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Abstract
This note outlines the methods, algorithms, and procedures used for calibration of the adaptive optics system and science instrument of the Next Generations Adaptive Optics (NGAO) project.  The note also includes proposed features of the AO calibration source and turbulence simulator.  This work was part of the preliminary design phase of the NGAO project, a standard phase of new instrument development at W. M. Keck Observatory.
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1. Introduction

Before adaptive optics observations can begin, the various NGAO wavefront sensors, deformable mirrors and science instruments should be calibrated.  This is a necessary process so that the non-ideal features of these components do not compromise the systems scientific utility.  For the purposes of this note, calibrations are operations or procedures performed with the NGAO system that can be completed during the daytime and do not require access to celestial sources.  Measurements that could be similar to calibrations but are made with celestial sources are considered part of the operations and optimization tasks of the NGAO system.  These operations can occur before, during or after science observations.  
It is beyond the scope of this note to fully consider some other design issues for the NGAO system that might impact the design of the calibration source and the calibration methods.  These tasks include:

· The alignment plan [1], i.e. overall alignment of the NGAO optical systems.
· Functionality of various WFS sensor subsystems, for more information on these wavefront sensors see references 2-4. 
· High level AO controls functions [5] for overall coordination of the calibration tasks.
· Details related to RTC tomographic algorithms [6].  An assumption of the current note is that a well calibrated set of wavefront sensors and deformable mirrors is sufficient for accurate atmospheric tomography [7].  
2. Background

As discussed at some length in the NGAO System Design Review Presentation (KAON 584 [8]), adaptive optics correction without feedback, known as ‘open-loop’ or ‘go-to’ adaptive optics, requires the following:

· Predictable deformable mirror response

· Absolute measurement of the wavefront with high dynamic range

It has been suggested [9] that errors in these two calibrations limited the low frequency error rejection of the VILLAGES experiment, see Figure 1.
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Figure 1: AO error rejection curves from Villages experiment.  The ‘go-to’ AO system shows higher unit response or ‘cross over’ frequency compared to conventional ‘closed loop’ AO.  However, the ‘go-to’ system exhibits worse performance at frequencies below 3 Hz. 

The NGAO team plans to mitigate the issue of calibration errors by the use of Truth Wavefront Sensor (TWFS) which will monitor the steady state performance of the AO system and the use of daytime calibrations discussed in the remainder of this note.  The methods suggested for calibrating the NGAO systems are based on experience testing ‘go-to’ AO systems at the UC Santa Cruz Laboratory for Adaptive Optics test bench and the VILLAGES experiment at Lick Observatory. 
3. Calibration Tasks

At this writing, the following were identified as tasks for the calibration source for NGAO:
1. Detector Calibration of Science Instrument and AO Wavefront Sensors:

This item includes the sources and optics needed to produce both ‘white light’ and spectrally filtered ‘flat fields’ and narrow wavelength line sources for spectrograph dispersion calibrations.  This function is needed to calibrate the science instrument.  This source may also be useful for calibrating the detectors within the various wavefront sensors inside NGAO including:
· The seven LGS WFS sensors 

· The NGS WFS sensor

· The three IR channels of the Low Order Wavefront Sensor (LOWFS)

· The visible truth wavefront sensor that is mounted in one of the LOWFS pickoff arms.
The utility of the source for wavefront sensor detector calibration could be compromised by optics such as lenslets and pupil stops located in these systems.

2. Astrometric Calibration of AO System and Science Instrument Distortion:

The AO systems will need a means to measure the optical distortion across the science instruments field of view and across the LOWFS and LGS WFS input fields of regard.

3. Determine Static Wavefronts for Best Science Image:

The AO system needs a means to measure non-common path (NCP) errors and determine the bias or offset figure for all science path deformable mirrors.

4. Determine Static Wavefronts for Best LOWFS  Image:

The AO system needs a means to calibrate NCP errors and determine the bias or offset figure for all the LOWFS DM’s. 

