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Introduction

Laser—matter interaction is a fundamental physical process that underpins
a wide range of technological advancements. From everyday applications —
such as nanoscale lithography in electronics [1] and precision machining of
macroscale structures [2] — to large-scale initiatives like space exploration [3]
and inertial confinement fusion for clean energy generation [4], lasers have had
a profound and far-reaching impact. Despite their versatility, a common chal-
lenge across laser-based technologies is the operation of optical components
under extreme conditions, including ultrashort pulse durations, high peak irra-
diance, and extreme wavelengths. These regimes inevitably give rise to laser-
induced damage (LID), which remains a major limitation to the further ad-
vancement and reliability of high-performance laser systems [5].

In photonics, a broad spectrum of laser systems operates with varying pa-
rameters. These systems rely on optical components to guide and deliver the
beam either to the laser output or to the target site, depending on the ap-
plication. Such components are often coated with dielectric or metallic films,
each exhibiting distinct optical and mechanical properties. As a result, their
resistance to LID varies significantly depending on the coating material, its
structural design, and the specific laser parameters.

Among these laser parameters, pulse duration [6], repetition rate [7], wave-
length [8], and beam diameter [9] are key influences on the onset and pro-
gression of LID. Understanding how each of these parameters affects optical
performance — and how such effects can be reliably predicted — is essential.
This variability has prompted the development of scaling laws to model and
estimate laser-induced damage threshold (LIDT) across different exposure con-
ditions. Although many studies have investigated LIDT scaling with individual
parameters, they are often limited by narrow experimental ranges or contra-
dictory findings.

Notably, most LIDT scaling studies have focused on single-shot damage,
while in practice, optical components typically operate under prolonged irra-
diation. In these conditions, materials may not fully recover between pulses,
resulting in cumulative degradation. This phenomenon, known as the fatigue
effect [10], can significantly influence the long-term performance and lifetime of
optical elements. At present, lifetime estimation methods rely either on extrap-
olating short-term multi-pulse LIDT results [11], which can result in unreliable
prediction, or on direct long-duration testing, which is time- and cost-intensive.

While progress has been made in LIDT characterization and scaling law
development, critical gaps remain — particularly in understanding how com-
bined laser parameters, prolonged exposure affect optical material behavior,
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and which material properties govern these responses. Current models often
rely on simplified conditions or limited datasets and may not accurately re-
flect the cumulative degradation observed in real-world laser systems. This
highlights the need for a more comprehensive and predictive framework that
integrates both damage threshold behavior and long-term optical stability.

The goal of the thesis

The main goal of this dissertation is the investigation of laser-induced damage
threshold scaling laws and laser-induced fatigue effect for the prediction and

characterization of the lifetime in optical thin film coatings.

The main tasks of the thesis

The following tasks were set to reach the goal of the dissertation:

¢ Distinguish and analyze the LIDT scaling laws on pulse duration between
failure modes in dielectric coatings using ultraviolet (UV) and infrared
(IR) wavelengths.

¢ Conduct qualitative and quantitative studies of LIDT scaling with pulse
duration in thin metallic coatings; critically evaluate existing predictive
models and refine them through theoretical analysis and experimental
validation.

e Perform an experimental study on temporal absorptance behavior in di-
electric coatings across the UV — IR wavelength range.

e Develop a universal predictive model for the optical lifetime of dielectric
coatings subjected to ultrashort pulse laser irradiation.

Practical and scientific novelty

While catastrophic LIDT scaling laws and fatigue behavior have been exten-
sively studied, the influence of color change damage on catastrophic damage
remains poorly understood. Moreover, existing optical lifetime prediction mod-
els are predominantly based on the onset of catastrophic damage fatigue, over-
looking the potential role of sub-catastrophic color change damage in long-term
optical degradation.

e For the first time, the LIDT of laser-induced color changes in dielectric
coatings was investigated as a function of pulse duration (7). Theoretical
analysis based on free-electron generation equations suggests that the
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temporal scaling law is influenced by the material bandgap and the laser
wavelength. These observations are discussed in Chapter 3.

e A comprehensive study on LIDT scaling with pulse duration in metal-
lic and semiconductor coatings revealed a nontrivial dependence on the
coating thickness and specific heat capacity, which is governed by the
thermal decay constant of the material. These observations are discussed
in Section 3.1.

e Multipulse LIDT analysis of multilayer AR coatings revealed that fatigue
of catastrophic damage exhibits dependence on pulse duration at both IR
and UV wavelengths, whereas the fatigue behavior of the color change
mode appears largely insensitive to pulse duration. These observations
are discussed in Section 3.2.

e The combined analysis of color change damage morphologies and tem-
poral absorptance dynamics in dielectric coatings demonstrated distinct
absorptance behavior depending on whether the material has undergone
thermal annealing, providing deeper insights into the formation of the
color change damage and long-term material behavior. These observa-
tions are discussed in Chapter 4.

o For the first time, the temporal absorption behavior of dielectric coatings
was investigated as a function of pulse duration. Absorptance data were
analyzed using rate equation models, revealing that classical multiphoton
absorption process alone cannot fully explain the observed results. A
simple numerical model suggests that intermediate defect states may also
play a significant role in the nonlinear optical properties, which depend
on pulse duration and exposure history. These observations are discussed
in Section 4.2.

e Combining LIDT and absorption measurement techniques enabled the
analysis of the relationship between absorptance and laser-induced color
change fatigue across deep-UV (DUV) to IR wavelengths at a fixed pulse
duration. These observations are discussed in Chapter 5.

e The analysis of absorbed dose in dielectric coatings allowed the construc-
tion of a phenomenological optical lifetime prediction model. These ob-
servations are discussed in Chapter 5.

Statements to be defended

1. Laser-induced damage threshold scaling with pulse duration in optical
coatings is not governed by a widely accepted 7°-° law, but is instead
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determined by the failure mode, incident wavelength, number of pulses,

and intrinsic material properties.

. In metallic coatings, the laser-induced damage threshold in the pulsed
regime is primarily limited by the absorptance and specific heat capacity
of the coating, whereas in the continuous-wave regime, heat diffusion
within the substrate becomes the dominant limiting factor.

. Laser-induced color changes in dielectric coatings can be initiated through
either linear or nonlinear absorption processes, provided that a total ab-
sorbed dose threshold is reached.

. The total absorbed dose threshold that governs the lifetime of dielec-
tric coatings with respect to color change damage is strongly dependent
on material properties and photon energy, which together determine the
order of the absorption process.

. Laser-induced color change damage in dielectric coatings can result from
at least two distinct physical mechanisms: a laser-driven annealing pro-
cess or the breaking of chemical bonds.

13



Approbation of the research results

List of publications, related to the dissertation

topic

[A1]

[A2]

E. Atkocaitis, L. Smalakys, A. Melninkaitis, Pulse temporal scaling of
LIDT for anti-reflective coatings deposited on lithium triborate crystals,
Opt. Express 30(16), 28401-28413 (2022).

E. Atkocaitis, M. Kersys, S. Kicas, V. Grasyté, A. Melninkaitis, Nonlin-
ear absorptance of single-layer HfO, coatings: investigating the impact of
thermal and laser annealing, Opt. Express 31(23), 38376-38387 (2023).

E. Atkocaitis, A. Aleksiejute, J. Galinis, A. Melninkaitis, The Role of
Absorbed Dose in Lifetime of HfO5 and SiO, Dielectric Coatings, Opt.
Express 33(7), 38376-38387 (2023).

E. Atkogéaitis, M. Jupé, U. Kimbaraité, L. Gallais, E. Zutautaite, K.
Kiedrowski, M. Steinecke, L. Herrero, L. Jensen, M. S¢iuka, A. Varanav-
icius, G. Jansonas, A. Melninkaitis, Exploring Laser-Induced Damage
Threshold in Metallic Coatings Across Fifteen-Order Magnitude Range
of Pulse Lengths, Opt. Express, accepted to publish in 2025.

E. Atkocaitis, A. Melninkaitis, Absorbed Dose Threshold for Single-
layer ZrOy, HfO5 and Al;O3 Dielectric Coatings at 355 nm, Opt. Letters
50(16), 4910-4913 (2025).

Conference proceedings

[AG]

E. Atkocaitis, A. Melninkaitis, Real-time investigation of the UV non-
linear absorptance in an anti-reflective coated LBO crystals, Proc. SPIE
12300, Laser-Induced Damage in Optical Materials 2022, 123000J (2
December 2022).

Other publications

[A7] L. Rimkus, J. Darginavicius, E. Atkocaitis, A. Augus, Solid-state fem-

tosecond UV lasers: recent advances and challenges, Proc. SPIE 12652,
UV and Higher Energy Photonics: From Materials to Applications 2023,
1265206 (5 October 2023).

14



International conference presentations

This section lists conference presentations where the author was either the main

presenter or the author’s work was presented by another contributor.

[C1]

[C8]

M. Jupé, E. Atkodaitis, E. Zutautaitée, K. Kiedrowski, M. Steinecke,
L. Herrero, L. Jensen, U. Kimbaraité, M. Sciuka, A. Melninkaitis, Ex-
perimental study of LIDT scaling laws for metallic coatings: effect of
pulse duration within fifteen orders of magnitude, SPIE Laser Damage,
(online), 2021.

E. Drobuzaité, L. Smalakys, E. Atkocaitis, A. Melninkaitis, Analysis
of lifetime distributions of dielectric and metallic mirrors, SPIE Laser
Damage, (online), 2021.

E. Atkocaitis, L. Smalakys, A. Melninkaitis, Antireflection coatings on
LBO crystals: investigation of LIDT scaling with pulse duration at IR
and UV wavelengths, SPIE Laser Damage, (online), 2021.

E. Atkocaitis, L. Smalakys, A. Melninkaitis, Experimental and numer-
ical study of LIDT pulse temporal scaling for anti-reflective coated LBO
crystals, SPIE Laser Damage, Rochester, NY, USA, 2022.

E. Atkocaitis, A. Melninkaitis, Real-time investigation of UV nonlinear
absorptance in anti-reflective coated LBO crystals, SPIE Laser Damage,
Rochester, NY, USA, 2022.

E. Atkocaitis, M. Kersys , S. Kicas, V. Grasyte, A. Aleksiejute, J. Gali-
nis and A. Melninkaitis, Exploring nonlinear effects of laser irradiation
on single- and multi-layer dielectric coatings: a study on HfOq, ZrOs and
Al;O3 coatings, SPIE Laser Damage, Dublin, CA, USA, 2023.

E. Atkocaitis, S. Kicas, V. Grasyté A. Aleksiejute, J. Galinis and
A. Melninkaitis, Investigation of IR-UV nonlinear absorptance in HfOs,
ZrO45 and Al;O3 single- and multi-layer coatings, SPIE Optics + Opto-
electronics, Prague, Czech Republic, 2023.

A. Melninkaitis, E. Atkocaitis, A. Aleksiejuté, E. Pupka, J. Galinis, S.
Kicas, V. Grasyte, R. Grigutis, L. Smalakys, Laser-Induced Damage in
Optical Elements: From Threshold Toward a Lifetime, Invited Talk,
OPTICA Design and Fabrication Congress, Québec city, Canada, 2023.

E. Atkocaitis, A. Aleksiejute, J. Galinis, S. Kicas, V. Grasyté and A.
Melninkaitis, Investigating the lifetime of dielectric coatings: the role of
absorption, SPIE Laser Damage, San Ramon, CA, USA, 2024.

15



[C10] V. Pervak, E. Atkocaitis, A. Melninkaitis, Exploring non-linear absorp-
tance in TayO5, HfO5, and SiO4 oxide coatings: a comparative analysis,
SPIE Laser Damage, San Ramon, CA, USA, 2024.

[C11] E. Atkocaitis, A. Aleksiejuteé, J. Galinis, and A. Melninkaitis, The Role
of Absorbed Dose in Lifetime of Dielectric Coatings, OCLA, Vilnius,
Lithuania 2025.

National conference presentations

[C12] E. Atkoéaitis, M. Jupé, E. Zutautaite, L. Smalakys, K. Kiedrowski, M.
Steinecke, L. Herrero, L. Jensen, U. Kimbaraite, M. S¢iuka, A. Varanav-
icius, G. Jansonas, A. Melninkaitis, Ar egzistuoja Moore‘o désnis op-
tiniam atsparumui?, 44th National Lithuanian conference of Physics, Vil-
nius, Lithuania, 2021.

[C13] E. Atkocaitis, S. Kicas, V. Grasyte, A. Aleksiejute, J. Galinis and A.
Melninkaitis, Investigations of nonlinear absorptance and fatigue effect
in HfO5, ZrOy and Al;O3 dielectric coatings, Open Readings, Vilnius,
Lithuania, 2023.

Contribution of the author

The author of this dissertation has contributed to the design of experiments,
performed the majority of LIDT and all absorption measurements, analyzed
all experimental results and prepared manuscripts for publications [A1 — A5].
The author has performed numerical rate equation, morphological analysis in
publication [A1], developed numerical analysis for the absorption and optical
lifetime assessment in publications [A3, A5], and performed numerical analysis
in publications [A2, A5].

Contribution of the co-authors

e Assoc. prof. dr. Andrius Melninkaitis was involved in all studies out-
lined in this dissertation. He formulated the main tasks and objec-
tives, provided analytical insights on the results, proofread the prepared
manuscripts, offered advice on experiments and their design, numerical

modeling, and, in general, laser-induced damage and absorption physics.

e Dr. Linas Smalakys offered advice as well as technical insights on the
morphological evaluation of the color change damage in publication [A1].

16



e Martynas Kersys helped write code for the numerical modeling in publi-
cation [A2].

e Dr. Simonas Kicas and Vaida Grasyté provided experimental samples
and spectral measurements for samples in publications [A2, A3, A5].

o Austéja Aleksiejuté helped performing LIDT measurements in publica-
tion [A3].

e Dr. Justinas Galinis helped with damage site analysis in publication
[A3]. and with morphological analysis in [A5].

e Dr. Marco Jupé, dr. Kevin Kiedrowski, dr. Morten Steinecke, dr. Lars
Herrero, and dr. Lars Jensen provided experimental samples in publica-
tion [A4]

« Urtée Kimbaraité and Mindaugas S¢iuka helped perform LIDT measure-
ments with CW laser in publication [A4].

o Emilija Zutautaité helped with numerical simulations of the heat trans-
port model in publication [A4].

e Prof. dr. Laurent Gallais provided numerical simulations of the two-
temperature model and the heat transport model in publication [A4].

e Dr. Artnas Varanavic¢ius and Gaudenis Jansonas provided help and ex-
pertise in LIDT experiments with a sub-10 fs NAGLIS OPCPA system
in publication [A4].

e Dr. Vytautas Jukna provided code for numerical simulations and insights
into absorption behavior in Section 4.2.

Layout of the dissertation

The dissertation is presented as a collection of articles and unpublished data,
with chapters 3 — 5 summarizing the main findings from papers [A1 — A5].
The papers are numbered in chronological order of their publication date.
Chapter 1, Literature overview, provides an overview of the current state of
knowledge on laser-induced damage, fatigue effect, and absorptance behavior
in optical materials. Chapter 2, Experimental methods and characterization
techniques, outlines the experimental setups and procedures used to evaluate
LIDT and absorptance. Chapter 3, Laser-induced damage threshold scaling
laws on pulse duration, discusses LIDT scaling on pulse duration in metallic
and dielectric coatings and related physical phenomena. Chapter 4, Nonlinear
absorption influence on LIDT, discusses absorption behavior in dielectric coat-
ings with different irradiation conditions. Chapter 5, Absorption influence on

17



fatigue effect, discusses how absorption-related processes affect the long-term
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1. Literature review

1.1 Laser-induced damage

International Standardization Organization (ISO) has defined LID as any per-
manent laser-radiation-induced modification in the surface or bulk of a speci-
men that is detectable using an inspection technique with a sensitivity appro-
priate to the intended function of the optical component (ISO 21254 [11]). The
LIDT is further defined as the highest laser fluence or intensity at which the
extrapolated probability of damage is zero. This definition of LID is applicable
for observable damage with microscopy, which corresponds to the majority of
inspected damage types.

The broad definition of LID as any permanent change implies the existence
of multiple failure modes. The most commonly encountered damage in coatings
is catastrophic damage (see Fig. 1.1), which is characterized by ablation and/or
crater formation at the irradiated site [12]. This type of damage can lead to
the complete failure of the optical component. Usually, it resembles an ablated
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Figure 1.1: Damage morphologies for pulsed laser irradiation obtained with
scanning electron microscope with increasing fluences (from left to right) on
single-layer hafnia coating [13].
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surface with a crater pit in the center of the irradiated area. Depending on
the pulse duration (the influence of pulse duration on LIDT will be discussed
in Sec. 1.4.1), the catastrophic damage morphology in dielectrics also varies.
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At short pulses (<10-20 ps), the initial damage crater with delamination signs
appears to be localized to the small region of the peak of the Gaussian intensity
distribution. At longer pulses (>20 ps), the morphology transitions to sub-
micrometer pits, which are no longer localized to the peak intensity region,
along with melting and re-solidification. For metals (see Fig. 1.2), the damage
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Figure 1.2: Typical damage on gold coating [6] with a) 900 ps pulses and b)
0.6 ps pulses.

mechanism is different from that of dielectric coatings (see Section 1.4.1.2). In
this case, damage morphologies exhibit material melting and boiling across all
pulse durations (fs — CW (continuous-wave)).

A second type of damage is non-catastrophic damage, often referred to as
color change or color mode (see Fig. 1.3), which manifests as a hue shift in
the irradiated area without mechanical destruction [10]. Such material modi-
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(a) 10* pulses, 0.89 J/cm? (b) 10° pulses, 0.78 J/cm? (c) 10 pulses, 0.72 J/cm?

Figure 1.3: High contrast Nomarski images of color change damage for ZrO,
coating at different pulse number and fluences [14].

fication occurs with multi-pulse exposure at fluences below catastrophic LIDT
[15]. In some cases, these modifications remain undetectable by conventional
inspection methods and require specialized visualization techniques. For in-
stance, digitally comparing phase changes between pre- and post-irradiation
images captured with a differential interference contrast (DIC) microscope en-
ables the identification of subtle structural changes [16]. Color change has been
observed to be localized within the irradiated area.

A third category, known as functional damage, has recently gained attention
[17, 18]. Tt refers to performance degradation (such as deviation from certain
optical specifications) caused by laser-induced changes, even when no visible
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damage is observed.

Most laser systems operate below the single-pulse LIDT. However, damage
has been observed after prolonged exposure [10]. This phenomenon, referred to
as the fatigue effect, results from the accumulation of sub-single-pulse threshold
modifications over repeated irradiation. Fatigue is commonly quantified as
the difference between the single-shot and multi-shot LIDTs. Consequently,
the lifetime of an optical component is closely tied to fatigue behavior and is
often estimated by extrapolating multi-pulse LIDT data to predict performance
under real-world operating conditions. In this context, the optical lifetime refers
to the duration of exposure required to reach the damage threshold, i.e., the
long-term LIDT. There are several fatigue mechanisms which will be discussed
in Section 1.3.

1.2 Mechanisms of laser-induced damage

Any laser-matter interaction typically begins with the transfer of energy from
incident photons to charge carriers within the material, a process known as
absorption. Depending on the interaction regime, laser light absorption can
generally be categorized into two types:

« a controlled and purposeful effect, such as harmonic generation [19, 20],
optical parametric amplification [21], generation [22], and oscillation [23],
and optical parametric chirped pulse amplification [24, 25];

e an unintended effect that leads to optical power losses and potential
degradation of optical components.

This section will focus on the negative aspect of the absorption within materi-
als — an initial cause of laser-induced damage.

Dielectric coatings on optical elements absorb light, generating free electrons
and heat, ultimately limiting the durability and maximum achievable power of
the entire optical system. The schematic illustration of the main processes,
leading to the initiation of LID, is shown in Fig. 1.4. Since the absorptance
of dielectric coatings depends not only on wavelength but also on intensity
[26], these effects must be carefully considered when designing coatings for
high-power laser applications. For this reason, absorption effects have been
thoroughly investigated throughout this work across various optical surfaces,
resulting in numerous measurements aimed at optimizing coating performance.

In wide-bandgap optical materials, nonlinear absorption is a consequence of
the absorption process under high-intensity or high-photon-energy irradiation
and plays a significant role in the formation of laser-induced damage. Typically,
the energy of a photon in the UV — IR wavelength range is lower than the
bandgap of wide-bandgap materials. Therefore, the most natural concept is
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the simultaneous absorption of several photons whose sum energy is enough to
bridge the bandgap. This type of interband transition is known as multiphoton
absorption (MPA). Alternatively, electrons can reach the CB via tunneling
ionization due to an extremely strong electric field [27]. The tunneling electron
does not induce immediate absorption of light since its energy is constant during
the tunneling. However, it generates free electrons in CB, which do absorb laser
light via inverse bremsstrahlung (IBH) [28].

Slow optical response

Heating and thermal effects
Modification of material structure

Defect generation (crystal)

Defect generation (glass)

Fast optical response Light absorption by electron—phonon collisions
| — ——

* Avalanche (impact) ionization
e ——

Thermalization of electron system

Multiphoton, tunneling, or photoionization
10° 10' 10 10° 10* 10°

[ [ I I [ I [ Time, >
T
Electron photoexcitation =

Electron—electron collisions

Electron—phonon collisions
(momentum transfer)

Electron—phonon collisions
(energy transfer) Electron-defect collisions

Figure 1.4: A scheme of time hierarchy of laser-induced microscopic processes
(arrows in bottom part of figure) and related particle dynamics (arrows in top
art of figure) in transparent media [12].

1.2.1 Linear absorption and thermal damage

Absorption in a medium can be linear and nonlinear. Linear absorption de-
fines such an absorptance that does not change at different intensities. The
absorptance linearity will only be maintained as long as the incident light does
not change the initial number of absorbers in the ground state. Generally, ab-
sorptance can be defined as a fraction of intensity before and after the medium
[26]:

I = Ipexp[—aiincar] (1.1)

where I is intensity after the medium, Iy is initial intensity, qinear is linear
absorption coefficient and z is optical thickness. Eq. 1.1 describes how the
irradiance decreases exponentially as a function of propagation distance in a
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linearly absorbing medium. For transparent media, linear absorption often
is insufficient to induce thermal damage with pulsed lasers (see Fig. 1.4).
However, linear absorption is one of the driving mechanisms in the CW pulse
width range and for metallic materials.

In metallic coatings, free electrons are abundant and are excited through
IBH, which then transfers their energy to the lattice via electron—phonon inter-
actions. If the absorbed energy does not dissipate quickly enough, it accumu-
lates within the lattice, eventually raising the local temperature to the melting
point. Once this threshold is reached, material modification or damage occurs.

One of the models that explains LID in metallic materials is a one-
dimensional heat flow calculation model described by Wood [29], where a semi-
infinite medium (without coating) is assumed with temperature-independent
absorption properties. For CW irradiation, thermal diffusion must be ac-
counted for, and the temperature rise in the stationary regime at the surface
may be approximated by the equation:

PA

AT = ————
20CrnD’

(1.2)
where AT is the temperature difference between Ty, melting point and Tinit
initial temperature, P is incident power, A is absorptance, p is the volumetric
density, C' is specific heat capacity, D is the diffusivity, r is the beam radius. In
the pulsed regime, energy deposition is instantaneous, and thus heat conduction
is negligible, leading to a temperature rise:

AT = —— (1.3)

where V = 7r2h is the irradiated volume, h is the thickness of the material.

Equations 1.2 and 1.3 describe the melting temperature as the primary
damage criterion under linear absorption. However, as the material heats, it
may reach a threshold for volumetric expansion, leading to critical internal
stress and resulting in catastrophic cracking. In such a case, the LIDT (Ep) in
CW regime can be evaluated by:

4kCDST
== 14
b Bar? (1.4)
and in pulsed regime by:
CkS
Fp=—— 1.5
D=5 (1.5)

where S is the damaging stress,  is the volume expansion coefficient, « is
thermal conductivity.
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1.2.2 Nonlinear absorption-induced and electronic
damage

1.2.2.1 Multiphoton absorption

As mentioned earlier, the intensity in a material declines exponentially in a
linearly absorbing medium (Eq. 1.1 in Section 1.2.1). However, when intensities
are high enough to excite multiple electrons, the classical Beer-Lambert law
does not hold because the absorptance will be a nonlinear intensity function at
any given time. For a monochromatic wave, MPA can be expressed as a simple
power-series expansion [30]:

dI
= —inear] — B21? — B3I — ... 1.6
o Q) B2 B3 (1.6)

MPA is typically described by the nonlinear absorption coefficient [31]
Bm = mhwonNy (o — m-photon absorption cross-section, Ny — initial elec-
tron density). Accurate evaluation of nonlinear absorption coefficients is critical
for the design of substrates and coatings aimed at minimizing nonlinear effects
and improving laser damage resistance [32]. This is particularly important for
multilayer dielectric coatings, where nonlinear absorption can strongly influence
damage formation. In the femtosecond to picosecond pulse duration regime,
LID is often confined to individual layers within the coating stack [6]. However,
due to electric field interference effects, failure typically initiates at the inter-
face between low- and high-refractive-index materials, most often within the
first layer pair of the multilayer structure [33]. Therefore, understanding and
controlling nonlinear absorption behavior is essential for mitigating early-stage
damage and extending the optical lifetime of multilayer coatings.

1.2.2.2 Laser-induced free electron generation

One of the principal damage formation mechanisms in solid dielectrics is gov-
erned by nonlinear electron excitation from the valence band (VB) to the con-
duction band (CB) and the subsequent generation of free electrons until critical
electron density is reached (10%! cm™3). In general, the accepted laser-induced
plasma formation sequence proceeds as follows [27]: charge carriers are ini-
tially generated by MPA. These carriers absorb energy from the laser field via
IBH, creating additional carriers through impact ionization (IT). The newly
generated carriers absorb laser energy and trigger further II events, initiating
an avalanche ionization (AI) process. This picture is valid when MPI — AI
interplay has sufficient development time, typically for pulse durations in the
picosecond or longer range. However, for femtosecond pulses, the dynamics
become more complex, and the contribution of AI may be significantly overes-
timated [34].
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The simplest way to describe electron generation in dielectrics while con-
sidering both MPI and AT processes is through the single-rate equation (SRE)
model [6]:

dN
dt
where N represents the carrier density, I — intensity, wypr is multiphoton ion-

= wmpt + aatIN — YN (1.7)

ization rate [27], aa1 — avalanche ionization constant, v — carrier recombination.
This model assumes a linear relationship between Al and intensity, justified by
the linear heating rate of carriers at a given intensity. However, this linear-
ity implies that all carriers contribute equally to Al regardless of their energy,
leading to overestimating the AI contribution, particularly at lower intensi-
ties. In reality, the electrons need to gain a specific amount of energy before
they can cause collisions with other carriers to excite new valence electrons
[35]. Although the SRE model is an oversimplification, it remains valuable for
capturing the major trends of laser-induced damage formation.

To address the limitations of SRE, Kaiser et al. [35] proposed a more
detailed model that incorporates interactions between photons, phonons, and
charged carriers. In this approach, electrons initially excited by MPA accumu-
late at discrete energy levels corresponding to integer multiples of the photon
energy (Aw), forming sharp spikes (¢ distribution function) in the carrier en-
ergy distribution. These spikes gradually broaden due to the thermalization
process occurring over a few femtoseconds. By dynamically tracking the energy
distribution, the model accurately determines the fraction of carriers that sur-
pass the critical energy €. necessary for impact ionization. Consequently, Al is
correctly attributed to the high-energy subset of carriers rather than the entire
electron population, avoiding the overestimation inherent in the SRE model.

Figure 1.5 illustrates electron generation dynamics relative to pulse dura-
tion, separating contributions from strong electric field ionization (SEFI, i.e.,
multiphoton ionization) and II throughout and after the laser pulse. For top-
hat pulse profiles (see Fig. 1.5 a) — d)), ionization rates increase linearly during
the pulse duration. II becomes significant only once sufficiently high-energy
carriers are present, leading to a delayed onset compared to MPI. For ultra-
short pulses (25 fs), electrons do not have enough time to accumulate sufficient
energy during the pulse, rendering the contribution of II negligible (Fig.1.5a)).
In contrast, for pulses of 200 fs (or longer) IT contribution becomes comparable
to MPL. II continues for approximately 100 fs after irradiation until no electrons
remain in CB with sufficient energy to continue II, and the electron density sat-
urates. For Gaussian pulse profiles (Fig. 1.5e), electron generation primarily
occurs near the peak intensity, further emphasizing the delayed contribution of
1T relative to MPL.

Although the model by Kaiser et al. provides an excellent description of
carrier dynamics during laser irradiation, it requires solving a large number of
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Figure 1.5: Time dependence of free-electron density and the contributing pro-
cesses, i.e., strong-electric-field ionization (sefi) and impact ionization with an
electric field of 150 MV /cm and pulse lengths of a) 25 fs, b) 50 fs, ¢) 100 fs, and
d) 200 fs, respectively [35]. e) illustrates how electron densities are produced by
MPIT alone and in combination with AI, plotted along with the 100 fs Gaussian
pulse shape [6].

coupled differential equations. To simplify the modeling while preserving crit-
ical features, Rethfeld [34] introduced the multi-rate equation (MRE) model,
which discretizes the carrier energy distribution without assuming thermal-
ization. Energy levels are separated by hw, with the threshold for impact
ionization reached after k = [e./hw] photon absorptions.

