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1. Introduction

This document provides the design requirements for the NGAO acquisition subsystems: Natural Guide Star (NGS) and Laser Guide Star (LGS) acquisition.

This NGS acquisition system design document intents to develop a design concept for acquiring the natural guide stars and providing a means of transferring their coordinates to the natural guide star and low-order wavefront sensors. 
1.1. NGS acquisition for NGAO: some definitions and assumptions

1.1.1. Definitions

· The term natural guide star (NGS) used throughout this document refers to astronomical sources at infinity with an apparent radius of less than a few arcsec that are normally used for WFS sensing with current AO instruments; this may include asteroids, some planets and their moons, stars, binary stars, QSO, core of AGN, etc.

· The term science target used throughout this document refers to astronomical sources at infinity acquired on the science array for the purpose of scientific research. Note that scientific targets, particularly extragalactic sources, are very likely to be too faint to be imaged at all on the NGS acquisition system. 

· The term pointing origin (PO) is used to define a pixel location on the acquisition camera that corresponds to a reference for the acquisition process and the guiding throughout the observing sequence (see KSD 40). The PO can correspond to the optical-axis of the system, a center of a science array, etc.

1.1.2. Assumptions:

· Any NGAO observation requires at least one NGS source for wavefront sensing or guiding. This NGS can be at times the science target itself. 

· The NGS acquisition system will image objects at infinity on a visible or near-infrared camera and will allow the operator to position the telescope such that the objects of interests will be aligned with the sensors of interest.

· The NGAO system will function with the following wavefront sensing modes:

· A single NGS source in NGS AO mode. This NGS can be resolved spatially and have a diameter of up to xx”. Note that the use of elongated objects (e.g., binary stars) along a certain PA or objects with non-uniform background may lead to problems in the AO control loop. 

· Between one and three NGS sources for the LOWFS in LGS AO mode. The following conditions must be met: the science target(s) must be registered with the science detector(s) and the NGS sources must be located within an 150 arcsec-size box and registered with the LOWFS and truth sensors.
· The NGS acquisition process ends when the telescope is positioned such that the sensors of interest is aligned with the source. 

· In a subsequent phase, no covered by this document, the sensor will monitor the NGS flux, adjust its setup if necessary and attempt to close the tip-tilt loop on the NGS.
· The NGS acquisition success criteria is that the LOWFS, NGS WFS or the camera guiding interface registers the guide star.

2. Required functionalities for NGS acquisition system

The NGAO acquisition system will be used for:

· Telescope ”coarse acquisition” and pointing adjustment

· Fine acquisition on sensors

· Guiding on a NGS using the acquisition camera

This section lists the required functionalities for the NGS acquisition system. We will emphasize the requirements that specific to NGAO (in contrast with the requirements common to all Keck instruments).

2.1. Guiding with the NGS acquisition camera

The NGS acquisition system must offer the capability to be used as a guider for the Keck telescope. The technical details for the requirements for an acquisition/guiding system for the Keck telescope with NGAO are presented in these documents:

· The pointing origins definition and requirements and the telescope DCS coordinates systems are detailed in KSD 40 [1] 

· The MAGIQ Documentation [2], particularly the MAGIQ Detailed Design Report [3],  provide an excellent reference for the guiding requirements. The prioritized high-level science and user requirements for MAGIQ are summarized in the table below reproduced from [3].

	MAGIQ Functional Block
	High‑Level Requirement

	Acquisition
	1. High guide star probability (sensitivity and FOV)

	
	2. Rapid and accurate field identification

	
	3. Flexible guide object placement

	
	4. Efficient fine acquisition corrections (pointing, field rotation)

	Guiding
	1. Minimum closed loop tracking error (centroiding accuracy, update rate)

	
	2. Flexible guiding modes

	
	3. Guiding performance monitored and available to observers

	
	4. User optimization of guiding behavior

	
	5. Guiding performance logged

	Image Quality Monitoring
	1. Maximizes image quality delivered to the science instrument (telescope focus, secondary tip/tilt, etc.)

