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Abstract. Double-differential crosssectionsof neutronproductionat anglesfrom 0 to 110 degreesfrom many reactions
inducedby light andmediumnucleion targetsfrom 12C to 208Pb,at several incidentenergiesfrom 95 to 600MeV/nucleon
have beenmeasuredrecentlyat the Instituteof PhysicalandChemicalResearch(RIKEN) Ring Cyclotronin Japanandat
theHeavy-Ion MedicalAcceleratorof theNationalInstituteof RadiologicalSciencein Chiba,Japanusingthetime-of-flight
technique.We have analyzedall thesenew measurementsusingtheQuantumMolecularDynamics(QMD) model,theOak
RidgeintranuclearcascademodelHIC, theISABEL intranuclearcascademodelfrom LAHET, andtheLosAlamosversionof
theQuark-GluonStringModel codeLAQGSM03.On thewhole,all four modelsusedheredescribereasonablywell mostof
themeasuredneutronspectra,althoughdifferentmodelsagreedifferentlywith datafrom specificreactionsandsomeserious
discrepancesare observed for somereactions.We presentheresomeillustrative resultsfrom our study, discusspossible
reasonsfor someof theobserveddiscrepanciesandtry to outlinewaysto furtherimprove thetestedcodesin orderto address
theseproblems.

INTRODUCTION

Recently, intermediate-energyheavy ionshavebeenused
in variousfieldsof nuclearphysicsandmedicalapplica-
tion, especiallycancertherapy. Since1994, more than
2000patientsweretreatedwith 12C beamat theHeavy-
Ion Medical AcceleratorHIMAC at the National Insti-
tuteof RadiologicalScience(NIRS) in Chiba,Japan.At
thetherapy pilot projectat GSI Darmstadt(Gesellschaft
fuer Schwerionenforschung)Germany, more than 250
patientswere treatedwith 12C beamsince1997 and a
new clinical-basedfacility is underconstructionin Hei-
delberg, Germany. Several institutesin the world have
startedor plannedto build radioactive beamfacilities
whereintermediate-energy radioactive heavy ionsareto
beusedfor investigatingexotic nuclei far off the line of
stability andso on. To designthesefacilities, radiation
shieldingis essentialto protectworkersandnearbyin-
habitantsfrom penetratingneutronsproducedby heavy
ions.Dataon double-differentialneutroncrosssections
from suchreactionsareindispensablein estimatingradi-
ationsourcesfor acceleratorshieldingdesign.

Reactionswith intermediate-energy heavy ions are
also of interestto astrophysicsanddatafor suchreac-

tionsarevery importantto estimatetheradiationshield-
ing neededto protectastronauts,computers,and other
electronicson spacecraft.

Recently, double-differentialcrosssectionsof neutron
productionatanglesfrom 0 to 110degreesfrommany re-
actionsinducedby low- andmedium-massnucleiontar-
getsfrom 12C to 208Pb,at severalincidentenergiesfrom
95 to 600MeV/nucleonhave beenmeasuredat RIKEN
andHIMAC usingthetime-of-flighttechnique[1, 2]. We
have analyzedthesemeasurementsusingthe Japanver-
sionof theQuantumMolecularDynamics(QMD) model
coupled with the statistical decay model in the code
JQMD [3], the Oak Ridge intranuclearcascademodel
HIC by Bertini etal. [4] followedby astandardevapora-
tion calculationwith EVAP-4 [5], the ISABEL intranu-
clearcascademodel [6] followed by the Dresnerevap-
oration model code[5] from LAHET [7], and the Los
Alamos versionof the Quark-GluonString Model [8],
containedin thecodeLAQGSM03[9].

RESULTS AND DISCUSSION

The measurmentsaredescribedin [1, 2] anddetailsof
themodelsusedherecanbefoundin [3-9]. Someof our
resultsarepresentedin Figs.1–3.More resultsanda
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FIGURE 1. Comparisonof measured[2] double differential crosssectionsof neutronsfrom 600 MeV/nucleon20Ne, 560
MeV/nucleon 40Ar, 400 MeV/nucleon 20Ne, and 400 MeV/nucleon 40Ar on 12C, 27Al, 64Cu, and 208Pb with our present
LAQGSM03[9] resultsand calculationsby JQMD [3] and HIC [4]. Experimentaldata for thesereactionson Al are not yet
availablesowe presenthereonly our predictionsfrom LAQGSM03.
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FIGURE 2. Comparisonof measureddouble differential cross sectionsof neutronsfrom 290 MeV/nucleon 12C [2], 135
MeV/nucleon20Ne [1], 135MeV/nucleon4He [1], and95 MeV/nucleon40Ar [1] on 12C, 27Al, 64Cu,and208Pbwith our present
LAQGSM03[9] resultsandcalculationsby JQMD[3], HIC [4], andISABEL [6]. Experimentaldatafor 290MeV/nucleon12C on
Al arenotyetavailablesowepresenthereonly ourpredictionsfrom LAQGSM03.



