Quantum Electronics 35 (5) 454 ë 466 (2005)

670/846 ë KAI ë 10/vi-05 ë SVERKA ë 13 ÒÑÎÑÔ

ÍÑÏÒ. å 1

ß2005 Kvantovaya Elektronika and Turpion Ltd

INTERACTION OF LASER RADIATION WITH MATTER. LASER PLASMA

PACS numbers: 52.38.Mf
DOI: 10.1070/QE2005v035n05ABEH00

Plasma-mediated surface evaporation of an aluminium target
in vacuum under UV laser irradiation
V.I. Mazhukin, V.V. Nosov
³ÓÑÚÐÑ ÒÓÑÚËÕÂÕß, ËÔÒÓÂÄËÕß ÑÛËÃÍË Ë ÒÑÊÄÑÐËÕß
Ä ÓÇÆÂÍÙËá (095) 135 13 11 ËÎË 132 66 66.

Abstract. Mathematical simulation is employed to investigate the dynamics of evaporation and condensation on the
surface of a metal target under the conditions of plasma
production in the vaporised material exposed to the 0.248-lm
UV radiation of a KrF laser with the intensity G0 
2  108 109 W cm 2 , and a pulse duration s  20 ns. A
transient two-dimensional mathematical model is used, which
includes, for the condensed medium, the heat conduction
equation with the Stefan boundary condition and additional
kinetic conditions at the evaporation surface and, for the
vapour, the equations of radiative gas dynamics and laser
radiation transfer supplemented with tabular data for the
parameters of the equations of state and absorption coefécients. The target evaporation in vacuum induced by the UV
radiation was found to occur during the laser pulse and is
divided into two characteristic stages: initial evaporation with
a sound velocity and subsonic evaporation after the plasma
production. At the subsonic evaporation stage, one part of the
laser radiation passes through the plasma and is absorbed by
the target surface and another part is absorbed in a thin
plasma layer near the surface to produce a high pressure,
which signiécantly moderates the vapour ejection. After
completion of the pulse, a part of the vaporised material is
condensed on the surface, both in the evaporation region and
some distance away from it due to the lateral expansion of
the plasma cloud.
Keywords: surface evaporation, Mach number, laser plasma, radiative gas dynamics.

1. Introduction
The evaporation of materials by intense radiation is
qualitatively different in character depending on the
temperature and pressure in the surface region. When the
temperature and (or) the pressure exceed critical values, the
liquid ë vapour transition is described by gas-dynamic
equations with a continuous equation of state [1]. In the
opposite (subcritical) case, the process is characterised by
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the formation of a sharp phase boundary. The vaporised
material êow is nonequilibrium, because the velocities of all
particles are initially directed away from the surface. When
the evaporation is intense enough, the particles collide with
the formation of a reverse êow, and an equilibrium
distribution is established at distances equal to several
path lengths. The region where the equilibrium sets in is
referred to as the Knudsen layer (KL).
For the equations of continuum mechanics, a thin KL is
a region with a strong discontinuity of gas-dynamic parameters [2 ë 6], which obeys the mass, momentum, and energy
êux conservation laws and some additional relationships
that take into account the kinetics of the phase transition.
They can be obtained with the help of different approximations of the in-layer distribution function [2 ë 4, 7, 8] or
solving the boundary-value problem for the Boltzmann
equation in the half-space élled with vapour and bounded
by the surface of the condensed medium [9, 10]. In the latter
case, the values of macroscopic parameters established at
inénity will correspond to the vapour at the outer side of the
KL, while the values at the boundary ë to the condensed
medium.
Evaporation and condensation are not symmetric processes, which is reêected in the formulation of the boundary
conditions at the interface between the condensed medium
and the vapour. In the case of evaporation, the three
parameters which characterise the vapour ë the temperature,
the density (or the pressure), and the velocity ë are related
by two equations. In this case, the degree of nonequilibrium
(the intensity) of the process is conveniently characterised by
the Mach number on the outside of the KL. The condition
M  0 implies that the total material êux through the
boundary is equal to zero and the vapour is in equilibrium.
Positive values of M correspond to evaporation, which can
take place in two qualitatively different regimes. Upon
evaporation with a sound velocity, when M  1, the
material êux through the interface is highest, the process
takes place under strongest nonequilibrium, and the behaviour of condensed medium is independent of the state of
the vapour region. This regime is realised when the target is
exposed to laser radiation with a constant intensity in
vacuum or in a medium with a low counterpressure [11].
Upon subsonic evaporation (0 < M < 1), the description of
the effect becomes more complicated, because the processes
in the condensed and gaseous media turn out to be
interrelated, while the value of M for the boundary
conditions is unknown and should be determined during
the solution of the problem [12]. It is commonly assumed
that the gas-dynamic vapour velocity does not exceed the
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local sound velocity, and the regimes with M > 1 are not
considered [2 ë 4, 7 ë 13].
Negative Mach numbers correspond to the process of
surface condensation, which occurs when the pressure of the
gaseous medium exceeds the saturated vapour pressure. In
the regime of subsonic condensation, when 1 < M < 0, the
three quantities which characterise the vapour (temperature,
density, and velocity), according to Ref. [10] are related by
one additional equation. When the êow velocity on the
outer boundary of the KL becomes supersonic (M < 1),
the relationship between the admissible values of the
parameters takes on the form of an inequality.
Transient laser evaporation regimes were investigated in
several theoretical papers [14 ë 21]. It was found that the
factors responsible for the decrease of the Mach number at
the evaporation surface are the counterpressure of an
external gaseous medium [17 ë 19], the rapid change in
the temperature of the irradiated surface, when evaporation
may be moderated due to the reaction of previously
vaporised material [20, 21], and the additional counterpressure appearing due to a strong absorption of laser
radiation in the erosion plasma [15, 16].
The emergence of laser plasma near the irradiated
surface signiécantly complicates the general character of
the action due to a sharp change in the optical and thermal
properties of the vaporised material, which in turn leads to a
change in the spatiotemporal energy distribution. Numerical
investigations of laser evaporation and the dynamics of
vapour plasma were earlier reported in several papers within
the framework of spatially one-dimensional [22 ë 24] and
two-dimensional [25 ë 28] formulation of the problem.
However, the simpliéed treatment of evaporation in the
presence of counterpressure did not permit the authors of
Refs [22 ë 28] to obtain in the explicit form the dependence of the degree of nonequilibrium of the phase transition
on the pressure in the plasma, although the screening action
of the laser plasma was pointed out in the majority of
papers.
By using a more correct formulation of the problem in a
spatially one-dimensional approximation, the authors of
papers [15, 16] established the decisive role of gas-dynamic
effect of the laser plasma on evaporation. The plasma
production resulted not only in a decrease in the vaporised
material êow, but also changed the direction of the phase
transition. Due to a high plasma pressure, which was much
higher than the saturated vapour pressure, the condensation
on the irradiated surface began despite the fact that the
surface temperature of the condensed medium was 1.5 ë 2
times higher than the temperature of equilibrium boiling
under normal conditions. Calculations showed that evaporation proceeded in two stages: the érst stage was caused by
the action of laser radiation (M  1) and the second by
intrinsic plasma radiation êux (M  0:1).
In a more complex two-dimensional formulation of the
problem, when the surface evaporation is determined by the
temperature and pressure distributions in the focal spot
region, the problem of the gas-dynamic effect of laser
plasma on evaporation remained unexplored. Its solution
will allow determining the spatiotemporal structure of
vaporised material êux, its change and interrelation with
the evolution of the laser plasma. Analysis of these issues is
also of signiécance to several technological applications
based on laser ablation such as élm deposition, surface
processing, and cluster production [29, 30].
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The aim of our work is to investigate, in the twodimensional formulation of the problem, the dynamics of
material evaporation and condensation on the surface of an
aluminium target and their interrelation with the dynamics
of the laser plasma produced in the vaporised material
exposed to the 0.248-mm UV radiation from a KrF laser
emitting 20-ns pulses with the peak intensity G0  2
108 109 W cm 2 .