	
	2. Measurement process does not affect guiding performance, observing efficiency or delivered image quality

	
	3. Image quality monitored and available to observers

	
	4. Image quality logged

	Other Considerations
	1. High reliability

	
	2. Flexible user interfaces

	
	3. Diagnostic modes

	
	4. Easy to maintain

	
	5. System operable in all expected environmental conditions

	
	6. System is safe to personnel and equipment


Table 1: MAGIQ high-level requirements

The MAGIQ High-Level Requirements for Acquisition and Guiding are valid for the NGAO NGS acquisition system. NGAO does not require the guiding and acquisition system to monitor and maximize the image quality at the focal plane.

The use of guiding with the NGS acquisition camera is anticipated mostly during the Integration and Testing phase for the instrument: laser on-sky testing, integration and alignment of some subsystems, etc. 

2.2. Coarse and Fine acquisition of objects at infinity on NGAO sensors 

The NGS acquisition system will image the referenced objects (sensitivity allowing) to be acquired on the following sensors.

· NGS source for the NGS high order WFS

· NGS source for the near infrared (NIR) Low Order Wavefront Sensors (LOWFS)

· NGS source for the truth sensors (wide and narrow)

· Science source(s) on the science array(s)

The field of view of the NGS acquisition camera should allow to image at once all NGS sources used for a given observing sequence. Hence the field of view of the acquisition camera should be greater than 150” x 150”, yet remains within 150% of that value for easy recognition of the field of interest.  

This section should include the “normal” TBD requirements for the acquisition camera. The ability to command telescope moves in the acquisition camera coordinates system, the goto function, the ability to send from a pixel x, y to a pointing origin.

The flow-down requirements for the fine acquisition are described in section 2.4.

2.3. Calibrations and registration of the NGS acquisition camera

The NGS acquisition camera will be used as the reference to register the K-mirror optical axis, the LOWFS, dIFS and truth sensors pickoffs, as well as the narrow field science arrays. This information is required to calculate the pointing origins and perform the fine acquisition steps at the telescope. 

The registration is performed during the day, by imaging an internal AO simulation source. The registration accuracy between the sensors and the NGS acquisition camera must be documented to less than 0.050 arcsec TBD over the entire field-of-view. 
2.4. Field identification

The NGS acquisition system will be used for field identification. This requirement is a flow-down requirement from the coarse and fine acquisition requirements. During field identification, the data product from the NGS acquisition system is compared to the available information from the catalog or from the observer to produce a unique solution for identifying the sources in the field of view and re-position the telescope with respect to the sensors. The requirement for the field identification is the following:

· The NGS acquisition system should allow to image an asterism of stars with a brightness between 0 and  21 mag. at the wavelength of interest and identify each star against the data from catalog or image archive, in less than 15 seconds. 

In addition: 

· All images should be stored in a nightly directory, accessible by the astronomer. Each image should include FITS header information which content will be defined in subsequent phases of the project. 

· The data product from the acquisition system and the information from available catalog or literature should be using the same photometry system, and with comparable spatial resolution. 

· The information available for field identification will include:

· The data product from the NGS acquisition camera: an optical or NIR image with a given spatial resolution, pixel scale, corrected for pixel response and calibrated  for photometry and astrometry. 
· The telescope pointing information: the Keck telescope uses the guide star catalog (GSC-I) for pointing correction. The Guide Star Catalog II (GSC-II) is an all-sky optical catalog  based on 1" resolution scans of the photographic Sky Survey plates, at two epochs and three bandpasses, from the Palomar and UK Schmidt telescopes. This all-sky catalog will ultimately contains positions, proper motions, classifications, and magnitudes in multiple bandpasses for almost a billion objects down to approximately Jpg=21, Fpg=20. Looking ahead, the GSC-II will form the basis of the Guide Star Catalog for JWST. This was constructed in collaboration with ground-based observatories for use with the GEMINI, VLT and GALILEO telescopes. Can we have the same capability with a NIR acquisition camera / which NIR database?
· The target list information (science and reference object names, coordinates, epoch, proper motion, brightness, color and comments) provided by the astronomer, based on NIR or optical data and including possibly the latest astrometry measurement for the science field. This data may come from all-sky surveys. Possible NIR surveys are 2MASS, DENIS, UKIDSS, VISTA, CFHT-WIRCAM, etc. Possible optical surveys are GSC-II, LSST, SDSS, and Pan-STARRS. It is expected that the astronomer will use the NGAO pre-observing tools  to collect and assemble the necessary information. The offset between science targets and reference sources will be used to position the telescope and the pickoff arms for LOWFS, the truth sensors and the d-IFS.
· A sky chart with a given resolution and sensitivity based on available on-line survey data or previous observations from Keck or any telescope.

