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Project Summary

This instrument development proposal is intended to provide a new laser launch capability for the W. M. Keck Observatory’s (WMKO) laser guide star (LGS) adaptive optics (AO) facility on the Keck II telescope.  Our proposed approach is to replace the existing side launch laser facility with a new center launch facility which will produce notably improved scientific performance. 

Background:  The twin 10 m Keck telescopes were the first of a new generation of ground-based, large optical/infrared telescopes, offering major improvement in light gathering power and angular resolution.  WMKO was also the first to implement both natural guide star (NGS) and LGS AO systems in order to achieve angular resolutions in the near-infrared that match the capabilities of the Hubble Space Telescope in the visible.  Over two hundred refereed science papers have been produced using the Keck AO systems, including fifty-five with the more recently installed LGS AO system.  Astronomy with LGS AO is still very new, with less than 10 peer-reviewed papers from other observatories.  The WMKO 2002 Strategic Plan identified “Maintaining world leadership in high angular resolution astronomy” as a 20-year strategic goal paramount to the Observatory’s mission.  The WMKO 2008 Strategic Plan reiterates the importance of AO to the Observatory’s future with a strong priority given to the Observatory’s Next Generation AO (NGAO) facility: “NGAO will reinvent Keck”.  In this proposal we describe a new laser launch facility for the Keck II LGS AO system that will significantly increase the existing system’s scientific return in the near-term and which will directly support NGAO in the longer term.

Intellectual Merit:  In addition to providing the first NGS and LGS AO facilities on a large telescope, WMKO has endeavored to continually improve the scientific performance and capabilities of these systems.  The resultant scientific attractiveness of these facilities has been commented on by many observers, including the following recent quote from Dr. Bruce Macintosh: “As I get more access to data from other observatories, it’s clear that Keck unambiguously has the best AO system of any telescope in the world.” Every significant new AO improvement has triggered new discoveries by our observers from the structure of the rings of Uranus, to the search for extrasolar planets, to the size and nature of the environment around the black hole at the center of our galaxy, to the morphology of high-redshift galaxies.  All Keck II LGS AO science would benefit from the proposed upgrade which is predicted to provide sensitivity improvements of up to 65% and factors of up to two in both photometric and astrometric accuracy (e.g., 2x in astrometry leads to 8x in dynamical mass determination accuracy).    

Technical Improvements: The Keck II LGS AO facility currently projects the laser from the side of the telescope.   This results in significant perspective elongation as seen by the AO wavefront sensor due to the finite thickness of the sodium layer.  We will significantly improve the resultant wavefront sensor measurement error by projecting the laser from behind the telescope’s secondary mirror.  This requires the procurement and installation of a compact reflective launch telescope and the implementation of a beam transport system between the existing laser and the launch telescope.  In addition to providing improved scientific productivity in the near-term, we will also design and implement the overall system so that it is easily upgradeable to our future NGAO multiple LGS system.

Broader Impacts:  The significantly improved science capabilities of the Keck II AO facility produced through this proposal will be directly available to a broad community of astronomers including those in the Caltech, University of California and University of Hawaii communities through their time allocation committees.  The entire U.S. community will have access through NASA membership in the WMKO partnership and the NSF-funded National Optical Astronomy Observatory’s Telescope System Instrumentation Program.  WMKO will reinforce its role in the training of world experts in the field of LGS AO.  WMKO will also continue to offer educational programs and services to work with local residents, educators and especially students, including its strong participation in the Akamai Workforce Initiative aimed at local Hawaii university and community college students.
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Project Description

Section A - Research Activities 

A.1 Background and Past Science Achievements with Keck Adaptive Optics

Galileo’s (1610) application of the telescope to astronomy led to a number of revolutionary discoveries. These discoveries, including the phases of Venus and the resolution of the Milky Way into stars, were enabled by the roughly ten-fold increase of angular resolution compared to the naked eye. Over time progressively larger and larger optical telescopes, culminating with the Keck I 10 m telescope in 1992, afforded the detection of progressively fainter objects.  However, significant improvements over Galileo’s angular resolution for most objects had to wait until the successful implementation of Adaptive Optics (AO) to correct for the optical distortions introduced by turbulence in the earth’s atmosphere.  

The first implementation of AO on a large (8 to 10 m) telescope was made on the Keck II telescope (Wizinowich et al., 2000) and has produced a greater than 10 fold improvement in angular resolution over seeing-limited observations.  While this early implementation relied on a bright natural guide star (NGS) to measure the atmospheric turbulence, and therefore was limited to only a small fraction of the sky, it has produced many dramatic results including the first image of a planetary system (Figure 1) beyond our own (Marois et al., 2008).  
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Figure 1: The first image of a planetary system beyond our own: HR 8799 imaged with Keck II AO

The first implementation of laser guide star (LGS) AO on a large telescope was also made on the Keck II telescope (Wizinowich et al., 2006; van Dam et al., 2006).  LGS AO provided the W. M. Keck Observatory (WMKO) science community with the ability to achieve high angular resolution observations over most of the sky and has enabled a wide range of science that was previously not feasible from ground-based and/or space-based observatories (Keck II’s LGS AO resolution in the near-infrared exceeds that of HST by a factor of four, the ratio of the two telescopes’ diameters).    

Scientific productivity has steadily increased since the LGS AO system became available for science in 2004.  In 2008 a total of 23 refereed science papers were published with data from the Keck II LGS AO facility and a total of 99 science nights were allocated by the various WMKO time allocation committees for LGS AO science.  The performance of this system has steadily improved over the last three years as the system reliability and observing efficiency has been improved.  A $2M grant from the W. M. Keck Foundation to upgrade the AO system’s real-time controller and camera was completed in 2007 and provides a significant performance improvement for both NGS and LGS AO science.  

A.2 Future Science Opportunities with a New Laser Launch Facility at Keck II

The next logical step in performance improvement is to install a laser launch telescope behind the Keck II telescope’s secondary mirror so that it is centered on the telescope aperture.  This would reduce the perspective elongation of the LGS image by a factor of two.  All science with the Keck II LGS AO facility is expected to significantly benefit from this upgrade as discussed in section B.4.  The topics discussed in the remainder of this section provide an overview of a few of the key science areas that will benefit from the improvement of the Keck II LGS launch facility.  

A.2.1 Brown Dwarfs and Low Mass Stars in Binary Systems

Residing at the extremes of luminosity (Lbol <~ 10-4Lsun) and temperature (Teff <~ 2000 K), brown dwarfs are key laboratories for understanding the continuum of physics that governs objects from low-mass stars down to gas-giant planets.  About 15% of brown dwarfs are small-separation (<~ 0.3") binaries and thus require high angular resolution imaging to study.  While at face value these are relatively simple systems, in fact ultracool binaries have proven to be unusually rich laboratories for probing the formation and physical properties of brown dwarfs.

Keck II LGS AO has proven to be a very powerful and unique tool for understanding the properties of brown dwarfs and thereby test theoretical models of their evolution and atmospheres, constituting about ¼ of all Keck II LGS refereed papers published so far, including six in 2008.  Recent studies have probed the spectral properties of brown dwarfs as they evolve from the warmer L-type dwarfs to cooler T-type dwarfs (e.g. Liu et al 2006; Leggett et al 2008).  Keck II LGS has also lead the way in searches for the very coolest brown dwarfs as binary companions to known brown dwarfs, achieving sensitivity to objects as cool as 400 K (Chiu et al., 2008; Delorme et al., 2008).

Perhaps the most promising direct tests of the theory will come from precise measurements of the fundamental properties of low mass stars and brown dwarfs (e.g. see review by Liu et al 2008a).  Many of these measurements are coming directly from Keck II LGS AO.  The first dynamical mass measurement for a binary T dwarf, the coolest class of brown dwarfs, was carried out using Keck II LGS AO (Figure 2; Liu et al., 2008b).  This is the second directly confirmed field brown dwarf binary and the coolest, lowest mass binary (Mtotal = 59 Jupiter masses; Teff = 1000 K) with a dynamical mass determination to date. The mass determination accuracy strongly depends on the accuracy with which the orbital positions and relative size of the binary components can be measured (Mtotal ~ (3). Therefore, the predicted factor of two accuracy improvement with the new launch facility (section B.4) will be a major gain for this science.

[image: image2.emf]
Figure 2: Orbit and dynamical mass determination for a field brown dwarf binary using Keck II LGS AO data and HST data (Liu et al., 2008)
A.2.2 The Galactic Center: Black Holes and Young Stars

The proximity of our Galaxy’s center presents a unique opportunity to study a massive black hole and its environs with much higher spatial resolution than can be brought to bear on any other galaxy.  Keck  telescope Galactic Center (GC) observations began with speckle imaging and then moved onto NGS AO and finally LGS AO observations (Figure 3). Keck high resolution observations have allowed the case for a super massive black hole (SBMH) at the GC to go from a possibility to a certainty, thanks to the recent determinations of individual stellar orbits (e.g., Ghez et al., 1998, 2005, 2008).  Furthermore, with each subsequent performance improvement new discoveries have been made.  Within the past year GC publications obtained with Keck II LGS AO have included studies of the puzzling problem of how young stars form in the immediate vicinity of the central SBMH (Stolte et al., 2008; Lu et al., 2009), measurements of the distance to the black hole and understanding the Galaxy’s central gravitational potential (Ghez et al., 2008), and understanding the characteristics of the under-luminous emission associated with the central black hole (Marrone et al., 2008; Meyer et al., 2008; Do et al., 2009).
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Figure 3: Left: Color composite (H, K’, L’) Keck II LGS AO 10" x10" image of the Galactic Center.  Three times more stars are visible close to the black hole (i.e., Sgr A*) than with NGS AO.  Right: The positions of several stars orbiting the black hole are plotted proceeding from light to dark.  Several new short-period stars (Ghez et al., in prep.) have been discovered with Keck II LGS AO, doubling the number of stars that give independent estimates of the black hole’s properties and that can control for source confusion.  Among the new stars is the shortest orbital period measured to date (11 years for S0-37).  Stars discovered with speckle imaging are detected between 1995 and 2008, while those discovered with LGS AO have a time baseline of 2005 to 2008.  The new laser launch facility will detect even more sources and further reduce source confusion, which is still the dominant source of uncertainty.  

By delivering higher Strehl ratios (see section B.4), the new center launch facility offers a promising new era of discovery in GC research by reducing stellar confusion, which limits the current astrometric measurements in this region.  Our scientific goals are to (1) obtain a precision measurement of the Galaxy's central potential with stellar orbits, which will provide, in the near-term, the first measurement of the distance to the Galactic center (Ro) to 1% accuracy as well as strong constraints on, or possible measurements of, an intermediate-mass black hole companion to the SBMH and, in the long-term, a test of general relativity and a detection of the extended dark matter distribution around the SMBH, (2) test and discriminate between theories of star formation in the extreme environment of the center of our Galaxy, using stellar kinematics, and (3) measure the detailed structure of a dynamically relaxed stellar cusp around a SMBH, an essential input into models for the growth of nuclear black holes.   

A.2.3 Extragalactic Astronomy: Galaxy Morphology and Supernovae

LGS AO has greatly expanded the application of high angular resolution to the realm of extragalactic astronomy.  Prior to the advent of LGS AO only a modest number of extragalactic sources located near sufficiently bright NGS could be studied.  In the Deep Fields generally used for multi-wavelength observations of high-redshift galaxies (GOODS, COSMOS, EGS, etc.) there are not enough stars brighter than 14th magnitude to make use of NGS AO to complement observations at other wavelengths.  As a result, a total of only 15 extragalactic science papers were published based on Keck II AO observations between 2000 and 2006.  The publication rate ramped up to 10 papers in 2007 and 13 in 2008 alone, as extragalactic astronomers have begun to make use of the power of Keck II LGS AO to observe targets anywhere in the sky.  The new laser launch facility will enable LGS AO to be even more productive for extragalactic science.

Studies of the morphology of galaxies published with Keck II LGS AO data in the past year have included the morphology for a wide variety of galaxies at z ~ 1.5 to 2.5 (Stockton et al., 2008; van Dokkum et al., 2008; Melbourne et al., 2008a), star formation and stellar populations in galaxies (Melbourne et al., 2008b; Ammons et al., 2009), bulge and disk colors (Steinbring et al., 2008) and properties of a gravitationally lensing galaxy (Auger et al., 2008).  In the CfAO Treasury Survey (Steinbring et al., 2008) over 400 galaxies at 0.5 < z < 1.5 have been observed and their morphologies analyzed. The higher Strehl of the proposed center launch laser facility will allow quantitative determination of features such as the evolution of the bulge-to-disk ratio in galaxies at Z < 2, as well as spatially resolved kinematics of star-forming galaxies at higher signal-to-noise ratio than is currently possible.

The ability of Keck II LGS AO to look nearly anywhere in the sky with high angular resolution has also enabled the near-IR characterization of supernovae and gamma ray bursts.  For example, LGS AO was used to great effect for identification of the progenitor stars of Type II supernovae by combining Keck II LGS imaging of the supernova with pre-explosion HST archive images (Gal-Yam et al., 2007).  Five papers on related topics were published in 2008 using Keck II LGS AO.  One example is shown in Figure 4. The higher point source sensitivity available with the new center launch facility (see section B.4) will be key to broader application of LGS AO for high-z supernovae and gamma ray bursts.
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Figure 4: False-color IR image of the core of NGC 1260 and Supernova 2006gy generated from Keck II LGS H and K(-band observations (Smith et al., 2008)

A.2.4 Solar System Astronomy

Keck II LGS AO observations have enabled the identification of small moons around Jupiter’s Trojan asteroids and Kuiper Belt Objects and subsequent direct density determinations (Marchis et al., 2006; Brown et al., 2005 and 2006).  The predicted improvements in sensitivity and positional accuracy with the new center launch facility (see section B.4) will greatly assist in the detection and characterization of these small moons.  This science is important in understanding the nature of the early solar system.  

A.3 Personnel

The Keck II LGS AO system with the new launch facility will be available to a large fraction of the U.S. astronomical community as described in section C.  The scientific collaborators on this proposal are frequent users of the Keck II LGS AO facility and will work with the WMKO team to characterize and document the scientific performance of the improved LGS AO facility for their research.  For example, Liu has utilized his brown dwarf imaging survey to characterize the scientific performance of the Keck II LGS AO system (Liu, 2008) and Ghez’s team has worked to understand and improve the factors limiting the astrometric performance of the system on the Galactic Center (Lu et al., 2009). 

A.4 Results from Prior NSF MRI Support

Wizinowich is the PI, and Ghez is a collaborator, for the NSF MRI awarded proposal entitled ‘Development of the Keck Interferometer with Laser Guide Star Adaptive Optics for Microarcsecond Astrometry – from Exoplanets to Black Holes’ that was awarded in 2006.  The first scientific results at high spectral resolution (R ~ 1800) using self phased referenced interferometry are currently being written up for publication, including observations of the dust and gas within 1 AU of young stars (Eisner et al., 2009) and the disk around a Be star (Woillez et al., 2009).  The interferometer upgrade is continuing with the implementation of dual field phase referencing and astrometry modes (Pott et al., 2008a,b), with both modes planned to be in place by the end of the four year award period.

Section B - Description of Research Instrumentation and Needs

B.1 Current Keck II Laser Launch Facility

In an LGS system like that of the Keck  II telescope (Wizinowich, 2005) a laser tuned to the wavelength of the D2 line of atomic sodium is used to excite sodium atoms in the earth’s mesosphere, located at an altitude of ~90 km.  These atoms re-emit 589 nm light to produce a LGS that can be used as an artificial source for measurements of the atmospheric turbulence by a wavefront sensor.  Due to its double pass through the atmosphere the LGS does not properly sense tip and tilt, and due to the changing altitude of the sodium layer it does not adequately sense focus.  A NGS for tip, tilt and (slow) focus correction is therefore still needed for LGS operations, but it can be significantly fainter than the ~14th magnitude guide star required for NGS AO (by ~ 4 magnitudes).

