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1. Introduction

The purpose of this document is to define and describe the alignments that will need to be performed to assemble the AO subsystems into the overall AO system and to align this system to the telescope.  The subsystem alignments will be documented separately as deliverables for each subsystem.  
Section 2 describes the starting assumptions about the delivered subsystems, the defining points and axes, the SolidWorks and Zemax models and the requirements.  Based on these assumptions section 3 describes how the AO subsystems will be aligned into the AO system in the lab.  Section 4 then describes how the lab aligned system is installed and aligned at the telescope.  Section 5 is an appendix which provides a sample alignment procedure for one subsystem, a wavefront sensor.

2. Starting Assumptions and Requirements

2.1 Pre-Aligned Components
The following components are assumed to be pre-aligned:

· Entrance window in cell.  The double window will be provided mounted in a cell.  The cell will mate to the cold box enclosure with an adjustment provided on the enclosure side.
· Calibration unit.  The calibration unit will be assembled and pre-aligned.  

· Calibration unit fold mirror and stage.  This mirror’s reflective surface will be aligned to be parallel to the stage motion.

· Rotator.  The rotator will be provided fully aligned.  References from the existing Keck AO rotator: KAON 93 describes the requirements (of the current rotator, not the NGAO rotator), and KAONs 95, 251 and 254 describe the rotator alignment process.
· Fold mirrors in mounts.  Each fold mirror will be aligned and installed within its mount.

· Off-axis parabolas (OAP) in mounts.  Each OAP will be aligned and installed within its mount. 

· Low Order Deformable Mirror (LODM) on tip-tilt stage.  This will be provided by the manufacturer.
· LGS WFS output window/optic in cell.  The window will be provided mounted in a cell.  The cell will mate to the cold box enclosure with an adjustment provided on the enclosure side (the adjustment should be accessible from outside the enclosure).

· Laser Guide Star (LGS) Wavefront Sensor (WFS) assembly.  The assembly that sits outside the AO bench cold box will be provided fully aligned.  Some re-assembly without the need for realignment is preferred.  Some re-alignment may be necessary if the pick-off arms will need to be removed for shipping.  
· Interferometer dichroic on translation stage.  The dichroic reflective surface will be aligned to be parallel to the stage motion.
· Acquisition fold on translation stage.  The fold mirror reflective surface will be aligned to be parallel to the stage motion.
· Acquisition camera on focus stage.  The camera and optics will be aligned to have their optical axes coincident and parallel to the stage motion.

· Low Order Wavefront Sensor (LOWFS) assembly.  This unit will likely be delivered as three separate LOWFS units.  Each will have been demonstrated to be well aligned prior to acceptance.  Some re-assembly and possibly re-alignment may be necessary if the pick-off arms must be removed for shipping.  

· High Order Deformable Mirror (HODM) on tip-tilt stage.  This unit must be co-aligned.
· Natural Guide Star (NGS) WFS dichroic on translation stage.  The dichroic reflective surface will be aligned to be parallel to the stage motion.

· Atmospheric Dispersion Corrector (ADC) and stages.  The ADC elements will be co-aligned with their rotation axis perpendicular to the in/out stage motion.
Alignment procedures for each of the above items will be provided as part of the deliverables for the relevant subsystems.  An alignment procedure will also be provided for the two OAP relays; this procedure will be followed during subsystem testing and will need to be repeated when the system is assembled.  All components will be mounted on appropriate height risers as needed to ensure that their optical (or where appropriate mechanical) axis is at the same height as the design height of the optical axis above the AO bench.

2.2 Defining Points and Axes

The key axes are the telescope’s elevation axis, the AO rotator’s mechanical axis and the science instrument’s optical axis.  The identification of the telescope’s elevation axis minimizes the pupil motion as the telescope moves in elevation.  However, if the telescope’s optical axis is not well aligned with the elevation axis then the pupil will move as the AO rotator rotates.  If there is significant misalignment then it might be better to align the rotator axis to the telescope optical axis at say a zenith angle of 30( in order to minimize the pupil motion at this zenith angle.  We should determine the optical and elevation axes misalignment to determine the best approach and to determine whether the telescope requires some realignment.   
The AO bench components should be aligned to the rotator axis.  The rotator axis should be aligned to the telescope’s elevation axis.  The science instrument axis should be aligned to the rotator axis (same as telescope elevation axis).  
The key defining point is the telescope’s focal plane position along the elevation axis.  The location of the AO input focal plane should be made coincident with the telescope’s focal plane.  The science instrument focal plane should be made coincident with the AO output focal plane (and hence telescope focal plane).

The other key defining point is the telescope’s primary mirror which is the entrance pupil.  This should be properly reimaged onto the deformable mirrors in the AO system and the pupil stop in the science instrument.

The remaining constraint is the orientation of NGAO with respect to the telescope azimuth and elevation axes.  The position angle for detectors can be set in software.  However, the preferred approach is to make sure critical components like lenslets, deformable mirrors, tip/tilt mirrors and detectors are aligned to have the AO bench surface (the bench surface will be leveled to be perpendicular to the gravity vector) parallel to their rows or columns.  Another way to say this is to align the AO bench and science instrument y-axes to be parallel to gravity (the x and z-axes are then parallel to the AO bench surface with the z-axis being the rotator axis).   
2.3 Zemax and SolidWorks Models

An overall Zemax model and tolerance analysis has been produced (KAON 685).  This model, plus the physical dimensions of the opto-mechanical components, is the basis for a SolidWorks model of the AO bench, AO bench cold enclosure and AO room enclosure.  Both the Zemax and SolidWorks models will have versions for -15(C operation of the AO bench cold enclosure, ~2(C operation of the AO room and ~20(C for lab integration and test.  These models will also be updated as appropriate to take into account the actual measured characteristics of the fabricated components.  

