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ABSTRACT

We presentanovel techniqudor accurateneasuremerdf the large-scaleerrorsin anantennasurfaceusingastronomical
sourcesanddetectors.Out-of-focusimagesof compactastronomicakourcescontaina wealthof informationaboutthe

telescopeptics. By characterisinghe surfaceasa sumof Zernike polynomials,it is possibleto infer in a stablemanner
the surfaceof thetelescopaisinganinverse-problenmumericaltechnique We reportpreliminaryresultsusingdatafrom

the 15-mJame<Clerk Maxwell Telescopeandthe 100-mGreenBank Telescopeanddiscusghe meritsof this technique
for measuringhelarge scaledeformationof telescopentennas.

INTRODUCTION

Measuringthe deformationsof telescopeantennasising microwaves (often called holography)is usefulboth for direct
correctionsof surfaceerrors,andasaninputinto theoreticamodelsof thetelescopanechanicsBoth of thosearein turn
invaluablefor therecentgeneratiorof telescopesvith actuatoradjustableandin somecaseactive, surfaces Maximising
the surfaceaccuray of existing and new antennass of increasingscientificimportancefor two reasons:it increases
the gain, so allowing detectionof faintercompactsourcesandit reduceshe amountof power in the “error beam”,so
allowing higherdynamicrangeimagingof extendedsources.

In the phase-retrigal approachto millimetre-wave holography only the power patternof the antennas measured,
usuallyat two or moredifferentfocussettings. The phaseof the signalin the apertureis later recoveredby numerical
processing.This techniquehasbeenappliedwith considerablesucces®n a numberof large antennasbut usuallyonly
with artificial sourcesi.e. transmitteron thegroundor on spacecraft.

This paperdescribeghe developmentof techniquedor measuringsurfaceerrorswith moderatespatialresolution
by observingastronomicalsources,using existing astronomicalkrecevers on the telescopes.The new approachuses
numericalfitting of a parameterisedescriptionof the surfaceerrors,andof the amplitudeof the recever’sillumination
pattern. The techniqueis flexible. It canbe adaptedstraightforvardly to variousdifferent obsenationaltechniques,
including total power obsenations, and the various differencingschemeswhich involve movementof the secondary
mirror (“beamswitching”) and/orprimarymirror (“nodding”). Theincreasingavailability of astronomicabrraydetectors
makesthe mappingprocesarticularly quick andefficient. In this shortpaper we presentpreliminaryresultsobtained
for the Jame<Clerk Maxwell TelescopdJCMT), andthe 100-mGreenBank TelescopgGBT).

DESCRIPTION OF TECHNIQUE

If we canmeasureéboththe amplitudeandphaseof the beampatternin thefar field, a simple Fourierinversionwill give
ustheaperturgunction(thisis with-phasenolography) However, measuringustthe power patternwill underdetermine
theaperturdunction(e.g.invertingthesignof theerrorsproduceshe samepower pattern).We canbreakthis degenerag
by measuringpower patternsat a numberof focussettingswhich producegartially independentiatasets.

A straightforvard inversionis still not possibledueto non-linearity so we have employed a numericalfitting algo-
rithm. We parameteris¢he surfacein termsof a fixednumberof coeficientsof Zernike circle polynomialfunctions(see
e.g.[1] for definition). Besidesbeingorthonormalon the unit circle, they alsohave the advantagethat by restrictingthe
highestorderused,the resultsare not sensitve to the poorly-constrainedsmall-scaleerrorson the surface. The results



in this papertypically fit a modelincluding termsup to radial order7, which is a total of 36 terms: the smallestspatial
scalecontainedn the modelthencorrespond$o approximatelyonesesenththe primary mirror diameter The numberof
termswe cansuccessfullyderive is dependenon the signal-to-noiseatio of the datasetfor the datawe have usedsofar,
thisis of order200. Otherfree parameterén the modelarethe positionandwidth of the primary reflectorillumination
(modelledasa Gaussian)the directionsand sizesof the choppingand noddingmotions,and optionally the comaerror
termintroducedby the choppingof the secondary

Thebestfit surfaceis thenfoundby minimisingdifferencedetweertheobsenedandsimulatedmaps,with appropri-
ateweightingsto take into accountthe noise. The noiseis modelledasa sumof additive (thermal)andproportional-to-
signalcomponentsWe usea public-domainLevenbeg-Marquard minimisationalgorithmwith numericallycalculated
derivatives[2], which we have foundto be efficientandreliablefor this problem.To have anindependentheck,we have
alsocomparedesultsusinga downhill simplex minimisationalgorithm. With reasonableuality data,we usually see
goodcorvergenceandnolocal minima.

