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ABSTRACT

Observationshave shown the presenceof sodiumlayer centroidheightvariationsof a few hundredmetreson timescalesof
tensof seconds1. As quality laserguidestar(LGS) plus adaptive optics(AO) assistedastronomy, especiallyon large (8m+)
telescopes,will requireoptimal schedulingof observationsandregular laserandwavefront sensorfocussingat siteswhere
sporadicsodiumlayersarefrequent,an‘easyto use’sodiumlayermonitoris required.

LIDAR offers a convenientmeansto achieve this. By pulsing the outgoingsodiumlaserandperformingtime-of-flight
measurementson the returnedphotonswe canacquirethe altitudeprofile of the sodiumlayer. Unfortunately, conventional
LIDAR requiresthelaserduty cycle to bevery low, thereforelargeintegrationtimesarerequired.However, by usinga cross-
correlationtechniquethe duty cycle canbe increasedto 50%, which givesfar betterperformance.We presentthe detailsof
this techniquewhich involvedamplitudemodulationof theMPIA/MPE ALFA cw laser, aswell asthefollowing resultsof such
LIDAR measurementsperformedin October1999at the3.5mtelescopeat CalarAlto Observatoryin Spain.

The altitudeof the sodiumlayer at CalarAlto on 17th and18th October1999wasfound to be at 90. 3km andthereis
evidencefor sporadicsononeof two nightswith sporadiclayerFWHM / varyingfrom 0 240to 350m.In addition,anoticeable
layerFWHM change(excludingthesporadiclayer) from 0 13 to 0 5-7kmwasobservedover thetwo nights. After flux and
altitudecalibrationandcorrectionof theprojectedaltituderange,averygoodagreementis foundbetweensodiumlayerprofiles
derivedfrom anauxiliary telescopeand3.5mtelescopeLIDAR observations.Usingan intensityweightedcentroidalgorithm
the centroidheight of the sodiumlayer was observed to have a variation of 1 500m in 0 10 minutes. Although, shorter
timescalevariationsmaybehavebeenpresent,poorobservingconditionsandresultingreducedS/N preventsthisanalysis.

Keywords: laserguidestar, LIDAR, sodiumlayer

1. INTRODUCTION

Greathopesarebeingplacedin thecurrentandfutureuseof singleandmultiple sodiumlaserguidestars,for nearIR image
correctiononmediumto large(8m+)telescopesandbeyond.A crucialelementof thesodiumlaserguidesystemis thesodium
layer.

Thesodiumlaserguidestar(LGS) relieson resonantbackscatteringof a lasertunedto theD2 absorptionline of naturally
occuringsodiumin themesosphere.Theintensityof theLGS produceddependson thelaserlaunchpower, polarizationstate,
atmospherictransmissionandthesodiumcolumndensity. Thismustbesufficientlyhighfor theassociatedAO systemto correct
high orderwavefront aberrations.As the sodiumlayer hasseasonalvariationstheremay be someperiodswherethe LGS is
moreeffective. We would like to identify thesetimesto enablemoreefficient schedulingof telescopetime. However, the
sodiumlayeralsofluctuateson very shorttimescales.Sporadiclayersoccasionallyappearwhich arethin (1-2 km) anddense,
andcausealtitudevariationsin thecentroidheightof the layerwhich canbe incorrectlyinterpretedasa defocustermby the
wavefrontsensor(WFS).Althoughmuchwork hasbeendoneto dateat high andlow latitudessites,relatively little is known
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aboutthestatisticsof sporadicsodiumlayeroccurance(seeO’ Sullivanetal1 2000andreferencestherein)atmid-latitudesites
likeCalarAlto.

Statisticallysignificantvariationsin the centroidheightof the sodiumlayer on timescaleof a few secondsor less,were
not observedin previoussodiumlayermonitoringat CalarAlto1. Now, sincewe areinterestedin thepropertiesof thesodium
layeron timescalesof tensof secondsto a few hours,anaccurate,timeefficient monitorof thesodiumlayeris required.Short
timescalemonitoringof thesodiumlayercentroidheightscouldfacilitateautomaticlaserandinitial WFSfocusing,andderived
statisticsshouldallow optimalschedulingof laserguidestar+ adaptiveopticsassistedastronomy. Indeed,intervalsof expected
highsporadicactivity couldbeavoided,if deemednecessary.

