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Abstract: Laser Guide Star Adaptive Optics (LGS AO) systems use the
return from an artificial guide star to measure the wavefront aberrations
in the direction of the science object. We observe quasi-static differences
between the measured wavefront and the wavefront aberration of the sci-
ence object. This paper quantifies and explains the source of the difference
between the wavefronts measured using an LGS and a natural guide star at
the W. M. Keck Observatory, which can be as high as 1000 nm RMS.
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Introduction

Adaptive Optics (AO) systems are now routinely used in astronomy to compensate for the time-
varying wavefront aberrations caused by temperature gradients and turbulence in the Earth’s
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atmosphere. One of the greatest limitationsto AO is the need for a sufficiently bright wavefront
reference close to the science object being studied. Sodium Laser Guide Star (LGS) AO systems
overcome this limitation by creating an artificial guide star at an altitude of ~ 90 km at any
location in the sky. When using an LGS AO system, the wavefront measured by the wavefront
sensor (WFS) guiding on an LGS differs from the wavefront of light emanating from a natural
guide star (NGS) as seen by the science camera. The differences are due to tip-tilt, focus, focal
anisoplanatism, and other high-order effects which we will call “LGS aberrations’.

It is well-known that atmospheric tip-tilt cannot be measured using an LGS, since the LGS
is deflected equally on the upward and downward tragjectory. Although many solutions have
been proposed to avoid the need for an NGS to measure tip-tilt [2], none of them has yet
been successfully implemented on an LGS AO system. In addition, there is a time-varying
focus difference between the NGS and LGS due to the fact that a sodium LGS is located at
avarying height centered at about 90 km and the NGS appears to be at an infinite height. In
closed-loop operation, if the LGS is used to measure the wavefront then the focus of the science
image changes as the mean height of the return from the LGS changes. Thisis compensated by
changing the focal position of the wavefront.

Focal anisoplanatism arises because the light from the finite-altitude LGS samples a cone
rather than a cylinder of turbulence above the telescope [1]. This limitation can be overcome
only by projecting multiple LGSs. Higher-order aberrationsinduced by the apparent elongation
of the LGS were predicted, and methods for compensating for them are presented in Ref. [3].

The remainder of this paper analyzes the high-order aberrations measured using the Keck 11
telescope’s LGS AO system at the W. M. Keck Observatory. A full description of this system
and its performance can befound in Refs. [4, 5, 6]. The Keck |1 LGS AO system uses a589 nm
wavelength laser, projected from a launch tel escope located 6.2 m from the optical axis of the
10 m diameter telescope. To measure the LGS aberrations, as well as focus, a low-bandwidth
wavefront sensor (LBWFS) guides on an NGS. A beamsplitter diverts 20% of the light of the
NGS to the LBWFS, while the rest is sent to the fast tip-tilt sensor. Both the LBWFS and the
fast wavefront sensor (WFS) guiding on the LGS are Shack-Hartmann sensors with 20 x 20
subapertures, and there is a one-to-one correspondence and registration between them. The
WEFS consists of quad cells (2 x 2 pixels per subaperture), so its centroid responseis dependent
on the elongation and orientation of the spot on the WFS. The LBWFS, however, has 16 x 16
pixels with a plate scale of 0.146” per pixel, so the spot is oversampled and the centroid is
independent of the spot size.

Slowly-varying LGS aberrations are detected as the difference between the NGS wavefront
measured by the LBWFS and the time-average of the LGS wavefront measured by the WFS.
Focusis compensated by moving the wavefront sensor stage to keep the wavefront sensor con-
jugate to the LGS [7], while the higher-order aberrations are compensated by changing the
reference centroids for the fast WFS [5]. The difference between the measured centroids and
the reference centroids is fed to the wavefront reconstructor to drive the actuators of the de-
formable mirror. If the tip-tilt NGS has a visual magnitude of 17 or brighter, these aberrations
can be measured with the LBWFS and corrected. However, if the NGS is fainter or if the tele-
scope pupil is rotating rapidly on the LBWFS, it is not possible to measure and adequately
compensate for these aberrations. Hence, a model is needed for how these aberrations change
with pupil angle in order to correct them without explicitly measuring them. The aim of this
investigation was initially to derive such amodel and implement it on the sky. It was found that
an empirically derived model works well on the same night that the data used to generate the
model was taken. However, since the magnitude of the LGS aberrations, which can be as high
as 1000 nm RM S, changes from night to night, it has not been possible to compensate for them
using exclusively prior knowledge.
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In Sect. 2, we describe sources of the LGS aberrations while on-sky measurements and a
model to explain them are presented in Sect. 3. Section 4 concludes the paper with a discussion
of theimplications of the LGS aberrations.

