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ABSTRACT

Obsenationshave shavn the presenceof sodiumlayer centroidheightvariationsof a few hundredmetreson timescalef
tensof seconds. As quality laserguide star (LGS) plus adaptve optics (AO) assistedastronomyespeciallyon large (8m+)
telescopeswill requireoptimal schedulingof obsenationsand regular laserand wavefront sensorfocussingat siteswhere
sporadicsodiumlayersarefrequent,an‘easyto use’sodiumlayermonitoris required.

LIDAR offers a corvenientmeansto achiese this. By pulsingthe outgoingsodiumlaserand performingtime-of-flight
measurementsn the returnedphotonswe canacquirethe altitude profile of the sodiumlayer Unfortunately cornventional
LIDAR requiresthelaserduty cycle to bevery low, thereforelarge integrationtimesarerequired.However, by usinga cross-
correlationtechniquethe duty cycle canbeincreasedo 50%, which givesfar betterperformance.We presenthe detailsof
thistechniquewhichinvolvedamplitudemodulationof the MPIA/MPE ALFA cw laser aswell asthefollowing resultsof such
LIDAR measurementgserformedn October1999atthe 3.5mtelescopeat CalarAlto Obsenatoryin Spain.

The altitude of the sodiumlayer at CalarAlto on 17" and 18" October1999wasfound to be at 90+ 3km andthereis
evidencefor sporadicon oneof two nightswith sporadidayerFWHM* varyingfrom ~ 240to 350m. In addition,anoticeable
layer FWHM change(excludingthe sporadiclayer) from ~ 13to ~ 5-7kmwasobsenred over the two nights. After flux and
altitudecalibrationandcorrectionof the projectedaltituderange avery goodagreemenis foundbetweersodiumlayerprofiles
derivedfrom anauxiliary telescopeand3.5mtelescopd_ID AR obsenations. Using an intensityweightedcentroidalgorithm
the centroid height of the sodiumlayer was obsened to have a variation of < 500min ~ 10 minutes. Although, shorter
timescalevariationsmay be have beenpresentpoorobservingconditionsandresultingreducedS/N preventsthis analysis.
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1. INTRODUCTION

Greathopesarebeingplacedin the currentandfuture useof singleand multiple sodiumlaserguide stars,for nearIR image
correctionon mediumto large (8m+) telescopeandbeyond. A crucialelementof the sodiumlaserguidesystemis thesodium
layer.

The sodiumlaserguidestar(LGS) relieson resonanbackscatterin@f a lasertunedto the D, absorptionine of naturally
occuringsodiumin the mesosphereThe intensityof the LGS produceddepend®n the laserlaunchpower, polarizationstate,
atmospheritransmissiorandthesodiumcolumndensity Thismustbesuficiently highfor theassociatedO systemnto correct
high orderwavefrontaberrations.As the sodiumlayer hasseasonaVariationstheremay be someperiodswherethe LGS is
more effective. We would like to identify thesetimesto enablemore efficient schedulingof telescopdime. However, the
sodiumlayeralsofluctuateson very shorttimescales Sporadidayersoccasionallyappeamhich arethin (1-2 km) anddense,
andcausealtitudevariationsin the centroidheightof the layer which canbe incorrectlyinterpretedasa defocusterm by the
wavefrontsenso(WFS). Althoughmuchwork hasbeendoneto dateat high andlow latitudessites,relatively little is known
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aboutthe statisticsof sporadicsodiumlayeroccurancéseeO’ Sullivanetal' 2000andreferencesherein)at mid-latitudesites
like CalarAlto.