The SolidWorks model, updated for as-measured components, will be the primary basis for the initial installation of the components on the AO bench and for the installation of the AO components at the telescope.  The Zemax model, updated for as-measured components, will be used to support the optical alignment. 
Based on how much components are expected to move between the lab and cold bench enclosure temperature we will need to decide which SolidWorks model we should layout for the initial lab tests (which might require an additional alignment prior to cold testing to the cold SolidWorks model).

2.4 Alignment Requirements

The internal alignment requirements will be defined elsewhere for each subsystem.

2.4.1 AO to Telescope Alignment Requirements

System Requirement SR-55 (from the NGAO Contour Requirements Database) defines the opto-mechanical alignment requirement to the telescope:

· The NGAO bench's optical axis shall be coincident with the telescope's elevation axis to within the following requirements:

· At the telescope's focal plane on the Nasmyth platform the separation of these two axes shall be less than 1 mm.
· At the telescope's pupil the misalignment of the two axes shall be less than 30 mm. 
· The NGAO input focal plane should be made coincident with the telescope's nominal focal plane in focus to within 2 mm.

· The vector perpendicular to the NGAO bench surface should be parallel to gravity to within 2 arcminutes.

· The above requirements should be met:

· At all telescope elevations from zenith to 70( zenith angle.

· Assuming a rotator, at all rotator angles. 

· At all dome environment operating temperatures.

A requirement on the flatness of the AO bench mounting surface will be required if this is to be used as a reference surface.

2.4.2 DAVINCI to AO Alignment Requirements

The requirements for the alignment of the DAVINCI science instrument to the AO bench optical axis can be evaluated from several perspectives:
· Focal plane alignment (x,y).

· From the perspective of centering the imager or IFS lenslet on the AO bench axis the alignment is not very critical since a known offset can be handled with telescope repointing, but it would be desirable to have this be < 1".  Assuming a f/45 input beam with a platescale of 2.18 mm/arcsec this would imply a positioning accuracy requirement of better than 2 mm at the input focal plane.
· From the perspective of off-axis aberrations again the centering is not very critical and again < 1" would be fine.  

· From the perspective of coronagraphy the requirement is still relatively loose in fixed field mode since the AO system’s tip-tilt correction will keep the object on the coronagraphic field stop.

· Having the coronagraphic mask on the AO rotator axis is more critical when working in fixed pupil mode.  Since the science target is also the tip-tilt NGS in this case then the NGS WFS is forced to be off-axis by the same amount as is the coronagraphic field stop.  The NGS WFS centroid offsets could be used to hold the target on the coronagraphic field stop at some level, but only for a misalignment on the order of 0.1".  So, either the coronagraphic mask should be alignable or the instrument should be positioned to this 0.1" level or better at the focal plane.  Assuming a f/45 input beam with a platescale of 2.18 mm this would imply a positioning accuracy requirement of better than 0.2 mm at the input focal plane.
· The central LGS asterism and science instrument should be coaligned since the best correction will be at the center of this asterism.  The AO optical axis provides the reference to which both the LGS asterism and the science instrument should be well aligned.  If we say that overall we want the 10" radius LGS asterism centered on the science instrument to within 1" then each is allowed 21/2 of this alignment error.  Assuming a f/45 input beam with a platescale of 2.18 mm/arcsec this implies a positioning accuracy requirement of better than 1.5 mm at the input focal plane.  

· Pupil plane alignment (x,y).

· The extent to which the pupil mask is misaligned with respect to the AO bench axis will result in changing pupil illumination or vignetting or the need to oversize the mask.  We probably want to control this to a similar level to the pupil nutation requirement for the AO rotator alignment to the telescope pupil.  This is 30 mm at the primary mirror.  So, if 10 m at the primary mirror is mapped to say a 25 mm pupil mask in the instrument then the pupil mask must be centered on the rotator axis to the 30/10000 * 25 mm = 75 (m.  
· It would be easier to make the DAVINCI pupil mask positionable than to adjust the position of the entire instrument to the 75 (m level however this does not currently appear to be a viable approach since reliable cryogenic translation stages have not been identified.  

· An alternative approach to making the pupil mask positionable would be to have the capability to steer the fold mirror just before the pupil mask.  Tilting this fold mirror would also move the image (and the beam on the off-axis parabola) and hence the position of the AO rotator axis at the science instrument focal planes.  However, given that the pupil mask was previously aligned to the DAVINCI optical axis this fold mirror tilt would actually put the light hitting the center of the instrument focal plane back onto the as designed optical path through the instrument.  This approach could be used to loosen up the instrument positioning requirement to meet the pupil mask alignment requirement in exchange for the somewhat less critical requirement on centering the instrument focal plane on the AO rotator axis (0.2 mm for the coronagraph mask versus 75 (m for the pupil mask).  
· Focal plane position (z).

