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Abstract

The MARS codesystem,developedover 30 years,is a setof Monte Carlo programsfor detailed
simulationof hadronicand electromagneticascade# an arbitrary geometryof acceleratqrdetector
andspacecraftomponentsvith particleenepy rangingfrom afractionof anelectronvolt upto 100TeV.
The new MARS15 (2004)versionis describedwith an emphasion modelingphysicsprocessesThis
includesanextendedist of elementaryarticlesandarbitraryheavy ions,theirinteractioncross-sections,
inclusive andexclusive nucleareventgeneratorsphoto-hadrorproduction,correlatedonizationenegy
lossandmultiple Coulombscatteringnuclide productionandresidualactivation,andradiationdamage
(DPA). In particular the detailsof a new modelfor leadingbaryonproductionandimplementatiorof
advancedversionsof the Cascade-ExcitoModel (CEM03), andtheLos Alamosversionof Quark-Gluon
String Model (LAQGSM03) aregiven. The applicationsthat are motivating thesedevelopmentsneeds
for betternucleardata,andfuture physicsimprovementsaredescribed.
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Abstract. The MARS code system,developedover 30 years,is a setof Monte Carlo programsfor detailed
simulation of hadronicand electromagneticcascadesn an arbitrary geometryof acceleratardetectorand
spacecraftomponentswvith particle enegy rangingfrom a fraction of an electronvolt up to 100 TeV. The
nev MARS15 (2004) versionis describedwith an emphasison modelingphysicsprocessesThis includesan
extendedlist of elementaryparticlesand arbitrary heary ions, their interactioncross-sectionsinclusive and
exclusive nuclearevent generators photohadronproduction, correlatedionization enegy loss and multiple
Coulomb scattering,nuclide productionand residual activation, and radiation damage(DPA). In particular
the details of a new model for leading baryon productionand implementationof adwancedversionsof the
Cascade-ExcitoModel (CEM03), andthe Los Alamosversionof Quark-GluonString Model (LAQGSM03) are
given.Theapplicationghataremotivatingthesedevelopmentsneeddor betternucleardata,andfuture physics

improvementsaredescribed.

INTRODUCTION

The MARS codesystem[1, 2] is designedfor detailed
simulationof hadronicand electromagneticascadei
an arbitrary geometryof shielding,acceleratgrdetector
and spacecrafttomponentsThe currentMARS15 ver-
sion [3, 4] combinesthe theoreticalmodelsfor strong,
weak and electromagnetidnteractionswith matter of
hadronsheary ionsandleptons,andphenomenological
models.A systemstudiedcancontainup to 10° objects,
rangingin dimensiongrom micronsto hundredskilome-
tersand canbe madeof up to 100 compositematerials,
with arbitrary3-D magneticandelectricfields.A powver-
ful Graphical-Usetnterfaceis usedfor visualizationof
the geometry materials fields, particle trajectoriesand
resultsof calculationsMARS15 providesfive geometry
optionsand flexible histograming,can useas an input
MAD opticsfiles, andprovidesan MPI-basedmultipro-
cessingoptionandvariousbiasingtechniques.

1 Work supportedby the UniversitiesResearchssociation,Inc., un-
der contractDE-AC02-76CH0300@vith the U. S. Departmenbf En-
ey, andin partby the Moldovan-UShilateralgrantprogram,CRDF
projectsMP2-3025and MP3045,and the NASA grant NRA-01-01-
ATP-066.

