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Chapter 1

Science

1.1 ExecutiveSummary

Wereportonourstudyof innovativeconceptsfor ahigh-efficiency, wide-band,multi-objectnear-
infraredspectrographfor theNGST. Thespectrographwill simultaneouslycover thewavelength
rangeof 0.6-5µm with a 4K � 4K mosaicarrayof InSb detectorsandwill offer low resolution
spectroscopy (R � 25-100)of thousandsof objectssimultaneously, higherresolutionspectroscopy
(R � 1500-5000)of morethana thousandobjectssimultaneously, andanimagingmodefor initial
targetacquisitionandconfigurationof ahigh transmissionentranceaperturemask.

The entranceaperturemask,a programmablemicroshutterarray, hasbeensuccessfullyde-
velopedto the level of a 3 � 3 array, demonstratingthe basicmechanicaland electrostaticcell
operation.It is readyto bescaledup to largerarraysin thenext developmentphase.

Our spectrographconceptualdesignincludestwo principalfeaturesto addressthedemanding
scientificrequirementsof theNGST, whoseprimarytargetswill typically behighly redshiftedand
extremelyfaint:

� Ourlowestresolutionspectrographdesignisbasedonrefractivedispersingelements(prisms)
thatpermit us to obtainspectraover the entirenear-IR rangeof 0.6-5µm ( � 3 octaves)si-
multaneouslyfor all objectsobserved, ratherthanthe � 1 octave of coverage(to avoid or-
derconfusion)availablewith a typical gratingspectrograph.Theuseof prismsastheonly
transmissiveor dispersingelements,providesbothsubstantiallyhigherthroughputthangrat-
ing/ordersortercombinationsaswell asthesignificantmultiplexing advantageof complete
wavelengthcoveragein oneexposure.

� For higherresolutionsthanthoseavailableto prisms,weevaluatethetrade-off betweenusing
3 or morefirst ordergratingsfor eachrequiredresolvingpower to cover the0.6-5µm range,
andcoveringthis rangein a singleexposureby usinglow orderechellescross-dispersedby
animagingFouriertransformspectrograph.

1



MicroshutterDevelopment 2

While thefirst two modesrequire(andreapthebenefitsof) targetselection,ourdesigncanalso
beoperatedin serendipitymode.In this mode,slits up to 3

	
	
wide canbeopenedon blanksky in

eachrow to searchfor pureline emissiongalaxiesat high redshift.Theultra-wideslit returnsthe
sensitivity to narrow emissionlinesof theR=1500mode,with a minimumaccuracy of 0.01in the
redshiftdetermination,overa 1140squarearcsecondfield of view.

This combinationof a high efficiency spectrographwith a high efficiency programmableen-
trancemaskwill provideapowerful near-IR spectroscopiccapabilityfor theNGST.

This reportdescribesthefirst designfor aprogrammabletransmissionmaskfor aMOS.In our
study, wehave:

� developedtheconceptfor themicroshutterarray, includingindividualshutteroperationand
theselectionandactuationmechanismfor essentiallyrandomaccessaddressing

� measuredstrengthandstiffnessof candidatematerialsfor shutters,selectedmaterialsfor
fabrication,andoptimizedtheirmechanicaldesign

� testedthe mechanicalpropertiesof individual shutters,and built and actuatedsmall mi-
croshutterarrays

� developedplansfor the productionof largerarraysto be fabricatedwith integratedshutter
selectionelectronicsusingphotolithographicprocesses

Pursuingthisdevelopmentprogramaggressively, wecandemonstratetechnicalreadinesswith
a full scalemicroshutterarrayby theApr. 2001NGSTinstrumentselection.

1.2 Intr oduction

Efficient, low- to moderate-resolutionspectroscopy in thenearinfraredis at theheartof NGST’s
scientificgoals[1]. For thehighly redshiftedobjectsthatwill revealtheoriginsof galaxies,clus-
ters,andlargescalestructuresin theuniverse,spectroscopiccoverageof the0.6-5µm bandwill
provide vital information. For galaxiesobservedat thepeakof themerging andstarforming era
(z � 1-3), rest-framevisible light from their olderstellarpopulationswill beseenin thenearIR.
For theearlieststarforminggalaxies(at z = 5-10or more),eventherest-framefar-ultraviolet out-
put of newly formedstarsandthespectralsignaturesof theearliestobservablesupernovaewill be
redshiftedto thesewavelengths.

Low-resolutionspectroscopy (R � 25-100)will be crucial for obtainingspectralenergy dis-
tributions (SEDs)of distantgalaxies. The SEDswill be usedfor determiningredshiftsby the
observationof spectralbreaksor edges(e.g.the1.6µm bump,the4000Å break,or eventheLyman
limit for veryhighz), andfor measuringtheamountof starformationin theearliestgalaxiesfrom
the spectrumof their redshiftedUV light. This resolutionis alsowell matchedto the detection
of broad(few thousandkm/sec)emissionlinesof distantquasarsandfor spectralconfirmationof
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distantsupernovae. For all of thesetasks,simultaneousobservation of many objectsin a single
field will becrucialfor efficiently compilingstatisticalsamplesanddiscoveringrareobjects.

Whatis theoptimumresolvingpowerfor obtainingspectraof thefaintestsources?Veryrough
redshiftindicationswill beavailablefrom broadbandimagingby fitting galaxymodelswith spec-
tral slopesandbreaksto thephotometry. In principlethis couldbecontinuedto higherresolving
powersby usingmoreandnarrowerfiltersto obtainmoreaccurateredshifts,but thiswouldrequire
furthersub-dividing theobservingtime. We have run MonteCarlosimulationsof this methodto
find the accuracy of redshiftdeterminationasa functionof the numberof filters, andthencom-
paredthesensitivity of usingtheoptimalnumberof filterswith asinglespectralobservationusing
a prism with the sameresolvingpower. Thesesimulationsarediscussedin AppendixA, which
concludes:

Low resolutionprismobservationsof galaxySED’sprovideasignificantadvantageovermulti-
filter observationsfor any realisticobservingstrategy. For an idealprism in backgroundlimited
observing,the prism hasa signal-to-noiseadvantageof squareroot of the resolutionover serial
observationsby filters with similar resolution. This addeddepthreachesat leasta magnitude
fainterin recoveryof photometricredshiftswith theprismoverfilter observationsatanyresolving
power. Extensive simulationssuggestthat in 105 secondsanidealprismwill recover theredshift
of 80%of measuredobjects(subjectto MOS selection)down to KAB

� 32, with an accuracy of
δz � 3%,comparedto lessthan40%of theobjectswith serialfilter observations.

A field wouldbeimagedwith thecamera,(or alternatively with thespectrographin its imaging
mode,)andcandidateswould be selectedfor observation throughthe microshutterarraywith a
prism for accurateredshift determination. The selectionof targetscould be doneon the basis
of magnitudeand position alone,or could make useof colors and photometricredshiftswhen
available.

Higherresolution(R � 1500)spectroscopy is suitablefor measuringthevelocity dispersions
of distantclustersandmerger components.This resolution(a few hundredkm/sec)is alsowell
matchedto thedetectionof narrow emissionlines from starforming galaxiesandAGN (andde-
terminingredshiftsfrom them). Themeasurementof velocity dispersionsof clustersof galaxies
allowsanestimateof themassesof theclusters,includingthedarkmatter. Knowledgeof theratio
of light-emitting to dark matterasa function of redshift is crucial to constraintheoriesof large
scalestructureformation.

We describebelow a conceptfor a highly efficient, wide-band,multi-objectnear-IR spectro-
graphto enableNGSTto carryout thesecritical scientificgoals.

1.3 NGST Spectrograph Requirements

In thissectionwediscusstherequirementsfor aNIR spectrographdesignedto satisfythescientific
goalsof NGST. Wewish to obtainspectrato investigatetheveryfaintestgalaxiesobservable,with
thegreatestpossiblemultiplexing advantage.
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1.3.1 CountsAnd SizesOf Galaxies.

A primarygoalof NGSTis to investigatetheearliestgalaxies,beyondredshift5, todetectthemand
measuretheir redshifts,determinephysicalconditions,andelementalabundances.Efficientuseof
the NGST facility on thesevery faint sourcesrequiresthe mostsensitive spectrographpossible.
Thefield of view andnumberof input aperturesshouldbechosento provideefficientobservation
giventheobservednumbercountsof candidateobjectsfor spectroscopicstudy.

Longexposureswith NGSTareexpectedto reachmagnitudesAB=34 for imagingandAB=26
to 32 for spectroscopy, dependingon the resolvingpower andspectralcharacterof the galaxies.
Thebestcurrentlyexisting measurementsof faint galaxycountsis from theHST observationsof
theHubbleDeepField North andSouth[2, 3, 4, 5]. Thefaintestgalaxiesyet observedarethose
in the STIS CCD imageof the HDF-S,at AB � 30. In this field, the numberdensityof galaxies
brighter thanAB=30 is 3 � 106 objectsdegree� 2, or 7500objectsin the 3’ � 3’ field of view of
thebaselineISIM spectrographdesign[6]. While thesemeasurementsweremadein visible light,
by fitting modelsto theSTISandNICMOS observationsin theHDF-S[7], galaxycountscanbe
estimatedfor theNIR, reaching3.5� 106 at1 nJy(KAB

� 31� 4).
Thefaintestgalaxiesarebarelyresolvedat theSTISresolution,with amedianhalf-light radius

of 0.1 arcsec(seeFigure1.1). Comparingtheobservedsizesof theSTISandNICMOS images,
andthencorrectingfor theNICMOSresolution,it is estimatedthatthesizesin theNIR would be
slightly smallerthanin thevisible,asthebulgesof thegalaxiesbecomemoreprominentat longer
wavelengths.Galaxiesattheisophotaldetectionlimit of theHDF-SSTISimageoccupy only � 5%
of theimage,well below theconfusionlimit.

1.3.2 Spectrograph Operations

Giventheknown dilute filling factorfor galaxiesbrightenoughfor NGSTspectroscopy, is it nec-
essaryandefficientto obtainspectrafor everypixelof eachfield?Methodswhichdonotrequirean
entranceaperturemaskmustobserve every pixel in their fields. Thesensitivity of FourierTrans-
form Spectrometersfor obtainingthe spectrumof eachobject is limited by the broad-bandsky
backgroundilluminating eachpixel. With a reasonablenumberof detectors,Integral Field Spec-
trographscanbebuilt to fill lessthan0.02- 0.1 of thebaselineNGSTspectrographfield, andso
would need10 - 50 observationsto cover this area.A Multi-Object Spectrograph(MOS) canbe
built with optimalsensitivity for eachobject,andcovermorethantheNGSTbaselinefield.

Targetsfor a MOS will needto beselectedfrom amongthoseobservedwith animager, since
for long exposuretimes,( � 105 sec,)therearemoreobjectsin thefield thanMOS aperturesthat
canbeopenedwithoutspectraloverlap.

Thenumberof objectssimultaneouslyobservablewith a MOS dependson thedetectorspace
requiredfor eachspectrum,the field sizeandthe aperturesizeof eachslit in the MOS. For this
discussionwe assumean individual aperturesizeof 0.100mm, subtending0.093arcsecat the
focal plane. A 2K � 4K arrayof theseapertureswill cover a field of 3.2� 6.3 arcmin,2.2 times
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Figure1.1: Sizesof galaxiesin theHDF-SSTIS50CCDimage,from [6]. Thehalf light radii of the
objectsareplottedasafunctionof AB magnitude.Also shown arethehalf-light radiusof thepoint
spreadfunction,andtheresultsof MonteCarlosimulationsrun to determineselectioneffects.At
AB � 29, the medianhalf-light radiusapproaches0.1 arcsec,andthe distribution is significantly
smallerthanthecompletenesslimits. While selectioneffectsareoperatingon themeasuredsizes
andcompletenessof HDF-S catalogat the faintestlevels, it is clearthat the tendency of fainter
galaxiesto bemorecompactis a realeffect.

the nominalNGSTbaselinespectroscopy field area. (We suggestdemagnifyingthis field ontoa
4K � 4K detector, usinganopticalmagnificationof 0.27.A detectorpixel sizeof 0.027mmwould
projectto 0.093arcseconthesky. Theextra2K pixelsin thedispersiondirectionallowsrecording
of full spectrafor all field pointsat R=1500,while conservingareawithin thefocal plane.)While
theslitsizeandthedetectorpixel sizearethesame,exactalignmentof thetwo would bedifficult.
Thenfor objectscenteredonaslit in thespatialdirection,weallocateoneslit and2 detectorpixel
rows. For objectscenteredbetween2 slits, we allocatetwo slits in the spatialdirection,and3
detectorpixel rows. Sincethe objectswill be randomlydistributedon the sky, eachgalaxywill
occupy 2.5pixel rows,onaverage.
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Figure1.2: A comparisonof theprismmodeto photometricredshiftsfrom multiple filter obser-
vations. Becausethe prism modeobtainsfull wavelengthcoveragefor the entireexposuretime,
it is ableto obtainaccurateredshiftsfor fainterobjectsthanimagingthroughmoderateresolution
filters.

1.3.3 SimultaneousObservations

For R=1500,with a spectrallengthof 2000pixels,onespectrumfrom any field point canbefitted
alongthe dispersiondirection. With 4096pixels in the cross-dispersiondirection,andusing2.5
spatialpixelsperobject,up to 1600objectscanbeselected.