· From the perspective of positioning the instrument so that its focal plane is conjugate to the telescope focal plane the alignment is not critical.  This is because the telescope and AO system can refocus at some level to compensate.  The aberration that would not be fully compensated would be spherical aberration which grows slowly, especially at f/45, with focal plane position error (for reference at f/40 4 mm of piston error would produce 10 nm of P-V spherical).
· The restriction from the mechanical spacing of the baffle that connects the instrument front face to the AO bench cold enclosure we would want to control the piston error to ~ 2 mm.

· Pupil plane position (z).

· This is another not very critical positioning requirement.

· Tilt ((x,(y).

· If the coronagraphic focal plane mask and pupil plane mask are fixed in the instrument then the tilt errors are already constrained by the amounts discussed under the x,y alignments discussed above.

· If the pupil plane mask is movable then the tilts would next be constrained by the growth of off-axis aberrations within the instrument.  This needs to be evaluated.
· Rotation ((z).

· Rotation about the optical axis only impacts the definition of the coordinate system on the science instrument focal plane.  This can be measured on the sky and a parameter can be set to determine the direction of N and E on the science detectors.
· Overall motion adjustments on the instrument defining points to the 50 (m level will be required unless the pupil mask position can be adjustable internal to the instrument.   
2.4.3 LGS WFS to AO Alignment Requirements

The requirements for the alignment of the LGS WFS assembly to the AO bench must address the following issues:
· Focal plane alignment (x,y).  
· The central LGS asterism and science instrument should be coaligned since the best correction will be at the center of this asterism.  The AO optical axis (i.e., the rotator axis) provides the reference to which both the LGS asterism and the science instrument should be well aligned.  If we say that overall we want the 10" radius LGS asterism centered on the science instrument to within 1" then each is allowed 21/2 of this alignment error.  Assuming a f/15 input beam with a platescale of 0.727 mm/arcsec this implies a positioning accuracy requirement of better than 0.5 mm at the input focal plane.
· The assumption is that the LGSF pointing has adjustment to ensure that the projected LGS and the LGS WFS are co-aligned.  The fast tip-tilt mirrors in each LGS WFS arm can compensate for a misalignment at some level and offload this to the LGSF pointing.  Since we don not wish to use much of the range of these tip-tilt mirrors (the current design has a 2" radius, but the requirement is only ~1") we would need the LGSF pointing to hold this misalignment to < 0.4" (so the LGSF needs pointing accuracy better than this and the offloads must be done frequently enough to satisfy this requirement).    
· Focus stage alignment ((x,(y).  We want to maintain the above focal plane alignment throughout the travel range of the focus stage.  This implies that both ends of the LGS WFS assembly must be positioned to better than 0.5 mm.

· Focal plane alignment (z).  This is not critical since the LGS WFS is mounted on a focus stage (needs ~201 mm of travel to from 80 km at zenith to 95 km at 70( zenith angle).  A piston error of ~2 mm would not be a problem assuming the LGS WFS has at least ( 2 mm of extra range (otherwise this requirement would need to be tightened).
· LGS WFS rotation ((z).  This can be compensated by the LGS beacon projector rotation and the positioning of the patrolling LGS.  

· Pupil plane alignment.  The assumption is that the individual LGS WFS arms have already been well aligned with respect to the LGS WFS focus stage axis to the required level.  So satisfying the above requirements should be sufficient.  
· Overall we need adjustments on the LGS WFS defining points at the 0.25 mm level. 

2.4.4 LOWFS to AO Alignment Requirements

The requirements for the alignment of the LOWFS to the AO bench must address the following issues:

· Object selection mechanism alignment (x,y,z).  This is not critical since the LOWFS can move about the field and they are each mounted on a focus stage. We probably want to position them to ~ 1 mm.
· Object selection mechanism tip-tilt ((x,(y).  The extent to which the object selection mechanism does not move perpendicular to the AO optical axis will result in a linear focus shift as a function of field position (after removal of field curvature).  The focus shift could be mapped out and compensated with the focus stage versus field position.  However, nominally we would like to keep this small enough so that this calibration is not required (this calibration could be time consuming given that an image sharpening approach will be needed for the TT LOWFS).  If we wanted to keep the image blur due to defocus < ¼ λ/D = 6 mas at J-band then the alignment would need to be good to 0.006/0.727 * 15 = 0.13 mm over the field.  If the field for any given object selection mechanism is 100" then this represents a tilt of < 0.10(.  
· Object selection mechanism rotation ((z).  This is not critical and in this case is equivalent to an error in x,y positioning.  The zero point angles of the rotation mechanisms would just need to be redefined to determine the coordinate transfer to x,y coordinates on the AO bench. 

· Focus stage alignment ((x,(y).  When the ADC goes in/out of the science beam the LOWFS will need to move in focus.  The LOWFS should not have to reposition in x,y when the ADC goes in/out and we should only have to use a fraction of the range of the tip-tilt mirror internal to the LOWFS.  If we said that the requirement was < 0.5" (which is 0.727/2 mm) for a 10 mm focus change then the focus translation stages would need to be aligned to < 2.1( in tip-tilt with respect to the AO optical axis.
· LOWFS DM alignment.  The telescope pupil is 9.0 mm corner-to-corner on the LOWFS DM (see Keck drawing 1410-CM0010).  The DM actuators are on 0.3 mm centers.  We don’t want the telescope pupil to fall off the DM and we don’t want the patrolling LGS WFS subapertures to be significantly misaligned with respect to the LOWFS DM actuators.  Both of these constraints push us to want to be centered to a fraction of the actuator spacing.  Ideally this would be 5% of a subaperture (15 (m) but we may be able to accept a larger misregistration.  This requirement strongly constrains the parallelism requirement of the LOWFS optical axis to the AO optical axis.
2.4.5 Calibration Unit Requirements to Support Alignments

