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position of the opticd axes. The following step has been 
take intra-focal and extra-jocal pupil images to introduce 
fine correction on the positioning of the secondary 
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wavefront sensor was mounted at Nasmyth B arm and 
eral nights were spent in order to test the active optics 
tem performances by introducing known aberrations. 
residual aberration .from the previous raw alignment 
also corrected. Both these tests show that the system is 
to work as expected. 
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Abstract I 

1 Introduction I 

This paper presents to the reader a chronologicallit or- 
dered overview of the operations made on the optical sy!)tem 
of the Telescopio Nazionale Galileo [ 1]( TNG in the folllow- 
ing) providing also :L list of the results obtained up to ow. 
The optical alignment of the TNG can be subdivided into a 
few steps, that are the set-up and mounting of the supd!orts 
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and of th,e main mirrors and the alignment of the optical 
system v.ia alignment telescopes, intra and extra focal im- 
ages and finally performing the Shack Hartmann analysis. 
A brief description of the work done to mount the optics on 
the telescope is thus followed by a more accurate review of 
the true optical alignment. 

2 Mount of the mirrors and of their supports 

The TNG was conceived to allow a rapid change of its 
optical configuration by automatically substituing the sec- 
ondary and tertiary mirrors (M2 and M3 respectively) to- 
gether with the whole spiders system. Before the position- 
ing of the: supports on the telescope the locking devices that 
hold them in place had to be mechanically leveled. This 
alignment has been made acting on the spider pads (the con- 
tact poinits between the spiders and the telescope) and then 
checking rough tilts using a Talyvel (Taylor & Hobson elec- 
tronic level). 

The alignment for M2 was far more relaxed, with re- 
spect to the M3 support system, because of the presence 
of the exapod actuators system [2]. The exapod allows the 
movement and moreover the fine adjustment of the position 
of M2 independently of the spider tolerances. In practice 
small misalignments of the spiders arid of the central sup- 
port can be compensated readjusting the exapod parame- 
ters. The same was not true for the M3 system where the 
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only possible way to recover from all mounting errors is to 
dismount the supporting pads and perform an iterative ad- 
justment of their thickness. 

The 3.58m primary mirror (Ml) had been installed on its 
cell and tested at the ZEISS interferometric tower in 1993 
(see [3, 4]), then dismounted and sent to the observatory in 
Canary Islands. At the telescope the main work was con- 
centrated into the remount and recalibration on the cell of 
the whole active control system and the mount of the cen- 
tral and lateral mirror support systems. The recentering of 
M1 on its cell was checked both mechanically (measuring 
the distances between the edge of the central hole in MI 
and four reference surfaces on the cell) and by equalizing 
the weights on the three fixed points. The verification of the 
correct handling of M1 by the passive and active support 
system has been made by moving the telescope in elevation 
on the overall available range (from the rest position at EL 
= 90 deg to EL= 10 deg). Diagrams of Fig. 1 show the shift 
of the mirror along the cell plane and the tilt with respect to 
the cell plane as measured by a set of three LVDT's whose 
indicated value is zero when the telescope is at rest. ' ~ ~ i  - b 30 
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3 Mechanical and Optical Alignment 

To define the optical axis (OPT) it was previously nec- 
essary to find the rotation axes of the TNG, that are the 
elevation (EL) and the azimuth (AZ) axes. Also the ver- 
ticality of the AZ axis was checked. Three autocollimators 
(or alignment telescopes) and several targets (allowing 0.2 
arcsec precision) were used to define the position of the me- 
chanical axes, by observing both directly on the target and 
in autoreflection mode. CCD cameras allowed higher pre- 
cision and objectivity in the measurements of the misalign- 
ment to correct. 

3.1 Identification of EL and AZ 

The position of EL was determined using two semire- 
flective targets fixed a t the center of the elevation bearings 
(and so rotating with the telescope) while two of the align- 
ment telescopes were mounted at the Nasmyth foci. A typ- 
ical vision of the target as seen from the autocollimator in 
telescopic mode (directly) is shown in Fig.2. In order to 
correct the decentering (in telescopic mode) and the tilt (in 
autocollimation) of both targets the TNG was rotated from 
90 down to 0 degrees of elevation. This movement, in an 
iterative way, allowed us to put the targets on and perpen- 
dicularly to the EL axis; in order to obtain a crosscheck of 
the measurements, each target was then observed from both 
the autocollimators. 

