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Abstract. The MARS code system, developed over 30 years, is a set of Monte Carlo programs for detailed
simulation of hadronic and electromagnetic cascades in an arbitrary geometry of accelerator, detector and
spacecraft components with part icle energy ranging from a fraction of an elec tron volt up to 100 TeV. The
new tvt ARS15 (2004) version is described with an emphasis on modeling physics processes . This includes an
extended list of elementary particles and arbitrary heavy ions, their interaction cross-sec tions, inclusive and
exclusive nuclear event generators, photo - hadron production, correlated ionization energy loss and multiple
Coulomb sca tt ering, nuclide production and residual activation, and radiation damage (DPA). In particular,
the details of a new model for leading baryon produc tion and implementation of advanced versions of the
Cascade-Exciton Model (CE M03), and the Los Alamos version of Quark-Gluon S tring Model ( LA QGSM03) are
given . The applications that are motivating these developments, needs for better nuclear data, and future physics
improvements are described.

INTRODUCTION

The MARS code system [1, 2] is designed for detailed
simula tion of hadronic and electromagnetic cascades in
an arbitrary geometry of shielding, accelerator, detector
and spacecraft components . The current MARS15 ver-
sion [3, 4] combines the theoretical models for s tr ong,
weak and elec tromagnetic interactions with matter of
hadrons, heavy ions and leptons, and phenomenological
models. A system studied can contain up to 10 5 objects,
ranging in dimensions from microns to hundreds kilome-
ters and can be made of up to 100 composite materials,
with arbi trary 3-D magnetic and elec tric fields . A power-
ful Graphical-User Interface is used for visualization of
the geometry, materials, fields, particle trajectories, and
results of calculations . tvt ,a R S15 provides five geometry
options and flexible histograming, can use as an input
MAD optics files, and provides an MPI- based multipro-
cessing option and various biasing techniques .

I Work supported by the Universities Research Association, Inc ., un-
der contract D E- AC02 -7 6CH03000 w ith the U. S . De partment of En -

ergy, and i n part by the Mo ldovan- US bilateral grant p rogram, CRDF
projects MP2-3025 and MP3045 , and the NA SA grant NRA- O 1-0 1 -

ATP-066 .

NUCLEAR CROSS-SECTION S

Total and elas tic cross-sec tions of hadron-nucleon in-
terac ti ons for ordinary hadrons are described using cor-
responding fits to experimental data. Cross-sec tions for
hyperon-nucleon interac tions are desc ribed via the or-
dinary hadron cross-sec tions using the Additive Quark
Model rules . At energies above 5 GeV, such an approach
agrees well with data. At lower energies, the hyperon-
nucleon cross-sections are very close to proton-nucleon
ones . Hadron-nucleus total and inelas tic cross-sec ti ons at
energies above 5 GeV are calculated using the Glauber
model . At lower energies, parameterizations to experi-
mental data are used . For neutral kaons, cross-sections on
both nucleon and nucleus targets are calculated using the
relation based on isospin and hypercharge conjugation .
Total and inelastic cross-sections for heavy-ion nuclear
interactions are based on the JINR model (see Ref . [4]) .
Photonuclear interaction cross-sec ti ons are described in
great details for all nuclei and energies from a few MeV
up to 40 TeV using approximations from Ref . [5] . Fig . 1
gives an example of the neu tron and heavy-ion cross-
section description in the code .
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F IGURE 1 . Total neutron-nucleus cross-sections (top) and
inelastic nuclear cross-sections of 12C ions (bottom) as calcu-
lated in MARS 15 (solid lines) vs data [6] . Dashed lines are from
NASA model (see Ref. [4]) .

INCLUSIVE EVENT GENERATOR

Many processes in MARS15, such as electromagne tic
showers, most of hadron-nucleus interac tions, decays
of unstable particles, emission of synchrotron photons,
photohadron production and muon pair produc tion, can
be treated either analogously or inclusively with corre-
sponding statistical weights . The basic model for the
original MARS program [1], introduced in 1974, came
from Feynman's ideas conce rn ing an inclusive approach
to multiparticle reactions and weighting techniques . At
each interaction vertex, a particle _ cascade tree can be
cons tructed using only a fixed number of representative
part icles (the precise number and type depending on the
specifics of the interaction), and each particle carries a
statistical weight w = f(x)/S(x), which is equal, in the
simplest case, to the pa rtial mean multiplicity of the par-
ticular event. Energy and momentum are conserved on
average over a number of collisions . It was proved rig-
orously that such an es ti mate of the first moment of the
distribution function f(x) is unbiased [7] .