The MRE model formulates rate equations for each energy level, summa-
rized as:

dN ‘e
— = wapr + > WNE N (1.8)

s=e,h

where s=e,h is for electrons and holes, respectively, v describes excited carrier
collisions (which have energy > €.) with neutral carriers in k-th energy level.
While Eq.1.8 resembles the SRE (Eq. 1.7), it differs fundamentally: AT now de-
pends only on the population of carriers above the critical energy, introducing
a natural delay between MPI and AI onset. Thus, the MRE model more accu-
rately captures the sequence of nonlinear ionization events during femtosecond
to picosecond laser irradiation in dielectric materials.

1.2.2.3 Coulomb explosion

Coulomb explosion (CE) is recognized as a prominent non-thermal laser-
induced damage mechanism, particularly under femtosecond laser irradiation.
It arises when a rapid photoionization process, often via multiphoton or tunnel-
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ing ionization, leads to the escape of a substantial number of electrons from the
surface of the material, leaving behind a highly charged, electrostatically un-
stable lattice. This localized positive charge generates intense repulsive forces
between ions, ultimately causing the ejection of atomic or cluster species from
the surface in an explosive manner.

In dielectric materials, this phenomenon has been experimentally confirmed
[36]. It has been shown that under sub-threshold femtosecond laser fluences,
CaFs surfaces emit predominantly positive ions with high kinetic energies
(~10 eV), largely independent of their mass [37]. Their time-of-flight mass
spectrometry revealed a strong forward-peaked ion emission and distinct non-
thermal energy distributions, further supporting CE as the underlying mech-
anism. Additionally, they observed a fluence-dependent transition to thermal
ablation, highlighting the CE dominance at low fluence and the onset of ther-
mal effects at higher intensities. A theoretical framework for Coulomb explosion
applicable across different material classes has been developed within a contin-
uum drift-diffusion approach. This model emphasizes the role of charge carrier
transport properties in determining the feasibility of surface charging and sub-
sequent electrostatic disruption. In this context, materials with low carrier
mobility and weak electronic screening, such as wide bandgap dielectrics, read-
ily support the development of strong surface electric fields sufficient to trigger
Coulomb explosion [38]. Conversely, in metals and semiconductors irradiated
with near-infrared femtosecond pulses, the high mobility of free carriers and
efficient redistribution of charge inhibit the formation of the necessary field
gradients. However, model predictions further indicate that, under ultraviolet
nanosecond irradiation, conditions in certain semiconductors may permit the
onset of Coulomb explosion due to the altered dynamics of charge generation
and transport [39].

1.2.2.4 Thermalization

Upon absorption of femtosecond to picosecond pulses, materials enter a highly
non-equilibrium state where electrons are rapidly excited and initially thermal-
ize through electron-electron interactions (see Fig. 1.4 for time scales of the
electronic excitation processes). This is followed by a slower energy transfer
to the lattice via electron-phonon coupling, as described in the foundational
two-temperature model (TTM) [40]. However, recent theoretical and experi-
mental studies have revealed that this conventional model is often insufficient.
The phonon subsystem may remain internally non-thermalized for several pi-
coseconds, forming a bottleneck that limits overall electron cooling and thus
prolongs elevated electronic temperatures [41, 42]. Similar effects have been
observed in bismuth, with relaxation dynamics strongly dependent on excita-
tion fluence [43]. This persistent electronic excitation can significantly influence
the onset of damage, especially in semiconductors and dielectrics. Carr et al.

27



showed that the energy deposited in wide-bandgap materials during damage
leads to local temperatures consistent with blackbody emission, implying ther-
mal equilibrium within the damage plasma. This condition develops only after
extensive electron-lattice interaction [44]. In metals, non-equilibrium electron
distributions can directly exert stress on the lattice, leading to deformation or
fracture, where damage thresholds are exceeded before melting occurs due to
stress accumulation from hot electrons [45, 46].

1.2.3 Absorption evaluation methods

One of the most popular techniques to measure the nonlinear absorption is us-
ing the Z-scan method [47], implementing the transmission-reflection technique.
This method enables the evaluation of nonlinear refractive index, multiphoton,
and linear absorption constants from the absorptance measurements, especially
in very thin films [48]. Ganeev et al. [49] reported nonlinear absorption coeffi-
cient values for various media, including semiconductors, metals, and crystals
at 1064 nm and 532 nm wavelengths. Correa et al. proposed theoretical formu-
lae to fit two—, three—, four—, and five-photon absorption processes with Z-scan
[50]. Nagaraja et al. investigated the nonlinearity of ZnO thin films annealed
at different temperatures on quartz substrates using CW He-Ne laser radia-
tion [51]. They observed that the nonlinear coefficient increases with annealing
temperature but decreases with intensity. Zeyada et al. noticed that the non-
linear absorption coefficient of a-PbO; increases with photon energy but, con-
trary to Ref. [51], decreases with annealing temperature [52]. Razskazovskaya
et al. measured and calculated two-photon-absorption (2PA) coefficients for
dispersive dielectric multilayer coatings (HfO2/SiO2, TagO5/SiO2) [32], reveal-
ing that the multilayer structure significantly influences nonlinear absorption.
Chen et al. measured 2PA and 3PA for HfO,, SiO», and Al,O3 thin films and
bulk material of varying thickness with 515 nm and 343 nm wavelengths [53].
It was demonstrated that absorption coefficients depend on material thickness
and substrate effects, as further confirmed in Ref. [48].

Despite significant contributions to understanding absorption behavior in
materials, Z-scan measurements are limited in their ability to account for
thermo-optical effects arising from cumulative heating at high repetition rates.
Additionally, extinction coefficients derived from Z-scan data include both scat-
tering and absorption contributions, making it challenging to isolate pure ab-
sorption losses [54].

Beyond Z-scan, alternative absorptance measurement techniques provide
further insights. Apel et al. used an ArF laser calorimeter at 193 nm to
measure nonlinear absorptance in AlyOg films of different thicknesses, showing
that nonlinear absorption cannot be described by a single coefficient across
varying thicknesses and coating deposition methods [30]. However, since this
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method records absorptance after several minutes of laser exposure, it may
yield inaccurate results due to prolonged sample modification.

Photothermal absorption measurement techniques have become more pop-
ular recently due to their ability to dissociate from the scattering losses and
enable high-power, high-repetition rate laser sources. Papernov et al. em-
ployed photothermal heterodyne imaging (PHI), a pump-probe technique, to
study time-dependent absorptance changes in HfO, films coated on 500 nm
SiO2 [55]. They observed a decrease in absorptance over time, attributed to
local laser annealing in the exposed area. A similar annealing effect was noted
in Ref. [56]. Laser-induced deflection [54], lock-in thermography [57] There
are other photothermal absorptance measurement techniques [54, 57], pho-
tothermal microscopy [58] have been used to evaluate the MPA and nonlinear
absorption coeflicients in a variety of materials. However, although they enable
precise nonlinear absorptance measurements, they remain time-consuming and

lack temporal resolution.

1.2.4 Intrinsic, atomic-level defect-driven damage

Atomic-scale laser-induced damage initiation mechanisms can be classified into
two subcategories: native (inherent) defect-driven damage and laser-induced
defect-driven damage, both of which play a crucial role in determining the re-
sponse of a material to laser irradiation, particularly under ultrashort pulse
durations. One of the most extensively studied materials in this context is
amorphous silica (also known as fused silica). Therefore, in this section, SiOs
will be used as a representative material to describe the mechanisms and con-
sequences of defect formation.

1.2.4.1 Native point defects

Native point defects are commonly present in dielectric materials and play a
significant role in their optical, electronic, and structural properties. These de-
fects manifest themselves as missing oxygen atoms (oxygen vacancies), atoms
with incomplete bonding (such as silicon or oxygen atoms that are not fully
connected to their usual number of neighbors), or foreign impurity atoms em-
bedded in the structure.

Native point defects in amorphous silica (SiO3) arise from the disordered
nature of its glass network, which lacks long-range atomic order and features
a wide range of Si-O-Si bond angles and ring sizes — including small, highly
strained three-membered rings. These strained configurations create unstable
regions in the structure that are more likely to form defects, even in high-
purity materials. From a thermodynamic perspective, such defects can form
during the rapid cooling (quenching) of molten silica, which prevents atoms
from settling into a fully relaxed and stable arrangement. On the kinetic side,
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the low mobility of atoms in the solid glass phase means that once these defects
form, they tend to remain trapped in place.

Among the most important native defects are the silicon dangling bond,
known as the E’ center (denoted as = Si®), and the non-bridging oxygen hole
center (NBOHC, denoted as = Si-O°®) [59]. The E’ center involves a silicon
atom bonded to only three oxygen atoms, instead of the usual four found in a
complete SiO4 tetrahedron. This missing bond leaves an unpaired electron in a
dangling bond, creating a reactive and electronically active site. The E’ center
absorbs light around 5.8 €V and serves as a deep trap for electrons, strongly
affecting the optical and electrical behavior of the material [59]. In contrast,
the NBOHC forms when a Si—O—-Si bond is broken, leaving an oxygen atom
bonded to only one silicon atom. This type of oxygen atom holds a local-
ized hole, forming an O® center that emits visible light (photoluminescence)
at around 1.9 €V [60]. Hydroxyl groups (Si-OH) are another source of struc-
tural instability, acting as precursors to NBOHCs, especially when exposed to
vacuum ultraviolet (VUV) radiation that can break the Si-OH bond [61].

Both E’ centers and NBOHCs introduce electronic states within the
bandgap of the material. These defect-related states allow the material to
absorb lower-energy (sub-bandgap) or multiple photons simultaneously (multi-
photon absorption). This increases the likelihood of energy absorption during
intense laser irradiation, effectively lowering the threshold for laser-induced
damage. Furthermore, these defects enhance local electric fields and can con-
centrate energy in specific regions, especially under ultrafast (femtosecond) or
UV laser pulses.

1.2.4.2 Laser-induced defects

Laser-induced defects in silica emerge from the interaction of high-intensity or
high-energy laser pulses with the material’s lattice, leading to electronic ex-
citation, bond-breaking, and structural rearrangement. In Si-OH-rich ("wet’)
silica, photons with energies around 7.9 eV — such as those from an excimer laser
— efficiently break Si-OH bonds, forming NBOHCs and atomic hydrogen (H).
However, due to the high mobility of hydrogen, many of these defects recom-
bine and annihilate shortly after formation, limiting their accumulation [61].
In contrast, in Si-OH-deficient (’dry’) silica, defects primarily form through
the photo-induced breaking of strained Si—-O-Si bonds, producing both NBO-
HCs and silicon dangling bonds (E’ centers), which exhibit significantly lower
recombination rates.

A critical intermediate in forming these defects is the self-trapped exciton
(STE) — a localized bound state of an electron and hole, stabilized by local
lattice distortion. STEs form extremely rapidly in fused silica, with formation
times of 150 fs, due to strong electron-phonon coupling following multipho-
ton excitation [62, 63]. While their formation is ultrafast, STEs persist for
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Figure 1.6: Schematic energy diagram of the STE formation inside fused silica
and their decay to semi-permanent point defects [63].

relatively long durations — typically several hundred picoseconds — before de-
caying. At room temperature, this decay is predominantly non-radiative. It
can lead to the creation of stable point defects such as E’ centers and NBOHCs
(a schematic view of the defect formation process is illustrated in Fig. 1.6) [63].
The presence of pre-existing defects or strained regions in the lattice signifi-
cantly enhances the likelihood of such STE-induced transformations. Because
STEs have lifetimes long enough to outlast a single pulse and interact with
subsequent ones, their formation becomes increasingly efficient under repeated
laser exposure. This behavior is particularly relevant in femtosecond laser
regimes, where high peak intensities and ultrashort pulse durations facilitate
efficient energy deposition within sub-picosecond time windows [10, 64, 65].
As laser pulses accumulate, so do the defects they generate, even when the
fluence is below the single-shot LIDT — a phenomenon known as incubation.
This progressive defect accumulation modifies the local electronic structure
and optical response, often enhancing absorption and field localization. Over
time, such changes degrade material performance. More broadly, laser-induced
defects contribute to both non-catastrophic damage modes, such as localized
color changes, and to the initiation of catastrophic breakdown, underscoring
their importance in both material degradation and functional laser processing.

1.2.5 Extrinsic, macro-defect driven damage

Larger-scale imperfections — either inclusions introduced during manufacturing
or formed during operation — can localize laser energy and lead to catastrophic
failure. These macro defects arise from manufacturing processes such as grind-
ing, polishing, and coating deposition. Sub-surface damage (SSD), polishing-
induced cracks, and residual stress zones often lie beneath a Beilby layer formed
during the final polishing step [66]. These defects act as energy concentrators,
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amplifying local electric fields and significantly lowering the LIDT [66, 67].
Coating-related defects, particularly nodular defects, originate from particu-
late contamination or surface flaws and grow into conical inclusions during
deposition. The dome-like tops of these nodules act as micro-lenses, focusing
light and initiating localized breakdown [68]. Upon irradiation, nodules of-
ten delaminate due to weak adhesion, creating voids that grow with continued

exposure.

1.3 Laser-induced fatigue

Almost all laser systems, except for extremely high-energy facilities such as
NIF [4] or LMJ [69], operate below the single-pulse LIDT. However, optical
damage has been reported after hundreds or thousands of hours of operation
[70, 71]. The fatigue effect and the associated optical lifetime remain not fully
understood. Yet, they are critical for the development of long-lasting optical
components that ideally would not degrade under laser irradiation. There
are several fatigue explanation theories that will be discussed in the following
sections.

1.3.1 Thermal and mechanical fatigue

The thermal energy delivered by a single pulse requires time to dissipate within
the material. However, with multiple pulses, heat can accumulate if the heat
diffusion time of the material exceeds the pulse duration. The typical heat
diffusion time for glasses is on the order of us [29]. As the material temper-
ature rises, damage can occur due to mechanical failure, surface melting, or
a combination of both [12]. This type of fatigue is particularly relevant for
CW lasers [29] and pulsed lasers operating at high repetition rates in the MHz
range [7]. Additionally, thermal fatigue can manifest in highly absorbing defects
and inclusions [67, 72]. Highly absorbing coatings may also experience grad-
ual laser-induced fatigue due to repeated thermal-mechanical cycling, which
causes microstructural changes and eventual failure. Thermal cycling fatigue
is mainly caused by the mismatch of thermal expansion between different ma-
terial layers or localized defects [73], leading to delamination and blistering at
the coating-substrate interface [74].

1.3.2 Material modification-induced fatigue

As discussed in previous sections, laser-matter interaction can modify material
properties by altering the intrinsic structure of the material. For ultrashort
pulses (<20 ps), nonlinear electronic effects such as MPA and Al become dom-
inant [10, 12]. In interference coatings, multiphoton absorption and avalanche
ionization cause bond breaking and incubation of lattice defects. These effects
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occur when valence electrons are excited to the CB. After excitation, a signifi-
cant fraction of free electrons relax into STE states, which may further decay
into point defect states such as color centers [63], as discussed in Sec. 1.2.4.
These processes cause material degradation by forming mid-gap states that,
upon repetitive excitation, reduce the damage threshold [12, 75].

1.3.3 Laser-induced contamination

Environmental factors may also influence the operational lifetime of optical
components. Organic contaminants in the surrounding environment can settle
on optical surfaces and reduce their damage threshold during long-term laser
exposure [70, 76-78]. This phenomenon, known as laser-induced contamina-
tion (LIC), has emerged as a critical factor limiting both the LIDT and the
longevity of optics in high-power laser systems [78, 79]. LIC involves the depo-
sition of nanometer-scale, highly absorbing layers on optical surfaces as a result
of complex interactions between high-intensity laser beams and volatile organic
compounds present in the environment. These contaminants, often originating
from out-gassing materials or airborne molecules, undergo photochemical re-
actions under laser irradiation, leading to the formation of low-volatility films
that significantly alter the optical properties of surfaces [79, 80]. Even when
optics exhibit high intrinsic LIDT values, LIC can induce localized absorption
and heat accumulation, effectively reducing the practical damage threshold and
initiating irreversible damage such as micro-cracking or delamination over time
[81]. Such degradation is particularly accelerated in high-repetition-rate sys-
tems, where cumulative effects from millions of pulses can cause damage growth
from initial defects enhanced by contamination-induced absorption [79]. Fur-
thermore, studies have shown that contamination layers composed of carbonate
or siloxane derivatives can drastically increase absorption and scattering losses,
ultimately leading to catastrophic optical failure [82, 83]. The impact on laser
system lifetime is twofold: first, the reduced transmission or reflection efficiency
leads to power loss and system instability; second, once contamination-driven
damage initiates, the affected component must be cleaned or in worse case —
replaced, incurring downtime and maintenance costs. This necessitates precise
material selection, environmental control, and the implementation of real-world
testing protocols that emulate operational conditions to predict component
longevity accurately [81, 84].

1.3.4 Overview of fatigue characterization methods

Characterization of the fatigue effect is critical to predicting the lifetime of op-
tical materials. However, it is challenging and requires extensive experimental
data, long-duration laser exposure, and appropriate predictive fatigue models.
Short-term fatigue effects can be measured using the S-on-1 (series of pulses
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on one test site) method [11], which provides a characteristic damage curve
(typical fatigue curve is illustrated in Fig. 1.7), indicating LIDT as a function
of the number of pulses. The S-on-1 LIDT is typically much lower than the
1-on-1 (single pulse on one site) threshold. The characteristic damage curve
can also be used to estimate the long-term effects of fatigue and the lifetime of
the optics when combined with an appropriate extrapolation model, which is

unknown in the general case.
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Figure 1.7: S-on-1 LIDT measurements made on the two differently deposited
NbyO5 thin coatings (IAD: ion-assisted deposition; MS: magnetron sputtering)
[85].

Most of the previous studies focus on catastrophic damage and suggest
pertinent fatigue models, demonstrating that LIDT tends to saturate after a
certain number of pulses, reaching the so-called LIDT onset [8, 86] — a thresh-
old below which no damage occurs. For example, Mero et al. [75] proposed
a phenomenological model to describe the LIDT fatigue behavior in dielectric
films subjected to femtosecond multipulse irradiation. Their approach linked
the damage threshold decrease to the accumulation and ionization of STEs,
which form after multiphoton excitation and relax into long-lived defect states.
The damage threshold was observed to decrease with pulse number and satu-
rate after a certain number of pulses, independent of repetition rate, indicating
that material relaxation between pulses was negligible. The model, based on
rate equations (see Sec. 1.2.2.2) for electron dynamics in CB and STE gener-
ation, successfully reproduced experimental observations of LIDT fatigue be-
havior and associated temperature rise. Emmert et al. [87] developed a more
detailed rate equation model that incorporated both native and laser-induced
defect states (see Sec. 1.2.4) to explain LIDT fatigue. In their model, CB elec-
trons were generated by direct MPI and ionization of mid-gap trap states. It
was emphasized that Al, seeded by traps, dominated the breakdown process at
longer pulse durations. The model distinguished between shallow and deep trap
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populations and showed that laser-induced defects could account for the grad-
ual threshold reduction over hundreds of thousands of pulses. The approach
also demonstrated that the trap parameters (density, ionization cross-section,
relaxation rates) strongly influence the fatigue curve. The international ISO
standard for LIDT provides an empirical expression for the multipulse damage
threshold [11]:

Py — Fyy

1+ %log(S)

where F} is the single-shot damage threshold value, Fi,¢ is the resistance limit

Fin(S) = Fint + (1.9)

of the optical surface, and A describes the decrease of the characteristic damage
curve with the increasing number of pulses S. These parameters are typically
calculated using the least-squares approximation method. Recently, lifetime
evaluation has been explored using a Bayesian inference approach [88]. By in-
tegrating experimental damage data with probabilistic modeling, this method
refines damage threshold estimations and provides a robust statistical frame-
work for reliability assessments. There are multiple other empirical lifetime ex-
trapolation functions, derived based on the material fatigue behavior [89-92].
However, these models are typically tailored to specific materials or behaviors
and do not fully account for the underlying physical mechanisms of fatigue.

1.4 LIDT scaling laws

There are a lot of various laser systems with different output parameters. The
LIDT of a certain optical element depends on various irradiation parameters
such as wavelength, beam diameter, time, history of exposure, pulse repeti-
tion rate, and pulse duration, as well as material properties and its synthesis
method. Each parameter affects the damage threshold or optical lifetime dif-
ferently, highlighting the necessity of scaling laws.

1.4.1 Pulse duration scaling
1.4.1.1 Glasses and dielectric coatings

Laser pulse duration is known to be one of the most critical parameters affecting
laser damage performance. Various studies [6, 13, 15, 29, 71, 93-104] were con-
ducted on glasses and dielectric coatings, and reported the LIDT dependence
on pulse duration. According to the present knowledge, nonlinear absorption
and ionization, as well as fatigue processes, govern the damage threshold of
optics in a pulsed regime. Stuart et al. [6] investigated LIDT scaling laws
of fused silica substrates, multi-layer dielectric at IR (A = 1053 nm) and VIS
(A = 526 nm) wavelengths within 140 fs — 1 ns pulse durations. It was experi-
mentally demonstrated that catastrophic multi-pulse LIDT of dielectrics scales
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with pulse duration as ~ 70-° for the entire ps — ns pulse duration range, while
for shorter pulses this scaling law deviates (see Fig. 1.8a)). LIDT scaling was
further investigated in the femtosecond regime by Lenzner et al. [93] and Mero
et al. [94] for dielectrics and single-layer coatings. Experiments carried out
with A = 800 nm wavelength indicated ~ 7% dependence below ~20 ps as
well as direct correlation with bandgap.

Multiple other studies seem to reproduce 7°-3 — 70-5 scaling laws [13, 15, 71,
97-104]. For pulses longer than a few us, LIDT is no longer governed by the
electronic processes but rather thermal heating and melting, as Bliss [95] and
Wood [29] demonstrated. Thus, a thermal balance between deposited and dis-
sipated power defines the damage threshold of the optical element. In the CW
regime, it is more convenient to use irradiance as a threshold unit (W/cm? —
average power per effective area) as it remains constant while changing pulse
duration. Constant threshold irradiance scales linearly with pulse duration
when converted to units of fluence (see Fig. 1.9).
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Figure 1.8: Pulse width dependence of threshold damage fluence for a) fused
silica at 1053 nm [6] (the inset shows the pulse width scaling in 10 — 2000 fs at
800 nm for several dielectrics [94]) and for b) gold coating and grating [6].

1.4.1.2 Metals and metallic coatings

Studies on LIDT scaling laws on pulse duration are limited for metallic coatings.
Historically, the high absorptance of metallic coatings resulted in a relatively
low LIDT compared to dielectric coatings, restricting their use in high-power
applications. Consequently, metallic coatings have been primarily employed in
low-power imaging [105], spectral analysis [106, 107], and sensor applications
due to their broadband reflectivity, cost-effectiveness, and surface plasmon res-
onance properties [108]. Apart from gold coatings on polished copper optics
in CO4 lasers, metallic mirrors have been largely replaced by dielectric multi-
layer coatings in high-power laser systems. In a previously mentioned study
by Stuart [6], LIDT scaling on gold coating and grating was also evaluated
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(see Fig. 1.8b)). It was demonstrated that the LIDT is independent of pulse
duration in the fs — ps range, while for nanoseconds it scales as 7°°. Only a few
other investigations have explored LIDT scaling with pulse duration in metals
and metallic coatings. The complexity arises from the simultaneous influence
of multiple material parameters. Wood theoretically estimated (the model will
be presented in Sec. 3.1) that LIDT scales linearly with pulse duration in the
CW regime (see Fig. 1.9). In contrast, in the pulsed regime, it is independent
of the pulse duration [29], contradicting the study by Stuart et al. Sparks et
al. [109] 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). 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 thresh-
old, particularly for pulses ranging from 200 fs to 10 ps [110, 111]. Under the
investigated conditions, the effect of coating thickness on LIDT became min-
imal for coatings thicker than 50 — 500 nm, depending on the material being

studied.
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Figure 1.9: Thermally induced LIDT as a function of pulse duration and beam
diameter [29].

The LIDT scaling with pulse duration is also important for micro- and
macro-machining [112; 113]. Ablation studies have partially confirmed the
predictions by Wood, showing that in the 500 fs — 10 ps range, the ablation
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threshold exhibits only a weak dependence on pulse duration for materials
such as copper and silicon [114]. Similar trends were observed for aluminum,
copper, nickel, and tungsten in the 15 — 100 fs regime [115], although scaling
laws were not explicitly stated in some studies [116, 117]. In contrast, Hashida
et al. [118] showed that in the 70 fs — 5 ps range, the ablation threshold scales
with the pulse duration as 7927967  depending on the ablation depth. Y.
Zhu et al.[119] recently reported opposite dependence in SiOs-coated aluminum
mirrors at 1030 nm wavelength, with pulse widths ranging from 0.2 ps to 11 ps,
indicating that the LIDT deviates from the square root scaling law (770:063)
as the pulse width decreases below 10 ps.

1.4.1.3 Nonlinear crystals

The LIDT scaling with pulse duration in nonlinear crystals has been less ex-
tensively studied. However, several notable investigations provide valuable in-
sights. For example, the bulk damage threshold of uncoated KDP crystal was
found to scale with ~ 793 for 250 ps — 16 ns pulses at IR [120, 121] and UV
[122] wavelengths. Furukawa et al. performed single-shot LIDT measurements
in LBO bulk material [71] at 1064 nm, 532 nm, and 355 nm wavelengths. They
reported ~ 7945 LIDT dependence on pulse duration and noticed that shorter
wavelength also results in lower LIDT.

1.4.2 Beam diameter scaling

Both thermal damage (CW lasers) and electronic damage (pulsed lasers) in
transparent media are influenced by the laser beam diameter [29]. Generally,
the LIDT scales inversely with the square of the beam radius, following a
1/w? dependence [123]. This effect is particularly pronounced for nanosecond
pulses due to the probabilistic nature of damage initiation, which depends on
the likelihood of encountering pre-existing defects within the irradiated area.
Experimental studies on single-layer HfO5 coatings confirm that LIDT increases
with decreasing beam diameter [9, 123], as smaller beams are statistically less
likely to intersect damage-initiating defects [67, 124]. Above a certain beam
size (~250 — 350 pm), the threshold tends to plateau, reflecting a saturation
in defect sampling [125].

In contrast, damage becomes more deterministic for ultrashort pulses (fs —
ps regime), governed primarily by nonlinear ionization rather than defect-
assisted absorption. Sanner et al. showed that in fused silica irradiated with
450 fs pulses, LIDT decreased with increasing beam diameter in the 0.8 — 10 pm
range [126]. This trend arises because smaller beam waists concentrate peak
intensity, reducing the influence of sub-micron defects and allowing the intrinsic
material threshold to dominate. Although ultrashort pulses reduce statistical
variation in damage onset, beam diameter still affects measured thresholds and
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must be considered in experimental design and data interpretation.

1.4.3 Wavelength scaling

The LIDT of optical materials exhibits a pronounced dependence on the irradi-
ation wavelength, reflecting underlying differences in material response mech-
anisms at varying photon energies. Generally, a decrease in wavelength, cor-
responding to an increase in photon energy, reduces the LIDT. This trend is
attributed to enhanced linear and multiphoton absorption processes at shorter
wavelengths, facilitating the initiation of defect states and material breakdown.
In the case of nonlinear optical crystals such as LBO, long-term exposure to
UV radiation at 355 nm — even at intensities well below the nominal LIDT
— induces surface degradation processes not observed under infrared or visible
illumination [82, 127]. Specifically, UV light promotes photo-assisted chemical
reactions at the surface, forming amorphous layers on the crystal surface, such
as SiOq, from environmental contaminants. These secondary layers substan-
tially modify the surface optical properties and eventually precipitate catas-
trophic damage. Similarly, for dielectric thin films, systematic studies under
fs — ps multipulse irradiation at UV — IR wavelengths demonstrate a distinct
wavelength dependence of LIDT, with damage thresholds decreasing at shorter
wavelengths [85, 101]. The observed behavior is linked to the lower number
of photons required to bridge the bandgap energy at higher photon energies,
thus increasing the probability of nonlinear absorption mechanisms like mul-
tiphoton ionization and avalanche breakdown. Additionally, the incubation
effect becomes more pronounced at UV wavelengths due to increased absorp-
tion cross-sections for defect states. Moreover, UV-induced damage processes
are often amplified in high-power, high-repetition-rate systems, where thermal
effects, material impurities, and surface quality become critical factors.

1.5 Discussion

Despite considerable progress in studying laser-induced damage, critical gaps
persist in understanding how damage evolves under practical, long-term laser
operation. While catastrophic damage mechanisms are relatively well estab-
lished, current LIDT scaling laws are often limited to idealized single-shot or
low-pulse-count conditions. These models often fail to capture the full complex-
ity of multipulse exposure scenarios common in real laser systems. Moreover,
studies frequently report inconsistent scaling exponents, indicating the need for
broader experimental validation and more robust theoretical frameworks.

A major limitation is the persistent focus on catastrophic damage, while
non-catastrophic damage modes in the scientific literature, such as color change,
remain under-represented. These forms of damage occur below the catas-
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trophic threshold and may evolve gradually, yet their onset mechanisms, long-
term behavior, and influence on optical performance remain poorly understood.
Color change, for example, is often attributed to the formation of color centers
through multiphoton ionization. However, it remains unclear whether the for-
mation of color centers is the only possible mechanism, whether an LIDT onset
for color change exists, and whether multiphoton ionization alone determines
color change formation.

Equally underdeveloped are models for optical lifetime prediction. Cur-
rent approaches rely on short-term S-on-1 tests and empirical extrapolation,
often neglecting the complex defect accumulation dynamics observed under
prolonged exposure. While some studies, such as those by Mero et al. and
Emmert et al., have proposed fatigue models based on rate equations and trap
density evolution, they do not account for sub-catastrophic degradation. There
is no widely accepted predictive model that connects short-term fatigue data
to reliable, long-term lifetime estimates across materials and laser conditions.

