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ABSTRACT
We have developed a portable solar and stellar adaptive optics (PSSAO) system, which is optimized for solar
and stellar high-resolution imaging in the near infrared wavelength range. Our PSSAO features compact
physical size, low cost and high performance. The AO software is based on LabVIEW programing and the
mechanical and optical components are based on off-the-shelf commercial components, which make a high
quality, duplicable and rapid developed AO system possible. In addition, our AO software is flexible, and can
be used with different telescopes with or without central obstruction. We discuss our portable AO design
philosophy, and present our recent on-site observation results. According to our knowledge, this is the first
portable adaptive optics in the world that is able to work for solar and stellar high-resolution imaging with
good performances.
Keyword: Adaptive optics

1. INTRODUCTION
Due to the atmospheric turbulence, large ground-based telescopes can only achieve diffraction limited imaging in real
time by using adaptive optics (AO). Solar studies designed to verify theoretical model predictions depend on the ability
to clearly resolve solar astrophysical processes on their intrinsic scales (Parker 2000). Diffraction-limited imaging has a
long application history for nighttime stellar telescopes, and recently extreme adaptive optics (ExAO) is being used to
achieve the challenging goal for direct imaging of exoplanets (Fusco et al. 2006; Ren et al. 2012). Traditionally, highcontrast exoplanet imaging is conducted with 8-meter class telescope such as the Gemini and VLT (Macintosh et al.
2012; Sivaramakrishnan et al. 2010; Carbillet et al.2011; Currie et al. 2013). Recently, Serabyn et al. (2010) successfully
detected 3 HR8799 exoplanets by using a telescope with a 1.5-meter equivalent aperture size, which clearly
demonstrated that a “small telescope” can be used for the direct imaging of hot exoplanets. Considering the facts that
extroplanet imaging is time consuming and 8-meter class telescope time is very limited for such dedicated task, there are
still many rooms for 4-meter class telescopes to play for such high-contrast imaging.
In the past years, we have developed a unique AO system. Our PSSAO uses commercial multi-core computer for all
real-time AO calculations, which dramatically reduces the hardware cost, while still delivers a high operational speed.
Our PSSAO software is based on LabVIEW graphic-diagram based programming, which makes high-performance and
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rapid AO development possible. Our AO was originally developed for the daytime solar observations, with the goal to
build a portable and low-cost system that can be brought to any solar telescope for scientific observations. Recently, this
concept is further expanded to nighttime stellar AO, with the goal to be applied with current 4-meter nighttime
telescopes for high-contrast brown dwarf and exoplanet imaging. Future solar telescopes, such as the Advanced
Technology Solar Telescope (ATST) and European Solar Telescope (EST), will have a 4-meter aperture size and can be
used for solar as well as stellar observations. Therefore, an AO system that can be used for solar and stellar observations
will be valuable. To achieve such a goal, we are developing the PSSAO system, which can be used for both solar and
stellar observations on an AO platform. The switch of the two different modes for solar and stellar observations is
achieved by simply changing the wave-front sensor optimized for the associated observation. Currently, our AO
techniques achieve a mature status for both solar and stellar applications. According to our knowledge, this is, in the first
time in the world, that an AO platform can be used for both nighttime and daytime observations. In this article, we report
in details our methodology, which integrates two different AO functions in a single unit.

2. DESIGN AND CONSTRUCTION
2.1 Optical design
As a portable AO system, the PSSAO was insensitively and successfully tested with different telescopes, including the
San Fernando Observatory (SFO) 0.6-meter vacuum solar telescope located at California and the National Solar
Observatory (NSO) 1.6-meter McMp telescope located at the Kitt Peak Arizona. Here we only discuss our PSSAO
optimized for near infrared J and H band observations with the McMP. The system is used with the 1.6-meter McMP,
which has a focal ratio of f/54 and is a solar and stellar telescope. The AO main optics, including Shack Hartmann (S-H)
Wave-Front Sensor (WFS), is shown in Figure 1. For a compact and a low-cost system, a refractive optics system was
adopted for our initial optical design, which could be updated or replaced by reflective optics in our future design. The
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Fig. 1. The layout of the PSSAO Optics. IM2 is the PSSAO output image that has the same focal ratio and exit pupil
position with that of the telescope.

