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Chapter 1

Science

1.1 Executive Summary

We reporton our studyof innovative conceptdor a high-eficiengy, wide-bandmulti-objectnear
infraredspectrograplfior the NGST. The spectrographwill simultaneouslycover the wavelength
rangeof 0.6-5um with a 4K x 4K mosaicarrayof InSb detectorsandwill offer low resolution
spectroscop(R ~ 25-100)of thousandef objectssimultaneouslyhigherresolutionspectroscop
(R ~ 1500-5000pf morethanathousandabjectssimultaneouslyandanimagingmodefor initial
targetacquisitionandconfigurationof a high transmissiorentranceaperturamask.

The entranceaperturemask, a programmablanicroshutterarray hasbeensuccessfullyde-
velopedto the level of a 3x3 array demonstratinghe basic mechanicaland electrostaticcell
operationlt is readyto be scaledupto largerarraysin the next developmentphase.

Our spectrograpleonceptuatesignincludestwo principalfeaturego addrestshe demanding
scientificrequirementsf the NGST, whoseprimarytargetswill typically be highly redshiftedand
extremelyfaint:

e Ourlowestresolutiorspectrograpldesigns basednrefractve dispersingelementgprisms)
that permitusto obtainspectraover the entirenearlR rangeof 0.6-5um (>3 octaves)si-
multaneouslyfor all objectsobsened, ratherthanthe <1 octave of coverage(to avoid or-
derconfusion)availablewith atypical gratingspectrographThe useof prismsasthe only
transmissre or dispersingelementsprovidesbothsubstantiallynigherthroughputhangrat-
ing/ordersortercombinationsaaswell asthe significantmultiplexing adwvantageof complete
wavelengthcoveragen oneexposure.

e Forhigherresolutionghanthoseavailableto prisms we evaluatethetrade-of betweerusing
3 or morefirst ordergratingsfor eachrequiredresolvingpowerto coverthe 0.6-5um range,
andcoveringthis rangein a singleexposureby usinglow orderechellescross-dispersebly
animagingFouriertransformspectrograph.
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While thefirst two modegequire(andreapthe benefitof) tamgetselectionpurdesigncanalso
be operatedn serendipitymode. In this mode,slits up to 3” wide canbe openedon blanksky in
eachrow to searchor pureline emissiongalaxiesat high redshift. The ultra-wideslit returnsthe
sensitvity to narrav emissioninesof the R=1500mode,with a minimumaccurag of 0.01in the
redshiftdeterminationpvera 1140squarearcsecondield of view.

This combinationof a high efficiency spectrographwith a high efficiency programmableen-
trancemaskwill provide a powerful nearIR spectroscopicapabilityfor theNGST.

Thisreportdescribeshefirst designfor a programmabléransmissioimaskfor aMOS. In our
study we have:

e developedthe conceptor the microshuttearray includingindividual shutteroperatiorand
the selectiorandactuationrmechanisnior essentiallrandomaccesaddressing

e measuredtrengthand stiffnessof candidatematerialsfor shutters selectedmaterialsfor
fabrication,andoptimizedtheir mechanicatlesign

e testedthe mechanicalpropertiesof individual shutters,and built and actuatedsmall mi-
croshuttearrays

e developedplansfor the productionof larger arraysto be fabricatedwith integratedshutter
selectiorelectronicausingphotolithographigrocesses

Pursuinghis developmeniprogramaggressiely, we candemonstratéechnicalreadinessvith
afull scalemicroshuttearrayby the Apr. 200LNGST instrumentselection.

1.2 Intr oduction

Efficient, low- to moderate-resolutiogpectroscopin the nearinfraredis at the heartof NGST's
scientificgoals[1]. For the highly redshiftedobjectsthatwill revealthe originsof galaxiesclus-
ters,andlarge scalestructuresn the universe,spectroscopicoverageof the 0.6-5um bandwill
provide vital information. For galaxiesobsened at the peakof the meiging andstarforming era
(z ~ 1-3), rest-framevisible light from their older stellarpopulationswill be seenin the nearIR.
For the earlieststarforming galaxieqat z = 5-10or more),eventherest-framdar-ultraviolet out-
put of newly formedstarsandthe spectrakignature®f the earliestobserablesupernwaewill be
redshiftedo thesewavelengths.

Low-resolutionspectroscop (R ~ 25-100)will be crucial for obtainingspectralenegy dis-
tributions (SEDs) of distantgalaxies. The SEDswill be usedfor determiningredshiftsby the
obsenationof spectrabreaksor edgege.g.thel.6um bump,the4000& break,or eventheLyman
limit for very high z), andfor measuringhe amountof starformationin the earliestgalaxiesrom
the spectrumof their redshiftedUV light. This resolutionis alsowell matchedto the detection
of broad(few thousandkm/sec)emissionlines of distantquasarsandfor spectralconfirmationof
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distantsupern@ae. For all of thesetasks,simultaneou®bsenation of mary objectsin a single
field will becrucialfor efficiently compilingstatisticalsamplesanddiscoveringrareobjects.

Whatis theoptimumresolvingpower for obtainingspectraof thefaintestsources?¥/ery rough
redshiftindicationswill be availablefrom broadbandmagingby fitting galaxymodelswith spec-
tral slopesandbreaksto the photometry In principle this could be continuedto higherresolving
powersby usingmoreandnarraver filters to obtainmoreaccurateedshifts but thiswould require
further sub-dviding the observingtime. We have run Monte Carlo simulationsof this methodto
find the accurag of redshiftdeterminatiorasa function of the numberof filters, andthencom-
paredthesensitvity of usingthe optimalnumberof filters with a singlespectrabbsenationusing
a prismwith the sameresolvingpower. Thesesimulationsarediscussedn AppendixA, which
concludes:

Low resolutionprismobsenationsof galaxySED’s provide a significantadvantageover multi-
filter obsenationsfor ary realisticobservingstratgy. For anideal prismin backgroundimited
observing,the prism hasa signal-to-noiseadvantageof squareroot of the resolutionover serial
obsenationsby filters with similar resolution. This addeddepthreachesat leasta magnitude
fainterin recovery of photometriaedshiftswith the prismoverfilter obsenationsatanyresolving
power. Extensve simulationssuggesthatin 10° secondsinideal prismwill recover the redshift
of 80% of measuredbjects(subjectto MOS selection)down to Kag = 32, with anaccurag of
0; < 3%, comparedo lessthan40%of the objectswith serialfilter obsenations.

A field would beimagedwith thecamera(or alternatvely with thespectrograpim its imaging
mode,)and candidatesvould be selectedor obsenation throughthe microshutterarray with a
prism for accurateredshiftdetermination. The selectionof targets could be doneon the basis
of magnitudeand position alone,or could make useof colors and photometricredshiftswhen
available.

Higherresolution(R ~ 1500)spectroscopis suitablefor measuringhe velocity dispersions
of distantclustersand meiger components.This resolution(a few hundredkm/sec)is alsowell
matchedo the detectionof narrav emissionlines from starforming galaxiesandAGN (andde-
terminingredshiftsfrom them). The measuremenf velocity dispersion®f clustersof galaxies
allows anestimateof the masse®f theclustersjncludingthedark matter Knowledgeof theratio
of light-emitting to dark matterasa function of redshiftis crucial to constraintheoriesof large
scalestructureformation.

We describebelow a conceptfor a highly efficient, wide-band,multi-objectnearIR spectro-
graphto enableNGSTto carryoutthesecritical scientificgoals.

1.3 NGST Spectrograph Requirements

In thissectionwe discusgherequirement$or aNIR spectrograpldesignedo satisfythescientific
goalsof NGST. We wishto obtainspectrao investigataheveryfaintestgalaxiesobsenrable,with
thegreatespossiblemultiplexing adwantage.
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1.3.1 CountsAnd SizesOf Galaxies.

A primarygoalof NGSTis to investigateheearliesigalaxiespeyondredshift5, to detecthemand
measureheir redshifts determingohysicalconditions,andelementabhlbundancesEfficient useof
the NGST facility on thesevery faint sourcesequiresthe mostsensitve spectrograplpossible.
Thefield of view andnumberof input apertureshouldbe choserto provide efficient obsenation
giventhe obsenednumbercountsof candidateobjectsfor spectroscopistudy

Long exposurewith NGSTareexpectedo reachmagnitude#A\B=34 for imagingandAB=26
to 32 for spectroscop dependingon the resolvingpower andspectralcharacterof the galaxies.
The bestcurrentlyexisting measurementsf faint galaxycountsis from the HST obsenrationsof
the HubbleDeepField North andSouth[2, 3, 4, 5]. Thefaintestgalaxiesyet obseredarethose
in the STIS CCD imageof the HDF-S, at AB>30. In this field, the numberdensityof galaxies
brighterthan AB=30 is 3x 1P objectsdegree 2, or 7500 objectsin the 3'x3’ field of view of
thebaselindSIM spectrograpllesign[6]. While thesemeasurementseremadein visible light,
by fitting modelsto the STISandNICMOS obsenationsin the HDF-S[7], galaxycountscanbe
estimatedor theNIR, reaching3.5x10° at1 nJy (Kag = 31.4).

Thefaintestgalaxiesarebarelyresohedatthe STISresolutionwith amedianhalf-light radius
of 0.1 arcseqseeFigurel.1). Comparingthe obsered sizesof the STISandNICMOS images,
andthencorrectingfor the NICMOS resolution,it is estimatedhatthe sizesin the NIR would be
slightly smallerthanin thevisible, asthe bulgesof the galaxiesbecomemoreprominentatlonger
wavelengths Galaxiesattheisophotaldetectionlimit of theHDF-SSTISimageoccugy only ~5%
of theimage,well belav the confusionlimit.

1.3.2 Spectrograph Operations

Giventheknown dilute filling factorfor galaxiesbrightenoughfor NGST spectroscog is it nec-
essanandefficientto obtainspectrdor every pixel of eachfield? Methodswhich do notrequirean
entranceaperturemaskmustobsere every pixel in their fields. The sensitvity of Fourier Trans-
form Spectrometerfor obtainingthe spectrumof eachobjectis limited by the broad-bandsky
backgroundlluminating eachpixel. With a reasonabl@umberof detectors|ntegral Field Spec-
trographscanbe built to fill lessthan0.02- 0.1 of the baselineNGST spectrograpliield, andso
would need10 - 50 obsenationsto cover this area. A Multi-Object SpectrograpfiMOS) canbe
built with optimalsensitvity for eachobject,andcover morethanthe NGST baselindield.

Tagetsfor aMOS will needto be selectedrom amongthoseobsenedwith animager since
for long exposuretimes, (> 10° sec,)therearemoreobjectsin the field thanMOS apertureghat
canbeopenedwvithoutspectrabverlap.

The numberof objectssimultaneouslypbsenablewith a MOS depend®n the detectorspace
requiredfor eachspectrumthe field sizeandthe aperturesize of eachslit in the MOS. For this
discussionwe assumean individual aperturesize of 0.100mm, subtendingd.093 arcsecat the
focal plane. A 2Kx4K arrayof theseapertureswill cover a field of 3.2x6.3 arcmin,2.2 times
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Figurel.l: Sizesof galaxiesn theHDF-SSTIS50CCDimage from[6]. Thehalflight radii of the
objectsareplottedasafunctionof AB magnitude Also shovn arethe half-light radiusof thepoint
spreadunction,andtheresultsof Monte Carlosimulationsrun to determineselectioreffects. At

AB <29, the medianhalf-light radiusapproache$.1 arcsec,andthe distribution is significantly
smallerthanthe completenesbmits. While selectioneffectsareoperatingon the measureizes
andcompletenessf HDF-S catalogat the faintestlevels, it is clearthatthe tendeng of fainter
galaxieso bemorecompacis arealeffect.

the nominalNGST baselinespectroscopfield area. (We suggestiemagnifyingthis field ontoa
4K x 4K detectoyusinganopticalmagnificatiorof 0.27.A detectopixel sizeof 0.027mmwould
projectto 0.093arcsemnthesky. Theextra 2K pixelsin thedispersiordirectionallowsrecording
of full spectrdor all field pointsat R=1500,while conservingareawithin thefocal plane.)While
theslitsizeandthe detectormixel sizearethe same exactalignmentof the two would be difficult.
Thenfor objectscenteredn aslit in the spatialdirection,we allocateoneslit and2 detectompixel
rows. For objectscenteredbetween? slits, we allocatetwo slits in the spatialdirection,and 3
detectorpixel rows. Sincethe objectswill be randomlydistributedon the sky, eachgalaxywill
occupy 2.5pixel rows,on average.
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Figurel.2: A comparisorof the prism modeto photometricredshiftsfrom multiple filter obser
vations. Becausehe prism modeobtainsfull wavelengthcoveragefor the entire exposuretime,
it is ableto obtainaccurateedshiftsfor fainterobjectsthanimagingthroughmoderateesolution

filters.

1.3.3 SimultaneousObservations

For R=1500,with a spectralengthof 2000pixels,onespectrunfrom ary field pointcanbefitted
alongthe dispersiondirection. With 4096 pixelsin the cross-dispersiodirection,andusing2.5
spatialpixelsperobject,upto 16000bjectscanbe selected.

