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Abstract—Laser ablation (i.e., the removal of target material upon irradiation) is under consideration; it is
widely applied in some technologies. Physical models needed for an understanding of ablation have been
developed since the invention of the first lasers. Some phenomena have been thoroughly investigated; how-
ever, there are still many problems that should be analyzed additionally. These poorly studied phenomena
include surface structuring. The problems concerning ablation in liquid and laser forging/peening are not yet
completely understood. They represent two sides of the same process: in the first case, the emphasis is on the
description of motion of the substance beyond the target, whereas, in the case of laser forging, one abstracts
from the plume and considers the elastoplastic transformations caused by a shock wave inside a target. The
hydrodynamics of these processes differs radically with the transition from ultrashort to long pulses.
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INTRODUCTION

Three modern fields of the applications of laser sys-
tems are considered. The first is surface structuring,
which changes the shape of an initially smooth surface
of a target [1—16]. The morphology of the changes is
diverse. The variety of geometric shapes is controlled
with the laser-pulse parameters and the number of
repetitions of pulses on a fixed point [1, 8, 17].

This technique is used to form metasurfaces, i.e.,
surfaces with artificially changed characteristics. The
optical [2, 5, 13, 15, 18—21] and tribological character-
istics and wettability are variable. Such surfaces cause
sharp amplification of the Raman scattering [18, 19]
and fluorescence [18, 19] of tested liquids deposited
on the surface. This effect is used in highly sensitive
sensors [18—21].

The second field is related to the formation of col-
loids during laser ablation in liquid (LAL) [19—38]. A
colloid is a solution of nanoparticles. Nanoparticles
are so small that they are able not to precipitate for
years due to the viscous Stokes friction and Brownian
motion. During the ablation of a target immersed in a
transparent liquid (through which the target is irradi-
ated), nanoparticles enter the liquid. Some of the
material detaches from the target as nanoparticles
during the ablation. The thus obtained colloids and
nanoparticles are widely used in various applications
(see the recent reviews on LAL [25, 26]).

Although experiments on nanoparticles, and their
production, began more than twenty years ago, the
physics of the phenomena underlying ablation in lig-
uid became clearer only in recent years. The first
quantitative studies were carried out at the Joint Insti-
tute for High Temperatures of the Russian Academy of
Sciences [28, 29]. Those works studied ablation in
vacuum and in water under irradiation by femtosecond
pulses. It was assumed in the first qualitative studies
that nanoparticles form due to the condensation of
evaporated target material (as in the case of ablation in
vacuum or air). However, it was revealed that the pro-
cess is much more complex [23—40].

The third important field of science and technol-
ogy is the laser hardening of materials (laser shock
peening—LSP). The traditions of metal machining
(forging/peening) go back to antiquity (e.g., the man-
ufacture of damascus steels). The techniques of
mechanical treatment known to date include the bom-
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Fig. 1. Schematic of the studied laser irradiation.

bardment of products with a high-speed pellet flow,
rolling, etc. Currently, laser irradiation is used instead
of pellets [41—48]. The theoretical models of harden-
ing have been insufficiently developed.

1. OBJECT OF STUDY AND SPECIFIC
FEATURES OF FEMTOSECOND
IRRADIATION

Figure 1 shows the studied situation. A laser beam
passes through a transparent medium to a flat target
surface. The transmission medium is vacuum, air, or
transparent condensed matter (liquid or solid). The
target is made of absorbing material (e.g., metal).
Laser is a unique tool for energy transport focused in a
specified region. In contrast to heat conduction (when
a heat flux propagates in the material), this energy
transfer is contactless. The problems of laser ablation
compose a line of research related to thermal physics
and mechanics. Both hydrodynamic phenomena and
phenomena related to the mechanics of the deformed
solid are important here.

In the early stages, a thin, hot disk forms under
laser irradiation (Fig. 1). Its radial extension is deter-
mined by the radius R; of the irradiation spot. The
thermal disk thickness d varies from a score of nanome-
ters to several micrometers. The thickness d,= 10 nm is
characteristic of low-conductivity metals (nickel, plat-
inum, ruthenium, palladium, etc. [49—52]) and ultra-
short laser pulses (USLPs) [53] (the USLP duration T,
is from ~10 fs to several picoseconds). In the case of a
long-term effect (T, = 1—100 ns), the thickness dcan be
as large as several um (at t; = 100 ns) for high-conductiv-
ity metals (gold, silver, copper, and aluminum) [34].

Ultrashort Laser Pulses. Specificity
of Two-Temperature States

In the two-temperature (2T) stage, the thermal
conductivity of metals sharply increases [49—58] in
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comparison with the reference values corresponding
to one-temperature (1T) states. In the 2T stage
induced by USLPs, the electron temperature 7, is
higher than the ion-subsystem temperature 7;. The 2T
stage is of great importance in the case of the USLP,
because a heating layer with a large thickness dforms
in specifically this stage. The thickness d; is generally
equal to several skin-layer thicknesses 8: 8= 10—20 nm
in the case of metals and optical frequencies of electro-
magnetic radiation. The increase in metal thermal
conductivity k¥ in the 2T stage is related to an increase
in the electron specific heat C, due to the partial
removal of degeneracy [55]. The removal of degener-
acy is, in turn, caused by intense heating of the elec-
tron subsystem to temperatures comparable to the
Fermi temperature.

Let us clarify why the energy absorbed by electrons
in the skin layer is transferred in a supersonic way from
the skin layer in to the target bulk in the 2T stage. This
effect is of fundamental importance. The supersonic
formation of the heating layer d, for USLPs qualita-
tively distinguishes the dynamics of ablation in this
case from the flows of target material caused by long
laser pulses.

