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Abstract: We investigated the laser-induced damage threshold (LIDT) of seven metallic (Ag,
Al, Au, Cr, Ta, Ti, W) and two semiconductor (Si, Ge) coatings on glass substrates as a function
of the laser pulse duration using 1-on-1 and S(1000)-on-1 testing. Experiments spanning pulse
durations from 10 femtoseconds to 10 seconds revealed two distinct LIDT scaling laws for pulsed
and continuous-wave (CW) regimes. Numerical simulations of laser radiation coupling and heat
diffusion in gold coating explained the observed scaling. They predicted the transition between
pulsed and CW regimes, which depends on film thickness and material properties. For short
pulses, LIDT is dominated by the metallic film, while for long pulses, heat dissipation into the
substrate becomes critical. These findings enhance the understanding of LIDT scaling and the
thermal dynamics of metallic coatings.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metallic coatings played a crucial role in the development of the first laser, where silver-coated
mirrors provided the necessary reflectivity to amplify light within a ruby rod [1]. However, the
high absorptance of metallic coatings led to a relatively low laser-induced damage threshold
(LIDT) compared to that of dielectric coatings, which limited the power scaling capabilities. As
a result, metallic coatings have been used primarily in low-power imaging [2], spectral analysis
[3,4], and sensor applications due to their broadband reflectivity, cost-effectiveness, and surface
plasmon resonance properties [5]. Except for gold coatings on polished copper optics in CO2
lasers, metallic mirrors have been largely replaced by dielectric multilayer coatings in high-power
laser systems.

The LIDT of metallic coatings has been a subject of investigation since the invention of the
laser. Sparks et al. [6] examined copper and aluminum films with 100 ns pulses and gold and
silver films with 150 ps pulses, showing that the LIDT depends on various parameters such
as pulse length, pulse shape, number of pulses, and optical properties (e.g., absorption and
reflectivity). While for dielectrics, with intensities close to the damage threshold, multiphoton
and avalanche ionization are the driving mechanisms for laser radiation coupling in the material
[7]. For metals, photon energy is transferred to free electrons via the inverse bremsstrahlung
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process, increasing their kinetic energy through electron-phonon interactions. The kinetic energy
is then transferred from the electrons to the lattice, and a thermal equilibrium is achieved between
the electrons and the lattice. As irradiation continues, a series of thermal processes occur that
ultimately result in macroscopic damage to the material [6–13]. These thermal mechanisms play
a crucial role in the determination of the LIDT of metallic coatings, particularly under long-pulse
and CW irradiation conditions. Furthermore, LIDT was found to be linearly dependent on
coating thickness up to the optical penetration depth, after which the threshold approaches the
bulk material damage threshold, particularly for pulses ranging from 200 fs to 10 ps [14,15].
Under the conditions investigated, the effect of coating thickness on LIDT became minimal for
coatings thicker than 50 – 500 nm, depending on the material being studied.

In recent years, metallic and hybrid metal-dielectric coatings have regained interest due to
their importance in femtosecond laser technology. Their ability to reflect broadband pulses
over a wide range of angles of incidence (AOI) with low dispersion has made them particularly
relevant in ultrashort laser optics [16–18]. However, the LIDT of metallic coatings remains a key
challenge, particularly under varying pulse durations. A deeper understanding of LIDT scaling
laws is essential for improving optical component reliability in high-power laser systems, guiding
material selection, and mitigating failure risks in industrial and scientific applications.

To better understand the behavior of LIDT, various theoretical models have been developed.
One of the first approaches is a one-dimensional heat flow calculation model described by Wood
[8], where a semi-infinite medium (without coating) is assumed with temperature-independent
absorption properties. While being just a first-order approximation, the model predicts that
LIDT scaling for thermal damage is governed by the balance between the deposited power and
the dissipated power in the CW regime and the thermal capacity of the exposed area for pulses
shorter than the heat diffusion time.

