TAP CHI KHOA HOC & CONG NGHE DPAI HOC DUY TAN TRUONG PAI HOC DUY TAN

DTU Journal of Science and Technology 02(39) (2020) 58-62 DUYTAN UNIVERSITY

Simulation of pulsed laser ablation in transparent materials by finite
element method

Mo phong qua trinh phé4 hily bang tia laser trong vét liéu trong sudt
bang phuong phap phan tir hiru han

Thao Thi Phuong Nguyen®"*
Nguyén Thi Phuong Thao®?”

aInstitute of Research and Development, Duy Tan University, Da Nang, 550000, Vietham
aVién Nghién ciru va Phat trién Cong nghé cao, Pai hoc Duy Téan, Pa Nang, Viét Nam
®Faculty of Natural Sciences, Duy Tan University, Da Nang, 550000, Vietnam
b Khoa Khoa hoc Ty nhién, Pai hoc Duy Tén, Da N(fng, Viét Nam

(Ngay nhdn bai: 16/11/2019, ngay phdn bién xong: 0411212019, ngay chap nhdn dang: 4/5/2020)

Abstract

Photoelastic images of pulsed laser ablation in glass and epoxy-resin were simulated by Finite Element Method. A
comparison between simulation and experimental results obtained at 10 mJ laser ablation showed that the simulation
program was able to reconstruct the laser ablation process inside transparent materials. The fringes that represent the
stress wavefronts were successfully reproduced. However, a close view showed that the simulated images were broken
near the focal area. In the future, we will attempt to improve the quality of simulated images.
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Tém tit

Hinh anh quang dan hdi ctia qua trinh pha hay bai tia laser trong vét lidu kinh va epoxy-resin dugc méd phong bang
phuong phéap phan tir hitu han. Két qua so sanh giira hinh anh thuc nghiém va hinh anh mé phong cho thdy chuong trinh
mod phong co thé tai hién qua trinh pha hily bang tia laser trong vat liéu trong sudt. Cac van dan hoi thé hién mit séng
g suat duoc tai hién thanh cong. Tuy nhién, hinh anh mé phong bi ran gan khu vuc chim tia hoi tu. Trong twong lai,
chiing t6i s& khic phuc van dé nay dé cai thién chat lwgng hinh anh mé phong.

Tir khéa: Hinh anh quang dan hdi; pha huy bang tia laser; phuong phap phan tir hiru han; séng tng sut.

1. Introduction power laser pulses are focused into transparent
Laser ablation in transparent materials is ~ Media, the medium suddenly becomes opaque

induced by the non-linear absorption of photon ~ tO the laser irradiation as soon as a certain
energy at the beam focal area [1]. When high-  Irradiance threshold is surpassed. The sudden
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rise in the absorption coefficient is due to the
formation of a dense, optically absorbing
plasma. It leads to rapid heating of the material
in the focal volume, followed by its explosive
expansion and the emission of shock wave [2].
During this  process, extremely high
temperature and stress can be created and may
result in the structure changes. Recent studies
demonstrated that a single short laser pulse
tightly focused inside the bulk of a transparent
solid could produce a cavity confined in a
pristine dielectric or a crystal; and a multi
pulses can form three-dimensional structures
with a controlled size less than half of a
micrometer [3]. This laser ablation inside
transparent materials is considered as an inner
modification of materials and has many
promising applications, such as 3D data
storage, direct writing of waveguide, optical
grating, etc.
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(a) 3D model

(b) Spatial distribution

In the previous research, we observed the
laser-induced ablation inside glass and epoxy-
resin [4]. The custom-designed time-resolved
photoelasticity imaging technique was used to
observe the propagation of induced stress
waves. The laser absorption did not happen at
the focus point but along the laser beam axis in
both cases. In epoxy-resin, the laser absorption
happened at the same or very near instance and
the induced wavefronts had approximate the
same size. In the glass, the laser absorption
started at the focal point and propagated toward
the laser source during the irradiation. The
wavefronts induced near the surface was
smaller than that induced at the focal point.

In this paper, we aim to simulate the
photoelasticity images of laser ablation inside
glass and epoxy resin by finite element methods
and evaluating the potential of this method in
studying the process.

