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Summary. Recoil pressure behavior during nanosecond laser ablation of thin (450 nm) Al
liquid film is analyzed on the basis of molecular dynamics calculations. It is shown that the
recoil pressure demonstrates appearance and disappearance of repeating pressure peaks due to
explosive boiling at some range of constant laser intensity and nanosecond durations of
irradiation which is switched on at # = 0. This effect can be used as a marker for approach of
liquid-vapor critical point. Some other nonequilibrium features of near-critical laser ablation
are also discussed.

1 INTRODUCTION

In recent years laser ablation process is intensively investigated for the case of short
(femtosecond) pulses of radiation [1-2], while nanosecond ablation remains less investigated.
In particular, there is no sufficient theoretical and experimental information on near-critical
irradiated matter behavior including explosive boiling process in metastable liquids near its
superheating limit. Such information is necessary e.g., for experimental determination of
metal critical parameters which as a rule cannot be measured within the usual steady-state
approaches except for only few metals like Hg and Cs with sufficiently low pressure and
temperature values at critical point of liquid—vapor phase transition. However, recoil pressure
time behavior in nanosecond laser ablation regime has not been analyzed yet theoretically and
experimentally.

The problem of poor information about metal critical parameters is clearly mentioned in
various papers (see e.g. [3-4]) and is evident as well from significant variations of critical
parameters estimations for the same metal [1, 3]. It should be mentioned also that up to now
there is no sufficient experimental and theoretical information on critical parameters
manifestations in non-equilibrium conditions of nanosecond laser ablation.

In the present paper nanosecond laser ablation of thin liquid Al films is analyzed in the
basis of molecular dynamic (MD) modeling [5-6] which is up to now the most effective
approach to describe strongly non-equilibrium behavior of superheated matter. This behavior
could not be considered in the framework of usual continual (hydrodynamic) or kinetic
approaches.
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In the nanosecond laser ablation regime there is a possibility to observe repeated pressure
peaks due to explosive boiling which can be used as markers for attaining near-critical region
(see e.g. [6] and references therein). Such repeated peaks can be hardly observed during and
after short (picosecond or shorter) laser pulse action. Some of these results were presented in
COLA 2017 conference [7].

2 STATEMENT OF THE PROBLEM

The statement of the problem and modeling parameters are described in [8] and briefly
repeated here. Some details are also given in appendices 1-3, in particular, about temperature
and density distributions along the Z and Y axis as well as initial state preparation and
calculation of equilibrium states parameters.

As it is already mentioned in the abstract and introduction the main purpose of our
investigation relates to the recoil pressure behavior during nanosecond irradiation of liquid
metal (Al) film in the framework of molecular dynamic simulation.

The metal film is considered as a combination of two interacting subsystems consisting
respectively of the conduction electrons and the lattice ions with energy exchange between
them [9-11]. This means that in general the subsystems are not in equilibrium with each other,
for example, they may have different temperatures at the same point in space. Such an
approach has been proposed previously to describe the spin systems in solids [12], the
electronic and ionic subsystems in gas plasma [13].

Laser radiation propagates from right to left and is normally incident on the free surface of
the film. Part of the radiation is absorbed by the electronic components, and as a result of
inelastic collisions is transferred to the ion subsystem. In the present paper, electron
temperature diffusion is considered in one-dimensional approximation (along the Z direction).
Justification of this approximation to some degree can be realized by comparison of
temperature distributions along the Z and Y directions which is considered in appendix 3. One
can see that these distributions are very similar though no electron temperature diffusion
along Y direction is taken into account. It seems probable that in such a case allowance for
electron temperature diffusion in Y direction is not among urgent needs except for strongly
inhomogeneous ablation plume region.

Combined TTM-MD (Two Temperature Model — Molecular Dynamics) [8,14] is used to
describe the processes. It should be mentioned that in the considered ablation regime electron
and ion (lattice) temperatures differ but slightly and the main effect of the two-temperature
model is in introducing electron heat conductivity which exceeds the lattice conductivity by
orders of magnitude.