The LIDT scaling with pulse duration is also important for micro- and macro-machining
[19,20]. Ablation studies have partially confirmed the predictions by Wood, showing that in the
500 fs – 10 ps range, the ablation threshold exhibits only a weak dependence on pulse duration
for materials such as copper and silicon [21]. Similar trends were observed for aluminum, copper,
nickel and tungsten in the 15 – 100 fs regime [22], although scaling laws were not explicitly stated
in some studies [23,24]. In contrast, Hashida et al. [25] showed that in the 70 fs – 5 ps range, the
ablation threshold scales with the pulse duration as τ0.25−0.67, depending on the ablation depth.
Stuart et al. [7] also found that the LIDT of gold coatings follows a τ0.5 dependence in the 200 ps
– 1 ns range, while remaining pulse duration-independent in the 100 fs – 200 ps range. Y. Zhu et
al. [26] recently reported opposite dependence in SiO2-coated aluminum mirrors at 1030 nm
wavelength, with pulse widths ranging from 200 fs to 11 ps, indicating that the LIDT deviates
from the square root scaling law (τ−0.063) as the pulse width decreases below 10 ps.

Although previous research has focused primarily on short pulses and a limited set of metallic
materials, data on the LIDT dependence under CW irradiation remain particularly scarce and
underexplored. Furthermore, a clear consensus on the influence of material properties on LIDT
has yet to emerge, as various studies report conflicting and mutually inconsistent results. These
inconsistencies highlight the need for a more comprehensive understanding of LIDT. Despite
these challenges, recent attention to LIDT scaling with pulse duration under CW irradiation
conditions also requires experimental validation of existing models to provide reliable LIDT
scaling predictions. Given these gaps, it is essential to conduct a systematic investigation of the
LIDT scaling across a wide range of pulse durations.

This study aims to address the gaps by systematically studying LIDT across pulse durations
from fs to CW on widely used metallic coatings. Specifically, we conducted an experimental
study on seven metallic coatings (aluminum, gold, silver, tantalum, titanium, tungsten, and
chromium) and two semiconductor coatings (silicon and germanium) for pulse durations ranging
from 10 fs to 10 s. LIDT measurements are performed according to ISO standards [27] using the
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1-on-1 and S(1000)-on-1 protocols in the near-infrared spectral range (1030 nm, 1064 nm, 1070
nm).

2. Experimental methods

2.1. Sample preparation and characterization

All experimental coatings were deposited at the Laser Zentrum Hannover (LZH, Germany) using
a Denton Desktop Pro sputtering system equipped with two magnetrons. Nine Borofloat glass
substrates (60 mm in diameter) were coated with metallic and semiconductor layers of varying
thicknesses (see Table 1). Before coating, the substrates were cleaned using an ultrasonic cleaning
system, with no additional plasma vapor treatment applied. The metal layers were deposited via
DC magnetron sputtering (sputtering current: 600 mA), while the dielectric layers were deposited
via RF magnetron sputtering (RF power: 144 mW). The typical metallic coating structure is
shown in Fig. 1. In most cases, the structure consists of a substrate, two adhesive layers (Al2O3
and Al), followed by the main coating material. Adhesive layers were necessary for most coatings
(except Ge, Si, and Ti) to prevent substrate delamination. In addition, a protective layer of SiO2
was applied to the Ag, Al, Ta, and Ti coatings to prevent oxidation. Because the overcoat is
transparent to the wavelength of investigation, its effect on LIDT is assumed to be negligible.
The coatings were analyzed for reflectivity at the investigated wavelength (see Table 2), while
thickness measurements were made by analyzing cross-sections prepared using focused ion beam
(FIB) milling and examined with a scanning electron microscope (Helios NanoLab 650).

Fig. 1. The general structure of the coatings. The adhesive layer and protective layer (not
shown) are not applied for all coatings, see more in Table 1.

Table 1. List of material coatings and their parameters.

