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Abstract: When using alaser guide star (LGS) adaptive optics (AO) sys-
tem, quasi-static aberrations are observed between the measured wavefronts
from the LGS wavefront sensor (WFS) and the natural guide star (NGS)
WEFS. These LGS aberrations, which can be as much as 1200 nm RMS on
the Keck Il LGS AO system, arise due to the finite height and structure of
the sodium layer. The LGS aberrations vary significantly between nights
due to the difference in sodium structure. In this paper, we successfully
model these LGS aberrations for the Keck |1 LGS AO system. We use this
model to characterize the LGS aberrations as a function of pupil angle,
elevation, sodium structure, uplink tip/tilt error, detector field of view,
the number of detector pixels, and seeing. We also employ the model to
estimate the LGS aberrations for the Palomar LGS AO system, the planned
Keck | and the Thirty Meter Telescope (TMT) LGS AO systems. The LGS
aberrations increase with increasing telescope diameter, but are reduced by
central projection of the laser compared to side projection.
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1. Introduction

The resolution of images of astronomical objects captured by ground-based telescopesis lim-
ited by the time-varying wavefront aberrationsinduced by the earth’s atmosphere and by imper-
fections in the telescope optics. These aberrations can be corrected in real time using adaptive
optics (AO) [1]. The sky coverage of natural guide star (NGS) AO systems is limited by the
need for a bright reference star for wavefront sensing close to the science object. In order to
overcomethis problem, sodium laser guide star (LGS) AO systems[2] create an artificial refer-
ence beacon in the mesospheric sodium layer in the science direction for sensing the wavefront
aberrations.

There are, however, a number of fundamental differences between the wavefront measured
with a LGS and the actual aberrationsto which starlight is subjected. Firstly, because the LGS
islocated at afinite height (of approximately 90 km) and not at infinity, the LGS sees a cone of
turbulencerather than a cylinder. Thisisreferred to asthe cone effect [3]. Secondly, the altitude
of the sodium layer is constantly changing, which the LGS wavefront sensor (WFS) sees as a
change of focus. Thisis compensated by changing the LGS WFS focus position. The remaining
differencesare the so-called L GS aberrations[4], and arise due to the finite height and non-zero
thickness of the sodium layer.

In Ref. [4], we presented the LGS aberrations that have been measured on the Keck 11 LGS
AO system and described the reasons why they arise. An initial attempt to model the LGS
aberrations was also made. Here in this paper, we create a more detailed simulation model
to calculate the LGS aberrations in order to characterize the LGS aberrations in terms of the
pertinent parameters. We aso use this smulation model to estimate the LGS aberrations for
existing and planned L GS systems.

TheKeck I LGS AO system has a 589 nm wavelength laser which is projected using a 50cm
launch telescope on the side of the telescope, 6.2 m from the optical axis of the telescope[5, 6].
The LGS WFSis a Shack-Hartmann WFS. For a Shack-Hartmann sensor with aLGS at afinite
height and non-zero thickness, the spot at each subaperture is elongated due to the parallax
effect. The elongation of the Shack-Hartmann spots, 1, for the LGS WFS is approximately

#79346 - $15.00 USD Received 24 Jan 2007; revised 19 Mar 2007; accepted 29 Mar 2007; published 3 Apr 2007
(C) 2007 OSA 16 Apr 2007 / Vol. 15, No. 8/ OPTICS EXPRESS 4712



given by [4]
cos(§)bt
_ S @
where ¢ is the zenith angle, b is the baseline distance between the launch telescope and the
subaperture, t isthe thickness of the sodium layer, and his the height of the sodium layer above
the telescope.
The probable sources of the LGS aberrations are identified in Ref. [4], and are summarized
here:
e Asymmetric spot elongation: the LGS spots are asymmetric because the elongation is
inversely proportional to height squared (see Eq. (1)), so the bottom of the profile appears
more elongated than the top of the profile.

e Quad-cell centroiding: for an asymmetric LGS spot, the quad-cell centroid is not equal
to the center-of-mass of the LGS spot.

e Truncation of the LGS spots: abiasisintroduced to the centroid measurement if the LGS
spot is asymmetric and truncated by afield stop or pixel boundaries.

e Telescope and AO system aberrations. because the laser guide star is situated at 90km
and the NGS at infinity, the LGS may be subjected to different aberrations while passing
through the AO optical relay.

