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ABSTRACT

This paper describes the recent upgrade performed on the W. M. Keck Observatory Adaptive Optics (AQO) systems, in
which the wavefront sensors and wavefront controllers were replaced with components based on new technology. The
performance of the upgraded system has yielded an increase in limiting guide star magnitude, an increased Strehl ratio
for both Laser Guide Star (LGS) and Natural Guide Star (NGS) modes, and has significantly improved reliability and
maintainability compared to the original system. Moreover, the controller is scalable, allowing for future upgrades and
improvements as needed. We present an overview of the project; describe the basic architecture of the new wavefront
sensor and controller; discuss some of the unique features of the system, including the closed loop mirror positioning
system, custom wavefront sensor optics, and full-frame-rate telemetry server, and conclude with results from
engineering and science tests of the new controller on the Keck II AO system.

Keywords: Adaptive optics, wavefront sensor, wavefront controller, wavefront sensing, natural guide star, laser guide
star, Keck Observatory.

1. INTRODUCTION

The original W. M. Keck Observatory AO systems were designed in 1995-1996 and installed on the telescopes in 1999
(Keck IT) and 2000 (Keck I).'""*! The Keck II system was upgraded for LGS AO science operations in 2004. ' The
wavefront controllers in these systems employed the real-time sensor and computer technologies available at the time.
By 2003, the wavefront sensor camera and the real-time CPUs were no longer supported by their manufacturers, placing
the long term reliability and availability of the Keck AO systems at risk. Moreover, the AO performance was marginal
when using faint guide stars (R>12) due to the large dark current and read noise of the wavefront sensor CCD. An
upgrade was required to keep these systems competitive until the next generation of AO systems comes online. " In the
fall of 2003, we submitted a proposal to the W. M. Keck Foundation requesting funding for such an upgrade; the
proposal was graciously funded by the Keck Foundation in early 2004.

The following were the overall system performance requirements for the upgrade:

e The system shall meet the minimum K band Strehl ratios shown in Table 1 below for the given guide star
magnitudes. The “Previous” parameters are the performance of the original AO system for the given conditions.

Guide Star | Previous | Min. | Goal
NGS, V=7 0.52 0.60 0.64
NGS, V=14 0.08 0.30 0.36
LGS, V=10 0.33 0.39 0.43

Table 1. Strehl ratio requirements.

e  The limiting magnitude of the system shall increase by one stellar magnitude over the current system limiting
magnitude, from V=13.5 to V=14.5.
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e The reliability of the new wavefront controllers shall be at least as good as that of the current wavefront
controllers. The system uptime should be greater than 95%.
e The observing efficiency of the system shall be at least as good as that of the current system.

There were a number of other system requirements which were not directly performance related, but were important to
the reliability and maintainability of the system:

e  The system shall be modular and easily support hardware and software upgrades.

e The system shall support an upgrade of the wavefront sensor camera without any hardware changes and only
minimal software changes (this assumes the same camera interface is used).

e The system shall support upgrades to the lenslet arrays with only minor changes to the opto-mechanics
hardware and software.

e The system shall support upgrades to the user software by providing a keyword interface similar to the one
currently in use and reusing as many of the same keywords as possible (keywords are the primary means of data
interchange between systems at Keck Observatory).

e The system shall function with the existing AO subsystems in as much of a “plug & play” manner as possible
by

Reusing the AO systems’ deformable mirrors and high voltage drive amplifiers.

Reusing the up- and down-tip-tilt mirrors and piezo drive actuators.

Using the same or similar keywords for control, telemetry and calibration.

Using the existing AO system interface to the telescopes.

Using the existing interface to the AO Supervisory Controller.

