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Modeling of dynamics of nanosecond laser ablation in phase explosion 
regime. 

V. I. Mazhukina,b, A.V.Shapranova,b, M.M.Demina, A.V. Mazhukina,b 
aKeldysh Institute of Applied Mathematics, Russian Academy of Sciences, Miusskaya pl. 4, 

Moscow, 125047 Russia; e-mail: vim@modhef.ru 
bNational Research Nuclear University "MEPhI", Kashirskoe sh. 31, Moscow, 115409 Russia 

ABSTRACT 

A hydrodynamic model was developed that takes into account the kinetics of heterogeneous phase transitions (melting 
and evaporation) under the action of pulsed laser radiation on metal targets. With the use of continual and molecular 
dynamic modeling, the initial stage of the explosive boiling of an Al target under the influence of ns laser radiation was 
studied. The simulation confirmed the presence of a temperature maximum below the surface of superheated metastable 
liquid underlying the homogeneous evaporation (phase explosion) of metals. 

Keywords: pulsed laser ablation, hydrodynamic and atomistic models, explosive boiling, heterogeneous phase 
transitions, molecular dynamics simulation. 

1. INTRODUCTION 

The continuing interest in pulsed laser ablation (PLA)1-5 is primarily due to the increasing possibilities of its use in many 
applications: micromachining6, laser-induced breakdown spectroscopy (LIBS)7,8 surface micro-nano-structuring9, 
biomedicine10,11. 
Laser irradiation of solid targets with short nanosecond pulses initiates a complex sequence of processes that occur 
during and after the laser exposure. Earlier, the effect of nanosecond laser pulses on metals was studied in a number of 
experimental and theoretical studies12-15. However, a number of important physical processes underlying ablation are still 
poorly understood due to their complexity. The presence of a large number of interrelated physical processes makes it 
difficult to experimentally determine and study the basic mechanisms of ablation. The most complex of these are 
homogeneous phase transitions in the vicinity of the critical point16-18. For this reason, nanosecond laser ablation 
continues to be an active research area in which mathematical modeling plays an increasing role19,20 
In this paper, we consider the continuum and atomistic approaches to the theoretical study of the dynamics of 
heterogeneous (melting, evaporation) and homogeneous (explosive boiling) phase transitions in an aluminum target 
under the influence of ns-laser pulses with duration of 3nsτ = , fluence 25.2 /F J cm=  and wavelength 1.06 mλ = μ . 
For the theoretical description and analysis of the PLA process of condensed media, various theoretical approaches are 
used: continuum, kinetic, atomistic (molecular dynamical, etc.) Each of them has its own field of applicability, its 
advantages and disadvantages. 

2. CONTINUUM APPROACH. MATHEMATICAL MODELS. 
The most common is the continuum approach, using the concepts and equations of continuum mechanics with the 
necessary boundary conditions on the existing or emerging interface surfaces of matter with different phase states. 
Within the continuum approach, the mathematical description of the PLA processes is realized, as a rule, in the form of 
hydrodynamic models that take into account the reaction of the irradiated material to varying density, pressure, and 
energy, both in the target and in the vapor-gas medium. Simpler thermal models are also widespread, in which only the 
temperature fields are taken into account. The greatest difficulty in the continuum approach is the description of the 
homogeneous mechanisms of phase transformations: melting - crystallization and evaporation. 
The success of theoretical studies using mathematical modeling largely depends on the successful selection of adequate 
mathematical models and numerical methods for their solution. As an example of the difficulties with the use of 
mathematical models, it is possible to indicate a wide application of equilibrium equations of state for the description of 
heterogeneous mechanisms of fast phase transitions. The use of the equations of state greatly simplifies the 
computational algorithm, since it allows us to exclude moving interphase boundaries from consideration, but information 
about the nonequilibrium metastable (superheated / undercooled) states of matter is lost. 
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Also, the difficulties associated with understanding of the mechanism of homogeneous phase transitions in metals 
occurring under the action of ns-laser pulses are also known. In dielectrics21,22 and weakly absorbing liquids23 exposed to 
laser irradiation, the mechanism of explosive boiling is associated with the appearance of a temperature maximum below 
the surface of the substance. The validity of this statement was confirmed by the results of an analytical21 and 
numerical22, 23 solution of the thermal model. However, for strongly absorbing media, mainly metallic, calculations based 
on the thermal model22-26 have shown that the magnitude of the near-surface temperature maximum is several degrees. In 
view of its smallness, the overheating was excluded from consideration, and explosive boiling was treated as a surface 
spattering of the liquid phase when a critical temperature is reached at the surface27. This interpretation is not convincing, 
since it does not allow to determine, even approximately, the parameters of explosive boiling. The fundamental reason 
for the discrepancy between modeling results is the impossibility of taking into account, within the framework of the 
thermal model, of strong changes in the thermo-physical and mechanical characteristics of the substance in the 
metastable state in the vicinity of the critical point. Available hydrodynamic models are free from these shortcomings 
that make it possible to describe the processes of surface evaporation up to the transition to the supercritical regime 
expansion of matter. 