In order to support the alignments discussed below the calibration unit will need the following features:

· On-axis NGS source with a pupil stop matching the location and size of the telescope pupil and with some adjustment in focus.  At least enough to re-focus on the science instrument after the ADC is introduced.  The accuracy of the focus needs to be sufficient to optimize the image on the science instrument.
· On-axis sources, with a pupil stop matching the location and size of the telescope pupil, conjugate to at least two different sodium layer altitudes, say 80 km and 150 km.

· The on-axis sources need to be positioned to within 0.5" of the rotator axis.
· The on-axis pupil stop needs to be centered on the rotator axis to within 0.3% of the pupil stop size.

· Since the calibrator must be aligned this well with the AO bench at lab temperature and also at the cold enclosure temperature the alignment must either not change with temperature or there must be a means of remotely realigning the beam to the above requirements (the latter is recommended). 

3. AO System Alignment for Lab I&T

3.1 Install and Alignment Sequence
Recommended assembly and alignment procedure (this procedure may need to be modified depending on the delivery schedule for the subsystems):

· Install the bench in a clean room on vibration isolation legs.
· Level the bench versus gravity.

· Mark out the location of all components on the bench based on the appropriate SolidWorks model.  The required accuracy of this mark out needs to be determined.  Measurements from some reference points or from a full scale SolidWorks printout taped to the bench may be sufficient in some or all cases.  However, it may be necessary to survey in some components or axes using theodolites or a 3D laser tracker or a mechanical positioning arm.  This process needs to be determined and defined.
· A Faro coordinate measuring machine (CMM) arm has been used to position components in MOSFIRE.  The SolidWorks model can be imported into the CMM control software.  CMMs can automatically calculate concentricity, parallelism, perpendicularity, flatness, runout, etc. once data has been taken.

· Laser trackers are another interesting very high precision approach to locate components.  See the paper by Burge et al. on the use of laser trackers for optical alignment.  This approach could also be used to position components on the Nasmyth platform.

· Install risers on the bench for the components that require risers.

· If they do not interfere with future alignments components can be installed on the bench as they are received and accepted.
· Install and align the rotator (see section 3.2).
· Install and align the low order relay including fold mirror, two OAPs, sodium reflective dichroic and LODM (or if necessary a flat mirror at the LODM location) (see section 3.3).   

· Install and align the high order relay including fold mirror, two OAPs and HODM (or if necessary a flat mirror at the HODM location) (see section 3.3).

· Install and align the acquisition camera (see section 3.4).

· Install and align the calibration unit and its fold mirror (see section 3.5).  

· Install and align the NGS WFS assembly (see section 3.6).

· Install and align the LOWFS assembly (see section 3.7).

· Install and align the science instrument atmospheric dispersion corrector (see section 3.9).

· Align the LGS WFS to the AO bench (see section 3.8).
· Align the DAVINCI science instrument to the AO bench (see section 3.10).

· Align the interferometer dual star module to the AO bench.
3.2 Rotator Alignment

The rotator axis will define the AO bench optical axis.  We want this axis to be parallel to the surface of the optical bench and to be centered on the downstream optics (as defined by the SolidWorks model).  A requirement on the rotator should be that its rotation axis is parallel to its mounting surface so that no adjustment will be required after installation.  If necessary however the rotator baseplate would need to be adjusted in tip-tilt to ensure that the rotator’s axis is parallel to the bench.   

3.3 Relay Alignment

The level to which each relay needs to be aligned will be defined separately as part of this subsystem design.  

For each OAP we need to systematically eliminate 6 degrees of freedom.  An interferometer will be used to align the relays onto the rotator’s rotation axis using the following procedure:

1. Install an interferometer with reference sphere (i.e., our in-house 6 inch diameter Wyko interferometer) with two fold mirrors on the telescope side of the rotator looking through the rotator. 
2. Adjust the focus of the interferometer to be coincident with the telescope focus location to ( 1 mm.  

3. Use the two fold mirrors to align the interferometer beam onto the rotator’s rotation axis.  This alignment process is done by visual examination of the interferometer beam, as the rotator is spun, on a target located somewhere after the rotator.
4. Install the wide field relay’s fold mirror, OAP1 and a reference flat after OAP1 to send the beam back to the interferometer.

5. Center the relay’s fold mirror on the interferometer beam.

6. Center the beam on OAP1 (x,y) by tilting the previous fold mirror (preferred) or recentering OAP1.
7. Install a reference flat in the soon to be collimated beam after OAP1.  

8. Adjust focus on OAP1 to collimate the beam as measured by zero focus on the interferometer (z).
9. Tilt OAP1 to minimize coma and astigmatism seen by the interferometer ((x,(y).  If helpful, the Zemax model can be used to identify the corrections needed based on the interferometer measurements.  
10. Rotate OAP1 to make the beam parallel to the table ((z).
11. Measure the opening angle of OAP1 and verify that the beam after OAP1 is in the correct position with respect to the bench.  Translate OAP1 if necessary and repeat steps 7-9.
12. Remove the reference flat. 