0 Supporting all the existing AO observing modes.

O O0OO0OO0Oo

We used a competed proposal process to select Microgate, S.r.1., of Bolzano, Italy as our collaborator for the project. We
had worked previously with Microgate on the STRAP tip-tilt sensor/controller for our LGS system and had a good
working relationship with their team. Moreover, Microgate had an existing product for the control of adaptive secondary

mirrors which could easily be tailored to our application. (1"}

2. SYSTEM ARCHITECTURE

In this section we describe the overall system architecture chosen for the upgrade. A context diagram illustrating the
major functional blocks of the system architecture is shown below in Figure 1. Since we were upgrading parts of an
operational AO system, it was extremely important to minimize the impact of the upgrade on the rest of the system.
Hence, the design reused as many of the existing AO subsystems and external systems as possible; in particular, the
deformable mirror and its drive amplifiers, the up- and down-tip-tilt mirrors, the AO Supervisory Controller (SC) and a
large number of user tools were reused. These components are shown in yellow, and their interfaces are shown with
dashed lines. The remaining components in the figure either replaced existing functionality or, in the case of the
telemetry recorder/server (TRS), provided new capabilities. The real-time controller (RTC) portion of the upgrade,
designed by Microgate, is shown with a light blue background. The RTC components provided by Microgate are shown
in blue. The remaining component, the wavefront sensor camera, was provided by Keck Observatory, and is shown in
violet. The large blocks on the left represent the existing user tools and the AO SC, the main AO system interface to the
telescope, which were reused and modified as required to accommodate the upgrade.

A block diagram of the RTC, referred to as the MGAOS (MicroGate AQ System), is shown below in Figure 2. The
MGAOS is based on the AdOpt electronics, a proprietary platform developed by Microgate, which is described in detail
in a companion paper.™ One of the unique features of the AdOpt electronics is the use of two separate custom backplane
buses: one for real-time control data and the other for real-time telemetry. This eliminates the bottleneck common to
almost all AO real-time CPU implementations: the contention for a single data communications resource for both control
and telemetry. One of the very nice features of the MGAOS is that it integrates the entire wavefront controller, including
the tip-tilt controllers and the tip-tilt drive amplifiers, into a single unit with a unified architecture. The original
wavefront controller was an eclectic blend of several computers and drive amplifiers, which made it difficult to maintain.

The system architecture implements a standard Shack-Hartmann based wavefront sensor and matrix-vector multiply
wavefront processor. We briefly highlight the important features of the design here.
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Figure 1. The main components of the wavefront sensor and controller upgrade.
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Wavefront sensor camera (WFS): The wavefront sensor camera is based on a SciMeasure “Little Joe” camera
controller with an e2v CCD-39 chip. When running at low frame rates for faint guide stars, where the read noise and
dark current are critical, we see approximately 4-4.5 electrons of read noise and negligible dark current. This compares
quite favorably to the 7+ electrons of read noise and large dark current in our original wavefront sensor. The dark current
is suppressed in the Little Joe camera due to unique method of inversion clocking the CCD that is used.

Custom lenslet array optics: The lenslet arrays for the wavefront sensor were custom made by Advanced Microoptics
Systems GmbH (AMuS) of Germany. They feature three separate arrays of 100x100 lenslets having a pitch of 200 um
on a single fused silica substrate (27.6 mm x 76.5 mm x 2 mm); each array has a different focal length. We selected focal
lengths of 2.4 mm, 3.1 mm, and 4.9 mm for the arrays to achieve to plate scales of 0.75”, 1.2”, and 1.5” per pixel,
respectively, in the wavefront sensor. The lenslets met stringent requirements on variation in focal length, fill factor,
perpendicularity and rotation, transmitted wavefront, and pitch error. The lenslet substrates are mounted on motorized
stages to allow for automated alignment of the wavefront sensor and selection of the plate scale based on the imaging
application. The new lenslets were a large improvement over the ones used in the original wavefront sensor, which came
from a plastic lenslet array sampler and had numerous defects and large spot center offsets.

Wavefront processor (WFP): The WFP is distributed across several boards in the MGAOS. The Basic Computational
Unit (BCU) board is both the front- and back-end of the processing pipeline, which implements the interface to the WFS
camera, performs the pixel processing and centroid computations, formats the data for the deformable mirror (DM) and
implements the DM interface. The three DSP boards implement the matrix-vector multiply and the 3" order servo
control law for the DM. The BCU and DSP boards are based on the Analog Devices Tiger Sharc TS101 DSP chip. The
centroid computation is overlapped with the CCD readout and has negligible latency. The latency from the time the last
pixel is read from the camera until the DM commands begin to be written is approximately 81 psec. For comparison, the
original wavefront controller had a latency of 1349 psec! Moreover, the new wavefront controller is capable of keeping
up with the fastest frame rate of the WFS camera, which is 2406 Hz, compared to a maximum CPU-limited frame rate of
670 Hz for the original controller.

