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1. Introduction

Femtosecond laser irradiation enables modification of transparent materials and is used
to fabricate optical waveguides and optofluidic devices. In this study, the propagation of 50
fs laser pulses at 800 nm within fused silica was modeled using the nonlinear Schrodinger
equation coupled with a rate equation for free-electron density. Because fused silica exhibits
negligible linear absorption at 800 nm, energy deposition was attributed to nonlinear ionization
and subsequent absorption by free electrons. The deposited-energy distribution was then used
as the heat source in a non-Fourier heat-conduction model to investigate temperature evolution
during repeated irradiation. The effects of repetition rate, pulse energy, and scanning speed
on heat accumulation were examined. The results show that repeated irradiation produces
temperature increases even when the deposited energy is insufficient to reach the softening or
melting range. During scanning, temperature approaches a quasi-steady state after several
pulses and then changes along the scan path. Increasing pulse energy raises the temperature,
broadens the temperature distribution, and prolongs cooling time. Increasing the repetition
rate from 100 kHz to 1 MHz produces a more symmetric temperature distribution and extends
affected region beyond the focal volume. At 100 kHz, increasing pulse energy from 0.3 to 1 uJ
increases temperature, with limited expansion of the affected region. Higher repetition rates
enhance heat accumulation and raise the quasi-steady temperature, whereas higher scanning
speeds reduce interaction time and accumulated heat. When the number of pulses per point
remains constant, increasing repetition rate and scanning speed shortens stabilization time
while increasing accumulated temperature.

method applicable to different types of samples. Because
the duration of femtosecond pulses is several orders of

Direct laser writing techniques could serve as a viable
alternative to conventional photolithography methods,
which typically require a cleanroom environment and
expensive equipment. They offer reduced complexity
and cost for producing optical devices and integrated
circuits. Direct laser writing has been demonstrated
using continuous-wave, nanosecond, and femtosecond
lasers. Among these methods, writing with femtosecond
lasers offers several potential advantages.

During the interaction of femtosecond pulses with
matter, nonlinear processes can occur even in materials
that are transparent at the laser wavelength, making this

magnitude shorter than that of conventional laser pulses,
their peak power is very high despite their relatively low
energy. For a given pulse energy and focal geometry,
the pulse duration determines the peak intensity and
therefore strongly affects nonlinear ionization, plasma
generation, and the amount of energy deposited in the
material. This combination enables nonlinear energy
deposition inside transparent materials.

Although fused silica has negligible linear absorption
at 800 nm, the high intensity reached near the focus
can generate free electrons through nonlinear ionization.
The electron population can then absorb additional laser
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energy, and the deposited energy is transferred to the
lattice, leading to localized heating and, under suitable
conditions, permanent structural modification. Due
to the nonlinear nature of laser pulse absorption, the
structural changes created inside the transparent material
remain geometrically confined to the focal region. This
feature reduces lateral thermal damage near the focal
point, resulting in a smaller heat-affected zone.

Another advantage of this method is the ability to
control and adjust processing parameters such as pulse
duration, wavelength, repetition rate, pulse energy, beam
polarization, focal geometry, and scanning speed to cre-
ate a variety of structures in different samples, including
multilayer samples. With the rapid development of
femtosecond lasers in the 1990s, the first experiment
on laser-induced breakdown in a fused silica sample
was performed in 1994 [2], followed by the creation
of the first optical waveguide structures written by a
femtosecond laser inside bulk glass in 1996 [3].

In recent decades, with advancements in the man-
ufacturing technology of this type of laser, as well as
increasing attention to micro-optical and microelectronic
integrated circuits, significant progress has been made in
the field of femtosecond laser processing. High-quality
optical waveguides and various optical elements are
inscribed within the bulk of transparent materials for
the fabrication of diverse microfluidic, optofluidic, and
photonic devices [4, 5,6, 7, 8, 9, 10, 11].

The mechanisms of structural modification vary with
the laser-processing parameters and the characteristics
of the materials, necessitating comprehensive studies to
predict these changes under various conditions. Such
studies can help identify suitable processing parameters
for different applications and improve the understanding
of laser-induced structural modification.