The LGS aberrations, and also the focus variations due to changes in the dtitude of the
sodium layer, are measured on the Keck |1 LGS AO system with the low bandwidth wavefront
sensor (LBWFS), which guideson the TT NGS. 20 % of the light from the TT NGS is passed
to the LBWFS, which isa20x 20 Shack-Hartmann WFS, the same order asthe LGS WFS. The
focus aberration measured by the LBWFS is used to update the LGS WFS focus position [7],
and the higher order aberrations are used to update the reference centroids for the LGS WFS
[6]. If the NGS is sufficiently bright (my < 18), the LGS aberrations can be measured with
the LBWFS and corrected. If the NGS is fainter than this, or if the telescope pupil is rotating
quickly, the LGS aberrations cannot be adequately compensated with the LBWFS alone. If one
could predict the quasi-static LGS aberrations without measuring them, one could use fainter
TT NGS, increasing the sky fraction available for AO-compensated observing.

With the LGS aberrations corrected using the LBWFS, the total RMS error of the Keck 11
LGS system when using a R=10 magnitude NGSis 357 nm [6]. Aswill be discussed in Section
2, the LGS aberrations as measured on the Keck |1 LGS system can be of the order of 1200 nm
RMS. The delivered wavefront error would therefore be dominated by LGS aberrations if not
correctly predicted or accurately measured.

A number of new LGS AO systemsfor existing and future telescopes arein the design stages,
such asthe TMT AO system, NFIRAOS, [8, 9] and the Keck | LGS AO system [10]. Because
the LGS aberrations measured with the Keck 11 system are so significant, it is important to
understand and be able to model the LGS aberrations before building the next generation of
LGS AO systems. In this paper, we model the LGS aberrations observed with the Keck |11 LGS
AO system, and apply this model to current designsfor TMT and Keck | LGS AO, and to the
existing Palomar LGS AO system [11].

The format for the rest of this paper is as follows. we discuss the L GS aberrations measured
on the Keck Il LGS AO system in Section 2. We derive our model for the LGS aberrations
and compare with the observed LGS aberrations on Keck Il in Section 3. In Section 4, we
investigate the parameter space that affects the LGS aberrations. In Section 5, we estimate the
LGS aberrationsfor planned future AO systems. Finally, in Section 6, we draw our conclusions
on the LGS aberrations.
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Fig. 1. The measured LGS aberrations as a function of pupil angle near zenith for the night
of (a) 26 January 2005, and (b) 20 July 2006. The curves are, O astigmatism (red), 45°
astigmatism (black), y-coma (green), x-coma (dark blue) and spherical aberration (light
blue).

2. Measuringthe LGS aberrations

The LGS aberrations were measured on the telescope by locking the TT loop on abright NGS,
and by locking the deformable mirror (DM) loop on the LGS and setting the LGS reference
centroids to be all zeros. The pupil was kept fixed on both the LGS WFS and LBWFS. The
pupil angle was rotated and LBWFS images taken at regular intervals. The pupil angle thus
specifies the position of the laser relative to the WFS subapertures. The laser is located at the
top of the LGS WFS and LBWFS images for Keck 11 when the pupil angleis 116.6°. We will
define a pupil angle of 0° to be at the top of the pupil in this paper in order to be consistent
between telescopes. Thus the pupil angles reported here for Keck 11 lag the true pupil angle by
116.6°. Consequently, Fig. 1(a) of this paper lags Fig. 2 of [4] by 116.6°.

The LGS aberrations are calculated as a | east-squares it to the low order Zernike polynomi-
als from the displacements (centroids) of each subaperture of the LBWFS. We choose to use
Zernike polynomialsto model the aberrations because the low order polynomials represent the
well known optical aberrations of astigmatism, coma etc. The first 11 Zernike polynomials as
ordered by Noll [12] (i.e. up to spherical aberration, but ignoring tip, tilt and focus, which are
independently corrected, and piston) contain 89% of the mean-squared L GS aberrations. That
is, 89% of the mean-squared aberrations as seen on the LBWFS can be fitted with these seven
Zernike polynomials. The low order LGS aberrations, ¢, are therefore given by

11
6= az 2
i=5

where Z; istheit" Zernike polynomial with coefficient a;.