Energy balance of electron subsystem is described by continuum energy equation (1)
supplemented by the equation of laser radiation transfer (2):

de, (O, oG (1)
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—+aG =0 (2)
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Here €, = €,(N,, T,) = fOTe C.(N,, T,)dT, is the volume density of electron energy, C, is

specific heat of the electron Fermi gas, N, is electron density, T,, 7; are the electron and ion
temperatures, g(7,) is the electron-ion coupling coefficient, G is the density of laser radiation
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flux in the medium, o =a(7,, n.) is the coefficient of absorption of laser radiation, W, =
—2,0T,/0x is the heat flux, 1.(T,, T;) is the electron heat conductivity coefficient.

The energy balance equation of the electron subsystem (1) was solved in the condensed
medium using the finite-difference method. Zero heat flux W, =0 was used as a boundary
condition at the surface of the film and its fragments.

The connection between electron energy and temperature was obtained using
approximation via Fermi integrals [15].

3D molecular-dynamic modeling was used to describe the ion motion:

i
prank
dﬁ - = (3)
J _ femb heat
m =R
j=1.N
Here mj, 7;, ¥; are the mass, radius-vector and velocity of j-th ion respectively, ﬁ}emb =

—0U(#; ...7y) /07 is the force acting at the j-th ion from other ions, U(#; ...7y) is the

interaction potential for which embedded atom model (EAM) potential for Al [16] was chosen
(see appendix 2). The energy transfer from the electron subsystem to the ion is given by:

m; (¥ — (V)
3kBTl-ni

where (V) is the mean ion velocity in the neighborhood of the j-th ion. The calculation
procedure provides the total energy conservation with the accuracy better than 107,

The values of the coefficients g(7,), C/T,) and A.(T,, T;) are given in [8]. For example at
T,=7000 K for C, and g one has respectively 6x10°> J/m’K and 2.5x10"" W/m’K which give
for the relaxation time T = C,/g is about 2 ps or smaller if lattice heating is taken into account.

Critical parameters for the considered Al model are 7.=7600K, Pc= 1400 bar,
pc=0.5 g/em’. Various different critical parameter values for Al and other metals are given
in ref. [1, 3]. It should be stressed that the real experimental values of the critical parameters
for Al are not known and its absolute values given above should be considered only as a result
of the model used. Nevertheless it is supposed that this fact is not very important for obtaining
new information on non-equilibrium behavior of the system under consideration described
with the help of reduced parameters.

At the initial time ¢ = 0 the film was assumed to be heated to the temperature of 6340 K,
electron and ion subsystems are in thermal equilibrium. The state preparation is described in
appendix 2. Initial pressure values P =0 gives rise to acoustical film vibrations which are
discussed in [5]. The initial sample dimensions are L,xL,XL,=37.3x37.3x449 nm’ with the
total particle number N = 17.87x10° and periodical boundary conditions along X-Y directions.

Fheat = g(T)(T, —T;) 4)

3 RESULTS AND DISCUSSION

3.1 Time evolution of pressure recoil P(t) and phase trajectories in P-T, P-p, T-p planes
at different ablation regimes

Fig. 1 shows recoil pressure and surface temperature behavior at different constant
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radiation intensity /=33, 44, 66 and 110 MW/cm? which are switched on at #=0. For the
cases with sufficiently sharp liquid-vapor boundary the recoil pressure means the pressure
value in liquid layer adjacent to the evaporating front with the distance Az = 8 nm from it. It
should be mentioned that sharp liquid-vapor front width when the density drop far below the
critical density p. is about 3 nm. At higher temperature when the liquid-vapor density jump is
not pronounced the pressure and temperature values are taken at the point z, = z. — Az where
z, 1s determined by the relation p(z.) = p. for the sake of convenience.

The pressure peaks on curves 1,2 in fig. la are due to explosive boiling process which
begins to develop when the superheating limit temperature is attained in the irradiated liquid.
Initial ablation stage (before the explosive boiling) corresponds to the surface evaporation
regime which is considered in some details in section 3.3. At not very high intensity after the
first explosion is over the system returns almost to same states as before the explosion and
then the process is repeated. It is clear that at higher laser intensity which provides faster
heating rate such repeated explosive boiling process can not be realized because after the first
explosion the system attains unstable (labile) or even supercritical states. Theoretical and
experimental investigations of such regimes can give new information on non-equilibrium
behavior of irradiated metals in its near-critical states.

