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Abstract
Results and their visualizations are presented for the case of nanosecond laser ablation of a metal liquid film at different
incident laser intensities G = 38.5, 44, 88 and 154 MW/cm2. The ablation of an Al film (thickness 430nm, initial particle number

5x10°) including subcritical to supercritical states is investigated with the help of the classical molecular dynamic method and
continual description of a conduction electron subsystem. Behavior of a thinner metal film (48nm) is also investigated at G = 29

MW/cm? and G = 51 MW/cm? (5 and 8,8 K/ps). 3D calculation results are given in the form of 2D particle distribution
snapshots as well as temperature, density, pressure and particle velocity 1D distributions. As in the previously considered case
of dielectric films for metal films four different ablation regimes are observed depending on the laser intensity: quasi-stationary
surface evaporation, explosive (volume) boiling, spinodal decomposition and supercritical fluid expansion. Changes in space-
time behavior of the density fluctuations in these regimes are clearly seen from the presented visualizations. Explosive boiling
realization in metal ablation is not evident beforehand because of the high values of the thermal conductivity and absorption
coefficients which can impede the manifestation of the process. Recoil pressure pulses that are caused by explosive boiling can
be used as experimental markers of getting closer to the critical region while the critical region transition is characterized by the
disappearance of the pressure pulsation.
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1. Introduction

Investigations of the laser metal ablation involving under critical and super critical state of irradiated matter have a rather
long history [see e.g. [1-25] and references therein]. However, behavior of irradiated matters near critical regions remains
unclear in many aspects up today. This concerns, e.g., metal — dielectric transition [1,2,4-6,8,9,13] and even the mere possibility
of critical point manifestations in laser ablation. For this reason and because of impossibility to use static methods for
determination of metal critical points their values remain not well defined.

The explosive boiling process discussed in many papers [3,6-8,23,25,26] is also not sufficiently investigated, both
theoretically and experimentally. In the case of laser-metal ablation there are different conclusions on the subsurface
temperature maximum effect, which influences the appearance of explosive boiling. In [23,25,26] it is stated that the
temperature maximum influence on the process can be neglected while in an earlier paper [3] it is supposed that this influence
can give rise to repeating explosive boiling with corresponding short recoil pressure pulses above the smooth recoil pressure.

Non-equilibrium processes behavior depends on its realization conditions. Small superheating of homogeneous metastable
liquids may lead to the appearance of unstable vapor bubbles which begin to grow, as a result of liquid density fluctuations. In
theory, no interaction between these bubbles is usually taken into account [27,28]. This approximation becomes invalid near the
superheating limit temperature where production rate of the unstable bubbles is very high. Nevertheless, it is used in this limit in
many papers [25,26,29,30] while in this case different approaches are needed. The Method of molecular dynamic modeling
(MDM) is the most appropriate to deal with evolution of highly non-equilibrium liquid state near the superheating limit.

Behavior of a thin (48nm) liquid dielectric film was investigated in [31-35] during and after its homogeneous heating with
the energy deposition rate 2-100K/ps with the help of the MDM method. Energy deposition rate is defined using the heat
capacity value 3kgn, where kg — Boltzmann constant, n — particle concentration in the heated matter. In contrast to more intense

and short energy pulses [11,15,24] inertial confinement effect is not important in the case of relatively slow heating rates and
the surface evaporating cooling effect is more pronounced producing subsurface temperature maximum. It is in this maximum
location where the explosive boiling begins which in the end results in a formation of two almost equal flying away fragments
[32-37]. Visualization of this and other regimes of the film behavior at different energy deposition rates is presented in [35].

In thin metal films the temperature maximum during their heating is less prominent than in dielectric films because of the
particularly higher thermal conductivity values. Such temperature levelling effect can significantly change the explosive boiling
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evolution picture. Instead of one cavity formation in the temperature maximum location many separate cavities (bubbles) may
appear in the film. However, despite the temperature leveling effect in the metal films, explosive boiling also results in the
formation of two fragments during its heating.

It turns out that for more thick compared with laser penetration length metal films explosive boiling process during the laser
ablation is characterized with train of separate pressure picks as it has been supposed forty years ago [3].

The present paper continues previous investigations [31-40] by showing visualizations of different laser ablation regimes of
metal (aluminum) films at various laser intensities and film thicknesses. The visualizations show a rather complex space-time
dependent behavior of matter during laser ablation which includes four different ablation regimes: quasistationary surface
evaporation, explosive (volume) boiling, spinodal decomposition, and supercritical fluid expansion depending on the laser
intensity.

