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ABSTRACT

The baselineoptical designfor the OWL 100-mtelescopeelieson a 6-mirror solu-
tion, with sphericalprimary and at secondarymirrors, providing a 10 arc minutes
well-correctedeld of view. We brie y review thedesign,its nominalpropertiesand
limitations. We alsooutline the mainresultsof a detailedsensitvity analysisandde-
rive potentialimplicationsfor active optics. In view of the possibleuseof LaserGuide
Stars(LGS) asreferencegor adaptve optics,we apply simplegeometricabpticsto

make a detailedassessmerntf thetelescopgropertieswith respecto imagingof such
referencesWe concludethat Rayleighguide starswould not provide suitablerefer

ences,and demonstratéhat SodiumLGS altitude variationsexclude propercontrol
notonly of focusbut alsoof third orderaberrations.

1. INTRODUCTION

Several conceptsof Extremely Large Telescopesare being explored worldwide (Andersenet al., 2000; Dierickx &

Gilmozzi, 2000; Nelson, 2000), with diametersin the range30 to 100-m. The sciencecasesfor suchtelescopess

underconsolidationandthereis alreadya generalkconsensuthatadaptve opticscapabilityis crucial at the lower endof

thediameterange andmandatoryat theupperone. Optical propertiesandinterfaceswith adaptve opticsmusttherefore
beexplored.

It is temptingto assumehatadaptve opticswould provide a globalandde nite solutionto wavefrontcontrolin an
opticaltelescope n practice,andalthoughthe progressof technologymay in the far future leadto memging active and
adaptie opticsinto a broadandintegratedsolutionto wavefront control, we considerit unreasonablé requirethatthe
adaptve elementde ableto cover erroramplitudesspatialandtemporalfrequenciesor which they areintrinsically not
optimized. Therefore we requirethe opto-mechanicadlesignof OWL to provide awell-correctedeld of view prior to
adaptve opticscorrection,andto incorporateactive optics,includingactive alignmentand eld stabilization.

Variousconceptf adaptve compensatiomf atmospheridurbulence allowing wide- eld correction(up to several
arcminutes) have beenproposedindarestill underelaboration A commonfeatureof theseconceptss thatthey require
re-imagingof atmospherit¢urbulentlayersonto adaptiely controlledmirrors, hencethe needto characterizery design
in termsof re-imagingof suchlayers. A secondcrucial featureis the useof either naturalor arti cial referencedor
sensingthe phaseperturbationassociatedvith atmospheridurbulence.In this respecthe currentsituationis lesscleat
Thereareindicationsthat with the upperrangeof telescopadiameter(ESO's OWL 100-mconcept) naturalguidestars
may allow acceptablesky coverage(RagazzoniFarinato& Marchetti,2000;Ragazzoni2000).Onthe otherhandLaser
GuideStarsshouldprovide a corvenientsolutionto sky coverage but their re-imagingbecomegvidently morecomple
with increasingtelescopealiameter We must, therefore alsoassesshe propertiesof the telescopeoptical solutionwith
respecto re-imagingof LaserGuideStars(LGS).

In this article we will rely on simple geometricalopticsto review the Owl telescopepropertiesprior to adaptve
correction.We will derive someof the characteristicadaptve moduleswould have to comply with. We will calculatea
possibledistribution of LGS anddemonstrat¢hat naturalreferencesrerequirednot only for sensingvavefronttilt, but
alsofocusandthird orderaberrations.

The discussiordoesnot take into accountpossibleanisoplanatieffects, which may eventuallyimply a numberof
LGS far exceedinghatestablishedn this article.
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2. OPTICAL DESIGN AND PROPERTIES

The Owl optical solutionis similar to that of the Hobby-Eberlytelescopewith 100-m spherical,sggmentedprimary
mirror anda 4-elementgorrector Dimensionssetaside the essentiatlifferenceis the presencef alarge( 34-m) at,

segmentedsecondarymirror which folds the beamsbackinto the correctorlocatedmid-way betweenthe primary and
secondarynirrors(Fig.1). The at secondarynirror relaxesconstraint®nthe primarymirror focalratio (f/1.42),reduces
structureheight(M1-M2 separatior®5-m),andallows for losecenteringolerancesvherethey aremostdif cult to meet.
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Figure 1. Owl opticaldesignlayout.

