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Abstract 

High dielectric constant multilayer coatings are commonly used on high reflector mirrors for 

high-peak-power laser systems, because of their high laser damage resistance.  However, surface 

contaminants often lead to damage upon laser exposure thus limiting mirror lifetime and 

performance.  One plausible approach to improve mirror overall resistance against laser damage, 

including that induced by laser-contaminant coupling, is to coat the multilayers with a thin 

protective capping (absentee) layer on top of the multilayer coatings.  An understanding of the 

underlying mechanism by which laser-particle interaction leads to capping layer damage is 

important for the rational design and selection of capping materials of high reflective multilayer 

coatings.  In this paper, we examine the responses of two candidate capping layer materials made 

of SiO2 and Al2O3, respectively, over silica-hafnia multilayer coatings.  These are exposed to a 

single oblique shot of a 1053 nm laser beam (fluence ~ 10 J/cm2, pulse length 14 ns), in the 

presence of Ti particles on the surface.  We find that the two capping layers show markedly 

different responses to the laser-particle interaction.  The Al2O3 cap layer exhibits severe damage, 

with the capping layer becoming completely delaminated at the particle locations.  The SiO2 

capping layer, on the other hand, is only mildly modified by a shallow depression.  Combining 

the observations with optical modeling and thermal/mechanical calculations, we argue that a 

high-temperature thermal field from plasma generated by the laser-particle interaction above a 

critical fluence is responsible for the surface modification at each capping layer.  The great 

difference in damage behavior is mainly attributed to the large disparity in the thermal expansion 

coefficient of the two capping materials, with that of Al2O3 layer being about 15 times greater 

than that of SiO2.   

OCIS codes: (310.1515) Protective coatings, (140.3330) Laser damage, (350.5400) 
Plasmas 
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Introduction  

High-dielectric constant multilayer high-reflector (HR) coatings are critical to the performance 

of high-peak-power laser systems such as the National Ignition Facility, Laser Megajoule, and 

OMEGA [1-3].  While multilayer coatings have been shown to provide large laser-damage 

resistance in these systems, their performance and lifetime is often limited by damage induced 

through coupling between the laser and contaminating particles that are inadvertently deposited 

on the surface [4].  Contaminants observed on these optics consist of both organic and inorganic 

materials include oil, polyester fibers, ceramics, metal/metal oxides and alloys.  These are often 

generated from optical processing, handling, installation, or laser operations [5-7].  Early studies 

showed that the laser-induced damage to the reflective surface is strongly dependent on the 

contaminant type and size, and the laser fluence [8].  While metallic particles tend to create 

larger damage sites on the coatings, transparent particles lead to smaller pits that roughen the 

surface.  Furthermore, for transparent optical components, these contaminant particles when 

interacting with the laser beam, can also create pits and damage sites on both input and exit 

surfaces [9-12].  The resulting surface modification subsequently may lead to beam modulations 

[10] which can result in further damage on optical components downstream.   

 

A number of strategies have been implemented to improve the laser-induced damage threshold 

of multilayer coatings and to extend their performance lifetime.  These include eliminating or 

reducing coating defects[13, 14], post-conditioning by gradually exposing coatings from low to 

high fluences [15], and replacing initiated sites with benign micro-machined features that are 

stable at or above the operating (or use) fluence [16, 17].  Alternatively, adding an absentee 

overcoat (or protective capping layer) above the original high-reflective mirror coatings has also 

been shown to improve the laser damage resistance [18-20], the degree to which depends on 

capping layer thickness.  In fact, protective capping layers have also been adopted to extend the 

lifetime of multilayer mirrors in EULV applications [21].  This previous work has created 

opportunities for the performance-enhancing practice of interference coatings against 

contaminant-induced laser damage by the addition of a protective or cap layer above the original 

design.  However, the underlying mechanism by which coupling between the laser and 

contaminant causes damage to the protective layer is still elusive.  In order to facilitate effective 
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selection and design of capping material and to develop a practical solution for contaminant 

removal, a better understanding of the physical principles is desired.  

