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Investigation of Ultrafast Laser
Ablation Using a Semiclassical
Two-Temperature Model
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A semiclassical two-temperature model is formulated, based on the Boltzinann transport
equation, to solve thermal response of metals irradiated by an ultrashort-pulsed laser. In
the simulation of laser material ablation, two competing mechanisms are considered:
shock wave and phase explosion. Numerical analysis is performed Jor copper and gold
Jilms, respectively. It is shown that the present approach correlates well with experimental
data over a wide range of laser fluences and pulse durations. It is also Jound that
ultrashort-pulsed luser ablation could be caused by the generated shock wave for pulses
of a few picoseconds or shorter und by the thermally induced phase explosion for the
longer pulses.
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unit dyad

thermal conductivity

Boltzmann constant

mass of an electron

number density of atoms

number density of electrons

cleetron kinetic pressure dyad

isotropic electron Kinetic pressure

electron kinetic pressure components

electron heal flux veclor

heat flux in the x direction

number of total grid points

surface reflectivity

position vector (x;}

volumetric laser heat source

temperature

Fermi temperature

melting temperature

initial temperature

thermodynamic equilibrium critical temperature
time

time of electron ballistic motion

time when solid-to-liquid phase transformation is complete
time when solid-to-liquid phase transformation starts
pulse duration defined as {ull width at half-maximum
bond cnergy of atom

group velocity vector (i;)

Fermi velocity

speed of sound

drift velocity in the x direction

mean (drift) velocity veetor

electron energy, (T' 4+ nm|7|?)/2

clectron energy density

film thickness

spatial coordinates

optical penetration depth

1078 x 7, [V/K)

constant

ablation depth

laser fluence

ablation threshold for low and high laser fluence, respectively
Pxy + Pyy + Pz

effective electron heat dillusion length
dimensionless electron temperature, 7,/ Tr
dimensionless lattice temperature, 7,/ Tr

lattice mass density

relaxation time
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Te—p energy relaxation time
T momentum relaxation time

1. Introduction

Studies of ultrashort-pulsed laser-material interaction have become one of the main topics
of research in the past decade, >*68.9.11.13,15.17.18.20.22.24.25 Nymerous theoretical models are
proposed for predicting the amount of material ablated by ultrashort-pulsed lasers; however,
none of them has demonstrated the capability of accurately capturing the ablation response
over a wide range of laser fluences and pulse durations. The main reasons are as follows:
1} the models may not be comprehensive due to the fact that a complete understanding of
the physics involved in the process is still missing and 2) the material properties used in the
simulations are not well characterized and quantified.

With the assumptions that the heat capacities of free clectrons and the lattice, as well
as the thermal conductivity of electrons, are tempcrature independent and with the condi-
tions that & 3> or < &, Nolte et al.'® deduced two logarithmic functions for the dependence
of ablation depth: § =« In(¢p/¢y,) for low laser fluences and § = A In(¢ /¢fh) for high flu-
ences. Comparison with their experimental data showed that the logarithmic dependence
exists for pulses shorter than 20 ps, whereas the two constants & and A and the ablation
thresholds ¢% and ¢} vary with pulsc length, especially for the longer pulses. By relaxing
the extreme conditions o 3> and < 4. Vatsya and Virk?? obtained an approximate solution
of the ablation depth for a wide range of laser fluence. Although a more complete de-
scription of the process is necessary, it appears that the above approximations provided
an insight into the qualitative behavior of the results. On the basis of the force that the
electric field of charge separation pulls the jons out of a target, Gamaly et al.? derived two
analytical formulas for the ablation threshold and depth for laser pulses in the range of
1010 W/cm?. In the numerical simulation, Komashko et al.'* implemented a vector
optical propagation scheme that accounts for laser polarization and the angle of incidence
into a one-dimensional (1D) radiation-hydrodynamic code for ultrashort laser pulse inter-
action with aluminum (since a reliable equation of state suited for the laser ablation regime
is available for aluminum). By taking into account the hydrodynamic plasma expansion,
degeneracy of the electron gas, cold pressure of ions, and interaction between the electron
and ion subsystems, as well as assuming that laser ablation occurs when ion temperature
is close to a critical value 0.1-0.2U,,, Zavestovskaya et al.”> developed another numerical
model for the ultrashort laser material ablation. The simulated amount of material ablated
by a 150-fs laser pulse was in good agreement with the experimental data.'® A simpler
approach using the thermal analysis along with a phase explosion mechanism was consid-
ered by numerous researchers.*®2* In this approach, laser ablation was assumed to take
place when the temperature of a metastable (superheated) liquid reaches the point near the
thermodynamic equilibrium critical temperature.!’ In contrast to the above thermal abla-
tion mechanisms,*6-18-22.24.25 Afanasiev et al.? asserted a nonthermal mechanism that the
material behind a pressure front that is greater than the characteristic pressure in a solid
would be removed in a gas phase. In an attempt to identify the ultrafast ablation mecha-
nisms, Zhigilei and his associates'>?% conducted a series of studies on the photomechanical
spallation using molecular dynamics. They found that the relaxation of laser-induced ther-
moelastic stresses is responsible for the nucleation, growth, and coalescence of voids in a
broad subsurface region of the irradiated target. A similar study was reported by Cheng
and Xu.®
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In the aforementioned theoretical investigations, the temperature fields in electrons and
the lattice are solved with the framework of the phenomenological two-temperature (2T)
models.? In a nonuniformly heated conductor in the absence of current, there arises an
electric field.! If the electric field and the carrier gradient become excessively large, then
nonequilibrium transport conditions will occur.?! This is particularly true for ultrashort laser
heating due to the fact that a tremendously sharp gradient of the electron temperature (or free
electron density) is present in a small geometry encountered. In such a case, the widely used,
phenomenological 2T models may not be able to accurately capture the thermal response
of electrons and the lattice. To establish more adequate equations for the nonequilibrium
electron effects, there is a need to examine the transport equations based on the Boltzmann
approximation.

