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ABSTRA CT

In this paper we describe the operational strategy and performance of the Keck Observatory laser guidestar
adaptive optics system, and showcasesomeearly scienceveri¯cation imagesand results. Being the ¯rst laser
guidestar system on an 8{10 m class telescope, the Keck laser guidestar adaptive optics system serves as a
testbed for observing techniques and control algorithms. We highlight the techniques used for controlling the
telescope focus and wavefront sensorreferencecentroids, and a wavefront reconstructor optimized for use with
an elongatedguidestar. We alsopresent the current error budget and performanceof the systemon tip-tilt stars
to magnitude R=17. The capability of the system to perform astronomical observations is ¯nally demonstrated
through multi-w avelength imaging of the Egg proto-planetary nebula (CRL 2688).
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1. INTR ODUCTION

1.1. General In tro duction

The Keck laser guidestar (LGS) adaptive optics (AO) system is being developed for the Keck 2 telescope to
dramatically expand the region of the sky accessibleto high spatial resolution imaging and spectroscopicobser-
vations. An overview of the Keck Observatory adaptive optics program is given by Wizinowich et al..1 While the
natural guidestar (NGS) adaptive optics systemson both the Keck 1 and Keck 2 telescopesachieve di®raction-
limited performanceon stars as faint as V=12, 2 the LGS AO system is designedto observe any object within
6000of tip-tilt stars as faint as V=18, opening up » 70%of the sky to AO-correctedobservation. First projection
of the sodium-wavelength dye laser occurred in December 2001,3 and the ¯rst laser guidestar-correctedimages
were achieved in September 2003.1 Sincethat date, monthly on-sky testing and development of the systemhas
gradually improved its performance,e±ciency, and reliabilit y. Shared-risk scienceobservations are expected to
begin in November 2004.

1.2. System Description

The components of the Keck LGS AO systemhave beenpreviously described,4 and we only brie°y review them
here. The AO bench is located in a clean room on the left Nasmyth platform of the Keck 2 telescope. The
LGS AO systemconsistsof all of the NGS AO components, with the addition of a sodium dichroic beamsplitter,
an NGS tip-tilt sensor(TTS), and an NGS low-bandwidth wavefront sensor(LBWFS). The sodium dichroic
transmits 589nm light to the fast wavefront sensor(WFS), while the remaining visible light is directed to the
STRAP avalanche photodiode TTS (86%), the LBWFS (10%), and an acquisition camera(4%). The TTS and
LBWFS ride on a three-axis positioning stageallowing them to acquire at tip-tilt referencestar anywhere within
a 6000radius ¯eld. The corrected infrared beam can be directed to either the NIRC2 cameraand spectrograph
or the NIRSPEC spectrograph. In addition, the OSIRIS OH-suppressionintegral ¯eld spectrograph is due to be
installed behind the Keck 2 AO system in September 2004,providing powerful new capabilities to the LGS AO
system.
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Figure 1. LBWFS centroid determination error versustip-tilt star magnitude asa function of LBWFS/TTS beamsplitter
(re°ectivit y/transmission) for 60 s integrations. Focus can be maintained to 0.2 mm when the median centroid error is
below » 1 pix (dotted line).

In LGS AO operation, the tip-tilt error measuredby the TTS on the referencestar is sent to the tip-tilt
mirror. The WFS, observing the laser guidestar, drives the deformable mirror. Any focus measuredby the
LBWFS is used to reposition and modify the tracking rate of the WFS focus stage, e®ectively adjusting the
assumedaltitude of the atmospheric sodium layer. Higher order aberrations in the referencestar wavefront
measuredwith the LBWFS are used to modify the locations to which the WFS spot are driven, eliminating
static error induced by the varying elongation of the laser guidestar acrossthe pupil of the telescope. Finally,
the mean centroid measuredby the WFS is used to drive an uplink tip-tilt (UTT) mirror in the laser launch
path, stabilizing the laser guidestar on the wavefront sensor.

Thus, during LGS AO observations, ¯v e feedback loops are operating simultaneously. The bandwidth and
gain of each must be optimized basedon the magnitude and apparent sizeof the TT reference(TT, focus, and
image sharpening loops) and the LGS (UTT and DM loops).