In parallel, nonlinear absorption — particularly multiphoton absorption — is
recognized as a key initiator of damage in transparent optical materials, yet
temporal absorption dynamics remain poorly resolved. Standard methods like
Z-scan and calorimetry provide spatially integrated, time-averaged data and
cannot capture the evolution of real-life absorption. This lack of temporal
resolution is a major obstacle to connecting absorption behavior directly to
damage initiation and LIDT, especially in fs — ps regimes where the energy
deposition is highly dynamic.

Although significant advancements have been made in laser-induced damage
studies, key uncertainties remain regarding damage evolution under realistic,
long-term irradiation conditions. The absence of scaling laws that account
for sub-catastrophic modes, the scarcity of reliable long-term fatigue models,
and the limited temporal characterization of absorption all point to a need for
deeper physical insight and expanded experimental scope. Bridging these gaps
is essential for developing predictive models and improving the resilience of
optical coatings in high-intensity laser applications.
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2. Experimental methods and character-

ization techniques

This Chapter consists of a list of laser sources used in all experiments, summa-
rized by publication chronology and laser beam diagnostics, LIDT evaluation
protocols, as well as LIDT and absorption testing setups and techniques.

2.1 Laser sources and beam diagnostics

A broad range of laser sources was employed to investigate LIDT and absorp-
tion characteristics in various dielectric, metallic, and semiconductor coatings,
covering pulse durations from 10 fs to 10 s.

For LIDT experiments in [A1], three pulsed lasers were used at 1 kHz
repetition rate and beam diameter ranging from 29 to 35 um at 1/e? level:

o a Legend (Coherent) amplifier with HE-TOPAS OPO (Light Conversion)
generating 50 fs pulses at 1064 nm and 355 nm;

e a Yb:KGW Pharos laser (Light Conversion) for 200 fs — 10 ps pulses at
1030 nm and 343 nm with external harmonic generation;

o an Atlantic 80 (Ekspla) laser for 10 ps — 9 ns pulses at 1064 nm and
355 nm, with third harmonic generation achieved internally (10 ps) or
externally (150 ps and longer) and subsequent harmonic filtering.

LIDT tests in [A3] were performed using the Pharos laser at 1030 — 257 nm
with external harmonic generation, 10 ps pulse duration, and 50 kHz repetition
rate, with a focused beam diameter of approx. 60 pum at 1/e? level.

LIDT tests on metallic and semiconductor coatings in [A4] were performed
at 100 Hz repetition rate and beam diameter at approximately 200 pm at 1/e?
level with:

o a NAGLIS OPCPA system [128] delivering 9.5 — 10 fs pulses at 1030 nm
(beam diameter was 100 um at 1/e?);

e a Pharos laser for 200 fs — 10 ps pulses at 1030 nm and 343 nm using
external harmonic generation;

o an injection-seeded Nd:YAG laser (Innolas) for 9 ns pulses at 1064 nm;

o an Yb-doped fiber laser (IPG Photonics) for CW exposures from 1 ms to
10 s at 1070 nm.
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Figure 2.1: Typical beam diameter profiles used in LIDT measurements across
all pulse durations and wavelengths: (a) 1064 nm in [A1], (b) 355 nm in [A3],
(c) 1064 nm in Sec. 3.1, (d) 355 nm in Sec. 5.2.

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. At 10 fs, where a smaller beam diameter of
~100 pm was used, the obtained LIDT values aligned with the overall trend
(see Sec. 3.1), indicating negligible beam size influence.

LIDT tests [A5] were performed using the Atlantic 80 laser at 355 nm with
internal harmonic generation, 10 ps pulse duration, and 1 MHz repetition rate,
with a focused beam diameter of approx. 60 pum at 1/e? level.

Absorptance measurements were carried out employing lasers operating at
1 MHz with a beam diameter ~60 pym at 1/e? level:

e a 10 ps pulsed Atlantic 80 laser at 1064 nm, 532 nm, 355 nm using internal
harmonic generator, and 266 nm with an external harmonic generation
in [A2] and [A3];

e an Yb:KGW Pharos laser (Light Conversion) for 170 fs — 2 ps pulses at
343 nm with an internal harmonic generator in [A5];

¢ a low-power CW HeNe probe at 633 nm was used to detect thermal
lensing via modulation of the interference pattern in [A2, A3, A5] and
Section 4.2.

Beam diameters in all experiments were measured after focusing optics and
light attenuation with appropriate filters in the focal plane using a Chameleon
CCD camera (CM3-U-13S2M-CS, FLIR) with a pixel size of 3.75 ym. Typical
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beam diameter profiles at 1/e? level used in LIDT and absorption experiments
are illustrated in Figs. 2.1 and 2.2, respectively.
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Figure 2.2: Typical beam diameter profiles used in absorption evaluation ex-
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Figure 2.3: Typical temporal pulse shape and measured pulse durations used

in experiments.

Various pulse durations were used during the experiments in this disser-

tation; therefore, several puls

e duration evaluation methods were employed

(typical pulse duration functions are summarized in Fig. 2.3). An 8 fs pulse

duration was measured using

the chirp-scan method [129]. Auto-correlation
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functions for pulse durations in the range of 50 fs to 10 ps were measured us-
ing the Geco (Light Conversion), while longer pulses from 150 ps to 10 s were
characterized with an oscilloscope. CW pulse widths showcased a rectangular
shape.

2.2 LIDT metrology

Implementing a standardized LIDT measurement protocol, such as the one
outlined in ISO 21254 [11], is essential for the reliable evaluation of optical
components. ISO 21254 provides comprehensive guidelines for determining
LIDT, ensuring consistent and comparable results across different laboratories
and applications. This standardization is crucial for assessing the durabil-
ity and performance of optics in various laser systems. By adhering to ISO
21254, manufacturers and users can confidently evaluate the resistance of op-
tical components to laser irradiation, thereby enhancing system reliability and
performance.

There are several LIDT testing protocols, each serving a different purpose
for the LIDT evaluation. Typically, the sample is divided into a virtual test
site matrix for each testing protocol. Every site is visually inspected using a
Nomarski differential interference contrast (DIC) microscope before and after
irradiation. Typically, in each testing protocol, the test starts with the lowest
fluence where no damage is observed and increases (linearly or nonlinearly)
until all irradiated sites exhibit damage. The subsequent sections discuss each
LIDT measurement protocol in more detail.

2.2.1 1-on-1 testing

l-on-1 is a measurement protocol designed to estimate single-shot laser dam-
age at individual test sites. For each fluence level, at least 10 distinct test sites
are used, with a minimum spacing of three beam diameters to prevent inter-
ference from potential debris or laser annealing. The probability of damage
at each fluence level is determined as the fraction of damaged sites relative
to the total tested sites. This probability is then plotted as a function of the
incident fluence, and the LIDT is extrapolated by identifying the fluence at
which the damage probability is zero. While useful for a rough LIDT estima-
tion, the 1-on-1 method can overestimate the threshold when defect density
is low and the beam diameter is small. Additionally, it does not account for
laser-induced fatigue or incubation effects, which are relevant for multi-pulse
irradiation scenarios.
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2.2.2 S-on-1 testing

S(series)-on-1 is a standard LIDT measurement technique (as per ISO 21254)
employing a certain number of pulses for a single test site. The testing proce-
dure is similar to 1-on-1 testing, except here each site is additionally monitored
by an online scattering diode, which can record the moment the damage occurs.
The irradiation is terminated upon detection of catastrophic damage or after
the completion of pulses without detecting damage. After laser exposure, the
test sites are monitored with an offline microscope. Following the damage in-
spection, the damage probability for each pulse class is calculated and plotted
as a function of the number of pulses. This provides a characteristic damage
curve, indicating the damage LIDT behavior at different exposure times. Of-
ten, the results of S-on-1 measurement are extrapolated to estimate the optical
lifetime of optics. The ISO provides an LIDT extrapolation function. However,
it is not applicable in all real-life scenarios. Interpretation and extrapolation
of S-on-1 results are one of the main topics of this thesis and will be discussed
in later chapters.

2.2.3 R-on-1 testing

R(ramp)-on-1 test procedure is suited for small-aperture optics where the space
for LIDT evaluation is limited. This method repeatedly irradiates the same site
with increasing fluence until damage is observed. This procedure is conducted
across multiple test sites, with equal fluence increment steps. The damage
probability is then plotted as a function of the incident fluence. Laser condi-
tioning effects can occur during ramping tests, leading to an apparent increase
in LIDT [12]. As a result, R-on-1 is not suitable for accurate LIDT determi-
nation compared to 1-on-1 or S-on-1 tests. Instead, this protocol is primarily
used to assess the extent of laser conditioning effects.

2.2.4 Raster scan testing

The raster scan measurement technique is particularly effective for assessing
the influence of small defects on LIDT. National Ignition Facility (NIF) in Liv-
ermore, USA [4], has developed a widely adopted test procedure for evaluating
large-aperture optics using small-aperture witness samples [130, 131]. The pro-
cedure involves a sequence of raster scans over a 1 x 1 cm test area, followed
by localized irradiation to assess damage growth. Raster scanning is performed
by moving the optics in a zigzag pattern through a stationary laser beam. The
fluence of the laser beam remains fixed during each scan. Since the incident
laser beam is typically circular, overlapping neighboring pulses is necessary to
create a nearly uniform fluence distribution across the scanned area. Most laser
beams exhibit a Gaussian intensity profile, so the scanning step size is often
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set to correspond to the beam width at 90% of the peak fluence. Each scan is
conducted at a constant fluence, with subsequent scans performed at increasing
fluence levels until the required fluence specification for the optics is reached.
A witness sample is considered to have failed if at least one of the following
conditions is met:

o Damage is present at more than 1% of the test (nominally 2400) sites.
o Damage site(s) are larger than 100 um.

o Damage which grows under further illumination (considered catastrophic
damage).

2.3 Laser-induced damage testing setups

Figure 2.4 illustrates a typical LIDT testing setup used for 1-on-1 and S-on-
1 experiments, conducted in accordance with the ISO 21254-2 international
standard [11]. In pulsed laser LIDT tests, the laser beam is first attenuated
before reaching an energy-monitoring photodiode (D1) or power meter for cal-
ibration. The transmitted beam is then focused onto the test specimen by a
lens. A scattering photodiode (D2) is positioned to detect back-scattered light,
which signals the occurrence of catastrophic damage. Irradiation is automati-
cally terminated either upon damage detection or after the completion of the
designated exposure sequence without observed damage. For CW LIDT tests,
the sample is placed outside the fiber imaging plane to ensure a near-Gaussian
beam profile. An angle of incidence (AOI) of 10° is used to prevent back-
reflection into the laser power fiber. In this regime, the laser provides uniform
exposure by accurately controlling the output power and irradiation time.

Figure 2.4: Schematic view of a standard LIDT testing system. HWP — half-
wave plate, D1 — energy measuring diode, P — polarizer, W — wedge, D2 —
scattering diode for damage detection.
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Each measurement is carried out on a matrix of test sites, with a minimum
spacing of three beam diameters between the sites to avoid cumulative effects.
For reliable statistical analysis, at least 200 test sites are typically irradiated
per test condition. Incident fluence is precisely controlled using a motorized
attenuator and held constant for at least 10 sites before being increased in steps
not exceeding 20% of the previous level. Near the damage threshold, additional
fluence levels and test sites may be introduced to refine the LIDT estimation
and minimize uncertainty.

Based on the analysis of irradiated sites, damage probabilities are calculated
for each pulse class. For probabilistic damage, the LIDT is defined as the
likelihood of damage at a given fluence or intensity. For deterministic damage,
the LIDT is determined using the half-before-first-damage (HBFD) method —
calculated as the average of the lowest fluence causing damage and the highest
fluence not causing damage. The resulting damage thresholds are then plotted
as a function of incident laser pulses, yielding characteristic damage curves for
both catastrophic and color change damage modes.

2.4 Photothermal common-path

interferometry

The surface absorptance of test samples is measured as a function of laser
intensity using a commercial photothermal common-path interferometry (PCI)
system (Stanford Photo-Thermal Solutions [132]). The system includes two
laser beamlines: a low-power CW probe at 633 nm with a 200 um focused spot
and a pulsed pump beam for normal incidence exposure with a 60 — 90 pum
focused spot. A schematic of the setup is shown in Fig. 2.5. The pump beam

Probe beam Imaging unit
Sample

Pump beam

Figure 2.5: Schematic view of photothermal common-path interferometer
setup. The imaging unit consists of a reflective prism, an expanding colli-
mating telescope, and a Si detector which is connected to a lock-in amplifier.

47



is optically modulated at 390 Hz, creating a periodic in-time thermal lens in
the sample, which is detected by the probe beam that irradiates the sample at
AOI ~10 degrees. The modulation depth of the resulting interference pattern
is recorded using a Si photodiode and a lock-in amplifier. A reference sample
with known surface absorptance is used for calibration.

Calibration of the PCI system means establishing the absolute absorption
scale. To calibrate the system, the value of responsivity R should be estimated.
It is defined as the modulation depth of the probe per unit of absorbed power
(1/W):

 ACk 1
DOref arefPref

where ayef is the absorptance of the reference sample, AC.os and DCies are

R

(2.1)

voltage signals acquired from the lock-in amplifier and photodiode, respectively,
Pyt is the pump power at which the calibration was performed. With known
R, the absorption of a tested sample can be calculated with raw data:

_AC 11

Two measurement protocols are employed in the absorptance experiments:
transverse-scan (T-scan) and temporal measurement (Time-scan). In the T-
scan, the sample is moved to measure absorptance in a fresh area along a line on
the surface. Each site is exposed with a maximum of 100 ms integration time
(the shortest integration time of the system is 50 ms), with a 50% overlap of the
beam diameter. In contrast, the Time-scan captures the temporal dynamics of
absorptance by exposing a stationary test site for a selected period of time.

2.5 Preparation of single-layer and AR

dielectric coating samples

The studies in this dissertation (in publications [A2], [A3], [A5] and Sec-
tion 4.2 examined several single-layer dielectric coatings deposited on 6.35 mm
thick UV-grade fused silica substrates sourced from the same polishing batch.
The coatings included HfOs, SiO5, AlsO3, and ZrO,, each designed to have an
optical thickness of six quarter-wave layers (6 QWOT) at 355 nm for normal
incidence (AOI = 0°). Additionally, anti-reflection (AR) coatings consisting of
HfO, /SiO2 multilayers were also investigated.

All coatings were deposited using the ion beam sputtering (IBS) technique
at Optoman (Vilnius, Lithuania). Deposition occurred in a Cutting Edge Coat-
ings GmbH IBS system, operating under high vacuum with a base pressure of
6-8 x 1076 mbar. Oxygen gas was supplied during growth to ensure com-
plete oxidation, resulting in a working pressure of 3-4 x 10~° mbar. A radio-
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frequency grid ion source bombarded the metallic targets (hafnium for HfOs,
zirconium for ZrOs, and aluminum for AloO3) at an angle of 55° using argon
gas. Typical ion source parameters were 1650 V and 230 mA, yielding depo-
sition rates of 0.75 — 0.8 A/s. Film thicknesses were monitored in real time
via an integrated broadband transmission optical monitoring system operating
between 400 and 1000 nm, ensuring precise control of thickness.

Following deposition, coatings were subjected to three different post-
processing conditions: as-deposited (room temperature, RT), and thermally
annealed at either 350°C or 500°C for one hour. All annealed coatings re-
mained amorphous, consistent with previous studies indicating hafnia crystal-
lization occurs only above 600°C [133].

Optical characterization involved reflectance and transmittance measure-
ments using an RT Photon spectrophotometer (Essent Optics) at near-normal
incidence. The coating thickness and refractive index dispersion were extracted
using Fresnel equations. By fitting the experimental spectra with virtual spec-
tra based on Sellmeier functions, the refractive index values were obtained.
The extinction coefficient and absorption coefficient were then deduced from
an energy conservation relation, considering reflection, transmission, absorp-
tion, and negligible scattering. Absorption bandgap values were extracted by
fitting the linear portion of the absorption edge using the Tauc method with
the following expressions [52]:

o= ? (2.3)
ahv =E&(hv — Ey)" (2.4)

where « is the absorption coefficient, k£ is the extinction coefficient, A is the
wavelength, hv is the photon energy, E, is the material bandgap, r = 1/2 for
direct allowed transitions, and £ is a fitting parameter. The physical thick-
nesses, refractive indices, and bandgap values of all coatings are summarized
in Table 2.1.

Table 2.1: Physical and spectral parameters of single-layer dielectric coatings
and AR (@355 nm) coatings (only annealed at 350 °C).

Coating Treatment Thickness (nm) Bandgap (eV) nio64 ns32 nsss Noge
RT 261.00 4.12 1.94 1.97 2.04 —
HfO» 350°C 272.40 5.14 1.90 1.92 1.98 —
500°C 271.65 5.20 1.88 1.92 1.99
RT 352.69 5.21 1.45 1.49 1.51 1.53
SiO2 350°C* 352.69 ~9 1.45 1.49 1.51 1.53
500°C* 352.69 ~9 1.45 1.49 1.51 1.563
ZrOs RT 234.49 3.63 — — 2.21 —
350°C 235.24 4.65 — — 2.19 —
AL, O- RT 321.85 4.08 — — 1.70 —
28 350°C 321.85 6.63 1.68
HiOa/Si0x(AR) |2 poer 7% Zor — T

*For the annealed SiO2 samples, the coating was indistinguishable from the substrate.
Therefore, the bandgap values of SiOg are taken from the literature, and the thickness and
the refractive indices are assumed to be unchanged after annealing.
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3. Laser-induced damage threshold scal-

ing laws on pulse duration

Laser-induced damage is a complex phenomenon influenced by a wide range of
laser parameters, with pulse duration being one of the most frequently varied.
Understanding the limitations of optical components with respect to exposure
time and pulse duration is essential for reliable system performance. While
numerous studies have explored LIDT scaling with pulse duration, most have
been limited to narrow pulse duration ranges and have sometimes produced
contradictory conclusions. Consequently, the development of comprehensive
and consistent LIDT scaling laws remains a critical area of investigation. This
chapter presents LIDT scaling results for metallic and dielectric coatings and
provides an overview of the work published in [A1] and [A4], which were also
presented at conferences [C1], [C3] — [C5], [C8], and [C12].

3.1 LIDT scaling on pulse duration in metallic

coatings

Motivation

Metallic coatings were essential in the early development of laser technology —
silver-coated mirrors enabled light amplification in the first ruby lasers [134].
However, their low LIDT led to their replacement by dielectric multilayers in
modern high-power systems. As a result, metallic materials have been relatively
underexplored in LIDT studies, particularly regarding how damage thresholds
scale with pulse duration.

Recent advancements in ultrafast laser applications have renewed interest
in metallic and metal-dielectric hybrid coatings. These coatings offer advan-
tageous features such as broadband reflectivity and low dispersion over wide
AOI ranges, making them especially valuable in femtosecond systems [135-137].
Despite these advantages, a limited LIDT of the metallic coatings remains a
bottleneck, especially under varying exposure conditions.

To better understand the behavior of LIDT, various theoretical models have
been developed. One of the first approaches is a one-dimensional heat flow cal-
culation model described by Wood [29], where a semi-infinite medium (with-
out 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
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the exposed area for pulses shorter than the heat diffusion time.

However, the applicability of this model is constrained by assumptions
of stationary heat flow. More advanced modeling approaches, like the Two-
Temperature Model (TTM), are needed to describe the non-equilibrium energy
transfer processes that dominate under short-pulse excitation [138]. Experi-
mental data for metallic coatings over a broad pulse duration range are scarce,
making it difficult to validate the theoretical models or identify consistent ma-
terial behavior. Furthermore, inconsistencies in reported data across different
studies underscore the need for systematic experiments.

This study addresses these gaps by performing a comprehensive experimen-
tal investigation of LIDT scaling from femtosecond to CW pulse durations on a
diverse set of metallic and semiconductor coatings. Specifically, an experimen-
tal study was conducted 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 (see Sec. 2) are performed according to ISO standards [11] us-
ing the 1-on-1 and S(1000)-on-1 protocols in the near-infrared spectral range
(1030 nm, 1064 nm, 1070 nm) at 100 Hz repetition rate with beam diameters
of ~200 pm at 1/e? level.

Materials

All coatings were deposited at the Laser Zentrum Hannover (LZH, Germany)
using a Denton Desktop Pro sputtering system with two magnetrons. Bo-
rofloat® glass substrates (60 mm diameter) were coated with metallic and
semiconductor layers ranging from 45 nm to 1775 nm in thickness (see Ta-
ble 3.1). Metal layers were deposited via DC magnetron sputtering (sputtering
current — 600 mA), and dielectric layers via RF magnetron sputtering (RF
power — 144 mW). Most coating stacks include an AlyO3/Al adhesive layer,
and the main coating material. Adhesion layers were omitted for Ge, Si, and
Ti. A SiO; overcoat (less than 10 nm thick) was added to Ag, Al, Ta, and
Ti to prevent oxidation. Coating thickness was verified by focused ion beam
cross-sectioning and scanning electron microscopy imaging. Coating reflection
coefficient was measured by evaluating the ratio of incident and reflected power
with 1064 nm linearly polarized beam at AOI = 3-5°(scattering was neglected).

Methodology of thermal modeling

A thermal model was used to estimate the theoretical LIDT by comparing the
calculated surface temperature to the metal’s melting point. Gold and silver
were chosen as representative materials due to their well-characterized proper-
ties, though the same method is applicable to other metals using appropriate

parameters.
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Table 3.1: List of material coatings, their parameters, and properties. Reflec-
tivity (measured in this work), specific heat capacity, and melting point are
gathered from various literature sources [29, 139, 140]. Deposition rate is in
nm/min, h — layer thickness in nm, R — reflection coefficient (measured in this
work) in %, C' — specific heat capacity in J/(kgK), Tmeit — melting temperature
in °C.

Coating Adhesive Prot. Depos. h R C T nels

material layer layer rate
Ag Al O3 + Al SiOg9 3.5 45 95.11 900 962
Al Al2O3 + Al SiOg9 3.2 271 88.22 520 660
Au Al2O3 + Al - 1 292 96.4 450 1064
Cr Al2O3 + Al - 8.4 198 33.95 710 1907
Ge - - 5 1775 42.32 140 938
Si - - 5 1774 32.95 130 1410
Ta Al2O3 + Al SiO2 2.8 686 44.93 129 3020
Ti - SiOg 2.5 296 33.08 235 1725
A Al O3 + Al - 5.05 234 59.24 320 3522

Heat-flow model

For CW irradiation, thermal diffusion must be accounted for, and the temper-
ature rise in the stationary regime at the surface may be approximated by the

equation [29]:
PA

AT = 2
20CTrTD’

(3.1)

where AT is the temperature difference between Tier melting point and Tiy;t
initial temperature, P is incident power, A is absorptance, p is the volumetric
density, C is specific heat capacity, D is the diffusivity, 7 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 = Pt/mr?), where 7 is pulse width, the LIDT can be expressed as:

- 2PCDT(Tme1t - ﬂnit)

F Ar

(3.2)

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 negli-
gible, leading to the temperature rise:
PrA
AT = —— 3.3
OV (3.3)
where V = 7r?h is the irradiated volume, h is the thickness of the material.
When melting is used as a damage criterion, Equation 3.3 can be rewritten for

52



threshold fluence, substituting power for energy (E = Pt):

_ Tmelt - T’init

oy (3.4)

Consequently, the LIDT (expressed in J/cm?) becomes constant in the pulsed
regime, independent of the pulse duration or beam radius for pulses shorter
than the thermal decay constant.

Two-Temperature Model

The Two-Temperature Model (model parameters are summarized in Table 3.2)
[138] describes energy transfer in metals via coupled heat equations for electron
T. and the lattice Tj.

T
Ce% = V(K.VT.) — g(Tc — T) + S(z,1), (3.5)

o1
G = V(K\VT) + g(T. - Ti), (3.6)

where C, and Cj are the electron and lattice heat capacities (J/m3K), K, and
K 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. Laser absorption was modeled using the Beer-Lambert law:

S(z,t) = aAI(t)e” . (3.7)

In this expression, A is the absorptance, I(t) is the laser intensity as a function
of time (Wm~2), « is the absorption coefficient (m~!), and z is skin depth
thickness (m~!). In the following simulations, a pulse of constant intensity
during the pulse width will be considered. The material parameters in Equa-
tions 3.5 and 3.6, heat capacities and thermal conductivities, depend on both
the electron and lattice temperatures.

Finite Element Method simulations were performed in COMSOL using ax-
isymmetric geometry and a Gaussian beam (200 pm waist). Boundary insula-
tion was applied due to the substrate size. Pulse energy was increased until the
surface temperature reached the melting point (1064°C), defining the damage
threshold. All thermal parameters were treated as temperature-dependent.
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Table 3.2: Model parameters for gold and silver coatings on a fused silica
substrate [29, 141, 142].

Material Gold Silver Fused silica
Refractive index 0.08-4.61 0.27-8.71 -
Specific heat

capacity (J/(Kg K)) 130 235 830
Density (kg/m—2) 19400 10500 2200
Thermal conductivity (W/(m K) - - 1.2
Lattice thermal .
conductivity (W/(mK)) 320 430
Lattice volumetric 6 - 6
heat capacity (J/m?K) 2.5 10 2.5 10
Thermal diffusivity (m?/s) 1.28 x 10~ 7% 1.72 x 10~ 7% 6.57 x10~7
Melting point (°C) 1064 962 -
Electron heat 67.6 x T. < 2000 K 63.3 x T < 4000 K

capacity (J/m?K)
Electron-phonon
coupling coefficient

2.5 x 1016 for T. < 3000 K | 1.5 x 1016 for T. < 5000 K

K — I/%Ce (Te)
€ = o . Ao T
Electron thermal conductivity SBTZ7+ 656271 Ke = Kl—E
A=12x10" K~ *s*, T

B=123x 10" K~25~1

Results
Experimental LIDT data and empirical scaling laws

This section presents experimental LIDT results in the range of 10 fs to 10 s at
IR wavelengths (1030 nm, 1064 nm, 1070 nm) and discusses the empirical laws
used to describe the tendencies. Figure 3.1 summarizes the LIDT data at all
pulse durations and materials investigated for single-shot and multi-shot (for
CW regime, LIDT was defined only for the 1-on-1) testing protocols.

To evaluate the dependence of LIDT on pulse duration, an empirical power-
law approximation is applied (LIDT ~ 7*). This scaling law was applicable in
both pulsed and CW regimes:

o Pulsed regime (10 fs < 7 < 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. The stronger dependence observed under mul-
tipulse conditions suggests that repeated exposure weakens the material,
potentially altering its reflectivity due to surface modifications [143, 144].

e CW regime (1 ms < 7 < 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.

The reduction in LIDT under multipulse exposure is attributed to the effects
of material fatigue [144, 145]. 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 [146]. Repeated thermal cycling
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Figure 3.1: Experimental data on 7 metallic and 2 semiconductor coatings with
1-on-1 and S(1000)-on-1 protocols. Solid lines represent empirical power-law
fits. The cross-point between pulsed and CW regimes indicates the thermal
decay constant.

can also cause micro-structural changes, contributing to optical failure [73],
as well as surface oxidation at high temperatures, which can further modify
absorption.

A critical feature in Figure 3.1 is the transition point between the pulsed
and CW regimes, corresponding to the thermal decay constant (TDC). This
represents the characteristic time for the material to cool between pulses [29].
If the period between repetitive pulses is shorter than the TDC, heat accumu-
lates over time, which may lead to delayed melting or thermal fatigue in the
S(1000)-on-1 regime. For pulse durations longer than the TDC time, heat dissi-
pates 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 per-
formed a polynomial regression analysis (see Fig. 3.2). The best-fit empirical
model is:

o = 0.2353 — 3.269 x 107*C+

3.8
(C —392.67)(h — 300.06)(—4.85 x 1077) + 2.424 x 10~ *h 38)
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Figure 3.2: 3D map showing the relationship between the thermal decay con-
stant, coating thickness, and specific heat capacity.

where 7rpc (ms) is the thermal decay constant, C' (J/(kgK)) is the specific
heat capacity and h (nm) is the thickness of the material. This model suggests
a complex dependence of 7rpc on the heat capacity and thickness, with an
interaction term (C' — 392.67)(h — 300.06) indicating a coupled effect between
these properties.

Role of absorptance in LIDT

According to the heat flow model [29], LIDT should inversely correlate with
the absorptance of the material. In Fig. 3.3, the experimental LIDT for all
coatings is shown as a function of inverse absorptance (1/(1 — R)) for two rep-
resentative pulse durations, assuming negligible scattering (and transmission
for Ag due to the comparable thickness to the skin depth of the coating) losses,
and corresponding to the pulsed and CW regimes.

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 irra-
diation [147]. As expected, in the CW regime, the accumulation of heat in both
the coating and substrate eventually leads to melting, following the predicted
trend.

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 [148], which reduces energy absorption and thus
increases LIDT.
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Figure 3.3: LIDT as a function of inverse absorptance for 10 ps and 100 ms
pulse durations for all coatings.