5. Calibrate LGS WFS Response for ‘Go-To’ Operation:

The LGS WFS will need to operate over an extended dynamic range for ‘go-to’ as compared to conventional ‘closed loop’ adaptive optics.  The LGS WFS response must be calibrated or made linear in some fashion. Currently, the LGS WFS only ‘sees’ the large conventional main deformable mirror (i.e. LODM) but not any of the smaller MEMS deformable mirrors.  The baseline WFS design uses 4x4 pixels for each subaperture.  While the LGS in the central asterism will at least be partially corrected by the LODM, the patrolling LGS can be located up to 60 arc seconds off axis.  At these locations the effects of anisoplanatism will likely result in excursions of the LGS away from central pixels in their subaperture.  In addition, the main NGAO optical relay produces large aberrations for the LGS WFS.  These optical aberrations result in some of the spots being placed far off-center in their subapertures.  This design choice saves on the cost and complexity of an LGS optical correction system (see for example the Gemini South MCAO system) but places additional burden on the calibration of the LGS for off-null operation. 

6. Calibrate LOWFS Response:

Each LOWFS unit will be located behind both a dedicated MEMS deformable mirror and the shared main LODM.  The AO system needs to calibrate the response of these sensors for operation with an AO-corrected near IR image.

7. Calibrate NGS Wavefront Sensor Response:

This sensor has three functions: 

· The main wavefront sensor for the NGS science modes, where LGS are not used.
· Low order wavefront sensing when the NGS WFS is used to determine tip-tilt and other low-order modes from the science object itself. 

· Calibration wavefront sensor used for characterizing AO performance with high pupil sampling and checking or performing various other calibrations in this document.  
This last item may require a means to distinguish internal aberrations within the NGS wavefront sensor itself from upstream aberrations of the other AO components.  This can be achieved by adding a reference point source to the NGS WFS optics.
8. Calibrate the DM Response:

Successful operation of NGAO will require measurement or knowledge of the optical figure of a DM as a function of commanded position.  Based on reports from the LAO, MEMS mirrors appear to have stable response properties over time scales up to and beyond 12 months [9].   The Low Order Deformable Mirror (LODM) which will likely use piezostack actuators appears to have more issues with calibration.  Historically, piezostack actuators have had larger hysteresis and response variation with temperature.  Final specifications for the LODM are still being developed.  This could require additional calibrations or tighter requirements.

9. Registration of Each Wavefront Sensor to Corresponding Correction Elements:

This operation is termed ‘lenslet-to-DM registration’ in conventional adaptive optics systems.  NGAO has multiple correctors that are located in optical paths separate from many of its sensors.  This is in contrast to conventional closed loop AO where the sensors are always located downstream of the correcting elements.
10. Stage Position Calibrations:

The calibration source can be used as a means to verify the mechanical positioning of elements in the AO system.  This includes: 

· Pickoff mechanisms for patrolling sensors including the LGS WFS and LOWFS.
· NGS WFS field steering mirrors for field and pupil positioning.

· Focus stage calibration verses field position for LGS WFS, LOWFS and NGS WFS.
· Rotational stages including image rotator and the atmospheric dispersion correctors.
11. Acquisition Camera Pointing Origin:
The AO system optical axis needs to be defined on the acquisition camera.  In the current Keck AO systems, the calibration point source (a white light illuminated single mode fiber on a 3 axis stage) position is measured on the acquisition camera, while the image rotator is moved.  When the motion is minimized, the SFP is on the axis of the image rotator.  This special location defines the so called “pointing origin” for the AO system.
4. Calibration Solutions and Methods

The next section lists methods and equipment needed to achieve the calibrations from the previous section.

4.1. Flat field calibration of instrument and AO detectors

To date all information from the instrument group suggests that a copy of the current OSIRIS integrating sphere, with spectral line and broadband (white light) lamps, is sufficient for these tasks.  We propose no modifications to the current requirements.

