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Fig. 1 Transmittance of YAG transparent ceramics and corresponding in vivo and surface damage thresholds
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Table 1 Typical online research on laser induced damage
Country Laboratory/University Method Research object Injury types Online recording objects Time
America  Lawrence Berkeley Time resolved shadow Fused silica Posterior surface damage Plasma evolution, material 1999
laboratory imaging sputtering®”!
Livermore State Key Orthogonal polarization KDP crystals Injuries in the body Stress waves!*” 2002
Laboratory measurement
Time-resolved shadow Fused silica Injuries in the body Intrinsic damage process of 2010
imaging materials™!!
Dual probes Fused silica Posterior surface damage Plasma evolution'*! 2011
Measurement technology
Pump-probe DKDP crystals Posterior surface damage Stress waves, plasma 2012
evolution*’!
Time-resolved shadow CaF,, DKDP Posterior surface damage Material splattering!* 2015
imaging crystal, SiO,
Pump-probe Fused silica Posterior surface damage Material splattering™! 2016
China China Academy of Time-resolved shadow Fused silica Injuries in the body Stress wave evolution and 2013
Engineering Physics imaging propagation*®!
Anterior and posterior Stress waves, plasma 2014
surface damage evolution™®”
National University of =~ Mach-Zehnder Interference Fused silica Posterior surface damage Plasma evolution, material 2016
Defense Technology Diagnosis and sputtering™® "
Time-Resolved Techniques
Changchun University Time-resolved Single crystal Anterior surface damage Stress wave evolution™”! 2016
of Science and interferometry silicon
Technology Polarization spectroscopy Ceramics Anterior surface damage Evolution of damage 2019
imaging topography!™!
Harbin Institute of Pump-probe DKDP crystals Anterior surface damage Stress waves, plasma 2023
Technology evolution®"
Time-resolved shadow Internal injury, posterior Evolution of injury 2023
imaging surface injury morphology!®”!
France CNRS-ENSMA Time-resolved shadow Epoxy resin Anterior surface damage Stress waves!> 2013
imaging
Aix Marseille Univ Pump-probe Optical films Anterior surface damage Intrinsic damage process of 2017
materials®"!
Universite Paris-Saclay Online Digital Image Fused silica Anterior surface damage  Diameter and area of injury®™! 2021
Method
Japan University of Tokyo Pump-probe MgO, LiFcrystal Injuries in the body Stress wave evolution™”! 2011
Pump-probe ZrO,ceramics Injuries in the body Stress waves, plasma 2022

evolution'®”!
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Fig. 13 Typical damage morphology of Nd:YAG transparent ceramics and single crystals
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Extended Abstract

In the response to laser induced damage, transparent ceramics are similar to other types of optical components (i.e., single
crystals, fused quartz glass, etc.), such as surface and in vivo damage. However, they exhibit a particularity of damage due to its
microstructure defects such as grain boundaries and micro pores. With the continuous development of high-power laser technology,
transparent ceramics as laser gain media to resist laser damage are required. It is necessary to conduct in-depth research on the
damage characteristics of transparent ceramics. In order to clarify the damage sources that induce damage to transparent ceramicsand
the damage response caused by structural defects in transparent ceramics under intense laser irradiation as well as reveal the damage
mechanism, the defect characterization and damage detection methods are also continuously developed and optimized. Among them,
an online time-resolved imaging method represented via pump detection is developed. The evolution of stress waves and plasma, as
well as their impact on damage to transparent ceramics are analyzed via time-resolved imaging. The damage characteristics and
mechanism of transparent ceramics induced by strong laser are investigated by the online time-resolved imaging method. In addition,
there are also many types of structural defects in transparent ceramics that are difficult to be accurately controlled. Therefore, it is
possible to artificially regulate the source of damage, such as the size and density of micro pores. This can control uncontrollable
micro-defects, greatly improving the efficiency of exploration. The damage research of transparent ceramics can be further
innovated.

This review represented the research methods of laser induced damage in transparent ceramics, the influencing factors of damage
(i.e., surface structural defects, micropores, and ceramic grain boundaries), and some approaches to increase the damage threshold.
Transparent ceramics are the gain medium in high power laser systems, and there are two main reasons for inducing laser damage. On
the one hand, it is related to the input laser parameters, but more importantly, the main damage sources in transparent ceramics (i.e.,
surface roughness, ceramic grain boundaries, and micro-pores) lead to an irreversible damage under high power laser induction. This
aspect becomes a recent research topic to explore the mechanisms and characteristics of various damage sources causing damage to
transparent ceramics. To better explore the microscopic evolution process in the damage process, effectively analyze the damage
mechanisms of transparent ceramics in macro-/meso- and micro-levels, and further explore some ways to improve the damage
threshold of transparent ceramics, it is thus necessary to effectively combine line damage test, numerical simulation and theoretical
calculation of multi-physical field coupling, and artificial defect control in multiple depths. A comprehensive analysis is carried out
around the damage source in transparent ceramics to clarify the damage law, and gradually establish the correlation of “damage
source-injury performance-injury mechanism”, and finally lay an important foundation for exploring a way to improve the damage
threshold.

A ultimate goal of research on laser damage to transparent ceramics is to explore effective ways to increase the damage threshold,
in order to better ensure the application effect of transparent ceramics in practical engineering. This review thus discussed several
possible implementation approaches for the damage threshold of transparent ceramics, i.e., laser pretreatment, annealing process, and
surface micro/nano processing. The three approaches are effectively validated in improving the laser damage threshold of other types
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of optical components. However, based on the polycrystalline properties of transparent ceramics themselves, it is still necessary to
conduct systematic experiments and explorations to determine whether they can have a positive effect in improving the laser damage
threshold in transparent ceramics.

Summary and prospects This review summarized three aspects i.e., the exploration methods of laser induced damage in
transparent ceramics, the influencing factors of damage, and the ways to increase the damage threshold. The research progress on
laser induced damage to transparent ceramics was elaborated, having an important reference significance in the related fields. To
clarify the influence of structural defects such as micropores and grain boundary on the damage formation mechanism, a guidance for
the control standards of structural defects in the preparation and processing of transparent ceramics was provided. This review also
has an important reference value for the development of high damage threshold transparent ceramics and their reasonable application
in high-power laser systems. The study of intense laser induced damage to transparent ceramics will continue to promote the
expansion of related basic and applied science research, thereby providing a foundation/guidance for the design and manufacture of
high-performance optical and optoelectronic devices.

Keywords transparent ceramics; laser damage; surface damage; internal damage; damage dynamics



