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ABSTRACT

The Australian Astronomical Observatory is currently investigating the use of adaptive optics technologies for the 3.9m
Anglo-Australian Telescope at Siding Spring Observatory. It might be that ground-layer or multi-object adaptive optics
is beneficial for the Anglo-Australian Telescope (seeing ~1.5”). Key to achieving this goal is an adaptive optics test-
bench developed for laboratory experiments and on-sky demonstration. The test-bench provides a facility to demonstrate
on-sky natural guide star adaptive optics as well as second stage correction with active injection into single mode
waveguides. The test-bench provides wide field access of up to 20 arcminutes for testing our plug-plate distributed
wavefront sensors. Data has been collected in a range of seeing conditions where closed-loop corrections were
performed. We present the design, results and plans for the adaptive optics on-sky demonstrator.
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1. INTRODUCTION

The Anglo-Australian Telescope (AAT) is a 3.9 m diameter optical/infrared telescope commissioned in 1974. The
telescope is located in the beautiful surrounds of Siding Spring Observatory, Australia. The telescope is operated and
maintained by the Australian Astronomical Observatory (AAO). The telescope provides astronomers with vital access to
exciting regions of the southern hemisphere skies, such as the central regions of our Milky Way Galaxy and the
Magellanic Clouds. The AAT is considered one of the finest telescopes in the world, particularly during its earlier years,
for its high quality optics, excellent mechanical stability and precision computer controls. A key success factor of the
AAT is its state-of-the-art instrumentation that is continually being upgraded and improved.

The purpose of adaptive optics on the AAT is to improve the image quality in terms of resolution and detection of faint
sources. A good overview of adaptive optics can be found in the book by Hardy [1] titled Adaptive Optics for
Astronomical Telescopes. The lights from astronomical sources are distorted when passing through the atmosphere
because the tiny pockets of hot and cold air act like many lenses and prisms. The telescope is unable to focus the light to
its diffraction limit. The use of adaptive optics requires the measurement of the incoming optical wavefront and applying
the correction on a deformable mirror in order to flatten the wavefront. This is done in real-time at high sampling rates
(100’s Hz) in order to keep up with the turbulent layers moving across the telescope aperture. When successful, the
improved image quality can significantly enhance the science output and increase telescope productivity.
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The concept of adaptive optics on the AAT has been explored in a paper accepted back in 1995 [2]. The project involved
a consortium of Australian universities (including University of Sydney) and the AAO to implement an adaptive optical
system at the AAT. The first stage being a fast tip-tilt system (APD quad-cell) installed in the west coude room
following a second stage low-order deformable mirror (13 electrode bimorph). Both project stages to make use of the
IRIS infrared camera\spectrograph [2]. The paper concluded that ‘the science objectives are likely better served with an
adaptive optics system at the Cassegrain focus’. It also stated that low-order correction to ‘dramatically enhance infrared
performance, especially at K-band in good seeing’. The project did yield experimental on-sky AAT results during 24-26
March 1997 for fast tip-tilt correction in K-band with varying amounts of improvements in the FWHM (up to 1.5x) [3].
The bimorph mirror for high-order correction was not tested on the AAT [Bryant J.J, personal communication, May 26,
2016].

A few years later, interest was again renewed in adaptive optics with a subsequent grant in 2003 titled ‘Adaptive Optics
for Australian Astronomy, Medicine, Industry, and Defence’, funded by the Australian Research Council and managed
by the Australian National University (late Prof P. McGegor as PI) [4]. Under the funding scheme Special Research
Initiative the grant awarded $20K to establish a Research Network for Adaptive Optics that ‘aims to draw together
isolated Australian and New Zealand research groups working on adaptive optics applications in disparate areas to
achieve a critical mass of researchers’ [4]. In the following years 2005/2006 the Australian National University had
continued interest in adaptive optics with the measurements of the optical turbulence profile above Siding Spring
Observatory [5]. This effort was largely motivated by the need to predict the statistical performance of adaptive optics at
Siding Spring [6]. In recent times (2016), the Australian National University motivations for astronomical adaptive
optics stem from their construction of ‘the Giant Magellan Telescope Integral-Field Spectrograph (GMTIFS) and
developing adaptive-optics solutions for the project’ [7].

