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ABSTRACT

Adaptive Opticsis a fundamentalrequirementfor Extremely Large Telescopego
achieve diffractionlimited performancendlarge Field of View corrections.Among
the differentapproacheso implementMulti ConjugateAdaptive Optics correction,
the LayerOrientedseemgo be a very promisingone dueto the high versatility in
Multi ObjectWave Front Sensing the easyoptimisationof the sensingprocessor
the Atmosphericparametersthe magnitudegain given by the intrinsic capability to
co-addoptically the light of the referencesourcesandthe lower compleity in the
implementatiorof the system. In this paperwe presenta possibleoptical designof
alayer orientedWave Front Sensompyramid basedfor a 100—meterglasstelescope.
Thegoalis to provide a feasiblesolutiontakinginto accountthe problemsrelatedto
thedimension®f the optics,to there—imagingof the pupilsgivenby the pyramidson
thedetectorsaandto the overall throughputf the system.

1. INTRODUCTION

Multi-ConjugateAdaptive Optics (MCAOQO) hasbeen rst proposedby Beckers (1988, 1989)to extendthe correction
Field of View (FoV) typically limited in the classicalAdaptive Optics(AO) systemgBeckers1993).In aMCAO systems
severalDeformableMirrors (DM) areconjugatedo differentaltitudesabove thetelescopendtheatmosphericorrection
in donein athree—dimensionalay. EachDM correctsthe part of the atmospherevhich it is conjugatedo, evenif the
verticaldiscretizationis somavhatrough. In orderto reconstructhe vertical distribution of the atmospheri¢urbulence,
differentapproachefave beenproposed.Tallon and Foy (1990)introducedthe conceptof tomographyto disentangle
numericallythe turbulenceat x edaltitudes,usingindependenineasurementsbtainedfrom annumberof Guide Stars
(GS)throughclassicaWavefrontSensorgWFS), like Shack—Hartmanar CurvaturesensorsLaterRagazzoniMarchetti
andRigaut(1999)introduceda moreeffective concepbf modaltomayraphywerethetomographyapproachs performed
in modalway. The validity of the methodhasalso beenprovenon the sky (RagazzoniMarchettiand Valente2000)
althoughin a preliminaryform. At the sametime the novel conceptof layerorientedhasbeenintroduced(Ragazzoni
1999; RagazzoniFarinatoand Marchetti 2000) where mary GS are simultaneouslysensedwith a single WFS with
severaldetectorconjugatechtthe DM conjugatioraltitudes.The signalfrom eachdetectordrivesits correspondinddM
allowing ef cient closed—loopoperations.Layerorientedapproachs extremely effective in termsof Signal-to—Noise
Ratio optimizationof the sensingprocessecausét is possibleto tuneboththetemporalandthe spatialsamplingfor the
temporal( ) andspatialfrequencieq ) characteristiof the layer which the detectoris conjugatedo. Moreover the
coadditionof the light of the GSin a single planeallows to lower the requirementsn GS brightnessand, in this way,
to increasethe Sky CoveragewhenNatural GS (NGS) areconsidered.t is clearwhy in the MCAO the WFS playsan
extremelyimportantrole for the three-dimensionadtmospheri¢urbulencesensing.In the layerorientedapproachary
kind of pupil planeWFS could be suitablebut a quite promisingone is the PyramidWFS (PWFS,Ragazzonil996).
Furthermorean extention of the layer-orientedapproachcalled Multiple FoV (Ragazzonket al. 2001a;2001b),allow
to signi cantly increasethe Sky Coverageusinga larger FoV for the groundconjugateddetectorto collect ligth from
morestars.ExtremelyLarge Telescope$Gilmozzietal. 1998;Nelson2000)canstronglybene t from thelayer-oriented
approacrandmorewerthe Multiple FoV concepgivesreally competitive Sky Coveragewith respecto LaserGSbased
systems.

