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ABSTRACT. We havedesignedg¢onstructedandputinto operatioralarge-are€CD camerghatcoversalarge
fractionof theimageplaneof the 1 m Schmidttelescopet Llano del Hatoin VenezuelaThe cameraconsistof
16 CCD devicesarrangedn a 4 x 4 mosaiccovering2’3 x 35 of sky. The CCDsare 2048 x 2048 LORAL
deviceswith 15 um pixels. The camerais optimizedfor drift-scanphotomety andobjective-prisnspectroscopy
The designconsiderations;onstructiorfeaturesandpeiformanceparameterare describedn thefollowing paper

1. INTRODUCTION Schmidttelescopesretheinstrumentof choicefor surveys
of large areasof the sky becauseof their largefield, typically

of theorderof 4° x 4°. However thesetelescopehavelarge,
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8101.
2 Correspondingauthor
® CurrentaddressDepartmenbf Astronomy University of Texasat Austin,

icon detectors.Until now, thesetelescopeshave beenused
with photographicplates, and no Schmidt telescopehad its
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TABLE 1
PROPERTIES OF THE VENEZUELAN SCHMIDT TELESCOPE
Parameter Value

Clearaperturediameter ......... 1.00 m
Mirror diameter ................ 152 m
Focallength .................... 3.03m
flratio ......ooviiiiiiii f/3
Platescale ...................... 15 um arcsec® (67" mm™)
Corrector plate glass ........... UBK?7
Objectiveprism:

Aperturediameter ........... 10m

Wedgeangle ................. 33

Dispersion ................... 650 A mmr* at 4350 A

Glass ...oovvviiiiiiiii UBK7
Latitude of obsewatoly ........ 8°47" north
Longitudeof obsewatoly ...... —-70°52'0"
Elevation .........ccccoeeeeen. 3600m
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total of 3.75ded of the 36 degd field of view. A project
is undemway to fully instrumentthis telescope.

We, the QUEST collaboration'® havedesignedgonstructed,
and put into operationa large-area€CCD camerathat coversa
largefraction of theimageplaneof the 1 m Schmidttelescope
at the VenezuelarNational AstronomicalObsewatory located
at Llano del Hato and operatecby CIDA.* This is oneof the
five largestSchmidttelescopedn the world; its propertiesare
summarizedn Table 1. A picture of the camerais shownin
Figure 1. The camerais locatedat the prime focusinside the
telescopdube asshownin Figure 2.

The scientific motivation for building this camerawas to

9 QUEST s shortfor the QuasarEquatorialSurvey Teamandis a collab-
oration betweengroupsfrom Yale University, IndianaUniversity, Centrode
Investigacionesle Astrononia (CIDA), and Universidadde Los Andes(Mé-
rida, Venezuela).

" Researchieportedhereinis basedon dataobtainedwith the 1 m Schmidt
telescopatthe Venezuelaational AstronomicalObsewatory, Mérida, Ven-
ezuela,operatedoy CIDA andfundedby the Ministerio de Cienciay Tech-
nologia and the FondoNacionalde Cienciay Technologa of Venezuela.

1.—A picture of the QUEST camera.The drift directionis from the top toward the bottom.
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782 BALTAY ET AL.

2.—\VenezuelarSchmidttelescopeshowingthe QUEST cameraat the prime focus. Note that the prism angleis exaggerate@ndthe bendingof the input

raysis neglected.

carry out alarge-areauvey of a bandof the sky centerecbn
the celestialequatorandabout 6 wide in declination.The
initial plan wasto divide the obsewrationsbetweenobjective-
prismspectroscopymagingwith four essentiallysimultaneous
color filters, and repeatedscansof a 250 ded areaof the sky
for variability studies.Someof the scientific resultsexpected
from such a suivey were a quasarsuivey basedon quasar
selectionwith threedifferent techniquesselectionby the pres-
enceof broademissionlines using the objective prism, color
selectionwith UBV and BVR colors,andvariability selection.
The variability suvey wasincludedto searchfor Type la su-

3.—Layoutof the CCDson theimageplane.Also shownarethe Invar
fingerssupportingthe CCDs, their pivot points,andthe fingerrotatingcams.

pemovae,gamma-raybursters new solar systemobjects(like
asteroidsand Kuiper belt objects),and RR Lyrae stars.

The large-areaCCD cameraconsistf 16 CCD devicesar
rangedin a4 4 mosaic(seeFig. 3) covering2.3 3.5 of
sky. The individual CCDsare2048 2048 LORAL devices
with 15 m pixels. Thereare gapsbetweenthe CCDsin the
east-westlirectionso thattheeffectiveareacovereds 5.4ded.
The propertiesof the cameraare summarizedn Table 2. The
camerahasbeendesignedo operaten drift-scanmode!? which
is alsoreferredto as time-delayintegrationmode (McGraw

2 We thank S. Shectmarfor many interestingdiscussionsconcening the
techniqueof drift-scanning.

TABLE 2
Parameter Value

Numberof CCDs ........ 16
Array size,CCDs ........ 4 4
For eachCCD:

Pixel size .............. 15 15 m

Numberof pixels ...... 2048 2048

Pixel size on sky ...... 1 1
Array size, pixels ........ 8192 8192
Array size, cm ............ 126 18.2
Array size,on sky 23 35
Effectivearea............. 5.4 deg?
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4.—Schematiaiagramof the CCD rotationto keepeachCCD lined
up alongthe line of motion of the starimages.

