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Abstract.

Accuratemeasurementsof the muoncomponentin EAS
areparticularily importantfor determinationof the primary
CRspectrumandcomposition.Multiparameteranalysispos-
sibilitiesin KASCADEhavebeenrecentlyenhancedbystart-
ing theoperationof a largeareastreamertubemuontracking
detector. With its acceptanceof about500 m��� sr it identi-
fiesEAS muonswith energy exceeding0.8GeV. Therecon-
structionof the meanmuonproductionheight,a parameter
relatedto thenatureof primaryUHE particle,is a maingoal
of this detector. In addition,this detectoris capableof inde-
pendentdeterminationof the shower direction,therefore,it
canbeusedin combinationwith thescintillatorarrayto im-
prove the overall angularresolutionof KASCADE. For the
above-mentionedapplicationsa good and well understood
accuracy in determinationof theanglesof themuontracksis
of primaryimportance.Theconstructionof thewholedetec-
tor, aswell asstreamertubesandelectronicsspeciallydevel-
opedfor it, allowed to reachhigh efficiency of muontrack
detection,on the level of 0.72. Variousapproachesto the
conceptof the angularresolutionin trackdeterminationare
discussed.Theinfluenceof thedesignandoperationfactors
on the resolution,which canapproachthe level of 0.2� , is
shown. Exampleof the detectorperformancein muonden-
sity measurementsis given.
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1 Intr oduction

Investigationof the UHE cosmicray particles(with energy
above 10�
	 eV), dueto their very low flux (beingmuchbe-
low 10��	 s�
� m � � ), is possibleonly via indirectobservations
of extensive air showers (EAS), createdas a result of in-
teractionsof thoseparticleswith nuclei of the atmosphere.
Groundbasedexperimentsof large detectionareahave to
measurepreciselyasmany componentsof the cascadede-
velopingin the atmosphereaspossible.Particularly impor-
tantis themeasurementof themuoncomponentof theEAS,
becausesomeof the muonsreachingthe observation level
carry informationaboutthe very first interactionsat the top
of theatmosphere.For largedistancesfrom theshower core
individual muontrackspoint to themuonproductionheight
(MPH) andhelp to identify the natureof the primary UHE
particle. Monte Carlo calculationsshow, that by meansof
the meanMPH parameter, for a goodstatisticsof showers,
primaryparticleslike iron nuclei(Fe)canbeseparatedfrom
light ones,like hydrogen(p).

As anextensionto theKASCADEEASexperiment(Klag-
eset al., 1997)a largeareastreamertube(ST) Muon Track-
ing Detector(MTD) wasput into operation.KASCADE at
theForschungszentrum Karlsruhe hasbeentakingdatasince
1996,measuringvariousshower parameterswith the200 �
200 m� scintillator array and a centraldetector, consisting
of a hadroncalorimeterandmuondetectors.Thenew MTD
of about500m� � sr is intendedto trackthemuonscreatedin
theEAS. In addition,it will enhancethecapabilityof KAS-
CADE in measurementof the muonmultiplicities andtheir
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Fig. 1. Locationof theMTD within theKASCADE experiment.

lateraldistributions.

2 Detectorand its components

TheST MTD is locatedwithin theKASCADE EAS experi-
ment(fig.1) in thetunnelburiedin thegroundunderashield-
ing of 18 r.l., madeout of concrete,iron andsoil. A mul-
tilayer of 6 iron platesof 3 cm thickness,separatedeach
by 5 cm sand,providesa goodabsorberfor a large fraction
of low energy electromagneticparticles,thusenhancingthe
trackingcapabilityand identificationof the muonswith an
energy above0.8GeV. A crosssectionof thedetectortunnel
of 2.4 � 5.4 � 44m� andits locationwithin theKASCADE
experimentis shown in fig.1.

Table 1. SomeST designparameters.
PVCprofile resistivity 100k � /square
Bakelite cover resistivity 10������� cm
Anodewire diameter 100 ���
Anodewire tension 3 N at 20� C
Wire saggingbetweenspacers 42 ���
ST chamberdimensions 13 � 166.6� 4000mm�
TheMTD consistsof 16 muontelescopes,calleddetector

towers, arrangedin two rows. A tower is built up of four de-
tectormodules: threepositionedonhorizontalplanesandone
arrangedvertically. A detectormodule, of thesize2 � 4 m� ,
consistsof 12 STchambers.

