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Large-AreaCCD Camerafor the SchmidtTelescopeat the VenezuelanNational
AstronomicalObservatory
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ABSTRACT.
�

W
�

e havedesigned,constructed,andput into operationa large-areaCCDcamerathatcoversa large
fractionof the imageplaneof the1 m Schmidttelescopeat Llano del Hato in Venezuela.Thecameraconsistsof
16 CCD devicesarrangedin a mosaiccovering of sky. The CCDsare LORAL4

� �
4 2
� �

.3 � 3
 !
.5 2048 " 20

#
48

devices
$

with 15 % m& pixels. The camerais optimizedfor drift-scanphotometry andobjective-prismspectroscopy.
Thedesignconsiderations,constructionfeatures,andperformanceparametersare describedin thefollowingpaper.

1. INTRODUCTION
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Schmidt
)

telescopesaretheinstrumentof choicefor surveys
of* largeareasof thesky becauseof their largefield, typically
of* theorderof . However, thesetelescopeshavelarge,4+-, 4.
cur/ ved imageplanesand are difficult to instrumentwith sil-
icon
0

detectors.Until now, thesetelescopeshave beenused
with1 photographicplates, and no Schmidt telescopehad its
image
0

plane fully instrumentedwith silicon CCD detectors.
The Near-Earth Asteroid Tracking (NEAT) project has re-
cently/ instrumentedthePalomar48 inch OschinSchmidttele-
scope2 with three CCDs.9

3
This cameracoversa4080 4 4080

9 See S. Pravdo’s NEAT/Palomar Instrument Description at http://
neat.jpl.nasa.gov/neatoschincam.htm.
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TABLE 1687:9<;>=?7:@?AB=DCE98FG@DH:=JIK=DL:=DM8NO=DPDQ8LSRUT�HWVXABYZ@\[8=]PD=DC T:9<;8=
Parameter Value

Clearaperturediameter . . . . . . . . 1.00 m
Mirror diameter . . . . . . . . . . . . . . . . 1.52 m
Focal
^

length . . . . . . . . . . . . . . . . . . . . 3.03 m
f/ ratio . . . . . . . . . . . . . . . . . . . . . . . . . . f/3
Platescale . . . . . . . . . . . . . . . . . . . . . . 15 _ m arcsec̀ 1 (67a mmb 1)
Corrector plate glass . . . . . . . . . . . UBK7

þ
Objectiveprism:

Aperture
(

diameter . . . . . . . . . . . 1.0 m
W
c

edgeangle . . . . . . . . . . . . . . . . . 3d.3
Dispersion . . . . . . . . . . . . . . . . . . . 650 Å mme 1 at 4350Å
Glass . . . . . . . . . . . . . . . . . . . . . . . . . UBK7

þ
Latitudeof observatory . . . . . . . . 8f 47g north
Longitudeof observatory . . . . . . h 70i 52j 0k
E
l

levation ....................... 3600m

m8n oXp
1.—A pictureof the QUESTcamera.The drift direction is from the top toward the bottom.

total
q

of r 3.75
 

deg2 of* the s 36
 

deg2 field of view. A project
is
0

underway to fully instrumentthis telescope.
W
�

e, theQUESTcollaboration,10 havedesigned,constructed,
andt put into operationa large-areaCCD camerathat coversa
largefractionof the imageplaneof the1 m Schmidttelescope
att the VenezuelanNationalAstronomicalObservatory located
att Llano del Hato andoperatedby CIDA.11 This is oneof the
five largestSchmidttelescopesin the world; its propertiesare
summarized2 in Table 1. A picture of the camerais shownin
Figure1. The camerais locatedat the prime focusinsidethe
telescope
q

tubeasshownin Figure2.
The scientific motivation for building this camerawas to

10 QUESTis short for the QuasarEquatorialSurvey Teamandis a collab-
oration betweengroupsfrom Yale University, IndianaUniversity, Centrode
Investigacionesde Astronomı´a (CIDA), andUniversidadde Los Andes(Mé-
rida,u Venezuela).

11 Researchreportedhereinis basedon dataobtainedwith the1 m Schmidt
telescope
v

at theVenezuelanNationalAstronomicalObservatory, Mérida,Ven-
ezuela,operatedby CIDA and fundedby the Ministerio de Cienciay Tech-
nologı́a and the FondoNacionalde Cienciay Technologı´a of Venezuela.
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wZx y�z
2.—VenezuelanSchmidttelescopeshowingthe QUESTcameraat the prime focus.Note that the prism angleis exaggeratedandthe bendingof the input

raysu is neglected.

{Z| }�~
3.—Layoutof theCCDson the imageplane.Also shownaretheInvar

fingerssupportingthe CCDs,their pivot points,andthe finger-rotatingcams.

TABLE 2�8�:�U�>�?�:�?�B�D�K�Z�G�]�O�����K�K�8�����<���?�:�
Parameter Value

Number
�

of CCDs . . . . . . . . 16
Array size,CCDs . . . . . . . . 4 � 4
For
^

eachCCD:
Pixel size . . . . . . . . . . . . . . � m15 � 15
Number
�

of pixels . . . . . . 2048 � 2048
P
�

ixel size on sky ...... � � � �1 � 1
Array size, pixels . . . . . . . . 8192 � 8192
A
(

rray size, cm ............ 12.6 � 18.2
Array size,on sky 2�.3 � 3 .5
Effective area . . . . . . . . . . . . . 5.4 deg2

carr/ y out a large-areasurvey of a bandof thesky centeredon
the
q

celestialequatorand about ¡ 6
¢ £

wide1 in declination.The
initial
0

plan wasto divide the observationsbetweenobjective-
prism¤ spectroscopy, imagingwith four essentiallysimultaneous
color/ filters, andrepeatedscansof a 250 deg2

¥
areat of the sky

for variability studies.Someof the scientific resultsexpected
from
¦

such a survey were a quasarsurvey basedon quasar
selection2 with threedifferent techniques:selectionby thepres-
ence§ of broademissionlines using the objectiveprism, color
selection2 with UBV andt BVR

¨
colors,/ andvariability selection.

The variability survey wasincludedto searchfor Type Ia su-

per¤ novae,gamma-raybursters,new solarsystemobjects(like
asteroidst andKuiper belt objects),andRR Lyraestars.

The
©

large-areaCCD cameraconsistsof 16 CCD devicesar-
rangedin a mosaic(seeFig. 3) covering of4 ª 4 2«.3 ¬ 3

 ­
.5

sky2 . The individual CCDs are LORAL devices20
#

48 ® 20
#

48
with1 15 ¯ m pixels. Thereare gapsbetweenthe CCDs in the
east-west§ directionso thattheeffectiveareacoveredis 5.4deg2.
The propertiesof the cameraare summarizedin Table2. The
camera/ hasbeendesignedto operatein drift-scanmode,12 which1
is
0

also referredto as time-delayintegrationmode(McGraw,

12 W
c

e thank S. Shectmanfor many interestingdiscussionsconcerning the
technique
v

of drift-scanning.
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°8± ²�³
4.—Schematicdiagramof the CCD rotation to keepeachCCD lined

up´ along the line of motion of the star images.