In the prism mode,at R~40, the spectrallengthis ~300 pixels, andup to 6 spectracanbe
fitted alongthe dispersiordirection. In the cross-dispersiodirection,up to 16000bjectscanbe
selected providing up to 10,000spectraover the field. Simulationsshown that given randomly
positionedyalaxiesandthe samenumberof slits asgalaxiesapproximately60%of the slits could
beutilized. Thisis a minimum;the efficiency goesup whentherearemoregalaxieshanslits, or
whentherearemoreslits thangalaxies.Whentherearethreetimesasmary galaxiesasslits, the
slit useefficiency is above 95%.

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

For the R~40 prismmodedescribedelav, a continuumsourceof 4nJycanbedetectecat 10
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Figurel.3: A comparisorof the prismmodeto photometriaedshiftsfrom multiple filter obsena-
tions. For galaxieswith 30< Kag <32, the prism modeobtainsaccurateedshifts(A; < 0.03) for
60% of the tamgettedgalaxies,while gettingthe redshiftsbadly wrong only a few percentof the
time. An ideal prism,with constantesolutionaccrosghe wavelengthrange,doesevenbetter In
comparisonthe sameamountof exposuretime spentwith filter imagingdoessubstantiallyworse,
bothin thenumberof redshiftsit determinesvith highaccurag, andin thenumberof catastrophic
failures.

o perresolutionelemenin 10° sed. This correspond$o magnitudeAB=29.9. Simulationshave
shawvn that the prism mode could determineredshiftssubstantiallyfainter than this, recovering
~60%to 80% of the galaxiesat 30< Kag <32,asshavn in Figuresl.2andl1.3. Thesimulations
arediscussedn AppendixA. In a3.2x6.3arcminutefield of view, thereare24,000galaxieswith
Kag <32 so with ~6000 aperturesve needto down selectby a factor4. Similarly, the MOS
could obsenre nearlyall the objectsdown to this magnitudewithout further selectionin 4 to 5
exposures.In contrast,an IFS with 30x30 arcsedield 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,andthusit is not necessaryo take 4 to 5 exposuresper field.

LIn our simulationsand calculationswve assumen total exposuretime of 10° secondspr 28 hours. The longest
exposuresnakingup an“NGST deepfield” couldbe 10° secondr more. Most of our calculationsscalesimply as
/. Ratherthanconsideringoneor two of the deepesbbsenrationsthat NGSTwill make, which would probablybe
optimizeddifferentlyfrom thenorm,we have choserto considettypical deepexposures
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Figure 1.2 shows that the prism modegivesits greatestadwantageover broadbandohotometric
redshiftsin thefaintesttwo magnitudebins. With prior selectionon the basisof magnitudealone,
the prism modecould obsere the spectralenegy distribution of every objectin thefield of view

with 30.2 < Kag < 32.0, losingonly the < 40%of theobjectsfor which the spectravould overlap.
Likewise,if photometriaedshiftsvereavailablefrom broadbandmaging,theprismcouldobsere

all of thez > 1.6 objectswith >60% selectionefficiengy. Faint, high-z galaxiesare the prime
discoveryspacefor NGST

For the R=1500mode,a continuumsourceof 300 nJy canbe detectedat 100 perresolution
elementin 10° sec,correspondingo magnitudeAB=25.2. The numberof objectsto selectfrom
in theabove field is ~2100,sowith 1600aperturesve would needto down selectby afactorl.3
whichwould comesimply from the needto avoid overlappingspectraAgain, all theobjectscould
beobsenedin 2 exposurescomparedo over 100for anlFS. However, theremaybemary objects
of interestwith faintercontinua or whichit would be possibleto detectemissionines.

A NIR spectrumof the gravitationally lensedz=2.72 galaxy MS1512-cB58 was obtained
recentlyusingNIRSPECon Keck[8]. Theobjectis typicalof LymanBreakGalaxiesatz> 2.5[9].
Usingthe equivalentwidths of this galaxy givenin Table1.1, we have calculatedhe continuum
magnitudeof galaxiesfor which we could detectthe lines. We plot thesemagnituddimits asa
functionof redshiftin Figurel.4. We would be ableto detecttwo or morelinesatthe 5o level for
galaxiesfainterthan AB=29.0 over nearlythe whole redshiftrange0.5<z<9.0, anda singleline
([O 1)) outto z=12.5. This galaxydoesnot shav Lya in emission,soit hasnot beenincluded.
However, we alsoplot in this figure what would be the measuredroad-bandAB magnitude(in
a 25%bandpas#ilter) of a pureLya emissionline sourcewith no continuum,detectecht the 5o
sensitvity of our R=1500spectrograph.

At Kag < 29, thereare 9300 galaxiesin the field of view. With 1600slits, we would need
to down-selectby a factorof 6. The selectioncould be doneby one of severalways. A pure
magnitudeselectionwould allow simultaneouspectraof 60% of the objectswith 28< Kag <29.
Alternatiely, the prism modecould be usedto determinephotometricredshifts,andall of the
galaxiesatz>2 couldbetargeted subjectto the 60%filling factorof the slit geometry

If instrumentpackagingallows, higherresolvingpower spectroscop could be includedfor
more detailedspectroscopistudiesusing both emissionandabsorptionines. For R~5000, ro-
tationsandkinematicsof galaxies.elementabbundancesandgasdyamicsmay be studied. Full
spectracanbe obtainedfor 40% of thefield area.A continuumsourcewith AB=23.1canbede-
tectedat 10 sigmaper spatialandspectralresolutionelementn 10° sec. If we assumehateach
objectoccupied.4” in the spatialdirection,this modecould obsere 950 objectssimultaneously
tamgettingall of the ~600galaxiesn thefield with Kag < 23.1.

1.3.4 Serendipity Modes

The modesdescribedabove requirepre-selectiorof objectsfrom prior imaginginformation. An
IFS or FTS, which looks at every pixel within their fields, are ableto serendipitouslyidentify
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Figurel.4: Thesensitvity of theR=1500modeto emissiorine galaxies.Usingthez=2.72galaxy
MS1512-cB58 asatemplate we plot the continuumAB magnitudeasa function of redshift, if
it were placedat our 50 line detectionlimit. We would be ableto detecta singleline from an
AB>29.0galaxyoverthefull redshiftrangez<12.5,andtwo or morelinesovertheredshiftrange
0.5<z<9.0. We alsoplot the measuredbroadbandnagnitudeof a pureLya emissionline source
atthe5ao line detectionlimit.

emissionline galaxiesor AGN which aretoo faintto appeain deepimages.Our MOSwould also
be ableto searchfor suchobjectsby openingawide slit in eachrow on a partof the sky whichis

devoid of objects.By openinga 3 arcseconavide slit, with the R=1500grating,theresolutionin

redshiftof theMOS would bedegradedo R=100for asingleline source.In this caset would not
bepossibleo know wherewithin the3 arcsecondlit thegalaxylies,andanadditionalobseration
at a differentroll anglewould be requiredto identify the source.However, sincethe wavelength
zeropoint will be known to anaccurag of AA/A = 0.01, if two or morelines are detectedand
identified, then the zero-pointposition and exact redshift can be deducedrom the ratio of the
obseredwavelengthf thetwo lines.

The MOS could also be operatedn parallelmodewith no imaging pre-selectionwhile the
imagingcameras conductingotherobsenations.A 3 arcsecond-widslit with theR=1500grating
could be openedfor the whole (spatial)length of the spectrographMost of the time would be
spentwith the gratingin place,but a shortimagingexposurewith all of the slits openwould be
takento establisithe wavelengthzero-pointfor eachobject. The sensitvity in this casewould be
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Line Nobs Zem W2 =3
[0 1] A3726/3728 1.1.3898 2.72897 37+5 17.48:0.26
Hy A4340 1.61828 2.72875 9+1 1.61+0.17
HB 24861 1.81217 2.72774 26+4 4.07+0.57

[0 111] A4959 1.84913 2.72890 26+8 4.01+1.30
[o111] A5007 1.86678 2.72845 97+5 14.73+0.78

Hel A5876 2.19100 2.72873 3+1 0.35t0.09
[o1] A6300 2.34949 2.72935 25+4 3.06t+0.46
[N 1] A6548 244204 2.72944 7+2 0.86+0.21
Ha A6563 2.44750 2.72935 106+3 12.56+0.37
[N 1] A6583 245566 2.73031 10+2 1.14+0.26

Table 1.1: Measurementsof emission lines in the gravitationally lensed z=2.72 galaxy
MS1512-cB58 obtainedusing NIRSPECon Keck [8]. We usetheseequvalentwidths to de-
terminethe sensitvity of our R=1500modeto emissionline galaxiesat 0 < z < 125. NOTES:
aRest-frameequivalentwidth in A. PObseredline flux in unitsof 10-1%eryss— cn?. Theblue
wing of the 4959 line is in a deepatmospheri@bsorptiortrough.

eguvalentto an R=100grating, i.e., still detectomoiselimited. In this “pseudo-slitlessnode”,
a 1140 squarearcsecondield of view would be obsered, and a spectrumof resolvingpower
R=1500,(degradedby the objects sizefor extendedcontinuumsources,ould be obtained.The
effective beamsizefor confusionin this casewould be 2 slits in the spatialdirectionand30 slits
in the spectraldirection, or 0.6 squarearcsecondsAt Kag < 25.2 thereis aboutone objectin
every 35 squarearcsecondsso studiesreachingthat depthwould not suffer from confusion. For
thelongest‘NGST deepfield” obsenations,imagingthe spectroscopiparallelfieldsin adwance
would elimateconfusion allow selectionof thelik ely high-redshiftargets,andmalke for the most
efficient useof the obseratory However, the “pseudo-slitlessmethodwould allow the MOS to
malke useof the shorterparallelopportunitiesn a self-containeamanner

The MOS can duplicatethe abilities and field of view of an IFS with the samenumberof
detectompixels,in almostevery respect Spatiallyresohedspectroscopof bright objectscouldbe
obtainedoy steppingaslit acrossabrightobjectateachread-outwhile continuingto accumulation
exposurdimeonfaintergalaxiesIn the“pseudo-slitlesstnode thesizeof theslit desireddepends
on the tradebetweensky noise,detectornoise,field of view, and spectralresolution. With the
MOS, this tradecould be madeafter the noisecharacteristichave beenmeasuredn-orbit, and
canbechangedor differentobsenationsto reflecttheir scientificpriorities. For anIFS, thetrade
betweerspectralesolutionandfield of view mustbemadein thedesignphaseyell beforelaunch.
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Figurel.5: Photometriaedshiftsof galaxieswith 25 < Ig14 < 28in theHDF-N, asdeterminedy
[10]. Boththedifferentialhistogramof theredshifts,andthe integratednumbergreateithanz are
plotted. This figure shows that usingphotometricredshiftsto pre-selecobjectswith z>2 would
reducethe numberof targetsby a factorof four.

1.3.5 Target SelectionFor Spectroscopy

Objectsmaybe selectedvith avarietyof criteria,dependingn the scientificgoalsof the study:

Redshiftdistributionsfor faint galaxiesare availablefor the Hubble DeepField North, from
photometriaedshiftsandfrom Keckspectroscopiconfirmationg11, 12,13]. TheHDF-N results
plottedin Figurel.5[10] show thatfor magnitudedbetweer25and28 selectinggalaxieswith z>2
on the basisof photometricredshiftsfrom the imagingwould reducethe numberof targetsby a
factorof 4, whichis morethanwe require.

Similarly, criteriafrom the imagingphotometrycould be chosento pick out candidateAGN
spectrasupernwae,or emissionline galaxies.Someobjectclasse®bjectsmay berarerthanthe
factor4 down-selectiorratio from the magnituddimited samplesbove, but candidatesatisfying
rareobjectcriteriawith emissionine dominationcanbedravn from thelarger samplesf deeper
imagingsurweys down to AB=34.

Our spectrometedesignallows simultaneousbsenationsof all high-z candidatesn a large
field of view. Thisis thebestonecando.
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1.4 MOS Operational Modes

TheMOS operationamodesdescribedelov canbeinterchangedy supportinghe prismassem-
bly, thegratings,anda mirror onawheel.

1.4.1 ResolutionsAnd Fields Of View Of The Imager And Spectrometer

Consideration®f observingstratgy and minimizing developmentcostssuggestghat the fields
of view and spatialresolutionsof the imagerand spectrograptshouldbe consideredogether
Spectroscopiobsenrationsguidedby prior imaging,asneededor locatingaperturesn a MOS,
or for locatingasmallerlFS aperturesuggesthatthefield of the spectrograpkhouldbethesame
asor within theimagerfield, sothatthe prior obsenationsfor selectionwould be available.

The developmentof a detectormosaic,for examplea 4K x4K array out of smallerdetector
chips,is very expensve. It is likely to be costeffective for the spectrograplo usethe samearray
sizeastheimager ratherthandevelopadifferentmosaic.evenwhenmadeout of thesamedetector
chipsize.

