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Abstract A tilt-correction adaptive optical system installed on the 430 mm Solar
Telescope of Nanjing University has been put in operation. It consists of a tip-tilt
mirror, a correlation tracker and an imaging CCD camera. An absolute difference al-
gorithm is used for detecting image motion in the correlation tracker. The sampling
frequency of the system is 419 Hz. We give a description of the system’s configu-
ration, an analysis of its performance and a report of our observational results. A
residual jitter of 0.14 arcsec has been achieved. The error rejection bandwidth of
the system can be adjusted in the range 5-28 Hz according to the beacon size and
the strength of atmospheric turbulence.
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1 INTRODUCTION

It is well known that random image motion induced by atmospheric turbulence and me-
chanical vibrations of the telescope severely degrade the angular resolution of ground-based
solar telescopes when the exposure time of the detector is longer than, or comparable to the
time scale of the image motion. This motion can be detected with the use of solar granulation
or sunspot as beacon and can be compensated in the isoplanatic area of the solar image by
means of correlation tracking. Until now, a few correlation trackers (Ballesteros et al. 1996;
Rao et al. 2001; Molodij et al. 1996; and von der Luehe et al. 1989) have been successfully
developed for solar telescopes.

For low contrast and extended objects such as solar granulation, solar pores and sunspots,
a correlation tracking algorithm has been verified (Rao et al. 2001). The absolute difference
algorithm can be used for the measurement of solar image motion. We built a tilt-correction
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adaptive optical system for the 430 mm Solar Telescope of Nanjing University. Table 1 lists the
major specifications of correlation trackers for solar telescopes developed so far.

In this paper, the configuration of our system is described in Section 2. In Section 3,
the observation results are reported. The performance of the system is analyzed in Section 4.
Section 5 summarizes the major results.

Table 1 Major Specifications of Correlation Trackers for Solar Telescopes

Country USA France-Italy Spain China
Year 1989 1995 1995 2001
Diameter [mm] 760 900 980 430
Beacon granulation granulation granulation sunspot
Algorithm cross correlation granulation absolute difference | absolute difference
coefficient tracker
Sampling frequency [Hz] 417 582 1350 419
Field of view 10" x 10" 21" x 2!~ 14" x 14" 5" x 5" ~
12" x 12" 20" x 20"
Bandwidth [Hz] 25 60 100 30 (open-loop)
(open-loop) (close -3dB) (open-loop) 84 (close -3dB)
28 (error rejection)
Image quality motion 0.023"” rms | 0.2 resolution | motion 0.05” rms | motion 0.14" rms

2 DESCRIPTION OF THE TILT-CORRECTION ADAPTIVE OPTICAL SYS-
TEM

Figure 1 shows the optical setup of the Solar Telescope of Nanjing University. The main
optical path is made up of the flat reflective mirror M1 and M2 (which is used for solar tracking),
the spherical primary mirror M3, and the flat mirror M6. The effective aperture of the telescope
is 430 mm and the focal length is 21.7 m. The size of the solar image in the primary focus F1 is
about 20 cm. When the tilt-correction adaptive optical system is in operation, the flat mirror
M6 is displaced by the tip-tilt mirror.

The tilt-correction adaptive optical system is shown in Fig. 2. It consists of a tip-tilt mirror,
a correlation tracker and an imaging CCD camera.

2.1 Tip-tilt Mirror

Figure 3 shows the interferograms of the tip-tilt mirror before and after coating. The
measurement wavelength is 632.8 nanometers. The frequency response curves of the tip-tilt
mirror in the X direction and Y direction are plotted respectively in Fig.4. The solid and
dotted lines are the amplitude curve and phase curve respectively. It can be seen from Fig. 4
that the resonance frequencies of the tip-tilt mirrors in the X direction and Y direction are
both about 480 Hz.

The tip-tilt mirror was developed in the Adaptive Optics Laboratory, Institute of Optics
and Electronics, Chinese Academy of Sciences. Its specifications are as follows:

Type of actuators: PZT stack



o978

C. H. Rao, W. H. Jiang, C. Fang et al.
Clear aperture: ¢110 mm
Maximum tilt angle: +120 arcsec

Maximum voltage: +700V
Surface: 0.015\ rms (A=0.6328 pm)
Resonance frequency: ~480 Hz
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Fig.1 Optical setup for Solar Telescope of Nanjing University.
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Fig.2 Schematic diagram of the tilt-correction adaptive optical system.
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(a)

Fig.3 Interferograms of the tip-tilt mirror. (a) before coating; (b) after coating.

