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We report on the successfukcommissioningof the CACTUS detectorat the So-
lar Two site nearBarstav, California. The telescopeutilizes 144 heliostatsand
is equippedwith an 80 photomultiplier tube camera,operatingin a multiplexed
modewhich providesupto 300independensamples.Here,we describea mea-
surementof the Crab ux in the 70-400 GeV rangeusing 116 heliostatsand 75
channels. The effective areaof CACTUS for this con guration is estimatedo be

8,000m? at 70 GeV rising to  58,000m? by 500 GeV. The angularresolu-
tion is measuredo be 0.3°. The ux from the Crabis bestdescribedby the t
dN=dE = 5:92 10 *E #*%GeV 'm ?s !

1 The CACTUS Detector

CACTUS(CorvertedAtmosphericCherenkyv TelescopdJsingSolar2) is aground-
basedair-showver detectorlocatedat the Solar Two site nearBarstav, California[1].
Figure 1 (left) is an aerial photographof the site. Solar Two consistsof 1,900
(42n?) heliostatmirrors of which 168 arewithin the eld-of-vie w of the CACTUS
secondarynirror andcameravhich aremounteds0 m above thegroundlevel. CAC-
TUSccurrentlyutilizes144outof apossiblel68heliostatdhatarespreacbveranarea
of 20,000m?, asshawn in Figurel (right). The Il factorin termsof mirror area
is 28%: areferenceircle superposednthediagramindicatesatypical Cherenlov
light pool. Giventhelargeavailablemirror area,CACTUS canbe expectedo have a
low enegy thresholdsuitablefor measurementselov 100GeV.

The heliostatsareindividually steerablén elevationandazimuth,thusenabling
the telescopeo function as a directedinstrumentthat canbe usedto track a celes-
tial source. The heliostatcontrol functionsareimplementedon a doubly-redundant
systemwith the softwarerunningon a mixed network of OpenVMSandLinux com-
putersthat communicatewith the heliostatsvia RS-232lines. Motion controlsand
communicationswithin the eld are performedby electronicsboxeslocatedat the
baseof eachheliostat. The pointing of the heliostatss checled periodicallyby mea-
suringandcorrectingfor biasesobsenedin trackingthe sun,andin trackingindivid-
ual stars. The cumulative trackingandpointing error for eachindividual heliostatis
estimatedo beabout0.1arc-deyree.
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Figure 1: (Left)Aerial view of the Solar Two site. (Right) Diagramindicatingthe heliostatsin useby
CACTUS.

The tower locatedat the centerof the eld hasbeenequippedwith a detector
composedof a sphericalsecondarymirror and a camerawith 80 photo-multiplier
tubes(PMTSs) locatedat the focal plane. The sphericalsecondarymirror is a com-
positemirror madeout of 13 hexagonalfacets,eachlm across.With anapertureof
4.4m 2.6mandaradiusof curvatureof 6m, it furtherfocuseshe 3m spot-sizefrom
theheliostatsdown to entranceaperture®f light-collectingparabolicWinstoncones
locatedatthefocal plane.The eld-of-view in the sky is aboutl® acrossde ned by
the sharpangularcutoff imposedby the Winstoncones.The secondarynirror facets
wereindividually alignedusinga laserandfurther checled by imaginga full moon
ontothecamera.

Figure2: (Left)Photograplof the camerawith the heliostat eld in the background.(Right) A close-up
shaving the PMT arrangement.
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Figure 3: (Left) Histogramof relatve gainsfor the 80 PMT channels. (Right) Distribution of times of
arrival with respecto the eventtriggertime for all hits (solid) andfor primaryheliostatonly (dashed).

