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Abstract 

Laser damage of optical components can be a limiting factor in scaling the energetics of high-peak 

and average power laser systems. Specifically for optical coatings, damage under nanosecond pulsed 

irradiation is initiated by pre-existing defects in the coating layers, including those that cause 

discontinuities in the structure like craze lines. Crazing or cracking in a multilayer dielectric optical 

coating is induced when the overall coating stress is sufficiently tensile and is an occasionally 

observed issue when employing more porous deposition techniques like electron-beam evaporation. 

In this study, electron-beam high-reflectors were fabricated utilizing process parameters that are 

known to induce crazing based on prior processing history to systematically evaluate the impact of 

crazing on reflector damage performance for 1064 nm and 355 nm lasers. The crazing that was 

observed were apparently nucleated at nodular defects. When the cross section of these nodules was 

investigated, it was observed that there were cracks into the fused silica substrate of approximately 

5 μm in depth. The craze lines were irradiated with 1064 and 355 nm light at fluences slightly above 

the onset damage initiation fluence of the coating. The 1064 nm irradiated sub apertures exhibit laser 

damage but with no spatial correlation with the craze line, however the 355 nm irradiated area 

exhibited many damage sites along the craze line. Finite-difference time-domain electric field 

simulations were conducted and ~2x field amplification in hafnia was observed for the 355 nm 

wavelength case. The laser damage can be attributed to a slight electric field intensification 

coincidental with an area where UV damage-prone precursors are known to occur.  The 355 nm laser 

damage in uncoated fused silica substrates have been previously correlated to initiate through 

localized UV absorption at the broken silica bonds in the tips of fractures. 
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1. Introduction 

Crazing can occur in multilayer coating materials when the tensile stress exceeds the fracture 

toughness of the optical materials. Crazing typically occurs in lower energetic, thin film deposition 

techniques such as electron beam deposition or resistive heating evaporation.  Crazing is more 

prevalent in coatings manufactured with fluoride materials but can also occur in oxide materials 

depending on the deposition parameters. Crazing risk also tends to increase in likelihood with 

increased film thickness or reduced humidity in the operating environment, like those found in a 

vacuum environment for instance. Attempts to reduce tensile stress in multilayer coatings deposited 

by electron beam have included using more energetic deposition methods such as ion-assisted 

deposition (IAD) or plasma ion-assisted deposition (PIAD) to increase the coating density via 

momentum transfer.[1]  For multilayers deposited by electron beam without any extra energetic 

deposition methods, crazing can be mitigated by process modifications such as reduced O2 flow rate 

during deposition,[2] and exploiting the coefficient of thermal expansion differences of the coating 

and substrate materials either by higher deposition temperatures or the use of substrate materials with 

higher thermal expansion than the coating materials.[3, 4]   

Electric field intensification is an important metric to understand laser damage risk and 

Nikolai Bloembergen is attributed to the early development of electric field enhancement theory due 

to cracks in transparent dielectrics.[5] With advances in computers and Finite-Difference Time-

Domain (FDTD) software, François Génin et al. modeled electric field intensification enhancements 

as high as 20x in cracks in bare fused silica surfaces at 351 nm.[6]  There is a gap in the scientific 

literature corresponding to electric field intensification due to craze lines in multilayer high reflective 

coatings and this study attempts to understand why craze lines do not impact 1064 nm laser 

resistance, but do limit the 355 nm laser resistance of multilayer high reflective coatings.  

For many of the near infrared (IR) petawatt class lasers using pulse compression gratings,[7] 

crazing lines in multilayer mirrors tend to be fairly resistant to laser exposure.[8-12]  Although 

crazing lines do lead to scatter which can lead to beam modulation and downstream laser 

damage.[13, 14]  High fluence, ultraviolet (UV) transport mirrors have been a goal for the laser 

fusion community for decades sparking research into wide bandgap fluoride coating materials.[15-

