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Abstract Ground Layer Adaptive Optics (GLAO) is a recently developachnique
extensively applied to ground-based telescopes, whicmlgnabmpensates for the
wavefront errors induced by ground-layer turbulence t@getppropriate point spread
function in a wide field of view. The compensation resultsmhailepend on the turbu-
lence distribution. The atmospheric turbulence at Dome théAntarctic is mainly
distributed below 15 meters, which is an ideal site for aggilons of GLAO. The
GLAO system has been simulated for the Kunlun Dark Universeé&y Telescope,
which will be set up at Dome A, and uses a rotating mirror toegate several laser
guide stars and a wavefront sensor with a wide field of viewetpuentially measure
the wavefronts from different laser guide stars. The syssesimulated on a computer
and parameters of the system are given, which provide ddtaiformation about the
design of a practical GLAO system.
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1 INTRODUCTION

The Antarctic is considered to be one of the best places ogrthend for optical and infrared astro-
nomical observations (Lawrence et al. 2004). Dome A 7805, 7721'E, 4093m above sea level)
is located on the Antarctic plateau, which is consideredetohle coldest and driest area on Earth.
A Chinese expedition reached Dome A in 2005 and the Kunluastit station (7.8m southwest

of Dome A) was set up in 2009. The results of testing the site$tronomical observations show
that the observation conditions seem to be better in DomeaA ih other sites in Antarctica. New
plans for astronomy observations in Dome A have been brahisityissed, and the design of optical-
infrared telescopes has also been proposed following tiftéeplans. The Kunlun Dark Universe
Survey Telescope (KDUST) is one of the new telescopes (S20460) that will be set up at the
Kunlun Antarctic station.
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The plan for KDUST is to perform high-resolution image sywand precision photometry with
a wide field of view (Zhao et al. 2011). As is well known, atmlospc turbulence will have an effect
on the observations, especially when the telescope is ngikiphotometry or imaging mode. The
atmospheric turbulence in Dome A is mainly distributed bel®dm (Lawrence et al. 2006), which is
lower than the height where the telescope will be set. Thégaewill improve the seeing and ground
layer adaptive optics (GLAO) can also be used to furthersiase image quality. GLAO (Hubin et
al. 2005, Anderson et al. 2006) is different from the Conigeral Adaptive Optics System (CAOS).
CAQOS corrects for errors induced by turbulence from diffe@@titudes. Although the performance
of CAOS is diffraction-limited, satisfactory performanisdimited to a field of view of about0”.
Generally, GLAO corrects the wavefront errors induced lyugd-layer turbulence and leaves the
wavefront error induced by the high-altitude turbulencearrected. For the atmospheric turbulence
in Dome A, more thar80% of the energy in the turbulence is distributed near the groinith
GLAO, the telescope can provide good performance over a figtteof view. Section 2 describes
the parameters used in the simulation and discusses sonwetanpparts of the GLAO system.
Section 3 draws the conclusion of this paper.

2 GLAO FOR KDUST

KDUST has many important scientific objectives. It will halg to understand dark matter and
dark energy, and will also help in the discovery of new exopta. The GLAO system is designed
to increase the observation ability of KDUST. We simulate GLAO system for KDUST with
different sets of parameters, and evaluate the systemrpafe with different evaluation factors
under different observation goals. The simulation resiitsv the great potential of GLAO applied
to KDUST. A detailed information guide for GLAO is providetthe end of this section.

2.1 Scientific Goal of GLAO for KDUST

According to Wang, the scientific objectives for KDUST include: exoplanetedsion, dark matter
and dark energy. The observation mode for the scientificotibgs is a wide field survey. According
to Frieman et al. (2008), Munshi et al. (2008), Zhan et al0@@&nd Hegde & Kaltenegger (2012),
the main observation results will include precise multiecghotometry and direct imaging from
different bands in a wide field of view. The scientific aimsatatine the performance requirements
of the GLAO system, and the wide field sky imaging survey needsry uniform point spread
function (PSF) over a wide field of view. The Strehl ratio i®dgo evaluate the PSF. The Strehl
ratio is defined as the ratio of the peak intensity of the olebimage to a theoretical maximum
peak intensity in a perfect system. It is widely used to exeduvell-calibrated optical systems, such
as telescopes and microscopes. For GLAO on KDUST, the Stgblis planned to increase two to
four times, and differences in the Strehl ratio for diffenpasitions in the field of view should be less
than20%. Precise photometry of quasars, supernovae and starsxeipfegets is another important
scientific objective for KDUST. We will use full width at hathagnitude (FWHM) to evaluate the
precision of the photometry. The FWHM (full width at half niazum) is defined as the width of the
celestial coordinate range where less than half of the algtiower from the star is attenuated. It is
planned for GLAO to decrease the FWHM to less thar for the whole field of view in 70@um.