In certain micromachining applications, multiple
pulses, often numbering in the thousands, are directed at
a specific point within the sample, necessitating consid-
eration of thermal accumulation effects. Under certain
conditions, it has been observed that the size of the mod-
ified region increases with the number of pulses applied
to a single point [3, 12, 13, 14]. However, in some other
cases, it has been observed that, for certain repetition
rates and specified pulse energies, increasing the number
of pulses does not alter the size of the modified region,
which remains constant [15].

Some researchers have reported the phenomenon of
incubation (the gradual creation of structural changes)
in surface machining. In this phenomenon, the damage
threshold decreases after several pulses compared with a
single pulse because of thermal accumulation [16]. How-
ever, this phenomenon has been studied less extensively
in the bulk of transparent materials.

On the other hand, many experimental studies have

been conducted to obtain the optimal combination of
micromachining parameters in bulk fused silica glass. In
2003, Schaffer and his colleagues investigated the depo-
sition of thermal energy in bulk transparent material in
the high-repetition-rate regime using a femtosecond laser
oscillator with a pulse duration of 30 fs, a wavelength
of 800 nm, and a repetition rate of 25 MHz [17]. In
addition, they showed that the laser focal area, acting as
a point heat source in bulk transparent material, leads
to a change in the refractive index due to local melting
and solidification of that area. The amount of thermal
energy stored in the focal region can be controlled with
nanojoule precision at low pulse energies by adjusting
the number of incident pulses at each point. No other
micromachining techniques can provide such precision
in depositing thermal energy at micrometer dimensions
within bulk material. They also showed that the micro-
machining speed of femtosecond laser oscillator systems
with repetition rates in the megahertz range, due to their
high pulse rate, is two to three times higher than that
of amplified femtosecond laser systems with repetition
rates in the kHz range.

Sakakura et al. showed that the temperature of the
focal region of borosilicate glass irradiated with a fem-
tosecond laser pulse with a duration of 220 fs decreased
to less than 100°C within 10 us after the end of the pulse,
implying that thermal accumulation becomes evident at
pulse repetition rates greater than 100 kHz [18]. How-
ever, practical limitations make it difficult to determine a
suitable combination of processing parameters through
experiments alone.

To solve this problem, many numerical models have
been presented to investigate the effects of thermal ac-
cumulation and structural changes in dielectrics under
various conditions involving ultrashort pulses with high
repetition rates. In these studies, thermal models have
been widely used to calculate time-dependent thermal
distributions and determine the shape and size of the
heat-affected area. In these models, as an approximation,
the heat source is considered a Gaussian function similar
to the intensity distribution of the incident field [19, 20,
21,22, 23].

In 2014, Miyamoto et al. presented a numerical model
to determine the absorbed-energy intensity distribution,
nonlinear absorption, and temperature distribution in the
focal region for different repetition rates, scan speeds, and
pulse energies in glass irradiated with femtosecond and
picosecond laser pulses. They showed experimentally
that the cross-section has a dual structure consisting
of a teardrop-shaped inner structure and an elliptical
outer structure [24]. They also showed that nonlinear
absorption increases in the high-repetition-rate regime.
Furthermore, the melt zone created in the focal zone due
to thermal accumulation, surrounded by a transparent



Norouz Beniset al.

solid matrix, enables crack-free welding inside glass by
preventing shrinkage stress. Meanwhile, in the welding
of glass using the conventional method with continuous-
wave lasers, the formation of cracks is inevitable due to
the stress created during the cooling process.

In 2021, Shen and his colleagues presented another
numerical model to calculate the size of the modification
region in glass welding for different picosecond laser
parameters, including pulse energy, scan speed, and
repetition rate [25]. They established a three-dimensional
steady-state model for beam propagation with a transient
ionization model to estimate the free-electron density
produced by a single laser pulse. They then employed
a heat-accumulation model for multiple laser pulses to
describe the thermal distribution in the focal area under
different scanning conditions. Therefore, they calculated
the shape and size of the cross-section of the written
lines. The results of their model agreed well with the
results of the experimental tests.

