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Numerical modeling of laser ablation of materials
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In this paper, we report a numerical simulation of laser ablation of a material
by ultrashort laser pulses. The thermal mechanism of laser ablation is described in
terms of a one-dimensional nonstationary heat conduction equation in a coordinate
system associated with a moving evaporation front. The laser action is taken into
account through the functions of the source in the thermal conductivity equation
that determine the coordinate and time dependence of the laser source. For a given
dose of irradiation of the sample, the profiles of the sample temperature at different
times, the dynamics of the displacement of the sample boundary due to evaporation,
the velocity of this boundary, and the temperature of the sample at the moving
boundary are obtained. The dependence of the maximum temperature on the sample
surface and the thickness of the ablation layer on the radiation dose of the incident
laser pulse is obtained.

Numerical calculations were performed using the finite difference method. The
obtained results agree with the results of other works obtained by their authors.

Key words and phrases: Numerical simulation, ablation, pulsed lasers, heat con-
duction equation

1. Introduction

In recent years, pulsed laser ablation [1]-[3] (any process of laser-stimulated
removal of matter, including the emission of electrons) of various materials
has attracted more and more interest from the point of view of fundamental
study of processes in matter under extreme conditions of ultrafast energy
supply. This implies constructing a new physical theory describing strongly
nonlinear effects.

For a detailed analysis of the processes in the experiment, it is required
to measure various characteristics of the ablation processes with pico- and
femtosecond time resolution, which in itself is a rather difficult task. Therefore,
the problem of mathematical modeling of physical phenomena in this area
becomes extremely urgent.

To describe the dynamics of fast processes in a substance, the method
of molecular dynamics (MD) can be used [4]. MD is quite effective for
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microscopic analysis of the mechanisms of melting and evaporation under
overheating conditions both in the bulk of the target [5] and for a system with
a free surface [6]. The emergence and propagation of pressure waves generated
by laser radiation [7], [8], as well as the dynamics of laser ablation [9], is well
modeled using MD.

In this paper, we consider continuous methods (various modifications of
the heat equation) for modeling the effect of laser radiation on matter.

The evaporation process is mathematically described within the framework
of the boundary value problem of thermal conductivity for a condensed
medium in a coordinate system associated with a moving solid-vapor interface
or a melt-vapor interface on which evaporation occurs. If we do not take
into account the lateral removal of the laser radiation energy due to thermal
conductivity, which is valid under the strict condition r, > /a7, where 7 is
the duration of the laser beam exposure to the material, a is the thermal
conductivity, 7, is the radius of the overheating spot, then the problem of the
motion of the evaporation boundary can be considered within the framework
of the one-dimensional model [3]. In Ref. [10], the primary results of numerical
simulation of ablation of materials were published. In this paper, the required
work is presented in a more extended form.

2. Setting of the problem

Numerical modeling of laser ablation of materials was carried out based on
the heat conduction equation written in a moving coordinate system associated
with the evaporation front, with initial and boundary conditions [2]:
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where ¢(T'), A(T), p(T') are the specific heat, thermal conductivity and density
of the material at the temperature T'(z,t), h(t), respectively is the depth of
the crater on the surface of the sample at time ¢, z,, is the maximum distance,
v(T}) is the velocity of the boundary displacement due to evaporation, L, is

the specific heat of sublimation. The source function A(z,t) has the form |2]

A(z,t) = f1(2) f2(t),

fi(2) = Ajaeose=ah, A =1-R(T). h(t) =LA@, )

Here I is the laser intensity, R(T}) is the reflection coefficient of the laser
from the sample surface, o, «

;4 are the absorption coeflicients of the laser
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pulse in the sample material and in the vapor, respectively. The irradiation
dose @, the intensity of the source I; and the temporal form of the source
f(t) are related by the relation:

o =1, | f(t)dt.
/

Here the source function has a factorized form, as in the work [11], when
the material is affected by a pulsed beam of charged particles rather than by
a laser pulse. In general, the heat capacity, thermal conductivity, and density
of the material depend on temperature. In a particular case, the dependence
of some parameters of the sample material can be neglected. In this work,
the temperature dependence of the density of the sample material and the
laser reflection coefficient is neglected.

3. Discussion of numerical results

In Ref. [2]|, problem (1)-(4) was solved by the method of moments for
a polyimide material. In our work, this problem was solved using the finite
difference explicit scheme [12]. The temporal shape of the source f(t), the
temperature dependence of the boundary motion velocity due to evaporation
v (T), the specific heat ¢(T") and the thermal conductivity A\(T") are taken for
the polyimide material similar as in Ref. [2]:

300 — T} J

t t
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Figure 1 shows plots of these dependencies.
Figure 2 shows the temperature profiles of a polyimide sample at different
times: t; = j-5 ns; j = 1.10, the dynamics of the sample boundary motion

due to evaporation, the velocity of this boundary motion, and the sample
temperature at the moving boundary = h(t), when exposed to energy fluence
® =10% J/m? with parameters A, = 0.93, a = 4.25-10" m™' (o, = 0.4501),
L., =5-10°J/kg, p = 1420 kg/m3.

