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INTRODUCTION

The major parameters of interaction in pulsed laser
applications along with a wavelength 

 

λ

 

 are intensity 

 

G

 

and a pulse length 

 

τ

 

. Two processes: the ablation of a
material and the plasma formation are dominating in
laser handling [1]. In case of plasma formation dynam-
ics of these processes appears interconnected [2].

Influence a pico and femtosecond laser pulses of
great intensity 

 

G

 

 = 10

 

15

 

–10

 

18

 

 W/cm

 

2

 

 on solid targets, is
one of the methods to create plasma with unique prop-
erties. Thin, 

 

l

 

 ~ 0.1 

 

µ

 

m, the plasma layer formed on a
surface of the target by the overstrong light field, has
high electronic temperature 

 

T

 

 ~ 100 eV density of
charged particles 

 

N

 

e

 

 ~ 10

 

22

 

–10

 

23

 

 cm

 

–3

 

 and high gradi-
ents of electrons and ions. Such plasma emites power-
ful X-rays [3, 4], which is one of the reasons of height-
ened interest to it.

Some of widely used technologies are based on
pulsed laser ablation of metals, such as drilling, cutting,
micro- and nanostructuring, film sputtering [5]. In laser
applications based on laser ablation, plasma and its
evolution, play a negative role in most cases, but pre-
sents independent interest.

Effects of long and short pulses are qualitatively dif-
ferent due to different mechanisms of laser energy con-
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version and removal of matter from the irradiated area.
In the millisecond length range, the main mechanisms
of matter removal are related to hydrodynamic phe-
nomena: thermocapillarity, backpressure, etc. [6].
Instability of a number of processes is a distinctive fea-
ture of hydrodynamic mechanisms [7].

In microsecond and submillisecond ranges along
with hydrodynamic phenomenona the role of phase
transitions (melting and evaporation) becomes impor-
tant. The simulations [8] showed that dominance of one
process over another in many respects depends on a
temporal pulse shape. If the energy impact is acceler-
ated during the pulse (rising triangle) or the stationarity
of processes is archived (top hat pulse shape), the
mechanism of evaporation is dominating and the rela-
tion for a molten pool 

 

∆

 

1

 

 and the evaporated material

 

∆

 

ev

 

 is fulfilled 

 

∆

 

1

 

/

 

∆

 

ev

 

 

 

�

 

 1. For pulses with falling tem-
poral pulse profile and other profiles which do not have
constant component (gaussian profile) melting process
becomes dominant and 

 

∆

 

1

 

/

 

∆

 

ev

 

 

 

�

 

 1.
In the nanosecond range the role of evaporation and

laser plasma [9, 10] gaining more importance. In some
regimes volume boiling competes of the surface evapo-
ration mechanism [11].

Laser ablation in pico- and femtosecond ranges is
least investigated. At the same time, the number of pub-
lications in this field is steadily growing which testifies
to a heightened interest in impact of ultrashort laser
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Abstract

 

—For mathematical description of pulsed laser heating, melting and evaporation of aluminum target
in ambient atmosphere was used one dimensional, multi front hydrodynamic Stephan problem, written for both
phases (liquid and solid). On the boundary of solid and gaseous forms Stephan problem is combined with radi-
ation gas dynamic equations, with thermo conductivity, and describes processes in evaporated material and sur-
rounding gas. For numerical solution finite difference dynamic adaptation method, which gives opportunity of
explicit tracking of inter phase boundaries and shockwaves. As a result, in the process of the solution the prob-
lem had 6 computation regions and 7 boundaries, 6 of them were moving, including 2 shockwaves and free
boundary in atmosphere. We used this model to calculate pulsed laser interaction with aluminum target with
following parameters: 

 

A

 

 = 0.8, 

 

τ

 

 = 10

 

–8

 

–10

 

–15

 

 s and 

 

G

 

0

 

 = 10

 

9

 

–10

 

16

 

 W/cm

 

2

 

