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ABSTRACT

We examinethemaintechnicalssuesvhichconstrairthe
Gaia-R/S scienti ¢ performanceand drive its design.
Thesearethe needto maximisethe numberof detected
photonsgiventhe Specto telescopesizeand x ed expo-
suredurations,and to minimise the internal instrument
noise.Theresultingdesigncombinesan eleganthigh ef-
ciency optics solution, with L3CCD detectortechnol-
ogy onhighresistvity Si material to maximisethequan-
tum ef ciency and minimisethe readoutnoise. To cope
with thedataratefrom theinstrumentdatafrom individ-
ual CCDsarecombinedon board,afterremappingntoa
commonspatialscaleandremoval of blemishesandcos-
mic rays,thencompressewith alosslesslgorithm,nec-
essanyfor the preseration of thelow level signalsin the
data.

Key words: Gaia; Spacevehicles: instruments;Instru-
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1. GAIA-RVS SCIENCE DRIVERS AND CON-
STRAINTS

In the Gaia payload, RVS provides the 6 dimension
of phasespaceinformation, correctionfor the perspec-
tiveaccelerationio theastrometriqparametersastroplys-

ical parametergor brighterobjects,andinformationon

binarity and peculiarity (Katz et al. 2004, 2005). The

RVS spectralsuney will be ordersof magnitudelarger
thanary otherspectralsurwey, andits good resolution,
the multi-epochnatureof its measurementndthe clear
sampleselectionfunction will enablefundamentalad-

vanceonthenatureof theGalaxyandhow it wasformed
andhasevolved.

Gaia-R/S s speci edto provide radialvelocity measure-
mentsfor G5V starswith anaccurayg of 10-15kms' * to
V = 17bytheendof themission(Katzetal. 2004).There
aresimilar requirement$or metalpoor starsandstarsof
later spectraltype. The spectralrangeof the instrument

is 848-874nm (in the far red aroundthe Catriplet) and
the spectralresolvingpowver ,.=¢ , = 11500. The aper

ture of the telescopdeedingthe RVS is modestat 0.25
m?, so at the faint limit, spectrafrom mary scansneed
to be combinedto producethis radial velocity accurag.

For brighterobjectstheresolutionis sufcient to provide
astroplysicalinformation(Tee, l0g(g), etc).

Spectradrift over the focal planeas Gaiarotates,so the
RVS detectoramustoperatein a TDI (Time Delay and
Integrate)mode.The exposuredurationacrosswvholefo-
cal planeis » 120s andthereare» 100transitsof each
objectover the missionlifetime of 5.5 years. The TDI
operationprohibitsthe useof a slit in the spectrograph,
sothereis no control over the crowding andoverlapping
of spectraon thefocal plane.The particularnatureof the
Gaiascanlaw inducesacross-scafAC) motion of up to
1651 m duringatransit. Thedispersiordirectionin RVS
is alongthe scan(AL) direction,sothatthis AC motion
doesnotreducethe spectrakesolution.

The modesttelescopesize and x ed exposureduration
setby thescanrateresultsin very few photonspertransit
for starsattheV = 17 faintlimit. Moreover, thesepho-
tonsare spreadover a large numberof pixels, typically
700£ 2 (AL£ AC).Generallythestardensityis suchthat
thereis somespectrabverlap,andspectracover muchof
thefocal plane.

These sciencerequirementsand constraintsdrive the
Gaia-R/S designstrongly We considernext the main
factorsimpactingon RVS performance.

2. MAIN TECHNICAL ISSUES

2.1. PhotonRate

We have simulatedthe outputfrom a single focal plane
CCD in orderto examinethe photonratesexpectedfor
starsof differentbrightnessusingthe MSSL RVS sim-
ulatoft. The assumptiongor throughputfor the system

http:/Mmwwmssl.ucl.ac.uk/gia-rvs
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follow thosegivenin Katz et al. (2004). The stardensi-
ties andrangeof spectraltypesis asgivenin Perryman
et al. (2000). A simulatedimagefrom a high Galactic
eld is shawvn in Figurel. Herethe strongCalinescan
be seenin the brighterspectraandonly modestoverlap-
ping of spectraoccur The backgrounds a mixture of

Zodiacalbackgroundux andinstrumentahoise(mostly
readoutnoisein the CCD detectors).It shouldbe noted
thatthe readoutnoisein this imageis asexpectedfrom

theL3CCDsusedin Gaia-R/S (seeSection3.2).

Figure 1. Simulatedmage from a portion of one of the
Gaia-Rv/Sfocal planeCCDsafterthe 12 sectransit. The
brightestspectrumis froma V = 10.3F0V star The
scalingis squaerootofintensityand2 e readoutoise
is assumed.

