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Abstract. Double-diferential crosssectionsof neutronproductionat anglesfrom 0 to 110 degreesfrom mary reactions
inducedby light andmediumnucleion targetsfrom 12C to 298pb, at several incidentenegiesfrom 95 to 600 MeV/nucleon
have beenmeasuredecentlyat the Institute of Physicaland ChemicalResearci{RIKEN) Ring Cyclotronin Japanandat
the Heavy-lon Medical Acceleratorof the Nationallnstituteof RadiologicalSciencein Chiba,Japarusingthetime-of-flight
technique We have analyzedall thesenew measurementssingthe QuantumMolecularDynamics(QMD) model,the Oak
RidgeintranucleacascadenodelHIC, thelSABEL intranucleacascadenodelfrom LAHET, andtheLos Alamosversionof
the Quark-GluonStringModel codeLAQGSM03.0n thewhole, all four modelsusedheredescribereasonablyvell mostof
themeasuredheutronspectraalthoughdifferentmodelsagreedifferently with datafrom specificreactionsandsomeserious
discrepancesire obsered for somereactions.We presenthere someillustrative resultsfrom our study discusspossible
reasongor someof the obsereddiscrepancieandtry to outlinewaysto furtherimprove thetestedcodesin orderto address

theseproblems.

INTRODUCTION

Recentlyintermediate-engly heary ionshavebeenused
in variousfields of nuclearphysicsandmedicalapplica-
tion, especiallycancertherayy. Since 1994, more than
2000patientsweretreatedwith 2C beamat the Heavy-
lon Medical AcceleratorHIMA C at the National Insti-
tute of RadiologicalSciencgNIRS) in Chiba,JapanAt
thetherapy pilot projectat GSI Darmstad{Gesellschaft
fuer Schwerionenforschungpermaty, more than 250
patientswere treatedwith 12C beamsince 1997 and a
new clinical-basedacility is underconstructionin Hei-
delbeg, Germary. Several institutesin the world have
startedor plannedto build radioactve beamfacilities
whereintermediate-engy radioactive heavy ionsareto
be usedfor investigatingexotic nucleifar off the line of
stability and so on. To designthesefacilities, radiation
shieldingis essentiato protectworkersand nearbyin-
habitantsfrom penetratingneutronsproducedby heary
ions. Dataon double-diferentialneutroncrosssections
from suchreactionsareindispensablén estimatingadi-
ationsourcedor acceleratoshieldingdesign.
Reactionswith intermediate-engly heary ions are
also of interestto astrophysicsand datafor suchreac-

tionsarevery importantto estimatethe radiationshield-
ing neededto protectastronautscomputersand other
electronicson spacecraft.

Recently double-diferentialcrosssectionsof neutron
productionatangledrom 0 to 110degreesfrom mary re-
actionsinducedby low- andmedium-massucleiontar-
getsfrom 2C to 2°8Pb, at severalincidentenegiesfrom
95 to 600 MeV/nucleonhave beenmeasuredt RIKEN
andHIMA C usingthetime-of-flighttechniqud1, 2]. We
have analyzedthesemeasurementssingthe 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 a standardvapora-
tion calculationwith EVAP-4 [5], the ISABEL intranu-
clear cascadanodel[6] followed by the Dresnerevap-
oration model code[5] from LAHET [7], andthe Los
Alamos versionof the Quark-GluonString Model [8],
containedn thecodeLAQGSMO03[9].

RESULTS AND DISCUSSION

The measurmentare describedn [1, 2] anddetailsof
themodelsusedherecanbefoundin [3-9]. Someof our
resultsarepresentedn Figs.1-3.More resultsanda



d?0/dT/dQ (mb/MeV/sr)

d°0/dT/dQ (mb/MeV/sr)

10

=
o

=
o

10

=
o

=
o

2Ne(600 MeV/A) + 2C = n + ...

2Ne(600 MeV/A) + Al = n + ...
5° (x 10°%)
10° (x 10%)
20° (x 10%)
30° (x 10%
40° (x 10%)

60° (x 10

80° (x 10°%)

QMD

N A

2 3
10 10

Tn

2 3
10 10 10
(MeV)

2Ne(400 MeV/A) + 2C = n + ...

2ONe(400 MeV/A) + Z7Al = n + ..
5° (x 10°)

10° (x 10%)
20° (x 10%)
30° (x 10%

40° (x 10°2)

80° (x 10°%)

. f
=]
+2%pPh 5 n+ .

— LAQGSMO3 .

-- QMD
R A I, ¥
10  10° 10° 10 10° 10°
T (MeV)

d?0/dT/dQ (mb/MeV/sr)

d?0/dT/dQ (mb/MeV/sr)

10

T
“OAr(560 MeV/A) + 2C —n + ...

=
o

[any
o

T
“OAr(560 MeV/A) + Al = n + ...

5° (x 10%)

10° (x 10%)
20° (x 10%)
30° (x 10%
40° (x 107)
60° (x 10™)

80° (x 10°%)

“OAr(560 MeV/A) + 2®Pb — n + ..

M |

3
10

2
10

10

. (MeV)

10

LA B L B R
“OAr(400 MeV/A) +2C = n + ...