According to the Drude model, the thermal con-

ductivity ¥ can be estimated as x = (1/ 3)v§ c/v,,
where C, is the specific heat of the electron subsystem
per unit volume, vy is the Fermi velocity, v, = 1/7, is
the electron collision frequency, and 7, is the electron
mean free time. With a partial removal of degeneracy,
we have C, = YT,. Within the Fermi gas approximation,
factor vy is equal to ¥ = ©’n.kg>/(2Eg), where n, is the
electron concentration in the conduction band, kj is
the Boltzmann constant, and Ey is the Fermi energy.

The frequency v, = v,; + v,, takes into account the
interactions of an electron with ions and other elec-
trons. The details of the thermal conductivity calcula-
tions were given in [59—65]. The situations in which
the temperature is above the Debye temperature are of
specific interest. When temperatures 7'~ 7T; ~ T, are
below a temperature on the order of several kK, the
frequency v,; = v,(T;/T,,) exceeds the frequency v,,
[64]. Here, v,, is the collision frequency at room tem-
perature. Then, we have K = (1/3)ve>YT./(V,{ T,/ T,)) =
K,(7,/T;. The thermal conductivity K increases lin-
early with an increase in the electron temperature, and
the coefficient in this linear dependence decreases with
an increase in the ion temperature [49, 52, 62, 64].

In the 1T states, the thermal conductivity barely
changes: temperatures 7, and 7; in the expression Kk =
K,(7,/T;) cancel each other.

In the situations related to USLPs the density in the
heating layer d; changes only slightly in the 2T stage
(isochoricity). The isochoricity is due to the super-
sonic character of the formation of the heating layer.
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The influence of the density variation was considered
in [63], where the dependence of k¥ on the temperature
in the binodal was presented and the dependences in
the binodal and isochore were compared. The case of
semiconductors, which pass to the metallic state at
melting, was also analyzed in that study.

Formula x = x,(7,/T,) is valid until the electron—
electron scattering starts to exert an influence. In
many papers, the frequency v,, is approximated as

Ve ~ Te2 . This approximation originates from the well-
known classical works in natural science [66, 67]. The
proportionality factor in the quadratic approximation
is determined from measurements at low temperatures
[54] (or from calculations [54]). At low temperatures
(the values of which are small in comparison with the
Debye temperature), phonon scattering is frozen: fre-
quency Vv,; decreases at 7'— 0 more rapidly than v,,.

At T, = 10 kK, first, the proportionality v,, ~ Te2
becomes invalid. The frequency v,, increases with an
increase in 7, much more slowly: the quadratic depen-
dence is saturated (Fig. 8 in [54]). Second, at 7, = 10 kK
or higher, the frequency v,, dominates over the fre-
quency V,; under isochoric conditions that are typical
of USLPs [49, 52, 54, 60—64]. The formula x =
¥.(7,/T)), which describes the linear increase in ther-
mal conductivity with an increase in electron tempera-
ture 7, then becomes invalid. Factor k increases, but
more slowly in comparison with the linear function
with argument 7,.

The thermal layer is expanded according to the law

x = 2@, where Y is the thermal diffusivity. Up to
temperatures on the order of several eV, y = x/C =
K/(C; + C,) = x/C; in the 1T isochoric state, because
C,= 3nky exceeds the electronic specific heat of par-
tially degenerate electrons C, = yT, (the atomic con-
centration is denoted as n). In these states (1T, iso-
chore), the y value is about 0.1—1 cm?/s for solid and
molten metals.

The situation with thermal diffusivity y sharply
changes upon passing to the 2T states. Indeed, the
main difference between the 2T and 1T states consists
of the separation of the energy balances for the elec-
tron and ion subsystems. This was shown in 1974 in a
pioneering work by Anisimov, Kapeliovich, and Perel-
man [68]. Correspondingly, the specific heat coefficients
are also separated. Heat flows via the electron subsystem.
The energy is simultaneously slowly transferred to the ion
subsystem due to the electron—ion exchange.

The corresponding two heat-balance equations for
the case without hydrodynamic motion were given in
[68]. The complete system of equations of two-tem-
perature hydrodynamics has been presented, e.g., in
[30]. In contrast to the system of equations in [68], the
complete system in [30] (in addition to the law of con-
servation of energy [68]) includes the laws of mass and
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momentum conservation. The system of hydrody-
namic equations [30] is based on the equations of the
2T quasi-thermodynamic state of the medium and
descriptions of the kinetic coefficients in the 2T states.
Here, we speak of quasi-thermodynamic states,
because the relaxation between the electron and ion
subsystems in the 2T stage is still incomplete. The
thermal equilibrium in the electron subsystem (at
fairly large 7, values) is established much more rapidly
than the equilibrium with respect to the temperature
between electrons and ions (because of the large dif-
ference in the masses).

Note also that the range of physical phenomena cov-
ered by the 2T hydrodynamics constantly increases. The
elastoplastic effects in the target region in the solid state
under femtosecond irradiation were taken into account
in [69, 70]. Thus, the generalization related to the 2T
mechanics of a deformed solid was satisfied.

Another important line of research is related to the
influence of electron pressure on the dynamics of the
expansion of the target surface layer [7, 71, 72]. The
point is that the electron pressure is much higher than
the thermal contribution to pressure from the ion sub-
system in the early stage of the process (when the main
absorbed energy is still concentrated in the electron
subsystem). As a result, the material is extended under
electron pressure p,. Notably, above some threshold of
electron temperature 7, (~2 eV), some of the surface
layer detaches (specifically, a metal layer with elec-
trons in the excited state). The cohesion energy
between excited atoms in the detached layer is very low
or zero, i.e., the material passes to a gas-like state. Appar-
ently, it is natural to call this phenomenon “cold evapo-
ration” or “cold ablation.” This ablation is referred to as
cold, because the ion-subsystem temperature is low in
the early stages of the ultrashort irradiation.

