Proceedingsf ICRC 2001:1 (©) Copernicussesellschaf2001

ICRC 2001

Space Based Calorimeters: Heavy lon Simulations

J.Z.Wang!, E.S. Seo!, H.S. Ahn!, R.W. Alford?, O. Ganell, Y.J. Han?, H.J. Kim?, K.C. Kim!, SK. Kim?, |.M. Koo?,

Y.l.Kwon2, M .H. Leel, R. Sinal, and J. Wu?

LIPST, Universityof Maryland,College Park, MD 20742,USA
2SeoulNationalUniversity, Seoul,SouthKorea

Abstract. The AdvancedCosmic-rayCompositionExperi-

mentfor the SpaceStation(ACCESS)is baselinedwith an

ionizationcalorimeterfor high-enegy cosmicray composi-
tionmeasurementdVe havedevelopedGEANT-basedimu-

lation modelsof theinstrumento studyits performanceThe

original GEANT codewasdevelopedprimarily for acceler

ator colliding protonbeamexperimentsanddoesnt handle
incidentnuclei heavier thanprotons. To studythe detector
responséo Z > 1 cosmicrays,we thushadto developasep-
aratecodefor heary ion interactionsandfragmentationto

beinterfacedwith GEANT. Below we presentesultsof our

simulationsof the ACCESShaselinecalorimeteresponséo

heavy ions.

1 Introduction

The ACCESSmissionwill measurghe enegy spectreaof in-
dividual elementdrom hydrogento iron in cosmicradiation
approachinghe kneeregion (Gaisseret al., 1998),whichis
crucialfor understandinghe acceleratiorimit in supernea
blastwaves.Thebaselinalesignof ACCESSshonvnin Fig. 1
employs a ChageldentificationModule (CIM), a Transition
RadiationDetector(TRD) andathin calorimetetto measure
thechage,velocity andenegy of cosmicrayswith enepies
up to approximatelyl0'3eV. For heavy ions(Z > 3) within
boththe TRD and calorimeteraperture the TRD measures
the Lorentzfactorby determiningthe yield of transitionra-
diation, andthe calorimetermeasureshe enegy depositof
the shaversinitiated by them. The unique combinationof
detectorgrovidesadirectcrosscalibrationof bothdetectors
for asubsebf nucleiin anenepgy regionwhichis inaccessi-
ble by terrestrialacceleratorin the nearfuture.

To studythe calorimetershaversinitiated by heavy ions,
severaleventgeneratorgor relativistic ion interactions,
FRITIOF RQMD etc.,wereimplementeandinterfacedwith
the widely usedsimulationpackageGEANT (Brun et al.,
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Fig. 1. Cross-sectionaliew of the ACCESShaselineconfiguration.
Overlayedis a simulated500 GeV He event.

1984). Referto Kim etal. (1999)for the detailedprocedure
and a comparisorwith acceleratodata. In this paper we
presentresultsof our simulationsof the ACCESSbaseline
calorimeteresponséo heavy ions.

2 ACCESSBasdline

Figurelillustratesthe ACCESSBaselineconfiguration.The
CIM is similar to the Silicon detectorsitting directly above
thecalorimetettarget. Botharesilicon matriceswith suitable
pixel sizeto distinguishthe chaige of the primary cosmic
ray from the abundantback-splastparticlesassociatedvith

calorimetershavers. The TRD consistof six layersof radi-
atorsplus proportionaltubesto recordthe TR signals,with

scintillatorsfor triggering the subsystem. The calorimeter
includesa oneinteraction-lengtthick targetof inert carbon
followed by a Bismuth GermanatdBGO) calorimeterwith



laterallyorientedcrystalsin crossedayers.Thethicknessof
the BGO is 27 radiationlengthswhich will provide an en-
ergy resolutionbetterthan35% over the entireenegy range
of ACCESSThescintillatorsin the calorimetermodulepro-
vide afasteventtriggerandsomeadditionalinformation,i.e.,
chage measuremertb supplementhe Si matrix andtrack-
ing informationin additionto BGO crystals. The calorime-
ter Si matrix provideschage measurementsven for mary
eventswhich do not passhroughthe CIM module.

