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ABSTRACT

We describea vacuumcollimatorthatwe have assembledo characterizehe windowlessultraviolet propertiesof a sounding
rocketspectrographitelescopeThecollimatorcomprises Cassgraintelescopewith SiC coatedoptics,usedin the pre-flight
calibrationphaseof the Far Ultraviolet SpectoscopicExplorer, andvacuumskinsprovidedby NASA/Wallops. The collimator
focal planehasathree-axismotorizedstage which we have usedfor the precisionplacemenbf aknife edgefocal locatoralong
with pinhole andflat-field sources.We describethe focusingprocedureand presenthe resultsof a numberof experiments
wherebythe collimator, telescopeand spectrograplpoint spreadfunctionswere determinedanda spectro-spatialat-field of
thedetectomwasacquired.
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1. INTRODUCTION

The accuratecharacterizatiorf windowlessultraviolet optical systemsequirestestingfacilities capableof meetingseveral
stringentdemands High vacuumis necessaryor the operationof micro-channeplate detectorsaandthe transmissiorof far-
ultraviolet light, aswell asthe protectionof opticsfrom contamination Also, mary instrumentcharacteristicenay dependon
“filled-aperture”illumination of theoptics. Calibrationfacilitiescapableof performingend-to-endestingof space-bornastro-
nomicalexperimentswhile meetingthesedemandgendto be rareandexpensve to build andmaintain. Typically, calibration
efforts arelimited to component-leel testing.Instrumentend-to-endccharacteristicarethensynthesizedrom thesepiecavise
calibrations.

The JohnsHopkinsUniversity SoundingRocket Groupcurrentlyflies an experimentconsistingof a 40 cm diameterDall-
Kirkham telescopecalled the Faint Object Telescopé (FOT), producingan f/16 beamthat feedsa 400 mm Rowland circle
spectrographwith along, narrow slit for theentranceaperture . The experimenthasbeenoptimizedfor astronomicabbsena-
tionsin the 900-14004 bandpassTo this end,the spectrograplis sealedvith a motorizedgatevalve thatopensto the vacuum
duringoperation.

Beforetheassemblyf the experimentthe spectrograplquantunmefficiency andtelescopenirror reflectvity measurements
are performedseparatelyemploying the Calibrationand Test Equipment (CTE) facility at JHU. This facility, althoughit
providesan adequatezacuumervironmentandmonochromatidight sourcesjs not large enoughto accommodat¢he entire
experiment. It alsoonly providesa slow (f/50—f/80) beamthat severely underfillsboth the telescopeand spectrographAs a
result,thereflectvity is measureétonly afew smallspotsonthemirrorsandthespectrograpls manipulatediuringcalibration
sothatthe CTE beamsamplesseverallocationsof the spectrograpliffraction grating. Thesepiecavise calibrationefforts in
the CTE do notallow ameasurementf the experimentpoint spreadunction (PSF) which depend®on the figure of theoptical
componentandon the ultraviolet scatteringcharacteristicef boththe telescopepticsandthe spectrograplgrating.

Herewe reporton the performanceof a windowlessvacuumultraviolet collimator beingdevelopedat JHU to be usedin
thecalibrationandcharacterizationf the soundingocket experiment.This facility hasprovideduswith theability to measure
the PSFof theinstrumentaswell asobtaina spectro-spatidlat-field image.An understandingf both of thesecharacteristics
hasprovento becritical for theinterpretatiorof recentdataacquiredby the experimenton thedustscatteredight in reflection
nehulae.In thefollowing sectionsve describethe collimatoropticsandthe autocollimatiorprocedureandreporton thetesting
of theexperimentin conjunctionwith variouswindowlesslamps.
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Figure 1. Technicaldraving of the collimatorandvacuumenvelope.

2. COLLIMATOR OPTICSAND VACUUM ENVELOPE

Thecollimatortelescopés oneof four collimatorsusedn theintegrationandtestingphaseof the Far-UltravioletSpectoscopic
Explorer (FUSE)mission? It is of classicalCassgrain design(parabolicprimary andhyperbolicsecondaryyvith a 381 mm
diameterandaneffective focallengthof 4595mm, producinganf/12 beam.The Zerodurprimaryis supportedvith anine-point
whiffle tree mountwith tip-tilt adjustment.The secondarys mountedon a tip/tilt/translationstagesupportedy a four-vane
spidemountcenteredn thealuminumcollimatortube.Invarmeteringrodsestablisithevertex-vertex distanceof thetelescope.
Theopticsarecoatedwith SiC for maximumreflectvity in thewindowlessultraviolet.