We display the measured L GS aberrations versus pupil angle for the astigmatism, coma, and
spherical aberration for the nights of 26 January 2005 and 20 July 2006 in Fig. 1. These ob-
servations were made near zenith. A best-fit spline is superimposed for each mode. We see
from these graphs that there are significant astigmatism, coma and spherical aberrations and
that these aberrations vary with pupil angle. The astigmatism modes both exhibit sinusoidal
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Fig. 2. The total low order LGS aberrations for the night of 26 January 2005 at a pupil
angle of (a) 0°, (b) 30°, (c) 60°, and (d) 90°. The yellow diamond indicates the approximate
position of the laser.

behavior with 7 periodicity with respect to pupil angle. The astigmatism modes are non-zero
mean on both nights. The peaks and valleys of both astigmatism modes are different on the
two cycles. Thisis consistent between the two nights. The coma modes also exhibit sinusoidal
behavior with respect to pupil angle, with 27 periodicity. The astigmatism modes are 7 rotation-
ally symmetric and the coma modes 2 rotationally symmetric, which explains the periodicity
of these aberrations as the laser position is rotated about the lenslet array. Both the comamodes
are non-zero mean on both nights. The spherical aberration is non-zero mean on both nights.
Any dependence of the spherical aberration on the pupil angleis not clear from these nights.

Thereis significant variation in the magnitudes of LGS aberrations between nights, as shown
in Fig. 1, although the phase of the astigmatism and coma modes is consistent between nights.
The spherical aberrationis particularly inconsistent between nights, with the mean differing by
approximately afactor of seven.

The total low order LGS aberration is shown in Fig. 2 for pupil angles of 0°, 30°, 60°, and
90° for the night of 26 January 2005. Fig. 2 shows that the LGS aberrations do largely rotate
with the laser, but not exactly.

3. Modeling theory

In this section, we present our method for modeling the LGS aberrations, and compare the
modeled aberrations using this method with the measured aberrations presented in Section 2.
The first step in calculating the LGS aberrations is to calculate the LGS WFS subaperture
images. We do this using geometric optics, i.e. ray-tracing. In thismodel, the LGS images are a
function of the launch tel escope position, subaperture geometry, zenith angle ({), atmospheric
seeing (¢€), size and number of detector pixels, and the sodium profile (n(z)) where zis altitude.

We model the laser as acylindrical beam of 0.5 m. The geometricimage of thei " LGSWFS
image, g(i;x,y), is theintegral of the sodium profile n(z) that isilluminated by the laser beam
and intersects the ray traced by each WFS detector pixel

N - 21(i;xY) n(z)
)= |,y R D @

where 6(i; x,y) isthe angle between the center of each pixel of the it subaperture and the laser
beam. Thelimits of theintegral denotethe range of altitudes of the sodium layer that each WFS
detector pixel sees, as shownin Fig. 3.

Theit" LGS WFS image, p(i;x,y), is the convolution of the i'" geometric image, g(i; x,y),
with the seeing function s(x,y) and the charge diffusion function m(x,y), which accounts for
the effective widening of the pixels by charge diffusion within the CCD,

p(i;%,y) = g(i;x,y) ©s(X,y) © m(X,y). 4
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Fig. 3. The geometrical model of the pupil, laser, detector pixel and laser guide star.

The seeing function s(x,y) is a Gaussian function of FWHM equal to the quadrature sum of
two times the atmospheric seeing, €, (up and down). Similarly, the charge diffusion function
m(x,y) of the detector pixelsis a Gaussian function, with the FWHM assumed to be half the
plate scale of the detector pixels.

We find the (quad-cell) centroids, (cx(i),cy(i)), of the LGS WFS images with the center-of-
mass centroid

L 2xp(i;xy)

“0 7 Tty X
L Xyp(isx,y)

%0 = oy ©

The laser spot moves on the sky, which is due to tilt introduced in the upward path through
atmospheric turbulence, telescope vibrations, and wind-shake [5]. The position of the laser on
the sky is stabilized with a TT mirror in the laser launch telescope. Thisisreferred to as uplink
TT (UTT) correction. The UTT of the laser telescope is modeled by shifting the LGS WFS
images such that the mean centroid in x andy is zero,

Yox = 2oy = 0. ()

From the centered LGS WFS images, the displacement of the it" subaperture, d(i) =
(dx(i),dy(i)), is calculated by using the Fourier shift theorem to shift the LGS images

pixy) =7 1 (F (pli;xy)) explj2m(dx(i)x+ dy(i)y)]) (8)

such that the centroids of the it" shifted image are zero, i.e. (c,(i), (i) = 0, where the prime
notation indicates the shifted image.