In the prism mode,at R� 40, the spectrallength is � 300 pixels, andup to 6 spectracanbe
fitted alongthedispersiondirection. In thecross-dispersiondirection,up to 1600objectscanbe
selected,providing up to 10,000spectraover the field. Simulationsshow that given randomly
positionedgalaxies,andthesamenumberof slitsasgalaxies,approximately60%of theslitscould
beutilized. This is a minimum;theefficiency goesup whentherearemoregalaxiesthanslits, or
whentherearemoreslits thangalaxies.Whentherearethreetimesasmany galaxiesasslits, the
slit useefficiency is above95%.

The numberof candidateobjectsavailablefor detectionin a given observingtime for spec-
troscopy will dependon the areathe MOS can cover, the spectralresolvingpower used,and
whethercontinuaor emissionlinesareto besought.

For theR� 40 prismmodedescribedbelow, a continuumsourceof 4nJycanbedetectedat 10
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Figure1.3: A comparisonof theprismmodeto photometricredshiftsfrom multiplefilter observa-
tions. For galaxieswith 30� KAB � 32, theprismmodeobtainsaccurateredshifts(∆z � 0 � 03) for
60%of the targettedgalaxies,while gettingthe redshiftsbadly wrongonly a few percentof the
time. An idealprism,with constantresolutionaccrossthewavelengthrange,doesevenbetter. In
comparison,thesameamountof exposuretimespentwith filter imagingdoessubstantiallyworse,
bothin thenumberof redshiftsit determineswith highaccuracy, andin thenumberof catastrophic
failures.

σ perresolutionelementin 105 sec1. This correspondsto magnitudeAB=29.9. Simulationshave
shown that the prism modecould determineredshiftssubstantiallyfainter than this, recovering
� 60%to 80%of thegalaxiesat 30� KAB � 32,asshown in Figures1.2and1.3. Thesimulations
arediscussedin AppendixA. In a 3.2� 6.3arcminutefield of view, thereare24,000galaxieswith
KAB � 32 so with � 6000apertureswe needto down selectby a factor4. Similarly, the MOS
could observe nearlyall the objectsdown to this magnitudewithout further selectionin 4 to 5
exposures.In contrast,an IFS with 30 � 30 arcsecfield of view, would take over 100 exposures
to cover the samefield. The advantageof the MOS over the IFS is that objectscanbe selected
by their photometricproperties,and thus it is not necessaryto take 4 to 5 exposuresper field.

1In our simulationsandcalculationswe assumea total exposuretime of 105 seconds,or 28 hours. The longest
exposuresmakingup an“NGST deepfield” couldbe106 secondsor more.Most of our calculationsscalesimply as

t. Ratherthanconsideringoneor two of thedeepestobservationsthatNGSTwill make,which would probablybe
optimizeddifferentlyfrom thenorm,wehavechosento considertypicaldeepexposures
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Figure1.2 shows that the prism modegives its greatestadvantageover broadbandphotometric
redshiftsin thefaintesttwo magnitudebins.With prior selectionon thebasisof magnitudealone,
theprismmodecouldobserve thespectralenergy distribution of every objectin thefield of view
with 30� 2 � KAB � 32� 0, losingonly the � 40%of theobjectsfor whichthespectrawouldoverlap.
Likewise,if photometricredshiftswereavailablefrombroadbandimaging,theprismcouldobserve
all of the z � 1 � 6 objectswith � 60% selectionefficiency. Faint, high-zgalaxiesare the prime
discoveryspacefor NGST.

For the R=1500mode,a continuumsourceof 300 nJy canbedetectedat 10σ per resolution
elementin 105 sec,correspondingto magnitudeAB=25.2. Thenumberof objectsto selectfrom
in theabove field is � 2100,sowith 1600apertureswe would needto down selectby a factor1.3
whichwouldcomesimplyfrom theneedto avoid overlappingspectra.Again,all theobjectscould
beobservedin 2 exposures,comparedto over100for anIFS.However, theremaybemany objects
of interestwith faintercontinua,for which it wouldbepossibleto detectemissionlines.

A NIR spectrumof the gravitationally lensedz=2.72galaxy MS1512� cB58 was obtained
recentlyusingNIRSPEConKeck[8]. Theobjectis typicalof LymanBreakGalaxiesatz � 2 � 5 [9].
Usingtheequivalentwidthsof this galaxy, givenin Table1.1,we have calculatedthecontinuum
magnitudeof galaxiesfor which we could detectthe lines. We plot thesemagnitudelimits asa
functionof redshiftin Figure1.4. Wewouldbeableto detecttwo or morelinesat the5σ level for
galaxiesfainterthanAB=29.0over nearlythewholeredshiftrange0.5� z � 9.0,anda singleline
([O I I]) out to z=12.5. This galaxydoesnot show Lyα in emission,so it hasnot beenincluded.
However, we alsoplot in this figurewhatwould be the measuredbroad-bandAB magnitude(in
a 25%bandpassfilter) of a pureLyα emissionline sourcewith no continuum,detectedat the5σ
sensitivity of ourR=1500spectrograph.

At KAB � 29, thereare9300galaxiesin the field of view. With 1600slits, we would need
to down-selectby a factorof 6. The selectioncould be doneby oneof several ways. A pure
magnitudeselectionwould allow simultaneousspectraof 60%of theobjectswith 28� KAB � 29.
Alternatively, the prism modecould be usedto determinephotometricredshifts,andall of the
galaxiesat z � 2 couldbetargeted,subjectto the60%filling factorof theslit geometry.

If instrumentpackagingallows, higher resolvingpower spectroscopy could be includedfor
moredetailedspectroscopicstudiesusingboth emissionandabsorptionlines. For R� 5000,ro-
tationsandkinematicsof galaxies,elementalabundances,andgasdyamicsmaybestudied.Full
spectracanbeobtainedfor 40%of thefield area.A continuumsourcewith AB=23.1canbede-
tectedat 10 sigmaperspatialandspectralresolutionelementin 105 sec. If we assumethateach
objectoccupies0.4” in thespatialdirection,this modecouldobserve 950objectssimultaneously,
targettingall of the � 600galaxiesin thefield with KAB � 23� 1.

1.3.4 Serendipity Modes

Themodesdescribedabove requirepre-selectionof objectsfrom prior imaginginformation. An
IFS or FTS, which looks at every pixel within their fields, are able to serendipitouslyidentify
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Figure1.4: Thesensitivity of theR=1500modeto emissionline galaxies.Usingthez=2.72galaxy
MS1512� cB58asa template,we plot thecontinuumAB magnitudeasa functionof redshift,if
it wereplacedat our 5σ line detectionlimit. We would be able to detecta single line from an
AB � 29.0galaxyoverthefull redshiftrangez � 12.5,andtwo or morelinesover theredshiftrange
0.5� z � 9.0. We alsoplot themeasuredbroadbandmagnitudeof a pureLyα emissionline source
at the5σ line detectionlimit.

emissionline galaxiesor AGN whicharetoo faint to appearin deepimages.OurMOSwouldalso
beableto searchfor suchobjectsby openinga wide slit in eachrow on a partof thesky which is
devoid of objects.By openinga 3 arcsecondwide slit, with theR=1500grating,theresolutionin
redshiftof theMOSwouldbedegradedto R=100for asingleline source.In thiscaseit wouldnot
bepossibleto know wherewithin the3 arcsecondslit thegalaxylies,andanadditionalobservation
at a differentroll anglewould berequiredto identify thesource.However, sincethewavelength
zeropoint will be known to an accuracy of ∆λ � λ � 0 � 01, if two or morelines aredetectedand
identified, then the zero-pointpositionandexact redshift canbe deducedfrom the ratio of the
observedwavelengthsof thetwo lines.

The MOS could alsobe operatedin parallelmodewith no imagingpre-selection,while the
imagingcamerais conductingotherobservations.A 3 arcsecond-wideslit with theR=1500grating
could be openedfor the whole (spatial)lengthof the spectrograph.Most of the time would be
spentwith the gratingin place,but a shortimagingexposurewith all of the slits openwould be
takento establishthewavelengthzero-pointfor eachobject.Thesensitivity in this casewould be
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Line λobs zem Wa
0 Fb

[O II ] λ3726� 3728 1.1.3898 2.72897 37� 5 17.48� 0 � 26
Hγ λ4340 1.61828 2.72875 9� 1 1.61� 0 � 17
Hβ λ4861 1.81217 2.72774 26� 4 4.07� 0 � 57
[O II I ] λ4959c 1.84913 2.72890 26� 8 4.01� 1 � 30
[O II I ] λ5007 1.86678 2.72845 97� 5 14.73� 0 � 78
He I λ5876 2.19100 2.72873 3� 1 0.35� 0 � 09
[OI ] λ6300 2.34949 2.72935 25� 4 3.06� 0 � 46
[N II ] λ6548 2.44204 2.72944 7� 2 0.86� 0 � 21
Hα λ6563 2.44750 2.72935 106� 3 12.56� 0 � 37
[N II ] λ6583 2.45566 2.73031 10� 2 1.14� 0 � 26

Table 1.1: Measurementsof emission lines in the gravitationally lensed z=2.72 galaxy
MS1512� cB58 obtainedusingNIRSPECon Keck [8]. We usetheseequivalentwidths to de-
terminethe sensitivity of our R=1500modeto emissionline galaxiesat 0 � z � 12� 5. NOTES:
aRest-frameequivalentwidth in Å. bObservedline flux in unitsof 10� 16ergss� 1 cm2. cTheblue
wing of the4959Å line is in adeepatmosphericabsorptiontrough.

equivalentto an R=100grating,i.e., still detectornoiselimited. In this “pseudo-slitlessmode”,
a 1140 squarearcsecondfield of view would be observed, and a spectrumof resolvingpower
R=1500,(degradedby theobject’s sizefor extendedcontinuumsources,)would beobtained.The
effective beamsizefor confusionin this casewould be2 slits in thespatialdirectionand30 slits
in the spectraldirection,or 0.6 squarearcseconds.At KAB � 25� 2 thereis aboutoneobject in
every 35 squarearcseconds,sostudiesreachingthatdepthwould not suffer from confusion.For
the longest“NGST deepfield” observations,imagingthespectroscopicparallelfields in advance
wouldelimateconfusion,allow selectionof thelikely high-redshifttargets,andmakefor themost
efficient useof theobservatory. However, the“pseudo-slitless”methodwould allow theMOS to
makeuseof theshorterparallelopportunitiesin aself-containedmanner.

The MOS canduplicatethe abilities and field of view of an IFS with the samenumberof
detectorpixels,in almosteveryrespect.Spatiallyresolvedspectroscopy of brightobjectscouldbe
obtainedby steppingaslit acrossabrightobjectateachread-out,while continuingto accumulation
exposuretimeonfaintergalaxies.In the“pseudo-slitless”mode,thesizeof theslit desireddepends
on the tradebetweensky noise,detectornoise,field of view, andspectralresolution. With the
MOS, this tradecould be madeafter the noisecharacteristicshave beenmeasuredon-orbit, and
canbechangedfor differentobservationsto reflecttheir scientificpriorities. For anIFS, thetrade
betweenspectralresolutionandfield of view mustbemadein thedesignphase,well beforelaunch.
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Figure1.5: Photometricredshiftsof galaxieswith 25 � I814 � 28 in theHDF-N, asdeterminedby
[10]. Both thedifferentialhistogramof theredshifts,andtheintegratednumbergreaterthanz are
plotted. This figureshows thatusingphotometricredshiftsto pre-selectobjectswith z � 2 would
reducethenumberof targetsby a factorof four.

1.3.5 TargetSelectionFor Spectroscopy

Objectsmaybeselectedwith avarietyof criteria,dependingon thescientificgoalsof thestudy:
Redshiftdistributionsfor faint galaxiesareavailablefor the HubbleDeepField North, from

photometricredshiftsandfrom Keckspectroscopicconfirmations[11, 12,13]. TheHDF-N results
plottedin Figure1.5[10] show thatfor magnitudesbetween25and28selectinggalaxieswith z � 2
on the basisof photometricredshiftsfrom the imagingwould reducethe numberof targetsby a
factorof 4, which is morethanwerequire.

Similarly, criteria from the imagingphotometrycould be chosento pick out candidateAGN
spectra,supernovae,or emissionline galaxies.Someobjectclassesobjectsmayberarerthanthe
factor4 down-selectionratio from themagnitudelimited samplesabove,but candidatessatisfying
rareobjectcriteriawith emissionline dominationcanbedrawn from thelargersamplesof deeper
imagingsurveysdown to AB=34.

Our spectrometerdesignallows simultaneousobservationsof all high-zcandidatesin a large
field of view. Thisis thebestonecando.
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1.4 MOS Operational Modes

TheMOSoperationalmodesdescribedbelow canbeinterchangedby supportingtheprismassem-
bly, thegratings,andamirror onawheel.

1.4.1 ResolutionsAnd FieldsOf View Of The Imager And Spectrometer

Considerationsof observingstrategy andminimizing developmentcostssuggeststhat the fields
of view and spatialresolutionsof the imagerand spectrographshouldbe consideredtogether.
Spectroscopicobservationsguidedby prior imaging,asneededfor locatingaperturesin a MOS,
or for locatingasmallerIFSaperture,suggestthatthefield of thespectrographshouldbethesame
asor within theimagerfield, sothattheprior observationsfor selectionwouldbeavailable.

The developmentof a detectormosaic,for examplea 4K � 4K array, out of smallerdetector
chips,is very expensive. It is likely to becosteffective for thespectrographto usethesamearray
sizeastheimager, ratherthandevelopadifferentmosaic,evenwhenmadeoutof thesamedetector
chipsize.