2. Statement of the problem

A 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 [41-43]. 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 spin systems in solids [27], electronic and ionic subsystems in gas plasma [44].

Laser radiation propagates from right to left and is normally incident on the free surface of the film. A Part of the radiation is
absorbed by the electronic components, and as a result of inelastic collisions is transferred to the ion subsystem. By using
periodic boundary conditions in the directions Y, Z the problem is effectively reduced to a one-dimensional approximation
along the X direction (for transport processes of laser radiation and energy into electronic subsystem).

Scheme of the computational experiment at the initial time.

Combined TTM-MD [11] model is used to describe the processes.

Energy balance of the electron subsystem is described by the continuum energy equation (1) supplemented by the equation of
laser radiation transfer (2):
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Here *¢is the volume density of electron energy, “<*~ are the electron and ion temperatures, ¢/ is the electron-ion
coupling coefficient, G is the density of laser radiation flux in the medium, a=al.n,) is the coefficient of absorption of
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laser radiation, ¢X js the heat flux, "=“"«*"i/ 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 "= = © 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 Fermi integrals [20]:
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3D molecular-dynamic modeling was used to describe the ion motion:
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Here 772"/ are the mass, radius-vector and velocity of j-th ion respectively,

the j-th ion from other ions, UGH...7y) is the interaction potential for which embedded atom method (EAM) potential [15] was
chosen. The energy transfer from the electron subsystem to the ion is given by:

is the force acting at
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where ®) is the mean ion velocity in the neighborhood of the j-th ion.

At the initial time t=0 the film was assumed to be heated to the temperature of 6400K, the electron and ion subsystems are in
the thermal equilibrium. The film is located in the middle of the computational domain with respect to X axis.

Critical parameters values in the considered model are T,=7600K, rC:O,489/cm3 and p.=1,4kbar.

3. Results and discussion

In the first place it is useful to compare behavior of the temperature and density distributions in thin (48nm) dielectric (Fig.1)
and metal (Fig.2) films at approximately the same energy deposition rate: 4K/ps and 5K/ps respectively. The formula of the
Effective energy deposition rate q in the metal film can be rewritten using absorbed intensity G q = GD/(3kgnL), where D = 1-

exp(-aL), n — particle density, L — film thickness. Thus, absorbed intensity 29MW/cm? corresponds to g = 5 K/ps. In the metal
case these distributions have no such pronounced extreme before explosive boiling as in the dielectric film. Nevertheless, in the
both cases explosive boiling begins approximately in the middle of the films.
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Fig.1. Distributions of dielectric film temperature (a), density (b) at 240 ps and 322 ps after the heating beginning with 4 K/ps
effective energy deposition rate.
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Fig.2. Distributions of metal film temperature (a) and density (b) at 700 ps and 800 ps after the heating beginning with 5 K/ps



effective energy deposition rate.

Disintegration of the film into two approximately equal fragments proves the symmetry of the problem and that the metal film
is characterized by a thermally thin surface. The latter one is due to the fact that the thermal diffusion length is greater than the
film thickness and the radiation absorption depth. In the meantime, the difference in temperature distributions results in
somewhat different behavior of the vapor cavities formation in its initial stage. This is a demonstration of the above mentioned
fact that non-equilibrium processes behavior depends on its realization conditions. Initial stage of cavity formation in the metal
film at the moment 826ps (Fig.3) is a fragment of the whole visualization picture demonstrating behavior of 2D particle
distribution snapshots (after averaging along Z-axis) as well as temperature, density, pressure and particle velocity 1D
distributions along X axis X-axis which is normal to the film plane [visualization].
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Fig.3. At the moment t = 826 ps

A Comparison of these distributions and visualizations shows that the difference between dielectric and metal films behavior
appears even before explosive boiling. Density fluctuations close to the surface of the metal film begin to grow before the
explosive boiling because the surface temperature in the last case is closer to its maximum value than for dielectric films. This
temperature distribution leveling also gives rise to cavity surface fluctuations in its initial formation stage.

Fig.4 and the corresponding visualization show that these density fluctuations on the cavity surfaces become more
pronounced when the intensity increases to 8K/ps (51MW/cm?). Instead of two fragments in this case four fragments with
irregular surfaces appear from the very beginning of explosive boiling process. These density irregularities give birth to new
cavities with even more fuzzy boundaries.

Metal film 8.8 K/ps &
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Fig.4. At the moment t = 300 ps.

