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We report on the successfulcommissioningof the CACTUS detectorat the So-
lar Two site nearBarstow, California. The telescopeutilizes 144 heliostatsand
is equippedwith an 80 photomultiplier tube camera,operatingin a multiplexed
modewhich providesup to � 300 independentsamples.Here,we describea mea-
surementof the Crab �ux in the 70-400GeV rangeusing 116 heliostatsand 75
channels.The effective areaof CACTUS for this con�guration is estimatedto be
� 8,000 m2 at 70 GeV rising to � 58,000m2 by 500 GeV. The angularresolu-
tion is measuredto be � 0.3o . The �ux from the Crab is bestdescribedby the �t
dN=dE = 5:92 � 10� 4E � 2:05 GeV � 1m � 2s� 1 .

1 The CACTUS Detector

CACTUS(ConvertedAtmosphericCherenkov TelescopeUsingSolar-2) is aground-
basedair-shower detectorlocatedat theSolarTwo sitenearBarstow, California[1].
Figure 1 (left) is an aerial photographof the site. Solar Two consistsof � 1,900
(42m2) heliostatmirrors of which 168 arewithin the �eld-of-view of the CACTUS
secondarymirror andcamerawhicharemounted60m abovethegroundlevel. CAC-
TUScurrentlyutilizes144outof apossible168heliostatsthatarespreadoveranarea
of � 20,000m2, asshown in Figure1 (right). The �ll factorin termsof mirror area
is � 28%: a referencecirclesuperposedon thediagramindicatesa typicalCherenkov
light pool. Giventhelargeavailablemirror area,CACTUScanbeexpectedto havea
low energy thresholdsuitablefor measurementsbelow 100GeV.

Theheliostatsareindividually steerablein elevationandazimuth,thusenabling
the telescopeto function asa directedinstrumentthat canbe usedto track a celes-
tial source.The heliostatcontrol functionsareimplementedon a doubly-redundant
systemwith thesoftwarerunningon a mixednetwork of OpenVMSandLinux com-
putersthat communicatewith the heliostatsvia RS-232lines. Motion controlsand
communicationswithin the �eld areperformedby electronicsboxes locatedat the
baseof eachheliostat.Thepointingof theheliostatsis checkedperiodicallyby mea-
suringandcorrectingfor biasesobservedin trackingthesun,andin trackingindivid-
ual stars.Thecumulative trackingandpointingerror for eachindividual heliostatis
estimatedto beabout0.1arc-degree.
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Figure1: (Left)Aerial view of the SolarTwo site. (Right) Diagramindicating the heliostatsin useby
CACTUS.

The tower locatedat the centerof the �eld hasbeenequippedwith a detector
composedof a sphericalsecondarymirror and a camerawith 80 photo-multiplier
tubes(PMTs) locatedat the focal plane. The sphericalsecondarymirror is a com-
positemirror madeout of 13 hexagonalfacets,each1m across.With anapertureof
4.4m� 2.6manda radiusof curvatureof 6m, it furtherfocusesthe3mspot-sizefrom
theheliostatsdown to entranceaperturesof light-collectingparabolicWinstoncones
locatedat thefocal plane.The�eld-of-view in thesky is about1o across,de�ned by
thesharpangularcutoff imposedby theWinstoncones.Thesecondarymirror facets
wereindividually alignedusinga laserandfurthercheckedby imaginga full moon
ontothecamera.

Figure2: (Left)Photographof the camerawith the heliostat�eld in the background.(Right) A close-up
showing thePMT arrangement.

2



Rise Times (ns.)
-10 -8 -6 -4 -2 0 2 4 6 8 10
0

1000

2000

3000

4000

5000

Rise Times After Fit

All Heliostats

Central Heliostats

Figure3: (Left) Histogramof relative gainsfor the 80 PMT channels.(Right) Distribution of timesof
arrival with respectto theeventtriggertime for all hits (solid)andfor primaryheliostatsonly (dashed).

