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Embedded solar adaptive optics telescope:
achieving compact integration for
high-efficiency solar observations
Naiting Gu 1*, Hao Chen2,3, Ao Tang2,3,4, Xinlong Fan2,3,
Carlos Quintero Noda5,6, Yawei Xiao2,3,4, Libo Zhong2,3, Xiaosong Wu2,3,4,
Zhenyu Zhang3, Yanrong Yang7, Zao Yi8, Xiaohu Wu9*, Linhai Huang2,3,4*
and Changhui Rao2,3,4*

Adaptive optics (AO) has significantly advanced high-resolution solar observations by mitigating atmospheric turbulence.
However, traditional post-focal AO systems suffer from external configurations that introduce excessive optical surfaces,
reduced  light  throughput,  and  instrumental  polarization.  To  address  these  limitations,  we  propose  an  embedded  solar
adaptive optics telescope (ESAOT) that  intrinsically  incorporates the solar  AO (SAO) subsystem within the telescope's
optical  train,  featuring  a  co-designed  correction  chain  with  a  single  Hartmann-shack  full-wavefront  sensor  (HS f-WFS)
and a deformable secondary mirror (DSM). The HS f-WFS uses temporal-spatial hybrid sampling technique to simultane-
ously resolve tip-tilt and high-order aberrations, while the DSM performs real-time compensation through adaptive modal
optimization. This unified architecture achieves symmetrical polarization suppression and high system throughput by min-
imizing optical surfaces. A 600 mm ESAOT prototype incorporating a 12×12 micro-lens array HS f-WFS and 61-actuator
piezoelectric  DSM  has  been  developed  and  successfully  conducted  on-sky  photospheric  observations.  Validations  in-
cluding  turbulence  simulations,  optical  bench  testing,  and  practical  observations  at  the  Lijiang  observatory  collectively
confirm  the  system's  capability  to  maintain  about λ/10  wavefront  error  during  active  region  tracking.  This  architectural
breakthrough of the ESAOT addresses long-standing SAO integration challenges in solar astronomy and provides scala-
bility analyses confirming direct applicability to the existing and future large solar observation facilities.
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Introduction
The pursuit of solar magnetism understanding, initiated
by  Galileo's  sunspot  observations  and  revolutionized  by
Hale's  discovery  of  sunspot  magnetic  fields1,  now  con-
fronts unprecedented challenges in resolving sub-arcsec-
ond  dynamics  of  the  Sun's  magnetic  carpet.  Recent
breakthroughs such as direct evidence of solar active re-
gions2,  large-scale  magnetohydrodynamic  oscillations  in
sunspots3, and transverse oscillations in strongly magne-
tized  regions  observed  with  the  1.6  m Goode  solar  tele-
scope  (GST)4 highlight  the  transformative  role  of  high-
resolution  observations.  These  advancements  challenge
traditional  views  of  wave-mediated  energy  transfer  and
address critical questions, such as coronal heating5,6. Dis-
coveries like fast plasmoid-mediated reconnection in so-
lar flares7, solar magnetic field mapping from the photo-
sphere to the base of the corona8,  solar prominence/fila-
ment  paradox9,  high-resolution simulations  of  solar  dif-
ferential  rotation10 and  reconnection-driven  energy  cas-
cade  in  magnetohydrodynamic  turbulence11 further  un-
derscore the synergy between observational and theoreti-
cal progress. Crucially, such data underpin space weath-
er modeling12,13 and climate studies14, necessitating next-
generation telescopes to resolve finer solar features15−17.

To achieve this, large-aperture solar telescopes (>1 m)
are indispensable. Facilities like DKIST (4 m)18, GST (1.6
m)19,20, GREGOR (1.5 m)15,21, CLST (1.8 m)22,23, NVST (1
m)24,  and  upcoming  projects  (EST  (4  m)25,  CGST  (8
m)26,27,  WeHot  (2.5  m)28,  NLST29 exemplify  this  trend.
However,  atmospheric  turbulence  limits  their  effective
resolution to that  of  10–20 cm apertures.  Solar  adaptive
optics  (SAO)  systems  mitigate  this  by  real-time  wave-
front  measurement  and  correction,  enabling  near-
diffraction-limited imaging30−32. For instance, GREGOR's
GAOS256  system31,  GST's  AO308  system33,34,  NVST's
151-actuator SAO system35−37,  CLST's  451-actuator SAO
system22,  and  DKIST's  1600-actuator  SAO  system38

demonstrate  remarkable  success  in  photospheric  and
chromospheric  studies.  Upcoming  projects,  including
EST, WeHot, CGST, and NLST, similarly prioritize high-
order SAO integration. To address the severe daytime at-
mospheric  turbulence  affecting  solar  observations,  SAO
has  achieved  remarkable  advancements  in  high-speed
wavefront  sensing  and  real-time  wavefront  processing
for  low-contrast  extended  targets39−41.  Despite  advances
in  solar  adaptive  optics,  conventional  systems  are  still
constrained  by  inherent  limitations:  optical  relaying  be-