20]  However, this research was discontinued in the 1990’s due to excessive tensile stress and the 



associated craze lines that limited laser damage resistance. This has been a considerable limiting 

factor for UV-driven ICF configurations, such as the OMEGA laser at LLE and should be carefully 

considered for on-going and future efforts like those proposed at Xcimer.[21, 22] It is also of vital 

importance for NIF-like ICF designs, where the last two turning mirrors can be irradiated with high-

intensity UV from target-induced backscatter.[23] 

This study aims at increasing the community understanding of the impact of craze lines in 

multilayer mirror coatings as a function of wavelength to reconcile these observations between large-

aperture NIR and UV laser systems.  A secondary focus of this study is to improve understanding of 

how craze lines initiate, and the associated necessary stress levels needed to initiate craze lines. 

Mechanical stress-induced cracking has been determined as a contributing mechanism to nodule-

induced laser damage,[24] and to our knowledge, this paper documents the first of its kind 

observation of substrate cracking under nodular defects and craze lines. We study the infrared and 

ultraviolet (UV) laser damage performance of multilayer dielectric coatings in the vicinity of craze 

lines, with the ultraviolet wavelength light initiating laser damage on the craze line.  This observation 

is further bolstered by the large body of work linking UV laser damage to sub-surface cracks in bulk 

dielectric materials via UV absorption at the broken silica bonds at the tips of cracks[25-28] and 

likely correlates with a 2x electric field amplification in the vicinity of craze lines as simulated by 

finite-difference time-domain simulations in this study.  

 

2. Experimental methods 

High-reflector coatings were fabricated via electron-beam evaporation using silica as a low 

refractive index material and hafnia as a high refractive index material. The high-reflector was 

produced via periodic layering of quarter-wave optical thickness with a design of 

Substrate|(HL)17HLL centered at 1064 nm and at 0 degrees angle of incidence. A quarter-wave of 

optical thickness of silica is denoted by “L” and a quarter-wave of hafnia is denoted by “H”. The 

coating was designed using OptiLayer, with layer materials and thicknesses optimized based on 

optical constants for the specific coating system prior to deposition. The standing electric field for 

the design was simulated via Optilayer software package at 1064 and 355 nm for near-normal 

incidence can be found in Fig. 1(a). All finite-difference time-domain electric field simulations were 

conducted using the Lumerical 2024 R2 FDTD analysis tool. 



  



Fig. 1. (a) The simulated electric field at normal incidence for 1064 nm and 355 nm wavelengths 

and (b) the spectral performance of the dielectric coating compared to the theoretical design. 

Optical coatings were deposited using electron-beam evaporation in a coating system with a 

dual-planetary rotation using specific process parameters that have previously been seen to exhibit 

subtle crazing in similar samples. Two-inch diameter, 9.5 mm thick Corning 7980 0A fused silica 

substrates were prepared via ultrasonic JST cleaning. JST cleaning is a wet cleaning process utilizing 

ultrasonic agitation and involves solvents as well as numerous deionized water rinses which has been 

shown to successfully remove organic and inorganic defects from the substrate.[29] Prior to coating, 

the substrates were inspected to ensure better than 10/5 scratch/dig surface quality per MIL-PRF-

13830B. The system was exposed to an extended thermal soak at 160 °C, with a base pressure of 

1.00 x 10-5 Torr. This deposition temperature was chosen specifically because it has been historically 

shown to induce subtle crazing in hafnia silica-based multilayer dielectric (MLD) high-reflectors 

(HRs) for the two-inch aperture. This system uses a Temescal CV-12SLX power supply with a 

closed-loop feedback mechanism to continuously monitor rate and adjust power, compensating for 

any rate deviations. The viable testing real estate is known as the clear aperture and in this case, it is 

95% of the full two-inch optical surface. 