2. Physicomathematical model
Pulsed laser irradiation of a metal target in vacuum is
accompanied by several processes related to absorption and
reêection of the laser radiation, the heating, melting, and
evaporation of the target, and also to the gas-dynamic
vapour expansion and the production of laser plasma in the
vaporised material. In the general case, this problem should
be solved by considering the melt motion. However, upon
irradiation by short pulses with a relatively high intensity,
the description of the processes may be substantially
simpliéed. To do this, the following processes were
excluded from consideration:
ë the target melting, which has a weak effect on the total
energy balance in the regime of developed evaporation
because the latent heat of melting is much smaller than
the evaporation heat;
ë the hydrodynamic melt motion, which has only an
insigniécant effect on the total picture of processes in the
nanosecond irradiation range but substantially complicates
the model of the condensed medium and the computational
algorithm.
In addition, we assumed that the laser plasma was in the
state of local thermodynamic equilibrium, its motion was
described in the nonviscous non-heat-conducting gas
approximation, and the evaporation rate in vacuum was
limited by the sound velocity (M 4 1).
As a result, we obtained a mathematical model including
the heat conduction equation for a condensed medium with
the Stefan boundary condition and additional kinetic
conditions at the evaporating surface. For the gaseous
medium (the vapour), we used the model of radiative gas
dynamics with the equation of laser radiation transfer
supplemented with the equations of state and absorption
coefécients written in a table form.
These processes were mathematically described in a
mobile cylindrical coordinate system co-moving with the
surface. Its origin coincided with the centre of the laser
beam, the r axis was directed along the surface, and the z
axis was directed along the external normal to the surface
towards laser radiation (Fig. 1).

2.1 Condensed medium
In the region 0 < r < Lr ,
lz < z < 0 occupied by a
condensed medium (Fig. 1), the heat transfer is described
by the heat conduction equation [31]
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where the subscript `c' denotes the condensed medium; Tc is
the temperature; Vc is the velocity of the evaporation
(condensation) front; rc , cp , Lc are the density, speciéc
heat, and heat conduction. The external boundaries of the
region are assumed to be thermally insulated, the symmetry
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Figure 1. Scheme illustrating the laser radiation ë target interaction.

condition is fulélled at the boundary r  0, and the initial
target temperature is T0  300 K.

2.2 Gaseous medium and plasma
Processes in vapour in the region 0 < (r  z) < (Lr  Lz )
were described by using the system of radiative gasdynamics equations and the laser-radiation transfer equation [32]:
qr 1 q
q

rru 
rv  0;
qt r qr
qz

(2)

q
1q
q
ru 
rru 2  
ruv 
qt
r qr
qz

qp
;
qr

(3)

q
1q
q
rv 
rruv 
rv 2  
qt
r qr
qz

qp
;
qz

(4)

qqz qG

;
qz
qz

(5)

q
1q
q
re 
rrue 
rve
qt
r qr
qz



p

1q
qv
ru 
r qr
qz



1 qqr
r qr

div qv  ckn Un  ckn Un eq ; qv 

c
gradUn ;
3kn

8phn3
c fexphn= kT 

qG
qz

qG 
kG  0;
 kG   0;
qz

GG

k; kb

1g

10

;

G  ; 0 < z < Lz ; 0 < r < 2rf ;

