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ABSTRACT

The baselineopticaldesignfor theOWL 100-mtelescoperelieson a 6-mirror solu-
tion, with sphericalprimary and�at secondarymirrors, providing a 10 arc minutes
well-corrected�eld of view. We brie�y review thedesign,its nominalpropertiesand
limitations. We alsooutlinethemainresultsof a detailedsensitivity analysisandde-
rivepotentialimplicationsfor activeoptics.In view of thepossibleuseof LaserGuide
Stars(LGS) asreferencesfor adaptive optics,we applysimplegeometricalopticsto
makeadetailedassessmentof thetelescopepropertieswith respectto imagingof such
references.We concludethatRayleighguidestarswould not provide suitablerefer-
ences,anddemonstratethat SodiumLGS altitudevariationsexcludepropercontrol
notonly of focusbut alsoof third orderaberrations.

1. INTRODUCTION

Several conceptsof ExtremelyLarge Telescopesare being explored worldwide (Andersenet al., 2000; Dierickx &
Gilmozzi, 2000; Nelson,2000), with diametersin the range30 to 100-m. The sciencecasesfor suchtelescopesis
underconsolidation,andthereis alreadya generalconsensusthatadaptiveopticscapabilityis crucialat thelowerendof
thediameterrange,andmandatoryat theupperone.Opticalpropertiesandinterfaceswith adaptiveopticsmusttherefore
beexplored.

It is temptingto assumethatadaptive opticswould provide a globalandde�nite solutionto wavefrontcontrol in an
optical telescope.In practice,andalthoughtheprogressof technologymay in the far future leadto merging active and
adaptive opticsinto a broadandintegratedsolutionto wavefrontcontrol,we considerit unreasonableto requirethat the
adaptiveelementsbeableto covererroramplitudes,spatialandtemporalfrequenciesfor which they areintrinsically not
optimized.Therefore,we requiretheopto-mechanicaldesignof OWL to provide a well-corrected�eld of view prior to
adaptiveopticscorrection,andto incorporateactiveoptics,includingactivealignmentand�eld stabilization.

Variousconceptsof adaptive compensationof atmosphericturbulence,allowing wide-�eld correction(up to several
arcminutes),havebeenproposedandarestill underelaboration.A commonfeatureof theseconceptsis thatthey require
re-imagingof atmosphericturbulent layersontoadaptively controlledmirrors,hencetheneedto characterizeany design
in termsof re-imagingof suchlayers. A secondcrucial featureis the useof eithernaturalor arti�cial referencesfor
sensingthephaseperturbationassociatedwith atmosphericturbulence.In this respectthecurrentsituationis lessclear.
Thereareindicationsthatwith theupperrangeof telescopediameter(ESO's OWL 100-mconcept),naturalguidestars
mayallow acceptablesky coverage(Ragazzoni,Farinato& Marchetti,2000;Ragazzoni,2000).On theotherhandLaser
GuideStarsshouldprovidea convenientsolutionto sky coverage,but their re-imagingbecomesevidentlymorecomplex
with increasingtelescopediameter. We must,therefore,alsoassessthepropertiesof the telescopeoptical solutionwith
respectto re-imagingof LaserGuideStars(LGS).

In this article we will rely on simple geometricaloptics to review the Owl telescopepropertiesprior to adaptive
correction.We will derivesomeof thecharacteristicsadaptive moduleswould have to complywith. We will calculatea
possibledistribution of LGS anddemonstratethatnaturalreferencesarerequirednot only for sensingwavefront tilt, but
alsofocusandthird orderaberrations.

The discussiondoesnot take into accountpossibleanisoplanaticeffects,which may eventuallyimply a numberof
LGS farexceedingthatestablishedin this article.
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2. OPTICAL DESIGN AND PROPERTIES

The Owl optical solution is similar to that of the Hobby-Eberlytelescope,with 100-mspherical,segmentedprimary
mirror anda 4-elementscorrector. Dimensionssetaside,theessentialdifferenceis thepresenceof a large( 3 34-m)�at,
segmentedsecondarymirror which folds the beamsback into the correctorlocatedmid-way betweenthe primary and
secondarymirrors(Fig.1).The�at secondarymirror relaxesconstraintsontheprimarymirror focalratio(f/1.42),reduces
structureheight(M1-M2 separation95-m),andallows for losecenteringtoleranceswherethey aremostdif�cult to meet.