4.2. Astrometric calibration of AO system and instrument distortion

To date all information from the instrument group suggests that a copy of the current NIRC2 astrometric grid placed at the input focus of the AO system is sufficient for these tasks.  Cameron [10] has suggested some enhancements to the NIRC2 grid and these are included in the current requirements.  

4.3. Determine static wavefronts for best science image

To date the author has assumed that phase diversity methods (in and out of focus images on the science camera) can be extended to tighter wavefront error requirements of NGAO.  Reports by other groups on image based wavefront sensing for application in extreme AO [11, 12] and space missions [13] exceed the requirements for NGAO.  Typically, these methods work best when the image is sampled at or slightly better than the Nyquist criterion.  In the case of undersampled images, a higher resolution image can be synthesized from sub pixel stepping of the image across the detector.  This idea is the basis of the DRIZZLE algorithm [14] used on the Hubble Space Telescope.   

While phase diversity methods will work well with NIR image data, in principle it appears that this method could also be used on the monochromatic images within the “data cube” of an integral field spectrograph.  Alternatively, if the imager and IFU spectrograph have minimal non-common path errors, the same offset shape for the deformable mirrors could be used with both modes of the science instrument.    

The above algorithms only require that an unresolved point source be introduced into the input focus of the AO system and that defocused and focused images can be recorded.  The needed defocus could be introduced by moving the calibration source on a mechanical stage or a defocus aberration could be added to the LODM or High-Order Deformable Mirror (HODM) as required.  Using the deformable mirror for generating the defocus was the preferred method in reference [11], as it simplifies the design of the calibration source, while moving the source mechanically is the preferred solution for PALM-3000 at Palomar Observatory, because it induces a purer defocus term.  In either case, precision measurements are likely to require careful modeling of the aberrations induced by either diversity technique.
The ability to move the calibration source around the science field (~60 arc seconds in extent) is needed to allow measurement of the field aberrations.  Complete correction of the field aberrations is not possible with NGAO.  The deformable mirrors are located at pupils.  However, the aberrations can be corrected for a particular point or minimized in some other way over the field, on a case by case basis as needed for each observer or target.

4.4. Determine static wavefronts for best LOWFS images

The LOWFS each have their own MEMS deformable mirrors and these reside behind the main LODM.  As with the science camera, the author has assumed that phase diversity methods would also be applicable for the LOWFS images.  As the LOWFS pixel scale will likely be larger than Nyquist sampled, sub pixel stepping of the image and use of a Drizzle type algorithm would be required.  Unlike the science camera, the LOWFS units have to patrol a large area on the telescope focal plane.  As a result, it would be ideal if the calibration source of section 4.3 could move about the full field of regard of the LOWFS.  It is likely that the same source could be used to calibrate each of the three LOWFS units, one after the other.  An alternative might be to use a series of sources that are fixed but cover enough of the field of regard that calibration can be interpolated between the sampled points.  This issue should be investigated during the LOWFS design.  The aberrations inside the LOWFS must be repeatable with position; otherwise each new science field could potentially require a new calibration to be done for each LOWFS.  This is unacceptable from a science productivity standpoint.

