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Abstract

A remotely controlled pointing optical telescopéaiSTracker - ST hereinafter) was built to aim for
a precise pointing model and dynamic tracking aiagantennas. It was installed on the INAF-IRA
(Institute of Radio Astronomy of the Italian Natadrinstitute for Astrophysics) 32 m
radiotelescope in Medicina (Bologna — Italy). TheiS working to collect data for the pointing
model and to evaluate the tracking performanceseontenna with sub-arcsec resolution. The
optical system consists of a 18 cm aperture, Ndksutov-Cassegrain catadioptric telescope, a
Peltier cooled CCD camera, a shielding plate agaiad weather and an automated electro-
mechanical system to close/open the telescope .ddeee the ST performances (sensibility, plate
scale and rotation angle), and first tracking mezssare presented.

1. Introduction

High precision pointing is one of the requiremefntshigh frequency observations. Several millimetng
submillimetre telescopes are thus provided withicaptpointing systems, or are developing them [[L][& order to
point and track with the highest possible accurdtyese systems consist of small optical telescoitessCCD cameras
mounted in parallel to the antennas. In fact, aicappointing system takes advantage of a higlhenber of stars than
radio pointing . Moreover, small telescopes caneaghangular resolutions below the arcsecond scale.

A ST could be implemented on the Sardinia Radi@3@pe, (SRT) which will require a pointing accyrbetter than
1 arcsec, since working at frequencies higher #2BHz.

For the time being, a prototype Star Tracker hanbastalled on the 32 meters VLBI antenna, locéteMedicina
(BO).

This work has been done in the framework of thévitiets of the Metrology group of the Sardinia Radielescope
project (GAIO2-SRT).

2. The Star Tracker (ST)

The Star Tracker (ST) is a 18 cm aperture catadofglescope with a Maksutov configuration andfif humerical
aperture. It has been provided with a Peltier ab@€D camera model FingerLake CM9-1E. The parameteboth
the telescope and the CCD are summarized in Talol Tab.2, respectively.

Model Astrotek Mirage 7
Optical Configuration Maksutov Cassegrain
Aperture 180 mm

Focal length 1800 mm

Tab. 1:Telescope parameters.



Model Finger LakeCM9-1E

Chip Model KAF-0261E
Cooling Peltier
Pixels 512 x 512
Pixel Size 20 pm

Field of View 19.5" x 19.5
Q. E. @580nm 65%

Full Well Capacity 500 Ke-

Tab. 2:CCD camera parameters.

Tab.3 gives an estimate of the number of starstwtém be seen in the ST field of view [3]. It isrhonoting that for
each field of view, it is possible to find approxtely 2 stars brighter than,m 11.

my N stars degre& N stars in the ST FOV
4 0.012589 0.001262
5 0.038905 0.003901
6 0.117490 0.011782
7 0.346737 0.034770
8 1.000000 0.100278
9 2.818383 0.282621
10 8.128305 0.815088
11 21.877616 2.193839

Tab. 3: Number of stars per square degree brighter than m

In the prevision of using the Star Tracker durihg taytime two high-pass (in wavelength) with n@&acut-off filters
have been acquired. These filters are of the mBkelet IR PROGnanufactured by Astronomik Ltd. The former has the
cutoff at 742 nm and the latter at 807 nm. Theffilnount has been manufactured in our laboratodypdaced just
before the CCD camera, considering the slow apedfithe incoming beam (F/10). The transmittanaceeof the 742
filter has been measured in our laboratory andehkelt is shown in the following Fig. 1.
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Fig. 1 The transmission curve of IR filter mountedon the TA as measured in our lab.

3. The Telescope Assembly (TA)

The ST was integrated into a mechanical assemlidytalyive interface with the radio telescope. Wmle system -
ST plus cover - forms the Telescope Assembly (Tjhe following Fig. 2 a sketch of the TA is shawn
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Fig. 2 A sketch of the star tracker (ST) and the wble telescope assembly (TA).

The ST was then inserted into a stainless stearcable to shield from rain and bad weather cat and fixed to it
by means of an aluminium ring (ST/TA interface).tBeen the upper and lower (independent) cover, hemot
aluminium ring is used as interface for fix the B& the radio telescope (RT) existing bracket. At thp of the
telescope was placed a 22 610 (@650 nm) entrance window, and a mechanicakrcanith its proper servo
mechanism to close/open it from the control roamthe bottom part of the TA there is the Peltienled CCD camera.
Two copper socket are fixed to the ring of the iBeltell driving the heat at the ST/TA interfaceoirder to disperse it.
Two holes were created on the bottom TA in ordgsump in some dry air to avoid the CCD window cargileg and



the other to pass through the CCD cable (powerdata). In the Fig. 3 the top (left), the bottonylit) cover and the
ST/TA interface are shown.

Fig. 3:The top (left) and bottom (right) stainlesssteel telescope covers with the TA/RT interface.

The TA was fixed to the RT socket and a hole waslpced on one of the central panel of the maiectdt, as shown
in Fig. 4.

Fig. 4:The ST installed on the antenna—(left) thedle in the main reflector (right).