In October1999,theALFA (AdaptiveOpticswith aLaserfor Astronomy)teamcomprisedof MPIA andMPEteamsin col-
laborationwith NUI,Galway(Ireland)succeededin installingaLIDAR systemat the3.5mtelescopeatCalarAlto Observatory
in Spain.ALFA2 is developedby MPIA andMPEandis runby CAHA (CentroAstronómicoHispanoAlemán).Oneimportant
featureof suchasystemis theability to continuetheprocessof obtaininglongtermstatisticsof shorttimescalevariationsof the
propertiesof thesodiumlayerin aconsistentandtime efficientmanner. In thispaper, theexperimentandthereasoningbehind
it is explained.We describe(a) thenovel ideaof amplitudemodulationof theALFA cw sodiumline laserin orderto launcha
pseudo-randomtrainof 1µs laserpulses(b) thecollectionof returnedphotonsin short(250ns)timebinsand(c) reconstruction
of thesodiumlayer profile by cross-correlatingthe returnedsequenceof photonswith a modifiedrepresentationof outgoing
laserpulsesequence.In addition,we includeour resultsof LIDAR observationsof thesodiumlayerat CalarAlto duringtwo
nightsin October1999.

2. EXPERIMENTAL PROCEDURE

Whenusingsodiumfluorescenceto measurethesodiumdensityprofile,it is importantthatweknow therelationbetweenthem,
which candependon boththelaserintensityandthesodiumcolumndensity. If thelaserintensityin themesosphereis higher
than6W m3 2 MHz 3 1 thensaturationlosseswill reach50%. Sincethis is causedby the finite decaytime of excited sodium
atoms,it dependsonly on the laserintensity. Additionally, thesodiumcolumndensityis low enough( 0 1013m 3 2) that very
little of the laserpower is absorbed(typically 4% at zenith,reachinga maximumof 10%at a zenithdistanceof 604 ), so the
intensitydoesnot changemuchthroughthe layer, andsaturationwill affect thewhole layerequally. Themodulatedbeamof
theALFA laser(which hasa 10MHz bandwidth)hasa peakpowerof around2W, soin themesospherethe1 arcsecspotwill
anywaynotsaturatethesodium.Thuswecanbesurethatthefluorescenceanddensityprofilesof themesosphericsodiumhave
a directrelation.

Althougha classicalLIDAR approachconsistingof single,say1µs pulses,canallow the sodiumlayerprofile to be con-
structed,this is prohibitedin ourapplicationbecause(a)pulseseparations5 70µsatzenithand 5 140µsata zenithdistanceof
60o, for example,arerequiredto avoid overlappingof successive pulsesin thesodiumlayer, therebyremoving confusionover
the locationof photonemissionand(b) the lasercanonly bemodulatedandnot Q-switched.Theresultingsmallmark/space
ratio would greatlyreducethe meanpower andhencethe effective signalto noise. This would requirelong integrationsand
wouldpreventmonitoringof thesodiumlayerprofileontimescalesof tensof seconds,whichis whatweareprimarily interested
in. As a resultwe usea (known) pseudo-randomsequenceto modulatethe laserpulses,with a total ‘On’ time of 50%. The
pseudo-randomsequencemustbesufficiently longto exceedthemaximumround-triptimeunderany circumstances.If S0 is the
out-goinglaserpulsesequencethenthereturnedstreamof photonsresultsfrom theconvolution of S0 with thesodiumprofile
N 6 S0. Theintrinsicsodiumabundanceprofile,N, canberecoveredfrom thedataby cross-correlatingit with theoriginalpulse
sequence,becausetheauto-correlationof thesequenceis verycloseto beingadelta-function.Thuswe find

S0 687 S0 6 N 9�: N

We usea variationof this by over-sampling,so althoughthe pulsesare1µs long we collect the returnedphotonsin 0.25µs
time bins. Now to recover thesodiumprofile we considertheemittedlaserpulsesequenceasa sequenceof impulses,S1, four
timeslongerin which eachdigit of S0 is paddedwith zeros.If theprofileof a pulsefrom thelaseris denotedby L thenwe can
considertheemittedsequenceasS1 6 L, andthereturnedflux is S1 6 L 6 N. We cancalculatethefollowing cross-correlation

S1 6;7 S1 6 L 6 N 9<: L 6 N

which givestheconvolutionof thesodiumprofile with thepulseprofile.

