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Atmospheric muons at various altitudes
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Abstract. We have carriedout a seriesof atmospherienuon
measurementwith the BESS spectrometeat various alti-
tudes.

At the top of Mt. Norikura, Japan(2,770 m abo/e sea
level, cutoff rigidity is 11.5GV), muonsat the mountainal-
titudeweremeasuredery precisely Theobsered intensity
of atmospherienuonsis about70 % higherthanat sealevel.
During the ascendingndfloating periodsof the balloonex-
perimentstheintensityof atmospherienuonswasalsocon-
tinuously measured.The muon enegy spectraat float alti-
tude (5 g/cm?) canprovide much usefulinformationabout
the hadronicinteractionmodels. The measurementf muon
growth curve in theatmospheréasbeencruciallyimportant
to calibratethe atmospherimeutrinocalculations.

1 Introduction

For amoredetailedstudyof neutrinooscillationphenomena
obsenred by SuperKamiokande,it is essentiato minimize
the systematieerrorsin the predictedenegy spectraof neu-
trinos. In orderto improve the accurag of the predictionsa
detailedunderstandingf (i) primary cosmic-rayintensities,
(il) hadronidnteractionsand(iii) geomagnetieffectarein-
dispensable.

As for absolutefluxes of cosmic-rayprotonsand helium
nuclei belov 100 GeV, which are relevant to atmospheric
neutrinosobseredas“fully containedevents”in Super
Kamiokandewe have carriedout very precisemeasurement
by usingthe BESSdetector(Sanukietal. , 2000). Two com-
pletely independenexperiments the AMS (Alcarazetal. ,
2000a,b)andthe BESS,shov extremelygoodagreemenin
resultsof protonmeasurementwith eachother Therestill
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remainssomedisagreemerih heliumflux. However, it leads
to only small systematicerrorsin the atmospheriameutrino
calculations.

Sinceproductionanddecayprocesf muonsareaccom-
paniedby neutrinoproductionstheintensitiesof muonscor-
relatedirectly to the hadronicinteractions.The geomagnetic
effectis obseredin the chageratio of muons.

Therehavebeenmary measurementsf atmospherienuons
(Haymanand A. W. Wolfendale, 1962; Batemanet al. ,
1071;Allkofer etal. , 1971;NandiandSinha, 1972;Green
etal. , 1979;Barboutiand Rastin, 1983; Rastine, 1984;
Tsuji etal. , 1998;De Pascaletal. , 1993;Kremeretal. ,
1999). Most of themutilized solid iron magnetspectrome-
ters,in which multiple scatteringnadeit difficult to measure
the absoluterigidity reliably. An integratedflux above some
enegy wasmeasureavith a simple rangedetectorin some
of the previous obsenrations. In thesecasesit is not triv-
ial to measurenabsoluteigidity of incomingparticleevent
by event. Most of the previous experimentsdid not obtain
an absoluteflux but normalizedtheir obsered spectrumto
the“standard”value. In thesekinds of measurementsmall
errorin themomentummeasuremenéadsto alargesystem-
atic error in the absoluteflux, becauseatmospherianuons
have very steepspectrakhapes.

As will be describedn section2, the BESSspectrometer
utilizes a thin superconductingolenoidalmagnet. Its sim-
ple cylindrical geometrymakesanestimationof thegeomet-
rical acceptanc€SQ?) reliable. Furthermore the live time
was measuredxactly. An absoluteflux is thereforecalcu-
latedirrespectie of normalization. The overall efficiencies
in the off-line analysesvaskepthigh and correctionswere
keptsmall. Smallcorrectiondeadto smallsystemati@rrors.
Thusthe BESSspectrometeis anideal instrumentto mea-
suretheabsolutespectreof cosmic-rayparticles.

We measuredbsolutdluxesof atmospherienuonsatdif-
ferentsitesandat variousaltitudeswith the BESSspectrom-
eter Thesemeasurementgrovide usefulinformationabout
hadronicinteractionsandgeomagnetieffect.
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Fig. 1. Cross-sectionaliew of the BESS.

2 BESS spectrometer

TheBESS(Baloon-borndixperimentwith aSuperconducting
Spectrometerjletectoiis ahigh-resolutiorspectrometewith

a large acceptancéo performhighly sensitve searchedor
rarecosmic-raycomponentsaswell asprecisemeasurement
of the absolutefluxes of variouscosmicrays (Orito , 1987;
Yamamotoetal. , 1994; Asaokaetal., 1998;Ajima et al. ,
2000;Shikazeetal., 2000).

As shavn in Figure 1, all detectorcomponentsare ar
rangedin a simplecylindrical configurationwith a thin su-
perconductingolenoidaimagnet.

In thecentralregion, thesolenoidprovidesauniformmag-
neticfield of 1 Tesla.A magnetic-rigidity( R = pc/Ze) of an
incomingchagedparticleis measuredby atrackingsystem,
which consistsof a JETtype drift chamberand two inner
drift-chambergIDC’s) insidethemagnetidield. Thedeflec-
tion (R~!) andits error(A R~1) arecalculatedor eachevent
by applyinga circular fitting usingup-to 28 hit pointseach
with a spatialresolutionof 200 zm.