Uplink and downlink tip-tilt controllers (DTT, UTT): The DTT and UTT controllers each consist of two cascaded
controllers: a tip-tilt mirror controller that corrects for the tilt disturbance caused by the atmosphere, and a closed-loop
mirror positioning system (CLMP) that moves the mirror to the position commanded by the atmospheric controller using
strain-gauge feedback from the piezo actuators. The DTT and UTT controllers are implemented on the MGAOS High
Voltage Controller board (HVC), which is also based on the Analog Devices Tiger Sharc TS101 DSP chip. The DTT
controller may use either the WFS or the STRAP tip-tilt sensor (System for Tip-tilt Removal with Avalanche Photo-
diodes) for input. The UTT controller, which stabilizes the laser, uses only the WFS for input. If STRAP is used, it may
run asynchronously based on the selected integration time, or it may be synchronized with the WFS camera. The
atmospheric controllers run at the frame rates selected by the user for the WFS camera or STRAP, while the CLMP
controllers run at very high speed (60 kHz). The high-speed of the CLMP controllers allows them to precisely control
the mirror position based on the strain gauge feedback, thereby compensating for hysteresis in the piezo actuators, and to
compensate for natural resonances in the mirror dynamics. The HVC board also incorporates the high-voltage drive
amplifiers for the tip-tilt piezo actuators, completely integrating the tip-tilt control functions into one nice package.

The telemetry recorder/server (TRS): The TRS receives and records real time streams of data from the wavefront
processor via a high-speed Fibre Channel interface. With the exception of raw wavefront sensor CCD frames, which are
stored at a maximum decimated rate of 100 Hz, all telemetry is recorded at the full frame rate of the WFP. A timestamp
synchronized with IRIG time and having a resolution of 100 ns is generated by the Symmetricom timing board and is
bundled with each frame of telemetry stored by the TRS. All configuration parameter data are stored in the TRS as well.
The TRS is also a server, permitting near-real-time post-processing of telemetry data via queries.

The TRS is implemented using a Sun X4100 server and a Tritonl 6FA RAID disk array supporting raw storage of up to
6.4 TB, which can accommodate up to a week’s worth of data. The telemetry storage is implemented using an open-
source PostgreSQL database which permits both the real-time storage of the telemetry streams and near-real-time
querying using standard SQL constructs. The SQL query capability is very powerful, allowing the user to recall data
based on timestamps or particular values in the telemetry stream. It is quite simple to reconstruct a timeline showing the
loop states for all the controllers and the precise timestamps when the loops change state. The user can then extract the
desired telemetry streams based on these timestamps. This has already proven to be an extremely useful debugging and
troubleshooting tool. The system optimization tool uses the TRS to extract data and perform power spectral analysis to



help tune the controllers for maximum performance. We also use the TRS in near-real time to estimate the current seeing
conditions. Finally, Keck researchers are using TRS data to design point spread function estimation techniques based on
telemetry data.

Software features: The WFP also supports several important software features: the option of denominator-free
centroiding, a separate centroid gain coefficient for each subaperture to account for spot-size variations, fully
programmable 3™ order PID servo control laws for the DM and tip-tilt controllers, tip-tilt mirror disturbance functions
that allow the user to simulate disturbance inputs to the controllers and test them in closed-loop mode, and an integrated
tip-tilt chopper that moves the downlink-tip-tilt mirror in any of three different chop patterns repeatedly at a user
selected chop rate.

Scalable architecture: The MGAOS is designed with a very nice modular and scalable architecture in both hardware
and software. It is quite compact and fits easily into a standard 6U VME crate. The MGAOS resides in its own sub-crate
and takes up approximately half of the space in the VME crate. It is relatively simple to add additional DSP boards to the
MGAOS to increase processing power. The other half of the VME crate is occupied by the MVMEG6100 host CPU, the
STRAP VME electronics, and the Symmetricom timing board. Both the VME crate and the MGAOS sub-crate have
additional slots available for expansion. The WFP software supports a larger format CCD using the same SciMeasure
controller interface, with only trivial software changes. Also, Microgate is working on an upgrade so that multiple BCU
boards can be used simultaneously in the MGAOS. The system will then be able to support additional WFS cameras; for
example, a CCD-based tip-tilt sensor could easily be added.