. Modeling revealed that in case of
long ~1 ns pulses greater part of the energy is spend on melting and heating of the liquid. Molten pool depth is
about 1.2 

 

µ

 

m. In case of femtosecond pulses greater part of the energy is spent on heating of the solid and for
the formation of shockwave in solid. The depth of the molten pool does not exceeds 0.03 

 

µ

 

m. Although evap-
orated layers were almost the same thickness. For nanosecond laser pulses with fluence 

 

J

 

 less than 30 J/cm

 

2

 

,
there is no plasma formation in the evaporated material. For the same fluence for femtosecond laser pulse
plasma is formed after the pulse and has thermal nature.
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pulses of great intensity on condensed media [12, 13].
Most of these works are concerned with experimental
observations [14–16], A far smaller number of works
attempt to provide a theoretical explanation of funda-
mental phenomena accompanying ultrashort exposure
[17–19].

The main features of metals ultrashort exposure are
related to high velocity and a volumetric nature of laser
pulse energy release. High velocity of the condensed
medium heating is related to fast phase transformations
of matter characterized by powerful interphase fluxes
of mass and energy. Energy being removed by a flux of
matter combined with the volumetric laser radiation
energy release mechanism contribute to heating of the
interphase boundaries to temperatures that are signifi-
cantly higher than the equilibrium melting tempera-
tures 

 

T

 

m

 

0

 

 and evaporation temperatures 

 

T

 

b

 

. The same
reasons account for formation of temperature maxi-
mum areas near the irradiated surfaces in solid and liq-
uid phases.

At first, the superheated metastable states were dis-
covered and investigated in nanosecond pulse range
[20]. In one of the first publications [21], the overheat-
ing of a solid phase on 40–110 K higher than 

 

T

 

m

 

0

 

 was
observed for a 26 ns laser pulse influence on. In theo-
retical works [22, 23] by means of mathematical simu-
lation, the dynamics of superheated metastable states in
the superconducting ceramics irradiated by nanosecond
laser pulse has been discussed. The peak overheating of
a solid phase above 

 

T

 

m

 

 was 150 K.
As laser technology developed, reports [24] and

articles [25–27] appeared concerned with observing
overheated metastable states in pico- and femtosecond
exposure ranges.

Summing up the deliverables of experimental
research [15] on drilling of metals using ultrashort
pulses, we would like to note the following peculiarities
and advantages thereof:

—transition from nano- to femtosecond length
reduces the share of liquid fraction and improves the
quality of the hole,

—at energy density of laser pulse 

 

J

 

 

 

≤

 

 5 J/cm

 

2

 

 a pico-
and femtosecond duration there is no plasma forma-
tions,

—effects of a thermal conduction are not essential at
laser pulse time scale,

—the average thickness of the evaporated material
at 

 

J

 

 

 

≤

 

 1 J/cm

 

2

 

 does not exceed 100 nm.

It is necessary to note a special role played by the
dynamics of complex interrelated processes in the con-
densed and gas media in forming the macroprocess on
the whole. For instance, dynamics of plasma processes
is closely connected to heating, cooling and phase
transformation processes in the irradiated target. And
thermal conductivity and ablation determine the plasma
cooling dynamics following exposure to a laser pulse.
At the same time, research of the processes dynamics,
especially where ultrashort pulses are applied, is related
to constraints that are hard to overcome. As a rule,
experimental observations represent an aftereffect,
which is not sufficient to understand why the system
acquires a certain state as a result of the exposure.
Under such conditions, the role and weighting of math-
ematical modeling increase drastically.

This work is devoted to mathematical modeling of
phase transitions dynamics, superheated metastable
states and the comparative analysis of the main features
of a laser ablation in pico- and femtosecond range.

PROBLEM STATEMENT

The laser beam propagates from right to left and, as
it reaches the surface of the metal target, is partly
absorbed and partly reflected, Fig. 1. The same Fig. 1
provides spatial distribution of phases, interphase
boundaries 

 

Γ

 

sl

 

. 