Although the nonlinear processes of plasma forma-
tion and energy deposition in a transparent dielectric
bulk irradiated with an ultrashort single pulse have been
numerically investigated, there are few theoretical and
numerical studies describing the structural changes result-
ing from an ultrashort pulse train with a high repetition
rate. As mentioned above, thermal accumulation and
diffusion can change the refractive index in the focal
region, and these changes depend on micromachining
parameters such as scanning speed, pulse energy, repeti-
tion rate, and focusing conditions. However, the exact
dependence of structural changes on the micromachining
parameters is not fully understood. To achieve optimal
parameters for fabricating micro-optical devices use-
ful for industrial applications, further studies of these
parameters are required.

In the present simulations, 50 fs pulses at a wavelength
of 800 nm were focused inside bulk fused silica. Un-
like models that prescribe a Gaussian heat source, the
deposited-energy distribution was calculated by solving
the nonlinear Schrodinger equation coupled with a rate
equation for the free-electron density. This approach
accounts for nonlinear pulse propagation, plasma gener-
ation, and laser-energy absorption within the material.
The resulting deposited-energy distribution was then
used in a non-Fourier heat-conduction model to calcu-
late the temperature evolution under successive pulses.
The effects of pulse energy, repetition rate, and scanning
speed were examined under fixed focusing conditions,
and an optimal combination of these parameters was
obtained.

2. Principles and theory

This section presents the equations describing nonlinear
pulse propagation, plasma generation, energy deposition,

and heat diffusion in bulk fused silica. Pulse propagation
in a transparent material is described by the nonlinear
Schrodinger equation coupled with the plasma equation.
Under the slowly varying envelope approximation, the
nonlinear Schrodinger equation is written in cylindrical
coordinates as follows:
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where E(r,z,t) is the slowly varying envelope of
the electric field, r is the radial coordinate, z is the
propagation direction, and ¢ is the retarded time. The
term on the left-hand side describes the evolution of the
pulse envelope along the propagation direction. On the
right-hand side, the first term accounts for transverse
diffraction of the beam, while the second term describes
temporal pulse broadening caused by group-velocity
dispersion. The third term represents the optical Kerr
response of the material and accounts for self-focusing
and self-phase modulation. The fourth term describes
the effect of the free-electron plasma on the propagating
laser pulse. Its real part represents absorption of laser
energy by free electrons through inverse Bremsstrahlung,
whereas its imaginary part accounts for the plasma-
induced change in the refractive index and the resulting
defocusing of the beam. The last term represents the
loss of laser energy through multiphoton absorption.

Here, kg is the wave number at the central laser fre-
quency, and ng, n, are the linear and nonlinear refractive
indices of fused silica, respectively. Here, nois the linear
refractive index of fused silica at the laser wavelength
of 800 nm. The parameter (3, denotes the multiphoton
absorption coefficient, o is the inverse-Bremsstrahlung
absorption cross-section, and 7. is the characteristic
collision time of the laser-generated free electrons with
the surrounding lattice and is typically on the order of a
few femtoseconds. The free-electron density p., which
appears in Eq. (1), is obtained from the following plasma
rate equation:

dp. o Pe
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Here E, is the band gap and I = %sonolEl2 shows
the pulse intensity. The first and second terms on the
right side of the above equation, respectively, represent
the effect of avalanche and multiphoton ionizations in
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increasing plasma density, and the third term represents
the effect of electron-hole recombination with character-
istic time of 7, in reducing plasma density. Temporal
and spatial changes in the slowly varying electric field
amplitude during pulse propagation inside the dielectric
material and the electron density changes produced in
the material in this interaction are obtained by numer-
ically solving the coupled Eqgs. (1) and (2). Then, it
is possible to calculate the energy density deposited in
the focal region by calculating the time integral of the
power absorbed in the sample, due to the phenomena
of multiphoton ionization and inverse Bremsstrahlung
absorption. This time integral is written as follows:

Tp
AE = f (UnWatp1pn) + EgQprpe)dt
0
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In this expression, Waspr = o, I™ is the rate of
multiphoton ionization, U,, = mhwy is the energy of
m photons, and Q = oI/Eg is the rate of inverse
Bremsstrahlung absorption. Eq. (3) gives the energy
density deposited through multiphoton ionization and
inverse-Bremsstrahlung absorption. Although fused sil-
ica has negligible linear absorption at 800 nm, the high
intensity of the focused 50 fs pulse generates a free-
electron population through nonlinear ionization. These
electrons absorb additional energy from the laser field,
and the deposited electronic energy is then transferred
to the lattice through electron-phonon interactions. This
transfer produces a local rise in the lattice temperature on
a picosecond timescale. When successive pulses arrive
before the deposited heat has fully diffused from the focal
region, the residual temperature increases from pulse
to pulse, resulting in thermal accumulation. According
to the classical theory of Fourier heat conduction, it
is possible to calculate the thermal diffusion and time
evolution of the dielectric temperature in the focal region.
Based on this theory, the heat flux is proportional to the
thermal gradient. Here, the propagation speed of the
thermal wave is considered infinite. While the Fourier
theory of heat diffusion is valid in most engineering prob-
lems, in our problem the extreme thermal gradient in
short time scales cannot be justified based on this theory.
A time delay equal to 7, between the start of the heat
flow process and the occurrence of the thermal gradient
must be applied. Therefore, the non-Fourier thermal
conductivity equation is used, in which the relationship
between heat flux and thermal gradient is written as
follows [26, 27]:

oT T

pCpE + pCquW = KVzT (4)

According to this equation, the temperature gradient at
point r and time t leads to the heat flux at time 7 + 7.
In such a situation, the speed of the thermal wave is
limited. This equation is used to calculate the spatio-
temporal evolution of temperature in the hot zone that has
been exposed to ultrashort pulse radiation. The initial
temperature distribution used as the initial condition for
the non-Fourier heat-conduction equation is then given
by:

E(r.z) (5)

To(r.z) =
PCp

where pand Care the material density and specific
heat capacity, respectively. The initial temperature distri-
bution calculated from calculating the Eq. (5) is then fed
into the Eq. (4) as the initial condition of the equation.
In this study, the spatio-thermal diffusion equation was
solved using the Heat Diffusion module in COMSOL
Multiphysics. Also, the lateral motion of the fused silica
slab was made possible through moving the slab along
the x axis as depicted in table 1. The various repetition
rates were also applied using recurrently depositing the
same initial temperature distribution inside the moving
slab. A moving heat probe was deployed inside the very
center of the focal region in order to investigate the ther-
mal changes as the slab moves laterally along the track.
In the simulations, fused silica is irradiated at a depth of
75 pm below the surface by focused femtosecond pulses.
The pulse duration is 50 fs and the wavelength is 800 nm.
The focal beam waist is 1 um and the Rayleigh length
is 11.2 ym. The optical and thermal constants used in
solving the non-Fourier heat diffusion equation are listed
in Table 1.

3. Results and discussion

a) Calculation of the initial temperature distribution
produced by a single pulse

Initially, the temperature distribution within the bulk of
fused silica is determined by solving the coupled nonlin-
ear Schrodinger equation and plasma density equation
following the incidence of a single pulse with a wave-
length of 800 nm and a pulse duration of 50 fs. Fig. 1
illustrates the thermal distribution obtained from this
model for pulse energies of 0.3, 0.5, and 1 pJ.

In the figures, to show the thermal distribution more
clearly, the ratio of the r-axis to the z-axis is set to
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Table 1. Optical and Thermal Constants of the Fused Silica Sample

Parameter Value .

: . ® Pulsed & -

Linear refractive index at 800 nm (ng) 1.45 laser * + 37;1&!::3[1].
Bandgap energy (Eg) 9eV * i
2
Specific heat capacity (Cp) 703 J/kg-K
Thermal expansion coefficient (@) 55 x1078 1/K > 7
. Energy % 7F
Density (p) 2190 kg/m? deposition e
Thermal relaxation time (7) 1 ps S
Thermal conductivity (K) 1.38 W/m-K
Temperature Distribution (K) a - Temperature Distribution (K) Temperature Distribution (K)
K K K

A 1048 A 8947 A 8391
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Figure 1. Calculated initial lattice-temperature distributions produced by a 50 fs laser pulse at a wavelength of 800 nm for pulse energies of (a) 1 uJ, (b)
0.5 pJ, and (c) 0.3 pJ in bulk fused silica. The distributions correspond to the state after the deposited electronic energy has been transferred to the lattice.