Finally, acorrectionhasto bemadeto thisprofile to compensatefor theheightatwhicheachphotonwasscatteredbecause
thetelescopemirror subtendsa smallersolidanglefor emissionthatoriginateshigherin theatmosphere.



Figure 1. Theprofile of the1µs laserpulse,measuredby scatteringthebeamfrom thetelescopedome.Theprofile is closeto
beingsquare-waveandhasa FWHM of 150m, asexpected.Theheightoffsetof 270m is dueto a delayof 1.8µsbetweenthe
pulsegenerator, modulator, anddetector. It hasbeensubtractedfrom all subsequentheightmeasurements.

Theshapeof thepulseprofile,andany heightoffsetwhichmightarisedueto timing delays,canbefoundby carryingout the
procedurewith thetelescopedomeclosed:this providesa singlescatteringlayerat almostzerodistance.Thecross-correlated
data,shown in Fig. 1 shows that thereis a heightoffsetof 270m.This is equivalentto a delayin thesystemof 1.8µs,andhas
simplybeensubtractedfrom all otherderivedheights.It canbeseenthatthelaserpulsehasaform closeto asquare-wavewith
a measuredwidth of 150m, which is whatwe would expectfor a 1µs pulse.For high signal-to-noisedata,this profile canbe
usedto deconvolvethesodiumlayerprofile to yield a heightresolutionbetterthan100m.

3. EXPERIMENTAL SET-UP

3.1. The Laser

TheALFA-Lasersystem3, situatedin theCoud́e laboratoryof the3.5mtelescopeat CalarAlto Observatory in Spain,is used
to provide a sodiumreferencestarin the Earth’s sodiumlayer at 90km altitudefor high orderadaptive opticscorrection. It
typically hasaV bandmagnitudeof 9-10.Thelasersystemconsistsof a4W Argon-ion(CoherentmodelInnova400)pumped
cw dye-jetlaser(Coherentmodel899-21)tunedto sodiumD2 line (589nm)with a 10MHz bandwidth.Thelaseris circularly
polarized,pre-expandedandthensentto the50cmdiameterlaserlaunchtelescopevia a remotelycontrollableseriesof relay
mirrors4. Thelaunchbeamhasa15cmdiameterandis 2.9maway from thesciencetelescopeopticalaxis.

3.2. Laser Modulation

As describedin section2, closeto squarewaveamplitudemodulationof thelaserbeamatMHz rateswasdesiredto achievethe
requiredheightresolutionanda maximumreturnedflux. An acousto-opticalmodulator(AOM) wasusedto producethepulse
pattern,alsodescribedin section2, with themodulatordrivenby apulsegenerator(HP81101A).

Short(1µs), squarewave laserpulseswould be ideal for theLIDAR experiment,sincefor any givenpulsepattern,square
wave geometryprovidesa maximumoutputsignalandthereforeprovidesdatawith a maximumS/N level (if not background
limited). Indeed,it is the pulserise (and fall) time that governsthe squarenessof a pulseand in the AOM the rise time
is dependenton beamdiameter. In order to achieve a pulserise (andfall) time of 1 100nsthe collimated( 0 1mrad)1mm
diametersodiumlaserwaspassedthroughtwo lenses,eachof focal length250mm,andthemodulatorwascentredabout1cm
in front of the focusof the first lens. The optical power densitywas 1 300Wmm3 2. As seenin figure 2, threeflip andtwo
folding mirrors (broadband,dielectric)wereusedto steerthe beamfrom its nominalpath. After the modulationoptics,the
beamis passedto the beampre-expanderandalongthe optical train to the launchtelescope.An adjustableshutterplaced
betweenthe lensesandafter themodulatorwasusedto block all spotsexceptthechosenfirst orderspot. Somesecondorder
light passedthroughto thebeamexpanderbut this waslargely blockedby thebeamstopaperture.Thefirst orderbeampower
wasmaximisedby reducingthe driver outputpower to closeto the minimum, thenfinding the optimal Braggangleof the
incidentlaseronthecrystalby monitoringanopticalpowermeter, andfinally by settingthedriverouputpower thatmaximises
thefirst orderbeamopticalpower.

