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The TAIGA-TACTs are part of the hybrid TAIGA experimental complex, located near lake Baikal
in Tunka valley, Siberia, Russia. The telescopes have segmented mirrors in Davis-Cotton design
with the reflector diameter of 4.3 m and an imaging camera with PMTs in its focus to detect
nanosecond flashes of Cherenkov light from EAS. The TAIGA-IACTs are operating in wobble
mode. Their operation requires high pointing and tracking accuracy, especially important for
long exposure times. The telescope positioning system consists of steppers motors, 17-bit angular
encoders and a CCD camera for accurate monitoring of the telescope pointing by stars in its field of
view and related calibration procedures. The telescope is controlled by using the custom software
based on the EPICS (Experimental Physics and Industrial Control System) package. This report
presents an overview of the TAIGA-IACT control and monitoring software, pointing accuracy and
the relevant calibration procedures.
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1. Introduction

The TAIGA observatory [1, 2] is designed for high-energy gamma-ray astronomy and cosmic-
ray physics with a new, hybrid detection concept[3]. This hybrid approach combines the detection
of the Cherenkov light emitted by extensive air showers (EAS) with two different detector systems:
with the timing array TAIGA-HiSCORE and with imaging air Cherenkov telescopes TAIGA-
IACT. Since 2020 two IACT telescopes are installed and operate on the TAIGA site. The third
telescope is in deployment and will be commissioned and put in operation in 2021. The results
of analysis of the TAIGA-IACT data can be found in [4, 5]. In order to control the telescope
hardware devices, dedicated software was developed. The software was developed using EPICS!
framework. Required telescope pointing accuracy is achieved by developed telescope pointing
model and calibration approach. The software and the approach are described in this work.

2. The TAIGA-IACT telescopes

The TAIGA-IACT telescope has an alt-azimuth mount and a camera in the focus of a segmented
Davis-Cotton design reflector. The telescope reflector is 4.3 m in diameter and is composed of 34
mirror segments. The focal length of the telescope is 4.75 m. The camera has 9.6° field of view
and 0.36° pixel resolution. It consists of 560 (the 1st telescope) and 595 (the 2nd and 3rd telescope)
PMTs equipped with Winston cones.

For the pointing calibration and measurements, a CCD camera Prosilica GT1380 is installed on
the dish near the mirrors. The field of view of the CCD camera is wider than the telescope camera
and is equal to 31.4°x23.6° (0.023° per pixel). The CCD camera captures on the same image
the sky region with the field of view of the telescope camera and the telescope camera with eight
positioning LEDs installed along the perimeter. The LEDs are dedicated to measuring the telescope
camera position on the CCD-camera images. As the telescope camera does not allow to perform
astrometry by stars directly, a special white calibration screen was developed. The calibration screen
is equipped with a motor and gears and can be rolled and unrolled remotely. During a calibration
run, a bright star is focused on the unrolled screen and its focused image can be seen on the screen
using CCD camera. The drive system of the telescope is consists of Phytron hybrid stepper motors,
17-bit shaft encoders, and limit switches, all are connected to the PhayMOTION control unit.

2.1 The TAIGA-IACT telescope control software

To provide unified access to the telescope hardware control and readout and simplify soft-
ware development EPICS framework is used. A diagram of telescope hardware and software is
presented in figure 1. The motor, CCD camera, and temperature readout are controlled by the
appropriate driver in the telescope control IOC. The on-the-fly CCD-image processing for tele-
scope direction estimation is implemented using the AreaDetector plugin for the EPICS system
that is included in the telescope control IOC. The FITS file format is used for CCD-camera image
storage. Astrometry.net[6]? software is used for processing of the telescope field of view region on
CCD-camera images.

thttps://epics.anl.gov
2https://github.com/dstndstn/astrometry.net
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Figure 1: The TAIGA-IACT control and data acquisition software diagram.

Two PCAS (Portable Channel Access Server) are written on Python for auxiliary systems
control and high-level automation of the telescope tracking and calibration operations. The high-
level control PCAS configure telescope runs and performs trajectory calculation, hardware setting,
and control of the telescope operation execution. The telescope trajectory is calculated using the
SOFA3 software and applying the telescope pointing model to minimize telescope pointing errors.
The on-the-fly CCD image processing allows telescope direction estimation and takes its results
into account to correct the telescope trajectory online. The IP-camera and the IR-LED installed on
the telescope camera are dedicated to monitor telescope mirrors status (frost detection).

The operator GUI is developed using the EPICS Qt framework and provides hardware control
and monitoring of the telescope status and parameters. The operator GUI provides a graphical
representation of parameters, color indication, and audio alarm system.

3. The TAIGA-IACT telescope pointing calibration

For the telescope pointing a transformation chain presented in figure 1 is used. The telescope
direction can be estimated by the telescope shaft encoders and by the CCD camera installed on
the dish. Both methods are based on models which parameters are determined experimentally by
special measurements and tracking known bright stars.

3http://www.iausofa.org/
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Figure 2: Telescope coordinates transformation graph. To estimate the telescope direction, encoders and the
CCD camera is used. To transform encoder readouts to the telescope direction in the horizontal coordinate
system a pointing model is used. The direction of the telescope in the ICRS (International Celestial Reference
System) coordinate system can be estimated by CCD camera images. The WCS transformation parameters
are determined using Astrometry.net software. Transformations from the ICRS to the horizontal coordinate
system are performed using the SOFA library.