The question of the emission of acoustic perturba-
tion by an electron heat wave is important [73, 74].
The perturbation is emitted in the transonic stage of
heat-wave propagation. In this stage, the velocity of
the initially supersonic heat wave decreases and
becomes subsonic. This question is urgent, because
the aforementioned perturbation emission affects the
ratio between the plastic and elastic waves in a two-
front elastoplastic shock wave [73, 74]. The perturba-
tion actually forms an elastic shock wave with a large
amplitude. The amplitude of this wave exceeds the
conventional amplitudes (which are less than 1 GPa)
for elastic waves generated in experiments on explosive
materials and strikers.

The expression for the electron thermal diffusivity
of metal ¥ changes under the 2T conditions. Here, we
have ¥ = x/C,, because the absorbed laser energy is
transferred in to the bulk via the electron subsystem. In
the 2T states, the coefficient ) increases by a factor of
(C/C,). The C;/C,ratio is high until the electron tem-
perature is much lower than Fermi temperature 7y ~
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105 K. The C;/C, ratio is in the order of magnitude of
T/ T,

The above circumstance yields high (supersonic)

heat propagation velocities x = Jx7t, x = 2/t in the
2T stage. In the first remarkable studies on thermore-
flectance [75, 76] performed for thin (~100 nm) films
with USLP, the phenomenon of supersonic heating
was attributed to the ballistic passage of electrons. The
brief term “reflectance” stands for a change in the
reflectance of metal upon the heating of its electron
subsystem. An important feature of experiments [75,
76] is that the film thickness was smaller than the layer
thickness dheated in the 2T stage. Indeed, the veloc-
ity x of the thermal diffusion (not ballistic) expansion
of the heating layer is very high in the 2T stage,
because it is comparable with the Fermi velocities of
electrons (vg = 1000 km/s).

Let us write the electron thermal diffusivity of

metal ) in the form y = (1/3) vit,. We reduce the heat-
propagation velocity via the electron subsystem x to
the speed of sound (x/c,) to obtain the effective Mach
number for heat propagation. It can be estimated as

x/c; ~ MpyT,/t, where Mg = vi/c,= 107 is the Mach
number for hypersonic electrons. The velocity x
decreases to the speed of sound for a time on the order

of z, = Mﬁre. At an electron mean free time T, on the
order of several femtoseconds (which is valid at 7, =
1 eV), we have 7, ~ 10 ps. The estimate of the time 7, is

comparable with electron—ion relaxation time 7, = 1 ps.
The time 7, is assumed to be either the time 7.,(1) of
the equalization of temperatures 7, and T; or the time
1((2) < 1,4(1) in which the majority of the electron
energy is transferred to the ion subsystem. Estimates of
important 2T scales dr and £, with respect to the tar-
get-material characteristics and laser-pulse parame-
ters were presented in [30, 77].

In the time range of 0 < 7 < 7., (when the system is
in the 2T state), the heat-propagation velocity in the
target metal significantly exceeds the speed of sound
[78]. This effect was observed in all numerical studies
on ablation with USLPs [77—82]. A simple explana-
tion and estimates of the velocity were given above.
The supersonic portion is especially noticeable if the
(x, ?) flow diagram is presented in a paper on a suffi-
ciently small time scale [73, 80, 82]. The (x, f) diagram
was shown in Fig. 8 in [73], in which the structure of
an elastoplastic shock wave with a complex time evo-
lution was resolved for the first time.

Supersonic heating is the most important circum-
stance distinguishing USLP regimes in comparison
with longer-term irradiations. This circumstance
results in the formation of heating layer d; before the
stage of unloading of the heated layer due to rarefac-
tion waves, in which the heated material is thermally
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expanded. For precisely this reason, the thermome-
chanical effects manifest themselves at a sufficient
absorbed energy F,,, (fluence in J/cm?): the target is
ablated because of mechanical detachment of the
material (spallation) rather than conventional (in the
physics of the interaction between radiation and mat-
ter) evaporation. The discovery of this physical—
mechanical relationship made it possible to explain
[83—86] the occurrence of Newton rings in the exper-
iment [87]; notably, the number of rings was not con-
stant but increased with time [87].

The fact that Newton rings can be seen in the
experiments indicates that the spallation shell is par-
tially transparent for diagnostic laser pulses (probe
pulses in the pump—probe schematic). Since the rings
can also be observed in metals [87], the shell thickness
is on the order of skin-layer thickness 8, = 10—20 nm
or much smaller, i.e., the occurrence of the phenome-
non of nanospallation, which had been unknown prior
to [83, 87].

Newton rings were found with the pump—probe
technique (which is based on the stroboscopic princi-
ple) [87—93]. Pump—probe interferometry was
applied later [88—90, 92]. Japanese researchers gener-
alized the pump—probe approach for both Newton
rings and interferometry (with a double Lloyd mirror)
to the case in which the probe pulse is a laser beam
with 90-eV photons at a wavelength of 13.9 nm (vac-
uum ultraviolet—soft X-ray spectral region) [94].

Detailed information about processes occurring for
extremely short time intervals has been obtained with
Newton rings and interferometry [95, 96]. The effi-
ciency of these techniques was shown [95, 96]. They
yield kinematic information (instantaneous positions
and velocities of reflecting boundaries) and data on
the physical state (via analysis of optical data on the
permittivity). In this context, concerning the kinetic
data, the above techniques may replace the popular
VISAR, ORVIS, and PDV systems (the time resolu-
tion is as high as several tens of ns) [97—103] in exper-
iments for which a time resolution on the order of
0.1 ps is required [87—96].

At not very high temperatures, unloading after
USLPs occurs at hydrodynamic velocities that are
much lower than the speed of sound [104]. The stage
of active motion begins at times on the order of 7, =
dr/c,. The high pressure in the heating layer drops, and
a pair of compression and rarefaction waves is gener-
ated [89] to escape into the bulk. Other important
phenomena (e.g., cavitation, foaming, and spallation)
[3,4,7,9, 13, 14, 17, 80, 82, 105—110] are related to
evolution of the entropy-vortex layer (hot disk in Fig. 1).
These phenomena occur under a mechanical momen-
tum that is transferred to this layer upon the reflection
of the compression wave from the interface between
the target and the matter (or vacuum) [3, 4, 7, 9, 13,
14, 17, 80, 82, 105—110] with an acoustic impedance
that is small in comparison with the acoustic imped-
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ance of the target material. The phenomena of cavita-
tion, foaming, and shell spallation caused by USLPs
are universal in the sense that they are observed under
both optical and X-ray laser irradiations [9, 17, 94,
109, 110].