We have rst setall noisesourceso zeroandthen ex-

tractedtwo examplespectrafrom a re-simulatedmage
asin Figurel. We have extractedoneline perspectrum
only. The bright spectrumof aV = 10.3KO0V staris

shavn in Figure?2 (top). Herethe strongCatriplet is ev-

ident,togethemwith otherlines of Fe, Si etc. The overall

shapeof the spectrumis setby the RVS bandpasslter .

Thereare a signi cant numberof countsper pixel even
for thetransitof only oneCCD.

We have alsoselectedafainterspectrunfromaV = 16.9
FOV star andthis is shavn in Figure 2 (bottom). Here
the countrateis muchlower, with on averagelessthan
a single photonper pixel. This indicatesthe expected
sourceexposurefor a star at the limiting magnitudeof
theRVS.

The rst maintechnicalissuearisingis thereforethatev-
ery photoncollectedby the instrumentis valuable. The
throughpubf instrumenis paramountrequiringhigh ef-
ciency opticsandhigh sensitvity detectors.lIt is clear
thattherequired10km s ! radialvelocity accurag will
beachievedonly by addingdatafrom eachCCDin atran-
sit,andall 100transits andthenonly by cross-correlating
all 700pixelsin the spectrumwith aradial velocity tem-
plate, effectively folding all pixelsinto a single derived
spectralshift. The implicationis thatit is necessaryo
presere dataintactall throughthe transmissiorchainto
achieve nal radialvelocity performance.
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Figure 2. (top) Theextractedspectrumfor aV = 10.3
KO star from a simulatedimage asin Figure 1, but with
all noisesourcessetto zeo. Thisis the brightestspec-
trumin Figure 1. (bottom)Theextractedspectrumfrom
aV = 16.9F0V star Notethey-axisscale
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2.2. The Effect of Background

To demonstratehe effects of backgroundwe extracted
theV = 16:9 FOV starspectrunfrom the simulatedim-
agein Figurel, whichassume@ e readounoise.Then
we re-simulatedhe imagewith 8 e readoutnoiseand
extractedthe spectrum Both imageshave nominalZodi-
cal backgroundKatz et al. 2004). The extractedspectra
in the presencef noiseareshovn in Figure3.

It is evident from Figure 3 that the signalfrom a single
transitof asingleCCD s deeplyburiedin thenoise.This
is particularlypronouncedor the8 e case.Thesecond
main technicalissueis thereforethat low noise perfor
manceof theinstruments paramount.

Specialmeasuresarerequiredto reducethereadounoise
toaminimum(2€ ): exceptfor exceptionallyslow read-
out rates (not applicablein the caseof RVS), this is

achieved only with particulartypesof CCDs(L3CCDs,
Section3.2). Beyond the CCDs themseles, attention
must be paid to the noise performanceof the complete
analogdetectionchain.

Suchlow signal-to-noiseratios are atypical of normal
CCD operationwherethe exposuredurationcanbecho-
sen. A consequencef the low signallevelsis that most
of the information sentto groundis readoutnoise with
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Figure 3. TheextractedspectrumfromaV = 16.9F0V
starwith2 e readoumoise(top)and8e’ readoutnoise
(bottom). The dottedlines indicate the position of the
spectrum.

the signaldeeplyburiedin the noise.Only losslesom-
pressiorschemesgrethereforeacceptablebecausdossy
schemeswvork by modelling the noise, thesewould re-
move thetracesof the signal. It is necessaryo presere
thedataintactto thegroundwhereit canbecombinedjn
orderto achieve the nal radialvelocity performance.

2.3. Crowding

Figure4 shows a low Galacticlatitude eld (9000stars
degi 2) for anendof missionexposureaccumulatedrom
afull RVS focal plane.lt is evidentthatalmostall of the
eld of view is occupiedby wantedspectra. The third
main technicalissuethereforeis thatthereis signi cant
overlapof spectrain all elds (andparticularlyat lower
Galacticlatitudes). Minimising the spatialpro le of the
spectrumis thereforemportant,evenin the caseof large
AC motionsdueto the scanlaw.

A further implication is that it is necessaryo readout
the whole CCD (ratherthan only windows aroundthe
spectra)at all times. This leadsto very large potential
telemetryratesfrom Gaia-R/S (42 Mbits/s comparedo
an averageavailability of 1.2 Mbit/s for Gaia). Signif-
icant on-boardprocessingnustthereforebe performed,
while at the sametime, attentionmust be paid to min-
imiseinformationlossdueto this processing.

Figure 4. Simulatedimage from a portion of the Gaia-

RVSfocal planeaccumulatedver the full missionfor a

star densityof 9000 stars dey' 2, typical of a Galactic
latitudeofjbj » 10deg Again,thescalingis squaeroot
of intensity and 2 € readoutnoiseis assumed.Some
brighter specta haveexceededhe 16 bit dynamicrange

in thisimage. All scansare assumedo haveoccurredin

thesamedirectionon the sky.