The LGS aberrations in terms of Zernike coefficients, a, are calculated from the displace-
ments, d, by aleast-squares reconstructor to the low order Zernike polynomials

a=(H"H) *H'd, )

where H is the interaction matrix relating the slopes to Zernike polynomials.
A representative sodium profile, n(z), that we use to model the Keck |1 system is shown in
Fig. 4(a). This profile was generated as a best fit of the sum of two Gaussians, of ¢ 3.5 km
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Fig. 4. The normalized sodium profiles: (a) best-fit sum of 2 Gaussians for the night of
January 26 2005, (b) best-fit single Gaussian for the night of January 26 2005, and (c)
median profile from the University of Western Ontario LIDAR.
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Fig. 5. The modeled LGS aberrations as a function of pupil angle at zenith for using the
sum of two Gaussians sodium profile assuming (a) no UTT error, and (b) aUTT error of
(0.17,-0.1"). Thecurves are 0° astigmatism (red), 45° astigmatism (black), y-coma (green),
x-coma (dark blue) and spherical aberration (light blue).

and 1.0 km at heights of 84.0 km and 94.5 km, to an acquisition camera image of January 26
2005, which was the night that the LGS aberrations of Fig. 1(a) were measured [4]. We aso
use a typical atmospheric seeing value of 0.5” (0.5 arc sec). For now, we assume the LGS
images are correctly centered on the quad-cells, i.e. there is no UTT error. Although there
are 304 subapertures, the Keck system only uses the 240 subapertures that are illuminated by
the rotating hexagonal pupil (active subapertures), and we include this in the model aso. The
detector for each subapertureis a quad-cell, with each pixel 2.1” square. Thereisacircular field
stop of radius 2.4" located at the focus of the telescope.

The modeled LGS aberrations displayed in Fig. 5(a) exhibit many of the characteristics of
the measured LGS aberrationsin Fig. 1. For both the measured and modeled aberrations, both
the astigmatism versus pupil angle curves are approximately sinusoidal and have & periodicity
with respect to pupil angle. The modeled and measured astigmatism curves are in phase with
each other. The magnitudes of the measured and modeled aberrations agree reasonably, given
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Fig. 6. The modeled LGS aberrations as a function of pupil angle at zenith for (a) the
Gaussian sodium profile and (b) the median LIDAR profile. The curves are, 0° astigma-
tism (red), 45° astigmatism (black), y-coma (green) and x-coma (dark blue) and spherical
aberration (light blue).

the imprecise knowledge of the sodium profile and the sodium profile’s importance on the
magnitude of the LGS aberrations (see Section 4.1). The modeled astigmatism curves are zero-
mean and the magnitudes of the peaks and troughs are equal in both cycles, unlike the measured
aberrations. Thisis thought to be due to a de-centered field stop, and is investigated in Section
4.4.

The modeled and measured coma versus pupil angle curves are both approximately sinu-
soidal, with 2z periodicity with respect to pupil angle. The model ed and measured coma curves
are in phase. Unlike the modeled coma curves, the measured coma curves are both non-zero
mean, but this can be explained by aUTT error as explained in Section 4.4.

The modeled and measured spherical aberration curves do not agree in either magnitude or
phase. The modeled spherical aberration is non-zero mean, and is /2 periodic with respect
to pupil angle. As will be discussed in Section 4.4, the non-zero mean nature of the meas-
ured spherical aberrations cannot be explained by an UTT error. The difference between the
measured and modeled spherical LGS aberration could be due to telescope and AO system
aberrations which are not modeled here.

4. Characterization of LGS aberrations

In this section, we use our model to characterize the LGS aberrations with respect to the pa-
rameter space for the Keck 11 LGS AO system. Unless otherwise stated, the parameter values
used in this section are the same as those in Section 3.