101

10

1

10

3

1

(7)

p  p r; T ;

(8)

e  e r; T ;

(9)

kv  kv r; T; v;

2

(6)
3

Un eq 

3

where u and v are the components of the vapour velocity
vector; r, p and e are the density, the pressure, and the
volume
density of internal vapour energy; q  (qr ; qz ) 

q
dv
is
the plasma radiative energy êux; kv is the spectral
v v
absorption coefécient; Uv and Uv eq are the spectral and
equilibrium plasma radiation densities; and rf is the laser
beam radius. Equations (6) describe the radiative transfer in
the diffusion approximation [32, 33]. The laser-radiation
transfer equation (7) takes into account both z-components
of radiation intensity, the component incident on the target
surface (G ) and the reêected one (G  ). The tabulated
equations of state (8), (9) were borrowed from Ref. [34].
Absorption coefécients (10) were calculated by using the
Hartree ë Fock ë Slater model [35]. The results of calculations were presented in the form of 3D tables. The charge
composition of the plasma and the excited-state distribution
were determined from the Saha ë Boltzmann equations [33].
The absorption coefécient k  k(T; r) for the 0.248-mm
(hv  5 eV) laser radiation was determined in the same way
as the coefécient kv [35]. Its magnitude is determined by the
total contribution of free ë free (the inverse bremsstrahlung
effect) and bound ë free transitions (photoionisation) [33].
Figure 2 shows the dependence k(T ) and the temperature
dependence of the inverse bremsstrahlung coefécient kb (T )
for two values of the density r. It follows from Fig. 2 that
the total absorption coefécients have nonmonotonic temperature dependences. For r  10 3 g cm 3 [curve ( 1 )], the
coefécient k rapidly increases in the region T < 0:9 eV. In
this case, the dominant part is played by the photoionisation
of excited states of neutral atoms, which are populated at
the characteristic temperature T  (0:1 0:2)Eex , where
Eex  3 6 eV is the energy of excited states of neutral
aluminium atoms [33, 35]. As the temperature further
increases (T > 1 eV), the coefécient begins to decrease,
and in the range of temperatures comparable with the
ground-state ionisation potential of atomic aluminium
(T > 5 eV) it is almost entirely determined by the inverse
bremsstrahlung effect. At a higher density (r  5
10 2 g cm 3 ) we obtain a similar temperature dependence
of the absorption coefécient, but maximum is achieved at a
higher temperature (T  2 eV).
The system of equations (2) ë (10) was supplemented
with the following initial and boundary conditions:

(10)

0.3

1

3


T eV

Figure 2. Temperature dependences of the tabulated absorption coefécients k for the 0.248-mm radiation (solid curves) and the inverse
bremsstrahlung coefécients (dashed curves) for the densities r  10 3
( 1 ) Ë 5  10 2 g cm 3 ( 2 ).
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for t  t0 ,
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where t is the laser pulse duration and A(T) is the surface
absorptivity. The background density r0 was assumed to be
equal to 3  10 6 g cm 3 ( p0  2  10 3 bar).

2.3 Interphase boundary conditions
The boundary conditions at the target surface relate six
quantities: the velocity Vc , the temperature Tc , and the
pressure pc at the surface, the temperature T, the density r,
and the normal vapour velocity component v at the exterior
boundary of the KL. Independently of the direction of the
phase transition, they obey three conservation laws: for
energy, mass, and momentum:
Lc

f m  F M m 2  1=22
F M  1 

t

for z  Lz
p  p0 ;

Mach number is determined by solving gas-dynamic
equations, while the parameter m from the equation

qTc
 AG  Lv rc Vc ; rc Vc  r Vc
qz

rc Vc2  pc  r Vc

v;

v2  p;

(16)

where Lv is the heat of evaporation.
Evaporation. The boundary conditions of the Crout
model, which characterise the kinetics of the phase transition [7, 8], in the case of evaporation have the form
T
2gM 2 m 2  1=22

,
Tc
1  gM 2 2 m 2 t 2
r
tm 2 1  gM 2 gM 2 m 2  1=2

rsat
exp m 2   p1=2 m 1  erf m
M  v= gRT1=2 ; rsat  psat = RTc ;
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1
;
RTc
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1

,
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where rsat and psat are the saturated vapour density and
pressure at the temperature Tc ; R is the gas constant; g is
the adiabatic exponent (equal to 5/3 for monatomic
vapour); pb and Tb are the equilibrium pressure and
temperature of evaporation under normal conditions; the

m 2 m 2  a  3=2  0;

3gM 2 1
; a  2t 2
gM 2  1

2m

p1=2 exp

2 1 p1=2 mt

1; (18)

1  erf m
:
m   p1=2 m 1  erf m
2

Condensation. On reaching the inequality psat < p there
occurs a change in the direction of the phase transition:
evaporation is replaced by vapour condensation on the
surface (M < 0). Unlike evaporation, the surface condensation may take place in the supersonic regime as well.
According to Ref. [10], the quantities T, M, and p in the
regime of subsonic condensation are related only by one
equation: p=psat = F (T=Tc ; M), in which the variables T=Tc
and M are determined by the state of gas dynamic êow. The
function F (T=Tc ; M) is determined in advance from the
solution of the Boltzmann equation and is tabulated. Its
values depend only slightly on the temperature, depend
much stronger on the parameter M, and qualitatively
change upon transition through the M  1 value. In
the supersonic regime the boundary conditions change,
because all the quantities at the boundary in this case
depend on the state of the gaseous medium away from the
surface and are found by extrapolation. Therefore, the
boundary conditions for the surface condensation in the
subsonic regime are determined with the help of the
tabulated function
p=psat  F T=Tc ; M,

(19)

and in the supersonic regime the quantities T, M, and p are
extrapolated with the help of gas-dynamic equations. The
extrapolation method of determining the boundary conditions is also used in subsonic regimes when the inequality
p=psat > 10 is fulélled.

