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1. Introduction

1.1 Purpose and Philosophy of Document

The Keck Adaptive Optics (AO) Working Group (WG) isin the process of being established. The purpose
of this document isto bring this group up to acommon understanding of the current status of the Keck AO
Facilities.

We apologize in advance for the length of this document and at the same time for errors, including errors of
omission and incompleteness, in this document. Thereisalot of material to cover and we hope that this
document will serve as a useful starting point for the AOWG.

1.2 Overview of AO Facilities

The Keck AO facilities consist of two, essentially identical, Natural Guide Star (NGS) AO systems on the
left Nasmyth platforms of the twin Keck telescopes (Figure 1). The Keck Il (K2) AO system has been
operated for science with the NIRSPEC and NIRC2 science instruments. Only a simple engineering
camera, KCAM, is available with the K1 AO system. Thetwo AO systems have been operated
simultaneously as part of the Keck Interferometer (IF).
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Figure 1. Left: The AO enclosure on the left Nasmyth platform of the Keck 11 telescope.
Right: A schematic view of the AO enclosure with its roof removed.

Thefirst Keck AO system, the K2 AO system, was designed from the start to be used with alaser. The
laser is currently mounted on the telescope and had its first light projection in Dec./O1. However, the Laser
Guide Star (LGS) AO tools are still being developed for completion in Sept./02, with integration of the
LGS AO system on the telescope as our highest priority in FY03. We hope to begin shared risk LGS
sciencein semester 03B.

1.3 Performance Summary versus Requirements
The Keck AO systems are capable of achieving Strehl ratios of 0.5 at H-band under good seeing conditions

with aV < 7 magnitude star. Under median seeing conditions we typically achieve a Strehl of 0.3 for V<
10. Thisperformanceis poorer than the design regquirement (see KOR 208) prediction of Strehl = 0.79



under excellent conditions, and 0.64 under median conditions. Our best H-band images have a FWHM of
38 to 40 milli-arcsec compared to the diffraction-limit of 34 milli-arcsec.

The requirement and error budget are discussed in Appendix 8.5. The error budget presented in this
Appendix predicts a best H-band Strehl of 0.48 with an average Strehl of 0.33 for bright stars, which is

reasonably consistent with the observed values.

The limiting magnitude where the AO system is no longer able to close the loops occurs between a V-
magnitude of 13 and 14. We can close the tip/tilt loop on stars asfaint asV = 14. Some detailed

performance data can be found in Appendix 8.3.

1.4 Overview of AO Operations

The K2 AO system has been operated for 30 to 40 science nights per 6-month semester since semester
2000A. Initial operations required an AO expert. The K2 AO system is now operated by the Observing
Assistant (OA), with an AO expert on-call. Both NIRSPEC and NIRC2 are routinely scheduled for science
withK2 AO. We are now at afairly mature level of K2 AO science operation, although thereisstill room
for improvement. Both AO systems are now routinely used for interferometer engineering observing.

1.5 The Future

As part of the FY 03 planning process the AO team has defined a number of potential projectsfor
improving the AO system and its capabilities. Currently our major project is completing the K2 LGS AO
system commissioning, while continuing to support AO science observing. We define these proposed
projectsin section 6 to provide the AOWG with some insight into our thinking.

2. Science

2.1 Instruments

Table 1 provides a summary of the current and planned Keck AO science instruments.

Table 1. Science I nstruments

Name Date of 1% Detector Plate Scale | Spectral Notes
AO Light (# pixels & type) (arcsec/pixel) | Resolution
KCAM (UCLA) Feb, 1999 | 256x256 NICMOS3 0.017 N/a Focus stage; 12-position
(HgCdTe) external filter wheel;
JH,K" internal filters
NIRSPEC Feb., 2000 for 1024x1024 InSh 0.0185 highR | Low=2000 | 10.6 magnification provided
(UCLA) spectra 0.0131low R [ High=27000 by 2 spherical mirrorson
Apr., 2000 for | 256x256 PICNIC 0.017 N/a AO bench; 12-position
imaging for dlit viewing external filter wheel
Interferometer | Mar., 2001 Hawaii AO on both Kecks
(JPL, CARA)
NIRC2 July, 2001 1024x1024 InSh 0.01, 0.02 ~5000 with Designed for AO system
(Caltech) & 0.04 grisms
OSIRIS 2005A OH-Suppression IR Integral
(UCLA) field Spectrograph
AO Acquisition|  Apr., 1999 1024x1024 CCD 0.0075 high R N/a Only tried oncein high res.
Camera Photometrics PXL 0.134 normal Potential visible science camera]

2.2 Publications

A total of 13 refereed science papers, and 3 |AU circulars, have been published using Keck AO results. A
summary table of these publications can be found in Appendix 8.1. Three papers were published in 2000, 5



papersin 2001, and 5 papers so far in 2002. The mix of these papersis 2 planetary, 8 galactic and 2 extra-
galactic. A bibliography of refereed AO science papersis maintained at
http://www?2.keck.hawaii.edu:3636/real public/inst/ac/ao _sci_list.html.

2.3 Discussion

We are somewhat disappointed in the number of science publications so far achieved with the Keck AO
facility. It would be useful to understand the reason for this limited publication rate.

For example, from our 1999 engineering science verification observing program the only results that have
been published so far are the faint galaxy observations and abinary system. The observations of the
galactic center, Neptune, Vesta and two Seyfert galaxies have not been published, and only the Neptune
dataislikely to be published.

Some potentl a explanationsfor this apparently low rate of publication:
We were extremely limited initially by our first light scienceinstrument, KCAM.
Our observing efficiency was low initially.
The AO system was not capable of performing some of the science being tried. For example, the
performance when Seyfert galaxies are used as the guide star is borderline.
AO performance is more dependent on seeing conditions and wind shake. Observers may not
have had a useful backup program for these conditions.
AO observing, and even IR observing, may be new to some observers
o Initial observers may not have taken all of the data they needed to properly reduce their
science data.
0 Some observers may not have had the tools they needed to reduce their science data.
Some observers are too busy to publish their datain atimely manner.

3. Operations

The purpose of this section is to present how the Adaptive Optics system is operated during science
observing.

3.1 Overview of AO operationson Keck | and Keck |1

To allow the Keck staff to operate the AO system in science mode, the AO team and the software team
have devel oped various software tools that differ from the AO engineering software. Theseinclude a
(Graphical) User Interface and automated scripts used for setup, calibration, acquisition and
troubleshooting.

The Keck AO system is acomplex system working with various instruments in science mode. Note that
even for the experts, it is difficult to step manually through the WFS calibrations without documentation.
Such acomplex system should be operated under configuration control whoever the user. This has become
arequirement for science operation during system setup, calibrations and observing.

Following these ideas, we targeted the following Keck AO team priorities:
User-friendly accessto the AO tools
Higher reliability of the AO tools (hardware and software)
Keck staff training for AO science
AO operationsin avery controlled environment

As an exanmple, the software team has been working on increasing the reliability of the AO tools and
implementing easier access to thesetools. At the sametime, the AO team has been concentrating on the
development of IDL routines that automatically:

configure the AO system for calibrations and/or night time observing,

calibrate the AO system depending on the instrument and tel escope,



set and optimize the AO system optics and WFC parameters for the observed target, given its
brightness and color,

handle FSM pointing reference depending on instrument,

detect and fixed faulted devices on the Optics Bench,

halt the AO system

3.2 Operating the system for science

During science nights, the following operation scheme has been in use for more than ayear:

The Support Astronomer (SA) introduces the visiting astronomer to the operation of the NIR
camerain the afternoon. The visiting astronomer and the SA review the observing plan and
investigate any issues (either instrument or AO related). The SA is usually present for the first half
of the night and remains on-call otherwise.

The Observing Assistant (OA), located at the summit, is responsible for the telescope and its
subsystems (Drive Control System, Active Control System, dome, meteorology, etc.). The OA
also operates the adaptive optics system.

Oncethe telescopeis pointing to the target and the AO loops closed on the AO guide star, the
visiting astronomer isin charge of recording the science data. The astronomer configures the
near-infrared camera (NIRSPAO or NIRC2) for the target and integrates on the target. Both
Nirspao and Nirc2 observing software include a set of dithering scripts. During observing,
opening/closing AO loops and moving Field Steering Mirror are automated and synchronized with
telescope moves. For most observing schemes, the AO system operations remain "transparent” to
the astronomer.

The AO Supportperson calibrates the AO system in the afternoon. He stays in contact with the
observersfor thefirst part of the night, making sure that the AO systems works optimally for the
given atmospheric conditions. The AO support ison-call for any AO night.

By 2002B, it is planned to have the AO support and the Support Astronomer be a single person for anight.
3.2.1 TheVisiting Astronomer
The astronomer is responsible for operating one of the near-infrared camera NIRSPAO or NIRC2.

The Keck Il Adaptive Optics system is used with NIRSPAO and NIRC2. Both instrumentsinclude a set of
dithering scripts. The Nirc2 software, particularly, includes a set of functions that optimizes the observing
efficiency and the image quality: checking the state of the AO loops, sending commandsto the AO system,
checking the status of the focus stage of the WFS, setting the wavelength value for the differential
atmospheric correction software, etc.

The astronomer has accessto asmall set of AO GUIs (Figure 2) that allows them to set the rotator (to any
position angle or vertical angle on the sky), read the AO status (WFS sub-aperture intensity, AO loops state
and gain, FSM positions), monitor the Tip-tilt residuals, etc.

The NIRC2 quicklook display includes some toolsto analyze the data: image intensity cuts, fwhm
measurement by fitting a gaussian and a Strehl meter. The Strehl meter gives arough estimate of the image
quality, but it isnot calibrated for all the possible NIRC2 settings (e.g. NIRC2 pupil stop).
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Figure 2. Astronomer GUIs
3.2.2 The Observing Assistant

The observing assistant (OA) operates the AO system during science nights and takes care of various
subsystems during observing. Since the OA was not meant to be an AO expert, the AO team worked
together with the OAsto build observing software with the goal of providing adequate, reliable and user-
friendly AO tools. The existing software isacombination of Javaand IDL tools.
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Figure 3. Observing Assistant tools.