Althoughweonly achievedamodulatedlasersystemefficiency of 0 55%from thelaserlaboratoryto thelaunchtelescope
in our first experiments( 0 80%nominal,unmodulatedlaser),thehopeis to improveon this for futureLIDAR observations.



Mirrors

Pulse Generator

PowerSupply
28V DC, 0.45A

Driver output

Shutter
Adustable

Flipper
Mirror

plateλ/4 
Shutter

Mirror
Folding
Modulator
Acousto-Optical

to AOM

HP 81101A

Pre-expander
Optics

Collimated
Na beam

AOM driver
+ heatsink

Mirror
Folding

First Order
Beam
to Relay
Mirrors and
Launch 
Telescope

Lens
f=250mm

f=250mmLens, 

Flipper

Figure 2. LaserModulationSet-upin theLaserLaboratory. Theopticaltrainafterthepre-expanderhasa shield.

Laserpower was measuredimmediatelyprior to the launchtelescopeusing a bolometerin the laserdiagnosticsbox5.
Giventhepseudo-randommodulationsequence,theaveragelaserpower was1.1W . 0.1at theendof theexperimenton 17th

Oct. 1999andwith launchtelescopemirrors,eachof reflectance0 0.8,anaverageof 1.1W x 0.82 0 0.7W exited the launch
telescope.

4. DATA COLLECTION

Thedatacollectionwascomposedof threeparts:anAvalanchePhoto-Diode(APD) set-upwithin ALFA (figure3), thecomputer
locatedin thetelescopecontrolroomaswell aslaserstaraquisition.

4.1. Optical System

Theaccuracy of LIDAR datais limited by thetiming resolutionof thedetector. For this reasonCCDdetectorsarenot suitable,
and PMTs (photo-multiplier tubes)are more commonlyused. However, PMTs have quite a low quantumefficiency (QE
0 10%). This can be offsetedby addingseveral consecutive LIDAR framestogetherinto one ‘exposure’,or alternatively
increasingthe laserlaunchpower or usinga larger collecting telescope.As we areinterestedin observingvery short lived
‘sporadic’structuresin thesodiumlayer, a shortexposuretime is desirable.By usingthecross-correlationapproachdescribed
in section2 we have increasedthe averagelaunchpower. Thereforeimproving the detectorQE will directly increasethe
temporalstructureobservable in the mesophere.To this end we usedan actively quenchedsilicon AvalanchePhotoDiode
(PerkinElmer) with a QE 5 70%. Actively quenchedAPDs minimize the deadtime after eachdetectedphotonto 0 20ns.
Statisticalsimulationsshow that we only expect 1-2 photonsto be detectedevery micro-secondunder the brightestnight
conditions.Therefore,this deadtime will not affectourmeasurements.TheAPDshaveno readoutnoiseassociatedwith them
andthe dominantsourceof noiseis not any APD dark counts( 1 1000s3 1), but backgroundcounts,including sky counts
andstraylight aroundthe sodiumline transmissionfilter in the optical pathin ALFA. However, muchmoreseriouswasthe
presenceof IR LEDsinsidetheALFA bench,onmotorencodersfor example.Althougheveryeffort wasmadeto removethese
theoverallbackgroundcountratewas 0 7000-8000countss3 1. This is notaproblem,however, asthecrosscorrelationis very
goodat rejectingbackgroundnoise.
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Figure 3. APD set-upat theShack-HartmannSensorin ALFA.

In mountingthe detectoron the telescopewe only hadaccessto the F/25 focus, at which the plate scalewas 0.42mm
arcsec3 1. Givena 200µm diameterAPD active area,the APD platescaleis 0 0.03mmarcsec3 1. Sincethe LGS FWHM is
typically 1 3 arcsec(1 arcsecseeing),thechosenAPD field of view (FoV) of 6 arcsecis well matched,andin addition,asseen
in theLIDAR resultsshown later in section5, this FoV restrictsdatacollectionto photonsfrom distancesof 90. 30km. So,
a x12 magnificationof the imageof the APD on to the F/25 focuswasrequired. In orderto do this without losing any light
requiresa high numericalaperturelens(NA 0 0.6), placedvery closeto the front surfaceof theAPD to ensurethatworking
distancesremainmanageable.Alignmentof theopticalsystemwasperformedactively, usinganilluminatedwhitefibresource
placedat theF/10focusto simulatethelaserguidestar. Thewhite light fibrewaschoseninsteadof thelaserreferencefibre in
orderto maximizethecountrateat theAPD.

