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Chapter 1

| ntroduction

This reporton the mid-infraredinterferometrianstrumentfor the VLTI (“MIDI”) follows the
requesthatthe steeringcommitteede provided for its plannedmeetingof Decembe®, 1997,
with moredetailedoptical designsand costestimatedor the four interferometricinstruments
currentlyunderdiscussion.

This is the secondeportpreparedyy the working groupfor the“MIDI” instrument.It up-
datesthe informationgivenin the previousreportfor the ISAC meetingon July 15, 1997. It
concentratesn thetechnicalaspect®f theinstrumentanddoesnot repeathe proposedcien-
tific programmesliscussedn July.

Thisdocumentloesnotrepresenaformalmilestongor thedevelopmenof themid-infrared
interferometridnstrument.Rathernt describeshepresenstatusof theongoingwork towardsa
preliminarydesignfor thisinstrument.

Thestudygroupwill betransformednto aninstrumenteamin duetime. As shownin the
authorlist, the Max-Planck-Institufir Astronomiehasidentifiedthe personsvho mainly are
responsibldor carryingthroughthis beginningproject.



Chapter 2

Extended summary

Additionalinformationon theinstrumentcanbe foundin the studygroupreportto ISAC from
July 13,1997.

2.1 Priorities

Theprioritieshavenot changedinceJuly:

— The mainemphasiss on developingan instrumentworking in the 10 zm window with
onebaseline measuringvisibilities. The measuringnodesinclude one aiming at good
sensitivity sacrificingaccuracy,oneaiming at goodaccuracyat the expensef reduced
sensistivity;andatleastoneintermediaterrangement.

— A naturalenhancemertf the capabilitiesof theinstrumentvould bethe extensiorto the
20 umrangeandto higherspectratesolution.TheDutchmember®f thestudygroupare
activelyseekinghefundsnecessaryo implementtheseoptionsearlyin the project.

— For a secondphaseof the instrumentdevelopmentve considerit necessaryo provide
phasaneasurement®itherby phaseclosuremeasurementsith atleastthreeinputtele-
scopebeamsor by tying the 10 um instrumentto the externalphase-referencingstru-
ment,or by bothmethods At this stagealsothe simultaneousiseof four telescopesvill
beconsidered.

Externalfringe trackingis highly desired Forall sourcesvith suitablespectrunrandgeom-
etry it shouldprovidesubstantiafjainsin sensitivity We will try to havethis possibility
availablealreadyduringthefirst phaseof instrumenioperation.

2.2 Optical design

In general theopticaldesignfor the mid-infraredinterferometrianstrumenhasto providethe
following functions:

— to acceptheamsf 80 mmdiameter
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animageplaneonthedetectoy

thebeamcombinatiomottoo far from the pupil plane,

verygoodsuppressionf thermalemissiorfrom thesurrounding# laboratorydelaylines
andtelescopes,

— animagesharpneswhich putsmostof thelight on onepixel (to reducereadoutoise),
— thepossibilityto introducemonomoddibersfor beamcleaning,

— thepossibilityto extractphotometricsignalsbeforebeamcombination,

— light inputsfor verifying theinterferometricoperationof theinstrumentat 10 ym,

— acceptableomplexityandpreferablycompacidesign,

— toallow - in principle- theinclusionof athird andforth beamfor phaseclosuremeasure-
ments.

The studiesperformedso far haveshownthat satisfyingsolutionscanbe found both with
reflectiveandandwith transmissiveoptics, which is animportantresult. The presendesign
(chapter) in additionkeepsthe optionto usemostof the optical train bothfor 10 zm andfor
20 um observationsandit thereforemostly usesreflectiveoptics. We still arediscussinghow
muchwe gainon onesideandhow muchwe loseon the othersideby makingsimultaneoud.0
pmand20 um observationpossible.In anycaseadedicatedsensitivel0 um channelwill be
availablein theinstrument.

For phaseclosuremeasurementsith threeor four beamsthe opticsusedfor beamconbi-
nationandimagingontothe detectowill haveto undego profoundchanges.

2.3 Detector

Array detectorof theneededlimension®f afew hundredpixelsareavailable.Somewhasur
prisingly, readoutnoiseis not necessarilynegligibleevenin the high backgroundenvironment
of the VLTI in thethermalinfrared. This resultsfrom the limited well capacityof ~ 10" elec-
tronsfor the availabledetectorchips. We planto buy the “sciencegrade”detectorate in the
projectin orderto profit from expectedmprovementsn well capacityandreadoutoise. Be-
fore, we intendto use“engineeringype” detectorof lower quality for the developmenof the
instrument.

2.4 Technical realisation

We wantto profit asmuchaspossiblefrom severabprojectsrunningat the Max-Planck-Institut
fur Astronomie:

— MAX —a10pm camerdor UKIRT
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— CONICA —thenearinfraredhigh spatialresolutioncamerdor the VLT
— OMEGA —two 1kx1k nearinfraredarraycamerasvith flexible readoutlectronics

In particular the cryogenicsconceptandthe instrumentcontrol systemproposedn large part
areadaptation®f the solutionsfoundfor CONICA. Thereadoutlectronicdevelopedor the
OMEGA projectsis flexible enoughto be usedalsofor the“MIDI” instrumentandthe experi-
encewith theMAX arrayonthebehaviouandcharacteristicef measured 0 zm signalsis the
basison which the differentmeasuringnodesarebeingbuilt.

The conceptfor datatransfey computingand computercontrolis not an attemptto find a
“best” solutionto a well specifiedproblem.Ratherit is tailoredto be ableto handlethe antici-
patedamountof datatakingandcomputingandotherwiseto beasopenandflexible aspossible
with respecto the ongoingandfuture developmentsf measuringnodesandinstrumenoper
ation. It is built arounda fastPCD-60parallell/O interfaceanda Sparc30 work station,andit
is plannedo allow standardnterfacingwith the ESO-VLTI systemusingVME-bus.

2.5 Dataanalysis

Becausef unpredictablehangesn theflat field of the 10 um camersknownto us(MAX), we
concentrat®n fringe analysisby optical pathlengthscanningwith anamplitudeof A to afew
A. Thisis similarto the analysisusedin the Mark Ill opticalinterferometeion Mount Wilson
(Shacetal. A&A 193, 357,1988).1n addition,Fourier(speckleXechniquesvill beconsidered.

2.6 Tests

We think it necessaryo havethe mid-interferometrianstrumentoperationabeforegoing to
Paranal.The maintestsenvisagedo achievethis goalare

— 10 um observationsvith thecameraVlAX on UKIRT to confirmthesensitivityestimates
andto obtain- hopefullyrealistic- examplef data,

— laboratoryexperimentsvith aMach-Zehndemterferometesetupto testopticalcompo-
nents, datatakingmodesandtheintegratednterferometrianstrument,

— instrumentsetupandpreliminarycommissioningon Paranalith the help of siderostats
of sufiicientsize.

2.7 Interfaceswith ESO

At presentthe mainpointsof interactionare

— ourrequesto providesiderostat®f sufficient size (> 20 cm diameter;20 cm beingthe
bare minimum,andassuchprobablyvery inefficient, costlyandtime consuming),
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— our needfor synchronoughoppingandnoddingof the telescope#volvedin theinter
ferometricmeasuremenin orderto calibratephotometricallythe observedringe ampli-
tudes,

— theclarificationof whatactuallythe input beamsnto the“MIDI” instrumentwill befor
differentkinds of sources.We recommendhat ESOinitiate and harmonisethe neces-
sarydiscussiongncludingthequestionwhethersomefunctions(e.g. beamcompression)
shouldbe performedcentrally oncefor all of theinterferometrianstruments.

2.8 Schedule

Internallyto the Max-Planck-Institufiir Astronomiethe projectstartedon June9 of this year
with thenominationof Uwe GrasemasprojectmanageandChristophLeinertasprojectscientist.
Thefirst moneyfor this projectis beingspentin 1997. At presentwe planto shipthe mid-
interferometrianstrumento Paranahtthe endof theyear2000.

2.9 Needed manpower, Costs, resources

We estimatdhatatotal of 15 manyearsvill be necessaryo developthe mid-infraredinterfero-
metricinstrumenin the versiondescribein thisreport.

Thetotal costsareestimatedo about1.5 million DM. This costestimatedoesnotinclude
sparesnor doesit includetravel coststo Paranafor testing,commissioningpr observingwith
theinstrumentWe assumehatESOwill betakingoverthesetravelcosts.

ApartfromtheMax-Plamck-Institutiir Astronomiethefollowing institutionshaveindicated
thattheycouldcontributeto the project:

— thedutchparticipantsjf their applicationfor alargergrantfor participationin the VLTI
will besuccessfulThiswill bedecidedbeforeMay 1998.

— theKiepenheuemstitutfir Sonnenphysikn Freibug with manpowerandmonetarycon-
tributionsfrom its annualbudget.

— MeudonObservatoryith manpowelanda plannedinancialcontributionof the orderof
150000.-DM. Theemphasidor the contributionss on thetopicsof internaldelaylines,
spatialfiltering anddataanalysissoftware.

— theLandessternwart€huringenwith manpoweimonly.

2.10 Open problems

This list givesthe status asof todayandnot necessarilgomplete.