NUCLEAR CROSS-SECTIONS

Total and elastic cross-section®f hadron-nucleorin-
teractionsfor ordinary hadronsare describedusingcor-
respondingfits to experimentaldata.Cross-sectionsor
hyperon-nucleorinteractionsare describedvia the or-
dinary hadroncross-sectionsising the Additive Quark
Modelrules.At enegiesabove 5 GeV, suchanapproach
agreeswell with data.At lower enegies,the hyperon-
nucleoncross-sectionarevery closeto proton-nucleon
onesHadron-nucleusotal andinelasticcross-sectionat
enegiesabove 5 GeV arecalculatedusing the Glauber
model. At lower enegies, parameterizationso experi-
mentaldataareused For neutralkaons cross-sectionsn
bothnucleonandnucleugargetsarecalculatedusingthe
relation basedon isospinand hyperchage conjugation.
Total andinelasticcross-sectiongor heary-ion nuclear
interactionsarebasedon the JINR model(seeRef. [4]).
Photonucleamteractioncross-sectionare describedn
greatdetailsfor all nucleiandenegiesfrom afew MeV
upto 40 TeV usingapproximationgrom Ref. [5]. Fig. 1
gives an example of the neutronand heavy-ion cross-
sectiondescriptionin thecode.



Total cross section (barn)
T T T
g
"
al
2
o
¢
"

Inelastic cross section (b)

Energy (MeV/A)

FIGURE 1. Total neutron-nucleusross-sectiongtop) and
inelasticnuclearcross-sectionsf 12C ions (bottom)ascalcu-
latedin MARS15 (solid lines)vs data[6]. Dashedinesarefrom
NASA model(seeRef.[4]).

INCLUSIVE EVENT GENERATOR

Many processesn MARS15, such as electromagnetic
shavers, most of hadron-nucleusnteractions,decays
of unstableparticles,emissionof synchrotronphotons,
photohadrorproductionand muon pair production,can
be treatedeither analogouslyor inclusively with corre-
spondingstatistical weights. The basic model for the
original MARS program[1], introducedin 1974, came
from Feynmansideasconcerninganinclusive approach
to multiparticle reactionsand weighting techniquesAt
eachinteractionvertex, a particle cascaderee can be
constructedisingonly a fixed numberof representatie
particles(the precisenumberandtype dependingn the
specificsof the interaction),and eachparticle carriesa
statisticalweightw, which is equal,in the simplestcase,
to the partial meanmultiplicity of the particularevent.
Enegy andmomentumareconseredon average overa
numberof collisions.It wasprovedrigorouslythatsuch
an estimateof the first momentof the distribution func-
tion is unbiased7].

Inclusive particle productionin nuclearinteractions
above 3 GeVis modeledn MARS15 usingthefollowing
form for doubledifferentialdistributions:

dZNpAapX
dpdQ

d2NPP—PX

— RPA—PX -
R (Aa E07 p7 pl) dde :

Differential cross-sectionsn a hydrogentarget are de-
scribedby a set of modelsand phenomenologicafor-

”E pBe = pX E b Al — pX
v 10°E  19.2 GeV/c g 10° 19.2 GeV/c
o o
S~ o~
Qo o
éwoz éwoz
nCL mCL
< <
o 0 ¥ (mrad)
o 12 oo Le 125
S 10 26 w10 o 25
30 = 30
40 0 40
50 s 50
; 80 L Lacgo
70‘ v 70‘ )
a 5 10 15 20 o} 5 10 15 20
p (GeV/c) p (GeV/c)
i pCu —> pX Q N\ pPb = px
g 102 19.2 GeV/c g 103; 19.2 GeV/c
@] £ o S =
o i
~ 0%k = 102E
- F s
L f <
o F 2 (mrad) o 9 (mr
° L e 125 ° L e 12,
w0 E g0 w10 E g5
F =30 = 30
[ o240 o 40
L a 50 4 50
;L aBo , LaBo
E¥70 ‘ ‘ v 70
a 5 10 15 20 0 5 10 15 20
p (GeV/c) p (GeV/c)
FIGURE 2. Invariantcross-sectionfor pA — pX reactions

at19.2GeV/cin MARS15 (lines)vs data[8].

mulae.For example,proton productionin pp-collisions

dz’a‘g%px, is describedvith ahighaccurag in four kine-

maticregionsof FeinmansS x- = | p{ / Prnax/

1. Resonanceegion x > 1—2.2/p,, a sumof five
baryonresonance®reit-Wignerformulae.

2. Diffractive dissociationregion 1 —2.2/p, < X <
0.9, triple-Reggeonformalism.

3. Fragmentatiomegion 0.4 < x- < 0.9, phenomeno-
logical modelwith flat behaior onlongitudinaland
exponentialon trans\ersemomenta.