The resultant coating was inspected prior to laser irradiation. The spectral characteristics for 

the MLD coating were measured with an Agilent Cary 7000 Universal Measurement 

Spectrophotometer (UMS). The reflectance for both 1064 and 355 nm was greater than 99.9%, and 

the spectra was in excellent agreement with the coating design as reported in Fig. 1(b). When reverse 

engineering the resultant coating, the electric field was modeled to be within 5% of the theoretical 

design as reported in Fig. 1(a). Samples were inspected visually via bright light inspection per MIL-

PRF-13830B as well as using a Keyence laser confocal microscope. The cross-sectional details of 

the nodular defect and surrounding craze line were investigated via gallium-focused ion-beam 

milling and scanning electron microscopy (SEM) using a FEI Helios 650 dual-beam instrument with 

an electron energy-dispersive spectrometer (EDS). A conductive platinum layer was coated on the 

sample to improve the signal-to-noise ratio and to protect the specimen during the FIB milling 

process. All pre-laser damage sample preparation and microscopy were conducted at EAG Eurofins 

under the guidance of the authors. The coating stress was determined by observation of coating-

induced deformation of the substrate via reflected wavefront as observed on a Zygo Verifire GPI XP 



HR four-inch interferometer utilizing a 1053 nm wavelength diode and collected at normal angle of 

incidence.  

The laser damage performance of the films was evaluated by conducting laser damage testing 

via a raster test protocol using the first and third harmonic of an Nd:YAG laser system. The laser was 

operated in a single-longitudinal mode (Quanta-Ray Model PRO-350-10, Spectra-Physics, Inc, 

injection seeded) with a pulse duration of 8 ns (FWHM) and a near Gaussian temporal profile. All 

tests were performed at normal incidence and linearly polarized light. In all cases the sample was 

rotated such that the electric field was parallel to the direction of the craze. This polarization 

condition is often referred to as the transverse electric (TE) polarization condition and will referred 

to in this manner from here on. The other polarization state is transverse magnetic (TM) and was not 

experimentally explored in this study but has been included in simulation efforts for completeness. 

The near Gaussian laser beam diameter is formatted to 600 µm at 1/e2 maximum intensity for both 

wavelengths. Testing was conducted using 1 mm2 raster scans like the ubiquitous MEL-01-013-0E 

raster standard on the craze line. A diagnostic reference arm was used to record the laser energy and 

spatial beam profile at an equivalent sample plane on each shot. In-situ optical microscopy with an 

approximate resolution of 1 µm was used to collect images before and after laser irradiation to detect 

any laser-induced surface modifications. In all cases the sample was first tested with UV irradiation 

then irradiated with IR light on a different craze line which was a minimum of 1 cm of separation on 

the optical surface. The sub-aperture tested via IR light was above the UV sub-aperture to ensure 

that gravity doesn’t contaminate the IR sampled region. The overall fluence error is approximately 

10-15% and includes the energy meter and beam profile measurement uncertainties. 

 

3. Results and discussion 

3.1 SEM and cross-sectional observations of a nodule-induced craze line 

Following the visual inspection of the pristine coated but unirradiated samples, nodules were 

observed on the surfaces (Fig. 2) under high-intensity light. Some, but not all, of those nodules also 

had observable craze lines. There were no observed craze lines without the existence of a nodule. 

When inspected via SEM, the craze lines were observed to be 50~100 nm wide, terminating at the 

edge of the clear aperture and in all cases have a nodular defect somewhere along the line. A 

representative micrograph of a nodule and craze line are shown in Fig. 2(a, b) respectively. These 



craze lines appear to originate at the nodular defect and radiate outward to the clear aperture of the 

coating, typically in a characteristic “horseshoe” shape. On the two-inch diameter optical surface, 

five craze lines are observed on the optical face. This nodule shown in Fig. 2a was examined using 

the FIB-SEM technique at two locations (Fig. 3 and 4) in areas close to both ends of the nodule using 

FIB and SEM. 

 

Fig. 2. (a) A typical nodule and associated craze line. The arrows with numbers correspond to the 

locations of FIB cross sections. (b) A close-up micrograph of the craze line. 

Cross sectional views of the nodule were taken in two areas and are shown in Fig. 3. Electron 

energy-dispersive spectroscopy (EDS) analysis showed that the defect that initiated the nodule was 

dielectric in nature, likely attributed to flaking during the deposition process. It is notable that in both 

micrographs there is a crack initiating at the nodule and propagating into the substrate.  