=
o

[any
o

AL B 1) e )
“OAr(400 MeV/A) + ZAl - n + ...

5° (x 10%)

10° (x 10%)

20° (x 10%)

40° (x 10%)

60° (x 10™)

80° (x 10°%)

10

FIGURE 1. Comparisonof measured?2] double differential crosssectionsof neutronsfrom 600 MeV/nucleon?°Ne, 560
MeV/nucleon4%Ar, 400 MeV/nucleonZ°Ne, and 400 MeV/nucleon“9Ar on 12C, 27Al, %4Cu, and 2%8Pb with our present
LAQGSMO03[9] resultsand calculationsby JQMD [3] and HIC [4]. Experimentaldatafor thesereactionson Al are not yet
availablesowe presenhereonly our predictionsfrom LAQGSMO03.
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FIGURE 2. Comparisonof measureddouble differential cross sectionsof neutronsfrom 290 MeV/nucleon2C [2], 135
MeV/nucleon?®Ne [1], 135MeV/nucleon*He [1], and95 MeV/nucleon?®Ar [1] on12C, 27Al, 84Cu, and2°8Pbwith our present

LAQGSMO03[9] resultsandcalculationsby JQMD[3], HIC [4], andISABEL [6]. Experimentabatafor 290 MeV/nucleon!2C on
Al arenotyetavailablesowe presenhereonly our predictionsfrom LAQGSMO03.



detaileddescriptionof ourwork will be publishedater.

We seethatonthewhole,all four modelsdescribaea-
sonablywell mostof the measurecheutronspectraal-
thoughdifferentmodelsagreedifferentlywith datafrom
specificreactionsandsomeseriousdiscrepanceareob-
sened for somereactions.The biggestdisagreemenis
seerfor forwardspectrajn theregion of the quasielastic
peak.andfor thelow-enegy partof thespectraneasured
at 95 MeV/nucleon;the lower in the enegy of theinci-
dentbeam the biggerthediscrepanyg.

We have analyzedwith LAQGSMO3possiblereasons
for someof the obsened discrepancieshopingto out-
line ways to further improve such modelsto address
theseproblems.The left upperplot in Fig. 3 shawvs re-
sults from an older version of LAQGSM, marked as
LAQGSMO1,wherethe unstableisotopesproducedin
a reactiondo not decay (it was assumedn that ver-
sionthat suchdecaysshouldbe performedby the trans-
port codewhere LAQGSMO1is usedas an event gen-
erator). After we decaysuchunstableisotopes(results
marked as LAQGSMO02),the agreemenbf calculations
with the dataimprovesconsiderablyln the right upper
plot of Fig. 3, we shawvsresultsof LAQGSMO02whenwe
considet~ermibreak-upprocesseisteadof preequilib-
rium+evaporationafterthe cascadetageof reactionsei-
therfor nucleiwith masse#\ < 13orfor A < 5. We seea
muchbetteragreemenin the former casethereforewe
choosethe criteria of implementingFermi break-upfor
all nuclideswith A < 13. Ontheleft bottomplot of Fig.
3, we presentesultsof LAQGSMO02usingold appprox-
imationsfor elementarynp, pp, and nn crosssections
(marked as “old NN xsec"),and by the newer version
of our code,LAQGSMO03[9], that usesnew and better
approxumationgor suchcrosssectionsWe seethat for
theseparticularreactionsthenew crosssectiongrovide
resultsvery similar to the old ones,althoughthis is not
sofor all reactionsandwe get with the new crosssec-
tionsmuchbetterresultsfor certainreactiongseedetails
in [9]). Finally, theright bottomplot of Fig. 3 shavs re-
sults calculatedby LAQGSMO03simulatingthe nuclear
density describedby a Fermi distribution, and using a
Gaussiarparametrizationasis often donein the litera-
turefor light nuclei[10]. We seethattheresultsprovided
by thesetwo nucleardensitiesarealmostthe same.

We concludethatusingabetterFermibreak-upmodel,
betterelementancrosssectiondor np, pp, andnninter
actionsin INC simulations,andtaking into accountthe
decayof unstableresidualnuclei allows us to improve
to a certaindegreethe agreemenbf calculationswith
the data, but some seriousdisagreementstill remain
for severalreactionsgspeciallyat low incidentenegies.
The other major discrepang occursfor 0-degreespec-
tra. More measurementsf forward spectracould aid in
theimprovementof thesesimulationtools. The discrep-
anciesat low incidentenegiesare probablydueto the
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FIGURE 3. Analysisof the measuredeutronspectrafrom
135 MeV/nucleon12C on 27Al Jl]’ 135 MeV/nucleon12C
on 12C [1], 135 MeV/nucleon“He on 64Cu [1], and 400
MeV/nucleon 12C on 12C [2] with different versions of
LAQGSM,asdescribedn thetext.

useof the thin-tagetassumptiorin all the models(ex-
ceptfor JQMD, wherea projectileenepgy spreaddueto
targetthicknessvasapproximatelyconsideredhn ourcal-
culations),while the targetsmeasuredn [1, 2] may not
be thin enough.We planto checkthis hypothesissoon,
whenall themodelsusedhereareavailableaseventgen-
eratorsin transportcodes suchasMARS, MCNPX, and
PHITS.
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