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Abstract The first generation solar adaptive optics (AO) system, lisignsists of a fine tracking loop
with a tip-tilt mirror (TTM) and a correlation tracker, anchggh-order correction loop with a 37-element
deformable mirror (DM), a correlating Shack-Hartmann (S¥évefront sensor (WFS) based on the ab-
solute difference algorithm and a real time controller (RRTieas been developed and installed at the 1-m
New Vacuum Solar Telescope (NVST) that is part of Fuxian S@aservatory (FSO). Compared with
the 37-element solar AO system developed for the 26-cm $ahar Structure Telescope, administered by
Yunnan Astronomical Observatories, this AO system has tpdates: one is the subaperture arrangement
of the WFS changed from square to hexagon; the other is tlespiged camera of the WFS and the corre-
sponding real time controller. The WFS can be operated @radirate of 2100 Hz and the error correction
bandwidth can exceed 100 Hz. After AO correction, the avedlagsidual image motion and the averaged
RMS wavefront error are reduced ©06” and 45 nm, respectively. The results of on-sky testing ebser
vations demonstrate better contrast and finer structuréisecimages taken with AO than those without
AO.
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1 INTRODUCTION sequently followed by high-order ones (Berkefeld et al.

. . ) . . 2010; Cao et al. 2010).
Adaptive optics (AO) systems, which provide correction

to wavefront distortions introduced by the Earth’s atmo- The developmen_tofasolar A.O system |n_Ch|na can be
sphere, have become indispensable tools for ground-basgaced back to the tip/tilt-correction ”system. |mp-lemen-ted
solar telescopes when obtaining high-resolution solar imiN the 43-cm Solar Telescope of Nanjing University, which
ages. The development of solar AO systems is more chalv@s successfully developed by the Institute of Optics and
lenging than nighttime AO systems mainly due to WorseElectronlcs (IOE), Chinese Academy of Sciences in 2002
daytime seeing and lower contrast in extended objects th4fa0 et al- 2003).
must be used by the wavefront sensor (WFS) to detect In 2008, a 37-element AO experimental system was
wavefront aberrations (Rimmele et al. 2003). successfully designed and built for the 26-cm solar fine
The first AO experiments with the Sun were performedstructure telescope at Yunnan Astronomical Observatories
at the Dunn Solar Telescope (DST) by Hardy in 1979-and saw its first light in September 2009 (Rao et al.
1980 (Hardy 1980). The solar AO system developed by2010a,b). This system acted as a prototype for a meter-
Lockheed (Acton & Smithson 1992) based on a Shackelass solar AO system. This experimental prototype was
Hartmann (SH) WFS was also tested at the DST. The denodified and tested at the 1-m New Vacuum Solar
velopment of a correlating SH WFS represented a breakFelescope (NVST) of Fuxian Solar Observatory (FSO) in
through in solar AO, which enabled the tracking of granu-2011 (Rao et al. 2012). With support from the National
lation (Rimmele 2000). The first operational solar AO sys-Natural Science Foundation of Chinain 2012, the first gen-
tem was also based on a correlating SH WFS. Recentlgration solar AO system was developed. The configuration
both the 1.6-m NST and the 1.5-m GREGOR have deef the first generation solar AO system is almost the same
veloped their own low-order AO systems, and were subas the aforementioned experimental prototype, other than
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an update of the correlating SH WFS and the real timehe telescope is collimated into a beam with an aperture of
controller (RTC). Thanks to changes in the subaperture ad0 mm that is directed onto the tip-tilt mirror (TTM) and
rangement of the WFS, and increased speed of the WHS&en the deformable mirror (DM) which is conjugated to
and the RTC, the spatial and temporal correction perforthe entrance pupil. The re-imaging optics system, which
mances of the system are evidently improved. The configeonsists of two off-axis parabolic mirrors, collimates the
urations of the AO system are described in detail and thbeam into a 16 mm aperture and forms an image of the
outcomes of the AO correction are shown in this paperDM on the lanslet array of the SH WFS.
The contents of this paper are listed below. Section 2 gives  The first dichroic beam splitter transmits the beam at
an overview of the NVST. The AO system is introduceda wavelength of 500 nm to the correlation tracker camera
in Section 3. In Section 4, the performances of the ACas well as the correlating SH WFS. The imaging system
system, including control characteristics, image motien e mounted after the AO system permits simultaneous imag-
ror and wavefront error, are described. The observationisg in three channels: two channels are equipped with in-
of several active regions (ARs) are presented in Section Gerference filters covering visible spectral regions atredn
Section 6 provides a summary of current achievements angdavelengths of 430.5 nm and 705.6 nm, respectively, and
a discussion of the plan for future development. the third is equipped with an interference filter at a central
wavelength of 1565.3 nm.
2 OVERVIEW OF THE NVST