 

Γ

 

l

 

v

 

 and shockwaves 

 

Γ

 

sh

 

, 

 

s

 

, 

 

Γ

 

sh

 

, 

 

g

 

.

The problem was stated under the following
assumptions and constraints:

—laser energy is released in the direction of the lat-
tice of the target instantaneously;

—phase transformations are thermal in nature;

—volumetric melting and evaporation mechanisms
are not looked at. It is assumed that the melting front
appears on the irradiated surface when the surface tem-
perature rises up to 

 

T

 

m

 

0

 

;

—overheated metastable states behave steady dur-
ing the examination.

Mathematical description and modeling of laser
ablation of solid aluminum target in counter pressure
environment is implemented within the one dimen-
sional multiphase hydrodynamic Stefan’s problem for-
mulated for both liquid and solid phase. Stefan’s prob-
lem is related to a system of equations of radiation gas
dynamics with thermal conductivity describing the pro-
cesses in the evaporated matter and the gaseous
medium (air):
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Fig. 1.

 

 Phase states spatial distribution.
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(1)

Where 

 

ρ

 

, 

 

u

 

, 

 

ε

 

, 

 

T

 

, 

 

P

 

 stand for density, gas dynamic veloc-
ity, internal energy, temperature and pressure, respec-
tively, 

 

κ

 

 and 

 

I

 

ν

 

 are absorption and spectral density of
plasma radiation ratios, 

 

I

 

ν

 

, eq

 

 is equilibrium radiation
density, 

 

κ

 

L

 

 and 

 

G

 

 are absorption and density of laser
radiation ratios, 

 

λ

 

 is the thermal conductivity ratio.
Indices 

 

s

 

, 

 

l

 

, 

 

v

 

, 

 

g

 

 denote values as belonging to solid, liq-
uid, vapor, and gas media, respectively.

Spatial distribution of phases is provided on Fig. 1.

BOUNDARY CONDITIONS

1. For the lea-hand fixed border we set

 

x

 

 = 

 

Γ

 

s

 

 : 

 

u

 

 = 0,

 

W

 

T

 

 = 0,

 

W

 

I

 

 = 0; (2)

2. For melting/crystallization front 

 

x

 

 = 

 

Γ

 

sl

 

 : 3 laws of
conservation are formulated at the melting boundary:
conservation of mass, momentum and energy captured
in the reference frame moving with solid phase velocity

 

vsl =  – us, where  stands for velocity of the
melting (crystallization) front propagation in fixed ref-
erence frame (lab):

(3)

∂ρ
∂t
------ ∂ ρu( )

∂x
--------------+ 0,=

∂ ρu( )
∂t

-------------- ∂ ρu
2( )

∂x
---------------- ∂P

∂x
------+ + 0,=

∂ ρε( )
∂t

-------------- ∂ ρuε( )
∂x

-----------------+  = P
∂u
∂x
------

∂WT

∂x
-----------

∂WI

∂x
---------- ∂G

∂x
-------+ + +⎝ ⎠

⎛ ⎞ ,–

∂Iν

∂x
------- κ hν ρ T, ,( )Iν+ κ hν ρ T, ,( )Iν eq, ,=

Wν µIν ν µ, WTdd

1–

1

∫
0

∞

∫ λ T( )∂T
∂x
------,–= =

∂G
∂x
------- κL ρ T,( )G– 0,=

P P ρ T,( ), ε ε ρ T,( )= = k

,

k s l v g, , ,=

t 0,>
x Γs Γsh s, t( ),[ ] Γsh s, t( ) Γsl t( ),[ ]∪∈
∪ Γsl t( ) Γlv t( ),[ ] Γlv t( ) Γvg t( ),[ ]∪