The optimal detectorpixel size on the sky may be quite different betweenthe imagerand
the spectrographFor theimager obtainingthe full spatialresolutionavailablefrom the 8-meter
telescopeas animportantgoalfor measuringhe sizesandstructureof galaxiesanddetectinghem
abovethezodiacabackgroundwhereashedetectomoisebackgrounghouldbesmallfor Rg 20.
Thisleadso apixel sizebetweerD.025and0.05arcsecFor thespectrographhedetectodarkand
readnoisewill bedominantoverzodiacalbackgroundor R> 100,andit is desirableo collectthe
light from ahighredshiftgalaxyinto asfew detectompixelsaspossiblewhile maintainingadequate
sampling. Given the telescopdliffraction limits, andthe finite angularsize of galaxies(~0.16
arcsed-WHM atAB=30), aspectrograplpertureshouldbe0.2- 0.4arcse@crosdo accepimost
of thelight, Nyquistsampledby thedetectorat 0.1 - 0.2arcseixels.

If only onemagnificationwereavailableon both instrumentsandthe imagerpixel sizewere
0.05arcsecandthe spectrograplpixel sizewere0.1 arcsecthenthe setof four 4K x4K mosaic
detectorsn theimagerwould subtendB00 arcsecpr 6.6 arcmin,anda single4K x4K mosaicin
thespectrograpmould subtendhe samefield. If suchalargefield werenot availablein thefocal
planefor eachof the instrumentsa suggestedompromisds that the spectrograplfield occugy
6.6x3.2 arcmin. The spectrograplietectorwould use2K x4K pixelsto cover the field for ary
onewavelengthandthedispersedpectravould spreacverthewhole4K x 4K detector We have
assumedhis arrangemenin our nominaldesign.

1.4.2 Low Resolution—PrismMode

To obtainspectreof thefaintestobjectsobsenableby NGST, it is importantto provide alow res-
olution spectrographwvith the highestpossiblesensitvity perobject,coveringthe widestpossible
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wavelengthrange andfor thelargestnumberof objectspossibleperexposurejn thatorderof pri-
ority. Thelow resolutionmodewill determinecontinuumshapesnddetectstrongemissiorlines,
for the determinatiorof redshifts,starformationrates,AGN strengthstc. A prismdispersehas
highthroughputandcansimultaneouslygover a very wide wavelengthrange(0.6- 5 um ).

The resolvingpower is adjustedto be asflat as possibleover the wavelengthrange0.6 - 5
MM by a selectionof prismmaterialsandis choserby settingthe prismangles.

Low resolutiondispersioris producedyy athreecomponenprismassemblyinsertedinto the
parallelbeam. In orderto minimize the prism thicknessesnd aberrationsall prismswere de-
signedto have smallprismangles.This requiredselectionof materialswith high dispersionZnSe
wasselectedo provide low wavelengthdispersionsapphirefor high wavelengthdispersionand
a CaF, final prismto flattenthe resolvingpower in the primary 1-5um band,producea zerode-
viation conditionand, help equalizethe optical pathover thefield. The prismdiameteris 70mm
andthecentralthicknesseare7mm (ZnSe),7mm (Sapphire) 12mm(CaF,) for areflectve prism
assembly Isolation of the bandpasss naturally provided by this combination;ZnSetransmis-
sion declinesrapidly belov 0.6 um and sapphireabove 5 um. The sapphireprism mustbe cut
perpendiculato the C axisto minimizebi-refringence.

Figure 1.6 shavs theresultingresolvingpower asa function of wavelength. Thesevaluesare
basednresolutionequalto atwo-pixel (54 um ) resolutionelement.n theprimary1-5umrange,
the medianresolvingpower is 47, with alow valueof 23 at 2 um, risingto 135at5 um. Below
1 um, the resolvingpower risesrapidly to 210 at 0.6 um. The fraction of total enegy within a
resolutionelementn the spectraldirectionis very high at shortwavelengths:90%at 0.8 um, for
example.Thedesignbecome®ssentiallydiffractionlimited above 3 um (Strehlratio= 0.85),and
the expansionof the Airy disk with wavelengthreduceghe enclosecenegy. However, evenat5
pm, 65% of the enegy is within the two-pixel resolutionelement. The enegy containedwithin
two pixelsin the spatialdirectionis 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
sapphirgorismsin orderto achieve high efficiengy andminimize multiple reflectionimages.Such
hightransmissiorcoatingsarecommerciallyavailable. Dataobtainedrom 11-VI Incorporatedfor
example,indicatesexisting coatingscan produce< 3%/surtcereflectionfor ZnSefrom 1-5 pm
rising to about10% at 0.6 um. Thesecoatingsmustalsobe stableat the low NGST operational
temperaturandmustnot produceary significantstraininducedwavefronterror.

We emphasizehat this designis subjectto improvementby further study Testsshouldbe
conductedon suitably selectedsamplewindows and prismswith appropriatecoatingsto assure
goodperformancan flight. In addition, alternatematerialswith lower refractve indicesmight
furtherincreasehethroughput.
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Figurel.6: Thespectraresolvingpower of the low resolutionmodeasa function of wavelength.
Thevaluesarebasedn atwo pixel (54 um ) resolutionelement.

1.4.4 Moderate Resolution(s)Mode

For resolvingpowersabore ~100, beyondthatobtainableby a prismof reasonabléhicknesswe
usegratingsasdispersersWe comparewo alternateapproacheso coverthe 0.6to 5 pm range:
1) threesuccessie first ordergratings,and 2) an echelleorder sortedwith a Fourier Transform
SpectrometefFTS).

First Order Gratings Method

For eachspectralresolvingpower required,the 0.6 - 5 um rangemay be coveredby 3 gratings,
covering2.5- 5 um, 1.25- 2.5um, and0.625- 1.25um. Gratingspacingsplazeanglesand
spectralengthsin mm andpixelsrequiredareshowvn in Table 1.2 for a reflectve Littrow design
with a 360 mm cameraocal length,for resolvingpowversR=1500and R=5000. We seethat for
R=1500,the spectrumcanfit easilyonto the 4K pixel detectorlength,andthe full field canbe
obseredwith oneobjectper effective dispersiorrow. For R=5000,thefull spectrumdoesnot fit
ontothedetectorandthe0.6- 5 pm rangemustbedividedinto 12 obserationsfor thefull field.

Note that for mary problems,the full spectralrangemay not be neededjn which casethis
methodis moresensitve thanthatusingthe FTS ordersorterbelon. An instrumentayoutfor this
methodis shovn in Figurel.8
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Mode R | Spectrumength| Orders| Blazeangle| Groove spacing
mm \ pixels degrees lines/mm
Firstorder | 1500| 54 2000 6.42 59.62
5000 54x4 | 2000x4 20.56 140.45
Echelle/FTS| 1500| 54 2000 1-6 6.42 59.62
5000 54 2000 | 4-30 20.56 39.01

Tablel.2: Characteristicef thegratingsin thefirst orderandechelle/FTSnodes

EchelleWith FTS Order Sorter Method.

In additionto themethodof mediumresolutionspectroscopusingseveralfirst ordergratingswe
have investigatedcoveringthe 0.6 - 5 pm wavelengthrangein a single obsenation usinga low
orderechellegrating,which cancover thisrangein 6 orders.To enablea large numberof objects
to be obsenedsimultaneouslythe ordersortershouldbe non-dispersie. We have thuschoseran
IFTS asanordersorter We usethe minimum possiblenumberof stepsto avoid additionalread
noisefrom the requiredmultiple measurementsTwo detectorsare requiredto useall the light
andmaintainefficiengy. This providesredundang andexcellentimmunity from cosmicrays. The
echelle/FTSombinatiorwould be usedin serieswith the microshutteffield selectoraswould all
the spectroscopionodesdescribed.

As discussedelaw, this more complex methodis not justified in orderto obtainimproved
sensitvity for the primary spectroscopienodesat R~40 and R~1500. The adwantagef this
methodarethatit enables higherspectratesolution(R~5000)mode,andafull-field low spectral
resolutionimaging mode. This imaging modeprovides a sensitve backupto the NIR imaging
camerathusgreatlyreducingrisk in the overalNGST mission.

The sensitvity advantageof this methodcomparedo successie obserationswith first order
gratingsdepend®nthenumber(N) of successie obsenationsneededFor verylongobsenations
wherethe sensitvity is not limited by any additionalreadnoisefrom the multiple FTS scanposi-
tions, the sensitvity advantages F = 1/N/2, for equalthroughput.For R<2000,wherethe first
orderspectrecanfit onthedetectorN=3, andF=1.22.This smalladvantageof 20%improvement
in sensitvity would belostin the FTS atthebeamsplittersandmirrors. In addition,for shorterto-
tal exposureghan~40,000sec,individual readoutf the FTS stepscansvould have to bemore
frequentthanthat necessaryor cosmicray removal. This additionalreadnoisewould dominate
the overall backgroundor R>50, so that the sensitvity would be lower thanfor the successie
first ordergratingobsenations.

At higherresolutions for examplefor R=5000,wherethe numberof successie first order
grating exposures(N) for full spectralandfield coveragewould be 12, F=2.3, so a factor 2.4
fainterobjector higherS/N could bereachedn the sametime, or the sameS/N couldbereached
onagivenobjectin afactor6 lessexposurdime, usingtheechelle/FTSIn orderto fit thesehigher
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resolutionspectraon thedetectoyorders4 to 30 would beused requiring60 to 90 scanstepswith
theFTS.

As a backupimagingmode,a mirror may be moved into the beamin placeof the echelle.
Thenthe FTS canbe usedasa multibandimagerwith all the microshuttemixels open,with a
flexible numberof bandsandwithin bandsamplingcontrolledby the scanrangeand numberof
scansteps.It would be moresensitve thansuccessie multi-filter imagingby observingthe total
wavelengthbandall the time. Sensitvity would not be lost by the addition of readnoisefrom
the scanpositions,sinceat very low spectralresolutionthe backgroundvould be dominatedby
zodiacalight. However, it would have apixel scaleonthesky afactor2 - 4 coarsethantheprime
imager

An optical layoutincluding the echelle/FTSs shavn in Figure 1.9, andits integrationwith
NGSTis shavn in Figure1.10. The echellecharacteristicandfield coveragefor full spectraare
shavnin Tablel.2.

1.4.5 Sensitvity EstimatesFor Differ ent Modes.

A crucial advantageof the proposedspectrograpldesignis efficiengy. In additionto providing

themultiplexing benefitof wide simultaneousvavelengthcoveragethe prism-basedesignoffers
very highthroughput.in thelow resolutionmode,opticallossescomefrom reflectionlossesatthe
prismsurfaces6) andreflectionsatthemirrors. Thelow index prismshave <3% losspersurface
even without anti-reflectve (AR) coating, while the high index ZnSe prism canbe AR coated
to <3% lossper surfaceover at leastthe 1-5 um range(measurediatafrom II-VI Corporation).
Mirror reflectvitiesare>99%in thisband.Hence thethroughpubf theopticalcomponent the

low resolutionmodeis thusexpectedto be >80%. No combinationof gratingplus ordersorting
filter canmatchthis performancever evenoneoctave of wavelengthcoverage.

Themediumresolutionrmodesubstitute®nefirst ordergratingfor theprism,with anestimated
peakefficiengy of 65% (Hyperfinelnc., privatecommunication).To cover thefull spectrarange
of 0.6- 5 ym wedividethetotalexposurgimeby 3. (For thealternatecaseof theechellewith FTS
ordersorter full wavelengthcoverages achiezedwith only theonegrating,but for long exposure
times,thesensitvity is the sameto within ~20%.)

Raytracesndicatethat>70-80%of theenepgy incidentattheentrancanaskplanefrom apoint
sourcecanbe capturedwithin a nominal2x 2 pixel resolutionelementout to wavelengthsof 2.5-
3.0um. However, to includemostof the flux from typical faint galaxiesto accountor centering,
andto reducediffraction lossesat longer wavelengthswe would expectthat a typical entrance
aperturemight be choseno be ~2x 3 pixels. We anticipateend-to-encefficiencies(within 2x3
pixels,includingdetectorquantumefficiency) up to 50-55%in thelow resolutionmodenearl pm
andupto >40%in themediumresolutionmode.

Basedntheseestimatesye have calculatedheminimumdetectablélux atasignalto noiseof
10 perspectrafresolutionelementassumingotal exposuretimesof 10* secondgnd10° seconds.
Theresultsarecritically dependenon the assumedletectordark currentandreadoutparameters
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and(for thelow resmode)zodiacalight intensity dueto the extremelybackground-limitechature
of the calculations.The resulting10 o sourcedetectionlimits in 10° secondsarein the rangeof
4 to 10 nJyand300nJy, respectrely, for thetwo modes(assuminglark currentof 0.02e/pix/sec
and4 ermsreadnoiseperreadout).Theresultsareshovn in Figurel.7.
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Figurel.7: Minimum detectabldlux in thespectrograpperspectratesolutionelementfor S/IN=

10, for exposuretimesbetweernl0* and3 x10° sec.(a) Low resolutionprismmode. (b) Medium
resolutiongratingsor echellemode.

We emphasizéahe sensitve dependencef the resultson detectorassumptions.The critical
pointto make is that, whatever detectorperformanceand aperturesize NGST achieves, the sen-
sitivity of a high throughputspectrograpliesignthat putsthe bulk of the enegy into a few pixel
resolutionelementsannotbesurpassed.