 

In this work, we combine experimental testing with optical/thermal/mechanical modeling to 

investigate the response of a capping layer, under 45° oblique irradiation of single pulses of 1053 

nm, p-polarized laser light (fluence ~10 J/cm2, pulse length 14 ns), in the presence of 

contaminant particles on the multilayer coating surface.  The representative metallic 

contaminants are spherically-shaped Ti particles.  Ti particles in general can be generated in high 

power pulsed laser systems through laser ablation within beam dumps and subsequent deposition 

of condensed metal vapor on nearby optics.  Two silica-hafnia multilayer coating samples with 

different cap layer and high reflectivity (>99.5%), fabricated by e-beam physical vapor 

deposition, were used.  Silica-hafnia multilayers are commonly used for high-reflectors in high-

peak-power laser systems which require high laser damage resistance [22, 23].  The resistance to 

laser-induced damage due to contaminants is compared for capping layer materials Al2O3 and 

the previously used SiO2[19].  Al2O3 is a large bandgap material and has been shown to have 

high laser-damage resistance [24-26].  Recent studies have demonstrated that inclusion of layers 

of such material in silica-hafnia multilayer coatings can reduce the overall coating stress and, 

more importantly, enhance the multilayer coating laser damage threshold [23].  Therefore, a 

damage-resistant Al2O3 layer to modify laser-particle coupling may offer an additional option 

for enhancing the performance of multilayer coatings in high-peak-power laser systems.       

 

We found that the damage response of the two different capping layers to the laser-particle 

interaction exhibited a great contrast.  At oblique incidence, the high fluence single-shot 

exposure caused the Al2O3 capping layer to be heavily damaged at the Ti particle locations.  The 

damage sites were a result of the mechanical breakdown and subsequent delamination of the 

capping layer.  On the other hand, an identical exposure on the sample with a SiO2 capping layer, 

led to only a mild modification with a shallow depression in the capping layer, where no 

breakdown or delamination was observed.  Combining these observations with modelling 

analysis, we argue that the laser-Ti interaction at the coating surface generates plasma ejecting 

towards the incident beam, thus elevating the temperature of the capping layer at the particle 

locations and modifies the surface.  The difference in laser damage behavior observed between 
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the two capping layers is mainly attributed to the large disparity in thermal expansion 

coefficients, with that of the Al2O3 being approximately 15 times greater than that of SiO2.  

Modeling suggests that the combination of oblique incidence, a spherical particle, and a high 

reflective surface, can result in substantial damaged areas, as observed.  

 

Experimental and Modelling Methods 

Multilayer coatings deposition and X-ray diffraction characterization 

Coating depositions were performed in a 54-in. or a 56-in. vacuum chamber equipped with 

quartz heater lamps, dual electron-beam guns, multi-point quartz crystal monitors, a planetary 

substrate rotation, and cryopumps.  Granular SiO2 was evaporated from a continuously rotating 

pan while Hf metal or Al2O3 granules were deposited from a stationary six-pocket electron-beam 

gun [27].  The chamber was back-filled with oxygen during deposition of the Hf layers in order 

to oxidize the vapor plume at the substrate, resulting in a thin film coating of HfO2.  An oxygen 

back-fill could also be utilized during the silica or alumina layers, but the starting materials are 

already oxides.  The back-fill process parameter could be used to optimize thin-film stress if 

required [23, 28].  The high reflector (>99.5% R) coatings were designed for a 1053 nm center 

wavelength, 45 degree angle of incidence, p-polarization.   The design utilized 35 quarter-wave 

layers of alternating hafnia and silica with a half-wave top layer overcoat (or capping) of either 

Al2O3 (thickness: 360 nm) or SiO2 (thickness: 410 nm).  X-ray diffraction (XRD) was 

performed on a Pan Alytical x-ray diffractometer in a standard 2θ/θ mode using Cu Kα at λ = 

1.54 Å.  The step size was 0.02 degrees, and a longer-than-usual counting time of 20 seconds per 

point was used to improve the signal-to-noise ratio and render peaks more clearly discernable. 

Laser damage testing 

A schematic of laser damage testing of a capping layer on HR coatings in the presence of Ti 

particles is shown in Figure 1.  For consistency throughout the paper in all figures, the laser is 

always incident from the left.  Prior to contaminant-induced laser damage testing, the surface of 

the two samples of different capping layer materials were first laser conditioned by ramping the 

fluence from 2.5 J/cm2 to 13 J/cm2 in steps of 0.1 J/cm2 (1053 nm, 14 ns).  Laser conditioned 

surfaces were then contaminated with evenly distributed Ti spheres (nominal 30 ± 16 µm in 

diameter, Goodfellow, USA)  by sprinkling commercially available Ti powders with a well-
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developed protocol.  Each sample was placed vertically in the testing system with a beam 

incident angle of 45°.  The surfaces, with the deposited Ti particles, were then exposed to a 

single shot of the laser pulse (p-polarized, 1053 nm, 14 ns) at an average fluence of 10 J/cm2.  