[image: image6.emf]
[image: image7]
Figure 5: Left: Schematic showing 1st stage of Keck II laser in room on dome floor, dye laser table on the telescope, and launch lens side-mounted at the top of the telescope.  Right: Side launch of laser.

The final stage of the Keck II laser, the dye laser table, is mounted to the elevation ring of the telescope as shown in Figure 5 and Figure 6.  The first element of the laser launch telescope is mounted on the dye laser table.  The second element of the laser launch telescope is a 50 cm launch lens mounted at the top of the telescope.  Due to the finite thickness of the sodium layer (~20 km thick), side projection of the laser results in the elongated LGS images obtained by the Keck II telescope shown in Figure 7.  Reduction of this perspective elongation, which significantly degrades performance, is the primary purpose of this proposal.
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Figure 6: Left: Dye laser table mounted on the telescope elevation ring. Right: Tube leading from the top of the dye laser table to the 50 cm launch lens at the outer edge of the top of the telescope
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Figure 7: Left: The LGS image has a FWHM of 1.6" x 2.0".  Middle: The LGS image with the 36 primary mirror segments unstacked.  The individual segments closest to the projector can have FWHM as small as 1.0" , while the segment images further away are elongated toward the projection point.  Right: The circled segment image was used to produce this relative density structure versus altitude plot for the sodium layer.

B.2 Planned Keck I Laser Launch Facility

We are in the process of upgrading the Keck I NGS AO facility to LGS capability.  Toward this end a mode-locked CW laser (Lee et al., 2008) will be installed on the Nasmyth platform of the Keck I telescope in 2009 and a center launch laser facility will be implemented.  This launch facility includes a beam injection module on the laser table, a single mode photonics crystal fiber to transport the beam to the top end of the Keck I telescope, a beam transport optical bench (BTOB) to extract the beam from the fiber and reformat it for the launch telescope, and a launch telescope.  A schematic of the launch telescope mounted to the back end of the Keck telescope secondary mirror module is shown in Figure 8; the beam transport optical bench is mounted to top of the launch telescope in this Figure.  The launch telescope was fabricated by Galileo Avionica and will be shipped to WMKO in January, 2009.
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Figure 8: Schematic of the Keck I launch telescope mounted to the rear of the secondary module

B.3 Proposed Keck II Laser Launch Facility Upgrade

This section describes the development activity we propose to perform with MRI funding.  The primary differences between the proposed Keck II launch facility upgrade and the Keck I launch facility are: 

· On Keck II the laser is mounted on the part of the telescope that moves (tilts) in elevation.  On Keck I the laser will be mounted such that it is stationary with respect to gravity.  

· Free space propagation must be used on Keck II since the pulse format of the Keck II laser cannot be handled by a single mode fiber.  Keck I will use a fiber for laser beam transport.  

· We will design the part of the beam transport system mounted to the launch telescope (the BTOB for Keck I) and the launch telescope so that they are compatible with a future upgrade to multiple LGS in support of NGAO.    

· We propose to improve the launch telescope so that its focus is less sensitive to temperature.  

The major activities of this development effort are the following:

· Procurement of the launch telescope.

· Modifications to the existing secondary mirror module to accommodate the launch telescope.

· Design and implementation of a new beam transport system between the existing dye laser table and the launch telescope, including a beam transport optical bench mounted to the launch telescope, and associated laser steering hardware and software to control laser pointing and focus, including flexure and temperature compensation.

· Modifications to the existing laser safety system and laser traffic control system to accommodate the center launch facility.

· Laboratory integration and test of as much of the system as practical, including the launch telescope, beam transport system and motion control.

· Removal of the existing laser side launch system hardware.

· Telescope integration and test of the new hardware with the existing laser and AO control system, including on-sky performance characterization.

· Handover of the new system to daytime and nighttime operations personnel.

We estimate that three telescope nights will be required over one observing semester to perform on-sky integration and test of the new launch facility and to characterize the performance of the upgraded LGS AO facility.  These nights will be provided from Observatory engineering time.

B.4 Predicted Performance

Scientific productivity depends on such items as sensitivity, photometric accuracy, and astrometric accuracy.  These parameters are in turn dependent on the wavefront quality, traditionally reported as wavefront error or as Strehl ratio (the Strehl ratio is the ratio of the energy in the diffraction-limited core of an image to that in a perfect diffraction-limited image), delivered to the science detector.  In this section we first show how the wavefront error and Strehl will be improved with the center launch system and then discuss how this will impact the science.  We predict performance improvement by factors of up to 1.65 in point-source sensitivity and factors of two in both photometric and astrometric accuracy.

Table 1 shows the wavefront error budget for the existing Keck II LGS AO system and the predicted performance with the new center launch laser for two cases: the case of a bright NGS and median seeing conditions, and the LGS AO T dwarf binary case (with a faint off-axis NGS for tip-tilt) discussed in section A.2.1.  The DM (Deformable Mirror) measurement and bandwidth errors are interrelated and together make up the largest term in the error budget.  The reduction in the LGS elongation by a factor of two results in a significant reduction in the measurement error.  This reduced measurement error allows the bandwidth error to be reduced by running the system faster until the two terms are roughly matched.      

Table 1: Keck II LGS AO wavefront error budget for side and center launch for two science cases

[image: image10.emf]Error Term KII Side Launch KII Center Launch KII Side Launch KII Center Launch

Atmospheric Fitting 118 118 127 127

Telescope Fitting 66 66 66 66

Science Camera 110 110 110 110

DM Bandwidth 129

103

206

167

DM Measurement 156

121

242

189

Tip-tilt Bandwidth 102 102 260 260

Tip-tilt Measurement 19 19 186 186

LGS Focus Error 46

19

70

30

Focus Anisoplanatism 164 164 189 189

LGS High Order Error 80

50

80

50

Calibration Errors 30 30 30 30

Miscellaneous 70 70 74 74

Total Wavefront Error 351 319 538 494

K-band Strehl 0.37 0.44 0.09 0.14

K Strehl without tip/tilt 0.40 0.48 0.22 0.31

Bright NGS: R = 10, on-axis

10



 zenith angle

T dwarf binary: R = 16.2 NGS 31" off-

axis, 50



 zenith angle


The asymmetric LGS elongation of the existing side launched laser, shown in Figure 7, rotates as a function of telescope elevation and AO image rotator angle.  The length and structure of the LGS images depend on variations in the sodium layer thickness and structure.  These changes result in variations in the optimal gain and centroid position for each wavefront sensor subaperture.  Reduced LGS elongation will result in less sensitivity to these changes.  In addition, axial symmetry will make the wavefront sensor subaperture optimal gains and centroids rotation independent. Currently we correct for the optimal centroid variations by observing a natural star with a low bandwidth wavefront sensor.  Center launching would allow fainter NGS to be used for low order correction since lower update rates should now be acceptable for this purpose (the low bandwidth wavefront sensor is also needed for focus corrections as the altitude of the sodium layer changes).  These impacts of a centrally projected laser are included in the error budget by reducing the LGS focus and higher order errors introduced by the elongated laser spots.

The resultant Strehl ratio is increased by ~20% by moving the laser from off-axis to on-axis for the case of a bright tip-tilt star and by ~50% for the T dwarf binary case discussed in section A.2.1 (i.e., 50( zenith angle and a faint off-axis tip-tilt star). This produces a corresponding increase in signal to noise ratio, SNR, for AO observations of point sources for both photon-limited or background limited observations (or a Strehl2 reduction in integration time to reach the same SNR).  For LGS studies of extended sources or faint sources next to bright sources the contrast is the key requirement and will be increased by Strehl / (1 – Strehl) or ~34% in the bright NGS case and ~65% in the T dwarf binary case.  This will significantly reduce the source confusion that limits astrometric accuracy for the Galactic Center science case (section A.2.2).
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Figure 9: Positional (top) and photometric (bottom) errors (diamonds) versus Strehl from six nights of Keck II LGS AO binary T dwarf observations between May 2005 and April 2008 (Liu et al., 2008).  Predictions (squares) are extrapolations based on the improvement in Strehl ratio with a center launch laser.

The accuracy of the T dwarf binary measurements shown in Figure 2 is strongly dependent on the Strehl ratio delivered by the AO system as can be seen from the data plotted in Figure 9.  The predicted Strehl improvement for the T dwarf binary case (Table 1) should result in the significantly reduced (factor of two!) relative astrometric and photometric errors shown as squares in Figure 9.  A reduction in the astrometric uncertainty by a factor of 2 will mean an improvement in the uncertainty in the total mass of a binary system by a factor of 8 from Kepler’s laws (Mtotal ~ (3); a major gain for testing theoretical models!

Even greater astrometric improvements (a factor of ~1.3) are feasible because the higher performance of the new center launch facility will allow measurements to be made at shorter wavelengths (i.e., H-band instead of K), offering higher spatial resolution, on a routine basis.  Improved measurements in crowded fields (e.g., the Galactic Center) will also result because one can more easily distinguish one source from another and from the unresolved background of faint sources. 

These improvements to AO performance will positively impact science productivity for all types of science.  This was clearly demonstrated by a $2M W. M. Keck Foundation funded upgrade to the AO wavefront controller (Johansson et al., 2008) completed in 2007.  This upgrade achieved its predicted 10% Strehl improvement for Keck II LGS AO observations using a bright NGS.  The scientific results have been spectacular and the WMKO user community has been extremely satisfied. 

Note that focal anisoplanatism will be the largest error term for the center launch facility.  We are currently working with other observatories to implement an atmospheric turbulence profiler.  Once this profiler is in place we will look at implementing a tomography portion to our real-time controller to use profile data to determine the optimal correction to apply to the wavefront sensor centroid offsets.  Preliminary estimates indicate this could reduce the focal anisoplanatism on average by a factor of 1.3.

B.5 Science Instruments

The new Keck II center launch LGS system will support three science instruments: a near-IR camera (NIRC2), a near-IR spectrograph (NIRSPEC) and the Keck Interferometer (KI).  (A near-IR integral field spectrograph (OSIRIS) will be supported with the Keck I LGS AO system.)  NIRC2 has been the workhorse science instrument for Keck II AO having been used for 75% of the published Keck AO papers in the last three years. It contains a 1024 x1024 pixel InSb array for science from 1 to 5 (m and offers three imaging plate scales and a grism with R ~ 4000 spectral resolution.  One of NIRC2’s key features is that it has been very well characterized with the AO system for high precision astrometric measurements such as those on the Galactic Center, binary star systems and binary asteroids.  NIRSPEC offers a high spectral resolution (R ~ 20,000) capability with AO that is unique in the world.  

The KI is currently being upgraded for higher sensitivity and to implement an astrometry mode with a $2M NSF MRI grant (award 0619965) which builds on the existing significant investment by NASA.  LGS AO is currently being implemented on the Keck I telescope partially in support of this sensitivity improvement; center launching both lasers will also make the KI a more powerful facility.    

B.6 Next Generation Adaptive Optics

The proposed new laser launch facility will directly produce significant science returns.  In the longer term, we intend to make use of this new facility in our future NGAO system (Wizinowich et al., 2008).  This hybrid multi-object AO facility will consist of a multi-laser beacon system designed for high Strehl over narrow fields in the near-IR, modest Strehl at optical wavelengths, and high sky coverage.  The WMKO 2008 Strategic Plan identifies the importance of AO to the Observatory’s future with the highest priority given to the Observatory’s planned NGAO facility: “NGAO will reinvent Keck”. 

NGAO is currently in the preliminary design phase with funding from the NSF Telescope System Instrumentation Program (TSIP).  The WMKO-funded system design phase was successfully completed in April, 2008.  The report of the review panel (consisting of Brent Ellerbroek, Robert Fugate, Andrea Ghez, Norbert Hubin, Gary Sanders and Nick Scoville) said: “The review panel believes that Keck Observatory has assembled an NGAO team with the necessary past experience … needed to develop the Next Generation Adaptive Optics facility for Keck.  It is a sound, though aggressive, strategy to be among the first observatories to develop and depend on advanced laser guide star AO systems as a means to maintain Keck’s leadership in ground-based observational astronomy for the immediate future.  The panel also believes that NGAO is an important pathfinder for the 2nd generation of AO based instruments for future Extremely Large Telescopes as emphasized in the ‘Roadmap for the Development of United States Astronomical Adaptive Optics’ report issued April 18th 2008.”   

This proposal therefore represents an investment in an even more powerful future LGS AO science capability.  Our assessment of the recently completed Keck I launch telescope is that it will meet all of the NGAO requirements.  We will ensure that the beam transport optical bench mounted to the side of the new center launch telescope will be upgradeable to accommodate multiple laser beacons.

Section C - Impact of Research and Training Infrastructure

A 2002 Visiting Committee of distinguished U.S. astronomers, reviewing the performance and standing of the Observatory, wrote: “The Keck Observatory has dominated ground-based...astronomy for a decade.  It is scientifically extremely productive.”  The Observatory maintains a leadership position by innovating and deploying pioneering instrumentation.  This proposal seeks to continue this trend by developing a new center launch laser facility for the Keck II LGS AO system.

The center launch Keck II LGS AO facility will enable improved observations by a large and creative astronomical community.  Access to science observing time with the Keck telescopes is determined by Time Allocation Committees (TACs) representing the institutions with direct interests in the Observatory: the California Institute of Technology (Caltech) and the University of California (UC) each with 35%, NASA with a 16.5% share and the University of Hawaii with a 12.5% share.  Through participation in TSIP, WMKO has made available 64 nights over the last three years to the National Optical Astronomy Observatory (NOAO).  In addition, exchanges with the Gemini Observatory over the last 3 years have totaled 25 nights.  The NASA, NOAO and Gemini time are directly available to the entire U.S. community. The recent ALTAIR survey to understand the needs of the U.S. community for observing resources on large telescopes identified “The highest priority was for more open access time on non-federal facilities, for both groups with and without institutional access to large telescopes,” reflecting the demand for Keck telescope access among others.  Table 2 summarizes the WMKO 2005 observing team statistics.  The observers making scientific use of WMKO in 2005 represented about 10% of the active membership of the American Astronomical Society as judged by the 3133 attendees at the January, 2006 AAS meeting, or ~ 30% of the U.S. optical/IR observer community.

