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We have performed experiments to establish the feasibility of grazing-incidence metal mirrors for laser fluences up to 5 J/cm2 normal to the beam for extended periods of time up to 100,000 shots.  Mirrors were fabricated by diamond turning or polishing of alum​inum plates, by diamond turning of pure Al electro​plated onto Al alloy substrates, and by deposition of thin Al films onto highly polished SiC substrates.  Ex​tended laser testing with 20-ns, 248-nm laser pulses showed marked differences in the surface response due to the strong dependence on the material microstruc​ture.  Diamond-turned surfaces exhibited the greatest damage resistance.
I. Introduction

The grazing incidence metal mirror (GIMM) is a primary candidate for the final optic of a laser-driven IFE power plant1.  Although multi-layer dielctric mirrors offer much higher laser damage threshold as compared with metal mirrors, neutron irradiation effects in dielectrics such as color center formation and swelling are thought to rule out dielectric mirrors, especially for UV wavelengths2.


The construction of the mirror segments likely will include a stiff, radiation-resistant substrate such as sili​con carbide with a thin metallic coating, and environ​mental overcoats as needed.  The use of aluminum as the reflective material can provide absorptivity below 1% for s-polarized UV light down to 248 nm when used at an angle of 85˚ to the normal3.  Figure 1 shows the ideal reflectivity of Al vs. angle for s- and p-polarized light at 248 nm.


One of the critical issues for final optics is their survivability and optical quality over a period of months to years in the presence of several damage threats, including target emissions, chamber contamination and the high-fluence laser itself.  In this work we have concentrated on studies of the laser-induced damage characteristics.  Our goal is to provide an optic that passes a laser fluence of 5 J/cm2 normal to the beam for shot counts up to 108, which corresponds to 2 years of continuous operation in a power plant.
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Figure 1.  Reflectivitiy of s- and p-polarized light on pure Al at 248 nm4
II. MIRROR FABRICATION

Mirrors were fabricated by diamond turning, polish​ing, electroplating and thin film deposition.  Figure 2 shows examples of test specimens, which ranged in size from 1-2” in round or rectangular configurations.
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Figure 2.  Photograph of Al mirror test specimens

The natural oxide of Al is relatively dense and provides an effective barrier to further oxidation.  The thickness typically does not exceed 20-30 nm.  All experiments described below were performed using this simple natural oxide, although future research is planned on alternative environmental overcoats.

II.A. Diamond-turned foils


1-mm thick, 99.999% pure Al foils were bonded onto metallic substrates and then diamond turned at the General Atomics microfabrication facility.  These sur​faces are polycrystalline with relatively large grains, as shown in Figure 3.  Wyko surface height analysis indicates an average surface roughness of less than 5 nm (see Figure 4).
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Figure 3.  Grain structure of pure Al foils using SEM
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Figure 4.  Surface height profile of diamond-turned pure Al using white light interferometry
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Figure 5.  Surface height profile of polished pure Al using white light interferometry

II.B. Mechanically polished foils


1-mm thick, 99.999% pure Al foils were bonded onto metallic substrates and then polished at the UCSD Electron Optics and Microanalysis Facility.  A series of SiC sanding papers weres used to prepare surfaces.  Then polishing was performed using polishing wheels and three Al2O3 suspensions: 5 m, 1 m and 0.04 m.  The average surface roughness, as shown in Figure 5, is approximately 25 nm.

II.C. Thin film deposition on superpolished CVD SiC


Fully-dense superpolished CVD SiC (from Rohm & Haas Advanced Materials) was used as a substrate for various kinds of thin film deposition.  The initial SiC surface was polished to a flatness of 2-3 nm over the 30‑mm diameter and an average roughness of 2–3 Å.  These substrates then were coated with Al at Schafer Corp. by one of three methods: (1) magnetron sputtering up to 250 nm, (2) e-beam evaporation up to 2 m, and (3) a combination of sputtered adhesion layer followed by e-beam evaporation.  The matrix of tests was designed to establish the importance of both adhesion as well as coating thickness on the damage resistance of the mirror.


