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Abstract

Since the concept of adaptive optics(AO) was proposed in 1953, AO has become

an indispensable technology for large aperture ground-based optical telescopes aimed
at high resolution observations. This paper provides a comprehensive review of AO
progress for large aperture astronomical optical telescopes including both night-time
and day-time solar optical telescopes. The recent AO technological advances, such

as Laser Guide Star, Deformable Secondary Mirror, Extreme AO, and Multi-Conjugate
AO are focused.

Keywords: Adaptive optics, Deformable secondary mirror, Extreme AQ, Multi-
conjugate AO

Introduction

Adaptive Optics(AO) is the technology that integrates optics, mechanics, electronics,
computer technology, and automation and control technology to compensate for opti-
cal aberrations that vary with time and space. The concept of AO was derived from
astronomy to assist telescopes to overcome the effects of atmospheric turbulence dur-
ing observations. In 1953, American astronomer Babcock proposed the idea of correct-
ing optical distortion caused by atmospheric turbulence on the ground-based telescopes
[1], which is regarded as the origin of AO. However, the idea was initially considered
as science fiction due to limited development in optoelectronics and computer science
at that time. It was until 1977 that Hardy et al. constructed the first AO system capable
of correcting two-dimensional graphics [2]. Since then, due to the military demand for
space target observation and high-energy laser weapons, as well as the gradual maturity
of precision mechanics, electronics, computer technology and other related technolo-
gies, AO technology has rapidly developed over the past 50 years. In October 1989, the
European Southern Observatory(ESO) and the National Optical Observatories(NOAO)
jointly funded the development of the first civilian AO system named “Come-on” [3].
The system was installed on the 1.52m telescope of the Haute-Province Observatory in
France and achieved diffraction-limited imaging in the 2.2um band. Since then, major
economies such as China, the United States, Japan, Europe have conducted research on
AOQ technology, leading to significant achievements. Up to now, all large aperture optical
telescopes designed for high resolution imaging in the world have been equipped with
AO systems. However, the scientific objectives of large telescopes necessitate AO cor-
rection in a large field of view(FOV)(a few arcminutes) and a wide spectral range(visible

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43074-024-00118-7&domain=pdf
http://orcid.org/0000-0001-8571-8502

Rao et al. PhotoniX (2024) 5:16 Page 2 of 52

to mid-infrared), which poses significant technical challenges. To meet these chal-
lenges, multiple AO systems, such as Multi-layer Conjugation AO (MCAO) [4], Multi-
object AO(MOAO) [5], Ground Layer AO(GLAO) [6], and different systems have been
designed in accordance with different scientific goals. Some of the employed technolo-
gies are beyond current technical capabilities and can only be implemented gradually.
AO techniques have been developed over the past half century and routinely used in
large aperture ground-based optical telescopes for more than 30 years. Although this
technique has already been employed in a number of applications, the basic setup and
methods have remained the same for the past 50 years. In recent years, AO is experi-
encing a dramatic boost as a result of the rapid development of artificial intelligence.
Nowadays, Machine learning provides improvements in almost every AO-related area.
Prominent reviews by experts such as Peter Wizinowich on AO in astronomy [7],
and Stefan Hippler on AO for Extremely Large Telescopes [8] provide comprehensive
insights. Additionally, Guo & Rao’s review focuses on intelligent AO [9], and for a his-
torical perspective on Sodium Laser Guide Stars (LGS), d'Orgeville & Fetzer’s 2016 over-
view and review is available [10].

In this paper, the AO developments for astronomy are introduced. We will pay more
attention to recent developments in AO technology, such as LGS, Deformable Second-
ary Mirror(DSM), Extreme AO(ExAO), and wide field AO. Finally, we describe the
developing AO systems at three 30m class extremely large telescopes and two 4m solar
telescopes.

The principle of AO

Without any aberration, the wavefront originating from an astronomical object is ini-
tially a plane wave before it enters the earth’s atmosphere. However, the refractive index
of air varies in space and time, affecting the light speed as it passes through the atmos-
phere and causing distortion of the wavefront [11]. AO technology compensates for
these atmospheric effects, allowing ground-based telescopes to achieve their theoretical
diffraction-limited resolution. With the use of AO, high angular resolution has become
a crucial tool for investigating and comprehending the universe over the past two dec-
ades, especially when combined with the world’s largest telescopes and state-of-the-art
scientific instruments. The concept of AO is illustrated by the simple schematic in Fig. 1.
A distorted wavefront enters the telescope and is reflected off by a fast tip-tilt mirror and
a deformable mirror(DM). A portion of the light is directed to a wavefront sensor(WES)
to measure the distortion. The motion can be corrected by the fast tip-tilt mirror. The
DM applies higher-order corrections, which can be performed by the same mirror if it
has enough stroke or is mounted on a fast tip-tilt stage. The result is a corrected wave-
front transmitted to the science instrument, such as a high-resolution camera, allowing
ground-based telescopes to achieve their theoretical diffraction-limited resolution by
compensating for the blurring effects of the earth’s atmosphere.

Key technologies in AO system
The key AO technologies, to be discussed next, include: DM, WES and guide star(GS).
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Fig. 1 AO concept. The light from the telescope is reflected off a fast tip-tilt mirror and a DM before

being split between the WFS and the science (high-resolution) camera. The image motion and wavefront
distortions are computed by the tip-tilt and wavefront control systems and are applied to the tip-tilt and DM,
respectively

Deformable mirror

Wavefront correctors change the wavefront of the incident beam, which can be
achieved by transmission or reflection, with reflection wavefront correctors being
the most commonly used. In addition, wavefront correctors can be divided into two
categories: fast tip-tilt mirrors and DM, depending on the form of optical wavefront
aberration introduced or compensated for. The fast tip-tilt mirror is used to correct
the overall tilt of the wavefront by deflecting the mirror. Its main function is to elimi-
nate jitter in the imaging spot caused by external disturbances such as atmospheric
turbulence or device instability, and it requires a response rate ranging from several
hundred to several thousand Hz. The remaining wavefronts with relatively complex
spatial shapes require to be corrected by DM, whose mirrors are driven by numerous
actuators to produce a controlled and complex deformation. Since 1953, when H.W.
Babcock first proposed the idea of AO technology [1], the structural form of DM of
AO systems has gradually evolved from the initial “Ediophor” oil film model to a vari-
ety of mirror structural forms such as flat, spherical or aspheric integral mirrors. A
variety of optical devices are available, including piezoelectric, electromagnetic and
electrostatic actuators, and reflective and transmissive modes of operation. Below, we
will briefly introduce several typical DMs. The schematic diagram of the piezoelectric
stacked DM, the MEMS DM, the bimorph DM and the voice-coil motor-driven DM
are shown in the Fig. 2.

The piezoelectric stacked DM has a wide application range, characterized by a stable
structure, good surface quality, high damage threshold, high resonant frequency of the
driver. In recent years, the main development direction is to develop DM with a large
number of driving units to meet the needs of large ground-based telescope systems
[12-14].
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Fig. 2 a The Piezoelectric stacked DM, b The Bimorph DM, ¢ The MEMS DM, d The voice-coil motor-driven
DM

MEMS DMs are compact, highly integrated, cost-efficient in mass production, and
pivotal for the miniaturization and integration of AO systems. Due to the relatively
mature technology development in the past, hundred-cell devices have basically
achieved commercial applications. In recent years, large-scale multi-cell devices have
become the primary focus of technical research direction [15].

The Bimorph DM is an ideal low-order aberration correction device because of
its large low-order correction range, high damage threshold and relatively low cost.
However, the number and caliber of its units are limited by the manufacturing pro-
cess, and it is basically aimed at the application of small and medium-sized caliber,
100 units level AO system within 50mm. Recent research has been attentive to
expanding the application to large calibers [16—18].

The voice-coil motor-driven DM has a large stroke, can simultaneously correct
tilt and high-order errors, and has no rigid connection between the mirror and the
driver. It has improved maintainability and strong resistance to driver failure. Most
voice-coil DM are used in DSM AO system. It will be an important technical route for
the future large-aperture telescope AO system [19-21].

Traditionally, special deformable mirrors (including tip-tilt mirrors) and relay
optics are usually installed at the post focus of a telescope, independent of the tel-
escope optics. This configuration results in a complex imaging system with low
throughput and high heat dissipation. The concept of DSM integrating the telescope
and AO system. The multiple mirror telescope (MMT) was the first DSM-based tel-
escope, following the large binocular telescope (LBT), Magellan telescope (MT) and
the UT4 of the very large telescope (VLT). These large-diameter adaptive telescopes
were all based on the voice-coil DSMs(VCDSMs). These telescopes have successfully
demonstrated the advantages of DSMs, such as high optical throughput, compact vol-
ume, and wavefront correction for different foci. In the context of medium-aperture
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telescopes, the team from IOE demonstrated the feasibility of piezoelectric DSM
(PDSM) for astronomical observation. The structure of the PDSM is much simpler
than the VCDSM, eliminating the need for additional position sensors, local electron-
ics, or active thermal control. The detail description of the DSM are summarized at
typical AO system section.