tween  different  apertures  of  deformable  mirror  (DM),
tip-tilt mirror (TTM), wavefront sensor (WFS), and fine-
tracking sensors complicates the optical system, decreas-
ing  the  transmittance  and  increasing  the  stray  light,
which  decreases  the  signal-to-noise  ratio;  instrumental
polarization due to multiple asymmetric reflections ham-
pers precision magnetic field measurements; and reliabil-
ity  problems  increase  as  telescope  size  increases  due  to
intricate opto-mechanical configurations. Efforts to sim-
plify AO integration have drawn inspiration from night-
time  telescopes,  where  deformable  secondary  mirrors
(DSMs)  such  as  those  in  the  multiple  mirror  telescope
(MMT)42−44, the large binocular telescope (LBT)45−47, very
large  telescope (VLT)48,49 replace  discrete  correctors  and
relay  optics.  While  DSMs  have  simplified  optical  sys-
tems  in  nighttime  telescopes  by  reducing  relay  optics,
voice coil actuator (VCA) in these DSMs suffer from low
bandwidth,  thermal  instability,  large  actuator  size,  low
displacement  resolution  (micron-scale)  and  nonlinear
hysteresis,  restricting  them  to  low  spatio-temporal  fre-
quency corrections50,51. In contrast, piezoelectric ceramic
actuator  (PZT)-based  DSMs  overcome  these  challenges
with  kHz-range  bandwidth,  nanometer-scale  precision,
high actuator  density  and negligible  thermal  drift,  mak-
ing  them  promising  alternatives52.  While  piezoelectric-
actuated DSMs took ground-based night-time telescopes
to  a  new  level,  the  direct  application  of  the  same  ap-
proach to solar astronomy inadvertently perpetuates sys-
temic  limitations  due  to  the  paradigm  differences  be-
tween AO and SAO including 1) wavefront sensing limi-
tations  based  on  low-contrast  extended  target;  and  2)
global  tip-tilt  detection challenges-a  capability  inherent-
ly unavailable in SAO due to extended target geometries.
Specifically,  the  conventional  framework  which  segre-
gates  tip-tilt  correction  (handled  by  a  fast-steering  mir-
ror  paired  with  a  fine  tracking  sensor)  and  high-order
wavefront  control  (managed  via  a  deformable  mirror,
DM and a Hartmann-shack wavefront sensor, HS WFS)
forces  cascaded  relay  optics  and  oblique-incidence  mir-
rors  into  solar  instruments.  This  still  complicates  solar
observing  instruments  and  produces  significant  instru-
mental polarization, which is not conducive to high-sen-
sitivity  detection  of  the  solar  magnetic  field.  The  Hart-
mann-shack wavefront sensor (HS WFS) captures high-
order  aberrations  in  extended  solar  targets  but  fails  to
detect  global  tip-tilt  errors —a  capability  routinely
achieved for stellar point sources in nighttime astronomy,
causing  irreversible  loss  of  fixed and objective  reference
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positions  for  extended  targets  when  cross-correlation
processes  between  sub-aperture  images.  Consequently,
SAO  systems  generally  uses  separate  fine-tracking  sen-
sor and fast-steering mirror, making it difficult to simpli-
fy the system further, even with DSMs.

To address these challenges, we propose an innovative
embedded  solar  adaptive  optics  telescope  (ESAOT)  ar-
chitecture  that  fundamentally  re-configures  wavefront
correction  paradigms  for  solar  observation.  The  system
integrates a piezoelectric-actuated concave ellipsoidal de-
formable  secondary  mirror  (DSM)  with  a  unified  Hart-
mann-shack  full-wavefront  sensor  (HS  f-WFS),  embed-
ding  solar  adaptive  optics  (SAO)  system  directly  within
the  telescope's  optical  path  and  enabling  co-optimized
wavefront  correction  through  hardware-software  co-de-
sign.  Our  temporal-spatial  hybrid  sampling  methodolo-
gy enables concurrent measurement of tip-tilt errors and
high-order optical aberrations across extended solar fea-
tures (e.g.,  sunspots and granulation patterns),  compen-
sated in real-time by a concave elliptical DSM. This inte-
grated  approach  achieves  structure  simplification  by
eliminating  fine-tracking  sensors  and  fast-steering  mir-
rors  (FSM) while  enhancing  polarization  symmetry  and
photo  efficiency.  Comprehensive  validation  encompass-
es turbulence simulations, optical bench verification, and
field observations using our developed 600 mm aperture
ESAOT  prototype,  marking  the  first  successful  imple-
mentation  of  embedded  SAO  technology.  The  ESAOT
architecture  achieves  structural  simplicity,  high  optical
throughput,  and  minimized  instrument-induced  polar-
ization  while  preserving  real-time  correction  efficiency,
addressing  critical  limitations  in  conventional  SAO  sys-
tems.  The  demonstrated  method  provides  a  cost-effec-
tive framework for next-generation solar telescopes, par-
ticularly promising for large-aperture facilities requiring
high-precision polarization preservation. 

Materials and methods
 

ESAOT architecture
The  ESAOT  architecture  represents  a  significant  ad-
vancement  in  solar  telescope  design,  offering  enhanced
performance  through  innovative  components  and
streamlined  configurations.  Specifically,  it  replaces  the
conventional secondary mirror near the exit pupil of the
solar  telescope  with  a  piezoelectric-actuated  DSM.  This
DSM  is  capable  of  real-time  correction  of  wavefront
aberrations across various spatial and temporal frequen-

cies, including those caused by atmospheric turbulence.
To further optimize the system, a full-wavefront mea-

surement  method  based  on  a  Hartmann-shack  sensor
has been implemented. This method enables the simulta-
neous measurement of both global tip-tilt and higher-or-
der  wavefront  aberrations  using  a  single  cross-correla-
tion  Hartmann-shack  wavefront  sensor  (HS  WFS).  In
this context,  "tip-tilt  wavefront aberration" describes the
low-order  wavefront  error  induced  by  angular  devia-
tions  (tip/tilt)  of  the  optical  beam,  whereas  "high-order
wavefront  aberration"  refers  to  wavefront  errors  with
spatial  frequencies  beyond  the  tip-tilt  component,  en-
compassing  defocus,  astigmatism,  comma,  and  higher-
order  terms.  Corrections are  then applied by the ellipti-
cal  DSM.  These  innovations  bring  substantial  benefits,
including  system  simplification,  increased  transmission
efficiency, and reduced instrumental polarization.

