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1. Introduction

New NGAO build-to-cost guidelines have necessitated a fresh look at the NGAO optical requirements and design choices.  The purpose of this note is to support and document the evaluation of single relay options in comparison to the baseline design cascaded relay architecture.  The primary motivation is to determine if there is significant cost savings to be had by moving to a simpler architecture and in relaxing some of the initial requirements. The key differences in terms of performance, risk, cost, and conformance to requirements are presented.

2. Optical Relay Design Requirements

The 2-tier optical relay that was presented at the NGAO SDR used a 20x20 actuator deformable mirror with 5 mm actuator spacing following by a second higher order relay with a 64x64 actuator DM.  This design was referred to as a 2-tier relay since a second tier was used to ease the packaging constraints as well as providing a fold mirror at an ~ 10 km altitude conjugate.  

The high order relay was our answer to the need to provide sufficient correction to correct for segment figure errors.  One option to help fit within the build-to-cost budget is to relax the high contrast science requirement and therefore the need for a 64x64 actuator DM.  By relaxing this requirement to 40x40 or 48x48 actuators we have been able to reconsider whether this level of correction can be provided in a single relay. 

In this note we compare the pros and cons of implementing this level of correction using a MEMs or a more traditional large DM.  

Before performing the comparison we list below the basic functionality that must be provided in the AO system science path:
· Field of view.  The relay must pass sufficient field to support the sky coverage requirements.  This requirement is open to review but is currently a field of 150” diameter.

· Field rotation correction.  Our design choice has been to use a K-mirror.  Alternatives would be to not provide any rotation prior to science instrument rotators (this is the NFIRAOS approach) or to provide a mechanical rotator.

· Reimaging the desired conjugate onto a DM.  Our design choice has been to use an OAP to collimate the beam and reimage the primary mirror onto the DM.

· DM.  We are considered a 64x64 MEMS or a 48x48 DM with ~ 4 mm actuator spacing.

· Reimaging the science field onto the science instruments.  Our design choice has been to use a second OAP.  For the DM case our design choice is to use an identical OAP to the first OAP in order to minimize aberrations.  For the MEMS case it is necessary to use a longer focal length OAP to provide enough distance to allow the feeding of multiple science instruments.

· LGS wavefront sensor pickoff.  Our design choice has been to use a sodium reflective dichroic beamsplitter in the collimated space after the DM.
· LGS wavefront sensor.  48x48 subapertures are assumed for all relay options.
· NGS wavefront sensor pickoff.

· NGS truth wavefront sensor pickoff.

· NGS and LGS acquisition camera pickoff.  

· Low order wavefront sensor pickoffs (3).

· Science instrument pickoffs (3?).   

3.  Optical Relay Designs

Figure 1 shows a MEMS-based single relay and Figure 2 shows a DM-based single relay.  These figures are shown roughly at the same scale. 

The MEMS-based relay uses a pair of off-axis parabolas producing a 25 mm diameter collimated beam at the MEMS DM that illuminates 64 actuators across (spaced at 0.4 mm) the DM. The OAPs are mismatched in the sense that the input beam is at the telescope’s f/13.5 and the output beam is at f/48. The 25mm MEMS DM is a device constructed by the Boston Micromachines Corporation for the Gemini Planet Imager and is currently the baseline tweeter DM in the NGAO cascaded relay architecture.

The large DM-based relay shown is actually one of two considered, one with a 200mm beam illuminating 48 actuators across at 4 mm spacing, and one with 168 mm diameter beam illuminating 48 actuators across at 3.5 mm spacing. The later option was added late in this exercise upon finding that the CILAS Corporation was constructing such a DM for the VLT that would be ready for testing in 2009. A 4 mm spacing DM with sufficient stroke for NGAO has not been demonstrated.

We compared these two options to the cascaded relay architecture, where the first relay has a 100mm beam illuminating 20 actuators across a woofer and the second relay that has a 25 mm beam on the MEMS.

Another option was considered for completeness: that of reusing the current 140 mm Keck AO DM in the first relay of a cascaded relay design.
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Figure 1. MEMS-based single relay.
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Figure 2. Large DM based single relay.

4. Optical Relay Comparison

The table at the end of this document provides a comparison of the options considered in this study (note that this Excel spreadsheet is also available as a separate file).
5. Conclusion
A comparison of performance metrics, risk, and conformance to the original specification requirements of NGAO clearly favor a large relay, or large first relay, design with a conventional large-pitch piezo-DM in the first relay.

The potential advantages of the single MEMS relay are compactness and cost, as well as tip/tilt performance.  The compactness advantage and some of the cost advantage appear to be lost in the subsequent impact on the science instruments.  In addition the MEMS relay introduces design and access challenges with its requirement to insert the K-mirror inside of the elevation bearing. The MEMS relay optical performance is consistently worse than that of the DM relay.

