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Abstract 

We report an investigation on the response to laser exposure of a protective capping layer of 1 (1053 nm) high-reflector 

mirror coatings, in the presence of differently shaped Ti particles. We consider two candidate capping layer materials, 

namely SiO2 and Al2O3. They are coated over multiple silica-hafnia multilayer coatings. Each sample is exposed to a 

single oblique (45) shot of a 1053 nm laser beam (p polarization, fluence ~ 10 J/cm
2
, pulse length 14 ns), in the 

presence of spherically or irregularly shaped Ti particles on the surface. We observe that the two capping layers show 

markedly different responses. For spherically shaped particles, the Al2O3 cap layer exhibits severe damage, with the 

capping layer becoming completely delaminated at the particle locations. In contrast, the SiO2 capping layer is only 

mildly modified by a shallow depression, likely due to plasma erosion. For irregularly shaped Ti filings, the Al2O3 

capping layer displays minimal to no damage while the SiO2 capping layer is significantly damaged. In the case of the 

spherical particles, we attribute the different response of the capping layer to the large difference in thermal expansion 

coefficient of the materials, with that of the Al2O3 about 15 times greater than that of the SiO2 layer. For the irregularly 

shaped filings, we attribute the difference in damage response to the large difference in mechanical toughness between 

the two materials, with that of the Al2O3 being about 10 times stronger than that of the SiO2. 
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High peak power laser. 

 

1. Introduction 

Surface contamination can lower laser damage resistance of high reflector mirrors made of dielectric multilayer coatings 

in high-peak-power laser systems, including the National Ignition Facility (NIF), Laser Megajoule, and OMEGA [1-3]. 

Handling and processing may contribute to contaminations, but the major contamination sources are components that 

surround the mirrors within the laser system [4-6], such as beam dumps and fasteners. Typical contaminants that have 

been found include both organic and inorganic materials, such as oil, polyester fibers, ceramics, metal/metal oxides, and 

alloys. In addition to having a large distribution of the chemical contents, contaminants also have a variety of 

morphologies including sphere, rectangular, or irregular shape.  

For high reflective multilayer coatings, adding an absentee overcoat or protective capping layer above the outmost layer 

has been shown to increase the resistance to laser-induced damage [7-9]. A similar strategy of adding a protective 

capping layer has also been adopted to extend the lifetime of multilayer mirrors in extreme ultraviolet lithography 

applications [10]. However, the underlying mechanism by which the coupling between the laser and contaminant causes 

damage to the protective layer is still elusive. In order to facilitate effective selection and design of capping materials and 

to develop a practical solution for contaminant removal, an improved understanding of the physical principles is 

desirable.  

An early study showed that the laser-induced damage to the reflective surface is strongly dependent on the contaminant 

composition and size, as well as the laser fluence [11]. In the present work, we extend that study to explore how the 

laser-induced damage depends on the contaminant shape. We use Ti particles, a common surface contaminant found on 
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NIF mirrors, having different shapes. One selected shape is spherical, and another shape is irregular (croissant like). To 

account for the role of the highly reflective surface, we utilize an oblique angle of incidence of the laser beam. 

Specifically, in the given geometry, we investigate the response of the capping layer under 45 oblique irradiation of a 

single pulse of laser light (1053 nm, p-polarized, fluence ~10 J/cm
2
, pulse length 14 ns), in the presence of both 

spherically- and irregularly-shaped Ti particles. The high reflector (>99.5% HR) samples were silica-hafnia multilayer 

coatings fabricated by e-beam physical vapor deposition (e-PVD). Silica-hafnia multilayers are commonly used for high 

reflectors in high peak-power laser systems which require high laser damage resistance [12, 13]. The capping layer 

materials are Al2O3 and the previously used SiO2 [8], respectively. Al2O3 is a large bandgap material with a large thermal 

expansion coefficient and high mechanical strength. It has been shown to have high laser-damage resistance [14-16]. 

Recent studies have demonstrated that this material can be successfully integrated with silica-hafnia multilayer coatings 

by e-PVD for large-aperture high-fluence laser systems [13].  

We find that under similar exposure conditions, the response of the capping layer to laser-particle interaction 

demonstrates a great contrast and is strongly dependent on the Ti particle shape. For aspherically-shaped Ti particle, the 

laser induced damage is more pronounced on the Al2O3 capping surface than on the SiO2 capping surface. The observed 

difference is attributed to heating of the substrate by the ablated plasma and the large disparity in the thermal expansion 

coefficients of the two capping materials, with that of Al2O3 layer being about 15 times greater than that of SiO2 [17]. On 

the other hand, for irregularly-shaped Ti particles, plasma mainly ablates outward, producing recoil momentum, and the 

laser-induced damage is more severe on the SiO2 surface than on the Al2O3 layer. This difference is related to the large 

difference in mechanical toughness between the two materials, with that of Al2O3 much greater than that of the SiO2. Our 

findings provide fundamental criteria for the selection of high laser damage resistance materials for different applications.  