4. Centralregion0 < Xz < 0.4, fit to experimentabata
with normalizationsatx. = 0 andx. = 0.4.

A nuclearmodification factor RPA~PX is known much
betterthan the absoluteyields, and its dependencen
particlemomentap  , p,, andp is muchwealer thanfor
the differential cross-sectionthemseles. For example,
for pA — pX, it is presentedn afactorizedorm
RPA-PX = F(p/ po) (5)°7F ().

A momentunrdependencis givenby theAdditive Quark
Model. Quasi-elasticscatteringis modeledadditionally
A quality of this modelis demonstrateth Fig. 2.

EXCLUSIVE EVENT GENERATOR

The 2003 version of the improved Cascade-Exciton
Model[9] code,cEMO03, combinedvith theFermibreak-
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FIGURE 3. Differential cross-sectionsof neutrons in
560 MeV/A Ar +C and Ar + Pb reactionsas calculatedwith
LAQGSMO03, JQMD [12] andHIc [13] codesvs data[14].

up model, the coalescencemodel, and an improved
version of the GeneralizedEvaporation-fissionModel
(GeEmM2) is usedasa default for hadron-nucleugterac-
tionsbelov 5 GeV. The 2003versionof the Los Alamos
Quark-GluonString Model [10] code,LAQGSMO03, was
implementedinto MARS15 for particle and heary-ion
projectilesat 10 MeV/A to 800 GeV/A. This provides
a power of full theoreticallyconsistenimodelingof ex-
clusive and inclusive distributions of secondaryparti-
cles,spallation fission,andfragmentatiorproducts(see
Refs.[3, 4]). Thefollowing moduleshave beenimproved
recently in this package:intra-nuclearcascade(angu-
lar distributions);complex particleemissionalgorithms;
photonucleamodelingat 30 MeV to 2 GeV in CEM;
anda hydrogentargetmode.Figs. 3 and4 shav bench-
marking resultsfor neutronand nuclide productionin
heavy-ion nuclearinteractions Furtherdevelopmentof
this packageareundervay.

For several yearsMARS is linked to the Dual-Parton
Model code[11], DPMJIET3, for the very first vertex in
a cascaderee.This is usedin our numerousstudiesfor
theLHC 7x7 TeV collider andits detectorsandatvery
high enegiesupto 100 TeV.

ELASTIC SCATTERING

The elasticmodel at E<5 GeV is basedon evaluated
nuclear data from the LA-150 and ENDF/HE-VI li-

braries[16] andfrom othersourceqseeRef.[17]). For
protons,the interferenceof nuclearand Coulombelas-
tic scatterings takeninto accountAn exampleis shavn

in Fig. 5. At E>5 GeV, a simple analyticaldescription
usedin the codefor the coherenttomponenbf scatter
ing cross-sections quite consistentvith data.
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FIGURE 4. Massyield in 8Kr +° Be reactionat 1 GeV/A
ascalculatedwvith LAQGSM03 andmeasuredn Ref. [15].
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FIGURE 5. Neutronelasticscatteringdistributionson cop-
percalculatedvith MARS15 (thick solid line), LAHET (dashed
line) and Syche formula (thin line) vs data (symbols) (see
Ref.[17]).

LOW-ENERGY NEUTRONS

Oncethe enegy of neutronsfalls belov 14 MeV, all
subsequenteutroninteractionsare describedusingthe
appropriatemcNP4C [18] modules.Secondariegener
ated at this stageby neutrons— protons,photonsand
deuterons- aredirectedbackto the MARS modulesfor
a correspondingreatment.This implementationalong
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FIGURE 6. Meanionizationenepy lossfor leadionsin alu-
minum (top) andfor 238 ionsin carbon(bottom)ascalculated
in MARS15 andmeasuredqseeRef. [4]).

with algorithmsdevelopedfor heavier recoils and pho-
tonsfrom thethermalneutroncaptureon 6Li and1B, al-
lows the detaileddescriptionof correspondingffectsin
hydrogenoushoratedandlithium-loadedmaterials.The
interfaceincludesseveral othermodificationsto the dy-
namically allocatedstorage,material handling,as well
asanoptionalwriting of low-enegy neutronsandother
particlesto afile for further treatmentby a stand-alone
MCNP codeif needed.