Firstorderpropertiesaregivenin tablel. Thedesignincorporatesuitablylocatedsurfacedor active optics,including
two active, 8-m classthin menisci(M3 andM4, M4 beinglocatedin anintermediatgupil), a focusingmirror (M5, 4-m
class)andatip-tilt mirrorin theexit pupil (M6, 2.5-mclass)or eld stabilization.Thedesignprovidesevidentadvantages
in termsof bafing, althoughparticularprecautionsnustbetakenin view of the very large sphericalaberratiorat 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. Firstorderproperties.

Thetotal eld of view is 10-arcminutesdiameter(“technical eld”) andconstrainedy the allowablecentralobscu-
ration (35% linear) andthe diameterof the hole of M3. Therequiredscienceeld of view is 2 arc minutes(goal 3 arc
minutes)in theinfrared,down to 30 arcsecondggoal 60) in thevisible. The eld areaoutsidethescienceeld is mainly
usedfor auto-guiding, eld stabilization,active opticsandpossiblyphasingor calibrationof the segmentedmirrors. In
this article we concentraten the telescopepropertiesin the technical eld. It is assumedhat adaptve compensation



of the effect of atmospheridurbulencewill be madein dedicatednodulesplacedafter the technical eld. Therefore,
characteristicselevantto adaptve opticssuchasimagesof atmospheridayersor LGS shouldbe not be understoodas
“nal” butastheinputadaptie modulesshallcopewith.

Fig. 2 shows the optical quality (StrehlRatio) over the scienceeld. The diffraction-limited eld of view is 3 arc
minutesin the visible and5 arc minutesin the nearinfraredi.e. about4 timeslargerthanthatof an equivalent100-
m Ritchey-Chrétiensolution. The wavefrontRMS slopeincreasessthe cubeof the eld but remainsessthan0.07arc
secondsver 10arcminuteshencehetechnical eld is fully seeing-limitedThereis, thereforenoneedfor anadditional
eld corrector

Figure2. Strehlratio.

A detailedsensitvity analysishasbeenperformed As expectedtheaberrationsntroducedoy tilt andlateraldecenters
areessentiallythird and fth ordercomaandremainconstanoverthe eld of view. Thisis illustratedin gure 3, which
givestheeffectof unit lateraldecentersijlt andpistonof eachsurfaceM1 to M6 andof theentirecorrector considereds
rigid body. Theleft graphsshow the globaleffect, theright onesthe maximaof the eld-dependentermsoverthescience
eld of 3arcminutes.

Thereareseveral optionsfor removing eld-constanttermswithout introducingdepointing:rotationsof M3, M4 or
M5 abouttheir centerof curvature,or of groupsof surfaces(entire corrector groupsM3-M4 or M5-M6) aboutsuitable
nodes.Detailedanalysisshows that residual eld-dependenttermsare completelynegligible. As a consequenceépler
ancesfor individual decenterganbe relaxed to someextent. A detailedassessmeris still to be made,but the gures
above shaw thatit shouldbepossibleo closetheon-sky active alignmentioop oncesurfacesarepositionedwvithin - 1 mm
and2-3 arc secondsrom their nominalposition. In practice pistonandrotationof the correctoraboutM2 vertex fully
compensat¢he effectsof M1 andM2 decentersandthe tolerancesnentionedabore would apply only to the corrector
itself, consideredsrigid body, andto the surfaceswithin the corrector

We ernvision settingthetelescopén two steps.The rst would basicallyconsistin pre-settingof thecorrectodocation
andof the active mirrors surfacespn the basisof internalmetrologyandlook-uptables.This stepwould not be repeated
until thetelescopes re-pointedowardsa new target. The secondvould bethe closingof theactive opticsloop, including
active alignmentfocusing,and eld stabilization.A minimumof threeguidestarsattechnicafocuswould berequiredto
establisithe requiredcorrection.Takinginto accountthe eld size (10 arc minutes) the wavefrontsensorsub-aperture
size(2to 5-m),andtheintegrationtime (  10-30seconds}hereis noissueof sky coverage.This secondstepis evidently
iterative.