The optimal detectorpixel size on the sky may be quite different betweenthe imagerand
thespectrograph.For the imager, obtainingthe full spatialresolutionavailablefrom the8-meter
telescopeis animportantgoalfor measuringthesizesandstructureof galaxiesanddetectingthem
abovethezodiacalbackground,whereasthedetectornoisebackgroundshouldbesmallfor R� � 20.
Thisleadstoapixelsizebetween0.025and0.05arcsec.For thespectrograph,thedetectordarkand
readnoisewill bedominantoverzodiacalbackgroundfor R� � 100,andit is desirableto collectthe
light from ahighredshiftgalaxyinto asfew detectorpixelsaspossiblewhile maintainingadequate
sampling. Given the telescopediffraction limits, and the finite angularsizeof galaxies( � 0.16
arcsecFWHM atAB=30),aspectrographapertureshouldbe0.2- 0.4arcsecacrossto acceptmost
of thelight, Nyquistsampledby thedetectorat0.1- 0.2arcsecpixels.

If only onemagnificationwereavailableon both instruments,andthe imagerpixel sizewere
0.05arcsec,andthespectrographpixel sizewere0.1 arcsec,thenthesetof four 4K � 4K mosaic
detectorsin the imagerwould subtend800arcsec,or 6.6 arcmin,anda single4K � 4K mosaicin
thespectrographwouldsubtendthesamefield. If sucha largefield werenot availablein thefocal
planefor eachof the instruments,a suggestedcompromiseis that the spectrographfield occupy
6.6� 3.2 arcmin. The spectrographdetectorwould use2K � 4K pixels to cover the field for any
onewavelength,andthedispersedspectrawouldspreadoverthewhole4K � 4K detector. Wehave
assumedthisarrangementin ournominaldesign.

1.4.2 Low Resolution–PrismMode

To obtainspectraof thefaintestobjectsobservableby NGST, it is importantto provide a low res-
olution spectrographwith thehighestpossiblesensitivity perobject,coveringthewidestpossible
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wavelengthrange,andfor thelargestnumberof objectspossibleperexposure,in thatorderof pri-
ority. Thelow resolutionmodewill determinecontinuumshapesanddetectstrongemissionlines,
for thedeterminationof redshifts,starformationrates,AGN strengthsetc. A prismdisperserhas
high throughput,andcansimultaneouslycovera verywidewavelengthrange(0.6- 5 µm ).

The resolvingpower is adjustedto be asflat aspossibleover the wavelengthrange0.6 - 5
µm by aselectionof prismmaterials,andis chosenby settingtheprismangles.

Low resolutiondispersionis producedby a threecomponentprismassembly, insertedinto the
parallelbeam. In order to minimize the prism thicknessesandaberrations,all prismswerede-
signedto havesmallprismangles.This requiredselectionof materialswith highdispersion.ZnSe
wasselectedto provide low wavelengthdispersion,sapphirefor high wavelengthdispersionand
a CaF2 final prismto flattenthe resolvingpower in theprimary1-5µm band,producea zerode-
viation conditionand,helpequalizetheopticalpathover thefield. Theprismdiameteris 70mm
andthecentralthicknessesare7mm(ZnSe),7mm(Sapphire),12mm(CaF2) for a reflectiveprism
assembly. Isolationof the bandpassis naturallyprovided by this combination;ZnSetransmis-
sion declinesrapidly below 0.6 µm andsapphireabove 5 µm. The sapphireprism mustbe cut
perpendicularto theC axisto minimizebi-refringence.

Figure1.6 shows theresultingresolvingpower asa functionof wavelength.Thesevaluesare
basedonresolutionequalto atwo-pixel (54µm ) resolutionelement.In theprimary1-5µm range,
themedianresolvingpower is 47, with a low valueof 23 at 2 µm, rising to 135at 5 µm. Below
1 µm, the resolvingpower risesrapidly to 210 at 0.6 µm. The fraction of total energy within a
resolutionelementin thespectraldirectionis very high at shortwavelengths:90%at 0.8µm, for
example.Thedesignbecomesessentiallydiffractionlimited above3 µm (Strehlratio= 0.85),and
theexpansionof theAiry disk with wavelengthreducestheenclosedenergy. However, evenat 5
µm, 65%of the energy is within the two-pixel resolutionelement.Theenergy containedwithin
two pixels in the spatialdirection is comparablyhigh, providing a two-pixel resolutionlimit of
0.13”.

1.4.3 Low ResolutionPrism Assembly

Use of very broad-bandanti-reflectioncoatingswill be importantfor the high index ZnSeand
sapphireprismsin orderto achievehighefficiency andminimizemultiple reflectionimages.Such
hightransmissioncoatingsarecommerciallyavailable.Dataobtainedfrom II-VI Incorporated,for
example,indicatesexisting coatingscanproduce� 3%/surfacereflectionfor ZnSefrom 1-5 µm
rising to about10%at 0.6 µm. Thesecoatingsmustalsobestableat the low NGSToperational
temperatureandmustnotproduceany significantstraininducedwavefronterror.

We emphasizethat this designis subjectto improvementby further study. Testsshouldbe
conductedon suitablyselectedsamplewindows andprismswith appropriatecoatingsto assure
goodperformancein flight. In addition,alternatematerialswith lower refractive indicesmight
furtherincreasethethroughput.
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Figure1.6: Thespectralresolvingpowerof thelow resolutionmodeasa functionof wavelength.
Thevaluesarebasedona two pixel (54µm ) resolutionelement.

1.4.4 Moderate Resolution(s)Mode

For resolvingpowersabove � 100,beyondthatobtainableby a prismof reasonablethickness,we
usegratingsasdispersers.We comparetwo alternateapproachesto cover the0.6 to 5 µm range:
1) threesuccessive first ordergratings,and2) an echelleordersortedwith a Fourier Transform
Spectrometer(FTS).

First Order Gratings Method

For eachspectralresolvingpower required,the 0.6 - 5 µm rangemay be coveredby 3 gratings,
covering 2.5 - 5 µm , 1.25 - 2.5 µm , and0.625- 1.25µm . Gratingspacings,blazeanglesand
spectrallengthsin mm andpixelsrequiredareshown in Table1.2 for a reflective Littrow design
with a 360mm camerafocal length,for resolvingpowersR=1500andR=5000. We seethat for
R=1500,the spectrumcanfit easilyonto the 4K pixel detectorlength,andthe full field canbe
observedwith oneobjectpereffective dispersionrow. For R=5000,thefull spectrumdoesnot fit
ontothedetector, andthe0.6- 5 µm rangemustbedividedinto 12observationsfor thefull field.

Note that for many problems,the full spectralrangemay not be needed,in which casethis
methodis moresensitive thanthatusingtheFTSordersorterbelow. An instrumentlayoutfor this
methodis shown in Figure1.8
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Mode R Spectrumlength Orders Blazeangle Groovespacing
mm pixels degrees lines/mm

Firstorder 1500 54 2000 ... 6.42 59.62
5000 54 � 4 2000� 4 ... 20.56 140.45

Echelle/FTS 1500 54 2000 1-6 6.42 59.62
5000 54 2000 4-30 20.56 39.01

Table1.2: Characteristicsof thegratingsin thefirst orderandechelle/FTSmodes

EchelleWith FTS Order Sorter Method.

In additionto themethodof mediumresolutionspectroscopy usingseveralfirst ordergratings,we
have investigatedcovering the 0.6 - 5 µm wavelengthrangein a singleobservation usinga low
orderechellegrating,which cancover this rangein 6 orders.To enablea largenumberof objects
to beobservedsimultaneously, theordersortershouldbenon-dispersive. We have thuschosenan
IFTS asanordersorter. We usethe minimumpossiblenumberof stepsto avoid additionalread
noisefrom the requiredmultiple measurements.Two detectorsarerequiredto useall the light
andmaintainefficiency. Thisprovidesredundancy andexcellentimmunity from cosmicrays.The
echelle/FTScombinationwouldbeusedin serieswith themicroshutterfield selector, aswouldall
thespectroscopicmodesdescribed.

As discussedbelow, this morecomplex methodis not justified in order to obtain improved
sensitivity for the primary spectroscopicmodesat R� 40 andR� 1500. The advantagesof this
methodarethatit enablesahigherspectralresolution(R� 5000)mode,andafull-field low spectral
resolutionimagingmode. This imagingmodeprovidesa sensitive backupto the NIR imaging
camera,thusgreatlyreducingrisk in theoverallNGSTmission.

Thesensitivity advantageof this methodcomparedto successive observationswith first order
gratingsdependsonthenumber(N) of successiveobservationsneeded.For verylongobservations
wherethesensitivity is not limited by any additionalreadnoisefrom themultiple FTSscanposi-
tions,thesensitivity advantageis F ��� N � 2, for equalthroughput.For R� � 2000,wherethefirst
orderspectracanfit on thedetector, N=3, andF=1.22.Thissmalladvantageof 20%improvement
in sensitivity wouldbelost in theFTSat thebeamsplittersandmirrors. In addition,for shorterto-
tal exposuresthan � 40,000sec,individual readoutsof theFTSstepscanswould have to bemore
frequentthanthatnecessaryfor cosmicray removal. This additionalreadnoisewould dominate
the overall backgroundfor R � 50, so that the sensitivity would be lower thanfor the successive
first ordergratingobservations.

At higher resolutions,for examplefor R=5000,wherethe numberof successive first order
grating exposures(N) for full spectraland field coveragewould be 12, F=2.3, so a factor 2.4
fainterobjector higherS/N couldbereachedin thesametime,or thesameS/N couldbereached
onagivenobjectin afactor6 lessexposuretime,usingtheechelle/FTS.In orderto fit thesehigher
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resolutionspectraon thedetector, orders4 to 30wouldbeused,requiring60 to 90scanstepswith
theFTS.

As a backupimagingmode,a mirror may be moved into the beamin placeof the echelle.
Thenthe FTS canbe usedasa multibandimagerwith all the microshutterpixels open,with a
flexible numberof bandsandwithin bandsamplingcontrolledby the scanrangeandnumberof
scansteps.It would bemoresensitive thansuccessive multi-filter imagingby observingthetotal
wavelengthbandall the time. Sensitivity would not be lost by the additionof readnoisefrom
the scanpositions,sinceat very low spectralresolutionthe backgroundwould be dominatedby
zodiacallight. However, it wouldhaveapixel scaleonthesky afactor2 - 4 coarserthantheprime
imager.

An optical layout including the echelle/FTSis shown in Figure1.9, andits integrationwith
NGSTis shown in Figure1.10. Theechellecharacteristicsandfield coveragefor full spectraare
shown in Table1.2.

1.4.5 Sensitivity EstimatesFor Different Modes.

A crucial advantageof the proposedspectrographdesignis efficiency. In additionto providing
themultiplexing benefitof widesimultaneouswavelengthcoverage,theprism-baseddesignoffers
veryhigh throughput.In thelow resolutionmode,opticallossescomefrom reflectionlossesat the
prismsurfaces(6) andreflectionsat themirrors.Thelow index prismshave � 3% losspersurface
even without anti-reflective (AR) coating,while the high index ZnSeprism can be AR coated
to � 3% losspersurfaceover at leastthe1-5 µm range(measureddatafrom II-VI Corporation).
Mirror reflectivitiesare � 99%in thisband.Hence,thethroughputof theopticalcomponentsin the
low resolutionmodeis thusexpectedto be � 80%. No combinationof gratingplusordersorting
filter canmatchthisperformanceoverevenoneoctaveof wavelengthcoverage.

Themediumresolutionmodesubstitutesonefirst ordergratingfor theprism,with anestimated
peakefficiency of 65%(HyperfineInc., privatecommunication).To cover thefull spectralrange
of 0.6- 5 µm wedividethetotalexposuretimeby 3. (For thealternatecaseof theechellewith FTS
ordersorter, full wavelengthcoverageis achievedwith only theonegrating,but for longexposure
times,thesensitivity is thesameto within � 20%.)

Raytracesindicatethat � 70-80%of theenergy incidentattheentrancemaskplanefrom apoint
sourcecanbecapturedwithin a nominal2 � 2 pixel resolutionelementout to wavelengthsof 2.5-
3.0µm. However, to includemostof theflux from typical faint galaxies,to accountfor centering,
andto reducediffraction lossesat longerwavelengths,we would expect that a typical entrance
aperturemight bechosento be � 2 � 3 pixels. We anticipateend-to-endefficiencies(within 2 � 3
pixels,includingdetectorquantumefficiency) upto 50-55%in thelow resolutionmodenear1 µm
andup to � 40%in themediumresolutionmode.

Basedontheseestimates,wehavecalculatedtheminimumdetectableflux atasignaltonoiseof
10perspectralresolutionelement,assumingtotalexposuretimesof 104 secondsand105 seconds.
Theresultsarecritically dependenton theassumeddetectordarkcurrentandreadoutparameters



MicroshutterDevelopment 17

and(for thelow resmode)zodiacallight intensity, dueto theextremelybackground-limitednature
of thecalculations.Theresulting10 σ sourcedetectionlimits in 105 secondsarein therangeof
4 to 10 nJyand300nJy, respectively, for thetwo modes(assumingdarkcurrentof 0.02e/pix/sec
and4 e rmsreadnoiseperreadout).Theresultsareshown in Figure1.7.

Figure1.7: Minimum detectableflux in thespectrographperspectralresolutionelement,for S/N=
10, for exposuretimesbetween104 and3 � 105 sec.(a) Low resolutionprismmode.(b) Medium
resolutiongratingsor echellemode.

We emphasizethe sensitive dependenceof the resultson detectorassumptions.The critical
point to make is that,whatever detectorperformanceandaperturesizeNGSTachieves,the sen-
sitivity of a high throughputspectrographdesignthatputsthebulk of theenergy into a few pixel
resolutionelementscannotbesurpassed.

