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ABSTRACT: The laser-induced damage in transparent or non-transparent materials represents an important active field of research as
part of laser/material interactions studies. Most of research activities within this field are aiming to laser micro-processing of
transparent optical materials, glasses, ceramics and metals. An example of such laser micro-processing techniques is drilling micro
channels through a glass plate and drilling transverse holes through single mode optical fibre cladding and core. The latter example of
research activity has an important purpose consisting of designing and manufacturing micro-nanoscale optical fibre sensors with
improved capabilities. An important issue to be underlined refers to the necessity to develop simulation procedures based on accurate
theoretical models of these physical processes in order to use a precise computer control of micro-processing technology.
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1. INTRODUCTION

A large number of applications in the research,
medical, industrial, communications and military
fields strongly needs photonic and optoelectronic
devices with improved characteristics and
capabilities, mostly manufactured of transparent
optical materials, such as semiconductors, glasses
and/or ceramics. Such photonic and optoelectronic
devices are manufactured using laser micro-
processing [1-3]. To predict the damage threshold and
to improve the design of photonic and optoelectronic
components manufacturing technology are two
important issues that the designer should aim to solve
by an appropriate modelling and simulation [1-3].
This implies to determine the electron density
distribution at the surface and in the bulk of the
material [1-9]. L. V. Keldysh developed [4] analysis
of damage mechanisms at short and ultrashort laser
pulses timescales, which represent a basis for many
simulation models [2-9]. The importance of these
models comes from the fact that for laser pulse widths
larger than few tens of picoseconds up to
nanoseconds irreversible damage will result once
sufficient energy is absorbed by the material [2-9]. In
this case the absorbed laser energy is transferred to
material’s lattice by the excited electrons. The
resulted thermal diffusion of energy causes melting
and/or fracturing of the material [5-7]. The damage
threshold of the material is proportional with the
square root of the pulse width [7-9].

Two principal techniques are used, alone or
combined, in laser micro-processing of photonic
devices. The first uses shape deformation of
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constituent bulk material while keeping unmodified
its internal structure at atomic scale [10-12]. The
second bases on modifying internal structure by laser-
induced breakdown at the surface and in the bulk of
transparent optical materials [11-13]. The both
techniques use the generation of free electrons at the
surface and in the bulk of transparent materials. Laser
induced damage in optical materials sets the limits in
their processing [14-15]. When high intensity laser
pulses are used colour centres occur, an important
issue when inscribing gratings in Fibre Bragg or in
Long Period Gratings [16-17]. Laser ablation micro-
processing used in manufacturing in-fibre Mach-
Zehnder interferometric optic sensors (to inscribe
optimized gratings), largely used in smart composite
materials and pathogen bacteria detection devices,
benefits from these models [18-22]. This paper
presents a simulation model of this kind. The model
evaluates the electron generation when the material is
subject to intense ultrashort laser pulses irradiation
and determines thermal effects and damage
thresholds. This paper presents the results obtained
for Ge, at a wavelength of 635 nm, at two pulse
intensities (775 GW/cm? and 1550 GW/cm?) and six
pulse widths (in ps range).

2. THEORY

The proposed simulation model bases on the analysis
of the possible electron generation in transparent
optical materials under ultrashort intensity laser
pulses [2-9]. Electron generation is a part of
photoionization process produced by direct excitation
of electrons by the electric component of the laser
field [2-9, 11-17, 23-24]. Photoionization provides



the “seed” electrons necessary for avalanche
breakdown to occur for high intensity ultra-short laser
pulses producing direct observable damages or for
inducing sometimes useful point defects, i.e. colour
centres in the optical material structure.

There are several processes involved in photon
ionization, but multi photon ionization (MPI) has the
highest probability to excite an electron within the
material. This conclusion bases on experimentally
observed damages produced in transparent optical
materials and on the fact that the first harmonic
photons generated by laser sources and which
commonly are available for micro-processing have
energy lower than the ionization potential of almost
all transparent optical materials.

First we define as accurate as possible the interaction
zone. It is reasonable to consider laser beam as having
radial symmetry, a light radial frequency w, peak
intensity lo, laser power P, beam radius wo, Ep laser
pulse energy and pulse repetition rate R. The peak
laser intensity is defined, as a value on beam axis, by
the following equation [25-26]:

= 4E B 4 P 1)
0 r-wWi-z2r t-wh-z2r R
Ep, defined as Ep=%, is the laser pulse energy

considered for radially symmetric beams [25-26]:

Ep= Ojo ijgl (r,t)-r-dr-do-dt

_Ooo

(2)

The laser pulse I(r,t) is a Gaussian pulse, lo is the peak
irradiance, 7 is the FWHM (Full width at half
maximum) pulse width, and wo is the beam waist:
[25-26]:

I(r.t)=1q-exp _z{WLOT .exp{—z[%ﬂ

To describing photoionization processes it is defined
the electric field strength parameter F [25-26]:

21
F=,
Cngo

where | is peak laser intensity, c is the speed of light,
n is refractive index, and &o is the permittivity of free
space.