Numerical LIDT simulations of gold and silver coatings

Figure 3.4A) illustrates direct comparison of the single shot experimental LIDT
results for gold and silver coatings with first-order heat flow approximations
(Equations 3.2 and 3.4, dashed curve) and numerical simulations using the
TTM (solid curves). In the pulsed regime, there is insufficient time for radial
or longitudinal diffusion during the pulse. For long pulses, heat loss to the
substrate becomes significant, making the thermal properties of the substrate
the dominant factor, as shown in Figure 3.5. Thus, we used the material
parameters of gold and silver for short pulses and the heat diffusion parameters
of glass for CW.

m  Experimental Au m  Experimental m  Experimental g

Experimental Ag L f= = -2920 nm (on glass) LI = —=-10um ’ A
I= = -Wood model Au ——29,2nm (on glass) y ——100 um 7
——TTM Au 1 f——29,2nm (on Cu) £ ’

—— 1000 ym

(——TTM Au with Al

TTM Ag
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Figure 3.4: A) LIDT simulations for gold and silver coatings using the model
presented by Wood [29] and TTM, indicating the influence of the adhesive
layer within the coating stack. B) Effect of the gold layer on glass and copper
substrates using TTM, C) effect of different beam diameters using TTM.

The first-order approximation predicts a transition from pulse width inde-
pendence 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
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effects such as electron dynamics in the femtosecond regime, layer structure,
and cylindrical geometry.

In contrast, the TTM closely matches the experimental data in the pulsed
regime, with LIDT scaling as 70-1® for short pulses (<10 ns). For long pulses
(>100 ns), the LIDT scales as 7982, 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 a use-case scenario
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.

To assess the sensitivity of the scaling law to coating thickness and sub-
strate thermal conductivity, LIDT was calculated for gold layers of 29.2 nm and
2920 nm — one-tenth and ten times the nominal thickness (292 nm). Addition-
ally, a high-conductivity copper (Cu) substrate was modeled in place of glass.
As shown in Figure 3.4B), for long pulses where thermal diffusion is significant,
LIDT increases with both coating thickness and substrate conductivity, con-
sistent with previous studies [110, 111]. For short pulses, where the thermal
diffusion length is smaller than the film thickness, heat remains confined within
the coating, rendering substrate effects negligible. Notably, substrate influence
becomes relevant at pulse durations around 1 ns and longer.

The impact of beam diameter on thermal diffusion was also simulated. As
shown in Figure 3.4C), smaller beam sizes (10 pm and 100 pm vs. 1 mm) lead
to increased radial heat loss in the CW regime, resulting in higher LIDT values,
in agreement with observations by Wood [29].

58



Discussion

The scaling of LIDT with pulse duration in metallic and semiconductor coat-
ings was evaluated across a broad temporal range from 10 fs to 10 s. The
experimental results demonstrated a power-law dependence of LIDT on pulse
duration (LIDT ~ 7%), with distinct behaviors observed in the pulsed and CW
regimes. In the pulsed regime (10 fs — 9 ns), the LIDT exhibited only weak
dependence on pulse duration, with scaling exponents ranging from 0.01 — 0.15
for 1-on-1 and 0.05 — 0.23 for S-on-1 conditions. In contrast, the CW regime
(1 ms — 10 s) showed a near-linear scaling, with exponents between 0.77 and
1.00.

The transition between pulsed and CW regimes was governed by the ther-
mal decay constant, which in turn depends on coating thickness and material-
specific properties such as specific heat capacity. These findings align well with
theoretical predictions by Wood [29], which postulate that in both transpar-
ent and absorbing materials, LIDT is largely independent of pulse duration in
the ultrashort regime and scales linearly in the CW regime. However, Wood’s
model assumes a semi-infinite solid, and thus does not fully capture the behav-
ior of thin metallic coatings on dielectric substrates. To address this limitation,
the TTM was employed, yielding improved agreement with the experimental
data, especially in the ultrafast and transition regimes.

Experimental data further revealed an inverse correlation between LIDT
and absorptance, consistent with previous work on hybrid metal-dielectric sys-
tems [147]. Still, certain deviations in the pulsed regime — particularly for
tungsten and tantalum — indicated that specific heat capacity and melting
temperature also play important roles. Fatigue effects under multi-pulse irra-
diation were found to enhance the LIDT dependence on pulse duration, likely
due to cumulative mechanical or structural degradation.

In addition to intrinsic material properties, substrate characteristics and
laser beam diameter were identified as influential parameters. TTM simula-
tions demonstrated that coatings deposited on substrates with high thermal
diffusivity achieve higher LIDTs, due to improved heat dissipation. Further-
more, modeling results confirmed that the thermal decay constant is not only
a function of material composition but is also affected by coating thickness and
lateral heat transport.

While the TTM accurately captured LIDT trends, additional refinement
is necessary for CW regimes, particularly to model substrate and interface
effects more precisely. Overall, the observed weak scaling in the pulsed regime
supports the conclusion that LIDT in metals is limited by ultrafast energy
transfer dynamics, whereas CW behavior is governed by slower heat diffusion
and bulk thermal response. These findings offer a comprehensive framework
for predicting damage resistance in metallic and semiconductor coatings over
broad temporal scales.
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Conclusions

The results reveal a weak power-law dependence of LIDT on pulse duration
in the pulsed regime (799170-23) with a nearly linear scaling (7%771:90) ob-
served in the CW regime. The transition between regimes is governed by the
thermal decay constant, which depends on the coating’s specific heat capacity
and thickness. Both experimental data and numerical modeling confirmed that
substrate thermal diffusivity and beam diameter also influence LIDT behavior.

Additionally, LIDT was found to be inversely correlated with material ab-
sorptance, though deviations in the pulsed regime point to further contributions
from thermal capacity and melting temperature. Fatigue effects were evident
under multipulse exposure, enhancing the pulse duration dependence in the
pulsed regime.

The Two-Temperature Model provided more accurate predictions than clas-
sical heat flow models, particularly in the sub-nanosecond range, and demon-
strated the need for refined modeling in CW conditions. However, the study
was limited to fixed wavelengths and beam sizes, which may constrain its ap-
plicability across broader spectral or geometric domains.

3.2 LIDT scaling on pulse duration in
dielectric coatings

Motivation

AR coatings are widely used in imaging and laser systems to minimize pho-
ton losses and maximize optical transmission. However, the maximum output
power in high-power laser systems is ultimately limited by the LIDT of the
optical components. AR-coated nonlinear crystals are frequently the limiting
elements in such systems, yet available LIDT data for these coatings remain
scarce. Previous studies have largely focused on short-term exposure, typi-
cally limited to single-pulse or a few-hundred-pulse conditions per test site. In
practical applications, however, optical components are subjected to prolonged
irradiation, where cumulative effects such as laser-induced fatigue become sig-
nificant. Fatigue can reduce the optical lifetime well below the single-shot
damage threshold, even when no immediate degradation is observed.

For example, Moller [82] reported performance deterioration in LBO crys-
tals after 192 hours of third-harmonic generation (THG) at 1.6 W. Similarly,
Hong et al. [127] observed the onset of damage in a THG setup after 130 hours
of exposure (Pig = 97 W, Pyy = 20.2 W), with 15% power loss occurring after
371 hours.

Evidence for separate failure modes also arises from damage morphology.
Studies have shown that multi-pulse irradiation can result in either catastrophic
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damage (craters) or non-catastrophic modifications such as laser-induced color
changes, observable via DIC Nomarski microscopy [14, 16, 149]. Color change
tends to appear at lower fluences or earlier in exposure time compared to catas-
trophic damage. Although the precise nature of this failure mode remains un-
clear, it has been attributed to the generation of color centers via multiphoton
ionization, which alters refractive index and absorption properties [14, 16, 149].

To date, no systematic study has examined LIDT behavior in AR-coated
nonlinear crystals while accounting for both fatigue effects and failure mode
analysis over the fs — ns pulse duration range. This gap is particularly pro-
nounced in the ultraviolet spectral region, where LIDT scaling remains largely
unexplored.

The objective of this work is to address these gaps by conducting a case
study on LIDT scaling of two types of AR coatings on LBO crystals. The inves-
tigation spans IR (1030 nm, 1064 nm) and UV (343 nm, 355 nm) wavelengths
and covers pulse durations from 50 fs to 9 ns at the repetition rate of 1 kHz
and beam diameter ~30 ym at 1/e? level. Both 1-on-1 and S(10°)-on-1 testing
protocols are employed, along with detailed failure mode characterization.

Materials and methods

Four LBO crystals (12 x 12 x 10 mm, 6 = 42.2°, ¢ = 90°, AOI = 0°) were
prepared to ensure sufficient area for statistical LIDT analysis. All crystals
were polished in the same batch and coated simultaneously via ion beam sput-
tering (IBS). The entrance surface (S1) was AR-coated for 1064 nm + 532 nm
wavelengths using zirconia, and the exit surface (Sa) was deposited with AR
355 nm using sapphire as a high-index material. Silica was used as a low-index
material in both cases:

e S1: AR < 0.2%, 1064 nm + 532 nm (n, — SiO2, ng — ZrOs);
. SQI AR < 02%, 355 nm (nL - SiOQ, nyg — A1203)

LIDT was measured using S-on-1 tests: 1, 10, 100, 1000, 10000, and 10°
pulses per test site, spaced by three beam diameters (~100 pm) at AOI = 0.
In 50 fs — 10 ps range, damage was deterministic, and LIDT was defined as
the average between the highest non-damaging and lowest damaging fluences.
For 150 ps and longer pulses, damage became probabilistic; LIDT was then
extracted from fitted damage probability curves at 0% probability. Pre- and
post-exposure inspection via Nomarski microscopy allowed classification into
no damage, color change, or catastrophic damage.

Methodology of analysis

To interpret experimentally obtained LIDT results, the electron generation
model was considered — SRE suggested by Stuart et al. [6]. In Fig. 3.6, the
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role of each factor in SRE on LIDT scaling law is illustrated using a simplified
fictitious dielectric material. To generate this graph, a multi-photon process (6
photons) is assumed, along with avalanche ionization (AI) and carrier recom-
bination (RE). A critical free-electron density (~ 10%! ¢cm~3), corresponding
to the plasma frequency, is used as the damage criterion.
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Figure 3.6: Effect of individual parameters of SRE model on LIDT scaling law.

The inset in Fig. 3.6 shows how bandgap (or wavelength) affects LIDT
scaling when only MPT is considered. For a 6-photon process, scaling follows
~ 7087 while a 2-photon process gives ~ 7°-°. Including AI reduces LIDT sen-
sitivity to pulse duration, especially in the long-pulse regime. RE also affects
scaling, causing LIDT to increase at pulse durations exceeding the recombi-
nation time. When only MPI and RE are included, recombination steepens
the scaling slightly. These results show that LIDT scaling is not universal but
depends on material and irradiation conditions. An exponent of 0.5 or more
indicates MPI and RE dominance, while a lower exponent signals Al influ-
ence. The model also shows that the dominant mechanism can shift with pulse
duration or wavelength.

While the SRE model captures the main trends of electronic excitation,
it ignores carrier energy in the conduction band, limiting its completeness.
Kaiser [35] and Rethfeld [34] introduced the MRE model, which accounts for
both electron density and kinetic energy in the conduction band. To simplify
the complexity of the MRE, Déziel et al. [100] recently proposed a delayed-rate
equation (DRE) approach. DRE tracks the mean kinetic energy of electrons
and holes with a single equation, unlike MRE, which requires multiple equations
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for each electron level.

dp s

op = Wi+ D 9C — mp. (3.9)
s=e,h

Here, electron generation is weighted by the density of neutral atoms

Pn = Pmol — P, where ppyo is the molecular density of the material. The

fraction of carriers (holes and electrons) that have an energy higher than the

critical is calculated by

%exp(frg), (3.10)

¢® = erfe(rs) +

where s = (e, h) and
3E.
25

rs = (3.11)
Here E. is the critical energy of the electron that is required to trigger an impact
ionization event, and Ej is the gained mean kinetic energy of the carriers.
Further in the study, the DRE model is used while interpreting experimental
results.

Results and discussion
Damage morphology

Two types of damage could be distinguished, namely, catastrophic damage —
features ablation craters (causing scattering of light: not shown here) and
non-catastrophic damage — a laser-induced modification, barely apparent as
color change. It typically reproduces the shape of the beam and does not cause
any light scattering in damage detection. Sorting of damage morphology into
different categories allowed interpreting damage statistics for each failure mode
separately as well as analyzing pertinent scaling laws individually.

In Fig. 3.7, damage morphologies initiated by IR wavelength at 1-on-1 and
10%-on-1 pulses are outlined. In the case of short pulses (<10 ps), color change
was observed at fluence levels below catastrophic damage for both single- and
multi-shot irradiation. For single-shot color changes, some filamentation was
observed in the bulk of the nonlinear crystal, which could have screened the
color change damage. However, for multi-pulse exposure, no filamentation
at the color change LIDTs was observed. Catastrophic damage was initiated
in all cases for higher fluence. However, color changes are not apparent for
pulse duration >10 ps, thus indicating the transition of the dominating damage
mechanism.

In the case of UV irradiation, similar trends are observed (illustrated in
Fig. 3.8). In all cases, laser-induced color changes are better observed for
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Figure 3.7: Damage morphology obtained at threshold fluence values (see
Fig. 3.10 (a) and (b)) on Sy coating at IR wavelengths for all the investigated
pulse durations.

multi-shot irradiation with shorter pulse duration, while single-shot irradiation
produces either negligible modifications or abrupt catastrophic damage.

Damage caused by extrinsic defects in the AR coatings and in the Beilby
layer of the polished LBO crystal surfaces generally cannot be overlooked; how-
ever, in this case, a rather small beam diameter is used, and no pinpoint mor-
phology is observed for color change type damage. Therefore, it is safe to
assume that color change is not caused by Beilby layer defects. However, this
is most likely the case for catastrophic damage.

LIDT results

Figure 3.9 illustrates normalized (to 1-on-1 value) LIDTs as a function of the
incident number of laser pulses per test site. Each curve was obtained for
an individual failure mode (either catastrophic damage or color change). Fig-
ures 3.9(a), (b) show that both coatings begin to degrade after only 10 — 100
pulses, with a continuous decrease in LIDT observed at both wavelengths (color
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Figure 3.8: Damage morphology obtained at threshold fluence values (see
Fig. 3.10 (c) and (d)) on Sg at UV wavelengths for all the investigated pulse
durations.

change at 5 ps was only observed after 10° pulses, therefore it is normalized
to single-shot catastrophic LIDT). Notably, color mode fatigue is wavelength-
dependent: at IR, the LIDT decreases by 35 — 70% from its initial value, while
at UV, the decrease reaches 65 — 90%. However, when normalized, the fatigue
trend exhibits weak or no dependence on pulse duration for a fixed wavelength.

In contrast, catastrophic damage (Figs. 3.9(c), (d)) displays a pulse-
duration-dependent fatigue response at both IR and UV wavelengths: the
longer the pulse, the more pronounced the LIDT decrease. At IR, the LIDT
decreases only slightly at 50 fs, but drops by up to 55% at 400 ps. At UV,
the LIDT decreases by 12 — 60%, depending on the pulse duration. In most
cases, catastrophic damage fatigue saturates after approximately 1000 pulses,
indicating a fatigue limit; however, in some instances, further LIDT decrease
continues. These distinct behaviors suggest fundamentally different initiation
mechanisms for color change and catastrophic damage, as previously discussed
by Smalakys et al. [16].

The strongest fatigue is associated with color mode and the shortest pulse
durations, indicating a strong correlation with the MPI regime and electronic
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Figure 3.9: Fatigue effect of color mode and catastrophic damage: (a) color
mode at IR (on S;; at 5 ps color mode was observed only after 10° pulses —
LIDT at lower number of pulses are from catastrophic data for guidance), (b)
color mode at UV (on Sg), (¢) catastrophic damage at IR and (d) catastrophic
damage at UV.

excitation-induced modifications. Given the multi-shot nature of the effect,
it is likely driven by the accumulation of atomic-scale lattice defects rather
than macroscopic ones. In contrast, catastrophic damage is typically linked
to macroscopic defects and shows weaker fatigue at long pulse durations in
the IR range [16]. Since thermal decay times are much shorter than the pulse
repetition period, thermal accumulation is not expected to play a significant
role in the observed fatigue [150].

Empirical scaling laws

In this section, the analysis of 1-on-1 and S(10°)-on-1 LIDT results is presented
in absolute scale as a function of pulse duration. When experimental LIDT data
are plotted on a log-log scale, each failure mode appears to be represented by a
linear trend (see Fig. 3.10), allowing the data to be approximated by a power-
law relation of the form LIDT = ar®. It becomes apparent that the scaling
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behavior of the two failure modes is distinct, thus necessitating their separate

analysis.
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Figure 3.10: LIDT scaling laws for damage modes: (a) — 1-on-1, (b) — 10°-on-1
pulses at IR wavelength on Sy, (c) — 1-on-1 and (d) — 10°-on-1 pulses at UV
wavelength on Sp. Data were approximated with a power-law curve, and the

respective scaling is shown in the graphs.

For single-pulse exposure, color change and catastrophic LIDTs at both IR
and UV wavelengths showed negligible differences, with color mode scaling as
7955 and catastrophic damage as 704 in the IR (Figs. 3.10(a), (b)). Catas-
trophic damage was absent (red arrow in Fig. 3.10(a)) at the longest IR pulse
(9 ns) even at ~110 J/cm?, suggesting a higher intrinsic threshold or low defect
density. With 10° pulses, greater divergence appeared: IR color mode scaled
as 7065 while catastrophic damage remained near 7°-3%. This divergence was
more pronounced at femtosecond durations and aligned with previous studies
[71, 120, 121].

For UV (Figs. 3.10(c), (d)), single-pulse color and catastrophic damage
scaled as 7043 and 704, respectively. Multi-shot UV exposure revealed clear
separation across 50 fs — 9 ns: color mode scaling was 7°:°2, catastrophic damage
7035
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The UV color mode followed a ~ 775 scaling, while catastrophic damage
showed 70-3°=0-4 for both wavelengths. Catastrophic damage was less sensitive
to pulse count, whereas color mode scaling increased with pulses, indicating
a cumulative process likely driven by nonlinear absorption and color center
formation. Color mode scaling also depended more strongly on wavelength:
70-55=0.65 (TR) vs. 7943-0:52 (V). These suggest two competing or linked
damage mechanisms per failure mode, discussed further later.

Comparison with other studies [6, 94, 99, 120] on dielectric coatings and
glasses showed no clear ps — fs scaling transition at IR wavelengths. Defect-
driven catastrophic damage depends on material properties and defect density
for longer pulses, making the sampled area and test method statistically sig-
nificant. Color changes, often subtle, may have been missed as damage precur-
sors. Notably, IR color changes emerged near the 20-ps transition point, where
shorter pulses produce color changes, and longer pulses cause catastrophic dam-
age.

Damage mechanisms

To interpret LIDT data and damage physics, the DRE approach is used. Since
each AR coating has high (H) and low (L) index layers, analysis focuses on
the H material, which limits LIDT due to its lower band gap [94]. Two failure
modes per coating are described with a single set of material parameters (Table
3.3), assuming different damage criteria for each mode.

Two critical criteria are considered: critical electron density at plasma fre-

quency, p ~ 10%! cm™3, and sub-critical density, p ~ 10'® cm™3

, initiating
color changes. Both UV and IR coatings were examined.

Theoretical LIDT curves are obtained by varying fluence for each pulse
duration until damage criteria are met: first sub-critical density (color changes),
then critical density (catastrophic damage). Predictions are compared with
experimental data (Fig. 3.11), plotted alongside 10°-on-1 catastrophic and

color change cases.

Table 3.3: Dielectric material parameters associated with theoretical simula-
tions. Plasma damping 7 (fs7!), energy bandgap E, (eV), recombination rate
7 (ps™1), effective mass of an electron (m,) and hole (my,) are set by fitting
the data. o (1072%/m?), pyo (1022 em™3) and n are gathered from [100].

Y T Me My Eg o Pmol n
ZrO2 1.0 2.0 0.4 0.7 4.0 6.175 1.0 2.2
Al,O3 1.0 0.3 0.2 0.2 6.0 13.3 1.0 1.76

Catastrophic damage requires all processes (MPI + AI + RE) for an accu-
rate description, though MPI-only curves are shown for clarity. MPI dominates
LIDT at short pulses (<50 fs), consistent with prior studies [93, 100, 151]. For
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longer pulses, avalanche ionization and recombination cause deviations from
MPI-only curves and a characteristic transition (IR and UV) as predicted by
the Keldysh model [27, 100, 151] (Fig. 3.11 (a)).
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Figure 3.11: Experimental data approximated by DRE model [100]: (a) - AR
coating for IR wavelength, (b) — AR coating for UV wavelength. In both cases,
different critical electron density was used: for 1-on-1 catastrophic and color
damage — 10%! cm ™3 and for 10°-on-1 color mode - 3 x 108 cm™3.

Color mode data cannot be described by the critical plasma density crite-
rion. The MPI-only model with reduced electron density (p ~ 108 cm =3, Fig.
3.11 (a), orange curve) reproduces color change data using the same param-
eters. This suggests color changes arise from MPI-driven excitation without
AT, which requires higher fluence and plasma density. Each pulse induces non-
linear excitation, causing gradual cumulative modifications, detectable by DIC
microscopy. Preliminary evidence indicates this may eventually lead to catas-
trophic damage, though further study is needed. In IR, color changes are
screened by catastrophic damage for pulses >10 ps.

In UV (Fig. 3.11 (b)), S(10%)-on-1 damage trends align with IR catas-
trophic damage, driven by MPI and Al across pulse durations. Recombination
effects are negligible in the nanosecond range. Color mode requires lowering the
threshold to p = 3x10'® cm=3. Unlike IR, color mode appears for all measured
durations after 10° pulses with no mode screening, attributed to two-photon
ionization. The damage mode gap in UV is larger than in IR.

Discussion

The LIDT scaling behavior in dielectric coatings was investigated using AR-
coated LBO crystals under IR and UV irradiation. The study focused on two
distinct failure modes: catastrophic damage and sub-catastrophic color change.
For the first time, laser-induced color changes were evaluated in terms of their
LIDT scaling with pulse duration.
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The experimental results demonstrated that LIDT scaling in dielectric coat-
ings is strongly dependent on failure mode, wavelength, and number of pulses.
Color change damage exhibited a clear square-root-like dependence on pulse
duration, with scaling exponents ranging from 79557965 at IR and 7043052
at UV wavelengths. These values are consistent with 2PA as the dominant
mechanism, supported by simulations based on the SRE model [6]. The SRE
model predicts an exponent of 0.5 for 2PA, while higher exponents indicate
the possible involvement of higher-order multiphoton absorption processes. In
contrast, catastrophic damage exhibited weaker scaling, with exponents in the

range of 70-35-04

across the full investigated range (50 fs — 9 ns). These
lower exponents suggest the involvement of avalanche ionization, which be-
comes significant at higher electron densities and leads to plasma formation.
The distinction between failure modes is further supported by electron density
criteria: catastrophic damage corresponds to reaching a critical plasma den-
sity (~ p*!
density (~ p'® ecm™3).

Numerical simulations using both the SRE and DRE models showed that
the same material parameters can reproduce both damage modes, provided

ecm~?), while color change damage is associated with a sub-critical
18

that distinct electron density thresholds are applied. These findings empha-
size that the scaling of LIDT is not a universal property of the material but
rather depends on the physical mechanism leading to damage and the specific
damage threshold employed. Fatigue effects were also found to vary between
damage modes. Catastrophic fatigue displayed increasing sensitivity to pulse
duration under multi-pulse exposure, particularly at longer pulse durations and
for both IR and UV wavelengths. In contrast, color change fatigue was largely
insensitive to pulse duration under prolonged exposure, indicating different ac-
cumulative damage mechanisms.

In general, the LIDT behavior in dielectric coatings was shown to depend
not only on pulse duration but also on other parameters, including wavelength,
bandgap, and pulse count. Multiphoton ionization dominates the initial stages
of damage for both failure modes, particularly in the fs — ps regime, but plays
a different role depending on whether the process terminates in color change
or catastrophic breakdown. In particular, multiphoton absorption acts as a
precursor for avalanche ionization in catastrophic damage [6, 15, 35], while it
independently drives color change at sub-critical densities. The observed be-
havior also aligns with previous studies on nonlinear crystals and AR-coated
optics, which report similar trends in catastrophic LIDT scaling and wavelength
dependence [71, 82, 120]. However, the present results extend this understand-
ing by clearly separating the scaling behavior of distinct failure modes and
providing experimental validation over a broad pulse duration range.

Ultimately, LIDT scaling in dielectric coatings emerges as a multi-factorial
process, where wavelength, bandgap, fatigue effects, and the dominant ion-
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ization mechanisms interact to define the observed behavior. While classical

05 remain useful, these findings suggest that damage pre-

scaling laws such as 7
diction requires nuanced consideration of damage mode, irradiation conditions,

and material-specific parameters.

Conclusions

For the first time, laser-induced color changes of AR coatings on LBO crys-
tals under IR and UV irradiation were analyzed in the context of LIDT scaling
with pulse duration. A direct comparison between experimental LIDT data and
rate equation models (SRE and DRE) reveals that LIDT scaling is not univer-
sal, but failure mode dependent. Multiphoton absorption dominates damage
initiation at short pulse durations and also drives color change formation at
longer durations, particularly under prolonged multipulse exposure. Accord-
ingly, MPA-driven color changes exhibit a clear dependence on the material
bandgap and laser wavelength. Experimentally, LIDT scaling exponents for
color changes induced by 1 to 10° pulses were found to be 70227065 at IR

wavelengths and 7043052

at UV wavelengths.

SRE simulations associate an exponent of 7% with two-photon absorption,
while larger exponents imply involvement of higher-order photon processes.
Both failure modes were reproduced using the same material parameters, but
with different damage thresholds — sub-critical and critical free electron densi-
ties — for color change and catastrophic damage, respectively.

LIDT scaling for catastrophic damage was consistent across both IR and

0-35-0.4 ghserved over the 50 fs to 9 ns range under both

UV wavelengths, with 7
1-on-1 and 10%-on-1 conditions. The exponent below 0.5 suggests a dominant
role of avalanche ionization in catastrophic damage formation.

Fatigue analysis showed that catastrophic damage exhibits a clear depen-
dence on pulse duration at both wavelengths, whereas color change fatigue was
largely insensitive to pulse duration. This insensitivity is consistent with an
MPA-driven mechanism, as color changes were not observed for pulse durations
longer than 10 ps. In contrast, the pulse duration dependence of catastrophic
damage may reflect the additional influence of avalanche ionization, particu-

larly at longer pulse durations.
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4. Impact of nonlinear absorption on
LIDT

Previous experiments on LIDT and the investigation of different damage modes
have indicated that absorption may play a significant part in the damage for-
mation, especially for the color change damage mode. As such, careful consid-
eration of these factors is essential when designing coatings for advanced laser
systems. While the general mechanisms of absorption in transparent materials
are well established, their specific impact on LIDT and optical lifetime remains
an active area of research. To understand the influence of absorption, it is
first necessary to investigate its temporal evolution and dependence on laser
parameters. Therefore, this Chapter focuses on both linear and nonlinear ab-
sorption behavior in dielectric coatings and how it varies with laser intensity,
wavelength, and pulse duration.

The work presented in this Chapter is based on paper [A2] and unpublished
data, and was also presented at conferences [C6], [C7] and [C12].

4.1 Nonlinear absorption behaviour in

dielectric coatings

Motivation

The intense optical fields produced by laser systems subject optical compo-
nents to significant stress. These effects are especially critical in dielectric and
metallic coatings, which, while essential for controlling reflection, transmission,
and dispersion, inevitably absorb a portion of the incident light. This absorbed
energy is converted into heat, leading to gradual performance degradation and
ultimately limiting the maximum achievable power and operational lifetime
of the system. This degradation is largely driven by laser-induced absorption
processes. As intensities increase, nonlinear absorption mechanisms — such as
multiphoton absorption — begin to dominate over linear processes, introducing
additional challenges for preserving optical performance.

To address these challenges, and in response to the growing demand for
high-power ultrafast lasers in industrial and scientific applications, many stud-
ies have focused on measuring and understanding nonlinear absorption. These
efforts aimed to clarify how laser and material parameters influence the onset
and progression of optical damage.

While the fundamental principles of nonlinear absorption phenomena are
well established, several aspects related to optical coatings remain insufficiently
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understood. This is due to multiple contributing factors. First, because optical
coatings are typically thin and exhibit very low absorption, extended integra-
tion times are required to detect measurable thermal responses using most
absorption measurement techniques [30, 54]. Investigating nonlinear effects
further necessitates the use of both high intensity and high average power. As
a result, acquiring a single absorption data point often requires continuous laser
exposure over several minutes, during which thermal or structural changes in
the coating may occur. Second, optical coatings are not perfectly homoge-
neous. They contain intrinsic defects and impurities [49, 52, 152] and consist
of multiple layers composed of different materials. This inherent complexity
impedes systematic absorption studies [32, 153-155].

To examine the effects of thermal and laser annealing, as well as the influ-
ence of pump wavelength on nonlinear absorption, a case study was conducted
using single-layer hafnia coatings in both as-deposited and thermally treated
states (RT, 350°C and 500°C, see Table 2.1). The measurements were per-
formed using a highly sensitive PCI technique [132]. A high-power laser source
operating at wavelengths of 1064 nm, 532 nm, and 355 nm, with repetition
rates of 1 MHz and 400 kHz and a pulse duration of 10 ps, was employed. The
experimental results are further supported by an analysis of the nonlinearity
order and are discussed in detail to provide a comprehensive understanding of
the observed absorption behavior.

