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Fused silica is a cornerstone material in photonics thanks to its outstanding optical, thermal and 
mechanical robustness. Its surface can be selectively functionalized with CO₂ lasers, whose strong 
infrared absorption confines energy to a thin layer and enables precise thermal effects—from anneal-
ing to ablation and laser polishing. Here we quantify how CO₂ laser parameters govern crater mor-
phology and the surrounding heat-affected zone (HAZ). Pits were machined with a 180 µm-diameter 
focused beam using single pulses from 10 µs to 2 s across the evaporative regime. Optical profilom-
etry coupled with quantitative phase microscopy maps both topography and subsurface refractive-
index changes, providing a rapid, non-destructive assessment of the HAZ. We show that, for a fixed 
removal depth, crater aspect ratio and HAZ width can be tuned independently by modulating pulse 
width and power: short, high-fluence pulses minimize collateral damage and favor smooth profiles. 
A two-dimensional finite-element model reproduces the transient temperature field and corroborates 
the experimental trends. The resulting guidelines enable high-precision CO₂ laser processing of fused 
silica while mitigating HAZ and associated thermo-mechanical stress, microcracking and debris—
crucial for generation of advanced optical components. 
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1. Introduction 
Fused silica is a key material in photonics and optics, 

particularly in high-power laser systems, owing to its com-
bination of exceptional optical and physical properties. Its 
ultra-high purity minimizes scattering and absorption losses, 
and its extremely low coefficient of thermal expansion en-
sures dimensional stability under varying thermal loads. In 
addition, fused silica can be polished to extremely high sur-
face quality, making it suitable for demanding optical appli-
cations. Its high laser damage threshold—across both pulsed 
UV and continuous-wave (CW) infrared regimes—makes it 
particularly well-suited for applications involving high in-
tensity lasers [1,2]. 

The surface of fused silica optics is typically prepared 
using mechanical shaping and polishing, often followed by 
chemical or plasma etching to achieve the desired surface 
structure [3-5]. However, these processes can inadvertently 
introduce defects, such as micro-scratches, sub-surface frac-
tures, or polishing residues [6]. These imperfections are 
known to act as precursors for laser-induced damage, partic-
ularly under repeated exposure to high UV fluence. Over 
time, these sites can grow, reducing optical performance or 
rendering components unusable [7,8]. 

To address this, localized surface treatments have been 
developed to “heal” or mitigate these damage sites. Among 
these, laser-based techniques have gained attention due to 
their non-contact nature and ability to perform precise, lo-
calized processing [9]. By selectively melting or ablating 

small surface regions, laser treatment can remove or stabi-
lize defects, restoring the surface properties to a state com-
parable to pristine silica [10-13].  

CO₂ laser processing is especially attractive for such 
treatments. Fused silica exhibits strong absorption in the in-
frared, allowing efficient energy deposition in a thin surface 
layer. This localized heating can induce a variety of thermal 
effects—melting, reflow, densification, or evaporation—
making it suitable for polishing, micromachining, or defect 
mitigation [14-20]. Furthermore, with appropriate control 
over laser parameters such as pulse duration, energy, and 
repetition rate, thermal effects can be finely tuned to achieve 
sub-micron precision with minimal collateral damage. 

However, laser-induced surface modification also pre-
sents challenges. Uncontrolled heating can lead to residual 
stress, redeposition of debris, refractive index changes due 
to densification, or the formation of rims on the heated sites. 
Minimizing such side effects requires a detailed understand-
ing of the thermal response of fused silica under different 
irradiation conditions.  

In this context, our work aims to deepen the understand-
ing of how CO₂ laser parameters influence surface morphol-
ogy and the extent of the heat-affected zone (HAZ) in fused 
silica. Unlike typical laser processing setups that use beam 
scanning and multiple passes, we focus on single-pulse, iso-
lated laser sites to simplify both the experimental and mod-
eling approaches. Using a focused CO₂ laser beam (180 µm 
diameter) and pulse durations ranging from 10 µs to several 
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seconds, we systematically investigate surface modifica-
tions under densification and evaporative regimes. The re-
sulting craters are analyzed in terms of shape, depth, and 
HAZ characteristics.  