Given this comparison, it appears that the potential for approximately $300k savings does not sufficiently justify the additional risk and requirements push-back incurred with a MEMS-based single relay. It is also clear that using a large high-order piezo DM  in a single relay would dramatically increase cost (by $1.3M) over the present cascade relay design. Therefore, none of the single relay designs appear to be viable options that meet the objective of reducing cost by simplifying the design. The concluding recommendation is therefore to continue with the baseline cascaded relay architecture, possibly carrying a “back-burner” option of re-using the 140 mm DM from the Keck AO system as the woofer in a cascaded relay.
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						Requirements				Options										Impact

		#		Item		Requirement		Requirement derivation, notes												Importance		Risk		Cost Impact		Performance Impact

		1		K-mirror location		FR-31: K-mirror derotator must be located upstream of the DM, tip/tilt pickoffs, LGS pickoffs, and science intruments.		Early architecture studies determined that derotation should be common path (memo Split_Relay_Tip.pdf on the SystemArchitecture page)		Con: K-mirror must be supported inside of elevation ring.
Con: Difficult access for cleaning or realignment (potential pull back mechanism).
Con: More expensive (larger rotator & extra support structure).		Pro: Can be supported on AO bench		Pro: Can be supported on AO bench		Pro: Can be supported on AO bench		Pro: Can be supported on AO bench		High		Less risk to vignetting the beam if derotator remains in Nasmyth footprint		Relative cost of two rotators		Evaluate structural flexure impact of location.

		2		Space for hardware before K-mirror		FR-14: The optical components are enclosed and cooled...
FR-15: Input windows
FR-17: AO enclosure will be located in the boundary of the Nasmyth platform
FR-65: No mechanism vignetting the optical beam

Imply sufficient room ahead of K-mirror is required		Suggest changing FR-17 to read AO enclosure will enclose all optical elements and must not vignette the main optical path.		Con: At most have ~200 mm for shutter, windows & calibration fold mirror.												Less risk to vignetting the beam if derotator remains in Nasmyth footprint

		3		Calibration unit		FR-17xx Alignment and calibration sources required, including including telescope simulator, constellation of laser guidestars, astrometric grid of natural guidestars, etc.		No specific requirement for where it goes (i.e. that it has to go ahead of the K-mirror). Suggest adding such a requirement.		Con: Very little space in front of K-mirror for calibration unit fold mirror (fold mirror would be ~1.5 m in front of focus, so it must be at least 100 mm in diameter for on-axis beam). Need at least part of this unit in front of rotator to define rotator		Pro: Space available.  Can put a fiber at telescope focus.		Pro: Space available.  Can put a fiber at telescope focus.		Pro: Space available.  Can put a fiber at telescope focus.		Pro: Space available.  Can put a fiber at telescope focus.		High		Less risk to vignetting the beam if derotator remains in Nasmyth footprint

		4		Clearance between K-mirror & next optics		No specific functional requirement on K-mirror range, stability, or mechanical clearance.		Suggest: K-mirror derotator must be capable of swinging 360 degrees while keeping aligned to the optical axis to XXX mm														25 mm 1st relay risks not making this clearance

		5		Altitude conjugation of fold mirror before OAP1		FR-32: 1st stage relay DM at conjugate to telescope pupil		No requirements for an MCAO conjugate.		Con: No MCAO option		Con: Currently no MCAO option, but could be reorganized to have fold after OAP1.

		6		OAP1		FR-40: 1st relay 150 arcsec diameter field of view

No specific requirements on OAP1 found		Suggested addition: Must be able to handle ~f/13.5 input beam and 150 arcsec diameter field of view for both infinity and 90 km focci		Pro: Small (140 mm vs 360 mm diameter).
Con: Larger off-axis angle (25 vs 20).
Con: Faster parabola (341.5 vs 2732 mm focal length).												25 mm 1st relay risks alignment issues (?) due to larger angle and shorter focal length		How much?		Longer focal length parabola has better optical performance at large field angles

		7		DM/MEMS				No requirement		Pro: Lower cost if reuse GPI design ($0.4M for GPI MEMS vs $1.8M for Cilas DM (does this include drivers? - DG: no, per CILAS email of 11/20/08)
Con: GPI MEMS not yet demonstrated - DG: not true, a GPI engineering grade MEMS is working in the lab and has		Pro: DMs are a proven technology. - DG vague statement - which DMs? Which pitch and stroke? MEMS are also a proven technology on sky (140-actuator MEMS Villages AO system has corrected r0=11cm seeing to 190 nm rms)
Con: 4 mm spacing not yet demonstrated.				Pro: Keck already owns the piezo DM, lowering cost and risk
Con: needs a second relay with the MEMS						Risk of unproven 4mm piezo technology.