Cawson,
µ

& Keane1986).In this mode,the telescopeis locked
into afixedpositionat agivendeclinationangle.TheCCDarray
is
0

orientedwith thecolumnsof pixelsin theclockingdirection
lined
¶

up preciselyin the east-westdirection,andtheCCDsare
clocked/ synchronouslywith themotionof thestarimagesacross
each§ CCD.Eachstarimagethuscrossesfour CCDs,onein each
row of CCDs.Eachrow of CCDscanhaveafilter of adifferent
color/ in front of it sothatthecameracancollectimagesin each
of* four colorsessentiallysimultaneously. The camerathushas
at 100%dutycycle(i.e.,dataarecollectedcontinuously),andno
time
q

is lostasa resultof the readouttime or telescopeslewing
time.
q

Sincethe telescopeis lockedinto a fixed positionandis
not tracking,the systemis very stableandproducesmoreac-
curate/ photometricmeasurements.Photometricprecisionis fur-
ther
q

enhancedbecauseeachpoint in the sky is imagedby av-
eraging§ overanentirecolumnof pixels,andthuspixel-to-pixel
variations· in sensitivityareminimized.

During a clearnight, a 2̧.3 wide by 120¹ long strip, or ap-
proximately¤ 250 deg2

¥
,º canbe coveredin eachof four colors.

Thetelescopeis equippedwith anobjectiveprismcoveringthe
full
¦

apertureof the telescopeandcanbe installedor removed
on* a daily basis.Thus,onecancollectobjective-prismspectra
over* 250 deg2 of* sky on a clear night. The camerawasbuilt
att Yale University and IndianaUniversity. It was installedat
the
q

prime focusof the telescopein 1997andhasbeentaking
data
$

routinely since 1998November.
In the following sections,we will describetheprinciplesof

operation* of the camera(§ 2) and give a detaileddescription
of* thecamera(§ 3), thedetectorcontrolsystemandelectronics
(§
»

4), thedataanalysissoftware(§ 5), andtheperformanceof
the
q

apparatusto date(§ 6).

2. PRINCIPLES OF OPERATION OF THE CAMERA

If
¼

the camerawereusedto drift-scanalongthe equator, the
imagesof starswould follow straight lines and move at the
same2 rate acrossthe imageplane. However, at declinations

other* thantheequator, thestarswill follow arcsof circles,and
stars2 at different north-southpositionswill move at different
rates.In drift-scanning,the sagittaedueto the first effectwill
smear2 the imagesin the north-southdirection, anddueto the
second2 effect,someof thestarswill notbeexactlysynchronous
with1 the CCD clocking ratesand thuswill be smearedin the
east-west§ direction. In order to keep theseeffects at an ac-
ceptable/ level, i.e., to keep the smearingof the point-spread
function
¦

(PSF)belowabout1½ in
0

anydirection,we rotateeach
CCD
µ

by anamountdependentonthedeclinationbeingscanned
in
0

such a way that the clocking direction of each CCD is
tangential
q

to thearcsthatthestarsaremovingin atthatlocation
in
0

the array. This is accomplishedby mounting eachof the
four CCDs in a north-southrow on an Invar13 bar

¾
, which we

call/ a “finger.” Eachof the four fingerscan be rotatedby a
different
$

amountby camsthataredrivenby external,computer-
controlled/ stepper motors. An exaggeratedsketch of this
scheme2 is shownin Figure 4. For convenience,we label the
fingers1, 2, 3, and4 andthe columnsof CCDsA, B, C, and
D,
¿

asshownin Figure3. Thisfigurealsoshowsthepivot points
andt thecamsusedto rotatethefingers.In addition,eachcolumn
of* CCDsis scannedalonga slightly differentdeclination,and
therefore
q

the parallel clocks readingout the CCDs are syn-
chronized/ at slightly different rates.

Theradius of thestar tracks(i.e., thearcsof circlesalongrÀ
which1 theimageof astarmovesin drift-scanning)ontheimage
plane¤ of a telescopewith focal length f

Á
att a declinationÂ is to

at goodapproximationgiven by

f
Á

rÃ Ä .Å
ta
q

n Æ
The
©

parallelclock rate for readingout a CCD in sucha wayÇÉÈ
that
q

themotionof thechargeis synchronouswith themotionof
the
q

star imageacrosstheCCD at a declinationÊ is
0

givenby

Ë
f
ÁÌÎÍ cos/ Ï ,ºÐ
aÑ

where1 Ò radÓ sÔ 1 is
0

the rotationrateof the Earth,f
Á

is
0Õ×Ö

72.7
�

the
q

focal lengthof the telescope,andaÑ is thepixel sizeon the
CCD.
µ

For theVenezuelanSchmidttelescopeandourpixel size,
this
q

gives

Ø 1ÙÎÚ 14.7cos Û l iness .Ü

In drift-scanning along the equator, the readout parallel
clocks/ are thussynchronizedat approximately14.7 lines sÝ 1.
At
Þ

this rate, a star image takes140 s to crossa CCD. This
givesß an integrationor exposuretime of 140s. At higherdec-
linations,
¶

theclockingrateis somewhatslower, giving aslightly
longer exposuretime. In drift-scanmode,this exposuretime

13 Invar is a stainlesssteel alloy that has a relatively low coefficient of
thermal
v

expansion.
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à8á âXã
5.—Sagitta( ) andpath lengthdifference( ) on a single CCD.

ä
xå æ yç

is governedby therotationof theEarthandcannotbechanged.
However
è

, sinceeachstarcrossesfour CCDs,thesecanbeadded
for an effective exposuretime of 560 s. In caseswhereeven
longer
¶

exposuretimesaredesirable,repeatedscansof thesame
areat of sky canbe performedandco-added.