Wavefront sensor

Wavefront sensing is one of the three core technologies of AO systems and servers as
the basis for wavefront control. According to their underlying operating principles,
wavefront sensing techniques can be broadly classified into three categories: intensity-
based inverse phase sensing, wavefront slope or curvature-based wavefront sensing and
interference-based wavefront sensing. Wavefront sensing techniques applied to AO
systems are mainly focused on the first two, as they provide support for high-perfor-
mance wavefront control through accurate wavefront detection. The Shack Hartmann
WES(SHWES), Pyramid WES(PWES), Curvature WES(CWEFS)are the more commonly
used WES in astronomy. The information of WEFS used at typical AO systems are listed
at Table 1. The schematic diagram of those WFS are shown at Fig. 3.

By splitting the subaperture, SHWFS achieves the detection direction of the local
light field, then the overall wavefront distribution of the input wavefront is obtained by
a reconstruction algorithm. The PWES is developed based on the Foucault knife inspec-
tion technique, which has the advantages of high optical energy utilization and high sen-
sitivity, and when used with fast modulator can achieve large dynamic range and highly
sensitive wavefront detection, therefore, it is widely used in the field of astronomical
observation. In order to achieve wavefront detection, the CWES is based on the effect of
phase distortion on the light intensity during transmission. The process entails focusing

Table 1 The WFS used at typical telescope’s AO system

Telescope WFS #Arrays Frame rate
LBT PWFS 30 x 30 1000
MagAO-X PWEFS 28 x 28 3630
Subaru PWFS 50 x 50 3600
Keck VPWES and IRPWFS 20 x 20 700
Gemini Planet Imager PWEFS - 2000
Keck Planet Imager and Characterizer PWFS - 1500
GMT LTAO: SHWFS LGS 6 x 60 x 60 2000
NGAO: NGS 2%x92x92
GLAO: SHWFS 24 x 24
University of Hawaii 2.2-meter telescope SHWEFS 16 x 16 2000
MMT SHWEFS: 12 x 12 1000
VPWES,IRPWFS
E-ELT LO: SHWFS 2x2 1000
HO:PWFS
GTC SHWEFS 20 x 20 2000
VLT SHWFS 4 x40 x 40 1000
T™T NGS: PWFS - 800
LGS:SHWFS 6 x 60 x 60

1.2m Euler Swiss telescope SHWEFS 11 x 1 1800
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Fig. 3 Schematic drawings of the three main WFS working principles. (@) SHWFS, (b)PWFS, (c) CWFS

the wavefront to be measured through the lens and then to obtain phase information
by using the intensity distribution on the two symmetrical out-of-focus surfaces located
before and after the focal plane of the lens. As a popular WFS, SHWEFS has now achieved
detection resolutions of up to 128x128 arrays [22] and is more often used in astronomi-
cal applications for mirror error detection in collocated mirrors, such as the collocation
of large-aperture telescopes like the Thirty-Meter Telescope(TMT), European Extremely
Large Telescope(ELT), Giant Magellan Telescope(GMT) [23, 24]. SHWES are also usu-
ally used at the solar AO system. In solar observation, WFS has to work on low contrast,
extended, time-varying objects such as solar granulation. PWFS, on the other hand, has
a tendency to replace SHWFS and become the mainstream choice of the WES at AO
system mounted at large-aperture telescope.

As emerging wavefront sensing techniques, deep learning wavefront sensing technol-
ogy and light field wavefront sensing technology have also drawn the attention of many
scholars in recent years, these technologies are expected to overcome many challenges
posed by traditional sensing techniques, such as super-resolution and fast high-resolu-
tion wavefront recovery. The most representative work is the large-scale 128 cameras
array built by Wilburn and Joshi at Stanford University [25], which improves the imaging
resolution, dynamic range and other information by taking images of the same scene
from different angles to obtain the performance simultaneously, surpassing the capabili-
ties of conventional wavefront detection. In 2005, Ren et al. proposed a super quadratic
light field detection method [26], which places an array of microlens in front of the sen-
sor array, thus enabling the camera to capture scenes with different FOV and recover
images of each depth of field. This method significantly reduces the size of conventional
light field detection equipment and enables the first handheld light field camera. How-
ever, the main problem with light field measurement methods using camera arrays and
those using microlens arrays is the inability to combine high spatial resolution with
high FOV sampling rate, a contradiction that Veeraraghavan resolved by inserting a
mask plate into a regular camera [27]. This frequency multiplexing technique converts
the image into the frequency domain for acquisition. Marwah et al. at the MIT Media
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Lab obtained higher spatial resolution by combining compressed light field acquisition
methods [28]. In conclusion, wavefront sensing technology is not only an important part
of AO systems, but also a key aspect of many optical detection techniques. It is believed
that more efficient, convenient as well as robust wavefront detection techniques will
emerge in the next technological development to continuously promote the develop-
ment of optical manipulation technology.

Guide star

AO systems on telescopes rely on sufficiently bright stars in the sky as GS, enabling the
measurement of wavefront aberration caused by the atmosphere for a reasonable correc-
tion performance. AO systems use two types of GS: natural guide stars(NGS) and LGS.
NGS are astronomical sources which are bright enough, and compact enough, to be
used to measure the wavefront. Most often these are stars but angularly small extended
objects like planets, moons and asteroids in our own solar system or the bright core of a
galaxy (e.g. an active galactic nuclei) can also be used depending on the type of WES. In
the early days, AO systems used bright natural stars, such as Sirius, as GS, called NGS,
to produce diffraction-limited correction within the isoplanatic patch. This requirement
strongly limits the sky coverage defined as the sky field which can be emitted to create
artificial bright stars, called LGS. LGSs are bright and can be produced in any patch of
the sky. At present, there are three main types of GS: NGS, Rayleigh LGS, Sodium LGS,
as shown in the Fig. 4.

The three-dimensional characteristics of atmospheric turbulence determine that wide
FOV imaging observations require multidirectional detection and correction of the
aberration introduced by atmospheric turbulence. 3D wavefront sensing requires multi-
ple GSs within the FOV. Due to its brightness and distribution issues, NGSs are difficult

' *
100 kkm um guide star

Sodium
layer

90 km
Unprobed

atmosphere
turbulence

eigh guide star

Laser launching
Telescope

Fig.4 Guide stars for AO systems
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to be used for wavefront detection, so LGS technology is widely used in the field of wide
FOV high-resolution imaging.

In 1979, the backscattering signal from atmospheric irregularities was used as a refer-
ence beacon for the first time by V P Lukin [29]. In 2019, four Sodium LGSs are suc-
cessfully implemented by using one small-aperture launching telescope on the 1.8m
telescope [30]. Four quasi-continuous-wave(QCW) 20W level beamlets with kHz repe-
tition-rate and hundred us pulse duration were projected up to the sky successively and
produce different LGS constellation on a 40’, including linear, parallelogram, rhomboid
and square, shown in Fig. 5. Compared with the GeMS, five continuous-wave(CW) LGS
system at Gemini South observatory [31], the Rayleigh parasite noise and the fratricide
effect on the WES were eliminated by controlling the pulse synchro system, as a result

acquiring higher spatial resolution.

Typical AO systems

The architecture of an AO system determines its performance. According to the differ-
ent needs for correction capabilities, a variety of AO architectures have been developed,
including traditional AO system, EXAO and wide field AO technology. The following is a
brief introduction to these AO architectures.

Traditional AO
Traditional AO detects the accumulated wavefront aberrations of atmospheric turbu-
lence in a certain direction of the detection beacon, and sets DM at the pupil surface
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Fig.5 Images of Sodium LGS clusters and Rayleigh scattering with different configurations
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to conjugate and correct the corresponding wavefront aberrations. Due to the anisopla-
natism of atmospheric turbulence, the corrected FOV of traditional AO is limited. Only
the central FOV has effective correction, whereas the imaging quality of other fields rap-
idly decreases. In recent years, the unit technology in AO systems has been developed
to a certain extent, particularly in the field of GS and the DM. Here we focus on the LGS
AO and DSM AO.

LGS AO
In pursuit of higher imaging quality, many large aperture telescopes are equipped with
the LGS AO system. Table 2 lists the typical ever-built astronomical LGS AO systems.