In this paper, a semiclassical 2T mode! is formulated to investigate thermal transport
in metal solids subjected to ultrashort laser heating. With the first three moments of the
Boltzmann transport equation, the equations that govern the conservation of number density,
momentum, and energy are derived for the electron subsystem. Temperature ficlds in the
electrons and the lattice are solved with the equations of the conservation of momentum and
energy in the electrons and the equation of heat conduction in the lattice. In the simulation
of material ablation, two competing mechanisms are considered: shock wave (nonthermal)?
and phase explosion (thermal).!" Numerical analyses are performed for copper and gold
films. The results are compared with the experimental data in the open literature.

2. Semiclassical Two-Temperature Model

The phenomenological, dual-hyperbolic 2T model proposed by Chen and Beraun® for
ultrashort-pulsed laser material ablations is given as follows:

C. aaf" + af;" =—-G(T. - T) + S(z, 1), (1
W25 1 g = -k, @

2 e G- Ty (AT, 3

[ [— 2 v o - n)] dt = pH,  (Ti=Tw, (@)
22 4 gy = K5 s)

In the above equations the quantities with subscripts e and ! are associated with the electrons
and the lattice, respectively. For pure metals, the heat flux in the lattice Oy, and in Eq. {5)
are often neglected since K, > K;. Equation (4) assumes that while melting, the lattice
temperature remains unchanged until the solid-to-liquid phase transformation is complete.
The start time (fy) of the phase change is determined from Eq. (3), and the end time (1)
by Eq. (4). Despite that the melting point of a superheated solid is somewhat higher than the
normal point and that the solid-to-liquid phase transformation generally is nonisothermal,
the above isothermal phase transformation assumption is tolerable for predicting the amount
of ablated material.

Instead of using the energy balance equation (1) to solve the electron temperature,
three semiclassical transport equations are formulated below to accommodate the electron
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concentration, the mean (drift) velocity, and the average energy based on the Boltzmann
transport approximation. Let f(7, u#. t) be a distribution function of electrons at time 7 in
the phase space with position vector (7) and velocity vector (). If the Lorentz force due to
magnetic fields is neglected, the Boltzmann transport equation for electrons becomes

daf af e af :

dt_3t+u V,f+mE Vuf_(ar)c, 6)
where V, =9/0x; and V, =03/du; (the index { = L, 2, 3 refers to spatial coordinates x, vy,
and z, respectively); eE/m is the Lorentz force resulting from the electric field. The total
derivative d f/dt is evaluated along the trajectory 7 =F(¢) and & = ii(¢) in the absence of
collision. The term (3f/0¢). on the right-hand side of Eq. (6) is the time-rate of change of
f due to collision.