In this paperwe presentan optical conceptof a Multiple FoV layerorientedWFS for a 100—-meteaperturetelescope.
The goal of this work is to shav thatsucha WFSis feasiblewith existing technologyandthatthereareno major shov
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stopperdor its implementation.We'll give a detaileddescriptionof the optical solution and somesuggestiorfor the
coupling betweenthe pupil imagesandthe WFS detectors.Finally someconsideratioraboutthe sky coverageof this
systemwill be pointedout. It shouldbe outlined that the conceptpresentechereis extremely preliminary and that
considerablsimpli cation maybe possible.

2. FROM 10TO 100METERS: DIMENSIONS AND OPTICAL QUALITY

The problemto designa layerorientedWFSfor a very large aperturetelescoperisesfrom two main differentreasons:
the dimensionof the optical elementsnvolved andthe strict contrainston the optical quality both at the focal andthe

pupil planes.

The simplescalingof the existing optical designgragazzonket al. 2001a;2001b)producesvery large optical elements.
For a 8—meterxlasstelescopehe largestlenssizein thelayerorientedWFSis about mm andthesimple

scalingupto 100m (12.5times)giveslensesof m. With the currenttechnologythe maximumdiameterfor a

lensis around mm andmoreorer with a very limited numberof materials(BK7 or FusedSilica). It is clearthat

thesimplescalingis probablynotthe bestway to solve the problem.

TheMultiple FoV con gurationis thesourceof theproblemaelatedto the opticalquality. Themajorconstraintsmposed
by suchaWFSare:

largeFoV, atleast ;
high Strehlratio atthewholefocal planefor pyramidpositioning;
fast focalratio to reducethe sizeof there—imagedupil becausef limited detectorsize;
reducedoptical blur on the pupil shouldbeasmallfractionof
The unfavourablescaling,thelarge FoV andthefastfocal ratio make the optical solutioncomplex if we wantto use

only the currentavailabletechnology In the next sectionwe presenta possibleoptical solutionovercomingthe problems
mentionedabove.

3. OPTICAL DESIGN CONCEPT AND GUIDELINES

TheMultiple FoV con gurationfor two DM requireswo differentchannelsthe rst channehasthe detectorconjugated
to the groundlayer andlooking at an annularFoV surroundingan internalonethatis alsothe target of the correction,
while thesecondchannehastwo detectordooking attheinternalFoV andconjugatedo thegroundandthe high altitude
layers. Themainguidelinesarelistedin Table1:

Aperturesize 100m
Focalratio F/25
MaximumFoV ( mm)
Wavelengthrange 0.7-1.0m
Friedparameter 0.3m@ m
Channel-1oV — annular
Channel-Iconjugation 0 Km
Channel-ZoV internal

Channel-Zonjugations 0and10Km

Table 1. Main guidelinesfor theopticaldesign.Thefocal ratio is assumedo bethatof theIR scienceeld.

Eachchannekonsistdn two opticalsubsytemsthefocal reduceyto scaledown the FoV sizeallowing theuseof smaller
opticsfor pyramidspositioning,andthe pupil reimagerto re-imagethe beamfootprints on the detectorsconjugatecht
differentaltitudes.The speci cationsimposedo the subsystemsf thechannelsaresummarizedn Table2.



Focalreducer(both channels)

Focalratio FI/7( FoV size mm)
Strehlratio

Vignetting assmallaspossible
Largestlenssize mm (BK7 or FusedSilica)
Channel-1pupil re—imager

Focalratio F/1 (pupil size mm)
Opticalblur

Largestlenssize mm (BK7 or FusedSilica)
Channel-2pupil re—imager

Focalratio F/5 (pupil size mm)
Opticalblur

Largestlenssize mm (BK7 or FusedSilica)

Table 2. Speci cationsfor the subsyetm®f the WFS channels.

4. CHANNEL-1 OPTICAL DESIGN

For the channel-1(FoV ) anhybrid re ective/refractve solution hasbeenchosenandthe optical layoutis shaovn in
Fig. 1.