For useas a soundingrocket experimentcollimator it hasbeenhousedin a vacuumchamberassembledrom 22 inch
diametervacuumskinsprovidedby NASA/WallopsFlight Facility (seeFigurel). An adapteisectionat thefront endreduces
thediameteito 17.26inchesfor connectiorto therocket experimentskin sections A three-pointmountattacheshe collimator
to anannularbulkhead definingthe optical bench from which the telescopés cantilevered. At the front endof thetelescope,
snubbemountsprovide six contactpointswith the outerskin. Although the collimator was designedo be operatedwhile
hangingvertically, we have seemo grossoptical defectsntroducedby operatinghorizontally

Attachedto the backof thetelescopés aremotelyadjustabldéhree-axisnotorizedstage(seeright panelof Figure?2). This
providesa corvenientplatformonwhich variouslight sourcesnaybe placed.The z-axisis alignedwith the opticalaxis of the
telescopandadjustsfor focus,while motionsin the x- andy-axescanexplorethefocal plane.

The collimatorenclosuras sealedat the backendby a vacuumbulkhead.Thereareseveral electronicseed-throughgfor
the motorizedstageandlamp HV controls),a gas-linefeed-throughanda large pump-outport. Thereis alsoa port for the
attachmenbf a residualgasanalyzer This allows the total gaspressureaswell asthe residualgaspartial pressuresto be
measuredt the positionof the motorizedstage which is importantasthe spectraloutputsof someof the lampsdescribedn
Sectiond.1aresensitve to pressure.

Figure 2. Left: Collimatorduringautocollimationtesting. Attachedto the motorizedstageis the TV Cameraandknife-edge
assemblyRight: The pinholelamp attachedo the stage.Clearlyvisible arethe pressureanonitor, gasinlet, anda diodelaser
in the positionof the high voltageanode.Thelaserwasattachednly for initial alignmentpurposes.
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Figure 3. A schematidiagramof theknife edgeautocollimationfocusingtechnique.The pinholeandthe knife edgearefixed
onthesameplane.If the pinholeis behindthe nominalfocusposition,the knife edgewill cutthroughthereturnbeamcreating
anoticeableshadingfrom onesideof the spotasseenonthe CCD. The oppositeeffectis seenaheacbf focus.
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Figure 4. Left: Imagesof out-of-focusreturnspotin the autocollimationtechniqueat threedifferentz stagepositionswhile
cutting the knife edgeacrossthe spot. The z 500 um and 2000 um positionslie on either side of focus while the
z 1250um positionlies very nearfocus. Top Right: Knife-edgedistributions(KEDs). BottomRight: Line spreadunctions
derivedfrom theabove KEDs.

3. AUTOCOLLIMATION

To accuratelyassesshefocusof the FOT, it is importantthatfocuserrorsintroducedby the collimatorbewithin anacceptable
tolerance A naturalrequirements thatthecollimatorbefocusedo betterthanthedepthof field of the FOT. Assumingthatthe
FOT shouldbecapableof 1 arcsecondmaging,thedepthof field producedy thef/16 beamataplatescaleof 33arcsecond/mm
shouldbe 05 mm. Thisis astrictdefinitionandwould belooserif theimagequality provesto beworse.We will shav belon
thatthe collimator PSFis consistentvith 1 arcseconar better sothis is a reasonablé¢oleranceto acceptfor the accuray of
autocollimation.

Figure3 shawvstheexperimentaketupfor the autocollimationof thevacuumcollimator. This procedures performedn air
andthereforeshouldgive a goodmeasuref focus,but not necessarilyof the ultraviolet PSF A fiber-optic white light source
wasfed into a prismwhich directedthe light througha 20 pm pinholeinto the collimator. At the far endof thelabwasa large
flat mirror which reflectedthe beamuponitself. Thelight wasthenrefocusedy the collimatortelescopeA sharprazorblade
wasaffixedatthe sameplaneasthe pinhole,providing a knife edgethatcouldbeusedto slicethereturningbeam.Lying afew
inchesbehindtherazorbladewasa CCD video camerawhich viewedthe out-of-focusreturnspot. Thevideo signalwassent
to acomputemwherestill framescould bedigitized via a video captureboard. The prism, pinhole,razorblade,andCCD video
cameravereall attachedo the 3-axismotorizedstage(seeleft panelof Figure2).

