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ABSTRACT

Several multi-conjugate adaptive optics (MCAO) eyt using the layer-oriented approach are undestreamion and
will soon be tested at different facilities in sealenstruments. One of these instruments is LINRWANA, a Fizeau
interferometer for the Large Binocular TelescopBT)L This instrument uses a ground layer wavefsamtsor (GWS)
and a combined mid-high layer wavefront sensor (M&JWith different fields of view (concept of mullépfield of
view), a 2-6 arcmin annular ring for the GWS an@ arcmin diameter central field of view for the MEBA/Both
sensors are Pyramid wavefront sensors which ofgticatadd light from multiple natural guide stars.

The opto-mechanical problems concerning these semse related to the fast focal ratio of the beenthe pyramids
coupled with the available pixelscale of detectditss leads to very tight requirements on the mg\sgistems (linear
stages) for the star enlargers (SE) used to pictheflight of individual stars.

As there are 40 star enlargers in the overall syséelditional efforts were put into the alignmeydgtem of the optics of
the star enlargers and the reduction in size oftaeenlargers to minimize the distance betweailable guide stars.

Keywords: multi-conjugate adaptive optics, layer-oriented afaont sensor, pyramid wavefront sensors, stargeais,
linear stages.

1. INTRODUCTION

The pyramid wavefront sendo(PS) is the basic element of the MCAO system fiQ@-NIRVANA? a Fizeau
interferometer for the LBY This system will measure the atmospheric turtzdemising visible light, and will apply
signals to deformable mirrors (DMs) to correct riedirared light sent to the science detector. LINORVANA uses

the layer-oriented approdchand is set up to have three different layersnatmosphere sensed and corrected: the
ground layer with the secondary mirrors of the detge, the mid and high layers through DMs on thi#cal bench
(Fig.1). The performance foreseen is for a moderateection of 0.3-0.5 Strehl over the central £the field.

Most of the problems linked with flexure are retht® the particular environment where the instrutriergoing to
operate. In fact the optical bench, on board of LBIts over while the telescope changes declimatjgroducing a
change in the gravity vector.

2. WAVEFRONT SENSORS

There are two mechanical sensor units per armsGW& and the MHWS. Each of the GWS units is placag close
to the focal plane and kept cantilevered on thehehhey provide correction signals for the secoyndairrors, that are
conjugated to an altitude of 100m. These units reeglindrical shape for the part where the PSsthed moving
devices are settled and for the part where theingpand the motor is placed. The pupil reimager thasdesign of a
Folded-Smith Camera. The weight of each unit, idiclg mechanics and linear stages is 250kg. Thargeand motor
adds an other 100kg, causing particular problemkeigping gravity-induced displacements within tatere levels
while the telescope pointing changes. The GWS thseBght of 12 natural guide stars in an annuksldfof view (FoV)
between 2’ and 6’of the F/15 beam. The light isléal to the side through an annular feeding miffay.R) that allows



the central 2’ of the field passing through to fieence and high layer channels. The 45° anglbeofdéeding mirror
has to be within 20” accuracy, defined by the adtaepth of the focal ratio. The GWS will use the@50 128X128
pixels.

The structure containing the stages has a cylistape: two annular plates (1m of diameter), whieeestages are
mounted, are connected with columns to an additistractural ring. This arrangement allows to miizen the
dimensions of the overall component, keeping gdifthess characteristics while the cylinder tiltgeo with the bench.
In Fig.4 are shown the results of a FEM for thizigure for a change of 60° in the gravity veclbiis possible to
notice that the displacement is almost uniform o pplate, causing mostly a uniform shift of thegegplaced on it.
This shift can be correct through the positionipgtem of each single SE.

The same problem of flexure due to gravity vectoarges rises for the two structures of the MHWS.@i In this
case, it is the height of these structures on #rel and the relative positions of the detectoas thakes the design
more challenging (Fig 5). One needs to containvitbght of the overall assembly at a reasonablel liewehe optical
bench supporting it, and to minimize use of expensnaterials and manufacturing processes. In fachave used
aluminum for every structural component, making tlesign as easy as possible to produce also wéhaitim of
containing costs.