2.2 Correlation Tracker

The basic principle of correlation tracking is as follows. Using correlation techniques, suc-
cessive images are compared with a previously stored reference image to determine their relative
position displacement. These shifts constitute tilt error signals which are then applied to the
tip-tilt mirror.

For the correlation tracker of this system, absolute difference algorithm is used for detecting
the image motion induced by atmospheric turbulence and mechanical vibrations of the telescope.
The algorithm proceeds as follows. First, it calculates the sum of the absolute differences
between the reference image and the live image at different positions, then it searches the
minimum in the entire field of view of the detector, which constitutes the tilt error signal. With
N*N reference image Ir and the M*M live image I, (M < N), the absolute difference algorithm
has the form

i

M-
Drr (u,v) g (i+u,j+wv)—1Ig (3,75, (1)
7=0

,_.

I
=

i
where v and v are the position displacements between the reference and the live image in the
horizontal and perpendicular directions, respectively.

Using a parabolic interpolation, the image motion signals with subpixel precision at the z
and y directions can be obtained as (Rao et al. 2001):

1 DLR (umin + 17 Umin) - DLR (umin - 17 vmin)
2 DLR (umm 17 Umin) + DLR (umin + 17 Umin) - 2l)LR (uminy Umin) ’

TX = Upin + = (2)

and

1 DLR (umina Umin + 1) - DLR (umilu Umin — 1)

TY = Omin + = .
2 DLR (umma Umin — 1) + -DLR (umin, Umin + 1) - 2DLR (uminy Umin)

(3)
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Fig.4 Frequency response curves of the tip-tilt mirror. The solid and dotted lines are the
amplitude and phase curves, respectively. (a) X direction; (b) Y direction.

In Egs. (2) and (3), tmin and vy, represent the position displacements in the horizontal
and perpendicular direction, respectively, when the sum of the absolute difference in the entire
field of view is minimum.

In the tilt-correction adaptive optical system, the correlation tracker shown in Fig. 5 is made
up of four parts: CCD image acquisition, correlation tracking algorithm, control algorithm and
D/A converter. Its main functions are to compute and compare the sum of the absolute
difference between the reference image and the live image at different positions, to finish the
parabolic interpolation, and to perform the control algorithm. The computation of the sum
of absolute differences between the reference image and the live image at different positions
is accomplished by hardware with use of Field Programmable Gate Array (FPGA) Virtex-
600E. The comparison of the sum of the absolute differences, the parabolic interpolation and
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the control algorithm are executed by software with use of Digital Signal Processor (DSP)

TMS320C30.
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Fig.5 Schematic diagram of the correlation tracker.

3 EXPERIMENTAL RESULTS

To High Voltage

The tilt-correction adaptive optical system has been closed-looped in our laboratory in
October 2001. In December 2001 the system was installed at the Solar Tower of Nanjing
University and was successfully closed-looped for sunspot. Due to severe air pollution, solar
granulation cannot be resolved at this site. In the experiment only solar pore and sunspot
with high contrast can be used to realize correlation tracking. In the following we present some

experimental results.

3.1 Control Characteristics of the System

The control transfer function of the tilt-correction adaptive optical system was measured.
Figure 6 presents the measured open loop control transfer function curves of the system without

control algorithm. The total delay time of the system is 2.8T (T is the sampling period).

Open-loop amplitude curve (dB)
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Fig.6 Open loop control transfer function curves of the system without control algorithm. The
sampling period). (a) Open loop amplitude

total delay time of the system is 2.8T (T is the
curve; (b) Open loop phase curve.
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Figure 7 shows a set of control transfer function curves. The open loop bandwidth, the
closed-loop —3dB bandwidth and the error rejection bandwidth are 30.4 Hz, 84 Hz and 27.5 Hz,

respectively. The error rejection bandwidth of the system can be adjusted in the range from
5Hz to 28 Hz according to the beacon size and the strength of the atmospheric turbulence.
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Fig.7 Control transfer function curves of the tilt-correction adaptive optical system. (a) Open

loop amplitude curve; (b) Open loop phase curve; (c) Closed-loop transfer function; (d) Error
transfer function.