1.4.6 Dithering And ReadoutNoise.

Anotherdistinguishingfeaturebetweenthefirst ordergratingsandtheechelle/FTSmethodsis their
ability to utilize ditheringto flat field, (asdescribedin the calibrationsection,)to subsamplethe
spectralandspatialpixellation,andto remove saturatedcosmicrays. For thefirst ordergratings,
individualexposureswith thetotalexposuretimeareessentiallyindependent,andsoditheringcan
beusedbetweenthem.For theechelle/FTS,theentiresetof FTSscanpositionsmustbemadeand
readout beforeany ditheringmotioncanbeallowed.

By multiple non-destructive readoutsduringanexposure,theslopeof thecountsvs time plot
canbemeasuredandtheeffectivereadnoisereducedcomparedto readingoutonly attheendof the
integration[14],[15]. This methodwasusedby NICMOS. Cosmicray eventsduringanexposure
canberemovedby measuringtheslopeon eithersideof thecosmicray jump. This allows very
long exposuresprovided saturationdoesnot occur, which will be easierfor spectroscopy than
imaging.In asingleexposureof 1000sec,10%of thepixelswouldsuffer acosmicrayhit, and1%
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would suffer multiple hits. Thereductionin readnoisefor N non-destructive readscomparedto a
singlereadis � N � 6. Thefactor6 is comprisedof afactor2 dueto differencingthesamples,anda
factor3 dueto samplingall alongthesloperatherthanonly at theends[16]. In the[14] example,
theirassumed15electrons(hereafter:els)rmsreadnoiseperreadis reducedto 6 elsrmsby taking
64samples.Similarly, currentlymeasuredreadnoisevaluesof 4 elsrmsshouldbereducedto 1.6
elsrmsby taking64readsperslope.Also, with thismethodthedatafrom eachsetof readsup the
rampwouldbeprocessedonboard,dramaticallyreducingthetelemetryrequirements.

Comparefor exampleanobservationwith total exposuretime of 10000sectakenby the two
methodsat R=1500. The threefirst order gratingseachget 3300 secto cover the wavelength
range.For 5 ditherpositionseach,theindividualexposuresare660sec.The1.6elsrmseffective
readnoiseis smallcomparedwith the � 660 � 0 � 02 � 3 � 6 elsrmsnoisefrom thedarkcurrent.In
comparison,theechelle/FTSwould get2000secperditherposition. To cleanlysort the6 orders
of theechelle,assumewe need18 FTSsteps,giving 110secperstepandthereforereadout.We
have1.6elsrmseffective readnoiseperscanposition,or 1 � 6 � � 18 � 6 � 8 elseffective readnoise
over thescanrange,comparedto the � 2000 � 0 � 02 � 6 � 3 elsrmsnoisefrom thedarkcurrent,so
that theaddedreadnoisefrom readingout themultiple scanpositionshasreducedthesensitivity
of the echelle/FTSmethodby a factor � 1.4. We notehowever, that at this readoutfrequency,
a significantburdenwould be placedon the telemetry, andthataccomplishingthe multiple non-
destructive readsin 110secmaybedifficult. We seethat for total exposuressignificantlylonger
than10000secwith 5 ditherpositions,theechelle/FTSremainsdarknoiselimited, anddoesnot
suffer from sensitivity reductiondueto multiplescanpositionreadouts.

1.4.7 Optical RequirementsFor A Field Selector

In orderto cover therequiredbroadspectralbandof NGST, we needaninput selectorwhich can
operateover the broadspectralrange,canselectobjectsat randompositionsin the field. In this
section,wedescribetherequirementsfor thefield selectorfor aMOSonNGST.

The selectionof a setof objectsfor spectroscopicobservation requiresa prior imageof the
areaof the sky to be studied. This imagecould eitherbe obtainedwith the NGST camera,or
with thespectrometerin cameramodewith all shuttersopen.In general,theobjectsfor studywill
selectedon thebasisof their colorsin multibandimagingstudies.This approachallows thehigh
redshiftcandidatesto beseparatedfrom thefarmorenumerousforegroundobjects.Therefore,the
microshutterarraymustbeableto selectobjectsbasedonotherNGSTimages,andin somecases,
basedon imageswith otherfacilities.

Thepixelsin themicroshutterarrayarein a regulargrid, andobjectson thesky arerandomly
positionedwith respectto this pattern. If theobjectis centeredin the pixel we will openanodd
numberof pixels, and if the object in on the borderbetweentwo pixels we will openan even
number.
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Figure1.8: Instrumentoptical layout for the first ordergrating/prismmethod,showing half the
2K � 4K field. Thefull field would beprovidedeitherby wideningthefield or by splitting it into
two sections,dependingon subsequentaberrationanalysesandredundency issues.A reflective
prismmodeis incorporatedasapositionona gratingwheel.

Pixel Size

Thedesignof afield selectiondevicefor NGSTis complicatedby thewidewavelengthrangeover
which it mustoperate,0 � 6 to 5 � 0 µm . Over this range,the sizeof a diffraction limited image
changesby a factorof 8. Moreover, thenaturalbackgroundsvary by over anorderof magnitude
over this range,andthe effectsof this backgroundon speedof acquiringa spectrumvarieswith
spectralresolution;atsufficientlyhighresolution,thesystemwill nolongerbebackgroundlimited.
From our discussionsof galaxysizeearlier, with galaxiesat AB=30 having half light diameters
around0.16arcsec,andconsideringthepointsourcediffractionsize,pixelsof 100µm will subtend
0.093arcsec,andsowill providegoodsamplingof theimageswhile coveringa largefield of view.
To cover thelargeNGSTfield of view thatwe have assumedto beavailable,a 2000 � 4000array
of 100µm pixels(matchedto thediffractiondiskat4 µm ) is required,a numberwhich is feasible
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Figure1.9: Instrumentlayoutfor theechelle/FTS/prismmethod,showing half thefield asin 1.8.

to construct.If thepixelsarematchedto the1 µm disk, the required10000 � 20000arrayof 20
µm pixelsis notwithin technicalreachin theNGSTtimescale.Thus,practicalconsiderationsdrive
usto the100µm pixels.

CryogenicOperation

In orderto maintainlow backgroundin thespectrometer, thefield selectormustoperateat suffi-
ciently low temperaturethat its thermalemissionis negligible comparedto sky background.An
operatingtemperatureof 40K will meettheserequirementsfor a longwavelengthcutoff of 5 µm .
However, for simplicity andin caselongerwavelengthoperationis required,we have adopteda
requirementof 30K for microshutteroperation.
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Figure1.10:Opticalray traceof apossibleMOSDesignintegratedwith theNGST.

Fill Factor

Thegoalfor ourmicroshutterarrayis to havethelargestpossiblefilling factor. Giventhenecessity
for structuralsupportfor the individual shuttersandfor electronicsto actuateeachone,we have
adopteda requirementof 80%for filling factor. This is soft requirement;if we canachieve better
filling, wewill striveto achieve it. Also, if thebestfilling factorpossibleis somewhatsmallerthan
80%, the device is still useful. It mayalsobepossibleto increasethe filling factorby useof an
arrayof micro lensesor Winstoncones.

Other Requirements

In additionto the basicoptical requirementscitedabove, therearepracticalrequirementswhich
furtherlimit shutterdesigns.First,themechanismandsuspensionrequiredto definethemotionof
theshutterduringactuationmustbesmall. Second,theactuatoritself mustbecompactandhave
low powerdissipation.
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Fieldof view 3 � 2� � 6 � 3�
Numberof Pixels 2000x 4000
Pixel size 100x 100µm
Addressing Any pixel onany row
Actuationtime lessthan30s (TBD)
Operatingtemperature 30K
OperatingPower lessthan1 mW average(TBD)
Fill Factor morethan80%

Table1.3: A practicalinput selectorfor a MOS for NGSTmustmeeta numberof requirements,
shown in Table1.4.7.



Chapter 2

Engineering: DevelopmentOf
Micr oshutters

2.1 Overview

In this study, we have developeda conceptfor a new optical component,a denselypacked mi-
croshutterarray, to beusedasa programmablefield selectorfor a Multi-Object Spectrometeron
NGST. This transmissive field selectiondevice hasfundamentaladvantagesover reflective ver-
sions. The transmissive versionhasexcellentimmunity to scatteredlight from bright objectsin
the field; only light incidenton the openaperturescanreachthe focal plane. In the caseof a
reflective selector, thediffractedlight from theedgesof illuminatedbut unselectedmirrors in the
field canenterthe instrument.The transmissive selectorhasa greatadvantagein opticaldesign.
For a reflective selectorto work, it mustbeplacedin an imageplane. In orderto have accessto
thereflectedbeam,it mustbetilted with respectto the input axis, requiringa tilted imageplane.
This in turn requiresthatthedetectorimageplanebetilted with respectto theprincipalray of the
system.This complicatesthealreadydifficult problemof designinga largefield spectrometerfor
NGST. Finally, the performanceof a transmissive selectoris insensitive to the figure or surface
finishof theshutters,wherethereflectiveversionrequiresagoodsurfacefigure.

This reportdescribesthefirst designfor aprogrammabletransmissionmaskfor aMOS.In our
study, wehave:

� developedtheconceptfor themicroshutterarray, includingindividualshutteroperationand
theselectionandactuationmechanismfor essentiallyrandomaccessaddressing.

� measuredstrengthandstiffnessof candidatematerialsfor shutters,selectedmaterialsfor
fabrication,andoptimizedtheirmechanicaldesign.

� testedthe mechanicalpropertiesof individual shutters,and built and actuatedsmall mi-
croshutterarrays

23
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� developedplansfor theproductionof larger. arraysto befabricatedwith integratedshutter
selectionelectronicsusingphotolithographicprocesses.

Pursuingthisdevelopmentprogramaggressively, wecandemonstratetechnicalreadinesswith
a full scalemicroshutterarrayby theApr. 2001NGSTinstrumentselection.

2.2 Background

Thedevelopmentof techniquesfor productionof micro electromechanicalsystems(MEMS) has
provideduswith toolsfor theproductionof randomlyaddressablefield selectorsfor multi object
spectrometer(MOS)applications.

Initial instrumentdefinitionwork for Next GenerationSpaceTelescope(NGST)gave a strong
boostto efforts to produceprogrammablefield selectorsfor MOSapplications,specificallyfor the
NGSTnearinfraredspectrometer[17]. Thesenear-infraredfield selectiondevicesmustbecooled
to cryogenictemperaturesto providetherequiredlow background.Inspiredby thedevelopmentof
theDMD (Digital Micromirror Devices)by TexasInstruments,two teamsarecurrentlydeveloping
micromirrorarraysfor theNGST[18, 19]. Thetaskisextremelychallenginganddevicesdeveloped
so far remaincomplex andexpensive to manufacture,andhave the problemsof implementation
describedabove.

An alternative approachto field selectionis theuseof microshutterarrays[20]. Theshutters
shouldoffer significantperformancebenefitsfor applicationsrequiringhigh-contrastimaging,and,
astransmissiondevices,offer importantadvantagesin opticaldesignandlayoutovertheirreflective
counterparts.However, no largearraysof microshuttershave beendeveloped.Arrayshave been
built by CSEMof Neuchatel,Switzerland,but they have low areafilling factorandsmallnumber
of shutters(http://www.csem.ch/microsystems/). Thesedevicesemploy aresonantexcitation
techniqueto opentheshuttersandaredesignedfor operationat roomtemperature.

We have developeda conceptfor a transmissive field selector, andhave fabricatedandtested
demonstrationarrays.This conceptcanbedevelopedinto a large fully addressablemicroshutter
arrayof elementswell-matchedto the NGST point spreadfunction (100µm typical dimension)
with highareafilling factor(80%or betterfor theratioof shutterareato thetotalarea).

This microshutterconceptgrew out of designsfor arraysof thermaldetectorsdevelopedat
GSFC.TheGSFCDetectorSystemBranchhasexperiencemanufacturingpop-upbolometersthat
requireprofiling thin Si waferswith flexuresthatallow bendingof thedevicesoutof plane.These
thin suspensionstructuresareflexible enoughon onehandto bebentat 90

�
angle,on theother

they arestiff enoughto supporta relatively largeareamembrane.Thisgeometrylendsitself to the
productionof microshutterarrays.Our microshuttersareanextensionof this basicconcept,with
significantnew ideaswhichwererequiredfor addressingandactuation.

Theproductionof thesedevicesofferedseveral technicalchallenges.First, our microshutters
requirelargeanglesof rotationof theindividualmicroelements(90

�
) ascomparedto micromirrors

( � 15
�
). Also, in micromirror arrays,the spacebehindthe mirrors is availablefor the actuation
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structuresandaddressingelectronics,wherein microshutterdesign,all thesemustbefabricatedin
thetiny supportstructuresbetweenthebladesand/oron theshutterbladesthemselves.

Our designsuccessfullyaddressesthesechallenges.The shutterscanreliably rotatethrough
therequired90

�
, andour novel selectionandactuationmechanism,thedoubleshutter, providesa

practicalsolutionto randomaccessaddressingof thehigh efficiency shutter.
Althoughthesemicroshuttersarebeingdevelopedascryogenicfield selectorsfor NGST, they

canalsobeusedat opticalwavelengthson theground-basedtelescopesandin otherapplications
wherefield selectiondevices are required,suchas projectiontelevision. Other possibleappli-
cationsare mass–spectroscopy and laserranging. In mass-spectroscopy, microshutterscanbe
efficiently usedfor modulationof the ion sourceandspatialmodulationof thedetector. In laser
rangingapplications,they canprovide fast-changingattenuationof the optical signalthat would
helpto expandthedynamicrangeof operation.