Analysis of nonlinear response

For the interpretation of absorption data, both linear and intensity-dependent
MPA mechanisms are considered [30, 49, 53, 54]:

a=(ag+ Y Bul™) xh. (4.1)

n=1

Here, a9 denotes the linear absorption coefficient, /3, represents the m-th order
nonlinear absorption coefficient, and m = L%J is the number of photons re-
quired for the MPA process (E, is the material bandgap, and hv is the photon
energy). The parameters I and h correspond to laser intensity and coating
thickness, respectively. Since absorption coefficients depend on thickness, h is
explicitly included in the model [30, 54]. The MPA process occurs when the
total energy of m photons equals or exceeds the bandgap; however, nonlin-
ear responses sometimes appear at lower photon orders, implying sub-bandgap
states may be involved. Photon energies used here were 1.17 eV (1064 nm),
2.33 €V (532 nm), and 3.49 ¢V (355 nm). For each sample and wavelength, the
effective MPA order was first identified, then Eq. 4.1 fitted to data including all
terms up to that order. MPA is defined by its highest contributing order. «y
and [, were treated as free fitting parameters, while I and h were fixed. The
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parameter « captures the linear absorption, the coefficient /3, determines the
slope and magnitude of the nonlinear absorption contribution.

Results
Spectral analysis

The investigation began with evaluating linear absorptance via reflection and
transmission measurements for all three coatings (transmission-reflection mea-
surement methodology is described in Sec. 2.5). Bandgap values were esti-
mated by tangential fitting to the linear region of the absorption edge spectrum
(Fig. 4.1), with extracted E4 values for HfO5 agreeing with those in [53, 156].
Thermal annealing at 350°C increased the bandgap by about 1 eV (Table 2.1),
while annealing at 500°C caused only a slight further increase and reduced the
UV refractive index. The absorption spectrum’s bending toward lower pho-
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Figure 4.1: Spectral characteristics of HfOy thin films: (a) — refractive index
dependence on the wavelength, (b) — bandgap evaluation using Tauc method
at different annealing temperatures according to [52].

ton energies suggests impurities or structural disorder, linked to the Urbach
tail [52, 157], indicating mid-gap states in as-deposited coatings, possibly from
incomplete oxidation. Similar trends of increasing bandgap and decreasing ab-
sorptance with annealing have been reported [51, 156], with the Urbach tail’s
endpoint in annealed films aligning with the as-deposited optical bandgap. In
nonlinear absorption, the Urbach tail may affect multiphoton absorption, caus-
ing a lower apparent order than expected from the nominal bandgap.

Characterization of temporal absorptance

As described in Sec. 2.4, two measurement protocols were employed to as-
sess coating absorptance. Figure 4.2 shows Time-scan results at the highest
intensity for each wavelength. The initial signal peak or dip corresponds to
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repositioning the sample to a fresh site. Absorptance increases with decreasing
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Figure 4.2: Raw time-scan data for HfO; RT, 350°C and 500°C samples at
1064 nm, 532 nm and 355 nm. The initial peak indicates the measurement
start by moving the sample to the fresh site.

wavelength due to HfO5 spectral properties. At 1064 nm, absorptance is min-
imal; it rises sharply near the band edge as photon energy increases. Longer
wavelengths require higher intensities to induce nonlinear absorption. RT coat-
ings show high initial absorptance that gradually decreases, likely from laser
annealing via shallow defect excitation and localized heating [51, 52, 55, 56],
potentially completing oxidation during repeated low-intensity exposure.

Annealed coatings start with low absorptance that grows over time, indi-
cating cumulative processes like multiphoton-induced bond-breaking and defect
formation via STEs [63, 65, 87, 94, 158, 159]. These long-lived excitons accu-
mulate with repeated pulses. Typical oxide shallow traps manifest as spectral
tails near the bandgap [87, 94, 158, 159]. Defects relax through delocalized
and localized carriers [158], promoting color center formation and cumulative
absorption increases.

Color center formation may also occur in RT samples, but emerges only
after extended exposure (data not shown). While laser annealing reduces ab-
sorptance initially, cumulative absorption grows in annealed coatings under the
same conditions. At low intensities, annealing dominates; at higher intensities,
multiphoton absorption generates mid-gap states, driving cumulative absorp-
tance increase.

Nonlinear absorption and laser annealing

To illustrate the difference between Time-scan (average of the last 10 s where
the absorptance signal is stable) and T-scan measurements, as well as the effect
of repetition rate, absorptance results at 355 nm are first examined. Figure 4.3
shows both scan types for two pulse repetition rates.
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Figure 4.3: Comparison of absorptance at 1 MHz and 400 kHz at 355 nm. (a) —
T-scan comparison, (b) — Time-scan comparison.

For the RT sample, T-scan data at 1 MHz (Fig. 4.3(a)) show a decrease
in absorptance with increasing intensity, stabilizing at a minimum — indica-
tive of laser annealing reducing linear absorption. A similar trend is seen in
the Time-scan data (Fig. 4.3(b)), though with lower overall absorptance, due
to annealing effects over time. At 400 kHz, nonlinear absorption at high in-
tensities appears suppressed, likely masked by dominant linear absorption and
concurrent annealing. In contrast, thermally annealed samples show no an-
nealing and minimal linear absorption, with absorptance increasing across the
entire intensity range due to nonlinear effects.

When Time-scan values exceed those of the T-scan, it suggests a strong
cumulative absorption process. The T-scan data for annealed samples show
little dependence on repetition rate, whereas the Time-scan indicates faster
annealing in RT samples at 1 MHz. This may be related to the higher thermal
load the material experiences at a higher repetition rate. Additionally, the PCI
system benefits from reduced noise at higher average power, making 1 MHz
preferable for accuracy. Therefore, subsequent measurements were conducted
at this repetition rate.

Effect of pump wavelength

Figure 4.4 summarizes T-scan and Time-scan absorptance data for all sam-
ples at three wavelengths, with Time-scan values taken after 10 minutes of
irradiation. The general trends observed in Fig. 4.3 are confirmed across all
wavelengths. At 1064 nm, absorption remains largely linear across the intensity
range, and laser annealing effects are minimal due to the low absorptance level.
Limited laser power prevented reaching nonlinear absorption during T-scans,
although some nonlinear behavior emerged in thermally processed samples fol-
lowing temporal exposure. This suggests that linear absorption dominates at
this wavelength, and temperature rise is insufficient to drive annealing effi-
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ciently.
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Figure 4.4: Absorptance data for HfOq thin films at 1064 nm, 532 nm, and 355
nm for each measurement protocol: (a) — room temperature, (b) — low temper-
ature annealing, (c) — high temperature annealing. Solid lines represent T-scan
data fit and dashed lines represent time-scan data fit using Eq. (4.1). Grey
lines represent an empirical power-law fit of nonlinear absorption at 355 nm.

In contrast, 355 nm and 532 nm showed significantly stronger laser an-
nealing due to higher absorptance and resultant local heating. At 355 nm,
two high-intensity T-scan points deviated from the trend, likely due to sys-
tem response lag and fast annealing (fastest measurement integration time was
100 ms, meaning 10000 pulses passed before the first data point is recorded).
These points were excluded from further analysis. Notably, in thermally pro-
cessed coatings, Time-scan and T-scan results aligned well — except at 355 nm,
where a pronounced absorptance increase was observed, attributed to color
center formation. At high intensities, T-scan and Time-scan absorptance con-
verged, indicating that nonlinear absorption becomes dominant and linear con-
tributions diminish.
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Polynomial fitting was applied (from Eq. (4.1)) to derive the dominant
multiphoton absorption order (XPA, where X stands for a number of photons),
with results shown in Table 4.1. Absorption behavior generally followed a tran-
sition from linear to nonlinear regions, influenced by wavelength and annealing,.
At 532 nm, a mixed 2PA /3PA response was observed, while at 355 nm for the
500°C sample, deviations from the 2PA trend prompted an empirical power-law
fit A = «I¥ (z and y are fitting parameters). The resulting exponents — 0.54
for T-scan and 0.47 for Time-scan — closely matched the photon-to-bandgap
energy ratio.

Table 4.1: Linear and nonlinear coefficients according to the absorption model,
ap = [em™1], By = [em?m /W)

Sample Scan 1064 nm 532 nm 355 nm
type

it o0 1@4—16 o0 1(‘3111 1@2—22 ot 1501—XS
RT T 1.77 - 4.39 | 43.88 - 44.94 1.00
Time | 1.29 - 2.22 8.68 - 9.80 0.91
35000 T 0.22 - 0.44 4.18 7.62 2.49 1.63
Time | 0.26 1.37 0.24 7.33 4.33 4.50 1.61
500°C T 0.23 - 0.54 3.18 5.33 1.88 1.63
Time | 0.26 1.14 0.39 4.63 5.12 3.25 1.67

While literature values for nonlinear constants in dielectric coatings are
limited, our results align well with reported 2PA and 3PA values for HfOy by
Chen et al. [53]. Studies accounting for coating thickness also report compara-
ble nonlinearity magnitudes [30, 54]. Overall, nonlinear and linear absorption
behaviors vary significantly with coating process conditions, and annealing gen-
erally reduces both coefficients, in line with trends observed in [52].

Discussion

This study investigated how absorption in HfOy dielectric coatings evolves dur-
ing laser exposure, with particular attention to its dependence on pulse duration
and exposure history. The primary objective was to discern whether and how
sub-threshold absorption behavior — prior to the onset of LID — scales tempo-
rally. Time-resolved photothermal common-path interferometry measurements
revealed two distinct processes:

e A reduction in absorptance attributed to local laser annealing, observed
predominantly in as-deposited coatings.

e An increase in absorptance due to cumulative defect generation, more
prominent in thermally annealed coatings.
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These findings show that both mechanisms can coexist but exhibit different
dominance depending on the initial film condition and irradiation history.

Prior studies have focused on extracting nonlinear absorption coefficients,
such as two- and three-photon absorption, using techniques like Z-scan [32, 47]
and calorimetry with ArF lasers [30]. These studies highlighted dependen-
cies on film thickness and substrate type [53], suggesting that nonlinearity is
a complex interplay of material and structural parameters. However, these
techniques are inherently limited by slow data acquisition and lack of tempo-
ral resolution [48]. In contrast, the photothermal methods provide enhanced
temporal insight. Prior work using photothermal heterodyne imaging showed
a steady decline in absorption in HfOs under prolonged exposure, attributed
to structural reorganization rather than surface damage [55].

The observed decrease in absorptance during the initial stages of irradia-
tion, especially in as-deposited coatings, is interpreted as local laser annealing.
This phenomenon likely corresponds to the finalization of oxidation processes
or the rearrangement of sub-bandgap defect states. The fact that atomic force
microscopy measurements in previous studies reported no surface morphology
changes further supports the hypothesis of atomic-level structural refinement
rather than material removal or roughening [55]. Conversely, the gradual in-
crease in absorptance seen in annealed films aligns with cumulative defect gen-
eration. At higher intensities, nonlinear excitation — e.g., via 2PA — can lead
to electron trapping and the formation of color centers. These defects elevate
sub-bandgap absorption, particularly under repeated or prolonged exposure
[63]. The stronger influence of this effect in thermally treated samples suggests
a reduced initial defect density, allowing laser exposure to act as a primary
driver of defect creation. Most importantly, the current study demonstrated
that both processes — laser annealing and increasing absorption — can happen
simultaneously; however, the laser annealing influence is negligible in annealed
coatings.

While the present study offers new insight into time-dependent absorp-
tion dynamics, several limitations remain. Quantitative modeling of competing
mechanisms was not addressed in this work. A coupled rate-equation model
incorporating thermal diffusion and defect-state population kinetics would pro-
vide a more predictive framework. Additionally, the assignment of sub-bandgap
absorption to defect states was based on indirect evidence, such as deviations
in multiphoton absorption order, without direct spectroscopic validation. This
limits the certainty with which the contribution of mid-gap states can be char-
acterized and calls for complementary studies using methods such as photolu-
minescence or electron paramagnetic resonance.

The ability to monitor real-time absorption changes under laser irradiation
reveals the presence of both beneficial and detrimental processes that shape the
long-term behavior of dielectric coatings. The balance between laser-induced
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annealing and defect generation is not fixed but tunable via repetition rate,
intensity, and prior thermal treatment. These findings emphasize the impor-
tance of dynamic, time-resolved characterization techniques in assessing the
true optical resistance of materials used in high-power laser systems.

Conclusions

This study investigated the nonlinear optical characteristics of single-layer haf-
nia coatings fabricated via IBS and subjected to three post-deposition treat-
ments: as-deposited, annealed at 350°C, and annealed at 500°C. Nonlinear ab-
sorption measurements conducted across wavelengths from 1064 nm to 355 nm
revealed distinct intensity-dependent behaviors. Specifically, the weakest non-
linearity, scaling approximately as I' (indicative of two-photon absorption),
was observed at 355 nm, while a combination of I' and I? dependencies —
suggesting simultaneous two- and three-photon absorption — was identified at
532 nm.

Time-scan analysis indicated the presence of two concurrent mechanisms
during laser exposure: laser-induced annealing, which reduced overall absorp-
tance, likely by mitigating shallow defect states, and bond-breaking, likely
followed by the formation of color centers, which increased absorptance. These
findings highlight the interplay between thermal and electronic processes in
determining the dynamic absorption behavior of hafnia coatings under high-
intensity irradiation from 1064 nm to 355 nm.

4.2 Nonlinear absorption dependence on pulse
duration

Motivation

Absorption is one of the key processes initiating laser-induced damage in high-
power dielectric optical materials [6, 27]. At high intensities, the simultaneous
absorption of multiple photons promotes electrons from the VB to the CB. If
the electron density becomes sufficiently high, avalanche ionization may occur,
rapidly increasing free carrier density and potentially causing damage [27].

To simulate MPA-induced plasma generation in dielectric materials, rate
equation models have been developed [6, 34, 35, 100]. These models are often
used to accurately predict single-shot LIDT and its scaling with pulse duration
in the femtosecond to nanosecond regime. However, they do not account for
cumulative effects under multi-pulse or prolonged irradiation effects, which
often lead to laser-induced fatigue [10, 15, 93].

To address long-term behavior of optics, these models have been extended
to include energy absorption via intermediate defect states within the bandgap,
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allowing predictions for fatigue and cumulative damage [75, 87]. Possible defect
states — formed by oxygen vacancies [61], dangling or broken bonds [59, 60], or
laser-induced lattice disruptions [62, 63] — act as absorption centers that accu-
mulate during irradiation and progressively increase absorptance [10]. Mann
et al. demonstrated that absorptance in CaF;, crystal increases with pulse
count until damage occurs [160]. Conversely, some studies report absorption
decrease due to laser conditioning or localized annealing [55, 56, 58]. Previous
work in this dissertation has shown that increasing and decreasing absorption
mechanisms can co-exist and evolve dynamically over time.

These findings suggest that absorption is not static but evolves with ir-
radiation parameters and time. For example, Samad et al. showed that the
nonlinear absorption coefficient and refractive index of TiOy nanoparticles in-
creased with ablation duration [161]. At the same time, analogous changes in
optical properties were reported in semiconductors [162, 163].

The consequences of such absorption-driven material modifications are
strongly pulse-duration- and wavelength-dependent [6, 13, 34, 94, 99]. Yet
most existing studies focus on time-averaged properties, overlooking the tem-
poral dynamics of absorption during laser exposure — an essential factor in real-
world system performance. Conventional models assume absorption depends
on material bandgap and intensity, suggesting pulse-duration independence.
However, when material contains localized defect states and is irradiated for a
long time, the nonlinear response is not only a function of intensity but also
total exposure history.

To address this gap, the pulse duration-dependent nonlinear absorptance
in three dielectric coatings (thermally annealed single-layer HfOq, SiO, and a
two-layer AR HfO4/SiO4 coating) was investigated. The temporal absorptance
was measured using PCI at UV wavelengths (355 nm and 343 nm), employing
a 1 MHz laser source with a beam diameter of ~60 um at 1/e? level and
pulse durations ranging from 170 fs to 10 ps. The experimental results are
directly compared to classical electron generation models with and without the
consideration of the intermediate states to assess their predictive validity.

Results and discussion

Figures 4.5A) — C) present Time-scan absorptance (average of a 10 min mea-
surement) as a function of fluence for pulse durations ranging from 170 fs
to 10 ps. Across all coatings, three characteristic regions are observed: (1)
a decrease in absorptance at low fluences (notably in SiOs), (2) a fluence-
independent linear regime, and (3) a nonlinear increase at higher fluences. At
2 ps, nonlinear absorption could be obtained only in the HfO4 single-layer coat-
ing, while in SiO5 and AR coatings, absorption remained linear. Therefore, 2 ps
results are not shown for these two coatings.
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Figure 4.5: Time-scan absorptance as a function of fluence for A) HfO,, B)
SiOy, and C) AR HfO5/SiOy coatings. The dashed lines represent Eq. 4.3
simulations without Eq. 4.4, where D) — F) illustrate the contribution of each
absorption mechanism to the total absorptance in each coating at pulse dura-
tions of 170 fs (highest peak intensity). The solid lines represent absorptance
approximations using the full model in Eq. 4.3, where G) — I) represent the
contribution of each absorption mechanism at 10 ps (most effective laser an-
nealing).

In Fig. 4.5A), the absorptance of the HfO5 coating converges to a similar
linear absorption level across pulse durations. By contrast, SiOy (Fig. 4.5B))
exhibits different linear absorption levels and an anomalous increase of absorp-
tance with decreasing fluences, attributed to laser annealing effects [55, 58].
This behavior aligns with previous study in this dissertation, linking absorp-
tance reduction to thermally driven oxidation processes (see Sec. 4.1). The AR
coating (Fig. 4.5C)), consisting of HfOy and SiOy layers, displays a behavior
reflecting contributions from both materials.

To characterize energy deposition and find different effect contributions,
rate equation model was employed, which is based on MPA, free carrier absorp-
tion, carrier recombination, and absorption via an intermediate defect state:

dal

o= —al — BI® = o(po + p)I — okal ™ pa (4.2)

dp _ £+ BrI™ n a(po +p)1I n ok, I %pa  p
dt hw Kﬁw ﬁw thw Trec
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where I(z, t) is intensity of the propagating laser pulse within the coating,

(4.4)

a is linear absorption coefficient, K is integer representing MPA order (in-
teger ratio of the bandgap and photon energies), Sk is nonlinear absorption
coefficient, fuwv is photon energy, p(z,t) is the electron concentration excited
to CB (p(z,t = 0) = 0), o refers to cross-section of absorption via in-
verse bremsstrahlung (IBH), pg is intrinsic electron concentration, 7yec is car-
rier recombination time, pq is defect concentration in the intermediate state
(pa(z,t = 0) = pinitial, Pinitial 1S initial density of defects), okq is the MPA
cross-section of the defect state, and K4 is MPA order from the defect state
(set to 1 in our case). The energy level of the defect state was such that single
photon absorption was sufficient for electron excitation. The schematic of the
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Figure 4.6: Schematic diagram of energy levels and transitions of a modeled
wide-bandgap dielectric material.

electron transitions is illustrated in Figure 4.6. The recovery of the defect states
was not modeled: it is assumed that defect state recovery rate is very low and
takes much longer time than pulse duration. The Fresnel reflection from the
surfaces was also included, accounting for real and complex refractive indices
varying in time due to generation of quasi-free electrons in conduction band.
The energy deposition was estimated for Gaussian beam profile accounting
beam fluence distribution.

Firstly, the role of MPA was investigated, excluding the defect-induced
absorption terms in Eqgs. 4.2 and 4.3. A single set of material parameters was
used in the simulations for each coating across the investigated pulse durations,
as summarized in Table 4.2. For representative comparison purposes, only
simulations at 170 fs for each coating are included, as the trends were similar
at all investigated pulse durations.

The model without defect-induced absorption term (dashed lines in Figs.
4.5A) — C)) predicts steeper absorptance trends due to two-photon absorption
(2PA) for HfOs, three-photon absorption (3PA) for SiO3, and a combination
of 2PA /3PA for the AR coating compared to the experimental data.

To identify the source of the discrepancy, each absorption term in Eq. 4.3,
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Table 4.2: Simulation parameters for single-layer coatings and AR layers from
Eq. 4.3 excluding Eq. 4.4. pg denotes the fraction of the critical electron
concentration.

a, cm~ 1 [ B, cm?K—3 /WK-1 J) Trec, fs
HfO, 35 5.27x10~8 1 x10~%] 3000
SiO2 0.25 8.15x10~ 1 1 x10~5| 130

excluding Eq. 4.4, was analyzed (Figures 4.5D) — F)), showing that with the
shortest pulse duration, linear absorption and MPA contribute comparably at
low fluences, while MPA dominates at high fluences. Absorption due to IBH is
negligible at 170 fs within the investigated fluence range. This suggests that a
better model agreement with the data could be reached with a larger influence
from the linear absorption.

The 2PA model for HfO5 coating clearly resulted in an overly strong in-
tensity dependence and deviated from the experimental data, therefore, the
additional effect of the intermediate bandgap states on the nonlinear response
was investigated. The experimental data could not have been accurately ap-
proximated using a single set of material parameters across all pulse durations
due to the sensitive nature of the laser annealing to the pulse duration. There-
fore, in the simulations, the linear and nonlinear absorption coefficients, and
the density of defect concentration was varied (see Table 4.3). The rest of the
simulation parameters were left unchanged.

Table 4.3: Fitting parameters for single-layer and AR coatings of HfOo
and SiOs. Pk units: for HfOy in 1078 cm?K—3/WK=1 for SiO, in 10717
em?5 =3 /WE=1"and for respective layers in AR coating; pq is in 1017 em~=3; «
is in em™!. ox, = 3.36 x 10717 cm?K /WKL for HfO,, ox, = 1.21 x 10716
em?K /WE=1 for SiO, and its layer in AR, ok, = 1.61 x 10717 cm2K /WK1
for HfO, layer in AR, a = 30 cm ™! for HfO, layer and a = 10 cm™! for SiO,

layer in AR coating.

TfO5 (Single) SiO, (Single) | HIOz (AR) | SiOz (AR)
a Bk Pd [ Bk pd Bk pa | Bk pd
0.17 | 20.0 2.81 25.27|1.00 2.09 0.0042 |21.15 4.22|0.65 210.6
0.5 [20.0 4.75 9.82 |0.50 9.31 0.0012 |26.36 3.38 | 0.65 84.26
1 13.0 7.56 9.82 [ 0.20 18.61 0.0008 | 40.42 3.38 | 0.65 77.25
2 13.0 15.82 5.62 - — - - - -
10 13.0 9.35 12.04 |0.20 7.31 0.0013|17.15 1.96 | 0.60 52.21

T, pPS

The consideration of the additional absorption via defect state allowed re-
producing the experimental behavior more accurately across all pulse dura-
tions. The model fits suggest that the effect of laser annealing, resulting in the
minimum of linear absorption coefficient for the HfO5 single-layer coating, de-
creases with increasing pulse duration (solid lines in Fig. 4.5A)). With shorter
pulses, the laser annealing is weaker due to shorter interaction time during the
irradiation (shorter pulse duration for the same repetition rate and Time-scan
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duration results in a shorter effective irradiation period), which explains the
highest linear absorption at 170 fs. Similar trends are seen for the SiOs and
AR coatings, as shown in Figs. 4.5B) and C). In the case of the AR coating,
the linear absorption coefficients for both layers were fixed, and only Sk (for
the HfO4 layer) and pq (for both layers) were varied. This is reasonable, as the
HfO, layer dominates the absorption and electron generation, and in multilayer
coatings, the laser-induced damage typically initiates at the low-high refractive
index layer interface [33].

Figures 4.5G) — I) illustrate the effect of 1PA transition from the defect
state to the CB at 10 ps (lowest peak intensity and longest effective irradiation
duration across investigated pulse durations). The results show that with in-
creasing fluence, the absorption via defect state decreases, indicating saturable
absorption [164].

Figure 4.7A) illustrates the pulse-duration dependence of the nonlinear ab-
sorption coefficient Sk, which increases across all coatings. A deviation ob-
served at 10 ps is attributed to the use of a different irradiation wavelength
(355 nm for 10 ps vs. 343 nm for 170 fs — 2 ps), reflecting a change in spec-
tral response. The differences in Sk between the single-layer coatings and their
corresponding layers in the AR structure are linked to differences in layer thick-
ness — approximately 17-fold for HfOs and 4.5-fold for SiOs. These thickness
variations result in a one order of magnitude difference in Bk for HfO, and
a several-fold difference for SiOs, consistent with prior studies showing that
nonlinear coefficients are thickness-dependent [30, 53]. These findings confirm
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Figure 4.7: A) Nonlinear absorption coefficients obtained at every pulse dura-
tion from the numerical modeling for single-layer coatings and the HfOs layer
in AR coating. B) Density of the defect states after the irradiation.

that the absorption behavior of dielectric coatings is not only pulse-duration
dependent but also influenced by accumulated irradiation (i.e., pulse count).
Longer pulses provide increased interaction time, which may enhance the de-
pletion of defect states (see Fig. 4.7B)), thereby modifying the optical response

of a material.
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Discussion

Although previous studies have reported irradiation-time-dependent changes
in nonlinear optical parameters [161-163], our findings reveal an additional
sensitivity of laser annealing to pulse duration, highlighting a more nuanced
evolution of material properties under realistic laser exposure conditions. The
consideration of intermediate bandgap states introduced saturable absorption,
which enabled a more accurate reconstruction of the experimental absorptance
trends across all pulse durations. Future work should consider the role of
local laser annealing during prolonged irradiation at low fluences in the linear
absorption region, as well as incorporate more advanced electron generation
models, such as those in Ref. [87], which include the full dynamics of both
shallow and deep defect states.

Conclusions

Experimental results indicated that linear Time-scan absorption depends on the
irradiation history, while nonlinear absorption also depends on pulse duration.
Classical rate-equation models, which assume absorptance depends solely on
peak intensity and neglect temporal changes in material properties, cannot fully
explain the absorption dependence on pulse duration.

Theoretical modeling overestimated the absorption dependence on pulse
duration compared to experimental data, indicating that an MPA-only model
is insufficient. The results suggest the presence of at least two absorption pro-
cesses, one of which may involve an additional defect level leading to saturable
absorption. Incorporating defect-assisted single-photon absorption significantly
improves agreement between the model and experimental data across all pulse
durations.
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5. Impact of absorption on the fatigue
effect

The previous research presented in this dissertation has shown that material
degradation under intense laser irradiation is a highly complex process involving
multiple phenomena simultaneously. Fatigue evaluation in dielectric coatings
for non-catastrophic color change damage indicated no observable fatigue limit,
in contrast to the fatigue behavior associated with catastrophic damage. At the
same time, theoretical considerations based on rate equations suggest that color
change may evolve into catastrophic damage through MPI. The physical phe-
nomena underlying the optical lifetime are still under investigation. Typically,
lifetime can be roughly estimated using multiple S-on-1 tests. However, these
tests often span only minute-long irradiation durations, which are relatively
short compared to the thousands of hours typical in real-world optics opera-
tion. Alternatively, lifetime can be assessed by irradiating the component con-
tinuously for several hundred hours, but this approach is both time-consuming
and cost-inefficient. The cumulative nature of the fatigue effect suggests that
absorption processes play a critical role in the formation of long-term damage.
Therefore, this Chapter will discuss the effect of absorption on the fatigue of
optics.

The work presented in this Chapter is based on papers [A3] and [A5], and
were presented at conferences [C9] — [C11], and [C13].

5.1 Role of absorbed dose in lifetime of optics

Motivation

Fatigue characterization is critical for predicting the lifetime of optical materials
but remains experimentally demanding, requiring long-term irradiation and
suitable predictive models. Short-term fatigue can be assessed via the S-on-1
method [11], which yields a characteristic LIDT curve as a function of pulse
number. This multi-shot LIDT is typically lower than the single-shot threshold
and, when combined with extrapolation models, can be used for rough lifetime
prediction. However, current models largely focus on catastrophic damage, and
no predictive frameworks exist for non-catastrophic fatigue.

Given the cumulative nature of fatigue and mounting evidence that ab-
sorption plays a critical role in damage formation, it is reasonable to consider
that laser-induced fatigue may be governed by the overall irradiation dose ac-
cumulated over time. Building on previous work, this study investigates the
relationship between laser-induced fatigue — an accumulative process linked to
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both linear and nonlinear absorption — and the total absorbed dose required
to initiate cumulative damage under various laser intensities and wavelengths.
The focus is placed on fatigue associated with the color mode in two sets of
single-layer dielectric coatings, HfO2 and SiO5 (RT 350°C and 500°C, see Ta-
ble 2.1). Fatigue behavior is examined using S(107)-on-1 LIDT testing, com-
plemented by absorption measurements via PCI across different irradiation
conditions. By analyzing the correlation between fatigue onset and irradiation
dose, this approach aims to support the development of a dose-dependent pre-
dictive framework for estimating the long-term durability of optical coatings
under extended laser exposure.

Methods

For LIDT measurements, samples were irradiated using a Pharos laser (Light
Conversion) at 1030 nm, 515 nm, 343 nm, and 258 nm, with 10 ps pulses
at 50 kHz and a beam diameter of 60 pum (1/e? level). Post-irradiation, test
sites were analyzed via Nomarski microscopy and categorized as undamaged,
color-changed, or catastrophically damaged. Damage probabilities were de-
termined for each pulse count, yielding characteristic curves for both damage
modes. Since catastrophic damage was not the primary focus, it is included
for comparison only.

Some limitations affected the color mode LIDT measurements: in certain
coatings, LIDTs exceeded the substrate’s self-focusing threshold, inducing non-
linear propagation, bulk damage, and surface breakthrough. For SiOs, back-
surface damage due to self-focusing was observed. No color change was detected
at 258 nm for the 500°C sample, or at 515 nm for the 350°C and 500°C sam-
ples. In HfOs,, the color mode at 1030 nm appeared only in the RT sample. At
258 nm, thresholds beyond 10° pulses could not be determined due to detector
sensitivity limits. Despite these constraints, general fatigue trends correlated
with absorptance were identified.