The requirement of a uniform PSF and to decrease the FWHMetsdime degree over a wide
field of view is beyond the ability of a CAOS system.

The field of view of CAOS is small (aboud”), and the image quality decreases rapidly outside
the system’s field of view. Meanwhile, GLAO projects a fewdpiistars to different areas in the
sky and receives wavefronts from them. The wavefront signalocessed and sent to a deformable
mirror (DM) to compensate for the wavefront errors inducgdusbulence. Generally speaking, the

1 aag.bao.ac.cn/Academic/xian/ppt/8.19am/wang_lifan.pdf
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Fig.1 Schematic diagram of GLAO for the Kunlun Dark Universe SyrVelescope.

signal sent to the DM is the average of different wavefrohke averaged wavefront is considered
to be induced by the ground layer atmospheric turbulencdasrsin Figure 1. GLAO makes a
moderate correction over a wide field of view. If the grouagldr turbulence has a strong effect on
its whole distribution, then GLAO will significantly imprevthe image quality over a wide field of
view (a few tens of arcsec to a few arcmin).

2.2 Parameters Describing the Atmospheric Turbulence

The performance of an adaptive optics system that depenttsyers of the atmosphere, such as
GLAO and multi-conjugate adaptive optics (MCAQ), is striynaffected by the structure and dis-
tribution of atmospheric turbulence. Detailed paramedeid distribution of the atmospheric turbu-
lence need to be measured in different layers of the atmospVith scientific instruments (such as
microthermal sensors) installed in meteorological bailkyavhere layers are defined as regions at
different heights. With this method, the velocity and tuemce strength distribution in the different
layers can be well measured. As far as we know, the atmosyptiiebbulence in Dome A has not been
measured using the above method.

We use the measurement results from Dome C (Trinquet et @8)23 our atmospheric turbu-
lence parameters. As shown from the simulation (Lascauk 0&1) and results from some early
measurements (Saunders et al. 2009; Bonner et al. 2010;Haetgal. 2010), the difference in the
atmospheric turbulence between these two sites is nofisigmi, and the atmospheric turbulence in
Dome A is even less, which is better for astronomical obsems.

Two sets of parameters are chosen to generate the atmasphrbrilence. A set of parameters
representing the average state is used to test the perfoenshihe system in the ordinary state, and
a set of parameters representing the worst state (wheredights of the free atmosphere are large
and the wind velocity is strong) is used to test the perforreand the system under severe conditions
(as shown in Tables 1 and 2). The simulation shows that thehStatio is 0.1146 for the average
state and 0.06982 for the worst state (700 nm wittequal to 30 cm), and the FWHM i51631”
and0.2407” for the average and worst states, respectively.
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Table 1 The Parameters of the Average State of Atmospheric Turbalen

Layer Height (m) Weight Wind Velocity (ms')  Wind Direction ¢)

1 19 0.8904 4 139
2 170 0.068 49 7 185
3 4469 0.034 25 15 239
4 10038 0.006 849 20 300

Table 2 The Parameters of the Worst State of Atmospheric Turbulence

Layer Height (m) Weight Wind Velocity (ms')  Wind Direction ¢)

1 22 0.5319 7 139

2 220 0.4184 10 185
3 4900 0.04255 20 239
4 10038 0.007 091 20 300

2.3 Initial Parameters of GLAO for KDUST

KDUST is an optical-infrared telescope (Yuan et al. 2013hwidiameter of 2.5m and a secondary
mirror that has a 0.625m diameter. It will perform high splatesolution and high depth sky sur-
veys. The GLAO apparatus will use a rotating mirror and arléseyenerate multiple laser guide
stars (LGSs) by reflecting light from the laser to differergas in the field of view as the mirror
rotates (Morris & Myers 2006). A wide-field Shack-Hartmanamefront sensor will then detect the
wavefronts from the different areas as shown in Figure 1.

GLAO will work in the optical-infrared bands, and the field wiew will be about20’ (much
bigger than that available from CAOS). The Strehl ratio aldHM are used as evaluation factors
for the system, and we plan to increase the Strehl ratio byertt@n two times and decrease the
FWHM to less thar0.1” over the whole field of view in 70@m. Because there are complicated
relationships among the number of actuators in the defolemaliror, the number of sub—apertures
in the Shack-Hartmann wavefront sensor, the number andigusiof the guide stars in the sky
and the correction frequencies of the system, computeration is important for saving costs and
increasing design efficiency (Jéa Zhang 2013). The Durham extremely large telescope adaptive
optics simulation platform (Basden et al. 2007) is used assouulation platform, and a system
with different parameters has been analyzed.