The overheadmplied by this schemés expectedo be of the orderof 2-3 minutespersciencearget.

Oncethe active opticsloop is closed,we expectthe telescopeo deliver low spatialfrequeng errorswith  0.05-
0.10arc secondRMS wavefrontslope. This gure is derivedfrom VLT experienceanddoesnot take into accountthe
improvementn accurag which would resultfrom usingseveralguidestarsandfrom the betterspatialsamplingallowed
by the sizeof the aperture.With the VLT, samplingis 20x20;with OWL this gure could easilybeincreasedo 50x50,



Figure 3. Sensitvity to decenters.

still with a gainin limiting magnitudeof 3.5. Neverthelesswe mustassumehat feedbackirom the adaptie sensors
will berequiredto completethe active correction.

3. IMA GING OF ATMOSPHERIC LAYERS

In the following atmospheridayersare corveniently consideredas objectslocatedat altitudesof up to 20 km above
ground,andradiatingtowardsthe telescopeawithin a solid anglewhosenumericalapertures equalto the scienceeld.
The pupil of this imaging systemnow coincideswith the science eld itself andis thereforeat in nite distance. We
examinethe propertiesof theimagesof suchlayers,asseenthroughthetelescopeandbeforeadapte correction.These
propertieshouldthereforebe understoodsobjectpropertiedor the adaptve modules.

Theaxial distancdrom technicalfocusto the paraxialimageof aspeci edlayeris givenby

@)

whereh s thealtitudeabove groundof thespeci edlayer, f thetelescopdocallength,k 44 thepupil compression
factori.e. theratioof theentrancgupil diametedividedby theexit pupil diameterandz thezenithaldistance A negative
valueof a correspondso "before-focus"anda positive oneto "after-focus” positions,respectiely. The singularityh
=kf coszoccursatz 55 withh =15km (z 41 with h =20km) andcorrespondso the layer"crossing"the object
focusat a distanceof 26.5-km(andits imagechangingfrom real to virtual). The minimum distancefrom technical
focusis 13.5-m(imageof thegroundlayer).



It shouldbe notedthatin view of the very small numericalapertureof the conjugation sensitvity to defocusis low
i.e. eld depthis large,andincreasesvith the altitude of the layerto be re-imaged.The equialentfocal ratio R canbe
derivedfrom theratio of thedistanceo technicafocusdividedby thescienceeld diameter(thescienceeld playingthe
role of pupil for imagingof atmospheridayer):

)

where isthescienceeld radius,in radians.Thefocalratio R is minimal at zenithandwith thegroundlayer. With
atotalscienceeld of 3arcminutesR  =26,andthe adaptve mirror conjugatedo thegroundlayerneedgo belocated
within afew mm of its theoreticalposition. This tolerancebecomes few cm for alayer 15 km away of thetelescope.

Theapparenaingleu underwhichtheimageof alayeris seenfrom technicalfocusis, in absolutaerms:
— — 3)

wheref/D is the telescopdocal ratio at technicalfocus. With a scienceeld 2 of 3 arc minutesandf/D=6, imagesof
atmospheridayersareseenunderafairly constanapparentiiameteyin therange9.5-13.0.

Imagesof atmospheridayersareunderstandablgf ratherpoorquality in absolutederms.It should however, beborne
in mind thatthe systemis only requiredto deliver aresolutionsmallerthanthe atmosphericoherencéength.

