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ABSTRACT

We describea vacuumcollimator thatwe have assembledto characterizethewindowlessultraviolet propertiesof a sounding
rocketspectrographictelescope.ThecollimatorcomprisesaCassegraintelescope,with SiCcoatedoptics,usedin thepre-flight
calibrationphaseof theFar UltravioletSpectroscopicExplorer, andvacuumskinsprovidedby NASA/Wallops.Thecollimator
focalplanehasathree-axismotorizedstage,whichwehaveusedfor theprecisionplacementof aknife edgefocal locatoralong
with pinholeandflat-field sources.We describethe focusingprocedureandpresentthe resultsof a numberof experiments
wherebythecollimator, telescopeandspectrographpoint spreadfunctionsweredeterminedanda spectro-spatialflat-field of
thedetectorwasacquired.
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1. INTRODUCTION

The accuratecharacterizationof windowlessultraviolet optical systemsrequirestestingfacilities capableof meetingseveral
stringentdemands.High vacuumis necessaryfor the operationof micro-channelplatedetectorsandthe transmissionof far-
ultraviolet light, aswell astheprotectionof opticsfrom contamination.Also, many instrumentcharacteristicsmaydependon
“filled-aperture”illuminationof theoptics.Calibrationfacilitiescapableof performingend-to-endtestingof space-borneastro-
nomicalexperimentswhile meetingthesedemandstendto berareandexpensive to build andmaintain.Typically, calibration
efforts arelimited to component-level testing.Instrumentend-to-endcharacteristicsarethensynthesizedfrom thesepiecewise
calibrations.

TheJohnsHopkinsUniversitySoundingRocket Groupcurrentlyflies anexperimentconsistingof a 40 cm diameterDall-
Kirkham telescope,calledthe Faint ObjectTelescope1 (FOT), producingan f/16 beamthat feedsa 400 mm Rowland circle
spectrograph,with a long,narrow slit for theentranceaperture.Theexperimenthasbeenoptimizedfor astronomicalobserva-
tionsin the900–1400Å bandpass.To this end,thespectrographis sealedwith amotorizedgatevalvethatopensto thevacuum
duringoperation.

Beforetheassemblyof theexperiment,thespectrographquantumefficiency andtelescopemirror reflectivity measurements
are performedseparately, employing the Calibrationand Test Equipment2 (CTE) facility at JHU. This facility, althoughit
providesan adequatevacuumenvironmentandmonochromaticlight sources,is not largeenoughto accommodatethe entire
experiment. It alsoonly providesa slow (f/50–f/80)beamthat severelyunderfillsboth the telescopeandspectrograph.As a
result,thereflectivity is measuredatonly afew smallspotsonthemirrorsandthespectrographis manipulatedduringcalibration
sothat theCTE beamsamplesseveral locationsof thespectrographdiffractiongrating. Thesepiecewisecalibrationefforts in
theCTEdonotallow ameasurementof theexperimentpoint spreadfunction(PSF),whichdependson thefigureof theoptical
componentsandon theultraviolet scatteringcharacteristicsof boththetelescopeopticsandthespectrographgrating.

Herewe reporton the performanceof a windowlessvacuumultraviolet collimator beingdevelopedat JHU to be usedin
thecalibrationandcharacterizationof thesoundingrocketexperiment.This facility hasprovideduswith theability to measure
thePSFof theinstrumentaswell asobtaina spectro-spatialflat-field image.An understandingof bothof thesecharacteristics
hasprovento becritical for theinterpretationof recentdataacquiredby theexperimenton thedustscatteredlight in reflection
nebulae.In thefollowing sectionswedescribethecollimatoropticsandtheautocollimationprocedureandreportonthetesting
of theexperimentin conjunctionwith variouswindowlesslamps.
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Figure 1. Technicaldrawing of thecollimatorandvacuumenvelope.

2. COLLIMATOR OPTICS AND VACUUM ENVELOPE

Thecollimatortelescopeis oneof four collimatorsusedin theintegrationandtestingphaseof theFar-UltravioletSpectroscopic
Explorer (FUSE)mission.3 It is of classicalCassegraindesign(parabolicprimaryandhyperbolicsecondary)with a 381mm
diameterandaneffectivefocal lengthof 4595mm,producinganf/12 beam.TheZerodurprimaryis supportedwith anine-point
whiffle treemountwith tip-tilt adjustment.The secondaryis mountedon a tip/tilt/translationstagesupportedby a four-vane
spidermountcenteredin thealuminumcollimatortube.Invarmeteringrodsestablishthevertex-vertex distanceof thetelescope.
Theopticsarecoatedwith SiC for maximumreflectivity in thewindowlessultraviolet.