Thefocalreducerconsistof a3—-meterclass-/2.7annularsphericamirror placedattheF/25telecopdocusandcollecting
anannularf~oV of internalradiusof ~ andexternalradiusof . Thelight of theinternal FoV isletpasshroughtowards
thechannel-2Closeto the mirror focus,wherethetelescopgupil is re—-imageda four 400—-mmclassdioptric objective
providesaF/7focusof high opticalquality (Strehl ) overthewholeFoV. Thelenseshaveall thesurfacesaspherical.
The light is folded—outfrom the main optical axis by a mirror that canbe usedalsofor the PWFSmodulation. In
Table3 arelistedthe opticaldataof thefocal reducerandin Fig. 2(left) the spotdiagramsn the F/7 focal planeareshaowvn.
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Figure 1. Channel-loptical layout. The annularsphericalmirror picks—upthe externalannularFoV thatis re—-imaged
at a smallerfocal ratio (F/7, mm size)for pyramid positioning. A Schmidt-like F/1 pupil re—imagetprovidesto
re—imagehetelescopgupil with anopticalblur of . Thesphericamirror hasa centralholethatletsthelight pass
throughtowardthe Channel-ZseeFig. 3).

The pupil re—imageris a Schmidt—lile F/1 cameraand consistsof two 900—mmclassBK7 asphericplatesplacedjust
behindthe F/7 focus(pyramidslocation), a 1.6—meterglassslightly conicalmirror anda third 400—mmclassaspheric
platefacedto the pupil imageplane. The pupil hasa size of mm and of the EncircledEnengy is included



Surf.Type  Radius  Thickness Diameter Glass
Spherical 16000.000 7800.00 3000.0 mirror
Aspheric  310.892 50.00 400.0 BK7
Aspheric  288.399 100.00 400.0 air
Aspheric  -426.514 50.00 400.0 LF5
Aspheric  -1040.308 100.00 400.0 air
Aspheric  -352.255 50.00 400.0 KFSNz4
Aspheric  1142.538  100.00 400.0 FK51
Aspheric  -345.004  2308.50 400.0 air
Image 4096.583 - 800.0 -

Table 3. Opticaldatafor the focal reducerof thechannel-1All theunit arein mm.

Surf.Type  Radius Thickness Diameter Glass
Spherical 4893.967  50.00 900.0 BK7
Ashperic  5099.945  200.00 900.0 air
Aspheric  -638.612 75.00 900.0 BK7
Spherical -664.404 1617.34 900.0 air
Ashperic -1664.247 -783.30 1600.0 mirror
Spherical -994.595 50.00 400.0 LASF35
Image -756.652 - 400.0 -

Table 4. Opticaldatafor thefor the pupil re—imageof the channel-1All theunit arein mm.

within
plotis shovnin Fig. 2(right).
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Figure 2. Left: spotdiagramatthe F/7 focusof the channel-Iocal reducer The polychromaticStrehlratio is
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5. CHANNEL-2 OPTICAL DESIGN

Also for thechannel-2an hybrid solutionhasbeenadopted .The opticallayoutis shavn in Fig. 3.

A 1.8—-meterglassF/4.4sphericamirror, placedapproximatel\@ metersbehindtheF/25focus,re ectstheopticalbeams

onafour 350—mmclassaspheridensesbjective thatre—images F/7 focusfor pyramidpositioningwith anoverall Strehl
. Also in this casea folding mirror folds the light out of the main optical axisandcanbe usedfor the PWFS

modulation.
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Figure 3. Channel-2optical layout. The sphericalmirro picks—upthe internal part of the FoV thatis re—imagedat
a smallerfocal ratio (F/7, mm size) for pyramid positioning. A F/5 pupil re—imagerprovidesan imageof the
telescopeoupil with anopticalblur of

Surf.Type  Radius  Thickness Diameter Glass
Spherical 16000.000 7800.00  1800.0 mirror
Aspheric  335.990 50.00 350.0 BK7

Aspheric  318.387 100.00 350.0 air
Aspheric  -495.516 50.00 350.0 LF5
Aspheric  -1206.466  100.00 350.0 air

Aspheric  -366.006 50.00 350.0 KFSNz4
Aspheric  2704.875  100.00 350.0 FK51
Aspheric  377.663  2244.20 350.0 air
Image 7673.698 - 400.0 -

Table 5. Opticaldatafor the focal reducerof thechannel-2All theunit arein mm.