2. Sourcesof LGS aberrations

In this section we postulate and describe four sources of LGS aberrations. Since we do not
completely understand the aberrations that we measure, there are likely to be other sources as
well.

2.1. Asymmetric spot elongation

The physical LGS spot on the sky is located at a finite height, h &~ 90 km, and has a finite
thickness, t, ranging between 10 km and 20 km. The spot as seen by each subaperture appears
elongated due to a parallax effect. Since every subaperture looks at the laser spot from a differ-
ent angle, the elongation in each subaperture is different. The elongation of the spot increases
with increasing baseline, b, between the launch telescope and the subaperture. To first order,
the elongation, 1, is given by

n = cos({)bt/h?, (1)

where  isthe zenith angle.

If the elongation were symmetrical one would not expect it to introduce any aberrations.
However, the sodium density profile has a time-varying structure and is not symmetrical. In
addition, the parallax effect itself is asymmetric. Since the elongation is proportional to h 2,
the bottom part of the sodium layer appears more elongated than the top. For example, the part
of the LGS spot located at 80 km appearsto be 1.56 times as elongated than the part at 100 km.
Thus, the spot elongation processis asymmetric, with alonger tail pointing towardsthe ground.

We measure the spot elongation in the following manner. The primary mirror of the Keck
Il telescope is comprised of 36 hexagonal segments. By applying focus to each segment, 36
distinct images can be formed in the telescope foca plane. In this way, the AO acquisition
camera can be used to record images of the laser guide star viewed from different vantage
points in the telescope pupil in a single exposure (Fig. 1). The spot elongation can be seen
to increase with distance from the projection telescope, located to the right of the telescope
primary in these images.
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Fig. 1. Images of the LGS on January 26, 2005, formed by adding focus across the primary
mirror segments (left), and a corresponding simulated image (center) using an estimated
sodium profile (right). The launch telescope is located to the right of the pupil, where the
Rayleigh scatter can be seen.

It is possible to deduce the structure of the sodium layer present at the time of such animage.
We model the laser as a cylindrical beam 50 cm diameter, exciting a sodium layer with an
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arbitrary stratified density structure. Theimage formed by each of the 36 segmentsis computed
separately by tracing a ray at the center of each imaging pixel through the atmosphere, and
integrating the sodium density encountered in the illuminated cylinder. The 36 images are then
convolved by the seeing estimate and superimposed, and parameters of the model optimized to
match the observed image.

On many nights, the vertical sodium density can be adequately modeled as the sum of two
Gaussian functions, as shown in theright panel of Fig. 1. On this particular night, the Gaussians
were centered at heights 88 km and 94.5 km, with standard deviations of 3.5 km and 1 km
respectively. Finer structureis not apparent in these images, takenin 1.1” seeing.

2.2. Biasdueto quad-cell centroid

If the spot on the WFS is well sampled, then the centroid is, by definition, nulled when the
center-of-mass of the spot coincides with the center of the subaperture. For a quad cell, the
centroid estimates is equal to zero when the intensity to the left of the cross-hairsis the same
as the intensity to the right, and the intensity to the above the cross-hairs is the same as the
intensity below. For symmetric spots, these two centroids yield the same result regardless of
the sampling. However, for asymmetric spots, the center-of-mass centroid does not coincide
with the quad cell centroid. Hence, there is a bias in the centroid when quad cells are used
which increases as the distance between the laser and the subaperture increases.

The bias also dependson the angl e between the direction of spot elongation and the alignment
of the quad cells. When the position of the laser is perfectly aligned with the quad cells, the
biasis at its greatest; when the the spot elongation is at 45° from the quad cells, the bias is at
its smallest.

2.3. Biasdueto truncation of spot

If the spot on the WFS is not symmetric, truncation of the spot introduces another bias. There
are two sources of truncation: a circular field stop with aradius of 2.4"” located at the focus of
the telescopein front of the WFS by the 2.4” angular extent of each pixel. The resulting biases
have two components. one with circular symmetry and one with rectangular symmetry in the
direction of the pixels.