Cawson,& Keanel986).1n this mode,thetelescopés locked
into afixed positionat agivendeclinatiorangle TheCCDarray
is orientedwith the columnsof pixelsin the clockingdirection
lined up preciselyin the east-westlirection,andthe CCDsare
clockedsynchronouslwith themotionof thestarimagesacross
eachCCD.Eachstarimagethuscrosse$our CCDs,onein each
row of CCDs.Eachrow of CCDscanhaveafilter of adifferent
colorin front of it sothatthecameracancollectimagesn each
of four colorsessentiallysimultaneouslyThe camerahushas
a100%duty cycle(i.e.,dataare collectedcontinuously)andno
timeis lostasaresultof the readoutime or telescopelewing
time. Sincethe telescopeés lockedinto a fixed positionandis
not tracking,the systemis very stable and producesmoreac-
curatephotometrianeasurement®hotometrigrecisionis fur-
ther enhancedecauseachpoint in the sky is imagedby av-
eragingover an entirecolumnof pixels,andthuspixel-to-pixel
variationsin sensitivityare minimized.

During a clearnight, a 2.3 wide by 120 long strip, or ap-
proximately 250 ded, canbe coveredin eachof four colors.
Thetelescopeas equippedvith anobjectiveprism coveringthe
full apertureof the telescopeand canbe installedor removed
on a daily basis.Thus,onecancollectobjective-prisnspectra
over 250 deg of sky on a clear night. The camerawas built
at Yale University and IndianaUniversity. It wasinstalledat
the prime focus of the telescopen 1997 and hasbeentaking
dataroutinely since 1998 November

In the following sectionswe will describethe principlesof
operationof the camera(8 2) and give a detaileddescription
of the camerg(8 3), the detectorcontrol systemandelectronics
(8 4), the dataanalysissoftware(§ 5), andthe pefformanceof
the apparatugo date(§ 6).

2. PRINCIPLES OF OPERATION OF THE CAMERA

If the camerawere usedto drift-scanalongthe equatorthe
imagesof starswould follow straight lines and move at the
samerate acrossthe image plane. However at declinations
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otherthanthe equatoythe starswill follow arcsof circles,and
starsat different north-southpositionswill move at different
rates.In drift-scanning the sagittaedueto the first effectwill
smearthe imagesin the north-southdirection, and dueto the
seconckeffect,someof thestarswill notbeexactlysynchronous
with the CCD clocking ratesand thuswill be smearedn the
east-westdirection. In order to keeptheseeffectsat an ac-
ceptablelevel, i.e., to keepthe smearingof the point-spread
function (PSF)belowaboutl in anydirection,we rotateeach
CCD by anamountdependentnthedeclinationbeingscanned
in such a way that the clocking direction of each CCD is
tangentiato thearcsthatthe starsaremovingin atthatlocation
in the array. This is accomplishecby mounting eachof the
four CCDsin a north-southrow on an Invar® bar which we
call a “finger.” Each of the four fingers can be rotatedby a
differentamountby camsthataredriven by externalcomputer
controlled stepper motors. An exaggeratedsketch of this
schemeis shownin Figure 4. For conveniencewe label the
fingersl, 2, 3, and4 andthe columnsof CCDsA, B, C, and
D, asshownin Figure3. Thisfigurealso showsthe pivot points
andthecamsusedto rotatethefingers.In addition,eachcolumn
of CCDsis scannedhlonga dlightly differentdeclination,and
thereforethe parallel clocks readingout the CCDs are syn-
chronizedat slightly differentrates.

Theradiusr of the star tracks(i.e., thearcs of circlesalong
whichtheimageof astar movesin drift-scanningntheimage
planeof atelescopewith focal lengthf at a declination isto
a good approximationgiven by

f

tan

The parallelclock rate  for readingouta CCD in sucha way
thatthemotionof the chargds synchronousvith the motionof
the starimageacrosshe CCD at a declination is givenby

f
—Cos ,
a

where 72.7 rads 'is therotationrateof the Earth,f is
thefocallengthof thetelescopeanda is the pixel sizeonthe
CCD. FortheVenezuelarschmidttelescopandour pixel size,
this gives

14.7cos liness *.

In drift-scanning along the equator the readout parallel
clocks are thus synchronizedat approximatelyl4.7 liness *.
At this rate, a starimagetakes140 s to crossa CCD. This
givesan integrationor exposurgime of 140s. At higherdec-
linations,theclocking rateis somewhaslower giving aslightly
longer exposuretime. In drift-scanmode, this exposuretime

3 Invar is a stainlesssteel alloy that has a relatively low coefficient of
thermalexpansion.
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is govenedby therotationof the Earthandcannotbechanged.
Howeversinceeachstarcrossedour CCDs,thesecanbeadded
for an effective exposuretime of 560 s. In casesvhereeven
longerexposurgimesaredesirablerepeatedcanf thesame
areaof sky canbe performedand co-added.

Theangleby whichthe CCD supporfingers(seeFig. 4) have
to berotatedo keepthe clockingdirectionof the CCDstangent
to the star trackson theimageplaneat a declination is

% an
f 1

whered is the distanceof the pivot point of eachfinger from
the cameracenterline (d 7.5 cm for fingers1 and4 and

2.5cm for fingers2 and3). Thus,for examplethetop finger
(1) hasto berotatedabout0.15 for 6 , whichis very small
but neverthelesguite importantto keeptheimagesizessmall.
As mentionedabove,the four columnsof CCDs scanalong
slightly different declinationsand thus haveto be clockedat
slightly differentrates.For examplewith the camerascancen-
teredat 6 , thefour columnshaveto beclockedat 14.638,
14.626,14.613,and 14.598lines s *, respectively Again, this
variationis very small but neverthelesguite important. The
detailedimplementationof this schemeis to clock all four
columnsat the samerate but drop clock pulsesat different
ratesin the four columnsto producethe averageclock rates
required.The fast serialreadoutclock is 50 kHz for al of the
CCDsin the array.

The schemedescribedabovefor varying the rotation and
clock rate synchronizatiorof the different CCDsin the array
removeghedominanteffectsthatsmeatheimagesThereare,
howeverresidualeffectsdueto the sagittaof theimagemotion
andspreadn therateof motionof theimagesacrosghefinite
width of a single CCD, asillustratedin Figure 5. Fora CCD
with lengthl (in the east-westirection) and width w (in the
north-southdirection), theresidualsmearingof theimagesizes

x and vy, in the east-westand north-southdirections, re-
spectively scanningat a declination , is given by

wheref is thefocallengthof thetelescopeThisresiduasmear
ing limits the rangeof declinationsat which this cameracan
be usedin the drift-scanningmodewithout intolerabledegra-
dationof the imagesizes.

