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ABSTRACT

Adaptive Optics is a fundamentalrequirementfor Extremely Large Telescopesto
achieve diffractionlimited performanceandlargeField of View corrections.Among
the differentapproachesto implementMulti ConjugateAdaptive Opticscorrection,
the Layer–Orientedseemsto be a very promisingonedueto the high versatility in
Multi ObjectWave Front Sensing,the easyoptimisationof the sensingprocessfor
the Atmosphericparameters,the magnitudegain givenby the intrinsic capabilityto
co-addoptically the light of the referencesourcesand the lower complexity in the
implementationof the system.In this paperwe presenta possibleoptical designof
a layerorientedWave FrontSensorpyramidbasedfor a 100–metersclasstelescope.
Thegoal is to provide a feasiblesolutiontaking into accounttheproblemsrelatedto
thedimensionsof theoptics,to there–imagingof thepupilsgivenby thepyramidson
thedetectorsandto theoverall throughputof thesystem.

1. INTRODUCTION

Multi–ConjugateAdaptive Optics (MCAO) hasbeen�rst proposedby Beckers (1988,1989) to extend the correction
Fieldof View (FoV) typically limited in theclassicalAdaptiveOptics(AO) systems(Beckers1993).In aMCAO systems
severalDeformableMirrors (DM) areconjugatedto differentaltitudesabovethetelescopeandtheatmosphericcorrection
in donein a three–dimensionalway. EachDM correctsthepartof theatmospherewhich it is conjugatedto, even if the
verticaldiscretizationis somewhatrough. In orderto reconstructtheverticaldistribution of theatmosphericturbulence,
differentapproacheshave beenproposed.Tallon andFoy (1990)introducedthe conceptof tomographyto disentangle
numericallytheturbulenceat �x edaltitudes,usingindependentmeasurementsobtainedfrom annumberof GuideStars
(GS)throughclassicalWavefrontSensors(WFS),likeShack–Hartmannor Curvaturesensors.LaterRagazzoni,Marchetti
andRigaut(1999)introducedamoreeffectiveconceptof modaltomographywerethetomographyapproachis performed
in modalway. The validity of the methodhasalsobeenproven on the sky (Ragazzoni,MarchettiandValente2000)
althoughin a preliminaryform. At the sametime the novel conceptof layer–orientedhasbeenintroduced(Ragazzoni
1999; Ragazzoni,Farinatoand Marchetti 2000) wheremany GS are simultaneouslysensedwith a single WFS with
severaldetectorsconjugatedat theDM conjugationaltitudes.Thesignalfrom eachdetectordrivesits correspondingDM
allowing ef�cient closed–loopoperations.Layer–orientedapproachis extremelyeffective in termsof Signal–to–Noise
Ratiooptimizationof thesensingprocessbecauseit is possibleto tuneboththetemporalandthespatialsamplingfor the
temporal( 243 ) andspatialfrequencies( 563 ) characteristicof the layer which the detectoris conjugatedto. Moreover the
coadditionof the light of the GS in a singleplaneallows to lower the requirementsin GS brightnessand,in this way,
to increasetheSky CoveragewhenNaturalGS(NGS) areconsidered.It is clearwhy in theMCAO theWFS playsan
extremelyimportantrole for the three-dimensionalatmosphericturbulencesensing.In the layer–orientedapproachany
kind of pupil planeWFS could be suitablebut a quite promisingone is the PyramidWFS (PWFS,Ragazzoni1996).
Furthermorean extentionof the layer–orientedapproach,calledMultiple FoV (Ragazzoniet al. 2001a;2001b),allow
to signi�cantly increasethe Sky Coverageusinga larger FoV for the groundconjugateddetectorto collect ligth from
morestars.ExtremelyLargeTelescopes(Gilmozzietal. 1998;Nelson2000)canstronglybene�t from thelayer–oriented
approachandmoreovertheMultiple FoV conceptgivesreallycompetitiveSky Coverageswith respectto LaserGSbased
systems.
In this paperwe presentan optical conceptof a Multiple FoV layer-orientedWFS for a 100–meteraperturetelescope.
Thegoalof this work is to show thatsucha WFSis feasiblewith existing technologyandthat thereareno majorshow
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stoppersfor its implementation.We'll give a detaileddescriptionof the optical solutionandsomesuggestionfor the
couplingbetweenthe pupil imagesandthe WFS detectors.Finally someconsiderationaboutthe sky coverageof this
systemwill be pointedout. It shouldbe outlined that the conceptpresentedhereis extremely preliminary, and that
considerablesimpli�cation maybepossible.

