Finishing an engineered lightweight 396mm CA, f1.376 concave spheroid.
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Dream recently finished a 424mm physical OD engineered lightweight mirror.  The borosilicate-based bubble-free mirror was designed, engineered, cast & annealed, then fully processed inside Dream’s 7000 square foot Nazareth, PA dedicated facility.  The profile of the mirror is a mild double-conical.  The mirror has an edge height of 63.5mm.  Over the Clear Aperture (CA) the aspect ratio is 6.2:1, yet the mirror weighs only 4.32 kgs.  

The mirror is rather steep at f1.376 over the Clear Aperture (CA), which can visually be seen in Fig. 1.  The mirror has a face that is only 3mm thick, which is 40% thinner than previous mirrors Dream has processed in this size.  Dream was able to finish this mirror with no detectable print through and to a very smooth finish while using an over-arm machine.
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Fig. 1: The 396mm CA bubble-free, double-conical, polished lightweight mirror. 

This is one of three different mirrors and dedicated carbon fiber mirror mounts that Dream produced entirely in-house for a client’s Adaptive Optics (AO) project.  Dream goes through an iterative process that lets Finite Element Method (FEM), which uses Finite Element Analysis (FEA), show what the current lightweight mirror design will do.  There are two distinct cases that are analyzed; 

· polishing displacement and 

· gravity displacement

The polishing displacement is an evaluation of how the mirror will perform during grinding & polishing.  Gravity displacement is an evaluation of how the finished mirror will perform in final use, normally evaluated for a few different angles.  Designs are modified and analyzed over and over until design goals are met.

The history of lightweight mirrors is based almost exclusively on simple, repeating geometry with very few (design) degrees of freedom.  Conventional lightweight mirrors put far more complexity and engineering into the mirror mount than the geometry of the lightweight mirror itself.  This is often driven by an inability and/or unwillingness to cast more intricate shapes and/or is based on a belief that thickening the face is the best way to deal with print through.

Dream has never approached the design process in this way.  We place performance over ease of fabrication.  Simple lightweight mirror designs often require more complex and difficult to use mirror mounts.  In many cases time gained by using simplified designs is lost later on; either due to more complex mirror mounts or more difficult processing of the mirrors.  Dream’s mirrors have always been optimized to a level that is uncommon to unprecedented.  Dream is designing & optimizing both the mirror and the mirror mount simultaneously.

Engineering has shown that even after 13 years of design and engineering experience we can still typically improve an initial design by a factor of two.  Although our experience and library of existing designs allows us to quickly create a new initial design, as well as optimize it quickly, the exact location and geometry of each rib is important and can only be done through real engineering.

Dream has been designing and fabricating carbon fiber components, designing & engineering lightweight mirrors and designing optical systems since 2003.  Since the start of Dream the composite work has always been designed from the ground up for the unique and extreme requirements of opto-mechanical systems.  Even before Dream was formed on paper it was impossible to convince outside composite shops of the significance of stiffness, low Coefficient of Thermal Expansion (CTE) and extreme part consistency, which is a requirement for high-performance opto-mechanical structures.  This was an early lesson illustrating that an outside vendor’s ability to make a “part” was not in and of itself enough to make a part that works properly.  R&D began for the in-house fabrication of dedicated Carbon Fiber (CF) and Carbon Fiber skinned Sandwich Core (CFSC) parts & assemblies for opto-mechanical instruments.

[image: image2.jpg]





[image: image3.wmf]
Fig. 2: 1.85 pounds CFSC strut  with 200 pound load.


Fig. 3: CFSC truss structure.

In 2008 Dream started casting lightweight mirrors in-house, due to two major outside vendor issues; as-designed versus as-cast variances and delivery.  Bringing casting & annealing in-house was beneficial for reasons other than the obvious; reduction in variance and timely deliveries.  It continues to give Dream the ability to try new rib shapes, new overall mirror profiles and to know & push the limitations of the entire process.  As a designer this is impossible to do while using an outside vendor.  This led Dream in directions that would not have been possible using outside vendors.  Dream has developed tapered ribs, back flanges and bubble-free castings, as well as the ability to cast near net shapes in the optical faces, regardless of the optical surface required; plano, convex and concave.
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Fig. 4: Partial CAD model of 0.6m custom Dream R-C telescope.
Fig. 5: 0.6m custom Dream R-C finished telescope..
Over the 13 years Dream has been designing, engineering, supporting and using lightweight mirrors we’ve had numerous traditional opticians tell us, as well as our clients, that thin-faced and/or thin-featured lightweight mirrors cannot be processed with conventional equipment.  The most common reason given is large scale print through; high Mid-Spatial Frequency (MSF) errors.  Our engineering has never supported these claims, since polishing displacement is one of the cases we evaluate during the design phase.  Even the thin-faced 396mm CA mirror was designed using our typical 0.25psi of polishing pressure.  For a 0.4m mirror and full diameter tool, that’s a tool that weighs 22.7 kgs (~50 pounds).