The box containing the stages has a cubic shapesdqware plates (0.5m of diameter) hanging theestage connected
through four triangular columns at the vertexes aight additional reinforcing flanges are linked thie outer side,
designed for giving to the structure a better flakuesponse.

Figure 1. LINC-NIRVANA optical table within the telescope frame at the oéfset bent focal station of LBT.



Figure 2. The light of 12 natural guide stars in the 2’-6* afigure 3. The light of 8 natural guide stars in the 2'diel
nular field is collected by the pyramid mountedtlo@ arms is collected by the pyramid mountether8 arms (star
(star enlargers) movable in this field. (GWS) enlargers) movable in theddi (MHWS)

The MHWS sends correction to the DMs on the beti@t, could have different conjugation heights betwé and 15
km. The light in the central 2’ field is split bige dichroic in to two channels: the science chaimm#ie cryostat under
the bench and the visible channel through the E&tfera to the WFS. This camera enlarge the diarétde beam
allowing the reference stars selecting devicehefMIHWS to be moved and handled in an easier wéyiwihe field.
Below the sensor, a folding mirror (Fig.3) mounieal linear stage feeds light to the selecting deviaed can be
replaced with a beam splitter that allows the use patrol camera assisting in reference star sefecA CCD39
80X80 pixel will be used for the MHWS.

- Prova_2 - Prova_2

Figure 4. FEM of the cylinder structure containing the std&igure 5. FEM of the structure of the MHWS. The most
ges of the GWS. The cantilevered plate has an alomofe- critical part is the supporting flanfps the CCD placed
rm displacement. in the uppegion of the sensor.



3. STAR ENLARGERS

The devices used to select guide stars are caliedenlargers (SEs). They are the basic mechaiterak of both
sensors. Each GWS unit can select 12 stars witBHB,2while one MHWS has only 8 SEs to select up sta8s, this
resumes in altogether 40 SEs for the entire ingninEach SE exists out of a mechanical arm wighottics mounted
on it and 2 crossed linear stages for x-y moveroéthis arm in the field (Fig.7). The dimensionstbé SE unit are
slightly different for the MHWS and the GWS resunidfiout of the different focal ratios they are feihwF/15 for the
GWS and F/20 for the MHWS respectively. The purpokthe SE is to enlarge the spot of the star entifh of the
pyramid without enlarging the overall field. Thencept for only two SEs is depicted in Fig.6 anceastvely described
in different papers".
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Figure 6. Schematic of the star enlargers. The incoming B&4&m (F=F/20 focal plane) gets enlarged to a Fii&2tn
on the tip of the pyramid (F'=F/225 focal plane)n Abjective re-images the pupils with the size B=fThe two
achromatic doublets in the star enlarger have fdisédnces;£14 and §=157.5.

The SEs are arranged around the field as closessiye to each other, trying to leave enough sfache movement.
This problem is particularly important for the GW&ere 12 SEs instead of 8, with a travel range0&imm instead of
50mm, have to be fit. The stages are commercialgilable from Physik Instrumente. They are provideith an
incremental encoder and an on-board amplifier. & seages of the MHWS are arranged in a square 80mb large,
while the 12 stages of the GWS are placed in adgiltal case of 1000mm in diameter, that rotatesdwbservations.
For this reason the supporting structures of theSGAké more sensitive to flexure due to gravity @echanges. Finite
element analysis were performed for the most alfit@rts, as the support (Fig.8). First verificataf the system will
be done with the Single Arm Experim&before the commissioning of the instrument.

The optics of the SEs for the GWS are only sligldifferent from the one of the MHWS. Each SE hagdhoptical
elements: two achromatic doublets, 6 and 12.7 mmiameter respectively, and a pyramid 12 mm in éi@m A
constraint in designing the barrels for these apdtements was that the outer diameter must nogegk 16mm. They
are mounted in three different barrels on a V-geosupport (Fig.7eft) and have a different adjusting system for
alignment purposes. There are requirements onlifar@ent of the system and other for the operaibtine sensor.