Topmost
coating
material

Adhesive
layer

Protective
layer

Deposition
method

Deposition
rate

(nm/min)

Metallic
layer

thickness
(nm)

Ag Al2O3 + Al SiO2 DC 3.5 45

Al Al2O3 + Al SiO2 RF 3.2 271

Au Al2O3 + Al - DC 1 292

Cr Al2O3 + Al - DC 8.4 198

Ge - - DC 5 1775

Si - - RF 5 1774

Ta Al2O3 + Al SiO2 DC 2.8 686

Ti - SiO2 DC 2.5 296

W Al2O3 + Al - DC 5.05 234

Before damage testing, the reflectivity R of every sample was characterized by measuring the
ratio of reflected and incident light power at 1064 nm wavelengths at ∼2 AOI. Later, R was used
to deduce absorptance A and was used for numerical simulations.
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Table 2. Material properties. Reflection coefficient (measured in this work),
specific heat capacity and melting point are gathered from various literature

sources [8,28,29].

Coating
material

Reflection coefficient (%) Specific heat capacity
(J/kgK)

Melting point (◦C)

Ag 95.11 900 962

Al 88.22 520 660

Au 96.4 450 1064

Cr 33.95 710 1907

Ge 42.32 140 938

Si 32.95 130 1410

Ta 44.93 129 3020

Ti 34.08 235 1725

W 59.24 320 3522

2.2. Measurements of laser damage threshold

LIDT measurements were performed using 1 on-1 and S(1000)-on-1 test protocols, following the
ISO 21254-2 international standard [27]. For CW measurements, only the 1-on-1 method was
applied. A new test site matrix (of at least 400 test sites) was used for each fixed pulse width.
To avoid overlap, the test sites were separated by at least three beam diameters. To ensure the
comparability of LIDT data across the full range of pulse durations, irradiation conditions were
carefully controlled despite the use of three different laser systems. Beam diameters remained
within 195 – 230 µm at the 1/e2 level for all measurements except at 10 fs, where a smaller
beam diameter of ∼100 µm was used. Nevertheless, the LIDT values obtained at 10 fs aligned
with the overall trend (see Sec. 4), indicating negligible beam size influence. Beam quality,
while not explicitly quantified, showed no deviation from diffraction-limited performance in
recorded profiles, and therefore no systematic impact on the LIDT measurements was expected.
Measurements for pulse durations between 10 fs and 9 ns were performed at normal AOI with a
laser repetition rate of 100 Hz. In the CW regime, an AOI of 10 degrees was used to prevent
back-reflection damage to the laser power fiber.

For all pulsed laser tests, incident fluence was controlled using a motorized attenuator. The
fluence was kept constant for at least 10 test sites before increasing in steps of no more than 20% of
the previous level. Additional levels of irradiation and test sites near the threshold were exposed to
refine the determination of LIDT and minimize error bars. The damage exhibited a deterministic
pattern across all pulse durations, characterized by a sharp transition in damage probability.
Consequently, LIDT values were determined using the highest-before-first-damage (HBFD)
method, which is the average of the lowest damaging – and the highest below damage fluence
levels. In the CW regime, LIDT was defined exclusively for the 1-on-1 case, as S(1000)-on-1
measurements were not feasible due to temporal overlap with long pulses.

Since the scaling experiments required a wide range of pulse durations, three pulsed laser
systems at the Laser Research Center (Faculty of Physics, Vilnius University, Lithuania) and one
CW system at Lidaris (Lithuania) were used for LIDT testing. The principal layouts of the LIDT
test systems are shown in Fig. 2.

For the pulsed laser LIDT tests (Fig. 2(A))), the beam passed through a wedge (W), partially
reflecting to a photodiode (D) for pulse energy monitoring. The transmitted light was attenuated
before reaching a second photodiode or power meter (PW) for calibration. A half-wave plate
(λ/2) adjusted polarization before the beam was focused onto the sample (S) using a lens (L). A
scattering diode (SD) detected back-scattered light upon damage.
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Fig. 2. LIDT measurement setups. (A) represents pulsed laser setups, while (B) represents
the CW laser setup. Components: M – guiding mirrors, W – wedge, F – filters, D –
photodiode, PW – power meter, λ/2 – half-wave plate, P – polarizer, L – lens, S – sample,
BD – beam dumps, SD – diode for back-scattered light detection.

