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Numerical analysis of laser ablation using the axisymmetric two-temperature model
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Abstract

Laser ablation of the axisymmetric micro-domairamglyzed. To describe the thermal processes ongurrithe micro-domain the
two-temperature hyperbolic model supplemented leytthundary and initial conditions is used. This eiadkes into account the
phase changes of material (solid-liquid and liquégbour) and the ablation process. At the stagmioferical computations the finite
difference method with staggered grid is usedhinfinal part the results of computations are shown
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1. Introduction

The ablation of the axisymmetric micro-domain suotgd to
the ultra-short laser pulse is considered. Two-&matoire
hyperbolic model with nonlinear physical parametiarsised.
This model consists of equations describing thepteal and
spatial evolution of the lattice and electrons teragures, lattice
and electron heat fluxes and also the isothermal-Bquid (or
liquid-vapour) phase change. The algorithm based thom
explicit scheme of the finite difference method hwithe
staggered grid is proposed. In the final part tlesults
concerning the ablation process are presented.

2. Governing equations

Axisymmetric domain exposed to the ultra-short igadse
is considered. Two-temperature model describingténgporal
and spatial evolution of the lattice and electrtamperatures is
of the form [1]
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whereT, =T (r, 2 t), T) =T, (r, z t), 9e=0e (1, 2 1), g, =q, (r, Z, )
are the temperatures and heat fluxes of the electrad lattice,
respectively,C¢(Te), C, are the volumetric specific heats,
G(Te, T)) is the electron-phonon coupling factQ(r, z t) is the
source function associated with the irradiationilev.(r, z, t)

electrons in metals; is the relaxation time in phonon collisions
and((-) denotes the gradient.

It should be noted thdbr high laser intensitghe volumetric
specific heat and thermal conductivity of electr@asswell as
the coupling factor are temperature-dependent fome{1, 2].
The laser irradiation is described by a source fetmduced in
the equation (1) [3]
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wherel, is the laser intensity, is the characteristic time of la-
ser pulses is the optical penetration depfR,is the reflectivity
of the irradiated surface amgdis the laser beam radius.

The internal heat sources resulting from the plthemges
(melting and evaporation) take a form

Qurzy=-L, 32 g (rz9=- 1 2 RLLE)

wherel, is the volumetric heat of fusioh,, is the volumetric
heat of evaporatior, andS., are the volumetric molten and
gaseous state fractions in the surroundings opthet consid-
ered. BothS, andS,, are equal to zero at the beginning of heat-
ing process and increase from 0 to 1 when the tecaperature
achieves the meltin@,, and boilingT,, temperatures, respec-
tively.

The ablation effect is modeled in this way that wheéthe point
considered the valu&,, exceeds 1 then the sub-domain corre-
sponding to this point is removed, while the appiadp bound-
ary conditions are transferred to the new extdooahdary.

The above presented mathematical model is supptechdy
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and Qg (r, z t) are the source functions associated with thethe boundary conditions (no-flux conditions), itane

melting and evaporation, respectively. For low fasg¢ensity,
when the lattice temperature does not exceed thignm@oint
the functionsQy, (r, z t) andQ, (r, z t) are equal to zero, of
course.
Between the heat fluxes and temperature gradient$otfow-
ing formulas are introduced
qe+Te%:—XeﬁeTDDTe qrte %9 =2 0T, &)

t ot
wherele=A(Te, T)), Ay are the thermal conductivities of the elec-
trons and lattice, respectively, is the relaxation time of free

Ohe(r 2 ) =A(T, )N T r, 2 )=0

r,z)Or: 5
(r.2) Oy (1.2 t)==A nT(r,zH=0 ©)
wheren is the outward unit normal vector.

The initial temperature distribution is also known

t=0: T(r.zt)=T(r.z9)=T (6)

whereT, is constant.
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3. Method of solution and results of computations

In the cylindrical coordinate system

10(ra,) , 9q,
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and then the equations (1), (2) take a form
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To solve the equations (7) — (10) the explicithesne of
finite difference method with the staggered grid,shown in
Figure 1, is used. The details of the algorithn té presented
in the full version of the paper.
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Figure 1: Staggered grid

When the local Iattlce temperatt]’re at the noder(, z) and at the
moment of timet® achieves the value of melting poifft,
(Ty " =T, then in the sub-domain U[rij-y, rijeal, 2 L [z-4;,
z.1;] the melting process starts. It is assumed thatnielting
process proceeds at the constant temperature handhe left-
hand side of equation (9) is equal to zero. Udirgdependence
(4) the aPproprlate difference equation WhICh aeiees the
valueS, ;' can be derived. When the functisip; ;f i reaches the
value 1 then the melting process is finished amdcticulations
are performed based on equation (9) under the hat
Q= Qe=0. Next, when the local lattice temperatlife achieves

the value of boiling poinT,, then using the dependence (4) the

valueS, i f(in a similar way as in the case of melting) ban
calculated. Finally, when the functum\,,j
then the sub-domain considered is removed, whil@fipropriate
boundary conditions were transferred to the newernat
boundary.

The cylindrical domainR = 100-10° m, Z = 100-10° m)

of the initial temperaturg, = 300 K subjected to the short-pulse

laser heating is considered. Thermophysical paremmédr gold
are taken from [1, 2].

The laser beam radius is equalto=R/8. To observe heat-
ing, melting, evaporation and ablation processviiae of laser
intensity I =1.510° J/nf is assumed and the characteristic time
of laser pulse is equal t9 =100 ps. Calculations are made for
50x50 = 2500 if = 2 nm) ‘temperature nodes’, time step is
equal to 0.001 ps.

Figure 2 presents the domain with ablated parb(dolack) for
two different moments of time, namely 300 ps and g6.
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Figure 2: Domain with ablated part at the momeffitenze
300 ps and 400 ps
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Figure 3: Temperature distribution for time equzB9 ps

4. Conclusions

Numerical model of melting, evaporation and ablajwocesses
proceeding in the domain subjected to the lasetirigeds
presented. In should be noted that depending ofatiee power
only the melting process or only the heating pre@eshe domain
considered can be observed.
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