To characterize the modifications, we employ a combi-
nation of optical profilometry and quantitative phase micros-
copy, enabling both surface topography and subsurface op-
tical property changes to be assessed. This dual approach al-
lows for a comprehensive evaluation of the thermally in-
duced refractive index changes within the heat affected zone. 
Furthermore, a two-dimensional finite element thermal 
model is applied to simulate the transient temperature field 
and associated changes in properties to support interpreta-
tion of the experimental data. The insights gained from this 
study contribute to optimizing CO₂ laser processing for 
high-precision surface treatment of fused silica optics, with 
particular relevance for components operating under high 
UV laser fluence where defect control is critical. 

 
2. Materials and Methods 

This section outlines the experimental methodology, in-
cluding the selection and preparation of high-purity silica 
samples, the laser processing system configuration, and the 
metrology tools used to characterize the laser-induced mod-
ifications. 

2.1 Samples 
The material used in this study is high-purity synthetic 

amorphous silicon dioxide (7980 Standard Grade, Corning), 
classified as Type III silica according to standard industry 
nomenclature (fused silica). It is produced by flame hydrol-
ysis and characterized by a hydroxyl (OH) content between 
800 and 1000 ppm. This compositional detail is significant, 
as the OH content influences several key physical properties 
of silica, including viscosity, characteristic temperatures 
such as the annealing and softening points, and density 
[21,22]. Consequently, different types of fused silica may 
exhibit varying responses to laser processing [23]. 

The samples were circular disks, 50.8 mm in diameter 
and 5 mm thick, optically polished to a 20-10 Scratch-Dig 
specification and a surface flatness of λ/10.  

2.2 Laser processing 
A schematic of the laser processing setup is shown in 

Figure 1. The system is an evolution of the one detailed in 
[24]. 

 

The laser source is a RF-excited CO₂ laser (Luxinar 
SR10i, UK) emitting at 10.6 μm, with slight spectral varia-
tions in the range 10.17–10.7 μm as per manufacturer spec-
ifications. It delivers a quasi-continuous wave output power 
of 120 W (RF-excitation is modulated at 130 kHz with a duty 
cycle of 60% resulting in a quasi-cw laser power with a small 
modulation index). Active power feedback ensures output 
stability within 2% peak-to-peak and 0.5% RMS. 

Pulse generation is achieved using the first diffraction 
order of an acousto-optic modulator (AOM, 1209-9-1010M, 
Isomet Corp., USA), which allows control of pulse width 
(Δτ). The beam path includes gold-coated mirrors (NB2L01, 
Thorlabs, USA) for transport and alignment, followed by a 
beam expander (BET0103A, Wavelength Opto-Electronics, 
China) to match the laser beam size with the 14 mm entrance 
aperture of the galvanometer scanner (ProSeries II, Cam-
bridge Technology, USA), which is equipped with a 100 mm 
focal length ZnSe focusing lens. 

At focus, the CO₂ laser beam exhibits a Gaussian spatial 
profile with a diameter of 180 µm (1/e²), measured using a 
scanning slit profiler (NanoScan NS2S-PY/9/5, Ophir Op-
tronics Solutions). The beam ellipticity exceeds 0.85. The 
sample is mounted on precision translation stages (8MT, 
Standa, Lithuania), allowing accurate alignment and focus 
adjustment relative to the laser beam. 

 
2.3 Optical profilometry 

Surface topography of the laser-processed regions was 
measured using a coherence correlation interferometric op-
tical profilometer (NewView 7300, Zygo). The system was 
configured with a 10X / 0.3 NA objective, yielding a lateral 
measurement area of 700 µm × 530 µm and a lateral resolu-
tion of 0.95 µm. The vertical resolution is sub-nanometric 
(0.1 nm), enabling precise quantification of shallow surface 
features and crater profiles.  

2.4 Phase microscopy 
CO₂ laser irradiation induces structural changes in fused 

silica, forming a heat-affected zone (HAZ) with altered 
physical properties. These changes include localized densi-
fication, which leads to a variation in refractive index 
[25,26]. Several techniques can be employed to characterize 
this refractive index change, such as Raman spectroscopy 
[27,28], prism coupling [29], or etching-based methods 
which exploit the correlation between etch rate and fictive 
temperature [30]. 