The 80 PMTs in the cameraareorganizedinto an uppersectionof 35 that are
individually positionedto align with heliostatsanda lower sectionof 45 that form
a close-packed matrix. Figure2 shows photographsof the camerawith this PMT
arrangement.The backof the cameracontainsinline preampli�ersmountedon the
PMT basesandshieldedwith a metalscreen.The preampli�ersdrive 50' co-axial
cablesto post-ampli�erslocatedin acountinghouse.Theoverallvoltagegainis 30x
andthebandwidthis � 1.6GHz. Theampli�ed signalis fed into CAMAC discrimi-
nators(LRS 4416)thatprovidea dualoutputon ECL busses.Oneoutputis fed into
CAMAC time-to-digitalconverters(LRS3377)thatrecordboththerisingandfalling
edgeof eachpulse,therebyproviding a time-over-thresholdmeasurementwhich is
proportionalto pulse-height.Thesecondoutputis capturedin a customtriggersys-
tembasedon a �eld programmablegatearray(Xilinx XCV 1600FPGA)thatdelays
the pulsesfor eachchannel(100 MHz clock) basedon valuesthat areprogrammed
every16 s. A simplemajority logic at theendof thedelaypipelineis usedto trigger
thereadoutif morethanN channelshaveahit in a10nswindow, whereN is typically
in the range7-11. The TDCs arereadout by anotherFPGA which actsasa buffer
andaninterfaceto aLinux PC.Anodecurrentsaresampledandrecordedin aparallel
acquisitionsystem. A detaileddescriptionof the ampli�cation andreadoutsystem
canbefoundin Ref. [3].
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2 Calibrations and Simulations

Calibrationsfor CACTUS fall undertwo broadcategoriesof electronicsandoptics.
Thegainsof thechannelsareequalizedin groupsof 16PMTsanda commonthresh-
old, proportionalto relativegain,is appliedto eachgroupof 16. Further, highvoltage
settingson thePMTsaretunedto matchtheir gainsresultingin an overall distribu-
tion asshown in Figure3 (left). Minor differences(trims) in transit timesbetween
PMTsaremeasuredusinganLED pulserandrecordingthetime-of arrival response.
Thesetrims areappliedboth in the online trigger delaysystemandin of�ine anal-
ysis. The of�ine event trigger time is determinedby overlappingthe pulse-heights
from all channelsand�nding thepeakingtime. Figure3 (right) shows thedistribu-
tion of arrival times from channelhits with respectto the event trigger time. The
measuredfull-width of 3-4 ns is expectedfor gamma-rayshowersanda subsetof
cosmic-rayshowerswhile thetails mostlycorrespondto the lattercategory. Further,
a time-multiplexing techniquedevelopedat CACTUSallows onechannelto capture
light pulsesfrom morethanoneheliostatasevidencedby thetwo distributionsshown,
resultingin increasedsensistivity of CACTUSto low energy showers.

Figure4: (Left) Comparisonof NSB ratemeasuredversussimulationresultingin (Right) extractedvalues
of NSB perchannel(areaof circles)superposedon thecameraface.

A critical aspectof the calibrationsconsistsof measuringthe Night Sky back-
ground(NSB) rateper channelandusingit to re�ne our understandingof the elec-
tronicschain. A customsimulationspackage,S2ELEC[2], wasdevelopedfor this
purpose.Photo-electrons(PEs)aredescribedby voltagepulsesproportionalto the
transferfunction of the ampli�er including channel-to-channelgain variationsand
�uctuationsin PMT response.A stochasticstreamof PEsis simulatedfor eachchan-
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nel andthepulse-heightsareaddedin orderto describethechannel'sNSB response.
A discriminatorlevel is appliedto eachchanneland the resultingsimulatedback-
groundrateis comparedwith data. TheTDCsrecordtheNSB for 1 � s beforeeach
eventtrigger, makingit possibleto performinstantaneouscomparisons.Figure4 (left)
is a distribution of fractionaldeviation in simulatedratesfrom measuredratesshow-
ing thatmostchannelsaredescribedwell within 10%. Thisagreementis obtainedby
varyingtheaveragePE/nsfor eachchannelin thesimulation.Figure4 (right) shows
therelativevaluesof PE/ns(givenby thesizeof thecircle) superposedon thefaceof
thecamera.The extractedvaluesfall in the range0.3-0.9PE/ns.Much of thevari-
ation is attributedto thevariablenumberof heliostatsthat feedlight into a channel,
whichaccountsfor lessNSBat thetopandbottomedgesof thecamera(the5 empty
hexagonscorrespondto PMTsthatwerenot in operationduringthis datarun).
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Figure5: (Left)Effective area.(Right)Reconstructedenergy for gamma-rays.