Keeping with Australia’s astronomical community’s interest in adaptive optics, the Instrument Science Group at the
AAO has embarked on a research and development project to investigate the use of adaptive optic technologies for the
AAT. It could be that adaptive optics is the solution that enhances the AAT productivity for the years ahead. The
technology and cost are now significantly more feasible since the early AAT tip-tilt experiments in 1994. The Instrument
Science Group at the AAO is also dedicated in exploring new instrument technologies for the AAT. Since 2013, the
project has been working towards an adaptive optics technologies for the AAT. A project milestone is the first result of
stable closed-loop high-order wavefront correction on the AAT in mid-2015. The project aims to explore adaptive optics
over wide fields such as ground-layer and multi-object adaptive optics (MOAO) [18]. The project also aims to explore
novel technologies such as distributed wavefront sensors (miniature Shack-Hartmann [8] and curvature sensors [9])
positioned by Starbugs [10]. Therefore, the project is aligned with the AAQO’s goal of providing the AAT with state-of-
the-art instrumentation and technology to deliver the best scientific outcomes.

This paper describes the AAO’s adaptive optics test-bench which has been successfully demonstrated on-sky using the
3.9 m AAT. The Section 2 discusses briefly the simulation results of the test-bench to put in perspective the expected
performances to be achieved on-sky with the AAT. Following this is Section 3, an overview of the lab test-bench
describing the key components of the system. We then document the test-bench for the actual on-sky adaptive optics
demonstrator in Section 4, detailing its optical schematic and interfaces with the AAT. Following this is Section 5 that
documents the data and on-sky results. Lastly, concluding remarks in Section 6.

2. SIMULATIONS

The predicted performances of several types of adaptive optic systems on the 3.9 m AAT have been simulated using a
site-based model of the optical turbulence profile (or model-OTP) by Goodwin et. al [6]. The model-OTP being derived
statistically from turbulence profiles measured 2005/2006 at Siding Spring Observatory [5]. The simulations cover the
performances for single conjugate adaptive optics (SCAO), multi-conjugate adaptive optics (MCAO) [11] and ground-
layer adaptive optics (GLAO) [12] for astronomical wavelength bands J, H and K. The most promising results found by
Goodwin et. al [6] are for GLAO simulations (field of view of 180 arcsecs), where the encircled energy 50% diameter
(EE50d) was uniform and minimally affected by the free-atmosphere turbulence. The GLAO field mean of EES0d is
between 200 mas to 800 mas, which is a noticeable improvement compared to the nominal astronomical seeing (870 to
1700 mas). The MCAO simulations show sensitivity to the ground layer with ‘bad’ conditions providing the poorest
EES50d. The SCAO being sensitive to the turbulence strength in the free-atmosphere, requiring ‘good’ conditions in K-
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band for the best Strehl. The parameters for SCAO simulations for the 3.9 m AAT being a 10W laser guide star (LGS),
14x14 Shack wavefront sensor (WFS) at 500 fps, 171 actuator deformable mirror (DM). The H-band Strehl ranging
between 0.1 to 0.6 depending on the conditions (model-OTP).

The analytical simulations using parameters specific to the test-bench (see Table 2) with the site model-OTP (see Table
1) are listed in Table 3. These simulated values in Table 3 are provided by Puttiwat Kongkaew as part of his student
fellowship project at the AAO [13]. The simulation reports the variance error (radians of phase squared) for key model
components. This is useful to determine which component is under-performing. Note that the model-OTP represents nine
conditions for the ground-layer and free-atmosphere that statistically represent 50% of cases around the median seeing.
From the simulated results listed in Table 3, the Strehl H-band ranges from 0.23 to 0.76 or RMS wavefront error of 0.3 to
0.1 microns.

From Table 3, the DM is currently the limiting component due insufficient actuators (97 actuators), as the phase variance
error Var DM is a significant fraction of the total variance. The temporal sampling (200 Hz) variance Var TIME is
significant for bad seeing conditions (poor than 1.3”, model-OTP #6 to #9) and significant for poor free-atmosphere
turbulence where Tau 0 and Theta 0 are small. For typical seeing conditions 1.3 to 1.7” the simulations show that the
test-bench predicted performance on the AAT can achieve H-Band Strehls 0.2 to 0.4. Simulations indicate that to
improve the Strehl requires upgrading the DM having more actuators as well as increasing the temporal sampling.