To evaluateimagequality, we propagatdeamsemanatingrom atmospheri¢ayersthroughthetelescopethe science
eld of view determiningthe pupil and numericalapertureof this particularimaging con guration, and determinethe
geometricabpotRMS radius,projectedonto the objectlayer We nd out thatthe projectedRMS spotradiusis largest
with the groundlayer. With the requiredvisible andinfrared elds of view (0.5and2.0arc minutes),we nd RMS spot
radiiof 15and 65mm,respectiely. Thesegures represenacceptablysmallfractions( 10%)of typicalatmospheric
coherencdengthsr in the visible andinfrared. With the targetscienceelds of 1.0 and3.0 arc minutesin the visible
andinfrared,respectiely, the projectedRMS spotradii become 33and98 mm( 20%of r in theworstcase gure
(groundlayer). Distortionis of theorderof 1.2%.

4. LASER GUIDE STARS

In thefollowing we characterizehe propertiesof the telescopeoptical designwith respecto imagingof SodiumLaser
GuideStars.Suchobjectsareknown to be extendedandhave variableluminancealongthe axis of thelaserbeam.In this
article,we only seekto derive approximatepropertiesandwill thereforeneglectaxial elongation.e. wewill assumé.GS
to bepointsources.

Fig.4illustratesthe geometryin the objectspace pf the scienceandLaserGuide Star(LGS) imaging, respectiely.
For themomentwe assumeéhatall LGS areatthe samedistancefrom theentranceupil, a conditionthatwould normally
beful lled only atzenith.

Let P1 and P2 be two opposite,extreme eld positionsof the science(adaptiely corrected) eld, and2 bethe
correspondingingular eld. Let h bethedistanceto theLGS and theanglebetweenmarginal ray L originatingfrom
theLGS andthetelescopexis. For aturbulentlayeratdistancen to beproperlyilluminated,thecondition must
beful lled, whichimpliesthatthe eld angle fortheLGS mustful Il thecondition

— (4)

With atotal scienceeld of 3 arcminuteswe nd thatthe LGS mustbe positionedat least3.41arc minutesoff-axis
atzenith.As mamginalray L shouldnot bevignettedto ensurgropersamplingof thelowestaltitudelayers, shouldalso
besmallerthantheurvignetted eld of view , whichleadsto

— ®)
Takinginto account =1.5arcmin (maximumscienceeld), =3.07arcmin,h h /coszwherez is thezenithal
distanceandh ~ 90km, in theworst-casegure (z=60 , =4.0arcminutes. is calculatedo preventvignetting

of mamginal ray L, but not L', and shouldthereforenot be confusedwith the urvignetted eld for the LGS, which is
2 3.49arcminutesatzenithand2 3.89arcminutesatz=60 . In caseof aberratedeamsparticularcaremustbetaken



Figure4. LGS imaginggeometry

of vignettingof intermediateaays(betweerchiefandmarginalray atthe LGS eld position). With  ntherange3.5to
4.0 arcminutes,conditions(Eq. 4) and(5) aresimultaneouslyul lled betweerz=0 andz=60 i.e. thelaserbeamsdo
notneedto berelocated.

It canbe shawvn thatin the caseof Owl, the pupil size and geometryallow that the ernvelopeof the sciencebeams
footprintsontoatmospheritayersbesuitablyilluminatedby a 1-ring, axi-symmetricatlistributionof LGS. In thiscontext,
suitablymeansthat ary locationwithin the above-mentionedervelopeis illuminatedby at leasttwo LGS. We nd out
thatthis conditionis ful lled with 7 LGS, 4 arcminutesoff-axis, takinginto accountatotal scienceeld of 3 arcminutes,
a zenithaldistancerangeof 0-60 , the highestlayer beingat an altitude of up to 18 km above the telescope-the gure
increaseso 8 LGS with alayeraltitudeof 20 km.