Gaia-R/S datawill requireparticularspectralextraction
schemesn the groundprocessingo maximiseinforma-
tion retrieval.

All RVS performanceredictionsneedto includethe ef-
fect of spectraloverlap. Thisis mitigatedto someextent
by thefactthatindividual scanswill be orientatedat dif-
ferentanglesonthesky, sothatoverlapsin onescanmay
notberepeatedn others.

2.4. At the Faint Limit

While the requirementfor maximising signal-to-noise
ratio in RVS, and for minimising the effect of crowd-
ing are stringent,if the datacanbe transmittedwithout
furtherdegradationthe» 10000s total exposureallows
sufcient informationin theaccumulate@dpectrdor stars
atthefaintlimit for thevelocitiesto be extracted.An ex-
ampleof sucha spectrums shovn in Figure5.

The relationshipbetweeninput and outputradial veloc-
ities is shawvn in Figure 6 (top), and the deviations in
km s ! areshavn asa histogramin Figure6 (bottom).
Thesevelocitiesarederived usingnon-optimisecdxtrac-
tion and cross-correlatiorscheme. Nevertheless,it is
clearthatthe RVS performanceaequirement@re metin
this simulation.
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Figure 5. (top) Theextractedspectrumfor aV = 17.3
KO star from a simulatedimage as in Figure 1, but for
endof mission.

3. TECHNICAL SOLUTIONS

3.1. Optical Layout

RVSisfedfromthecentral eld of the Specto telescope
on Gaia. The eld of view is fairly largeat2.45*£ 1.6
ALE AC.

While initial conceptsfor Gaia-R/S considerediens-
based designs incorporating a collimatordisperser
camerasystem, these were droppedmore recently in
favour of an Offnertype spectrometerThis elegantsolu-
tion hastheadwantageof the minimumnumberof optical
elementsthusmaximisingthethroughput Nevertheless,
symmetriesin the systemproducegood optical perfor
mance.In addition,thetechnologiesisedfor the mirrors
canbe similar to thoseusedelsavherein the Gaia pay-
load. Theopticallayoutfor theRVSis shavnin Figure?.

In ary instrumentsuchasRVS operatingin TDI mode,
optical distortionstranslatedirectly into a broadeningof
thepointspreadunction(PSF)in bothAL andAC direc-
tions. In addition,variationsof dispersionover the eld
of view alsobroadenghe PSFin the AL direction. The
opticaldesignfor RVS mustthereforecontrolthe distor
tions andthe spatialvariation of dispersionto a greater
extentthanwould normallyberequired.We reducesome
of theseeffectsin Gaia-R/S by breakingthe focal plane
into narrover detectorssothatthedistortionanddisper
sionerrorsdo notbuild up signi cantly beforetheimages
reachthedetectoreadoutSection3.2). Thelargerscale
remappingto a commonspatialscaleis then performed
aspartof the on-boarddataprocessingask, afterwhich
thedatafrom individual CCDsareco-addedo reducehe
telemetryrate(Section3.3).

3.2. RVS Focal Plane Assembly

It hasbeena complex processde ning the optimal fo-
cal planefor RVS. Firstly, the AC motionfrom the Gaia
scanlaw mustbe compensatetbr. This canbe doneby
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Figure 6. Thederivedvelocitiesfor stars withV - 17
froma high Galactic latitude eld (900 stars degi 2) for
endof missionasa functionof magnitude (top) Inputvs
derivedvelocities. (bottom)Deviation from input veloc-

ity.

introducinga mechanisminto the RVS (potentially de-

gradingtheastrometrianeasurementshy populatingthe

focal planewith CCDs narraw in the AL direction (so

that only negligible AC motion occursbeforethe spec-
trum reachesa readoutnode), or by introducing a 2-

dimensionalclocking capability into the CCDs directly

(this hasbeendemonstratedand thereis ESA funding

to take this further, but it is not a widely availabletech-
nology). All of thesehave beenconsideredThe mecha-
nismand2-dimensionatlocking have the furtherdisad-
vantageghat they compensat®nly the AC motion due
to the scanlaw, andnot the optical distortions,andalso
thatradiationdamageeduceshedataqualityto agreater
extent. This is becaus@f increasedhagetransferinef-

ciency andthelossof afull CCD columnin TDI mode
whenasinglepixel is damaged.