Similar to the procedure in Ref. 14, the equations of the conservation of the number

density, momentum, and energy for the electron gas are derived with the first threc moments
of the Boltzmann equation (6). For brevity, only the results are given here:

OV, ) (a" %)
_ o {nv) = E— .
at o/,

T 39

m—+mv-(V,i)—eE+ -V, - P=m(|—1} , (8)

ot n at /.

W r N m i i oW
¥+Vr'(ETJ+TJ~P)+EVr-("|5|2TJ)+Vr'Qe—n€E~17=(W)c, ®)

where the kinetic pressure dyad P is defined as p;;ij with f and  being the unit vectors and i,
J =x,y,z,respectively. Under the assumption of an isotropic Max well-Boltzmann distribu-
tion of peculiar velocities, the electron kinetic pressure is isotropic, i.e., P = pl =nkzT,1.
The electric field generated in a nonuniformly heated conductor in the absence of current is
E =BVT,, where 8 ~ 10787, [V/K] for free electrons.! The collision term in Eq. (8) that
represents the time rate of change of momentum density due to intraband collisions and
generation-recombination processes is approximated by

»0 ]
m (—”) = —m— (10)
at ¢ Tk

in which the momentum relaxation time is temperature dependent, 7, = ¥ T,”!, with y being
a constant.'®

It is well-known that only those clectrons in states within the cnergy range kg7 can
be excited thermally at temperature T'. If one atom gives one valence electron to the free
electron gas, the cxcited electrons can be determined for temperatures T < 0.17F (Ref. 12):

n =32 N(T./Tf). (11)
The renowned linear relationship of electron hcat capacity is thus derived:
C. = 3nkg = n*Nkg(T./Tr) = C, T, (12)

with the constant C,, = 7*Nkg/2Tx. By making use of Eq. (12), the electron kinetic pres-
sure p is expressed as a function of 7,

p=3CT2 (13)
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Substitution of 2 = pI with p given by Eq. (13) and the two relationships E =gV7, and
(0n/0t). =0T,/y into Eq. (8) results in

muT,

mz—;} +mv - (V,0)+ 2kp —ef)VT, = — (14)

This momentum equation clearly indicates that the electron drift velocity ¥ is solely a
function of the electron temperature.
Similarly, the energy equation (9) can be rewritten in the form
d(_w +0-Vaw+ lV, - (nkpT.0) + lV,» - Q. —eft VT, = (a_w) , (15)
ot n n at /.
where the electron energy density is defined as w =m|9|?/2 + 3k T, /2. The collision term
on the right-hand side of Eq. (15), (3w /81),, represents the time rate of change of electron
energy density due to the electron—phonon scattering and the generation—recombination and
is approximated by (dw/at), = —(w — wy)/ T, — p, with w; denoting the equilibrium energy
when 7, =T, and 7,_, being the energy relaxation time. Equation (15) can be further
simplified by making use of the momentum equation (14):

ar 3 at
The term C,(37,/9%). in Eq. (16) is approximated to be C.(T, — T;)/7._ 5, which is the
time rate of thermal energy exchange between the electrons and lattice. By including the
optical-electron scattering due to laser excitation, the energy equation then becomes

3T, 2 , 3T,
Ce(( +ﬁ'vrTe+_Tzvr'i})+Vr'Qe‘=Ce (—) . (16)

Ce (831;8 +U- VrTe + %Tevr . ﬁ) +V,- Qe = _G(Te - Tl) + S(F‘ l'), (17)
where the electron—phonon coupling factor G =C,. /1. _ .

The semiclassical 2T model obtained above governs the ultrafast thermal transport in
metal solids, It includes the equations of the conservation of momentum and energy in the
electron subsystem, (14) and (17); the energy balance equation for the lattice subsystem, (3);
the equation for the solid-to-liquid phase transformation, (4); and the constitutive equations
for the heat fluxes, (2) and (5). The difference between the semiclassical and phenomenolog-
ical 2T models is that the former includes the effects of the electron drifting, resulting from
the generated electric field and the electron kinetic pressure. For a 1D transport problem, for
instance, five equations are to be satisfied by the five unknowns Q,, T, vx, Oz, and 7;. On
the other hand, the phenomenological dual-hyperbolic 2T models involve four unknowns,
Q.x, T\ 04, and T}, to be solved. Like the phenomenological models, the semiclassical 2T
model can be simplified with the assumptions @, and/or 7, =0.

