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ABSTRACT

A smallpilotexperimenttoexaminetheuse ofthewater,(_erenkovtechniquefor
airshowerdetectionwas installednem" thecenterofthe CYGNUS airshowerarray.

Preliminaryresultsshowinggeneralagreementwith simulationsarepresented.Thus,
thetechniquepromisestooffersignificantadvancesforVHE-UHE "),-ray_tronomy.

Sparsearraysofscintillatordetectorshave bee.nusedforseverMdecadesto study
thepropertiesofextensivesirshowers.Most recently,thesearrayshave been used in

thesearchforpointsourcesofUHE gamma-rays.IIIIn lightofrecentresults,thereis
clearlya continuingneed to improvethe sensitivityoftheseexperiments.An obvious

way to loweran array'sthreshold,shown below toimproveitssensitivity,isto simply

pack scintillationdetectorsclosetogether;thishas beenexamined[2]and shown not to
be a viablealternativebecmrsetheresultingmagularresolutionisnotverygood and the
costofbuildingthearrayishigh.DuringtheInstdecade,thewater-(_erenkovtechnique

hasproventobe a costeffectivemethod forlaxge,fullysensitiveparticledetectors,best
illustratedby the successfulIMB and Kamiokande undergroundexperiments.Large
surfacewster-(_erenkovdetectorsoffera new techniqueforairshowerdetectionas weil.

The sensitivityofma experimentmeasuringcosn_cv-ray'sdependson severalfac-
tors:the totalarea,theenergythreshold,the angularresolution,and the abilityto

rejectba_ground. The number ofeventsfrom a sourceduringan observingtimeT is

N,c_ F°A_ y! T

whereF°,thesourceflux,doesnot depend on theexperimentalsituationand A_//is
theeffectiveareaofthearray(theareatimestheintegralofthefluxtimestheel_ciency

integratedoverenergymad zenithangles)above thethresholdenergy.The number of
backgroundeventsina binofradius68,thenatgularresolution,is

where_"isa possiblebackgroundrejectionfactordue to,forexample,a cutonlyallowing

muon poor showers.TypicallyA_I/ _A_I ! sincetheyonlyhave a slightdependence

on thedifferentspectraand primaryparticletype;let.4representtheratioA_I//A_[/,
whichcan depend on theexperimentalsituationbut has a typicalvalueof I to 3. In

addition,thetriggerratedue tocosmicrays(Rc_)isproportionalto A_ 1.Thus,



and

N_ _ Rc, T (60)2/._"

where the factors that have been left out do not depend on the experimental situation.
The statistical significance of _ given source strength observed for a given period of time
is a "figm'e-of-merit.' This is given by

0<
with the ratio on the right representing the "quality" of an experiment.

The cosmic ray rate depends roughly linearly on the area and the -1,7 power of
theenergy threshold;thus,thequalitydependsonlyon thesquarerootoftheareabut
nearlylinearlyon both thethresholdand angularresolution.Itthenfollowsthatsn

experimentmay beimprovedmostrapidlyby eitherloweringthethresholdorimproving
theangularresolution,or both. ltisinprovidingthepotentialimprovementofboth
of theseaspectsthatthe water-(_erenkovtechniqueholdsmost promiseforthe next
generationdetector.

The ideaof a largeareawater-(_erenkovdetectordeployedfbrgamma-ray (and

neutrino)astronomywas firstdevelopedfor'the 30,000m 2 GRANDE experiment[3]:
simulationsofthe detectorresponseto airshowersshows the potentialforreduced
thresholdand improvedresolutionwiththeadded advantageofmuon and hadronde-
tectionoveritsentiresurface.The reasonforthisisthata water-(_erenkovdetector

issensitiveoveritsentiresurfaceto allcomponentsof theairshower:theelectronic,
photonic,muonic,and hadroniccomponentswillallbe observed.Thus,thedetectoris

potentiallysensitivetolowerenergyshowersand iscapableofreconstructingthem with
betterangularresolution.More recentlya high-altitudedetector,calledMILAGRO,[4]

,, hasalsobeenproposedforVHE-UHE gamma-ray astronomy;thehighaltitudelocation
ofthisexperimentoffersa furtherreductioninenergythreshold.

Thus,thereisa clearneedtoperforma pilotwater-(_erenkovexperimenttoverify

the simulationsofthe detectorresponse.The obviousadvantageof performingthe
pilotexperimentincoincidencewithan existing_irshowerarrayisthattheairshower
arraycandeterminemany ofthecharacteristicsofeachshowerthatthewaterdetector

observes:thedirection,showersize,and corelocationcan allbe determinedby theair
showerarraywithsufficientaccuracy.