Statisticallysignificantvariationsin the centroidheightof the sodiumlayer on timescaleof a few secondsor less,were
notobsenedin previoussodiumlayermonitoringat CalarAlto. Now, sincewe areinterestedn the propertiesof the sodium
layerontimescale®f tensof seconddo afew hours,anaccuratetime efficient monitor of the sodiumlayeris required.Short
timescalemonitoringof the sodiumlayercentroidheightscouldfacilitateautomatidaserandinitial WFSfocusing,andderived
statisticsshouldallow optimalschedulingf laserguidestar+ adaptve opticsassistecstronomyindeed jntervalsof expected
high sporadicactiity couldbeavoided,if deemecdhecessary

In October1999,the ALFA (Adaptive Opticswith a Laserfor Astronomy)teamcomprisedbf MPIA andMPE teamsn col-
laborationwith NUI,Galway (Ireland)succeedeth installingaLID AR systematthe 3.5mtelescopet CalarAlto Obsenatory
in Spain.ALFA? is developedoy MPIA andMPE andis run by CAHA (CentroAstronbmicoHispanoAleméan). Oneimportant
featureof suchasystenis theability to continuethe proces®of obtaininglong termstatisticsof shorttimescalevariationsof the
propertiesof thesodiumlayerin a consistenaindtime efficient manner In this paperthe experimentandthereasoningehind
it is explained.We describga) the novel ideaof amplitudemodulationof the ALFA cw sodiumline laserin orderto launcha
pseudo-randortrain of 1uslaserpulseg(b) the collectionof returnedphotonsin short(250ns)time binsand(c) reconstruction
of the sodiumlayer profile by cross-correlatinghe returnedsequencef photonswith a modifiedrepresentationf outgoing
laserpulsesequenceln addition,we includeour resultsof LIDAR obsenationsof the sodiumlayerat CalarAlto duringtwo
nightsin October1999.

2. EXPERIMENTAL PROCEDURE

Whenusingsodiumfluorescencéo measurehesodiumdensityprofile, it is importantthatwe know therelationbetweerthem,
which candependon boththe laserintensityandthe sodiumcolumndensity If the laserintensityin the mesospherés higher
than6 W m—2MHz ! thensaturatiorlosseswill reach50%. Sincethis is causedy the finite decaytime of excited sodium
atoms,it depend®nly on the laserintensity Additionally, the sodiumcolumndensityis low enough(~ 103 m~2) thatvery
little of the laserpower is absorbedtypically 4% at zenith, reachinga maximumof 10% at a zenithdistanceof 60°), sothe
intensitydoesnot changemuchthroughthe layer, andsaturatiorwill affectthe wholelayerequally The modulatecbeamof
the ALFA laser(which hasa 10MHz bandwidth)hasa peakpower of around2 W, soin the mesospheréhe 1 arcsecspotwill
anyway notsaturatehe sodium.Thuswe canbesurethatthefluorescencanddensityprofilesof themesospherisodiumhave
adirectrelation.

Althougha classicalLID AR approaclconsistingof single,say 1us pulses,canallow the sodiumlayer profile to be con-
structedthisis prohibitedin our applicationbecausda) pulseseparations- 70us at zenithand> 140us ata zenithdistanceof
60°, for example,arerequiredto avoid overlappingof successie pulsesin the sodiumlayer, therebyremaoving confusionover
thelocationof photonemissionand(b) the lasercanonly be modulatedandnot Q-switched.The resultingsmall mark/space
ratio would greatlyreducethe meanpower and hencethe effective signalto noise. This would requirelong integrationsand
would preventmonitoringof thesodiumlayerprofile ontimescale®f tensof secondswhichis whatwe areprimarily interested
in. As aresultwe usea (known) pseudo-randorsequencéo modulatethe laserpulses,with atotal ‘On’ time of 50%. The
pseudo-randoreequencenustbesuficiently longto exceedthemaximumround-triptime underary circumstancedf & is the
out-goinglaserpulsesequencé¢henthereturnedstreamof photonsresultsfrom the convolution of § with the sodiumprofile
N® S. Theintrinsic sodiumabundanceprofile,N, canberecoveredirom the databy cross-correlating with theoriginal pulse
sequencehecausehe auto-correlatiorof the sequencés very closeto beinga delta-function.Thuswe find

SH®(S®N) = N

We usea variationof this by over-sampling,so althoughthe pulsesare 1 ys long we collectthe returnedphotonsin 0.25pus
time bins. Now to recover the sodiumprofile we considerthe emittedlaserpulsesequencasa sequencef impulses,S;, four
timeslongerin which eachdigit of § is paddedwith zeros.If the profile of a pulsefrom thelaseris denotedby L thenwe can
considertheemittedsequencasS; ® L, andthereturnedflux is S ® L ® N. We cancalculatethe following cross-correlation

S ®(SI®LeN) = LoN

which givesthe convolution of the sodiumprofile with the pulseprofile.