Thecentral of the FoV arevignetted,but it doesnt signi cantly affectthe sky coverageperfomancesf the system
(seeSect.8). Tablebs lists the optical dataof the focal reducerwhile Fig. 4(left) shavs the spotsdiagramsat the F/7
focus.The rst partof the pupil-reimageis a400—-mmclass four lensesobjective with only oneasphericsurfaceplaced
justbehindthe pyramids. After the objective a dichroic splitsthe beamin two part,oneper conjugatediltitude,and
nally two 900—mmclassaspheridenseqonepersplittedbeam)provide imagesof the beamfootprints(diameter
mm) on thedetectors. of the EncircledEnegy is containedwithin m (correspondingo ). Theopticaldata
of the pupil re—imagemrelistedin Table6 while the EncircledEnegy is shovn in Fig. 4(right).

Thewhole optical train measuresibout18 metersa noticeablesizebut somehav reasonabléf comparedo the overall
dimensionof a 100—meterselescope.



Surf.Type  Radius  Thickness Diameter Glass
Spherical 633.227 50.00 400.0 BK7
Spherical -8115.420  75.00 400.0 air
Spherical -6241.550 120.00 400.0 BAFN10
Spherical -683.197 50.00 400.0 KZFSN4
Spherical  363.960 130.00 400.0 BAK

Aspheric  2684.491 1000.00 400.0 air
Spherical 1138.408  150.00 900.0 BK7
Aspheric  3141.917  640.80 900.0 ai
Image -2689.071 - 1000.0 -

Table 6. Opticaldatafor thefor the pupil re—imageiof the channel-2All theunitarein mm.
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Figure 4. Left: spotdiagramatthe F/7 focusof the channel-Zocal reducer The polychromaticStrehlratiois
overthewholeFoV. Right: EncircledEnegy atthepupil plane.The is includedwithin aradiusof m equialent
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6. OPTICS MANUFACTURING

Evenif the dimensionof someopticsare unusuallylarge, noneof themis too big or too complicatefor available state
of the art opticalmanufcturingtechnologiesConsideringn detailwhatis includedin the Multiple FoV layeroriented
WEFS for comparisorwith alreadyexisting systemwe have: one 3.0—meterslassmirror (ESO-NTT),one 1.8—-meters
classmirror (several telescopes)pne 1.6 m fastfocal ratio mirror (PalomarSchmidt),four 900-mmclassBK7 lenses
(LBT PrimeFocus,VLT M1 testlens),thirteen400—mmclasssphericalindaspheridenseqLBT PrimeFocus)andtwo
350mm folding mirrors.

All theseoptical componentganbe manuficturednow with currentlyavailabletechnologyandno major shawv stoppers
canbeseenfor theopticsprocurementSomeexampleareshavn in Fig 5.

7. DETECTOR COUPLING

The pupil dimensionsas they areimagedby the WFS are too large to be coupledwith available detectorsor arrays
of detectors.The size mustbe shrunkto t areasonablelimensionfor existing detectors.A possiblesolutionto this

problemis the useof Fiber Optics Tapersto couplethe pupil planewith anarrayof detectorgseeFig 6). Fiber Tapers
canbe manufcturednow with sizesup to 150 mm andthey allow a maximumscalingof 10:1. The smallestfocal ratio

achievablewith thesedevicesis F/0.5andthe overalltransmissions closerto

Fiber taperscan be arrangedn arraysin orderto cover a larger dimensionand this solutionis very attractve for our

purposes.Using Fiber TapersArrays allows an easydecompositiorof the pupil and,if every taperis coupledwith one
detectorthereis no problemof light lossesattheintermediategapbetweerdetectors.