The GLAO system in this simulation consists of a tip-tilt roir, a quadrant detector, a de-
formable mirror, a laser device, a rotating mirror, a Shatdkrtmann wavefront sensor with a wide
field of view and a science camera. The initial parameterfistiesl in Table 3. This is a CAOS, and
we will change its parameters in steps according to our reqénts. Then we can develop a GLAO
system that satisfies our needs. Because there are manygtarathat need to be defined, the sys-
tem simulation has been divided into two stages. The first@etermine the static parameters of the
system. In this stage, the LGSs will be assumed to be mossifjest like multiple LGSs, which are
distributed in different positions in the sky), and the @alesystem’s working frequency is 300 Hz.

The second stage is to determine the dynamical paramettrs efstem. Here we analyze the
frequency matching problem between the frequency of cbaréor the system (not including the
rotating mirror) and that of the rotating mirror, and theiogl working frequency of the overall
system (with the rotating mirror).

The wavelength of the LGS is 430n, the wavelength of the natural guide star (NGS) is 600
and the wavelength for the science camera isi20We will use a pair of dichroic filters to divide
the light from different targets as needed.
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Table 3 Parameters of the Initial System

Device Parameters

Natural Guide Star 5 to the center of the field

Laser Guide Star No laser guide star
Quadrant detector Ideal detector
Tip—tilt mirror Remove the tip-tilt directly measured

by the quadrant detector
Deformable mirror 1% 11 actuators

Gaussian profile response
Wavefront Sensors 2411 subapertures

Shack-Hartmann type
Control method Modal method

2.4 Simulation for Different Sets of Parameters DescribindsLAO

There are many parameters that affect the final system peafore, and the relation between the
system performance and the parameters is complicatechécisssary to perform simulations with
different sets of parameters. The initial parameters (a#/slin Table 3) will be sequentially altered
to satisfy the correction requirements of GLAO.

2.4.1 Number and positions of guide stars

An NGS is used to sample the tip—tilt induced by the atmospharbulence in this system. Its
position, number and magnitude are important, but it cabealesigned. The average case for the
NGS is considered in the simulation. The NGS(¥ to the middle of the field of view and has a
magnitude of 10 in the 500 nm band.

There are two types of LGSs: the Rayleigh LGS and the sodiurg.LThe Rayleigh LGS is
produced by the Rayleigh scattering of the laser in the gima®. It is a much simpler and less
costly technique, but it is only effective at a lower heightpared to the sodium guide star, and
it cannot sample the atmospheric turbulence at a high |8Bgzause the atmospheric turbulence
in Dome A is mainly distributed near the ground, the errowuice by the undetected atmospheric
turbulence at a high layer is much less than that at ordiniéeg.sConsidering the expense and
complexity of implementing an LGS, the Rayleigh LGS is chof® the GLAO system.

For the GLAO system, the number and positions of the LGS haffact on the overall system
performance. The LGS should be properly placed to cover ¢he dif view. Over the field of view,
the number of LGSs affects the uniformity of the PSF. Figuikugtrates the relation between the
number of LGSs and the Strehl ratio.

GLAO in KDUST has the particular characteristic that the emof guide stars will decrease
the overall system frequency, because the wavefront sér@soto sample the wavefronts from all
guide stars. For this reason, the number of guide stars Hass o greater than four. The positions
of the four LGSs and the NGS in GLAO for KDUST are shown in Tahle

Table 4 LGS and NGS Positions in GLAO

Guide Star Distance to the
Type center of the field
NGS 30 arcsec
LGS a 0.5 arcmin
LGS b 2.5 arcmin
LGS c 5 arcmin

LGSd 7.5 arcmin
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2.4.2 Determination of the static parameters

The GLAO control method used in this simulation is the modaltool approach. The first 10 Zernike
polynomials in Noll's sequential indices (Noll 1976) withigpistons are corrected. The problem of
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matching the number of DM actuators with the number of wawsfsensor (WFS) sub-apertures
in GLAO is also considered. When the system is operating,qfahe WFS may only be used to
sample the wavefront and the DM used to correct the abensatfome of these cases are simulated
as shown in Figure 3. When more thar® of the WFS sub-apertures are illuminated and more
than 4x4 actuators are used, the system’s performance is acceptatuiording to the results of the
simulation, the system will use a WFS with:200 sub-apertures and a DM with £Q0 actuators.