Such a pilotexperiment,named JASA, hasbegun nearthecenteroftheCYGNUS
airshowln"arrayin Los Alamos, NM at sn altitudeof 2,100m. Some of the mos_
relevlintfeaturelof the arraywillbe givenherewith more detailsof the CYGNUS

,_xperimlmtfound ehlewhere.[5]The pilotexperimentisdeployedin the centerof the

,' CYG-I Irrliy,shown inFigureI;thispartofthearray,whichcoversabout20,000m i of
the80,000m itotalareaofthearray,isthemost denselycoveredwith108detectorsof

typicldseparation15 m. Each detectorisabout1 m i ofscintillatorviewedby a ,:ingle
phototube.The angularresolutionofthe CYGNUS arrayisabout 0.75°,:heenergy

thresholdivabout50 TeV, and thetriggerrateiscurrentlyabout6 eventspersecond.
A backyaxd-styleswimming poolofradius3.7m (42m i area)providesthewater

enclosureforthepilotexperiment;a light-tightblackPVC coverand blackplasticlining
assureminimallightreflectionfrom theinnersurfacesofthepool.The totaldepthof
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Figure 1: Deployment of counters in CYG-I; each point represents a counter. Also
shown is the location of the water-(_erenkov detector.

the pool, about 2.3 m, provides 2 m of water above the faces of the photomultipUer
tubes (PMTs); the arrangement of the pool is shown schematicalJy in Figure 2. There
are currently I0 8" Hammnatsu PMTs, borrowed from the IMB collaboration, located
near the center of the pool; 2 additional 10" Burle PMTs, with much better timing
characteristics (jitter < 2.5 ns FWHM), will be placed in the pool to improve the
timing measurements.

The pool was run in coincidence with the CYG-I air shower array for about 8 hours,
long enough to collect about 120,000 CYG-I events; preliminary results from these data
will be given here with more relY.nedresults still to be completed.

A simple illustration of the power of a water-(_erenkov detector is seen by noting
that each PMT in the pool detects (_> I photoelectron) at least 95% of all o_ the showers

: that triggered CYG-I, including showers at larse zenith sa_es and large core distances;
taken together, the PMTs in the pool detect at least 99.7% of ai/of the showers. The
singles rat_._ of th_ PMTs in the pool vary between about 15 khz and 30 klI=, in general
agreement with the expected rate of about 20 kHz at the altitude of Los Alamos. The
coincidence rat_ of PMTs in the pool (_ 10 kHz) is very high because it is possible for

"" s sm_e muon to _rigger sU 10 PMTs; this stone problem will be faced by the large area
detectors and must be dealt with in some detail to define actual triggering schemes.

The core position, direction, and shower size of each of the events was determined
from the CYG-I data; typical uncertainties are < 5 m in core position and about 50% in
shower size. The radial dependence of the (_erenkov light observed in the pool is deter-
mined by exmnining showers with approximately fixed shower size (10,000 <Ne <2q,000,
corresponding to ._ 50 TeV showers) from near the zenith. The average number of pho-
toelectrons recorded in the pool, as a function of core distmlce, is shown in Figure 3; the

]
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Figure 2: Schematic showing the arrangement of the PMTs in tile pool. Also shown
are au_dliary scintillation detectors for local particle measurement, sn LED and muon
detectors for cMibration.

absoluteamount oflight,asdeterminedfrom a calibrationofthePMT pulseheights,
isnow known to onlyabout25%.

A relativelycrudesimulationoftheexpectedresponseofthe pool,usingsome of
thesame Monte Carloprogramsthatwere used to simulateboth the GRANDE and

MILAGRO detectors,was made tocheckagainstthedatarecordedinthepool.Several

veryimportanteffects,suchascorepositionand showersizeerrors,wereit_noredinthis
preliminarystudy.Thiscan causesystematicerrors,especiallyin thepresenceof the

steeplyfallingcosmicrayspectrum.Nevertheless,thegeneralagreementbetween the
simulationand thedata,alsoshown inFigure3,suggeststhatthelow energythreshold

ofa water-(_erenkovdetectorpredictedby thesimulationisprobablycorrect.
A largeimprovementinangularresolutionoverconventionalairshowera_raysis

alsopredictedby thesimulations,againdue tothefactthattheairshowerissampled
more finelyby a (_erenkovdetector.The angularresolutiondepends criticallyon the

timingoftheafrshowerfront,thetimingabilityofthePMTs, aswellas theparticular
geometryof the {_erenkovlightpatternwhich depends,in turn,on the energiesand

, directions of the shower particles. The timing characteristics of the PMTs used in the
pool are somewhat poorer than the current generation of large PMTs. The width of
the timing signal, for the same sample of events as above, is shown in Figure 4; the
average rms width for Ml showers is about 4 ns, again in reasonable agreement with the
predictions of the simulation. At a core distance of about 100 m, the average timing
width is about 6 ns.

The results are encouraging enough that several additional pools will be deployed
around the edges of the CYG-I array early in 1991. The goal of this effort is to improve
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Figure3: The number ofpe'sobservedinthepoolas a functionofcoreposition.Also
shown aretheresultsofa relativelycrudesimulation.
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the an_dar resolut/_on of the CYGNU$ experiment by using the timing information
, , ]recorded in the pools. A serm-empenca_ formula that relates the timing of a detector

element in an air shower array (including shower and detector timing together), _e, the
lattice spacing of the elements, £, and the number of elements used in reconstruction,
N, that h_ been verified with C_GNUS data is

50(rad) _-No(.,)'

Applying this formula to the case of four pools separated by 100 m, each pool having
nine PMTs so the time of the air shower recorded in each pool is o'e'-_2ns (6 ns/v/9),
yields an angular resolution of about 0.3 0.

Though more detailed studies must be done, the performance of the pilot experi-
ment is in rather good _n'eement with the expectation_ based on Monte Carlo simula-
tions of the air shower and the response of the detector to the air showers. This lends
important experimental support to the idea that l_ge _ea _ shower arrays based on
the water-Cerenkov technique hold grest promise in advancing the field of VHE-UHE
7-ray astronomy into the future.
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We would also like to thank Robin Barrone and Matt of Matt's Pools. This work was

supported in part by the National Science Foundation and the U.S. Department of
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