1:5, and the contour (ellipse) shown in the figures is
drawn to indicate a temperature of 400 K. Based on
the focal geometry of the beam in the bulk of fused
silica, the resulting temperature distribution is expected
to be elliptical, with a radius of 1 ym and a Rayleigh
length of 11.2 um. However, as shown in Fig. 1(a), the
temperature distribution takes the form of a teardrop for
a pulse energy of 1 wJ. This asymmetric temperature
distribution is due to nonlinear effects such as plasma
defocusing and self-focusing.

b) Comparison of thermal accumulation for different
repetition rates at the same time interval

Figures 2-4 compare the temporal evolution of the tem-
perature field at a pulse energy of 300 nJ under three
irradiation conditions: 1000 pulses at 1 MHz, 100 pulses
at 100 kHz, and 1000 pulses at 100 kHz, respectively.

For the 1 MHz case, shown in Fig. 2, the initially
confined temperature field progressively evolves into a
more axisymmetric and spatially expanded distribution.
As evident in Fig. 2(d), the heat-affected region begins
to acquire a rounded morphology during the early stages
of irradiation, indicating the onset of pronounced pulse-
to-pulse thermal accumulation. With a further increase
in the number of incident pulses, the lateral extent of
the temperature field continues to grow. By the end of
the 1000th pulse, as shown in Fig. 2(1), the radius of

the thermally affected region reaches approximately 80
pm, while the maximum temperature rises to 12,650 K.
This substantial increase in both the spatial extent and
peak temperature confirms the strong cumulative heating
effect induced by the high repetition rate.

In Figures 2 and 3, the resulting thermal distributions
at two different repetition rates, 1 MHz and 100 kHz,
respectively, and a pulse energy of 300 nJ are examined.
As can be seen, over the same time interval, a lower
repetition rate produces a smaller heat-affected region,
which may favor the formation of narrower modified
tracks. Fig. 3 illustrates the thermal accumulation at
a pulse energy of 0.3 uJ and a repetition rate of 100
kHz after 100 incident pulses, corresponding to the same
irradiation duration considered for the 1 MHz case. A
notable feature of these temperature maps is that the 1800
K contour does not appear even after the 100th pulse.
Moreover, the 1400 K contour emerges only after the
90th incident pulse, as shown in Fig. 3(k), and remains
confined to a very small region with a characteristic
size of approximately 1 um. This indicates that, under
this combination of processing parameters, the high-
temperature region remains highly localized, thereby
minimizing undesired thermal effects.

A comparison between Fig. 2(c) and Fig. 3(1), which
correspond to the thermal distributions after 100 pulses
at repetition rates of 1 MHz and 100 kHz, respectively,
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shows that reducing the repetition rate significantly de-
creases the spatial extent of the temperature field. Further-
more, comparing Fig. 2(1) and Fig. 3(1), which represent
the thermal distributions after the same irradiation time
of 1000 us, confirms that the higher repetition rate pro-
duces a broader heat-affected region. This comparison
demonstrates that thermal accumulation is substantially
more pronounced at 1 MHz than at 100 kHz.

Fig. 4 presents the thermal accumulation behavior
at a pulse energy of 0.3 uJ and a repetition rate of 100
kHz for 1000 incident pulses. Comparing the size and
evolution of the temperature distribution at the end of
the 1000th pulse with the corresponding case at 1 MHz,
shown in Fig. 2, reveals that even after 1000 pulses,
the thermal accumulation in Fig. 4(1) expands the 1400
K contour to a diameter of only approximately 20 ym,
while the 1800 K contour reaches a diameter of about 3
pm. In addition, the peak temperature at the end of the
1000th pulse for the 100 kHz case is only 1864 K.