For 10 fs measurements, the NAGLIS OPCPA [30,31] (similar to the reported in Ref. [32])
system was used, featuring four non-collinear femtosecond and picosecond parametric amplifiers,
pumped by Yb:KGW and Nd:YAG lasers. Seed pulses from a femtosecond continuum generator
were stretched to ∼35 ps before amplification and compressed to 9.5 – 10 fs using SF-57 glass
block, fused silica and chirped mirrors.

For pulse durations of 200 fs – 10 ps, a Yb:KGW laser (Light Conversion, Lithuania) at 1030
nm was used, with pulse duration adjusted via an internal compressor. A single longitudinal
mode injection-seeded Nd:YAG laser (Innolas, Germany) at 1064 nm was employed for 9 ns
measurements.

For CW regime tests (1 ms – 10 s), a Yb-doped glass fiber laser (IPG Photonics, Germany) at
1070 nm was used, with controlled output power and pulse duration. The sample was positioned
outside the fiber imaging plane to ensure a near-Gaussian beam profile. In CW LIDT tests
(Fig. 2(B))), the laser maintained uniform exposure by controlling power and pulse length.

3. Methodology of thermal modeling

In this section, we present a models used to analyze the LIDT of metallic coatings across the
investigated pulse duration range. Although the physical mechanisms causing material damage
may be more complex in general, the approach we used remains effective for derived scaling
laws, such as the dependence on pulse duration under experimental conditions [7].

Specifically, we employed a thermal model to calculate the temperature distribution within the
coating stack and determine the theoretical LIDT by comparing it to a simple criterion, such as
the melting point of the metal. More details on the empirical models used are provided in Refs.
[8,33], and [34].

To illustrate this approach, we chose to focus on the gold and silver films as a use case, given
their well-documented properties [8]. However, similar principles can be applied to other metals
using the appropriate material parameters. The parameters used in the simulations, along with
the corresponding references, are provided in Table 3.
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Table 3. Model parameters for gold and silver coatings on a fused
silica substrate [8,35].

Material Gold Silver Fused silica

Refractive index 0.08-4.6i 0.27-8.7i -

Specific heat capacity (J/(Kg K)) 130 235 830

Density (kg/m−3) 19400 10500 2200

Thermal conductivity (W/(m K) - - 1.2

Lattice thermal conductivity (W/(m K)) 320 430 -

Lattice volumetric heat capacity (J/m3 K) 2.5 × 106 2.5 × 106 -

Thermal diffusivity (m2 /s) 1.28 × 10−4 1.72 × 10−4 6.57 ×10−7

Melting point (K) 1350 1235 -

Electron heat capacity (J/m3 K) 67.6 × Te ≤ 2000 K 63.3 × Te ≤ 4000 K -

Electron-phonon coupling coefficient 2.5 × 1016 for Te ≤ 3000 K 1.5 × 1016 for Te ≤ 5000 K -

Electron thermal conductivity

Ke =
ν2

FCe(Te)

3BTl + AT2
e

Ke = Kl
Te

Tl
-A = 1.2 × 107 K−2s−1 ,

B = 1.23 × 1011 K−2s−1

3.1. Heat-flow model

For CW irradiation, thermal diffusion must be accounted for, and the temperature rise in the
stationary regime at the surface may be approximated by the equation [8]:

∆T =
PA

2ρCrπD
, (1)

where ∆T is the temperature difference between Tmelt melting point and Tinit initial temperature,
P is incident power, A is absorptance, ρ is the volumetric density, C is specific heat capacity, D
is the diffusivity, r is the beam radius. This means that the temperature rise of homogeneous
material scales with the linear power density (expressed in W/cm). When converted to fluence
(F = Pτ/πr2), where τ is pulse width, the LIDT can be expressed as:

F =
2ρCDτ(Tmelt − Tinit)

Ar
. (2)

Note that threshold fluence becomes directly proportional to pulse duration and inversely
proportional to beam radius and absorptance. In the pulsed regime, energy deposition is
instantaneous, and thus heat conduction is negligible, leading to the temperature rise:

