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ABSTRACT

Weexaminethemaintechnicalissueswhichconstrainthe
Gaia-RVS scienti�c performance,and drive its design.
Thesearethe needto maximisethe numberof detected
photonsgiventheSpectro telescopesizeand�x edexpo-
suredurations,and to minimise the internal instrument
noise.Theresultingdesigncombinesaneleganthigh ef-
�ciency optics solution, with L3CCD detectortechnol-
ogyonhighresistivity Si material,to maximisethequan-
tum ef�ciency andminimisethe readoutnoise. To cope
with thedataratefrom theinstrument,datafrom individ-
ualCCDsarecombinedonboard,afterremappingontoa
commonspatialscaleandremoval of blemishesandcos-
mic rays,thencompressedwith alosslessalgorithm,nec-
essaryfor thepreservationof thelow level signalsin the
data.
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1. GAIA-R VS SCIENCE DRIVERS AND CON-
STRAINTS

In the Gaia payload,RVS provides the 6th dimension
of phasespaceinformation, correctionfor the perspec-
tiveaccelerationto theastrometricparameters,astrophys-
ical parametersfor brighterobjects,andinformationon
binarity and peculiarity (Katz et al. 2004, 2005). The
RVS spectralsurvey will be ordersof magnitudelarger
than any other spectralsurvey, and its good resolution,
themulti-epochnatureof its measurementsandtheclear
sampleselectionfunction will enablefundamentalad-
vancesonthenatureof theGalaxyandhow it wasformed
andhasevolved.

Gaia-RVS is speci�edto provideradialvelocitymeasure-
mentsfor G5V starswith anaccuracy of 10–15km s¡ 1 to
V = 17by theendof themission(Katzetal.2004).There
aresimilar requirementsfor metalpoorstarsandstarsof
later spectraltype. The spectralrangeof the instrument

is 848–874nm (in the far redaroundtheCa triplet) and
thespectralresolvingpower ¸= ¢ ¸ = 11500. Theaper-
ture of the telescopefeedingthe RVS is modestat 0.25
m2, so at the faint limit, spectrafrom many scansneed
to becombinedto producethis radial velocity accuracy.
For brighterobjects,theresolutionis suf�cient to provide
astrophysicalinformation(Te®, log(g), etc).

Spectradrift over the focal planeasGaiarotates,so the
RVS detectorsmust operatein a TDI (Time Delay and
Integrate)mode.Theexposuredurationacrosswholefo-
cal planeis » 120s andthereare» 100transitsof each
objectover the missionlifetime of 5.5 years. The TDI
operationprohibitsthe useof a slit in the spectrograph,
sothereis no controlover thecrowding andoverlapping
of spectraon thefocalplane.Theparticularnatureof the
Gaiascanlaw inducesacross-scan(AC) motionof up to
165¹ m duringa transit.Thedispersiondirectionin RVS
is alongthescan(AL) direction,so that this AC motion
doesnot reducethespectralresolution.

The modesttelescopesize and �x ed exposureduration
setby thescanrateresultsin very few photonspertransit
for starsat theV = 17 faint limit. Moreover, thesepho-
tonsarespreadover a large numberof pixels, typically
700£ 2 (AL£ AC).Generallythestardensityis suchthat
thereis somespectraloverlap,andspectracovermuchof
thefocalplane.

Thesesciencerequirementsand constraintsdrive the
Gaia-RVS designstrongly. We considernext the main
factorsimpactingonRVS performance.

2. MAIN TECHNICAL ISSUES

2.1. PhotonRate

We have simulatedthe output from a singlefocal plane
CCD in order to examinethe photonratesexpectedfor
starsof differentbrightnessusing the MSSL RVS sim-
ulator1. The assumptionsfor throughputfor the system

1http://www.mssl.ucl.ac.uk/gaia-rvs
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follow thosegiven in Katz et al. (2004). Thestardensi-
ties andrangeof spectraltypesis asgiven in Perryman
et al. (2000). A simulatedimagefrom a high Galactic
�eld is shown in Figure1. HerethestrongCa linescan
beseenin thebrighterspectra,andonly modestoverlap-
ping of spectraoccur. The backgroundis a mixture of
Zodiacalbackground�ux andinstrumentalnoise(mostly
readoutnoisein the CCD detectors).It shouldbe noted
that the readoutnoisein this imageis asexpectedfrom
theL3CCDsusedin Gaia-RVS (seeSection3.2).

Figure 1. Simulatedimage from a portion of oneof the
Gaia-RVSfocalplaneCCDsafter the12sectransit.The
brightestspectrumis from a V = 10.3 F0V star. The
scalingis squarerootof intensity, and2 e¡ readoutnoise
is assumed.