2.3 Micr oshutter Concept

Therequirementsof largedeflectionanglesandhighefficiency closepackingof shuttersaresolved
in auniqueasymmetricsuspensionof themicroshutterblades.Thesolutionfor theactuationmech-
anismto satisfytherequirementsof highdensitypackingandlow powerdissipationis whatwecall
doubleshutterschemewith a DRAM (dynamicrandomaccessmemory)typeaddressingcircuit.
In thethissectionwewill discribedetailsof thesuspensiondesignandactuationmechanism.

2.3.1 Torsion BeamSuspension

Key requirementsof theshutterdesignarethatit accomplishtherequired90
�

rotation,hasa long
operationallife, and a large areafilling factor, consistentwith randomaccessaddressing.The
designmustprovidespacefor theselectionelectronicsandactuationmechanism.

Our shuttersaredesignedwith asymmetricsuspensionon a torsionbarattachedto themiddle
of theedgeof theshutter(Fig. 2.1). Thisdesignallowsusto usetheentirewidth of theshutterfor
thetorsionbar, reducingstressesin thebar. Mechanicalanalysisandtestsprovedthat this design
allows full deflectionof the microbladeout of the light path[21]. Although suchsuspensions
have beenusedin MEMS technologybefore[22, 23, 24], previously developeddevicesdid not
simultaneouslyrequiretight packingandlargedeflectionangles.

An importantadvantageof our designis that it is simpleto manufacture. It doesn’t require
complex multicomponentcells;thewholeshutterarraycanbemanufacturedby photolithography
from onesinglemembrane,andis easilyscalableto largersizes.
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Shutter Blade

Torsion Beam

100 µm

100 µm

Figure2.1: a) Schematicof thebasicshutterdesign.b) Scanningelectronmicrographof a micro-
machinedshutter.

2.3.2 Actuation

Theactuationschemeisa novel aspectof our microshutterdesign.After examiningseveralcandi-
datesolutions,weselectedtheschemewhichwecall the“doubleshutter”.Doubleshutteractuation
allows us to transformthe motionof a largestructure,the membraneitself, into micromotionof
the selectedshutters(Fig. 2.2). To implementthis, two identicalmicroshutterarraysarerotated
180

�
with respectto eachotherandbroughtinto closephysicalcontact.Addressingandselecting

is performedelectronicallyby applyinga voltagebetweena shutterbladeandits counterparton
the actuationmembrane.This force is attractive independentof thepolarity of the appliedfield.
Oncea bladeis selectedandengaged,theentireactuationshutterarrayis movedby theactuators
locatedoutsideof theactive area,openingall engagedshutters.De-selectionwill causeanopen
shutterto elasticallyreturnto its closedposition(Fig. 2.2).

In thisdesign,therequiredmechanicalcomponentsarerelatively simplein designandeasyto
fabricate.Bothshutterarraysaremadefrom athin singlemembranewith embeddedmicrocircuits
for shutterengagementandappropriateopticalcoatingsasrequired.Thelow stressof thetorsion
barsevenatlargedeflectionanglesallowstheuseof relatively low voltagesfor shutterengagement,
at thelevel of � 20 V. We have testedthis actuationschemeon a singleelementshutter(Fig. 2.2)
anda3 x 3 array(Fig.2.3).Thenext stepwill beto designandmanufacturelargersizearraysusing
photolithographicprocesses,initially with 128 � 128elements.

2.3.3 SelectionElectronics

Therearetwo approachesto shutteractuationselection:
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Figure2.2: a) SEM imageof a singleshutterblade,b)Sequenceof themicroshutteropening(side
view). Microshutterbladesarerepresentedby the shadedrectangles.Shadedcirclesaretorsion
bars. Two bladesareengagedto have onepixel open,c) Openingsequenceof thesingleshutter
model.Shuttersfirst arebroughtto closecontact,anda voltageis appliedto engagetheshutters.
Thelower shutteris attachedto thebulk of a membrane,theuppershutteris weldedto a needle-
manipulator. Theuppershutteris movedalongthearcformedby theradius-vectorconnectingtheir
torsionbars. Framethreeshows the shutterbladesat 90

�
to themembrane(full openposition).

After thevoltageis reset,shuttersreturnto initial position(framefour).

� SRAM (Static);A voltageis latchedon eachselectedshutter, usinga flip-flop percell. So
far, we have no viabledesign,becausethe largenumberof transistorsnecessarycannotbe
fitted on frameusing available technology. It would be an electronicallystraightforward
techniquegivenadequatechiparea.

� DRAM (Dynamic);A voltageis appiedto theselectedshutter. Thevoltageis refreshedafter
ashorttime. Thisrequiresshuttersto holdchargefor a timedeterminedby therefreshcycle,
requiringtheir leakageresistanceto be � 109Ω for practicaloperation.

Our preferredsolutionis to usedynamicaddressing,refreshingthe voltageon eachselected
microshuttersequentially. Eachengagedshuttercanbeconsideredasa tiny capacitor. Onceit is
chargedby theaddressingcircuit , thedepositedchargewill attractthebladesto eachother. Weex-
pecttheleakagecurrentsfrom theshuttersto besmall,sothehold timeof theshutterswill belong
enoughto have acceptablylow requiredrefreshrate. This multiplexing anddynamicaddressing
canbeaccomplishedwith a singleFET perunit cell, resultingin simpleon-chipcircuitry which
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canbefit ontheinterstitialstructures.Addressselectorsmustlie ontwo perpendicularsidesof the
array.
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Figure2.3: a) 3D sequenceof thedouble-shutteractuationmechanism,b) SEM imagesof fiveby
fivemicroshutterarray.

2.4 DevelopmentProcessWith Rapid Prototyping

Following the developmentof the shutterconcept,our developmentprogrammoved on to the
productionof a detailedmechanicaldesignof the shutterelement,actuationmechanismdesign,
measurementof themechanicalperformanceof thedevice,anditerationonthedesign.Thisdesign
andoptimizationwas the primary objective of this study. Designsweredevelopedandstudied
usingbothanalyticandfinite elementmodelingtechniques.Our approachto productionandtest,
theuseof theprogrammableFocusedIon Beam(FEI)facility, allowedrapidprototypingandtest.
Below, we describethis process,and the resultsachieved during the study. The final section
describesourplansfor thenext phase,thetransferof thedesignto aphotolithographicprocess.
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2.4.1 Manufacturing And TestFacilities

All microshuttermanufacturingandexperimentswerecarriedout in a FEI 620focusedion beam
milling machineat the Lab for Ion BeamResearchandApplication (LIBRA) of the University
of Maryland. This machinehasproven to be a very useful tool both for device productionand
in situ testingof the manufactureddevices[21]. The FEI 620 is a dual beammachine,with an
ion andelectroncolumn,permitting ion milling and in situ scanningelectronmicroscopy. Ion
milling canbeperformedwith ion beamspotsizesin therangefrom 20nmto 1 µm . Machining
ratesin Silicon from 10� 3µm3s� 1 to 10µm3s� 1. The machineis alsoequippedwith a micro-
manipulatorneedleandhasthe capabilityof depositingPlatinum(Pt)by ion-inducedMOCVD.
This combinationturnedout to bea perfecttool for productionandtestingof the microshutters,
offering thefollowing capabilities:

� Structurescanbemachinedandmeasuredvirtually in realtime.

� Testsinvolving bendingandmoving canbedonein situusingthemanipulatorneedle.

� Theshutterresponsetimeto amechanicalimpulsecanbemeasuredby focusinganelectron
beamontheshutteredgeandobservingsecondaryelectroncurrentasa functionof time.

� Onecanmachineelectrodes,weld themto a needleby depositingPt anduseit to apply
electricalforcesto amachinedmicrostructure.

� OnecanmachineMEMS structures,weld themto theneedle,andusethemfor tests.

An importantissuein thedesignof theshuttersis to understandthemechanicalreliability of
themanufacturedstructuresanddeterminetheir failuremechanisms.We did analyticalandfinite
elementanalysesof thestressdistributionandmaximalstressesin theshuttersto aid in thedesign
of theshutterandselectionof materials(seesection2.4.2),andcarriedout testsof theshuttersto
determinetheir mechanicalcharacteristicsandfailuremodes.This productionandtestcapability
truly enabledthe rapid developmentwe have madein the developmentof thesedevices. It will
remainan importanttool for mechanicalcharacterizationof the photolithographicallyproduced
devicesin ournext phaseof development.

2.4.2 MechanicalAnalysisAnd Material Properties

Accuratemechanicalanalysisof a componentrelieson accuratedescriptionsof its materialprop-
erties,geometry, andboundaryconditions.Thekey materialpropertiesfor suchanalysesarethe
stiffnessof the material,which relatesthe stressin the material to any appliedstrain, and the
strengthof thematerial,which establishesthestresslevel at which failurebecomesprobable.Re-
searchhasshown thattheelasticpropertiesof materialsusedin micromechanicalcomponentsare
usuallywell describedby their bulk properties,but estimatesof strengthrequiretestof a large
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numberof samplesof similargeometryto theobjectof interest[25] [26]. Thestrengthof thesmall
samplesare typically muchhigher than in macroscopicsamplesandshow a muchlarger range
of failure stresses,setby the presenceor absenceof defectsin a sample,consistentwith brittle
fracturetheory. Any successfuldesignmustallow for thefull distrbutionof failurestresses.

In thefollowingsubsection,wedescribesimplifiedmodelsandtestsof acantileverbeamwhich
weusedto determinetheYoung’sModulusfor oursamples.Thisstepwasusefulfor validatingour
experimentaltechniques,andfindingdiscrepanciesbetweenthepropertiesof bulk andmicroscopic
samples.Next we presenta techniqueto determinethe fracturestrengthof both singlecrystal
silicon and silicon nitride. The resultsfrom thesetwo subsectionswere usedas inputs to our
microshutterdesignefforts.

Material Stiffness Someresearchers[27, 28,29] haveusedbendingteststo determinethestiff-
nessandfracturestrengthof silicon membranes.In thesetestss,themembranesweremorethan
10 µmthick. Forcesgreaterthan.01Newtonsinducedreasonablebendingandfailure. Themem-
branesusedin this study are .5µm and 2 µm thick. The correspondingforcesaresignificantly
smallerthan0.01Newtons. Commerciallyavailableforce transducerscannot resolve forcesat
sucha low magnitude.Thuswe have chosena vibration testmethodto determinethe Young’s
modulus.

In thevibrationtest,the ion beamis usedto fabricatelong cantilever beamsof total lengthLt

in a “T” shapeasshown in Fig. 2.4. At the fixed end,the beamhasa narrow width wa, which
extendsto a lengthLa. The remainingportionof the beamof lengthLb is wider with width wb.
Thetotal lengthis denotedasLt

� La � Lb, andis aligned,in thecaseof theSi, with the � 110�
crystallinedirection.Thepurposeof thisconfigurationis to yield acantilevermass/springsystem,
whosefirst naturalfrequency canbemeasuredandcomputedanalytically. Themassat theendcan
beincreasedto reducethefrequency to a rangethatcanbeeasilymeasured.

a)

La

Lb

Lt 
wa

wb

Lf 

Region A
�
Region B


b)

Figure2.4: a) Schematicdrawing of the cantilever beamvibration testspecimen.b) Scanning
electronmicro-graphof machinedcantileverbeam.

In theexperimentalsetup,thebeamis pushedvertically with a needleandreleased.Theap-
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proximatenaturalfrequency is measuredasdescribedabove. Subsequently, anelectrodeis placed
in closeproximity to theendof thebeamanda periodicvoltageis applied.Thefrequency of the
voltageis variedover a small rangearoundthe approximatevaluepreviously determined.The
responseis monitored,andthefrequency of peakdisplacementis recorded.

Thenaturalfrequency of acantileverspringmasssystemcanbeexpressedas[30, 31]

f � 1
2π

3EI
L3 � mb � C1ma � (2.1)

wherethe constantC1 equals0 � 2357, f is the cyclic naturalfrequency in Hz, L � La � Lb � 2 is
thecantilever lengthto thecenterof theendmass,E is theYoung’s modulus,ma

� ρwatLa is the
massof region A, andmb

� ρwbtLb is the massof region B, whereρ is the massdensity. The
areamomentof inertiaI equals� wat3 � � 12,wherewa is theregionA width, andt is themembrane
thickness.

Hence,theYoung’smoduluscanbesolvedfor

E � 4π2 f 2L3 � mb � C1ma �
3I

� (2.2)

A silicon cantilever beamwith dimensionsof La
� 250 µm, wa

� 20 µm, Lb
� 80 µm, wb

�
70 µm, and thicknesst � 1 � 9 µm alignedwith the � 110� crystallinedirection was fabricated
andtested. The naturalfrequency wasmeasuredasdescribedabove anddeterminedto be f �
12600Hz. Computedeffective Young’s modulusE � 155 GPa. This valueis about12% lower
thanthevalueof E � 176GPareportedin [32].

Herewe notethattheYoung’s modulusis highly sensitive to thethicknessandcrosssectional
shapeusedin thecalculation.Thethicknessof t � 1 � 9 µmwasmeasuredfrom scanningelectron
microscopeimages.BecauseE � t2 any errorin t is magnifiedin E. Wealsoassumedarectangular
crosssectionalshapein thesecalculations,andin fact theshapeis roundedat thecorners,which
will compoundtheerror. While thechromiumcoatingonly occupiesabout1%of thetotalvolume,
themodulusis significantlylowerthanthatof silicon,andwill resultin a lowereffectivemodulus.
Theabovetwosourcesof errorcombinedwith thepotentialfor errorintroducedby usingsimplified
equationsarelikely to accountfor theobserveddiscrepancy with bulk propertiesfor Si.