It should be mentioned that the explosive boiling process in the considered case differs
markedly from the process of generation and evolution of separate vapor spherical bubbles at
small superheating levels [12]. At high superheating many vapor nucleus appear almost
simultaneously which can not be considered as independent and isolated. Moreover near the
evaporating surface where nucleation occurs one should take into account time-dependent
temperature gradients and their effect on the formation and evolution of vapor cavity which
differs from simple spherical bubble. For these reasons it is not convenient to consider the
case of strong superheating in terms which are appropriate to small superheating picture.

Fig. 1b shows recoil pressure P (curve 1) and temperature 7 (curve 2) behavior of the left
side of the film which is heated due to metal (electron) thermal conductivity. Remarkably that
the explosive boiling occurs also in the left film side where T corresponds the lowest value in
the film temperature distribution. Possibility of such explosion is due to the fact that the
pressure also has the lowest value in this region.

Maximum pressure value during explosive boiling is somewhat lower than saturated
pressure value Pg(7) at temperature 7 just before the explosive boiling begins. This is valid
for all the cases considered here and it is illustrated with curve 2 in fig. 1b which describes the
saturated pressure and temperature behavior on the left film side. In the considered interval
AP = (0P/0T) AT so that the saturated pressure and temperature behavior can be represented
with the same curve 2.

The surface film temperature at the explosive boiling beginning depends on the recoil
pressure value and increases with growing pressure. In some cases this dependence can be
considered as non-equilibrium analog to spinodal line in continuous equation of state (EoS)
e.g., Van der Waals equation (VdAW).

The pressure rise during the first explosive boiling for /=33 MW/cm® begins at #= 1.5 ns
and 7= 6900 K. The explosive boiling development leads to some temperature decreasing of
the temperature value which is clearly seen for the curve 3 in fig. l1a. It is worthwhile to
remind here that according to VdW-like EoS in superheated metastable liquid the heat
capacity Cp diverges and changes it sign at the spinodal line.
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Fig. 1. Pressure (curves al, a3, cl, ¢3) and temperature (a2, a4, c2, c4) behavior on the irradiated (R,
right) surface of liquid Al film at different constant radiation intensity I = 33 (al, a2); 44 (a3, a4); 66
(c1, c2); 110 (c3, c4) MW/cm® switched on at t = 0. Pressure (b1) and temperature (b2) behavior
together with saturated pressure Ps(T) (curve b2) and Pg(T)/2 (curve b3) on the film left (L) surface at
I =44 MW/cm’. The arrows indicate the time just before the explosive boiling begins and its
successive number is given in braces.

The explosive boiling pressure peaks are more pronounced at lower intensity as one can
see from comparison of curves 1, 2 in fig. la. It should be noted that for / = 44 MW/cm® the
pressure peaks become rather small after #>4ns with mean recoil pressure
P =850 bar =0.6 Pc. Such pressure peaks disappear also at higher intensity as it is shown in
fig. 1c for 7= 66 and 110 MW/cm®. At higher heating rates which are realized for /= 66 and
110 MW/cm? there is no sufficient time for the explosive boiling process to develop.

Additional features of the system behavior can be illustrated with the help of its pathways
on different thermodynamic planes. The points on the P-T plane which correspond to the
system states just before the first and successive explosive boiling beginning are shown in
fig. 2a together with binodal Ps(T) (curve 2).

The superheating limit line determined by the point positions can be associated with the
spinodal (curve 1) in EoS mentioned above. The states between curves 2 and 1 and below 1
are, respectively, metastable and labile.

Fig. 2b-d demonstrates the phase trajectories (curves 1-5) in P-7, P-p, T-p planes
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respectively at different irradiation intensities: 33 MW/cm?® (curve 1), 44 (2-3), 66 (4), 110
(5). The curve 2 corresponds to the left side of the film while the other curves (1,3-5) belong
to its right side. The curve 6 describes the binodal line with calculated critical point

Tc=7600 K, Pc= 1400 bar, pc=0.5 g/cm3.
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Fig. 2. a: Pressure and temperature values at the moment of the explosive boiling beginning at
different heating condition (33, 44, 66 MW/cm?) at right (R) and left (L) film sides. The number in
braces indicate the successive explosive boiling; b-d: Irradiated system pathways in P-T, P-p, T-p

planes respectively at different heating condition 33 (curve 1), 44 (2, left film side), 44 (3), 66 (4), 110
(5) MW/cm®. Curves 1'-4" are displaced from its original positions 1-4 (see the text) for the
observation convenience. Curve 2 in a and 6 in b-d describe the binodal line. Curve 7 and four smooth
curves (7') represents the Ps(T)/2 line in its original and four displaced positions.