The laser system used for these tests was a Nd: glass zig-zag slab amplifier phase-conjugated 

laser system capable of producing 25 J, 1053 nm wavelength, 12.5 ns FWHM pulse of near 

diffraction-limited beam quality, single shot to 2 Hz.  All fluence values measured with a 

calibrated scientific grade camera at the plane of the sample are reported normal to the 

propagation direction.  Typical contrast as imaged on the sample was ~26% in the central 70% of 

the beam area.  The actual beam area on the substrate was ~0.5 cm2 due to the 45° angle of 

incidence.  Peak fluence within the beam was typically two times the average fluence.  The 

repetition rate of the laser used during these tests is 0.3 Hz.  An additional camera is used with 

the reflected light to image the surface and obtain the location of the particles in the beam.  An 

online long working distance microscope is the 3rd camera used during laser irradiation.  It has 

sufficient resolution to observe plasma generated during a laser shot.  For the experiments 

reported here it was primarily used to identify possible damage during the conditioning shots 

prior to Ti application.  A similar setup of the laser system can be found in Ref. [8]. 

Optical modeling  

The fluence at the particle surface cannot be inferred immediately from the incident laser fluence, 

due to the important role of light reflected from the mirror.  Since the size of the Ti particles is 

much larger than the laser wavelength, ray tracing is suitable for optical modeling.  Interference 

effects are expected to be significant only in the vicinity of the point of contact with the mirror, 

where the intensity is low.  To carry out the ray-tracing, we employed the commercial 

application FRED (distributed by Photon Engineering, LLC, Tucson, AZ), a multipurpose optics 

code widely used in optical design and analysis.  We previously used this code in calculating 

laser interactions with composite materials [29] and metal powders [30].  Each ray travels from 

surface to surface, with a particular power in each polarization.  At the surface of the particle, 

rays are absorbed and reflected according to the Fresnel absorptivity and reflectivity of Ti (index 

of refraction taken as n = 3.45 + 4 i).  The absorbed power is noted, and only the reflected ray is 

followed.  The absorptivity and reflectivity depend on both the angle of incidence and the 

polarization. 
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Optical and Electron Microscopy 

Laser-exposed samples were characterized by high resolution optical (0.9 µm/pixel, Benchmark, 

View MicroMetrology), laser scanning confocal (638 nm, 0.8 NA, 10 nm axial resolution, 

VKX110, Keyence Corp.), and field emission scanning electron microscopies (FE-SEM, FEI XL 

30S FEG) with EDS x-ray microanalysis (EDAX Brand, Co.) for particle distribution, damage 

morphology and topology, and chemical contents, respectively.  Analysis of images from both 

online and offline with resolution ~ 12 microns per pixel microscopes also led to the assessment 

of damage probability of coatings with different cap layer composition due to the laser-Ti 

particle interaction.  All SEM analysis samples were coated with a 10 nm layer of carbon to 

avoid surface charging during imaging.    

Results 

The structure of the capping layer was determined by comparing the XRD spectra collected from 

the SiO2 and Al2O3 capped mirrors.  It was found that the SiO2 cap layer is crystalline 

containing mostly the α-quartz phase, while the Al2O3 cap is non-crystalline.  Figure 2 depicts 

two superimposed XRD spectra from the two samples.  The two spectra show nearly identical 

characteristics except at the 2θ of 26.1° where the SiO2 curve exhibits an additional peak (see 

Figure 2b for details).  This peak is close to that from the bulk α-quartz (101) plane which is 

nominally at 26.6°.  Because thin films can often have shifted peaks due to stress and other 

factors [31], the observed peak represented a crystalline α-quartz phase within the SiO2 capping 

layer.  For the Al2O3 capping layer, the XRD spectrum showed no characteristics peaks from 

either the α-alumina (in the 25°-68° range, Figure 1a) or the β-alumina phase (in the 5°-11° 2θ 

range). Thus the Al2O3 capping layer was amorphous.   

The Ti particles (see Figure 1a) that were sprinkled onto the capping layer surfaces were 

spherically shaped.  While variations in size were inevitable, the majority of the particles on the 

surface were approximately 30 µm in diameter.  The apparent larger particles were usually 

aggregates of smaller ones.   