The Java User Interfaces (Ul) displaysthe state of the system (Figure 3 left) and includes a set of
automation units to send commands to move devices and monitor their state. The automation units included
in the Java interface do more complicated operation like setting the AO bench rotator depending on the
instrument in use and the telescope pointing direction.

The IDL software includes widgets, functions and scripts with more built-in complexity to acquire atarget,
adjust the Field Steering Mirrors (FSM) pointing, adjust the WFS settings, display the WFS intensity map
(Figure 3 right), configures the AO system for observing, auto-recover from faulted stages, etc.

The observing assistants monitor the AO performance by referring to:
agraphical display that plots TT residual errors and tip-tilt mirror position (Figure 4).
agraphical display that plots WFS rms error versus time.
aWYKO interferometer display of the deformable mirror (Figure 4).

The OAs use the tip-tilt graphs to do avisual check of the AO performance. The WY KO display has
shown to be avery easy way to detect problemsin the AO system (pupil rotation compensation software
problem, waffle mode, high gain, etc.). The analysis of the Wavefront Sensor (WFS) RMS error would
reguire atool to be readable by the OAs.
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Figure4. Observing Assistant tools: tip/tilt plots (left) & WY KO display (right).

3.2.3 A0 support

For any observing night that uses NIRC2, NIRSPAO or the interferometer, a member of the AO Team is
responsible for the AO system on-sky performance. The AO support tools can be launched from the gui on
the left of Figure 5.

The AO system is calibrated in the late afternoon on awhite light source (see IDL Widgets figure above).
At the start of the night, the AO support assists the OA for the first acquisition on astar. Together, they
check that the system is behaving properly.

In case of bad weather or an unusual target for the wavefront sensor, the AO support makes
recommendations for how to best use the AO system based on the actual atmospheric conditions and/or the
characteristics of the reference target.
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Figure5. AO Support tools launch windows.
3.3 Observing procedures

The acquisition of anew target on the AO system isnow avery easy process: it requires entering the vV
magnitude and the color of the target in a GUI screen and hitting a start button (as shown on the |eft side of
Figure 3).

3.3.1 Auto acquisition and auto setting

The automated A O setting script steps through the following subroutines:

- Given the V magnitude, the color, and a (default) system parameter for the minimum signal-to-
noise required for the subaperture intensity, the auto AO setting script sets the various AO system
parameters (CCD gain, WFS neutral density, sodium dichroic, field steering mirror repositioning
and frame rate). This can be done during the telescope slew.

Once the script has checked that the telescope is tracking on the target and that the fine acquisition
has been performed, it automatically offsets the telescope 30 arcsec to record a WFS background
frame and return to object. It isworth noting that for every different WFS frame rate, we need to
record a new WFS background prior to checking the intensity level on the WFS.

The script then closes the tip-tilt loop with alow gain, reads the WFS intensity, checks for
saturation and compares the flux to atheoretical value for the given frame rate (the theoretical
valueisbased on aWFS model of adequate signal-to-noise versus frame rate). Based on the WFS
model, the actual WFS settings and the star flux, it computes a new value for the WFS frame rate
and comparesit to the one presently used.
- When the AO settings are adequate, the script closesthe loops (TT and DM) with gains
that depend on the WFS frame rate, the intensity and the amount of wind shake.
- When the frame rate hasto be adjusted, the scripts set the frame rate to the cal culated
value, offset the telescope, return to object and close the AO loops with adequate gains.



The duration of the AO acquisition and AO setting procedure varies between 35 to 90 sec. When the
intensity counts on the WFS do not correspond to the expected brightness (perhaps brighter or fainter due
to clouds or an error in the V magnitude value set for the target) the script will take longer but will finally
converge to the correct settings for the star.

3.3.2 Other observing scripts

Other observing scriptsinclude:
Managing and setting the FSM positions at acquisition so that the star falls at any desired position
on the NIR array (center of aquadrant, onto aslit or behind an occulting mask),.
Detecting any FSM or rotator fault and fixing it automatically.
Fixing any problem between the AO and DCS by a proper re-initalization of the communications.

3.4 Operation issues

The main science operation issue with the present state of the AO systemsisrelated to its performance.
This may be expressed by the following assumptions:
We haven't achieved a compl ete characterization of the AO system and its subsystems.
Hence we miss a clear understanding of the error budget contribution from the WFS optics,
from the noise propagation, etc.
The present design of the wavefront controller does not allow us to implement the tools
needed to optimize the AO system and run it at its best performance.

The complete characterization of the AO system has not been achieved because the priority was given to
science observing. Over the last two years, the AO Team has concentrated on getting the two AO systems
on-line and getting them up to a point where they can be operated by the Observing Assistant. Sincethe
AO team resources were concentrated on these tasks, plus providing support for AO science (30 to 40
nights a semester), we were only able to carry on with alimited number of tasks related to the
characterization of the system.

We haveidentified various sources of errors:
The WFS camera has adark current of 2000 e-/sec for K2AO and ~ 900 e-/sec for K1AO.
The WFS background intensity has been reduced by afactor 5. The light contamination was
coming from inside the AO enclosure, from the encoders on the optics bench.
We have been trying to study the performance of the AO system asafunction of TT and DM
gains. We realized that the performance remains at the same level for awide range of gains. We
observed an under-sensitivity of the system gains.
Through collaboration with M atthias Schoeck (CfAO/UCI), we have measured the spot size on the
WEFS quad-cell. The preliminary resultsindicate that the spot size is afactor 4 larger than what it
should be. We are presently working on thisissue as this would partly explain the system gain
problem.

The present design of the wavefront controller does not allow fast enough telemetry. Only afew variables
go through the telemetry (rms wavefront error, focus error, subaperture intensity, rmstip-tilt error, etc).
Thetelemetry rate is limited to afew hertz and iswell de-correlated from the WFS frame rate.

On the other hand, we can request WFC data using the diagnostic files (see figure below). Thisdatais
recorded at the WFS frame rate and iswritten to adisk afew secondslater. The dataislimited to 1000
samples (1.5 seconds of data). Inafew cases (e.g. variance of the centroids), the sampleis not large
enough to derive agood estimate for the mean variance and the deviation from this variance.
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Figure 6. Diagnostic mode selector tool.

We hope that the EPICS upgrade of the WFC will provide an opportunity to increase the telemetry rate. To
increase the number of sample of datainside the diagnostic files, it will be necessary to upgrade the
memory on the WFC mercury board.

We also face another problem: we are missing good documentation of the diagnostics and telemetry modes
that have been implemented. For example, the units for the Zernike errors measured by the WFS that we
can request through the diagnostic files are not understood. The same happens with the rms wavefront
error and the DM Zernike errors. For most of these modes, we need reverse engineering to find out from
the WFC code what the calculation is doing and what the units are. With the arrival of new membersin the
AO team, we are now starting along this process and we hope to get a better understanding of the WFC
telemetry and diagnostic modes.

3.5 Documentation, fault recovery, maintenance & spares

The majority of our documentation can be found on the KeckShare internal web site, including our series of
Keck Adaptive Optics Notes (see Appendix 8.4 for a summary list), mechanical and electronics drawings,
subsystem manuals, vendor manuals and performance data. Procedures for starting and calibrating the AO
systems can be found on the opticsinternal web page. Observer information for AO can be found on the
public instrument web page at http://www2.keck.hawaii.edu:3636/realpublic/inst/. Some fault recovery
procedures exist. Electronics spares are controlled viathe electronics group database.

4. AO NGS Facilities

4.1 Overview

The NGS AO facility is located on the left Nasmyth platform of the Keck Il telescope at the f/15 focus. The entire
facility is enclosed in the thermally insulated enclosure shown in Figure 1. The enclosure is divided into two rooms,
one for the AO bench and science instruments and the other for the electronics racks. The electronics room contains

an air to glycol heat exchanger to remove heat from the telescope.

The NGS AO facility consists of multiple subsystems that communicate over an ethernet connection using EPICS
(Experimental Physics and Industrial Control System). These subsystems include the optics bench subsystem,
wavefront controller subsystem, supervisory controller subsystem and user interface. With the exception of the user
interface and acquisition camera servers, which run on Sun/Unix machines, al of the subsystem computers are
mounted in two VME crates. There are two electronics racks for the optics bench subsystem, one for the wavefront

controller and one for the deformable mirror.

10



A detailed description of the components on the optics bench can be found in Appendix 8.2.
4.2 Control Loops

Figure 7 shows the NGS control loops, while Table 2 briefly describes these control loops.
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Figure7. NGS AO control loops.
Table2. NGS AO Control Loops
Name Description Implementation
Tip-tilt (TT) Theaverage TT on the wavefront sensor subaperturesis used to Real-time
drivethe TT mirror. Mercuryto TT
processor
Deformable Thetip/tilt on al of the active wavefront sensor subaperturesis Real-time
Mirror (DM) used to drivethe DM. Mercury
Pupil Rotation Thisroutine, as afunction of pupil rotation, 1) determines which Unix
Compensation subapertures are active, and therefore which actuators should be
actively controlled and which actuators should be slaved; 2)
calculates a new reconstructor matrix, and 3) loads the new matrix
onto the wavefront controller.
Tip-tilt offloading | The TT onthe TT mirror is offloaded to the telescope pointing. EPICS
Focus offloading | Thefocusonthe DM is offloaded to the telescope secondary EPICS
mirror piston.
Comaoffloading | The comaonthe DM is offloaded to the telescope secondary EPICS
mirror tip/tilt (only used as a 1-shot).
Slewing AQO loops are automatically opened when the tel escope slews. EPICS
Nodding The following automatic procedure occurs when the telescope EPICS
control system receives arequest to nod from the science
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instrument: the AO loops are opened, the telescope and wavefront
sensor field steering mirrors are repositioned, and the AO loops
(tipftilt first) are reclosed.

Instrument focus

The wavefront sensor focus stage is automatically repositioned as
appropriate when the science instrument changesits filter or
camera configuration in order to maintain focus on the science
instrument.

Instrument script

Differential
Atmospheric
Refraction
compensation

This code calculates the relative displacement of the visible
wavefront sensor image and the infrared scienceimage. If the AO
loops are open the wavefront sensor field steering mirrors are
moved so as to center the science image at the correct location.
During a science integration, when the AO loops are closed, these
offsets are instead applied to the wavefront sensor centroid offsets
to maintain the science image location.