2.1 StreamerTubechambers

Asaresultof intensivestudies(Doll etal.,1992,1994,1995),
of variouscommercial(Pol.Hi.Tech.;Hungerfordetal.,1990)

Fig. 2. Detailedview of openedST chamberwith adapterboard.
Anodewires connectedin pairsandbakelite cover on oneof the
profilesareseen.

andcustommadeSTs (Alekseev et al., 1986), (DeWulf et
al., 1986), as well as several technologicalimprovements,
ST chambersof the Iarocci type (Iarocci, 1983)werebuilt
for KASCADE by acompany (WATECH) from Vienna.

Thechamberconsistof two cathodecombprofiles,being
extrudedout of conductive PVC for 8 parallel ST cells of
9 � 9 mm� crosssectionand4000mm length. High quality
copper-berylliumwire, temperedandsmoothedwith 0.3 �
�
of silver hasbeenusedfor anodes,being supportedevery
500 mm along the cells. A bakelite sheetclosesthe field
aroundtheanodewire veryeffectively (Pentchev etal.,1997)
whenapplyingnegativeHV to thecathodeprofiles. Profiles
with wires andbakelite coverswere slid into normal PVC
envelopesandsealedoff with endcaps,exhibiting connectors
for anodewires,high voltageandgas.Thedetailsof theST
chamberconstructioncanbe viewed in fig. 2 andits basic
designparametersarelistedin Table1.

2.2 Detectormodules andelectronics

AbovetheST chambersin a detectormodule thereis a layer
of a rigid polyesterfoil of 75 �
� thicknesswith evaporated
aluminumstrips of 20 mm pitch (18 mm width) and2 m

Table2. Operationalparametersof MTD.
Detectingsurfacefor verticalmuons 128m�
Total detectingsurface 512m�
Numberof ST chambers 768
Numberof readoutchannels 24 576

- wires 6 144
- strips 18 432

Numberof readoutboards 768
Gasmixture 70� isobutan+ 30� argon
Gasflow rate 0.5dm� /h � 16 towers
Full MTD gasvolume 240� 16 = 3840dm�

length,perpendicularto thewires.Anotherlayerof suchfoil
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Fig. 3. Efficiency dependenceon discriminatorthresholdfor upper
modulesin all towers

is mountedbelow the tubesbut with stripsorienteddiago-
nally (60� ). Thesediagonal strips aremadeout of thesame
strip materialbut 2 stripsarecombinedat the readoutside.
Thusfor thereadoutelectronicsevery moduleis a sourceof
96wirepairssignals,192perpendicularand96diagonalstrip
signals.

Our datareadoutsystemis of a chaintype,commonlybe-
ing usedwith the large scaleST detectors(e.g. Adamset
al.,1999).Speciallydesignedfront-endboards(Zabierowski
and Doll, 2001) are connectedin seriesof 24 board long
chains,whichshift thedatainto CAMAC CAEN C267STAS
controllers. The MTD canbe self triggeredor receive trig-
gersfrom otherpartsof KASCADE. Operationalparameters
of theMTD arelistedin Table.2.

3 The MTD efficiency

We definea hit in a module whena wire andcorresponding
perpendicularstrip have data. The tracksareof two kinds.
Thehits foundin threemodulesform 3-hit tracks and,when
datais foundin two modulesonly, onehasa2-hit track.

For theefficiency determinationall tracksareused.Hav-
ing a startingcoordinateand the direction of eachparticle
onechecksfor the wire andstrip datain all modulesalong
eachtrack.Theratioof foundto expectednumberof signals
givesa measureof anefficiency in eachwire or strip plane,
whichtakesinto accountdeadzonesdueto STwalls. Thisef-
ficiency is alsodiscriminatorthresholddependent,asshown
in fig. 3 for the uppermodulein all towers. As shown in
thepicture,for & 17 mV thresholdonehas95 ' efficiency
for wire andstrips,what means& 90' hit efficiency for a
moduleand & 72 ' 3-hit track efficiency for a MTD tower.