3. Solution Algorithm

A 1D problem of metal materials ablated by ultrashort-pulsed lasers is analyzed in this
paper since the laser spot sizes are much larger than the depth of the thermally affected
zone for the time period of interest. The 1D version of the governing equations (2), (3)-(5)
with Q;, =0, (14), and (17), together with the following initial and boundary conditions,
are solved with a central ditference method®:

T.x,0)=Tx,0=T, Ux(x, 0) =0, (18)
Qox(0,1) = Q. (X, 1) =0, (19)

where T, is set to be 300 K and X is the current thickness of the material.
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As material is ablated in a plasma, vapor, and/or liquid phase,'” the shielding (absorption)
of laser radiation by the removed material may play a significant role in the laser energy
deposition into the material. For simplicity, attenuation of the volumetric laser heat source
by the ejected plasma, vapor, and/or liquid is simply assumed to be proportional to the
ablation depth. Thus, the 1D laser heat source is expressed as

2
S(x. 1) = ﬂ(l_‘m_‘?’exp[—(xa(r)+x(r)-x)_41112[(:—2:,,) ”

T at, o t
(20)

where « is a constant. Lasing is assumed to startat =Oandend at t = 4t,. The laser energy
outside this period of time is neglected in this work since it is too small to significantly
alter the result. When § > 0, the laser intensity at the surface of the material, x = X (1), is
reduced by a factor of exp[—(x8)/a[. The laser heat source distribution over the thickness
thus becomes exp[—(x$ + X — x)}/a]. Tt should be noted here that an intrinsic assumption
that the excited electrons are immediately and fully thermalized is made when Eq. (20) is
directly applied to a 2T model.

Immediately afier a metal solid is illuminated by an ultrashort-pulsed laser, while the
excited electrons are still highly nonequilibrium, two competing processes take place. The
nonthermalized electrons move ballistically with a velocity close to the Fermi velocity.
Through collision, meanwhile, those nonthermalized electrons continue to thermalize into
a Fermi-Dirac distribution in which the electron temperature can be measured. It takes
some time for the excited electrons to complete the ballistic motion and the thermalization
process. Therefore, the heat source given by Eq. (20) needs to be modified should the two
effects on the thermal response become crucial. Since the laser Auences considered in this
paper are very high (beyond the ablation threshold), the effects of electron thermalization
on the laser heat source are neglected for simplicity.

To account for the electron ballistic transport, an effective absorption depth that includes
the optical penetration depth and the ballistic range (b) is introduced.'™?? For instance, a
ballistic range of 105 nm is assumed for gold based on the postulation that nonequilibrium
electrons penetrate into the nonexcited region for about 100 fs. With this approach the spatial
function in Eq. (20) is replaced with exp[—(«k6 4+ X — x)/(r + b)]. Instead of imposing a
ballistic range on the optical penetration depth, we assume that the nonthermal equilibrium
electrons scatter at an isotropic (random) Fermi velocity for a finite period of time (z,). Upon
the excitation by a laser pulse, the spatial distribution of the laser heat source is described
by Eq. (20). The heat source then attenuates as the nonthermalized electrons propagate.
For a grid spacing of Ax, it takes a finite time interval At = Ax/Vp for those electrons to
move from a grid point to its neighbor points. Hence, the spatial distribution of the hcat
source after each time interval becomes §; =(8;_; + S; +1)/2 for the interior grid points
(i=2,...,g—1)and S; =(5, + 52)/2 and §; =(S,_1 + S;)/2 for the boundary points,
where S; = S(x;, t) for these terms on the left-hand sides and 8; = S(x;, r — At) for those
on the right-hand sides. Redistribution of the heat source continues for A/ times, where A/
is determined by the relationship A'Ax/ Ve =1,.

Two competing ablation mechanisms are considered here: shock wave and phase explo-
sion. The latter assumes that a laser ablation occurs when the temperature of a metastable
{superheated) liquid is equal to or greater than 0.97,. (Refs. 6 and 11). Under this criterion,
the liguid whose lattice temperature meets the above condition will be removed from the
bulk. On the other hand, the former assumes that a laser ablation takes place when the peal:
pressure generated in a solid is higher than the characteristic pressure pV?2 of the material.*
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268 CHEN ET AL.