For useas a soundingrocket experimentcollimator it hasbeenhousedin a vacuumchamberassembledfrom 22 inch
diametervacuumskinsprovidedby NASA/WallopsFlight Facility (seeFigure1). An adaptersectionat thefront endreduces
thediameterto 17.26inchesfor connectionto therocketexperimentskinsections.A three-pointmountattachesthecollimator
to anannularbulkhead,definingtheopticalbench,from which thetelescopeis cantilevered.At thefront endof thetelescope,
snubbermountsprovide six contactpointswith the outerskin. Although the collimator wasdesignedto be operatedwhile
hangingvertically, wehaveseenno grossopticaldefectsintroducedby operatinghorizontally.

Attachedto thebackof thetelescopeis a remotelyadjustablethree-axismotorizedstage(seeright panelof Figure2). This
providesaconvenientplatformonwhich variouslight sourcesmaybeplaced.Thez-axisis alignedwith theopticalaxisof the
telescopeandadjustsfor focus,while motionsin thex- andy-axescanexplorethefocal plane.

Thecollimatorenclosureis sealedat thebackendby a vacuumbulkhead.Thereareseveralelectronicsfeed-throughs(for
the motorizedstageandlamp HV controls),a gas-linefeed-through,anda large pump-outport. Thereis alsoa port for the
attachmentof a residualgasanalyzer. This allows the total gaspressure,aswell as the residualgaspartial pressures,to be
measuredat thepositionof themotorizedstage,which is importantasthespectraloutputsof someof the lampsdescribedin
Section4.1aresensitive to pressure.

Figure 2. Left: Collimatorduringautocollimationtesting.Attachedto themotorizedstageis theTV Cameraandknife-edge
assembly. Right: Thepinholelampattachedto thestage.Clearlyvisible arethepressuremonitor, gasinlet, anda diodelaser
in thepositionof thehighvoltageanode.Thelaserwasattachedonly for initial alignmentpurposes.
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Figure 3. A schematicdiagramof theknife edgeautocollimationfocusingtechnique.Thepinholeandtheknife edgearefixed
on thesameplane.If thepinholeis behindthenominalfocusposition,theknife edgewill cut throughthereturnbeamcreating
a noticeableshadingfrom onesideof thespotasseenon theCCD.Theoppositeeffect is seenaheadof focus.
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Figure 4. Left: Imagesof out-of-focusreturnspotin theautocollimationtechniqueat threedifferentz stagepositionswhile
cutting the knife edgeacrossthe spot. The z 687 500 µm and 7 2000 µm positionslie on either side of focus while the
z 6�7 1250µm positionliesverynearfocus.TopRight: Knife-edgedistributions(KEDs). BottomRight: Line spreadfunctions
derivedfrom theaboveKEDs.

3. AUTOCOLLIMATION

To accuratelyassessthefocusof theFOT, it is importantthatfocuserrorsintroducedby thecollimatorbewithin anacceptable
tolerance.A naturalrequirementis thatthecollimatorbefocusedto betterthanthedepthof field of theFOT. Assumingthatthe
FOT shouldbecapableof 1 arcsecondimaging,thedepthof field producedby thef/16 beamataplatescaleof 33arcsecond/mm
shouldbe 9 0 : 5 mm. This is astrictdefinitionandwouldbelooserif theimagequalityprovesto beworse.Wewill show below
that thecollimatorPSFis consistentwith 1 arcsecondor better, so this is a reasonabletoleranceto acceptfor theaccuracy of
autocollimation.

Figure3 shows theexperimentalsetupfor theautocollimationof thevacuumcollimator. Thisprocedureis performedin air
andthereforeshouldgive a goodmeasureof focus,but not necessarilyof theultraviolet PSF. A fiber-optic white light source
wasfed into a prismwhich directedthelight througha 20 µm pinholeinto thecollimator. At thefar endof thelab wasa large
flat mirror which reflectedthebeamuponitself. Thelight wasthenrefocusedby thecollimatortelescope.A sharprazorblade
wasaffixedat thesameplaneasthepinhole,providing aknife edgethatcouldbeusedto slicethereturningbeam.Lying a few
inchesbehindtherazorbladewasa CCD videocamera,which viewedtheout-of-focusreturnspot.Thevideosignalwassent
to acomputerwherestill framescouldbedigitizedvia a videocaptureboard.Theprism,pinhole,razorblade,andCCD video
camerawereall attachedto the3-axismotorizedstage(seeleft panelof Figure2).