©)

(4)

Since the laser sources commonly used for generation
of ultrashort pulses in the femtoseconds to
nanoseconds range are operated at wavelengths in red
and NIR spectral ranges, in the laser micro-processed
transparent optical material the band gap is larger
than the energy of individual incident laser photons.
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The laser photons incidents on a transparent optical
material have more or less broad energy dispersion
around a peak value [4-9]. Interaction probability for
single-photon absorption in a laser-material system is
highest rate to happen; if two or more lower-energy
photons arrive simultaneously there is a significant
probability that they will excite an electron within the
material in several steps [4-9]. In the case of a
transparent material with an ionization potential Eg,
the necessary condition to be satisfied for MPI
occurrence: simultaneous incident laser photons
having slightly individual wavelengths 4; ... 4y in a
range A4 centred on laser source peak emission
wavelength is defined as [4-9]:

Eq<h-c i 1
o i=1[z]
where c is the speed of light in vacuum and 7 is the

Planck constant. The photoionization rate for MPI,
Wi, is defined as [4-9]:
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where Eg is the effective ionization potential, e is the

electron charge me is the mass of the electron and
is the incident laser photon angular frequency. Wwp
depends on the number of incident laser photons
decreasing with it by a complicated law [4-9, 27-29].

3. SIMULATION RESULTS

An important goal of the simulation is to predict the
total density of electrons created by high intensity
laser pulses with different pulse widths. The laser
induced absorption model is developed using
MATLAB.

In the followings several simulation results obtained
for Ge are presented (Figure 1 and Figure 2). The
laser wavelength was kept the same, AL =635 nm. The
pulse laser peak intensity Ipeak Was considered for two
values lpeak = 775 GW/cm? and Ipeak = 1550 GW/cm?,
Another variable parameter is the laser pulse width
which was considered to be in the picoseconds
domain (0.21 ps, 1 ps, 2 ps, 4 ps, 6 ps and 8 ps). The
other parameters considered in the developed
simulation model were obtained from literature [1-3,
23-24].
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Figure 1. Total electron densities time shapes simulated at different laser pulses FWHM time duration in case of Ge. There were
considered 6 values of FWHM pulse time widths, at A = 635 nm and 775 GW/cm?: (a) 0.21 ps; (b) 1 ps; (c) 2 ps; (d) 4 ps; (e) 6 ps;
and (f) 8 ps. The laser pulse time shapes are presented in red in order to get information about time shapes of total electron densities.

Table 1. Maximum values of Total Electron Densities

In Figure 1 there are presented total densities for a

peak pulse intensity of 775 GW/cm? and six FWHM Pulse width [ps] | Max. Total Density | cm]
pulse time widths. The maximum value of the total 0'121 15'2?3 '11822
electron density (summarized in Table 1) increases > 11'.314;-1022
almost linearly with the pulse width, as can be noticed 4 22.628-102
also in Figure 3. 6 33.943.102

8 45.258-10%
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Figure 2. Total electron densities time shapes simulated at different laser pulse widths in case of Ge. There were considered 6 values
of pulse widths, at A = 635 nm and 1550 GW/cm?: (a) 0.21 ps; (b) 1 ps; (c) 2 ps; (d) 4 ps; (e) 6 ps; and (f) 8 ps. The laser pulse time
shapes are presented in red in order to get information about time shapes of total electron densities.

In Figure 2 there are presented total densities for a Table 2. Maximum values of Total Electron Densities
peak pulse intensity of 1550 GW/cm? and six FWHM Pulse width [ps] | Max. Tofal Density [ cm™ ]
pulse time widths. The maximum value of the total 0'121 1258239'11%22
electron density (summarized in Table 2) increases > 26:857:1022
almost linearly with the pulse width, as can be noticed 4 53.714-102
also in Figure 3. 6 80.571-10%

8 107.428-10%
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In Fig. 1 are presented simulation results obtained in
the case of Germanium for laser pulse width 0.21 ps,
1 ps, 2 ps, 4 ps, 6 ps and 8 ps, at a wavelength of 635
nm and a pulse laser peak intensity of 775 GW/cm?.
In Fig. 2 are presented simulation results obtained in
the case of Germanium for laser pulse width 0.21 ps,
1 ps, 2 ps, 4 ps, 6 ps and 8 ps, at a wavelength of 635
nm and a pulse laser peak intensity of 1550 GW/cm?.
The maximal total electron density varies linearly
with the laser pulse width, as it can be seen in Fig. 3,
but the slope is steeper at a higher pulse laser peak
intensity. Maximal values ranges from 5-10%2 cm
(for 1 ps width) to 45-10%? cm™ (for 8 ps width) in the
case of a pulse laser peak intensity of 775 GW/cm?
and from 13-10% cm (for 1 ps width) to 107-10%
cm2 (for 8 ps width) in the case of a pulse laser peak
intensity of 1550 GW/cm?,

120 Ge maximal electron density vs pulse width and intensity
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Figure 3. Ge maximal total electron density variation with

laser pulse width for a peak pulse intensity of 775 GW/cm?
(red, lower) and 1550 GW/cm? (blue, upper).

4. CONCLUSIONS

This study on laser induced absorption phenomena in
transparent materials aims to develop a simulation
tool to be used for accurate prediction of laser
breakdown in such materials, the total electron
density curves being included. The presented results
allow the conclusion that this aim was accomplished.
The presented simulation results are in fairly good
agreement with the experimental ones presented in
literature regarding transparent materials thermal
processing and irreversible laser-induced breakdown
damages [30-35]. The study is focused on the control
over the induced electron density as a function of
incident laser intensity geometry and time shape. The
developed simulation model can be used for various
transparent optical materials such as different optical
ceramics, crystals, chalcogenide, germanate, tellurite
and silicate glasses.
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