Thedesignhasbeenoptimizedin suchawaythattheresidual
imagesmearingis keptbelow 1 for declinationsupto 6.
Given the typical seeingat the Llano del Hato site, we can
drift-scanat declinationsupto 12 with no appreciableleg-
radationof imagequality. This is sufficientfor the equatorial

5.—Sagitta( x) and pathlengthdifference( y) on a single CCD.

survey for which the camerahasbeendesignedOf coursethe
cameracanbeoperatedn aconventionapoint-and-starenode
to coverregionsof the sky abovethesedeclinations.

Anothercomplicationof the designwasdueto the factthat
the imageplaneof a Schmidttelescopés not flat but hasthe
shapeof a convexsphericalsuface. To arrangethe CCDsin
sucha shapewould have beencumbersomelnstead,we de-
signed,andhadbuilt, a 30 cm diameterfield flatteneriensthat
coveredheentireimageplane.Thislensproducedaflatimage
planeand,in addition, correctedfor the pincushiondistortion
inherentin the telescopeto a level wherethe degradatiorof
the imageshapesvere negligible.

The depthof field of the VenezuelarSchmidttelescopes
quite shallow For this reason,the front suifacesof the 16
CCDs, including the motion of the finger mounts,hadto be
keptin a planeto atoleranceof lessthan 25 m. It required
greatcarein the precisionmachiningand the aignmentpro-
ceduredo achievethis precision.

During thecommissioningperiod,afterthe camerehadbeen
installedin the telescopea greatdeal of effort wasexpended
to align the plane of the CCDs with the focal plane of the
telescopeOncethis had beenachieved howevey it wasquite
stable and required no further adjustment.Typically, before
eachnights’ data-takingthe focus of the telescopethe rota-
tional positionof thefingers,andthesynchronizedeadoutate,
which havebeenset by the control computersfor the appro-
priate declination,were checkedby looking at the shapeand
size of stellarimages.

Thereis an objective prism designedfor the Venezuelan
Schmidttelescopehatcoverstheentirel m apertureBy align-
ing the dispersiondirectionof the prism along the drift direc-
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6.—Sketchof the CCDswith 2048 2048 15

tion, we can obtain spectraover the entire survey area.The
prismis madeof UBK7 glassfor goodultraviolettransmission
downto the atmosphericcutoff. With a prism angleof 3.3, the
dispersionis 650 A mm * at 4350A. In combinationwith the
QUEST camerathis correspond$o a spectrakresolutionof 10
A pixel * at this wavelengthwhich is morethansufficientto
detectquasars.

3. DESCRIPTION OF THE QUEST CAMERA

The CCD camerais locatedat the prime focusof the Vene-
zuelanSchmidt,insidethe telescopabout3 m from the 1.5m
primaty mirror, with the CCDsfacing the mirror (seeFig. 2).
The outsidedimensionof the camerahaveto be as small as
possibleto fit mechanicallyat the prime focusandto obscure
assmalla partof the incomingbeamaspossibleThe outside
of the camerahasto be keptat ambienttemperatureo as not
to induceany turbulencen the air insidethe telescope.

7.—Typical QE of front-illuminatedcommerciaLORAL CCDs.The
responséelow4000A is dueto a wavelength-shiftingompoundon thefront
surface.
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15 m pixels.

3.1. The CCDs

The heartof the camerais a mosaicof 16 CCDsarrangeds
shownin Figure3. EachCCD consistf 2048 2048 pixels,
eachl5 15 m, asshownin Figure6. The CCDswerede-
signedby J. Geay of the Harvard-Smithsonia€enterfor As-
trophysicqCfA) andwerepartof a multilot fabricationrun by
LORAL (20 four inch diametemwafersperlot with four CCDs
per wafer). Thesefabricationlots were initially purchasedy
variousUS and Europearobsevatories,and we were ableto
obtaina few individualunuseddevicesrom a numberof these
obsevatories:* Mostof thedevicesverethree-siddouttablewith
21 readoutpadsalonga single edge;a few of themweretwo-
sidebuttable Thetwo-sidebuttableCCDscouldbe usedon the
outsidecolumns(A andD) with no interference Eachof these
deviceshada numberof badpixelsandsomebadcolumnsput
this doesnot significantlyaffecttheir pefformance.

Thesedevicesareunthinned500 m thick) andareusedin
the front-illuminatedmode. As such, the quantumefficiency
(QE) dropsto zerobelow4000A. Since we needsensitivityin
theultraviolet,we applieda2.5 m thick layerof awavelength-
shifting compoundo the front surface of eachdevice.

This compoundabsorbslight in the UV and reemitsit in
thevisible. We havenot carriedout detailedQE measurements,
but we believethat the QE is similar to the typical response
of front-illuminated LORAL CCDs, as shownin Figure 7,
with the modification at short wavelengthdue to the wave-
length-shiftingcompoundThepropertiesof theCCDsaresum-
marizedin Table 3.

4 We are gratefulto J. Gear (CfA), E. Smith (EST), J. Lupino (Hawaii),
K. Cook (Los Alamos),and F. Bartoletto(Padua)for thesedevices.

> Adaptedfrom CCD 442A datasheet(http://www.fairchildimaging.com/
main/documents/ccd442a.pdairchild Imaging, Inc. 2001).
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TABLE 3
Parameter Value

CCDsize MM ......ccvvvvnnnnn. 3128 31.75
CCD size, pixels .....ccoeennnn 2048 2048
Pixel size ... 15 15 m
(G(61D 21 1Y/ o= R Front-illuminated
Clocking ratein drift-scanmode:

Parallel clock .................. 15rowss !