Thin film deposition of Al onto SiC suffers from a fundamental limitation due to the differential thermal expansion coefficients of Al and SiC.  Figure 6 shows the computed thermal response of a 300-nm coated SiC substrate at the surface, interface and various depths into the substrate.  The high thermal diffusivity of both Al and SiC help to reduce the peak tempeature, but also leads to relatively deep penetration during the pulse.  In this case, the peak thermal stress at the interface (as estimated using plane stress analysis) is ~40 MPa, which signifi​cantly exceeds the yield point of pure Al.  In order to avoid excessive thermal stresses, thicker coatings are desirable to allow the temperature spike to dissipate before reaching the interface.
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Figure 6.  Thermal response of Al-coated SiC subjected to 10-ns pulse of 10 mJ/cm2 absorbed energy


Unfortunately, production of thin films with thick​ness greater than 1 m is difficult.  Aluminum has a tendency to grow columnar grains, which exhibit them​selves as roughness at the surface (see Fig. 7).  Control of the ion energy by sputtering or the use of ion assis​ted deposition can help reduce the grain size5, but coat​ings thick enough to satisfy the thermomechanical con​straint of the Al/SiC system are difficult to produce with acceptable quality.
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Figure 7.  Surface height map using Wyko white light interferometry on a normally-polished SiC substrate sputter coated with 250 nm Al.


Nevertheless, we attempted to fabricate thick coat​ings in order to explore their surface morphology and damage resistance.  Figure 8 shows an example of the surface roughness after e-beam deposition of 2 m Al onto superpolished SiC. The absence of columnar grain growth with such a thick, low-energy evaporative coating was unexpected;  we believe the extraordinarily smooth substrate contributed to the amorphous nature of these relatively thick coatings.
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Figure 8.  Surface height map using Wyko white light interferometry on a superpolished SiC substrate with 2 m e-beam coating of Al.

II.D. Electroplated Al


Al 6061 substrates were electroplated with 50-100 m of pure Al at Alumiplate Inc., and then diamond turned at II-VI, Inc.  The surfaces have average rough​ness height of ~3 nm and grain size of the order of 5-10 m (see Figure 9).
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Figure 9.  Surface features of electroplated Al using optical microscopy (500x)

III. EXPERIMENT DESCRIPTION

Testing was performed using a 420-mJ Lambda Physik Compex 201 laser operating at 248 nm and repe​tition rate up to 10 Hz.  The pulse duration was approxi​mately 25 ns.  Figure 10 shows the arrangement of the experiment.  The beam is polarized with a cube beam​splitter and then attenuated using a half waveplate and second cube.  It is important to maintain a high degree of polarization;  leakage of p-polarized light will cause the absorbed energy to increase significantly (see Fig. 1).  Low-power operation using the attenuator is used primar​ily to clean and precondition surfaces, because the laser itself has a limited range of energy output.

[image: image10.jpg]viewing port

beam diagnostics

||
cube ZI

1/2 waveplate ——

/] |

cube dump

specimen
mount





Figure 10. Experimental setup for mirror damage studies.


The rectangular beam (7(22 mm) is passed through a plano-convex lens (fl=155 mm) to create a trapezoidal footprint on the mirrors with fluence increasing with distance (see Fig. 11).  This provides a range of fluences for each test;  damage usually occurs at the high-fluence side of the specimen.  The angle of incidence varies only a fraction of a degree from one end of the footprint to the other.
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Figure 11.  Focal geometry and beam footprint


All tests were performed at an 85˚ angle of inci​dence.  The laser fluence we quote here represents the energy density passing normal to the beam.  At 85˚, the footprint on the mirror is about 11 times larger than the area across the beam.  Since the reflectivity of Al for s-polarized light at 248 nm is approximately 99%, the absorbed energy (5 mJ/cm2) is approximately 1000 times lower than the incident laser energy (5 J/cm2).


Initial experiments performed in air resulted in chemical reactions at the surface due to the high photon energy.  Therefore, all experiments reported here were performed either in 1 atm of Ne or He, or a vacuum of less than 20 mTorr.  The gas backfill was used to prevent trace amounts of carbon (created by pump oil decomposition) from contaminating the surfaces;  an ultraclean high-vacuum system is currently under construction to remedy this problem.


The testing protocol included several single-pulse cleaning shots followed by 1 Hz operation at increasing fluences for several hundred shots each, and then extended operation at 5 Hz and the maximum fluence.  Shot counts up to 100,000 were obtained.  Proper pre​conditioning is especially important for thin films, which can be easily damaged by laser absorption in surface impurities.
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Figure 12.  Example dark-field image of a mirror with localized damage.