Table 2: Breakdown of WMKO observers in 2005

	Affiliation
	Faculty
	Students & Postdocs
	Total

	UC/Caltech
	72
	144
	216

	UH
	21
	29
	50

	NASA community
	24
	28
	52

	NSF community
	45
	27
	72

	Total
	162
	228
	390


The demand for LGS AO has been high with an average of 98 nights assigned to LGS AO science each of the last three years (06B to 09A).  The resultant rate of refereed publications is shown in Figure 10 where the publications are divided amongst those performed with Keck II NGS AO, Keck II LGS AO and the interferometer which uses NGS AO on both Keck telescopes.  A total of 200 refereed science papers using the Keck AO facilities were published between 2000 and the end of 2008.  LGS AO science results have increased rapidly since the first LGS publication in 2005.  The impact has been significant on all fields of astronomy.  Most notably the field of extragalactic astronomy has been opened up by LGS AO with 23 publications on extragalactic science in the last two years, versus seven in the previous two years.  The variety of Keck II LGS AO science published to date can be seen in Table 3.
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Figure 10: Refereed Keck AO papers published each year (note the rapid LGS AO increase)

Table 3: Types of refereed science obtained with the Keck II LGS AO system
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The educational impact of a more powerful Keck LGS AO Facility can be seen by the impact of the existing AO facilities on the science research of students and postdocs.  A sampling of PhD students who participated in the 2005 papers includes: Matthew Barcys, Jay Farihi, Tiffany Glassman, Seth Hornstein, Denise Kaisler, Quinn Konopacky, Jessica Lu, Caer McCabe, Angelle Tanner & Shelley Wright (UCLA); Tracy Beck, Chad Bender & Gail Schaefer (SUNY); Antonin Bouchez, Josh Eisner, Ben Lane, Stan Metchev & Emily Schaller (Caltech); Alexis Brandeker (Stockholm Observatory), Scott Dahm (UH), James Lloyd, Shuleen Martin & Henry Roe (UCB); Jason Melbourne (UCSC); Nick Siegler (U. Arizona).  A similar sampling of postdocs who participated in these papers includes: Antonin Bouchez, Olivier Lai, David Le Mignant & Marcos van Dam (WMKO); Gaspard Duchene & Lisa Prato (UCLA); Ray Jayawardhana, Paul Kalas, Franck Marchis & Michael Wong (UCB); Michael Liu (UH); Kevin Luhman, John Monnier & Rafael Millan-Gabet (CfA), Eduardo Martin, Henry Roe, Jean-Luc Margot & Maria Rosa Zapatero Osorio (Caltech); Anne Metevier & Eric Steinbring (UCSC). 

On the local level WMKO offers many educational programs and services to work with residents, educators and especially students.
  Of special note is the NSF-funded Center for Adaptive Optics (CfAO) sponsored Akamai Observatory Internship Program led by WMKO, which we propose to continue past the end of the CfAO.
 Keck personnel will continue to participate in the Akamai short course and to mentor Hawaiian college students during their internships.

This proposal is made possible on a reasonable timescale and budget by building on significant existing and ongoing investments and expertise.  The W. M. Keck Foundation provided funding for the telescopes, the Keck II LGS AO system and the recent Keck I and II wavefront controller upgrades.  NSF is funding the Keck I laser.  WMKO operation funds are paying for the Keck I LGS AO upgrade.  The CfAO has funded two postdocs to work on Keck AO development.  The WMKO AO group led by Wizinowich has been responsible for the development of the Keck AO facilities.  The science portion of this proposal includes a very strong base of high angular resolution science expertise in the areas we wish to address (funded by other grants to individual faculty members and researchers).  

The WMKO AO facilities have proven to be a powerful science research facility and an excellent training ground.  Great science, and access to the facilities to do this great science, is what will make LGS AO an increasingly critical part of the U.S. astronomy community’s toolbox.  

Section D - Management Plan

D.1 Project Plan

The activities planned for the new Keck II center launch facility described in this proposal correspond to the elements shown in the top-level work breakdown structure of Figure 11.  
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Figure 11: Top level WBS

Cost estimates for this facility are based on significant current experience at WMKO in the development of complex instrumentation systems especially those used in the existing Keck AO facilities.  Project personnel were involved in making the labor estimates, which were arrived at by starting with detail level tasks and then aggregating detail level estimates into labor totals.  Costs for materials and equipment are based on recent costs for similar items for the Keck I LGS upgrade.  A quoted price is used for the launch telescope assembly.  The total proposed budget is $1,936k, 30% of which will be covered by WMKO.  

WMKO’s standard development process will be followed with small revisions.  The system design phase will be absorbed into the preliminary design phase since most of the performance requirements can be taken from previous design work for both Keck I LGS AO and NGAO.  This will be followed by a detailed design phase.  The launch telescope contract will be issued early in the preliminary design phase and the contract will include a design review for modifications to the Keck I launch telescope design.    

The implementation phase will include hardware fabrication and assembly and software coding and testing culminating with a laboratory testing phase that will integrate as much of the hardware and software as practical off of the telescope.  Modifications to the Keck II telescope to support the installation will also be performed during this phase.  A pre-telescope readiness review will be held prior to installing the new launch system at the telescope.  Most of the new hardware will be installed and tested prior to removing the old launch system in order to minimize LGS AO down-time.  The final phase will include performance characterization and system support during a shared-risk science observing semester.  

Operations personnel will participate in the laboratory and telescope integration and test, and especially the commissioning phase, in support of knowledge transfer to the people with operational responsibility.  Operational system changes will go through engineering review by the WMKO AO configuration control board.   

D.2 Schedule

The schedule for the new center launch facility is shown in Figure 12.  The top-level elements in this schedule correspond directly to the WBS shown in Figure 11.  This is a 26 month program with a planned start date of August, 2009 and completion in September 2011.  The focus of the first nine months will be on completing the design phases and starting the launch telescope contract (Sept., 2009 with delivery in Jan., 2011).  The focus of the second nine months will be on fabricating and assembling the hardware and software and completing the lab integration and test phase.  After an April, 2011 pre-telescope readiness review, implementation of the hardware will begin at the telescope with on-sky integration, test and characterization occurring in the last three months of observing semester 11A (May to July).  TAC-allocated shared-risk science observing will occur in the first three months of 11B (August to October).  
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Figure 12: Proposed Project Schedule

D.3 Project Structure, Organization and Management

WMKO will be the lead institution.  Galileo Avionica is the preferred vendor for the launch telescope contract. The organization chart for the project is shown in Figure 13, and Table 4 provides a detailed description of the project staff. This is the same team that has been successfully working to implement the Keck I LGS AO upgrade including the Keck I launch facility. Much of this team was also heavily involved in the successful completion and commissioning of the Keck II LGS AO facility.

WMKO’s normal management process will provide oversight for this project.  This includes regular status reports to WMKO’s management and Science Steering Committee. WMKO’s Office of Sponsored Programs will monitor project compliance with NSF terms and conditions, including timely reporting. Regular project meetings will be held to manage activities, discuss progress and address problems.
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Figure 13: Project Organization

Table 4: Project Staff

	Position
	Name
	Notes

	Principal Investigator
	Peter Wizinowich
	As PI & AO project manager Wizinowich is responsible for the overall project success in coordination with other WMKO activities.   

	Project Scientist
	Michael Liu
	Liu leads the management of the science requirements for the upgrade & oversees the performance characterization phase of the project.  

	Project Manager
	Jason Chin
	Chin is responsible for managing the engineering team & project to meet the budget and schedule.

	Systems Engineer
	Thomas Stalcup
	Stalcup manages the design process to ensure proper design choices, maintains the performance budgets, & leads the performance characterization.

	AO Operations Manager
	Randy Campbell
	Campbell ensures an operational system is produced through management of the AO configuration control board & as a project review participant.

	Leads: Medeiros (mech.), Panteleev (optical), TBD (software), Wetherell (electr.)
	Engineering leads design modifications to the hardware & software systems and design/specify additional components required for the upgrade.  They also lead the implementation of the upgrades.


D.4 Risk Assessment and Management

Table 5 summarizes the significant risk areas.  Since this is largely a repeat of the Keck I launch telescope implementation we do not anticipate surprises beyond those already encountered and addressed.  If funded this work will follow the Keck I work in a timely fashion while the lessons learned are still fresh. 

Table 5: Significant risk areas

	Category
	Risk Area
	Likelihood
	Impact
	Mitigation

	Technical
	Launch telescope does not achieve required image quality
	Low
	High
	On-telescope Keck I launch telescope I&T will occur in 2009. Lessons learned will be fed into the Keck II launch telescope. Focus vs temperature variations will be reduced & retrofitted to Keck I.

	Schedule
	Launch telescope delivery
	Med
	Low
	Keck I launch telescope was delivered late. Lessons learned will be applied by the vendor & Keck. Delivery slips would be known in time so as not to impact the observing schedule.

	Budget
	Budget increases due to technical problems & schedule delays
	Med
	Med
	Track schedule & budget vs plan, anticipate problems & re-plan as needed.  Reassign personnel   if schedule slips & bring back as needed.
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Major: Electrical Engineering
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1986 – 1988
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(d) Synergistic Activities

Responsibilities at W. M. Keck Observatory have included the following: 

· Electronics engineering for the Keck I and II telescopes, adaptive optics systems and interferometer.

· Project management and systems engineering for the Keck I LGS AO system upgrade and for the Keck II laser completion, telescope integration and commissioning for operations.

· Electronics group lead for the development and operations of the adaptive optics systems and interferometer.
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Massachusetts Institute of Technology
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B.S. 
1987
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California Institute of Technology



Major: Physics


Ph.D.
1992
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1997-2000.
Associate Professor, Physics & Astronomy, UCLA
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Assistant Professor, Physics & Astronomy, UCLA
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5. Ghez, A. M., Salim, S., Weinberg, N. N., Lu, J. R., Do, T., Dunn, J. K., Matthews, K., Morris, M., Yelda, S., Becklin, E. E., Kremenek, T., Milosavljevic, M., Naiman, J., 2008, “Measuring Distance and Properties of the Milky Way’s Central Supermassive Black Hole with Stellar Orbits,” ApJ, 689, 1044.
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1. Ghez, A.M., Neugebauer, G., Gorham, P., Haniff, C., Kulkarni, S., Matthews , K., Koresko, C., & Beckwith, S. 1991, “Diffraction Limited Infrared Images of the Binary Star T Tauri,” AJ, 102, 2066
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(i) Synergistic Activities

1. Supervised 18 undergraduate and 3 high school student’s (12 women, 2 Hispanic, & 1 African-American) research projects (1994-present)

2. Member of several National Research Council Committees responsible for setting priorities for Astronomical Community (O/IR Panel of 2000 Decadal Survey, Committee on Astronomy & Astrophysics, Board on Physics & Astronomy; 1999-present)

3. Member of several UCLA committees on day care (a key issue for retaining women scientist; 2006-present)

4. Contributed to science education for the general public (65 general public talks, 11 documentaries, figures for 11 textbooks; 1996-present)

5. Has served as a highly visible role model for under-represented groups by conducting high impact research, which has been recognized with several honors and awards, including:

2009
Women in Space Science Award, Adler Planetarium

2008
MacArthur Fellowship

2008
Helen Hogg Distinguished Visitorship Award

2007
UCLA Academic Advancement Program Faculty Recognition Award

2007
Sackler Lecturer, Leiden University

2007
Sackler Lecturer, Harvard University

2006
Aaronson Award, University of Arizona

2004
National Academy of Sciences

2004
American Academy of Arts and Sciences

2004
Sackler Prize, University of Tel Aviv

2004
UCLA Gold Shield Prize

2004
UCLA Faculty Research Lecturer Award

(j) Collaborators & Other Affiliations 

List of all collaborators within the last 48 months
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Graduate Advisors

Gerry Neugebauer (Caltech)

Graduate Students (9)

Tuan Do (UCLA) Quinn Konopacky (UCLA) Jessica Lu (Caltech) Seth Hornstein (U of Colorado) Caer McCabe (Spitzer), Jennifer Patience (University of Exeter) Angelle Tanner (JPL) Russel White (Georgia State University) Sylvana Yelda (UCLA)

Postgraduate-Scholar Sponsor (5)

Gaspard Duchene (UCB) Will Clarkson (UCLA) Nate McCrady (UCLA) Andrea Stolte (University of Cologne), Jorg-Uwe Pott (University of Cologne).

Michael C. Liu (Scientific Collaborator)
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Ph.D.
2000

University of Hawaii, Institute of Astronomy
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2000-2003
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Associate Astronomer, Institute of Astronomy, University of Hawai‘i

2003-2007.
Associate Astronomer, Institute of Astronomy, University of Hawai‘i

2000-2003.
Beatrice Watson Parrent Fellow, Institute of Astronomy, University of Hawai‘i

1993-2000.
Graduate Research Assistant, Department of Astronomy, UC Berkeley
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5. Liu, M. C., Charlot, S., & Graham, J. R. 2000, “Theoretical Predictions for Surface Brightness Fluctuations and Implications for Stellar Populations of Elliptical Galaxies,” ApJ, 543, 644
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· HST Cycle 16 Science Review panel, 2007

· AURA Giant Segmented Mirror Telescope, Science Working Group 2005 –

· Active public outreach speaker (e.g., Univ of Hawaii forum, IfA Friends of Astronomy, National Public Radio, Hilo AstroDay)

· Keck Adaptive Optics Science Working Group, 2002 – present (Co-Chair 2005 – present) (involves Keck, U. Hawaii, UC, Caltech & NASA communities)

· Undergraduate mentor for University of Hawaii NSF REU program, 2001 & 2005
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Harvard University
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Princeton University
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PhD


1972

Post-Doctoral Fellowship Institution

University of California, Berkeley
Physics Department
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2008–
Director, University of California Center for Adaptive Optics

2004–
Director, National Science Foundation Center for Adaptive Optics

2001–
Astronomer, University of California Observatories/Lick Observatory and Professor, Department of Astronomy and Astrophysics, University of California at Santa Cruz

1995–2000
Director of University Relations, Lawrence Livermore National Laboratory

1993–1995
Director of Institutes, Physical Sciences Directorate, Lawrence Livermore Nat’l Laboratory

1984–1993
Founding Director, Livermore Branch, Inst. Geophysics & Planetary Physics, Univ. Calif.

1974–2004
Physicist, Lawrence Livermore National Laboratory, University of California
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2. “Image Improvement from a Sodium-Layer Laser Guide Star Adaptive Optics System,” C.E. Max, S.S. Olivier, H.W. Friedman, J. An, K. Avicola, B.V. Beeman, H.D. Bissinger, J.M. Brase, G.V. Erbert, D.T. Gavel, K. Kanz, M.C. Liu, B. Macintosh, K.P. Neeb, J. Patience and K.E. Waltjen. Science, 277, 1649–1652, 1997.

3. "Merging Galaxies in GOODS-S: First Extragalactic Results from Keck Laser Adaptive Optics," J. Melbourne, S.A. Wright, M. Barczys, A.H. Bouchez, J. Chin, M.A. van Dam, S. Hartman, E. Johansson, D.C. Koo, R. Lafon, J. Larkin, D. Le Mignant, J. Lotz, C.E. Max, D.M. Pennington, P.J. Stomski, D. Summers and P.L. Wizinowich. ApJ Letters, 625, L27-L30, 2005.

4. “Locating the Two Black Holes in NGC 6240,” C. E. Max, G. Canalizo, & W. H. de Vries, 2007, Science, 316, 1877.

5. “Spatially Resolved Stellar Populations of Eight GOODS-South AGN at z~1,” S. Mark Ammons, Jason Melbourne, Claire E. Max, David C. Koo, David J. V. Rosario, 2008, AJ, 137, 470.
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1. "Cloud Structures on Neptune Observed with Keck Telescope Adaptive Optics," C. E. Max, B. A. Macintosh, S. G. Gibbard, D. T. Gavel, H. G. Roe, I. de Pater, A.M. Ghez, D. S. Acton, O. Lai, P. Stomski and P. L. Wizinowich. AJ, 125, 364-375, 2003.

2. "Adaptive Optics Imaging and Spectroscopy of Cygnus A. I. Evidence for a Minor Merger," G. Canalizo, C. Max, D. Whysong, R. Antonucci and S.E. Dahm. ApJ, 597, 823-831, 2003.

3. “Super-resolving distant galaxies with gravitational telescopes: Keck-LGSAO and Hubble imaging of the lens system SDSSJ0737+3216,” Marshall, P. J.; Treu, T.; Melbourne, J.; Gavazzi, R.; Bundy, K.; Ammons, S. M.; Bolton, A. S.; Burles, S.; Larkin, J. E.; Le Mignant, D.; Koo, D. C.; Koopmans, L. V. E.; Max, C. E.; Moustakas, L. A.; Steinbring, E.; & Wright, S. A., ApJ, 671, 1196, 2007.