As shown in Fig. 1, compared to traditional solar tele-
scopes, the co-design philosophy of the ESAOT architec-
ture eliminates the need for separate tip-tilt mirrors and
precision  tracking  subsystems.  This  approach  achieves
polarization  purity  by  minimizing  optical  asymmetry,
with  the  tip-tilt  correction  being  strategically  allocated
between a Hexapod platform and a DSM based on tem-
poral  frequency  characteristics.  Specifically,  the  Hexa-
pod  compensates  for  low-frequency  tip-tilt  errors  (pri-
marily  mechanical  vibrations  and  thermal  drift),  while
the DSM handles high-frequency errors. This dual-stage
correction  architecture  effectively  addresses  major  dis-
turbance  sources  including  wind  loading,  atmospheric
turbulence,  and  structural  vibrations.  Moreover,  the
DSM's  extended  actuator  stroke  enables  significantly
greater  angular  correction  range  compared  to  conven-
tional deformable mirrors (DMs). The reflective mirrors
prior to the imaging camera are reduced from over eight
to just two, thereby increasing system transmission from
48.4% to  ≥86.5% (assuming a  mirror  reflectivity  of  93%
per surface with protected Ag/Al coatings in the imaging
spectral  band).  This  corresponds  to  a  1.8-fold  improve-
ment in total  optical  throughput.  Additionally,  the relay
optics  required  to  adapt  the  DM  and  HS  WFS  are  no
longer  necessary,  significantly  simplifying  the  overall
configuration of solar telescopes.

The  core  operational  principle  of  ESAOT  wavefront
correction is schematically depicted in Fig. 1(c). A Hart-
mann-shack  full-wavefront  sensor  (HS  f-WFS)  is  em-
ployed to measure wavefront aberrations in the incident
light. These aberrations are transmitted in real time to a
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wavefront  controller,  which  dynamically  commands  the
deformable  secondary  mirror  (DSM) to  generate  a  con-
jugate phase profile, effectively compensating for the de-
tected  distortions.  This  closed-loop  correction  process
restores  the  wavefront  to  near-flat  phase  distribution,
achieving  diffraction-limited  imaging  performance.
While conventional cross-correlation-based HS WFS uti-
lizes  normalized  cross-correlation  (NCC)  algorithms  to
enable real-time detection of higher-order aberrations in
solar extended targets, it inherently fails to resolve global
tip-tilt errors. This limitation stems from the NCC algo-
rithm's  exclusive  focus  on  calculating  relative  sub-aper-
ture  displacement  vectors  relative  to  a  reference  sub-
aperture,  thereby  discarding  absolute  tip-tilt  informa-
tion.  To  address  this  deficiency,  traditional  solar  adap-
tive optics systems necessitate an auxiliary tracking sen-
sor dedicated to global tip-tilt measurement, as illustrat-
ed  in Fig. 1(a).  The  ESAOT  architecture  eliminates  this
requirement through an innovative paradigm: the HS f-
WFS directly  extracts  both global  tip-tilt  and higher-or-
der aberrations by analyzing temporal sequences of sub-
aperture  image  arrays,  as  depicted  in Fig. 1(b).  Concur-
rently,  the  DSM  leverages  its  high-stroke  actuators  and
the  inherent  brightness  of  the  solar  beacon  to  correct
tracking errors in real time, as demonstrated in the right
panel of Fig. 1(c).

Furthermore, taking a 600 mm aperture ESAOT as an
example,  the  design  scheme  and  performance  analysis
are presented in Figs. S1, S2, S3, and S4. 

HS f-WFS method
In  solar  adaptive  optics  systems,  the  Hartmann-shack

wavefront  sensor  (HS  WFS)  utilizes  solar  photospheric
structure as its natural beacon - an extended light source
spanning hundreds of sub-apertures. This extend nature
presents  unique  challenges  compared  to  point-source
systems: while point sources enable absolute tip-tilt (TT)
measurement through centroid algorithms with an abso-
lute  reference  position53,54,  solar  observations  must  rely
on  cross-correlation  techniques  that  compute  relative
sub-aperture  displacements,  inherently  obscuring  global
TT information55−57.  This  fundamental  difference  neces-
sitates specialized correlation-based analysis methods for
solar  applications.  The  HS  WFS  methodology  for  ex-
tended targets introduces a normalized cross-correlation
(NCC) framework where a reference sub-image Iref(u, v)
is strategically selected from the microlens array (MLA).
Subsequent sub-images are then analyzed through com-
putational  cross-correlation  coefficient  (CCC)  mapping,
mathematically expressed for the (ith, jth) microlens as58: 

NCCi,j(x, y) =

w
Sr

Iref(u, v)Ii,j(u+ x, v+ y)dudv√w
Sr

I2ref(u, v)dudv
√w

Sr

I2i,j(u, v)dudv
,

(1)
where Ii,j(u, v) represents the intensity distribution of the
sub-image corresponding to the (i, j)th microlens of the
microlens array (MLA); (u, v) denotes the coordinate po-
sition of the sub-image in the horizontal and vertical di-
rections, respectively; (x, y) indicates the offsets between
the reference sub-image and the calculated sub-image in
the  horizontal  and  vertical  directions,  respectively; Sr is
the  effective  area  of  the  normalized  cross-correlation
(NCC) coefficient distribution.

 

a c

b

SM

DSM

PM

FM

TTM M2

M1

DBS Camera

PM

L1 L2

Camera
Tracking
sensorHS f-WFS

DBS

DM M3

HS-WFS
Sun light HS f-WFS

Higher-order
aberrations

Lenslet array

Detection Time-sequencedsub-images Global tip-tilt Correction

t0 t

Relay optics

Relay optics

DSM

Fig. 1 | Schematic  of  solar  telescope  and  ESAOT  wavefront  correction.  (a)  Traditional  solar  telescope  and  solar  adaptive  optical  system.  (b)

ESAOT architecture. (c)  Wavefront correction principle in a ESAOT. PM: Primary mirror;  DSM: Deformable secondary mirror;  FM: Fold mirror;

TTM: Tip-tilt mirror; DBS: Dichroic beam-splitter; M1, M2, M3: collimator and off-axis parabolic mirrors for beam shrinking.
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The  calculated  coefficient  distribution  of NCCi,j(x, y)
represents the offset of the sub-image relative to the ref-
erence  micro-lenslet  in  both  the  horizontal  and  vertical
directions for the micro-lenslet located at row i and col-
umn j.  By  applying  the  centroid  algorithm,  the  corre-
sponding slopes in the horizontal and vertical directions
can be derived, as shown in the following expressions: 

gx(i, j) =

w
Sr

x× NCCi,j(x, y)dxdy
w
Sr

NCCi,j(x, y)dxdy
× 1

f

gy(i, j) =

w
Sr

y× NCCi,j(x, y)dxdy
w
Sr

NCCi,j(x, y)dxdy
× 1

f

, (2)

where f presents the focal length of micro-lenslets of HS
WFS.