We have �rst setall noisesourcesto zeroand thenex-
tractedtwo examplespectrafrom a re-simulatedimage
asin Figure1. We have extractedoneline perspectrum
only. The bright spectrumof a V = 10.3 K0V star is
shown in Figure2 (top). HerethestrongCatriplet is ev-
ident,togetherwith otherlinesof Fe,Si etc. Theoverall
shapeof the spectrumis setby the RVS bandpass�lter .
Therearea signi�cant numberof countsper pixel even
for thetransitof only oneCCD.

Wehavealsoselectedafainterspectrumfrom aV = 16.9
F0V star, andthis is shown in Figure2 (bottom). Here
the countrate is 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
throughputof instrumentis paramount,requiringhighef-
�ciency opticsandhigh sensitivity detectors.It is clear
thattherequired10 km s¡ 1 radialvelocity accuracy will
beachievedonly by addingdatafrom eachCCDin atran-
sit,andall 100transits,andthenonly by cross-correlating
all 700pixels in thespectrumwith a radialvelocity tem-
plate,effectively folding all pixels into a singlederived
spectralshift. The implication is that it is necessaryto
preserve dataintactall throughthetransmissionchainto
achieve �nal radialvelocityperformance.

Figure 2. (top) Theextractedspectrumfor a V = 10.3
K0 star froma simulatedimage as in Figure 1, but with
all noisesourcesset to zero. This is the brightestspec-
trum in Figure 1. (bottom)Theextractedspectrumfrom
a V = 16.9F0Vstar. Notethey-axisscale.

2.2. The Effect of Background

To demonstratethe effectsof background,we extracted
theV = 16:9 F0V starspectrumfrom thesimulatedim-
agein Figure1, whichassumed2 e¡ readoutnoise.Then
we re-simulatedthe imagewith 8 e¡ readoutnoiseand
extractedthespectrum.Both imageshave nominalZodi-
cal background(Katz et al. 2004).Theextractedspectra
in thepresenceof noiseareshown in Figure3.

It is evident from Figure3 that the signal from a single
transitof asingleCCDis deeplyburiedin thenoise.This
is particularlypronouncedfor the8 e¡ case.Thesecond
main technicalissueis thereforethat low noiseperfor-
manceof theinstrumentis paramount.

Specialmeasuresarerequiredto reducethereadoutnoise
to aminimum(2e¡ ): exceptfor exceptionallyslow read-
out rates (not applicablein the caseof RVS), this is
achieved only with particulartypesof CCDs(L3CCDs,
Section3.2). Beyond the CCDs themselves, attention
mustbe paid to the noiseperformanceof the complete
analogdetectionchain.

Such low signal-to-noiseratios are atypical of normal
CCDoperation,wheretheexposuredurationcanbecho-
sen.A consequenceof the low signallevels is thatmost
of the informationsentto groundis readoutnoisewith
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Figure 3. Theextractedspectrumfroma V = 16.9F0V
starwith 2 e¡ readoutnoise(top)and8 e¡ readoutnoise
(bottom). The dotted lines indicate the position of the
spectrum.

thesignaldeeplyburiedin thenoise.Only losslesscom-
pressionschemesarethereforeacceptable:becauselossy
schemeswork by modelling the noise,thesewould re-
move thetracesof thesignal. It is necessaryto preserve
thedataintactto thegroundwhereit canbecombined,in
orderto achieve the�nal radialvelocityperformance.

2.3. Crowding

Figure4 shows a low Galacticlatitude�eld (9000stars
deg¡ 2) for anendof missionexposureaccumulatedfrom
a full RVS focal plane.It is evidentthatalmostall of the
�eld of view is occupiedby wantedspectra. The third
main technicalissuethereforeis that thereis signi�cant
overlapof spectrain all �elds (andparticularlyat lower
Galacticlatitudes).Minimising thespatialpro�le of the
spectrumis thereforeimportant,evenin thecaseof large
AC motionsdueto thescanlaw.

A further implication is that it is necessaryto readout
the whole CCD (rather than only windows aroundthe
spectra)at all times. This leadsto very large potential
telemetryratesfrom Gaia-RVS (42 Mbits/scomparedto
an averageavailability of 1.2 Mbit/s for Gaia). Signif-
icant on-boardprocessingmust thereforebe performed,
while at the sametime, attentionmust be paid to min-
imiseinformationlossdueto thisprocessing.

Figure 4. Simulatedimage from a portion of the Gaia-
RVSfocal planeaccumulatedover the full missionfor a
star densityof 9000 stars deg¡ 2, typical of a Galactic
latitudeof jbj » 10deg. Again,thescalingis squareroot
of intensity, and 2 e¡ readoutnoiseis assumed.Some
brighter spectra haveexceededthe16 bit dynamicrange
in this image. All scansare assumedto haveoccurredin
thesamedirectionon thesky.