In a secondexperiment,a silicon nitride simplecantilever beamconsistingof a singlewidth
wa wasfabricatedandtested.The dimensionsof the beamwereLa

� 205 µm, wa
� 9 µm, and

thicknesst � 0 � 55µm. Thenaturalfrequency wasobservedto be f � 17800Hz, andtheYoung’s
moduluswascalculatedasE � 220 GPa. This valueis about43% lower thanthe valueof E �
385GPareportedin [33].

Thedifferencein this caseis muchmoresignificantthanfor silicon. Again thelargestsource
of error is likely dueto the thicknessandcrosssectionalshape.The silicon nitride thicknessof
0.55 µm is almost3.5 timeslessthanthat of the silicon, but the resolutionof the measurement
techniqueis the same.Hence,the relative error introducedby the resolutionlimit is greaterfor
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the thinnermembrane.Givenall thegeometricuncertainties,themeasuremodulusof thesilicon
nitridefilm waslower thanbulk values.Thissiliconnitridewasfabricatedusingachemicalvapor
depositionprocesswhich is known to resultin lowerdensityandstiffnessthanthebulk properties.
As a resultthebulk valueof E � 385GPa is likely to betoo high in this case,sowe adoptedour
experimentallydeterminedvalueof modulusfor thenitridefilms.

Material Strength Both silicon andsilicon nitride consideredfor theshutterdesignarebrittle.
That is, the materialstrengthsstrongly dependon defectdistribution. The numberof defects
decreaseswith the materialvolume. Theaveragestrengthof a sampleandits varianceincreases
with decreasingsamplesize;thestrengthwill varyfrom sampleto sample,dependingonthedefect
distribution. Consequently, thematerialstrengthis a functionof bothdesignandprocessing.

Wilson et. al. [28] presentedstrengthsin the rangeof 1 � 2 GPa for micro-cantilever silicon
beamswith thicknessof 30 µm. In our work, the membranethicknessesare2.0µm and0.5 µm,
andthemembranesarecoatedwith metallicsubstances.This will leadto strengthsfor theshutter
designthat aredifferent thanvaluespresentedelsewhere. The membranesarealsoso thin that
simplecantileverbeamteststendto bendbeyond90

�
beforefailure,makingit difficult to ascertain

strength.
In order to determinethe materialstrength,we againuse the “T” shapedbeamshown in

Fig. 2.4. Only in this casewe selectwb ��� wa suchthat region B is rigid relative to region
A.

In theexperiment,we pushthelargebladethrougha rotationθ. Thepeakstressoccursat the
fixedendandis σ � Mc� I , wherec is thehalf thicknessof themembrane.Wefind

σ � θEc

La  1 � 1
2n ! � (2.3)

The above equationsbecomelesssensitive to the force position for large n. Even for smaller
n � 2, asmallchangein n haslittle effectontheresults.Consequently, wedonotneedtheprecise
locationof theforceL f to getreasonablyaccuratemeasuresof stress.

Basedon theaboveestimates,silicon cantilever “T” beamswith dimensionsof La
� 6 � 55µm,

wa
� 6 � 25 µm, Lb

� 60 µm, wb
� 30 µm, and thicknesst � 1 � 9 µm were fabricatedand tested

accordingto the above procedure.A deformedcantilever specimenis shown in Fig. 2.5a. The
maximumrotationθ of region B wasmeasuredjust prior to failure. Preliminaryresultsindicate
that the angleof rotationat failure is slightly greaterthan20

�
. A fracturesurfaceis shown in

Fig. 2.5b. Thecorrespondingfailurestresscomputedusingequation(2.3) is σ f
� 9 � 4 GPa.

Thesameexperimentwascompletedfor silicon nitride with La
� 2 � 3 µm, wa

� 2 � 1 µm, Lb
�

20 µm, wb
� 10 µm, and thicknesst � 0 � 55 µm. All of the testsfailed at anglesmuchgreater

than20
�
. Consequently, for thecurrentsetof results,theanglemaybetoo largefor theequations

presentedabove. However, we know that the specimensfail at anglesgreaterthan 20
�
. As a

resultwe may choose20
�
asa lower limit to yield a conservative estimateof the strength. The

correspondingfailurestressfor siliconnitridecomputedusingequation(2.3) is σ f
� 16� 9 GPa.



MicroshutterDevelopment 33

a) b)

Figure 2.5: ScanningElectron Migrographsof a silicon “T” beamwith dimensionsof La
�

6 � 55 µm, wa
� 6 � 25 µm, Lb

� 60 µm, wb
� 30 µm, and thicknesst � 1 � 9 µm. a) SEM of “T”

beambendingprior to failure.b) Fracturesurfaceafterfailure.

The larger thanexpectedanglesof rotationmay be dueto the shapeof the membraneat the
fixedendof region A. As shown in Fig. 2.5a,thebaseof region A is attachedto thesurrounding
membrane,whichwascut to thesamewidth asregionB. If thebasemembranewasleft uncut,the
stiffnesswould increase,andthespecimenwould fail at lowerangles.In eithercasetheimportant
valueof rotationis therelativedifferencebetweenthebaseandendrotationsof regionA.

Theabovefailurestressvaluesareonthesameorderasthosereportedby Johanssonet. al.[34],
but muchgreaterthanthevaluespresentedby Wilson et. al.[28]. Consistentwith fracturetheory,
smallervolumeresultsin fewer defectsandhigherstrengths.Herewe have thicknesseslessthan
onetenthof the thicknessesusedby Wilson et. al.[28]. Thecoatingmaterialmayalsoprovide a
smallincreaseof thestrength[34].

For our study, we took the minimum observed failure stressas the input to our design. As
we move to thelargerscalearrays,we mustmeasurethefull failuredistribution to allow accurate
estimatesof failureprobability.

SingleShutter Tests TheFEI 620machinesetupallowedveryquick turnaroundin testswhich,
in turn, resultedin a fastdevelopmentfrom the idea inceptionto the implementation,test,and
refinementof the design.Within a few monthswe wereableto progressfrom scratchto a fully
operationalsingleelementmicroshutter.

In our initial tests,microshutterswith avarietyof torsionbeamgeometriesandmountingcon-
figurationswereevaluated.Thesetestsshowed that carefulmechanicaldesignwasnecessaryto
avoid stressconcentrations,especiallyin theareaswherethetorsionbeamis attachedto thesup-
port structure.Having selecteda low stressgeometry, thesingleshutterssurvivedthemaximum
possiblerotationof 180

�
without mechanicalfailure,consistentwith predictionsof finite element

analysisbasedonmeasuredmaterialproperties[21].
An importantaspectof thetestswasto studydifferentmaterials.In initial tests,shutterswere
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Figure2.6: 180
�
rotationof theshutterblade.

madefrom a2µm thick singlecrystalSiliconmembrane.WelateracquiredthinnerSiN membrane
(about0.5 µm thickness)and manufacturedand testedshuttersmodefrom this material. Both
materialsdemonstaratedadequatestrengthto withstandstresseswhile rotatingthe microshutter
out of the plane(Fig. 2.6). The selectionof the materialfor shuttersfor the NGST applications
will bemadebasisof easeof fabrication,performanceandreliability. This final selectionwill be
madein thenext phaseof thedevelopmentprogram.

Microshutterswith torsionbeamsof differentwidths werestudiedto determinethe ultimate
mechanicalstresslimits. Thesetestsshowedthatthereis significantstrengthmargin in ourchosen
mechanicaldesign,consistentwith theresultsof ouranalyticalstudiesandFEA modeling.

Resonantoscillationtestsonasmallsampleof devicesalsodemonstratedthatthemicroshutters
arerobustandcanwithstandupto 106 largeamplitudedeflectionswithout failure.Moreextensive
testsof themechanicalreliability will becarriedouton thearrays.

Mechanical Summary We have measuredthe mechanicalpropertiesof the Si andsilicon ni-
tride films usedto produceshuttersandshutterarrays.Using theseproperties,we have modeled
theperformanceof actualmicroshutters,andhave foundexcellentagreementbetweenmodeland
experiment.Thusthemodelingcanbeanimportantdesigntool in theproductionof largearrays,
andwill becritical in estimatingtheoverall relability of arraysgiventhestatisticsof defectsin the
materials.

Theoperatingtemperatureof themicro-shutterarraywill be30K. Thethermallyinducedmis-
matchstressesbetweenthemembraneandcoatingis not expectedto resultin failurebecausethe
coatingsarethin. Particularcaremustbe taken to avoid thermalmismatchesbetweenthe arrays
andthe packaging.For final validaton,strengthandstiffnessof representative samplesmustbe
measuredat30K to providedefinitiveestimatesof mechanicalperformance.
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2.4.3 SingleShutter Actuation

Having developeda reliableshutter, we fabricatedandtestedour actuationmechanism,thedou-
bleshutter. First testswerecarriedoutwith singleshutterpairto demonstratetheselectionconcept.

Theshutterswerebroughtin closecontact,engagedby applyingDC voltage,thenmovedto
“open” position,whentheshutterwasperpendicularto themembraneplane,andthendisengaged.
Although all testshave beencarriedout at room temperature,thereare no factorsthat would
prevent theseshuttersfrom operatingat cryogenictemperatures.Currentlywe arein theprocess
of fabricatingandtestingsmall2D-arraysof shutters(typical size5 by 5 elements).

Thesetestsalsodemonstratedthatmechanicaldesigntoleratessignificantlateralmotionsdur-
ing actuation.Therequiredtoleranceson theactuatorare2-3µm .

2.4.4 Actuation SchemesAnd Shutter Arrays

Weconsidertwo differentactuatordesignsfor thedoubleshutter2.2.

� The actuatorarray is mountedon a 2 - d stagewith piezoelectricactuators.A computer
controllerprovidesmotion relative to the second(fixed) array along the requiredquarter
circle (quadrant)to opentheshutters.

� Theactuatorarrayis mountedto thefixedarrayon a four bar linkagewhich constrainsthe
motionalongtherequiredquadrant.Themotionalongthecircleis generatedby a1 - d stage.

At this time we considerthe doubleshutteractuationmechanismas the preferredsolution.
Thereareotherpossibledesignsthatdeserveconsiderationfor furtheralternativedevelopments.

� Singleshutterscouldbeselectedusingresonantexcitationwith anarrayof additionalelec-
trodesfor electostaticlockingmountedperpendicularto thearrayplane[23].

� shuttersin a singlearray(asopposedto the doubleshutterarray)canbe selectedusingan
e-beamexcitation.Thee-beamsteeringequipmentof aTV tubecouldbeusedto addressan
array. This conceptappearedwhena highly resistive silicon nitride shutterflippedover by
180

�
whenilluminatedwith theelectronbeamin anelectronmicroscope.It hastheadvantage

of simplicity comparedto thedoubleshutter.

2.5 Transition To Production Technology

Having demonstratedthemicroshutterconcepton a smallscale,thenext stepin thedevelopment
is the productionof larger arrays.Focusedion beammilling is not a usefultool for sucharrays
becauseit takestoo long to machinethem. However, the arrayscanbe machinedrapidly using
photolithographicprocessing.Thisprocessconsistsof two independent,but compatibleelements:
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Frame 2 mm wide

20 of 512 shutters

mosaic of 16 microshutter arrays, 512x512

2 mm frame



51 mm shutters

Si membrane

t
"
orsion bar

microblade

Figure2.7: Layoutof the2048by 2048microshutterarray. 512by 512shutterarraysarearranged
in mosaicon a framewith 2 mm thick ribs. Expandedviews shows thecornerof themosaicand
singlemicroshutter.

A CMOSprocessto createtheaddressingcircuitry ontheactuatorarrayandaprocessto createthe
mechanicalstructuresonboththeshutterandactuatorarray. Bothof theseprocessarecurrentlyin
usein theGSFCDetectorDevelopmentLab(DDL). TheCMOSprocessis astandardfor transistor
fabrication. The micromechanicalstructurescanbe fabricatedusing the processdevelopedfor
pop-updetectors.

Thedeviceswill be fabricatedusinga startingsubstrate100micrometerthick, 4 inch silicon
basewafer. Therearetwo layerson thesubstrate,anetchstopdirectlyon thewaferandtheactive
shutterlayer on that. The requiredaddresscircuitry will be processedfirst using the standard
CMOS process.The major challengefor our applicationlies primarily in the definition of the
device geometry. The selectiontransistorsmustbe small enoughto fit on the 10µm wide frame
whichsupportsthemicroshutters.Therow andcolumnselectelectronicsmustbemountedon two
perpendicularsidesof thearray.

ThePop-upbolometerprocessdevelopedin theDDL includesall necessarystepsfor thepro-
ductionof themechanicalstructures.At thistimeweanticipateatwostepprocess:aDeepReactive
Ion Etching(DeepRIE) stepwhichanistropicallystructuresthebasewaferandformsthesupport
structure(10micronwide,100microntall) to carryboththeshuttersandtheaddresscircuitry and
asingleRIE processwhichpatternstheremainingmembraneinto shutters.
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Layoutsandprocessrecipeswill betestedfirst onsmallarrays(32x32).After sucharrayshave
worked successfully, the processeswill scaledup to a final sizeof 512x512. To produceeven
largerarrays,amosaicingprocesswill bedeveloped,wherearraysof 512x512shuttersareput to-
getherto form largerunits2.7.Themosaicinghasthedisadvantageof requiringadditionalsupport
structures.Theimportantadvantagesthemosaicingarethefactsthatthethemosaicstructurecan
be developedin parallelwith the arraysandthat the 512x512mosaicmodulescanbe produced
andanalyzedwith testedequipmentoncetheprocessis established,independentof thesizeof the
mosaic.