beams of the solar image are first folded by a pick-up mirror P1. The telescope focal plane image IM1 is collimated by
lens L1. The beams are folded by flat mirrors M1 and M2, and the telescope aperture is imaged on the deformable mirror
(DM) with a suitable size of 11.5 mm, slighter oversize than the DM diameter of 10.5 mm. M1 is also served as a fast
tip-tilt mirror and is installed on a tip-tilt platform. Lens L2 forms a solar image IM2 at the output end of the AO with a
focal ratio f/54, which is the same with that of the 1.6-meter McMP. The PSSAO has a compact size of 0.6 x 0.8-meter 2
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(excluding the stellar WFS). The small physics is a great convenience to bring it to any observatory for associated
observations.
A dichroic beam-splitter (B1) is located immediately behind the DM, which reflects the visible light to the S-H WFS that
measures the wave-front error, and transmits the NIR to the science camera located on the AO output end. The solar
WFS uses two-dimensional extended solar structure such as solar granules and sunspots for wave-front sensing, and it
consists of Lenses L3 and L4. Lens L3 forms a solar image IM3 that is collimated subsequently by lens L4 and a pupil
image is formed on the lenslet array that forms a solar image by each sub-aperture directly on the WFS camera. The
lenslet array and camera are directly integrated as a small unit via the camera’s C-mount screw. For nighttime stellar AO
observation, the solar WFS is needed to be replaced by one optimized for point source star wave-front sensing, and a
relay zoom optics, which is located immediately behind the L4, is needed, so that each sup-aperture is exactly sampled
by 3x3 pixels, in which the natural guide star PSF is sampled by 2x2 pixels and an extra pixel is served as a gap between
two adjacent sub-apertures.
2.2 Electronic and Hardware
In addition to the optical components, PSSAO’s electronic hardware is also constructed with off-the-shelf commercial
components. The performance of our AO system can continue to improve once new components are available on the
market. Our initial AO computer was based on a first-generation Intel i7 -990X CPU, which has 6 cores for parallel
computation. This computer is recently updated with the one with two Xeon CPUs that have 16 cores in total and is
faster than the previous i7 based computer, because of the large number of cores used in real-time parallel calculation.
The specifications of the hardware are listed in Table 1.
The performance of our AO system depends critically on the DM and TTM. DMs from different companies were tested
and used in our AO system, including the DMs from OKO, Boston Micromachines (BMC) and Alpao. The BMC DMs
all have a high actuator-density, which results in a small aperture size and a small stroke, and is not an optimal choice for
a ground-based AO system. For example, the BMC Multi-3.5 DM has 140 actuators (in a 12x12 array without 4 corners),
with only 3.5-µm stroke and 4.4-mm diameter. The Aplao DMs, with a 1.5-mm pitch and a stroke >25 μm and 1100Hz
bandwidth (2000Hz bandwidth is also available for the custom-made), are the best for our AO system. Three different
DMs with 69, 97 and 277 actuators from Aplao are especially interested and were purchased. In this article, we only
limited our discussion with the Aplao DM with 69 actuators. The TTM is a flat mirror mounted on a piezo tip-tilt
platform purchased from Physik Instrumente (PI), which has 5-mrad stroke and can deliver a frame rate of 1600 Hz. The
strokes of our DM and TTM are both sufficient for the AO system requirements.
Hardware
DM
TTM
WFS
WFS cameras

AO correction speed
Computer
Working wavelengths

Table 1. PSSAO Hardware Specifications.
Specifications
69 actuators in 8x8 configuration, D=10.5mm, +/- 45-μm wavefront stroke, 10.5-mm clear aperture, 1,200 Hz frame rate.
PI S-330.4SL, 5-mrad stroke range, 1600 Hz frame rate.
9x9 Shack-Hartmann sub-apertures; 38x38 pixels /sub-aperture
(Solar) and 3x3 pixels /sub-aperture (Stellar).
Stellar AO: Andor iXon Ultra 897 EMCCD. 3,500 Hz at 27x27
pixels. 1 e- readout noise with EM gain;
Solar AO: Mikrontron EoSens 3CL. >3,000 Hz at 350x350
pixels.
>1,000 Hz (solar AO) and >1,500 (Stellar AO).
2x Eight-Core Intel® Xeon® E5-2687W 3.1GHz CPUs (16
cores totally)
NIR J/ and H bands

