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In this paper we discuss the desirability of developing high performance, durable coatings for moderate-sized mirrors used in large telescopes and their instrumentation.

The investment in ground-based optical-IR telescopes has grown remarkably over the last two decades.  For example, the 2000 Decadal Survey, A New Millenium..." tallied up nearly a half billion dollars investment in new facilities: Keck, Gemini, Magellan, MMT, HET, LBT, WiYN, and SOAR. Much of the motivation for this growth spurt came from the preceding leap in the capability of existing telescopes through new CCD and infrared detectors that had made existing facilities far more powerful.  Another potent factor was NASA's brilliantly successful "Great Observatories" program which opened whole new areas of astronomy which, in most cases, required tactical support from large aperture ground-based facilities.

The boon afforded by improving detectors in the 80's and 90's has continued in this decade, particularly in enhanced performance for near-to-mid-IR detectors, and --- for both optical and infrared --- increasing the size of single and arrayed detectors.  However, these detectors are

approaching their theoretical limits, and more advanced technologies such as energy-resolving detectors remain a decade or more in the future with respect to large arrays.  As yet-ever-fainter surveys target everything from individual stars in local galaxies to the earliest galaxy building

blocks, astronomers strive to construct giant 30-m scale telescopes, and an 8-m telescope that can scan the sky in a week --- facilities that dwarf the ambitions of astronomers only a generation ago.

When amortized over 20-30 years, the costs of construction and operation for the present generation of 6-10 m telescopes are running to tens of thousands of dollars per night; for the next generation telescopes these costs will exceed a $100,000 per night. Clearly, every effort needs to be made to operate these facilities efficiently and to extract the maximum amount of science from them.

A modest technical advance can make one such difference --- improvement of the reflective coatings on secondary and auxiliary mirrors.  For the most part, astronomical telescopes still rely on aluminum evaporation in large vacuum chambers for both primary and secondary mirrors, a technology developed early in the 1930's.  At best, these coatings reflect 92% of the light when new, and performance degrades steadily as the coatings oxidize and as dust adheres to the surface. Reflectivity typically drops to 80-85%, even in a relatively clean and dry environment, so that these coatings are typically re-applied every year or two.

If multi-layer coatings can be built up in a uniform manner, both the performance and durability can be improved.  The Gemini project has taken a step in this direction by producing a silver coating for its primary, secondary, and tertiary mirrors. In this case sputtering metals from magnetrons has been used to deposit a coating that has higher reflectivity than a bare aluminum coating, particularly in the mid-IR. The correspondingly lower emissivity that offers a substantial advantage for mid-IR astronomy.  This coating has an expected lifetime of only two years, however, and has poor UV reflectance.

The technology of more advanced coatings has surged far ahead in this decade.  Various protective overcoats can be applied to enhance the reflectivity and durability of aluminum coatings.  Perhaps the most promising is a process developed at Lawrence Livermore National Laboratories.  Carnegie Observatories' astronomers collaborated with LLNL to acquire and field test a 20-layer coating that has both high reflectivity and extraordinary durability.  Mirrors for the new Magellan Echellette spectrograph and the 50-cm secondary mirror of the Swope 1-m

reflector at Las Campanas  were coated in February, 2004. LLNL had the capability of depositing this coating on optics up to 80 cm in diameter in a small R and D coating chamber at the Livermore facility. Figure 1 shows the theoretical prediction of the reflectivity of this coating, 96-97% from 300nm to 2000nm.  Actual measurements in the lab of witness samples and the coated spectrograph and telescope optics showed that this goal was almost reached --- reflectometer readings were 95-96%. Considering the number of layers and the tight control of layer thickness that is required, this is a very good result.  Furthermore, the coating is highly durable and can be repeatedly cleaned and  more aggressively than is possible for ordinary aluminum coatings using cleaning solutions and wipes.
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The coated secondary mirror of the Swope telescope has been in operation for 5 years.

The reflectivity of this mirror has recently been measured at 94%, less than 1% degradation during 5 years of exposure to  the elements.  Although dust accumulation is small in a downward-looking mirror, this performance can be expected for any such mirror because, unlike bare aluminum, dust can be removed much more effectively.

LLNL scientists Norman Thomas and Jesse Wolfe described the basic approach at the 2000 SPIE

Munich conference (Optical Design, Materials, Fabrication, and Maintenance, SPIE: 4003-49, poster paper). The detailed design of the coating is disclosed in United States Patent 6078425. The coating LLNL applied on the Carnegie mirrors in 2004 has a serious drop in sensitivity at 10-microns due to SiO2. Wolfe has expressed confidence that further development should allow this drop to be pushed out to 24-microns.

Because of the tight tolerances on the many layers, this coating is not likely to be applied on the scale of a primary mirror.  In particular, the deposition of two uniform  layers of NiCrN (less than 5 angstrom thick) and layer of SiN (less than 50 angstrom thick), are the greatest challenges. However, the success of this experience at the 1/2-meter scale suggests that mirrors up to 1.5 or even 2-m could be coated with this process.  This would include, for example, both the secondary (1.4-m) and tertiary (1.2-m) mirrors of  the Baade and Clay Magellan telescopes, the secondaries of the 4-m Mayall and Blanco, WiYN, and SOAR telescopes, among others.  Indeed, a 2-m chamber could accommodate the primary mirror segments of the Keck telescopes and the proposed TMT, solving the very difficult problem of how to keep these telescopes at peak performance.

If such coatings could be applied to the Magellan f/11 secondaries and tertiaries, the telescope would achieve a 20% gain in throughput compared to the average performance of its aluminum coatings of 85%.  An additional operations gain would be realized because of the durability of the coatings. This corresponds to an extra 70 nights per year per telescope, or over $6M dollars per year with the value of Magellan time ascribed in the TSIP accounting.  The investment to build such a coating facility is likely to be in the $5M to $10M range (a reliable cost estimate would need to follow a detailed design study), but it is clear that the project would be amortized in a couple of years, even for just the Magellan operation.  The overall potential is clearly much greater.  Transport of mirrors to the facility, wherever it is located, would entail risk, but because the coatings would be long-lived, this risk would be minimized.

The development could be continued at a DOE facility or funded by NSF to be carried out at an astronomical facility, or at a commercial company. Carnegie in particular has been interested in developing and hosting such a facility, but there are many other options, including development and siting at NOAO or Keck.    Our purpose in writing this paper is to call attention to the potential benefit to the ground-based OIR community of such a facility.  In the long term, the impact on telescope productivity and operation could be substantial, with an investment that is only a small fraction of the scientific gain.