Alignment requirementsare on:

o focus of the full assembly (< 0.1mm)
» focus of each single optical element (tunable)



e de-center of each single optical element (tunable)
e tip-tilt of each single optical element (+ 30’ filens; £ 15’ second lens; + 1° pyramid)
e tip-tilt of the full assembly (< 2@rad adjustable)

Operational requirementsare on:

e tip-tilt of the full assembly due to gravity chamsge 30urad)
e wobble of the stage during movement (< 5ad)
e minimum incremental motion of the stage (< (rt)

The alignment requirements are to be fulfilled whiea optics get assembled; the operational reqeingsnare to be
fulfilled during the observation, while the sensoid/or the single SE need to be moved.

To accomplish the alignment requirements with pramzuracy we designed different adjustment syst&iith that
we could simplify the alignment process which istgumportant by the great number of SE to be absesin
Experiences with the MAD instrument aboard VIWere taken and the existing design was worked. dvgrototype
was built to test the improvements (Fig.ight).

The SE are re-imaging four pupils which are supposed on the detector. An imperfect superimposibibtne pupils
will cause a blurring and introduce an artificishwefront error. A simulation of the optical impadtblurring (Fig. 9)
shows that a wavefront error of 40nm corresponds Itur of 0.4 sub-apertures. This value is consides the lower
limit to reach the requested performance in stratid for the overall instrument. A blurring of Ood the dimensions of
a sub-aperture corresponds tqiEs differential tip-tilt between the SE. As seValifferent components can introduce
tip-tilt it has to take care that the sum of a# thisplacements don't exceed this value.
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Figure 7. Left: single SE unit, with two Pl motorized linear stagor positioning, tip-tilt plate for adjustingjgport
arm (180mm long for the MHWS and 280mm long for @&/S) and V-groove support 300mm loiijght: prototype
of the SE and of the tip-tilt plate assembled thgetn the laboratory.
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Figure 8. Results of a finite element analysis performedtie support of the SE, showing displacementstaggavity
vector changes.
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Figure 9. Simulation performances of the wavefront cor@tsystem as a function of the blur in sub-aperitae
superimposed spots coming from different SEs. WHEds for wavefront error.
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The flexure of the SE arm was explored with a én
element analysis (Fig.8). It can cause a tip-tiltlup to
30urad. The wobble is defined thorough pitch, yaw a
roll, parameters one gets with the datasheet of
commercially available translation stage. Howewube
minimum amount of pitch, yaw and roll is stronggfated
to width of the stage and the kind of bearing tteges
uses. It was quite difficult to find a company iilitig our
specification of less than pfad to each of this
parameters.

Figure 7 is showing one star enlarger with the %r(
mounted translation stage. The entrance doublettlaad
pyramid holder are mounted at the opposite endhef
support arm, both provided with a refocusing syste
(Fig.10-12). The central lens holder is gluedto the
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To reduce the static tip-tilt introduced by misaligent

of the SE a tip-tilt plate was designed which isumted

on the translation stage holding the SE. With tipidilt
plate the differential tip-tilt can be minimizedhd unit
permits to adjust the tip-tilt angle with a sensiyi of
10urad over 1mm travel range. This is accomplished
through a pair of crossed elastic plates bent bg fi
screws which are counterbalanced by preloadingggri
The two movements are completely decoupled. A
prototype of this unit, custom made, has alreadgnbe
realized and tested.

The first two requirements on operations also conce
the issue of tip-tilt. The arm of the SE can introd tip-

tilt through flexure and the stages can introdupdilt
because of bad straightness and flatness whichbean
seen as wobble while moving the stages.
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Figure 11. Central lens holder with a 12.7mm doublet.

support arm (Fig.11) after being aligned and troreeft
defines the fix point of the system. The holders ar
connected to the support by a pin inserted in angzted
hole. The focus adjustment is preloaded with a emsh
spring placed on the back of the support. The refing

is possible unlocking the securing screw and tuynby
hand, the knurl screw.

The first and second lenses are mounted with csramgl
axial locking in inner barrels that can be centeusihg
three fine thread screws placed at 120°. The wall
thickness of the barrel for the central lens isyvamall
and the precision is very tight, but they don'tchepecial
and expensive manufacturing processes.