— specificatiorof theinputbeams

— propertieof beamsplitters/beamcombiners
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antireflexcoatingsfor KRS5 or othermaterialgransmittingfrom 8 umto 26 ym
influenceof diffractiononthermalbackground
alignmentprocedureincludingmechanicablignmentwith the outputpupilsof the VLTI
inclusionof third andfourthtelescopdeams

interferometrioverificationof theinstrument

implicationsof differentbeamdiameterdrom UTsandATs

inclusionof the 20 xm measurementsimultaneousneasurements?

verificationof sensitivityandlimiting magnitude

metrology;tying “MIDI” to theotherVLTI instrumentsandto thefringe tracker;theas-
sumptionis thatESOwill providethenecesssargnetrologybeams.

effectivenes®f the closedcyclecooler

mechanicatlisturbancentroducedoy the closed-cyclecooler

Partof thesequestionss presentlyunderactiveinvestigation.In our opinionthis list of open
problemsallows usto be confidentthatwe will be ableto providea functioningmid-infrared
interferometrianstrumentor the VLTI.
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M ain characteristics of the instrument

3.1 Basic parameters

Wavelengtlcoverage 10 zm band(8 ym - 13 um)
expandabléo 20 umband(17 u - 26 pm)
Field of view + 1" (for objectacquisition)
Airy diskUTs at10pum 0.28' (for measuring)
ATs at10pum 1.14' (for measuring)
Coherencéime at10pum 100ms (for fringe measurement,

fringemotion< 1 um)

AtmosphericOPDjitter rms 22 ypm (at10 pm)
p-p 66 um (at10 pum)

Differentialdispersion  in 100mof air 0.9 um (10 zmto 20 um)
46 pm (1.6 pmto 10 um)

Atmosphericstability for chopping 200ms

Inputbeamdiameter fromUTs  80mm
from ATs 18 mm

Pixelsize of detector 50 um

Limiting magnituddJTs at10pum 5.0mag(low accuracymode)
ATs at10pum 1.8 mag(low accuracymode)

12
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3.2 Observing modes and measuring modes

For easyreferencethesemodesare shortly repeatedherefrom the documenpresentedt the
ISAC meetingof July 15,1997.

3.2.1 Observing modes

Thisrefersto the methoddo determinghefringe contrast.

— “shiftand add” mode: afringe measuremens possiblewithin thecoherencéme of 100
ms. In this bright sourcemode,the instrumentcouldin principletrackthe fringesby its
own.

— “gspeckle” mode: powerspectrumaveragingover manyindividual short(100 ms) expo-
suresshouldrecoverarangeof fringe signalswhich aretoo weakto befoundin the“shift
andadd” method.

— “blind integration” or “ fringe stabilised” mode: for this faint sourcemodethe fringes
haveto be stabilisedexternally(by a fringe trackeror by oneof the otherinstruments),
andit hasto beassuredhatthefringeswill bestabilisedalsoinsidetheinstrument.Then
theindividualshortexposuresanbeaverage@oherentlhby stackingheexposuresThis
is themostsensitivemodeof theinstrument.

Internallyin theinstrumentjf simultaneoud40;mand20m measurementrepossible,
thene.g.the 10 xm channekouldbeusedto stabilisethefringesfor the 20 um measure-
ment. Theatmospheridispersions smallenough(0.9 um over100m of air betweerl0
pmand20 pxm) to allow simultaneousneasurements thesewavelengttbands.

3.2.2 Measuring modes

Thisrefersto calibratingthefringe amplitudesn termsof visibilities, andit requiredo measure
thetotal flux of the source(asopposedo the correlatedlux giving the fringe amplitude).The
total flux measurementequiregheusualinfraredtechnique®f choppingandnoddingwith the
telescopesThishelpsoverthedifficultiesthatthemid-infrareddetectomrrayflat fieldsarenon-
linear, loaddependenandvariablewith time.

— “unfiltered” mode: the measurementf fringe amplitudeis continuedfor a while (afew
minutes) thenthe nextfew minutesareusedfor adeterminatiorof theflux of thesource.
Thissequences repeatedisnecessaryNo spatialfiltering is appliedto thebeamsefore
beamcombination.In thismode fringerecoveryis necessargnly onceeveryl0minutes
or so. Visibilities are calculatedrom the average®n correlatedand uncorrelatedlux.
Theresultingaccuracyin visibility is estimatedo be5% - 10%.

— “filtered” mode: to reducehephasdluctuationgn thebeamsaspatiaffilter isintroduced
into eachbeambeforebeamcombination.Thefringe signalis measuredbr onecoherence
time only. Choppingallowsto measurehe backgroundlux duringthefollowing coher
encetime, andthis sequencés repeatednanytimes. It may be necessaryo recoveror
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evenfind the fringesagainafter eachchopping. In this mode, it is againthe combined
flux of thetwo beamsawhichis measuredVisibility is calculatedy applyingacorrection
for thevaryingflux enteringthroughthe spatialfilters on the basisof this combinedlux.
Theresultingaccuracyis estimatedo beafew percent.

— “filtered and referenced” mode: similar to the “filtered” mode,but afterthe spatialfilter
andbeforebeamcombinatiorpartof thelight in eachbeamis extractedor separat@ho-
tometry Thevisibility measurementfhienarecorrectedor the varyingflux throughthe
spatialfilters on the basisof the individual flux measurementger beam. This allowsto
evaluatehe geometricameanof theindividual fluxes,which is neededor thetrue cor
rection. Theresultingaccuracyin visibility is estimatedo be~ 1%. (At 2 um, with the
correspondingnodeatthelOTA interferometereven0.3%havebeenreachedccasion-

ally).

3.3 Sourcefinding

We considethavinganimagingmode,with the beamsuitablyattenuateah thecold, to find the
sourceandto centerit onthedetectomarray Forthismode thegrismis removedrom theoptical
path.Choppingis required.

Forfaintsourcedlind acquisitionavith theoffsetsobtainedonanearbybrightersourcewill
beapplied.

3.4 Fringefinding

3.4.1 Activefringefinding

In theinstrumenslowchange®f theopticalpathdifferencg OPD)within arangeof aboutl cm
areforeseen.Suchawide rangefor the adjustmenbf the optical pathdifferenceis considered
necessaryor theinitial setupof the instrument.It alsoallowsto explorea saferangeof OPD
whensearchindor thefringesatthebeginningof a night.

3.4.2 Adaptivefringefinding

A suitablemethodhasto be establishedasedntheactualperformancef theinstrument.One
possibility would be to scana rangeof ~ 100 um of optical pathdifference(OPD), which is

largerthanthe expectegeak-topeakrangeof fringe motion (x~ 60 um). Thereforethefringes,
if presentn thisrangewouldnotleaveit duringthesearctscan.Thissearclscanshouldbeper

formedatthenominalspeedusedior measurementsamelyl00msperOPDchangeof 10 um.

Duringeachl0umintervalof OPDwewouldbelookingfor thewhitelight fringe. Thefull scan
will lastlongerthanthecoherencéime, butthefringe crossingimewill beless.With real-time
dataprocessingppearancef thefringe within oneof the 10 um OPD subunitscanbe recog-
nisedwithin theorderof acoherencéime. Thenthefringe hasnotyetmovedby morethanone
tenthor two tenthsof awavelengtlsincethedetection.Thesearclscancanbeinterrruptedand
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with oneor two iterationson a shorterscanwindow the appropriateexperiment-internaetting
of the OPD canbedetermined.

3.4.3 Fringerecovery

An exploratorymodulationcycleaftereachchoppingduringaninterferometrianeasuremerio
verify thatthefringe signalis still presentlf not, fringe finding hasto bedone.

3.4.4 Fringetracking, “ Shift-and-add”

Thisis the observingmodefor bright sources.Thefringe signalfrom the sourceitself is used
to keepthe fringeswithin the modulationrangeof 10 um to 20 um OPD. The fringe signals
subsequentlganbeaddedn phaseo improvethe signal-tonoiseratio.

3.5 Alignment and calibration

3.5.1 Alignment

With progres®nthe opticaldesignwe will determinghecomponentso bealignedandproce-
duresto actuallyperformthealignment.Alignmentwill be partof thelaboratorytests.

3.5.2 Fringeamplitude calibration

We planto measurehe modulationtransferefficiencyof theinstrumenfor interferencdringes
by sendingn light backward$rom onearmbehindthe beamcombiner After retroreflectiorat
theentranceof theinstrumentthe modulationof theinterferometricsignalis to be measuredh
the otherinterferometricoutput.

3.5.3 Visbility calibration

Internallyby photometryof the astronomicasourcebeingmeasured.
Externallyby the measuremenif calibratorgsourceswith knownvisibility).

3.54 Tyingin with other VLTI instruments

This requiresmoderateaccuracymetrology(+ 1 um) andhasto be discussednddefined. It
canconsiderablyenhancehesensitivityof the mid-infraredinterferometrianstrumentandcan
allow to usephaseeferencingor the phasemeasurements.

3.6 Distribution of the signal on the detector

We assumea readoufrequencyof thedetectoof onceevery25ms,asusedfor theestimate®f
limiting magnitudeon pages32/33of the July reportto ISAC.
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Thenwe expecta backgroundsignalat 10 um of 1.5x 10° photoelectronperAiry disk per
readout. The shotnoiseof this signalis largerthanthe signalexpectedrom a 100 Jy source.
Theinstrumenthereforeappearsafelybackgroundimited in almostall cases.

However theexpectedvell capacityof the 10 um arraydetectorss notlargerthan1.5x 107
electrons.We assumehat this capacityshouldnot be usedto morethan= 50 % in orderto
avoid unlinearityeffects. This leavesus with a usablewell capacityof about8x10° electrons
perpixel perreadoutWe haveto spreadhesignalovera 200pixelsbecausef thelimited pixel
capacity This spreadingvill bedoneby spectradispersion.Thelong dimensionof the SBRC
arraydetectoris 320 pixels. If we assumehat90 % of thelight of an Airy disk areimagedon
onepixel, andthatthis light is spectrallydispersedver the long dimensionof this chip, then
4.7x10° backgrouncelectronsper pixel per readoutresult. The readoutnoiseof the detector
thenincreaseshetotal noiseby 10 %.