4. “Rest-Frame R-band Light Curve of a z ~ 1.3 Supernova Obtained with Keck Laser Adaptive Optics,” Melbourne, J.; Dawson, K. S.; Koo, D. C.; Max, C.; Larkin, J. E.; Wright, S. A.; Steinbring, E.; Barczys, M.; Aldering, G.; Barbary, K.; Doi, M.; Fadeyev, V.; Goldhaber, G.; Hattori, T.; Ihara, Y.; Kashikawa, N.; Konishi, K.; Kowalski, M.; Kuznetsova, N.; Lidman, C.; Morokuma, T.; Perlmutter, S.; Rubin, D.; Schlegel, D. J.; Spadafora, A. L.; Takanashi, N.; & Yasuda, N., AJ, 133, 2709, 2007.

5. “The W. M. Keck Observatory Laser Guide Star Adaptive Optics System: Overview,” Wizinowich, Peter L.; Le Mignant, David; Bouchez, Antonin H.; Campbell, Randy D.; Chin, Jason C. Y.; Contos, Adam R.; van Dam, Marcos A.; Hartman, Scott K.; Johansson, Erik M.; Lafon, Robert E.; Lewis, Hilton; Stomski, Paul J.; Summers, Douglas M.; Brown, Curtis G.; Danforth, Pamela M.; Max, Claire E.; & Pennington, Deanna M., PASP, 118, 297-309, 2006.

(d) Synergistic Activities

1. Other leadership positions: Project Scientist, Keck Observatory Next Generation Adaptive Optics

2. Originator and project leader for the Akamai Short Course and Internship on the Big Island of Hawaii.  This is a Center for Adaptive Optics program aimed at increasing the participation of Hawaiian community college-age students in the scientific and technical workforce. Optics and observatory operations are at the core of this summer internship experience. 

3. Co-founder of the Institute for Scientist and Engineer Educators at UC Santa Cruz.  This program is a spin-off from the Center for Adaptive Optics, with the goal of introducing science and engineering graduate students on our campus to modern knowledge and practice of teaching and learning, and then using these new skills in outreach programs to students from groups that are under-represented in science and engineering.

4. Member, Astro 2010 Committee, National Research Council, National Academy of Sciences
5. Has served as a highly visible role model for under-represented groups by conducting high impact research, which has been recognized with several honors and awards, including honors and awards including:

2009
Madison Medal, Princeton University


2008
National Academy of Sciences


2004
E. O. Lawrence Award (Department of Energy)


2002
American Academy of Arts and Sciences

(e) Collaborators & Other Affiliations 

List of all collaborators and co-editors within the last 48 months

Ammons, S. M. (UCSC), Antonucci, R. (UCSB), Barczys, M. (no current affiliation), Bouchez, A.H. (Caltech), Brown, M.E. (Caltech), Brown, C.G. (LLNL), Campbell, R.D. (Keck), Canalizo, G. (UC Riverside), Chin, J. (Keck), Chun, M.R. (U. Hawaii), Danforth, P.M. (LLNL), de Pater, I. (UC Berkeley), de Vries, W.H. (UC Davis), Gates, E.L. (Lick Obs.), Gavel, D. (UCSC), Ghez, A.M. (UCLA), Gibbard, S.G. (LLNL), Graham, J.R. (UC Berkeley), Johansson, E.M. (Keck), Kalas, P. (UC Berkeley), Koo, D.C. (UCSC), Larkin, J. (UCLA), Le Mignant, D. (Keck), Lewis, H. (Keck), Lloyd, J.P. (Cornell), Macintosh, B.A. (LLNL), Marshall, P. J. (UCSB), McKay, C.P. (NASA Ames), Melbourne, J. (Caltech), Metevier, A. (Sonoma State), Pennington, D.M. (LLNL), Perlmutter, S. (UC Berkeley), Perrin, M.D. (UCLA), Pollack, L.K. (Apple), Raschke, L. (UCSC), Roe, H.G. (Lowell Obs.), Rosario, David J. V. (UCSC), Schlegel, D. J. (LBNL), Schneider, G. (U Ariz.), Simard, L. (HIA), Steinbring, E. (HIA), Stomski, P.J. (Keck), Summers, D. (Keck), Treu, T. (UCSB), van Dam, M.A. (in New Zealand), Whysong, D. (NRAO), Wiberg, D.M. (UCSC), Wizinowich, P.L. (Keck), Wright, S.A. (UC Irvine)
Graduate Advisors:  Francis Perkins (retired, formerly of Princeton University).  

Postdoctoral Sponsor: Alan Kaufman (retired, formerly of University of California, Berkeley).
Graduate Students (3): Lynne Raschke (UC Santa Cruz), Jason Melbourne (California Inst. of Technology), S. Mark Ammons (finishing PhD in June 09).
Postgraduate-Scholar Sponsor in past 5 years:  Elizabeth McGrath (UC Santa Cruz).
Thomas Stalcup (Systems Engineer)
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B.S. 
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2008 – Present.
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1. T. Stalcup, R. Angel, M. Lloyd-Hart, M. Rademacher, “Status of the MMT Observatory multiple laser beacon projector,” in Astronomical Adaptive Optics systems and Applications III, eds. R. K. Tyson, M. Lloyd-Hart, Proc. SPIE 6691, 66910M (2007).

2. T. Stalcup, Design and Construction of a Multiple Beam Laser Projector and Dynamically Refocused Wavefront Sensor, Doctoral dissertation, University of Arizona (2006).

3. T. Stalcup, K. Powell, “Image motion correction using accelerometers at the MMT Observatory,” in Advanced Optical and Mechanical Technologies in Telescopes and Instrumentation, eds. E. Atad-Ettedgui and D. Lemke, Proc. SPIE 7018, 70181H (2008).

(d) Synergistic Activities

Responsible for commissioning the LGS system for Keck I as well as ongoing performance and operational improvements to the Keck I and II AO systems in the roles of system engineering and optical engineering. 

Committee secretary for the SOAR telescope SAM ground layer LGS system design review.

(e) Collaborators & Other Affiliations 

Collaborators
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Peter Wizinowich (Principal Investigator)
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University of Toronto
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B.Sc. 
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University of Toronto, Institute for Aerospace Studies
Major: Applied Physics

M.A.Sc.
1980
University of Arizona, Optical Sciences Center

Major: Optics


PhD.
1989

(b)  Appointments

1991 – Present.
Optical Systems Manager, W. M. Keck Observatory, Hawaii.

1989 – 1991.
Staff Scientist, Steward Observatory, University of Arizona, Arizona.

1982 – 1985.
Instrumentation Technician, Canada-France-Hawaii Telescope, Hawaii.

1980 – 1981.
Resident Astronomer, University of Toronto Southern Observatory, Chile.

(c) Publications

Publications related to the project

1. W.M. Keck Observatory’s next-generation adaptive optics facility.  P. Wizinowich, R. Dekany, D. Gavel, C. Max, S. Adkins, B. Bauman, J. Bell, A. Bouchez, M. Britton, J. Chin, R. Flicker, E. Johansson, R. Kupke, D. Le Mignant, C. Lockwood, D. Medeiros, E. McGrath, A. Moore, C. Neyman, M. Reinig, V. Velur.  SPIE Proc. 7015-36 (2008). 
2. Quasi-static aberrations induced by laser guide stars in adaptive optics.  M.A. van Dam, A.H. Bouchez, D. Le Mignant, P.L. Wizinowich. Optics Express 14, 7535-7540 (2006).  

3. The W. M. Keck Observatory Laser Guide Star Adaptive Optics System: Overview. P. Wizinowich, D. Le Mignant, A. Bouchez, R. Campbell, J. Chin, A. Contos, M van Dam, S. Hartman, E. Johansson, R. Lafon, H. Lewis, P. Stomski, D. Summers, C. Brown, P. Danforth, D. Pennington. PASP 118, 297-309 (2006).
4. The W. M. Keck Observatory Laser Guide Star Adaptive Optics System: Performance Characterization. M. van Dam, A.H. Bouchez, D. Le Mignant, E.M. Johansson, P.L. Wizinowich, R.D. Campbell, J.C.Y. Chin, S.K. Hartman, R.E. Lafon, P.J. Stomski, Jr., D.M. Summers.  PASP 118, 310-318 (2006).
5. The First Laser Guide Star Adaptive Optics Observations of the Galactic Center: SGR A*’s Infrared Color and the Extended Red Emission in its Vicinity. A. Ghez, S. Hornstein, J. Lu, A. Bouchez, D. Le Mignant, P. Wizinowich, K.  Matthews, M. Morris, E. Becklin, R. Campbell, J. Chin, M. van Dam, S. Hartman, E. Johansson, R. Lafon, P. Stomski, D. Summers.  ApJ 635, 1087-1094 (2005).
Other publications

1. Astrometry with the Keck Interferometer: the ASTRA project and its science.  J-U. Pott, J. Woillez, R. Akeson, B. Berkey, M. Colavita, A. Cooper, J. Eisner, A. Ghez, J. Graham, L. Hillenbrand, M. Hrynevych, D. Medeiros, R. Millan-Gabet, J. Monnier, D. Morrison, T. Panteleeva, E. Quataert, B. Randolph, B. Smith, K. Summers, K. Tsubota, C. Tyau, N. Weinberg, E. Wetherell, P. Wizinowich.  Astrometry and Imaging with the Very Large Telescope Interferometer, Keszthely, Hungary (2008).
2. Recent progress at the Keck Interferometer: operations and V2 science.  S. Ragland, P. Wizinowich, R. Akeson, M. Colavita, E. Appleby, B. Berkey, A. Booth, A. Cooper, S. Crawford, W. Dahl, C. Felizardo, J. Garcia-Gathright, J. Gathright, J. Herstein, M. Hrynevych, C. Koresko, R. Ligon, D. Medeiros, B. Mennesson, R. MillanGabet, D. Morrison, C. Paine, B. Parvin, T. Panteleeva, E. Serabyn, B. Smith, K. Summers, K. Tsubota, C. Tyau, E. Wetherell, J. Woillez.  SPIE Proc. 7013-10 (2008).
3. First Light Adaptive Optics Images from the Keck II Telescope: A New Era of High Angular Resolution Imagery. P. Wizinowich, D.S. Acton, C. Shelton, P. Stomski, J. Gathright, K. Ho, W. Lupton, K. Tsubota, O. Lai, C. Max, J. Brase, J. An, K. Avicola, S. Olivier, D. Gavel, B. Macintosh, A. Ghez & J. Larkin. PASP 112, 315-319 (2000).


(d) Synergistic Activities

Responsible for the following major projects at W. M. Keck Observatory (in the combined roles of project management, personnel management, system engineering and optical engineering): 

· Keck I and II telescope optics

· Keck I and II NGS AO systems

· Keck I and II LGS AO system

· Keck Interferometer and ASTRA Upgrade 

Committee chair for the:

· SPIE Adaptive Optical Systems Symposium, Munich (2000), Waikoloa (2002) & Marseille (2008)

· TMT Performance Review (2008)

· Gemini Multi-Conjugate Adaptive Optics CoDR & PDR, Hawaii (2000 & 2001)

· Mauna Kea Laser Guide Star Technical Working Group, Hawaii (1996-2000)

· Gemini Altair Adaptive Optics System PDR & CDR, Victoria (1996 & 1998) 

· OSA Summer Topical Meeting on Adaptive Optics, Maui (1996)

Plus: program committee member for adaptive optics conferences; committee member for instrument reviews; AO working group member for Gemini and HIA; referee for science journals, NSF & NASA proposals; and invited speaker.

(e) Collaborators & Other Affiliations 

Collaborators and Co-Editors

Rachel Akeson
 
MSC, Caltech


Antonin Bouchez

Caltech


Domenico Bonaccini
European Southern Obs.

Mark Colavita

Jet Propulsion Lab. Michelle Creech-Eikman
New Mexico Tech.

Richard Dekany

Caltech



Josh Eisner

U. of Arizona


Brent Ellerbroek

TMT Project


Don Gavel

UCSC



Andrea Ghez

UCLA



James Graham

UCB



Michael Hart

U. of Arizona


Lynne Hillenbrand
Caltech



Norbert Hubin

European Southern Obs.

Olivier Lai

CFHT



James Larkin

UCLA



David Le Mignant
LAM, Marseille


Mike Liu

University of Hawaii

Franck Marchis

UCB



Claire Max

UCSC



Rafael Millan-Gabet
Caltech



John Monnier

U. of Michigan


Guy Perrin

Observatoire de Paris

Eliot Quataert

UCB



Nevin Weinberg 

UCSB
Graduate Advisors

M.A.Sc. Prof. Ray Measures, University of Toronto

PhD. Prof. J. Roger P. Angel, University of Arizona

Postgraduate-Scholar Sponsor (total of 9; 5 within last five years)

Antonin Bouchez, PhD Caltech 2003


Ralf Flicker, PhD Lund University 2003

Stephan Kellner, PhD Max Planck Institute Heidelberg 2005
Jorg-Uwe Pott, PhD University of Cologne 2006

Julien Woillez, PhD University of Paris 2003

Other Personnel

Other key personnel at WMKO that will be significantly involved in this project:

Drew Medeiros.  Medeiros will be the mechanical engineer for this project.  He is currently performing a similar role for the Keck I LGS AO upgrade.

Sergey Panteleev.  Dr. Panteleev will be the optics engineer responsible for the launch telescope optics acceptance.  He performed this same role for the Keck I launch telescope.

Ed Wetherell.  Wetherell will be responsible for the electronics in collaboration with Chin.  He has performed a similar role on the Keck I LGS AO upgrade. 

Budget and Budget Justification

The W. M. Keck Observatory is submitting this proposal for the development of a significant enhancement to the Keck II LGS AO facility.  

The project duration is 26 months with a planned start date of August 1, 2009 and a completion date of September 30, 2011.  The detailed project budget is shown in Table 6.  The total budget for the project is $1936k.  WMKO will contribute 30% or $581k (including overhead) for the two-year period.  The request to the NSF MRI program is for $1355.5k.

Budget Justification

A. Senior personnel assigned to the project represent the essential leadership required for the project activities.  Adaptive optics is a highly specialized field, and the senior personnel listed here represent the key leadership for the project.  Their participation in this project is essential to ensure its success.  As indicated in the notes to the budget salaries for senior personnel are based on WMKO fiscal year 2009 rates with the addition of 3.5% inflation per year.

B. The engineers (other professionals) required by this project represent the engineering skills needed to design and implement the upgrades.  As indicated in the notes to the budget salaries for other personnel are based on WMKO fiscal year 2009 rates with the addition of 3.5% inflation per year.  The engineering staff details are shown in Table 7.

C. Fringe benefits are included at the standard WMKO rate.

D. The equipment purchases for this project are required for the implementation of the center launch facility. The cost estimate is based on past experience with similar components and fabrications. 

E. Travel costs are based on requirements for travel by project staff to the launch telescope acceptance and for travel to design reviews.

F. There are no participant support costs in this proposal budget.

G. Materials and supplies are components and fabrications for the implementations of the center launch telescope and are detailed in Table 8.  No publication costs, consultant services, computer services or subawards are included.  Other includes the cost of laser spotters for on-sky integration and test.  

H. WMKO has a federally approved indirect cost rate of 55%.  This is applied to a modified total direct cost base consisting of the total direct costs less equipment and subawards, plus the first $25K of each subaward.