Therefore, at a repetition rate of 100 kHz, thermal
accumulation leads to a temperature distribution whose
dimensions remain very close to those of the focal ge-
ometry. Moreover, the peak temperature remains close
to the melting temperature of glass. Compared with the
response obtained at 1 MHz for the same number of
pulses, shown in Fig. 2(1), no excessive temperature rise
is observed in the 100 kHz case.

¢) Investigating thermal accumulation for different
repetition rates

We then examine the effect of varying repetition rates on
thermal accumulation in a stationary fused silica sample.
Fig. 5 illustrates thermal accumulation as a function
of the number of pulses delivered during a sequence
of 12 pulses, with repetition rates ranging from 1 kHz
to 1 MHz. The data indicate that, at a pulse energy of
1 uJ and a pulse duration of 50 fs, significant thermal
accumulation is not observed at repetition rates of 1,
5, and 10 kHz. However, at a repetition rate of 20
kHz, by the end of the 12th pulse, the thermal probe
registers a temperature increase of approximately 100 K
above ambient temperature at the center of the thermal
distribution produced by the pulse. This accumulation
increases with higher repetition rates; at 100 kHz, the
temperature increase reaches 200 K by the 12th pulse, at
400 kHz it rises to 800 K, and at 1 MHz, it reaches 1400
K. Because the sample remains stationary and the pulses
are consistently incident on the same point, increasing the
repetition rate decreases the interval between consecutive
pulses, thereby enhancing thermal accumulation.

Fig. 5 highlights two important temperatures of fused
silica-the melting and annealing temperatures. It is
crucial to note that the annealing temperature range is
lower than the temperature at which the glass starts to
soften or melt. Annealing is a process that involves

heating the glass sample below its melting point and then
cooling it to improve its durability. The glass remains
rigid within the annealing temperature range and does
not soften.

The annealing range is associated with structural re-
laxation of the glass network and a reduction in residual
stress. If the material cools rapidly through the strain
range, structural relaxation becomes limited and resid-
ual stresses may remain. Repeated heating below the
softening or melting range may therefore influence the
local stress state, whereas repeated melting may enlarge
the heat-affected region and produce unwanted thermal
effects.

In fused silica, the annealing temperature range starts
at slightly below 1400 K and extends to below the
melting temperature of the glass, which is 1938 K. As
discussed above, repetition rates of 1, 5, and 10 kHz at
a pulse energy of 1 uJ for a stationary sample produce
only a small residual temperature rise over the first 12
pulses. This is because the temperature increase caused
by thermal accumulation at these repetition rates does
not reach the threshold of the annealing temperature
range, as is clear from the figure. In fact, it is within this
temperature range that strain occurs in the glass, and the
resulting stresses can either remain in the sample or be
removed by heat treatment.

For repetition rates of 20, 50, and 100 kHz, this thresh-
old may be reached as a result of thermal accumulation
as the number of pulses increases. Two scenarios may
arise here. Thermal stability may occur within the an-
nealing temperature range or slightly above the melting
temperature of the glass. Achieving thermal stability
means that, after a specific number of pulses have been
incident on the sample, the temperature rise-and-fall
cycle for each subsequent pulse remains within a specific
temperature range and does not exceed it.

If this temperature range corresponds exactly to the
annealing temperature range, such that these fluctuations
remain below the melting temperature of the glass, it
may lead to changes in the refractive index of the glass
during annealing. In this case, the sample does not melt;
rather, as a result of successive pulses, its temperature
increases below the melting point and then cools to the
strain point. This process is repeated within the same
annealing-temperature range for each subsequent pulse.
In this way, a re-annealing process occurs, which can
gradually relieve the stresses created in the written line.

In the second case, repeated melting of the glass may
lead to unwanted thermal effects and the formation of a
larger heat-affected zone (HAZ).



Norouz Benis et al.