In orderto pick off thesodiumbeamandsendit to theAPD, a 0.5inch diameterdielectricpick-off mirror wasplacedat 0
45o, closeto theF/25LGS focal planefield stopstage,which is usuallyusedto block Rayleighscatteredlight andis remotely
movablein two axesin theplaneof theALFA opticalbench.TheAPD powersupplywasboltedto theALFA bench.In addition
to theusualdustandlight shieldssurroundingtheALFA bench,heavy blackclothwasattachedto ALFA to blockstrayexternal
opticallight from reachingtheAPD.

4.2. Data Aquisition

TheAPD moduleoutputsa TTL pulseevery time a photonis received.A similar TTL syncsignalis producedfrom thesignal
generatorat thestartof every 16Kbit long pseudo-randomsequence.Thesetwo signalsarereceivedby a Multichannelscaler
(MCS) wheretiming informationis recorded.TheMCS card(FastcomtecMCD-2) consistsof 128kchannels,eachof which
correspondto 250nsintervals.Whenthesyncpulseis receivedtheMCSstartsat thefirst channel,andwill incrementits value
if it receivesa countfrom theAPD within 250ns.After this time it movesto thenext channelandagaincountsthenumberof
pulsescomingfrom theAPD. This procedurecontinuesuntil thenext timea syncpulseis received,whentheMCSstartsfrom
thefirst channelagain.As eachinterval is 250nslong,andeachlaserpulseis 1 µs,returnedflux is over-sampledby four sothat
thereis sufficient timing resolutionto satisfyShannon’ssamplingcriterium. TheMCS is not perfecthowever, in that it hasits
own deadtimebetweenchannelsof 0.5ns.This is notsignificantfor theAPD channelasit only hasthesameeffectasreducing
thecollectionareaof the telescopeby 0.2%. Its effect canoccasionallybeseenin thesyncchannel,andthis is why we have
twice asmany channelsasshouldever beneeded.OccasionallytheMCS will missthesyncpulseandthecollecteddatawill



‘overflow’ into theseotherchannels.Although, this datais not useful,it preventsthe restfrom beingcorrupted.Thesystem
shouldbecapableof producinga sodiumprofile with very goodsignalto noiseevery few seconds.Unfortunately, on thetwo
nightsavailabletheobservingconditionsweresobadthatphotonreturnflux wasmuchlower thanexpected.This in no way
effectstheaccuracy of themeasurement,but longerexposuretimeswererequiredto givegoodS/N profiles.

For every integration,two files arecreated.Oneincludesa recordof theexposureepoch,integrationtime, datacollection
formats,datafile namewhile theotheronecontainsthecountsin eachof thetimebins.About0.26MB wasrequiredfor a 10s
collectioninterval.

Sinceit is importantthat thetelescopecanmove freely, electronicpulsesfrom photonsdetectedby theAPD weresentvia
co-axialcableto a BNC plug boardon the telescopewhich routesthe signal from thereto the control room wherethe data
collectionPCwaslocated.

4.3. Laser Star Acquisition

Sincethe APD is a singleelementdevice, a 2D detectoris requiredfor efficient laserspotacquisition.So,acquistionof the
sodiumlaseron theAPD consistedof two parts:

Firstly, prior to the observations,theAPD wasalignedwith an arbitrarypoint on the WFS by picking off the white light
referencebeamandadjustingtheAPD stagesoasto maximizethecountrateon anAPD eventcounter.

Secondly, at the beginningof the observations,the laserwasacquiredon the TV guiderandsteeredwith the field select
mirror to thenominalpositionfor coincidencewith theWFS.Next, oneof thewhite light fibre spotson theWFSwasmarked
andafterwardsthecorrepondingsodiumlaserWFSspotwasmovedto thismark.Following this,thepick-off mirror wasmoved
in andintegrationwasstarted.

Althoughtheobservationplanwasto considerthe laserstarat zenith,it wasdesirableto testtherobustnessof thesystem
to flexure. So,thetelescopewasmovedarbitrarily to about15 degreesfrom zenithandthechangein optimalpick-off mirror
positionwasfoundto benegligible.