Table 6: Detailed Project Budget

[image: image18.emf]Year One Year Two Year Three Total

Expenses

Person 

Months

Notes

8/01/09   

07/31/10

8/01/10   

07/31/11

8/01/11

9/30/11

A. Senior Personnel Title

P. Wizinowich Principal Investigator 1 9,140 $               4,460 $               - $                      13,601 $            

J. Chin Project Manager 4 24,237 $             17,286 $             1,011 $               42,534 $            

T. Stalcup Systems Engineer 13 44,309 $             68,774 $             11,071 $             124,153 $          

    - $                     

( 3 ) Total Senior Personnel

18 1

77,686 $             90,520 $             12,082 $             180,288 $          

B. Other Personnel

( 0 ) Post Doctoral Associates   - $                      - $                      - $                     

( 8 ) Other Professionals 36 1 114,566 $           195,648 $           10,363 $             320,578 $          

( 0 ) Graduate Students - $                      - $                      - $                     

( 0 ) Undergraduate Students - $                      - $                      - $                     

( 1 ) Secretarial - Clerical (If Charged Directly) 0 1 1,266 $               - $                      - $                      1,266 $              

( 0 ) Other   - $                      - $                     

Total Salaries and Wages 193,517 $           286,169 $           22,445 $             502,131 $          

C. Fringe Benefits 2 54,185 $             80,127 $             6,285 $               140,597 $          

Total Salaries, Wages and Fringe Benefits 247,702 $           366,296 $           28,730 $             642,728 $          

D. Equipment

Launch telescope procurement 3 395,000 $           395,000 $           - $                      790,000 $          

Launch telescope defining points 8,000 $               - $                      - $                      8,000 $              

PMAC motion control board - $                      6,000 $               - $                      6,000 $              

Total Equipment 403,000 $           401,000 $           - $                      804,000 $          

E. Travel

Domestic 4 1,000 $               - $                      - $                      1,000 $              

Foreign 5 - $                      10,000 $             - $                      10,000 $            

F. Participant Support Costs - $                     

G. Other Direct Costs

- $                     

1. Materials and Supplies 6,875 $               65,125 $             - $                      72,000 $            

2. Publication Costs/Documentation/Dissemination - $                      - $                      - $                     

3. Consultant Services - $                      - $                      - $                     

4. Computer Services - $                      - $                      - $                     

5. Subawards - $                      - $                      - $                     

6. Other Laser Spotters - $                      4,871 $               - $                      4,871 $              

Total Other Direct Costs 6,875 $               69,996 $             - $                      76,871 $            

H. Total Direct Costs 658,577 $           847,292 $           28,730 $             1,534,599 $       

I. Indirect Costs (F&A)

Modified total direct costs (Base) 6 255,577 $           446,292 $           28,730 $             730,599 $          

Rate 55.00%

Total Indirect Costs 140,567 $           245,461 $           15,801 $             401,830 $          

J. Total Direct and Indirect Costs 799,145 $           1,092,753 $        44,531 $             1,936,429 $       

K.  Residual Funds - $                      - $                      - $                      - $                     

L. Amount of This Request 559,401 $           764,927 $           31,172 $             1,355,500 $       

Cost Sharing: Proposed Level 7 239,743 $           327,826 $           13,359 $             580,929 $          

Notes

1.  Salaries are based on WMKO fiscal year 2009 rates with 3.5% inflation added in each year.

2.  Fringe benefits are based on WMKO fiscal year 2009 rate of 28%.

3.  Based on a firm fixed price quote.

4.  2 trips - 1 day each for one person.

5.  2 trips to launch telescope vendor in Italy - 7 days each for two persons.

6.  MTDC base calculated from total direct costs less equipment over $5k. 

7.  30% cost sharing.


Table 7: Other Professionals

[image: image19.emf]Person 

Months Year 1 Year 2 Year 3

Electronics Engineer 10 $27,133 $63,120 $4,297

Mechanical Engineer 5 $30,746 $11,915 $1,769

Software Engineer 10 $27,133 $63,120 $4,297

Laser Engineer 1 $3,067 $11,600 $0

Facilities Engineer 0 $1,001 $968 $0

Electronics Technician 4 $344 $29,143 $0

Mechanical Technician 5 $14,707 $15,784 $0

Mechanical Designer 2 $10,435 $0 $0

36 $114,566 $195,648 $10,363


Table 8: Materials and Supplies (unit cost under $5k)

[image: image20.emf]Year 1 Year 2 Year 3

Beam Tubes and 1 Mechanical Box $7,500

F/15 Counterweights and Supports $2,000

LTA Support Structure $875 $2,625

Ship LTA Crate to GA $4,000

Opto-Mechanical Mounts

LTA I&T Lab/Dome $2,000

BTS Parts Procurement & Fabrication $10,000

Laser Parts Procurement & Fabrication $1,000

BTOB Kinematics Mounts $4,000

Motion Control VME Rack $11,000

Cable and Electronics Hardware

BTOB Parts Procurement & Fabrication $2,000

BTS Parts Procurement & Fabrication $9,000

LSI Cabling & Interfaces Procure & Fabrication $1,000

BTOB Parts Procurement & Fabrication $15,000

$6,875 $65,125 $0


Cost Sharing

The W. M. Keck Observatory is committed to providing a cost share of $580,928 for this proposal to the NSF Major Research Instrumentation Program titled “MRI: Development of an Improved Keck II Laser Launch Facility”. This cost sharing commitment is included in the Observatory's development budget for fiscal 2010 and 2011, consistent with the timeline and the proposed yearly budgets submitted with the proposal. The Observatory’s fiscal year begins on October 1 of each year, and the Observatory’s operations are funded by the University of California and NASA. The cost sharing commitment will be supported by non-Federal funds and will be available at the start of each fiscal year.  
In year 1 of the project WMKO has budgeted $239,743 as shown in the year 1 proposal budget. These funds will be applied to the cost of equipment in year 1. In year 2 of the project WMKO has budgeted $327,826 as shown in the year 2 proposal budget. These funds will be applied to the cost of equipment in year 2. In year 3 of the project WMKO has budgeted $13,359 as shown in the year 3 proposal budget.  These funds will be applied to salaries and benefits in year 3.

Current and Pending Support

Peter Wizinowich – Current Support:
Keck Interferometer Project

Period: February 1, 2005 – June 30, 2009

Funding: JPL cost reimbursement subcontract #1264288 of $14.54M

Location: W. M. Keck Observatory

Effort: 1 month/yr

NSF Laser for Keck I

Period: September 27, 2005 – June 30, 2009

Funding: NSF of $2.81M

Location: W. M. Keck Observatory

Effort: 0.5 month/yr

ASTRA Project to upgrade the Keck Interferometer

Period: July 10, 2006 – June 30, 2010.

Funding: NSF MRI award 0619965 of $1.958M.

Location: W. M. Keck Observatory

Effort: 2 month/yr

NGAO Preliminary Design

Period: March 1, 2008 – February 28, 2010

Funding: NSF award (TSIP) AST0132798, AURA sub-award C10591T of $2.047M 

Location: W. M. Keck Observatory

Effort:  6 month/yr

Peter Wizinowich – Pending:

Sodium-Wavelength Lasers for Astronomical Adaptive Optics


Period: January 1, 2009 – January 31, 2010


Funding: AURA Sub-award No. C66003A of $300k in support of NSF GSMT award AST-0443999


Location: Managed from W. M. Keck Observatory


Effort: 0.5 month/yr

MRI: Development of an Improved Keck II Laser Launch Facility – Enhancing the Scientific Return of Keck Laser Guide Star Adaptive Optics (this proposal)

Period: 8/1/09 – 9/30/11

Funding: National Science Foundation MRI award of $1,355,500

Effort: 0.75 month/yr

Jason Chin – Current Support:
NGAO Preliminary Design

Period: March 1, 2008 – February 28, 2010

Funding: NSF award (TSIP) AST0132798, AURA sub-award C10591T of $2.047M 

Location: W. M. Keck Observatory

Effort:  1 month/yr

Jason Chin – Pending:

MRI: Development of an Improved Keck II Laser Launch Facility – Enhancing the Scientific Return of Keck Laser Guide Star Adaptive Optics (this proposal)

Period: 8/1/09 – 9/30/11

Funding: National Science Foundation MRI award of $1,355,500

Effort: 2 month/yr

Thomas Stalcup  – Current Support:
NGAO Preliminary Design

Period: March 1, 2008 – February 28, 2010

Funding: NSF award (TSIP) AST0132798, AURA sub-award C10591T of $2.047M 

Location: W. M. Keck Observatory

Effort:  1 month/yr

Thomas Stalcup – Pending:

MRI: Development of an Improved Keck II Laser Launch Facility – Enhancing the Scientific Return of Keck Laser Guide Star Adaptive Optics (this proposal)

Period: 8/1/09 – 9/30/11

Funding: National Science Foundation MRI award of $1,355,500

Effort: 6 month/yr

[image: image21.emf]Current

Title Probing the Remarkable Neighborhood of the Galactic Center's Supermassive 

Black Whole with Diffraction-Limited Studies of Stars, Dark Matter….

Agency NSF

Award 990,859

Period 7/1/04 to 6/30/09

Location UCLA

Effort 1.0 summer/yr

Title Young Stellar Object & Galactic Center Science With Adaptive Optics

Agency University of California- Santa Cruz (Prime NSF)

Award 657,868

Period 11/1/99 to 10/31/09

Location UCLA

Effort 0 summer month/yr

Title Galactic Center-Director's Discretionary Fund

Agency University of California- Santa Cruz (Prime NSF)

Award 611,466

Period 11/1/99 to 10/31/09

Location UCLA

Effort 0 summer month/yr

Pending

Title A Laser Guide Star Adaptive Optics Study of Stellar Dynamics at the Galactic Center:

A Laboratory for Understanding Interactions with a Central Supermassive Black Hole

Agency NSF

Award 1,071,276

Period 7/1/09 - 6/30/14

Location UCLA

Effort 1 summer month/yr

Title MRI: Development of an Improved Keck II Laser Launch Facility - 

Enhancing the Scientific Return of Keck Laser Guide Star Adaptive Optics (this proposal)

Agency NSF MRI

Award 135,500

Period 8/1/09 - 9/30/11

Location UCLA

Effort 0 summer month/yr

Andrea Ghez  Current and Pending
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Statement of Current and Pending Support

Claire E. Max

Current Support

Title:  Center for Adaptive Optics, an NSF Science and Technology Center

Funding Source:  National Science Foundation

Award Number:  AST-9876783

Project Period:  11/1/99-10/31/09

Award Amount:  $35,581,329

Time Commitment per year:  5.5 months/year

Title:  The Laboratory for Adaptive Optics

Funding Source:  Gordon and Betty Moore Foundation

Award Number:  #181

Project Period: 7/1/02-6/30/09

Award Amount: $9,100,000

Time Commitment: 0.5 months/year

Title: Preliminary Design Phase, Keck Next Generation Adaptive Optics System

Funding Source: W.M. Keck Observatory

Award Number: PO#28388

Project Period: 05/01/08-02/10/10

Award Amount: $812,246

Time Commitment:  2 months/yr 

Pending Support

Title: Active Galactic Nuclei in Merging Galaxies Viewed with Laser Guide Star 
Adaptive Optics

Funding Source: National Science Foundation

Award Number: Pending

Proposed Project Period: 6/1/09-5/30/12

Award amount: $288,326

Time Commitment: 1.5 months/yr in Year 1; 2 months/yr in Years 2 and 3

Title: MRI: Development of Enhanced Adaptive Optics System and Infrared Instrumentation for the Shane 3-meter Telescope

Funding Source: National Science Foundation

Award number: Pending

Proposed Project Period: 10/01/09 -09/30/12

Award amount: $2,000,000

Time commitment: 0 hours/year

Title: MRI: Development of an Improved Keck II Laser Launch Facility  – Enhancing the Scientific Return of Keck Laser Guide Star Adaptive Optics (this proposal)

Funding source: National Science Foundation

Award number: pending

Proposed Project Period: 8/1/09 – 9/30/11

Award amount: $1,355,500

Time commitment: 0 hours/year

Supplementary Documents

Organizational Classification

The California Association for Research in Astronomy, DBA the W.M. Keck Observatory, is a non-degree granting organization.  The California Association for Research in Astronomy, operator of the W. M. Keck Observatory, is a 501(c)(3) corporation organized to conduct scientific research.  The California Association for Research in Astronomy is incorporated in the state of California.  
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Letters from unfunded participants
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List of Suggested Reviewers

1. Dr. Laird Close, Steward Observatory, University of Arizona, 933 N. Cherry Ave., Tucson, AZ 85721.  lclose@as.arizona.edu.  (520) 626-5992.

2. Dr. Heidi Hammel, Co-Director, Research Branch, Space Science Institute, Connecticut Office, 72 Sarah Bishop Road, Ridgefield, CT 06877.  hbh@alum.mit.edu.  (203) 438-3506.

3. Dr. Yutaka Hayano, Assistant Professor, Subaru Telescope, National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, HI 96720.  hayano@subaru.naoj.org.  (808) 934-5941.

4. Dr. Francois Rigaut, Senior Scientist, Gemini Observatory, Southern Operations Center, c/o AURA, Casilla 603, La Serena, Chile.  FRigaut@gemini.edu.  +56 (51) 205784.








































� � HYPERLINK "http://www.keckobservatory.org/education.php" ��http://www.keckobservatory.org/education.php�


� � HYPERLINK "http://www.keckobservatory.org/article.php?id=89" ��http://www.keckobservatory.org/article.php?id=89�
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All Keck AO Papers

		#		Authors		Year		Journal		Title		Solar System		Galactic		Extra-galactic		IF		LGS		NGS		NIR-SPEC		NIRC2		OSIRIS		Obs-date (UT)		Comments

		1		Martín, E. L., Koresko, C. D., Kulkarni, S. R., Lane, B. F., Wizinowich, P. L.		2000 Jan		ApJL 529, L37-L40		The Discovery of a Companion to the Very Cool Dwarf Gliese 569B with the Keck Adaptive Optics Facility				1								1								1999 Aug 29		KCAM

		2		Wizinowich, P., Acton, D. S., Shelton, C., Stomski, P., Gathright, J., Ho, K., Lupton, W., Tsubota, K., Lai, O., Max, C., Brase, J., An, J., Avicola, K., Olivier, S., Gavel, D., Macintosh, B., Ghez, A., Larkin, J.		2000 Mar		PASP 112, 315-319		First Light Adaptive Optics Images from the Keck II Telescope: A New Era of High Angular Resolution Imagery		0.33		0.33		0.33						1

		3		Larkin, J. E., Glassman, T. M., Wizinowich, P., Acton, D. S., Lai, O., Filippenko, A. V., Coil, A. L., Matheson, T		2000 Dec		PASP 112, 1526-1531		Exploring the Structure of Distant Galaxies with Adaptive Optics on the Keck II Telescope						1						1

		4		Prato, L., Ghez, A. M., Piña, R. K., Telesco, C. M., Fisher, R. S., Wizinowich, P., Lai, O., Acton, D. S., Stomski, P.		2001 Mar		ApJ 549, 590-598		Keck Diffraction-limited Imaging of the Young Quadruple Star System HD 98800				1								1

		5		Marcy, G.W., Butler, R.P., Vogt, S.S., Liu, M.C., Laughlin, G., Apps, K., Graham, J.R., Lloyd, J., Luhman, K.L., Jayawardhana, R.		2001 July		ApJ 555, 418		Two Substellar Companions Orbiting HD 168443				1								1

		6		Quirrenbach, A., Roberts, J. E., Fidkowski, K., de Vries, W., van Breugel, W.		2001 July		ApJ 556, 108-112		Keck Adaptive Optics Observations of the Radio Galaxy 3C 294: A Merging System at z=1.786?						1						1

		7		Hammel, H. B., Rages, K., Lockwood, G. W., Karkoschka, E., de Pater, I.		2001 Oct		Icarus 153, 229-235		New Measurements of the Winds of Uranus		1										1