All considered trajectories except for the curve 5 are rather close to each other so it is
difficult enough to follow its individual behavior. For this reason, in fig. 2b-d the curves 1-4
and part of curve 7 are also presented separately (1’-4', (7")) with some displacement relatively
to its original positions (1-4,7). For curve 1’ the displacements are 800 bar and 400 K in

fig. 2b; 100 bar and 0.5 g/cm’ in fig. 2¢,d. For curves 2'-4’ the periodic displacements are
120 K, 0.1 g/cm’® and 100 bar relatively to curve 1'.
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The system parameters are taken at some subsurface point z, which corresponds to the
superheated liquid state as it was already mentioned in the beginning of the section. The
distance between z, and the surface is Az =8 nm. After the explosive boiling process begins
and the subsurface density drops at the level of 0.9p, compared with its value py just before
the explosion, the point zy 1s displaced at the new position determined by the new vaporization
front location. This displacement does not give rise to appreciable changes in considered
parameters due to their relatively smooth behavior.

The system trajectories in P-T plane (fig. 2b) lie below binodal line (curve 6), i.e. in
metastable region which corresponds to superheated liquid state. This metastability is mainly
due to the fact that the liquid pressure P at given temperature 7 is lower than its saturated
pressure Ps(7T) described as the binodal line in fig. 2b.

In the free surface evaporation case (before the explosive boiling) the trajectories, except
for their initial parts, lie even somewhat below Pg(7)/2 line (curve 7) which is the minimum
value of pressure recoil [12] for evaporation model where vapor is considered as an ideal gas.
Reasons for this difference are briefly discussed in section 3.3.

Further evolution of the trajectories in fig. 2b is determined by the explosive boiling
process when the pressure grows up to the level 0.85Ps(7) almost at the constant temperature
T and then begin to diminish remaining above Ps(7)/2 level (curves 1-3). At /=66 and
110 MW/cm® (curves 4-5) there is no such diminishment and the pressure growth is not so
sharp. In the case of /=110 MW/cm? (curve 5) the system finally exits two-phase region as it
is seen also in fig. 2c-d.

The curves 1'-4’ in fig. 2c are similar to their counterparts in fig. 2b while in fig. 2d
explosive boiling effect is less pronounced than in fig. 2b-c. This difference is due to the fact
that in this process relative temperature and density changes in liquid phase are smaller that
the corresponding pressure changes.

It is necessary to mention that the evolution times #; along the considered trajectories are
different. For the curves 1-5 in fig. 2b-d one has 7, =2200 ps, 5400 ps, 1450 ps, 400 ps,
1150 ps respectively. In the cases 1-4 the first explosive boiling occurs at 1600 ps, 4500 ps,
800 ps, 300 ps respectively while in the case 5 the system reaches critical point at 650 ps and
temperature level 0.947¢ at 200 ps. The relative values of the calculated time intervals give
grounds to suppose that at higher intensities there is no sufficient time for explosive boiling
development in the superheated metastable liquid.

It should be mentioned that at higher intensities and shorter laser pulses instead of
explosive boiling the spallation effect is observed which is initiated, in particular, with
negative pressure values induced in irradiated matter [4]. In contrast to the spallation
explosive boiling begins when initial pressure value is positive. In some cases, probably after
the short laser pulse action explosive boiling can also develop provided the sample
temperature remains sufficiently high. However, after the short laser pulses in strongly
absorbing matter appearance of repetitive explosive boilings such as in fig. 1a is scarcely
possible and has not been observed theoretically or experimentally up to now.

Film parameters distributions at different times during explosion boiling and other ablation
regimes are discussed in the following section.

3.2 Space distributions of P, T, p, V7 at different times and intensities

Film displacement to the left at fig. 3-6(a) is due to its real movement because of the
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pressure difference on its right and left sides while the curve shifts in fig. 3-6(bcde) are made
for the presentation convenience. The right hand side curve displacements are different from
its left counterparts due to ablation process. The right-left sides recoil pressure difference is
clearly seen in fig. 3d where also the maximum pressure growth from 330 bar to 600 bar
during the phase explosion is also visible.
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Fig. 3. 2D particle distribution in Y—Z plane (a), 1D space distribution of temperature T (b), density p
(c), pressure P (d) and mean velocity V7 (e) at t = 1440 (curves 1), 1560 (2), 1740 (3), 1905 (4) ps
before and during the first explosive boiling for I = 33 MW/cm®. The arrows show some points in the
liquid which are used for pathways construction in fig. 2b-d as well as P(t) and T(t) curves in fig. 1.
The space scale in b,c is the same as in d,e.