2. OBSER VING STRA TEGY AND CONTR OL ALGORITHMS

2.1. Focus Con trol

Focus control is a key aspect of LGS AO operations. Our requirement for residual focus error is 0.2 mm on the
AO bench, equivalent to 30 nm of RMS wavefront error. Summerset al.5 describe in detail the focus control for
Keck LGS AO.

The true focuson the scienceinstrument is maintained by monitoring the averageTT referencestar wavefront
with the LBWFS locatedon the tip-tilt sensorstage. The subaperture geometryof the LBWFS preciselymatches
that of the WFS (20£ 20 subapertures). The LBWFS has 16.7£ 16.7pixels per subaperture at 0:00148pix ¡ 1. The
integration time and CCD binning for the LBWFS are set during operation depending on the star brightness.
Figure 1 displays the predicted LBWFS performance for di®erent re°ectivit y beamsplitters dividing the light
between the LBWFS and the TTS. The tip-tilt performanceis not shown, but will clearly be reducedas more
light is directed to the LBWFS. This analysis indicates that a 20% re°ective beamsplitter will provide optimum
performanceon the faintest TT stars with which this system will be operated, though we at present usea 10%
re°ective beamsplitter.

We have demonstrated 0.4 mm of focus accuracy for R=16.4 star using 30 s integrations and 2£ 2 binning.
On an R=17.2 star, the integration time usedwas60 seconds.Such longer integration time reducesthe observing
e±ciency, as it takesabout 5 iterations to converge to focus. For TT stars with R> 15, we ¯rst check the focus
and the image sharpening on a nearby brighter star, as described in the acquisition procedurebelow.



2.2. Image Sharp ening

While maintaining the system focusedfor the sciencecamera is a well-known feature of LGS AO operations, a
secondlesswidely acknowledged requirement is the compensation of the quasi-static wavefront error produced
by the variable laser spot geometry on the WFS. We call this image sharpening. Image sharpening is an
iterativ e processand can beenseenas an additional control loop. We have recently revisited and optimized its
implementation on the Keck LGS-AO system so as to increasethe sensitivity to faint starlight and minimize
noisepropagation.

Here we review the various steps involved in this process:

1 Estimate LBWFS centroids:
Similarly to the fast WFS, we calibrate the LBWFS: The DM and LBWFS lenslet are registeredwithin 1%
of a subaperture and the LBWFS centroid referencelocationsareoptimized to correct for non-commonpath
aberrations to the NIRC2 sciencecamera. The LBWFS image is processedto subtract the sky background
and dark current, and is correctedfor °at-¯elding and bad pixels. Weusea maximum correlation method to
locate and extract the spots in the frame and a similar method is usedto compute the LBWFS centroids.6

2 Estimate the weigh t of each subap erture:
The weight (w) for each subaperture is calculated from the magnitude of the maximum correlation between
the observed spots and the referencespots. The weight map is used to identify the apertures which are
illuminated as the hexagonalpupil of the telescope rotates.

3 Estimate low order terms ( · Z10)
An estimate for the 10 lowest order Zernike terms is computed from the centroid map using the expression
for the Zernike derivative.7 The tip-tilt and focus terms are isolated from the other low terms. The focus
term is then converted into millimeters in the focal plane and output to the overall focus manager.5

4 Estimate high order terms
The low order modesare reconstructed over the entire pupil and subtracted from the measuredcentroids
to derive the higher order component for each illuminated subaperture.

5 Up date WFS centroid references
Three additional parameters come into play for the integral control loop that provides the new WFS
centroid references(Ci +1 ); an estimate of the WFS spot sizeS is required to scaleaccurately the reference
centroids, a leak l, and a gain factor k. The other inputs are C l o

i , Cho
i the low order and high order

components of the WFS referencecentroids being used (Ci ), Cho
i +1 , Cho

i +1 the low order and high order
terms from the LBWFS measurement.