2.6 TechnologyReadiness

WeassessedtheTechnologyReadinessLevel(TRL) of a MOSinstrumentbasedona transmissive
microshutterasof today(table2.6.1)andasit shouldbeby instrumentselectionin April 2001(ta-
ble2.6.3).Weassumedthatdevelopmentproceedsasplannedin section2.6.2.This assessmentis
basedupontheninechart“TRL Determination”taxonomyin currentuseatNASA. Thetaxonomy
itself is theproductof systemsresearchbaseduponthehistoryof advancedinstrumentdevelop-
ment.In this taxonomy, aTRL of 1 indicatesa low readinesslevel andaTRL of 9 indicatesavery
highdegreeof readiness.

The transmissive microshutterdevelopmenteffort has received or will receive funds from
NGST TechnologyDevelopment,NASA HeadquartersCross–cuttingTechnologyDevelopment
andtheExplorerProgramTechnologydevelopment,asshown in table2.6.

Source Amount(k$) When Available
NGSTTechnology 75 June1998
HQRSCross–cutting 267 September1999
ExplorerTechnology 235 September1999

Table2.1: Fundsavailablefor transmissivemicroshutterdevelopmentasof September1999.

Wewill submitaproposalto continuedevelopmentof thetransmissivemicroshutterin responseto
theupcomingNGSTTechnologyDevelopmentAO.

2.6.1 Curr ent Status

Thecurrentstatusof transmissivemicroshutterdevelopment,discussedextensively in section2.3,
is briefly summarizedbelow;

� Identifiedtheopticalrequirements.

� Developeda singleshutterconceptdesign,selectedmaterials.
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� Developedan FEM modelof the conceptdesign,analyzedthe conceptdesignandbased
upontheresults,optimizedthedesign.

� Identifieda fabricationmethodsuitablefor prototypeshutterarrays:an FEI 620 focussed
ion beammilling machine.

� Fabricateda single shutterprototypeand by testingdeterminedfundamentalmechanical
propertiesandstressfailuremodes.

� Identifiedphoto-lithographyastheappropriatefabricationmethodfor largearrays.

� Developeda doubleshutteractuationschemefor a2D shutterarray.

� Fabricateda 5 � 5 microshutterhaving a 3 � 3 portion configuredasa doubleshutter, ad-
dressableandactuatable;testedactuationapproachandfundamentalmechanicalproperties.

� Identifiedseveralwaysto electronicallystimulateshutteractuation.

Our ratherconservative assessmentof the TRL level of a MOS instrumentusinga transmissive
microshutterarrayis shown in table2.6.1.It is not clearwhatform theMOS instrumentwill take
at this time. However, ourteamhasawealthof experience,in thelabandin orbit,with thecompo-
nentsandsub-systemsthatwill makeup theMOSspectrograph.We areexperiencedatcryogenic
instrumenttechniques(e.g.DIRBE on COBE,SIRTF on IRAC). Successfuldevelopmentandde-
ploymentof aMOSinstrumentonNGSTappearsvery feasible.

2.6.2 DevelopmentPlan

To developthetransmissivemicroshutter, thefollowing additionaltasksmustbeperformed:

1. Designandfabricatea128 � 128arraywith agroundplanesimulatingadoubleshutterusing
photolithographicprocess;performmechanicalcharacterizationandlife testing.

� Designandfabricatea second128 � 128 arraywith a 32 � 32 doubleshutterportion
thatis addressable.

2. Designand fabricatea 512 � 512 array with a groundplanesimulatinga doubleshutter;
performmechanicalcharacterizationandlife testing.

3. Designandfabricate512 � 512 doubleshutterarray, fully addressableandactuatablewith
on-arrayelectronics.

4. Opticalperformanceandcharacterizationof 512 � 512doubleshutterarray.

5. Qualificationtestingof 512 � 512doubleshutterarray.
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� Thermal(properties,differentialinducedstress)� Vibration(Random,Sine,Shock,Acoustic)� Radiation

– SEU

– Totaldose� Contaminationeffects(invacuum,while operating)

– Sticktion

6. Post-environmentalopticalperformanceandcharacterizationtestingof 512 � 512doubleshut-
terarray.

7. Designmicro-machinedkinematicmountsandmosaicframefor 4 � 4 mosaicof 512 � 512
microshutterarrays.

8. Designandfabricateprototype1024 � 1024doubleshuttermicroshutterarray(mosaicof 4
512 � 512doubleshutterarrays)andactuationelectronicstestbed.

9. Opticalperformanceandcharacterizationof 1024 � 1024doubleshutterarray.

10. Qualificationtestingof 1024 � 1024doubleshutterarraymosaic(seeabove for details).

11. Post-environmentaloptical performanceandcharacterizationtestingof 1024 � 1024dou-
bleshutterarray.

12. Modify designandre-testasrequired.

13. DesignandfabricateMOSengineeringmodelmicroshutterarray(2048� 4096)andEM ac-
tuationelectronics.

14. Performenvironmentalqualificationtestingasrequired.

Ourplanis to fundtwo developmentteams.Oneteamwill concentrateonthemechanicsof the
photolithographicprocessto form microshutters.The otherteamwill concentrateon the design
andlay–down of microelectronicson themicroshutterto controlandactuate.Both teamswill first
concentrateontheprocessdesign,andthen,andscalingupto full size512 � 512arrays.Specialists
in partsquality assurancearealreadyinvolvedto ensurethatour designleads,in anevolutionary
way, to a flight qualifiablecomponent.Specialistsin optical metrologywill be involved to pro-
vide an independentassessmentof the optical characteristicsandperformanceof the flight–like
microshutterprototypes.The entiredevelopmentplan is designedto supporta MOS instrument
developmentfor NGSTat thelowestpossiblerisk.



MicroshutterDevelopment 40

2.6.3 ReadinessBy Instrument Selection

By instrumentselection(April2001),wewill havecompletedthefollowing:

� A workingprototype128 � 128arrayfor mechanicalandlife test.

� A prototype512 � 512microshutterarrayfor mechanicaltest.

� Testresultscharacterizingtheperformance,mechanicalproperties,andability to withstand
launchloads.

� A processfor developinglargescale(512� 512)microshutterarrays.

� A 512 � 512doubleshutterarraywith labelectronicsto supporttesting.

� Opticalperformanceandcharacterizationtestresultsfor the512 � 512doubleshutterarray.

We believe the technologyreadinessconcernwith the microshutterarray will be substantially
abatedby thetimeinstrumentsareselected.Ourassessmentof theTRL level of a transmissivemi-
croshutterbasedMOS is shown in table2.6.3.We will havea workingflight–likeprototypearray
undertestanda MOS instrumentdesignproceedinginto phaseA/B. To completedevelopment,
tasks5 thru14,post-selectionfundingwill berequiredwith developmentcompletedby CDR.

After completionof the transmissive microshutterdevelopmentplan,MOS instrumentdevel-
opmentshouldproceednormally.

2.7 DevelopmentScheduleand I & T

2.7.1 Micr oshutter DevelopmentSchedule

Thetransmissivemicroshutterdevelopmentscheduleis shown in figure2.8.Only thedevelopment
of thetransmissivemicroshuttercomponentis depicted.

Micr oshutter SpecificI & T Issues

The following issuesmust be addressedduring assembly, integrationand test verification of a
transmissivemicroshutterbasedMOSinstrument:

1. Cryogenicoperationonly, closeto thermalequilibrium.

2. Contaminationsusceptibility;controlprocedures.

3. Opticalperformancecharacterization.

4. Lifetime; shuttercycles.
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Funds available Funds needed

1

FY 2000 FY 2001 FY 2002 FY 2003
2 3 4 1 2 3 4 1 2 3 4 1 2 3 44

Instrument

Microshutter Development

Major Milestones

CDRStudy Report
Concept Instrument

Selection

3. Design and fabricate a 512x512
doubleshutter, fully addressable ...

2. Design and fabricate a 512x512 
array with a ground plane ...

1. Design and fabricate a 128x128
array with a ground plane ...

4. Optical performance and
characterization of 512x512
doublehutter array

5. Qualification testing of a 512x512
doubleshutter array

6. Post environmental optical
performance and characterization of
a 512x512 doubleshutter array

7. Design micro-machined kinematic
mounts and mosaic frame ...

8. Design and fabricate 1024x1024
doubleshutter array ....

9. Optical performance and
characterization of 1024x1024
array

doubleshutter array mosaic ....
10. Qualification testing of 1024x1024

qualification testing as required
14. Perform environmental

EM model microshutter array ...
13. Design and fabricate MOS

required
12. Modify design and re-test as

11. Post-environmental optical
performance and characterization
of 1024x1024 doubleshutter mosic...

# # # # ## # # # #$ $ $ $ $$ $ $ $ $

% % %% % %& & && & &

6/2000

12/2000

4/2001

Figure2.8: Developmentschedulefor the transmissive microshutterarraycomponent.Tasksare
identifiedin section2.6.2.
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5. Alignment

� Betweenlayersof thedoubleshutter� To frameof mosaic� Thermalstability-hysteresis

TheAssembly, IntegrationandTestverificationflow the transmissive microshuttercomponentis
shown in figure2.9.

Electrical
Characterization

Test & 
Functional

(Qual. Levels)

Thermal Vacuum

Cycling

Electrical
Characterization

Test & 
Functional

Optical
Performance

&
Characterization

Testing

Optical
Performance

&
Characterization

Testing

EM Model

Microshutter Array

Delivered

Electronics

Microshutter

Laboratory

GSE

Cryogenic Test

(Qual. Levels)
Testing
Acoustic

Vibration &

Figure2.9: Flight qualificationof a transmissive microshutterarrayfor anMOS instrument.All
testingwill beperformedatcryogenictemperatures.
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Chart 2: ProposedInstrumentBasedon Research
Studies–NoPreviousFlight Experiencefor Proposed
Instrument� Have analytical& experimentalstudiesbeencon-
cludedthatdemonstrateviability of critical functions
andprovideproofof concept?

Yes

� HaveanintegratedPhaseA studybeencompleted? No TRL=2.5
Chart 7: TRL Adjustmentsfor PI Experienceand
TechnicalComplexity� Is this at leastthe2ndinstrumentdevelopmentfor
thePI?

Yes

� Is proposedinst. sameinst. family asPI’s previous
instrument?

Yes TRL +.5

� Whatis thelevel of detectorcoolingrequired? 2-90deg K TRL - .25
Chart 8: TRL Adjustmentsfor Mission Criticality
andEaseof Fall-BackPosition� Will the proposedinstrumentaccountfor 50% or
moreof the missionscienceor 35% or moreof the
totalpayloadcast?

No No TRL Change

� Cantheproposedinstrumentbedescopedby 20%
or moreif neededwithout impactingLevel 1 Science
Requirements?

Yes,reducedperf. No TRL Change

Chart 9: TRL Adjustmentsfor InstrumentFamily
Maturation� If theproposedinstrumentis categorizedas: Spectrometer TRL + .5

Table2.2: As of September1, 1999,a MOS basedon transmissivemicroshuttertechnologyhasa
TRL of 3.25.



MicroshutterDevelopment 44

Chart 1: Guideto Initial TRL Determination(Before
Adjustments)for ProposedInstrument� ProposedInstrument is Based on Prior Hard-
ware/Software Developmentsand/or Flight experi-
ence� There are validated componentsand/or bread-
boardseitherin labor someflights

Yes Chart3

Chart 3: ProposedInstrumentHasValidatedCom-
ponentsand/orBreadboards� Have components/breadboardsbeenvalidatedby
orbital flight?

Yes

� 50% of key components/breadboardsvalidatedin
orbital flight?

Yes

� PI cancommitto firm margins& schedule? Yes TRL=5
Chart 7: TRL Adjustmentsfor PI Experienceand
TechnicalComplexity� Is this at leastthe2ndinstrumentdevelopmentfor
thePI?

Yes

� Is proposedinst. sameinst. family asPI’s previous
instrument?

Yes TRL +.5

� Whatis thelevel of detectorcoolingrequired? 2-90deg K TRL-.25
Chart 8: TRL Adjustmentsfor Mission Criticality
andEaseof Fall-BackPosition� Will the proposedinstrumentaccountfor 50% or
moreof the missionscienceor 35% or moreof the
totalpayloadcast?

No No TRL Change

� Cantheproposedinstrumentbedescopedby 20%
or moreif neededwithout impactingLevel 1 Science
Requirements?

Yes,reducedperf. No TRL Change

Chart 9: TRL Adjustmentsfor InstrumentFamily
Maturation� If theproposedinstrumentis categorizedas: Spectrometer TRL + .5

Table2.3: Following completionof thedevelopmentplanoutlinedin section2.6.2,theTRL level
for a transmissivemicroshutterbasedMOSat instrumentselection(April2001)shouldbe5.75.



Chapter 3

CostEstimate

3.1 CostSummary

Thiscostestimateis for technologydevelopmentof thetransmissivemicroshutteronlyandisbased
uponthedevelopmenttasksidentifiedin section2.6.2.WeassumethatphaseA/B beginsimmedi-
atelyafterinstrumentselectionandthatphaseC beginsimmediatelyfollowing CDR.Microshutter
developmentshouldbecompleteby CDR.Normalinstrumentdevelopmentcostsarenot included;
however, someof thecostanengineeringmodelfor aMOSinstrumentis included.Costingreflects
thedevelopmentscheduleshown in figure2.8. Full costaccountingis assumedwith laborcostsin
currentyeardollars.Thisis aROM estimateonly for ahypotheticalMOSinstrumentdevelopment.

The transmissive microshutterdevelopmenteffort has received or will receive funds from
NGST TechnologyDevelopment,NASA HeadquartersCross–cuttingTechnologyDevelopment
andtheExplorerProgramTechnologydevelopment,asshown in table2.6.

3.2 Details

3.2.1 Management

Includesprocurementandsub-contractmanagementuntil instrumentselection.We assumethat
thesecostsfall undertheinstrumentdevelopmentprojectafterselection.