∆T =
PτA
ρCV

, (3)

where V = πr2h is the irradiated volume, h is the thickness of the material. When melting is
used as a damage criterion, Eq. (3) can be rewritten for threshold fluence, substituting power for
energy (E = Pt):

F =
Tmelt − Tinit
ρChA

. (4)

Consequently, the LIDT (expressed in J/cm2) becomes constant in the pulsed regime, inde-
pendent of the pulse duration or beam radius for pulses shorter than the thermal decay constant.
Similar models can be found in the literature; however, these models apply to single-shot irradia-
tion conditions, where linear absorption dominates and no optical fatigue or heat accumulation
effects from repetitive pulses are expected. For shorter pulses, electrons and lattices experience
nonstationary processes, and thus more sophisticated models are needed [36].
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3.2. Two-temperature model

We have used the Two-Temperature Model (TTM) [36] to describe the thermal response of
metallic layers to laser excitation. This model describes the energy transfer inside a metal by
applying coupled heat conduction equations for the temperatures of the electrons Te and the
lattice Tl.

Ce
∂Te

∂t
= ∇(Ke∇Te) − g(Te − Tl) + S(z, t), (5)

Cl
∂Tl

∂t
= ∇(Kl∇Tl) + g(Te − Tl), (6)

where Ce and Cl are the electron and lattice heat capacities (J/m3K), Ke and Kl are the
corresponding thermal conductivities (W/mK), g (W/m3K) is the electron-phonon coupling
coefficient, and S(z, t) is the heat source term due to laser absorption. The laser absorption
follows the Beer-Lambert law:

S(z, t) = αAI(t)e−αz. (7)

This is justified by the fact that the thickness of the metallic films is larger than the optical
absorption depth. In this expression, A is the absorptance, I(t) is the laser intensity as a function
of time (Wm−2) and α is the absorption coefficient (m−1). In the following simulations, we
will consider a pulse of constant intensity during the pulse width. The material parameters in
Eqs. (5) and (6), heat capacities and thermal conductivities, depend on both the electron and
lattice temperatures. Although there is no necessity to use the TTM for pulses longer than the
characteristic exchange time between the electron and lattice subsystems, as the electron and
lattice temperatures reach equilibrium, we have applied the same model across the entire range of
pulse durations explored in this work for consistency in the absolute values. The model continues
to yield valid results, even for longer durations.

3.3. Finite element method-based numerical modeling

To accurately simulate the thermal response of multilayer structures under focused laser irradiation,
we employ the Finite Element Method (FEM) in COMSOL Multiphysics (6.3 version). The
model accounts for both the multilayer composition and the spatial intensity distribution of the
laser beam. The numerical setup is based on an axisymmetric geometry with a Gaussian beam
profile (100 µm waist).

Thermal insulation is used as a boundary condition since the component is sufficiently large
compared to the heat-affected area during the simulation time. For each pulse duration, ranging
from 100 fs to 100 ms, the pulse energy is incrementally increased in discrete steps until the
surface temperature reaches the melting point (1350 K for gold and 1235 K for silver), thereby
defining the damage threshold. For short pulses (< 9 ns), the onset of damage occurs after the
pulse. The material properties, including thermal conductivity and specific heat, are considered
temperature-dependent to ensure accurate thermal response modeling.

4. Results and discussion

4.1. Damage Morphology

To analyze the experimental data, let us first take a look at the 1-on-1 damage initiation morphology,
which provides crucial insights into the laser-induced damage mechanisms in different pulse
regimes. Following ISO procedure, any permanent and apparent changes are classified as
"damages". Images of interrogated sites are taken before and after laser irradiation using a
differential interference contrast (DIC) Nomarski microscope. Figure 4 presents a compilation
of damage morphologies observed across the investigated pulse-length range. As expected
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Fig. 3. 1-on-1 damage morphology.
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for thermally-induced damage, various damage patterns are observed depending on the pulse
duration and material properties.