The“knife-edge” procedurdor determiningthe focuspositionof the collimatorwasasfollows: The z-axiswassteppect
150um intervals. At eachz position,the x-axis motorwassteppecat 10 ym intervals, causingtherazorbladeto cut acrosshe
returningbeamandtheimagewascapturedon the CCD camera.Sereralimagesweredigitized and co-addedo reducenoise
dueto thermalturbulencein thelab distortingtheimage.

Asthez positiontravelsthroughfocus,thecuttingof thereturnbeamby theknife edgewill produceanoticeableshadingof
the spot.Behindfocusthis shadingwill comefrom the samesideasthe knife edge whereasaheadof focusit will be opposite
from the knife edge.At focus,the spotwill nearlydisappeaevenly. Thisis shavn schematicallyin Figure3 andtheimages
capturedby the CCD camerdrom threez positions,oneeachon eithersideof focus,areshavn in Figure4.
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Figure 5. Diagramof vacuumcollimator attachedo the JHU soundingrocket experiment. The entire volumeis evacuated
throughthe useof a pumpoutstackattachedo the spectrograplsectionof the experiment(nearleft endof figure).

The brightnesf the spotasa function of x position,the knife-edgedistribution (KED), will indicatewhenthe collimator
is nearfocus. The KEDs for threez positionsareshavn at the top right of Figure4. The negative derivative of the KED with
respectto x position providesa line spreadfunction (LSF), which is a one-dimensionatorvolution of the spotwith aline
source. LSFsfor the threez positionsare shavn at the bottomright of Figure4. The FWHM of the LSF at bestfocuswas
30 um, shawn in blue. As thisis a doublepassof the collimator optics,this spotsizeis consistentvith 20 um, which wasthe
sizeof the pinholeusedin the autocollimationprocedure At the platescaleof the collimator, this corresponds$o 1 arcsecond.
Thereforetheimagequality of the collimatortelescopes betterthan1 arcsecond.

This autocollimationprocedureallowed us to determinethe optimal focus positionof the collimatorto 0 25mm. Even
with the magnificationdueto the mismatchin beamspeedg§movementsn z atthe f/12 collimator focustranslateénto move-
mentsof 13 timesz at the f/16 FOT focus), this is smallerthan the strict depthof field requirementmentionedearliet
Although the setupnecessitatedhe placementof the pinhole to be 0.5 cm off-axis, to allow the return beamto passthe
knife-edgeray traceanalysisshavs thatthe differencein focal planeshift dueto field curvatureis negligible for this smalla
displacement.

4. TESTING

Oncethe autocollimationprocedurewas completed the collimator was attachedo the end of the rocket experimentwith a
vacuumsealableo-ring joint. The collimatorwasrotatedapproximatelyd5 degreesso thatthe diffraction spikesproducedy

the secondarynountstructurewould not be alignedwith the experimentspectrographlit whenimagedontothefocal planeof

the FOT. The combinedexperimentandcollimator chambemwasevacuatedhroughthe useof an externalpumpstack. Figure
5 shavs the testingconfiguration.Initial alignmentsof the opticalaxesof the FOT andthe vacuumcollimatorwereperformed
with the useof adiodelaser in placeof the high voltageanodeon the pinholelampto bedescribedn Section4.1,asshovnin

theright panelof Figure2.

This configurationallows for thelight from thelampsplacedat thefocal planeof thevacuumcollimatorto entertherocket
experimentandfill the entireaperture.The lamp exit apertureis thenimagedonto thefocal planeof the FOT. Movementsof
themotorizedstagen thex y planecansimulateoff-axisviewing angleswhile movementsn z cantestthefocusof the FOT.