In this study, we employed quantitative phase micros-
copy (QPM) to characterize the optical phase shift intro-
duced by the modified material, which correlates with re-
fractive index and thickness variations. The QPM setup is 
detailed in Figure 2. This technique enables non-destructive, 
high-resolution mapping of the phase retardation induced by 
the laser treatment, providing valuable insight into the depth 
and magnitude of structural changes within the HAZ. 

 

Fig. 1 Schematic of the CO2 laser processing system. 
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The experimental setup used for quantitative phase mi-
croscopy is based on the configuration detailed in [31]. It 
consists of an inverted microscope (TE2000-U, Nikon, Ja-
pan), equipped with a 20× objective with a numerical aper-
ture of 0.5, and a Köhler white-light illumination system to 
ensure uniform and high-contrast imaging. A commercial 
wavefront sensor (SID4Bio, Phasics, France), based on 
quadriwave lateral shearing interferometry, was mounted on 
the video port of the microscope. Combination of wavefront 
measurement and imaging enables the display of a so-called 
optical path difference (OPD) distribution across the field of 
view with high sensitivity and spatial resolution [32]. 

To isolate the optical effects induced by laser processing, 
a differential measurement protocol was implemented: 

-A first wavefront measurement is acquired in a pristine, 
unprocessed area of the sample, serving as a reference. 

-A second wavefront measurement is taken on the laser-
processed region of interest. 

-The two wavefronts are subtracted to obtain a differen-
tial OPD map corresponding exclusively to the modifica-
tions induced by the laser. 

This differential approach effectively cancels out contri-
butions from the optical system itself (e.g., lens aberrations), 
isolating the OPD resulting from: 

-Surface profile changes (crater depth and shape) 
-Subsurface refractive index variations within the heat-

affected zone 
As a result, the method enables precise, non-destructive 

mapping of the laser-induced modifications in both geome-
try and material. 

 
3. Numerical model 

To support the experimental analysis and gain deeper in-
sight into the thermal effects of CO₂ laser irradiation on 
fused silica, a numerical model was developed using 
COMSOL Multiphysics. This model builds upon previous 
iterative work [33-35], with the goal of understanding the 
evolution of surface temperature and the extent of the heat-
affected zone (HAZ) as functions of pulse width and power, 
using experimentally measured crater profiles as key refer-
ence data. 

Although the core modeling framework has been exten-
sively described in the aforementioned references, we sum-
marize here the key physical assumptions, modeling choices, 
and computational setup relevant to the present study. 

3.1 Model description 
We modeled the thermal response of fused silica to CO₂ 

laser irradiation by solving the time-dependent heat conduc-
tion equation within a 2D axisymmetric domain representing 
a silica block. The laser heat source was applied as a Gauss-
ian distribution at the surface, with a beam waist matching 
the experimentally measured value. To account for absorp-
tion within the bulk, the source intensity was made depth-
dependent, incorporating the temperature-dependent com-
plex refractive index of silica as described in [36]. 

The heat source was active only during the laser pulse 
duration (∆τ), after which it was switched off to simulate the 
cooling phase. The model supports single or multiple pulses 
at specified repetition rates. Heat transfer physics included 
conduction in solids, surface radiation losses, cooling via va-
porization, implemented as a boundary condition based on 
temperature-dependent mass flux. The simulation outputs 
the temperature distribution within the silica over time, 
providing insight into both heating and cooling dynamics. 

To evaluate structural modifications caused by rapid 
thermal cycling, we implemented the computation of the fic-
tive temperature, Tf, a parameter that characterizes the glass 
network’s structural state. This was achieved using the Tool–
Narayanaswamy model [37], which was solved via an ordi-
nary differential equation (ODE) in COMSOL’s mathemat-
ics module. A brief description of the equations used to cal-
culate Tf is given in Appendix A. 

Material removal by evaporation was estimated using 
the Hertz–Knudsen equation, incorporating an empirical 
correction factor to account for atmospheric effects and the 
complex physical phenomena that reduce the evaporation 
rate under ambient conditions [35,38]. 