In our early solar AO, we used a MV-D1024E-CL160 camera made by Photonfocus for the wave-front sensing. Now,
this camera was updated by a high-speed EoSens 3CL camera provided by Mikrontron. The new camera is faster and has
a low readout noise (with a dynamic range up to 80 dB). The camera transfer image data via the full camera-link
interface at a speed of ~ 850 MB/s. The output data from each camera is acquired by an image grabber connected to the
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computer via a PCIe slot. The camera can achieve a rate up to 2958 frames/s at a region of interest of 512x512 pixels.
Since we only use a small region of interest with ~ 340x340 pixels for our WFS, the acquisition speed is over 3000
frames/s.
In the AO calibration process, a fiber laser point light source is inserted in the AO input position (which is also the
telescope focus IM1 in Figure 1), and all the AO correction parameters are calculated. In addition, the PSSAO noncommon-path error is also corrected in this process, using our SPGD algorithm (see next section for details). Figure 2
(left) shows the WFS calibration graphic interference for the solar AO calibration by using a laser point source, in which
each PSF is sampled by 38x38 pixels in each sub-aperture.
The stellar AO WFS camera is an Andor iXon Ultra 897 EMCCD. It has 1 e- readout noise with Electron Multiplication
(EM) gain. EM on the CCD chip allows for the amplification of the captured electron signal before it is ever read out
through the camera electronics and results in reduction of the effective readout noise to sub-electron levels, which is
extremely useful for low light source wave-front sensing. Since 3x3 pixels are used to sample each sub-aperture (only
2x2 pixels are used to sample the star PSF), the camera delivers a frame speed of 3,500 Hz for the wave-front sensing
with 9x9 sub-apertures. Figure 2 (right) shows the WFS calibration graphic interference for the stellar AO calibration by
using a laser point source, in which it is clear that each PSF is
sampled by 2x2 pixels in each sub-aperture, and an extra pixel is
used to create a gap between two adjacent sub-apertures.
The most time-consuming parts in the PSSAO are wave-front
sensing, image processing/calculation, and DM controlling,
which must be executed with a high performance computer. The
current computer used has two Intel Xeon E5-2687W CPUs, and
each CPU has 8 cores running at 3.1GHz clock frequency. The
16 cores can be used simultaneously in parallel, which greatly
increase the running speed for our AO system.

.41

Fig. 2. WFS calibration interfaces for solar (left)
and stellar AO (right).

We use LabVIEW codes for AO programming, since LabVIEW
supports parallel programming and calculation. Meanwhile, LabVIEW’s graphic development environment greatly saves
the time consumed on the software development. The AO software is composed of two parts. The first part is the AO
calibration, which automatically searches for all effective WFS sub-apertures, measures DM influent functions, and
record all calibration data; the second part is for AO real-time correction, which reads the calibration data and then
executes for wave-front sensing and DM correction. Due to intrinsic support for parallel processing, LabVIEW
automatically assigns the calculation tasks as multiple threads for each core, so that the program can be run in parallel,
which significantly increases the AO correction speed.

3. NON-COMMON-PATH ERROR CORRECTION
One application for our nighttime stellar AO is for the direct imaging of young and giant exoplanets orbiting their host
stars. Future direct imaging of exoplanets depends critically on wave-front corrections. Extreme adaptive optics is being
proposed to meet such a critical requirement. Although our current AO uses an Alpao DM with 69 actuators, it will be
updated by an Aplao DM with 277 actuators, which will be served as an extreme AO for the exoplanet imaging. One
limitation to the performance of extreme adaptive optics is the differential wave-front aberration that is not measured by
a conventional wave-front sensor because of the so-called non–common-path error. Recently, we have developed an
algorithm based on the stochastic parallel gradient descent (SPGD; Vorontsov et al. 1997; Vorontsov& Sivokon 1998;
Vorontsov & Yu, 2004) algorithm, which can efficiently correct the non-common-path error, and boost high-contrast
exoplanet imaging. This approach can correct the differential aberration in a single step, which guarantees high accuracy
and allows adaptive optics to correct the differential aberration on a real-time scale. It is based on an iterative
optimization algorithm that commands the deformable mirror directly and uses the focal-plane point-spread function as a
metric function to evaluate the correction performance. Our SPGD is optimized for minimum intensity energy of the
focal plane PSF in a specific area,

