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Abstract

This paper describes MARS14(98) — the newest version of the MARS
Monte Carlo code system for fast simulation of hadronic and electromagnetic
cascadesin shielding, accel erator and detector componentsin the energy range
from afraction of an electronvolt up to 30 TeV. The main changes compared
to the previous release, MARS13, concern the hadron production model tuned
with evaluated data and the bPMJIET-11 code, improved photo- and e ectro-
production of hadrons and muons, improved algorithms for the 3-body de-
cays, particle tracking in magnetic fields, synchrotron radiation by electrons
and muons, significantly extended histograming capabilities and materia de-
scription, and improved computational performance. In addition to direct en-
ergy deposition calculations, a new set of fluence-to-dose conversion factors
for al particles including neutrino are built into the code. The MARS14(98)
system includeslinks to the MCNP code for neutron transport below 20 MeV,
tothe ANSY s code for thermal and stress analysesand to the STRUCT cade for
multi-turn particle tracking in large synchrotronsand collider rings.

1 Introduction

The MARS Monte Carlo code system, being developed over 24 years, allows fast
inclusive simulation of three-dimensional hadronic and el ectromagnetic cascadesin
shielding, accelerator and detector components in the energy range from a fraction
of an electronvolt up to 30 TeV. The code has undergone substantial improvements
since the previous documented release, MARS13(95) [1]. The developments were
induced by numerous challenging applications (Fermilab accelerator and detector
upgrades, LHC machine and detector studies, a2 x 2TeV u* .~ collider) aswell as
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by a continuous desire to increase code reliability, flexibility and user friendliness.
The main changes and new features of the current MARS14 code are described in
this paper with several typical examples.

2 Physics, Tracking and Tallies

The main changes in the physics model, tallies, analysis and computing compared
to MARS13(95) [1] arelisted briefly below.

Cross Sections. Hadron-nucleus elastic and inelastic cross-section description
at 10 MeV <E<5 GeV has been updated using data and the systematics[2]. Total
photon-nucleus cross sections are extracted from experimental data[3].

Event Generator. Hadron-nucleus event generator at 1 GeV <E<10 TeV
has been re-adjusted using evaluated experimental data, a new phenomenol ogical
model [4] and the DPMJET-I1 code[5] with special attention to intermediate ener-
gies, high-p; events, 7° production and kaon production. An optional use of the
DPMJET-I1 code as an event generator is included. Photon-nucleus hadroproduc-
tion is extended to light nuclei [3]. Neutrino-nucleus[6] and deuteron-nucleus[7]
event generatorsare included. Theformulae[8] are used to smulate el astic hadron-
nucleus scattering at 15 MeV <E<5 GeV, and weight windows are introduced in
each inclusive generator.

Muon Production. Simulation algorithms for 7% —p*v(7) and K*—p*v(p)
decays and for prompt muon production (single muons in charmed meson decays,
T pairsin vector muon decays, and the dimuon continuum) with forced gen-
eration of weighted muons have been improved. Prompt muons produced in elec-
tromagnetic showers are described in detail. Bethe-Heitler pairsyZ—Zu*pu~ are
produced at £, >0.25GeV at arate of (m./m,,)* timesthat for e*e~ with the ap-
propriate statistical weights and a complete ssmulation of electromagnetic showers.
It was shown [9] that thisapproach producesremarkabl eresultsthat agreewith those
based on the numerical integrationinthe Tsai formalism[10]. At £ > 45GeV direct
positronannihilation et e™—pt i~ issimulated according to [ 11] with 0=86.8/s nb,
where s isin GeV?, and with (1 + cos?6) asthe angular distribution.

u—evr Decays. Vector momenta of the emitted electrons and neutrinos are
sampled according to the differential decay probability of the Vector-Axial model
of four-fermion interactions[11].

Tracking. Minimal cell linear size, where magnetic field, multiple Coulomb
scattering and other “continuous” processes are taken into account, is reduced to
0.0001/p cm, where p is material density in g/cm?®. The descriptions of 7~ capture
and 7 decay at rest have been improved. Generation and transport of de-excitation
photons are also improved. Undesirable fluctuations in the inclusive description of
electromagnetic showers are reduced. Low-energy neutron transport has been re-
placed with one based on the MCNP4A code as described in Section 4.