Absorptance was measured at 1064 nm, 532 nm, 355 nm, and 266 nm using
10 ps pulses at 1 MHz and a 60um beam diameter. T-scan and Time-scan (10
min exposure, 100 ms integration) protocols were used to assess immediate and
time-evolving absorptance. While PCI provides absolute absorptance values
A(I), the absorption coefficient o was calculated using the Beer-Lambert law
[26], neglecting reflection:

—In(1 - A(D))

a=———"—" (5.1)

where « is the absorption coefficient, I is the peak intensity at which A (1) was
measured and h is the physical thickness of the coating. Then, the absorption
coefficient is plotted as a function of intensity and fitted with the following
approximation [30, 49, 53, 54] to extract the linear and nonlinear absorption
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coefficients for each sample at the wavelengths of interest:

a(l) =g+ Y Bul™. (5.2)

n=1

Results and discussion
LIDT results

This section discusses damage threshold results for hafnium dioxide (HfO2) and
silicon dioxide (SiO2). Figure 5.1 illustrates color changes in both materials
after exposure to 10 million laser pulses.

() (d)

Figure 5.1: Typical morphological examples of color change at 107 pulses.
SiO2 — (a) 0.087 J/cm? and (b) 0.288 J/cm?, HfO5 — (c) 0.085 J/cm? and (d)
0.291 J/cm?.

To quantify the fatigue phenomenon, both catastrophic damage thresh-
olds and color changes were examined. Figure 5.2 shows characteristic damage
curves for HfO5 coatings. Catastrophic thresholds (differences between RT and
annealed samples appear diminished due to the logarithmic scale) remain stable
up to 107 pulses, while color change thresholds are significantly lower and de-
cline with pulse count. This fatigue behavior is strongly wavelength-dependent.
For instance, at 258 nm (Fig. 5.2(a)), the threshold declines steadily with pulse
number, whereas at 1030 nm (Fig. 5.2(d)), color change appears only after
10° pulses. These findings support previous results suggesting that the color
change threshold may approach zero with extended irradiation, posing relia-
bility concerns for long-term laser operation. As high-power systems typically
operate below the S-on-1 threshold, such fatigue-driven degradation can lead
to performance loss well before catastrophic failure occurs [70]. Moreover, fa-
tigue in HfO5 weakens and is delayed at longer wavelengths, emphasizing the
importance of spectral dependence.
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Figure 5.2: HfO5 LIDT data of catastrophic and color damage modes for all
three types of annealing. (a) — at 258 nm, (b) — at 343 nm, (c¢) — at 515 nm,
(d) — at 1030 nm.

Annealing also plays a significant role: RT samples consistently show lower
thresholds compared to annealed coatings, correlating with smaller bandgaps
and higher absorptance. A reduced bandgap increases the probability of mul-
tiphoton excitation, contributing to the enhanced fatigue sensitivity in RT
samples.

10t 258 nm SiO, 343 nm SiO, 515 nm SiO,
4 RTColor 4 500 Color s RTColor |10*
4 350 Color e o o o o 4
11 # RT Color
10 e e e e e L . 100
e ¢ o e H . ° +
L qot0! .
s10 . . 1012
2z . g
7
5 10% 102 3
2 T
£ .
8.
10/ 10-3
107

1077 "100 "10° "10° 107 '10° ‘107 101 "10° 10° 107 '10° ‘107! 10 '10° " 10° 107 10°
Pulses Pulses Pulses

Figure 5.3: SiOy LIDT data of color damage mode for all three types of an-
nealing. (a) — at 258 nm, (b) — at 343 nm, (c) — at 515 nm. Catastrophic data
could not be obtained due to self-focusing.

SiOy coatings show similar wavelength-dependent fatigue behavior
(Fig. 5.3), though differences between RT and annealed samples at 343 nm
are less pronounced than in HfOs.
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These findings highlight the connection between color change, absorption,
and bandgap in HfO5 and SiOs coatings. Absorption under equivalent irradia-
tion will be examined in the following sections. Consistent with prior studies,
no clear onset is observed for color change damage — unlike catastrophic dam-
age — indicating distinct mechanisms and the need for separate fatigue models
[75, 87, 89].

Temporal absorption characteristics

The absorptance analysis begins with an overview of raw Time-scan data pre-
sented in Figure 5.4. Measurements were conducted at high relative intensities
for each wavelength, remaining below catastrophic damage levels for at least 10
minutes. The initial peak or dip in the signal corresponds to the repositioning
of the sample to a fresh site.
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Figure 5.4: Time-scan data for HfO, samples at 1064 nm — 266 nm (a) and
SiO5 samples at 532 nm — 266 nm (b). The initial peak or dip marks the start
of the measurement when the sample is repositioned to a fresh site.

At 1064 nm (Fig. 5.4(a)), the RT hafnia sample exhibits absorptance ap-
proximately an order of magnitude higher than that of the 350°C and 500°C
samples, with no significant temporal variation. At 532 nm, the RT sample
also shows higher initial absorptance, which decreases over time. In contrast,
annealed samples display an initial dip followed by a rapid rise to a stable level.
At 355 nm, the RT sample again demonstrates a decrease followed by a later
increase. At 266 nm, the annealed samples show a more pronounced increase,
with the 500°C sample measurement halted due to signs of imminent damage,
as indicated by a sharp absorptance increase. The gradual reduction in RT
absorptance is likely a result of localized laser heating and annealing, which
enhance coating structure through improved oxidation [55]. The subsequent
increase in absorption, particularly before damage onset, is consistent with cu-
mulative defect incubation processes, such as the formation of long-lived STEs
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and color centers under repetitive exposure [63, 65, 87, 94, 158]. Higher ab-
solute absorptance at shorter wavelengths aligns with expectations based on
proximity to the absorption edge, as previously reported for HfO5 samples in
Sec. 4.1.

For silica coatings, temporal variability is generally less pronounced than for
hafnia. At 355 nm, a minor decrease followed by an increase is observed only in
the RT sample (Fig. 5.4(b)). In all other cases, absorptance consistently rises
over time. Thermal treatment has less effect on silica coatings, with absorp-
tance values at 532 nm remaining comparable across all samples. At 355 nm,
thermally treated silica coatings unexpectedly show higher absorptance than
RT, and at 266 nm, the 350°C sample surpasses both RT and 500°C vari-
ants. This wavelength sensitivity suggests complex behavior requiring further
investigation.

Nonlinear absorption

Nonlinear absorption was investigated using T-scan and Time-scan protocols as
a function of peak intensity. Absorption coefficients were derived from absorp-
tance using Eq. 5.1 and are summarized in Figs. 5.5 and 5.6 for single-layer
hafnia and silica coatings, respectively. For Time-scan data, reported values
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Figure 5.5: HfO5 absorption coefficient as a function of intensity. (a) 266 nm,
(b) 355 nm, (c) 532 nm, (d) 1064 nm. Dashed lines represent the MPA approx-
imation for T-scan data; solid lines for Time-scan data.

represent the average over the final 10 s of the measurement. T-scan and
Time-scan results were compared to evaluate linear and nonlinear absorption
behavior and assess laser annealing effects. The absorptance behavior is first
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discussed in detail for hafnia coatings at 355 nm.
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Figure 5.6: SiOy absorption coefficient results. (a) 266 nm, (b) 355 nm, (c)
532 nm. Dashed lines represent the MPA approximation for T-scan data; solid
lines for Time-scan data.

At 355 nm (Fig. 5.5 (b)), the RT hafnia sample shows the highest absorp-
tion in T-scan measurements, remaining nearly constant, while Time-scan data
reveal decreasing absorption with intensity and lower absolute values — consis-
tent with progressive laser annealing [51, 58]. Nonlinear absorption becomes
apparent in Time-scan data at higher intensities, but no annealing effects were
seen in thermally treated samples.

Similar trends are observed at other wavelengths. At 532 nm (Fig. 5.5 (c)),
behavior mirrors that at 355 nm. At 266 nm (Fig. 5.5 (a)), RT samples show
one-photon absorption (Ey = 4.12 €V, E, = 4.66 ¢V), with weak intensity de-
pendence in T-scan data. MPA fitting for annealed samples was inaccurate,
possibly due to the onset of avalanche ionization. However, Time-scan absorp-
tion again decreases with intensity due to strong laser annealing. At 1064 nm
(Fig. 5.5 (d)), all coatings exhibited purely linear absorption, as the available
intensity was insufficient to induce nonlinearity.

Absorption measurements for SiOs coatings (Fig. 5.6) revealed trends simi-
lar to those observed in hafnia samples. However, the MPA fit curves at 266 nm
(Fig. 5.6 (a)) and 532 nm (Fig. 5.6 (¢)) cannot fully align with the data due
to strong annealing, possible self-focusing in the back of the substrate, and a
combination of multiphoton and avalanche ionization processes involved. These

93



effects are pronounced at the applied intensities, which are comparable to those

used in S-on-1 measurements.

Laser annealing

This section examines the temporal evolution of absorptance in thermally
untreated hafnia coatings subjected to laser irradiation at two wavelengths,
266 nm and 355 nm, with focus on annealing behavior (Fig. 5.7).
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Figure 5.7: Double exponent decay approximation for HfO; RT sample Time-
scan data at 266 nm (a) and 355 nm (b) wavelengths.

The absorption signal diminishes non-uniformly over time and is described
by a double exponential decay model [58]:

a=yo+ Are™"/" 4 Aye= /" (5.3)

where = denotes the elapsed irradiation time in seconds; g represents the lowest
absorption coefficient attainable via laser annealing at a given intensity level;
the sum of A; and As defines the total change in absorption resulting from
the annealing process; and t;, t; are the characteristic fast and slow decay
constants.

The time constants ¢; and ty reflect the multi-step nature of the annealing
dynamics and vary with laser intensity (Fig. 5.8(a)). Both parameters are
higher at lower intensities, decrease with increasing intensity, and eventually
plateau at higher levels. This trend suggests a saturation of the annealing
acceleration, beyond which further increases in intensity do not enhance the
process.

The lowest achievable absorption level (yp) decreases monotonically with
intensity (Fig. 5.8(b)). This trend follows a power-law behavior and aligns
well with the linear absorption coefficient determined from Eq. 4.1 in the
Time-scan analysis. Thus, increasing either intensity or exposure duration
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Figure 5.8: Fitting parameters as a function of intensity for HfOy RT sample
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onset absorption (b).

enables convergence toward the minimal absorption, allowing linear absorption
of annealed coatings to be extrapolated from these results.

Despite the difference in absolute absorptance between 266 nm and 355 nm,
the decay times at both wavelengths are comparable, indicating a likely com-
mon annealing mechanism. This is plausibly associated with linear absorption
within localized states in the bandgap — such as the Urbach tail or defect states
from incomplete oxidation.

Fatigue analysis

This chapter presents a framework for evaluating optical component lifetime
below the single-shot color change LIDT. As previously discussed and consistent
with earlier findings [14, 16, 88, 165], no clear onset of color mode damage was
observed. Given the cumulative and deterministic nature of color change and its
dependence on wavelength [14, 30, 75, 87, 92|, the absorbed dose of irradiance
in the S-on-1 regime can be defined as:

Dabsorbed(I) = lincident X N x A(Iincident); (54)

where I[incident 1S the laser intensity at which damage occurs after N pulses,
and A(I) is the absorptance at that intensity. Due to the time-dependence of
absorptance, Time-scan measurements were used, averaging the last 10 seconds
of exposure, when the absorption signal had stabilized. This approach was
applied uniformly to all coatings and wavelengths. The RT HfO, sample is
used as a representative example due to the most comprehensive data overlap.

Figure 5.9 (a) shows that the smallest total absorbed dose occurs at in-
tensities near the respective 1-on-1 threshold (see Fig. 5.2), increasing with
decreasing intensity. At low intensity, a deviation from trend is noted, where
absorptance becomes linear. Two hypotheses are considered:
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Figure 5.9: Absorbed dose as a function of intensity (a) and as a function of
the number of pulses at threshold intensity (b) for HfO; RT sample.

1) A power-law only dose dependence on intensity:

Dabsorbed (I> = CIi:lf’lCident (5'5)

where ¢, y are fitting parameters.
2) A composite model with constant dose at low intensity and power-law

dependence above a critical intensity:
-

Iincident ¢
1+ () . (5.6)
Icrit

Dy is a constant representing the total dose absorbed at the low intensity, I..it

Dabsorbed(-[) = DO

indicates the critical intensity, where nonlinear absorptance becomes relevant,
marking the shift from constant dose to power-law regions. Dy, ¢, L., and
are fitting parameters.

Equations 5.5 and 5.6 are used to approximate the data illustrated in
Fig. 5.9(a). The second model fits low-intensity data better, but neither can
be definitively confirmed due to data limitations.

When total absorbed dose is plotted against pulse count (Fig. 5.9(b)), the
values at threshold intensities show no wavelength dependence, suggesting a
potential method for non-destructive lifetime estimation.

Using the knowledge of the total absorbed dose required to cause damage, an
attempt is made to build a model that predicts the lifetime of optics. Assuming
a power-law dose-intensity relationship, Eq. 5.4 and Eq. 5.5 are combined to
predict the number of pulses required at a given intensity:
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Dabsorbed(-[) CI'y_‘ld t
N(I) = _ inciden .
W= A0 x hucaens AU (57

where ¢, y and A(I) are the free fitting parameters. Intensity-dependent ab-
sorptance can be expressed from Eq. 5.1 and Eq. 5.2:

A(I) =1- exp [_ <C¥0 + Zﬂm‘[gzcidcnt> h] (58)

n=1

While approximating the total absorbed dose using Eq. 5.5, the exponent
y was found to correlate with the material bandgap-to-photon energy ratio
(Eg/Ey), potentially indicating the dominant MPA order. A similar observa-
tion was previously reported in the analysis of multiphoton absorption fitting
exponents for hafnia coatings in Sec. 4.1. Substituting this observed relation
into the equation yields:

=
CIEP

N(]) = inci(li;lent . 59

(1) L —exp[— (o + 21 Bulihciqent) P (>

The equation above introduces a simplified phenomenological model, describing
how many laser pulses are required to induce the color change at the intensity
of interest, depending on the material bandgap, the linear and nonlinear ab-
sorption coefficients, and the thickness of the coating. Although it is based on
the power-law dose dependence assumption, other dose models, if known, can
be used instead.

In this particular case, there is only one free parameter — ¢, which needs
calibration for at least one data point of "time-to-failure" N at a given peak
intensity I. Eq. 5.9 is applied to the experimental data using a least-squares
method. Other model parameters can be estimated through non-destructive
means. Once the coefficient ¢ is determined, the lifetime of optics at lower
intensities can be predicted — conditions that are otherwise difficult to assess
experimentally due to the long exposure times required.

The predictive fatigue model of Eq. 5.9 (dashed ‘Fatigue fit’ curves) is com-
pared in Fig. 5.10 to measured S-on-1 LIDT data and their empirical power-law
fits (solid ‘LIDT fit’ curves), with both the fitted exponent y and the calculated
E,/E, indicated. Overall, the model captures the low-intensity regime — its
primary domain of interest — but shows deviations at higher fluences near the
single-pulse threshold. For instance, in the RT HfOs coating at 355 nm and
532 nm (Figs. 5.10(c),(d)), it departs from both the LIDT measurements and
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power-law behavior. Conversely, where linear absorption dominates (1064 nm
and 266 nm; Figs. 5.10(a),(b)), the fatigue model closely parallels the empirical
fit.
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Figure 5.10: HfO, LIDT fit (solid lines) with Eq. 5.7 and fatigue extrapolation
(dashed lines) with Eq. 5.9 at each wavelength. Colored text shows a compari-
son between the fitting parameter y and the ratio of the material bandgap and
the photon energies.

When nonlinear absorptance is significant, the model reproduces the bend
toward the 1-on-1 threshold — most clearly at 532 nm and 355 nm — yet discrep-
ancies at 266 nm in annealed samples trace back to limited MPA region accu-
racy in Eq. 4.1 and uncertainties in the fitted parameters. Importantly, because
the required absorbed dose is nearly constant across wavelengths, differences in
absorptance alone account for the shift in fatigue behavior between untreated
and annealed coatings. This confirms the cumulative, dose-dependent nature
of color change fatigue — and reinforces the value of annealing in extending
optical lifetime — even under predominantly linear absorption conditions.

Notably, color change is observed even where absorption is primarily lin-
ear, suggesting a dose-driven process relevant to CW damage as well. While
nonlinear absorption accelerates this process, it may not be necessary to in-
duce modifications. It also remains unclear whether color change progresses to
catastrophic failure or simply results in spectral degradation.

For SiO, the model only succeeds at 355 nm, accurately predicting the
bend of the fatigue curve toward the single-pulse limit. At 532 nm, it under-

98



1012 Si0, 532 nm SiO; 355 nm Si0, 266 nm
Fatigue fit Fotigue ft | —— ratigue it | 107
— upTit y = -2.2; ratio = 2.58 vorne | ot

EEmEw
1o . u LT ¥ = -124; ratio = 1.49 e | o rruor
e — — ot 100

— Farigue it |
uoTic eoe

500 LIDT

=
A

H
2

¥ 350 LIDT
® wuor |

Intensity, W/cm?
-
<

Fluence, J/cm?

H
<

8
10 y =-1.92; ratio = 2.24

(@ (b) (c) y =-1.4; ratio = 1.93

|
i

1407167 16" 16 107 10° 107 107 10 107 10 10°T 107 107 105 107 107 107 107 1075 1077 16™ 10°T 10! 107 165 107 10° 10 107 10°5 1077 100
Pulses Pulses

Figure 5.11: SiO9 LIDT fit (solid lines) with Eq. 5.7 and fatigue extrapolation
(dashed lines) with Eq. 5.9 at each wavelength. Colored text shows a compari-
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predicts, and at 266 nm, it over-predicts fatigue, mirroring the discrepancies
seen in annealed HfO5 at 266 nm. These mismatches stem from both the MPA-
approximation limits and challenges in measuring SiOs damage thresholds —
complicated by difficult distinguishing the coating from the FS substrate and
self-focusing — thereby undermining lifetime forecasts for the silica coatings.

Despite their phenomenological nature and inherent uncertainties, these
absorbed dose and fatigue prediction models offer a valuable first-order frame-
work for understanding and estimating the role of absorptance in long-term
laser-induced degradation.

Discussion

This study investigated the long-term degradation of dielectric optical coat-
ings by focusing on sub-catastrophic damage modes, particularly color change
phenomena, and their relation to cumulative absorbed dose. While previous
research has established that laser-induced fatigue is a cumulative process in-
volving defect incubation [14, 75, 93, 146], most studies have emphasized catas-
trophic damage as the sole indicator of optical component failure. In contrast,
this work demonstrated that non-catastrophic damage can either remain be-
nign or precede catastrophic failure, depending on the underlying absorption
mechanism.

A central contribution of this study was the implementation of PCI to
monitor temporal absorptance at laser intensities comparable to those used
in conventional LIDT measurements. This enabled direct estimation of the
absorbed dose, providing a more accurate representation of the energy retained
in the material than conventional metrics based on incident fluence alone.

The relevance of incident dose to optical degradation has long been ac-
knowledged [160, 166, 167], with evidence showing that longer exposure at
lower intensities leads to greater energy deposition. However, absorbed dose —
the actual energy retained by the material — has not been systematically ex-
plored due to measurement challenges. Consequently, previous lifetime models
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have remained incomplete, often relying on empirical scaling with shot number
or catastrophic fatigue onset. Moreover, while several studies have observed
color change as a precursor or byproduct of irradiation [14, 16, 53, 93, 146],
it has typically been regarded as optically neutral, with minimal impact on
device functionality. This assumption is increasingly inadequate, especially in
high-precision applications where even minor changes in absorption can degrade
optical performance.

This work introduced a phenomenological model based on intensity-
dependent absorbed dose, which more accurately reflects the energy conditions
under which color change occurs. The model offers a practical and scalable ap-
proach for lifetime prediction, particularly in applications involving extended
sub-threshold exposure. It also underscores the necessity of measuring tem-
poral absorption rather than relying on static, single-shot characterizations.
Furthermore, the integration of PCI and LIDT measurements enables a multi-
modal diagnostic framework capable of identifying both benign and pre-failure
damage modes. This represents a shift from purely threshold-based assessments
toward mechanism-aware lifetime evaluations. However, the absorptance trends
in SiOs coatings were found to be inconsistent and not fully explained, high-
lighting material-specific complexities that the model does not resolve. Specif-
ically, the model does not account for potential self-focusing effects within the
bulk substrate, which may distort absorptance measurements obtained via PCI
and, in turn, compromise the reliability of the absorbed dose—based predictions.

Conclusions

In this study, the relationship between laser-induced color change fatigue and
absorptance was investigated in single-layer HfOs and SiO9 dielectric coatings
deposited by ion beam sputtering, across a wavelength range of 1030 — 257 nm.
Combining LIDT testing with nonlinear absorptance measurements, the results
revealed that fatigue behavior is strongly wavelength-dependent. Materials ex-
hibited higher absorptance at shorter wavelengths, particularly near their ab-
sorption edge, where lower-order multiphoton absorption processes dominate.
Consistent with earlier findings, no clear threshold onset for color change dam-
age was observed.

A key result of this work is that the absorbed dose required to initiate color
change fatigue remains nearly constant across all investigated wavelengths for a
fixed pulse duration and pulse count due to linear absorption. Furthermore, the
total absorbed dose required for damage increases as laser intensity decreases
due to nonlinear absorption. At intensities several orders of magnitude below
the single-shot LIDT, the absorbed dose appears to converge toward a constant
value, although additional investigations are needed to confirm this trend.

Time-scan measurements revealed a sharp increase in absorptance immedi-
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ately preceding catastrophic damage, suggesting potential for predictive diag-
nostics. While laser annealing can be accelerated with increasing laser intensity,
this process exhibits a saturation threshold.

To interpret these observations, a phenomenological model is proposed, link-
ing the material bandgap, linear and nonlinear absorption, and wavelength
to the total absorbed dose and optical coating lifetime. The model predicts
that color change fatigue may arise from linear absorption at low intensities
or from nonlinear absorption at higher intensities. These findings underscore
the potential of absorption-based diagnostics as a non-destructive approach for
predicting the lifetime of optical components under prolonged laser exposure.

5.2 Absorbed dose threshold in dielectric

coatings

Motivation

This study follows directly from prior work, with a focus on correlating ex-
tended S-on-1 LIDT measurements with absorptance data taken at matched
intensities and exposure times, to investigate absorbed dose behavior in the
low-intensity regime.

Color change modification is associated with the formation of intermediate
states via bond-breaking within the material bandgap, driven by multiphoton
absorption processes [10, 63, 87]. Mann et al. observed that absorptance in
CaFs crystals increases progressively with pulse count until catastrophic dam-
age ensues [160]. Similar behavior has been demonstrated in metals, where
higher pulse numbers lead to greater cumulative energy requirements for abla-
tion [167]. Previous studies presented in this dissertation indicated that both
single- and multiphoton absorption mechanisms can initiate color change in
dielectrics, and suggested that this type of damage lacks a clear LIDT onset.
Instead, a fixed absorbed dose threshold may be required for cumulative color
change initiation.

Despite advancements in understanding short-term laser-induced damage,
the long-term evolution of damage under extended irradiation remains insuf-
ficiently characterized. Most existing studies are constrained to relatively low
pulse counts, while real-world applications typically involve substantially higher
doses and exposure durations [70]. Furthermore, the material scope in many
investigations remains limited. Addressing these gaps is critical for advanc-
ing the understanding of optical lifetime in relation to material properties and
accumulated damage. Accordingly, this work expands the parameter space by
exploring HfOs, AlyO3, and ZrO4 dielectric coatings (RT, 350°C and 500°C, see
Table 2.1) and extending the irradiation time range to evaluate the existence
of a consistent absorbed dose threshold for color change damage.
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Methods

The experiments were performed using two different laser setups. The laser-
induced fatigue experiments were performed using a modified S(10%°)-on-1
LIDT testing, using 355 nm wavelength with 1 MHz repetition rate at 10 ps
pulse duration. For each S-on-1 test in the range of 1 — 10? pulses, an array of 50
sites was used, while for 10'° pulses, an array of 5 sites was used, with a spacing
between sites of at least three beam diameters. After LIDT measurements, all
test sites were analyzed using Nomarski microscopy and classified into one of
the three groups: no damage, color change damage, and catastrophic damage.

The absorptance was measured using PCI according to the Time-scan pro-
tocol with comparable irradiation conditions. This protocol measures absorp-
tance at a stationary sample site over a prolonged exposure duration. Absorp-
tance was recorded at similar intensities and exposure times (defined by the
number of pulses and repetition rate) as those used in the LIDT experiments,
with the fastest integration time of 50 ms. For exposure times shorter than
50 ms (<10000 pulses), the initial absorptance value was used. In this context,
linear absorption is considered a process where absorbed energy is directly pro-
portional to incident light fluence, with absorptance being fluence-independent,
while in nonlinear absorption, absorptance is a linear or polynomial function
of fluence.

Results
LIDT results

LIDT as a function of the number of pulses for all investigated coatings is
represented in Figure 5.12. The data in Fig. 5.12A) demonstrate that color
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Figure 5.12: LIDT results for A) color change and catastrophic damage on
ZrO5 samples, B) color change and catastrophic damage on HfO5 samples, and
C) color change damage on AlyO3 samples. The lines on the graphs are for
easier guidance.

change damage was observed throughout the entire pulse count range for the
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RT ZrO5 sample, while for the 350°C ZrOgy sample, it was noted only from
10°% pulses onward. For the annealed zirconia, the highest laser intensities
were insufficient to induce color changes at lower pulse counts. Similarly, the
catastrophic damage was observed only after 107 pulses. The intensities were
not high enough to induce color change or catastrophic damage at 1 — 10° pulses
in HfO, (Fig. 5.12B) and at 1 — 10° pulses in AlyO3 samples (Fig. 5.12C).
A common feature across all investigated coatings is the difference in LIDT
between RT and 350°C samples. The RT samples indicate a lower damage
threshold, which correlates with the smaller bandgap of RT coatings.

This study included data on catastrophic damage for 350°C ZrO5 and HfO4
to highlight the differences between color change and catastrophic damage
(catastrophic damage for AloO3 could not be reached). The catastrophic dam-
age of annealed ZrOs appears to diverge from the onset of color change. In
the case of 350°C HfOs, both catastrophic and color change LIDTs are very
similar (note the log-log scale) for 10° to 10® laser pulses, thus suggesting that
color change precedes long-term catastrophic damage. However, later at 10°
to 10'° pulses, we begin to observe a clear difference, namely the approach of
the possible onset of catastrophic LIDT, along with a widening gap between
the catastrophic and color change LIDTs. In contrast to catastrophic failure,
the color change does not show an indication of the onset of LIDT, consistent
with previous findings at shorter irradiation times [14, 16]. These observations
raise questions regarding the underlying damage formation mechanisms: it is
uncertain whether color changes can also induce catastrophic damage at low
fluence levels.

Morphological analysis

Morphological analysis was performed for color change and catastrophic dam-
age for all investigated samples. For simplicity and clarity, typical damage
morphologies are shown only for RT and 350°C HfO4, 350°C ZrO,, and 350°C
AlyOg3 coatings (Fig. 5.13), as these best exemplify the characteristic damage
features observed across all samples. The color change damage in the RT HfO4
coating (Fig. 5.13A)) follows the beam intensity profile. Time-scan absorp-
tance measurements show a gradual decrease at 0.00047 J/cm? fluence and
accelerated decline at 0.005 J/cm?, likely due to laser annealing, which pro-
motes oxidation and improves the coating structure [58]. The color change can
be correlated with irradiation time and fluence and linked to changes in refrac-
tive index and absorptance, as seen in the difference between RT and thermally
annealed samples (Table 2.1).

Although thermally annealed HfO5 sample shows similar color change
(Fig. 5.13B)), the morphology changes are less sensitive to fluence. The in-
creasing absorptance over time suggests a nonlinear absorption-induced bond-
breaking. At fluences of 0.088 J/cm? and 0.135 J/cm?, a dark spot appears
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in the middle, indicating the formation of catastrophic damage. This suggests
distinct mechanisms for the formation of color changes in RT and thermally an-
nealed HfO5 samples. Both annealing (reducing absorption) and bond-breaking
(increasing absorption) can occur simultaneously; however, laser annealing has
a negligible effect on thermally annealed samples. For the 350°C ZrO4 coating,
the color change remains localized to the area of highest intensity, with no sig-
nificant expansion in diameter at higher fluence (Fig. 5.13C). Similar behavior
is observed for 350°C Al;Og3 coating (Fig. 5.13D).
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Figure 5.13: High-contrast (obtained from Nomarski differential interference
contrast microscope) morphologies with respective temporal absorptance dy-
namics. The sharp increase or decrease of absorptance indicates the start of
the measurement at a fresh site. A) Color change damage for RT HfO,. B)
Evolution of catastrophic damage emerging from color change damage in 350°C
HfO5. C) Color change damage in 350°C ZrO,. D) Color change damage in
350°C Al3O3. The number of pulses for A) — C) is 108, while for D) it is 10°.

Nonlinear absorption

Figure 5.14 summarizes Time-scan absorptance data (average of full Time-
scan to ensure full history of irradiation) as a function of intensity. ZrOs
coatings (Fig. 5.14A) show increasing absorption with intensity, and the RT
ZrOs exhibits a higher absorptance than the annealed counterpart. Similar
trends are observed for HfO; and Al,O3 coatings (Fig. 5.14B and C).