Additionally, we modeled surface deformation due to 
densification, which occurs prior to the onset of evaporation. 
This deformation is linked to structural compaction in re-
gions where the material remains below the evaporation 
threshold but above the glass transition temperature. The 
densification was calculated based on the relationship be-
tween fictive temperature and material density, as estab-
lished by [22]. 

This comprehensive model, more detailed in [35], allows 
simultaneous evaluation of temperature profiles, evapora-
tion-driven ablation, and surface changes due to densifica-
tion—offering predictive insight into the interplay between 
laser parameters and material response.  

3.2 Material parameters 
The thermo-physical parameters implemented in the 

model for the simulations reported in this work are summa-
rized in Table 1. 

3.3 Solver configuration 
In COMSOL Multiphysics, the heat transfer simulation 

was conducted using the Heat Transfer Module within a 2D 
axisymmetric configuration. This approach takes advantage 
of the axial symmetry of both the laser beam and its normal 

Fig. 2 Schematic of the quantitative phase microscope. 
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incidence on the silica surface. The computational domain 
consists of a 4 × 2 mm² block, discretized using a free trian-
gular mesh. A minimum mesh size of 0.8 µm was applied 
near the symmetry axis to accurately resolve steep tempera-
ture gradients and fine surface features. 

For solving the heat equation, we employed the 
PARDISO direct linear solver, with a relative tolerance set 
to 0.01. Time integration was performed using the Backward 
Differentiation Formula (BDF) method with intermediate 
steps, suitable for capturing the rapid transient thermal re-
sponses induced by pulsed laser irradiation. 

To model the dynamic surface evolution due to material 
evaporation, we implemented a velocity-based moving mesh 
using the Arbitrary Lagrangian–Eulerian (ALE) method. 
The surface deformation is governed by a prescribed normal 
mesh velocity, corresponding to the evaporation front veloc-
ity, and applied specifically on the irradiated surface region 
where the heat source is active. This approach enables a sim-
ple but realistic simulation of crater formation and surface 
reshaping. 

 
4. Results and discussion 

A series of laser irradiation experiments was performed 
on the fused silica samples, covering a broad range of single 
pulse irradiations from a few microseconds to several sec-
onds. The objective was to compare the resulting surface 
morphologies and heat-affected zones (HAZ) across differ-
ent thermal regimes. Due to the constraints imposed by the 
available laser power and beam diameter, a minimum pulse 
duration of 15 µs was required to observe measurable sur-
face modifications, corresponding to a peak intensity of 
5.8x105 W/cm² and a pulse fluence of 8.7 J/cm² (74 W reach 
the sample). The maximum pulse duration was set to a few 
seconds, enabling exploration of deep thermal diffusion ef-
fects. 

To facilitate interpretation, the analysis is structured into 
three temporal regimes based on pulse duration: microsec-
ond regime (µs), millisecond regime (ms), second regime (s). 
This categorization spans nearly six orders of magnitude in 
time, allowing a clear comparison of the dominant physical 
processes governing material response in each case. For 
each set of pulse duration (µs, ms and s) the laser power was 
kept constant and the pulse duration gradually increased. 
The results are presented in two parts: surface morphology 
analysis, focusing on crater geometry and ablation charac-
teristics; Heat-affected zone analysis, including spatial ex-
tent and estimation of material property changes (e.g., re-
fractive index and density) related to thermal effects. 

4.1 Surface profile 
The selected range of laser parameters—specifically 

pulse duration and average power—was chosen to generate 
surface pits with sub-micrometer depths. Operating in this 
low-evaporation regime allows the formation of smooth and 
shallow craters, which are ideally suited for high-resolution 
optical profilometry and fall within the scope of our numer-
ical modeling capabilities [34,35]. This controlled regime 
avoids conditions where fluid dynamics (e.g., melt flow or 
resolidification instabilities) dominate, which would fall 
outside the assumptions of our current model, as it does not 
incorporate Navier-Stokes-based fluid motion. Additionally, 

for longer pulse durations or higher energy deposition lead-
ing to deeper features, profile measurements become less re-
liable due to steep crater walls, limited optical access, and 

increased surface roughness. 
Figure 3 presents representative surface profiles ob-

tained for various sets of laser parameters. The profiles show 
how crater depth and diameter evolve with increasing pulse 
duration and fluence.  