13. Install the LODM (or a substitute flat) the appropriate distance from OAP1 and make sure that it is centered on the interferometer beam.  

14. A check that the tip-tilt axes are parallel-perpendicular to the AO bench surface should be performed.  Tilt the stage in the direction parallel to the optical bench surface and use a vertical post to determine that the height of the beam stays constant.  Tilting the stage in the direction perpendicular to the bench should move the beam vertically along the post.  It may be necessary to shim this stage if there is some rotation.  Since we want to have the LODM actuators parallel and perpendicular to the optical axis some compromise between these two alignments may be required (although the vendor is expected to deliver the LODM aligned with the tip-tilt axes to within the requirement).  
15. Install OAP2 the appropriate distance from the LODM (z).

16. Center the beam on OAP2 (x,y) by tilting the LODM (preferred) or recentering OAP2.  This should be done while also ensuring that the output of the relay is along the desired output beam axis.
17. Install a reference sphere at the relay’s output focus located according to the SolidWorks model.
18. Tilt OAP2 to minimize coma and astigmatism seen by the interferometer ((x,(y).  
19. Rotate OAP2 to make the beam parallel to the table ((z).

20. Insert a lens in place of the reference sphere to form an image of the pupil.  Move OAP2 as necessary to change the magnification.

21. Measure the opening angle of OAP2 and verify that the beam after OAP2 is in the correct position with respect to the bench.  Translate OAP2 if necessary and repeat steps 13, 14, 16-18.   

The appropriate steps from the above procedure should be used to install and align OAP3 and OAP4 of the narrow field relay using the interferometer already setup in the above procedure.
Note that an alternate less accurate approach to align the relays would be to use a laser source from the calibration source and a shear plate in the collimated space between the OAPs.  An alternate approach with good accuracy would be to use a Shack-Hartmann wavefront sensor camera in place of the interferometer; this would give fast feedback and would be vibration insensitive.  
3.4 Acquisition Camera Alignment

Install the acquisition camera fold mirror and the acquisition camera at the nominal SolidWorks design position.  The acquisition camera input optic should be centered on the beam from the interferometer and the image (with an ND in the beam) should be centered on the camera detector.  As the acquisition camera is translated with its focus stage the beam should stay centered on the detector.  As a check on the previous process, with the acquisition camera at the focus, spin the rotator to ensure that the interferometer was on the rotator axis.
3.5 Calibration Source Alignment

Align the calibration unit and fold mirror onto the rotator optical axis.  The calibration unit provides both an on-axis NGS point source and a pupil; it also provides two on-axis LGS sources through the pupil (it is acceptable to alternate between the NGS and LGS sources for this alignment; although the switch should only take a few seconds; the current calibration unit has these sources available simultaneously).  It therefore can be used to define an axis and once aligned to project the rotator axis through the rest of the system.  
The acquisition camera is used to determine if the on-axis NGS and LGS sources are on the rotator axis, again by spinning the rotator as images are taken.  The acquisition camera is less good at determining if the pupil mask is on-axis but it can be used by using the NGS source and driving the acquisition camera back toward the LGS focus and again spinning the rotator.  Looking at the image of the calibrator pupil mask on a target on the LODM as the rotator is spun is a more effective assessment of the pupil alignment to the rotator axis.

The on-axis source and pupil must be well aligned to the rotator axis in order to provide the required reference for other alignments.  Nominally this centering should be to ( 0.05" in x and y at the focal plane and to ( 0.3% of the pupil at the pupil plane.  
The focal position of the image is less critical.  It should be sufficient to have the NGS and LGS foci at the correct position on the bench with respect to the rotator to the ( 1 mm level since the telescope can be easily refocused to this level.
The focal position of the pupil should be positioned to have a sharp pupil image on the LODM with the LODM at its design position.    
3.6 NGS WFS to AO Relay Alignment

Note that the internal alignment of the NGS WFS includes ensuring that the axis of the NGS WFS is parallel to the axis of the focus stage on which the WFS is mounted.

The calibration source provides both an on-axis image and a pupil for alignment of the NGS WFS.  The NGS fold dichroic, field selectors and WFS should be located on the bench based on the SolidWorks model and within the required tolerances.  The field selectors are then used to center the image and pupil on the NGS WFS.  The centering of the image can be judged from the WFS centroids.  The NGS WFS will also have a pupil imaging mode to determine the pupil centering; this can also be used to do a double check that the calibrator pupil mask was well centered on the rotator axis.
3.7 LOWFS to AO Relay Alignment

The LOWFS assembly should be positioned at the position defined by the SolidWorks model and within the required tolerances.  Centration of the LOWFS assembly with respect to the AO bench optical axis is not critical so the mechanical alignment should be better than 1 mm which should be more than sufficient.
The calibrator provides both on-axis and off-axis NGS sources through an on-axis pupil mask.