Over the course of years we would intentionally leave a mirror’s face thicker.  However, we would still receive the same comments from outside opticians.  We never found the threshold at which they stopped blaming the mirror itself for patterns they were producing.  In some cases we were sent images of the surface and told there was “print through.”  In fact it was simply annular ring zones caused by leaving their sub diameter tool in fixed locations for too long.  Those ring zones did not coincide with Dream’s rib geometry.  This type of zone(s) is one of the most common artifacts of using sub-diameter grinding and polishing tools.  It occurs on all mirror types, not just lightweight mirrors.

Our clients and Dream need the type of lightweight mirrors that we produce because of the numerous optical, mechanical and thermal benefits.  For the vast majority of applications a morphed version that is halfway between a full-thickness solid mirror and what Dream is capable of producing is not what is needed.  Such a product is leaving one foot firmly in the 165+ year-old solid glass mirror “technology” past while greatly restricting optimization, which produces numerous layers of performance losses.  In some project cases this prevents their use altogether because they are too heavy, have too much inertia and/or simply cannot achieve the optical performance due to thermal issues.

It has taken over a decade to very slowly obtain information from traditional opticians because many view their work as a “black art.”  They don’t want to tell outsiders even the most basic information.  There’s nothing wrong with protecting a company’s intellectual property.  However, if an optician truly believes what they are doing is art, then it should not surprise anyone that fundamental information, like polishing pressure, is not scrutinized or logged.  

In an extreme example the optician was using a small tool at 45-90 times higher pressure than our 0.25psi design criteria, even though we told them before the first mirror was cast what pressure it was going to be designed for.  Using the 0.4m example and full-diameter tool this means their tool would have weighed 1-2 tons!  

Given polishing pressure affects the temperature of the tool, and pitch is extremely sensitive to temperature changes, one might think it would be standard practice for all shops to record polishing pressures.  We’ve seen through experimentation and the use of an IR gun that increasing the pressure can have an unexpectedly large impact on the temperature of the pitch.  In 13 years we have been unpleasantly surprised by how few actually record this easy to calculate and valuable parameter.

Dream spent close to a decade trying to get outside opticians to understand the value of our engineering, as well as showing them successful examples.  It fell on deaf ears because most had already made up their minds that any problem with the surface must be caused by the mirror.  They would pass their beliefs on to the customer.  As one customer pointed out, if no optician is willing to work the lightweight mirror and/or can’t finish it to the quality level required, then it doesn’t matter what Dream’s engineering shows.  Although this is a valid point, we were not willing to accept this.  This was the main reason Dream started doing polishing work in-house.
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Fig. 2: Dream lightweight 0.6m mirror with CF load spreaders.
Fig. 3: Closer view of 0.6m showing CF load spreader.

We needed to prove to ourselves that the myriad of statements made by outside opticians were baseless.  The 396mm CA mirror was a perfect opportunity because of numerous design features that fly in the face of what we’ve heard countless times.  We’ve known for years that there are layers and layers of variables within anything complex.  There can always be that chance that our engineering was not accounting for something.  The work to the 396mm CA mirror has proven that even this fairly extreme mirror can be processed using the most common and affordable type of polishing machine; an over-arm machine.

The weight, thermal time constant and numerous gravitational penalties of a thick face and thick features, including everything downstream from the mirror itself, are substantial.  These go mostly unnoticed because of the difficulties of getting a quality lightweight mirror, having it processed correctly and because there are so few examples in circulation.  The benefits are easy to see, even with simple means.  Even when this mirror was 5°C different than ambient test temperatures, the mirror’s boundary layer thermals would disappear in 20-30 seconds.  We have never seen equalization performance like this before and we’ve been dealing with lightweight mirrors for 13 years.  Those engineers who truly understand the thermal issues within and around optics will recognize that this is a paradigm shift.

Fig. 4 shows a null image of the 396mm CA mirror with high MSF.  Changes to the pitch-based polishing tool and a change to the eccentric drive of the over-arm machine were then made.  Fig. 5 shows the result of those changes.  The changes made were fairly small and simple.  All work was done with tool on top in our polishing room; 68°F, +/-1°F year-round and humidity controlled.  
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Fig. 4: Null test of 396mm CA showing high MSF.