Inclusive particle production in nuclear interactions
above 3 GeV is modeled in MARS 15 using the following
form for double differential distribu ti ons :
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FIGURE 2 . Invariant cross-sections for pA -+ pX reactio ns
at 19 .2 GeV/c in MARS 15 (lines) vs data [8] .

mulae . For example, proton production in pp-collisions

d2 N PP-pXdp , is described with a high accuracy in four kine-

matic regions of Feinman's x p= I P */ Pmux~ ~

1 . Resonance region XF > 1 - 2 . 2/po, a sum of five
Breit-Wigner resonances .

2 . Diffrac tive dissociation region 1 - 2.2/po < xF <
0 . 9 , tr iple-Reggeon formalism.

3 . Fragmenta ti on region 0 . 4 < xp < 0 . 9, phenomeno-
logical model with flat behavior on longitudinal and
exponen tial on transverse momenta.

4 . Cen tral region 0< XF < 0 . 4, fit to experimental data
with n o rmaliza ti ons at x F = 0 and xF = 0 . 4.

A nuclear modification factor R pA -' PX is known much
better than the absolute yields, and its dependence on
particle momenta pl , po, and p is much weaker than for
the differential cross-sections themselfs . For example,
for pA --~ pX, it is presented in a facto rized form

RPA-pX = F

A momentum dependence is given by the Additive Quar k
Model . Quasi-elastic scattering is modeled additionally.
A quality of this model is demonstrated in Fig . 2 .

EXCLUSIVE EVENT GENERATOR

Differential cross-sections on a hydrogen target are de- The 2003 version of the improved Cascade-Exciton
scribed by a set of models and phenomenological for- Model [9] code, CEtvt03, combined with the Fermi break-

Mom enlum (C eV/ c)



10

1C

E

b
N
~

1 0

FIGURE 3. Comparison of measured [12] differential cross-
sections of neutrons with tnQGsM03 and calculations with
J QMD [13 ] and H IC (14] models for 560 MeV/A Ar+C and

A r + Pb reaction s .

up model, the coalescence model, and an improved
version of the Generalized Evaporation-fission Model
(GEM2) is used as a default for hadron - nucleus interac-
tions below 5 GeV. The 2003 version of the Los Alamos
Quark-Gluon S tr ing Model [10] code, LA QGSM03, was
implemented into lvt ARS15 for particle and heavy-ion

projec ti les at 10 MeV/A to 800 GeV/A . This provides
a power of full theoretically consistent modeling of ex-
clusive and inclusive distributions of secondary parti-
cles, spallati on, fission, and fragmentation products (see

Ref. [3] and [4]) . The following modules have been im-
proved recently in this package : intra-nuclear cascade
(angular distributions) ; complex particle emission algo-

rithms ; photo-nuclear modeling at 30 MeV to 2 GeV in
CEM; and a hydrogen target mode . Fig . 3 and 4 shows
benchmarking results for neutron and nuclide production
in heavy-ion nuclear interactions . Further developments
of this package are underway.

For several years MARS is linked to the Dual-Parton
Model code [11], DPMJET3, for the very first vertex in
a cascade tree . This is used in our numerous studies for
the LHC 7 x 7 TeV collider and its detectors, and at very
high energies up to 100 TeV .

ELASTIC SCATTERIN G

The MARS 15 elastic model at E<5 GeV is based on eval-
uated nuclear data from the LA-150 and ENDF/HE-VI li-
braries [16] and on phenomenological models described
in Ref. [17] . For protons, nuclear and Coulomb elastic
scattering as well as their interference are taken into ac-
count . An example is shown in Fig. 5 . At E>5 GeV, a
simple analytical description used in the code for the co-
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FIGU RE 4 . Mass yield in 86Kr+9 Be reaction at 1 GeV/A
as calculated with LnQGsM03 and measured in Ref. [15] .
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FIGURE 5 . Neutron elastic scatterin g distributions o n co p -
per calculated with tvtnttsl5 (thick soli d line), LAHET (dashed
line) and Sychev formula (thin li ne) vs data (symbol s) from
R ef. [ 17] .

herent component of scattering cross-section d6/dt is
quite consistent with experiment .