The narrav CCD option provides the best solution in
termsof performancesystemimpactand development
costs. Thisis shavn in Figure8. Thedif culty with the
higherreadouthoiseresultingfrom the larger numberof
readounodescanbecounteredy resortto L3CCDtech-
nology (Jerrametal. 2001). This usesanavalanchemul-
tiplication procesgo increasehe CCD signalbeforethe
readout,effectively decreasinghe readoutnoiseby the
gainfactor A schematiof theL3CCD is shovn in Fig-
ure9. In RVS wewill usemodesigainsof » 10, limiting
thevoltagesrequiredin theavalanchegainregister while



Figure 7. The optical layout of the RVS. The two mir-
rors are off-axisasphees,while thegratingis ruled ona
convex sphericalsurface

Figure 8. TheRVSfocal plane Thisis derivedfromthe
MBP focal plane so hasthe same4 £ 5 CCD layout,
ead of BO0O£ 1965pixelsALE AC. Ead pixelis rectan-
gular with dimensiond0£ 15' m.

atthe sametime reducingthe readoumnoiseto below that
of othernoisesourcesn thevideochain.

Some developmentsare requiredto space-qualifythe
L3CCD technology Radiationtestingwith protonsand
with ionising radiation has indicatedthat there are no
particulardamagemechanismsor the L3CCDsover and
above thosefor normal CCDs (Smith et al. 2003; Had-
wen et al. 2004). Sincethe detectedquantumef ciency
(DQE) and modulationtransferfunction (MTF) of the
CCDs mustbe maximised,high resitiity Si (» 1006 -
cm) materialmustbe used. No highresistvity L3CCDs
have yet beenmade althougha batchis beingprocessed
atthetime of writing by e2vtechnologiesThereis some
indication (still to be investigated)that higher voltages
will berequiredin thesedevicesto produceheavalanch-
ing, which mayimpingeon device lifetime. Thiswill be-
comeclearerwith thedelivery of the batchnotedabore.
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Figure 9. A sdcematic of the L3CCD showing the
avalante gain register after the readoutregister From
Hadwenetal. (2004).

3.3. On-board Processing

Unlike otherinstrumentson Gaia,dataprocessings nec-
essaryin RVS to reducethe datarate. This is accom-
plishedprincipally by combiningthe datafrom different
CCDs. As notedin Section3.1, a spatialremappingis
requiredbeforethe co-addition,andin orderto minimise
the effect of cosmeticblemisheon the detectorsarising
duringfabricationor causedy radiationdamageno de-
fective pixelsshouldbeincludedin theco-addition.Sim-
ilarly, cosmicray eventsshouldbe detectedin the on-
boardprocessingoutines,and no affected pixels used.
After theco-addition,only thoseareasof the CCD which
containspectraneedto be dowvnloaded,so thoseareas
not selectedby the RVS Starmappefwhich is usedfor
this purpose)are setto zero. Thesewill be compressed
stronglyby thecompressiomlgorithm,whichin theRVS
casemust be losslessto ensurethe low signalsmixed
with thenoisearenot eliminated.

Theprocessingasksin sequencareasfollows:

1. CCDgain correction

2. Blemishreduction

3. Scanlaw andAcrossScanoptical distortioncorrec-
tion

. Along Scanopticaldistortioncorrection

. Cosmicray removal

. Co-adding

. Outputdataselection

. Losslescompression

0 ~NO Ol b

Most of the remappingand rescalingtaskscan be per

formed using lookup tables. The data selectiontasks
are carried out using a mask generatedrom the RVS

Starmappedata. The on-boardprocessingasksrequire
somesystemresources.They arereasonablydetermin-
istic, given the input from the RVS Starmappersoit is

concevablethatthey areperformedby a sequentiapro-
cessingnginerealisedn hardware. However, asoftware
solutionwill provide superiorcapabilityandmoreadapt-
ability in realisation.
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Figure 10. Sthematicof the RvVSprocessingDatafromindividual CCDsare storedin delay-linebuffers sothatdatafor a
particular spectrunfromall CCDsare aligned.Remappin@ndblemishremaoval tasksare carried outbefore co-addition
and data selection.Notethat only 5 CCDsare shownhere for clarity: in RVSthis will be 10, with the upperand lower

banksof CCDsbeingprocessedndependently

4. SUMMARY

In summary Gaia-R/S hasa numberof critical techni-
cal issueswhich requireparticularattentionif its perfor

mancesto bemaintainedmaintainancef highthrough-
putdrivestheopticsanddetectordesign;minimisationof

instrumentnoise levels drives the choice of detectorto

L3CCDtypes;andthe dataratefrom focal planerequires
carefully designedon-boarddataprocessing.Of course
thereare otherimportantissuesas well; for exampleit

is vital that mechanicabndthermaldisturbancego the
Astro payloadareminimised.

Ensuringthe performanceof Gaia-R/S extendsbeyond
theinstrumentitself to the groundsystem.In particular
theextractionof spectraequirescarefulalgorithmdesign
for thetreatmenbf crowding andspectrabverlaps.
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