3.2 The Measured Image Motion

Figure 8 presents the time series of the measured open loop and closed-loop image motion.
The rms value of the open loop image motion is 0.90 arcsec and 1.06 arcsec in X and Y
directions, respectively. As the tilt-correction adaptive optical system is closed-loop, the residual
image motion reduces to 0.19 arcsec and 0.14 arcsec in X and Y directions, respectively. The
results show the very evident and effective improvement of the correlation tracking for image
motion induced by atmospheric turbulence and mechanical vibrations of the telescope.

Figure 9 shows the power spectrum of the measured open loop and closed-loop image
motion corresponding to Fig. 8. It can be seen that the low frequency part (below 16 Hz) of the
image motion induced by atmospheric turbulence and mechanical vibrations of the telescope is
compensated effectively. In this case, the error rejection bandwidth of the system is 16 Hz.
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Fig.8 Time series of measured open loop and closed-loop image motions.
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Fig.9 Power spectrum of the measured open loop and closed-loop image
motions corresponding to Fig. 8.
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3.3 Long Exposure Solar Image

Figures 10 and 11 show two sets of open loop and closed-loop long exposure solar image. It
can be seen that the closed-loop long exposure solar image has a certain improvement in contrast
with the open loop solar image. In the experiment, the sunspot is used as the beacon for tilt
correction. Due to the severe air pollution at this site, solar granulation cannot be resolved.
Furthermore, the tracking precision of the correlation tracker is affected by the extension of
the beacon. The smaller the extension of the beacon, the higher the tracking precision is, and
the more effective the compensation is. So the improvement of the correlation tracking for
image motion induced by atmospheric turbulence and mechanical vibrations of the telescope
can become more evident if solar granulation can be resolved.

Open loop long exposure image

Closed-loop long exposure image
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10 20 30 40
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Fig. 10 Open-loop and closed-loop long exposure solar images.

4 PERFORMANCE ANALYSIS

In an adaptive optical system, the imaging performance depends on the tilt residual error
and the higher-order error. For a tilt-correction adaptive optical system, however, the higher-
order wavefront error induced by atmospheric turbulence can be expressed as

D 5/3
oy =0.134 <T—O) , (4)

where D is the diameter of the system, rg is the turbulence coherence length.
Accordingly, the resolutions of the tilt-correction adaptive optical system for short exposure
imaging and long exposure imaging are, respectively,

RESgg = (1.22%)/ exp(—o2,) + 11_%1;:)%)7 (5)
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and

(6)

exp(—o? 1 — exp(—oc?
RES.z = (1.22A) p(=77,) P(=9ng)
1+5 (D/)\) o 1+ (D/ro)

D
In Egs. (5) and (6), 0}, and o7, are the tilt residual error and the higher-order wavefront error,
respectively.

Figure 12 shows the imaging resolution of the system as function of the atmospheric coher-
ence length for different tilt residual error. Obviously, the smaller the atmospheric coherence
length, the larger the tilt residual error and the lower the imaging resolution is. We list the
computed values of the imaging resolution of the system in Table 2.

Open loop long exposure image Closed-loop long exposure image
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Fig.11 Open loop and closed-loop long exposure solar images.

Imaging resolution for Solar Tower of Nanjing University.
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Fig. 12 Imaging resolution of the system vs. atmospheric coherence
length for different tilt residual errors.
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Table 2 Imaging Resolution of the System (unit: arcsec)

ro (cm) Diffraction | Short exposure Long exposure for different tilt rms error Open
limit 0.05" 0.1 0.15" 0.2"” loop
0.32 2.21 2.28 2.41 2.52 2.70 2.76
0.32 0.86 0.92 1.05 1.20 1.33 1.73

10 0.32 0.63 0.68 0.79 0.92 1.04 1.38

15 0.32 0.45 0.48 0.56 0.66 0.76 0.92

5 SUMMARY

We have built and installed a tilt-correction adaptive optical system at the 430 mm Solar
Telescope of Nanjing University. It consists of a tip-tilt mirror, a correlation tracker and an
imaging CCD camera. The configuration of the system has been described. An absolute
difference algorithm is used for detecting image motion in the correlation tracker. As the tilt-
correction adaptive optical system is closed-loop, the improvement of the correlation tracking for
image motion induced by atmospheric turbulence and mechanical vibrations of the telescope
is very evident and effective. A residual jitter of 0.14 arcsec has been achieved. The error
rejection bandwidth of the system can be adjusted in the range from 5Hz to 28 Hz according
to the beacon size and the strength of the atmospheric turbulence.
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