1.4.6 Dithering And ReadoutNoise.

Anotherdistinguishingeeaturebetweerthefirst ordergratingsandtheechelle/FTSnethodss their
ability to utilize ditheringto flat field, (asdescribedn the calibrationsection,)to subsamplehe
spectralandspatialpixellation,andto remove saturatedcosmicrays. For thefirst ordergratings,
individual exposureswvith thetotal exposuretime areessentiallyndependentandsoditheringcan
beusedbetweerthem.For theechelle/FTStheentiresetof FTS scanpositionsmustbemadeand
readout beforeary ditheringmotioncanbeallowed.

By multiple non-destructie readoutsiuring an exposure the slopeof the countsvs time plot
canbemeasure@ndtheeffective readnoisereduceccomparedo readingoutonly attheendof the
integration[14,[15]. This methodwasusedby NICMOS. Cosmicray eventsduringanexposure
canberemoved by measuringhe slopeon eitherside of the cosmicray jump. This allows very
long exposuresprovided saturationdoesnot occut which will be easierfor spectroscop than
imaging.In asingleexposureof 1000sec,10%of the pixelswould suffer acosmicray hit, and1%
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would suffer multiple hits. Thereductionin readnoisefor N non-destructie readscomparedo a
singlereadis /N/6. Thefactor6 is comprisedf afactor2 dueto differencingthesamplesanda
factor3 dueto samplingall alongthe sloperatherthanonly attheends[16]. In the[14] example,
theirassumed5 electronghereafterels)rmsreadnoiseperreadis reducedo 6 elsrmsby taking
64 samples Similarly, currentlymeasuredeadnoisevaluesof 4 elsrmsshouldbereducedo 1.6
elsrmsby taking64 readsperslope.Also, with this methodthe datafrom eachsetof readsup the
rampwould be processedn board,dramaticallyreducingthetelemetryrequirements.

Comparefor examplean obsenationwith total exposuretime of 10000sectaken by the two
methodsat R=1500. The threefirst order gratingseachget 3300 secto cover the wavelength
range.For 5 ditherpositionseach theindividual exposuresare660sec.The 1.6 elsrmseffective
readnoiseis smallcomparedwvith the +/660x 0.02 = 3.6 elsrmsnoisefrom thedark current.In
comparisonthe echelle/FTSvould get2000secperdither position. To cleanlysortthe 6 orders
of the echelle,assumeve need18 FTS steps giving 110 secper stepandthereforereadout.We
have 1.6 elsrmseffective readnoiseperscanposition,or 1.6 x /18 = 6.8 elseffective readnoise
over the scanrange,comparedo the ./2000x 0.02 = 6.3 elsrmsnoisefrom the dark current,so
thatthe addedreadnoisefrom readingout the multiple scanpositionshasreducedhe sensitvity
of the echelle/FTSmethodby a factor~1.4. We note however, that at this readoutfrequeng,
a significantburdenwould be placedon the telemetry andthat accomplishinghe multiple non-
destructve readsin 110secmay be difficult. We seethatfor total exposuressignificantlylonger
than10000secwith 5 dither positions,the echelle/FT Semainsdark noiselimited, anddoesnot
suffer from sensitvity reductiondueto multiple scanpositionreadouts.

1.4.7 Optical RequirementsFor A Field Selector

In orderto cover therequiredbroadspectrabandof NGST, we needaninput selectorwhich can
operateover the broadspectralrange,canselectobjectsat randompositionsin the field. In this
sectionwe describegherequirementsor thefield selectofor aMOSon NGST.

The selectionof a setof objectsfor spectroscopiobsenration requiresa prior imageof the
areaof the sky to be studied. This imagecould either be obtainedwith the NGST camera,or
with the spectrometein cameramodewith all shuttersopen.In generalthe objectsfor studywill
selectedn the basisof their colorsin multibandimagingstudies.This approachallows the high
redshiftcandidateso be separatedrom thefar morenumerougoregroundobjects.Thereforethe
microshuttearraymustbe ableto selectobjectsbasedn otherNGSTimagesandin somecases,
basednimageswith otherfacilities.

Thepixelsin the microshutterarrayarein aregulargrid, andobjectson the sky arerandomly
positionedwith respecto this pattern. If the objectis centeredn the pixel we will openanodd
numberof pixels, andif the objectin on the borderbetweentwo pixels we will openan even
number
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Figure 1.8: Instrumentoptical layout for the first ordergrating/prismmethod,shaving half the
2K x 4K field. Thefull field would be provided eitherby wideningthefield or by splitting it into
two sections,dependingon subsequenaberrationanalysesand redundeng issues. A reflectve
prismmodeis incorporatedasa positionon a gratingwheel.

Pixel Size

Thedesignof afield selectiordevice for NGSTis complicatedy thewide wavelengthrangeover
which it mustoperate,0.6 to 5.0 um. Over this range,the size of a diffraction limited image
changedy afactorof 8. Moreover, the naturalbackgroundsary by over an orderof magnitude
over this range,andthe effectsof this backgroundon speedof acquiringa spectrunmvarieswith
spectralesolutionatsufiiciently highresolutionthesystemwill nolongerbebackgroundimited.
From our discussion®f galaxysizeearlier with galaxiesat AB=30 having half light diameters
around0.16arcsecandconsideringhepointsourcediffractionsize,pixelsof 100um will subtend
0.093arcsecandsowill provide goodsamplingof theimageswhile coveringalargefield of view.
To coverthelarge NGSTfield of view thatwe have assumedo be available,a 2000x 4000array
of 100um pixels(matchedo thediffractiondisk at4 pm) is required,a numbermwhichis feasible
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Figurel.9: Instrumentayoutfor theechelle/FTS/prisrmethod shaving half thefield asin 1.8.

to construct.If the pixelsare matchedo the 1 um disk, the required10000x 20000arrayof 20
pm pixelsis notwithin technicareachin theNGSTtimescale Thus,practicalconsiderationdrive

usto the100pum pixels.

CryogenicOperation

In orderto maintainlow backgroundn the spectrometetthe field selectormustoperateat suffi-
ciently low temperaturghatits thermalemissionis negligible comparedo sky background.An
operatingemperaturef 40K will meettheserequirements$or alongwavelengthcutoff of 5 um.
However, for simplicity andin caselongerwavelengthoperationis required,we have adopteda
requiremendf 30K for microshutteoperation.
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Figurel.10: Opticalray traceof a possibleMOS Designintegratedwith the NGST.

Fill Factor

Thegoalfor our microshuttearrayis to have thelargestpossibldilling factor Giventhenecessity
for structuralsupportfor the individual shuttersandfor electronicgo actuateeachone,we have

adopteda requiremenbf 80%for filling factor Thisis softrequirementif we canachieve better
filling, wewill striveto achieveit. Also, if thebestfilling factorpossibles somaevhatsmallerthan

80%, the device is still useful. It may alsobe possibleto increasehefilling factorby useof an

arrayof microlensesor Winstoncones.

Other Requirements

In additionto the basicoptical requirementited above, thereare practicalrequirementsvhich
furtherlimit shutterdesignsFirst,the mechanismandsuspensiomequiredto definethe motionof
the shutterduring actuationmustbe small. Secondthe actuatoiitself mustbe compactandhave
low power dissipation.
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Field of view 3.2 x6.3
Numberof Pixels 2000x 4000
Pixel size 100x 100 pm

Addressing Any pixel onary row
Actuationtime lessthan30s (TBD)
Operatingemperature 30K
OperatingPower lessthan1l mW average(TBD)
Fill Factor morethan80%

Table1.3: A practicalinput selectorfor a MOS for NGST mustmeeta numberof requirements,
shovnin Tablel1.4.7.



Chapter 2

Engineering: DevelopmentOf
Micr oshutters

2.1 Overview

In this study we have developeda conceptfor a new optical componenta denselypaclked mi-
croshutterarray to be usedasa programmabldield selectorfor a Multi-Object Spectrometeon
NGST. This transmissie field selectiondevice hasfundamentabhdwantagesover reflectve ver-
sions. The transmissie versionhasexcellentimmunity to scatteredight from bright objectsin
the field; only light incidenton the openaperturessanreachthe focal plane. In the caseof a
reflective selectoythe diffractedlight from the edgesof illuminatedbut unselectednirrorsin the
field canenterthe instrument. The transmissie selectorhasa greatadvantagen optical design.
For a reflective selectorto work, it mustbe placedin animageplane. In orderto have accesgo
thereflectedoeam,it mustbetilted with respecto the input axis, requiringa tilted imageplane.
Thisin turnrequireshatthe detectoimageplanebetilted with respecto the principalray of the
system.This complicateghe alreadydifficult problemof designinga large field spectrometefor
NGST Finally, the performanceof a transmissie selectoris insensitve to the figure or surface
finish of the shutterswherethereflectve versionrequiresa goodsurfacefigure.

Thisreportdescribeshefirst designfor a programmabléransmissioimaskfor aMOS. In our
study we have:

e developedthe conceptfor the microshutterarray includingindividual shutteroperatiorand
the selectiorandactuatiormechanisnior essentiallrandomaccessaddressing.

e measuredtrengthand stiffnessof candidatematerialsfor shutters selectedmaterialsfor
fabrication,andoptimizedtheir mechanicatlesign.

e testedthe mechanicalpropertiesof individual shutters,and built and actuatedsmall mi-
croshuttemarrays

23
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e developedplansfor the productionof larger. arraysto be fabricatedwith integratedshutter
selectiorelectronicausingphotolithographigrocesses.

Pursuinghis developmenprogramaggressiely, we candemonstratéechnicalreadinessvith
afull scalemicroshuttearrayby the Apr. 200LNGST instrumentselection.

2.2 Background

Thedevelopmeniof techniquedgor productionof micro electromechanicabystemgMEMS) has
provided uswith toolsfor the productionof randomlyaddressabléeld selectordor multi object
spectrometefMOS) applications.

Initial instrumentdefinitionwork for Next GeneratiorSpacelelescopgNGST)gave a strong
boostto effortsto produceprogrammabldield selectorgor MOS applicationsspecificallyfor the
NGST nearinfraredspectrometer[17 Thesenearinfraredfield selectiondevicesmustbe cooled
to cryogenidemperaturew provide therequiredow backgroundinspiredby thedevelopmenbf
theDMD (Digital Micromirror Devices)by TexasInstrumentstwo teamsarecurrentlydeveloping
micromirrorarraysfor theNGST[18 19]. Thetaskis extremelychallenginganddevicesdeveloped
so far remaincomplex and expensve to manufcture,and have the problemsof implementation
describedabore.

An alternatve approachto field selectionis the useof microshutterarrays[20]. The shutters
shouldoffer significantperformancdenefitdor applicationgequiringhigh-contrasimaging,and,
astransmissionlevices,offerimportantadvantages opticaldesignandlayoutovertheirreflectve
counterpartsHowever, no large arraysof microshutterdiave beendeveloped. Arrays have been
built by CSEMof Neuchatel Switzerland but they have low areafilling factorandsmallnumber
of shutterght t p: / / ww. csem ch/ m crosyst ens/ ). Thesedevicesemploy aresonanexcitation
technigueo openthe shuttersandaredesignedor operationatroomtemperature.

We have developeda concepffor a transmissie field selectoy andhave fabricatedandtested
demonstratiorarrays. This conceptcanbe developedinto a large fully addressablenicroshutter
arrayof elementsvell-matchedo the NGST point spreadfunction (100 um typical dimension)
with high areéfilling factor(80%or betterfor theratio of shutterareato thetotal area).

This microshutterconceptgren out of designsfor arraysof thermaldetectorsdevelopedat
GSFC.The GSFCDetectorSystemBranchhasexperiencenanufcturingpop-upbolometershat
requireprofiling thin Si waferswith flexuresthatallow bendingof thedevicesout of plane.These
thin suspensiomstructuresareflexible enoughon onehandto be bentat 90° angle,on the other
they arestiff enoughto supportarelatively largeareamembraneThis geometrylendsitself to the
productionof microshutterrrays.Our microshuttersarean extensionof this basicconceptwith
significantnew ideaswhich wererequiredfor addressing@ndactuation.

The productionof thesedevicesofferedsereraltechnicalchallenges First, our microshutters
requirelargeanglesof rotationof theindividualmicroelement$9(°) ascomparedo micromirrors
(~15°). Also, in micromirror arrays,the spacebehindthe mirrorsis availablefor the actuation
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structureandaddressinglectronicsyherein microshuttedesign all thesemustbefabricatedn
thetiny supportstructuredbetweerthe bladesand/oron the shutterbladeshemseles.

Our designsuccessfullyaddressethesechallenges.The shutterscanreliably rotatethrough
therequired90°, andour novel selectionandactuationmechanismthe doubleshutterprovidesa
practicalsolutionto randomaccesaddressingf thehigh efficiency shutter

Althoughthesemicroshutterarebeingdevelopedascryogenicfield selectordor NGST, they
canalsobe usedat opticalwavelengthson the ground-basetkelescopeandin otherapplications
wherefield selectiondevices are required,suchas projectiontelevision. Other possibleappli-
cationsare mass—spectroscp@nd laserranging. In mass-spectroscoy microshutterscanbe
efficiently usedfor modulationof the ion sourceandspatialmodulationof the detector In laser
rangingapplicationsthey canprovide fast-changin@ttenuatiorof the optical signalthat would
helpto expandthe dynamicrangeof operation.