In order to determine if the TTFA/TWFS LOWFS is parallel to the optical axis the probe arm feeding the TWFS can be brought onto the optical axis.  The centering of the pupil on the TWFS lenslet can be judged by the uniformity of the illumination of the edge subapertures.  To the extent that they are not uniform the unit will need to be tilted primarily about the vertical axis; this assumes that the delivered LOWFS assembly has the individual LOWFS well aligned with respect to the mounting plate.  Rotation can be checked by poking actuators on the LODM to determine the effect on TWFS.  We need to determine whether this will achieve the required angular alignment requirements.
In order to determine the angular alignment of the TT LOWFS to the optical axis a procedure such as the following might prove to be sufficient.  Start by positioning the object selection mechanism on-axis with the fast tip-tilt mirror centered in its range so that the image is properly centered on the detector.  The LODM and LOWFS DM should both be flat to begin.  The pupil mask needs to be in the calibration unit and on the rotator axis.  A few options can now be considered:  1) If the pupil is centered on the LOWFS DM then adding focus should not move the image, but the image will move if the pupil is decentered on the LOWFS DM (this could be compared to what happens if you put focus on the LODM).  2) Put in a known aberration on the LODM and remove it with the LOWFS DM; the extent to which there is an asymmetric residual implies a decenter of the pupil on the LOWFS DM.  We need to evaluate whether either of these approaches has the required sensitivity.  
As an alignment check, the field dependent focus terms should be measured.  A linear term with field indicates that the LOWFS is not well aligned to the optical axis.  This should be measured at a few different rotator positions to separate out any influence from the calibration unit itself.  The field curvature needs to be taken into account.
3.8 LGS WFS to AO Bench Alignment

The first step is to locate the LGS WFS support legs at the SolidWorks defined position to within ( 2 mm.  The adjustments on these defining points will be used to subsequently adjust the LGS WFS position based on the measurements described in the following paragraph.  An excel spreadsheet or similar tool should have been prepared to go between measured errors in the image position and adjustments to the LGS WFS defining points.

The calibration source provides on-axis LGS images at two conjugates, through an on-axis pupil, for alignment of the central LGS WFS.  Given the pre-alignment of the LGS WFS it should be sufficient to drive the LGS WFS assembly forward and backward while alternately looking at the centroid offsets for the two on-axis LGS images.  

An alternative alignment approach is for the LGS WFS to come with a reflective mirror fiducial representing its optical axis mounted to its front (see section 4.1).  A similar procedure to that described in section 4.4 could then be considered.

3.9 Atmospheric Dispersion Corrector to AO Bench Alignment

The ADC should be mechanically centered on the on-axis NGS calibrator source as a starting point.  

The deviation of the original on-axis beam as the ADC is rotated should be minimized as judged by looking at the beam on a target; this can be improved later by looking at the image with and without the ADC on the Davinci imager.  It should be pre-determined how to recenter or tilt the ADC to correct for these misalignments.   
3.10  DAVINCI Science Instrument to AO Bench Alignment

As of April 20, 2010 DAVINCI does not have a pupil imaging mode included in its design.  The availability of such a mode is being re-evaluated in view of its potential benefits for alignment and operations.  If a pupil imaging mode were available then we would alternate between imaging the on-axis NGS source and the pupil to determine the alignment errors with respect to the AO rotator axis.

The alignment procedure presented here assumes that the science instrument does not have a pupil imaging mode.  It also assumes that the imager, coronagraph and IFS have been co-aligned.
The first step is to locate the science instrument support legs at the SolidWorks defined position to within ( 2 mm.  The adjustments on these defining points will be used to subsequently adjust the instrument position based on the measurements described in the following paragraph.  An excel spreadsheet or similar tool should have been prepared to go between measured errors and adjustments to the instrument defining points.

Taking alternate images of the on-axis NGS and one of the LGS calibrator sources on the DAVINCI imager will be the primary alignment tool.  The on-axis LGS source at ~ 150 km will have a diameter of ~14 arcsec at the NGS focus and a centroid will need to be performed on this.   This procedure requires that the on-axs LGS calibrator sources have light at the science instrument wavelength; since the sources are external to the calibration source a different light source than the standard LGS source can be used for this alignment.  DAVINCI should also be moved in focus to be conjugate to the on-axis NGS source.
An alternative alignment approach is for DAVINCI to come with a reflective mirror fiducial representing its optical axis mounted to the front of the entrance window (see section 4.1).  A similar procedure to that described in section 4.4 could then be considered.
3.11  AO Bench Warm Enclosure Testing

The performance of the AO bench should be characterized with the system at room temperature in order to provide a documented reference to compare to the results of the cold testing to be performed later.  

Before the cool down the following parameters should be measured and documented:

· Alignment of the calibrator on-axis NGS source to the rotator axis using the acquisition camera.

· Alignment of the calibrator on-axis LGS sources to the rotator axis using the acquisition camera.

· Alignment of the acquisition camera focus stage to the rotator axis as measured in the previous two steps.

· Alignment of the calibrator pupil mask to the rotator axis using the NGS WFS pupil imaging mode.

· Calibrated positions of the NGS field selectors for different field positions as measured by the NGS WFS in normal and pupil imaging modes.

· Alignment of the NGS WFS focus stage, with the field selectors on-axis, to the rotator axis, as measured by the NGS WFS in normal and pupil imaging mode.  Note that the on-axis NGS calibrator source moves in focus over this range.
· Alignment of the ADC rotation axis to the rotator axis as measured on the Davinci imager.

· Calibrated positions, including focus, of the LOWFS field selectors for different field positions as measured by the LOWFS detectors.

· Alignment of the LOWFS focus stages to the rotator axis as the on-axis NGS is moved.

· Alignment of central fixed LGS WFS to the rotator axis as measured by that LGS WFS for two LGS altitudes.
· Calibrated positions, including focus, of the patrolling LGS WFS for different field positions as measured by these LGS WFS for two LGS altitudes.