Tallies. MARS native and HBOOK-based histograming and analyses have been
extended. Dose equivalent scoring based on the | CRP51 flux-to-dose conversion co-
efficients[12] has beenincluded in addition to direct energy deposition and dose cal-
culations. Detailed scoring of surface current, flux, dose equivalent, particle spec-
tra and time distributions have been added to MARS in addition to track length and
collision type estimations of the above talliesin cells. Interface to ANSYs alows
detailed thermal and stress analyses (see Section 5). Non-analog scoring of proba-
bilities rather than direct contributionsfor particle flux and spectra, star density and
dose equivalent has been refined.

Visualization. The MARS14 visualization of geometry in solid and wire-frame
representations, and of particletracksand verticiesisdonewith the OpenGL™-based
module[13].

Tagging. Geometry and phase-spacetagging options, used intensively in studies
with MARS (see, e. g., [14, 15, 16]), have been further improved. These alow very
efficient way to study a source term, for example.

Computing. Many of the MARS agorithm computing efficiencies have been
improved. The code has been modified to run completely in the IEEE-754 double
precision mode[17], except for the CERN HBOOK package.

3 Recent Calculations

A few examples of the recent studies with the MARS code are given in Figs. 1-6.
Figs. 1 and 2 show pion differential cross-sections on copper and gold nuclel for
14.6 GeV/c protonsas cal culated with the MARS, DPMJIET-11 [5] and ARC [18] codes
and measured in the E-802 experiment at BNL [18].
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The 7+K energy spectrafor 30 GeV photons on tungsten nucleus as cal culated
with MARS, DTNUC2 [19] and DINREG [20] are presented in Fig. 3. The mean me-
son multiplicities are shown in the legend. Fig. 4 shows a source term for the 7-
neutrino experiment at Fermilab — muon yield from a 1-m long tungsten absorber
irradiated with a800 GeV proton beam. The muon spectrum isdominated by prompt
muons and the MARS, and GENMU [21] calculations practically coincide. Fig. 5il-
lustrates the use of the tagging techniquesto calculate a number of muonsin the de-
tector components vs distance of the primary beam decay from the interaction point
ina2x2TeV u*p~ collider[15]. Partial and total dose equivalent due to neutrino
interactionsin soil, air, concrete wall and a tissue-equivalent phantom downstream
a2 TeV muon collider straight section isshown in Fig. 6[6].
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4 MARS-MCNP Coupling

Transport of low-energy neutrons (E<14.5 MeV) in MARS13 and earlier ver-
sons is based on the 28-group BNAB library [22] in the Ps-approach. In the
MARS14 code this module has been replaced with MCNP4A — a general-purpose,
continuous-energy, coupled neutron-photon-electron Monte Carlo transport code
system[23]. Thisisan unformal standard in the low-energy domain, representing
over 400 person-years of development at the Los Alamos National Laboratory. The
MCNP uses pointwise and multigroup cross-section data, mostly based on the latest
ENDF/B-VI library in the 10~!! to 20 MeV energy range. The cross-section tables
in the standard ORNL/RSICC distribution provide data for most existing isotopes
and natural mixtures for many elements. Thermal neutrons are described by both
the free gas and S(«v, 3) models.

Besides the best coupled physicstreatment at E<20 MeV, MCNP offersan exten-
sive use of afew classes of variance reduction techniques which, used correctly, can
greatly help the user to produce a more efficient calculation. The non-analog MCNP
features fit very well in the MARS philosophy. The MmcNP ability to follow target
temperature and to provide proper treatment for cellswith different temperatures—a
rather typical situation at high energy accelerators—isquiteessential for low-energy
neutron transport. In MARS14, neutron interactions below 20 MeV are treated by
the corresponding MCcNP modul es, while geometry description, source specification,
trgjectory handling, tally calculationsand I /O processing are performed, asfor any
other particle, by MARS itself. More work is needed to combine MARS and MCNP
input filesinto asingle command file, and to exploit the powerful MCNP error anal-
yses for the entire MARS system.
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A few runs have been performed with MARS14 for incident neutrons at
E<20 MeV and perfect agreement has been found in comparison with the original
MCNP4A results. Several benchmark runs were done to compare the neutron spec-
tra transmitted through the thick iron and concrete shields for the 43 and 68 MeV
p-Li neutron sources. The MARS14 results are rather close to both the experimental
data[24] and the MARS13 calculations (see Fig. 7).

