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Abstract. The MARS codesystem,developedover 30 years,is a set of Monte Carlo programsfor detailed
simulation of hadronicand electromagneticcascadesin an arbitrary geometryof accelerator, detectorand
spacecraftcomponentswith particle energy ranging from a fraction of an electronvolt up to 100 TeV. The
new MARS15 (2004)versionis describedwith an emphasison modelingphysicsprocesses.This includesan
extendedlist of elementaryparticlesand arbitrary heavy ions, their interactioncross-sections,inclusive and
exclusive nuclearevent generators,photohadronproduction,correlatedionization energy loss and multiple
Coulomb scattering,nuclide productionand residualactivation, and radiation damage(DPA). In particular,
the details of a new model for leading baryon productionand implementationof advancedversionsof the
Cascade-ExcitonModel (CEM03), andtheLos Alamosversionof Quark-GluonStringModel (LAQGSM03) are
given.Theapplicationsthataremotivatingthesedevelopments,needsfor betternucleardata,andfuturephysics
improvementsaredescribed.

INTRODUCTION

The MARS codesystem[1, 2] is designedfor detailed
simulationof hadronicandelectromagneticcascadesin
an arbitrarygeometryof shielding,accelerator, detector
and spacecraftcomponents.The current MARS15 ver-
sion [3, 4] combinesthe theoreticalmodelsfor strong,
weak and electromagneticinteractionswith matter of
hadrons,heavy ionsandleptons,andphenomenological
models.A systemstudiedcancontainup to 105 objects,
rangingin dimensionsfrom micronsto hundredskilome-
tersandcanbe madeof up to 100compositematerials,
with arbitrary3-D magneticandelectricfields.A power-
ful Graphical-UserInterfaceis usedfor visualizationof
the geometry, materials,fields,particletrajectories,and
resultsof calculations.MARS15 providesfive geometry
optionsand flexible histograming,can useas an input
MAD opticsfiles,andprovidesanMPI-basedmultipro-
cessingoptionandvariousbiasingtechniques.

1 Work supportedby the UniversitiesResearchAssociation,Inc., un-
dercontractDE-AC02-76CH03000with theU. S. Departmentof En-
ergy, andin partby theMoldovan-USbilateralgrantprogram,CRDF
projectsMP2-3025and MP3045,and the NASA grant NRA-01-01-
ATP-066.

NUCLEAR CROSS-SECTIONS

Total and elastic cross-sectionsof hadron-nucleonin-
teractionsfor ordinaryhadronsaredescribedusingcor-
respondingfits to experimentaldata.Cross-sectionsfor
hyperon-nucleoninteractionsare describedvia the or-
dinary hadroncross-sectionsusing the Additive Quark
Model rules.At energiesabove5 GeV, suchanapproach
agreeswell with data.At lower energies,the hyperon-
nucleoncross-sectionsarevery closeto proton-nucleon
ones.Hadron-nucleustotalandinelasticcross-sectionsat
energiesabove 5 GeV arecalculatedusingthe Glauber
model.At lower energies,parameterizationsto experi-
mentaldataareused.Forneutralkaons,cross-sectionson
bothnucleonandnucleustargetsarecalculatedusingthe
relationbasedon isospinandhypercharge conjugation.
Total and inelasticcross-sectionsfor heavy-ion nuclear
interactionsarebasedon theJINR model(seeRef. [4]).
Photonuclearinteractioncross-sectionsaredescribedin
greatdetailsfor all nucleiandenergiesfrom a few MeV
up to 40 TeV usingapproximationsfrom Ref. [5]. Fig. 1
gives an exampleof the neutronand heavy-ion cross-
sectiondescriptionin thecode.



FIGURE 1. Total neutron-nucleuscross-sections(top) and
inelasticnuclearcross-sectionsof 12C ions (bottom)ascalcu-
latedin MARS15 (solid lines)vs data[6]. Dashedlinesarefrom
NASA model(seeRef. [4]).

INCLUSIVE EVENT GENERATOR

Many processesin MARS15, such as electromagnetic
showers, most of hadron-nucleusinteractions,decays
of unstableparticles,emissionof synchrotronphotons,
photohadronproductionandmuonpair production,can
be treatedeitheranalogouslyor inclusively with corre-
spondingstatistical weights. The basic model for the
original MARS program[1], introducedin 1974, came
from Feynman’s ideasconcerninganinclusive approach
to multiparticle reactionsand weighting techniques.At
eachinteractionvertex, a particle cascadetree can be
constructedusingonly a fixednumberof representative
particles(theprecisenumberandtypedependingon the
specificsof the interaction),andeachparticlecarriesa
statisticalweightw, which is equal,in thesimplestcase,
to the partial meanmultiplicity of the particularevent.
Energy andmomentumareconservedon average overa
numberof collisions.It wasprovedrigorouslythatsuch
anestimateof thefirst momentof thedistribution func-
tion is unbiased[7].