4.5. Calibrate LGS WFS response for ‘go-to’ operation

The wavefront entering the LGS WFS will only be partially corrected. This is especially true for the patrolling LGS that can be located up to 60 arc seconds off axis.  These sensors will need to operate over an extended dynamic range.  The baseline design of these sensors is a Shack-Hartmann sensor with a grid of 4 by 4 pixels per subaperture as opposed to the conventional 2 by 2 pixel quad cell arrangement.  The response of the 4 by 4 pixel sensor will be somewhat nonlinear to input wavefronts.  A means to calibrate such a sensor has been demonstrated at the Laboratory for Adaptive Optics at UCSC by Ammons, et al. [15].  Their method uses an artificial calibration source that resembles the LGS in size and wavelength.  The method consists of scanning the LGS source across the pixels of each subaperture to map their response.  The known input tilt and the wavefront response are used to develop lookup tables that correct for the non-linear response of the sensor.  For NGAO, the scan of the point source across the 4x4 pixel area could be done by mechanically moving a calibration source from section 4.3, located at the input focus of the AO optical path. Alternately, the scan could be achieved by using the main LODM, which will be mounted on two gimbals for tip-tilt correction.  Another possibility is to use the LGS uplink tip-tilt mirrors inside each WFS channel to achieve the scan.  The requirement is that the input tip-tilt must be known.   If position control of the tip-tilt (possibly from strain gauge feedback for example) is provided as part of the LODM design, then moving this mirror is likely to be the easiest way to achieve the scan.  

One issue with using this method of calibration is that the real LGS as observed on the sky will have a different image structure than the LGS calibration source.  These errors are corrected during observations by using the NGS truth wavefront sensor (TWFS).  Therefore, a point source that perfectly mimics the elongation and other structures of the LGS images on the wavefront sensor is not necessary.  The only requirement on the LGS calibration source size is that it approximates the gross size of the LGS on the sky, approximately ~1.0 arc second.    

The above LGS WFS calibration can be checked by introducing a known aberration into the NGAO optical system at a pupil.  All wavefront sensors should report the same phase aberration.  This aberration could be introduced by using the turbulence simulator with only the ground layer plate in the beam.  Alternatively, the LODM could be commanded to a known shape.  All wavefront sensors should report the same aberration as the commanded shape of the LODM, currently the suggested agreement is about 10 nm rms.  The LODM is likely to have some hysteresis so it will not go to exactly the commanded shape.  The wavefront sensor can still be checked by making a measurement of the LODM before and after it is commanded to move.  The difference of the measured wavefronts before and after the LODM move should be the same for all wavefront sensors.  This calibration check would be done less frequently than the basic response calibration of the LGS WFS response curve discussed at the start of this section.  

4.6. Calibrate LOWFS response and NGS WFS in LOWFS mode

The LOWFS will measure the wavefront from field NGS’s or other compact objects that are close to unresolved in size.  When the science target is used as a source of tip-tilt wavefront information, the measurements will be made by the NGS WFS operating in its low-order mode.  Objects that might be used include field stars, cores of galaxies, and asteroids.  These objects range in size from 0.1 up to about 1 arc second in size.  The response of the NGS subapertures will be dependent on the objects size and the level of AO correction.  Calibration can be achieved with point or uniform illumination sources that span the same size as these sources. As “real” extended objects will have brightness profiles that are hard to model, it appears to be cost effective to only have a few sizes of extended NGS calibration sources.  As a result, only round targets of a few different sizes are suggested for the resolved NGS calibration sources.
4.7. Calibrate DM response:

The response of MEMS deformable mirrors, motion of surface per input voltage, is stable over time periods up to 6 months.  The same calibration has been used operationally [16] for up to two years.  As needed, the correction elements, both MEMS and piezostack mirrors, could be calibrated in place by measuring their shape optically.  Possibilities include:

· Well-calibrated wavefront sensor or sensors

· Imaging camera and phase diversity 

· Dedicated small interferometers similar to LAO MOAO/MCAO test bench for MEMS
· Dedicated interferometer similar to current Keck AO Wyko interferometer for LODM