Any bright sourceof known shapeis suitablefor this method.Quasarsarethe naturalchoiceat low frequenciesbut
at submillimetrewavelengthsplanetsaremuchbrighter Becauseour techniqueusesa fitting algorithm, it is possibleto
take accountof ary extensionof the source(e.g.theplanets disc)if it is accurateljknown.

We have performedseveral simulationsof the technique by generatingsyntheticdataandderiving estimatef the
surfacefrom them. Thesehave allowedusto validatetherobustnes®f the method andallowedusto estimatethe optimal
sizeof the defocustermto use,andthe signal-to-noisaequiredto measurea given numberof Zernike terms. The full
resultsfrom thesesimulationswill be presentedn afuture paper

RESULTS AND DISCUSSION

The James Clerk Maxwell Telescope

TheJCMT is a15-msubmillimetretelescopeavith conventionalCassgrainoptics,coveringthe atmospheri¢ransmission
bandsfrom 150GHz to 1.5THz (2mm to 200um wavelength): its target surfaceaccurag is around22pum. We used
the SCUBA bolometerarrayto make several broadbandcontinuummeasurementsf the out-of-focusbeam. Typically,
we obsened anin-focus map, plus mapswith the secondarymirror defocusedoy +1.0mm. All of thememploy both
rapid choppingof the secondarynirror by ¢ = 35 arcseconds azimuth,plus slower noddingof the primary, generating
a triple-beamobsenation: the power patternis then effectively corvolved with a function 25(x) — 8(x — ¢) — d(x+ ¢).
The obsenationswere doneat 850um and450um simultaneouslyalthoughthe latter were not usually of high enough
signal-to-noiseatio to be useful. We usedboth quasarg3C279)andplanets(Mars andVenus)asour sourcesandeach
maptook approximately8 minutesto make. Theresultsof onesetof theseobsenationsis shavnin figuresl and2. These
measurementaeredonebeforethe recentcampaigrto improve the surfaceof the JCMT andarebroadlyin agreement
with the expecteddeformationsandmeasurementssingcornventionalholography

The Green Bank Telescope

The GBT is a 100-moff-axis paraboloidelescopedesignedor frequenciesip to around100GHz. We have beenkindly
providedwith onesetof threebeammapsat 2.5cmwavelengthfrom the GBT, which usedthemethanoimaseiin W3 asa
source.Thedefocugermatthe GBT is morecomplicatedhenthatof the JCMT (whereit is a simpleradialfunction)due
to the off-axis geometry We have thereforeuseda raytracingpackageo calculatethe phasechangedueto movementof
the secondarywhich in this casewasabout8cm. As this wasa spectraline obsenation,it wasobsenedin total power
modewithout the needfor chopping. The strengthof the sourcemeantthe noisecharacteristicsverevery differentto
the SCUBA obsenations,with proportionalnoisedominatingover additive noiseover muchof the map. Our calculated
aperturegaindanexampleout-of-focusbeammapareshawn in figure 3. As canbe seenfrom thefigure,the surfaceis in
impressiely goodshapefor obsenationsat around2cmwavelength.

CLOSING REMARKS

Thistechniqudor measurementr large-scalesurfaceerrorshasseveralbenefits Mostimportantly, it allows measurement
of the surfaceat mary differentelevation angles so allowing the measurementf gravitationally-induceddeformations,
which shouldbe mainly large scale. The techniqueis alsolow costbothin termsof money andtime: it usesexisting
instrumentationandthe mapscanusuallybe madein shortperiods,usuallylessthanhalf anhourof observingtime. In
addition,asreceversareupgradecandmademoresensitve, thetechniquebenefitfrom automatidncreaseén speedand



Figure 1: Theinferredaperturefunctionfrom SCUBA/JCMT mapstaken on 01/01/2002;Left andMiddle: Phasemap
(black to white represents 11 path difference); Middle: Phasemapfrom a secondsetobsenationstaken on the same
night, demonstratingeproducibilityof thetechnique Right: Amplitude map.

Figure2: Top row: threeSCUBA/JCMT mapsof 3C279usedin theanalysisfrom left to right: focus-1.0mm, in focus
andfocus+1.0mm. Thewhite patchis dueto a noisy bolometemwhich hasbeenflaggedasbad. Bottomrow: Simulated
beammapscorrespondingdo the bestfit surface.



Figure3: Calculatedaperturdunctionfor the GBT; Left: phaseMiddle: amplitude Right: anexampleof anout-of-focus
map

accurag. Thetechniquds mostlik ely to be usefulwhenusedasanextra diagnosticof antennabehaioursin conjunction
with a corventionaltransmitterbasecholographysystemwhich measuresccuratelythe smallscaleerrors.
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Furtherinformationon our holographywork, detailsof othermeasurementand more detailedplots areavailable at
http://www.mrao.cam.ac.ukin204/oof.html.