2.4 Algorithm of numerical solution
The system of differential equations (1) ë (19) was solved by
the énite difference method. The computational grid
contained 50 ë 100 nodes along the r axis in the region
0 < r < Lr  5 cm and was more dense in the region of the
laser spot. The nonuniform grid along the z axis was
separately constructed in the condensed (lz  0:01 cm, 40
nodes) and gaseous (Lz  10 cm, 100 ë 200 nodes) media. In
both regions, the grid became more dense as the surface was
evaporated; the érst step was equal to 2  10 6 and
10 5 cm, respectively. The heat conduction equation with
a convective term and variable coefécients was approximated by a totally implicit difference scheme written on a
éve-point pattern [37]. It was solved by the alternating
direction method with iterations. The approximation and
algorithm for solving the difference equations of radiative
gas dynamics are given in [32, 38]. The solution algorithm
of the problem as a whole took into account the
interrelation of the processes and included three stages at
each time step: the solution of equations in the gaseous
medium, the calculation of relationships at the interphase
boundary, and the solution of the equation in the
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condensed medium. All three stages were next united into
the outer loop [16].

3. Analysis of results and their discussion
In our numerical experiments we investigated the pulsed
action of KrF-laser radiation with a Gaussian intensity
distribution in time and space. The pulse duration was
20 ns, the peak intensity was G0  2  108 109 W cm 2 ,
and the beam radius was rf  0:005, 0.025, and 0.25 cm. In
this case, the version with G0  5  108 W cm 2 and
rf  0:025 cm was considered as the reference one. The
parameters of aluminium used in calculations were
Tb  2720 K, pb  1 bar, and Lv  1:1  104 J g 1 [39].
The values of the thermal conductivity, heat capacity and
density were speciéed taking into account the difference
between the solid (Tc < Tm ) and liquid (Tc > Tm ) phases:
and
0.75 W cm 1 K 1 ,
cp  0:95
and
Lc  2:37
1
1
1.2 J g K , r  2:7 and 2.33 g cm 3 (the melting temperature Tm  933 K) [39]. The temperature dependence of
surface absorptivity A(Tc ) was described by the expressions:
A(Tc < Tm   0:231 and A(Tc > Tm )  0:64Tc0:4 [25]. According to the second relation, for Tc  6000 K the surface
absorbs approximately half the incident radiation
(A  50%).

3.1 Main stages of evaporation and condensation
on the surface
We will describe the main stages of the processes at the
target surface (z  0) by the time dependences of the Mach
number M(t; r  0), the temperature of condensed medium
at the surface Tc (t; r  0), and the ratio between the
saturated vapour pressure to the plasma pressure psat (t;
r  0)=ppl (t; r  0) at the target centre (z  0, r  0)
(Fig. 3). The material evaporation begins shortly after
the onset of irradiation, and almost immediately the Mach
number attains a value of unity (Fig. 3a), but the
evaporation stage with a sound velocity turns out to be
very short. Due to its high photon energy, the UV radiation
with l  0:248 mm initiates photoprocesses in the evaporated material and comes to experience absorption even in
relatively cool vapour. The release of laser pulse energy is
accompanied by the further vapour heating and a stronger
absorption, which eventually results in the production of
plasma characterised by high (compared to the pre-plasma
state) temperature and pressure. The response to the
emergence of counterpressure of the plasma medium is a
sharp decrease in the Mach number at the evaporating
surface, which becomes equal to  0:1 0:15 after a short
transition period. The evaporation continues with this
Mach number in an essentially subsonic regime approximately till the end of the pulse. After irradiation, the Mach
number passes into the region of negative values corresponding to condensation.
Let us compare the behaviour of the parameter M with
the temperature and pressure dynamics at the surface and in
the plasma. The plasma production is almost unnoticeable
in the temperature curve Tc (Fig. 3a), which continues to
monotonically increase for  20 ns and only then, following
the lowering of incident radiation intensity, begins to
decrease. On the other hand, two evaporation stages are
clearly seen in the pressure ratio curve (Fig. 3b). During the
evaporation period (M  1), the saturated vapour pressure
is several times higher than the plasma counterpressure,
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Figure 3. Time dependences of the Mach number M(t; r  0), the surface
temperature Tc (t; r  0) (a), and the pressure ratio psat (t; r  0)=ppl t;
r  0) (b) at the target centre for G0  5  108 W cm 2 and
rf  0:025 cm, as well as the laser pulse proéle G(t) (c).

while at the stage of subsonic evaporation these pressures
are comparable: psat =ppl 5 1. The condensation stage is
characterised by the pressure ratio smaller than unity.
The saturated vapour pressure, which lowers exponentially
with surface cooling, decreases faster than the plasma
pressure, and therefore the ratio psat =ppl also decreases
with time to become equal to 0.1 at the instant
t  55 ns. In this case, the Mach number at the outer
side of the KL reaches a value of 1. The condensation
on the target surface passes into the supersonic regime,
which is realised by transforming the boundary condition
described by expression (19) to the extrapolation procedure.
The analysis of the spatiotemporal dependences
v(t; r  0; z), p(t; r  0; z), T(t; r  0; z), M(t; r  0; z) at
the instants t  40, 60, and 100 ns (Fig. 4) shows that
the supersonic êow develops and persists in a relatively
narrow spatiotemporal range. Due to gas-dynamic expansion and radiative losses, all spatial near-surface plasma
characteristics equalise and decrease within 40 ë 100 ns: the
velocity decreases by an order of magnitude, the pressure by
about 2.5 orders of magnitude, the temperature approximately 1.5-fold, and the Mach number in the negative value
range from 1:1 to 0:35. Therefore, the short period of
supersonic surface condensation is replaced by a subsonic
condensation regime because of spatial effects away from
the surface. Note that the lowering of condensation rate is