Ci = l ¤ C l o
i + (1 ¡ w ¤ (1 ¡ l)) ¤ Cho

i ¡ k ¤ S ¤ (C l o
i +1 + Cho

i +1 )

Figure 2 illustrates the improvement in performanceprovided by image sharpening. In this case,the Strehl
ratio increasedfrom 8% to 33%. In position angle (PA) mode, when the ¯eld stays ¯xed on the sciencecamera
at a Nasmyth focus, the pupil and LGS elongation pattern rotate on the WFS and LBWFS, and the WFS
referencecentroids must be updated accordingly. This causesdi±culties when observingwith faint TT reference
stars, as the required WFS centroid corrections may changemore rapidly than they can be estimated using the
LBWFS. By studying the updates of the WFS referencecentroids calculated during previous observing runs,
we are investigating on the nature of the aberrations typically seenby the LBWFS. Our plan is to optimize the
image sharpening processto work well in PA mode even on faint stars either by predicting theseaberrations or
by measuringthem ¯rst on a brighter referenceand then implementing modal control for the referencecentroids
corrections.



Figure 2. Images of the 0:0056 arcsecondbinary star TYC 1467-935-1.The DM was closedon the laser guidestar and the
TT loop on the V=10.0 binary. Left: This image was taken after o²oading the focus measuredwith the LBWFS to the
DM focus stage, but before proceeding with image sharpening. Strehl is 8%. Right: Image after image sharpening, at a
di®erent position angle. Strehl is 33%.

2.3. Laser Reconstructor

In addition to generating a quasi-static wavefront error, the varying elongation of the LGS acrossthe pupil also
a®ectsthe optimum control loop gain for wavefront reconstruction. This gain now becomesa function of pupil
position, sinceregionsof the pupil viewing a more extended guidestar should be driven with a higher gain. We
have therefore implemented a laser reconstructor which optimizes the gain for each axis of each subaperture.

The laserreconstructor algorithm takestwo inputs: the FWHM of the laserspot asseenfrom near the launch
telescope and the maximum elongation observed from the far edgeof the pupil. Theseparametersare a function
of laser beamquality, seeing,and the thicknessof the atmosphericNa layer, and must be measurednightly from
an acquisition cameraimageof the laserguidestar taken with the primary mirror segments defocused(seecenter
panel of Fig. 3). Thesedimensionsare then usedto createan elliptical Gaussianmodel of the LGS asviewed from
each subaperture. Thesemodel LGS imagesare then broadenedto account for the charge di®usion in the WFS
detector (e®ectively convolved by a 1:002 FWHM Gaussian),and the optimum gains for each axis computed. The
gains are ¯nally included in a Bayesian reconstructor calculation.8 The reconstructor is recomputed whenever
the DM loop is closedor the pupil has rotated by more than 0.5± on the wavefront sensor.

2.4. Acquisition Pro cedure

Both the mean altitude of the atmospheric Na layer and the WFS referencecentroids must be determined near
the location of a new target beforescienceobservations can begin. It may however be more e±cient to perform
these functions on a nearby bright star, before acquiring the target's fainter tip-tilt reference. In the present
con¯guration of the Keck LGS AO system, with a 10% re°ective beamsplitter directing light to the LBWFS,
the limiting magnitude for high-order image sharpening with 60 s LBWFS integrations is R ¼ 17:5 (seeFig. 1).
However, several iterations (t ypically 5{10) are required for the image sharpening processto converge. We
therefore perform the focus and image sharpening on a nearby bright star for all targets with tip-tilt reference
fainter than R ¼ 15. As noted in Section 2.2, the pattern of WFS centroid o®setsdetermined in this manner
will needto be rotated if the pupil angle on the WFS is di®erent at the location of the sciencetarget.

The acquisition procedurecurrently followed for scienceobservations with faint tip-tilt referencesis therefore
as follows:

1. Slew to a bright (V ¼ 10) star near the sciencetarget.

2. CloseTT loop on STRAP TT sensor.

3. Propagate laser.



Figure 3. Images of the Keck laser guidestar at zenith taken with the acquisition camera on June 11, 2004 UT. Left:
Image of the laser guidestar as seenby the full telescope pupil, with a size of 1:006 £ 2:000 FWHM and magnitude V=9.8.
Center: Image of the laser guidestar with the 36 primary mirror segments defocused by 1mm. Raleigh backscatter can
be seenon the right, while the elongation of the laser guidestar increasesprogressively acrossthe telescope pupil. Right:
The relativ e density structure of the sodium layer derived from the circled image of the laser guidestar.