The  slope  distribution  of  the  overall  pupil  of  the  HS
WFS can be detected using Eq. (2), and wavefront aber-
ration  information  can  subsequently  be  obtained
through  a  wavefront  reconstruction  algorithm,  as  illus-
trated  in Fig. 2.  However,  traditional  methods  that  rely
on the NCC algorithm typically fail to capture global tip-
tilt  information.  This  is  because  they  only  compute  the

relative  position  offsets  and  slopes  of  each  sub-aperture
with respect to a reference sub-aperture.

Drawing  on  existing  research,  we  introduce  an  inno-
vative  method  and  algorithm  for  measuring  full-wave-
front  aberrations  using  a  single  Hartmann-shack  full-
wavefront  sensor  (HS  f-WFS).  This  method  enables  the
simultaneous detection of both global tip-tilt and higher-
order aberrations, addressing a key limitation of conven-
tional  approaches. Figure 3 illustrates  the  measurement
principle  of  the  proposed  HS  f-WFS,  which  leveraging
time sequences of sub-image arrays to obtain global tip-
tilt  and  high-order  aberration  information.  Unlike  con-
ventional fine-tracking sensors that rely on a single, fixed
reference  image,  the  proposed  method  utilizes  the  sub-
image array of the HS f-WFS as the reference for global
tip-tilt  measurement.  At the same time, after calibrating
the higher-order aberrations at  the starting moment us-
ing its own sub-images, the higher-order wavefront aber-
ration information can be similarly obtained from these
sequential  sub-aperture  images.  A  sunspot,  with  their
high  intrinsic  contrast  (~10%  intensity  variation),  are
prioritized as wavefront sensing beacons due to superior
signal-to-noise  ratios  in  correlation  algorithms.  Howev-
er, as mentioned above, large sunspots occupying central

 

Sub-image array NCC coefficient array Extracted slope Reconstruction
wavefront

Recon.NCC
Reference

Fig. 2 | Wavefront detection process of conventional cross-correlation HS WFS. NCC: Normalized cross-correlation; Recon.: Reconstruction.
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Fig. 3 | Measurement principle of the HS f-WFS for detecting global tip-tilt and higher-order aberrations using time-sequenced sub-images.
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sub-aperture  FoV regions  can  reduce  sensitivity  to  sub-
pixel shifts. To mitigate this, small sunspots can be used
or the steep intensity gradients at the penumbral edges of
sunspots  can  be  exploited  to  maintain  shift  sensitivity.
While solar granulation is a potential lighthouse, its low
contrast  (<2%)  complicates  closed-loop  stability  in
strong turbulence.

It0i,j

Specifically, the reference sub-image array is captured
at  time t0,  and  the  intensity  distribution  of  the  sub-im-
ages  corresponding  to  the ith row  and jth column  of  the
sub-aperture  is  denoted  as (u, v),  where  (u, v)  repre-
sents  the  positional  coordinates  of  the  sub-image  in  the
horizontal and vertical directions. At another time t,  the
intensity  distribution  of  the  sub-images  detected  by  the
HS WFS is denoted as Iti,j(u, v). By applying the NCC al-
gorithm,  similar  to Eq.  (1),  the  cross-correlation  factor
between the corresponding sub-images at  times t and t0

can be calculated as follows: 

NCCt
i,j(x, y) =

w
Sr

It0i,j(u, v)Iti,j(u+ x, v+ y)dudv√w
Sr

[
It0i,j(u, v)

]2dudv√w
Sr

[
Iti,j(u, v)

]2dudv ,
(3)

It0i,jwhere (u,  v)  denotes  the  intensity  distribution  of  the
sub-image in the ith row and jth column HS f-WFS at the
reference  time t0,  and Iti,j(u,  v)  represents  the  intensity
distribution  of  the  sub-image  in  the  same  position  at
time t.

By  employing  the  centroid  algorithm,  the  proposed
HS f-WFS achieves precise determination of the position
offset and corresponding slope for all sub-images as they
evolve from the reference time t0 to the current time t. A
pivotal  innovation of  this  method is  the introduction of
time-sequenced  reference  sub-images  to  measure  global
tip-tilt  errors.  Unlike  conventional  techniques,  which
compute  the  relative  slope  between  each  sub-image  at
the current  moment and a  static  reference position,  our
approach calculates the relative slope between each sub-
image  at  the  current  moment t and  its  corresponding
sub-image at the reference moment t0. This novel strate-
gy enables the synchronous detection of global tip-tilt er-
rors and higher-order wavefront aberrations using only a
single  sub-image  array  obtained  from  the  cross-correla-
tion HS f-WFS. Consequently, the overall position offset
and  slope  of  a  sub-image  are  calculated  relative  to  the
sub-image at the reference time t0, as detailed in the fol-
lowing equation: 

gtx(i, j) =

w
D

x× NCCt
tip-tilt,(i,j)(x, y)dxdy

w
D

NCCt
tip-tilt,(i,j)(x, y)dxdy

× 1
f

gty(i, j) =

w
D

y× NCCt
tip-tilt,(i,j)(x, y)dxdy

w
D

NCCt
tip-tilt,(i,j)(x, y)dxdy

× 1
f

, (4)

where f is the focal length of each micro-lenslet of HS f-
WFS.