While both RT ZrOs and RT HfO, exhibit a high absorptance and a rather

104



A) B) C)

‘ ‘ ‘ ALO:
e ind ) m [PV
510 . l/-—/*/!/‘* L‘lj . —u— RT color
= u-" «—® /,/9/ —e— 350C colof
810° 1 4
& -
e lzio; : Ty
S 102 0 HfO,: . P
2 —=— RT color —m—RT color ¢
10! e— 350C color —e—350C color
et L e e o o L R B L b
Intensity (Wiem?) — Intensity (W/em?| ™ Intensity (Wiem?)

Figure 5.14: Temporal absorptance as a function of LIDT intensity for A) ZrO»
samples, B) HfO5 samples, and C) Al,O3 samples. Each data point represents
the absorptance measured at the damage threshold intensity and irradiation
time matching the LIDT measurement. The lines in the graph are for easier
guidance.

weak intensity dependence, RT Al;Osz shows much smaller absolute absorp-
tance and a clear dominant nonlinear response. This difference can be at-
tributed to the high linear absorption in RT ZrOs and RT HfO,, likely caused
by the Urbach tail effect [157], which is observed as a deviation from the linear
segment of the absorption spectrum edge towards lower energies (not shown
here). In contrast, RT Al;Os exhibits absorptance two orders of magnitude
lower.

Absorbed dose estimation

By combining LIDT and absorptance measurements, the absorbed dose re-
quired to induce damage is estimated using the following expression [160]:

Dabsorbcd(-[inc) - IincT x N X A(Iinc) (510)

where I is incident LIDT intensity, 7 is pulse duration, N is the number
of pulses required to reach damage and A(Ty,.) is the average steady-state
absorptance at the LIDT intensity.

Although previous studies identify multiphoton ionization as a primary
cause of laser damage [10, 63], findings in this study suggest that high ab-
sorbed dose accumulated via one-photon absorption might also be sufficient to
cause a subsequent modification. To verify and confirm this assumption, the
total absorbed dose required to achieve damage via Eq. 5.10 was calculated and
plotted the experimental data as a function of laser intensity in Figure 5.15.
for all the investigated materials. In addition, the previously suggested phe-
nomenological model was applied as a fit:

-

1+ (;ﬁ)j : (5.11)
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Figure 5.15: Total absorbed dose until damage as a function of LIDT intensity
for A) color change and catastrophic damage on ZrO samples, B) color change
and catastrophic damage on HfO5 samples, and C) color change damage on
Aly03 samples. The curves represent a phenomenological absorbed dose fit
from Eq. 5.11. The arrow indicates catastrophic LIDT intensity onset.

where Dy is a constant representing the total absorbed dose at low intensity, L.,
indicates the critical intensity, where nonlinear absorptance becomes relevant,
marking the shift from constant dose to power-law region. Dy, I.it, ¢, and ¥
are fitting parameters.

As shown in Figure 5.15, the model effectively describes the absorbed dose
for non-catastrophic damage at all materials and intensity levels, even with
extended exposure durations. At higher intensities, color change is dominated
by nonlinear absorption, which requires a smaller dose. As intensity decreases
and number of pulses increases, the absorbed dose for color change becomes
independent of intensity, characterized by a constant dose threshold, a feature
of dominant linear absorption, regardless of pulse count.

A significant difference in the absorbed dose for the color change is observed
between the RT and 350°C ZrOs coatings (Fig. 5.15A). The as-deposited
coating requires two orders of magnitude less dose at low intensities, likely due
to a smaller bandgap or higher dominant linear absorptance [168].

For catastrophic damage (Figs. 5.15A and B), nonlinear absorption domi-
nates the damage formation. However, as intensity decreases, the absorbed dose
threshold increases, potentially approaching an infinite dose threshold, which
can lead to the onset of LIDT. In contrast, for damage type of color change,
the absorbed dose approaches a region independent of intensity as intensity de-
creases, remaining within the dominant linear absorption regime. This means
if irradiation was stopped within constant dose region, catastrophic damage
would not occur, as indicate for 350°C HfO5 in Fig. 5.15. However, there is a
possibility of its occurrence with even longer irradiation times. A similar trend
for color change is observed for Al,O3 coatings (Fig. 5.15C), although no fixed
dose threshold was reached within the maximum irradiation time.
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Discussion

This study extended previous investigations on the long-term degradation of
dielectric optical coatings by examining color change damage and its relation
to cumulative absorbed dose under extended irradiation conditions (up to 101°
pulses per test site) at a wavelength of 355 nm. The experimental scope in-
cluded single-layer coatings of hafnia, zirconia, and sapphire.

The analysis distinguishes between two qualitatively different types of color
change:

e Stable, non-catastrophic color changes, which arise under low-
intensity, dominant linear absorption conditions. These were associated
with minor reductions in absorptance over time, consistent with local
laser annealing and possible completion of oxidation reactions.

o Transitionary, failure-prone color changes, which occur under
higher-intensity, dominant nonlinear absorption regimes. These involve
increasing absorptance over time, consistent with cumulative bond break-
ing and the formation of lattice-level defects.

Importantly, this study confirms the speculation presented in Section 5.1
that, under linear absorption conditions, the absorbed dose required to initiate
color change damage remains approximately constant. In this regime, the total
dose scales linearly with the number of pulses and incident intensity, supporting
the idea that damage accumulates in a deterministic, energy-limited manner.
Conversely, as multiphoton absorption becomes dominant at higher intensities,
the absorbed dose threshold drops significantly. This nonlinear behavior in-
dicates that additional defect-generation mechanisms — such as multiphoton
absorption and avalanche ionization processes — accelerate degradation by en-
hancing the rate of lattice modification and sub-bandgap defect formation.

These findings challenge the conventional use of LIDT fatigue thresholds
for optical lifetime estimation. In particular, the absence of a clear fatigue
onset for color change damage renders traditional lifetime models — based on
extrapolation from catastrophic LIDT data — inadequate for describing sub-
catastrophic degradation processes.

Morphological analysis confirmed that surface features do not change sig-
nificantly during the early stages of color change, reinforcing the interpretation
that structural modifications occur primarily at the atomic or subsurface level.
However, it should be emphasized that no topographical characterization tech-
niques — such as atomic force microscopy, scanning electron microscopy, or
surface profilometry — were employed in this study. As such, the physical na-
ture of the color change remains unresolved. It is conceivable that the observed
absorptance variations may also result from localized changes in coating thick-
ness or internal structural rearrangements within the irradiated area — effects
that cannot be excluded based on absorptance data alone.
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Absorbed dose analysis further revealed that catastrophic damage follows
a multiphoton absorption-driven process with a distinct fatigue onset, whereas
color change damage occurs only after a fixed absorbed dose and shows no
LIDT fatigue onset within the tested pulse range. Thermally annealed coat-
ings consistently exhibited higher absorbed dose thresholds, suggesting that
materials with larger bandgaps require greater energy input to initiate defect
formation, thereby enhancing optical lifetime.

All experiments were conducted using dense ion-beam-sputtered (IBS) coat-
ings, known for their low porosity and high packing density [169]. Coatings
fabricated via alternative deposition techniques — such as electron beam evap-
oration [170] — typically exhibit lower density and different microstructural
characteristics, which may significantly affect the onset and progression of
laser-induced color change. Future studies should therefore include coatings
produced by diverse fabrication methods and incorporate high-resolution topo-
graphical and structural diagnostics to develop a more complete understanding
of the underlying color change modification mechanisms.

Chapter 5 has demonstrated that non-catastrophic damage mechanisms,
such as color change, are both measurable and predictive of long-term optical
degradation. By adopting an absorbed dose-based framework and employ-
ing time-resolved photothermal diagnostics, these studies shift the emphasis of
lifetime assessment away from damage thresholds and toward a continuous-
material response. The distinction between benign and failure-prone color
change further underscores the need for mechanism-specific models to enable
reliable lifetime predictions for optics operating under extended exposure con-
ditions.

Conclusions

Two possible regions of the UV-absorbed dose threshold for color change were
identified: one dominated by linear absorption, with a fixed absorbed dose
threshold, and the other — nonlinear absorption, where the dose is intensity-
dependent. In the nonlinear region, color change precedes catastrophic failure,
while in the linear region, color change remains non-catastrophic within in-
vestigated absorbed dose levels. Two potential mechanisms for color change
formation were identified: bond-creation via laser annealing in as-deposited
coatings and bond-breaking via multiphoton ionization in thermally annealed
coatings.

Absorbed dose analysis of zirconia and hafnia coatings at low fluence showed
that the color change requires a fixed absorbed dose, with no onset of LIDT
fatigue within the tested pulse range. Thermally annealed coatings exhibited
higher absorbed dose thresholds, suggesting that materials with wider bandgaps
require higher doses, thus improving the optical lifetime.
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Santrauka

Ivadas

Lazerinés spinduliuotés ir medziagos saveika yra fundamentinis fizikinis proce-
sas, apimantis placia technologine pazanga. Lazeriai turi itin svary poveiki:
nuo kasdieniy pritaikymuy, tokiy kaip nano-litografija elektronikoje [1] ir tik-
slaus makro-struktiry apdirbimo [2], iki milzinisky iniciatyvy, tokiu kaip kos-
moso tyringjimai [3] ir inertinio izoliavimo termobranduoliné reakcija energijos
gamybai [4]. Nepaisant savo universalumo, lazeriais gristoms technologijoms
gomis, tokiomis kaip trumpa impulso trukmeé, dideli spinduliuotés intensyvumai
ir ekstremalus bangos ilgiai. Tokie rezimai neisvengiamai lemia lazerine spin-
duliuote inicijuojama optine pazaida (LSIOP, angl. laser-induced damage), kuri
islieka pagrindiniu aukstos kokybés lazeriniy sistemu vystymag ir patikimuma
ribojanciu veiksniu [5].

Fotonikos srityje veikia daugybé lazeriy, pasizyminéiy jvairiais i$éjimo
parametrais. Sios sistemos naudoja optinius komponentus pluostui nukreipti ir
perduoti — tiek i lazerio i$éjima, tiek i norima pozicija erdvéje, priklausomai nuo
pritaikymo srities. Tokie komponentai daznai yra dengti dielektrinémis arba
metalinémis dangomis, kurios pasizymi skirtingomis optinémis ir mechaninémis
savybémis. Todél ju atsparumas LSIOP stipriai priklauso nuo dangos medzia-
gos, jos strukturinio dizaino ir konkreciy lazerio parametry.

Tarp §iu parametry impulso trukmeé [6], pasikartojimo daznis [7], bangos il-
gis [8] ir pluosto skersmuo [9] yra vieni pagrindiniy veiksniy, lemiantys LSIOP
pradzia ir raida. Yra itin svarbu suvokti, kaip kiekvienas i$ Siy parametry
veikia optini nasumag ir kaip Sis poveikis gali buti patikimai prognozuojamas.
Lazerio parametry jvairové paskatino mastelio désniu (angl. scaling laws)
kurima, siekiant modeliuoti ir jvertinti pazaidos lazerio spinduliuotei slenksti
(PLSS, angl. laser-induced damage threshold) esant skirtingoms apsvitos saly-
goms. Nors daugelis tyrimu nagrinéjo PLSS priklausomybe nuo atskiru lazerio
parametry, daznai juos riboja siaura eksperimentiné imtis arba priestaringi
rezultatai.

Ypac¢ svarbu pazyméti, kad dauguma PLSS mastelio désniy tyrimy buvo
orientuoti i vieno ar keliu Simty impulsy pazaida, nors praktikoje optiniai kom-
ponentai dazniausiai yra veikiami ilgalaikés (daugiaimpulsés) lazerinés spin-
duliuotés. Tokiomis salygomis medziagos gali nespéti visiskai atsigauti tarp
impulsy, todél pazaida kaupiasi. Sis reiskinys, zinomas kaip nuovargio efektas
(angl. fatigue effect) [10], gali reikSmingai paveikti ilgalaiki optiniu elementy
nasumga ir ilgaamziskuma. Siuo metu ilgaamziskumo vertinimo metodai remi-
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asi arba trumpalaikiy daugiaimpulsiniy PLSS rezultaty ekstrapoliavimu [11],
kuris gali buti nepatikimas, arba ilgalaikiais bandymais, kurie yra itin imlus
laikui ir kastams.

Nors pazanga PLSS mastelio désniu tyrimuose yra svari, iki Siol islieka
esminiy spragy — ypac suvokiant, kaip kombinuoti lazerio parametrai ir ilgalaike
apsvita veikia optiniy medziagu elgsena bei kokios medziagy savybeés lemia Siuos
atsakus. Dabartiniai modeliai daznai remiasi supaprastintomis salygomis arba
ribotais duomenu rinkiniais ir gali netiksliai atspindéti kaupiamaja pazaidos
degradacija, stebima realiose lazerinése sistemose. Tai pabrézia poreiki sukurti
iSsamesni ir prognozuojama modeli, apjungianti tiek pazaidos slenksti, tiek
optinj ilgaamziskuma.

Disertacijos tikslas

Pagrindinis Sios disertacijos tikslas — isSnagrinéti paZaidos lazerine spindulivote
slenkscio mastelio désnius bei lazerinio nuovargio efektq, siekiant prognozuoti

ir charakterizuoti optiniy dangy ilgaamziskumg.

Pagrindiniai disertacijos uzdaviniai
Disertacijos tikslui pasiekti buvo iskelti sie uzdaviniai:

o Isskirti bei iSanalizuoti PLSS mastelio désnius impulso trukmeés atzvilgiu
skirtingoms pazaidos modoms plonose dielektrinése dangose, pasitelkiant
ultravioleting ir infraraudonaja spinduliuote.

o Atlikti kokybinius ir kiekybinius plonyju metaliniy dangy PLSS prik-
lausomybés nuo impulso trukmeés tyrimus; kritiskai ivertinti esamus
nuspéjamuosius modelius bei juos patikslinti, remiantis teorine analize

bei empiriniais tyrimais.

o Atlikti eksperimentini tyrima apie laikini sugerties elgesi dielektrinése
dangose UV — IR bangos ilgiu imtyje.

o ISplétoti universaly optinio ilgaamziskumo prognozavimo modeli dielek-
trinéms dangoms, veikianc¢ioms ultratrumpyju impulsy apsvitos saly-
gomis.

Mokslinis naujumas ir praktinis pritaikymas
Nors katastrofinio PLSS mastelio désniai ir nuovargio elgsena buvo iSsamiai

tiriami, spalvinio pokyc¢io pazaidos itaka katastrofinei pazaidai vis dar néra
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pakankamai suprasta. Be to, esami optinio ilgaamziskumo prognozavimo mod-

eliai daugiausia remiasi katastrofinés pazaidos nuovargio sotimi (angl. fa-

tigue onset), nepaisant galimos spalvinio poky¢io pazaidos vaidmens ilgalaikéje

optinéje degradacijoje.

Pirma karta buvo tiriamas spalvinio pokyc¢io PLSS dielektrinése dangose
kaip impulso trukmés (7) funkcija. Teoriné analize, paremta laisvyju
elektrony generavimo lygtimis, rodo, kad laipsninio désnio (angl. power-
law) laipsnio rodiklis priklauso nuo medziagos draustinés juostos plocio
ir lazerio bangos ilgio.

Daugiaimpulsinio PLSS daugiasluoksnése skaidrinanciose dangose analizé
atskleidé, kad katastrofinés pazaidos nuovargis priklauso nuo impulso
trukmeés tiek IR, tiek UV bangos ilgiuose, o spalvinio poky¢io nuovar-
gio elgsena, atrodo, beveik nekinta nuo impulso trukmés.

Issamus PLSS mastelio désniy tyrimas impulso trukmés atzvilgiu met-
alinése ir puslaidininkiuy dangose parodé sudétinga priklausomybe nuo
dangos storio ir specifinés Silumineés talpos, kuria lemia medziagos silu-
miné vésimo konstanta.

Spalvinio pokyc¢io pazaidos morfologiju ir laikinés sugerties dinamikos
analizé dielektrinése dangose atskleidé skirtinga sugertos energijos dalies
elgsena, priklausomai nuo to, ar medziaga buvo termiskai atkaitinta,
suteikdama gilias jzvalgas apie spalvinio pokycio pazaidos formavimasi
ir ilgalaike medziagos elgsena.

Dielektrinése dangose buvo istirta laikiné sugerties dinamikos prik-
lausomybé nuo impulso trukmés. Sugertos dalies duomeny analizé,
pasitelkiant elektrony generavimo lygtis, parodé, jog klasikinis dau-
giafotonés sugerties reiskinys savaime negali paaiskinti eksperimento
tendenciju. Skaitiné analizé parodé, jog tarpinés pasalinés busenos,
esancios draustinéje juostoje, gali smarkiai paveikti medziagos netiesines
optines savybes, kurios priklauso ne tik nuo impulso trukmeés, taciau ir
medziagos savybiu.

Kartu pritaikius PLSS ir sugerties matavimo metodus, buvo galima anal-
izuoti rysi tarp sugertos energijos dalies ir lazerine spinduliuote inicijuo-
jamo spalvinio poky¢io nuovargio, gilaus UV (angl. deep-UV) — IR bangos
ilgiu diapazone, esant fiksuotai impulso trukmei.

Sugertos dozés analizé dielektrinése dangose leido iSvystyti
fenomenologini optinio ilgaamziskumo prognozavimo modelj.
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Ginamieji teiginiai

1.

Pazaidos lazerine spinduliuote slenkscio mastelio désniai impulso trukmeés
atzvilgiu optinése dangose nepakliista populiariam 7%° désniui, taciau
priklauso nuo pazaidos modos, krintancio bangos ilgio, impulsu skaic¢iaus
ir medziagos savybiuy.

. Pazaidos lazerine spinduliuote slenkstis metalinése dangose impulsiniame

rezime labiausiai yra lemiamas dangos specifinés Siluminés talpos, o nuo-

latinés veikos rezime — pagrinduko Siluminés difuzijos.

. Lazerinés spinduliuotés inicijuoti spalviniai poky¢iai dielektrinés dangose

gali buti sukeliami tiek dél tiesinés, tiek dél netiesinés sugerties, su salyga,
kad pasiekiamas sugertos dozés slenkstis.

. Bendras sugertos dozés slenkstis, lemiantis optini ilgaamziskuma dielek-

trinése dangose spalviniy pokyciu atzvilgiu smarkiai priklauso nuo medzi-
agos savybiy ir fotono energijos, kurie kartu lemia sugerties eile.

. Lazerine spinduliuote inicijuoto spalvinio pokycio pazaida dielektrinése

dangose gal kilti dél bent dvieju fizikiniy reiskiniy: lazerinio atkaitinimo
arba cheminiy rysiy nutraukimo.

Autoriy indélis

Sios disertacijos autorius prisidéjo prie eksperimenty planavimo, atliko didzigja

dali PLSS ir visus sugerties matavimo eksperimentus, iSanalizavo visus eksper-

imentinius rezultatus ir parengé publikaciju rankraséius [A1 — A5]. Auto-

rius atliko skaitine elektrony generacijos grei¢io lygéiu ir morfologing anal-

ize publikacijoje [A1], sukuré skaitine sugerties ir optinio ilgaamziskumo ver-

tinimo analize publikacijose [A3, A5], ir atliko skaitine analize publikacijose

[A2,

AS5).

e Doc. dr. Andrius Melninkaitis dalyvavo visuose Sioje disertacijoje aprasy-

tuose tyrimuose. Jis suformulavo pagrindinius uzdavinius ir tikslus,
pateiké analitines jzvalgas apie gautus rezultatus, perziuréjo parengtus
rankrasc¢ius, konsultavo eksperimenty planavimo, ju atlikimo, skaitinio
modeliavimo klausimais bei bendrai lazerine spinduliuote inicijuojamos
optinés pazaidos ir sugerties fizikos srityje.

Dr. Linas Smalakys teiké patarimus ir technines izvalgas apie spalvinio
pokycio pazaidos morfologini vertinima publikacijoje [A1].

Martynas Kersys padéjo rasyti skaitinio modeliavimo koda publikacijoje
[A2].
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¢ Dr. Simonas Kicas ir Vaida Grasyté pateiké eksperimentinius bandinius
ir spektrinius matavimus publikacijose [A3, A5] ir antrame skyriuje ap-

tartiems tyrimams.
o Austéja Aleksiejuté padéjo atlikti PLSS matavimus publikacijoje [A3].

e Dr. Justinas Galinis padéjo atlikti pazaidos vietu analize publikacijoje
[A3], padéjo su morfologiju atvaizdavimu publikacijoje [A5].

e Dr. Marco Jupé, dr. Kevin Kiedrowski, dr. Morten Steinecke, Lars
Herrero ir dr. Lars Jensen pateiké eksperimentinius bandinius ir technines
izvalgas apie ju paruoSima publikacijoje [A4].

« Urté Kimbaraité ir Mindaugas S¢iuka padéjo atlikti PLSS matavimus su
nuolatinés veikos lazeriu publikacijoje [A4].

« Emilija Zutautaité padéjo atlikti $ilumos sklaidos modelio skaitine simu-
liacija publikacijoje [A4].

e Prof. dr. Laurent Gallais pateiké dvieju temperatury modelio skaitines
simuliacijas publikacijoje [A4].

e dr. Arunas Varanavicius ir Gaudenis Jansonas suteiké pagalba ir eksper-
tines zinias, atliekant PLSS eksperimentus su trumpesniais nei 10 fs
trukmeés impulsais NAGLIS OPCPA sistemoje publikacijoje [A4].

e dr. Vytautas Jukna pateiké skaitiniy simuliaciju koda ir izvalgas apie
sugerties procesus, pateiktus antrame skyriuje.

Santraukos struktura

Si disertacija yra parengta straipsniu pagrindu, aptariant publikacijas [A1] —
[A5] ir nepaskelbtus duomenis.

Si santrauka padalinta i tris skyrius. Pirmajame skyriuje glaustai aptariami
PLSS mastelio désniai impulso trukmeés atzvilgiu metalinése ir dielektrinése
dangose. Antrame skyriuje glaustai aptariami sugerties procesai dielektrinése
dangose. Treciame skyriuje aptariama sugerties jtaka nuovargio efektui ir kaip
sugerties procesai lemia optiniy dangy ilgaamziskuma.

Pazaidos lazerine spinduliuote slenkscio

mastelio désniai pagal impulso trukme

Sio skyriaus turinys pagristas publikacijomis [A1] ir [A4], kurios buvo pris-
tatytos konferencijose [C1], [C3], [C4], [C5], [C8] ir [C12].
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PLSS mastelio désniai pagal impulso trukme metalinése
dangose

Nors metalinés dangos pasizymi tokiais privalumais, kaip dispersijos neturin-
tis atspindys ir platus spektrinis diapazonas, ju PLSS elgsena — ypac¢ placi-
ame impulso trukmiy intervale — islieka menkai suprasta. Dauguma esamu
metaly PLSS tyrimu apsiriboja siaurais trukmés intervalais arba neatsizvel-
gia i daugkartinés spinduliuotés sukelta nuovargi. Sis darbas siekia uzpildyti
Sig spraga, tiriant PLSS mastelio désnius plac¢iame impulso trukmiy intervale
(10 fs — 10 s), nustatant, ar metalams taikomi universalts mastelio désniai, bei
identifikuojant pagrindinius fizikinius parametrus.

Eksperimentinis tyrimas buvo atliktas su septyniomis metalinémis (Al, Au,
Ag, Cr, Ti, W, Ta) ir dviejomis puslaidininkinémis (Si, Ge) dangomis, nusod-
intoms ant Borofloat stiklo pagrindukuy, naudojant nuolatinio arba kintamo
daznio magnetroninio garinimo technologija. Dangu storis svyravo nuo 45
nm iki 1775 nm. PLSS matavimai buvo atlikti pagal ISO standarta taikant
1-j-1 ir S(1000)-i-1 protokolus IR bangos ilgiu ruoze (1030 nm, 1064 nm ir
1070 nm). Buvo naudojamos trys lazerinés sistemos, o eksperimentinés salygos
tarp skirtingu sistemu. Daugumai impulsy trukmiu pluosto skersmuo 1/e? lyg-
menyje sieké 195 — 230 nm, o trumpiausiems impulsams (10 fs) — apie 100 pm.
Nepaisant Sio skirtumo, PLSS reiksmés ties 10 fs isliko nuoseklios, patvirtinant
rezultaty patikimuma.

Pagrindinis $io darbo rezultatas — aiSkus dvieju skirtingy PLSS maste-
lio désniy rezimuy identifikavimas. Impulsiniame rezime (10 fs — 9 ns) buvo
pastebétas silpnas laipsninis désnis tarp PLSS ir impulso trukmeés, su eksper-
imentiniais laipsnio rodikliais nuo 0.01 iki 0.15 vieno impulso (1-i-1) rezimu
ir nuo 0.05 iki 0.23 daugiaimpulsio (S-i-1) testavimo rezimu. Sie rezultatai
patvirtina, kad itin trumpy impulsy atveju pazaida daugiausia priklauso nuo
metalo dangos Siluminés talpos, o Silumos difuzijos kaupimasis turi mazg
reikSme. IS kitos pusés, nuolatinés veikos (NV) rezime (100 ms — 10 s) stebétas

beveik tiesinis PLSS mastelio désnis (70-77~1:00)

, rodantis, kad vyrauja pa-
grinduko Siluminés difuzijos procesai.

Vienas i$ reikSmingiausiy pasiekimy — tai, kad peréjimas tarp impulsinio
ir NV rezimu priklauso nuo siluminio vésimo konstantos, kuri priklauso nuo
specifinés Siluminés talpos ir dangos storio. Remiantis polinominés regresijos
modeliavimu ir dvieju temperatury modeliu (DTM), Sis rySys buvo kiekybiskai
ivertintas. Nustatyta, kad didesne silumine talpa turinc¢ios dangos arba dan-
gos ant didesnés siluminés difuzijos pagrinduky (pvz., vario) pasizymi létesniu
peréjimu i NV rezima ir dél to yra atsparesnés silumos kaupimuisi. Taip pat
eksperimentiskai buvo patvirtintas atvirkstinis rySys tarp sugertos energijos
dalies ir PLSS — didesné sugerta dalis dazniausiai lémé mazesnj PLSS. Vis délto,
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impulsiniame rezime pastebétos iSimtys, ypac¢ aukstos lydymosi temperatiiros
dangoms, tokioms kaip volframas, kurios parodé, kad lydymosi temperatura ir
siluminé talpa taip pat turi reiksminga poveiki PLSS. Tai pabrézia sudétinga
metaly PLSS elgsena, kur jvairus fizikiniai parametrai — siluminiai, mechaniniai
ir optiniai — veikia, priklausomai nuo impulso trukmeés.

Kitas svarbus rezultatas — eksperimentinis jrodymas, kad daugkartinés spin-
duliuotés sukeltas nuovargis padidina metaliniy dangy jautruma impulso truk-
mei, tikétina, dél kaupiamojo Siluminio ir mechaninio streso. Tokios degradaci-
jos mechanizmai apima pavirSiaus Siurkstéjima, oksidacija ir negriztamus
mikro-strukturinius poky¢ius, kurie lemia ankstyvesni pazaidos atsiradima.

DTM buvo esminis faktorius, aiSkinant eksperimentinius rezultatus, ypac
tais atvejais, kai klasikiniai silumos sklaidos modeliai, tokie kaip Wood‘o vien-
maté teorija, nesugebéjo pateikti tinkamo paaiskinimo. Nors Wood‘o modelis
tiksliai apibudina tiesini mastelio désni NV rezime, jis remiasi pusiau begalinio
pagrinduko prielaida ir todél netinka plonosioms dangoms ar netolygiai pa-
siskirs¢iusioms energijoms trumpyju impulsy metu. DTM, atsizvelgdamas j
elektrony ir gardelés nesusieta Silumos pernasa bei energijos dinamika, geriau
atitinka stebétus duomenis.

Isvados

Rezultatai parodé silpna laipsninio désnio priklausomybe tarp PLSS ir im-

7_0.0170.23)

pulso trukmés impulsiniame rezime ( , 0 beveik tiesiné priklausomybeé

(70-7771.00) gtebéta NV rezime. Peréjima tarp $iy rezimu lemia Siluminé vésimo
konstanta, kuri priklauso nuo dangos savitosios Siluminés talpos ir storio. Tiek
eksperimentiniai duomenys, tiek skaitinis modeliavimas patvirtino, kad pa-
grinduko Siluminé difuzija ir pluosto skersmuo taip pat turi itakos PLSS prik-
lausomybei.

Be to, nustatyta, kad PLSS yra atvirksciai proporcingas medziagos sugerties
koeficientui, tac¢iau nukrypimai impulsiniame rezime rodo papildoma siluminés
talpos ir lydymosi temperaturos jtaka. Daugelio impulsy poveikis sukélé mato-
mus nuovargio reiskinius, kurie sustiprino PLSS nuo impulso trukmés priklau-
somybe impulsiniame rezime.