Model-OTP | Seeing V () | Tau_0 (ms) | Theta 0 (“)
1 0.8659 11.7922 6.4233
2 0.9436 5.3516 3.7172
3 1.0755 2.3291 2.0123
4 1.1787 4.5855 6.3684
5 1.2427 3.5038 3.7043
6 1.3542 2.0310 2.0098
7 1.5206 2.2067 6.2255
8 1.5749 2.0112 3.6700
9 1.6710 1.5242 2.0030

Table 1: Summary of Model-OTP for Siding Spring Observatory.

Parameter Value
Telescope (m) 3.9
WFS Wav (microns) | 0.7
SCI Wav (microns) | 1.6

WES Sub (m) 0.1696
DM (act) 97
Loop (Hz) 200

Table 2: Parameters for the adaptive optics test-bench simulations.

Model-OTP | Var WFS | Var DM | Var TIME | Strehl H | RMS (micron)
1 0.0040 0.2397 0.0234 0.7656 0.1316
2 0.0048 0.2767 0.0872 0.6917 0.1546
3 0.0062 0.3441 0.3489 0.4970 0.2129
4 0.0075 0.4008 0.1128 0.5939 0.1838
5 0.0083 0.4378 0.1766 0.5365 0.2009
6 0.0098 0.5052 0.4383 0.3855 0.2486
7 0.0124 0.6128 0.3817 0.3653 0.2555
8 0.0133 0.6497 0.4455 0.3300 0.2681
9 0.0150 0.7171 0.7073 0.2371 0.3055

Table 3: Results of analytical simulations for the adaptive optics test-bench.
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3. TEST-BENCH OVERVIEW

The ability to evaluate and test adaptive optics technologies in the laboratory with a test-bench is a prerequisite to
demonstrate adaptive optics on-sky with the AAT. A labeled photo of the AAO adaptive optics test-bench is shown in
Figure 1. The test-bench in Figure 1 is currently configured for laboratory use to test our prototype 12x12 mini-WFS
(wavefront sensor #2). It is configured in the basic single conjugate adaptive optics mode where the wavefront source is
also the science object. The test-bench has also been used to investigate adaptive optics for the recovery of optical
angular momentum [14] and for active injection into single mode wave guides [15]. The laboratory test-bench is
mounted to Cassegrain focus of the AAT in an inverted position with a few modifications.

The reference source is a fiber laser collimator that combines two wavelengths, 660 nm and 1310 nm, using a fiber
coupler. The power can be individually controlled to simulate different source brightness. This configuration simulates
the nominal operation where the short wavelength goes the wavefront sensor and the long wavelength goes to science
object where improved imaged correction is achieved. The output of the fiber laser collimator is then expanded using a
beam expander to make the intensity uniform over the pupil.

The expanded collimated light then passes through a motorized phase screen to simulate a single turbulent layer
atmosphere. We have two custom phase screens (100 mm diameter annular plate) manufactured by Lexitek to have
Kolmogorov like phase statistics with first r0=0.31 mm and the second r0=0.73 mm. Both phase screens are mounted in
a motorized rotary stage capable at least 100 RPM which equates to a wind speed approx. 90 m/s for a 13.5 mm pupil
(DM) mapped to a physical 3.9 m AAT. The test-bench is configured for a single phase screen at the ground-layer that is
placed approx. at the optical conjugate of the pupil formed on the DM and WFS. The phase screen is moved out of the
optical beam in order to calibrate and build the interaction matrix of the WFS/DM.

When the test-bench installed on the AAT, the phase screens are removed and additional pick-off optics are used to
collimate the telescope f/8 beam. The acquisition camera (not shown in Figure 1) provides feedback to precisely point
the telescope. The tip-tilt sensor camera (not shown in Figure 1) is placed before the DM and provides tip-tilt and
uncorrected seeing measurements.

The light is then directed onto the DM which forms the optical aperture stop of 13.5 mm. The DM is an ALPAO DM97-
15 having 97 actuators over a circular diameter of 13.5 mm. The DM has a high stroke capable of a peak-to-valley more
than 60 microns over surface and bandwidth up to 750 Hz. The DM applies both the tip-tilt and high-order wavefront
corrections to achieve the best image quality. The optics between the phase screen and DM form the optical image
conjugates of the pupil.

