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   Development of Lightweight Beryllium Optics: The Infrared Technology
   Telescope Testbed
   Abstract: The use of Beryllium in cryogenic mirrors presents several
   problems that must be addresses before the lightweight and high
   stiffness characteristics of the metal can be realized. During the
   development of the SIRTF program, the ITTT technology demonstrator
   program developed a design that successfully solved these issues,
   producing an 85cm primary mirror with nearly diffraction limited
   performance at 6.5 m while operating at 5.5K. Key elements of the
   all-Be design were an innovative central metering tower, and the use
   of cryo-null figuring to overcome residual thermal distortion.
   Introduction: The use of cryogenic optics has enabled space-based
   telescopes to be able to see a heretofore hidden part of the spectrum:
   the infrared (IR). This is a very important part of the spectrum for
   viewing rapidly receding stars and galaxies, which would otherwise be
   impossible due to the Doppler shift that has made light from these
   objects invisible to the eye. Since all objects warmer than absolute
   zero glow in the infrared, trying to view in this spectrum with a
   “warm” telescope would be futile. Indeed, to view objects in the 1-20m
   range, the optics of the telescope must be chilled to 5-70K. This
   solves the visibility problem, but creates a host of other problems
   inturn. In order to minimize the focus shift caused by different
   materials (each with its own CTE) shrinking at different rates during
   cooldown, it is very advantageous to make the entire telescope –
   mirrors, support structure, etc. out of the same material. The choice
   of this material is also critical. Many materials would qualify, but
   few are light enough while being stiff enough to be considered for use
   on a space-based telescope.
   NASA had been studying candidate materials for the Space Infrared
   Telescope Facility (SIRTF, since renamed the Spitzer Telescope).
   Previous projects had successfully utilized fused silca and Beryllium
   for smaller diameter mirrors. Investigators attempting to design
   larger diameter optics had narrowed the choice down to reaction bonded
   optical (RBO) grade silicon carbide and Beryllium, and when the former
   material became unavailable, all work focused on working with the
   light weight metal. Finally, in 1993 the telescope system underwent a
   major redesign, resulting in a weight budget of less then 50 kg. In
   order to make sure such a goal was attainable, NASA decided to make a
   prototype system, called the Infrared Telescope Technology Testbed
   (ITTT), with similar weight and performance goals.
   Design: The ITTT is a Ritchey-Cretien Cassegrain, with two hyperboloid
   mirrors and a effective focal length of 10.2 meters. The field of view
   is 26 arc-minutes (diameter), and it has an imaging bundle of f/12.
   The design specification was for a diffraction limited system, so the
   rms wavefront error must be 0.07  or less at it’s design wavelength
   of 6.5 m. Simply scaling up previous designs would not meet the
   weight goals, so a novel integrated metering tower was created that
   combined a metering structure, secondary mirror support, and primary &
   secondary cone baffles into one lightweight design. This design is
   shown in Figure 1. The tower extends through central hole in the
   primary and attaches to a bulkhead below the mirror. The mirror also
   attaches to the bulkhead, through three kinematic flexures. A similar
   mounting method is used for the secondary. This design allows the
   mirror to be constructed with a relatively small base,
   
   Figure 1a, ITTT design featuring central tower.
   
   Figure 1b, Exploded view of the design.
   and therefore a single arch design with a central hub mount was chosen
   to minimize weight of the hub as well as the overall system, as shown
   in the Figure 2 cutaway. The primary mirror is physically 88.5 cm OD,
   29 cm ID, and is only 6 mm thick at its outer rim.
   