4.1. Test Lamps

Several ultraviolet lampswere usedin conjunctionwith the vacuumcollimator during the testingand characterizatiorof the
soundingrocket experiment. Theselampswere placedon the motorizedstagesuchthat their exit apertureday at the focal
planeof the collimator.

Thefirst lampwasa windowedhollow cathodePtNelamp. This lampwasusedin the FU SE integrationandtesting. The
spectrumhasmary atomicemissioninesandwasusedfor theinitial verificationof focusundervacuum.However, dueto the
window, therearenolinesshortwardof ~ 1050A. Additionally, thegeometryof this lampis suchthatit producesa slow beam
speedhatunderfillsthe collimator.

The secondampwasa pinholelamp constructedut of standardstainlesssteelmini conflatflange(CFF) hardware? The
body of the lampis a small cubethat providesa chamberin which an electricarc canbe establishedn a low pressureyas.
Attachedto the facesof the cubeare a pinhole mount, which canbe placedat the focal planeof the collimator, a pressure
monitor, the high voltageanode,anda gasinlet, allowing for the useof variousgasessuchasH,, N2, Argon,andCQO,. The
right panelof Figure 2 shows the pinholelamp attachedo the motorizedstage. A lamp of similar designhasbeenflown on



Figure 6. Imagesof thehydrogenLy-a line asobseredat several z positionsgoing throughthe focuspositionof the FOT. At
thefarright end,thecentralobscuratiorof the FOT canbeseernin theoutof focusspot. Theimagesareshovn with logarithmic
scalingto emphasiz¢he wealer features.
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Figure 7. Measurementef the PSFasa function of z positionof the collimatorfor emissionlinesin argonanda few contam-
inantlines. Gaussiarfits were madeto the PSFin boththe spectralandspatialdimensiondor severalemissionlines, whose
wavelengthsarelisted at thetop of the plots.

two rocketflights to provide aninflight wavelengthcalibration. This compactamp produces fastbeamfilling the collimator
optics.

In addition,we useda Bayard-Alpertion gaugeasanultraviolet source? Thecollisionalionizationprocessnherentin the
operatingnechanisnof the gaugeexcitesthe atomicandmolecularesidualgasesn thecollimator. This createdine emission
from thevariousspecieswith intensitiegproportionalto their relative number The overall strengthof the spectrunscaleswith
emissioncurrent. Additionally, a weak continuumemissionunderliesthe line emission. This is mostlikely the low enegy
endof a soft x-ray bremsstrahlungpectrumproducedby electronimpactwith the tungstengrid in the gauge.A mountwas
designedor the gaugesuchthatthe beamspeedproducednatchedhe /12 collimator. We have developeda procedureo use
thislampasa flat-field source(describedn Sectior4.3).

4.2. Point Spread Function M easurement

The PSFof thetelescopas routinely obsenedusingthevisible light collimatorduringthe focusingof the FOT. However, this
measuremerdoesnot take into accounbptical effectsintroducedby the spectrographaswell asenhancedcatteringrom the
opticsin theuultraviolet.

The vacuumcollimator testingconfigurationallowed for the full wavelengthdependenPSFof the FOT to be measured.
The pinholelamp was placedon the motorizedstageandfed with variousgasesjncluding H, and Argon. The z motorwas
driventhroughthe focusof the collimatorandimagesrecordedoy the spectrographA seriesof imagesof hydrogenLyman-a
line at 1216A is shawn in Figure6. Thespotclearlygoesthroughfocusandatthefar endof the seriesthe centralobscuration
of the FOT canbeseenin theLy-a andneighborindines.

A run of the collimatorthroughthe FOT focuswasalsoperformedwith argonin thepinholelamp. The PSFwasmeasured
in boththe spectrabndspatialdimensionsn the detectorfor severalargon (andcontaminantemissionlines,shovnin Figure
7. At the shortestwavelengths the spectraldimensiongoesthroughfocus beforethe spatial,and vice versaat the longer
wavelengths This effect tracesthe astigmatisnintroducedby the useof a diffractiongratingin the spectrographAt 1048A,
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Figure 8. Left: WavelengthdependenPSFmeasurementd.hefocusof the spectrographvassetfor bestspatialresolutionin
themiddle of the bandpassDueto the astigmatismthe spectralandspatialmeasurementgary in oppositesense Thedashed
anddottedlinesareparabolidits andonly thereto guidetheeye. Right: Slit profile of theratio of thenehular surfacebrightness
to stellarflux of NGC 2023,asobsenedby the JHU rocket experiment.Filled circleswith errorbarsarethedata,thesolidline
is theinstrumental.SF, andthedottedline is the background.

theimagestaysuniformin shapeat all points. This is dueto the useof a holographicgratingwith the astigmatisncorrection
maximizednearthatwavelength.

