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Abstract. The AdvancedCosmic-rayCompositionExperi-
ment for the SpaceStation(ACCESS)is baselinedwith an
ionizationcalorimeterfor high-energy cosmicray composi-
tionmeasurements.WehavedevelopedGEANT-basedsimu-
lationmodelsof theinstrumentto studyits performance.The
original GEANT codewasdevelopedprimarily for acceler-
ator colliding protonbeamexperiments,anddoesn’t handle
incidentnuclei heavier thanprotons. To studythe detector
responseto Z � 1 cosmicrays,wethushadto developasep-
aratecodefor heavy ion interactionsandfragmentation,to
beinterfacedwith GEANT. Below we presentresultsof our
simulationsof theACCESSbaselinecalorimeterresponseto
heavy ions.

1 Introduction

TheACCESSmissionwill measuretheenergy spectraof in-
dividualelementsfrom hydrogento iron in cosmicradiation
approachingthekneeregion (Gaisseret al., 1998),which is
crucialfor understandingtheaccelerationlimit in supernova
blastwaves.Thebaselinedesignof ACCESSshownin Fig. 1
employsa ChargeIdentificationModule(CIM), aTransition
RadiationDetector(TRD) anda thin calorimeterto measure
thecharge,velocityandenergy of cosmicrayswith energies
up to approximately10��� eV. For heavy ions(Z � 3) within
both the TRD andcalorimeteraperture,the TRD measures
theLorentzfactorby determiningtheyield of transitionra-
diation,andthe calorimetermeasuresthe energy depositof
the showers initiated by them. The uniquecombinationof
detectorsprovidesadirectcrosscalibrationof bothdetectors
for a subsetof nucleiin anenergy regionwhich is inaccessi-
ble by terrestrialacceleratorsin thenearfuture.

To studythecalorimetershowersinitiatedby heavy ions,
severaleventgeneratorsfor relativistic ion interactions,
FRITIOF, RQMDetc.,wereimplementedandinterfacedwith
the widely usedsimulationpackageGEANT (Brun et al.,
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Fig. 1. Cross-sectionalview of theACCESSbaselineconfiguration.
Overlayedis asimulated500GeVHeevent.

1984).Referto Kim et al. (1999)for thedetailedprocedure
anda comparisonwith acceleratordata. In this paper, we
presentresultsof our simulationsof the ACCESSbaseline
calorimeterresponseto heavy ions.

2 ACCESS Baseline

Figure1 illustratestheACCESSBaselineconfiguration.The
CIM is similar to the Silicon detectorsitting directly above
thecalorimetertarget.Botharesiliconmatriceswith suitable
pixel size to distinguishthe charge of the primary cosmic
ray from theabundantback-splashparticlesassociatedwith
calorimetershowers.TheTRD consistsof six layersof radi-
atorsplus proportionaltubesto recordthe TR signals,with
scintillatorsfor triggering the subsystem.The calorimeter
includesa oneinteraction-lengththick targetof inert carbon
followedby a BismuthGermanate(BGO) calorimeterwith
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laterallyorientedcrystalsin crossedlayers.Thethicknessof
the BGO is 27 radiationlengthswhich will provide an en-
ergy resolutionbetterthan35%over theentireenergy range
of ACCESS.Thescintillatorsin thecalorimetermodulepro-
videafasteventtriggerandsomeadditionalinformation,i.e.,
chargemeasurementto supplementtheSi matrix andtrack-
ing informationin additionto BGO crystals.Thecalorime-
ter Si matrix providescharge measurementseven for many
eventswhichdonotpassthroughtheCIM module.

TheTRD hasa largegeometryacceptanceof 8 m� sr. The
calorimeteris designedwith optimizedtargetshapeandmass
allocationbetweenthe carbontarget andthe BGO crystals.
Theraw geometryfactorof thecalorimeteris 0.91m� sr. The
overall interactionprobability for protonswithin the geom-
etry is about70%,increasingwith higherincidentchargeto
near100%for Fe nuclei. About 63% of calorimeterevents
(0.57m� sr) will passthroughtheCIM andtheentireTRD,
andthoseeventscouldbeusedto crosscalibratebothinstru-
ments. Assumingthe power law spectraof proton,helium
andall particles(Wiebel et al., 1998)measuredat low en-
ergies can be extendedto 1 PeV (10��� eV) and above, the
calorimeteris expectedto detectat least10 protons,30 he-
lium nucleiand45 heavy nuclei (Z 	 3) with energy above
1 PeV.