∪ Γvg t( ) Γsh g, t( ),[ ] Γsh g, t( ) Γg t( ),[ ].∪

v sl* v sl*

ρsv sl ρl ul us– v sl–( ),=

Ps ρsv sl
2

+ pl ρl ul us– v sl–( )2
,+=

W l
T

Ws
T

– ρsv slLm
ne

,=

where Ws = , Wl = , Cps, Cpl is

thermal capacity of solid and liquid phases, respec-

tively,  = Lm + (Cpl – Cps)(Tsl – Tm) +

 is non-equilibrium melting tempera-

ture.
Law of energy conservation representing a differen-

tial Stefan condition is supplemented with phenomeno-
logical condition of temperatures equality at the inter-
phase boundary

Tsl = Ts = Tl = Tm(Ps). (4)

The melting temperature Tm was assumed as dependent
on the pressure: Tm(Ps).

1. Evaporation x = Γ1v: on the evaporation surface,
three conservation laws are formulated in the reference
frame moving with solid phase velocity, vsl =  – us:

, (5)

, (6)

(7)

(8)

where  = (Tl) + Cpv(Tb – Tlv) +

 is non-equilibrium evaporation heat.

Values Tv , ρv , pv are found from the non-equilibrium
Knudsen layer correspondence using the modified
Crout model [28]:

(9)

where αT(M), αρ(M) are Crout coefficients, M =  is

vapor velocity in Mach numbers; ρH and PH(Tl) are
vapor saturation pressure and density at temperature Tl .

An aluminum target ~30 µm thick situated in the air
medium at a temperature T0 = 273 K and under pressure
P0 = 1 bar was subjected to research. Values corre-
sponding to solid and liquid aluminum phases were
used as thermophysical parameters. The equilibrium
melting temperature is Tm, 0 = 933 K. Empirical relation
[29] approximated using a linear relationship Tm(Ps) =
(Tm, 0 + kPs), where k = ∂Tm/∂Ps = 2 × 10–4 K/bar was
used as a function of Tm(Ps). Critical temperature for
aluminum was assumed at Tcr = 8 × 103 K. Starting from
the temperature T = 0.85Tcr, heat conductivity and laser
absorption ratios were exponentially reduced in the
relations, and heat capacity was exponentially increased
up to critical point values of λcr = 0.01 J/(K cm),

λ Ts( )
∂Ts

∂x
--------– λ Tl( )

∂Tl

∂x
--------–

Lm
ne

ρs ρl+
ρs ρl–
---------------

us ul–( )2

2
---------------------

v sl*

ρlv lv ρv ul uv– v lv+( )=

Pl ρlv l
2

+ pv ρv ul uv– v lv+( )2
+=

Wl
T

Wv
T

– ρlv lvLv
ne

, Wν– Wν
l
,= =

G A T( )Gl,=

Lv
ne

Lv
e

ρl ρv+
ρl ρv–
-----------------

ul uv–( )2

2
-----------------------

Tv αT M( )Tl, ρv ρHαρ M( ),= =

uv
ush
------
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κcrcr = 103 cm–1 and Ccr = 10.2 J s/(g K). Wide-range con-
stitutive equation is used as the equation of state [30].

COMPUTING ALGORITHM

Numerical solution of the differential problem (l)–
(9) was made using finite difference method with
dynamic adaptation [22] allowing to do computations
with direct tracking of interphase boundaries and
shockwaves. As the result we can have up to 6 areas for
computation with 7 boundaries, 6 of them being mov-
ing boundaries, including two shockwaves and right
free boundary in the air.

RESULTS

In our simulations we used solid aluminum target is
irradiated by Gaussian time profile laser pulse with
duration τ = 10–15–10–8 s and peak intensity G0 = 108–
1016 W/cm2. In this distribution time moment t = 0 cor-
responds to peak intensity, and calculation starts at t =
–4τ. For all calculations J = G0τ changed between 1 ≤
J ≤ 50 J/cm2, absorption coefficient of the target A =
10%. Modeling revealed that, plasma in the evaporated
material is formed for J higher than 30 J/cm2, due to the
fact that plasma slows the evaporation process; the
most attention was paid to the regimes prior to plasma
formation.