Dvieju temperatury modelis pateiké tikslesnes prognozes nei klasikiniai silu-
mos sklaidos modeliai, ypa¢ sub-ns intervalo trukméms, ir parodé, kad NV
salygoms butinas detalesnis modeliavimas. Vis délto, tyrimas buvo apribo-
tas fiksuotais bangos ilgiais ir pluosto dydziais, todél jo taikomumas kitoms
spektrinéms ar geometrinéms sritims gali buti ribotas.
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PLSS mastelio désniai pagal impulso trukme dielektrinés
dangose

Nors daug pastanguy skirta katastrofinés pazaidos modeliavimui vieno are keliu
impulsy salygomis, praktikoje lazerinés sistemos veikia daugkartinio apsvitos
rezimu, kuriame atsiranda kaupiamieji efektai. Sub-katastrofiné pazaida, tokia
kaip spalviniai poky¢iai, daznai yra ignoruojama mastelio tyrimuose, nors ji
gali buiti ankstyvas optinés degradacijos indikatorius. Sis tyrimas siekia sis-
temingai istirti tiek katastrofinius, tiek spalvinio pokycio pazaidos rezimus
skaidrinanciose (AR) dangose, remiantis eksperimentiniais PLSS matavimais
ir teoriniu modeliavimu. Tyime buvo analizuotos dvi daugiasluoksnés dangos:
skirta 1064 nm + 532 nm, sudaryta i$ auksto luzio rodiklio ZrO; ir Zemo luzio
rodiklio SiOg sluoksniy, ir skirta 355 nm bangos ilgiui, sudaryta is AlyOg ir
SiO4 sluoksniuy.

PLSS matavimai buvo atliekami taikant 1-j-1 ir S-i-1 protokolus su impulsu
skai¢iumi nuo 1 iki 10, pla¢iame impulso trukmiy intervale (50 fs — 9 ns).
Pazaidos morfologija buvo vertinama naudojant diferencialinio interferencinio
kontrasto (DIK) mikroskopija, o pazaidos pobudis buvo klasifikuojamas kaip
katastrofinis arba spalvinis pokytis. Teorinei interpretacijai naudoti vienos
elektrony generacijos lygties ir uzdelstos elektrony generacijos lygc¢iy modeliai,
siekiant nustatyti, kurie pazaidos mechanizmai — daugiafotoné jonizacija (DFJ),
griutiné jonizacija (GJ) ar kruvininky rekombinacija (RE) — dominuoja skirtin-
guose rezimuose.

Eksperimentiniai rezultatai parodé, kad PLSS mastelio désnis aiskiai prik-
lauso nuo pazaidos rezimo. Katastrofinés pazaidos atveju buvo stebimas nu-
oseklus impulso trukmés désningumas — PLSS priklausé pagal 70-35=0-40 tiek
IR, tiek UV bangos ilgiuose. Sis laipsnio rodiklis nurodo DFJ inicijuota, ir to-
liau sekanti GJ pazaidos mechanizma — $ia iSvada patvirtino ir teorinis modelis,
kuriam prireiké visu DFJ + GJ + RE démeny, siekiant aproksimuoti duomenis.

Spalvinio pokycio pazaida pasizyméjo visiskai kitokiu elgesiu. Morfolo-
giné analizé parodé, kad spalviniai poky¢iai atsirado tik itin trumpy impulsy
(<10 ps) metu ir visiskai nepasireiské ilgesniy trukmiy atveju — tai rodo,
jog dominuoja DFJ mechanizmas be pakankamos plazmos tankio griutinei
jonizacijai. Siuo atveju, i$ S-i-1 matavimy gauti laipsninio désnio laipsnio
rodikliai buvo 70-55-0:65 (IR) ir 70-43-0:52 (UV). Teorinis modelis parode,
kad Sie laipsnio rodikliai atitinka dvieju—triju fotonu sugerties procesus. Tai,
kad abu pazaidos rezimai buvo modeliuojami naudojant tuos pacius medzia-
gos parametrus, kei¢iant tik elektronu tankio slenksti (10'%cm~3 spalviniam
poky¢iui ir 102*em ™3 katastrofinei pazaida), stipriai pagrindzia hipoteze, jog
pazaidos tipa lemia sugertos energijos ir elektrony tankio dydis.

Vienas svarbiausiy Sio skyriaus rezultaty yra tai, kad katastrofinés pazaidos
nuovargis smarkiai priklauso nuo impulso trukmés, rodantis, kad pakartotiné
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sub-slenkstiné apsvita sukelia laipsniska medziagos degradacija. O spalvos
pokycio nuovargis parodé menksg priklausomybe nuo trukmes, tai leidzia manyti
apie suzadinimo soti be griutinés jonizacijos plétros arba apie savaime ribo-
jama defektu formavimasi. Be to, tyrimas parodé, kad daugiaimpulsis poveikis
sustiprina PLSS priklausomybe nuo impulso trukmeés katastrofinés pazaidos
atveju. Sis pastebéjimas dar smarkiau pagrindzia tai, jog nuovargio efektai
modifikuoja medziagos atsaka per strukturinius ar cheminius pokycius. Taip
pat pabréztas fotony energijos ir medziagos draustinés juostos reikSmingumas:
mazesnio draustinés juostos plo¢io medziagos (pvz., ZrO2) buvo jautresnés dau-
giafotinei suzadinimo salygai IR intervale, kaip ir tikétasi pagal teorinius mod-
elius.

ISvados

Pirma karta lazeriu sukelty spalviniy pokyciu analizé LBO kristaly skaidri-
nanciose dangose IR ir UV diapazonuose buvo susieta su PLSS maste-
lio désningumais pagal impulso trukme. Tiesioginis eksperimentiniu PLSS
duomenuy ir elektrony generavimo lygciy modeliy palyginimas parodé, kad
PLSS mastelio désnis néra universalus, bet priklauso nuo pazaidos rezimo.
Daugiafotoné sugertis dominuoja pradinéje pazaidos stadijoje esant trumpoms
impulso trukméms ir taip pat lemia spalviniuy pokyciu atsiradima ilgalaikio
daugiaimpulsio eksponavimo metu. Atitinkamai, netiesinés sugerties sukelti
spalviniai pokyciai aiskiai priklauso nuo medziagos draustinio juostos tarpo ir
lazerio bangos ilgio.

Eksperimentu nustatyti PLSS mastelio désnio laipsnio rodikliai, taikant nuo
1 iki 10° impulsy taskui, spalviniams poky¢iams buvo 7022065 IR diapazone
ir 79-43-0:52 UV diapazone. Vienos elektrony generavimo lygties modeliavimas
sieja 79° laipsnio rodikli su dvieju fotonu sugertimi, o didesni laipsnio rodikliai
rodo aukstesnés eilés daugiafotonés sugerties dalyvavimg. Abu pazaidos rezi-
mai buvo nuspéti naudojant tuos pacius medziagos parametrus, taciau taikant
skirtingus slenksc¢ius — sub-kritine laisvuju elektrony koncentracija spalviniams
pokyciams ir kritine elektrony koncentracija katastrofiniam pazeidimui.

PLSS mastelio désnis katastrofiniam pazeidimui buvo nuoseklus tiek IR,
tiek UV bangos ilgiams — nustatyti laipsnio rodikliai 79-35=94 50 fs — 9 ns
intervalo impulso trukmeéms, taikant tiek 1-i-1, tiek 10°-i-1 matavimo protoko-
lus. Laipsnio rodiklis, mazesnis nei 0.5, rodo dominuojantj griutinés jonizacijos
vaidmenj formuojantis katastrofiniam pazeidimui.

Nuovargio analizé parodé, kad katastrofinés pazaidos nuovargis aiskiai prik-
lauso nuo impulso trukmés abiejuose bangos ilgiuose, o spalviniy pokyc¢iy nuo-
vargis praktiskai nerodé jokios priklausomybés. Toks nejautrumas atitinka
netiesine sugertimi pagrista pazaidos formavimosi mechanizma, nes spalvos
pokyciai nebuvo stebéti esant ilgesnei nei 10 ps impulso trukmei. Priesin-
gai, katastrofinés pazaidos nuovargio priklausomybé nuo impulso trukmeés gali
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atspindéti papildoma griutinés jonizacijos itaka, ypac ilgéjant impulso trukmei.

Netiesinés sugerties jtaka PLSS

Sio skyriaus turinys pagristas straipsniu [A2] ir nepaskelbtais duomenimis,
kurie buvo pristatyti konferencijose [C6], [C7] ir [C12].

Netiesinés sugerties elgesys dielektrinése dangose

Kadangi ultratrumpyju impulsy lazerinés sistemos tampa vis plac¢iau naudo-
jamos pramoninése ir mokslinése srityse, tampa vis svarbiau suprasti optiniy
komponenty tarnavimo laika ribojanéius mechanizmus. Siame skyriuje ypatin-
gas démesys skiriamas tam, kaip netiesiné sugertis prisideda prie lazerine spin-
duliuote inicijuojamos optinés pazaidos vienasluoksnése dangose.

Siems efektams tirti buvo pasirinktos vienasluoksnés hafnio dioksido (HfOo)
dangos, nusodintos jonu pluosto garinimo budu — dél ju plataus taikymo
didelés galios optikoje ir gerai apibrézty medziaginiy savybiy. Buvo nagrinétos
triju apdorojimy dangos: termiskai neapdorota po nusodinimo (kambario tem-
peratiiros), ir termiskai atkaitintos, esant 350°C ir 500°C temperaturoms 1 va-
landa. Netiesinés sugerties matavimai buvo atlikti taikant fototermine bendro
kelio interferometrija skirtingais bangos ilgiais (1064 nm, 532 nm ir 355 nm),
naudojant 10 ps, 1 MHz lazerio Saltini. Sis metodas leido atlikti laikine sug-
erties kitimo analize ir nustatyti jos ry$i su medziagos poky¢ciais. Sugertis
buvo vertinama dviejais protokolais: T-scan (sugertis matuojama skirtinguose
erdveés taskuose vienoje linijoje) ir Time-scan (sugertis stebima viename taske
laike, esant pastoviam intensyvumui). Sie matavimo protokolai leido istirti tiek
momentini, tiek laikini medziagos sugerties atsaka.

ISmatavus sugerti, buvo identifikuoti skirtingi daugiafotonés sugerties rezi-
mai, priklausomai nuo naudoto bangos ilgio. Esant 355 nm bangos ilgiui, sug-
ertis pasizyméjo beveik linijine priklausomybe nuo intensyvumo, atitinkancia
dvieju fotonuy sugerti. 532 nm bangos ilgiu buvo stebimas misrus rezimas, kuri-
ame vyko tiek dvifotoné, tiek trifotoné sugertis. Sie rezultatai buvo patvirt-
inti polinominio désnio ir empirinio modeliavimo budu — nustatytos laipsninio
désnio priklausomybeés, atitinkancios teorines daugiafotonés sugerties prog-
nozes, pagristas sveiko skaic¢iaus santykiu tarp medziagos draustinio juostos
tarpo ir fotono energiju.

Time-scan matavimai (10 min. eksponavimas) atskleidé skirtingas sugerties
dinamikos tendencijas, priklausomai nuo dangos Siluminio apdorojimo buklés.
Kambario temperaturos bandinyje sugerta dalis laikui bégant mazéjo su vi-
sais bangos ilgiais — tai siejama su lazeriniu atkaitinimu, kuris pagerina dangos
kokybe ir sumazina su defektais susijusig sugerti. PrieSingai, termiskai atkait-
intose dangose sugerta dalis su laiku didéjo, o tai rodo kaupiamaji cheminiy
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rys$iy ardyma ir spalviniu centru formavimasi. Tiek mazéjanti, tiek didéjanti
sugerties dinamika, esant vienodoms eksponavimo salygoms, parodo sudétingg
saveika tarp atkaitinimo ir defekty kaupimo dangoje.

Rezultatai rodo, kad nors siluminis atkaitinimas sumazina tiesing sugerti
dél uzbaigiamo oksidacijos proceso, jis taip pat padidina dangos jautruma
daugiafotoninei jonizacijai, esant didelio intensyvumo apsvitai. Be to, esant
mazesniam intensyvumui, vyrauja atkaitinimo efektai, dél kuriy sugerta dalis
mazéja, taciau padidéjus intensyvumui, netiesiniai procesai ima dominuoti ir
sugerta dalis pradeda augti. Sie prie§ingi mechanizmai parodo, kad norint
iSsamiai suprasti netiesine sugerti, butini laikinés skyros (angl. time-resolved)

matavimai.

ISvados

Netiesinés sugerties matavimai, atlikti 1064 nm — 355 nm bangos ilgiu intervale,
atskleidé skirtinga intensyvumo priklausomybe. Silpniausia netiesiné saveika,
proporcinga I' priklausomybei (rodanti dvieju fotonu sugerti), buvo nustatyta
esant 355 nm bangos ilgiui. O 532 nm bangos ilgiui budinga misri priklau-
somybé tarp I' ir I2, parodant, kad vyksta tiek dviejy, tiek triju fotonu sug-
ertis.

Laikiné sugerties analizé (Time-scan) parodé, kad lazerinio eksponavimo
metu veikia du konkuruojantys mechanizmai: lazeriu sukeltas atkaitinimas,
kuris mazina bendraja sugerti (tikétina, dél pavirSiniy defekty sumazéjimo
draustinéje juostoje), ir cheminiy rysiy ardymas, po kurio galimai susidaro
spalviniai centrai, didinantys sugert.

Sie rezultatai isrySkina $iluminiy ir elektroniniy procesu saveika, lemiandia
dinaminius hafnio dangu sugerties pokyc¢ius, veikiant didelio intensyvumo spin-
duliuotei 1064 — 355 nm bangos ilgiu intervale.

Netiesinés sugerties priklausomybé nuo impulso trukmeés

Siame tyrime pateikiama i$sami eksperimentiné ir skaitiné dielektriniy plonu
dangu laikinés sugerties dinamikos analizé priklausomai nuo lazerio impulso
trukmeés, apimancios intervalag nuo 170 fs iki 10 ps UV srityje (343 nm ir
355 nm). Tirtos dangos apima vienasluoksnes HfOs, SiOs ir dvisluoksne
skaidrinancia (AR) HfO./SiOy dangas. Sugertis buvo matuota naudojant fo-
totermine bendro kelio interferometrija (PCI).

Tyrimo motyvacija kilo iS zinomo klasikinio elektrony generavimo lygciu
modeliu apribojimo: nors sie modeliai sékmingai prognozuoja PLSS mastelio
désnius pagal impulso trukme, jie neatsizvelgia i medziagos savybiy pokycius
ilgalaikio ar daugiaimpulsio spinduliavimo metu — salygas, aktualias realiam
lazeriniam taikymui. Standartiniai modeliai paprastai remiasi pastoviomis
medziagy savybémis ir nuo intensyvumo priklausanéia sugertimi, taciau ig-
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noruoja tai, kad sugertis laikui bégant gali kisti dél defekty susidarymo ar
atkaitinimo.

Siame tyrime buvo pritaikytos dvi sugerties matavimo protokolo versijos
(T-scan ir Time-scan), kurios leido nustatyti tris skirtingas sugertos dalies sri-
tis visoms dangoms: (1) pradini sugertos dalies sumazéjima, esant mazam en-
ergijos jtékiui (galimai susijes su lazeriniu atkaitinimu), (2) tiesinés sugerties
sriti ir (3) netiesinés sugerties sriti su didesniais energijos itékiais del dau-
giafotonés sugerties (DFS). Pastebéta aiski sugertos dalies priklausomybé nuo
impulso trukmés, kuri priestarauja modeliams su fiksuotais optiniais medziagos
parametrais.

Pradinis modeliavimas, pagristas standartinémis elektrony generavimo
lygtimis — itraukiant tiesing sugerti, DFS ir laisvyju kruvininky sugerti
— bei statinémis medziagos savybémis, nesugebéjo atkurti pagrindiniy
eksperimentiniy tendencijy, ypac sugertos dalies priklausomybés nuo energijos
itékio statumo ir sugerties duomeny sangrudg pagal impulso trukme. Papil-
doma analizé parodé, kad DFS dominuoja, esant didesniam energijos jtékiui,
0 esant mazesniam energijos itékiui, matoma palyginimo dydzio tiek tiesiné
sugertis, tiek DFS. Laisvyju kruvininku sugerties itaka buvo nereikSminga.

Siekiant iSspresti Siuos neatitikimus, buvo pritaikytas iSpléstas elektronu
generavimo lygc¢iu modelis, itraukiantis defekty sukeliama vienfotone sugert; is
sekliu defektiniu busenu draustinéje juostoje. Sis modifikuotas modelis leido
ivertinti vienfotoni suzadinima is defektiniy lygmenuy ir itrauké defektu busenu
iSsekimo démenj, kuris buvo esminis sekiant paaiskinti laikinés sugerties sta-
tuma. Keiciant tiesinés ir netiesinés sugerties koeficientus, priklausomai nuo
impulso trukmeés, iSpléstas modelis geriau atitiko eksperimentinius laikinés sug-
erties rezultatus.

Tyrimo rezultatai parode, kad netiesiniai sugerties koeficientai (8x) didéja
didéjant impulso trukmei, nors ties 10 ps pastebimi nukrypimai dél pasikeitu-
sio bangos ilgio. Be to, pastebéta, kad dangos storis turi itakos ivertintiems
koeficientams, todél net ir tai paciai medziagai su skirtingais dangos storiais,
reikalingi atskiri modelio parametrai.

Isvados

Tai pirmasis tyrimas, eksperimentiskai ivertines nuo impulso trukmeés priklau-
somg laikine sugerti dielektrinése dangose. Parodyta, kad tiek spinduliavimo
trukme, tiek impulso trukmeé lemia optiniy medziagos savybiu pokyti. Sis dar-
bas paneigia prielaidg apie nekintanc¢ius medziagos parametrus lazerio ir medzi-
agos saveikos modeliuose ir pabrézia defektiniy buseny dinamikos svarba.
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Sugerties jtaka nuovargio efektui

Sio skyriaus turinys pagristas publikacijomis [A3] ir [A5], kuriu rezultatai
buvo pristatyti konferencijose [C9] — [C11] ir [C13].

Sugertos dozés vaidmuo nustatant optiniy elementy
ilgaamziskumag

ilgalaiki atsparuma, ypac¢ esant sub-katastrofiniam eksponavimui. Nors katas-
trofinés pazaidos slenksciai yra gerai iStyrinéti, prognozavimo modeliy nekatas-
trofiniams pazaidos rezimams — tokiems kaip spalvinis pokytis — vis dar truksta.
Atsizvelgiant i tai, kad nuovargis yra kaupiamasis reiskinys ir glaudziai susijes
su sugertos energijos kiekiu, Siame skyriuje tiriama, ar ilgalaikés degradacijos
pradzia lemia ne impulsy skaic¢ius ar intensyvumas, bet bendra sugerta dozé.

Tyrimas buvo atliktas su dviejomis dielektrinémis medziagomis — HfO5 ir
SiO5 vienalsuoksnémis dangomis, nusodintomis naudojant jonu pluosto garin-
ima ir jvertintomis tiek kaip neapdorotos, tiek termiskai atkaitintos (350°C ir
500°C) busenomis. Nuovargio elgsena buvo tiriama naudojant 50 kHz daZnio
10 ps impulsus 257 nm — 1030 nm bangos ilgiuose. PLSS matavimai atlikti
taikant isplésta S-i-1 protokola, nuo 1 iki 107 impulsy viename taske. Papil-
domai buvo atlikti sugerties matavimai, naudojant fototerming bendro kelio
interferometrija su 1 MHz pasikartojimo dazniu ties 266 nm — 1064 nm, lei-
dziancia tiksliai iSmatuoti sugerti panasiomis salygomis.

Eksperimentai parodé, kad esant sub-slenkstiniams energijos itékiams,
spalviniy poky¢iu pazaida koreliuoja su sukaupta doze, o ne su aiskiai apibréztu
PLSS nuovargio slenks¢iu. Si tendencija skiriasi nuo katastrofinés pazaidos,
kuriai budinga aiski, nuo intensyvumo priklausoma nuovargio sotis.

Tyrimas parodé, kad nuovargio sukelti spalviniai poky¢iai nesivysto taip,
kaip katastrofiné pazaida. Vietoje to, jie atsiranda sukaupus medziagos sav-
ita dozés slenksti, kuris, esant fiksuotai impulso trukmei, iSlieka pastovus
skirtingiems bangos ilgiams. Sis pastebé¢jimas rodo, kad spalviniy poky¢iy
pazaida tiesinés sugerties rezime pasizymi deterministine prigimtimi ir yra
nulemta pagrindiniy medziagos savybiy. Pastebétina, kad auksStesnéje tem-
peraturoje atkaitintos dangos parodé reikSmingai aukstesnius sugertos dozés
slenkscius, o tai rodo padidéjusi atsparuma defektu formavimuisi — Sis rezul-
tatas gali buti reikSmingas kuriant patvaresnes dangas ateityje.

Kita svarbi jzvalga — nukrypimas nuo tradiciniy slenkstiniais principais
pagristu pazaidos modeliy. Skirtingai nei katastrofiné pazaida, kuri seka
iprastomis PLSS mastelio désnio priklausomybémis, spalviniy pokyc¢iu nuo-
vargis kinta palaipsniui ir neturi staigaus soties tasko. Sis rezultatas kelia
abejoniy dél esamu optiniu komponenty ilgaamziskumo prognozavimo modeliy,
kurie remiasi laipsniniu PLSS duomeny ekstrapoliavimu. Tyrime pasiulytas
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fenomenologinis, doze pagristas, modelis pateikia alternatyva, kuri tiksliau
ivertina tiek intensyvumo, tiek sugerties dinamikos poveiki.

Be to, sugerties matavimy integravimas su PLSS eksperimentais leido
iSplésti diagnostines galimybes. Tiesioginis sugerties pokyciu stebéjimas laike
leido identifikuoti ankstyvus katastrofinés pazaidos pozymius bei atskirti sta-
bilias ir progresuojanéias spalviniy poky¢iy formas. Sie metodai atskleidé
platesni pazaidos mechanizmu spektra, kuris nepastebimas atliekant tradicing
mikroskopine analize ar vieno impulso testavima.

Isvados

Siame tyrime buvo nagrinétas lazeriu inicijuojamo spalvinio poky¢io nuovar-
gio ir sugerties rysys vienasluoksnése HfO, ir SiO, dielektrinése dangose, nu-
sodintose jonyu pluosto garinimo budu, esant bangos ilgiu intervalui nuo 1030
nm iki 257 mm. Derinant PLSS testavima su netiesinés sugerties matavi-
mais, nustatyta, kad nuovargio elgsena stipriai priklauso nuo bangos ilgio.
Medziagos rodé didesne sugerti trumpesniuose bangos ilgiuose, ypac Salia savo
sugerties krasto, kur dominuoja zemesnés eilés daugiafotoné sugertis. Kaip
ir ankstesniuose tyrimuose, nebuvo stebéta aiski spalvos poky¢io pazaidos
pradzios slenkstiné riba.

Vienas svarbiausiy sio darbo rezultaty — sugerta dozé, reikalinga spalvinio
pokycio nuovargiui inicijuoti, islieka beveik pastovi visuose tirtuose bangos il-
giuose, esant fiksuotai impulso trukmei ir impulsy skaiciui, kadangi pazaida
kyla dél tiesinés sugerties. Be to, mazéjant spinduliuotés intensyvumui, ben-
dra sugerta dozé didéja dél mazéjancios netiesinés sugerties jtakos. Esant in-
tensyvumams, keliomis eilémis mazesniems nei vieno impulso PLSS, sugerta
dozé, atrodo, artéjanti prie pastovios vertés, nors Siam désningumui patvirtinti
butini papildomi tyrimai.

Laikiniai sugerties matavimai atskleidé staigy sugerties padidéjima pries
pat katastrofinés pazaidos pradzia, o tai leidzia manyti, kad sis reiskinys gali
buti naudojamas prognozuojanciai diagnostikai. Nors lazerinis atkaitinimas
gali buti spartinamas didinant intensyvuma, Siam procesui budinga soties riba.

Norint paaiskinti Siuos stebéjimus, pasiulytas fenomenologinis modelis, sie-
jantis medziagos draustinés juostos ploti, tiesing ir netiesing sugerti bei bangos
ilgi su bendra sugerta doze ir optinés dangos ilgaamziskumu. Modelis prog-
nozuoja, kad spalvinio pokyc¢io nuovargis gali atsirasti dél tiesinés sugerties,
esant mazam intensyvumui, arba dél netiesinés sugerties, esant didesniam in-
tensyvumui. Sie rezultatai pabrézia sugerta dalimi gristu diagnostiniu metoduy
potenciala kaip nekatastrofing priemone prognozuoti optiniy komponenty il-
gaamziskuma, esant ilgalaikei lazerinei apsvitai.
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Sugertos dozés slenkstis dielektrinése dangose

Sis skyrius pratesia ankstesni su sugerta doze susijusi nuovargio tyrima, is-
pleciant spinduliavimo trukme ir analizuojant pazaidos mechanizmus, esant
ilgalaikei lazerinei spinduliuotei. Tyrimas buvo atliktas su vienasluoksnémis
dielektrinémis dangomis (HfOy, ZrO2, AlsO3), nusodintomis ant lydyto kvarco
substraty jonu pluosto garinimo budu. Bandiniai buvo tiriami kaip neapdoroti
arba termiskai atkaitinti 350°C temperaturoje. Eksperimentuose naudotas 1
MHz daznio 10 ps trukmeés lazeris, veikiantis 355 nm bangos ilgiu, kuriuo buvo
apsvitintos bandinio vietos nuo 1 iki 10'° impulsy vienam taskui. Sugerties di-
namika realiuoju laiku buvo stebima fototerminés bendro kelio interferometrijos
metodu, taikant laiko skenavimo protokola su energijos itékiais gerokai zemesni-
ais nei vieno impulso PLSS. Po spinduliavimo buvo atlikta morfologiné analizé,
pasitelkiant Nomarski mikroskopija, kuri leido klasifikuoti pazaida i tris tipus:
be pazaidos, su spalvos pokyciu arba su katastrofine pazaida.

Tyrimas atskleidé du galimus skirtingus spalvos poky¢io formavimosi mech-
anizmus: lazerinio atkaitinimo skatinama rysiu susidaryma neapdorotose dan-
gose ir daugiafotoninés jonizacijos sukelta cheminiy rysiy ardyma termiskai
atkaitintose dangose. Sie rezultatai suteikia svarbiy jzvalgu apie tai, kaip to
paties tipo spalvos pokytis gali kilti i§ esmingai skirtingu Saltiniy, priklausomai
nuo medziagos buklés ir eksponavimo rezimo.

Ypac reiksmingas rezultatas — tai, kad netiesinés sugerties rezime spalvi-
nis pokytis pasireiskia pries katastrofine pazaida. Tai rodo galima peréjima
nuo slenks¢io nevirsijan¢iy modifikaciju iki katastrofinés pazaidos, kuriai
tarpininkauja daugiafotoné sugertis. Priesingai, tiesinés sugerties rezime —
budingam neatkatintoms dangoms esant mazam intensyvumui — spalvinis
pokytis islieka nekritinis net ir veikiant iki 10'° impulsy. Si dvejopa elgsena
pabrézia tiek medziagos apdorojimo, tiek lazerio parametry svarba, prognozuo-
jant optiniy danguy ilgaamziskuma.

Sugertos dozés analizé dar labiau sustiprina pazaidos rezimu skirti. Katas-
trofiné pazaida seka daugiafotoninés jonizacijos mechanizma, pasizyminti
aiskiai apibréztu PLSS nuovargio slenksciu, o spalvos pokytis buvo nuosek-
liai sukeliamas prie beveik pastovios sugertos dozés ribos, nepriklausomai nuo
intensyvumo. Tai patvirtina anksciau siulyta dozés pagrindu paremtq il-
gaamziskumo modeli ir parodo, kad dielektriniy dangu nuovargio elgsena negali
buti universaliai prognozuojama remiantis tradiciniais PLSS kriterijais.

Be to, Time-scan matavimai parodé, kad staigus sugerties padidéjimas yra
artéjancios katastrofinés pazaidos pozymis, todél sis rodiklis gali buti naudin-
gas prognozuojant pazaidos pradzig. Priesingai, mazéjanti arba stabili sugertis
koreliuoja su nekatastrofiniais arba atkaitinimo pobudzio spalviniais pokyci-
ais, todel laikui bégant kintanti sugertis tampa svarbiu diagnostiniu pozymiu,
leidzianciu atskirti katastrofines ir nekatastrofines pazaidos formas.

Morfologiné analizé Siuos rezultatus papildomai patvirtina: erdviskai
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lokalizuota modifikacija siejama su daugiafotoninés jonizacijos sukeltu kau-
piamuoju efektu, o tolygiai didéjantys morfologiniai pokyciai rodo termiskai
sukelta dangos strukturos persitvarkyma. Pastebétas ryskus spalvinio pokycio
nuovargis be atitinkamo PLSS sumazéjimo rysys dar karta pabrézia Sios pazai-
dos formos nedestruktyvy, taciau funkciskai reikSminga pobudi.

Isvados

UV lazeriu inicijuotas nuovargis, laikinés sugerties elgsena ir sugerta spinduli-
uotés dozé buvo tiriami vienasluoksnése dielektrinése dangose (HfOz, ZrOa,
Al,03), naudojant 1 MHz daznio lazerio Saltinj ir veikiant iki 10'° impulsy
vienoje vietoje. Buvo identifikuoti bent du galimi spalvos poky¢io formavimosi
mechanizmai: rysiu susidarymas per lazerinj atkaitinima termiskai neapdoro-
tose dangose ir rySiu ardymas per daugiafotonine jonizacija termiskai atkait-
intose dangose. Netiesinés sugerties rezime spalvinis pokytis pasireiskia pries
katastrofing pazaidos pradzia, o tiesinés sugerties srityje islieka nekritinis.

Sugertos dozés analizé parodé, kad katastrofiné pazaida seka daugiafo-
toninés jonizacijos lemiamg mechanizma su aiskiai apibréztu PLSS nuovargio
slenksc¢iu. Tuo tarpu spalvos pokytis yra nulemtas sukauptos sugertos dozeés,
be pastebimo nuovargio slenkscio tirtame impulsy intervale.
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