The first step of the telescope calibration is measurements of reference positions of the posi-
tioning LEDs and determination of the transformation to the PMT coordinate system. Measurement
starts in twilight when the hexagonal outlines of Winston cones of the telescope camera can be seen
on CCD camera images. The dependency of positions of the LEDs on different telescope positions
by altitude angle is also determined.

A simple camera model[7] is used to predict the position of a source projection on the focal
plane and determine the position of the telescope during the pointing calibration runs with the
calibration screen.

3.1 The pointing model

The telescope direction in the horizontal coordinate system can be estimated by the shaft
encoders using the telescope pointing model. The model is designed to predict and correct telescope
pointing deviations caused by different reasons. The most prominent reasons for such deviations are
offsets of the shaft encoders, small telescope tilts, bending of the telescope mount, non-perpendicular
alignment of the altitude axis relative to the telescope optical axis, non-perpendicular alignment of
the altitude axis relative to the azimuth axis. We use a slightly modified pointing model that has
previously been successfully used in other telescopes [8, 9]. Speaking of another new approach for
the telescope pointing modeling (not used in this work) you can see more in [10].

For the pointing model measurements, the calibration screen inside the telescope camera is
unrolled and during a night the telescope tracks several bright stars consistently, automatic switching
between targets. Using the spot analysis algorithm the position of the star image on the screen is
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determined and then transformed to the focal plane coordinate system. The telescope direction in
the horizontal coordinate system is estimated by the telescope camera model.

3.2 Transformation from the CCD to telescope camera

To determine the telescope position by the CCD camera a transformation of the telescope
camera center to the CCD sky region is determined. It takes into account the possibility of small
displacements of the CCD camera direction concerning the telescope optical axis and the possible
dependence on the telescope altitude[11]. The parameters of the transformation are determined
experimentally using bright stars and the calibration screen unrolled in the telescope camera.

The transformation is used for the telescope direction estimation and transformation in the
vicinity of the camera center. The telescope camera model is used to calculate the position of an
arbitrary star on the telescope’s focal plane.

4. The TAIGA-IACT pointing results

The telescope pointing calibration measurements with the unrolled screen are regularly per-
formed between the observation periods in a small moon in order not to waste the observation
time. The pointing model estimation of the telescope direction has smooth not static systematic.
An experiment with unrolled calibration screen showed that the direction estimation using the CCD
camera does not have such systematic. The telescope trajectory is reconstructed with the CCD
camera corrections to take it into account. The corrections are performed online during the tracking
and offline for future data analysis

4.1 The spot position prediction and telescope direction estimation by CCD camera

By the data with unrolled screen difference between the prediction of the source position by
the telescope camera model using direction estimated using the CCD camera and measured spot
position has about 0.01 degrees standard deviation by both axes. The mean offset of measured
positions from predicted positions of a bright star image does not exceed 0.01 degrees by both axes
for calibration data during the 2020-2021 season. The calibration gives good accuracy for the entire
season and it has good time stability.

4.2 Pointing measurements using anode current on telescope camera PMTs

As an additional independent test of the CCD-camera transformation accuracy, special runs are
performed. The method based on the measurements of anode current on the PMTs during a cross-
like scan of a bright star[12]. The procedure for such measurements is the following: telescope
track a bright star to put its spot in the target telescope camera pixel. During the measurements,
the calibration screen is rolled, HV on the camera PMTs is on, the currents and the axis position by
encoder readouts have 1 Hz frequency. The telescope moves in such a way, to change the position
of the spot by x and y coordinate as presented in figure 3 (right). The telescope scans the profiles
moving up, down, from left to right, and from right to left. Reference CCD camera images are
obtained to apply the corrections.

For each passage, the dependence of anode current on x and y axes on the predicted bright
star position is calculated. The full width at half maximum (FWHM) is calculated for the profiles.
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The deviation of the FWHM segment center from the PMT center position can be interpreted as an
error of the star projection to the camera focal plane caused by the telescope direction estimation
error or an error in the telescope camera model.

The results of such measurements for different altitude, different distances and directions from
the camera center is presented on the figure 3 (left). The presented data show that the estimation
of the source position on the telescope focal plane is not worse than 1 CCD camera pixel (0.023
degrees).
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Figure 3: Left: an example of a trajectory of the start projection on the camera focal plane during the
cross-like currents scan method. Right: The difference with the position of the target pixel on the telescope
focal plane with the anode current profile FWHM segment center for the 2nd TAIGA-IACT telescope. The
colors indicate the distance of the target pixel from the camera center. The abscissa shows the altitude of the
telescope.

5. Conclusions

The TAIGA-IACT telescope control software is developed using EPICS framework. The
telescope operates in wobble mode switching the direction every 20 minutes. The distance of the
observed source from the telescope optical axis during the wobble mode is 1.2 degrees.

The telescope direction estimation using the pointing model is corrected by the CCD camera
to achieve better accuracy. The telescope direction estimation by CCD camera takes into account
possible small displacements of the CCD camera direction with respect to the telescope optical axis
and the possible dependence on the telescope altitude. The CCD camera transformation calibration
is time stable and the accuracy for the 2020-2021 season is better than 1 CCD pixel or 0.023
degrees. The position of a source on the telescope focal plane is calculated using the telescope
camera model. The telescope pointing and a source position calculation accuracy were checked by
the anode current, the result accuracy is not worse than 1 CCD camera pixel (0.023 degrees).
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