Serial clock .................l 50 kHz
Readnoise .................oeue. 10e
Dark currentat20C ............ 250 pA cm 2
Full well capacity................ 30,000-60,000 e
QE:

At 7000A ...l 45%

Below 4000A ................. 5%—10%

The readnoise of the CCDs, including the noise from the
electronicsand pickup in the cabling, etc.,is around 10 e, but
with somespread.The bestwe have seenis 7 e noise,and
someof the devicesin the cameraare aspoor as 20 e noise.
The measuremerf the dark currentversustemperaturen a
typical CCDis shownin Figure8. Thedarkcurrentextrapolates
to 250pA cm 2 at 20 C andfalls afactorof 2 with eachs C
temperaturedrop. The CCDsin the cameraare typically op-
eratedat 70 C. Theresponsef the CCDsis linearto agood
approximationup to the full well capacity which variesfrom
30,000to over 60,000e.

3.2. The Field-Flattener Lens

The Venezuelarschmidtnormally hasafocalplanethathas
the shapeof a convexsphericalsuiface. To allow the CCD
arrayto be in a flat plane,we have designeda field-flattener
lensto reimagethe focal plane.Greatcarehadto be exercised
in this designto keeppincushionand other distortionsbelow
a few micronsin the imageplaneto allow the camerato be
usedn adrift-scanmode.Thelenswasdesignedy theQUEST
collaborationand was manufacturedby CoastalOptical Sys-
temsof RivieraBeach,Florida. Thelenshasa 30 cm diameter
and is also usedas the vacuumwindow at the front of the
detector The lensis biconvex,with two sphericalsurfacesof
radiusof curvatureof 2595and 1725mm, respectivelylt is
25 mmthickinthecenterand14 mmthick at theedgesCareful
finite-elemenstressanalysiscalculationshavebeencarriedout
to showthat the lensis strongenoughto sewve asa vacuum
window and the deflectionis small enoughnot to distort the
optical propertiesof thelensunduly. Thelensis madeof fused
silica, Coming 7940, which hasgood transmissiorin the ul-
travioletaswell as over the whole requiredwavelengthrange.
The lens doesnot have an antireflectioncoating. The lensis
locatedabout2 cm in front of the CCD imageplane.We have
examinedthe imagesizesand shapesat differentlocationson
the imageplane.No variation or degradatiores a function of

8.—Typical dark currentvs. temperatureplot for the CCDs.

distancefrom the centerof theimageplanehasbeenobsered
(seeFig. 9). We thereforebelievethat this lens hasflattened
the field to an acceptabldevel.

9.—Averagestellar FWHM alongthe two diagonalsof the full image
plane for a typical exposure(a) acrossCCDs Al, B2, C3, and D4 and
(b) acrossCCDs A4, B3, C2, and D1. Thefifth pointin (a) is omittedsince
therewere insufficientstarsin the data.
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10.—Frontalview andtwo cross-sectionaliews of the QUEST camera.

3.3. The Camera Dewar

To be ableto coolthe CCDsto 70 C, theyhaveto bein a
vacuumenclosureThedetectohousings thusavacuumvessel
cylindricalin shape 16 inchesin diameterandabout5 inches
deepasshownin Figurel0.Thefrontfacehasa12 inchdiameter
circularvacuunmwindowmadeof fusedsilicafor goodUV trans-
mission.This window alsosewnesasthefield-flattenetensdis-
cussedabove.The backplateof the housinghasthe mounting
bracketon it to attachthe detectorto the telescopeThe back
platealsohaspenetrationfor thevacuunmpumpport,thevacuum
gauge,refrigerantliquid in and out, and all of the electrical
feedthroughsThe housingis madeof aluminum,polishedon
the insideto reduceradiativeheatloss,andanodizedlat black
on the outsideto reducereflectionsandglare.

3.4. Refrigeration

The conventionaimethodof coolingthe CCDsin astronom-
ical camerass to havealiquid-nitrogenDewarinsidethecam-
era vacuumenclosure.ln our case,this would have beena
feasiblesolutionbutwould havemadethe detectomuitebulky,
becausef the largevolumeof liquid neededo cool the large
CCD array andwould presenta logistic problem,sinceat this
time thereis no liquid nitrogen availableat the obsewatoty.
We havefound a muchsimplerandmaintenance-fregolution,
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namely a closed-looprefrigeratorusinga liquid-freon coolant
that can operatein the 60C to 80 C temperaturgange.
Such a refrigerator was commercially available, a model
RC210C0from FTS Systemsn StoneRidge,New York. The
refrigerationunit is locatednearthe north pier of the Schmidt
telescopeandavacuum-jacketedryogenicliquid transfedine
with the appropriateflexible joints wasinstalledto carry the
coolantto and from the detectorinside the telescopelnside
the detector the coolantcirculatesthrough cooling loops at-
tacheddirectly to the Invar supportbarsto which the CCDs
areattachedensuringatemperaturef al of the CCDsuniform
to 1C.

Theoveralltemperatureanberegulatedby controllingboth
the temperatureand the circulation rate of the coolant. The
camera’soverall heatload is 30 W, dominatedby the heat
radiatedn throughthelargevacuumwindow. Thereare heaters
attachedo the body of the camerato maintainthe outsideof
the cameraat ambienttemperature.