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

Theproblemto designa layer–orientedWFSfor a very largeaperturetelescopearisesfrom two maindifferentreasons:
the dimensionof the optical elementsinvolved andthe strict contrainston the optical quality both at the focal andthe
pupil planes.
Thesimplescalingof theexisting opticaldesigns(ragazzoniet al. 2001a;2001b)producesvery largeopticalelements.
For a 8–metersclasstelescopethelargestlenssizein thelayer–orientedWFSis about 798�:;:�<4<=<?>@:;: mm andthesimple
scalingup to 100m (12.5times)giveslensesof 8A<CB�<4<=<D>'<FE m. With thecurrenttechnologythemaximumdiameterfor a
lensis around7HG=:;:@: mm andmoreoverwith a very limited numberof materials(BK7 or FusedSilica). It is clearthat
thesimplescalingis probablynot thebestway to solve theproblem.
TheMultiple FoV con�gurationis thesourceof theproblemsrelatedto theopticalquality. Themajorconstraintsimposed
by suchaWFSare:

I largeFoV, at leastJLK ;

I high Strehl ratio at thewholefocalplanefor pyramidpositioning;

I fast focal ratio to reducethesizeof there–imagedpupil becauseof limited detectorsize;

I reducedoptical blur on the pupil shouldbea smallfractionof 5
3 .

Theunfavourablescaling,thelargeFoV andthefastfocal ratio make theopticalsolutioncomplex if we want to use
only thecurrentavailabletechnology. In thenext sectionwe presenta possibleopticalsolutionovercomingtheproblems
mentionedabove.

3. OPTICAL DESIGN CONCEPT AND GUIDELINES

TheMultiple FoV con�gurationfor two DM requirestwo differentchannels:the�rst channelhasthedetectorconjugated
to the groundlayer andlooking at an annularFoV surroundingan internalonethat is alsothe targetof the correction,
while thesecondchannelhastwo detectorslookingat theinternalFoV andconjugatedto thegroundandthehighaltitude
layers.Themainguidelinesarelistedin Table1:

Aperturesize 100m
Focalratio F/25
MaximumFoV J

K ( 7M8�N@:;: mm)
Wavelengthrange 0.7–1.0O m
Friedparameter5 3 0.3m @ :'< P;B�O m
Channel–1FoV 8

K
–J

K
annular

Channel–1conjugation 0 Km
Channel–2FoV 8

K
internal

Channel–2conjugations 0 and10Km

Table 1. Main guidelinesfor theopticaldesign.Thefocal ratio is assumedto bethatof theIR science�eld.

Eachchannelconsistsin two opticalsubsytems:thefocal reducer, to scaledown theFoV sizeallowing theuseof smaller
opticsfor pyramidspositioning,andthe pupil reimagerto re-imagethe beamfootprintson the detectorsconjugatedat
differentaltitudes.Thespeci�cationsimposedto thesubsystemsof thechannelsaresummarizedin Table2.