LOW-ENERGY NEUTRONS

Once the energy of neu trons falls below 14 MeV, all
subsequent neu tron interactions are described using the
approp ri ate 1vtCN P4C [18] modules . Secondaries gener-
ated at this stage by neutrons - protons, photons and
deuterons - are directed back to the M ARS modules for
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F I GURE 6. Mean ionization energy loss for lead ions in alu-
minum (top) and for 238U ions in carbon (bottom) as calculated
in MARS 15 and measured (see Ref . [4]).

a corresponding treatment. This implementation, along
with algorithms developed for heavier recoils and pho-
tons from the thermal neutron capture on 6Li and lOB, al-
lows the detailed description of corresponding effects in
hydrogenous, borated and lithium-loaded materials . The
interface includes several other modifications to the dy-
namically allocated storage, material handling, as well
as an optiona l writing of low-energy neutrons and other
particles to a file for further treatment by a stand-alone
MCN P code ifneed e d .

ELECTROMAGNETIC PROCESSE S

The mean ionization energy loss for charged particles,
except for heavy ions, is calculated using Bethe formal-
ism with the density correction . For heavy ions - as de-
scribed in Ref. [4] - the Lindhard-Sorensen correction
to the regular ionization logarithm and Barkas term are
taken into account . In addition, at low ion kinetic ener-
gies, the processes of electron capture and loss are ac-
counted for by means of an effective ion charge . The
effective charge, ze f f, is determined according to semi-
empirical formulae and used instead of a bare ion charge .
The projectile nuclear form-factor is also taken into ac-
count . Comparison between calculated stopping power
and data for lead and uranium ions is given in Fig . 6 .
- A new algorithm [19] for modeling correlated ioniza-
tion energy loss and multiple Coulomb scattering was
implemented in MnRS15 for arbitrary mixtures . It takes
into account arbitrary projectile and nuclear charge dis-
tributions, exact kinematics of projectile-electron inter-
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F I GURE 7 . Coulomb scattering of 70-GeV protons on 0.1X0
thick hydrogen (top) and lead (bottom) targets as calculated
in MARS15 (solid histogram) and with a standard Gaussian
(dashed line) and measured in Ref . [20] .

ac tions and accurately treats both soft and hard colli-
sions . Calculated correlations between energy loss and
scattering are quite substantial for low-Z targets. A com-
parison with data of new results - taking into account
nuclear screening and projectile-elec tron interactions -
is shown in Fig . 7 along with the Rossi distribu tion .

Radia tive processes for single-charged par ticles and
heavy ions - bremss trahlung and direct pair production -
are modeled directly [7] .

RESIDUAL DOS E

A substan ti ally improved co-factor based algo rithm [21]
to calculate residual dose rates in arbitra ry composite
materials for arbitrary i rradiation and cooling times was
developed and implemented into MARS15 . The algo-
rithm distinguishes three major energy groups responsi-
ble for radionuclide production : (1) above 20 MeV, (2) 1
to 20 MeV, and (3) below 0 .5 eV. Creation of the residual
nuclides was pre-calculated with for cascades induced by
energetic hadrons in cylindrical samples of 17 elements :
C, 0, Na, Mg, Al, Si, K, Ca, Cr, Fe, Ni, Cu, Nb, Ag, Ba,
W, Pb . The emission rates of de-excitation photons were
determined for irradia ti on time 12 hours< Ti <20 years
and cooling time 1 sec< T, <20 years . Corresponding
dose rates on the outer surfaces are calculated from pho-
ton fluxes and related to the star density above 20 MeV
(first group), and neu tron fluxes in two other energy
groups .
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RADIATION EFFECTS

Radiation damage to material - displacements per atom
(DPA) - is calculated in MARS 15 within a damage en-
ergy concept, currently taking into account recoil nuclei
in elastic and inel astic hadron-nucleus interactions . Al-
though, this is a rather adequate approach for many ap-
plications, further developments to the model, e . g., chan-
nel of gamma-induced radiation damage, are underway.