5. SODIUM PROFILES FROM LIDAR

The first measurementsusing this techniquewith ALFA were obtainedon the nights of October17th & 18th 1999 under
extremelypoorweatherconditions.On thefirst night theseeingwas4 arcsecor more.Eventhoughthelaseris launchedwith
a 15cm beam,in suchbadseeingthis is muchmorethana few r0 andsothesizeof theLGS is affected.Thefinal sizeof the
LGS asseenfrom the groundis thereforeat least6arcsec.As a result,significantlight waslost from thedetector’s FoV. On
thesecondnight therewerethin cloudlayersat 6km and9km (observedby theLIDAR systemfrom thelight they scattered).
Simultaneousobservationsof theLGSfrom anearbytelescopeshowedthattheobservedflux wasreducedby a factorof 30by
thesecloudlayers.Theonly effect this hason LIDAR is to reducethesignal-to-noiseandinvalidateabsoluteflux calibration;
theheightandprofile information(whicharisesolelyfrom time-taggeddata)areunaffected,andassuchthefirst results,shown
in Fig. 4 areveryencouraging.Thesedatahavebeenconvolvedwith a low-passdigital filter to giveasmoothingof 500m, and
only therangeencompassingthemesosphereplotted.Additionally, thetotal flux detectedhasbeennormalisedfor eachnight,
aprocesswhich is notnormallynecessarybut whichweusein thiscasebecauseof thesignificantflux variationsdueto clouds.

TheRayleighcone,which is bright at altitudeslessthan 0 20km is not visible in any figure.This is not surprisingbecause
the6arcsecFoV of theAPD meansthat,sincewe launchthelaser2.9m off-axis from themaintelescope,wecanonly observe
heightsin the range90. 30km. The reasonwe wereableto observe cloud layersat 1 10km is simply becausetherewasso
muchscatteredlight from thedefocussedimageof thepupil on theselayers,thatwe coulddetectit 0 1 arcminaway.

Due to the height adjustmentmadeto the derived profile, the noiseis also strongly dependenton height. It hasbeen
determinedfrom a blank region in the profile, in the height range10–60km, which is as large aspossibleso that both the
photonnoise(including background)andthe correlationnoiseare implicit in the estimate.The measurementis madeafter
smoothingwith thesamefilter asfor thedatain Fig. 4, but withouthaving madetheheightadjustmentbecauseat thisstagethe
noiseis independentof height.Theraw valuecanthenbescaledto therequiredheightin exactly thesamewayasfor thedata,
thevaluesquotedherebeingscaledto 90km. It shouldbenotedthatthenoiseat 100km is 25%morethan,andat 80km 20%
lessthan,thatat 90km. The3σ level is shown usingdashedlinesin Fig. 4.



Figure 4. Profilesof thesodiumlayertakenat 3 differenttimeson two consecutivenights:Oct 17th (left) andOct 18th (right).
TheUT starttime of eachframe,eachfrom 30secintegrations,is shown. The3σ noiselevel (dependenton height)is shown
asthedashedline; detailsof how it is determinedaregivenin thetext. Heightsaregivenin km aboveCalarAlto Observatory
which is itself at 2.2km, andshow thaton thesenightsthesodiumhada centroidheightof 92km above meansealevel. The
differencein profilebetweenthe2 nightsis substantial.

Figure 5. Plot of intensityweightedcentroidheightof sodiumprofile over time on 17/18Oct. 1999. Seetext for additional
details.

5.1. Results

ThesodiumlayeraboveCalarAlto on17th and18th October1999wasfoundto beat90. 3km(Fig. 4). Evidencefor sporadics
ononeof two nightswasfoundwith sporadiclayerthicknessvaryingfrom 0 240to 350m.In addition,it canbeseenin Fig. 4
that a prominentchangein layer FWHM (excluding the sporadiclayer) from 0 13 to 0 5-7km wasobserved over the two
nights.