ELECTROMAGNETIC PROCESSES

The meanionization enegy loss for chaged particles,
exceptfor heary ions, is calculatedusing Betheformal-
ism with the densitycorrection.For heary ions— asde-
scribedin Ref. [4] — the Lindhard-Sorensenorrection
to the regularionizationlogarithmand Barkasterm are
takeninto account.In addition,at low ion kinetic ener
gies, the processe®f electroncaptureandlossare ac-
countedfor by meansof an effective ion chage. The
effective chage, z¢, is determinedaccordingto semi-
empiricalformulaeandusedinsteadof abareion chage.
The projectile nuclearform-factoris alsotakeninto ac-
count. Comparisonbetweencalculatedstopping power
anddatafor leadanduraniumionsis givenin Fig. 6.

A new algorithm[19] for modelingcorrelatedoniza-
tion enegy loss and multiple Coulomb scatteringwas
implementedn MARS15 for arbitrarymixtures.It takes
into accounfarbitraryprojectileandnucleartargetchage
distributions, exact kinematicsof projectile-electrorin-
teractionsnuclearscreeningprojectile-electronnterac-
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FIGURE 7. Coulombscatteringdf 70-GeVprotonson0.1X,
thick hydrogen(top) and lead (bottom) targets as calculated
in MARS15 (solid histogram)and with a standardGaussian
(dashedine) andmeasuredn Ref.[20].

tions,andaccuratelytreatsboth softandhardcollisions.
Calculatedcorrelationdbetweerenegy lossandscatter
ing arequite substantiafor low-Z targets.A comparison
of new resultswith datais shavn in Fig. 7 alongwith the
Rossidistribution.

Radiatve processedor single-chaged particlesand
heary ions—bremsstrahlungnddirectpair production—
aremodeleddirectly [7].

RESIDUAL DOSE

A substantiallyimproved w-factorbasedalgorithm[21]

to calculateresidualdoseratesin arbitrary composite
materialsfor arbitraryirradiationandcoolingtimeswas
developed and implementedinto MARS15. The algo-
rithm distinguisheghreemajor enegy groupsresponsi-
ble for radionuclideproduction:(1) above 20 MeV, (2) 1

to 20 MeV, and(3) belowv 0.5 eV. Creationof theresid-
ual nuclideswas pre-calculatedwith the FLUKA code
for cascadesnducedby enepetic hadronsin cylindri-

cal samplesof 17 elements:C, O, Na, Mg, Al, Si, K,

Ca, Cr, Fe, Ni, Cu, Nb, Ag, Ba, W, Ph The emission
ratesof de-eccitation photonswere determinedor irra-

diation time 12 hours< T, <20 yearsand cooling time

1 sex Tc <20 years.Correspondingloserateson the
outersurfacesare calculatedrom photonfluxesandre-

latedto the stardensityabove 20 MeV (first group),and
neutronfluxesin two otherenegy groups.



RADIATION EFFECTS

Radiationdamageo material— displacementper atom
(DPA) — is calculatedin MARS15 within a damageen-
ergy concepttakinginto accountrecoil nucleiin elastic
andinelastichadron-nucleugteractions Although this
is aratheradequatepproacHor mary applicationsfur-
ther developmentgo the model,e.g., a gamma-induced
radiationdamagechannelareundervay.

A modelto simulatesingleeventupset{SEU)in elec-
tronic devicesis underdevelopmentlt employs a sharp
thresholdfunction for an upset probability and com-
plete 3-D modeling of heary-ion transportand ioniza-
tion lossin microscopicelectronicstructuresCurrently
in MARS15, theenegy thresholdor heavy ionsis aslow
as100keV pernucleonand,thereforethe SEUmodelis
adequatevhenions of mediumandhigh enegiesdomi-
nate,i.e. for spaceapplications.