Next, the light is encounters dichroic that splits the light below 700 nm to the wavefront sensors. The light above 700 nm
goes to the short-wave infrared camera (Xenics) serving the purpose as the science camera, sensitive wavelength from
0.8 to 1.8 microns. The science camera monitors the image quality of the point spread function. A bias on the DM
compensates for static aberrations measured by the science camera. The beam size is de-magnified for the wavefront
sensor. For the AAT a Shack Hartmann wavefront sensor is used, which consists of a 26x26 microlens array and an
Andor SCMOS Zyla camera. This is capable of sampling the wavefront at least 200 Hz to keep up with the changing
turbulence. For the lab setup in Figure 1 we currently have a Thorlabs WFS (wavefront sensor #1) and our prototype
12x12 mini-WFS (wavefront sensor #2).

The loop control is implement based on the stock and derived components from ALPAO software called ACE running
in Maltab and Labview environment. The ACE s/w allows end-users to help prototype and build custom adaptive optics
systems based on ALPAO components. The ACE s/w works well for the ALPAO hardware, such as our DM, but
required additional work to implement our WFS (based on the Andor Zyla). The conjugated wavefront is reconstructed
in real-time with ACE software running in Matlab and then sent to the DM. The wavefront is iteratively flattened with
the appropriate loop gain for stability and performance. The front-end control GUI of the test-bench, see Figure 2, is
implemented in Labview (also based on ACE components) that interfaces to Matlab. The ACE software provides the
ability to implement modal or zonal reconstruction techniques.

Proc. of SPIE Vol. 9909 990933-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/17/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



\ \ ., /| H-band

Wavefront : Wavefront ~__ Camera

Sensor#2 = | Sensor#l - gm0 T X

Telescope

otorized ! ‘”
Phase
Screen

- Bundle -
/ e-imaging . .
~Camera | /|

| Deformable § | Calibration |.
| Source

Mirror

]

Losap e 0.1 oo o]
. Y

WES Reference @ Colenii 8 |

Figure 2: Labview GUI that controls the AAO adaptive optics test-bench (derived from ALPAQ’s ACE s/w).
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The AAO adaptive optics test-bench is an optical breadboard that is mounted in an inverted position on the Cassegrain
focus of the AAT, as shown in Figure 3. Modifications to the lab test-bench are required such as the structural support
and cabling; the removal of the phase screens; additional optics to pick-off and collimate the telescope f/8 beam; target
acquisition and guiding camera and tip-tilt sensor. The optical layout of the test-bench for the AAT is shown in Figure 4.
The test-bench is flexible in that it can cater for additional experiments related to adaptive optics. The test-bench has a
field hole of 300 mm diameter that allows the installation of a plug-plate for distributed wavefront sensors [8, 9]
experiment to access the 20 arcminute field. The test-bench has been installed on the AAT for a total of three
observational runs (see Table 4) and time shared with other experiments of active injection [15] and distributed

wavefront sensors [8, 9].

4. AO DEMONSTRATOR

Run | Date Nights | Notes
1 10 December 2014 to 2 Weather issues; NIR camera not available; Evidence of tip-tilt
11 December 2014 correction in the visible with FWHM reduced by 20%.
Closed-loop stable for only a few seconds.
2 23 July 2015 to 4 Weather issues; adaptive optics output fed active injection
26 July 2015 experiment. Instrument flexure issues. Improved software.
Closed-loop stable for long durations. First partial H-band
correction observations with NIR camera.
3 23 Nov 2015 to 8 Improved  instrument  configuration to  minimize
30 Nov 2015 polychromatic aberrations when feeding active injection
experiment. Improved procedures. Active injection
observations and results. Distributed wavefront sensor plug-
plate observations. Tip-tilt sensor and corrections. Improved
H-band corrections on double star separation 10”.

Table 4: Observing runs with the adaptive optics test-bench on the AAT
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(c) Test-bench showing the adaptive optics front-end
and active injection back-end.