The measured geometries exhibit Gaussian-like depres-
sions, consistent with the spatial intensity distribution of the 
focused CO₂ beam. However, despite exhibiting globally 
similar crater geometries, the different laser regimes reveal 
notable morphological differences attributed to different 
physical effect: evaporation, flow, and densification are 
known to contribute to the pit shape [38]. In the microsecond 
(µs) regime, craters are typically well-defined and symmet-
ric, with clean, rim-free edges, indicating localized evapora-
tion with minimal thermal diffusion or melt dynamics. In 
contrast, pulses exceeding 1 second induce the formation of 

Table 1 Thermo-physical properties of fused silica used in 
the simulations. 

Property Description Ref. 

Refractive index 2.2 35 
Extinction coeffi-

cient 
1.82x10-2+10.1x10-5(T - 273.15) 23 

Emissivity 0.8 23 
Thermal conduc-
tivity (W/m/K) 

0.92885 + (1.43183x10-3)T for 
273 K < T < 1390 K 

5.56413 - (1.9029x10-3)T for 1390 
K < T < 1873 K 
2 for T > 1873 K 

23 

Specific Heat 
(J/kg/K) 

-120+4.56T-(7.38x10-

3)T2+(6.5913x10-6)T3-(3.0557x10-

9)T4+(5.7158x10-13)T5 for 273 K 
< T < 1500 K 

678.25 - 0.1423T+(3.451x10-4)T2 
for 1500 K < T < 1696 K 

1429.5 for T > 1696 K 

23 
 

Density (kg/m3) 2201  23 
Density change 

with Tf (kg/m3/K) 
9.3x10-3  22 

Boiling Temp. 
 

 3085 35 
Initial Tf (K) 1315 28 

Structural relaxa-
tion time (s) 

1.064x10-17 37 

Molecular weight 
in vapor phase 

(kg/mol) 

40x10-3 23 

Vaporization en-
thalpy (kJ/mol) 

425 23 

Effective evapo-
ration coefficient 

0.82 35 
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a raised rim or bump around the crater periphery. This is at-
tributed to significant molten flow and resolidification dur-
ing and after the laser pulse, suggesting the surface has re-
mained above the softening point for a sufficient duration to 
enable glass flow [38]. Even in the millisecond (ms) regime, 
such features begin to appear, albeit more subtly. Another 
noteworthy feature is the slope discontinuity or break at the 
edge of the crater, clearly visible in the profiles shown in 
Figure 3(d) and 3(f) (black plots). This slope break appears 
prior to any molten flow and is interpreted as a signature of 
surface densification in the heat-affected zone (HAZ), where 
the temperature was high enough to restructure the glass net-
work but insufficient to trigger strong evaporation. This den-
sification, driven by rapid thermal cycling and the associated 
increase in fictive temperature, leads to volume shrinkage 
and a local depression of the surface [22,23,28,38]. In the µs 
regime, this effect is not observed, likely due to the limited 
thermal penetration and minimal HAZ thickness, making the 
structural changes too shallow to influence surface topogra-
phy measurably. 

 

To further investigate these phenomena, we applied the 
numerical model described in Section 3, using the experi-
mental parameters—pulse duration, laser power, and spot 
size—as inputs. The simulations are restricted to the cases 
that does not involves raised rims as their formation involves 
melt fluid flow that is not taken into account in our model. 
Figure 4 presents selected comparisons between simulated 
and measured surface profiles for three representative 
experimental conditions, each yielding similar pit depths but 
corresponding to distinct thermal regimes. 

 

The calculated pit depths, obtained with silica properties 
reported in Table 1, show good agreement with the experi-
mental measurements. This confirms the robustness of our 
understanding of the evaporation mechanism, even when ex-
trapolated from conditions significantly different from those 
in [35]—notably in terms of spot size and pulse duration. 
Figure 5 summarizes the comparison between simulated and 
measured pit depths, demonstrating that the model accu-
rately predicts the ablation depth across a wide range of laser 
parameters. 

