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a b s t r a c t 

The laser-induced damage in transparent optical 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 and ceramics. 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. Regarding these 

applicative research activities, there are two important correlated issues here to be underlined. The first one 

consists in the fact that high intensity laser field induced electron density variation into a transparent material is 

the main mechanism of breakdown and damage, that is, basis of micro-processing. The second one refers to the 

necessity of developing simulation procedures based on accurate theoretical models of these physical processes 

in order to use an accurate computer control of micro-processing technology. The main purpose of this work is to 

present the results of simulations in electron density variation induced by high intensity laser pulses in various 

transparent materials. 

1. Introduction 

There is a strong need of photonic and optoelectronic devices with 

improved characteristics and capabilities for a large number of re- 

searches and medical, industrial, communications and military appli- 

cations. These photonic and optoelectronic devices are mostly manufac- 

tured of transparent optical materials, such as semiconductors, glasses 

and/or ceramics. Laser micro-processing became an important tech- 

nique in manufacturing such photonic and optoelectronic devices, in 

many cases essential [1–7] . Applicative research concerning the trans- 

parent materials laser micro-processing imperatively imposes the ne- 

cessity of accurate laser/material interactions modelling and simula- 

tion, namely to predict the damage threshold and to improve the design 

of photonic and optoelectronic components manufacturing technology 

[1–7] . Modelling and simulating of laser/material interactions means 

mainly to define the electron density distribution at the surface and in 

the bulk of the material [1–13] . Many simulation models of this kind 

are based on the work developed by L. V. Keldysh in 1964 [8] . The im- 

portance of Keldysh’s work results from the analysis of damage mech- 

anisms at short and ultra-short laser pulses timescales which became 

available long time after his works [6–13] . Namely, this timescale cov- 

ers laser pulse widths longer than a few tens of picoseconds to nanosec- 

ond pulses. In the case of ultra-short pulses, once a sufficient energy is 

absorbed by the material, irreversible damage will result [6–13] . When 
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the pulse width of the laser is on the timescale mentioned above, the 

absorbed laser energy is transferred by the material’s excited electrons 

to its lattice. This results in a thermal diffusion of energy out of the focal 

volume finally leading to damage by means of melting and/or fracturing 

[9–11] . The rates of energy deposition and thermal diffusion together 

determine the damage threshold of the material which is now known to 

scale with the square root of the pulse duration [11–13] . 

Manufacturing of photonic devices by laser micro-processing is ac- 

complished by using two main techniques, alone or combined: one con- 

sisting into shape deformation of constituent bulk material, while keep- 

ing unmodified its internal structure at micro scale, at atomic scale [14–

18] and the other based on modifying internal structure by laser-induced 

breakdown at the surface and in the bulk of transparent optical ma- 

terials [17–19] . It is worth observing that both these two main laser 

micro-processing techniques rely at different extents on generation of 

free electrons at the surface and in the bulk of transparent materials. 

Laser-induced breakdown in such materials could mean that their in- 

ternal structure is modified by outside expulsion of atoms and/or ions 

from their fixed position by ablation or desorption. Laser-induced break- 

down implies irreversible damage of transparent optical materials and 

its analysis is important for setting the final operational limits of such 

materials [20–27] . A physical phenomenon produced when high inten- 

sity laser pulses generating unbounded electrons when absorbed into 

transparent optical materials is the colour centres formation, essential 

for inscribing gratings in the core of single mode optical fibre core, Fi- 
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bre Bragg Grating (FBG) or Long Period Grating (LPG) [28,29] . It ap- 

pears imperative to develop simulation models for laser induced absorp- 

tion in transparent materials having description of electrons generation 

and their density time variation as basic bricks to properly design pho- 

tonic devices and experiments when using them [30–35] . The simula- 

tion results obtained by running these models have a clear impact on 

design and fabrication of in-fibre Mach-Zehnder interferometric optic 

sensors using laser ablation micro-processing of transparent materials 

techniques applied, in this case, on single mode (SM) optical fibres in 

order to induce gratings with optimized characteristics [36–40] . The in- 

terest in such in-fibre Mach-Zehnder interferometric optic sensors comes 

from the importance of their applications in design and fabrication of 

smart composite materials and of pathogen bacteria detection devices 

[36–40] . The main purpose of this paper is to present the results ob- 

tained by using the first stage of a self-made simulation model of this 

kind. The developed simulation model consists of two main stages: the 

first one evaluating the electron generation in transparent material un- 

der intense ultra-short laser pulses irradiation at different wavelengths 

and the second one for defining thermal effects and irreversible dam- 

age thresholds. The developed simulation model can be used for various 

transparent optical materials such as different optical ceramics, crystals, 

chalcogenide, germanate, tellurite and silicate glasses [20–33] . At this 

point of investigations, the main interest is focused on the control over 

the induced electron density as a function of incident laser intensity ge- 

ometry and of time shape. In Section 3 two kinds of simulation results 

can be noticed and presented as examples: one kind is regarding fused 

silica, a transparent dielectric material widely used in optoelectronic 

and the second kind is concerning GaAs, a transparent semiconductor 

material also commonly used in photonics. The obtained results are in 

a fairly good agreement with the experimental and simulation data pre- 

sented in literature concerning transparent materials thermal process- 

ing and irreversible laser-induced breakdown damages [30–35,41–49] . 