Φt−t0

Equation (4) captures the local slope distribution asso-
ciated with temporal changes in wavefront aberration be-
tween between the reference moment t0 and the current
moment t. This distribution inherently incorporates both
global  tip-tilt  errors and higher-order wavefront aberra-
tions.  By  reconstructing  the  local  slope  information  de-
rived  from Equation  (4)—using  zonal 59,  modal60,  or
deep-learning-based61 methods—the corresponding tem-
poral  variation  in  wavefront  aberration  can  be  deter-
mined.  This  aberration  change,  denoted  as (x, y),
can be mathematically expressed as: 

Φt-t0(x, y) = recon.{gtx(i, j), gty(i, j)}
Φt(x, y) = Φt-t0(x, y) + Φt0(x, y)

, (5)

Φt0

where  recon.{}  denotes  wavefront  reconstruction  pro-
cess,  while Φt(x, y)  and (x, y)  represent  the  actual
wavefront aberrations at the moment t and the reference
moment t0, respectively.

Φt0

Φt0

Φt-t0

Φt0

Φt-t0

Notably,  the  reference  wavefront  aberration (x, y)
must first be detected and reconstructed via convention-
al wavefront sensing methods, as demonstrated in Eq. (2)
and Fig. 2. However, due to inherent limitations of such
methods, (x, y)  inherently  excludes  global  tip-tilt  in-
formation.  In  contrast,  the  wavefront  phase  change

(x, y), calculated as the difference between the current
moment t and the reference t0, encapsulates both higher-
order  wavefront  aberrations  and the  global  tip-tilt  error
introduced  during  the  temporal  evolution.  By  integrat-
ing the statically measured reference wavefront (x, y)
with  the  dynamically  detected  phase  change (x, y),
one can simultaneously derive the absolute higher-order
aberration  and  the  relative  global  tip-tilt  error  at  mo-
ment t,  thereby enabling comprehensive  and precise  re-
construction of the full wavefront aberration profile.

The  detected  wavefront  aberrations  can  ultimately  be
decomposed into Zernike polynomials via modal decom-
position.  In  this  framework,  the  first  two  non-piston
terms  (Z1 and Z2)  correspond  to  global  tip-tilt  errors,
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while  subsequent  terms  represent  higher-order  aberra-
tions, as expressed by: 

Φt(x, y) =
N∑

k=0

akZk (x, y)

=a0Z0 (x, y) +
2∑

k=1

akZk (x, y) +
N∑

k=3

akZk (x, y)

=Φpiston(x, y) + Φtip-tilt(x, y) + Φhigh-order(x, y) ,
(6)

where Zk(x, y) and ak denote the kth order Zernike poly-
nomial  and  its  corresponding  coefficient,  respectively.
Φpiston, Φtip-tilt and Φhigher-order represent the piston term,
global  tip-tilt  error,  and  higher-order  aberrations,  re-
spectively.

Atmospheric  phase  screen  simulations  based  on  Kol-
mogorov  spectral  analysis  reveal  that  wavefront  aberra-
tions induced by atmospheric turbulence exhibit  spatio-
temporal  randomness.  Notably,  global  tip-tilt  consti-
tutes  the  dominant  component  of  atmospheric  aberra-
tions,  yet  its  temporal  frequency  is  significantly  lower
than  that  of  higher-order  atmospheric  aberrations62.
Consequently,  the  deformable  secondary  mirror  (DSM)
can employ distinct control bandwidths for global tip-tilt
and  higher-order  aberration  compensation,  despite  the
Hartmann-shack full-wavefront sensor (HS f-WFS) pro-
viding  higher-frequency  wavefront  sampling  for  both
global  tip-tilt  and  higher-order  aberrations.  Besides,  HS
f-WFS  matches  the  computational  efficiency  of  tradi-
tional  methods  updating  references  dynamically  avoids
added  processing  time.  This  innovation  resolves  tip-tilt
loss  in  extended-target  sensing  while  ensuring  real-time
performance. 

Results and discussion
 

Optimizing design results
The  actuator  configuration  of  the  DSM  and  the  spatial
resolution  of  the  HS f-WFS are  critical  parameters  gov-
erning  the  stability  of  wavefront  correction  in  the
ESAOT system. In this study, we have optimized the de-
sign  of  the  HS  f-WFS  resolution  and  the  actuator  posi-
tion  of  the  DSM,  based  on  the  600  mm  ESAOT  proto-
type.  The  specific  design  scheme  and  detailed  parame-
ters  are  presented  in Fig.  S1 and Tables  S1, S2,  respec-
tively. Figure 4(a) illustrates the preliminary DSM actua-
tor  layout,  featuring  61  actuators  uniformly  distributed
across  a Φ=590  mm  aperture  (matching  the  primary
mirror  diameter),  with  an  actuator  spacing  of  approxi-

mately 72.9 mm. However, it is evident that seven actua-
tors  positioned  within  the  central  sheltered  region  are
non-functional  due  to  physical  obstruction.  To  address
this limitation, we have optimized the actuator layout by
repositioning the central actuators to the edge of the ob-
scuration zone, as depicted in Fig. 4(b), ensuring full uti-
lization  of  the  optically  active  area.  This  refined  design
achieves  a  uniform actuator  distribution with a  reduced
spacing  of  approximately  62.8  mm,  out  performing  the
Greenwood  standard63 estimate  of  66.4  mm.  The  61-
DSM features a clear aperture of Φ=174 mm with a cen-
tral  obscuration  ratio  of  35.6%  (total  diameter Φ=210
mm including protective structures).  Each actuator pro-
vides  ±3  μm  stroke  with  inter-actuator  coupling  below
10%, enabling precise surface shaping for wavefront cor-
rection.  Practical  characterization  of  the  actuator  influ-
ence  functions  will  be  conducted  through  dual-modal
measurements:  offline  interferometric  profiling  and  on-
line HS f-WFS calibration.