The Rayleigh LGS makes use of 532nm green laser-induced incoherent Rayleigh back-
scatter from air molecules. Rayleigh LGS can be generated at altitudes of up to about
20km [32]. Because of its low height and cone effect, it can only be used to correct the
wavefront aberration from the lower atmosphere. Cone effect, also known as the focal
anisoplanatism, introduces errors due to the limited altitude of atmospheric sampling
and projection effects brought on by conical illumination rather than cylindric illumi-
nation. As a result, the Sodium LGS was later developed [33]. There are many metal
atoms in the atmospheric ionosphere at altitudes of 80-105km, among which Sodium
atoms are highly abundant and can emit strong Sodium D2 line fluorescence. They are
excited by resonance with the corresponding wavelength of 589nm yellow laser. These
Sodium atoms will produce strong back fluorescent radiation, which is called Sodium
LGS. Because of its high generation height(close to the top of the atmosphere) and
high brightness, it can well correct the wavefront distortion caused by the nearly entire
atmosphere. Consequently, the Sodium LGS has become an advanced beacon source for
the development of AO telescopes.

The earliest Rayleigh LGS AO system experiment was carried out by the US Air Force
on a 1.5m telescope built in 1982 at the Starfire Optical Range [34]. The system employed
a copper vapor laser with a wavelength of 530nm and a Rayleigh beacon is generated at
the height of 10km of which sampling thickness is 2.4km. The University of Illinois See-
ing Improvement System(UnISIS) is a LGS AO system operating at the 2.5m telescope at
Mount Wilson Observatory. It is the first astronomical system to employ a Rayleigh LGS
at 351nm [35, 36]. The system started construction in 1994 and successfully conducted
an open loop test in 2002.

During the summer of 1982, that the concept of Sodium LGS created in the Sodium
layer at 90km can be used for atmosphere turbulence detection was proposed in the
revised version of the Jason reports written by W. Happer [37]. In 1997, a Sodium LGS
AO system with turbulence high-order compensation at Shane telescope was conducted
by C. E. Max [38]. The Sodium LGS was pumped by a tunable dye laser, which pro-
jected 18W of average power with a pulse repetition frequency of 11KHz, the photon
return of the Sodium LGS comparable to a natural star of magnitude of 7 in V band. In
2000, the ALFA(AO with a Laser For Astronomy) with Sodium LGS was installed on the
3.5m telescope at Calar Alto, and the first science paper based on Sodium LGS AO for
astronomical observation was obtained. Soon afterwards, the Sodium LGS AO system
was installed on major 10m class ground based telescopes. First Sodium LGS AO were
installed on Keck telescope and won several scientific research achievements. The first
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generation sodium LGS AO system of the twin telescopes of Keck I and Keck II began to
run at 2012 and 2004 respectively [39-44]. The Sodium LGS was created by 6 dye laser
fabricated by Lawrence Livermore National Laboratory with a power of 12W ~14W, the
return signal of the single LGS was comparable with a natural star of a magnitude of
9.5~10.5 at V band (140~55 photons/s/cm?). The wavefront from the Sodium LGS pass-
ing through the earth’s atmosphere was analyzed by a SHWES, the sensing information
was feedback to a DM with 349 actuators, and the Strehl Ratio(SR) can be increased up
to 0.35. Figure 6 shows that the galaxy at 3.4um compensated by Sodium LGS AO sys-
tem at Keck II telescope.

A group of astronomers has obtained new data that suggest the universe is expanding
more rapidly than previously thought. They used NASA’s Hubble Space Telescope(HST)
in combination with W. M. Keck Observatory’s AO system to observe three gravitation-
ally-lensed systems [45]. This is the first time ground-based AO technology has been
used to obtain the Hubble Constant. Figure 7 shows the observation.

Meanwhile, other 8m class telescopes and some 4m class telescopes were installed
the Sodium LGS AO system, such as the Subaru telescope [46], the VLT UT4 tele-
scope of ESO [47] and the Shane telescope [48]. In 2016, two AO systems with Sodium
LGSs asterism were installed on VLT (Very Large Telescope). GRAAL (HAWK-I) is a
GLAO system which imaged at J, H, K band with 7.5arcmin FOV [49, 50]. GALACSI
can be operated at both GLAO and LTAO (laser tomography AO) mode [51]. The two
AO systems share the common LGS launch system with 4 sodium LGSs. For LTAO,
the 4 Sodium LGSs in different sight detected the turbulence, which can be sepa-
rated beyond the isoplanatic angle, but their beams should still overlap at the highest
turbulent layer, the reconstructed volume is then collapsed along the third dimen-
sion and finally projected onto a single DM, delivering near diffraction limit across a

Fig. 6 The photograph of galaxy obtained by Keck Il with Sodium LGS AO corrected. The magnitude of
the LGS is nearly 14, the SR after compensation is 0.7, the resolution reached to 0.081arcsec (Adapted with
permission from [39], copyright the American Astronomical Society)
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Fig. 7 Keck AO system was used for the first time to obtain the Hubble Constant by observing three
gravitationally lensed system, including HE0435-1223 (https://phys.org/news/2020-09-solar-teles
cope-gregor-unveils-magnetic.html)

narrow field with a FOV of 7.5” 4 copies of 40x40 Shack-Hartmann WEFSs track the
4 LGSs which driven secondary deformable mirror compensate the turbulence with
1170 actuators, the SR at 650nm can be reached to 0.1.

Figure 8 presents the results obtained with the VLT/MUSE Integral Field Spectro-
graph fed by the 4 LGSs and its laser tomography AO module GALACSI in 2019. The
unambiguous detection of not one but two Ha signals around PDS 70 are discovered.
One is at the location of planet b, confirming the presence of an accreting protoplan-
ets and the other one is at the gap edge to the East and is most likely a second, accret-
ing protoplanet [52].

Nowadays, the VLT has made an undisputed impact on observational astronomy.
The observations made with the VLT have for the first time revealed the effects pre-
dicted by Einstein’s general relativity on the motion of a star passing through the
extreme gravitational field near the supermassive black hole in the centre of the Milky
Way. The 2020 Nobel Prize in Physics was awarded “for the discovery of a supermas-
sive compact object at the centre of our galaxy”. Figure 9 presents the observation of
the central parts of our Galaxy, the Milky Way, as observed in the near-infrared with
the NACO instrument on ESO’s VLT (https://www.eso.org/public/news/es02017/).
By following the motions of the most central stars over more than 16 years, astrono-
mers were able to determine the mass of the supermassive black hole that lurks there.

The first Sodium LGS asterism MCAO system is GeMS developed at Gemini South
telescope [53—-57]. It uses five sodium LGSs feeding five SHWFS with 16x16 subaper-
tures to detect the high-order turbulence, driven two DMs which conjugated at 0 and
9km, while the tip-tilt aberrations detected by 3 NGSs and associated NGS WESs. The
GeMS delivers a uniform and close to diffraction limited at near infrared image with
an FOV nearly 2. The Composite image of MHO 1502 and MHO 2147 obtained with
GSAOQI/ GeMS in 2021 are shown in Fig. 10 [58].


https://www.eso.org/public/news/eso2017/
https://phys.org/news/2020-09-solar-telescope-gregor-unveils-magnetic.html
https://phys.org/news/2020-09-solar-telescope-gregor-unveils-magnetic.html
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Fig. 8 Top: VLT/MUSE detection (Ha SNR map) of both b and ¢, with to the right, the SNR versus wavelength
around the He line integrated in the corresponding color boxes (red for b and purple for ). The ellipse
overlays show the orbital radii for both companions assuming circular Keplerian orbits. Bottom left: PDS 70 b
as detected by VLT/SPHERE in K1K2. 18 Planet c is visible though not claimed at the time and called “bridge”.
Bottom right: ALMA Cycle 5350.6 GHz continuum image with contours displaying a“spur”roughly at the
location of ¢ (Adapted with permission from [52], copyright Cornell University)

Since 2003, the Institute of optics and electronics(IOE) of the Chinese Academy of
sciences(CAS) collaborated with Technical Institute of Physics and Chemistry(TIPC),
CAS has been actively involved in the development of Sodium laser technology. In
2011, we generated our first LGS with the Magnitude around 8.7 [59], after perform-
ing a D2b re-pumping test and installing a compact 37 elements LGS AO system on
the 1.8m telescope, and the first LGS AO close-loop result was achieved in early 2014,

as shown in Fig. 11.

DSM AO
The concept of DSM, also known as adaptive secondary mirror(ASM) was first pro-

posed by J. M. Beckers in 1989 [60]. By locating the DM in the optical train, the

Page 14 of 52
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Fig. 10 a Composite image of MHO 1502 obtained with GSAOI/GEMINI. The K-band filter is shown in
magenta and the H2-band filter in green. The yellow arrows indicate H2 emission adjacent to the MHO 1502
jet, which lie in the field and are unlikely to be associated with this jet. b Composite image of MHO 2147
obtained with GSAOI/GEMINI. The K-band filter is in magenta and the H2-band filter is in green. White arrows
mark the position of the different knots associated with MHO 2147. Green arrows highlight the knots that
seem to belong to another jet (designated Ad-jet) lying adjacent to MHO 2147, while yellow arrows indicate
the location of fainter knots linked to the quasi-perpendicular jet (with respect to MHO 2147) MHO 2148

number of optical surfaces is greatly reduced. As a result, lots of advantages can be
expected:

+ Higher optical throughput, less heat dissipation which would improve the scien-
tific measurements for dim of mid-IR sources [61].
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Fig. 11 The open-loop and closed-loop on J Band

« Different optical benches can share the same wavefront correction device [62].