One canthink to usestateof the art detectordike very low ReadOut Noise (RON) CCD recentlydevelopedfor low

light level imagingsuchasL3CCD of the Marconi Applied TechnologiesTheseCCDscanachieze RON of the orderof

magnitudeof andthey arevery promisingfor WFS application.The largestformatactuallyavailableis



Figureb5. Left: theESONTT a 3-metersclasstelescopeRight: 1-meterclassBK7 lensof the LBT primefocus. The
currentavailableopticalmanugcturingtechnologiesarewell ableto producetheseopticalcomponents.

pixels( m) andasizeof

mm. Couplinganarrayof theseCCD with FiberOpticsTapersatthe pupil

imageslaneof theWFScanbeconsiderda solutionnotimpossibleto realizewith theexistingtechnologiesTable7 lists
therequirementén termsof ber tapersandCCD for thetwo WFSchannels.

Figure 6. Left: Fibertapersproducedby Schott. Thesedevicesallow scalingfactorup to 10:1 with a good optical
transmissionRight: Fibertapersarrays.lt is a proimsingsolutionto effectively decomposéhe pupil imageandto avoid

thegapbetweerthe chipsof atraditionaldetectorarray

Channel-1 Input Output Channel-2 Input Output
Pupil size 116mm 58 mm Pupilsize 291mm 29
Focalratio F/1 F/0.5 Focalratio F/5 F/0.5
Fibertapers 2:1 Fibertapers 10:1

CCDarray CCDarray

Table 7. Requirement$or the detectorcouplingfor thetwo WFS channels.

8. MFOV LAYER ORIENTED SKY COVERAGE

The Multiple FoV layerorientedWFS hasa FoV smallerthanthat consideredn other papers(Ragazzonkt al. this

confeence 2001b)andthereis a further

centralvignettingin theinner

FoV. We give herea preliminaryestimate



of thesystemperformancen termof sky coveragetakinginto consideratiorthereducedandvignettedroV.

We assumea correctionat 800 nm, with an overall systemef ciency of 0.1, a wind speedof 30 m/s and no dedicated
optimization.In orderto have amaximumsStrehlratio of 0.25,thelimiting integratedmagnitudeatthe groundconjugated
detectorcanbede nedfor bothchannelsWe considerea limiting integratedmagnitudeof forthe annular
FoV and for theinternal FoV andusingthe Bahcalland Soneiramodelwe computedthe sky coverages
listedin Table8. It is worth notingthatthegainin limiting magnitudeof the pyramidwhenworkingin closedloopis not
takenin cosideratiorsothesesky coveragesave still mamginsof improvement.

Channel

Annular 0.48 0.67 0.99
Internal 0.46 0.63 0.98
Total 0.22 0.42 0.97

Table 8. Sky coveragedor differentgalacticlatitudeswith the Multiple FoV layer-orientedWFSfor a 100—meterglass
telescopeA galacticlongitudeof is cosidered.

9. CONCLUSIONS

A tentatize optical designfor a Multiple FoV layerorientedWFS for a 100—meterglasstelescopénasbeenpresented.
The WFS provides a diffraction limited intermediatefocus for pyramid positioningat the two channeldooking at a
differentsize concentricFoV. Fastfocal ratio pupil re—imagersave beendesignedo provide sub— optical quality at
visible wavelengthsandthe optics of the whole optical train are kept below the maximumreasonablesize of aboutl
meter All the opticscanbe manugcturedwith the actualavailabletechniqueandmaterialsandno majorshow stoppers
areseenin the possibility to build sucha WFS now. The dimensionf the re—imagedupils arekept smalland using
ber opticstapersit is possibleto performthe couplingwith anarrayof reasonabl@umberof low RON stateof the art
detectorsDespiteof thereduced~oV andthe centralvignetting,the sky coveragewith this WFSis reasonablyargeand
attractve.
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