· Alignment of both science instrument detectors and the coronagraphic focal plane mask to the rotator axis.

· Required DM shapes and WFS centroid offsets for image sharpening on the science instrument imager both on and off-axis.

· Required DM shapes for image sharpening on the LOWFS at different field positions.  
3.12  AO Bench Cold Enclosure Testing

The AO bench will also go through at least one cold cycle to the cold enclosure operating temperature.  The alignments and calibrations discussed in the previous section will need to be re-done with the system cold.  As a result in some cases the system will need to be realigned when it is warm to achieve the necessary performance when cold.

4. AO System Alignment at the Telescope

4.1 Lab Fiducial Alignment Preparations

The AO bench will require a fiducial(s) for its alignment to the telescope.  The recommended fiducial is a partially reflective flat mirror with a cross-hair inscribed at its center.  This would mount on the exterior side of the input window, with the reflective surface facing out.  It would be mounted in such a way that it’s centering and tilt could be adjusted.  An autocollimating theodolite would be set up on the AO bench on the wide field relay side of the image rotator looking through the rotator toward the fiducial.  The theodolite would be adjusted until it was on the rotation axis of the rotator by looking at the image of two cross hair targets at different distances outside the AO bench enclosure.  The partially reflective flat mirror fiducial would then be installed and adjusted in x,y to center it’s cross-hair on the theodolite axis and adjusted in (x,(y to center the autocollimated beam back on itself.  This fiducial would be pinned at this location and all bolts tightened; this fiducial must subsequently be protected (it is under the front hatch cover).  This fiducial will represent the AO bench optical axis when the bench is installed on the telescope.   

Note that this fiducial and it’s mounting to the AO bench must be designed so that the alignment of the fiducial to the rotator either does not change within the tolerances as a function of temperature or changes by a known amount.

An alternative location for this fiducial if necessary would be to mount it on the stage that moves the calibration fold mirror into position.  This is less attractive since it would require good repeatability on the stage positioning.  However it makes it easier to install and remove.

An alternative approach, which was used with the existing AO system, is to install fixtures with cross-hairs in both bearings of the rotator.  These can then be used to define the rotator axis as the rotator is rotated.  The disadvantage again is that they would need to be installed manually which would be very difficult at the summit.
4.2 Summit Alignment Preparations

The AO enclosure and platform will need to be modified subsequent to the removal of the existing bench and instruments from the telescope.  The following preparatory tasks will need to be performed prior to installing the NGAO system:

· As necessary modify the Nasmyth platform structure to support the AO system and instruments.
· Define the elevation axis of the telescope.  This could be done with a theodolite.

· Mechanically position the defining point pads for the AO bench, LGS WFS and science instrument based on the SolidWorks drawing modified if necessary to account for the measured elevation axis position.

· Install, position and level the AO bench legs.  These should be positioned to better than ±2 mm in x, y and z based on the SolidWorks model using mechanical measurements.  The legs and/or the interface to the AO bench should have a remaining available x,y,z adjustment to cover the positioning error bars.  
· The horizontal (x,y) adjustments should be adjustable at the 0.25 mm level or better.  A jacking system should be in position for the AO bench to allow the horizontal adjustments to be made with the weight of the bench removed.
· The vertical adjustment of each leg will also be used to adjust the tilt of the bench so more positioning resolution would be preferred.  If we desire to adjust the tilt to the 10 mm level on the primary mirror located conceptually at 150 m from the bench then we need to be able to control the tilt to 10mm/150m = 14 arcsec.  This corresponds to 0.13 mm vertical positioning accuracy over the ~ 2 m separation of the table legs.  So the vertical adjustment accuracy on the bench legs should be ~0.1 mm or better. 

· Install, position and level the LGS WFS riser.  This should be positioned to better than ±2 mm in x, y and z based on the SolidWorks model using mechanical measurements.  The riser and/or the interface to the LGS WFS assembly should have a remaining available x,y,z adjustment to cover the positioning error bars.
· Install cross hairs on each elevation bearing (i.e., fishing wire wrapped around bolt heads on the tertiary mirror side of the elevation bearing).

· Prepare a theodolite platform for the right Nasmyth platform to allow a theodolite to be mounted to sight along the elevation axis toward the left Nasmyth platform.
4.3 Summit Shipment and Installation
A key question is how much we will need to or want to disassemble the fully assembled lab I&T system for shipment to the summit.  The lowest risk shipment approach is to fully disassemble and pack the lab system.  The quickest and less error prone re-assembly approach is to leave the aligned AO bench and aligned LGS WFS fully assembled.  For the purpose of this alignment procedure we are assuming that the AO bench and LGS WFS will be shipped fully assembled to the summit.  We will assume the same for the electronics racks.  We are therefore assuming that the internal alignments will only need to be verified at the summit.
In order to ensure safe lab to summit transport we will need to:

· Develop and review the transportation procedures.

· Invest in vibration-isolated packing cases for the AO bench, LGS WFS and electronics racks.

· Some components may require additional clamping or support from the AO bench during shipment and removal of this clamping or support after installation.

· Invest in custom handling equipment.

· Ensure that we have the appropriate transportation vehicle.