For the shortest pulse durations, damage typically manifests as a heat-affected zone (HAZ) or
a melting and re-solidification pattern, as observed in materials such as tungsten (W), chromium
(Cr), and titanium (Ti). At intermediate pulse durations (200 fs – 8 ns), localized defect-driven
damage becomes more prominent, often appearing as pinpoints, as is seen in silicon (Si), silver
(Ag), and gold (Au). This suggests the presence of inhomogeneity, namely surface or thickness or
substrate imperfections that locally heat up more rapidly than the surrounding material, leading
to localized thermal stress and subsequent breakdown [37].

In the CW regime, higher-energy depositions are expected, and damage morphologies evolve
further. We observe ablation craters and cracking, typically resulting from material melting
and/or boiling, surrounded by pronounced HAZ. The typical morphology of CW-induced damage
consists of a central region showing signs of boiling or melting, surrounded by ripple patterns
and slip lines, most prominently seen in Ag, Au, and Ge coatings. These characteristics align
well with previous observations of CW laser damage [12].

4.2. Experimental LIDT data and empirical scaling laws

This section presents experimental LIDT results in the range of 10 fs to 10 s at near-IR wavelengths
(1030 nm, 1064 nm, 1070 nm) and discusses the empirical laws used to describe the tendencies.
Figure 5 summarizes the LIDT data in all pulse durations and materials investigated for single-shot
and multi-shot testing protocols.

Fig. 4. Experimental data on 7 metallic and 2 semiconductor coatings with 1-on-1 and
S-on-1 protocols. Solid lines represent empirical power-law fits. The cross-point between
pulsed, and CW regimes indicates the thermal decay constant.

To evaluate the dependence of LIDT on pulse duration, we applied an empirical power-law
approximation (LIDT ∼ τx). This scaling law was applicable in both pulsed and CW regimes:

• Pulsed regime (10 fs < τ < 8 ns): The dependence of LIDT on the duration of the
pulse is weak, with empirical exponents ranging from 0.01 to 0.15 for damage thresholds
of 1-on-1 and from 0.05 to 0.23 for S(1000)-on-1 thresholds (see Table 4), following
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Eq. (4). The stronger dependence observed under multipulse conditions suggests that
repeated exposure weakens the material, potentially altering its reflectivity due to surface
modifications [10,12].

• CW regime (1 ms < τ < 10 s): In this regime, the dependence of LIDT on the duration
of the pulse is nearly linear, with power-law exponents ranging from 0.77 to 1, consistent
with Eq. (2).

Table 4. Empirical exponents (x) for power-law-based (LIDT ∼ τx ) scaling in
pulsed and CW regimes, along with thermal decay constants.

Exponent (1-on-1) Exponent (S-on-1) Thermal Decay Constant (ms)

Material Pulsed CW Pulsed τTDC

Ag 0.12 0.79 0.23 0.23

Al 0.06 0.77 0.12 0.01

Au 0.15 0.84 0.16 0.20

Cr 0.01 0.96 0.06 0.10

Ge 0.07 0.98 0.12 0.42

Si 0.11 1.00 0.17 0.13

Ta 0.03 0.96 0.09 0.17

Ti 0.01 0.85 0.05 0.09

W 0.02 0.85 0.09 0.19

The reduction in LIDT under multipulse exposure is attributed to the effects of material fatigue
[10,38]. For metallic films, absorbed laser irradiation induces thermal expansion, which leads to
strain in the near-surface region. If laser-induced stress exceeds the film strength, irreversible
deformation occurs, increasing surface roughness and absorption [39]. Repeated thermal cycling
can also cause micro-structural changes, contributing to optical failure [40], as well as surface
oxidation at high temperatures, which can further modify absorption.