EPICS

KAT-AO

KAT, theinterferometer Keck Angle Tracker camera, sends
commands to the AO system in order to offload the interferometer
tip/tilt mirror.

Interferometer
real-time tip/tilt
to EPICS

Calibration

Three routine calibrations are performed prior to the start of
observing using the AO white light source. These are: registering
the wavefront sensor lenslets to the DM; flattening or sharpening
the DM; and setting the wavefront sensor centroid origins for this
sharpened DM shape. In addition, other routines allow you to
perform image sharpening on the science instrument, calibrate the
field steering mirrors, etc.

IDL

Setup

Automated scripts are used to configure the AO system according
to the science instrument or calibration needs.

IDL

Autosetting

The autosetting tool uses asitsinput the expected magnitude and
color of the NGS. It sets the wavefront sensor frame rate and the
TT and DM gains based on the expected flux. Once locked on the
NGSit will automatically perform one iteration of these values
based on the actual flux. Thisroutine also automatically obtainsa
wavefront sensor sky measurement for background subtraction.

IDL

5. AO LGS System

5.1 Laser

The following figure is a collage of the laser system at the telescope. The six Nd:YAG pump lasers, the
dye master oscillator (DMO) and the dye pumps are located in athermally insulated room on the Keck |1
domefloor. The dyelines, asingle mode fiber from the DMO and multi-mode fibers from the pump lasers
travel through the telescope’ s cable wrapsto alaser table mounted on the telescope’ s elevation ring (the
laser table moveswith the telescopein elevation so that it is under the tel escope when the tel escope points
to the horizon). The seed light from the DMO is amplified in two stages on the laser table prior to being
propagated up the side of the telescope through a 50 cm lens mounted at the top end of the telescope.

Thefirst light laser projection (2-nights) to the sky occurred on Dec. 23. Thisfirst light experience,
described at http://www?2.keck.hawaii.edu:3636/real public/gen_info/kiosk/news/laser0.html , was very

successful. We projected ~ 17 W and measured a L GS with a magnitude of ~9.5 and aFWHM of 1.4
arcsec. Our January laser run was clouded out; our next projection isscheduled for late June.
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Figure 8. Laser facility on the summit.
52 LGS AO Tools
The existing K2 AO system needs to be upgraded in a number of ways to take advantage of the laser
beacon. These upgrades are in process with completion planned by Septemb er of thisyear. The following

table briefly describes the major upgrades.

Table3. LGSAO Tools.

Upgrade | Purpose Description Status
Tipftilt To measure tip/tilt | The TTSisaquadrant detector based on | All hardware in place at
sensor onaNGS fiber fed APDs. This sensor is used to summit. Early tests gave
(TTS) (atmospheric control the existing tip/tilt mirror. The different tip/tilt results than
tip/tilt is not sensor head is mounted on an xyz stage | the wavefront sensor — needs
provided by the to allow acquisition of aNGS anywhere | investigation.
LGS). in a2 arcmin diameter field.
Low To provide low The LBWFSis a Shack-Hartmann All hardwarein placein the
bandwidth | bandwidth focus | cameraconsisting of alenslet array and | lab. Software for camera
wavefront | and centroid low noise CCD camera. The control and processing under
sensor offset corrections | subapertures are matched to the existing | development. An LGS
(LBWFS) | using an NGS. wavefront sensor subapertures, withthe | source simulator is being
exception that we have 8, instead of 2, built up for |ab/tel escope
pixels across each subaperture. The 1&T.
LBWFS is co-mounted withthe TTS
and sharesthe same NGS.
Up-link Toremovejitter The tip/tilt information from the All hardware, except some
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tip/tilt of the laser wavefront sensor looking at the LGS cabling, in place on the
beacon. will be used to control afast tip/tilt summit. Software not yet
mirror prior to the laser projection written.
telescope.
Wavefront | Totrack the The wavefront sensor, and one element | All hardware in place on
Sensor distance to the of the pupil relay optics, are mounted on | summit. The 3 dfield
(WFS) sodium layer and | translation stages. They must track asa | steering mirror was replaced
tracking maintain the pupil | function of telescope elevation with to allow for the laser beam
sizeonthelenslet | offsetsfromthe LBWFS and from the size. NIRSPEC reimaging
array. science instrument. optics remounted to provide
WFSrange. Software and
testing remain.
Sodium To transmit Sodium dichroic on translation stageto | Sodium dichroic in place on
filters sodium light to transmit light to wavefront sensor and summit. Sodium rejection
the wavefront reflect visible light to the NGS sensors. | filter close to being ordered.
sensor and to A sodium rejection filter in front of the
reject it from the TTS& LBWFS.
TTS & LBWFS

5.3 Laser Safety Systems

There arefive levels of safety systems associated with the laser: personnel, equipment, other telescopes,
aircraft and satellite. Thefirst two are accomplished by training, safety equipment and an interlocked
safety system. These are documented in a Laser Safety manual and enforced by a Laser Safety Officer.

The external safety issues were resolved by the Mauna K ea Laser Guide Star Technical Working Group
appointed by the Mauna Kea Directors. Other telescopes are protected from pointing through our laser

beam by a Laser Traffic Control System (LTCS). The LTCS monitors participating telescope pointing data
and automatically shutters our laser prior to an intersection. This system was implemented in collaboration
with the other Mauna K ea Observatories and has been successfully demonstrated. At present we are using
an FAA approved aircraft safety approach of using human spotters. We intend to replace the human
spotters with athree tiered safety system consisting of mosaic radar (from Honolulu), wide field cameras
(being developed in collaboration with Gemini) and an IR boresite camera (already implemented).
Satellites are currently protected through faxed target list communications with US Space Command.

6. FutureDirections

There are anumber of Keck AO projects currently underway and planned, along with numerous potential
projects that could be undertaken to improve Keck’s AO science capabilities. The goal of this sectionisto
provide auseful overview. The projects can be loosely grouped into the following six categories: Strehl
ratio, sky coverage, emissivity/throughput, operations, science capabilities and system characterization. The
last category is useful in understanding the system and therefore could help in improving all of the other
categories.

Table 4 provides aone-line summary of each of these projects by the six categoriesidentified above. More
details are provided in tables for each of the six categories. For projects already in process or planned the
fiscal year (FY) isgiven. Thelast column identifies arough estimate of the level of effort required in terms
of personnel (S=small <0.5py, M =medium = 0.5-2py, L = Large= 2-5py, VL = Very Large > 5 py).

Table4. Summary of planned and potential AO Projects.

Category | # | Project FY Effort
Strehl 1 | Interferometer: vibration reduction 02/03 L
2 | Telescope optical performance improvements 03/05 M/L
3 | K2wavefront sensor image quality improvement 02/03 S
4 | Interferometer: K1 real-time processor upgrade to Mercury PowerPC 03 M
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5 | K2 IR atmospheric dispersion corrector ? S
6 | K2 visible atmospheric dispersion corrector ? S
7 | Multiple wavefront sensor platescales ? SM
8 | Gain optimizationin PRC ? S
9 | Better reconstructorsin PRC ? S
10 | NIRC2: alignment monitoring tool (if necessary) ? SM
11 | K2 LGS: on-axis laser projection telescope ? M/L
12 | K2 real-time processor upgrade to Mercury PowerPC ? S
13 | Increase fast tip/tilt mirror stroke ? SM
Sky 14 | K2 LGS: upgradesto AO system 02 L
Coverage | 15 | K2 LGS: laser completion 02/03 M/L
16 | K2 LGS: integration 03 L
17 | Geometric based subaperture mapping in PRC ? S
18 | Larger subapertures ? M
19 | Lower noise wavefront sensor CCDs ? M
20 | Denominator free centroiding ? S
21 | Larger guide star field for wavefront sensor ? S
22 | K1LGS: laser installation ? L
23 | K1LGS: upgradesto AO system ? L
Emissivity | 24 | Enclosure modifications to support cleanliness & lower temperatures | 02/03 M
25 | Interferometer: image rotator mirror coatings 02/03 S
26 | Interferometer: cold body in reflection off IR transmissive dichroic ? S
27 | Improve image rotator alignment ? S
28 | Measure current throughput and improve coatings ? S
Operations | 28 | Interferometer: wavefront controller upgrade on K1 & K2 02 S
29 | Interferometer: user interface reliability fix 02 S
30 | Interferometer: automation 02/03 M
31 | AOresponseto rotator slews 02/03 S
32 | Observing Assistant & Support Astronomer training 02/03 S
33 | New AO operations software 03/04 M
34 | UPSfor AO VME crates 02 S
35 | K2 LGS: aircraft safety systems for laser 02/03 M
36 | K2 LGS: space command interface (if necessary) ? SM
Science | 37 | NIRC2: spectroscopy commissioning 02 S
38 | NIRC2: coronagraphy commissioning 02 S
39 | NIRC2: calibration lamps 03 S
40 | NIRC2: Quicklook data reduction pipeline ? M
41 | K2 field steering mirror encoder upgrade (for NIRC2 spectroscopy) 02 S
42 | K2 LGS: AO engineering sdence verification program 03 S
43 | K2 LGS: Queue scheduling ? M
44 | OSIRIS: design support 02/04 S
45 | OSIRIS: fold mirror 04 S
46 | OSIRIS: commissioning support 04/05 M
47 | OSIRIS: SHARC on K1 ? S
48 | Interferometer: ZnSe IR transmissive dichroics for 10 um imager 05 SM
49 | Interferometer: field selector mirrors for imager 05 S
50 | OHANA: fiber input test 03 S
51 | OHANA: fiber injection module implementation on K1& 2 ? M
52 | Improved performance on extra-galactic targets ? SM
53 | Acquisition camera upgrade to avisible science instrument ? S
54 | Electronic logging of science observations 02? S
55 | IR wavefront sensor ? M/L
56 | Differential tracking for field steering mirrors ? SM
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57

Next generation Keck AO CoDR

Next generation Keck AO PDR, CDR, fab, |& T, commissioning

Character-
ization

59

Atmospheric characterization tool

02 S

CfAOQ postdoc performance modeling & characterization effort

0304 [ SIM

61

Additional AO characterization & modeling efforts

? M/L

6.1 Strehl

Category

Proj ect

FY Effort

Strehl

Interferometer: vibration reduction

02/03 L

Telescope optical performance improvements

03/05 M/L

K2 wavefront sensor image quality improvement

02/03

Interferometer: K1 real-time processor upgrade to Mercury PowerPC

8

K2 IR atmospheric dispersion corrector

K2 visible atmospheric dispersion corrector

Multiple wavefront sensor platescales

Gain optimization in PRC

Better reconstructorsin PRC

NIRC2: alignment monitoring tool (if necessary)

S
M
S
S
SIM
S
S
SIM

K2 LGS: on-axis laser projection telescope

M/L

RlE|Blo|o|~N|o|u|~w|N|- |3

K2 real-time processor upgrade to Mercury PowerPC

S

[any
w

Increase fast tip/tilt mirror stroke

NN N[NNI NN N [N

SIM

Table5. Strehl improvement projects.