The NGAO system will have four MEMS deformable mirrors.  Based on current experience [16] it has been suggested that small commercial high resolution Shack Hartman sensors (See for example Thorlabs and Imagine Optic) could be placed into the AO bench periodically on kinematic fixtures as needed, perhaps once a year.  While this would provide a high quality calibration of the MEMS response, this proposal has the disadvantage of requiring access to the AO cold enclosure.  That would require warming up the AO bench, but only at times when the system would be down for other maintenance tasks and upgrades. 
Unlike the MEMS, the LODM is operated in closed loop with the LGS wavefront sensors so requirements on its calibration are relaxed relative to ‘go-to’ AO systems.  It could be calibrated using a dedicated Fizeau interferometer (Wyko), like the current Keck AO systems.  It is likely that the new deformable mirrors will have better repeatability than the current Keck systems so this may not be an issue.  At present, no dedicated calibration device is specified for the LODM.  If the NGS WFS higher-order mode is well calibrated, so that it can make an absolute measurement of the wavefront error, then it should be possible to use it to calibrate the LODM response.    
4.8. Registration of each wavefront sensor to corresponding correction elements

All the wavefront sensors in the AO system “see” the LODM.  Using the technique of moving a few LODM actuators and measuring the response on the respective wavefront sensors, we can set the registration of each LGS WFS channel and the NGS WFS to the LODM.  This calibration would proceed similarly to current waffle pattern DM-to-Lenslet registration algorithms [17] used at Keck today.  The current AO wavefront sensor designs [2-4] have subaperture centered Fried geometry so the algorithm in reference 17 is directly applicable.  Depending on the details of adjustment mechanisms, this information would be used to minimize the registration error or would just be recorded and used by the RTC system as “correction factors” when NGAO is operating.
The single channel TTFA arm of the LOWFS has a co-mounted visible truth wavefront sensor; this channel is a low resolution Shack-Hartmann with order 5 subapertures across the pupil.  It can be used to assist the registration of the TTFA channel.     The registration of each of the two LOWFS TT only channels to the LODM is more problematic as two tip-tilt only channels do not have high resolution wavefront sensors.  A possible alternative in this case would be to form defocused images of the calibration point source.  Once enough defocus is added so that the images are outside the caustic zone, where diffraction effects are important, then the images can be interpreted as defocused images of the LODM.  Moving actuators should now be observable, enabling the LOWFS to LODM registration to be measured. 
LOWFS MEMS need to be registered to each patrolling LGS WFS.  Since these elements are in different optical paths, modifications to the Oliker’s method [17] used in the previous section are not applicable.  Instead, one can use the nature of ‘go-to’ correction to determine the registration.  Unlike a closed loop AO system, misregistration between the WFS and the correction element (DM) does not cause control loop instability but instead results in static errors in the corrected wavefront.  In the case of linear translation between LGS WFS and LOWFS DM, the error resembles NGS anisoplanatism (see KAON 704 reference 18 for more details on this effect).  If the static offset wavefront error can be measured on the LOWFS detector, then the registration errors could be determined for use by the RTC or corrected by adjusting the LOWFS optical alignment.  Selecting the proper static shape for the LODM and then attempting to correct the error with the LOWFS channel MEMS DM could increase the sensitivity of this technique.
The HODM needs to be registered to the four Fixed Asterism LGS WFS.  Using the same reasoning as the previous section, the science MEMS can be registered to the Fixed Asterism LGS WFS in a similar fashion, using the science instrument PSF as the indicator.  Registration of the HODM to the NGS WFS is straightforward as the NGS WFS “sees” both LODM and HODM.  The Oliker technique [17] should be sufficient for this sensor.

At present, we assume the telescope pupil/primary to LODM registration is controlled by alignment of the AO Bench and intrinsic stability of the telescope and Nasmyth platform.  This assumption may need to be reconsidered in light of the latest overall AO system alignment plan, in reference 1.