		8		Lane, B. F., Zapatero Osorio, M. R., Britton, M. C., Martín, E. L., Kulkarni, S. R.		2001 Oct		ApJ 560, 390		The Orbit of the Brown Dwarf Binary Gliese 569B				1								1

		9		Luhman, K. L., Jayawardhana, R.		2002 Feb		ApJ 566, 1132-1146		An Adaptive Optics Search for Companions to Stars with Planets				1								1

		10		Potter, D., Martin, E.L., Cushing, M.C., Baudoz, P., Brandner, W., Guyon, O., Neuhauser, R.		2002 Mar		ApJL 567, L133		Hokupa’a-Gemini Discovery of Two Ultracool Companions to the Young Star HD 130948				1								1
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		174		I. de Pater, M.R. Showalter, B. Macintosh		2008 May		Icarus 195, 348-360		Keck Observations of the 2002-2003 Jovian Ring Plane Crossing		1										1				1				2003 Jan 26		Narrow K', L' & Wide K'

		175		G.H. Schaefer, M. Simon, L. Prato, T. Barman		2008 May		AJ 135, 1659-1668		Preliminary Orbit of the Young Binary Haro 1-14C				1				1												2004 Jun 2 2005 Apr 20 2006 Apr 14 2006 May 17 2007 May 1		K-band V2

		176		M.J. Ireland, A.L. Kraus		2008 May		ApJ 678: L59-62		The Disk around CoKu Tauri/4: Circumbinary, not Transitional				1								1				1				2007 Nov 23		K' aperture masking, 8x 20x exposure calibrated by 2 interleaved image sets of CX Tau

		177		M.J. Ireland, A. Kraus, F. Martinache, J.P. Lloyd, P.G. Tuthill		2008 May		ApJ 678: 463-471		Dynamical Mass of GJ 802B: A Brown Dwarf in a Triple System				1								1				1				2006 Jun 23 2006 Aug 10 2007 Jun 5 2007 Jun 6		Ks, Jcont & Kp aperture masking; Grism at H

		178		P. Delorme, X. Delfosse, L. Albert, E. Artigau, T. Forveille, C. Reylé, F. Allard, D. Homeier, A. Robin, C. W, C.J. Willott, M. Liu, T. Dupuy		2008 May		A&A 482, 961-971		CFBDS J005910.90-011401.3: reaching the T-Y Brown Dwarf transition?				1						1						1				2008 Jan 16 UT		H cont

		179		M.M. Kasliwal, S.B. Cenko, S.R. Kulkarni, P.B. Cameron, E. Nakar, E.O. Ofek, A. Rau, A.M. Soderberg, S. Campana, J.S. Bloom, D.A. Perley, L. Pollack, S. Barthelmy, J. Cummings, N. Gehrels, H.A. Krimm, C.B. Markwardt, G. Sato, P. Chandra, D. Frail, D.B. Fo		2008 May		ApJ 678, 1127-1135		GRB070610: A Curious Galactic Transient						1				1						1				2007 Jun 21		K'

		180		A. Kraus, M. Ireland, M. Martinache, J.P. Lloyd		2008 May		ApJ 679, 762-782		Mapping the Shores of the Brown Dwarf Desert.  1. Upper Scorpius				1								1				1				2007 Apr-Jul		K', aperture masking

		181		C. Laver, I. De Pater		2008 June		Icarus 195, 752-757		Spatially resolved SO2 ice on Io, observed in the near IR		1										1						1		2006 Apr 17		medium (0.05" pixel), K

		182		A. J. Burgasser, M. C. Liu, M. J. Ireland, K. L. Cruz, T. J. Dupuy		2008 July		ApJ 681, 579-593		Subtle Signatures of Multiplicity in Late-type Dwarf Spectra: The Unresolved M8.5 + T5 Binary 2MASS J03202839-0446358				1						1						1				2008 Jan 15		Narrow Ks, direct imaging and aperture mask interferomery

		183		F.Marchis, P. Descamps, M. Baek, A.W. Harris, M. Kaasalainen, J. Berthier, D. Hestroffer, F. Vachier		2008 July		Icarus 196, 97-118		Main Belt Binary Asteroidal Systems with Circular Mutual Orbits		1										1				1				2003 Dec 6 2004 Oct 25 2005 Jan 5 2005 Jul 17 2006 Aug 3 2006 Dec 12 2007 Sep 9		Kp

		184		D.P. Marrone, F.K. Baganoff, M.R. Morris, J.M. Moran, A.M. Ghez, S.D. Hornstein, D.J. Munoz, M.W. Bautz, G.R. Ricker, W.N. Brandt, G.P. Garmire, J.R. Lu, K. Matthews, J.-H. Zhao, R. Rao, G.C. Bower		2008 July		ApJ 682: 373-383		An X-Ray, Infrared, and Submillimeter Flare of Sagittarius A*				1						1						1				2006 Jul 17 2005 Jul 31		2006: Alternating K' 28s & L' 30s expos spanning 187m. 2005: H 22.2s, K' 28s & L' 30s over 113m. H&K' 62-65 mas FWHM; L' 80-82 mas

		185		S.K. Leggett, D. Saumon, L. Albert, M.C. Cushing, M.C. Liu, K.L. Luhman, M.S. Marley, J.D. Kirkpatrick, T.L. Roellig, K.N. Allers		2008 Aug		ApJ 682: 1256-1263		HN Peg B: A test of models of the L to T dwarf transition				1						1						1				2006 Oct 14		Narrow field, K, 420 s total integration

		186		M.M. Kasliwal, E.O. Ofek, A. Gal-Yam, A. Rau, P.J. Brown, S.B. Cenko, P.B. Cameron, R. Quimby, S.R. Kulkarni, L. Bildsten, P. Milne, G. Bryngelson		2008 Aug		ApJL 683: L29-L32		SN 2007ax: An Extremely Faint Type Ia Supernova						1						1				1				2007 Apr 4		K'

		187		B. Zuckerman, C. Melis, I. Song, D.S. Meier, M.D. Perrin, B. Macintosh, C. Marois, A.J. Weinberger, J.H. Rhee, J.R. Graham, J.H. Kastner, P. Palmer, T. Forveille, E.E. Becklin, D.J. Wilner, T.S. Barman, G.W. Marcy, M.S. Bessell		2008 Aug		ApJ 683: 1085-1103		Gas and Dust Associated with the Strange, Isolated Star BP Piscium				1								1				1				2006 Jul 19		4x 50 0.2s co-adds at each of J,H,K'L'

		188		J. Melbourne, V. Desai, L. Armus, A. Dey, K. Brand, D. Thompson, B.T. Soifer, K. Matthews, B.T. Jannuzi, J.R. Houck		2008 Sept		AJ 136: 1110-1117		Morphologies of High Redshift, Dust Obscured Galaxies from Keck Laser Guide Star Adaptive Optics						1				1						1				2007 May 21		K', narrow camera

		189		D.L. Looper, C.R. Gelino, A.J. Burgasser, J.D. Kirkpatrick		2008 Oct		ApJ 685: 1183-1192		Discovery of a T Dwarf Binary with the Largest Known J-Band Flux Reversal				1						1						1				2006 June 3		Ks for 2MASS 1106. J, H, Ks for 2MASS 1404.  0.01"pix

		190		N. Smith, R.J. Foley, J.S. Bloom, W. Li, A.V. Filippenko, R. Gavazzi, A. Ghez, Q. Konopacky, M.A. Malkan, P.J. Marshall, T. Treu, J-H. Woo		2008 Oct		ApJ 686: 485-491		Late-Time Observations of SN 2006gy: Still Going Strong						1				1						1				2007 Sept 29 2007 Dec 1		K' wide
K',H narrow

		191		E. Steinbring, J. Melbourne, A.J. Metevier, D.C. Koo, M.R. Chun, L. Simard, J.E. Larkin, C. Max		2008 Oct		AJ 136: 1523-1532		CATS: Optical to Near-Infrared Colors of the Bulge and Disk of two z=0.7 Galaxies using HST and Keck Laser Adaptive Optics Imaging						1				1						1				2005 Mar 2		K' wide camera, 120 s exposures, 5640 s total

		192		D.P. Stark, M. Swinbank, R.S. Ellis, S. Dye, I. Smail, J. Richard		2008 Oct		Nature 455,		The formation and assembly of a typical star-forming galaxy at redshift 3						1				1								1		2007 Sept. 4-5		Kn1, 3.2" E-W chop, 20 sub-exposures of 750 sec

		193		T. Do, A.M. Ghez, M.R. Morris, S. Yelda, L. Meyer, J.R. Lu, S.D. Hornstein, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		Testing for periodicities in near-IR light curves of Sgr A*				1						1						1				2006 May 3 2006 June 20 2006 June 21 2006 July 17 2007 May 18 2007 Aug 12		K'

		194		A. Stolte, A. M. Ghez, M. Morris, J. R. Lu, W. Brandner, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		The orbital motion of the Arches cluster - clues on cluster formation near the galactic center				1						1						1				2006 July

		195		J. Lu, A.M. Ghez, M. Morris, S.D. Hornstein, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		Orbits and origins of the young stars in the central parsec of the galaxy				1						1						1

		196		L. Meyer, T. Do, A. Ghez, M.R. Morris, G. Witzel, A. Eckart, G. Belanger, R. Schoedel		2008 Nov		ApJL 688, L17-L20		A 600 minute near-infrared lightcurve of Sagittarius A*				1						1						1				2005 July 30		H,K,L

		197		C. Marois, B. Macintosh, T. Barman, B. Zuckerman, I. Song, J. Patience, D. Lafreniere, R. Doyon		2008 Nov		Science		Direct Imaging of Multiple Planets Orbiting the Star HR 8799				1								1				1				2004 July 14 2007 Oct. 25 2008 July 11 2008 Aug 12 2008 Sept 18		J,H, K',L',CH4S,CH4L

		198		P. Kalas, J.R. Graham, E. Chiang, M.P. Fitzgerald, M. Clampin, E.S. Kite, K. Stapelfeldt, C. Marois, J. Krist		2008 Nov		Science		Optical Images of an Exosolar Planet 25 Light Years from Earth				1								1				1				2005 July 17 2005 July 27 2005 July 28 2005 Oct. 21 2005 Oct. 22		H, CH4. 0.04"/pixel. 2.0" dia occulting spot

		199		D.A. Perley, W. Li, R. Chornock, J.X. Prochaska, N.R. Butler, P. Chandra, L.K. Pollack, J.S. Bloom, A.V. Filippenko, C. Akerlof, M.W. Auger, S.B. Cenko, H.W. Chen, C.D. Fassnacht, D. Fox, D. Frail, E.M. Johansson, D. Le Mignant, M. Modjaz, M.A. Skinner, G		2008 Nov		ApJ 688, 470-490		GRB 071003: Broadband Follow-up Observations of a Very Bright Gamma-Ray Burst in a Galactic Halo						1						1				1				2007 Oct. 19		Narrow, K'.  15x 60s x 2 co-adds

		200		M.C. Liu, T.J. Dupuy, M.J. Ireland		2008 Dec		ApJ 689, 436-460		Keck Laser Guide Star Adaptive Optics Monitoring of 2MASS J1534-2952AB: First Dynamical Mass Determination of a Binary T Dwarf				1						1						1				2005 May 1 2006 May 5 2007 Mar 26 2007 Apr 22 2008 Jan 15 2008 Apr 1		Narrow J,H,K'Ks,K, CH4

		201		A. M. Ghez, S. Salim, N. N. Weinberg, J. R. Lu, T. Do, J. K. Dunn, K. Matthews, M. Morris, S. Yelda, E. E. Becklin, T. Kremenek, M. Milosavljevic, J. Naiman		2008 Dec		ApJ 689, 1044-1062		Measuring Distance and Properties of the Milky Way's Central Supermassive Black Hole with Stellar Orbits				1						1						1				2004 jul 26 2005 jun 30 2005 july 30 2005 july 31 2006 may 3 2006 june 20 2006 june 21 2006 july 17 2007 may 17 2007 may 20 2007 aug 10 2007 aug 12		K' narrow

		202		D.C. Leonard, A. Gal-Yam, D.B. Fox, P.B. Cameron, E.M. Johansson, A.L. Kraus, D. Le Mignant, M.A. van Dam		2008 Dec		PASP 120: 1259-1266		An Upper Mass Limit on a Red Supergiant Progenitor for the Type II-Plateau Supernova SN 2006my						1				1						1				2006 Nov 28		Kp, 0.04"/pix, 10x6x10 sec

		203		S.M. Ammons, J. Melbourne, C.E. Max, D.C. Koo, D.J.V. Rosario		2009 Jan		AJ 137, 470-497		Spatially Resolved Stellar Populations of Eight GOODS-South AGN at z ~ 1						1				1						1				2005 Sep 27 2005 Sep 28 2006 Dec 11		K' 0.04"/pixel, R(GS) = 15.0 to 16.9 mag

		204		Trent J. Dupuy, Michael C. Liu, Michael J. Ireland		2009		ApJ accepted		Dynamical Mass of the Substellar Benchmark Binary HD 130948BC				1								1				1				2007 Jan 26 2007 Mar 25 2007 Jul 25 2008 Jan 15 2008 Mar 29 2008 Apr 27		J, H, K-cont, K, K' narrow camera

		205		J. R. Lu, A. M. Ghez, S. D. Hornstein, M. R. Morris, E. E. Becklin, K. Matthews		2009		ApJ 690, 1463-1487		A Disk of Young Stars at the Galactic Center as Determined by Individual Stellar Orbits				1						1						1				2004 Jun ?? 2005 July ??		K' narrow

		206		S. Metchev, L. Hillenbrand		2009		ApJ Suppl. accepted		The Palomar/Keck Adaptive Optics Survey of Young Solar Analogs: Evidence for a Universal Companion Mass Function				1								1				1				2002 Nov 9 2003 May 16 2003 May 17 2003 May 18 2003 Nov 9 2003 Nov 10 2004 June 5 2004 June 6 2004 Oct 7 2004 Oct 8 2006 Dec 12 2007 June 23		Ks, 40 mas/pix, 1" occulting spot

		207		T. Do, A.M. Ghez, M.R. Morris, S. Yelda, L. Meyer, J.R. Lu, S.D. Hornstein, K. Matthews		2009		ApJ accepted		A near-IR variability study of the Galactic black hole: a red noise source with no detected periodicity				1						1						1				2005 July 28 2006 May 3 2006 June 20 2006 June 21 2006 July 17 2007 May 18 2007 Aug 12		All LGS K' observations with samples of 1-3 min, at least 1 hr total & at least 60 data pts.  One NGS L' observation (2005).