· Other material such as any published paper for the scientific field. 

A simplified algorithm for the process may look like this:

1. During telescope slew, read target (dcs.targname) and derive from starlists and/or observing sequence information the NGS information (brightness, coordinates and offset to pointing origin). The pointing origin must be stated in the observing sequence information. All AO sensors and arms are set during the telescope slew (this is beyond our current simplified algorithm). 

2. Upon end of telescope, rotator and dome slews, triggers image acquisition. The integration time, binning, filter and shutter mode will depend on the brightness of the object(s) in the field.

3.  When readout is complete, perform simple image reduction (dark subtraction, bad pixels and cosmic ray correction) and rotate image if necessary.

4. Perform algorithm (auto-correlation?) to identify sources in field against registered field information (position table or image). Output to the operator identification results and confidence. The results may be given with their confidence level, and an operator can overwrite any result.  

5. If sources ID is successful, then calculate telescope offset to center the telescope coordinate demand on the PO. This requires to estimate the expected location of the NGS with respect to the PO, then calculate the distance to the current location.

6. If sources ID was not successful, there are various paths: increase integration time, go to a nearby pointing star, cross-check position angle (PA), implement spiral search with TBD amplitude.

7. Once source ID is successful then command telescope offset of the calculated distance. This is just a RA and DEC offset, there is no rotation involved as the PA is set during slew.

8. Upon completion of the telescope offset, the various sensor(s) (see 2.2 above) should be set and ready to start a “NGS capture algorithm” for their respective NGS. 

9. If one and more sensors fails to capture their NGS, a new troubleshooting algorithm will take action.

The difficulties in field identification reside in situation where:

· The telescope pointing information is erroneous by about a field of view of the acquisition camera.

· The numbers of identifiable objects in the recorded image are scarce (either due to the physical nature of the field,  the error in telescope pointing, the camera sensitivity or a poor atmospheric transparency).

· Erroneous or missing data from the literature (e.g, image orientation, scale or wavelength) 

2.5. Minimize the time overhead from the acquisition process
The NGS acquisition process is a serial process: the telescope pointing must be accurate, the field must be ID before the NGS be acquired on the sensor(s). Therefore the NGS acquisition system should attempt to be very efficient and minimize time overhead. 

The time allocation for the average telescope slew time from one science field to the next is ~120 sec; this is assuming an average slew of 20-40 deg in elevation (0.5 sec/deg) and 3-5 hours in Az (1 deg/sec), hence getting an average slew time of 90 - 160 sec. While the telescope slews, the NGAO system will get configured for the target using the information from the general observing sequencer. This is currently the paradigm with the Keck II LGS system.

In the table below we investigate the time budget for three different case scenarios . In all cases, we assume the NGS acquisition system is configured during the telescope slews and that some of the acquisition steps are automated (this is not currently the case). In the first case, we assume the NGS are very faint (mag. ~ 20 in the band of choice) and will require adjusting the telescope pointing first, then performing manual acquisition even though some step are automated. In the second average case scenario, the NGS are bright enough or the field is close enough from the previous pointing that there is no need to go to a pointing star. Due to the brightness (and/or the number) of NGS, the field ID is automated. The third case is a best case scenario where the NGS are bright or numerous enough so the acquisition steps can be queued and automated.  

	Time Allocation / Action
	Worst Case Scenario
	Average Case Scenario
	Best Case Scenario

	Setting up for pointing check on a 8 < Mag < 12 pointing star
	During telescope slew
	n/a
	n/a

	  Integration
	 2 < t < 10 seconds
	n/a
	n/a

	  Read, ID field and adjust pointing
	 2 < t < 5 seconds

(automated)
	n/a
	n/a

	Slew to field 
	~ 15 seconds
	n/a
	n/a

	Setting up for acquisition for…  
	… Mag. ~  20 NGS During telescope slew
	.. Mag. < 17 NGS 