Inclusive particle production in nuclear interactions
above3 GeVis modeledin MARS15 usingthefollowing
form for doubledifferentialdistributions:

d2N pA� pX

d pdΩ
� RpA� pX � A 	 E0 	 p 	 p
�� d

2N pp� pX

d pdΩ 
Differentialcross-sectionson a hydrogentarget arede-
scribedby a set of modelsand phenomenologicalfor-

FIGURE 2. Invariantcross-sectionsfor pA � pX reactions
at 19.2GeV/cin MARS15 (lines)vs data[8].

mulae.For example,protonproductionin pp-collisions
d2N pp� pX

d pdΩ 	 is describedwith ahighaccuracy in four kine-
maticregionsof Feinman’sxF

��� p �L � p �max
� :

1. Resonanceregion xF � 1 � 2 2� p0, a sum of five
baryonresonances,Breit-Wignerformulae.

2. Diffractive dissociationregion 1 � 2 2� p0 � xF �
0 9, triple-Reggeonformalism.

3. Fragmentationregion 0 4 � xF � 0 9, phenomeno-
logicalmodelwith flat behavior onlongitudinaland
exponentialon transversemomenta.

4. Centralregion0 � xF � 0 4,fit to experimentaldata
with normalizationsatxF

� 0 andxF
� 0 4.

A nuclearmodificationfactor RpA� pX is known much
better than the absoluteyields, and its dependenceon
particlemomentap
 , p0, andp is muchweaker thanfor
the differentialcross-sectionsthemselves.For example,
for pA � pX , it is presentedin a factorizedform

RpA� pX � F � p � p0 � � A2 �
α p2

T � A
9
� γ � E0� 

A momentumdependenceisgivenby theAdditiveQuark
Model. Quasi-elasticscatteringis modeledadditionally.
A qualityof this modelis demonstratedin Fig. 2.

EXCLUSIVE EVENT GENERATOR

The 2003 version of the improved Cascade-Exciton
Model[9] code,CEM03, combinedwith theFermibreak-
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FIGURE 3. Differential cross-sectionsof neutrons in
560 MeV/A Ar  C andAr  Pb reactionsascalculatedwith
LAQGSM03, JQMD [12] andHIC [13] codesvs data[14].

up model, the coalescencemodel, and an improved
version of the GeneralizedEvaporation-fissionModel
(GEM2) is usedasa default for hadron-nucleusinterac-
tionsbelow 5 GeV. The2003versionof theLos Alamos
Quark-GluonStringModel [10] code,LAQGSM03, was
implementedinto MARS15 for particle and heavy-ion
projectilesat 10 MeV/A to 800 GeV/A. This provides
a power of full theoreticallyconsistentmodelingof ex-
clusive and inclusive distributions of secondaryparti-
cles,spallation,fission,andfragmentationproducts(see
Refs.[3, 4]). Thefollowingmoduleshavebeenimproved
recently in this package:intra-nuclearcascade(angu-
lar distributions);complex particleemissionalgorithms;
photonuclearmodelingat 30 MeV to 2 GeV in CEM;
anda hydrogentargetmode.Figs.3 and4 show bench-
marking resultsfor neutronand nuclide productionin
heavy-ion nuclearinteractions.Furtherdevelopmentsof
this packageareunderway.

For several yearsMARS is linked to the Dual-Parton
Model code[11], DPMJET3, for the very first vertex in
a cascadetree.This is usedin our numerousstudiesfor
theLHC 7 ! 7 TeV collider andits detectors,andat very
highenergiesup to 100TeV.

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 othersources(seeRef. [17]). For
protons,the interferenceof nuclearandCoulombelas-
tic scatteringis takeninto account.An exampleis shown
in Fig. 5. At E� 5 GeV, a simpleanalyticaldescription
usedin the codefor the coherentcomponentof scatter-
ing cross-sectionsis quiteconsistentwith data.
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FIGURE 4. Massyield in 86Kr  9 Be reactionat 1 GeV/A
ascalculatedwith LAQGSM03 andmeasuredin Ref. [15].
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FIGURE 5. Neutronelasticscatteringdistributionson cop-
percalculatedwith MARS15 (thick solid line), LAHET (dashed
line) and Sychev formula (thin line) vs data (symbols) (see
Ref. [17]).