 

Fig. 3. FIB-SEM micrographs of the nodular defect at (a) location “1” in Fig. 2(a) and (b) location 

“2”  in Fig. 2(a). 

Fig. 4a and b shows the FIB-SEM micrograph images of the observed crack below Fig. 3a 

and b respectively. Fig. 4(a) corresponds to a FIB cut to the area denoted by “1” in Fig. 2(a) and Fig. 

4(b) corresponds to a FIB cut to the area denoted by “2” in Fig. 2(a). In both locations there is a crack 

that propagates from the terminus of the nodular defect into the fused silica substrate which is 

approximately 5 μm long and 100 nm wide. It can also be observed from Fig. 4(a) that the nodule 

may have been introduced during the deposition of the fourth layer. 

 



Fig. 4. Cracking was observed in the FIB micrographs for both locations studied. (a) corresponds 

to the area “1” in Fig. 2(a) and (b) corresponds to the area “2” in Fig. 2(a). 

To the author’s understanding, this is the first time that substrate cracking under nodular 

defects has been observed and documented for a brittle MLD coating on a brittle substrate. There are 

a few publications discussing the physics that would be required for stress in a brittle coating to drive 

a brittle substrate crack, but to date this is a novel experimental observation.[16, 30-34] Numerous 

studies have examined how nodular defects can act as electric field and stress concentrators in 

multilayer dielectric (MLD) high-reflector coatings under nanosecond laser irradiation, often leading 

to localized coating failure, delamination, or even substrate damage.[16, 30-37] While these works 

establish that nodular defects can lead to coating or substrate failure under laser irradiation, inducing 

crack initiation and propagation, they do not address the specific configuration observed here. 

Namely, a nodular defect within the MLD stack that induces cracking into a brittle substrate purely 

because of stress concentration from the MLD coating itself, without the aid of thermal or laser-

induced excitation. Some previous studies have focused on how a brittle film under tensile stress can 

induce cracking in a ductile substrate.[38] In contrast, our system uses a brittle substrate (fused 

silica), where fracture proceeds without the plastic dissipation that governs ductile-substrate 

cracking. As a result, the energy‐release rates, crack‐spacing laws, and failure modes differ from the 

ductile case. Two relevant analogs were found in the literature. One is provided by the study of 

Poulingue et al.,[39] where controlled nodular defects were introduced at the interface between the 

aluminum substrate and the HfO2/SiO2 multilayer coatings. In the paper, the samples were tested 

under tensile stress, and they observed that cracks consistently initiated at nodular defect sites during 

the tensile stress tests. However, the authors only looked at the surface of the MLD stack. The 

estimated strain energy release rate for the multilayer stack was comparable to that of brittle materials 

like glass. The authors concluded that the nodular defects induced a local stress-raising effect that 

governs both the nucleation and propagation of coating cracks observed in the study. The second 

relevant paper is from Yves Leterrier, [40] which investigated the mechanical durability of nanoscale 

oxide coatings on compliant polymer substrates. Although the substrate in their work was ductile 

rather than brittle, the study clearly demonstrates that deposition-induced internal stresses, 

particularly in the presence of coating defects, can be sufficient to initiate coating cracking, without 

the need for external thermal or laser irradiation. The present work extends this concept to brittle 

substrates such as fused silica, where similar stress-driven cracking is observed, but in a 



mechanically stiffer and more fracture-prone system. While Leterrier’s study did not focus 

specifically on nodular defects or crack propagation into the substrate, the mechanisms they 

identified — stress amplification at defect sites and associated coating fracture — closely resemble 

aspects of the behavior we observe. To our knowledge, however, no previous study has reported 

crack propagation from a nodular defect in an MLD stack into a brittle substrate like fused silica, 

driven solely by intrinsic stress amplification during deposition. As developed, nodules are known 

to decrease the damage performance of any MLDs. Little is known from systematic studies about 

how coating cracks impact system performance. However, the impact of such a configuration — a 

nodule accompanied by a crack — on the damage threshold of the final optical system remains 

unclear. Indeed, crack formation in stressed optical multilayers, particularly around nodular defects, 

can act as a stress-relief mechanism, segmenting the film and dissipating stored elastic energy.[41, 

42] While such cracks are typically viewed as precursors to failure,[26] they also reduce the local 

stress field, potentially mitigating further damage propagation.[41, 42] This stress discharge 

complicates the relationship between cracks and laser-induced damage: the presence of a crack may, 

paradoxically, lower the mechanical vulnerability of the surrounding film, making its overall impact 

on the damage threshold less straightforward. 