Title

Description & Benefit

Resour ces

[l =S

Vibration
reduction

The Interferometer (IF) project has set up a2 FTE CARA team (M.
Hess, C. Nance & J. Vause) to mitigate vibration sources at the
Observatory in FY02 and 03. Good progress has already been made
on the FY 02 projects, which include isolating the hydrostatic bearing
systems, the closed cycle refrigerators, the secondary vacuum system
and the computer/control room air conditioners. A global vibration
gauge system is being established for the IF. Both telescopes
(primary, secondary, tertiary and AO bench) have already been
outfitted with accelerometers as part of the |F feed forward vibration
compensation system.

Benefit: Improved AO performance.

2py lyear
inFY02 &
03

Telescope
performance

The Observatory is planning to hire an optics engineer to primarily
focus on the wavefront quality of the telescope. This engineer will
generate a new telescope wavefront error budget based on current
performance and recommend areas where significant improvements
can be made.

Wavefront
sensor image
quality

As part of the calibration process of developing an on-line atmospheric
characterization tool it was recognized that the image size on the K2
wavefront sensor was much larger than expected (1.3 arcsec). We
need to understand and fix the source of these large images.

Benefit: Improved AO performance.

K1 real-time
processor
upgrade to
Mercury
PowerPC

The real-time processor for the K1 AO system consists of hardware on
loan from LLNL. This hardware isidentical to that used in the K2
system and facilitated a quicker development of the K1 system. This
hardware is no longer commercially available. We therefore procured
the next generation of Mercury processor boards (with PowerPC
instead of 1860 processors). A limited amount of development work
has so far goneinto this system. The interferometer project will need
to pay for the conversion to this new hardware so that we can return
these boardsto LLNL.

8 pm SE
1pmEE
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Benefit: Potentially faster system with better real-time telemetry.

5 | IRAtmos- To obtain diffraction-limited images at medium to large zenith angles | 1 pm SE
pheric an atmospheric dispersion corrector is needed in the path to the 1pmEE
Dispersion science instrument. We have procured all the partsfor thisIRADC 1pm OE
Correctors but it has not yet been implemented. 1pmAO

Benefit: Improved AO image quality.

6 | Visible The next step after the IR ADC would beto procureand implementa | 1 pm SE
Atmos. visible ADC (already designed) that would reduce the NGS spot size 1pmEE
Dispersion on the wavefront sensor camera. 3 pm OE
Corrector Benefit: Improved AO image quality. 1pmAO

7 | Multiple The AO system was designed and implemented to have 3 different
wavefront wavefront sensor platescales (2.4, 1.0 and 0.6 arcsec/pixel). We have
sensor only ever used the 2.4” /pixel platescal e because the other platescales
platescales don’t seem to improve performance. This needsto be investigated and

resolved.
Benefit: Reduced sky background. Higher gain.

8 | Gain We currently optimize the AO gains only on the basis of the star 1pmAO
optimization | brightness. The gain should in reality be afunction of wavefront 3 pm SE

sensor image size. O. Lai developed some gain optimization
algorithms for Keck, but these proved unsuccessful because of the
slow and decimated telemetry rate from the wavefront controller. The
wavefront controller upgrade may provide us with sufficiently high
bandwidth telemetry to implement these tools. The K1 Mercury
PowerPC real-time processor upgrade could allow higher rate
telemetry and/or gain optimization on the real-time processor.
Alternatively, we could base gain optimization on the r0 tool being
developed by Schoeck or on the image size measured on the low
bandwidth wavefront sensor.

9 | Better PRC is used to automatically load new reconstructorsinto the 2pmAO
reconstructors | wavefront controller based on the currently illuminated subapertures. 4 pm SE

We would like to investigate better reconstructors (we currently are
only using a simple least-squares algorithm). We do have Walter
Wild’s A++ code with optimal reconstructors as a starting point.
Benefit: Improved AO performance, especially on faint objects.

10 | NIRC2 We have the design, and NIRC2 was implemented to allow for an
alignment alignment tool on the AO bench that looksinto NIRC2. Thistool
tool would monitor the relative displacement of the two instruments and

provide offset correctionsto the AO system. We need to determine
whether such atool isreally needed, and if so implement it.

11 | On-axislaser | Moving the laser projection telescope on-axis, behind the f/15
projection secondary mirror, would effectively halve the measurement error by
telescope halving the spot size. Thiswould require designing and implementing

acompact reflective projection telescope, and a means of propagating
the beam behind the telescope struts.

12 | K2 wavefront | Thereal-time wavefront controller processor on K2 is based on 5pm SE
controller Mercury i860 boards. The next generation boards procured for K1, 1pmEE
processor but not yet implemented (we are currently using an i860 system on 1pmAO
upgrade loan from LLNL), are Mercury PowerPC boards. These new boards $200k for

would allow the AO system to have higher bandwidth and more real- boards
time telemetry because of their higher speed and capability. Thistask
assumes that the K1 PowerPC boards have been implemented.
Benefit: Higher bandwidth and better telemetry from the K2 AO
system resulting in higher Strehls.
13 | Increasefast | The current fast tip/tilt mirrors only have a stroke of +/- 0.8 arcsec in

tip/tilt mirror

one-axis (alittle more in the other). This means that some of the time
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stroke

the mirror can hit alimit. It may be possible to get alittle more stroke
out of the existing system by modifying the coupling to the actuator.
Otherwise thiswould likely take a major redesign of the mount.

6.2 Sky Coverage

Category | #

Proj ect

FY

Effort

Sy

Coverage

14

K2 LGS: upgradesto AO system

02 L

15

K2 LGS: laser completion

02/03

M/L

16

K2 LGS: integration

17

Geometric based subaperture mapping in PRC

18

Larger subapertures

19

Lower noise wavefront sensor CCDs

20

Denominator free centroiding

Larger guide star field for wavefront sensor

K1 LGS: laser installation

21
22
23

K1 LGS: upgradesto AO system

N[NNI

—rln|ln[Z|Z|un|r

Table 6. Sky Coverage improvement projects.

Title

Description & Benefit

Resour ces

14

K2 LGSAO
upgrades

There are asignificant number of upgrades needed to the K2 system to
support LGS AO. Thisincludes atip/tilt sensor, alow bandwidth
wavefront sensor, tracking control for the wavefront sensor, field
steering mirror upgrades and atip/tilt loop to the laser. KAON 216
contains the project plan for these tasks. Planned completion is for
Nov./02.

5.8 py

15

K2 laser
completion

The K2 laser isnot yet in astate where it can be used for routine LGS
AO science. Thereisalist of tasksthat still need to be completed. In
addition, there is doubtlessly an additional level of improvements that
will be needed as we gain operational experience with the laser on the
telescope and with the AO system (for example, we need to develop a
methodical means of aligning the laser table. A top-level operator Ul
will probably be needed).

16

K2LGS
integration

On-sky operation of the laser, AO system and science instrument
together in order to develop and characterize the LGS AO science
capability.

1.15py AO
0.5py SA
1.25 py SE
0.75 py
laser

17

Geometric
based
subaperture

mapping

PRC is used to automatically load new reconstructors into the
wavefront controller based on the currently illuminated subapertures.
The first PRC improvement we would like to make is to complete the
implementation of ageometric-based subaperture mapping. This could
significantly improve AO performance on faint objects.

Benefit: Improved AO performance, especially on faint objects.

2 pm SE
2pwAO

18

Larger
subapertures

We currently have afixed subaperture size for the AO system. If we
were able to go to larger subapertures we could use fainter guide stars,
thereby providing larger sky coverage at the cost of lower Strehl ratios.
Thisiswhy AO systems like NAOS, PUEO and Subaru AO have
fainter guide star limits than Keck. We currently have a mechanism for
changing lenslets and field stops, so the opto-mechanical impacts are
relatively small, other than procuring and implementing an additional
lenslet array, and the impact on installing these in operational systems.
The software component is however significant, in terms of
reprogramming the real-time and command processors. Thereisalso a
significant task in understanding how to control the no longer

4pmAO
1py SE
3 pm OE
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monitored actuators. Thiswas arecommendation of the visiting
committee.
Benefit: Significantly better sky coverage for both AO systems.

19

Lower noise
wavefront
sensor CCDs

Our current wavefront sensor cameras used for AO have 6-7 electrons
read noise and quite high dark currents, both of which hurt our
performance on faint objects. There currently exist fast CCDs that have
only 2-3 electrons read-noise at the low frame rates used for the faint
objects. In addition to changing the CCD camera this may well require
changing some of the wavefront sensor optics, and making changesto
the camerato wavefront sensor interface, and probably to the real-time
code. The cameras on both telescopes should be upgraded.

Benefit: Better AO performance on faint objects, and afainter limiting
magnitude for AO, both of which increase our science capability.

2py
$200K

Denominator
free
centroiding

Currently for each subaperture the x-tilt for example is calculated as
[(A+B)-(C+D)]/(A+B+C+D). The “denominator free” concept
(proposed by C. Shelton) isto accumulate the average denominator and
divide by this average denominator at the end. This reduces the noise
on the denominator term by averaging (assuming the signal should be
the same, or at least proportionally different, on each subaperture).
Benefit: Better AO performance on faint objects, and afainter limiting
magnitude for AO.