This is acceptablebut the exampleshowsthat we arecloseto the situationwherereadout
noisestartdeingimportant.Imperfectionsn theinstrumentmaydistributetheflux fromanAiry
diskovermorepixelsthananticipatedincreasingheimportancef readnoise.And if weextract
photometridoeamdeforebeamcombinationputting20 % or lessinto thephotometricchannel,
thenthesephotometricsignalsalreadywill be dominatedoy readnoise. Improvementsn the
readnoiseof the availablel0 ;m detectorghereforewould help theinstrumentanddefinitely
arewanted.
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Optical design

4.1 General concept

The MIDI imagingopticsis built up asfar aspossibleby reflectivecomponentso makesure
thatthewholewavelengthbandfrom 5 um to 25 um will be availablewithout the needof ex-
changingintermediatémagingcomponents.The only dioptricalimagingcomponentgarethe
camerasystemghemselvesvhich providethe shortfocallengthimagingof thecombineccolli-

matedbeamsontothedetector(seeFigs. 4.1-4.4). Theentrancgupilsof 80 mmdiameterare
providedby thetelescopeystem.Theyareseparatetiorizontallyby 100mm.Thesepupilsare
reducedn afirst stepby afactorof 8 for bothbeamdo be combined.Thefollowing delayline
is realizedby four flat reflections.Directly afterthedelaylinesthebeamis enteringthecryostat.
Thus,thefollowing opticsis cooledto cryogenictemperaturesf about70K.

An off-axis paraboloidwill imagethe telescopdocusinto the first imageplaneof MIDI,
wherespatialfiltering by pinholescanbe provided. In orderto createthe spacenecessaryo
introducea pieceof monomoddiberfor spatiaffiltering, anelliptical or toroidalmirror provides
asecondmageplanenearbywhichis identicalto thefirst oneconcerningheimagescale.An
off-axis paraboloidre-collimateghe beam.After the secondparaboloidthereis somespaceto
insertawavelengtiheam-splitteto providein parallela 10m anda20um channel At present,
we proposeonesingle channelthe optical component®f which canbe exchangedo switch
from oneto the otherwavelengthband. In placeof the optionaldichroic mirror a solid gold
mirror (45°) is used.

Thefollowing beamcombinerprovidestwo combinedoeamspothof which will penetrate
thesamegrismandcamerasystemrlhecamerawill providetwo combinedoeamimagesonthe
samedetector

Forbothbeamsa~ 20%photometriddeamcanbeseparatetheforethetwo beamsarecom-
bined.Theyarealsoimagedontothe samedetector

An overviewof themainoptical parametersf theimagingsystems givenin Tab. 4.1

17
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10um-Beam-Combiner for the VLTI
FILE: plotl0_1 3D Full Lens Drawing 21-Nov-97 10:05:05

— Lens Scale: 0.50

Field Points:

X=0.00000
¥=0.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.1: Three-dimensionalepresentationf oneof the two interferingbeams.The beam
combineris the upperoneof thetwo flat reflectingelementdeft of theparaboloids.
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10um-Beam-Combiner for the VLTI
FILE: plotlQ_1 Y-Z Lens Drawing 21-Nov-97 09:57:17

Lens Scale: 0.50

Field Points:

X=0.00000
¥=0.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.2: Sideview representatiolof onebeam. The beamcombineris wherethe upward
goingbeamseeminglyends.Thedetectompositionis indicatedby the cross.
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10um-Beam-Combiner for the VLTI

FILE: plotl0_1 X-7Z Lens Drawing 21-Nov-97 09:57:56
= | =
‘\_l‘ : SHHH
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{

Lens Scale: 0.50

Field Points:

X=0.00000
¥=0.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.3: Top-viewrepresentationf onebeam.The beamcombineris right of uppercenter
wherethetwo rectangle®overlap.
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10um-Beam-Combiner for the VLTI
FILE: plotlQ_1 User Lens Full Drawing 21-Nov-97 09:58:39

Lens Scale: 0.50

Field Points:

X=0.00000
¥=0.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.4: Front-viewrepresentatioof one beam. The beamcombineris at upperleft, the
detectorat upperright.
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Table4.1: Main parametersf theimagingOptics(Grismincluded)

Input Pupil Diameter: 80 mm
Separatiorof Inputpupils: 100mm
Reductor: factorl/8,Cassegrailsystem
Delayline: 160mm,4 mirrors
Entrancenvindow: 10 mmKRS-5
Firstparaboloid f=100mm
scalefirstfocus: /10, 2.58arcsec/mm
FWHM of 10 um diffraction: 100um
Ellipsoid or toroid: 1:1
Secondparaboloid identicalto firstone
Beamsplitter 10 xm and20 ym in parallelor alternatively
Beamcombiner: 10 mand20 um in parallelor alternatively
Grism 33.2 KRS-5,37.5lines/mm
secondorder: 8-13um, first oder: 16—26m
resolution:443perpixel
Cameras 10 um: 2 lensesGe,20 um: 2 lenseKRS-5
Imagescale: f =25mm,f/2.5, FWHM airy disk: 25 ym(10
pm)
Totalfocallength: 200mm

4.2 Imaging quality

4.2.1 Theintermediatefoci

Two intermediatdoci areavailable:Pinholesor afiber-link canbe usedto cleanthebeamso
allow a more accuratemeasurementf the visibilities. The imagequality for the two foci is
presentedy Figures4.5,4.6,4.7and4.8.

4.3 Design of the camera system

Bothfor the 10 um andthe 20 yum window a camerasystemhasbeendesignedhatfulfils our
requirementsThe effective focal lengthis 25 mm andthe minimum Strehlratio is about80%.

To obtainthisimagequalityevenfor spectroscopiapplicatioruptotheedgeof thedetector
atleasttwo lensesarenecessaryHerewe concentrat®n the 10 yum band. The camerdor this
wavelengthregionis built up by two GermaniunienseqseeFig. 4.9) which canbeantireflex-
coatedup to a high degreeof transmissior(betterthan98% perlens). A possiblesolutionfor
the 20 um region(notshownhere)couldbe built up from two KRS-5lensef similar shape.



4.3. DESIGNOF THE CAMERA SYSTEM 23

10um-Beam-Combiner for the VLTI first focus

FILE: first_focus Spot Diagrams 21-Nov-97 11:19:03
0.050 mm Back Focus = 0.00471 mm
—
-0.2000 -0.1000 0.0000 0.1000 0.2000
E. £y
(1) = ° ° 4

e . ° L
e . o o
& 4 ®

Y= 0.00000 Y= 0.02000 Y= 0.03000 Y= 0.04300
(1) X= 0.00000 (2) X= 0.00000 (3) X= 0.00000 (4) X= 0.00000

Wavelengths[pm] :

8.00000 13.00000 9.00000 11.00000 12.00000 10.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.5: Spotdiagramatthefirst focuson axisandfor threefield anglesupto theedgeof the
FOV. Fromleft toright: five focuspositions seevaluesn mmgivenontopof thediagram.From
topto bottom: four field anglesgivenas“Y” belowthediagramin degreesandcorresponding
to0”, £ 0.72', +£ 1.08' and+ 1.55' onthesky.
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10um-Beam-Combiner for the VLTI first focus
FILE: first focus 3-D Point Spread Function 21-Nov-97 11:19:59

Field pos.: X= 0.00000

Y= 0.04300

1.61798 mm Wavelength: 10.00000 pm
1.61646 mm Strehl Ratio: 0.998

X max
Y max

Y max

Rainer Lenzen, MPIA, Heidelberg

Figure4.6: Pointspreadunctionatthefirst focusfor anextremefield positionattheedgeof the
+ 1.5 FOV.
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10um-Beam-Combiner for the VLTI second focus
FILE: fsecond focus Spot Diagrams 21-Nov-97 11:20:46
0.050 mm Back Focus = -0.02576 mm
—
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8.00000 13.00000 9.00000 11.00000 12.00000 10.00000
Rainer Lenzen, MPIA, Heidelberg

Figure4.7: Spotdiagramat the secondocuson axis andfor threefield anglesup to the edge
of the FOV. Fromleft to right: five focuspositions,seevaluesin mm givenon top of the dia-
gram. Fromtop to bottom: four field anglesgivenas“Y” belowthe diagramin degreesand

correspondingo 0”, + 0.72', + 1.08' and+ 1.558' onthesky.



26 CHAPTER4. OPTICAL DESIGN

10um-Beam-Combiner for the VLTI second focus
FILE: fsecond_ focus 3-D Point Spread Function 21-Nov-97 11:21:34

Field pos.: X- 0.00000

Y= 0.04300

1.62847 mm Wavelength: 10.00000 pm
1.63016 mm strehl Ratio: 0.996

X max
Y max

T~

L/J

Rainer Lenzen, MPIA, Heidelberg

Figure4.8: Pointspreadunctionatthesecondocusfor anextremefield positionattheedgeof
the+ 1.58' FOV.

10um-Beam-Combiner for the VLTI (Ge-Camera)
FILE: ge_cam Y-Z Lens Drawing 21-Nov-97 17:34:48

Lens Scale: 3.00

Field Points:

%=0.00000
¥=0.00000

=0.00000 %=0.00000 X=0.00000 %=0.00000
=8.00000 ¥=-8.00000 ¥=16.00000 ¥=-16.00000

)

Rainer Lenzen, MPIA, Heidelberg

Figure4.9: Designof the Germaniumnenssystemfor the 10 xm band
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Table4.2: Strehlratio of the completeoptical systemof MIDI for severaloff axisanglesand
Wavelengths

off axis off axis Wavelengths[pm]
[°] [ onthesky] 8 | 9| 10| 1| 12| 13
0.00 0.00| 0.956| 0.955| 0.957| 0.960| 0.963| 0.966
0.20 0.72| 0.860| 0.884| 0.902| 0.916| 0.927| 0.936
0.30 1.08| 0.882| 0.861| 0.838| 0.836| 0.860| 0.846
0.43 1.55| 0.788| 0.820| 0.957| 0.950| 0.846| 0.839

Table4.3: Overalltransmissiorof theimagingsystemof MIDI without grism. Forthegrisma
maximumtransmissiorof about60 % is expected.