During telescope slew
	.. Mag. < 17 NGS During telescope slew

	 Integration
	5 < t < 15 seconds
	2 < t < 10 seconds
	2 < t < 10 seconds

	Read, ID field and command offset to PO (if can)
	5 < t < 30 seconds

(manual mode)
	2 < t < 5 seconds

(automated)
	2 < t < 5 seconds

(automated)

	Command to center on PO 
	5 seconds
	5 seconds
	5 seconds

	Integration for fine centering
	5 < t < 15 seconds
	5 < t < 20 seconds
	not necessary, centering good enough

	Read, ID field and command fine offset to PO
	5 < t < 20 seconds

(manual mode)
	5 < t < 10 seconds

(automated)
	n/a

	TOTAL ESTIMATED TIME (rounded up)
	50 < t < 120 seconds
	30 < t < 50 seconds
	10 < t < 20 seconds


Note that the current pointing error of the telescope is large enough that it requires acquiring a pointing star and adjusting pointing whenever the slew is greater than 60 degrees. So case 2 and 3 may a little bit over-optimistic by 20 to 30 seconds (assuming the acquisition automation is in place). 

We propose to use the following requirements for the design phase of the NGS acquisition system. These are depending on the brightness of the NGS and acknowledge the difficulty to acquire fainter stars.

· The telescope pointing adjustment steps should account for less then 30 seconds overhead in the NGS acquisition phase including extra-slewing.

· The NGS acquisition should take less than 90 seconds for NGS ~ 18 -20 mag; less than 50 seconds for NGS < 17 mag. with the goal of achieving less than 20 seconds for the easiest scenarios. 

Note that the table above does not present any scenario where the NGS is not suitable for WFS (binary, galaxy, etc). 

2.6. Photometric calibrations

The NGS acquisition system should use photometric filters. These filters are yet to be defined and depend on the wavelength range for the acquisition camera. Under transparent conditions, the NGS acquisition system should provide a photometric accuracy of less than 0.2 mag. This photometric requirement is based on current performance with the K2 ACAM system and will allow the cross identification of the sources in the field against the available literature during routine operations.

2.7. Visual field ID and Troubleshooting tools

There will be cases where it will be difficult to automatically ID the science target in the image (e.g., high proper motion objects), or the NGS will appear resolved and too elongated to serve as guide stars for the sensors.  For these cases and other not detailed here, we will want to use the NGS acquisition system in a manual mode: the operator will ID the field visually and may use optional functions available from the NGS acquisition user interface for troubleshooting the situation. Many of these functions have already be implemented in MAGIQ (see [5,6]). Below, we propose a preliminary list of options:

· Measure and output peak centroid, FWHM, eccentricity,  and calibrated flux for any object selected in the field.

· Allow the operator to point at pixel x, y in the image, then read back RA, DEC from the image, and save these coordinates.

· Display scale and orientation on the recorded image.

· Make on-the-flight request for data to digital sky survey (at TBD wavelength). This may require to install locally some of the most up-to-date survey, e.g. GSC-II for telescope pointing.

· Allow the operator to measure distance and orientation between two points in the image.

· Output these quantities in a format so that they could be read back by a supervisory sequencer.

· Allow the operator to use simple mathematics on two images (+, -, *, /) or one image and a constant, then save the result.

· Interactive telescope offset based on a two-position click or entries from the image data.

· Overlay pointing origin location onto the recorded image.

· Overlay reticles at the NGS sensor locations onto the recorded image, provided a table of coordinates for the sensors.

· Allow the operator to overlay an image (or a table of positions) from the literature. 

· Allow the operator to adjust the intensity display scales and parameters, as well as zoom in and out on a image area.

· Allow the operator to center the display on an part of the image.

· Allow to automate some of these functions and generate scripts to be saved and executed later on.

More to be defined in later phases of the NGAO acquisition system development.  
3. Required functionalities from other NGAO subsystem

In this section, we list the required functionalities from other NGAO subsystems, including the telescope.

3.1. Keck telescope facility

3.1.1. Telescope pointing accuracy

In order to minimize overhead on a new object, the NGAO acquisition system requires the telescope to be able to point so that the NGS objects appear in the acquired field of view. 