The“knife-edge”procedurefor determiningthefocuspositionof thecollimatorwasasfollows: Thez-axiswassteppedat
150µm intervals.At eachzposition,thex-axismotorwassteppedat 10 µm intervals,causingtherazorbladeto cut acrossthe
returningbeamandtheimagewascapturedon theCCD camera.Several imagesweredigitizedandco-addedto reducenoise
dueto thermalturbulencein thelab distortingtheimage.

As thezpositiontravelsthroughfocus,thecuttingof thereturnbeamby theknife edgewill produceanoticeableshadingof
thespot.Behindfocusthis shadingwill comefrom thesamesideastheknife edge,whereasaheadof focusit will beopposite
from theknife edge.At focus,thespotwill nearlydisappearevenly. This is shown schematicallyin Figure3 andthe images
capturedby theCCDcamerafrom threezpositions,oneeachon eithersideof focus,areshown in Figure4.



Figure 5. Diagramof vacuumcollimator attachedto the JHU soundingrocket experiment. The entirevolumeis evacuated
throughtheuseof apumpoutstackattachedto thespectrographsectionof theexperiment(nearleft endof figure).

Thebrightnessof thespotasa functionof x position,theknife-edgedistribution (KED), will indicatewhenthecollimator
is nearfocus.TheKEDs for threez positionsareshown at thetop right of Figure4. Thenegativederivative of theKED with
respectto x positionprovidesa line spreadfunction (LSF), which is a one-dimensionalconvolution of the spotwith a line
source.LSFsfor the threez positionsareshown at the bottomright of Figure4. The FWHM of the LSF at bestfocuswas
30 µm, shown in blue. As this is a doublepassof thecollimatoroptics,this spotsizeis consistentwith 20 µm, which wasthe
sizeof thepinholeusedin theautocollimationprocedure.At theplatescaleof thecollimator, this correspondsto 1 arcsecond.
Therefore,theimagequalityof thecollimatortelescopeis betterthan1 arcsecond.

This autocollimationprocedureallowedus to determinethe optimal focuspositionof thecollimator to 9 0 : 25 mm. Even
with themagnificationdueto themismatchin beamspeeds(movementsin z at thef/12 collimator focustranslateinto move-
mentsof ; 1 : 3 times z at the f/16 FOT focus), this is smallerthan the strict depthof field requirementmentionedearlier.
Although the setupnecessitatedthe placementof the pinhole to be 0.5 cm off-axis, to allow the return beamto passthe
knife-edge,ray traceanalysisshows that thedifferencein focal planeshift dueto field curvatureis negligible for this smalla
displacement.

4. TESTING

Oncethe autocollimationprocedurewascompleted,the collimator wasattachedto the endof the rocket experimentwith a
vacuumsealableo-ring joint. Thecollimatorwasrotatedapproximately45 degreessothat thediffractionspikesproducedby
thesecondarymountstructurewouldnot bealignedwith theexperimentspectrographslit whenimagedontothefocalplaneof
theFOT. Thecombinedexperimentandcollimatorchamberwasevacuatedthroughtheuseof anexternalpumpstack.Figure
5 shows thetestingconfiguration.Initial alignmentsof theopticalaxesof theFOT andthevacuumcollimatorwereperformed
with theuseof a diodelaser, in placeof thehighvoltageanodeon thepinholelampto bedescribedin Section4.1,asshown in
theright panelof Figure2.

Thisconfigurationallows for thelight from thelampsplacedat thefocal planeof thevacuumcollimatorto entertherocket
experimentandfill theentireaperture.The lampexit apertureis thenimagedontothefocal planeof theFOT. Movementsof
themotorizedstagein thex 7 y planecansimulateoff-axisviewing angles,while movementsin zcantestthefocusof theFOT.