(c) Temporal distribution

Figure 1: Three dimensional modelling and boundary condition setting
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2. Material and methods

2.1. Three-Dimensional Modeling

The model was created as a three-
dimensional block with the same size as that
used in the experiments (30 x 30 x 6 mm ). At
the center of the model, a cylinder was created
to simulate the ablated area (Figure 1a). The
cylinder has a diameter of 100 um. The length
equals to 810 um if the model is built for glass,
1440 um if the model is built for epoxy resin.
ADVENTURE_TriPatch [5] was used to do
mesh partitioning.

2.2. Set boundary condition

Our previous experiment showed that the
non-linear absorption inside glass and epoxy
resin doesn’t occur at once but the absorbing
point moves from the inside to outward along
the laser beam axis. Therefore, we built a
boundary condition in which the irradiated area
is divided into discrete portions which undergo
independent initial movement. The irradiated
area is divided into 10 portions with each
portion has the form of a small cylinder with a

radius of 100 mm. Each portion is given an
initial centrifugal displacement which is
spatially uniform but temporally varied (Fig.
1b). The temporal displacement form is the
same for all portions but being delayed from
the first portion to the tenth one (Fig. 1c). The
delay time is calculated basing on the damage
growing velocity at 10 mJ pulse energy
obtained from experiment result, i.e. 27mm/ns
for glass and 60mm/ns for epoxy resin.

For each portion, the displacement increases
from O to D1 after time T1 and decreases to D2
after time T2. The values of D1, D2, T1, T2
were chosen so that we can reproduce
photoelastic images that best match the
experiment result. For simulating photoelastic
images obtained inside glass: D1=4 um, D2= 0,
T1=20 ns, T2 = 500 ns. For simulating
photoelastic images obtained inside epoxy resin:
D1=10um, D2=0, T1=20 ns, T2 =500 ns.

The displacement D is a function of time T
following the equations:

DI xT* DIxT
D=- — +2 (0ST<TI)
T1 T1
(T-T1) (D1 -D2)
D=D] - (T1<ST<T2)
T2 -T1
2.3. Calculating stress distribution and  focusing a 10 mJ laser pulse inside the glass.

building photoelastic fringe patterns

Stress calculating was carried out using
smoothing technique based beta finite element
method (B FEM). The retardation of light due to
photoelastic phenomenon was calculated based
on the values of stresses obtained. After that, the
photoelastic image was reconstructed [6].

3. Results and discussion

Figure 2 shows a comparison between the
simulation and experimental results when

The results were compared from 100 ns to 200
ns after irradiation, with the increment of 50 ns.
In these pictures, the center area shows laser-
induced damage at the irradiated region.
Surrounding rings show photoelastic fringes
that represent laser-induced stress wave. The
rings become bigger as the laser-induced stress
wave propagates far from the irradiated area.
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Figure 2: A comparison between simulation and
experiment photoelastic images for pulse laser ablation
in glass. Pulse energy was 10 mJ.

From the results, we can say that the
simulation did reconstruct experimental
photoelastic images. The simulation images
show a collection of many wavefronts, the
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same as in the experimental ones [4]. The tilted
form of wavefronts is also successfully
simulated, which convince our success in
simulating ablation process inside the glass.
However, the simulated images are still broken
near the irradiated area

Figure 3 shows a comparison between
simulation and experimental when focusing a
10 mJ laser pulse inside epoxy-resin. The
center area shows laser-induced damage and
the surrounding rings  represent  stress
wavefronts propagating from the irradiated
area. Similar to the ablation in glass, several
wavefronts are created in this case. The
diameters of created wavefronts inside epoxy
resin are quite homogeneous, i.e. all wavefronts
appear to have the same diameter. This is
because the absorption occurs at very near
instance along the beam axis [4]. As can be
seen from Fig. 3, the form of laser-induced
stress wave has been reconstructed. Although
the photoelastic images weren’t satisfactorily
reproduced, we can say that our simulation did
reconstruct the phenomenon to some extent.
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Figure 3: A comparison between simulation and experiment photoelastic images for pulse laser
ablation in epoxy-resin. Pulse energy was 10 mJ.
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4. Conclusions

The simulation for laser-induced ablation
inside transparent has been carried out using the
finite element method. Our simulation program
was able to reconstruct the laser ablation
process inside transparent materials. However,
a close view of a simulated image showed that
there existed many scratch-liked patterns in the
image. The reason for these scratched patterns
hasn’t been known at present. In the future, we
will attempt to solve this problem to improve
the quality of simulated images.
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