3.2.2 ScienceProgram Development

Includesresolutionof scientificissues;MOS instrumentperformanceanalysis;performancere-
quirementsanalysis;missionimpactevaluations;andanalysisof microshuttertestdata.

45



MicroshutterDevelopment 46

WBS <A A/B C/D

CS Cont Mat. CS Cont Mat. CS Cont Mat.

K$ K$ K$ K$ K$ K$ K$ K$ K$ Sub−total

1.0 Management 26.7 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 28.1

2.0 Science
program

development

142.6 0.0 0.0 105.1 0.0 0.0 0.0 0.0 0.0 247.7

3.0 Systems
Engineering

15.8 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 16.6

4.0 SR&QA 12.5 53.7 0.0 17.4 109.6 0.0 0.0 0.0 0.0 193.2

5.0 Structure 58.7 50.4 0.0 139.1 111.9 0.0 0.0 0.0 0.0 360.1

6.0 Optics 213.1 133.5 144.0 119.2 233.6 76.0 0.0 0.0 0.0 919.4

7.0 Electronics 0.0 0.0 0.0 52.5 36.7 30.0 0.0 0.0 0.0 119.3

8.0 Thermal
Engineering

0.0 6.3 0.0 0.0 10.0 0.0 0.0 0.8 0.0 17.1

9.0 Software 0.0 8.4 50.0 0.0 55.9 30.0 0.0 0.0 0.0 144.3

10.0 Detectors 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Sub−total 469.3 252.2 194.0 435.6 557.8 136.0 0.0 0.8 0.0 2045.7

Figure3.1: Estimatedcostto developa transmissivemicroshutterarrayfor aMOSinstrument.

3.2.3 SystemsEngineering

Includesrequirementsidentificationandtracking,reportgenerationandgeneralsupportuntil in-
strumentselection.Weassumethatthesecostsfall undertheinstrumentdevelopmentprojectafter
selection.

3.2.4 SR&QA

Includessupportconcentratingon materialsanalysis,failureanalysisandpartsqualification,ex-
tendinguntil theendof FY02whenthesecostswill fall underinstrumentdevelopment.

3.2.5 Structure

Extensiveeffort to developmicromachinedkinematicmounts,alignmentprocedures,anda frame
for the 1024x1024mosaicframe,andthe MOS EM frame. This line also includesmechanical
analysis;mechanismdesign;andfatigueanalysis.

3.2.6 Optics

Includesdesignandfabricationof themicroshutterarrays;materialsneededto fabricatethearrays;
developmentof the on–arrayelectronics;cryogenictesting;optical metrology;andqualification
testing.Sub-contractsto universitiesandotherlabsareunderthis line.
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3.2.7 Electronics

Includessupportfor thedesignandfabricationof electronicsfor theactuatortestbed.

3.2.8 Thermal Engineering

Includesthermalandcontaminationdisciplinesupportfor thedesign,fabricationandqualification
testingof themicroshutterarray.

3.2.9 Software

Includessoftwaredevelopmentandoff–the–shelfequipmentneededfor actuatortestbed.

3.2.10 Detectors

Not applicable.



Appendix A

A Comparisonof the Prism Mode with
Multi-Filter Imaging

A.1 Moti vation

Low resolution(R � � 40) observationsof galaxyspectralenergy distributions(SED’s) give usthe
opportunityto usethe highly successfulphotometricredshiftmethod(see[35] for a review) to
determineredshiftsfor every objectselectedby themulti-shutters.Thecurrentstateof theart in
photometricredshiftsroutinelyproducesestimatesgoodto 5% of redshift[10]. Our prismmode
provides simultaneousobservationsof the full 0 � 6 � 5µm spectralrangewith the resolutionof
medium-bandfilters to accomplishprimeNGSTscienceobjectivesefficiently.

To investigatetheutility andimplementationissuesof theprismmode,we carriedout Monte-
Carlosimulationsof photometricredshiftsfrom modelSED’s. For thesakeof redshiftestimation,
we treat the prism modeasa seriesindividual resolutionelements,muchlike a filter set. This
allows usto make directcomparisonbetweencamera-modemedium-bandfilter observationsand
prismspectra.

A.2 Photometric Redshifts

Theconceptof photometricredshiftshasbeenexplainedin detail in themany paperswhich have
sucessfullyappliedit to catalogsof galaxyphotometry[36, 37, 38, 39, 40, 41], Briefly, theSED
of a candidategalaxyis comparedto a databaseof templatespectraat all redshifts;the bestfit
betweenthetwo is consideredto bethephotometricredshift.Althoughtheideais simple,it relies
on thecomplicatedquestionof choosingthepropertemplatespectra.

Remarkablygoodresults(σz� z � 0 � 05)areobtainedoutto redshiftsz � 6with onlyahandfulof
observedlow-z templates([39] usingthespectraof [42]) or with astandardsetof spectralsynthesis
models([40] usingthe GISSEL98modelsof [43]). Theerrorsin inferredredshiftresultfrom a

48
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combinationof photometricuncertaintyandtheintrinsicdifferencebetweenobservedgalaxiesand
the templateSEDs. However, betteraccuracy appearspossibleby fitting the integratedcolorsof
empiricalspectraat the redshiftsandgalaxytypesof interest[37]. In the bestcase,this method
eliminatesthe uncertaintyresultingfrom inappropriatetemplates.The empirical-fittingmethod
requiresa large databaseof measuredspectraover all redshifts,but suchdatawould likely be
available from the first deepfields with NGST. For our simulations,we have assumedthat the
empirical-fittingmethodis a viable option, andhave chosento model the recovery of redshifts
usingthesameinputandoutputmodeltemplates.

Specifically, for our templatesetwehaveusedGISSEL96[43] spectralsynthesismodels,cov-
ering0.5-20Gyr ages,with solaror lower metallictyandSalpeterIMF’s. Thetemplatesarecon-
volvedwith thefilter or prismresponseandnoiseis added.Thedataandmodelsarethencompared
ateachresolutionelement.Following typicalphotometricredshifttechniques,weperformχ2 tests
onasuiteof redshiftedtemplatespectra.Theinferredredshiftis theonewith thelowestχ2 value.

A.3 Simulations

To produceour simulatedgalaxy observations,we must assumea redshift distribution and an
apparentmagnitudedistribution. We take our redshiftdistribution from thephotometricredshifts
of [10] for the HubbleDeepField North (HDF-N; [2]). Sincespectroscopy of HDF-N galaxies
is currently limited to z � 6, we extrapolatethe distribution by assuminga flat number-redshift
relationfrom 6 � z � 15 (seefigureA.1).

Theflux distributionof thesimulatedgalaxies(seefigureA.2) is determinedfrom thenumber-
magnituderelation of the STIS observationsof the HDF-South[5]. Thosenumbercountsare
shiftedto theK-bandusingamodelof themediangalaxycolors[7]. Theapparentmagnitudedis-
tribution is sampledindependentlyof theredshiftdistribution,but extremelyunlikely luminosities
areeliminated(L � 10L ' or L � 0 � 01L ' ).

For comparisonwith camera-modeobservations,we assumea logarithmicallyspacedsetof
filter wavelengthsandwidths,coveringthe1 � 5µm range.Photometricerrorsfor filter observa-
tionswerecalculatedusinga signal-to-noiseestimatorconsistentwith theISIM Yardstickcamera
specifications[44]. TableA.1 lists theparametersassumed.

Zodi model Stiavelli 1998[45]
DarkCurrent 0 � 02e� /sec/pixel
ReadNoise 4e� rms
QE 80%
DiffractionLimit 2µm

Table A.1: Assumedpropertiesin signal-to-noisecalculationsfrom the NGST YardstickISIM
study[44].
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FigureA.1: Theredshiftdistributionof simulatedgalaxies,comparedto thedistributionof photo-
metricredshiftsof faint galaxiesin theHDF-N compiledby Yahil etal. 1999.

In themedium-bandcaseof diffractionlimited observing,thesensitivity of serialobservations
scaleswith resolution. That is, for fixed total observingtime for all filters, signal-to-noiseis
decreasedby thesquareroot of thetime perfilter andby thesquareroot of thedecreasein signal
from thenarrowerfilter.

Theprism-modesensitivity is afunctionof thevaryingresolutionacrossthewavelengthrange,
in additionto thezodiacallight anddetectornoisecharacteristics.Manufacturinglimitationsmay
preventaconstantresolutionacross1 � 5µm, with aworstcaseshown in figureA.3. Furtherstudy
of prismpropertieswill produceamoreoptimalprism.

A.4 Optimal Resolutions

Wefirst investigatedthequestion:whatis theoptimalresolutionfor medium-bandfilters to obtain
photometricredshifts. We ran Monte Carlo simulationsfor a seriesof filter resolutionswith a
fixed total integration time of 105 seconds.Figure A.4 shows that averagedover all redshifts,
40 filters producethe mostaccuratephotometricredshiftestimatesfor galaxieswith reasonable
signal-to-noiseperresolutionelement.
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FigureA.2: Thenumber-magnituderelationof simulatedgalaxies,comparedto thenumbercounts
of galaxiesin theHDF-Scompiledby Gardneretal. 1999

A.5 Advantageof a Prism

For a singleobject,theadvantageof a prismover medium-bandfilters is clear– it measuresthe
entirewavelengthrangesimultaneously. Integrationtime per filter goesdown asresolutionfor
serialobservations. So at first glance,onemight expectan advantagefor the prismequalto the
squareroot of the resolution. An ideal R � 25 prism might recover redshifts � 25 � 5 times
moreefficiently thanfilters. In reality, the varyingprismresolutionacrossthewavelengthrange
would decreasethis advantage.FigureA.5 shows theadvantageof prismobservationsover filter
observationsfor amagnitudelimited sample.

Putanotherway, prismobservationswill reachfaintergalaxiesin thesameobservingtimeand
resolutionfor afixedσz. They will alsorecoveramorecompletesampleof redshifts(dependingon
constraintsof multi-shutterselection).FiguresA.6 - A.8 detail theseadvantages.In 105 seconds,
filter observationsrecover lessthan50%of measuredgalaxiesat KAB � 30. Eventheworst-case
prism, however, recoversgalaxiesa magnitudefainter. It is at magnitudesfainter than30 that
NGSTwill make themostrevolutionarydiscoveries.

Theprism’sability to accomplishthecoresciencegoalsalsodependsonthenumberof targets
thatcanbemeasuredin eachmode,aswell astheaccuracy of therecoveredredshifts.Sinceprism
spectrawill take up only a fraction of the pixelsavailablein eachrow, the low resolutionmode
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Figure A.3: The resolutionas a function of wavelengthfor the near-IR prism. The minimum
resolutioncanbeselectedto meetsciencegoals;this figureshows the resolutionof the nominal
prism,but themininumvalue(whereR=25onthisfigure)couldbechanged,withoutchangingthe
relativeshapeof theplot.

will haveahighdegreeof completenessat themagnitudesof interest(seethediscussionin Section
1.2.2).

A.6 Conclusions

Low resolutionprism observationsof galaxySED’s provide a significantadvantageover multi-
filter observationsfor any realisticobservingstrategy. For an idealprism in backgroundlimited
observing,the prism hasa signal-to-noiseadvantageof squareroot of the resolutionover serial
observationsby filters with similar resolution. This addeddepthreachesat leasta magnitude
fainterin recoveryof photometricredshiftswith theprismoverfilter observationsatanyresolving
power. Extensive simulationssuggestthat in 105 secondsanidealprismwill recover theredshift
of 80%of measuredobjects(subjectto MOS selection)down to KAB

� 32, with an accuracy of
δz � 3%,comparedto lessthan40%of theobjectswith serialfilter observations.
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FigureA.4: Thedeviationin recoveredredshiftsfrom theinputasafunctionof resolution(number
of filters). The total exposuretime is fixed at 105 seconds.The sampleis magnitudelimited
to KAB � 29� 5, whereSNR=10at 2.2µm for the 40-filtersresolution.Catastrophicfailureswere
excludedfrom thestatistics.Filtershave wavelengthcentersandwidthsevenly steppedin log(λ).
Simulatedgalaxieswereselectedfrom theredshiftdistributionshown in figureA.1
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FigureA.5: The deviation in recoveredredshiftsfrom the input asa function of redshift. The
total exposuretime is fixedat 105 seconds.Thesampleis magnitudelimited to KAB � 31, where
SNR=10at 2.2µm for theworst caseprismresolution.Catastrophicfailuresin redshiftrecovery
(δz � z

2) arenot includedin thecalculationof σz, sotheprismhasanadditionadvantagenotshown
hereto recover a larger percentageof observedgalaxies.The worst bin for σz with the filters is
1 � z � 2 wherethe 4000Å breakis not alwayswell measured.The higherSNR for the prism
compensatesfor thisproblem.
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FigureA.6: Histogramof thefractionof recoveredredshifts.Froma sampleof 10,000simulated
galaxies(all assumedto bemeasuredby bothprismandfilters), thehistogramshows thefraction
recoveredwith δz � 3%.
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FigureA.7: Percentageof recoveredredshifts.Froma sampleof 10,000simulatedgalaxieswith
KAB � 32 (all assumedto be measuredby both prism andfilters in 105 secondstotal exposure
time), thefractionrecoveredwith δz � 3%is plottedasa functionof filter resolution.Also plotted
is thepercentageof catastrophicfailures.
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FigureA.8: Percentageof recoveredredshifts. From the faint end (30 � KAB � 32) simulated
galaxydistribution in figure A.7 the fraction recoveredwith δz � 3% is plottedasa function of
filter resolution.Also plottedis thepercentageof catastrophicfailures.
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