The
©

angleby whichtheCCDsupportfingers(seeFig.4) have
to
q

berotatedto keeptheclockingdirectionof theCCDstangent
to
q

thestar trackson the imageplaneat a declinationé is

d
êë�ìîí

ta
q

n ï ,º
f
Á

where1 d
ê

is
0

the distanceof the pivot point of eachfinger from
the
q

cameracenterline ( for fingers1 and4 andd
ê ðòñ

7.5
�

cmó
2.5
#

cm for fingers2 and3). Thus,for example,thetopfinger
(1)
»

hasto berotatedabout0ô.15 for , which is very small
õîö

6
¢ ÷

but
¾

neverthelessquite importantto keeptheimagesizessmall.
As mentionedabove,the four columnsof CCDs scanalong
slightly2 different declinationsand thus haveto be clockedat
slightly2 differentrates.Forexample,with thecamerascancen-
tered
q

at , thefour columnshaveto beclockedat14.638,
øúù

6
¢ û

14.626,14.613,and14.598lines sü 1,º respectively. Again, this
variation· is very small but neverthelessquite important.The
detailed
$

implementationof this schemeis to clock all four
columns/ at the samerate but drop clock pulsesat different
ratesÓ in the four columnsto producethe averageclock rates
required.The fast serialreadoutclock is 50 kHz for all of the
CCDs
µ

in the array.
The schemedescribedabovefor varying the rotation and

clock/ ratesynchronizationof the different CCDs in the array
removesÓ thedominanteffectsthatsmeartheimages.Thereare,
however, residualeffectsdueto thesagittaof theimagemotion
andt spreadin therateof motionof theimagesacrossthefinite
width1 of a singleCCD, as illustratedin Figure 5. For a CCD
with1 length l

ý
(in
»

the east-westdirection)andwidth wþ (in
»

the
north-southdirection),theresidualsmearingof theimagesizes

andt , in the east-westand north-southdirections, re-
ÿ

x� � y�
spectively2 , scanningat a declination� ,º is given by

2
¥

1 l
ý�

x� � ta
q

n � ,º
8
�

f
Á

1 lw
ý�

y� 	 ta
q

n 
 ,º
2
#

f
Á

where1 f
Á

is
0

thefocallengthof thetelescope.Thisresidualsmear-
ing limits the rangeof declinationsat which this cameracan
be
¾

usedin the drift-scanningmodewithout intolerabledegra-
dation
$

of the imagesizes.
Thedesignhasbeenoptimizedin suchawaythattheresidual

image
0

smearingis kept below 1� for
¦

declinationsup to � 6
¢ 


.
Given
�

the typical seeingat the Llano del Hato site, we can
drift-scan
$

at declinationsup to � 12� with1 no appreciabledeg-
radationof imagequality. This is sufficient for the equatorial

sur2 vey for which thecamerahasbeendesigned.Of course,the
camera/ canbeoperatedin aconventionalpoint-and-staremode
to
q

cover regionsof the sky abovethesedeclinations.
Anothercomplicationof the designwasdueto the fact that

the
q

imageplaneof a Schmidttelescopeis not flat but hasthe
shape2 of a convexsphericalsurface.To arrangethe CCDs in
such2 a shapewould havebeencumbersome.Instead,we de-
signed,2 andhadbuilt, a 30 cm diameterfield flattenerlensthat
covered/ theentireimageplane.This lensproducedaflat image
plane¤ and, in addition,correctedfor the pincushiondistortion
inherentin the telescopeto a level wherethe degradationof
the
q

imageshapeswerenegligible.
The depthof field of the VenezuelanSchmidttelescopeis

quite� shallow. For this reason,the front surfacesof the 16
CCDs,
µ

including the motion of the finger mounts,had to be
kept
�

in a planeto a toleranceof lessthan � 25
# �

m.& It required
greatß carein the precisionmachiningand the alignmentpro-
cedures/ to achievethis precision.

During
¿

thecommissioningperiod,afterthecamerahadbeen
installedin the telescope,a greatdealof effort wasexpended
to
q

align the plane of the CCDs with the focal plane of the
telescope.
q

Oncethis hadbeenachieved,however, it wasquite
stable2 and requiredno further adjustment.Typically, before
each§ nights’ data-taking,the focus of the telescope,the rota-
tional
q

positionof thefingers,andthesynchronizedreadoutrate,
which1 havebeenset by the control computersfor the appro-
priate¤ declination,were checkedby looking at the shapeand
size2 of stellar images.

There is an objective prism designedfor the Venezuelan
Schmidt
)

telescopethatcoverstheentire1 m aperture.By align-
ing the dispersiondirectionof the prism along the drift direc-
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��� ���
6.—Sketchof the CCDswith , � m pixels.2048 � 2048 15 � 15

���  �!
7.—Typical QE of front-illuminatedcommercialLORAL CCDs.The

responseu below4000Å is
"

dueto a wavelength-shiftingcompoundon thefront
surface.

tion,
q

we can obtain spectraover the entire survey area.The
prism¤ is madeof UBK7 glassfor goodultraviolettransmission
down
$

to theatmosphericcutoff. With a prism angleof 3#.3, the
dispersion
$

is 650 Å mm& $ 1 att 4350Å. In combinationwith the
QUEST
%

camera,this correspondsto a spectralresolutionof 10
A
Þ ˚ pixel¤ & 1 att this wavelength,which is morethansufficientto
detect
$

quasars.

3.
'

DESCRIPTION OF THE QUEST CAMERA

The
©

CCD camerais locatedat the prime focusof theVene-
zuelanSchmidt,insidethetelescopeabout3 m from the1.5 m
primar¤ y mirror, with the CCDsfacing the mirror (seeFig. 2).
The outsidedimensionsof the camerahaveto be as small as
possible¤ to fit mechanicallyat the prime focusandto obscure
ast small a part of the incomingbeamaspossible.The outside
of* the camerahasto be kept at ambienttemperatureso as not
to
q

induceany turbulencein theair insidethe telescope.

3.1.
'

The CCDs

Theheartof thecamerais a mosaicof 16 CCDsarrangedas
shown2 in Figure3. EachCCD consistsof pixels,20

#
48 ( 20

#
48

each§ ) m, asshownin Figure6. The CCDswerede-15 * 15
signed2 by J. Geary of the Harvard-SmithsonianCenterfor As-
trophysics
q

(CfA) andwerepartof a multilot fabricationrun by
LORAL (20 four inch diameterwafersper lot with four CCDs
per¤ wafer). Thesefabricationlots were initially purchasedby
various· US and Europeanobservatories,and we wereable to
obtain* a few individualunuseddevicesfrom a numberof these
obser* vatories.14 Mostof thedeviceswerethree-sidebuttablewith
21
#

readoutpadsalonga single edge;a few of themweretwo-
side2 buttable.Thetwo-sidebuttableCCDscouldbe usedon the
outside* columns(A andD) with no interference.Eachof these
devices
$

hada numberof badpixelsandsomebadcolumns,but
this
q

doesnot significantlyaffecttheir performance.
These
©

devicesareunthinned(500 + m& thick) andareusedin
the
q

front-illuminatedmode.As such, the quantumefficiency
(QE)
»

dropsto zerobelow4000Å. Sincewe needsensitivityin
the
q

ultraviolet,we applieda2.5 , m thick layerof awavelength-
shifting2 compoundto the front surfaceof eachdevice.

This compoundabsorbslight in the UV and reemitsit in
the
q

visible.WehavenotcarriedoutdetailedQE measurements,
but
¾

we believethat the QE is similar to the typical response
of* front-illuminatedLORAL CCDs, as shown in Figure 7,15

with1 the modification at short wavelengthdue to the wave-
length-shiftingcompound.Thepropertiesof theCCDsaresum-
marized& in Table3.