2. CLASSIFICATION OF REGIMES:
PULSE-WIDTH VALUE

As stated above, the description of the arising
motion is based on the duration t; of the laser irradia-
tion of the target and the thickness of the heated layer
dr. The thickness dand the speed of sound compose
an acoustic time scale of ¢, = d;/c,. The ratio of the
time #; of layer formation d; and the scale ¢ plays a
decisive role. This ratio underlies the classification of
laser regimes at a moderate pulse power, when, on the
one hand, the effect causes significant hydrodynamic
consequences (melting and ablation) and, on the other
hand, the maximum temperatures are limited to the
order of several tens of eV. Note that this range is
important for most technological applications of
lasers: product treatment, welding, cutting, drilling,
the formation of surface structures, hardening,
nanoparticle production, etc.

If 7,<< £,, the heating is supersonic and the pulse is
referred to as ultrashort. During time #, the pressure in
layer d; increases. Then, at a time of ~#, the high-
pressure layer is decomposed according to d’Alembert
[89]. This means that the two acoustic compression
waves carry away the high pressure from the plane
layer drupon their exit. Since one of the waves propa-
gates toward the target boundary, this wave is reflected
from the latter. If the acoustic impedance of the
medium is small beyond the target boundary, the
reflected compression wave is transformed into the
tensile one. In this wave, entropy-vortex layer d; is
extended toward the environment. The surface layer d
remains a high-entropy layer after the passage of the
acoustic compression wave and tensile wave. A vortex
flow is formed at the lateral boundary of the hot spot
in Fig. 1.

The physical parameters are such that femtosecond—
picosecond pulses (T; = 10 fs—1 ps) can be considered
USLPs. The heating thickness dy is 30—40 nm for
metals with low thermal conductivity and a large o
parameter. This parameter determines energy transfer
rate £ = o7, —T;) W/m? from the electron subsys-
tem to the ion subsystem. The above group of metals
include nickel [49, 50], platinum [49, 50], palladium,
ruthenium [52], etc., with o. = 10" W m3/K. The speed
of sound in these metals is 4—5 km/s. Correspond-
ingly, the acoustic scale is ¢, = 6—10 ps. The electron—
ion relaxation time 7., in these metals is about 1 ps.
Pulses with a width of T, < £, can be considered USLPs. If
T, <14, the pronounced 2T stage is observed. In the case
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of 1., <1, <1, the 2T stage is weakly pronounced; how-
ever, the effect still belongs to the USLP class.

In gold, the thickness dreaches a maximum value
of about 150 nm. The speed of sound in gold is low
(3.1 km/s). Therefore, the acoustic scale # is large (up
to 50 ps). The electron—ion relaxation in gold is slow
(f.,q = 5—10 ps) in comparison with other metals. For
durations of 10 ps < t; < 50 ps, the 2T stage in gold is
weakly pronounced.

At T; = t, there is a boundary between USLPs
(supersonic heating) and long pulses with subsonic
heating. The ablation flow changes qualitatively at the
region edges: T; << f,and T; > t,. The former case (T, << )
is characterized by the ablation threshold. Above the
threshold (at T; < £,), thermomechanical detachment
of the target material layer occurs. The threshold is
determined by the tensile strength of the condensed
phase (generally, melt) and is pronounced [111—116].
Ablation was studied in those works with USLPs for
gold, tin, iron, tantalum, and molybdenum.

Note, incidentally, that USLPs are also used to
measure the spallation threshold in a solid phase when
a shock wave exits the rear film side [111, 112, 117, 118].
Submicron and micron films are generally used in
such experiments. The structure of the shock wave
front is determined in the same experiments. The elas-
ticity threshold was found to sharply increase in ultra-
short shock waves. The difference between the front
ablation and rear spallation and the details of the prop-
agation of a laser-induced shock wave in the case of
USLPs were clarified in [112].

Spallation from the side of the irradiated boundary
is referred to as ablation. The break generally occurs in
the melt layer. The strength threshold depends on the
liquid-phase temperature in the layer in which the
break occurs [111—-116].

In the second case (t; > t,), the mechanical
detachment is replaced with purely thermal evapora-
tion. The 2T stage is absent. The target temperature is
approximately proportional to absorbed energy F..
The saturated vapor pressure is given by a finite expo-
nential function, which turns to zero only at zero tem-
perature. Therefore, evaporative ablation, generally
speaking, has no threshold, although the amount of
material evaporated in vacuum rapidly (exponentially)
increases with an increase in F,,. Comparison of these
two cases relative to the expenditure of energy to
remove a gram of the target material shows that the
ablation regime with USLPs is more energy-efficient
(by a factor of 3—5) than pure evaporation [106]: the
ratio of a gram of removed material to the spent energy
is three to five times lower.

In the case of T, > ¢,, the pressure is always positive.
One can see no reflection of the compression wave
from the boundary and no mechanical foaming of the
entropy-vortex layer due to tensile stress and spatial
extension [32—34]. Note that the acting pulse can be
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considered a USLP not only when its duration falls in
the femtosecond—picosecond range. The acoustic
scale #, is determined by the heating depth d For
example, the effect of a relativistic electron beam on
aluminum with an electron mean free path of 1 um
yields an acoustic scale #, of 200 ps.