3. PERFORMANCE RESULTS

In this section we present performance results from the upgraded AO system on the Keck II telescope. Although both
telescopes received the same upgrade described in this paper, only Keck II AO has a facility class IR science camera and
LGS AO capability (Keck I AO is currently being upgraded to provide LGS capability).

3.1 Error budgets

We have not yet produced a rigorous error budget for the upgraded controller based on detailed measurements. However,
we present estimated error budgets for the NGS bright star, LGS bright star, and LGS faint star cases based on the
typical Strehl performance for the new controller. We use the control loop analysis method derived by van Dam, et al. !
A comparison of error budgets for the original and upgraded controller under good seeing conditions is shown in Table 2
below, using data from van Dam, et al., for the original wavefront controller. The average measured Strehl is also
shown in the table.

NGS (R=8) LGS (R=10) LGS (R=18)
System Original  |Upgrade |Original [Upgrade |Original |Upgrade
Atmospheric fitting 128 128 128 128 128 128
Telescope fitting 66 66 66 66 66 66
Camera 113 50 50 50 50 50
DM bandwidth 103 38 157 120 157 120
DM measurement 17 29 142 152 142 152
TT bandwidth 75 100 109 109 243 243
TT measurement 9 25 23 23 349 349
LGS focus error 0 0 36 36 36 36
Focal anisoplanatism 0 0 164 164 164 164
LGS high-order error 0 0 80 80 80 80
Miscellaneous 125 125 125 125 125 125
Total wavefront error 256 228 361 351 547 540
K-band Strehl (est) 0.58 0.66 0.34 0.37 0.09 0.09
Avg. K-band Strehl (meas) 0.50 0.60 0.35 0.40 0.15 0.20

Table 2. Error budgets for the original AO system and for the upgraded system under good seeing conditions, for NGS
bright star mode (R=8), LGS bright star mode (R=10), and LGS faint star mode (R=18). Except for Strehl, all numbers
are in nm RMS of wavefront error.

Note that the primary improvements are in DM bandwidth error and tip-tilt bandwidth error, due to the increased
bandwidth of the new controllers. A slight increase in the DM measurement error is shown as a result of running at a
much faster frame rate compared to the original controller. We see a significant improvement in Strehl for the NGS
bright star case and a modest improvement for the LGS bright star case. The wavefront error for the LGS faint star case



shows a slight improvement due to the increased DM control bandwidth, but the Strehl is the same, as it is dominated by
the tip-tilt performance which is the same in both the original and new controllers (both the original and upgraded
controllers use the STRAP sensor). In practice, the faint guide star performance is much higher (Strehls of 0.2 are
typical) than the Strehl calculated using the Maréchal approximation. The tip-tilt bandwidth error is also somewhat
higher than it should be in all cases due to the presence of ~30 Hz vibrations in the telescope.

3.2 Natural guide star performance

In this section we describe the system performance in NGS mode, covering the following topics: performance on bright
guide stars, performance as a function of guide star magnitude and guide star elevation, and performance on extended
objects.

Performance on bright guide stars

The performance requirements for the upgrade called for a Strehl ratio of 60% on bright stars with good seeing (rp > 20
cm). The Strehl ratio as a function of seeing for bright natural guide stars (7-8 magnitude) is shown below in Figure 3. In
most cases during good seeing, the Strehl ratio exceeds the 60% requirement.
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Figure 3. Strehl vs. 10 for bright natural guide stars.

The performance is much better than that obtained using the original wavefront controller, as can be seen by looking at
one of the best recorded images from each system, as shown in Figure 4 below. The scale and stretch are different;
nevertheless, the improvement in image quality is obvious and quantifiable, due primarily to the increased controller
bandwidth and improved wavefront sensor optics. The highest Strehl ratio obtained using the upgraded system is 71%,
compared to 58% for the original system.

Figure 4. Some of the best images of a 7th magnitude star taken with the original wavefront controller (left) and the
upgraded system (right). The images have K-band Strehls of 58% and 66% respectively.