Plasma-mediated surface evaporation of an aluminium target

v km s

1

40 ns

459
M

a

10
60 ns

5

100 ns
0
5

0

0.005

0.010


0.015 z cm

0.5

G0  109 W cm

0

0:5
4  108 W cm


p bar
40 ns
100

60 ns

10

2

1:0
0

20

40

b

0.5

0

0.005

0.010


T eV


0.015 z cm
40 ns

2.8

0

0.025 cm

0:5

0.25 cm
1:0
0

2.0

100 ns
0

0.005

0.010

60 ns
100 ns

0

0

0.005

0.010

40

60

0.015


z cm

Figure 4. Distributions of the z-component of the velocity v(t; r  0; z),
the pressure p(t; r  0; z), the temperature T(t; r  0; z), and the Mach
number M(t; r  0; z) in the plasma on the axis of the laser beam at
different instants.

not related to the pressure drop across the KL, where the
ratio psat =ppl continues to decrease due to the fast surface
cooling and achieves the value 0.01 (Fig. 3b).
Figure 5 shows the time dependences of the Mach
number at the centre of the target for different irradiation
intensities G0 and beam radii rf . For all the intensities
exceeding the plasma production threshold, the main stages
of the processes at the surface correspond to the base
calculation. In this case, the evaporation begins earlier
with increasing intensity, the duration of the evaporation
stage with M  1 shortens, and the condensation stage after
irradiation becomes longer (Fig. 5a). Decreasing the focal
spot radius rf enhances the effect of radial expansion of the
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Figure 5. Time dependences of the Mach number at the centre of the
target M(t; r  0) for different irradiation intensities G0 and rf 
0:025 cm (a) and for different beam radii rf and G0  5  108 W cm 2
(b) as well as the laser pulse proéle G(t) (c).

evaporated material and reduces condensation (Fig. 5b).
One of the most important optical characteristics of a
plasma is its transmission coefécient, which shows what part
of the laser energy reaches the target surface and is spent to
heat and remove the material. The transmission coefécients
Tpl (t; r)  G (t; r; z  0)=G (t; r; z  Lz ) of a plasma determined at the beam centre (r  0) and at distances r  rf =2 and
r  rf from the beam centre are plotted in Fig. 6 (G0 
5  108 W cm 2 , rf  0:025 cm). At the beam centre, the
screening plasma action is revealed even at the initial stage of
irradiation: the transmission coefécient begins to decrease
from instant t  10 ns, achieves a minimum (about 30 %) at
the pulse maximum, and then increases gradually. The
behaviour of transmission coefécients at the two other radial
points is qualitatively similar to their behaviour at the centre,
but the screening action at these points is revealed later and to
a smaller degree: about 70 % of the incident radiation and
more reaches the surface at the distance r  rf .

3.2 Two-dimensional effects: surface evaporation
The development of evaporation within the entire irradiated
region is illustrated by the dependences of the Mach
number M(t; r) and the pressure ratio psat (t; r)  ppl1 (t; r) at
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Figure 6. Time dependences of the plasma transmittance Tpl (t; r) 
G (t; r; z  0)=G (t; r; z  Lz ) for different r, G0  5  108 W cm 2 ,
rf  0:025 cm and the proéle of the laser pulse G(t).
M
1

instants in time t  12, 20, and 30 ns (Fig. 7). At t  12 ns,
the evaporation, which proceeds at a sound velocity,
already embraces the greater part of the laser spot, and
the Mach number at the centre began to decrease due to the
growing plasma pressure. At the instant t  20 ns, which
corresponds to the laser pulse maximum, the evaporation at
a sound velocity persists only in a narrow circular band at
the periphery of the laser spot [Fig. 7a, curve ( 2 )], where
the saturated vapour pressure is 5 ë 6 times higher than the
plasma pressure [Fig. 7b, curve ( 2 )]. In the remaining part
of the spot, the saturated vapour pressure and the plasma
pressure are comparable: psat =ppl  1 (but higher than 1),
and the evaporation intensity is about the same
(M  0:1 0:15). A similar picture also persists for t 
30 ns [Figs 7a and 7b, curves ( 3 )].
The dependences of the surface temperatureTc (t; r) and
absorbed intensity AG (t; r; z  0) calculated for t  10, 20,
and 30 ns (Fig. 8) demonstrate the plasma inêuence on the
action of laser radiation on the target. Prior to plasma
production, the temperature distribution accurately replicates the laser pulse proéle [Fig. 8a, curve ( 1 )], while the
temperature distribution over the spot at later instants
[curves ( 2 ) and ( 3)] becomes substantially more uniform
and has the form of a êattened bell. Such a distribution
results from the nonuniformity of plasma transmission (see
Fig. 6): the higher-intensity radiation at the beam centre is
screened stronger than at the beam periphery, which
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Figure 8. Spatial distributions of the temperature Tc (t; r) (a) and the
intensity of laser radiation absorbed at the surface AG (t; r) (b) at
different instants for G0  5  108 W cm 2 and rf  0:025 cm as well as
the laser pulse proéle G(r) (c).
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partially equalises the absorbed radiation proéle [Fig. 8b,
curves ( 2 ) and ( 3)].
The vapour condensation on the surface after the end of
the pulse is illustrated by the dependence M(t, r) calculated
at different distances from the centre (Fig. 9). The curve for
r  rf is similar to the dependence M(t; r  0) for the target
centre in Fig. 3. At longer distances from the centre (Fig. 9,
the curves for r  rf and 2rf ), no target evaporation occurs
(the positive part of the curves is missing), and the
condensation begins with a signiécant time delay (at the
moment when the expanding plasma cloud travels the
corresponding distance). The variation of pressure above
the surface ppl (t; r; z  0) and its temperature Tc (t; r; z  0)
are plotted in Fig. 10 for t  40, 60, and 100 ns. A
comparison of curves ( 2 ) and ( 3 ) (Fig. 10a) shows that
the plasma region is approximately two times larger than the
evaporation region because of the radial expansion and the
substance from the plasma beyond the evaporation region
condenses on a nearly cool surface (Fig. 10b).
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The time-integrated phase transformation effect is demonstrated by the time dependences of ablated layer
thickness
Hv obtained by integrating the front velocity:

Hv  Vc dt (Figs 11a and 11b). The distributions Hv (t; r)
for G0  5  108 W cm 2 and rf  0:025 cm at different
instants t  14, 20, 40, and 100 ns show that the layer
thickness increases during the pulse action to achieve a value
of 1:3  10 5 cm at the instant of its completion t  40 ns
and the width of the produced cavity is equal to
 3  10 2 cm. At the instant t  100 ns, the layer thickness
at the cavity centre decreases slightly due to condensation
and small projections appear along its edge. The time
dependences of the layer thickness at the centre
Hv (t; r  0) are plotted in Fig. 11b for different irradiation
parameters. Increasing the focal spot radius rf above
0.025 cm does not result in an appreciable growth in the
evaporated layer thickness [Fig. 11b, curves ( 2 ) and ( 3 )].
The high plasma pressure moderates evaporation in these
cases and simultaneously enhances the role of surface
condensation, which manifests itself in the lowering of
the Hv values with time. Decreasing the parameter rf by
a factor of two leads to a signiécant weakening of plasma
effects due to the enhancement of radial expansion and the
consequential decrease in the effect of surface condensation
and the increase in the evaporated layer thickness by about
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Figure 11. Spatial distributions of the evaporated layer thickness Hv (t; r)
at different instants for G0  5  108 W cm 2 and rf  0:025 cm (a) and
the time dependences Hv (t; r  0) for irradiation intensities G0  5  108
( 1 ë 3 ) and 109 W cm 2 ( 4 ) and the beam radii rf  0:005 ( 1 ), 0.025 ( 2,
4 ), and 0.25 cm ( 3) (b) as well as the laser pulse proéle G(t) (c).
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25 % [curve ( 1 )]. As the irradiation intensity G0 is increased
to 109 W cm 2 , the ablated layer also increases approximately twice [curve ( 4 )].

3.3 Two-dimensional effects: plasma
Consider the spatiotemporal evolution of the plasma cloud,
which has a decisive effect on the phase transformations of
the surface. The plasma state can be characterised by
analysing two-dimensional distributions of the temperature
T(t; r; z), the pressure p(t; r; z), and the vapour velocity
V(t; r; z) plotted in Fig. 12 and related to the two instants:
t  25 and 60 ns. The temperature distribution shows that
the hottest plasma region during exposure is located in the
immediate vicinity of the surface and has a relatively low
temperature ë about 3 eV. It was found that the laser
radiation energy was released in this region. The heated
region with a high density determined by the vapour
emanating from the surface is responsible for the formation
of a high-pressure (above 1000 bar) region near the surface,
which substantially slows down the evaporation and

T eV



z cm

determines so small a Mach number at the subsonic
evaporation stage. The cloud expands primarily away from
the surface, the expansion velocity in the lateral dimension
being insigniécant. After irradiation (t  60 ns) the picture
in the plasma becomes substantially different (Figs 12c and
d). The highest temperature and density region is displaced
from the surface and expands not only towards the outer
boundaries, but towards the target surface as well.
A more exact quantitative picture of processes in the
plasma is provided by the distributions of the temperature
T(t; r  0; z), the density r(t; r  0; z), and the z-component
of velocity v(t; r  0; z) at different instants t  20, 30, 60,
and 100 ns along the laser beam axis (r  0) (Fig. 13). They
show, in particular, that the temperature maximum for
t  20 and 30 ns is equal to 3.2 ë 3.5 eV and is located at a
distance of  0.01 cm from the surface for the characteristic
density r  1 5  10 3 g cm 3 . The plasma cloud expands
both during the pulse and after its completion. For
t  100 ns its dimension amounts to 0:25 cm  10rf . The
expansion is accompanied by a slow plasma cooling to

V  20 km s
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Figure 12. Distributions of the temperature T(t, r, z) (a, c), the pressure p(t, r, z) and the velocity vector V(t, r, z) (b, d) in a plasma at the instants
t  25 (a, b) and 60 ns (c, d) for G0  5  108 W cm 2 and rf  0:025 cm.
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Figure 13. Distributions of the temperature T(t; r  0; z), the density
r(t; r  0; z), and the z-component of the velocity v(t; r  0; z) of plasma
at different instants for G0  5  108 W cm 2 and rf  0:025 cm.