To quantify the correction capability of the 61-actuator
deformable  secondary mirror  (61-DSM),  we evaluate  its
performance in fitting and compensating the first 25 or-
ders of Zernike polynomials. The residual RMS error, ex-
pressed  as  a  percentage  of  the  original  aberration  RMS,
serves  as  the  metric  for  assessing  the  61-DSM's  wave-
front fitting capability. As summarized in Fig. 4(c), both
the  preliminary  uniform  layout  and  optimized  actuator
configuration  demonstrate  comparable  correction  per-
formance  for  the  first  5  Zernike  modes,  with  the  initial
design marginally outperforming the optimized version.
For  higher-order  Zernike  modes,  the  optimized  layout
achieves  a  significant  improvement,  reducing  the  aver-
age residual error by 4.33% compared to the preliminary
design.

The  resolution  of  the  HS  f-WFS  has  been  optimized
using a direct wavefront gradient algorithm, with the ob-
jective of minimizing the condition number (CN) of the
control  matrix.  As  demonstrated  in Fig. 4(d),  we  per-
formed  comprehensive  comparative  analyses  of  condi-
tion number (CN) variations across different sensor res-
olutions.  Comparative  analysis  reveals  that  as  the  HS
WFS  resolution  increases,  the  condition  number  of  the
control matrix for the ESAOT system decreases. Howev-
er, while the condition number stabilizes for resolutions
beyond  12×12,  a  notable  performance  drop  occurs  at
13×13, primarily due to aliasing effects caused by insuffi-
cient spatial sampling density of the DSM actuators. This
resolution-dependent  saturation  phenomenon  guided
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our final selection of 12×12 configuration, achieving op-
timal  balance  between  computational  efficiency  and
measurement  accuracy.  The  implemented  design  fea-
tures  96  active  sub-apertures  within  the  light-through
aperture. Figure 4(e) illustrates  the  optimized  geometric
configuration,  showing  precise  alignment  between  the
HS f-WFS sub-apertures and the DSM actuators. The HS
f-WFS is designed to have a field of view of about 24" ×
24", and each sub-aperture can acquire solar atmosphere
images of the corresponding field of view, and the actual
effective  corrected  field  of  view  is  related  to  the  isopla-
natic  region  (generally  about  10" – 20"),  which  is  much
smaller than the corresponding corrected field of view of
the  MCAO  (generally  about  1' or  larger).  To  achieve
wider-field correction, we employ a combined approach
of  proposed  SAO  and  image  post-processing  tech-
nique —a  practical  solution  that  balances  performance
and system complexity. 

Numeric simulation
To  validate  the  performance  of  the  ESAOT  system,  we
conducted  numerical  simulations  of  wavefront  correc-
tion using random phase screens that adhere to the Kol-
mogorov turbulence model. The simulations were based
on  a  600  mm  ESAOT  prototype,  with  design  schemes
and detailed parameters presented in Fig. S1, and Tables
S1, S2. External site conditions were incorporated to en-
sure  the  simulations  accurately  reflected  realistic  atmo-
sphere turbulence scenarios. As illustrated in Fig. S2, the
median  atmospheric  coherence  length  (r0)  measured  at
the TiO band was approximately 6.07 cm, yielding a ra-
tio of D/r0≈9.7. By applying the Kolmogorov turbulence
model,  we  simulated  and  analyzed  wavefront  aberra-
tions and their temporal evolution for solar photospher-
ic images, comparing the results before and after correc-
tion with the 61-DSM.

The  detailed  simulation  process,  outlined  in Fig. 5,
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began  with  the  generation  of  a  series  of  random  phase
screens  based  on  site-specific  atmospheric  conditions
and the 600 mm ESAOT prototype parameters. Degrad-
ed  images  were  then  produced  by  convolving  the  origi-
nal image with the corresponding point spread function
(PSF).  Wavefront  aberrations  were  quantified  using
peak-to-valley (PV) and root mean square (RMS) values,
while  image  quality  was  assessed  using  the  structural
similarity  index  (SSIM)64.  For  each  lenslet  in  the  HS  f-
WFS, the PSF was estimated from optical parameters and
local  phase  distributions,  and  sub-image  arrays  were
generated  for  every  phase  screen  frame.  Using  a  cross-
correlation  algorithm,  we  calculated  the  cross-correla-
tion  coefficient  (CCC)  for  each  lenslet,  determining  the
position  offsets  and  local  slopes  relative  to  a  reference
sub-image at  the  reference  moment.  This  process  simu-
lated the HS f-WFS wavefront detection, enabling the ex-
traction of global tip-tilt and higher-order Zernike poly-
nomial  components.  Control  voltages  for  the  61-DSM
were  then  computed  based  on  the  system's  control  ma-
trix, derived from the influence functions of each actua-
tor.  The  control  matrix  is  generated  through  a  direct
slope  algorithm:  actuator  influence  functions  measured
by  the  wavefront  sensor  form  the  interaction  matrix,
while wavefront aberration slopes serve as input targets,
with  actuator  voltages  optimally  computed  via  singular
value decomposition (SVD) and matrix operation. These
voltages drove the DSM to partially correct the detected
global  tip-tilt  and  higher-order  aberrations,  though

residual  wavefront  errors  remained  after  correction.  To
emulate  closed-loop  operation,  we  generated  1,600
frames  of  dynamically  evolving  phase  screens,  simulat-
ing  continuous  atmospheric  turbulence.  The  residual
wavefront error from each frame was added to the subse-
quent  phase  screen  as  an  initial  aberration,  forming  a
closed-loop  correction  process.  This  iterative  approach
allowed us to evaluate the ESAOT system's performance
under realistic, time-varying turbulence conditions.