Component material| singlerefl. | number| tot. refl.
Cass.reducer gold 99.4 2 98.8
ODL gold 99.4 4 97.6
Window CdTe 98.0 1 98.0
re-imaging gold 99.4 3 98.2
Bandselection gold 99.4 1 99.4
combiner| dichroic 95.0 1 94.0
camera, GeAR 98.5 2 97.0

Total 84.1

4.3.1 Thedetector focus

Theimagequalityis givenin thefollowing figuresin form of aspotdiagram(4.10)andasthree-
dimensionalpoint-spreadunctions,which give the correspondingstrehl-ratioas well (4.11-
4.14)Assumingadetectopixel sizeof 50um, for all field positionsandwavelengthsnorethan
80% of a point sourceintensityis imagedonto onepixel dueto thefactthata f/2.5 cameras
usedandtheapproximatd&-WHM of the Airy disk (= Ax(F-numbeiN)) equalshalfapixel. The
calculatedStrehlratiosaregivenin Tab. 4.2 for severawavelengthandoff-axis angles.

4.3.2 Theoverall transmission

Theoveralltransmissiorof MIDI is definedby thereflectivity of gold (10 mirrors: Cassegrain
reductoropticaldelayline, re-imagingsystemandone45°® folding mirror), theentrancevindow,
thebeamcombinerandthecamerasystem.n addition,in generathegrismis used.In Tab. 4.3
thesinglecontributionsarecombinedo atotaltransmissiomf 84.1%withoutgrism. Following
experimentaéxperiencewvith directlyrooledKRS-5grismsa maximumtransmissiorof about
60%:is expected.



28 CHAPTER4. OPTICAL DESIGN

10um-Beam-Combiner for the VLTI

FILE: mirrord 1 Spot Diagrams 21-Nov-97 11:56:43
0.050 mm Back Focus = 8.25000 mm
—
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Y= 0.00000 Y= 0.00000 Y= 0.00000 Y= 0.00000
(1) X= 0.00000 (2) X= 0.02000 (3) X= 0.03000 (4) X= 0.04300

Wavelengths [pm] :

10.00000 8.00000 9.00000 11.00000 12.00000 13.00000

Rainer Lenzen, MPIA, Heidelberg

Figure4.10: Spotdiagramof the detectorfocusfor severalwavelengthsfield positions,and
off-focus positions. Focuspositionsaregivenfrom left to right asindicatedby theline above
thediagramin mm. Field anglesaregivenfrom top to bottomasindicatedin theline labeled
“Y” belowthediagramin degreesTheycorrespondo 0”, + 0.72', & 1.08' and=+ 1.55' onthe
sky. Thewavelengthgrom 8 yumto 13 um arecodedby colour(A colourversionof thisplotis
appended.
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10um-Beam-Combiner for the VLTI

FILE: mirrord 1 3-D Point Spread Function 21-Nov-97 14:45:12
Field pos.: X= 0.00000
Y= 0.00000
0.41415 mm Wavelength: 10.00000 pm
Y 0.41518 mm Strehl Ratio: 0.957

Rainer Lenzen, MPIA, Heidelberg

Figure4.11: Pointspreadunctionof thewholeimagingsystenfor on axisfield position.

10um-Beam-Combiner for the VLTI

FILE: mirror4_ 1 3-D Point Spread Function 21-Nov-97 14:45:45
Field pos.: X= 0.02000
Y= 0.00000
X 0.41261 mm Wavelength: 10.00000 pm
Y 0,41572 mm Strehl Ratio: 0.902

Rainer Lenzen, MPIA, Heidelberg

Figure4.12: Point spreadfunction of the whole imaging systemfor a field positionof 0.02

(0.72" onthesky) off center
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10um-Beam-Combiner
3-D Point Spread Function

for the VLTI

21-Nov-97 14:46:08

Rainer Lenzen,

MPIA, Heidelberg

Figure4.13: Point spreadfunction of the whole imaging systemfor a field positionof 0.03

(1.08' onthesky) off center

10um-Beam-Combiner
3-D Point Spread Function

for the VLTI

21-Nov-97 14:46:30

Rainer Lenzen,

MPIA, Heidelberg

Figure4.14: Pointspreadunctionof thewholeimagingsystentor afield positionof 0.043 off

center(edgeof FOV, + 1.55' onthesky).
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Transmission of CdTe-Window

Figure4.15: Measuredransmissiorof antireflection-coate@dTe

4.4 Theentrancewindow

Bothbeamsreenteringthecryostathroughacommonwindow. Thebeamseparatioms 20mm
atthis position,the pupil diameteilis 10mmeach.Thus,awindow sizeof about40mmx 20mm
is required.Thethicknessmaybe5mm.

Bestchoicefor acommonlO0and20mwindowis anti-reflectiorcoatedCadmium-Elluride
atransmissiommeasuremerdf whichis givenin Fig. 4.15. Experiencewith the MAX camera
onUKIRT showghatbecausef thehygroscopigropertieof theantireflexcoatingthewindow
may haveto be removedaftereachobservingrun for a newcoating.We wantto exploreways
to avoidthis frequentchange.
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45 Thegrism

The presendesignof the grismis drivenby theideato be ableto usethe samegrismbothfor
the10pmand20 xm wavelengtirangesThereforeghechoiceof KRS-5for thematerial. KRS-
5 grismscanbe directly ruled. With a prismangleof 33.2 andaruling of 37.5lines/mmone
canuseit for therangeof 8 um to 13 um in secondorder for the rangeof 16 um to 26 ym
in secondrder Thespectrakesolutionof =~ 400 per pixel imagesthe wholewavelengthband
intothelongdimensiorof thedetector Basedn previousexperienceavith directlyruledKRS-5
grisms,a maximumtransmissiorof about60 % is expected.

4.6 Single-modewaveguidesfor spatial filtering at 10 um

Thefollowing subsectioneeportthestatusof monomodédibersfor the10 mwavelengthrange.
No definitepoint hasbeenreachedyetin their development.Thereforewe do notrely on the
availabilityof monomodédibersfor thiswavelengtirangen ourinstrumentiesign.However as
mentionedabove we keepthe designopenfor laterinclusionof fibers,shouldthedevelopment
of thecomingfew yearspromisesubstantiabainsfor doingso.

4.6.1 Hollow waveguides

Hollow waveguidessimilarto waveguidesisedfor radiointerferometryhavebeendeveloped.
Thesewvaveguidesiremulti-modeandnosingle-modavaveguidébasednasimilartechnology
is knownto existor to beunderdevelopment.

4.6.2 Fiber optics

Traditionally, theMeudoninterferometrygrouphasdevelope@ndmaintainecconstantontacts
with, essentiallythe Frenchinfraredsingle-moddiber opticsmanufacturersommunity Two
groupsareto beidentified:

e Thele VerreFluore companywho aretheprovidersof theinfraredfibersfor the FLUOR
experiment;

e theUniversityof Rennesn Brittany who haveconductedhefundamentatesearclin the
field of infraredfiberswhich led to thefluoride glassfibers.

Two differentpossibilitiesareinvestigatedo producesingle-moddibersfor the 10 um range.
Thefirst oneis basedon the useof halogenidege.g. KBr, NaCl, KCL). Thesematerialshave
therequiredtransmissiorbut theyaredeliquescentBuilding fiberswith thesematerialsvould

requireheavyR&D investmentgafew million FFRs).Thealternativesolutionis to usechalco-
genideswhich, in turn, are stable. Somemultimodefibersmadeof As2Se3or Te4Sel0As5]
havebeenproducedy Artichenkoin Russiaandby theuniversityof RennesThesefibershave
transmissionasgoodas0.5dB/m between7 and9 um. A collaboratiorhasbeeninitiatedbe-

tweenthe Meudoninterferometrygroupandthe universityof Rennego producesingle-mode
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fibersfor theM andN bandwith chalcogenideby mid-1998.Thesefiberswill betestedonthe
IOTA interferometefextensiorof the FLUOR experimento thethermallR).
No single-modeX-couplersareanticipatedup todayfor theN band.
TheMeudoninterferometrgroupis alsoconsideringhepossibilityto purchassingle-mode
couplersfor the 5 um range. Thesecouplerswould be madeof a fluoride glass(InF3) with a
transmissiorof 1dB/mandwould be providedby Le VerreFluoré.

4.6.3 Integrated waveguides

Thegroupof theuniversityof Rennediasdemonstratethefeasibility of integratedpticswith
fluorideglassupto 7 um. Theyhavesomeideason how to proceedwith chalcogenideto in-
creaseheopticalbandpassipto 10 zm but nothingcanbetakenfor grantedsincenothinghas
beendemonstrateget.

4.7 Beamsplitters

4.7.1 Beamsplittersand beam-combiner

Theopticaldesignof MIDI comprise®ne~ 20%beamsplittefor extractingoeamfor photom-
etry for eachincomingbeamanda 50% beamsplitteto be usedfor beamcombining.
Particularattentionis devotedo the characteristicef the beamcombiningbeamsplitter

4.7.2 Polarization effects

A two-beamnterferometecanshowdegradedringevisibility arisingfrom polarization-dependent
phaseshiftsatmirror surfacesn thetwo armsof theinterferometerin orderto avoidthisdegra-
dationasufficientbutnotnecessargonditionis thateachbeammustexperienceeflectionswith
the samesequencef directioncosinesbetweerthe collectingpoint andthe point whereit is
combinedTraub,1988).

ESOprovidessymmetriareflectionpathsfor thebeamslownto thelaboratoryinterface sothat
we areonly concernedboutpolarizationeffectsin thebeam-combiningrea.Oneof thebeams
mustundego atotal reflectionatamirror surfaceplusapartialtransmissioratthebeamsplitter
while the otherundegoesonly a partialreflectionat the beamsplitter

Thefirstbeamwill beaffectedby aphaseshift A(p—s),,i for themirrorreflectionandA(p — s)s.1
for the partialtransmissionwhile the secondoeamwill suffer a phaseshift A(p — s)g, dueto
thepartialreflection. Thedifferentialretardatiorbetweerthephaseof thetwo beamss givenby

AP =A(p—58)a1 +A(p—5)p1 — A(p — 9)s2

which canbewritten

A® = Aa, — Aa, + AB, — AB,
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whereAcw, andAc«;, arethe phaseshiftsfor p- ands-polarizatiordueto thetotal reflectionand
AB, andAg, arethephaseshiftsbetweerthetwo beamdor thep- ands-polarizatiordueto the
beamsplitter

Thephaseaetardatiordecreasethefringe visibility by afactor

Voo = cos (AD/2) .