Figure1. Owl opticaldesignlayout.

Firstorderpropertiesaregivenin table1. Thedesignincorporatessuitablylocatedsurfacesfor activeoptics,including
two active,8-m classthin menisci(M3 andM4, M4 beinglocatedin anintermediatepupil), a focusingmirror (M5, 4-m
class)andatip-tilt mirror in theexit pupil (M6, 2.5-mclass)for �eld stabilization.Thedesignprovidesevidentadvantages
in termsof baf�ing, althoughparticularprecautionsmustbetakenin view of thevery largesphericalaberrationat prime
focus.

Parameter Value
Entrancepupil Diameter 100000 mm

Position M1

Exit pupil Diameter 2261.3 mm
Position 31.3 mmbehindM6

Focalratio 5.980 -

Fiel of view Total 10.0 arcmin
Unvignetted 6.14 arcmin

Table 1. First orderproperties.

Thetotal �eld of view is 10-arcminutesdiameter(“ technical �eld ”) andconstrainedby theallowablecentralobscu-
ration (35%linear)andthediameterof thehole of M3. The requiredscience�eld of view is 2 arc minutes(goal3 arc
minutes)in theinfrared,down to 30arcseconds(goal60) in thevisible. The�eld areaoutsidethescience�eld is mainly
usedfor auto-guiding,�eld stabilization,active opticsandpossiblyphasingor calibrationof thesegmentedmirrors. In
this article we concentrateon the telescopepropertiesin the technical�eld. It is assumedthat adaptive compensation



of the effect of atmosphericturbulencewill be madein dedicatedmodulesplacedafter the technical�eld. Therefore,
characteristicsrelevant to adaptive opticssuchasimagesof atmosphericlayersor LGS shouldbe not be understoodas
“�nal” but astheinput adaptivemodulesshallcopewith.

Fig. 2 shows the optical quality (StrehlRatio) over the science�eld. The diffraction-limited�eld of view is 3 arc
minutesin the visible and5 arc minutesin the nearinfrared i.e. about4 times larger than that of an equivalent100-
m Ritchey-Chrétiensolution.ThewavefrontRMS slopeincreasesasthecubeof the�eld but remainslessthan0.07arc
secondsover10arcminutes,hencethetechnical�eld is fully seeing-limited.Thereis, therefore,noneedfor anadditional
�eld corrector.

Figure2. Strehlratio.

A detailedsensitivity analysishasbeenperformed.As expected,theaberrationsintroducedby tilt andlateraldecenters
areessentiallythird and�fth ordercomaandremainconstantover the�eld of view. This is illustratedin �gure 3, which
givestheeffectof unit lateraldecenters,tilt andpistonof eachsurfaceM1 to M6 andof theentirecorrector, consideredas
rigid body. Theleft graphsshow theglobaleffect,theright onesthemaximaof the�eld-dependenttermsoverthescience
�eld of 3 arcminutes.

Thereareseveraloptionsfor removing �eld-constanttermswithout introducingdepointing:rotationsof M3, M4 or
M5 abouttheir centerof curvature,or of groupsof surfaces(entirecorrector, groupsM3-M4 or M5-M6) aboutsuitable
nodes.Detailedanalysisshows that residual�eld-dependenttermsarecompletelynegligible. As a consequence,toler-
ancesfor individual decenterscanbe relaxed to someextent. A detailedassessmentis still to be made,but the �gures
aboveshow thatit shouldbepossibleto closetheon-sky activealignmentlooponcesurfacesarepositionedwithin 3 1 mm
and2-3 arcsecondsfrom their nominalposition. In practice,pistonandrotationof thecorrectoraboutM2 vertex fully
compensatetheeffectsof M1 andM2 decenters,andthe tolerancesmentionedabove would applyonly to thecorrector
itself, consideredasrigid body, andto thesurfaceswithin thecorrector.