The pyramids of each star enlarger have to be edign
rotationally one to each other to avoidamimuthal

Figure 12. Pyramid of 12mm in holder of 16 mm in diameter.



blurring of the four pupils on the detector. Therefthe pyramid holder exists out of two partsjrarer and an outer
barrel. The inner barrel is inserted with a smédhtance into the outer barrel, just tight enougteep position, but
able to be rotated. The centering of the pyramideisormed also with three screws at 120° distapashing directly
on the pyramid bounds. Such a system has to bechmecause there is not enough space to inserth@fadjustment
barrel if the specified 16mm outer diameter shdadckept. The pyramid is clamped between two rirfggespef" in
order to allow a smooth movement while it is goiadpe centered.

4. EXPANDING THE TECHNIQUE TO A 20M CLASS TELESCOPE

In the present configuration the wavefront sensange to face the typical challenges of an 8m dielescope. LINC-
NIRVANA combines the beams from the two 8.4m priynanirrors for Fizeau interferometry in the nearrareéd. The
beam combination could also be done in the visiiplé be used for wavefront sensing. In this casevaugd face the
problems of a 20 to 30m class telescope for theefvamt sensor design. Figure 13 shows a layoutosf kuch an
arrangement could look like for LINC-NIRVANA. As n&be seen in this layout several components arsimgisfor
example the GWS and the IR-cryostat. It clearlyndsaout that the camera feeding the wavefront selms® much
larger dimension while the sensor itself looks difigal.

The design, made as a study for LINC-NIRVANA, appdike a camera folded twice over the bench, atriaseters
long, forming an F/60 focal plane at the entranche wavefront sensor. 16 SE were set to senskgtiteof the same
amount of different natural guide stars in a fief®2'. In a F/60 focal plane such field has a dimmef 300mm, three
times the diameter of the present focal plane mMHWS. The larger diameter forces to increaselghgth of the
supporting arms of a SE and the travel range oftages as well as the overall dimensions of theefrant sensors.
I.e. the diameter of the central doublet in a SEinérease from 12.7mm to 35mm and the size ofpyramid will rise
from 12mm to 30mm.

Studying the performances of the system it wasdahat the motion stage requirements for the SEg waich more
demanding than for the current design presentaberprevious chapter. The tip-tilt allowed, for eyae, during the
movement of the stage (in term of pitch, roll amavy should not exceed fifad, 5 times better than what we have seen
is required for the stages that we are going toimsgur instrument. This requirement is too tight Eommercially
available products, at least for linear stagesrtaviormal roller bearings. It could be reached sithges using air-
bearing, but there were many doubts about thenst# of the overall moving assembly made up of su&mnd of
stages due to the particular operating environnaent. BT, where the gravity vector is not fixed. Cemnuing this
particular problem we have examined the possibditjnaving a custom made design for this stages.réteived a
promising design from an Italian company that waulkeket the requirements (Fig.14). The movementepthte of this
translation system would not have been performeautih roller bearings but with a table preloaded sliding on a
grinded plane.

5. CONCLUSIONS

The mechanical requirements for the opto-mechaniealgn of the pyramid wavefront sensor aboard BT lare in
some cases certainly very tight, but still in tleege of capabilities of a specialized workshophauit extremely
sophisticated manufacturing processes and pantigudxpensive materials. The available pixelsaafiehe selected
detectors doesn't allow these requirements to laged.

From the experience gained in designing the initmstrument concept we can also argue that optdiamecal
problems for a sensor much more demanding, like thia a 20-30m telescope, could be overcome withremo
engineering efforts coupled with a good knowledfjthe industrial capability.
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WAVEFRONT SENSOI

Figure 13. Outline of a 20-30m telescope wavefront senseeth@n a design study for LINC-NIRVANA.
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Figure 14. Ultra precision translation stages from Studio TezTomelleri s.a.sThe table 2 is preloaded by the electromagnet
12 and the pads 8 against the base 1, realizelorémium-plated steel. The structure 3, fixed tolhse, has the slide
13 on which moves along the axis x the squareidedy the screw 7. The square moves on the sli@dsy the two
pads 11, preloaded by the pad 14. The square hascarate slide, against which the table has tvds @apreloaded by
the pad 10 and the bending of the item 5. Withateew 6 the table is driven along the y axis. A screw have
solutions in order to load the table only alongakes, avoiding stray load or torque against thxeta