The presence of Ti spheres on the surface leads to coating modification upon laser exposure.  

Figure 3a shows the surface of a tested area of the Al2O3-capped sample after one shot of a laser 

beam at 45° off normal (from the left of the page) with an average fluence of 10 J/cm2.  While no 
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original particles remain on the surface after the exposure, the capping layer is heavily damaged 

subsequently, as displayed by the bright spots in Figure 3a.  In general, the damaged sites exhibit 

a distorted oval shape with the major axis pointing along the horizontal direction.  The size of 

these damage sites range from a few µm to approximately 400 µm along the longer dimension 

(see Location A).  Nearly all of the damaged areas are associated with the particles on the surface 

prior to laser exposure.  The correlation between the sites and the locations of the particles on the 

surface is marked by the red dots within the damage areas.  Without exception, for all of the 

oval-shaped damage sites, the particles are situated near the right tip of the oval.  Based on the 

confocal microscope analysis (Figure 3b), the damage sites have an approximate depth from the 

pristine layer ranging between 250 nm and 350 nm.  Since the capping layer is ~360 nm thick, 

the result suggests that there may be partial to full removal of the capping materials surrounding 

the damage sites.  A horizontal profile line-out through a damage site is inserted in Figure 3b to 

demonstrate the depth profile of a damaged site from the confocal microscope image.       

A closer examination of damaged regions using SEM shows that the entire Al2O3 capping layer 

is removed from the layer below.  Figure 4a is a representative region of modified areas 

(Location A) containing three adjacent damage sites where two overlap one another.  At the 

circumference of each site, the edges are rough and show clear breakage from the host material 

(Figure 4b).  Higher resolution images of the edges confirm that they are in fact only one layer 

thick (see Figure 4c for example).  This indicates that the interaction between the laser and Ti 

particle on the coating surface leads to surface modification by delaminating the capping layer.  

Moreover, within nearly all the damage sites, there remains a pocket or island of Al2O3 capping 

material that is not damaged (next to the red dots in Figure 4a).  Interestingly, this undamaged 

pocket is always close to the location of the Ti particle prior to the exposure.  This observation 

suggests that, behind the particle, there may be a “low energy” spot where the particle provides a 

protecting shadow for the capping layer situated there.   

 

Elemental mapping of EDX at the vicinity of the damaged areas shows detectable Ti on the 

surface.  The presence of Ti is usually associated with apparent trail-like structures pointing 

toward the right side of the surface when observed in both optical and low resolution SEM 

microscopes.  An example of such features is shown in area A1 of Figure 4a.  A close-up view of 
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this region shows very interesting characteristics.  First there are a number of droplet-like Ti 

particles on the surface.  These particulates all have smooth surfaces suggesting that they have 

been in a molten state before landing on the surface.  Second, some of these particulates are 

aligned along a straight line in a particulate direction indicating their trajectory.  Furthermore, 

some of the particulates create secondary modification to the capping surface along their 

pathways.  Examples are shown in areas of A2 and A3.  The imprints shown in both A2 and A3 

suggest that molten particles landed in this area while they were still at a relatively high 

temperature.  The heat released from the particle and coupled into the capping layer can lead to 

mechanical strain in the film due to thermal expansion.  This explains the trace of Ti left at the 

edge of the modified area.   

 

In marked contrast to that of the Al2O3 capping, the presence of the Ti particle on the SiO2 

capping layer resulted in much less modification to the surface after exposure to one shot of the 

laser beam with identical conditions (fluence, polarization, pulse length, and angle of incidence).  

Instead of a complete delamination, the modified areas on the SiO2 surface show no removal of 

the capping material.  The first layer remains intact though modified.  Figure 5a shows a 

micrograph of the laser-modified areas on the SiO2 capping surface.  Similar to that with the 

Al2O3 capping layer, each damage site is clearly associated with the presence of one or more Ti 

particles in the vicinity.  Confocal microscope depth profiling (Figure 5b) corresponding to 

Figure 5a indicates that the modification is caused by depression of the capping materials, and 

the depth of the depression is about 150 nm.   