Time-of-flight (TOF) hodoscopeprovide the velocity (3)
andenegy loss(d £/ dz) measurement§hetime resolution
for enegeticprotonsin eachcountewas5b5 psrms,resulting
ina ™! resolutionof 1.49%.

An electromagnetishaver counterhasbeenequippedor
e/ separationlt consistsof a2 X, thick leadplateandan
acrylic Cerenkov counter

Particle identificationwas performedby requiring proper
dFE /dz and1/3 asfunctionsof rigidity. For muonidentifica-
tion, a signalfrom the electromagnetishover counterwas
examined.

The simple cylindrical shapeand the uniform magnetic
field makeit simple andreliable to determinethe geomet-

Table 1. ExperimentalConditions.

site date Atm. Pres. R,

(g/cm?)  (GV)

Mt. Norikura 1999 September 743 115
Tsukuba 1995 December 1030 114
LynnLake? (1) | 1997 July 1000 0.4
(2) | 1998 August 1010 0.4

(3) | 1999 July 984 0.4

Balloon Flight 1999 August 800-5 0.4

2Threedatasets Lynn Lake (1 — 3), arecompiled.

rical acceptancerecisely

Thelive data-takingime wasmeasuredxactly by count-
ing 1 MHz clock pulseswith a scalersystemgatedby a
“ready” statusthat controlsthefirst-level trigger. Theresul-
tantlive-timeratio wasashigh as86.4% and98.8% during
theballoonandgroundexperimentrespectiely.

Detailedanalysisproceduresindthe discussiorof errors
are describedn the previous papers(Sanukiet al. , 2000;
Motoki , 2000).

3 Results

The experimentalconditionsof our measurementare sum-
marizedin Tablel.

3.1 Atmospheriomuonsatthetop of mountain
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Fig. 2. Absolutedifferentialmuonspectrum.
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Fig. 3. Atmospheriqu™ (closedsquaresindu~ (opensquarespbseredduringtheascendingeriodof theBESS-199%alloonexperiment.

Meanvalueof theresidualair is indicatedin eachgraph.

Figure2 shavstheabsolutalifferentialspectrunof muons
(ut + p~) atthetop of Mt. Norikura, Japantogethemwith
othermeasurementéde Pascaletal. , 1993;Kremeretal. ,
1999;Motoki , 2000). The muonintensityvariesdepending
onervironmentalconditions.Thealtitudeandcutof rigidity
for primary cosmicrays(R.) areindicatedin thefigures.

As is seenin Figure2, thehighermuonflux is obsened at
higheraltitude. Thistendeng comesfrom decayf muons.
In alower momentunregion, muonflux is affectedby geo-
magneticeffect.

3.2 Atmospheriomuonsin theatmosphere

We alsomeasuredhe muonfluxesduringtheascendingnd
floating periodsof the balloonexperimentsasshavn in Fig-
ures3 and4.

A variation of the muonintensity along the air depthis
affectedby both muon production/decaynd a structureof
theatmosphere.

Comparedo the atmospherianuon spectraat sealevel,
thespectraatafloatingaltitudearenotsoaffectedby astruc-
ture of the atmospheresincethereis only 5 g/cn? of resid-
ualair abore the BESSdetector Thusthesespectrashovnin
Figures4 canprovide a goodanchorto estimatemultiplicity

andenengy distribution of secondaryarticlesin thehadronic
interactions.

4 Discussions

Theabsolutdluxesandspectrashape®f atmospherienuons
aredirectly relatedto theyield of neutrinos.

We have measuredhe atmospherianuon spectraat dif-
ferentsitesandat variousaltitudes. The muonspectrain a
low momentunregion aresensitie to the effect of the geo-
magnetidield. Detailedstudyof theatmospherienuonswill
improve the accurag in the estimationof the neutrinoyield
andtheeffect of thegeomagnetidield.

Combiningourresultsof atmosphericnuonmeasurements,
productionand decayfeaturesof muonsin the atmosphere
can be reproduced. Thereexists n relation betweenmuon
decayanda structureof the atmospherdyecausenegy loss
rateis affectedby acolumndensityof air. For amoreprecise
studyof muondecayi.e. neutrinoproduction,it is very im-
portantto investigatehestructureof theatmospherepto the
top of theatmospherePrecisemeasurementsf atmospheric
muonsaswell asprimary cosmicrays,areindispensabléor
accurateatmospherimeutrinocalculations.
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Fig. 4. Atmosphericu™ (left) andu~ (right) at a floating altitude
measurediuring the BESS-199%alloon experiment. Other mea-
surementérom previousexperimentgBrunettietal. , 1996;Boezio
etal. , 1999;Coutuetal. , 1998)arealsoindicated.Residualair in
eachexperimentis slightly different.
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