4.1. Sodiumstructure

The magnitude of the LGS aberrations is strongly dependent on the structure of the sodium
layer. The sodium structure can affect the bias due to truncation, and the bias due to using a
quad-cell is affected by the asymmetry of the sodium structure. In order to demonstrate and
quantify this dependence, we have simulated the Keck |1 system with the same parameters as
Section 3, but using a sodium profile that is a Gaussian with ¢ of 4.0 km, located at an altitude
of 86.0 km above the telescope, as shown in Fig. 4(b). The LGS aberrations for the single

#79346 - $15.00 USD Received 24 Jan 2007; revised 19 Mar 2007; accepted 29 Mar 2007; published 3 Apr 2007
(C) 2007 OSA 16 Apr 2007 / Vol. 15, No. 8/ OPTICS EXPRESS 4718



200 1

100 1

Total aberration (nm)
o
o
L

Total aberration (nm)

50 b

0 L L L L 0 1 I

0 20 40 60 80 0 20 40 60 80
Frame no. Frame no.

@ (b)

Fig. 7. (@) The modeled total magnitude of the LGS low order aberrations (nm) for Keck |1
versus frame number of the LIDAR profile. The frames are sampled 72 seconds apart. (b)
The difference in the LGS aberrations (nm) between consecutive frames.

Gaussian sodium profile, which are plotted in Fig. 6(a), are at least four times smaller than for
the aberrations for the sum of two Gaussians sodium profile, plotted in Fig. 5(a). Thisindicates
that the LGS aberrationsincrease as a function of the asymmetry of the sodium profile.

We aso simulate the Keck 11 system with the median profile as measured by the University
of Western Ontario LIDAR in London, Canada[13]. This profileis shownin Fig. 4(c), and has
a vertical resolution of 24 m. The LGS aberrations for this measured profile are significantly
smaller than the measured LGS aberrations and the modeled LGS aberrations with either the
Gaussian or sum of two Gaussians profiles. This is because the measured profile is narrower
than either of the Gaussian profiles, and thusthereisless truncation of the LGS spots, whichisa
significant source of the LGS aberrations. It isalso interesting to note that while the astigmatism
curves are still 7 periodic, the sign of the astigmatism coefficientsis reversed for this median
profile compared to the measured LGS aberrations and the modeled aberrations for both the
Gaussian profiles. This is because the structure of this sodium layer induces a bias in the cen-
troid measurement in the opposite direction to that of the Gaussian profiles, and consequently
the sign of the LGS aberrationsis reversed.

4.2. Temporal variation

On any night, the structure of the sodium layer is evolving. In order to investigate the temporal
nature of the LGS aberrations, we use a time series of 88 sodium profiles measured using the
University of Western Ontario LIDAR [13]. These profiles have a temporal resolution of 72
seconds and a spatial resolution of 24 m. The total modeled LGS aberrations for the Keck 11
LGS AO system for a pupil angle of 0° for these 88 sodium profiles are plotted in Fig. 7(a).
The median total LGS aberration from this series of profiles is 76 nm, which is significantly
less than observed on the telescope. The difference in the LGS aberrations in the low order
modes between consecutive time stamps is shown in Fig. 7(b). The median difference in the
L GS aberrations between consecutive framesis 20 nm.
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Fig. 8. The total simulated LGS aberration as a function of zenith angle (deg) for the Keck
Il system at 0° pupil angle.

4.3. Zenithangle

As shown in Eg. (1), the elongation of the LGS spot is proportional to the cosine of the zenith
angle. The atmospheric seeing, ¢, also increases with zenith angle by [1, 14]

e({) = &(0)sec(¢)*®, (10)

although as shown in Section 4.7, the dependence of the LGS aberrations on the seeing is
negligible. In Fig. 8, the simulated total low order LGS aberration is plotted versus the zenith
angle for a 0° pupil angle. The total aberration exhibits an approximately cosine dependence
on the zenith angle, which is consistent with the elongation of the LGS WFS images being
proportional to the cosine of the zenith angle.