However, discrepancies remain at the edges of the pits, 
particularly for ms and s pulse durations (as illustrated in Fig. 
4). These differences point to limitations in the current mod-
eling of the densification process, especially in peripheral 
regions of the heat-affected zone. This behavior aligns with 
previous observations reported in [34], where surface defor-
mation due to densification was underestimated by simula-
tions. 

Given that density variations in silica are intrinsically 
linked to refractive index changes [25,26], this motivates a 
more detailed analysis of the optical phase measurements, 
which provide direct insight into the magnitude and spatial 
extent of the heat-affected zone (HAZ). This analysis is pre-
sented in the following section. 

Fig. 3 Measurement of pit profiles with Optical Profilome-
try for different pulse durations. (a) and (b) corre-

sponds to 76 W of CO2 laser power (corresponding 
to an intensity of 3x105 W/cm²), (c) and (d) to 1.75 
W (6.9x103 W/cm²), (e) and (f) to 1.2 W (4.7x103 
W/cm²). The figures on the left displays a cut of 
the profile passing through the center of the cra-
ters. The figures on the right displays a focus on 

the edges of the craters. Black arrows point to the 
discontinuities or slope breaks discussed in the 

 

Fig. 4 Comparison of the simulated and measured sur-
face profiles for 3 different experimental parame-
ters: 20 µs, 3x105 W/cm² ; 9 ms, 6.9x103 W/cm² ; 
0.8 s, 4.7x103 W/cm². Black arrows point to the 
discontinuities or slope breaks discussed in the 
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4.2 Heat affected zone 
HAZ is characterized in fused silica with a change of fic-

tive temperature, associated to modification of refractive in-
dex. The quantitative-phase microscope described in Section 
3 provides spatial maps of the optical path difference 
(OPD)—expressed in nanometers—between pristine silica 
and the laser-processed region. Two distinct terms contribute 
to the measured OPD: 

-The optical delay caused by the pit itself, which is: 
 
𝑂𝑂𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝 = (𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎)𝑒𝑒,           (1) 

 
where nsilica=1.457 at 22 °C (Corning data), nair=1, and 
e(x,y) is the local crater depth obtained from optical pro-
filometry.  

-The optical delay caused by the refractive-index 
changes (sub-surface modification). Laser heating densi-
fies the glass network in the HAZ, producing a depth-de-
pendent index change Δn(z) that is a priori unknown. 

Because OPDpit can be calculated directly from the 
measured surface profile, it is possible to isolate the HAZ 
contribution: 

 
𝑂𝑂𝑂𝑂𝑂𝑂𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑂𝑂𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝.          (2 ) 
 
Figure 6 illustrates this procedure for a representative 

millisecond pulse. Surface-profile data were first interpo-
lated onto the QPM grid, and the two datasets were spatially 
registered with a custom MATLAB routine to compensate 
for the difference in imaging systems. After subtraction, the 
residual phase map reveals a positive OPD under the crater, 
indicating a local increase in refractive index consistent with 
density rise in the densified zone.  

 

Figure 7 compiles OPDHAZ profiles for all pulse durations 
studied. In every case the HAZ yields a positive phase shift. 
The magnitude and lateral extent of this phase signature 
grow systematically from the µs to the s regime. 

  

Fig. 5 Measured and calculated depth at the center of the 
pits, for the different range of pulse durations: (a) 
20 µs, 3x105 W/cm² ; (b) 9 ms, 6.9x103 W/cm² ; 

(c) 0.8 s, 4.7x103 W/cm².   

Fig. 6 Illustration of the retrieval of the Optical Path Dif-
ference related to the HAZ on a laser-processed pit 

(0.8 s, 4.7x103 W/cm²). 

Fig. 7 The retrieved OPD of the HAZ in the different la-
ser-processed sites: (a) 20 µs, 3x105 W/cm² ; (b) 9 

ms, 6.9x103 W/cm² ; (c) 0.8 s, 4.7x103 W/cm².  
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These quantitative OPD maps therefore provide a direct, 
non-destructive measurement of the heat-affected zone 
(HAZ) thickness and of the refractive index changes induced 
by laser processing— two key metrics to study the densifi-
cation based on the multiphysics model introduced in Sec-
tion 3. As illustrated in Figure 6, the OPD contribution at-
tributed to the HAZ is positive. This is consistent with an 
increase in material density within the laser-affected volume, 
leading to a corresponding increase in refractive index, as 
previously reported in densified silica systems [25,26]. 