		208		J.A. Eisner, J.R. Graham, R.L. Akeson, J. Najita		2009		ApJ accepted		Spatially Resolved Spectroscopy of Sub-AU-Sized Regions of T Tauri and Herbig Ae/Be Disks				1				1												2006 Nov 12 2007 July 3		V2 grism R~230.  15 objects

										Sub-totals =		57.66		110.66		39.66		18.5		58		131.5		8.5		115.5		10.5

										Overall Total =		208						208						153

								Total				Solar System		Galactic		Extra-galactic		Interferometer		LGS		NGS		NIR-SPEC		NIRC2		OSIRIS

						2000		3		2000		0.3		1.3		1.3						3

						2001		5		2001		1		3		1						5

						2002		18		2002		6		11		1						18

						2003		12		2003		3		7		2		2				10

						2004		18		2004		4		10		4		0				18

						2005		30		2005		12		14		4		5		7		18

						2006		31		2006		11.3		17.3		2.3		3		11		17		3.5		21.0		3.5

						2007		44		2007		14		20		10		5.5		14		24.5		3.5		30.0		5.0

						2008		41		2008		6		22		13		2		23		16		1		36		2

						2009		6		2009		0		5		1		1		3		2		0		5		0

								208		Sub-totals =		58		111		40		19		58		132		8		92		11

												27.7%		53.2%		19.1%		9%		28%		63%

				Submitted

				F. Marchis, A. Davies, Hom, E.Y., R, Lopes , I. de Pater		2006 Dec		Icarus in preparation		Volcanic Activity of Io with Keck-10m AO in 2003-2004		1										1

				F. Martinache, B. Rojas-Avala, M. Ireland, J.P. Lloyd, P.G. Tuthill		2008		ApJ submitted		Visual orbit of GJ 164 AB				1								1				1						H, aperture masking

				S.A. Wright, J.E. Larkin, D.R. Law, C.C. Steidel, A.E. Shapley, D.K. Erb		2008		ApJ submitted		Dynamics of Galactic Disks and Mergers at z~1.6: Spatially Resolved Spectroscopy with Keck Laser Guide Star Adaptive Optics						1				1
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All LGS Papers

		Semester		Mode		NIRC2		OSIRIS		NIRSPEC		V2		Nuller		Total				Semester		LGS

		06B		NGS		15		2		2		5		0		24				06B		47

				LGS		26		18		3		0		0		47				07A		43

		07A		NGS		15.5		4		0		5		0		24.5				07B		50

				LGS		20		21		2		0		0		43				08A		48.5

		07B		NGS		17.5		1		1		4		0		23.5				08B		50

				LGS		20.5		26.5		3		0		0		50				09A		55.5

		08A		NGS		10		1.5		0		4		16.5		32				Average		49.0

				LGS		20.5		26		2		0		0		48.5

		08B		NGS		12.5		4.5		0		6		17		40

				LGS		19		29		2		0		0		50

		09A		NGS		6		3		1		4.5		2.5		17

				LGS		21.5		31		3		0		0		55.5
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ESO

		#		Authors		Year		Journal		Title		Solar System		Galactic		Extra-galactic		NIRSPEC		NIRC2		OSIRIS		Obs-date (UT)		Comments

		1		Melbourne, J., Wright, S.A., Barcys, M., Bouchez, A.H., Chin, J., van Dam, M.A., Hartman, S., Johansson, E., Koo, D.C., Lafon, R., Larkin, J., Le Mignant, D., Lotz, J., Max, C.E., Pennington, D.M., Stomski, P.J., Summers, D., Wizinowich, P.L.		2005 May		ApJL, 625, L27-L30		Merging Galaxies in GOODS-S: First Extragalactic Results from Keck Laser Adaptive Optics						1				1				2004 Oct 4		engineering

		2		A. Gal-Yam,  D. B. Fox,  S. R. Kulkarni,  K. Matthews,  D. C. Leonard,  D. J. Sand,  D.-S. Moon,  S. B. Cenko,  A. M. Soderberg		2005 Sept		ApJL 630, L29-32		A high angular-resolution search for the progenitor of the type Ic  Supernova 2004gt						1				1				2005 Jan 28

		3		Brown, M.E., Bouchez, A.H., Rabinowitz, D., Sari, R., Trujillo, C.A., van Dam, M., Campbell, R., Chin, J., Hartman, S., Johansson, E., Lafon, R., Le Mignant, D., Stomski, P., Summers, D., Wizinowich, P.		2005 Oct		ApJL 632, L45-48		Keck Observatory laser guide star adaptive optics discovery and characterization of a satellite to large Kuiper belt object 2003 EL61		1								1				2005 Eng. Sci		no date in paper…

		4		M. P. Muno, J. R. Lu, F. K. Baganoff, W. N. Brandt, G. P. Garmire, A. M. Ghez, S. D. Hornstein, & M. R. Morris		2005 Nov		ApJ 633, 228-239		A Remarkable Low-Mass X-ray Binary within 0.1 pc of the Galactic Center				1						1				2004 July		Eng. Sc

		5		Liu, M.C., Leggett, S.K.		2005 Nov		ApJ 634, 616		Kelu-1 is a Binary L Dwarf: First Brown Dwarf Science from Laser Guide Star Adaptive Optics				1						1				2005 May 1

		6		J. Cohen, K. Matthews & C. B. Cameron		2005 Nov		ApJL, 634, L45-48		To Be or Not to Be: Very Young Globular Clusters in M31						1				1				2005 Aug 11

		7		Franck Marchis, Daniel Hestroffer, Pascal Descamps, Jérôme Berthier, Antonin H. Bouchez, Randall D. Campbell, Jason C. Y. Chin, Marcos A. van Dam, Scott K. Hartman, Erik M. Johansson, Robert E. Lafon, David Le Mignant, Imke de Pater, Paul J. Stomski, Doug		2006 Feb. 2		Nature, 439, 565-567		Multiplicity in the Jupiter Trojan Population: Low density of 617 Patroclus with Keck LGS AO and Perspective		1								1				2005 eng sci

		8		M. Brown, M. van Dam, A. Bouchez, D. Le Mignant, R. Campbell, J. Chin, A. Conrad, S. Hartman, E. Johansson, R. Lafon, D. Rabinowitz, P. Stomski, D. Summers, C. Trujillo, P. Wizinowich		2006 Mar. 1		ApJ 639, L43-46		Satellites of the Largest Kuiper Belt Objects		1								1				2005 eng sci

		9		C. Gelino, S. Kulkarni, D. Stephens		2006 Apr		PASP 118: 611-616		Evidence of Orbital Motion in Binary Brown Dwarf Kelu-1AB				1						1				2005 Mar 4   2005 Apr 30

		10		A. Krabbe, C. Iserlohe, J. Larkin, M. Barcys, M. McElwain, J. Weiss, S. Wright, A. Quirrenbach		2006 May 10		ApJL 642: L145-L148		Diffraction Limited Imaging Spectroscopy of the SgrA* Region Using OSIRIS, a New Keck Instrument				1								1		2005 Apr 29

		11		J. Larkin, M. Barczys, A. Krabbe, S. Adkins, T. Aliado, P. Amico, G. Brims, R. Campbell, J. Canfield, T. Gasaway, A. Honey, C. Iserlohe, C. Johnson, E. Kress, D. LaFreniere, K. Magnone, N. Magnone, M. McElwain, J. Moon, A. Quirrenbach, G. Skulason, I. Son		2006 June		New Astronomy Reviews 50: 362-364		OSIRIS: A diffraction limited integral field spectrograph for Keck		0.33		0.33		0.33						1		2005 May		engineering

		12		C. D. Sheehy, N. McCrady, J. R. Graham		2006 Aug		ApJ 647: 1517-1530		Constraining the Adaptive Optics Point-Spread Function in Crowded Fields: Measuring Photometric Aperture Corrections						1				1				2005 Mar 2

		13		M.C. Liu, S.K. Leggett, D.A. Golimowski, K. Chiu, X. Fan, T.R. Geballe, D. P. Schneider, J. Brinkman		2006 Aug		ApJ 647: 1393-1404		SDSS J1534+1615AB: A Novel T Dwarf Binary Found with Keck Laser Guide Star Adaptive Optics and the Potential Role of Binarity in the L/T Transition				1						1				2005 May 1

		14		S. Pravdo, S. Shaklan, S. Wiktorowicz, S. Kulkarni, J. Lloyd, F. Martinache, P. Tuthill, M. Ireland		2006 Sept		ApJ 649: 389-398		Masses of Astrometrically-Discovered and Imaged Binaries: G 78-28AB and GJ 231.1BC				1						1				2005 Jan 5		Narrow, J to Kp

		15		S.D. Hornstein, K. Matthews, A.M. Ghez, J.R. Lu, M. Morris, E.E. Becklin, F.K. Baganoff, M. Rafelski		2006 Dec		J. of Physics: Conf Series, 54:399-405		Infrared/X-ray intensity variations and the color of Sgr A*				1						1				2005 Jul 31 2005 Jul 16		Narrow, H, KP, Lp

		16		A. Krabbe, C. Iserlohe, J. Larkin, M. Barcys, M. McElwain, J. Weiss, S. Wright, A. Quirrenbach		2006 Dec		J. of Physics: Conf Series, 54:406-410		Diffraction Limited Imaging Spectroscopy of a SgrA* Flare with OSIRIS				1								1		2005 Apr 29		OSIRIS-LGSAO eng

		17		S. Kim, D. Figer, R. Kudritzki, F. Najarro		2006 Dec		ApJ 653: L113-116		The Arches Cluster Mass Function				1						1				2006 May 4   2006 May 5		Medium and Wide, H, Ks

		18		A. Gal-Yam, D.C. Leonard, D.B. Fox, S. B. Cenko, A.M. Soderberg, D.-S. Moon, D.J. Sand, W. Li, A.V. Filippenko, G. Aldering, Y. Copin		2007 Feb. 10		ApJ 656: 372-381		On the progenitor of SN 2005gl and the nature of Type IIn supernovae						1				1				2005 Nov. 11		Kp, Wide, 25x30sec, fwhm=100mas

		19		S.A. Wright, J.E. Larkin, M. Barczys, D.K. Erb, C. Iserlohe, A. Krabbe, D.R. Law, M.W. McElwain, A. Quirrenbach, C.C. Steidel, J. Weiss		2007 Mar		ApJ 658: 78-84		Integral Field Spectroscopy of a Candidate Disk Galaxy at Z~1.5 using Laser Guide Star Adaptive Optics						1						1		2005 Nov 23		OSIRIS-LGSAO eng.

		20		J.P. McKean, L.V.E. Koopmans, C.E. Flack, C.D. Fassnacht, D. Thompson, K. Matthews, R.D. Blandford, A.C.S. Readhead, B.T. Soifer		2007 May		MNRAS 378, 109-118		High-resolution imaging of the anomalous flux-ratio gravitational lens system CLASS B2045+265: dark or luminous satellites?						1				1				2005 Jul 31		Nirc2, Kp, Narrow

		21		N. Siegler, L.M. Close, A.J. Burgasser, K.L. Cruz, C. Marois, B. Macintosh, T. Barman		2007 May		AJ 133: 2320-2326		Discovery of a 66 mas Ultracool Binary with Laser Guide Star Adaptive Optics				1						1				2006 Jun 17

		22		L.M. Close, B. Zuckerman, I. Song, T. Barman, C. Marois, E.L. Rice, N. Siegler, B. Macintosh, E. Becklin, R. Campbell, J.E. Lyke, A. Conrad, D. Le Mignant		2007 May		ApJ 660: 1492-1506		The Wide Brown Dwarf Binary OPH 1622-2405 and Discovery of a Wide, Low-mass Binary in Ophiuchus (OPH 1623-2402): A New Class of Young Evaporating Wide Binaries				1						1				2006 Jun 17

		23		J. Melbourne, K.S. Dawson, D.C. Koo, C. Max, J. E. Larkin, S. A. Wright, E. Steinbring, M. Barczys, G. Aldering, K. Barbary, M. Doi, V. Fadeyev, G. Goldhaber, T. Hattori, Y. Ihara, N. Kashikawa, K. Konishi, M. Kowalski, N. Kuznetsova, C. Lidman, T. Moroku		2007 Jun		AJ 133, 2709-2715		Rest-Frame R-band Lightcurve of a z~1.3 Supernova Obtained with Keck Laser Adaptive Optics						1				1				2005, Sep 29  2005  Oct 12 2005  Nov 12 2005  Nov 25

		24		M. Brown, E. Schaller		2007 15 Jun		Science 316, 1585		Observations of the orbit of dwarf planet Eris' satellite Dysnomia indicates that Eris has a density similar to Pluto's, but is about 1.27 times as large		1								1

		25		W.D. Vacca, C.D. Sheehy, J.R. Graham		2007 Jun		ApJ 662: 272-283		Imaging of the Stellar Population of IC 10 with Laser Guide Star Adaptive Optics and the Hubble Space Telescope						1				1				2005 Nov 10

		26		A.L. Kraus, L.A. Hillenbrand		2007 Aug		ApJ 664: 1167-1175		USco J1606-1935: An Unusually Wide Low-Mass Triple System?				1						1				2006 Feb 7

		27		P. B. Cameron, S. R. Kulkarni		2007 Aug		ApJ 665: L135-138		Near-Infrared and X-ray Observations of the Enigmatic G70.7+1.2				1						1				2005 April 30

		28		D.R. Law. C.C. Steidel, D.K. Erb, J.E. Larkin, M. Pettini, A.E. Shapely, S.A. Wright		2007		ApJ accepted		Integral Field Spectroscopy of High-Redshift Star Forming Galaxies with Laser Guided Adaptive Optics: Evidence for Dispersion-Dominated Kinematics						1						1

		29		M. Perrin, J. Graham		2007		ApJ accepted		LGS AO Integral Field Spectroscopy of a Tightly Collimated Bipolar Jet from the Herbig Ae Star LkHa 233				1								1

		30		S.D. Hornstein, K. Matthews, A.M. Ghez, J.R. Lu, M. Morris, E.E. Becklin, M. Rafelski, F.K. Baganoff		2007 Oct		ApJ 667, 900-910		A Constant Spectral Index for Sagittarius A* during Infrared/X-ray Intensity Variations				1						1				2005 Jul 31 2006 May 2 2006 Jul 17 2006 Jul 16		The 16Jul07 observation was with NGS at L' & Ms. The rest were LGS with K'&L'.  NIRC2 narrow.

		31		P. J. Marshall, T. Treu, J. Melbourne, R. Gavazzi, K. Bundy, S. M. Ammons, A. S. Bolton, J. E. Larkin, D. Le Mignant, D. C. Koo, L. V.E. Koopmans, C. E. Max, L. A. Moustakas, E. Steinbring, S. A Wright		2007 Dec		ApJ, accepted		Super-resolving distant galaxies with gravitational telescopes: Keck-LGSAO and Hubble imaging of the lens system SDSSJ0737+3216						1				1				2006 Dec 11		NIRC2, Kp, wide camera

		32		A. Stockton, E. McGrath, G. Canalizo, M. Iye, T. Maihara		2008 Jan		ApJ 672: 146-152		Morphologies of Two Massive Old Galaxies at z ~ 1.5						1				1				2007 Aug 21		J-band

		33		M.W. Auger, C.D. Fassnacht, K.C. Wong, D. Thompson, K. Matthews, B.T. Soifer		2008 Feb		ApJ 673: 778-786		Lens Galaxy Properties of SBS 1520+530: Insights from Keck Spectroscopy and AO Imaging						1				1				2006 May 2		Kp, narrow, 9x 90s

		34		K. Chiu, M. C. Liu, L. Jiang, K. N. Allers, D. P. Stark , A. Bunker, X.i Fan, K. Glazebrook, T. J. Dupuy		2008 Feb		MNRAS Letters		Four Faint T Dwarfs from the UKIRT Infrared Deep Sky Survey (UKIDSS) Southern Stripe				1						1				2007 Sept 06		Narrow, K

		35		A. Stolte, A. M. Ghez, M. Morris, J. R. Lu, W. Brandner, K. Matthews		2008 Mar		ApJ 675, 1278-1292		The proper motion of the Arches cluster with Keck Laser-Guide Star Adaptive Optics				1						1				2006 July 18 2006 May 21		NIRC2, Narrow, H, Kp

		36		J. Melbourne, M. Ammons, S. A. Wright, A. Metevier, E. Steinbring, C. Max, D. C. Koo, J. E. Larkin, M. Barczys		2008 Apr		AJ, 135, 1207-1224		Triggered or Self-Regulated Star Formation Within Intermediate Redshift Luminous Infrared Galaxies. I. Morphologies and Spectral Energy Distributions						1				1				2005 Sept 28
2005 Sept 29
2005 Nov 12
2005 Nov 25
2006 Dec 11		Kp, wide camera, CATS project