THICK TARGET BENCHMARKING

New photonucleaalgorithmsin MARS15 for interaction
cross-sectionandhadronproductionhave beenrecently
testecby theKEK colleaguegT. Sanami)Neutronspec-
traatthreeangleshave beencalculatedvith theMARS15
and MCNPX codesfor a 2-GeV electronbeamon a 10
radiationlengththick coppertarget.Fig. 8 shavs calcu-
latedresultsin comparisorwith experimentaldata[22].
Resultsarein a good agreementt all neutronenegies
except for the middle of the enegy region at smallest
anglewherecalculationsslightly underestimatéhe data.
Furtheranalysiss needed.

Second thick target test concerns benchmarking
the heavy-ion interaction and transportalgorithmsin
MARS15. Fig. 9 shaws neutronyield from a lead cylin-
derof 20-cmdiameterand60-cmthick irradiatedby 0.5
to 3.65GeV/A light ion beamsOur resultsarein agood
agreemenwith data[23] and predictionsof the latest
versionof the SHIELD code[24] presentedn Ref.[25].

APPLICATIONS

Major MARS15 applicationsinclude: operationaland
accidental/destruate beam loss, collimation, targetry
(vield andmaterialintegrity), radiationdamagen mate-
rials (DPA) andelectronics(SEU), shielding(including
deeppenetration)activation, ervironment(groundwa-
ter etc), protectionof superconductingnagnetgquench
stability and dynamic heatloads), proton radiography
neutrino-inducedradiation hazard, background mini-
mizationin collider and fixed-taget experiments,neu-
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FIGURE 8. Neutronspectracalculatedwith MARS15 and
MCNPX atthreeanglesor a2-GeVelectronn athick copper
targetvs data[22].
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FIGURE 9. Calculatedvith MARS15 andSHIELD andmea-
suredin Ref. [23] total neutronyield (E<14.5MeV) from a
leadcylinder vsion beameneny.

trino experiments,cosmicrays and spaceexploration.
Specificrecentapplicationsvereasfollows:

Accelerators. Fermilab (E, = 5 MeV to 1000 GeV),
Proton Driver (up to 8 GeV), LHC at CERN (up
to 7 TeV per beam),J-FARC and KEK in Japan
(Ey = 0.4 to 50 GeV), SpallationNeutron Source
at ORNL, RarelsotopeAcceleratorat ANL/MSU
(upto 1 GeV/A), AdvancedPhotonSourceat ANL
(Ee < 8 GeV),Los Alamos,ete™ LinearColliders,
utu— colliderandneutrinofactories.

Experiments and Detectors. Collider experiments
CDF, DY, BTeV, CMS, ATLAS; neutrino exper
iments NuMI/MINOS, MiniBooNe and J-FARC,
etc.

Space. Supern@aAcceleratiorProject(SNAP) andcos-
mic raysin atmosphere



PLANS AND NEEDS FOR DATA

The following nuclearphysicsmodel developmentsin
the MARS15-CEM03-LAQGSMO3 packageare under
way: multi-fragmentationphotonucleainteractionsbe-
low 30 MeV and above 2 GeV, diffraction, Coulomb-
induced fission and electromagneticdissociation for
heary projectiles. Better nuclear data are neededon
nuclide production cross-sectionat 200-500 MeV/A,
comple particle and fragmentspectraabore 2.5 GeV,
hadrondifferential cross-sectiongn hadron-nucleuin-
teractionsat zero angles,and at large angles(xz < 0),
neutralkaon production,and heary-ion total and elas-
tic cross-section®therneeddor dataincludeeffective
ion chage and, even better ion chage distributionsin
varioustarget materialsincluding gasesfor heary ions
belov afew MeV/A, angle-enggy losscorrelationsand
DPA andSEUin importantmaterialsandcomponentsit
mediumandhigh enenies.
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