Note that the melting regimes in the opposite cases
under consideration (T; << £, and T; > ¢,) radically dif-
fer. At T, < 1, melting in the stage 7 < 7, of supersonic
heat transport by electrons occurs in the homoge-
neous regime [78]. This means that there is no sharp
melt front: a fraction of the liquid phase in the mixture
of the liquid and solid phases gradually increases in a
wide layer with a thickness on the order of d The
increase in this fraction is due to the heating of the ion
subsystem via internal heat transfer from the hot-elec-

tron subsystem with the coupling term £ = (7, — T}).
This melting occurs in the isochoric regime (i.e.,
under high pressure). The pressure increases the melt-
ing temperature 7,,(p). Therefore, when the compres-
sion wave leaves the entropy-vortex layer d, the pres-
sure decreases, as does the melting temperature.
Accordingly, an additional portion of material is
melted quite rapidly [73].

With subsonic laser irradiation (t; > f), con-
versely, the melting occurs in the classical heteroge-
neous regime. There is a sharp melt front with a thick-
ness on the order of several interatomic distances.
Heat flux arrives at the front from the hot surface layer
of the target. Some of this flux passes behind the front
and is spent on heating the solid phase before the
front. The other part is spent on melting the solid
phase, due to which the front moves toward the solid
phase. There are small jumps in pressure and hydrody-
namic velocity at the melt front [119] (the amplitude
of the velocity jump is small in comparison with the
speed of sound). The occurrence of discontinuities in
pressure and velocity is caused by the expansion of the
material upon melting.

There is a transition region T; ~ f, between the
extreme regimes T; < £, and T, > £, (subsonic heating).
Here, the thermomechanical ablation is gradually
transformed into an evaporative regime with an
increase in the 1,/ ratio to a value of on the order of
unity. At an identical absorbed energy F,, the pres-
sure in the heating layer decreases with an increase in
the t,/¢, ratio. At small t,;/f values, the pressure is
determined by F,,, and does not depend on the T, /%,
ratio. The thermomechanical-ablation threshold
F.ui(T./t,) somewhat increases when the T,/¢ ratio
becomes higher than a value on the order of unity.
Beginning at a certain (critical) T, /#, value, thermome-
chanical ablation does not occur. These questions
were discussed in [32], in which the calculation results
for different durations T; were compared.
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3. CLASSIFICATION OF REGIMES:
CONFINEMENT VALUE

Let us consider how the presence or absence of
fairly dense condensed matter contacting with the tar-
get affects ablation. Figure 1 shows different versions
of laser-beam delivery to the surface of the absorbing
target. These versions imply transmission through
vacuum, air, or transparent condensed matter. The
condensed phase includes two subversions, with solid
and liquid transparent condensed matters. For defi-
niteness, we will compare condensed matters with
vacuum. For the considered luminous fluxes, the case
with air is approximately equivalent to the case with
vacuum; chemical phenomena (like target oxidation
in air) call for a separate analysis.

The inertia of the medium that receives the laser
plume (laser ejection) is important. There is a clear
difference between, on the one hand, the case of vac-
uumy/air with a ratio of the target density to the receiv-
ing (external) medium density of L = Pyeer/Pextems
which ranges from infinity to a value on the order of
103, and, on the other, the case of a condensed envi-
ronment with density ratios of 1 : 1 (aluminum : glass)
or 20 : 1 (gold : water). A medium with a low density
usually has a smaller acoustic impedance. The imped-
ance ratio determines the flow character. Obviously, a
change in the ratio i by three orders of magnitude
qualitatively affects the behavior of the material
gjected from the target. The question of the effect of
the ratio 1 was considered in works by Povarnitsyn [29]
and Zhigilei et al. [120]; cases with [l = o and L ~ 1 were
compared. It was shown that a free spread of ablation
products occurs at L = eo, whereas the environment
makes a very strong retarding effect on the spread of
target ablation products at i ~ 1—10. This circum-
stance was noted in all numerical studies on LAL [27—
34, 119]. This effect is used in LAL for the retention of
ablation products and their fragmentation/condensa-
tion into nanoparticles.

There is a significant difference between solid and
liquid receiving media. The heating of an absorbing
metal through a transparent glass was analyzed in [55,
73, 121—125]. These studies are related to the USLP
effect. Longer pulses were studied numerically in
[126]. These calculations were performed in relation to
experiments by Delaporte’s group [127—130].

Veiko proposed an original technique for the laser
drilling of spinnerets in diamonds. A long (10—100 ns)
laser pulse is used, and the diamond surface is adjacent to
solid graphite. This technique can efficiently replace
mechanical drilling methods. Diamond spinnerets
(drawing dies) are widely used for drawing wires. The
approach with diamond drilling was developed in
[131] (see also the study [132] on laser etching of sap-
phire). We note here the reviews [133, 134] on the
breakdown and structuring of insulators and poly-
mers.
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The classification of regimes can briefly be pre-
sented as follows. First, nucleation, foaming, and the
formation of a spallation shell are characteristic of
quite short pulses with a duration T; on the order of 7
or smaller. This conclusion is valid irrespective of the
W value for the target and transparent medium. Sec-
ond, the behavior of the plume of ablation products is
determined by the U ratio. In addition, in the case of
T, > t,, the recoil momentum transferred to the target
significantly increases in the presence of a liquid (see,
e.g., [45, 46, 119, 135]).

4. ABLATION IN LIQUID: INFLUENCE
OF THE IRRADIATION DURATION

The hot disk in Fig. 1 consists of several layers. The
phase compositions of the target material and the
material around the target (in the case of confinement
of the target by a condensed phase) in these layers
change because of the heating gradient (in the direc-
tion perpendicular to the surface). The target contains
ashock-compressed layer, a melt layer, a metal layer in
the two-phase (liquid—vapor) state, and, with a suffi-
ciently large contribution of the laser energy to the
disk, a gas-plasma layer composed of the target mate-
rial. In the external condensed matter, the heated disk
of environment material is adjacent (from outside) to
the metal disk. It was stated above that the disk is thin
because R; > drasarule.