Weenvisionsettingthetelescopein two steps.The�rst wouldbasicallyconsistin pre-settingof thecorrectorlocation
andof theactivemirrorssurfaces,on thebasisof internalmetrologyandlook-uptables.This stepwould not berepeated
until thetelescopeis re-pointedtowardsanew target.Thesecondwouldbetheclosingof theactiveopticsloop,including
activealignment,focusing,and�eld stabilization.A minimumof threeguidestarsat technicalfocuswouldberequiredto
establishtherequiredcorrection.Takinginto accountthe�eld size(10 arcminutes),thewavefrontsensorssub-aperture
size(2 to 5-m),andtheintegrationtime( 3 10-30seconds)thereis no issueof sky coverage.Thissecondstepis evidently
iterative.

Theoverheadimpliedby this schemeis expectedto beof theorderof 2-3minutespersciencetarget.

Oncethe active optics loop is closed,we expect the telescopeto deliver low spatialfrequency errorswith 3 0.05-
0.10arcsecondsRMS wavefrontslope. This �gure is derivedfrom VLT experienceanddoesnot take into accountthe
improvementin accuracy whichwould resultfrom usingseveralguidestarsandfrom thebetterspatialsamplingallowed
by thesizeof theaperture.With theVLT, samplingis 20x20;with OWL this �gure couldeasilybe increasedto 50x50,



Figure3. Sensitivity to decenters.

still with a gain in limiting magnitudeof 3 3.5. Nevertheless,we mustassumethat feedbackfrom theadaptive sensors
will berequiredto completetheactivecorrection.

3. IMA GING OF ATMOSPHERIC LAYERS

In the following atmosphericlayersareconvenientlyconsideredas objectslocatedat altitudesof up to 20 km above
ground,andradiatingtowardsthe telescopewithin a solid anglewhosenumericalapertureis equalto thescience�eld.
The pupil of this imagingsystemnow coincideswith the science�eld itself and is thereforeat in�nite distance. We
examinethepropertiesof theimagesof suchlayers,asseenthroughthetelescopeandbeforeadaptivecorrection.These
propertiesshouldthereforebeunderstoodasobjectpropertiesfor theadaptivemodules.

Theaxial distancefrom technicalfocusto theparaxialimageof aspeci�edlayeris givenby
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whereh
BND

is thealtitudeabovegroundof thespeci�edlayer, f thetelescopefocal length,k O 44thepupil compression
factori.e. theratioof theentrancepupil diameterdividedby theexit pupil diameter, andz thezenithaldistance.A negative
valueof a correspondsto "before-focus"anda positive oneto "after-focus"positions,respectively. Thesingularityh

BND

= kf cosz occursat zO 55P with h
BED

=15 km (zO 41P with h
BND

=20 km) andcorrespondsto the layer"crossing"theobject
focusat a distanceof 3 26.5-km(and its imagechangingfrom real to virtual). The minimum distancefrom technical
focusis 3 13.5-m(imageof thegroundlayer).



It shouldbenotedthat in view of thevery small numericalapertureof theconjugation,sensitivity to defocusis low
i.e. �eld depthis large,andincreaseswith thealtitudeof the layer to bere-imaged.Theequivalentfocal ratio R canbe
derivedfrom theratioof thedistanceto technicalfocusdividedby thescience�eld diameter(thescience�eld playingthe
roleof pupil for imagingof atmosphericlayer):
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where
T

D

is thescience�eld radius,in radians.Thefocal ratioR is minimalat zenithandwith thegroundlayer. With
a totalscience�eld of 3 arcminutes,RZ1[]\ =26,andtheadaptivemirror conjugatedto thegroundlayerneedsto belocated
within a few mmof its theoreticalposition.This tolerancebecomesa few cm for a layer15km awayof thetelescope.

Theapparentangleu underwhich theimageof a layeris seenfrom technicalfocusis, in absoluteterms:
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wheref/D is thetelescopefocal ratio at technicalfocus. With a science�eld 2
T

D

of 3 arcminutesandf/D=6, imagesof
atmosphericlayersareseenundera fairly constantapparentdiameter, in therange9.5-13.0P .

Imagesof atmosphericlayersareunderstandablyof ratherpoorquality in absoluteterms.It should,however, beborne
in mind thatthesystemis only requiredto delivera resolutionsmallerthantheatmosphericcoherencelength.