 

2. Experimental Method 

2.1 Coating Sample Preparation 

The high reflector (>99.5% R) coatings were designed for a 1053 nm center wavelength, 45 angle of incidence, and p-

polarization application. The design utilized 35 quarter-wave layers of alternating hafnia and silica with a half-wave top 

capping layer of either Al2O3 (thickness: 360 nm) or SiO2 (thickness: 410 nm). The multilayer high reflector samples 

with different capping layer compositions were fabricated through physical vapor deposition 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 [18]. 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. The oxygen back-fill for the SiO2 and Al2O3 layers was optimized for thin film stress control 

while simultaneous not significantly impacting the deposited material stoichiometry [13, 19].    

2.2 Laser damage testing 

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

producing a 25 J, 1053 nm wavelength, 14 ns FWHM pulses of near diffraction-limited beam quality, single shot to 2 Hz. 

All fluence values, as 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 

approximately 6 x 6 mm
2
 square beam. The actual beam area on the substrate was ~0.5 cm

2
 due to the 45° angle of 

incidence. The peak fluence within the beam was typically two times the average fluence. The repetition rate of the laser 

used during these tests was 0.3 Hz. An additional camera was 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 was the 3
rd

 camera used 

during laser irradiation. It had sufficient resolution to observe the plasma generated during a laser shot. For the 

experiments reported here, the 3
rd

 camera was primarily used to identify possible damage during the conditioning shots 

prior to Ti particle application. A similar setup of the laser system is described in detail in [11]. 

Prior to contaminant-induced laser damage testing, the surface of each sample of capping layer materials was first laser 

conditioned by ramping the fluence from 1 J/cm
2
 to 15 J/cm

2
 in steps of 0.2 J/cm

2 
(1053 nm, 14 ns). Laser conditioned 

surfaces were then contaminated with evenly distributed Ti particles of either spherical shape or irregular-shaped filings, 
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which were sprinkled onto the test area by tapping a sheet of paper containing a layer of the particles approximately 30 

cm above the sample. The Ti spheres were purchased commercially (Goodfellow, USA) and the filings were home-made 

by filing a high purity Ti plate. The fabricated filings were then separated by size using particle sieves in 100 micron 

increments. The spheres had a nominal 30 ± 16 m in diameter, and the filings had an average length of 250 m and a 

width of 40-50 m. Each sample was placed vertically in the testing system with a beam incident angle of 45°.  

For the damage initiation study, the surfaces, with the deposited Ti particles, were exposed to a single shot of the laser 

pulse (p-polarized, 1053 nm, 14 ns) at an average fluence of 10 J/cm
2
. For damage growth investigation, the initiated 

damage sites at the locations of a Ti particle were exposed to sequential shots with a given laser fluence. Laser exposure 

was let out in sets of 50 shots at 0.3 Hz. The sample surface under laser irradiation was monitored in real time by an 

online microscope camera. Laser exposure was halted when damage grew rapidly over the entire testing area or when 

two nearby sites began merging together.  

2.3 Optical Microscopy 

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

View MicroMetrology) for particle distribution, damage morphology and topology, respectively. Analysis of images 

from both online (with resolution ~ 12 microns per pixel) and offline microscopes also led to the assessment of the 

evolution of the damage size in terms of the number of laser shots and to the calculation of damage growth coefficient of 

coatings with different capping layer composition due to the laser-Ti particle interaction.  

3. Results and Discussion 

The typical morphologies of Ti particles used for the current study are shown in Figure 1. While the commercially 

available Ti particles are all smooth surface spheres (Figure 1a), the homemade filings exhibit irregular shapes with a 

relatively rough surfaces (Figure 1b). The sprinkled Ti spherical particles on the Al2O3 capping layer surface are shown 

in Figure 2a. While variations in size are inevitable, the majority of the particles on the surface were approximately 30 

m in diameter. The apparently larger particles were usually aggregates of smaller ones. Exposure to a single shot laser 

at 45 off normal with an average fluence of 10 J/cm
2 
leads to damage on the capping surface which is characterized by 

the distorted oval features (white color) in Figure 2b. A comparison of Figure 2a to Figure 2b shows that nearly all of the 

damage sites are at the locations of a Ti particle. However, some damage sites appear at locations where no Ti particles 

are found, indicating that some particles were relocated during transportation of the test sample between microscope 

imaging and laser damage testing. However, no original particles were observed after the laser shot. The size of these 

damage sites ranged from a few m to approximately 400 m along the longer dimension. The damage sites had an 

approximate depth from the pristine layer ranging between 250 nm and 350 nm [17]. Since the capping layer was ~360 

nm thick, the result suggests that damage was caused by a partial to full removal of the capping materials at the damage 

sites.  