21

Larger guide
star field for
wavefront
sensor

Thefield steering mirrors currently only have arange of 40x20 arcsec
on K2. Wewould liketo enlarge thisfield of view by extending the
range of the field steering mirrors and by removing sources of
vignetting.

K1 Laser

There would be anumber of benefitsto alaser on Keck I. These
include being able to implement OSIRIS at afixed location on Keck I,
distributing the AO observing load between the two tel escopes, wider
sky coverage for the interferometer, and a chance to evaluate the next
generation of laser. We have already made a joint NSF proposal with
Gemini and the CfAO to implement facility-class lasers on Gemini-N
and Keck |. Keck made the commitment to install this laser if funded
and successful. Assuming that the laser is funded through this proposal
then we need to support the implementation of the laser on Keck I.
Benefit: OSIRIS on Keck |. Wider sky coverage for Interferometer.

23

K1LGSAO

Assuming that the laser is funded through the NSF proposal then we
need to perform all the needed L GS upgrades on the Keck | AO system.

6.3 Emissivity and Throughput

Category | #

Proj ect

FY

Effort

Emissivity

24

Enclosure modifications to support cleanliness & lower temperatures

02/03

25

Interferometer: image rotator mirror coatings

02/03

26

Interferometer: cold body in reflection off IR transmissive dichroic

27

Improve image rotator alignment

28

M easure current throughput and improve coatings

wlnlnln|

Table 7. Emissivity and Throughput improvement projects.

Title

Description & Benefit

Resour ces

24

AO
cleanliness/
temperature
control

A dust and temperature survey of the K1 AO enclosure and dome was
performed with and without a HEPA filter unit in the entry door of the
AO enclosure. The dome and AO enclosure were found to be much
dirtier during the day, the HEPA filter was beneficial when it was on,
and the AO enclosure was found to be ~5C warmer than the dome, but
this temperature was very stable. We have identified the following path

2pm
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to improving the AO cleanliness: implement an anteroom for clean
room entry, get the existing bench HEPA filter unit operational, install a
room HEPA filter unit drawing dome air, clean the room and optics
after installing the clean room capabilities and recoat the image rotator
optics, and put in place clean room procedures.

Benefit: Reduced emissivity. Longer lifetime for optics. Potentially
reduced seeing. Cleaner environment to open NIRC2.

25 | Image There aretwo issues here. Thefirst isthat the coatings on two of the
rotator three image rotator mirrors on K2 have been significantly degraded by
mirror dust entry into the AO enclosure (the recent completion of the AO
coatings hatch cover in 4/02 should now reduce this problem) and these mirrors

need to be recoated. The second isthat the I nterferometer needs better
optimized coatings (we originally coated the two 60 deg incidence
angle mirrors with aluminum). Our plan istherefore to swap out the 60
deg incidence angle mirrors on both K1 and K2 and get them coated
with gold. In addition the 2" mirror in these rotators (small angle of
incidence) are different overcoated silver coatings. We would like to
make them both FSS-99 and will therefore swap out one of these
mirrors for another mirror that is already in-house.

Benefit: Better throughput through the image rotators and no
polarization effects for the interferometer at 10 um.

26 | Cold body The IR transmissive dichroic transmits 90% of the light and reflect

10%. This meansthat the dichroic is asignificant source of emissivity
in reflection to the science instrument. We have a concept to place a
cold body in reflection off this dichroic to remove this 10% source of
emissivity.

Benefit: Significantly reduced emissivity on the AO bench.

27 | Improve A recent experience with the K2 rotator brought this onto thelist. The
image K2 rotator alignment does not currently match the telescope pupil to the
rotator NIRC2 pupil mask. The current alignment is a compromise between
alignment minimizing pupil mismatch and minimizing pupil nutation.

Benefit: Reduced emissivity and reduced pupil nutation.

28 | Measure We have not carefully measured the AO optics throughput, especially
current as afunction of wavelength, on the mountain. We would probably
throughput | learn something from this exercise. Some coatings that could have
and improve | degraded include the K2 deformable and tip/tilt mirrors; recoating these
coatings will be achallenge.

6.4 Operations

Category | # | Project FY Effort

Operations | 29 | Interferometer: wavefront controller upgrade on K1 & K2 02 S
30 | Interferometer: user interface reliability fix 02 S
31 | Interferometer: automation 02/03 M
32 | AOresponseto rotator slews 02/03 S
33 | Observing Assistant & Support Astronomer training 02/03 S
34 | New AO operations software 03/04 M
35 | UPSfor AO VME crates 02 S
36 | K2 LGS: aircraft safety systems for laser 02/03 M
37 | K2 LGS: space command interface (if necessary) ? SM

Table 8. Operations improvement projects.
# Title Description & Benefit Resour ces
29 | Wavefront The Interferometer project is funding the upgrade of the K1 wavefront 2 pm
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controller
upgrade

controller command processor to an EPICS system on a PowerPC
processor. Thiswas warranted by inadequacies and difficultiesin

mai ntaining the previous system. This upgrade has also required a port
of the existing Pupil Rotation Compensation code to the PowerPC to
reduce long load times for new reconstructors. The K1 upgradeis
within a couple months of completion. The same upgrade will be made
to the K2 system (~ 1 month) in order to have identical code on the two
systems.

Benefit: EPICS based for ease of maintenance and upgrade. We also
expect higher bandwidth telemetry from the system.

User
interface

We have had arecent effort to fix the user interface (Ul) hangs that
seemsto have worked. The new Ul is currently in operational use.
Some small additional work remains to complete the new Ul.

31

Automation

We have had an ongoing effort over the past 1.5 yearsto bring more
automation to the process of calibrating and operating the AO system.
This process has been successful in terms of allowing the OA, instead
of an AO expert, operate the AO system on science nights. We are now
in a phase of automation, funded by the Interferometer, to provide
automation unitsto replace some existing tools (idl, scripts, server level
keywords) and to extend the automation of the AO system.

32

AO
response to
rotator slews

When the telescope is nodded with the AO loops closed the AO loops
automatically open, the telescope moves, the field steering mirrors are
repositioned and the AO loops are reclosed. We have intended to have
asimilar behavior for rotator slews but thisis currently not operational
and needs to be worked on.

Benefit: Automatic recovery of an off-axis NGS when the rotator is
slewed.

OA & SA
training

Although the Observing Assistants (OA) are currently operating the K2
AO system for science we still need to have an AO expert to calibrate
the system and to be available on-call to resolve problems. Many of
these problems could be quickly solved by the OAs or Support
Astronomers, if they were provided with more in-depth training. We
intend to continue our AO education of these personnel.

New AO
operation
software

Routine operations with very complex instruments require high level
software, including automation units for instrument setup, calibrations
and observations. The Keck AO systemswill be used with
NIRSPEC/NIRC2/IF/OSIRIS in both NGS and L GS mode, but do not
presently have this operation software. There is aneed for an user-
friendly AO operation software, that would include an AO parameter
database for all observed target, automation units for setup, calibrations
and observations, AO performance on-line monitoring, atmospheric
dataanalysis... Most AO systemsin world-class observatories already
have such systemsthat ensuresthe AO deliversthe best correction at a
given time for agiven set of atmospheric conditions, hence increasing
the observing efficiency and science return.

Benefit: Optimized and efficient AO observing with acommensurate
science product.

4pmAO
11 pm SE

UPS

Power outages have caused us to lose observing time on multiple
occasions and have been aresultant load on personnel to bring the
system back up. At minimum we need UPS on the OBS crate, but
preferably all AO racks could be put on UPS on both telescopes.
Although this proposal isonly for AO, it would also be beneficial to
have UPS for the AO science instruments.

Benefit: No loss of AO observing time to power failures.

1 mo EE
$10k

Aircraft

We have athree tiered system planned consisting of Hawaii-wide

21




saf ety mosaic radar, wide field visible cameras and an IR boresite camera.
systems Only the boresite camerais currently in place. Once developed the
entire system needs FAA approval. We are currently using human
spotters.
37 | Space We are required to submit our LGS target lists to Space Command prior
Command to observing. SC will then provide blackout times when we will need
interface to shutter the laser on these targets. We had planned to attempt to

negotiate a more automated mechanism with SC. However, for the 5
nights of targets we have submitted so far, SC has returned them all
without any blackout times (contrary to the past experience of other
LGSfacilities).

6.5 Science Capability

Category | # | Project FY Effort
Science | 38 | NIRC2: spectroscopy commissioning 02 S
39 [ NIRC2: coronagraphy commissioning 02 S
40 | NIRC2: calibration lamps 03 S
41 | NIRC2: Quicklook datareduction pipeline ? M
42 | K2field steering mirror encoder upgrade (for NIRC2 spectroscopy) 02 S
43 | K2 LGS: AO engineering science verification program 03 S
44 | K2 LGS: Queue scheduling ? M
45 | OSIRIS: design support 02/04 S
46 | OSIRIS: fold mirror 04 S
47 | OSIRIS: commissioning support 04/05 M
48 | OSIRIS: SHARC on K1 ? S
49 | Interferometer: ZnSe IR transmissive dichroics for 10 um imager 05 SM
50 | Interferometer: field selector mirrors for imager 05 S
51 | OHANA: fiber input test 03 S
52 | OHANA: fiber injection module implementation on K1& 2 ? M
53 | Improved performance on extra-galactic targets ? SM
54 | Acquisition camera upgrade to avisible science instrument ? S
55 | Electronic logging of science observations 02? S
56 | IR wavefront sensor ? M/L
57 | Differential tracking for field steering mirrors ? SM
58 | Next generation Keck AO CoDR ? L
59 | Next generation Keck AO PDR, CDR, fab, & T, commissioning ? VL
Table 9. New Science Capability projects.
# Title Description & Benefit Resour ces
33 | NIRC2 The AO team is collaborating with the Support Astronomers to
spectroscopy commission the science modes of NIRC2. In the case of
commissioning | spectroscopy we have been specifically concentrating on
understanding (and improving) the dither accuracy of thefield
steering mirrors.
39 | NIRC2 The AO team is collaborating with the Support Astronomers to
coronagraph commission the science modes of NIRC2.
€Oommissioning
40 | NIRC2 The NIRC2 team is building a calibration lamp unit. This unit will
caibration need to be implemented in front of the AO image rotator.
lamps
41 | Quicklook data | We developed a quicklook data reduction pipeline for KCAM with 1py SE
reduction AO. Some of thistool has been incorporated into the SCAM 0.1py SA
pipeline for quicklook tool. A similar tool is needed for NIRC2 and for any




NIRC2

other AO imagers. The availability of such atool greatly enhances
the ability to quickly evaluate the quality of the data being obtained
and the speed with which data can be put into publication.