To evaluateimagequality, wepropagatebeamsemanatingfrom atmosphericlayersthroughthetelescope,thescience
�eld of view determiningthe pupil andnumericalapertureof this particularimagingcon�guration, anddeterminethe
geometricalspotRMS radius,projectedonto theobjectlayer. We �nd out that theprojectedRMS spotradiusis largest
with thegroundlayer. With therequiredvisible andinfrared�elds of view (0.5and2.0arcminutes),we �nd RMS spot
radii of 3 15and 3 65mm,respectively. These�gures representacceptablysmallfractions( 3 10%)of typicalatmospheric
coherencelengthsr

D

in the visible andinfrared. With the targetscience�elds of 1.0 and3.0 arc minutesin thevisible
andinfrared,respectively, theprojectedRMS spotradii become3 33 and98 mm ( 3 20%of r

D

X

in theworstcase�gure
(groundlayer).Distortionis of theorderof 3 1.2%.

4. LASER GUIDE STARS

In thefollowing we characterizethepropertiesof the telescopeopticaldesignwith respectto imagingof SodiumLaser
GuideStars.Suchobjectsareknown to beextendedandhavevariableluminancealongtheaxisof thelaserbeam.In this
article,weonly seekto deriveapproximatepropertiesandwill thereforeneglectaxialelongationi.e. wewill assumeLGS
to bepoint sources.

Fig.4 illustratesthegeometry, in theobjectspace,of thescienceandLaserGuideStar(LGS) imaging,respectively.
For themomentweassumethatall LGSareat thesamedistancefrom theentrancepupil, aconditionthatwouldnormally
beful�lled only at zenith.

Let P1 andP2 be two opposite,extreme�eld positionsof the science(adaptively corrected)�eld, and2
T

D

be the
correspondingangular�eld. Let h be thedistanceto theLGS and

T

theanglebetweenmarginal ray L originatingfrom
theLGSandthetelescopeaxis.For a turbulentlayeratdistanceh

B

to beproperlyilluminated,thecondition
T,f�Thg

must
beful�lled, which impliesthatthe�eld anglei for theLGSmustful�ll thecondition
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With a total science�eld of 3 arcminuteswe �nd thattheLGS mustbepositionedat least3.41arcminutesoff-axis
atzenith.As marginalrayL shouldnotbevignettedto ensurepropersamplingof thelowestaltitudelayers,

T

shouldalso
besmallerthantheunvignetted�eld of view
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, which leadsto
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Takinginto account
T

g

=1.5arcmin (maximumscience�eld),
T

j

=3.07arcmin, h O h
D

/ cosz wherez is thezenithal
distanceandh

D

O 90km, in theworst-case�gure (z=60P

X

, iKZ

B<l

=4.0arcminutes.i>Z

B<l

is calculatedto preventvignetting
of marginal ray L, but not L', andshouldthereforenot be confusedwith the unvignetted�eld for the LGS, which is
2 m 3.49arcminutesatzenithand2 m 3.89arcminutesat z=60P . In caseof aberratedbeams,particularcaremustbetaken



Figure4. LGS imaginggeometry.

of vignettingof intermediaterays(betweenchief andmarginal ray at theLGS �eld position).With iYn n therange3.5 to
4.0arcminutes,conditions(Eq. 4) and(5) aresimultaneouslyful�lled betweenz=0P andz=60P i.e. the laserbeamsdo
notneedto berelocated.

It canbe shown that in the caseof Owl, the pupil sizeandgeometryallow that the envelopeof the sciencebeams
footprintsontoatmosphericlayersbesuitablyilluminatedbya1-ring,axi-symmetricaldistributionof LGS.In thiscontext,
suitablymeansthatany locationwithin theabove-mentionedenvelopeis illuminatedby at leasttwo LGS. We �nd out
thatthisconditionis ful�lled with 7 LGS,4 arcminutesoff-axis,takinginto accounta totalscience�eld of 3 arcminutes,
a zenithaldistancerangeof 0-60P , thehighestlayerbeingat analtitudeof up to 18 km above the telescope–the�gure
increasesto 8 LGSwith a layeraltitudeof 20km.