Figure 3: Photos showing the 3.9 m AAT and the adaptive optics Test-bench.
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5. ON-SKY RESULTS

5.1 Data Description

In Section 5 we examine the results of a single observational dataset of the double star Theta Eridani (WDS 02583-
4018). We use this dataset as an example of the performance of the adaptive optics test-bench that can be achieved under
typical conditions. The dataset was taken during the third set of observations (run #3) at approx. 01-Dec-2015 00:52:39
(local time). Theta Eridani is a double star of separation 8.6, magnitude of primary is 3.2 and secondary is 4.12 [16].
The metrological conditions at the site reported an outside temperature of 22 degrees with an average wind speed of
approx. 10 km/h and a wind direction from the north [17]. The observational data taken using a Xenics shortwave
infrared (SWIR) camera with a H-band filter (1.6 microns). The camera resolution of 320 x 240 pixels provided 0.16
arcsecs per pixel sampling on-sky.

The dataset contains a total of 1000 frames taken with an approx. frame rate of 9.7 fps. To compare results, the first half
of the dataset captured open-loop (approx.500 frames or 50 s) and then the remainder in closed-loop. The long exposure
is achieved by averaging the frame data for the double star target for open-loop and close-loop conditions and shown in
Figure 5. The wavefront source for closed-loop being the brighter primary component of the double star. For closed-
loop performance we note that the double star’s secondary component is also compensated. This suggests that the
isoplanatic angle of the atmospheric turbulence in the H-band during observations is larger than the double star angular
separation of 8.6”. In the following sub-sections we examine both the image motion and image quality in open-loop and
closed-loop.
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Figure 5: Averaged frame data for Theta Eridani from the H-band camera.

5.2 Image Motion

The image motion can be measured with the analysis of the centroid data in open-loop and closed-loop conditions. It is
noted that the largest source of astronomical image degradation is from image motion (tip-tilt component of wavefront).
The source of image motion is a combination of telescope guiding and the atmospheric component. For the dataset Theta
Erinandi we plot the mean subtracted X and Y centroid data for the primary component in Figure 6. The open-loop
centroid RMS for X-direction is 0.3623” and Y-direction is 0.2585”. For closed-loop the image motion is much less with
a RMS for X-direction is 0. 0228” and Y-direction is 0. 0247”. For closed-loop the reduction in image motion is more
than 10x the open-loop values. For the case of open-loop, we note telescope guiding issues with asymmetry in the NE-
SW directions (possibly due to our guide camera and software configuration).
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Figure 6: Plot of the X,Y centroid for open-loop (red) and closed-loop (blue) for Theta Eridani.

In Figure 7 we use a box plot to show the centroid distribution for open-loop and close-loop. We note that the
distributions in the box plot are symmetrical like about their medians. In Figure 7 we plot the power spectra to show the
frequency response for open-loop and closed-loop. For open-loop we note significant power at low frequencies with two
notable harmonics at 0.1 Hz and 1.9 Hz. The power value at 1.9 Hz is also evident in the power spectra for the closed-
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loop X-centroid but significantly attenuated. The telescope is likely the source of the signals. The closed-loop operation
successfully compensates the low frequency image motion as shown by the reduction in power of the low frequencies in
the power spectra.
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Figure 7: Plot of the X,Y centroid for open-loop (red) and closed-loop (blue) for Theta Eridani.

5.3 Image Quality

To measure the image quality the science camera frames in H-band are averaged from the dataset Theta Eridani. This is
done for both open-loop (see Figure 8 ) and closed-loop (see Figure 9) operation modes for comparison.

10 20 30 40 mn 20
(a) obsered data (a) observed data

30 200 A0 [1} 10 20 30 40 50 G0
(b) model data : FWHM = 1.44 | PEAK = 2005.05, Beta = 3.48 (b) madel data : FwHM = 0.40 , PEAK = 9858.00, Beta = 1.11

a0 200 -0 a 10 20 30 40 50 60

Figure 8: open-loop long exposure image (a) Figure 9: closed-loop long exposure image (a)
measurement and (b) model Moffat function. measurement and (b) model Moffat function.