+ DSM is the best wavefront correction device for GLAO system of large telescopes
especially those with diameters larger than 8m [63].

+ Almost no additional polarization is introduced, which plays an important role in the
study of polarization of substances such as interstellar dust [64].

+ To develop AO with DSM, the focal optical platform only needs an additional WES,

which makes the structure more compact and flexible.

Several 8~10m telescopes [65—67] already have DSMs and two of the 30m class tele-
scopes, GMT [68] and ELT [69] are also working on constructing their own DSMs or
DSM-like devices. The ELT has planned to use M4 and M5 as its wavefront correctors,
both of which are still located within the optical path of the telescope. Besides of large-
aperture telescope, medium-aperture telescopes are also advancing the DSMs [70, 71].
Details about the DSM are described in Table 3.

Table 3 Details about the DSM system at aboard

Telescope Diam No.Act. Act.Pitch  Act. Stroke(um) Act.Type Position Active
in Pupil sensors cooling
(m) required required
MMT 642 336 030 +10 vC? J J
Magellan 851 585 0.23 +20 VC N VA
LBT 9N 672 0.28 +20 VC N Vv
VLT 1120 1170 0.21 +25 VC J J
UH-88 630 204 0.14 +15 Electromagnetic X X
hybrid variable
reluctance
1.8m Tel- 320 241 0.13 +6 Piezoelectric X X
escope

2 Voice-coil

Page 16 of 52
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Some details about the DSM-based adaptive telescopes are introduced in the following
sections.

LBT

In 2010, LBT started using its FLAO system, which consists of 672 units voice-coil
DSM(VCDSM) and the PWES, to conduct high-resolution imaging observations. This
successfully pushed the images of high-resolution optical telescope to a new level: the
imaging SR of Mr ~ 9 target in H-band is up to 0.8. Additionally, it can effectively per-
form closed-loop corrections with targets as faint as Mr ~ 17 as shown in Fig. 12.

Magellan

Magellan uses almost the same VCDSM technology as LBT, but its actuator pitch
(mapped to the main mirror 0.23m) is significantly smaller than LBT (mapped to the
main mirror 0.28m). This makes Magellan not only have diffraction-limited imaging res-
olution in the near-IR band, but also performs well in the visible band. Figure 13 shows
the observation results of Magellan in the visible band, which is the highest resolution
image obtained by the optical telescope at that time [74].

1.8m telescope

Up to now, in the IOE, CAS, two generations of DSMs have been developed. Distin-
guished from the voice-coil actuators used in large adaptive telescopes such as LBT,
Magellan and VLT et al, the DSMs manufactured by IOE are based on piezoelectric
actuators. These DSMs, although having smaller strokes than VCDSMs, can effectively
match the demands of medium-aperture telescopes(2~4m) since they are less sophis-
ticated than VCDSMs. A 73 units DSM prototype from the first generation was made
and then successfully verified on-sky in 2016 on the 1.8m telescope in Lijiang Obser-
vatory [71, 75]. Hereafter, to further demonstrate the high-order wavefront correc-
tion capability of the piezoelectric DSM, a PDSM-241 was developed which enable the
1.8m telescope to obtain diffraction-limited imaging results [76]. Owing to the effective
closed-loop correction of the DSM, high-resolution images were captured by the pro-
posed adaptive telescope. One of the most significant advantages of the adaptive tele-
scope concept is its high optical throughput. To test the performance on faint GS, the
open and closed-loop I-band images for a star with a V-magnitude of 8 are shown in
Fig. 14. The peak intensity is clearly improved. In general, DSM technology will play a
more and more important role in astronomical observation in the future. More degrees
of freedom and more robust DSM technology will be the focus of future research in the
30m telescope era.

Extreme adaptive optics

Extreme Adaptive Optics(ExAO) systems are designed to provide highly precise wave-
front correction on relatively bright GS, enabling direct imaging of exoplanets around
stars [77]. These systems typically operate at faster speeds and have more actuators and
sensors than general-purpose AO systems. EXAO systems use a single on-axis star for
wavefront sensing. The SR of EXAO systems is generally greater than 80% in the near-IR
on bright GS, although image contrast is limited at small angular separations.

Page 17 of 52
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Fig. 13 The observation results of Magellan in the visible band, which is the highest resolution image
obtained by the optical telescope at that time [74]

Intensity

(b)
Fig. 14 aThe sketch of the PDSM-241. b Comparison of I-band closed-loop(left) and open-loop(right) image
of the star HIP63418(V-magnitude: 8.16)

In 1994, ExAO was first proposed [78]. Following the rapid development of AO
systems, several researchers highlighted the potential of EXAO systems combined
with coronagraphs to image exoplanets [79, 80]. Around the same time, the first exo-
planet detection was announced [81], fueling significant interest in exoplanet imaging
techniques.

Since the 21st century, ExAO has experienced rapid development. The globally rec-
ognized 10m astronomical telescopes have been equipped with ExAO: including the
GEMINI Planetary Imager(GPI) on the Gemini South Telescope and the SPHERE on the
VLT of the ESO [82, 83]. Based on ExAQ, related technologies for improving the imag-
ing efficiency of exoplanets have been proposed, and test experiments are successively
being carried out on a 10m telescope. The hardware innovations of the ExAO system
(including scientific imaging cameras, wavefront sensors, coronagraphs and DM) have
also enhanced its direct imaging capabilities of exoplanets to a certain extent. The cur-
rent high-contrast imaging AO system and the corresponding telescope are summarized
in Table 4, which includes:

Table 4 The current high-contrast imaging AO system and the corresponding telescope

ExAO Telescope Diameters WFS frequency DM units Strehl ratio Contrast
PALM-3000 Hale 5m 2 kHz 66 x 66 90%(K-band) 10-%(@0.5")
GPI GEMINI 8m 1 kHz 50 x 50 89%(H-band)  10~7(@0.75")
SPHERE VLT 8m 1.2 kHz 50 x 50 90% 1070

SCExAO Subaru 8m 3.6 kHz 48 x 48 92% 1075-10"°
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PALM-3000-P1640: High-contrast imaging AO system was installed on the 5m
Hale telescope [84]. It uses the ExAO system PALM-3000 and the integrated FOV
spectrometer(IFS) in the P1640 system to detect exoplanets. The PALM-3000 system is
composed of a 349 units AO system (which is utilized for correcting low-order large-
amplitude wavefront errors) and a 3368 units AO system (which is used for correcting
high-order small-amplitude wavefront errors) [85]. The corrected SR of PALM-3000 on
the bright star in the K-band(I < 7 magnitude star) is greater than 90%. Nowadays, the
team of PALM-3000 has conducted commissioning observations with PALM-3000 and
five visible and near-infrared science instruments. In particular, PALM-3000 has quanti-
fied the benefit of the speckle suppression technique using P1640, in terms of the faint-
est companion that can be detected with 50 confidence as a function of separation from
a star. Initial observations achieved a contrast of 107> at 0.5” separation from the star,
suitable for detecting luminous sub-stellar companions [85].

GPI: Employed on the GEMINI telescope, which has about 2500 ExAO units [86],
the output of GPI is coupled to the coronagraph system and the calibration system, and
finally high-contrast imaging is performed by IFS [87, 88]. During first-light observa-
tions in 2013, GPI achieved an estimated H band SR of 0.89 and a 55 contrast of 107 at
0.75”and 107 at 0.35” [82]. Observations of Beta Pictoris clearly detect the planet, Beta
Pictoris b, in a single 60s exposure with minimal post processing, as show in Fig. 15.

Using early generation AO systems and cameras, discoveries were exciting but sur-
veys hinted that wide Jovians were rare. Surveys have also revealed a number of brown
dwarf companions, highlighting the challenge of distinguishing substellar companion
type in direct imaging. The newest ExAO are optimized to look for fainter and/or closer
companions. These new instruments have only revealed a few more planets than previ-
ous generation instruments. GPI presented the discovery of a brown dwarf companion
to the debris disk host star HR 2562 in 2016 [89]. This is the first brown-dwarf-mass
object found to reside in the inner hole of a debris disk, offering the possibility to search

GPI H Band Nov. 2013 60 sec

’

Fig. 15 RGB color composite of a single 60s H band(1.5-1.8 um) GPl image [82]
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K2 band — 2016 Feb 25~

Fig. 16 HR 2562B observed with GPI ( Adapted with permission from [89], copyright The American
Astronomical Society)

for evidence of formation above the deuterium burning limit in a circum stellar disk, as
shown in Fig. 16.