Finally, a correctionhasto be madeto this profile to compensatéor the heightat which eachphotonwasscatteredecause
thetelescopemirror subtends smallersolid anglefor emissionthatoriginateshigherin theatmosphere.
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Figure 1. Theprofile of the 1 ys laserpulse,measuredy scatteringhe beamfrom the telescopelome.The profile is closeto
beingsquare-vave andhasa FWHM of 150m, asexpected.The heightoffsetof 270m is dueto a delayof 1.8us betweerthe
pulsegeneratormodulator anddetector It hasbeensubtractedrom all subsequertieightmeasurements.

Theshapeof thepulseprofile,andany heightoffsetwhichmightarisedueto timing delays.canbefoundby carryingoutthe
procedurewith the telescopelomeclosed:this providesa singlescatterindayer at almostzerodistance . The cross-correlated
data,shavn in Fig. 1 showvs thatthereis a heightoffsetof 270m. This is equivalentto a delayin the systemof 1.8s, andhas
simply beensubtractedrom all otherderivedheights.It canbeseerthatthelaserpulsehasaform closeto a square-vave with
ameasuredvidth of 150m, which is whatwe would expectfor a 1 us pulse. For high signal-to-noisealata,this profile canbe
usedto decorvolve the sodiumlayer profile to yield a heightresolutionbetterthan100m.

3. EXPERIMENTAL SET-UP
3.1. ThelLaser

The ALFA-Lasersystend, situatedin the Couck laboratoryof the 3.5mtelescopeat CalarAlto Obsenatoryin Spain,is used
to provide a sodiumreferencestarin the Earth’s sodiumlayer at 90km altitudefor high orderadaptve opticscorrection. It

typically hasaV bandmagnitudeof 9-10. Thelasersystemconsistsof a4W Argon-ion(Coherenmodellnnova400) pumped
cw dye-jetlaser(Coherenimodel899-21)tunedto sodiumD line (589nm)with a 10MHz bandwidth. The laseris circularly
polarized,pre-expandedandthensentto the 50cmdiameteraserlaunchtelescopevia a remotelycontrollableseriesof relay
mirrors*. Thelaunchbeamhasa 15cmdiameterandis 2.9maway from the sciencetelescopeptical axis.

3.2. Laser Modulation

As describedn section2, closeto squarevave amplitudemodulationof thelaserbeamat MHz rateswasdesiredo achieve the
requiredheightresolutionanda maximumreturnedflux. An acousto-opticainodulator(AOM) wasusedto producethe pulse
patternalsodescribedn section2, with themodulatordrivenby a pulsegenerato(HP 81101A).

Short(1ps), squarewave laserpulseswould be idealfor the LID AR experiment,sincefor any givenpulsepattern,square
wave geometryprovidesa maximumoutputsignalandthereforeprovidesdatawith a maximumsS/N level (if not background
limited). Indeed,it is the pulserise (andfall) time that governsthe squarenessf a pulseandin the AOM the rise time
is dependenbn beamdiameter In orderto achiese a pulserise (andfall) time of <100nsthe collimated(~ 1mrad)1mm
diametersodiumlaserwaspassedhroughtwo lensesgachof focal length250mm,andthe modulatorwascentredaboutlcm
in front of the focusof the first lens. The optical power densitywas < 300WmnT2. As seenin figure 2, threeflip andtwo
folding mirrors (broadband,dielectric)were usedto steerthe beamfrom its nominalpath. After the modulationoptics, the
beamis passedo the beampre-expanderand alongthe optical train to the launchtelescope.An adjustableshutterplaced
betweerthe lensesandafterthe modulatorwasusedto block all spotsexceptthe choserfirst orderspot. Somesecondorder
light passedhroughto the beamexpandetbut this waslargely blocked by the beamstopaperture . Thefirst orderbeampower
was maximisedby reducingthe driver output power to closeto the minimum, thenfinding the optimal Bragg angleof the
incidentlaseronthe crystalby monitoringanoptical power meter andfinally by settingthe driver ouputpower thatmaximises
thefirst orderbeamoptical power.