14 W
c

e aregrateful to J. Geary (CfA), E. Smith (EST), J. Lupino (Hawaii),
K. Cook (Los Alamos),andF. Bartoletto(Padua)for thesedevices.

15 Adapted
(

from CCD 442A datasheet(http://www.fairchildimaging.com/
main/documents/ccd442a.pdf;Fairchild Imaging,Inc. 2001).
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TABLE 3-/.103210541687928:<;96=: 41;?>�@A68.B7C-/-EDF;HGI;978J
:<KL68.B7C-/03MN7=210

Parameter
�

Value

CCD size, mm . . . . . . . . . . . . . . . . . . . 31.28 O 31.75
CCD size, pixels . . . . . . . . . . . . . . . . . 2048 P 2048
Pixel size . . . . . . . . . . . . . . . . . . . . . . . . . Q m15 R 15
CCD type . . . . . . . . . . . . . . . . . . . . . . . . Front-illuminated

v
Clocking rate in drift-scanmode:

Parallel clock . . . . . . . . . . . . . . . . . . S 15 rows sT 1

Serial clock . . . . . . . . . . . . . . . . . . . . 50 kHz
Read
'

noise . . . . . . . . . . . . . . . . . . . . . . . U 10 e
Dark currentat 20V C . . . . . . . . . . . . 250 pA cm W 2

Full
^

well capacity. . . . . . . . . . . . . . . . 30,000–60,000 e
QE:

At 7000Å . . . . . . . . . . . . . . . . . . . . . X 45%
Below
Y

4000Å . . . . . . . . . . . . . . . . . 5%–10%

Z�[ \�]
8.—Typical dark currentvs. temperatureplot for the CCDs.

^�_ `/a
9.—AveragestellarFWHM alongthe two diagonalsof the full image

planej for a typical exposure(a) acrossCCDs A1, B2, C3, and D4 and
(b) acrossCCDsA4, B3, C2, andD1. The fifth point in (a) is omittedsince
there
v

were insufficientstarsin the data.

The readnoiseof the CCDs, including the noisefrom the
electronics§ andpickup in the cabling,etc., is around10 eb ,º but
with1 somespread.The bestwe have seenis 7 eb noise,and
some2 of the devicesin the cameraare aspoor as20 eb noise.c
The
©

measurementof the dark currentversustemperatureon a
typical
q

CCDis shownin Figure8. Thedarkcurrentextrapolates
to
q d

250
#

pA cme 2
¥

att 20f Cµ andfalls a factorof 2 with each5g Cµ
temperature
q

drop. The CCDs in the cameraare typically op-
erated§ at h 70

� i
C.
µ

Theresponseof theCCDsis linearto a good
approximationt up to the full well capacity, which variesfrom
30,000
 

to over 60,000eb .

3.2.
'

The Field-Flattener Lens

TheVenezuelanSchmidtnormallyhasa focalplanethathas
the
q

shapeof a convex sphericalsurface. To allow the CCD
arrayt to be in a flat plane,we havedesigneda field-flattener
lens
¶

to reimagethe focalplane.Greatcarehadto beexercised
in this designto keeppincushionandotherdistortionsbelow
at few micronsin the imageplaneto allow the camerato be
usedj in adrift-scanmode.Thelenswasdesignedby theQUEST
collaboration/ and was manufacturedby CoastalOptical Sys-
tems
q

of RivieraBeach,Florida.Thelenshasa 30 cm diameter
andt is also usedas the vacuumwindow at the front of the
detector
$

. The lens is biconvex,with two sphericalsurfacesof
radiusof curvatureof 2595and k 1725mm, respectively. It is
25
#

mmthick in thecenterand14mmthick at theedges.Careful
finite-elementstressanalysiscalculationshavebeencarriedout
to
q

show that the lensis strongenoughto serve as a vacuum
window1 and the deflectionis small enoughnot to distort the
optical* propertiesof thelensunduly. Thelensis madeof fused
silica,2 Corning 7940,which hasgood transmissionin the ul-
traviolet
q

aswell as over thewhole requiredwavelengthrange.
The
©

lens doesnot havean antireflectioncoating.The lens is
locatedabout2 cm in front of theCCD imageplane.We have
examined§ the imagesizesandshapesat different locationson
the
q

imageplane.No variationor degradationas a functionof

distance
$

from thecenterof the imageplanehasbeenobserved
(see
»

Fig. 9). We thereforebelievethat this lens hasflattened
the
q

field to an acceptablelevel.
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l�m n�o
10.—Frontalview andtwo cross-sectionalviews of the QUESTcamera.

3.3.
'

The Camera Dewar

To be ableto cool theCCDsto p 70
� q

C,
µ

theyhaveto be in a
vacuum· enclosure.Thedetectorhousingis thusavacuumvessel
cylindrical/ in shape,16 inchesin diameter, andabout5 inches
deep
$

asshownin Figure10.Thefrontfacehasa12 inchdiameter
circular/ vacuumwindowmadeof fusedsilicaforgoodUV trans-
mission.This window alsoservesasthefield-flattenerlensdis-
cussed/ above.The backplateof the housinghasthe mounting
bracket
¾

on it to attachthe detectorto the telescope.The back
plate¤ alsohaspenetrationsfor thevacuumpumpport,thevacuum
gauge,ß refrigerantliquid in and out, and all of the electrical
feedthroughs.
¦

The housingis madeof aluminum,polishedon
the
q

insideto reduceradiativeheatloss,andanodizedflat black
on* theoutsideto reducereflectionsandglare.

3.4.
'

Refrigeration

Theconventionalmethodof coolingtheCCDsin astronom-
ical
0

camerasis to havea liquid-nitrogenDewarinsidethecam-
era§ vacuumenclosure.In our case,this would have beena
feasiblesolutionbutwouldhavemadethedetectorquitebulky,
because
¾

of the largevolumeof liquid neededto cool the large
CCD
µ

array, andwould presenta logisticproblem,sinceat this
time
q

there is no liquid nitrogen availableat the observatory.
W
�

e havefounda muchsimplerandmaintenance-freesolution,

namelyc , a closed-looprefrigeratorusinga liquid-freoncoolant
that
q

can operatein the r 60
¢ s

C t
µ

o t 80
� u

C
µ

temperaturerange.
Such
)

a refrigerator was commercially available, a model
RC210C0
v

from FTS Systemsin StoneRidge,New York. The
refrigerationunit is locatednearthe north pier of theSchmidt
telescope,
q

andavacuum-jacketedcryogenicliquid transferline
with1 the appropriateflexible joints was installedto carry the
coolant/ to and from the detectorinside the telescope.Inside
the
q

detector, the coolantcirculatesthroughcooling loopsat-
tached
q

directly to the Invar supportbarsto which the CCDs
aret attached,ensuringatemperatureof all of theCCDsuniform
to
q w

1x C.
µ

Theoveralltemperaturecanberegulatedby controllingboth
the
q

temperatureand the circulation rate of the coolant.The
camera’s/ overall heat load is y 30

 
W, dominatedby the heat

radiatedin throughthelargevacuumwindow. Thereareheaters
attachedt to the body of the camerato maintainthe outsideof
the
q

cameraat ambienttemperature.