   Figure 2, Cutaway of primary mirror, showing single arch design.
   Materials: Some of the candidate materials studied early on are listed
   in Table 1, along with their properties. As can be seen, Beryllium
   appears to be a clear choice, allowing the optics and structures to be
   3X stiffer (E/3) than SiC for the same mass.
   Table 1: Candidate Materials for the ITTT
   
   Consequently, the ITTT was constructed almost entirely out of
   Beryllium (save the Titanium flexures and a few miscellaneous parts),
   and this presented designers with a problem. Owing to its hexagonal
   crystalline structure, Beryllium was known to be highly anisotropic.
   In addition, early testing with the metal showed that, if it was
   chilled down to near absolute zero, and subsequently warmed, there
   would be a permanent distortion in the shape. In order to eliminate
   these problems, a special manufacturing process (I-70-H) must be
   followed when preparing the metal. It starts with Beryllium powder,
   which is chemically cleaned and sifted to eliminate very fine
   particles. The powder is then Hot Isostatically Pressed (HIP’ed) at
   850oC and 103 MPa. This sintering process produces a more-or-less
   solid material, but without the anisotropic crystalline properties
   that lead to warping. The material properties for I-70-H Beryllium are
   shown in Table 1.
   Table 1: I-H-70 Beryllium Properties
   
   Fabrication: In order to eliminate lot-lot variations in material
   properties, all the key components need to be fabricated from the same
   lot of Beryllium. Three billets were prepared in this lot: one was
   reserved for the two mirrors and secondary mirror cell, one for the
   central tower, and one for the rest of the components. The material
   was annealed @ 785oC once after HIP, and after every major machining
   stage as well. Progressive machining was used to minimize stress. An
   acid etch followed every machining and rough grinding step. By the
   time it reached its final form, the metal had been annealed twice and
   etched three times.
   During the grinding & polishing phase, the mirrors were thermally
   cycled between 77K and 473K for more than a dozen times. The contour
   was measured during this process, first using a WEGU coordinate
   measuring machine, and ultimately with a null corrector lens in a
   center of curvature test. The end result was a mirror that had a room
   temperature surface figure of .1 rms @ 0.63 m over a clear aperture
   of 80 cm.
   Cryotesting: The primary mirror was tested in the SIRTF test facility
   at NASA JPL. Essentially this is a large vacuum chamber with an
   optical window, which can be cooled down to 4K. The mirror was mounted
   inside vertically downward and the system evacuated and slowly chilled
   down to liquid helium temperatures. Although the mirror was well
   within specification at ambient conditions, at cryogenic temperatures
   a series of concentric undulations had developed in the mirror. These
   resulted in a surface figure of .59 rms (4.30  peak-valley). After a
   considerable effort to make sure the error was in the mirror and not
   the test setup, it was decided to use a technique known as cryo-null
   figuring to return the mirror to its specified shape.
   Cryo-null figuring: This technique had been done successfully before
   on other mirrors.
   Essentially this involved figuring out where the high spots in the
   mirror were (relative to the ideal surface) and polishing them down at
   room temperature to form slight depressions. By making the high spots
   into low spots at room temperature, it was hoped that once chilled to
   its operating temperature, the mirror would “distort” into its ideal
   shape.
   For ITTT, the technique worked quite well. After refiguring, the
   mirror was returned to JPL and retested. A factor of 4 improvement was
   noted in the surface figure, which was now 0.15  rms (1.38 
   peak-valley), which while not quite to the goal of 0.07 was still
   good enough to demonstrate the process successfully.
   Conclusions: The ITTT demonstrator showed that Beryllium can be used
   successfully to make an ultralight telescope that provides near
   diffraction limited performance at cryogenic temperatures. Three main
   factors contributed towards this success:
     1. 
       The use of an integrated central metering tower that combined the
       functions of secondary mirror support, optical metering, and
       primary & secondary baffles.
     2. 
       The use of a stepwise manufacturing process that minimizes
       Beryllium’s tendency toward hysterisis:
         1. 
           Start with clean, fine grained, impact ground Be powder
         2. 
           Sinter with HIP
         3. 
           Use the same manufacturing lot for all parts
         4. 
           Use progressive machining for all steps
         5. 
           Acid etch after every machining & rough grinding step
         6. 
           Anneal @ 786oC after HIP and every rough machining step
         7. 
           Thermal cycle after the last machining step and after every
           polish step
     3. 
       The use of cryo-null figuring to remove the residual effects of
       temperature distortion.
   The result is a telescope assembly that meets SIRTF performance
   requirements and only weighs an estimated 29kg. This demonstrates that
   Beryllium can be baselined for use in future projects as well within
   the state-of-the-art.
   References:
     1. 
       ITTT: a state-of-the-art ultra-lightweight all-Be telescope.
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