Althoughwe only achieveda modulatedasersystemefficiency of ~ 55%from thelaserlaboratoryto thelaunchtelescope
in our first experimentq~ 80%nominal,unmodulatedaser),the hopeis to improve onthis for futureLID AR obsenations.
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Figure 2. LaserModulationSet-upin the LaserLaboratory The opticaltrain afterthe pre-expandehasa shield.

Laser power was measuredmmediatelyprior to the launchtelescopeusing a bolometerin the laserdiagnosticsbox®.
Giventhe pseudo-randormodulationsequencethe averagelaserpower was1.1W £0.1 at the endof the experimenton 17"
Oct. 1999andwith launchtelescopenirrors, eachof reflectance~ 0.8, anaverageof 1.1Wx 0.8% ~ 0.7W exited the launch
telescope.

4. DATA COLLECTION

Thedatacollectionwascomposeaf threeparts:anAvalancheéPhoto-Diodg APD) set-upwithin ALFA (figure3), thecomputer
locatedin thetelescopecontrolroomaswell aslaserstaraquisition.

4.1. Optical System

Theaccurag of LIDAR datais limited by thetiming resolutionof thedetector For thisreasonCCD detectorsaarenot suitable,
and PMTs (photo-multipliertubes)are more commonly used. However, PMTs have quite a low quantumefficiency (QE

~ 10%). This canbe offsetedby addingseveral consecutie LIDAR framestogetherinto one ‘exposure’,or alternatiely

increasingthe laserlaunchpower or using a larger collecting telescope.As we areinterestedn observingvery shortlived

‘sporadic’structuresn the sodiumlayer, a shortexposuretime is desirable By usingthe cross-correlatiompproactdescribed
in section2 we have increasedhe averagelaunchpower. Thereforeimproving the detectorQE will directly increasethe

temporalstructureobsenablein the mesophere.To this end we usedan actively quenchedsilicon AvalanchePhotoDiode
(PerkinElmer) with a QE > 70%. Actively quenchedAPDs minimize the deadtime after eachdetectedohotonto ~ 20ns.
Statisticalsimulationsshowv that we only expect 1-2 photonsto be detectedevery micro-secondunderthe brightestnight

conditions.Thereforethis deadtime will notaffectour measurements’he APDshave noreadoutnoiseassociateavith them
andthe dominantsourceof noiseis not ary APD dark counts(< 1000s~1), but backgroundcounts,including sky counts
andstraylight aroundthe sodiumline transmissiorfilter in the optical pathin ALFA. However, much more seriouswasthe

presencef IR LEDsinsidethe ALFA bench,onmotorencoderdor example.Althoughevery effort wasmadeto removethese
the overallbackgroundountratewas~ 7000-800Ccountss™2. Thisis nota problem however, asthecrosscorrelationis very

goodat rejectingbackgrounchoise.
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Figure 3. APD set-upatthe Shack-Hartman®ensoin ALFA.

In mountingthe detectoron the telescopewe only had accesgo the F/25 focus, at which the plate scalewas 0.42mm
arcsec®. Givena 200um diameterAPD active area,the APD platescaleis ~ 0.03mmarcsec?. Sincethe LGS FWHM is
typically < 3 arcseq1 arcsecseeing)thechosermAPD field of view (FoV) of 6 arcseds well matchedandin addition,asseen
in the LIDAR resultsshowvn laterin section5, this FoV restrictsdatacollectionto photonsfrom distancesof 90+30km. So,
a x12 magnificationof the imageof the APD on to the F/25focuswasrequired. In orderto do this without losing ary light
requiresa high numericalaperturedens (NA ~0.6), placedvery closeto the front surfaceof the APD to ensurethat working
distancesemainmanageableAlignmentof the optical systemwasperformedactively, usinganilluminatedwhite fibre source
placedat the F/10focusto simulatethe laserguidestar Thewhite light fibre waschoserinsteadof the laserreferencdibrein
orderto maximizethe countrateatthe APD.