3.5.
'

The Vacuum System

The
©

cameraDewar is operatedat a vacuumof z 10{ 4
|

torr
q

,
which1 is sufficient to keepthe convectiveheatlossat a neg-
ligible
¶

level.Thevesselis evacuatedby aturbomolecularpump
preceded¤ by a roughingpump.Thesepumpsarenot connected
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}�~ ���
11.—CCDpackages.

��� �/�
12.—Filter tray with four typical color filters.

T
�

ABLE 4�/���8�5�C���<�8�8�=�1�H�����5�9���E���8�F���3���8�B�
�H�?�?���L�/�5�N�=�1�

Color
W
c

avelengthRange
(Å)

U . . . . . . . . . . . . . 3300–4000
B
�

. . . . . . . . . . . . . 3900–4900
V . . . . . . . . . . . . . 5050–5950
R . . . . . . . . . . . . . 5900–8100
I
 

. . . . . . . . . . . . . . 7800–10200
H¡ . . . . . . . . . . . 6520–6600
Broad
Y

B
�

. . . . . . 4000
¢

–6500
Broad
Y

R
�

. . . . . . 6500–9000

during
$

observations.In fact, oncethe vesselis evacuated,the
vacuum· usually lastsfor weeks,so the pumpsare connected
only* periodically.

3.6.
'

The CCD Support Structure

The
©

individualCCDswerepackagedatYale.TheCCDswere
epoxied§ to a £ 3

 
mm thick Invar plate approximately3.1 ¤

cm/ large.A smallcircuit boardwasepoxiednextto theInvar3.1
 
plate,¤ andtheelectricalconnectionsfrom theCCDto thiscircuit
board
¾

wereachievedby wire-bondingto thisboard(seeFig.11).
The
©

CCD packagesare mountedon four Invar bars(fingers)
each§ 0.25 inchesthick, 1.0 incheswide, and 11 incheslong.
These
©

four fingersin turn are attachedto a 14 inch diameter
Invar supportplate0.5 inchesthick (seeFig. 3). This platehas
at largerectangularopeningin thecenterto allow theelectrical
connections/ from theCCDsto passthroughto thepreamplifier
board
¾

locatedat the back of the Dewarunderthis plate.The
Schmidt
)

telescopehasa very shallowdepthof field ( ¥ 25 ¦ m).
Therefore,all of theCCDshaveto belocatedin thefocalplane
to
q

a precisionsmallerthan this. All of the Invar barsand the
support2 plateweregroundto 5 § m precision,andall jointsare
spring-loaded2 to ensurethe requiredprecision.The Invar parts
were1 coatedwith an Armoloy16 coating/ to preventcorrosion.
After
Þ

theentiresystemwasassembled,adetailedopticalsurvey
showed2 thatthefrontsurfacesof all of theCCDswerein aplane
with1 an rmsscatterof 11 ¨ m.&

The Invar fingerspivot at oneend,and their rotationalpo-
sition2 is controlledby camslocatednearthe other endunder
the
q

Invar supportplate. The shaftsof the four camspenetrate
the
q

backplateof the Dewar to the gearsandsteppingmotors
located
¶

outsideof the Dewar. The Invar supportplate is sup-

16 Armoloy
(

is a thin, densechromiumcoatingthat is low friction, corrosion
resistant,andvery hard.

ported¤ from the Dewarback plateby threestandoffsthat are
10 cm long hollow stainlesssteel tubes to reducethe heat
conduction/ to an acceptablelevel.

3.7.
'

Color Filters

The filter box is locateda few centimetersin front of the
vacuum· window/field-flattenerlens.Filter trayscanbe easily
inserted
0

or removedmanually. A filter tray consistsof four
filters of different colors, eachfilter being 5.0 cm wide and
25.0
#

cm long. Eachindividual filter is locatedin front of one
row of CCDsso that in the courseof a drift scan,starimages
pass¤ througheachof the four filters in turn so thatdatacanbe
collected/ in four colorsessentiallysimultaneously. A sketchof
at filter tray is showin Figure12. Severalfilter traysexist,and
the
q

individual filters canbe shuffledto makeup filter traysin
anyt desiredcombination.The availablefilter colorsand their
wavelength1 bandsare listed in Table4. Thesefilters werede-
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©�ª «/¬
13.—Schematicof the CCD detectorreadoutandcontrol system.

signed2 specificallyfor the QUESTcamera,but they resemble
the
q

Johnsoncolor system(Bessel1990)quiteclosely. Theop-
tical
q

thicknessof the different filters weredesignedsuchthat
the
q

entiresystemis parfocal.
Thereis a grid of five nichromewires locatedin the filter

box
¾

with the wires running along the edgesof the individual
filters. During conditionsof high atmospherichumidity, a cur-
rent is passedthroughtheseheaterwires to eliminate thecon-
densation
$

on thevacuumwindowsandthefilters.This system
hasturnedout to be quite effective.

3.8.
'

The Shutter Box

The
©

camerashutteris locatedin front of the filter box. The
requirementson this shutterare that thereshouldbe a 12 inch
diameter
$

clearopeningbut thatnopartof theshutterboxshould
extend§ beyondthe 16 inch diameterof the camera,sincethe
camera/ was locatedat the prime focus of the telescopeand
obscuration* of the light path was to be minimized.No such
shutter2 was commerciallyavailable,so a shutterwas custom-
designed
$

andbuilt for thispurpose.It is aniris-typeshutterwith
22
#

thin stainlesssteelshutterblades.The shutteris computer-
controlled/ andcanopenor closein abouthalf a second.

4. DETECTOR CONTROL SYSTEM AND
READOUT ELECTRONICS

The electronicsusedto readout the cameraare basedon
the
q

CCD controllerdevelopedfor the US Naval Observatory
andt the Observatoriesof theCarnegieInstituteof Washington
by
¾

FHH Harris Engineering.A block diagramof the readout
electronics§ is shownin Figure13. The heartof the systemis
at two-boardset, consistingof a digital boardand an analog
board,
¾

responsiblefor the clocking and readoutof a single
CCD.
µ

The phaseclocksaregeneratedon the digital boardas
outputs* of a statemachinethat is implementedusingfield pro-
grammableß logic devices,allowing considerableflexibility in
the
q

clock waveforms.Theanalogboardamplifiesanddigitizes
the
q

CCD video outputandprovidesthe digitized video to the
data
$

acquisitionsystem,and it is capableof operationat a
maximum& readoutrate of 100 kHz. In addition to this two-
board
¾

setfor eachCCD, thecompletereadoutsystemincludes
at line clock generatorandan interfacecardto the dataacqui-
sition2 computer. As thesystemis implementedfor thiscamera,
the
q

interfacecardservicesfour CCDs.Control of thedetector
operating* modeis accomplishedthrougha serialinterfacebe-
tween
q

the interface card and the digital boards.This mode
control/ allows the selectivereadoutof an individual CCD, se-
lection
¶

of drift-scanor snapshotmode,andresetandcalibration
of* the control system.