Detectorresponseis simulatedusingKaskade[4] for air-showers,Cherenk[5]
for Cherenkov emissionsanda custompackage,S2OPTICS[2] for CACTUSoptics.
ResultingPEsin thePMTsareprocessedthroughtheelectronicssimulationdescribed
aboveandmeasuredNSB ratesareadded.Theresponseof thetriggersystemis sim-
ulatedthroughanothercustompackage,S2TRIG[2]. In orderto estimateef�ciency,
gamma-rayshowersaregenerateduniformly overacirclewith aradius(180m)much
largerthantheexpectedeffectiveareaof CACTUSandin anenergy rangeof 20GeV
- 1 TeV. Thetriggeringef�ciency of CACTUSis expressedasa fractionof theinitial
areaof 180mradiusasshown in Figure5 (left). Theeffective areaof CACTUSfor
thiscon�guration(116heliostats,75channels)is 8,000m2 at70GeVrisingto 58,000
m2 at 500GeV asdescribedby the�t: Ar eaef f = 5:69 � 104(1 � e� 0:94(E � 48:5) )

5



m2. The 50% point, currentlyat 120 GeV, is expectedto be at a lower energy with
144heliostatsand80 PMTs. Figure5 (right) shows thedistribution of reconstructed
versusgeneratedenergy obtainedfrom this technique.This is work in progressand
at presentrepresentsthelargestsystematicerrorin our �ux determination.

3 Observationsof the Crab Nebula

CACTUS observed the CrabNebula for a oneweekperiod(Feb27-March5,2005)
for a total of 8 ON/OFF pairs of 28 min durationeach. The datapresentedhere
correspondto onesuchpair in which theCrabNebula wastrackedspanningan arc
of 72o-66o in zenithangle.Theexperimentaltriggerwassetat 10heliostatsor more,
resultingin 15,429events(ON) and7,916events(OFF).This excessin the trigger
rateis in�uencedby differencesin theNSB betweentheON andOFF�elds andthe
trueexcessis extractedafterthefull analysisasdescribedbelow.

Figure6: (Left)Angular distribution, dN=d� 2 , for the CrabON andOFFruns. (Right)ON-OFFexcess.
Thedistribution from simulationsanda �t aresuperposed.

For gamma-rayshowers,the Cherenkov wave-front is roughly sphericalwith a
radiusof curvatureof 8-12 km, a temporalwidth of 4-8 ns, andan extent of about
300mdiameteratgroundlevel. Two differentCherenkov wavefront�tting procedures
were developedfor the purposeof extracting the angleand energy of the shower.
The �rst consistsof �tting a planeto all primary heliostathits within � 3nsof the
eventtrigger time. Only eventswith 12 hits or more(ascomparedto theraw trigger
requirementof 10or morehits in 10ns)arekept,yielding4271events(ON) and3278
events(OFF).Figure6 showstheangulardistribution(dN=d� 2) for theseevents(top)
and the distribution for the 993 excesseventsalong with the distribution obtained
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Figure7: Numberof eventsin ON/OFFrunsandthemeasuredexcessfor theCrabversusenergy.

from simulations(bottom). This excesscorrespondsto a > 11� detectionanda live-
time correctedrateof 36gammas/minute.Thereis goodagreementwith simulations
andtheresolutionfor anassumedpoint-sourceis � 0.3o.

For energy measurement,amoresophisticatedprocedureis employed,involving
aspherical�t to all hitsincludingthosefromsecondaryheliostats,within amorestrin-
gentwindow of � 1 nsfrom the�t showersurface. Furthermore,a variablethreshold
basedon instantaneousNSB measurementsis imposedon thenumberof hits surviv-
ing the�t, resultingin anoverallhigherthresholdfor ON eventsthanfor OFFevents.
Theexcessyield versusthe�t energy from thisprocedureis shown in Figure7. There
are643excessevents(3526ON - 2883OFF) above 50 GeV and574excessevents
(3114ON - 2540OFF)above65GeV, correspondingto signi�cancesof 8� and7.6�
respectively.

The extracteddifferential �ux is shown in Figure8 alongwith a power law �t
given by dN=dE = 5:92 � 10� 4E � 2:05GeV � 1m� 2s� 1, whereE is in GeV. The
verticalerrorbarsarestatisticallyaddedin quadraturewith a10% systematicerrorin
effective area.The �t from an earliermeasurementsby CELESTE[6] andMAGIC
[7] areshown for comparison.TheCACTUS�t is in generalagreement.
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Figure8: CACTUS measurementof the differential �ux from the Crab. Horizontalerror barsrepresent
uncertaintyin energy scale.Also shown are�ts reportedby CELESTE[6] andMAGIC[7].

thedetector.
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