 

Figure 1.  Representative morphology of Ti particles from (a) commercially available Ti spheres and (b) home-made Ti filings. The 

Ti sphere shown has an 18 m diameter. The length of the Ti fillings shown is ~ 250 m; its width ranges between 40-50 m.  
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Figure 2: Optical images of the Al2O3 capping layer surface: (a) with spherical Ti particle sprinkled on before laser shot and (b) after 

a single laser shot. 

The distribution of Ti spheres on the SiO2 capping layer surface (Figure 3a) was similar to that on the Al2O3 capping 

layer surface. The surface was also modified at the locations of a Ti particle after one laser shot of identical conditions. 

However, the change in the capping layer is drastically different from that on the Al2O3 surface. There is no surface layer 

delamination. Instead the modified sites all show a depression or erosion from the original surface with the depth of 

approximately 150 nm [17]. On both capping layers, associated with the surface modification, there are trails of Ti 

droplets printing along the beam direction at the damage vicinity.  

 

Figure 3: Optical images of the SiO2 capping layer surface: (a) with spherical Ti particle sprinkled on before laser shot and (b) after a 

single laser shot.  

 

The response of the two capping layers to the laser-Ti filing interaction is opposite to that of the laser-Ti spherical 

particle interaction. With Ti filing particles, the interaction-induced damage is more pronounced on SiO2 than on Al2O3. 

Figure 4a shows the surface of the Al2O3 capping layer after the laser exposure. At the Ti filing location, there is 
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essentially no surface modification except one. Instead, the surface contains fragmented Ti particles at the original Ti 

locations. The shape of the resulting fragments (the dark spots in the image) resembles the original croissant shape of the 

Ti filings. Figure 4b shows the surface of the SiO2 capping layer after the laser exposure. Near the original particle 

location, fragmented Ti particles are observed. Along the beam propagation direction, the surface at the location where 

the fragmented particle resides is fractured. The side towards the beam direction, on the other hand, shows optical 

features similar to those observed in Figure 3b, which may result from a similar surface depression.  

 

Figure 4: Optical images of the capping layer surface after one laser shot at the presence of irregularly shaped Ti filings: (a) Al2O3 

surface and (b) SiO2 surface. 

 

 

Figure 5: Reflected camera images of the Al2O3 capping layer surface pre (a) and post 50 shots (b) at beam average fluence of 10 

J/cm2. 

Figure 5 shows reflected camera images of pre- and post- 50 shots at an average fluence of 10 J/cm
2
 on the Al2O3 capped 

surface after an initiation fluence of 10 J/cm
2 
at the locations of the spherical Ti particles.   The dotted circles in Figure 

5a are fiducials used to register local fluence of the damage sites. Several initiated damage sites are seen in the initial 

image. After 50 shots, several sites are seen to grow. The two sites that we monitored for understanding the growth are 

indicated in the figure by the two arrows (site A and B). The reason that the exposure was curtailed at 50 shots is that the 

Damage site A

Damage site B

6.2 mm

a b
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two damages sites were starting to merge. The two apparent growing sites show directional growth, with the vertical 

direction being the fast-growing route.   
 

 

Figure 6: Reflected camera images of the SiO2 capping layer surface pre (a) and post 138 shots (a) at beam average fluence of 25 

J/cm2. 
 

Figure 7: The dependence of the effective circular diameter of the growing sites on the number of the sequential laser exposure on the 

two different capping layers. 

Figure 6 shows the reflected camera images of pre and post 138 shots at an average fluence of 25 J/cm
2
 on the SiO2 

capped surface after an initiation of 10 J/cm
2 
at the locations of the spherical Ti particles. Although no initiated sites are 

visible in the pre-shot image, it was confirmed by offline microscopic analysis that there were several initiated sites in 

the investigated region. Laser exposure was stopped at 138 shots as the two growing sites began to merge with other 

adjacent small sites. The dotted circles in Figure 6a are fiducials used to register the local fluence of the damage sites. 

After ~50 shots, several sites are seen to grow. The two sites that we monitored for understanding the damage growth are 
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indicated in the figure by the two arrows (site A and B). Similar directional growth modes are also observed in the two 

apparent growing sites, which show that the vertical direction is the preferred growing direction.  