2.3 Micr oshutter Concept

Therequirementsf largedeflectionanglesandhigh efficiency closepackingof shuttersaaresolved
in aunigueasymmetricsuspensionf themicroshutteblades.Thesolutionfor theactuatiormech-
anismto satisfytherequirementsf high densitypackingandlow powerdissipatioris whatwe call
doubleshutterschemewith a DRAM (dynamicrandomaccessnemory)type addressingirculit.
In thethis sectionwe will discribedetailsof thesuspensionlesignandactuationmechanism.

2.3.1 Torsion BeamSuspension

Key requirementsf the shutterdesignarethatit accomplisitherequired90° rotation,hasalong
operationallife, and a large areafilling factor consistentwith randomaccessaddressing.The
designmustprovide spacefor the selectionelectronicsandactuationrmechanism.

Our shuttersaredesignedvith asymmetricsuspensioon atorsionbarattachedo the middle
of theedgeof theshutter(Fig. 2.1). This designallows usto usethe entirewidth of the shutterfor
thetorsionbar, reducingstresse@ the bar Mechanicaknalysisandtestsprovedthatthis design
allows full deflectionof the microbladeout of the light path[2]. Although suchsuspensions
have beenusedin MEMS technologybefore[22, 23, 24], previously developeddevicesdid not
simultaneouslyequiretight packingandlarge deflectionangles.

An importantadwantageof our designis thatit is simpleto manufcture. It doesnt require
complex multicomponentells; thewhole shutterarraycanbe manufcturedoy photolithography
from onesinglemembraneandis easilyscalableo largersizes.
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Figure2.1: a) Schematiof the basicshutterdesign.b) Scanningelectronmicrographof a micro-
machinedshutter

2.3.2 Actuation

Theactuationschemeis novel aspecbf our microshuttedesign.After examiningseveralcandi-
datesolutionswe selectedheschemavhich we call the“doubleshutter” Doubleshutteactuation
allows usto transformthe motion of a large structure the membranetself, into micromotionof
the selectedshutterg(Fig. 2.2). To implementthis, two identicalmicroshutterarraysarerotated
18C°with respecto eachotherandbroughtinto closephysicalcontact. Addressingandselecting
is performedelectronicallyby applyinga voltagebetweena shutterbladeandits counterparbn
the actuationmembrane.This forceis attractve independentf the polarity of the appliedfield.
Oncea bladeis selectecandengagedthe entireactuationshutterarrayis movedby the actuators
locatedoutsideof the active area,openingall engagedhutters.De-selectiorwill causeanopen
shutterto elasticallyreturnto its closedposition(Fig. 2.2).

In this design therequiredmechanicatomponentarerelatively simplein designandeasyto
fabricate Both shutterarraysaremadefrom athin singlemembraneavith embeddednicrocircuits
for shutterengagemerdandappropriateptical coatingsasrequired.The low stressof thetorsion
barsevenatlargedeflectionanglesallowstheuseof relatively low voltagedor shutterengagement,
atthelevel of ~20V. We have testecdthis actuationschemeon a singleelementshutter(Fig. 2.2)
anda3x 3 array(Fig.2.3). Thenext stepwill beto designandmanufcturelargersizearraysusing
photolithographig@rocessesnitially with 128x 128elements.

2.3.3 SelectionElectronics

Therearetwo approaches shutteractuationselection:
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Figure2.2: a) SEM imageof a singleshutterblade,b)Sequencef the microshuttelopening(side
view). Microshutterbladesarerepresentetby the shadedectangles.Shadecdirclesaretorsion
bars. Two bladesareengagedo have one pixel open,c) Openingsequencef the singleshutter
model. Shutterdirst arebroughtto closecontact,anda voltageis appliedto engagehe shutters.
Thelower shutteris attachedo the bulk of a membranethe uppershutteris weldedto a needle-
manipulator Theuppershutteris movedalongthearcformedby theradius-ectorconnectingheir
torsionbars. Framethreeshaws the shutterbladesat 90° to the membrangfull openposition).
After thevoltageis reset shuttergeturnto initial position(framefour).

e SRAM (Static); A voltageis latchedon eachselectedshutter usinga flip-flop percell. So
far, we have no viable design,becausehe large numberof transistorsecessargannotbe
fitted on frame using available technology It would be an electronicallystraightforward
techniquagivenadequatehip area.

e DRAM (Dynamic);A voltageis appiedto theselectedshutter Thevoltageis refreshedafter
ashorttime. Thisrequiresshuttergo hold chagefor atime determinedy therefreshcycle,
requiringtheir leakageesistancéo be ~ 10°Q for practicaloperation.

Our preferredsolutionis to usedynamicaddressingrefreshingthe voltageon eachselected
microshuttersequentially Eachengagedhuttercanbe consideredasa tiny capacitor Onceit is
chagedby theaddressingircuit, thedepositedhagewill attractthebladego eachother We ex-
pecttheleakagecurrentdrom the shutterdo besmall,sothehold time of the shutterswill belong
enoughto have acceptablyjlow requiredrefreshrate. This multiplexing anddynamicaddressing
canbe accomplishedvith a single FET per unit cell, resultingin simple on-chipcircuitry which
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canbefit ontheinterstitialstructuresAddressselectorsnustlie ontwo perpendiculasidesof the
array

engaged shutters

microshutter array opening sequence

a) b)

Figure2.3: a) 3D sequencef thedouble-shutteactuatiormechanismb) SEM imagesof five by
five microshuttearray

2.4 DevelopmentProcessNith Rapid Prototyping

Following the developmentof the shutterconcept,our developmentprogrammoved on to the
productionof a detailedmechanicabesignof the shutterelement,actuationmechanisndesign,
measuremertdf themechanicaperformancef thedevice,anditerationonthedesign.Thisdesign
and optimizationwas the primary objective of this study Designswere developedand studied
usingbothanalyticandfinite elementmodelingtechniquesOur approaclto productionandtest,
the useof the programmablé-ocusedon Beam(FEl)facility, allowedrapid prototypingandtest.
Below, we describethis process,and the resultsachiered during the study The final section
describe®ur plansfor the next phasethetransferof the designto a photolithographigrocess.
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2.4.1 Manufacturing And TestFacilities

All microshuttemanufcturingandexperimentsverecarriedout in a FEI 620 focusedon beam
milling machineat the Lab for lon BeamResearcltand Application (LIBRA) of the University
of Maryland. This machinehasprovento be a very usefultool both for device productionand
in situ testingof the manufctureddevices[21]. The FEI 620is a dual beammachine,with an
ion and electroncolumn, permittingion milling andin situ scanningelectronmicroscopy. lon
milling canbe performedwith ion beamspotsizesin therangefrom 20nmto 1 ym . Machining
ratesin Silicon from 10-3unmfs~1 to 10pun?s~1. The machineis also equippedwith a micro-
manipulatorneedleand hasthe capability of depositingPlatinum(Pt)by ion-inducedMOCVD.
This combinationturnedout to be a perfecttool for productionandtestingof the microshutters,
offering thefollowing capabilities:

e Structurexanbemachinedandmeasuredirtually in realtime.
e Testsinvolving bendingandmoving canbedonein situ usingthe manipulatomeedle.

e Theshutterresponséime to a mechanicalmpulsecanbe measuredby focusinganelectron
beamon the shutteredgeandobservingsecondarglectroncurrentasa functionof time.

e Onecanmachineelectrodesweld themto a needleby depositingPt and useit to apply
electricalforcesto amachinednicrostructure.

e OnecanmachineMEMS structuresyeld themto the needle andusethemfor tests.

An importantissuein the designof the shutterds to understandhe mechanicateliability of
the manufcturedstructuresanddetermineheir failure mechanismsWe did analyticalandfinite
elementanalyse®f the stresdistribution andmaximalstresse@ the shutterdo aid in thedesign
of the shutterandselectionof materials(seesection2.4.2),andcarriedout testsof the shutterdo
determingheir mechanicatharacteristicendfailure modes.This productionandtestcapability
truly enabledthe rapid developmentwe have madein the developmentof thesedevices. It will
remainan importanttool for mechanicakcharacterizatiorof the photolithographicallyproduced
devicesin our next phaseof development.

2.4.2 Mechanical Analysis And Material Properties

Accuratemechanicahlnalysisof acomponentelieson accuratedescriptionsf its materialprop-
erties,geometryandboundaryconditions. The key materialpropertiesor suchanalysesarethe
stiffnessof the material, which relatesthe stressin the materialto ary appliedstrain, and the
strengthof the material,which establisheghe stresdevel at which failure becomegrobable Re-
searchhasshown thatthe elasticpropertiesof materialsusedin micromechanicatomponentsre
usuallywell describedby their bulk properties but estimatesof strengthrequiretestof a large
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numberof sample®of similargeometryto the objectof interes{25] [26]. Thestrengthof thesmall
samplesare typically much higherthanin macroscopisamplesand shov a muchlarger range
of failure stressessetby the presencer absencef defectsin a sample,consistenwith brittle
fracturetheory Any successfutlesignmustallow for thefull distrlbution of failure stresses.

In thefollowing subsectionwe describesimplifiedmodelsandtestsof a cantilererbeamwhich
we usedto determingheYoung’s Modulusfor our samplesThis stepwasusefulfor validatingour
experimentatechniquesandfindingdiscrepanciebetweerthe propertief bulk andmicroscopic
samples. Next we presenta techniqueto determinethe fracture strengthof both single crystal
silicon and silicon nitride. The resultsfrom thesetwo subsectionsvere usedas inputsto our
microshuttedesignefforts.

Material Stiffness SomeresearcherR7, 28,29 have usedbendingteststo determinghe stiff-
nessandfracturestrengthof silicon membranesin thesetestssthe membranesveremorethan
10 umthick. Forcesgreaterthan.01 Newtonsinducedreasonabl®endingandfailure. The mem-
branesusedin this study are .5um and 2 um thick. The correspondindgorcesare significantly
smallerthan 0.01 Newtons. Commerciallyavailable force transducergannot resolhe forcesat
sucha low magnitude. Thuswe have chosena vibration testmethodto determinethe Young’s
modulus.

In the vibrationtest,theion beamis usedto fabricatelong cantilever beamsof total lengthL;
in a“T” shapeasshavn in Fig. 2.4. At the fixed end,the beamhasa narrov width wy, which
extendsto alengthL,. Theremainingportion of the beamof lengthLy, is wider with width w,.
Thetotal lengthis denotedasL; = L + Ly, andis aligned,in the caseof the Si, with the <110>
crystallinedirection. The purposeof this configurationis to yield a cantilever mass/springystem,
whosefirst naturalfrequeng canbe measuredndcomputedanalytically Themassattheendcan
beincreasedo reducethefrequeng to arangethatcanbe easilymeasured.

O Region A
[0 Region B
La
L\<

Lt

Lp

E Beam Spot Magn WD 50 um
100kv 3.0 400x 175 NASAJGSFC UMD/IBL 06/28/99

a)

Figure2.4: a) Schematiadrawing of the cantilerer beamvibration testspecimen.b) Scanning
electronmicro-graphof machinedcantilever beam.

In the experimentalsetup,the beamis pushedvertically with a needleandreleased.The ap-
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proximatenaturalfrequeng is measureésdescribedibore. Subsequentlyanelectrodes placed
in closeproximity to the endof the beamanda periodicvoltageis applied. The frequeng of the
voltageis varied over a small rangearoundthe approximatevalue previously determined. The
responsés monitoredandthefrequeng of peakdisplacemenis recorded.
Thenaturalfrequeng of a cantilever springmasssystemcanbe expresseds|[30, 31]

1 3El
f=— 2.1
2T[\/L3(rrb-l—Clma) (2.1)

wherethe constaniC; equals0.2357, f is the cyclic naturalfrequeng in Hz, L = L+ Lp/2 is
the cantilever lengthto the centerof theendmassE is the Young’s modulus,my = pwatL, is the
massof region A, andm, = pwptLp is the massof region B, wherep is the massdensity The
areamomentof inertial equals(w,t3) /12, wherews, is theregion A width, andt is themembrane
thickness.

Hence the Youngs moduluscanbe solvedfor

AP 2L3(my + Cymy)
B 3l '

A silicon cantilever beamwith dimensionsof Ly = 250 um w; = 20 um Ly = 80 um wy =
70 um andthicknesst = 1.9 um alignedwith the <110> crystallinedirectionwas fabricated
andtested. The naturalfrequeng was measureds describedabove and determinedo be f =
12600Hz. Computedeffective Youngs modulus = 155 GPa. This valueis about12% lower
thanthevalueof E = 176 GPareportedn [32].

Herewe notethatthe Young’s modulusis highly sensitve to the thicknessandcrosssectional
shapeusedin the calculation.Thethicknessof t = 1.9 umwasmeasuredrom scanningelectron
microscopémages Becausd ~t2 ary errorint is magnifiedn E. We alsoassumedrectangular
crosssectionalkhapen thesecalculationsandin factthe shapes roundedat the cornerswhich
will compoundheerror. While thechromiumcoatingonly occupiesaboutl% of thetotal volume,
themodulusis significantlylower thanthatof silicon,andwill resultin alower effective modulus.
Theabovetwo source®f errorcombinedwith thepotentialfor errorintroducedoy usingsimplified
equationsarelikely to accountfor the obsereddiscrepang with bulk propertieor Si.