A model to simulate single event upsets (SEU) in elec-
tronic devices is under development . It employs a sharp
threshold function for an upset probability and com-
plete 3-D modeling of heavy-ion tr ansport and ioniza-
tion loss in microscopic elec tronic structures . Currently
in MA tts 15, the energy threshold for heavy ions is as low
as 100 keV per nucleon and, therefore, the SEU model is
adequate when ions of medium and high energies domi-
nate, i.e. for space applications .

THICK TARGET BENCHMARKING

New photonuclear algorithms in MARS 15 for interaction
cross-sec tions and hadron production have been recently
tested by the KEK colleagues (T. Sanami) . Neutron spec-
tr a at three angles have been calculated with the MARS 15
and MCNPX codes for a 2-GeV electron beam on a 10
radiation length thick copper target . Fig . 8 shows calcu-
lated results in comparison with experimental data [22] .
Results are in a good agreement at all neu tron energies
except for the middle of the energy region at smallest an-
ngle where calculations slightly underestimate the data .
Further analysis is needed .

Second thick target test concerns benchmarking
the heavy-ion interac tion and transport algorithms in
tvt .a R S15. Fig . 9 shows neutron yield from a lead cylin-
der of 20-cm diameter and 60-cm thick irradiated by 0 .5
to 3 .65 GeV/A light ion beams . Our results are in a good
agreement with data [23] and predictions of the latest
version of the SHIELD code [24] presented in Ref. [25] .

APPLICATIONS

Major MARS15 applications include : operational and
accidental/destructive beam loss, collimation, targetry
(yield and material integrity), radiation damage in mate-
rials (DPA) and electronics (SEU), shielding (including
deep penetration), activation, environment (ground wa-
ter etc), protection of superconducting magnets (quench
stability and dynamic heat loads), proton radiography,
neutrino-induced radiation hazard, background mini-
mization in collider and fixed-target experiments, neu-
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FIGURE 8 . Neutron spectra calculated with 1vtARS15 and
McNrx at three angles for a 2-GeV electrons on a thick copper
target vs data [22] .
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FIGURE 9. Calculated with MARS 15 and SHIELD and mea-
sured in Ref. [23] total neutron yield (E<14 .5 MeV) from a
lead cylinder vs ion beam energy.

trino experiments, cosmic rays and space exploration .
Specific recent applications were as follows :

Accelerators . Fermilab (Eo = 5 MeV to 1000 GeV) ,
Proton Driver (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), Spallation Neutron Source
at ORNL, Rare Isotope Accelerator at ANL/MSU
(up to 1 GeV/A), Advanced Photon Source at ANL
(EQ < 8 GeV), Los Alamos, e+e- Linear Colliders,
µ+µ- collider and neutrino factories .

Experiments and Detectors . Collider experiments
CDF, D(6, BTeV, CMS, ATLAS ; neutrino exper-
iments NuMI/MINOS, MiniBooNe and J-PARC,
etc .

Space . Supernova Acceleration Project (SNAP) and cos-
mic rays in atmosphere

Neutron Energy E (MeV)



PLANS AND NEEDS FOR DATA

The following physics model developments in
MARS15, CEM03 and LAQGSM03 are underway :

multi-fragmentation, photo-nuclear interactions below
30 MeV and above 2 GeV, diffraction, Coulomb-induced
fission, and electromagnetic dissociation for heavy

projectiles . Better nuclear data are needed on nuclide
production cross-sections at 200-500 MeV/A, complex

particle and fragment spectra above 2 .5 GeV, hadron

differential cross-sections in hadron-nucleus interactions

at zero angles, and at large angles (XF < 0), neutral
kaon production, and heavy-ion total and elastic cross-

sections. Other needs for data include effective ion

charge and, even better, ion charge distributions in
various target materials including gases for heavy ions
below a few MeV/A, angle-energy loss correlations, and

DPA and SEU in important materials and components at
medium and high energies .
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