Gaia-RVS datawill requireparticularspectralextraction
schemesin thegroundprocessingto maximiseinforma-
tion retrieval.

All RVS performancepredictionsneedto includetheef-
fect of spectraloverlap.This is mitigatedto someextent
by thefact that individual scanswill beorientatedat dif-
ferentangleson thesky, sothatoverlapsin onescanmay
notberepeatedin others.

2.4. At the Faint Limit

While the requirementsfor maximisingsignal-to-noise
ratio in RVS, and for minimising the effect of crowd-
ing arestringent,if the datacanbe transmittedwithout
furtherdegradation,the» 10000s total exposureallows
suf�cient informationin theaccumulatedspectrafor stars
at thefaint limit for thevelocitiesto beextracted.An ex-
ampleof suchaspectrumis shown in Figure5.

The relationshipbetweeninput andoutputradial veloc-
ities is shown in Figure 6 (top), and the deviations in
km s¡ 1 areshown asa histogramin Figure6 (bottom).
Thesevelocitiesarederivedusingnon-optimisedextrac-
tion and cross-correlationscheme. Nevertheless,it is
clearthat theRVS performancerequirementsaremet in
thissimulation.
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Figure 5. (top) Theextractedspectrumfor a V = 17.3
K0 star from a simulatedimage as in Figure 1, but for
endof mission.

3. TECHNICAL SOLUTIONS

3.1. Optical Layout

RVS is fed from thecentral�eld of theSpectro telescope
on Gaia.The�eld of view is fairly largeat 2.45±£ 1.6±

AL£ AC.

While initial conceptsfor Gaia-RVS consideredlens-
based designs incorporating a collimator-disperser-
camerasystem, thesewere droppedmore recently in
favourof anOffner-typespectrometer. Thiselegantsolu-
tion hastheadvantageof theminimumnumberof optical
elements,thusmaximisingthethroughput.Nevertheless,
symmetriesin the systemproducegood optical perfor-
mance.In addition,thetechnologiesusedfor themirrors
canbe similar to thoseusedelsewherein the Gaiapay-
load.Theopticallayoutfor theRVS is shown in Figure7.

In any instrumentsuchasRVS operatingin TDI mode,
opticaldistortionstranslatedirectly into a broadeningof
thepointspreadfunction(PSF)in bothAL andAC direc-
tions. In addition,variationsof dispersionover the �eld
of view alsobroadensthePSFin theAL direction. The
opticaldesignfor RVS mustthereforecontrol thedistor-
tions andthe spatialvariationof dispersionto a greater
extentthanwouldnormallyberequired.Wereducesome
of theseeffectsin Gaia-RVS by breakingthefocal plane
into narrower detectors,sothatthedistortionanddisper-
sionerrorsdonotbuild upsigni�cantly beforetheimages
reachthedetectorreadout(Section3.2). Thelargerscale
remappingto a commonspatialscaleis thenperformed
aspartof theon-boarddataprocessingtask,afterwhich
thedatafrom individualCCDsareco-addedto reducethe
telemetryrate(Section3.3).

3.2. RVS FocalPlaneAssembly

It hasbeena complex processde�ning the optimal fo-
cal planefor RVS. Firstly, theAC motion from theGaia
scanlaw mustbecompensatedfor. This canbedoneby

Figure 6. Thederivedvelocitiesfor stars with V · 17
froma high Galactic latitude �eld (900stars deg¡ 2) for
endof missionasa functionof magnitude. (top) Input vs
derivedvelocities. (bottom)Deviation from input veloc-
ity.

introducinga mechanisminto the RVS (potentially de-
gradingtheastrometricmeasurements),bypopulatingthe
focal planewith CCDs narrow 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 hasbeendemonstrated,and thereis ESA funding
to take this further, but it is not a widely availabletech-
nology). All of thesehave beenconsidered.Themecha-
nismand2-dimensionalclockinghave thefurtherdisad-
vantagesthat they compensateonly the AC motion due
to the scanlaw, andnot the optical distortions,andalso
thatradiationdamagereducesthedataqualityto agreater
extent. This is becauseof increasedchargetransferinef-
�ciency andthelossof a full CCD columnin TDI mode
whenasinglepixel is damaged.

The narrow CCD option provides the best solution in
termsof performance,systemimpact and development
costs.This is shown in Figure8. Thedif�culty with the
higherreadoutnoiseresultingfrom thelargernumberof
readoutnodescanbecounteredby resortto L3CCDtech-
nology(Jerramet al. 2001).This usesanavalanchemul-
tiplication processto increasetheCCD signalbeforethe
readout,effectively decreasingthe readoutnoiseby the
gain factor. A schematicof theL3CCD is shown in Fig-
ure9. In RVS wewill usemodestgainsof » 10, limiting
thevoltagesrequiredin theavalanchegainregister, while
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Figure 7. The optical layout of the RVS.The two mir-
rors areoff-axisaspheres,while thegrating is ruledona
convex sphericalsurface.