Benefit: Improved likelihood and speed of science publication.

42

Field steering
mirror encoder
upgrade

The K2 field steering mirrors have encoders that are inadequate for
accurate repositioning of the science object on NIRC2 (especially
important for spectroscopy). Weintend to upgrade these encoders to
the 5x higher resolution encoders that were available when we built
up K1.

LGSAO
engineering
science
verification
program

For the NGS A O system we carried out an engineering science
program, in collaboration with the AOST, to validate the AO
systems performance and to demonstrate what kinds of science could
be done with the system. Thiswas successful in an engineering
sense, but was relatively unproductive in terms of refereed science
publications. This seemslike a necessary engineering step, but we
would have to make a conscious effort, presumably with the AOWG,
to make this scientifically productive.

0.15py AO
0.1lpy A

Queue
scheduling for
K2LGSAO

LGS AO will take AO operation to anew level of complexity. The
performanceislikely to be even more condition dependent. Our
recommended approach to optimizing LGS AO science quality and
efficiency isto perform thisin a queue service-observing mode.
Note that Gemini has already demonstrated the effectiveness of
gueue scheduling for NGS AO.

Benefit: Significantly more LGS AQO science output.

2pyto
build tools,
1.25 pylyr
to support

OSIRIS
Design support

The Observatory, including the AO team, is providing some support
for the devel opment of the OSIRIS design.

OSIRIS fold
mirror

We will need to implement a moveable fold mirror on the AO bench
to feed the AO output beam to OSIRIS. Thissystem wasinitially
designed for NIRSPEC (but not used) so we have the partsin-house.

47

OSIRIS
commissioning
support

We will need to support the integration and test of OSIRIS with the
AO system (as we have done for NIRSPEC & NIRC?2).

SHARC on K1

SHARC, a High Angular Resolution infrared Camera, built at UCLA
as part of the OSIRIS effort could be available prior to the delivery
of OSIRIS as an engineering and science cameraon K1,

49

ZnSedichroics

The Interferometer will need ZnSe IR transmissive dichroics on both
AO systemsto support 10 um interferometry. These need to be
specified, procured and installed. If we decide for some reason that
we cannot use these same dichroics for general AO then we will

need to have a mechanism to change dichroics. Note that currently
K1 hasafused silicadichroic and K2 aZnSdichroic.

Interferometer
imager mirrors

The imager mode of the Interferometer will require amovable fold
mirror and a pair of field steering mirrors on both AO benches. The
K2 fold mirror, and the K1 and K2 kinematic baseplates for the field
steering mirrors, are in place, and we have most of the hardware for
the remainder of the system. Thisis currently alow priority because
theimager is afew years off.
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OHANA fiber
test

CARA has signed a MOU with other Observatories to participate in
the early OHANA development phases. OHANA isthe effort to
interferometrically combine all of the AO equipped IR telescopes on
Mauna Kea using single mode IR/optical fibers. An early step in this
development is to test the optical coupling of the output of Mauna
Kea AO systemsinto these fibers. A test with K1 AO istentatively
planned for early 03.

0.05py AO
0.1 py tech
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OHANA fiber

In order to support the planned interferometric combination with the
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injection Subaru and IRTF telescopes we will need to implement semi-
module permanent fiber injection modules, and fibers, on both telescopes.
implementation

53 | Improved The AO systems currently perform poorly when the AO loops are 0.5py AO
performance on | locked on extragalactic targets. These targets are generally fuzzy
extra-galactic blobs as seen by the visible wavefront sensor. In order to improve
targets the AO performance we need to spend time understanding this

performance, and devel oping techniques for better AO performance.
Some of the other proposals such as an IR wavefront sensor (since
these targets have smaller brighter coresin the IR), the overall
characterization and modeling effort, K2 LGS AO, better CCDs, €tc.
would help in this area. However, this effort would be focused on
the extragal actic science goal.

Benefit: New science capability.

54 | Acquisition Make minor adjustmentsin the optics of ACAM to turnitinto an 4 pw OE
camera upgrade | imaging science instrument, but maintain its ability to act asan 2 pw SE
to ascience acquisition camera. Possibly move thefield lensto magnify instead | 2 pw EE
instrument of reduce, or insert another lens to make a zoom lens system of sorts, | 1 pw MD

to go from 2 arcminsto an ~10 arcsec field. We did demonstrate this
once back in 1999 and get a 10 msec exposure image with a Strehl of
~0.06 and a FWHM of ~25 marcsec at 850 nm wavelength.

Benefit: Thisis ascience gradel024x1024 camera, but is not
typically used as a science camera. We can send the otherwise
wasted visible light to the camera without any compromise to the
effectiveness of the NIR AO instruments, and be rewarded with an
optical image.

55 | Electronic In the early days with KCAM we used atool called Electrolog to
logging of automatically log the appropriate image data. Thiswas very useful
science & for both engineering and science verification program usage. This
engineering would be a useful tool to allow us to make use of science datafor
data engineering purposes.

56 | IR wavefront Thereisaclass of science objects that the AO system cannot do or 2py
sensor can only do a poor job on. These are objects obscured by dark $200k

clouds so that the visible flux isinsufficient for our current
wavefront sensor, or even for the tilt sensor when using the laser. In
addition to this unique science, nearly all science would benefit since
the targets are brighter in the IR. This proposal, at one time
approved for aNASA phase A study, would be to build and
implement an IR tilt or wavefront sensor.

Benefit: New high angular resolution science. Better performance
may occur for nearly all objects.

57 | Differential We do not have the capability to do AO with aNGS and science
tracking object that have different tracking rates. Thiswould require using

control offsets to the wavefront sensor and/or field steering mirror
(FSM) tracking. The K1 FSMs have high enough resolution for
tracking, but the K2 FSMs have encoders with 5x |ess resolution.

58 | Next Our competition may be leaping ahead of usin terms of high angular | 4 py
generation AO | resolution imaging and spectroscopy. But what direction should we | $200k for
facility CoDR | taketo continueto lead in thisfield, and to continue to take full studies,

advantage of our 10-m apertures? Possibilitiesinclude multi- workshops,
conjugate AO for larger fields, higher order systemsfor AO in the etc.

visible, adaptive secondary mirrors for better IR performance, etc.
We need to study the technical possibilities and the scientific value
to our community. Thiswill involve consultation with our science
community and with AO modeling and technology experts; and the
performance of studies, modeling and simulations. The optimal
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science instruments to go with next generation AO should also be
addressed. Theresults should be published in a blue book, which we
should then use to seek approval from the CARA community and
funding from the appropriate organization(s).

Benefit: Unprecedented high angular resol ution science.

59 | Next Thistask included the remaining design review process, fabrication,
generation AO | assembly, lab and telescope integration and test, pre-ship and
facility acceptance reviews, engineering science verification, etc.

6.6 Performance Characterization & Modeling

Category | # | Project FY Effort
Character- | 60 | Atmospheric characterization tool 02 S
ization 61 | CfAO postdoc performance modeling & characterization effort 03/04 SM
62 | Additional AQ characterization & modeling efforts M/L
Table 10. Performance Characterization and Modeling projects.
# Title Description & Benefit Resour ces
60 | Atmospheric We have been collaborating with M. Schoeck at UCI to build atool
characterization | to calculate rO and tau0 both using telemetry and diagnostics data.
tool We are currently working on calibrating this tool (and are learning
about our system in the process).
Benefit: An on-linetool to inform of usthe current seeing
conditions. Thiswill provide a guide to how the AO system should
be performing.
61 | Performance A proposal was submitted to the CFAO by Bruce Macintosh for a
modeling & Postdoc to work collaboratively between Keck and the CFAO. The
character- postdoc has been identified and will start work thisfall. Our current
ization | planisfor this postdoc to develop a model of the Keck AO system
and to start characterizing the Keck AO performance viathis model.
62 | Performance We only have an anecdotal understanding of the current performance | 1 py AO
modeling & of our AO systems. Understanding the performance will require a
character- process of careful characterization and modeling of the system (note
ization Il that the knowledge gained in this process would be useful in
developing our next generation AO system). Thisunderstanding is
needed to understand where and how to improve performance.
These performance improvements should then be undertaken at a
level of effort (unless additional proposals are made).
Benefit: Better characterization would benefit the astronomers using
the system. Improved understanding of the AO system would result
in performance improvements.

7. Program Management

7.1 Organization

The Observatory has two Deputy Directors and two corresponding divisions: the engineering division led
by Hilton Lewis and the Observing Support, Finance and Administration division led by James Beletic.
The AO/Optics group is one of seven groups in the Engineering Division. Theinternal AO organization

chart isthe following:
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AO
P. Wizinowich

Science Ops
D. Le Mignant

LGS AO Dev.
A. Contos

Software
P. Stomski

AOfor IF
C. Neyman

The laser itself has been managed separately over the last two years. Hilton Lewis managed the effort with
Jason Chin asthe lead CARA engineer, with Dee Pennington from LLNL as the system engineer. The
management model for the laser is currently undefined.

7.2 Personnel

The AO/Optics group consists of Adam Contos, David Le Mignant and Tim Saloga, with Peter Wizinowich
as manager. Three software engineers (Paul Stomski, Scott Hartman and Doug Summers) are listed under
this group, but report administratively to the software group. Two other technicians (Kim Sweeney and
Mike Wagner) are available to this group on a part-time basis. One interferometer engineer (Chris
Neyman) also contributes significantly to the AO efforts. Brief biographies and descriptions of the roles of
these personnel follow:

Table11. AO personnel summary.