In orderto pick off the sodiumbeamandsendit to the APD, a 0.5inch diameterdielectricpick-off mirror wasplacedat ~
45°, closeto the F/25 LGS focal planefield stopstage whichis usuallyusedto block Rayleighscatteredight andis remotely
movablein two axesin the planeof the ALFA opticalbench.The APD powersupplywasboltedto the ALFA bench.In addition
to theusualdustandlight shieldssurroundinghe ALFA bench heary blackclothwasattachedo ALFA to block strayexternal
opticallight from reachinghe APD.

4.2. Data Aquisition

The APD moduleoutputsa TTL pulseevery time aphotonis received. A similar TTL syncsignalis producedrom thesignal
generatomt the startof every 16Kbit long pseudo-randorsequenceThesetwo signalsarereceved by a Multichannelscaler
(MCS) wheretiming informationis recorded.The MCS card(FastcomtedviCD-2) consistsof 128k channelsgachof which
correspondo 250nsintervals. Whenthe syncpulseis recevedthe MCS startsat thefirst channelandwill incrementits value
if it recevesa countfrom the APD within 250ns.After this time it movesto the next channelandagaincountsthe numberof
pulsescomingfrom the APD. This procedurecontinuesuntil the next time a syncpulseis received,whenthe MCS startsfrom
thefirst channelgain.As eachinterval is 250nslong, andeachlaserpulseis 1 ps, returnedlux is over-sampleddy four sothat
thereis sufficient timing resolutionto satisfy Shannors samplingcriterium. The MCS is not perfecthowever, in thatit hasits
own deadtime betweerchannelof 0.5ns.This is notsignificantfor the APD channehbsit only hasthe sameeffectasreducing
the collectionareaof the telescopéiy 0.2%. Its effect canoccasionallybe seenin the syncchannelandthis is why we have
twice asmary channelsasshouldever be needed.Occasionallythe MCS will missthe syncpulseandthe collecteddatawill



‘overflow’ into theseotherchannels.Although, this datais not useful,it preventsthe restfrom beingcorrupted.The system
shouldbe capableof producinga sodiumprofile with very goodsignalto noiseevery few secondsUnfortunately on the two

nightsavailablethe observingconditionswere so badthat photonreturnflux wasmuchlower thanexpected.This in no way
effectstheaccuray of the measuremenbut longerexposuretimeswererequiredto give goodS/N profiles.

For every integration,two files arecreated.Oneincludesa recordof the exposureepoch,integrationtime, datacollection
formats,datafile namewhile the otheronecontainsthe countsin eachof thetime bins. About 0.26 MB wasrequiredfor a 10s
collectioninterval.

Sinceit is importantthatthetelescopeanmove freely, electronicpulsesfrom photonsdetectedy the APD weresentvia
co-axialcableto a BNC plug boardon the telescopewhich routesthe signalfrom thereto the control room wherethe data
collectionPCwaslocated.

4.3. Laser Star Acquisition

Sincethe APD is a single elementdevice, a 2D detectoris requiredfor efficient laserspotacquisition. So, acquistionof the
sodiumlaseronthe APD consistedf two parts:

Firstly, prior to the obsenations,the APD wasalignedwith an arbitrary point on the WFS by picking off the white light
referencdbeamandadjustingthe APD stagesoasto maximizethe countrateon an APD eventcounter

Secondly at the beginning of the obsenations,the laserwasacquiredon the TV guiderandsteeredwith the field select
mirror to the nominalpositionfor coincidenceawith the WFS. Next, oneof thewhite light fibre spotson the WFSwasmarked
andafterwardsthecorrepondingodiumlaserWFSspotwasmovedto this mark. Following this, thepick-off mirror wasmoved
in andintegrationwasstarted.

Althoughthe obsenation planwasto considerthe laserstarat zenith,it wasdesirableto testthe robustnes®f the system
to flexure. So,the telescopavasmovedarbitrarily to about15 degreesfrom zenithandthe changen optimal pick-off mirror
positionwasfoundto be ngjligible.