3 Simulation

3.1 Heavy ion simulationin theGEANT framework

TheGEANT code(Brunetal., 1984)wasdevelopedprimar-
ily for acceleratorcolliding protonbeamexperiments.Since
GEANTdoesnotaccommodatethesimulationof heavy ions,
we have interfacedGEANT with the hadronicsimulation
packagesFRITIOF/RQMD for heavy ion simulation(Kim
et al., 1999).FRITIOF (Andersson,1993)is basedon semi-
classicalconsiderationsof string dynamicsfor high energy
hadroniccollisions. RQMD (Relativistic QuantumMolec-
ular Dynamics)was adoptedfor our simulationsof heavy
ions for energies in the center-of-massframe lessthan 10
GeV/nucleon. RQMD is a semi-classicalmicroscopicap-
proachwhich combinesclassicalpropagationwith stochas-
tic interactions,and it successfullydescribesthe available
single-particlespectraat theAGSandCERN(Sorge,1995).

To adaptGEANTfor heavy ionsimulations,two interfaces
weremade.Onewasto implementtheNASA Langley Re-
searchCenter(LaRC) model (seenext subsection)for de-
termininginteractionprobabilitiesfor heavy ions. The sec-
ondwasto embedFRITIOF/RQMDinto GEANT to perform
heavy ion fragmentation.

3.2 Nuclearinteractionprobability

Oursimulationsrequiredcrosssectionscoveringvarioustar-
getmaterialsfrom low Z to high Z (e.g. carbon,aluminum,
scintillator (hydrogen),andBGO) with heavy ion beamsin
theenergyrangefromtensof GeVtoabove1PeV. TheLaRC
parameterizationmethodwas introducedfor this purpose.

This model,developedby Tripathi et al. (1996),is a univer-
salparameterizationmethodfor reactioncrosssections,and
canbeusedfor any systemof colliding nuclei. In theLaRC
model,thereactioncrosssection
�� canbeexpressedby the
formula
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wherer � = 1.1 fm, A : andA ; arerespectively theprojectile
and target massnumbers,and E365 is the colliding system
center-of-massenergy. The #<% termrepresentstwo effects:
transparency andPauli blocking at intermediateandhigher
energies.Thelasttermis theCoulombinteractiontermwith
B representingthe energy-dependentCoulombbarrier. We
havecompiledexperimentalcrosssectiondatafor deuterons,
and helium nuclei and have usedthem to tune the LaRC
model. Referto Wanget al. (1999,2001)for a detaileddis-
cussion.

Table1 summarizesthe interactionfractionsof vertically
incidentprotons,He,C andFeatdifferentinstrumentdepths.
A largenumberof events,morethanhalf in thecaseof Fe,in-
teractinsidetheTRD orCIM modules.An algorithmto iden-
tify particlesinteractingin theTRD but not passingthrough
theCIM hasbeendeveloped(Wangetal.,2000),andthedata
arebeinganalyzedwith thisalgorithm.

Table 1. Fractionof eventswith first interactionsin differentmod-
ules.

Modules CIM TRD Carbontarget BGOcalorimeter
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 Results and Discussion

4.1 Energy responseandresolution

Usingthesimulationcodedevelopedfor this study, we have
simulatedtheenergyresponseandresolutionof theACCESS
baselineinstrumentfor several abundantcosmic-rayheavy
ionswith energiesfrom 100GeV to 10 TeV. Figure2 shows
the distribution of energy depositionof 1 TeV protons,He,
C and Fe as simulatedusing the FRITIOF completefrag-
mentationmodel. Only eventsfirst interactingin the car-
bontargetwereselected.Themeanenergy deposition(E5 )
is about46% of the primary energy for protons. This frac-
tion is slightly smallerfor heavier ionsandis about36%for
1 TeV Fe nuclei. This is due to the fact that heavier ions
have more ionization energy loss in the detectormaterials
above the BGO calorimeter, and that somenucleonsfrom
thecompletefragmentationof heavy nucleipassthroughthe
calorimeterwithout further interaction.As shown in Fig. 3,
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Fig. 2. Energy depositionin the BGO calorimeterfor 1 TeV pro-
tons,He,C andFerespectively.

theenergy dependenceof themeanenergy depositionis al-
mostlinearover theentiresimulatedenergy range.Theen-
ergy resolution( E /EF , where E is thestandarddeviation of
theenergydepositdistribution)is presentedin Fig. 4 for pro-
tons,He,C andFe.Theheavy ion energy resolutionis much
betterthanthatfor protons(about32%),improving with in-
creasingatomicnumber.