TheTRD hasalargegeometryacceptancef 8 m sr. The
calorimeteiis designedvith optimizedtargetshapeandmass
allocationbetweenthe carbontargetandthe BGO crystals.
Theraw geometryfactorof the calorimetelis 0.91m sr. The
overall interactionprobability for protonswithin the geom-
etry is about70%, increasingwith higherincidentchageto
near100%for Fe nuclei. About 63% of calorimeterevents
(0.57m sr) will passthroughthe CIM andthe entire TRD,
andthoseeventscouldbe usedto crosscalibratebothinstru-
ments. Assumingthe power law spectraof proton, helium
andall particles(Wiebel et al., 1998) measuredat low en-
ergies canbe extendedto 1 PeV (10 eV) and above, the
calorimeteris expectedto detectat least10 protons,30 he-
lium nucleiand45 heary nuclei(Z  3) with enegy above
1 PeV

3 Simulation
3.1 Heary ion simulationin the GEANT framework

The GEANT code(Brunetal., 1984)wasdevelopedprimar
ily for acceleratocolliding protonbeamexperiments.Since
GEANT doesnotaccommodatthesimulationof heary ions,
we have interfaced GEANT with the hadronicsimulation
packaged-RITIOF/RQMD for heary ion simulation (Kim
etal.,1999). FRITIOF (Andersson1993)is basedn semi-
classicalconsideration®f string dynamicsfor high enegy
hadroniccollisions. RQMD (Relatvistic QuantumMolec-
ular Dynamics)was adoptedfor our simulationsof heary
ions for enegiesin the centerof-massframe lessthan 10
GeV/nucleon. RQMD is a semi-classicamicroscopicap-
proachwhich combinesclassicalpropagatiorwith stochas-
tic interactions,and it successfullydescribeghe available
single-particlespectraatthe AGSandCERN(Soige, 1995).

To adaptGEANT for heavy ion simulationstwo interfaces
weremade. Onewasto implementthe NASA Langley Re-
searchCenter(LaRC) model (seenext subsection¥or de-
termininginteractionprobabilitiesfor heary ions. The sec-
ondwasto embed-RITIOF/RQMDinto GEANT to perform
heary ion fragmentation.

3.2 Nuclearinteractionprobability

Oursimulationgequiredcrosssectionoveringvarioustar-
getmaterialsfrom low Z to high Z (e.g. carbon,aluminum,
scintillator (hydrogen),and BGO) with heavy ion beamsn
theenepgyrangefromtensof GeVto abore1l PeV TheLaRC
parameterizatioomethodwas introducedfor this purpose.

This model,developedby Tripathi et al. (1996),is a univer-
salparameterizatiomethodfor reactioncrosssectionsand
canbe usedfor ary systemof colliding nuclei. In theLaRC
model,thereactioncrosssection canbeexpressedy the
formula

1)

wherer =1.1fm, A andA arerespectiely the projectile
andtarget massnumbers,andE is the colliding system
centerof-massenegy. The  termrepresentswo effects:
transpareng and Pauli blocking at intermediateand higher
enegies.Thelasttermis the Coulombinteractiontermwith
B representinghe enegy-dependenC€oulombbarrier We
have compiledexperimentakrosssectiondatafor deuterons,
and helium nuclei and have usedthem to tune the LaRC
model. Referto Wanget al. (1999,2001)for a detaileddis-
cussion.

Table1 summarizeshe interactionfractionsof vertically
incidentprotonsHe, C andFeatdifferentinstrumentdepths.
A largenumberof events morethanhalf in thecaseof Fe,in-
teractinsidetheTRD or CIM modules An algorithmto iden-
tify particlesinteractingin the TRD but not passinghrough
theCIM hasbeendevelopedWangetal.,2000),andthedata
arebeinganalyzedwith this algorithm.

Table 1. Fractionof eventswith first interactionsn differentmod-
ules.

Modules CIM TRD Carbontarget BGO calorimeter
p 0.005 0.12 0.61 0.19

He 0.009 0.22 0.71 0.05

C 0.02 0.35 0.63 0.

Fe 0.04 0.60 0.36 0.