Since the characteristic diffusion velocity of electron thermal energy, (K., / C,7.)"/?, is much
faster than the speed of sound, the lattice motion is essentially initiated by the electron ki-
netic pressure (p = 2C,, T2 /3). Under this assumption, the material behind the peak electron
kinetic pressurc that is greater than pV? will be removed from the bulk. In the numerical
simulation, the type of abaltion is determined by which condition, the electron kinetic
pressure or the lattice temperature, is first met, The grid point(s) that undergo ablation are
eliminated from the model. In case the ablation occurs at a point underneath the irradiated
surface, all the grid points that locate from the irradiated surface to the point are removed.

4. Numerical Results

The numerical analysis is performed for copper and gold films. The material parameters
of the two materials used in the simulations are given in Table 1, Fig. 1, and the equations
below, unless otherwise mentioned. The thermal conductivity and the relaxation time of
electrons and the clectron—phonon coupling factor are expressed in the forms’

02 +0.16)% (62 + 0.44)6,
KL,=X(P+ )(,e+ ) , (21)
(62 + 0.092)* (62 + n6;)
[

(T, I) = m, (22)

A,
G = Ggr [3 (T, + 1)) + 1] . (23)
1

Table 1. Material parameters used in the simulations

Parameter Copper Gold

0, kg/m? 8.93 x 10° 1.93 % 10*
Conn JMmK ™2 96.6 70

Hy, Jkg™! 2.068 x 10° 6.275 x 10*
x. Wm 'K™! 377 353

n 0.139 0.16

R 0.65 0.58

o, nm 14.0 14.5
A,, K251 1.75 x 107 1.2 x 107
B, K ls~! 1.98 x 10" 1.23 x 10"
Grr, Wm—K™! 1.0 x 10" 2.2 x 1016
T, K 1,357 1,337
T.. K 5,760 7,670
Tr, K 8.12 x 10 64 x 10*
Do, Gpa 202.2 189.9

B. VIK 10-8 1078

ty, Ts 100 100

v, sK 0.333 % 10743 0.333 x 10713
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Fig. 1. Heat capacities of copper and gold lattices.
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Fig. 2. Comparison of the simulated ablation depth with experimental data for copper heated
by a 150-fs laser pulse (x =0).

Figure 1 gives the temperature-dependent heat capacities, where the lattice heat capacity
C; is calculated from the relationship C = C, + G, for T; < T,,, with C being the bulk heat
capacity and assumed to be constant for 7; > 7,. A finite difference model composed of
equally spaced grid points is employed to solve temperature in the electron and lattice
subsystems. Resolution of the model and the time increment is first studied with three
different sizes of grid space: 0.5, 1.0, and 2.0 nm. It is found that a grid size of 1 nm is
adequate to resolve the problem. Therefore, the uniform-mesh models of 1-nm grid size are
employed in the following calculations. The time increments used are (2.0-5.0) x 107185
(depending on the laser pulse length) for copper and 2.5 x 10™"7 s for gold.

Figure 2 compares the calculated ablation depth with the experimental data'® for copper
heated by a 150-fs laser pulse with fluences up to 10 J/em?. The value of « used in this
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Fig. 3. Malerial ablation process simulated for copper heated by a 150-fs laser pulse.
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Fig. 4. Comparison of the simulated ablation depth with expcrimental data for copper heated
by a 500-fx laser pulse {(x =(1.08).

simulation is zero. For comparison, the result obtained from a more complex model® is
also presented. It appears that both models correlate fairly well with the experimental data,
including the ablation threshold. The difference between the two models is inconsequential
until the fluence is greater than 4 J/cm?. Figure 3 shows the simulated time history of
material removal for five dilferent fluences. It is found that the material ablation by this
150-ts pulsc is causcd by the generated shock wave and takes place somewhere underneath
the heated surface except for the 10-J/cm? case, in which a portion of the material, from the
depth x =96 to 193 nm, is ablated from the surfacc. The sizes of the material ablated each
time are {rom one to several nanometers. The calculated phonon temperature of the ablated
material when it is removed is around 500 K.