Temperature Distribution (K) - Temperature Distribution (K} » Temperature Distribution (K} 9
Hm i
K a Az175 | 240 A 6887 C
220 A B3898
220
200 12000 200 12000
_ 180 12000 180
N 180 W 10000 o 10000
e 10000 = |2 180
£ 140 2 BO0D B 140 8000
& 120 8000 3
L] 2
2 100 €000 g 6000 é 6000
B 4000 i 4000 & 4000
2000 2000 2000
o
20 ks . J W 29799 20k . ¥ zaa .20k . Jwass
-100 Hmoo r Hm
single pulse 100 o 10 pulses H
raa.u« ] Bl P radius (1) rmu, ” 100 pulses
Temperature Distribution (K) v Temperature Distribution (K} - Temperature Distribution (K) ot
Hm
Asssas A 9589 e A 10324 f
12000 12000 12000
T 10000 o 10000 10000
p
5 8000 & k| sooo 8000
L) L]
& 6000 5 t { 6000 6000
£ H
" 4000 = 4000 4000
2000 2000 2000
[
20l . L lwazes ¥ 208 . ¥ 298
100 0 [Z -100 [ fim 200 0 Hm o 200 pulses
radius (r) 200 pulses radius (r) o puises radius (r) Py
" o a a
Temperature Distribution (K} Temperature Distribution (K} Temperature Distribution (K)
A |k Any: |
12000 12000
W W 10000 10000
]
- 3 i 1 8000 8000
=
® M
a A 6000 s000
E {3
8 H
4000 4000
2000 2000
0
20 - | w208 20l L Jwass v 298
-100 0 K™ 500 pulses +100 [ Hm i 0 700 pulses
radius (r) - radius (r) 600 pulses radius (r) P
Temperature Distribution (K) ® Temperature Distribution (K) o Temperature Distribution (K) e
A 12038 J A2 [ A 12650
12000 12000 12000
w 10000 o 10000 10000
£ P
3 8000 s 8000 8000
= =
® ®
5 6000 & 6000 6000
E E
H H
" 4000 ® 4000 4000
2000 2000 2000
[
20h . . Jwzma ¥ 208 . ¥ 208
-100 0 Hm 0 -100 0 fim
radius i) 800 pulses radis {f) 900 pulses radius {f) 1000 pulses

Figure 2. Evaluation of thermal accumulation in fused silica under stationary irradiation with 1000 pulses of 50 fs duration at a repetition rate of 1 MHz,
obtained using the model. Temperature distributions are presented at 0, 10, 100, 200, 300, 400, 500, 600, 800, 900, and 1000 ws.

d) The role of micromachining parameters of scan
speed, repetition rate, and the number of implanted
pulses in achieving thermal stability

Fig. 6 illustrates the effect of scanning speeds of 10, 36,
and 75 mm/s on achieving thermal stability. The results
indicate that, as shown in Fig. 6, thermal stability is
attained in approximately 1 millisecond at a repetition
rate of 50 kHz and a scanning speed of 36 mm/s, co-
inciding with the melting temperature of the glass and
representing a potentially suitable thermal condition for
localized melting.

The effect of a scanning speed of 0.8 mm/s over 10

milliseconds at repetition rates of 50, 100, and 400 kHz
is analyzed in Fig. 7. It is evident that, at a repetition
rate of 100 kHz, the required energy for the scanning
process is provided through thermal accumulation, en-
abling the glass to reach its melting point. Additionally,
thermal stability is attained within only 4 milliseconds.
Furthermore, it is observed that this combination of
parameters does not result in excessive thermal buildup
at a repetition rate of 100 kHz compared with that at 400
kHz.

The simulation results presented in Fig. 8 indicate
that placing 1000 pulses at each point along the scan
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Figure 3. Thermal accumulation induced by 100 pulses with a pulse duration of 50 fs at a repetition rate of 100 kHz under stationary irradiation of the
fused silica sample, calculated using the model. Temperature distributions are shown at 0, 10, 100, 200, 300, 400, 500, 600, 800, 900, and 1000 ws.

line, combined with a scanning speed of 0.8 mm/s and
a repetition rate of 100 kHz, results in thermal stability
with a fluctuation of 250 K around the melting point of
the glass. This thermal condition may be favorable for
permanent refractive-index modification.

Therefore, under different scanning speeds, when the
repetition rate of the incident pulses is kept constant,
higher scanning speeds result in faster thermal stabiliza-
tion and lower temperatures. At different pulse repetition

rates, when the scanning speed is kept constant, higher
repetition rates result in greater thermal accumulation,
and thermal stability is reached at a higher temperature
and over a longer period.