3.2 FineTracking Loop
The 1-m NVST, located on the northeast shore of Fuxian

Lake in Yunnan Province, China, was integrated and inThe fine tracking loop is used to compensate image mo-
stalled on-site in 2010 and its first light observation with-tion originating from mechanical vibrations and telescope
out AO was achieved on September 1 in the same yeaguiding errors as well as random wavefront tilts averaged
The Fried parameter{) of FSO obtained in the period over the telescope entrance aperture which are caused by
from 1998 to 2000 was about 10 cm. At this observingatmospheric turbulence. This loop is almost the same as
site, the wind blows mostly from the lake with mean ve-that in the 37-element solar AO experimental prototype
locities of no more than 6 nTs. The sunshine duration of operated in conjunction with the 26-cm solar fine struc-
FSO is about 2200 hours per year (Liu et al. 2014; Liu &ture telescope of Yunnan Astronomical Observatories and
Xu 2011). The telescope is equipped with facility-class in-described in the reference Rao et al. (2010b), except for
struments including broad/narrowband filter imagers andhe TTM which was newly manufactured by the IOE. The
a near-infrared spectrograph, to provide high-resolutiorspecifications of the TTM are listed as follows:
imaging spectroscopy and polarimetry data in a spectral
range from 0.3um to 2.5um. o Clear aperture: 58 mm;

Figure 1(a) shows a picture of the telescope and the ¢ Tilt range:+4’;
optical configuration of NVST is presented in Figure 1(b).  Resonant frequency: about 1100 Hz;
The optical design is an alt-azimuth mounted Gregory- ¢ Original figure error: 0.0124 PV and 0.02Q Root
Coudé type telescope: after the 1.2 meter diameter emtranc Mean Square (RMS)\(= 632.8 nm).
window (W1), the primary mirror (M1) focuses light to
F1; then the heat stop at F1 reflects most of the unuse8l3 High-order Correction L oop
light out of the telescope and limits the field of view to 3
arcmin. The secondary mirror (M2) provides an effectivelhe wavefront sensor of the high-order correction loop is
focal ratio of F/9 and focus at F2, where a polarimeter car correlating SH WFS, which processes 30 subaperture
be inserted into the light path. The small flat mirror M4 is images with dimensions 24 20 pixels. The 98 cm tele-
used to reflect light rays in the horizontal direction. M3 isScope aperture is sampled with seven subapertures across
a focusing mirror which converges light rays to the finalthe pupil resulting in the subaperture size of 14 cm and the
focus at F3. The clear aperture of the telescope is 985 mifigld of view of each subaperture i2” x 10”. The 37-
and the effective focal length before instruments are adde@ctuator DM is also manufactured by IOE. The matching

is 45 meters (Liu et al. 2014). arrangement of the DM'’s actuators and the subapertures of
the WFS is shown in Figure 3(b), in which the actuators
3 FIRST GENERATION SOLAR AO SYSTEM and the subapertures are represented by circle symbols and

the hexagon tessellation respectively. As a comparisen, th
The AO system is composed of a fine tracking loop ancarrangement of the WFS and the DM in the experimen-
a high-order correction loop. The optical layout and thetal prototype is also plotted in Figure 3(a). RMS errors of

design of these two loops are introduced as follows. individual Zernike modes are used to qualify the correc-
tion ability of these two arrangements. The results shown
3.1 Optical Layout in Figure 4 indicate that the AO system can efficiently com-

pensate the first 20 Zernike modes. The AO system with
Figure 2 illustrates the optical layout of the AO system,the hexagon subapertures has a better correction capabilit
which is mounted after F3 in the telescope. Sunlight fronthan the system with the square subapertures.
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Fig.1 NVST and its wind screen (a) and the optical diagram of NVST (b
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Fig.2 Optical layout of the AO system.
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Fig. 3 The matching arrangement of the actuators of DM and the suhaps of WFS. (a) The experimental prototype; (b) the tgatla
AO system.

The optical layout of SH WFS is shown in Figure 5. and corrected, the residual wavefront can be monitored.
It consists of a zoom lens, a field stop, a micro-lens arrayAfter AO correction, the far-field images can be focused
relay optics, and a CMOS camera. The micro-lens arraprecisely. Limited by the sampling frequency of WFS, the
is conjugated with the DM. Before being mounted to thebandwidth of the experimental prototype system can only
system, the SH WFS first needs to be integrated and ca&ttain about 30 Hz, which cannot meet the requirement for
ibrated using parallel light. The AO online diagnosis cantemporal correction of the solar AO system. In the first gen-
be accomplished by replacing the field stop with a smalkration solar AO system, the camera of the correlating SH
pinhole at the prime focus of the telescope. If the commoWFS was updated to a high speed CMOS camera MC1362
path optical aberrations of the AO system can be measuradanufactured by Mikrotron GmbH. The frame rate can be
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Fig. 4 The relative correction error (RMS) for the Zernike abeoras of the AO system.
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Fig.6 Real time controller of the system. (a) Functional bloclgdian of RTC; (b) image of the circuit board.