The electric and electronics connections are desigm order to have the TA directly from the ratiescope control
room, which are about 100 meters distant one t@ther. The electric controls are composed by agoaupply on/off
cable and an command line to open/close the topraufthe TA.

The line for control the CCD camera (start/stop dlequisition and data reading) is a bit more comjblecause the
CCD is controlled via USB. A USB Rover 220 (deliedrby Icron Ltd.) board was placed in order to edtthe USB

command up to 100 m over an optical fiber. This whis possible to control the CCD with a computarated in the
control room. From here, it is then possible totomrthe ST from a remote location (for examplenfirtNAF/OAC at

Cagliari) by means of the Internet.
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Fig. 5: Electric/Electronics connections.

4. The first light and preliminary results

4.1.  First results on tracking capabilities.

DURATION = 15 MIN
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Fig. 6: first tracking measurements

In order to use ST to check the radiotelescopekitmgoacapability, we took a set of 75 images on ilidmt star (Zeta
Cep, mv=3.39) with exposure time of 1 s and sepdrhy 12 s each other. The total tracking time afakb minutes.
The calculated barycentre of every images arequlatt the following figure. The x and y axes shovaspectively, the



elevation and azimuth deviation (in arcsec) witbpext to the mean. The standard deviation for bg#s is of 0.05
arcsec.

4.2. ST performances.

The ST performances were verified taking imageBlo$econds , in order to achieve limiting magnityslate scale
and seeing of the observing site.

The tests have occurred on July'@bserving a field centred on the planetary nemMBa (a=18h53m555, 6=3301"
45”,32000).

The raw image in Fig. 7 shows a strong vignettitgcl although has a minimal effect on the pararsegstimation of
the stars. In the centre of the field some feataresalso evident which are solidal with the SErefice frame: at
different azimuth and elevations, in fact, theyumgthe same position and are not affected by fieddtion, as
expected from alt-azimuthal telescopes when thallpatic angle varies. Probably those featuresiaesto dust on the
window of the optical tube of the ST, and can baaeed by subtracting a flat field.

Fig. 7: On the left the raw image. On the right thesame image cleaned (vignetting and background remed)

The cleaned image was compared to a simulated fretsrder to identify the stars. There is goodeagnent between
simulated and acquired fields, even though thd fietation was not taken into account.

We used MPFIT2DPEAK [4] to measure the positiond widths of the stars (FWHMpan IDL procedure for 2D
Gaussian fitting, derived from the MINPACK.

Tab. 4 summarizes the parameters of the brightest islentified within the field. Columns 2 andepresent the
position starting from bottom left pixel. Columrsiows the star width (FWHM), while column 4, 5 &kepresent
respectively, Right Ascension, Declination, and niagle of the stars.

The faintest star in Tab. 4 was revealed with aratid of 17.

The measure of the plate scale over the whole &ikddvs to verify possible distortions. The platale measured
2.29%0.006 arcsec/px, constant over the whole fields Maiue is in agreement with the nominal plateesedlich is
2.3 arcsec/px.



Fig. 8: Simulated field (left) and acquired image(ight). The purple square indicates the field of vier of the

adopted CCD at 1800 mm of focal length.

N X Y FWHM (arcsec) R.A(2000) Dec(2000) Mag
1 497.569 295.463 3.29|18h53m11s.6 | 3303'12".9 11.23
2 490.807 165.656 4.21249|18h53m17.3 |32%8'21.3 11.83
3 394.632 88.9791 3.43879 | 18nh53m37s.1 | 32%56'11"2 11.04
4 58.6556 11.928 3.34116 | 18n54m40s.2 | 3255'42".2 9.94
5 27.4722 271.112 3.63941 | 18h54m36.7 |3305'41".7 8.69
6 280.491 468.033 3.5694 | 18nh53m44s.7 | 33°11'17.3 10.33
Tab. 4: Parameters of the identified stars
4.3. Rotation Angle

In order to measure the angle of rotation of thé@@th respect of the alt-azimuthal reference fraohthe antenna,
we observed the group of stars named M73, whickistsof 4 stars within the ST field of view.
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Fig. 9: M73 field. The numbers indicate the stars sed to calculate the rotation angle of the CCD fram
N. X Y R.A(2000) Dec(2000)
1 213.58 302.54 20n58mS6.77s 11238'30.3"
5 244.42 393.70 20h58m53.32s -1237'54.5"

From the observation time and from the declinatibthe stars, we obtained the parallactic angi#5°.5 (i.e. the angle
between the equatorial and alt-azimuthal coordisgttem). Being the.s‘12 =2°.16 the angle of the vector connecting

the stars 1 and 2 and the x-afdg. 9 in the CCD reference frame?,, = 34°.7
The rotation angle of the CCD is thuecp, = J,, + ), + X, we obtainedd.c, =53°.3.