The ablation process for thick metal films is different from the one for thin metal films since the temperature of the rear side
film surface is lower than the one of the radiated surface. In comparison to thin films, ablation process for more thick (417nm)
metal films is different because the temperature of the rear side film surface is lower than at the radiated surface. Figs.5-22
(except for Fig.9) give 1D distributions (temperature, density, pressure, velocity of particles) and 2D particles distribution which
are also presented in all visualizations in the same form. The time-dependent distributions are averaged over 5 ps interval.

The temperature of the right-hand irradiated surface is higher than the one of the left hand surface. As it is seen from Fig.25

in the half space (infinity thickness) limit temperature maximum T Jocalization under irradiated surface approximately

. . . . -1 . -7 . . S =v/a; :
coincides with radiation penetration length ¢  and the difference Tn=Ts i proportional to parametero =V/CL \where Vv and

Z denote the vaporization front velocity and heat diffusivity coefficient. For metals usually d<<1 even in the near critical region
if no metal-dielectric transition occurs.
However, despite these impeding factors our calculations (Figs.5-12) clearly demonstrate repeating explosive boilings which

occur approximately at 1.04 ns, 1.44 ns, 1.64 ns, 2 ns and 2.34 ns for G= 38.5 MW/cm? and at 0.71 ns, 1.16 ns, 1.5 ns and 1.79

ns for G= 44 MW/cm? after the constant intensity absorbed radiation is switch on at t=0. During this process very thin film
fragments are blown off consistently from the irradiated surface. The initial thickness of the fragments approximately

corresponds to the penetration length & 1 which is almost two times smaller than the fragment thickness on Figs.2,3.

Just before the explosive boiling begins (for example at the moment 1,04ns at Fig.5b and the corresponding visualization)
one can see density fluctuation growth at different space position and some competition between them during their evolution
under the irradiated surface. As a result of this competition from the two fluctuations only the one closest to the surface survives
giving rise to the growing vapor cavity dividing the blown off fragment from the rest part of the film.

Such competition of the fluctuations is visible also at G= 38.5 MW/cm? at later times (2ns and 2,34ns, see visualization) and

at G=44 MW/cm? at shorter times (0,71ns). It should be noted that the competition at G=44 MW/cm? becomes less effective at
later times 1,79ns (Fig.12 and see visualization) which results in a practically simultaneous formation of the two fragments.

At low intensities (38.5 and 44 MW/cm?2) the density evolution of the blown off fragments is not monotonous (Figs. 6b, 7b)
with a maximum which exceeds the film density at the irradiated surface. This behavior is more clearly visible in the linear scale
Fig.9 where 1ps time averaging is used. It means that the fragments, which are in a process of flying away stabilize so that some
stabilization of the flying away fragments occurs so that the fragments provide significant jumps in the vapor density, pressure
and particle velocity distributions in the ablation flow (Fig. 7b, 7c, 7d).

The Vapor velocity jumps to the same positive (right surface) or negative (left surface) values which are determined with
vaporization kinetics.

At increased intensities (88 and 154 MW/cm?2) no fragment density augmentation is observed and the fragment boundaries
become less distinct as it is seen from Figs.13b-20b and the corresponding visualizations (88 and 154 MW/cm?). Such regime



can be denoted as a spinodal decomposition which takes place below T, and P, with more smoothed phase boundaries than in

the explosive boiling case. Because of the high heating rate corresponding to 88 and 154 MW/cm? the explosive boiling process
has no time for the development which is observed at the lower intensities.

Thick metal film G = 38.5 MW/cm2 &
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Fig.5. Electron and ion temperature (a), density (b), pressure (c), velocity (d) and particle (e) distributions for G=38.5 MW/cm?2
at the time t = 1.032 ns: the beginning of explosive boiling.
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at the time t = 1.067 ns: separation of the first fragment.
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The Spinodal decomposition regime is also visible from Fig.19-20 (154 MW/cm?) at t=0,125ns and t=0,14ns while at later
times (Figs. 21-22) this regime transforms to supercritical fluid expansion with density fluctuations diminishing at the right-
hand side of the film. In comparison to the subcritical ablation case, the fluctuations become smoother (Figs.5-20). Even at the

subcritical temperature values no explosive boiling effect is observed at G=154 MW/cm? because of the large heating rate.
The Results of our modeling show that the explosive boiling effect is more pronounced at G= 38.5 MW/cm? and 44
MW/cm?2. At Fig.23 the pressure and temperature behavior is presented during the first explosive boiling which takes place in

2



the interval 0,8-1,3ns after the intensity G= 38.5 MW/cm is switched on. The pressure and temperature curves during the third
explosive boiling in the interval 1,35-1,7ns at the intensity G= 44 MW/cm? are shown at Fig.24.