Energy Deposition

Laser radiation energy deposits in a condensed tar-
get can be either volumetric or surface depending on
laser pulse properties, thermo physical and optical
properties of a target. If the length of thermal influence
lT(aτ)0.5 is much more than free length lν = κ–1 of energy
quantum lT � lν where and a is thermal diffusivity, κ is
absorption coefficient, then absorption of laser radia-
tion has the surface character, in opposite—volumetric.

According to these elementary estimates, the nano-
second mode of metals exposure is a transitory one,
whereby the superficial absorption mechanism is
replaced with volumetric. In pico- and femtosecond
ranges, the absorption is obviously volumetric, since
lT � lν. Thus, in the exposure modes under review,
energy release in the condensed medium is volumetric.
Volumetric absorption of laser radiation and the energy
taken out by the flux of matter through the phase
boundaries in both fractions of the target, liquid and
solid, conditions are created enabling formation of
near-surface temperature maximums and appearance of
overheated metastable states.

General Processes

A part of the phenomena in the condensed and gas
medium, are always present. The common for all the
regimes is presence of phase transitions: melting and

evaporation, superheated metastable states and a shock-
wave in gas medium. These features are typical both for
all considered durations.

However as we shift from long to ultrashort pulses
not only dynamics of phase transitions and metastable
states changes, but also there is an occurrence of the
new phenomena—shockwaves in solid phase and
plasma formation in vapor or gas medium. Occurrence
of the low-temperature thermal plasma 5 × 103 K <
Tmax < 104 K occurs after the end of the pulse. It is
caused by forces gasdynamic squeezing, associated
with propagation of the intensive shockwave generated
by a powerful vapor stream.

Condensed Medium

The most important role in applications (micro-
mashining, drilling) is played by phase transitions
dynamics and their behavior depending on the pulse
duration. Decreasing a laser pulse duration at the same
energy density is accompanied by growth of heating
velocity and, accordingly, magnification of velocity vsl

and, as is known [32], at t  0 velocity of melting
front vsl ~ t–1/2  ∞. However the actual velocity of
melting front always remains limited. One of effective
mechanisms of a speed vsl limitation is the hydrody-
namics of a molten pool [33]. Its influence can be
revealed, in particular, in melting temperature depen-
dence Tm = Tm(PS) from pressure on the melting surface
PS, which is determined by the velocity vsl. As a result,
growth of vsl leads to growth of pressure PS and temper-
atures on interphase boundary Tsl = Tm(PS), and the
increase in melting temperature Tm = Tm(PS) restricts
growth of vsl.

The contribution of superheated metastable states
increases with reduction of laser pulse duration τ, and
in many respects define the phase transitions dynamics.
A typical example of spatial structure of the solution for
ultrashort τ = 10 fs laser pulse at the moment of forma-
tion of shock waves in a solid phase and gas medium
t ≈ 80 fs is presented on Fig. 2.

The moment of melting front occurrence was
defined by a heating of a surface of a target to equilib-
rium temperature of melting Tm, 0. When target reached
Tm, 0 the liquid phase was introduced with initial thick-
ness 0.02–0.20 nm. The volumetric mechanism of
energy absorption and a mass flux through interphase
boundary x = Γsl form an undersurface temperature
maximum.

At the moment, when saturated vapor pressure
excides, air pressure starts the convective evaporation
from the surface, the second phase transformation is
introduced. Affected by quickly evaporating liquid,
another undersurface temperature maximum is formed
at a distance from the evaporation front, Fig. 2. The
temperature maximum positions in solid and a liquid
phase are defined by velocities of phase front’s relation,
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coefficients of thermal conductivity and absorption
[17]. Since the relation, vsl � vlv is carried out Fig. 3
maximum of temperature in the solid phase greatly
exceeds a temperature maximum in the liquid.