3.5. The Vacuum System

The cameraDewar is operatedat a vacuumof 10 * torr,
which is sufficientto keepthe convectiveheatloss at a neg-
ligible level. Thevessels evacuatedby aturbomoleculapump
precededy aroughingpump.Thesepumpsarenot connected
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11.—CCDpackages.

during obsewations.In fact, oncethe vesselis evacuatedthe
vacuumusually lastsfor weeks,so the pumpsare connected
only periodically

3.6. The CCD Support Structure

TheindividualCCDswerepackage@t Yale. TheCCDswere
epoxiedto a 3 mm thick Invar plate approximately3.1
3.1cmlarge.A smallcircuit boardwasepoxiedhextto thelnvar
plate,andthe dlectricalconnectionérom the CCDto thiscircuit
boardwereachievedy wire-bondingo thisboard(seefFig. 11).
The CCD packagesaire mountedon four Invar bars (fingers)
each0.25 inchesthick, 1.0 incheswide, and 11 incheslong.
Thesefour fingersin tum are attachedo a 14 inch diameter
Invar supportplate 0.5 inchesthick (seeFig. 3). This plate has
a largerectangulaobpeningin the centerto allow the electrical
connectiongrom the CCDsto passthroughto the preampilifier
boardlocatedat the back of the Dewar underthis plate. The
Schmidttelescopdnasa very shallowdepthof field ( 25 m).
Thereforeall of the CCDshaveto belocatedin thefocalplane
to a precisionsmallerthanthis. All of the Invar barsandthe
supportplateweregroundto 5 m precision,andall jointsare
spring-loadedo ensurethe requiredprecision.The Invar parts
were coatedwith an Armoloy*® coatingto preventcorrosion.
After the entiresystemwasassembledy detailedopticalsuivey
showedhatthefront suffacesof all of the CCDswerein aplane
with anrmsscatterof 11 m.

The Invar fingerspivot at one end, andtheir rotationalpo-
sition is controlledby camslocatednearthe other end under
the Invar supportplate. The shaftsof the four camspenetrate
the back plate of the Dewarto the gearsand steppingmotors
locatedoutsideof the Dewar The Invar supportplate is sup-

6 Armoloy is a thin, densechromiumcoatingthatis low friction, corrosion
resistantandvery hard.

12.—Filtertray with four typical color filters.

portedfrom the Dewar back plate by threestandoffsthat are
10 cm long hollow stainlesssteel tubesto reducethe heat
conductionto an acceptabldevel.

3.7. Color Filters

The filter box is locateda few centimeterdan front of the
vacuumwindow/field-flattenedens. Filter trays can be easily
insertedor removedmanually A filter tray consistsof four
filters of different colors, eachfilter being’5.0 cm wide and
25.0cm long. Eachindividual filter is locatedin front of one
row of CCDssothatin the courseof a drift scan,starimages
passthrougheachof thefour filters in turn sothatdatacanbe
collectedin four colorsessentiallysimultaneouslyA sketchof
afilter tray is showin Figure12. Severafilter traysexist,and
the individual filters canbe shuffledto makeup filter traysin
any desiredcombination.The availablefilter colors and their
wavelengthbandsarelisted in Table4. Thesefilters werede-

TABLE 4
WavelengthRange
Color (A)
U . 3300-4000
B ... 39006-4900
Voo 5050-5950
R ... 59006-8100
I, 7800-10200
H .. 6520-6600
BroadB ...... 4000-6500
BroadR ...... 6500-9000
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signedspecificallyfor the QUEST cameraput they resemble
the Johnsorcolor system(Bessell990) quite closely The op-
tical thicknessof the different filters were designedsuchthat
the entire systemis parfocal.

Thereis a grid of five nichromewires locatedin the filter
box with the wires running along the edgesof the individual
filters. During conditionsof high atmospherichiumidity, a cur
rentis passedhroughtheseheaterwiresto eliminate the con-
densatioron the vacuumwindowsandthefilters. This system
hasturnedout to be quite effective.

3.8. The Shutter Box

The camerashutteris locatedin front of the filter box. The
requirementsn this shutterare thatthereshouldbe a 12 inch
diameterclearopeningbutthatno partof theshuttetbox should
extendbeyondthe 16 inch diameterof the camerasincethe
camerawas locatedat the prime focus of the telescopeand
obscurationof the light path was to be minimized.No such
shutterwas commerciallyavailable,so a shutterwas custom-
designechndbuilt for this purposelt is aniris-typeshuttemwith
22 thin stainlesssteelshutterblades.The shutteris computer
controlledandcanopenor closein abouthalf a second.

4. DETECTOR CONTROL SYSTEM AND
READOUT ELECTRONICS

The electronicsusedto read out the cameraare basedon
the CCD controllerdevelopedfor the US Naval Obsewatory
andthe Obsewatoriesof the Camegielnstituteof Washington
by FHH Harris Engineering A block diagramof the readout
electronicsis shownin Figure 13. The heartof the systemis
a two-boardset, consistingof a digital board and an analog
board, responsiblefor the clocking and readoutof a single
CCD. The phaseclocks are generatedn the digital boardas
outputsof a statemachinethatis implementedusingfield pro-
grammabléelogic devices,allowing considerabldlexibility in
the clock waveforms The analogboardamplifiesanddigitizes
the CCD video outputand providesthe digitized video to the
data acquisition system,and it is capableof operationat a
maximum readoutrate of 100 kHz. In addition to this two-
boardsetfor eachCCD, the completereadoutsystemincludes
a line clock generatoandan interfacecardto the dataacqui-
sition computerAs the systemis implementedor this camera,
the interface card sewicesfour CCDs. Control of the detector
operatingmodeis accomplishedhrougha serialintefacebe-
tween the inteiface card and the digital boards.This mode
control alows the selectivereadoutof anindividual CCD, se-
lectionof drift-scanor snapshomode andresetandcalibration
of the control system.