The hydrodynamics of compressible media divides
perturbations into acoustic modes and the entropy-
vortex mode. For example, if a compact region is
heated in a homogeneous medium, acoustic perturba-
tions are emitted from this region. Acoustic modes
diverge with the speed of sound from the heating
region. The entropy-vortex mode is frozen into the
material and moves with the hydrodynamic velocity of
this substance. This division into modes is applicable
for the case shown in Fig. 1. Acoustic perturbations leave
the hot disk, and the disk material is stiff relative to sound
perturbations. In problems with laser irradiation, the disk
material remains hot for a long time. The cooling process
lasts for many acoustic time scales ¢, = d;/c,.

There is an important specificity in the cases with
division into acoustic and entropy-vortex modes. The
point is that the heating region is located at the target
boundary rather than in the bulk of the homogeneous
material (notably, the medium with a lower acoustic
impedance is on the outside). The reflection of an
acoustic pulse from the boundary in the case of USLPs
is accompanied by extension of the heating layer d
(the localization domain of the entropy-vortex mode).
The extension of layer d; at a fairly large extension
amplitude induces nucleation, foaming, and the for-
mation of the spallation shell.

Figure 2 shows the intermediate stage (stage II) of
the evolution shell. In the initial stage (stage I), the
heating region was a thin disk (see Fig. 1). Shock waves
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Fig. 2. Structure of the flow with ablation in liquid after the
USLP effect at stage II: (/) shock-compressed liquid,
(2) hot liquid, (3) spallation shell, (4) foam, and (5) liquid
phase of the target material.

rapidly (in comparison with the material expansion
velocity in the hot disk) propagate from this disk into
the liquid and target bulk. The structure shown in Fig. 2
gradually forms in times on the order of 10—100 ps.
The temperature of the shock-compressed liquid (for
definiteness, water) is low and differs only slightly
from the initial temperature. Hot water forms a layer 2
around spallation shell 3.

Foam 4 is beneath shell 3. The liquid phase of the
target material 5 is under the foam at stage II. The
solid matter of the target that passed through the shock
wave is underneath the melt 5. The shock wave in the
target is deep below the region shown in Fig. 2. The
foam consists of liquid phase and vapor. The differ-
ence in pressure above and below the shell slows the
spallation shell. Under the shell, the pressure is equal
to the saturated vapor pressure. The melt density in
shell 3 (Fig. 2) is higher than the hot-water density in
layer 2. The well-known [136, 137] Rayleigh—Taylor
instability develops due to the difference between the
densities at the interface between media 2 and 3 and
the retardation of this interface.

The instability at the interface between media 2and
3 was studied in [27, 30, 138]. The instability begins
with the capillary scale A,,, which is several tens of
nanometers with the parameters chosen in [27, 30].
The shell thickness increases because of the accretion
of foam fragments [30] on the shell inner surface
(interface 3—4 in Fig. 2). The fact is that the shell
velocity decreases due to retardation by the liquid, and
the detached fragments move with a constant velocity.
A similar situation (deposition of foam on the shell) is
observed in shells that are retarded due to the surface
tension rather than the environment [139]. In [27, 30],
the wavelength A, was smaller than the shell thick-
ness hg,. This means that the development of the
Rayleigh—Taylor instability is not yet significant for
the shell integrity.

In the long run, retardation of the shell leads to its
stoppage and backward motion. The time of the stop
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Iop 18 several tens of nanoseconds, and the distance
traveled Ay, is several to several tens of um. Lasers
with a high pulse energy (several joule or higher) are
generally applied in nanoparticle production technol-
ogies. The radius of the irradiation spot R; (Fig. 1) can
then be increased to about 1 mm. In this case, the shell
form during fracture is quasi-planar: Ay, < R,. In the
case of small spots (R, ~ hg,,), a significantly curved
shell (such as that in Fig. 2) undergoes decay at equal
horizontal and vertical scales of the length (examples
of these calculations were given in [105, 140]). The
transverse sizes of the evolving shell can never exceed
the laser-spot radius. At Ay, < R;, the horizontal shell
sizes in Fig. 2 are much larger than the vertical length.

Will the shell that turns back reach the target sur-
face, or will it decompose into capillary fragments
before it gets there?

First, we should note the following. The shell 3
forms in the case of USLPs (Fig. 2), which is at a finite
distance from the crater bottom, in a time of about
10 ns. During this time, the melt 5 (Fig. 2) covering
the crater bottom is cooled and crystallized; the freez-
ing process was analyzed in detail in earlier studies.
Freezing of the foam residues leads to the formation of
a solidified, random micro- or nanorelief as described
in [1—16]. Thus, this surface structure forms regard-
less of whether the ablation products are ejected into
vacuum or liquid.

Kudryashov’s group carried out remarkable exper-
iments [14, 141] that strictly confirm this simple con-
clusion. These works showed that identical, random
surface reliefs remain after the USLP effect through
air and liquid.

Now we revert to the question stated above: will the
shell moving backwards reach the bottom crater?
Apparently, the shell decomposes before it collides
with the crater bottom. Indeed, no significant traces of
the backward shell were observed on the crater bottom
in [14, 141]. Note, incidentally, that the formation of a
random surface nanostructure and the shell decompo-
sition occur on time scales that are small in compari-
son with the bubble-formation time (several microsec-
onds). Apparently, the shell destruction 3 (Fig. 2) is
responsible for the formation of a fraction of large
nanoparticles. Small nanoparticles form due to the
condensation of metal vapor that evaporated into the
liquid.