The systeminterconnectionsareshownin Figure13. Each
CCD
µ

video signal is provided to an analogboard througha
coax/ cable.All phaseclocksandDC voltagesrequiredby the
CCDs
µ

aregeneratedon the digital boardandprovidedto the
camera/ via a shieldedcable.Thereare threegroupsof inter-

connections/ betweenthe controller electronicsand the data
acquisitiont system.The digitized video output is providedto
the
q

interface board via a coax cable.The modecontrol is a
slow2 serialinterfacebetweenthe interfacecardandthedigital
boards,
¾

as describedabove.Finally, eachcolumn of CCDs
receivesa separateline start signal, which is generatedby a
counter/timer/ card in the dataacquisitioncomputer. Eachof
these
q

will be describedin moredetail below.

4.1. Analog Board

The
©

analogboardprovidestheamplification,processing,and
conversion/ to digital valuesof theoutputof theCCD detector.
The
©

analogboardcommunicateswith theassociateddigitalboard
through
q

a backplane,locatedat thebackof a rackin which the
analogt anddigital boardsaremounted.Theinput to theanalog-
to-digital
q

converter(ADC) sectionconsistsof adouble-correlated
sample2 andhold,whichis implementedasaswitched-inputdual
slope2 integrator. Therathercomplicatedsample-and-holdcircuit
is
0

requiredto eliminatesensitivityto variationsin theprecharge
levels
¶

on theCCDoutputnode.Priorto thedelivery of acharge
packet¤ on the CCD to the chargesensenode,thatnodeis pre-
charged/ to apositivepotential.After theprechargingof thesense
nodecapacitanceon the CCD via the resetclock appliedfrom
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­�® ¯�°
14.—Block diagramof the dataacquisitionsystem.

the
q

digital board,thevalueof thevoltagepotentialof thesense
nodec hassomeuncertaintycomparedwith previousprecharge
values.· This uncertaintyis dueto the nonzeroon-resistanceof
the
q

resetswitchandthe Johnsonnoiseassociatedwith that re-
sistance.2 The magnitudeof this voltageuncertaintycan be of
order* 300 eb andt mustbe correctedfor. The ADC digitizesthe
output* of the sampleandhold to 16 bits. The conversionrate
of* theADC is 50 kHz.

4.2. Digital Board

The digital boardprovidesthe time-varying signalsneeded
to
q

operatethe CCD detectorand its associatedanalogpro-
cessing/ electronicson the analogboard.As mentionedearlier,
the
q

phaseclocks are generatedas outputsof a statemachine
having
±

a total of 64 states,with statetransitionsoccurringat
at rateof 4 MHz. Thephaseclocksareoutputfromclockdrivers,
which1 take as inputs the logic-level outputsof the statema-
chine,/ combiningthesewith the DC voltageoutputsof a set
of* biasgeneratorsandapplyinga simple RC low-passfilter to
produce¤ theshaped,level-shiftedsignalsrequiredby theCCD.

4.3. Line Start Generator

The
©

camerais intendedto be operatedin drift-scanmode.
In thismodeof operation,eachcolumnof CCDs,corresponding
to
q

CCDsatacommondeclination,requiresacommonline start
clock,/ while different columnswill requireslightly different
line start rates,dictatedby thedeclinationbandsbeingviewed.
The
©

methodby which this is implementedis to operateall
columns/ at a commonnominal line start ratebut to drop line
start2 cycles for eachcolumn at a rate that gives the correct
averaget line start rate for that column. This allows the syn-

chronous/ operationof thesystem,avoidinghavinglargeclock
transitions
q

( ² 10V) duringthesensitive( ³ 1mV) chargereadout
time.
q

The
©

line start generationcircuitry consistsof two compo-
nents.The first is a commercialtimer/counterboard(NI PCI-
TIO-10)
©

runningin theprimary dataacquisitioncomputer. This
board
¾

generatesthecorrectnominalline start rateand,for each
column,/ a cycle rejectclock, which clocksat therateat which
lines
¶

startsareskippedon thatcolumn.Onceprogrammed,this
board
¾

functionswithout interventionfrom thedataacquisition
system.2 Thesecondmodulein theline start circuitry is theline
start2 generator. This boardacceptstheraw clocksproducedby
the
q

timer/counterboardand generatesthe line starts usedby
the
q

controllerboards.Theseline startsaredelayedby a fixed
time
q

interval to allow the dataacquisitioncomputertime to
prepare¤ for the line readout.The line start generatoralsopro-
vides· a set of prompt interrupt lines to the data acquisition
computer/ to notify thedataacquisitionsystemof anincoming
line.

4.4.
´

Data Acquisition Interface Card

A 4-channelPC interfaceto the controllersystemhasbeen
developed
$

jointly at PrincetonUniversity and the US Naval
Obser
µ

vatory for the Sloan Digital Sky Survey project.17 This
card/ providesa DMA interfaceto four CCD inputsas well as
at serialoutput to the controllerelectronicsthatallowscontrol
of* the cameraoperationalmode.

4.5.
´

Data Acquisition Computers

The dataacquisitionsystemis built aroundstandardIBM
PC
¶

compatiblehardware.For a full description,seeSabbey,
Coppi,
µ

& Oemler(1998).Eachcolumnin thearray (consisting
of* four CCDs) is controlledby onePentium-basedCPU.One
controller/ board controls all four CCDs, sendingcommands
andt receivingdata.Becauseall chips in the column (indeed,
allt in thedetector)are clockedat thesamerate,theentiredata
acquisitiont canberun as onesynchronousprocess.This elim-
inates
0

manytiming headaches.The dataarestoredduring the
night on disksandwritten to DLT tapesat theendof a night’s
obser* ving.Thefour dataacquisitioncomputersrunontheQNX
operating* systemandarelinked throughtwo datastoragecom-
puters¤ to one centralcontrolling computervia Ethernet. The
control/ computer, running Linux as its operatingsystem,or-
ganizesß thedatatakingprocessandmonitorsthequalityof data
during
$

the night, usingsamplessentfrom the datatakingma-
chines/ over the Ethernet connection.A block diagramof the
data
$

acquisitionhardwareis shownin Figure14.

17 W
c

e are grateful to J. Gunn (PrincetonUniversity) for supplyingthe PC
interfaceboards.
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·�¸ ¹�º
15.—Objective-prismspectrumof a QSO with two broadz» ¼ 0.25

emissionlines identifiedby the spectroscopyanalysisprogram.