4.9. Turbulence simulator

The calibration source design from the NGAO system design phase, see reference 19, called out a turbulence simulation capability.  It was envisioned that the turbulence simulator would have moving optical phase plates to simulate turbulence and optical sources that approximate NGS, LGS, and Science object sizes and wavelengths.  The system level requirement that drove the need for this capability was never clearly identified although it is mentioned in most every planning document for the SD phase.  It appears that the turbulence simulator would be very useful for full system level testing of the AO system at the location where the system undergoes final integration and testing.  However, as sections 4.1-4.8 reveal, it is not necessary for the calibration and subsequent use of the AO system for observations.  It might be “useful” for verification that the AO system is functional before observing, but it does not appear to be “essential” to NGAO on a daily basis.  Therefore, it should be included in the calibration source for NGAO if possible, but not drive the optical design complexity or cost.  The alternative is a separate calibration source and turbulence simulator which could be provided for use at the AO final integration site.
5. Final Components for AO Calibration

The following are the main parts needed for the NGAO calibration source:

· Integrating sphere: with white light and spectral line sources

· Astrometric grid: enhanced version of NIRC2 grid placed at input focus of NGAO with an illumination source

· NGS IR-Visible resolved and unresolved uniform circular sources 

· Some set of the above sources should be movable in x, y, and z

· Some subset of the above sources should have a well defined pupil that approximates the telescope pupil

· LGS (589 nm) resolved uniform circular sources.  

· Phase diversity algorithms of high sensitivity and accuracy

· Drizzle algorithms for sensors with pixel sizes larger than half the diffraction limit

· Modified Oliker algorithms to measure registration errors or other alternative algorithms for the same purpose

· High Resolution mode for NGS wavefront sensor as additional measurement option with internal calibration source to remove errors internal to the NGS WFS.

· Turbulence simulator with sources as a separate system for testing at AO final integration site.
6. Calibration Sequence

The methods of section 4 would be used to calibrate the NGAO system using the following steps.  This is only a high level outline of the steps and some frequent steps such as recording of CCD dark frames are skipped below.
The estimated frequency of each major calibration step is also give.  The steps below focus on the AO system when it is used in the LGS mode with a fixed image (pupil rotating).   
1. Calibrate HODM and LOWFS MEMS response (once per year)
a. Open system and add high resolution Shack-Hartmann Sensors
b. Measure actuator response as deformable mirrors are exercised
c. Remove SH sensors and close AO system
2. Determine best science path static DM offsets (once per observing run)

a. Insert diffraction limited point source from calibration unit
b. Determine phase diversity to actuator gain matrix by poking actuators
c. Collect sets of in and out of focus images with science camera 

d. Analyze to determine best offset corrections for LODM and science path HODM
3. Determine Best LOWFS DM static offsets (once per observing run)

a. Insert diffraction limited point source from calibration unit
b. Collect in focus and out of focus images with science camera 

c. Analyze to determine best offset corrections for LODM and Science path HODM

4. Measure LGS WFS response for ‘go-to’ operation  (once per observing run)

a.  Insert LGS (589nm) sources from calibration unit
b. Use LODM tip tilt stage to scan sources across subapertures   
c. Record LGS WFS centroids process to determine non linearity correction
d. Repeat a-c for other ranges of LGS source (if needed)

e. Repeat for other locations for the patrolling LGS WFS (if needed) 

5. Measure LOWFS WFS response (once per observing run)
a. Insert NGS (NIR) diffraction limited source from calibration unit
b. Use LODM tip tilt stage to scan sources across subapertures   

c. Record LOWFS centroids process to determine sensor calibration 

d. Repeat a-c for other sizes of NGS source (as needed)
6. Measure NGS WFS response in LOWFS mode (once per observing run, if needed)
a. Insert NGS (NIR) diffraction limited source from calibration unit
b. Use LODM tip tilt stage to scan sources across subapertures   

c. Record NGS WFS centroids process to determine sensor calibration 

d. Repeat a-c for other sizes of NGS source (as needed)

7. Register LODM actuators to LGS WFS subapertures (once per observing run, as frequent as once each afternoon)
a. Insert LGS source into calibration unit

b.  Poke LODM actuators in waffle pattern, measure LGS wavefront errors

c. Calculate translation, rotation, magnification from measurement in step b. 