The explosive boiling development leads to the flattening of the temperature distribution
near its maximum (curve 2, fig. 3b) and subsequent temperature diminishing (curves 3, 4)
near the right side of the film. The temperature drop is also visible in curve 2, fig. 1a at
¢~ 1.7 ns when the first explosion begins. For / = 44 MW/cm? the same temperature behavior
is observed at = 1 ns.

Changing of the mean particle velocity ¥z and the film density during the explosion are
demonstrated in fig. 3e,c. Due to explosive boiling fragmentation process the velocity and
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density distributions (curves 3,4 in fig. 3c,e) at the film right hand side become wider and
non-monotonous as compared to the surface evaporation case described with curves 1, 2.
Investigation of the vapor-droplet flow in various ablation regimes is out of the present paper
scope. Surface evaporation cooling leads to the appearance of the subsurface temperature
maximum and the corresponding surface density pip (curves 1, 2 in fig. 3b,c).
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Fig. 4. 2D particle distribution in Y-Z plane (a), 1D space distribution of temperature T (b), density p
(c), pressure P (d) and mean velocity V7 (e) at t = 3945 (curves 1), 4515 (2), 4740 (3), 4995 (4) ps
during explosive boiling and spinodal decomposition for I = 44 MW/cm®. The arrows show some

points in the liquid which are used for pathways construction in fig. 2b-d as well as P(t) and T(t)
curves in fig. 1. The space scale in b,c is the same as in d,e.

For I=44 MW/cm® the film displacement due to recoil pressure difference is more
pronounced as it is seen from fig. 4a. The fig. 4a also demonstrate the ablation regime which
follows after the explosive boiling and can be associated with spinodal decomposition. Effect
of spinodal decomposition on density distribution is demonstrated in fig. 4c. There is no recoil
pressure growth in this regime as it is seen from fig.4d and fig. 1. The spinodal
decomposition gives rise to small effect on the temperature distribution (fig. 4b) or time
behavior (curve 4, fig. 1a).
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The left side of the curves 2-4 in fig. 4c-e shows the explosive boiling development on the
left film side which begins at 7=6910 K and P =400 bar. This point corresponds to the
lowest temperature and pressure values in the film and is close to superheating limit
temperature or spinodal line in fig. 2a.
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Fig. 5. 2D particle distribution in Y—Z plane (a), 1D space distribution of temperature T (b) and
density p (c) at t =250 (curves 1), 415 (2), 490 (3), 1155 (4) ps for I = 66 MW/cm®. The arrows show
some points in the liquid which are used for pathways construction in fig. 2b-d as well as P(t) and T(t)

curves in fig. 1.

For =66 MW/cm® one can observe only one explosion at ¢ =415 ps with rather small
pressure rise. The explosive boiling effect is also visible on the temperature (curve 3) and
density (curves 2, 3) distributions in fig. 5. At the P-T plane in fig. 2 the process beginning
corresponds to the point “66R™. At > 500 ps the curves P(¢) and 7(¢) (fig. 1c) as well as
temperature and density distributions (fig. 5) have no peculiarities which can be attributed to
the explosive boiling or spinodal decomposition processes. One can see from snapshot and
density distribution that at this time the film state is subcritical though the liquid-vapor phase
transition front becomes rather smooth and wider in contrast to the moments at <400 ps. In
particular, there is no density peak (curve 4, fig. 5¢) due to surface evaporating cooling which
is clearly visible at curves 1-3.

At I=110 MW/cm® the time behavior of pressure and temperature are smooth as well as
2D particle distribution, p(z) and 7(z) (fig. 1, 6). In this case sharp liquid-vapor front
transition disappears at early times ¢# > 200 ps so that temporal behavior of P(zy, ) and 7(zp, f)
refer to the point z, = z. — Az where Az = § nm and p(z., t) = p.. The film parameters P(¢) > P¢
and 7(¢)> Tc become supercritical at ¢> 670 ps with no explicit manifestation of any
singularities during critical point passing.
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Fig. 6. 2D particle distribution in Y-Z plane (a), 1D space distribution of temperature T (b) and
density p (c) at t =170 (curves 1), 400 (2), 700 (3), 950 (4) ps for I =110 MW/cm®. The arrows show
some points in the liquid which are used for pathways construction in fig. 2b-d as well as P(t) and T(t)

curves in fig. 1.