The systeminterconnectionsre shownin Figure 13. Each
CCD video signal is providedto an analogboardthrougha
coaxcable.All phaseclocksandDC voltagesrequiredby the
CCDsare generatedn the digital boardand providedto the
cameravia a shieldedcable.Thereare threegroupsof inter-
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13.—Schematiof the CCD detectorreadoutand control system.

connectionsbetweenthe controller electronics and the data
acquisitionsystem.The digitized video outputis providedto
the intefface board via a coax cable. The mode control is a
slow serialinterface betweenthe interface cardandthe digital
boards,as describedabove. Finally, each column of CCDs
receivesa separatdine start signal, which is generatedy a
counter/timercard in the data acquisitioncomputer Each of
thesewill be describedn more detail below

4.1. Analog Board

The analogboardprovidesthe amplification processingand
conversiorto digital valuesof the outputof the CCD detectar
Theanalogooardcommunicatewith theassociatedigitalboard
througha backplanelocatedat the backof a rackin whichthe
analoganddigital boardsaremountedTheinputto theanalog-
to-digitalconvertefADC) sectiorconsist®f adouble-correlated
sampleandhold,whichis implementeésa switched-inputlual
slopeintegratarTherathercomplicatedsample-and-holdrcuit
is requirecto eliminatesensitivityto variationsn the precharge
levelson the CCD outputnode.Priorto thedelively of acharge
packeton the CCD to the chargesensenode,that nodeis pre-
chargedo apositivepotential After theprechargingf thesense
nodecapacitancen the CCD via the resetclock appliedfrom
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14.—Block diagramof the dataacquisitionsystem.

the digital board,the valueof the voltagepotentialof the sense
node hassomeuncertaintycomparedwith previousprecharge
values.This uncertaintyis dueto the nonzeroon-resistancef
the resetswitch andthe Johnsomoiseassociateavith thatre-
sistance.The magnitudeof this voltageuncertaintycan be of
order300 e and mustbe correctedor. The ADC digitizesthe
outputof the sampleand hold to 16 bits. The conversiorrate
of the ADC is 50 kHz.

4.2. Digital Board

The digital boardprovidesthe time-varying signalsneeded
to operatethe CCD detectorand its associatecanalog pro-
cessingelectronicson the analogboard.As mentionedearlier
the phaseclocks are generatedas outputsof a statemachine
having a total of 64 stateswith statetransitionsoccurringat
arateof 4 MHz. Thephaseclocksareoutputfrom clock drivers,
which take as inputs the logic-level outputsof the statema-
chine, combiningthesewith the DC voltage outputsof a set
of biasgeneratorandapplyinga simple RC low-pasdilter to
producethe shaped|evel-shiftedsignalsrequiredby the CCD.

4.3. Line Start Generator

The camerais intendedto be operatedin drift-scanmode.
In thismodeof operationeachcolumnof CCDs,corresponding
to CCDsatacommondeclination requiresacommonline start
clock, while different columnswill require slightly different
line start rates,dictatedby the declinationbandsbeingviewed.
The method by which this is implementedis to operateall
columnsat a commonnominalline start rate but to drop line
start cyclesfor eachcolumn at a rate that gives the correct
averageline start rate for that column. This alows the syn-

chronousoperationof the system avoidinghavinglargeclock
transitionq 10V) duringthesensitivgl 1 mV) chargeeadout
time.

The line start generationcircuitry consistsof two compo-
nents.The first is a commercialtimer/countetoard(NI PCI-
TI10-10) runningin the primary dataacquisitioncomputerThis
boardgenerateshe correctnominalline startrateand,for each
column,a cyclerejectclock, which clocksat the rateat which
lines startsareskippedon thatcolumn.Onceprogrammedthis
boardfunctionswithout interventionfrom the dataacquisition
system.The secondnodulein theline start circuitry istheline
startgeneratarThis boardacceptgheraw clocks producedoy
the timer/counterboard and generateshe line starts usedby
the controllerboards.Theseline starts are delayedby a fixed
time interval to allow the dataacquisitioncomputertime to
preparefor the line readout.The line start generatoralso pro-
vides a set of promptinterrupt lines to the data acquisition
computerto notify the dataacquisitionsystemof anincoming
line.

4.4. Data Acquisition Interface Card

A 4-channelPC interfaceto the controllersystemhasbeen
developedjointly at PrincetonUniversity and the US Naval
Obsewatory for the Sloan Digital Sky Suwvey project” This
cardprovidesa DMA interfaceto four CCD inputsas well as
a serialoutputto the controller electronicsthat allows control
of the cameraoperationaimode.

4.5. Data Acquisition Computers

The dataacquisitionsystemis built aroundstandard BM
PC compatiblehardware.For a full description,seeSabbey
Coppi,& Oemler(1998).Eachcolumnin the array (consisting
of four CCDs)is controlledby one Pentium-base€PU. One
controller board controls all four CCDs, sendingcommands
and receivingdata.Becauseall chipsin the column (indeed,
all in the detector)are clockedat the samerate,the entiredata
acquisitioncanbe run as onesynchronougprocessThis elim-
inatesmanytiming headachesThe dataare storedduring the
night on disksandwritten to DLT tapesat the endof a night’s
obsewing. Thefour dataacquisitioncomputersunonthe QNX
operatingsystemandarelinked throughtwo datastoragecom-
putersto one central controlling computervia Ethemet. The
control computer running Linux as its operatingsystem,or-
ganizeghedatatakingprocessandmonitorsthequality of data
during the night, using samplessentfrom the datataking ma-
chinesover the Ethemet connection. A block diagramof the
dataacquisitionhardwareis shownin Figure 14.

" We are grateful to J. Gunn (PrincetonUniversity) for supplyingthe PC
interfaceboards.
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15.—Objective-prismspectrumof az  0.25 QSO with two broad
emissionlines identified by the spectroscopynalysisprogram.

5. DATA RATES AND DATA ANALYSIS SOFTWARE
5.1. Data Rates

As discussedh § 4.1, the ADC outputslé bits for the signal
from eachpixel. Thecalibrationof theelectronicyariesdightly
from channelto channelbut is in the vicinity of 1 e ADU *
(analog-to-digitalconversionunit). In the drift-scanmode,the
entire 64 10° pixels of the array are read out once every
140 s with 2 bytespixel *, resultingin a datarate of approxi-
matelyl Mbyte s *. Thesedataare storedon disksandwritten
on a DLT tapein the moming after the obsevation night. A
clear8 hr night producesbout28 Gbytesof data.With appro-
priatecompressioSabbeyl 999a) thiswill fit onasingleDLT
IIIXT tape.Thesetapesare the raw datainput for the offline
processing.