The main feature of sub-nanosecond interaction
regimes 10–10 > τ > 10–12 s close to ablation threshold
0.1 < J < 1.0 J/cm2 consists in that the thickness of a liq-
uid phase does not exceed 10–20 ns and it is transparent
for laser radiation. Laser pulse energy is almost com-
pletely absorbed by a solid phase, causing a consider-
able overheating Ts, max ~ 2000 K. The absorbed energy
is spent for a heating and melting of solid. Therefore

melting process proceeds more effectively, and the
evaporation role at low energy density 0.1 < J <
1.0 J/cm2 is insignificant. For ablation enhancement in
picosecond range, energy density must be increased.

In ultrashort range (10–15 < τ ≤ 10–12 s) at 1 ≤ J ≤
10 J/cm2 fast heating of a target, high melting front
velocity and rather slow energy transmission by ther-
mal conduction lead to significantly higher level of
solid state in comparison with longer pulses. The peak
velocity of melting front at τ ≈ 10–13–10–15 s reaches
sonic velocity which for Al ~ 6.26 × 103 m/s. As vsl

approaches sonic velocity, it premises on the one hand
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Fig. 2. Spatial temperature profile at t = 78.5 fs for laser pulse τ = 10 fs, G0 = 1014 W/cm2.
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Fig. 3. Temporal profiles of temperature Tsl, Tsurf, Tsh, s, Tsh, g at the beginning and for a laser pulse τ = 10 fs, G0 = 1015 W/cm2.
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for shockwave formation in solid phase, and with
another—facilitates its overheating Fig. 2. For a laser
pulse τ = 10 fs. J = 1 J/cm2, at the moment of shock-
waves formation t ≈ 80 fs in surrounding gas and in
solid phase, the temperature maximum is about 6000 K
and is situated on depth ~20 nm from the boundary
Γsl(t). The overheating degree Ts, max/Tm0 reaches about
6.5. Correspondingly velocity, temperature and pres-
sure on the interphase boundary Γsl(t) are vsl = 4 ×
103 m/s, Tsl � Tm0 ≈ 1.5 × 103 K, and Ps ≈ 0.5 Mbar.
This pressure appears enough for formation of the
strong shockwave in the solid phase.

With increase of energy density J = 10 J/cm2 at the
same pulse duration leads to sharp increasement of all
overheating parametres, Fig. 3. On Figs. 3 and 4 tempo-
rary profile of temperature on interphase boundaries
Tsurf(t), Tsl(t) front of shock waves Tsh, s(t), Tsh, g(t), and
also corresponding velocities are presented vsl(t),
vlv(t), vsh(t). From curves it follows, that phase transi-
tions and a shockwave in the solid phase arise on the
leading edge of a laser pulse. On the falling edge, there
is a shockwave in gas medium. In the middle of a pulse
velocity of melting front reaches it’s maximum veloc-
ity, sonic velocity vsl = 6.26 × 103 m/s, making overheat
degree Ts, max/Tm0 ≈ 20. The melting front and shock-
wave front have nearly identical velocities and temper-
atures and are spreading as a complex. The energy
accumulated in a solid phase has stabilizing influence
on temperature of an evaporated surface, which reaches
Tsurf ≈ 7 × 103 K, and remains constant until the com-
plete vanishing of the overheating. Velocities of shock-
waves and phase fronts also remain constant, Fig. 4. To
the moment t ≈ 2.5 × 10–8 s redundant energy is com-
pletely carried out from the overheated area and spatial
distribution of temperature any more does not contain

near surface maximums, Fig. 5. So long-lived, in com-
parison with duration of a laser pulse, energy redistri-
bution is defined by prevalence of relatively slow con-
ductive mechanism of heat transfer. Slow redistribution
of energy leads to increase in molten pool and evapo-
rated material thickness. Thus the melting front in t ≈
0.5 × 10–8 s after the end of a pulse moves with sonic
velocity together with the shockwave front. With reduc-
tion of temperature gradients in the area of phase
boundary, the velocity vsl falls, and the uniform com-
plex from melting front and a shockwave breaks up.
The shock wave becomes decaying, its leading edge
with sonic velocity leaves far forward, Fig. 5.