Figure 6(a) and 6(b) depict a random phase screen and
its corresponding first 65 Zernike mode coefficients. The
generated phase screen exhibits a PV value of 2.89λ and
an  RMS  value  of  0.48λ,  where λ represents  the  imaging
wavelength. Despite the broad spatial frequency distribu-
tion  of  the  phase  screen,  low-order  wavefront  aberra-
tions  constitute  the  dominant  component.  Statistical
analysis of 1,600 random phase screens indicates that the
first  65  Zernike  modes  account  for  96.20%  of  the  total
RMS, while the first 25 modes contribute 93.14%.

Closed-loop  correction  was  validated  using  1,600
frames of  dynamic random phase screens. Figure 6(c, d)
show the temporal evolution of wavefront RMS and image
SSIM before and after correction. Results demonstrate a
69.9%  reduction  in  average  wavefront  RMS  (from
0.3715λ to 0.1130λ) and a 125% improvement in average
SSIM (from 0.2814 to 0.6332). These metrics confirm the
600  mm  ESAOT's  exceptional  ability  to  correct  atmo-
spheric  turbulence-induced  aberrations,  achieving  near-
diffraction-limited imaging while significantly enhancing
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image  quality.  This  capability  enables  the  identification
of subtle solar activity features, as illustrated by the com-
parative  images  (original,  diffraction-limited,  and  cor-
rected) in Fig. S5. 

Laboratory validation
To further  verify  the  feasibility  of  the  proposed  ESAOT
method,  we  conducted  laboratory  experiments  using  a
61-actuator  DSM  integrated  with  PZT  actuators,  face
sheet and supporting structure, as shown in Fig. 7(a) and
7(b).  The  DSM  was  polished  using  magnetorheological
jet polishing, coated with a silver layer protected by SiO₂,
and prepared for testing (Fig. 7(b, c)). Closed-loop adap-
tive  optics  testing  demonstrated  exceptional  surface  ac-
curacy,  achieving  12.5  nm  RMS  (λ/56.5  at  TiO  band
wavelength), as confirmed by phase-shifting interferom-
etry (Fig. 7(d)).

An  indoor  experimental  system  was  established  to
evaluate  the  ESAOT's  wavefront  correction  capability
(Fig. 7(e)).  Leveraging  the  DSM's  concave  ellipsoid  ge-
ometry, which creates dual focal points (F1, F2), we posi-
tioned  a  light  source  at  F1  to  simulate  point/extended

objects.  Light  reflected  from the  DSM was  re-imaged  at
F2, then collimated by lens L1 and split by a beam split-
ter (BS). The reflected beam passed through imaging op-
tics to lens L4's focal plane and a photodetector camera,
enabling  real-time  monitoring  of  image  quality  before
and  after  correction.  The  transmitted  beam  was  relayed
by  lenses  L2–L3  to  match  the  HS  f-WFS  aperture  for
wavefront aberration detection, with a field stop limiting
its  field  of  view.  Dynamic  turbulence  was  simulated  us-
ing a heater-generated random phase screen, while a cus-
tom  hexapod  mechanism65 enabled  precise  DSM  atti-
tude  adjustment.  For  closed-loop  control,  we  utilizes  a
proportional-integral  (PI)  architecture  whose  parame-
ters  are  systematically  tuned  through  optimizing  both
the  control  bandwidth  and the  overshoot  of  the  control
error.  Under  the  constraint  that  the  control  error  over-
shoot  does  not  exceed  5  dB,  we  increase  the  control
bandwidth of the system by incrementally increasing the
parameters. The real-time controller operates on a Win-
dows  platform  with  real-time  performance  ensured  by
thread and process prioritization and CPU affinity opti-
mizations. Experimental results demonstrated significant
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performance  improvements:  wavefront  aberrations  be-
fore and after correction are shown in Fig. S6, while Figs.
7(f), 7(g) and S7 illustrate  enhanced  image  quality  for
both point and extended objects.  Notably,  the point ob-
ject's  peak  intensity  increased  over  15-fold  post-correc-
tion, confirming the system's exceptional wavefront cor-
rection capability.

The experimental system successfully corrected simu-
lated dynamic wavefront aberrations, with the HS f-WFS
operating  at  1,600  fps  and  the  DSM  control  system
achieving >50 Hz bandwidth. As shown in Fig. 7(h), the
RMS  of  wavefront  aberration  decreased  from  0.51–0.73
μm  (avg.  0.64  μm,  0.91λ)  to  0.043–0.078  μm  (avg.  0.05
μm,  0.07λ)  after  DSM  correction —a  reduction  exceed-
ing  one  order  of  magnitude.  These  results  demonstrate
the  system's  robust  capability  for  dynamic  wavefront
correction. 

First light on-sky observation
A  600  mm  aperture  ESAOT  prototype  was  successfully
developed and integrated at Lijiang Observation Station,

a premier astronomical site known for its exceptional at-
mospheric  conditions.  The  system,  comprising  optical,
structural, and control components, was fully assembled
by January 2023. Figure 8(a–c) illustrates the main opti-
cal components of the 600 mm ESAOT prototype, high-
lighting its advanced design and integration. Key optical
elements include:

■ Primary mirror (PM): fabricated from ultra-low ex-
pansion  (ULE)  material  in  a  lightweight  honeycomb
structure,  the  PM  was  precision-polished  using  magne-
torheological jet polishing, achieving an RMS surface er-
ror of 8 nm over a 590 mm clear aperture.

■ Deformable  secondary  mirror  (DSM): a  61-actua-
tor DSM integrated with a hexapod structure for precise
alignment  during  system  integration  and  on-sky  obser-
vations.

■ Fold mirror (FM): constructed from silicon carbide
(SiC)  material,  the  FM  was  polished  and  coated  to  en-
sure high reflectivity and thermal stability.