At different repetition rates and scanning speeds, when
the number of incident pulses at each point is kept
constant, thermal stability is reached faster and at a higher
temperature at higher scanning speeds and repetition
rates. Under these conditions, thermal accumulation
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Figure 4. Thermal accumulation induced by 1000 pulses (50 fs pulse duration) at a repetition rate of 100 kHz under stationary irradiation of the fused
silica sample, obtained using the model. Temperature distributions are shown at 0, 100, 1000, 2000, 3000, 4000, 5000, 6000, 8000, 9000, and 10,000 gs.

is greater, even though the scanning speed is increased
proportionally with the repetition rate, than in cases with
lower scanning speeds and repetition rates.

4. Conclusion

In this paper, we investigated the thermal distribution
within the focal region during the interaction of ultra-
short laser pulses with a transparent dielectric solid
under various micromachining parameters and during
laser scanning. Among the eight primary parameters,

three-pulse energy, scanning speed, and repetition rate-
were studied while the wavelength, pulse duration, and
focusing conditions were kept constant. To calculate
the temperature distribution produced by a single fem-
tosecond pulse, the coupled nonlinear Schrodinger and
plasma evolution equations were solved to obtain the
deposited energy density within the material. The in-
fluence of pulse energy on the thermal distribution was
then examined. Higher pulse energies resulted in higher
temperature peaks, broader spatial distributions, and the
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kHz, and 1 MHz within fused silica. The black and red dashed lines represent the critical points corresponding to the onset of the annealing zone and the

melting point of fused silica, respectively.

2400F T T T

2200

2000

1800+

16001

1400+

1200

Temperature (K)

1000+

800

600

400

] MW /

il

—— 50 KHz 75 mms | |
50 KHz 36 mms
—— 50 kHz 10 mms | |

L1 N L

10

10”° 107

Time (s)

Figure 6. Examination and comparison of temperature changes along the scanning path and the time required to reach thermal stability at a fixed repetition
rate of 50 kHz and for different scanning speeds of 75 (blue), 36 (green), and 10 (red) mm/s, shown in a semi-logarithmic plot of temperature versus time.

appearance of lateral lobes at shallower depths. As the
pulse energy increased, the geometry of the distribution
deviated further from the ellipsoidal focal volume.

Next, by solving the non-Fourier heat-diffusion equa-
tion for the resulting temperature distributions, it was
observed that higher pulse energies led to longer cooling
times within the focal region and its surroundings due to
higher temperature peaks and steeper thermal gradients.
Moreover, the initial shape of the thermal distribution
significantly affected its evolution. At higher pulse en-

ergies, the diffused heat became more elongated and
elliptical and spread over a volume larger than the focal
region, whereas at lower energies, the final distribution
became rounder and more symmetric.

Further analysis of identical pulse energies at repetition
rates of 100 kHz and 1 MHz in a stationary sample
revealed that, over equal time intervals, the accumulated
thermal distribution at higher repetition rates became
rounder and more symmetric. However, the diameter
of the thermally affected region increased substantially
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beyond the focal volume at the higher repetition rate,
which, if uncontrolled, may lead to undesirable thermal
effects.

Under the same conditions at 100 kHz, a comparison
of thermal accumulation for pulse energies of 1 uJ and
0.3 pJ showed that the higher-energy pulses produced a
final accumulated thermal distribution that was rounder.
However, in both cases, the spatial extent of the high-
temperature region remained comparatively close to
the focal volume. At different scanning speeds with a
fixed pulse repetition rate, higher scanning speeds led

to faster thermal stabilization and lower quasi-steady-
state peak temperatures. At different pulse repetition
rates with a constant scanning speed, higher repetition
rates resulted in stronger thermal accumulation, higher
quasi-steady-state peak temperatures, and longer times
to reach thermal stability.

Finally, for various combinations of repetition rate
and scanning speed, while keeping the number of pulses
per point constant, higher scanning speeds and repetition
rates led to faster thermal stabilization at higher temper-
atures. Thermal accumulation was also greater under
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these conditions, even though the scanning speed was
increased proportionally with the repetition rate.
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