SPHERE: Installed on the VLT telescope, the number of ExAQ unit is about 2000 [90].
The high-contrast imaging optical path is divided into 3 parts including [91, 92]: a near-
infrared IFS and visible band polarization imaging system ZIMPOL, and an infrared
polarization spectrum differential imager(IRDIS) for spectral differential and polariza-
tion differential optical channel imaging. In the case of excellent atmospheric seeing, the
SR of SPHERE after closed-loop correction is 90% for stars with a magnitude less than 9
in the near-infrared band, with a correction frequency of 1.5 kHz.

The SPHERE system seeks to detect extremely faint sources(giant extra solar planets)
in the vicinity of bright stars. Such a challenging goal requires the use of a very-high-
order performance AO system, a corona graphic device to cancel out the flux com-
ing from the star itself, and smart focal plane techniques to calibrate any coronagraph
imperfections and residual uncorrected turbulent or static wavefronts. The detection
limit for the SPHERE instrument is 107° (i.e, 15 magnitudes between star and the planet)
with an aim of around 108 [93].

New brown dwarfs have also been discovered with SPHERE, several in an interesting
class of sources that orbit interior to debris disks. SPHERE used the IRDIS dual-band
imager and the IFS integral field spectrograph to acquire high-contrast coronagraphic
differential near-infrared images and spectra of the young A2 star HIP 65426 [94].
SPHERE characterized the orbital and atmospheric properties of PDS 70 b in 2018 [95].
SPHERE also obtained high-contrast H-band images of the circum stellar environment
of the F5V star HD 206893, known to host a debris disc never detected in scattered light
[96]. The images are shown at Fig. 17. The detection of a low-mass companion inside a
massive debris disc verifies this system an analog of other young planetary systems such
as B Pictoris, HR 8799 or HD 95086 and requires now further characterisation of both
components to understand their interactions.
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Fig. 17 a SPHERE used the IRDIS dual-band imager and the IFS integral field spectrograph to acquire
high-contrast coronagraphic differential near-infrared images and spectra of the young A2 star HIP 65426
[94]. b SPHERE characterized the orbital and atmospheric properties of PDS 70 b in 2018 [95]. ¢ SPHERE
H-band coronagraphic image detection of the companion HD 206893 B at 270 mas with a S/N of 14 [96]

SCEXxAO: It is installed on the Subaru telescope and uses the original 188-unit AO
system, then SCExAO has been upgraded with a 2000-unit AO system to replace the
original imaging system. Finally, SCExAO is designed to cooperate with various high-
contrast imaging systems. SCEXAO can be used as a test platform for the research of
high-contrast imaging technology [97, 98]. The primary motivation for such instrumen-
tation is the direct detection of planetary mass companions at contrasts of 107> -1076
with respect to the host star, at small angular separations from the host star.

Researchers recently report the new direct imaging discovery of a low-mass compan-
ion to the nearby star, HIP 109427, as shown in Fig. 18, with the SCEXAO instrument
coupled with the Microwave Kinetic Inductance Detector Exoplanet Camera(MEC)
and CHARIS integral field spectrograph [99]. CHARIS data reduced with reference star
point spread function(PSF) subtraction yield 1.1-2.4 um spectra. This work shows the

7 Oct 2020
SCEXAO/MEC
Total Intensity

Fig. 18 Total intensity image of HIP 109427 B taken with SCEXAO atY and J band where the location
of the companion has been circled in red (Adapted with permission from [99], copyright The American
Astronomical Society)
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potential for ExAO systems to utilize speckle statistics to directly image faint compan-
ions to nearby stars near the telescope diffraction-limited.

In China, the Nanjing Institute of Astronomical Optics and Technology, CAS achieved
innovative results in the research of key technologies for exoplanet detection, such as
ground-based high contrast coronal instruments and ExAO [100, 101]. In 2014, the
ExAO system developed by the team, as a guest instrument, successfully installed at the
ESO 3.6m New Technology Telescope(NTT), successfully completing test observations.
This set of ExXAO system has obtained diffraction-limited imaging in the near infrared
H-band, indicating that it has the ability to be used for scientific imaging and observa-
tion of exoplanets.

Wide field AO technology

In astronomical applications, the anisoplanatic error of the atmosphere limits the cor-
rection performance of AO system, and the corrected FOV is also constrained, usually in
the range of a few arcsec to tens of arcsec at the conventional AO system. This phenom-
enon comes from that the classic AO system can only detect the accumulated wavefront
aberration in one line of sight direction. As the detected FOV expands, light traveling in
different line of sight directions will encounter different aberrations, resulting in incon-
sistent detected aberrations. In this way, the wavefront detected based on a single line of
sight direction compensates for other aberrations, and its correction effect will gradually
degrade with the expansion of the FOV. Since the 1980s, researchers have been studying
how to break through the corrected FOV limitation of existing AO technologies. For
different applications, a variety of technical methods to expand the corrected FOV have
been developed, which are collectively referred to as wide field AO technology, including
MCAO, GLAO, MOAO, etc. MCAO technology was first systematically proposed by J.
M. Beckers in 1988 [4]. According to the characteristics of atmospheric turbulence dis-
tribution at different heights, MCAO technology proposes layered detection and correc-
tion of atmospheric turbulence to realize close to diffraction-limited imaging at a wide
FOV. The idea of tomographic detection of atmospheric turbulence in this technology
further leads to the proposal of other technologies. In view of the characteristics that
atmospheric turbulence is mainly distributed in the ground layer, F. Rigaut proposed
GLAO technology [6] in 2001 to detect atmospheric turbulence by tomography, but only
correct the turbulence in the ground layer, in order to improve the imaging quality of
the system in a larger FOV. Similarly, based on the atmospheric tomography technology,
the wavefront information of the FOV surrounding a dim target can be directly recon-
structed through the wavefront sensing of the surrounding bright stars, thus to complete
high-resolution correction. Such technology is known as MOAO when multiple targets
are reconstructed at the same time [102]. MOAO technology enables high-resolution
observations of multiple targets within a large FOV, making it ideal for spectroscopic
survey observations. A summary of the wide field AO system are listed at Table 5.

With respect to night astronomy, typical test systems include the MCAO verification
system MAD on the VLT of the southern European Observatory [103], the MCAO sys-
tem GeMS [104-106] on the GEMINI South telescope, and the layered MCAOQO system
LINC-NIRVANA [107, 108] of the LBT. After a set of MCAO technology validation
tests were completed, the MAD of VLT [109, 110] was taken out of the telescope for
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laboratory testing. Its GLAO system is now in the development stage [111]. Exemplary
GLAO performance at the VLT with Sodium LGSs was shown at Fig. 19. For the MCAO
system, MAD utilizes layer-oriented and star-oriented modes for the tomographic
reconstruction process. In the layer-oriented process, the PWES is employed for wave-
front detection, with each layer corresponding to a WFS. However, the significant cor-
rection improvements are achieved in the star-oriented mode, where each WFS observe
a GS. This mode use three 8x8 SHWESs and two DMs conjugated at 0 and 8.5 km. MAD
significantly expands the FOV to 2; achieving a FWHM of 100 mas under seeing condi-
tions of 0.7-1.2”. Meanwhile, MAD reaches a maximum SR of 40% in the Ks band, ensur-
ing good field uniformity at approximately 26%.

GeMS on GEMINI South is the first MCAO system put into routine observation and
operation. It uses five LGSs and five 16x16 SHWFSs arranged to measure the distorted
wavefront. The system employs two DMs that are conjugated at the heights of 0 and 9
km, respectively [31]. GeMS was first tested in observation in 2012 and has since contin-
ued to operate.

Since the photon return from the LGS is two to three times less than expected design,
ideal photon counts are achievable only when sodium abundance is relatively high,
making it challenging for the WFS to measure atmospheric turbulence accurately. This
results in a lower SNR for the system. Nevertheless, with the assistance of the LGS,
GeMS still expand the FOV to 85”. And in the H-band, a significantly improved FWHM
of 80 mas can be achieved. LINC-NIRVANA uses the telescope’s DSM for ground layer
correction. It can access up to 12 NGSs to obtain a FOV of 6. The high-altitude DM is
conjugated at 7.1 km and corresponds to up to 8 NGSs, the FOV at this time is 2’ The
system has verified that the ground layer correction module can double the accuracy of
FWHM.