The surface evaporation up to t ≈ 0.8 × 10–8 s occurs
with the greatest possible velocity, number of Mach on
exterior boundary of Knudsen layer, M = 1, Fig. 6. By
this moment t ≈ 0.8 × 10–8 s in gas medium there is
plasma formation by means of the gas-dynamical
squeezings, pressure in these plasma areas exceeds
pressure of saturated vapor and that is slowdowning
down the flux of the evaporated material. The number
of Mach continuously decreases and to the time t ≈
2.5 × 10–8 s is equal to zero, M = 0, Fig. 6, that formally
corresponds to the termination of the evaporation pro-
cess. The evaporation ends, in spite of the fact that the
surface temperature for this moment is Tsurf ≈ 3700 K
exceeds the boiling temperature for aluminum Tb ≈
2730 K.

In picosecond range we can see the same pattern of
processes. Figure 7 shows the spatial distribution of
temperature at the moment t ≈ 2.5 × 10–8 s testifies.
During pulse action the small amount of liquid appears.
Liquid phase thickness does not exceed the value of
30 nm during pulse action. Due to the clearance of liq-
uid around critical point it is almost transparent for
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laser irradiation. As the result we have almost constant
temperature Tsl = Tlv in liquid. After the end of the pulse
action the saved energy of the overheated solid phase is
spent on heating of liquid phase and maintaining high
temperature on the surface. This provides much longer
evaporation time, than pulse duration.

Since energy transfer from overheated solid to liq-
uid phase is implemented by relatively slow mecha-
nism of thermo conductivity, evaporation time is almost
the same for pico- and femtosecond laser pulse and is
about 2.5–3.0 ns, Fig. 8. Near surface temperature max-

imums completely disappear at the moment t = 2.0–
2.2 ns, Figs. 3 and 7.

Dynamics of the phase transitions undergoes essen-
tial changes with shifting laser pulses duration. On
Figs. 9 and 10 there are dependences of the peak values
of velocities of melting vsl, evaporation vlv , a molten
pool ∆l , and the evaporated layer ∆ev vs. duration of
laser pulses Their analysis has shown, that at long
pulses 10−8 ≥ τ ≥ 10–9 s and densities of energy 1 ≤ J ≤
10 J/cm2 melting and evaporation take place under
usual scheme. The temperature of the surface Tsur ≈
(5.7–7.2) × 103 K and velocity of the evaporation front
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vlv ≈ 10–27 m/s with small delay follow changes of
radiation intensity. The peak melting front velocity is
between 50–500 m/s, Fig. 9. The maximum thickness
of a molten pool increases with duration and reaches a
maximum at τ = 10–8 s (∆l ≈ 1.9 µm), Fig. 10. Evapo-
rated layer ∆ev is more than one order of magnitude less.

Pressure on a surface of solid phase Ps does not
exceed 4 × 108 Pa. The temperature Tsl on interphase
boundary at such pressure practically does not differ
from equilibrium Tsl ≅ Tm0. The undersurface tempera-
ture maximum is situated on some distance from the

boundary Γsl and its value exceeds value of equilibrium
melting temperature on a few tens degrees. Its presence
increases lifetime of a molten pool and duration of the
evaporation process which at τ ≅ 10–8 s appears in
2.5 times longer than pulse duration, Fig. 8.