The MARS14 results have been compared to those of the other available particle
physics codes for an iron cylinder, 300 cm of length and 77 cm of radius, irradiated
with 100 GeV protons[1, 25]. Theiron with density of p=7.4 g/lcm? contains 5% by
weight carbon. The front, side and back |eakages of neutrons are scored and pre-
sented in Table. The agreement among the different codes is very good. The last
two rowsin the Table show results cal culated with MARS13 and MARS14 for apure
iron cylinder, which are in a good agreement with each other and differ, naturally,
from the case of iron with carbon. Fig. 8 shows the neutron spectraleaked from the
side of the cylinders made of pure iron and iron with 5% by weight carbon.

Code % of Carbon Neutron Leakage
Front | Side | Back
LAHET/MCNP 5 102.0 | 544 | 0.13
GCALOR 5 926 | 649 | 0.19
CALOR89(MORSE) 5 839 | 436 | 0.24
MARS14 5 875 | 526 | 0.16
MARS13 0 150.1 | 268.1 | 0.97
MARS14 0 160.4 | 332.0 | 1.20

5 MARSANSYSInterface

The possibility to calculate an instantaneous temperature rise (with temperature-
dependent heat capacity) wasbuilt into the previousMARS versions, allowing ather-
mal analysis for a single pulse. For the current version, the MARS code and the
ANSY s 5.1 finite element system [26] have been combined to study thermal and me-
chanical effectsinduced by beamsin accelerator components. A sophisticated inter-
face has been created to convert the MARS-cal cul ated energy deposition map intothe
ANSYS input load file[27]. It uses the interpolation and approximation techniques
to createthefinite element model with contact i nterface between different cells (ma-
terials) for the ANSYS mesh. This makes MARS14 a powerful tool for thermal and
stress analyses for a variety of time-dependent beam-induced problems. As an ex-
ample, Fig. 9 shows calculated temperature as afunction of timein the NLC copper
target (R=6mm) irradiated with a 6.22 GeV electron beam (o,=0,= 1.6 mm) [28].
The equivalent stress map in a copper target (30 cm long, 1 cm radius) at 30 GeV
after thefirst pulse of 5 x 10'3 protonsis presented in Fig. 10.
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6 OO Geometry Module

The MARS geometry module[1] treats an arbitrary 3-D configuration. It allows an
experienced user to describe a shielding, detector or accelerator geometry of almost
arbitrary complexity. The main shortcomings are limited visualisation and debug-
ging support, and alimited possibility for aninterfaceto theexisting GEANT-like ge-
ometry databases. A new geometry modul e based on the obj ect-oriented engine[13]
has been recently embedded into the MARS system. In MARS14 it isintegrated with
the MARS standard R — Z — ¢ geometry module and replaces it's non-standard
and extended geometry parts. The new module is based on the constructive solid
geometry representation of the boolean algebra operations on the primitive bodies
together with arbitrary rotations and trandations. The VRML/2.0 is chosen as the
description language — the newly approved standard for a 3-D WWW-oriented ge-
ometry description[29]. This alows one to rely on a convenient VRML-enabled
WWW browser for a navigation through the entire geometry and alink of the geom-
etry description to the user Web page. The work isin progress to extend the VRML
parser/binding and to use the VRML srcipting to represent MARS results. Current
MARS option is an OpenGL™-based module[13] — a user-friendly flexible tool to
display and handle the studied configuration and particle trajectories (see Fig. 12).
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7 Conclusions

The MARS code possibilities have been substantially extended since the previous
official release[1]. Itsreliability is confirmed by recent benchmarking described in
this paper, in[30], in acomprehensive code verification at the recent SATIF-3 meet-
ing[31], and by several recent applications at Fermilab Tevatron and D@ detector,
where MARS predictions have been in excellent agreement with the data. The MARS
codeuniquefeaturesallow itssuccessful usein many projectsworldwide, such asfu-
ture Fermilab machine and detector upgrades, numerous studiesfor high-luminosity
2x 2TeV and 250 x 250GeV n* i~ colliders, for TESLA and NLC ete™ colliders,
studies of muons around the LHC machine, optimization of the LHC inner triplets
with respect to machine components protection and background minimizationinthe
CMS and ATLAS detectors, studies at the Thomas Jefferson and KEK national 1ab-
oratories and much more.
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