Wide field AO system requires multiple GSs for three-dimensional wavefront detec-
tion. Targets such as sunspots and granulations on the surface of the sun can be used
as GSs. Therefore, the research on wide field AO technology for solar observation has
natural advantages. After 2000, German and American scientists successively carried
out MCAO technology experiments on 70cm aperture solar telescope VTT [112, 113]

Fig. 19 The VLT view of the planetary nebula NGC 6563 without GLAO correction(left) and with GLAO
correction using 4 sodium LGSs(right). The FOV is 1.01'x1.03'[111]
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and 76cm aperture solar telescope DST [114], and achieved preliminary experimen-
tal results. VI'T employs three DMs conjugated at heights of 0 km, 8 km, and 25 km,
respectively. The multi direction Shack-Hartmann WES(MD-WES) for high-altitude
atmospheric correction designs six subapertures, each with a detection field of 68”"x68".
Within each subaperture, 19 guide regions are selected, simultaneously detecting wave-
front aberrations along 19 line-of-sight directions. In comparison to traditional AO sys-
tems, its correction field is expanded by approximately three times. On the other hand,
DST’s MD-WES consists of 25 effective subapertures, with each subaperture selecting 3
to 4 guide regions. The conjugate height of the high-altitude correction DM is adjustable
in the range of 2 to 10 km. By achieving a correction image residual jitter variance of less
than 0.01”, a correction field of 42” is obtained.

Subsequently, the development of MCAO system was carried out for German 1.5m
aperture solar telescope GREGOR [115] and American 1.6m aperture solar telescope
GST [116, 117]. Due to the problem of telescope secondary mirror, the advances of
MCAO system of GREGOR was slow, while GST’s MCAO system was successfully
tested and observed in 2017 [118]. The first-phase experimental system mainly adopts
the conventional solar MCAO architecture, with one on-axis WES and one MD-WES.
The MD-WES utilizes 19 subapertures, and within a detection field of 85”x 85’ a maxi-
mum of 19 guide regions can be selected. Three DMs are conjugated at heights of 0 km,
2-5 km, and 6-9 km, respectively. However, the correction consistency within the large
FOV is poor at this stage. In the upgrade of the second-phase system, Clear plans to use
one MD-WFES for wavefront sensing while simultaneously controlling three deformable
mirrors for correction. The MD-WES has an array of 12x12 subapertures, with each sub-
aperture corresponding to 9 guide regions. This system achieves an ideal 53” correction
field, and the imaging consistency is significantly better than the previous experimental
system. Figure 20 shows the closed-loop observation results of solar granulations and
sunspots under different system operating modes during GST'’s first light.

The theoretical research of wide field AO in China started early. In the 1990s, Uni-
versity of Science and Technology Beijing conducted MCAOQO theoretical research [119,
120]. In the new century, many domestic institutes, including the IOE, the University
of Electronic Science and technology of China(UESTC), the Changchun Institute of
Optics, fine Mechanics and Physics(CIOMP), CAS and other institutes, have carried out
theoretical research and simulation analysis [121-127]. Nanjing Institute of Astronomi-
cal Optics and Technology, CAS has also done some research on the GLAO and MCAO
system [128-131]. Among them, IOE has successively developed GLAO and MCAO
prototype systems based on the Im NVST platform of Yunnan Observatory to compre-
hensively study and verify the wide field AO technology [132-134] as shown at Fig. 21.
Since 2018, with funding from the National Natural Science Foundation of China’s major
scientific research instrument project, the team at IOE, CAS has been working on a set
of tested MCAO systems for NVST. The system includes three working modes: tradi-
tional AO, GLAO and MCAO.

The conventional solar MCAO system mainly consists of a traditional AO and
high-altitude correction loop. This system architecture exhibits a phenomenon
where the correction effect in the middle of is significant, while the surround-
ing areas show poorer correction. The team from IOE,CAS proposed a system
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Fig. 22 Short-exposure images of sunspots before (a) and after GLAO correction (b) and speckle
reconstruction images (c)

architecture that utilizes ground layer correction along with high-altitude correc-
tion. The goal is to improve the consistency of the entire field’s correction perfor-
mance. The GLAO module of this system employs a wavefront sensor with 9x8
subapertures, extracting 9(3x3) guide regions for multi-directional wavefront sens-
ing. The high-altitude correction module utilizes a 9x9 WES, 19 GSs, and a detec-
tion FOV of 42” x37”. At present, GLAO has been put into observational operation
[135]. The observations of granulations are shown at Fig. 22. The MCAO is undergo-
ing further commissioning.

The first verification system of MOAO is CANARY installed on the 4.2m telescope
WHT [136]. It consists of 8 x 8 piezoelectric laminated DM(conjugate with pupil) and
a high-speed tip-tilt mirror. Since MOAO is an open-loop control system, the system
includes four WFESs, three of which are used for atmospheric turbulence tomography
and the fourth is used to detect the corrected wavefront. In addition, Subaru Telescope
is also carrying out MOAO technology research [137] and developed the demonstration
system Raven [138, 139], which has been placed under trial observation. The system can
work in three AO modes: traditional AO, GLAO and MOAO [5].

Typical AO applications

Night-time astronomical AO system

For hundreds of years, astronomers have been looking forward to solving the problem of
atmospheric turbulence interfering with astronomical observation. As mentioned above,
the “Come-On” project started by the ESO in 1985 is the earliest astronomical AO pro-
gram in the world. Its goal is to provide diffraction-limited resolution imaging technol-
ogy for ESO’s 8.2m VLT telescope [3]. At April 1989, The AO corrected astronomical
target image is obtained for the first time at Haute-Province Observatory in France by
using 19 units DM and SHWES. This is the first step of “Come-On” project [140]. Sub-
sequently, from December 1992 to April 1993, high-resolution imaging of astronomical
targets in the infrared band was achieved with 52 units DM and 32 subapertures Hart-
mann sensor on the 3.6m NTT [141]. Following those early successes, observatories in
various countries started AO research one after another. French astronomer Roddier
proposed a new concept of detecting wavefront with curvature sensor and correcting
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wavefront with double sheet DM [142], so as to realized astronomical target correction
on the 3.6m aperture CFHT telescope in Hawaii in June 1992. After the initial break-
through of astronomical AO, in the early 1990s, the U.S. military began to decrypt
its AO technology, and most large telescopes in the world have established teams to
develop AO systems. At that time, a number of large telescopes of 8m ~ 10m level, such
as Keck [143], VLT [92], Subaru [144], Gemini [31], etc., are eager to equip with AO sys-
tem, which bring the great development of AO system. A summary of the developed AO
systems and properties in the night-time astronomical telescopes above 2m class up to
2021 was listed at Table 6.

The research on AO started early in China. The IOE, CAS began AO research in 1979,
set up the AO research laboratory in 1980, and independently established the techni-
cal basis of AO for more than 40 years [145]. In 1982, China developed its first DM: a
7 units piezoelectric DM. At present, more than 10 sets of ground-based high-resolu-
tion observation AO systems for night-time astronomy have been successfully accom-
plished. In 1990, a set of 21-element AO system was developed for 1.2m telescope at
Yunnan Observatory [146], in which the central aperture with 375mm diameter was
used. In 1996, a 21-element AO system had been built and installed at the 2.16m tel-
escope of Beijing Astronomical Observatory for high-resolution observation in K band
[147, 148]. A 61-element AO system at the 1.2m telescope of Yunnan Astronomical
Observatory had also been constructed for observation in visible band in 2000 [149,
150], then this system was upgraded in 2004 [151]. In 2009, a 127-element AO system
had been developed for 1.8m telescope [152, 153]. In 2020, the first light on 4m tele-
scope with 913-element AO system has been achieved. During this time, Nanjing Insti-
tute of Astronomical Optics and Technology, CAS has also carried out some research
on ExAO system [100, 101, 154] and MCAO techniques. The CIOMP conducted some
research on wavefront sensing and correction. Taking the advantage of the tens of thou-
sands of pixels of liquid crystal correctors, the team achieved a breakthrough in the
key technology of liquid crystal AO system for large aperture visible light imaging tel-
escopes [155].

With the increase of the telescope aperture, the AO system encounters several dif-
ficulties: the quantity of wavefront corrector units is greatly increased, the CCD for
wavefront detection is developing to large-scale, high-speed, low noise and high quan-
tum efficiency, the processing capacity of digital wavefront processor is significantly
improved, and Na beacon is widely used. In the 21st century, the extremely large astro-
nomical telescope program with an aperture of 30m ~ 40m has been launched. Cur-
rently, three extremely large astronomical telescopes are under design, namely TMT
[156], ELT [157],GMT [158]. The technologies to be solved in the AO system of super
large telescope include: tens of thousands to 100000 units DM (piezoelectric and
MEMS), DSM, tens of thousands to 100000 subapertures SHWES and its high-speed,
low-noise and high quantum efficiency CCD detector (long strip image element sub
array in different directions is required), high-speed real-time wavefront control com-
puter, 150W Na laser, etc. Some of the techniques have been developed and applied in
the AO system, especially the LGS and the DSM techniques.
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Solar AO system

Solar activity is the source of space weather. Solar flares, coronal mass ejections and
other active regions show large-scale eruptions in the coronal layer, but their energy
accumulation, acceleration and triggering are rooted in the lower and smaller chromo-
sphere and photosphere [159-161]. The ground-based large aperture solar telescope is
still the best choice to study the sun’s fine structure and its active regions. The increas-
ingly mature AO technology ensures the high-resolution observation of the ground-
based telescope near the diffraction-limited [162, 163]. At present, the solar AO system
has become the standard configuration of ground-based large aperture solar telescopes
[164, 165]. Almost all solar telescopes with an aperture of more than 1m are equipped
with solar AO system. At the same time, the National Solar Observatory(NSO) [166], the
Big Bear Solar Observatory(BBSO) [167, 168], the German Institute of solar physics(KIS)
and the National Institute of astrophysics of Spain are all carrying out research on solar
AO technology and system development.