From an estimationmadefor the interferometerrelay optics (ISAC 1997), we know that
Aoy—Aa, <10 atl0pm. Asfarasthebeamsplitteis concernedweareactuallyinvestigating
severabeamsplittecoatingsolutionsto selectthe onewhich providesthe smallespphaseaetar
dationbetweerp- ands-polarizationandatthesametime nearlyequalintensitiesor thebeams
aftersplitting (seeFigure4.16). Figure4.17similarly showsthe phasédor p- ands-polarization
for thetransmittecandthereflectecbeanrespectivelyAsisthecasdor thetransmissiomurves,
theseFiguresshowperformancegredictedoy the manufacturerLaserZentrumHannoveyfor
anincidenceangleof 45°,aZnSesubstrat@ndno absorptiolosses.Thephaseshift A3, — A3,
is~ 0° at10 ym andit increase$o about4.5 at12um. Evenat12 ym thedegradatiom fringe
visibility, V..o, is lessthan1%. We arealsoinvestigatinghe propertiesof differentmaterialfor
thebeamsplittesubstrate At themomenZnSe KCI, andKRS5arebeingconsidere@ccording
to their transmissiorcharacteristicendindex of refractionat cryogenicgemperaturef about
70K. A compensatgplateof thesamematerialwill haveto beusedo accounfor thepathvari-
ationaffectingthebeamwhich travelsacrosghe beamsplitter
Thephaseshift for reflectionon gold coatedmirror underd5® incidenceangleis estimatedo be
atmost2°, whichis negligible.

Traub WA. ESOConferencandWorkshopProceedNo. 29,1988
|SAC meeting#5,1997SPG-VLTI - 97/004
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Figure4.16: Transmissiorcurvesfor the p- ands-polarisation.Upperpanel:transmittetight;
lowerpanel:reflectedight. Thisperformancénasbeenpredictedor 45° incidenceangle,ZnSe
subtrateandno absorptiolossedy the manufacturer
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Chapter 5

Detector

Sincethereis anongoingdevelopmenin detectotechnologythefinal selectionof the detector
will bepostponedintil 1999.

Neverthelesghecrucialrequirementganbe setalreadynow.

Forthefollowing considerationg is assumed:

e Thecoherencetimeis 100msec.

e Themaximum integration time ¢;,; with four OPD-stepgo be scannediuringthe co-
herencdime thenis 25 msec.

e A detector array hasto beusedsince:

1. We wantto dolow resolutionspectroscopy

2. To reducevisibility lossdueto the spectrabandwidtheffectto < 1%, the spectral
resolutionR hasto be> 13 (for AX =5 ym andanOPDof 1 )\) !
No dispersionR=2)would decreas¢he visibility signalby 36%!

3. Thesignalhasto bespreadverseverapixelssincethefull well capacityof current
detectorss too low.

If wearebackgroundimited thesignalcanbespreadverstill morepixelswithoutloosing
accuracy Thuswe recommendo usea full line of the detectorarrayfor spectroscopic
dispersion.Thenthespectraresolutionandthe signal-to-noiseatio canbe optimizedby
a suitablebinning. If it is possibleto imagethe Airy-disk onto one pixel sizethenwe
would endup with e.g.n = 320pixel (or R=640,respectivelyfor the SBRCdetector

e Currentlythereare?2 detectorfactoriesthatdeliver(alreadyor in the nextfuture)suitable
detectorsRockwellandSantaBarbaraResearcltCenter(SBRC).

Pixel Pixelsize Fullwell ReadNoise Readout costs availabe?
No. [um] [e7] [e] channels US$
Rockwell 128x 128 75 2x 107 1300 16 100000 yes
Rockwell 256x 256 50 1.5x 107 ? 16 100000 thisyear(?)
SBRC 320x 240 50 2x107 ? 16/32 95000 yes

37
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e Thehighthermal background from the 19 warmmirrors(5 x 10'° e~ /sec) andthesky
(3.8 x 10 e~ /sec) makest necessaryo spreadhesignaloverseverapixelsin ordernot
to saturatehecurrentavailabledetectors Assumingafull well capacityof 1 x 107 e~ per
Pixelthethermalbackgroundf 1.35 x 10° e~ permaximumintegrationtime (¢;,;) of 25
msecrequireshesignalto be spreacbveratleastl35pixels.

e TheReadout Noiseis notnegligiblesincewith 320Pixeltheshotnoiseof thebackground
is about2000e~ perintegrationtime t;,,;, whichis aboutdoublethe ReadoutNoise.

e As future developments SBRCis planningto undertakea three-yeargroject(together
with NASA AmesandCornellUniversity)to developlarge-formatSi:As IBC arraysfor
anextensiorof theNGSTto thermallR-range.

In generalfurtherstatements this documenteferto the SBRC-deviceasdetector
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Electronics

6.1 Read-out eectronics

The designfor the read-outelectronicgo be built at MPIA is shownin Fig. 6.1. In principle
all boardsindicatedin the drawingalreadyhavebeenimplementedn oneor the otherinstru-
mentsbuilt at MPIA. Probablythe clock-driver, the pre-amplifier andthe digitization-board
may needsomeadaptationsHigh data-ratessexpectedrom our measuremennodesshould
be no problemwith this detectorread-outelectronics.Right nowwearetestingthe high speed
datalink by usinga SCD60I/O interface(60 MB/sec)in a SUN-workstation.

6.2 Control electronics

Thereis alot of experienceat MPIA concerninghebuilding of instrumentcontrolelectronics.
Figure6.2givesanoverviewon the controlelectronicof theinstrument.

In detail,somepointsarestill underdiscussione.g.if - or where- to usesteppemotorsinside
thedewaror to installmotorswith encodersn thewarmby applyingfeed-throughsTherewill
beadecisiononthesequestionsn the nearfuture.
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Chapter 7

Computer and instrument control

7.1 Overview

This chaptergivesa roughsketchof the computingand control requirementsoncerningthe
MIDI instrumenfor the VLTI. Thedesignof a controlsystemfor MIDI, thefirst mid-infrared
camerdor theESOVLT InterferometefVLTI), hasto beasopenaspossibldor futurechanges
andenhancementsainly because:

o firstlight for MIDI is foreseerfor theendof year2000

¢ largermid-infrareddetectorsnight becomeavailablewithin the nextyears

7.2 Hardware Requirements

As with mostMPIA or VLT(I) instrumentsa multi-platform, network-basedontrol systemis
the mostsuitablearchitecture.The useof standardndustrybusedike the VME andPCI bus
allow applicationdasedn standardff-the-shelfinterfacecards.

7.3 Software Requirements

Theavailabilityof areal-timeoperatingsystem(usresponséme)like Tornadcandaquasireal-
time operatingsystem(msresponséime)with multi-usercapabilitiedike Solarisallow all kinds
of moderninstrumentatiorfopenloop andclosedoop) control.

7.4 External Interface Requirements

Thecontrolhardwareandsoftwareshallfit into the VLT(I) environmentThisis accomplished
with fastnetworkslinks (ATM, fastEthernetpor giga-bitEthernetwhich providethe hardware
communicatiorlayer amongall requiredsubsystemsg.g. communicatiorwith the telescope

controlsystem(TCS).
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TheVLT(l) workstationsoftwareCCS (CentralControl Software)canbe usedasthe soft-
warecommunicatioayerbetweerMIDI andVLT(l) subsystems.g.communicatiomwith the
TCSinterface(tif). OtherVLT(l) hardwareor softwaremodulescanbe usedasnecessarye.g.
thetime referencesystem(time bus).

7.5 Control System Architecture

Theproposedontrol systemarchitecturdor the MIDI instruments shownin figure7.1. This
proposakanbe seenasaresultof therequirementgjivenaboveaswell asMPIA's experience
with:

MAX amid-infraredcamerauilt atMPIA for the3.6mUK infraredtelescop€UKIRT) onMauna
Kea

OMEGA nearinfraredcameraswith onemillion pixels build at MPIA for the 3.5mtelescopeon
CalarAlto

ALFA anadaptiveopticswith laserguide starsystemoperatedat the 3.5mtelescopeon Calar
Alto

Theselectedhardwarecomponentke SFARC architecturevith PCl-busandMotorola68060
architecturgmasterCPU insidethe VME crate)with VME-bus provideenoughflexibility for
thefuture. Solarisfrom SunMicrosystem&ndTornadaofrom WindriverhaveadequatéSolaris)
andexcellent(Tornado)real-timecapabilities.

Thedataflow from theMIDI detectowia thereadoutlectronicsnto the Sparcworkstation
showsonly one(andcurrentlypreferredpossibility. FeedingletectodataintotheVME/Tornado
systemis alsopossiblebut only secondchoice. The advantagef usinga Sparcworkstationas
detectordocal controlunit (detectol.CU) andinstrumentworkstation(WS) in oneis:

1. easyinstallationof 1-2 gigabyteRAM (doublebuffering)
2. fast(off-the-shelf)datainterfaceavailable

3. real-timerequirementsrein themsrespons¢ime regime
4. fastdatastorageavailable

5. fastgraphicsadaptersvailable(in particularfor quicklook)

Thedetectordataflow asindicatedin figure 7.1 startsfrom the MIDI detector Foradetec-
tor with 320 by 240 pixels (e.g. SBRCSi:As (IBC)) we canassume32 parallelreadoutines
andaframerateup to 350Hz (maximumtheoreticaframeratewith 1 MHz ADC’s: 320x 240
/ 32x10° = 2.4ms/frame= 416Hz full framerate). Theamountof dataproducedvith thesup-
posedmaximumframerateof 350 Hz andwith anintensityresolutionof 16 bit givesabout52
MByte persecond.
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Thereadoutlectronicdhasto bedesigneduchthatit canpre-procestheincomingdata(co-
adder backgroundsubtractionVideosignalgenerationandasanoptionsynchronizatiorwith
theOPDPiezodrives)andsendthem(pre-processear raw)overafiberlink to theworkstation.