A critical feature in Fig. 3 is the transition point between the pulsed and CW regimes,
corresponding to the thermal decay constant (TDC). It represents the characteristic time for
the material to cool between pulses [8]. If the period between repetitive pulses is shorter than
the TDC, heat accumulates over time, which may lead to delayed melting or thermal fatigue in
the S-on-1 regime. For pulse durations longer than the TDC, heat dissipates efficiently during
the pulse, reducing the sensitivity of LIDT to the pulse duration. Interestingly, both the 1-on-1
and the S(1000)-on-1 approximations converge at the same TDC, indicating that while fatigue
influences the LIDT scaling, the TDC remains a fundamental material property.

To quantify the relationship between TDC and material parameters, we performed a polynomial
regression analysis (see Fig. 5). The best-fit empirical model is:

τTDC = 0.2353− 3.269× 10−4C+ (C− 392.67)(h− 300.06)(−4.85× 10−7)+ 2.424× 10−4h (8)

where τTDC (ms) is the thermal decay constant, C (J/(kg · K)) is the specific heat capacity and h
(nm) is the thickness of the material. This model suggests a complex dependence of τTDC on the
heat capacity and coating thickness, with an interaction term (C − 392.67)(h− 300.06) indicating
a coupled effect between these properties.

4.3. Role of absorptance in LIDT

Following the predictions of Eqs. (2) and (4), LIDT should inversely correlate with the absorption
of the material. To investigate this, we present experimental LIDT data for all coatings as a
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Fig. 5. 3D map showing the relationship between the thermal decay constant, coating
thickness, and specific heat capacity.

function of inverse absorptance (1/(1 − R)) for two pulse durations representing the pulsed and
CW regimes (see Fig. 6: 10 ps for pulsed and 100 ms for CW), assuming negligible scattering
losses. In the CW regime (100 ms, right Y-axis), a clear trend is observed: lower absorptance
correlates with higher damage thresholds, which is consistent with theory and recent findings on
hybrid metal-dielectric coatings under CW irradiation [41]. As expected, in the CW regime, the
accumulation of heat in the substrate eventually leads to melting, following the predicted trend.

Fig. 6. LIDT as a function of inverse absorptance for 10 ps and 100 ms pulse durations for
all coatings.

However, in the pulsed regime (10 ps, left Y axis), deviations arise primarily due to thermal
capacity of the coating. For example, tungsten (W), with a high melting point (∼3422◦C),
requires more energy to melt, leading to higher LIDT values. In contrast, silicon (Si) exhibits
the highest resistance to laser damage when deposited on a transparent target. This is due to its
partial transparency in the near-infrared range [42], which reduces energy absorption and thus
increases LIDT.

4.4. Numerical LIDT Simulations of Gold and Silver Coatings

In Fig. 7(A), we directly compare the single shot experimental LIDT results for gold and silver
coatings with first-order heat flow approximations (Eqs. (2) and (4), dashed curve) and numerical
simulations using the Two-Temperature Model (solid curves). In the pulsed regime, there is
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insufficient time for radial or longitudinal diffusion during the pulse. For longer pulses, heat loss
to the substrate becomes significant, making the thermal properties of the substrate the dominant
factor, as shown in Fig. 8. Thus, we used the material parameters of gold and silver for short
pulses and the diffusion parameters of glass for CW. The first-order approximation predicts a
transition from pulse width independence to a linear dependence on the pulse width. However, it
lacks accuracy and fails to estimate LIDT correctly in absolute terms, as it neglects transient
effects such as electron dynamics in the femtosecond regime, layer structure, and cylindrical
geometry.

Fig. 7. A) LIDT simulations for gold and silver coatings using the model presented by
Wood [8] and Two-Temperature Model, indicating the influence of adhesive layer within
the coating stack. B) Effect of the gold layer on glass and copper substrates, C) effect of
different beam diameters.

Fig. 8. Electron temperature distribution at the end of 100 ns laser pulse.

In contrast, the TTM closely matches the experimental gold data in the pulsed regime, with
LIDT scaling as τ0.18 for short pulses (<10 ns). For long pulses (>100 ns), the LIDT scales as
τ0.82, but the simulated values (black curve) were slightly higher than the experimental data. This
discrepancy occurred because the melting point of the aluminum underlayer (660◦C) was not
initially considered. After accounting for the aluminum underlayer melting point (red curve), the
experimental data were better reproduced with TMM.