The softwareto processsucha largevolume of datais not
trivial. The QUEST collaboratiorhasdevelopedhreedifferent
software pipelines to analyzethis data: (1) the photometric
pipelineto analyzedatatakenwith themulticolorfilterswithout
the objective prism; (2) the spectroscopyipelineto analyze
data taken with the objective prism; and (3) the supernova
pipeline, a highly specializedprogramusedin the searchfor
Type la supenovaeandothervariableobjects.The outputsof
thesepipelinesaretypically objectcatalogghatform thestart-
ing points of more specializeddata analysisprograms. Ex-
amplesof theseprogramsncludesearchindor variableobjects
suchasRR Lyraestars,trans-Neptuniambjects,quasarsetc.,
or identifying quasardy their colors(in directdata)or broad
emissionlines (in objective-prismdata).
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5.2. The Photometry Pipeline

This programwasdevelopedo analyzedatatakenin direct
mode (without the objective prism) using multicolor fil-
ters—typicallyU, B, U, V or R, B, R, V. Datafrom repeated
scansof the sameareaof the sky are co-added.One color,
usuallyV or R, is selectedasthe leadcolor andis usedto find
objects. The locationsof the objectsfoundin the lead color
are translatedto the coordinatesystemof eachof the other
colorsfor eachnight of data.Photomety, usingboth aperture
photomety andPSFfitting, is carriedoutto obtainmagnitudes
in eachcolor. Landoldtstandard¢lL.andolt1992)or seconday
standardstars are usedfor photometriccalibration.The astro-
metric calibrationis carriedout usingthe USNO A2.0 catalog
(Monetetal. 1999);thetypical resultingprecisionis about0. 2.
A moredetaileddescriptionof this pipeline will be published
in a separatgaper

5.3. The SpectroscopyPipeline

This programhasbeendevelopedSabbeyl 999b)to analyze
drift-scandatatakenwith the objective prism. Datafrom re-
peatedscansof the sameregionof the sky areco-addedFrom
the co-addeddata, spectraof individual objectsare extracted,
background-subtractednd calibrated.The programthen au-
tomatically examineseachspectrumand selectsobjectswith
prominentemissionlines from which redshiftscan be deter
mined (Sabbey1999c). A typical objective-prismspectrum
with two broad emissionlines identified by the programis
shownin Figure 15.

5.4. The SupernovaPipeline

This programwas developedy the SupenovaCosmology
Project(see,e.g., Perimutteret a. 1999) and was adaptedo
work with the outputof the QUEST cameran drift-scanmode.
In this program,datafrom “discovery” nightsandfrom “ref-
erence”nights (typically about2 weeksearlier than the dis-
covely nights)areconvolvedo thesameseeingandnormalized
to the sameintensity scale.The referencenightsare thensub-
tractedpixel by pixel from the discovey nights. The vastma-
jority of the objectsdisappeatin the subtraction Objectswith
significantresidualsin the subtractionare examinedvisually
as candidatedor variable objectssuchas supenovae,trans-
Neptunianobjects,asteroidsgetc.

6. PERFORMANCE OF THE APPARATUS

The QUEST camerawas commissionedor the Venezuelan
Schmidttelescopen 1997.We havehadthreeobsewring sea-
sonsfrom 1998 Novemberto 2001 May. Using theseobser
vations,the pefformanceof the combinationof the camerathe
telescopeandthe site of Llano del Hato hasbeenfairly well
characterized.
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16.—Distributionof theimageFWHM of datatakenin March of 1999
and 2000.

6.1. Alignment Procedure

Duringtheinitial commissioningphasetheplaneof thefront
surfacesof the CCDshadto be alignedto be parallelto the
focal planeto within the 25 m depthof field of the tele-
scope.This was done by tilting adjustmentsaround the two
relevantrotationaldegreesof freedom.The methodusedwas
to preciselymeasurethe optimal focus position of eachindi-
vidual CCD. Themostsensitivemethoduseda Hartmanmmask
(a sheetat the entranceof the telescopewith a patten of small
holes)that producesdoubleimageswhenthe CCDsarenotin
focus. The imageseparatioris proportionalto the offset from
the best focal position. By taking two exposurespne well
below andthe secondwell abovefocus,the precisefocal po-
sition of eachCCD could be determined Initially, whenthe
CCD planewasnotexactlyparallelto thetelescopdocalplane,
a systematidilt in thesefocal positionswas obsewed. After
severaliterationsof adjustingthe tilt angleand repeatingthe
Hartmannmasktest,the CCD planewasbroughtinto thetele-
scopefocal planewell within the depthof field. A checkof
the adequacyof this alignmentis to examinethe FWHM of
the PSFof theimagesn theindividual CCDsat a single focal
position of the entire camera.Sucha setof measurementss
shown in Figure 9. No systematicvariation of the FWHM
acrossthe diagonalof the full imageplaneis obsewable. This
alignmentprocedure,carried out during commissioningdid
not haveto berepeatedxceptonceafterthe cameravastaken
out of the telescopdor maintenance.

The rotational position of eachof the four fingersand the
readoutclocking rate synchronizatiorhasto be optimizedor

checkecevery time thedeclinationof thedrift scanis changed.

TABLE 5
140s
Typical Sky Background Limiting Magnitude
Filter (e pixel * per140s) (S/IN 10
u..... 20 16.5
B ...... 200 185
Voo 300 19.2
R ...... 600 19.5

The expectedinger positionandclocking ratesarecalculated
andsetby the control computerfor the desireddeclination At

thebeginningof obsewationsof anewvalueof thedeclination,
thesesettingsareoptimizedby varying thefingerpositionsand
the clocking ratesin small stepsaroundthe expectedvalues.
If the finger positionis off, the imagesare elongatedin the
north-southdirection,andif theclocking rateis off, theimages
areelongatedin the east-westlirection. The optimumsettings
arethosethatproducedhe smallestroundimages After some
experiencawith the camerawe leamedto trust the computer
settings,andthis optimizationprocedurewasundertakeronly

whenthe imagesdid not havethe expectedpointlike shape.