· Train for and practice the transportation procedures from packing at HQ through installing in the enclosure.
· Have an expert lead and crew for the packing, transportation and installation process.
The installation process will require removal of the AO room and electronics vault roofs.  In order to ensure optics cleanliness during the summit shipment and installation the AO bench and LGS WFS will have been sealed in some manner to prevent air/dust inflow.  These seals will be removed after all the required components (AO bench, LGS WFS assembly, science instrument, electronics in the AO room, etc.) have been installed, the AO room roof has been replaced, cables have been routed and connected to the extent possible and the AO room has been thoroughly cleaned.  At this point the AO room will become a clean room.  
Internal alignment checkout and alignment to the telescope will begin after the AO room has become a clean room, and required motion and device control is available (at minimum rotator control for AO bench alignment to the telescope as described in the next section).
Although the assumption is that the AO bench will remain aligned during shipment and installation we will need backup alignment plans in case something is found to be misaligned during the alignment checkout.  Such procedures will be needed to support long term maintenance as well.
4.4 AO Bench Alignment to Telescope
An autocollimating theodolite and the partially reflective fiducial mirror described in section 4.1 will be used to align the AO bench to the telescope using the following procedure:
1. Assumptions: AO bench has been installed at the nominal design position and leveled.  The front hatch cover can open.  The partially reflective fiducial mirror is in place. 
2. Mount a theodolite on the right Nasmyth platform pointing along the previously mounted elevation bearing cross-hairs toward left Nasmyth.  Note that the right Nasmyth science instruments and the tertiary mirror must be moved out of the beam.
3. Align the theodolite along the elevation axis by imaging each cross-hair in turn as the telescope is moved in elevation to determine the center of rotation of each cross-hair (and hence the elevation axis).  Adjust the theodolite axis to coincide with these two centers of rotation.
4. Adjust the AO benches three defining points to center the fiducial mirror cross-hair and the reflected autocollimation cross-hair in the theodolite.  An excel spreadsheet type tool will be prepared in advance to convert centering errors measured with the theodolite to AO bench defining point adjustments.

4.5 Alignments with respect to AO Bench

The LGS WFS assembly and DAVINCI science instrument will already have been aligned with respect to the AO bench in the lab.  The same alignment procedures will be used.

The Interferometer dual star module (DSM) will not have been aligned with respect to the AO bench in the lab so this alignment will be done for the first time at the summit.  The AO bench calibration unit, aligned along the rotator axis, will provide the defining optical axis (with an image and pupil) to which the DSM will need to be aligned.  Since the NGAO design only modestly modifies the DSM layout, and the NGAO output is parallel to the existing AO bench output the primary adjustment should be focus.  The two OAPS on the DSM will need to be adjusted to collimate the on- and off-axis beams.
5. Appendix: Keck AO Wavefront Sensor Alignment Procedure

For reference the following procedure was defined in the critical design review documentation (dated July 15 – 17, 1996) for the current Keck AO system.  This provides a sense of the required steps and requirements.  The figures are scanned from this document.
· Defining the optical axis.  Requirement: The WFS focus stage must move parallel to the defined optical axis to within 4 arcmin.

· Set up two theodolites so that they are centered on each other, parallel to the optical table at the correct beam height.

· Position the three translation stages (pupil relay singlet, camera and focus) so that they translate along the optical axis.
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· Field stop.  Requirement: The field stop must be coincident to the optical axis to within 36 microns.
· Put the field stop and stage on the WFS focus stage, set to smallest size.

· Center the field stop in the theodolites.
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· Interferometer.  Requirement: The interferometer beam must be parallel to the optical axis to within 40 arcsec.

· Place cross hairs on the interferometer transmission sphere.

· Fold the beam through the field stop using a pair of fold mirrors.

· Tilt the beam back and forth using the field stop as a knife edge to position the interferometer focus at the field stop.

· Adjust the fold mirrors so that both the laser spot and the cross hairs are centered in the remaining theodolite.
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· Pupil reimaging lenses.  Requirement: The collimated beam from the pupil reimaging lenses must be parallel to the optical axis to within 10 arcsec.

· Install the pupil imaging lenses.

· Adjust the x and y position of the first lens to keep the cross hairs and laser spot centered in the theodolite.

· Install a reference flat to autocollimate the beam.

· Adjust focus and tilt of the first lens so that focus, coma and astigmatism are absent.
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· Centering the CCD camera.  Requirement: Center the CCD on the optical axis to within 10 microns.

· Mount the CCD camera on the camera stage.

· Stop the Wyko down to about f/45.

· Put a reference flat against the front of the camera.  Tilt the camera to autocollimate the beam.

· Adjust the CCD height and centering to center the beam in the digitized image.
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· Lenslet arrays.  Requirement: 

· Put the lenslets on the WFS focus stage, the correct distance from the pupil relay lenses.

· Set the interferometer output beam back to f/13.

· Translate the lenslet array stage in x and y so that the average centroid is zero.

· Rotate the lenslet stage to eliminate rotation error.

· Repeat for all lenslet arrays.
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· Reducer optics.  This step should be done with a source at the focus that matches the wavelength band pass of the wavefront sensor.  Requirement: The magnification should be set to within 0.25% of the correct value.

· Step through the focus of the camera stage in ~ 50 micron increments.

· At each focus position, scan the light source across the CCD pixels.

· Look for the steepest transition in centroids to determine the best focus position.

· Any focus sensed by the WFS must be due to magnification error.

· Adjust the reducer lens position with respect to the CCD to get the correct magnification.
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