0 a0 40 80 BO IO0 
Elevation [deg] 

0 20 40 50 80 100 
Elevstion [deg] 

Figure 1. Shift (measured on the front and on 
a side) and tilt of M1 on its cell 

Considering the optical tolerances of the TNG the calcu- 
lated overall misalignments are quite small (of the order of 
0.05 arcsec of coma for the 50pm of M1 decentering), both 
for the decentering and tilt effects. 

Figure 2. An example of target visibility during 
the EL axis determination 

In a similar way the AZ axis was found fixing an autocol- 
limator on the center piece of the telescope tube, position- 
ing a target on the center pillar and then rotating the TNG 
180 deg in azimuth. Before and during this measurements 
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Figure 3. The set-up with the alignment tele 
scopes and the pentaprism 

the verticality of the telescope structure had to be chec 
and maintained using the Talyvel; we obtained an errc 
alignrnent with respect to the gravitational axis of the o 
of some tens of arcsec. With the rotation of the telesc 
the target and the alignment telescope could be positic 
on the same axis, identified as AZ. 

3.2 Identification of the optical (OPT) axis 

At this stage a pen taprism was placed at the point w 
the EL axis crosses the AZ axis. One of the autocollima 
the one in Nasmyth B ,  was then used to watch, througt 
pentaprism, the targei in the center of the M3 spiders. 
original ESO procedure [5] for the cross-check of the i 

coplanarity and non-orthogonality between the EL and 
axes was based, at this point, on the presi:nce of a third 
erence surface on the. pentaprism (the wedge of fig.3) 
this way it was in pririciple possible to completely dig1 
pentaprism (shifts and tilts) using the s e t q  of Fig.3. 

Unfortunately we found that the alignment based 01 

wedge was extremely inaccurate; moreover it was diff 
to observe from the autocollimator in Nasmyth B the ti 
in the: center pillar due both to the high dispersion of 
produced by the presence of the wedge and to the st 
turbulence between ttuget and telescope The problen- 
been solved by placing a second target defining the AZ 
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close to the lower face of the pentaprism (target M3 in the 
Fig.3). In this way the AZ axis has been redefined as the 
straight line passing through the centers of the two targets, 
both well visible from the Nasmyth B, and through the pen- 
taprism, in telescopic mode. 

The OFT axis has then been defined as that one orthogo- 
nal to the E:L axis, in accord with the Ref.[5] alignment pro- 
cedure. In :such a way we have been able to measure the dis- 
crepancy from the OPT axis, defined by the pentaprism, and 
the azimuth axis, defined by the AZ target. The final values 
obtained for the non-coplanarity and the non-orthogonality 
between the two axes are respectively of 230pm and 23 arc- 
sec respectively. 

3.3 Identification of the M3 bearing axis 
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While keeping the target inside the M3 bearing the align- 
ment telescope on the center piece was moved to the center 
pillar, taking away the target that was previously there. The 
tilt of the M3 bearing has been measured by rotating the 
bearing around its axis while observing the target in M3. 
Of course the TNG tube has been placed in vertical during 
this operation with the same procedure described above. 

The axis of M3 has then been adjusted to be parallel to 
the AZ onje by inserting plates of different thickness at the 
contact points between the barrel of M3 and the spiders. 
The final inclination of the M3 bearing axis was found to be 
nearly 130 arcsec in a direction approximately orthogonal 
to the EL axis. 

3.4 Alignment of M2 and M3 

After the mounting of M2 on the telescope, the optical 
alignment continued using the alignment telescope of the 
center pillar in order to position the cross engraved at the 
center of IM2 in the OPT axis. M2 was moved both in tilt 
and in decentering with the exapod system. The obtained 
decentering value of 300pm gives a coma of 0.3 arcsec into 
the sky. Once completed the above operations, the align- 
ment telescope was moved from the center pillar to the Nas- 
myth A a m  and again aligned on the EL axis, while also 
M3 was mounted on the telescope. 