Figures 4-6 compare the calculated ablation depth and the cxperimental datal®!? for
three longer laser pulses, 500 fs, 2 ps, and 14.4 ps, respectively. For these cases, the values
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Fig. 5. Comparison of the simulated ablation depth with experimental data for copper heated
by a 2-ps laser pulse (R =0.3, ¥ =0.15),
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Fig. 6. Comparison of the simulated ablation depth with cxpcrimental data for copper heated
by a 14.4-ps laser pulse (R =0.58, x =0.2).

of R and « employed arc (.65 and 0.08, 0.3 and 0.15, and 0.58 and 0.2, respectively. This
fact reveals that the shielding of laser radiation by the cjected plasma, vapor, and/or liquid
does influence the laser energy deposition into the material and, in turn, the ablation result.
Again, the preseat results show good agreement with the experimental data. The ablations
found from thesc simulations are caused by the generated shock wave for the 500-fs and
2-ps pulses and by the phase cxplosion for the 14.4-ps pulse.

In Fig. 7 the calculated ablation depth and the experimental data® are comparcd lor
gold ablated by a 150-s laser pulse for the fluences up to 2 J/cm?. The result calculated
hy Zavestovskaya et al.2’ is also plotted for comparison. Once morc, the present model
matches well with the experimental data. The two models deviate from each other when
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Fig. 7. Comparison of the simulated ablation depth with experimental data for gold heated
by a 150-fs laser pulse (x = ().
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Fig. 8. Ablation rate versus laser fluence for copper heated by four ultrashort laser pulses.

the laser fluences are close to the ablation threshold and are higher than 0.8 J/em?. For this
casc, the ablation is ponthermal. caused by the generated shock wave.

The above simulations with different values of R and « suggests that a comprehensive
model for the entire process is needed, including the coupling of the laser beam with materi-
als, ballistic motion and electron thermalization, thermomechanical response, superheating
and phase transformation, [ormation and dynamics of the resulting plasmas and vapor,
laser—plasmas/vapor intcraction, and resolidification of the vapor and liquid. The material
properties at extremely high heating rates and temperatures, such as the surface reflectiv-
ity, optical penetration depth, and thermophysical properties of electrons and the Iattice
(particularly in the liquid phase), also need to be characterized and quantified.

Laser ablation performance is one of the important factors that are of intcrest to the laser
community. It is worth replotting the experimental data'®2 in tcrms of the ablation rate
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Tig. 9. Ablation rate versus Jaser fluence for gold heated by a 150-fs laser pulse.

(nm/)/cm?) versus laser fluence. The results are shown in Fig. 8 for copper and Fig. 9 for
gold. To better exhibit the trend of the scattered data in Fig. 8, dashed lines are drawn for
the [our fluences. For copper, as found in Fig. 8, the most efficient laser fluences are tairly
close for all the pulscs, about 1.1 J/em?. For the gold ablated by the 150-fs pulse (Fig. 9),
the best ablation performance is found over a range of laser fluences from (0.3 t0 (1.8 J fem?.

5. Conclusions

A semiclassical two-temperature mode! is formulated to solve metals’ thermal response
caused by ultrashort laser illumination. With the first three moments of the Boltzmann
transport equation, three equations that describe the conservation of number density, mo-
mentuni, and energy are derived for the clectron subsystem. The difference between the
semiclassical and phenomenological 2T models is that the former take into account the
effects of the electron drifting that is induced by the generated electric field and the clectron
kinetic pressure. In the simulation of the laser ablation, lwo competing mechanisms are
considered: shock wave and phase explosion. The latter assumes that a laser ablation of a
metal material occurs when the temperature of the superheated metastable liquid reaches the
point near the thermodynamic equilibrium critical temperature, while the former assumes
that the ablation occurs when the hot-electron kinetic pressure induced is higher than the
characteristic pressure in # solid. Numerical analyses arc performed for copper and gold
films heated by ultrashort laser pulses. It is shown that the present approach correlates well
with the experimental data over a wide range of laser fluences and pulse durations. It is also
found that ultrafast laser ablation basically is caused by the generated shock wave for the
pulses of a few picoseconds or shorter and by the thermally induced phase explosion for the
longer laser pulses. Since the surface reflectivity and the parameter for the plasmas/vapor
shielding of laser beams assumed in the present simulations vary with the pulse duration,
a comprehensive model that includes the coupling of the laser beam with materials, ther-
momechanical response, superheating and phase transformation, formation and dynamics
of the resulting plasmas and vapor, laser-plasmas/vapor interaction, and resolidification of
the vapor and liquid is suggested.
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