2.1 The hydrodynamic model 

Most PLA applications are performed in the presence of ambient gas, which leads to the need to consider laser heating, 
melting and evaporation of the Al target in a medium with back pressure (air). Air, for the selected exposure mode, is 
completely transparent to laser radiation, which is partially reflected from the metal surface, and partially absorbed by 
the target material layer. The energy release of the laser pulse is of volume nature. As the interior of the target is warmed, 
the melting front ( )s tΓ

l  runs from its surface forming a new region of the liquid phase. Further heating leads to the 

appearance of a front of heterogeneous evaporation ( )tυΓ
l

 that runs inside the melt. On the surface of the melt, a stream 
of evaporated matter is formed, which pushes out air and forms another new phase - vapor. The new area occupied by 
the vapor is limited on one side by a moving interface (evaporating surface) ( )tυΓ

l , and on the other by a movable 

contact boundary of the vapor-air ( )g tυΓ . To describe the behavior of each of the four media, the system of equations of 
hydrodynamics supplemented by the equations of energy, the transfer of laser radiation, and the corresponding equations 
of state was used. At the interfaces of the media, the equation of hydrodynamics are linked by the appropriate boundary 
conditions. 
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Here , , , ,u T Pρ ε are the density, gas-dynamic velocity, internal energy, temperature and pressure of the substance, 
respectively, Lκ  and G are the absorption coefficient and flux density of laser radiation, TW  is the heat flux density, λ  is 
the thermal conductivity coefficient. The indexes s, ,  ,  l gυ denote solid, liquid, vapor and gas (air) phases. In the 
condensed phase, kε  has the meaning of the enthalpy of the liquid phase kH . 

(1)  
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2.2 Boundary conditions. 

2.2.1. Left fixed boundary, sx = Γ . As the boundary conditions on the left fixed boundary sΓ , the condition that the
mass and heat flux be zero is used  

:sx = Γ   0, 0;Tu W= =  (2) 

2.2.2 Model of heterogeneous (surface) melting - crystallization, sx = Γ l . 

For fast phase transitions, the heterogeneous melting model consists of a system of equations expressing three 
conservation laws: mass, momentum and energy, supplemented by the kinetic condition for the velocity of motion of the 
melting front sυ l

28, obtained from the molecular-kinetic theory29 and which is the main characteristic of the melting-
crystallization process. In a stationary (laboratory) coordinate system, the surface melting-crystallization model written 
on the moving interface of melting ( )sx t= Γ l can be represented in the following form: 

( )sx t= Γ l :  ( ) ( )s s s su uρ − υ = ρ − υl l l l

2 2( ) ( )s s s s sp u p u+ρ − υ = +ρ − υl l l l l (3) 

( ) ( ) ne
s m s

s

T TT T L
x x
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L T T
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l

l l l

l

(4) 

where ,α β  are the parameters determined from molecular-dynamic modeling,30 ( )ps ps pC C CΔ = − l , 

( )s s m sT T T pΔ = −l l ,  ,0( )m s m sT p T p= + α  is the equilibrium melting curve, ( )0 0( ( )) ( )m m s m m s mL T p L T p T= +β ⋅ −  is the 
temperature dependence of equilibrium melting heat 31,  

2( )
( ( ))

2
ne s s
m m m s ps s

s

u u
L L T p C T

ρ +ρ −
= + Δ Δ +

ρ −ρ
l l

l

l

 is the non-equilibrium melting heat. 