Name Title Years | % Keck AO Role AO or other relevant experience
at AO
Keck
Adam OpticsEng 0.75 0 | Lead LGSAO AO: None. Other: MSEE & MA
Contos development. Ast. Engineer & Astronomer at
Harvard-Smithsonian CfA on
MicroObservatory & planet
detection.
Scott Software Eng 0.5 | 100 | LGSAO software | AO: None. Other: BSCS. 16 yrs
Hartman tasks. real-time software experience + 9
yrsas an electronics tech.
David Le AO Instrument 2 100 | Lead for AO AOQ: PhD Astrophysics - imaging,
Mignant Scientist optimization & coronagraphy & spectroscopy with
support for AO of circumstellar environment
science of Luminous Blue Variables.
operations. Responsible for Adonis AO system
& instruments at La Silla. ESO
lead on NAOS/CONICA observing
mode definition.
Chris Interferometer | 0.25 60 | Lead AO AO: PhD Physics - Rayleigh laser.
Neyman Eng optimization for Responsiblefor AEOS AO system
IF. Support LGS | on Maui. Other: Fabrication/test of
AO development | aspeckle camera
Tim Saloga | Senior Opto- 7 25 | Opto-mechanical | AO: Installation/alignment of Keck
Mech Tech support AO systems. Other:
Paul AO Software 7 100 | Lead dl AO AO: Lead software eng for Keck
Stomski Eng software efforts. AO systems since CoDR. Other:
M.Eng. Eng. Math & C.S.
Robotics & artificial vision
programming.

26




Doug Software Eng 0.75 | 100 | LGS AO software | AO: Built/implemented the Keck
Summers tasks. Laser Laser Traffic Control system
software. software. Other: BSCS. 15yrs
experience in rea-time
applications.
Kim M echanical 5 40 | Opto-mechanical AOQO: Produced all of the AO opto-
Sweeney Draftsman drawings. mechanical drawingsin 3-D
ACAD. Similar previousrole at
CFHT.
Mike Electronics 33 | Electronics
Wagner Tech support.
Peter AO/Optics/IF 10 33 | Mgmt & system AO: Mgmt/system eng for Keck
Wizinowich M anager eng. AO sinceinception. Started
Steward Obs AO group. Other:
PhD in Optical Eng.
Optics/instrument mgr/eng/tech at
Keck, Steward Obs., CFHT &
Uof T Southern Obs.
New hire Laser Optics 0 100 | Laser completion,
Engineer integration with
LGS AQ, &
operation
7.3 Budget
The FY 03 manpower plan is the following (the identification numbers are the same as for the projectsin
section 6):
Table12. FY03 Manpower plan.
Categol| # |Project Fund| AC| SH |[DLM|CN | PS | DS | PW |LOE| OE |Other Total
Strehl 1 |Vibration reduction IF 0.02 2.00] 2.02
2 |Optical performance improve Obs 0.10 0.60/ 0.30( 1
3 |Wavefront sensor image quality | Obs 0.10 0.10] 0.2
4 |K1 real-time processor upgrade | IF 0.45 0.05(0.25 0.10] 0.85
Sky cov| 15 |Laser completion Obs 0.35/0.05/0.50 0.30] 1.2
16 |LGS integration Obs | 0.65[0.50| 0.25[0.20{0.40|0.35/0.10|0.50 0.75| 3.7
17 |Geometric based PRC Obs 0.04/0.15 0.19
Emiss |24 Enclosure cleanliness mods IF/Ob 0.02 0.50( 0.52
25 |Image rotator mirror coatings IF [0.03 0.01 0.05] 0.09
Ops 31 |Automation IF 0.05/0.05 0.25[ 0.35
33 |OA & SA training Obs 0.05 0.05
34 INew operations software Obs 0.10 0.50] 0.6
36 |Aircraft safety Obs 0.20 0.10| 0.3
Observing support Ops 0.10 0.10 0.2
Sciencel 40 [NIRC2 calibration lamps Obs |0.03 0.02] 0.05
43 |LGS eng science verification Obs | 0.03 0.15 0.02 0.10] 0.3
45 |OSIRIS design support Obs 0.02 0.02
51 |OHANA fiber input test Obs [ 0.03 0.02 0.10] 0.15
Char |61 |CfAO postdoc CfAO/Obs 0.10]0.05 0.02 0.50| 0.67
Total = 08| 1 1 08]05/09]09|04] 1 |0.6]5.67[125
Available = 09| 1 1 08]05/09] 1 04| 1 |06
Remaining = 0.11)0.05/ 0.00]0.01|0.00/0.10/0.04[0.00/0.00
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7.4 Schedule

We have a detailed schedule for the LGS AO tools (KAON 216); weekly LGS AO group meetings are held
including weekly status reports with respect to the schedule. Thereisadetailed list of prioritized software
tasks and aweekly AO software meeting. None of the other projects have a schedule, other than
approximate need dates.

28



Appendix 8.1 Refereed Keck AO Science Papers

# Authors Year | Jour- Title Solar Galactic | Extra
nal System galactic
1 | Wizinowich, P., Acton, D. S,, 2000 [ PASP | First Light Adaptive Optics 0.3 0.3 0.3
Shelton, C., Stomski, P., 112, Images from the Keck |1
Gathright, J., Ho, K., Lupton, 315 Telescope: A New Eraof High
W., Tsubota, K., Lai, O., Max, Angular Resolution Imagery
C., Brasg, J,, An, J., Avicola,
K., Olivier, S., Gavel, D.,
Macintosh, B., Ghez, A.,
Larkin, J.
2 | Martin, E. L., Koresko, C. D., 2000 | ApJL | TheDiscovery of a 1
Kulkarni, S. R., Lane, B. F., 529, Companion to the Very Cool
Wizinowich, P. L. L37 Dwarf Gliese 569B with the
Keck Adaptive Optics Facility
3 | Larkin, J. E., Glassman, T. M., | 2000 | PASP | Exploring the Structure of 1
Wizinowich, P., Acton, D. S,, 112, Distant Galaxies with
Lai, O., Filippenko, A. V., 1526 | Adaptive Optics on the Keck
Cail, A. L., Matheson, T Il Telescope
4 2001 | lcarus 1
Hammel, H. B., Rages, K., 153,
Lockwood, G. W., 229 New Measurements of the
Karkoschka, E., de Pater, 1. Winds of Uranus
5 | Lane, B. F., Zapatero Osorio, 2001 | ApJ 1
M. R., Britton, M. C., Martin, 560, The Orbit of the Brown Dwarf
E. L., Kulkarni, S. R. 390 Binary Gliese 569B
6 | Marcy, G.W., Butler, R.P., 2001 | ApJ 1
Vogt, S.S,, Liu, M.C., 555,
Laughlin, G., Apps, K., 418
Graham, J.R., Lloyd, J.,
Luhman, K.L., Jayawardhana, Two Substellar Companions
R. Orbiting HD 168443
7 | Prato, L., Ghez, A. M., Pifia, 2001 | ApJ Keck Diffraction-limited 1
R. K., Telesco, C. M., Fisher, 549, Imaging of the Young
R. S., Wizinowich, P., Lai, O., 590 Quadruple Star System HD
Acton, D. S., Stomski, P. 98800
8 2001 | Apj Keck Adaptive Optics 1
Quirrenbach, A., Roberts, J. 556, Observations of the Radio
E., Fidkowski, K., de Vries, 108 Galaxy 3C 294: A Merging
W., van Breugel, W. System at z=1.7867
9 2002 | ApJ An Adaptive Optics Search for 1
Luhman, K. L., Jayawardhana, 566, Companions to Stars with
R. 1132 [ Planets
10 2002 | Icarus | Titan's Atmospherein Late 1
Southern Spring Observed
Roe, H.G., de Pater, I., with Adaptive Optics on the
Macintosh, B.A., Gibbard, W.M. Keck Il 10-meter
S.G,, Max, C.E., McKay, C.P. Telescope
11 2002 | ApJ Crossing the Brown Dwarf 1
Desert using Adaptive Optics.
Liu, M.C., Fischer, D., A Very Close L-Dwarf
Graham, JR,, Lloyd, J.P., Companion to the Nearby
Marcy, G.W., Butler, R.P. Solar Analog HR 7672
12 | Tanner, A., Ghez, A.M., 2002 | ApJ Spatialy Resolved 1
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Morris, M., Becklin, E.E.,
Cotera, A., Ressler, M.,

Werner, M., Wizinowich, P.

Observations of the Gal
Center Source, IRS 21

actic

13 2002 | ApJ Resolved Near-Infrared 1
Spectroscopy of the
Mysterious Pre-Main
Duchene, G., Ghez, A.M., Sequence Binary Systems T
McCabe, C. Tau S
Total = 2.3 8.3 2.3




Appendix 8.2. Overview of the AO Bench Components.

Figure 1 is a schematic of the optics bench. Figure 2 provides a legend for this figure. The optics bench components are
listed in Tables 1 to 4 along with their functions and some details. Figures 3 and 4 are photographs of the science path and
wavefront sensor path components, respectively. The same identification numbers are used in the figures and tables. Figure
4 also shows awavefront sensor cameraimage illustrating the Shack-Hartmann quad cellsilluminated by theirregular shaped

Keck pupil.
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Figure 1. Top view of the AO optics bench
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Figure 3. Science path components on the optics bench.

N
s
i

-

!

Figure4. Left: Wavefront sensor components. Right: Wavefront sensor camera video display showing
the subaperturesilluminated by the irregularly shaped Keck primary mirror.



Table 1. Science Path Components

Component

Function

Details

1. Image rotator

Field rotation correction

Custom K-mirror

2. Tip/tilt mirror

Fast tip/tilt correction

200 mm SiC mirror in a LLNL custom mount

3. Off-axis parabola(OAP

Collimate & reimage primary mirror onto DM

F=1.77m, d=0.25m SORL OAP & Unertl mount

4. Deformable Mirror
(DM)

High order correction

Xinetics 349-actuator, 7 mm actuator spacing
corresponding to 56 cm on the primary mirror

5. Off-axis parabola

Converge the light with the same focal
ratio & pupil location as the telescope’ s

Identical to 1% OAP

6. Dichroic beamsplitter

Transmit the IR light & reflect the visible light

Barr coating on fused silica, transmits 1-2.7 mm
(plan to install 1-5 mm Barr coating on ZnS)

7. Cold source

Reduce thermal background seen
in reflection off back of dichroic

No design.