· The telescope should provide a pointing accuracy of 15 arcsec rms (and 30 arcsec PTV)  after any (even long) telescope slew. This requirement is derived from the NGS field of view wrt to the camera field of view. It will ensure that the 150 arcsec field of view for the NGS is always entirely visible within the acquired field of view of the camera (TBD 180 arcsec).

In addition, the NGAO acquisition system requires the telescope to be able to center the objects in one-pointing once the field ID is complete. 

· Therefore, the telescope should be able to point with less than 0.5 arcsec rms error (and 1 arcsec PTV) for any move of less than 30 arcsec (which corresponds to the PTV value for telescope pointing). 

KSD 226 [7] present a report on the Keck telescope pointing error. It is understood from the report that the MAGIQ project will not affect the pointing error in any way. The telescope pointing performance is monitor by the keywords CA and CE, collimation azimuth and elevation respectively. CA and CE represent the pointing adjustments to correct the azimuth and elevation of the telescope locally. A local correction means that it is only valid within a small area of the sky. In order to estimate the Keck II pointing error, we used the query tool
 to request the CA and CE pointing model offset data as measured and applied on the sky, for all year-2007 nights, including all instruments. The  sample data contains 2021 points. The table below represents the typical corrections applied to the pointing model. These values needs to be taken with caution: there is first a bias towards worst performance as  the CA and CE are only adjusted where the model shows error that impact the science performance. There is a second bias due to the fact that we don’t normalize by the location and the number of  observed targets: telescope is showing higher CA correction with higher elevation. The standard deviation may be a more objective quantity, as it shows the rms pointing error , which can be interpreted as the average error once the model has been corrected. Finally the maximum error is a representative of the PTV quantity.   

	Parameter
	Average (“)
	Standard deviation (“)
	Maximum (“)

	CA
	25.7
	17.6
	120

	CE
	34.1
	14.2
	190


In the optimistic case where one takes the standard deviation only as representative of the telescope pointing error, the result (22.6 = sqrt(17.62 + 14.22) is greater than the requirements for rms error.  Same for the PTV requirements. It has also been reported that the second requirement of 0.5 arcsec rms error for an offset of 1 arcmin is currently not met (S. H. Kwok, pers. comm.).

One could imagine that a worst telescope pointing performance can be compensated by a larger field of view. This present two risks though: the field identification may take longer as there will more information in the field and the science field of interest very small in comparison to the acquisition field of view. Second, this would not fix the challenge of pointing the telescope with 0.5 arcsec accuracy on the second pointing.

We conclude that the current telescope pointing performance does not meet the NGAO requirements and that further work is required to investigate this issue.   
3.1.2. Catalogs and Image Archives

Astronomical catalogs and image archives can be available either remotely at a data base center (NASA, ADS, ESO, STScI, etc) or locally on disk. Currently, the Keck telescopes have the SAO, the HIP and the GSC-I catalogs, either for part or all. The MAGIQ user interface allow the user to send request to other catalogs such as 2-MASS, GSC-II, USNO 1.0B, etc. These requests are handled through a generic interface to the catalogs and the requested data can cached locally at Keck for a certain time. These features are documented in [4] and [6].

In addition, one can imagine an automated tool that will make request to all catalogs and cache the data, based on the target list for the night, reducing the need for on-site catalog. 

Note that for NGAO the target list will be final in the afternoon at the latest due to the constrain of laser clearinghouse approval. Additional on-line requests for last-minute NGS targets could still be addressed during the night.

The required list of astronomical catalogs for NGAO operations and observations will depend on the wavelength for the acquisition camera and the science instrument, and will include new catalogs and data archives. This is will be defined during the preliminary and detailed design phases of the projects, depending on the progress status of currently-planned sky surveys. 
3.2. Available field of view

4. Sample acquisition scenarios from science cases

We propose to review succinctly a few acquisition paradigms and their possible associated challenges for the science cases developed for NGAO [8]. The results are presented in the next two tables below. For each table, the first row shows the science cases. In the second row, we list the assumptions for this type of science cases. In the next row, we anticipate for the information that will be available for the NGS stars. Row 4 is an attempt to look qualitatively into the risks, (and missing the frequency of the risk factor). Finally row 5 is a first-order assessment of the merits of visible and NIR.   