Thereare evident advantagedo reducethe eld angleof the LGS, but this comesat the costof scienceeld. In
practicewe nd that7 LGS, 3.5-arcminutesoff-axis, allow to properlycoverascienceeld of 2 arcminutes.

We maynow evaluatethe propertieof theimagesof LGS deliveredby thetelescopeAssuminganaltitudeof 90 km
above ground,imagesof the LaserGuide Starsarelocated2.4to 5.8-mbehindthe technicalfocuswith z=0to 60 . The
axial distancea betweenhetelescopdocusandthe paraxialimageof aLGS s givenby

(6)

wherea is the axial distancefrom technicalfocusto the paraxialimageof the LGS, f is the telescopdocal length, h
the altitude above groundof the LGS, andk is the pupil compressiorfactork=D/D whereD andD arethe diameters
of theentranceandexit pupils, respectiely. With the currentOWL optical design k=44.222.Opticaltromboneswill be
necessaryo compensatéor the axial displacemenin the LGS asgivenby Eq.6,andtheir lateraldisplacementesulting
from thechangen lateralmagni cationm givenby

)

Thesettingsof thistrombonecouldin principlebeadjustedn closed-loopnthe LGS focusterm. Atmospheridocus
setaside the LGS focusvariationdepend®nly on zenithaldistanceandaltitudeabove groundof the LGS:

(8)



whereC is the Zernike focuscoefcient, D the telescopadiameteranddh the altitude variation of the Sodiumlayer.
With D=100-m,h =90 km andassuminga Zernike coefcient C determinedvithin anaccurag of 1 m, we nd that
the altitude of the Sodiumlayer could be monitoredwithin  13-m. Sensitvity is indeedso largethatit may have to be

reducedandthatpre-settingvould be required-aconvenientway to do sobeingto clip the pupil imagein the wavefront
sensorsoasto reduceD.

LGS imagequality is inevitably poorin view of the shortobjectdistancen comparisorto thetelescopdocal length.
Sincethis quality is relatedto LGS distancejt will vary with the telescopeslevation andwith altitude changesf the
Sodiumlayer. Fig. 5 shavs the wavefrontRMS, afterrefocus,with LGS 3.5 and4.0 arc minutesoff-axis, asa function
of LGS distanceto the telescope. The wavefront excursioncanbe as highas 40 m RMS, which implies that a
compensatiomelay systemspeci c to the LGS pathis mandatoryto remove the telescopeeld aberrationsn the LGS
images.Such“LGScorrector” would mostlikely beintegratedinto the trombonesnentionedoreviously.

Figure5. LGSimagequality.

Unlessthe correction(asa function of zenithaldistanceand of altitude variationsof the Sodium)canbe calibrated
accuratelyatmospherieanodescorrespondindo the modescompensatelly the LGS correctorcould only be controlled
with a NaturalGuideStar The calculationshovsthatthe LGS correctormustcompensatéor the rst 36 Zernike modes
of theLGS imagingpath.However, third ordertermsrepresen89%of theerrorandtheresidualdeyondthird ordervary
smoothlywith thedistanceo the LaserGuide Star(Fig.6).

Figure 6. LGS wavefrontresidualsafter 1stand3rd ordeercorrections.

In orderto assesw/hetheraccuratecalibrationis possiblewe mustevaluatetheeffectof errorsin theinputparameters:
zenithaldistance,eld positionof the LaserGuide Star, altitudevariationsof the Sodiumlayer. While the rst two are



evidently known with adequateccurag, the third is not. If we assumeahatthe altitude of the Sodiumlayeris known to

1-km accurag, we nd a calibrationerrorin the 0.2-0.4 m range. Onceagain,however, third ordertermsrepresent
99% of this error. Fig.7 shavs thatthe wavefrontRMS residualsbeyondthird order, for a+1 km variationof the altitude
of the Sodiumlayer, is lessthan3 nm.

Figure 7. Residualcalibrationerrorsafter removal of third orderterms,for a +1-km variationof altitude of the sodium
layer.