During operation, the mirror surfaces were moni​tored using both bright-field and dark-field imaging.  A HeNe probe laser was reflected off of the surface with​in the footprint of the main excimer beam and reflected light was detected using a 14-bit CCD camera.  Dark field images were obtained by focusing the HeNe beam after passing through the optic, blocking the beam at its focus and then recollimating the beam.  In this config​uration the main beam is blocked and only scattered light from defects in the surface arrives at the detector.  This provides a much more sensitive dignostic than bright field detection.  For example, Figure 12 shows a dark field image indicating damage sites on a 200-nm sputter coated mirror.  Direct imaging of the surface also was used to measure either coherent or diffuse light scatter from the surface.
IV. DAMAGE RESULTS
IV.A. Polycrystalline Metal Mirrors


Polycrystalline aluminum suffers from two inherent weaknesses, both of which are clearly exhibited in Figure 13, which is the result of only 50 shots on a polished mirror at 5 J/cm2 in vacuum.  First, grain separation is clearly evident.  Grain movement can occur from differ​ential thermal stresses across neighboring grains.  The process of mechanical polishing appears to stimulate grain boundary effects by introducing impurities and stresses into the system.


Secondly, Figure 13 also shows clear evidence of slip line transport.  Defects within the lattice of a single crystal can transport within the self-consistent inelastic stress field.  These defects concentrate in slip lines which eventually emerge as ordered roughness at the surface.6
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Figure 13.  Damage morphology of mechanically polished polycrystalline Al


Diamond-turned surfaces seem to be more resistant to these effects.  We exposed a pure Al sample to 50,000 shots up to 4 J/cm2 and saw no enhancement of the grain boundaries nor any evidence of slip line transport to the surface.  After exposure, no changes were observed as compared with the unexposed sample.

IV.B. Coated Substrates of Al on SiC


When thin films damage, they tend to do so in a relatively catastrophic manner.  Figure 14 shows optical micrographs of the surface of a SiC substrate sputter coated with 200 nm of Al after 23,000 shots at 4 J/cm2.  Small defects appear in the high fluence part of the footprint, presumably due to local detachment caused by cyclic thermomechanical loading at the interface.  Once the interface becomes weakened, heat transfer is impeded and the surface becomes even hotter.  Eventually, a small piece of the coating detaches completely and is vaporized by the subsequent laser pulse.
[image: image14.jpg]1ﬁm





Figure 14.  Damage morphology of 200 nm Al sputter coated onto superpolished SiC

For comparison, Figure 15 shows the surface of a SiC substrate e-beam coated with 1.5 m of Al after 87,000 shots at 4 J/cm2.  The surface survived signifi​cantly longer;  however, eventually the same fate befell this mirror.  In the vicinity of the severely damaged region, there is evidence of incipient damage sites.  Weak points throughout the beam footprint are growing, and presumably would end up as catastrophic damage sites at higher shot counts.
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Figure 15.  Damage morphology of 1.5 m e-beam evaporated Al on superpolished SiC

IV.C. Electroplated Al


Testing was performed on an electroplated mirror with 3-4 J/cm2 up to 100,000 shots.  After testing, optical microscopy and white light interferometry were performed.  No evidence of any surface changes could be found.

IV. Summary


Al mirrors were fabricated using several different techniques which resulted in different surface characteristics and morphologies.  These mirrors were then tested using 25-ns pulses of 248 nm light at fluences up to 5 J/cm2 normal to the beam.


Results highlight the potential deficiencies of poly​crystalline Al.  Cyclic damage normally occurs as a result of grain boundary and slip plane distortions at the sur​face.  Diamond-turned surfaces respond much better to cyclic loading than polished surfaces.  Smaller grains or fully amorphous microstructures are preferable in order to avoid grain separation and slip line transport.


Thin films can be formed with highly amorphous microstructures, but traditional thin film deposition tech​niques produce relatively thin coatings which are too delicate and too thin to avoid large interfacial stresses, which limit mirror performance.  Damage usually occurs as a result of defects in the coating or detachment from the substrate.


The ideal Al mirror would have a coating thickness greater than the thermal diffusion skin depth, but thin enough to take advantage of the desirable neutronic and mechanical properties of a SiC substrate.  Electroplating appears to offer the best combination of thickness and microstructure.  These mirrors survived 100,000 shots with no visible evidence of damage.  Future research will concentrate on filling in the damage database, including testing at higher fluence and higher shot counts, and on scaling the mirrors to larger sizes. 
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