4.4. Uplinktip-tilt (UTT) error

An UTT error of the laser beam leads to the LGS subaperture images being de-centered with
respect to the subaperture optical axis. The effect of the UTT error is to produce a bias in the
centroid measurement in the direction of the UTT error. If thisbiasisin the direction of thelaser
launch telescope, the bias adds to the existing biases due to truncation, asymmetric elongation
and quad-cell centroiding, causing alarger peak/valley in the astigmatism curves. If, however,
the UTT error isin the opposite direction of the laser launch telescope, the bias subtracts from
the existing biases and consequently the magnitude of the peak/valley of the astigmatism curve
is reduced. A similar error to UTT is caused by a de-centered field stop, which truncates the
spots and creates a bias in the centroid in the direction of the de-centering. We believe that the
pupil stop for the Keck 11 system could be de-centered, but we cannot verify this since we are
unableto put acalibration laser at the correct focus of the LGS.

The modeled LGS aberrations for the Keck 1l system, with a UTT error of 0.1” in x and
-0.1” iny, are plotted in Fig. 5(b). This combination of UTT x andy error approximately gives
the observed behavior of the astigmatism coefficients on both nights shown in Fig. 1. This
combination of UTT x and y error also causes both coma curvesto be non-zero mean, which is
the observed behavior on both nights plotted in Fig. 1.

4.5. Wavefront sensor sampling

The number of detector pixels used to sample the LGS images also affects the LGS aberrations.
With a standard center-of-mass centroid operator, the more pixels there are, the higher the
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Fig. 9. The weighting over the FOV for a3.0” spot with a center-of-mass centroid for (a) a
quad-cell, and (b) 8x 8 pixels.
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Fig. 10. The total low-order LGS aberration for 2x2 (black), 4x4 (red) and 8x8 (green)
pixels for (a) aFOV of 4.2 and (b) aFOV of 8.4".

weighting on the portion of the spot farthest away from the center. Thisisshownin Fig. 9 for a
quad-cell and 8x 8 pixels with a spot of dimension 3.0” and total field of view (FOV) of 4.2,

When an asymmetric spot is truncated, the part of the spot that is truncated, and hence given
aweighting of zero, would otherwise have the highest weighting on the centroid. To see this
effect, we subdivide the LGS spots in a quad-cell (i.e. 2x 2 pixels), with 4x 4 pixels and 8x8
pixels, keeping the total FOV constant. The field stop is square and equal to the FOV. We
consider two cases. 1) where there is some truncation of the spots using a 4.2” FOV, and 2)
where there is no significant truncation of the spotsusing a8.4” FOV.

For thefirst case with adetector FOV of 4.2” thetotal low-order LGS aberrationis shownin
Fig. 10(a). The LGS aberrations are smallest for 2x 2 pixels, followed by 4x4 pixels and then
8x8 pixels. Thisistrue for all pupil angles. The differencein going from a quad-cell to more
pixelsis greatest at 0°, 90°, 180° and 270° because this is when the truncation is greatest, so
the amplification of the truncation by the centroid operator is also the greatest.

For the second case, where we use a much larger FOV (8.4") to avoid any significant trun-
cation of the LGS spots, the total LGS aberrations are plotted in Fig. 10(b). The total LGS
aberration is largest for 2x 2 pixels, with 4x4 and 8x 8 pixels giving aberrations of approxi-
mately the same magnitude.
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Fig. 11. Thetotal simulated LGS aberration for the Keck 11 system at 0° pupil angle and at
zenith as afunction of (a) the FOV, and (b) the atmospheric seeing.

To summarize the simulation results presented in this subsection on the number of pixels
used to subdivide the LGS spots, we see that if there is significant truncation of the spots, the
aberrations are reduced by using a quad-cell. This is because the centroid operator weights
the truncated portion of the spot more with more pixels, and so the bias due to truncation is
increased with more pixels. In contrast, if thereis no significant truncation of the spots, the LGS
aberrations are reduced with more pixels, because the bias due to using a quad-cell centroid is
eliminated.

4.6. Detector field of view

The FOV of the LGS WFS affects the truncation of the LGS spots and hence the LGS aberra-
tions. For the Keck 11 system, the FOV is equal to twice the plate scale of the quad-cell pixels.
The total low order aberration as a function of the FOV for Keck Il is shown in Fig. 11(a) at
zenith for a pupil angle of 0°. For asmall FOV (i.e. 3.0"), there is significant truncation of the
LGS spots and the LGS aberrations are large. As the FOV increases, the truncation is reduced
and the LGS aberrations decrease. Thereis alocal minimum at approximately 3.8” where there
is some truncation of the LGS spots, but the bias due to this truncation cancels to some ex-
tent the bias due to the quad-cell centroid of the asymmetric spots. As we increase the FOV
further, although the truncation of the spots is decreasing, the LGS aberrations increase. At a
FOV of 8.0” thereis no significant truncation of the LGS spots and the LGS aberrations are at
aminimum.