4. CloseUTT loop.

5. CloseDM loop on LGS with WFS at predicted Na layer focus.

6. CloseLBWFS focus and image sharpening loops, run to convergence.

7. Open loops, shutter laser.

8. Slew to sciencetarget.

9. CloseTT loop on STRAP TT sensor.

10. Propagate laser.

11. CloseUTT loop.

12. CloseDM loop on LGS with previously-determined centroid o®sets.

13. O®settelescope (and laser guidestar) to sciencetarget, keepingthe TT referenceon the TT sensor.

14. CloseLBWFS focus o²oad loop only.

15. Begin scienceoperations with NIRC2 camera.

This acquisition sequencepresently takes» 20 minutes to perform manually, with approximately half this time
spent on the iterativ e imagesharpening processin step 6. We expect the overall time to be reducedsubstantially
as we optimize the gain of this procedure, and implement general automation tools. These tools will sequence
most of the above steps and optimize the integration times, gains, etc., of each feedback loop based on the
magnitude of the TT referencestar.

3. PERF ORMANCE

3.1. Laser Guidestar Performance

The performanceof the LGS AO systemdependscritically on the power and beam quality of the laser, and the
density and structure of the atmosphericsodium layer. The 589nmdye laser,3 provided by LawrenceLivermore
National Labs, is typically operated with an output power of 12-16 W. This generatesa laser guidestar whose



e®ective magnitude on the wavefront sensoris 8:6 < V < 10:2, with a full-width at half maximum (FWHM) of
1:000{1:004 as seenfrom the location of the launch telescope. However, the laser guidestar is highly elongated as
viewed from more distant regionsof the telescope pupil, separatedfrom the launch telescope by up to 11 m. This
elongation has been observed to be as great as 3:004 FWHM, corresponding to a Na layer thicknessof ¼ 15 km
(Fig. 3). Such severe elongation leadsto strong static aberrations in the resulting LGS AO images,unlessimage
sharpening is performed using the LBWFS.

3.2. Error Budget

The current error budget of the Keck LGS AO system, based on observations recorded on 28 February and
11 June 2004, is presented in Table 1. Several of the LGS AO error terms are identical to those in the NGS-AO
error budget, and the value of these has been adopted from van Dam et al.2 The TT and DM bandwidth
and measurement error have beenmeasuredusing the telemetry returned by thesesystemswhile the loops were
closedon stars of the magnitude indicated on 11 June 2004. The DM measurement error is surprisingly high
due to the weak LGS return on this night, equivalent to only a V=10.0 star. The telescope focus error term was
estimated from the standard deviation of the focus measurements returned by the LBWFS, thus assumingno
variation in the actual Na layer altitude over a short (» 10 min) time period.

The focal anisoplanatismerror term hasnot yet beendirectly measuredfor the Keck telescopes,and published
turbulence pro¯les9 would suggesta higher value (240 nm). However, we ¯nd that a rather small amount of
focal anisoplanatism (155 nm) must be adopted to be consistent with the high Strehl values achieved with
LGS AO on bright tip-tilt stars. This result is surprising, and directly measuringthe focal anisoplanatism term
with the Keck system is a high priorit y. The \other NGS" and \other LGS" error terms are estimates of the
mis-calibration of the WFS, LBWFS, and TT sensors. Finally, the predicted Strehl ratio is computed by the
Marechal approximation, which provides an underestimate in the low Strehl regime.

Table 1. Keck NGS and LGS AO error budgets (nm RMS error)

NGS LGS LGS

R magnitude 9.0 10.0 17.0

Camera 113 113 113

Fitting 128 128 128

Telescope 60 60 60

TT bandwidth 128 110 270

TT measurement 0 30 250

DM bandwidth 80 100 100

DM measurement 80 275 275

Focal anisoplanatism 0 155 155

Telescope focus 0 35 90

Other NGS 105 105 105

Other LGS 0 100 100

Total wavefront error 270 421 550

Predicted Strehl 0.52 0.20 0.06

MeasuredStrehl 0.55 0.33 0.13

This error budget provides a clear indication of which aspects of the LGS AO system currently limit our
performanceand must be modi¯ed or further optimized. We expect to be dominated by TT measurement and
bandwidth error when using faint TT stars, so the equally high DM measurement error indicates that increasing