5. ABLATION IN LIQUID
UPON NANOSECOND IRRADIATION

Ablation caused by a nanosecond laser pulse differs
significantly from the case of USLPs considered in the
previous section. With nanosecond ablation, there is
no nucleation in the target material on the irradiated
side; accordingly, there is neither foam nor spallation
plate. The point is that the pressure remains positive
all the time (mechanical extension by inertia is absent).
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Here, we consider an example with no thermome-
chanical ablation in the case of LAL. Laser radiation
passed through a transparent liquid is absorbed to
form the hot thin disk shown in Fig. 1. The acoustic
time scale 7, is small in comparison with the pulse
duration T, = 0.5 ns set by the Gaussian function /(¢) ~

exp(—z‘2 / ri) in the calculation. The energy absorbed in

the target is 0.9 J/cm? in this calculation. The numer-
ical simulation begins at instant —37;.

Since the #,/t, ratio is small, the disk thickness in
Fig. 1 increases by several times during the laser pulse.
This increase is caused by constantly supply of energy
from the laser to the disk. The moving upper and lower
disk boundaries in Fig. 1 act like pistons, which main-
tain shock waves in the liquid and metal, respectively
[119, 135]. This situation qualitatively differs from the
d’Alembert decomposition of the high-pressure layer
in the case of USLPs. It follows from the estimations
[135] that the pressure in the disk under nanosecond

irradiation changes according to the law p o (/1 (7).
The calculations show that this law is approximately
satisfied. However, there are some specific features
that should be discussed.

Let us describe the evolution of the flow caused by
a pulse with T, = 0.5 ns and F,,; = 0.9 J/cm?. Figure 3
shows the situation not long before the maximum of
the nanosecond pulse. We assume that the laser beam
passes through the water layers and is absorbed in the
skin layer of gold near contact II with water. There-
fore, the maximum temperature is in contact II. The
absorbed energy is mainly transferred to the gold bulk
via heat conduction of gold. The heat transfer to the
water is small, because its thermal conductivity is
lower than the gold thermal conductivity. The heating
of the metal leads to the formation of a liquid-phase
layer. The melt front is at point I. The temperature
kink is at point I. The reason is that, first, some of the
heat flux is spent on melting (front I moves in the
material to the right) and, second, the thermal con-
ductivity in solid gold is higher than that in the liquid
phase.

The pressure profile at the same instant as in Fig. 3
is presented in Fig. 4 along with the density. Note that
there is quite an unexpected specific feature of the
pressure distribution. The pressure is maximum not in
the skin-layer region, where the laser energy is
absorbed. The skin-layer regoin contains the tempera-
ture maximum shown in Fig. 3. It was found that, in
the intense-heating stage (which approximately corre-
sponds to the middle of the heating pulse), the pres-
sure maximum is slightly behind the melt front I in
Figs. 3 and 4. In addition, there is a pressure jump
related to the material expansion at melting. The melt-
ing is likely to cause the aforementioned displacement
of the pressure maximum. A pressure drop at the melt
front is required to ensure that the melt outflow has a
larger specific volume in comparison with the solid
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Fig. 3. Instantaneous density and temperature profiles at
instant of —0.2 ns: (I) heterogeneous melt front, (II) contact
between hot gold and hot water, (I111) hot-water layer heated
due to the heat conduction of water via contact with hot gold.

phase. A further decrease in density then begins on the
contact I side due to the heating of the gold by the heat
flux from the contact. This expansion process calls for
a pressure gradient that mechanically supports the
expansion.

Figure 5 shows a comparison of the pressure pro-
files at instants of —0.2 ns and 0 (which corespond to
the intensity maximum). At these instants, 29 and
50%, respectively, of the total absorbed energy F,,, =

0.9 J/cm? were absorved in the gold. The heat flux in
the time interval from —0.2 ns to 0 is 21% of F,,, =

0.9 J/cm?. This energy additive increases the pressure
amplitude at the pressure maximum and in gold near
contact II (Fig. 5). Note also that the breaking of the
compression wave upon the occurrence of the shock
wave due to the focusing of characteristics occurs at
times on the order of the pulse width.

At t = 0, the intensity passes through the maxi-
mum. However, the absorbed energy continues to
increase afterward. Figure 6 shows the corresponding
evolution of the pressure profiles in the decaying part
of the laser pulse. The pressure maximum continues to
increase after passing through the intensity maximum.
Thus, the instant of maximum pressure is shifted in
time with respect to the intensity maximum. Note that
the pressure maximum shifts to the right, i.e., it leaves
the region immediately behind the melt front. The
melting rate gradually decreases because of the
decrease in intensity.

The onset of the formation of the pressure drop can
clearly be seen in Fig. 6. The pressures formed by the
piston motion (the motion of the expanding region of
radiation absorption and heating) in earlier stages of
the laser-pulse effect shift to the right and to the left
along the characteristics. In the earlier stages, the
intensity /(f) is higher, and the expansion occurs at
higher velocities; therefore, the pressures moving away
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Fig. 4. Instantaneous density and pressure profiles at —0.2 ns.
Roman numerals I, II, and III are taken from Fig. 3; their
meanings are the same. Letters W and G indicate the nucle-
ation regions of future shock waves in water and gold, respec-
tively.

from the heating region by the characteristics are
higher.

Figure 7 gives the further evolution of the flow. A
deep hole in pressure arises around the destroyed
absorption region (the radiation intensity at instant # =
2 ns is e~ = 1077 of the intensity at the pulse maxi-
mum). Expansion of the hole occurs in the course of
time, because the characteristics that cause small pres-
sure values are now emitted from the former absorp-
tion region. Note that the high-temperature region
continues to exist in the sense of the emission of char-
acteristics causing small (but not zero) pressure values.