 

3.2 Crack Initiation Hypothesis and Stress Analysis 

Stress generation in an MLD coating stack arises from various intrinsic and extrinsic 

mechanisms during film growth, such as the formation of isolated atomic islands and the resulting 

grain boundary stresses, thermal stress due to the mismatch in thermal expansion between the 

substrate and the film, and nodule defects, which can also induce grain boundaries that contribute to 

internal stress.[43] This list is not exhaustive. 

Using a fracture mechanics approach we can estimate the local stress concentration induced 

by the nodule.[44] Assuming an infinite plate geometry and that the observed crack length a = 5 m 

(taken as the full length for a surface, which is much smaller than the substrate size of ~9 mm) 

governs the stress intensity, the mode I stress intensity factor is given by 𝐾𝐼 = 𝜎𝑙𝑜𝑐𝑎𝑙√𝜋𝑎. At the 

onset of crack propagation, this value is equal to the fracture toughness KIC of fused silica — 

approximately 0.75 MPa∙√m — which yields 𝜎𝑙𝑜𝑐𝑎𝑙 ≈ 189 MPa.[45] This result indicates a local 



stress concentration factor, 𝑆𝐶𝐹 =  𝜎𝑙𝑜𝑐𝑎𝑙 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙⁄ ≈ 1.18, where nominal is the measured average 

tensile stress in the coating. This value can be calculated using the Stoney Equation with the change 

in surface figure of the substrate before and after coating via the interferometric reflected 

wavefront.[3, 4] The coating is observed to be tensile by approximately 160 MPa. This is the average 

value, and as mentioned above defects like nodules may significantly increase the local tensile stress 

state in the vicinity of the nodule, where local geometry and interfacial interactions can significantly 

alter the stress distribution.[46] Nonetheless, this analysis suggests that a modest amplification of 

coating stress at the nodular defect would have been sufficient to drive crack growth into the substrate 

up to the observed 5 µm extent, beyond which the stress intensity likely fell below the critical 

threshold for further propagation. 

If the scenario involves a pre-existing fine surface crack in the substrate like those observed 

in sub-surface finishing damage, then Griffith’s criterion should be able to explain crack initiation if 

the local coating stress alone is sufficient to propagate it and there is an initiating flaw.[47] 

Considering the likely and substantive increase in local stress near a nodule, it is highly likely that 

nodular defects initiate the observed craze lines.[44] If the nodule is included in the critical flaw size, 

this requires an initiating defect in the subsurface of the brittle substrate of approximately 200 nm, 

which is a reasonable length for sub-surface damage from the polishing process.[25, 26, 48] 

Historically, crazing like this has been observed in tensile coatings of similar stress when used for 

MLD gratings, which effectively introduce micron-sized deformations in the surface, similar to the 

nodule that is observed in this work.[8-12] 



 

Fig. 5. Micrographs of laser‐induced damage around the MLD craze lines: (a) confocal micrograph 

and (b) SEM micrograph at spot irradiation at 1064 nm (24 ± 2 J/cm²) along with an inset 

displaying the typical 1064 nm damage morphology; (c) confocal micrograph at spot irradiation at 

355 nm (2.0 ± 0.2 J/cm²); (d) an SEM micrograph of damage spots along the craze lines visible in 



(c) along with an inset displaying the typical 355 nm damage morphology; (e, f) zoomed in SEM 

micrographs of the damage in (d). 