Figure 3 shows the dependencies of the maximal temperature at the sample
surface T, .. (h(t),t) and the crater depth h(¢) on the radiation dose ® for

max
four sets of values of parameters A, and o:

1) A, =0.93, a =4.25-10" m~;

2) A, =0.88, « =3.1-10" m™};

3) A, =0.89, a = 10" m™};

4) A, =09, a=0.32-10" m~*.

The source intensity I, in this case varies from 3 - 10° W/ cm’ to 3 -
10”7 W /em®. The obtained results agree with those of Ref. [2].
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Figure 1. Source temporal shape f(t), temperature dependence of specific heat ¢(T'),
thermal conductivity A(T") and boundary motion velocity v(T') due to evaporation
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Figure 2. Temperature profiles of polyimide sample at different times:

J

t.:=j-5mns; j=1,10, dynamics of sample boundary motion due to evaporation, velocity

of this boundary and the sample temperature at the moving boundary « = h(t) under
the exposure to energy fluence ® = 103 J/m?
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Figure 3. Dependencies of the maximal temperature at the sample surface T, .. (h(t),t)
and the crater depth h(t) on the irradiation doze ® for four sets of values for A, «

s

4. Conclusion

For a given dose of the sample irradiation, the profiles of the sample
temperature at different times, the dynamics of the displacement of the
sample boundary due to evaporation, the velocity of this boundary and the
temperature of the sample at the moving boundary were obtained. The
dependencies of the temperature maximum on the sample surface and the
thickness of the ablation layer on the radiation dose of the incident laser pulse
are determined.

Numerical calculations were performed using the finite difference method.
The obtained results agree with the results of works of other authors. When
using shorter laser pulses in the ablation kinetics, arised features that can no
longer be described within the framework of the conventional thermal model.
In this case, studies are carried out within the framework of other models
(two-temperature model, hydrodynamic model, etc.), which is the subject of
further research.
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YucieHHoe MoaeJIMpOBaHME JIA3€PHON abJIsIium
MaTepuaJIoB

N. B. Amupxanos, H. P. Capkep, . Capxagos

Jlabopamopus uHBOPMAUUOHHDIT TETHOA02UT
O63edunénmbll uncmumym AJePHBIT UCCAIO8GHUT
ya. 2Koauo-Kropu, 0. 6, Jlyora, Mockosckan obaacmo, 141980, Poccus

B pabore nposeneno qucaeHHOE MOEIUPOBAHIE JTA3EPHON ab Ny MaTepraa, Mo
JefCTBHEM YJIBTPAKOPOTKHUX JIA3EPHBIX UMILYJILCOB. TeIIoBoOil MEXaHU3M JIa3€PHOM
a6.HHI_H/H/I OIIUCBIBACTCA B PpaMKaX OJHOMEPHOT'O HECTaIlMOHapHOI'O ypaBHeHI/IH TEI1JI0-
ITPOBOJIHOCTH B CHCTEME KOOPIUHAT, CBSI3QHHOW C JBUKYIIUMCS (PPOHTOM UCIIAPEHMS.
HeiicTBre jtazepa yInTHIBaeTCs depe3 (pyHKIMH UCTOYHUKA B YPABHEHUH TEILIOIPO-
BOJHOCTH, 3aJiaBasd KOOPJIMHATHYIO U BPEMEHHYIO 3aBUCHMOCTH MCTOYHHUKA JIa3€pa.
g 3aganna0il 10361 00 Ty UeHnsT 00pa3iia Moy YeHbl Tpod i TeMIepaTypbl 00pa3ia
[P Pa3HBIX BPEMEHAX, JJMHAMUKE IepPeMeIleHns IPAHUIbI 00pa3ia n3-3a NCIapeHus,
CKOPOCTH IIEPEMEIIEHUsI 9TOI IPAHUILI M TEMIIEPATYPbl 00pa3iia Ha IBUKYIIEHCs Ipa-
uwutie. [lomy4uennl 3aBUCUMOCTh MAKCUMYMa TEMIIEPATYPhI HA TOBEPXHOCTHU 00PA3Ia
¥ TOJIIIWHBI CJIOS abJISIANA OT O3Bl M3/IyIeHUs A A0IMIEr0 Ja3ePHOI0 UMITYIbCA.

YHucsieHHbIE pacdeThl IPOBEIEHBI ¢ IPUMEHEHNEM METOa KOHEYHBIX PA3HOCTE.
[TosyuerHbIe PE3YABTATHI COTJIACYIOTCS C PE3YJIbTaTaMu pabOT JIPYTUX UCCIe0BATE-
JICHA.

KimroueBbie cjioBa: YHCJIEHHOE MOIECIUPOBAHUE, abJIAIMs, UMILYJIbCHBIE JIA3€PHI,
ypaBHeHI/Ie TEeJIOIIPOBOJIHOCTHU