Focal reducer(both channels)
Focalratio F/7 ( J K

FoV size 7QPRG6B mm)
Strehlratio STE@B;U

Vignetting assmallaspossible
Largestlenssize 7VG6:@:@: mm(BK7 or FusedSilica)
Channel–1pupil re–imager
Focalratio F/1 (pupil size 7WG@G=X mm)
Opticalblur Y�5=3�Z�B

Largestlenssize 7VG6:@:@: mm(BK7 or FusedSilica)
Channel–2pupil re–imager
Focalratio F/5 (pupil size 718�N'G mm)
Opticalblur Y�5 3 Z�B

Largestlenssize 7VG6:@:@: mm(BK7 or FusedSilica)

Table 2. Speci�cationsfor thesubsyetmsof theWFSchannels.

4. CHANNEL–1 OPTICAL DESIGN

For the channel–1(FoV J K ) an hybrid re�ective/refractive solutionhasbeenchosenandthe optical layout is shown in
Fig. 1.
Thefocalreducerconsistsof a3–meterclassF/2.7annularsphericalmirrorplacedattheF/25telecopefocusandcollecting
anannularFoV of internalradiusof G

K
andexternalradiusof 8

K
. Thelight of theinternal 8

K
FoV is let passthroughtowards

thechannel–2.Closeto themirror focus,wherethetelescopepupil is re–imaged,a four 400–mmclassdioptric objective
providesaF/7focusof highopticalquality(Strehl SQE�B;U ) overthewholeFoV. Thelenseshaveall thesurfacesaspherical.
The light is folded–outfrom the main optical axis by a JLB\[ mirror that canbe usedalsofor the PWFSmodulation. In
Table3 arelistedtheopticaldataof thefocalreducerandin Fig.2(left) thespotdiagramsin theF/7focalplaneareshown.

Figure 1. Channel–1optical layout. Theannularsphericalmirror picks–uptheexternalannularFoV that is re–imaged
at a smallerfocal ratio (F/7, 7]P;:@: mm size)for pyramidpositioning.A Schmidt–like F/1 pupil re–imagerprovidesto
re–imagethetelescopepupil with anopticalblur of 7Q5^3�Z�X . Thesphericalmirror hasacentralholethatletsthelight pass
throughtowardtheChannel–2(seeFig. 3).

The pupil re–imageris a Schmidt–like F/1 cameraandconsistsof two 900–mmclassBK7 asphericplatesplacedjust
behindtheF/7 focus(pyramidslocation), a 1.6–metersclassslightly conicalmirror anda third 400–mmclassaspheric
platefacedto the pupil imageplane. The pupil hasa sizeof 7_G@G6X mm and P;:LU of the EncircledEnergy 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 thefocal reducerof thechannel–1.All 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 thepupil re–imagerof thechannel–1.All theunit arein mm.

within X@:@O m correspondingto 5
3

Z�X . Theopticaldataof thepupil re–imagerarelistedin Table4 andtheEncircledEnergy
plot is shown in Fig. 2(right).

Figure 2. Left: spotdiagramat theF/7 focusof thechannel–1focal reducer. ThepolychromaticStrehlratio is S`E�BLU

over thewholeFoV. Right: EncircledEnergy at thepupil plane.The P@:\U is includedwithin a radiusof X@:@O m equivalent
to 5

3
Z�X .



5. CHANNEL–2 OPTICAL DESIGN

Also for thechannel–2anhybrid solutionhasbeenadopted.Theopticallayoutis shown in Fig. 3.
A 1.8–metersclassF/4.4sphericalmirror, placedapproximately9 metersbehindtheF/25focus,re�ects theopticalbeams
onafour 350–mmclassasphericlensesobjectivethatre–imagesaF/7focusfor pyramidpositioningwith anoverallStrehl

SMN;NLU . Also in this casea J\B;[ folding mirror folds thelight out of themainopticalaxisandcanbeusedfor thePWFS
modulation.

Figure 3. Channel–2optical layout. The sphericalmirro picks–upthe internalpart of the FoV that is re–imagedat
a smallerfocal ratio (F/7, 7aJ;:;: mm size) for pyramid positioning. A F/5 pupil re–imagerprovidesan imageof the
telescopepupil with anopticalblur of 7T563�Z�N .