ThewavelengthdependenPSFis shavn for the optimalfocuspositionin theleft panelof Figure8. Severalbrightemission
linesacrosghebandpassverefit with gaussiang boththe spectralandspatialdimensionsThe spectrograplvasfocusedso
thatthe highestspatialresolutionwasachiezedin the centerof the bandpassDue to the astigmatisnthis correspondso the
lowestspectrakesolution.

At the optimal focus position, a deepimage of the pinhole lamp with H, gaswastaken. This imageallowed for the
scatteredight profile alongthesslit to be determinedo betterthan1 partin 10*. This derived LSF wascomparedo the radial
profile of scatteredight in the reflectionnetula NGC 2023, asobsened by the soundingrocket experimenton 11 February
2000. The sslit profile of the netular scatteredight is shavn in the right panelof Figure8. Overplottedis the derived LSE
Subsequenhodelingof the dustscatteringpropertiesof the nelulawerecritically dependenon a measuref the contribution
from instrumentallyscatteredight.

4.3. Flat Field Response

To accuratelyaccountfor spatialvariationsin the detectoresponseeitherdueto detectoifixed patternor opticalvignetting,a
flat-field imageis necessaryThe vacuumcollimatorallows usto fill the entranceapertureto the spectrographvith a spatially
flat, albeitspectrallystructuredijllumination providedby the Bayard-Alperion gauge.Theexit apertureof thetube,asimaged
ontothe FOT focal plane,overfilled the spectrograpislit andtheevennes®f theillumination wasinsensitve to the positionof
themotorizedstage.

Theion gaugewasimagedby the rocket experimentfor a total of about7 hours,in 30 minute exposuresover the course
of four days. The experimentwasturnedoff betweerexposurego allow the detectorelectronicgo cool. Theimageof theion
gaugespectrumis shavn at the top of Figure9. The spectrumis dominatedby the emissionlines generatedy the electron
impactexcitationof theresidualgasesn the collimatorvacuumchambermostnotablyhydrogenoxygen,andnitrogen.

To remove the spectralstructure we assumedhat the averagespectrumacrossthe faceof the detectorshouldbe charac-
teristicof the spectrumat all pointsalongthe spectrograplislit. Theimagewasthendividedthroughby this averagespectrum
to createthe flat-field responsémageas shavn at the bottomof Figure9. Clearly visible is the shadav of the QE enhance-
mentgrid locatedjust above the microchanneplatesof the spectrograplietector The darker regionsnearthe top andbottom
endsof the slit indicatestrongvignettingrolloff. This flat-field wasusedto accountfor the grid andvignettingeffectsin the
determinatiorof the netular surfacebrightnesgrofiles.
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Figure 9. Top: Long exposurespectralimageof Bayard-Alpertion gauge. Bottom: The flat-field imagederived from the
spectraimage.

5. SUMMARY

To facilitatethe characterizatioof the JHU soundingrocket experiment we have developeda windowlessultraviolet vacuum

collimator. This facility hasprovento be extremely usefulin measuringessentiacharacteristicof the instrumentthat can

not be synthesizedrom componentevel testing. The collimator hasprovided us with the ability to measureghe wavelength

dependenpoint spreadfunctionin both the spectraland spatialdimensionsand assesshe astigmatismcorrectiondesigned
into the holographiogratingusedin the spectrographWe have alsoobtainedanimageof thefilled-apertureflat-field response.
The collimatorhasgreatlyenhancedur ability to characterizéhe soundingrocket experiment.

In the future, we hopeto utilize this facility duringthe integrationphaseof the soundingrocket payloadwhile at Wallops
Flight Facility andWhite SanddMlissile Range.Thiswould allow usto tracktheexperimentcharacteristicthroughthis process,
andprovide the mostaccuraténformationbeforeandafterlaunch.
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