	Science cases
	High-z galaxies on 

 d-IFS (X2)
	Gravitational lenses by galaxies (X4)
	Imaging QSO in the NIR (X1)
	Nearby AGNs and Galactic Science 

(X3 - G2 – G3)

	Assumptions
	- Field is very well-known for science.

- Field has been surveyed at different wavelengths down to ~100mas spatial resolution.
	- Field has been surveyed by SLACS. 

- Seeing limited survey images is available at visible wavelength, and possibly at NIR. 
	- Field is sometime known, sometime unknown for science.

- Seeing-limited sky survey (vis and NIR) provide field ID info. 
	- Field is very well-known for science.

- Field has been surveyed at different wavelengths down to ~100mas spatial resolution.

	Available NGS TT information
	-Vis and NIR mag. are well documented
	Vis mag < 20 (USNO, GSC-II)

NIR mag < 17 (2MASS, DENIS)
	- Vis mag < 20 (USNO, GSC-II)

- NIR mag < 17 (2MASS, DENIS)
	-Vis and NIR mag. are well documented

	NGS Risk
	0.1” or less binary

Variable star
	Mostly Galaxy 

< 2” binary

Variable
	Galaxy 

Binary

Variable
	0.1” or less binary

Variable star

	Visible versus NIR acquisition 
	Either to ID field

NIR better for NGS
	Either to ID field

NIR to select NGS
	Either to ID field

NIR to select NGS
	Either to ID field

NIR to select NGS


	Science case
	Planets around low-mass stars

(also astrometry in sparse field)

(G1 – X5)
	Asteroid/planets at predicted UT 

(S1 – S2 – S3)
	Asteroid/planets at any given UT (S1 – S2 – S3)
	GRB on d-IFS or narrow-field instrument 

(~ X5)

	Assumes
	- Field is sometime known, sometime unknown for science.

- Seeing-limited sky survey (vis and NIR) provide field ID info. 
	- Field is unknown for science 

- Seeing-limited sky survey (vis and NIR) provide field ID info.

- Observation UT selected to optimize NGS selection
	- Field is unknown for science 

- Seeing-limited sky survey (vis and NIR) provide field ID info.

- May require on-the-fly NGS selection
	- Field is unknown for science. 

- Seeing limited detection images is available at visible wavelength, and possibly at NIR.

	Available NGS information
	- Vis mag < 20 (USNO, GSC-II)

- NIR mag < 17 (2MASS, DENIS)
	Vis mag < 20 (USNO, GSC-II)

NIR mag < 17 (2MASS, DENIS)
	- Vis mag < 20 (USNO, GSC-II)

- NIR mag < 17 (2MASS, DENIS)
	- Vis mag < 20 (USNO, GSC-II)

- NIR mag < 17 (2MASS, DENIS)

	NGS Risk
	Science target proper motion (see below)

Galaxy 

Binary

Variable
	< 2” binary

Variable

Galaxy 
	< 2” binary

Variable Star

Galaxy 
	< 2” binary

Variable

Galaxy

	Visible versus NIR acquisition
	Either to ID field

NIR to select NGS

Note that the science target could have uncertain proper motion, and not be detected in a visible camera. Use of NIR camera would help here.
	Either to ID field

NIR to optimize NGS
	Either to ID field

NIR to select NGS
	Galaxy 

< 2” binary

Variable


The risk of binary is the most likely one (about ½ of the stars are in binary system), and cannot be fully assess with the current system (as it is using seeing limited TT sensor). This risk can be mitigated by using a diaphragm (well-separated NGS binary) or being able to use resolved objects for the LOWFS. The risk for galaxy contamination can be mitigated by careful pre-observing planning using multi-wavelength archive data. Some galaxies present steep intensity profile and can serve as NGS references as long as the LOWFS can use resolved object, and with careful background subtraction. 

Existing sky surveys in the visible are more complete for star census than existing NIR surveys. Yet, the estimation of the NIR flux and color based on visible data may lead to significant errors, equivalent to dealing with variable stars. If the NGAO system (planning tools + acquisition information) fails to provide an accurate estimate for the NIR flux for the NGS before the stars are acquired on the LOWFS, this may lead to significant overhead (full re-acquisition?) in order to optimize the NGS asterisms with respect to the sensors (TT, TTFA, TWFS). 
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