Fig. 5: Later Null test of 396mm CA showing extremely low MSF.

The mirror’s rib pattern can be seen through the polished face in Fig. 6.  When compared to Fig. 4’s null image it appears the radial and annular ring ribs are printing through to the optical face.  However, no settings were changed between the Fig. 4 optical surface and the Fig. 5 optical surface.  Both used the same; pitch, polishing pressure, stroke location, stroke length, stroke speed, spindle speed, polishing compound, room temperature, etc.  We’ve seen a very similar pattern shown in Fig. 4 but from a solid mirror.  Although visually it looks like a good match to the ribs of this lightweight mirror, this work has shown that it does not mean the high MSF is coming exclusively from the lightweight mirror itself.  If it were, then Fig. 5’s surface would still show print through, since we did not change the polishing pressure.
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Fig. 6: 396mm CA view from the polished face side of the mirror, showing the rib design.
Fig. 7 shows how the high MSF can still be seen, even away from the Ronchi null, in this outside COC image.  Fig. 8 shows the smoothed surface.  Like the traditional star-test of a telescope, the closer one is to focus, the more sensitive the test.  Conversely, the farther away from focus one can still see errors, the larger those errors will be and the greater affect they will have on the focal plane performance.
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Fig. 7: Ronchi test 396mm CA mirror outside COC; high MSF.
Fig. 8: : Ronchi test 396mm CA mirror outside COC; low MSF.

Fig. 9 is the same as Fig. 4 but is shown again to provide a side-by-side comparison to interferometry data shown in Fig. 8.  A 4D Technology PhaseCam dynamic, phase-shifting interferometer was used to look below the astigmatism, the largest error of the surface, to quantify the surface features seen in the Ronchi image.  The mirror was zenith pointing, which is a more appropriate angle for this mirror’s final use.  The pineapple ring-like feature near the center of Fig. 4 & 9 was L/35 RMS (surface) in scale.  The bulk of the mirror was around L/100 RMS (surface).  Clearly print through is not a problem, even with this rather extreme mirror.
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Fig. 9: Dream lightweight 396mm CA null image.



Fig. 10: Dream lightweight 396mm CA interferometry.

The client’s target radius for this mirror was 1089.9mm, with a +/-1mm tolerance (+/-0.092%).  During production Dream used a carbon fiber radius rod that Dream purpose-built and was quantified to 1089.9mm, +/-0.025mm by an outside shop.  It’s CTE was +/-0.2ppm/°C.  This provided a simple and quick means of initially working the surface to meet the radius requirement, then checking that radius during any optical testing iteration.  The as-measured radius was 1089.69, +/-0.050mm, which is off by ~0.3mm (0.028%), but well within the client’s +/-1mm tolerance for this mirror.

The simple changes made also gave us better control of the overall figure of the mirror, due to the greater consistency in tool performance.  Consistency is a must when working any optical surface because it offers the greatest level of control.  Variables abound in optical finishing work.  Dozens to hundreds of these types of variables are things seasoned opticians should have learned in their first few years of polishing on a daily basis.  Yet the mysticism surrounding lightweight mirrors has persisted for nearly 100 years.

What we’ve seen is that the machine and the tool influence the smoothness, figure, control and consistency of the optical surface far more than one might imagine.  We’ve also seen that there are a huge number of variables, which can each influence the optical surface in a fairly large way.  These are now assets for Dream because we are less blind to those issues.

Our experience has shown that the same attention to detail that can make a solid mirror smooth, as well as provide better control over the process, can provide the same benefits for a lightweight mirror.  We don’t have any secret sauces or nano-level controlled machines.  A deeper understanding of material properties, environmental variables and our engineering expertise has helped us the most.  

The traditional opticians’ claims that conventional machines cannot be used to finish lightweight mirrors and that all lightweight mirrors have print through are obviously not true for everyone.  Dream has and will continue to disprove these long held beliefs surrounding lightweight mirrors.  Those beliefs are the largest reason lightweight mirrors are not used more often.  The lightweight mirrors benefits are enormous but like anything that is not commonplace, very few truly understand the level and breadth of the benefits.  Even after 13 years we still feel that we are only scratching the surface of what can be done.

I would like to thank the small group of outstanding professionals that each has 30-40 years of experience in optical metrology and working truly precision surfaces.  It took more than five years to slowly track down this group of individuals and I want to acknowledge their contributions.

Thank you.
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