This leadsto a questionabout the effect of spot size variationsin the WFS. We know that WFS sodiumspot images



canbecomeelongateddependingon the positionof the laserlaunchtelescoperelative to the sciencetelescopepupil. Larger
telescopemirrors subtendlarger anglesfor a given sodiumlayer height and the outermostWFS subapertureimagessuffer
the mostelongation. This is not observed with ALFA dueto the WFS pixel sizeof about0.5 arcsecandis consistentwith
simulations6. The(LA3OS2) simulationcode7, which considersa 3D sodiumlayerandpropagationof light througha model
atmosphereandastronomicalAO system,wasusedto examinethe effect of sodiumlayerFWHM changeson the spotsseen
in the Shack-HartmannSensor(SHS).This simulationindicatesthat while observingat zenith with the ALFA system,no
significantchangein the spotFWHM is expectedin the casesof FWHM of 13kmand7km. However, theprojectedsodium
layer structureis a function of zenithdistance.Consideringa zenithangleof 60o the observedFWHM would be 14km and
26km respectively and, in the caseof a 26km layer, a FWHM changeof about0.3 arcseccould be expectedin very good
seeingconditions(ro = 30cm),with smallWFSpixels(eg 0.2arcsecpixel3 1). With 0.5arcsecpixel3 1, nosignificantchangeis
expectedto beseenwith ALFA in medianseeingof about1.2arcsec.

Although,it canbeseenthat theamplitudeof thesporadiclayer is abouttwo timesthatof theunderlyingsodiumprofile,
similar to the factorof 2-3 observed during the September1997observations1, it providesonly a lower boundbecausedata
smoothingwasemployed. Ageorgeset al8 (2000)providesa summaryof the sodiumlayermonitoringobservationsmadeat
CalarAlto during1997-1999.

Usinganintensityweightedcentroidalgorithmthecentroidheightof thesodiumlayerwasobservedto havea variationof
1 500min 0 10 minutes(Fig. 5). Although,shortertimescalevariationsmay have beenpresent,poor observingconditions
andreducedS/N preventsthis analysis.To appreciatetheimplicationsof centroidheightchanges,considerthatsuchchanges,
if uncorrected,canexceedthewavefrontphaseerrorbudgetof intrumentslikeVLT/NAOS.Here,acentroidchangeof 0 230m
canproducedefocusrmsphaseerrorsof 0 37 nmrms,greaterthantheerrorbudgetof 15nmrms9.

6. DIRECT IMAGING

6.1. Observations from an auxiliary telescope

In order to independentlyvalidatethe LIDAR observations,the sodiumstarwasimagedfrom a 2.2mtelescope260maway
on a nearlypureNorth-Southaxis. A 2048= 2048pixelsSITE#1dCCD camerawasinstalledat theCassegrain focusof this
telescope,with a0.53arcsecpixel scale.A narrow bandinterferencesodiumfilter wasused.

During the 5 allocatednights, the lasercould be launchedon only 2 consecutive nights,dueto badweatherconditions.
On thesetwo nights,a profile of the sodiumspotcouldbe acquiredsimultaneouslywith the LIDAR experimentat the 3.5m
telescope.This sectionconcentrateson thecomparisonof thedata.

To achieve a meaningfulcomparisonof the sodiumlayerprofilesfrom the LIDAR and2.2mimagingdata,the latterwas
acquiredwithin 30sof theLIDAR data.Eachconsistedof 30sexposures,taggedwith theUT starttime from thecomputersin
therespective telescopes.

Sinceno sky frameswere acquiredat the 2.2m, no sky subtractionwas appliedto the imaging data. Only a dark of
equivalentintegrationtime wassubtractedbeforeflat-fieldingwith a domeflat. Badpixel correctionhasalsobeenapplied.In
a cosmeticfinal phase,startrails crossingthe sodiumplumeor Rayleighbeamhave beenremovedby thresholdingthe data.
Fig. 6 illustratesa typical result.

6.2. Altitude and Flux Calibration

Eachprojectedsodiumprofile wasobtainedby taking a cut throughan elongatedLGS imagefollowed by flux andaltitude
calibrationsothatit couldbecomparedwith thecorrespondingLIDAR sodiumlayerprofile.