4.4. Tracking observations.

In order to evaluate the antenna tracking perfomaanwe observed a star from its rising to itdregtt

Name Sadalmalik ¢ Acq)
RA(J2000) 22h 05m47s.0357
Decl(J2000) -00° 19’ 11”.463
Brightness 2.39m

Exposure time 0.1s

Tab. 5. Tracked star

The observations started on August, 30 at 20:0@ktT lasted ten hours. We took an image of 0.1gmd®ure time
every 15s. The whole set of images consists of JéetOres.
During the tracking, the antenna spanned 140°imwuth, from 120° to 260°, and 45° in elevation.

The position of the star was obtained using the pibdcedure MPFIT2DPEAK
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Fig. 10.Sadalmelick 3D plot.

Let the position of the star l€X,y) where x,y are the pixel coordinates in ti@Creference frame. The field rotation
was taken into account by means of the followimg$formations:

X'=X-X
y=y-y

where X, Y coordinates identify the centre of the rotation.

Ax =X cos(y) +y sin(x)
Ay =-x sin(x) + y cos(y)

wherey is the parallactic angle.

The behaviour ofAx andAy, as a function of time, describes the antenrcking errors. We showed them in the alt-
azimuthal reference frame, rotating CCD referemamé of thed.., angledefined in the previous section:

AX = AXCOSPccp) — Ay SIN@ecp)
AY = —AXSINGncp) + DAY COSGncp)

From AX and AY we can derive the offsets in terms of azimuliAz ) and elevation {el )
AAz = AX cosel)

Ael = AY
whereel indicates the elevation of the star.
In Fig. 11andFig. 12it can be seen that the peak-to-peak tracking érabout 30 arcsec. This could be an
overestimate of the actual tracking errors, becthesgravity force could introduce deformation degiag on the
elevation. Moreover, the pointing model, used falthe antenna, could introduce additional tefrence, we
simulated these contributions by means of a sewdgghee polynomial fit, representedfig. 11andFig. 12by the
red curve.
The analysis of the residual shows sharp variaiiothe tracking. The magnitude of peak to peakatiar is about of 7
arcsec.
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Fig. 11 Tracking: Measured tracking errors along the azimuth direction (above). The red line represesta
polynomial fit of seventh degree. The fit residuahre presented as well (below)
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Fig. 12 Tracking: Measured tracking errors along tte y direction (top plot). The red line represents @olynomial
fit of seventh degree. The fit residual are presert as well (bottom).
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Fig. 13: Inclinometers: elevation (EL) and cross-elvation (XEL)

We compared the data plotted in Fig. 11 and FigolBe rail data ( Fig. 13, [5]), from the two limometers which
measure variations of the alidade along the ELthadKEL directions: if the antenna points at 18Dazimuth, the
former represents the variations along the Northt#sdirection, the latter the East — West variagion

In Fig. 13we showed the inclinometers measures, after tneval of the instrumental offsets and the 360 degre
periodic term.

The AY data from the startracker show a similar behaviduihe EL inclinometer, mainly from 130° to 220° o
azimuth. The behaviour in the remaining range ohath is unexplained, and more observations areesigd at
various elevations.

Otherwise the XEL inclinometer shows a differentéeour with respect to thAX which needs to be investigated.
The RMS as a function of the azimuth angle wasinbtadividing the 1840 measures in 60 groups, eaeh
corresponding to 7.5 minutes of tracking. For eatérval, we obtained the average azimuth andttmedard deviation
of theAx andAy offset. Thus, the RMS of the offsets varies fr@drh arcsec up to 2.5 arcsec along both axes, damend
on the azimuth.
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Fig. 14. averages over 7.5 minutes : RMS along Azuth (left) and elevation (right).

5. Daylight preliminary observations.

The IR filter Planet IR PRO 807 was mounted onSfieand a first light towards Venus was obtainedh WiD1 s of
exposure. IfFig. 15is shown an image taken during daylight (July,&5,5:00 UT, with Venus sizing 11.8” with
magnitude nF-3.6).



Fig. 15: Venus with filter Planet IR PRO 809.

6. Conclusions

The observations showed that the ST can obsemediairs with a few seconds of integration, viewstays having ¢
<12 with S/N>20, with 10 s of exposure.

The plate scale is constant of over the whole fidldiew and its value is 2.2%9.006 arcsec/px, in agreement with the
nominal value of 2.3 arcsec/px. The rotation andlhe CCD frame, with respect of the alt-azimutiedérence frame

has been obtained as well, and it measiftgs, =53°.3.

Using the ST, we measured the tracking performaott®e Medicina VLBI antenna and we compared théth
independent measures of the rail, obtained withriometers placed on the alidade. Hence, the STsuned variations
respect the nominal position are within 7 arcseakto peak. Above all, the offsefsEl against the azimuth angle
show a behaviour very close to the elevation imctiater (EL). Otherwise, The startracker offsedNz ) and the
cross-elevation inclinometer (XEL) show a differéehaviour, which needs to be investigated by media larger set

of data, for example observing at different elevadi
The tracking RMS, obtained averaging measures.fominutes, is between 0.1 arsec and 2.5 arcsec.

Therefore, the startracker is a good tool to measacking performances of a radiotelescope acarnthe employed to
produce models to achieve high precision pointing.
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