 

3.3 Nanosecond Laser Damage on craze lines at 1064 and 355 nm  

 When the sample is irradiated, there may be modifications to the pristine surface due to laser-

matter interactions. This is a permanent change that is termed laser damage. Fig. 5 shows the laser‐

induced damage morphology on and near the MLD craze lines following irradiation at 1064 nm (24 

± 2 J/cm²; panels a and b) and 355 nm (2.0 ± 0.2 J/cm²; panels c–f), with laser confocal micrographs 

in panels a and c and SEM images in panels b, d–f. Fig. 5b and d have insets showing the typical 

1064 and 355 nm laser damage morphology of damage away from the craze line. In the 1064 nm 

regime, we observe micron‐sized damage pits with melted edges (Fig. 5b). This morphology is 

consistent with nano defect‐driven, localized thermal damage in nanosecond pulses and is a common 

damage morphology for non-nodular initiated damage in an MLD at 1064 nm.[49, 50] At 355 nm, 

we see isolated damage pits lacking melted rims, reflecting ejection-like features, likely initiated by 

nano-precursors during nanosecond irradiation.[51] Again, this is a common damage morphology 

for 355 nm. The fluences for damage testing were selected so that they were just above the onset of 

laser damage for the pristine MLD coating at each wavelength. In the case of the 1064 nm irradiated 

sub-aperture, damage was observed on the pristine MLD surface but not on the craze line. This was 

observed at numerous fluences above the damage onset and in different sub-apertures on two 

different samples. This contrasts with the 355 nm irradiated sub-aperture where damage occurred 

occasionally on the pristine surface, but at high density along the craze line. Like the 1064 nm portion 

of this study, this was observed at numerous fluences above the damage onset and in multiple sub-

apertures on two samples. As mentioned above, crazing has been observed in numerous transport 

mirrors and diffractive optics at long wavelengths and for large laser systems over the years and laser 

damage has not been observed on craze lines. [8-12] To our knowledge, this is the first reported 

observation directly linking UV laser damage with craze lines for MLDs coated with oxide materials. 

However, there is a large body of work linking scratches and fractures in dielectric oxide materials 

to UV laser damage.[25, 26] Crazing very likely leads to dangling oxide material bonds due to the 

craze line propagation similar to those seen in cracking and fracturing of bulk oxides. These defects 

are known to be less active for IR wavelengths but to be highly sensitive to UV wavelengths.[25, 



27] The subtle eruption damage seen in Fig. 5f for the 355 nm laser damage on the craze line implies 

strongly that the damage is occurring high in the stack. Otherwise the damage morphology would 

look more similar to nodular ejection, where the damage initiates deeper in the structure and ejecting 

a high quantity of material.[52] 

 

Fig. 6. Finite-difference time-domain simulations of the standing electronic field of the coating 

when irradiated at near-normal with a 100 nm craze line at (a) 1064 nm wavelength with TE and (b) 

1064 nm with TM polarized light. (c, d) is for 355 nm wavelength and TE and TM polarized light 

respectively. The circled locations denote the highest electric field observed in the high index 

hafnia material.  

3.4 Simulated electric field intensification induced by craze lines 

The standing electric field in the vicinity of the 100 nm craze line was simulated for both 

wavelengths utilizing the Lumerical FDTD Maxwell equation solver, the results of which are in Fig. 

6. The standing electric field at 1064 nm is largely insensitive to the 100 nm discontinuity, but when 



simulated at 355 nm the electric field is amplified by approximately 3x. Fig. 6 shows the electric 

field distribution near the craze line for the 100 nm craze line width case. For the UV case, the 100 

nm wide discontinuity is similar to the wavelength of light, making the scatter and light interaction 

with the craze line in the early Mie regime.[53] This leads to heavy forward scattering and electric 

field resonances as seen in electric field simulations of gratings and voids.[8, 9] This is seen in Fig. 

6 (c, d) where there is a notable forward component to the modulation of the electric field due to the 

craze line discontinuity. When the wavelength of light is considerably longer than the perturbing 

feature, the resulting scatter is in the Rayleigh regime.[54] Unlike the Mie regime, the Rayleigh 

scattering regime has no directionality bias leading to scatter in all directions. This means that there 

is less forward propagation and less overall intensification in the coating stack. The 1064 nm case is 

more in the Rayleigh regime with less forward propagation as can be seen in Fig. 6 (a, b).  