4 Resultsand Discussion
4.1 Enegy responsandresolution

Usingthe simulationcodedevelopedfor this study we have
simulatedheenepgy responsandresolutionof theACCESS
baselineinstrumentfor several abundantcosmic-rayheary
ionswith enegiesfrom 100GeVto 10 TeV. Figure2 shavs
the distribution of enegy depositionof 1 TeV protons,He,
C and Fe as simulatedusing the FRITIOF completefrag-
mentationmodel. Only eventsfirst interactingin the car
bontametwereselected.The meanenegy deposition(E )
is about46% of the primary enegy for protons. This frac-
tion is slightly smallerfor heavier ionsandis about36%for
1 TeV Fe nuclei. This is dueto the fact that heavier ions
hase more ionization enegy lossin the detectormaterials
above the BGO calorimetey and that somenucleonsfrom
thecompletefragmentatiorof heary nucleipasshroughthe
calorimetemwithout furtherinteraction.As shovn in Fig. 3,
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Fig. 2. Enegy depositionin the BGO calorimeterfor 1 TeV pro-
tons,He, C andFerespecitiely.

the enegy dependencef the meanenegy depositionis al-
mostlinear over the entiresimulatedenegy range. Theen-
ergy resolution( /E , where is the standarddeviation of
theenepgy depositdistribution)is presentedh Fig. 4 for pro-
tons,He, C andFe. Theheary ion enegy resolutionis much
betterthanthatfor protons(about32%),improving with in-
creasingatomicnumber

4.2 Completefragmentatiorvs. minimumfragmentation

Two differentfragmentatiormodelswereconsideredn
FRITIOF: (1) completdragmentationand(2) minimumfrag-
mentation. The completefragmentatiormodelis similar to
thesuperpositiomodel. Theincidentnucleuss fragmented
completelyinto individual nucleongduringthefirst hadronic
interactionwith the detector In the minimum fragmenta-
tion model, somenucleonsare knocked out from the inci-
dentheary ion during eachinteraction,andthe residualnu-
cleusremainsintactasa singlefragment. Nucleonsin light
ions,suchasHe, behaemuchlikefreenucleonsFigure5(a)
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Fig. 3. Enegy dependencef the meanenegy depositionfor pro-
tons(circles),He (upward pointing triangles),C (squarespndFe
(downward pointingtriangles).

shavsthatbothmodelsproducesimilarresultsfor 1 TeV he-
lium nuclei. Whenthe massnumberincreasesthe nucleons
areboundtogethemmoretightly. The minimum fragmenta-
tion modelemployed hereunderestimatethe degreeof nu-
clearinteractions so the simulatedcalorimeterleakagehas
largerfluctuationghanexperimentallyobsened. Figure5(b)
indicatesadifferencan theenegy deposibof incidentcarbon
nuclei for the two models: specifically as expected,mini-
mum fragmentatiorshaws largerfluctuationsthancomplete
fragmentationThe actualenegy responseandresolutionof
heary ions shouldbe betweenthe estimategrom thesetwo
models.

4.3 Backscatteeffect

Duringthecascadsimulationsye kepttrackof thebackscat-
teredparticlesfrom the BGO calorimeter/carbomarget and
studiedhow thesealbedoparticlescan affect the primary
chagemeasurementsn orderto studythis effect, their con-
tribution to the enegy depositin the chage detectorswas
distinguishedrom theionizationlossof theprimaryparticle.
Figure 6 plots the meanback-scattereénegy depositden-
sity (in MeV/cm ) in the Si matrix atthetop of thecalorime-
ter as a function of the distancefrom the incidentprimary
trajectory Theincidentenegy is 1 TeV for all four species.
Thesedataare obtainedfrom eventsinteractingin the car
bontamget. The figure shavs the gradualrise of backscat-
ter enegy densitywith the primary atomicnumbersas ex-
pected. Sincethe enegy depositof the primary particles
is proportionalto Z , and mostof the albedochaiged par
ticlesarerelatiistic (severalMeV) electronghatresultfrom
back-scatteregammarays,theinfluenceonthechagemea-
suremenfor high-Z primariesis muchsmallerthanit is for
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Fig. 4. Enegy dependencef theenepy resolutionfor protons(cir-

cles),He(upwardpointingtriangles) C (squaresandFe(dovnward
pointingtriangles).

primary protons.
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Fig. 5. Enegy depositionin theBGO calorimeteffor 1 TeV (a) He
and(b) C nuclei. Solid linesrepresentompletefragmentatiorand
dashedinesrepresenminimumfragmentation.
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Fig. 6. Meanbackscatterednegy densityin the Silicon detector
atthetop of the calorimeterasa function of distancefrom the pri-

mary trajectory The datapointsare asfollows: circles, protons;
upward pointingtriangles,He; squaresC; anddowvnward pointing

trianglesFe.