 

A closer examination of the modified areas at different length scales using SEM indicates that 

there is no material breakdown or removal; instead the SiO2 capping layer is slight depressed at 

the Ti particle locations.  However, other additional characteristics are very similar to those 

observed on the Al2O3 capping layer surface.  First, each of the modified sites exhibits an oval 

shape with similar distortion (Figures 6a).  Next, splash-like features pointing toward the right 

side of the image are associated with each site (Figure 6b), and the beginning of the trace is 

closely related to the location of the Ti particles before exposure.  Furthermore, the trail-like 

features are the modified area of the SiO2 surface by the travelling molten Ti particulates (Figure 

6c).       
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Figure 7 depicts the relationship between the incident local fluence (φ) and the probability (P) 

that the coatings will damage at the location of a Ti particle after one shot (mean ± standard 

deviation of corresponding binomial distribution, typically 10 particles per fluence bin).  Damage 

is designated as any visible change in the image of the capping surface obtained using the offline 

optical microscope described above.  Damage probability was calculated as the fraction of 

particles that damaged the coating surface after one laser shot.  While the pits on the alumina-

coated sample were much deeper than that of the silica-coated sample, the probability at which a 

Ti particle leads to damage was fairly similar on both capping layers.  For silica film the onset of 

damage appears to occur at slightly lower fluence (at 50% damage probability, φ SiO2 = 2.5 vs. φ 

Al2O3 = 4.0 J/cm2), suggesting that this coating is more likely to damage at lower fluence even 

though the damage is shallower. 

 
Discussion  
 
Exposure of laser light on metal particles can lead to metal heating and evaporation at the surface 

when the laser fluence is sufficiently high.  Subsequently, interactions between the metal vapor 

and laser light result in ionization and plasma formation.  In the current system, because of the 

reflective coatings beneath the Ti particles and the oblique incidence of the incoming laser, the 

light intensity on the metal surface becomes the sum of that directly impinged and that reflected 

from the mirror.  As a result, the plasma formation threshold of the Ti particle on the mirror 

surface will be lower than that on top of transparent optics.  Following laser absorption, hot 

plasma develops, the temperature of the mirror surface rises, leading to material evaporation of 

surface layers.  The disparity in thermal expansion coefficients can induce stresses between two 

adjacent layers, especially the capping layer and the layer below [19].  When sufficiently large, 

this stress can lead to modification or even delamination of the top coating layers.   This also 

holds when only the top layer is heated during the pulse, which is discussed below.  We were not 

able to measure the intrinsic stress of the films but would note that because temperatures on the 

order of thousands of degrees are realized, the stress arising from significant thermal expansion 

coefficient differences will be significantly larger than the expected intrinsic stress for the films.  

In addition, the recoil momentum from the ejected plasma propels the partially melted 

contaminant along the surface, creating additional damage along its trajectory.  This successive 



10 
 

chain of events after the laser shot is responsible for the reported observations.  The underlying 

mechanism is discussed below in detail.   

The onset of the evaporation process takes place when the deposited energy per unit area in the 

outer layer of the particle reaches a value of about H(Dτ)1/2, where H is the enthalpy per unit 

volume required to evaporate the material, τ is the laser pulse duration and D is the thermal 

diffusion constant.  Typically, the ablation threshold is close to the plasma formation threshold.  

Assuming a flat surface, the threshold fluence φt is obtained from energy balance via φt = H 

(Dτ)1/2/A, where A is the metal absorptivity.  For the Ti particle considered in this paper, we 

have H ~ 47.3 kJ/cm3 (thermal energy plus evaporation enthalpy), D ~ 0.1 cm2/s, and A ~ 0.4.  

Thus the threshold fluence of a 14-ns pulse is φt ~ 3.7 J/cm2.      

The distribution of the absorbed intensity over the spherical particle surface, obtained through 

simulations with FRED, is shown in Figure 8a.  Because of reflections from the mirror, the peak 

absorbed intensity occurs at an angle of about 80° from the top of the particle, instead of 45°, 

without the mirror (see Figure 8b).  In the presence of the mirror, the total power absorbed by the 

sphere is increased by 81% and the maximum local absorbed intensity is increased by about 26% 

(of course shifting from 45° to 80°).  Recall that the overall expanse of absorption is increased by 

the mirror.  Thus in the presence of the reflective or mirror surface, it is sufficient to have only 

2.9 J/cm2 (instead of 3.7 J/cm2) in the incident beam in order to generate plasma from the Ti 

particles.   