Further analysis of OPD maps across the range of tested 
pulse durations reveals a clear evolution of the HAZ with 
increasing pulse width. From microsecond to second-scale 
pulses, the OPD amplitude increases markedly, indicating a 
deepening and broadening of the densified zone. This trend 
reflects the extended thermal diffusion enabled by longer in-
teraction times. Additionally, the shape of the OPD profiles 
exhibits a notable transition. For short pulses in the micro-
second regime, the OPD distribution shows a nearly flat-top 
profile, centered around the crater area. This indicates a con-
fined and relatively uniform densification zone resulting 
from rapid heating and cooling, with negligible lateral ther-
mal spread. In contrast, for millisecond and second-scale 
pulses, the OPD profiles take on a bell-shaped form, broader 
than the crater and smoothly decreasing toward the periphery. 
This behavior is indicative of a graded refractive index 
change caused by gradual thermal diffusion away from the 
irradiated zone during longer pulses. 

To gain further insight into these trends, numerical sim-
ulations of the fictive temperature evolution were per-
formed using the model described in Section 3. The simula-
tions provide the spatial distribution of fictive temperature 
changes in the material, which are directly linked to struc-
tural relaxation and density variations. Figure 8 shows the 
simulated contours of fictive temperatures for three repre-
sentative pulse durations: 20 µs, 9 ms, and 0.8 s. The con-
ditions have been selected so that they give the same crater 
depth (see Fig. 4) but with significant differences for the 
heat affected zone. 

Comparison of the three representative pulse regimes 
confirms that the heat-affected zone shrinks dramatically 
when the laser pulse duration is reduced. For microsecond 
irradiation the fictive-temperature field extends no more 
than ~5 µm beneath the surface and remains remarkably uni-
form, whereas second-long pulses drive structural changes 
to depths approaching 30 µm and generate a pronounced 
thermal gradient; millisecond pulses occupy an intermediate 
position between these two extremes. 

Because fictive temperature is directly linked to network 
compaction, the corresponding density increase can be esti-
mated from Shelby’s calibrated coefficient, Δρ = 9.3 g/m3/K 
[22]. Compaction in turn raises the local refractive index. 
Although published values of dn/dTf vary with OH content, 
the coefficients reported by Kakiuchida et al. [25] and Haken 
et al. [26] cluster around 1.0×10−6 K−1. We adopted a repre-
sentative value of 1.1×10−6 K−1 and coupled it to the simu-
lated Tf field to obtain a theoretical OPD map for each pulse 
condition. 

 

 
Figure 9 juxtaposes these calculated OPD profiles with 

the experimental phase data for the three benchmarks.  

Fig. 8 Comparison of the spatial distribution of fictive 
temperatures for pulse widths of (a) 20 µs, 3x105 

W/cm² ; (b) 9 ms, 6.9x103 W/cm² ; (c) 0.8 s, 
4.7x103 W/cm². Tf is obtained at a time much 

larger than the irradiation time scale.  
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A notable discrepancy emerges when comparing the the-
oretical OPD values derived from the model to those ob-
tained experimentally. As illustrated in Figure 9, the simu-
lated phase shifts underestimate the measurements by nearly 
a factor of two. To achieve agreement, the refractive index 
dependence on fictive temperature must be adjusted to 
dn/dTf=2.2x10-6 K-1, which is twice the typical values re-
ported in the literature. Although this adjustment currently 
lacks independent validation, several plausible explanations 
can be proposed. First, some studies do report higher refrac-
tive index sensitivities than the values adopted in earlier sec-
tions. For example, data extracted from Tan et al. [39] yield 
a coefficient of dn/dTf=2.0×10−6 K−1, which is consistent 
with our findings and supports the hypothesis that higher 
values may indeed apply under certain conditions. We can 
also mention the values reported by Ponader et al [40] in the 
range of 1.7x10-6 K-1. Second, the laser irradiation process 
induces extreme thermal environments, with localized tem-
peratures approaching or exceeding the boiling point of sil-
ica (~3000 K). Such high temperatures are likely to alter the 
local chemical composition of the fused silica, notably by 
reducing the concentration of hydroxyl (OH) or molecular 
water (H₂O) species. According to Kuzuu et al. [41], these 
compositional shifts can impact the refractive index inde-
pendently of structural densification, introducing an addi-
tional layer of complexity not captured in models calibrated 
using moderate-temperature annealing data. These observa-
tions suggest the need for a deeper analysis of the heat af-
fected zone, by coupling for instance the methodology we 
have developed in the present work to spatially resolved 
structural diagnostics such as confocal Raman spectroscopy, 