2.2.3 The model of heterogeneous (surface) evaporation, x ϑ= Γl . The surface evaporation process in the Knudsen 
layer approximation is described by three conservation laws and three additional parameters on the outside of the 
Knudsen layer: temperature Tυ , density υρ and velocity u:  

:lx υ= Γ ( ) ( )mj u uυ υ υ υ υ= ρ − υ = ρ − υ
l l l l l

, 

( ) ( )i m mj p j u p j uυ υ υ υ υ υ υ= + − υ = + − υ
l l l l l l l

(5) 
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∂
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∂
. With these expressions taken into account, the energy 

conservation law can be represented in the form: 
4 ,neW W L Tυ υ υ− = ρ υ + σ

l l l l (6) 
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−ρ + ρ
= + − +
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ll

l l

l

 is the non-equilibrium heat of evaporation , ( )R Tl  is the 

reflectivity of target surface, bT is the boiling temperature, σ  is the constant of Stefan-Boltzmann law. 
Of the three parameters on the outer side of the Knudsen layer, two of them, usually Tυ  and υρ , in general, are 
determined from the solution of the Boltzmann equation, and the third - the Mach number / cM u u= - from the solution 
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of the equations of gas dynamics. As a rule, the Boltzmann kinetic equation is not used directly for determination of 
Tυ and υρ , and its solution is found using some approximation relations. 
In the present work the values of , ,T pυ υ υρ  were determined from the modified Crout model 32. The modified Crout 
model is different from similar Knight model33 in that in the Crout34 model, the fluxes of mass, momentum and energy 
has an extremum in 1M = : 

( )T M Tυ Τ= α l ,     ( ) satMυ ρρ = α ρ ,        (7) 

where 
( )

( )

22 2

22 2 2

2 0.5
( ) ,
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M m
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M m t
Τ

γ +
α =
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2 2

22 1 2 2 2
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The value of m  is determined from the equation ( ) ( )22 2 20.5 1 5 0,F(M) m    - m m  .  a  + + + =   
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1 erf2
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mmt
m m m

+
= +
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satρ  is the density of saturated vapor, cu RT= γ  is the speed of sound, / cM u u=  is the Mach number. 

2.2.4 Moving contact boundary, ( )gx tυ= Γ .  At the contact boundary vapor-air ( )g tυΓ , the conditions for the 
continuity of density, pressure, and temperature were formulated: 

    gx υ= Γ :  gu uυ = , gP Pυ = , gT Tυ = .    (8) 

2.2.5 Moving shock wave, , ( )sh sx t= Γ . The shockwave in air , ( )sh g tΓ  is a strong nonstationary discontinuity, on which 
three conservation laws are written in the laboratory coordinate system: 

, 1 1 , 0 0 ,( ) ( )m
sh g sh g sh gj u u= ρ − υ = ρ − υ , 

2 2
, 1 1 1 , 0 0 0 ,( ) ( )i

sh g sh g sh gj p u P u= +ρ − υ = +ρ − υ ,     (9) 

2 2
1 , 0 ,

, 1 ,1 , 0 ,0

( ) ( )
2 2

sh g sh gm m
sh g T sh g T

u u
j W j W

− υ − υ⎛ ⎞ ⎛ ⎞
ε + − = ε + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

Here indexes 0 and 1 denote the values of the quantities on the side of the background and the shock wave, respectively.  

2.2.6 Right moving boundary, ( )sx t= Γ . The right boundary on the side of the unperturbed gas is declared moving in 
order to improve the economics of the computational algorithm. The speed of its motion is found from the differential 
momentum equation. 

2.3 Computational algorithm. 

The differential model (1) - (8) was approximated by a family of conservative finite difference schemes written on 
computational grids with dynamic adaptation35,36. The method is based on the idea of transition to an arbitrary 
nonstationary coordinate system that allows calculations with an arbitrary number of discontinuous solutions, such as 
shock waves, propagating phase and temperature fronts, contact boundaries and fragmented fragments.  