The equivalent long exposure image (approx. 50 s) provided by averaging of approx. 500 frames. A model Moffat
function fitted to data to measure the FWHM. For open-loop the model H-band FWHM is 1.44” and for closed-loop is
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0.40”. The peak intensity of the closed-loop is nearly 5 times that of the open-loop. In Figure 10 we compare the
resulting PSF of the open-loop and closed-loop with that of the reference source. The reference source serves as a
calibration and therefore considered as the best image quality possible from the adaptive optics test-bench. Note that the
reference source does not pass through the telescope and fore-optics which might add artefacts not corrected in the
observed PSF. The peak normalized intensity of the closed-loop is approx. 16% that of the reference. A H-band seeing of
1.44” is equivalent to a V-band seeing of 1.8”, which is worse that the seeing in model#9 of Table 3, which predicts a H-
band Strehl of approx. 24% . Therefore, this on-sky result is in general agreement with the simulation.

0.9

Intensity

6
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Figure 10: A side-by-side comparison of the H-band normalized PSF (energy) from the left to right: open-loop
(peak ~ 0.03) and closed-loop (peak ~ 0.16) compared to reference source (peak = 1.0) for dataset Theta Erinandi.

Next, we plot the 1-D profile of the intensity PSF for open-loop, closed-loop and reference source in Figure 11. From the
linear plots of Figure 11, we see that the FWHM of the closed-loop PSF are similar to that of the reference source PSF.
However, the closed-loop PSF has more energy in its outer ‘wings’ or halo compared to the reference source, most
within seeing disk radius < 1.5”. We also note from the log plots the higher overall scattering in the wings of the open-
loop and closed-loop PSF compared to the reference source PSF. The increased scattering may be due to the telescope
mirrors and optics not in the optical path of the reference source.
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Figure 11: Plots of the 1-D log and linear intensity PSF profiles in H-band for open-loop ‘Off’, closed-loop ‘On’
and reference source ‘Ref’ in X and Y-directions for dataset Theta Erinandi.

Adaptive optics can deliver significant improvements to the image FWHM. However, another useful quantity is the
encircled energy within a certain angular diameter. The plots for the encircled energy are shown in Figure 12. The
improvement in the encircled energy with adaptive optics is less dramatic than the improvement in the FWHM. This is
due to the presence of the outer-halo (size of the uncorrected seeing disk) of the partially corrected PSF. From Figure 12,
the gain in encircled energy with adaptive optics for a 0.5 aperture is more than three-fold. For an aperture matched to
the uncorrected seeing FWHM of ~1.5”, the gain in encircled energy with adaptive optics is only 50%. Therefore the
gain in encircled energy decreases with increasing aperture size and therefore must be taken into consideration.
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Figure 12: Encircled energy plots for the H-band PSF in 1.44” seeing.

6. CONCLUSION

This paper has documented the successful on-sky adaptive optics demonstration using the 3.9 m AAT. The AAO test-
bench performed stable closed-loop correction of tip-tilt and high-order wavefront components on two separate
observing runs, in July 2015 and November 2015. The result of closed-loop performance in November 2015 on the
double star Theta Erinandi improved the seeing FWHM from 1.44” (1.8” V-band) down to 0.40” in the H-band. The gain
in encircled energy with adaptive optics closed-loop for a 0.5 aperture is more than three-fold. The peak intensity of the
measured PSF significantly improved from 3% to 16% relative to an ideal PSF. The historical significance of the
achievement being the only adaptive optics (high-order wavefront correction) results to date on the 3.9 m AAT.

Simulations of the adaptive optics test-bench are in general agreement with observations. Simulations for typical
conditions on the 3.9 m AAT indicate that performances can be improved by increasing the number of DM actuators (97)
and then increasing the loop bandwidth (approx. 200 Hz). This will be given further consideration for future observations
with the adaptive optics test-bench on the 3.9 m AAT.

The test-bench provides a useful mechanism to facilitate the testing of new concepts requiring adaptive optics, such as
detection of orbital angular momentum,; active injection in single mode waveguides and miniature wavefront sensors for
Starbugs. The test-bench is a useful tool to validate these technologies in the lab and on-sky.

The next steps for the adaptive optics test-bench are to develop and validate on-sky the close-loop operation of the
miniature wavefront sensors (for Starbugs); explore the operation of the GLAO and MOAO [18] modes on the 3.9 m
AAT,; explore science cases and instrument concepts to benefit from adaptive optics on the 3.9 m AAT. The AAO’s
research activities into adaptive optics are to ensure that the AAT is equipped with state-of-the-art technology and to
maintain AAO’s competitiveness for international projects with adaptive optics skills and novel technologies.
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