to directly probe the network structure and composition of 
the heat-affected zone. 
 
5.  Conclusion 

In this work, we have investigated the influence of laser 
pulse duration on surface and subsurface modifications in 
fused silica, covering a wide temporal range from microsec-
onds to seconds. By combining experimental techniques—
including optical profilometry and quantitative phase mi-
croscopy—with a multiphysics numerical model incorporat-
ing thermal diffusion, material evaporation, densification, 
and fictive temperature evolution, we provided a compre-
hensive picture of both crater formation and heat-affected 
zones (HAZ). 

The surface profile measurements revealed a smooth and 
regular morphology in the µs regime, while longer pulses 
(ms to s) led to more pronounced effects such as rim for-
mation and slope discontinuities—features attributed re-
spectively to molten material flow and densification-driven 
volume shrinkage. Numerical simulations successfully pre-
dicted pit depths across different regimes, validating the ac-
curacy of the effect of thermal-evaporation in the model, 
though discrepancies at the crater edges indicates limitations 
in the current densification implementation. 

Subsurface characterization using OPD maps enabled the 
direct, non-invasive quantification of HAZ extension and re-
fractive index modification. The experimental OPD showed 
a clear increase with pulse duration, associated with deeper 
and more gradient-like thermal penetration. By correlating 
fictive temperature profiles to density and refractive index 
changes, we simulated the phase shift induced by the HAZ 
and compared it to measurements. Although the model cap-
tured the qualitative behavior, quantitative agreement re-
quired assuming a higher dn/dTf value than commonly re-
ported. This discrepancy points to potential laser-induced 
compositional changes, such as OH content reduction, 
which are not accounted for in our model. 

This study advances the predictive capabilities for laser 
processing of transparent materials and supports the optimi-
zation of microstructuring techniques in optics and photon-
ics applications. 

 
Appendix A 
Fictive temperature 

The fictive temperature Tf is a concept in glass science that 
characterizes the structural state of a glass. It defines the 
temperature at which the viscoelastic liquid state is in struc-
tural equilibrium with the metastable solid state during the 
silica glass cooling phase [37]. In our numerical simulations, 
we used the Tool-Narayanaswamy model to calculate Tf : 

 
dTf
dt

= T−Tf
τ(T,Tf)

,                      (3) 

 
where T is the material temperature, and τ(T, Tf) is the glass 
structural relaxation time which depends on both the physi-
cal temperature T  as well as the fictive temperature Tf. The 
structural relaxation time 𝜏𝜏 is given by:  
 
τ = τ∞ exp �ΔHr

Rc
�𝑥𝑥
T

+ 1−𝑥𝑥
Tf
��,                      (4) 

 

Fig. 9 Comparison of the measured OPD of the HAZ and 
its comparison to simulations with different 

dn/dTf, for the following conditions: (a) 25 µs, 
3x105 W/cm² ; (b) 9 ms 6.9x103 W/cm² ; (c) 1s, 

4.7x103 W/cm².  
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where 𝜏𝜏∞ is a relaxation time measured at T = ∞,  Rc is the uni-
versal gas constant, 𝛥𝛥𝐻𝐻𝑟𝑟 is the activation enthalpy for struc-
tural relaxation with a value of 457 kJ/mol [33], and 𝑥𝑥 is the 
contribution of the activation energies from the thermody-
namic and fictive temperature. We use a value of 𝑥𝑥 =
0.9 based on previous experimental measurements [42].  
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