3.3 Surface evaporation regime: comparison with simple Kkinetic and hydrodynamic
approaches

For not very intensive surface evaporation into vacuum and the mass accommodation
coefficient a,=1 the evaporating mass flow can be approximated with well-known Hertz—
Knudsen (HK) relation [12]

. kT 5)
Jp = Ps 2mmg
. mgy
=P (6)
Jo =S onkTs
j=pV (7

The two equations (5), (6) are equivalent for ideal gas with equation of state Ps=(ps/m)kTs
where Ps, ps, my, Ts are the saturated vapor pressure, density, particle mass and evaporating
surface temperature. The net vapor flow is somewhat lower compared to equations (5), (6)
due to backscattering process (see e.g. [17], and references therein).

The vapor flow values obtained in our calculation at different times and intensity:
t=3945ps (Nol, left)y and 600ps (No2) and =44 MW/cm’, ¢=1440ps and
I=33 MW/cm® (No 3); =250 ps and /=66 MW/cm” (No 4) are shown in table 1 together
with corresponding values given by equation (5), (6) at the same surface temperature,
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saturated vapor pressure and density values.

Ne T,K p, glem’ P, bar Jo g/(cm®s) | jp, g/(cm’s) | j, g/(cm’s)
1 6870 0.0740 740 4290 2050 1670
2 6880 0.0752 751 4370 2080 1700
3 6900 0.0780 765 4540 2120 1700
4 6920 0.0808 780 4710 2160 1710

Table 1. Comparison of vapor flow values calculated from in the modeling (j) and two forms
of HK relation (jj, jp) corresponding to equation (5), (6).

From the table 1 it follows that the expressions for the mass flow (5), (6) which are
equivalent for ideal gas differ significantly in more general case. This difference is due to EoS
deviation in the considered case from ideal gas EoS. From the two relations (5), (6) the first is
closer to MD calculation results for mass flow.

It is interesting to note that the recoil pressure in fig. 1b before the explosive boiling is
slightly lower than Pg(7)/2. This difference can be probably attributed to the mass
accommodation coefficient value a,<1 [17], non-ideal gas effects in vapor flow or finite
relaxation times in formation of the surface evaporation flow. However, the situation needs
further investigation which is out of the present paper scope devoted mainly to explosive
boiling and spinodal decomposition of superheated metastable liquid.

4 CONCLUSIONS

Our results show that in nanosecond laser ablation repeating explosive boilings occur at
some values of laser intensities and irradiation times which give rise to repeating peaks
appearance in recoil pressure behavior. Such recoil pressure peaks can be used as markers for
attaining near-critical region in superheated metastable liquids as it was supposed long ago in
[18]. No explosive boiling is observed at mean recoil pressure level above approximately
P;=0.6 Pc. Possible correlation between P; and P¢ needs further investigations for different
laser pulse, metals and models. It is interesting also to investigate experimentally the recoil
pressure behavior for metal with known critical parameters, e.g. for Hg.

It should be mentioned that ablation regime can be affected with plasma formation which
is not considered here. Appearance of strongly absorbing plasma layer can change non-
equilibrium properties of vaporization process. In the case of free vapor expansion into
vacuum the corresponding mass flow has its maximum value which can be diminished
because of expansion limitation due to plasma formation [19-22]. The vaporization rate
during laser ablation can be investigated experimentally with the acoustical monitoring
method [23-24].
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APPENDIX 1. PERIODIC BOUNDARY CONDITIONS AND INITIAL STATE
PREPARATION.

Suppose that the aim of the simulation is to study the laser heating of a thin metal film of
thickness H in a vacuum. The film is formed by a set of particles located at the nodes of the
crystal lattice. For modeling, a finite computational domain is chosen with the dimensions
along the axes L.xL,xL., which contains part of the film L.xL,xH (Fig. al). Thus, in the
direction of the coordinate axes X and Y, the film is infinite, and the computational domain is
finite. To model the interaction with the part not included in the computational domain,
periodic boundary conditions are used along the axes X and Y with the periods L, and L,
respectively.