The developed simulation model aims to improve design and fabrication 

of in-fibre grating with custom optimized pitch shape, profile and/or 

modifying the SM optical fibre geometry by digging transverse chan- 

nels through its core or dwells of controlled depth into its core. 

2. Theory 

The developed laser induced absorption in transparent materials sim- 

ulation model is accomplished in several steps presented in the fol- 

lowings. The main idea of the developed simulation model consists in 

analysing the possible processes of electron generation in transparent 

optical materials under ultra-short intensity laser pulses [6–13] . These 

electron generation processes are parts of the photoionization process 

referring to the direct excitation of electrons by the electric field com- 

ponent of laser field [6–13,17–35,49–51] . Photoionization provides the 

“seed ” electrons necessary for an avalanche breakdown to occur due to 

high intensity ultra-short laser pulses which are producing direct ob- 

servable damages or for inducing sometimes useful point defects, i.e. 

colour centres in the optical material structure. In analysing these pho- 

toionization processes there are two facts to be noticed: the first one is 

that the interaction probability for single-photon absorption in a laser- 

material system is the highest and, secondly that the first harmonic pho- 

tons generated by laser sources and which commonly are available for 

micro-processing have energy lower than the ionization potential of al- 

most all transparent optical materials [33–35,50–55] . The experimen- 

tally observed damages produced in transparent optical materials and 

these two above noticed facts lead to the conclusion that if two or more 

lower-energy photons are simultaneously arriving there is a significant 

probability that by multi photon ionization (MPI) they will excite an 

electron within the material. MPI is a process among others which has 

the highest probability [33–35,50–55] . 

The first considered step is to define as accurate as possible the in- 

teraction zone, meaning to describe the incident laser beam. It is rea- 

sonable to consider the laser beam as having radial symmetry, a light 

Fig. 1. Schematic presentation of Multi-Photon-Ionization. 

radial frequency 𝜔 , peak intensity I 0 , laser power P , beam radius w 0 , E p 
laser pulse energy and pulse repetition rate R . The peak laser intensity 

is defined, as a value on beam axis, by the following equation [56–57] : 
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E p is the laser pulse energy, defined as 𝐸 𝑝 = 
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The laser pulse I ( r,t ) is a Gaussian pulse of the following form where 

I 0 is the peak irradiance, 𝜏 is the FWHM time duration at which the 

irradiance is 1/e 2 of the peak value I 0 , and w 0 is the beam radius at 

which the irradiance is 1/e 2 of the peak value I 0 : [56–57] : 
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For describing photoionization processes it is useful to define the 

parameter F which represents the Electric Field Strength and is calcu- 

lated from the following equation where I is peak laser intensity, n is 

refractive index, and 𝜀 0 is the permittivity of free space [56–57] : 

𝐹 = 

√ 

2 𝐼 
𝑐𝑛 𝜀 0 

(4) 

The next step of the performed analysis is a combined complex con- 

sisting in several phenomena related to laser induced free electron gen- 

eration in transparent optical materials by photoionization [8–13,33–

35,50–55] . It is important to notice that the laser sources commonly 

used for generation of ultra-short pulses in the femtoseconds to nanosec- 

onds range are operated at wavelengths in red and NIR spectral domains, 

meaning that in almost of the laser micro-processed transparent optical 

material cases the band gap is larger than the energy of individual in- 

cident laser photons. The laser photons incidents on a transparent opti- 

cal material have more or less broad energy dispersion around a peak 

value [8–13] . Interaction probability for single-photon absorption in a 

laser-material system is the highest rate to happen; if two or more lower- 

energy photons simultaneously arrive, there is a significant probability 

that they will excite an electron within the material in several steps [8–

13,33–35,50–55] . 

In the case of a transparent material with an ionization potential 

E g , the necessary condition to be satisfied for MPI occurrence ( Fig. 1 ), 

namely that simultaneous incident laser photons having slightly indi- 

vidual wavelengths 𝜆1 …𝜆n in a range Δ𝜆 centred on laser source peak 

emission wavelength is defined as [8–13,33–35,50–55] : 
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