The proposedvorkstationdatainterfaceis a high speedl6-bit parallelDMA channelbe-
tweenthe readoutelectronicsand the workstations PCI bus. This interfacecard usesdirect
memoryacces@andasynchronou#O to achievetransferratesup to 60 MBytes persecond.It
usesa synchronousardwareprotocol.

Theserialto parallelconverters anMPIA in-housedevelopmenincludingaloopbackmode
for testing.

The datamanagemennsidethe workstationwill be basedon a doublebuffering scheme.
Two gigabytesof memorywill allow a continousdataflow atthe maximumdetectoframerate
for aboutl5 seconds.

Interferometriclataaretakenwith differentopticalpathdifference¢OPD)betweerthe(two)
interferingbeams.The OPD canbe controlledfrom

1. theworkstation
2. thereadoutelectronics
3. optionalfrom theLCU

In afirst attemptthe workstationseemgo be the mostnaturalplaceto controlthe OPD be-
causdt is synchronizedvith theincomingdata. Thereadoutlectronicsunningthe clocksto
drivethereadouprocesss equallygoodfor thistask. Analyzingtheincomingdatawhile step-
ping throughthe differentOPD’s would allow closed-loopOPD sequencesn the workstation
side. Othertaskslike fringe finding andtrackingcanonly be performedwith parallelaccesgo
thedetectodata.

The secondbranchof the MIDI control systemis responsibldor managingandoperating
motorizedstagedfilter wheels,field stopswheelstec.), the entire pumpand cooling system
(closedcycle cooler vacuumpumps,etc.), calibrationsourcesandtemperaturesontrol. All
thesdasksuninsidethelocalcontrolunit (LCU, orin MPIA "language’input/outputcontroller
(10C)).

The LCU controlsthe connectechardwareeitherdirectly throughVME-bus interfacesor
throughtheinstrumentatiorontrolelectronics As anexampletheinstrumentatiorontrolelec-
tronicsmay be a intelligentmotion control sub-systentontrolling 8 motorizedstages.In this
casethe LCU would communicatewith the instrumentatiorelectronicsover a serial (RS232)
line. The LCU might containinterfacehardwarein orderto accesghe VLT(I) time reference
system.

Theactualstatusof theentireinstrumenwill bestoredn areal-timedatabaseUsingEPICS
(experimentaphysicsandindustrialcontrolsystem)-thestandardMPIA softwarepackagdor
instrumentatiorwontrol— its real-timedatabaseanalsodirectly controlhardware Readingand
modifying the EPICSdatabasés achievedhrougha mechanisntalledchannelaccesgCA).
Channelaccesdibrariesaswell asexecutableCA programsare availablefor mostplatforms
(includingSolaris HPUX, andTornado).Tcl/Tk, IDL, andperlshouldbenamedn this context
which allow a CA basedccommunicatiorwith the EPICSdatabaseunninginsidethe LCU.
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" Mid-Infrared Camera (5 K) and )
Beam-Combiner Dewar
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Calibration Hardware
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Ultra 30 Workstation - Solaris
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Drives Tornado
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Network Switch/Router (fast Ethernet, giga-bit Ethernet, or ATM)

Figure7.1: MIDI Control SystemArchitecture
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Design of the Cryo-M echanics

A majorconcernof the designis thethermalisolationof the low-temperaturgartsfrom room
temperaturendthe mechanicalsolationof the instrumentfrom vibrationsintroducedby the
closedcyclecooler

We proposeo useatwo-stagesifford-McMahoncoolerfrom LEYBOLD (Coolpower 4.2 GM)
with 0.5W at4.2K and50W at50K. Thiscoolerhastheadvantagéhatit runsveryquietat144
RPM sincea DC Microsteppemotordrivendisplacelis used.To avoidresonanc@roblemst
is possibleto vary the speedf the cold headmotor.

Becauséhe instruments very sensitiveat thewhole thermalwavelengtiregionall opticsand
mechanicsnsidethe dewarhaveto be cooledto temperaturebelow70K.
Themaincontributionto the heatloadis theradiationshield.

This heatloadcanbe calculatedn principleby (InfraredHandbook):

12_>1 = Alac(T; — T14)

with LA 1
1 -1
=(—+—(——-1
c (€1+AQ(€2 )

o = Stefan-Bolzmankonstant

A resultcanbe givenif the mechanicabimensionsof the dewarare known. Othercontribu-
tionsto theheatloadaretheheatconductiordueto thecabling,thespacersthemotoraxesfeed
throughsandthefilling tubes.

We arethinking aboutthe alternativeto usecold steppemotorsinsidethe dewarinsteadof en-
coderequippedservomotorswith feedthroughs.

The CONICA dewar is now in the test phase and therefore we will profit a lot from these expe-
riences.

In Figure8.1the principal cryo-desigrof the MIDI-experimentis given. Figure8.2 showsan
exampleof howthe coolingdownprocedurecouldbe performed.
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Figure8.1: Cryo-systendesignfor the MIDI instrument
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CHAPTERS. DESIGNOF THE CRYO-MECHANICS

Cooling down Procedure

‘%

When temperture of opticd

of detedor < 260K

Valves 6 and 7 are opened.
Sart Roughing pump (4) manually to evaauate the dewar.
Cortrol of presaure with Pirani-sensors (A,C)

When presaure< 102 | ———»

Molealar Pump is garted
Control of presaure with Penning tubes (B,D)

When presaure< 5:10°| ——»

Preaoading with LN,,:

Open valve at LN,-vessel manually.
Cortrol of LN, flow by closing/opening N,
valve & the end of the LN, spiral.
(Temperature dependent).

Closevalve at LN, vessel manually
Start of Closed cycle mder

When temperature in

dewar < 150K ’
When temperature in

dewar < 180K >

Vave 6 is closed and Turbo pump is switched off
Switch off Roughing pump manually
Now: Crypumping by zeolith

parts < 210K and temperature | -»

Realy for
measurements

Note: Only the Roughing punp and the valve & the LN, vessel is operated manually

Figure8.2: Cooling-downprocesdor the MIDI instrument



Chapter 9

Data analysis

Takinginto accountthe characteristicef MIDI (beamcleaningfor bright sourcesallowedby
spatialfiltering and a photometriccalibration),differentscheme®f analysisare possiblede-
pendingon the brightnesof the sourceandon the modeof acquisition. Threemodescanbe
identifiedandhavebeenexperiencean otherkindsof instruments:

1. coherento-adding;
2. incoherento-addingof spectradensities;
3. individual analysisof frames.

Table 9.1 givesthe differentcircumstancesinderwhich thesemodescan be applied. In the
cophasednode thezeroOPD (opticalpathdifference)s identifiedwith aprecisionof afraction
of thewavelengthln thecoherencedode thezeroOPDis knownto within afew wavelengths
andfringesaredetectedn eachframe. In the blind mode,fringesarenot clearly detectedout
arecontainedn eachframewith alow Signal-to-Noiseatio (S/N).

Table9.1: Dataanalysismodes.

cophasedanode| coherencednode| blind mode
coherento-adding X
individual frameanalysis X X
incoherento-adding X X

In thefollowing, it is assumedhatthe backgroundhasbeenremovedrom thedata.

9.1 Coherent co-adding of fringe frames

This is the easiestase.The OPD or the positionof the white fringe is identifiedor stabilized
andit is possibleto addall interferogramgoherentlyin phase Dataarepiled up andthesignal
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is integratedo improvethe S/N. This modeconcernsright sourceswith fringesobtainedwith
agoodcontrast.

This dataanalysisschemecanbe appliedwhetherthe beamdhavebeenspatiallyfilteredor not.
Of ocurseto obtainvisibilities, aphotometricalibrationis neededTheaccuracyf thecontrast
estimatadepend®nwhetherthe beamcleaninghasbeendoneor notalthoughit is nottheonly
parameteto takeinto account.The S/N on the centralfringe shouldleadto an estimateof the
final contrastaccuracy

9.2 Individual analysis of frames

Phasenformationis notknownaccuratelythereforeit is not possibleto addinterferogramso-
herently Neverthelesst is still possibleto recoverhigh precisionfringe contrastsFringecon-
trastsarecomputedrame-by-frameThefinal contrasts determinedrom thewhole contrasts
distribution. The uncertaintyis givenby the standardieviationof the distribution.

In this mode,dataareacquiredwith or without spatialfiltering andwith or without photometric
calibration.

This dataanalysisnodecanalsobe usedwhenthearrayis cophasedlt is analternativeto the
previousanalysisnode.Thismodeof analysigs currentlysuccessfullyisedn theFLUOR/IOTA
experimentandprecisionsasgoodas0.3%on visibility estimateshiavebeenachieved.

9.3 Incoherent co-adding of spectral densities

Whenthetwo previousdataanalysisprocessesannotbe workedout becausé¢he signalis too

weakto be measuredvithin one coherencdime, a fringe signalcanbe recoveredn the fre-

guencydomainby averagingpowerspectraof shortexposuresThefringe contrasis computed
by integratingthe averagegowerspectradensity

This dataanalysismodeshouldallow to observevery faint sourceor sourceswith avery low

visibility. Themethodcanbecomparedo whatis donein specklenterferometryanalysis.Be-

causeof theweaknes®f thefringe signal,the beamcleaningwill probablybe avoidedin this

modeof observation.As aresult,multiplicative calibrationnoise,additivedetectorandback-
groundnoiseswill be large andthe final erroron visibilities is expectechot to be betterthan
10%.



Chapter 10

|nterfaceto ESO

- Sderostat test: collecting surfaces larger than the actually planned are necessary to test the
10 pm experiment.