In a secondexperiment,a silicon nitride simple cantilever beamconsistingof a singlewidth
w, wasfabricatedandtested. The dimensionf the beamwerelLy = 205um w; = 9 um and
thicknesg = 0.55 um Thenaturalfrequeng wasobsenedto be f = 17800Hz, andthe Young’s
moduluswas calculatedasE = 220 GPa. This valueis about43% lower thanthe valueof E =
385GPareportedn [33].

Thedifferencein this caseis muchmoresignificantthanfor silicon. Againthelargestsource
of erroris likely dueto the thicknessand crosssectionalshape.The silicon nitride thicknessof
0.55 umis almost3.5 timeslessthanthat of the silicon, but the resolutionof the measurement
techniqueis the same. Hence,the relative error introducedby the resolutionlimit is greaterfor

E (2.2)
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thethinnermembrane Givenall the geometricuncertaintiesthe measurenodulusof the silicon

nitride film waslower thanbulk values.This silicon nitride wasfabricatedusinga chemicalvapor
depositiorproceswhichis known to resultin lower densityandstiffnessthanthebulk properties.
As aresultthe bulk valueof E = 385GPais likely to betoo highin this case sowe adoptedour

experimentallydeterminedralueof modulusfor thenitride films.

Material Strength Both silicon andsilicon nitride consideredor the shutterdesignarebrittle.
Thatis, the material strengthsstrongly dependon defectdistribution. The numberof defects
decreasewith the materialvolume. The averagestrengthof a sampleandits varianceincreases
with decreasingamplesize;thestrengthwill varyfrom sampleo sampledependingnthedefect
distribution. Consequentlythe materialstrengths a functionof bothdesignandprocessing.

Wilson et. al. [28] presentedtrengthsn the rangeof 1 — 2 GPa for micro-cantilever silicon
beamswith thicknessof 30 um In our work, the membrandhicknessesre 2.0um and0.5 um
andthe membranesrecoatedwith metallicsubstancesThis will leadto strengthdor the shutter
designthat are differentthan valuespresenteclsavhere. The membranesre also so thin that
simplecantileverbeamteststendto bendbeyond9(® beforefailure,makingit difficult to ascertain
strength.

In orderto determinethe material strength,we againusethe “T” shapedbeamshaowvn in
Fig. 2.4. Only in this casewe selectw, >> w, suchthat region B is rigid relative to region
A.

In the experiment,we pushthelarge bladethrougha rotation8. The peakstressoccursatthe
fixedendandis o = Mc/I, wherec is the half thicknessf themembraneWe find

- BEc
La(1- )
The abore equationsbecomelesssensitve to the force positionfor large n. Even for smaller
n > 2,asmallchangean n haslittle effectontheresults.Consequentlywe do notneedthe precise
locationof theforcelL ¢ to getreasonablyaccurataneasuresf stress.
Basedon the above estimatessilicon cantilever “T” beamswith dimensionf Ly = 6.55um
Wy = 6.25 um Ly = 60 um w, = 30 um, andthicknesst = 1.9 um were fabricatedand tested
accordingto the above procedure.A deformedcantilever specimeris shovn in Fig. 2.5a. The
maximumrotation® of region B wasmeasuredlust prior to failure. Preliminaryresultsindicate
that the angleof rotationat failure is slightly greaterthan20°. A fracturesurfaceis shown in
Fig. 2.5h Thecorrespondindailurestresscomputedusingequation(2.3)is o = 9.4 GPa.
The sameexperimentwascompletedor silicon nitridewith Ly = 2.3 um wa = 2.1 um Ly =
20 um wp = 10 um andthicknesst = 0.55 um All of the testsfailed at anglesmuch greater
than20°. Consequentlyfor the currentsetof results theanglemaybetoo largefor the equations
presentechbove. However, we know that the specimendail at anglesgreaterthan2(®. As a
resultwe may choose2(®asa lower limit to yield a conserative estimateof the strength. The
correspondingailure stresdor silicon nitride computedusingequation(2.3)is o = 16.9 GPa.

(2.3)
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a)

Figure 2.5: ScanningElectron Migrographsof a silicon “T” beamwith dimensionsof Ly =
6.55 um wy = 6.25 pm Ly = 60 pm w, = 30 um, andthicknesst = 1.9 um a) SEM of “T”
beambendingprior to failure.b) Fracturesurfaceafterfailure.

The larger thanexpectedanglesof rotationmay be dueto the shapeof the membraneat the
fixedendof region A. As shawn in Fig. 2.5a,the baseof region A is attachedo the surrounding
membranewhichwascutto the samewidth asregion B. If thebasemembranevasleft uncut,the
stiffnesswould increaseandthe specimerwould fail atlowerangles.In eithercasetheimportant
valueof rotationis therelative differencebetweerthebaseandendrotationsof region A.

Theabovefailurestressraluesareonthesameorderasthosereportedby Johanssoet. al.[34],
but muchgreaterthanthe valuespresentedby Wilson et. al.[28]. Consistentvith fracturetheory
smallervolumeresultsin fewer defectsandhigherstrengths Herewe have thicknessesessthan
onetenthof the thicknessesisedby Wilson et. al.[2§. The coatingmaterialmay alsoprovide a
smallincreaseof the strength34].

For our study we took the minimum obsened failure stressas the input to our design. As
we move to thelargerscalearrays,we mustmeasurehe full failure distribution to allow accurate
estimate®f failure probability.

Single Shutter Tests TheFEI 620 machinesetupallowedvery quick turnaroundn testswhich,
in turn, resultedin a fastdevelopmentfrom the ideainceptionto the implementationtest, and
refinemenif the design. Within a few monthswe wereableto progresfrom scratchto a fully
operationakingleelemenimicroshutter

In ourinitial testsmicroshuttersvith a variety of torsionbeamgeometrieandmountingcon-
figurationswere evaluated. Thesetestsshaved that carefulmechanicabesignwas necessaryo
avoid stresconcentrationsgspeciallyin the areaswvherethe torsionbeamis attachedo the sup-
port structure.Having selecteda low stressgeometrythe single shutterssurvived the maximum
possiblerotationof 180°without mechanicafailure, consistentvith predictionsof finite element
analysisbasedn measurednaterialpropertieq21].

An importantaspecbf the testswasto studydifferentmaterials.In initial tests,shuttersvere
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Figure2.6: 18C°rotationof the shutterblade.

madefrom a 2um thick singlecrystalSilicon membraneWe lateracquiredhinnerSiN membrane
(about0.5 pm thickness)and manufcturedand testedshuttersmodefrom this material. Both
materialsdemonstarateddequatestrengthto withstandstressesvhile rotating the microshutter
out of the plane(Fig. 2.6). The selectionof the materialfor shuttersfor the NGST applications
will be madebasisof easeof fabrication,performancendreliability. This final selectiorwill be
madein the next phaseof the developmentprogram.

Microshutterswith torsionbeamsof differentwidths were studiedto determinethe ultimate
mechanicastresdimits. Thesetestsshavedthatthereis significantstrengthmaigin in ourchosen
mechanicatlesignconsistentvith theresultsof our analyticalstudiesandFEA modeling.

Resonanbscillationtestsonasmallsampleof devicesalsodemonstratethatthemicroshutters
arerobustandcanwithstandupto 1P large amplitudedeflectionswithoutfailure. More extensie
testsof the mechanicateliability will becarriedoutonthearrays.

Mechanical Summary We hare measuredhe mechanicapropertiesof the Si andsilicon ni-
tride films usedto produceshuttersandshutterarrays. Using thesepropertieswe have modeled
the performancef actualmicroshuttersandhave found excellentagreemenbetweermodeland
experiment. Thusthe modelingcanbe animportantdesigntool in the productionof large arrays,
andwill becritical in estimatinghe overallrelability of arraysgiventhe statisticsof defectsn the
materials.

Theoperatingemperaturef the micro-shuttearraywill be 30K. Thethermallyinducedmis-
matchstressebetweerthe membranendcoatingis not expectedto resultin failure becaus¢he
coatingsarethin. Particularcaremustbe takento avoid thermalmismatchedetweerthe arrays
andthe packaging.For final validaton,strengthand stiffnessof representafie samplesnustbe
measurect 30K to provide definitive estimate®f mechanicaperformance.
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2.4.3 Single Shutter Actuation

Having developeda reliable shutter we fabricatedandtestedour actuationmechanism,thelou-
bleshutterFirsttestswerecarriedoutwith singleshutterpairto demonstratéheselectiorconcept.

The shutterswere broughtin closecontact,engagedy applying DC voltage,thenmovedto
“open” position,whenthe shutterwasperpendiculato themembranglane,andthendisengaged.
Although all testshave beencarried out at room temperaturethere are no factorsthat would
preventtheseshutterdrom operatingat cryogenictemperaturesCurrentlywe arein the process
of fabricatingandtestingsmall2D-arraysof shuttergtypical size5 by 5 elements).

Thesetestsalsodemonstratethatmechanicatiesigntoleratessignificantlateralmotionsdur-
ing actuation.Therequiredtolerance®ntheactuatorare2-3 um .

2.4.4 Actuation SchemesAnd Shutter Arrays

We considertwo differentactuatordesigngor thedoubleshutter2.2.

e The actuatorarrayis mountedon a 2 - d stagewith piezoelectricactuators.A computer
controller provides motion relative to the second(fixed) array along the requiredquarter
circle (quadrant}o openthe shutters.

e Theactuatorarrayis mountedto the fixedarrayon a four barlinkagewhich constrainghe
motionalongtherequiredquadrantThemotionalongthecircleis generatedy al - d stage.

At this time we considerthe doubleshutteactuationmechanismas the preferredsolution.
Thereareotherpossibledesignghatdesere consideratiorior furtheralternatve developments.

¢ Singleshutterscould be selectedusingresonanexcitationwith anarrayof additionalelec-
trodesfor electostatidocking mountedoerpendiculato thearrayplane[23].

e shuttersin a singlearray (asopposedo the doubleshuttearray) canbe selectedusingan
e-beanexcitation. Thee-beansteeringequipmenbf a TV tubecouldbeusedto addresan
array This conceptappearedvhena highly resistie silicon nitride shutterflipped over by
18C¢°whenilluminatedwith theelectrorbeamin anelectrormicroscopelt hastheadwantage
of simplicity comparedo thedoubleshutter

2.5 Transition To Production Technology

Having demonstratethe microshutteiconcepton a small scale the next stepin the development
is the productionof larger arrays. Focusedon beammilling is not a usefultool for sucharrays
becausat takestoo long to machinethem. However, the arrayscanbe machinedrapidly using
photolithographig@rocessingThis processonsistf two independenthut compatibleelements:
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Si membrane
microblade

torsion bar

// /ﬂ mosaic of 16 microshutter arrays, 512x512

Figure2.7: Layoutof the 2048by 2048microshuttearray 512by 512 shutterarraysarearranged
in mosaicon a framewith 2 mm thick ribs. Expanded/iews shavs the cornerof the mosaicand
singlemicroshutter

A CMOSprocesdo createtheaddressingircuitry ontheactuatoarrayandaprocesgo createthe
mechanicastructureon boththeshutterandactuatorarray Both of theseprocessarecurrentlyin
usein the GSFCDetectoDevelopmentab (DDL). TheCMOSprocesss astandardor transistor
fabrication. The micromechanicastructurescan be fabricatedusing the processdevelopedfor
pop-updetectors.

Thedeviceswill befabricatedusinga startingsubstratel00 micrometerthick, 4 inch silicon
basewafer Therearetwo layersonthe substrateanetchstopdirectly onthewaferandthe active
shutterlayer on that. The requiredaddresscircuitry will be processedirst usingthe standard
CMOS process. The major challengefor our applicationlies primarily in the definition of the
device geometry The selectiontransistoranustbe small enoughto fit on the 10um wide frame
which supportghe microshuttersTherow andcolumnselectelectronicanustbe mountedon two
perpendiculasidesof thearray

The Pop-upbolometemprocesslevelopedin the DDL includesall necessargtepsfor the pro-
ductionof themechanicastructuresAt thistimewe anticipateatwo stepprocessaDeepReactve
lon Etching(DeepRIE) stepwhich anistropicallystructureghe basewaferandformsthe support
structure(10 micronwide, 100microntall) to carryboththe shuttersandtheaddresircuitry and
asingleRIE processvhich patterngheremainingmembranento shutters.
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Layoutsandprocessecipeswill betestedirst onsmallarrays(32x32).After sucharrayshave
worked successfullythe processesvill scaledup to a final size of 512x512. To produceeven
largerarrays,amosaicingoroceswill bedevelopedwherearraysof 512x512shuttersareputto-
getherto form largerunits2.7. Themosaicinghasthe disadwantageof requiringadditionalsupport
structures.Theimportantadvantageshe mosaicingarethe factsthatthe the mosaicstructurecan
be developedin parallelwith the arraysandthatthe 512x512mosaicmodulescanbe produced
andanalyzedvith testedequipmenbncethe processs establishedndependenof the sizeof the
mosaic.