Fig.al. Computational domain for modeling of the infinite film with periodic boundary condition
along X-Y axes and period L, = L, = Ly = 37.3 nm. Initial film thickness H(t=0) = 449 nm and the
total length of computation domain L, = 2 pm. Parts marked with L, are explained in appendix 3.

Periodic boundary conditions along x imply that the particles, which x coordinate is within
the interval 0 <x < L,, exactly reproduce the particles kL, <x < (k+1)L, for any integer k # 0.
That is, the particle leaving the computational domain from the upper boundary x = L,, is
replaced by the particle with the same value of velocity but entering the computational
domain through the bottom boundary x = 0. If we mark the quantities related to a new particle
with a stroke, then

(al.la)

V=7
x'=(-Ly)€[0,L,) for L,<x<2L,
y' =y

zZ'=z
Similarly, for a particle leaving the computational region through the bottom boundary
x=0:

V=7

x =(x+Lx)E[0,L,x) for —Ly=x<0 (al.1b)
y =Yy
z'=z

The second important aspect of periodic boundary conditions is the force and potential
energy of interaction for particles from the border regions: 0 <x <r. and (Ly—r.)<x <L,
where 7., is the cutoff radius of the potential (it is supposed that the interaction force can be
neglected at the distances r > ;).

The interaction of the particle 7, which coordinate x; is within the interval (L,—r.,) <x; <L,
with the particles beyond the computational region L, <x;' <(Ltr.) is modeled using the
particles 0 <x; <r. from the computational domain, the radius-vectors of which are adjusted
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>
’)’j]._

Nt

+ 8L,y (al.2)

where €, is the single unit axis of the axis X.

Obviously, all of the foregoing applies equally to periodic boundary conditions along the
coordinate axis Y.

The question of the error introduced by periodic boundary conditions is due to the
distortion introduced into the damping of the phonon modes in the crystal. Obviously,
expanding the boundaries reduces the effect on the spectrum of the phonon modes.

In the direction of the Z axis, the film is finite and its surfaces are free from external
influences (with the exception of heating by an external energy source). Therefore, no special
boundary conditions in this direction are required. Boundaries at the ends of computational
domain L, are completely transparent.

The heating of the target in the range of 300 K — 6400 K was performed by the Berendsen
thermostat [25] with enabled Berendsen barostat with zero target pressure [26]. The
temperature of 6400 K was reached within 7 ~ 200 ps. After that, the thermostat and barostat
were turned off and were replaced by the laser pulse heating with constant intensity.

APPENDIX 2. THE POTENTIAL OF THE EMBEDDED ATOM MODEL (EAM).

In the 80s of the last century, an approach was proposed to the description of energy states
applicable to compounds with a metal bond [27, 28]. Based on the idea of the quantum-
mechanical theory of the electron density functional, the contribution to the energy of
arbitrarily located nuclei from interaction with electrons can be written as a single-valued
functional of the total electron density (the embedding functional). In this case, the total
electron density in the metal is represented as a linear superposition of the contributions of
individual atoms, and the electron density created by one atom is spherically symmetric.
Thus, the total energy of the system consists of two terms: the energy of pair interaction of
atoms and the energy of interaction of each atom with the electron density created by other
atoms:

N N
1
UG . Ty) = Z o(ry) + Zf(l)i) (a2.1a)
ij=1 i=1
i#j

where @(r;) is the pair potential, f(p;) is the embedding function of the i-th atom, p; is the total
electron density for the i-th atom, produced by spherically symmetric functions of single-
electron density n(r;) of other atoms:

N
Pi = Z n(ry) (a2.1b)

j=1
j#i
This approach was named the embedded atom model (EAM) and the expressions (a2.1)
were named the EAM potential.

In some cases, one try to calculate the functions ¢(), n(r), f(p) on the basis of the
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quantum-mechanical theory. In most cases, different approximating formulas are chosen with
parameters whose values are adjusted to the experimental values of known physical
quantities. For example, the function ¢(r) is often represented in the form of one of the
described above pair potentials or in the form of polynomials of the n-th order. The electron
density n(r) if single atoms is described on the basis of quantum-mechanical approach.
Finally, the information about the function f(p) can be obtained from the equation of state.