Figure 4. Mean images of the Egg Nebula in H, K 0, H2 (2{1) , and L0 ¯lters. The images have been registered to one
another by cross-correlation, and the origin of the axes¯xed at the predicted location of the hidden central AGB star.10

the return from the LGS must be one of our highest development priorities. A new dye pump should soon
allow us to run the laser at up to 50% higher power, resolving this issue. However, a substantial performance
increaseon faint tip-tilt stars will also require an improvement in the TT performance. This will surely remain
the limiting error term for sometime to come.

4. OBSER VATIONS OF THE EGG NEBULA

Apart from the initial demonstration of the LGS AO systemon the HK Tau young star system,1 the ¯rst target
of the LGS AO scienceveri¯cation program was the proto-planetary Egg Nebula (CRL 2688, seeFig. 4). The
Egg Nebula is the best-studiedproto-planetary nebula, the short-lived transitional phasethrough which 1{8 M ¯

stars passbetweenslow evolution on the active giant branch (AGB) and their ¯nal destiny aswhite dwarfs. This
is a period of rapid massloss,and of transformation from the spherically-symmetric envelopesof AGB stars to
the complex and beautiful shapesof planetary nebulae.

The Egg Nebula was observed with the Keck LGS AO systembetween12:33and 13:56UT on 11 June 2004.
The tip-tilt referencestar usedwasUSNO-1B 1266-0470099,an R=14.3 star 24:009 south-eastof the nebula. This
star was su±ciently bright to allow the TT sensorto be run at its full frame rate of 1 MHz and the LBWFS
to correct both focus and static high-order aberrations using 30 s integrations. However, due to the rather low
laser power output that night, the LGS magnitude was only V=10.0, limiting the WFS frame rate to 250 Hz.
Seeingwas also worsethan average,0:0083 at 2.1 ¹ m.

Imagesof the Egg Nebula were taken in H, K 0, H2 S(1) º =2{1, and L0 ¯lters, with sky observations in each
¯lter gathered by opening the loops and o®setting 6000 from the target in several directions. The raw images
were sorted by the energynear the di®raction limit in their power spectra, and only the best 50% retained. The
median of the sky frames was subtracted from each of these images,which were then divided by twilight °ats.
Finally, the individual imageswere co-alignedto the nearestpixel and averagedto derive a ¯nal mean image of
the nebula in each of the four ¯lters, displayed in Fig. 4. The total integration time for the mean imagesis 120s
in H, 360 s in K0, 240 s in H2 (2{1) , and 144 s in L0.

A comparison to one of the best Hubble SpaceTelescope (HST) Near Infrared Camera and Multi-ob ject
Spectrograph (NICMOS) image of the Egg Nebula11 is shown in Fig. 5. The HST image is a 1215s integration
with an H2 S(1) º =1{0 ¯lter, through which the complex equatorial lobes are most clearly de¯ned. The Keck



Figure 5. Comparison of the Keck LGS AO K 0 image and an HST NICMOS image in a narrow-band H2 S(1) º =1{0
¯lter which highligh ts the shocked emission emanating from the cavit y walls. The LGS AO image has been stretched
to highligh t details in the equatorial lobes, clearly illustrating the higher angular resolution and dynamic range of this
image. The shocked H2 emission is resolved into clumps and knots, and can be traced closer in to the central star. The
FWHM of the faint background star at (-6:005,-5:000) in the Keck K 0 image is 0:0014.

imagesclearly have both higher angular resolution and greater dynamic range, an impressive demonstration of
the power of LGS AO on large ground-basedtelescopes.

BasedHST and previous seeing-limited observations, Sahai et al.11, 12 suggesteda physical model of the Egg
Nebula which appearsgenerallywell-supported by thesehigher resolution images. The multiple bright lobesseen
in the near-IR imagesare most likely cavities blown into a spherically-symmetric and optically thin dust shell
by collimated winds originating from the central AGB star, which remains hidden in a °attened dust cocoon.
Their walls are illuminated by scatteredlight from the hidden central AGB star (in the caseof the bright NW-SE
polar lobes), and by shock-heated H2 and possibly other molecular emission(the fainter equatorial lobes). The
\searchlight beams" extending to far greater distancesare created by the scattering of shorter-wavelength light
escapingfrom the central cocoon through annular holesaround the polar axis, presumably carved by precessing,
highly collimated winds.