The system point spread function (PSF) is shown below in Figure 5 at three different wavelengths for the same bright
star (R=7.5). The image quality improves with increasing wavelength, as expected.



Figure 5. From left to right, J, H and K band PSF images of the same bright star (R=7.5). The Strehl ratios are 22%, 41%
and 62% respectively.

Strehl as a function of guide star magnitude

Because bright guide stars are not typically available near science objects, it is important to characterize and understand
the system performance as a function of guide star magnitude. First, we must define what is meant by guide star
magnitude. The wavefront sensor has a response most similar to an R band filter, but is dependent on both the R-
magnitude and spectral type of the guide star. Ultimately, however, the wavefront sensor performance depends on the
number of photo counts it sees. In what follows, we use the term R-magnitude in place of the number of counts
measured by the wavefront sensor equivalent to the counts that would be measured if guiding on a KO star with that R-
magnitude. The actual R-magnitude could be higher or lower, depending on the spectral type.

Figure 6 below shows the K-band Strehl as a function of R-magnitude for data taken on three different nights. The
requirement stated that the Strehl should be 30% when guiding on a 14" magnitude star on a night with good seeing (ro>
20 cm); clearly, this requirement has been exceeded. In fact, the best images when guiding on a 14™ magnitude star have
had Strehl ratios in the range of 60-67%. This performance is due to the improved wavefront sensor optics and the lower
read noise and negligible dark current of the new wavefront sensor CCD.
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Figure 6. Strehl as a function of guide star magnitude

The PSF as a function of guide star magnitude is shown below in Figure 7.

R=7.5 R=12.6 R=13.6 R=14.8 R=15.3 R=15.9

Figure 7. PSF as a function of guide star magnitude taken on 28 May 2007 UT.
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Strehl as a function of elevation

We captured data on a bright guide star at three different elevations. A narrowband filter was used to mitigate the effect
of atmospheric dispersion, for which the AO system is unable to compensate. We found that the performance is very
good, even at low elevations where the air mass is quite large, as shown below in Table 3.

Elevation (degrees) | 80 41 32
K-band Strehl ratio | 55% | 50% | 47%

Table 3. K-band Strehl ratio as a function of elevation.

Extended objects

We have successfully guided on three extended objects: Uranus, Neptune and Titan. The AO system automatically
accounts for their large angular extent if the target name is included in the target list. Figure 8 shows images of these
objects. The PSF on Uranus, which is the most challenging of these objects due to its large (4”) extent, can be seen by
the inset of its moon, Miranda. The measured K-band Strehl is 40% with a corresponding full-width half-max
measurement of 53 mas. Assuming that Miranda has an angular extent of 35 mas, then the true Strehl ratio is 54%. From
the PSF, we can tell that there are no artifacts induced from guiding on an extended object.

Figure 8. J, H and K’ color composite of Uranus (left), H and K’ color composite of Neptune (middle) and K’ image of
Titan (right). The inset on the top left is an enlarged image of Miranda at K.

3.3 Laser guide star performance

In this section we describe the system performance in LGS mode, covering the following topics: bright guide stars, guide
star magnitude and sky coverage.

Performance on bright guide stars

We were pleasantly surprised by the improved performance in LGS mode, especially at the shorter wavelengths. The
reason that the performance appeared to improve most at shorter wavelengths is that the low order correction
(tip/tilt/focus) did not change much, while the high-order correction did, due to the wavefront sensor improvements and
increased wavefront controller frame rate. The best Strehl ratio at K-band improved from 44% to 51%.  Figure 9 shows
the Strehl as a function of seeing. During the commissioning period, we had problems with the stability (subsequently
fixed) of the beamsplitter cube that splits light between the STRAP tip-tilt sensor and the low bandwidth wavefront
sensor (LBWFS). As a consequence, the performance was degraded during some nights, due to the poor LBWFS
correction. Nevertheless, we can see that excellent performance was achieved regularly. The requirement stated a
minimum Strehl of 0.39 with a goal of 0.43, which we have clearly met.