Figure 8. TheRVSfocal plane. This is derivedfromthe
MBP focal plane, so has the same4 £ 5 CCD layout,
each of 800£ 1965pixelsAL£ AC. Each pixel is rectan-
gular with dimensions10£ 15¹ m.

at thesametimereducingthereadoutnoiseto below that
of othernoisesourcesin thevideochain.

Some developmentsare required to space-qualifythe
L3CCD technology. Radiationtestingwith protonsand
with ionising radiation has indicatedthat there are no
particulardamagemechanismsfor theL3CCDsoverand
above thosefor normalCCDs(Smith et al. 2003;Had-
wenet al. 2004). Sincethedetectedquantumef�ciency
(DQE) and modulationtransferfunction (MTF) of the
CCDsmustbe maximised,high resitivity Si (» 1000­ -
cm) materialmustbeused. No high resistivity L3CCDs
have yet beenmade,althougha batchis beingprocessed
at thetimeof writing by e2vtechnologies.Thereis some
indication (still to be investigated) that higher voltages
will berequiredin thesedevicesto producetheavalanch-
ing, whichmayimpingeondevice lifetime. Thiswill be-
comeclearerwith thedeliveryof thebatchnotedabove.

Figure 9. A schematic of the L3CCD showing the
avalanche gain register after the readoutregister. From
Hadwenetal. (2004).

3.3. On-board Processing

UnlikeotherinstrumentsonGaia,dataprocessingis nec-
essaryin RVS to reducethe datarate. This is accom-
plishedprincipally by combiningthedatafrom different
CCDs. As notedin Section3.1, a spatialremappingis
requiredbeforetheco-addition,andin orderto minimise
theeffect of cosmeticblemisheson thedetectorsarising
duringfabricationor causedby radiationdamage,no de-
fectivepixelsshouldbeincludedin theco-addition.Sim-
ilarly, cosmicray eventsshouldbe detectedin the on-
boardprocessingroutines,and no affectedpixels used.
After theco-addition,only thoseareasof theCCDwhich
containspectraneedto be downloaded,so thoseareas
not selectedby the RVS Starmapper(which is usedfor
this purpose)aresetto zero. Thesewill be compressed
stronglyby thecompressionalgorithm,whichin theRVS
casemust be lossless,to ensurethe low signalsmixed
with thenoisearenoteliminated.

Theprocessingtasksin sequenceareasfollows:

1. CCDgaincorrection
2. Blemishreduction
3. Scanlaw andAcrossScanopticaldistortioncorrec-

tion
4. Along Scanopticaldistortioncorrection
5. Cosmicray removal
6. Co-adding
7. Outputdataselection
8. Losslesscompression

Most of the remappingand rescalingtaskscan be per-
formed using lookup tables. The data selectiontasks
are carried out using a mask generatedfrom the RVS
Starmapperdata. Theon-boardprocessingtasksrequire
somesystemresources.They are reasonablydetermin-
istic, given the input from the RVS Starmapper, so it is
conceivablethat they areperformedby a sequentialpro-
cessingenginerealisedin hardware.However, asoftware
solutionwill providesuperiorcapabilityandmoreadapt-
ability in realisation.
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Figure10. Schematicof theRVSprocessing. DatafromindividualCCDsarestoredin delay-linebufferssothatdatafor a
particular spectrumfromall CCDsarealigned.Remappingandblemishremoval tasksarecarriedoutbeforeco-addition
anddataselection.Notethat only 5 CCDsare shownhere for clarity: in RVSthis will be10, with theupperand lower
banksof CCDsbeingprocessedindependently.

4. SUMMARY

In summary, Gaia-RVS hasa numberof critical techni-
cal issueswhich requireparticularattentionif its perfor-
manceis to bemaintained:maintainanceof highthrough-
putdrivestheopticsanddetectordesign;minimisationof
instrumentnoiselevels drives the choiceof detectorto
L3CCDtypes;andthedataratefrom focalplanerequires
carefully designedon-boarddataprocessing.Of course
thereareother importantissuesaswell; for exampleit
is vital that mechanicalandthermaldisturbancesto the
Astropayloadareminimised.

Ensuringthe performanceof Gaia-RVS extendsbeyond
the instrumentitself to thegroundsystem.In particular,
theextractionof spectrarequirescarefulalgorithmdesign
for thetreatmentof crowdingandspectraloverlaps.
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