8,9. Dual star module
fold dichroic

Insert to fold IR beam to dual star module.
Transmitsvisiblelight.

Motorized to put dichroic in or out of the beam

9. Science fold mirror

Folds beam to NIRSPEC reimaging optics
or dual star module selector mirrors

Motorized to put mirror in or out of the beam

10. IR atmospheric
dispersion corrector

Correct for dispersion across
Jto K science bands

All partsin-house, but not implemented yet

23,24. Interferometer
field selector mirrors

On-axis star passes through 23. The pair of
mirrorsis steered to select an off-axis star.

Modified NRC 100mm diameter gimbal mounts
with 850f actuators & Renishaw encoders

25,28. NIRSPEC folds

Relay beam from mirror 9 to NIRSPEC axis

mirrors

26,29. NIRSPEC
reimaging mirrors

Provide a magnification of 10.6 without
moving the NIRSPEC image or pupil planes

2 spherical mirrors

27. Filter wheel External filtersfor NIRSPEC 8-position filter wheel
Table 2: Wavefront Sensor Path Components
Component Function Details

11. Visible atmospheric
dispersion corrector

Correct for dispersion across sensing bands

Only design exists

12. Sodium notch filter /
beamsplitter

Reflect either 4% of thelight or all
but the sodium wavelength light

2 fused silica substrates. Filter - Barr
narrow band transmission coating

13. Field selector mirrors

Position a star on wavefront sensor axis
while maintaining DM -to-lenslet registration

Same as 23, ~60x60 arcsec field

14a. Field stop

Prevent light contaminating adjacent quadrants

4 field stops & asingle mode fiber on a stage

14b. Pupil relay optics

Image DM onto lenslet array. Singlet moves
to maintain pupil size versus LGS distance

Achromatic doublet & motorized singlet.
Lenslet corners registered with DM actuators

14c. Lendlet array

Divide the pupil into a number of subapertures
& produce an image for each subaperture

Shack-Hartmann sensor with 3 different focal
length AOA lenslets on 200 um spacing

14d. Filter stage

ND & color filtersfor bright stars

6 ND filters on a stage

14e. Reducer optics

Relay lenslet focal plane onto CCD while
reducing the image spacing from 200 to 63 um

A singlet & 2 custom achromatic doublets
mounted to the front of the camera

15a. Camera

Produce the signal for quad cell centroiding
each of the 240 subapertures

AOA camera, MIT/LL 64x64 pixel CCD,
6-7e- read-noise, 0.8ms readoult.

15b. Camera stage

Focus camerafor each lenslet

Translation stage

15c. WFS Focus stage

Focus versus field position & LGS
distance for all post-field stop components

The translation stage moves by ~250 mm
between aNGS & aL GS at zenith.

Table 3: Auxiliary Sensing Path Components
Component Function Details
16. Fold mirror Fold the light

17. Fold / beamsplitter

Reflect 10% or al light to acquisition camera

Fused silica splitter with broad reflection coating

18a. Tipl/tilt (TT) sensor

Tip/tilt sensing on aNGS in LGS mode

4 fiber fed APDs

18b. Low bandwidth

Wavefront sensor calibration in LGS mode

Shack-Hartmann with Photometrics CCD camera




wavefront (LBWF) sensor

18c. XYZ-stage Position astar on TT & LBWF sensors 3-axistranslation stage with 2 arcmin field
19a. Camera optics Provide a 2 arcmin field with 0.134” /pixel Field lens plus Nikor re-imaging lens
19b. Camera Provide images for acquisition 1024x1024 pixel Photometrics CCD camera
Table 4: Alignment, Calibration and Diagnostics Components
Component Function Details

20,21. White light source

Provide a source for alignment,
calibration & diagnostic purposes

Rack mounted lamp + ND & color filter wheels.
Multi & single mode fibersto items 20 & 21

20. ACD stage

Select between starlight, afiber, the pupil
simulator, or (future) calibration lamps

l-axis stage for selection. 2 additional
axes to position fiber in telescope focal plane

21. Pupil simulator

Used to simul ate tel escope pupil & f/#

Fiber source collimated through a pupil mask

22. DM Interferometer
(located under bench)

Setting the DM shape & qualitative
monitoring of the DM shape

WY KO phase shifting interferometer
located under bench; fed by mirror 22




Appendix 8.3. Performance Characterization

So far the emphasis has been on improving the AO system and demonstrating its scientific capabilities. A careful
characterization process has therefore not yet taken place. In particular, there are still some problems, most notably telescope
vibrations, that we would like to reduce prior to embarking on a significant characterization process. The following
comments are therefore more qualitative in general than quantitative.

Although the initial results are quite impressive, the AO system has not yet met its design requirements. The design error
budget predicted an H-band Strehl ratio of 68% for an infinitely bright star under median seeing conditions. The best H-band
Strehl ratios we have seen are 45 to 50%. These best images, with a FWHM of 36 to 40 milli-arcsec, are also broader than
the diffraction-limit of 34 milli-arcsec at H.

The maximum frame rate currently alowed by the wavefront controller computation and communication speed is 670 Hz,
and the minimum is 50 Hz.

Early (engineering science data from 1999) galactic center observations demonstrated AO performance under three relatively
difficult conditions: a faint guide star (V=14), a large NGS to science object separation (31 arcsec), and a small elevation
angle (40°). We performed galactic center observations on 4 different nights and the results were quite variable as shown in
Figure 1. The FWHM varied from as good as 0.050 arcsec to as poor as 0.25 arcsec in the K’ -band, while the Strehl ratio
correspondingly varied from 20% to afew percent.

Figure 2 provides some data on the size of the isoplanatic angle. To obtain this data we alternated between measurements of
the off-axis star and the NGS, and then normalized the off-axis measurements by dividing by the Strehl and FWHM
measurements for the on-axis NGS. The telescope elevation for these observationsis given in the legend. We should modify
our field steering mirrorsto provide a2 arcmin diameter field in order to take advantage of the good off-axis correction.

The AO loops are able to close, and get reasonable performance, as long as there are about 20 counts per subaperture. The
wavelength band for the wavefront sensor is quite broad, 0.5 to 1.0 nm, so the NGS color is important. In general however
this corresponds to about a 14™ visual magnitude star. Figure 3 shows some Strehl and FWHM data versus subaperture
counts. Thefigurelegend gives the telescope elevation and the wavefront sensor bandwidth for these observations.

Galactic Center Observations - Strehl Ratio vs FWHM
(each point is a 5 sec exposure; EL ~ 40 deg)
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Figure 1. Measured AO performance on the Galactic Center (GC) and associated NGS.



H-band Strehl Reduction vs

Separation from NGS
(each point is an ~ 10 sec integration)

H-band FPWHM(off-axisyFWHM(on-axis)

vs Separation from NGS
(each point is an ~ 10 sec integration)
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Figure 2. Measured AO performance versus separation from the NGS. Top right: Strehl ratio. Bottom left: FWHM.
The plots have been normalized by the performance on the NGS. The legend gives the date & elevation of the observation.
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Figure3. Measured AO performance versus the average number of counts per wavefront sensor subaperture. The legend,
sorted by date of observation, also provides the el evation and wavefront sensor frame rate for the observation.

A single experiment was performed at a significantly shorter wavelength using our acquisition camera with a modified plate
scale of 0.0075 arcsec/pixel. A 10 ms exposure of a 4.5 magnitude star using a 10 nm wide, 850 nm wavelength filter had a
FWHM of 0.022 arcsec and a Strehl ratio of 6%. Thisis believed to be the highest resolution in the visible/near IR regime
ever obtained viadirect imaging.
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Appendix 8.5 Keck AO Error Budget

The NGS AO image improvement requirement from KOR 208, section 5.4.2, is:

"When using a bright, on-axis reference star the facility must reduce the atmospheric wavefront errors
and the errorsinternal to the facility, as delivered to the science instrument entrance window, in order
to achieve a Strehl ratio >= exp[-(2* pi* sigma/lambda)"2] over the optimized wavelength range, where
the rms wavefront error, sigma, is

70 nm under the Set A seeing conditions and at the zenith

140 nm under the Set B seeing conditions and a zenith angle of 30 deg

400 nm under the Set C seeing conditions and a zenith angle of 60 deg

The facility must reduce the sum of the static segment warping harness residual s, the segment stacking
errors and the science instrument aberrations, assuming the optimized telescope aberrations shown in
Table 5-3, to less than 70 nm rms wavefront. The facility is not expected to deal with segment piston
errors, segment vibration errors or ACS noise errors.

The wavefront sensor noise and quantum efficiency must not reduce the signal-to-noise ration to less
than 10, assuming 400 incident photons per subaperture, and a 100 ms integration."

The uncorrectable segment piston, segment vibration and ACS noise errors were assumed to be 82 nmin
KOR 208.

The numbers above correspond to a requirement of a best H-band Strehl of >= exp][-
(2* pi* (0.070"2+0.070"2+0.082"2)"0.5/1.65)"2] = 0.79 and a median H-band Strehl of >= 0.64 (for an
infinitely bright star).

KAON 051 discusses the error budget for the Keck AO system. The error budget spreadsheet, originally
presented in this KAON, has been updated to reflect what we currently believe we know about the AO
system (still with lots of assumptions aswell). Thisrevised error budget is provided as an attachment.

AOERROR.XLS

This error budget predicts abest Strehl at H of 0.48 and a median of 0.33 (again for bright stars). Thisis
reasonably close to our performance (at least back in 1999).

The major changesin this new error budget with respect to theinitial error budget are the following:
- The measured tip/tilt and higher order closed loop bandwidths have been used.
A bright, but not infinitely bright, NGSis used.
A term has been added to the spot size measurement error to include the current aberrations of the
wavefront sensor optics.
The warping residuals and segment vibrations are assumed to be higher than the values given in KOR
208.
Some uncorrected science instrument aberrations are included.

Thetop contributors to Strehl reduction under the best seeing conditions are the measurement error due to
spot size and the segment vibration errors. Two similar sized errors also contribute to the Strehl reduction
under median seeing conditions, namely fitting and bandwidth errors. All but the fitting error could
potentially be improved for our existing system.