Strehl as a function of guide star magnitude

As there were no changes to the LBWFS or STRAP during the upgrade, the degradation in Strehl with increasing tip-tilt
guide star magnitude was expected to be the same as it was prior to the upgrade. However, because the pixels on the new
wavefront sensor are larger (3.0” vs. 2.17), the LGS aberrations are reduced by about 30%. This is especially beneficial
on faint guide stars, where the LBWFS does not do a good job of correcting for the LGS aberrations. We have only
measured the degradation in performance with tip-tilt magnitude once, with very good seeing (r, varied between 25 cm



and 40 cm) and no wind. The results, which are not typical, are presented below in Figure 10. At least, they reassure us
that the faint guide star performance has not degraded, since results like these are completely unprecedented!
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Figure 9. Strehl vs ry in LGS mode for bright tip-tilt guide stars Figure 10. Strehl vs R-magnitude in LGS AO mode.

We expect to be able to improve on this faint star performance as well: the new wavefront controller is equipped with the
capability of using denominator-free centroiding when using the STRAP tip-tilt sensor. This feature, which has been
tested but not yet fully implemented for routine use, is expected to yield a measurable performance improvement for
faint tip-tilt stars. However, we cannot yet take full advantage of this feature since the current magnitude limit is
imposed by the LBWFS (we are implementing a lower order mode of the LBWFS to allow fainter operation).

3.4 LGS vs. NGS performance

A plot of the expected on-axis K band Strehl vs. guide star magnitude is shown below in Figure 11 for both NGS and
LGS modes for average seeing conditions. This plot shows that the on-axis performance is the about the same for NGS
AO and LGS AO when the guide star is 14™ magnitude. This is an increase of approximately 1.5 magnitudes compared
to the original wavefront controller. Observing off-axis targets favors the use of LGS AO. On the other hand, the
acquisition time and other overheads are reduced by the use of NGS AO.
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Figure 11. Strehl vs R-magnitude for NGS AO (green, top) and LGS AO (orange, bottom)

The fraction of the sky accessible to the AO system is plotted below in Figure 12. Compared to the original wavefront
controller, this represents a substantial increase in the sky coverage for the NGS AO system and a modest improvement
for the LGS AO system. However, the fraction of the sky over which excellent performance (K-band Strehl of over
30%) is achieved has dramatically increased for both NGS and LGS AO. The sky coverage was calculated using the
Galactic model of Bahcall and Soneira' transformed to R by Simons!'?, the on-axis K' Strehl versus R magnitude in
Figure 11 (above), an isoplanatic angle of 20” (NGS) and an isokinetic angle of 72" (LGS).
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Figure 12. Sky coverage as a function of Galactic latitude and K-band Strehl ratio for NGS AO (left) and LGS AO (right).

3.5 Sample images showing improved system performance

Figure 13 below shows a brown dwarf binary pair with a separation of 80 mas imaged in LGS mode using the original
wavefront controller and with the upgraded system.

Figure 13. J-band image of a brown dwarf binary pair with separation of 80 mas (Credit: Michael Liu).

Figure 14 displays the Galactic Center imaged at K-prime using LGS and NGS AO. The images are the best ever
captured for both of these AO modes, and they demonstrate the power of NGS AO for targets using guide stars that
could only previously be used for LGS AO correction.

Figure 14. K-band image of the Galactic Center in LGS AO (left) and NGS AO (right).
Each image is 4” x 4” in angular extent (Credit: UCLA / Keck Galactic Center Group).



4. CONCLUSIONS

The upgrade of the wavefront sensors and controllers on the Keck AO systems has been very successful. The new
architecture is robust, maintainable and scalable, and will keep the Keck AO systems competitive until the next
generation of AO systems comes online. The initial performance from the systems has been excellent. The NGS and
LGS bright guide star Strehl records have been greatly surpassed, going from 58% (NGS) and 44% (LGS) for the
original wavefront controller to 71% (NGS) and 51% (LGS) for the upgraded system. In addition, we have excellent
results using faint natural guide stars, with diffraction-limited images when guiding on 15th magnitude stars and partial
corrections for stars up to one magnitude fainter. As a result, the faintest guide star for which NGS performance achieves
comparable performance to LGS AO is now 14th magnitude. The system has been transitioned to the Keck AO
Operations Group for routine science use and maintenance. There are still a few minor AO system upgrades to be made,
so we expect to see additional small improvements in performance over time as these upgrades are implemented.
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