4.1. Test Lamps

Severalultraviolet lampswereusedin conjunctionwith the vacuumcollimator during the testingandcharacterizationof the
soundingrocket experiment. Theselampswereplacedon the motorizedstagesuchthat their exit apertureslay at the focal
planeof thecollimator.

Thefirst lampwasa windowedhollow cathodePtNelamp. This lampwasusedin theFUSE integrationandtesting.The
spectrumhasmany atomicemissionlinesandwasusedfor theinitial verificationof focusundervacuum.However, dueto the
window, thereareno linesshortwardof ; 1050Å. Additionally, thegeometryof this lampis suchthatit producesaslow beam
speedthatunderfillsthecollimator.

Thesecondlampwasa pinholelampconstructedout of standardstainlesssteelmini conflatflange(CFF)hardware.4 The
body of the lamp is a small cubethat providesa chamberin which an electricarc canbe establishedin a low pressuregas.
Attachedto the facesof the cubearea pinholemount,which canbe placedat the focal planeof the collimator, a pressure
monitor, thehigh voltageanode,anda gasinlet, allowing for theuseof variousgasessuchasH2, N2, Argon,andCO2. The
right panelof Figure2 shows the pinholelampattachedto the motorizedstage.A lampof similar designhasbeenflown on



Figure 6. Imagesof thehydrogenLy-α line asobservedat severalz positionsgoingthroughthefocuspositionof theFOT. At
thefar right end,thecentralobscurationof theFOT canbeseenin theoutof focusspot.Theimagesareshown with logarithmic
scalingto emphasizetheweaker features.
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Figure 7. Measurementsof thePSFasa functionof zpositionof thecollimatorfor emissionlinesin argonanda few contam-
inant lines. Gaussianfits weremadeto thePSFin both thespectralandspatialdimensionsfor severalemissionlines,whose
wavelengthsarelistedat thetop of theplots.

two rocketflights to provideaninflight wavelengthcalibration.This compactlampproducesa fastbeam,filling thecollimator
optics.

In addition,weusedaBayard-Alpertion gaugeasanultraviolet source.4 Thecollisionalionizationprocessinherentin the
operatingmechanismof thegaugeexcitestheatomicandmolecularresidualgasesin thecollimator. Thiscreatesline emission
from thevariousspecieswith intensitiesproportionalto their relativenumber. Theoverall strengthof thespectrumscaleswith
emissioncurrent. Additionally, a weakcontinuumemissionunderliesthe line emission.This is most likely the low energy
endof a soft x-ray bremsstrahlungspectrumproducedby electronimpactwith the tungstengrid in the gauge.A mountwas
designedfor thegaugesuchthatthebeamspeedproducedmatchedthef/12 collimator. We havedevelopeda procedureto use
this lampasa flat-fieldsource(describedin Section4.3).

4.2. Point Spread Function Measurement

ThePSFof thetelescopeis routinelyobservedusingthevisible light collimatorduringthefocusingof theFOT. However, this
measurementdoesnot take into accountopticaleffectsintroducedby thespectrograph,aswell asenhancedscatteringfrom the
opticsin theultraviolet.

The vacuumcollimator testingconfigurationallowed for the full wavelengthdependentPSFof the FOT to be measured.
The pinholelampwasplacedon the motorizedstageandfed with variousgases,includingH2 andArgon. The z motor was
driventhroughthefocusof thecollimatorandimagesrecordedby thespectrograph.A seriesof imagesof hydrogenLyman-α
line at 1216Å is shown in Figure6. Thespotclearlygoesthroughfocusandat thefarendof theseriesthecentralobscuration
of theFOT canbeseenin theLy-α andneighboringlines.

A run of thecollimatorthroughtheFOT focuswasalsoperformedwith argonin thepinholelamp.ThePSFwasmeasured
in boththespectralandspatialdimensionson thedetectorfor severalargon(andcontaminant)emissionlines,shown in Figure
7. At the shortestwavelengths,the spectraldimensiongoesthroughfocus beforethe spatial,and vice versaat the longer
wavelengths.This effect tracestheastigmatismintroducedby theuseof a diffractiongratingin thespectrograph.At 1048Å,
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Figure 8. Left: WavelengthdependentPSFmeasurements.Thefocusof thespectrographwassetfor bestspatialresolutionin
themiddleof thebandpass.Dueto theastigmatism,thespectralandspatialmeasurementsvary in oppositesense.Thedashed
anddottedlinesareparabolicfits andonly thereto guidetheeye. Right: Slit profileof theratioof thenebularsurfacebrightness
to stellarflux of NGC2023,asobservedby theJHUrocketexperiment.Filled circleswith errorbarsarethedata,thesolid line
is theinstrumentalLSF, andthedottedline is thebackground.

the imagestaysuniform in shapeat all points. This is dueto theuseof a holographicgratingwith theastigmatismcorrection
maximizednearthatwavelength.