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 thefocal reducerof thechannel–2.All theunit arein mm.

Thecentral J;:
K K of theFoV arevignetted,but it doesn't signi�cantly affect thesky coverageperfomancesof thesystem

(seeSect.8). Table5 lists the optical dataof the focal reducerwhile Fig. 4(left) shows the spotsdiagramsat the F/7
focus.The�rst partof thepupil–reimageris a400–mmclass,four lensesobjectivewith only oneasphericsurfaceplaced
just behindthepyramids.After theobjectivea J\BL[ dichroicsplitsthebeamin two part,oneperconjugatedaltitude,and
�nally two 900–mmclassasphericlenses(onepersplittedbeam)provideimagesof thebeamfootprints(diameter7M8�NRG

mm)on thedetectors.P@:\U of theEncircledEnergy is containedwithin G6:@:@O m (correspondingto 5�3�Z�N ). Theopticaldata
of thepupil re–imagerarelistedin Table6 while theEncircledEnergy is shown in Fig. 4(right).
Thewholeoptical train measuresabout18 meters,a noticeablesizebut somehow reasonableif comparedto theoverall
dimensionof a100–meterstelescope.



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 thepupil re–imagerof thechannel–2.All theunit arein mm.

Figure 4. Left: spotdiagramat theF/7 focusof thechannel–2focal reducer. ThepolychromaticStrehlratio is SMN@N'bFU

overthewholeFoV. Right: EncircledEnergy atthepupil plane.The P;:LU is includedwithin aradiusof G=:;:�O m equivalent
to 543�Z�N .

6. OPTICS MANUFACTURING

Even if the dimensionof someopticsareunusuallylarge,noneof themis too big or too complicatefor availablestate
of theart opticalmanufacturingtechnologies.Consideringin detailwhat is includedin theMultiple FoV layer–oriented
WFS for comparisonwith alreadyexisting systemwe have: one3.0–metersclassmirror (ESO–NTT),one1.8–meters
classmirror (several telescopes),one1.6 m fastfocal ratio mirror (Palomar–Schmidt),four 900–mmclassBK7 lenses
(LBT PrimeFocus,VLT M1 testlens),thirteen400–mmclasssphericalandasphericlenses(LBT PrimeFocus)andtwo
350mmfolding mirrors.
All theseopticalcomponentscanbemanufacturednow with currentlyavailabletechnologyandno majorshow stoppers
canbeseenfor theopticsprocurement.Someexampleareshown in Fig 5.

7. DETECTOR COUPLING

The pupil dimensionsas they are imagedby the WFS are too large to be coupledwith available detectorsor arrays
of detectors.The sizemustbe shrunkto �t a reasonabledimensionfor existing detectors.A possiblesolutionto this
problemis theuseof FiberOpticsTapersto couplethepupil planewith anarrayof detectors(seeFig 6). FiberTapers
canbemanufacturednow with sizesup to 150mm andthey allow a maximumscalingof 10:1. Thesmallestfocal ratio
achievablewith thesedevicesis F/0.5andtheoverall transmissionis closerto E�:\U .
Fiber taperscanbe arrangedin arraysin order to cover a larger dimensionandthis solution is very attractive for our
purposes.UsingFiberTapersArraysallows aneasydecompositionof thepupil and,if every taperis coupledwith one
detector, thereis noproblemof light lossesat theintermediategapbetweendetectors.
Onecanthink to usestateof the art detectorslike very low ReadOut Noise (RON) CCD recentlydevelopedfor low
light level imagingsuchasL3CCD of theMarconiApplied Technologies.TheseCCDscanachieveRON of theorderof
magnitudeof G=:Rced andthey areverypromisingfor WFSapplication.Thelargestformatactuallyavailableis B;E�X+f�8@P@P