Time dependence of maximum molten pool thick-
ness ∆l(τ), maximum evaporated layer ∆ev(τ) curves are
falling with decreasing of τ and vary in a range, ∆l(τ) ~
(1.95–0.60) µm, and ∆ev(τ) ~ (0.130–0.023) µm, Fig. 4.
We underline, that the thickness of the evaporated
material is in good correspondance with experimental
data [15]. Thus, thanks to occurrence of superheated
metastable states reduction of laser pulses duration by
4–7 orders leads to reduction of thickness, ∆l(τ), ∆ev(τ)
only in 3–6 times. Becouse of vsl � vlv , Fig. 9, depth
of the molten pool ∆l(τ) in all investigated time range
appears much more than the evaporated layer thickness,
∆ev(τ) and their ratio is ∆l(τ)/∆ev(τ) = 10–30, Fig. 10.
However, in a femtosecond range, where the tempera-
ture of metastable states comes nearer or exceeds criti-
cal temperature, it is necessary to expect change of the
surfacemechanism of evaporation by the volumetric
one with a high probability.

Gas Medium

The condition of vapor near to boundary with a liq-
uid in prior plasma mode is mainly defined by temper-
ature on a vaporizing surface and a thermal conduction
of a liquid. Thus, a heating vapor by absorption of laser
irradiation for which it is practically transparent is neg-
ligible.

In gas medium promptly expanding vapor flux, with
gasdynamical velocity near to contact boundary reach-
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Fig. 7. Spatial profile of temperature at t = 2.5 ns for a laser
pulse τ = 1.0 ps, G0 = 103 W/cm2.
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ing several kilometers per second, works as the acceler-
ated piston, which is pushing out cold air. Starting from
a certain instant, it leads to shockwave formation in gas.
Explicitly determined by means Rankine–Hugoniot
conditions the shockwave is spread towards the laser
radiation. Considerably later after the termination of
laser pulse forces of squeezing in gas medium create
the low-temperature thermal plasma.

The typical example of spatial structure of the solu-
tion gained for ultrashort (τ = 10 fs) influence at the
moment of intense plasma formation t ≈ 2.5 ns is pre-
sented on Fig. 2. The peak temperature of plasma
reaches Tmax ≈ 7400 K and is behind front of a shock-
wave near to contact boundary of vapor–air. The spatial
size of vapor area during laser pulse influence is insig-
nificant ~7 nm, but to the end of evaporation reaches
7500 nm, Fig. 5.

If the intensity is high enough G > 1016 W/cm2, ava-
lanche growth of temperature, concentration of charged
particles and absorption coefficient near evaporation
surface begins. This process of high ionized and
absorbing plasma formation is equilibrium analog of
optical breakthrough. Vapor temperature rises up to
106 K fast, electron concentration Ne = 8 × 1022 cm–3,
absorption coefficient κ ≈ 105 cm–1. A shockwave
appears which expands in direction from the surface
reaches the first shockwave in gas and absorbs it.
Decrease of laser irradiation on the surface of the target
caused by growth of pressure in plasma leads to elimi-
nation of surface evaporation.

CONCLUSIONS

Our analysis shows that long and ultrashort pulses at
the same energy density J are essentially different with
mechanisms of laser energy transformation.

For long impulses τ ~ 10 ns, there is small overheat-
ing of a solid phase (tens degrees) which amplifiers in
2.5 times time of evaporation from laser pulse duration.
The most of laser pulse energy is spent for melting and
evaporation processes. The rest—is spent for heating of
a solid phase and shockwave generation in gas medium.

With shifting to ultrashort laser pulse duration the
increasing part of laser pulse energy is spent for meta-
stable states superheating in a condensed medium and
generation of shock waves in a solid phase and gas
medium. The smaller share of energy is spent for evap-
oration process. So, if at 10 ns pulse duration the rela-
tion of thickness ∆l(τ)/∆ev(τ) did not exceed 20 at 1 fs
pulse duration it reaches 30.

In femtosecond range, the quantity the solid phase
overheating reaches values Tmax/Tm0 = 8–10, and near
surface temperature maximum becomes close to criti-
cal temperature. In these situations there is a great prob-
ability of spinodal decay of metastable states or a nucle-
ation of a new phase that corresponds to the shift from
surface mechanisms of phase transformations to volu-
metric ones.
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