ThewavelengthdependentPSFis shown for theoptimalfocuspositionin theleft panelof Figure8. Severalbrightemission
linesacrossthebandpasswerefit with gaussiansin boththespectralandspatialdimensions.Thespectrographwasfocusedso
that thehighestspatialresolutionwasachieved in thecenterof thebandpass.Due to the astigmatismthis correspondsto the
lowestspectralresolution.

At the optimal focus position, a deepimageof the pinhole lamp with H2 gaswas taken. This imageallowed for the
scatteredlight profile alongtheslit to bedeterminedto betterthan1 part in 104. This derivedLSF wascomparedto theradial
profile of scatteredlight in the reflectionnebula NGC 2023,asobservedby the soundingrocket experimenton 11 February
2000. The slit profile of the nebular scatteredlight is shown in the right panelof Figure8. Overplottedis the derived LSF.
Subsequentmodelingof thedustscatteringpropertiesof thenebulawerecritically dependenton a measureof thecontribution
from instrumentallyscatteredlight.

4.3. Flat Field Response

To accuratelyaccountfor spatialvariationsin thedetectorresponse,eitherdueto detectorfixedpatternor opticalvignetting,a
flat-field imageis necessary. Thevacuumcollimatorallows usto fill theentranceapertureto thespectrographwith a spatially
flat, albeitspectrallystructured,illuminationprovidedby theBayard-Alpertion gauge.Theexit apertureof thetube,asimaged
ontotheFOT focal plane,overfilledthespectrographslit andtheevennessof theillumination wasinsensitive to thepositionof
themotorizedstage.

The ion gaugewasimagedby therocket experimentfor a total of about7 hours,in 30 minuteexposuresover thecourse
of four days.Theexperimentwasturnedoff betweenexposuresto allow thedetectorelectronicsto cool. Theimageof theion
gaugespectrumis shown at the top of Figure9. The spectrumis dominatedby the emissionlinesgeneratedby the electron
impactexcitationof theresidualgasesin thecollimatorvacuumchamber, mostnotablyhydrogen,oxygen,andnitrogen.

To remove thespectralstructure,we assumedthat theaveragespectrumacrossthe faceof the detectorshouldbe charac-
teristicof thespectrumat all pointsalongthespectrographslit. Theimagewasthendividedthroughby this averagespectrum
to createthe flat-field responseimageasshown at the bottomof Figure9. Clearly visible is the shadow of the QE enhance-
mentgrid locatedjust abovethemicrochannelplatesof thespectrographdetector. Thedarker regionsnearthetop andbottom
endsof theslit indicatestrongvignettingrolloff. This flat-field wasusedto accountfor thegrid andvignettingeffectsin the
determinationof thenebularsurfacebrightnessprofiles.
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Figure 9. Top: Long exposurespectralimageof Bayard-Alpertion gauge. Bottom: The flat-field imagederived from the
spectralimage.

5. SUMMARY

To facilitatethecharacterizationof theJHU soundingrocket experiment,we havedevelopeda windowlessultraviolet vacuum
collimator. This facility hasproven to be extremelyuseful in measuringessentialcharacteristicsof the instrumentthat can
not be synthesizedfrom componentlevel testing. Thecollimator hasprovideduswith the ability to measurethe wavelength
dependentpoint spreadfunction in both the spectralandspatialdimensions,andassessthe astigmatismcorrectiondesigned
into theholographicgratingusedin thespectrograph.We havealsoobtainedanimageof thefilled-apertureflat-field response.
Thecollimatorhasgreatlyenhancedourability to characterizethesoundingrocketexperiment.

In the future,we hopeto utilize this facility duringthe integrationphaseof thesoundingrocket payloadwhile at Wallops
Flight Facility andWhiteSandsMissileRange.Thiswouldallow usto tracktheexperimentcharacteristicsthroughthisprocess,
andprovidethemostaccurateinformationbeforeandafterlaunch.
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