Thereareevident advantagesto reducethe �eld angleof the LGS, but this comesat the costof science�eld. In
practice,we �nd that7 LGS,3.5-arcminutesoff-axis,allow to properlycoverascience�eld of 2 arcminutes.

We maynow evaluatethepropertiesof theimagesof LGSdeliveredby thetelescope.Assuminganaltitudeof 90km
aboveground,imagesof theLaserGuideStarsarelocated2.4 to 5.8-mbehindthetechnicalfocuswith z=0 to 60P . The
axialdistancea betweenthetelescopefocusandtheparaxialimageof aLGS is givenby
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wherea is the axial distancefrom technicalfocusto the paraxialimageof the LGS, f is the telescopefocal length,h
D

thealtitudeabove groundof theLGS, andk is thepupil compressionfactork=D/D
l

whereD andD
l

arethediameters
of theentranceandexit pupils,respectively. With thecurrentOWL opticaldesign,k=44.222.Optical tromboneswill be
necessaryto compensatefor theaxial displacementin theLGS asgivenby Eq.6,andtheir lateraldisplacementresulting
from thechangein lateralmagni�cationm givenby
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Thesettingsof this trombonecouldin principlebeadjustedin closed-loopontheLGSfocusterm.Atmosphericfocus
setaside,theLGS focusvariationdependsonly onzenithaldistanceandaltitudeabovegroundof theLGS:
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whereC
u

is the Zernike focuscoef�cient, D the telescopediameteranddh
D

the altitudevariationof the Sodiumlayer.
With D=100-m,h

D

=90 km andassuminga Zernike coef�cient C
u

determinedwithin anaccuracy of 1 { m, we �nd that
thealtitudeof theSodiumlayercouldbemonitoredwithin 3 13-m. Sensitivity is indeedso largethat it mayhave to be
reducedandthatpre-settingwould berequired–aconvenientway to do sobeingto clip thepupil imagein thewavefront
sensor, soasto reduceD.

LGS imagequality is inevitably poorin view of theshortobjectdistancein comparisonto thetelescopefocal length.
Sincethis quality is relatedto LGS distance,it will vary with the telescopeelevation andwith altitudechangesof the
Sodiumlayer. Fig. 5 shows thewavefrontRMS, after refocus,with LGS 3.5 and4.0arcminutesoff-axis,asa function
of LGS distanceto the telescope. The wavefront excursioncan be as high as 3 40 { m RMS, which implies that a
compensationrelay systemspeci�c to theLGS pathis mandatoryto remove the telescope�eld aberrationsin theLGS
images.Such“LGScorrector” wouldmostlikely beintegratedinto thetrombonesmentionedpreviously.

Figure5. LGS imagequality.

Unlessthecorrection(asa function of zenithaldistanceandof altitudevariationsof the Sodium)canbe calibrated
accurately, atmosphericmodescorrespondingto themodescompensatedby theLGS correctorcouldonly becontrolled
with a NaturalGuideStar. ThecalculationshowsthattheLGS correctormustcompensatefor the�rst 36Zernikemodes
of theLGSimagingpath.However, third ordertermsrepresent99%of theerrorandtheresidualsbeyondthird ordervary
smoothlywith thedistanceto theLaserGuideStar(Fig.6).

Figure6. LGS wavefrontresidualsafter1stand3rd ordeercorrections.

In orderto assesswhetheraccuratecalibrationis possible,wemustevaluatetheeffectof errorsin theinputparameters:
zenithaldistance,�eld positionof theLaserGuideStar, altitudevariationsof theSodiumlayer. While the �rst two are



evidently known with adequateaccuracy, thethird is not. If we assumethatthealtitudeof theSodiumlayer is known to
3 1-km accuracy, we �nd a calibrationerror in the0.2-0.4 { m range.Onceagain,however, third ordertermsrepresent
99%of this error. Fig.7shows thatthewavefrontRMS residualsbeyondthird order, for a +1 km variationof thealtitude
of theSodiumlayer, is lessthan3 nm.

Figure 7. Residualcalibrationerrorsafter removal of third orderterms,for a +1-km variationof altitudeof thesodium
layer.