LOW-ENERGY NEUTRONS

Once the energy of neutronsfalls below 14 MeV, all
subsequentneutroninteractionsaredescribedusingthe
appropriateMCNP4C [18] modules.Secondariesgener-
ated at this stageby neutrons– protons,photonsand
deuterons– aredirectedbackto the MARS modulesfor
a correspondingtreatment.This implementation,along
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FIGURE 6. Meanionizationenergy lossfor leadionsin alu-
minum(top)andfor 238U ionsin carbon(bottom)ascalculated
in MARS15 andmeasured(seeRef. [4]).

with algorithmsdevelopedfor heavier recoilsandpho-
tonsfrom thethermalneutroncaptureon6Li and10B, al-
lows thedetaileddescriptionof correspondingeffectsin
hydrogenous,boratedandlithium-loadedmaterials.The
interfaceincludesseveralothermodificationsto thedy-
namically allocatedstorage,materialhandling,as well
asanoptionalwriting of low-energy neutronsandother
particlesto a file for further treatmentby a stand-alone
MCNP codeif needed.

ELECTROMAGNETIC PROCESSES

The meanionization energy loss for chargedparticles,
exceptfor heavy ions,is calculatedusingBetheformal-
ism with thedensitycorrection.For heavy ions– asde-
scribedin Ref. [4] – the Lindhard-Sorensencorrection
to the regular ionizationlogarithmandBarkasterm are
taken into account.In addition,at low ion kinetic ener-
gies, the processesof electroncaptureand lossare ac-
countedfor by meansof an effective ion charge. The
effective charge,ze f f , is determinedaccordingto semi-
empiricalformulaeandusedinsteadof abareion charge.
The projectilenuclearform-factoris alsotaken into ac-
count.Comparisonbetweencalculatedstoppingpower
anddatafor leadanduraniumionsis givenin Fig. 6.

A new algorithm[19] for modelingcorrelatedioniza-
tion energy loss and multiple Coulombscatteringwas
implementedin MARS15 for arbitrarymixtures.It takes
into accountarbitraryprojectileandnucleartargetcharge
distributions,exact kinematicsof projectile-electronin-
teractions,nuclearscreening,projectile-electroninterac-

FIGURE 7. Coulombscatteringof 70-GeVprotonson0.1X0
thick hydrogen(top) and lead (bottom) targetsas calculated
in MARS15 (solid histogram)and with a standardGaussian
(dashedline) andmeasuredin Ref. [20].

tions,andaccuratelytreatsbothsoft andhardcollisions.
Calculatedcorrelationsbetweenenergy lossandscatter-
ing arequitesubstantialfor low-Z targets.A comparison
of new resultswith datais shown in Fig. 7 alongwith the
Rossidistribution.

Radiative processesfor single-charged particlesand
heavy ions– bremsstrahlunganddirectpairproduction–
aremodeleddirectly [7].

RESIDUAL DOSE

A substantiallyimprovedω-factorbasedalgorithm[21]
to calculateresidualdoseratesin arbitrary composite
materialsfor arbitraryirradiationandcoolingtimeswas
developedand implementedinto MARS15. The algo-
rithm distinguishesthreemajorenergy groupsresponsi-
ble for radionuclideproduction:(1) above20MeV, (2) 1
to 20 MeV, and(3) below 0.5 eV. Creationof the resid-
ual nuclideswas pre-calculatedwith the FLUKA code
for cascadesinducedby energetic hadronsin cylindri-
cal samplesof 17 elements:C, O, Na, Mg, Al, Si, K,
Ca, Cr, Fe, Ni, Cu, Nb, Ag, Ba, W, Pb. The emission
ratesof de-excitationphotonsweredeterminedfor irra-
diation time 12 hours� Ti � 20 yearsandcooling time
1 sec� Tc � 20 years.Correspondingdoserateson the
outersurfacesarecalculatedfrom photonfluxesandre-
latedto thestardensityabove20 MeV (first group),and
neutronfluxesin two otherenergy groups.



RADIATION EFFECTS

Radiationdamageto material– displacementsperatom
(DPA) – is calculatedin MARS15 within a damageen-
ergy concept,takinginto accountrecoil nuclei in elastic
andinelastichadron-nucleusinteractions.Although this
is a ratheradequateapproachfor many applications,fur-
ther developmentsto the model,e.g., a gamma-induced
radiationdamagechannel,areunderway.

A modelto simulatesingleeventupsets(SEU)in elec-
tronic devicesis underdevelopment.It employs a sharp
thresholdfunction for an upset probability and com-
plete 3-D modelingof heavy-ion transportand ioniza-
tion lossin microscopicelectronicstructures.Currently
in MARS15, theenergy thresholdfor heavy ionsis aslow
as100keV pernucleonand,therefore,theSEUmodelis
adequatewhenionsof mediumandhigh energiesdomi-
nate,i.e. for spaceapplications.