Testingof theMIDI instrumenbnParanabeforestartingto domeasurements essentialHow-
evertheactualdesignof the VLTI siderostatest(beamsizemaximum:80to 125mm)doesnot
guarantedor accuratéestmeasurementsith MIDI. Thefollowing tableshowsthe magnitude
limit wherewe expectto seemeasurabléringes(S/N = 10) for differentmirror sizes.As are-
sultwe notethatsincethesourcesaredistributedoverthewhole sky andwithin thereachof the
siderostatgan estimatedt30°) only for four to six hourspernight, the coverageby sourceof
-4 mag(providedwith amirror sizeof 20 cm) is only mamginally sufficient for atestcampaign
(seeTable10.1).Only 11 sourcesemainovertheportionof thesky accessibléo thesiderostats
(6 =-10° to-70°), andof theseonly one,a. Sco,canbeconsidere@dsourcegiving agoodsignal,
threeothersourcegprobablyalsoareuseful,andthreeadditionalonesmaywork maginally. We
thereforeurge ESOto providesiderostat®f atleast20 cmin diameteybutto makeseriousat-
temptsto suplly themwith largeraperture.

- Chopping and nodding
Absolutecalibrationis needecdereto calibratethe fringe amplitudednto visibilities. We pro-
poseto usestandardalibrationproceduresor thethermallR, i.e. choppingandnodding,inter
spersedvith fringe measurements.

Allowing 100msfor fringe analysisthemaximumchoppingrequencyturnsoutto beabout

Table10.1: Predictechumberof sourceson sky for testingof 10 xm instrument

Siderostasize optimistic assumptions morerealistic assumptions

12.5cm -4.0mag 11 sources -5.0mag 4 sources

20.0cm -3.0mag 34sources -4.0mag 11 sources
25.0cm -2.5mag 59sources -3.5mag 18 sources
32.0cm -2.0mag 77sources -3.0mag 34 sources
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5 Hz. Noddingis requiredwith muchlowerfrequency Thechoppingamplitudedepend®nthe
natureof thesourceg.g.onwhetherthetamgetis overimposedo someextendedmission.The
strokevalueprovidedby ESO(15 arcsecshouldbe enoughfor mostapplications.Concerning
the choppingaccuracyavalue27 masrmscouldintroducea variationin the OPD of thesame
orderasthe OPDrangewe wantto sample.Howeverthis shouldnot be of concernbecaus®f
thecompensatioprovidedby thetip-tilt system.
Themainrequirement®ntelescopeontrolwould bethat

— choppingof telescopess performedstrictly simultaneouslyor all telescopegvolved

— thecommandor choppingcanbegivenon quite shortnotice(ms)whenthetelescopes
in theappropriatenode

— theVLTI instruments notifiedimmediatelywhenevem pointingchangeoccurs(for syn-
chronisatiorpurposes).

- Actual input beams into the MIDI instrument for different kind of sources

Estimationdor thewavefronterrordueto all opticsdownto thelaboratory(takinginto account
design,figuring, alignment,andinternalseeing)andfor the OPD variationhavealreadybeen
providedby ESO.However for theactualoperationof MIDI it is necessaryo know how well
the opticsalignmentcanbekept. An initial alignmentprocedureandroutinealignmentchecks
will berequired.

Additionaltopicsto beinvestigatedvith ESOare: differentialdiffractioneffectsandquality
of imagestabilizationoff-axis. As far asdifferentialdiffractionis concernedit is necessaryo
defineaway to cross-referencthevisible tip-tilt referencewith thatseenby the instrumentat
10 um to checkwhethertheimagesat 10um aresuperimposedr not, aswell asto compensate
for anumberof misalignments.

Further the questionshouldbe discussedvherebestto performthe beamcompressiome-
quired by mostinstruments:in the individual experimentsr ratheron systemlevel nearthe
entrancdo theinterferometridaboratory

- Shift of the pupil

Accordingto our actualstudyit lookspreferabldor MIDI to havethe outputpupil from thede-
lay line shiftedby about28 m in orderto bringthe pupil into thecold partof theinstrument.The
designof thedelayline comprisesvariablecurvaturamirror to generateéransferegupil inside
theinterferometridaboratory The pupil transferrangeis betweerll0 and80 m to keepthe exit
pupil stablewhile varyingthe delayline position. We would like to investigatewith ESOthe
feasibility, within theactualdesign of shiftingthe positionof the pupil by meansf thevariable
curvaturemirror or someothermeasureFor similar reasonsptherinstrumentsnayalsobein-
terestedn someshift of the pupil.



Chapter 11

Tests

11.1 Testswith the mid-infrared camera MAX on UKIRT

In the period17-230ctoberl997we haverealizedaninterferometrieexperimenwith themid-
infraredcameraMAX onUKIRT. TheMAX cameréhasarotatingwheelwhichallowsto chose
betweerdifferentLyot stopsattheinstrumeny-interngbupil position. Theexperimentonsisted
in insertingthreepupil masksof differentsize,obtainingin practicetwo separatedperture®n
the UKIRT primary The parametersf thethreemaskswvere(seeFig. 11.1):

e Two roundholeswith diameterl.52mmeach separatecenterto centerly 6.4mm. On
the UKIRT primary; this correspondso two 67 cm aperuresbout2.8 m apart.Scaledo
the VLTI size,thiswould correspondo two UTs, 35 m apart.

e Two 0.75mmholes,separatior8.2mm. Onthe UKIRT primarythis correspondso two
33cmapertured.4mapart. The“VL Tl equivalent’is the sameasin the previouscase.

e Two differentholes(0.75mm and0.2 mm) 3.2mmapart. On the UKIRT primary; this
correspond$o 33cm+ 8.8cm,1.4mapart.On VLTI, thiswould roughlycorrespondo a
UT+AT systemwith 35m separation.

Severalsourceshavebeenobservedwith differentfilters andintegrationtimes. Fringeshave
beeneasilyobservedn almosteveryconfiguration.Thisis notsurprising sinceaftertherecent
upgradeof the UKIRT telescopeve routinelyreachwith MAX thediffractionlimit at 10um
(A\/D = 0.6").

Herewe presenta few preliminaryresultsrelativeto o Ori, a [N]=-5.1 red supegiant star
knownto besurroundedy an (= 2") extendedlustenvelope.

In Fig.11.2we presentheimageobtainedy averagind.00choppedgairsof framegqsource-
sky). Thefirst (67 cm/67cm/280cm) maskwasusedwith a11.6um(2.5um) filter andaninte-
grationtime of 25 ms/frame.In fig. 11.2we alsoshowthecutoveracentralcolumn. Thefringe
contrastturnsout to be 0.25, a factor of two lessthanexpectedrom previousmeasurements
(Degiacomietal. 1992). Partof thislossmustbe dueimperfectsamplingof thefringe pattern
becaus®f the narrowfringe spacing.

Immediatlyaftertakingthesedata,« Ori wasobservedvith the samefilter andintegration
time, butwith thesecongupil mask(33cm/33cm/140cm). Theresultis presentedh Fig. 11.3,
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152 %1.52 x6.4 mm 075 x0.75 x3.2 mm 0.75 202 x3.2
UKIRT. 067 x067 x282m 033x033 x14l m 0.33 x0.088 x141 m
VLTI R2x82x345m 82x82x35m 82x11x345m

Figurel1l.1: Pupilmasksusedin theinterferometricexperimenbn UKIRT. For detailsseethe
text.

includingthe cutalonga centralcolumn. Thefringe contrasts in this case0.50,the valueex-
pectedf theenvelopef o Ori alreadyis resolvedutin thisarrangementanassumptionvhich
remaingo bechecked.

Thesemeasurementequirefurtheranalysidbeforeallowingto confirmthe estimatednter-
ferometricsensitivityof the MIDI instrumenbf N=5 mag. This evaluationwhichin particular
hasto understandhedifferentvisibility valuesderivedwith thedifferentmaskdgsin progresst
thepresentime. Thetelescopehouldnotbethereasorfor substantialossesof visibility in the
measurementdlMe canexpectthaton a baselineof 2-3 m at MaunaKeathetip tilt correction
allowsto (almost)preservahe naturalfringe contrasiof thesource.

Evenwhenonly concerninghephotometrisensitivity anestimateof theMIDI performances
obtainedby scalingthe resultsof this experimentequiressomecaution. Our dataareclearly
read-outnoiselimited, sincethe cold maskingof the pupil dramaticallyreduceghe numberof
backgrounghotondalling onthedetector(by afactora: 30 with the67 cm apertures)A sen-
sitivity limit derivedfrom areadout-noisémited measuremertendsto be pessimisticOnthe
otherhand,MAX on UKIRT operatesinderclose-to-optimatonditionsfrom the point of view
of thethermalemissivity transmissioranddiffractionlossesall thesedegradingactorsarein
comparisormuchmoresignificantin the VLTI beam. Thereforea sensitivityestimatederived
fromtheseUKIRT measurementdsowill beoptimistic. Anyway; if weassumédor themoment
thatthesewo effectsessentiallycancelwe cangetanorderof magnitudesstimatdor theMIDI
sensitivityto incoherentight. With our experimenwith the 67 cm masks we obtaina S/N =
47in 25 ms(on source)or « Ori. In thereadoutnoiselimited casethis S/N scalesaccording
to theformula:

A
S/N = 4.4 x 10>

pix
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Figurell.2: Resultsof theinterferometridestmeasuremenith a maskcorrespondingo two
67 cmapertureseparatetdy 2.8m. Upperpart: averagever100choppedmagesof 25 msper
individual exposureLower part: cutalonga centralcolumn.
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Figurell.3: Resultsof theinterferometridestmeasuremenwith a maskcorrespondingo two
33cmapertureseparatetdy 1.4m. Upperpart: averagever100choppedmagesof 25 msper
individual exposureLower part: cutalonga centralcolumn.
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where4,,, is theareaof thetelescopén squaremeters.FortheVLT (A, =52m?, Ny, = 1) we
getthereforea S/IN=10for a[N]=+5.8 magsourcefor the correspondingeadoutoiselimited
case.Thisvalue,assaidabove s apreliminarydeductionfrom thetestmeasurements.