By loolking in autocollimation mode from both the Nas- 
myth telscopes, through M3, to the cross engraved on M2, 
the alignment of M3 on OPT was adjusted. This was an it- 
erative operation, in the sense that we had to adjust the M3 
fixed stand-offs (in tilt and in piston mode) by alternatively 
observing from both Nasmyth autocollimators. 

The prlecision obtained in the final results were affected 
substantially by the environmental seeing (of the order of 
10 arcsec) and so it was not possible to obtain a better value 
in positioning. 
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Figure 5. The inner and outer focus telescope 
pupils 

Figure 4. The first image taken during the 
alignment of the optics 

4 Alignment with out of focus images 

A CCD camera with broad-band photometric filters have 
been used at the telescope Nasmyth B focus during most 
of the tests on the sky. At this very preliminary stage no 
actions have been done on the active-optics system or on the 
secondary mirror. The optical set-up was then exactly the 
one turned out from the previous alignment phase. Later on 
it was decided to reposition the secondary mirror in order to 
correct some coma distortion visible through the combined 
optics of the telescope. The very first picture (Fig.4) was 
taken during the night of the gth of June, 1998; it shows the 
E Lyr 1 binary system in the B band with lOsec of exposure. 
The separation between the two stars is of 2.6arcsec and, 
considering the pixel size of the CCD, this value is in good 
match with the theoretical telescope scale. The measured 
seeing at the time of the exposure is also in good agreement 
with the star FWHM measured in the frame i.e. 0.8arcsec . 

During the first nights most of the time has been spent 
taking pupil frames in the inner and outer focal regions. A 
couple of such exposures (typical exposure time is 30sec in 
the R band) is shown in FigS. 

A quantitative estimate of the amount of low order distor- 
tion present on the optics has been obtained fitting ellipses 
to the inner and outer edges of the pupils. In order to per- 
form such a fit in a robust and reliable way an edge-fitting 
Sobel algorithm has been applied to the images, after a me- 
dian filtering, in order to avoid the detection of the small 

scratches that can be seen on the images. The obtained 
radius, eccentricity and relative orientation of the ellipses 
have been used to compute the Spherical and Coma, 3rd 
order aberrations. 

Spherical aberration leads to a least confusion disk of 
0.08 in diameter. This confirms the fine matching of the 
conical constant of M1 with the specified value. The Trans- 
verse Coma Aberration resulted into 0.59 (the Saggital be- 
ing 0.2). This corresponds to a lateral displacement of the 
M2 of the order of lmm that can be easily reduced acting 
directly on the hexapod system. Astigmatism revealed to be 
smaller than 0.2. 

5 Active Optics 

Acting on the exapod system, the correction of M2 de- 
centering allowed to push down the transverse coma aber- 
ration from 0.59arcsec to 0.22arcsec, while the spherical 
aberration was stable to about 0.lOarcsec. 

The preliminary conclusion of this phase of the TNG 
optical alignment was that the optical elements of the tele- 
scope were well aligned and that the active correction of the 
secondary mirror works as expected. The next phase of the 
TNG optics performance assessment has been the analysis 
of the high order aberrations with Antares [6] ,  the Shack- 
Hartmann wavefront sensor, and the subsequent correction 
via the actuators of the primary mirror. 

Through several tests it has been possible to find and correct 
the most common aberrations, for example the tri-coma, in- 
troduced when the action of the three fixed supports is not 
perfectly combined with the support of the astatic actua- 
tors. Other measurements, and following compensations, of 
gravitational effects on the optical configuration ofthe main 
mirrors have been monitored when moving the telescope in 
elevation. Substantially, we have been able to recognize the 
astigmatism induced by the warping of M1 under its own 
weight and the tilt and coma introduced with the displace- 
ment of M2 [7] due to flexures of the exapod bars. Also the 
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Figure 6. A typical image of the TNG pupil ak 
seen through tlhe Shack Hartmann 

tive Optics”, Garching 2 August 9 3 .  

effect of temperature variatioins and wind through the d~ome 
have been pointed out when observing with Antares. 

Further tests and calibrations of the whole active o]~tics 
system will be available when the dercltators will be l~ully 
operative. ~ 
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