3. RESULTS AND DISCUSSIONS. 

The surface of Al target is irradiated by a laser with wavelength 1.06L mλ = μ , Gaussian temporal profile 
2

0 exp( ( / ) )G G t= − τ , with duration 93 10−τ = × s, where 9 2
0 9.78 10G Wcm−= ×  is the peak intensity at 0t = . The metal 

surface partially reflects the laser radiation, the rest of the radiation is absorbed by the free electrons of the target. The 
temperature dependences of the reflectivity of the surface ( )R T and the volume absorption coefficient ( )Tα  have the 

form37: ( ) 0 1R T R R T= − , ( ) ( ) 2
0 0 1 2expT C C T C Tα = α − + . The calculation starts at 0 4t = − τ . The results of the 
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calculations are compared with the parameters of the critical point of aluminum: 7 600cT K= , 30.47 /g cmρ = , 
1.42 kbarρ = 38. 

The temporal evolution of the processes on the surface of the target is shown in Figs. 1-4. Analysis of time dependencies 
indicates that the main phenomena, such as the appearance of phase fronts (melting, evaporation), the contact boundary 
and the shock wave, and the formation of new phase media (liquid, vapor) associated with them occur at the leading edge 
of the laser pulse. All the processes in the target occur under subcritical conditions, since the maximum value of the 
surface temperature is ,max 6780sT K≅ , fig.1, and for the whole temperature profile ( )s cT t T< . Melting starts at 

93.9 10t s−= − ×  and is characterized by a kink at the curve ( )sT t . The process continues for more than 810t s−> , fig. 2. 

The maximum speed of the melting front is 1130s m s−υ =
l

. During the considered time ( )9 83.9 10 10t s− −= − × ÷  the 

produced liquid layer thickness is 0.9 mδ ≅ μl .  
The surface evaporation process is illustrated by the relationship of the curves ( )sT t  и ( )vT t  at fig.1, and by the sign 

and value of Mach number ( )Ì t . Surface evaporation starts at 92.3 10t s−= − × , when the saturated vapor pressure 

begins to exceed the external gas pressure ( ) ( )sat gp t p t> . The temperature on the outside of the Knudsen layer is less 

than the surface temperature ( ) ( )s vT t T t> , fig.1, and the Mach number throughout the process differs from zero, but 

does not exceed 1, ( )0 1Ì t< ≤ , fig.2. The evaporation process ceases at 96 10t s−≈ ×  in the conditions when the laser 

pulse is almost complete. The termination is characterized by equality ( ) 0Ì t = , corresponding to the phase 
equilibrium, which is replaced by the process of condensation of the evaporated substance on the surface of the target 
with the inverse relationship between pressure and temperature ( ) ( )sat gp t p t< , ( ) ( )s vT t T t<  and negative Mach 

number ( ) 0Ì t < . The maximum speed of evaporation front 188 m s−
υυ =
l

is by 1,5 times lower than that of the melting 
front. The thickness of the removed layer of matter during the period of surface evaporation 

( )9 92.3 10 6 10t s− −= − × ÷ × is 0.09 mδ ≅ μl . 
At the beginning of the evaporation process, the flow of the evaporated substance acting as a piston pushes out the cold 
air and, performing a certain work, warms up at the peak intensity ( )0G t = to a temperature 34.7 10apT Kυ = ×  fig. 5 (a). 
Under the pushing action of the vapor stream, compression of cold dense air occurs, which, after a time, is converted into 
a shock wave at 92.1 10t s−= − × . At the time of 0t = , the shock wave moves with the speed 1

, 2.9sh g km s−υ =  and has 

the temperature 3
, 4.4 10sh gT K= × , ahead of the contact boundary moving with speed 1

, 2.5sh g km s−υ =  towards the laser 
beam, fig.5 (a). The temperatures of vapor and air are, in this case, insufficient for the initiation of ionization, and the 
vapor-gas medium remains transparent for laser radiation.  
Figs. 5-7 show spatial distributions of temperature, density, velocity and pressure in the vapor-gas medium at 0t = . The 
most informative is the temperature distribution ( )T x . From this distribution it follows that the highest temperature is in 

the near-surface region of the liquid phase bounded from the right by the surface evaporation front ( )tυΓ
l . Fig. 5 (b) 

shows enlarged fragment of this area. The volumetric release of laser radiation in combination with the cooling effect of 
surface evaporation contributes to the formation of a temperature maximum at ( ) 0.9 cT x T≈ = 6840 K at a depth of 14 
nm (characteristic absorption length) and thus creates all the conditions for the development of explosive boiling. 
Accurate reproduction of the process of explosive boiling, which is a phase transition of a homogeneous type, within the 
continuum model is not possible. However, the results obtained show that the mechanism of explosive boiling in metals 
is the same as in weakly absorbing media and is associated with the formation of a near-surface temperature maximum. 
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Fig. 1. Time profiles of surface ( sT ) and vapor ( vT ) 
temperature. 