In terms of fundamental architecture solar AO systems are quite similar to night-
time AO systems. However, compared to night-time AO, solar AO faces a variety
of different challenges, and in some aspects, solar AO systems are technically more
difficult to implement than night-time AO. The primary challenges come from the
poor and time varying daytime seeing, and the fact that solar astronomers mostly
observe at visible wavelengths(down to 380nm), and the WFS in the AO system. Due
to heating of the ground by direct sunlight, the near-ground turbulence layer is much
stronger during the day and typical Fried parameters are of order 10cm(500nm) at an
excellent site and at a typical telescope height of 20 - 40m above ground. Despite the
solar telescopes relatively small(compared to night-time telescopes) apertures, solar
AO systems need a lot of correction elements since daytime turbulenc conditions are
worse and a lot of science is done at visible band wavelength. The solar AO systems
must achieve a very high closed loop bandwidth because of the limited value of r0 at
visible wavelengths and with daytime seeing conditions. Another challenge for solar
AO system was the development of a suitable WFS as mentioned above.

Early solar AO technology experiments were carried out on the DST of the NSO,
including the first solar AO experiment led by Hardy from 1979 to 1980 [169], the
first solar AO system based on correlation SHWES [170], etc. The successful applica-
tion of correlating SHWFS makes the solar AO becoming a standard device of the
large aperture ground-based solar telescope. The following Table 7 shows the solar
AO systems that have been used and are being used.

The Gregor telescope, developed by KIS in Germany, is the largest coaxial open
solar telescope in Europe. The effective aperture of the primary mirror is 1.5m. The
telescope successfully made its first light in 2011 [171]. In the design stage of Gregor,
the high-order solar AO system and MCAO system are fully considered as impor-
tant components. At first, the Gregor solar AO system adopted the low-order correc-
tion mode. By correcting about the first 60 Zernike mode aberrations, and operating
at 100Hz of closed-loop bandwidth, the system can only obtain the resolution near
the diffraction-limited when the seeing is better than 0.6” [172]. In 2012, Gregor
upgraded the system to a high-order AO system(GAOS256) with 256 units (the cor-
relation SHWES has 156 subapertures) [173]. Then the system can obtain diffraction
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Table 7 The solar AO systems that have been used and are being used

Telescope/AO system  NO. subapertures Numberof Sampling Hardware architecture First light
atuators frequency

76cm DST/Lockheed 19 57 2kHz Analog Circuits 1986
76¢m DST/LOAO 24 97 1.6kHz 24 DSPs 1998
48cm SVST 19 19 955Hz 566MHz Alpha 1999
76cm DST/HOAO 76 97 2.5kHz 40 DSPs 2002
70cm VTT/KAOS 36 35 955Hz 8x900MHz Sun 2002
1.5m McMath-Pierce 120~200 37 955Hz 1GHz Pentium Il 2002
97cm SST 37 37 955Hz 1.4GHz Athlon 2003
65cm BBSO/HOAO 76 97 2.5kHz 40 DSPs 2004
1.6m NST/HOAO 76 97 2.5kHz 40 DSPs 2010
1.6m NST/HOAO 308 349 2kHz DSP clusters 2013
1.5m GREGOR/HOAO 156 256 2kHz Multiple-CPU SMP 2012
Tm NVST LOAO 30 37 2.1kHz DSP and FPGA 2013
Tm NVST HOAO 102 151 3.4kHz DSP and FPGA 2015
1.8m CLST GLAO/HOAO  48/396 451 1.9kHz Hybrid FPGA and CPU 2019
4m DKIST/HOAO 1457 1600 1.97 Hybrid FPGA and CPU 2019

-limited resolution when the seeing is better than 1.2”, and can correct the first 170
Zernike aberrations at most. In November 2013, the Gregor telescope successfully
obtained the closed-loop experimental results of solar observation [174]. From 2018
to 2020, the optical system(secondary mirror and relay optical system connected with
AO), machinery and control system of Gregor telescope were further upgraded [175],
and the imaging quality of AO was significantly improved, as shown in Fig. 23.

The 1.6m solar telescope of the BBSO GST(NST previously) has successively installed
three sets of AO systems, AO76 [176], AO308 [168] and MCAO test system “Clear”
[118]. During the initial GST phase, the AO system AO76 on the original 65 cm aperture
solar telescope was installed and used. However, due to the limited correction ability,
AQ76 can only realize diffraction-limited observation in the near-infrared band and can
not give full performance of GST’s large aperture high-resolution observation. Subse-
quently, the team of BBSO cooperated with the NSO to carry out higher-order solar AO
technology research and system development. At present, BBSO has successfully devel-
oped a high-order solar AO system AO308 with 357 units DM, which was put into oper-
ation in May 2013. The observations of the high-order solar AO system AO308 at BBSO
was shown at Fig. 24 below (http://bbso.njit.edu/stuff/BBSO_AO-308_Poster.pdf).

The American 4m Daniel K. Inouye Solar Telescope(DKIST) is currently the world’s
largest solar telescope. It is finally equipped with 1600 units solar AO system, and the
number of DM units is nearly 22% more than the original plan of 1313 actuators. The
DM is developed by Northrop Grumman AOA xinetics, and the correction frequency
can reach 2KHz. The correlation SHWFS has 1457 subapertures. The AO system can
correct up to 1400 order KL modes [177]. In December 2019, DKIST was completed
and launched its first light. Its AO system, as the first light instrument, successfully real-
ized the closed loop by using the granulations of the solar photosphere as the wavefront
detection beacon under the condition of Fried’s parameter of 6cm ~ 7cm, and obtained
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Fig. 23 The high resolution imaging results at solar photosphere after AO correction and speckle
reconstruction obtained by Gregor telescope(2020.7) (https://phys.org/news/2020-09-solar-teles
cope-gregor-unveils-magnetic.html)

the high-resolution imaging results of the solar atmospheric photosphere quiet area
which was shown at Fig. 25.

Solar AO technology in China started late but developed rapidly. China began to
engage in the development of low-order tilt correction AO system in 1998 [178, 179].
Subsequently, through a series of technological breakthroughs and experience accumu-
lation, many sets of AO systems were developed and equipped for the 26cm aperture
solar fine structure telescope [180] and 1m NVST of Yunnan Observatory. Among them,
the detection frequency of the WEFS of the 37 units solar AO system can reach 2100Hz
[181], the tracking accuracy after closed-loop is about 0.04”(RMS), and the error sup-
pression bandwidth is about 110Hz. Due to the limitation of the number of wavefront
corrector, the 37 units low-order solar AO system works under the condition of moder-
ate seeing, and obtains the correction effect close to the diffraction-limited for the near-
infrared band, but the performance is insufficient in the visible band. As a result, the
solar high resolution imaging team of IOE, CAS successively solved the technical prob-
lems of solar AO system, such as high space and time bandwidth requirements, high

- ‘- b,
(a)AO open (b)AO close (c)speckle image reconstruction
Fig. 24 The observations of the high-order solar AO system AO308 at BBSO
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Fig. 25 The high-resolution imaging results of the quiet area obtained by 4m DKIST [177]

frame rate wavefront detection, high-speed wavefront real-time processing and control.
By carrying out research on high-order solar AO technology, they eventually developed
151 units solar AO system with wavefront detection frame rate of 3500Hz around 2015
[182]. The results were shown at Fig. 26. In July 2015, the system was equipped at NVST
and put into observation to obtain high resolution sunspots and granulations. Parallel
to this, a number of major technical studies and test system developments have been
made in relation to the next generation wide field AO technology. In 2016, the GLAO
system was efficiently built [132], followed by the completion of MCAO system in early
2017 [133]. In December 2019, the 451 units high-order solar AO system integrated on
the 1.8m solar telescope CLST successfully get its first light [183],as shown in Fig. 27 .
In April 2020, the high-order SHWES, composed of 396 subapertures and a 451-ele-
ment DM, was used to correct the atmospheric wavefront aberration and obtain the
near diffraction-limited observation of the solar photosphere and chromosphere.