6.2. SeeingQuality

During commissioningtheseeing=WHM wasin thevicinity
of 3 . A considerableffort wasmadeto improvetheventilation
of the dome,putting thermalenclosurewventedto the outside
aroundthe electronicsbox andthe refrigeratiorunit locatedon
thefloor nearthe telescope@ndputtingsewo-controllecheaters
on the camerabody insidethe telescopeAfter theseimprove-
ments,the seeingwascloserto 2 . In the drift-scanmodewith
effective 140 s exposuretimes, the bestseeingobseved was
1.8. Thedistributionof the FWHM during the monthof March
(1999 and 2000combined)s shownin Figure16. The median
seeingvasaround?.4. Thebestseeingn thenondrift-scaipoint-
and-staranode,with 5 s exposuresis shownin Figure9. The
bestseeingfor theseshortexposuresvas1.5. The degradation
from 1.5to 1.8 is consistenwith whatwe expectfrom the
effectsof drift-scanningdiscussedn § 2.

6.3. Readout Noise and Sky Background

The rmsfluctuations(noise)on the outputamplitudesof the
CCDs have contributionsfrom the read noiseinherentin the
CCDs, the dark currentin the CCDs, the noiseintroducedby
the electronics, pickup noise in the cabling and crosstalk,
fluctuationsin the sky backgroundand finally the statistical
fluctuationsof the starlight signal itself. The combinationof
the read noise and dark currentin the CCDs, the electronics
noise, and the pickup noise was measuredy looking at the
rms spreadof the signals of dark exposuresThis combined
noisevariedfrom 9 to 21 e with a medianof 13 e pixel *.

The sky backgrounddependsstrongly on the color filters
used.For a dark night, it is smallest,around 20 e pixel * per
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17.—Plotof the error on the magnitudevs. the magnitudewith the V
color filter.

140 s, with the U-filter and largest,around 600 e pixel * per
140 s, with the R-filter. Typical valuesof the sky background
with the differentfilters usedaregivenin Table5. Theseback-
grounds,of course,alsovary a fair amountwith the phaseof
the Moon andthe atmosphericconditions.Undernormalcon-

ditions, we are read noise-limited in the U and B filters but
sky noiseimited in the V andR filters.

6.4. Limiting Magnitudes and Photometric Errors

Wetakethelimiting magnitudeto bethemagnitudef objects
for which the signal-to-noiseatio (S/N) is largerthan10to 1,
or the total error on the magnitudeof the objectis lessthan
0.1 mag.Thelimiting magnitudeslependstronglyon the color
filter usedandalsoonthephasef theMoonandtheatmospheric
conditions We estimatethe limiting magnitudeoby plotting the
error in the measurednagnitudeversusthe magnitudewith a
givenfilter. An exampleof sucha plot is shownin Figurel7.
This plot is for a single CCD with 140 s drift-scanexposures
over a numberof nightswith dark Moon, so the spreadn the
pointsis primarily due to atmosphericonditions.The curve
crosseghe 0.1 mag error line betweenmagnitudesl8.8 and
19.4,which we taketo be the limiting magnitudeThe typical
limiting magnitudegregivenin Table5. At thebrightend,stars
saturateghe CCDsaroundmagnitudel3.

Theassigneghhotometricerrorsonthemeasurednagnitudes
were calculatedn the photometricpipeline program.The cor
rectnessof theseassignederrors was checkedby looking at

18.—UBYV colorcolor diagram,showingclusteringalong the main-sequencéne and quasarcandidatesn the expectedregion.
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repeatedneasurementsf the sameobjectsobseredin about
20repeatedcansof the sameareaof thesky in Marchof 1999
and2000.The photometricorogramcorrectedor variationsin
atmosphericextinction from night to night. After thesecor
rections,the rms spreadof the actualindividual measurement
of the sameobjectagreedwell with the error calculatedy the
program.For bright objects,aroundmagnitudel5 or 16, the
errorswere as low as0.002mag. The errorsdiscussedibove
do notincludethe photometriccalibrationerrors; thesedepend
on the numberand proximity of the standardstarsusedin the
calibration.

6.5. Scientific Results

During thefirst 3 yearsof operationof the CCD camerawe
obtaineca suvey of 700ded with the objectiveprism,asuvey
of 1000ded with colorfilters,anda 250ded variability suvey
with repeatimescalewvarying from twice anightto 3 yr. Some

of thescientificresultsobtainedncludea quasarcorrelatiorand
large-scalatructurestudy(Sabbeyetal. 2001),discovey of the
opticalcounterparf agamma-rapurste(Schaefeetal. 1999),
discovey of anewminorplanet2000EB, ., (Ferrinetal. 2001),
an RR Lyrae suwvey (Vivas et al. 2001),a star formationand
T Tauri star study (Briceto et al. 2001),a sampleof about30
Type la supenovae(J. A. Snyderet al. 2002,in preparation),
anda sampleof about5000quasarsdentifiedby a variety of
techniguegP. A. Andrewset al., in preparation).

As an exampleof the quality of the data,Figure 18 shows
a UBV colorcolor diagramof a typical obsewation. Thereis
a narrow concentratiorwhere we expectthe main-sequence
stars,the overall randombackgrounds small, and thereis a
smallconcentrationn theregionwherewe expectjuasarsvith
redshiftsbelow2.2. Spectroscopifollow-up hasdemonstrated
that the efficiency of this quasarsampleis around 65%, and
comparisorwith catalogsof known quasardndicatesa com-
pletenessaround70%.
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