Proc. of SPIE Vol. 9148 91482W-4
Downloaded From: http://spiedigitallibrary.org/ on 01/26/2015 Terms of Use: http://spiedl.org/terms

J=
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0
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i

where I i ( x, y ) is the focal plane intensity in the PSF Airy disk that should have maximum value, while I o ( x, y ) is the
intensity in the annulus area around the PSF Airy disk that should has minimum value. The metric function J is used to
find the minimum value of the sum of I o ( x, y ) in the Airy disk relative to the sum of I i ( x, y ) in the defined annulus area,
which will yield a best PSF with maximum Strehl ratio.
Our SPGD algorithm has the potential to allow a conventional S-H WFS
AO system to correct the non-common-path error for high-contrast
imaging. This is achieved by using a focal-plane Point Spread Function
(PSF) evaluation that directly commands the AO DM in the AO
calibration processing and is optimized for best PSF performance in an
iteration process. Once the best PSF is found, the best wave-front profile
Fig. 3. AO PSF without (left) and with
is fund by recording the DM voltages, which is used as the reference
(right) SPGD correction.
wave-front profile that the AO should correct for. To demonstrate the
SPGD focal plane wave-front sensing and correction, we have performed an initial laboratory test. The DM used for this
test is the Alpao-69, which has 69 actuators. The WFS has a 9×9 lenslets, and Zernike polynomials up to 36 orders are
used. Figure 3 (left) shows the PSF of our adaptive optics before the SPGD calibration. Obviously, the AO optics has
strong optical aberration, which is dominated by the astigmatism mainly induced by the DM. Figure 3 (right) shows the
AO PSF after the SPGD correction. Now the PSF is perfect with a Strehl ratio ~1.0. After the SPGD calibration, the AO
is able to lock on the SPGD-corrected wave-front in real-time wave-front correct, with a wave-front correction precision
of 2.98×10-4 wavelengths (Ren, Dong et al. 2012). The SPGD based non-common-path error correction is used for our
PSSAO for both solar and stellar AO.

4. ON SITE TESTS
In past years, the PSSAO was intensively tested with the 1.6-meter McMP for both solar and stellar observations. The
versatility of our PSSAO is fully tested at different circumstances with different seeing conditions, in which our PSSAO
is always able to deliver good performance for both solar and stellar observations.
Nighttime stellar observation tests were conducted with the
McMP with only 1.0-meter aperture used (because of the tilt of
the telescope heliostat). Figure 4 shows the PSSAO setup with
the McMP. Solar AO wave-front sensing uses crosscorrelation to calculate the slope vectors, while stellar AO is
achieved by the centroid calculation. By simply replacing the
cross-correlation with the centroid calculation in our software,
the PSSAO is able to be used for nighttime point-target
observations. For this test, we used stars Altair and Sirius as
targets. Figure 5 shows the star Altair H-band images with the
AO off (left) and AO on (right) respectively, with 0.25-second
exposure with the McMP. The observation was conducted on
October 2, 2013, with an average wind speed of ~20 mph.
Fig. 4. Stellar AO setup with the McMP.
With 9x9 WFS sub-apertures, the AO can work with a
correction speed up to 2600 Hz (open loop). However, because
of the limitation of the Alpao DM bandwidth discussed previously, the AO correction speed was actually set as ~1100
Hz (open-loop), which delivers a closed-loop bandwidth of ~110Hz. The Aplao DM used for this observation has 69
actuators and 30 Zernike polynomial modes are corrected. The Andor iXon Ultra 897 EMCCD is used as the WFS
camera in the EM mode with an EM gain of ~ 80 only, although an EM gain up to 300 is available. In our on-site
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observations, the EM mode is extreme useful for fain stellar target, since only the signal is magnified, not the readout
noise. The AO non-common-path is corrected by using our SPDG algorithm before observations in the AO calibration
process. Figure 6 shows the AO image of the star Sirius reduced with our dedicated IRS algorithm (Ren, Dou, et al.
2012). The companion of Sirius B, which is a white dwarf, can be seen clearly (the small dark/bright spot), indicating
that our current AO can be used for high-contrast imaging. The output data from the AO WFS indicated that the residual
wave-front is almost negligible.
The AO delivers an average
Strehl ratio of ~0.80 at the NIR
H band, and the AO
performance is mainly limited
by the high-order wave-front
aberrations, which is limited by
the DM actuator number. As an
Fig. 5. NIR H band images of star Altair
initial system for quick
Fig. 6. Sirius processed image.
with AO off (left) and AO on (left).
demonstration, this is an
encouraged result since there are still many rooms to further improve the AO performance (such as using a DM with
more actuators to achieve higher order wave-front correction, and increasing the AO operation speed by using custommade DM from Aplao). In Figure 4, the AO is built on a black breadboard, in which the EMCCD is on the left of the
picture, while the DM with two black cables is on the right side. The small size (0.6x0.8x0.2 m3) of the AO system is a
significant advantage. This test clearly indicates that our current AO has the potential to be updated for high-contrast
exoplanet imaging.