As the pair part, the authors of [16] used a polynomial dependence:

0, r=r

= 1
r) =
°0) (a1r2 - az) (a17% — a1 2)0[(ar7? — ay7.2)® + az(a;r?)°],  r<r.

(a2.2a)

The following analytical expressions were suggested for the embedding function and
single-electron density:
0, r>1;
— . 2 _.2)2
, n) ={¢ - 0*—-1r72) ’ rer, (a2.2a)
1+ (cpr?)3

byp - [by + (bz + p)?]
14 byp

flp) =

Here r.~=0.6875 nm is the cutoff radius of the potential. The authors performed the
parameterization of this potential using the minimization of total deviations of the
components of the cold pressure tensor and experimental properties of Aluminum at low
temperatures. Also, during minimization the following reference point had high weight: at the
temperature 7=0K the lattice constant of aluminum is ay = 0.4032 nm, the cohesion energy
E.=-324.19 kJ/mole and bulk modulus K = 80.9 GPa. As a result, the following values of the
parameters were suggested, which are given in Table 2.

a; | 2.9275228176598036 by | 8.1106000931637006 c; | 0.58002942432410864
a, | 5.1028014804162156 by | -334.57493744623503 cy | 8.2981185422063639
as | 111.37742236893590 bs | 14.868297626731845

by | 1.6080953931773090

Table 2. Parameters of EAM potential.

Thus, the parameterization of this potential was performed on the basis of the mechanical
characteristics of aluminum. For the considered interatomic potential, the critical temperature
is Tc=7600K, the critical pressure is Pc=1400bar, and the critical density is
pc=05g cm ° [29]. Additional calculation details are presented in [30].

APPENDIX 3. COMPARISON OF TEMPERATURE AND DENSITY
DISTRIBUTIONS ALONG Z AND Y DIRECTIONS.

In one-dimensional approximation used here for electron temperature heat diffusion is
taken into account only in Z direction. The approximation validity usually does not raise
doubts for sufficiently homogeneous condense matter state and large laser irradiation spot.
However, it is not evident in the case of strongly inhomogeneous ablation plume region where
density and temperature space variation are not small in all directions. For this region the
approximation can be hardly justified but its effect on the temperature distribution and recoil
pressure behavior in condensed matter seems to be not very significant.
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Fig.a3. The density (1) and temperature (2) distributions along Z (a, c, e, g) and Y (b, d, f, h) directions
for different times 1905 ps (a-d) and 2070 ps (e-h). For further details see the text below.

At fig. a3(a-h) for the case /=33 MW/cm® it is shown density (curves 1) and temperature
(curves 2) distributions along Z (a, ¢, e, g) and Y (b, d, f, h) directions in subsurface area
(a, b, e, ) and above it (c, d, g, h) with corresponding displacement 21 nm into the region
where ablation plume formation begins. The curves a-d and e-h correspond to different times
1905 ps and 2070 ps during the first explosive boiling before and after maximum pressure
peak which is shown in fig. 1a (curve 1).

In the curves, construction of the averaging procedure over some volumes in the form of
plates is used. In appendix 1 (fig.al) two examples of such volumes (AXXAYXAZ =
37.3x37.3x2.1 nm’ on the left of fig.al and 37.3x2.1x37.3 nm’ on its right) are shown and
each of them corresponds to one point on density and temperature curves in fig. a3 along Z
and Y directions. Summations of the plate volumes along Z (left case) and along Y (right case)
gives the total volume L03 .

One can see from fig. a3 that there is no pronounced difference between curves describing
subsurface temperature distribution along Z direction (a, €) where electron thermal conduction
is taken into account and Y direction (b, f) with no such conduction. It is clear that taking into
account additional electron heat conduction in Y direction can hardly change the picture.

In the ablation plume region difference between temperature variations along Z direction
(c, g) and Y direction (d, h) are somewhat more pronounced so that taking into account
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electron thermal conduction along Y direction can give some effect on thermal equilibration
and vaporization processes in the ablation plume. In fact in the plume already there is another
3D mechanism of heat exchange due to convection and evaporation-condensation processes
provided with MD procedure which can be probably more important than additional electron
heat conduction along X—Y directions. We suggest that application of 1D approximation for
electron heat conduction in our consideration does not distort significantly recoil pressure
behavior as compared with the case of 3D electron heat conduction.
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