To assess the applicability of TTM, we also simulated use case of silver coating. In this case,
the thickness of the Ag layer is comparable to the optical penetration depth, which limits the
thermal diffusion along the depth of the layer. Consequently, a constant LIDT is expected across
pulse durations. However, the TTM does not account for energy transport within the underlying
Al buffer layer, introducing a limitation in the model. In reality, electronic heat diffusion within
the Al layer may enhance energy dissipation, suggesting that the actual LIDT could be lower than
predicted by the model.

We also investigated the LIDT scaling of the gold coating thickness. LIDT was calculated for
two additional gold thicknesses (29.2 nm and 2920 nm), which are 10 times thinner and thicker
than the nominal thickness (292 nm) of gold. In addition, we simulated the effect of the substrate
by replacing glass with cooper (Cu), a material with one of the highest thermal conductivities.
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As shown in Fig. 7(B), increased coating thickness and higher conductivity of Cu substrates lead
to a higher LIDT for long pulses, as previously reported [14,15]. For short pulses, the thermal
diffusion length is smaller than the film thickness, so heat dissipation remains confined within
the metallic film, with the gold layer being the main factor. However, around 1 ns, the impact of
the substrate on LIDT becomes significant. For pulses shorter than 1 ns, only the metallic layer is
relevant.

Finally, we also simulated the effect of the diameter of the beam, revealing that the size of
the beam alters the conditions of thermal radial diffusion, as noted in [8]. Simulations with 10
µm, 100 µm (nominal), and 1 mm diameters, shown in Fig. 7(C), confirm that threshold fluence
depends on the beam size in the CW regime: smaller beams lead to higher radial heat losses and
thus also higher LIDT.

5. Conclusions

In summary, we experimentally estimated LIDTs across pulse durations ranging from 10 fs to 10
s for various metallic and semiconductor coatings. The empirical LIDT scaling laws exhibit a
power-law dependence on the duration of the pulse (LIDT ∼ τx) with distinct behaviors in the
pulsed and continuous wave regimes. In the pulsed regime (10 fs – 9 ns), LIDT shows a weak
dependence on the duration of the pulse (exponent x: 0.01 – 0.15 for 1-on-1; 0.05 – 0.23 for
S(1000)-on-1), while in the CW regime (1 ms – 10 s), a nearly linear dependence is observed
(exponent x: 0.77 – 1.00). The transition between these regimes is governed by the thermal decay
constant, which is influenced by material properties such as specific heat capacity and coating
thickness.

Our results also confirm that LIDT is inversely correlated with material absorptance. However,
deviations in the pulsed regime imply additional influences from thermal capacity and melting
temperatures, particularly for tungsten and silicon. Multi-pulse exposure in the pulsed regime
indicates a mechanical fatigue effect, leading to an increased dependence of LIDT on pulse
duration. The classical heat transport model successfully predicts the transition between pulsed
and CW regimes; however, the Two-Temperature Model was necessary to achieve better agreement
with the experimental data, strengthening the thermal model, presented by Wood, with essential
adaptations for metallic coatings.

Both experimental and numerical LIDT results indicate that the thermal decay constant depends
on the coating thickness and specific heat capacity, while simulations further highlight the role of
substrate thermal diffusivity and beam diameter. Damage morphology analysis confirms that
laser damage mechanisms are indeed primarily thermal. In the ultrashort-pulse regime, energy
deposition can be precisely controlled, leading to heat-affected zones and melting patterns. For
longer pulses, defect-driven damage and cracking occur because of localized heating, whereas
CW irradiation results in extensive material modification, including ablation craters and ripple
patterns.

Although the TTM can accurately simulate scaling laws, additional simulations are needed to
enhance predictive models for laser damage resistance in optical coatings. Future work should
focus on refining empirical scaling models for CW regimes and systematically investigating the
combined effects of coating thickness, substrate properties, and beam diameter on LIDT, as well
as addressing anomalies in scaling reported by other studies.
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