In Fig.23 the pressure curve up to the moment “t = 1,04 ns corresponds to the vapor pressure Pvap in the vapor flow near the
irradiated surface which is lower than the recoil pressure P eqoi >0.5Pgq,r(Ts) Where T denotes the irradiated surface
temperature and Pg,, corresponds to the saturation pressure. At T;=6830K the saturated pressure Pgyq,r =714 bar while the
calculated subsurface pressure in the film (which is in fact P o)) is about 370 bar. During explosive boiling Pyqcoi grows by
the factor 1,65 (up to 610 bar) which is somewhat lower than saturated pressure Py, (T,)=802 bar at T,=6950K. The
temperature T, corresponds to the subsurface temperature maximum located before the explosion at the radiation penetration
length distance from the surface. The temperature jump in Fig.23b is due to displacement of the observation point from the

irradiated surface to the point ™ at 1 and it corresponds approximately to the temperature difference (‘Tf” -T ) mentioned
above.

For G=44 MW/cm? behavior of pressure and temperature during explosive boiling is similar to the 1=38.5 MW/cm? case
while P and T values are somewhat higher. In both cases growth time of pressure pulses is almost the same (20ps).
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It is interesting to note that in the experiment [14] approximately twofold shock wave pressure rise above the irradiated Al
target was detected and interpreted as a transition from normal vaporization to phase explosion (explosive boiling). In this case,
however, one should also take into account plasma formation effects which can also result in pressure rise above the target. The
topic about the role of plasma under such conditions requires further analysis.

As it was already mentioned in the introduction, the problem of the subsurface superheating effect on the explosive boiling
process in metals has not had an unambiguous answer until recently because of the high values of the thermal conductivity and
absorption coefficients. One should keep in mind that in equations (6)-(7) and Fig.25 the laser radiation goes from the left. In
the continuum approach the steady-state temperature distribution in irradiated sample is determined in the reference frame
moving with the vaporization front (x = 0) by the equation:

i—T—Vi—T—ZG_{ =29 exp(-a)

ot ox ox fole (6)




x=0: czi—T:LV, x=w: T(t,o)=T
Cx

o0

where the density r, heat capacity c, thermal diffusivity y and absorption coefficient a are assumed to be constant for
simplicity. Vaporization velocity V and heat of evaporation L depend on the surface temperature Ty.

From (6) it follows for the steady-state solution:

v

T.(x)=T, + &T{-’l exp(—ax)+ B exp{— Kr]]

where | A=V(AT+L)/cAT(V -az),  B=1-4, AT=T,-T,,

G=pV(L+cAT) g

The Energy conservation equation (8) follows directly from (6) and gives a relation between absorbed intensity G,
vaporization velocity V and thermophysical parameters of the irradiated sample. Vaporization velocity depends on the surface
temperature and Mach number (M) in the vapor flow at the outer side of the Knudsen layer [45]. In the case of M=1 for V one
has:

P m
V=083 P (TH)=P, -exp(l1L5-(1-7, /T.
G o P (D)=Roew(15-(-L /1)

©)

where Pgyy,r — Saturation pressure at the surface temperature Tg, Ty, = 2792K is normal boiling temperature, Py, =1 bar, m —
mass of the evaporated particles. In formula for Py, properties of considered metal model are taken into account. For density

and thermal diffusivity of heated matter the following values are used r =1 g/cm?, ¢ =0,8 cm?/s u m=4,48-10"23g.
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Fig.25. Temperature distributions T(z) for two intensities: G=19,5MW/cm? (gray curve), G=38,5MW/cm? (black curve).
Radiation falls on the left.

Applicability limits of this simplified approach are also determined by the condition that the metastable liquid temperature
must be lower than its superheating limit value because at the higher temperatures homogeneous superheated liquid state cannot
exist. The limitation is more severe in the case of a relatively small absorption coefficient. The heat conductivity values
practically prevent the realization of the steady-state surface evaporation regime. (7) This is caused by a big difference between
the surface temperature T¢ and the subsurface maximum temperature T,,, where explosive (volume) boiling begins.

For metals usually c¢/V >>a"1 and the temperature difference Tm — Tg is small so that the model (6)-(7) is applicable for a
wide range of the surface temperature T4 values which can be close to the superheating limit temperature T}, or spinodal
temperature Tg,. However, in this case another important question about the possible influence of the small difference T, T on

the laser ablation process arises. It is supposed in [3] that despite the relatively small temperature difference repeating explosive
boiling can occur while in refs. [23,25,26] this possibility is neglected. Our MD modeling results give a definite answer to this
question.