4.7. Atmospheric seeing

The LGS aberrations are weakly dependent on the atmospheric seeing. As shown in Eq. (4),
the LGS images are convolved by the quadrature sum of the seeing (both up and down) and
the charge diffusion of the pixels. In most cases, the charge diffusion (half the pixel scale) is
significantly larger than twice the seeing, and so is the dominant term. Increasing the seeing can
increase the truncation of the LGS images, increasing the bias due to truncation, but can also
blur out the structure of the sodium layer, reducing another of the bias terms. As shown in Fig.
11(b), there is little dependence of the LGS WFS aberrations on the seeing over the expected
range of seeing.

4.8. Centroiding algorithms

We compare using the correlation track algorithm [15] for determining the displacements of the
LGS images with the center-of-mass centroid algorithm used previously. The correlation track
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algorithm works by correlating the L GS image with a reference image for that subaperture. We
have chosen to use the LGS images as the reference images, but with each reference image
shifted such that the center-of-mass of the reference image is zero. The displacement of each
subaperture is then found by shifting each subaperture image from its zero mean position to
where the centroid from the correlation algorithmis zero.

Simulations using the correlation track and center-of-mass centroiding yielded LGS aberra-
tions of exactly the same magnitude. The reason for this is that we are driving the centroid to
zero, and the centroid will be zero when the LGS imageis equal to the referenceimage. But the
reference image has zero center-of-mass centroid, so the correlation track algorithm will give
the same centroid as the center-of-mass centroid. The same result will be true for the matched
filter algorithm [16] for finding the subaperture displacements, because the reference images
will still be truncated, and the true center unknown.

The correlation track method does improve the linearity of the wavefront sensor response,
and consequently it is possible to drive the correlation centroid to zero more quickly than the
center-of-mass centroid.

5. Other LGSAO systems

In this section, we apply the model for the LGS aberrations derived in Section 3 to the Palo-
mar LGS AO system, and the planned Keck | and TMT LGS AO systems. In particular, we
are interested in determining how the aberrations vary with telescope diameter for a centrally
projected laser.

5.1. Palomar

The 5.1 m Hale telescope at Mt. Palomar has a centrally projected laser [11]. The LGS WFS
is a Shack-Hartmann with 16x 16 subapertures. Each subaperture has a quad-cell detector with
pixelsof dimension 1.2” for aFOV of 2.4”. There are 241 active subapertures. Using our model,
we calculatethe total low order L GS aberration expected for Palomar to be 5 nm. The only non-
zero coefficient of the first 30 Zernike polynomialsis spherical aberration which is 5 nm. For
Palomar, the LGS aberrations are insignificant, due to the central projection of the laser and the
small aperture size.

52. Keck| LGSAO

Keck | will project the laser from behind the center of the secondary mirror. We consider the
CCID-56 detector, which has 8x 8 pixels with a projected size of 0.6” asthe WFS CCD. There
is asquare field stop of 4.8” a side. Because the laser is projected from behind the secondary,
there is no dependence of the aberrations on pupil angle, and instead we tabulate the LGS
aberrations in Table 1. Most of the low order Zernike coefficients are negligible, so we only
tabulate any of the Zernike polynomials with significant power. The phase screen represented
by the sum of the low order aberrationsfor Keck | is displayedin Fig. 12.

Figure 12 shows that the LGS aberrations for Keck | are circularly symmetric at the center
of the pupil, but square symmetric at the edges of the pupil. The circular symmetry arises
from the central projection of the laser, and the square symmetry from the square field stop
(square extent of the pixels). As shown in Table 1, the only non-zero coefficients of the first
30 Zernike polynomials for Keck | correspond to Zernike polynomiasZ 17 and Z,, (circularly
symmetric), and Z14 and Zg (square symmetric). These four polynomialsare shownin Fig. 13.
If the field stop were circular instead of square, the coefficients of the square symmetric (Z 14
and Z,s) polynomialsare near zero, showing these aberrations arise due to the square field stop.
However, the circular field stop leads to a higher spherical aberration coefficient (49 nm), such
that the total aberration is greater with a circular stop than a square stop.
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Fig. 12. The simulated total low order LGS aberration for the centrally projected Keck | at
0° pupil angle and at zenith.