d. Move LGS WFS adjustments to reduce error if possible, iterate as needed (b-d)

e. Send final errors to RTC for use in atmospheric tomography   

8. Register LODM actuators to LOWFS subapertures  (once per observing run, as frequent as once each afternoon )
a. Insert NGS (NIR) source into calibration unit

b. Poke LODM actuators, measure LOWFS defocused  images

c. Calculate translation, rotation, magnification from measurement in step b. 

d. Move LOWFS adjustments to reduce error if possible, iterate as needed (b-d)

e. Send final errors to RTC for use in atmospheric tomography   

9. LGS WFS offset centroids (once per observing run, as frequent as once each afternoon)

a. Insert LGS source into calibration unit

b. Apply static shape to LODM determined in step 2, repeat step 2 if needed to verify correct LODM shape
c. Measure offset centroids for all LGS WFS channels
10. Register LGS WFS on axis sensors to HODM actuators (once per observing run, as frequent as once each afternoon)
a. Insert LGS source into calibration unit

b. Apply static shape to LODM

c. Measure the error on a fixed LGS WFS

d. Use RTC to calculate needed correction to apply to HODM
e. Measure the PSF on the science camera, for effect of translations, rotation, and magnification errors

f. Update RTC correction with information in step e until PSF is improved below tolerance

g. Update HODM to LGS WFS registration, repeat steps c-f  for all fixed LGS WFS channels

11. Register LGS WGS patrolling sensors to LOWFS DM actuators (once per observing run, as frequent as once each afternoon)
a. Insert LGS source into calibration unit

b. Apply static shape to LODM

c. Measure the error on a patrolling  LGS WFS

d. Use RTC to calculate needed correction to apply to LOWGS DM

e. Measure the PSF on the LOWFS camera, for effect of translations, rotation, and magnification errors

f. Update RTC correction with information in step e until PSF is improved below tolerance

g. Update LOWFS DM to LGS WFS registration, repeat steps c-f  for all patrolling LGS WFS channels
12. Measure DAVINCI instrument ‘flat fields’ for imaging mode (once per observing run)

13. Measure DAVINCI instrument spectral wavelength calibration (once per observing run)

14. Measure DAVINICI instrument and AO system astrometric distortion (once per observing run)

7. Conclusions

This note has outlined the methods for calibrating the AO system and the science instrument before an observing run.  In some cases, these methods are unique to NGAO and should be tested during the detailed design phase on an actual ‘go-to’ adaptive optics system.  Possible locations include the UCSC Laboratory for Adaptive Optics and the VILLAGES system at Lick Observatory.  This note also outlines features for the AO system calibration unit.  Any modification will need to be included in the revised NGAO functional requirements for the calibration system and the optical design of the AO calibration source.
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Appendix
The current NGAO optical relay has the Keck Telescope focus located inside the K-mirror between the first and second mirrors.  This location means that the calibration sources discussed in previous section must be optically reimaged to this location in order to feed the AO system.  While the initial impression is that the calibration source optics and optical relay must be essential perfect in their optical qualities we show below that it must only have modest quality.
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Figure 2: Conventional AO system with calibration unit at its input focus.  See text for details of the wavefront errors denoted f.
Consider figure2 that shows a calibration source at the front of a simplified closed loop AO system. The various wavefront errors are as follows:

[image: image4.png]


: errors internal to the calibration unit
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: errors internal to the optics before the deformable mirror
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: errors internal to the optics after the deformable mirror 

[image: image10.png]


: errors internal to the optics in the science camera leg after beam splitter

[image: image12.png]


: errors internal to the optics in the wavefront sensor leg after beam splitter

For simplicity we assume that the science camera and the wavefront sensor are otherwise perfect measuring devices.  We also assume that the device all work in optical path different avoiding issues of wavefront slopes and deformable mirror voltages.  The DM is flat at the start of the calibration.  When calibrating the phase error measured by the wavefront sensor is