C.G.DegiacomiM. Bestey W.C. Danchi,L.J. GreenhillandC.H. Townes,n “High-resolution
imagingby interferometryll”, eds.J.M. BeckersaandF. Merkle, ESOconferencendworkshop
proceedingNo. 39, Garchingl992.

11.2 First Laboratory set-up

WehaveplannedoinstallaCO,-Laselin aMach-Zehndeinterferometeconfiguratiorto study
fringesatawavelengthof 10um.

The optical setupis shownin thefigure 11.4. The continuousvavelaser(Invar-stabilizedUI-
traLaserteciModel 3622)with 3.5 Watt outputpowerworksasthe coherentight source.The
laseris watercooled(stability=t0.01°C'). The exactcoolingandthe Invar rods preventshe
hoppingbetweendifferentlaserlines. The laserhasa pilot visible laserdiode for safetyand
alignmentreasonsA 10xlaserbeamexpandewill beusedio expandhe3.5mmdiametelaser
beam.Becausehe3.5Wattoutputof thelaserst still to muchfor ourexperimentvewill install
two beamsplittersvith 94%reflectionin front of the 50/50beamsplittewhich splitsthe beam
into two components.Two mirrors reflectthe beamson the beamcombiner Onemirror will
be mountedon a translationstagefor optical pathmodulation. As detectorwe will usein the
initially achoppedGolaycell, lateratwo-dimensionaarraycamera..
Thewholeexperimentasetupwill beinstalledona3000x 1200mmopticaltable. Thetablehas
aninternaldampingmechanisnandstandson four vibrationisolators.
Thedescribedxperimentvill bethe”playground”for thefirst stepsn interferometryat 10m.
Laterthis setupwill alsobe usedto testtheinfraredoptics,to performvibrationtests(closed
cyclecoolers)andasa calibrationsourcefor theinstrument.

Thelaseritself andmostof the opticsfor thefirst setupwill beavailableattheendof thisyear
Sothefirst experimentsvill startatthebeginningof 1998.

11.3 Preliminary commissioning with siderostats

We consideit essentiato havetheinstrumentunningon Paranaivith theVLTI delayline and
light from starsbeforewe startthe commissioningon the UTs. Everythingelsehasto be con-
sideredawasteof preciougelescopaime. We havealreadymentionedabovein sectionl0Othat
at 10 um asiderostasizeof atleast20 cmis needed Only 11 sourcegemainoverthe portion
of the sky accessibleo the siderostatgd = -10° to -70°), andof theseonly one,a Sco,canbe
considerec sourcegiving agoodsignal,threeothersourcegprobablyalsoareuseful,andthree
additionalonesmaywork mamginally. Clearly, thereis the dangerthatlack of suitable10 zm
sourceswill renderthe commissioningf theinstrumentwith the siderostatsighly inefficient
if thesiderostasizeis too small.
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Chapter 12

Time schedule

General

Thetime scheduléelowonly givesa first approacho howthe projectcouldbedeveloping A
detailedime scheduldasto besetupin connectiorwith theaccomplishmentf thepreliminary
design.

Thedecisionon a larger participationin MIDI by the Netherlandswill be knownby the
endof April 1998.

Thereforewe will notfix thedesignbeforemid-1998.
Until theendof 1999all partsshouldbereadyfor integration.

Thentheextensivaestandcalibrationphaseollows, startingsomewheren thefirst half
of theyear2000andlastingfor about6é months.

It is plannedo shipthe MIDI instrumento Paranahtthe endof the year2000.

Sincethefinancialresource$fiaveto bespreadver3 yearsthetime scheduldor MIDI is
certainlyinfluencedoy theamountof moneythatis availablein a certaintime period.

Theopticalbenchin thelaboratoryis just beingbuilt up. Thefirst experimentsvith the
CO,-Laserwill bedoneatthe beginningof nextyear This laboratorywill be usedalso
for the opticalteststhecryogenictests theintegration thefinal testsandthe calibration.

In thefollowing barcharta preliminarytime schedulds givenfor thefour mostimportant
projectitems.
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Figure12.1: Time-scheduléor thefour mostimportantitemsof MIDI



Chapter 13

M anpower, costs and resour ces

13.1 Cost Estimatefor MIDI

In thefollowing the pricesaregivenin kDM (1000,-DM)

Total costs:
Detector 180
Detector read-out electronics 80
Data acquisition and analysis 160
Instrument control 90
Motors, encoder s, housekeeping 70
Optics 230
Cryo-system 210
M echanics 20
L aboratory, development, testing 180
Miscellaneous (not known yet) 150
Travel Costs (~10%) 120
Total costs 1490

A breakdowrof the costsfor theindividual subsystemss givenon thefollowing pages.

61



CHAPTER13. MANPOWER,COSTSAND RESOURCES

Detector:
SBRC320x 240array(or Rockwell256 x256) 170
SBRC-EngineeringsradeTest-Chip 10
Total: 180

Detector read-out electronics:

Electronic§¥MPIA 4 ADC) 35
Additional 12 channelswith 16 bit ADC (1000fps) 45
Total: 80

Data acquisition and analysis:

Ultra 30 Sparcstation300Mhz with 2 monitors, 120
(including: 1 GB RAM, disks,backup ATM-interface)

Two high speeddatainterfaces 10
Dual-headX-terminal 15
Networksupport 15
Total: 160

I nstrument control:

LCU: VME-bussystemservingasinterfaceto ESOandasLCU 60
(Transitionboard MYME 177 CPU, interface, Tornado-andEPICS-software)

Electronicd{MPIA) 20
Cablesgconnectorsfiber links, spareparts 10

Total: 90
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Motors, encoders, housekeeping :

Two piezo-stage§€100mm) + driver for OPD-modulation 20
Piezo-Controllewith DSP 2
Six encoder/motofcryocapabley gearing( a2100,-DM) 13

Six encoder/motot gearing(outsidedewar) 4
Twelvemotioncontroller 6
Temperaturdeasurementontroller 4
TemperatursensorgSi-diodesandPt 100) 1
Detectotemperatureontroller 5
Five Process-controllgffor warm-upheaters,.) 3
Interlockmodulesfor safecool-downandwarm-upprocedure 2
Divers 10
Total: 70

Optics:

Planemirrors: Outsidedewar(OPD(8), feed-in(5), ...) 15

Insidedewar(8) 10
ReflectiveOptics: 2 Beam-reducefCassegrain) 20

4 Off-axis paraboloids 20

2 Toroidals 10
Beamcombiner 20
2 Beamsplitters (90:10,photometridbeams) 5
2 Dichroics (10/20um separation) 10
4 Filter (a2500,-DM) 10
Grismor grating 30
WindowsandField stops 5
2 CamerasystemAwith 2 Lenses) 10
Slits andpupil masks 3
Calibration source/comparisoight 1
Stagesholders 10
Planningcosts: Opticalcomputatiorn(verification) 15
Divers 36
Total: 230

M echanics
Instrumentalignmentset-up 10
Divers 10

Total: 20
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Cryo-system:
Cryostathousing(MPIA) 30
ClosedcyclecoolerLeybold4.2GM 65
ExternalN2 Tank,handlingtools 5
RoughingpumpLeybold D40B (Prepumpingo 10~2) 12
Turbomoleculapump+ controller(10~2 to 107°) 25
VacuummeasuringystemBalzersTPG300 9
Sevenvalves 10
Six feedthroughg¢ a2000,-DM) 12
ShockabsorbersD-rings,etc. 5
Tubes(500,-DM per2 m) 5
vacuumconnectors 10
Maintenancearriagedivers 22
Total: 210

Laboratory, development, testing

Two local PC (labtopwith desktop) 12
Numericalanalysissoftware 12
(MathLabfor VLTI end-to-endnodel,Optic program etc.)

CO, Laser 26
Watercooler 5
Beamadaption:

In size(Lenses) 4
In flux (2 Beamsplitter94:6) 5
Mirrors, Optics: 15
Pyroelectricarraycamera 30
2 Polarizers 9
StagesMechanicalparts 20
Divers 42
Total: 180

Notes:

1. nosparepartsincludedin costestimate

2. Detector:SBRC:96 k$, Rockwell256x 256: 100k$
If 32read-outthannelsieeded3500,-DM perchannel— + 56000,-DM

3. PiezoUnit with strokeof 100 um, includingcontrolunit andabsolutgpositioning: 10 kDM
4. Beam-dividemwith 50:50,glassplate: 2 kDM, Chagefor coating:15kDM

5. Alu-Mirror: Mirror: 6 kDM, coating:1.5kDM

6. Filter: typically 2 ... 4 kDM

7. Travelcosts:goodestimateas 10%of total costs



13.2. NEEDEDMANPOWER,RESOURCES 65

13.2 Needed manpower, resources

We estimatdhatatotal of 15 manyearsvill benecessaryo developthe mid-infraredinterfero-
metricinstrument.Of these abouttwo manyearganbecontributedoy theKiepenheuemstitut
fur Sonnenphysikn Freibug by MeudonObservatoryandby the Landessternwart€huringen.

A majoruncertaintyn theamounbf thefinally availableresourcess thependingapplication
of theDutchmember®f our studygroup,whichright nowhasmasteredhepre-selectiorstage,
andwhichwill bedecidedoy May 1, 1998.

Apartfromthefinancialcontributionf theMeudonObservatorandof theKiepenheuemn-
stitutfur Sonnenphysikptallingabout200.000.DM, thecostshaveto becoveredrom thebud-
getof the Max-Plamck-Institutiir Astronomieoverthethreeyearspanassignedo the project.

For completeneswe repeatour assumptiorthat ESOwill takeovertravel coststo Paranal
for testing,commissioningr observingwith theinstrument.