5. SODIUM PROFILESFROM LIDAR

The first measurementasing this techniquewith ALFA were obtainedon the nights of October17" & 18" 1999 under
extremelypoorweatherconditions.On thefirst night the seeingwas4 arcsewr more. Eventhoughthe laseris launchedwith
a 15cm beam,in suchbadseeingthis is muchmorethanafew ro andsothesizeof the LGS is affected. Thefinal sizeof the
LGS asseenfrom the groundis thereforeat least6arcsec.As a result, significantlight waslost from the detectors FoV. On
the secondhight therewerethin cloudlayersat 6 km and9km (obsenedby the LID AR systemfrom thelight they scattered).
Simultaneousbsenationsof the LGS from a nearbytelescopeshavedthatthe obsenedflux wasreducedoy afactorof 30 by
thesecloudlayers. The only effectthis hason LIDAR is to reducethe signal-to-noiseandinvalidateabsoluteflux calibration;
theheightandprofileinformation(which arisesolelyfrom time-taggedlata)areunafected,andassuchthefirst results shavn
in Fig. 4 arevery encouragingThesedatahave beenconvolvedwith alow-pasddigital filter to give asmoothingof 500m, and
only therangeencompassinthe mesospherplotted. Additionally, the total flux detectechasbeennormalisedor eachnight,
aprocesswvhichis notnormallynecessarput which we usein this casebecaus®f thesignificantflux variationsdueto clouds.

The Rayleighcone,whichis bright at altitudeslessthan~20km is notvisible in ary figure. This is not surprisingbecause
the6arcsed-oV of the APD meanghat, sincewe launchthelaser2.9m off-axis from the maintelescopewe canonly obsere
heightsin the range90+30km. Thereasorwe wereableto obsene cloud layersat <10km is simply becauseherewasso
muchscatteredight from the defocussedmageof the pupil onthesdayers,thatwe coulddetectit ~ 1 arcminaway.

Due to the heightadjustmentmadeto the derived profile, the noiseis also strongly dependenbn height. It hasbeen
determinedrom a blank region in the profile, in the heightrange10-60km, which is aslarge as possibleso that both the
photonnoise(including background)andthe correlationnoiseareimplicit in the estimate. The measuremeris madeafter
smoothingwith the samefilter asfor thedatain Fig. 4, but without having madethe heightadjustmenbecausatthis stagethe
noiseis independenof height. Theraw valuecanthenbe scaledo therequiredheightin exactly the sameway asfor the data,
thevaluesquotedherebeingscaledto 90km. It shouldbe notedthatthe noiseat 100km is 25% morethan,andat 80km 20%
lessthan,thatat 90km. The 3o levelis shovn usingdashedinesin Fig. 4.
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Figure 4. Profilesof the sodiumlayertakenat 3 differenttimeson two consecutie nights: Oct 17" (left) andOct 18" (right).
The UT starttime of eachframe,eachfrom 30secintegrations,is shavn. The 3o noiselevel (dependenbn height)is shavn
asthe dashedine; detailsof how it is determinedaregivenin thetext. Heightsaregivenin km above CalarAlto Obsenatory
whichis itself at 2.2km, andshaw thaton thesenightsthe sodiumhada centroidheightof 92km above meansealevel. The
differencen profile betweerthe 2 nightsis substantial.
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5.1. Results

Thesodiumlayerabove CalarAlto on 17" and18" October1999wasfoundto beat 90+ 3km (Fig. 4). Evidencefor sporadics
ononeof two nightswasfoundwith sporadidayerthicknessvaryingfrom ~ 240to 350m. In addition,it canbeseenin Fig. 4
that a prominentchangein layer FWHM (excluding the sporadiclayer) from ~ 13to ~ 5-7km was obsenred over the two
nights.

This leadsto a questionaboutthe effect of spot size variationsin the WFS. We know that WFS sodiumspotimages



canbecomeelongateddependingon the position of the laserlaunchtelescopeaelative to the sciencetelescopepupil. Larger
telescopeanmirrors subtendlarger anglesfor a given sodiumlayer height and the outermostWFS subaperturémagessufer
the mostelongation. This is not obsened with ALFA dueto the WFS pixel size of about0.5 arcsecandis consistenwith