Fig. 7. Solar AO setup with the McMP.

Fig. 8. Images of sunspot 1855 without (left) and with AO
(right) correction in the NIR H band.

While the stellar observations were conducted in the nighttime, solar observations were also performed at the same day
in the daytime. This is done by quickly changing the WFS, which typically takes one hour. Figure 7 shows the PSSAO
setup with the McMP for the solar observation, in which the WFS camera can be seen in the left-center. Although the
PSSAO can achieve a running speed of 1100Hz for solar observation, at the moment of this observation run, the
Mikrontron EoSens 3CL camera was still not available. Instead, a slow camera (MV-D1024E-CL) from Photonfocus
was used for wave-front sensing, which limits the PSSAO running speed to 700Hz (open loop). Nevertheless, the
PSSAO is still able to deliver good performance at the Kitt Peak average seeing condition. Figure 8 shows NIR H band
images of the sunspot 1855, achieved with the McMP without (Fig. 8 left) and with (Fig.8 right) our AO correction.
Please note that the sunspot is located in the center of the AO corrected FOV and the entire WFS FOV of ~40″x40″ is
used for wave-front sensing, which indicates that our current large FOV wave-front sensing technique can be used
immediately as a layer-oriented AO system. Also, please note that how poor the sunspot image is before the AO
correction. Nevertheless, our PSSAO can still deliver excellent performance in such a poor seeing condition. Due to the
large FOV wave-front sensing, our AO system is robust and can work at extremely bad seeing conditions.

5. CONCLUSIONS
We have fully demonstrated the feasibility of a portable AO system that can be used for solar and stellar observations,
via on-site observations. Our PSSAO system is currently able to provide efficient wave-front correction with different
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telescopes with apertures from 0.6m ~ 1.6m for both solar and stellar observations. It features low cost, highperformance and has a compact size. Combining the multi-core computer and LabVIEW parallel programming, our AO
system is particularly flexible and can achieve excellent performance that is competitive with other AO systems that use
hardware such as digital signal processor (DSP) and field programmable gate array (FPGA) for AO calculations.
Currently, our PSSAO can achieve an open-loop correction speed of 1,100Hz and 2,600 for solar and stellar observation
respectively, when 9x9 sub-apertures and Zernike polynomials up to 36 orders are used. Higher wave-front correction
speed should be able to achieve by using more CPU cores per computer. For example, 4 Intel Xeon E5-4627 can be used
with a computer, which will deliver 32 cores per computer. The commercial CPU market for personal computers is
developing rapidly, with efforts focusing on multi-core CPUs. Our PSSAO is being upgraded, and will be used for highcontrast imaging with 4-meter class stellar telescopes including the ESO 3.58-meter New Technology Telescope (NTT)
and Apache Point Observatory 3.5-meter telescope, with the goal optimized for direct imaging of young and giant
exoplanets. We will report our processes in a future publication.
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