, the descrip-
tion of this interaction is significantly simplified to the
pair Au—water potential. To construct this potential,
we used the van der Waals radii of 0.166 and 0.152 nm
for gold and oxygen atoms, respectively, and assumed
that a strong repulsion proportional to ! exists
between particles.

The calculation parallelepiped is a small part of the
diffusion mixing layer. The entire mixing layer cannot
be covered because of limited computational
resources. In the calculation shown in Fig. 4, the
50 : 50 mixture of gold atoms and water is expanded
along the x axis. The rate of expansion was chosen in
terms of the gradient of the hydrodynamic velocity
du/dx in the hot water layer (see Fig. 1). The gradient
decreases gradually with time. We are interested in
times about 10 ns, when nanoparticles are formed.
The rate of expansion in the calculation shown in
Fig. 4 was taken to be 2 m/s. The volume of the mix-
ture to a time of 25.7 ns is more than doubled: 2 m/s X
25.7 ns = 51.4 nm; the initial x dimension of the paral-
lelepiped is 40 nm.

Periodic boundary conditions are imposed on the
faces of the x X y X z parallelepiped perpendicular to
the y and z axes. Movable rigid walls perpendicular to
the x axis are described in the molecular dynamics
simulation by means of the wall potential reflecting
particles. The reflection of particles from moving walls
uniaxially expanding the parallelepiped is accompa-
nied by the adiabatic cooling of the mixture because of
reflection with a slightly lower velocity. The rate of

Fig. 4. (Color online) Process of formation of clusters and,
then, nanoparticles in the mixture of water particles and
gold atoms; see the main text.

expansion of the parallelepiped is much lower than
thermal velocities.

Gold atoms in the parallelepiped in the initial state
are slightly above the line of condensation (see Fig. 2).
Their density of 0.516 g/cm?, temperature of 6.1 kK,
and pressure of 936 atm approximately correspond to
the situation on the phase diagram at a time of 3 ns. In
the end of the calculation # = 25.7 ns shown in Fig. 4,
the density, temperature, and pressure of the mixture
decrease t0 0.226 g/cm?, 5.2 kK, and 324 atm, respec-
tively. The temperature of the two-phase system is still
much higher than the melting temperature. Therefore,
gold nanoparticles remain in the liquid state.

After diffuse Au atoms intersect the line of conden-
sation, the formation of gold clusters begins at a cer-
tain distance under it. The evolution of the mixture is
shown in Fig. 4. Condensation into clusters occurs
first and the coagulation of clusters and nanoparticles
then begins. The calculation shows that the tempera-
tures of nanoparticles and the surrounding atomic
medium are approximately the same; i.e., intense heat
exchange occurs in a sufficiently dense medium. The
dependence p(p) becomes less steep after the begin-
ning of condensation (the effective heat capacity ratio
decreases) because of the release of a large evaporation
energy upon condensation.

Figure 4 demonstrates the picture along the z axis
perpendicular to the plane of the figure. The thickness
of the parallelepiped in this direction is 100 nm. The
field in Fig. 4 is composed of the x X y grid of pixels.
Each pixel represents information on the potential
energy averaged along the z axis. The lighter the green
color, the lower the potential energy. Light green spots
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correspond to NPs. Indeed, bound gold atoms in NPs
have a lower potential energy than free atoms. The
diameters of NPs in the late stage become about
10 nm.

8. DIFFUSION AND RAYLEIGH—-TAYLOR
INSTABILITY

Th h _ 13 T _ 12 13 1
e path s = L 1 drjng(t)dt = ( £ o+ jﬂ)v(r)dr ost

compared to the rectilinear motion is collected in two
segments. The first segment is associated with the
deceleration of the contact cb in the time interval from
t;, =0.07 nsto , = 1.2 ns. At the time #, = 0.07 ns, the
maximum velocity on the trajectory cb is reached and
the trajectory x,(?) is bent (see Fig. 3). The boundary
cb stops at the time 7, = 1.2 ns (see Fig. 3). The contri-
bution to the lost path on the first segment is approxi-
mately 200 nm.

In the second time interval #, < f < t; = 3.2 ns, the
contact moves back (see Fig. 3). The acceleration g(r)
is determined by the inertia of displaced water and by
the pressure in the expanded hot water layer ch—cb
(see Fig. 1). The acceleration g on the second segment
is lower than that on the first segment, but it acts for a
longer time. As a result, the contribution to the lost
path on the second segment is also approximately
200 nm.

On both segments, the effective gravitational accel-
eration (weight) in the noninertial coordinate system
connected with the contact cb is directed from the
heavy material (gold) to the light one (water). Corre-
spondingly, the boundary cb is Rayleigh—Taylor
unstable on these segments [6, 7, 9]. In the absence of
stabilizing factors (surface tension, viscosity, diffu-
sion), the thickness of the hydrodynamically mixed
layer (owing to instability) will be 5—10% of the path s,
i.e., 20—40 nm [7].

This thickness is about the thickness of the diffu-
sion-induced mixing layer (see Section 6). Conse-
quently, large nanoparticles are not formed in the case
of the nanosecond pulse because of instability in con-
trast to the case of the femtosecond pulse considered
in [6, 7, 9], where such nanoparticles with a diameter
of several tens of nanometers determined by the capil-
lary scale are formed. In our case, the surface tension
appears after a time of 3.2 ns, when the gas-like seg-
ment of the gold profile disappears. However, the
deceleration/acceleration of the boundary cb stops
just at this time (see Fig. 3).

9. CONCLUSIONS

(a) Ablation in liquid and the formation of primary
nanoparticles in the case of nanosecond pulses have
been analyzed. Such pulses are used in modern tech-
nologies to produce nanoparticles. It has been shown
that the material near the boundary of the target at flu-
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ences of about 1 J/cm? passes to the supercritical fluid
state. In this case, the boundary loses the capillary
tension and the surface barrier preventing the free dif-
fusion of atoms of the target to the hot liquid layer.
This circumstance sharply increases the yield of
nanoparticles per laser burst.

(b) Diffusion determining the subsequent appear-
ance of nanoparticles has been studied. Gold atoms
are emitted diffusely to water from the end (point cb)
of the orange line on the phase diagram in Fig. 2.
Intense emission occurs until the point cb is above the
line of condensation.

The supercritical stage in the ablation flow when
intense diffusion occurs is limited in time for hydrody-
namic reasons. The pressure difference in hot water
and condensed gold and the immobility of condensed
gold lead to the back hydrodynamic motion of the
contact cb. As a result, the gas-like section of the gold
profile disappears in a finite time interval and the
point cb descends under the line of condensation.

(c) The process of condensation in the diffusely
mixed layer of atoms of the target and mole-
cules/atoms of the liquid has been studied. The kinet-
ics of condensation of supercooled vapor is studied in
some works, e.g., in important work [25] concerning
the condensation of gold. However, these works are far
from our formulation with the dynamic intersection of
the line of saturation and the subsequent (after a cer-
tain delay) condensation in the adiabatic expanding
volume. A buffer gas with a maintained temperature is
usually used, starting from supercooled vapor in a
fixed volume. These formulations are far from our
problem with ablation in liquid.
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