simulation$. The (LA30S) simulationcodé€, which considersa 3D sodiumlayer andpropagatiorof light througha model
atmospher@ndastronomicalAO systemwasusedto examinethe effect of sodiumlayer FWHM changeon the spotsseen
in the Shack-Hartmanrsensor(SHS). This simulationindicatesthat while observingat zenith with the ALFA system,no
significantchangein the spotFWHM is expectedin the caseof FWHM of 13kmand7km. However, the projectedsodium
layer structureis a function of zenithdistance.Consideringa zenithangleof 60° the obsened FWHM would be 14km and
26km respectiely and, in the caseof a 26km layer, a FWHM changeof about0.3 arcseccould be expectedin very good
seeingconditions(r, = 30cm),with smallWFS pixels (eg 0.2 arcseqixel™1). With 0.5arcseqixel™?, no significantchanges

expectedo be seenwith ALFA in medianseeingof aboutl.2arcsec.

Although, it canbe seenthatthe amplitudeof the sporadidayeris abouttwo timesthat of the underlyingsodiumprofile,
similar to the factorof 2-3 obsened during the Septembefl 997 obsenations, it providesonly a lower boundbecauselata
smoothingwasemployed. Ageorgeset alf (2000) providesa summaryof the sodiumlayer monitoringobsenationsmadeat
CalarAlto during1997-1999.

Usinganintensityweightedcentroidalgorithmthe centroidheightof the sodiumlayerwasobsenedto have a variationof
< 500min ~ 10 minutes(Fig. 5). Although, shortertimescalevariationsmay have beenpresentpoor observingconditions
andreducedS/N preventsthis analysis.To appreciateghe implicationsof centroidheightchangesconsiderthatsuchchanges,
if uncorrectedgcanexceedthe wavefrontphaseerrorbudgetof intrumentdike VLT/NAOS.Here,a centroidchangeof ~ 230m
canproducedefocusmsphaseerrorsof ~ 37 nmrms, greaterthanthe errorbudgetof 15nmrms’.

6. DIRECT IMAGING
6.1. Observationsfrom an auxiliary telescope

In orderto independentlyalidatethe LID AR obsenations,the sodiumstarwasimagedfrom a 2.2mtelescope260m away
on a nearlypureNorth-Southaxis. A 2048x2048pixels SITE#1dCCD camerawasinstalledat the Cassgrain focusof this
telescopewith a0.53arcseqixel scale.A narrav bandinterferencesodiumfilter wasused.

During the 5 allocatednights, the lasercould be launchedon only 2 consecutie nights, dueto bad weatherconditions.
On thesetwo nights, a profile of the sodiumspotcould be acquiredsimultaneouslywith the LIDAR experimentat the 3.5m
telescopeThis sectionconcentrateen the comparisorof the data.

To achieze a meaningfulcomparisorof the sodiumlayer profilesfrom the LIDAR and2.2mimagingdata,the latterwas
acquiredwithin 30sof the LID AR data.Eachconsistedf 30sexposurestaggedwith theUT starttime from thecomputersn
therespectie telescopes.

Sinceno sky frameswere acquiredat the 2.2m, no sky subtractionwas appliedto the imaging data. Only a dark of
equivalentintegrationtime wassubtractedeforeflat-fielding with a domeflat. Bad pixel correctionhasalsobeenapplied.In
a cosmeticfinal phase startrails crossingthe sodiumplume or Rayleighbeamhave beenremoved by thresholdingthe data.
Fig. 6 illustratesa typical result.

6.2. Altitude and Flux Calibration

Eachprojectedsodiumprofile was obtainedby taking a cut throughan elongated_GS imagefollowed by flux and altitude
calibrationsothatit couldbe comparedvith the correspondind.ID AR sodiumlayerprofile.