■ Heat-stop: a  custom-designed  component  to  limit
the  field  of  view  (FoV)  and  mitigate  internal  thermal
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effects through active cooling.
The  600-mm  ESAOT  prototype  was  mounted  on  the

roof  of  a  two-story  building,  with  its  base  situated  ap-
proximately 10 meters above ground level. To safeguard
the  telescope  from  adverse  environmental  conditions
such  as  severe  wind  vibrations  and  precipitation  (rain
and  snow),  a  protective  hemispherical  dome  with  a  di-
ameter of 6 meters was installed. Following the extended
rainy season at the Lijiang Observation Station, the 600-
mm  ESAOT  successfully  underwent  integration  testing
in September 2023 and commenced its observational op-
erations, as depicted in Fig. 8(d). On September 15, 2023,
the telescope captured its first light from the solar atmo-
sphere,  specifically  from  the  photosphere. Figure 8(e–g)
presents a comparative analysis of images captured with
and  without  the  DSM  in  operation,  along  with  the  im-
ages  post-DSM  correction  and  speckle  reconstruction,
which derives target amplitude/phase through the multi-
frame  statistical  analysis  in  Fourier  domain-a  standard
methodology  for  solar  image  post-reconstruction64.  Af-
ter  SAO  correction  and  reconstruction  processing,  the

resolution of solar atmospheric imaging is increased step
by  step.  In  comparison,  ESAOT  addresses  this  by  real-
time correction of both turbulence-driven phase aberra-
tions.  This enhances image SNR, providing high-quality
input  data  for  reconstruction  while  ensuring  system  ef-
fectiveness  and algorithmic precision.  While  ESAOT ef-
fectively  mitigate  atmospheric  distortions,  fundamental
limitations  persist  including  residual  wavefront  errors
and anisoplanatic  effects.  These  effects  produce correct-
ed  images  with  inherently  low  contrast.  However,  AO-
preprocessed  images  provide  an  essential  precursor  for
post-processing,  enabling  final  contrast  enhancements.
These  images  cover  a  field  of  view  of  approximately
"117×117".  The  tracking  errors  before  and  after  DSM
correction are illustrated in Fig. S8.

The  DSM's  capability  to  correct  dynamic  high-order
wavefront  aberrations  is  particularly  noteworthy.  As  il-
lustrated in Fig. 8(h), prior to DSM correction, the RMS
value of dynamic wavefront aberrations (excluding glob-
al tip-tilt  errors) fluctuated between 0.3 μm and 0.6 μm,
corresponding  to  approximately  0.43λ to  0.85λ.  The
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average  RMS  value  of  these  aberrations  was  0.5  μm,  or
about 0.71λ.  Post-DSM correction, the RMS values were
significantly reduced, ranging from 0.05 μm to 0.18 μm,
with an average of 0.12 μm, equivalent to approximately
0.071λ to  0.26λ and  0.17λ,  respectively.  This  represents
an  approximate  83% reduction  in  high-order  wavefront
aberrations,  markedly  enhancing  the  imaging  quality  of
the solar atmospheric photosphere and providing superi-
or image data for subsequent speckle reconstruction pro-
cesses.  However,  due to dynamic environmental  pertur-
bations  (e.g.,  atmospheric  turbulence,  wind-induced  vi-
brations)  and  limitations  in  the  real-time  controller
(RTC) bandwidth, the tracking accuracy and high-order
wavefront  aberration  correction  capabilities  are  weaker
than  those  in  controlled  indoor  environments  and  re-
main  sub-optimal.  The  primary  limitation  stems  from
TCP/IP induced network latency in high-voltage amplifi-
er  (HVA)  communication,  which  fundamentally  limits
bandwidth  scalability  improvement.  Future  efforts  will
prioritize hardware upgrades and adaptive algorithm op-
timization  to  mitigate  these  challenges  and  enhanced
wavefront correction performance. 

Conclusions
In  this  study,  we  propose  a  novel  ESAOT  architecture
that  integrates  a  solar  adaptive  optics  system  into  con-
ventional solar telescope frameworks. A groundbreaking
methodology  is  introduced  for  synchronous  full-wave-
front  measurement,  encompassing  both  global  tip-tilt
and high-order aberrations, utilizing a single cross-corre-
lation HS f-WFS.

The  detected  aberrations  are  subsequently  corrected
via  a  uniquely  designed  concave  ellipsoidal  DSM.  This
integrated  approach significantly  enhances  system com-
pactness,  optical  transmission  efficiency,  and  opera-
tional reliability, while simultaneously mitigating instru-
mental  polarization  effects.  Remarkably,  the  ESAOT
achieves comprehensive fast steering and wavefront cor-
rection  capabilities  without  introducing  structural  com-
plexity beyond that of standard solar telescopes.

To validate this concept, a 600-mm ESAOT prototype
was developed and rigorously evaluated through numeri-
cal simulations and laboratory experiments employing a
61-actuator  DSM  testbed.  Field  implementation  at  the
Lijiang  Observation  Station  successfully  demonstrated
first-light observations of the solar photosphere. Quanti-
tative  analyses  revealed  substantial  performance  en-
hancements:  post-DSM  correction  yielded  a  minimum

5.3-fold  improvement  in  tracking  accuracy  and  a
4.17-fold reduction in wavefront aberration RMS values.
These  empirical  results  conclusively  verify  the  effective-
ness  and  practical  applicability  of  the  proposed  ESAOT
paradigm.

As the inaugural implementation of its kind, this work
establishes  a  critical  reference  framework  for  advancing
current  and  next-generation  large-aperture  solar  tele-
scope  designs.  While  the  prototype  demonstrates
promising  capabilities,  performance  optimization  re-
mains achievable through four key future developments:
(1)  Acceleration  of  wavefront  processor  computational
throughput;  2)  Enhancement  of  HS  f-WFS  frame-rate
resolution;  3)  Refinement  of  hexapod-driven  low-order
aberration  compensation;  4)  Developing  advanced
methodologies  for  low-contrast  solar  AO,  specifically
targeting  wavefront  sensing  and  correction  using  ex-
tremely  low-contrast  features  as  guidemarks.  These  tar-
geted improvements will facilitate near-diffraction-limit-
ed  imaging  performance,  thereby  unlocking  unprece-
dented  observational  precision  for  solar  atmospheric
studies.
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