Comparison of the two profiles in Fig. 7 shows that
a full-fledged triangular shock wave forms in water.
The triangularity of its form indicates that this wave is
gradually damped during propagation. The point is
that the flow behind the front is subsonic; therefore,
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o
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<
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I

X, pm

Fig. 5. Pressure profiles at —0.2 ns and 0: (II) the position
of the contact and (11I) hot-water layer at = 0.
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Fig. 6. Pressure profiles at 0 and 0.4 ns; the profile for 7= 0 is
taken from Fig. 5.

the characteristics with low pressures arrive at the
front and weaken it. The damping of the compression
wave in gold is small. The compression wave ampli-
tude (about 2 GPa) is only 1% of the gold bulk modu-
lus B = 180 GPa. Thus, the wave in gold is, in fact, a
linear acoustic wave. The situation with water is differ-
ent. The bulk modulus of 2.2 GPa is comparable with
the wave amplitude in water. Correspondingly, the
wave in water is strongly nonlinear (shock). This wave
is significantly damped during propagation. With a
decrease in the wave amplitude in water, it is also
transformed into a weakly linear wave. However, the
triangular wave shape formed in previous stages is
retained.

It is noteworthy that, despite the termination of
heating of the contact region by the laser pulse, the
pressure in the heating layer does not drop to zero

(Fig. 7). The formula p « |/ (¢) does not describe the
tail of the pressure pulse, which continues to affect
gold and water after the complete termination of laser
heating. This “aftershock” effect is especially signifi-
cant in the case of moderately long pulses (about 1 ns).

Figure 8 illustrates a further stage of flow evolution.
The wave amplitude in water decreases from about
15 x 10° to 3 x 103 atm. As can be seen, the pressure
near the contact remains significant: about 2000 atm
at =2 ns and 300 atm at = 36 ns. The question arises
as to the physical cause responsible for the mainte-
nance of this pressure.

Figure 9 shows the velocity profile. The velocity
behind the shock-wave front in water remains signifi-
cant (about 10% ofthe speed of sound in water at room
temperature). The motion in gold stops beginning at
quite early stages, and the velocity of gold is about zero;
gold is almost immobile (it moves very slowly to the right
and continues to be slightly compressed, Fig. 10). The
compression wave in gold at a time of 36 ns (Fig. 9) is
2020
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Fig. 7. Evolution of the pressure distributions after the end
of the pulse.

far to the right of the contact (at a distance of more
than 100 um from the contact). The maintenance of
the pressure in water and gold is related to the continu-
ing expansion of thin (relative to the scales of several
tens of um) hot-water and gold layers. The location of
these layers is indicated by an arrow in Fig. 9. Specifi-
cally, this expansion pushes water at a time of 36 ns
from immobile gold with a velocity of about 25 m/s.

Figure 10 shows the expansion region in more
detail. It can be seen how the expansion velocity
increases. The hot-water and gold layers (each ~1 um
thick) are separated by contact I1. Diffusion was disre-
garded in the author’s Lagrangian code.

The red arrow in the figure highlights the instanta-
neous velocity distribution along the coordinate and

2ns
1.2+
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a0
@)
o 0.8+
=
2
g
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0.4}
36 ns
0 1 1 1 —+"“'
—60 —40 —-20 0
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Fig. 8. Penetration of a triangular, weakly non-linear wave
(the pressure is 14% of the water bulk modulus) deep into
the water (the profile at # = 36 ns); the profile at = 2 ns is
taken from Fig. 7; the portion related to deep gold layers is
omitted.
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Fig. 9. Velocity profile at 36 ns.

points to the vertical velocity axis on the left. The vertical
axis on the right shows the density values in g/cm? for
curve 2 and temperature values in kK for red curve 1.

The velocity behind the shock-wave front
decreases to 160 m/s. Gold located to the right of the
arrow is almost immobile. The increase in the velocity
from the contact with gold is important for pressure
maintenance. This increase occurs in the hot-water
and gold layers due to their continuing volume expan-
sion.

The interface between the liquid and solid phases
of gold is indicated by roman numeral I in Fig. 10.
Interface 3 separates the dense liquid gold phase on
the right and evaporated gold on the left. Roman
numeral II indicates the gold—water interface. Now
this is an interface between gold vapor and hot water.
The water and gold layers composing the hot layer are
~1 um thick each. The temperature in the layer at the
shown instant is from 3 to 4 kK. If it were not for this
hot layer and its expansion, the pressure in water
would drop below 300 atm (the pressure at time of
36 ns in the contact region, Fig. 8).

CONCLUSIONS

Laser technologies have made a significant contri-
bution to the formation of the modern world. For
example, popular devices like the mobile phone con-
tain no parts prepared without the application of a
laser. The physical aspects of important applied prob-
lems were analyzed in this study. Problems related to
nanoparticle production with laser ablation in liquid
were described, surface nanostructuring was consid-
ered in detail, and the state of the field of science
related to laser forging/peening (the hardening of
materials in a laser shock wave) was presented.

It was shown that ablation regimes depend on the
presence or absence of confinement of the expansion
of a heated target. The case in hand is the heating of a
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Fig. 10. Hot layer of hot gold vapor and hot water at super-
critical pressure of 300 atm: (/) temperature profile,
(2) density profile, and (3) vapor—liquid interface.

target by a laser beam passing through condensed mat-
ter (confinement is present) or through vacuum (con-
finement is absent). The case with confinement is also
divided into versions with solid and liquid confining
media.

The division of regimes with respect to the rate of
energy injection into the target plays an important
role. If a heating layer with a thickness of d is formed
for a time shorter than the acoustic time scale 7, =
dy/c,, there is a rapid formation of a high-pressure
layer with a thickness of ~d; and its decomposition
with the emission of acoustic waves according to
d’Alembert. In the opposite case, the ablation flow
evolves in a different way. This evolution was studied
in detail in this paper. It was shown that the pressure
maximum is shifted to longer times relative to the
intensity maximum. It was found that a fairly high
pressure in the contact region between the target and
liquid is maintained after the cessation of the laser
pulse. It turned out that the long-term expansion of
hot near-contact layers of target vapor and hot high-
entropy water ensures a slow decrease in pressure near
the contact. At long times (which are beyond the scope
of this study), the diffusion-mixed, high-entropy lay-
ers of the target vapor and water form a bubble in the
cold, surrounding liquid during expansion ([33, 34]).
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