Calibrationof modesbeyondthird orderis thereforepossible,while aNaturalGuideStarwouldberequiredto control
tilt, focus,astigmatism,comaandsphericalaberration.Subpupilscould evidently be ratherlarge, typically 3 10-15-m,
but theimplied limitationsin termsof sky coveragehavenotbeenassessedyetandmaynotbenegligible.

Thisresultalsoimpliesthatthe�nite elongationof realLGSalongtheir line of sightshouldnotyield substantialnoise
in thesensingof modesbeyondthird order(contrarilyto their elongationasprojectedon thesky).

It shouldbenotedthatthediscussionabove is over-simpli�ed in termsof its implicationsontothedesignof adaptive
modules.The latter would normally requirethat the respective geometriesof the conjugationssciencetarget– science
�eld, atmosphericlayers– adaptive mirrors,andLGS – wavefrontsensors,beconserved,unlesstheadaptive correction
is run in openloop. In otherwords, footprintsof sciencebeamsandof LGS beamsonto adaptive mirrors shouldbe
conjugatedto equivalentfootprintsontoatmosphericlayers.Trombonesand/orLGScorrectorslocatedbeforetheadaptive
mirrorswould have to complywith this condition. Whetherthis is possiblewithout implying unreasonablycomplex re-
imagingsystemsremainsto beestablished.

Thecomplexity of thesystemis basicallydrivenby theratio of the �nite distanceof theLGS to the telescopefocal
lengthand/ordiameter. Suchcomplexity becomesunbearablewith RayleighGuideStars,whoseimagesafter refocus
wouldbe 3 30arcsecondsRMS in sizeandlocated3 56-mbeforethetechnicalfocus(at z=0P

X

.

5. CONCLUSIONS

ExtremelyLargeTelescopesmustrely onextensivewavefrontcontrolschemesin orderto ful�ll their scienti�c potential.
Technologicallimitations,performancerequirementsandtheneedto compensatefor atmosphericturbulenceimply that
suchtelescopesmustintegrateactiveandadaptiveoptics,on topof activecontrolof segmentedsurfaces.We haveshown
thatthedesignof theOwl telescopeallowsextensiveactivewavefrontcontrol,namely�eld stabilization,active focusing,
centering,andactivedeformationsof two monolithic,8-mclassmirrorswhichcloselyresembletheVLT primarymirrors.
The correspondingdegreesof freedomshouldallow delivering suf�ciently low wavefront residualson the part of the
telescopeandprior to adaptivecorrection,overa suf�ciently large(severalarcminutes)�eld of view.

In the context of multi-conjugateadaptive optics,a secondaspectwhich mustbe carefully analyzeddealswith the
opticalpropertiesof thedesignwith respectto re-imagingnot only of thesciencetarget,but alsoof atmosphericlayers
andLaserGuideStars- assumingthatthelattermayberequired.

A telescopebeingdesignedto imageobjectsthat areat in�nite distance,its propertiesin termsof imagingof at-
mosphericlayerscan hardly be optimal. However, sincethe science�eld setsthe numericalapertureof this speci�c



conjugation,the telescopeaperturemerely plays the role of �eld diaphragmand its sizedoesnot have a very strong
in�uence on this conjugation'saberrations.Thisstatementdoesnothold,however, for paraxialproperties.

Thesituationis differentwith LGS, for which theentiretelescopeapertureremainstheentrancepupil of theoptical
conjugation.In view of theenormousfocal length,onecannolongerassumethatLGSimageswill havepropertiessimilar
to thoseof naturalstarimages.In a languagefamiliar to adaptive opticsscientists,onecouldsaythat the telescopehas
its own coneeffect – which canbeordersof magnitudelarger thanits atmosphericequivalent. In thecaseof Owl, this
effect simply forbidstheuseof Rayleighguidestars,and,with Sodiumguidestars,impliesthatspeci�c, active relayand
correctionopticsbe introducedin the LGS path. In addition,atmospheric�rst (tip-tilt, focus)andthird (astigmatism,
comaandspherical)ordertermscanno longerbecontrolledandrequireNaturalGuideStars.
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