Risk of 64 across MEMS not 100% working actuators*
*GPI bears some of this risk, up to 48 across		High

		8		DM/MEMS tilt angle		FR-1510: pupil tilt at DM shall be less than [1/4 diameter of the DM] 14 degrees.		No trace-back to a science requirement found. It may be driven by conjugate altitude and anisoplanatism, or to some worry about pupil aspect distortion.		Con: Larger tilt required (12 vs 10).

		9		Pupil aberrations on DM/MEMS				No requirements on aberrations at DM		Con: Potentially a problem - still checking this		at 150", pupil aberrations produce blur only 4% of subaperture width

		10		Pupil distortion on DM/MEMS		FR-58: 1st relay output pupil distortion less than 0.1%		No requirements on distortion at DM
FR-58 does not trace back to a science requirement		Con: 1.4% vs 0.14% grid distortion		0.1% at 150"										Risk that 1.4% is too large a distortion to meet performance budgets				Larger relays have less pupil distortion as seen by wavefront sensors, which may improve accuracy of sensed wavefronts

		11		DM-to-lenslet registration		FR-484: Tweeter DM will have 64 actuators across
FR-518: HOWFS has one mode that is 64 across		Later system analysis has shown that 48 across the WFS is sufficient to satisfy an error budget that meets science requirements traceable to SCRD (e.g. SRD-1.5)		Con: Use of the full 64x64 MEMS requires that the actuators are not registered to the 40x40 or 48x48 subapertures

		12		Tip/Tilt platform		FR-483: AO correction for tip tilt and higher order will be provided by a single optical surface				Pro: Lower cost.
Pro: Potentially higher performance.		Con: Expensive		Con: 168mm tip/tilt stage potentially expensive too.		Con: Separate tip/tilt mirror in existing AO system. Could put MEMS on tip/tilt stage but then it is not sensed closed loop		Con: MEMS tip/tilt not sensed closed loop						High		Smaller relay favors better tip/tilt performance for a given cost

		13		LGS dichroic		FR-67: There shall be a D2a line reflecting dichroic for the LGS WFS		No requirement on whether or not in collimated space		in collimated space		in collimated space		in collimated space		in converging space		in collimated space

		14		LGS reimaging element				No requirement		asphere (lens) optimized for LGS focus		OAP optimized for LGS focus		OAP optimized for LGS focus		OAP optimized for LGS focus		OAP optimized for LGS focus

		15		OAP2		No specific requirements on OAP2				D=340mm, OOA=51 degrees		same as OAP1

		16		Output focal ratio		FR-1500: Output focal ratio of the 2nd relay shall be > f/40		No convincing derivation but related to discussions about optimal beams for science instruments. There is no trace to a science requrement		f/48 at science, f/29 at LGS WFS		Pro: Matches telescope (~f/15)														Not clear yet what output f-ratio is optimal for science instruments. f/15 may be better suited for wide field camera because of desire for camera to change scale even smaller. IFU will want very large f/# for field slicing but may be more tolerant becaus

		17		Output pupil		FR-1500: Output pupil will be telecentric		No trace of this requirement to a science case. There is mention in SRD-27.2, but TBD and no trace to science requriements		telecentric		telecentric

		18		Output wavefront quality		No specific requirement for AO relay to have < a given wavefront error, but error budget allows for XXX nm uncorrected error		SRD requires total 170nm corrected wavefront error		250nm rms WE at 15" radius, 840nm at 150" (science/TT)                                         800nm at 150" (LGS)		Pro: Matched OAPs minimize aberrations      -0.7nm rms wavefront error, 15" radius, 21nm rms WE at 150" (science/TT)                        250nm rms WE at 150' (LGS WFS)										Risk that 25mm pupil will eat into error budget with poor optical quality on wide science field				Larger pupil has better optical performance at large field angles

		19		Output field distortion		FR-1495 and 1496: shall be calibratable				1.5% over 30", 10% over 150"		0.75 over 150"

		20		Output pupil distortion		FR-58: 1st relay output pupil distortion less than 0.1%

		21		Relay rhroughput		No functional requirement on throughput.
SRD-1.1: Emissivity background < 30% of sky+telescope		Derived from requirements on sensitivity, see SCRD 2.1.5.1.
There is ongoing work on a throughput/emissivity budget

		22		Relay emissivity (warm)		No functional requirement on throughput.
SRD-1.1: Emissivity background < 30% of sky+telescope		Derived from requirements on sensitivity, see SCRD 2.1.5.1.
There is ongoing work on a throughput/emissivity budget

		23		Relay emissivity (-15C)		No functional requirement on throughput.
SRD-1.1: Emissivity background < 30% of sky+telescope		Derived from requirements on sensitivity, see SCRD 2.1.5.1.
There is ongoing work on a throughput/emissivity budget		No difference between designs.