The ejection of vaporized material or plasma from the Ti surface can lead to a transfer of 

momentum, resulting in recoil movement of the particle itself.  Because the maximum absorbed 

intensity is located at only 10° above the particle equator, we expect that the remnants of the 

particle to recoil along or near the coating surface.  A method of calculating the shaped particle 

momentum was developed  by Liedahl et al. [32].  For a given infinitesimal element of the 

surface, the acquired momentum dP is proportional to the incident fluence dφ and is directed 

along the normal to the surface, according to dP = Cm dφ.  The coupling coefficient Cm has been 

measured for a number of materials and laser parameters [33].  For fluences that are not too far 

from the ablation threshold, the coupling coefficient is constant [32, 33].  By integrating over the 

surface of the particle, the magnitude and the direction of the received momentum can be 

determined.  When the calculation is applied to this case, it is found that the recoil momentum is 
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directed at an angle of 10° below the horizontal direction away from the beam side.  Thus the 

heating particle is expected to move toward the right along the capping layer surface, agreeing 

well with experimental observation. 

When the ablated hot materials strike the surface they can heat up the capping layer.  The local 

heating near the contaminant particle induces stresses in the capping layer and multilayer 

coatings, due to the difference in the thermal expansion coefficients.  If the induced stresses are 

sufficiently high, they can cause breakage and delamination.  For purpose of estimate, we will 

use stresses calculated in the static limit.  This means that the results will be reliable close to the 

point of heating.  In terms of elasticity, the capping layer and HR coatings can be considered as 

thin plates.  Now during the laser pulse, the heat diffuses a distance of order (Dc τ)1/2, in terms of 

an approximate thermal diffusion constant Dc, which is of order 0.01 cm2/s.  Thus the diffusion 

length is of order 100 nm, which is comfortably less than the capping layer thickness of 360-410 

nm.  As an estimate, therefore, it is reasonable to assume that only the capping layer is heated by 

the plasma.  In this case, the top coating layer (HfO2) can be viewed as a substrate, and the stress 

induced in the capping layer is given by [32] 

TE
c

c

c
c ∆

−
−= α

ν
σ

1
 

where Ec is the Young modulus of the capping layer, νc is its Poisson ratio, αc is its thermal 

expansion, and ∆T is the temperature excursion from ambient.  The stress is transverse. 

Using the mechanical data provided in Table 1, we find that the absolute value of the stress 

induced in the Al2O3 cap is approximately 64 times greater than that induced in the SiO2 cap.  

This explains the much greater damage in the Al2O3 layer, including delamination from the layer 

below.  Incidentally, if the heat had been assumed to penetrate through the HfO2 layer, then in 

the equation above the thermal expansion coefficient αc would have been replaced by αc – 

α(HfO2).  In this case, the absolute value of the ratio of the stresses in Al2O3 and SiO2 would 

have decreased to about 6.  This seems too small in view of the observed difference in damage, 

confirming our assumptions. 

We now show that the experimental phenomena observed in Figures 4-6 are consistent with the 

above discussion.  Briefly, the off-normal impinging laser beam strikes both the spherical 
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particle and the reflective surface, leading to an intensified absorption on the particle at about 80° 

from the vertical (shifted from 45°), as seen in Figures 8 and 9a.  The expanding plasma is 

ejected almost horizontally beneath the incoming beam (centered at ~10° from the horizontal 

surface) and burns a large oval-shaped area of the capping layer within the vicinity of the 

particles (Figure 9b).  The response of the capping materials to the plasma-generated thermal 

field is directly related to their thermal-mechanical properties including the thermal expansion 

coefficient (Table 1).  Due to the transient nature of the pulse, only the capping layer is affected 

by the thermal field.  Because of its large thermal expansion, the Al2O3 layer is subject to large 

mechanical distortion under the thermal field which can lead to severe damage and delamination 

from the layer below.  The SiO2 capping layer, on the other hand, responds with only mild 

modification.   

At the same time, the recoil momentum that the partially melted particle receives from the 

ejected plasma is nearly parallel to the mirror surface and thus carries the particle along the 

surface in the opposite direction toward the right, in Figure 9b).  This motion causes further 

damage/modification to the capping layer surface, and it leaves molten droplets on the substrate.   

It is important to note that these phenomena are expected to be highly sensitive to the particle 

shape.  For a relatively flat particle attached to the surface (consistent with mechanically-abraded 

material), the ablated plasma is directed almost normal to the surface and is expected to produce 

less delamination and smaller damage area than that from a spherical particle.  Lateral motion is 

possible due only to absorption along the edge.  Hence the extent of damage is expected to 

decrease for flatter particles. 