about 2 eV. The expansion velocity decreases still slower,
achieving 15 km s 1 , which results in a rapid lowering of the
plasma density to  10 5 g cm 3 for t  100 ns.
The dependences of the z-component of radiative êux on
the laser beam axis qz (t; r  0; z) (Fig. 14a) and at the target
surface qz t; r; z  0) (Fig. 14b) permit analysing the magnitude and role of thermal radiation in the plasma. During
irradiation, the radiative êux qzmax  6:8  106 W cm 2
forms in the near-target region and is emitted towards
the outer boundaries (Fig. 14a). The kink in the curves
corresponds to the location of the cloud boundaries at a
given instant. The maximum êux directed to the target is
approximately two times weaker (3:5  106 W cm 2 ) and
irradiates the same surface area as the laser radiation. The
radiative êux is signiécantly weaker in magnitude than the
laser êux due to the relatively low plasma temperature.
We consider the variations of plasma cloud parameters
upon variations of the intensity and radius of the laser beam
by the example of temperature distributions T (t  30 ns,
r  0, z) (Fig. 15). As the irradiation intensity was doubled
(to 109 W cm 2 ), the maximum temperature increased by a
factor of 1.5 (approximately to 4.5 eV). During the two-
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Figure 15. Distributions of the plasma temperature T (t  30 ns, r  0,
z) on the laser beam axis for irradiation intensities G0  5  108 ( 1 ë 3 )
and 109 W cm 2 ( 4 ) and the beam radii rf  0:005 ( 1 ), 0.025 ( 2, 4 ), and
0.25 cm ( 3 ).

dimensional expansion at a small irradiation radius (rf 
0:005 cm), the plasma temperature is lower and the dimension of the plasma region decreases, whereas for rf  0:025
and 0.25 cm the distributions are almost similar. For all
irradiation regimes, the temperature maximum (and the
energy release region) is located near the surface.

4. Comparison of the two-dimensional model
with theory and experiment
Irradiation of aluminium targets in vacuum by nanosecond
pulses from excimer lasers was studied in several experimental works [40 ë 43]. However, none of these papers
contains the entire set of quantitative characteristics of the
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laser-produced plasma plume, and therefore we performed
a comparison with them only regarding separate aspects.

4.1 Emissive capacity of a plasma
The emissive capacity of a plasma can be characterised by
the radiation value e, which is the ratio of the plasma
radiation êux qzmax to the equilibrium black-body radiation
êux qb  sT 4 , where s is the Stefan ë Boltzmann constant.
For t  20 ns, Tmax  3:3 eV, qb  1:25  107 W cm 2 , we
 6:75  106 W cm 2 , e  qzmax =qb  0:54, and
obtain qmax
z
for t  30 ns, Tmax  3:5 eV, qb  1:58  107 W cm 2 we
have qzmax  6:0  107 W cm 2 , e  qzmax =qb  0:38. Therefore, the highest radiation êux which escapes from the
plasma is equal to about half the theoretically possible êux.
The calculated values of the emissive capacity of the
plasma can be compared with the data of a theoretical paper
[44] (see Fig. 10b therein), in which a simpliéed two-layer
model was employed to investigate the temperature dependence of the emissive capacity of plasmas of different optical
thickness in the temperature range 2 ë 20 eV corresponding
to laser irradiation of aluminium vapour in vacuum with an
intensity of 106 1010 W cm 2 . In particular, for a temperature T  3:5 eV, a density r  1:2  10 3 g cm 3 , and a
plasma layer thickness Lpl  0:03 cm, the radiation value
e  0:65 and for smaller thickness (Lpl  0:01 cm) there
results e  0:4. These values are in rather good agreement
with our calculations.
4.2 Threshold of plasma production
Ref. [40] was concerned with the irradiation of an aluminium target by 15-ns long KrF-laser pulses with l 
0:248 mm. For this regime, the threshold of plasma
formation was determined, which was identiéed by a
sharp rise in emission intensity and evaluated at 1:2
108 W cm 2 . About the same threshold intensity value
(G  108 W cm 2 ) determined from a sharp temperature
rise in the vaporised material was obtained from calculations. With the help of spectroscopic techniques in
Ref. [41] it was determined that at a higher intensity
there occurs production of a strongly ionised dense plasma
in the state of thermodynamic equilibrium. The characteristic plasma temperature calculated for this regime was
equal to  2.5 eV.
4.3 Spatiotemporal plasma characteristics
The authors of paper [42] report the experimental data on
aluminium target irradiation by 0.308-mm, 20-ns pulses
from a XeCl laser with the intensity of 108 109 W cm 2 .
Spectral and probe measurements of the electron temperature and density were performed at a distance of 0.02 cm
from the target beginning from the instant t  50 ns, when
the emission intensity was at its maximum. The electron
temperature Teexp was determined from the relative intensity
of the l  466-nm and 559-nm spectral lines of singly
ionised aluminium atoms. The electron concentration Neexp
at different instants was estimated from the absorption of
the 594-nm dye-laser radiation in the plume taking into
account the plasma temperature and the plasma expansion
dynamics.
By simulating the irradiation regime with G0  9
108 W cm 2 within the framework of a locally equilibrium
model (1) ë (19) supplemented with the system of Saha
equations, we determined the spatiotemporal distribution
of equilibrium values of temperature T and electron density
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Ne . A comparison of the calculated dependences T (t; r  0;
z  0:02 Ôm) and Ne (t; r  0; z  0:02 Ôm) with the experimental ones (Fig. 16a) showed that the calculated
temperature exceeds the experimental one by 20% ë 25 %
during the 50 ë 120-ns period, but later on the temperature
difference somewhat increases. The calculated electron
concentration exceeds the experimental one by a factor
of two ë three. According to the calculated data, the
maximum values of the plasma characteristics under investigation are achieved during the time t  25 30 ns of the
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Figure 16. Comparison of experimental [42] time dependences of the
electron temperature Teexp and density Neexp with the calculated curves
T(t; r  0; z  0:02 cm) and Ne (t; r  0; z  0:02 cm) for G0  9
108 W cm 2 , l  0:308 mm, and a pulse duration t  20 ns (a) as well
as experimental [Teexp (t  50 ns)] and calculated [T(t  50 ns, r  0,
z  0:02 cm)] plasma temperatures vs intensity G0 (b).

pulse action and exceed (twice in temperature, by an order
of magnitude in concentration) the experimental values at
the initial instant of observation t  50 ns.
The calculated temperature values T (t  50 ns, r  0;
z  0:02 Ôm), obtained for different laser radiation intensities G0 exceed the corresponding values by 0.7 ë 0.8 eV
(Fig. 16b). In this case, the run of the two curves is similar
and shows that the eféciency of laser-driven plasma heating
gradually decreases as the temperature increases.