To increasethesignalto noiseof thesodiumprofilederivedfromCCDimaging,pixelvaluesoverthe10pixelsperpendicular
to the altitudeaxis wereco-added.Due to telescopeseparationandthe alignmentof altitudewith the CCD framerows, the
altitudeat eachpoint,x, in theprojectedprofile canbedeterminedusing:

altitude : z0 > 7 d ? tan7 α @A7 x0 @ x9B? pixscale9C9ED (1)

wherez0 is thealtitudeof theobservingsite(2.2km),d thedistancebetweenthetelescopes,α theelevationof theauxilary
telescopeand pixscale is the pixel scaleof the cameraused. x0 hasbeenchosenasthe middle of the CCD FoV. Using this
formula, we noticeda differencein altitude,andaltituderangebetweenthe imagingandLIDAR data. To obtaina similar
altituderangefor bothsetsof data,the2.2melevationhadto beconsidered7.12arcminhigherthanwhatwasindicatedat the



Figure 6. Typical imageof theALFA laser, asobservedfrom the2.2mtelescopesituated260maway. This imageis anextract
from thefull sizeimageobserved,andit hasbeencleanedof startrails,exceptfor theoneseenon theleft of thesodiumplume.

telescope.Theelevationoffsetmaybeattributedin part to thefact that the lasermaynot have beenpointingexactly at zenith
aswell asto possiblepointingerrorsat the2.2mtelescope,somethingwhich is consistentwith a repeatedoffsetof calibration
starsfrom the CCD framecentres.but hereaswell this could be dueto poor stellarcoordinates.As a result,no definitive
answercanbegivenwhy, to matchthealtitudeof theLIDAR data,theelevationof the2.2mtelescopehadto beraisedby 7.12
arcmin.

Oncethedatawascalibratedin altitude,a flux calibrationwasapplied: the integratedflux, of the 2.2mdata,between70
and110km,wasforcedto equaltheintegratedflux (in thesamerange)of theLIDAR data.

6.3. Comparison with LIDAR data

Figure 7. Resultsof LIDAR experimentresultsfrom Oct. 17th arecomparedwith thesodiumprofile derivedfrom the 2.2m
telescopeobservations(dashedline). Seethetext for furthercomments.

A very goodagreementcanbefoundbetweenthedataobtainedwith two differentobservingtechniques(Fig. 7). Imaging
of thesodiumlayergave profileswith bettersignalto noisethantheLIDAR techniquebut this canbeexplainedby a reduced
countratein theFoV dueto poorseeing.



Here,observationshave only beendonewith the laserpointedat zenith. Any otherelevation of the laserlaunchcould
have beenused,but morecarefulaltitudecalibrationwould have beenrequired.We concludethat theLIDAR systemis more
usefulthanthe imagingtechniquebecause(a) a suitabletelescopefor imagingwould berequiredwhich is not practicalat an
astronomicalobservatoryand(b) the heightof the sodiumlayer is readily andmoreaccuratelydeterminedwith the LIDAR
basedapproach.

Accountingfor noisedifferences,theamplitudesof thesporadiclayerprofileswithin eachpanel,aswell asdifferencesin
theunderlyingintensityprofilesareseento differ slightly. This is becausetwo differentobservingtechniquesarecompared;
LIDAR wasusedwith aheightresolutionof about150m,coupledwith additionalamplitudereductiondueto smoothingof the
data,anddirectimagingof theprojectedsodiumlayer.

7. FUTURE

ContinuedsodiumlayermonitoringatCalarAlto is planned.Theaimis to accumulatelongtermstatisticsof sodiumabundance
variationsandthefrequency of occuranceof sporadiclayers.It will alsobeinterestingto exploit LIDAR asa potentiallyvery
importanttool for bothtime efficientandaccuratefocusingof thelaserandtheWFS.

Centroidheightchangesof a few hundredmetresareexpectedto haveimportantimplicationsfor LGSAO imagecorrection
on 8m+telescopes,especiallybluewardof H band.Extrapolatingfrom experienceswith ALFA-LID AR, simultaneousscience
observingandLIDAR observationsmaybeanoptionif morethan4W cw sodiumlaserpowercanbeachieved.Assuming4W
of laserpower, whichallowsexcellenthighorderALFA imagecorrectiongiven1 arcsecseeingor betterandgoodatmospheric
transparency, wecanderivefrom theOctober1999observationswherethelaserwason50%of thetimethat F 8W laserpower
wouldberequiredif thereis G 50%laseramplitudemodulation‘On’ time. Feedbackof centroidheightchangesto a calibrated
laserstarfocusalgorithmwouldallow minimumlaserspotsizeto bemaintainedandin additioncalibratedinitial WFSfocusing
wouldbefacilitated.Sucha systemis expectedto beof importancefor observingfacilitieslike theVLT.
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