Conclusion 

In summary, laser damage testing at oblique incidence shows that laser-contaminant interaction 

on HR multilayer coatings leads to damage to a surface the capping.  Oblique incidence along 

with a reflective surface leads to intensification of the absorbed light on the Ti particles.  Under 

the identical laser irradiation conditions, damage on the Al2O3 capping layer is much more 

severe than that on the SiO2 layer; at the Ti particle locations, the Al2O3 capping layer is 

completed delaminated but the SiO2 layer is only mild modified.  The large difference in damage 

behavior is mainly attributed to the disparity in the thermal expansion coefficients of the two 

capping materials, with that of the Al2O3 layer being about 15 times greater than that of SiO2.  
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Thermal-mechanical calculations combined with optical modeling show that the large difference 

in thermal expansion coefficients leads to a large differences in thermally induced mechanical 

stress between the capping layer and the adjacent layer below.  In the Al2O3 case, this is 

approximately 64 times greater than in the SiO2 case.  The large thermal-mechanical stress is 

responsible for the detachment of the Al2O3 capping layer from the adjacent HfO2 layer below.  

Thus SiO2 is shown to be a more effective material for use as a capping material to protect 

against debris-induced laser ablation and damage on high power dielectric coating mirrors.     
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 Figure 1: Schematics of testing damage induced by laser-particle interaction on highly reflective 
dielectric multilayer coatings, with different cap layers.   
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Figure 2: Superimposed XRD spectra collected from multilayers with SiO2 (blue line) and Al2O3 (red 
line) cap layer, respectively, showing that the SiO2 cap layer is crystalline and the Al2O3 cap layer is 
amorphous.  (a) Scans at the 2θ angle range between 10° and 90°.  (b) A close-up comparison of the two 
spectra between 20° and 30°. 
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Figure 3: Optical images of damage sites on multilayer coating with the Al2O3 cap layer.  (a) 
Overlay of damage site after one laser shot at ~ 10 J/cm2 with Ti particle locations (red dots).  
The insert is the SEM image of a typical Ti particle (25 µm in diameter) used in the damage 
testing.  (b) Confocal microscope image revealing the depth map of the damage sites following 
one laser shot.  Inset: horizontal line-out profile of indicated pit. 
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Figure 4: SEM images showing the morphology of damage site in location A at different 
resolutions. (a) The insert is the optical image of location A.  (b) A close-up view of the area also 
shows the remaining pieces that are close to the particle location (next to the red dots).  (c) High 
resolution image shows the delamination of the top layer.  Image was collected at a rotated 180° 
with respect to others.  (d) A close-up view of area A1 shown in (a).  Arrows show molten Ti 
droplets on the surface.         
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Figure 5: Optical images of modified sites on multilayer coating with the SiO2 cap layer.  (a) 
Overlay of modified site after one laser shot at ~ 10 J/cm2 with Ti particle locations (red dots).  
(b) Confocal microscope image revealing the depth map of the modified site following one laser 
shot.   
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Figure 6: SEM images showing the modified areas on the SiO2 capping layer after one laser shot.  
(a) Low resolution image containing several modified sites.  The insert is the optical image at 
location B with the red dots indicating particle locations prior to laser shot.  (b) A close-up view 
of location B.  Within the modified area which represented by the polygon regions, there are 
directional trail-like features associated with each of them.  (c) A higher resolution view of 
location C showing trail-like feature.    
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Figure 7: Fluence dependence of the damage probability of HR mirror coating surface with two 
different protective cap layers at the location of Ti particles. Error bars represent the standard 
deviation of the corresponding binomial distribution for each fluence bin. 



24 
 

Figure 8: (a) Absorbed intensity, normalized by the maximum value.  The splotches at the front 
should be ignored.  (b) Absorbed intensity in the absence of the mirror (same color scale). 
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Figure 9: Schematics showing (a) distribution of absorbed laser light on the Ti particle surface 
and (b) expansion of the blowoff plasma, its burns of the mirror surface, and the recoil of the 
molten particle along the mirror surface. 
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Table 1: Mechanical parameters for SiO2, Al2O3, and HfO2 thin coating films. 

 

 

 

 
  E (GPa) ν α(1/K) x10

6
 

SiO2 73 0.17 0.55 

Al2O3 300 0.21 8.1 

HfO2 260 0.3 3.6 