THICK TARGET BENCHMARKING

New photonuclearalgorithmsin MARS15 for interaction
cross-sectionsandhadronproductionhavebeenrecently
testedby theKEK colleagues(T. Sanami).Neutronspec-
traatthreeangleshavebeencalculatedwith theMARS15
and MCNPX codesfor a 2-GeV electronbeamon a 10
radiationlengththick coppertarget.Fig. 8 shows calcu-
latedresultsin comparisonwith experimentaldata[22].
Resultsarein a goodagreementat all neutronenergies
except for the middle of the energy region at smallest
anglewherecalculationsslightly underestimatethedata.
Furtheranalysisis needed.

Second thick target test concerns benchmarking
the heavy-ion interaction and transportalgorithms in
MARS15. Fig. 9 shows neutronyield from a leadcylin-
derof 20-cmdiameterand60-cmthick irradiatedby 0.5
to 3.65GeV/A light ion beams.Our resultsarein agood
agreementwith data [23] and predictionsof the latest
versionof theSHIELD code[24] presentedin Ref. [25].

APPLICATIONS

Major MARS15 applicationsinclude: operationaland
accidental/destructive beam loss, collimation, targetry
(yield andmaterialintegrity), radiationdamagein mate-
rials (DPA) andelectronics(SEU),shielding(including
deeppenetration),activation, environment(groundwa-
ter etc),protectionof superconductingmagnets(quench
stability and dynamic heat loads),proton radiography,
neutrino-inducedradiation hazard, backgroundmini-
mization in collider and fixed-target experiments,neu-

10< 0
10< 1

10< 2
10< 3

Neutron Energy E (MeV)=
10

−14

10
−13

10
−12

10
−11

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

F
(E

) 
(M

eV
−

1 cm
−

2  p
er

 e
le

ct
ro

n)

 MARS15
 MCNPX
 PAL2001

48deg
>
90deg
?
140deg

x0.1@x0.01@

2−GeV e
A −

 on 14−cm Cu

FIGURE 8. Neutronspectracalculatedwith MARS15 and
MCNPX at threeanglesfor a2-GeVelectronsona thick copper
targetvs data[22].

0< 1B 2
A

3
C

4
>

Projectile energy (GeV/A)=
10

1

10
2

10
3

N
eu

tr
on

 y
ie

ld
 p

er
 p

ro
je

ct
ile

MARS15 
D
SHIELD 
E 12

C

4
He

d

p

FIGURE 9. Calculatedwith MARS15 andSHIELD andmea-
suredin Ref. [23] total neutronyield (E F 14.5 MeV) from a
leadcylinder vs ion beamenergy.

trino experiments,cosmic rays and spaceexploration.
Specificrecentapplicationswereasfollows:

Accelerators. Fermilab (E0 = 5 MeV to 1000 GeV),
ProtonDriver (up to 8 GeV), LHC at CERN (up
to 7 TeV per beam),J-PARC and KEK in Japan
(E0 = 0.4 to 50 GeV), SpallationNeutronSource
at ORNL, RareIsotopeAcceleratorat ANL/MSU
(up to 1 GeV/A), AdvancedPhotonSourceat ANL
(Ee G 8 GeV),Los Alamos,eH e I LinearColliders,
µ H µ I collider andneutrinofactories.

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

Space. SupernovaAccelerationProject(SNAP) andcos-
mic raysin atmosphere



PLANS AND NEEDS FOR DATA

The following nuclearphysicsmodel developmentsin
the MARS15-CEM03-LAQGSM03 packageare under-
way: multi-fragmentation,photonuclearinteractionsbe-
low 30 MeV and above 2 GeV, diffraction, Coulomb-
induced fission and electromagneticdissociation for
heavy projectiles. Better nuclear data are neededon
nuclide productioncross-sectionsat 200-500MeV/A,
complex particle and fragmentspectraabove 2.5 GeV,
hadrondifferentialcross-sectionsin hadron-nucleusin-
teractionsat zero angles,andat large angles(xF � 0),
neutralkaon production,and heavy-ion total and elas-
tic cross-sections.Otherneedsfor dataincludeeffective
ion charge and,even better, ion charge distributions in
varioustarget materialsincluding gasesfor heavy ions
below a few MeV/A, angle-energy losscorrelations,and
DPA andSEUin importantmaterialsandcomponentsat
mediumandhighenergies.
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