One of the more puzzling questions is the nature of the bright knot just south of the northern lobe, visible
in all four panelsof Fig. 4. This feature, not seenat wavelengthsshorter than 1.6 ¹ m,11 is 0:0055 o®setfrom the
location of the AGB star predicted from the polarization symmetry of the northern and southern lobes.10 Based
on its marginally-resolved appearancein HST NICMOS imagesand its low polarization, Sahai et al.11 suggest
that it is a lower-masscompanion star, imbeddedin the near side of the dust cocoon and thus surrounded by a
halo of scattered light. The high resolution of the Keck LGS AO 2.0 and 3.5 ¹ m imagesprovides a surprising
new insight into the nature of this feature.

A more detailed view of the central few arcsecondregion of the Egg Nebula viewed through the H2 (2{1)
and L0 ¯lters is shown in Fig. 6. The L0 image, while having lower dynamic range than previous seeing-limited
imaging,13 reveals the detailed structure of the bright knot at (0:0056 W, 0:0016 N), clearly revealing that it is
actually the apex of the northern lobe. It is connectedto the brighter (at ¸ < 2 ¹ m) regions of the northern
lobe by a sinuous but unbroken lane of scattered light, hidden from view at shorter wavelengths by a cloud of
foreground dust.



Figure 6. A detailed view of the central region of the Egg Nebula, in L 0 (left) and H2 (2{1) (right ). The predicted
location of the central AGB star, and the polar and equatorial axes, are indicated with long and short dotted lines.10

Previous seeing-limited L0 observations did not resolve the connection between the bright knot at (0:0056 W, 0:0016 N) and
the baseof the north lobe.13 This connection reveals that the bright knot is in fact the apex of the northern lobe cavit y,
seenonly at longer wavelength due to strong extinction within the dust cocoon. We suggestthat the true location of the
central AGB star in fact just south of this knot, and the polarization axes are biased due to multiple scattering of light
within the cavities.

Basedon the morphology the inner regions of the Egg Nebula revealedby the Keck LGS AO L0 image, we
suggestthat the central AGB star is in fact located just south of the bight knot, rather than at the apparent
point of polarization symmetry. The L0 image clearly reveals in scattered light the corkscrew-like walls of the
innermost northern cavit y, consistent with it being carved out of a cloud of dust by a collimated and wildly
precessingwind. Given the continuit y and narrowing of the cavit y walls, the star giving rise to these winds
must undoubtedly be located at the apex of this feature. This is » 0:005 distant from the location suggestedby
Weintraub et al.,10 and not along the apparent polarization axis of the nebula.

The observed polarization of the polar lobes can be explained by the sinuous shape of the northern cavit y
apex, and high optical depth of the inner regions of the dust cocoon. Photons detected from the more distant
regions of the northern and southern lobes may have been scattered multiple times at the cavit y's walls, their
polarization preservingonly a record of their plane of propagation immediately prior to the ¯nal scattering event.
It thus appearslikely that the AGB star is in fact located just south of the bright knot, at the apex of two narrow,
sinuous cavities out of which only multiply-scattered light emerges.Future measurements of the polarization of
the innermost region at ¸ > 2 ¹ m should be able to con¯rm or refute this hypothesis.

5. CONCLUSIONS

After over a decade of planning and development, the Keck laser guidestar adaptive optics system is now
operational and revealing the faint universe in unparalleled detail. Many of the lessonslearned optimizing
this ¯rst LGS AO system on an 8{10 m telescope have been presented in this paper, as has an analysis of
the sourcesof wavefront error which limit the present performance. While further optimization remains to be
performed, the correction already demonstratedsuggestthat focal anisoplanatismwill not be the dominant error
term. The observations of the proto-planetary Egg Nebula presented here provide a taste of the spectacular
high-resolution sciencepossiblewith LGS AO.
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