detaileddescriptionof our work will bepublishedlater.
Weseethatonthewhole,all four modelsdescriberea-

sonablywell mostof the measuredneutronspectra,al-
thoughdifferentmodelsagreedifferentlywith datafrom
specificreactionsandsomeseriousdiscrepancesareob-
served for somereactions.The biggestdisagreementis
seenfor forwardspectra,in theregionof thequasielastic
peak,andfor thelow-energypartof thespectrameasured
at 95 MeV/nucleon;the lower in the energy of the inci-
dentbeam,thebiggerthediscrepancy.

We have analyzedwith LAQGSM03possiblereasons
for someof the observed discrepancies,hoping to out-
line ways to further improve such models to address
theseproblems.The left upperplot in Fig. 3 shows re-
sults from an older version of LAQGSM, marked as
LAQGSM01,where the unstableisotopesproducedin
a reactiondo not decay(it was assumedin that ver-
sion thatsuchdecaysshouldbeperformedby thetrans-
port codewhereLAQGSM01is usedas an event gen-
erator).After we decaysuchunstableisotopes(results
marked asLAQGSM02),the agreementof calculations
with the dataimprovesconsiderably. In the right upper
plot of Fig. 3, weshowsresultsof LAQGSM02whenwe
considerFermibreak-upprocessesinsteadof preequilib-
rium+evaporationafterthecascadestageof reactionsei-
therfor nucleiwith massesA � 13or for A � 5.Weseea
muchbetteragreementin the formercase;thereforewe
choosethe criteria of implementingFermi break-upfor
all nuclideswith A � 13. On theleft bottomplot of Fig.
3, we presentresultsof LAQGSM02usingold appprox-
imationsfor elementarynp, pp, and nn crosssections
(marked as “old NN xsec"), and by the newer version
of our code,LAQGSM03[9], that usesnew andbetter
approxumationsfor suchcrosssections.We seethat for
theseparticularreactions,thenew crosssectionsprovide
resultsvery similar to the old ones,althoughthis is not
so for all reactionsandwe get with the new crosssec-
tionsmuchbetterresultsfor certainreactions(seedetails
in [9]). Finally, theright bottomplot of Fig. 3 shows re-
sultscalculatedby LAQGSM03simulatingthe nuclear
densitydescribedby a Fermi distribution, and using a
Gaussianparametrization,asis oftendonein the litera-
turefor light nuclei[10]. Weseethattheresultsprovided
by thesetwo nucleardensitiesarealmostthesame.

WeconcludethatusingabetterFermibreak-upmodel,
betterelementarycrosssectionsfor np, pp, andnn inter-
actionsin INC simulations,andtaking into accountthe
decayof unstableresidualnuclei allows us to improve
to a certaindegreethe agreementof calculationswith
the data, but someseriousdisagreementsstill remain
for severalreactions,especiallyat low incidentenergies.
The othermajor discrepancy occursfor 0-degreespec-
tra. More measurementsof forwardspectracouldaid in
the improvementof thesesimulationtools.Thediscrep-
anciesat low incidentenergiesareprobablydue to the
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FIGURE 3. Analysisof the measuredneutronspectrafrom
135 MeV/nucleon 12C on 27Al [1], 135 MeV/nucleon 12C
on 12C [1], 135 MeV/nucleon 4He on 64Cu [1], and 400
MeV/nucleon 12C on 12C [2] with different versions of
LAQGSM,asdescribedin thetext.

useof the thin-target assumptionin all the models(ex-
ceptfor JQMD, wherea projectileenergy spreaddueto
targetthicknesswasapproximatelyconsideredin ourcal-
culations),while the targetsmeasuredin [1, 2] may not
be thin enough.We plan to checkthis hypothesissoon,
whenall themodelsusedhereareavailableaseventgen-
eratorsin transportcodes,suchasMARS, MCNPX, and
PHITS.
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