2.4. Telescope and AO system aberrations

Because the LGS is situated at a height of about 90 km, the focal plane of the LGS differsfrom
the focal plane of the NGS. In LGS AO, the telescope stays focused at infinity and the stage
carrying the WFS moves to cancel the focus error seen by the WFS. A Zemax model shows
that the on-axis wavefront error introduced by imaging the LGS due to the telescopeis only 5
nm. Thisis contrast with the formula presented in Ragazzoni,[8] which predicts about 39 nm of
spherical aberration. A Zemax model of the AO system with the LGS at infinity and the WFS
refocused shows 9 nm of spherical aberration and 122 nm of x-coma.

3. Measuring and modeling the aberrations

The aberrations were measured on the sky using dedicated telescope time. The measurement
was performed in the following way. The tip-tilt loop was locked on a 10™ magnitude NGS
and the deformable mirror loop was locked on the LGS, with the reference centroids set to
be all zeros. The rotator mode was selected to keep the pupil fixed on both the WFS and the
LBWFS, and three images were taken with the LBWFS. Then the pupil angle was rotated
by 360° in 30° increments and LBWFS images were captured at each pupil angle. As the
pupil angle changes, the position of the laser relative to the pupil changes. The laser is located
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at the top of the pupil for a pupil angle of 116.6°. The first 11 Zernike coefficients9] were
computed using aleast-squaresfit of the Zernike derivativesto the centroids of theimages. The
results using measurements taken near zenith are plotted in Fig. 2 for the astigmatism, coma
and spherical aberration terms. We can model the first three contributorsto the LGS aberrations
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Fig. 2. The measured (left) and modeled (right) LGS aberrations as a function of pupil
angle near zenith. The curves are, 0° astigmatism (red), 45° astigmatism (black), spherical
aberration (light blue), y-coma (green) and x-coma (dark blue).

in Sect. 2 as stemming from a bias in the centroids. This bias has two components: a circularly
symmetric component which is a function of the distance, r = +/x2 + y2, between the laser and
the subaperture, and arectangular component in x which isafunction of the distance (in meters)
along the x-axis from the center of the telescope (and the same for y). We can write the centroid
bias as the product of two arbitrary functions, f and g:

sc= f(x)g(r) @)
and
sy = f(y)g(r). ®)
We found that by writing the functionsin the form:
s« = signum(x)|x|*rB 4
s, = signum(y)|y|“r”, (5)

and fitting the parameters o and 3, we could obtain a reasonable fit to the data for different
elevations and sodium density profiles. The modeled aberrations as a function of pupil angle
areplotted in Fig. 2 with oo = 1.55 and 3 = 1.95 and the absol ute magnitude chosen to that the
model matches the appearance the measured aberrations. However, there are two discrepancies
that need to be investigated further: why the strength of the measured astigmatism is larger for
pupil anglesin the range [0°, 180°] and why the measured astigmatism and comatermsall have
anon-zero mean.

At larger zenith angles, the aberrationstake asimilar form but have asmaller amplitude. The
value of the astigmatism and comaterms averaged over all pupil anglesis also smaller.

4. Conclusion and discussion

LGS AO systems experience aberrations due to biasesin the centroids. The biases are caused by
WEFS spot elongation, by using quad cells and by the truncation of the WFS spot. There are also
aberrationsintroduced by the optics of the telescope and AO system, since both optical systems
are optimized for an object at infinity. The wavefront error due to the aberrations is extremely
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large and, if uncorrected, islarger than all the other wavefront error terms combined.[5] Hence,
it is essentia that these aberrations be measured and corrected, and future LGS AO systems
should include a LBWFS for this purpose. To reduce the effects of the LGS aberrations, we
intend to launch the LGS behind the secondary when we upgrade the Keck | telescope’'s AO
system to include LGS AO capabilities. We are also upgrading the WFSs on both telescopes to
have 8 x 8 pixels per subaperturein LGS AO mode. Future work will include a rigorous model
of the effect of spot elongation on the wavefront sensor, investigations into other telescope
diameters and laser projection geometries and ways to mitigate and measure more efficiently
the LGS aberrations. This will help understand how extremely large telescopes with multiple
LGSswill be affected by these LGS aberrations.
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