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1. Introduction

The NGAO System Design Systems Engineering Management Plan (KAON 414) provides the following definition for this trade study (WBS 3.1.2.1.3): “Consider relative performance, cost, risk & schedule of an NGAO implementation based on an ASM.  Quantify the benefit of an ASM to both NGAO and non-NGAO instruments.  Complete when NGAO baseline architecture selected.”  The performance benefit to non-NGAO instruments has already been addressed in KAON 472 and the NGAO baseline architecture will be selected after this KAON is completed.  This KAON will therefore concentrate on the pros and cons of an Adaptive Secondary Mirror (ASM) for NGAO.  In addition, there would be a benefit to the overall static wavefront error of the telescope that will also be discussed.

Section 2 addresses the requirements on an ASM for the NGAO application.  Section 3 discusses the performance benefits for AO, conventional and GLAO observing.  Technical aspects are presented in section 4.  Cost, risk and schedule are addressed in section 5.  

2. Requirements

If we assume that the ASM is optically identical to the existing f/15 secondary mirror then it would have the following properties:

· Radius of curvature = -4.7379 m

· Conic constant = -1.644326

· Diameter (0º field of view) = 1.310 m

· Diameter = 1.399 m

This secondary produces a final focal ratio of 149.583 m with a focus located 276 mm beyond the elevation journal on the Nasmyth platform and a focal radius of curvature of 2.1236 m.  Note that 1 mm of secondary piston moves the focal plane by 72 mm and introduces 1.2 µm of peak-to-valley spherical aberration.

Other ASMs would potentially be possible.  There are however a number of factors that would favor an ASM identical to the existing f/15 secondary.  These include the ability to use the ASM with existing instruments (f/#, focus location, pupil location and field size are all important to reusing instruments), removing the requirement to have top end changes and the ability of the f/15 and ASM to act as spares for each other.

The ASM must provide adequate space behind it to house the laser launch telescope and associated hardware.  There is adequate space with the existing f/15 secondary mirror.  Although a Gregorian ASM would be attractive for fabrication/testing reasons it would probably not allow adequate space for the laser launch telescope.

Power, heat dissipation and glycol cooling requirements would need to be considered for the ASM.  

Recoating would also need to be considered and appropriate requirements would need to be generated.  The mirror itself would be small enough to be coated in our existing coating chamber, however we would need to understand the issues and risks associated with this optic.
If we chose an ASM approach for NGAO then we would either need separate AO systems for the interferometer (OHANA could probably be made to work with different AO systems) or somehow compensate for the differences between the AO systems or have ASM based systems on both telescopes.

3. Performance and Design Impacts
NGAO:
· An ASM offers the lowest emissivity and highest throughput option to the science instrument since it is no longer necessary to have a separate tip/tilt mirror or to re-image the telescope pupil onto a deformable mirror (at least 4 reflections are saved).

· An ASM combines the tip/tilt, DM and chopping roles all on the same mirror and therefore provides a more stable thermal background as well, and one that is easier to subtract.  

· An ASM could potentially be used to replace one or more of the tip/tilt mirror, chopping and DM roles for the existing AO systems (replace the DM with a flat?) if a Keck AO upgrade path were chosen.  

· There will still be the issue of picking off light for wavefront sensing and dealing with field rotation.  A new issue is that the DM (ASM) will be rotating with respect to the wavefront sensing.

· Space for a laser launch telescope behind the secondary mirror could be built into the ASM design, as opposed to design into the existing secondary mirror module.

· The use of an ASM could also allow the AO system to be physically smaller which might allow small field AO systems and science instruments to be placed at Cassegrain.  This could also allow the existing AO systems to be left at Nasmyth to feed the Interferometer.  Cassegrain would also be the best location for the near-IR deployable IFU since low emissivity is a critical requirement for the extragalactic science.

Conventional (non-NGAO) Observing (assuming that the ASM is designed to replace the existing f/15 secondary):

· The ASM could be used to correct static telescope aberrations (using PCS), such as high frequency errors on the secondary and segment warping residuals, and even slowly varying aberrations versus elevation (using PCS) or time (if we had a wavefront sensor as part of a guider; i.e., MAGIQ). 

· The ASM could potentially be used to correct for vibrations both on a global tip/tilt/focus scale and on an individual segment scale providing we have the appropriate vibration sensors.

· Note that a bright NGS anywhere in the field could be used to provide fast global tip/tilt/focus, and potentially higher order corrections, from a high bandwidth wavefront sensor to the ASM.

· Accelerometers on the telescope structure and/or the individual segments could provide global and individual segment vibration information to the ASM.

· The existing secondary mirrors have several issues that could be addressed by an ASM.  Addressing these issues would be an additional benefit of an ASM and are not, by themselves, a justification for an ASM (since many of these items could be addressed with a less expensive new secondary mirror). 

· The K2 f/15 secondary has a rolled edge.  

· There are several issues associated with stability and repeatability:

· The existing secondary mirror or mechanism may be responsible for the observed focus jumps.

· The existing secondary mirror vacuum system can be unreliable in properly supporting the secondary against its defining points.  There is no remote indicator to tell us that the mirror is against its defining points.  

· The existing secondary mirror module defining point installation into the top end may not be repeatable, and quite likely flexes versus elevation, and there is no remote indicator to tell us that the module is properly installed. 

· The existing secondary mirror focus/tilt stepper motor mechanism could be replaced.   

· The existing secondary mirror focus mechanism has a very slow response time which makes it difficult to use for continuous focus correction.

· The existing secondary mirror vacuum system is a source of vibrations.

· The existing K1 secondary tip/tilt/focus mechanism has a shortage of spare parts.

· The mercury girdle is undesirable.  