4 Angular resolution

The tracking detectorhasa geometrical angularresolution
definedby its designand dimensions. With the 1640 mm
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Fig. 4. Full intrinsic angularresolutionof theMTD obtainedwith
simulation(top)andits dependenceon thezenithangle(bottom).

separationof thetop andbottommodulesin towers,20 mm
strip widths and two 9 mm wide ST wire cells connected
togetherthe meanvalue of this parameteris & 0.35� for
vertical muonsand improveswith increasingzenith angle.
However, this value can never be achieved, becauseof fi-
niteaccuracy in thegeometrydeterminationandinteractions
of the particlesin different materialsthat built up a detec-
tor, including tunnel shielding. We call full intrinsic reso-
lution a parametertaking into accountthe above mentioned
effectsandshowing how accuratea known muondirection
above thetunnelcanbereproducedwith theMTD. In order
to obtainthisparameterasimulationstudyhasbeendone,us-
ing theCRES(CosmicRayEventSimulation)MonteCarlo
program,which is a GEANT3 basedcodedevelopedfor the
KASCADE experiment.Thesampleof muonsusedasinput
particlesreproducesthe zenithandazimuthdistributionsof
theshowersreconstructedby thescintillatorarraywith a re-
alisticenergy spectrum(Casoet al., 1998).In orderto cover
theuncertaintyin thegeometryof thedetectortwo different
Geometry Data Bases (DB) wereused,onefor the simula-
tion of thereferencetrackandanotherfor thereconstruction
of the track. The latter onewasobtainedstartingfrom the
formerandsmearingthepositionsof eachmodulerandomly
with a sigmaof 3 mm (assumedprecisionof ourmechanical
andopticalmeasurements).Theresultingdistributionof true
vs. reconstructedmuondirectionsis plottedin top panelof
fig. 4. The value,below which thereis 68 ' of all events,
we call full intrinsic angular resolution of theMTD. In this
caseit is equalto 0.56� .

To lower this value one has to obtain betterknowledge
ondetectorgeometryor/andimprovegeometrical resolution.
The former is possiblewith variousmethodsusingcosmic
muons,which allow to introducecorrectionsinto DB. The
latterrequiressometechnicalmodificationssuchassingleST
cell readoutandutilizing drift time (Obenlandet al., 2001).
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Fig. 5. Total angularresolutionof theMTD asa functionof recon-
structedprimaryenergy.

Thesetechniquesmake it possibleto obtain a geometrical
resolutionon thelevel of 0.2� .

In reality the true direction is not known and one is in-
terestedhow accurateis the detectorin pointing at the sky.
This parameter, calledtotal angular resolution, canbe esti-
matedby measuringthe anglebetweentwo parallel muon
tracks. High energy muonsoriginating high in the atmo-
spherehave to be usedfor this purpose. Tracks at large
distanceto the shower corearegoodcandidates.They are
not perfectlyparallel,dueto possibledifferencesin produc-
tion heightsanddueto multiplescatteringin theatmosphere.
But, sincein real measurementswe cannotavoid thesetwo
effectsthevalueof resolutionfoundthis way includesthese
phenomena.

For themainapplicationof theMTD, namelydetermina-
tion of the muon productionheight (Büttner et al., 2001),
a resolutionin determinationof the anglebetweenmuonin
MTD and the shower direction,determinedfrom the array
data,is animportantparameter.

In fig. 5 the resultingtotal angular resolution asa func-
tion of reconstructedprimaryenergy for thetwo casesmen-
tionnedabove is given. We find thatabove 10�-, eV onecan
measurethe directionof a muonversusanothermuonwith
a precisionof & 0.7� . This numbercontainsfull intrinsic
resolution of theMTD andthemeanvalueof muonscatter-
ing anglein theatmosphere,which,basedon theCORSIKA
(Heck et al., 1998) simulations,one can estimateto be &
0.6� . Measurementsmadewith respectto theshower direc-
tion aremoreprecisedue to significantlybettershower di-
rectionaccuracy achievedby thescintillationarrayof KAS-
CADE ( . 0.2� above10�
	 eV).

As anexampleof theMTD capabilitiesmuonlateraldis-
tributionsarepresentedin fig. 6. It hasto benoted,that the
goodagreementwith theKASCADE arrayresultsconfirms
theproperunderstandingof theMTD efficiency.
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