[image: image14.png]wis = @eal + P1+ Poue + P2 + G4




(1)
When calibrating the phase error measured by the science camera (using for example a phase diversity algorithm) is


[image: image16.png]Boor + Py Opyy + Dy + D2




(2)

Next step in the calibration is to move the DM to compensate for the phase error measured by the science camera, now the science camera measurement is:

[image: image18.png]Boor + Py Opyy + Dy + D2



,
(3)


[image: image20.png]Gope = —(Doai + &4 + G5 + @2)
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(4)

The wavefront sensor will now measure the optical aberrations eq. (1) plus the new DM shape eq. (4) which simplifies to:

[image: image22.png]Pufs = — Pz + 4




(5)

This expression is stored as the wavefront sensors offset (a cog file in the Keck vernacular), it is subtracted from the incoming measurement when the AO loop is closed.  If the DM if flattened and next the AO loop is closed on the cal source with the new offset of equation 5 in use, the DM will be commanded to the opposite of the wavefront sensors measurement.  After few loop updates the shape of the DM will be settle to static figure identical to equation (4) with science camera reporting no error as in eq. (3).  If we use the stored centroid offset but remove the calibration source and replace it with an atmospheric wavefront the AO loop will remove atmospheric disturbance and the static aberrations of the AO system.  The calibration source error [image: image24.png]


 can be large as long as it is measure accurately by both the wavefront sensor and the science camera (phase diversity algorithm) during the calibration steps, and subtracted from the wavefront sensor offset.  It is recommended that the error in calibration be small enough so that the centroid response of the wavefront sensor is still in its linear range. 
The following argument applies to current AO systems that used feedback control; however NGAO will have some modes that work in a ‘go-to’ or open loop fashion.  Consider the schematic AO system in figure 3.
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Figure 3: Go-to or open loop AO system with calibration unit at its input focus.  See text for details of the wavefront errors denoted f
The calibration proceeds in analogous manner to previous section the wavefront sensor measurement is:

[image: image27.png]wis = ®eal + P2+ ¢p




(6)

When calibrating the phase error measured by the science camera (using for example a phase diversity algorithm) is


[image: image29.png]Bear + Pat Pz + Doy + D




(7)

Next step in the calibration is to move the DM to compensate for the phase error measured by the science camera, now the science camera measurement is:


[image: image31.png]Beor + Pat Pppr + Pz + B
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(8)


[image: image33.png]Gope = — (Dot + G2 + 05 + &)
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(9)
With the AO system in this condition the wavefront sensor offset file is recorded.  Because the wavefront sensor is not behind the deformable mirror the wavefront sensor offset is the same as eq. (6): 

[image: image35.png]



(10)

At the same time a deformable mirror offset is recorded which is same as equation (9)


[image: image37.png]®om offset
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(11)

If the DM if flattened and the AO loop is closed on the cal source with the new offset of equations (9) and (10) in use, the DM command will be given by the following equation


[image: image39.png](DM, ommang — @om ofrzer) = —\ WFSpeze — ®ufe offeet )
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(12)

The wavefront sensor measurement will be same as the offset.  The DM command to be the same as the DM offset this results in the system settling to state with a static figure of the DM equal to eq. (9) which gives a zero wavefront error as measured on the science camera.   We can make the cancellation of the calibration source error explicit by expanding the offset terms in eq. (12).  The result is 

[image: image41.png]DM, pmeng = —(WFS, .. )+ ¢p — @5 — @
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(13)

Now if we use the stored offsets but remove the calibration source and replace it with an atmospheric wavefront the AO loop will remove atmospheric disturbance and the static aberrations of the AO system.  The calibration source error [image: image43.png]


 can be large as long as it is measure accurately by both the wavefront sensor and the science camera (phase diversity algorithm) during the calibration steps, and subtracted from the combined offset.  It is recommended that the error in calibration be small enough so that the centroid response of the various wavefront sensors is still in their linear range. 
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