5.
½

DATA RATES AND DATA ANALYSIS SOFTWARE

5.1.
½

Data Rates

As
Þ

discussedin § 4.1, theADC outputs16 bits for thesignal
from eachpixel.Thecalibrationof theelectronicsvariesslightly
from
¦

channelto channelbut is in the vicinity of 1 eb ADU
Þ ¾ 1

(analog-to-digital
»

conversionunit). In the drift-scanmode,the
entire§ pixels of the array are read out once every6

�
64
¢ ¿

10
140 s with 2 bytespixel À 1,º resultingin a datarateof approxi-
mately1 Mbyte sÁ 1. Thesedataare storedon disksandwritten
on* a DLT tapein the morning after the observation night. A
clear/ 8 hr night producesabout28 Gbytesof data.With appro-
priate¤ compression(Sabbey1999a),thiswill fit onasingleDLT
IIIXT tape.Thesetapesare the raw datainput for the offline
processing.¤

The softwareto processsucha largevolumeof datais not
trivial.
q

TheQUESTcollaborationhasdevelopedthreedifferent
software2 pipelines to analyzethis data: (1) the photometric
pipeline¤ to analyzedatatakenwith themulticolorfilterswithout
the
q

objectiveprism; (2) the spectroscopypipeline to analyze
data
$

taken with the objective prism; and (3) the supernova
pipeline,¤ a highly specializedprogramusedin the searchfor
Type Ia supernovaeandothervariableobjects.Theoutputsof
these
q

pipelinesaretypically objectcatalogsthatform thestart-
ing points of more specializeddata analysisprograms.Ex-
amplest of theseprogramsincludesearchingfor variableobjects
such2 asRR Lyraestars,trans-Neptunianobjects,quasars,etc.,
or* identifying quasarsby their colors(in direct data)or broad
emission§ lines (in objective-prismdata).

5.2.
½

The Photometry Pipeline

This programwasdevelopedto analyzedatatakenin direct
mode (without the objective prism) using multicolor fil-
ters—typically
q

U,º B
¨

,º U,º V or* R
Â

,º B
¨

,º R
Â

,º V. Data from repeated
scans2 of the sameareaof the sky are co-added.One color,
usuallyj V or* R

Â
,º is selectedasthe leadcolor andis usedto find

objects.* The locationsof the objectsfound in the leadcolor
aret translatedto the coordinatesystemof eachof the other
colors/ for eachnight of data.Photometry, usingbothaperture
photometr¤ y andPSFfitting, is carriedout to obtainmagnitudes
in eachcolor. Landoldtstandards(Landolt1992)or secondary
standard2 starsareusedfor photometriccalibration.Theastro-
metric calibrationis carriedout usingtheUSNOA2.0 catalog
(Monet
»

etal. 1999);thetypical resultingprecisionis about0Ã.2.
A
Þ

moredetaileddescriptionof this pipeline will be published
in a separatepaper.

5.3.
½

The SpectroscopyPipeline

Thisprogramhasbeendeveloped(Sabbey1999b)to analyze
drift-scan
$

datatakenwith the objectiveprism. Data from re-
peated¤ scansof thesameregionof thesky areco-added.From
the
q

co-addeddata,spectraof individual objectsareextracted,
background-subtracted,
¾

and calibrated.The programthenau-
tomatically
q

examineseachspectrumand selectsobjectswith
prominent¤ emissionlines from which redshiftscan be deter-
mined (Sabbey1999c). A typical objective-prismspectrum
with1 two broad emissionlines identified by the program is
shown2 in Figure15.

5.4.
½

The SupernovaPipeline

This programwasdevelopedby the SupernovaCosmology
Project
¶

(see,e.g.,Perlmutteret al. 1999) and wasadaptedto
work1 with theoutputof theQUESTcamerain drift-scanmode.
In
¼

this program,datafrom “discovery” nightsand from “ref-
erence”§ nights (typically about2 weeksearlier than the dis-
cover/ y nights)areconvolvedto thesameseeingandnormalized
to
q

the sameintensityscale.The referencenightsare thensub-
tracted
q

pixel by pixel from thediscovery nights.Thevastma-
jority
Ä

of the objectsdisappearin the subtraction.Objectswith
significant2 residualsin the subtractionare examinedvisually
ast candidatesfor variableobjectssuchas supernovae,trans-
Neptunian
Å

objects,asteroids,etc.

6.
Æ

PERFORMANCE OF THE APPARATUS

The QUESTcamerawascommissionedfor theVenezuelan
Schmidt
)

telescopein 1997.We havehadthreeobserving sea-
sons2 from 1998 Novemberto 2001 May. Using theseobser-
vations,· theperformanceof thecombinationof thecamera,the
telescope,
q

and the site of Llano del Hato hasbeenfairly well
characterized./
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ÇEÈ É�Ê
16.—Distributionof the imageFWHM of datatakenin Marchof 1999

and2000.
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140 s ð?ñ5ò�ó�ô9õèöÞ÷

Filter
T
�

ypical Sky Background
(e pixelj ø 1 perj 140 s)

Limiting
ù

Magnitude
( )S/N ú 10

U . . . . . . 20 16.5
B . . . . . . 200 18.5
V . . . . . . 300 19.2
R
�

. . . . . . 600 19.5

6.1.
Æ

Alignment Procedure

During
¿

theinitial commissioningphase,theplaneof thefront
sur2 facesof the CCDs had to be alignedto be parallel to the
focal
¦

planeto within the û 25
# ü

m& depthof field of the tele-
scope.2 This was done by tilting adjustmentsaround the two
relevantrotationaldegreesof freedom.The methodusedwas
to
q

preciselymeasurethe optimal focus positionof eachindi-
vidual· CCD.ThemostsensitivemethodusedaHartmannmask
(a
»

sheetat theentranceof thetelescopewith a pattern of small
holes)that producesdoubleimageswhentheCCDsarenot in
focus.
¦

The imageseparationis proportionalto the offset from
the
q

best focal position. By taking two exposures,one well
below
¾

and the secondwell abovefocus,the precisefocal po-
sition2 of eachCCD could be determined.Initially, when the
CCD
µ

planewasnotexactlyparallelto thetelescopefocalplane,
at systematictilt in thesefocal positionswas observed. After
several2 iterationsof adjustingthe tilt angleand repeatingthe
Hartmann
è

masktest,theCCD planewasbroughtinto thetele-
scope2 focal planewell within the depthof field. A checkof
the
q

adequacyof this alignmentis to examinethe FWHM of
the
q

PSFof the imagesin the individualCCDsat a single focal
position¤ of the entire camera.Sucha set of measurementsis
shown2 in Figure 9. No systematicvariation of the FWHM
acrosst thediagonalof the full imageplaneis observable.This
alignmentt procedure,carried out during commissioning,did
not haveto berepeatedexceptonceafterthecamerawastaken
out* of the telescopefor maintenance.