Fig. 2. Time profile of Mach number 

Fig. 3. Time profile of melting ( slv ) and evaporation ( lvv ) 
velocity. 

Fig. 4. Time profile of size of liquid ( liqδ ) and vapor 

( vapδ ) (measured in corresponding amount of solid phase) 

Fig. 5(a). Space profile of temperature at t=0. Fig. 5(b). Enlarged fragment of Fig. 5(a). 
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Fig. 6. Space profile of density at t=0. Fig. 7. Space profile of velocity at t=0. 

 
Fig. 8. Space profile of pressure at t=0. 

3.1 Atomistic approach 

Homogeneous mechanisms of phase transformations are characterized by the nucleation of a new phase in a certain 
volume of superheated/undercooled matter. Representing them in the continuum hydrodynamic models requires 
considerable additional efforts19. The most common and convenient, from the point of view of describing the kinetics of 
homogeneous phase transformations, are atomistic models39 in which the classical or quantum equations of motion of a 
system of many particles, of which the sample under study is made, are solved numerically. 

3.1.1 Homogeneous evaporation. 

Molecular-dynamic modeling of the PLA process for greater visibility is performed with some simplifications. We used 
thin liquid Al film, with the sizes 430 6.2 6.2X Y Z nm× × = × ×  (the total particle number 55 10N = × ) with periodical 
boundary conditions in the directions Y Z× , which heating was made in vacuum with constant laser intensity 

8 21.5 10G Wcm−= × (absorbed intensity 7 23.85 10sG Wcm−= × ). Laser radiation propagates from right to left and is 
normally incident on the free surface of the film. Part of the radiation is absorbed by the electronic components 
( 7 23.85 10sG Wcm−= × ), and as a result of inelastic collisions is transferred to the ion subsystem. By using periodic 
boundary conditions in the directions Y, Z the problem is effectively reduced to one-dimensional approximation along 
the X direction (for transport processes of laser radiation and energy into electronic subsystem).  
Combined TTM-MD model is used to describe the processes40. 3D molecular-dynamic modeling was used to describe 
the ion motion. At the initial time t = 0 the film was assumed to be heated to the temperature of 6340K, electron and ion 
subsystems are in thermal equilibrium. 
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The results of mathematical modeling show pulsed process consisting of five repeated explosive boiling processes at the 
time instants 1.04, 1.44, 1.64, 2.0, 2.34t ns=  while the laser duration was 3 ns. In Fig. 9,  as an illustration, a snapshot 
of the third explosive boiling is shown. 
The beginning of each explosive boiling was preceded by the formation of the temperature maximum in the film at the 
depth of 1

Ll −≅ κ . Each time the separation of the fragment occurred at the point of the maximum. With each explosive 
boiling, the maximum values of temperature and pressure were significantly below the critical values: 

max 7 000 7600cT K T K≅ < =  и max 1.42cp p kbar< = . 
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Fig. 9 Electron and ion temperature (a), density (b), pressure (c), velocity (d) and particle (e) distributions for I =38.5 
MW/cm2 at the time t =1.657 ns: third explosive boiling. 

4. CONCLUSION 
A continual hydrodynamic model has been developed that includes kinetic models of heterogeneous phase transitions-
melting / crystallization and evaporation of metals. 
With the help of continual and molecular dynamic modeling, the initial stage of a phase explosion in an Al target under 
the influence of laser ns radiation was investigated. The characteristic dimensions of the initial stage of explosive 
boiling, on which the formation of a region of vapor and a perturbed gaseous medium, of a limited shock wave is 
~ 5 7 m÷ μ . 
The results of the simulation showed that the phenomenon of spontaneous density fluctuations in a superheated 
metastable liquid in the vicinity of the critical point of matter with a maximum temperature below the surface is the basis 
of homogeneous evaporation (explosive boiling) of metals, resulting in the nucleation of a new phase. 
The obtained results are in good qualitative agreement with the experimental data16,17. 
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