4.4 Energy input into the target and the plasma
The main channels of energy distribution and transformation in the system laser radiation ë erosion plasma ë
target upon irradiation by 20-ns XeCl-laser pulses with an
intensity of 109 W cm 2 were studied in papers [30, 43].
Table 1.
Av

Apl

Rref


Hv mm

Data

Ah

Experimental

0:2  0:05 0:21  0:1 0:29  0:1 0:3  0:05 0:8  0:25

Calculated

0.08

0.12

0.51

0.29

0.3
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The experimental and calculated values of different
energy components of laser radiation are given in Table 1.
Taking for simplicity the total laser pulse energy E to be
equal to unity, we can write the expression for the energy
balance in the system in the form:
E  1  Ah  Av  Rref  Apl ,

(20)

where Ah is the thermal energy transferred to the target,
which is experimentally measured with a thermocouple; Av
is the energy spent on the heating and evaporation of the
layer whose thickness Hv was determined by measuring the
crater depth; Rref is the reêected energy determined with the
help of an integrating sphere surrounding the target; and
Apl is the energy which is released in the plasma as the
incident and reêected beams pass through the plasma and is
determined from expression (20).
The same quantities were determined by way of calculations: Ah and Apl by spatial integration of the internal
target energy and the total plasma energy at the instant of
simulation termination, Av by surface and time integration
of the energy expenditures related to the êow of evaporated
material, and Rref from expression (20).
A comparison of calculated and experimental data
suggests that the calculations overstate the energy fraction
absorbed in the plasma and understates the energy fraction
that goes to heat and vaporise the target. The understating
of the energy input into the target is also conérmed by the
fact that the calculated thickness of the vaporised layer turns
out to be approximately two times smaller. The most likely
reasons for the discrepancy between the theoretical and
experimental data are a rather rough temperature dependence of surface absorptivity A(Tc ) and the use of a locally
thermodynamic-equilibrium model of radiative gas dynamics to describe the plasma behaviour.
An illustration of how strongly the plasma may affect
the evaporation is provided by the comparison of the
dependences of the evaporated layer thickness at the spot
centre Hv (t; r  0) (Fig. 17) calculated by the model
(1) ë (19) with the inclusion of plasma production and by
neglecting laser radiation absorption in the vapour and
plasma production. In the absence of plasma, the evaporated layer thickness increases approximately four-fold and
exceeds 1 mm.

Hv mm
1.2
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0.9

0.6

Including the effect of plasma

0.3

0
0

20

40
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80


t ns

Figure 17. Time dependences of the evaporated layer thickness Hv (t; r 
0) calculated with the inclusion (solid curve) and with neglect (dashed
line) of laser radiation absorption in the plasma for G0  5
108 W cm 2 , rf  0:025 cm.

By and large we can argue on the basis of the
comparison performed above that the results of simulation
are in qualitative, and in several aspects in quantitative,
agreement with available experimental data.

5. Conclusions
We have revealed the following properties of the phase
transitions on the aluminium surface and the processes in
the plasma irradiated by 20-ns KrF-laser pulses with an
intensity of 2  108 109 W cm 2 :
ë The laser plasma produced in aluminium vapour under
UV laser irradiation is not optically thick enough to
completely screen the surface. As a consequence, the target
evaporation proceeds during the laser pulse and exhibits two
characteristic stages: evaporation with the sound velocity
(M  1) at the beginning and subsonic evaporation (M 5 1)
after the plasma production.
ë Once the plasma is produced, the subsonic evaporation
regime with a velocity only slightly varying with |r|, whereby
M  0:1 0:15, is established on almost the entire surface
under irradiation (jrj < rf ), with the exception of a narrow
peripheral zone near the beam boundary (jrj > rf ). In the
peripheral zone, the inêuence of absorbed radiation with a
relatively low intensity is balanced out by a rapidly
decreasing pressure, resulting in the formation of highestvelocity evaporation (M  1).
ë The plasma structure during irradiation is characterised by the presence of a thin region adjacent to the surface
in which the main fraction of laser energy is released and the
highest, relatively low temperature is achieved
( 3 4:5 eV). The corresponding pressure of  1 kbar
proves to be sufécient to substantially moderate the
emanation of vapour from the surface. The effect of
counterpressure depends on the focal spot radius. In the
irradiation regimes under consideration it becomes negligible for rf < 0:01 cm.
ë The overall effect of laser plasma on evaporation
manifests itself in a signiécant (by a factor of 2 ë 4)
reduction of material removal from the irradiation region.
ë The surface condensation in the case of UV laser
irradiation begins after the end of the pulse. The evaporated
material condenses on the surface, both in the evaporated
cavity and some distance away due to the lateral expansion
of the plasma cloud.
ë The intrinsic plasma radiation êux, which is formed in
the nucleus and is radiated towards the outer boundaries,
amounts to 50 % and more of the equilibrium Planck
radiation êux, the êux towards the target is approximately
two times lower. Because of the moderate temperature, the
effect of plasma radiation on the processes occurring under
irradiation by nanosecond laser pulses is substantially
weaker than upon irradiation by microsecond pulses.
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