4.2 Completefragmentationvs. minimumfragmentation

Two differentfragmentationmodelswereconsideredin
FRITIOF:(1)completefragmentation,and(2)minimumfrag-
mentation.Thecompletefragmentationmodelis similar to
thesuperpositionmodel.Theincidentnucleusis fragmented
completelyinto individualnucleonsduringthefirst hadronic
interactionwith the detector. In the minimum fragmenta-
tion model, somenucleonsareknocked out from the inci-
dentheavy ion duringeachinteraction,andtheresidualnu-
cleusremainsintactasa singlefragment.Nucleonsin light
ions,suchasHe,behavemuchlikefreenucleons.Figure5(a)

10 2

10 3

10 4
G

10
2

10
3

10
4
G

pH
He
I
C
J
Fe

Kinetic Energy (GeV)

M
ea

n 
E

ne
rg

y 
D

ep
os

it 
(G

eV
)

Fig. 3. Energy dependenceof themeanenergy depositionfor pro-
tons(circles),He (upward pointing triangles),C (squares)andFe
(downwardpointingtriangles).

showsthatbothmodelsproducesimilar resultsfor 1 TeV he-
lium nuclei. Whenthemassnumberincreases,thenucleons
areboundtogethermoretightly. The minimum fragmenta-
tion modelemployedhereunderestimatesthedegreeof nu-
clear interactions,so the simulatedcalorimeterleakagehas
largerfluctuationsthanexperimentallyobserved.Figure5(b)
indicatesadifferencein theenergydepositof incidentcarbon
nuclei for the two models: specifically, asexpected,mini-
mumfragmentationshows largerfluctuationsthancomplete
fragmentation.Theactualenergy responseandresolutionof
heavy ionsshouldbebetweentheestimatesfrom thesetwo
models.

4.3 Backscattereffect

Duringthecascadesimulations,wekepttrackof thebackscat-
teredparticlesfrom the BGO calorimeter/carbontarget and
studiedhow thesealbedoparticlescan affect the primary
chargemeasurements.In orderto studythiseffect,theircon-
tribution to the energy depositin the charge detectorswas
distinguishedfromtheionizationlossof theprimaryparticle.
Figure6 plots the meanback-scatteredenergy depositden-
sity (in MeV/cmK ) in theSi matrixat thetopof thecalorime-
ter as a function of the distancefrom the incidentprimary
trajectory. Theincidentenergy is 1 TeV for all four species.
Thesedataareobtainedfrom eventsinteractingin the car-
bon target. The figure shows the gradualrise of backscat-
ter energy densitywith the primary atomicnumbersasex-
pected. Since the energy depositof the primary particles
is proportionalto Z K , andmostof the albedochargedpar-
ticlesarerelativistic (severalMeV) electronsthatresultfrom
back-scatteredgammarays,theinfluenceonthechargemea-
surementfor high-Z primariesis muchsmallerthanit is for
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Fig. 4. Energy dependenceof theenergy resolutionfor protons(cir-
cles),He(upwardpointingtriangles),C (squares)andFe(downward
pointingtriangles).

primaryprotons.
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Fig. 5. Energy depositionin theBGOcalorimeterfor 1 TeV (a)He
and(b) C nuclei. Solid linesrepresentcompletefragmentationand
dashedlinesrepresentminimumfragmentation.
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Fig. 6. Meanbackscatteredenergy densityin the Silicon detector
at thetop of thecalorimeterasa functionof distancefrom thepri-
mary trajectory. The datapointsareas follows: circles,protons;
upwardpointingtriangles,He; squares,C; anddownwardpointing
triangles,Fe.