The rotationalposition of eachof the four fingersand the
readoutÓ clocking rate synchronizationhasto be optimizedor
checked/ every time thedeclinationof thedrift scanis changed.

The expectedfinger positionandclocking ratesarecalculated
andt setby thecontrolcomputerfor thedesireddeclination.At
the
q

beginningof observationsof anewvalueof thedeclination,
these
q

settingsareoptimizedby varying thefingerpositionsand
the
q

clocking ratesin small stepsaroundthe expectedvalues.
If the finger position is off, the imagesare elongatedin the
north-southc direction,andif theclocking rateisoff, theimages
aret elongatedin theeast-westdirection.Theoptimumsettings
aret thosethatproducedthesmallest,roundimages.After some
experience§ with the camera,we learnedto trust the computer
settings,2 andthis optimizationprocedurewasundertakenonly
when1 the imagesdid not havethe expectedpointlike shape.

6.2.
Æ

SeeingQuality

During
¿

commissioning,theseeingFWHM wasin thevicinity
of* 3ý . A considerableeffortwasmadeto improvetheventilation
of* the dome,putting thermalenclosuresventedto the outside
aroundt theelectronicsbox andtherefrigerationunit locatedon
the
q

floor nearthetelescopeandputtingservo-controlledheaters
on* the camerabody insidethe telescope.After theseimprove-
ments,theseeingwascloserto 2þ . In thedrift-scanmodewith
effective§ 140 s exposuretimes, the bestseeingobserved was
1ÿ.8. Thedistributionof theFWHM duringthemonthof March
(1999
»

and2000combined)is shownin Figure16. Themedian
seeing2 wasaround2�.4. Thebestseeingin thenondrift-scanpoint-
and-staret mode,with 5 s exposures,is shownin Figure9. The
best
¾

seeingfor theseshortexposureswas1
�
.5. Thedegradation

from � 1
�
.5 to � 1

�
.8 is consistentwith what we expectfrom the

effects§ of drift-scanningdiscussedin § 2.

6.3.
Æ

Readout Noiseand Sky Background

Thermsfluctuations(noise)on theoutputamplitudesof the
CCDs
µ

havecontributionsfrom the readnoiseinherentin the
CCDs,
µ

the dark currentin the CCDs,the noiseintroducedby
the
q

electronics,pickup noise in the cabling and cross talk,
fluctuationsin the sky background,and finally the statistical
fluctuations
�

of the starlight signal itself. The combinationof
the
q

readnoiseand dark current in the CCDs, the electronics
noise,c and the pickup noisewas measuredby looking at the
rmsÓ spreadof the signals of dark exposures.This combined
noisevariedfrom 9 to 21 eb with1 a medianof 13 eb pixel¤ � 1.

The
©

sky backgrounddependsstrongly on the color filters
used.j For a dark night, it is smallest,around20 eb pixel¤ � 1 per¤
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17.—Plotof the error on the magnitudevs. the magnitudewith the V

color filter.

��� ���
18.—UBV color-color diagram,showingclusteringalong the main-sequenceline andquasarcandidatesin the expectedregion.

140 s, with the U-filter and largest,around600 eb pixel¤ � 1 per¤
140 s, with the R

Â
-filter. Typical valuesof the sky background

with1 thedifferent filters usedaregiven in Table5. Theseback-
grounds,ß of course,alsovary a fair amountwith the phaseof
the
q

Moon andthe atmosphericconditions.Undernormalcon-

ditions,
$

we are readnoise–limited in the U andt B filters but
sky2 noise–limited in the V andt R

Â
filters.
�

6.4.
Æ

Limiting Magnitudes and Photometric Errors

W
�

etakethelimiting magnitudestobethemagnitudeof objects
for
¦

which thesignal-to-noiseratio (S/N) is largerthan10 to 1,
or* the total error on the magnitudeof the object is lessthan
0.1
�

mag.Thelimiting magnitudesdependstronglyon thecolor
filter usedandalsoonthephaseof theMoonandtheatmospheric
conditions./ We estimatethe limiting magnitudeby plotting the
error§ in the measuredmagnitudeversusthe magnitudewith a
givenß filter. An exampleof sucha plot is shownin Figure17.
This plot is for a single CCD with 140 s drift-scanexposures
over* a numberof nightswith dark Moon, so the spreadin the
points¤ is primarily due to atmosphericconditions.The curve
crosses/ the 0.1 mag error line betweenmagnitudes18.8 and
19.4,which we taketo be the limiting magnitude.The typical
limiting magnitudesaregivenin Table5. At thebrightend,stars
saturate2 the CCDsaroundmagnitude13.

Theassignedphotometricerrorsonthemeasuredmagnitudes
were1 calculatedin thephotometricpipelineprogram.Thecor-
rectnessof theseassignederrorswas checkedby looking at
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repeatedmeasurementsof the sameobjectsobserved in about
20
#

repeatedscansof thesameareaof thesky in Marchof 1999
andt 2000.Thephotometricprogramcorrectedfor variationsin
atmospherict extinction from night to night. After thesecor-
rections,the rms spreadof the actualindividual measurement
of* thesameobjectagreedwell with theerror calculatedby the
program.¤ For bright objects,aroundmagnitude15 or 16, the
errors§ wereas low as0.002mag.The errorsdiscussedabove
do
$

not includethephotometriccalibrationerrors;thesedepend
on* the numberandproximity of the standardstarsusedin the
calibration./

6.5.
Æ

Scientific Results

During
¿

thefirst 3 yearsof operationof theCCD camera,we
obtained* asurveyof 700deg2

¥
with1 theobjectiveprism,asurvey

of* 1000deg2 with1 colorfilters,anda250deg2 variability· survey
with1 repeattimescalesvarying from twicea night to 3 yr. Some

of* thescientificresultsobtainedincludeaquasarcorrelationand
large-scale
¶

structurestudy(Sabbeyetal. 2001),discovery of the
optical* counterpartof agamma-rayburster(Schaeferetal.1999),
discover
$

y of anewminorplanet2000EB173 (Ferrin
»

etal.2001),
ant RR Lyraesurvey (Vivas et al. 2001),a star formationand
T
©

Tauri star study (Briceño et al. 2001),a sampleof about30
Type Ia supernovae(J. A. Snyderet al. 2002,in preparation),
andt a sampleof about5000quasarsidentifiedby a varietyof
techniques
q

(P. A. Andrewset al., in preparation).
As an exampleof the quality of the data,Figure18 shows

at UBV color/ -color diagramof a typical observation. Thereis
at narrow concentrationwhere we expectthe main-sequence
stars,2 the overall randombackgroundis small, and thereis a
small2 concentrationin theregionwhereweexpectquasarswith
redshiftsÓ below2.2.Spectroscopicfollow-up hasdemonstrated
that
q

the efficiency of this quasarsampleis around 65%, and
comparison/ with catalogsof known quasarsindicatesa com-
pleteness¤ around70%.
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