Fig.26 shows the film temperature distribution (fluctuating curve) obtained from the MD calculation at | = 38,5J/cm? and t =



1,02ns just before the first explosion boiling and the temperature curve from Fig.25 which have the same surface temperature Ty
= 6900 K.
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Fig.26. Analytical (smooth curve) and numeric (with fluctuations) temperature profiles in the quasi-stationary regime: before the
explosive boiling begins. Radiation falls on the right.

The Difference between the curves at the rear (left) side of the film is due to its finite thickness in contrast to the half-space
continuum model (6)-(7). The film thickness is comparable with the heat diffusion length c¢/V where for the considered model ¢

=0,8cm?/s and vaporization front velocity V=2764cm/s in accordance with egs. (8) and (9).
Despite the relatively small value of the subsurface temperature maximum T, compared with the surface temperature T and

very close proximity of T, location to the surface one can see from the MD calculation results that explosive boiling process
begins just in the T, location. Even a very thin blown off fragment (about radiation penetration length 10 nm) is thick enough to

provide the pressure pulse appearance described above (Fig.23,24). It is worth to note that the pressure pulses can be more
pronounced in the case of subcritical metal-dielectric transition which was discussed in many papers with no sufficient
experimental data up to now (see, e.g., [1,2,4-6,8,9,13] and references therein).

4. Concluding remarks

The Results of our modeling confirm the possibility to discriminate four different regimes in the nanosecond laser ablation of
metals that are depend on the laser intensity: quasi-stationary surface evaporation, explosive (volume) boiling, spinodal
decomposition and supercritical fluid expansion. The Laser ablation behavior in the various regimes can be clearly seen from
the presented visualizations. The approach to analyze the nanosecond laser ablation in this article is different from other
approaches (see, e.g. [7,25,26,29]) in the field of phase transition Kkinetics.

In particular, the explosive boiling regime for metals manifests itself in repeated subnanosecond recoil pressure pulses which
become less pronounced in the spinodal decomposition regime at higher intensities and completely disappear in the supercritical
fluid expansion case. Such laser-metal ablation behavior is described in [3] with a suggestion to use it for an experimental
determination of the metal critical pressure.

One should keep in mind that the pronounced explosive boiling occurs close to the superheating limit temperature where
many vapor bubbles appear almost simultaneously because of unstable density fluctuations. In this limit widely used nucleation
theory [25-30] is not applicable because of the appearance of vapor bubbles which cannot be considered as independent or even
as spherical if the liquid temperature depends on space. The Simultaneous appearance of many unstable (growing) density
fluctuations at the superheating limit temperature of metastable liquid results in the effective heat capacity growth of the liquid
just before the explosive boiling occurs. The Combination of MD and continual approaches make it possible to investigate such
singularities in superheated liquids [46].

The Vapor phase formation is clearly visible from the presented visualizations, which show that the flat vapor cavity appears
near Ty, instead of separate vapor bubbles and vaporization in to the cavity leads to explosive (subnanosecond) pressure rise

above the preceding recoil pressure level. It is evident that the separate pressure bubbles cannot give such pressure pulses so that
the interaction between the bubbles is crucial for the determination of the explosive boiling pressure behavior.

In our model of liquid Al at lower intensities G < 35 MW/cm? the surface evaporation process is observed for many

nanoseconds after the intensity is switched on while at G = 38,5 MW/cm? and 44 MW/cm? the first bursts of explosive boiling
occur at the moments t = 1,04 ns and 0,71 ns respectively. These explosions are followed by other several repeated events with
subnanosecond intervals. The intervals between two successive explosions are not constant because of the temperature rise,
which is due to the continuous radiation heating and fluctuation initiations of the process.

Recoil pressure pulsation due to explosive boiling can be used as a marker of approaching critical parameters values in
irradiated sample while ablation regime with critical pressure and temperature values have no such distinctive manifestations. It
is probable also to monitor flying fragments movement during explosive boiling process using optical interference effects similar



to those observed in [47].

The Recoil pressure pulsation caused by an explosive boiling regime can be used as a marker of approaching values of
critical parameters in an irradiated sample while ablation regime with critical pressure and temperature values have no such
distinctive manifestations. It is also probable to monitor movements of the flying away fragments during the explosive boiling
process using optical interference effects similar to those observed in [47].
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