Toincreasahesignalto noiseof thesodiumprofile derivedfrom CCDimaging,pixel valuesoverthe 10 pixelsperpendicular
to the altitude axis were co-added.Dueto telescopeseparatiorand the alignmentof altitudewith the CCD framerows, the
altitudeat eachpoint, x, in the projectedorofile canbe determinedising:

altitude = zp + (d* tan(a — (Xo — X) * pixscak)), (1)

wherez, is the altitudeof the observingsite (2.2km),d the distancebetweerthetelescopesy the elevationof the auxilary
telescopeand pixscak is the pixel scaleof the cameraused. xo hasbeenchosenasthe middle of the CCD FoV. Using this
formula, we noticeda differencein altitude, and altitude rangebetweenthe imagingand LIDAR data. To obtaina similar
altituderangefor both setsof data,the 2.2melevationhadto be considered.12arcminhigherthanwhatwasindicatedat the
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Figure 6. Typicalimageof the ALFA laser asobsenedfrom the2.2mtelescopesituated260maway. Thisimageis anextract
from thefull sizeimageobsened,andit hasbeencleanedf startrails, exceptfor theoneseerontheleft of thesodiumplume.

telescope The elevation offsetmay be attributedin partto the factthatthe lasermay not have beenpointing exactly at zenith
aswell asto possiblepointing errorsat the 2.2mtelescopesomethingwhich is consistentvith arepeatedffsetof calibration
starsfrom the CCD frame centres. but hereaswell this could be dueto poor stellar coordinates.As a result, no definitive
answercanbegivenwhy, to matchthealtitudeof the LIDAR data,the elevationof the 2.2mtelescopéadto beraisedby 7.12
arcmin.

Oncethe datawas calibratedin altitude,a flux calibrationwasapplied: the integratedflux, of the 2.2mdata,between70
and110km,wasforcedto equaltheintegratedflux (in the samerange)of the LIDAR data.

6.3. Comparison with LIDAR data
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Figure 7. Resultsof LIDAR experimentresultsfrom Oct. 172" arecomparedwith the sodiumprofile derived from the 2.2m
telescopambsenations(dashedine). Seethetext for furthercomments.

A very goodagreementanbe found betweerthe dataobtainedwith two differentobservingtechniquegFig. 7). Imaging
of the sodiumlayer gave profileswith bettersignalto noisethanthe LID AR techniquebut this canbe explainedby areduced
countratein theFoV dueto poorseeing.



Here, obsenationshave only beendonewith the laserpointedat zenith. Any otherelevation of the laserlaunchcould
have beenused,but morecarefulaltitudecalibrationwould have beenrequired.We concludethatthe LID AR systemis more
usefulthanthe imagingtechniquebecausdga) a suitabletelescopdor imagingwould be requiredwhich is not practicalat an
astronomicabbsenatory and (b) the heightof the sodiumlayer is readily and more accuratelydeterminedwith the LIDAR
basedapproach.

Accountingfor noisedifferencesthe amplitudesof the sporadidayer profileswithin eachpanel,aswell asdifferencesn
the underlyingintensity profilesare seento differ slightly. This is becausdwo differentobservingtechniquesare compared;
LIDAR wasusedwith aheightresolutionof about150m,coupledwith additionalamplitudereductiondueto smoothingof the
data,anddirectimagingof the projectedsodiumlayer.

7. FUTURE

Continuedsodiumlayermonitoringat CalarAlto is planned.Theaimis to accumulatdong termstatisticsof sodiumabundance
variationsandthe frequeng of occuranceof sporadidayers.It will alsobeinterestingto exploit LIDAR asa potentiallyvery
importanttool for bothtime efficientandaccuratdocusingof thelaserandthe WFS.

Centroidheightchange®f afew hundrednetresareexpectedo haveimportantimplicationsfor LGS AO imagecorrection
on 8m+telescopesgspeciallybluevardof H band. Extrapolatingrom experiencesvith ALFA-LID AR, simultaneouscience
observingandLID AR obsenationsmaybeanoptionif morethan4W cw sodiumlaserpower canbeachieved. AssumingdW
of laserpower, which allows excellenthigh orderALFA imagecorrectiongiven1 arcsecseeingor betterandgoodatmospheric
transpareny, we canderive from the Octoberl999obsenationswherethe laserwason 50%of thetime that< 8W laserpower
would berequiredif thereis >50%laseramplitudemodulation'On’ time. Feedbaclof centroidheightchangedo a calibrated
laserstarfocusalgorithmwould allow minimumlaserspotsizeto bemaintainedandin additioncalibratednitial WFSfocusing
would befacilitated.Sucha systemis expectedo be of importanceor observingfacilitieslike the VLT.
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