Calibrationof modesheyondthird orderis thereforepossible while a NaturalGuideStarwould berequiredto control
tilt, focus, astigmatismcomaand sphericalaberration.Subpupilscould evidently be ratherlarge, typically 10-15-m,
but theimplied limitationsin termsof sky coveragehave not beenassesseget andmaynotbe neggligible.

Thisresultalsoimpliesthatthe nite elongatiorof realLGS alongtheirline of sightshouldnotyield substantiahoise
in the sensingof modesbeyondthird order(contrarilyto their elongationasprojectedon the sky).

It shouldbe notedthatthediscussiorabove is over-simpli ed in termsof its implicationsontothe designof adaptve
modules. The latter would normally requirethat the respectie geometrief the conjugationssciencetarget— science
eld, atmospheridayers— adaptie mirrors,andLGS — wavefrontsensorsbe consered, unlessthe adaptve correction
is runin openloop. In otherwords, footprints of sciencebeamsand of LGS beamsonto adaptve mirrors shouldbe
conjugatedo equivalentfootprintsontoatmospheritayers. Trombonesnd/orLGS correctordocatedbeforetheadaptie
mirrorswould have to comply with this condition. Whetherthis is possiblewithout implying unreasonablgomplex re-
imagingsystemgemainso be established.

The compleity of the systemis basicallydriven by theratio of the nite distanceof the LGS to the telescopdocal
lengthand/ordiameter Suchcompleity becomesunbearablavith RayleighGuide Stars,whoseimagesafter refocus
wouldbe 30arcsecondfRMSin sizeandlocated 56-mbeforethetechnicalfocus(atz=0

5. CONCLUSIONS

ExtremelyLarge Telescopesnustrely on extensie wavefrontcontrolschemesn orderto ful Il their scienti ¢ potential.
Technologicalimitations, performanceequirementandthe needto compensatéor atmosphericurbulenceimply that
suchtelescopesustintegrateactive andadaptie optics,on top of active controlof sggmentedsurfaces We have shavn
thatthe designof the Owl telescopallows extensie active wavefrontcontrol,namely eld stabilization active focusing,
centeringandactive deformation®f two monolithic,8-m classmirrorswhich closelyresemblghe VLT primarymirrors.
The correspondinglegreesof freedomshouldallow delivering sufciently low wavefront residualson the part of the
telescopandprior to adaptie correction,overasufciently large(severalarcminutes) eld of view.

In the context of multi-conjugateadaptie optics, a secondaspectwhich mustbe carefully analyzeddealswith the
optical propertiesof the designwith respecto re-imagingnot only of the sciencetarget, but alsoof atmospheridayers
andLaserGuideStars- assuminghatthelattermayberequired.

A telescopébeing designedio imageobjectsthat are at in nite distance,its propertiesin termsof imaging of at-
mosphericlayerscan hardly be optimal. However, sincethe science eld setsthe numericalapertureof this speci c



conjugation,the telescopeaperturemerely plays the role of eld diaphragmandits size doesnot have a very strong
in uence onthis conjugations aberrationsThis statementioesnot hold, however, for paraxialproperties.

Thesituationis differentwith LGS, for which the entiretelescopeapertureremainsthe entrancepupil of the optical
conjugationIn view of theenormougocallength,onecannolongerassumehatLGSimageswill have propertiessimilar
to thoseof naturalstarimages.In alanguageamiliar to adaptie opticsscientistspnecould saythatthe telescopéhas
its own coneeffect — which canbe ordersof magnituddargerthanits atmospherie@quialent. In the caseof Owl, this
effectsimply forbidsthe useof Rayleighguidestars,and,with Sodiumguidestars,mpliesthatspeci c, active relayand
correctionoptics be introducedin the LGS path. In addition, atmosphericrst (tip-tilt, focus)andthird (astigmatism,
comaandsphericalordertermscanno longerbe controlledandrequireNaturalGuide Stars.
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