		37		P.G. van Dokkum, M. Franx, M. Kriek, B. Holden, G. Illingworth, D. Magee, R. Bouwens, D. Marchesini, R. Quadri, G. Rudnick, E.N. Taylor, S. Toft		2008 Apr		ApJ 677, L5-8		Confirmation of the Remarkable Compactness of Massive Quiescent Galaxies at z ~ 2.3: Early-Type Galaxies Did not Form in a Simple Monolithic Collapse						1				1				2007 May 14 2008 Jan 13		wide camera

		38		P. Delorme, X. Delfosse, L. Albert, E. Artigau, T. Forveille, C. Reylé, F. Allard, D. Homeier, A. Robin, C. W, C.J. Willott, M. Liu, T. Dupuy		2008 May		A&A 482, 961-971		CFBDS J005910.90-011401.3: reaching the T-Y Brown Dwarf transition?				1						1				2008 Jan 16 UT		H cont

		39		M.M. Kasliwal, S.B. Cenko, S.R. Kulkarni, P.B. Cameron, E. Nakar, E.O. Ofek, A. Rau, A.M. Soderberg, S. Campana, J.S. Bloom, D.A. Perley, L. Pollack, S. Barthelmy, J. Cummings, N. Gehrels, H.A. Krimm, C.B. Markwardt, G. Sato, P. Chandra, D. Frail, D.B. Fo		2008 May		ApJ 678, 1127-1135		GRB070610: A Curious Galactic Transient						1				1				2007 Jun 21		K'

		40		A. J. Burgasser, M. C. Liu, M. J. Ireland, K. L. Cruz, T. J. Dupuy		2008 July		ApJ 681, 579-593		Subtle Signatures of Multiplicity in Late-type Dwarf Spectra: The Unresolved M8.5 + T5 Binary 2MASS J03202839-0446358				1						1				2008 Jan 15		Narrow Ks, direct imaging and aperture mask interferomery

		41		D.P. Marrone, F.K. Baganoff, M.R. Morris, J.M. Moran, A.M. Ghez, S.D. Hornstein, D.J. Munoz, M.W. Bautz, G.R. Ricker, W.N. Brandt, G.P. Garmire, J.R. Lu, K. Matthews, J.-H. Zhao, R. Rao, G.C. Bower		2008 July		ApJ 682: 373-383		An X-Ray, Infrared, and Submillimeter Flare of Sagittarius A*				1						1				2006 Jul 17 2005 Jul 31		2006: Alternating K' 28s & L' 30s expos spanning 187m. 2005: H 22.2s, K' 28s & L' 30s over 113m. H&K' 62-65 mas FWHM; L' 80-82 mas

		42		S.K. Leggett, D. Saumon, L. Albert, M.C. Cushing, M.C. Liu, K.L. Luhman, M.S. Marley, J.D. Kirkpatrick, T.L. Roellig, K.N. Allers		2008 Aug		ApJ 682: 1256-1263		HN Peg B: A test of models of the L to T dwarf transition				1						1				2006 Oct 14		Narrow field, K, 420 s total integration

		43		M.C. Liu, T.J. Dupuy, M.J. Ireland		2008		ApJ in press		Keck Laser Guide Star Adaptive Optics Monitoring of 2MASS J1534-2952AB: First Dynamical Mass Determination of a Binary T Dwarf				1						1				2005 May 1 2006 May 5 2007 Mar 26 2007 Apr 22 2008 Jan 15 2008 Apr 1		Narrow J,H,K'Ks,K, CH4

		44		J. Melbourne, V. Desai, L. Armus, A. Dey, K. Brand, D. Thompson, B.T. Soifer, K. Matthews, B.T. Jannuzi, J.R. Houck		2008 Sept		AJ 136: 1110-1117		Morphologies of High Redshift, Dust Obscured Galaxies from Keck Laser Guide Star Adaptive Optics						1				1				2007 May 21		K', narrow camera

		45		D.L. Looper, C.R. Gelino, A.J. Burgasser, J.D. Kirkpatrick		2008 Oct		ApJ 685: 1183-1192		Discovery of a T Dwarf Binary with the Largest Known J-Band Flux Reversal				1						1				2006 June 3		Ks for 2MASS 1106. J, H, Ks for 2MASS 1404.  0.01"pix

		46		E. Steinbring, J. Melbourne, A.J. Metevier, D.C. Koo, M.R. Chun, L. Simard, J.E. Larkin, C. Max		2008 Oct		AJ 136: 1523-1532		CATS: Optical to Near-Infrared Colors of the Bulge and Disk of two z=0.7 Galaxies using HST and Keck Laser Adaptive Optics Imaging						1				1				2005 Mar 2		K' wide camera, 120 s exposures, 5640 s total

		47		D.P. Stark, M. Swinbank, R.S. Ellis, S. dye, I. Smail, J. Richard		2008 Oct		Nature 455,		The formation and assembly of a typical star-forming galaxy at redshift 3						1						1		2007 Sept. 4-5		Kn1, 3.2" E-W chop, 20 sub-exposures of 750 sec

		48		T. Do, A.M. Ghez, M.R. Morris, S. Yelda, L. Meyer, J.R. Lu, S.D. Hornstein, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		Testing for periodicities in near-IR light curves of Sgr A*				1						1				2006 May 3 2006 June 20 2006 June 21 2006 July 17 2007 May 18 2007 Aug 12		K'

		49		A. Stolte, A. M. Ghez, M. Morris, J. R. Lu, W. Brandner, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		The orbital motion of the Arches cluster - clues on cluster formation near the galactic center				1						1				2006 July

		50		J. Lu, A.M. Ghez, M. Morris, S.D. Hornstein, K. Matthews		2008 Oct		J. of Phys: Conf. Series 131		Orbits and origins of the young stars in the central parsec of the galaxy				1						1

		51		N. Smith, R.J. Foley, J.S. Bloom, W. Li, A.V. Filippenko, R. Gavazzi, A. Ghez, Q. Konopacky, M.A. Malkan, P.J. Marshall, T. Treu, J-H. Woo		2008 Oct		ApJ 686: 485-491		Late-Time Observations of SN 2006gy: Still Going Strong						1				1				2007 Sept 29 2007 Dec 1		K' wide
K',H narrow

		52		L. Meyer, T. Do, A. Ghez, M.R. Morris, G. Witzel, A. Eckart, G. Belanger, R. Schoedel		2008 Nov		ApJL 688, L17-L20		A 600 minute near-infrared lightcurve of Sagittarius A*				1						1				2005 July 30		H,K,L

		53		A. M. Ghez, S. Salim, N. N. Weinberg, J. R. Lu, T. Do, J. K. Dunn, K. Matthews, M. Morris, S. Yelda, E. E. Becklin, T. Kremenek, M. Milosavljevic, J. Naiman		2008 Dec		ApJ 689, 1044-1062		Measuring Distance and Properties of the Milky Way's Central Supermassive Black Hole with Stellar Orbits				1						1				2004 jul 26 2005 jun 30 2005 july 30 2005 july 31 2006 may 3 2006 june 20 2006 june 21 2006 july 17 2007 may 17 2007 may 20 2007 aug 10 2007 aug 12		K' narrow

		54		D.C. Leonard, A. Gal-Yam, D.B. Fox, P.B. Cameron, E.M. Johansson, A.L. Kraus, D. Le Mignant, M.A. van Dam		2008 Dec		PASP 120: 1259-1266		An Upper Mass Limit on a Red Supergiant Progenitor for the Type II-Plateau Supernova SN 2006my						1				1				2006 Nov 28		Kp, 0.04"/pix, 10x6x10 sec

		55		S.M. Ammons, J. Melbourne, C.E. Max, D.C. Koo, D.J.V. Rosario		2009 Jan		AJ 137, 470-497		Spatially Resolved Stellar Populations of Eight GOODS-South AGN at z ~ 1						1				1				2005 Sep 27 2005 Sep 28 2006 Dec 11		K' 0.04"/pixel, R(GS) = 15.0 to 16.9 mag

		56		J. R. Lu, A. M. Ghez, S. D. Hornstein, M. R. Morris, E. E. Becklin, K. Matthews		2009		ApJ accepted		A Disk of Young Stars at the Galactic Center as Determined by Individual Stellar Orbits				1						1				2004 Jun ?? 2005 July ??		K' narrow

		57		T. Do, A.M. Ghez, M.R. Morris, S. Yelda, L. Meyer, J.R. Lu, S.D. Hornstein, K. Matthews		2009		ApJ accepted		A near-IR variability study of the Galactic black hole: a red noise source with no detected periodicity				1						1				2005 July 28 2006 May 3 2006 June 20 2006 June 21 2006 July 17 2007 May 18 2007 Aug 12		All LGS K' observations with samples of 1-3 min, at least 1 hr total & at least 60 data pts.  One NGS L' observation (2005).

										Sub-totals =		4.33		30.33		22.33		0		50		7

										Overall Total =		57						57

								Total				Solar System		Galactic		Extra-galactic		NIRSPEC		NIRC2		OSIRIS

						2005		6		2005		1		2		3		0		6		0

						2006		11		2006		2.3		7.3		1.3		0		8		3

						2007		14		2007		1		6		7		0		11		3

						2008		23		2008		0		13		10		0		22		1

						2009		3		2009		0		2		1		0		3		0

								57		Sub-totals =		4		30		22		0		50		7

												7.6%		53.2%		39.2%		0.0%		87.7%		12.3%
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		Area		Sub-Topic		Number of Papers

		Galactic		Brown dwarfs & low mass stars		12		30

				Galactic Center		15

				Compact objects		2

				Star formation		1

		Extragalactic		High redshift galaxies		9		22

				Gravitational lensing		5

				Stellar populations		3

				Supernovae		5

		Solar System		Kuiper Belt		3		4

				Asteroids		1

				Total =		56





		#		Authors		Year		Journal		Title		Solar System		Galactic		Extra-galactic		NGS		LGS

		1		Roe, Henry G., Gavel, Donald, Max, Claire E., de Pater, Imke, Gibbard, S., Macintosh, Bruce, and Baines, Kevin H.		2001		AJ 122, 1636-1643		Near infrared observations of Neptune’s tropospheric cloud layer with the Lick Observatory adaptive optics system		1						1

		2		Marcy, Geoffrey W. ; R. Paul Butler, Steven S. Vogt, Michael C. Liu, Gregory Laughlin, Kevin Apps, J. R. Graham, J. Lloyd, Kevin L. Luhman, and Ray Jayawardhana		2001		ApJ 555, 418-425		Two Substellar Companions Orbiting HD 168443				1				1

		3		Zuckerman, B.; Inseok Song, M. S. Bessell, and R. A. Webb		2001		ApJ 562, L87-90		The beta Pictoris Moving Group				1				1

		4		Liu, Michael C.; Debra A. Fischer , James R. Graham , James P. Lloyd , and Geoff W. Marcy R. Paul Butler		2002		ApJ 571, 519-527		Crossing the Brown Dwarf Desert Using Adaptive Optics: A Very Close L Dwarf Companion to the Nearby Solar Analog HR 7672				1				1

		5		Patience, J., R. J. White, A. M. Ghez, C. McCabe, I. S. McLean, J. E. Larkin, L. Prato, Sungsoo S. Kim, J. P. Lloyd, M. C. Liu, J. R. Graham,  B. A. Macintosh, D. T. Gavel, C. E. Max, B. J. Bauman, S. S. Olivier, P. Wizinowich and D. S. Acton		2002		ApJ 581, 654-665		Stellar Companions to Stars with Planets				1				1

		6		Lacy, Mark; Elinor L. Gates, Susan E. Ridgway, Wim de Vries, Gabriela Canalizo, James P. Lloyd, and James R. Graham		2002		AJ 124, 3023-3030		Observations of Quasar Hosts with Adaptive Optics at Lick Observatory						1		1

		7		Bogdanovic, Tamara; Jian Ge, Claire E. Max, Lynne M. Raschke		2003		AJ 126, 2299-2306		Circumnuclear shock and starburst in NGC 6240: near infrared imaging and spectroscopy with adaptive optics						1

		8		Marchis, F.; P. Descamps, D. Hestroffer, J. Berthier, F. Vachier, A. Boccaletti, I. de Pater,d and D. Gavel		2003		Icarus 165, 112-120		A three-dimensional solution for the orbit of the asteroidal satellite of 22 Kalliope		1

		9		Kaisler, D.; B. Zuckerman, I. Song, B. A. Macintosh, A. J. Weinberger, E. E. Becklin, Q. M. Konopacky and J. Patience		2004		A&A 414, 175-179		HD 199143 and HD 358623: Two recently identified members of the beta Pictoris moving group				1				1

		10		Perrin, M.D., Graham, J.R., Kalas, P., Lloyd, J.P., Max, C.E., Gavel, D.T., Pennington, D.M., Gates, E.L.		2004		Science 27, 303, 1345-1348		LGS AO Imaging Polarimetry of Herbig Ae/Be Stars				1						1

		11		Burgasser, Adam J., J. Davy Kirkpatrick, and Patrick J. Lowrance		2005		AJ 129, 2849-2855		Multiplicity among Widely Separated Brown Dwarf Companions to Nearby Stars: Gliese 337CD				1				1

		12		Perrin, M., Duchêne, G., Kalas, P., Graham, J.		2006		AJ 645, 1272-1282		Discovery of an Optically Thick, Edge-on Disk around the Herbig Ae Star PDS 144N				1				1

		13		Christou, J., Drummond, J.		2006		AJ 131, 3100-3108		Measurements of Binary Stars, Including Two New Discoveries, with the Lick Observatory Adaptive Optics System				1				1

		14		Laag, E., Canalizo, G., van Breugel, W., Gates, E., de Vries, W., Stanford, S.		2006		AJ 131, 2877-2887		Adaptive Optics Imaging Survey of Luminous Infrared Galaxies

		15		Lacy, M., A. Sajina, E. Gates, the XFLS Team		2006		Astronomische Nachrichten 327, 258-261		Radio galaxies and type-2 quasars in the Spitzer Extragalactic First Look Survey						1		1

		16		S. Lepine et al.		2007		ApJ		An Astrometric Companion to the Nearby Metal-Poor, Low-Mass Star LHS 1589				1						1





		#		Authors		Year		Journal		Title		Solar System		Galactic		Extra-galactic		SOR		Calar Alto		Lick		Keck II

		1		McCullough et al.		1995		ApJ		Photoevaporating Stellar Envelopes Observed with Rayleigh Beacon AO				1				1

		2		Christou et al.		1995		ApJ		Rayleigh Beacon AO Imaging of ADS 9731: Measurements of the Isoplanatic Field of View				1				1

		3		Drummond et al.		1995		ApJ		Full AO Images of ADS 9731 & μ Cassiopeiae: Orbits & Masses				1				1

		4		ten Brummelaar et al.		1996		AJ		Differential Binary Star Photometry using the AO System at SOR				1				1

		5		Glenar et al.		1997		PASP		Multispectral Imagery of Jupiter & Saturn using AO & Acousto-Optic Tuning		1						1

		6		Koresko et al.		1997		ApJ		A Multiresolution IR Imaging Study of LKHα 198				1				1

		7		Drummond et al.		1998		Icarus		Full AO Images of Asteroids Ceres & Vesta: Rotational Poles & Triaxial Ellipsoid Dimensions		1						1

		8		Barnaby et al.		2000		AJ		Measurements of Binary Stars with the SOR AO System				1				1

		9		Hackenberg et al.		2000		AA		Near-IR AO Observations of Galaxy Clusters : Abell 262 at z=0.0157 …						1				1

		10		Perrin et al.		2004		Science		LGS AO Imaging Polarimetry of Herbig Ae/Be Stars				1								1
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