2.6 TechnologyReadiness

We assessethe TechnologyReadinestevel(TRL) of aMOS instrumentasedn atransmissie
microshutteasof today(table2.6.1)andasit shouldbeby instrumentelectionn April 2001(ta-
ble 2.6.3).We assumedhatdevelopmenproceedssplannedn section2.6.2. This assessmeris
basedupontheninechart“TRL Determination'taxonomyin currentuseat NASA. Thetaxonomy
itself is the productof systemgesearchbaseduponthe history of advancedinstrumentdevelop-
ment.In thistaxonomya TRL of 1 indicatesalow readinessevel anda TRL of 9 indicatesavery
high degreeof readiness.

The transmissie microshutterdevelopmenteffort hasreceved or will receve funds from
NGST TechnologyDevelopment,NASA Headquarter£ross—cuttinglechnologyDevelopment
andthe ExplorerProgramTechnologydevelopmentasshowvn in table2.6.

| Source | Amount(k$) | When Available |
NGST Technology 75 Junel998
HQRSCross—cutting 267 Septembel 999
ExplorerTechnology 235 Septembel999

Table2.1: Fundsavailablefor transmissre microshuttedevelopmeniasof Septembef999.

We will submitaproposato continuedevelopmenbf thetransmissie microshuttern responséo
theupcomingNGST TechnologyDevelopmentAO.

2.6.1 Curr ent Status

Thecurrentstatusof transmissre microshutteidevelopmentdiscusse@xtensvely in section2.3,
is briefly summarizedelow;

¢ |dentifiedtheopticalrequirements.

e Developeda singleshutterconceptdesign selectednaterials.
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Developedan FEM modelof the conceptdesign,analyzedthe conceptdesignand based
upontheresults,optimizedthedesign.

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

Fabricateda single shutterprototypeand by testing determinediundamentaimechanical
propertiesaandstresdailuremodes.

Identifiedphoto-lithographyasthe appropriatdabricationmethodfor largearrays.
Developeda doubleshutteactuationschemeéor a 2D shutterarray

Fabricateda 5 x 5 microshutterthaving a 3 x 3 portion configuredas a doubleshutterad-
dressabl@andactuatabletestedactuationrapproacrandfundamentaiechanicaproperties.

Identifiedseveralwaysto electronicallystimulateshutteractuation.

Our ratherconserative assessmertf the TRL level of a MOS instrumentusing a transmissie
microshutterarrayis shavn in table2.6.1. 1t is not clearwhatform the MOS instrumentwill take
atthistime. However, ourteamhasawealthof experiencein thelab andin orbit, with thecompo-
nentsandsub-systemthatwill make up the MOS spectrographWe areexperiencedat cryogenic
instrumentechniques(e.gDIRBE on COBE, SIRTF on IRAC). Successfutlevelopmentandde-
ploymentof aMOS instrumenion NGST appearvery feasible.

2.6.2 DevelopmentPlan

To developthetransmissre microshutterthefollowing additionaltasksmustbe performed:

1.

Designandfabricatea 128x 128arraywith agroundplanesimulatingadoubleshutteusing
photolithographigrocessperformmechanicatharacterizatioandlife testing.

e Designandfabricatea second128x 128 arraywith a 32 x 32 doubleshutteportion
thatis addressable.

. Designand fabricatea 512 x 512 array with a ground plane simulatinga doubleshutter;

performmechanicatharacterizatioandlife testing.

. Designandfabricate512x 512 doubleshuttearray fully addressablandactuatablewith

on-arrayelectronics.

. Opticalperformancendcharacterizationf 512x 512doubleshuttearray

. Qualificationtestingof 512x 512doubleshuttearray
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10.
11.

12.
13.

14.

e Thermal(propertiesdifferentialinducedstress)
¢ Vibration(RandomSine,Shock,Acoustic)
e Radiation

— SEU
— Totaldose

e Contaminatioreffects(invacuumwhile operating)
— Sticktion

. Post-emironmentabpticalperformancendcharacterizatiotestingof 512x 512doubleshut-

terarray

. Designmicro-machinedkinematicmountsandmosaicframefor 4 x 4 mosaicof 512x 512

microshuttearrays.

. Designandfabricateprototypel024x 1024 doubleshuttemicroshutterarray (mosaicof 4

512x 512doubleshuttearrays)andactuationelectronicgestbed.

. Opticalperformancendcharacterizationf 1024x 1024doubleshuttearray

Qualificationtestingof 1024x 1024doubleshuttearraymosaic(se@bove for details).

Post-emironmentaloptical performanceand characterizationestingof 1024x 1024 dou-
bleshuttearray

Modify designandre-testasrequired.

DesignandfabricateMOS engineeringnodelmicroshutterarray(2048< 4096)andEM ac-
tuationelectronics.

Performervironmentalqualificationtestingasrequired.

Ourplanis to fundtwo developmenteams.Oneteamwill concentratenthemechanic®f the
photolithographigrocesdo form microshutters.The otherteamwill concentraten the design
andlay—dawvn of microelectronic®n the microshutteto controlandactuate Bothteamswill first
concentratentheprocesslesignandthen,andscalingupto full size512x 512arrays.Specialists
in partsquality assurancarealreadyinvolvedto ensurethat our designleads,in anevolutionary
way, to a flight qualifiablecomponent.Specialistan optical metrologywill beinvolvedto pro-
vide anindependenassessmertf the optical characteristicand performanceof the flight—like
microshutterprototypes. The entire developmentplanis designedo supporta MOS instrument
developmentor NGST atthelowestpossiblerisk.
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2.6.3 ReadinesBy Instrument Selection

By instrumentselection(April2001),we will have completedhefollowing:

e A working prototypel28x 128arrayfor mechanicaandlife test.

A prototype512x 512microshuttearrayfor mechanicatest.

Testresultscharacterizinghe performancemechanicapropertiesandability to withstand
launchloads.

A procesdor developinglargescale(512 512) microshuttearrays.

A 512x 512doubleshuttearraywith lab electronicdo supporttesting.

e Opticalperformanceandcharacterizatiotestresultsfor the512x 512 doubleshuttearray

We believe the technologyreadinesoncernwith the microshutterarray will be substantially
abatedoy thetime instrumentsareselectedOurassessmeraif the TRL level of atransmissie mi-
croshuttebasedMOS is shawvn in table2.6.3.We will have aworking flight—like prototypearray
undertestanda MOS instrumentdesignproceedingnto phaseA/B. To completedevelopment,
tasksb thru 14, post-selectiofiundingwill berequiredwith developmenttompletedby CDR.

After completionof the transmissie microshutterdevelopmentplan, MOS instrumentdevel-
opmentshouldproceedhormally.

2.7 DevelopmentScheduleand| & T

2.7.1 Micr oshutter DevelopmentSchedule

Thetransmissie microshuttedevelopmentschedulas shovn in figure2.8. Only thedevelopment
of thetransmissre microshuttecomponents depicted.

Micr oshutter Specificl & T Issues

The following issuesmust be addressedluring assemblyintegration and test verification of a
transmissie microshuttebasedViOS instrument:

1. Cryogenicoperationonly, closeto thermalequilibrium.
2. Contaminatiorsusceptibility,controlprocedures.
3. Optical performanceharacterization.

4. Lifetime; shuttercycles.
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Microshutter Development

FY 2000 FY 2001 FY 2002 FY 2003
1021 30 4, 1! 20 3. 4, 11 2. 3: 4, 1. 2. 3! 4

v v

|

I

T

Major Milestones S
fConctlept

: : Instrdment} Instrument
Study, Report

- Selection : ‘CDR:

1. Design and fabricate a 128x128 L. | . 6/2090
array with a ground plane ...

: © 12/2000

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

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

4/2001 -

i
o

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 ...

doubleshutter array ...

9. Optical performance and
characterization of 1024x1024
array

10. Qualification testing of 1024x10241:
doubleshutter array mosaic .... .

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

12. Modify design and re-test as
required

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

14. Perform environmental
qualification testing as required

1
I
1
I
1
1
1
|
I
1
I
I
I
I
1
I
I
I
1
I
1
I
1
I
1
I
1
1
1
|
I
I
I
I
Lo
X 1
8. Design and fabricate 1024x1024 | - !
. I
I
I
1
I
1
I
1
I
1
1
1
|
I
1
I
I
I
I
I
I
I
I
1
I
1
I
1
I
1
I
1
1
1

Figure2.8: Developmentscheduldor the transmissie microshutterarraycomponent.Tasksare
identifiedin section2.6.2.
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5. Alignment

e Betweenlayersof thedoubleshutter

e To frameof mosaic

e Thermalstability-hysteresis

42

The Assembly Integrationand Testverificationflow the transmissie microshuttercomponents

showvnin figure2.9.

EM Model
Microshutter Array
Delivered

Laboratory
Microshutter
Electronics

Cryogenic Test
GSE

Functional Thermal Vacuum
Test & ;
Electrical Cycling
Characterization (Qual. Levels)
Optical
Performance Functional
& Test &
Characterization Electrical

Characterization

Testing
ibrati Optical
V:&térgggt?c& Performance
i &
(ngf“[]é:’ve@ Characterization
Testing

Figure2.9: Flight qualificationof a transmissie microshutterarrayfor an MOS instrument. All
testingwill be performedat cryogenictemperatures.
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Chart 2: ProposednstrumentBasedon Research
Studies—NdPreviousFlight Experiencdor Proposed
Instrument

e Have analytical& experimentalstudiesbeencon- Yes
cludedthatdemonstrateiability of critical functions
andprovide proof of concept?

e Have anintegratedPhaseA studybeencompleted? No TRL=2.5
Chart 7: TRL Adjustmentsfor Pl Experienceand
TechnicalCompleity

e Is this atleastthe 2nd instrumentdevelopmentfor Yes

thePI?

e |s proposednst. sameinst. family asPI’s previous Yes TRL +.5
instrument?

e Whatis thelevel of detectorcoolingrequired? 2-90dgg K TRL - .25

Chart 8: TRL Adjustmentsfor Mission Criticality
andEaseof Fall-BackPosition

e Will the proposednstrumentaccountfor 50% or No No TRL Change
more of the missionscienceor 35% or more of the
total payloadcast?

e Cantheproposednstrumentbe descopedby 20% | Yes,reducedoerf. | No TRL Change
or moreif neededvithoutimpactingLevel 1 Science
Requirements?

Chart 9: TRL Adjustmentsfor InstrumentFamily
Maturation

o If the proposednstruments categjorizedas: Spectrometer | TRL+.5

Table2.2: As of Septembet, 1999,a MOS basedon transmissie microshuttetechnologyhasa
TRL of 3.25.
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Chart 1: Guideto Initial TRL Determination(Before
Adjustments¥or Proposednstrument

e Proposedinstrumentis Basedon Prior Hard-
ware/Softvare Developmentsand/or Flight experi-
ence

e There are validated componentsand/or bread- Yes Chart3
boardseitherin lab or someflights

Chart 3: ProposednstrumentHas ValidatedCom-
ponentsand/orBreadboards

e Have components/breadboartieenvalidatedby Yes

orbital flight?

e 50% of key components/breadboardalidatedin Yes

orbital flight?

e Pl cancommitto firm magins& schedule? Yes TRL=5

Chart 7: TRL Adjustmentsfor Pl Experienceand
TechnicalCompleity

e Is this at leastthe 2nd instrumentdevelopmentfor Yes

theP1?

e |s proposednst. samenst. family asPI’s previous Yes TRL+.5
instrument?

e Whatis thelevel of detectorcoolingrequired? 2-90dgg K TRL-.25

Chart 8: TRL Adjustmentsfor Mission Criticality
andEaseof Fall-BackPosition

e Will the proposednstrumentaccountfor 50% or No No TRL Change
more of the missionscienceor 35% or more of the
total payloadcast?

e Cantheproposednstrumentbe descopedby 20% | Yes,reducedperf. | No TRL Change
or moreif neededvithoutimpactingLevel 1 Science
Requirements?

Chart 9: TRL Adjustmentsfor InstrumentFamily
Maturation

o If theproposednstruments categyorizedas: Spectrometer | TRL +.5

Table2.3: Following completionof the developmentplanoutlinedin section2.6.2,the TRL level
for atransmissie microshuttebasedMOS atinstrumentselection(April2001)shouldbe 5.75.
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CostEstimate

3.1 CostSummary

Thiscostestimatas for technologydevelopmenbf thetransmissremicroshuttepnly andis based
uponthedevelopmentasksidentifiedin section2.6.2.We assuméhatphaseA/B beginsimmedi-
atelyafterinstrumenselectionrandthatphaseC beginsimmediatelyfollowing CDR. Microshutter
developmenshouldbe completeby CDR. Normalinstrumentdevelopmentostsarenotincluded;
however, someof thecostanengineeringnodelfor aMOSinstruments included.Costingreflects
thedevelopmentscheduleshavn in figure2.8. Full costaccountings assumeadvith laborcostsin
currentyeardollars. Thisis aROM estimateonly for ahypotheticaMOS instrumentevelopment.

The transmissie microshutterdevelopmenteffort hasreceved or will receve funds from
NGST TechnologyDevelopment,NASA Headquarter£ross—cuttinglechnologyDevelopment
andthe ExplorerProgramTechnologydevelopmentasshowvn in table2.6.

3.2 Detalls

3.2.1 Management

Includesprocurementind sub-contractnanagementntil instrumentselection. We assumehat
thesecostsfall undertheinstrumenidevelopmentprojectafterselection.