2.4.3 Determination of the dynamical parameters

The LGS in this system is different from that in other GLAO tgyss, which makes the operation
of GLAO for KDUST different from that in other GLAO systemsrdinary GLAO systems will
use three to five laser devices to point to different areahénfield of view to generate LGSs.
Because the atmospheric turbulence at Dome A is distriintéte low region of the atmosphere,
the isoplanatic angle and the coherent time, which are itapbcharacteristics in adaptive optics
systems, are larger than those in other sites on Earth. Téralbgystem operating frequency can
be lower than that of GLAO systems in other sites. A laserakand a rotating mirror are used to
generate the LGSs. There are two disadvantages of thisisytte limitation of the frequency of the
whole system caused by the rotating mirror, and the errowdiiced by the complex mechanical and
control system of the rotating mirror and the LGS. Becaus@tlerall system operating frequency is
lower in the GLAO system for KDUST, the deterioration in rksgaused by the delay in the rotating
mirror are negligible within a certain range. The errorawnluced by the complex mechanical and
control system includes the spatial domain error and timreaio error. The spatial domain error
is caused by the nonlinearity and drift of the rotating mirla real applications, the position of
the LGS in each cycle will change, but this is not a serioubl@m. A modern rotating mirror has
high resolution (abou®.2”) and linearity (less 0%), and also accurate positioning of the LGS
is not very important, as shown from Figure 4. The time doneaior is caused by the frequency
mismatch between the rotating mirror and the WFS. The measemt of the WFS and the rotation
mirror should be synchronized. If they are not synchronizled overall system performance will
deteriorate.

As shown in Figure 5, the rotating mirror and the wavefromisee will use an external trigger
to keep them synchronous. The external trigger is a matahatdogy widely applied to the control
of the instruments and it has high precision. The mismatolblpm can be eliminated by a well
designed external trigger circuit. Although the price afrf®ayleigh LGSs is not high, it is much
higher than implementing a single Rayleigh LGS with a rogtinirror which can reflect the laser
light, effectively multiplying the number of available LGSIn addition, the volume required for
four LGS devices, including the electrical source and thiecapbench, is hard to install in KDUST
because of the limited capacity at the top of the tower, aadehuirement for high electrical power
for the laser device is also a problem in Antarctica.

When the system is operating, the laser will sequentialiptpo a few different pre—defined
positions in the field of view. Then the wide field Shack-Haatm wavefront sensor will sample the
wavefronts from different LGSs. When all wavefronts frone flour positions are recorded by the
WES, the DM will correct the wavefront according to the siginam the WFS.

The whole process is defined as a cycle and the flow chart ofyitle s shown in Figure 5.
The relationships among the exposure time of the WFS, the tiost by the rotating mirror and
the system performance are shown in Figure 6. When the degsibm frequency is larger than
200 Hz, the system satisfies our needs. Because the laserpaisatto four positions in a cycle, the
frequency of the rotating mirror should be at least four 8rtteat of the overall system. A rotating
mirror with more than one thousand Hertz is fast enough farsystem. The sample rate for our
WES is at least 200 Hz, and commonly used optical componatisfysour needs.
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Fig. 7 The performance of the final system with FWHM as the evaludtator.

2.5 The Performance of GLAO

The final GLAO system can increase the Strehl ratio by more the times and decrease the
FWHM to less thar0.1”, as shown in Figure 7, over the whole field of view in %0@. The final
system parameters are shown in Table 5.
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Table 5 The Parameters of the Final System

Device Parameters

Natural Guide 30" from the center of the field

Star magnitude 10 in 500m

Laser Guide One laser guide star

Star with a rotating mirror

Quadrant detector Ideal detector

Tip—tilt mirror Remove the tip-tilt directly measured byethuadrant detector

Deformable mirror  1& 10 actuators Gaussian profile response
Wavefront Sensors 2010 subapertures Shack—Hartmann type
Control method Modal method

Overall frequency 200 Hz

3 CONCLUSIONS

The simulation of the GLAO system for KDUST shows great ptigtifior GLAO applications with

a rotating mirror and a Rayleigh LGS. This system reduceswiik only one laser device, and
the deterioration in results caused by the delay of theingfamirror are negligible within a certain
range because of the unique distribution of the atmosphetialence in Antarctica. The problem of
synchronizing the rotating mirror with the wavefront semsmd the error contributed by the rotating
mirror, are analyzed. The reconstruction method and thee@lanethod are classical methods in this
simulation. Some of the new wavefront reconstruction mashtend control methods will be tested
and the results will be further improved by implementing tiesv methods.
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