The future of AO in astronomy
The next-generation 30m class optical/infrared telescopes, along with some 4m class
solar telescopes currently under construction, are being designed to employ AO systems.
The GMT is a 25m optical/infrared extremely large telescope which will start science
operation in mid-2023. To simplify the overall optical control challenge and provide
more pathways for realizing the exquisite imaging potential of the telescope, the GMT
incorporates a seven-segment Gregorian DSM to implement three modes of AO opera-
tion: NGS AO, laser-tomography AO, and GLAO. The DSM will be used for all operat-
ing modes of AO on the GMT, as well as for open loop operation when installed [184].
Each DSM segment will have 672 electromagnetic actuators supporting a 2 mm thick
face sheet, which provides the deformable surface for controlling the AO wavefront. The
full DSM comprises seven segments, for a total of 4,704 actuators.
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GLAO: The wavefront aberration will be detected by using multiple wavefront sensors
and compensated for by the DSM, this can improve natural seeing images over a FOV
comparable to the GS constellation size. While providing some improvement in the vis-
ible band imaging, GLAO correction is expected to be particularly useful at observation
wavelengths longer than 1 um.

NGS AO: This mode uses a single bright star to determine image distortions and
derive corrections needed to achieve diffraction-limited imaging. It is capable of produc-
ing high-quality images at wavelengths from the visible to the mid-infrared over a FOV
of 207-30” in diameter.

Laser Tomography AO: This observing mode uses a ~1" diameter constellation con-
sisting of 6 LGSs to tomographicly reconstruct the high-order components of the atmos-
pheric wavefront aberrations in the direction of a central science target. Additionally,
one faint NGS is used to measure tip-tilt, focus, segment piston, and dynamic calibra-
tion terms. The DSM will then compensate for the wavefront aberration, providing dif-
fraction-limited imaging at 0.9-25 um wavelength over a FOV limited by atmospheric
isoplanatism.

The first light instruments for the Thirty Meter Telescope (TMT) are the Infrared
Imager and Spectrograph (IRIS) and the Infrared Multi-Slit Spectrograph (IRMS). Both
instruments will take advantage of the Sodium LGS MCAO system named the Narrow-
Field Infrared AO System(NFIRAOS) to achieve high spatial resolution. One particular
feature of NFIRAOS is that it will be cooled to -30° to minimize thermal emissivity from
the optics, which can affect the quality of observations [185]. NFIRAOS is supported
on a Nasmyth platform of TMT and will provide near-diffraction-limited performance
over a FOV ranging from 10”-30”. NFIRAOS comprises six LGSs wavefront sensors, one
high-order NGS WFES for observations without LGS, and a truth WES (TWES). It also
features two DMs, one of which is mounted on a tip-tilt stage. Additionally, NFIRAOS
contains a source simulator (for natural objects and laser beacons), a phase screen and
all associated entrance windows, beam splitters, fore-optics, opto-mechanical devices,
cooling, electronics and computing systems. Furthermore, It includes test equipment,
consisting of a high-resolution WFS, acquisition camera, and miscellaneous fixtures.

MAORY is a Sodium LGS MCAO system that feeds the MICADO (Multi-AO Imaging
Camera for Deep Observations) for ELT [186]. The system is currently in phase B, and
provides a uniform and high quality SR over a FOV of 60” for wavelengths between 0.8-
2.4um. The turbulence is measured using a configuration of 6 Sodium LGSs (which will
be upgraded to 8 sodium LGSs located at the edge of a circle with a diameter of 45”) and
3 NGSs (brighter than 21 magnitude), allowing for sky coverage of the AO system up to
50%. The system will use 3 DMs for compensation. One of them is the secondary mir-
ror of the telescope, DM M4, which has 5000 actuators conjugated at several hundred
meters above the pupil of the telescope. In addition to this, there are two post-focal DMs
conjugated at 4km and 12.7km, respectively. Each post-focal DM contains at least 1500
actuators.

In solar observation, DKIST is going to be upgraded with MCAO, including the WFS
system, the real-time control system and the DM systems [187]. The WES system con-
sists of nine correlating SH-WFSs, each with approximately a 10”xX10” FOV and a frame
rate of around 2000 fps. In MCAO mode, the WES system has 41 subapertures across
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the pupil(1313 total), and the FOV is adjustable from about 30”x30” to 60”x60” depend-
ing on the turbulence profiles. The real-time control system is a cluster of ten x86-64
servers, including nine WFS nodes and one controller node. All servers are intercon-
nected with Infiniband HDR. Each sensor node is connected to one WES camera and
extracts the slope of each subaperture. The controller node adds up the results of all
WES nodes and sends commands to the DM. The real-time control system can operate
at 2000 fps in MCAO mode. The DM systems include three DMs conjugated to 0, 4 and
11.2 kilometers. The number of the DM actuators conjugated at Okm and 4km are 1600
and 1600, respectively. The actuator number of rest DM is still to be determined.

The European Solar Telescope (EST) [188] is currently under development and is
expected to be completed by 2028. With 4m aperture, EST incorporates a powerful
AO system, including GLAO and MCAO [189] to achieve the desired high spatial res-
olution. To correct for turbulence over a wide range of observing elevations, from the
zenith to nearly the horizon, a configuration of 4 high-altitude DMs is used. In GLAO
mode, the ground layer DM and a high order correlating SHWES are employed. Two
WESs are used, each with ~2000 subapertures. The subapertures have sizes of 8cm and
30cm, with a sensing field size of 10”x10”. The artificial neural networks (ANNs), which
have been used at AO system recently, is also considered to sense the wavefront error in
the MCAO test bed. To achieve the required corrected FOV of 1'X 1 the stratification
of turbulence(Cn2) with height above the telescope site is used to inform the MCAO
optical design (in particular the number and size of the conjugate high altitude DMs).
The actuators spacings of the five DMs are 8cm, 8cm, 30cm, 30cm, 30cm, for a total of
approximately ~4000 actuators. In addition, to substantially improve the optical quality
and the photon flux in the science focus, the optical design has been updated to incor-
porated a DSM. This new concept simplifies the optical design, reducing the number of
optical surfaces before the instrument suite, and results in an increase in the photon flux
by a factor of approximately 2, depending on the wavelength.

Recent work by Guo et.al. has reviewed the progress of AO techniques based on
machine learning. The wavefront sensing, wavefront reconstruction and post-processing
will be all greatly improved by the artificial intelligent(AlI) algorithms [9]. For example,
in wavefront sensing, the phase retrieval speed from phase diversity images, or even
single modulated image, is substantially accelerated [190]. For SHWES, higher spatial
resolution for the aberration measurement is also achieved by using the machine learn-
ing to extract more information from the SHWEFS’s images [191]. In wavefront control,
machine learning algorithms such as long short-term memory neural networks have
enabled the prediction of future wavefront based on historical data, which is especially
important for extreme AO [192]. In post-processing, real-time imaging post-processing
may also be achieved through the use of pre-trained neural networks [175]. Besides all of
the advancements mentioned above on single component of AO, the whole system may
be further reformed by artificial intelligence. For instance, the fully automatic operation
of AO system for high efficiency and rapid response. The self-perception and calibration
of the AO system’s misalignment and faults. In summary, the development of Al has the
potential to significantly improve the performance and capabilities of AO systems.
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Conclusions

During the past 50 years of rapid development, AO systems have been widely used in the
field of astronomical observation. Almost all large aperture optical telescopes for high
resolution observation are equipped with AO systems to correct the wavefront distor-
tions caused by atmospheric turbulence and the static aberrations of the telescopes. To
meet new application requirements, AO technology is continuously innovating at wave-
front detection, wavefront correction and wavefront controlling. New technologies and
system architectures, such as LGS AO, DSM, ExAO and wide field AO, etc., are rap-
idly advancing to greatly improve telescope performance. Nowadays, the excellent per-
formance of AO systems make them an indispensable part of the night-time astronomy
and solar telescopes under construction and in the future. It is believed that observation
results obtained from the large aperture optical telescopes equipped with advanced AO
systems will expand mankind’s vision, produce subversive scientific research achieve-
ments, and promote the further development and application of AO technology.

Abbreviations

AO Adaptive Optics

ESO European Southern Observatory
NOAO National Optical Observatories
FOV Field of view

MCAO Multi-layer Conjugation Adaptive Optics
MOAO  Multi-object Adaptive Optics

GLAO Ground Layer Adaptive Optics

GMT Giant Magellan Telescope

T™MT Thirty-Meter Telescope

ELT European Extremely Large Telescope
LGS Laser Guide Star

DSM Deformable Secondary Mirror

VCDSM  Voice-coil DSM

ExAO Extreme Adaptive Optics

DM Deformable Mirror

WEFS Wavefront Sensor

SHWFS  Shack Hartmann wavefront sensor
NTT New Technology Telescope
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NSO National Solar Observatory
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SR Strehl ratio
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NIR Near infrared band

DKIST Daniel K. Inouye Solar Telescope
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