Numerous craze line widths were simulated and the maximal electric fields for the more 

damage-prone hafnia material are reported in Fig. 7 for both TE and TM polarization conditions. The 

top x-axis displays the width of the craze line simulated as a fraction of the wavelength used in the 

simulation. The line in each graph denotes the 100 nm width case observed in this study. As a 

validation check, the non-crazed sample condition was simulated and did not exhibit the periodicity 

observed in Fig. 6. This strongly suggests that there were no significant boundary condition impacts 

on the simulation. Unlike electric field simulations in bulk dielectric materials such as those from 

Bloembergen and Génin [5, 6], these simulations are for an MLD, where the design of the MLD can 

have large implications for the resultant electric fields. The simulations for the UV case do exhibit 

some notable electric field intensification when the wavelength is roughly equal to the craze line 

width, as predicted by Mie theory.[53] However, this effect is not seen in the IR case as strongly. 

There is some field intensification for the IR case when the craze line simulated is ~1000 nm wide, 

but it is minimal. This further emphasizes the importance of factoring in the MLD coating design 

when predicting phenomena like this. 



 

Fig. 7. Finite-difference time-domain simulations of the maximal electric field intensity for the 

high index hafnia material for (a) the 1064 nm and (b) the 355 nm case as a function of craze line 

thickness for both the TE and TM polarization conditions. The values are relative to the intensity of 

light input onto the MLD.  

 It has been previously shown that there is increased UV-sensitive defect density near cracks 

in dielectric materials.[25, 26, 28] It is notable that the increase in electric field is near where there 

is likely an increased defect density. These observations are similar to those observed and published 



by Génin et al in their pivotal 2001 paper.[6] As shown in Fig. 6 for the 100 nm width craze line, the 

1064 nm wavelength exhibits very little intensification. It is also notable that the intensification is 

observed to be near the interface between the two coating materials, where there are typically more 

damage-prone precursors in the form of dangling bonds and band-gap perturbation from material 

mixing. This intensification near material interfaces is common for quarter-wave based high-

reflectors. While craze lines greater than 100 nm were not observed in this study, it may be possible 

if the coating stress is excessively high. The simulated values in excess of 100 nm are likely relevant 

to a crack or fracture in a surface, as discussed by Génin et al.[6]  

4.  Conclusion 

This study presents observations suggesting a causal relationship between crazing 

appearance and/or propagation, and the presence of nodular defects. Under these nodular defects we 

observe long, 5 μm long cracks into the substrate which, to the author’s knowledge, is a first of it’s 

kind observation for a brittle-brittle system. This can be attributed to a pre-existing ~200 nm crack 

in the substrate due to sub-surface finishing damage and stress concentration induced by the nodule 

directly triggered crack propagation leading to cracking. We estimate that the stress concentration 

factor (SCF) of approximately 1.2 is needed for the nodule to induce a crack in the substrate as 

observed. The craze lines were irradiated with 1064 and 355 nm wavelength light at fluences slightly 

above the damage onset fluence. The areas irradiated with 1064 nm light had no damage initiation 

on the craze line, which is similar to the observations seen on MLD gratings for the ARC and HAPLS 

laser. However, when the craze lines were irradiated with 355 nm wavelength light, there were many 

damage sites that initiated on the craze line. This can be linked to a local increase in the electric field 

as simulated by FDTD in the vicinity of a region that has UV-sensitive defects. The field increase is 

attributed to the ~100 nm wide craze line being similar to the wavelength of light at 355 nm but 

much lower than the wavelength at the longer 1064 nm wavelength. The former leads to Mie scatter 

and resonance while the latter is in the Rayleigh scatter regime, leading to less forward propagation. 

This observation is consistent with similar simulations of similar phenomena and cracking in 

dielectric materials has long been linked to laser damage initiation and growth in at UV wavelengths.  
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