@ (b) (©) (d)
Fig. 13. The Zernike polynomials corresponding to non-zero LGS aberration coefficients
for acentrally projected laser: (a) Z11, (b) Z14, (€) Z22, and (d) Zog.

Table 1. LGS aberrations in Zernike polynomials for the Palomar, Keck | and TMT LGS
AO systems for the sum of two Gaussians sodium profile.

Zernike Coefficient of LGS aberration (nm)

polynomial Palomar Keck | T™MT
Z11 5 34 834
Z14 0 25 338
Zy» 0 4 42
Zo 0 7 158
Total 5 43 915

The total modeled LGS aberration of 43 nm for Keck | is significantly less than the modeled
aberration for Keck Il of 400 nm. Thisis due to the central projection of Keck | compared to
the side projection of Keck I1.

53. T™MT

The Thirty Meter Telescope (TMT) [17] will have a 30 meter diameter primary and will project
the laser from the optical axis. In order to overcome the cone effect, TMT intends to use an
asterism of six LGSs: one on-axis, and the other five equally spaced on a ring of radius 35"
[9]. Because the LGSs are so closely spaced (the difference in zenith angle between any two
LGSis << 1deg), each LGS will experience approximately the same L GS aberrations, and so
we consider here the on-axis LGS only. The proposed LGS WFSs are Shack-Hartmann WFS
of the order 60x60 subapertures. TMT will employ the radial format CCD [18], with 16x4
pixels per subaperture of dimension 0.5”. Here we assume a detector of 16x 16 pixels of 0.5”
to bound the problem. We also assume a square field stop of dimensions 8.0” x8.0”, center-of -
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Table 2. LGS aberrationsin Zernike polynomials for TMT for different sodium profiles.

Zernike Coefficient of LGS aberration (nm)
polynomial  Gaussian profile  Sum of 2 Gaussians Median profile
Z11 260 834 -163
Z14 100 338 -50
Zx» -8 a2 9
Zo 29 158 -23
Total 281 915 173

mass centroiding, and that all the subapertures within the extent of the primary mirror are active
at any one time. The modeled LGS aberrationsfor TMT under these assumptions for the three
different sodium profiles are shown in Table 2.

As for the centrally projected Keck | system, spherical aberration is the largest coefficient
for TMT, followed by Z 26, Z14 and Z»,. These four Zernike coefficients are significantly larger
for TMT than for Keck | which is due to the much larger telescope diameter for TM T, meaning
that the LGS viewed by the subapertures furthest from the center are more elongated.

NFIRAOS has a stringent total wavefront error constraint of 133 nm rms|[8]. Given that the
LGS aberrationsfor all three sodium profilesin Table 2 exceed thisrequirement, it isimperative
to correct for these aberrations. For NFIRAOS, the proposed design includes measuring with
the TT NGS WFS the focus variations arising from the height of the sodium layer changing [8].
To meet this error requirement, it may be necessary to measure these four higher order terms
(Z11, Z14, Z22 and Zog) with the fast wavefront sensor.

6. Conclusions

In this paper, we have modeled the LGS aberrations observed at the W.M. Keck Observatory,
and have used this model to characterize the parameter space that affects the LGS aberrations,
and also to predict the LGS aberrations of future LGS AO systems. In particular, we note
that the LGS aberrations are a strong function of the asymmetry of the sodium structure, and
this explains the significant difference in magnitude of the LGS aberrations between nights.
The LGS aberrations can be significantly reduced by central projection of the laser, and by
increasing the FOV of the WFS detector. For TMT, a 30 m telescope with a centrally projected
laser, the expected LGS aberrations, if uncorrected, are several times the total wavefront error
budget. Careful thought on the best method to correct for these aberrationsisrequired, including
measuring the significant high order terms (Z 11, Z14, Z22 and Zyg) concurrently with the focus
measurement from the NGS required to detect altitude variations in the sodium layer.
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