The 80 PMTsin the cameraare organizedinto an uppersectionof 35 thatare
individually positionedto align with heliostatsand a lower sectionof 45 thatform
a close-packd matrix. Figure 2 shawvs photographf the camerawith this PMT
arrangementThe back of the cameracontainsinline preampli ers mountedon the
PMT basesandshieldedwith a metalscreen. The preampli ersdrive 50' co-axial
cablegto post-ampli erslocatedin acountinghouse.Theoverallvoltagegainis 30x
andthe bandwidthis 1.6 GHz. Theampli ed signalis fed into CAMAC discrimi-
nators(LRS 4416)thatprovide a dual outputon ECL busses.Oneoutputis fed into
CAMAC time-to-digitalcorverters(LRS 3377)thatrecordboththerising andfalling
edgeof eachpulse,therebyproviding a time-overthresholdmeasuremenivhich is
proportionalto pulse-height.The secondoutputis capturedn a customtrigger sys-
tembasedona eld programmablgatearray (Xilinx XCV 1600FPGA)thatdelays
the pulsesfor eachchannel(100 MHz clock) basedon valuesthat are programmed
every 16s. A simplemajority logic at the endof thedelaypipelineis usedto trigger
thereadouif morethanN channel$ave ahit in a10nswindow, whereN is typically
in therange7-11. The TDCs arereadout by anotherFPGA which actsasa buffer
andaninterfaceto aLinux PC.Anodecurrentsaresampledandrecordedn aparallel
acquisitionsystem. A detaileddescriptionof the ampli cation and readoutsystem
canbefoundin Ref. [3].



2 Calibrations and Simulations

Calibrationsfor CACTUS fall undertwo broadcateyoriesof electronicsandoptics.
Thegainsof the channelsaareequalizedn groupsof 16 PMTsanda commonthresh-
old, proportionatto relative gain,is appliedto eachgroupof 16. Further highvoltage
settingson the PMTs aretunedto matchtheir gainsresultingin an overall distribu-
tion asshowvn in Figure3 (left). Minor differenceqtrims) in transittimesbetween
PMTsaremeasuredisinganLED pulserandrecordingthe time-of arrival response.
Thesetrims areappliedboth in the online trigger delay systemandin of ine anal-
ysis. Theof ine eventtrigger time is determinedoy overlappingthe pulse-heights
from all channelsand nding the peakingtime. Figure3 (right) shows the distribu-
tion of arrival timesfrom channelhits with respectto the eventtrigger time. The
measuredull-width of 3-4 nsis expectedfor gamma-rayshovers and a subsetof
cosmic-rayshoverswhile the tails mostly correspondo the latter category. Further
a time-multiplexing techniquedevelopedat CACTUS allows onechannelto capture
light pulsesrom morethanoneheliostatasevidencedy thetwo distributionsshavn,
resultingin increasedensistiity of CACTUSto low enegy shawvers.
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Figure4: (Left) Comparisorof NSB ratemeasuredersussimulationresultingin (Right) extractedvalues
of NSB perchannelareaof circles)superposednthecamerdace.

A critical aspectof the calibrationsconsistsof measuringhe Night Sky back-
ground(NSB) rate per channelandusingit to re ne our understandingf the elec-
tronicschain. A customsimulationspackage S2ELEC[2], was developedfor this
purpose. Photo-electrongPEs)are describedby voltagepulsesproportionalto the
transferfunction of the ampli er including channel-to-channedain variationsand

uctuationsin PMT responseA stochastistreamof PEsis simulatedfor eachchan-
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nelandthe pulse-heightareaddedn orderto describethe channels NSB response.
A discriminatorlevel is appliedto eachchanneland the resulting simulatedback-
groundrateis comparedwith data. The TDCsrecordthe NSB for 1 s beforeeach
eventtrigger, makingit possibleo performinstantaneousomparisonskigure4 (left)
is adistribution of fractionaldeviationin simulatedratesfrom measuredatesshow-
ing thatmostchannelsaredescribedvell within 10% This agreemenis obtainedby
varyingthe averagePE/nsfor eachchanneln the simulation.Figure4 (right) shavs
therelative valuesof PE/ns(givenby the sizeof thecircle) superposedn thefaceof
the camera.The extractedvaluesfall in the range0.3-0.9PE/ns. Much of the vari-
ationis attributedto the variablenumberof heliostatghatfeedlight into a channel,
which accountdor lessNSB at thetop andbottomedgesof the camerathe 5 empty
hexagonscorrespondo PMTsthatwerenotin operationduringthis datarun).
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Figure5: (Left)Effective area.(Right)Reconstructednegy for gamma-rays.