Figure 5. Left: theESONTT a 3-metersclasstelescope.Right: 1-meterclassBK7 lensof theLBT primefocus. The
currentavailableopticalmanufacturingtechnologiesarewell ableto producetheseopticalcomponents.

pixels( 8�:gfh>@:�O m) andasizeof G@G@<CB@8if+P'< X�J mm. Couplinganarrayof theseCCDwith FiberOpticsTapersat thepupil
imagesplaneof theWFScanbeconsiderdasolutionnot impossibleto realizewith theexistingtechnologies.Table7 lists
therequirementsin termsof �ber tapersandCCD for thetwo WFSchannels.

Figure 6. Left: Fiber tapersproducedby Schott. Thesedevicesallow scalingfactorup to 10:1 with a goodoptical
transmission.Right: Fibertapersarrays.It is aproimsingsolutionto effectively decomposethepupil imageandto avoid
thegapbetweenthechipsof a traditionaldetectorarray.

Channel–1 Input Output Channel–2 Input Output
Pupil size 116mm 58mm Pupil size 291mm 29
Focalratio F/1 F/0.5 Focalratio F/5 F/0.5
Fibertapers 2:1 Fibertapers 10:1
CCD array Jhf�X+f�X CCDarray Jhf->+f�>

Table 7. Requirementsfor thedetectorcouplingfor thetwo WFSchannels.

8. MFOV LAYER ORIENTED SKY COVERAGE

The Multiple FoV layer–orientedWFS hasa FoV smallerthan that consideredin otherpapers(Ragazzoniet al. this
conference; 2001b)andthereis a further J;:

K K
centralvignettingin the inner 8

K
FoV. We give herea preliminaryestimate



of thesystemperformancein termof sky coverage,takinginto considerationthereducedandvignettedFoV.
We assumea correctionat 800 nm, with an overall systemef�ciency of 0.1, a wind speedof 30 m/s andno dedicated
optimization.In orderto haveamaximumStrehlratioof 0.25,thelimiting integratedmagnitudeat thegroundconjugated
detectorcanbede�nedfor bothchannels.Weconsideredalimiting integratedmagnitudeof jlk mWG6B'<nG for the J K annular
FoV and jokMm&G�E\<CB for the internal 8@K FoV andusingtheBahcallandSoneiramodelwe computedthesky coverages
listedin Table8. It is worth notingthatthegainin limiting magnitudeof thepyramidwhenworking in closedloop is not
takenin cosiderationsothesesky coverageshavestill marginsof improvement.

Channel p/mMN@:L[ p/m1B�:L[ p�mQ8@:;[

Annular J K 0.48 0.67 0.99
Internal 8@K 0.46 0.63 0.98
Total 0.22 0.42 0.97

Table 8. Sky coveragesfor differentgalacticlatitudeswith theMultiple FoV layer–orientedWFSfor a 100–metersclass
telescope.A galacticlongitudeof N;: [ is cosidered.

9. CONCLUSIONS

A tentative opticaldesignfor a Multiple FoV layer–orientedWFSfor a 100–metersclasstelescopehasbeenpresented.
The WFS providesa diffraction limited intermediatefocus for pyramid positioningat the two channelslooking at a
differentsizeconcentricFoV. Fastfocal ratio pupil re–imagershave beendesignedto provide sub–5�3 optical quality at
visible wavelengthsandthe opticsof the whole optical train arekept below the maximumreasonablesizeof about1
meter. All theopticscanbemanufacturedwith theactualavailabletechniquesandmaterialsandnomajorshow stoppers
areseenin thepossibility to build sucha WFS now. The dimensionsof the re–imagedpupilsarekept small andusing
�ber opticstapersit is possibleto performthecouplingwith anarrayof reasonablenumberof low RON stateof theart
detectors.Despiteof thereducedFoV andthecentralvignetting,thesky coveragewith this WFSis reasonablylargeand
attractive.
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