operated at 2100 Hz for a readoutl®d x 160 pixels. The All of these functions are implemented in a single cir-
RTC was correspondingly updated to a new Xilinx FPGAcuit board. Figure 6(a) shows the block diagram of the
and TI DSP (Zhu et al. 2012) to perform the following pro- FGPA and DSP based RTC, and Figure 6(b) shows the im-
cessing functions: age of the circuit board. Other main specifications of the
high-order correction loop can be seenin Rao et al. (2012).

o Read subaperture images into the FPGA's processors;
o Apply flat and dark field corrections to the subaperture4 SYSTEM PERFORMANCE

images;
« Calculate ther/y shifts of the subapertures based onFigure 7 shows the power spectrum (left panels) and its
the absolute difference algorithm; ratio (right panels) of closed-loop and open-loop data for

« The minimum of each correlation is located to sub-selected Zernike modes corresponding to defocus (top) and
pixel precision by fitting a parabola around the mini- astigmatism (bottom) of this AO system. The error re-
mum pixel in DSP; jection bandwidth of the AO system can exceed 100 Hz,

« Multiply the = /y shifts with the predetermined recon- which is much higher than that of the experimental proto-
struction matrix to compute actuator commands for théype (30 Hz).

DWM; Figure 8 presents a time series of the measured open-

o Apply a Pl servo algorithm to respond to actuator com-oop and closed-loop image motion. The RMS value of the
mands. open-loop image motions afe68” and 0.47” in the X
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Fig. 7 Power spectra (a) and their ratio (b) of closed-loop and épep data for defocus and astigmatism modes of the AO system
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Fig.8 The open-loop and closed-loop image motions of the AO system

andY directions respectively. As the fine tracking loop is 11770 without AO and with AO are shown in the upper
closed-looped, the residual image motions are all reduceplanels and lower panels of Figure 10 and Figure 11, re-
to 0.06” in both theX andY directions. The results show spectively. It can be seen that the AO-corrected images
the improvement of the correlation tracking is very evidenthave higher contrast and reveal finer structures, such as
and effective forimage motion induced by atmospheric turgranules and penumbral filaments. Take the images of AR
bulence and mechanical vibrations from the telescope. NOAA 11769 at TiO 705.7 nm as an example; the contrasts

Figure 9 gives open/closed-loop wavefront error of theof Region A (sunspot) and Region B (granulation), as iden-
AO system. The results show that the wavefront error evtified with boxes in Figure 12(a), in AO-off/onimages were
idently decreased when the loop is closed. The open-loopalculated. The contrasts of the sunspot and granulatéeon ar
averaged RMS wavefront error is about 236 nm withoudefined as
AQ, but this value reduces to 45 nm after AO correction.

(sub_img)max — (Subimg)min

5 OBSERVATIONAL RESULTS Cspot = (Sub_img)max + (Sub_img)min

Solar observations using the new AO system were per- Caranulation = M x 100% ,(2)

formed on 2013 June 16. Images of ARs NOAA 11768, (sub_img)mean

NOAA 11769 and NOAA 11770 were simultaneously cap-

tured by two scientific CMOS cameras imaging at G-bandvhere the symbols...)max; (- )mins (---)sta @Nd(...)mean
430.5 nm and TiO 705.7 nm, and an InGaAs camera at Falignify the maximum value, minimum value, standard de-
1565.7 nm. Images of the ARs NOAA 11769 and NOAA viation and mean value of the matrix enclosed in parenthe-

x 100% , (1)
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Fig.10 Images of AR NOAA 11769 taken at G-band 430.5 nm, TiO 705.7 noheel 1565.7 nm, from left to right respectively,
without AO (upper panels) and with AO (ower panels).
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Fig.11 Images of AR NOAA 11770 taken at G-band 430.5 nm, TiO 705.7 nohfeel 1565.7 nm, from left to right respectively,
without AO (upper panels) and with AO (ower panels).
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Fig.12 An example AO-on image of the AR NOAA 11769 (a), the AO-afi blue) /on (in red) contrast of the sunspot (b) and the
AO-off/on contrast of the granulation (c).

Fig. 13 Time sequence of TiO images of the AR NOAA 11768 with AO.

ses, respectively. A comparison of the AO-off and AO-onAO system, which is a 151-element high-order AO sys-

image contrast is shown in Figure 12(b) and 12(c). tem, is already in progress and will enable diffraction lim-
With AO operating, a time sequence of images takerited observations in a wide range of seeing conditions. The

while observing the AR NOAA 11768 was acquired, asNVST with our AO system is predicted to be scientifically

shown in Figure 13. productive when used with multi-wavelength high resolu-
tion imaging from visible to near infrared and the associ-
6 SUMMARY ated spectrometers.
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