Detectorresponsas simulatedusing Kaskade[4] for air-shovers, Cherenk[5]
for Cherenlov emissionsanda custompackageS20PTICY2] for CACTUS optics.
ResultingPEsin thePMTsareprocessethroughtheelectronicsimulationdescribed
abore andmeasuredNSB ratesareadded.Theresponsef thetrigger systemis sim-
ulatedthroughanothercustompackageS2TRIG[2]. In orderto estimateef ciency,
gamma-rayshaversaregeneratedniformly overacircle with aradius(180m)much
largerthanthe expecteceffective areaof CACTUSandin anenegy rangeof 20 GeV
- 1 TeV. Thetriggeringef ciency of CACTUS s expressedsa fractionof theinitial
areaof 180mradiusasshavn in Figure5 (left). Theeffective areaof CACTUS for
thiscon guration(116heliostats75 channels)s 8,000m? at70 GeV risingto 58,000
m? at500GeV asdescribedby the t: Areaers = 5:69 10%(1 e 094E 48:9))
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m?. The 50% point, currentlyat 120 GeV, is expectedto be at a lower enegy with
144 heliostatsand80 PMTs. Figure5 (right) shavs the distribution of reconstructed
versusgenerateenegy obtainedfrom this technique.This is work in progressand
at presentepresentthe largestsystematierrorin our ux determination.

3 Observations of the Crab Nehula

CACTUS obsenedthe Crab Nehula for a one week period (Feb27-March52005)
for a total of 8 ON/OFF pairs of 28 min durationeach. The datapresentechere
correspondo onesuchpair in which the Crab Nehula wastracked spanningan arc
of 72°-66° in zenithangle.The experimentakriggerwassetat 10 heliostator more,
resultingin 15,429events(ON) and 7,916 events(OFF). This excessin the trigger
rateis in uenced by differencesn the NSB betweerthe ON andOFF elds andthe
trueexcesds extractedafterthefull analysisasdescribedelow.
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Figure6: (Left)Angular distribution, dN=d 2, for the CrabON and OFF runs. (Right)ON-OFFexcess.
Thedistribution from simulationsanda t aresuperposed.

For gamma-rayshavers,the Cherenlkv wave-frontis roughly sphericalwith a
radiusof curvatureof 8-12 km, a temporalwidth of 4-8 ns, andan extent of about
300mdiameteratgroundlevel. Two differentCherenlov wavefront tting procedures
were developedfor the purposeof extracting the angleand enegy of the shower.
The rst consistsof tting a planeto all primary heliostathits within ~ 3ns of the
eventtriggertime. Only eventswith 12 hits or more(ascomparedo theraw trigger
requiremenbf 10 or morehitsin 10 ns)arekept,yielding4271events(ON) and3278
events(OFF).Figure6 shavs theangulardistribution (dN=d 2) for thesesvents(top)
and the distribution for the 993 excesseventsalongwith the distribution obtained
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Figure7: Numberof eventsin ON/OFFrunsandthe measureaxcessfor the Crabversusenegy.

from simulations(bottom). This excesscorrespondso a> 11 detectionandalive-
time correctedrateof 36 gammas/minuteThereis goodagreementvith simulations
andtheresolutionfor anassumegboint-sourcds 0.3°.

For enegy measuremeng moresophisticateghroceduras emplogyed,involving
asphericalt toall hitsincludingthosefrom secondanheliostatsyithin amorestrin-
gentwindow of 1 nsfromthe t shoversurface Furthermoreavariablethreshold
basedn instantaneouBlSB measurements imposedon the numberof hits surviv-
ing the t, resultingin anoverallhigherthresholdfor ON eventsthanfor OFFevents.
Theexcessyield versughe t enegy from this procedures shovnin Figure7. There
are643 excessevents(3526ON - 28830FF) above 50 GeV and574 excessevents
(31140N - 25400FF)above 65 GeV, correspondingo signi cancesof 8 and7.6
respectiely.

The extracteddifferential ux is shavn in Figure8 alongwith a power law t
givenby dN=dE = 592 10 “E %%GeV 'm 2s !, whereE isin GeV. The
verticalerrorbarsarestatisticallyaddedn quadraturevith a 10% systemati@rrorin
effective area. The t from anearliermeasurementsy CELESTE[6] andMAGIC
[7] areshavn for comparisonThe CACTUS t isin generalgreement.
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Figure8: CACTUS measurementf the differential ux from the Crab Horizontalerror barsrepresent

uncertaintyin enegy scale.Also shavn are ts reportedoy CELESTE[§ andMAGICI7].
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