		24		LOWFS ADCs		FR-160: Requirement for an ADC in the LOWFS is TBD
SRD-3a.1: Astrometric accuracy		Derived from Galactic center science case		located in LOWFS pickoffs		same as MEMs system

		25		IR & visible imager ADCs						Con: Must be larger diameter
Pro: In slower beam

		26		Acquisition camera		FR-37: Need and location TBD				45 degree removable  fold before science image plane
Con: requires change to existing f/15 design		45 degree removable fold (down?) before science plane
Pro: no change required to existing design										Risk that f/40 design acquisition camera may be difficult or expensive

		27		NGS WFS						IR/visible dichroic for visible imager, NGS on this path
Con: Field steering mirrors & wavefront sensor need to be larger in f/40 beam		Pro: no change to an existing f/15 design

		28		TWFS						on one of LOWFS stars		same as MEMs

		29		LOWFS						pickoffs at IR imager/science plane		same pick off envisioned

		30		Overall AO footprint						1.5mx1.5m beyond bulkhead, 0.6m snout into elevation ring		3mx3m		3mx3m		3mx3m

		31		Overall instrument footprint						Con: Somewhat larger

		32		Accessibility

		33		LGS WFS						Space available		Space available		Space available		Space available

		34		Space for science instruments						yes		yes		yes		yes

		35		Simultaneous Instruments

		36		Interferometer						Con: Requires reimaging optics to be fed in collimated space or in f/15 space		Pro: F/15 output matches current system.
Pro: If 40x40 actuators with 3.5 mm spacing then matches pupil size.

		37		OSIRIS						Con: Requires reimaging optics to be fed at f/15		Pro: Could be fed in same way as existing OSIRIS & space available - however, cannot be fed by telecentric pupil design										Risk that relay from smaller pupil may compromize performance into OSIRIS		Only non-telecentric design (e.g. present 140 mm) can feed OSIRIS directly. All others will need fore-optics

		38		Upgrade to more subapertures						Pro: MEMS allows straightforward upgrade to 64x64.																64 across MEMS provides better static aberration correction

		39		Upgrade to MCAO						would have  to be contained within imagers		may be possible to place DM after OAP1

		38		Summary of Requirements Conformance						Violates FR-17, FR-58, may risk violating some portions of FR-17xx and FR-65,		Violates 170nm error budget, FR-484, FR-1500		Violates 170nm error budget, FR-484, FR-1500		Violates 170nm error budget, FR-484, FR-1500		baseline: meets all requirements								Conformance favors the baseline

		39		Summary of Risk						Considerably more risky due to unusual, difficult design and possible clearance / vignetting issues		Easier to design for wide field and allows reasonable clearances		Easier to design for wide field and allows reasonable clearances		Easier to design for wide field and allows reasonable clearances						Risk disfavors option A

		40		Summary of Performance						Optical quality on wide field is comparable to anisoplanatism		Considerably better static optical quality over the field		Considerably better static optical quality over the field		Considerably better static optical quality over the field										Performance disfavors option A

		40		Delta Cost*
*assumes 48 across piezo DM						-$320,000		$1,319,000		$989,000		-$420,000		baseline						Cost favors options A and D and strongly disfavors option B

				Delta Cost Breakdown				extra support structure		Cantelever structure: +20% over 2-tier structure: ~$20k		Single tier structure: saves ~$90k engineering&implementation		Single tier structure: saves ~$90k engineering&implementation		Single tier structure: saves ~$90k engineering&implementation		baseline: 2-tier optical bench

								larger optics and mounts		Saves entire 1st relay ~$30k savings		2x larger 1st relay, no 2nd relay ~+$30k		1.6x larger 1st relay, no 2nd relay ~+$20k		1.4x larger 1st relay, no 2nd relay ~+20k (assumes we rebuild the 1st relay)		baseline: 100 mm 1st relay

								deformable mirrors		Saves 20-across woofer DM ~$350k savings		64 across piezo DM, saves 20-across woofer and 64 across MEMS: +$3300k-$350k-$400k = +$2550k
48 across piezo DM: +1809k-$350k-$400k = +$1059k		64 across piezo DM, saves 20-across woofer and 64 across MEMS: +$3300k-$350k-$400k = +$2550k
48 across piezo DM: +1809k-$350k-$400k = +$1059k		Uses existing DM, saving 20-across woofer, and keeps baseline 64 across MEMS: ~$350k savings		baseline: 20 across woofer and 64 across MEMS

								acquisition camera		Adds ~20k for engineering of new f/48 design

								NGS WFS		Adds ~20k for engineering of new f/48 design
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