· We have no spare secondary (the existing f/15 secondary could be a spare for the ASM, which would represent a significant risk reduction). 

· We have to redesign the secondary mirror module to accommodate a laser launch telescope (already being done for Keck I LGS).

GLAO:

· The potential science benefits of GLAO with an ASM for seeing limited instruments are documented in KAON 472.

4. ASM Technical Details

The Microgate/ADS/Arcetri team, in collaboration with the U. of A. mirror lab, have implemented an ASM on the MMT and will be delivering two ASMs to the LBT.  
This team performed an ASM feasibility study (almost to a PDR level) for the VLT in 2005.  The VLT feasibility study included the design (opto-mechanical design, electro-mechanical and electronic design, software design), interface issues (power dissipation, cooling, laser launch telescope, etc.), finite element analysis (telescope attachment, eigen frequencies, stress, actuator influence function, etc.), fitting error analysis (to determine the actuator configuration and wavefront error to 10-15% accuracy) and project management (cost, schedule, etc.).   

The VLT ASM is part of the UT4 AO facility.  This will feed three AO instruments: GRAAL (Hawk-I AO module), GALACSI (MUSE module) and a TBD Cassegrain instrument.  There will be one identical real-time computer per AO module that will have to communicate with the ASM.  ASM commands are sent through a FPDP fiber link.

The VLT ASM PDR was successfully completed in March, 2007 and it was recommended that the Microgate-led project team proceed to FDR, which is planned for December, 2007.  A detailed global risk analysis was not done as part of the PDR, however some specific risks were raised at the PDR:
· Danger of the shell being lifted off by a wind gust and being broken, and potentially damaging some other part of the telescope.

· Danger of cooling fluid leaks.

· Several safety items appear to have no redundancy and are based on software (however there are also procedural safety steps above this).

A decision was made at the PDR to produce several prototypes:

· Hexapod flexible joints (these make the centering correction and focusing).

· Flexible membrane holding the thin shell at the center.

· New control board (16 channels per board vs 8 per board for LBT).

· New switching drives for the voice coils.

ESO would like to proceed with an early fabrication of the Zerodur thin shell and Zerodur reference body. 

VLT ASM technical details:

· 1120 mm diameter convex hyperboloid mirror with an 1116 mm useful optical surface.  20% smaller than the Keck f/15 secondary mirror.
· The facesheet is a 2 mm thick Zerodur thin shell.  

· SESO is manufacturing a first thin shell prototype funded by the European commission to be delivered in June, 2008.  The aspherical polishing was scheduled to start at the end of April, 2007 and to be completed within 4-5 months.  This would be followed by the thinning process.  

· A second thin shell would be part of the Microgate fabrication contract.

· Radius of curvature of -4554 mm and -1.66926 conic constant.  Very comparable to the Keck f/15.
· 1170 actuators in 18 rings (~28.5 mm actuator spacing; inner ring at 63.3 mm radius and outer ring at 546.8 mm radius).
· 10 nm rms residual surface specification and a 0.5 msec response (within 10% of the command) specification.  

· 1.2 m x 2 m ASM package including a hexapod mount with 31 mm of focus range and 2 focus positions to increase the range.

· 1.5 kW power dissipation.

· Earthquake protection included.  

Some additional technical details: 

· The allowable actuator spacing is in the 25 to 35 or 40 mm range which implies ~ 35 to 55 actuators across the Keck 1.4 m diameter f/15 secondary mirror or a total of between 1000 and 2400 actuators.  
· The higher number would likely be adequate for the NGAO wavefront error budget.  
· As few as 1000 actuators might be adequate for the near-IR deployable IFU case, and this instrument is the one that would most benefit from the low emissivity of an ASM.  Placing this particular AO instrument at the Cassegrain focus (as one part of the overall NGAO facility) would be the optimal choice from an emissivity perspective.
· Force actuators are used so there is no mechanical limit to the stroke.  The capacitive sensors are used to set a range limit.  The air damping is reduced when you go too far from the shell, however electronic damping can be used to increase the range.  The actuator range of 150 to 200 (m gives an ~ 10” chopping capability as well.

· Individual actuators can be lost without much impact on the figure.

· Testing an ASM, especially with the rest of the AO system off the telescope, is a challenge and could represent significant costs.  This has been done for the MMT and LBT.  ESO has a major project to build a test setup to test the ASM and the AO modules, which includes a turbulence generator.  We could learn from the experience of these groups.  
5. Cost, Risk and Schedule

A very rough cost estimate for a Keck ASM might be $5-10M.  
There is only one operational ASM in existence and it is considerably smaller than the Keck ASM would need to be.  The LBTI ASMs have been well behind schedule and two of the thin meniscus mirrors have been broken.  On the other hand if ESO goes ahead with their ASM ahead of us (need to check on this) they would carry much of the risk for us and would be an additional forcing function on the schedule.  The existing f/15 secondary would be available for at least initial sky testing of the NGAO system (if the ASM delivery was late), could be used with non-NGAO instruments during the ASM commissioning, and would of course provide a backup for non-NGAO instruments in the event of an ASM failure (there is storage space for two top end modules on the Nasmyth deck and the top ends can be switched in a couple of hours).
The VLT ASM study cost 140k Euros and took 1 year (2004/05).  Roberto Biasi of Microgate suggested in 2005 that Keck would only need a subset of the VLT study and that their design tools are already in place.  He proposed a 6 month Keck ASM feasibility study that would produce 3 documents: the opto-mechanical design (including preliminary FEA), the electronics and software design and a project management document.  A cost estimate to within 10-15% would be produced in the process.  Although we didn’t discuss a dollar figure I could imagine a feasibility study contract for less than $100k; this would be an excellent way of reducing risk while getting us to a PDR for the ASM.  
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