The average effective circular diameter of the two growing sites is displayed in Figure 7. For both capping layer 

materials, the damage growth or the rate of change of the effective diameter of the damage sites exhibits similar and 

nearly linear dependence on the number of laser shots; although the capping layers are made of different materials and 

post-initiation fluence exposures are different. The data are fitted by a straight line using least squares and the slope of 

the fitted straight line is summarized in Table 1. 

 Table 1: Summary of the damage growth coefficient on two different type of capping layers 

 

 

 

 

 

Figure 8.  Schematics showing the laser induced plasma formation and particle recoil on reflective surface with (a) a spherical Ti 

particle, and (b) an irregularly shaped Ti particle. 
 

Laser light impinging on a metal can elevate its surface temperature. If the fluence is sufficiently high, the surface 

temperature can rise beyond the vaporization temperature. Subsequent interaction between the laser and vapor can cause 

further temperature elevation and result in plasma formation. Depending upon the beam direction and the shape of the 

metal particle, the thermally-active plasma plume may or may not intercept the surface on which the metallic particle 

resides. In our earlier estimate [17], the fluence threshold for plasma formation was about 4.4 J/cm
2
 for a 14 ns pulse. 

Thus under the present irradiation of 10 J/cm
2
, plasma formation is expected. Besides transporting thermal energy, the 

formation of the plasma at the Ti particle surface can also lead to the recoil of the fragmented droplets and the remaining 

Capping Material Exposure Fluence dD/dN (mm/per shot) 
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2
O

3
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particle itself. The recoil momentum depends on the ejection direction of the plasma, which is strongly correlated to the 

shape of the particle.  

For a spherical particle, the combination of oblique incidence and reflective surfaces between the sphere and the 

substrate leads to an increased absorption on the Ti surface. An analysis of this process has been given in Ref. [17], 

showing that the maximum laser absorption occurs at an angle of 80 from the surface normal (on the side toward the 

incoming beam). Consequently, plasma is produced; expanding toward the beam incidence direction and intersecting the 

capping layer (Figure 8a). In turn, the hot remnants are expelled in the opposite direction along the capping layer surface. 

Each of these processes can lead to surface modification or damage, depending on the thermal-mechanical robustness of 

the capping materials. Because the thermal expansion coefficient of Al2O3 is 15 times larger than that of SiO2, the 

thermal-induced mechanical stress on the Al2O3 capping layer is significantly larger that experienced by the SiO2. The 

mechanical stress differential between the Al2O3 capping layer and the layer below can lead to the observed delamination. 

This mechanism is illustrated in Figure 8a.       

For the irregularly shaped Ti particle, under similar laser fluence, plasma formation is again expected. However, because 

the Ti filing particles lie mostly flat on the surface, multiple reflections between the substrate surface and the surface of 

the metal particle are greatly diminished (Figure 8b). Thus we do not expect an increased absorption like that observed in 

the spherical particle. Consequently, the surface plasma will primarily be along the beam incidence direction of 45. The 

overlap between the plasma and the capping surface is expected to be small. Similarly, the ejection of the plasma plume 

will result in the recoil of the remnants mostly along the beam propagation direction. Since the recoil angle is around 45, 

the vertical component of the recoil momentum will be over 4 times larger than that with the spherical particle, 

potentially delivering a large mechanical impact on the capping surface. Because the mechanical toughness of Al2O3 is 

10 times larger than that of SiO2, we hypothesize that this disparity is responsible for the observed difference in response 

to laser-induced damage. Furthermore, the strong mechanical toughness along with the large vertical recoil momentum is 

responsible for the fragmentation of the Ti filing on the Al2O3 capping layer. This mechanism is depicted in Figure 8b.  

4. Conclusion

In summary, laser damage testing at oblique incidence shows that the laser-contaminant interaction on HR multilayer 

coatings leads to modification or damage to the surface protective capping layer. The damage behavior is strongly 

dependent on the shape of contaminant particles and composition of the capping material. For laser interaction with a 

spherical Ti particle, the damage is related to the thermal properties of the capping materials. For laser interaction with 

irregularly-shaped particles, the damage is related to the mechanical property of the capping material. Specifically, in the 

presence of the spherical Ti contaminant, the Al2O3 capping layer shows much more severe damage than that of SiO2, 

because Al2O3 has a thermal expansion coefficient that is 15 times larger than that of the SiO2. On the other hand, in the 

presence of the Ti filings, the damage on the SiO2 capping layer is more pronounced as the mechanical toughness of 

Al2O3 is 10 times larger that of SiO2. In terms of the growth of the initiated sites, preliminary results show that damage 

size grows linearly with the number of exposing laser shots. Overall, our results suggest that a material with a strong 

mechanical toughness, but a small thermal expansion coefficient, may be effective for use as a capping material to 

protect against debris-induced laser ablation and damage on 1 high power dielectric coating mirrors.    
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