3.2.2 ScienceProgram Development

Includesresolutionof scientificissues;MOS instrumentperformanceanalysis;performancee-
guirementsanalysismissionimpactevaluationsandanalysisof microshuttetestdata.

45
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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 Managemen 26.7 00 00 14 00 00 00 00 0.0 28.1

2.0 Science 1426 0.0 0.0 1051 00 00 00 00 0.0 247.7
program
development

3.0 Systems 158 00 00 08 00 00 00 0.0 00 16.6
Engineering

40SR&QA 125 537 0.0 174 1096 00 00 0.0 0.0 193.2
5.0 Structure | 58.7 504 0.0 139.1 1119 00 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 0.0 525 36.7 30.0 00 0.0 0.0 119.3
8.0 Thermal 00 63 00 00 100 00 00 08 00 17.1

Engineering

9.0 Software 0.0 84 500 0.0 559 300 00 0.0 0.0 144.3
10.0 Detectors 0.0 00 00 00 00 00 00 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 developatransmissie microshutterarrayfor aMOS instrument.

3.2.3 SystemsEngineering

Includesrequirementsdentificationandtracking,reportgeneratiorandgeneralsupportuntil in-
strumentelection We assumehatthesecostsfall undertheinstrumentevelopmentrojectafter
selection.

3.2.4 SR&QA

Includessupportconcentratingpn materialsanalysis failure analysisand partsqualification,ex-
tendinguntil theendof FY02 whenthesecostswill fall underinstrumentdevelopment.

3.2.5 Structure

Extensve effort to developmicro machineckinematicmounts alignmentproceduresanda frame
for the 1024x1024mosaicframe,andthe MOS EM frame. This line alsoincludesmechanical
analysismechanisnidesign;andfatigueanalysis.

3.2.6 Optics

Includesdesignandfabricationof themicroshuttearrays;materialsneededo fabricatehearrays;
developmentof the on—arrayelectronics;cryogenictesting; optical metrology;and qualification
testing.Sub-contractso universitiesandotherlabsareunderthisline.
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3.2.7 Electronics

Includessupportfor the designandfabricationof electronicdor theactuatoitestbed.

3.2.8 Thermal Engineering

Includesthermalandcontaminatiordisciplinesupportfor thedesign fabricationandqualification
testingof the microshuttearray

3.2.9 Software

Includessoftwaredevelopmentandoff-the—shellequipmenneededor actuatottestbed.

3.2.10 Detectors
Not applicable.



Appendix A

A Comparison of the Prism Mode with
Multi-Filter Imaging

A.1 Motivation

Low resolution(R < 40) obsenationsof galaxyspectralenegy distributions(SED’S) give usthe
opportunityto usethe highly successfuphotometricredshift method(see[35] for a review) to
determineredshiftsfor every objectselecteddy the multi-shutters.The currentstateof theartin
photometricredshiftsroutinely producesestimategjoodto 5% of redshift[10]. Our prismmode
provides simultaneousbsenationsof the full 0.6 — 5um spectralrangewith the resolutionof
medium-bandilters to accomplistprime NGST scienceobjectvesefficiently.

To investigatethe utility andimplementationssuesof the prismmode,we carriedout Monte-
Carlosimulationsof photometriaedshiftsfrom modelSED’s. For the sale of redshiftestimation,
we treatthe prism modeas a seriesindividual resolutionelementsmuchlike a filter set. This
allows usto make directcomparisorbetweerncamera-modenedium-bandilter obsenationsand
prismspectra.

A.2 Photometric Redshifts

The conceptof photometriaredshiftshasbeenexplainedin detailin the mary papersvhich have
sucessfullyappliedit to catalogsof galaxyphotometry{36, 37, 38, 39, 40, 41], Briefly, the SED
of a candidategalaxyis comparedo a databasef templatespectraat all redshifts;the bestfit
betweerthetwo is consideredo bethe photometriaedshift. Althoughtheideais simple,it relies
onthecomplicatedjuestionof choosingthe propertemplatespectra.
Remarkablygoodresultyo,/z~ 0.05)areobtainedutto redshiftsz ~ 6 with only ahandfulof
obseredlow-z template4[39] usingthespectraf [42]) or with astandardetof spectrakynthesis
models([40] usingthe GISSEL98modelsof [43]). Theerrorsin inferredredshiftresultfrom a

48
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combinatiorof photometriauncertaintyandtheintrinsic differencebetweerobsenedgalaxiesand
thetemplateSEDs. However, betteraccurayg appeargossibleby fitting the integratedcolors of
empiricalspectraat the redshiftsand galaxytypesof interest[37]. In the bestcase this method
eliminatesthe uncertaintyresultingfrom inappropriateéemplates. The empirical-fittingmethod
requiresa large databasef measuredspectraover all redshifts,but suchdatawould likely be
available from the first deepfields with NGST. For our simulations,we have assumedhat the
empirical-fittingmethodis a viable option, and have chosento modelthe recovery of redshifts
usingthe sameinput andoutputmodeltemplates.

Specifically for ourtemplatesetwe have usedGISSEL96[43] spectrakynthesisnodelscov-
ering 0.5-20Gyr ages,with solaror lower metallictyand SalpetedMF’s. Thetemplatesarecon-
volvedwith thefilter or prismrespons@andnoiseis added.Thedataandmodelsarethencompared
ateachresolutionelement Following typical photometricedshifttechniqueswe performy? tests
on asuiteof redshiftedemplatespectraTheinferredredshiftis the onewith the lowesty? value.

A.3 Simulations

To produceour simulatedgalaxy obsenrations, we mustassumea redshift distribution and an
apparenmagnitudedistribution. We take our redshiftdistribution from the photometricredshifts
of [10] for the Hubble DeepField North (HDF-N; [2]). Sincespectroscop of HDF-N galaxies
is currently limited to z < 6, we extrapolatethe distribution by assuminga flat numbetredshift
relationfrom 6 < z< 15 (seefigureA.1).

Theflux distribution of thesimulatedgalaxieqseefigure A.2) is determinedrom thenumber
magnituderelation of the STIS obsenationsof the HDF-South[5]. Thosenumbercountsare
shiftedto the K-bandusinga modelof the mediangalaxycolors[7]. Theapparenmagnitudalis-
tributionis sampledndependentlyf theredshiftdistribution, but extremelyunlikely luminosities
areeliminated(L > 10L, orL < 0.01L,).

For comparisorwith camera-mod®bsenations,we assumea logarithmically spacedset of
filter wavelengthsandwidths, coveringthe 1 — 5um range. Photometricerrorsfor filter obsena-
tionswerecalculatedusinga signal-to-noiseestimatorconsistentvith the ISIM Yardstickcamera
specification$44]. TableA.1 liststhe parameterassumed.

Zodi model Stiavelli 1998[45]
Dark Current 0.02e™ /sec/piel
ReadNoise 4e” rms

QE 80%
DiffractionLimit  2um

Table A.1: Assumedpropertiesin signal-to-noisecalculationsfrom the NGST YardstickISIM
study[44].
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FigureA.1: Theredshiftdistribution of simulatedgalaxiescomparedo thedistribution of photo-
metricredshiftsof faintgalaxiesn the HDF-N compiledby Yahil etal. 1999.

In the medium-bandaseof diffractionlimited observingthesensitvity of serialobsenations
scaleswith resolution. Thatis, for fixed total observingtime for all filters, signal-to-noisds
decreasetly the squareroot of the time perfilter and by the squareroot of the decreasén signal
from thenarraverfilter.

Theprism-modesensitvity is afunctionof thevaryingresolutionacrosgshewavelengthrange,
in additionto the zodiacallight anddetectomoisecharacteristicsManufacturinglimitationsmay
preventaconstantesolutionacrossl — 5um, with aworstcaseshown in figure A.3. Furtherstudy
of prismpropertieswill producea moreoptimalprism.

A.4 Optimal Resolutions

Wefirst investigatedhe question:.whatis the optimalresolutionfor medium-bandiltersto obtain
photometricredshifts. We ran Monte Carlo simulationsfor a seriesof filter resolutionswith a
fixed total integrationtime of 10° seconds.Figure A.4 shawvs that averagedover all redshifts,
40 filters producethe mostaccuratgphotometricredshiftestimatedor galaxieswith reasonable
signal-to-noisgerresolutionelement.
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Integrated K magnitude distribution
4.OXWO [ T T T ‘ T T T ‘ T T T ]

& HDF-S

3.0><WO6 * e—e |/odel 7

N(<K,g)/square degree

[0 I . . | . . . |

26 28 30 32
Kug magnitude

FigureA.2: Thenumbermagnitudeelationof simulatedyalaxiescomparedo thenumbercounts
of galaxiesn theHDF-Scompiledby Gardneretal. 1999

A.5 Advantageof a Prism

For a single object, the advantageof a prism over medium-bandilters is clear— it measureshe
entire wavelengthrangesimultaneously Integrationtime per filter goesdown asresolutionfor
serialobsenations. So at first glance,one might 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 varying prism resolutionacrosshe wavelengthrange
would decreas¢his advantage.FigureA.5 shavs the advantageof prism obsenationsover filter
obsenrationsfor amagnituddimited sample.

Putanothemwvay, prismobsenrationswill reachfaintergalaxiesn thesameobservingime and
resolutionfor afixedo,. They will alsorecoreramorecompletesampleof redshiftsdependingn
constraintof multi-shutterselection).FiguresA.6 - A.8 detailtheseadvantagesin 10° seconds,
filter obsenationsrecover lessthan50% of measuredjalaxiesat Kag > 30. Eventhe worst-case
prism, however, recovers galaxiesa magnitudefainter It is at magnitudedainterthan 30 that
NGSTwill make themostrevolutionarydiscoveries.

Theprism’s ability to accomplisithe coresciencegoalsalsodepend®n the numberof targets
thatcanbemeasured eachmode,aswell astheaccurag of therecoseredredshifts.Sinceprism
spectrawill take up only a fraction of the pixels availablein eachrow, the low resolutionmode
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Figure A.3: The resolutionas a function of wavelengthfor the nearIR prism. The minimum
resolutioncanbe selectedo meetsciencegoals;this figure shavs the resolutionof the nominal
prism,but themininumvalue(whereR=25onthis figure) couldbe changedwithoutchanginghe
relatve shapeof theplot.

will have ahigh degreeof completenesatthemagnitude®f interest(seethediscussionn Section
1.2.2).

A.6 Conclusions

Low resolutionprism obsenationsof galaxy SED’s provide a significantadvantageover multi-

filter obsenationsfor ary realisticobservingstratgy. For anideal prismin backgroundimited

observing,the prism hasa signal-to-noiseadvantageof squareroot of the resolutionover serial
obsenationsby filters with similar resolution. This addeddepthreachesat leasta magnitude
fainterin recovery of photometriaedshiftswith the prismoverfilter obserationsatanyresolving
power. Extensve simulationssuggesthatin 10° secondsinideal prismwill recover the redshift
of 80% of measuredbjects(subjectto MOS selection)down to Kag = 32, with anaccurag of

0; < 3%, comparedo lessthan40%of the objectswith serialfilter obserations.
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Fixed Total Exposure Time
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FigureA.4: Thedeviationin recoveredredshiftsfrom theinputasafunctionof resolution(number
of filters). The total exposuretime is fixed at 10° seconds. The sampleis magnitudelimited
to Kag < 29.5, whereSNR=10at 2.2um for the 40-filtersresolution. Catastrophidailureswere
excludedfrom the statistics.Filters have wavelengthcentersandwidths evenly steppedn log(A).
Simulatedgalaxieswvereselectedrom theredshiftdistribution shovn in figure A.1
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Figure A.5: The deviation in recoreredredshiftsfrom the input as a function of redshift. The
total exposuretime is fixed at 10° seconds The sampleis magnituddimited to Kag < 31, where
SNR=10at 2.2um for the worst caseprismresolution. Catastrophidailuresin redshiftrecovery
(3, > %) arenotincludedin thecalculatiorof o, sotheprismhasanadditionadvantagenotshavn
hereto recover a larger percentag®f obsened galaxies. The worst bin for o, with thefilters is
1 < z< 2 wherethe 40004 breakis not alwayswell measured.The higher SNR for the prism

compensatefr this problem.



MicroshutterDevelopment 55

4000

3000

Ideal Prism

2000

Number/Magnitude

1000

CEEY

(O T T F T BT ST ST R

26 27 28 29 30 31 32
AB Mag

FigureA.6: Histogramof the fractionof recoveredredshifts.Froma sampleof 10,000simulated
galaxies(all assumedo be measuredby both prismandfilters), the histogramshaows the fraction
recoveredwith o, < 3%.
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FigureA.7: Percentagef recoseredredshifts. Froma sampleof 10,000simulatedgalaxieswith
Kag < 32 (all assumedo be measuredy both prism andfilters in 10° secondgotal exposure
time), thefractionrecoreredwith &, < 3%is plottedasa functionof filter resolution.Also plotted
is the percentagef catastrophidailures.
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Figure A.8: Percentag®f recoreredredshifts. From the faint end (30 < Kag < 32) simulated
galaxydistribution in figure A.7 the fraction recoreredwith &, < 3% is plottedasa function of
filter resolution.Also plottedis the percentagef catastrophidailures.
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